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ABSTRACT 

The equilibrium potentials of several varieties of manganese dioxide at var i -  
ous stages of reduction have been measured and an interpretat ion offered in 
terms of the phase changes involved. An explanation of the lattice collapse 
observed in %,-MnO2 has been suggested. 

The theore t ica l  t r ea tmen t  of the the rmodynamics  
of oxide electrodes recent ly  publ i shed  by Vet ter  (1) 
has suggested a novel  approach to the s tudy of the 
manganese  dioxide electrode. In a lka l ine  e lect rolyte  
it  would appear  to be a reasonable  assumption tha t  
sections 3, 4, and 5 of Vet te r ' s  publ ica t ion  are  appl ic -  
able since the solubi l i ty  of the oxide (hydrox ide )  is 
known to be very  small.  Consequently,  any  change 
of phase occurr ing dur ing reduct ion can be deduced 
f rom the shape of the  emf/MnOx curve, and re la ted  
to the crys ta l  s t ruc ture  de te rmined  by  x - r a y  ana l -  
ysis of the solid reduct ion products.  This technique 
has prev ious ly  been appl ied  by  Bode and co-workers  
(2) to the chemical  reduct ion  of manganese  dioxide 
with  hydraz ine  over  a l imi ted  range.  

Experimental Technique 
Bobbins used in the  product ion  of s t andard  D size 

a lka l ine  manganese  dioxide cells were  pressed  and 
wrapped  in a lka l i - r e s i s t an t  filter paper .  Each bobbin  
was placed concentr ical ly  to an over -d imens ioned  
cyl indr ica l  zinc anode in a discharge vessel conta in-  
ing app rox ima te ly  250 ml  of e lec t ro ly te  and sealed 
off f rom the a i r  by  a film of t r ans fo rmer  oil. The 
e lec t ro ly te  composit ion was 46% KOH pel le ts  (86% 
KOH) ,  7.5% ZnO, and 46.5% dis t i l led water .  The 
mix  contained 85 par t s  by  weight  of oxide, 10 par t s  
of graphi te ,  and 5 par t s  of acetylene carbon black 
and was mois tened wi th  12 par t s  of e lec t ro ly te  of 
the same composit ion as prev ious ly  described.  Al l  
cells were  a l lowed to s tand 2 or 3 days before com- 
mencing discharge over  100 ohms for 100 hr  per  
week at  room t e m p e r a t u r e  (22 ~ • 1 7 6  

During discharge cell  vol tage readings  were  t aken  
at  in te rva ls  not  exceeding 24 hr  using a s tandard  
l abo ra to ry  vo l tmete r  ( res is tance 10 k o h m / v )  and 
at sui table  in terva ls  cells were  removed  from dis-  
charge and a l lowed to stand unt i l  the ocv remained  
constant.  The recupera t ion  per iod was in all  cases 
p ro t rac ted  to at  least  six weeks  a l though dur ing the 
ea r ly  par t  of the discharge a constant  potent ia l  was 
achieved af ter  app rox ima te ly  1 week. The constant  
ocv was measured  wi th  a po ten t iomete r  and re -  
corded. At  f requent  in terva ls  dur ing  the exper imen t  
the e lec t ro ly te  was changed, care being t aken  to 
avoid contaminat ion  of the  electrodes wi th  the  oil, 
and since no change in cell vol tage  was observed 
it can be taken  tha t  the zinc potent ia l  r emained  

subs tan t ia l ly  constant.  Af te r  the ocv had  been de-  
te rmined,  the  bobbin  was immersed  in running  w a -  
ter, b roken  down to powder ,  and left  for at  least  
48 hr  unt i l  the last  t races  of a lka l i  had been re -  
moved. The powdered  product  was then dr ied  in 
air  at 105~ and a D e b y e - S c h e r r e r  x - r a y  powder  
photograph  made  using s tandard  techniques (Fe 
K~ rad ia t ion) .  

To assist in the the rmodynamic  in te rp re ta t ion  of 
the results,  the poten t ia l  of the zinc anode was meas-  
ured  against  a hydrogen  electrode (PH2 ~ 1 a tm) in 
the same elect rolyte  used for the discharge.  

Three types  of manganese  dioxide have been 
studied:  (a) ~,-MnO2, a Japanese  produc t  obta ined 
f rom the e lectrolyt ic  oxidat ion  of Mn 2+ in hot, acid 
solution; (b)  fl-MnO2, a na tu r a l l y  occurr ing p y r o -  
lusi te f rom the Caucasus containing 10-15% of for -  
eign ma t t e r  ( l a rge ly  a lkal ine  ea r th  sil icates and 
some iron and n icke l ) ;  and (c) an oxide of inde-  
t e rmina te  s t ruc ture  obta ined as a by - p r oduc t  in the 
saccharin industry .  

Results 
The cell vol tage  has been plot ted  against  x in 

MnOx for the three  types  of oxide in Fig. 1-3. The 
value  of x was de te rmined  f rom the ampere  hours 
t aken  f rom the cell and f rom the ini t ia l  ana ly t i ca l ly  
de te rmined  O:Mn ra t io  (1.98 for ~-MnO2 and 2.0 
for ~-MnO2). In  each figure, two points A and B 
are indicated.  Beyond point  A cementa t ion  of the  
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Fig. I. "~--Mn02: O, open circuit voltage after recuperation; e, 
closed circuit voltage 100 ohms/100 hr/week; A, closed circuit 
voltage 5 ohms continuous (for comparison). 



J O U R N A L  OF THE E L E C T R O C H E M I C A L  S O C I E T Y  

1,6 I t  12p[4  1516171~]9 I tO I X-ray iomp~p numbers ( Table Z)  

Vol~ 
14 

( VOLTS ) 

~2 

~O 

08 
~.~ o, . , ,  

0.,~ ." 

~,e Mn~ 

Fig. 2. fl~Mn02: �9 open circuit voltage after recuperation; e, 
closed circuit voltage 100 ohms/lO0 hr/week; ~ ,  closed circuit 
voltage 10 ohms continuous (for comparison). 
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Fig. 3. By-product oxide: C), open circuit voltage after recupera- 
tion; e, closed circuit voltage 100 ohms/100 hr/week; A, closed 
circuit voltage 10 ohms continuous (for comparison). 

bobbin had occurred to such a degree that difficulty 
was experienced in breaking it down for the wash-  
ing operation. At point B a reddish-violet color ap- 
peared in the separator paper. Both cementation and 
color persisted to the end of the discharge, al though 
slightly less intense below 1VInO1.5. In all experi-  
ments, a considerable increase in volume of the bob- 
bin was observed. At no time in any experiment did 
any coloration or precipitate develop in the elec- 
trolyte. However, traces of dissolved manganese 
were found in the later stages of discharge, es- 
pecially in the case of the oxide obtained as a by-  
product. 

During the preparat ion of the mix containing the 
product (c) a considerable increase in temperature  
was noted on addition of the electrolyte. The chem- 
ical reaction thus indicated is now the subject of a 
separate investigation and the results of x - r ay  anal- 
ysis will not  be presented here, but the emf/MnOx 
curve shown in Fig. 3 warrants  interest despite the 
uncertainty which must be attached to its interpre- 
tation. 

The results of the analysis of the Debye-Scherrer  
photographs for ~, and fl-MnO~ are presented in 
Tables I and II, respectively. The new lines appear-  
ing at each stage of discharge have been grouped 
together, and in each table comparative figures for 
possible reduction products are quoted for easy ref-  
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erence. Only d values have been given since no con- 
clusion depending on the intensity have been drawn. 

Several determinations of the zinc anode potential 
against hydrogen at 1 atm in the same electrolyte 
yielded results varying between --0.442v and 
--0.450v. A representative value of --0.445v has been 
taken for the thermodynamic  treatment.  

Discussion of Experimental Results 
In considering the x - r a y  data presented here it 

should be noted that our observed $ values are 0.3- 
0.6 degrees smaller than those reported by Gattow 
(3). Further,  we have preferred the older notation 
in which electrolytic oxide is designated 7-MNO2. 
The newer notation (v) and the differentiation into 
the many  sub-varieties as proposed by Glemser and 
Gattow have not been applied. 

According to Vetter 's  thermodynamic treatment,  
a potential varying with composition indicates 
homogeneous phase reduction. When the potential 
remains constant over a given range of composition, 
a heterogeneous, two-phase system is indicated. 
These criteria are applicable only when the rate of 
solution of the oxide (hydroxide) is so low that  the 
equilibrium between the oxide and/or  hydroxide 
ions in the solid phase and in the electrolyte is not 
disturbed and second when equilibrium between 
two heterogeneous solid phases can be established. 
In the following it is assumed that these restricting 
conditions are fulfilled. 

~/-MnO2 (Fig. 1 and Table I ) :  Neglecting the ini- 
tial rapid fall in potential down to approximately 
MnO~.9~, the following division can be made: 

(i) MnO2-MnOl.~ Homogeneous phase reduction 
(ii) MnO,.~-MnO1.4~ Heterogeneous system 
(iii) Below MnO,.4T Heterogeneous system 

Examination of the x - r a y  data reveals that  many  
new lines have appeared in the mix as compared 
with the original ~,-MnO2. All these lines may be 
allocated to Ramsdellite and /or  a-MnOOH (Grou- 
rite) and since no reduction has taken place at this 
point, this observation provides interesting corrob- 
oration of the generic relationship between Rams-  
dellite, ~,-]VinO2, and ~-MnOOH of the type first 
proposed by Bystrom (4) and more recently by 
Bode (5). By some mechanism, probably penetra-  
tion of cations into the defective ~,-lattice, a pat -  
tern is obtained more typical of the parent  Rams-  
delIite structure. In cells 1, 2, and 3 the lattice 
dilation reported by Brenet (6) is clearly recog- 
nized and the a-MnOOH structure is developing 
progressively. The appearance of the violet color 
at this stage of the reaction is feasibly due to a true 
Mn 3+ complex. At cell 4 cementation of the bobbin 
has occurred, suggesting recrystallization, and in 
the x - r a y  diagram many  new lines typical of a 
~,-Mn203 structure have appeared. 

I t  seems logical therefore to regard the first 
heterogeneous system (ii) above as a mixture  of 
MnOl.~ and MnO1.4~ oxides, the former having the 
rhombic Groutite structure (and also therefore 
probably hydrated)  and the latter the tetragonal 
~,-Mn203 structure. Between MnO1.7 and MnO1.62~ 
and also between MNO1.47 and 1V/nOI.48 the decreas- 
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Table | .  X-ray analysis ( d  values in ~) 7 - -  Mn02 and reduction products 

Cel l  n u m b e r  R e f e r e n c e  d a t a *  

O x i d e  M i x  1 2 3 4 5 6 7 8 9 10 11 A B C D E 

4.01 
2.38 
2.09 
1.62 
1.47 
1.38 
1.29 
1.16 
1.10 
1.06 

4.01 4.06 4.15 4.15 4.21 4.09 4.21 4.34 4.05 4.01 4.17 
2.40 2.43 2.45 2.50 2.47 2.46 2.48 2.47 2.47 2.45 2.48 2.49 2.46 2.44 2.52 2.46 2.46 
2.11 2.13 2.13 2.13 
1.62 1.64 1.61 1.62 1.63 1 . 6 3  1 . 6 3  1 . 6 3  1.64 1.61 1.62 1.64 1.60 1.61 1.67 
1.47 1.46 1.48 1.47 1.43 1.47 1.47 
1.38 1.40 1.40 

1.29 1.29 1.30 1.30 1.30 
1.16 1 .16 1 .15 1.15 1 .16  1 . 1 6  1 . 1 6  1 . 1 5  1 . 1 6  1.16 1 . 1 6  1.15 

1.06 1.06 1.06 1 . 0 6  1.06 1.06 1.06 1.05 

2.58 2.59 2.62 2.58 2.54 
2.32 2.36 2.28 2.30 2.33 2.34 2.35 2.33 2.36 2.36 2.34 2.34 2.37 2.34 
1.89 1.90 1.85 1.93 
1.42 1 .42 1.42 1.43 1.45 
1.33 1.32 1 . 3 2  1 . 3 3  1.33 1.34 1.33 1.33 1.33 1.35 1.32 
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

1.07 1.07 1.07 1 . 0 8  1.07 1.08 1.07 1 . 0 8  1.08 1.07 1.07 

2.77 2.69 2.69 2.73 2.74 2.74 2.73 2.77 2.77 2.68 
2.19 2.19 2.21 
1.43 1.43 1.43 1.44 1.43 1.44 1 . 4 3  1.44 1.45 1.44 

4.86 4.86 4.90 4.86 4.90 4.82 4.94 4.94 
3.02 3.04 3.05 3.05 3.05 3.02 3.07 3.09 
2.86 2.86 2.89 2.86 2.86 2.82 2.87 2.89 
1.78 1.79 1 . 8 0  1.78 1 . 7 9  1 . 7 8  1.80 1.80 
1.74 1 . 7 6  1.76 1 . 7 5  1 . 7 6  1 . 7 5  1.76 
1.56 1.56 1 . 5 7  1 . 5 7  1 . 5 7  1 . 5 7  1 . 5 8  1.58 
1.51 1.52 1 . 5 3  1 . 5 2  1.52 1 . 5 2  1 . 5 3  1.52 
1.26 1.26 1.27 1.27 1.26 1.27 1.27 
1.22 1 . 2 2  1.22 
1.12 1 . 1 2  1.12 1 . 1 2  1.12 1.12 1.12 1.13 
1.11 1 . 1 1  1 . 1 1  1 . 1 1  1 . 1 1  1 . 1 1  1 . 1 1  1.11 
1.09 1.09 1 . 0 9  1.09 1.09 1.09 
1.01 1 . 0 1  1 . 0 1  1 . 0 1  1 . 0 1  1 . 0 2  1 . 0 2  1.02 

1.17 1.17 1.17 1.17 1 . 1 8  1.19 

1.34 1.34 1.35 
1.28 1.27 1.28 1.28 1.28 

1.03 1 . 0 3  1.03 1.04 
1.02 1.02 
0.98 0.99 0.99 

1.08 1 . 0 8  1.08 

4.66 4.66 
1.83 1.83 
1.20 1.20 

2.80 
1.76 
1.73 

1.52 
1.26 
1.22 

1.28 

1.44 

4.72 
3.09 
2.88 
1.78 

1.58 
1.54 

1.24 
1.13 

1.09 

1.45 

2.84 

1.58 
1.55 

1.18 1.17 

1.34 1.38 

4.68 
1.82 1.82 
1.20 1.23 

3.201 (3.13~ f 2.301 f 3.40~ 
1.66] 2.07| L 1.69J 1 1"681 
1.54J 1.61| L 1.55J 

1.51j 

* A,  R a m s d e l l i t e ;  B,  ~/-MnOe; C, (~-MnOOI-I; D,  %~-Mn~O3; E,  M n ( O H ) ~ .  Re f l ec t i ons  c h a r a c t e r i s t i c  of  g r a p h i t e  a r e  n o t  s h o w n .  

ing po ten t i a l  m a y  be i n t e r p r e t e d  as due  to homo-  
geneous  phase reduc t ion ,  b u t  in  our  op in ion  these 
are t r a n s i t i o n  regions  in  which  a n e w  (he t e r oge n -  
eous) phase  is developing.  A s s u m i n g  tha t  this  i n -  
t e rp r e t a t i on  is correct,  the  f inal  he te rogeneous  sys-  
t em  m u s t  be  a m i x t u r e  of MnO1.47 and  a st i l l  lower  
oxide. S ince  r educ t i on  proceeds b e y o n d  MnOl.~3 
(Mn~O4) and  since some x - r a y  ev idence  of the  p re s -  
ence of M n ( O H ) 2  in  cells 10 and  11 has b e e n  found,  
it  wou ld  seem reasonab le  to suppose  t h a t  M n  (OH)2 
r ep re sen t s  the  f inal  product .  F r o m  the  shape of the  
100 ohm and  5 ohm discharge  curves  shown in  Fig. 
1, however ,  it is obvious  tha t  u n d e r  prac t ica l  con-  

d i t ions  the  a m o u n t  of ene rgy  ob t a inab l e  f rom the  
cell  is v e r y  m u c h  less t h a n  r educ t ion  to M n ( O H ) 2  
w ou l d  seem to promise.  

I n  compar ing  these  resu l t s  w i th  those of p rev ious  
inves t iga tors  the  fo l lowing  d iscrepancies  become 
a ppa r e n t :  Cahoon (7) pos tu la tes  the  f o r ma t ion  of 
1VIn(OH)2 f rom the  b e g i n n i n g  of the  d ischarge  and  
also suggests  the  f o r ma t i on  of a hypo the t i ca l  ox ide  
Mn4OT. Cahoon w o r k e d  at  h igh c u r r e n t  dens i ty  
( abou t  60 m a / g  of MnO2) compared  to the  v e r y  
sma l l  c u r r e n t  d r a i n  used he re  ( abou t  0.5 m a / g )  
a nd  in  these  c i rcumstances  it  m a y  be possible  t ha t  
e x t r e me  r educ t ion  to M n ( O H ) 2  takes  place on the  
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Table II. X-ray analysis (d values in .~) fl - -  Mn02 and reduction products 

Cel l  n u m b e r  Re~erence da ta*  

O x i d e  1 2 3 4 5 6 7 8 9 10 A B C D 

3.30 3.31 3.31 
3.07 3.10 3.12 
2.38 2.40 2.40 
2.17 2.21 2.19 
2.10 2.11 2.11 
1.95 1.97 1.98 
1.62 1.62 1.62 
1.55 1.56 1.55 
1.43 1.44 1.43 
1.39 1.39 
1.30 1.30 1.31 
1.25 1.26 
1.20 1.21 
1.16 1.16 1.16 
1.12 1.12 
1.10 1.10 
1.06 1.06 1.06 
1.04 1.04 
1.00 1.00 

4.09 4.03 
1.82 
1.51 
1.18 
1.08 

7.12 
1.02 
0.99 

3.30 3.31 3.35 3.39 
3.12 3.11 
2.40 2.40 2.40 2.41 2.42 
2.18 2.19 2.18 2.19 2.20 2.18 
2.11 2.11 

1.96 
1.62 1.61 1.61 1.62 1.62 1.62 1.62 1.62 1.62 1.63 
1.55 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.56 
1.43 1.43 1.43 1.43 1.43 1.44 1.43 1.44 1.44 

1.39 

3.40 

1.61 1.67 
1.58 1.58 
1.44 1.45 

1.31 1.31 1.32 1.32 1.31 1.32 1.32 
1.26 1.26 1.26 1.26 1.26 1.26 

1.20 
1.15 1.15 1.15 1.16 1.16 1.16 1.16 1.16 1.16 1.15 

1.12 1.12 1.12 1.12 1.12 1.12 1.13 
1.11 1.10 
1.06 1.06 1.06 1.06 1.06 1.06 1.05 

1.03 

1.32 
1.24 
1.20 

1.13 

4.09 
1.80 1.81 1.80 1.79 1.79 1.82 

1.50 1.51 1.52 1.51 1.49 1.47 
1.18 1.18 1.16 1.18 

1.09 1.09 1.09 1.08 1.09 

7.32 7.05 
1.01 1.01 1.01 1.01 1.01 

0.99 0.99 0.99 0.99 0.99 0.99 

2.28 2.26 2.28 
1.76 1.76 1.77 1.78 1.77 1.77 1.78 1.77 
1.37 1.37 1.38 1.38 1.37 1.38 

2.99 3.01 3.05 3.02 3.04 3.04 3.05 
2.64 2.67 2.72 2.71 2.71 2.69 2.73 
2.46 2.46 2.48 2.46 2.47 2.47 2.48 

2.43 

2.86 2.87 
1.07 1.08 

4.94 
2.32 
1.73 
1.53 

1.23 

1.17 

1.82 

1.02 
0.99 

2.26 
1.77 1.78 

1.37 1.34 1.38 

3.09 
2.66 2.63 
2.54 2.52 2.46 2.46 

2.86 2.87 2.86 2.87 2.88 2.84 
1.08 1.07 1.07 1.08 1.08 1.07 

4.86 4.86 4.74 4.90 4.72 
2.32 2.32 2.32 
1.74 1.73 1.71 1.70 1.68 
1.52 1.53 1.52 1.53 1.54 

1.14 

2.34 

1.55 

4.59 4.66 4.68 

[3.44] [1.66] [2.04] 
[1.55J 

* A, ~-MnO~; B, T -MnOOH;  C, ,},-Mn~Os; D, M n  (OH)2. Ref l ec t ions  cha rac t e r i s t i c  of g r a p h i t e  a re  no t  shown .  

oxide surface.  In  any  case we  have  found  no ev -  
idence  of the  fo rma t ion  of M n ( O H ) 2  ea r ly  in  the  
discharge.  Cahoon 's  hypo the t i ca l  Mn40~ corresponds  
a p p r o x i m a t e l y  wi th  the  lower  l imi t  of the  h o m o -  
geneous  phase.  

Vosburgh  and  De Lap  (8) f ound  tha t  over  a l i m -  
i ted  r a n g e  the  ca thode  po t en t i a l  is a l i nea r  f unc t i on  
of the  oxide composit ion,  b u t  m a k e  no re fe rence  to 
the  occur rence  of regions  of cons tan t  potent ia l .  

B rene t  (9) has r epor t ed  the  fo rma t ion  of Mn203 
first and  l a te r  M n O O H  in the  u sua l  NH4C1/ZnC12 
system.  This  is i ncompa t ib l e  w i th  our  observat ions .  

The  slope of the  po ten t i a l  curve  in  Fig. 1 d o w n  
to MnOL7 corresponds  qu i te  wel l  w i t h  t ha t  f ound  
by  Bode et  at. (2) ,  b u t  the  gene ra l  level  of our  curve  
is abou t  215 m y  lower.  F u r t h e r ,  these  au thors  did 

not  observe  the  sharp  change  in  slope at  abou t  
MnOl.~ such as r epor ted  here.  There  is howeve r  
l i t t le  room for doub t  tha t  this  s ignif icant  change  is 
charac ter i s t ic  of :~-MnO2 in  a lka l ine  so lu t ion  since 
it has been  conf i rmed on samples  f rom four  o ther  
sources in  s imi la r  exper imen t s .  

B-MnO2 (Fig. 2 and  Tab le  I I ) :  The  r educ t ion  of 
fl-MnO2 m a y  be d i f fe rent ia ted  as follows: 

( i)  MnO2-MnO1.9~ Homogeneous  phase r educ t ion  
(i i)  MnO1.96-MnOI.s He te rogeneous  sys tem 
(i i i)  MnOl.s-MnO,.6 Homogeneous  phase r educ t ion  
( iv)  MnO1.6-MnO1.4s Hete rogeneous  sys tem 
(v)  BelowMnO1.4s He te rogeneous  sys tem 

The x - r a y  ev idence  shows the  d e v e l o p m e n t  of 
the  monoc l in ic  ~/-MnOOH s t r u c t u r e  ear ly  in  the  
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discharge and later, below MnO1.6, the typical te-  
tragonal ~,-Mn203 structure. Some evidence of 
Mn(OH)2 is found beyond MnOl.sT~. Several points 
are wor thy  of comment. In the first heterogeneous 
region (it above) the potential is not constant, 
varying 50 mv from beginning to end. This result 
requires fur ther  investigation and possibly indicates 
a failure of equilibrium between the solid phases 
to be established. The homogeneous region (iii 
above) is most unexpected in view of Bode et al. 
(2). The transition region between MnO1.4s and 
MnO1.37s appears to cover a wide range but since 
the experimental points are relatively widely 
spaced, a more restricted region corresponding to 
that found for ~,-MnO2 would not violate the present 
experimental  evidence. The potential of the last 
heterogeneous region corresponds exactly with that 
found for 7-MnO2, and this suggests that  the phases 
involved are the same for both types of manganese 
dioxide. 

There is very little published work with which 
the above results can be compared. Brenet 's  find- 
ings have been confirmed, but there is a very sig- 
nificant difference from Bode et al. (2). It would 
not appear unreasonable to suppose that the phase 
breadth of a hydrated oxide is at least part ly de- 
termined by the composition of the liquid phase 
with which it is in contact and this may be a prime 
factor in accounting for the discrepancy. 

By-product  oxide (Fig. 3): As previously stated, 
little discussion of the potential curve can be at- 
tempted but attention is drawn to the characteristic 
increase of potential immediately below MnO~.s. 
A possible explanation of this peculiarity may  be 
that  the homogeneous phase extends into a region of 
instability due to the retarded development of nu-  
clei necessary for the crystallization of the new 
heterogeneous phase. 

Lat t ice  dilation and collapse in ~,-MnO~.--Ana- 
lytical data for most commercially available ~-MnO2 
varieties (electrolytic oxides) approximate the 
formula MnO2.1/5 H20. Reduction in homogeneous 
phase implies assimilation of protons into the crys- 
tal lattice as O H -  ions. This process continues, ac- 
companied by dilation of the lattice, until, as in 
these experiments, a limiting composition repre-  
sented by a product lower in O and higher in H20 
is reached. It is postulated that the lattice is satu- 
rated at this point and that fur ther  reduction to 
MnO<L v > 1/2 H20 produces instability in the phase 

and leads to recrystallization as an anhydrous oxide 
in the tetragonal ~-MneOa phase. Examination of 
l ight-drain discharge curves for standard Le-  
clanch6-type dry cells containing ~-MnO2 shows 
that here also there is a significant fall in voltage 
after the critical composition has been passed. 

T h e r m o d y n a m i c  co~siderat ions . - -Before  discuss- 
ing  the thermodynamic implications of the results 
presented here, a word of comment regarding Vet- 
ter 's theoretical t reatment  may not be out of place. 
Vetter relates the potential of an oxide electrode to 
the change in free enthalpy, A G ( n ) ,  of the reaction 
in which the oxide is formed from the parent  metal 
and water. This has the practical advantage that 
a G ( n )  is easily calculated provided that the free 

enthalpy of formation of the oxide from the ele- 
ments is known. It would, however, appear ad- 
vantageous to describe the oxide electrode as a 
modified oxygen electrode. This is achieved as fol- 
lows: 

The electrode reaction is 

1 1 
- -  �9 MeOn2 " m2 H20 q- 2H + q- 2e ~ 
n 2 --  nl n2 -- nl 

�9 M e O n i - m i H ~ O +  (1 m~--m~ )H~O [1] 
n2 - -  n l  

Coupled with a hydrogen electrode, the cell re-  
action is 

1 1 
�9 MeOne �9 m2 H20 + H2 -> - -  

n 2 -  nl n2 -- nl 

MeOn] . ml  H20 -k ( 1 - -  ml  - -  m2 ) H20 [2] 
n 2 -  nl 

and if the hydrogen electrode is operating with 
PH2 = 1 atm the change in free enthalpy AG(R) is 
given by 

1 [ A G o ( ~ ' ~ l l ) A G o  ( m ~ 2 2 ) ]  A G ( R )  - -  
n2 --  nl 

+ ( 1  ml --  m2 )AGo(H20) [3] 
ne --  nl 

where the AGo's are the standard free enthalpies of 
formation from the elements. 

Now~Go ( m  n ) = A G o ( n ) - k m A G o ( H 2 0 ) + A G o ( h )  

where AGo(h)  is the free enthalpy change in the re-  
action 

MeO~ -k m H20 --> MeO~ �9 m H20 [4] 

Substituting in Eq. [3] 

1 
A G ( R )  = - -  [AGo(n1) --  AGo(n2) 

n2 ~ •1 

q- AGo(hi)  -- aGo(h2) -k (ml - -  m2) AGo (H20) ] 

-k ( 1 - -  m l - - m 2  )AGo (H20)  [ 5 ] .  
n 2 - -  n 1 

and writing 
~n ~ n2 - -  nl 

SAGo (n) ---- AGo (n2) -- AGo (n,) 
~AGo(h) = AGo(h2) - -  AGo(hl)  

1 
•  -~ - -  I--SAGo(n) - -8AGo(h)]  ~- AGo (H20) 

Sn 
[6] 

- -  A 6  ( R )  
and since E 

nF 

and taking the hydrogen electrode with PIle ~- 1 arm 
and in the same solution (same pH),  the cell voltage 
becomes 

[ 8AGo(n)q-SAGo(h) ] [7] 
E = 1.23 + 2 :  Sn .F  

For a heterogeneous system, 8n, ~aGo(n),  and 
3AGo(h) have definite characteristic values and the 
cell voltage, i.e., the oxide electrode potential against 
hydrogen in the same solution, can be found from 
Eq. [7]. 
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When the electrode react ion occurs in homogen-  
eous phase, (n2--nl) can be taken  infinitely small  
and in the l imit ,  as 8n ~ 0 

1 [ d~Go(n) d~Go(h) ] 
E~n-~ o = 1.23 -t- ~ �9 dn + dn [8j  

For  prac t ica l  appl icat ions it is often convenient  to 
wr i te  Eq. [7] in the equivalent  form (obta inable  
d i rec t ly  f rom Eq. [3])  

~ m  1.23(1 + 

where  Sm = m2- -  ml. 

m 
[9] 

2~nF 

Turning  now to the exper imenta l  resul ts  presented  
here, an a t t empt  has been made to evalua te  the  free 
en tha lpy  of format ion f rom the elements  of all  the 
phases involved in the reduct ion of T-MnO.~. The cell 
vol tages (conver ted  to cathode potent ia l s  and cor-  
rected to the hydrogen  scale by  subtrac t ion  of 445 
mv)  and the La t imer  value  for Mn(OH)2,  --146.9 
kca l /mole ,  have  been used as a basis. For  the homo- 
geneous phase  the re la t ionship  be tween  the electrode 
potent ia l  and MnOx has been approx imated  to a 
s t ra ight  line. Using Eq. [7], [8], and [9] where  ap-  
plicable,  the fol lowing free enthalpies  of format ion 
have been es t imated  

MnO,.47 AGo:--108.9 k c a l / f o r m u l a  wt  
MnOI.~. 1/2 H20 AGo:--145.0 k c a l / f o r m u l a  wt  
T-MnO2.1/5 H20 AGo:--131.9 k c a l / f o r m u l a  wt  

Approx ima t ing  AGo(h) for the h y d r a t e d  oxides to 
- - 5 6 . 7 -  3.4 = - - 6 0 . 1  kca l /mo te  H20 [as is the  case 
for Mn (OH)2] the corresponding free enthalpies  for 
the anhydrous  oxides are 

MnO1.7 AGo:--115 k c a l / f o r m u l a w t  
~-MnO2 AGo:--l19.9 k c a l / f o r m u l a  wt  

Al though  these values cannot be credi ted  with  any 
grea t  degree of accuracy,  the calculat ions serve as 

an i l lus t ra t ion  of the  u t i l i ty  of Vet ter ' s  t h e r m o d y -  
namics in the in te rp re ta t ion  of oxide electrodes.  

Conclusion 
Vet ter ' s  theory  of oxide electrodes and the concept 

of phase b read th  have  been appl ied  in the i n t e rp re -  
ta t ion of the emf character is t ics  of several  var ie t ies  
of manganese  dioxide. F u r t h e r  s tudy is requ i red  to 
c lar i fy  and confirm the chemical  composit ion of the 
indiv idual  phases involved and in par t icu lar ,  the 
re la t ionship to e lec t ro ly te  composition. The inves t i -  
gation of the oxide obta ined  as a by - p r oduc t  is pro-  
ceeding. A phase analysis  of mix tures  of several  
var ie t ies  of manganese  dioxide, as commonly used in 
d ry  cell technology, is projected.  
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A High-Rate, High-Energy Thermal Battery System 
Sidney M. Sells, John P. Wondowski, 1 and Richard F. Justus 

Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

The system is Ca/KC1-LiC1-AgC1-K2CrO4/Ag. The products at the anode 
are calcium oxide and chromium(III)  oxide in a film which does not polarize 
the electrode because the latter is covered with a fluid calcium-li thium alloy 
formed in situ. The cathode process is the reduction of silver ion to silver 
metal; silver chloride is regenerated by the oxidation of the metal by chromate 
ion. Cells have been built  within rectangular silver containers (which are also 
the positive electrodes), and they have been discharged at several constant 
currents. For a ___10% voltage tolerance, energy outputs of 3.0 to 8.0 wa t t -min /  
cm 3 have been obtained for the 2.1- to the 13.4-rain rates, respectively. 

Over the past  decade mi l i t a ry  and civi l ian needs 
have been expressed for ba t te r ies  of increased en-  
e rgy  output  per  uni t  weight  and volume. It seems 
tha t  the t he rma l  ba t t e ry  is a sa t i s fac tory  approach  
to meet ing some of these requirements .  A the rma l  

I P r e s e n t  address:  I-Iightstown Laboratories,  Nat ional  Lead Com- 
pany,  Hightstown, New Jersey. 

ba t t e r y  is comprised of cells wi th  an e lec t ro ly te  
having a high mel t ing point.  When ac t iva ted  by  
sufficient heat  to mel t  the electrolyte ,  the cells are 
r eady  to del iver  power.  

F i r s t  of all, one can expect  the very  favorable  
e lect rode kinetics,  tha t  is, smal l  charge t rans fe r  
polar izat ions wi th  large  cur ren t  densities, t ha t  are  
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the  consequence  of us ing  e l e v a t e d  cel l  t e m p e r a t u r e s .  
F u r t h e r m o r e ,  h igh  vo l t ages  can  be  r e a l i z e d  w i t h  
s tab le ,  n o n a q u e o u s  e l ec t ro ly t e s ,  a n d  z e r o - c u r r e n t  
v a l u e s  of 2.7-2.8v have  been  m e a s u r e d  in  t h e  p r e s e n t  
work .  

T h e r e  a r e  some o the r  i n t e r e s t i n g  a d v a n t a g e s  to 
t h e r m a l  ba t t e r i e s .  The  cel ls  w o u l d  be  u n d e r  an  in -  
e r t  a t m o s p h e r e  in  h e r m e t i c a l l y  sea l ed  con ta ine r s ,  
a n d  t h e y  w o u l d  b e  c o m p l e t e l y  l a t e n t  for  i nde f in i t e ly  
long pe r iods  of t i m e  at  t e m p e r a t u r e s  up  to t he  m e l t -  
ing  p o i n t  of t h e  e l ec t ro ly t e .  

The  r a n g e  of a m b i e n t  t e m p e r a t u r e s  is o f t en  spec i -  
fied as --55 ~ to + 7 5 ~  and  i t  w o u l d  b e  v e r y  diff icult  
to a r r a n g e  for  t he  s a m e  aqueous  b a t t e r y  s t r u c t u r e  
to be  u s a b l e  at  t h e  two  ex t r emes .  The  p r o p e r t i e s  of 
t he  m o l t e n  sa l t  s y s t e m  w o u l d  be  no t  n e a r l y  so r e -  
spons ive  to d i f fe rences  in t e m p e r a t u r e .  

I t  is no t  in  the  p r o v i n c e  of th is  p a p e r  to  d iscuss  
h o w  t h e r m a l  cel ls  m a y  be  h e a t e d  to  a c c o m p l i s h  a c -  
t iva t ion .  H o w e v e r ,  cel l  des igns  up  to th is  t i m e  h a v e  
been  b a s e d  on v e r y  s m a l l  e l e c t r o l y t e  t h i cknes se s  
( less  t h a n  a m i l l i m e t e r )  so t h a t  t h e  cel ls  cou ld  be 
r a p i d l y  ac t iva t ed .  Such  s m a l l  a n o d e - t o - c a t h o d e  d i s -  
t ances  h~ve  l i m i t e d  t h e  choice  of  ca thode  r e a c t a n t s  to 
i n so lub le  m a t e r i a l s  or  c e r t a i n  d i s so lved  o x y a n i o n s  
so t h a t  s h o r t - c i r c u i t i n g  d e n d r i t e s  w o u l d  no t  f o rm  
(1, 2) .  B u t  w i t h  these  pos i t i ve  e l e c t r o d e  m a t e r i a l s ,  
fu l l  a d v a n t a g e  is no t  t a k e n  of  t h e  f a s t e s t  e l e c t r o -  
c h e m i c a l  processes ,  and  in e x c h a n g e  for  v e r y  r a p i d  
ac t iva t ion ,  h i g h - r a t e  o u t p u t  of t h e r m a l  b a t t e r i e s  has  
not  b e e n  v e r y  la rge .  

In  the  p r e s e n t  w o r k ,  p h y s i c a l  a r r a n g e m e n t  w a s  not  
l i m i t e d  to v e r y  th in  cells.  I t  is e x p e c t e d  t h a t  a c t i v a -  
t ion  w i l l  be  a l o n g e r  p rocess  w i t h  l a r g e r  a m o u n t s  of 
e l ec t ro ly t e ,  b u t  t h a t  t h e r e  wi l l  b e  a w i d e r  choice of  
e l e c t r o c h e m i c a l  sys tems .  This  p a p e r  i n t r o d u c e s  one 
of t h e s e  and  d iscusses  i t  f r o m  b o t h  the  bas ic  a n d  
a p p l i e d  po in t s  of v iew.  

Exper imental  

Chemicals and special cell materials.--All i n o r -  
gan ic  sa l t s  w e r e  of r e a g e n t  g r a d e  and  w e r e  not  
f u r t h e r  pur i f ied .  The  k a o l i n  p o w d e r  used  to r e t a i n  
t he  c a t h o l y t e  h a d  b e e n  w a s h e d  a n d  ign i t ed  p r i o r  to 
be ing  p a c k a g e d .  T h e  ca l c ium m e t a l  shee t  was  3.2 m m  
in th i ckness ;  i t  was  o b t a i n e d  f r o m  the  F i e l d i n g  
C h e m i c a l  C o m p a n y .  S e m i - q u a n t i t a t i v e  s p e c t r o -  
c h e m i c a l  ana lys i s  s h o w e d  m a g n e s i u m  to be  the  
m a i n  i m p u r i t y  b u t  in a m o u n t s  of  less  t h a n  0.1 mo le  
%. 

The  su r f ace  of t he  ca l c ium m e t a l  was  b l u i s h - g r a y  
in color,  p r e s u m a b l y  coa ted  w i t h  ca l c ium ox ide  and  
ca l c ium n i t r ide .  E v e n  if  t he  su r f ace  was  i n i t i a l l y  
c leaned ,  i t  w o u l d  b e c o m e  ox id i zed  a g a i n  b y  the  t i m e  
the  e l ec t rode  was  i m m e r s e d  in t he  e l e c t r o l y t e  ac -  
co rd ing  to t he  p r o c e d u r e  g iven  be low,  and  in  fact ,  
a b r a d i n g  the  m e t a l  m a d e  no d i f fe rence  in e l e c t r o d e  
p e r f o r m a n c e .  

The  s i l ve r  shee t  was  0.13 m m  in t h i cknes s  and  was  
99.9 w t  % pure .  Be fo re  use  i t  was  r u b b e d  w i t h  fine 
e m e r y  p a p e r  a n d  t h e n  r i n s e d  w i t h  d i s t i l l ed  w a t e r  
and  d r i e d  w i t h  a b s o r b e n t  p a p e r .  The  l e ad  w i r e s  and  
s t r ips  d i r e c t l y  connected to  t h e  c a l c i u m  a n d  s i lve r  
shee t  e l ec t rodes  w e r e  e i t h e r  of th i s  g r a d e  of s i lve r  
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or  else of  d e a d - s o f t  c o m m e r c i a l l y  p u r e  n i c k e l  
( 9 9 + % ) .  

The  s i lve r  cans  w e r e  e l e c t r o f o r m e d  on a l u m i n u m  
b locks  t h a t  h a d  been  " f lashed"  w i t h  copper .  The  l a s t  
s teps  in r e m o v i n g  the  a l u m i n u m  w e r e  to  soak  the  
cans  in  d i l u t e  h y d r o c h l o r i c  acid,  r inse  t h e m  t h o r -  
o u g h l y  w i t h  d i s t i l l ed  w a t e r ,  and  a l l o w  t h e m  to d r y  in  
the  air .  T h e y  w e r e  not  t r e a t e d  b e y o n d  this .  S p e c t r o -  
c h e m i c a l  ana lys i s  s h o w e d  the  m a i n  i m p u r i t y  to  be  
less t h a n  0.1 m o l e  % of copper .  

C e r t a i n  i n s u l a t i n g  m a t e r i a l s  w e r e  u sed  to m a k e  
c o u n t e r e l e c t r o d e s  and  cells.  The  c o u n t e r e l e c t r o d e s  
w e r e  cove red  w i t h  asbes tos  p a p e r  t h a t  h a d  been  
h e a t e d  in a b u r n e r  f lame or  w i t h  glass  c lo th  t h a t  
h a d  been  h e a t e d  b y  the  m a n u f a c t u r e r  to r e m o v e  the  
sizing.  Some  of t he  i n su l a t i on  in  t he  can  cel ls  was  
a n o n w o v e n  f ab r i c  of p o l y c y c l i z e d  a c r y l o n i t r i l e  o b -  
t a i n e d  f r o m  t h e  K e n d a l l  C o m p a n y .  P r i o r  to i ts  use  
in  cells ,  i t  w a s  h e a t e d  in  a b u r n e r  f l ame to r e m o v e  
the  b inde r .  

Procedure ]or single electrode studies.--Figure 1 
shows  the  cons t ruc t i on  of cel ls  t h a t  w e r e  used  for  
s ing le  e l ec t rode  s tudies .  The  c o n t a i n e r  w a s  a 38 x 
3 0 0 - m m  P y r e x  tes t  tube .  The  r u b b e r  s t o p p e r  was  
b o r e d  for  t he  f o u r  8 - r a m  P y r e x  tubes .  

The  s i lve r  or  t he  ca l c ium m e a s u r e m e n t  e l ec t rodes  
u n d e r  s tudy ,  as w e l l  as the  s i lve r  c o u n t e r e l e c t r o d e s  
used  o n l y  for  pas s ing  c u r r e n t  t h r o u g h  t h e  cells ,  
w e r e  25 m m  in w i d t h  and  32 m m  in he igh t .  Across  
the  tops  of t he  ca l c ium e l ec t rodes  w e r e  s p o t - w e l d e d  
s t r ip s  of soft  n i c k e l  r i b b o n  3 m m  wide .  To each  of 
t he se  h a d  b e e n  s o l d e r e d  two  l eads  of  16 B & S g a u g e  
s i l ve r  wi re .  (These  w i r e s  cou ld  be  d i r e c t l y  a t t a c h e d  
to t he  s i lve r  e l ec t rodes  b y  so lde r ing . )  The  l eads  f r o m  
t h e  m e a s u r e m e n t  e l ec t rodes  w e r e  pa s sed  t h r o u g h  
the  bores  of t w o - h o l e  c e r a m i c  t u b i n g  w h i c h  h a d  
been  f i red a t  600~ This  ce ramic  t u b i n g  w a s  t h e n  
p u s h e d  t h r o u g h  l eng th s  of 8 - m m  P y r e x  tubes .  The  
a s sembl i e s  w e r e  c o m p l e t e d  b y  a p p l y i n g  de  K h o t i n -  
s k y  c e m e n t  to t h e  tops  of t h e  P y r e x  a n d  ce r amic  
tubes  and  to t he  wi res .  W i t h  th i s  a r r a n g e m e n t  t he  

Fig. 1. Cell arrangement for single electrode measurements 
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po ten t i a l  r ead ings  do not  inc lude  the  IR drop t h r ough  
the leads. This was an  especia l ly  i m p o r t a n t  m a t t e r  
w h e n  s tudy ing  the  ca lc ium electrode,  because  one 
did no t  a lways  k n o w  w h e t h e r  the fo rma t ion  of cal-  
c ium oxide u n d e r  the n icke l  s t r ip did no t  resu l t  in  
a h igh resis tance.  The res i s tance  wou ld  no t  neces-  
sa r i ly  be of e i ther  basic  or prac t ica l  s ignificance 
since i t  migh t  be d imin i shed  by  us ing  special  a ssem-  
b ly  techniques .  

For  the countere lec t rodes  the use of ceramic  t u b -  
ing was  obv ia ted  because  the re  was on ly  one lead 
which  was cemen ted  to the  P y r e x  t u b e  at  the  top. 
The counte re lec t rode  was  covered w i th  asbestos 
paper  or glass cloth. This  p r e v e n t e d  shor t -c i r cu i t s  
due to s i lver  dendr i t e s  or the l iqu id  c a l c i u m - l i t h i u m  
al loy tha t  wi l l  be m e n t i o n e d  la ter .  

The Ag/KC1-AgC1/g lass  re fe rence  electrodes were  
made  by  pack ing  into an  8 - ram P y r e x  tube,  closed 
at one end, a m i x t u r e  c o n t a i n i n g  30 mole  % of po tas -  
s i um chlor ide and  70 mole % of s i lver  chloride.  This 
m i x t u r e  was  found  to be comple te ly  l iquid  at t e m -  
pe ra tu re s  above  325~ and  could be eas i ly  mel ted  
by  hold ing  the t ube  in  a b u r n e r  flame. W h e n  it was  
mo l t en  a l eng th  of s i lver  wi re  was  pushed  down  the 
tube  to the  bo t tom so tha t  it m a d e  contac t  w i t h  the  
KC1-AgC1 mix tu re .  The electrode was t hen  a l lowed 
to cool. The fou r th  piece of 8 - m m  t u b i n g  was  sealed 
at one end and  served to pro tec t  the  c h r o m e l - a l u m e l  
thermocouple .  The four  tubes  were  t h e n  pushed  
t h rough  the  r u b b e r  s topper  as shown in  Fig. 1. 

The re fe rence  was a lways  Ag/KC1-AgC1/glass ,  
bu t  severa l  d i f ferent  e lec t rolytes  were  used in  the  
m a i n  body  of the  cell in  con junc t i on  wi th  the me a s -  
u r e m e n t  and  countere lec t rodes .  The fo l lowing p ro -  
cedure  was cons is ten t  for all  of these. The e lec t ro ly te  
componen t s  were  weighed  out  r ap id ly  (to avoid ex -  
cessive absorp t ion  of w a t e r )  and  i n t roduced  in to  a 
cell test  tube.  The  we igh t  of e lec t ro ly te  was  80g in  
each case, and  the m o l t e n  salts occupied about  50 
cm ~. The tube ,  covered w i th  a wa tch  glass, was t hen  
lowered  into a cy l indr ica l  fu rnace  hea ted  to the  ex -  
p e r i m e n t  t e m p e r a t u r e .  

Next ,  the electrode assembly  was lowered  in to  the  
cell and  held  so t ha t  the  bo t toms of the electrodes 
were  about  20 m m  above  the e lec t ro ly te  surface.  
They  were  kept  in  this  pos i t ion  for abou t  10 m i n  so 
tha t  t hey  wou ld  be hea ted  to the e x p e r i m e n t  t e m -  
pera tu re .  Whi le  this  p r e h e a t i n g  con t i nued  the  elec-  
t r ica l  connec t ions  were  m a d e  as shown  in  Fig. 1. 

A Ke i th l ey  Model  220 e lec t romete r  was con-  
nec ted  b e t w e e n  the  re fe rence  e lect rode and  one lead 
of the  m e a s u r e m e n t  electrode.  This m u l t i r a n g e  me te r  
was employed  for conven ience  r a t h e r  t h a n  for its 
h igh i n p u t  impedance .  Ac tua l l y  the  res i s tance  of the  
re fe rence  e lect rode is sufficiently low so tha t  a n u l l -  
ba l anc ing  po t en t i ome te r  can be used. The  second 
lead f rom the  m e a s u r e m e n t  e lec t rode  and  the  lead 
f rom the  coun te re lec t rode  were  connec ted  to the  
c o n s t a n t - c u r r e n t  d ischarge  appara tus .  

W h e n  the  e x p e r i m e n t  t e m p e r a t u r e  was  reached 
the  electrodes were  lowered  in to  the  electrolyte .  This  
could be done w i th  the  load switch open or closed 
so tha t  one could read  z e r o - c u r r e n t  po ten t ia l s  for a 
whi le  or else ac t iva te  the  e lect rode u n d e r  cons t a n t -  
c u r r e n t  load. The  c u r r e n t  was  cont ro l led  m a n u a l l y ,  
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Fig. 2. Rectangular can cell with reference electrode and ther- 
mocouple. 

and  there  was a suppor t ing  s torage b a t t e r y  in  the 
circuit .  Resul ts  of some discharges  are g iven  below, 
and  the c u r r e n t  dens i ty  is based on the  a p p a r e n t  
area  of both  sides of the electrodes even  though  one 
was faced away  f rom the  countere lec t rode .  The  di -  
mens ions  of the  electrodes i m m e r s e d  in  the  e lec t ro-  
]yte were  2.5 x 2.5 cm, and  the  larges t  c u r r e n t  
dens i ty  used wi th  these cells was  1.50 a m p / c m  2. 

Procedure ~or rectangular can cells.--Figure 2 is 
a d i a g r a m  of an  assembled  cell. The  s i lver  cans were  
the con ta iners  and,  at the  same t ime, the posi t ive  
electrodes.  The i r  ins ide  d imens ions  were  8.90 x 8.90 
x 1.60 cm, bu t  they  were  used to a depth  of on ly  8.3 
cm, and  the  effective cell v o l u m e  was  118 cm ~. A 
he a vy  lead was  s i lve r - so lde red  to an  outs ide edge 
of the  can  as shown in  the d iagram.  E i the r  two 
lengths  of 3 - r am P y r e x  rod or a s t r ip of the po ly -  
cyclized ac ry lon i t r i l e  fabr ic  was t hen  la id  on the  
bo t tom of the  can. 

More t h a n  one e lec t ro ly te  composi t ion  was used 
wi th  these r e c t a n g u l a r  cells, b u t  the  fo l lowing  p ro -  
cedure  was the same w i t h  each of them.  The can  was 
set in  a fu rnace  hea ted  to 450~ and  150g of elec- 
t ro ly te  salts were  added.  The u n f u s e d  chemicals  have  
a m u c h  la rger  b u l k  t h a n  does the  l iquid,  a n d  it  was 
of ten necessa ry  to add some of the  salts, a l low t h e m  
to mel t ,  and  t hen  add the  r ema inde r .  

In  the  m e a n t i m e  the  anode  was  prepared .  F r o m  
the ca lc ium sheet  a r ec tang le  w i th  a w i d t h  of 8.30 
cm and  a he ight  of 11.0 cm was  cut. Across the  top, 
five holes were  dr i l l ed  and  tapped.  A n a r r o w  st r ip  
of silver,  to which  a he a vy  lead had  been  a t tached  
wi th  s i lver  solder, was  t h e n  fas tened  to the  anode 
wi th  s i l ve r -p l a t ed  steel ]/4 in . -20 bolts.  I t  was  found  
that  the  res i s tance  at  this  connec t ion  did become 
large af ter  a week,  due  to ox ida t ion  of the  ca lc ium 
be t w e e n  the electrode and  the  bolts,  b u t  the  tech-  
n ique  was ce r t a in ly  sa t i s fac tory  if the  cell was  to be 
d ischarged w i t h i n  two or th ree  days. I t  should  be 
noted  tha t  such an  effect does no t  cons t i tu te  a f u n d a -  
m e n t a l  difficulty in  m a k i n g  these  t h e r m a l  cells be -  
cause it can be overcome wi th  special  techniques .  

Also a t tached  to the ca lc ium electrode were  pieces 
of polycycl ized ac ry lon i t r i l e  fabr ic  on the edges as 
wel l  as a 4 - m m  P y r e x  the rmocoup le  pro tec t ion  t ube  
and  a 4 - m m  tube  con t a in ing  KC1-AgCI for the  re f -  
e rence  electrode shown  in  Fig.  2. These tubes  also 
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served to keep the  anode  a w a y  f rom the  can, a nd  the  
fabr ic  and  the  tubes  were  t ied  in  place w i th  glass 
cloth r ibbons .  

W h e n  the  e lec t ro ly te  had  mel ted ,  the  anode  as-  
s e m b l y  was  pushed  d o w n  in to  place. The cell was  
i m m e d i a t e l y  p laced  b e t w e e n  blocks of steel,  10 b y  10 
by  3 cm, cooled to 0~ so as to f reeze the  e lec t ro ly te  
and  deac t iva te  the  cell. I t  was  t h e n  p u t  i n  a desic-  
cator charged  w i t h  ca lc ium sul fa te  and  kep t  there  
no more  t h a n  two days  before  i t  was  discharged.  

The  cell  was  ac t iva ted  by  p u t t i n g  it  b e t w e e n  s imi-  
lar  s teel  blocks in  a f u r n a c e  hea ted  to the  p rope r  
t empe ra tu r e .  A t  this t ime  the  c h r o m e l - a l u m e l  t h e r -  
mocouple  and  the  s i lver  r e fe rence  electrode wi re  
were  also inser ted .  Changes  in  vo l tage  as a f unc t i on  
of t ime  and  t e m p e r a t u r e  a r e  shown  in  Fig. 6. W h e n  
the  cell f inal ly  r eached  the  e x p e r i m e n t  t e m p e r a t u r e  
the  load was  appl ied,  and  discharge  was  m a d e  at 
cons t an t  c u r r e n t  cont ro l led  by  a s e r v o - m e c h a n i s m .  
The  la rges t  c u r r e n t  used was  100 amp,  co r respond ing  
to a n  anode  c u r r e n t  dens i ty  of 0.86 a m p / c m  2. 

Chemical analyses.--After e lec t rochemica l  me a s -  
u r e m e n t s  were  comple ted  on a can cell it was  r e -  
moved  f rom the  fu rnace  and  the  anode  was  w i t h -  
d rawn .  The  coat ing on the e lect rode was  scraped 
a w a y  a n d  s u b m i t t e d  to x - r a y  powder  dif f ract ion 
analysis .  The  r e m o v a l  was  s t r ic t ly  by  mechan i ca l  
means ,  no  wa t e r  be ing  used. 

The  m o l t e n  e lec t ro ly te  had  been  poured  into a 
beake r  whe re  it  froze. The coat ing m a t e r i a l  a nd  the 
e lec t ro ly te  salts were  bo th  e x a m i n e d  for s i lver  
chlor ide and  chromate  ion. The coat ing scraped f rom 
the  anode  and  the  res idue  w i t h i n  the  can were  
leached w i t h  d is t i l led  water ,  and  the  e lec t ro ly te  
salts were  c o n c u r r e n t l y  t r ea ted  in  the same way.  
Severa l  quan t i t i e s  of wa t e r  were  used, and  w h e n  the 
l iqu id  f inal ly  r e m a i n e d  essen t ia l ly  colorless, the 
wash ings  f rom the  coat ing and  the  e lec t ro ly te  were  
combined  and  fi l tered and  d i lu ted  to a k n o w n  v o l u m e  
(2,000 m l ) .  

To d e t e r m i n e  the to ta l  a m o u n t  of ch romate  ion 
f rom a g iven  cell, a 50-ml  a l iquot  of the  so lu t ion  was 
acidified wi th  su l fur ic  acid, and  an  excess of fe r rous  
a m m o n i u m  sul fa te  was  added  to it, the  excess be ing  
d e t e r m i n e d  by  t i t r a t i on  wi th  dec ino rma l  p e r m a n -  
gana te  solut ion.  To d e t e r m i n e  the  s i lver  chloride,  the  
w a t e r - i n s o l u b l e  pa r t  of the  cell r es idue  was  leached 
for severa l  days in  concen t r a t ed  a m m o n i u m  h y -  
d rox ide  solut ion.  The en t i r e  so lu t ion  was  f i l tered 
and  m a d e  acid w i th  hydroch lor ic  acid solut ion.  Si l -  
ver  chlor ide  was  p rec ip i t a ted  and  collected in  a filter 
crucible,  washed,  dried,  and  weighed.  The  cell res i -  
due was  checked for s i lver  chlor ide tha t  had  not  
been  removed.  I t  was  leached a second t ime wi th  
a m m o n i u m  hydroxide ,  fol lowed by  acidif icat ion wi th  
the hydroch lor ic  acid. 

Results and Discussion 
A n  electrode w i th  a ve ry  cathodic po ten t i a l  is s i l -  

ver,  s i lver  chloride.  Moreover ,  the m e l t i n g  po in t  of 
the  m e t a l  is suff icient ly h igh  so tha t  it  wi l l  be 
phys ica l ly  s table  in  a t h e r m a l  cell, and  s i lver  chlor ide 
should  not  u n d u l y  ra ise  the  l iqu idus  t e m p e r a t u r e  of 
an a lka l i  me ta l  chlor ide electrolyte .  This  Ag, AgC1 
pa i r  m i g h t  p rov ide  a v e r y  fast,  s imple  e lec t ron  
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Fig. 3. Calcium and silver potentials in molten chloride electro- 
lytes in test tube cells. Current density, 1.50 amp/cm2; tempera- 
tures as shown. 

t r ans f e r  process. Ca lc ium was chosen as the  nega t ive  
electrode meta l .  Po ten t i a l s  as low as --3.0v have  
b e e n  m e a s u r e d  w i th  respect  to the  si lver,  KC1-AgC1, 
glass reference,  and,  in  fact, ca lc ium has been  used 
successful ly  in  other  t h e r m a l  b a t t e r y  sys tems (3) .  
The fo l lowing pa rag raphs  discuss e x p e r i m e n t s  w i th  
electrodes in  m o l t e n  sal t  e lectrolytes ,  a nd  t h e n  data  
are  g iven  for a successful  p r i m a r y  cell system. 

Silver electrode studies.--The first e x p e r i m e n t s  on 
posi t ive  electrodes were  w i th  s i lver  me t a l  i m m e r s e d  
in  pu re  s i lver  chloride or in  the  KC1-AgC1 m i x t u r e ;  
these are l iqu id  at  r e l a t i ve ly  low t empera tu re s ,  455 ~ 
and  325~ respect ively .  The  k ine t ics  are  exce l l en t  
for bo th  of these  couples ac t ing  as cathodes in  the 
a r r a n g e m e n t  shown  in  Fig. 1. Wi th  a c u r r e n t  dens i ty  
of 1.50 a m p / c m  2, the  po ten t i a l  rose for 6 or 7 min ,  
and  20 rain af ter  the  m a x i m u m  was reached,  it  had  
dropped  by  no more  t h a n  a t e n t h  of a vol t  as shown  
by  Fig. 3 for Ag/KC1-AgC1. 

Ne i the r  s i lver  chloride nor  KC1-AgC1 can be used 
as the  e lectrolyte ,  however .  The fact  was  d e m o n -  
s t ra ted  by  m e a s u r i n g  ca lc ium poten t ia l s  in  these  
melts .  The ca lc ium reduces  s i lver  ion and  meta l l ic  
s i lver  coats the  anode;  the  po ten t ia l s  are  t hen  the  
same as tha t  of s i lver  metal .  A n o t h e r  ser ious p rob -  
l em was the f o r ma t i on  of s i lver  dendr i t e s  which  
g rew out  f rom the  cathode a nd  t ended  to m a k e  shor t -  
c ircui ts  w i th  the  nega t ive  electrode.  This  h a p p e n e d  
even  if no c u r r e n t  was passed t h r ough  the  electrode.  

The n e x t  step was to t r y  to exc lude  the  s i lver  
chlor ide f rom the  m a i n  e lec t ro ly te  a nd  to confine 
it  to the cathode. This  cathode was  m a d e  b y  coat ing 
the  s i lver  sheet  w i th  a kao l in  m a t r i x  con t a in ing  the  
KC1-AgC1 mix tu re .  The  m a i n  e lec t ro ly te  was the  
t e r n a r y  eutect ic  m i x t u r e  of ba r i um,  calc ium,  and  
sod ium chlor ides  (14.5 mole  % BaC12, 47.0 mole  % 
CaC12, 38.5 mole  % NaC1) which  has a me l t i ng  
po in t  of 450~ (4) .  This  ca thode was  used as a 
coun te re lec t rode  in  the a r r a n g e m e n t  shown  in  Fig. 1 ; 
the  t e m p e r a t u r e s  were  500 ~ and  550~ Now the  
coat ing  of the  ca lc ium w i t h  s i lver  was  pos tponed  
for a few m o m e n t s  u n t i l  the  s i lver  chlor ide had  
mig ra t ed  into the  m a i n  electrolyte ,  b u t  a sudden  rise 
of the  anode po ten t i a l  did occur  e v e n t u a l l y  as did 
the  dend r i t e  fo rmat ion .  
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L a t e r  on in  th is  p a p e r  i t  w i l l  be  seen  t h a t  t he  
eu tec t ic  m i x t u r e  of p o t a s s i u m  and  l i t h i u m  ch lo r ides  
(40.0 mo le  % KC1 a n d  60.0 mo le  % LiC1; m e l t i n g  
poin t ,  354~ was  f o u n d  to  be  t he  bas i s  of a s a t i s -  
f a c t o r y  e l e c t r o l y t e  w i t h  t h e  c a l c i u m  e lec t rode .  A t  
th i s  po in t ,  h o w e v e r ,  i t  w i l l  be  d i scus sed  in  t e r m s  of 
t h e  s i l v e r  e l ec t rode .  The  a c t u a l  c o m p o s i t i o n  to  be  
cons ide r ed  is 33.3 mo le  % KC1, 50.1 m o l e  % LiC1, 
10.0 m o l e  % AgC1, a n d  6.65 mo le  % p o t a s s i u m  c h r o -  
m a t e ;  i t  is f o u n d  to be  c o m p l e t e l y  l i qu id  a t  t e m -  
p e r a t u r e s  a b o v e  440 ~ 

F i g u r e  3 shows  the  d i s c h a r g e  p e r f o r m a n c e  of the  
pos i t i ve  e l ec t rode  Ag/KC1-LiC1-AgC1-K2CrO4 at  t he  
a p p a r e n t  c u r r e n t  d e n s i t y  of 1.50 a m p / c m 2 ;  th is  b e -  
h a v i o r  is r e a s o n a b l y  cons i s t en t  in  t h e  t e m p e r a t u r e  
r a n g e  of 450~176 and  p o t e n t i a l  is a l m o s t  as h igh  
as w i t h  t he  KC1-AgC1 e l ec t ro ly t e .  As  w i t h  KC1-AgC1 
t h e r e  is an  i n i t i a l  r i se  in  po t en t i a l ,  a p p a r e n t l y  due  to 
loca l  r e s i s t i ve  h e a t i n g  a n d  c o n c o m i t a n t  d e p o l a r i z a -  
t ion.  T h e n  as  d e n d r i t e s  a r e  fo rmed ,  t he  a c t u a l  c u r -  
r e n t  d e n s i t y  is r educed ,  and  th is  m a y  e x p l a i n  t he  
t e m p o r a r y  r i se  in  p o t e n t i a l  occu r r i ng  7 ra in  a f t e r  
ac t iva t ion .  P o t e n t i a l  fa l l s  a g a i n  due  to po la r i za t ion .  
D e n d r i t e s  do no t  cause  sho r t  c i rcu i t s  w h e n  the  
e l e c t r o l y t e  is KC1-LiC1-AgC1-K2CrO4;  t he  r e a s o n  
for  th is  is g i v e n  be low.  

The  a r r a n g e m e n t  s h o w n  in Fig.  1 r e p r e s e n t s  an  
e l e c t r o d e  in  a g r e a t  excess  of e l ec t ro ly t e ,  and  t h e r e -  
fore ,  d i s c h a r g e  a t  a h igh  c u r r e n t  d e n s i t y  can  con-  
t i n u e  for  long pe r i ods  of t ime .  This  cou ld  no t  be  t he  
s i t ua t i on  w i t h  cel ls  b u i l t  in to  r e c t a n g u l a r  s i lve r  cans  
as s h o w n  in Fig .  2 w h e r e  on ly  a l i m i t e d  a m o u n t  of 
ac t ive  m a t e r i a l  cou ld  be  i n c l u d e d  in t he  r e l a t i v e l y  
s m a l l  v o l u m e  of e l ec t ro ly t e .  

H o w e v e r ,  a w h o l l y  u n e x p e c t e d  effect is o b s e r v e d  
b a s e d  on the  r e su l t s  in  Fig .  4 w h i c h  a r e  the  p o l a r i z a -  
t ions  ( i n c l u d i n g  IR t e r m s )  of the  e l ec t rodes  in t he  
s i l ve r  can cel l  d i s c h a r g e d  at  100 amp .  The  pos i t i ve  
e l ec t rode  po la r i ze s  b y  no m o r e  t h a n  0.15v even  a f t e r  
6 min .  B u t  t he  29.4g of s i l ve r  ch lo r ide  i n c l u d e d  in t he  
150g of e l e c t r o l y t e  is s t o i c h i o m e t r i c a l l y  e q u i v a l e n t  to 
on ly  3.30 m i n  a t  100 amp .  

T h e r e  is on ly  one o t h e r  ox id i z ing  a g e n t  in t he  sy s -  
tem,  and  the  r e s t  of  t he  o b s e r v e d  c a p a c i t y  can  on ly  
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Fig. 4. Cell voltage and electrode polarizations during discharge 
of a rectangular can cell at 100 amp; temperature, SO0~ 

be a c c o u n t e d  for  in  t e r m s  of t he  r e d u c t i o n  of c h r o -  
m a t e  ion. But  i f  th i s  is t he  s i tua t ion ,  t h e n  t h e r e  
m i g h t  be  no  r e a s o n  for  i n c l u d i n g  s i lve r  ch lo r ide ;  
c h r o m a t e  ion  a lone  cou ld  c o n c e i v a b l y  be  t he  r e -  
duc ib l e  spec ies  a t  t h e  ca thode .  A c c o r d i n g l y ,  some 
cel ls  w e r e  p r e p a r e d  in  w h i c h  the  e l e c t r o l y t e  w a s  
s i m p l y  6.65 m o l e  % of  p o t a s s i u m  c h r o m a t e  a n d  93.4 
mo le  % of t he  KC1-LiC1 m i x t u r e .  The  cel ls  w e r e  
h e a t e d  u n t i l  the  z e r o - c u r r e n t  v o l t a g e  was  fu l ly  
d e v e l o p e d  and  the  100-amp  load  was  app l i ed .  The  
pos i t ive  e l ec t rode  i m m e d i a t e l y  p o l a r i z e d  b y  6v, j u s t  
as if  t h e r e  was  no r e a c t i v e  spec ies  a t  the  ca thode .  

B a s e d  on these  o b s e r v a t i o n s  t he  a u tho r s  offer the  
fo l lowing  hypo thes i s .  The  o v e r - a l l  p rocess  at  the  
ca thode  is as s h o w n  b y  Eq. [1] .  S i l v e r  ch lo r ide  is 
p a r t  of t he  i n i t i a l  e l e c t r o l y t e  

2AgC1 + 2 e -  -* 2Ag + 2C1- [ 1 ] 

compos i t ion ,  b u t  i t  is also f o r m e d  b y  w a y  of r e a c t i o n  
[2]  w h i c h  r e p l a c e s  

2CRO4 = Jr 6Ag W 6C1- --> 6AgC1 Jr Cr208 Jr 5 O = [2]  

the  s i l ve r  ion  t h a t  was  used  g a l v a n i c a l l y  a t  t he  pos i -  
t i ve  e l ec t rode  or  t h a t  was  r e d u c e d  n o n g a l v a n i c a l l y  
b y  c a l c ium meta l .  L i t t l e  or  n o t h i n g  is k n o w n  con-  
ce rn ing  the  s t a n d a r d  f ree  ene rg i e s  of c h r o m a t e  ion 
and  ox ide  ion in  t he  m o l t e n  c h l o r i d e  e l ec t ro ly t e ,  and  
for  th is  reason ,  t h e  t h e r m o d y n a m i c s  canno t  be  d i s -  
cussed  on a q u a n t i t a t i v e  bas is .  The  e q u i l i b r i u m  
po in t  of r e a c t i o n  [2] ,  h o w e v e r ,  w i l l  c e r t a i n l y  be 
d i s p l a c e d  to the  r i g h t  be c a use  s t ab le  and  inso lub le  
c a l c ium a n d  c h r o m i u m  ox ides  a r e  fo rmed ,  thus  
de c r e a s ing  the  a c t i v i t y  of  ox ide  ion  in the  e l ec t ro ly t e .  

In  an  e a r l i e r  p a p e r  one of t he  p r e s e n t  a u t h o r s  
d i scussed  a s im i l a r  concep t  for  t h e r m a l  cel l  c h e m -  
i s t r y  (5) .  The  ca thode  h a l f - c e l l  was  N i /KC1-L iC1-  
K2CrO4, a n d  i t  was  p o s t u l a t e d  t h a t  n i c k e l  is ox id i zed  
b y  c h r o m a t e  ion  to a n i c k e l  oxide .  I t  is the  l a t t e r  
species  w h i c h  is r e d u c e d  ga lva n i c a l l y .  This  s ame  
idea  of p r e - o x i d a t i o n  of the  c a thode  m e t a l  is i n t r o -  
d u c e d  h e r e  e x c e p t  t h a t  s t r o n g e r  ev idence  is a v a i l -  
able .  T h a t  is, i t  is e v i d e n t  t h a t  d i s cha rge  con t inues  
we l l  b e y o n d  the  s t o i ch iome t r i c  l imi t  b a s e d  on the  
a m o u n t  of s i lve r  ch lo r ide  i n i t i a l l y  inc luded .  

As  w i t h  t he  e a r l i e r  e x a m p l e  of p r e - f o r m a t i o n  of 
a n i c k e l  ox ide ,  t h e  p rocess  s h o w n  as Eq. [2]  does  no t  
k e e p  pace  w i t h  r e a c t i o n  [1]  o p e r a t i n g  at  h igh  c u r -  
r en t s ;  th i s  is e v i d e n t  f r o m  Fig.  5 w h i c h  shows  h o w  
the  s i l ve r  c h l o r i d e  c on t e n t  d e c r e a s e d  w i t h  cou lombic  
pa s sa ge  a t  the  100 -a mp  ra te .  Ze ro  pa s sa ge  on this  
p lo t  c o r r e s p o n d s  to t h a t  t ime  w h e n  the  cel l  was  f u l l y  
a c t i v a t e d  b u t  t he  load  no t  y e t  app l i ed .  A t  th is  m o -  
m e n t  t h e r e  w e r e  0.131 e q u i v a l e n t  of s i l ve r  ch lo r ide  
and  0.355 e q u i v a l e n t  of c h r o m a t e  ion  p resen t .  Tha t  
is to say,  0.074 e q u i v a l e n t  of s i l ve r  ch lo r ide  and  0.053 
e q u i v a l e n t  of c h r o m a t e  ion h a d  been  u sed  n o n g a l -  
va n i c a l l y .  F u r t h e r m o r e ,  a n o t h e r  t e n t h  of an  e q u i v a -  
l en t  of ox id iz ing  agen t s  h a d  been  e x p e n d e d  n o n -  
g a l v a n i c a l l y  be fo re  d i s c h a r g e  was  f in ished  as s ig-  
n a l l e d  b y  the  c o m p l e t e  usage  of s i lve r  ion and  c h r o -  
m a t e  ion c o n c u r r e n t  w i t h  e s s e n t i a l l y  zero and  
r a p i d l y  d e c r e a s i n g  cel l  vo l tage .  As  is shown  in Fig.  
5, d i s c h a r g e  was  f in i shed  w h e n  0.40 f a r a d a y  h a d  
been  passed ;  w i t h  a c u r r e n t  of 100 a m p  th is  r e q u i r e d  
6.43 min .  
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On the  bas is  of t he  a b o v e  r e su l t s  t he  s i lve r  e l ec -  
t r o d e  seems  v e r y  s a t i s f a c t o r y  as p a r t  of a h i g h - r a t e ,  
h i g h - o u t p u t  b a t t e r y  sys tem.  The  n e g a t i v e  h a l f - c e l l  
can  n o w  be  cons idered .  

Calcium electrode s tudies . - - In  o r d e r  to o b t a i n  t he  
g r e a t e s t  e n e r g y  o u t p u t  p e r  un i t  w e i g h t  and  v o lume ,  
t h e r e  shou ld  be  l i t t l e  or  no n o n g a l v a n i c  s ide  r e a c -  
t ions.  F o r  t he  be s t  k i n e t i c  p e r f o r m a n c e  the  e l e c t r o d e  
p r o b a b l y  shou ld  be  of t h e  f irst  k ind .  T h a t  is, ca l -  
c i u m  m e t a l  shou ld  b e  in  e q u i l i b r i u m  w i t h  ca l c ium 
ions  d i s so lved  in  t h e  e l e c t ro ly t e ,  a n d  as w i t h  t h e  
ca thode ,  t h e r e  shou ld  be  a s imp le  e l ec t ron  t r a n s f e r  
process .  

The  use of c a l c ium i m m e r s e d  in  BaC12-NaC1-CaC12 
was  an  a t t e m p t  a t  this .  N e i t h e r  b a r i u m  nor  s o d i u m  
ion is r e d u c e d  b y  c a l c i u m  me ta l ,  a n d  the  h a l f - c e i l  
w o u l d  i n d e e d  s e e m  to be  a r e v e r s i b l e  e l ec t rode  of 
the  first  k ind .  The  s t e a d y - s t a t e  p o t e n t i a l  is v e r y  
anodic  as seen  in  Fig'. 3. Bu t  as s h o w n  in th i s  f igure,  
a long t i m e  is r e q u i r e d  for  the  d e v e l o p m e n t  of th is  
p o t e n t i a l  u n d e r  load.  T h e  r e a s o n  is t h a t  m e t a l l i c  
c a l c ium is s u b j e c t  to  a i r  o x i d a t i o n  and  becomes  
coa ted  w i t h  a l a y e r  of c a l c ium ox ide  and  n i t r i de ,  a n d  
th is  d e l a y s  e q u i l i b r a t i o n  w i t h  t he  e l ec t ro ly t e .  The  
o t h e r  d i f f icul ty  w i t h  th i s  h a l f - c e l l  ha s  a l r e a d y  been  
m en t ioned .  W h e n  s i l ve r  ch lo r ide  e n t e r s  t he  e l e c t r o -  
ly te ,  s i l ve r  ion  is r e d u c e d  to s i lve r  m e t a l  on the  ca l -  
c i um sur face ,  a n d  the  p o t e n t i a l  of t he  anode  r i ses  to  
t h a t  of s i lve r .  

The  n e x t  s t ep  was  to i nc lude  10 mo le  % of l i t h i u m  
ch lo r ide  in  t h e  e l ec t ro ly t e .  N o w  t h e  ca l c ium u n d e r -  
goes a s ide  r e a c t i o n  as s h o w n  b y  Eq. [3] .  L i t h i u m  ion  
is r e d u c e d  to t he  m e t a l  w h i c h  f o r m s  a l i q u i d  

Ca ~ ~- 2Li + --> Ca + + + 2Li ~ ( in  C a - L i  a l l oy )  [3]  

a l loy  w i t h  ca lc ium.  I t  has  a l r e a d y  b e e n  s h o w n  h o w  
th i s  c o n t i n u a l l y  r e n e w e d ,  f luid m e t a l  su r f ac e  can  
p r e v e n t  t h e  e l e c t r o d e  f r o m  e v e r  b e c o m i n g  p o l a r i z e d  
or  p a s s i v e  due  to a sol id  ox ide  l a y e r  (6 ) .  

A l t h o u g h  th i s  a d d i t i o n  of l i t h i u m  ion d id  a m e l i o -  
r a t e  e l e c t r o d e  b e h a v i o r ,  t he  i m p r o v e m e n t  w a s  no t  
sufficient.  P o t e n t i a l s  u n d e r  l oad  w e r e  m o r e  anodic ,  
b u t  a c t i v a t i o n  of t he  e l ec t rode  s t i l l  r e q u i r e d  s e v e r a l  
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minu te s .  Moreove r ,  t he  p r e s e n c e  of s m a l l  a m o u n t s  
of s i l ve r  ion  s t i l l  caused  the  p o t e n t i a l  to r i s e  n e a r l y  
to t he  v a l u e  for  s i lver .  

F i n a l l y ,  l i t h i u m  c h l o r i d e  w a s  i n c l u d e d  in  l a r g e  
amoun t s .  T h e  e l e c t r o l y t e  w a s  n o w  t h e  KC1-LiC1 
eu tec t ic  m i x t u r e  w h i c h  is 40.0 mo le  % of KC1 and  
60.0 mole  % of LiC1, m e l t i n g  a t  354~ I n  th is  e l ec -  
t r o l y t e ,  r e a c t i o n  [3]  t a k e s  p l a c e  r a p i d l y  a n d  e x -  
t ens ive ly ,  a n d  one  n o w  e n c o u n t e r s  a p r o b l e m  con-  
ce rn ing  d i m e n s i o n a l  s t a b i l i t y  of t he  n e g a t i v e  e l ec -  
t rode .  T h e r e  is no d i f f icul ty  at  al l ,  h o w e v e r ,  in  t he  
a c t i v a t i o n  of t he  e lec t rode .  A v e r y  anod ic  p o t e n t i a l  
is m e a s u r e d  i m m e d i a t e l y  on i m m e r s i o n  of  t he  h e a t e d  
e l ec t rode ;  i t  is --3.01 ---+ 0.05v vs. Ag, KC1-AgC1, g lass  
a t  1.50 a m p / c m  2. 

The  n e x t  t h i n g  l e a r n e d  was  t ha t  t he  c a l c ium p o -  
t e n t i a l  r e m a i n s  suf f ic ient ly  n e g a t i v e  w i t h  s i lve r  
ch lo r ide  p re sen t .  C a l c i u m  a p p e a r e d  to be  a s u i t a b l e  
e l ec t rode  even  w i t h  10 m o l e  % of s i l ve r  ch lo r ide  in  
t he  e l ec t ro ly t e .  The  p o t e n t i a l  was  as low as --2.71% 
and  t h e  i n i t i a l  r i se  w i t h  a c u r r e n t  d e n s i t y  of 1.50 
a m p / c m  2 was  no m o r e  t h a n  a t e n t h  of a vol t .  

The  c a l c ium e l e c t r o d e  is less  anod ic  w i t h  s i lve r  
ion in  the  e l e c t r o l y t e  as c o m p a r e d  w i t h  i ts  b e h a v i o r  
in t he  eu tec t ic  m i x t u r e  of p o t a s s i u m  and  l i t h i u m  
chlor ides .  E v e n  so, the  f o r m a t i o n  of l i qu id  c a l c i u m -  
l i t h i u m  a l loy  is s t i l l  e x t e n s i v e  in t he  e l e c t r o l y t e  
KC1-LiC1-AgC1, and,  as p o i n t e d  out  above ,  th is  is 
f o r t u n a t e  and  is p r o b a b l y  t h e  r e a s o n  w h y  ca l c ium 
can  be  used  as a n e g a t i v e  e l e c t r o d e  in  t he  first  place.  
But  i m p r o v e d  p h y s i c a l  s t a b i l i t y  was  needed .  The  a p -  
p r o a c h  used  in  th i s  w o r k  to  m a k e  t h e  c a l c i u m  e l ec -  
t r o d e  m o r e  s t a b l e  f r o m  the  d i m e n s i o n a l  s t a n d p o i n t  
was  to i nc lude  in  t he  e l e c t r o l y t e  a spec ies  w h i c h  is 
an  ox id i z ing  a g e n t  and,  a t  t he  s ame  t ime ,  a source  of 
ox ide  ion. S e v e r a l  of these,  i nc lud ing  p e r m a n g a n a t e ,  
m e t a v a n a d a t e ,  and  n i t r a t e  ions,  w e r e  t r i ed ,  b u t  
c h r o m a t e  ion was  the  mos t  s a t i s f a c t o r y  in t e r m s  of 
g iv ing  an  e l e c t r o d e  w i t h  a v e r y  s t ab le  a n d  anod ic  p o -  
t e n t i a l  a n d  h a v i n g  a long  d i s c h a r g e  life.  A su i t ab l e  
c o n c e n t r a t i o n  of c h r o m a t e  ion was  6.65 mo le  %. 

The  p r i n c i p l e  u n d e r l y i n g  the  use  of th is  ox id iz ing  
a g e n t  is t h a t  c a l c ium is m a d e  s o m e w h a t  less  r e a c t i v e  
a n d  r educes  l i t h i u m  ion a n d  s i l ve r  ion no t  as  r a p i d l y  
a n d  thus  becomes  a p r a c t i c a l  e l e c t r o d e  for  a h i g h -  
e n e r g y  b a t t e r y  sys tem.  The  i n so lub l e  a n d  p r o t e c t i v e  
coa t ing  d e v e l o p e d  on the  d i s c h a r g e d  c a l c ium e lec -  
t r o d e  was  a n a l y z e d  b y  x - r a y  p o w d e r  d i f f r ac t ion  
m e a s u r e m e n t  as  n o t e d  above .  C a l c i u m  o x i d e  was  
f o u n d  as was  c h r o m i u m  ( I I I )  oxide .  These  two  
phases  a r e  s t ab l e  in  t he  r a n g e  of  e x p e r i m e n t  t e m -  
p e r a t u r e s ,  a n d  t h e r e  is no bas i s  for  p o s t u l a t i n g  a n y  
o the r  phases .  

T h e r e  is a p h y s i c a l  a d v a n t a g e  and  a d i s a d v a n t a g e  
to th is  film. I t  does  b lock  t h e  s i lve r  d e n d r i t e s  a n d  
s h o r t - c i r c u i t s  a r e  t h e r e b y  avo ided .  On the  o t h e r  
hand ,  i t  r e t a r d s  t h e  m o v e m e n t  of  e l e c t r o l y t e  to  t h e  
e l ec t rode  su r f ace  and  so d e p r i v e s  t he  c a l c iu m of  
ox ide  ion. This  is  a mass  t r a n s p o r t  po l a r i z a t i on ,  b u t  
i t  w o u l d  a lso  b e  t h e  cause  of  i n t e r n a l  r e s i s t a nc e  n e a r  
the  n e g a t i v e  e lec t rode .  

As  is s h o w n  b y  Fig.  3, t h e  b e h a v i o r  of t h e  e l ec -  
t r o d e  Ca /KC1-LiC1-AgC1-K2CrO4 is v e r y  s a t i s f ac -  
to ry ,  a t  l eas t  w i t h  a l a r g e  excess  of e l ec t ro ly t e .  The  
p o t e n t i a l  is v e r y  anod ic  ( - -2 .59v)  u n d e r  a d i s c h a r g e  
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load of 1.50 a m p / c m  2, and  if the  per iod  of d ischarge  
seems shor t  ( a p p r o x i m a t e l y  11 m i n ) ,  it  should  be 
r e m e m b e r e d  tha t  t h e r m a l  ba t te r ies  have  no t  b e e n  
used for t imes  m u c h  longer  t h a n  5 min .  I t  m a y  be 
no ted  t ha t  the  t e m p e r a t u r e  for this  d ischarge  as 
shown  in  Fig. 3 is 450~ a l though  behav io r  was  
cons i s ten t ly  good in  the  reg ion  450~176 

It  has been  shown  tha t  the  anode  ha l f -ce l l  m e n -  
t ioned  in  the  p rev ious  pa rag raph ,  as wel l  as the  
cathode ha l f - ce l l  A g / K C I - L i C I - A g C I - K 2 C r 0 4 ,  are  
a p p a r e n t l y  sa t is factory  for use in  a p r i m a r y  ba t t e ry ,  
at  leas t  w h e n  sepa ra t e ly  e x a m i n e d  in  tes t  tubes  con-  
t a i n ing  an  excess of e lectrolyte .  Next  in  order  was  to 
d e m o n s t r a t e  the i r  use fu lness  in  a p r i m a r y  cell w i th  
a somewha t  p rac t ica l  geometry .  

Cell studies with rectangular cans.--As descr ibed  
ear l ie r  i n  this  paper ,  a can cell was  connec ted  in  
the  c o n s t a n t - c u r r e n t  d ischarge  c i rcui t  and  t h e n  
placed b e t w e e n  the  steel  blocks in  the  furnace .  The  
recorder  was  s ta r t ed  at  this  t ime,  and  the  t race  is 
shown  in  Fig. 6. The in i t i a l ly  m e a s u r e d  vol tage  was  
zero due to the  v e r y  h igh res i s tance  of the  e lec t ro-  
ly te  pr ior  to its me l t i ng  whi le  the  i n p u t  impedance  
of the  con t ro l l e r - r eco rde r  u n i t  was  on ly  1500 ohms.  

Af te r  a few seconds the  vol tage  began  to rise. As 
shown  in  Fig. 6, the t e m p e r a t u r e  was  st i l l  no t  m u c h  
above room t e m p e r a t u r e ,  and  the  recorded vol tage  
was a p p a r e n t l y  due to d isso lu t ion  of e lec t ro ly te  salts 
in  the  wa t e r  con ta ined  by  the hygroscopic  l i t h i u m  
chloride;  2 this  so lu t ion  wou ld  resu l t  in  a l ower ing  
of the i n t e r n a l  res i s tance  of the cell. As seen in  the  
figure, abou t  two m i n u t e s  were  r e q u i r e d  for this  
"ea r ly  vol tage"  to be  developed,  and  it pers i s ted  for 
abou t  80 sec or u n t i l  the  t e m p e r a t u r e  reached  
220~ ~ At  this  po in t  the  wa te r  had a p p a r e n t l y  
boi led away,  and  since the  salts had  not  yet  s ta r ted  
to melt ,  cell res i s tance  was aga in  h igh  and  vol tage  
dec l ined  to abou t  1.33v. 

N i n e t y  seconds l a te r  the t e m p e r a t u r e  reached  
320~ and  the  salts began  to melt .  The vol tage  
changed  ab rup t ly ,  and  w i t h i n  a few seconds it  rose 
to 2.55v and  t h e n  s lowly  increased  to 2.70v. The  load 

I t  s h o u l d  be  pointed  out  that  good t e c h n o l o g i c a l  p rac t i ce  w o u l d  
i n c l u d e  u s i n g  a ] o w - h u m i d i t y  r o o m  to m i n i m i z e  t h i s  abso rbed  w a t e r  
a n d  t h e r e b y  to  a v o i d  t h e  " e a r l y  v o l t a g e "  a n d  also to  lessen  a t t a c k  
of t he  ca l c ium meta l .  

3 The  t e m p e r a t u r e  scale i n  F ig .  6 is  on ly  a p p r o x i m a t e .  I t  i s  s h o w n  
to  be  l i n e a r  u p  to  400~ a n d  of  course,  t h i s  is no t  jus t i f i ed .  H o w -  
ever ,  i t  r e p r e s e n t s  a p r e c i s i o n  w h i c h  is w i t h i n  the  l i m i t s  of m e a s u r e -  
m e n t  error .  
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Fig. 6. Activation and discharge of a rectangular can cell at 
100 amp; temperature, 450~ 

Table 1. Rectangular can cell performance at 450~ 

~ 5 %  V a r i a t i o n  •  V a r i a t i o n  

E E n e r g y  
C u r r e n t  (Peak)  ~"  T ime  "~  T i m e  (wat t -  

(amp) (v) (v) (min) (v) (min)  m i n / c m  ~) 

30 2.35 2.24 11.0 2.14 13.4 7.99 
50 2.18 2.08 3.44 1.98 5.19 4.70 
72 2.04 1.94 2.38 1.85 3.38 4.01 

100 1.80 1.71 1.69 1.64 2.13 2.96 

was no t  ye t  applied.  A n o t h e r  four  m i n u t e s  were  a l -  
lowed for the  t e m p e r a t u r e  to approach  closely or to 
reach  450~ W h e n  the 100-amp load was f inal ly  ap-  
p l ied  the  vol tage  s u d d e n l y  fel l  to 1.62v (a large 
pa r t  of this  in i t i a l  decrease m a y  be due to IR drop) .  
There  was  t h e n  a t e m p o r a r y  r ise to 1.85v. I t  is as-  
sumed  tha t  this  r ise was due  to inc reased  s i lver  
e lectrode area  f rom dend r i t e  f o r ma t i on  as wel l  as 
i n t e r n a l  hea t ing  which  resu l t ed  in  a depola r iza t ion  
of bo th  electrodes.  

Discharge  was  con t inued  at  cons tan t  c u r r e n t  un t i l  
the t e r m i n a l  vo l tage  had  fa l l en  to 0.5v or somewha t  
less. Vol tage was  recorded as a f unc t i on  of t ime,  
and  the  typ ica l  n u m b e r s  i n  Tab le  I we re  e i ther  
read  d i rec t ly  or else were  i m m e d i a t e l y  der ived.  Fou r  
va lues  of c u r r e n t  were  used. P e a k  vol tage  was  read.  
For  the  d e t e r m i n a t i o n  of cell l ife or d ischarge  t ime  
it was  cons idered  tha t  vol tage  migh t  be he ld  to 

w i t h i n  5% (E • 0.05E) or to w i t h i n  10% (E -- 0.10E) 
of a m e a n  value .  Tha t  is to say, a b a t t e r y  in  p rac t ica l  
app l ica t ion  wou ld  ce r t a in ly  no t  be  use fu l  a f ter  its 
vol tage  had  fa l l en  to a r e l a t i ve ly  low poin t ;  in  fact, 
the  l imi t s  quoted  above a re  real ist ic .  P e a k  vol tage  
can be t a k e n  as the  uppe r  l imi t ,  a nd  m e a n  vol tage  
can be d e t e r m i n e d  f rom peak  vo l tage  by  d iv id ing  the  
l a t t e r  b y  1.05 or 1.10. The  lower  l imi t  of vol tage  is 
t h e n  0.95 or 0.90 of m e a n  vol tage,  and  on this  basis  
one could m a r k  the  b e g i n n i n g  and  end  of effective 
d ischarge  and  ob ta in  the  d i scharge  t imes.  Tab le  I 
also gives va lues  for the ene rgy  ou tpu t  per  u n i t  
v o l u m e  based  on vol tage  held  to w i t h i n  10% of a 
m e a n  value.  This was  ob ta ined  by  m e a s u r i n g  the 
area  u n d e r  the  v o l t a g e - t i m e  curve  for the  d ischarge  
per iod  as defined above.  This a rea  ( in  v o l t - m i n u t e s )  
was t h e n  mu l t i p l i ed  by  the  c u r r e n t  and  d iv ided  by  
the cell v o l u m e  (118 cm3). 

I t  is c lear  tha t  the  specific ene rgy  ou tpu t s  in  
Tab le  I are  no t  real is t ic  for a p rac t ica l  t h e r m a l  b a t -  
tery.  This is because  no v o l u m e  has been  a l lowed for 
the  hea t ing  m e c h a n i s m  nor  for t h e r m a l  insu la t ion .  
I t  wou ld  be difficult to es t imate  these, and,  s imi lar ly ,  
no a t t e m p t  has been  made  to e s t ima te  the  weights  of 
cells and  bat ter ies .  On the  basis  of the  can  cells 
alone, however ,  e n e r g y  ou tpu t  is c e r t a in ly  ve ry  
impress ive  compared  wi th  the  capabi l i t ies  of com-  
merc ia l  ba t ter ies ,  and  wi th  hea t ing  and  in su l a t i on  
c o n t r i b u t i n g  add i t iona l  we igh t  a nd  volume,  ene rgy  
ou tpu t  would  st i l l  be  excep t iona l ly  high. 
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Effect of Velocity and Oxygen on Corrosion 
of Iron in Sulfuric Acid 

Z. A. Foroulis and H. H. Uhlig 
Corrosion Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Corrosion ra tes  were  de te rmined  for  0.009% C iron, and  0.24% C and 1.05% 
C steel  in 0.33N H2SO4 at velocit ies up to 4000 rpm (3.5 m/ se c ) .  In  acid de -  
ae ra ted  wi th  ni trogen,  the corrosion ra te  of 0.009% C i ron was constant,  and no 
effect of veloci ty  was found. In  aera ted  s tagnant  acid, the ra te  was lower  than  
in deaera ted  acid and increased m a r k e d l y  wi th  velocity.  Corrosion rates  of 
carbon steels, on the  o ther  hand,  a t  first decreased wi th  velocity,  reaching  a 
m in imum which occurred at h igher  veloci t ies  the h igher  the  carbon content.  
Beyond the minimum,  corrosion increased l inea r ly  wi th  velocity.  These resul ts  
are  exp la ined  by  an ini t ia l  inhib i t ing  effect of oxygen on the corrosion rate.  
Polar iza t ion  measurements  confirm tha t  smal l  amounts  of oxygen  increase  
anodic polar iza t ion  p robab ly  by  adsorpt ion  on anodic sites. Higher  concen-  
t ra t ions  of oxygen  cause depolar iza t ion  of cathodic a reas  accompanied by  an 
increase  of corrosion. In  absence of oxygen,  veloci ty  is wi thout  effect because 
the  reac t ion  is control led  by  act ivat ion polar iza t ion  accompanying hydrogen  
evolution,  and this is not sensi t ive to velocity.  Fe r r i c  ion also can act as in-  
h ib i tor  or depolar izer  depending  on surface concentrat ion.  

A n  u n d e r s t a n d i n g  of the  effect  of ve loc i t y  on co r -  
ros ion  is u se fu l  to e s t ab l i sh  m e c h a n i s m  of r eac t ion ,  
p a r t i c u l a r l y  w h e n  the  effect  is no t  so le ly  one of 
d i f fus ion  control .  A l t h o u g h  the  r e l a t i o n  of v e l o c i t y  
to cor ros ion  of i r on  has  been  r e p o r t e d  b y  o thers ,  
some de t a i l s  of p r e v i o u s  o b s e r v a t i o n s  a r e  no t  y e t  
a d e q u a t e l y  e x p l a i n e d ,  such  as occu r r ence  of a m i n i -  
m u m  in co r ros ion  as v e l o c i t y  increases .  A poss ib l e  
e x p l a n a t i o n  b e c a m e  a p p a r e n t  to us  d u r i n g  the  course  
of s tud ies  on a n o t h e r  sub j ec t  b y  A. P. Bond  of th is  
l a b o r a t o r y ,  w h o  f o u n d  t h a t  z o n e - r e f i n e d  i r on  co r -  
rodes  in  1N H2SO4 at  l o w e r  r a t e s  w h e n  the  ac id  is 
a e r a t e d  [415 m g / d m 2 / d a y  ( m d d ) ]  t h a n  w h e n  d e -  
a e r a t e d  (680 t o d d )  e m p l o y i n g  pur i f i ed  h y d r o g e n .  
This  is oppos i t e  to a n y  effect w h i c h  m i g h t  h a v e  been  
p r e d i c t e d  b a s e d  on o x y g e n  as a ca thod ic  depo l a r i z e r .  
Bond  also f o u n d  the  s ame  i n h i b i t i n g  effect of o x y g e n  
e m p l o y i n g  va r i ous  p u r e  c o b a l t - i r o n  a l loys  i m m e r s e d  
in 1N H2SO4 (1) .  S ince  the  effect  of  i n c r e a s i n g  v e -  
loc i ty  is to b r i n g  i nc r ea s ing  a m o u n t s  of o x y g e n  to t he  
m e t a l  su r f ace  b l a n k e t e d  w i t h  H2 bubb le s ,  i t  fo l lows  
t h a t  t he  i n h i b i t i n g  effect of o x y g e n  d e s c r i b e d  a b o v e  
shou ld  also be  f o u n d  in cor ros ion  e x p e r i m e n t s  con-  
d u c t e d  a t  v a r i a b l e  ve loc i ty .  This  is t he  bas i s  o f  t he  
p r e s e n t  i nves t i ga t i on .  

The  effect of ve loc i t y  on co r ros ion  of i ron  in  0.01- 
0.2N a e r a t e d  H2SO4 us ing  r o t a t i n g  d i sks  was  r e p o r t e d  
in  1922 b y  F r i e n d  a n d  D e n n e t t  (2 ) .  T h e y  f o u n d  t h a t  

d i s so lu t ion  i n c r e a s e d  l i n e a r l y  w i t h  r o t a t i o n a l  speed  
up  to 4000 rpm.  W h i t m a n  et aZ (3)  c r i t i c i zed  the  
w o r k  of F r i e n d  a n d  D e n n e t t  and  c a r r i e d  out,  in 
g r e a t e r  de ta i l ,  e x t e n s i v e  e x p e r i m e n t s  in  a e r a t e d  and  
02-  or  N 2 - s a t u r a t e d  su l fu r i c  ac id  of  v a r i o u s  concen -  
t r a t i o n s  (0 .0043-5N) .  T h e y  f o u n d  in a e r a t e d  ac id  of 
a l l  b u t  the  l owes t  c o n c e n t r a t i o n  t h a t  co r ros ion  of 
m i l d  s tee l  f i rs t  d e c r e a s e d  as v e l o c i t y  inc reased ,  
p a s s e d  t h r o u g h  a m i n i m u m ,  and  t hen  i n c r e a s e d  
l i n e a r l y  w i t h  speed  of ro t a t ion .  The  s a m e  effect was  
r e p o r t e d  for  N 2 - s a t u r a t e d  acid,  a l t h o u g h  the  co r ros ion  
r a t e  was  less  a n d  the  m i n i m u m  was  less p ronounced .  
T h e y  e x p l a i n e d  the  m i n i m u m  as b e i n g  caused  b y  
s m a l l e r  H2 b u b b l e  f o r m a t i o n  d u r i n g  ro t a t i on ,  t he  
e n e r g y  r e q u i r e d  for  f o r m i n g  sma l l  b u b b l e s  be ing  
g r e a t e r  t h a n  for  l a r g e  b u b b l e s  c h a r a c t e r i s t i c  of s t a g -  
n a n t  solut ions .  A t  s t i l l  h i g h e r  ve loc i t ies ,  d e p o l a r i z a -  
t ion  b y  O2 p r e d o m i n a t e d .  W o r m w e l l  (4)  i n v e s t i g a t e d  
the  effect of v e l o c i t y  on  co r ros ion  of  m i l d  s tee l  in 
0.5N NaC1, f inding  on ly  an  i nc rea se  w i t h  speed  of 
ro t a t ion .  In  th is  so lu t ion ,  H2 evo lu t ion  d id  no t  occur,  
t he  cor ros ion  r a t e  be ing  c on t ro l l e d  b y  02 d e p o l a r i z a -  
t ion  alone.  

Experimental Detail 
The  p r e s e n t  s t u d y  e m p l o y e d  a c y l i n d r i c a l  spec i -  

m e n  of  i ron  or  s tee l  (1.6-1.8 cm d iam,  5 c m  long)  
a t t a c h e d  to a c a r e f u l l y  b a l a n c e d  r o t a t i n g  shaf t ,  and  
i m m e r s e d  in  1.5 l i t e r s  of 0.33N H2SO4. The  e x p e r i -  
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Fig. 3. Dissolution of 0.24% C steel in aerated 0.33N H2SO4, at 
4000 rpm. 

Fig. 1. Vessel for corrosion rate measurements of rotating specimen 

m e n t a l  a r r a n g e m e n t  is s h o w n  in Fig .  1. The  speed  
of the  m o t o r  r e a c h i n g  5800 r p m  was  con t ro l l ed  b y  
m e a n s  of a v a r i a b l e  t r a n s f o r m e r .  The  p rec i se  speed  
was  m e a s u r e d  us ing  e l e c t r o n i c a l l y  p u l s e d  s t r o b o -  
scopic  l igh t  ( G e n e r a l  R a d i o  " S t r o b o t a c " ) .  F o r  low 
speeds  ( less  t h a n  600 r p m ) ,  a r e d u c t i o n  gea r  was  
r e q u i r e d .  The  s p e c i m e n  was  t h r e a d e d  in to  the  end  of 
t he  m a i n  s teel  sha f t  w h i c h  in  t u r n  was  a t t a c h e d  to 
t he  m o t o r  or  t he  r e d u c t i o n  gear .  T h e  b o t t o m  p o r t i o n  
of t h e  spec imen ,  as w e l l  as the  s ides  of t he  shaf t ,  
w e r e  coa ted  w i t h  t h r e e  l a y e r s  of m e t h y l  m e t h a c r y l a t e  
res in ,  w i t h  2 h r  d r y i n g  t i m e  b e t w e e n  each  coat.  O n l y  
the  s ides  of the  spec imen ,  t he re fo re ,  w e r e  c o r r o d e d  
d u r i n g  t h e  e x p e r i m e n t .  The  s p e c i m e n  was  a b r a d e d  
w i t h  No. 120 fo l lowd  b y  No. 600 e m e r y  p a p e r ;  t hen  
p i c k l e d  for  2 m i n  in 1:1 HC1, w a s h e d  w i t h  t a p  and  
d i s t i l l ed  w a t e r ,  and  i m m e d i a t e l y  i n t r o d u c e d  in to  t he  
tes t  acid.  The  cor ros ion  r a t e  was  f o l l o w e d  b y  a n a l y z -  
ing  success ive  p o r t i o n s  of t he  ac id  for  i ron,  us ing  
the  o r t h o p h e n a n t h r o l e n e  c o l o r i m e t r i c  m e t h o d  (5 ) .  
Gas  s a t u r a t i o n  of t he  ac id  was  a c c o m p l i s h e d  b y  p r e -  
v i o u s l y  pas s ing  pur i f i ed  gas  t h r o u g h  s i n t e r e d  glass  
b u b b l e r s  for  8 h r  a t  150 m l / m i n  in t he  case  of n i t r o -  
gen,  and  1 h r  in  t he  case  of air .  N i t r o g e n  was  p u r i -  
fied b y  pas s ing  i t  ove r  ho t  copper  t u r n i n g s  a t  400~ 
us ing  glass  t u b i n g  f r o m  pur i f i e r  to cell .  A l l  t he  a p -  
p a r a t u s  was  con t a ined  in  a cons t an t  t e m p e r a t u r e  
r o o m  m a i n t a i n e d  at  25 ~ • 0.5~ Tes t s  w e r e  of 5 h r  
du ra t i on .  

P o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  c a r r i e d  out  a t  
25~ in a t h r e e  c o m p a r t m e n t  cell ,  t he  m i d d l e  c o m -  
p a r t m e n t  of  w h i c h  c o n t a i n e d  2 l i t e r s  o f  0.33N I-I~SO4. 
A L u g g i n  c a p i l l a r y  c o n t a i n i n g  the  s ame  ac id  con -  

4O Cart o$~on Rate 
2a mg/dllZ/hr 

~ - 

TIME IN HOURS 

Fig. 2. Typical weight lass-time plot, 0.009% C iron in deaeroted 
0.33N H2SO4, 600 rpm. 

nec t ed  to  a sa l t  b r i d g e  a n d  to an  A g - A g C I ,  0.1N KC1 
r e f e r e n c e  e lec t rode .  The  e l e c t r o l y t e  was  d e a e r a t e d  
w i t h  n i t r o g e n  as p r e v i o u s l y  desc r ibed ,  or  w i t h  n i t r o -  
g e n - o x y g e n  m i x t u r e s  the  p r o p o r t i o n s  of  w h i c h  w e r e  
d e t e r m i n e d  b y  f l owmete r s  connec t ed  to  a man i fo ld .  
The  ac id  was  p r e - e l e c t r o l y z e d  for  3 - h r  e m p l o y i n g  
s e v e r a l  m i l l i a m p e r e s .  S p e c i m e n s  for  p o t e n t i a l  m e a s -  
u r e m e n t s  w e r e  p r e p a r e d  f r o m  r e l a t i v e l y  p u r e  i ron  
con ta in ing  0.009% C ( F e r r o v a c ) .  F o r  cor ros ion  tes ts ,  
spec imens  i n c l u d e d  0.009% C i ron  a n d  also two  
c o m m e r c i a l  s tee ls  con t a in ing  0.24% C a n d  1.05% C, 
r e spe c t i ve ly .  

Results 
W e i g h t  losses of 0.009% C i ron  r o t a t i n g  at  600 r p m  

as a func t ion  of t i m e  in d e a e r a t e d  0.33N H2SO4 a re  
s h o w n  in Fig.  2. A n  i n d u c t i o n  t i m e  of a b o u t  2 h r  p r e -  
cedes  a cons t an t  co r ros ion  r a t e  of 20 m g / d m 2 / h r .  F o r  
0.24% C s tee l  in  a e r a t e d  ac id  at  4000 rpm,  t he  r a t e  
was  t y p i c a l l y  h ighe r ,  be ing  cons t an t  a t  first,  t hen  
f a l l i ng  to l o w e r  va lue s  a f t e r  a f ew  hours  (F ig .  3) .  
(The  p o i n t  a t  5 h r  b e l o w  t h a t  a t  4 h r  is a ccoun ted  
for  b y  e x p e r i m e t a l  e r ro r . )  I t  was  f o u n d  t h a t  the  
f a l l ing  off in  r a t e  o c c u r r e d  a f t e r  a c e r t a i n  a m o u n t  of  
i ron  h a d  a c c u m u l a t e d  in t h e  acid,  a v e r a g i n g  a b o u t  
70 m g / l i t e r .  The  f inal  r a t e ,  w h e r e  such  a c c u m u l a -  
t ion  occur red ,  was  c o n s i d e r a b l y  less  t h a n  the  in i t i a l  
ra te .  This  d e c r e a s e  was  caused  b y  f e r r i c  ion, as was  
d e m o n s t r a t e d  b y  c o m p a r i n g  t h e  i n i t i a l  s t e a d y - s t a t e  
cor ros ion  r a t e  of a s tee l  r o t a t i n g  at  4000 r p m  in 
a e r a t e d  ac id  to t he  c o r r e s p o n d i n g  r a t e  in  t h e  s ame  
ac id  to  w h i c h  72 m g  F e  + + + / l i t e r  w e r e  a d d e d  in t he  
f o r m  of Fe2(SO4)3 .9H20.  The  s t r i k i n g  d i f fe rence  in 
r a t e s  conf i rms t h a t  f e r r i c  ion  u n d e r  cond i t ions  of 
h igh  ve loc i t y  acts  as i n h i b i t o r  (F ig .  4) de sp i t e  t he  
u s u a l  ro le  of F e  + + + as a d e p o l a r i z e r  a n d  a c c e l e r a t o r  
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Fig. 4. Effect of Fe + + +  on corrosion of 0.24% C steel in 
aerated 0.33N H2S04, 4000 rpm. 
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of corros ion .  P o t e n t i a l  m e a s u r e m e n t s  of a s i m i l a r  
s tee l  s p e c i m e n  a t  4000 r p m  in a e r a t e d  ac id  showed  
tha t  the  p o t e n t i a l  b e c a m e  m o r e  nob le  or  m o r e  ca -  
thod ic  b y  20 m v  w i t h i n  abou t  t he  s ame  t ime  (3.5 h r )  
as the  cor ros ion  r a t e  u n d e r w e n t  a change  to l o w e r  
va lues .  

The  effect  of ve loc i t y  on the  s t e a d y  s ta te  cor ros ion  
r a t e  of 0.009% C i ron  in d e a e r a t e d  and  a e r a t e d  0.33N 
H2SO4 is shown  in Fig.  5. D a t a  a r e  also i n c l u d e d  for  
0.24% C a n d  1.05% C s tee ls  in  a e r a t e d  acid.  I t  is i m -  
p o r t a n t  to no te  t h a t  in  d e a e r a t e d  acid,  t he  cor ros ion  
r a t e  r e m a i n s  cons t an t  a t  20 m g / d m 2 / h r  and  is i n d e -  
p e n d e n t  of ve loc i ty .  In  a e r a t e d  s t a g n a n t  acid,  o m i t -  
t ing  b u b b l i n g  of a i r  to avo id  s t i r r i n g  the  acid,  the  
r a t e  is l o w e r  (7 m g / d m 2 / h r )  t h a n  in d e a e r a t e d  ac id  
w i t h  or  w i t h o u t  s t i r r ing ,  conf i rming  e a r l i e r  r e su l t s  
of Bond  on the  i n h i b i t i n g  effect of O2 for  p u r e  i ron  
e x p o s e d  to  acid.  F o r  0.24% C steel ,  t he  cor ros ion  r a t e  
a t  ze ro  ve loc i t y  is h i g h e r  b y  r ea son  of i n c r e a s e d  
ca rbon  content .  The  r a t e  in  th is  i n s t ance  s t a r t i n g  at  
55 m g / d m 2 / h r  r e aches  a m i n i m u m  a t  125 r p m  (51 
m g / d m 2 / h r ) ,  t h e n  inc reases  l i n e a r l y  w i t h  ve loc i t y  
b e y o n d  500 rpm.  T h e  1.05% C s tee l  co r rodes  at  a 
s t i l l  h i g h e r  r a t e  a t  zero  ve loc i t y  (70 m g / d m 2 / h r ) ,  
r eaches  a m i n i m u m  r a t e  (55 m g / d m 2 / h r )  a t  600 
rpm,  and  t hen  inc reases  l i n e a r l y  w i t h  ve loc i ty .  

Discussion 

I n  d e a e r a t e d  acid,  l o w - c a r b o n  i ron  co r rodes  at  t he  
s ame  r a t e  u n d e r  e i t h e r  s t a g n a n t  or  h i g h - v e l o c i t y  
condi t ions .  This  m i g h t  be  e x p e c t e d  if  one cons ide rs  
t h a t  the  cor ros ion  r a t e  is con t ro l l ed  b y  r a t e  of H + 
d i s c h a r g e  ( ca thod ic  con t ro l ) .  The  r a t e  of H + d i s -  
charge ,  in  tu rn ,  a t  c u r r e n t  dens i t i e s  b e l o w  v a l u e s  of 
s ign i f ican t  c o n c e n t r a t i o n  p o l a r i z a t i o n  is k n o w n  to 
be  una f fec t ed  b y  r e l a t i v e  m o t i o n  of m e t a l  and  e lec -  
t r o l y t e  ( a c t i v a t i o n  p o l a r i z a t i o n ) .  W h i t m a n  et a l., on 
the  o t h e r  hand ,  f o u n d  a m i n i m u m  in N 2 - d e a e r a t e d  
0.33N H2SO~ at  a b o u t  250 r p m  or  0.25 m / s e c  (0.7 
f t / s e c ) .  This  r e s u l t  is p r o b a b l y  e x p l a i n e d  b y  t r aces  
of 02 e n t e r i n g  the  ac id  d u r i n g  the  cor ros ion  tes t s  and  
ac t ing  as i n h i b i t o r  in  the  l o w e r  ve loc i t y  r ange .  Con-  
t a m i n a t i o n  b y  o x y g e n  in t h e i r  e x p e r i m e n t s  is no t  
s u r p r i s i n g  cons ide r ing  use  of p y r o g a l l o l  a t  r o o m  
t e m p e r a t u r e  to p u r i f y  N2, and  use of w a t c h  g lasses  
over  open b e a k e r s  to e x c l u d e  a t m o s p h e r i c  oxygen .  
The  p r e s e n t  e x p e r i m e n t s ,  on the  o the r  hand ,  w e r e  
conduc t ed  w i t h  r i g id  exc lus ion  of oxygen .  In  some 
e x p e r i m e n t s ,  t he  spec imen  was  p i c k l e d  in t he  tes t  
f lask and the d e a e r a t e d  ac id  introduced u s i n g  N2 
p r e s s u r e  w i t h o u t  t he  spec imen  coming  in to  con tac t  
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w i t h  air .  This  p r o c e d u r e  a v o i d e d  i n t r o d u c t i o n  of 02 
or  F e  + + + into  t he  ac id  b y  the  spec imen  i tself .  

F i g u r e  5 shows  tha t ,  in  a e r a t e d  acid,  ve loc i t y  v e r y  
m u c h  acce l e ra t e s  cor ros ion ,  as  p r e v i o u s  i n v e s t i g a t o r s  
also r e p o r t e d .  I t  is a t  f i rs t  s u r p r i s i n g  t h a t  0.009% C 
i ron  b e t w e e n  300 a n d  3500 r p m  shou ld  c o r rode  a t  a 
h i g h e r  r a t e  t h a n  the  c a r b o n  steels .  I n  s t a g n a n t  so lu -  
t ion,  t he  effect  of i nc r e a s ing  c a r b o n  in s tee ls  is 
k n o w n  to a c c e l e r a t e  cor ros ion ,  and  the  p r e s e n t  d a t a  
conf i rm th is  r e l a t i onsh ip .  The  i n v e r s e  r e l a t i o n s h i p  
u n d e r  i n t e r m e d i a t e  v e l o c i t y  cond i t ions  is u n e x p e c t e d  
a n d  is p r o b a b l y  caused  b y  the  e s s e n t i a l l y  smooth ,  
c l ean  su r f a c e  of 0.009% C i ron  m a i n t a i n e d  t h r o u g h -  
out  t he  tes t ,  w h e r e a s  for  t h e  h i g h e r  c a r b o n  s tee ls  a 
v i s ib le  r o u g h  b l a c k  f i lm is fo rmed ,  composed  of 
a m o r p h o u s  c a r b o n  m i x e d  w i t h  c e m e n t i t e  "(6). The  
c lean  su r f ace  a l l o w e d  r e a d y  d e p o l a r i z a t i o n  b y  02, 
c o m p a r e d  to the  c a r b o n  f i lm w h i c h  a c t e d  as a b a r r i e r  
for  d i f fus ion  of 02. A t  s t i l l  h i g h e r  ve loc i t ies ,  t he  
b a r r i e r  f i lm e i t h e r  e r o d e d  a w a y  or  i ts  p r e s e n c e  i n t e r -  
f e r e d  less w i t h  d i f fus ion  to or  f r o m  t h e  m e t a l  s u r -  
face. The  r e su l t s  for  l ow  c a r b o n  i ron  p l o t t e d  on a 
l o g - l o g  p lo t  a r e  l i n e a r  w i t h  a s lope  of 0.5. On the  
o t h e r  hand ,  t he  r o u g h  su r f a c e  of the  c a r b o n  s tee ls  
a ccoun ted  for  g r e a t e r  t u r b u l e n c e  of t h e  ac id  and  
showed  a l i n e a r  d e p e n d e n c e  of co r ros ion  r a t e  on 
ve loc i t y  in  t he  h igh  v e l o c i t y  reg ion .  A n  effect of 
su r face  r o u g h n e s s  in  th is  s ame  d i r ec t i on  was  r e -  
p o r t e d  b y  M a k r i d e s  and  H a c k e r m a n  (7) ,  who  m e a s -  
u r e d  as a f u n c t i o n  of ve loc i t y  the  d i s so lu t ion  r a t e  of 
m i l d  s tee l  in  2N HC1 c on t a in ing  va r i ous  depo la r i ze r s .  

A n  u n m i s t a k a b l e  i n h i b i t i n g  effect of o x y g e n  is 
s h o w n  b y  the  l o w e r  cor ros ion  r a t e  of 0.009% C i ron  
in  a e r a t e d  c o m p a r e d  to d e a e r a t e d  ac id  at  ze ro  v e -  
loc i ty  (Fig .  5) .  A n  i n h i b i t i n g  effect  of o x y g e n  is 
also t he  cause  of m i n i m a  in t he  co r ros ion  r a t e  for  
c a rbon  s tee ls  as ve loc i t y  increases .  The  h i g h e r  r a t e  
of h y d r o g e n  evo lu t i on  for  t he se  s tee ls  a t  zero  v e -  
loc i ty  p r e v e n t s  o x y g e n  f r o m  r e a c h i n g  the  m e t a l  
sur face ,  b u t  as ve loc i t y  increases ,  t he  h y d r o g e n  is 
s w e p t  a w a y  and  a b o v e  a specific r a n g e  of ve loc i t i es  
o x y g e n  r e a c he s  t h e  s u r f a c e  in  suff icient  c o n c e n t r a -  
t ion  to  act  f i rs t  as i n h i b i t o r  and  l a t e r  as depo la r i ze r .  
The  h i g h e r  the  c a r b o n  c on t e n t  the  h i g h e r  is the  co r -  
ros ion  r a t e  a n d  H2 evo lu t ion ,  and  hence  the  h i g h e r  
m u s t  be  t he  ve loc i t y  at  w h i c h  the  i n h i b i t i n g  effect 
of o x y g e n  is obse rved .  F o r  0.009% C i ron  the  m i n i -  
m u m  occurs  b e l o w  ve loc i t i es  g e n e r a t e d  b y  gas b u b -  
bles ;  for  0.24% C s tee l  t he  m i n i m u m  comes  at  a b o u t  
125 rpm (0.1 m/see); for 1.05% C steel, it comes at 
600 rpm (0.5 m/sec). Analogously, the minimum in 
corrosion occurs at higher velocities as the acid con- 
centration increases, as shown by data of Whitman 
et al. The minimum in their data for 0.12% C steel 
occurs at 250 rpm (0.25 m/sec) in air-exposed 0.33N 
H2S04; at  1200 r p m  (1.2 m / s e c )  in 1.58N H2S04; at  
1625 r p m  (1.6 m / s e c )  in 2.87N ac id ;  and  a t  2800 
r p m  (2.8 m / s e c )  in 5N acid.  

A l t h o u g h  a s m a l l  a m o u n t  of d i s so lved  o x y g e n  in -  
h ib i t s  the  cor ros ion  r a t e  of i ron  or  s tee l  in  su l fu r i c  
acid,  in  h i g h e r  c o n c e n t r a t i o n s  i t  a cce l e r a t e s  a t t ack .  
A p p a r e n t l y ,  an  oxidiz ing '  agen t  l i ke  F e  + + + can  also 
act  as i n h i b i t o r  (F ig .  4) or  depo la r i ze r .  The  i n h i b i t -  
ing  effect  of  F e  +++ w a s  mi s sed  b y  M a k r i d e s  (8)  
w h o  s t u d i e d  p o t e n t i a l s  and  p o l a r i z a t i o n  of  i ron  in 
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H2SO4. Ga tos  (9)  r e p o r t e d  t h a t  F e  +++ a d d e d  to 
s t a g n a n t  I N  H2SO4 b e g a n  to lose i ts  a c c e l e r a t i n g  
effect  on d i s so lu t ion  of  0.29% C s tee l  a b o v e  0.47 
g - ions  F e  + + + / l i t e r  (26 g / l i t e r )  and  t h a t  a t  a b o u t  4 
g - i o n s / l i t e r  (223 g / l i t e r ) ,  t he  d i s so lu t ion  r a t e  w a s  
t he  s ame  as if  t he  ac id  d id  no t  con ta in  F e  + + +. A l -  
t h o u g h  in s t a g n a n t  1N ac id  h igh  c o n c e n t r a t i o n s  of 
F e  + + + a r e  a p p a r e n t l y  r e q u i r e d  to r e v e r s e  t he  effect  
of depo l a r i za t i on ,  a t  4000 r p m  on ly  0.07g F e + + + /  
l i t e r  in  0.33N H2SO4 induces  m a r k e d  inh ib i t ion .  
G a t o s  s p e c u l a t e d  t h a t  h igh  c o n c e n t r a t i o n s  of F e  + + + 
i nc rea se  p o l a r i z a t i o n  of t h e  anodic  sites.  

Our  p o l a r i z a t i o n  m e a s u r e m e n t s  us ing  0.009% C 
i ron  s h o w e d  t h a t  t r a ce s  of o x y g e n  at  t he  m e t a l  s u r -  
face  d e c r e a s e  ca thod ic  p o l a r i z a t i o n ;  h o w e v e r ,  t he  
s a m e  t r aces  of o x y g e n  inc rea se  anodic  p o l a r i z a t i o n  
(Fig .  6).  Consequen t ly ,  i t  is r e a s o n a b l e  to  conc lude  
t h a t  i nc rea se  of anodic  p o l a r i z a t i o n  accounts  for  i n -  
h ib i t i on  of the  co r ros ion  r a t e  b y  e i t he r  o x y g e n  o r  
F e  + + +. These  effects,  i n c l u d i n g  a sh i f t  of co r ros ion  
p o t e n t i a l  in  t h e  m o r e  nob le  d i rec t ion ,  a r e  s h o w n  b y  
the  s chema t i c  p o l a r i z a t i o n  c u r v e  of Fig .  7. 

In  Fig .  6, p o l a r i z a t i o n  d a t a  r e q u i r e d  a t  l eas t  15 
ra in  for  each  po in t  in  o r d e r  to r e a c h  s t e a d y  s t a t e  
va lues .  Th is  t i m e  a c c o u n t e d  for  an  a c c u m u l a t i o n  of 
F e  + + + in  t he  acid,  w h i c h  in  t u r n  b r o u g h t  a d i s c on -  
t i n u i t y  in  the  ca thod ic  p o l a r i z a t i o n  c u r v e  a t  a l i m i t -  
ing  c u r r e n t  d e n s i t y  c o n t r i b u t e d  b y  d i f fus ion  of bo th  
02 and  F e  + + +. I f  d i s so lved  02 a lone  h a d  been  o p e r a -  
t ive ,  t he  02 c o n c e n t r a t i o n  at  the  d i s c o n t i n u i t y  co r -  
r e s p o n d i n g  to 0.1 m a / c m  2 w o u l d  h a v e  been  m o r e  
t h a n  10 t i m e s  the  c r i t i ca l  r a t i o  of 0.04 for  v o l u m e  
O 2 / v o l u m e  N2 t h a t  w a s  obse rved .  

The  m e c h a n i s m  accoun t i ng  for  i nc rea se  in anod ic  
p o l a r i z a t i o n  of i r on  in su l fu r i c  ac id  b y  t r aces  of O2 
is p r o b a b l y  r e l a t e d  to  a d s o r p t i o n  of O2 on the  i r o n  
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Fig. 6. Effect of increasing dissolved oxygen on polarization of 
0.009% C iron in 0.33N H2SO4 at constant current density of 0.1 
ma/cm s. 

z ~ 

o 

Noble 

t 

Ir lr 
LOG. CURRENT (I) 

Fig. 7. Schematic polarization curves for iron showing how aera- 
tion of acid can decrease the corrosion rate. 

surface .  F r o m  the  i n d e p e n d e n c e  of co r ros ion  r a t e  of 
p u r e  i ron  in d e a e r a t e d  ac ids  on p H  (10, 11),  i t  fo l -  
lows  t h a t  t he  a m o u n t  of a d s o r b e d  H on i ron  p r o b a b l y  
inc reases  as H + c o n c e n t r a t i o n  increases ,  t h e r e b y  r e -  
s t r i c t i ng  r e s i d u a l  anod ic  a r e a s  and  i n c r e a s i n g  anod ic  
po la r i za t ion .  U n d e r  th is  cond i t ion ,  t he  co r ros ion  r a t e  
r e m a i n s  a lmos t  cons tan t ,  d e sp i t e  i n c r e a s e d  a c i d i t y  
(pH 1 to 4) .  T races  of O2 m a y  then  i nc rea se  anod ic  
p o l a r i z a t i o n  s t i l l  f u r t h e r  b y  p r e f e r e n t i a l l y  a d s o r b i n g  
on  anod ic  s i tes  a n d  r e s t r i c t i n g  the  r e s i d u a l  anod ic  
area .  This  occurs  w h e t h e r  or  no t  the  i r o n  is pure ,  
p r o v i d e d  02 can  r e a c h  the  m e t a l  su r f ace  in  sp i te  of 
He evolu t ion .  O n l y  a t  h i g h e r  c o n c e n t r a t i o n s  of O2 
does d e p o l a r i z a t i o n  a t  ca thod ic  s i tes  occur  b y  r e a c -  
t ion  of o x y g e n  w i t h  h y d r o g e n  a d s o r b e d  on the  m e t a l  
sur face .  W h e n  d e p o l a r i z a t i o n  occurs ,  t he  a n o d e  a r e a  
increases ,  O2 is no l o n g e r  a v a i l a b l e  in  suff icient  con-  
c e n t r a t i o n  to a d s o r b  on  a l l  anod ic  sites,  and,  as  a 
resu l t ,  t he  cor ros ion  r a t e  increases .  

The  s ame  g e n e r a l  effects occur  in  n e u t r a l  or  a l k a -  
l ine  m e d i a  e x c e p t  t h a t  a d s o r p t i o n  of H a t  ca thod ic  
s i tes  is less  p r o n o u n c e d  t h a n  in  acids,  t h e r e  is con-  
s e q u e n t l y  d i m i n i s h e d  r e a c t i o n  b e t w e e n  H a n d  d e -  
po la r i ze r ,  and  a d s o r p t i o n  of 02 a t  anod ic  s i tes  is 
f avo red .  This  s i t u a t i o n  l e a d s  to  p a s s i v i t y  a n d  to a 
m a r k e d  r e d u c t i o n  in cor ros ion ,  t he  n e c e s s a r y  p a r t i a l  
p r e s s u r e  of 02 to i nduce  p a s s i v i t y  be ing  l o w e r  the  
m o r e  a l k a l i n e  the  solu t ion .  Oxygen ,  t he r e fo r e ,  a p -  
p a r e n t l y  i nc reases  anod ic  p o l a r i z a t i o n  of i r on  ove r  a 
w i d e  r a n g e  of pH.  I t  also,  of course ,  acts  as d e p o l a r -  
izer,  and  the  p a r t i c u l a r  ro le  t h a t  p r e d o m i n a t e s  in  a n y  
g iven  c i r c u m s t a n c e  d e t e r m i n e s  w h e t h e r  O2 is an  
i n h i b i t o r  or  an  a c c e l e r a t o r  of cor ros ion .  In  ch lo r ide  
media ,  c o m p e t i t i v e  a d s o r p t i o n  exc ludes  O2 at  anod ic  
si tes,  and  O2 acts  m a i n l y  as depo la r i ze r .  Hence ,  in 
ch lo r ide  med ia ,  e.g., as i l l u s t r a t e d  b y  W o r m w e l l ' s  
e x p e r i m e n t  (4 ) ,  v e l o c i t y  on ly  inc reases  corros ion .  
In  absence  of p a s s i v i t y - d e s t r o y i n g  C1- in  n e a r - n e u -  
t r a l  w a t e r ,  ve loc i ty  f irst  i nc reases  co r ros ion  because  
of depo l a r i za t i on ,  t h e n  r e duc e s  i t  (12) as 02 concen -  
t r a t i o n  at  the  i ron  su r f ace  r e a c he s  a v a l u e  sufficient  
to i nc rea se  anodic  po la r i za t ion .  F e r r i c  sa l t s  in s t a g -  
n a n t  H2SO4 a p p a r e n t l y  ac t  l i ke  d i s so lved  O2 in 
n e u t r a l  H20 in t ha t  w i t h  f irst  add i t i ons  d e p o -  
l a r i z a t i o n  p r e d o m i n a t e s ,  and  a t  h i g h e r  c o n c e n t r a -  
t ions  i nh ib i t i on  be c ome s  a p p a r e n t .  I t  is l i k e l y  t h a t  
F e  +++ adso rbs  on anod ic  s i tes  ana logous  to  a d -  
so rbed  O w h e n e v e r  t he  c o n c e n t r a t i o n  of F e  + + + at  
the  m e t a l  su r face  r eaches  a sufficient  va lue .  H igh  
ve loc i t y  he lps  a s su re  an  a d e q u a t e  su r f ace  c o n c e n t r a -  
t ion  r e a c h i n g  t h r o u g h  an  e v e r  p r e s e n t  b a r r i e r  l a y e r  
of f e r r o u s  sa l t  solut ion.  
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Pitting and Uniform Corrosion of Aluminum 
by pH 3.5 Citrate Buffer Solution 

E. L. Koehler and S. Evans 1 
Central Research and Engineering Division, Continenta~ Can Company, Inc., Chicago, I~inois 

ABSTRACT 

Corrosion of 3003 a luminum in c i t ra te  buffer solut ion in the presence of air  
may  be by  p i t t ing  or by  un i form attack.  Po la r iza t ion  da ta  indicate  tha t  un i form 
a t tack  is control led  by  the ra te  of chemical  dissolut ion of the  oxide film. There  
is a s imul taneous  th ickening  of the  film by a t a rn i sh ing - type  reac t ion  at  the 
same ra te  to ma in ta in  the  film at  cons tant  thickness.  Values  of AD/AE de te r -  
mined  f rom polar iza t ion  da ta  at  constant  potent ia l  were  indica ted  to be the  
same for a film being formed pr inc ipa l ly  by  the ta rn ish ing  mechanism as for  a 
film being formed en t i re ly  by  anodic action. I t  was found possible to de te rmine  
whe the r  or not  p i t t ing  was occurr ing f rom anodic polar iza t ion  data.  

In  an  e a r l i e r  p a p e r ,  t h e  use  of p o l a r i z a t i o n  m e t h -  
ods in  d e t e r m i n i n g  the  co r ros ion  r a t e s  of a l u m i n u m  
in a n a e r o b i c  ac id  and  food m e d i a  was  i n v e s t i g a t e d  
(1) .  Cor ros ion  h e r e  was  u n i f o r m  a n d  was  s t r i c t l y  of 
the  h y d r o g e n - e v o l u t i o n  type .  M e t a l  d e s t r u c t i o n  w a s  
of no consequence ,  t he  on ly  conce rn  be ing  h y d r o g e n  
evo lu t i on  which ,  in can  app l i ca t ions ,  m a y  cause  the  
ends  of t h e  can  to bu lge .  E v e n  a s m a l l  a m o u n t  of 
m e t a l  d e s t r u c t i o n  is of  concern ,  h o w e v e r ,  w h e n  cor -  
ros ion  is loca l ized ,  l e a d i n g  to  e v e n t u a l  p e r f o r a t i o n  
of t he  c o n t a i n e r  or  vessel .  I t  w a s  t h e  p u r p o s e  of th i s  
w o r k  to i n v e s t i g a t e  b y  p o l a r i z a t i o n  m e t h o d s  p i t t i ng  
and  u n i f o r m  cor ros ion  of 3003 a l u m i n u m  w i t h i n  the  
p i t  r a n g e  of ac id  foods  w h e n  a i r  is p re sen t .  

Experimental 
E x p e r i m e n t a l  m e t h o d s  e m p l o y e d  w e r e  m u c h  the  

s ame  as those  d e s c r i b e d  in  e a r l i e r  work ,  e x c e p t  t ha t  
for  t es t s  in  t he  p r e s e n c e  of  a i r  t he  t e s t  m e d i u m  was  
f lushed w i t h  a i r  p r i o r  to  use  and  t h e  top  of t he  t es t  
cel l  was  open  to t h e  a i r  (1, 2) .  I d e n t i c a l  spec imens  
w e r e  s ea l ed  to oppos i t e  ends  of t he  "T"  cel ls  w i t h  
m i c r o c r y s t a l l i n e  wax ,  t he  a s s e m b l y  b e i n g  h e l d  t o -  
g e t h e r  w i t h  a c lamp.  The  tes t  m e d i u m  used  was  an  
u n s t i r r e d  p H  3.5 c i t r a t e  buf fe r  so lu t ion ,  0.05M in 
t o t a l  c i t ra te .  In  p r e p a r i n g  the  solu t ion ,  r e a g e n t -  
g r a d e  c i t r i c  ac id  a n d  s o d i u m  c i t r a t e  w e r e  used.  The  
w a t e r  was  de ion ized  a n d  d i s t i l l ed  f r o m  an  a l k a l i n e  
p e r m a n g a n a t e  solu t ion .  A n a e r o b i c  so lu t ions  w e r e  
d e - a e r a t e d  b y  f lushing  for  3 h r  w i t h  o x y g e n - f r e e  
h y d r o g e n .  A n y  o x y g e n  w h i c h  m i g h t  r e m a i n  a f t e r  
th is  t r e a t m e n t  d i s a p p e a r s  in t he  cel ls  b y  r e a c t i o n  
w i t h  t he  spec imens .  In  some cases  r e a g e n t - g r a d e  
s o d i u m  ch lo r ide  was  added .  The  t e m p e r a t u r e  was  

Present  address: Rocketdyne,  A Division of Nor th  A m e r i c a n  Avi-  
ation, Inc.,  Canoga Park,  California. 

37.8~ ( 1 0 0 ~  W e i g h t  loss r a t e s  w e r e  d e t e r m i n e d  
b y  s i m u l t a n e o u s l y  se t t ing  up  a n u m b e r  of t es t  cel ls  
a n d  d i s c on t i nu ing  t h e  i n d i v i d u a l  cel ls  a f t e r  v a r y i n g  
t i m e  in t e rva l s .  A p o t e n t i o s t a t i c  dev ice  w a s  used  to 
o b t a i n  p o l a r i z a t i o n  da ta .  I n  r e c o r d i n g  p o l a r i z a t i o n  
curves ,  t he  p o t e n t i a l  vs. s a t u r a t e d  c a lome l  was  con-  
t i n u o u s l y  c h a n g e d  a t  a p r e s e l e c t e d  l i n e a r  ra te .  This  
is ca l l ed  a p o t e n t i o d y n a m i c  p o l a r i z a t i o n  curve .  E x -  
cep t  w h e r e  o t h e r w i s e  specif ied,  t he  r a t e  was  50 m v /  
rain.  The  r e f e r e n c e  e l e c t r o d e  w a s  in  a p l a n e  m i d w a y  
b e t w e e n  the  two  spec imens .  The  s p e c i m e n  at  the  
oppos i t e  end  of  t he  cel l  s e r v e d  as t he  a u x i l i a r y  e l ec -  
t rode .  The  p o t e n t i a l  d rop  due  to r e s i s t a nc e  of t he  
e l e c t r o l y t e  was  no t  s igni f icant  in mos t  cases.  W h e r e  
r e q u i r e d ,  i t  was  c o m p e n s a t e d  for.  T h e  a l u m i n u m  w a s  
a n n e a l e d  3003 sheet ,  n o r m a l l y  c o n t a i n i n g  m a n g a -  
nese,  1 .0-1 .5%;  si l icon,  0.6% m a x ;  i ron,  0.07% m a x ;  
copper ,  0.20% m a x ;  zinc, 0.10% m a x ;  a l l  o thers ,  
0.15% max .  S p e c i m e n s  w e r e  c l e a ne d  w i t h  ca rbon  
t e t r a c h l o r i d e  b u t  no t  a b r a d e d  or  p o l i s h e d  p r i o r  to 
u s e .  

Results and Discussion 
F i g u r e  1 shows  w e i g h t  loss cu rves  for  3003 a l u -  

m i n u m  in p H  3.5 c i t r a t e  buf fe r  so lu t ion .  The  l o w e r  
two  curves ,  r e p r e s e n t i n g  the  a n a e r o b i c  condi t ion ,  
g ive  t he  e q u i v a l e n t  of w e i g h t  loss as d e t e r m i n e d  b y  
h y d r o g e n  evo lu t i on  m e a s u r e m e n t .  T h e  r a t e  of h y -  
d r o g e n  evo lu t i on  u n d e r  such  cond i t ions  is e q u i v a l e n t  
to t he  r a t e  of w e i g h t  loss (1 ) .  Th is  f igure  r e p r e s e n t s  
d a t a  for  one  ser ies  of  tes ts .  In  a second  ser ies  of t es t s  
the  d a t a  w e r e  e s s e n t i a l l y  t he  same,  e x c e p t  t h a t  t h e  
r a t e  of w e i g h t  loss for  t he  top  curve ,  w i t h  t he  0.2% 
NaC1 add i t ion ,  was  s o m e w h a t  lower .  

A d d i t i o n  of s o d i u m  c h l o r i d e  c a u s e d  a s l igh t  i n -  
c rease  in t he  a n a e r o b i c  cor ros ion  ra te .  W i t h  a i r  p r e s -  
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Fig. 1. Weight loss curves for 3003 aluminum in pH 3.5 citrate 
buffer at 37.8"C. 
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ent  and  no chloride,  the da ta  had  to be separa ted  into 
two groups:  one in  which  the  spec imens  were  p i t -  
t ing,  and  one in  which  the re  was u n i f o r m  corrosion.  
Insofar  as we are aware,  al l  these spec imens  and  test  
cells were  t rea ted  ident ica l ly .  P i t t i ng  here  was a l -  
ways  preceded  by  a per iod  of u n i f o r m  corrosion.  
Wi th  spec imens  co r re spond ing  to the  "sa l t - f ree ,  p i t -  
t ing"  points  in  Fig. 1, p i t t i ng  deve loped  u sua l l y  in  
abou t  two to th ree  days. In  some cases p i t t ing  
s ta r ted  af ter  longer  t imes,  i.e., 9 days, 15 days, etc. 
I t  was  possible to d e t e r m i n e  at a n y  specific t ime,  
f rom anodic  po la r iza t ion  data,  w h e t h e r  p i t t ing  was  
occurr ing.  Wi th  air  p r e sen t  and  wi th  the  0.2% NaC1 
addi t ion,  the spec imens  a lways  pit ted.  Table  I gives 
c u r r e n t  equ iva l en t s  for the corrosion ra tes  of Fig. 1. 

Thickening and Dissolution of Films on Uniformly 
Corroding Specimens 

A l u m i n u m  tends  to th i cken  its oxide film on 
anodic  po la r iza t ion  p r e f e r e n t i a l l y  to any  a l t e rna t e  
anodic  process (3) .  Elec t ro ly tes  in  wh ich  the ra te  of 
d issolu t ion  of the  oxide is r e l a t ive ly  high, l ike su l fur ic  
acid, p roduce  a porous  oxide film. Elec t ro ly tes  in  
which  the film is inso lub le  produce  a nonporous  film 
of h igh resis tance.  The g r o w t h  of an  inso lub le  film at 
cons t an t  po ten t i a l  causes a con t inuous  decrease  in  
ionic cu r r en t  and  the e q u i v a l e n t  ra te  of film g rowth  
to zero as a l imi t ing  value .  The  p resen t  case is 
v iewed  as be ing  in t e rmed ia t e ,  i.e., the  e lec t ro ly te  
dissolves the  film at a low, bu t  appreciable ,  rate.  De-  
crease in  c u r r e n t  at cons tan t  po ten t i a l  for the case 
of an  e lec t ro ly te  which  dissolves the  fi lm at  a low 
ra te  is shown schemat ica l ly  in  Fig. 2. A s s u m i n g  tha t  
the re  is no n o n - i o n i c  c u r r e n t  in  the film, the me a s -  
u r ed  cur ren t ,  i, wi l l  be e q u i v a l e n t  to the  r a t e  of fi lm 
format ion .  The ra te  of film fo rma t ion  decreases w i th  
t ime  un t i l  a s teady  state is a t t a ined  in  which  the  ra te  

Table I. Corrosion rates of 3003 aluminum in pH 3.5 citrate buffer 
solution at 37.8"C 

C o r r o s i o n  r a t e  

r a g / d a y  cm2 # a / c m  ~ 

Anaerobic 0.010 
Anaerobic, 0.2% NaC1 0.014 
No salt, air present,  un i form corrosion 0.029 
No salt, air present, pi t t ing 0.047 
0.2% NaC1 added, air present  0.090 

1.2 
1.7 
3.6 
5.9 

11.2 

Fig. 2. Schematic representation of decrease in current during 
thickening of film at constant potential under conditions in which 
non-ionic current is zero, with small constant rate of dissolution of 
film in electrolyte, ith is the net rate of film thickening; idis is 
the rate of film dissolution; shaded area is the coulombic equivalent 
of net increase in film thickness. 

of fi lm fo rma t ion  is equa l  to the  ra te  of fi lm dissolu-  
t ion, or i = i~us. At  such t ime,  the  ne t  r a t e  of film 
t h i c k e n i n g ,  i t h  : i - -  / d i s ,  is equa l  to zero. Such a film 
wi l l  no t  th i cken  indef in i t e ly  at  cons tan t  po ten t ia l ,  
bu t  wi l l  approach  a definite l imit .  The shaded  area  
u n d e r  the  curve  represen t s  the  coulombic  e q u i v a l e n t  
of the ne t  increase  in  fi lm thickness.  

At  low fields n o n - i o n i c  c u r r e n t  is n o r m a l l y  high 
compared  to the  ionic cur ren t .  This  n o n - i o n i c  cu r -  
r en t  u sua l ly  causes oxygen  evo lu t ion  once the  p o t e n -  
t ia l  has reached va lues  w he r e  this  is possible  (3) .  
The rate  of film dissolut ion,  ides, does not  change  wi th  
potent ia l .  Ev idence  to be p r e se n t e d  be low indica tes  
tha t  in  the  absence of a n y  appl ied  po ten t i a l  the  film 
th ickens  by  a t a r n i s h i n g - t y p e  mechan i sm,  at a ra te  
equa l  to iais. Oxygen  r educ t ion  r a the r  t h a n  oxygen  
evo lu t ion  occurs on such a cor roding  specimen.  This 
t a r n i s h i n g - t y p e  corrosion invo lves  a flow of n o n -  
ionic c u r r e n t  in  the  reverse  d i rec t ion  (4, 5). Wi th  a 
ve ry  smal l  appl ied  anodic  po ten t i a l  on the cor roding  
spec imen  the film wi l l  t h i cken  by  a c omb i na t i on  of 
anodic  (appl ied)  and  t a r n i s h i n g - t y p e  ( local)  ac-  
tions. There  is a r ange  of potent ia ls ,  i n t e r m e d i a t e  to 
those at which  r educ t ion  of oxygen  a nd  those at 
which  evo lu t ion  of oxygen  occurs, in  which  the re  is 
ne i the r  s ignif icant  r educ t ion  no r  evo lu t ion  of oxy -  
gen. In  this  r ange  the  n o n - i o n i c  c u r r e n t  should equa l  
zero, and  un i t  c u r r e n t  efficiency wou ld  be expected.  
A r g u m e n t s  have  been  p resen ted  to suppor t  the  c la im 
of u n i t  c u r r e n t  efficiency be low the  revers ib le  oxy-  
gen evo lu t ion  po ten t i a l  for z i r c on i um (6, 7). 

Resul ts  of anodic  po la r iza t ion  at  po ten t ios ta t i ca l ly  
cont ro l led  po ten t ia l s  for spec imens  u n i f o r m l y  cor-  
rod ing  wi th  air  p resen t  are s u m m a r i z e d  in  Tab le  II. 
Typica l  curves  are shown in  Fig. 3. Such da ta  were  
ob ta ined  af ter  the  tests had  been  set up  for th ree  or 
more  days  so as to ob ta in  a s teady  condi t ion  of cor-  
rosion of the  a l u m i n u m  in the  test  med ium.  Po la r i -  
zat ions r ep resen ted  are mi l l ivo l t s  anodic  to the  
s t eady- s t a t e  corrosion po ten t i a l  of the a l u m i n u m  
specimen,  as m e a s u r e d  w i th  the s a tu ra t ed  calomel  
e lectrode i m m e d i a t e l y  pr ior  to the  polar iza t ion.  For  



Vol. 111, No. 1 PITTING A N D  UNIFORM CORROSION OF A1 19 

Table II. Summary of results.for anodic polarization at constant 
potential, uniformly corroding specimens, air present 

S t e a d y - s t a t e  J o  | ~" --  i l  i m) 
d t  

L i m i t i n g  l o c a l  a c t i o n  
P o l a r i z a -  c u r r e n t ,  c u r r e n t ,  E --  Zcorr 
t ion,  m v  g a / c m  2 s a / c m  2 m c / v  c m  2 

0 3.6 
25 0.8 2.8 8.2 
80 1.6 2.0 7.5 

110 2.4 1.2 9.3 
160 2.7 0.9 8.3 
185 3.1 0.5 8.2 
210 3.6 0 8.6 
270 3.7 7.7 
3O0 3.5 7.5 
360 3.7 8.2 
580 4.3 (7.5) * 

* A p p r o x i m a t e ,  p e a k  current  off of  r e c o r d e r  sca le .  

polar iza t ions  sufficiently grea t  to r e n d e r  local  ac t ion 
negl ig ible ,  210 m v  or greater ,  the  l i m i t i n g  c u r r e n t  
a t t a ins  a va lue  of 3.6 ~ a / c m  2. Since all  the  c u r r e n t  
t h rough  the  fi lm is ionic, this r epresen t s  the  ra te  of 
d isso lu t ion  of the  oxide film in  the  med ium,  idis. The 
somewha t  h igh  va lue  of l im i t i ng  c u r r e n t  for  the  
grea tes t  po la r iza t ion  r ep re sen t ed  m a y  inc lude  some 
por t ion  of n o n - i o n i c  cu r ren t ,  r e p r e s e n t i n g  fo rma t i on  
of oxygen.  

I t  should  be no ted  tha t  the  3.6 ~ a / c m  2 va lue  for 
e q u i v a l e n t  ra te  of d isso lu t ion  of the  oxide is iden t ica l  
to the  ra te  of corrosion of the  u n i f o r m l y  cor roding  
spec imens  as r ep re sen t ed  in  Tab le  I. This  s t rong ly  
suggests  tha t  such u n i f o r m  corros ion of a l u m i n u m  is 
cont ro l led  by  the  ra te  of d issolu t ion  of the oxide 
film in  the  med ium,  the  film be ing  fo rmed  by  a t a r -  
n i s h i n g - t y p e  m e c h a n i s m  at the  same ra te  as which  it  
dissolves. This conc lus ion  is the same  as tha t  reached  
by  T r o u t n e r  for  the u n i f o r m  corrosion of a l u m i n u m  
in the  t e m p e r a t u r e  r ange  of 90~176 on the basis 
of e x p e r i m e n t a l  ev idence  of a d i f ferent  type  (8) .  

For  po la r iza t ions  of less t h a n  210 m v  there  is s ig-  
n i f icant  r educ t ion  of oxygen  on the  surface  (local  
ac t ion) .  Since the  ra te  of oxide d issolu t ion  is not  
affected by  potent ia l ,  the difference b e t w e e n  the  ra te  
of oxide d isso lu t ion  (3.6 # a / c m  2) and  the  ind ica ted  
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Fig. 3. Representative curves of current vs .  time during thickening 
of film. Uniformly corroding specimens, pH 3.5 citrate buffer solu- 
tion in presence of air, specimens anudically polarized at indicated 
potentials relative to steady-state corrosion potential of specimen. 

l i m i t i n g  c u r r e n t  r epresen t s  the  ra te  of oxygen  re -  
duc t ion  on  the  spec imen  at  s teady state.  These va l -  
ues are g iven  in  the  c o l u m n  headed  " S t e a d y - s t a t e  
local ac t ion cu r ren t . "  

The last  c o l u m n  gives the  a m o u n t  of the  m e a s u r e d  
c u r r e n t  u t i l ized  in  inc reas ing  the  ne t  th ickness  of 
the fi lm per  vol t  of appl ied  potent ia l .  This  q u a n t i t y  
was  found  to be cons t an t  over  the r a nge  of po ten t ia l s  
inves t iga ted ,  w i t hou t  r ega rd  to w h e t h e r  the  fi lm was 
be ing  fo rmed  by  anodic  ac t ion  a lone  or b y  a combi -  
n a t i o n  of anodic  and  t a r n i s h i n g - t y p e  actions. Spe-  
cifically 

fo (i -- i~im)dt 
---- 8.2 m i l l i c o u l o m b s / c m f / v  [1] 

E - -  E c o r r  

where  i is the  m e a s u r e d  cur ren t ,  ilim is the  l imi t ing  
cur ren t ,  t the  t ime  elapsed,  E the po ten t i a l  of the  
specimen,  a nd  Ecorr the  corrosion po ten t i a l  of the 
spec imen  as m e a s u r e d  i m m e d i a t e l y  p r io r  to po la r i -  
zation.  Net  increase  in  fi lm th ickness  per  vol t  is 

AD fo ( i - - i i im)dt  fo (ila--i 'a~ 
- -  - ~ [ 2 ]  
~ E  E - -  E c o r r  E - -  E c o r r  

w he r e  ii~ is the  local  ac t ion  c u r r e n t  a n d  il. ~ is the  
local act ion c u r r e n t  at s t eady  state. For  polar iza t ions  
at po ten t ia l s  w he r e  local act ion is negl ig ib le ,  ilim = 
~dis, and  

A D  f :  ( i  - -  / d i s )  dt 
- -  --  = 8.2 m c / v  cm ~ [3] 
AE E - -  Ecorr 

as has been  ind ica ted  in  Fig. 2. The s imples t  e x p l a n -  
a t ion  for the  behav io r  at po la r iza t ions  of less t h a n  
210 mv,  w he r e  local  act ion is no t  negl ig ib le ,  is tha t  
the ra te  of r educ t ion  of oxygen  on the  spec imen  is 
cons tan t  for a ny  g iven  po ten t i a l  d u r i n g  film t h i c k e n -  
ing (i~ = if,~ m a k i n g  the  second t e r m  in  [2] equa l  
to zero, and  g iv ing  

AD fo (i --  ilim) dt 
- -  -- ---- 8.2 m c / v  cm ~ [4] 
AE E --  Ecorr 

Fu r the r ,  the free e n e r g y  change  of the  t a r n i s h i n g  
reac t ion  produces  a po ten t i a l  across the  film which  
is addi t ive  to the  appl ied  po ten t i a l  (9) ,  AD/AE be ing  
the  same  for the  t a r n i s h i n g  reac t ion  as for anodic  
film format ion .  

A s s u m i n g  a dens i ty  of 3.1 g / c m  3 for the  oxide, 8.2 
m c / v  cm 2 corresponds  to a va lue  of AD/AE ~ of 47 / a  
A / v  w he r e  ~- is the  sur face  roughness  factor  of the  
cor roding  specimen.  D e t e r m i n a t i o n s  made  b y  o ther  
inves t iga tors  for films fo rmed  in  a v a r i e t y  of elec-  
t ro ly tes  at h ighe r  po ten t ia l s  are  in  the  r a nge  of 15 
A / v  (3) .  This  wou ld  lead to a sur face  roughness  
factor  of abou t  3.1 for the  cor roding  specimen,  as-  
s u m i n g  tha t  the  n a t u r e  of the  fi lm fo rmed  is the  
same. 

Anodic Polarization Curve As Indicator of Pitting 
In  p o t e n t i o d y n a m i c  anodic  po la r iza t ion  curves  on 

such spec imens  the  c u r r e n t  dens i ty  approaches  a 
l i m i t i n g  value .  This  l im i t i ng  va lue  is d e p e n d e n t  on 
the  ra te  of change  of po ten t i a l  wi th  respect  to t ime  
in  the  d e t e r m i n a t i o n  of the  curve.  For  a curve  de-  
t e r m i n e d  suff icient ly slowly,  less t h a n  5 m v / m i n ,  
the  l imi t ing  va lue  is the  expected  3.6 ~ a / c m  2. For  
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Fig. 4. Anodic polarization curves at 50 mv/min rate of change 

of potential with respect to time, air present. Tap curve, uniformly 
corroding specimen; middle two curves, same specimen, later, now 
pitting; bottom curve, pitting, sodium chloride present. 

a curve  d e t e r m i n e d  at  a r a t e  of 50 m v / m i n ,  our  
u sua l  rate,  a l im i t i ng  va lue  of about  9 ~ a / c m  2 is ob-  
ta ined.  The same type  of p o t e n t i o d y n a m i c  anodic  
po la r i za t ion  curve  is no t  ob ta ined  for a spec imen  
which  is p i t t ing .  I t  was  found  by  m a k i n g  v i sua l  ex -  
a m i n a t i o n  of spec imens  t ha t  use of anodic  po la r iza -  
t ion  curves  cons t i tu tes  a re l i ab le  and  sens i t ive  
me thod  for de tec t ing  p i t t ing  on a l u m i n u m .  The top 
th ree  curves  in  Fig. 4 are  anodic  po la r iza t ion  curves  
t a k e n  at va r ious  t imes  for a test  cell w i th  air  p re s -  
en t  and  no salt. At  two days, this  spec imen  was  no t  
p i t t ing ;  by  the  n i n t h  day, the  spec imen  was p i t t ing ,  
as ev idenced  by  the fact tha t  the  anodic  po la r iza t ion  
cu rve  was  no t  of the l i m i t i n g - c u r r e n t  type.  I t  is to 
be no ted  tha t  the  corrosion po ten t i a l  shifts  in  the  
act ive d i rec t ion  w i th  the  d e v e l o p m e n t  of pits. H o w -  
ever,  m e a s u r e m e n t  of the  corrosion po ten t i a l  does 
no t  cons t i tu te  a re l iab le  me thod  for d e t e r m i n i n g  
w h e t h e r  or no t  the  spec imen  is p i t t ing .  P lo t t ed  on 
the same coordinates  is the  anodic  po la r iza t ion  curve  
for a p i t t ing  spec imen  wi th  salt  in  solut ion.  

Cathodic Polarization 
F i g u r e  5 shows a typ ica l  p o t e n t i o d y n a m i c  cathodic 

po la r i za t ion  cu rve  for a u n i f o r m l y  cor roding  speci-  
m e n  wi th  a i r  p r e sen t  and  no salt. A l i m i t i n g  di f fu-  
s ion c u r r e n t  for  oxygen  was  a lways  observed.  Note 
tha t  the  c u r r e n t  first goes up  to 10 ~ a / c m  2, t h e n  cuts  
back  to 6.5 ~ a / c m  2, a t  which  level  t he re  is a shor t  
ve r t i ca l  sect ion before  the t r a n s i t i o n  to the  Tafe l -  
type  h y d r o g e n  evo lu t ion  curve.  In  this curve,  6.5 
~ a / c m  2 was  cons idered  to be the l imi t ing  diffusion 
c u r r e n t  densi ty .  Ave rage  c u r r e n t  dens i ty  e q u i v a l e n t  
of l imi t ing  diffusion for all  spec imens  tes ted was  
6.8 ~ a / c m  e. The  m a x i m u m  in  the curve  is associated 
wi th  the i n i t i a l l y  h igher  concen t r a t i on  of oxygen  at  
the surface  pr ior  to e s t ab l i shmen t  of the concen t r a -  
t ion  g r ad i en t  typ ica l  of l imi t ing  diffusion. This  is 
no t  a p a r t i c u l a r l y  s teady  system. Curves  de t e rmined  
at 25 m v / m i n  ins tead  of 50 m v / m i n  a p p a r e n t l y  had 
lower  m a x i m a ,  b u t  the re  was  f r e q u e n t l y  some ev i -  
dence  of i r r e g u l a r i t y  in  the  curve.  A curve  de te r -  
m i n e d  at  5 m v / m i n  was  so i r r egu l a r  t ha t  no i n t e r -  
p r e t a t i on  could be a t t empted .  By r u n n i n g  a po la r i -  
za t ion  curve  at 50 m v / m i n  to --0.650v and  ho ld ing  
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Fig. 5. Cathodic polarization curve at 50 my/rain for uniformly 
corroding specimen, air present. 

at this  level ,  the  c u r r e n t  cycled in  a per iod  of abou t  
9-11 m i n  abou t  a m e a n  in  the  r a nge  of 6.8 ~ a / c m  ~. 
Shak ing  the  cell sha rp ly  increased  the  cu r ren t ,  
which  s u b s e q u e n t l y  leveled  off aga in  at 6.8 ~ a / c m  2. 

A ver t i ca l  sect ion in  the  cathodic po la r iza t ion  
curve  at  l im i t i ng  diffusion impl ies  tha t  e i ther  the 
anodic  pa r t i a l  r eac t ion  at  this  po in t  is negl ig ible ,  or 
the anodic  pa r t i a l  r eac t ion  is i n d e p e n d e n t  of p o t e n -  
t ia l  (ver t ica l  anodic  pa r t i a l  r eac t ion  cu rve ) .  I t  is i n -  
dicated f rom the  anodic  po la r i za t ion  data  p resen ted  
above tha t  the  s t eady - s t a t e  anodic  pa r t i a l  reac t ion  
curve  is ve r t i ca l  for po ten t ia l s  more  nob le  t h a n  the 
corrosion potent ia l .  However ,  the re  canno t  be a v e r -  
t ical  anodic  curve  in  the  r a nge  of po ten t ia l s  whe re  
the l imi t ing  diffusion c u r r e n t  of oxygen  is ap-  
proached,  since decrease  in  the oxygen  c o n c e n t r a -  
t ion  at  the  f i lm/e lec t ro ly te  in te r face  sha rp ly  de-  
creases the po ten t i a l  across the  film and  the  ra t e  of 
film format ion .  I t  is indica ted ,  therefore ,  tha t  the 
anodic  pa r t i a l  r eac t ion  at  this  po in t  is neg l ig ib le  and  
tha t  6.8 ~ a / c m  2 app rox ima te s  the  l imi t ing  diffusion 
c u r r e n t  for oxygen  to the specimen.  S ince  this  is 
close to the  5.9 ~ a / c m  2 e q u i v a l e n t  corrosion ra te  of 
a spec imen  which  is p i t t i ng  in  the so lu t ion  w i th  no 
salt  present ,  it is suggested tha t  the  corrosion ra te  
of such p i t t ing  spec imens  is at the e q u i v a l e n t  of the 
l im i t i ng  diffusion c u r r e n t  of oxygen  to the  specimen.  

A va r i e t y  of cathodic po la r iza t ion  curves  b e t w e e n  
two forms  was  o b t a i n e d  for  p i t t i ng  corrosion wi th  
no sal t  present .  The  two types  e n c o u n t e r e d  are 
shown  in  Fig. 6. In  one case the re  is no pe rcep t ib le  
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Fig. 6. Cathodic polarization curves at 50 mv/min for pitting 
specimens. With no salt the curves varied in form, as indicated. 
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Fig. 7. Analysis of cathodic polarization curve for pitting speci- 
men with no NaCI. Right panel, cathodic pulorization curve for 
specimen; left panel, onodic and cathodic partial reaction curves. 

inf lect ion caused by  a l im i t i ng  diffusion c u r r e n t  of 
oxygen ;  in  the  o ther  case there  is a p r o n o u n c e d  i n -  
flection. The  ana lys i s  of this s i tua t ion  is g iven  in  
Fig. 7. For  the  p a r t i c u l a r  anodic  and  cathodic pa r t i a l  
r eac t ion  curves  p resen ted ,  there  is a s l ight  inf lect ion 
in  the  r e s u l t a n t  cathodic  po la r iza t ion  curve  for the  
specimen.  However ,  s ince the c u r r e n t  to the  speci-  
m e n  is the  sum of the  pa r t i a l  r eac t ion  cu r ren t s  ( the  
cathodic cu r r en t s  be ing  t aken  as posi t ive  and  the  
anodic  cur ren ts ,  n e g a t i v e ) ,  it  m a y  be r ead i ly  seen 
tha t  a v a r i e t y  of cathodic po la r iza t ion  curves  wou ld  
be expected  for spec imens  cor roding  at the  l i m i t i n g  
diffusion c u r r e n t  of oxygen,  d e p e n d e n t  on va r i a t ions  
in  the  anodic  pa r t i a l  r eac t ion  curve.  These resul ts ,  
therefore ,  are  in  conf i rmat ion  of the  sugges t ion  tha t  
such corrosion is cont ro l led  by  the l imi t ing  ra te  of 
diffusion of oxygen  to the specimen.  

Also shown in  Fig. 6 is a cathodic po la r iza t ion  
curve  for a spec imen  which  is p i t t i ng  w i th  sal t  p res -  
ent.  This  type  of cathodic po la r iza t ion  curve  was 
a lways  ob ta ined  in  this  ins tance ;  there  was  ne ve r  
any  ind ica t ion  of an  inflect ion due to l im i t i ng  diffu-  
s ion c u r r e n t  of oxygen.  Since corrosion is above  the  
l imi t ing  diffusion c u r r e n t  of oxygen,  h y d r o g e n  evo-  
lu t ion  occurs s imu l t aneous ly .  E x t r a p o l a t i n g  the  Tafe l  
po r t ion  of such a curve  back  to the  corrosion p o t e n -  
t ia l  gives the c u r r e n t  e q u i v a l e n t  of the h y d r o g e n  
evo lu t ion  ra te  on the cor roding  specimen.  W i t h i n  the  
l imi t s  of r ep roduc ib i l i t y  of the  data,  add ing  this  fig- 
u re  to the l im i t i ng  diffusion c u r r e n t  of oxygen  gives 
a va lue  which  is cons is ten t  w i th  the  observed ra te  
of we igh t  loss of such specimens.  

It  has been  poin ted  out  tha t  p i t t i ng  corrosion can -  
no t  be comple te ly  descr ibed by  the  u sua l  s t eady-  
state po la r iza t ion  curves  employed  in  corrosion 
s tudies  (10).  Rep re sen t a t i on  of a con t inuous  ca th -  
odic pa r t i a l  reac t ion  curve  for a spec imen  p i t t ing  

w i th  sal t  p r e se n t  is no t  s t r i c t ly  val id .  I t  has been  
observed  m a n y  t imes,  and  conf i rmed here,  t ha t  h y -  
d rogen  is evolved  f rom the  pits, which  do not  even  
exist  at  more  nob le  po ten t ia l s  (11).  The  cathodic 
pa r t i a l  r eac t ion  curve  cannot ,  therefore ,  be c o n t i n u -  
ous in  a r igorous  sense, since it is e v i de n t  tha t  the  
cathodes are no t  i n d e p e n d e n t  of the  anodic  processes 
occur r ing  on the  specimen.  I t  f u r t h e r  seems ev iden t  
tha t  the  anodes  are not  i n d e p e n d e n t  of the  cathodic 
processes occurr ing .  A pi t  on a l u m i n u m  is an  e lec-  
t rochemica l ly  gene ra t ed  device, and  a ce r ta in  m i n i -  
m u m  of c u r r e n t  is r equ i r ed  to sus ta in  an  act ive pit. 
Below this  level ,  the acid which  keeps the  pi t  ac t ive  
wi l l  diffuse a w a y  and  the  pi t  wi l l  cease to exist.  
E v e n  for local ac t ion w i t h i n  a pit, however ,  the re  
is an  ev iden t  e lec t rochemica l  r e la t ionsh ip  b e t w e e n  
the ox ida t ion  and  r educ t ion  processes loca l ly  occur-  
r ing.  Spec imens  p i t t ing  in  the  s a l t - c o n t a i n i n g  m e -  
d i u m  had  more  act ive po ten t i a l s  t h a n  those w i thou t  
salt. There  were  m a n y  more  pi ts  wi th  the  salt, bu t  
the  c u r r e n t  per  pi t  was  abou t  4-5 ~a w i t hou t  salt  
and  abou t  11/2/~a wi th  the  salt. Spec imens  pe r fo ra ted  
m u c h  more  r a p i d l y  in  the  cells w i t h o u t  the  NaC1 
addi t ion.  E d e l e a n u  and  Evans  have  s ta ted  that ,  due  
to local act ion wi th  h y d r o g e n  evo lu t ion  in  the  pits,  
the  anodic  surface  ne ve r  becomes f i lm-f ree  and  tha t  
local act ion thus  slows down  a t tack  (11).  However  
this  m a y  be, it appears  tha t  the  evo lu t ion  of h y d r o -  
gen in  the  pi t  does slow d o w n  attack.  

Manuscript  received May 24, 1963. This paper was 
presented at the Detroit  Meeting, Oct. 1-5, 1961. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 
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ABSTRACT 

Etch pit  shape and orientat ion as obtained from microscope and electron 
microscope investigations are related to l ight-figure reflection patterns. The 
usefulness of the l ight-figure technique is demonstrated using I I -VI  and 
II I -V compounds as examples. 

Chemica l  and  phys ica l  e tch ing  s tudies  have  p roved  
to be of impor t ance  in  m a n y  inves t iga t ions  of c rys-  
tals. The d e t e r m i n a t i o n  of c rys ta l lographic  o r i e n t a -  
t ion, the type  and  n u m b e r  of dislocations,  and  the  
po la r i ty  of crysta ls  w i thou t  a cen te r  of s y m m e t r y  
are  common  examples .  3 Less k n o w n  is the  appl ica-  
t ion  of mechan ica l  and  chemical  e tch ing  lead ing  to 
the d e t e r m i n a t i o n  of chemical  bond ing  on c lean su r -  
faces and  on surfaces con t a in ing  absorbed  a toms 
(2, 3). 

Etched surfaces are gene ra l l y  inves t iga ted  by  
microscope or by  goniomet r ic  inspect ion.  The l igh t -  
figure, a l t hough  it p rovides  in  m a n y  cases more  use-  
fu l  i n f o r m a t i o n  as far  as a n g u l a r  and  s t r u c t u r a l  da ta  
are concerned,  is less f r e q u e n t l y  ut i l ized.  The v i sua l  
microscopic and  e lec t ron  microscopic inves t iga t ions  
revea l  the  shape and  topography  of the etched su r -  
faces r a the r  t h a n  the i r  more  in t r i ca te  morpho logy  
fea tures  such as the etch pit,  growth,  and  so lu t ion  
form. Comple te  and  de ta i led  i n f o r m a t i o n  on the 
morpho logy  of crys ta ls  can  be ob ta ined  by  c o n v e n -  
t iona l  bu t  somet imes  tedious goniomet ry .  The l igh t -  
figure t echn ique  suppl ies  this  i n fo rma t ion  in  a more  
e legan t  and  rap id  m a n n e r  (4) .  This  me thod  has no t  
been  c o m m o n l y  applied,  however .  A possible reason  
for this  is that ,  in  add i t ion  to c rys ta l lograph ic  fac-  
tors, k ine t ica l  factors  also d e t e r m i n e  the  type  of 
l igh t - f igure  observed.  This  of ten r ende r s  the  l igh t -  
figure reflection more  complex  and  difficult to i n t e r -  
pret .  For  the  usefu l  app l ica t ion  of this  method,  
therefore ,  an  u n d e r s t a n d i n g  of the  inf luence  of these 
factors is necessary.  A descr ip t ion  and  e x p l a n a t i o n  
of the i r  inf luence  is g iven  below. The inves t iga t ion  
of the e tching  of the  I I -VI  and  I I I - V  compounds  wi l l  
demons t r a t e  an  appl ica t ion  of the l igh t - f igure  tech-  
n ique  and  its eva lua t ion .  4 

Crystal Etching and Light-Figure Reflections 

In  genera l ,  the bo t tom or concave pa r t  of an  etch 
pi t  and  the  convex  par t s  of a g rowing  crys ta l  are  
f inal ly  b o u n d e d  by  flat p lanes  w h e n  the etch or 
g rowth  process has proceeded a sufficient t ime.  On 
the o ther  hand ,  the  r ims  or convex  pa r t s  of the  etch 
pits and  the concave or h idden  par t s  of the  g rowing  
crys ta l  wi l l  a ssume cu rved  shapes. The cu rved  por -  
t ions of a c rys ta l  wil l  more  of ten t h a n  not  be curved  

P r e s e n t  addres s :  Er ie  T e c h n o l o g i c a l  P r o d u c t s  Inc. ,  Erie ,  Pa .  

~ P r e s e n t  addres s :  R e n s s e l a e r  P o l y t e c h n i c  I n s t i t u t e ,  Troy,  N. Y. 

Fo r  i n f o r m a t i o n  on th i s  s u b j e c t  consu l t  r e v i e w ,  a n d  r e l a t ed  a r t i -  
cles in  re f  (1). 

On  r e l a t ed  i n v e s t i g a t i o n  consu l t  ref .  (5). 

cyl indr ica l ly ,  i.e., curved  pa ra l l e l  to a c rys ta l lo -  
graphic  d i rec t ion  or zone (6) .  In  the  co r respond ing  
l ight - f igure ,  i.e., in  the  pro jec ted  f igure r e su l t ing  
f rom the reflect ion of pa ra l l e l  l ight  i m p i n g i n g  on the 
crys ta l  surface,  c rys ta l lographic  p lanes  wi l l  appear  
as i n t ense  spot reflections or  as the  in t e r sec t ion  of 
l ines.  These, in  tu rn ,  r ep re sen t  l ight  reflections f rom 
at least  two sets of v ic ina l  p lanes  t i l ted  a long spe-  
cific zonal  direct ions.  In  some cases ref lect ion spots 
appear  alone. This  occurs w h e n  the  surface  is com-  
posed en t i r e ly  of macroscopic  flat planes .  These 
points  are i l lus t ra ted  in  Fig. 1. 

In  some cases the e tching  can  be p a r t l y  n o n p r e f e r -  
ent ial .  In  this  case ce r ta in  por t ions  of the crys ta l  
surface  appear  polished.  These por t ions  of the su r -  
face are gene ra l l y  cu rved  to var ious  degrees and  at 
t imes con ta in  n e a r l y  flat areas  which  are for the 
most  pa r t  c rys ta l lograph ica l ly  insignif icant .  Thei r  

Fig. 1. Photomicrographs and light-figure patterns of concave 
and convex etching of CdS. (a) Light-figure patterns of this type are 
associated with concave etching. The central spot is the reflection 
from the flat bottomed pits. Each spoke results from the reflection 
of light from vicinal planes tilted about one zonal axis. Pits with 
pointed bottoms contain dislocations. (b) Light-figure patterns of 
this type are associated with a combination of concave and convex 
etching. The central star-like reflection is the result of concave 
etching. The extra features of the pattern appear as convex etching 
increases. (c) Light-figure patterns of this type are associated with 
nearly total convex etching. Ridges are now discernible; some con- 
cave etching is still evidenced by their broken appearance. (d) 
Light-figure patterns of this type are associated with total convex 
etching. Ridges appear unbroken. Reflection comes from relatively 
smooth areas between ridges. The (00.1) plane shown was identi- 
fied by x-ray as the "cationic" plane (with R.F. Belt). 
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raining small crystal grains larger than about 50~, 
light-figure studies can be accomplished using a 
properly constructed microscope. The determination 
of the effect of grain orientation on grain boundaries 
is also possible by this technique. The same applies 
to twin boundary  and other surface topography 
studies (see Fig. 2). 

Etching of II-VI Compounds, Wurtzite Structure 
As has been previously stated, the usefulness of 

this method lies in the fact that  the light-figure re-  
flection pat tern if correctly interpreted, i.e., if re-  
duced to zones and planes, can be directly t rans-  
formed to the stereographic projection of an ideal 
solution or etch pit form from which, in turn, the 

Fig. 2. Photomicrograph of (00"1) of CdS etched in HNOs. Broad 
light-figure pattern results from the reflection of a large diameter 
light beam. This pattern is composed of a combination of reflec- 
tions from small areas within certain portions of the beam. The 
narrower light-figure line reflections are associated with the re- 
spective marked areas of the surface of the photomicrograph. 

existence depends largely on the kinetic factors of 
dissolution rates and only to a minor degree on crys- 
tallographic considerations. Therefore, care must be 
taken during light-figure examinations of crystals to 
distinguish between preferentially and nonprefer-  
entially etched regions of a crystal. 

The light-figure technique of examining crystals 
has many useful applications. By using light beams 
of sufficiently small diameters, polycrystalline sam- 
ples can be scanned and the orientation of various 
grains of the sample determined. For samples con- 

Fig. 4. Negative crystal etch form of CdS (cavity etching). Com- 
pare with form in Fig. S. Etched by flowing concentrated HNO3 
into crystal cavity via two horizontal (inlet and outlet) holes with 
masked walls; surface protected with nonreactive Apiezon wax. 

,...-(00.1) 

(O0.l).J" 

Fig. 3. Solution form photomicrograph of CdS. (Etched 1 min in 
concentrated HNO~). Compare with form in Fig. S. (a) Cadmium 
side. Point of interaction of six ridges represents (00"1). Ridges are 
zones of slowest attack during dissolution. Each point of the ridge 
represents a vicinal plane tilted in one direction for all other 
planes of that zone. (b) Side view. Intersection of horizontal and 
vertical ridges represent (10"1-). (c) Sulfur side. 

/ --~ i0o-~l \ 
! \ 

Fig. 5. Schematic drawing of the solution and etch pit form of 
CdS and their associated stereographic projection. The partial 
light-figure pattern of the solution form is given in Fig. ld;  that of 
the etch-pit form is given in Fig. la. A complete light-figure of the 
etch-pit form exactly corresponds to the stereographic projection. 
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Fig. 7(o). Stereographic and parallel perspective projections of 
crystal forms of wurtzite structure for various ratios 7 of cotion to 
onion contribution to the surface (or interface) free energy. These 
structures are calculated by the methods given in ref. (7) for first 
neorest neighbor interactions only. fl is assumed to be unity [see 
Fig. 7(b) ].  

respect ive  ideal  g rowth  or e q u i l i b r i u m  fo rm can be 
deduced.  This type  of a cor re la t ion  is d e m o n s t r a t e d  
in  Fig. 3-6 us ing  CdS as an  example .  

The etch pi t  and  so lu t ion  fo rm of CdS etched in  
HC1 and  HNO~ can be ma tched  wi th  the  e q u i l i b r i u m  
fo rm whe re  :~ --~ 1/3 in  Fig. 7a. Vapor  and  v a c u u m  
etch p a t t e r n s  of CdS revea l  (see Fig. 7),  however ,  
pa t t e rn s  t ha t  more  n e a r l y  ma t ch  the  condi t ions  1 > 
~, > 1/3 in  Fig. 7a or 3 > fl > 1 in  Fig. 7b. This  is 
also t rue  for the  observed  vapor  phase g rowth  fo rm 
(see Fig. 8). The differences in  the observed  forms 
a re  exp la ined  on the  basis  of b o n d i n g  changes  tha t  
occur at the surface  in  the  var ious  e tchants .  These 
changes  at the surface  m a y  invo lve  surface  defor-  
m a t i o n  by  a tomic  d i sp lacement ,  fo re ign  a tom ad-  
sorpt ion,  or the fo rma t ion  of bond  chains  f rom bond  
a r rays  by  the s t r e n g t h e n i n g  of bonds  w h e n  elec-  
t ronic  charge  separa t ion  w i t h i n  these a r rays  or 
ionic cha rac te r  is i n t roduced  (7) .  The ev idence  
ava i lab le  is no t  sufficient to d i s t ingu i sh  comple te ly  
b e t w e e n  the  var ious  possibil i t ies.  Vapor  g rowth  
forms of crystals ,  however ,  are closely re la ted  to 
ideal  e q u i l i b r i u m  forms;  differences in  the  two 
be ing  associated wi th  surface  de fo rma t ion  or the 
effects of second or more  d i s tan t  neighbors�9 Vac-  
u u m  solu t ion  or t h e r m a l  etch pi t  forms yield,  in  a 
first approx imat ion ,  the same resu l t s  in  regard  to 
the  exis tence  of s t rong b o n d i n g  a r r ays  ( " b o n d  

g~o.1) 
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Fig. 7(b) Stereographic and parallel perspective projections of 

Fig. 6. Schematic drawing of the etch-pit form intersecting 
various surfaces of an arbitrary chosen CdS polyhedron of wurtzite 
structure. The ideal positive growth form and its supplement, the 
negative crystal cavity etch (pit) form, and the stereographic pro- 
jection are also given. The pits shown intersecting the various sur- 
faces are ideal. Only those concave pit-edges are stable which 
correspond to strong bond chains. Stable edges are denoted in the 
stereographic projection by lines between points of intersection; 
e.g., all edges of the pit intersecting (00"1) are stable, while all 
edges of the pit intersecting (00. i )  are unstable. Stable and un- 
stable edges for pits intersecting other faces can, in a like manner, 
be determined with the use of the stereographic projection shown. 
Unstable edges will "wash away" leaving undefined pits if all 
edges are unstable, as on (00"1-) or poorly defined pits if some but 
not all the edges are stable, as on (10'1), (10"0), and (10. I-). 

crystal forms of wurtzite structure for various ratios of c-directional 
to a-directional contribution to the surface (or interface) free 

strength of "c-bond" 
energy, fl = , when "y ~ 1. 

strength of "a- bond" 

cha ins")  in  crystals.  Differences b e t w e e n  vapor  
g rowth  and  v a c u u m  so lu t ion  or t h e r m a l  etch pit  
forms are exp la ined  on the  basis  of a difference 
in  the p re fe r red  reac t ion  pa ths  of the two proc-  
esses. (The respec t ive  reac t ion  paths  in  e i ther  
case can be t r ea ted  as quas i - equ i l i b r i a .  This  type  
of a t r e a t m e n t  is pe rmiss ib le  in  c rys ta l  sur face  
kinet ics . )  Differences b e t w e e n  the  a f o r e m e n t i o n e d  
forms and  forms r e su l t ing  f rom dissolu t ion  p ro -  
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Fig. 8. Light-figure patterns of vapor phase grown CdS crystals. 
The polarity was measured vs .  piezoelectric (8) and by x-ray tech- 
niques (9). 
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Fig. 9. Screw dislocations on (00q)  revealed by a concentrated 
HNO3 etchant containing silver ions. Associated light figure pat- 
tern at lower right. 

cesses occu r r i ng  in f o r e ign  med ia ,  e.g., in ac id  so lu -  
t ions,  r e s u l t  f r o m  the  a b s o r p t i o n  of  f o r e ign  a t o m s  
into  su r f ace  s i tes  in  such  a w a y  t h a t  n e w  s t rong  
b o n d i n g  a r r a y s  a r e  c rea ted .  The  so lu t ion  and  e tch  
p i t  f o rms  of CdS e t ched  in  HC1 a n d  HNO3 can  be  
e x p l a i n e d  b y  the  c r ea t i on  of s t r ong  b o n d i n g  a r r a y s  
r e s u l t i n g  f r o m  the  a d s o r p t i o n  of, for  e x a m p l e ,  w a t e r  
or  h a l i d e  an ions  on c a d m i u m  a t o m s  of pos i t i ve  
charge .  In  th is  case  w e l l  d e v e l o p e d  e t ch  p i t s  of 
h e x a g o n a l  s h a p e  a p p e a r  on the  "ca t ion ic"  (00.1) 
p lane .  I f  on the  o the r  hand ,  s i l ve r  ca t ions  a r e  a p -  
p l i ed  in  t he  e t ch ing  process ,  e tch  p i t s  a r e  p r o d u c e d  

on the  "an ion ic"  (0007) p l a n e  t h r o u g h  the  ca t ion  
a d s o r p t i o n  on the  n e g a t i v e  su l fu r  su r f ace  a toms  
(Fig .  9) .  

The  g r o w t h  a n d  e tch  hab i t s  of o t h e r  I I - V I  c o m -  
p o u n d s  y i e l d  s i m i l a r  resu l t s .  A n u m b e r  of o t h e r  
w u r t z i t e - t y p e  I I - V I  c o m p o u n d s  e t ched  in  v a r i o u s  
h y d r o g e n  h a l i d e  ac ids  a r e  s h o w n  in Fig .  10. The  
s i m i l a r i t y  b e t w e e n  the  e tch  p i t  h a b i t  of t he  v a r i o u s  
m a t e r i a l s  and  t h a t  of CdS is obvious .  W i t h  t he  e x -  
cep t ion  o f  ZnO the  ca t ion  p l a n e  r e m a i n s  s t a b l e  w h i l e  
t he  an ion  p l a n e  d i s appea r s .  This  is in accord  w i t h  
the  d i f f e ren t  e t ch ing  b e h a v i o r  of a n t i p o l e  p l anes  o b -  
s e r v e d  b y  m a n y  i n v e s t i g a t o r s  on I I - V I  and  I I I - V  
compounds .  H e r e  aga in ,  the  v a p o r  a n d  v a c u u m  e tch  

+ -- + - 

CdSz % 

" { 1 0 . 3 )  

Fig. 10. Light-figure patterns of wurtzite type crystals etched in 
hydrogen halide acids. (00-1) is specular, (00.1) is matte. Polarity 
was measured by piezoelectric techniques. ZnO was Li-doped 
schematic. 

fo rms  and  t h e  v a p o r  g r o w t h  forms ,  w h i l e  d i f fe ren t  
f rom each  o t h e r  (Fig .  11) a r e  also d i f fe ren t  f r o m  
the  ac id  e tch  forms.  In  add i t ion ,  t he  v a c u u m  e tch  
fo rms  of CdSe  changes  a t  d i f f e r en t  t e m p e r a t u r e s ,  
i n d i c a t i n g  a change  in con t ro l l i ng  p rocess  or  r e a c -  
t ion  p a t h s  w i t h  t e m p e r a t u r e s .  This  t y p e  of change  
can  be  e x p l a i n e d  b y  the  p r e s e n c e  of s e l e n i u m  
chains ,  the  l e n g t h  of w h i c h  v a r y  w i t h  t e m p e r a t u r e ,  
a d s o r b e d  on the  c r y s t a l  sur face .  In  t he  two  cases  
d i f fe ren t  spec ies  of s e l e n i u m  molecu l e s  and  t h e i r  
r e l a t i v e  c o n c e n t r a t i o n  r a d i c a l l y  changes  t h e  r e a c -  
t ion  process .  

Etching of II-V1 and III-V Compounds, Sphalerite 
Structure 

The  same  t y p e  of an  a n a l y s i s  can  be  c a r r i e d  out  
for  s p h a l e r i t e  t y p e  s t r u c t u r e s  of t he  g roups  I I - V I  
a n d  I I I - V  compounds .  The  t h e o r e t i c a l  e q u i l i b r i u m  
fo rms  a re  g iven  in Fig .  12. The  p i t  shapes  to be  e x -  
p e c t e d  on v a r i o u s  su r faces  of a s p h a l e r i t e  t y p e  c r y s -  
t a l  a r e  g iven  in  Fig.  13 for  t he  cases  ~/ ~ 3 and  
3 > ~, > 1. Some  of t he  e tch  fo rms  for  s p h a l e r i t e  
t y p e  I I - V I  c o m p o u n d s  a r e  g i v e n  in  Fig .  14. H e r e  
aga in ,  h o w e v e r ,  t he  e x p e r i m e n t a l  d a t a  a r e  no t  suffi-  
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Fig. 11. Light-figure patterns of vapor and vacuum etched and 
growth form crystals of some wurtzite type crystals. Polarity was 
measured by matching the observed pattern with hydrogen halide 
etch patterns on the same crystal. 
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Fig. 12. Stereographic and parallel perspective projections of 
sphalerite type materials for various ratios ~, of cation to anion 
contribution to the surface (or interracial) free energy. These 
structures are calculated by the method given in ref. (7) for first 
nearest neighbor interactions only. 

c ien t  for  a c o m p l e t e  ana lys i s  to be  p e r f o r m e d .  Mos t  
of the  g e n e r a l  conclus ions  m a d e  for  w u r t z i t e - t y p e  
s t r u c t u r e s  a r e  d i r e c t l y  app l i cab le ,  h o w e v e r .  
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Fig. 13(a). Schematic drawing of the etch-pit form intersecting 
various surfaces of an arbitrarily shaped sphalerite type crystal. 
y ~ 3. Etch pits on (1 i i )  are stable. 
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Fig. 13(b). 3 ~ ~, ~ 1. The explanation as given in the caption 
of Fig. 6. holds here. Etch pits on both tetrahedral planes are 
stable. 
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Charge Storage Effects in Tantalum Oxide Films 
Rudolf Dreiner 

Research Laboratory, Sp~ague E~ectric Company, North Adams, Massachusetts 

ABSTRACT 

The phenomenon of the residual  discharge cur ren t  following an inverse 
t ime law, i r es  cc b/t ,  was confirmed for t an ta lum electrolytic capacitors. It  was 
shown that  the coefficient b was independent  of charging fields up to 2/3 of the 
format ion field and that  the residual  current  increased with temperature.  The 
activation energy was 2.5 kcal/mole.  Fur thermore,  it was shown that, if the 
external  resistor was removed and the cell was left  with open terminals,  the 
in te rna l  residual  cur ren t  cont inued to flow unt i l  the bu i ld -up  field modified the 
flow. If the oxide film were i l luminated  dur ing  discharging, two different 
photoeffects were recorded: the t rans ient  effects due to wavelengths of 320 m~ 
to about 600 m~ and the s ta t ionary photocurrent  mostly due to wavelengths 
shorter than 300 m~. 

Several  models are discussed which lead to an inverse t ime law. Preference 
was given to the idea that  a net  positive space charge arises wi th in  the oxide 
dur ing  charging; that  this space charge causes two in te rna l  fields of opposite 
directions and that  the residual  discharge current  is the difference of two cur-  
rents  flowing in  the opposing fields, thus neutra l iz ing the space charge. I r ra -  
diation dur ing  charging and discharging affected the positive t ransient  effect 
and the space charge field. 

The p h e n o m e n a  of r e s idua l  effects, specifically the  
res idua l  d ischarge  c u r r e n t  and  the  re s idua l  vol tage,  
are  c o m m o n  to m a n y  types  of capacitors.  The  r e -  
s idual  d ischarge  c u r r e n t  is the  c u r r e n t  in  excess 
of the  ideal  RC discharge  c u r r e n t  which  is re leased 
f rom a charged  capaci tor  u n d e r g o i n g  a d ischarge  
t h rough  an  e x t e r n a l  resistor.  The res idua l  or open 

c i rcui t  vol tage  is the  po t en t i a l  which  appears  across 
the t e r m i n a l s  of a capaci tor  if the  capaci tor  has b e e n  
charged,  d ischarged,  a n d  t h e n  lef t  w i t h  open t e r -  
mina ls .  G ue n t he r s c hu l z e  and  Betz (1) have  de-  
scr ibed these  effects and  more  r ecen t ly  Lehovec and  
R e i n h e i m m e r  (2) r epor t ed  more  ex tens ive  da ta  on 
the  res idua l  d ischarge  c u r r e n t  e m e r g i n g  f rom an  
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anodic oxide film on a l u m i n u m  if this  oxide fi lm 
were  first sub jec ted  to an  anodic  po ten t i a l  and  t h e n  
discharged.  

I n  the  fol lowing,  resu l t s  wi l l  be  p re sen t ed  wh ich  
were  ob ta ined  f rom inves t iga t ions  on capaci tors  of 
the  sys tem T a / T a 2 O J a q u e o u s  e l ec t ro ly te /P t .  P a r -  
t i cu la r  i n t e re s t  is pa id  to the  r e s idua l  d ischarge  cu r -  
r en t  and  the inf luence  tha t  i l l u m i n a t i o n  of the oxide 
film has on the re s idua l  d ischarge cur ren t .  

E x p e r i m e n t a l  

Samples  of h igh  p u r i t y  (Fans tee l ,  impur i t i e s  
< 0.1% ) t a n t a l u m  foil ( 10 mi ls  th ick;  a rea  ~ 18 cm 2) 
were  degreased,  chemica l ly  pol ished for  15 sec in  a 
so lu t ion  consis t ing of 5 pa r t s  concen t r a t ed  H2SO4, 2 
par t s  concen t r a t ed  HNOa and  2 par t s  48% I-IF, 
leached in  boi l ing  deionized wa te r  for 10 min ,  a nd  
then  v a c u u m  a n n e a l e d  ( ~ 1 0  -4 T o r t )  a t  2100~ for 
30 min.  Anod iza t i on  occur red  in  0.1% H2SO4 solu-  
t ion  at abou t  34~ Up to the  f inal  f o r m a t i o n  p o t e n -  
tial,  a cons tan t  c u r r e n t  of 2 m a / c m  2 flowed. T h e n  
the sample  was connec ted  to a cons tan t  vol tage  sup-  
ply,  and  the  anod iza t ion  con t i nued  for a to ta l  t ime  of 
1 hr. At  the end  of this  t ime  c u r r e n t  densi t ies  were  
~ 5  ~ a / c m  2 for anodiza t ions  to 150v and  ,--0.5 ~ a / c m  2 
for anodiza t ions  to 9.5v. 

Each sample  was assembled  in to  a cell con t a in ing  
an  e lec t ro ly te  of 0.1% H2SO4 solut ion.  A P t  sheet  
(~100  cm 2) made  the  e lectr ical  contac t  to the  e lec-  
t rolyte .  The c u r r e n t  was  m e a s u r e d  and  recorded  by  
a Ke i th l ey  610A e lec t romete r  in  c o m b i n a t i o n  w i th  
an E s t e r l i n e - A n g u s  recorder .  The  cell and  the  leads 
were  shie lded to avoid p i c k - u p  of s t r ay  signals.  

For  the inves t iga t ion  of the  effect of l ight  on the  
res idua l  d ischarge c u r r e n t  a different  sample  con-  
f igura t ion  was  used. A Ta disk (Fans tee l ,  impur i t i e s  
< 0 . 1 % )  was, af ter  degreas ing,  anodized  to 150v at  
about  95~ T h e n  the disk was  po t ted  in  epoxy res in  
l eav ing  one c i rcu la r  face of 2.83 cm 2 uncovered .  This  
face was mechan i ca l l y  pol ished (0.3/~ f inish) ,  ca re -  
fu l ly  r in sed  in  deionized water ,  and  anodized  for 1 
hr  to 150v. The c u r r e n t  densi t ies  at  the end  of for-  
m a t i o n  were  about  35 /~a/cm 2. The fo rma t ion  so lu-  
t ion  was  e i ther  1 ml  of 85 % H3PO4 d i lu ted  to 1 l i te r  
or 1% Na2SO4. 

In  Fig. 1 the  e x p e r i m e n t a l  s e t -up  for the  pho to-  
inves t iga t ions  is shown.  A P t  r ing,  i m m e r s e d  in  the  
electrolyte ,  p rov ided  the  e lectr ical  contact .  The  cell  
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Fig. 1. Experimental arrangement for photo-investigations 

was m o u n t e d  in  a d a r k  box (which  also se rved  as an  
e lect r ical  shield)  to p r e v e n t  a n y  l ight  f rom fa l l ing  
on the  oxide film. However ,  a shu t t e r  a r r a n g e m e n t  
was p rov ided  .on the  box to p e r m i t  a cont ro l led  i r -  
r ad i a t i on  of the oxide layer .  The use of the  anodized  
Ta disk had  the  a d v a n t a g e  tha t  the  whole  oxide film 
could be d i rec t ly  i l l u m i n a t e d  f rom one l ight  source. 

The  oxide film was i l l u m i n a t e d  wi th  a h igh p res -  
sure  m e r c u r y  arc hav ing  a to ta l  l ight  i n t e n s i t y  of 
abou t  13 to 14w. A hea t  abso rb ing  glass b e t w e e n  the 
l ight  source a nd  the  cell p r e v e n t e d  a ny  s ignif icant  
t e m p e r a t u r e  r ise ins ide  of the  cell. The d is tance  be -  
t w e e n  the  oxide film and  the  arc was  abou t  6 in., and  
the  l ight  had  to pass t h r ough  the electrolyte ,  the 
he ight  of which  was abou t  J/2 in. Except  w he re  it is 
specifically men t ioned ,  the fu l l  spec t rum of the  m e r -  
cu ry  l amp  was used. 

Resu l ts  

Investigations of the residual discharge curren t . - -  
A capaci tor  w i th  a Ta foil anodized to 150v was 
a lways  charged for 30 m i n  and  t h e n  discharged.  
W h e n  the  d ischarge  cu r ren t s  we re  too smal l  to be  
m e a s u r e d  as a po ten t i a l  drop across 106 ohm, h igher  
resis tors  were  applied.  I t  was  made  cer ta in ,  however ,  
tha t  the  res idua l  d ischarge  c u r r e n t  did no t  depend  
on the  e x t e r n a l  res is tor  up to l0  s ohm. Thus  the  cu r -  
r en t  is d r i v e n  by  a cons tan t  c u r r e n t  source. I t  is 
seen in  Fig. 2 tha t  the  recorded discharge c u r r e n t  
v e r y  qu ick ly  dev ia ted  f rom the  ideal  R C - d e c a y  and  
approached  a s t ra igh t  l ine  in  a log- log plot. For  this  
s t ra igh t  l ine  an  empi r ica l  r e l a t ion  for the  res idua l  
c u r r e n t  was  g iven  by  Lehovec and  R e i n h e i m m e r  (2) .  
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Fig. 2. Discharge currents as a function of time; formation po- 
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Fig. 3. Residual discharge currents at a discharge time of 1 sec 
as a function of the charging field; the charging voltage is pro- 
portional to the charging field for a constant oxide thickness. 

Veh is the  charg ing  voltage,  C the  capac i tance  at 
audio f requency ,  and  t is the  t ime.  The  coefficient b 
is, as l a te r  shown,  i n d e p e n d e n t  of cha rg ing  field and  
film thickness .  F r o m  n u m e r o u s  r u n s  n va lues  close 
to u n i t y  were  obta ined ,  (0.93 < n < 1.07). W i t h i n  
these l imi ts  n was  found  to be i n d e p e n d e n t  of cha rg -  
ing fields. The lowest  cha rg ing  vol tage  was  3v a nd  
the h ighes t  143v. By ex t end ing  the  s t ra igh t  l ines  in  
Fig. 2 the  va lues  of the  r e s idua l  d ischarge  t ime  of 
1 sec were  de t e rmined .  These va lues  should change  
l i nea r ly  w i th  the cha rg ing  field if coefficient b is i n -  
d e p e n d e n t  of the field. In  Fig. 3 the  r e s idua l  dis-  
charge  c u r r e n t s  a t  1 sec are  p lo t ted  vs. the  cha rg ing  
vol tage  which  is d i rec t ly  p ropor t iona l  to the  field 
for a cons tan t  oxide thickness.  The  sca t te r ing  of the  
poin ts  was r a t h e r  r a n d o m  and  no  connec t ion  w i th  
the  h i s tory  of the cell was  apparen t .  For  fields lower  
t h a n  abou t  t w o - t h i r d s  of the f o r m a t i o n  field a 
s t ra ight  l ine  is ob ta ined ,  the slope of which  cor re -  
sponds to a b of 0.014 (b is un i t l e ss  for n = 1). 

Guen the r s chu l ze  and  Betz r epor ted  the va lue  0.32 
~a s ec / cm ~ for the r e l a t ion  

i r e s "  t "  g F o r m  a =  
A.  Veh 

where  ire, is the r e s idua l  cu r ren t ,  t is the t ime  f rom 
the s tar t  of d ischarging,  VForm is the  fo rma t ion  vo l t -  
age, V~h is the cha rg ing  voltage,  and  A is the  area  
in  cm 2 of the  capacitor .  This  is essen t ia l ly  the same 
r e l a t ion  as Eq. [1] w i t h  the rec iprocal  of the  ca-  
pac i tance  p ropor t iona l  to the fo rma t ion  potent ia l .  In  
the i r  e x p e r i m e n t  the Ta/Ta20~ e lect rolyt ic  capaci tor  
was charged  to the fo rma t ion  vol tage  (Vch = VForm = 
106V). Here  the co r respond ing  va lue  for a is 0.19 #a 
sec /cm 2 for the  l i nea r  pa r t  of Fig. 3 and  0.7 #a 
sec /cm 2 for Veh = 143v. 

The res idua l  d ischarge  c u r r e n t  at  d ischarge t ime  
t = 1 sec was  i n d e p e n d e n t  of the oxide th ickness  for 
cons t an t  cha rg ing  fields ( cha rg ing  field abou t  1/2 of 
the fo rma t ion  field),  Fig. 4. Therefore ,  wi th  the  
rec iprocal  of the  capaci tance  p ropor t iona l  to the  
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Fig. 4. �9 Residual discharge currents at a discharge time of I sec 
as a function of the oxide thickness for a constant charging field 
of about V2 of the formation field. X Reciprocal capacitance as a 
function of the oxide thickness. 

th ickness  of the  oxide (or the  f o r ma t i on  po ten t i a l )  
and  f rom Eq. [1],  it  fol lows tha t  the  coefficient b is 
i n d e p e n d e n t  of the  oxide th ickness  for cons tan t  
cha rg ing  fields for the  r ange  inves t iga ted  here.  The  
rec iprocal  capac i tance  va lues  of the  samples  meas -  
u r ed  at 120 cps are g iven  in  Fig.  4. 

Wi th  a capaci tor  fo rmed  to 150v and  charged to 
70v for 30 m i n  the  t e m p e r a t u r e  dependence  of the  
res idua l  d ischarge  c u r r e n t  at  t = 1 sec was  de te r -  
m i n e d  for the  r a nge  f rom + 5 0  ~ to --57~ The elec-  
t ro ly te  was  a so lu t ion  of abou t  40% H2SO4. The data  
fit ted a s t ra igh t  l ine  in  a plot  of log it,, vs. 1/T, Fig. 
5, and  the slope cor responded  to an ac t iva t ion  ene rgy  
of 2.5 kca l /mo le .  The a lmos t  iden t ica l  resu l t s  shown 
at room t e m p e r a t u r e  in  Fig. 3 and  5 p roved  tha t  
the  concen t r a t i on  of the  e lec t ro ly te  did not  affect 
the  res idua l  d ischarge  cur ren t .  
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A f t e r  an  e l ec t ro ly t i c  c a p a c i t o r  has  been  c h a r g e d  
and  d i scha rged ,  a r e s i d u a l  vo l t age  of anod ic  p o l a r i t y  
w i l l  b u i l d  up  w h e n  t h e  c a p a c i t o r  is l e f t  w i t h  open  
t e r m i n a l s .  This  effect, the  r e s i d u a l  v o l t a g e  b u i l d - u p ,  
is r e p o r t e d  b y  G u e n t h e r s c h u l z e  and  Betz  (1) ,  b y  v a n  
Gee l  and  P i s to r i u s  (3 ) ,  and  b y  L e h o v e c  and  R e i n -  
h e i m m e r  (2) .  The  las t  a u t h o r s  (2)  p o i n t e d  out  t h a t  
t he  b u i l d - u p  of t he  r e s i d u a l  vo l t age  and  the  r e s i d u a l  
d i s c h a r g e  c u r r e n t  a r e  caused  b y  the  s a m e  effect,  the  
m o t i o n  of cha rges  in  the  ox ide  film. W i t h  C (dV/dt) 
= i, and  r e l a t i o n  [1] ,  t he  r e s i d u a l  vo l t age  b u i l d - u p  
should ,  t he r e fo r e ,  be  p r o p o r t i o n a l  to  I n t .  This  w a s  
conf i rmed,  Fig.  6, for  t he  in i t i a l  b u i l d - u p  to a b o u t  
l v ,  b u t  a f t e r  t ha t  the  d a t a  d e v i a t e d  f r o m  a s t r a i g h t  
l ine  v e r y  p r o b a b l y  due  to the  change  of the  i n t e r n a l  
c h a r g e  m o t i o n  b y  the  i nc r ea s ing  field across  t he  
p la tes .  ( E x p e r i m e n t a l  cond i t ions :  VForm = 150V, 
Vch = 70V, c h a r g i n g  t ime  30 min,  d i s c h a r g e  t i m e  4 
min,  and  R~e~i~s 106 o h m s ) .  F r o m  the  s lope  of t he  
s t r a i g h t  l ine  in Fig.  6, a b v a l u e  was  c a l c u l a t e d  
w h i c h  was  on ly  s l i g h t l y  less  (1.04 x 10 - e )  t h a n  the  
v a l u e  o b t a i n e d  f r o m  the  r e s i d u a l  d i s c h a r g e  c u r -  
r e n t  (1.14 x 10-2) .  

E q u a t i o n  [1]  was  conf i rmed  for  capac i to r s  w i t h  an  
anod ized  d i sk  as anode .  E x p o n e n t  n s t a y e d  w i t h i n  
the  l imi t s  p r e v i o u s l y  men t ioned .  The  a v e r a g e  b was  
0.022, w i t h  e x t r e m e  va lues  of 0.028 and  0.018, and  
w i t h i n  th is  r a n g e  the  b v a l u e s  o b t a i n e d  a f t e r  l o n g e r  
c h a r g i n g  t imes  w e r e  t he  h i g h e r  ones ( c h a r g i n g  
t imes :  1 rain,  10 min ,  30 min ,  60 min ,  920 m i n ) .  

Investigations oS photoef]ects.--The i n i t i a l  i n v e s -  
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t i ga t i ons  w e r e  done  w i t h  cel ls  c on t a in ing  a 20% 
NaNO~ so lu t ion  as e l ec t ro ly t e .  The  t r a n s m i s s i o n  
s p e c t r u m  of th is  so lu t ion  is p l o t t e d  in  Fig .  7. I n  t he  
r a n g e  i nves t i ga t ed ,  th is  e l e c t r o l y t e  c o m p l e t e l y  a b -  
s o r b e d  w a v e l e n g t h s  f r o m  205 to 310 m~ and  t r a n s -  
m i t t e d  f r o m  375 to 1000 m~. 

The  c h a r g i n g  v o l t a g e  was  u s u a l l y  50v a p p l i e d  for  
30 m i n  and  i t  was  a s s u m e d  t h a t  th is  is suff ic ient ly  
low to e xc lude  ionic  c u r r e n t  d u r i n g  the  c h a r g i n g  
cycle.  On  d i s c h a r g i n g  t h r o u g h  a ser ies  r e s i s t ance  of 
107 ohms,  the  r e s i d u a l  d i s c h a r g e  c u r r e n t  ( s t r a i g h t  
l ine )  was  a p p r o a c h e d  w i t h i n  a t ime  of 30 to 50 sec. 
To p e r m i t  the  d e t e r m i n a t i o n  of t he  cons t an t s  of r e -  
l a t i on  [1]  m o r e  accu ra t e ly ,  the  d i s c h a r g e  t ime  was  
a l w a y s  e x t e n d e d  to 180 sec or  m o r e  b e f o r e  t h e  i l -  
l u m i n a t i o n  of t he  oxide .  

The  effect of i l l u m i n a t i o n  on the  d i s c h a r g e  c u r r e n t  
is s h o w n  in Fig .  8, w h e r e  t h e  r e s u l t s  of t h e  f o l l o w i n g  
p r o c e d u r e  a r e  p l o t t e d :  the  c a p a c i t o r  d i s c h a r g e d  for  
180 sec in the  d a r k ,  t h e n  the  ox ide  was  i r r a d i a t e d  for  
120 sec and  t hen  d a r k e n e d  a g a i n  for  120 sec; th is  
was  r e p e a t e d .  W i t h  t he  s t a r t  of t he  first  i l l u m i n a t i o n  
the  d i s cha rge  c u r r e n t  d e c r e a s e d  ( n e g a t i v e  effect)  
b r i e f ly  and  t h e n  i n c r e a s e d  s u b s t a n t i a l l y  (pos i t i ve  
effect)  to a m a x i m u m  and  dec l ined .  W i t h  the  i l l u m i -  
n a t i o n  shu t  off, t he  d i s c h a r g e  c u r r e n t  r e s p o n d e d  w i t h  
a second  pos i t i ve  s u r g e  (pos i t i ve  a f t e r e f f ec t )  and  
t h e n  a p p r o a c h e d  the  e x t r a p o l a t e d  d a r k  r e s i d u a l  d i s -  
cha rge  cu r ren t .  I t  was  o b s e r v e d  w i t h  t he  sequence  
of t he  i l l u m i n a t i o n  cycles  t h a t  the  first  n e g a t i v e  
effect i nc r ea sed  s t rong ly ,  t h a t  t he  pos i t i ve  effect d e -  
c r eased  a lmos t  to zero w i t h  r e spe c t  to  t he  c a l c u -  
l a t e d  d a r k  r e s i d u a l  d i s c h a r g e  cu r ren t ,  and  t h a t  the  
pos i t i ve  a f t e re f fec t  b e c a m e  on ly  s l i gh t ly  smal l e r .  

Young  (4)  has  m e n t i o n e d  s im i l a r  b e h a v i o r  of the  
t o t a l  c u r r e n t  b u t  th is  was  o b s e r v e d  u n d e r  d i f f e ren t  
condi t ions .  W i t h  t he  t a n t a l u m  n e g a t i v e  w i t h  r e s p e c t  
to t he  e l ec t ro ly t e ,  he o b s e r v e d  the  fo l lowing :  " W i t h  
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the  s t a r t  of t he  i l l umina t i on ,  a sho r t  pos i t i ve  s u r g e  
was  fo l l owed  b y  a s t e a d y  n e g a t i v e  p h o t o c u r r e n t ;  on 
c u t t i ng  off t he  l ight ,  a n e g a t i v e  su rge  o c c u r r e d  a n d  
the  d a r k  c u r r e n t  b e c a m e  less n e g a t i v e  t h a n  b e f o r e  
i l l u m i n a t i o n . "  

If  the  i l l u m i n a t i o n  was  c o n t i n u e d  ( a n d  no t  i n t e r -  
r u p t e d  as s h o w n  in  Fig.  8) ,  t he  t o t a l  c u r r e n t  d e -  
c l ined,  c h a n g e d  p o l a r i t y ,  and  f ina l ly  l e v e l e d  off a t  a 
cons t an t  p h o t o c u r r e n t .  W h e n  the  i l l u m i n a t i o n  was  
shu t  off, a r a p i d  p o l a r i t y  c h a n g e  occu r r ed  and  the  
pos i t ive  a f t e re f fec t  was  o b s e r v e d  f r o m  w h i c h  the  
c u r r e n t  d e c a y e d  to t he  r e s i d u a l  d i s c h a r g e  c u r v e  ca l -  
c u l a t e d  w i t h  Eq. [ 1 ]. 

A second i l l u m i n a t i o n  w h i c h  s t a r t e d  a f t e r  t he  
ox ide  h a d  r e m a i n e d  in  t he  d a r k  for  1 h r  d id  no t  
cause  t h e  s t rong  p o s i t i v e  su rge  as o b s e r v e d  w i t h  t h e  
first  i l l umina t i on .  O n l y  a s t r ong  n e g a t i v e  t r a n s i e n t  
effect was  r eco rded .  A t  the  end  of the  i r r a d i a t i o n  
a lmos t  the  s ame  pos i t i ve  a f t e re f fec t  occur red .  I t  w a s  
found  t h a t  t he  s t rong  pos i t i ve  effect  could  on ly  be  
o b s e r v e d  once d u r i n g  a p a r t i c u l a r  d i scha rg ing .  A f t e r  
a n e w  cha rg ing ,  h o w e v e r ,  t he  pos i t i ve  effect  cou ld  b e  
o b s e r v e d  aga in  on  i r r a d i a t i n g  the  ox ide  d u r i n g  the  
d i scharge .  I t  is a p p a r e n t  t h a t  t a n t a l u m  ox ide  e x -  
h ib i t s  two  t y p e s  of photoef fec t s :  t he  t r a n s i e n t  effects 
and  a s t e a d y  p h o t o c u r r e n t .  

As  a n e x t  s tep,  t he  ox ide  f i lm was  i l l u m i n a t e d  
d u r i n g  charg ing .  The  i r r a d i a t i o n  d u r i n g  c h a r g i n g  
was  a l w a y s  done  for  5 m i n  a f t e r  c h a r g i n g  for  20 m i n  
in  t he  d a r k .  A f t e r  i l l u m i n a t i o n  the  c h a r g i n g  was  
c o n t i n u e d  for  5 min  in t he  d a r k  for  a t o t a l  c h a r g i n g  
t ime  of 30 min.  

I l l u m i n a t i o n  d u r i n g  c h a r g i n g  af fec ted  the  d a r k  
r e s i d u a l  d i s cha rge  c u r r e n t  and  the  photoeffects .  On 
d i scha rg ing ,  h i g h e r  r e s i d u a l  c u r r e n t s  w e r e  r e c o r d e d ;  
h o w e v e r ,  r e l a t i o n  [1]  r e m a i n e d  va l id .  The  b v a l u e s  
w e r e  o b s e r v e d  u p  to 0.04. The  e x p o n e n t  n s t a y e d  t h e  
same.  

The  inf luence  on the  photoef fec ts  was  as fo l lows :  
the  n e g a t i v e  effect a t  t he  s t a r t  of i l l u m i n a t i o n  was  
suppressed ,  the  pos i t i ve  effect a p p e a r e d  m u c h  
s t ronger ,  and  the  pos i t ive  a f t e re f fec t  d id  no t  change  
cons ide rab ly .  Cha rges  c o r r e s p o n d i n g  to t he  a r e a  b e -  
t w e e n  the  pos i t ive  su rge  and  the  c a l c u l a t e d  r e s i d u a l  
c u r r e n t  f r o m  the  t i m e  180 to 300 sec a m o u n t e d  to 0.4 
/~coulombs w h e n  the  ox ide  was  i l l u m i n a t e d  d u r i n g  
c h a r g i n g  and  to  0.08 ~cou lombs  w h e n  t h e  f i lm r e -  
m a i n e d  in  t he  d a r k  d u r i n g  the  charg ings .  (Q = C V 

11.5/~coulombs.)  
W i t h  the  d a t a  g r a p h e d  in Fig.  9 bo th  effects a r e  

shown,  the  i n c r e a s e  in t he  r e s i d u a l  d i s c h a r g e  c u r r e n t  
and  the  changes  in  t he  photoeffects .  In  add i t ion ,  t he  
inf luence  of c o n t i n u e d  i l l u m i n a t i o n  is d e m o n s t r a t e d  
and  the  r e su l t s  d id  no t  d i f fer  f r o m  those  o b t a i n e d  
a f t e r  the  capac i t o r  had  been  c h a r g e d  in the  d a r k  as 
p r e v i o u s l y  desc r ibed .  The  cons t an t  n e g a t i v e  p h o t o -  
c u r r e n t  was  t he  s a m e  in bo th  cases.  

The  d u r a t i o n  of i l l u m i n a t i o n  d u r i n g  c h a r g i n g  a n d  
the  t ime  i n t e r v a l  b e t w e e n  the  end  of i r r a d i a t i o n  and  
the  s t a r t  of d i s c h a r g i n g  af fec ted  the  d a r k  r e s i d u a l  
d i s c h a r g e  c u r r e n t  and  the  pos i t i ve  t r a n s i e n t  effect. 
L o n g e r  i l l umina t i on ,  b u t  t he  s ame  d a r k  p e r i o d  p r i o r  
to  d i s cha rg ing ,  i n c r e a s e d  the  d a r k  r e s i d u a l  d i s c h a r g e  
c u r r e n t  and  the  pos i t i ve  t r a n s i e n t  effect. H i g h e r  
va lue s  a lso  w e r e  o b s e r v e d  w h e n  the  i n t e r v a l  b e t w e e n  
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the  end of i l l u m i n a t i o n  and  the  d i s c h a r g e  was  
shor te r .  The  t ime  p e r i o d  f r o m  the  s t a r t  of d i s cha rge  
to  the  b e g i n n i n g  of i l l u m i n a t i o n  in f luenced  on ly  t he  
pos i t i ve  t r a n s i e n t  effect a f t e r  t he  ox ide  h a d  b e e n  
i r r a d i a t e d  d u r i n g  cha rg ing .  A dec l ine  was  o b s e r v e d  
as t he  i n i t i a l  d a r k  p e r i o d  w a s  e x t e n d e d .  

v a n  Geel ,  P i s to r ius ,  and  W i n k e l  (5)  f o u n d  the  
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p h o t o c u r r e n t  to be  p r o p o r t i o n a l  to  t he  i n t e n s i t y  of 
i r r a d i a t i o n .  H e r e  th is  was  conf i rmed  for  the  s t a t i o n -  
a r y  effect  and,  as seen  f r o m  Fig.  10, t he  t r a n s i e n t  
effects also d e p e n d e d  a l m o s t  l i n e a r l y  on the  i n t e n -  
si ty.  In  these  e x p e r i m e n t s  t he  i n t ens i t i e s  w e r e  
c h a n g e d  b y  p u t t i n g  w i r e  meshes  b e t w e e n  the  l igh t  
source  a n d  the  oxide .  

So far ,  a l l  of t he  e x p e r i m e n t s  w e r e  done  w i t h  a 
20% NaNO8 so lu t ion  as t he  e l ec t ro ly t e .  Th is  so lu t ion  
h a d  a s h a r p  a b s o r p t i o n  edge  at  a b o u t  330 mt~, Fig .  7. 
I t  was  s u r p r i s i n g  to f ind pho toef fec t s  t h r o u g h  th is  
f i l ter  s ince  t he  t a n t a l u m  ox ide  is r e p o r t e d  to  be  on ly  
sens i t ive  to l i gh t  h a v i n g  w a v e l e n g t h s  s h o r t e r  t h a n  
300 m~ (4 -6 ) .  To be  ab le  to d e t e r m i n e  a s p e c t r a l  
d i s t r i b u t i o n  of  t he  photoef fec ts ,  t he  e l e c t r o l y t e  was  
c h a n g e d  to 1% Na2SO4 so lu t ion  w h i c h  was  t r a n s -  
m i t t a n t  in  t he  u.v. reg ion ,  Fig.  7. In  Fig .  11, t he  
t r a n s m i s s i o n  of the  Corn ing  F i l t e r s  w h i c h  w e r e  used  
and  the  pho toef fec t s  o b t a i n e d  w i t h  f i l t e red  l i g h t  a r e  
p lo t t ed .  The  f ew  po in t s  a t  a b o u t  250 m~ in t he  t r a n s -  
miss ion  vs. w a v e l e n g t h  g r a p h  a re  c a l c u l a t e d  t r a n s -  
miss ion  va lue s  for  a t a n t a l u m  ox ide  fi lm of 3000A 
th ickness .  The  a b s o r p t i o n  coefficients used  w e r e  
those  r e p o r t e d  b y  Bray ,  Jacobs ,  and  Y o u n g  (7) .  

W i t h  f i l te r  2403 in the  l i gh t  b e a m  no pho toef fec t  
was  obse rved .  The  o the r  r e su l t s  i n d i c a t e d  t h a t  the  
t r a n s i e n t  photoef fec ts  a r e  a s soc ia t ed  w i t h  w a v e -  
l eng ths  l onge r  t h a n  300 m~ and  the  s t a t i o n a r y  p h o t o -  
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c u r r e n t  is m o s t l y  r e l a t e d  to w a v e l e n g t h s  s h o r t e r  
t h a n  300 n ~ .  

Discussion 
I t  was  shown,  Fig.  6, t h a t  t he  r e s i d u a l  vo l t age  

b u i l d - u p  and  the  r e s i d u a l  d i s c h a r g e  c u r r e n t  a r e  due  
to the  s a m e  cause.  F i r s t  e x p l a n a t i o n s  of these  d i e l ec -  
t r ic  a f te re f fec t s  u sed  the  M a x w e l l - W a g n e r  m o d e l  
(8, 9) .  A c c o r d i n g  to  th is  t he o ry ,  t he  c a p a c i t o r  con-  
s is ts  of two  or  m o r e  l a y e r s  of d i f f e ren t  c o n d u c t i v i -  
t ies  and  d i e l ec t r i c  cons tan ts .  D u r i n g  cha rg ing ,  a 
space  cha rge  w i l l  b u i l d  up  in  the  b o u n d a r y  l a y e r  and  
these  cha rges  wi l l  e i t he r  flow as an  a d d i t i o n a l  d i s -  
c h a r g e  c u r r e n t  or,  w i t h  t he  t e r m i n a l s  of t he  ca -  
pa c i t o r  open,  w i l l  cause  a r e s i d u a l  po t en t i a l .  

G u e n t h e r s c h u l z e  and  Betz  (10) r e l a t e d  the  r e -  
s idua l  effects to  space  charges ,  v a n  Gee l  and  
P i s to r i u s  (3)  r e p o r t e d  t h a t  t he  d i s p l a c e m e n t  of 
A1 + + + ions  in A1208 d u r i n g  c h a r g i n g  and  t h e i r  s u b -  
s e que n t  r e t u r n  to e q u i l i b r i u m  cond i t i on  a f t e r  the  
capac i t o r  had  been  d i s c h a r g e d  and  le f t  w i t h  open  
t e r m i n a l s  a ccoun ted  v e r y  w e l l  for  t he  b u i l d - u p  of 
the  open  c i rcu i t  po t en t i a l .  Consequen t ly ,  t he  s ame  
cha rge  mo t ion  shou ld  g e n e r a t e  t he  r e s i d u a l  d i s -  
c h a r g e  cu r ren t .  

A t h e o r y  of ion d i s p l a c e m e n t  and,  in add i t ion ,  the  
o r i e n t a t i o n  of d ipo les  b y  the  e x t e r n a l  f ield w i t h  t he  
a s s u m p t i o n  of a r e l a x a t i o n  t i m e  d i s t r i b u t i o n  has  been  
used  (11) to e x p l a i n  t he  d e p e n d e n c i e s  of c a p a c i t a n c e  
a n d  e q u i v a l e n t  se r ies  r e s i s t ance  on the  f r e qu ency .  
A r a t h e r  s imple  e q u i v a l e n t  c i rcui t ,  a p u r e  c a p a c i -  
t ance  in p a r a l l e l  w i t h  an  RC c o m b i n a t i o n  w h i c h  
can  be  cons ide red  as the  s t o r a ge  m e c h a n i s m ,  wi l l  
d i s c h a r g e  acco rd ing  to an  i n v e r s e  t ime  l a w  p r o v i d e d  
the  t i m e  cons t an t  of t he  s to rage  m e c h a n i s m  changes  
l i n e a r l y  w i t h  t ime  (12) .  

H e r e  i t  is t h o u g h t  t h a t  t h e  d i s p l a c e m e n t  of ions  
is no t  t he  d o m i n a n t  cause  of t he  r e s i d u a l  d i s c h a r g e  
c u r r e n t  s ince t he  a c t i va t i on  ene rgy ,  Fig.  5, is r a t h e r  
low for  ionic  mot ion .  F u r t h e r  s u p p o r t i n g  ev idence  is 
the  fac t  t ha t  t he  d a r k  r e s i d u a l  d i s c h a r g e  c u r r e n t  can  
be  e n h a n c e d  b y  i r r a d i a t i o n  of t he  o x i d e  d u r i n g  low 
field cha rg ings  (f ie ld  1/3 of  f o r m a t i o n  field or  l e s s ) .  
The  w a v e l e n g t h  of t he  l igh t  was  abou t  330 n-~ and  
longer ,  a n d  the re fo re ,  the  p h o t o e n e r g y  shou ld  be  
insuff ic ient  to m o v e  ions. 

S ince  the  e x p o n e n t  n r e m a i n e d  u n i t y  o r  v e r y  close 
to un i ty ,  the  i r r a d i a t i o n  of t he  o x i d e  f i lm d u r i n g  
c h a r g i n g  could  change  two  fac to rs  in r e l a t i o n  [1] ,  
the  coefficient  b a n d  the  c a p a c i t a n c e  C. A n  inc rea se  
of e i t he r  of t he se  w o u l d  y i e l d  m o r e  d i s c h a r g e  c u r -  
ren t .  V e r m i l y e a  (13) and  Bray ,  Jacobs ,  and  Y o u n g  
(7)  f o u n d  t h a t  t he  c a p a c i t a n c e  d e c r e a s e d  w h e n  the  
i r r a d i a t i o n  was  done  at  t he  f o r m a t i o n  field. H o w e v e r ,  
h i g h e r  capac i t ances  w e r e  o b s e r v e d  a f t e r  i l l u m i n a t i o n  
w i t h  a field across  t he  ox ide  w h i c h  was  less  t h a n  
the  f o r m a t i o n  f ie ld ( b u t  s t i l l  h i g h e r  t h a n  40% of 
the  f o r m a t i o n  f ie ld) .  

D u r i n g  th is  w o r k  no i nc rea se  in  c a p a c i t a n c e  or  ob -  
s e r v a b l e  i n t e r f e r e n c e  color  change  was  no ted  w h e n  
the  ox ide  was  i r r a d i a t e d  for  pe r i ods  up  to 1 h r  w i t h  
u.v. l igh t  a t  f ields 1/3 of t he  f o r m a t i o n  field or  less. 
E v e n  a f t e r  i l l u m i n a t i n g  the  ox ide  for  1000 m i n  at  
these  low fields, the  c a p a c i t a n c e  h a d  on ly  ga ined  
2 - 4 % .  C a p a c i t a n c e  m e a s u r e m e n t s  u n d e r  b ias  (1 /3  
of f o r m a t i o n  f ield or  less)  w e r e  m a d e  and  the  va lues  
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p r i o r  to an  i l l u m i n a t i o n  of 5 m i n  and  s h o r t l y  a f t e r -  
w a r d s  w e r e  the  same.  These  r e su l t s  i n d i c a t e d  t h a t  
the  c a p a c i t a n c e  e i t he r  d i d  no t  change  a t  a l l  or  
c h a n g e d  v e r y  l i t t l e  due  to i l l u m i n a t i o n  d u r i n g  c h a r g -  
ing  at  such low fields, and,  t he re fo re ,  t he  l a r g e r  
r e s i d u a l  d i s c h a r g e  c u r r e n t  was  caused  b y  an  i n -  
c r ea sed  space  cha rge  r a t h e r  t h a n  b y  an  i n c r e a s e d  
capac i t ance .  This  conc lus ion  is in  a g r e e m e n t  w i t h  t he  
w o r k  of B a e r  (14)  w h o  s h o w e d  tha t ,  if  a Ta205 f i lm 
was  i l l u m i n a t e d  d u r i n g  the  anod ic  charg ing ,  m o r e  
space  cha rges  w e r e  r e l e a s e d  on d i s c h a r g i n g  t h a n  if 
t he  c h a r g i n g  w e r e  done  in t he  d a r k .  

The  r e s i d u a l  d i s c h a r g e  c u r r e n t  cou ld  also be  due  
to t he  r e l e a se  of e l ec t ron ic  c a r r i e r s  f r o m  t r a p s  of 
d i f fe ren t  a c t i v a t i o n  energ ies .  This  l eads  to a one 
ove r  t i m e  d e p e n d e n c y  as d e r i v e d  b y  R a n d a l l  and  
W i l k i n s  (15) in  t h e i r  r e p o r t  a b o u t  t he  d e c a y  of 
phosphorescence .  

If  a ne t  space  c h a r g e  ar i ses  in  t he  ox ide  f i lm d u r -  
ing  cha rg ing ,  t hen  on d i s c h a r g i n g  the  c a p a c i t o r  t he  
space  cha rge  wi l l  r e s u l t  in two  fields of oppos i t e  d i -  
r ec t ion  in  t he  ox ide  l aye r .  L e h o v e c  (16) e x p r e s s e d  
the  i d e a  t h a t  the  o b s e r v e d  r e s i d u a l  c u r r e n t  is t he  ne t  
of two  oppos ing  i n t e r n a l  cu r ren t s .  S c h m i d t  et  al. 
(17) d e s c r i b e d  h o w  a n e t  space  c h a r g e  m a y  ar ise .  To 
account  for  the  o b s e r v e d  da ta ,  t he  a u t h o r s  (17) 
s t a t e d  t h a t  u n d e r  an  anod ic  f o r m a t i o n  field, i n d u c e d  
emiss ion  of t r a p p e d  e l ec t rons  wi l l  c r ea t e  n e t  pos i t i ve  
cha rges  in t he  oxide .  W i t h  a s m a l l e r  f ield across  the  
film, the  ne t  pos i t i ve  c h a r g e  w i l l  be  c lose  to the  
ox ide  e l e c t r o l y t e  i n t e r f a c e  s ince some e l ec t rons  wi l l  
e n t e r  f rom the  m e t a l  and  wi l l  be  t r a p p e d ,  t hus  r e -  
duc ing  the  space  c h a r g e  n e a r  the  me ta l .  E v i d e n c e  
of t w o  fields due  to a ne t  space  cha rge  is r e p o r t e d  
b y  S p e a r  (18) ,  w h o  c o n c l u d e d  f r o m  e l e c t r o n  b o m -  
b a r d m e n t  effects  in  t h i n  d i e l ec t r i c  l a y e r s  t h a t  s o m e -  
w h e r e  w i t h i n  t he  d i e l ec t r i c  t he  space  cha rge  field 
changes  sign. 

The  ne t  pos i t ive  space  cha rge  has  to be  n e u t r a l i z e d  
b y  c a r r i e r s  i n j e c t e d  in to  the  ox ide  f r o m  b o t h  i n t e r -  
faces.  E l ec t rons  e n t e r i n g  the  ox ide  f r o m  the  m e t a l  
cons t i t u t e  a c u r r e n t  in  the  " f o r w a r d  d i r ec t i o n"  a n d  
e l ec t rons  coming  f r o m  the  e l e c t r o l y t e  a re  f lowing in 
the  b l o c k i n g  d i rec t ion .  The re fo re ,  i t  is t h o u g h t  t h a t  
t he  f irst  p o s s i b i l i t y  is t he  d o m i n a n t  one. T h e  ob -  
s e r v e d  a c t i v a t i o n  ene rgy ,  Fig.  5, is he r e  connec t ed  
to t he  b a r r i e r  oppos ing  the  flow of e l ec t rons  f rom 
the  m e t a l  in to  t h e  oxide .  T h e  flow of e l ec t ron ic  
c a r r i e r s  across  t he  i n t e r f a c e  w i l l  be  a f fec ted  b y  the  
s t r u c t u r e  of t he  i n t e r r a c i a l  l a y e r  a n d  b y  the  field 
across  it. I t  is k n o w n  f r o m  the  w o r k  of V e r m i l y e a  
(19) and  Y o u n g  (20) t h a t  d i f f e ren t  p r e t r e a t m e n t s  
of the  m e t a l  can r e s u l t  in  th in  f i lms of d i f fe ren t  c o m -  
pos i t ions  a n d  p r o p e r t i e s  a t  t h e  m e t a l - o x i d e  in t e r f ace .  
This  m i g h t  e x p l a i n  t he  d i f fe rence  b e t w e e n  the  b 
v a l u e s  o b t a i n e d  f r o m  runs  w i t h  foi ls  (b----0.014) 
and  d i sks  (b ---- 0.022). The  foi ls  w e r e  c h e m i c a l l y  
po l i shed  and  v a c u u m  a n n e a l e d  and  the  d i sks  w e r e  
m e c h a n i c a l l y  po l i shed  be fo re  anod iza t ion .  L e h o v e c  
(2)  d e r i v e d  t h a t  an  i n j ec t ion  r e su l t s  also in  an  in -  
ve r se  t i m e  r e l a t i o n  if  t h e  r a t e  of i n j ec t ion  of cha rges  
is p r o p o r t i o n a l  to an  e x p o n e n t i a l  f unc t ion  of t he  field 
( e x p  a F )  and  t h e  f ield is p r o p o r t i o n a l  to  t h e  space  
charge .  If  the  i n t e r n a l  f ield d i s t r i b u t i o n  due  to  a ne t  
pos i t ive  space  c h a r g e  w o u l d  be  such  t h a t  t he  i n j e c -  
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tion across the oxide-electrolyte interface would be 
larger than the injection from the metal, a cathodic 
polarity (Pt-counterelectrode high) of the residual 
effects should be observed. Furthermore, if the in- 
jection from the electrolyte would reduce the ad- 
jacent field to the level where no injection or very 
little takes place, the current from the metal into the 
oxide should become the dominant one and the 
polarity of the residual effects should again be 
anodic. These assumptions would explain the re- 
corded polarities of the open-circuit voltage after 
a disk capacitor (formed to 150v) had been charged 
cathodically to 0.76v and then discharged for sev- 
eral minutes. The residual voltage rose first to a 
maximum cathodic potential, then changed polarity 
and the Ta became the high terminal again. Prior to 
these tests the cell was shorted for more than a 
week to make the influence of the last anodic charg- 
ing as small as possible. 

The effect of light is expected to be two-fold; 
first to generate additional carriers, and second to 
modify the internal fields by redistribution of 
charges due to the flow of photoelectrically released 
carriers. The low-energy light affected the space 
charge and by that the internal field when the oxide 
was irradiated during charging (higher b value in 
Fig. 9). However, from Fig. 9, it is also seen that even 
after illuminating the oxide for about 160 rain the 
residual discharge current returned to the level 
which would have been reached without irradiation. 
Therefore, the low energy light applied during the 
discharge did not apparently modify the space charge 
or the internal fields as it did in connection with the 
charging field during the anodic charging. Ultra- 
violet light, however, affected the internal fields as 
seen from Fig. 11, where in the run denoted with 
Filter 7910 the current did not rapidly return, if it 
returned at all, to the expected dark level. 

More evidence was obtained from the following 
experiments; a disk formed with 2 ma/cm 2 to 100v 
(formation continued to 1 hr total at constant volt- 
age of 100v) in 0.i H2SO4 at 33~ was charged to 33v 
(106 ohms in series) for 30 rain, then discharged for 
an appropriate time through 105 ohms and 106 ohms 
to determine the constant b of relation [ 1 ] and then 
shorted, 1 ohm in series, for a total of 120 rain. After 
this, the b value was calculated from the initial slope 
of the residual voltage build-up. Both values agreed 
very well (b ~-~ 0.020) provided the oxide stayed in 
the dark during the whole short-circuit period. How- 
ever, if the oxide was irradiated with the full spec- 
trum of the mercury lamp for 10 rain (t ---- 5 rain to 
t = 15 rain) during the 120 rain short-circuit period, 
a lower b N 0.012 was obtained from the slope of the 
initial open-circuit voltage build-up. 

A few points in the transmission vs. wavelength 
graph of Fig. II indicate that the tantalum oxide is 
probably transparent for low energy light. There- 
fore, a large part of the longer wavelength light will 
readily penetrate to the metal and could cause photo- 
emission from the metal into the oxide. This addi- 
tional current should be a function of the field across 
the interface. It was observed that the positive 
transient effect decreased when the period from the 
start of the discharge to the beginning of the illumi- 
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n a t i o n  inc reased .  This  shou ld  h a v e  been  e x p e c t e d  
s ince  the  f ield across  t he  m e t a l  ox ide  i n t e r f a c e  d e -  
c reases  w i t h  t he  shor t  c i r cu i t  t ime.  

P h o t o e m i s s i o n  f rom the  m e t a l  in to  the  ox ide  
w o u l d  so f a r  on ly  e x p l a i n  an  inc rease  of t he  r e s i d u a l  
d i s cha rge  cur ren t .  If, h o w e v e r ,  c a r r i e r  flow f r o m  the  
m e t a l  in to  the  ox ide  w o u l d  m o d i f y  t he  field across  
the  i n t e r f a c e  so t ha t  pho toemi s s ion  ceases,  p h o t o -  
c u r r e n t  due  to e x c i t a t i o n  w i t h i n  the  ox ide  could  b e -  
come the  d o m i n a n t  one. Here ,  t he  s t e a d y  n e g a t i v e  
p h o t o c u r r e n t  is connec t ed  to the  a b s o r p t i o n  of l i gh t  
w i t h i n  the  oxide .  H o w e v e r ,  a f t e r  t he  i r r a d i a t i o n  
t e r m i n a t e d ,  the  r e s i d u a l  d i s c h a r g e  c u r r e n t  r e t u r n e d  
to the  l eve l  w h i c h  i t  w o u l d  h a v e  r e a c h e d  w i t h o u t  
i l l umina t i on ,  Fig.  9, and  f r o m  th is  fac t  i t  was  p r e -  
v i o u s l y  conc luded  t ha t  t he  low e n e r g y  l igh t  d id  no t  
affect  t he  i n t e r n a l  fields. The  modi f i ca t ion  of t he  
field across  t he  m e t a l  ox ide  in t e r f ace ,  t he re fo re ,  can  
on ly  be t e m p o r a r y ,  as long  as the  l igh t  is act ing.  

A p h o t o r e s p o n s e  of d i f f e ren t  p o l a r i t y  was  also o b -  
s e r v e d  b y  L u c o v s k y  e t  al. (21) .  The  s a m p l e s  used  in  
t h e i r  i n v e s t i g a t i o n s  cons i s ted  of s e m i - t r a n s p a r e n t  
e l ec t rodes  of A1 or  Ta, w h i c h  w e r e  ox id i zed  t h e r -  
m a l l y  in t he  case  of A1 and  a n o d i c a l l y  in the  case  of 
Ta. I r r a d i a t i o n  of the  ox ide  t h r o u g h  the  e v a p o r a t e d  
m e t a l  c o u n t e r e l e c t r o d e  (also s e m i - t r a n s p a r e n t )  m a d e  
the  A1 or  Ta  e l ec t rode  a l w a y s  the  n e g a t i v e  t e r m i n a l  
of the  pho to re sponse .  H o w e v e r ,  t he  p o l a r i t y  d e -  
p e n d e d  upon  the  w a v e l e n g t h  w h e n  the  l i gh t  e n t e r e d  
the  ox ide  t h r o u g h  the  AI  or  Ta e lec t rode .  F o r  w a v e -  
l eng ths  l onge r  t h a n  abou t  340 m~ the  e l e c t r o d e  was  
the  pos i t i ve  t e r m i n a l  and  for  w a v e l e n g t h s  less t h a n  
340 m~ the  n e g a t i v e  t e r m i n a l  of the  p h o t o p o t e n t i a l  
across  t he  film. In  t h e i r  e x p l a n a t i o n ,  the  a u t h o r s  
a s s u m e d  a n o n u n i f o r m  p o t e n t i a l  d i s t r i b u t i o n  in t he  
i n s u l a t o r  and  c o m p a r e d  the  m a g n i t u d e  of v o l u m e  
exc i t a t i on  in the  ox ide  f i lm w i t h  the  a m o u n t  of 
p h o t o e m i s s i o n  out  of t he  m e t a l  in to  t he  insu la to r .  
The  l a t t e r  was  t a k e n  as t he  d o m i n a n t  effect  w h e n  the  
e l e c t r o d e  a c q u i r e d  a pos i t i ve  p o t e n t i a l  due  to  l ow 
e n e r g y  l igh t  e n t e r i n g  t h r o u g h  the  A l - e l e c t r o d e .  

A c lear  m o d e l  w h i c h  accounts  in a cons i s t en t  w a y  
for  a l l  of the  o b s e r v e d  p h e n o m e n a  canno t  be  p r e -  
sented .  F u r t h e r  i nves t i ga t i ons  of  the  o p e n - c i r c u i t  
v o l t a g e  w h i c h  is, as shown,  i n t e r c o n n e c t e d  w i t h  t he  

r e s i d u a l  d i s c h a r g e  c u r r e n t  w i l l  h o p e f u l l y  y i e l d  m o r e  
c la r i f ica t ions  and  the  r e su l t s  w i l l  s u b s e q u e n t l y  be  
s u b m i t t e d  for  pub l i ca t ion .  
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Addendum to 

"The Formation of Metal Oxide Films Using Gaseous and Solid Electrolytes" 

(December  1963 Journal, Vol. 110, pp. 1240-1245) 

I t  shou ld  be no ted  t ha t  the  r e su l t s  o b t a i n e d  in the  
gas  anod iza t i on  e x p e r i m e n t s  r e f e r r e d  to in the  
a b o v e  p a p e r  canno t  be  e x p l a i n e d  b y  f o r m a t i o n  of 
p o l y m e r i z e d  p u m p  oil  as has  been  sugges t ed  to us  
on s e v e r a l  occasions.  The  r easons  for  th is  a re :  ( i )  
A n u m b e r  of m e t a l s  show no  g r o w t h  of b a r r i e r  f i lm 
(i.e., A u  Sn  In  Cu)  u n d e r  the  s a m e  cond i t ions  
w h e r e  r e p r o d u c i b l e  ox ides  a re  g r o w n  on a l u m i n u m .  
( i t )  In  t he  case  of a l u m i n u m  the  t h i cknes s  of ox ide  
va r i e s  b e t w e e n  20A and  t h o u s a n d s  of a n g s t r o m s  in 

the  s ame  t ime  of e x p o s u r e  to the  d i s c h a r g e  d e p e n d -  
ing  on w h e t h e r  an  e l e c t r i c a l  con tac t  is m a d e  to t he  
s a m p l e  or  not. ( i i i )  The  v a c u u m  s y s t e m  used  for  
these  e x p e r i m e n t s  was  p u m p e d  w i t h  an  "Oc to i l "  
f i l led d i f fus ion p u m p .  P o l y m e r i z a t i o n  of p u m p  oil  
c e r t a i n l y  occurs  in  v a c u u m  sys t ems  con ta in ing  s i l i -  
cone oils  and  g reases  in t he  p r e s e n c e  of  a gaseous  
d i scha rge .  Hence  i t  is of p r i m e  i m p o r t a n c e  to e n -  
su re  t ha t  no such oils a re  p r e s e n t  d u r i n g  gas  ano-  
d i za t i on  e x p e r i m e n t s .  John L. Miles 
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ABSTRACT 

Thin films of a t e rna ry  N i - F e - P  al loy sui table  for  use in computer  mem-  
ories have been e lec t rodeposi ted  f rom a sulfate  ba th  conta ining sodium h y p o -  
phosphite .  Glass coated wi th  conduct ive  vacuum evapora t ed  layers  of chro-  
m i u m  and gold was used as a substrate .  Essent ia l ly  nonmagne tos t r i c t ive  films, 
1200A th ick  and 3 x 3 in. in area,  wi th  coercivi t ies  of 2 oe and aniso t ropy fields 
of 3.5 oe were  p repa red  reproducib ly .  The effects of hypophosphi te  ion in  the  
p la t ing  solut ion on the deposi t  composit ion,  cathode potent ials ,  and magnet ic  
p roper t ies  of the  films are discussed. 

The  e l e c t r o d e p o s i t i o n  of t h in  f e r r o m a g n e t i c  f i lms 
has  in  r e c e n t  y e a r s  b e c o m e  a sub j ec t  of i n t ense  i n -  
t e r e s t  to r e s e a r c h  w o r k e r s  i n v o l v e d  in  t he  s t u d y  of 
m a t e r i a l s  for  c o m p u t e r  m e m o r i e s  ( 1 - 3 ) .  B i n a r y  a l -  
l oy  fi lms h a v i n g  a compos i t i on  of 81% Ni and  19% 
F e  h a v e  shown  ~ t h e  mos t  p r o m i s e  for  h i g h  speed  
m a g n e t i c  f i lm m e m o r i e s  s ince  these  f i lms e x h i b i t  
neg l ig ib l e  m a g n e t o s t r i c t i v e  effects.  Wol f  has  s t ud i e d  
b i n a r y  n i c k e l - i r o n  f i lms (2,3) as w e l l  as t e r n a r y  a l -  
loy  f i lms of n ickel ,  i ron,  and  coba l t  (4)  a n d  has  d e -  
t e r m i n e d  the  d e p e n d e n c e  of t he  m a g n e t i c  p r o p e r t i e s  
of t he se  f i lms as a f u n c t i o n  of compos i t i on  and  t h i c k -  
ness.  M a t h i a s  (1)  has  r e c e n t l y  s t ud i ed  t e r n a r y  a l loy  
f i lms of n icke l ,  i ron,  and  p h o s p h o r u s  and  has  s h o w n  
t h a t  the  p re sence  of a n o n m e t a l l i c  c o n s t i t u e n t  in  t he  
m a g n e t i c  a l l oy  does  no t  h a v e  an  a d v e r s e  effect  on 
the  m a g n e t i c  p r o p e r t i e s  of the  films. The  d a t a  p r e -  
s en t ed  h e r e  a r e  an  e x t e n s i o n  of th is  w o r k  a n d  dea l  
w i t h  t he  m a g n e t i c  p r o p e r t i e s  of t e r n a r y  a l loy  f i lms 
of n icke l ,  i ron,  and  p h o s p h o r u s  as a func t ion  of t h e i r  
compos i t i on  and  th ickness .  

Experimental 
Plating celL--The p l a t i n g  cel l  consis ts  of a r e c -  

t a n g u l a r  luc i te  vesse l  w h i c h  has  f i t t ings  to ho ld  t he  
a n o d e  and  ca thode  r ig id ly .  The  cel l  is s u r r o u n d e d  b y  
a l a rge  coil  w h i c h  p r o v i d e s  a u n i f o r m  v e r t i c a l  m a g -  
ne t ic  f ie ld of  30 oe d u r i n g  e l e c t r o d e p o s i t i o n  of t h e  
film. The  cel l  and  t h e  coil  r e s t  on a set  of l e v e l i n g  
sc rews  w h i c h  p e r m i t  e x a c t  a l i g n m e n t  of t he  m a g -  
ne t ic  field d i r ec t i on  w i t h  t he  d e s i r e d  d i r ec t i on  of e a sy  
axis  of t he  m a g n e t i c  f i lm d e p o s i t e d  on  the  ca thode .  
The  s u b s t r a t e s  used  as ca thodes  w e r e  m a d e  f r o m  
No. 2 Co rn ing  M i c r o - S h e e t  g lass  t h a t  h a d  been  
coa ted  w i t h  v a c u u m  e v a p o r a t e d  l a y e r s  of  c h r o m i u m  
and  gold.  These  s u b s t r a t e s  w e r e  a p p r o x i m a t e l y  8 
mi l s  th ick ,  3 in. h igh  and  3 in. wide .  The  t h i c k n e s s  
of t he  e v a p o r a t e d  go ld  l a y e r  was  a b o u t  800A. The  
s u b s t r a t e s  w e r e  m o u n t e d  in  a r e m o v a b l e  ca thode  
h o l d e r  w h i c h  p e r m i t t e d  r e p r o d u c i b l e  a l i g n m e n t  w i t h  
the  d i r ec t i on  of the  a p p l i e d  m a g n e t i c  field. A h igh  
p u r i t y  ro l l ed  n i c k e l  shee t  was  used  as t he  anode.  

ElectroIyte.--The e l e c t r o l y t e  was  an  aqueous  
so lu t ion  of n i c k e l  a n d  i ron  su l fa tes .  The  n i cke l  su l -  

fa te  c o n c e n t r a t i o n  was  m a i n t a i n e d  c o n s t a n t  a t  0.8M 
and  t h e  i r on  su l f a t e  c o n c e n t r a t i o n  w a s  v a r i e d  to  
a l t e r  t he  compos i t i on  of t he  a l loy  depos i t .  A d d i t i o n  
of sod ium h y p o p h o s p h i t e  to t he  e l e c t r o l y t e  p r o v i d e d  
a c o n v e n i e n t  m e t h o d  of i n t r o d u c i n g  p h o s p h o r u s  in to  
t he  deposi t .  The  s t a n d a r d  n i c k e l  p l a t i n g  a d d i t i v e s  
such as bor i c  acid ,  s o d i u m  l a u r y l  su l fa t e ,  and  sac-  
c h a r i n  w e r e  a lso  p r e s e n t  in t he  e l ec t ro ly t e .  The  p H  
of t he  e l e c t r o l y t e  was  m a i n t a i n e d  at  2.2. P l a t i n g  of 
the  f i lm was  c a r r i e d  ou t  a t  r o o m  t e m p e r a t u r e  at  a 
c u r r e n t  d e n s i t y  of 6 m a / c m  2. T h e  e l e c t r o l y t e  was  no t  
a g i t a t e d  d u r i n g  the  p l a t i n g  cycle.  

U n d e r  t hese  condi t ions ,  p l a t i n g  r a t e s  for  N i - F e  
f i lms a v e r a g e d  16.6A/sec;  for  N i - F e - P  films, abou t  
18.0 A / s e c .  I t  is of i n t e r e s t  to  n o t e  t h a t  p lo ts  of 
t h i cknes s  vs. p l a t i n g  t ime  w e r e  s t r a i g h t  l ines  w h i c h  
p a s s e d  t h r o u g h  zero  t h i cknes s  a t  a b o u t  5 sec. 

Analytical.--Deposits w e r e  a n a l y z e d  b y  d i s so lv ing  
a f i lm of k n o w n  a r e a  in 1:4 n i t r i c  ac id  a n d  d i l u t i ng  
to vo lume .  Nicke l ,  i ron,  and  p h o s p h o r u s  w e r e  d e t e r -  
m i n e d  b y  s t a n d a r d  c o l o r i m e t r i c  p r o c e d u r e s  us ing  
s e p a r a t e  a l iquo t s ;  n i c k e l  b y  the  p i n k  n icke l i c  d i -  
m e t h y l g l y o x i m e  in a l k a l i n e  so lu t ion;  i ron  b y  the  r e d  
o r t h o p h e n a n t h r o l i n e  c o m p l e x  a f t e r  n i t r a t e  r e m o v a l ;  
a n d  p h o s p h o r u s  b y  t h e  m o l y b d e n u m  b l u e  me thod .  
A l l  c o l o r i m e t r i c  c o m p a r i s o n s  w e r e  m a d e  w i t h  a 
B e c k m a n  DU s p e c t r o p h o t o m e t e r  us ing  c a l i b r a t i o n  
cu rves  p r e p a r e d  f r o m  p u r e  m e t a l  and  s o d i u m  h y d r o -  
gen  p h o s p h a t e  s t a n d a r d s .  N icke l  and  i ron  d e t e r -  
m i n a t i o n s  a r e  a c c u r a t e  to 1% or  be t t e r ,  p h o s p h o r u s  
10% or  be t t e r ,  of t he  r e p o r t e d  p e r c e n t a g e  compos i -  
t i on  va lue .  

F i l m  th i cknes se s  w e r e  e s t i m a t e d  b y  c o n v e r t i n g  
the  w e i g h t  p e r  un i t  a r e a  f o u n d  for  each  c o m p o n e n t  
to an  i n d i v i d u a l  t h i ckness  v a l u e  us ing  the  d e n s i t y  
of the  p u r e  m a t e r i a l .  The  s u m  of t hese  t h i cknesses  
was  r e p o r t e d  a n d  is b e l i e v e d  a c c u r a t e  w i t h i n  _-_10%. 

Magnetic measurements.--The m a g n e t i c  p a r a m -  
e te r s  of p r i m a r y  i n t e r e s t  in th is  s t u d y  w e r e  the  co-  
e r c ive  force  (He) ,  t he  a n i s o t r o p y  f ield (Hk) and  the  
sw i t ch ing  t i m e  (Ts) .  A d e t a i l e d  d e s c r i p t i o n  of  t he  
e q u i p m e n t  used  to d e t e r m i n e  these  p a r a m e t e r s  has  
b e e n  p r e v i o u s l y  r e p o r t e d  (1 ) .  The  v a l u e s  of Hc a n d  
Hk for  3 x 3 in. f i lms and  for  1/4 x Y4 in. squa re s  cut  

35 
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Fig. 1. Coercivi ty  vs .  plat ing t ime ( thickness)  for f i lms p la ted 
from a solution before (closed circles) and a f te r  (open circles) the 
addi t ion  of  sodium hypophosphite.  

f r o m  t h e m  w e r e  d e t e r m i n e d  to a p rec i s ion  of +-5% 
or b e t t e r  on 60 cycle  hys t e r e sog raphs .  A r r a y s  of 50 
mi l  spots e t ched  f r o m  films on 3 x 3 in. subs t ra tes  
w e r e  e v a l u a t e d  on a 1000 cycle  hys t e r e sog raph .  
Magne tos t r i c t i on  coefficients w e r e  d e t e r m i n e d  by  
m e a s u r i n g  the  change  in the  an i so t ropy  field (Hk) 
w h e n  the  fi lm was  ben t  into a k n o w n  arc in a 60 
cycle  hys t e r e sog raph .  S w i t c h i n g  t i m e  m e a s u r e m e n t s  
w e r e  m a d e  on a s t r ip  t r ansmis s ion  l ine  swi t ch ing  
appa ra tu s  w i t h  a pulse  r ise  t i m e  of 0.6 nanosecond  
and a pu l se  l e n g t h  of 400 nanoseconds .  

Results and Discussion 
Magnetic Properties of N i - F e - P  Films 

I t  has been  shown p r e v i o u s l y  (1) t ha t  inc reas ing  
the  concen t r a t i on  of t he  h y p o p h o s p h i t e  ion in the  
p l a t i ng  ba th  f r o m  0 to 0.4 g / l i t e r  r esu l t s  in a de -  
crease  in the  coe rc ive  force  and an i so t ropy  field of 
m a g n e t i c  films h a v i n g  a th ickness  of 1200A. 

Since  the  coerc ive  force  is also a func t ion  of t h i c k -  
ness, the  va lues  of  coerc ive  force  for  films h a v i n g  
d i f fe ren t  th icknesses  w e r e  d e t e r m i n e d .  F i g u r e  1 
shows a t yp i ca l  p lo t  of coe rc ive  fo rce  as a func t ion  
of p l a t i ng  t i m e  ( th i ckness )  for  f i lms p l a t ed  f r o m  a 
solut ion be fo re  and a f t e r  the  add i t ion  of sod ium 
hypophosph i t e .  I t  wi l l  be no t iced  tha t  in both  cases 
the  coerc ive  force  decreases  w i t h  inc reas ing  t h i c k -  
ness bu t  tha t  this decrease  is less m a r k e d  for  the  
films tha t  con ta ined  phosphorus .  

S ince  the  a v e r a g e  fi lm compos i t ion  as we l l  as the  
th ickness  changes  w i t h  p la t ing  t ime,  these  cu rves  
do not  t r u l y  ind ica te  the  r e l a t ionsh ip  b e t w e e n  H~ of 
the  film and its th ickness .  T h e  h y p o p h o s p h i t e  ion, 
as wi l l  be shown  la ter ,  t ends  to dec rease  the  v a r i a -  
t ions of the  ra t io  of n icke l  and i ron  in the  f i lm and  
p r o b a b l y  accounts  for  the  sma l l e r  change  in the  co-  
e r c ive  force  of N i - F e - P  films w i t h  inc reas ing  t h i c k -  
ness. 

T e r n a r y  films of N i - F e - P  also h a v e  a m u c h  
sma l l e r  swi t ch ing  cons tan t  t h a n  the  b i n a r y  81-19 
N i - F e  films. This  is shown  in Fig. 2 w h e r e  the  r e -  
c iproca l  of the  swi tch ing  t ime  of  the  m a g n e t i c  films 
(180 ~ swi t ch ing  m o d e )  is p lo t t ed  aga ins t  the  d r ive  
field at  f ixed va lues  of the  t r a n s v e r s e  field for  a 
typ ica l  e l ec t rodepos i t ed  p e r m a l l o y  fi lms and a t y p i -  
cal  e l ec t rodepos i t ed  film of N i - F e  con ta in ing  2% P. 

T h e  p e r m a l l o y  film (He = 1.9, Hk = 3.3 oe) had  a 
swi t ch ing  coefficient of 0.06 oe-#sec;  the  v a l u e  for  
the  N i - F e - P  fi lm (He = 1.4, Hk = 2.9 oe) was  0.006 
oe-#sec. 

It is believed that this improvement in the switch- 
ing constant is a result of the greater uniformity of 
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Fig. 2. Reciprocal of switching time, 1/Ts, vs. drive field plots 
for comparable binary Ni-Fe (dashed lines; He, 1.9; Hk, 3.3) and 
ternary Ni-Fe-P film (solid lines; Hc, 1.4; Hk, 2.9). 

compos i t ion  of the  t e r n a r y  fi lm of N i - F e - P .  E x a m i -  
na t ion  of the  d o m a i n  wa l l  m o v e m e n t  du r ing  sw i t ch -  
ing of N i - F e  films us ing  the  K e r r - M a g n e t o o p t i c a l  
t e c h n i q u e  has shown tha t  the  domains '  mo t ion  tends  
to be b locked  in ce r t a in  areas.  This  m a y  be the  r e -  
sult  of the  fi lm h a v i n g  areas  of h i g h e r  Hc or h i g h e r  
Hk. The  N i - F e - P  films on the  o the r  hand  exh ib i t  a 
smooth  and v e r y  fast  t r ans i t i on  f r o m  one s ta te  to the  
o ther  as the  d r i v e  field is increased .  

The  m a g n e t i c  p rope r t i e s  of films h a v i n g  a p p r o x i -  
m a t e l y  the  same  r e l a t i v e  n icke l  and i ron  con ten t  
and the  same thickness ,  bu t  d i f fe r ing  in the i r  phos-  
phorus  con ten t  a re  c o m p a r e d  in Tab le  I. Compos i -  
t ion is exp res sed  as N i - F e  a tomic  rat io,  and  phos -  
phorus  con ten t  in pe r  cent  by  we igh t .  W h e n  1 to 2% 
by  w e i g h t  phosphorus  is p r e sen t  in the  films, ap-  
p r e c i a b l y  l ower  va lues  of Hc and  b e t t e r  an i so t ropy  
charac te r i s t i c s  a re  obtained.  A t  h i g h e r  phosphorus  

Table I. Effect of phosphorus content of electroplated Fe-Ni alloys 
on magnetic properties 

F i l m  c o m p o s i t i o n  
T h i c k n e s s ,  A t o m i c  r a t i o ,  P c o n t e n t ,  M a g n e t i c  p r o p e r t i e s  

A N i : F e  % by  w t  H,  oe  I lk ,  oe 

1200 1.9 - -  8.5 i 
1200 2.1 2.1 3.1 7.5 

1300 2.5 - -  6.1 i 
1300 2.4 1.2 4.4 5.0 

1100 3.8 - -  5.1 4.5 
1000 3.7 2.7 4.0 5.0 

1200 4.3 - -  5.1 i 
1100 4.5 1.3 2.8 3.9 
1400 4.3 1.7 2.1 4.5 
1300 4.2 3.1 7.5 i 

1800 4.3 - -  3.9 3.3 
1900 4.3 1.4 2.0 5.7 

1600 4.9 - -  4.0 3.3 
1800 4.6 1.4 2.0 4.5 

2700 5.3 - -  2.7 3.1 
3200 5.2 1.4 1.2 4.0 

2600 5.4 - -  3.6 3.1 
3000 5.6 1.4 1.5 4.6 

1100 6.4 - -  6.2 i 
1150 6.9 1.1 2.6 2.6 
1300 6.0 4.2 n n 

i = " s e m i - i s o t r o p i c ; "  n = no m a g n e t i c  o u t p u t  a t  10 oe  d r i v e .  
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conten ts ,  the  m a g n e t i c  p r o p e r t i e s  de t e r i o r a t e .  The  
t e r m  " s e m i - i s o t r o p i c "  used  in T a b l e  I was  a p p l i e d  
to fi lms w i t h  i l l - d e f i n e d  an i so t rop ies .  These  f i lms 
w e r e  c h a r a c t e r i z e d  b y  c o n s i d e r a b l e  hys t e r e s i s  in  t he  
h a r d  d i rec t ion ,  t he  B - H  loops  be ing  open,  b u t  no t  
square .  F i l m s  for  w h i c h  Hk va lues  a r e  g i v e n  w e r e  
squa re  in t he  ea sy  d i r ec t i on  and  showed  l i t t l e  or  no 
hys t e r e s i s  in  t he  h a r d  d i r ec t i on  e x c e p t  a t  h i g h e r  
d r i v e  fields. 

The  v a r i a t i o n  of  Hk w i t h  f i lm compos i t i on  for  
fi lms in  t he  t h i ckness  r a n g e  l100-1400A is shown  in 
Fig.  3. The  low i r o n - l o w  p h o s p h o r u s  co rne r  of t he  
N i - F e - P  t e r n a r y  compos i t i on  d i a g r a m  is r e p r e s e n t e d  
w i t h  t he  scale  of p h o s p h o r u s  c o n t e n t  e x a g g e r a t e d .  
The  v a r i o u s  r anges  of Hk va lues  for  a co l lec t ion  of  
f i lms in  t h e  t h i c k n e s s  r a n g e  of  l 100 -1400 A  a r e  
m a p p e d  ou t  r o u g h l y  b y  the  so l id  c u r v e d  l ines .  The  
s p r e a d  of t h e  d a t a  ref lects  u n c e r t a i n t i e s  in t he  a n a -  
l y t i c a l  r e s u l t s  and  v a r i a t i o n s  of  t h i cknes s  w i t h i n  t h e  
l100-1400A range .  St i l l ,  a r e l a t i v e l y  smoo th  i nc rea se  
in Hk is o b s e r v e d  as t h e  i ron  con t en t  is i nc reased .  
T h e r e  also a p p e a r s  to be  a r a t h e r  def in i te  m a x i m u m  
p h o s p h o r u s  c o n c e n t r a t i o n  r a n g e  for  use fu l  f i lms of 
th is  th i ckness .  A b o v e  th i s  r a n g e  " s e m i - i s o t r o p i c "  
fi lms or  f i lms h a v i n g  no m a g n e t i c  r e sponse  in d r i v e  
fields of 10 oe w e r e  ob ta ined .  The  h i g h e r  i ron  r e -  
gions w e r e  no t  e x p l o r e d .  

Also  i n d i c a t e d  on Fig.  3 b y  m e a n s  of t he  d a s h e d  
l ine  is t he  locus  of compos i t ions  h a v i n g  l i t t l e  or  no 
d e t e c t a b l e  m a g n e t o s t r i c t i o n .  The  N i - F e  a tomic  r a t i o  
c o r r e s p o n d i n g  to zero  m a g n e t o s t r i c t i o n  inc reases  
f r o m  a p p r o x i m a t e l y  4.0 in t he  absence  of p h o s -  
phorus ,  to abou t  5.5 a t  3.2 w t  % P. This  is in c o n t r a s t  
to the  b e h a v i o r  of N i - F e - C o  fi lms (4)  w h e r e  t he  N i -  
F e  r a t i o  c o r r e s p o n d i n g  to zero m a g n e t o s t r i c t i o n  has  
been  shown  to be  n e a r l y  cons t an t  for  coba l t  a d d i -  
t ions  u p  to  65 % b y  we igh t .  

E ~ e c t  of P~ating Parameters on Fi~m Co~posit ion 

The  i n s t a n t a n e o u s  compos i t i on  of  an  a l loy  de pos i t  
wi l l  change  if  changes  occur  in  the  r e l a t i v e  conc e n -  
t r a t i o n s  of the  ions in  t h e  ca thode  doub le  l aye r .  Such  
c o n c e n t r a t i o n  changes  m a y  be qu i t e  p r o n o u n c e d  
d u r i n g  the  first  m o m e n t s  of depos i t i on  u n t i l  d e p o s i -  
t ion  and  d i f fus ion  r a t e s  come in to  b a l a n c e  a n d  a 
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steady state is reached, whereupon some equilib- 
rium composition is deposited. Thus a composition 
gradient is formed across the thickness of the de- 
posit, and if the time required to establish the depo- 
sition of the equilibrium composition is an appreci- 
able portion of the entire plating time, the average 
composition of the total deposit becomes a function 
of the plating time. 

This effect has been discussed with respect to 
binary Ni-Fe films by Cockett and Spencer-Timms 
(5). The first portions of the depositing films are 
relatively more iron-rich than those portions de- 
posited later. 

The effect of such a concentration gradient on the 
magnetic properties of the films is not clear. Several 
methods for minimizing such gradients have been 
suggested, however, including agitation of the plat- 
ing bath (I), use of pulsed currents (5) and opera- 
tion u n d e r  cons t an t  c a thode  p o t e n t i a l  cond i t ions  
r a t h e r  t h a n  cons t an t  c u r r e n t  d e n s i t y  (6, 7) .  A t  l o w e r  
c u r r e n t  dens i t i e s  (3 m a / c m 2 ) ,  W o l f  (2)  obse rves  
l i t t l e  or  no v a r i a t i o n s  in a v e r a g e  compos i t i on  in  the  
500-5000A th i cknes s  range .  

In  t he  p r e s e n c e  of h y p o p h o s p h i t e ,  h o w e v e r ,  the  
s e v e r i t y  of t he  c o n c e n t r a t i o n  g r a d i e n t  across  t he  
t h i cknes s  of t he  depos i t  is g r e a t l y  r educed .  F i g u r e  4 
shows  the  a v e r a g e  i ron  c o n c e n t r a t i o n  of f i lms p l a t e d  
for  v a r y i n g  l eng ths  of t i m e  f rom the  s ame  so lu t ion  
b e f o r e  and  a f t e r  t he  a d d i t i o n  of h y p o p h o s p h i t e .  The  
h igh  i ron  c o n c e n t r a t i o n  of the  i n i t i a l  d e p o s i t  is 
m a r k e d l y  s u p p r e s s e d  b y  the  h y p o p h o s p h i t e .  W h i l e  a 
c o n c e n t r a t i o n  g r a d i e n t  s t i l l  exis ts ,  i t  is f a r  less s t eep  
t h a n  t ha t  w h i c h  is o b t a i n e d  u n d e r  t hese  cond i t ions  
in t he  absence  of phospho rus .  

I t  is also to be  n o t e d  in Fig .  4 t h a t  t he  o v e r - a l l  
i r on  c o n c e n t r a t i o n  of t h e  de pos i t  is r e d u c e d  b y  the  
p r e s e n c e  of  h y p o p h o s p h i t e .  This  is t r u e  fo r  a l l  so lu -  
t ion  compos i t ions  tes ted .  In  Fig .  5, t he  compos i t ion  
of t he  e l e c t r o l y t e  is r e l a t e d  to t he  compos i t i on  of 
t he  de pos i t  a t  a cons t an t  depos i t  t h i cknes s  of 1000A. 
The  l o w e r  cu rve  shows  the  r e l a t i o n  b e t w e e n  t h e  
a m o u n t  of f e r rous  su l f a t e  in  the  so lu t ion  (n i cke l  
su l f a t e  h e x a h y d r a t e  c o n c e n t r a t i o n  is c o n s t a n t  a t  
220 g / l i t e r ) ,  and  the  N i - F e  a tomic  r a t i o  in  t he  d e -  
pos i t  in the  absence  of h y p o p h o s p h i t e .  The  u p p e r  
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Fig. 4. Iron content of films vs. plating time showing the effect 
of the addition of sodium hypophosphlte to the plating solution. 
Current density was 6 ma/cm 2. Films 100(0 in thickness are ob- 
tained in approximately 65 sec. 
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Fig. 5. Composition of 1000~. deposits v s .  electrolyte composition 
in the presence and absence of sodium hypophosphite. The nickel 
sulfate concentration in the electrolyte was held constant at ap- 
proximately 0.SM. 

curve  shows the shif t  in this  r e l a t ion  w h e n  hypo -  
phosphi te  is added. 

To d e t e r m i n e  w h e t h e r  the act ion of hypophosphi te  
was p r i m a r i l y  one of suppress ion  of the  ra te  of i ron  
discharge or e n h a n c e m e n t  of the  deposi t ion  ra te  of 
nickel ,  the c u r r e n t - v o l t a g e  character is t ics  of the 
p la t ing  sys tem were  measured .  The curves  shown in  
Fig. 6 and  7 were  t raced  out  by  an  X - Y  recorder .  
The vol tage  appl ied  to the p la t ing  cell was  increased  
f rom zero at  a r a t e  of abou t  l v  per  5 sec whi le  r e -  
cording  the cell c u r r e n t  aga ins t  the  po ten t i a l  of a 
sealed fiber type  calomel  cell p laced close to a p r e -  
p la ted  cathode. The r e p e a t a b i l i t y  was good; succes-  
sive traces were  essen t ia l ly  super imposed  ( w i t h i n  
10 m v ) .  The t races  for a typica l  p l a t ing  so lu t ion  are 
shown in  Fig. 6. Curve  1 was  ob ta ined  before  the  

25 
[Nil = 0.8 M 

~ 0  // / 1-PABSENT 
I I  / 2-0 .4  P 

~ j ~ j  3-,oP 
0 
03 0.4 05 0,6 0.7 0.8 0.9 1.0 1.1 

CATHODE POTENTIAL (V) 

Fig. 6. Current density vs. cathode potential traces for a typical 
plating solution containing O, 0.4, and 1.0 g/liter sodium hypophos- 
phite. 
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Fig. 7. Current density vs. cathode potential traces for plating 
solutions where iron sulfate (left hand curves) or nickel sulfate 
(right hand curves) was replaced by an equivalent amount of mag- 
nesium sulfate, each at three different sodium hypophosphite con- 
centrations. 
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addi t ion  of sod ium hypophosphi te ,  and  curves  2 and  
3 were  ob ta ined  af ter  the add i t ion  of 0.4 g / l i t e r  and  
i.0 g / l i t e r  sod ium hypophosphi te ,  respect ively .  I t  
m a y  be observed tha t  hypophosph i t e  ion no t  only  
depolar izes  the a l loy deposi t ion,  bu t  changes  the  
shape of the curve  as well .  

S imi la r  e xpe r i me n t s  were  car r ied  out  us ing  elec- 
t ro ly tes  con t a in ing  on ly  nickel ,  or on ly  iron.  A 
n icke l  test  so lut ion was  m a d e  up  to the  same  com-  
posi t ion  as the a l loy p la t ing  ba th  except  t ha t  the 
i ron  sul fa te  was replaced  by  an  e q u i v a l e n t  a m o u n t  
of m a g n e s i u m  sulfate.  This  was  done to m a i n t a i n  the 
ove r - a l l  ionic s t r eng th  of the  test  so lut ion approx i -  
m a t e l y  the  same as tha t  of a r egu la r  p l a t i ng  bath.  
A n  i ron  test  so lu t ion  was  p r e p a r e d  in  an  ana logous  
way.  The  cathode po la r i za t ion  curves  for these so lu-  
t ions are  shown  in  Fig. 7. At  c u r r e n t  densi t ies  above 
8 m a / c m  2 both  meta l s  are  depolar ized  by  large 
a moun t s  (1 g / l i t e r )  of hypophosphi te ,  bu t  in  the 
usua l  opera t ing  r ange  (6 m a / c m  2 and  0.4 g / l i t e r  
NaH2PO2) the  deposi t ion  of n icke l  is depolar ized  by  
abou t  70 my,  whi le  tha t  of i ron  is on ly  v e r y  s l ight ly  
affected. Thus  there  is a ne t  effect f avor ing  the 
deposi t ion of nickel .  

The changes  in  i n s t a n t a n e o u s  a l loy film composi -  
t ion  d u r i n g  deposi t ion  u n d e r  cons tan t  c u r r e n t  con-  
di t ions  suggest  tha t  co r respond ing  changes  in ca th-  
ode po ten t i a l  occur.  Tha t  this  is indeed  the  case is 
shown in  Fig. 8 w he r e  the  va r i a t ions  of cathode 
po ten t i a l  w i th  t ime  are  t raced  for two di f ferent  cu r -  
r en t  densi t ies  (uppe r  curves,  10 ma/cm2;  lower  
curves  6 m a / c m  2) each at th ree  d i f fe rent  hypophos -  
phi te  concent ra t ions .  A more  u n i f o r m  cathode po-  
t en t i a l  is observed  d u r i n g  film deposi t ion f rom solu-  
t ion con ta in ing  hypophosphi te .  

The  lower ing  of the  cathode po la r i za t ion  affected 
by  the  hypophosphi te  ion is aga in  i l l u s t r a t ed  in  Fig. 
8. Since the a m o u n t  of h y d r o g e n  which  is code- 
posi ted wi th  the a l loy should  be r educed  at  the 
lower  opera t ing  potent ia l ,  one  migh t  expect  an  in -  
crease in  c u r r e n t  efficiency as a resu l t  of add ing  
hypophosphi te .  In  the  absence  of phosphorus ,  cu r -  
r e n t  efficiencies are  abou t  75-80% ; w h e n  hypophos -  
ph i t e  is added efficiencies are  increased  to abou t  85- 
90%. The a m o u n t  of codeposited h y d r o g e n  was no t  
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Fig. 8. Cathode potential vs. time curves for alloy deposition from 
a typical plating solution showing the effect of sodium hypophos- 
phito concentration. 
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m e a s u r e d ,  h o w e v e r ,  so t h a t  i t  is no t  c e r t a i n  w h e t h e r  
t he  a p p a r e n t  eff iciency inc rea se  is due  to r e d u c e d  
po t en t i a l s  o r  to some a d d i t i o n a l  n i c k e l  depos i t i on  b y  
the  e l ec t ro less  m e c h a n i s m .  

Summary 
I t  has  been  shown  tha t  t h e  a d d i t i o n  of h y p o p h o s -  

ph i t e  ion  to a n i c k e l - i r o n  su l f a t e  p l a t i n g  s y s t e m  r e -  
su l t s  in  t he  depos i t i on  of m a g n e t i c  f i lms w i t h  p r o p -  
e r t i es  s u p e r i o r  to those  d e p o s i t e d  f r o m  so lu t ions  not  
con t a in ing  the  h y p o p h o s p h i t e  ion. O p t i m u m  m a g -  
ne t ic  p r o p e r t i e s  a re  o b t a i n e d  w i t h  an  a v e r a g e  p h o s -  
p h o r u s  c o n t e n t  of 1 to 2% b y  we igh t .  This  p l a t i n g  
s y s t e m  p r o v i d e s  suff icient  con t ro l  to p r o d u c e  f i lms 
s u i t a b l e  for  c o m p u t e r  m e m o r y  use. 

In  a d d i t i o n  to i n t r o d u c i n g  p h o s p h o r u s  in to  the  
n i c k e l - i r o n  a l loy ,  t he  p r e s e n c e  of s o d i u m  h y p o -  
p h o s p h i t e  in t he  n i c k e l - i r o n  su l fa t e  e l e c t r o l y t e  r e -  
duces  f luc tua t ions  in c a thode  p o t e n t i a l  d u r i n g  d e p o -  
s i t ion  a n d  p r o d u c e s  depos i t s  w i t h  m o r e  u n i f o r m  
c o m p o s i t i o n a l  c ross -sec t ions .  A t  the  p r e f e r r e d  c u r -  
r e n t  d e n s i t y  of 6 m a / c m  2 h y p o p h o s p h i t e  i nc reases  
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the  r e l a t i v e  a m o u n t  of n i cke l  in the  depos i t  b y  d e -  
p o l a r i z i n g  n i cke l  depos i t i on  wh i l e  h a r d l y  af fec t ing  
i ron  depos i t ion .  

Manuscr ip t  received Apr i l  1, 1963; rev ised  manuscr ip t  
received J u l y  18, 1963. This paper  was presented  at 
the  Boston Meeting, Sept.  16-20, 1962. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the December  1964 
JOURNAL. 
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Quasistatic Flux Reversal Characteristics 
of Electrodeposited Thin Permalloy Films 

R. D. Fisher, H. E. Austen, and H. E. Haber 
The National Cash Register Company, Dayton, Ohio 

ABSTRACT 

The ro ta t iona l  switching behavior  of e lec t rodeposi ted  thin films is shown to 
be s imi la r  to tha t  r epor ted  for vacuum deposi ted thin  films. The influence of 
the  H c / H k  ra t io  (0.30-1.1), d ispers ion (5~ ~ of the  easy axis, th ickness  
(500A-2800A), and the angle  of the appl ied  field to the  easy axis were  de te r -  

mined  on (i) the  magnet iza t ion  pa th  dur ing  flux reversa l ,  and (ii) the  wal l  
mot ion  and ro ta t iona l  thresholds .  The ro ta t iona l  th resholds  were  compared  to 
the S tone r -Woh l f a r th  curve for s imple coherent  rotat ion.  The separa t ion  of 
the ro ta t iona l  and wal l  mot ion thresholds  appears  to be thickness dependent .  

V a c u u m  depos i t ed  m a g n e t i c  f i lms h a v e  been  e x -  
t e n s i v e l y  s t ud i ed  in r e g a r d  to p r e p a r a t i o n  t e c h -  
n iques  and  to  the  phys i c s  of t h e  f lux  r e v e r s a l  p r o -  
cess. E l e c t r o d e p o s i t i o n  r e p r e s e n t s  an  a l t e r n a t e  t e c h -  
n ique  for  o b t a i n i n g  m a g n e t i c  t h in  films. E l e c t r o d e -  
pos i t ed  f i lms w i t h  a r e l a t i v e l y  l ow m a x i m u m  d i s -  
pe r s i on  and  hys t e r e s i s  c h a r a c t e r i s t i c s  s i m i l a r  to 
those  of v a c u u m  depos i t ed  f i lms h a v e  been  r e p o r t e d  
(1, 2) .  

W e  h a v e  e v a l u a t e d  the  quas i s t a t i c  f lux r e v e r s a l  
c h a r a c t e r i s t i c s  of e l e c t r o d e p o s i t e d  p e r m a l l o y  (81% 
N i - 1 9 %  F e )  th in  f i lms w i t h  a u n i a x i a l  a n i s o t r o p y .  
The  flux r e v e r s a l  p rocess  was  e v a l u a t e d  w i t h  r e g a r d  
to t he  p a t h  of t he  m a g n e t i z a t i o n  a n d  to  t he  w a l l  
m o t i o n  and  r o t a t i o n a l  t h r e sho lds .  The  r o t a t i o n a l  
t h r e sho ld s  w e r e  c o m p a r e d  to t he  S t o n e r - W o h l f a r t h  
m o d e l  (3)  for  s i m p l e  cohe ren t  ro t a t ion .  

Experimental 
Test equipment . - -The  d r i v e  f ields w e r e  p r o d u c e d  

by  two  H e l m h o l t z  coils  a t  r i g h t  angles .  A n o t h e r  
H e l m h o l t z  coil  ( r o t a t a b l e )  was  used  for  e a r t h ' s  f ield 

cance la t ion .  T w o  i d e n t i c a l  coils  (100 t u r n s  each )  
w e r e  used  for  f lux p i c k - u p  and  cance la t ion .  The  
cance l ing  coi l  cou ld  be  r o t a t e d  a b o u t  t he  v e r t i c a l  
and  h o r i z o n t a l  axes  so t h a t  s i m u l t a n e o u s  c a nc e l l a t i on  
was  o b t a i n e d  for  bo th  d r i v i n g  coils.  T h e  s a m p l e  
could  be  r o t a t e d  w i t h i n  t he  p i c k - u p  coil  ove r  a 
m e a s u r e d  a rc  of abou t  160 ~ . In  the  case of d e t e r -  
m i n i n g  the  m a g n e t i z a t i o n  pa th ,  the  f lux p i c k - u p  was  
ampl i f i ed  ( T e k t r o n i x  122),  i n t e g r a t e d ,  r e a m p l i f i e d  
( T e k t r o n i x  122),  and  fed  into  one i n p u t  of a t y p e  H 
p reampl i f i e r .  In  the  case of t he  t h r e s h o l d  m e a s u r e -  
ments ,  the  p i c k - u p  was  ampl i f i ed  ( T e k t r o n i x  122) 
and  fed  into  a T e k t r o n i x  t y p e  H p reampl i f i e r .  A t y p e  
B p r e a m p l i f i e r  w a s  used  for  t h e  d r i v e  field. A T e k -  
t r o n i x  536 osc i l loscope  w a s  u sed  for  a l l  m e a s u r e -  
ments .  

Method of determining ]~ux pa th . - -The  se lec ted  
s a m p l e  was  p l a c e d  on the  r o t a t a b l e  t a b l e  w i t h i n  t he  
p i c k - u p  coil  a n d  a d j u s t e d  to t h e  de s i r e d  ang le  w i th  
r e spec t  to t he  d r i v e  field (5 oe, a .c .) .  A p h o t o g r a p h  
was  t a k e n  of t h e  h y s t e r e s i s  c h a r a c t e r i s t i c s  a t  th i s  
ang le  of d r i v e  f ield ( x  c o m p o n e n t  of t he  f lux or  m a g -  
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ne t i za t ion ) .  Since the  p i c k - u p  coil and  cance l l ing  
coils could no t  be ro ta ted ,  the  sample  was ro ta ted  
90 ~ and  the  dr ive  field swi tched to the  o ther  H e l m -  
holtz coil. A pho tograph  was  t hen  t a k e n  of the  h y s -  
teresis  charac ter is t ics  at  this  pos i t ion  (y com pone n t  
of the  flux or m a g n e t i z a t i o n ) .  These x and  y com-  
ponen t s  of the m a g n e t i z a t i o n  d e t e r m i n e d  f rom the 
pho tographs  of the hys teres is  charac ter is t ics  at  
e q u i v a l e n t  d r ive  fields we re  vec tor ia l ly  p lo t ted  to 
t race  the m a g n e t i z a t i o n  pa th  f rom 0 ~ to 360 ~ 

Method  of de termin ing  wal l  mot ion  and rotationa~ 
th re sho lds . - -The  wal l  mo t ion  and  ro ta t iona l  t h r e s -  
holds were  d e t e r m i n e d  f rom the  60 cycle d i f fe rent ia l  
loop, i.e., the  d M / d t  vs. Ha (appl ied  field) trace,  by  
us ing  a 5 oe a-c  (60 cycle) field in  the easy d i rec t ion  
and  d-c  bias fields of 0.4 Hk  to 1.5 Hk in  the  h a r d  
direct ion.  The wa l l  mot ion  and  ro t a t i ona l  thresholds  
were  ob ta ined  as the va lue  of the  field at the m i d -  
po in t  of the  obse rved  d o m a i n  wa l l  and  ro t a t iona l  
swi tch ing  traces. 

Hysteres is  p a r a m e t e r s . - - T h e  m e a s u r e d  hys teres is  
p a r a m e t e r s  were  (i) the coercive force in  the  easy 
direct ion,  Hc; (i i)  the  an i so t ropy  field, i.e., the  field 
r equ i r ed  to sa tu ra te  i n  the  ha rd  direct ion,  Hk;  and  
(ii i)  the  m a x i m u m  and  qua r t i l e  dispersion,  ~m and  
0% The d ispers ion  angles  we re  m e a s u r e d  in  the  
m a n n e r  descr ibed  b y  Crowthe r  (5) .  The  coercive 
force of the deposi ts  in  the  easy d i rec t ion  va r i ed  
f rom 1.0 to 3.0 oe and  the  an i so t ropy  field va lue  was  
var ied  f rom 3.0 to 6.0 oe. The m a x i m u m  dispers ion  
angle  r a n g e d  f rom 5 ~ to 13 ~ and  the  qua r t i l e  dis-  
pers ion  var ied  f rom 1 ~ to 3 ~ 

Electredeposi t ion conditi~>ns.--Films were  e lec t ro-  
deposi ted onto a c i rcu la r  cathode in  the  presence  of 
a magne t i c  field. The d i ame te r  of the cathode was  
1.37 cm and  the th ickness  of the deposits  was  va r i ed  
f rom a p p r o x i m a t e l y  500 to 2800A. This la rge  ra t io  
of spot d i a m e t e r  to th ickness  min imizes  the  m a g -  
n i t u d e  of demagne t i z ing  fields in  the p l ane  of the  
film. The composi t ion  of all  deposits  was  app rox i -  
m a t e l y  81% Ni -19% Fe. The films lacked a n y  ap-  
p rec iab le  s t r a in  sens i t iv i ty  in  the easy and  ha rd  di -  
rect ions.  The th ickness  was d e t e r m i n e d  f rom the  
k n o w n  geomet ry  and  the  theore t ica l  f lux dens i ty  for 
p e r m a l l o y  (81% Ni -19% Fe) .  Thick  deposits 
(4000A) were  made  to check the th ickness  ca lcu la -  
t ions  based on g e o m e t r y  and  flux dens i ty  by  w e i gh t -  
dens i ty  calculat ions.  Thicknesses  ca lcu la ted  b y  these 
methods  agreed w i t h i n  5%. The e lec t ro ly te  used was  
s imi la r  to tha t  descr ibed  by  Wolf  (1) .  However ,  a 
p l a t i n u m  anode  was used r a t h e r  t h a n  a F e - N i  anode  
and  fresh solut ions  were  used to o b t a i n  each deposit .  
The c u r r e n t  dens i ty  was 6 m a / c m  2. Solu t ions  were  
p r epa red  us ing  r eagen t  g rade  chemicals  and  t r ip le  
dis t i l led water .  The e lec t ro ly te  was  used at room 
t e m p e r a t u r e  w i thou t  agi ta t ion.  

Experimental Results and Discussion 
Fi lms  wi th  v a r y i n g  H c / H k  rat ios  f rom 0.30 to 1.1 

and  m a x i m u m  dispers ion  in  the  r ange  of 5 ~ to 13 ~ 
were  eva lua t ed  as to the  pa th  of the  m a g n e t i z a t i o n  
at  appl ied  field angles  to the  easy d i rec t ion  of 30 ~ , 
60 ~ and  75 ~ Typica l  flux pa ths  are shown  in  Fig. 1. 
These resu l t s  show tha t  two m e c h a n i s m s  of flux r e -  
versa l  c lear ly  occur, as ev idenced  by  the  va r i a t i on  

= 30 o ,6' = 60 = ~ ='/'5 = 

~ / ~  ~ 2830 A=~ Hc='.O oe 

e / \ ' ,  ~ ]tf " - ,  I/~( . . . . . . .  ; . ;~ . ,o , .  ~,.~=o.9~ 

Fig. 1. Flux paths of electrodeposlted films at applied field 
angles of 30 ~ 60 ~ end 75 ~ 

in  pa th :  a coheren t  ro ta t ion  as shown  by  the  c i rcu la r  
path,  and  an  incohe ren t  or wa l l  mot ion  r eve r sa l  p ro -  
cess as ev idenced  by  the  l i nea r  path .  The  l i n e a r  pa th  
obv ious ly  cannot  be a s ingle  d o m a i n  process since 
the  r e s u l t a n t  m a g n e t i z a t i o n  vec tor  m a g n i t u d e  is 
cons ide rab ly  less t h a n  the  s a t u r a t i o n  m a g n e t i z a t i o n  
va lue  ind ica ted  b y  the  ou te r  complete  circle. The 
l inea r  pa th  is v e r y  l i ke ly  due  to wal l  mo t ion  since 
obse rva t ion  of the  d M / d t  vs. Ha curve  in  this  reg ion  
shows cons iderab le  B a r k h a u s e n  j u m p s  in  all  cases. 
W h e n  the  a-c  field is appl ied  at an  angle  of 30 ~ to 
the easy  axis, ve ry  l i t t le  flux change  occurs p e r p e n -  
d icu la r  to the easy axis  for samples  w i th  an  H c / H k  
rat io less t h a n  0.5 (e.g., Fig. 1A).  In  fact, flux r e -  
ve rsa l  for these samples  is a lmost  comple te ly  by  
wa l l  mot ion  processes. However ,  a sample  w i th  an  
H c / H k  ra t io  g rea te r  t h a n  0.5 indica tes  some ro ta -  
t iona l  behav io r  over  an  ang le  of a p p r o x i m a t e l y  45 ~ 
(e.g., Fig. 1B and  C),  bu t  cons iderab le  eccent r ic i ty  
is shown  in  the  path .  

A t  inc reas ing  appl ied  field angles  (60 ~ a nd  75 ~ ) 
to the  easy  axis, samples  w i th  an  H c / H k  ra t io  less 
t h a n  0.5 show i m p r o v e d  ro ta t iona l  charac ter is t ics  as 
ind ica ted  by  the  p a r t i a l l y  cu rved  pa th  bu t  aga in  
cons iderab le  eccen t r ic i ty  occurs  (Fig. 1A). Samples  
w i th  an  H c / H k  ra t io  g rea te r  t h a n  0.5 show cons ider -  
able  ro ta t ion  over  angles  as la rge  as 75 ~ and  85 ~ 
(Fig. 1B and  C) and  l i t t le  eccent r ic i ty  in  the  cu rved  
pa th  which  is especia l ly  obvious  in  Fig. 1B and  C. 
However ,  a comple te  coheren t  ro ta t iona l  swi tch  was 
n e v e r  observed and  some wa l l  mot ion  a lways  fol-  
lowed the  ro t a t iona l  swi tch  to comple te  the flux r e -  
versal .  Thus,  on ly  a pa r t i a l  ro ta t ion  of the  m a g -  
ne t i za t ion  occurs. These resul t s  are  s imi la r  to those 
of v a c u u m  deposi ted films (4) .  The  ex t en t  of co- 
h e r e n t  ro ta t ion  increases  w i th  an  increase  in  H c / H k  
ratio.  This  can be seen f rom the  two samples  wi th  
the same dispers ion  bu t  d i f f e ren t  H c / H k  ratios.  This  
is especia l ly  a p p a r e n t  a t  appl ied  field angles  of 75 ~ 
to the  easy axis. Thus,  i nc reas ing  the  H c / H k  ra t io  
increases  the m i n i m u m  ang le  for  rota t ion.  

A s s u m i n g  the  app l i cab i l i ty  of the  S t o n e r - W o h l -  
f a r th  theo ry  for s imple  coheren t  ro ta t ion  an  equa -  
t ion  can be de r ived  r e l a t ing  the  appl ied  field, at 
angle  fl wi th  the  easy axis, a nd  the  angle  8 t h rough  
which  the ma gne t i z a t i on  has been  ro ta ted  a w a y  
f rom the  easy axis  by  the appl ied  field, as shown  
be low 

Sin  28 
ha ~ H a / H k  = 

2 Sin  ( f l - - 8 )  
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F o r  a n y  g i v e n  fl, t he  m a g n e t i z a t i o n  w i l l  r o t a t e  u n t i l  
a m a x i m u m  e n e r g y  pos i t i on  is r e a c h e d  and  w i l l  t hen  
r o t a t e  c o h e r e n t l y  to  a pos i t ion  b e t w e e n  H a  and  the  
ea sy  ax i s  w i t h o u t  f u r t h e r  a p p l i e d  field. H o w e v e r ,  
th is  w i l l  occur  on ly  if  t he  r a t i o  of Hc to H k  is 
g r e a t e r  t h a n  some  m i n i m a l  va lue ,  e.g., if t h e  c o m -  
p o n e n t  of H a  a long  the  ea sy  ax i s  exceeds  Hc b e f o r e  
t h e  a n g l e  of  m a x i m u m  e n e r g y  for  r o t a t i o n  is r e a c h e d  
t h e n  a d o m a i n  w a l l  sw i t ch  wi l l  occur .  A d o m a i n  w a l l  
swi t ch  o b v i o u s l y  occurs  for  the  s a m p l e  s h o w n  in Fig.  
1A for  w h i c h  t h e  H c / H k  r a t io  is b e l o w  the  m i n i m a l  
v a l u e  b u t  for  s a m p l e s  s h o w n  in Fig .  1B a n d  C, t he  
H c / H k  r a t i o  is a b o v e  the  m i n i m u m  v a l u e  for  r o t a -  
t ion.  In  a l l  s a m p l e s  t he  d o m a i n  w a l l  swi t ch  is a t  an  
ang le  to t he  easy  axis ,  s ince  the  m a g n e t i z a t i o n  wi l l  
r o t a t e  u n t i l  t he  easy  ax i s  c o m p o n e n t  of the  field is 
a p p r o x i m a t e l y  e q u a l  to t he  coe rc ive  force.  As  the  
c r y s t a l l i t e s  beg in  to swi t ch  the  i n t e n s i t y  of m a g -  
ne t i z a t i on  decreases .  T h e  p a t h  w i l l  t hen  show a 
c u r v i n g  a w a y  or  e c c e n t r i c i t y  to t he  c i r c u l a r  p a t h  
(see  Fig .  1).  Those  c r y s t a l l i t e s  w h i c h  h a v e  a l r e a d y  
s w i t c h e d  wi l l  a id  the  a p p l i e d  f ield b y  m a g n e t o s t a t i c  
i n t e r ac t i on ,  and  a d o m a i n  w a l l  sw i t ch  shou ld  occur  
at  a l o w e r  a p p l i e d  field t h a n  e x p e c t e d  on the  bas is  
of zero  d i spers ion .  H o w e v e r ,  a f t e r  t he  swi tch ,  the  
d i r ec t i on  and  m a g n i t u d e  of t he  m a g n e t i z a t i o n  wi l l  
be n e a r l y  t he  s ame  as i t  w o u l d  be  w i t h  zero d i s p e r -  
sion. This  accounts  for  t he  d o m a i n  w a l l  swi t ch  oc-  
c u r r i n g  at  v a r i o u s  ang les  w i t h  t he  ea sy  axis  as o b -  
s e r v e d  e x p e r i m e n t a l l y .  The  ang le  is d e p e n d e n t  on 
the  m a x i m u m  d i s p e r s i o n  and  on  the  H c / H k  r a t i o  
(Fig .  1).  

To o b t a i n  a d d i t i o n a l  i n f o r m a t i o n  conce rn in g  the  
w a l l  m o t i o n  and  r o t a t i o n a l  cha r ac t e r i s t i c s  of e l e c t r o -  
depos i t ed  films, t he  d e p e n d e n c e  of t he  w a l l  m o t i o n  
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Fig. 2. Wall motion and rotationa{ thresholds of electrodeposited 
thin films. (A) Thickness, 1600•; Hc, 1.6 oe; Hk, 3.48 oe; Hc/Hk, 
0.46; ~max, 12~ ~q,  3 ~ (B) Thickness, 1410.~; Hc, 1.9 oe; Hk, 
3.54 oe; Hc/Hk, 0.54; ~max, 10~ ~q,  2 ~ (C) Thickness, 730A; 
Hc, 3.1 oe; Hk, 3.36 oe; Hc/Hk, 0.92; ~max, 5~ ~q,  1~ (D) 
Thickness, 635]~, Hc, 4.1 oe; Hk, 4.04 oe; Hc/Hk, 1.02; ~ m ~ ,  
10.5~ ~q,  2 ~ . (E) Thickness, 518~; Hc, 3.7 oe; Hk, 3.44 oe; 
Hc/Hk, 1.08; ~max, 13~ ~q,  5 ~ �9 hw is wall motion and hp is 
rotational thresholds. - - - is Stoner-Wohlfarth curve. 

and  r o t a t i o n a l  t h r e s h o l d s  on  the  ang le  of t he  a p p l i e d  
field was  e v a l u a t e d .  The  r o t a t i o n a l  t h r e s h o l d s  w e r e  
t h e n  c o m p a r e d  to t he  S t o n e r - W o h l f a r t h  e q u a t i o n  
(HT/HK = HL/HK t a n  8 q- s in ~) (4 ) .  The  d a t a  w e r e  

o b t a i n e d  f r o m  the  d i f f e r e n t i a l  cu rves  ( d M / d t  vs.  H a )  
b y  us ing  an  a - c  f ie ld of 5 oe in  t h e  e a s y  d i r e c t i o n  
a n d  v a r i o u s  d - c  b ias  f ields (0.4 H k  to 1.5 H k )  in  t h e  
h a r d  d i rec t ion .  F i e l d  v a l u e s  a t  t he  m i d  po in t s  of  
t he  d o m a i n  w a l l  (hw) a n d  r o t a t i o n a l  sw i t ch ing  
t r aces  (hp) w e r e  t a k e n  as t he  t h r e s h o l d  f ield va lues .  
These  t h r e s h o l d  va lue s  w e r e  t h e n  p l o t t e d  vs.  t he  
m a g n i t u d e  of t he  d - c  b ias  field. A l l  va lue s  w e r e  
n o r m a l i z e d  to Hk.  

In  a l l  cases  t he  r o t a t i o n a l  t h r e s h o l d s  w e r e  g r e a t e r  
t h a n  those  p r e d i c t e d  b y  s imp le  cohe ren t  r o t a t i o n a l  
swi t ch ing .  Thus ,  for  a g i v e n  ang le  of a p p l i e d  f ield 
( f o r m e d  b y  a p p l y i n g  fields in  t he  h a r d  d i r ec t i on  a t  
a g iven  ea sy  d i r ec t i on  f ie ld)  h i g h e r  f ield va lue s  t h a n  
p r e d i c t e d  a r e  r e q u i r e d  for  ro ta t ion .  A l l  s a m p l e s  
w h i c h  s h o w e d  bo th  r o t a t i o n a l  and  w a l l  m o t i o n  
t h r e s h o l d s  cou ld  be  c ons ide r e d  i n v e r t e d  a b o v e  a 
c e r t a i n  ang le  of a p p l i e d  field. This  is to say  t h a t  
t h e  r o t a t i o n a l  t h r e s h o l d  is less  t h a n  t h e  w a l l  m o t i o n  
t h r e s h o l d  ( i n v e r t e d ) .  These  r e su l t s  can  be  seen  in 
Fig.  2 and  a r e  s i m i l a r  to those  r e p o r t e d  for  v a c u u m  
depos i t ed  f i lms b y  M e th fe s se l  et al. (5 ) .  B y  e x t r a p o -  
l a t i n g  the  e x p e r i m e n t a l  r o t a t i o n a l  t h r e s h o l d s  to i n -  
t e r sec t  t he  e x p e r i m e n t a l  w a l l  m o t i o n  t h r e s h o l d  the  
t h e o r e t i c a l  m i n i m u m  a n g l e  of a p p l i e d  field (fl) for  
a r o t a t i o n a l  sw i t ch  can  be ob ta ined .  This  m i n i m u m  
a n g l e  can t h e n  be  p l o t t e d  vs.  the  H c / H k  r a t i o  as 
s h o w n  in Fig.  3. The  c u r v e  shows  t h a t  t he  t h e o r e t i -  
cal  m i n i m u m  ang le  of t he  a p p l i e d  field for  a r o t a -  
t i ona l  swi t ch  is a f u n c t i o n  of t he  H c / H k  ra t io .  E x -  
p e r i m e n t a l l y  a H c / H k  r a t i o  of 0.4 r e q u i r e s  an  a p -  
p l i ed  field ang le  of  68 ~ to the  ea sy  ax i s  to p r o d u c e  a 
r o t a t i o n a l  sw i t ch  b u t  a H c / H k  r a t i o  of 1.0 r e q u i r e s  
a p p r o x i m a t e l y  a 5 ~ a p p l i e d  field ang le  to t he  ea sy  
ax i s  to p r o d u c e  a r o t a t i o n a l  swi tch .  This  o b s e r v a t i o n  
ag rees  w i t h  a c o h e r e n t  r o t a t i o n a l  swi t ch ing  b e h a v i o r  
(6) .  The  l o w e r  the  H c / H k  ra t io ,  the  h i g h e r  t he  b ias  
field r e q u i r e d  to ob t a in  a r o t a t i o n a l  swi tch .  
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Fig. 3. Theoretical minimum angle of applied field for rotational 
switching as a function of the Hc/Hk ratio. 
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Fig. 4. Separation between rotational and wall motion thresholds 
at a fixed bias field. 

The sepa ra t ion  b e t w e e n  the  wa l l  mot ion  a nd  ro-  
t a t i ona l  thresholds  (Ahn)  at a fixed d -c  bias  field 
appears  to be p r i m a r i l y  d e p e n d e n t  on the th ickness  
of the film. There  does no t  appear  to be any  direct  
cor re la t ion  of wa l l  mot ion  and  ro t a t i ona l  th resho ld  
sepa ra t ion  w i t h  m a x i m u m  dispers ion  or H c / H k  
ratio. A plot  of wal l  mot ion  and  ro ta t ion  th resho ld  
separa t ion  (Ahl~) vs. th ickness  is shown  in  Fig. 4 
at d -c  bias fields of 0.4 H •  and  at 0.7 H •  
These resul ts  show tha t  the  m a x i m u m  separa t ion  
occurs as the th ickness  is decreased over  the r ange  
of th ickness  measu red  (500-1400A).  The effect of 
th ickness  on the separa t ion  (Ahn)  m a y  be associ-  
a ted wi th  the type  of wa l l  format ion .  The wal l  mo-  
t ion  th reshold  m a y  decrease  w i th  inc reas ing  t h i ck -  
ness due to a change  f rom Neel  to Cross -Tie  to Bloch 
wal l  fo rmat ion .  Thus  a Bloch wal l  wou ld  have  a 
lower  wal l  mot ion  th resho ld  t h a n  a Neel  wall .  
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Conclusions 
Elect rodeposi ted  films show a pa r t i a l  ro t a t i ona l  

swi tch ing  behav io r  s imi la r  to tha t  r epor ted  for 
v a c u u m  deposi ted films as ev idenced  b y  (i)  a c i rcu-  
lar  flux path,  and  (it) ro t a t iona l  thresholds .  The 
H c / H k  rat io de t e rmines  the  m i n i m u m  angle  be -  
t w e e n  the  easy axis and  the appl ied  field for coher-  
en t  ro ta t iona l  swi tching.  Inc reas ing  d ispers ion  at a 
fixed H c / H k  rat io reduces  the  wa l l  mo t ion  th res -  
hold. The wa l l  mot ion  a nd  ro ta t iona l  threshold  
separa t ion  is p r i m a r i l y  d e p e n d e n t  on th ickness .  
Magne t i za t ion  pa th  and  th resho ld  m e a s u r e m e n t s  
c lear ly  show tha t  two mechan i sms  of swi tch ing  oc- 
cur  d u r i n g  flux reversal ,  a ro t a t iona l  swi tch  fol-  
lowed by  a wa l l  mo t ion  swi tch  as the ma gne t i z a t i on  
moves  t h r o u g h  the  h a r d  direct ion.  
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Chemical Deposition of Thin Films of Lead Selenide 
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ABSTRACT 

A method has been developed which yields chemically deposited thin films 
of lead selenide on a glass surface. These are uni form in appearance and elec- 
trical resistance [1-4 meg/(0.635 cm)2]. The coating solution is made up of a 
lead citrate complex and dimethylselenourea with sodium sulfite present  as an 
antioxidant .  All of the parameters  involved in the coating process were studied, 
including the pre t rea tment  of the glass surface, and the opt imum conditions for 
the coating reaction are described. 

The me thod  of p r e p a r i n g  th in  films of lead chalco-  
genides  by  homogeneous  p rec ip i t a t ion  f rom solu t ion  
has received r e l a t i ve ly  l i t t le  a t ten t ion .  The m e t h o d  
is of cons iderab le  in t e re s t  because  i t  r ead i ly  lends  
i tself  to l a rge -sca le  p roduc t ion  techniques .  

The  chemical  deposi t ion  of lead sulfide films was  
descr ibed  by  Hause r  (1) i n  1910. This  me thod  i n -  
volves the reac t ion  of d i lu te  solut ions  of th iourea  
w i t h  lead acetate.  A lmos t  all  s u b s e q u e n t  i nves t iga -  
t ions dea l ing  wi th  the  chemical  deposi t ion of lead 
sulfide essen t ia l ly  have  employed  modif icat ions of 
Hause r ' s  method.  The pr inc ip le  va r i a t ions  have  i n -  

va lved  changes in  the concen t ra t ions  of the  lead 
acetate  a nd  th iou rea  solut ions  used,  the  t e m p e r a t u r e  
of deposit ion,  a nd  the  use of surface  seeding nuc le i  as 
a me a ns  of i m p r o v i n g  the  p roper t i es  of the  films. A n  
except ion  to the  lead a c e t a t e - t h i o u r e a  reac t ion  is the  
me thod  descr ibed by  W i l m a n  (2) .  In  this  case h y d r o -  
gen sulfide is passed over  an  acidic so lu t ion  of lead 
aceta te  and  a f loating film of lead sulfide is formed.  

Pick  (3) has discussed the  factors  which  inf luence  
film fo rma t ion  in  homogeneous  p rec ip i t a t ion  reac-  
t ions. These inc lude  the ra t e  of diffusion of colloidal  
par t ic les  to the  glass surface and  the inf luence of 
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c r y s t a l l i z a t i o n  nuc le i  w h i c h  can  be  f o r m e d  b y  the  
a d d i t i o n  of m e t a l  ions whose  sulf ides  a r e  e x t r e m e l y  
in so lub le  such as  s i lver ,  m e r c u r y ,  p l a t i n u m ,  and  
gold.  The  m e c h a n i s m  of  p r e c i p i t a t i o n  of l e ad  sulf ide 
ou t  of a l k a l i n e  l e a d - t h i o u r e a  so lu t ions  in t e r m s  of a 
t h i o u r e a - l e a d  h y d r o x i d e  c o m p l e x  has  been  d i scussed  
b y  K i c i n s k i  (4 ) .  

The  c h e m i c a l  depos i t i on  of t h in  f i lms of l e ad  
se l en ide  has  been  on ly  s can t i l y  i nves t i ga t ed .  This  has  
been  due,  in  l a r g e  pa r t ,  to the  i n s t a b i l i t y  of t he  
o rgan ic  s e l e n i u m  b e a r i n g  c o m p o u n d s  w h i c h  h a v e  
been  used  as p r ec ip i t an t s .  

W i l m a n  (2)  has  d e s c r i b e d  the  f o r m a t i o n  of a th in  
m i r r o r  of l e ad  se l en ide  on the  su r f ace  of l e ad  ace t a t e  
so lu t ions  acidif ied w i t h  acet ic  ac id  ove r  w h i c h  h y -  
d r o g e n  se l en ide  was  passed .  The  su r f ace  m i r r o r  of 
l ead  se l en ide  was  c a r e f u l l y  f loa ted  on the  su r f ace  of 
a n i c k e l  gauze,  washed ,  and  d r i e d  in vacuo. 

A m e t h o d  d e s c r i b e d  b y  M i l n e r  and  W a t t s  (5) i n -  
vo lves  t h e  r e a c t i o n  of l e ad  ace t a t e  w i t h  s e l e n o u r e a  
in aqueous  solut ion.  P r i o r  to c a r r y i n g  out  th is  r e a c -  
t ion,  a v e r y  th in  f i lm of l e a d  sulf ide is depos i t ed  on 
the  su r f ace  to be  coated .  This  fine depos i t  f u rn i shes  
t he  nuc le i  w h i c h  act  as a seed ing  l a y e r  for  t he  
g r o w t h  of m i c r o c r y s t a l l i n e  l e ad  se lenide .  The  l e ad  
sulf ide l a y e r  is p r e p a r e d  b y  immer s ion ,  for  a shor t  
t ime ,  of t he  su r f ace  to be  coa ted  in  a b a t h  of l e ad  
a ce t a t e  and  t h i o u r e a  w h i c h  is m a d e  i n c r e a s i n g l y  
a lka l ine .  A f t e r  r e m o v a l  of th is  so lu t ion ,  l e a d  se len ide  
is t hen  depos i t ed  on the  seeded  su r f ace  b y  the  r e a c -  
t ion  of a so lu t ion  of s e l enou rea  and  l ead  ace ta te .  The  
r e a c t i o n  is v e r y  s low and  abou t  an  hou r  is r e q u i r e d  
for  t he  depos i t i on  of a suff ic ient ly  t h i c k  l a y e r  of l ead  
se lenide .  These  i n v e s t i g a t o r s  g ive  no i n f o r m a t i o n  
r e g a r d i n g  the  cond i t ions  of the  reac t ion ,  t he  s t a b i l i t y  
of t he  s e l e n o u r e a  solut ion ,  or  t he  c o n c e n t r a t i o n  of 
r e a g e n t s  used .  

The  p r e s e n t  w o r k  desc r ibes  a m e t h o d  w h i c h  u t i -  
l izes d i m e t h y l s e l e n o u r e a  ( D M S )  as the  p r e c i p i t a n t  
and  u t i l i zes  c i t r a t e  ion to con t ro l  t he  l e ad  ion con-  
cen t r a t i on .  De ta i l s  on v a r i o u s  phases  of t he  h o m o -  
geneous  p r e c i p i t a t i o n  of l e ad  se l en ide  a r e  desc r ibed ,  
and  l e ad  s e l en ide  m i r r o r s  of r e p r o d u c i b l e  p h y s i c a l  
and  e l ec t r i c a l  p r o p e r t i e s  can  be  f o r m e d  eas i ly .  

Experimental 
Selection of reagents.--Selenourea is diff icult  to 

p r e p a r e  a n d  q u i t e  uns t ab l e .  The re fo re ,  i t s  d e r i v a t i v e ,  
N , N - d i m e t h y I s e l e n o u r e a  w a s  used.  I t s  p r e p a r a t i o n  is 
eas i ly  a c c o m p l i s h e d  (6) .  On e x p o s u r e  to a i r  and  
l igh t  DMS depos i t s  red ,  co l lo ida l  se len ium.  S t o r a g e  
in a d r y  n i t r o g e n  a t m o s p h e r e  in a l i g h t - t i g h t  con-  
t a i n e r  i nh ib i t s  such decompos i t i on  indef in i t e ly .  

Stabilization of aqueous DMS solutions.--In o r d e r  
to  i nh ib i t  the  decompos i t i on  of DMS f r o m  i ts  a q u e -  
ous solu t ions ,  a v a r i e t y  of a n t i o x i d a n t s  w e r e  i n v e s t i -  
ga ted .  These  i n c l u d e d  ascorb ic  acid,  s o d i u m  sulfi te,  
s o d i u m  th iosu l fa t e ,  h y d r o q u i n o n e ,  f o r m a l d e h y d e ,  
and  d i s p l a c e m e n t  of d i s so lved  o x y g e n  b y  s a t u r a t i o n  
of t he  so lu t ion  w i t h  n i t r o g e n  gas. F i r s t  ev idence  of 
s e l e n i u m  depos i t i on  f r o m  0.11V[ aqueous  so lu t ions  of 
DMS in t he  absence  of a n y  i n h i b i t o r s  was  o b s e r v e d  
a f t e r  3 min.  F o r m a l d e h y d e  a c t u a l l y  a p p e a r s  to c a t a -  
lyze  t he  ox ida t i on ;  s e l e n i u m  decompos i t i on  in  such 
so lu t ion  w a s  o b s e r v e d  to occur  less t h a n  30 sec a f t e r  

O F  L E A D  S E L E N I D E  43 

mix ing .  Some  of t he  o t h e r  a n t i o x i d a n t s  e x t e n d e d  the  
i nh ib i t i on  p e r i o d  b y  2 to 17 min.  M a x i m u m  i n h i b i -  
t ion  was  o b s e r v e d  w i t h  ascorb ic  ac id  a n d  sod ium 
sulf i te;  t he  f irst  ev idence  of s e l e n i u m  decompos i t i on  
us ing  these  r e a g e n t s  a t  O.IM c o n c e n t r a t i o n  was  in  
excess  of 72 hr .  S o d i u m  sulf i te  was  t he  a n t i o x i d a n t  
s e l ec t ed  b e c a u s e  in  s u b s e q u e n t  e v a l u a t i o n  i t  was  
f o u n d  to y i e l d  m i r r o r s  of  a m u c h  m o r e  h o m o g e n e o u s  
qua l i t y .  

Complexing of the lead ion.--Because of the  r e a d y  
p r e c i p i t a t i o n  of l e ad  h y d r o x i d e ,  e spec i a l l y  a t  h i g h e r  
pH 's ,  s tud ies  of the  r e a c t i o n  in a l k a l i n e  so lu t ion  
could  be  c a r r i e d  ou t  on ly  in  a m e d i u m  in w h i c h  the  
l e a d  ion  c o n c e n t r a t i o n  was  r e d u c e d  to a l eve l  so low 
tha t  the  s o l u b i l i t y  p r o d u c t  for  l e a d  h y d r o x i d e  was  
no t  exceeded .  As  a resu l t ,  v a r i o u s  c o m p l e x i n g  ions,  
such  as oxa la t e ,  t a r t r a t e ,  and  c i t ra te ,  w e r e  i n v e s t i -  
g a t e d  as c o m p l e x i n g  agents .  Of these ,  on ly  c i t r a t e  
was  f o u n d  to be  effect ive;  t he  o the r  two  f o r m e d  p r e -  
c ip i t a t e s  i n so lub l e  in  an  excess  of t he  ions. 

The  use of excess  c i t r a t e  r e duc e s  t he  c o n c e n t r a t i o n  
of l e ad  ion and  p e r m i t s  an  inc rease  in p H  w i t h  s t i l l  
f u r t h e r  r e d u c t i o n  in t he  f ree  l ead  ion concen t r a t ion .  
This  wi l l  be  d i scussed  subse que n t l y .  

Effect of pH on mirror formation.--Lead-ci trate 
so lu t ions  w e r e  p r e p a r e d  f rom 5.0 m l  l e ad  n i t r a t e  
(0.1M) and  2.5 m l  s o d i u m  c i t r a t e  (0 .8M).  A m m o -  
n i u m  h y d r o x i d e  (7.5M) was  a d d e d  s t epwise ,  a n d  t h e  
p H  of t he  so lu t ion  was  m e a s u r e d  at  each  s tep  w i t h  a 
m o d e l  H-2  B e c k m a n  p H  mete r .  

To d e t e r m i n e  the  o p t i m u m  p H  for  t h e  depos i t i on  
of l e ad  se l en ide  m i r r o r s ,  v a r i o u s  l e a d - c i t r a t e  so lu -  
t ions  con ta in ing  v a r y i n g  a m o u n t s  of a m m o n i u m  h y -  
d r o x i d e  w e r e  p r e p a r e d  as d e s c r i b e d  and  tes ted .  In  
each  case, 5.0 ml  of DMS (0 .1M),  c o n t a i n i n g  sod ium 
sulf i te  (0.01M) as the  a n t i o x i d a n t ,  was  a d d e d  to the  
a m m o n i a c a l  l e a d - c i t r a t e  so lu t ion  and  the  speed  of 
the  r e a c t i o n  and  n a t u r e  of t he  l e ad  se l en ide  m i r r o r  
f o r m e d  w e r e  noted .  

The  bes t  f i lms w e r e  p r o d u c e d  f r o m  so lu t ions  h a v -  
ing  a p H  of 9.8. Smooth ,  even  m i r r o r s  w e r e  depos i t ed  
a f t e r  30 m i n  of reac t ion .  The  r e a c t i o n  in t he  so lu t ion  
h a v i n g  a p H  of 9.5 was  too s low;  a th in ,  u n e v e n  f i lm 
was  p r o d u c e d  a f t e r  1 h r  of reac t ion .  Gross  p r e c i p i t a -  
t ion  o c c u r r e d  in  the  so lu t ion  of p H  10.1, w i t h  the  
f o r m a t i o n  of a thin,  u n e v e n  m i r r o r .  A p H  of 9.8 
was  se l ec t ed  a n d  used  in  a l l  f u r t h e r  e x p e r i m e n t s .  

Effect of aging on the stability of DMS-sul~te 
soIutioc~s.--It w a s  obse rved ,  w h e n  us ing  sod ium s u l -  
rite as the  a n t i o x i d a n t ,  t h a t  t he  depos i t i on  r e a c t i o n  
d id  no t  a l w a y s  p roc e e d  a t  t h e  s ame  ra te .  Not  on ly  
d id  t h e  p r e - m i r r o r i n g  t i m e  v a r y  b u t  also t he  a m o u n t  
of m i r r o r  depos i t ion .  This  effect was  f o u n d  to be  due  
to t he  t ime  e l a pse d  b e t w e e n  the  p r e p a r a t i o n  and  
use of the  D M S - s u l f i t e  solut ions .  F r e s h l y  p r e p a r e d  
so lu t ions  g a v e  a v e r y  s low reac t ion ,  w h e r e a s  o lde r  
so lu t ions  r e a c t e d  m o r e  r a p i d l y .  

A s t u d y  of t he  effect of ag ing  on the  speed  of t h e  
r e a c t i o n  was  m a d e  b y  fo l lowing  the  l igh t  t r a n s -  
miss ion  of t he  l e ad  se l en ide  suspens ion  u s i n g  a 
C e n c o - S h e a r d - S a n f o r d  P h o t e l o m e t e r ,  T y p e  B2. The  
depos i t i on  r e a c t i o n  was  s t u d i e d  us ing  va r i ous  s a m -  
ples  of t he  D M S - s u l f i t e  so lu t ions  of t he  s ame  con-  
cen t r a t i on ,  b u t  for  w h i c h  d i f fe ren t  i n t e r v a l s  of t i m e  
h a v e  e l a p s e d  b e t w e e n  the  t i m e  of p r e p a r a t i o n  a n d  the  
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Fig. 1 Effect of aging of the DMS-sulfite solution on the rate 
of precipitation of lead selenide. Prereaction aging time: A, 6 rain; 
B, 1 hr; C, 2 hr; D, 4 hr; E, 6 hr; F, 21 hr. 
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Fig. 3. Reproducibility of homogeneous lead selenide pre- 
cipitation. Ideally, the five curves would be entirely superimposed. 
Solution aging time, 1 hr. 

reac t ion  w i th  l ead -c i t r a t e  solut ion.  The t r ansmis s ion  
of whi te  l ight  by  the  so lu t ion  was  observed  as a 
f unc t i on  of to ta l  r eac t ion  t ime. The pho te lome te r  
was opened to its m a x i m u m  slit  w id th  and  no filter 
was used. The  t ime  p lo t ted  as the abscissa in Fig. 1 
is tha t  r equ i r ed  for the  needle  to move  f rom the posi-  
t ion  of ex t r eme  deflection to the  per  cent  t r a n s m i s -  
s ion noted.  I t  can be seen tha t  the effect of aging of 
the  DMS-sul f i te  solut ions  on the  ra t e  of f o rma t i on  of 
lead se lenide  is cri t ical .  Read ings  be low 40% t r a n s -  
miss ion  are  of l imi ted  v a l u e  because  of the  fo rma t ion  
of a t h in  ref lect ing film of lead selenide on the  r e -  
act ion t ube  surface.  

In  Fig. 2 the reac t ion  t ime  of the  homogeneous  
p rec ip i t a t ion  is p lo t ted  vs. the  ag ing  t ime  of the  
DMS-sul f i te  solut ion.  In  this  case, the t ime  r e q u i r e d  
for the  so lu t ion  to reach  90% t r ansmis s ion  was  
chosen as a s t a n d a r d  so tha t  m i r r o r  f o rma t ion  w ou l d  
no t  in ter fere .  This  plot  shows that ,  for DMS-sul f i te  
solut ions  more  t h a n  10 hr  old, aging is on ly  of sec- 
o n d a r y  impor tance .  

Conditions for reproducibility of P b S e  deposition. 
- - O n e  of the  basic objec t ives  of this  i nves t iga t ion  
was  to es tabl ish  a r ep roduc ib le  set of condi t ions  for 
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Fig. 2. Effect of aging of the DMS-sulfite solution on the rate 
of lead selenide precipitation; the ordinate is the time required 
for a lead citrate-DMS, sulfite mixture to reduce a beam of light 
of equal intensity to 90 per cent of its initial intensity. 

the p r e pa r a t i on  of lead se lenide  mirrors .  One of the  
p a r a m e t e r s  s tud ied  was  the  r ep roduc ib i l i t y  of the  
p r e - m i r r o r i n g  react ion.  This  was  eva lua t ed  by  
s t udy ing  pho tome t r i ca l ly  the  reac t ion  t ime  for a 
n u m b e r  of solut ions h a v i n g  w h a t  was cons idered  to 
be o p t i m u m  composi t ion.  The  solut ions  were  made  
up as follows: lead solut ion:  2.5 ml  sod ium c i t ra te  
(0.4M), 5.0 ml  lead n i t r a t e  (0.1M), 0.4 ml  a m m o -  
n i u m  hyd r ox i de  (7.5M) ; DMS solu t ion:  5.0 ml  DMS 
(0.1M) in  sod ium sulflte (0.01M, 0.0755 g ) ;  ag ing  
t ime, 5.0 min.  

Solu t ions  were  p r epa red  in  a cons tan t  t e m p e r a t u r e  
ba th  (25~ and  r e m a i n e d  in  the ba th  u n t i l  p laced  
in  the  phote lometer .  A red filter was  used, and  the  
pho te lomete r  was  ad jus t ed  to 100% t r ansmis s ion  
wi th  the  l e ad -c i t r a t e  so lu t ion  af ter  which  the  DMS-  
sulfite was  added and  the  stop wa tch  energized.  The  
data  as p lo t ted  in  Fig. 3 show tha t  a h igh ly  r ep ro -  
duc ib le  p r e - m i r r o r i n g  reac t ion  can be achieved.  In  
v iew of the  fact  tha t  all  samples  were  p r o b a b l y  not  
hea ted  u n i f o r m l y  a nd  the  m a n y  other  va r i ab l e s  tha t  
could be in t roduced ,  the  r ep roduc ib i l i t y  achieved is 
excel lent .  

Study  of film resistance as a function of DMS-  
sulfite aging.--Solutions at o p t i m u m  coat ing com- 
posi t ion (see p rev ious  sect ion)  were  b r ough t  to con-  
s tan t  t e m p e r a t u r e  (25~ a glass slide ( t r ea t ed  as 
descr ibed s u b s e q u e n t l y )  was placed in  the lead solu-  
t ion, a nd  the DMSosulfi te  so lu t ion  was added.  The  
test  tube  was gen t ly  swir led  to i n su re  comple te  
m i x i n g  of the so lu t ion  a nd  t h e n  placed in  the  25 ~ 
bath .  The reac t ion  was  p e r m i t t e d  to proceed for 30.0 
min.  Af te r  this t ime  the  solut ion was  r e m o v e d  f rom 
the  cons tan t  t e m p e r a t u r e  ba th ,  poured  out, a n d  the  
test  t ube  con ta in ing  the  glass slide r insed  w i th  dis-  
t i l led  water .  The  slide was t h e n  r insed  separa te ly  
a nd  dr ied  in  110 ~ oven  for 10 min.  The res is tances  
were  m e a s u r e d  af ter  the  p r e p a r a t i o n  of e lect rode 
surfaces as descr ibed in  the  n e x t  section. 

Preparation of electrodes.--While be ing  coated 
wi th  lead selenide,  the  slide res ted  in  the  coat ing 
ba th  at an  angle  of a p p r o x i m a t e l y  60 ~ ( cy l indr i ca l  
f l a t -bo t tomed  vessels of p roper  d i ame te r  should  be 
used as coat ing  con ta ine rs  so tha t  the  slide can  rest  
at a p p r o x i m a t e l y  this  ang le ) .  Thus,  the surface of 
the slide facing the  bo t tom of the  t ube  could be 
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Fig. 4. Resistivity of chemically deposited lead selenide films 
on glass as a function of the aging time of the DMS-sulfite 
solution. 

coa ted  b y  a d s o r p t i o n  of l e ad  s e l en ide  p a r t i c l e s  w h i l e  
t he  u p p e r  s ide cou ld  be  coa ted  b y  s e d i m e n t a t i o n  as 
wel l .  The  f i lm on the  u n d e r  s ide  of t h e  s l ide  was  
used  for  r e s i s t a n c e  m e a s u r e m e n t s .  Th is  s ide  w a s  
ea s i l y  d i s t i n g u i s h e d  fo r  i t  possessed  a v e r y  b r i gh t ,  
even,  re f lec t ing  su r f ace  w h i l e  t he  u p p e r  s ide  was  
du l l  a n d  soo ty  in a p p e a r a n c e .  

The  l e a d  s e l en ide  on the  b a c k s i d e  of t he  s l ide  was  
r e m o v e d  b y  r u b b i n g  w i t h  a co t ton  s w a b  m o i s t e n e d  
in 10% n i t r i c  acid,  a n d  the  f i lm a long  the  edges  w a s  
r e m o v e d  b y  r u b b i n g  w i t h  e m e r y  cloth.  A q u a d a g  
e l ec t rodes  w e r e  t hen  p a i n t e d  at  t he  edges  of t he  l e a d  
se l en ide  su r f ace  w h i l e  m a s k i n g  the  c e n t e r  p o r t i o n  
w i t h  smoo th  p a p e r  s t r ip  e x a c t l y  0.635 cm in wid th .  
The  r e s i s t ance  of  f i lms p r e p a r e d  in  t he  m a n n e r  d e -  
s c r i bed  in t he  sec t ion  i m m e d i a t e l y  p reced ing ,  b u t  in  
w h i c h  D M S - s u l f i t e  so lu t ions  h a d  aged  f rom 2-16 h r  
is s h o w n  in Fig .  4. The  shape  of th i s  c u r v e  c lose ly  
r e s e m b l e s  t h a t  of Fig.  2. A g a i n  i t  is s h o w n  t h a t  
a f t e r  10 h r  t he  age  of t he  D M S - s u l f i t e  is no l onge r  a 
c r i t i ca l  fac tor .  

Pretreatment of the glass surface.--Pick (3)  o b -  
s e r v e d  t ha t  the  cond i t i on  of  the  glass  su r f ace  p r o -  
f o u n d l y  af fec ted the  q u a l i t y  of l e ad  sulf ide m i r r o r  
depos i t ion .  Seed ing  nuc l e i  p l a y  a v e r y  i m p o r t a n t  
ro le  in d e t e r m i n i n g  bo th  the  t y p e  a n d  a m o u n t  of 
m i r r o r  depos i t ed .  

As  a m e a n s  of o b t a i n i n g  a m o r e  u n i f o r m  and  r e -  
p r o d u c i b l e  depos i t ion ,  t h r e e  m e t h o d s  of i n t r o d u c i n g  
seed ing  nuc le i  on the  g lass  su r f ace  w e r e  used :  b a t h -  
ing t h e  s l ide  in a co l lo ida l  so lu t ion ,  i n t r o d u c t i o n  of a 
c a t i on  w h i c h  f o r m s  an  i n s o l u b l e  s e l en ide  in  t h e  r e -  
ac t ion  m e d i u m ,  and  p r e e o a t i n g  the  glass  su r f ace  w i t h  
a v e r y  l igh t  f i lm of l e ad  se lenide .  

P r i o r  to m i r r o r i n g ,  t h e  s l ides  w e r e  p l a c e d  in  col -  
l o ida l  so lu t ions  of s i lve r  i od ide  (7 ) ,  gold  (8 ) ,  a n d  
l e ad  sulf ide (9)  for  10 rain.  The  s l ides  w e r e  t h e n  
t r a n s f e r r e d  d i r e c t l y  to the  l e a d - c i t r a t e  so lu t ion .  M i r -  
ro r s  w e r e  t h e n  o b t a i n e d  in  e x a c t l y  t h e  s ame  m a n n e r  
as d e s c r i b e d  us ing  D M S - s u l f i t e  sou t ions  t h a t  w e r e  
aged  for  1.0 h r  in a l l  cases. This  t y p e  of p r e t r e a t -  
m e n t  in  s i lve r  iod ide  and  l ead  sulf ide sols a d v e r s e l y  
af fec ted  the  q u a l i t y  of t he  m i r r o r  deposi t .  I n  a l l  cases  
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v e r y  th in  and  u n e v e n  m i r r o r s  w e r e  fo rmed .  P r e -  
i m m e r s i o n  in  t he  co l lo ida l  go ld  suspens ion  p r o d u c e d  
an  e x t r e m e l y  u n i f o r m  film, b u t  i t  was  v e r y  thin.  

L e a d - c i t r a t e  so lu t ions  w e r e  p r e p a r e d  t h a t  w e r e  
10-4M in s i l ve r  or  c o p p e r ( I I )  ion concen t r a t i on .  
M i r r o r s  w e r e  t hen  p r e p a r e d  in  e x a c t l y  t he  s ame  w a y  
as above ,  us ing  DMS-su l f i t e  so lu t ions  aged  for  1.0 hr .  
A f t e r  30.0 rain,  t he  m i r r o r  p r e p a r e d  in  p r e s e n c e  of 
t he  s i lve r  ion h a d  p e e l e d  comple t e ly .  A f t e r  66.0 rain,  
the  m i r r o r  p r e p a r e d  in t he  p r e s e n c e  of C u ( I I )  ion 
was  v e r y  th in ,  une ve n ,  and  spo t ty .  

M i r r o r s  f o r m e d  in the  p r e s e n c e  of 10 -5  and  10-6M 
s i lve r  ion d id  no t  pee l  a f t e r  a 30 .0 -min  depos i t i on  
and  w e r e  v e r y  even.  Res i s t ances  of t he  f i lms p r e -  
p a r e d  f r o m  l e a d  so lu t ions  con ta in ing  10 -5  and  10-6M 
s i lve r  ion h a d  r e s i s t ances  of 11 a n d  21 meg'ohms,  
r e spec t i ve ly .  A f i lm f o r m e d  u n d e r  l i ke  cond i t ions  
b u t  w i t h  s i l ve r  ion a b s e n t  h a d  a r e s i s t a nc e  of  37 
megohms .  

Glass  s l ides  w e r e  p l a c e d  in  the  7.9 m l  s t a n d a r d  
l e ad  c i t r a t e  so lu t ion  a n d  5.0 m l  D M S - s u l f i t e  ( ag ing  
t ime ,  5.0 r a in )  was  t hen  added .  The  r e a c t i o n  was  a l -  
l o w e d  to p r o c e e d  at  25 ~ for  7.0 min.  The  r e a c t i o n  was  
s t oppe d  b y  p o u r i n g  off t he  so lu t ion  a n d  r in s ing  the  
tes t  t ube  c on t a in ing  the  s l ide  w i t h  d i s t i l l ed  wa te r .  
The  sl ide,  a f t e r  r ins ing ,  w a s  coa ted  w i t h  a v e r y  l i gh t  
f i lm of l e a d  se lenide .  The  l i g h t l y  coa t ed  s l ide  w a s  
t hen  p l a c e d  in  a n o t h e r  s t a n d a r d  l e a d  c i t r a t e  so lu t ion  
a n d  5.0 m l  of a second  D M S - s u l f i t e  so lu t ion  ( ag ing  
t ime ,  16.0 h r )  was  t h e n  added .  A f t e r  30.0 m i n  at  25 ~ 
the  r e a c t i o n  was  s topped .  The  s l ide  was  r i n sed  and  
d r i e d  a t  110 ~ for  10 min .  The  s l ides  w e r e  p r e p a r e d  
for  r e s i s t a nc e  m e a s u r e m e n t s  as d e s c r i b e d  p r e v i o u s l y .  
Res i s t ances  o b t a i n e d  on s i x t e e n  s l ides  p r e p a r e d  in 
th is  m a n n e r  w e r e  as fo l lows :  3.0, 4.0, 1.8", 0.7*, 1.1, 
2.0, 2.2, 1.9, 2.8, 3.2, 2.0", 1.4", 2.2, 4.0, 3.8, and  3.7 
m e g / ( 0 . 6 3 5  cm)  2, w h e r e  t he  f igures  m a r k e d  w i t h  an  
a s t e r i s k  i n d i c a t e  t h a t  t he  l e a d  s e l en ide  f i lm h a d  
pee led .  This  m e t h o d  p r o d u c e d  s l ides  w i t h  c o n s i d e r -  
ab l e  less  v a r i a t i o n  in  r e s i s t a n c e  and  of g r e a t e r  u n i -  
f o r m i t y  and  a d h e s i o n  t h a n  w i t h  a n y  o t h e r  set  of 
cond i t ions  i nves t iga t ed .  

I t  was  no ted ,  w h e n  p r e c o a t e d  s l ides  w e r e  used ,  
t ha t  l e a d  s e l e n i d e  p a r t i c l e s  s t a r t e d  to g r o w  at the  
u n d e r  su r face  of the  s l ide  a lmos t  i m m e d i a t e l y  a f t e r  
the  coa t ing  so lu t ions  w e r e  mixed .  The  a t t r a c t i o n  of 
co l lo ida l  l e a d  s e l en ide  for  t he  t r e a t e d  su r f ace  w a s  
such  t ha t  t he  coa t ing  on  the  s l ide  a p p e a r e d  opaque  
b e f o r e  a n y  m i r r o r i n g  took  p l ace  on t h e  u n t r e a t e d  
w a l l s  of the  con ta ine r .  

Discussion 
The  r a t e  of h o m o g e n e o u s  p r e c i p i t a t i o n  of l e a d  

se l en ide  in  t h e  s y s t e m  ju s t  d e s c r i b e d  w i l l  b e  d e t e r -  
m i n e d  l a r g e l y  b y  the  l e a d  ion  concen t ra t ion .  The  
l e ad  ion  c o n c e n t r a t i o n  wi l l ,  a t  t he  p H  e m p l o y e d  in 
t h e  reac t ion ,  be  g o v e r n e d  b y  the  fo l l owing  e q u i l i b -  
r i u m  (10) 

Pb+2 + C i -3  + O H -  ~ P b C i * - 2  + H20 [1]  

w h e r e  t he  Ci* is t he  c o m p l e t e l y  ion ized  t e t r a v a l e n t  
c i t r a t e  ion. The  use  of s o d i u m  p l u m b i t e ,  whose  f o r -  
m a t i o n  r e q u i r e s  a v e r y  l a r g e  excess  of h y d r o x y l  ion, 
Was found  to be  qu i t e  u n d e s i r a b l e  s ince  i t  l e ads  to 
a gross,  bu lk ,  p r e c i p i t a t i o n  of l e ad  se len ide .  This  
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m a y  be due also to the  ins t ab i l i ty  of DMS in  h igh ly  
a lka l ine  solutions.  

The most  p robab le  m e c h a n i s m  by  which  DMS oxi-  
dizes is the  fo l lowing:  

1. E q u i l i b r i u m  wi th  hyd rogen  se lenide  

(CH:3) 2N 
\ 

C : Se ~--~ H2Se + ( C H 3 ) 2 N - - C = N  [2] 
/ 

H2N 

2. Ion iza t ion  of H2Se 

H2Se ~ H + ~- H S e -  [3] 

H S e -  ~-~ H + -~ Se = [4] 

3. Oxida t ion  of se lenide  ion 

Se = -) Se ~- 2 e -  [5] 

This m e c h a n i s m  gains  suppor t  f rom the fo l lowing 
observa t ions :  

First ,  a so lu t ion  of DMS and  lead ion (pH 6) a lone  
wi l l  p roduce  lead selenide on ly  v e r y  s lowly (of the 
order  of severa l  days) .  If a m m o n i u m  hydrox ide  is 
in t roduced ,  the  rap id  fo rma t ion  of lead se lenide  
takes  place. The concen t r a t i on  of se lenide  ion wi l l  be  
increased  as the pH is increased  due to the shift  of 
the e q u i l i b r i u m  descr ibed in  Eq. [3] and  [4] to the  
r ight .  The fo rma t ion  of colloidal  s e l e n i u m  [5] is i n -  
h ib i ted  by  the  presence  of a r educ ing  agen t  ( sod ium 
sulfite or ascorbic acid) .  A cons idera t ion  of the fol-  
lowing  oxida t ion  poten t ia l s  (11) exp la ins  this  i n -  
h ib i to ry  act ion:  

1. Se=-> Se -~ 2 e -  Eob = 0.92 

2. 2 O H -  -~ SOs = ~ SO4 = ~- 2e -  ~- H20 Eob = 0.93 

At  u n i t  ac t iv i ty  sulfite ion is on ly  a ve ry  s l ight ly  
be t t e r  r educ ing  agent  t h a n  se lenide  ion in a lka l ine  
solut ion.  However ,  in  the  solut ions  used in  this  i n -  
ves t igat ion,  the  concen t r a t i on  of se lenide  ion is ve ry  
smal l  compared  to the  sulfite ion concen t r a t i on  and  
this  would  favor  ox ida t ion  of the sulfite in  p r e f e r -  
ence  to the  selenide.  Also, it should be no ted  tha t  
meta l l ic  s e l en ium can reac t  wi th  sodium sulfite to 
fo rm sod ium selenosulfa te ,  Na2SeSO3 (12).  This  was  
d e m o n s t r a t e d  by  the reac t ion  of 0.1g sodium sulfite 
w i th  25 ml  of a DMS (0.1M) solu t ion  tha t  had  u n -  
de rgone  cons ide rab le  decomposi t ion.  W i t h i n  5 m i n  
the red, colloidal  s e l en ium had  d i sappeared  and  a 
colorless so lu t ion  was  formed.  Hence,  sulfite m a y  no t  
on ly  func t i on  as an oxidiz ing inh ib i tor ,  i tself  f o r mi ng  
sulfate,  bu t  can also reac t  wi th  the  s e l e n i u m  tha t  
m a y  be in i t i a l ly  p re sen t  to fo rm se lenosul fa te  ion 
and  thus  p r e v e n t  the  deposi t ion  of red,  colloidal  
se len ium.  It is a s sumed  tha t  ascorbic acid func t ions  
on ly  to p r e v e n t  the ox ida t ion  of the  se lenide  ion for 
it wi l l  not  r emove  colloidal  s e l en ium f rom decom-  
posed DMS. 

If the fo rma t ion  of lead se lenide  is ionic in  na tu re ,  
the  ra te  of this  reac t ion  wi l l  be p ropor t iona l  to the  
concen t ra t ions  of the  lead and  se lenide  ions. These  
concen t ra t ions  mus t  be m a i n t a i n e d  at ve ry  low 
values ,  since the  so lub i l i ty  p roduc t  of lead se lenide  
is 10 -ss (13).  
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Let  us now consider  the m e c h a n i s m  by  which  the 
an t iox idan t s  i nh ib i t  the  f o r ma t i on  of lead selenide.  
The reac t ion  b e t w e e n  a lka l ine  lead c i t ra te  and  DMS 
was much  more  rap id  in  the  absence of a r educ ing  
agent .  A s s u m i n g  tha t  the  reac t ion  involves  the  com-  
b i n a t i o n  of the  ions, the ques t ion  arises as to how 
sulfite ion could reduce  the selenide or lead ion con-  
cen t ra t ions .  The  lead ion c onc e n t r a t i on  would  be r e -  
duced if undissoc ia ted  molecules  of lead sulfite were  
fo rmed  in  solut ion.  The  f o r ma t i on  of a lead sulfite 
complex  is not  p robab l e  (14) .  A n  a l t e r n a t i v e  could 
i nvo l ve  the  f o r ma t i on  of a complex  b e t w e e n  sulfite 
ion and  DMS. This  wou ld  reduce  the  se lenide  ion 
concen t r a t i on  by  complex ing  the  DMS thus  i n h i b i t -  
ing bo th  the decomposi t ion  and  the  deposi t ion reac-  
tions. The va r i a t i on  in behav io r  of DMS-sul f i te  
solut ions  as a resu l t  of aging' is most  p r o b a b l y  due to 
the  r educ t ion  in  sulfite concen t r a t i on  as it is oxidized 
to sulfate.  To i l lus t ra te  this, 0.006g of solid sodium 
sulfite was  added to an  aged solut ion of DMS-sul f i te  
(16 h r ) .  The  r e su l t i ng  reac t ion  w i th  lead ion was  the  
same as tha t  observed  for a f resh DMS-sul f i te  solu-  
t ion, the i nh ib i t o ry  effect be ing  comple te ly  restored.  

The ab i l i ty  of seeding nuc le i  to e nha nc e  the  for -  
m a t i o n  of colloidal  gold has b e e n  discussed by  
Weiser  (15).  P ick  (3) has descr ibed the  use of seed-  
ing nuc le i  in  the  deposi t ion of lead sulfide films and  
proposes the fo l lowing m e c h a n i s m  to exp la in  the i r  
effect. 

Firs t ,  seeding nuc le i  are  adsorbed  on  the  surface  
on which  the lead sulfide is to be deposited.  These 
nuc le i  t hen  serve as the base to which  lead sulfide 
par t ic les  are a t t r ac ted  and  become more  a d h e r e n t  to 
the  surface.  P ick  poin ts  out  tha t  the  seeding effect 
is grea tes t  w h e n  the  seeding nuc le i  and  the  ma te r i a l  
to be deposi ted is i somorphous.  

In  the  deposi t ion  of lead se lenide  it was  found  tha t  
p recoa t ing  the glass slides w i t h  colloidal  so lut ions  of 
gold, lead iodide, or lead sulfide did no t  improve  
m i r r o r  fo rma t ion  and  ac tua l ly  produced  mi r ro r s  of 
poorer  qual i ty .  A p p a r e n t l y  the  solut ions  con ta in ing  
these sols i n t e r f e r r e d  wi th  the  lead selenide deposi-  
t ion p r o b a b l y  by  p roduc ing  an  u n d e s i r a b l e  surface  
condi t ion  on the  glass. In  contras t ,  the  presence  of 
s i lver  ion in the  deposi t ion  reac t ion  resu l t ed  in  a 
more  rap id  m i r r o r  deposit ion.  In  this case the f o r m a -  
t ion  of s i lver  se lenide  did improve  the  qua l i t y  of 
the  mir ror .  

The  most  des i rab le  ra te  of deposi t ion and  the  best  
r ep roduc ib i l i t y  in  res i s tance  as wel l  as m a x i m u m  
u n i f o r m i t y  and  h o m o g e n e i t y  in  m i r r o r  q u a l i t y  were  
ob ta ined  w h e n  the  slides were  precoa ted  w i th  col- 
loidal  lead selenide.  This t r e a t m e n t  a p p a r e n t l y  f u r -  
n i shed  a bed of nuc le i  which  a t t rac ted  a nd  he ld  lead 
se lenide  par t ic les  to the  sur face  d u r i n g  the  ac tua l  
deposi t ion react ion.  

Manuscript  received May 7, 1963. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 
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Luminescent Behavior of the Rare Earths in 
Yttrium Oxide and Related Hosts 
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ABSTRACT 

The absorption,  excitat ion,  and fluorescence spectra  of Y203:Eu are  p re -  
sented and in terpre ted .  The high luminescent  efficiency of this  ma te r i a l  and 
its unusual  per formance  at e levated  t empera tu res  are discussed. The compara -  
t ive behavior  of o ther  ra re  ear ths  in y t t r i um oxide and of the ra re  ear ths  in 
cer ta in  other  oxides of y t t r i um and l an thanum are  also discussed briefly. 

I n c r e a s e d  i n t e r e s t  in the  r a r e  e a r t h s  as  f luorescen t  
ions has  r e s u l t e d  f r o m  sol id  s t a t e  l a se r  s tudies .  The  
sha rpnes s  of the  r a r e  e a r t h  emiss ion  l ines  a n d  the  
long f luorescence  l i fe  t i m e s  a r e  p a r t i c u l a r l y  a t t r a c -  
t i ve  in th is  app l i ca t ion .  As  a r e su l t  of th is  s p e c i a l -  
ized  i n t e r e s t  in r a r e  e a r t h  l u m i n e s c e n c e  for  l a se r  a p -  
p l i ca t ions ,  o p t i c a l l y  p e r f e c t  and  p h y s i c a l l y  h a r d y  
c rys t a l s  of m a t e r i a l s  no t  p r e v i o u s l y  e m p l o y e d  as 
hosts  for  t he  r a r e  e a r t h s  a r e  c u r r e n t l y  of c o n s i d e r -  
ab l e  in t e re s t .  

F o r  s e v e r a l  y e a r s  w e  h a v e  p u r s u e d  an  e x p l o r a t o r y  
p r o g r a m  conce rned  w i t h  the  g r o w t h  and  p r o p e r t i e s  
of s ing le  c r y s t a l  m e t a l  oxides .  G i v e n  the  p r o b l e m  of 
des ign ing  an  o p t i m u m  lase r  m a t e r i a l ,  we  dec ide d  to 
ignore  at  t h e  ou t se t  t he  c o n s t r a i n t  i m p o s e d  b y  t h e  
c u r r e n t  a v a i l a b i l i t y  of c ry s t a l s  and  to first  se lec t  or  
des ign  a m a t e r i a l  w h i c h  m e t  the  m o r e  f u n d a m e n t a l  
r e q u i r e m e n t s .  Thus  w e  l ooked  for  ox ides  ( e i t h e r  
s imp le  or  c o m p l e x )  h a v i n g  d e s i r a b l e  op t i ca l  and  
m e c h a n i c a l  p r o p e r t i e s ,  w h i c h  w o u l d  accep t  t h e  t r i -  
v a l e n t  r a r e  e a r t h s  w i t h o u t  p r o b l e m s  of ion size or  
charge .  A t  the  s ame  t ime ,  w e  l ooked  for  hosts  w i t h  
r a r e  e a r t h  s i tes  of e x c e p t i o n a l l y  low s y m m e t r y  in  
the  hope  of i nc rea s ing  the  p r o b a b i l i t y  of r a d i a t i v e  
t r a n s i t i o n s  ( w i t h i n  t he  4 f - e l e c t r o n  she l l )  t h r o u g h  
d e s t r u c t i o n  of p a r i t y  fo rb iddennes s .  I t  was  also 
h o p e d  t h a t  hos ts  w o u l d  be  f o u n d  w h e r e  c o m p e t i n g  
(e.g., n o n r a d i a t i v e )  r e l a x a t i o n  processes  w o u l d  be  
m i n imized ,  a l t h o u g h  ( e x c e p t  for  se lec t ion  of m a t e -  
r i a l s  w i t h  low f r e q u e n c y  l a t t i c e  v i b r a t i o n s )  w e  
k n e w  of no d i r ec t  m e a n s  of con t ro l l i ng  th is  p a r a m -  
e ter .  Of the  ox ides  cons ide red ,  c o m p o u n d s  h a v i n g  
the  y t t r i u m  ox ide  s t r u c t u r e  a p p e a r e d  bes t  to mee t  
the  m a j o r i t y  of  the  specif ied r e q u i r e m e n t s .  3 W e  h a d  

1 P r e s e n t  addres s :  D e p a r t m e n t s  of  M a t e r i a l s  Sc ience  and  Elec tr i -  
cal  E n g i n e e r i n g ,  S t a n f o r d  U n i v e r s i t y ,  S t an fo rd ,  Ca l i fo rn ia .  

P r e sen t  addres s :  S a n d i a  L a b o r a t o r y ,  A l b u q u e r q u e ,  Ne w Mexico .  

F o r  c r y s t a l l o g r a p h i c  data ,  see rcf.  (1). 

a l r e a d y  c o m p l e t e d  p r e l i m i n a r y  s tud ies  on  t h e  g r o w t h  
(2)  and  op t i ca l  p r o p e r t i e s  (3)  of th is  m a t e r i a l  and  
f e l t  t h a t  i t  o f fered  p r o m i s i n g  poss ib i l i t i es .  

A fo r tu i t ous  aspec t  of t he  r e s u l t i n g  w o r k  w i t h  
r a r e  e a r t h s  in y t t r i u m  ox ide  was  t h e  d i s c o v e r y  of 
s t rong,  b r o a d  a b s o r p t i o n  b a n d s  w h i c h  cou ld  be  u t i -  
l i zed  for  e x c i t a t i o n  of  c e r t a i n  of t he  ions. A l t h o u g h  
these  b a n d s  occur  in the  u l t r a v i o l e t ,  t h e y  a re  in 
some ins t ances  we l l  l oc a t e d  for  efficient exc i t a t i on  
b y  c o n v e n t i o n a l  u l t r a v i o l e t  sources .  

General considerations.--The s h a r p - l i n e  emiss ion  
and  a b s o r p t i o n  s p e c t r a  of t h e  r a r e  e a r t h  ions  in 
sol ids  have  i n t r i g u e d  spec t roscop i s t s  for  yea r s .  4 Out  
of the  d e t a i l e d  s tud ies  of t he se  s p e c t r a  has  come a 
r a t h e r  c o m p l e t e  u n d e r s t a n d i n g  of t he  f - e l e c t r o n  
e n e r g y  l eve l s  of t he  m a j o r i t y  of the  t r i v a l e n t  r a r e  
ea r ths ,  i nc lud ing ,  in  m a n y  ins tances ,  t h e i r  d e t a i l e d  
d e p e n d e n c e  on c r y s t a l l i n e  e n v i r o n m e n t .  S o m e w h a t  
less w e l l  u n d e r s t o o d  a re  the  ru les  g o v e r n i n g  i n t e n s i -  
t ies  of t r a n s i t i o n s  b e t w e e n  f - e l e c t r o n  levels .  S t i l l  
less w e l l  u n d e r s t o o d  a r e  t h e  n a t u r e  of  t he  m o r e  
h i g h l y  e x c i t e d  s t a tes  of these  ions  in solids,  the  n a -  
t u r e  of the  v a r i o u s  e n e r g y  t r a n s f e r  m e c h a n i s m s  
u t i l i z ed  in t he  e xc i t a t i on  of f luorescence,  and  the  
de t a i l s  of p rocesses  i n v o l v e d  in  n o n r a d i a t i v e  r e l a x -  
a t ion.  

In  the  f r ee  ion, e l ec t r i c  d ipo le  t r a n s i t i o n s  b e t w e e n  
f - e l e c t r o n  leve ls  a r e  s t r i c t l y  f o r b i d d e n  b y  p a r i t y  
cons ide ra t ions .  H o w e v e r ,  such t r a n s i t i o n s  (as  we l l  
as occas iona l  m a g n e t i c  d ipo le  t r a n s i t i o n s )  a r e  ob -  
s e r v e d  to occur  w e a k l y  in solids.  This  is i n t e r p r e t e d  
in t e r m s  of e i t h e r  s ta t ic  or  d y n a m i c  b r e a k d o w n  of 
p a r i t y .  N o n r a d i a t i v e  processes ,  w h i c h  c o m p e t e  w i t h  
t he  r a d i a t i v e  p rocesses  in  d e t e r m i n i n g  f luorescen t  
efficiency, d e p e n d  on  the  f r e q u e n c y  of a v a i l a b l e  l a t -  
t ice  v i b r a t i o n s  and  the  e f fec t iveness  of t h e i r  coup-  

4 The  l i t e r a t u r e  o n  this  s u b j e c t  is e x t e n s i v e .  F o r  a g e n e r a l  dis -  
cuss ion ,  g i v i n g  r e f e r e n c e  to  the  m a j o r i t y  of t he  p r i n c i p a l  c o n t r i b u -  
to r s  to  t he  field, s ee  ref .  (4) ,  e s p e c i a l l y  pp.  453-476. 
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l ing with  the rare  ea r th  electrons. Thus, site sym-  
m e t r y  and the lat t ice v ib ra t ion  spec t rum p lay  in te r -  
re la ted  roles in de te rmining  the intensi t ies  of emis-  
sion and absorpt ion  in r a re  ea r th -con ta in ing  com- 
pounds. 

In addi t ion to the be t te r  unders tood proper t ies  of 
the ra re  earths,  cer ta in  empir ica l  re la t ionships  have 
been noted. For  example,  a genera l  decrease in 
fluorescent efficiency occurs as one proceeds away  
f rom the center  of the ra re  ea r th  sequence (5).  
Thus, assuming equiva lent  excitat ion,  gadol in ium 
(which emits in the  u l t rav io le t )  is the most in-  
tensely fluorescent ion, europium and t e rb iu m  are  
the next  br ightes t  emit ters ,  dyspros ium and s amar -  
ium are next,  and so on. This effect is in par t  as-  
sociated wi th  the  size of the energy  gap to be 
br idged.  As the size of the gap decreases,  compet ing 
nonrad ia t ive  processes increase in re la t ive  impor -  
tance. In addit ion,  there  is some indicat ion tha t  
coupling of the f -e lec t rons  to the c rys ta l  la t t ice in-  
creases as one proceeds ou tward  in the sequence 
f rom gadolinium. 

A large fract ion of the ea r ly  spectroscopic work  
was done on concentra ted rare  ear th  salts, which 
were  no rma l ly  hydra t ed  and in which the rare  ear th  
ion f requent ly  occupied a site of r e la t ive ly  high 
symmetry .  Low fluorescence intensi t ies  were  gen-  
e ra l ly  observed,  p robab ly  as a resul t  of a combina-  
t ion of factors,  including high site symmet ry ,  the  
presence of high f requency vibra t ions  associated 
with  the waters  of hydra t ion ,  and concentra t ion 
quenching. The resul ts  of these ear ly  studies, l ead-  
ing to the opinion tha t  ra re  ea r th  fluorescence is 
r e l a t ive ly  inefficient, have genera l ly  been accepted 
as appl icable  to all  r a re  ea r th -con ta in ing  systems. 
As a resul t  of the assumption of low fluorescent effi- 
ciency combined wi th  re la t ive ly  high mater ia l s  costs, 
the ra re  ear ths  have heretofore  been considered 
commerc ia l ly  only for spec ia l -purpose  ( lumines-  
cent)  applications.  

Experimental 
A flame fusion process for the growth  of single 

crystals  of y t t r i um oxide and re la ted  mater ia l s  has 
been presented  e lsewhere  (2).  Except  for the in t ro -  
duction of the desired r a re  ea r th  dopants,  single 
crystals  used in the present  s tudy were  grown by 
the techniques a l r eady  described.  Single crysta ls  
were  used for absorpt ion measurements ,  for cer ta in  
of the  exci ta t ion and fluorescence measurements  and 
for all  of the laser  exper iments .  The resul ts  of the 
laser  s tudies are descr ibed elsewhere (6).  

Many of the  measurements  (pa r t i cu la r ly  of exci-  
ta t ion and fluorescence) were  made wi th  powder  
samples. The powders  were  p repa red  ei ther  by  flame 
s inter ing of mechanica l ly  mixed  oxides or by  co- 
prec ip i ta t ion  of the const i tuents  as oxala tes  fol lowed 
by  ignit ion to the oxide. For  rap id  surveying  of v a r i -  
ous compositions, the  use of powder  samples was 
especial ly  convenient.  

For  b rev i ty  and because of the qual i ta t ive  na tu re  
of many  of the observations,  the exper iments  wi l l  
not  be descr ibed in detail .  The basic ins t ruments  
used, e i ther  s ingly or in combination,  were  a Cary  
Model 14 spectrophotometer ,  a Leiss double  mono-  
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Fig. 1. Absorption and excitation spectra of Y203:Eu. For 
comparison, the absorption of pure Y203 and the main excitation 
peak of Y203 :Tb are also shown. No corrections were made in 
the absorption spectra for reflection losses, nor in the excitation 
spectra for spectral distribution of sources. 

chrometer ,  and a Bausch and Lomb Dual  Gra t ing  
spectrograph,  together  wi th  aux i l i a ry  exci ta t ion and 
detect ion systems. Our measurements  have since 
been repea ted  more quan t i t a t ive ly  by others,  and 
thei r  techniques,  resul ts  and fu r the r  discoveries  wil l  
be repor ted  separa te ly .  

Results and Discussion 

Yttrium oxide.--The optical  proper t ies  of y t t r i um 
oxide can be thought  of as intrinsic,  defec t - induced  
a n d / o r  impur i ty - induced .  We wil l  consider here  the 
visible and u l t rav io le t  character is t ics  of y t t r i um 
oxide, the in f ra red  proper t ies  having been discussed 
separa te ly  (3). 

Yt t r ium oxide exhibi ts  a band  edge in the v ic in i ty  
of 2000A (see Fig. 1), the exact  posit ion of the edge 
being a function of sample  pur i ty .  The crys ta l  is 
essent ia l ly  t r ansparen t  f rom this edge wel l  into the  
infrared.  Increasing reflection losses, caused by  the 
r ap id ly  r ising index of ref rac t ion  as the band  edge 
is approached,  produce the apparen t  g radua l  de-  
crease in sample t ransmission indica ted  in Fig. 1. 

Even in the highest  pur i ty ,  5 y t t r i um  oxide ex-  
hibi ts  a b lu i sh -whi te  luminescence.  This b road  emis-  
sion, present  as a weak  background  in r a re  ear th  
ac t iva ted  samples  (see Fig. 2), appears  to be defec t -  

s F o r  e x a m p l e ,  99.999 + % p u r e  y t t r i u m  oxide ,  L i n d s a y  Code  1117. 
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Fig. 2. Emission from Y203 :Gd (1%) with background emission 
also shown. Excitation at 2480.~. Principal Gd emission peak occurs 
at 3150,~. For optimum Gd concentration, the height of this peak 
is about twice that shown. 
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induced. The in tens i ty  of this emission can be en-  
hanced by  increasing the firing t empera tu re  (above 
tha t  requi red  for complete react ion)  dur ing  the 
p repa ra t ion  of powder  samples. Increas ing the firing 
t empera tu re  would be expected to increase the num-  
ber  of defects  (p robab ly  in the  form of oxygen  va -  
cancies) in the final product .  The observat ions of 
color center  phenomena  in single crysta ls  of y t t r i um  
oxide at  low t empera tu res  give fu r the r  evidence of 
a defect s t ructure.  At  l iquid ni t rogen t empera tu res  
y t t r i um oxide crysta ls  take  on a bluish cast upon 
intense u l t rav io le t  excitation.  On warming  the dis-  
colored crystals  bleach and s imul taneously  t he rmo-  
luminesce via the b lu i sh -whi te  emission descr ibed 
above and (in ra re  ea r th  doped crysta ls)  via ra re  
ear th  luminescence as well. 

Rare earths in y t t r ium oxide. - -The ra re  ear ths  
in t roduce thei r  own character is t ic  emission and ad-  
sorpt ion l ines into the spec t rum of y t t r i um oxide. 
These l ines are for the most pa r t  sharp (see Fig. 1 
and 2), fal l ing into groups which can be identif ied 
by reference  to ear l ie r  work  on the corresponding 
rare  ear ths  in other  compounds. These lines r ep re -  
sent t ransi t ions  be tween  4f-e lect ron levels. In add i -  
t ion to the sharp lines, strong, broad  absorpt ion  
bands are  observed in the u l t rav io le t  for a few of the 
rare  ear ths  in y t t r i um oxide (for example,  Eu 3+ and 
Tb a+) wi th  occasional broad emission bands (not -  
ably  for Ce 8 + and u  ~+) being observed as well.  

The origin of the broad  bands  has not been wel l  
established.  They may  represent  4f ~ 5d t ransi t ions  6 
or charge t ransfe r  bands.  For  our  purposes,  the im-  
por tan t  poin t  is tha t  the total  absorpt ion in the 
broad bands  is much grea te r  than tha t  in the sharp 
lines and the efficiency of exci ta t ion of fluorescence 
via the broad  bands  is correspondingly  greater .  For  
Gd a+, t r ad i t iona l ly  the strongest  fluorescer, no broad  
band is found (on the long wave length  side of the 
band edge of the crys ta l )  and photoexci ta t ion in this  
region has to be carr ied  out via the sharp f -+ f ab-  
sorptions. For  Eu a+ and Tb 3+, broad  exci ta t ion 
bands  not only  exist  but  are wel l  p laced (in y t t r i u m  
oxide) re la t ive  to the u l t rav io le t  emission of a mer -  
cury discharge (see Fig. 1). The efficiency of exc i ta -  
t ion of Y203:Eu by the 2537A line f rom a low pres -  
sure mercu ry  discharge is sufficiently great  to arouse 
in teres t  in this  ma te r i a l  for both l amp phosphor  and 
laser  applications.  

Whereas  the efficiency of photoexci ta t ion  depends 
cr i t ica l ly  on the existence and proper  p lacement  of 
exci ta t ion bands  of a given ra re  ear th  (in y t t r i u m  
oxide)  re la t ive  to the  f requency of the excit ing 
radiat ion,  exci ta t ion at energies above the band edge 
(e.g., by x - r a y s )  is more un i fo rmly  effective in ex-  
citing ra re  ear th  fluorescence. Under  x - r a y  exc i ta -  
tion, Eu 3+ and Tb 8+ are again the br ightes t  vis ible  
( red and green, respect ive ly)  emit ters ,  but  the other  
ra re  ear ths  are also s t rongly  exci ted in contrast  wi th  

6 This  is t he  i n t e r p r e t a t i o n  g iven ,  fo r  e x a m p l e ,  by  F e o i i l o v  (7) 
fo r  t h e  b r o a d  u l t r a v i o l e t  a b s o r p t i o n  b a n d  f o u n d  fo r  Yb~+ i n  CaF~. 
This  i n t e r p r e t a t i o n  r e q u i r e s  t h a t  t he  5d l e v e l s  of  t he  r a r e  e a r t h s  be  
d r a s t i c a l l y  dep re s sed  in  t he  so l id  s t a te  r e l a t i v e  to  f ree  ion  va lues .  
This  m a y  r e s u l t  f r om m i x i n g  of t h e  d - o r b i t a l s  w i t h  p - o r b i t a l s  o f  the  
n e i g h b o r i n g  o x y g e n  ions.  I f  such  m i x i n g  is i n v o l v e d ,  t he  b r o a d  ab-  
s o r p t i o n  b a n d s  w o u l d  be  m o r e  co r rec t ly  t h o u g h t  of as a cross be -  
t w e e n  i n t e r c o n f i g u r a t i o n a l  t r a n s i t i o n s  a n d  cha rge  t r a n s f e r  bands .  
I n  any  even t ,  t he  t r a n s i t i o n s  s h o u l d  no t  be  p a r i t y  f o r b i d d e n  a n d  
shou ld ,  t he re fo re ,  be  c o n s i d e r a b l y  m o r e  i n t e n s e  t h a n  t he  f ~ f 
t r a n s i t i o n s  (as o b s e r v e d ) .  
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Fig. 3. Y208 :Eu (5%) emission spectrum. Not shown ore lines 
of moderate strength just beyond 7000.~, see ref. (6). Peak inten- 
sities should be corrected for the response of the ]P28 photo- 
multiplier (doshed curve). 

thei r  re la t ive ly  poor per formance  under  mercury  
excitat ion.  

Y20~:Eu. - -Europium is the most effective of the 
t r iva len t  ra re  ear ths  as an y t t r i um  oxide act ivator .  
As shown in Fig. 3, the emission is concentra ted for 
the most pa r t  in one line at 6113A. 

Certa in  of the emission character is t ics  of Y203:Eu 
are pecul iar  to the  europium ion itself, a l though the 
s t r ik ing fluorescence efficiency of this compound 
re la t ive  to other  eu rop ium-ac t iva t ed  mater ia l s  in-  
dicates that  the env i ronment  of the ion is impor tan t  
as well.  F igu re  4 shows the energy level  scheme 
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Fig. 4. Energy level diagram for Y208 :Eu, shoving sharp 
(Eu 8+ f-electron) levels and broad bands. Principol excitation 
and emission wovelengths are indicated, 
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(minus deta i led  crys ta l  field spl i t t ings)  for YeO3: Eu. 
It should be noted that  the ground state and the 
pr inc ipa l  metas tab le  s ta te  are both J = O  levels, not 
easi ly pe r tu rbed  by changes in the crys ta l  field. 
Nei ther  s tate has a magnet ic  moment  so tha t  mag-  
netic interact ions  be tween  an exci ted europium ion 
and nearby  ground state ions are negligible.  For  
these reasons nei ther  the rmal  quenching nor con- 
centra t ion quenching of fluorescence is expected to 
be pronounced.  

The pr inc ipa l  emission from Y203:Eu, regardless  
of means of excitat ion,  is a t ransi t ion from the 5Do 
state to one of the 7F2 levels. In the ma jo r i t y  of 
Eu~+-containing compounds, the s trongest  t r ans i -  
tions occur e i ther  in the ~Do -'7F1 group or in the 
5Do -~ 7F2 group, wi th  some instances where  l ines 
f rom both groups appear  wi th  nea r ly  equal  s trength.  
Transi t ions to other ~F levels and f rom other  SD 
levels are  observed but  wi th  much lower  in tensi ty  
(see Fig. 3). Exci ta t ion of the Eu 3+ fluorescence can 
occur by absorpt ion to one of the exci ted f - leve ls  
(above 5Do) , by exci ta t ion in the  2630A exci ta t ion 
band (discussed ear l ie r )  or by  exci ta t ion at  (or 
above) the band edge of the host. Popula t ion  of the 
5Do state occurs by cascading ( through var ious  f-  
electron states)  l a rge ly  by means of nonrad ia t ive  
processes. A confirmation of this p ic ture  is p rovided  
by the behavior  of the fluorescence as the t e m p e r a -  
ture  is lowered.  At  l iquid ni t rogen t empera tu res  
bot t lenecks develop be tween adjacent  5D levels. 
Fluorescence f rom 5D1 and 5D 2 levels becomes cor-  
respondingly  s t ronger  while  the ~Do ~ ~F2 lines 
weaken  percept ibly .  

At  room tempera ture ,  the l i fe t ime of the 5Do state 
is approx ima te ly  900 ~sec. A weak phosphorescence 
having a much longer decay t ime (on the order  of 
seconds) is also observed. 

The fluorescent efficiency of Y203:Eu remains  high 
even at e levated tempera tures .  The fluorescent out-  
put  (under  high pressure  mercu ry  exci ta t ion)  ac-  
tua l ly  increases wi th  t empera tu re  (see Fig. 5) up to 
650~ and does not d iminish again to the room tem-  
pe ra tu re  level  unt i l  a t empera tu re  of 850~ is 
reached. The increase in fluorescence with  t e m p e r a -  
ture  is caused in par t  by  a pronounced shift  of the 
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Fig. 5. Intensity of the 6113.~ emission from Y203 :Eu (5%)  
under constant high pressure mercury excitation as a function of 
sample temperature. 

pr inc ipa l  exci ta t ion band of YeO3:Eu to longer 
wavelengths ,  the shift  producing a be t te r  wave-  
length match with  the high pressure  mercury  r ad ia -  
tion. The point being made here is that  pronounced 
quenching is only observed at unusua l ly  high t em-  
pera ture .  

As expected on the basis of the in t roductory  con- 
siderations,  the op t imum europium concentrat ion is 
high, in excess of 5 mole % (regardless  of means of 
exci ta t ion)  wi th  s trong luminescence observed for 
concentrat ions as high as 20 mole %. 

Al though pur i ty  does not genera l ly  seem to be a 
problem, cer tain ra re  ear ths  are known to be capable  
of quenching the europium fluorescence (8).  In the 
present  studies, dyspros ium (present  in lower  pur i ty  
grades of y t t r i um oxide)  was pa r t i cu la r ly  effective 
in reducing the fluorescent intensi ty.  For  this reason, 
we have genera l ly  worked  wi th  re la t ive ly  high pu r -  
i ty  y t t r i um  oxide. 

The ra re  e a r t h - y t t r i u m  oxide phosphors  are 
chemical ly  s table and can be heated to fusion wi th-  
out producing a not iceable  change in performance.  
In fact, many  of the ear l ies t  samples were  p repared  
f rom crystals  grown by flame fusion. 

Europium in other oxide hosts.--A number  of t r i -  
va lent  oxides are i sos t ructura l  wi th  y t t r i um  oxide. 
These include Mn203, In2Os, Sc20~, and the ma jo r i t y  
of the ra re  ear th  oxides at room tempera ture .  Of 
these compounds, only In20~, Sc203, and GdeO~ ex-  
h ibi t  the character is t ic  europium fluorescence when 
doped with  europium, and of these mater ia l s  only 
Gd203:Eu is comparable  wi th  Y203:Eu in b r igh t -  
ness. Measurements  made by  the Sylvania  Labm'a-  
tories have shown that  Gd203:Eu (in the cubic 
phase)  is ac tua l ly  super ior  to Y203:Eu under  low 
pressure  mercury  excitat ion.  

We examined a number  of s imple (d iva lent  and 
t r iva len t )  meta l  oxides as hosts for europium, but  
found none which were  equal  to Y20~:Eu and 
Gd203:Eu in luminescence efficiency under  low 
pressure  mercury  vapor  excitation.  However,  
La203:Eu, which has the A - t y p e  hexagonal  ra re  
ear th  oxide s t ruc ture  (9),  is super ior  under  high 
pressure  mercury  excitat ion.  (This compound is 
s table  in an iner t  a tmosphere ,  but  hydrolyses  r ap id ly  
in air, losing its luminescence in the process.) 
La20~:Eu does not exhibi t  the outs tanding high 
t empera tu re  per formance  of Y203: Eu. 

A va r i e ty  of mixed  oxides of the t r iva len t  metals  
were  examined  as hosts. Severa l  compounds were  
formed which exhib i ted  color and per formance  s imi-  
lar  to Y203:Eu and Gd203:Eu, though br ightness  
was not as great.  

In the genera l  survey  of hosts, character is t ic  di f -  
ferences in the per formance  of Eu 3 + in y t t r i um and 
l an thanum compounds were  noted. Yt t r ium com- 
pounds often showed good per formance  under  low 
pressure  mercu ry  rad ia t ion  and good per formance  
at high tempera tures .  Lan thanum compounds gen- 
e ra l ly  per formed  be t te r  under  high pressure  mer -  
cury  exci ta t ion and a lways  showed poor pe r fo rm-  
ance at  high tempera tures .  The same differences 
had a l r eady  been noted for the s imple oxides act i -  
vated with  europium. 
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The  s im i l a r i t i e s  in l u m i n e s c e n t  p e r f o r m a n c e  ( d e -  
sp i te  effects p r o d u c e d  b y  s t r u c t u r a l  d i f fe rences )  t ha t  
w e  o b s e r v e d  a m o n g  the  v a r i o u s  l a n t h a n u m  c o m -  
p o u n d s  as c o n t r a s t e d  w i t h  t he  b e h a v i o r  of t he  v a r i -  
ous  y t t r i u m  c o m p o u n d s  sugges t  t h a t  s i te  size a n d  d e -  
t a i l s  of b o n d i n g  m a y  be  as i m p o r t a n t  as s i te  s y m -  
m e t r y  in  d e t e r m i n i n g  t h e  c h a r a c t e r  of r a r e  e a r t h  
luminescence .  Van  Ui te r t ,  L ina res ,  Soden ,  a n d  B a l l -  
m a n  (10) h a v e  s u g g e s t e d  t ha t  t h e  m i x i n g  of f - e l e c -  
t r on  and  v a l a n c e  e l ec t ron  w a v e  func t ions  and  the  
s u b s e q u e n t  o v e r l a p  of these  w a v e  func t ions  w i t h  the  
p - o r b i t a l s  of n e i g h b o r i n g  o x y g e n s  could  p l a y  an  i m -  
p o r t a n t  ro le  in t he  quench ing  of r a r e  e a r t h  f luores -  
cence in the  ox ides .  A l t h o u g h  th is  p o i n t  was  m a d e  
w i t h  specific r e f e r e n c e  to c o n c e n t r a t i o n  quench ing ,  
the  s a m e  m e c h a n i s m  could  ( d e p e n d i n g  on the  d e -  
g ree  of o x y g e n  o v e r l a p )  g e n e r a l l y  con t ro l  the  r e l a -  
t ive  i m p o r t a n c e  of  a l l  n o n r a d i a t i v e  r e l a x a t i o n  p r o -  
cesses. Thus,  the  c h a r a c t e r i s t i c  d i f fe rence  in  t he  
t h e r m a l  quench ing  b e h a v i o r  of e u r o p i u m  l u m i n e s -  
cence in  l a n t h a n u m  and  y t t r i u m  c o m p o u n d s  m i g h t  
ref lec t  c h a r a c t e r i s t i c  v a r i a t i o n s  in such  a m e c h a n i s m .  

E x c i t a t i o n  cha rac t e r i s t i c s  a r e  l i k e l y  to  be  even  
m o r e  d e p e n d e n t  on de t a i l s  of  bond ing .  If,  for  e x -  
ample ,  the  p r i n c i p a l  exc i t a t i on  b a n d s  of e u r o p i u m  
( a n d  ce r t a i n  o t h e r  r a r e  e a r t h s )  a r e  cha rge  t r a n s f e r  
b a n d s  or  exc i t a t i ons  to m i x e d  d - e l e c t r o n  l i g a n d  
o r b i t a l  s ta tes ,  t he  f r equenc i e s  of  these  b a n d s  wi l l  
c e r t a i n l y  d e p e n d  on p r o x i m i t y  and  a r r a n g e m e n t  of 
o x y g e n  ne ighbors .  Thus,  e u r o p i u m  in y t t r i u m  c o m -  
pounds  m i g h t  c h a r a c t e r i s t i c a l l y  h a v e  i ts  e x c i t a -  
t ion  b a n d s  at  h i g h e r  ene rg ie s  ( s h o r t e r  w a v e l e n g t h s )  
t h a n  in  l a n t h a n u m  compounds .  

Concluding Remarks 
W e  h a v e  used  Y~O~: Eu and  Gd203: Eu  as e x a m p l e s  

of a n e w  class of p o t e n t i a l  p h o s p h o r  ma t e r i a l s .  A c -  
t ua l ly ,  t he  b e h a v i o r  of these  e u r o p i u m - a c t i v a t e d  
c o m p o u n d s  is no t  t y p i c a l  of  t he  e n t i r e  class. Of t he  
r e m a i n i n g  r a r e  e a r t h  ac t iva to r s ,  on ly  t e r b i u m  shows  
m u c h  chance  of be ing  suf f ic ient ly  efficient  to be  
use fu l  in (v i s i b l e )  p h o t o l u m i n e s c e n t  app l i ca t ions .  
Y203: G d  shou ld  be  a v e r y  efficient  p h o s p h o r  b u t  i ts  
emiss ion  is a t  shor t  w a v e l e n g t h s  ( ~  3150A) and,  b e -  
cause  of t he  absence  of s t rong  exc i t a t i on  bands ,  p e r -  
f o r m a n c e  is not  e x p e c t e d  to be  good u n d e r  m e r c u r y  
exc i t a t ion .  C e r i u m  a n d  y t t e r b i u m  h a v e  some  poss i -  
b i l i t i e s  as  u l t r a v i o l e t  e m i t t e r s  (v i a  b r o a d  b a n d  
t r a n s i t i o n s ) ,  b u t  t h e i r  p e r f o r m a n c e  in  Y203 has  no t  
been  i n v e s t i g a t e d  in de ta i l .  C lea r ly ,  m a n y  ( p e r h a p s  
mos t )  of the  r a r e  e a r t h s  have  p o t e n t i a l  as l a se r  a c t i -  
v a t o r s  in y t t r i u m  oxide .  

W h i l e  m u c h  has  been  m a d e  of t he  b r i g h t n e s s  of  
Y20~: Eu, l i t t l e  m e n t i o n  has  been  made ,  e x c e p t  w i t h  
r e spe c t  to l a se r  p e r f o r m a n c e ,  of the  s h a r p  l ine  c h a r -  
ac t e r  of t he  emiss ion.  A d v a n t a g e s  and  d i s a d v a n t a g e s  
of th is  f e a t u r e  of t he  e u r o p i u m  ( a n d  o the r  r a r e  
e a r t h )  emiss ion  sugges t  t h e m s e l v e s  and  a n y  p r a c -  
t i ca l  p h o s p h o r  a p p l i c a t i o n  w i l l  have  to t a k e  in to  
account  t he  m o n o c h r o m a t i c i t y  of the  emiss ion .  

w e  shou ld  r e m a r k  t ha t  V a n  U i t e r t  et al. (10) 
h a v e  also r e p o r t e d  e x t e n s i v e  s tud ies  of r a r e  e a r t h  
f luorescence  in t he  g a r n e t s  and  o r t h o a l u m i n a t e s .  
L i k e w i s e  R o s e n b e r g e r  (11) has  e x a m i n e d  the  f luo- 
rescence  of e r b i u m  in y t t r i u m  ox ide  and  l a n t h a n u m  
ox ide  us ing  c rys t a l s  g r o w n  b y  f lame fusion.  
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ABSTRACT 

Iron can serve as an activator in  ZnS phosphors, giving a 660 m~-peaked 
red emission. Previous difficulties with the preparat ion of reproducible samples 
are overcome with the use of C1, Br, I, A1, Ga, or In coactivators. The red 
emission is always accompanied by a 460 m~ blue emission at t r ibuted to Cu 
impur i ty  and /or  (more l ikely) to Zn vacancies. Detailed luminescence charac- 
teristics of ZnS: Fe,I phosphors under  ul t raviolet  (u.v.) and EL excitation are 
presented. A model of the Fe center showing the transi t ions leading to lumi-  
nescence and kill ing, which may occur in the same center, is given. 

The k i l l ing  effect of iron,  cobalt ,  and  n icke l  on 
the  l uminescence  of ZnS  phosphors  is wel l  k n o w n .  
Less k n o w n  are the i r  in tens i f ica t ion  effects (1 -4 ) .  
In  severa l  cases bo th  k i l l ing  and  in tens i f ica t ion  are  
p resen t  s i m u l t a n e o u s l y  depend ing  on the pa r t i cu l a r  
comb ina t i on  and  concen t r a t i on  of ac t iva tor  [Cu, A u  
(2 ,3 )  or Ag  ( 4 ) ]  and  ki l ler .  In  add i t ion  to k i l l e r  
and  in tensi f ier  action,  the re  are also repor ts  of i ron  
(4-7) ,  cobal t  (4, 8), and  n icke l  (4) act ing as t rue  
act ivators ,  i.e., or ig ina tors  of luminescence ,  h a v i n g  
red and  n e a r  and  far  i n f r a r e d  emission,  respect ive ly .  

Because these phosphors  have  w e a k  emissions a nd  
are difficult to reproduce  no prev ious  de ta i led  s tudy  
has been  repor ted.  In  the case of ZnS:  Fe phosphors ,  
it has b e e n  found  tha t  the  use of coact ivators  (C1, Br,  
I, AI, Ga, or In )  r e su l t ed  in  r ep roduc ib le  samples.  
This, coupled wi th  the  use of m o d e r n  i n s t r u m e n t s ,  
a l lows a s tudy  of the Z n S : F e  sys tem to be made.  

The Fe ac t iva ted  phosphors  were  s tud ied  u n d e r  
ca thode- ray ,  u.v. (365 n ~ )  and  a -c  field (EL)  e x -  
ci tat ion,  b u t  the  ca thodo luminescence  wi l l  no t  be r e -  
por ted  here  since it was  s imi la r  to the  p h o t o l u m i -  
nescence.  

Phosphor Preparation 
Phosphors  were  p r e p a r e d  f rom RCA ZnS  (33Z19).  

I ron,  Cu ( w h e n  used to m a k e  EL phosphors)  and  
ha logens  were  added f rom stock solut ions  of the  
n i t ra te ,  sulfate ,  and  a m m o n i u m  salts, respect ively .  
A1 was added as a so lu t ion  of NH4Al(SO4)2, a nd  Ga 
and  In  were  added  as the  sesquisulfides.  3"4 Af te r  ad -  
d i t ion  of the  appropr i a t e  amoun t s  of the  compo-  
nents ,  the  r aw  mixes  were  s lu r r i ed  and  dr ied  at  
l l 0 ~  The  dr ied  powders  were  r e m i x e d  and  p laced  
in  a loosely capped silica test  t ube  wh ich  was t h e n  
pu t  into a l a rger  silica f ir ing tube  h a v i n g  one end  
closed and  a gas in le t  and  out le t  at  t he  o ther  end. 

I P r e s e n t  a d d r e s s :  G e n e r a l  P rec i s ion ,  Inc . ,  A e r o s p a c e  R e s e a r c h  
Cen te r ,  L i t t l e  Fa l l s ,  N e w  J e r s ey .  

C o n s u l t a n t ,  R e s e a r c h  D e p a r t m e n t ,  L a m p  D i v i s i o n ,  W e s t i n g h o u s e  
E lec t r i c  Corp. ,  B loomf ie ld ,  N e w  J e r s ey .  
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4 I o d i n e  was  t he  c o a c t i v a t o r  used  i n  m o s t  o f  t h e  e x p e r i m e n t a l  
w o r k  s ince  i t  r e s u l t e d  in  t he  b r i g h t e s t  samples .  E x p e r i m e n t s  w i t h  
t h e  o t h e r  coac t i va to r s  w e r e  l i m i t e d  to  c h e c k i n g  b r i g h t n e s s  and  
emis s ion  color,  

Pr io r  to firing, 5 we igh t  per  cent  ( w / o )  of purif ied 
su l fu r  5 was  added to each sample.  The su l fu r  aids 
in removing oxygen from the phosphor; this is more 
important with EL phosphors, but the addition was 
made to all samples for the sake of consistency. Sim- 
ilar results were obtained with and without the ad- 
dition of sulfur. The samples were fired for I hr at 
950~ in a flowing nitrogen atmosphere. After fir- 
ing, the samples were treated with boiling deionized 
water to disintegrate the lightly sintered powder, 
rinsed with alcohol and dried at II0~ The wash 
water from the I-coactivated phosphors was tested 
for iron and iodine, with negative results. The 
phosphors containing Cu were also washed in a 
NaCN-NaOH solution to remove free copper sul- 
fides. All the phosphors prepared here were essen- 
tially cubic as indicated by their x-ray patterns. 

Representative samples containing variable addi- 
tions of Fe and iodine were analyzed for their 
residual Fe and iodine content as follows: The sam- 
ples were dissolved in 4N HNO3. Iron was deter- 
mined in one portion by preparing the orthoferrous 
phenanthroline complex and comparing the colors 
photometrically against standards. No loss of any 
initially added Fe was found. It was found, however, 
that the finished phosphors contained an additional 
I-5 ppm iron. Part of this came from the raw ma- 
terials and part from the post-preparative handling. 
The additional Fe was confirmed by spectroscopic 
analysis. Since the exact amount of Fe present in the 
unfired samples was not known, and since the pres- 
ence of the "impurity" Fe has little effect on the re- 
sults and conclusions, all Fe concentrations will be 
reported as the amounts added to the raw mix. The 
iodine in another portion of the solution 6 was found 
by adding silver nitrate, and determining the iodine 
concentration by turbidimetric comparison with 
standards, with an accuracy of • Over the 
range of iodine concentration added to the phosphor 

s O b t a i n e d  f r o m  the  G e n e r a l  C h e m i c a l  Div . ,  A l l i e d  C h e m i c a l  and  
Dye  Corp. ,  N e w  York ,  N. Y. 

6 Tes ts  s h o w e d  t h a t  i n  t h i s  c o n c e n t r a t i o n  r a n g e  no  i o d i n e  was  los t  
d u r i n g  d i s s o l u t i o n  Of the  sample .  
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r aw  mix,  the  iodine con ten t  was  a p p r o x i m a t e l y  0.013 
atomic per  cent  ( a / o )  and  is a p p a r e n t l y  i n d e p e n d e n t  
of the  a m o u n t  added to the r aw  mix.  

Exper imenta l  Results 
Role 05 coactivator.--From the  resul t s  of ear l ie r  

worke r s  it was k n o w n  tha t  l uminescence  due to i ron  
could on ly  be ob ta ined  wi th  i ron  concen t ra t ions  of 
abou t  0.001-0.01% 7 ( 4 , 5 , 7 , 9 ) .  In  the p re sen t  i n -  
ves t igat ion,  the  p r e p a r a t i o n  of ZnS  samples  con-  
t a i n ing  0.01Fe or 0.03Fe,0.3Cu by  f ir ing in  N2 
resu l ted  in  n o n l u m i n e s c e n t  samples,  s Add i t i on  of a 
coact ivator  such as ha l ide  (C1, Br, or I) or a t r i -  
v a l e n t  cat ion such as A1, Ga, or In  (a t  least  to the  
Z n S : F e , C u  phosphors)  resu l t ed  in  luminescence .  
(The  samples  wi th  the  t r i v a l e n t  cat ions were  fired 
in HeS to ensu re  sulfide fo rmat ion . )  The phosphors  
c o n t a i n i n g  the ca t ion  coact ivators  had  w e a k  red  plus  
b lue  l uminescence  for field or u.v. exci ta t ion.  In  
addi t ion,  there  was ve ry  weak  emiss ion  due to the  
Ga and  In.  

One role  of a coac t iva tor  is tha t  of a charge  com-  
pensa to r  (10).  Wi th  I coact ivat ion,  there  could be 
two possible  ways  for compensa t ion  to occur if i ron  
has a va lence  other  t h a n  two. The iodine can  be 
located in t e r s t i t i a l ly  if i ron  is 34-, which  seems 
r a the r  u n l i k e l y  due to the large size of the I -  ion. 
A l t e rna t e ly ,  i ron as Fe + could be compensa ted  by 
I -  located s u b s t i t u t i o n a l l y  for S 2-.  This  l a t t e r  possi-  
b i l i ty  is ve ry  doub t fu l  since Fe + would  be uns tab le .  
I t  is therefore  be l i eved  that  iodine is no t  p r e sen t  as a 
charge compensa to r  for iron. However ,  Fe ~+ could 
also be charge  compensa ted  by  a m o n o v a l e n t  ca t ion  
such as Li, Na, or  K according to scheme:  Fe 3+ 4- 
M + rep lac ing  2Zn 2+. Samples  were  p r epa red  con-  
t a i n ing  0.01Fe and  0.01M, whe re  M was Li, Na, or 
K (added  as the ca rbona te  and  fired in  H2S). These 
samples  were  n o n l u m i n e s c e n t  u n d e r  u.v. or ca th-  
o d e - r a y  exci ta t ion.  

F r o m  these resul t s  it appears  tha t  a coact ivator  
mus t  be p resen t  for red  emiss ion  to occur an d  tha t  
a p p a r e n t l y  Fe is d iva len t .  C o n c u r r e n t l y  wi th  the 
red emiss ion  there  is a lways  b lue  emission.  

Photo luminescence  
Reflectance spec~ra.--Reflectance spect ra  were  

t a k e n  wi th  a B e c k m a n  Model DU spec t ropho tomete r  
wi th  diffuse ref lectance and  pho tomu l t i p l i e r  a t t ach -  
ments .  The  s t anda rd  t echn ique  for powder  samples  
was used. For  m e a s u r e m e n t s  be low 400 m~, a Co r n -  
ing No. 5840 filter was  placed in  f ron t  of the photo-  
m u l t i p l i e r  to e l imina t e  emiss ion  f rom the  sample.  

Reflectance spectra  were  m e a s u r e d  for a series 
of phosphors  in which  the  i ron  addi t ions  were  va r i ed  
over the  r ange  of 0 -1%.  The absorp t ion  [ =  (100-% 
ref lectance)  ] charac ter is t ics  of this  series are shown 
in  Fig. 1. The absorp t ion  edge was  a r o u n d  340 m~ 
(3.65 ev)  which  agreed  wi th  the resul ts  r epor ted  in 
the l i t e r a tu re  (11).  Inc reas ing  the  i ron  addi t ions  
resu l t ed  in  an  o v e r - a l l  increase  in  absorp t ion  plus  
the appea rance  of th ree  n e w  abso rp t ion  bands .  These  

7 A l l  a c t i v a t o r  a n d  c o a c t i v a t o r  c o n c e n t r a t i o n s  a r e  i n  a t o m  p e r  c e n t .  

s A l l  s a m p l e s  w i t h o u t  c o p p e r  w e r e  e x a m i n e d  u n d e r  365  m/~ u . v .  
a n d  r e p z e s e n t a t i v e  s a m p l e s  w e r e  a l s o  e x a m i n e d  u n d e r  c a t h o d e - r a y  
e x c i t a t m n .  T h e  s a m p l e s  w i t h  c o p p e r  w e r e  e x a m i n e d  f o r  e lec tro -  
l u m i n e s c e n c e .  
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bands  peaked  a r o u n d  425 m~ (2.9 ev ) ,  600-650 m/~ 
(2.1-1.9 ev)  and  825 m/~ (1.5 ev) .  

F i n e  s t ruc tu re  in  the absorp t ion  spectra  was  
looked for by  t ak ing  absorp t ion  da ta  at m u c h  smal le r  
w a v e l e n g t h  in te rva ls ,  20A, bu t  none  was  found.  This  
is qu i te  d i f ferent  f rom Z n S : M n  phosphors  which  do 
show fine s t ruc tu re  consis t ing of four  smal l  absorp -  
t ion  bands  located b e t w e e n  390 and  500 m# (12).  

Abso rp t ion  spectra  for Z n S : F e  samples  con ta in ing  
the  m o n o v a l e n t  cat ions l i th ium,  sodium, or po tas -  
s ium were  iden t ica l  wi th  those of phosphors  con-  
t a i n i n g  no coact ivators .  The  presence  of the  m o n o -  
v a l e n t  cat ion a p p a r e n t l y  had  no effect on the ox ida-  
t ion  state of i ron,  since a change  in  the  ox ida t ion  
state  of Fe would  be expected  to resu l t  in  some 
change  in  the  absorp t ion  spectra.  

Excitation spectra.--Excitation spect ra  for the red 
and  b lue  emiss ions  were  ob ta ined  wi th  the aid of a 
500 m m  Bausch  and  Lomb  gra t ing  m o n o c h r o m a t o r  
equ ipped  wi th  a g ra t ing  drive.  The exci t ing  source 
was  a s tabi l ized 100w xe non  lamp.  The phosphors  
were  deposi ted f rom an  alcohol suspens ion  on the  
composi te  b lue  or red  filters. The red filter was  
Corn ing  No. 2404 plus  Ba i rd  V-3-507 in t e r f e rence  
filter, and  the  b lue  one was C or n i ng  No. 5543 4- 
W r a t t e n  No. 47. The  red filter c omb i na t i on  passes a 
l ine  a r o u n d  658 m/~. The  p h o t o c u r r e n t  was  recorded 
on a Model AW E s t e r l i n e - A n g u s  recorder .  Al l  spec-  
t ra  are  g iven  re la t ive  to a 0.2 % f luorescein so lu t ion  
which  has u n i t  q u a n t u m  efficiency over  the r ange  
250-500 m/~ (13).  

The  exc i ta t ion  spectra  were  measu red  for th ree  
di f ferent  i ron addi t ions :  0, 0.001 and  0.1%. The ex-  
c i ta t ion  spect ra  of the b lue  emiss ion show a s t rong 
peak  at 340 m~ (3.65 ev)  wi th  a shou lder  on the  long 
w a v e l e n g t h  side which  ind ica ted  a second peak  
a r o u n d  375 rn# (3.33 ev) .  Add i t ion  of 0.001% Fe  re -  
su l ted  in  a la rge  decrease in  the  i n t e ns i t y  of the b lue  
exc i ta t ion  b a n d  whi le  a f u r t he r  Fe increase  de-  
creased the  i n t ens i t y  of the  exc i ta t ion  b a n d  a lmost  
to zero. For  the  red emission,  all  th ree  samples  
showed a p r i m a r y  exc i ta t ion  peak  at  340 m# wi th  a 
secondary  peak  ( shoulder )  n e a r  375 m/~. The  i n t e n -  
s i ty of the p r i m a r y  peak  increased  by  a p p r o x i m a t e l y  
a factor  of 2 as the Fe add i t ion  was increased  f rom 
0 to 0.001%, bu t  the secondary  peak  was on ly  
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Fig. 2. Excitation spectra of the red and blue emissions from 
ZuS:O.O0| Fe, 1.01. 

the peak  posi t ions of the b lue  and  red emiss ion bands  
was found,  only  an  a l t e ra t ion  of the i r  peak  heights .  
The  emiss ion spec t rum f rom ZnS:  0.005Fe,I is shown 
in  Fig. 3. 

Fluorescence intensity as a function of Fe and I 
additions.--The effects of Fe and  I va r i a t ions  on the 
i n t ens i t y  of the Z n S : F e , I  l uminescence  were  meas -  
u red  w i th  a 1P22 pho t omu l t i p l i e r  and  a Ke i th l ey  
Elec t rometer .  

The  concen t r a t i on  of Fe added  to the r a w  m i x  was 
var ied  over  the  r ange  0-0.01% for iodine addi t ions  
of 0.01, 0.1, 1, and  10%. The resu l t s  are shown  in 
Fig. 4; also shown is the  co r respond ing  EL behav io r  
for ZnS:  xFe,0.3Cu,I.  I n c r e a s i n g  the Fe add i t ion  f rom 
0 to 0.001% resul t s  in  an  inc rease  in  the  red emis-  
sion. In  the  r ange  0.001-0.007% Fe  the  behav io r  of 
the red emiss ion var ies  d e p e n d i n g  on the I add i t ion  

s l ight ly  affected. Inc reas ing  the  Fe add i t ion  to 0.01% 
resu l ted  in  a decrease of the  p r i m a r y  peak  and  a 
p ropor t iona t e  decrease in  the  secondary  peak  (by  
a factor  of 1.7-1.8). F igure  2 shows the  exc i ta t ion  
spectra  of the  red and  b lue  emiss ions  f rom the phos-  
phor  wi th  0.001 Fe. 

I r r ad i a t i on  into the th ree  i ron absorp t ion  ba nds  
at 405, 600-650, and  821 mF, did not  resu l t  in  a n y  de-  
tec table  l uminescence  in  the vis ib le  reg ion  of the  
spec t rum.  

Emission spectra.--Spectral d i s t r ibu t ions  were  
t a k e n  wi th  a G a e r t n e r  cons tan t  dev ia t ion  spec t rom-  
eter  which  had been  fitted wi th  a p r i sm drive.  The 
pho tomul t i p l i e r  output ,  a f ter  ampl i f ica t ion  by  a 
Ke i th l ey  Model  210 Elec t rometer ,  was  recorded on 
an  E s t e r l i n e - A n g u s  Model  AW recorder .  Al l  d is -  
t r i bu t i ons  were  corrected for spec t ra l  sens i t iv i ty  of 
the  detec tor  and  d ispers ion  of the  pr ism.  Exc i t a t ion  
was  b y  365 m~ r ad i a t i on  ob ta ined  f rom a 400w h igh -  
p ressure  m e r c u r y  l amp equ ipped  w i t h  Corn ing  No. 
9863 plus  No. 5860 filters. This  l amp  and  fil ter com-  
b i n a t i o n  was  used in most  of the  m e a s u r e m e n t s  i n -  
vo lv ing  365 m~ exci ta t ion.  

The effect of inc reas ing  i ron  addi t ions  on the emis -  
s ion spect ra  was  e x a m i n e d  over  the  r ange  of 
0-0.01% Fe;  at h igher  i ron  concent ra t ions ,  the  i n -  
t ens i ty  was  too low for m e a s u r e m e n t .  No effect on 

I 00  

90 4000 

80 

70 

g eo 

~ 50 

3O 

2 0  

IO 

)0 

�9 s Z" " r  s~s~, A ;  "~ \~ '~ 

,' % \  / /  

. /  

' 4~,o ' 4~o ' d,o 5&o ' 66o ' 64o ' 6~o 
WAVELENGTH, rnp 

Fig. 3. Photoluminescent emission spectrum from Zn$:0.005Fe, 
1.01 on4 electrolumiuescent emission spectre of ZnS:0.0]Fe, 03Cu, 
0.71. Excitation by 365 m/~ ultraviolet and by 400 end 4000 cps, 
respectively. 

:E 

tO -e 

uJ 
11: 

5 

~ 10 -9 

i0- ,o 
0 

i �9 / . /  \ 
~,.o z \ \  

\o \ \ \ 

\ \ §  \. / -  , 

. . . .  

ATOM % Fe 

' \  \ 
* \ 

T \ " 

#. to-' \ 

o \ 

. \  
5 \ 

~- I0 -9 - ~ \ x 

\ 
. \  

r \ 

,o-,~ , . 
( lO-Z 

ATOM % Fe 
IO-I 

Fig. 4. Intensity of the (A, top) red emission and (B, bottom) 
blue emission from ZnS:xFe,yl and ZnS:Fe,0.3Cu,0.71 as a func- 
tion of the amount of Fe added to the phosphor raw mix. Excitation 
by 365 m~ ultraviolet and 2000 cps, 1200v rms, respectively; 
photoluminescence; , electroluminescence. 



Vol. 111, No. 1 

(Fig .  4A)  w h i c h  shows  t ha t  t h e r e  is a v a r i a t i o n  of 
t he  r e s i d u a l  I concen t r a t i on ,  a t  l e a s t  w i t h i n  t he  l imi t s  
of the  I ana ly s i s  of --+--75%. F o r  i nc r ea s ing  conc e n -  
t r a t i o n s  above  0.007% t h e r e  is a p r o g r e s s i v e  d e c r e a s e  
in the  r e d  luminescence .  The  s a m p l e s  a r e  e s sen -  
t i a l l y  q u e n c h e d  for  i r on  add i t i ons  b e t w e e n  0.05- 
0.08%. F o r  the  b l u e  emiss ion,  w i t h  a l l  b u t  the  lowes t  
iod ine  a d d i t i o n  of 0.01%, i nc r ea s ing  a m o u n t s  of 
i ron  r e s u l t e d  in  a r a p i d  dec rease  in i n t e n s i t y  w i t h  
c o m p l e t e  q u e n c h i n g  a t  F e  a d d i t i o n s  of 0.03-0.05% 
(Fig .  4B) .  In  s a m p l e s  con t a in ing  0.01% iodine ,  the  
b lue  emiss ion  h a d  e s s e n t i a l l y  cons t an t  i n t e n s i t y  for  
i nc r ea s ing  F e  add i t i ons  f r o m  0.001 to 0.003%, and  
t hen  d e c r e a s e d  r a p i d l y  w i t h  f u r t h e r  inc reases  in 
iron.  

Temperature dependence of fluorescence.---Based 
on a m e t h o d  p r o p o s e d  first  b y  Mot t  and  G u r n e y  (14) 
a n d  f u r t h e r  d e v e l o p e d  b y  K l a s e n s  (15) ,  t he  e n e r g y  
d i f fe rence  b e t w e e n  the  top  of t he  f i l led b a n d  and  the  
g r o u n d - s t a t e  l eve l  of an  exc i t ed  cen t e r  ( in  t he  
S c h S n - K l a s e n s  m o d e l )  m a y  be  c a l c u l a t e d  f r o m  the  
v a r i a t i o n  of the  emiss ion  i n t e n s i t y  w i t h  t e m p e r a t u r e  
d u r i n g  exc i t a t ion .  The  bas is  of th is  m e t h o d  was  the  
a s s u m p t i o n  t ha t  t h e  cause  of the  dec rea se  of l u m i -  
nescence  at  h igh  t e m p e r a t u r e s  is f i l l ing of e xc i t e d  
cen te r s  b y  the  r a i s ing  of e l ec t rons  f r o m  the  va l e nc e  
b a n d  to t he  exc i t ed  center .  

A c c o r d i n g  to K l a s e n s '  f o r m u l a t i o n  the  t e m p e r a -  
t u r e  d e p e n d e n c e  of  the  emiss ion  is e x p r e s s e d  b y  
the  e q u a t i o n  

L / L o  = 1 / [1  + A exp  (--Eq/kt) ] [1]  

w h e r e  L is l u m i n e s c e n c e  i n t e n s i t y  at  t e m p e r a t u r e  
T~ Lo is a cons t an t  w h i c h  va r i e s  f r o m  s a m p l e  to 
s a m p l e  a n d  m a y  c o r r e s p o n d  to t he  i n t e n s i t y  of t h e  
m a x i m u m  o b s e r v e d  emiss ion,  A is a cons tan t ,  k is 
B o l t z m a n n ' s  cons tan t ,  and  Eq is the  t h e r m a l  q u e n c h -  
ing ene rgy .  This  equa t ion  can  be  a p p l i e d  to bo th  
t he  r e d  and  b l u e  emiss ions .  

T e m p e r a t u r e  d e p e n d e n c e  m e a s u r e m e n t s  of the  r e d  
and  b lue  emiss ions  w e r e  m a d e  on a ser ies  of p h o s -  
phors  h a v i n g  i nc r ea s ing  add i t i ons  of i ron.  The  i ron  
add i t i ons  used  and  the  t e m p e r a t u r e  b r e a k p o i n t s ,  Tb, 
a r e  l i s t ed  in Tab le  I. 

A t y p i c a l  t e m p e r a t u r e  d e p e n d e n c e  cu rve  is shown  
in Fig .  5. T h e r e  a r e  s e v e r a l  t h ings  to be  n o t e d  in 
these  cu rves :  ( a )  t he  b lue  emiss ion  s t a r t s  to i n -  
c rease  w i t h  i nc rea s ing  t e m p e r a t u r e  at  a l o w e r  t e m -  
p e r a t u r e  t h a n  the  r ed  emiss ion;  (b)  the  r e d  emiss ion  
s t a r t s  to i nc rea se  r a p i d l y  n e a r  t he  t e m p e r a t u r e  at  
w h i c h  the  b lue  emiss ion  has  i ts  m a x i m u m ;  (c)  t he  
b lue  emiss ion  has  d e c r e a s e d  c o n s i d e r a b l y  a t  t he  t e m -  
p e r a t u r e  a t  w h i c h  the  r e d  emiss ion  has  i ts m a x i m u m .  

Table I. Apparent thermal quenching energies, Eq, and temperature 
breakpoints, Tb, as a function of Fe additions 

B l u e  B e d  
Z n S  : xFe, 

1I Eq, e v  Tb, ~ Eq, e v  Tb, ~ 

x = 0 0.40 + 0.02 --16 0.38 • 0.02 +46  
0.001 0.41 --28 0.41 +42 
0.003 0.36 --30 0.31 +20  
0.005 0.27 --30 0.27 + 8  
0.01 0.25 --39 0.27 + 10 
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Fig. 5. Temperature dependence of the red and blue emissions 
from ZnS:O.O01Fe,l.01. 365 m~ excitation. 

Using  K l a s e n ' s  equa t ion ,  the  a p p a r e n t  t h e r m a l  
q u e n c h i n g  ene rg i e s  for  the  r e d  and  b lue  emiss ions  
f r o m  the  Z n S : F e , I  p h o s p h o r s  w e r e  ca l cu la t ed .  These  
a r e  also l i s t ed  in  Tab le  I. F o r  bo th  emiss ions  Eq d e -  
c r e a se d  w i t h  i nc r e a s ing  i ron  addi t ions .  9 F o r  a g i v e n  
phospho r ,  E~ h a d  the  s a m e  v a l u e  for  bo th  emiss ions .  
T h e  t e m p e r a t u r e  b r e a k p o i n t s  of t he  t w o  emiss ions  
m o v e d  to l o w e r  t e m p e r a t u r e s  as the  i ron  add i t i ons  
i nc rea sed ;  th is  h a d  also been  o b s e r v e d  b y  K l a s e n s  
(15) for  Z n S : A g , N i  phosphor s .  The  r e d  F e  emiss ion  
a p p e a r e d  to sh i f t  s l i gh t ly  f a s t e r  t h a n  t h e  b l u e  e m i s -  
sion. The  exac t  b e h a v i o r  of the  t e m p e r a t u r e  b r e a k -  
po in t  for  t he  h igh  i ron  a d d i t i o n s  is not  k n o w n ,  o w i n g  
to poss ib le  t h e r m o l u m i n e s c e n c e  c o n t r i b u t i o n s  in  t he  
r eg ion  of t h e  l o w e r  Tb'S. 

Excitation-intensity dependence o~ fluorescence.-- 
The  i n t e n s i t y  of t he  r e d  a n d  b lue  emiss ions  as a f u n c -  
t ion  of  i n c r e a s i n g  i ron  a d d i t i o n s  was  m e a s u r e d  ove r  
two  decades  of e xc i t a t i on  in t ens i ty .  T h e  p h o s p h o r s  
w e r e  m o u n t e d  on an op t ica l  b e n c h  and  the  d i s t ance  
f r o m  the  s a m p l e  to t h e  l a m p  v a r i e d  b y  p r e d e t e r -  
m i n e d  a m o u n t s  to g ive  the  r e q u i r e d  e xc i t a t i on  i n -  
t ens i ty .  

The  i n t e n s i t y  of bo th  emiss ions  fo l l owed  the  e q u a -  
t ion  L = aI n w h e r e  a and  n a re  cons tan t s  and  I is 
t he  i n t e n s i t y  of the  exc i t i ng  source.  I t  was  found  t h a t  
n has  the  s ame  v a l u e  for  bo th  emiss ions  (1.2) and  is 
i n d e p e n d e n t  of t h e  F e  concen t r a t i on .  

Thermoluminescence (glow curves).--The i n t r o -  
duc t i on  of F e  in to  Z n S : I  p h o s p h o r s  r e su l t s  in  t he  
a p p e a r a n c e  of s e v e r a l  g low  peaks ,  t he  mos t  p r o -  
n o u n c e d  b e i n g  at  --100,  --75, --40, and  + 2 5 ~  w h i c h  
a r e  a t t r i b u t e d  to Fe ;  t h e r e  is also a s t rong  p e a k  a t  
- -140~ w h i c h  is a p p a r e n t l y  due  to h a l o g e n  (16) .  
I n c r e a s i n g  the  F e  a d d i t i o n  to 0.01% i n i t i a l l y  i n -  
c r ea sed  the  - -75~ p e a k  r e l a t i v e  to t he  o the r  peaks .  
A f u r t h e r  i n c r e a s e  in F e  r e s u l t e d  in a r a p i d  dec rease  
of the  - -75~  p e a k  r e l a t i v e  to the  - -140~ p e a k ;  a t  
0.05% F e  on ly  the  - -140~  p e a k  r e m a i n e d  b u t  of 
v e r y  low in t ens i ty .  S o m e w h a t  s im i l a r  b e h a v i o r  for  
Z n S : C u , N i  has  been  r e p o r t e d  b y  H o o g e n s t r a a t e n  
(17) .  

Glow curves of the red and blue emission from a 
ZnS:0.001Fe,I sample were measured and found to 

be essentially the same (Fig. 6). 

9 K l a s e n s  has  o b s e r v e d  s i m i l a r  behax, i o r  i n  Z n S : A g , N i  p h o s p h o r s  
(15). 
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Table II. Light-to-dark-current ratio, % of ZnS:xFe,II as a 
function of the excitation wavelength 
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Fig. 6. Glow curves from ZnS:0.00]Fe,|.0] for observation of 
the red on(] blue emissions. 36.5 m/~ excitation. Heating rote was 
]0~ 

Decay of phosphorescence.--The phosphorescence  
decay  of the red and  b lue  emiss ions  as a f unc t i on  of 
the  Fe  concen t r a t i on  was  measured .  The  pho tocu r -  
r en t  f rom the  detec tor  was  amplif ied b y  a Ke i th l ey  
Model  210 E lec t romete r  and  the ou tpu t  fed into a 
S a n b o r n  Model  128 recorder .  The sample  was first 
a l lowed to reach e q u i l i b r i u m  u n d e r  exci ta t ion;  t h e n  
the  exci t ing  source was  cut off b y  a f a s t - ac t i ng  
shut ter .  

The b lue  emiss ion  a lways  bu i l t  up and  decayed  
fas te r  t h a n  the red emission.  Ana lys i s  of the decay 
curves  showed tha t  the  red emiss ion consis ted of two 
components ,  an  in i t i a l  fast  decay which  was ex-  
ponen t i a l  and  a s lower decay which  fol lowed a 
power  law of the  type  L ~ Lot -n. The  b lue  emis -  
sion, except  f rom samples  hav ing  no added Fe, de-  
cayed according to an  exponen t i a l  law. The b lue  
emiss ion  f rom the samples  con t a in ing  no added Fe 
had  bo th  the  in i t i a l  e x p o n e n t i a l  decay and  the  
s lower  p o w e r - l a w  tail. The  va lues  of n ( e x p o n e n t  in  
the  power  l aw  decay)  and  z ( the  l i f e - t ime )  are:  
red  r = 0.13 _+ 0.02, n = 1.0 __ 0.05; b lue  z = 0.05 
-- 0.01, n = 1.35. 

Photoconduct iv i ty . - -Photoconduct iv i ty  was me a s -  
u r ed  in  a d e m o u n t a b l e  cell h a v i n g  one electrode 
t r a n s p a r e n t  1~ and  the  o ther  a l u m i n u m ;  the cell spac-  
ing  was 3 mils.  The phosphor  was mixed  wi th  castor 
oil in  the  we igh t  ra t io  1.5: 1. Two 45v ba t te r ies  in  
series were  placed across the cell; the  t r a n s p a r e n t  
e lectrode was  a lways  kept  at  the same polar i ty .  The  
p h o t o c u r r e n t  was  m e a s u r e d  wi th  a Ke i th l ey  Model  
200A Elec t rometer .  The  exci t ing  source was a 100w 
Hg lamp.  Var ious  combina t ions  of filters were  used 
to isolate bands  at 365, 405, 658, and  821 m~, cor-  
r e spond ing  to the  observed  absorp t ion  peaks.  

Pho toconduc t i v i t y  was  sought  in  samples  h a v i n g  
inc reas ing  addi t ions  of i ron.  Exc i t a t ion  b y  365 m~ 

lo M a d e  f r o m  t i n  o x i d e - c o a t e d  g l a s s  h a v i n g  a r e s i s t a n c e  o f  100 
o h m s .  

f o r  i r r a d i a t i o n  b y  
F e  c o n -  

c e n t r a t i o n  3 6 5  m ~  405  m ~  658  m ~  821  m ~  

x = 0 2.6 2.78 1.00 1.00 
0.001 2.3 1.65 1.00 1.00 
0.01 1.55 1.03 1.00 1.00 
0.03 1.46 1.05 1.00 1.00 

resu l t ed  in  weak  photoconduc t iv i ty .  I nc r ea s ing  the 
i ron  concen t r a t i on  resu l ted  in  a decrease in  the 
pho toconduc t iv i ty .  

The ref lectance spect ra  for Z n S : F e , I  discussed 
p rev ious ly  showed the presence  of th ree  n e w  ab-  
sorpt ion bands  which  are a p p a r e n t l y  due to i ron 
(Fig. 1). The same samples  used in  the  p rev ious  
pho toconduc t iv i ty  m e a s u r e m e n t s  were  i r r ad i a t ed  
wi th  r ad i a t i on  ly ing  n e a r  the th ree  absorp t ion  peaks.  
The resul t s  are shown  in  Tab le  II  which  gives the  
l i g h t - t o - d a r k  c u r r e n t  ratio,  ~,, as a func t ion  of the  
exci t ing  wave leng th .  O n l y  r a d i a t i on  ly ing  in  the 
short  w a v e l e n g t h  absorp t ion  b a n d  resu l ted  in  photo-  
conduct iv i ty .  This pho toconduc t iv i ty  also decreased 
wi th  increas ing  i ron  addi t ions .  

Bube  (18) has repor ted  tha t  se l f - ac t iva ted  ZnS  
has ve ry  l i t t le  pho toconduc t iv i ty  at  w a v e l e n g t h s  
g rea te r  t h a n  390 m~ whi le  ZnS con t a in ing  Cu is 
qu i te  pho toconduc t ive  u n d e r  exc i ta t ion  by  r ad i a t i on  
up to 500 m~. The  ZnS  phosphors  p r epa red  here  are 
k n o w n  to con ta in  t race  a moun t s  of Cu ( ~  1 p p m )  
so tha t  in  all  p r oba b i l i t y  the  pho toconduc t iv i ty  ob-  
t a ined  b y  405 m~ i r r ad i a t i on  is due to the presence  
of the Cu impur i ty .  

Electrolu minescence  

Experimental  results .raThe EL charac ter is t ics  
were  m e a s u r e d  us ing  castor  oil as the dielectric,  a 
H e w l e t t - P a c k a r d  Model  200 wide  r ange  oscillator,  a 
La faye t t e  Model  PE75 100w amplifier ,  and  a UTC 
Model CVP5 audio t r ans fo rmer .  The  vol tage  across 
the cell was  m e a s u r e d  wi th  an  RCA Senior  Vol t -  
Ohmys t  which  had  been  ca l ib ra ted  aga ins t  an  elec-  
t ros ta t ic  vo l tmeter .  The  i n t e n s i t y  of the  EL was 
m e a s u r e d  wi th  a Photo  Research  Corpora t ion  Spec-  
t ra  Spot  Br igh tness  Meter  u s ing  the  b u i l t - i n  filters. 
EL wave fo rms  were  observed  on a dua l  b e a m  oscil-  
loscope. 

Emission spectra . - -The emiss ion  spect ra  of ZnS:  
0.01Fe,0.3Cu,0.7I were  ob ta ined  at 400 and  4000 cps, 
Fig. 3. Both spect ra  con ta ined  a shor t  a nd  long 
w a v e l e n g t h  band.  Inc reas ing  the  f r e que nc y  m a d e  the 
short  w a v e l e n g t h  b a n d  (peak)  shift  f rom 490 to 458 
n ~ .  The peak  w a v e l e n g t h  of the  red emiss ion  was  
unaffec ted  by  a change  in  f r e q u e n c y  and  was at  the  
same w a v e l e n g t h  as tha t  ob ta ined  wi th  u.v. exc i ta -  
t ion. 

EL intensity as a funct ion of Fe addit ions.--The 
inf luence of inc reas ing  Fe addi t ions ,  at cons tan t  Cu 
(0 .3%) and  I (0 .7%) ,  on the  red  and  b lue  EL was 
d e t e r m i n e d  at 2000 cps, 1200v rms.  Resul ts  were  
s imi la r  to those ob ta ined  w i t h  365 m~ exc i ta t ion  
(Fig. 4) .  

Voltage dependence.raThe vol tage  dependenc ies  
of the  red and  b lue  EL were  d e t e r m i n e d  at 2000 
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Fig. 7. Build-up and decay of the red and blue electrolumi- 
nescence of ZnS:O.I Fe, 0.3Cu, 1.01. 

cps as a func t ion  of inc reas ing  i ron  addi t ions.  Both  
emissions were  found  to fol low the  wel l  k n o w n  
equa t ion  (19) L ~ Lo exp [--(Vo/V) ~/2] w h e r e  L is 
EL i n t e n s i t y  at vol tage  V, Lo is the  EL at inf ini te  
voltage,  and  Vo is a constant ,  a p p r o x i m a t e l y  5.3 x 104 
for bo th  the  red and  b lue  emissions.  

Frequency dependence.--The f r equency  de pe nd -  
encies of the  red and  b lue  emiss ions  were  d e t e r m i n e d  
b e t w e e n  100 and  10,000 cps at a cons tan t  vol tage  of 
100v rms.  The  emiss ion increases  wi th  inc reas ing  
f r equency  f rom 100 to 1000 cps, and  beg ins  to ap-  
proach s a tu r a t i on  for h igher  f requencies .  The slopes 
n of the  curves  (for  a log- log  plot  of EL vs. f r e -  
quency)  for the red  a n d  b lue  emiss ions  as a f unc t i on  
of the  i ron  addi t ions  are  cons tan ts  and  i n d e p e n d e n t  
of the Fe  concen t ra t ion :  red  n = 0.72; b lue  n = 1.16. 
No va r i a t i on  in  slope as a f unc t i on  of f r e q u e n c y  was  
observed,  in  con t ras t  to Goldberg ' s  resul t s  for 
ZnS:  Cu phosphors  con ta in ing  cobal t  or n icke l  (7) .  

Build-up and decay.--The b u i l d - u p  and  decay of 
the red and  b lue  EL were  m e a s u r e d  for one sample,  
ZnS:0.01Fe,0.3Cu,0.7I ,  at  400 cps, 450v rms.  They  
were s imi la r  to those ob ta ined  wi th  ZnS:  Fe,I  exci ted 
by  365 r ~  u.v., i.e., the  b lue  emiss ion  bu i lds  up  a nd  
decays fas ter  t h a n  the  red emiss ion  (Fig. 7).  The  
decay of both  emiss ions  was p r i m a r i l y  expone n t i a l  
wi th  ~ -~ 0.05 sec for the b lue  emiss ion  and  r = 0.49 
sec for the  red emission.  The  t ime  cons tan t  of the  
b lue  EL was essen t ia l ly  the same as tha t  ob ta ined  
wi th  the  b lue  pho to luminescence ,  b u t  the t ime  con-  
s t an t  of the  red EL was a p p r o x i m a t e l y  four  t imes  
l a rger  t h a n  t ha t  for the  red  pho to luminescence .  

Waveforms.--The effect of inc reas ing  Fe concen-  
t r a t i on  on the  wave fo rms  of the  red and  b lue  emis -  
s ion f rom ZnS:xFe,0 .3Cu,0 .TI  was  e x a m i n e d  over  
the  r ange  0.01 to 0.12% Fe  at  400 cps, 400v rms  
(Fig. 8). The EL waveforms ,  except  for the  b lue  
emiss ion  f rom high Fe  samples,  consis ted of a p r i -  
m a r y  and  a secondary  w a v e  per  ha l f - cyc le  of the  
appl ied  field; the  m i n i m a  of the  wave fo rms  are 
above  the zero base  line.  These two componen t s  are 
gene ra l l y  cal led the  a-c  and  d-c  componen t s  of the  
emission,  respec t ive ly  (20).  

The wave fo rms  of the  red and  b lue  emiss ions  f rom 
the  sample  con t a in ing  the lowest  i ron  concen t r a t i on  
(0 .01%) showed s t rong p r i m a r y  peaks.  Th e  sec- 

Fig. 8. Electroluminescence waveforms of the red and blue 
emissions from ZnS:xFe,O.3Cu,031. Excitation at 400 cps, 400v 
rms. In each picture the top set of carves is for red emission, 
bottom for blue. Top curve of each trace is waveform of applied 
field, lower curve the corresponding emission waveform. Horizontal 
traces are zero base lines, i.e., no field. 

o n d a r y  peak  of the red emiss ion  was  we l l  developed,  
b u t  tha t  of the  b lue  emiss ion  was  b a r e l y  percept ib le .  
There  was a s t rong  d-c  level  for bo th  emissions.  I n -  
creas ing the  Fe concen t r a t i on  caused a progress ive  
decrease  in  the  d-c  level  of bo th  emissions,  wi th  the  
d-c  level  of the  b lue  emiss ion decreas ing  faster .  
Inc reas ing  i ron  con ten t  also caused a progress ive  
decrease in  the  a mp l i t ude  of the  p r i m a r y  and  sec- 
o n d a r y  waves ,  aga in  wi th  the  b lue  decreas ing  faster .  
The secondary  wave  of the  b lue  emiss ion  comple te ly  
d i sappeared  for i ron  concen t ra t ions  above  0.015%, 
b u t  for  the  red emiss ion  it  was  sti l l  d i sce rn ib le  i n  the  
phosphor  c o n t a i n i n g  the h ighes t  i ron  concen t ra t ion ,  
0.12%. 

The effect of inc reas ing  the  f requency ,  at  cons tan t  
voltage,  on the  behav io r  of the  w a ve f o r ms  of the  
b lue  a nd  red  emiss ions  was  also examined .  F igu re  9 
shows the  w a ve f o r ms  for the  sample  w i th  0.01% Fe  
at  100, 300, and  3000 cps at  a cons tan t  vol tage  of 
150v rms;  the  behav io r  of the  other  samples  was  
s imilar .  At  100 cps, the  a mp l i t ude  of the  p r i m a r y  
wave  was m u c h  la rger  t h a n  tha t  of the  secondary  
w a v e  for bo th  emissions.  I nc r ea s ing  the  f r e quency  
caused a smal l  progress ive  increase  in  the  a m p l i t u d e  
of the  b lue  secondary  w a v e  re la t ive  to the  p r imary .  
However ,  the  p r i m a r y  b lue  wave  was  st i l l  the  p re -  
d o m i n a n t  one even  at 3000 cps. The  s i tua t ion  was  r e -  
versed  in  the  case of the  red  emission.  Here,  an  i n -  
crease in  f r e que nc y  to 300 cps r e su l t ed  in  a la rge  
increase  in  the  secondary  wave,  the  a mp l i t ude  of 
the  two waves  be ing  a p p r o x i m a t e l y  the  same. A 
f u r t h e r  f r e q u e n c y  increase,  to 3000 cps, made  the 
secondary  wave  l a rger  t h a n  the p r imary .  For  bo th  
emiss ions  t he r e  was  an  inc rease  in  the  d-e  leveI  w i t h  
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Fig. 9. Effect of increasing frequency on the electroluminescence 
waveforms of the red and blue emissions from ZnS:0.O1Fe,0.3Cu, 
0.71. Data taken at 150v rms. 

inc reas ing  f requency ,  the increase  for the  red emis -  
s ion be ing  larger .  

Discussion and Conclusions 

Identity of the red emission.--Because of the  s imi -  
l a r i ty  of the  emiss ion peaks  of the  Z n S : C u  " red"  
and  the  Z n S : F e  r ed  phosphors ,  there  was  some 
ques t ion  w h e t h e r  these were  rea l ly  different  emis -  
sions. It  is possible tha t  Fe  can i n t ens i fy  the  Cu 
emiss ion  (due  to the  t race  Cu impur i t y ,  ~1  ppm, in  
the  ZnS:  Fe phosphors ) .  However ,  compar i son  of the  
opt ical  p roper t ies  (21-23)  of the  two phosphors  
shows t h e m  to be different  systems. For  example :  

(a)  The  "red"  Cu emiss ion  has the  same t e m p e r a -  
t u r e  dependence  as the b lue  " se l f - ac t iva ted"  or b lue  
Cu emiss ion  and  is a lmost  comple te ly  quenched  at 
about  40~ whi le  the Fe red emiss ion is q u e n c h e d  
wel l  above 100~ 

(b)  The Cu "red"  emiss ion b a n d  is m u c h  wide r  
t h a n  the  Fe band .  Because  of its l a rger  w id t h  the  
Cu emiss ion  looks orange,  whi le  the Fe emiss ion 
looks red, in  spite of the fact tha t  the  two emiss ions  
peak  at  the  same wave leng th .  

(c) The Cu " red"  emiss ion is des t royed  if a co- 
ac t iva tor  is present ,  bu t  the  Fe red appears  on ly  if 
there  is a coact ivator .  

(d)  There  is no q u e n c h i n g  or s t imu la t i on  of the  
Fe  red on i r r ad i a t i on  wi th  in f ra red ,  bu t  the Cu " red"  
emiss ion  is s t imu la t ed  by  in f ra red .  

(e) The ZnS:  Fe phosphors  a lways  have  two emis -  
s ion bands  bu t  Z n S : C u  phosphors  can be p r epa red  
showing  only  the  Cu " red"  emission.  

Generak--The l uminescence  charac ter is t ics  of 
iodine coact ivated Z n S : F e  phosphors  are s imi l a r  r e -  
gardless  of w h e t h e r  the  exc i ta t ion  is by  u.v. or a l -  
t e rna t i ng  electr ic  fields. This means  tha t  the l u m i -  
nescen t  cen te rs  in  the  EL phosphors  (coac t iva ted  
Z n S : F e , C u )  are s imi lar  to those in  the  p h o t o l u m i -  
nescen t  phosphors  (coac t iva ted  Z n S : F e )  and  tha t  
the  t r ans i t ions  lead ing  to l uminescence  are also 
s imilar ,  on ly  the  exc i ta t ion  m e c h a n i s m  differing.  
Therefore ,  da ta  ob ta ined  by  these two modes of ex-  
c i ta t ion  m a y  be used to e luc ida te  the  n a t u r e  of the 
i ron  centers  and  the t r ans i t i ons  invo lved  in  l u m i n -  
escence and  quench ing .  

The in t roduc t ion  of i ron in to  ZnS  con t a in ing  a 
ha l ide  or a t r i va l e n t  cation,  i.e., A1, Ga, or In,  gives 
rise to the  appea rance  of a n e w  red emiss ion which  is 
due  to iron.  Unless  there  is a coact iva tor  p resen t  
the re  is no luminescence  ( red  or b lue ) .  

The  need  for a coact iva tor  in  Z n S : F e  or ZnS:  
Fe ,Cu in  order  for the  red luminescence  to occur is 
surpr i s ing .  I ron  is a p p a r e n t l y  d i v a l e n t  in  ZnS  up  to 
its l imi t  of so lubi l i ty  (24).  F u r t h e r ,  Ti t le  (25) us ing  
e lec t ron spin  re sonance  techniques ,  found  tha t  i ron is 
d iva l en t  in  the unexc i t ed  phosphor  bu t  is t r i v a l e n t  
d u r i n g  exci ta t ion,  n Therefore ,  there  is no neecl for a 
coact iva tor  on  d e p a r t u r e  f rom b i va l e nc y  for i ron  to 
be incorpora ted  in to  ZnS.  It  is s ignif icant  tha t  w h e n  
these  ions are presen t ,  there  is also a b lue  emiss ion  in  
add i t ion  to the  red emission.  M a n y  of the  l u m i n e s -  
cent  charac ter is t ics  of the two emiss ions  are  s imi lar ,  
i nd i ca t ing  tha t  there  is a r e l a t ionsh ip  b e t w e e n  these 
emissions.  For  example :  

(a)  The exc i ta t ion  spect ra  of the red and  b lue  
emissions are essen t ia l ly  the same. 

(b)  The t h e r m a l  q u e n c h i n g  energies ,  Eq, of the 
red and  b lue  pho to luminescence  are the same for a 
g iven  i ron  concen t r a t i on  and  decrease s imi l a r ly  as 
i ron is added. The  t e m p e r a t u r e  b reakpo in t s ,  Tb, also 
decrease in  a s imi la r  m a n n e r  w i t h  increas ing  add i -  
t ions of Fe. 

(c) The slope of the  curves  of the red and  b lue  
emiss ion in tens i t i es  as a func t ion  of the u.v. exc i t ing  
i n t ens i t y  or the s t r eng th  and  f r e que nc y  of the  ap-  
pl ied electr ic  field are the same for a g iven  mode of 
exci ta t ion.  

(d) The glow peaks  of the  red  and  b lue  emis-  
sions are a lmost  ident ical .  

F u r t h e r  ind ica t ion  of a r e l a t ionsh ip  b e t w e e n  the  
two emiss ions  can be seen in  Fig. 5, which  gives the  
t e m p e r a t u r e  dependence  of the  red and  b lue  emis-  
sions. The red emiss ion  i n t e ns i t y  begins  to increase  
at the  t e m p e r a t u r e  at  which  the  b lue  emiss ion  s tar ts  
to decrease.  K lasens  (26) and  Tolstoi  (8) have  found  
tha t  this  behav io r  gene ra l l y  occurs for emiss ions  
tha t  are related.  F r o m  the  da ta  shown in  Fig. 5, the 
a p p a r e n t  ac t iva t ion  ene rgy  for the rise of the red 
emiss ion was  ca lcula ted  and  found  to be the  same as 
the t h e r m a l  q u e n c h i n g  ene rgy  of the  b lue  emiss ion;  
this is the same sort  of r e la t ionsh ip  found  by  Tolstoi  
for the  red and  b lue  emiss ions  f rom Z n S : C o  (8) .  
However ,  the  resul t s  wi th  the  Z n S : F e , I  phosphor  are  
somewha t  open to ques t ion  since no t  all  the  points  
on the  r i s ing  red curve  fit the equat ion.  A s imi la r  
r e la t ionsh ip  b e t w e e n  the  fal l  and  rise of the b lue  
and  o range  emiss ions  in  Z n S : M n  has also been  ob-  
served (27).  

The  need  for a coact iva tor  and  the s imi l a r i t y  in  
luminescence  character is t ics  can be exp la ined  if the 
a s sumpt ion  is made  that ,  regardless  of the mode  of 
exci ta t ion,  the  b lue  centers  ("se l f"  or Cu)  are  i n i -  
t ia l ly  excited,  fol lowed by  a t r a n s f e r  of ene rgy  f rom 
these centers  to the i ron  centers ,  which  m a y  t h e n  
emit.  This  t r ans fe r  of ene rgy  m a y  occur by  a reso-  
na nc e  t r ans fe r  process or by  the  t r ans fe r  of charge 
(28).  1~ In  v iew of Ti t le ' s  resul t s  on the va lence  

l t  A c t u a l l y  on ly  30% of t he  i r on  becomes  t r i v a l e n t  i n  T i t l e ' s  
samples .  

We are  r u l i n g  ou t  cascade and  e x c i t o n  t r ans fe r .  
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change  of i ron  f rom 2 +  to 3 +  on exc i ta t ion  (25) ,  it 
appears  most  l ike ly  tha t  the ene rgy  t r ans f e r  occurs 
by  m o v e m e n t  of charge,  which  wou ld  also resu l t  in  
pho toconduc t iv i ty .  However ,  t he re  st i l l  m a y  be some 
ene rgy  t r ans f e r  by  a r e sonance  mechan i sm,  as i nd i -  
cated by  the  s imi l a r i ty  of the  t h e r m a l  q u e n c h i n g  e n -  
ergies of the  red  and  b lue  emissions,  a fact  tha t  c a n -  
not  be exp la ined  by  a charge  t r ans f e r  process. In  
the  discussion to follow it wi l l  be  assumed  tha t  the  
p r e d o m i n a n t  m e c h a n i s m  is tha t  of charge  t rans fe r .  

If Fe is d iva l en t  in  the unexc i t ed  phosphor ,  and  
if charge  t r ans f e r  does occur, t hen  there  w ou l d  
be a va lence  change  of the Fe 2+ cente r  s ince an  
e lec t ron  is r emoved  f rom this  cen te r ;  i.e., the Fe 2+ 
cente r  captures  a hole. The  cap tu re  of an  e lec t ron  
f rom the conduc t ion  b a n d  by  the  Fe 3+ cen te r  r e -  
su l t ing  in  an  exci ted  Fe  e+ cen te r  (Fe2+*) ,  and  its 
subsequen t  r e t u r n  to the  g round  state  r e t u r n s  the  
Fe e+ ~ cen te r  to the  2q- g r o u n d  state. The pho tocon-  
duc t iv i ty  t ha t  is observed  is thus  due to the m o v e -  
m e n t  of bo th  e lect rons  and  holes. This  change  in  v a -  
lence of the  Fe centers  indica tes  the locat ion of this  
cen te r  wi th  r ega rd  to the  b a n d  gap. If the Fe cen te r  
were  located in  the va lence  b a n d  as pos tu la ted  for 
Mn  (12),  the re  wou ld  be no va lence  change  on ex-  
c i ta t ion  (29).  1~ A va lence  change  can only  occur if 
the  cen te r  is located in  the fo rb idden  ene rgy  gap 
(29) .  

I n  add i t ion  to the i ron  luminescence  cen te r  t he re  
are k i l le r  centers ,  a p p a r e n t l y  also due to iron.  This 
is ind ica ted  b y  the  behav io r  of the l uminescence  as 
a func t ion  of the  i ron  concen t ra t ion :  the b lue  emis -  
sion decreases r ap id ly  w i th  inc reas ing  Fe whi le  the  
behav io r  of the red  emiss ion for i ron concen t ra t ions  
be low 0.007 % is r a t h e r  unusua l .  Wi th  ac t iva tors  such 
as si lver,  copper,  or manganese ,  a progress ive  i n -  
crease in  the concen t r a t i on  resul t s  in  a progress ive  
increase  in  the emiss ion  i n t ens i t y  to a m a x i m u m ,  
fol lowed b y  a decrease in  the  i n t e n s i t y  for f u r t h e r  
increases  in  the  ac t iva tor  concen t ra t ion .  This  de-  
crease in  i n t ens i t y  is cal led "concen t r a t i on  q u e n c h -  
ing"  and  occurs at  concen t ra t ions  tha t  are h ighe r  
t h a n  the 0.007% Fe concen t r a t i on  r e q u i r e d  for 
q u e n c h i n g  of the  i ron  emission.  For  silver,  copper,  
or m a n g a n e s e  the  app rox ima te  concen t ra t ions  r e -  
su l t ing  in  m a x i m u m  luminescence  are (30) :  Ag = 
0.03-0.1%, Cu = 0.05-0.1%, and  Mn ~ 2%. A p -  
p a r e n t l y  in  the  reg ion  of low i ron  concen t r a t i on  
there  are two s imu l t aneous  effects occurr ing ,  red  
l uminescence  and  ki l l ing.  This  dua l  behav io r  of the  
"k i l le r"  has been  observed  by  A r p i a r i a n  (3) a nd  
Gerge ly  (4) .  If the  i ron  cen te r  has a ve ry  h igh cap-  
t u r e  cross sect ion for e lec t rons  and  holes, t h e n  the  
q u e n c h i n g  of the b lue  emiss ion  can be expla ined ,  
bu t  one wou ld  no t  expect  q u e n c h i n g  of the  red 
emiss ion  at such low i ron  concent ra t ions .  Ins tead ,  
the q u e n c h i n g  should  occur at h igher  i ron  concen-  
t ra t ions ,  of the order  of 1%, as it does w i th  Mn, i.e., 
" n o r m a l "  concen t r a t i on  q u e n c h i n g  (12).  

The  mode l  shown in  Fig. 10 i l lus t ra tes  the t r a n s i -  
t ions t ha t  are  a s sumed  to occur in  exci ta t ion,  l u m i -  
nescence  and  ki l l ing.  The  same i ron  ion can act bo th  

W e  h a v e  a s s u m e d  h e r e  t h a t  t h e  F e  c e n t e r  is s i m i l a r  to a M n  
c e n t e r  i n  t h a t  l u m i n e s c e n c e  i n v o l v e s  t r a n s i t i o n s  f r o m  a n  e x c i t e d  
s t a t e  of  t h e  c e n t e r  to  t h e  g r o u n d  s ta te .  T h a t  t h i s  is  t h e  case  w i l l  h e  
s h o w n  l a t e r .  
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Fig. 10 Configurational coordinate model (schematic) of ZnS:Fe, 
coactivator, showing transitions leading to both luminescence and 
killing which may occur in the same center. 

as a l u m i n e s c e n t  cen te r  and  as a k i l l e r  center .  T r a n -  
s i t ion AB corresponds  to exc i ta t ion  of an  e lec t ron  
f rom the g r o u n d  state (va lence  band ,  or " se l f -ac t i -  
va ted"  or b lue  Cu cen te r )  to the conduc t ion  band .  
T r a n s i t i o n  AJ  resu l t s  in  the  t r ans f e r  of a hole f rom 
the  g r o u n d  state  (va lence  b a n d  or b lue  cen te r )  to an  
Fe  2+ center ,  r e su l t ing  in  an  Fe  3+ center .  The Fe  3+ 
cen te r  has a pos i t ive  charge  re l a t ive  to the  la t t ice  and  
so can t r ap  an  e lec t ron  f rom the  conduc t ion  b a n d  
f o r mi ng  an  exci ted Fe  2+ state,  t r a n s i t i o n  CD. The  
e lec t ron  m a y  be r e t u r n e d  to the conduc t ion  band ,  
t r a n s i t i o n  d.c., or the cen te r  m a y  r e a r r a n g e  i tself  to 
its e q u i l i b r i u m  posi t ion  by  losing some of the  ene rgy  
(as p honons)  i m p a r t e d  to it by  the  cap tu re  of the  
exci ted electron,  i.e., the  e lec t ron  moves  f rom D to 
H. L u m i n e s c e n c e  occurs w h e n  the  e lec t ron  makes  
the  t r a n s i t i o n  HI. As the exci ted e lec t ron  moves  to 
its e q u i l i b r i u m  posi t ion in  the exci ted  level  of Fe  2+, 
it m a y  m a k e  t r a n s i t i o n  E F G  which  r e t u r n s  it  to the  
Fe  2+ g r o u n d  state  w i t hou t  the  emiss ion  of v is ib le  
rad ia t ion .  

If pe is the  p r o b a b i l i t y  t ha t  the  exci ted e lec t ron  
wi l l  m a k e  t r a n s i t i o n  I-II r e su l t i ng  in  l uminescence  
and  pk the  p r oba b i l i t y  t ha t  the  e lec t ron  wi l l  m a k e  
the  rad ia t ion less  t r ans i t i on  EFG,  t h e n  the  p robab i l i t y  
of the  e lec t ron  r e t u r n i n g  to its g r o u n d  state  is 
p = p e  "~" p k  ~ 1 .  F r o m  the  behav io r  of the red i ron  
emiss ion  as a f u n c t i o n  of inc reas ing  i ron  addi t ions  
(Fig.  4A a n d  B) and  the  t e m p e r a t u r e  dependence  of 
the  f luorescence (Fig. 5), i t  appears  t ha t  p~ is a 
f u n c t i o n  of, and  increases  with ,  i nc reas ing  i ron  con-  
cen t r a t i on  and  a m b i e n t  t e m p e r a t u r e .  These  r e l a -  
t ionships  toge ther  wi th  the  wel l  k n o w n  SchSn-  
K lasens  model  are  sufficient to exp la in  most  of the  
e x p e r i m e n t a l  data.  

The  i ron  luminescence  cen te r  is a p p a r e n t l y  of 
the "Mn"  type  in  tha t  l uminescence  t r ans i t i ons  oc- 
cur  w i t h i n  the  center ,  t ha t  is, f rom an  exci ted s tate  
of the  Fe  2+ ion to the  g r o u n d  state;  i.e., a m o n g  the  
3d electrons.  Ev idence  for these t r ans i t i ons  comes 
f rom the  e l ec t ro luminescence  emiss ion spectra  as a 
f unc t i on  of f requency .  Inc reas ing  the  appl ied  f re -  
q u e n c y  f rom 400 to 4000 cps resu l t s  in  a shift  of 
the  shor t  w a v e l e n g t h  emiss ion t oward  shor te r  w a v e -  
lengths ,  bu t  the  i ron  emiss ion  is i nva r i an t .  This  i n -  
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va r i ance  w i th  a change  in  f r equency  also occurs w i th  
Z n S : C u , M n  phosphors  whose emiss ion  is k n o w n  to 
i nvo lve  t r ans i t ions  b e t w e e n  the  exci ted and  g round  
states of the  M n  ion (12, 30, 31).  

The effect of i ron  on the  b lue  emiss ion  can read i ly  
be unde r s tood  in  t e rms  of the model  p resen ted  in  
Fig. 10.14 Exc i t a t ion  of the  phosphor  by  365 m~ u.v. 
excites an  e lec t ron  f rom a b lue  (Cu or se l f -ac-  
t iva ted)  cen te r  to the conduc t ion  band ,  the  hole 
r e m a i n i n g  in  the  ac t iva tor  center .  Whi le  the  elec-  
t rons  are in  the conduc t ion  band ,  the holes in  the  
b lue  centers  m a y  be filled by  e lec t rons  f rom the  
va lence  b a n d  if the necessa ry  ( t h e r m a l )  ene rgy  is 
avai lable .  If this  happens ,  the  hole m a y  move  
t h rough  the  va lence  b a n d  and  be t r apped  by  a n -  
o ther  b lue  cen te r  or by  a red  center .  Which  cen te r  
t raps  the  hole is d e t e r m i n e d  by  the  rat io of the  cap-  
t u r e  cross sections of the  two centers .  The  e lec t ron  
in  the  conduc t ion  b a n d  m a y  r e t u r n  to a b lue  center ,  
g iv ing  rise to b lue  emission,  or be  cap tu red  b y  a n -  
other  Fe 3+ center .  15 Since the b lue  emiss ion  de-  
creases r ap id ly  wi th  i nc reas ing  Fe  concen t ra t ion ,  it  
is a p p a r e n t  tha t  the Fe cen te r  has the l a rger  hole 
cap ture  cross section. 

The t h e r m a l  q u e n c h i n g  energies,  Eq, of the  red 
and  b lue  emissions f rom a phosphor  w i th  a g iven  
i ron  concen t r a t i on  are the  same, decreas ing  w i th  
i nc reas ing  Fe. The t e m p e r a t u r e  b reakpo in t ,  TD, of 
the  b lue  emiss ion  is lower  t h a n  tha t  of the  red, and  
inc reas ing  i ron  addi t ions  cause a progress ive  de-  
crease in  Tb for bo th  emissions.  These  resul ts  can be 
exp l a ined  as follows: At  a low t e m p e r a t u r e  the  
holes are localized in  the b lue  centers ,  except  for 
s ta t is t ical  " leakage,"  so tha t  the  l uminescence  is 
p r e d o m i n a n t l y  blue.  As the  t e m p e r a t u r e  increases  
the  i n t ens i t y  of the  b lue  emiss ion increases  to a 
m a x i m u m  whi le  the red emiss ion is still  weak.  This 
increase  in  the  i n t ens i t y  of the  b lue  emiss ion occurs 
because  electrons,  tha t  were  in  shal low t raps  and  
thus  r emoved  f rom the  luminescence  process, are  
be ing  r e t u r n e d  to the conduc t ion  band ,  f rom which  
they  r e t u r n  to the b lue  centers.  However ,  above a 
ce r t a in  t e m p e r a t u r e ,  T1, holes s tar t  to leave  the  b lue  
centers  and  are  t r a n s f e r r e d  to the  red centers  be -  
cause of the i r  g rea te r  cap tu re  cross-sect ion;  red  
emiss ion commences  and  the  b lue  emiss ion  s tar ts  to 
decrease.  As the t e m p e r a t u r e  increases,  more  a nd  
more  holes are  t r an s f e r r ed  to the  red centers .  This  
t r ans f e r  is at the expense  of the b lue  emiss ion  a nd  
depends  on the  t e m p e r a t u r e  in  an  exponen t i a l  m a n -  
ner ,  exp (--Eq/kT), as discussed by  Klasens  (15) .  
Tolstoi  has found  this  to be the  case in  Z n S : C o  
phosphors  (8) .  F ina l ly ,  at  a t e m p e r a t u r e  T2 a lmost  

al l  the  holes f rom the  b lue  centers  are t r a n s f e r r e d  
to the red centers ,  and  the b lue  cen te r  is essen t ia l ly  
quenched.  At  a still  h igher  t empe ra tu r e ,  T~, the  
red emiss ion  also s tar ts  to decrease because  the  Fe  
q u e n c h i n g  mechan i sm,  which  is s i m u l t a n e o u s l y  op-  
e ra t ive  and  increases  e x p o n e n t i a l l y  w i t h  t e m p e r -  
a ture ,  becomes the  d o m i n a n t  mechan i sm.  A n  ex-  

14 A s s u m i n g  t h a t  c h a r g e  t r a n s f e r  is t h e  p r e d o m i n a n t  p rocess .  

W h e t h e r  t h e  e l e c t r o n  t r a p p e d  b y  t h e  F e  c e n t e r  m a k e s  a r a d i -  
a t i v e  o r  r a d i a t i o n l e s s  t r a n s i t i o n  d e p e n d s  on  t h e  r e s p e c t i v e  p r o b a b i l i -  
t i e s  pe a n d  pk as d i s c u s s e d  p r e v i o u s l y .  

p l a n a t i o n  is st i l l  l ack ing  for the  red and  b lue  emis-  
sions hav ing  the  same t h e r m a l  q u e n c h i n g  energies  
un less  we assume tha t  there  is r e sonance  t r ans f e r  
of e n e r g y  f rom b l u e  to r ed  cen te rs  as m e n t i o n e d  
earl ier .  

The appa ren t  decrease in  t h e r m a l  q u e n c h i n g  en -  
ergy,  Eq, w i th  inc reas ing  Fe addi t ions  can be ex-  
p l a ined  in  one of the fo l lowing ways :  If Eq r e p r e -  
sents  the ene rgy  necessary  to raise an  e lec t ron  f rom 
the  va lence  b a n d  to an  exci ted  b lue  center ,  t h e n  a 
decrease in  Eq wi th  i nc reas ing  Fe could m e a n  a de-  
crease in  the d is tance  b e t w e e n  the  b lue  cen te r  and  
the  top of the va lence  band .  If this  were  due  to a 
m o v e m e n t  of the  b lue  level  t oward  the  va lence  
band ,  the re  should be a change  in  the w a v e l e n g t h  of 
the b lue  a n d / o r  red  emiss ion  peak  by  an  a m o u n t  
equa l  to the  change  in  Eq. The m a x i m u m  change  in  
Eq is abou t  0.15 ev, Table  I, which  should  shif t  the  
b lue  emiss ion f rom 460 to 440 m~ and  the  r ed  emis -  
sion f rom 600 to 620 m#. These  shifts are not  ob-  
served.  A decrease  in  he ight  of the  b lue  level  w i th  
no emiss ion  shift  could occur if the  b a n d  gap were  
decreas ing  whi le  m a i n t a i n i n g  the  separa t ion  be -  
t w e e n  the  conduc t ion  b a n d  and  the  b lue  level.  How-  
ever,  no such shift  in  b a n d  gap is observed.  The 
most  l ike ly  reason  for the  v a r i a t i o n  of Eq wi th  i ron 
concen t r a t i on  is tha t  the cons tan t  A in  Eq. [1] is 
not  a cons tan t  bu t  is a f unc t i on  of the Fe concen-  
t ra t ion .  For  this  reason,  the  va lues  of Eq ca lcula ted  
f rom the  equa t ion  have  b e e n  called " a p p a r e n t  
t h e r m a l  q u e n c h i n g  energies ."  

T h e r m o ] u m i n e s c e n c e  m e a s u r e m e n t s  show tha t  
Fe in t roduces  severa l  n e w  glow peaks into the 
phosphors .  No ident i f ica t ion of the  t r a p p i n g  levels  
l ead ing  to these glow peaks  has been  made.  Elec-  
t rons  re leased f rom these t raps  r e t u r n  to bo th  red 
and  b lue  centers ,  p r e s u m a b l y  v ia  the  conduc t ion  
band ,  as shown by  the  s imi l a r i t y  of the  glow curves  
made  t h r ough  red  and  b lue  fil ters (Fig. 6). 

Genera l ly ,  the t r a n s i t i o n  of an  e lec t ron  f rom an  
exci ted state of a t r ans i t i on  me ta l  ion to its g round  
state (or the r eve r se ) ,  as i n  the  case of manganese ,  
is cons idered  to be " fo rb idden"  (12, 14, 30).  Tha t  
this  is the case for the  Z n S : F e , I  and  Z n S : F e , C u , I  
phosphors  is ind ica ted  by  the  r e l a t i ve ly  long l i fe-  
t imes,  T, of the  red  EL and  pho to luminescence ,  0.49 
and  0.13 sec, respect ively .  

In  the vol tage  dependence  of the  red and  b lue  
EL Vo is the same for both  emiss ions  as discussed 
earl ier .  This  behav io r  is expec ted  if ene rgy  t r a n s -  
fer occurs. S imi la r  behav io r  has been  observed  at 
low fields for Z n S : C u , M n  (32).  

A possible e xp l a na t i on  for the  v a r i a t i o n  of the  
b r igh tness  waves  as a f unc t i on  of the  Fe  con ten t  is 
tha t  on reversa l  of the  field, e lec t rons  wh ich  had  
been  swept  a w a y  f rom the  ionized centers  in  the  
prev ious  ha l f -cyc le  n o w  r e t u r n ;  the ( p r i m a r y )  elec- 
t rons  tha t  were  free or in  sha l low t raps  first, fol-  
lowed b y  those ( secondary)  which  had  e i ther  been  
re leased f rom deeper  t raps  or had  been  re t rapped ,  
thus  l ead ing  to p r i m a r y  and  secondary  wavefo rms ,  
respect ively .  The r e tu rn ing '  e lect rons  are d iv ided  
up b e t w e e n  the  b lue  and  red centers ,  l ead ing  to 
p r i m a r y  and  secondary  ou tpu t  w a ve f o r ms  for the  



Vol.  111, No. 1 I R O N  A C T I V A T E D  Z n S  P H O S P H O R S  61 

two  emiss ions ;  TM i t  shou ld  be  n o t e d  t h a t  t he se  w a v e -  
fo rms  a re  in  p h a s e  w i t h  each  o ther .  S ince  the  sec-  
o n d a r y  w a v e s  a r e  due  to d e l a y e d  r e t u r n  of t he  
s e c o n d a r y  e lec t rons ,  a d e c r e a s e  in t he  n u m b e r  of 
t r a p p e d  and  r e t r a p p e d  e l ec t rons  wi l l  r e s u l t  in  a 
dec rea se  in  t he  a m p l i t u d e  of bo th  o u t p u t  w a v e f o r m s  
bu t  w i l l  affect  t h e  s e c o n d a r y  w a v e s  m o r e  s t rong ly .  
I t  was  s h o w n  e a r l i e r  t h a t  i ron  r e su l t s  in  " l e a k y  
t r a p s "  whose  n u m b e r  i nc reases  w i t h  i nc r ea s ing  F e  
concen t r a t ion ,  i.e., t h e r e  is a d e c r e a s e  in t he  con-  
c e n t r a t i o n  of ef fec t ive  t r aps .  The  dec rease  in t he  
d - c  emiss ion  c o m p o n e n t  is also due  to t he  r e t u r n  of 
e l ec t rons  to t he  g r o u n d  s t a t e  v ia  r a d i a t i o n l e s s  t r a n -  
s i t ions  in  t he  i ron  centers .  17 A n  e x p l a n a t i o n  for  t he  
effect of f r e q u e n c y  on the  b r i g h t n e s s  w a v e s  of t he  
r e d  and  b l u e  emiss ions  is l ack ing .  
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Studies of the InSb Crystal-Melt Interface 
N. Albon 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

The InSb  in ter face  was s tudied by  microscopical  examina t ion  of crysta ls  
decanted  f rom the  melt .  Crys ta ls  which  had  been  a l lowed to approach  equi -  
l ib r ium at a curved i so therm showed facets on which  the fea tures  could be 
cor re la ted  wi th  c rys ta l  g rowth  mechanisms.  On the curved a reas  of the  in t e r -  
face, l ines having  a r egu la r  spacing were  observed,  which  prev ious ly  have  been 
assumed to be g rowth  steps. The  l ines  were  shown to be grooves wi thou t  a 
definite c rys ta l lographic  or ienta t ion  and evidence against  the i r  or igin dur ing  
the crys ta l  g rowth  process was obtained.  

W h e n  c rys t a l s  of I n S b  a re  g r o w n  f r o m  a m e l t  
c on t a in ing  Se or  Te the  ex i s t ence  of face ts  a t  t he  
g r o w t h  i n t e r f a c e  r e su l t s  in  a h igh  c o n c e n t r a t i o n  of 
i m p u r i t y  l oca l ly  in the  c rys t a l s  ( 1 -3 ) .  This  effect 

r e su l t s  f r o m  a d s o r p t i o n  of t he  i m p u r i t y  on the  g r o w -  
ing  c r y s t a l  and  d i f fe rences  b e t w e e n  the  t o p o g r a p h y  
a n d  g r o w t h  k ine t i c s  of  t h e  face t s  a n d  t h e  r e m a i n d e r  
of t he  g r o w t h  surface .  
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This  t y p e  of p r o b l e m  was  d i scussed  t h e o r e t i c a l l y  
b y  C a b r e r a  a n d  V e r m i l y e a  (4) .  A p p l i c a t i o n  of t h e i r  
t h e o r y  r equ i re s ,  h o w e v e r ,  a d e t a i l e d  k n o w l e d g e  of  
t he  g r o w t h  su r face  and  of the  b e h a v i o r  of g r o w t h  
s teps .  

The  m e t h o d s  of d i r e c t  o b s e r v a t i o n  of g r o w t h  s teps  
w h i c h  have  been  a p p l i e d  to th is  p r o b l e m  in o t h e r  
c r y s t a l  g r o w t h  sys t ems  canno t  be  a p p l i e d  d i r e c t l y  
to t he  g r o w t h  of i n d i u m  a n t i m o n i d e  f r o m  the  mel t .  
A n o t h e r  m e t h o d  of a p p r o a c h  was  used  to s t u d y  the  
su r f ace  of g r o w i n g  i n d i u m  a n t i m o n i d e  c rys ta l s .  This  
p r o v i d e s  i n f o r m a t i o n  w h i c h  can be  used  as a gu ide  
for  a p p l i c a t i o n  of the  C a b r e r a - V e r m i l y e a  theo ry ,  a l -  
t h o u g h  i t  is l a ck ing  in  the  d e t a i l e d  r e su l t s  r e q u i r e d  
for  p rec i se  ca lcu la t ions .  

C o n s i d e r a b l e  e x p e r i m e n t a l  diff icul t ies  a r i se  in a t -  
t e m p t i n g  to e x a m i n e  a c r y s t a l / m e l t  i n t e r f ace  in an  
o p a q u e  sys tem.  M a n y  such sy s t ems  h a v e  been  
s t u d i e d  b y  the  p r o c e d u r e  of  d e c a n t i n g  excess  mel t .  
F i n e  de t a i l  such  as g r o w t h  s teps  m a y  be  o b s c u r e d  by  
a r e s i d u a l  f i lm of the  m e l t  w h i c h  f reezes  on the  s u r -  
face.  W h e n  s t u d y i n g  c rys t a l s  g r o w i n g  f r o m  a h i g h l y  
c o n c e n t r a t e d  t r a n s p a r e n t  m e d i u m ,  A l b o n  and  D u n n -  
ing  (5)  f o u n d  t ha t  s teps  o b s e r v e d  on  g r o w i n g  c r y s -  
t a l s  w e r e  o b s c u r e d  on r e m o v a l  un less  spec ia l  p r o -  
cedures  w e r e  adop ted .  H o w e v e r ,  t he  p r o p e r t i e s  of 
the  InSb  m e l t  a r e  m o r e  f avo rab l e ,  and  a t h i n n e r  a d -  
h e r i n g  l a y e r  w o u l d  be  expec ted .  A l l r e d  and  Ba t e  
(3)  h a d  o b s e r v e d  we l l - de f i ned ,  e v e n l y  spaced  l ines  
on the  g r o w t h  su r faces  of d e c a n t e d  i n d i u m  a n t i -  
m o n i d e  c rys t a l s  w h i c h  w e r e  a s s u m e d  to be g r o w t h  
steps.  The  e x p e r i m e n t a l  a p p r o a c h  a d o p t e d  in t h e  
p r e s e n t  w o r k  w a s  to g r o w  c r y s t a l s  u n d e r  cond i t ions  
such t h a t  the  su r f ace  t o p o g r a p h y  w o u l d  be k n o w n  
and  to e x a m i n e  these  c rys t a l s  a f t e r  d e c a n t i n g  f r o m  
the  mel t .  F o r  e x a m p l e ,  c ry s t a l s  w e r e  a l l o w e d  to 
e q u i l i b r a t e  in a t h e r m a l  g r a d i e n t  so t h a t  t h e y  w e r e  
n e i t h e r  g r o w i n g  or  m e l t i n g  be fo re  be ing  r e m o v e d  
f r o m  the  mel t .  The  s t a r t i n g  m a t e r i a l  was  h i g h - p u r -  
i t y  InSb  ( ex t r i n s i c  c a r r i e r  c o n c e n t r a t i o n  less  t h a n  
10 TM c m - 3 ) ,  and  u n d o p e d  me l t s  w e r e  e m p l o y e d .  

Experimenal Procedure 
The a p p a r a t u s  e m p l o y e d  was  s i m i l a r  to t h a t  n o r -  

m a l l y  used  for  t he  Czoch ra l sk i  p rocess  w i t h  a g r a p h -  
i te  c ruc ib l e  h a v i n g  a t h e r m o c o u p l e  for  o b s e r v i n g  
t e m p e r a t u r e  changes  p l a c e d  on the  ax i s  c lose to t he  
b o t t o m  of the  mel t ,  w h i c h  was  a p p r o x i m a t e l y  1/~ in. 
deep.  The  c ruc ib l e  was  h e a t e d  b y  R F  power ,  us ing  a 
s e p a r a t e  t h e r m o c o u p l e  for  control .  

The  p r o c e d u r e  was  to in se r t  a seed,  a p p r o x i m a t e l y  
5 m m  in d i a m e t e r ,  in to  the  mel t .  A f t e r  w e t t i n g  the  
seed  the  t e m p e r a t u r e  was  r e d u c e d  s l o w l y  w i t h o u t  
r o t a t i n g  or  p u l l i n g  the  seed.  W h e n  the  c r y s t a l  h a d  
g r o w n  to a c o n v e n i e n t  size (1-3 cm in d i a m e t e r )  a 
c o n s t a n t  t e m p e r a t u r e  was  m a i n t a i n e d  for  2-31 rain.  
The  c r y s t a l  t hen  was  r a p i d l y  p u l l e d  f r o m  the  m e l t  
for  e x a m i n a t i o n  of the  g r o w t h  surface .  Both  m a n u a l  
and  m e c h a n i c a l  l i f t i ng  w e r e  e m p l o y e d ,  w i th  no d e -  
t e c t ab l e  change  in t he  f e a t u r e s  be ing  noted .  

The  g r o w t h  su r f ace  was  a s s u m e d  to r e p r e s e n t  t he  
s h a p e  of t he  m e l t i n g  p o i n t  i s o t h e r m  w h e n  suff icient  
t i m e  had  been  a l l o w e d  for  e q u i l i b r i u m .  W h e n  a seed  
of 5 m m  d i a m e t e r  was  used,  t he  i so the rms  w e r e  
r o u g h l y  h e m i s p h e r i c a l  and  c e n t e r e d  on the  p o i n t  

w h e r e  the  seed  t o u c h e d  the  surface .  T h e r m a l  g r a d i -  
en ts  in t he  me l t  w e r e  m e a s u r e d  in  th is  w a y  b y  ob -  
s e rv ing  the  f inal  pos i t ions  of a s o l i d / l i q u i d  i n t e r f ace  
at  d i f fe ren t  t e m p e r a t u r e  se t t ings .  These  g r a d i e n t s  
v a r i e d  f rom a b o u t  1 0 ~  to 100~  d e p e n d -  
ing  on such  fac to r s  as t he  d i s t a n c e  of t he  i n t e r f a c e  
f r o m  the  seed  and  the  cross  sec t iona l  a r e a  of the  
seed.  

G r o w t h  in t e r f aces  on c r y s t a l s  g r o w i n g  in the  
u s u a l  m a n n e r  b y  p u l l i n g  ( w i t h o u t  r o t a t i o n )  w e r e  
also e x a m i n e d .  These  c r y s t a l s  w e r e  p u l l e d  c l ea r  of 
t he  me l t  w h i l e  g rowing .  

Experimental Observations 
Crysta~ shape.--Under t he  cond i t ions  used ,  w h e n  

the  t e m p e r a t u r e  is he ld  at  a c o n s t a n t  va lue ,  the  r a t e  
of g r o w t h  of the  c r y s t a l  d imin i she s  as i ts i n t e r f ace  
a p p r o a c h e s  t he  m e l t i n g  p o i n t  i so the rm.  In  a r eas  
w h e r e  t he  i n t e r f a c e  is no t  a c l o s e - p a c k e d  p lane ,  
g r o w t h  can  p roceed  to w i t h i n  a f ew  i n t e r a t o m i c  d i s -  
t ances  f r o m  the  i so the rm,  g i v i n g  a m a c r o s c o p i c a l l y  
smoo th  h e m i s p h e r i c a l  shape .  On c l o s e - p a c k e d  
p lanes ,  facets  f o r m  i n a s m u c h  as g r o w t h  m a y  s top 
be fo re  the  i s o t h e r m  is r eached .  The  supe rcoo l i ng  a t  
the  face t  center ,  w h e n  th is  occurs ,  w i l l  d e p e n d  on  
the  g r o w t h  mechan i sm .  

Bo th  c u r v e d  a r e a s  a n d  face ts  of 111 and  111 o r i e n -  
t a t i on  w e r e  v i s ib le  on al l  c r y s t a l s  g rown.  The  face t  
size and  supe rcoo l ing  at  the  f ace t  c en t e r  v a r i e d  con-  
s i de r ab ly ,  supe rcoo l ing  be ing  c a l c u l a t e d  f r o m  face t  
d i a m e t e r  and  t h e r m a l  g r ad i en t ,  w i t h  the  m a x i m u m  
v a l u e  of supe rcoo l ing  o b s e r v e d  for  a smoo th  face t  
b e i n g  0.4~ This  v a r i a t i o n  in  c a l c u l a t e d  s u p e r c o o l -  
ing  ind ica t e s  t ha t  g r o w t h  on the  face ts  u n d e r  these  
cond i t ions  is no t  d e p e n d e n t  on a su r f ace  n u c l e a t i o n  
process .  E t ch ing  e x p e r i m e n t s  r e v e a l e d  d i s loca t ions  
at  face t  bounda r i e s ,  and  f ace t  size a p p e a r e d  to be  
d e t e r m i n e d  b y  the  d i s t r i b u t i o n  of s c r ew d is loca t ions .  
As  g r o w t h  of t he  c r y s t a l  p roceeds ,  the  face t  a r ea  
d imin i she s  un t i l  t h e r e  a r e  no l o n g e r  a n y  d i s loca t ions  
t e r m i n a t i n g  w i t h i n  the  facet ,  w h e n  g r o w t h  wi l l  
cease.  D e t e r m i n a t i o n  of  the  c r i t i ca l  s u p e r c o o l i n g  for  
su r f ace  n u c l e a t i o n  on a facet ,  w h i c h  m a y  be  poss ib le  
b y  th is  p rocedu re ,  t hus  r e q u i r e s  a c ry s t a l  of low d i s -  
loca t ion  content .  

Surface features on facets.--When t he  s y s t e m  was  
he ld  at  cons t an t  t e m p e r a t u r e  for  a long  p e r i o d  b e -  
fo re  r e m o v i n g  the  c rys ta l ,  a n y  face ts  p r e s e n t  w e r e  

Fig. 1. Smooth facet and grooves on curved interface. Mag- 
nification X600. 
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Fig. 2. Facet and groove intersection pattern on curved inter- 
face. Magnification X1SO. 

Fig. 4. Facet and also smooth and striated curved interface 
areas. Magnification X1SO. 

expected to be comple te ly  smooth w i th  steps h a v i n g  
g rown  out. The e x p e r i m e n t a l  resul t s  conf i rmed this 
and  ind ica ted  t ha t  any  surface  film adhe r ing  to the  
facet  as a resu l t  of the decan t ing  process is w i t hou t  
surface s t ruc ture .  Smooth  facets were  cons i s ten t ly  
observed  on crysta ls  which  had  been  left  to equ i -  
l ib ra te  for 30 ra in  and  por t ions  of such facets are  
v is ib le  on Fig. 1 and  2. 

Crys ta ls  r emoved  af ter  h a v i n g  equ i l i b r a t ed  for 
shor ter  t imes  (2-20 m i n )  showed facets on which  
steps were  visible.  The observa t ions  descr ibed  in  the 
p reced ing  p a r a g r a p h  ind ica te  tha t  these are t r ue  
g rowth  steps, a l though  they  m a y  have  been  modified 
d u r i n g  decan t ing .  

The spacing and  r e g u l a r i t y  of these  steps va r i ed  
cons ide rab ly  even  be tween  faces g rowing  on the 
same crystal .  Groups  of steps of even  he ight  a nd  
spacing  were  f r e q u e n t l y  observed.  S t e p - h e i g h t  
m e a s u r e m e n t s  ind ica ted  average  va lues  of 300/k. On 
a few crystals ,  step sources could be ident i f ied as 
dislocations.  These sources inc luded  incohe ren t  t w i n  
bounda r i e s  and  jogs on t w i n  lines. A r egu la r  step 
p a t t e r n  on a facet is shown on Fig. 3 and  also on 
Fig. 4. 

Surface features on curved areas.--The areas  
where  the surface  is no t  a c lose-packed  p l ane  should 
reach the  me l t i ng  po in t  i so the rm rap id ly ,  as o n l y  a 
low supercool ing  is r e q u i r e d  for  growth,  and  p ro -  
duce a smooth  surface.  The e x p e r i m e n t a l  obse rva -  

t ions m a d e  were  tha t  some of the cu rved  areas we re  
smooth,  bu t  ad j acen t  areas were  covered by  grooves 
or s t r ia t ions  of r e m a r k a b l y  e v e n  spacing.  The cha r -  
acter is t ic  appea rance  observed  on all  crysta ls  ex-  
a m i n e d  is i l l u s t r a t ed  by  Fig. 4 which  shows an  u n -  
u s u a l l y  smal l  facet. Both  smooth  and  s t r ia ted  areas 
are v is ib le  a nd  these  u s u a l l y  appea red  in  the  same 
re la t ion  to a facet. A l ine  in t e r sec t ion  p a t t e r n  a l -  
ways  associated wi th  the  facet  can be seen in  Fig. 4 
and  also in  Fig. 2. 

E x a m i n a t i o n  w i th  an  in t e r f e r ence  microscope 
shows tha t  the  l ines  are  grooves abou t  0.2~ deep. 
The  spacing b e t w e e n  grooves is 2-3~ a n d  the  shape 
of the  sur face  except  for the  grooves is iden t ica l  
wi th  the  shape in  the  smooth  areas. As the  figures 
r ead i ly  show, the grooves are no t  steps pa ra l l e l  to 
the  facet  and  do no t  seem to be o r ien ted  w i th  respect  
to a ny  low index  surface.  

A p robab l e  e x p l a n a t i o n  of these fea tu res  is tha t  
t hey  are fo rmed  d u r i n g  the  process of r e mova l  f rom 
the  melt .  This  leaves open the ques t ions  of how such 
a r egu la r  s t r uc t u r e  is produced,  w h y  it  does not  ap-  
pea r  on the facets, and  w h y  it appears  on some par t s  
of the cu rved  areas a nd  not  on o ther  pa r t s  of e qu iva -  
l en t  or ien ta t ion .  Poss ib ly  a cr i t ical  th ickness  of su r -  
face film which  freezes shor t ly  af ter  decan t ing  is 
necessa ry  for  the  s t ruc tu re  to form. 

The  f o r m a t i o n  of the  grooved s t r uc t u r e  b y  a 
g rowth  process seems u n l i k e l y  u n d e r  the  exper i -  

Fig. 3. Steps on facet (upper half of photograph). Magnifica- Fig. 5. Features characteristic of a facet and of a curved in- 
tion X600. terrace during growth of an InSb crystal. Magnification X150. 
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m e n t a l  condi t ions.  Rates  of g rowth  and  concen t r a -  
t ions of impur i t i e s  are qui te  different  f rom those r e -  
qu i red  to form s t ruc tu res  by  segrega t ion  processes. 
However ,  w h e n  steps are p resen t  on the facets, these 
of ten seem to jo in  w i th  the  grooves w i thou t  a n y  dis-  
con t inu i ty .  This is i l l u s t r a t ed  in  Fig. 3 and  5. 

Surface features on growing crystals . --Examina- 
t ion of g rowth  surfaces on a c rys ta l  which  was  de-  
can ted  whi le  be ing  pu l l ed  (wi thou t  ro ta t ion)  in  the  
usua l  m a n n e r  revea led  fea tures  which  were  qui te  
s imi la r  to those a l r eady  described.  More b u n c h i n g  
and  i r r e g u l a r i t y  of the  l ines  was  apparen t ,  as is 
shown on Fig. 5. 

Conical growth hil lock.--On the  cu rved  reg ion  of 
the  g rowth  surface  a few smal l  fea tures  of d i s t inc -  
t ive  appea rance  were  observed  on every  sample  ex-  
amined .  Examples  are shown  on Fig. 6. There  is a 
smal l  facet  and  two b lack  dots of u n e q u a l  size jo ined  
by  a line. A t  lower  magnif ica t ion ,  t e r m i n a t i o n  of a 
g roup  of the grooves in  this area  is apparen t .  These 
fea tu res  have  some s imi l a r i t y  to conical  hi l locks ob-  
se rved  on ga l l i um arsen ide  and  o ther  ma te r i a l s  of 
s imi la r  s t r uc tu r e  (7) .  The appea rance  and  mode  of 
p r e p a r a t i o n  ind ica te  tha t  these hi l locks differ con-  
s ide rab ly  f rom those obse rved  by  H a n e m a n  (8) .  

Discussion 
A n u m b e r  of fea tu res  have  been  observed  on de-  

can ted  in ter faces  of i n d i u m  an t imon ide .  S imi l a r  
fea tu res  have  been  repor ted  on meta l s  d u r i n g  elec-  
t ropo l i sh ing  (9) and  c rys ta l  g rowth  (10).  In  the  
l a t t e r  case, the possible fo rma t ion  of such s t ruc tu res  

Fig. 6. Small protuberances on InSb growth interfaces as ob- 
served on two different crystals. (a) Top; (b) bottom. Magnifica- 
tion X600. 
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by the adhe r ing  film was discussed. A t h i n  film of 
me l t  which  r e m a i n s  on the  crys ta l  surface  af ter  
decan t ing  m a y  modi fy  the ex is t ing  surface  w h e n  it 
solidifies. 

W h e n  fine pa ra l l e l  e v e n l y  spaced l ines  are vis ible  
on surfaces  p r e p a r e d  by  s imi la r  methods ,  t hey  u s u -  
a l ly  have  been  i n t e r p r e t e d  as g rowth  steps (11).  The 
e xpe r i me n t s  descr ibed  here  show tha t  such fea tures  
are vis ible  on crysta ls  wh ich  were  not  g rowing  w h e n  
decanted.  Some modif icat ion of the  appea rance  was 
no ted  on crysta ls  g rowing  w h e n  decanted.  Our  ob-  
se rva t ions  suppor t  the  v iew tha t  a surface  film is re -  
t a ined  on the crys ta l  surface  and  tha t  this  gives rise 
to an  appea rance  s imi la r  to a c rys ta l  g rowth  surface.  
Cau t ion  in  the  i n t e r p r e t a t i o n  of s t ruc tu re s  on  de-  
can ted  in ter faces  is necessary.  The w a y  in  which 
such a r egu la r  s t ruc tu re  is fo rmed  r e ma i ns  u n e x -  
p la ined .  Poss ib ly  an  i n s t a b i l i t y  arises in  the mol t en  
sur face  film, a nd  this  m a y  occur because  of the 
changes  in  contact  angle,  r e su l t i ng  f rom surface  t e n -  
sion, b e t w e e n  l iqu id  and  solid i n d i u m  a n t i m o n i d e  in  
the v i c in i ty  of the  me l t i ng  point .  

For  the reasons  g iven  in  the  sect ion on Expe r i -  
m e n t a l  Observa t ions ,  the  obse rva t ions  m a d e  on 
facets ind ica te  tha t  at low supercool ing,  g rowth  is 
p roceeding  by  the  screw dis locat ion mechan i sm.  Al -  
though  the supercool ing  r e q u i r e d  for g rowth  of a 
facet by  a surface nuc l ea t ion  process was no t  meas -  
ured,  it  was  es tab l i shed  to be l a rger  t h a n  0.4~ 
G r o w t h  on the facets was shown  to proceed by  the 
m o v e m e n t  of m u l t i p l e  steps. However ,  a q u a n t i t a -  
t ive appl ica t ion  of the  theory  of Cabre ra  and  Ver -  
mi lyea  (4) r equ i res  more  i n f o r m a t i o n  on the  spac-  
ing and  heights  of steps on the  surface.  
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Impurity Content of Germanium Crystallized 
from the Liquid Ternary Alloy Ge-ln-Sb 
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ABSTRACT 

The compositions of the liquid ternary alloys Ge-In-Sb,  which coexist with 
either solid germanium or solid indium antimonide, are calculated with em- 
phasis on indium-rich alloys. Activity coefficients for the three components in 
the liquid ternary  systems are derived by assuming that the integral molar 
excess free energy for the ternary system is a l inear combination of those for 
the three binary systems, which are taken ~rom data of Thurmond and Kowal-  
chik for Ge-In and Ge-Sb and of Schottky and Bever for In-Sb. Data 
of Glasow and Tschishewskaya on the solubilities of Ge in liquid InSb 
are discussed. Using the activity coefficients of indium and antimony in the 
ternary liquid alloy in conjunction with the mass action law for the transfer 
of neutral  impurities into the germanium, and expressing the heat  energy 
change by the distribution coefficients of impurities in the binary alloys Ge-In 
and Ge-Sb at the melting point of the germanium, the concentrations of neutral  
antimony and neutral  indium in the crystallized germanium are calculated. The 
total concentrations of antimony and indium are then obtained by taking into 
account the ionization equilibrium in the semiconductor. The ionization equi- 
l ibrium in a semiconductor containing two kinds of impurities is discussed in 
the appendix from a more general viewpoint considering impurities of equal 
and of opposite types and degenerate and nondegenerate conditions, assuming, 
however, that  the impurities have energy levels which coincide with the bound- 
aries of the forbidden band. The solid solubilities of antimony and indium in 
germanium crystallized from a liquid ternary alloy measured recently by 
Zemskov et al. differ significantly from the experimental  data for binary sys- 
tems by Thurmond and Kowalehik and by Trumbore and from our calculated 
data for the ternary system. 

The impor tance  of cer ta in  impur i t ies  for the elec-  
tric proper t ies  of semiconductors  is we l l -known.  
There exists a great  deal  of empir ica l  in format ion  
on solidus and l iquidus lines of b ina ry  semicon- 
d u c t o r - i m p u r i t y  systems pa r t i cu l a r ly  for  the  semi-  
conductors ge rman ium and silicon (1, 5). More 
recently,  t e rna ry  systems involving a semicon-  
ductor  and two types of impur i t ies  have be-  
come of interest ,  e.g., an impor tan t  process to 
p repare  t rans is tor  s tructures,  the  so-cal led post -  
al loy diffusion process (6, 7), uti l izes a region in 
a semiconductor  conta ining two types of impur i t ies  
promot ing p -  and n-conduct ivi t ies .  The two types  
of impur i t ies  are incorpora ted  into the semiconduc-  
tor  by  crys ta l l iza t ion of the semiconductor  f rom a 
t e rna ry  l iquid  al loy containing the two impur i ty  
elements.  In this paper  the composit ion of the solid 
and l iquid phases at  crys ta l l iza t ion is analyzed the-  
ore t ica l ly  for the case Ge- In -Sb ,  assuming quasi -  
t he rmal  equi l ib r ium conditions. 

In the section on Crysta l l iza t ion of Ge rman ium 
from a Liquid  Al loy  G e - I n - S b  the chemical  in te r -  
action of the three  components  in the  l iquid t e r -  
na ry  al loy is discussed in terms of ac t iv i ty  coeffi- 
cients, der ived  app rox ima te ly  f rom da ta  of the three  
b ina ry  systems. Using these ac t iv i ty  coefficients, 
the al loy composit ion coexist ing at a given t em-  
pe ra tu re  wi th  e i ther  solid ge rman ium or else solid 
indium ant imonide  wil l  be calculated.  

In the section on Concentrat ions of An t imony  and 
of Ind ium in the Crysta l l ized G e r m a n i u m  the con- 
centra t ions  of neu t ra l  impur i t ies  in the crysta l l ized 
ge rman ium are calculated,  following the procedure  
used prev ious ly  by  one of us (8) for b ina ry  semi-  
conduc to r - impur i ty  systems wi th  miscibi l i ty  gap in 
the solid phase. Then the total  concentrat ions of in-  
d ium and an t imony  in the semiconductor  are calcu-  
la ted f rom tha t  of neu t ra l  impur i t ies  by  tak ing  into 
account the ionization equi l ib r ium in the semicon- 
ductor. The procedure  is s imi lar  to tha t  of Reiss 
and co-workers  (9) for the cases of Ge containing 
Ga and Li, and Si containing B and Li. However ,  
while  Reiss et al. der ive  the added l i th ium concen- 
t ra t ion  in te rms of the to ta l  p - t y p e  impur i ty  con- 
centra t ion (Ga or B) a l r eady  present  in the  crystal ,  
for our purpose the  to ta l  impur i ty  concentrat ions 
must  be expressed in te rms of the neu t ra l  impur i ty  
concentrations.  An appendix  contains the der iva t ion  
of the pe r t inen t  equations as well  as the discussion 
of the ionization equi l ib r ium from a more genera l  
viewpoint ,  including the cases of degeneracy  and 
nondegeneracy,  and of the presence of two kinds of 
impur i t ies  of the  same conduct ivi ty  type  as wel l  as 
of opposite conduct ivi ty  types.  

Crystallization oS Germanium from a Liquid Alloy 
Ge-In-Sb  

The composit ion of the l iquid al loy G e - I n - S b  
wil l  be character ized by  the mole f ract ions of its 
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componen t s ,  xce, XIn and  xsb, of w h i c h  on ly  two  a re  
i n d e p e n d e n t  in v i ew  of t he  i d e n t i t y  

xce -b xin q- xsb = 1 [ 1 ] 

W e  sha l l  be  conce rned  p a r t i c u l a r l y  w i t h  i n d i u m -  
r ich l i qu id  a l loys  s ince  these  a re  of p r a c t i c a l  i n t e r -  
est  in  m a k i n g  some t y p e s  of t r a n s i s t o r s  (6, 7) .  In  a 
c e r t a i n  t e m p e r a t u r e  r a n g e  sol id  g e r m a n i u m  m a y  
c ry s t a l l i z e  if  XGe is suff ic ient ly  la rge ,  and  sol id  I n S b  
m a y  c ry s t a l l i z e  f r o m  an  i n d i u m - r i c h  m e l t  if  xsb is 
suff ic ient ly  la rge .  W e  need  not  be  conce rned  a b o u t  
the  c r y s t a l l i z a t i o n  of sol id  a n t i m o n y  s ince  w e  sha l l  
not  be i n t e r e s t e d  in t he  S b - r i c h  c o r n e r  of t he  t e r n a r y  
sys tem.  W h e n  c r y s t a l l i z i n g  a s m a l l  p o r t i o n  of a 
t e r n a r y  m e l t  in to  sol id  g e r m a n i u m ,  t he  r a t i o  

r : Xsb/Xin [2]  

in the  l i qu id  phase  r e m a i n s  cons t an t  ( neg l ec t i ng  
the  t r aces  of In  and  Sb i n c o r p o r a t e d  in  the  sol id  
G e ) .  Thus  i t  is p r a c t i c a l  to i n t r o d u c e  Xce and  r as 
t he  i n d e p e n d e n t  p a r a m e t e r s ,  f r om w h i c h  

XIn = ( 1 - - x c ~ ) / ( 1 - k r )  [3]  
and  

XSb = ( 1 - - x c ~ ) / ( 1 - b l / r )  [4]  

N e x t  w e  sha l l  d iscuss  t he  t e m p e r a t u r e  T at  w h i c h  
the  compos i t ion  (XCe, r )  coex is t s  w i t h  sol id  g e r -  
m a n i u m .  C o n s i d e r i n g  t h a t  ( i )  t he  p a r t i a l  v a p o r  
p r e s s u r e s  of g e r m a n i u m  a b o v e  sol id  g e r m a n i u m  and  
a b o v e  the  coex i s t ing  l iqu id  a l loy  a r e  the  same,  
Plc~ = P~G~, ( i i )  t he  p a r t i a l  v a p o r  p r e s s u r e  a b o v e  
sol id  g e r m a n i u m  is p r a c t i c a l l y  no t  in f luenced  b y  
t r aces  of i n d i u m  and  a n t i m o n y ,  ( i i i )  t h e  v a p o r  p r e s -  
sures  a b o v e  p u r e  l i qu id  (Pl'~ and  p u r e  sol id  g e r -  
m a n i u m  differ  b y  an  e x p o n e n t i a l  f ac to r  i n v o l v i n g  
the  hea t  of fus ion  of g e r m a n i u m  ~ H F  Ge ( w e  n e g l e c t  
d i f fe rences  in specific h e a t s )  and  a r e  equa l  a t  t he  
m e l t i n g  po in t  of p u r e  g e r m a n i u m ,  TM Ge, and  f ina l ly  
( iv )  the  def in i t ion  of the  a c t i v i t y  coefficient,  Tee, b y  

plGe : 'YCe Xce Pl'~ [5]  

w e  o b t a i n  t he  w e l l - k n o w n  e q u a t i o n  

[ 1 )] 
YCe XGe ---- exp  R T TM Ge [ 6 ] 

G i v e n  TGe as a func t ion  of xce, r ,  a n d  T, for  each  
compos i t i on  (xc~, r )  w e  m a y  ca l cu l a t e  f rom [6]  
t he  t e m p e r a t u r e  T at  w h i c h  the  l i qu id  a l loy  is co-  
ex i s t i ng  w i t h  sol id  g e r m a n i u m .  

The  d e p e n d e n c e  of the  a c t i v i t y  coefficient  ~,c~ ( a n d  
of t h e  c o r r e s p o n d i n g  coefficients "/Sb a n d  ~/~n) on  
compos i t i on  and  on t e m p e r a t u r e  wi l l  be  e s t i m a t e d  
as fo l lows:  A s s u m i n g  t h a t  the  t h r e e  b i n a r y  sy s t e ms  
can  be  c h a r a c t e r i z e d  b y  the  fo l lowing  s imp le  e x -  
p re s s ion  for  t he  i n t e g r a l  m o l a r  excess  f r ee  ene rg i e s  

FE12 : A12xlx2; FE]3 = A13xlx3; FE23 ~ A2ax2x3 [7]  

w e  m a y  a p p r o x i m a t e  t he  i n t e g r a l  m o l a r  excess  f ree  
e n e r g y  of t he  t e r n a r y  s y s t e m  b y  (10-12)  

F E = A,ex lxe  -k A13x,x~ + A2~xex~ [8]  

The  p a r t i a l  m o l a r  excess  f ree  e n e r g y  F E, is o b t a i n e d  
in a w e l l - k n o w n  m a n n e r  (13) 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J a n u a r y  1964 

oFE ) 
FEI ---- F E q- ( 1 - - x l )  0xl 

x2/x3 = cons t an t  

---- A12x~(1--xl)  q- A13x3(1--x~) - -  A23x2x3 [9]  

and  is r e l a t e d  to the  a c t i v i t y  coefficient  b y  

yl = exp  (F1E/RT)  [10] 

The  coefficients A12 ( G e - I n )  a n d  A18 ( G e - S b )  
w e r e  t a k e n  f r o m  an  i n t e r p r e t a t i o n  of t he  l i qu idus  
l ines  of these  b i n a r y  sy s t e ms  b y  T h u r m o n d  and  
K o w a l c h i k  (1) ,  who  find t h a t  

Am = a12 -}- b12T [11]  

A13 = a13 -b b13T [12] 

w i t h  a12 = 1570 c a l / m o l e ,  b12 : --0.56 c a l / m o l e ~  
a13 : 2540 c a l / m o l e ,  and  b13 = --1.98 c a l / m o l e  ~ 
Va lues  of A12 and  A13 at  s e v e r a l  t e m p e r a t u r e s  a r e  
l i s t ed  in Tab le  I. Note  t h a t  A12 ( G e - I n )  d e p e n d s  
c o m p a r a t i v e l y  l i t t l e  on t e m p e r a t u r e ,  w h i l e  Ala ( G e -  
Sb )  shows a s igni f icant  t e m p e r a t u r e  dependence .  
F o r  an  i n t e r p r e t a t i o n  of th is  t e m p e r a t u r e  d e p e n d -  
ence  t h e  r e a d e r  is r e f e r r e d  to  T h u r m o n d  and  K o -  
w a l c h i k  (1) .  E m p i r i c a l  d a t a  on the  eu tec t ic  t e m -  
p e r a t u r e  and  compos i t ion  of t he  G e - S b  b i n a r y  sys -  
t em ag ree  we l l  w i t h  d a t a  o b t a i n e d  f r o m  the  n u -  
m e r i c a l  va lue s  a b o v e  (1 ) .  E m p i r i c a l  d a t a  (5)  of 
the  G e - r i c h  so l idus  of the  b i n a r y  sys t ems  G e - I n  and  
G e - S b  ag ree  w e l l  w i t h  ~'Sb and  Tm as d e r i v e d  
a b o v e  (8 ) .  

S c h o t t k y  and  B e v e r  (2) h a v e  a n a l y z e d  the  l i -  
qu idus  of t he  I n - S b  b i n a r y  s y s t e m  b y  a m e t h o d  of 
W a g n e r  (14) and  find ove r  a w i d e  t e m p e r a t u r e  
r a n g e  A23 -= a23 ~ --3960 c a l / m o l e .  As  e x p e c t e d  
f r o m  t h e  p a r t i a l l y  ionic  i n t e r a c t i o n  b e t w e e n  I n  and  
Sb,  the  v a l u e  of a23 is nega t ive .  A c c o r d i n g l y ,  the  
a c t i v i t y  coefficients of i n d i u m  a n d  a n t i m o n y  become  
s u b s t a n t i a l l y  s m a l l e r  t h a n  u n i t y  in a l i qu id  a l loy  
r ich  in t he  o the r  e l ement .  On the  o the r  h a n d  the  
va lue s  A12 and  A13 a r e  pos i t i ve  i n d i c a t i n g  r e p u l s i v e  
t y p e  of i n t e r a c t i o n  b e t w e e n  Ge and  In  or  Sb.  A c -  
co rd ing ly ,  t h e  a c t i v i t y  coefficient  of Ge  in t e r n a r y  
a l loys  G e - I n - S b  m a y  exceed  u n i t y  cons ide rab ly .  

I n t r o d u c i n g  [11] and  [12] in to  [10] w i t h  [9] ,  
one  ob ta ins  

~/ce = e x p  { [ (1--XGe) 2/RT] [a12-kal~r--a2~r/( 1 -kr) -}- 

T (b le  q- b13r) ] / ( 1 - k r )  } [13] 

The  l i qu idus  compos i t ions  c oe x i s t i ng  w i t h  sol id  g e r -  
m a n i u m  a t  t e m p e r a t u r e s  of 600~ 700~ 800~ 
900~ and  1000~ w e r e  c a l c u l a t e d  b y  Eq. [6]  w i t h  
[13] us ing  AHF G" : 8100 c a l / m o l e ,  TM Ge : 1210~ 
and  R = 2 c a l / m o l e  ~ and  a re  shown  as n e a r l y  

Table I. Coefficients AI~ for Ge-ln and A13 for Ge-Sb as 
functions of temperature 

T, ~ AI~, ca l /mole  A~, ca l /mole  

600 1234 1452 
700 1178 1254 
800 1122 1056 
900 1066 858 

1000 1010 660 
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Fig. 1. Ternary phase diagram Ge-ln-Sb shawing: 1. the lines 
where the liquid alloy coexists with solid germanium at the tem- 
peratures (in ~ indicated along the Ge-ln-side; 2. the lines 
where the liquid alloy is coexisting with solid indium antimonide 
at 787~ 700~ and 600~ The dashed part of the line at 
700~ is hypothetical since liquid alloy cannot exist due to 
formation of solid germanium. At 600~ the figure shows only 
the section of the line which limits the region (shaded area) 
where liquid alloy can occur at 600~ The dotted line separates 
the regions of crystallization of n-type and p-type germanium. 
The line r ~ 0.28 from point A to B is an example of an alloy- 
ing cycle to germanium, discussed in the text. 

sol id  l ines  in the  t e r n a r y  p h a s e  d i a g r a m  of Fig .  1. 
The  in t e r sec t ions  of these  l ines  w i t h  the  s ides  G e - I n  
(Xsb : 0) and  G e - S b  (xi~ ~ 0) a r e  t he  l i q u i d u s  
compos i t ions  of the  b i n a r y  sy s t ems  G e - I n  and  G e -  
Sb,  r e spec t i ve ly .  The  in t e r sec t ions  of these  l ines  w i t h  
the  l ine  x ~  ~ Xsb ind ica t e  t h e  so lub i l i t i e s  of g e r -  
m a n i u m  in l i qu id  i n d i u m  a n t i m o n i d e .  T h e r e  is good 
a g r e e m e n t  of our  c a l c u l a t e d  l ines  w i t h  t he  l i qu idus  
compos i t ions  of the  b i n a r y  sys t ems  G e - I n  and  G e -  
Sb, s ince  w e  have  used  the  e m p i r i c a l  coefficients A12 
and  AI~ d e r i v e d  b y  T h u r m o n d  a n d  K o w a l c h i k  (1)  
f rom these  l i qu idus  compos i t ions .  

On the  o t h e r  hand ,  t h e r e  a r e  s u b s t a n t i a l  d i s c r e p -  
anc ies  b e t w e e n  the  c a l c u l a t e d  so lub i l i t i e s  of g e r -  
m a n i u m  in l i qu id  i n d i u m  a n t i m o n i d e  and  the  e m -  
p i r i c a l  v a l u e s  of G l a s o w  and  T s c h i s h e w s k a y a  (3 ) .  
These  a u t h o r s  h a v e  i n t e r p r e t e d  t h e i r  e x p e r i m e n t a l  
da ta ,  c u r v e  1 of Fig .  2, in t e r m s  of t he  a c t i v i t y  co-  
efficient of g e r m a n i u m  in a b i n a r y  s y s t e m  cons i s t ing  
of g e r m a n i u m  and  of i n d i u m  a n t i m o n i d e .  C u r v e  2 
is the  i dea l  l i qu idus  of a b i n a r y  g e r m a n i u m  sys tem,  
w h i c h  differs  c o n s i d e r a b l y  f r o m  the  e m p i r i c a l  da ta .  
C u r v e  3 is t he  i dea l  l i q u i d u s  of t he  t e r n a r y  s y s t e m  
G e - I n - S b ,  w h i c h  ag ree s  m u c h  b e t t e r  w i t h  t he  ob -  
s e r v e d  l i qu idus  t h a n  cu rve  2. The  dev i a t i ons  b e -  
t w e e n  the  i dea l  l i q u i d u s  of t he  t e r n a r y  s y s t e m  and  
the  e m p i r i c a l  d a t a  a r e  such t h a t  in  Fig .  2 t h e  i dea l  
c u r v e  is too h igh  n e a r  t he  m e l t i n g  p o i n t  of g e r -  
m a n i u m  and  too low at  l o w e r  t e m p e r a t u r e s .  The  l a t -  
t e r  cou ld  be  a t t r i b u t e d  to an  a c t i v i t y  coefficient  
yc~ > 1. The  d i s c r e p a n c y  n e a r  t he  m e l t i n g  po in t  is 
not  u n d e r s t o o d  a t  p r e s e n t  since,  a cco rd ing  to R a o u l t ' s  
l aw,  ~'Ge -> 1 for  xG~ -~ 1. The  d i s c r e p a n c y  m a y  thus  
po in t  to a s y s t e m a t i c  e r r o r  in  t he  e m p i r i c a l  da ta ,  
these  d a t a  i n d i c a t i n g  a so lub i l i t y  of g e r m a n i u m ,  
w h i c h  is too h igh  at  a g iven  t e m p e r a t u r e .  I f  th is  
w e r e  t he  case  a long  the  en t i r e  c u r v e  the  d i s c r e p -  
ancy  b e t w e e n  the  e m p i r i c a l  d a t a  and  t h e  l i q u i d u s  

1300 

1200 

E .x, 

8oG 

70C ) ,2 �9 4 ,6 ,8 I~) 

XGe P 

Fig. 2. Solubility of germanium in liquid InSb expressed in mole 
fraction of germanium, XC, e(T), in the ternary system Ge-ln-Sb. 
[ (T)  for "ternary" and (B) for "binary".] 1. Empirical data by 
Glasow and Tschishewskaya (3). 2. Ideal liquidus of a binary sys- 
tem <Eq. [6] )  with 

2XGe (T) \ 
' ~Ge  ~ 1, XGe ~ XGe ( B )  ~ ) .  

I -I- XCe (T) / 

3. Ideal liquidus of a ternary system (Eq. [6]) with 

"YGe ~--- 1, XGe ~ XGe ( T ) .  

4. Actual liquidus of a ternary system (Eq. [6] with [13]) .  

c u r v e  4 in  Fig .  2, w h i c h  was  c a l c u l a t e d  b y  [6]  w i t h  
[13] and  r = 1, w o u l d  be  dec reased .  

F i g u r e  3 shows  the  a c t i v i t y  coefficient  of g e r m a -  
n i u m  in t h e  l i qu id  a l loy  c a l c u l a t e d  b y  Eq. [13] for  
v a r i o u s  r a t io s  r,  a n d  for  t e m p e r a t u r e s  at  w h i c h  sol id  
g e r m a n i u m  coexis t s  w i t h  t he  a l loys  of compos i t ion  
xGe, r. S ince  in  Fig .  1 the  l ines  for  c r y s t a l l i z a t i o n  of 
g e r m a n i u m  a t  cons t an t  t e m p e r a t u r e  a r e  a lmos t  
p a r a l l e l  to t h e  l ines  of cons t an t  Xae n e a r  xin ~ xsb, 
t he  cu rves  ")ICe a t  Xae = cons t an t  co inc ide  w i t h  
cu rves  "YGe a t  cons t an t  T in  t h e  v i c i n i t y  of r = 1. 
Note  t ha t  t he  a c t i v i t y  coefficient  of g e r m a n i u m  
r e a c he s  v a l u e s  l a r g e  c o m p a r e d  to u n i t y  a t  s m a l l  
g e r m a n i u m  c o n c e n t r a t i o n s  and  thus  p l a y s  an  i m -  
p o r t a n t  ro le  in  Eq. [6] .  F o r  XGe > 0.6 t he  a c t i v i t y  

coefficient  of g e r m a n i u m  b e c o m e s a l m o s t  i n d e p e n d -  
en t  of r, a p p r o a c h i n g  un i ty .  The  t e m p e r a t u r e  of 
coex i s t ence  w i t h  sol id  g e r m a n i u m  d e p e n d s  t h e n  on ly  
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Fig. 3. Activity coefficient of germanium in the liquid ternary 
alloy as function of the Sb:ln ratio, r, and of the germanium 
mole fraction, XCe, (indicated along the curves), and at the 
temperature at which the liquid alloy is coexisting with solid 
germanium. 
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on Xce, b u t  no t  on r, and  the  l ines  of c o n s t a n t  t e m -  
p e r a t u r e  co inc ide  c lose ly  w i t h  t he  s t r a i g h t  l ines  
xc~ ---- c o n s t a n t  in  Fig .  1. The  m a x i m u m  change  in  
c r y s t a l l i z a t i o n  t e m p e r a t u r e  a long  a l i ne  xc~ = con-  
s t a n t  occurs  n e a r  r ~ 1, w h e r e  Toe has  i ts  m a x i m u m .  
This  t e m p e r a t u r e  change  can  be  e s t i m a t e d  b y  c o m -  
p a r i n g  the  l i q u i d u s  t e m p e r a t u r e  of t he  g e r m a n i u m -  
i n d i u m  b i n a r y  s y s t e m  w i t h  t h a t  of c u r v e  4 in  Fig.  
2, p e r t a i n i n g  to  t he  s ame  v a l u e  of XGe. 

A t  a g iven  t e m p e r a t u r e  t he  r a n g e  of compos i t i on  
of the  l i qu id  t e r n a r y  a l l oy  can  be  l i m i t e d  no t  o n l y  
b y  c r y s t a l l i z a t i o n  of sol id  g e r m a n i u m  b u t  also b y  
c r y s t a l l i z a t i o n  of sol id  i n d i u m  a n t i m o n i d e .  So l id  i n -  
d i u m  a n t i m o n i d e  coexis t s  w i t h  t he  t e r n a r y  l i qu id  
a l l oy  at  t e m p e r a t u r e s  and  compos i t ions  r e l a t e d  b y  

AInSb 2AHF Insb 

2 R T M  Insb R 

' T  TM Insb [14]  

47InTSbXlnXSb ~ exp [ 

w h e r e  Aznsb is t he  excess  hea t  of so lu t ion  of sol id  
I n S b  in t h e  l i qu id  a l loy ,  2~HF Insb the  h e a t  of fus ion  
of I n S b  a n d  TM Insb t he  m e l t i n g  po in t  of i n d i u m  a n -  
t imon ide .  E q u a t i o n  [14] a r i ses  f r o m  the  idea l  l i -  
qu idus  of the  b i n a r y  s y s t e m  I n - S b  b y  m u l t i p l y i n g  
the  l e f t  s ide  b y  the  p r o d u c t  of t he  a c t i v i t y  coefficients 
(~/In~'sb)~".~l~,~sb a n d  the  r i g h t  s ide  b y  

2 

('YIn'~Sb) T~TMInSb; X i a = X S b = l / 2  ~ e x p  
2RTM Insb ) 

AinSb 

as f o u n d  f r o m  [8] ,  [9] ,  and  [10] for  "/3 = ~'sb and  
~'2 = ~/i~. Us ing  the  v a l u e s  AHF Insb = 6100 e a l / m o l e ,  
TM Insb = 798~ and  AlnSb = - -3960 c a l / m o l e  in Eq. 
[14] for  Xce ---- 0, the  e m p i r i c a l  l i q u i d u s  of t he  i n -  
d i u m - a n t i m o n y  s y s t e m  (15) is w e l l  r e p r o d u c e d  b y  
Eq. [14] in the  r a n g e  x i ,  > 0.5. 

L ines  (or  sec t ions  t h e r e o f )  i n d i c a t i n g  compos i t i ons  
of the  l i qu id  t e r n a r y  a l loy,  coex i s t i ng  w i t h  sol id  
i n d i u m  a n t i m o n i d e  a r e  p l o t t e d  in the  p h a s e  d i a g r a m ,  
Fig .  1, for  T- - - -600~ 700~ and  787~ These  
l ines  i n t e r s e c t  w i t h  t he  I n - S b  side of t he  p h a s e  t r i -  
ang le  a t  t h e  compos i t ions  of  t he  I n - S b  l iqu idus .  W e  
a re  p r i m a r i l y  i n t e r e s t e d  in t he  shape  of t he se  l ines  
in the  r eg ion  of s m a l l  g e r m a n i u m  concen t ra t ions .  F o r  
an  idea l  case  ( a c t i v i t y  coefficients of u n i t y ) ,  such  a 
l ine  w o u l d  be  g iven  b y  XIn "XSb = f ( T ) ,  i.e., t h e  
compos i t i ons  of t h e  i d e a l  t e r n a r y  l i q u i d u s  coex i s t ing  
w i t h  sol id  i n d i u m  a n t i m o n i d e  at  a g iven  t e m p e r a -  
t u r e  shou ld  l ie  on a h y p e r b o l a .  H o w e v e r ,  the  s t rong  
dev i a t i ons  f r o m  i d e a l i t y  in the  I n - S b  s y s t e m  r e -  
f lect  in a c t i v i t y  coefficients for  Sb  a n d  In  w h i c h  
d i f fer  s t r o n g l y  f r o m  un i ty .  T h e i r  d e p e n d e n c e s  on 
c o n c e n t r a t i o n  h a v e  a s igni f icant  inf luence  on the  
shape  of the  l i qu idus  l ines  coex i s t ing  w i t h  sol id  i n -  
d i u m  a n t i m o n i d e .  The  i m p o r t a n c e  of t h e  a c t i v i t y  
coefficients in Eq. [14]  can  be  a p p r e c i a t e d  f r o m  Fig.  
4, w h e r e  ~'sb and  Tin a r e  p lo t t ed  p e r t a i n i n g  to t e m -  
p e r a t u r e s  of 600~176  and  compos i t ions  of t h e  
l i qu id  a l l oy  coex i s t ing  w i t h  sol id  g e r m a n i u m  a t  
t he se  t e m p e r a t u r e s .  Note  t h a t  these  a c t i v i t y  co-  
efficients a r e  g e n e r a l l y  s m a l l e r  t h a n  u n i t y  and  t h a t  
~'sb becomes  qu i t e  sma l l  for  S b - p o o r  a l loys .  

The  l ines  of the  l i q u i d  a l l oy  coex i s t ing  w i t h  so l id  
g e r m a n i u m  and  w i t h  sol id  i n d i u m  a n t i m o n i d e ,  p e r -  

January  1964 

I,,2 

I.c ~ ~x. 
~ 

900 

.z ~ . . . . . 7 0 0  
0 .2 .4 ~ ,8 I,0 

r=Xsb/Xin * 

Fig. 4. Activity coefficients of indium, 3'In, and of antimony, 
3'Sb, for liquid Ge-ln-Sb alloys coexisting with solid germanium as 
functions of the Sb:ln ratio and of tee temperature in =K indi- 
coted olong tee curves. 

r a in ing  to t h e  s ame  t e m p e r a t u r e  T, i n t e r s e c t  for  
T --~ 787~ Thus  for  T --~ 787~ ( and  of course  
T > TM TM) t he  l ine  p e r t a i n i n g  to coex i s t ence  w i t h  
sol id  i n d i u m  a n t i m o n i d e  at  t he  s ame  t e m p e r a t u r e  
is the  b o u n d a r y  of  a r eg ion  of l i q u i d  t e r n a r y  a l loy ,  
wh ich  e x t e n d s  f r o m  the  i n d i u m  co rne r  of the  p h a s e  
d i a g r a m .  F o r  T ---- 600~ th i s  r eg ion  has  b e e n  in -  
d i c a t e d  b y  the  s h a d e d  area .  The  co rne r  of t he  r eg ion  
m a r k s  a compos i t ion  w h e r e  t he  l i qu id  t e r n a r y  a l loy  
is coex i s t i ng  w i t h  bo th  sol id  g e r m a n i u m  a n d  sol id  
i n d i u m  a n t i m o n i d e .  T h e  h ighe s t  t e m p e r a t u r e  w h e r e  
th is  is poss ib le  is 787~ and  the  compos i t i on  of the  
l i qu id  a l l oy  is t hen  xc~ ~ 0.05; xin = 0.475; XSb = 
0.475. This  a l loy  m a y  be  c ons ide r e d  as t h e  eu tec t ic  
ef t he  p s e u d o b i n a r y  s y s t e m  G e - I n S b .  

L e t  us cons ide r  t he  c r y s t a l l i z a t i o n  f r o m  a G e -  
I n - S b  a l l oy  on cool ing.  S u p p o s e  w e  h a v e  an  a l loy  
of t he  compos i t ion  i n d i c a t e d  b y  p o i n t  A in t he  
t e r n a r y  d i a g r a m ,  Fig .  1, a t  a g iven  t e m p e r a t u r e  e x -  
ceed ing  1000~ On coo l ing  sol id  g e r m a n i u m  wi l l  
c ry s t a l l i z e  at  1000~ since t he  compos i t i on  chosen  
l ies  on the  l ine  w h e r e  sol id  g e r m a n i u m  is coex i s t ing  
w i t h  l i qu id  a l l oy  a t  1000~ S ince  g e r m a n i u m  is 
r e m o v e d  b y  c r y s t a l l i z a t i o n  f r o m  the  l i qu id  a l l oy  b u t  
p r a c t i c a l l y  a l l  i n d i u m  a n d  a n t i m o n y  r e m a i n  in  t he  
l iqu id  phase ,  1 t he  compos i t i on  of the  l i qu id  phase  
shi f ts  a long  the  l ine  of cons t an t  r i n d i c a t e d  b y  an 
a r row .  This  l ine  p r o l o n g e d  b e y o n d  the  po in t  A w o u l d  
go t h r o u g h  the  Ge co rne r  a n d  is the  locus  of a l l  
a l loys  of r = 0.28. W h e n  cooled  to 900~ t h e  c o m -  
pos i t ion  of t h e  l i qu id  a l l oy  is Xce = 0.17; X~n = 0.65; 
XSD ----0.18. On f u r t h e r  cool ing  a t e m p e r a t u r e  is 
r e a c h e d  w h e r e  not  on ly  sol id  g e r m a n i u m  b u t  also 
i n d i u m  a n t i m o n i d e  c rys ta l l i ze .  In  t he  e x a m p l e  
chosen,  th is  occurs  at  700~ and  a t  t he  compos i t i on  
B. W h e n  cool ing f u r t h e r ,  t he  compos i t i on  of t he  
l i qu id  a l l oy  changes  b y  s i m u l t a n e o u s  c r y s t a l l i z a t i o n  
of g e r m a n i u m  and  of i n d i u m  a n t i m o n i d e  a long  the  
l ine  m a r k e d  b y  an  a r r o w  and  l e a d i n g  t o w a r d  the  
i n d i u m  c o r n e r  of t he  p h a s e  d i a g r a m .  The  l ine  in 
ques t ion  connects  t he  po in t s  w h e r e  the  l i qu id  a l loy  
is coex i s t ing  w i t h  bo th  sol id  g e r m a n i u m  and  sol id  
i n d i u m  an t imon ide .  

In  t h e  cool ing  r a n g e  w h e r e  o n l y  sol id  g e r m a n i u m  

1 The traces of In  and Sb, which are incorporated with the solid 
germanium, are not significant for the composition of the liquid 
phase. 
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crystallizes, the thickness Z of the crystallized layer 
at a temperature T is given by 

Lo 1 - -  X G e / X ~  
Z = - -  [15] 

ANGe 1 -- XGe 

where X%e is the initial mole fraction of germanium 
in the liquid alloy, xG, that after crystallization of 
the layer of thickness Z and area A; Lo is the num-  
ber of germanium atoms in the initial liquid alloy 
and, NG, is the number  of atoms per unit volume in 
the crystallized germanium. 

Concentrations of Antimony and of Indium in the 
Crystallized Germanium 

By applying the mass action law to the transfer of 
neutral  ant imony from the liquid alloy into the semi- 
conductor, one obtains 

CXsb = 7sb Xs~ N~ r sb exp (--USb/RT) [16] 

where U sb is the energy (heat content change) re-  
quired to transfer one mole of impurities from the 
liquid alloy into the germanium crystal and r sb is 
the ratio of the partition sums of ant imony in the 
solid semiconductor and in the liquid alloy which 

IMPURITY CONTENT OF Ge FROM Ge-In-Sb 
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r - X s b / X  ~ , 
will be approximated by the corresponding expres- 
sion for pure solid ant imony and pure liquid anti-  
mony 

( AHFSb ) [17] 
F sb ~ exp RTM sb 

The energy U sb can be expressed (8) in terms of the 
segregation coefficient, KM sb, Of antimony at the 
melting point of germanium and of the electric pa-  
rameters nl (intrinsic carrier concentration) and 
Nc (partition sum for electrons in the conduction 
band) of the semiconductor 

1 Nc~YsbySb/KM ] [18] USb = RTr~G~ ln [ ( l  +--2--~ / TMCe 

In the case of p- type  impurities, such as indium, Nc 
must be replaced by Nv, the partition sum for holes 
in the valence band. 

Table II  contains values of r and U for several 
important  doping impurities in germanium and sili- 
con calculated by Eq. [17] and [18] using' empirical 
data of the distribution coefficients, activity co- 
efficients, and the electric parameters  hi, Nc, Nv, dis- 
cussed elsewhere (8). 

Table II. Activity coefficients of impurities, % for binary 
semiconductor impurity systems at the melting point, TM s, of 
the semiconductor; partition sum ratios, F, (Eq. [17] ); and 
heat content changes, U, (Eq. [18]) for several impurities in 

germanium and silicon 

I m p u r i t y  ~ Y U, ca l /mole  

G e r m a n i u m  

As 0.79 0.048 4,510 
A1 0.53 0.25 3,510 
Ga 0.94 0.11 2,510 
Sb 1.1 0.073 10,960 
In 1.46 0.40 16,820 

Silicon 

As 3.9 0.048 4,180 
A1 0.54 0.25 17,650 
Ga 0.7 0.11 14,120 
Sb 6.0 0.073 15,680 
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The concentrations of neutral  indium and anti- 
mony have been calculated by Eq. [16] utilizing the 
activation energies, U, and the values of r of Table 
II, the composition of the liquid alloy coexisting with 
solid germanium (Fig. 1) and the activity co- 
efficients of indium and ant imony in the liquid alloy 
at the crystallization temperature  f rom Fig. 4. 

Figure 5 shows that the concentration of neutral  
indium in the crystallized germanium decreases with 
increasing concentration of ant imony in the liquid 
alloy. There are two causes for this decrease: (i) 
increasing ant imony concentration in the liquidus 
decreases its indium concentration at a fixed crystal-  
lization temperature  (cp. Eq. 3), and (it) increasing 
ant imony concentration decreases the activity co- 
efficient of indium in the liquid alloy. The same is 
true, of course, for the concentration of neutral  anti-  
mony in germanium as function of the indium con- 
centration in the liquid alloy. 

The total impuri ty concentrations (neutral  and 
ionized impurities) are obtained from those of the 
neutral  impurities by taking into account the 
ionization equilibrium in the semiconductor. Pert i-  
nent equations will be derived in the appendix from 
a general viewpoint considering impurities of the 
same and of opposite conductivity types, and non-  
degenerate as well as degenerate conditions. 

In the present case, where we deal with impurities 
of opposite conductivity types and with nongenerate 
conditions, it will be shown in the appendix that 

Csb = CXsb 
1 [ CXln+2Ncexp(__G) ]1/2~ 

f l + exp (G/2)  
-2- CXsb + 2Nv exp (--G) J J 

[19] 

Fig. 5. Concentrations of neutral antimony and of neutral indium 
in germanium crystallized at the temperatures indicated along 
the curves (in OK) from a ternary alloy Ge-ln-Sb of the Sb:ln 
ratio shown as abscissa. CxSb are the rising curves and CxTn are 
the descending curves. 
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CIn --~ CXln 

{ 1 [CXsb+2N, exp(--G) 11/2~ 
1 +yexp ( G / 2 )  C~1~ + 2Nr e x p  ( - - G )  J j 

[20] 

G d e s i g n a t i n g  the  f o r b i d d e n  b a n d  gap  d i v i d e d  b y  kT, 
w h i c h  is r e l a t e d  to ni b y  

ni 2 = NcNv exp  ( - - G )  [21] 

The  "1" in Eq. [19] and  [20] is f o u n d  to be  s m a l l  
c o m p a r e d  to t he  o the r  exp re s s ion  in  the  p a r e n t h e s i s  
i n d i c a t i n g  t h a t  Csb >:> CXsb and  C]~ > >  CXi,. Thus  
the  c o n c e n t r a t i o n  of a n t i m o n y  is i n c r e a s e d  due  to t he  
effect  of  t h e  i n d i u m  on the  ion iza t ion  e q u i l i b r i u m  

b y  a b o u t  t he  f ac to r  ~/1 + CXl~/2Nc exp ( - - B ) ,  and  
t h a t  of  i n d i u m  due  to t h e  p r e s e n c e  of a n t i m o n y  b y  

a b o u t  t he  f ac to r  ~/1 -t- CXsb/2Nv exp  ( - - B ) .  N u m e r i -  
cal  va lue s  for  2No exp  ( - - B )  and  2Nv exp  ( - - B )  
h a v e  b e e n  l i s t ed  in Tab le  I I I  and  can  be  c o m p a r e d  
w i th  the  c o n c e n t r a t i o n s  of  n e u t r a l  a n t i m o n y  a n d  i n -  
d i u m  p l o t t e d  in  Fig.  4. F o r  the  r a n g e  of compos i t i on  
and  t e m p e r a t u r e  cove red  b y  the  d a t a  of Fig.  4, i t  is 
found  t h a t  the  inc rease  in the  a n t i m o n y  c o n c e n t r a -  
t ion  r e s u l t i n g  f r o m  the  effect  of t he  i n d i u m  on the  
ion iza t ion  e q u i l i b r i u m  is a p p r e c i a b l e  in  a l l  cases,  
r a n g i n g  f r o m  abou t  a f ac to r  2 at  600~ and  s m a l l  
a n t i m o n y  c o n c e n t r a t i o n  to abou t  1.5 at  1000~ and  
sma l l  a n t i m o n y  concen t r a t ion ,  and  dec r ea s in g  on ly  
s l i g h t l y  w i t h  i n c r e a s i n g  a n t i m o n y  concen t r a t i on .  The  
effect of t he  a n t i m o n y  on the  i n d i u m  c o n c e n t r a t i o n  
b y  m e a n s  of the  ion iza t ion  e q u i l i b r i u m  is less p r o -  
nounced  s ince  Fig.  4 covers  m a i n l y  i n d i u m - r i c h ,  
a n t i m o n y - p o o r  a l loys ;  i.e. sma l l  r. H o w e v e r ,  t he  
effect  of a n t i m o n y  on the  i n d i u m  c o n c e n t r a t i o n  due  
to the  ion iza t ion  e q u i l i b r i u m  is b y  no m e a n s  n e g l i -  
g ib le  for  r > 0.2. 

The  to t a l  c o n c e n t r a t i o n s  of i n d i u m  and  of a n t i -  
m o n y  in the  c r y s t a l l i z e d  g e r m a n i u m  h a v e  been  ca l -  
cu l a t ed  b y  Eq. [19]  and  [20] u s i n g  the  c o n c e n t r a -  
t ions  of n e u t r a l  i m p u r i t i e s  shown  in Fig .  5, and  the  
n u m e r i c a l  va lue s  of t he  e lec t r i c  p a r a m e t e r s ,  hi, Nc, 
and  N~ as used  in  r e f .  (8 ) ,  w h i c h  come  f r o m  a r e v i e w  
p a p e r  b y  Conwe l l  (16) .  F i g u r e  6 shows  Csb and  CI~ 
at  s e v e r a l  c r y s t a l l i z a t i o n  t e m p e r a t u r e s  as a func t ion  
of t h e  r a t i o  r ~- Xsb/XIn. Note  t ha t  w i t h  i n c r e a s i n g  r 
a t  a g iven  c r y s t a l l i z a t i o n  t e m p e r a t u r e  t he  c r y s t a l -  
l ized  g e r m a n i u m  changes  f r o m  p - t y p e  to n - t y p e .  The  
compos i t ions  of t he  l i qu id  a l l oy  at  w h i c h  th is  t r a n s i -  
t ion occurs ,  i.e, at  w h i c h  the  g e r m a n i u m  is c o m p e n -  
sa ted ,  h a v e  been  m a r k e d  b y  the  d o t t e d  l ine  in Fig .  
1. A t  600~ the  Sb:  In  r a t i o  r e q u i r e d  for  c r y s t a l l i z a -  
t ion  of n - t y p e  g e r m a n i u m  is not  access ib le  be c a use  
of f o r m a t i o n  of sol id  i n d i u m  a n t i m o n i d e .  Us ing  the  
l i qu id  a l l o y  of r = 0.28, p - t y p e  g e r m a n i u m  w o u l d  

Table III. Numerical values of certain parameters 
occurring in the Eq. [19] and [20] 

Temp,  ~ 2Nc exp (- -B)  2Nv exp (--B) 

600 4.05 X 1015 cm-~  2.23 X 1015 cm -3 
700 2.50 • 101e 1.37 X 10 TM 

800 1.44 • 101~ 7.97 • 10 TM 

900 6.23 • 101T 3.44 • 1017 
1000 2.02 • 10 TM 1.11 • 10 TM 
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Fig. 6. Total concentrations of antimony, Csb, and of indium, C[n, 
in germanium crystallized at the temperatures indicated along 
the curves (in ~ from a ternary alloy Ge-ln-Sb of the Sb:ln 
ratio shown as abscissa. CSb are the curves which rise almost 
linearly with r. The intersection paints of the two families of 
curves correspond to impurity-compensated germanium. 

c rys t a l l i z e  a b o v e  750~ a n d  n - t y p e  g e r m a n i u m  b e -  
low 750~ F o r  T > 800~ the  va lue s  of r c o r r e -  
s p o n d i n g  to c o m p e n s a t i o n  a r e  close to r ~ 0.3 w h i c h  
is t he  r a t i o  of Sb  to In  if t he  s e g r e g a t i o n  coefficients 
a t  t he  m e l t i n g  po in t  of  Ge  for  t he  b i n a r y  sy s t ems  
S b - G e  and  I n - G e  w o u l d  a p p l y  to t he  t e r n a r y  sys -  
t e m  a t  va r i ous  t e m p e r a t u r e s ,  and  if  t h e r e  w o u l d  no t  
be  a n y  i n t e r a c t i o n  b e t w e e n  Sb and  In. This  s u r p r i s -  
ing a g r e e m e n t  is a consequence  of c o m p e n s a t i o n  of 
the  effects r e s u l t i n g  f r o m  the  a c t i v i t y  coefficients and  
f r o m  the  ion iza t ion  e q u i l i b r i u m .  

The  p - t y p e  c onduc t i on  of  t h e  g e r m a n i u m  c r y s t a l -  
l ized a t  a g iven  t e m p e r a t u r e  d e p e n d s  on the  S b -  
c o n c e n t r a t i o n  in t he  l i qu id  a l l oy  for  t he  fo l lowing  
r ea son :  (a )  I n c r e a s i n g  Xsb dec reases  Xln at  a g iven  T. 
(b )  I n c r e a s i n g  Xsb dec reases  T~n. (c)  P r e s e n c e  of Sb  
in t he  g e r m a n i u m  inc reases  t he  r a t i o  Cin/CXin. (d) 
P r e s e n c e  of Sb  in t he  g e r m a n i u m  p a r t i a l l y  c o m -  
p e n s a t e s  the  p r e s e n c e  of In  w i t h  r e spe c t  to  con-  
duc t iv i t y .  

T h e  r e l a t i ons  ( a ) ,  ( b ) ,  a n d  (d )  t end  to s u p p r e s s  
the  p - t y p e  c o n d u c t i v i t y  w h i l e  t he  r e l a t i o n  (c)  e n -  
hances  the  p - t y p e  conduc t i v i t y .  The  inf luence  of the  
r e l a t i ons  (a )  and  (b )  is c l e a r l y  r e c o g n i z a b l e  in Fig .  
5 r e g a r d i n g  the  c o n c e n t r a t i o n  Cx~. F i g u r e  6 shows  
t ha t  the  inf luence  of the  r e l a t i o n s  ( a ) ,  (b), and  (c)  
on the  t o t a l  i n d i u m  c o n c e n t r a t i o n  j u s t  abou t  c o m p e n -  
sa tes  a t  900~ for  Xsb/Xin < 0.5 and  at  1000~ for  

Xsb/X~ < 0.2. A t  800~ 700~ and  at  600~ the  

i n f l u e n c e ( c )  d o m i n a t e s  ove r  (a )  and  (b )  a l r e a d y  a t  
c o m p a r a t i v e l y  s m a l l  r a t io s  Xsb/XI~. 

The  c onc e n t r a t i on  of a n t i m o n y  inc reases  a lmos t  
l i n e a r l y  w i t h  Xsb/X,n for  a n y  t e m p e r a t u r e  b e t w e e n  
600~ and  1000~ u p  to t h e  r a t i o  xsb/xln w h e r e  
change  f r o m  p - t y p e  to n - t y p e  occurs .  The  c o n c e n t r a -  
t ion  of i n d i u m  in g e r m a n i u m  in the  l i m i t  of zero  
a n t i m o n y  ag rees  f a i r l y  w e l l  w i t h  e x p e r i m e n t a l  d a t a  
b y  Lee  (17) as d i scussed  in  ref .  (8 ) .  
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Fig. 7. Distribution of antimony in germanium crystallized from 
a saturated ternary alloy Ge-Sb-ln when cooling from 1000~ for 
the Sb/In-ratios r = 0.2, 0.15, and 0.1. The abscissa is the 
position in the crystallized layer expressed in dimensionless units 
by multiplying with the area (A), the concentrations of atoms in 
solid germanium (Nce) and dividing by the number of Ge atoms 
in the liquid alloy at the start of crystallization (Lo). 

F o r  t he  pos t  a l l oy  d i f fus ion p rocess  (6 ,7) ,  i t  is 
i m p o r t a n t  to con t ro l  t he  d i s t r i b u t i o n  of a n t i m o n y  in 
the  r e c r y s t a l l i z e d  g e r m a n i u m  as t he  i n i t i a l  cond i -  
t ion  for  a s u b s e q u e n t  diffusion.  Of p a r t i c u l a r  i m -  
p o r t a n c e  is t he  t o t a l  c o n c e n t r a t i o n  of a n t i m o n y  p e r  
un i t  a r e a  in  the  r e c r y s t a l l i z e d  l a y e r  

N sb/  A = fLo/ ANG~ CsbdZ [22] 

w h i c h  can  be  c a l c u l a t e d  for  v a r i o u s  a l loy  cycles  b y  
c o m b i n a t i o n  of Eq. [15] ,  Fig .  1 to p r o v i d e  T (xGe), 
and  Fig.  6 to p r o v i d e  Csb (T) .  E x a m p l e s  a r e  f o u n d  
in  Fig .  7. 

In  p r o d u c i n g  the  e m i t t e r  r eg ion  of a t r a n s i s t o r  
b y  an  a l l o y i n g  p rocess  i t  is c u s t o m a r y  to a d d  s m a l l  
a m o u n t s  of A1 and  Ga  to In  in  o r d e r  to i n c r e a s e  the  
p - t y p e  c o n d u c t i v i t y  of t he  c r y s t a l l i z e d  g e r m a n i u m ,  
i.e., us ing  a q u a t e r n a r y  sys tem,  2 e.g., G e - I n - G a - S b .  
The  subs t i t u t i on  of less  t h a n  1% of Ga  for  p a r t  of 
the  In  w i l l  not  affect  t he  a c t i v i t y  coefficient  of a n t i -  
m o n y  s ign i f ican t ly ,  or  t he  t e m p e r a t u r e  of coex i s t ence  
w i t h  sol id  g e r m a n i u m .  H o w e v e r ,  if t he  c o n c e n t r a t i o n  
of g a l l i u m  in the  sol id  g e r m a n i u m  exceeds  t ha t  of 
i n d i u m  the  c o n c e n t r a t i o n  of a n t i m o n y  w o u l d  b e  a f -  
f ec t ed  because  of t he  ion iza t ion  e q u i l i b r i u m .  

Compar i son  w i t h  E x p e r i m e n t a l  Data of 
Z e m s k o v  et  al. (4)  

Z e m s k o v  et  al. (4)  h a v e  d e t e r m i n e d  the  conc e n -  
t r a t i o n s  of a n t i m o n y  and  of i n d i u m  in g e r m a n i u m  
c r y s t a l l i z e d  f r o m  l iqu id  t e r n a r y  a l loys  of the  c o m p o -  
s i t ions  Xce = 0.867, 0.71, and  0.412, and  v a r i o u s  a n t i -  
m o n y  to i n d i u m  ra t ios  r.  The  a n t i m o n y  con ten t  was  
d e t e r m i n e d  b y  us ing  the  i so tope  Sb 124 and  the  i n d i u m  
con ten t  was  t h e n  d e r i v e d  using'  H a l l  effect d a t a  at  
r oom t e m p e r a t u r e .  The  c r y s t a l l i z a t i o n  t e m p e r a t u r e s  

2 I n  s o m e  c a s e s  P b  i s  a d d e d .  

a n d  the  so l idus  c o n c e n t r a t i o n s  of Z e m s k o v  et  al. (4)  
for  the  two  b i n a r y  sy s t e ms  G e - I n  ( r  = 0) and  G e - S b  
( r  = ~ )  d i f fer  c o n s i d e r a b l y  f r o m  t h e  d a t a  of T h u r -  
m o n d  and  K o w a l c h i k  (1)  a n d  of T r u m b o r e  (5) .  The  
d i s c r e p a n c y  in t he  so l idus  c o n c e n t r a t i o n s  canno t  be  
e x p l a i n e d  b y  the  d i s c r e p a n c y  in t he  l i q u i d u s  t e m -  
p e r a t u r e s  a n d  is p a r t i c u l a r l y  s t rong  for  G e - S b  a t  
XG~ = 0.412 a n d  for  G e - I n  a t  xc~ = 0.867, w h e r e  so -  
l idus  c o n c e n t r a t i o n s  of Z e m s k o v  (4)  a r e  h i g h e r  b y  a 
f ac to r  2.5 and  2, r e spe c t i ve ly ,  t h a n  T r u m b o r e ' s  
va lues .  The  g e r m a n i u m  compos i t i ons  i n v e s t i g a t e d  
c o r r e s p o n d e d  to c r y s t a l l i z a t i o n  t e m p e r a t u r e s  of 
1143~ 1085~ and  945~ r e spe c t i ve ly .  W h i l e  
t hese  t e m p e r a t u r e s  d i f fer  s ign i f i can t ly  f r o m  t h e  t e m -  
p e r a t u r e s  for  t h e  b i n a r y  s y s t e m s  of e q u a l  g e r m a n i u m  
concen t r a t i ons  acco rd ing  to T h u r m o n d  and  K o w a l -  
ch ik  (1) ,  th is  d i s c r e p a n c y  is not  i m p o r t a n t  for  t he  
' fo l lowing  discuss ion.  The  t w o  h i g h e r  t e m p e r a t u r e s  
a r e  in  t h e  r a n g e  b e y o n d  the  cu rves  p l o t t e d  in  F ig .  6, 
b u t  w e  m a y  in fe r  f r o m  the  t r e n d  of t he  cu rves  t h a t  
no m a x i m u m  of Cin w i t h  i nc r e a s ing  r is expec ted .  
This  is in c o n t r a s t  to Z e m s k o v  et  al., who  obse rve  a 
m a x i m u m  b y  a f ac to r  1.2 ( a t  xce = 0.867) a n d  2 
(a t  XGe : 0.71) h i g h e r  t h a n  C1n a t  r = 0. A t  t h e  c o m -  
pos i t i on  XGe = 0.412, t h e r e  is a s ign i f ican t  change  in 
t he  c r y s t a l l i z a t i o n  t e m p e r a t u r e  w i t h  compos i t i on  r 
( c o m p a r e  t he  c u r v a t u r e  of t he  l ine  T = 1000~ in 
Fig.  1, showing  the  change  of compos i t i on  Xce w i t h  r 
a t  a cons t an t  c r y s t a l l i z a t i o n  t e m p e r a t u r e ) .  B y  us ing  
the  d a t a  of  T h u r m o n d  and  K o w a l c h i k  (1)  a n d  of  
Fig.  2, c u r v e  3, w e  find t h a t  Tr=l - -  T~=0 = 52~  at  
XGo = 0.412. Thus  the  i n d i u m  c o n c e n t r a t i o n  in so l id  
g e r m a n i u m  as a func t ion  of  r a t  xGe = 0.412 w o u l d  
not  c o r r e s p o n d  to a cons t an t  t e m p e r a t u r e  curve ,  b u t  
shou ld  change  f r o m  the  cu rve  T = 978~ to T 
1030~ in Fig .  6 in t he  r a n g e  b e t w e e n  r = 0 and  r 
1. W h i l e  th i s  m i g h t  l e ad  to  a sha l l ow  m a x i m u m  of C~,  
th is  m a x i m u m  w o u l d  c e r t a i n l y  no t  be  as p r o n o u n c e d  
as the  f ac to r  3 o b s e r v e d  b y  Z e m s k o v  et  al. The  shape  
of t he  cu rves  in  Fig.  6 a r i ses  in p a r t  f r o m  the  d e v i a -  
t ions  f r o m  idea l  b e h a v i o r  as e x p r e s s e d  b y  a c t i v i t y  co-  
efficients d i f fe r ing  f rom u n i t y  and  in p a r t  f r o m  the  
ion iza t ion  e q u i l i b r i u m .  If  w e  w o u l d  h a v e  used  ac -  
t i v i t y  coefficients of u n i t y  t h r o u g h o u t ,  t a k i n g  on ly  
in to  c ons ide r a t i on  the  ion iza t ion  e q u i l i b r i u m ,  cu rves  
w o u l d  h a v e  been  o b t a i n e d  w h i c h  s t i l l  w o u l d  no t  
e x h i b i t  the  p r o n o u n c e d  m a x i m u m  of C ~  w i t h  r ob -  
s e r v e d  b y  Z e m s k o v  et  al. (5) .  I t  is i n t e r e s t i n g  to 
no t e  t ha t  compensa t i on ,  Cs~ = CI~, is f o u n d  to occur  
b y  Z e m s k o v  et aL at  r ~-- 0.3, for  t he  t w o  h i g h e r  g e r -  
m a n i u m  concen t ra t ions ,  r o u g h l y  in a g r e e m e n t  w i t h  
Fig .  6. H o w e v e r ,  a t  t he  l owes t  g e r m a n i u m  c o n c e n -  
t r a t i o n  c o m p e n s a t i o n  is found  at  r ~ 0.1, w h i l e  w e  
w o u l d  e x p e c t  i t  s t i l l  a r o u n d  r ~ 0.3. 

S ince  the  ion iza t ion  e q u i l i b r i u m  canno t  account  
for  t he  o b s e r v a t i o n s  of Z e m s k o v  et  al., f o r m a t i o n  of 
n e u t r a l  I n S b  mo lecu l e s  in t he  sol id  g e r m a n i u m  has  
b e e n  c ons ide r e d  b y  us  as a t e n t a t i v e  e x p l a n a t i o n .  
The  m a x i m u m  c o n c e n t r a t i o n  of  t he se  mo lecu l e s  m a y  
be  e x p e c t e d  to occur  at  t he  r a t i o  r = 1, c o r r e s p o n d -  
ing  to t he  m a x i m u m  of Cxi~ �9 CXsb ~ xin �9 XSb ( i g n o r -  
ing  effects a r i s ing  f rom the  a c t i v i t y  coefficients as 
second o r d e r  ones ) .  H o w e v e r ,  t he  m a x i m u m  of C ~  as 
f o u n d  b y  Z e m s k o v  et  al. (4)  occurs  at  r ~ 0.3, 0.3, 
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and  0.1, r e spec t i ve ly ,  for  t he  t h r e e  g e r m a n i u m  con-  
cen t ra t ions .  Thus  the  d a t a  of Z e m s k o v  et al. canno t  
be  e x p l a i n e d  b y  m e a n s  of t he  ion iza t ion  e q u i l i b r i u m  
or  b y  m e a n s  of n e u t r a l  ( I n S b )  molecules .  I t  a p p e a r s  
d e s i r a b l e  to  e x a m i n e  a d d i t i o n a l  e x p e r i m e n t a l  da ta ,  
p a r t i c u l a r l y  in v i e w  of t he  se r ious  d i s c r epa nc i e s  
w i t h  e x i s t i n g  e x p e r i m e n t a l  d a t a  (1, 5) on the  
b i n a r y  sys tems .  

Summary and Conclusion 
The  concen t r a t i ons  of two  e l e c t r i c a l l y  ac t ive  i m -  

p u r i t i e s  ( i n d i u m  and  a n t i m o n y )  in a s e m i c o n d u c t o r  
( g e r m a n i u m )  have  been  d iscussed ,  w h i c h  a r i se  u n -  
de r  t h e r m a l  e q u i l i b r i u m  cond i t ions  of dop ing  a s s u m -  
ing  t h a t  the  two  i m p u r i t y  t y p e s  i n t e r a c t  in the  s e m i -  
c o n d u c t o r  on ly  t h r o u g h  t h e i r  c o m b i n e d  inf luence  on 
t h e  ion iza t ion  e q u i l i b r i u m .  F o r  conven i ence  i t  has  
been  a s s u m e d  t h a t  t h e  i m p u r i t i e s  h a v e  e n e r g y  l eve l s  
co inc id ing  p r a c t i c a l l y  w i t h  t h e  b o t t o m  of t he  con -  
duc t ion  b a n d  or  t he  top  of the  v a l e n c e  band ,  r e -  
spec t ive ly .  The  case  w h e r e  t he  s e m i c o n d u c t o r  is 
c r y s t a l l i z e d  f r o m  a t e r n a r y  m e l t  has  been  i n v e s t i -  
g a t e d  in de t a i l  t a k i n g  into  account  the  i n t e r a c t i o n  of 
the  s e m i c o n d u c t o r  e l e m e n t  w i t h  the  t w o  i m p u r i t y  
e l e m e n t s  in  t he  l i qu id  p h a s e  b y  a c t i v i t y  coeffi- 
c ients  w h i c h  w e r e  o b t a i n e d  a p p r o x i m a t e l y  f r o m  a 
l i nea r  c o m b i n a t i o n  of i n t e g r a l  m o l a r  excess  f r ee  
ene rg ie s  of t he  t h r e e  b i n a r y  l i qu id  phases .  

The  c o n c e n t r a t i o n s  of t he  l i qu id  t e r n a r y  G e - I n - S b  
a l l oy  coex i s t i ng  w i t h  (a )  sol id  g e r m a n i u m ,  or  (b )  
sol id  i n d i u m  a n t i m o n i d e  h a v e  been  d e r i v e d ,  and  the  
c o n c e n t r a t i o n s  of i n d i u m  and  a n t i m o n y  in sol id  g e r -  
m a n i u m  c r y s t a l l i z e d  f r o m  a l loys  of compos i t i on  (a )  
have  been  compu ted .  T h e r e  a r e  r a n g e s  of conc e n -  
t r a t i o n s  and  t e m p e r a t u r e s  w h e r e  p - t y p e  and  o the r s  
w h e r e  n - t y p e  g e r m a n i u m  c rys ta l l i zes .  U n d e r  ce r -  
t a i n  cond i t ions  I n S b  c rys t a l l i z e s  s i m u l t a n e o u s l y  w i t h  
g e r m a n i u m .  

Our  c o m p u t e d  d a t a  a g r e e  we l l  w i t h  t he  l i q u i d u s  
of t h e  t h r e e  b i n a r y  sy s t ems  G e - I n ,  G e - S b ,  and  I n - S b  
( fo r  xi~ > 0.5) due  to t he  choice of t he  ene rg i e s  i n -  

v o l v e d  in  t h e  a c t i v i t y  coefficients.  
The  s o l u b i l i t y  of g e r m a n i u m  in l i qu id  i n d i u m  

a n t i m o n i d e  was  m e a s u r e d  b y  G l a s o w  and  Tsch i -  
s h e w s k a y a  (3) .  T r e a t i n g  th is  as an  idea l  t e r n a r y  
sys tem,  f a i r  a g r e e m e n t  w i t h  the  e m p i r i c a l  d a t a  is 
a ch i eved  e x c e p t  n e a r  the  m e l t i n g  po in t  of Ge, w h e r e  
a s y s t e m a t i c  e r r o r  in  t he  e m p i r i c a l  d a t a  is i n d i c a t e d  
s ince  R a o u l t ' s  l a w  is v io la ted .  I n c o r p o r a t i n g  ou r  ac -  
t i v i t y  coefficients t he  a g r e e m e n t  is g e n e r a l l y  no t  
i m p r o v e d ,  t h e  co r r ec t i on  be ing  of t he  co r rec t  s ign  
b u t  too la rge .  

The  e x p e r i m e n t a l  so l idus  d a t a  b y  Z e m s k o v  et  al. 
(4)  exh ib i t  se r ious  d i s c r epanc i e s  w i t h  e x p e r i m e n t a l  
d a t a  (1, 5) for  the  two  b i n a r y  sy s t ems  G e - I n  and  
G e - S b .  F o r  the  t e r n a r y  sys tems ,  Z e m s k o v  et al. f ind 
a p r o m i n e n t  m a x i m u m  of Cin at  a f ini te  a n t i m o n y  
concen t r a t ion .  The  m a x i m u m  is m u c h  h i g h e r  t h a n  
accoun ted  for  b y  the  ion iza t ion  e q u i l i b r i u m .  F o r m a -  
t ion  of n e u t r a l  ( I n S b )  c lus te r s  is no t  a s a t i s f a c t o r y  
e x p l a n a t i o n  because  t he  m a x i m u m  occurs  at  m u c h  
s m a l l e r  r - v a l u e s  t h a n  t h e  r ~ 1 e x p e c t e d  for  c l u s t e r -  
ing. 

W h i l e  t he  q u a n t i t a t i v e  v a l u e s  c o m p u t e d  in th is  
p a p e r  m a y  r e q u i r e  some modi f i ca t ion  in  t he  l i gh t  

of n e w  e m p i r i c a l  da ta ,  i t  is b e l i e v e d  t ha t  t he  q u a l i -  
t a t i v e  f e a t u r e s  p r e s e n t  a v a l u a b l e  s u r v e y  of t he  
p r o b l e m s  and  poss ib i l i t i e s  e n c o u n t e r e d  in c r y s t a l -  
l iz ing  a s e m i c o n d u c t o r  f r o m  a l i qu id  t e r n a r y  s y s t e m  
c o n t a i n i n g  two  i m p u r i t y  e l emen t s ,  a n d  t h a t  p r e -  
cise d a t a  of th is  k i n d  shou ld  p r o v e  v a l u a b l e  for  
c e r t a i n  i n d u s t r i a l  t r a n s i s t o r  p rocesses  (6, 7) .  

In  our  cons ide ra t i ons  t he  c h e m i c a l  i n t e r a c t i o n  of 
t he  two  i m p u r i t y  t y p e s  in  t he  solid,  cons i s t ing  of 
f o r m a t i o n  of molecu les ,  ha s  been  neg lec ted .  This  
i n t e r a c t i o n  need  not  conce rn  us  h e r e  if  t he se  m o l e -  
cules  a r e  i nac t i ve  as donors  o r  accep to r s  of con-  
duc t ion  e lec t rons .  The  " t o t a l "  i m p u r i t y  c o n c e n t r a -  
t ions  as used  in th is  p a p e r  a r e  t h e n  t h e  c o n c e n t r a -  
t ions  of n e u t r a l  a n d  ion ized  s ingle  i m p u r i t i e s  e x -  
c lud ing  molecules .  H o w e v e r ,  t he  d e g r e e  of assoc ia -  
t ion of  mo lecu le s  w i l l  g e n e r a l l y  v a r y  w i t h  t e m p e r a -  
tu re ,  so t h a t  t he  c o n c e n t r a t i o n  of  i m p u r i t y  m o l e c u l e s  
a t  t he  c r y s t a l l i z a t i o n  t e m p e r a t u r e  T1 wi l t  no t  be  
equa l  to t h a t  a t  the  t e m p e r a t u r e  T2 (<T1)  w h e r e  
e l ec t r i c  m e a s u r e m e n t s  a re  p e r f o r m e d .  I n  th is  sense  
the  m o l e c u l e  f o r m a t i o n  m a y  b e c o m e  s igni f ican t  for  
the  e lec t r i c  p r o p e r t i e s  of t he  semiconduc to r .  F o r  
f u r t h e r  d i scuss ion  see Reiss  and  c o - w o r k e r s  (9) .  
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A P P E N D I X  
Ionization equi l ibr ium of two impuri t ies  in a semi-  

conductor . - -When consider ing the crys ta l l iza t ion  of 
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germanium f rom a l iquid te rnary  alloy, the total  con- 
centrat ion of nei ther  impur i ty  type can be considered 
as given a priori, but  the concentrat ions of the neut ra l  
impuri t ies  are fixed by mass action laws (section on 
Concentrat ions of Ant imony  and Indium in the  Crysta l -  
lized G e r m a n i u m ) .  Therefore ,  we  requ i re  the total  
concentrat ion of e i ther  type of impur i ty  in terms of the 
neutra l  concentrat ions of the impurit ies,  i.e., the 
ionization equil ibrium. 

Let  us designate the two types of impuri t ies  by "C" 
(donors) and "W" (donors or acceptors) .  C and W wil l  
be used for the concentrat ions of these impurities.  

The ionization equi l ibr ium is fu l ly  character ized by 
the Fermi  level, which is de termined by the zero space 
charge condition in the bulk of a homogeneously  doped 
semiconductor  

C + •  - + + p - n = 0  [I] 

where  C +, W -+ are the concentrat ions of ionized im-  
purit ies and p, n are the hole and electron concen- 
trat ions in the semiconductor.  Expressing the four  
terms in Eq. [I] by the Fermi  energy,  EF, assuming 
for the moment  nondegenera te  e lectron and hole as- 
semblies, and ident i fying the energy levels  of the im-  
puri t ies  wi th  the boundaries of the conduction (Ec) 
and valence (Ev) bands one obtains 

C 
C + ~- [II] 

1 + 2 exp ~+ 

W 
W + ~ [III] 

1 + 2 e x p ~  +- 

p ~-- Nv exp ~ -  [IVy 

n ~ Nc exp ~]+ [V] 

~+ ~ ( E F - -  E c ) / k T  [VI] 
and 

~)- ~ (Ev -- E F ) / k T  [vn] 

Using these equat ions the concentrat ions of ionized 
impuri t ies  expressed in terms of concentrat ions of non-  
ionized impuri t ies  (C* = C --  C + etc) become 

C + ---- Cx/2 exp ~ + [VIII] 

W + ---- Wx/2exp ~-+ [IX] 

Int roducing the Eq. [IVY, [V], [VIII] ,  and [IX] into 
Eq. [I] and considering that  

- -~  + - -  ~l- ~ ( E c  - -  Ev)  / k T  ~ G [X] 

we obtain in the case that  "C" and "W" are donors 

exp ~1 + ---- ~ / [C x W W x W 2Nv exp (--G) ] /2Nc [XI] 

C ---- Cx{1 + x / N c / [ 2 ( C  ~ W W • + 2Nv exp (--G) ]} 
[XlI]  

W--~ Wx{1 + ~ / N c / [ 2 ( C  ~ + W x + 2Nvexp ( - -G) ]}  
[XIII]  
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while  in the case that  "C" are donors, "W" are acceptors 
exp o + ~ exp ( - -G/2)  

~ / [C  x + 2Nv exp ( - -G)  ] / [ W  x + 2Nc exp ( - -G)  ] [XlV] 

and Eq. [19] and [20] of the text. 
Presence of impuri t ies  of the same type decreases the 

total  impur i ty  concentration,  whi le  presence of impur i -  
ties of the opposite type increases the total  impur i ty  
concentration. 

Our considerations were  l imi ted so far  to the case of 
nondegenera te  electron or hole assemblies by the use of 
Eq. [IVy and IVY. The ease of a degenerate  electron (or 
else hole) assembly will  be discussed now briefly using 
the funct ion f (C /N c ,  n i / N c )  of ref. (8). 

In the case that  both "C" and "W" impuri t ies  are of 
the same type (e .g . ,  donors) wi th  energy levels at the 
boundary of the band, one has 

C x W x Y[(W + C ) / N c , n i / N c ]  

C W (W + C ) / N c  
[xv] 

and therefore  

C (W) y[C (O)/Nc,ni /Ne]  ( w  + c)  
[xvI] 

C(O)  y[ (W + C ) / N c , n i / N c ]  C(O)  

If the "C' and "W" impuri t ies  are of opposite types 
and if C < <  W, the ionization equi l ibr ium of the "C" 
impuri t ies  expressed in terms of the ionization equi-  
l ibr ium of the dominant  "W" impuri t ies  is 

Cx/C ~ 4 ( W / W  x -  1) n i ~ / ( N c N v )  [XVII] 

This equat ion was obtained by el iminat ion of exp ~l +, 
exp ~1- f rom the Eq. [II], [III],  and [VIII],  which are 
all val id  for degenerate  and nondegenera te  conditions, 
by considering that  Cx/C < <  1 if the Fe rmi  level  is 
de te rmined  by the dominant  "W" impurit ies,  and by 
using Eq. [21] of the text. 

Expressing the ionization equi l ibr ium of the "W" 
impuri t ies  by the y-function, ment ioned previously,  one 
obtains 

C(O)  4ni 2 y ( W / N v , n i / N v )  

f [ C ( 0 ) / N c , n i / N c ]  

C ( O ) / N c  
[XVIII] 

The te rm in parenthesis  is C ( W ) / C  x, which has been 
assumed to be large compared to unity. The other  
factor on the r ight  is Cx/C(O) .  The concentrat ion 
C (O) can be calculated by the equations of ref. (8) for 
solid-gas and sol id-l iquid equilibria.  Using the mul t i -  
plication factors [XVI] or [XVlII ] ,  respect ively,  the 
concentrat ion of "C" impuri t ies  in presence of pre-  
va len t  "W" impuri t ies  can be derived.  
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ABSTRACT 

Polarographic studies of benzyl  chloride, benzyl  bromide, benzyl  iodide, 
benzylmercur ic  iodide, dibenzylmercury,  mercuric iodide, ethyl  chloroacetate, 
and ethyl bromoacetate have been made in acetonitr i le and dimethylformamide 
containing t e t r abu ty l ammonium salts. Benzyl chloride and ethyl chloroacetate 
were found to undergo a facile displacement reaction with bromide ion. Benzyl 
chloride and bromide react  with iodide ion to form benzyl  iodide which reacts 
rapidly with mercury  and forms benzylmercur ic  iodide. The lat ter  compound, 
on standing, slowly forms mercur ic  iodide. 

Large-scale electrolytic reduct ion with uncontrol led potential  of benzyl  
chloride in the absence and presence of carbon dioxide gave toluene. The semi- 
controlled potential  electrolytic reduct ion of benzyl  chloride in the presence 
of carbon dioxide gave phenylacetic acid. 

The u n u s u a l  po la rographic  behav io r  r epor ted  for 
the  r educ t ion  of benzy l  hal ides  in  aqueous  m e d i u m  
(1) in which  m o n o v a l e n t  nega t ive  ions and  free 
radica ls  are pos tu la ted  as i n t e rmed ia t e s  suggested a 
f u r t he r  s t udy  of these compounds  in  d i m e t h y l f o r -  
m a m i d e  and  acetoni t r i le .  P rev ious  w o r k  (2) in  these  
solvents  had  ind ica ted  tha t  s table  ca rban ions  and  
an ion  free radica ls  are fo rmed  in  the r educ t ion  of 
ce r ta in  u n s a t u r a t e d  hydrocarbons .  Data  ob ta ined  for 
the  hal ides  in  these so lvents  wou ld  there fore  aid in  
the f o r m u l a t i o n  of a r educ t ion  mechan i sm.  

Experimental 
The solut ions  were  s tud ied  in  cy l ind r i ca l ly  shaped 

cells fitted wi th  side a rms  for the  anode  connec t ion  
and  for the  admiss ion  of n i t rogen .  The anode was  a 
pool of mercu ry ,  and  m e a s u r e m e n t s  were  made  in a 
wa t e r  t h e r m o s t a t  at 25 ~ -- 0.1 ~ 

The  e lect rolyt ic  cell was  s imi la r  to the  cell used 
in  p rev ious  s tudies  (2) .  The  b a t h  t e m p e r a t u r e  of the  
cell was  m a i n t a i n e d  at  0 ~ 

The  S a r g e n t  Model  XI I  po la rograph  was  used to 
o b t a i n  the  polarograms.  The  po la rog raph  had  a cu r -  
r e n t - s c a l e  ca l ib ra t ion  of 0.005714 ~ a / m m  at a sen-  
s i t iv i ty  of one. The  gas ch roma tog raph  was  a P e r -  
k i n - E l m e r  Model  154 and  used h e l i u m  as the ca r r i e r  
gas. 

Three  d ropp ing  m e r c u r y  electrodes were  used in  
this  s tudy,  and  all  the da ta  l i s ted in  the tab le  are for 
cap i l l a ry  one unless  s ta ted o therwise  in  the  table.  
Capi l la r ies  one and  two opera ted  wi th  a m e r c u r y  
head  of 48 cm, and  cap i l l a ry  th ree  opera ted  w i th  a 
m e r c u r y  head of 54 cm. Capi l la r ies  one, two, and  
th ree  had  a drop t ime of 3.82 sec, 4.12 sec, and  3.30 
sec, respect ive ly ,  and  had  m 2/3 t 1/6 va lues  of 1.91 
mg 2/3 sec -1/2 1.88 mg 2/~ sec -1/~, and  1.95 mg 2/3 
sec -~/e, respect ively .  

The  ace toni t r i l e  and  d i m e t h y l f o r m a m i d e  were  
pur i f ied b y  the  methods  g iven  in  an  ear l ie r  paper  
(3) .  T e t r a b u t y l a m m o n i u m  bromide ,  t e t r a b u t y l a m -  
m o n i u m  iodide (3) ,  benzy l  b romide  (4) ,  b e n z y l -  

mercu r i c  chlor ide (5) ,  a nd  d i b e n z y l m e r c u r y  (6) 
were  p r epa red  by  methods  g iven  in  the  l i t e ra tu re .  
Benzy l  iodide was  p r epa red  f rom b e n z y l  chlor ide 
by  a modif icat ion of the  d i rec t ions  of K u m p f  (7) .  
Sod ium iodide a nd  acetone were  subs t i t u t ed  for po-  
t a s s ium iodide and  alcohol. Benzy l  chloride,  e thy l  
chloroacetate ,  a nd  e thy l  b romoace ta t e  were  pur i f ied  
by  dis t i l la t ion.  Reagen t  g rade  mercu r i c  iodide was  
used w i t hou t  f u r t h e r  puri f icat ion.  

Benzylmercuric iodide. - -A solu t ion  of sod ium 
iodide (7.8g) in  acetone (25 ml )  was  s h a k e n  wi th  a 
so lu t ion  of b e n z y l m e r c u r i c  chlor ide (17g) in  acetone 
(150 ml )  for 1 hr. The  r e su l t ing  suspens ion  was  fil- 
tered,  a nd  the f i l t ra te  was evapora ted  to dryness .  
Ex t r ac t ion  wi th  e ther  gave a q u a n t i t a t i v e  y ie ld  of 
b e n z y l m e r c u r i c  iodide. Recrys ta l l i za t ion  f rom e th-  
anol  af ter  t r ea t ing  w i th  decolor iz ing ca rbon  gave 
b e n z y l m e r c u r i c  iodide m e l t i n g  at  115~ ~ The 
l i t e r a tu r e  (8) repor ts  a me l t i ng  po in t  of 117 ~ 

Electrolysis o5 Benzyl  Chloride 

A solu t ion  of 350 ml  of d i m e t h y l f o r m a m i d e  con-  
t a i n i n g  22.6g of t e t r a b u t y l a m m o n i u m  iodide and  10 
ml  of b e n z y l  chlor ide was  e lect rolyzed in  an  H-ce l l  
(2) con ta in ing  a m e r c u r y  pool cathode (45 cm 2) and  
a p l a t i n u m  screen anode.  Both  anode  a nd  cathode 
c o m p a r t m e n t s  were  fitted w i t h  glass exi t  tubes.  
Gases g iven  off d u r i n g  the electrolysis  were  passed 
t h r ough  a d ry  ice t rap,  a 10% hydroch lor ic  acid solu-  
t ion  a nd  ascar i te  and  a n h y d r o n e  tubes  and  t h e n  col- 
lected over  water .  

Direc t  c u r r e n t  us ing  a l ine  vol tage  of 85v was 
passed th rough  the  cell af ter  degass ing w i t h  p u r i -  
fied n i t r o g e n  for 2 hr. The c u r r e n t  s ta r ted  at 0.3 amp 
and  fel l  to less t h a n  0.15 a mp  af ter  24 hr.  

A p p r o x i m a t e l y  600 ml  of n i t r o g e n  was  passed 
t h r ough  the  sys tem af ter  comple t ion  of the  elec-  
t rolysis  a nd  combined  wi th  the  gases fo rmed  d u r i n g  
the  electrolysis .  The  gas m i x t u r e  was  t r a n s f e r r e d  to 
100 ml  s e r um bot t les  and  capped wi th  a c omb ina t i on  
r u b b e r  and  steel stopper.  The  conten ts  were  a n a -  
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lyzed by  vapor  phase c h r o m a t o g r a p h y  us ing  an  act i -  
va ted  charcoal  c o l u m n  at 28 ~ and  ca rbon  monox ide  
and  m e t h a n e  were  found  in a rat io of 25: 1. Other  
gases p re sen t  in  smal le r  a m o u n t s  were  n - b u t a n e  and  
the  bu t enes  ( t races)  and  were  d e t e r m i n e d  on a d i - 2 -  
e t h y l h e x y l  sebacate  c o l u m n  at 33 ~ 

The hydroch lor ic  acid t rap  con ta ined  no d i m e t h y l -  
amine .  

The ca tholy te  and  ano ly te  were  combined,  a nd  a 
smal l  sample  was ana lyzed  by  the  v.p.c, me thod  us -  
ing a Si l icone oil D.C. 200 co lumn  at  123 ~ and  con-  
t a ined  tolUene; the  y ie ld  was 75%. Dis t i l l a t ion  of 
the  ano ly te  and  ca tholy te  u n d e r  reduced  p ressure  
(5 r am) ,  and  collect ion of the vola t i le  ma te r i a l s  in  
a d ry  ice t r ap  was fol lowed by  v.p.c, ana lys i s  us ing  
a t e t r a m e t h y l e n e  glycol  d i m e t h y l  e the r  c o l u m n  at  
63 ~ Compounds  ident if ied were  n - b u t a n e ,  bu tenes ,  
i sopentane ,  and  to luene.  The  ra t io  of n - b u t a n e  to the  
b u t e n e  was  a p p r o x i m a t e l y  8: 1, and  the  ra t io  of n -  
b u t a n e  to i sopen tane  cor responded  a p p r o x i m a t e l y  to 
7:1. No d i m e t h y l a m i n e  was found  in  this  dist i l late .  

A s imi la r  r educ t ion  w h e n  car r ied  out  whi le  car -  
bon  dioxide  was passed t h rough  d u r i n g  the  elec-  
t rolysis  gave no pheny lace t i c  acid. 

Modificat ion of the last  e lectrolysis  by  us ing  a 
vol tage  of 13v and  a so lu t ion  of d i m e t h y l f o r m a m i d e  
(250 ml )  con t a in ing  0.15M t e t r a b u t y l a m m o n i u m  
bromide  and  benzy l  chlor ide (10 ml )  gave a c u r r e n t  
of 0.035 amp. This c u r r e n t  r e m a i n e d  cons tan t  for 48 
hr. The  r e su l t ing  so lu t ion  was s t r ipped  of d i -  
m e t h y l f o r m a m i d e  u n d e r  reduced  pressure  (2 r am) ,  
and  the  res idue  was t r ea ted  w i th  d i lu te  aqueous  
po tass ium hydroxide .  Ex t r ac t ion  of this  so lu t ion  
w i th  e ther  was fol lowed by  acidif icat ion of the  a que -  
ous layer .  The acidified so lu t ion  on ex t r ac t ion  w i th  
e ther  gave pheny lace t i c  acid (0.1g).  Ident i f ica t ion  
was made  by  compar ing  the  i n f r a r e d  spec t rum and  
NMR spec t rum wi th  those of an  au then t i c  sample.  

Results 
The po la rograph ic  da ta  for the  r educ t ion  of v a r i -  

ous benzy l  hal ides  in  d i m e t h y l f o r m a m i d e  (DMF)  

and  ace toni t r i l e  are l is ted in  Table  I. Data  are also 
l is ted for e thy l  chloroaceta te  a nd  e thy l  b romoace ta t e  
since these compounds  r ep re sen t  ha logen  compounds  
of comparab le  r eac t iv i ty  to tha t  of the  benzy l  ha l -  
ides. 

To e luc ida te  the  m e c h a n i s m  of r educ t ion  of benzy l  
iodide, the behav io r  of b e n z y l m e r c u r i c  iodide, d i -  
b e n z y l m e r c u r y  a nd  mercu r i c  iodide was  also s tudied  
and  the  resul t s  are g iven  in  Tab le  I. The  pola ro-  
graphic  curves  for b e n z y l m e r c u r i c  iodide a nd  m e r -  
curic iodide in  ace ton i t r i l e  con t a in ing  t e t r a b u t y l -  
a m m o n i u m  iodide changed  w i t h  t ime  and  are shown 
in  Fig. 2-5. 

To d e t e r m i n e  the m e c h a n i s m  of r educ t ion  of b e n -  
zyl chlor ide a nd  the s tab i l i ty  of the b e n z y l  anion,  
la rge  scale e lec t ro ly t ic  r educ t ions  were  car r ied  out  
in  the  p resence  a nd  absence  of ca rbon  dioxide.  Gases 
collected in  the  l a t t e r  were  e x a m i n e d  b y  vapor  
phase  c h r o m a t o g r a p h y  to d e t e r m i n e  how the  sol-  
vent ,  d i m e t h y l f o r m a m i d e ,  was  invo lved  in  the  elec- 
t rode react ion.  

Discussion of Results 
E x a m i n a t i o n  of the  resul t s  in  Tab le  I indica tes  

tha t  the po la rographic  behav io r  of benzy l  chlor ide 
depends  on the  suppor t ing  e lec t ro ly te  employed.  In  
solut ions  con t a in ing  t e t r a b u t y l a m m o n i u m  b romide  
benzy l  chlor ide gives two waves  whose  heights  
change  w i th  t ime ;  the  first wave  grows at  the  ex -  
pense  of the  second wave.  The h a l f - w a v e  po ten t i a l  
of the first wave  app rox ima te s  tha t  f ound  for benzy l  
b romide  and  wou ld  po in t  to the  fo rma t ion  of benzy l  
b romide  f rom benzy l  chloride.  

C6HsCH2C1 + B r -  --> CsHsCH2Br q- C I -  

A s imi la r  behav io r  was found  to occur w i th  e thy l  
ch loroaceta te  in  b r omi de  solut ion.  The  first wave  
had  a p p r o x i m a t e l y  the  same h a l f - w a v e  po ten t i a l  as 
tha t  found  for e thy l  bromoaceta te .  No dip in  the dif-  
fus ion  c u r r e n t  was  observed in  a g r e e m e n t  wi th  the  
w o r k  in  aqueous  and  me thano l i c  m e d i u m  (1).  Both 
waves  based on the  diffusion c u r r e n t  cons tan t  (Id) 

Table I. Polarographic behavior of benzyl halides and related compounds in dimethylformamide and 
acetonitrile containing 0.175M tetrabutylammonium salts 

C o m p o u n d a ,  b S a l t  S o l v e n t  Ell2 ( v s .  H g  pool)  I~c E 1/2 ( v s .  I-Ig Pool)  Ia c 

C6HsCH2C1 Br DMF --0.84 0.50 
C6HsCH2Br Br DMF --0.83 2.58 e 
C6HsCH2C1 Br CHsCN --0.83 1.58 
C6HsCH2Br Br CH3CN --0.84 4..18 
C1CH2COOC2H5 s,g Br CHsCN --0.39 0.83 
BrCH2COOC2H5 Br CItsCN --0.43 3.70 
C6HsCH2I h Br CH3CN --0.24 18.1 
C6H~CH2C1 I CHaCN --0.12 (--1.04) ~ 2.99 
C6H5CH2Br g,i I CH3CN --0.19 (--0.87) ~ 20.0 
C6H~CH2U I CH3CN --0.27 (--0.92) k 18.7 
C6HsCH2Hglg I CH3CN --0.31 (--0.92) k 17.8 
(C6HsCH2) 2Hg i I CHsCN --1.64 4.78 
HgI2 I CH3CN --0.06 (--0.19) k 20.0 

--1.82 2.17 d 

--1.88 3.10 

--1.74 2.38 

--1.89 3.22 d 

a T h e  c o n c e n t r a t i o n  i s  O.OOIM u n l e s s  other~:qise n o t e d .  
b T h e  s o l u t i o n  w a s  d e o x y g e n a t e d  f o r  1 h r  u n l e s s  o t h e r w i s e  n o t e d .  

in 

Cm~/~t l /6  �9 
C a p i l l a r y  2. 
C a p i l l a r y  3. 

f C o n c e n t r a t i o n  2.56 • 10-31V/. 
g T h e  s o l u t i o n  w a s  d e o x y g e n a t e d  for  30 r a in .  

T h e  s o l u t i o n  w a s  d e o x y g e n a t e d  f o r  60 r a i n  p r i o r  to  t h e  a d d i t i o n  of  b e n z y l  i o d i d e  a n d  a n  a d d i t i o n a l  10 r a i n  f o l l o w i n g  t h e  a d d i t i o n .  
C o n c e n t r a t i o n  5 X IO-~M. 

J D e o x y g e n a t e d  f o r  12 r a i n .  
k V o l t a g e  a t  w h i c h  t h e  w a v e  d r o p p e d  to  n o r m a l .  
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for the benzy l  hal ides  wou ld  cor respond to a r educ -  
t ion of these  compounds  to to luene.  The  r educ t i on  
is i r r eve r s ib le  s ince a slope ana lys i s  of the benzy l  
b romide  wave  gave a va lue  of 0.11. 

A s imi la r  d i sp lacemen t  reac t ion  w i th  iodide ion 
occurs for benzy l  chlor ide and  benzy l  b romide  in  
solut ions  con ta in ing  t e t r a b u t y l a m m o n i u m  iodide;  
the reac t ion  w i th  benzy l  chlor ide is, however ,  m u c h  
s lower  since a wave  for benzy l  chlor ide appears  at  
--1.89v. Benzy l  iodide once formed,  reacts  r a p i d l y  
wi th  m e r c u r y  and  forms b e n z y l m e r c u r i c  iodide since 
the waves  ob ta ined  for these two compounds  are 
qui te  s imi la r  (Fig. 1 and  2). The sl ight  difference is 
p r o b a b l y  caused by  the  fo rma t ion  of some mercu r i c  
iodide in  the  reac t ion  of benzy l  iodide w i th  mercu ry .  
This f o rma t ion  of a b e n z y l m e r c u r i c  de r iva t ive  would  
occur more  r ap id ly  in  aqueous  m e d i u m  because  of 
the h igher  dielectr ic  cons tan t  and  m a y  be respons i -  
b le  for the  obse rva t ion  t ha t  b e n z y l  b romide  and  
benzy l  iodide are  r educed  at the same poin t  (1) .  

The curve  found  for b e n z y l m e r c u r i c  iodide is u n -  
u sua l  in  appea rance ;  a b road  m a x i m u m  is ob ta ined  
which  t h e n  drops to the  r educ t ion  wave  (Fig. 2). 
This  m a x i m u m  changes  wi th  t ime  and  splits into 
two m a x i m a  (Fig. 3 and  4) ;  the m a x i m u m  in  the 

zero vol t  reg ion  resembles  the  m a x i m u m  f ound  for 
mercu r i c  iodide (Fig. 5). 

The change  in  the  po la rograph ic  curve  w i th  t ime  
wou ld  suggest  t ha t  the  fo l lowing  reac t ion  m a y  be 
occur r ing  
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Fig. 3. Polarogram of lO-SM benzylmercuric iodide in acetonitrile 
containing 0.175M tetrabutylammonium iodide after 3 hr. 
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Fig. 1. Polarogram of lO-SM benzyl iodide in acetonitrile con- 
taining 0.175M tetrabutylammonium iodide after 12 min. 
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Fig. 2. Polarograrn of 1 0 - 3 M  benzylmercuric iodide in acetonitrile 
containing 0.175M tetrabutylammonium iodide after 1 hr. 
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Fig. 4. Polarogram of I 0 - 3 M  benzylmercuric iodide in acetnnitrile 
containing 0.175M tetrabutylammonium iodide after 72 hr. 
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Fig. 5. Polarogram of 1 0 - 3 M  mercuric iodide in acetonitrile con- 
taining 0.175M tetrabutylammonium iodide after 90 rain. 
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2C6HsCH2HgI ~ (C6HsCHe)2Hg ~- HgI~ 

T h e  w a v e  (Id = 1.06, F ig .  3) ,  occu r r i ng  at  t he  p o i n t  
w h e r e  d i b e n z y l m e r c u r y  is r e d u c e d  ( - -1 .70v)  i n d i -  
ca tes  t h a t  th is  r e a c t i o n  occurs  to  t he  e x t e n t  of a b o u t  
40%.  The  r e v e r s i b i l i t y  of th is  s y s t e m  was  d e m o n -  
s t r a t e d  by  s t a r t i n g  w i t h  e q u i m o l a r  c o n c e n t r a t i o n s  of 
d i b e n z y l m e r c u r y  and  m e r c u r i c  iod ide  in d i m e t h y l -  
f o r m a m i d e  and  s t u d y i n g  the  r e a c t i o n  p o l a r o g r a p h i -  
cal ly .  A f t e r  5 h r  t he  c u r v e  a p p r o x i m a t e d  the  cu rve  
s h o w n  for  b e n z y l m e r c u r i c  iod ide  a f t e r  3 h r  (F ig .  3) .  

O t h e r  poss ib i l i t i e s  for  the  p r o d u c t i o n  of m e r c u r i c  
iod ide  a r e  shown  b e l o w  and  w e r e  c h e c k e d  b y  a l -  
l owing  a so lu t ion  of b e n z y l  b r o m i d e ,  

2C6HsCH2HgI--> C6HsCH2CHeC~H5 -b Hg2Ie 

C~HsCH2HgI § CGHsCH~I-~ 

C6H~CH2CH~C6H5 ~ HgI2 

t e t r a b u t y l a m m o n i u m  iodide ,  and  m e r c u r y  in  ace -  
t o n i t r i l e  to  s t a n d  for  two  days  and  check ing  the  
p r o d u c t s  b y  gas  c h r o m a t o g r a p h y .  The  poor  y i e l d  of  
b i b e n z y l  o b t a i n e d  e l i m i n a t e d  th i s  r e a c t i o n  as a 
m a j o r  con t r i bu to r .  The  a b o v e  r e a c t i o n  or  a W u r t z  
t y p e  condensa t i on  m a y  be  the  source  of t he  b i -  
b e n z y l  r e p o r t e d  in  t he  l a r g e  scale  e l e c t r o l y t i c  r e d u c -  
t ion  of b e n z y l  b r o m i d e  in  50% m e t h a n o l  (1) .  

The  p o s s i b i l i t y  ex is t s  t ha t  t he  r e d u c t i o n  of b e n -  
z y l m e r c u r i c  iod ide  occurs  in a m a n n e r  s i m i l a r  to 
t ha t  o b s e r v e d  for  p h e n y l m e r c u r i c  ha l i de s  in aqueous  
m e d i a  (9 ) .  The  first  w a v e  w o u l d  i n v o l v e  the  fo l -  
l owing  r e a c t i o n  

C6HsCH2HgI + e-~ C6HsCH2Hg �9 ~- I -  

S u p e r i m p o s e d  on this  w a v e  is a m a x i m u m  b r o u g h t  
a b o u t  p o s s i b l y  b y  the  a d s o r p t i o n  of the  r e d u c t i o n  
p r o d u c t  on the  su r f ace  of  t he  drop .  This  p h e n o m e -  
non  a p p a r e n t l y  has  l i t t l e  effect  on the  e l e c t r o c a p i l -  
l a r y  c u r v e  in  th i s  so lven t  s ince  t h e  cu rve  is t he  same  
as t h a t  f o u n d  for  a so lu t ion  w i t h o u t  the  b e n z y l m e r -  
cur ic  iodide .  

The  second  w a v e  w h i c h  occurs  a f t e r  t he  d rop  of 
the  m a x i m u m  w o u l d  c o r r e s p o n d  to the  f u r t h e r  r e -  
duc t i on  of the  i n t e r m e d i a t e .  

C6HsCH2Hg. ~- e ~ C6HsCH2- -~ Hg  

Bo th  r e d u c t i o n  s teps  a re  modi f ied  w i t h  t ime  b y  
the  m e r c u r i c  iod ide  a n d  d i b e n z y l m e r c u r y  p re sen t .  
M e r c u r i c  iod ide  not  on ly  g ives  a m a x i m u m  in i ts  r e -  
duc t ion  bu t  also modif ies  and  shi f ts  the  m a x i m u m  
for  t he  b e n z y l m e r c u r i c  iod ide  to m o r e  n e g a t i v e  
po ten t i a l s .  The  w a v e  for  m e r c u r i c  iod ide  is no d o u b t  
caused  b y  the  r e d u c t i o n  of m e r c u r o u s  ions f o r m e d  
b y  the  e q u i l i b r i u m  (10) 

H g  + + -~ H g  ~ 2Hg + 

L a r g e  sca le  e l e c t r o l y t i c  r e d u c t i o n  w i t h  u n c o n -  
t r o l l e d  p o t e n t i a l  of  b e n z y l  c h l o r i d e  in  d i m e t h y l f o r m -  
a m i d e  con t a in ing  t e t r a b u t y l a m m o n i u m  iod ide  g a v e  
t o l uene  as t he  p r i n c i p a l  p roduc t .  The  s ame  t y p e  of 
r e d u c t i o n  in t h e  p r e s e n c e  of c a r b o n  d iox ide  gave  
t o l uene  as the  m a i n  p r o d u c t  and  no p h e n y l a c e t i c  
acid. 
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R e d u c t i o n  w i t h  a c o n t r o l l e d  p o t e n t i a l  was  diff icult  
to c a r r y  out  s ince  i t  was  no t  poss ib l e  to f ind a s t ab le  
r e f e r e n c e  e lec t rode .  S i l v e r - s i l v e r  ha l i de s  d i s so lved  
s lowly  in d i m e t h y l f o r m a m i d e .  By us ing  a l o w e r  a p -  
p l i e d  p o t e n t i a l  i t  was  poss ib l e  to o b t a i n  s e m i c o n -  
t r o l l e d  condi t ions .  U n d e r  such  cond i t ions  t h e  r e d u c -  
t ion  of b e n z y l  ch lo r ide  in d i m e t h y l f o r r n a m i d e  con-  
t a i n ing  t e t r a b u t y l a m m o n i u m  b r o m i d e  gave  in  t he  
p re sence  of c a r b o n  d iox ide  a s m a l l  y i e l d  of  p h e n y l -  
ace t ic  acid.  

The  a b o v e  re su l t s  conf i rm the  t w o - e l e c t r o n  r e -  
duc t ion  of b e n z y l  ch lo r ide  to a b e n z y l  c a r b a n i o n  

C6H~CH2C1 + 2e ~ C6H~CH2- ~- C1- 

T h e  c a r b o n  d i o x i d e  c o n v e r t s  t he  c a r b a n i o n  to t he  
ac id  i so la ted .  

I n  t he  a bse nc e  o f  c a r b o n  d i o x i d e  the  b e n z y l - c a r -  
b a n i o n  w o u l d  be  e x p e c t e d  to  a d d  to  d i m e t h y l f o r m -  
a m i d e  and  f o r m  an  i n t e r m e d i a t e  w h i c h  

C6H~CH2- -t- HCON (CH~) 2 -~ C~HsCH2CHN (CH~) 2 
t 

O - -  

shou ld  y i e ld  p h e n y l a c e t a l d e h y d e  on hydro lys i s .  A n  
e l ec t ro ly s i s  c a r r i e d  out  u n d e r  such cond i t ions  was  
t r i e d  bu t  no a l d e h y d e  was  i so la ted  p r o b a b l y  because  
of the  s e n s i t i v i t y  of th is  c o m p o u n d  to condensa t ions .  

W h e n  u n c o n t r o l l e d  p o t e n t i a l s  a re  used,  depos i t i on  
of t he  s u p p o r t i n g  e l e c t r o l y t e  occurs  a n d  p r o d u c e s  
b u t y l  r a d i c a l s  w h i c h  can  e i t he r  r eac t  w i t h  the  

(C4Hg)4N + + e ~ C4H9. + (C4H9)~N 

b e n z y l  c a r b a n i o n  

C4H9- + C6HsCHe- --> C4H9: + C6HsCH2- 

a b s t r a c t  h y d r o g e n  f r o m  the  so lven t  

C4H9" § H C O N ( C H ~ ) e - ~  

C4H10 -~ �9 CON (CH~)2 + HCONCH3 
I 
CH2. 

er  d i s p r o p o r t i o n a t e .  

2 C4H9" -~ C4H10 -~ C4Hs 

The  b e n z y l  r a d i c a l  t hus  p r o d u c e d  can  a b s t r a c t  
h y d r o g e n  f r o m  the  so lven t  and  f o r m  to luene .  The  
l a t t e r  c o m p o u n d  could  also be  f o r m e d  b y  the  r e a c -  
t ion  of the  b e n z y l  c a r b a n i o n  w i t h  t r aces  of m o i s t u r e  
in t he  d i m e t h y l f o r m a m i d e .  

The  p o s s i b i l i t y  of a r e a c t i o n  b e t w e e n  the  b e n z y l  
c a r b a n i o n  a n d  the  s u p p o r t i n g  e l e c t r o l y t e  m e n t i o n e d  
e a r l i e r  (11) canno t  be e l i m i n a t e d  as a source  of 
to luene .  

The  b u t y l  c a r b a n i o n  g e n e r a t e d  in  t h e  a b o v e  r e -  
ac t ion  p r o b a b l y  a d d s  to t h e  d i m e t h y l f o r m a m i d e .  No 
effor t  w a s  m a d e  to  i so la te  th i s  p roduc t .  

A b s t r a c t i o n  of  h y d r o g e n  f r o m  the  so lve n t  b y  b u t y l  
r a d i c a l s  is a p p a r e n t l y  o n e  of  t he  m a i n  r eac t i ons  
s ince  t he  r a t i o  of  b u t a n e  to b u t e n e s  f o u n d  was  8: 1. 

The  c a r b o n  m o n o x i d e  a n d  m e t h a n e  p r o d u c e d  
p r o b a b l y  comes  f r o m  the  d i m e t h y l c a r b a m o y l  r a d i -  
cal. In  ea r ] i e r  w o r k  (2) t he  m e t h a n e  was  e r r o n e -  
ous ly  iden t i f i ed  as h y d r o g e n .  The  r a d i c a l s  p r o d u c e d  
f r o m  d i m e t h y l f o r m a m i d e  and  p e r o x i d e s  a r e  r e -  
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p o r t e d  to d i m e r i z e  ( 1 2 ) a n d  to r eac t  w i t h  f r a g m e n t s  
ef the  p e r o x i d e  (13) .  No m e n t i o n  of t he  f o r m a t i o n  of  
c a rbon  m o n o x i d e  is m a d e  in any  of these  s tudies .  

Decompos i t i on  of d i b e n z o y l  p e r o x i d e  in  d i m e t h -  
y ] f o r m a m i d e  c a r r i e d  out  in  th is  l a b o r a t o r y  gave  a 
s m a l l  a m o u n t  of c a r b o n  m o n o x i d e  in  t he  gaseous  
p roduc t s .  These  r e su l t s  sugges t  t h a t  the  d i m e t h y l -  
c a r b a m o y l  r a d i c a l  decomposes  in to  ca rbon  m o n o x -  
ide  and  the  d i m e t h y l a m i n o  f ree  r ad ica l .  The  l a t t e r  
m a y  be  the  source  of the  m e t h a n e  found  s ince  th is  
gas  is r e p o r t e d  to be  f o u n d  in t he  pho to ly s i s  of d i -  
m e t h y l a m i n e  (14) .  

Manuscr ip t  received June  10, 1963. This paper  is 
based on the Ph.D. thesis of R. C. Duty  ( F e b r u a r y  1961) 
and J. H. Wagenknech t  ( F e b r u a r y  1964) and was 
presented  at  the Detroi t  Meeting, Oct. 1-5, 1961. The 
research  was suppor ted  in pa r t  by  the  Office of Ord-  
nance Research under  Contract  DA-11-022-ORD-1868. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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The Crystal Structure and Polarity of Beryllium Oxide 
Deane K. Smith, Herbert W. Newkirk, and J. S. Kahn 

Lawrence Radiation Laboratory, University of California, Livermore, California 

ABSTRACT 

New x - r a y  in tens i ty  da ta  f rom synthet ic  be ry l l ium oxide crysta ls  have  
verif ied the  dis tor ted wur t z i t e - t ype  s t ruc ture  prev ious ly  r epor ted  by  Jeffrey,  
Pa r ry ,  and Mozzi. The oxygen z pa r ame te r  obta ined f rom the ref inement  is 
0.3786 • 0.0005 compared  to 0.375 for the undis tor ted  s tructure.  The resul t ing  
s t ruc ture  has a Be-O bond dis tance of 1.659 • 0.003A para l l e l  to the  c-axis  and 
three  distances of 1.645 • 0.003A comple t ing  the t e t r ahed ra l  coordinat ion.  The 
difference of 0.014A appears  s ta t i s t ica l ly  significant and indicates  that  the  long 
bond has s l ight ly  more  ionic charac te r  than  the o ther  three.  Measurement  of 
the signs of the  piezoelectr ic  and pyroe lec t r ic  charge and the shape and ra te  of 
etch pi t  format ion  were  cor re la ted  with  the  in terna l  c rys ta l  s t ruc ture  to 
ident i fy  the c rys ta l lographic  polar i ty .  On crys ta ls  showing a hemimorph ic  
habit,  consist ing p r inc ipa l ly  of a hemipyramid ,  a pr ism and a dominant  pedion, 
the dominan t  pedion has been shown to be t e rmina ted  by  oxygen  atoms. In 
oxidizing etching media  the (00.1} surfaces a re  much more  reac t ive  than  the 
{00.1} surfaces. The differences in surface reac t iv i ty  are  consis tent  wi th  a modi -  
fied vers ion  of the Wareko i s -Ga tos  hyb r id  orb i ta l  bonding model  for A m - B v  
and AII-BvI compounds.  A discussion is p resented  re la t ing  the c rys ta l l ine  
s t ruc ture  of be ry l l ium oxide to i ts mechanical  proper t ies  and mechanism of 
c rys ta l  growth.  

The  success fu l  a p p l i c a t i o n  of b e r y l l i u m  ox ide  as a 
m o d e r a t o r  in h i g h - t e m p e r a t u r e ,  g a s - c o o l e d  n u c l e a r  
r e a c t o r s  has  s t i m u l a t e d  c o n s i d e r a b l e  r e s e a r c h  into  
t he  p r o p e r t i e s  of th is  c o m p o u n d  (1, 2).  A n  a c c u r a t e  
k n o w l e d g e  of  the  s t ruc tu re ,  bond ing  r e l a t i onsh ips ,  
a n d  p o l a r i t y  in b e r y l l i u m  ox ide  w o u l d  p r o v e  i n v a l u -  
ab le  in i n t e r p r e t i n g  r e su l t s  f r o m  c r y s t a l  g r o w t h  
s tud ies  and  e lec t r ica l ,  m e c h a n i c a l ,  and  op t i ca l  p r o p -  
e r t y  m e a s u r e m e n t s .  

The  p r e s e n t  s t u d y  was  u n d e r t a k e n  to v e r i f y  the  
r e p o r t e d  s t r u c t u r e  of  b e r y l l i u m  oxide ,  in  p a r t i c u l a r ,  
to v e r i f y  t he  i n e q u a l i t y  of t he  s y m m e t r i c a l l y  n o n -  
e q u i v a l e n t  bonds  r e p o r t e d  b y  Je f f r ey ,  P a r r y ,  and  
Mozzi  (3 ) ,  and  to r e l a t e  t he  c r y s t a l l o g r a p h i c  p o l a r -  
i t y  to the  m e a s u r e m e n t s  of p o l a r  p r o p e r t i e s  such  as 
t he  p i ezoe lec t r i c  and  p y r o e l e c t r i c  effects,  c r y s t a l  
m o r p h o l o g y ,  g r o w t h  p h e n o m e n a ,  and  su r f ace  effects.  

Crystal Structure of Beryllium Oxide 
Previous work . - -Bery l l ium ox ide  is one  of s e v e r a l  

b i n a r y  c o m p o u n d s  c r y s t a l l i z i n g  w i t h  t he  w u r t z i t e -  
or z i n c i t e - t y p e  ( h e x a g o n a l  Z n S  or  ZnO)  s t ruc tu re .  
The  s t r u c t u r a l  a r r a n g e m e n t  of w u r t z i t e  was  o r i g i -  
n a l l y  d e t e r m i n e d  b y  B r a g g  (4 ) ,  and  was  s h o w n  to 
be r e l a t e d  to t he  s t r u c t u r e  of  spha l e r i t e ,  cub ic  ZnS  
(5) .  M c K e e h a n  (6)  first  r e p o r t e d  t h e  i s o s t r u c t u r a l  
r e l a t i o n s h i p  of t he  n a t u r a l  m i n e r a l  b r o m e l l i t e ,  BeO, 
to zinci te .  Aminof f  (7)  m a d e  a m o r e  t h o r o u g h  in -  
ve s t i ga t i on  of b r o m e l l i t e  to d i f f e r en t i a t e  b e t w e e n  the  
s t r u c t u r e  r e p o r t e d  b y  M c K e e h a n  and  N a C l - t y p e  
s t r u c t u r e  r e p o r t e d  b y  G e r l a c h  (8 ) .  Us ing  s i ng l e -  
c r y s t a l  x - r a y  da ta ,  Aminof f  s h o w e d  tha t  t he  i n t e n -  
s i ty  m e a s u r e m e n t s  a g r e e d  c lose ly  w i t h  i n t ens i t i e s  
c a l c u l a t e d  for  t he  w u r t z i t e - t y p e  s t ruc tu re .  The  mos t  
r ecen t  s t r u c t u r e  d e t e r m i n a t i o n  on b e r y l l i u m  oxide ,  
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( i i i )  SURFACE 

( i l l )  SURFACE 
(a) 

~OOT} SURFACE 

(b) 

Fig. 1. Models of the zinc blende (a) and the wurtzite (b) struc- 
tures. The white spheres are nonmetal atoms and the black spheres 
metal atoms. The corresponding cubic and hexagonal symmetries 
are clearly illustrated. 

m a d e  b y  Je f f rey ,  P a r r y ,  and  Mozzi  (3) ,  i n d i c a t e d  
tha t  t h e  i d e a l  t e t r a h e d r a l  conf igura t ion  was  p r o b -  
a b l y  d i s t o r t e d  so t ha t  the  bond  l eng th s  w e r e  no t  a l l  
equal .  

General features o I the wurtz i te - type  s t r u c t u r e . -  

The  r e l a t i o n s h i p  of t he  w u r t z i t e - t y p e  s t r u c t u r e  to 
t he  cubic  s p h a l e r i t e - t y p e  s t r u c t u r e  is i l l u s t r a t e d  in  
Fig .  1 and  can  be  d e s c r i b e d  in m a n y  w a y s ;  i t  is p r o b -  
a b l y  c l ea re s t  to dep i c t  bo th  s t r u c t u r e s  as t w o  s e p a -  
ra te ,  i den t i ca l ,  and  i n t e r p e n e t r a t i n g  a r r a y s  of m e t a l  
and  n o n m e t a l  a toms.  In  t he  w u r t z i t e - t y p e  s t r u c -  
t u r e s  each  a r r a y  is h e x a g o n a l  c l o s e - p a c k e d  w i t h  the  
m e t a l  a t o m  a r r a y  sh i f t ed  a long  the  c - a x i s  w i t h  r e -  
spec t  to t he  n o n m e t a l  a r r a y  so t h a t  t he  a toms  of one 
a r r a y  fit in to  the  t e t r a h e d r a l  i n t e r s t i ce s  of t he  o t h e r  
a r r ay .  The  s p h a l e r i t e - t y p e  s t r u c t u r e s  m a y  be  d e -  
s c r ibed  in  t he  s ame  m a n n e r  e x c e p t  t h a t  t he  a r r a y s  
a r e  cubic  c l o s e - p a c k e d .  Bo th  s t r u c t u r e s  a r e  n o n -  
e e n t r o s y m m e t r i c .  In  the  w u r t z i t e - t y p e  s t ruc tu r e s ,  
the  t e t r a h e d r a  of one a t o m  t y p e  a l l  po in t  in  the  
s ame  d i r ec t ion  a long  the  c - ax i s .  The  t e t r a h e d r a  of 
the  o the r  a t o m  t y p e  po in t  in t he  oppos i t e  d i rec t ion .  
In  the  s p h a l e r i t e - t y p e  c o m p o u n d s  the  fou r  3 - fo ld  
axes  a r e  po la r .  In  each  s t r u c t u r e  t he  o u t e r m o s t  a t o m  
l a y e r  in  the  b a s a l  su r f ace  consis ts  of e i t he r  a l l  m e t a l  
a toms  or  a l l  n o n m e t a l  a toms.  This  cond i t ion  r e su l t s  
f r om t h e  fac t  t h a t  t he  {00.1} su r f aces  in  t he  w u r t z -  

i t e - t y p e  s t r u c t u r e  and  the  (111} su r faces  in t he  
s p h a l e r i t e - t y p e  s t r u c t u r e  can  be  c r e a t e d  on ly  b y  
cuts  b e t w e e n  p l anes  w h e r e  a d j a c e n t  a t o m s  a re  
s ing ly  b o n d e d  across  t h e  cu t  ( such  as b e t w e e n  A A  
and  BB in Fig .  1). A cut  b e t w e e n  A A - B ' B '  w o u l d  
c r e a t e  an  u n s t a b l e  su r f ace  conf igu ra t ion  con ta in ing  
a t o m s  s ing ly  b o n d e d  to the  s t r u c t u r e  and  t h r e e  
d a n g l i n g  or  d i s c onne c t e d  bonds  (9 -11 ) .  These  c r y s -  
t a l  faces  a re  not  n e c e s s a r i l y  p l a na r ,  b u t  a n y  s teps  
t h a t  ex i s t  m u s t  be  d i a t o m i c  or  some m u l t i p l e  of 
t w o  a toms.  These  r e l a t i ons  g ive  r i s e  to p r o p e r t i e s  
in  these  c o m p o u n d s  w h i c h  d e p e n d  on  v e c t o r i a l  d i f -  
f e rences ,  i.e., p i ezoe l ec t r i c i t y ,  p y r o e l e c t r i c i t y ,  a n d  
c h e m i c a l  e tch ing .  

I f  t he  w u r t z i t e - t y p e  s t r u c t u r e s  w e r e  m a d e  up  of 
u n d i s t o r t e d ,  h e x a g o n a l  c l o s e - p a c k e d  spheres ,  t he  
c/a r a t i o  w o u l d  be  1.633. A c t u a l l y ,  v e r y  f ew  of t he  
c o m p o u n d s  have  ra t ios  w h i c h  a r e  close to th is  va lue .  
A m o n g  the  A n - B v i  and  A m - B v  c ompounds ,  o n l y  Z n S  
has  a r a t i o  g r e a t e r  t h a n  1.633; a l l  t he  o t h e r  k n o w n  
w u r t z i t e - t y p e  s t r u c t u r e s  h a v e  r a t i o s  less  t h a n  t h e  
" idea l . "  B e r y l l i u m  ox ide  has  a r a t i o  of 1.622. P r e v i -  
ous w o r k e r s  h a v e  not  been  ab l e  to c o r r e l a t e  the  d e -  
p a r t u r e s  f r o m  the  1.633 r a t i o  w i t h  a n y  c h a r a c t e r i s t i c  
of t he  e l emen t s .  H o w e v e r ,  w h e n  the  c o m p o u n d  ex is t s  
in bo th  the  s p h a l e r i t e  and  w u r t z i t e - t y p e  modi f i ca -  
t ions,  the  h e x a g o n a l  c/a is c lose to 1.633. 

The  c r y s t a l  s y m m e t r y  of t he  w u r t z i t e  s t r u c t u r e s  
is C6v4-p63 inc. T h e r e  a r e  t w o  mo lecu l e s  p e r  un i t  
cell .  A l l  the  ions a r e  on s i tes  2b ) ,  1/3, 2/3, z and  2/3,  
1/3, 1/2 + z. The  z p a r a m e t e r  is not  f ixed for  e i ther  
a tom,  so i t  is c u s t o m a r y  to define z as zero  for  one of 
t he  a toms.  I n  t he  i dea l  w u r t z i t e - t y p e  s t ruc tu re ,  t he  
z p a r a m e t e r  of the  o the r  a t o m  w o u l d  t h e n  be  0.375 
if  t he  a tom is to be  at  t he  cen t e r  of  t he  c oo rd ina t i on  
t e t r a h e d r o n .  V e r y  few of these  c o m p o u n d s  h a v e  had  
t h e i r  s t r u c t u r e s  w o r k e d  out  w i t h  sufficient  a c c u r a c y  
to d e t e r m i n e  d e p a r t u r e s  f r o m  the  0.375 pos i t ion .  I t  
w a s  for  th i s  r ea son  t h a t  J e f f r e y  et al. (3)  u n d e r t o o k  
to ref ine  the  c r y s t a l  s t r u c t u r e s  of A1N a n d  BeO. They  
f o u n d  t ha t  in these  s t ruc tu r e s ,  in w h i c h  the  c/a 
r a t i o s  a r e  1.600 a n d  1.622, r e s p e c t i v e l y ,  t he  z p a r a m -  
e t e r  is g r e a t e r  t h a n  0.375. T h e y  w e r e  ab l e  to show 
tha t  the  p a r a m e t e r  was  s o m e w h a t  l a r g e r  t h a n  w o u l d  
be  p r e d i c t e d  b y  a s s u m i n g  a l l  four  b o n d  l e n g t h s  
e q u a l  in t he  d i s t o r t e d  t e t r a h e d r a l  conf igura t ion  d e -  
t e r m i n e d  f rom the  c/a ra t io .  The i r  v a l u e s  a re  0.378 
for  BeO as c o m p a r e d  to a p r e d i c t e d  0.375 and  0.385 
(as  c o m p a r e d  to 0.380) for  A1N. Thus  t h e y  found  
the  i n t e r a t o m i c  d i s t ances  p a r a l l e l  to t he  c - a x i s  a r e  
l o n g e r  t h a n  t h e  o t h e r  th ree .  I n  BeO t h e  d i f fe rence  
was  r e p o r t e d  to be  on ly  0.008A. W h e t h e r  or  no t  th is  
d i f fe rence  is t r u l y  s igni f icant  was  not  d e t e r m i n e d  b y  
Je f f r ey  et al., b u t  t h e y  no ted  i ts  ana log  to t he  d e v i a -  
t ions  f o u n d  in A1N. 

Redetermination of structure.--I t  was  cons ide red  
w o r t h w h i l e  to r e - e x a m i n e  the  s t r u c t u r e  r e p o r t e d  b y  
Je f f r ey  et al., be c a use  n e w  i n t e n s i t y  d a t a  us ing  the  
h i g h - q u a l i t y  s y n t h e t i c  s ing le  c rys t a l s  of BeO now 
a v a i l a b l e  m i g h t  y i e ld  m o r e  i n f o r m a t i o n  on the  s ig -  
n i f icance  of the  d i f fe rence  in  b o n d  d is tances .  The  
c r y s t a l  u sed  in th i s  i n v e s t i g a t i o n  w a s  g r o w n  b y  a 
h y d r o t h e r m a l  t e c h n i q u e  s im i l a r  to  t h a t  u sed  to g row 
ZnO c rys t a l s  (12) .  The  m a j o r  i m p u r i t i e s  shown  b y  
s p e c t r o c h e m i c a l  ana lys i s  w e r e  si l icon,  100 p p m ;  i ron,  
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Table I. X-ray and optical properties of beryllium oxide 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  January 1964 

Crystal  symmetry  P63mc 
Morphological point  group 6mm (d ihexagona l -pyram-  

idal) 
Cetl constants 

ao 2.6979 +__ O.O002A* 
co 4.3772 _--4- 0.0002A* 

Molecules per uni t  cell 2 
Theoretical density 3.0100 g/cc* 
Optical sign Positive 
Indices of refraction n~ 1.719 

n~ 1.733 
Birefr ingence (n~ --  n,) 0.014 

* Ben amy ,  Baker ,  and L ivey  (13). 

10 ppm;  and  boron,  7 ppm. Morphological  forms 
which  are p re sen t  on the crys ta l  were  ident i f ied by  
two-c i rc le  gon iomet r ic  m e a s u r e m e n t s  (discussed in  
a la te r  sect ion)  and  inc lude  the p r i sm  {10.0} and  the 
p y r a m i d  {10.1}. Ne i the r  fo rm is pe r fec t ly  deve loped  
and  other  forms m a y  also be present .  The  base 

pedion,  {00.T}, is not  deve loped  because  the  c rys ta l  
was  a t tached  at this point .  The c rys ta l  is dom i na t e d  
by  the p r i sm and  is 0.10 m m  in  d i ame te r  by  0.38 m m  
in  length .  

A resum~ of the  x - r a y  cell da ta  and  optical  p r op -  
er t ies  of BeO crys ta ls  is g iven  in  Tab le  I. The  cell 
d imens ions  are those repor ted  by  Bel lamy,  Baker ,  
and  L ivey  (13).  

The x - r a y  in tens i t i es  were  m e a s u r e d  us ing  a G e n -  
era l  Electr ic  s i ng l e - c rys t a l  o r i en te r  and  Zr - f i l t e red  
MoK~ (,k = 0.7107A) radia t ion .  Each reflect ion was  
counted  for a fixed t ime  i n t e r v a l  of 40 sec w i th  the 
c rys ta l  s t a t ionary .  The posi t ion  of the  peak  was 
checked before  most  m e a s u r e m e n t s  to be sure  the  
ca lcu la ted  posi t ion cor responded  to the  i n t e n s i t y  
m a x i m u m .  Except  for a few l o w - o r d e r  reflections, 
the  differences were  less t h a n  0.02 ~ on all  set t ings,  t 
Measu rab le  in tens i t i es  were  ob ta ined  for all  n o n -  
ex t inc t  reflections wi th  (s in  8)/X less t h a n  1.40A -~. 
A total  of 244 reflections were  measured ,  g iv ing  
dup l i ca te  va lues  for al l  in tens i t i es  except  the  00.1's 
and  the hh.l 's.  B a c k g r o u n d  was  m e a s u r e d  as a f u n c -  
t ion  of 20 at severa l  x set t ings.  The  in tens i t i es  were  
corrected for b a c k g r o u n d  and  the Loren tz  and  po-  
l a r iza t ion  effects bu t  no t  for absorpt ion .  For  BeO, 

= 3.24 cm-~;  thus  ~r for this c rys ta l  var ies  f rom 
0.32 to 1.21. This absorp t ion  was  cons idered  smal l  
enough  to ignore,  a l t hough  s l igh t ly  more  accura te  
da ta  wou ld  be ob t a ined  by  m a k i n g  the  correct ion.  
Al l  244 m e a s u r e m e n t s  were  cons idered  as i n d e p e n d -  
en t  reflections d u r i n g  the  s u b s e q u e n t  l ea s t - squa re s  
ref inements .  

Because the  s t ruc tu re  was  a l r eady  wel l  e s tab-  
l ished, the  on ly  ca lcula t ions  cons idered  necessa ry  to 
ref ine es t imates  of the  z p a r a m e t e r  we re  those i n -  
vo lv ing  a l ea s t - squa re s  analysis .  Two rou t ines  were  
used, a recen t  ve rs ion  in  F O R T R A N  l anguage  (14) 
of the Bush ing  and  Levy  (15) p rogram,  and  a p ro -  
g r a m  w r i t t e n  by  Gantzel ,  Sparks ,  and  Trueb lood  
(16),  hence fo r th  r e fe r red  to as ORLS and  LALS,  r e -  
spect ively.  The  first r e f inements  were  made  us ing  

z All s e t t i n g s  for  the  s i n g l e - c r y s t a l  o r i e n t e r  w e r e  calculated us ing  
t h e  ce l l  c o n s t a n t s  r e p o r t e d  by Bel lamy,  Baker ,  and  Livey.  O t h e r  re -  
p o r t e d  cel ls  w e r e  tried,  hut  t h e  h i g h  a n g l e  se t t ings  s h o w e d  l a rge r  
se t t ing  errors  a n d  w e r e  t h u s  d i s c a r d e d .  

isotropic a tomic t e m p e r a t u r e  factors and  z ----- 0.375. 
The ORLS rou t ine  y ie lded  z ---- 0.3786, BBe = 
0.613A -2, Bo = 0.477A -2, a nd  R = ~J JFoJ--JFcl ]/~Jfol 
--~ 0.043. The  va lues  ob ta ined  f rom the L A L S  r ou t i ne  
are  z = 0.3788, BB, = 0.526A -2, Bo = 0.398A -e, a n d  
R = 0.046. A l though  the t e m p e r a t u r e  factors  are  no t  
in  close ag reemen t ,  the z p a r a m e t e r  a g r e e m e n t  is 
ve ry  good. If the  f inal  p a r a m e t e r s  f rom the  ORLS 
ca lcu la t ion  are used in  an  LALS re f inement ,  the  p ro -  
g r a m  sti l l  refines to the  same p a r a m e t e r s  w i th  the  
R- fac to r  showing  a co r respond ing  increase  f rom 
0.042 to 0.046. The  differences in  the t e m p e r a t u r e  
factors are somewha t  surpr i s ing ,  cons ider ing  the  
fact tha t  the same  da ta  are used for bo th  rout ines .  
One difference b e t w e e n  the p rog rams  is in  the  i n -  
t e rpo la t ion  t e c hn i que  for d e t e r m i n i n g  the  a tomic 
sca t te r ing  factor  f rom the  i n p u t  f -curves .  It  is ob-  
served tha t  the  ca lcula ted  s t r uc t u r e  factors for i den -  
t ical  reflections are not  the  same for each r ou t i ne  
us ing  the  iden t i ca l  i n p u t  data .  A n y  sys temat ic  de-  
v i a t ion  in  a tomic sca t te r ing  factors  wou ld  be com-  
pensa ted  by  changes  in  the scale factor  a nd  t e m -  
p e r a t u r e  factors. Differences in  the  scale factors 
were  also obta ined.  The d i ve r ge n t  resul t s  of the  two 
p rograms  m a y  be due to the  in t e rpo la t ed  sca t te r ing  
factors or to o the r  differences or errors  exis t ing  in  
the  rout ines .  The  obse rved  s t r uc t u r e  factors  are  
compared  wi th  the  va lues  ca lcula ted  by  the  ORLS 
rou t ine  in  Table  II. 

F u r t h e r  r e f inements  were  car r ied  out  us ing  an iso-  
t ropic t e m p e r a t u r e  factors. The ORLS r ou t i ne  uses 

T = exp [ - -  (h2Bll ~- k2B~2 + 12B33 + 
2hkB12 -t- 2hlBl~ + 2klB23)] 

as the  t e m p e r a t u r e  factor  expression.  The  L A L S  
rou t ine  does no t  con ta in  the  factor  2 associated wi th  
the  cross terms.  The re f inement s  were  car r ied  out  
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Fig. 2. Relationship between the internal crystal structure and 
the crystal morphology and properties. The principal faces ob- 
served on BeO crystals are shown. White spheres are oxygen atoms 
and black spheres are beryllium atoms. 
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Table II. Observed and calculated structure factors for BeO 

h k Z [Fol ~/AS+B~ h k l ]Fo] ~ / A ~ + B  2 h k Z [Fo[ N/A2+B2 h k ~ [Fo[ ~ / A 2 + B  ~ h k I [Fo] k /AU+B ~ 

0 0 4 2.35 2 .30 0 2 9 0.97 1.Ol 0 5 5 1.37 1.38 3 1 4 0.58 0.56 3 2 3 1.98 2.02 
0 0 6 3.12 3.04 2 0 9 0.97 1.01 5 0 5 1.37 1.38 1 3 4 0.56 0.56 2 3 3 1.92 2.02 
0 0 8 2.98 2.82 0 2 10 0.76 0.69 0 5 6 0.57 0.57 3 1 5 2.15 2.19 3 2 4 0.53 0.52 
O 0 10 1.76 1.60 2 0 10 0.73 0.69 5 0 6 0.60 0.57 1 3 5 2.15 2 .19 2 3 4 0,53 0.52 
0 0 12 0.88 0.81 0 2 11 1.13 1.02 0 5 7 0.79 0.78 3 1 6 0.84 0.86 3 2 5 1.83 1.72 
0 1 O 7.50 7.38 2 0 11 1.12 1.02 5 0 7 0.77 0.78 1 3 6 0.86 0.86 2 3 5 1.82 1.72 
1 0 0 7.33 7.38 0 3 0 5.18 4.86 0 6 0 1.63 1.44 3 1 7 1.03 1.12 3 2 6 0.74 0,71 
0 1 1 6.54 6.72 3 O 0 5.06 4.86 6 0 O 1.62 1.44 1 3 7 1.12 1.12 2 3 6 0.70 0.71 
1 0 1 6.58 6.72 8 3 2 3.14 3.35 0 6 2 1.17 1.13 3 1 8 0.88 0.84 3 2 7 8.97 0.93 
0 1 2 4.46 4.15 3 0 2 3.18 3.35 6 0 2 1.18 1.13 1 3 8 0.86 0.84 2 3 7 0.91 0.93 
1 0 2 4.37 4.15 0 3 4 1.08 1.18 0 6 4 0.72 0.73 3 1 9 0.83 0.79 3 2 8 0.74 0.67 
0 1 3 6.58 6.60 3 0 4 1.06 1.18 6 O 4 0.76 0.73 1 3 9 0.85 0.79 2 3 8 0.71 0.67 
1 0 3 6.47 6.60 0 3 6 1.88 1.99 1 1 2 5.95 5.80 1 3 10 0.57 0.51 3 2 9 0.67 0.68 
0 1 4 0.98 0.95 3 0 6 1.89 1.99 1 1 4 1.41 1.46 4 1 0 2.42 2.29 2 3 9 0.63 0.68 
1 0 4 0,96 0,95 O 3 8 1.91 1,96 1 1 6 2.55 2.68 1 4 0 2.42 2.59 4 2 0 1.OO 0.98 
0 1 5 4.01 4.19 3 0 8 1.86 1.96 1 1 8 2.47 2.47 4 1 2 1.87 1.91 2 4 0 0.98 0.98 
1 0 5 3.95 4.19 0 3 lO 1.24 1.16 1 1 lO 1.46 1.43 1 4 2 1.86 1.91 4 2 1 0.98 0.98 
0 1 6 1.32 1.43 3 0 10 1.19 1.16 1 2 0 2.92 2.84 4 1 4 0.98 1.01 2 4 1 0.95 0.98 
1 0 6 1.30 1.43 3 1 10 0.56 0,51 2 1 0 3.00 2.84 1 4 4 1.01 1.01 4 2 2 0.75 0.75 
0 1 7 1.46 1.62 O 4 0 1.67 1.63 1 2 1 2.17 2.11 4 1 6 1.33 1.32 2 4 2 0.79 0.75 
1 0 7 1.50 1.62 4 0 0 1.68 1.63 2 1 1 2.23 2.11 1 4 6 1.38 1.32 4 2 3 1.44 1.44 
0 1 8 1.35 1.35 0 4 1 1.28 1.35 1 2 2 1.95 1.92 4 1 8 1.33 1.26 2 4 3 1.40 1.44 
1 0 8 1.35 1.35 4 0 1 1.28 1,35 2 1 2 1.99 1.92 1 4 8 1.37 1.26 4 2 4 0.44 0.43 
0 1 9 1.00 1.08 0 4 2 1.09 1.17 1 2 3 3.59 3.69 5 1 O 0.85 0.88 2 4 4 0.44 0,43 
1 0 9 0.97 1.08 4 0 2 1.09 1.17 2 1 3 3.48 3.69 1 5 O 0.86 0.86 4 2 5 1.34 1.23 
0 1 10 0.80 0.77 0 4 3 2.16 2 .30 2 1 4 0.58 0.61 5 1 1 0.85 0.89 2 4 5 1.26 1.23 
1 0 10 0.84 0.77 4 0 3 2.20 2.30 1 2 4 0.62 0.61 1 5 1 0.93 0 .89 4 2 6 0.56 0.52 
0 1 11 1.22 1.13 0 4 4 0.56 0.54 2 1 5 2.68 2.81 5 i 2 0.68 0.67 2 4 6 0.57 0.52 
1 0 11 1,19 1.13 4 0 4 0.53 0.54 1 2 5 2.75 2.91 1 5 2 0.69 0.67 4 2 7 0.68 0.72 
0 1 12 0.45 0.40 0 4 5 1.87 1.93 2 1 6 1.08 1.08 5 1 3 1.31 1.28 2 4 7 0.67 0.72 
l 0 12 0.46 0.40 4 0 5 1.84 1.93 1 2 8 1.03 1.08 1 5 3 1.35 1.28 5 2 0 1.32 1.29 
0 2 0 4.28 3.92 0 4 6 0.80 0.78 2 1 7 1.27 1.33 5 1 4 0.42 0.41 2 5 0 1.36 1.29 
2 0 0 4.18 3.92 4 0 6 0.81 0.78 1 2 7 1.29 1.33 1 5 4 0.47 0.41 5 2 2 1.05 1.03 
0 2 1 3.28 8.07 0 4 7 1.01 1.02 2 1 8 1.05 1.05 5 1 5 1.15 1.10 2 5 2 1.06 1.03 
2 0 1 3.31 3.07 4 0 7 0.89 1.02 1 2 8 1.06 1.05 1 5 5 1.20 1.10 3 3 0 2.03 2.03 
0 2 2 2.66 2.55 0 4 8 0.82 0.75 2 1 9 0.91 0.93 5 1 6 0.48 0.48 3 3 2 1.57 1.55 
2 0 2 2.63 2.55 4 0 8 0.79 0.75 1 2 9 0.91 0.93 1 5 6 0.49 0.48 3 3 4 0.89 0.88 
0 2 3 4.91 4.64 0 4 9 0.75 0.73 2 1 10 0.68 0.62 2 2 0 3.83 4.01 3 3 6 1,17 1.08 
2 0 3 4.67 4.64 4 0 9 0.75 0.73 1 2 10 0.69 0.62 2 2 2 2.72 2.83 4 3 0 0.71 0.69 
0 2 4 0.71 0.68 0 5 0 1.19 1,10 1 2 11 0.95 0.93 2 2 4 1.11 1.13 3 4 0 0.72 0.69 
2 0 4 0.71 0.68 5 0 0 1.15 1.10 2 1 11 0.97 0.93 2 2 8 1.72 1.73 4 3 1 0.79 0.78 
0 2 5 3.37 3.42 0 5 1 1.07 1.06 3 1 0 1.76 1.90 2 2 8 1.82 1.76 3 4 1 0.81 0.76 
2 0 5 3.40 3.42 5 0 1 1.02 1.06 1 3 0 1.82 1.90 2 2 10 1.09 1.06 4 3 2 0.59 0.55 
0 2 6 1.24 1.23 0 5 2 0.83 0.83 3 1 1 1.44 1.51 3 2 0 1.35 1.41 3 4 2 0,59 0.55 
2 0 6 1.25 1.23 5 0 2 0.79 0.83 1 3 1 1.47 1.51 2 3 0 1.31 1.41 4 3 3 1.10 1.03 
0 2 7 1.42 1.46 0 5 3 1.55 1.60 3 1 2 1.23 1.35 3 2 1 1.19 1.24 3 4 3 1.07 1.03 
2 0 7 1.37 1.46 5 O 3 1.60 1.60 1 3 2 1.31 1.35 2 3 1 1.16 1.24 4 3 4 0.38 0.36 
0 2 8 1.19 1.19 0 5 4 0.48 0.47 3 1 3 2.44 2.64 2 3 2 0.99 1.03 3 4 4 0,38 0.36 
2 0 8 1.22 1.19 5 O 4 8.46 0.47 1 3 3 2.50 2.64 3 2 2 1,00 1.03 

us ing  1/6 of  an  a t o m  d i s t r i b u t e d  ove r  each  of t he  
t w e l v e  g e n e r a l  pos i t ions .  T a b l e  I I I  shows  the  f inal  
p a r a m e t e r s  d e t e r m i n e d  f r o m  these  re f inements .  The  
bond  d i s t ances  a n d  ang les  in the  s t r u c t u r e  a r e  
shown  in Fig .  2. A l t h o u g h  bo th  z p a r a m e t e r s  a r e  
e s s e n t i a l l y  i den t i ca l  w i t h i n  t he  l im i t s  of e r ro r ,  t he  
t e m p e r a t u r e  p a r a m e t e r s  aga in  do no t  show good 
a g r e e m e n t .  
Accuracy of the structure determinat ion.--The 
ques t ion  of  the  d e v i a t i o n  f r o m  e q u a l  bond  l e n g t h s  
in  t he  c o o r d i n a t i o n  t e t r a h e d r a  for  b e r y l l i u m  ox ide  
is s t i l l  no t  u n e q u i v o c a l l y  reso lved .  A d i f fe rence  of 
0.014A has  been  f o u n d  in th is  s tudy .  To e v a l u a t e  t he  
s igni f icance  of  th is  d i f ference ,  i t  is n e c e s s a r y  to con-  
s ide r  t he  r e l a t i o n s h i p  of the  m e a s u r e d  z p a r a m e t e r  
to t he  z p a r a m e t e r  p r e d i c t e d  a s s u m i n g  a l l  b o n d  
l eng ths  to be  equa l .  This  c o m p a r i s o n  is r e q u i r e d  
because  t he  bond  l eng th s  a r e  bo th  d e p e n d e n t  on  
the  s ing le  pos i t i on  p a r a m e t e r .  The  v a l u e  of z f o u n d  
in th is  s t u d y  is 0.3786 _ 0.0005. If  t he  b o n d s  w e r e  
of e q u a l  l eng th s  the  v a l u e  of z w o u l d  be  0.3765. The  
d i f fe rence  b e t w e e n  the  z p a r a m e t e r s  is 0.0021. W h e n  
th is  d i f fe rence  of 0.0021 is c o m p a r e d  w i t h  t he  s t a n d -  
a r d  d e v i a t i o n  of t he  m e a s u r e d  z, w h i c h  is 0.0005, a 
s ign i f ican t  d i f fe rence  of f ou r  s t a n d a r d  d e v i a t i o n s  is 
obse rved .  A m o r e  i n t u i t i v e  a r g u m e n t  for  r ea l  d i f -  
f e r ences  m a y  be m a d e  us ing  the  p a r a l l e l i s m  of  t he  
r e su l t s  of th is  s t u d y  w i t h  the  w o r k  of J e f f r ey  et al. 
(3) .  The  z p a r a m e t e r  of 0.379 is i d e n t i c a l  w i t h i n  
one s t a n d a r d  d e v i a t i o n  to t h e i r  v a l u e  of 0.378. I t  is 
i m p o r t a n t  to r e m e m b e r  t h a t  t he  s t r u c t u r e  of a l u -  

Table Ill. Crystal structure parameters of beryllium oxide 

Be 0 
ORLS LALS ORLS LALS 

C o o r d i n a n t s  
x 0.333 0.333 0.333 0.333 
y 0.667 0.667 0.667 0.667 
z 0.000 0.000 0.3786 _ 05 0.3789 

T e m p e r a t u r e  
~ac tors  
B n  0.0243 • 19 0.0227 0.0202 +__ 06 0.0186 
822 0.0243 0.0227 0.0202 0.0186 
B 3 3  0 . 0 0 9 1  ~ 06  0 . 0 0 7 7  0 . 0 0 5 6  ~ 02  0 . 0 0 5 0  

B12* 0.0121 0.0227 0.0101 0.0186 
B13 0.000 0.000 0.000 0.000 
828 0.000 0.000 0.000 0.000 

R (ORLS)  = 0,042;  IR ( L A L S )  = 0.046. 
B o n d  d i s t a n c e s  and  b o n d  a n g l e s :  B e - - O (  I to  c ) ,  1 ,659A; 

B e - - O ' ,  1 .645A; O - - B e - - O ' ,  108~ O ' - - B e - - O ,  110~51 .  
* F o r  O R L S ,  B ~  = 1/2Bxl;  f o r  L A L S ,  812 = B n .  S e e  t e x t .  

m i n u m  n i t r i d e  also shows  d e v i a t i o n s  in t he  bond  
l e ng th s  w h i c h  a r e  in the  s ame  d i r ec t i on  as in b e r y l -  
l i u m  oxide .  

The  a n i s o t r o p y  of t h e r m a l  v i b r a t i o n  of the  b e r y l -  
l i u m  and  o x y g e n  a toms  is also of in te res t .  Us ing  the  
p a r a m e t e r s  o b t a i n e d  f r o m  the  O R L S  rou t ine ,  the  
a n i s o t r o p y  of t he  b e r y l l i u m  a t o m  a p p e a r s  to be  
rea l ,  b u t  smal l ,  w h e n  c o m p a r e d  w i t h  t he  s t a n d a r d  
d e v i a t i o n  ( r e p o r t e d  in  T a b l e  I I I ) .  On  the  o t h e r  
hand ,  the  a n i s o t r o p y  of t he  o x y g e n  a t o m  is n e g l i g i -  
ble. H o w e v e r ,  the  d i s a g r e e m e n t  b e t w e e n  the  t h e r -  
m a l  p a r a m e t e r s  o b t a i n e d  f r o m  the  O R L S  a n d  L A L S  
r o u t i n e s  i nd i ca t e s  t h a t  t he  p r ec i s i on  is s o m e w h a t  
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Fig. 4. A double exposure, showing no piezoelectric resonance 
(upper trace), and one of many piezoelectric resonances (lower 
trace) exhibited by a single crystal of beryllium oxide. The reso- 
nance above occurred at a frequency of 2.22 megacycles and was the 
strongest one observed in this crystal. In both exposures the verti- 
cal sensitivity was 1 mv/cm and the sweep speed was 5 msec/cm. 

Fig. 3. A synthetically grown beryllium oxide crystal (dihexagonal 
hemimorphic class). The habit is apparent: hexagonal prism 
elongated along the c-axis. The presence of the hemipyramid indi- 
cates the lack of a center of symmetry. The small hemipyramid at 
the center of the large negative basal complex is the visible portion 
of another crystal having reversed polarity but in optical continuity 
with the crystal surrounding it (25X). 

ques t ionab le .  C o n s e q u e n t l y  the  ques t ion  of a n i s o t -  
r o p y  of t h e r m a l  m o t i o n  is s t i l l  open  to discuss ion.  

Polar i ty  of  Beryl l ium O x i d e  

Crystal morphology.--Natural b r o m e l l i t e  and  
s y n t h e t i c a l l y  g r o w n  c rys t a l s  of b e r y l l i u m  ox ide  c r y s -  
t a l l i ze  in  the  d i h e x a g o n a l  h e m i m o r p h i c  class,  6 mm.  
The  h a b i t  of the  n a t u r a l  c rys t a l s  is p r i s m a t i c  w i t h  
one  end  t e r m i n a t e d  b y  a l a r g e  p e d i o n  and  the  o the r  
end  b y  a h e m i p y r a m i d  modi f i ed  b y  a s m a l l  ped ion .  
The  h a b i t  of the  s y n t h e t i c  c ry s t a l s  is v a r i e d  and  
d e p e n d s  on m a n y  fac to rs  (12) .  P r i s m a t i c ,  h e m i p y r a -  
mida l ,  and  t a b u l a r  h a b i t s  h a v e  been  obse rved ,  d e -  
p e n d i n g  on the  f lux or  the  g r o w t h  t echn ique .  F i g u r e  
3 shows  the  h e m i m o r p h i c  h a b i t  of  a c r y s t a l  g r o w n  
in a l i t h i u m  m o l y b d a t e  flux. The  p r e s e n c e  of t he  
h e m i p y r a m i d  ind ica t e s  the  l ack  of a c en t e r  of s y m -  
m e t r y  a n d  d e m o n s t r a t e s  t ha t  the  oppos i t e  ped ion  
faces  a r e  c r y s t a l l o g r a p h i c a l l y  d i f fe ren t .  

The  iden t i f i ca t ion  of t he  c r y s t a l  faces  was  m a d e  
b y  m e a s u r i n g  the  i n t e r f a c i a l  ang les  us ing  a t w o -  
c i rc le  op t i ca l  gon iome te r .  To d e t e r m i n e  the  M i l l e r  
ind ices  these  ang les  w e r e  c o m p a r e d  w i t h  angles  ca l -  
c u l a t e d  f r o m  the  cel l  cons t an t s  d e t e r m i n e d  b y  x -  
r a y  methods .  In  gene ra l ,  the  c r y s t a l s  a r e  b o u n d e d  
b y  the  s e c o n d - o r d e r  p r i s m  {10.0), t he  pos i t i ve  h e m i -  

p y r a m i d  {10.1), and  the  n e g a t i v e  ped ion  {00.1-). 
These  fo rms  a re  in a g r e e m e n t  w i t h  those  r e p o r t e d  
for  n a t u r a l  c r y s t a l s  (7 ) .  The  m i n o r  fo rms  c o r r e -  

s p o n d i n g  to {00.1}, {10.1}, and  { l l A }  a re  also o b -  
s e r v e d  to be p resen t .  S e v e r a l  o t h e r  f o r m s  in w h i c h  
the  faces  a r e  no t  p l a n a r  a r e  common.  The  pos i t i ve  
and  n e g a t i v e  n o m e n c l a t u r e  ag rees  w i t h  the  c r y s -  
t a l l o g r a p h i c  p o l a r i t y  d e t e r m i n e d  in th is  work .  

Polarity identiI~cation.--In some n o n c e n t r o s y m -  
m e t r i c  c r y s t a l s  the  p o l a r i t y  can  be  u n i q u e l y  d e t e r -  
m i n e d  a n d  the  k i n d s  of a toms  in t he  i dea l i zed  s u r -  

face  l a y e r s  iden t i f i ed  (17, 18).  One  t e c h n i q u e  (19, 
20) is to  d e t e r m i n e  the  v a r i a t i o n  in the  x - r a y  p e a k  
i n t e n s i t y  of a re f lec t ion  us ing  w a v e l e n g t h s  close to 
the  a b s o r p t i o n  edge  of one of t he  a t o m s  p resen t .  In  
the  case  of b e r y l l i u m  oxide ,  h o w e v e r ,  t he  K a b s o r p -  
t ion  edge  for  b e r y l l i u m  a toms  l ies  a t  110.68A and  
for  o x y g e n  a t o m s  a t  23.301/k. These  w a v e l e n g t h s  
w o u l d  be  diff icult  to g e n e r a t e  and  su s t a in  in a n y  
a p p a r a t u s  c u r r e n t l y  ava i l ab l e .  A n  a l t e r n a t e  t e c h -  
n ique  is to d e t e r m i n e  the  s ign  of the  cha rge  d e v e l -  
oped  u n d e r  s t ress  on the  ped ion  faces  b y  sens i t ive  
e l e c t r i c a l  m e t h o d s  u t i l i z ing  the  p iezoe lec t r i c  and  
p y r o e l e c t r i c  effects and  to r e l a t e  t he  s ign to d i s -  
p l a c e m e n t s  of t he  c r y s t a l  s t ruc tu re .  S u p p o r t i n g  
ev idence  can be  o b t a i n e d  f r o m  e t ch ing  s tudies .  The  
c r y s t a l  m o r p h o l o g y  wi l l  t hen  se rve  as a use fu l  
c r i t e r i on  for  f u t u r e  d e t e r m i n a t i o n s  of t he  p o l a r i t y .  
A l l  f indings  shou ld  be  cons i s t en t  w i t h  the  r e su l t s  
o b t a i n e d  for  zinc oxide ,  c a d m i u m  sulfide,  and  c a d -  
m i u m  selenide ,  whose  abso lu t e  iden t i f i ca t ions  have  
been  o b t a i n e d  b y  W a r e k o i s  et al. (17) a n d  M a r i a n o  
and  H a n n e m a n  (18) .  

Piezoelectric effect.--The p iezoe lec t r i c  effect was  
d e t e r m i n e d  on f l u x - g r o w n  c r y s t a l s  3-6 m m  in 
l e n g t h  a long  the  c -ax i s .  The  c rys t a l s  e x a m i n e d  had  
e i t he r  a p r i s m a t i c  or  p y r a m i d a l  habi t .  A t y p i c a l  
s p e c t r o c h e m i c a l  ana lys i s  of these  c r y s t a l s  s h o w e d  
the  i m p u r i t i e s  and  t h e i r  c o n c e n t r a t i o n s  to be :  l i t h -  
ium,  0-400 p p m ;  m o l y b d e n u m ,  0-500 p p m ;  boron ,  
0-15 p p m ;  i ron,  0-55 p p m ;  and  si l icon,  0-25 ppm.  

F i g u r e  4 shows  one of the  p i ezoe l ec t r i c  r e sonances  
e x h i b i t e d  b y  a s y n t h e t i c a l l y  g r o w n  c r y s t a l  and  d e -  
m o n s t r a t e s  the  l a ck  of a c e n t e r  of  s y m m e t r y  in the  
c r y s t a l  s t ruc tu re .  The  r e s o n a n c e  was  d e t e r m i n e d  
us ing  a d i f f e ren t i a l  t r a n s m i s s i o n  t y p e  of d e t e c t o r  
(21) .  This  r esonance ,  m e a s u r e d  p a r a l l e l  to t he  c-  
axis ,  occu r r ed  at  a f r e q u e n c y  of 2.22 m e g a c y c l e s  
and  was  the  s t ronges t  one o b s e r v e d  in th is  c rys ta l .  

The  s ign of the  p o l a r i z a t i o n  c h a r g e  on the  b a s a l  
faces  d e v e l o p e d  u n d e r  s t ress  was  d e t e r m i n e d  us ing  
a s ta t ic  me thod .  The  e q u i p m e n t  cons i s t ed  of two  
s i lve r  e lec t rodes ,  connec t ed  in ser ies  w i t h  a sens i -  
t ive  e l e c t r o m e t e r .  The  e l e c t r o d e  a s s e m b l y  p e r m i t t e d  
a k n o w n  load  to be  a p p l i e d  s l o w l y  to  t he  c r y s t a l  
p l aced  b e t w e e n  them.  A dozen  c rys t a l s  w e r e  t e s t ed  
b y  a p p l y i n g  a c o m p r e s s i v e  s t ress  p a r a l l e l  to the  
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c -ax i s .  2 In  a l l  cases,  t he  n e g a t i v e  end  of t he  c r y s t a l  
had  the  b e t t e r  d e v e l o p e d  p y r a m i d a l  faces.  

In  o r d e r  to r e l a t e  t he  s ign  of the  p o l a r i z a t i o n  
cha rges  to the  a toms  in t he  su r f ace  l aye r s ,  t he  d y -  
namics  of the  d i r ec t  p i ezoe lec t r i c  effect m u s t  be  
c o r r e c t l y  unde r s tood .  I f  a c o m p r e s s i v e  s t ress  is a p -  
p l i ed  p a r a l l e l  to t he  c -ax i s ,  t hen  the  t e t r a h e d r a l  
conf igura t ion  a b o u t  an  a t o m  wi l l  be  d i s to r t ed .  The  
bonds  not  p a r a l l e l  to the  c - a x i s  a re  eas i ly  ben t ,  
w h e r e a s  the  bonds  p a r a l l e l  to the  c - a x i s  a re  no t  
eas i ly  compressed .  The  r e su l t  is t h a t  t he  h e x a g o n a l  
c l o s e - p a c k e d  a r r a y  of m e t a l  a toms  is sh i f t ed  w i t h  
r e spec t  to the  s im i l a r  a r r a y  of n o n m e t a l  a toms,  a l -  
t h o u g h  n e i t h e r  a r r a y  is s ign i f i can t ly  d i s to r t ed .  The  
cen te r s  of t h e  cha rge  d i s t r i bu t ions ,  w h i c h  w e r e  
co inc iden t  be fo re  s t ress ,  a r e  s e p a r a t e d  so t h a t  a 
m o m e n t a r y  e l ec t r i c  field is d e v e l o p e d  w i t h i n  t he  
c r y s t a l  p a r a l l e l  to t he  c -ax i s .  The  d i r ec t i on  of the  
field causes  cha rges  to deve lop  on the  p a r a l l e l  b a s a l  
su r faces  w h i c h  a r e  oppos i t e  in s ign  to t he  t y p e  of 
a t o m  on t h a t  sur face .  The  p i ezoe l ec t r i c  p o l a r i z a t i o n  
is w e a k  because  of s te r ic  h i n d r a n c e  a r i s ing  f rom 
the  close p a c k i n g  of a t o m s  d u e  to t he  r e l a t i v e  
a tomic  radi i .  Thus  the  p o l a r i t y  can  b e  e s t a b l i s h e d  
b y  d e t e r m i n i n g  the  s ign  of t he  cha rges  w h i c h  a p -  
p e a r  on the  b a s a l  ped ions .  

The  r e l a t i o n s h i p  b e t w e e n  the  r e l a t i v e  pos i t ions  
of t h e  b e r y l l i u m  a n d  o x y g e n  a toms  of t he  c r y s t a l  
s t r u c t u r e  and  the  c r y s t a l  m o r p h o l o g y  is s h o w n  in 
Fig.  2. Thus  the  p e d i o n  oppos i t e  t he  h e m i p y r a m i d  
is the  o x y g e n  sur face .  These  r e su l t s  a r e  ana logous  
to t he  r e su l t s  o b t a i n e d  on ZnO b y  H u t s o n  (22) .  

Pyroelectric effect.--The p y r o e l e c t r i c  effect was  
o b s e r v e d  on the  s ame  c rys t a l s  u sed  in  t he  p i ezo -  
e l ec t r i c  tests .  The  e q u i p m e n t  cons i s t ed  of a s i lve r  
e l ec t rode  sys tem,  w h i c h  p e r m i t t e d  the  c r y s t a l  to 
e x p a n d  f r ee ly ,  and  a t h e r m o c o u p l e  for  m e a s u r i n g  
t e m p e r a t u r e .  T h e  a s s e m b l y  could  be  c o n v e n i e n t l y  
r a i s ed  or  l o w e r e d  into  a D e w a r  f lask f i l led w i t h  
l i qu id  n i t rogen .  M e a s u r e m e n t s  w e r e  m a d e  p a r a l l e l  
to t he  c - a x i s  w i t h  t he  c r y s t a l  connec t ed  in ser ies  
w i t h  a sens i t i ve  e l e c t r o m e t e r ?  

In  a l l  cases,  t he  end  of t he  c r y s t a l  w i t h  the  b e t t e r  
d e v e l o p e d  p y r a m i d a l  faces  b e c a m e  pos i t i ve  on cool -  
ing  and  n e g a t i v e  o n  hea t ing .  A c c o r d i n g l y ,  t h e  p y r o -  
e l ec t r i c  coefficient is nega t ive ,  s ince  an  i n c r e a s e  in 
t e m p e r a t u r e  causes  a p y r o e l e c t r i c  p o l a r i z a t i o n  in  
t h a t  d i r ec t ion  w h i c h  was  a d o p t e d  as pos i t ive  for  
t he  c rys ta l .  

In  con t r a s t  to t he  p i ezoe lec t r i c  effect, t he  p y r o -  
e lec t r i c  effect is diff icult  to r e l a t e  to t he  c r y s t a l  
s t r uc tu r e .  Bes ides  caus ing  a p r i m a r y  c h a r g e  s e p a r a -  
t ion,  a n y  change  in t e m p e r a t u r e  in an  u n c o n s t r a i n e d  
c r y s t a l  causes  a d e f o r m a t i o n  of t he  s t ruc tu re .  This  

'~ S e p a r a t e  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  to  d e t e r m i n e  t h e  piezo~ 
e l e c t r i c  c o n s t a n t  f o r  t h e  c r y s t a l s .  P o l a r i z a t i o n  c h a r g e s  d e v e l o p e d  b y  
s l o w l y  l i f t i n g  a k n o w n  w e i g h t  f r o m  a c o m p r e s s e d  h e x a g o n a l  p l a t e l e t  
w e r e  c o l l e c t e d  on a l o w - l o s s  c a p a c i t o r  c o n n e c t e d  i n  p a r a l l e l  w i t h  
t h e  c r y s t a l ,  a n d  t h e  v o l t a g e  on  t h e  c a p a c i t o r  w a s  r e a d  by  m e a n s  of 
a v i b r a t i n g - r e e d  e l e c t r o m e t e r .  T h e  m e a s u r e d  c h a r g e  w a s  t h e n  u s e d  
to  c a l c u l a t e  t h e  p i e z o e l e c t r i c  s t r a i n  c o n s t a n t  i n  t h e  u s u a l  w a y .  T h e  
a v e r a g e  v a l u e  f o r  f ive  c r y s t a l s  w a s  d e t e r m i n e d  to  b e  d,~ = + 0.622 • 
10 - 2  c o u l o m b / n e w t o n  (at  24~  

s S e p a r a t e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  to d e t e r m i n e  t h e  p y r o -  
e l e c t r i c  coef f ic ien t  f o r  t h e  c ry s t a l s .  P o l a r i z a t i o n  c h a r g e s  f r o m  a hex~ 
a g o n a l  p l a t e l e t  w e r e  c o l l e c t e d  on a l o w - l o s s  c a p a c i t o r  c o n n e c t e d  i n  
p a r a l l e l  w i t h  t h e  c r y s t a l ,  a n d  t h e  v o l t a g e  on  t h e  c a p a c i t o r  w a s  d e -  
t e r m i n e d  u s i n g  a v i b r a t i n g - r e e d  e l e c t r o m e t e r .  T h e  m e a s u r e d  c h a r g e  
a n d  d i m e n s i o n s  of t h e  c r y s t a l  w e r e  u s e d  to  c a l c u l a t e  t h e  p y r o e l e c -  
t r i c  coe f f i c i en t  in  t h e  u s u a l  w a y .  T h e  a v e r a g e  p y r o e l e c t r i c  coef f ic ien t  
(OP/OS) T f o r  f ive  c r y s t a l s  w a s  d e t e r m i n e d  to  be  - -2 .55  • 1(} -~e 
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deformation develops a secondary polarization due 
to the piezoelectric effect. Consequently, the ob- 
served effect is the sum of the primary and secon- 
dary contributions. In practice the secondary effect 
is usually numerically greater than the primary ef- 
fect, and in many cases the latter is too small to be 
observed. Unless the elastic and piezoelectric con- 
stants are precisely known (23), the primary and 
secondary effects are difficult to separate. 

Although the pyroelectric effects cannot at pres- 
ent be separated in beryllium oxide, a qualitative 
analysis can be made of the effect of temperature 
on the crystal structure and the effect on charge 
distributions. The thermal expansion is anisotropie 
with the a-axis expanding at a faster rate than the 
c-axis on heating (24). Consequently, on cooling, 
the more rapid contraction of the a-axis will cause 
distortions of the structure toward the "ideal" 
wurtzite structure. Whether the pyroelectric effect 
developed would be predominantly primary or 
s e c o n d a r y  is no t  c lear ,  b u t  t he  c h a r g e  s e p a r a t i o n  
w o u l d  be  oppos i t e  to t h a t  o b s e r v e d  w h e n  a c r y s t a l  
is s t r e s sed  c o m p r e s s i v e l y  a long  the  c - a x i s  as in  t he  
p iezoe lec t r i c  m e a s u r e m e n t s .  W a r m i n g  the  c r y s t a l  
w o u l d  r e v e r s e  the  cha rge  sepa ra t ion .  These  p r e -  
d i c t ed  s igns  a r e  in a g r e e m e n t  w i t h  t he  o b s e r v a -  
t ions.  

Etching studies.--The d i s t inc t ion  of  t h e  A and  B 
su r faces  4 is b a s e d  e i t he r  on d i f fe rences  in r a t e  of 
a t t a c k  i n v o l v e d  in  e t ch  p i t  f o r m a t i o n  o r  in  t h e  d e n -  
s i ty  of e tch  f igures.  C r y s t a l s  p l a c e d  in bo i l ing  85% 
e r t h o p h o s p h o r i c  ac id  d e v e l o p e d  e tch  f igures  w h i c h  
a l l o w e d  the  su r faces  to be  u n a m b i g u o u s l y  d i s t i n -  
guished .  E tch ing  of t he  c rys t a l s  w a s  also o b t a i n e d  
us ing  e i t he r  s t e a m  at  1500~ or  hyd ro f luo r i c  ac id  
fumes ,  b u t  r a t e s  w e r e  diff icult  to cont ro l .  

Tes ts  w e r e  m a d e  on s ing le  c r y s t a l s  g r o w n  f rom 
flux or  b y  h y d r o t h e r m a l  me thods .  The  c rys t a l s  
w e r e  g round ,  po l i shed ,  and  t hen  e t ched  for  v a r y i n g  
pe r i ods  of t i m e  f r o m  a few seconds  to 10 min.  The  
c r y s t a l s  w e r e  e x a m i n e d  m i c r o s c o p i c a l l y  be fo re  and  
a f t e r  e tch ing .  

The  d i s so lu t ion  r a t e  of the  A su r f ace  (i.e, t he  
b e r y l l i u m  su r f ace  as iden t i f i ed  b y  the  p i ezoe l ec t r i c  
and  p y r o e l e c t r i c  effect)  was  o b s e r v e d  to be  m u c h  
s lower  t h a n  t ha t  of the  B su r face  ( o x y g e n  s u r f a c e ) ,  
a l t h o u g h  the  d i f fe rence  was  no t  m e a s u r e d  q u a n t i -  
t a t i ve ly .  The  p r i s m  faces,  w h i c h  w e  wi l l  ca l l  C s u r -  
faces,  a p p e a r e d  to be  a t t a c k e d  a t  t he  s lowes t  ra te .  
This  an i so t rop ic  e t ch ing  b e h a v i o r  u n d o u b t e d l y  ac -  
counts  for  the  o b s e r v e d  v a r i a t i o n  in e t ch ing  r a t i o  
of i n d i v i d u a l  c ry s t a l s  in p o l y c r y s t a l l i n e  BeO c o m -  
pac ts .  F i g u r e  5 shows  the  m i c r o s t r u c t u r e  of t he  A 
and  B su r faces  a f t e r  e tch ing .  The  A su r f ace  e tches  
n o n u n i f o r m l y ,  p r o d u c i n g  w e l l - f o r m e d  h e x a g o n a l  
e tch  f igures  on ly  a f t e r  10 min.  The  h e x a g o n a l  o u t -  
l ine  p a r a l l e l s  t he  p r i s m  cross  sect ion.  The  B s u r -  
face,  on the  o t h e r  hand ,  e tches  m o r e  r a p i d l y  and  
u n i f o r m l y  w i t h  c h a r a c t e r i s t i c  h e x a g o n a l  e tch  f ig-  
u re s  d e v e l o p i n g  a f t e r  on ly  10 sec. The  e tch  f igures  
on the  C su r faces  a r e  i r r e g u l a r  t r i a n g l e s  w i t h  

I t  is c u s t o m a r y  to  d e s i g n a t e  t h e  G r o u p  n a t o m s  ( b e r y l l i u m )  as 
A a t o m s ,  a n d  t h e  (00.1} s u r f a c e s  t e r m i n a t i n g  w i t h  A a t o m s  as A s u r -  
f aces .  S i m i l a r l y  t h e  G r o u p  V I  a t o m s  ( o x y g e n )  a r e  d e s i g n a t e d  as  B 
a t o m s ,  a n d  t h e  {00.1-} s u r f a c e s  t e r m i n a t i n g  w i t h  B a t o m s  as  B 
s u r f a c e s ,  
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Fig. 5. The A (beryllium) (top) and B (oxygen) (bottom) surface 
of a beryllium oxide crystal etched in boiling phosphoric acid 
solution. The beryllium surface (A) is less reactive and develops 
regular hexagonal etch figures only after 10 min. The oxygen sur- 
face (B) develops characteristic etch figures after a 10-sec etch. 
After 10 min, the surface is nondescript, flat, and grainy. The well- 
defined etch figures reflect the six-fold symmetry on the (00.1) 
surface (900X). 

bases  n o r m a l  to the  c -ax i s ,  and  the  a p e x  p o i n t i n g  
t o w a r d  the  pos i t i ve  end  of  t he  c rys ta l .  These  r e su l t s  
a r e  ana logous  to r e su l t s  o b t a i n e d  on ZnO b y  M a r i -  
ano and  H a n n e m a n  (18) .  

Discussion 

The  v a r i a t i o n  in  b o n d  l eng ths  p r e s e n t  in t he  
b e r y l l i u m  ox ide  s t r u c t u r e  and  the  d e t e r m i n a t i o n  of 
s e v e r a l  of i ts  p o l a r  p r o p e r t i e s  r a i se  s e v e r a l  q u e s -  
t ions,  t h r e e  of t he  m o r e  i m p o r t a n t  be ing :  

1. W h a t  r e l a t i o n s h i p  ex is t s  b e t w e e n  the  i n e q u a l -  
i t y  of the  s y m m e t r i c a l l y  n o n e q u i v a l e n t  bonds  and  
the  deg ree  of ionic  and  cova l en t  c h a r a c t e r  of the  
bond ing?  

2. Can  a p l a u s i b l e  b o n d i n g  m o d e l  be  dev i s ed  t ha t  
e x p l a i n s  t he  d i f fe rence  in su r f ace  r e a c t i v i t y ?  

3. Can  such a m o d e l  be  used  to p r e d i c t  o the r  
a s y m m e t r i c  p r o p e r t i e s ?  

U n f o r t u n a t e l y ,  t he  a v a i l a b l e  d a t a  a r e  too l i m i t e d  
to p e r m i t  t he  d e v e l o p m e n t  of  q u a n t i t a t i v e  a n s w e r s  
to these  ques t ions .  H o w e v e r ,  i t  is poss ib l e  to d i s -  
cuss these  ques t ions  q u a l i t a t i v e l y ,  cons ide r ing  some 
of the  d a t a  o b t a i n e d  in th is  s t u d y  and  o t h e r  r e c e n t  
r e sea rch .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J a n u a r y  1964 

Bond length and bond character . - -The c r y s t a l  
s t r u c t u r e  r e f i nemen t  has  i n c r e a s e d  the  c e r t a i n t y  of 
d i f fe rences  in t he  s y m m e t r i c a l l y  n o n e q u i v a l e n t  
Be -O  d i s t ances  (3) .  The  s y m m e t r y  of t h e  w u r t z i t e  
s t ruc tu re ,  u n l i k e  i ts  cubic  c o u n t e r p a r t ,  does not  
r e q u i r e  the  i n t e r a t o m i c  d i s t ances  to be  a l l  equa l  
and  the  c o o r d i n a t i o n  t e t r a h e d r a  to be  r egu la r .  
H o w e v e r ,  t he  e q u a l i t y  and  r e g u l a r i t y  cou ld  s t i l l  
ex is t  if a l l  the  bonds  w e r e  of equa l  cha rac t e r .  The  
/ac t  t ha t  n e i t h e r  cond i t ion  is t r u e  for  b e r y l l i u m  
ox ide  sugges t s  t h a t  t he  deg ree  of ionic  and  cova l en t  
c h a r a c t e r  for  n o n e q u i v a l e n t  b o n d s  is d i f fe ren t ;  the  
d e p a r t u r e  f rom the  u n d i s t o r t e d  w u r t z i t e  s t r u c t u r e  
is an  i nd i ca t i on  of th is  d i f ference.  

F o r  the  p u r p o s e  of th is  d i scuss ion  100% c o v a l e n t  
c h a r a c t e r  is def ined as the  s t a t e  w h e r e i n  t he  e igh t  
v a l e n c e  e l ec t rons  a re  s h a r e d  e q u a l l y  b y  bo th  a t o m  
types .  The  f o r m a l  r e p r e s e n t a t i o n  for  c o m p l e t e  co-  
v a l e n c y  is t h e r e f o r e  (Be -e  , 0 + 2 ) .  M e a s u r e s  of the  
deg rees  of ionic c h a r a c t e r  of t he  bonds  in b e r y l l i u m  
ox ide  can be e s t i m a t e d  in s e v e r a l  ways .  P r e l i m i -  
n a r y  op t i ca l  m e a s u r e m e n t s  i nd i ca t e  the  b a n d  gap  
to be  a r o u n d  14.5 ev  (25) .  A v a l u e  of th is  m a g n i -  
t ude  is n o r m a l l y  a s soc ia t ed  w i t h  m a t e r i a l s  h a v i n g  
a h igh  d e g r e e  of ionic c h a r a c t e r  to t h e i r  bonding .  
E l e c t r o n e g a t i v i t y  d i f fe rences  us ing  e m p i r i c a l  r e l a -  
t ionsh ips  (26-28)  p r e d i c t  the  d e g r e e  of c o v a l e n c y  
to be 46 to 63%, d e p e n d i n g  on w h i c h  e m p i r i c a l  r e -  
l a t i on  is used.  N u c l e a r  q u a d r u p o l e  r e s o n a n c e  was  
used  b y  Hon  (29) to g ive  an e s t i m a t e  of 50%. The  
v a l i d i t y  of th is  e s t i m a t e  was  q u e s t i o n e d  b y  Hon,  
because  the  a s s u m p t i o n s  used  to o b t a i n  some of t he  
n e c e s s a r y  va lue s  w e r e  cons ide r ed  doub t fu l .  The  
r e su l t s  w e r e  bes t  i n t e r p r e t e d  as  i n d i c a t i n g  on ly  t h a t  
b e r y l l i u m  ox ide  has  m o r e  cova l en t  t h a n  ionic  
cha rac t e r .  A n o t h e r  p r e d i c t i o n  can  be  m a d e  us ing  
P a u l i n g ' s  (30) c o v a l e n t  t e t r a h e d r a l  and  ionic  rad i i .  
These  r a d i i  a re  1.54A for  c o v a l e n t  t e t r a h e d r a l  co-  
o r d i n a t i o n  and  1.71A for  ionic  bonding .  The  m e a s -  
u r e d  d i s t ances  for  b e r y l l i u m  ox ide  fa l l  a b o u t  m i d -  
w a y  b e t w e e n  these  va lues ,  sugges t i ng  a 40-60% 
ionic  cha rac t e r .  

These  e s t i m a t e s  h a v e  not  cons ide r ed  the  poss i -  
b i l i t y  of d i f fe rences  in deg ree  of ionic  c h a r a c t e r  of 
d i f fe ren t  bonds.  The  fac t  t h a t  t he  bond  l eng ths  
show a 0.014A d i f fe rence  ind i ca t e s  t ha t  the  ionic  
c h a r a c t e r  of the  b o n d s  is not  t h e  same.  I f  P a u l i n g ' s  
va lue s  a r e  used  as an  i n d i c a t i o n  of  t he  s lope  of the  
l ine  r e l a t i n g  bond  d i s t ance  to ionic  cha rac t e r ,  the  
d i f fe rence  of 0.014A found  in t he  p r e s e n t  s t u d y  
c o r r e s p o n d s  to a d i f fe rence  of 8 -10% in ionic  c h a r -  
ac ter .  The  50% c o v a l e n t  c h a r a c t e r  i n d i c a t e d  b y  the  
above  w o r k  on BeO w o u l d  t hen  c o r r e s p o n d  to the  
e l e c t r i c a l l y  n e u t r a l  condi t ion .  The  n e u t r a l  cond i -  
t ion of a I I I - V  c o m p o u n d  is a t  25% cova lency .  
Thus  the  ionic  field a r o u n d  a n y  p a r t i c u l a r  a t o m  si te  
is e f fec t ive ly  s c r eened  b y  i ts  n e a r e s t  ne ighbor s ,  and  
l o n g - r a n g e  ionic effects a r e  p r o b a b l y  qu i t e  smal l .  
J e f f r e y  et al. have  p o i n t e d  out  t h a t  in w u r t z i t e -  
t y p e  s t r u c t u r e s  t h e r e  is one second  n e a r e s t  n e i g h -  
bor  a t  (5/8)c ,  w h e r e a s  t he  n ine  n e x t  n e a r e s t  a r e  at  

(~ /33 /8 ) c .  T h e y  a t t r i b u t e  some of t he  d i s to r t i on  of 
the  s t r u c t u r e  to t he  l o n g - r a n g e  ionic effect of th is  
second  n e a r e s t  ne ighbor .  If, h o w e v e r ,  the  s i tes  w e r e  
e f fec t ive ly  neu t r a l ,  th is  long r a n g e  effect w o u l d  be  
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neg l ig ib le .  Cons ide r ing  th is  fact ,  t he  b o n d  d i s t ances  
a r e  mos t  l i k e l y  an  i n d i c a t i o n  t h a t  t he  ionic c h a r a c -  
t e r  of  the  n o n e q u i v a l e n t  bonds  dif fers  s ign i f i can t ly  
f rom b o n d  to bond .  

The  l onge r  b o n d  in the  B e e  s t r u c t u r e  is p a r a l l e l  
to the  c - a x i s  (as  s h o w n  in Fig.  2) ,  and  its l e n g t h  
ind ica t e s  t h a t  i t  is 8 -10% m o r e  ionic  t h a n  the  o t h e r  
t h r e e  bonds .  No h y p o t h e s i s  is p r e s e n t l y  a v a i l a b l e  
w h i c h  w i l l  account  for  these  di f ferences .  H o w e v e r ,  
i t  is i n t e r e s t i n g  to see t h e i r  effect  on the  su r face  
b o n d i n g  m o d e l  p r o p o s e d  (17, 31) to e x p l a i n  t he  
d i f fe rences  in r e l a t i v e  su r f ace  r e a c t i v i t y  of I I I - V  
and  I I - V I  c o m p o u n d s  w i t h  the  s p h a l e r i t e  a n d  w u r t -  
zi te  s t ruc tu re .  

Bonding modeL--There a re  e s s e n t i a l l y  t w o  f u n -  
d a m e n t a l  a p p r o a c h e s  to u n d e r s t a n d i n g  the  n a t u r e  
of the  p o l a r  sur faces .  One  is t he  q u a n t u m  m e c h a n i -  
cal  or  s t a t i s t i ca l  t r e a t m e n t  and  the  o the r  the  a t o m -  
ist ic  or  chemica l  b o n d i n g  concept .  A t  t h e  p r e s e n t  
t ime ,  the  q u a n t u m  m e c h a n i c a l  s tud ies  a re  in a s t a t e  
of d e v e l o p m e n t  and  can  be  e m p l o y e d  on ly  in a f ew  
spec ia l  cases  to i n t e r p r e t  su r f ace  b e h a v i o r  (32) .  In  
ou r  p r e s e n t  s t a t e  of k n o w l e d g e  i t  is m o r e  m e a n i n g -  
ful  to cons ide r  the  su r f ace  a t o m s  as i n d i v i d u a l  e n -  
t i t ies  b o n d e d  to t he  c r y s t a l  f r a m e w o r k ,  b u t  w i t h  
f e w e r  b o n d s  t h a n  a toms  in t he  in te r io r .  S u r f a c e  
a t o m  r e a r r a n g e m e n t s  and  a d s o r b e d  i m p u r i t i e s  c an -  
not  be  i gno red  b u t  for  t he  p r e s e n t  a r g u m e n t  a r e  
cons ide red  to be of second  o r d e r  i m p o r t a n c e .  

A p p l y i n g  the  G a t e s  a n d  W a r e k o i s  su r face  b o n d -  
ing m o d e l  to b e r y l l i u m  ox ide  and  cons ide r ing  the  
modi f i ca t ion  i n d i c a t e d  b y  the  p r e s e n t  s t r u c t u r e  d e -  
t e r m i n a t i o n ,  i t  can  be  seen t h a t  t he  su r f ace  a toms  
a re  t r i p l y  bonded ,  and  the  b u l k  a toms  a re  t e t r a -  
h e d r a l l y  bonded .  The  t h r e e  s y m m e t r i c a l l y  e q u i v a -  
l en t  bonds  r e s o n a t e  b e t w e e n  cova l en t  a n d  c o o r d i -  
na t e  c o v a l e n t  b o n d  t y p e s  so t h a t  t he  a v e r a g e  co-  
v a l e n c y  is nea r  50%. The  f o u r t h  b o n d  also r e s o n -  
a tes  w i t h  t he  o the r  t h r ee ,  b u t  t he  a v e r a g e  c o v a l e n t  
c h a r a c t e r  w o u l d  be 8 -10% less:  R e f e r r i n g  to Fig .  1, 
and  c o n s i d e r i n g  a cu t  m a d e  p e r p e n d i c u l a r  to the  
[00.1] d i r ec t i on  b e t w e e n  p l anes  A A  and  BB, i t  w i l l  
be seen  t ha t  on ly  one bond  p e r  un i t  cel l  is b roken .  
M a k i n g  the  cut  b e t w e e n  p l anes  A A  and  B'B" i n -  
vo lves  b r e a k i n g  of t h r e e  bonds ,  a p rocess  r e q u i r i n g  
m o r e  ene rgy .  The  B su r f ace  w i l l  t h e n  h a v e  t w o  
e l ec t rons  pe r  a t o m  in the  cut  b o n d i n g  o r b i t a l  (F ig .  
6),  w h e r e a s  t h e  A su r f ace  has  no e l ec t rons  w h i c h  
a r e  a v a i l a b l e  for  bond ing .  The  m o r e  r a p i d  d i s so lu -  
t ion  o b s e r v e d  on the  o x y g e n  su r f ace  sugges t s  con-  
t ro l  b y  su r f ace  e l ec t rons  and  is in a g r e e m e n t  w i t h  
th is  model .  Conve r se ly ,  t he  unf i l l ed  o r b i t a l s  shou ld  
m a k e  b e r y l l i u m  a toms  r e l a t i v e l y  u n r e a c t i v e  t o w a r d  
e l ec t roph i l i c  r eagen t s ,  and  th is  has  been  o b s e r v e d  
in  t he  p r e s e n t  e t ch ing  s tudies .  I t  w o u l d  be  i n s t r u c -  
t ive  to v e r i f y  t he  e l ec t r i ca l  b e h a v i o r  a t t r i b u t a b l e  
to t he  a c c e p t e r  and  donor  p r o p e r t i e s  of the  A and  
B su r f aces  b y  m e a s u r i n g  su r f ace  c o n d u c t i v i t y ,  
p h o t o c o n d u c t i v i t y ,  su r face  r e c o m b i n a t i o n  ve loc i ty ,  
and  t h e r m i o n i c  or  p h o t o e l e c t r i c  emiss ion.  

Other asymmetric properties.--The p r e d i c t e d  
a s y m m e t r y  in the  e l ec t roph i l i c  n a t u r e  of t he  A and  
B su r faces  shou ld  c r e a t e  r a t h e r  i n t e r e s t i n g  s t r u c -  
t u r a l  modif ica t ions .  F o r  e x a m p l e ,  o x y g e n  su r f ace  
a toms  w o u l d  h a v e  a suff icient  n u m b e r  of e l ec t rons  
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Fig. 6. Schematic representation of the electronic configuration 

on the A and B surfaces in beryllium oxide. The beryllium atoms in 
the A surface layer are pictured as being electron deficient and 
acting as electron accepters, whereas oxygen atoms in the B surface 
layer have an excess of electrons and act as electron donors. Ad- 
sorbed impurities and surface rearrangements are considered to be 
second-order effects. 

to r e t a i n  t h e i r  sp 8 h y b r i d i z e d  conf igura t ion ,  m u c h  
as n i t r o g e n  does  in the  a m m o n i a  m o l e c u l e  or  p h o s -  
p h o r u s  in  t he  p h o s p h i n e  molecu le .  O n l y  m i n o r  
de v i a t i ons  f r o m  the  t e t r a h e d r a l  c o o r d i n a t i o n  a r e  to 
be  expec t ed .  C o n v e r s e l y ,  b e r y l l i u m  su r f ace  a toms  
w o u l d  h a v e  on ly  two  L - s h e l l  e l ec t rons  to f o r m  the  
fou r  t e t r a h e d r a l  o rb i t a l s ,  and  sp 8 t y p e  h y b r i d i z a -  
t ion  could  no t  be  m a i n t a i n e d .  Conse que n t l y ,  t he  
t h r e e  bonds  to t he  c r y s t a l  f r a m e w o r k  m u s t  be  d i s -  
t o r t e d  to s a t i s fy  a l o w e r  o r d e r  h y b r i d ,  p r o b a b l y  a 
p l a n a r  sp 2 type .  The  bonds  canno t  b e c o m e  c o m -  
p l e t e l y  cop lana r ,  h o w e v e r ,  for  two  r easons :  ( i )  t he  
t e t r a h e d r a l  con f igu ra t ion  of t h e  b o n d s  u n d e r n e a t h  
the  su r f ace  l aye r s ,  and  ( i t )  s te r ic  effects r e l a t e d  to 
t he  r e p u l s i o n  of n e i g h b o r i n g  o x y g e n  a toms.  The  
o v e r - a l l  r e s u l t  is a s t r a i n e d  s t r u c t u r e  w i t h  t h e  
pos i t i ve  su r f ace  u n d e r  compress ion ,  and  the  b o n d -  
ing conf igu ra t ion  b e t w e e n  the  sp ~ and  sp a types .  
Thus ,  i f  t he  s t r u c t u r a l  s t r a i n  is g r e a t  enough  and  
the  B e e  th in  enough ,  an  o b s e r v a b l e  b e n d i n g  of the  
c r y s t a l  shou ld  occur.  Such  s p o n t a n e o u s  e las t ic  
b e n d i n g  of th in  w a f e r s  has  no t  been  o b s e r v e d  as 
y e t  in B e e ,  b u t  has  been  r e p o r t e d  in I n S b  (33) ,  the  
A su r f ace  b e i n g  convex .  The  to t a l  e n e r g y  associ -  
a t e d  w i t h  t he  b e n d i n g  d i s t o r t i on  of t he  A su r f ace  
in b e r y l l i u m  o x i d e  could  u n d o u b t e d l y  be  c a l cu l a t ed  
if one k n e w  the  e las t i c  s t r a i n  e n e r g y  p e r  mo le  of 
su r f ace  a t o m s  and  the  e n e r g y  r e q u i r e d  to r e a r r a n g e  
su r f ace  a toms  or  c r e a t e  de fec t  s t ruc tu res .  U n f o r -  
t u n a t e l y ,  t h e s e  d a t a  a r e  no t  a va i l a b l e ,  b u t  i t  is no t  
u n r e a s o n a b l e  to  a s sume  t h a t  t h e  e n e r g y  is a s u b -  
s t a n t i a l  f r ac t i on  of t he  n o r m a l  t e t r a h e d r a l  s ing l e -  
b o n d  e n e r g y  of 36 k c a l / m o l e .  

The  d e v i a t i o n  of the  c/a r a t i o  f r o m  the  " i dea l "  
w u r t z i t e  v a l u e  of 1.633 m a y  b e  an  i nd i c a t i on  t h a t  
the  b u l k  s t r u c t u r e  r e t a i n s  some of the  p r e d i c t e d  
s t r a i n  ene rgy .  One  w o u l d  e x p e c t  th is  s t r a in  e n e r g y  
to be  h ighe s t  a t  the  pos i t i ve  su r f ace  and  d e c a y  e x -  
p o n e n t i a l l y  w i t h i n  the  c rys ta l .  The  b u l k  s t r a i n  
e n e r g y  w o u l d  no t  be  zero because  of t he  t e n d e n c y  
of t he  ca t ions  to fo rm p l a n a r  sp 2 h y b r i d s ,  and  of 
t he  an ions  to  f o r m  t e t r a h e d r a l  sp ~ h y b r i d s  in t he  
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m a n n e r  a l r eady  discussed.  Thus  the d i s tor t ion  in  
the observed crys ta l  s t ruc tu re  wou ld  be a b a l a n c -  
ing of these t endenc ies  into a s ta te  of m i n i m u m  
free energy.  The va r i ab le  z p a r a m e t e r  in  the  c rys-  
ta l  s t ruc tu res  of b e r y l l i u m  oxide and  a l u m i n u m  
n i t r i de  shifts  more  r ap id ly  f rom the  ideal  va lue  of 
0.375 t h a n  wou ld  be pred ic ted  cons ider ing  only  the 
c/a ratio.  W h e t h e r  these dev ia t ions  are  t r ue  for 
e ther  w u r t z i t e - t y p e  compounds  r ema ins  to be seen. 
Cer ta in ly ,  all  conf igura t ions  of free molecules  t end  
toward  a condi t ion  of m a x i m u m  s y m m e t r y  and  
consequen t ly  m i n i m u m  free energy.  A n y  dev ia t ion  
f rom r e g u l a r i t y  leads to an  increase  in  ene rgy  due 
to the deve lopmen t  of s t r a ined  bonds.  If this  h y -  
pothesis  is to be appl ied  to the d is tor t ions  in  w u r t -  
zite compounds ,  zinc oxide, wi th  c/a = 1.600, 
should show more  s t r a in  t h a n  b e r y l l i u m  oxide. The  
effect of a tomic  rad ius  and  charge complicates  the 
p rob lem,  however ,  and  the  hypothes is  may  r e qu i r e  
modif ica t ion before i t  can be appl ied  to all  the  
wur t z i t e  compounds .  

The s t r u c t u r a l  changes  and  the stored elastic 
ene rgy  discussed above would  be expected to create  
p r o n o u n c e d  differences in  the  s t r u c t u r a l  ( m e c h a n i -  
cal)  p roper t i es  b e t w e e n  the  b e r y l l i u m  and  oxygen  
surfaces  and  in  the m e c h a n i s m  of c rys ta l  g rowth  on 
these  surfaces.  A l though  our  da ta  are by  no me a ns  
conclusive,  f indings to date  are cons is ten t  wi th  this  
p red ic t ion :  For  example ,  differences in  ha rdness  
were  found  on the  opposite pedions  us ing  a Knoop  
d i amond  i n d e n t e r ;  the A surface  is 15% ha rde r  
t h a n  the  B surface.  The effect is a p p a r e n t l y  not  
l imi ted  to b e r y l l i u m  oxide, s ince ha rdness  a s y m -  
m e t r y  has been  observed  in  zinc oxide (34).  

A l t h o u g h  ha rdness  has not  been  ana lyzed  wi th  
respect  to the  t ensor  p roper t i es  of a crystal ,  some 
aspects are a l r eady  clear. The observed  di f ferent ia l  
ha rdness  is the  sum of the  crys ta l  or b u l k  s t ruc tu re  
and  surface  con t r ibu t ions .  The crys ta l  s t ruc tu re  
c o n t r i b u t i o n  is re la ted  to the  elast ici ty,  a f o u r t h -  
r a n k  tensor ,  and  is thus  cen t rosymmet r i c .  A n y  dif-  
f e ren t i a l  ha rdness  observed  on opposite faces m u s t  
have  its or igin  in  add i t iona l  p roper t ies  of the c rys-  
ta l  s t ruc ture ,  such as a g rad ien t  in  dis locat ion d e n -  
sity, or s t ra ins  in  the  surface  layers.  The plast ic  de-  
fo rma t ion  accompany ing  a ha rdnes s  m e a s u r e m e n t  
is u n d o u b t e d l y  a complex  process i nvo lv ing  the 
genera t ion ,  mot ion,  and  in t e rac t ion  of dis locat ions 
l a rge ly  cont ro l led  by  i n t e r n a l  electric fields set up  
as a consequence  of t h e r m a l  and  e lec t ros t r ic t ive  ef-  
fects. A l though  we do not  have  a ver i f icat ion of 
the  o n e - t o - o n e  cor respondence  of dis locat ions a nd  
etch pits, we have  obse rved  differences in  etch fig- 
u re  dens i ty  on the A and  B surfaces.  This f inding 
suggests a dis locat ion dens i ty  g rad ien t  which  is 
compat ib le  wi th  p red ic t ab le  de fo rma t ion  sys tems 
and  c rys ta l  symmet ry .  For  example ,  cons idera t ion  
of an ideal ized model  of the b e r y l l i u m  oxide s t ruc -  
t u r e  shows tha t  slip is most  p robab le  on {10.1}- 
type  p lanes  and  in the  {11.0} (c lose-packed)  d i rec-  
t ion. The  dis locat ion axis in  this s t r uc tu r e  is p a r a l -  

lel  to the {10.1} and  forms a 60 ~ angle  wi th  the 
Burge r ' s  vector.  Thus,  edge dis locat ions can i n t e r -  
sect both  the  b e r y l l i u m  and  oxygen  surface.  Elec-  

Fig. 7. An electron micrograph of a positive replica of the A 
surface in beryllium oxide. The crystal was etched for 2 min in 
boiling HF vapor. The etch figures are believed to correspond to a 
line of 60 ~ edge dislocation terminating at the basal surface 
(10,000X). 

t ron  microscopy e x a m i n a t i o n  of basa l  faces (Fig. 
7) has revea led  etch pi ts  a r r a n g e d  in  w h a t  appear  
to be n e t w o r k s  of d is locat ion ha l f - loops  which  are 
t i l ted  at 60 ~ f rom the  surface.  Thus,  a possible  ex-  
p l a n a t i o n  for the observed a s y m m e t r y  in  ha rdness  
arises:  edge dis locat ions t e r m i n a t i n g  at the  A su r -  
face are locked or p i n n e d  because  of the s t ra ins  
set up as a consequence  of the d e p a r t u r e  f rom sp 3 
hyb r id i za t i on  of the atoms. Converse ly ,  edge dis-  
locat ions t e r m i n a t i n g  at the  u n s t r a i n e d  B surface  
are not  locked or p i n n e d  and  are free to move.  

F ina l ly ,  some obse rva t ions  on the g rowth  of BeO 
crys ta ls  in  va r ious  e n v i r o n m e n t s  as they  re la te  to 
polar  s y m m e t r y  are wor th  men t ion ing .  Crys ta ls  
g r ow n  by  h y d r o t h e r m a ]  t echn iques  or by  vapor  
depos i t ion -decompos i t ion  are a lways  u n t w i n n e d  
and  found  to be a t tached  to the  subs t r a t e  at the  
nega t i ve  end. Converse ly ,  c rys ta l s  g r ow n  in  m o l t e n  
fluxes are a t t ached  to a subs t r a t e  at  the posi t ive  
end  and  are tw inned .  F igu re  3 i l lus t ra tes  a typ ica l  
example  of a he mi mor ph i c  or polar  twin ,  which  is 
qui te  common in  p r i smat ic  crys ta ls  g r ow n  f rom the 
flux. A smal l  h e m i p y r a m i d  appears  w i t h i n  the  cen-  
ter  of the  la rge  nega t ive  basa l  pedion.  E tch ing  
studies  and  ha rdness  m e a s u r e m e n t s  revea l  tha t  this 
p y r a m i d  has reverse  po la r i ty  w i t h  respect  to the  
crys ta l  s u r r o u n d i n g  it. In  rea l i ty ,  this smal l  h e m i -  
p y r a m i d  is a core in  optical  c o n t i n u i t y  w i t h  the  
crys ta l  w i t h i n  which  it is s i tuated.  

Conclusions 

1. The s y m m e t r i c a l l y  n o n e q u i v a l e n t  Be-O bonds  
in b e r y l l i u m  oxide have  been  shown  to have  differ-  
en t  ra t ios  of ionic to cova len t  character .  No sat is-  
fac tory  model  has been  proposed which  can ac- 
count  for the differences in  bond  l eng th  a nd  b o n d  
character .  However ,  the  i n e q u a l i t y  does ind ica te  
tha t  the bonds  n o r m a l  to the  basa l  surfaces  are 
more  ionic t h a n  the  other  th ree  bonds.  This resu l t  
is not  i ncompa t ib l e  wi th  the  h y b r i d  o rb i t a l  bond  
model  used to exp la in  re la t ive  surface  react ivi t ies .  
Accura te  s t r u c t u r a l  da ta  on  o ther  w u r t z i t e  com-  
pounds  to d e t e r m i n e  if u n e q u a l  bond i ng  is common  
in  these ma te r i a l s  wi l l  be necessa ry  before  a sat is-  
fac tory  theory  can be devised.  



Vol. 111, No. 1 CRYSTAL STRUCTURE AND POLARITY OF BeO 87 

2. C r y s t a l  m o r p h o l o g y  is a u se fu l  c r i t e r i o n  for  
d e t e r m i n i n g  c r y s t a l l o g r a p h i c  p o l a r i t y  in b e r y l l i u m  
oxide .  

3. The  c h e m i c a l  r e a c t i v i t y  of oppos i t e  p o l a r  s u r -  
faces  in b e r y l l i u m  ox ide  can  be  r e l a t e d  to the  s u r -  
face  b o n d i n g  conf igura t ion  of t he  b e r y l l i u m  and  
o x y g e n  a toms,  as d e s c r i b e d  b y  the  h y b r i d  o r b i t a l  
model .  H o w e v e r ,  to s u p p o r t  th is  model ,  the  e l e c t r o -  
ph i l i c  n a t u r e  of oppos i t e  p o l a r  su r f aces  in  b e r y l l i u m  
o x i d e  needs  to be  e x t e n s i v e l y  i nves t i ga t ed .  

4. The  d i f fe rences  in  h a r d n e s s  and  c r y s t a l  g r o w t h  
on oppos i t e  p o l a r  su r f aces  and  d e v i a t i o n s  f r o m  the  
" i dea l "  c/a r a t io  a r e  a re f lec t ion  of t he  s t r a in s  in 
the  su r face  l a y e r s  as we l l  as in  the  b u l k  la t t ice .  
These  f indings  a r e  cons i s t en t  w i t h  p r o p o s e d  h y b r i d  
o r b i t a l  b o n d i n g  model .  H o w e v e r ,  c r i t i c a [  e x p e r i -  
m e n t a l  tes t s  of th is  m o d e l  a r e  s t i l l  l ack ing .  

5. The  p r e s e n t  s tud i e s  h a v e  r e v e a l e d  on ly  a few 
of the  i m p o r t a n t  ro les  p l a y e d  b y  c r y s t a l l i n e  s t r u c -  
tu re  and  c r y s t a l l o g r a p h i c  p o l a r i t y  in  su r f ace  p h e -  
n o m e n a  and  c r y s t a l  g rowth .  
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Equilibrium Pressures of Oxygen over 
Mn203-Mn30, at Various Temperatures 
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ABSTRACT 

The equi l ibr ium represented by the equation 6Mn203(c) ~ 4Mn804(c, a) 
O2 has been studied by measur ing  the equi l ibr ium pressures of oxygen over 
Mn203-Mn~O4. From the data obtained in the 1132~176 range studied AH ~ 
and AS ~ were calculated for the react ion at 1200~ to be 41.2 ___ 1.2 kcal and 32.9 
• 1.0 cal/deg, respectively. These constants can be used in  the equation 

--4.5758 log pO2 (atm) ---- 4 1 , 2 0 0 / T -  32.9 

to relate log poe and tempera ture  of the system in the above-ment ioned range 
with no appreciable addit ional error. A slight extrapolat ion showed poe ~ 1 
arm at 1252~ The above hH and aS values were converted to 298.15~ and 
compared with those in the l i terature.  A new entropy 8~ ~ 36.8 cal /deg for 
Mn304 and a new heat  of format ion • z --228.7 kcal for Mn203 are indi -  
cated from analysis of data in the l i terature  and the present  data. This value of 
entropy of Mn304 is higher by 1.3 cal /deg (roughly Rln2) than the value taken 
from the l i terature.  

Though  the chemical  l i t e r a tu r e  has n u m e r o u s  re f -  
erences  to the dissociat ion of m a n g a n e s e  dioxide to 
fo rm m a n g a n i c  oxide, confus ing  and  con t rad ic to ry  
as some of t h e m  are, r e l a t i ve ly  few give or ig ina l  
observa t ions  on the f u r t h e r  dissociat ion of the m a n -  
ganic  oxide to fo rm m a n g a n o u s - m a n g a n i c  oxide. 
Meyer  and  RStgers (1) observed the  t e m p e r a t u r e s  
to which  Mn2Os had  to be hea ted  to cause it to lose 
weigh t  in  air  and  oxygen  gas, respect ively ,  the  a t -  
mospher ic  p ressure  not  be ing  stated.  Honda  a nd  
Sone (2) detec ted  a change  in  the  magne t i c  sus-  
cept ib i l i ty  of the  Mn203 at a definite t e m p e r a t u r e  a nd  
they  assumed this  t e m p e r a t u r e  m a r k e d  the change  
f rom Mn20~ to Mn304. Sai to (3) us ing  a t h e r m a l  
ba l ance  and  inc reas ing  the  t e m p e r a t u r e  of the  speci-  
m e n  1-2 ~ per  m i n u t e  repor ts  the t e m p e r a t u r e  at 
which  Mn203 s tar ts  to lose weight .  The a tmosphe re  
is no t  described.  S imon  and  Fehe r  (4) hea ted  Mn203, 
poss ib ly  in  a closed system, and  repor t  the t e m p e r a -  
t u r e  w h e n  oxygen  reached  10 m m  pressure .  They  
p re sen t  a g raph  showing  a plot  of X in  MnOx 
agains t  t e m p e r a t u r e .  Krf i l l  (5) ,  by  us ing  a m a -  
n o m e t e r  to ind ica te  any  deve lopmen t  of a differ-  
ence in  p ressure  b e t w e e n  the a tmospheres  over  
Mn2Os and  an ine r t  ma te r i a l  hea ted  to the  same 
t empera tu r e ,  found,  by  f r e q u e n t l y  b leed ing  off the 
evolved oxygen,  the t e m p e r a t u r e  to which  the two 
subs tances  had  to be hea ted  for the oxygen  evo lu t ion  
to become complete.  This  was  the  t e m p e r a t u r e  at 
which  no Mn203 rema ined .  Ul ich and  S i emonsen  
(6) d e t e r m i n e d  heats  of reac t ion  and  f rom these  heats  
and  o ther  t h e r m o d y n a m i c  da ta  ca lcula ted  oxygen  
pressures  at var ious  t empera tu re s .  T a t i e v s k a y a  et al. 
(7) e x p e r i m e n t a l l y  d e t e r m i n e d  for Mn203, f rom the  
dissociat ion and  oxida t ion  approaches,  the  equ i l i b -  
r i u m  pressures  at low t e m p e r a t u r e s  (up  to l l 0 0 ~  
Also they  ca lcula ted  p r e s s u r e - t e m p e r a t u r e  equ i -  

l i b r i u m  va lues  f rom heats  of f o r ma t i on  and  en -  
tropies.  McMurdie  (8) ,  conduc t ing  a d i f ferent ia l  
t h e r m a l  ana lys i s  of MnCO3 in  air, gives as the  
dissociat ion t e m p e r a t u r e  of Mn208 the  t e m p e r a t u r e  
at which  the re  was a b r e a k  in  the  curve.  P r o b a b l y  
the  th ree  best  va lues  for p r e s s u r e - t e m p e r a t u r e  
equ i l ib r i a  were  repor ted  by  H a h n  and  M u a n  (9) .  
The i r  e x p e r i m e n t a l  p rocedure  consis ted in  pass ing  
a gas of k n o w n  oxygen  con ten t  over  hea ted  samples  
of Mn203 and  Mn304. Af t e r  a su i tab le  t ime  the  s am-  
ples were  quenched  and  the  phases  p r e se n t  de t e r -  
m i n e d  by  x - r a y  methods.  The  t e m p e r a t u r e  at which  
no phase  change  in  e i ther  sample  was  no ted  was 
t a ke n  as the  e q u i l i b r i u m  t e m p e r a t u r e .  The i r  second 
me thod  invo lved  a t h e r m a l  ba lance .  

P e r t i n e n t  t h e r m o d y n a m i c  cons tan ts  of Mn203 and  
Mn304, w i th  or w i t hou t  re fe rence  to ca lcula ted  p res -  
s u r e - t e m p e r a t u r e  equi l ibr ia ,  have  been  repor ted  by  
Brewer  (10),  Cough l in  (11),  Vlasor  (12) ,  D u s h m a n  
(13),  and  others.  

The  re fe rences  g iven  above  show tha t  t he re  is a 
lack of precise e x p e r i m e n t a l  da ta  g iv ing  ac tua l  
p r e s s u r e - t e m p e r a t u r e  re la t ionsh ips  at equ i l i b r ium.  
It was the  object  of this  i nves t iga t ion  to s tudy  these 
re la t ionsh ips  careful ly .  

Experimental 
Mn20~, ob ta ined  by  hea t ing  pyro lus i t e  (99.5% 

MnO2) at abou t  660~ in  an  a tmosphere  of air, was  
found  at  885~ to be 100% conver ted  to MnsO4. 
Cooling the  product  s lowly in  air  to room t e m p e r -  
a tu re  r e su l t ed  in  a m i x t u r e  of 34% Mn304 a nd  66% 
Mn203, whi le  cooling qu ick ly  in  air  gave 95 % Mn304 
and  5% Mn2Os. (Ca lcu la t ions  were  based solely on 
we igh t  changes . )  Hence  the  dissociat ion of Mn208 
to fo rm Mn304 a nd  oxygen  appears  to be r ead i ly  
revers ible .  
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Fig. 1. Diagrammatic sketch of apparatus. C, Temperature con- 
trolled cabinet; S, Vycor tube containing sample; M1 and M2, 
manometers, M2 serves as leveling device; AVR, automatic voltage 
regulator; LB, lamp bank; F, furnace. 

T h e  a p p a r a t u s  used  in  two  m u c h  m o r e  p r ec i s e  e x -  
p e r i m e n t s  is shown  in d i a g r a m m a t i c  f o r m  in Fig .  1. 
The  MnO2 s a m p l e  (S)  was  h e a t e d  to 750~ and  the  
s y s t e m  e v a c u a t e d  and  closed.  The  c losed  s y s t e m  con-  
s i s ted  of a V y c o r  b u l b  ( c o n t a i n i n g  the  ox ide )  con-  
nec t ed  b y  a g r a d e d  sea l  to s m a l l  d i a m e t e r  P y r e x  
t u b i n g  l e ad ing  to  a m a n o m e t e r  (M1). To e x t e n d  
the  v e r s a t i l i t y  of t he  a p p a r a t u s  a second  m a n o m e t e r  
(Me) c o m p r i s i n g  two  s t r a i g h t  glass  t ubes  j o i n e d  
b y  t r a n s p a r e n t  p l a s t i c  tub ing ,  was  a t t a c h e d  t h r o u g h  
a t e e - t u b e  to the  first  m a n o m e t e r .  The  t e e - t u b e  a l -  
l o w e d  a d j u s t m e n t  of t he  p r e s s u r e  of t h e  a i r  con-  
f ined b e t w e e n  t h e  two  m a n o m e t e r s  t h e r e b y  m a k i n g  
it poss ib le  to have  a cons t an t  v o l u m e  in t he  c losed  
s y s t e m  a n d  poss ib l e  to  cause  m a j o r  p r e s s u r e  c ha nge s  
of o x y g e n  p r e s s u r e  ove r  t he  m a n g a n e s e  oxide .  A n -  
o the r  t e e - t u b e  was  used  in the  a p p a r a t u s ,  th i s  sec-  
ond one b e i n g  b e t w e e n  the  g r a d e d  seal  and  the  
first  m a n o m e t e r  in  o r d e r  to p e r m i t  e v a c u a t i o n  of 
or  have  m o r e  o x y g e n  a d d e d  to t h e  sys tem.  The  en -  
t i r e  a p p a r a t u s ,  w i t h  t he  e x c e p t i o n  of the  second  
m a n o m e t e r ,  was  k e p t  in  a t h e r m o s t a t t e d  c a b ine t  
(C)  w h i l e  t h e  second  m a n o m e t e r  and  the  ca b ine t  
w e r e  in a t e m p e r a t u r e  con t ro l l ed  room.  

The  f u r n a c e  ( F )  was  h e a t e d  to a c o n t r o l l e d  t e m -  
p e r a t u r e  b y  m a i n t a i n i n g  a f ixed v o l t a g e  ----0.05v 
across  t h e  h e a t i n g  e l e m e n t  of t he  fu rnace .  Th i s  w a s  
a c c o m p l i s h e d  b y  connec t ing  the  o u t p u t  of an  a u t o -  
ma t i c  v o l t a g e  r e g u l a t o r  ( A V R )  to t he  h e a t i n g  e l e -  
m e n t  in  se r ies  w i t h  a l a m p  b a n k  ( L B ) .  T h e  r e -  
su l t ing  t e m p e r a t u r e s  r e m a i n e d  cons t an t  to w i t h i n  
_+0.5~ O x y g e n  p r e s s u r e  r e a d i n g s  w e r e  t a k e n  to 
w i t h i n  --+0.2 m m  m e r c u r y .  D u r i n g  the  i n v e s t i g a t i o n  
t w e n t y - o n e  d i f fe ren t  p r e s s u r e - t e m p e r a t u r e  e q u i -  
l i b r i a  w e r e  obse rved .  

F i g u r e  2 shows  b y  the  le f t  o r d i n a t e  t he  o x y g e n  
p r e s s u r e s  a t  e q u i l i b r i u m ,  o b t a i n e d  a t  v a r i o u s  t e m -  
pe r a tu r e s .  The  p l o t t e d  po in t s  ( l e t t e r e d  for  r u n  
No. 1 and  n u m b e r e d  for  r u n  No. 2) a l l ow one to 
obse rve  the  n o n d e p e n d e n c e  of an  e q u i l i b r i u m  on 
the  p r e c e d i n g  e q u i l i b r i u m .  F i g u r e  3 is a p lo t  of 
o x y g e n  p r e s s u r e  aga in s t  t i m e  for  a p a r t  of one of 
the  two  p rec i se  e x p e r i m e n t s .  The  t e m p e r a t u r e  was  
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Fig. 3. Dissociation of Mn203. Pressure-time relationship, showing 
effect of varying temperature and pressure intentionally. 

a l t e r ed ,  t h r e e  t imes  up  and  fou r  t imes  down.  In  a d -  
d i t i on  the  p r e s s u r e  was  c h a n g e d  b y  s u d d e n l y  a l t e r -  
ing t h e  m e r c u r y  l eve l  in  t he  first  m a n o m e t e r ,  fou r  
t imes  to a l o w e r  and  t h r e e  t imes  to a h i g h e r  p r e s -  
sure.  Suff icient  r e a d i n g s  w e r e  t a k e n  w h i l e  e q u i l i b -  
r i u m  was  be ing  r e - e s t a b l i s h e d  to show t h a t  t he  
d i s soc ia t ion  of Mn203 de f in i t e ly  is r eve r s ib l e .  A f t e r  
s u d d e n  changes  in  p r e s s u r e  t he  e q u i l i b r i a  cou ld  
a g a i n  be  e s t a b l i s h e d  in  2-10 hr ,  a p p a r e n t l y  a l i t t l e  
m o r e  r a p i d l y  a f t e r  d e c r e a s i n g  t h e  p r e s s u r e  t h a n  i n -  
c r ea s ing  it. S u d d e n  changes  in t e m p e r a t u r e  w e r e  
obv ious ly  imposs ib l e  b u t  r e q u i r e d  2-4 hr .  H o w e v e r ,  
r a i s ing  the  t e m p e r a t u r e  d i s t u r b e d  the  e q u i l i b r i u m  
for  abou t  20 h r  and  l o w e r i n g  i t  for  a b o u t  100 hr.  
Hence ,  in the  r e v e r s i b l e  r e a c t i o n  6Mn203 ~ 4Mn304 
WO2 t h e  d i s soc ia t ion  is f a s t e r  t h a n  t h e  c ombin a t i on ,  
w h i l e  e q u i l i b r i u m  is b e i n g  e s t ab l i shed .  

Treatment  of Data 
The  t e m p e r a t u r e  and  p r e s s u r e  d a t a  o b t a i n e d  in  

the  two  runs  a r e  g iven  in co lumns  two  a n d  t h r e e  of 
T a b l e  I. I n  t h e  r a n g e  of p r e s s u r e s  (0.18 to  0.92 a t m )  
the  f u g a c i t y  of o x y g e n  differs  f rom the  p r e s s u r e  b y  
less  t h a n  0.05%, and  h e n c e  t h e  a c t u a l  p r e s s u r e s  m a y  
be  used  to o b t a i n  t he  f ree  e n e r g y  b y  t h e  r e l a t i o n :  
AF ~ = - -RTlnpO2 for  t he  r eac t ion :  6Mn2Os(c)  
41VInsO4(c,~) -5 O2(g) .  

F r o m  the  p lo t  (Fig .  2) of l og  pO2 v s .  1 / T  an a p -  
p r o x i m a t e  v a l u e  of •  ~ m a y  be  c a l c u l a t e d  f rom the  
s lope  of t he  s t r a i g h t  l ine  f i t ted  to t he  po in t s  and  

Fig. 2. Dissociation of Mn203. Pressure-temperature relation- 
ship. Equilibrium points shown chronologically, by letters for run 
No. 1 and by numbers for run No. 2. Lines for log p02 vs. 1/T and 
for Y~ vs. 1/T are indistinguishable on the graph. 
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Table I. Temperature and pressure data 

-- 4 .5758 " C o r r e c t i o n "  AY~ 
T, ~  pO~, a r m  l o g  p C c a l / d e g  

A 1158.15 0.2303 +2.9181 --0.0059 +2.9122 
B 1205.15 0.4776 1.4686 --0.0004 1.4682 
C 1165.15 0.2789 2.5375 --0.0041 2.5334 
D 1174.15 0.2974 2.4099 --0.0023 2.4076 
E 1179.15 0.3447 2.1166 --0.0015 2.1151 
F 1205.15 0.5145 1.3206 --0.0004 1.3202 
G 1205.15 0.5289 1.2658 --0.0004 1.2654 

1 1132.15 0.1816 3.3902 --0.0159 3.3743 
2 1183.15 0.3842 1.9010 --0.0011 1.8999 
3 1225.15 0.6987 0.7125 --0.0022 0.7103 
4 1227.15 0.7513 0.5683 --0.0026 0.5657 
5 1228.15 0.7487 0.5751 --0.0028 0.5723 
6 1172.15 0.3671 1.9915 --0.0027 1.9888 
7 1228.15 0.6553 0.8399 --0.0028 0.8371 
8 1231.15 0.6776 0.7735 --0.0035 0.7700 
9 1230.15 0.7263 0.6355 --0.0032 0.6323 

10 1230.15 0.7158 0.6645 --0.0032 0.6613 
11 1247.15 0.9184 0.1692 --0.0071 0.1621 
12 1243.15 0.9132 0.1804 --0.0060 0.1744 
13 1164.15 0.2737 2.5750 --0.0044 2.5706 
14 1162.15 0.2671 2.6235 --0.0048 2.6187 

it  wi l l  apply  s t r ic t ly  for some t e m p e r a t u r e  T~v 
n e a r  the  m e a n  t e m p e r a t u r e  of the  exper iments .  
The en t ropy  change  AS~ m a y  be ob ta ined  f rom 
the  in te rcep t  at 1 /T  = 0 or by  the  r e l a t ion  AS~ = 

o ( A H ~  AF~ However ,  s ince C p is ava i l -  
able  for the subs tances  in  the  above reac t ion  at the  
t e m p e r a t u r e s  of the  exper imen t s ,  the fo l lowing 
me thod  suggested by  P rosen  (14) can be used to 
conver t  the data  to y ie ld  a theore t ica l ly  s t ra igh t  
l ine  plot  of A Y ~  vs. 1/T,  where  this  l ine  is the  
t a n g e n t  to the  A F ~  curve  at a selected t e m p e r -  
a ture .  F u r t h e r m o r e ,  the slope and  in te rcep t  of this  
l ine  give AH ~ and  AS ~ at this  specific t e m p e r a t u r e .  
The  t e m p e r a t u r e  selected was  1200~ The C~ va lue  
for the react ion,  ob ta ined  f rom da ta  g iven  by  K e l -  
ley  (15),  is AC~ = --2.66 --  6.00 x 10-3T + 10.18 x 
105/T e. 

F r o m  the re la t ions  

A Y ~  = ( AH~ -- AS~ 

and  

• 1 7 6  = - -  4.5758 log pO2 + C 

where  the  correc t ion  

C : - - . A ( H ~  - H~ + • . -  S~ 

= - - 1 / T f A C ~  + f ( ~ C ~  dT 

one obta ins  the correct ions  to be appl ied  to --4.5758 
log pOe to ob ta in  A Y ~  For  the 1200~ reg ion  the  
correc t ion  is g iven  by  

C = 10.2135 --  0.003T --  8,360.33/T + 5.09 x 105/T 2 

--2.661nT/1200 

In  c o l u m n  5 of Table  I the correct ions  are l is ted 
and  in  co lumn  6, • 1 7 6  for each e q u i l i b r i u m  ob-  
servat ion.  Since the correct ions  shown in  the  tab le  
are  small ,  the  s t ra ight  l ine  der ived  by  the me thod  of 
leas t  squares,  r e l a t ing  A Y ~  to 1/T,  coincides in  
Fig. 2 wi th  the l ine ob ta ined  for log pOe vs. 1/T.  
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The cons tan ts  of this  s t ra igh t  l ine  A Y ~  = 
( •176 -- ~S~ become 

AH~ 1200 41.2___1.2 kcal  1 

a nd  
A o S 1~00 = 32.9+--1.0 ca l /deg  

The unce r t a in t i e s  g iven  above  are  the  s t a n d a r d  de-  
v ia t ions  ob ta ined  by  the  me thod  of least  squares .  

If one adds to these cons tan ts  5.185 kcal,  (H,200 - -  
H29s), and  4.75 ca l /deg ,  ($1200 --  $29s), ca lcu la ted  
f rom the t a bu l a t e d  hea t  con ten t  and  e n t r opy  da ta  
g iven  by  Kel ley  (15) for the  subs tances  involved ,  
the r e s u l t a n t  cons tan ts  become 

AH~ = 46.4--+1.2 kcal  
and  

A ~ S egs = 37.7+-1.0 ca l /deg  

The above va lues  m a y  now  be compared  wi th  
those g iven  in  the  l i t e ra ture .  F r o m  the da ta  t a b u -  
la ted  by  Rossini  et al. (16) 67.0 kcal  is ca lcu la ted  
for AH~ for the react ion.  The hea t  of f o r ma t ion  
of Mn203 is v e r y  unce r t a in .  F r o m  the hea t  of for-  
ma t ion  of Mn~O4 t a k e n  to be correct  as --331.4 kcal,  
and  the  n e w  heat  of reac t ion  g iven  above,  the  hea t  
of fo rma t ion  of Mn203 (AH~ is ca lcu la ted  to be 
--228.7-+0.2 kcal.  This  va l ue  is in  fa i r  a g r e e m e n t  
wi th  the  --229.2 kcal  g iven  by  B r e w e r  (10) and  
Cough l in  (11) a nd  the  --228.4 kcal  e s t ima ted  by  
Mah (17).  However ,  these va lues  differ w ide ly  f rom 
the --232.1 kcal  g iven  by  Rossini  et al (16).  

The  ne w  e n t r opy  va lue  of AS~ m a y  also be 
compared  wi th  tha t  g iven  in  the  l i t e ra ture .  Glassne r  
(18) gives the en t ropies  at 298 ~ for MneOs(c) ,  
Mn~O4(c ,a) ,  and  Oe(g) as 26.4, 35.5, and  49.0 ca l /  
deg mole, respect ively.  These  y ie ld  32.6 c a l / d e g  for 
the dissociat ion react ion,  which  is 5.1 ca l /deg  lower  
t han  the va lue  r e su l t ing  f rom the  p resen t  s tudy.  
There  is l i t t le  doub t  of the correctness  of the  en -  
t ropy  of oxygen.  The  e n t r opy  of Mn203(c)  g iven  
above was d e t e r m i n e d  r ecen t ly  by  K i n g  (19) and  is 
cons idered  rel iable ,  though  the  r a t h e r  long ex-  
t r apo la t ion  f rom 51 ~ to 0~  in t roduces  some u n -  
cer ta in ty .  On the  o ther  h a n d  the e n t r opy  of 
Mn804(c,  a) was d e t e r m i n e d  by  Mil lar  (20) in  1928 
and  the  m e a s u r e m e n t s  go down  only  to 70~ Also 
Kel ley  and  Moore (21) have  shown  the m e a s u r e -  
me n t s  of Mil lar  con ta in  some errors.  Thus,  the  e r -  
rors  can r ea sonab ly  be ascr ibed  to an  e r ror  in  the  
en t ropy  of MnsO4(c ,a ) .  W h e n  one fou r th  of the  
5.1 ca l /deg  e r ror  is added to the  old va l ue  of 35.5 
ca l /deg  the  n e w  va lue  is 36.8 ca l /deg  for 
Mn304 (c, a ) .  

It  should be no ted  tha t  the  hea t  capaci ty  curve  
ob ta ined  by  Todd and  Bonn ickson  (22) for MnO 
shows a h u m p  at l 1 8 ~  wi th  an  en t ropy  con ten t  
of 0.9 ca l /deg ;  the curve  by  Ke l l ey  and  Moore (21) 
for MnO2 shows a h u m p  at 92~ wi th  an  e n t ropy  
con ten t  of 1.1 ca l /deg ;  and  the curve  by  Orr  (23) 
for MneO3 shows a h u m p  at 79~ wi th  an  e n t ropy  
con ten t  of 1.2 ca l /deg.  Al l  of these  oxides show a 
h u m p  wi th  an e n t r opy  con ten t  approach ing  Rln2 
(1.38 ca l / deg ) .  Mi l la r ' s  cu rve  for Mn304 shows 
no h u m p  down to 70~ It is i n t e re s t ing  to suppose 

1 O n e  t h e r m o c h e m i e a l  c a l o r i e  e q u a l s  4 .1840 a b s o l u t e  j o u l e s .  
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91 

R a n g e  of  pOe o r  T e m p e r -  
R e f e r e n c e  T y p e  of i n v e s t i g a t i o n  t e m p e r a t u r e  pOe, a t m  a t u r e ,  ~  

Meyer  and R5tgers (1) 
Honda and Son~ (2) 
Saito (3) 
Simon and Fehe r  (4) 
Kr i i l l  (5) 
Ulich and Siemonsen (6) 
Ta t i evskaya  (7) 
Brenet  (24) 
Ku lp  and Per fe t t i  (25) 
Hahn and Muan (9) 
Grasse l ly  and Kl iv~nyi  (26) 
FSldvar i -Vogl  and Koblenz (27) 
McMurdie  (8) 
Presen t  work  
Brewer ,  Glassner  (10, 18) 

T h e r m o g r a v i m e t r y  0.2 and 1.0 atm 1.0 1363 
Magnet ic  suscept ib i l i ty  Assume 1 atm air  0.2 1200 
T h e r m o g r a v i m e t r y  Assume 1 a tm air  0.2 1123 
O2 pressure  measured  To 1573~ 0.013 1143 
T h e r m o g r a v i m e t r y  1173~ ~ Unknown <1223 
Ca lo r ime t ry  only - -  - -  - -  
02 pressure  measured  1000~176 0.05 1100 
T h e r m o g r a v i m e t r y  To about  1300~ Unknown 1143 
Different ial  t he rma l  analysis  To about  1300~ 0.2 1278 
X-rays ,  t h e r m o g r a v i m e t r y  0.2, 0.46, and 1.0 a tm 1.00 I241 
Heat,  then  chem. analysis  733~176 0.2 1153 
Different ial  t he rma l  analysis  373~176 0.2 >1223 
Different ial  t he rma l  analysis  373 ~176 0.2 1243 
O2 pressure  measured  0.2-1 arm 1.000 1252 
Colla t ion and computa t ion  1 1620" 

* I n  p r i v a t e  c o m m u n i c a t i o n  to t h e  a u t h o r  D r .  B r e w e r  s t a t e s  t h e  t e m p e r a t u r e  s h o u l d  r e a d  1350~ 

t ha t  the  1.3 c a l / d e g  e r r o r  in M i l l a r ' s  v a l u e  is due  
to t he  fac t  t h a t  he  d id  no t  c a r r y  his  e x p e r i m e n t s  to 
low e n o u g h  t e m p e r a t u r e s  w h e r e  a h u m p  p o s s i b l y  
exis ts .  

T a b l e  II  l is ts  v a r i o u s  t y p e s  of i n v e s t i g a t i o n s  p e r -  
t a i n ing  to t he  Mn203-Mn~O4-O2 r e a c t i o n  r e p o r t e d  
in the  l i t e r a t u r e ,  showing  the  r e c o r d e d  t e m p e r a t u r e s  
and  p re s su res .  I t  is to be  o b s e r v e d  t h a t  t e m p e r a t u r e s  
r e q u i r e d  to p r o d u c e  a g iven  p r e s s u r e  such  as 1 arm,  
are,  w i t h  t he  e x c e p t i o n  of the  one g i v e n  b y  H a h n  
and  M u a n  (9) ,  m u c h  h i g h e r  t h a n  those  o b t a i n e d  in 
the  p r e s e n t  s tudy .  T h e r e  m i g h t  h a v e  been  even  
c loser  a g r e e m e n t  w i t h  H a h n  and  Muan,  if  t hese  
i n v e s t i g a t o r s  h a d  no ted  p rec i se  o x y g e n  p re s su re s .  
( A p p a r e n t l y  t h e y  r e l e a s e d  effluent  gases  to the  a i r  
a t  the  p r e v a i l i n g  a t m o s p h e r i c  p r e s s u r e s . )  Also  the  
MnO2 spec imens  used  m a y  h a v e  been  of  a d i f fe ren t  
a l l o t rop i c  f o r m  a n d  the  n a t u r e  of the  r e s u l t i n g  
Mn20~ m a y  have  d i f fe red  s o m e w h a t ,  e v e n  t h o u g h  
the  a l p h a  f o r m  w o u l d  h a v e  b e e n  the  s t ab le  one in 
bo th  inves t iga t ions .  

F i g u r e s  4 and  5 show the  p r e s s u r e - t e m p e r a t u r e  
r e l a t i o n s h i p  d e r i v e d  f r o m  the  p r e s e n t  i n v e s t i g a t i o n  
( c u r v e  1) a n d  e x t e n d e d  b y  the  use  of t he  h e a t  
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Fig. 4. Dissociation of Mn203. Pressure-temperature relationship. 
Curve 1, Present work, (heavy line is for the range of present 
experimental investigation); curve 2, Meyer and RStgers; curve 2A, 
Tatievskaya; curve 3, Cough/in and Dushman. 
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Fig. 5. Dissociation of Mn203. Pressure-temperature relation- 
ship. Range 0.1 to 1 atm. Curve 1, Present work; curve 2, Meyer 
and R6tgers; points 4, Hahn and Muan. 

con ten t  and  e n t r o p y  d a t a  (15) .  Also  s h o w n  a re  the  
e x p e r i m e n t a l  po in t s  due  to M e y e r  a n d  RStge r s  (1 ) ,  
H a h n  and  M u a n  (9) ,  and  T a t i e v s k a y a  et al. (7) .  
The  d o t t e d  l ine  r e p r e s e n t s  the  p r e s s u r e - t e m p e r a t u r e  
r e l a t i o n  d e r i v e d  f r o m  the  o l d e r  d a t a  Cough l in  (11) 
gave.  

Conclusions 

A m e t h o d  has  been  d e v e l o p e d  for  t he  p rec i se  and  
v e r y  d e p e n d a b l e  con t ro l  of t e m p e r a t u r e  of a f u r -  
nace  and  for  t he  p rec i se  m e a s u r e m e n t  of  o x y g e n  
p r e s s u r e  in a c losed  sys tem.  

I t  has  been  l e a r n e d  in the  s t u d y  of t he  d i s soc ia t ion  
of Mn203 tha t  a t r u e  e q u i l i b r i u m  can  be  ob ta ined .  
Thus  t h e  e q u a t i o n  is 

6Mn203 ~ 4Mn304 § 02 

A d i s t u r b a n c e  of t he  e q u i l i b r i u m  b y  a change  of 
t e m p e r a t u r e  of t he  ox ide  or  a change  of o x y g e n  
p r e s s u r e  shi f ts  t he  e q u i l i b r i u m  to abso rb  the  s tress .  
The  r e v e r s e  ac t ion  has  been  f o u n d  to be  m u c h  s lower  
t h a n  the forward. 

At an oxygen pressure of 1.000 atm the equilib- 
rium temperature is 979~ (1252~ while in air 
at 1.000 atm it is 871~ (I144~ 

Based on the present data and the data in the 
literature, the following thermodynamic constants 
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are  cons idered  to be the  most  re l i ab le  ones ava i l -  
able  at p r e sen t  

JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

$a298.15, A/-{f ~ 29s.15, 

c a l / d e g  kcal  

MneO~ (c) 26.4 (19) --228.7 

Mn304(c,  a)  36.8 --331.4 (16) 

02 49.0 (16) 0 

For  the  reac t ion:  

6Mn203(c)  ~ 4Mn804(c,  a)  -}- O2(g) 

AH~ = 46.4 kcal  

AS~ = 37.7 ca l /deg  

AF~ = 35.2 kcal  
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The Effect of Internal Oxidation on the Plastic Deformation of 
Silver-Aluminum Single Crystals 

M. J. Marcinkowski and Dorothy F. Wriedt 
Edgar C. Bain Laboratory for Fundamental  Research, 

United States  Steel  Corporation Research Center,  Monroevil le ,  Pennsylvania  

ABSTRACT 

The critical resolved shear stresses for slip and twinn ing  have been ob- 
tained for a series of in te rna l ly  oxidized Ag-A1 single crystals containing from 
0 to 1.35 a/o A1. It  was found that  both these stresses increased with A1 addi- 
tions. The stress for slip, however, increased at a much more rapid rate, so that  
twinn ing  was often the preferred mode of deformation at the higher A1 con- 
centrations. Using the model of Wriedt  and Darken for the oxide particles, a 
theory has been developed which is in  principle the same as that  proposed by 
Kelly and Nicholson. Specifically it  involves the cut t ing of the oxide particles 
by a highly flexible dislocation line. This theory leads to an equation of the 
type 

T = TAg *~- ( Z ' O X  - -  TAg) fA,AI I/2 

The present experimental results are in satisfactory agreement with this rela- 
tion. Also implicit in the above equation is that z is independent of either the 
size or dispersion of the oxide particles for a fixed A1 concentration, which is 
also in agreement with experimental results. 

The strengthening of metals by internal oxida- this technique consists of choosing a metal such as 
tion was first demonstrated by Meijering and Druy- Ag, Cu, or Ni in which oxygen diffuses very rapidly, 
vesteyn (I) and by Meijering (2) in 1947. In brief, and which has very little affinity for oxygen. A 
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per  cent  or more  of a second e l emen t  such as A1, 
St, Mg, Mn, or Ti for which  oxygen  has a s t rong 
affinity is added;  the  a l loy is a n n e a l e d  in  oxygen  
or air  at a su i tab le  t empera tu re .  Since oxygen  di f -  
fuses m u c h  more  r ap id ly  t h a n  the solute e lement ,  
a fine s table  d ispers ion  of oxide par t ic les  is formed,  
which  impar t s  a m a r k e d  s t r e n g t h e n i n g  to the base 
metal .  M a r t i n  and  Smi th  (3) have  shown tha t  a 
la rge  increase  in  creep res is tance  is ob ta ined  af ter  
oxidiz ing po lyc rys ta l l ine  Cu-A1 and  Cu-S i  alloys. 
These same inves t iga to rs  (4) have  also s tudied  the 
effect of i n t e r n a l  ox ida t ion  on the fa t igue  proper t ies  
of s imi la r  Cu alloys. In  addi t ion,  Gregory  and  S mi t h  
(5) have  car r ied  out  a s tudy  of the  tens i le  p rop -  
ert ies  of po lyc rys t a l l i ne  Ag-A1 and  A g - S i  al loys 
which  were  oxidized at va r ious  t e m p e r a t u r e s  in  
order  to produce  var ious  degrees of oxide d i sper -  
sion. 

Whereas  po lyc rys ta l l ine  specimens,  because  of 
i n t e r c rys t a l l i ne  br i t t leness ,  show l i t t le  or no duc t i l -  
ity, depend ing  on the  solute concen t r a t i on  and  the  
oxid iz ing  t e m p e r a t u r e  (1, 2, 5), s ingle  crys ta ls  have  
been  repor ted  to be comple te ly  duct i le  (1, 2). How-  
ever,  no deta i led  inves t iga t ion  has been  made  of 
the plast ic  behav io r  of i n t e r n a l l y  oxidized s ingle  
crystals.  The purpose  of the  p re sen t  inves t iga t ion ,  
therefore ,  was  to u n d e r t a k e  such a s tudy.  The me ta l  
chosen was  s i lver  con t a in ing  va r ious  a m o u n t s  of A1 
as solute. This  choice was  made  because  Ag20 is 
u n s t a b l e  above 190~ at a tmospher ic  pressure ,  whi le  
the  oxide of A1 is one of the  most  s table  known .  
F u r t h e r m o r e ,  si lver,  which  is one of the softest of 
metals ,  is h a r d e n e d  by  a d ispers ion  of A1203, which  
is one of the  ha rdes t  subs tances  known ,  so tha t  the  
s t r e n g t h e n i n g  effect should  be opt imized  in  this  
alloy. A deta i led  inves t iga t ion  of the  m a n n e r  in 
which  the  a m o u n t  and  d ispers ion  of the  oxide p a r -  
ticles can  be var ied  as a f unc t i on  of A] concen t r a t i on  
and  oxidiz ing t e m p e r a t u r e  has been  made  by  Wr ied t  
and  D a r k e n  (6) ,  por t ions  of which  have  been  p re -  
sented  in  D a r k e n ' s  1961 Campbe l l  Memor ia l  Lec tu re  
(7) .  These resul t s  wi l l  be d r a w n  on ex tens ive ly  in  
the  p re sen t  s tudy.  

The  fo rma t  fo l lowed in  this  paper  is to discuss 
first the  e x p e r i m e n t a l  resul ts  in  a v e r y  genera l  way.  
The l a t t e r  por t ion  of the paper  t h e n  a t t empts  to 
reconci le  these  resu l t s  w i t h  the  p r e s e n t  theor ies  of 
d ispers ion  s t r eng then ing ,  a long  wi th  some new  ones 
which  have  evolved f rom the p re sen t  inves t iga t ion .  

Experimental Procedure 
The ma te r i a l s  used  in  the  p re sen t  i nves t iga t ion  

were  99.9999% Cominco Ag and  99.99% Alcoa re -  
search A1. Al l  me l t i ng  was car r ied  out in  molds  
fabr ica ted  f rom Na t iona l  Carbon  C o m p a n y ' s  u l t r a  
high p u r i t y  g raph i te  grade  A G K S P  spectroscopic rod 
in a hor izon ta l  zone pur i f ica t ion  u n i t  u n d e r  an  a t -  
mosphere  of pur i f ied  hydrogen .  Before al loying,  the  
Ag was  first degassed by  pass ing  a mo l t en  zone 
t h rough  it at a ra te  of 20 i n . / h r  to r emove  t races  
of dissolved oxygen.  

Because  of the la rge  d i spar i ty  in  the  densi t ies  of 
Ag and  A1, and  since homogene i ty  was a p r i me  
requis i te  in  the  p resen t  inves t iga t ion ,  the fo l lowing 
e labora te  p rocedure  was car r ied  out  in  order  to i n -  
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sure a u n i f o r m  d i s t r i bu t i on  of solute e lement .  A 
mas t e r  al loy con ta in ing  the  desired a m o u n t  of A1 
was first p r epa red  f rom a por t ion  of the  degassed 
Ag bar.  This  mas t e r  al loy was  rol led to the same 
l eng th  as the  una l l oye d  Ag ba r  and  placed on top 
of it; the  two were  t hen  zone leveled  at a ra te  of 
12 i n . / h r  in  bo th  the  fo rward  and  reverse  direct ions.  
The resu l t ing  ingot  was cold rol led in to  a sheet  
0.080 in. th ick  a nd  cut  in to  a r e c t a n g u l a r  ba r  shaped 
at one end w i t h  a nuc l ea t ion  poin t  which  was  sepa-  
ra ted  f rom the  m a i n  por t ion  of t h e  ba r  by  a smal l  
constr ic t ion.  This ba r  was  placed in  an  iden t i ca l ly  
shaped spli t  g raph i te  mold  for the c rys ta l  g rowing  
pass d u r i n g  which  a hor izon ta l  zone was  passed 
t h r ough  it s t a r t ing  f rom the  po in t  end  at a ra te  of 
1/2 i n . / h r .  A l t h o u g h  su i tab le  crysta ls  could be ob-  
t a ined  in  this  way,  more  t h a n  half  the a t t empts  
p roved  unsuccess fu l  m a i n l y  because  of the profuse  
f o r ma t i on  of g rowth  twins  a n d / o r  a l ineage  s t ruc -  
ture.  Re c t a ngu l a r  crysta ls  3 in. long by  3/s in. wide  
were  cut f rom the  la rger  crystal .  Ana lys i s  of the 
m a t e r i a l  ad j acen t  to bo th  ends  of each four  speci-  
mens  gave the average  A1 concen t ra t ions  shown in  
Tab le  I where  the co r respond ing  va r i a t i ons  f rom end 
to end  are also included.  The composi t ion  va r i a t i on  
over the 11/4 in. gauge l eng th  was  of course m u c h  
smal ler .  The oxidiz ing t r e a t m e n t  for each of the  
spec imens  as wel l  as the a tom rat io of O to A1 r e su l t -  
ing f rom each of these annea l s  are also g iven  in  
Tab le  I. The  difference in  the oxidiz ing annea l s  is not  
cons idered  to be s ignif icant  since Wr ied t  and  D a r k e n  
(6) have  shown tha t  bo th  the ha rdness  and  yie ld  
s t r eng th  of i n t e r n a l l y  oxidized po lyc rys ta l l ine  alloys 
are p rac t ica l ly  i n d e p e n d e n t  of the oxidiz ing t e m -  
pera tu re .  In  order  to r emove  a ny  possible steep 
g rad ien t s  in  oxide concen t r a t i on  exis t ing  at the 
surfaces of the  specimen,  0.020 in. of me ta l  were  r e -  
moved  f rom each face. F l a t  tens i le  spec imens  wi th  
a cross section of 0.040 x 0.250 in. and  a gauge l eng th  
of 11/4 in. were  t hen  prepared .  In  order  to e l imina te  
a n y  de fo rma t ion  d u r i n g  the f ab r i ca t ion  of the  speci-  
mens,  all  cu t t ing  and  p l a n i n g  opera t ions  were  car r ied  
out w i th  a Se rvomet  electr ic  spark  cu t t ing  machine .  
The  samples  were  f inal ly  e lec t ropol ished in  a 9% 
KCN electrolyte .  Al l  five spec imens  were  pu l led  at 
room t e m p e r a t u r e  in  an  I n s t r on  tens i le  t es t ing  m a -  
chine  w i th  the  cross head  speed set at  0.02 i n . / m i n .  
The  flat smooth ends  of the spec imen were  ade-  
qua t e ly  held b e t w e e n  flat grips to which  was ce- 
m e n t e d  No. 240 e me r y  cloth. E v e n  at loads of up to 
1000 lb (five t imes  the m a x i m u m  load e nc oun t e r ed  
in  this  inves t iga t ion )  no  s l ipping  in  the  grips was  
detected.  

Experimental Results and General Discussion 
The in i t i a l  tens i le  axis o r i en ta t ions  of the  five 

s ingle  crys ta ls  used in  the p resen t  i nves t iga t ion  are 
shown by  the  symbols  wi th  the ident i f ica t ion 1 in 
the  un i t  s te reographic  t r i ang l e  of Fig. 1. On the as-  
s u m p t i o n  tha t  slip took place on the p r i m a r y  sys-  

t em (111)[101] ,  the s t r e s s - s t r a in  curves  for each 
spec imen  were  p lo t ted  as shown  in  Fig. 2 b y  us ing  
the  re la t ion  

F 
= - -  cos r cos X [1] 

A 
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Fig. 1. Points inside unit stereographic triangle show the manner 
in which the tensile axes of the five single crystals rotated during 
plastic deformation. 
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Fig. 2. Stress-strain curves obtained from the five crystals listed 
in Table I. 

w h e r e  r is the  r e s o l v e d  shea r  s t ress ,  F the  a p p l i e d  
load  a long  the  t ens i l e  axis ,  A the  c ro s s - s ec t i ona l  
a rea ,  r t h e  ang le  b e t w e e n  the  t ens i l e  ax i s  and  s l ip  
p lane ,  and  k t he  ang le  b e t w e e n  the  t ens i l e  ax i s  and  
sl ip d i rec t ion .  Because  of t he  c o m p l e x i t y  of t he  d e -  
f o r m a t i o n  w i t h  i nc r ea s ing  s t ra in ,  no a t t e m p t  was  
m a d e  to p lo t  t r ue  s t r e s s - s t r a i n  cu rves  in Fig .  2. 
Spec i f i ca l ly  �9 for  a l l  s t r a in s  is b a s e d  on the  in i t i a l  
v a l u e s  of ~b, k, and  A, w h i l e  the  s t r a in  is shown  s i m -  
p l y  as  p e r  cent  e longa t ion .  The  s impl i f ica t ion ,  h o w -  
ever ,  does not  affect  the  q u a l i t a t i v e  f e a t u r e s  of these  
curves .  

A n  ana lys i s  of the  d e f o r m a t i o n  m a r k i n g s  d u r i n g  
the  e a r l y  s tages  of flow show t h a t  t h e y  w e r e  caused  
b y  sl ip on the  p r i m a r y  sl ip p l anes  (111) .  As  e x -  
pec ted ,  t he  flow s t ress  in  g e n e r a l  i n c r e a s e d  because  
of w o r k  h a r d e n i n g  in these  e a r l y  s tages  of d e -  
fo rma t ion .  On the  o t h e r  hand ,  a f t e r  a p p r o x i m a t e l y  
8%,  0%,  and  82% e longa t i on  in t he  1.03 a tomic  p e r  

cen t  ( a / o )  A1, 0.71 a / o  A1, and  0 a / o  A1 spec imens ,  
r e spec t i ve ly ,  f low c o n t i n u e d  a t  a n e a r l y  cons t an t  
s t ress  l eve l  u n t i l  f r a c t u r e  occur red .  In  t he  case  of 
t h e  l a t t e r  two  spec imens ,  th is  s t ress  was  no t  qu i t e  
cons tan t ,  b u t  i t  o sc i l l a t ed  b e t w e e n  n a r r o w  l imi t s  
g iv ing  r i se  to a s e r r a t e d  p l a t eau .  T h e s e  r eg ions  of zero  
w o r k  h a r d e n i n g  w e r e  a l l  i n i t i a t e d  b y  the  f o r m a t i o n  
of v e r y  p r o n o u n c e d  d e f o r m a t i o n  b a n d s  w h i c h  s p r e a d  
f r o m  a s ingle  r eg ion  and  i n c r e a s e d  in  t h i cknes s  w i t h  
i nc r ea s ing  s t r a in  as can  be  seen  b y  the  d a r k  b a n d s  in 
Fig.  3a, or  else t h e y  f o r m e d  d i s c o n t i n u o u s l y  f r o m  a 
n u m b e r  of d i f fe ren t  r eg ions  a long  the  spec imen  
g a u g e  l e n g t h  as in  Fig.  3b. The  fac t  t h a t  r e p e a t e d  
po l i sh ing  and  e t ch ing  f a i l ed  to r e m o v e  these  m a r k -  
ings  s t r o n g l y  sugges t ed  t h a t  t h e y  w e r e  d e f o r m a t i o n  
twins .  

Because  of t he  l a r g e  a m o u n t  of d i s to r t i on  w i t h i n  
the  l ame l l ae ,  i t  was  no t  poss ib l e  to o b t a i n  a su i t ab l e  
L a u e  b a c k  re f lec t ion  p a t t e r n  for  pos i t i ve  iden t i f i ca -  
t ion.  H o w e v e r ,  s ince  t he  t w i n  l a m e l l a e  w e r e  f r e -  
q u e n t l y  d i scon t inuous  and  con t a ined  p o r t i o n s  of u n -  
t w i n n e d  and  r e l a t i v e l y  u n d e f o r m e d  c r y s t a l  w i t h i n  
them,  i t  was  poss ib le  b y  us ing  a v e r y  fine c o l l i m a t o r  
to ob t a in  a L a u e  back  ref lec t ion  p a t t e r n  f r o m  these  
u n t w i n n e d  regions .  As  an  e x a m p l e ,  a L a u e  p a t t e r n  
was  o b t a i n e d  f r o m  the  u n t w i n n e d  a reas  2, 3, 4, and  5 
s h o w n  a t  t he  h e a d  of t he  a r r o w s  in Fig .  3a. The  t e n -  
si le axes  c o r r e s p o n d i n g  to these  a r eas  w e r e  p lo t t ed  
s t e r e o g r a p h i c a l l y  in Fig.  1, f r o m  w h i c h  i t  is seen  t ha t  

the  t ens i l e  axis  r o t a t e s  t o w a r d  [211] w h i c h  is t he  d i -  

Fig. 3a. Dark region near fracture is a twin band formed during 
the deformation of an internally oxidized 0.71 a/o AI-Ag alloy. 
Micrograph taken with oblique illumination at 4.5X. 

Fig. 3b. Narrow horizontal discontinuous bands along specimen 
guage length are twin lamellae which resulted from the plastic 
deformation of an internally oxidized 1.03 a/o AI-Ag alloy. Micro- 
graph taken with oblique illumination at 4.SX. 
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rect ion for twinning.  The change of or ienta t ion of 
this axis is p ropor t iona l  to the  amount  of twinned  
volume separa t ing  the un twinned  regions. 

In the case where  only slip occurred, the slip di-  
rect ion is easily de te rmined  from Laue back  re -  
flection pa t te rns  obta ined along the length  of the 
specimen from the least  deformed (and thus least  
ro ta ted)  regions near  the shoulders of the specimen 
to the most h ighly  deformed regions in the necked 
down port ions of the crystal .  The direct ion of ro ta -  
t ion of the tensile axes for the five specimens ob- 
ta ined in this manner  is shown by the dot ted  lines in 
the uni t  s tereographic  t r iangle  of Fig. 1. Increas ing  
identification numbers  in Fig. 1 correspond to re -  
gions of increasing rota t ion along the gauge length.  
I t  is apparen t  that  the 0.71 and 1.03 a /o  A1 specimens 

deform predominan t ly  by twinning in the [211] di-  
rection, whi le  the remain ing  three  crystals  deform by 

slip along [101]. Because of the small  amount  of de-  
format ion by slip in the two former  specimens thei r  

tensi le  axis ro ta t ion toward  [1-01] was not detected.  
These da ta  along with  the slip or twinning  planes 
deduced f rom the deformat ion  traces on the speci-  
men surface are shown in Table I. 

The cri t ical  resolved shear stresses for both slip 
and twinning  are shown in Fig. 4. The cri t ical  r e -  
solved shear stress for twinn ing  was de te rmined  as 
accura te ly  as possible by  measur ing the cross sec- 
t ional  a rea  as well  as the values  of r and k immedi -  
a te ly  adjacent  to the twin  lamellae.  Al though  the 
twinning  stress curve in Fig. 4 is based on resul ts  
obta ined f rom only three  crystals,  it is be l ieved tha t  
the curve indicates  the genera l  re la t ion be tween the 
twinning stress and the stress requi red  to ini t ia te  
slip. On the basis of Suzuki  and Bar re t t ' s  (8) ex ten-  
sive invest igat ion of A g - A u  alloys it is also assumed 
tha t  a cr i t ical  resolved shear  stress for twinning  is 
val id  for the  present  specimens. Blewit t  e t  al. (9) ,  
on the other hand, because of the wide scat ter  in 
thei r  values of the twinning  stress for Cu single 
crystals,  have concluded just  the opposite. According 
to Blewit t  e t  al. (9),  twinning  occurs only when the 
tensi le  axis of the specimen rota tes  to the por t ion 

of the dodecahedra l  p lane lying be tween the [111] 

and [1 13 ] directions.  The present  invest igat ion,  how-  

Table I. Deformation behavior of internally oxidized Ag-AI 
alloys as a function of their O/AI  ratio 

O x i d i z i n g  
AI ,  a / o  t r e a t m e n t  O / A 1  Sl ip  s y s t e m *  Sl ip  s y s t e m *  

0 oc (111)[101]P (111)[121]K 

0.16 • 0.02 10h ra t  1.7 (111) [i01]P None 
800 ~ C 

0.71• 0.04 191br at 1.70 (111) [~101]P (111) [211]P 
600~ 

1.03 • 0.10 21hr at 1.66 (111) [101]P (111) [211]P 
800 ~ 

1.35 • 0.04 6 9 h r a t  1.78 (111) [101]P None 
700~ 

* T h e  su f f ixes  P a n d  K r e f e r  to  t h e  p r i m a r y  a n d  c o n j u g a t e  s y s -  
t e m s ,  r e s p e c t i v e l y .  

~ Z%00C 

I~,ooo 

[ I i i 1 i i I 
m-CRITIDAL RESOLVED SHEJUt STRESS FOR SL IP  
Q- �9 " 11~ tmms 
A-TAKEN FROM SUZUKI ANO BARRETT  (REF D) 
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Fig. 4. Critical resolved shear stress for both slip and twinning 
in internally oxidized Ag-AI alloys as a function of AI concen- 
tration. 

ever, indicates  tha t  twinning occurs only af ter  the 
crys ta l  has work  ha rdened  by  slip to the stress level  
where  twinning can occur. S imi lar  a rguments  have 
been used by Suzuki  and Bar re t t  (8) in thei r  A g - A u  
investigation. In Fig. 4 it is seen that the critical re- 
solved shear stress for twinning in pure Ag is 15 
times that for slip, while in the case of the internally 
oxidized 1.35 a/o Al alloy it is only 1.1 times as 
large. In other words, the critical resolved shear 
stress for twinning is much less sensitive to the oxide 
content than is that for slip. 

On the basis of the two curves in Fig. 4, it is of 
interest to analyze the particular orientations in the 
unit stereographic triangle of Fig. I to see if there 
are any in which one type of deformation is favored 
over the other. This is best seen as follows. If (I 1 i) 
acts as both the slip and twinning plane, Eq. [i] 
says that the ratio of the resolved shear stress on 
this plane between the twinning and slip system is 
cos kT/COS ks, where kT and ks are the angles that 
the twin and slip directions make with the tensile 
axis of the specimen respectively. It is apparent that 
when rT/~S, as determined from Fig. 4, is less than 
cos kT/COS ks, then twinning will occur without any 
prior slip. If this condition is not met, then rs will 
increase because of work hardening until the proper 
ratio is attained, at which point twinning will occur. 
For reference purposes the line AB in Fig. 1 shows the 
locus of tensile axis orientations at which cos },T/COS 

)`S ~ 1, i.e., ~'T ~ "rS- AS this line moves toward the 
left or (001) pole, cos kT/COS ks approaches 0.579; 
whereas when it moves toward the right, that is to- 

ward the (Iii) pole, cos )`T/COS kS approaches 1.16. 
From this analysis it is apparent that pure silver in 
which rT/ZS = 15 will never twin at the yield 
point, but it must first be work hardened to an ap- 
propriate stress level by slip, as is apparent from 
Fig. I and 2. In the case of the 0.16 and 1.35 a/o Al 
specimens, because of the unfavorable position of 
their tensile axis in the unit stereographic triangle, 
fracture occurs before this appropriate stress level 
for twinning is reached. In the case of the 0.71 and 
1.03 a/o Al specimens, cos kT/COS )`s is close to that 
of ZT/TS obtained from Fig. 4, so that the stress level 
for twinning is reached after little or no work 
hardening. In the present analysis it has been tacitly 
assumed that the critical stress for twinning is es- 
sentially independent of the degree of work harden- 
ing by slip. Although the results of Suzuki and Bar- 
rett (8) indicate that this is approximately so, the 
finding is quite surprising in view of the fact that 
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Marc inkowsk i  and  Lips i t t  (10) have  shown tha t  as 
l i t t le  as 3 % plast ic de fo rma t ion  at room t e m p e r a t u r e  
suppresses  t w i n n i n g  comple te ly  at  - -195~ in  chro-  
mium,  a t e m p e r a t u r e  at wh ich  it  occurs p rofuse ly  
w i thou t  p r ior  plast ic deformat ion .  The fact tha t  
t w i n n i n g  in  Ag can occur af ter  82% e longa t ion  i n -  
dicates tha t  there  m a y  be a basic difference b e t w e e n  
the t w i n n i n g  m e c h a n i s m s  in  face cen te red  cubic and  
body cen te red  cubic s t ruc tures .  

In  the discussion of de fo rma t ion  by  t w i n n i n g  it  
would  seem tha t  spec imens  w i th  the i r  axes nea r  the 
[001] pole in  the  u n i t  s te reographic  t r i ang le  of Fig.  1 

would  prefer  to have  [112] as the i r  t w i n n i n g  d i rec-  
t ion. However ,  Venab les  (11) has shown tha t  the  

stress on the t w i n  sys tem (111) [112] would  be such 
as to p roduce  an  ex t r ins ic  fau l t  wh ich  has a p ro -  
h ib i t ive ly  h igh  energy.  

The s t r e s s - s t r a in  curve  for pu re  Ag is qu i te  s imi -  
l a r  to tha t  ob ta ined  by  Hause r  (12).  On the  o ther  
hand,  wi th  increas ing  addi t ions  of A1 and  thus  i n -  
creas ing amoun t s  of oxide, the ra te  of work  h a r d e n -  
ing d u r i n g  the  in i t i a l  stages of de fo rma t ion  ( tha t  
which  occurred by  sl ip)  appears  to increase.  

I t  is also a p p a r e n t  in  Fig. 2 tha t  the a m o u n t  of 
e longa t ion  before  f r ac tu r e  is on ly  5% for  the  1.35 
a /o  A1 specimen.  This specimen,  however ,  gave a 
chisel  type  f rac ture ;  tha t  is, it de fo rmed  in  a qui te  
duct i le  m a n n e r  over  a v e r y  smal l  localized region.  
For  this reason  the o v e r - a l l  duc t i l i ty  was  poor. In  
the case of the  th ree  spec imens  tha t  tw inned ,  f rac-  
tu re  occurred en t i r e ly  w i t h i n  the  t w i n  band .  

N a t u r e  of the Strengthening Mechanism 
Thus  fa r  the  effect of i n t e r n a l  ox ida t ion  on the 

s t r eng th  of Ag-A1 al loys has been  discussed on a 
phenomeno log ica l  basis  and  no a t t emp t  has been  
made  to e x a m i n e  the a tomist ic  p ic tu re  of the  i n t e r -  
ac t ion b e t w e e n  the  oxide par t ic les  and  dislocations.  
Before this  can be done, it is first necessa ry  to k n o w  
someth ing  about  the n a t u r e  of the oxide par t ic les  in 
the s i lver  mat r ix .  A l t h o u g h  Ashby  and  Smi th  (13) 
have  repor ted  the oxide in  i n t e r n a l l y  oxidized Cu-A1 
al loys to be of the T - a l u m i n a  type,  bo th  x - r a y  and  
e lec t ron  diffract ion t echn iques  have  fa i led to revea l  
a c rys ta l  s t r u c t u r e  other  t h a n  pure  Ag in  the  i n t e r -  
na l l y  oxidized Ag-A1 alloys. 

Because  of this lack of direct  e x p e r i m e n t a l  i n -  
format ion ,  on ly  a ve ry  genera l  model  of the oxide 
wi l l  be postula ted.  Specifically, the model  of Wr ied t  
and  D a r k e n  (6) wi l l  be adopted,  in  wh ich  it  is as-  
sumed  tha t  the oxygen  a toms diffuse to the sub -  
s t i t u t i ona l ly  dissolved A1 atoms and  t ake  up  the six 
oc tahedra l  in te rs t ices  s u r r o u n d i n g  it. A n  A1 a tom 
diffusing to an  ad jacen t  subs t i t u t iona l  site unde rgoes  

a s imi la r  ox ida t ion  un t i l  a wel l  defined oxide p a r -  
t icle is formed.  D u r i n g  this  process on ly  a r e l a t ive ly  
smal l  v o l u m e  change  occurs which  can be accom- 
moda ted  e las t ica l ly  by  the ma t r ix .  Also, because  of 
the  s imi la r i ty  in  size b e t w e e n  the s i lver  and  a l u m i -  
n u m  atoms, the  a tom f rac t ion  of A1 atoms 5A,A1 c a n  

be assumed equa l  to the v o l u m e  f rac t ion  of A1 atoms 
fV.A1- The d i ame te r  of the oxide part icles ,  t a k e n  to be 
spheres,  can be found  by  first a s suming  a l i nea r  
r e la t ionsh ip  b e t w e e n  the  o x y g e n - a l u m i n u m  rat io 

O/A1 and  1/:x~N , where  N is the  n u m b e r  of A1 atoms 
associated wi th  an  oxide par t i c le  (6).  It  is also ap -  
p a r e n t  on the basis  of the  W r i e d t - D a r k e n  model  
that ,  O/A1 should h a v e  va lues  of 1 and  6 w h e n  

1/~N takes  the  va lues  of 0 and  1.0, respect ively .  
Using the re la t ionsh ips  descr ibed above,  va lues  of 

1/-~N can be ob ta ined  for the  four  O/A1 rat ios  as 
shown in  Tab le  II. The v o l u m e  associated w i th  a 
g iven  oxide par t ic le  is s imply  N ao8/4 w he r e  ao is 
the edge l eng th  of the  u n i t  cell of Ag, and  the  factor  
of 4 takes  care of the fact tha t  there  are  four  a toms 
in  the fcc un i t  cell. E q u a t i n g  this  to the v o l u m e  of a 
sphere,  4 /3v  ( d / 2 )  3 where  d is the t rue  d i ame te r  of 
the sphere,  the fo l lowing r e l a t ion  can be ob ta ined  

d = 6 . 8 4  x 1 0  - 8  N ~/~ [ 2 a ]  

The m e a n  d i ame te r  di on the  slip p lane  is g iven  as 
(14) 

dl = ~ 2 / 3  d [2b]  

Values  of d and  di d e t e r m i n e d  for these equa t ions  
are l is ted in  Table  II. Next,  by  a r r a n g i n g  the  circles 
of d i ame te r  di on a square  mesh  of edge l eng th  
A on the  slip p l ane  so tha t  A is the  cen te r  to cen te r  
d is tance  be t w e e n  part icles,  and  a s suming  tha t  the 
v o l u m e  f rac t ion  of oxide par t ic les  fv,ox = fV,nl = fA,A1 
is equa l  to the i r  area  f rac t ion  on the slip plane,  one 
ob ta ins  according  to Ke l ly  a nd  Nicholson (14) 

A = - 6  fA,al [3] 

Values  of A ob ta ined  f rom the  above re la t ion  are 
l is ted in  Table  II. I t  is i m p o r t a n t  to note  here  tha t  
h as defined above is essen t ia l ly  the nea re s t  n e i g h -  
bor  d is tance  b e t w e e n  oxide par t ic les  on the  slip 
plane.  Also impl ic i t  in  the  above model  is tha t  the 
oxide par t ic les  r e m a i n  coheren t  wi th  the  A g  mat r ix .  
This appears  r easonab le  in  v iew of the d ive rgen t  
b e a m  x - r a y  back  reflect ion pa t t e rn s  ob ta ined  by  
W e i s s m a n n  and  Wr ied t  (15).  

The  n u m b e r  of d i f ferent  s t r e n g t h e n i n g  m e c h -  
an i sms  tha t  have  evolved over  the  past  two decades 
are qu i te  numerous .  The theor ies  of O r o w a n  (16),  

Table II. Significant parameters associated with the internally oxidized Ag-AI alloys described in Table I which were calculated 
on the basis of the theoretical model of Wriedt and Darken 

A1, a /o  O/A1 1 /3~/N d, cra all, em SA, Ai A . . . . . . .  

0 ~ ec 0 0 0 c~ - -  

0.16 • 0.02 1.7 0.142 48.1 X 10 - 8  39 .2  X 10 - 8  0.0016 866 Y 10 -8 729 X 10 -8 
0.71 -~ 0.04 1.70 0.142 48.1 X 10 -8 39.2 X 10 -8 0.0071 412 X 10 -8 417 X 10 - s  
1.03 • 0.10 1.66 0.133 51.4 X 10 -8 41.9 X 10 -8 0.0103 364 X 10 - s  388 X 10 - s  
1.35 • 0.04 1.78 0.157 43.5 X 10 -8 35.4 X 10 -8 0.0135 270 X 10 -8 320 X 10 -8 
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Fisher ,  Ha r t ,  and  P r y  (17) as we l l  as the  c h e m i c a l  
s t r e n g t h e n i n g  t h e o r y  of K e l l y  and  F i n e  (18) a l l  
d e p e n d  on e i t he r  A or  di alone.  On t h e  o the r  hand ,  
t he  h a r d n e s s  d a t a  of W r i e d t  and  D a r k e n  (6, 7) 
i nd ica t e  t h a t  t he  s t r e n g t h e n i n g  due  to i n t e r n a l  o x -  
ida t ion  in t he  Ag-A1  a l loy  m a y  no t  d e p e n d  on e i t he r  
A or  di a lone.  T h e r e  a r e  a n u m b e r  of t heo r i e s  in 
w h i c h  the  shea r  s t ress  d e p e n d s  on ly  on the  v o l u m e  
f r ac t i on  of p r e c i p i t a t e  or  in t he  p r e s e n t  case  fA,A1. 
The  mos t  n o t a b l e  of t he se  is t h a t  due  to Mot t  a n d  
N a b a r r o  (19-22) .  H o w e v e r ,  th is  t h e o r y  p r e d i c t s  a 
l i nea r  r e l a t i o n  b e t w e e n  ~ and  f, and  in v i ew  of t he  
r e su l t s  shown  in Fig.  4, m u s t  be  r e j ec t ed .  B a s e d  on 
t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  of M e i k l e j o h n  a n d  
S k o d a  (23) ,  A n s e l l  (24) has  also d e v e l o p e d  a t h e o r y  
in w h i c h  r is func t ion  of on ly  t he  v o l u m e  f r a c t i o n  of 
d i s p e r s e d  second  phase  pa r t i c l e s .  H o w e v e r ,  as 
po in t ed  out  b y  K e l l y  and  Nicho l son  (14) ,  t h e r e  a r e  
v e r y  s t rong  objec t ions ,  bo th  e x p e r i m e n t a l  and  t h e -  
ore t ica l ,  a s soc ia t ed  w i t h  t hese  two  l a t t e r  i n v e s t i g a -  
t ions,  respectively. 

Another theory, and one that possesses consider- 
able merit has been described in detail by Kelly and 
Nicholson (14). In particular, it involves the cut- 
ting of t he  p r e c i p i t a t e  p a r t i c l e  b y  the  m o v i n g  d i s -  
locat ion .  In  th is  m o d e l  t he  l a t t i ce  f r i c t ion  s t ress  
of the  pa r t i c l e s  is a s s u m e d  to be  m u c h  l a r g e r  t h a n  
t h a t  of t he  m a t r i x .  C u r i o u s l y  a n d  e r r o n e o u s l y ,  K e l l y  
and  Nicho l son  (14) beg in  t h e i r  d e r i v a t i o n  b y  as -  
suming  a p e r f e c t l y  r i g id  d i s loca t ion  l ine,  w h e r e  in 
fact  t h e i r  t h e o r y  app l i e s  on ly  to one w h i c h  is 
h i g h l y  f lexible .  I t  w i l l  he  d e m o n s t r a t e d ,  h o w e v e r ,  
in the  fo l lowing  p a r a g r a p h  t h a t  in sp i te  of w h a t  
t h e y  say,  t h e i r  t h e o r y  is i ndeed  v a l i d  for  a h i g h l y  
f lex ib le  d i s loca t ion  l ine.  

On the  bas i s  of w h a t  has  b e e n  sa id  ea r l i e r ,  t he  
ox ide  p a r t i c l e s  can  be  a s s u m e d  to be  p e r f e c t l y  co-  
h e r e n t  w i t h  t he  m a t r i x  a n d  to possess  a s t r u c t u r e  
e s s e n t i a l l y  t he  s a m e  as  t h a t  of t he  m a t r i x .  The  
B u r g e r s  v e c t o r  of t he  d i s loca t ion  w i t h i n  the  p a r t i c l e  
can t hus  be  t a k e n  e s s e n t i a l l y  e q u a l  to t ha t  w i t h i n  
t he  A g  m a t r i x .  F o r  i l l u s t r a t i v e  p u r p o s e s  t he  ox ide  
p a r t i c l e  conf igura t ion  to be  e x p e c t e d  on the  s l ip 
p l a n e  of t he  i n t e r n a l l y  ox id i zed  0.71 _-_ 0.04 a / o  
A 1 - A g  a l loy  d e s c r i b e d  in Tab les  I and  II  is shown  
in Fig.  5. The  f igure  was  c o n s t r u c t e d  to scale  us ing  
the  va lue s  of di, fA,A1, and  A l i s t ed  in Tab le  II. In  
the  a b s e n c e  of an  e x t e r n a l l y  a p p l i e d  s tress ,  a d i s -  
loca t ion  s e g m e n t  AB wi l l  r e m a i n  e s s e n t i a l l y  s t r a i g h t  
a n d  l ie  in t h e  sof te r  Ag  m a t r i x .  U n d e r  t h e  ac t ion  
of an  e x t e r n a l l y  a p p l i e d  shea r  s t ress  T w h i c h  is j u s t  
b e l o w  the  y i e l d  s t ress ,  t he  d i s loca t ion  l ine  w i l l  t a k e  
the  c u r v e d  shape  s h o w n  b y  A'B'. Two fac to rs  d e -  
t e r m i n e  the  shape  of t he  l ine  A 'B ' .  The  first  is t h a t  
j u s t  u n d e r  t he  y i e ld  s t ress ,  the  d i s loca t ion  l ine  m u s t  
not  pass  t h r o u g h  t h e  pa r t i c l e s .  Second,  u n d e r  th is  
s ame  s t ress  t he  r a d i u s  of c u r v a t u r e  of t he  d i s loca -  
t ion  l ine  at  a n y  po in t  m u s t  not  be  less t h a n  

o~G b 
r [4]  

T 

w h e r e  a is on the  o r d e r  of 1/2, G the  shea r  m o d u l u s  
of Ag  is t a k e n  to be  2.64 x 1011 d y n e s / c m  e, w h i l e  b 
t he  B u r g e r s  v e c t o r  of t h e  d i s loca t ion  l ine  is 2.93 x 
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DIRECTION OF EXTERNALLY 
APPLIED SHEAR STRESS "L" 
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Fig. 5. Schematic illustration showing the response of an initially 
straight dislocation segment AB (ying on the s(ip plane of an 
internally oxidized Ag-AI alloy to a shear stress �9 whose magnitude 
is just below that of the yield stress. The above configuration 
corresponds to the internally oxidized 0.71 • 0.04 a/o AI. 

10 - s  cm. Us ing  the  v a l u e s  of v for  s l ip  shown  in 
Fig.  4, the  v a r i o u s  v a l u e s  of r c a l c u l a t e d  f rom Eq. 
[4]  a r e  l i s t ed  in T a b l e  II. I t  is a p p a r e n t  f r o m  these  
r e su l t s  t h a t  r is on the  o r d e r  of A for  a l l  of t he  
p r e s e n t  a l loys ,  so t h a t  the  d i s loca t ions  a r e  h i g h l y  
f lexible .  This  becomes  i m m e d i a t e l y  a p p a r e n t  b y  r e -  
f e r r i n g  to Fig.  5. On the  o t h e r  hand ,  t he  d i s loca t ions  
a r e  no t  suff ic ient ly  f lex ib le  to b o w  ou t  b e t w e e n  
the  p a r t i c l e s  in  the  m a n n e r  p r e d i c t e d  b y  the  Oro -  
w a n  theo ry ,  s ince  a s imp le  ca l cu l a t i on  shows  t h a t  
th is  w o u l d  g ive  r i se  to  s h e a r  s t ress  m o r e  t h a n  tw ice  
t h a t  o b s e r v e d  in a l l  of the  p r e s e n t  i n t e r n a l l y  o x -  
id i zed  a l loys .  

Because  of t he  l a rge  v a l u e  of  A in t he  p r e s e n t  
a l loys ,  t he  d i s loca t ion  l ine  can  be  t h o u g h t  of as con-  
nec t ing  n e a r e s t  n e i g h b o r  ox ide  pa r t i c l e s ,  i.e., t he  
v a l u e  of A g iven  b y  Eq. [3] .  The  d i s loca t ion  s e g m e n t  
connec t ing  two  such n e i g h b o r i n g  p a r t i c l e s  w i l l  in 
g e n e r a l  be  c u r v e d  and  wi l l  s l ice t h r o u g h  the  p a r -  
t ic les  w i t h  l i t t l e  or  no he lp  f r o m  a d j a c e n t  s e g m e n t s  
of the  d i s loca t ion  l ine.  A schema t i c  i l l u s t r a t i o n  of 
t he  s equence  of e v e n t s  w h e r e b y  an i n i t i a l l y  s t r a i g h t  
d i s loca t ion  l ine  is fo rced  t h r o u g h  a p a i r  of n e i g h -  
b o r i n g  ox ide  p a r t i c l e s  is shown  in Fig .  6a-6d .  If  as 
K e l l y  and  Nicho l son  (14) h a d  a s sumed ,  t he  d i s loca -  
t ion  w e r e  to m o v e  as a r i g id  s t r a i g h t  l ine,  t he  t o t a l  
w o r k s  AW e x p e n d e d  in d r i v i n g  the  d i s loca t ion  
t h r o u g h  the  ox ide  p a r t i c l e s  w i t h  spac ing  A is g iven  
to a good a p p r o x i m a t i o n  b y  

AW ~--- F Adi : FAg (A - -  di)di -~ Fox (di 2) 

: r A g b ( A -  di)di ~- Voxb(di 2) --~ rbAd~ [5]  

This  r e l a t i o n  w o u l d  be  exac t  for  s q u a r e  pa r t i c l e s  of 
edge  l e n g t h  dl. The  subsc r ip t s  A g  and  ox on F and  r 
r e f e r  to the  f r i c t i on  force  p e r  un i t  l e n g t h  and  s t ress  
ac t ing  on the  d i s loca t ion  w i t h i n  t he  s i lve r  m a t r i x  and  
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Fig. 6. More  detai led schematic i l lustration of how o gen- 
erally curved segment of dislocation line such as that  shown in 
Fig. 5 cuts through the oxide particles. 
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Fig. 7. Critical resolved shear stresses, obtained from Fig. 4, 

plotted in accordance with the theoretical relation given by 
Eq. [7b]. 

ox ide  p r ec ip i t a t e ,  r e spec t i ve ly .  The  fac t  t ha t  t he  
d i s loca t ion  is c u r v e d  as i t  moves  t h r o u g h  the  ox ide  
p a r t i c l e s  has  no effect  on Eq. [5] .  This  fo l lows  f r o m  
the  r e a l i z a t i o n  t ha t  on ly  t he  c o m p o n e n t  of fo rce  in 
t he  d i r ec t i on  of the  d i s loca t ion  mot ion ,  F cos 0 ac t ing  
on a d i s loca t ion  s e g m e n t  dl' = dl /cos  0, does  work .  
R e f e r r i n g  to Fig.  6, t he  to ta l  force  ac t ing  on the  
c u r v e d  d i s loca t ion  s e g m e n t  in t he  A g  m a t r i x  and  
in t he  d i r ec t i on  of mo t ion  of the  d i s loca t ion  l ine  is 
t h e r e f o r e  

ylo ~Ag cos ~ dr  = Fo-~i  FAgdZ = ~ g ( A - -  di) [6]  

which  is t he  s a m e  as t ha t  g iven  in Eq. [5]  for  the  
s t r a i g h t  r i g id  d i s loca t ion  l ine.  S ince  the  d i a m e t e r  of 
t h e  ox ide  pa r t i c l e s  is qu i t e  smal l ,  no change  in t he  
shape  of the  d i s loca t ion  l ine  is e x p e c t e d  to occur  
b e t w e e n  s t age  (b )  and  (c)  in Fig .  6. A f t e r  t he  d i s -  
loca t ion  s e g m e n t  passes  t h r o u g h  the  pa r t i c l e s ,  i t  
s t r a i g h t e n s  i t se l f  m o r e  or  less, r e l e a s i n g  mos t  of i ts  
l ine  e n e r g y  due  to c u r v a t u r e ,  to t h e r m a l  v i b r a t i o n s  
w i t h i n  the  c rys ta l .  In  no case  does  t he  c u r v a t u r e  of 
the  d i s loca t ion  l ine  e n t e r  in to  the  w o r k  of d r i v i n g  i t  
t h r o u g h  the  ox ide  pa r t i c l e s ,  i.e., sequence  (b )  and  
(c)  in Fig.  6. 

C o m b i n i n g  Eq. [2b] ,  [3] ,  and  [5]  l eads  to t he  fo l -  
l owing  r e l a t i o n s h i p  

r = rng + (fox --  rag) 1.13 fn,Al 1/2 [7a ]  

The  above  r e l a t i o n  is in p r i n c i p l e  the  same  as t h a t  
o b t a i n e d  b y  K e l l y  and  Nicholson  (14) ,  b u t  e x -  
p r e s s e d  in t e r m s  of t he  d i s loca t ion  f r i c t ion  s t resses  
in  bo th  t he  A g  m a t r i x  and  the  ox ide  pa r t i c l e ,  i n -  
s t ead  of t he  specific e n e r g y  V as soc ia t ed  w i t h  t he  
s h e a r e d  p r e c i p i t a t e  in te r face .  Also  if t he  s ame  m e a n  

w i d t h  of p r e c i p i t a t e ,  d - =  ~r /~ /6-d /2  used  b y  K e l l y  
and  Nicho l son  (14) w e r e  used  in Eq. [5]  in p l ace  of 
di the  f ac to r  of 1.13 w o u l d  be  r e p l a c e d  b y  1/1.13. 
H o w e v e r ,  in  v i e w  of t he  u n c e r t a i n t i e s  a s soc ia t ed  
w i t h  the  bes t  choice of g e o m e t r i c  f ac to r s  in t he  p r e s -  
en t  ana lys i s ,  Eq. [7]  can  be w r i t t e n  for  conven i ence  
w i t h o u t  loss of p rec i s ion  as 

r ~ TAg 2V ( fox  - -  TAg) ~A,AI 1/2 [7b]  

Thus  acco rd ing  to Eq. [7b] ,  r shou ld  v a r y  w i t h  
fA,A11/2 and  be  i n d e p e n d e n t  of the  s ta te  of d i spe r s i on  
of t he  oxide .  This  is in a g r e e m e n t  w i t h  t he  m i c r o -  
h a r d n e s s  d a t a  of W r i e d t  and  D a r k e n  (6)  and  D a r k e n  
(7) .  The  d a t a  of Fig.  4 a r e  p lo t t e d  a ga in s t  fA,A] 1/2 in 
Fig.  7. A l t h o u g h  t h e r e  is some sca t t e r  in r, the  d a t a  
fa l l  qu i t e  close to a s t r a i g h t  l ine.  F r o m  the  i n t e r c e p t  
and  s lope  of t he  l ine  a s soc ia t ed  w i t h  s l ip  in  Fig .  7, 
TAg and  fox a re  f o u n d  to be  1500 psi  and  138,000 psi,  
r e spec t i ve ly .  In  v i e w  of  t he  h igh  h a r d n e s s  of a l u m i -  
n u m  ox ides  in gene ra l ,  t he  a b o v e  v a l u e  for  the  s t ress  
to move  a d i s loca t ion  t h r o u g h  the  ox ide  does  no t  
a p p e a r  to  be  u n r e a s o n a b l y  la rge .  

A l t h o u g h  the  f lex ib le  d i s loca t ion  m o d e l  g ives  a 
f unc t i ona l  r e l a t i o n s h i p  w h i c h  ag rees  w e l l  w i t h  e x -  
p e r i m e n t ,  the  l a ck  of d e t a i l e d  k n o w l e d g e  conce rn ing  
the  n a t u r e  a n d  m a g n i t u d e  of t he  f r i c t i on  s t ress  
w i t h i n  t he  oxide ,  p r e c l u d e s  f u r t h e r  ve r i f i ca t ion  of the  
model .  F o r  th is  r ea son  o the r  d i s loca t ion  mode l s  such 
as cross  s l ip  a r o u n d  the  p a r t i c l e  canno t  be  r u l e d  out  
comple t e ly .  P r e l i m i n a r y  t r a n s m i s s i o n  e l ec t ron  m i -  
c roscopy  o b s e r v a t i o n s  on i n t e r n a l l y  ox id i z ing  A g - A 1  
a l loys  (7, 25) h a v e  s h o w n  the  p r e s e n c e  of l a r g e  n u m -  
be r s  of e longa t ed  d i s loca t ion  loops  a f t e r  d e f o r m a t i o n  
w h i c h  seem to s u p p o r t  th is  model .  I t  is no t  y e t  
k n o w n  w h e t h e r  th is  b e h a v i o r  is c h a r a c t e r i s t i c  of t he  
ox id ized  a l loys  or  the  A g  i tself .  A ser ious  d i f f icul ty  
w i th  t he  cross  s l ip  m o d e l  is t h a t  A g  has  a r e l a t i v e l y  
low s t a c k i n g  f au l t  ene rgy .  The  fac t  t ha t  t w i n n i n g  b e -  
comes more  f r e q u e n t  in the  ox id i zed  a l loys  sug-  
ges ts  t ha t  t w i n n i n g  d i s loca t ions ,  w h i c h  canno t  cross  
sl ip,  p r o b a b l y  s h e a r  the  o x i d e  pa r t i c l e s .  A s im i l a r  
shear ing '  b y  r e g u l a r  s l ip d i s loca t ions  could,  t he re fo re ,  
also be  expec ted .  If  the  ox ide  pa r t i c l e s  a r e  i ndeed  
s h e a r e d  d u r i n g  p la s t i c  d e f o r m a t i o n ,  t hen  th is  shou ld  
l e ad  to the  f o r m a t i o n  of ox ide  in t e r f aces  in w h i c h  
t h e r e  a r e  u n b o n d e d  a t o m s  of A1 w i t h  O. This  f ea -  
t u r e  shou ld  m a n i f e s t  i t se l f  as an  a d d i t i o n a l  w e i g h t  
ga in  on f u r t h e r  o x i d a t i o n  a t  e l e v a t e d  t e m p e r a t u r e s .  

The  final topic  of i n t e r e s t  in th is  i nve s t i ga t i on  con-  
ce rns  an ana lys i s  of t he  t w i n n i n g  m e c h a n i s m .  I t  is 
g e n e r a l l y  a s s u m e d  t h a t  t h e  c r i t i ca l  s t ress  fo r  t w i n -  
n ing  r T invo lves  t he  s t ress  n e c e s s a r y  to f o r m  the  
f irst  l a y e r  of t he  t w i n  l ame l l a .  This  l a y e r  is s i m p l y  



Vol. 111, No. 1 

a s t ack ing  f a u l t  f o r m e d  b y  t h e  m o t i o n  of a 1 /6  ao 
< 1 1 2 >  t y p e  p a r t i a l  or  t w i n n i n g  d i s loca t ion  in  t he  
(111) p l a n e  r e s u l t i n g  f rom the  fo l lowing  d i s loca t ion  
r e a c t i o n  (26) 

1/2  ao [110] --> 1/3 ao [111] + 1/6 ao [112] 

Models  b a s e d  on th is  m e c h a n i s m  have  been  used  b y  
V e n a b l e s  as we l l  as S u z u k i  and  B a r r e t t  (8) .  The  
s imples t  model ,  d e s c r i b e d  above ,  w i l l  be  used  in the  
p r e s e n t  ana lys i s .  In  v i ew  of t he  success  of t he  r i g id  
dislocation cutting model in accounting for the vari- 
ation of the critical resolved shear stresses with 
oxide content, it is of interest to employ similar rea- 
soning in the case of the twinning stresses. Spe- 
cifically, the following equation, analogous to Eq. 
[7b], can be written 

T T = TAg T -3 c (TOX T - -  TAg T )  fA,A[ 112 [ 8 ]  

In  sp i te  of the  fac t  t h a t  c r i t i ca l  r e s o l v e d  t w i n n i n g  
s t resses  for  on ly  t h r e e  d i f fe ren t  Ag-A1 a l loys  w e r e  
ob ta ined ,  t h e y  have  n e v e r t h e l e s s  been  p lo t t ed  in  F ig .  
7 in a cco rdance  w i t h  Eq. [8] .  A l t h o u g h  these  l i m i t e d  
d a t a  do no t  p r o v i d e  an  a c c u r a t e  t es t  of Eq. [8] ,  i t  
w i l l  n e v e r t h e l e s s  be a s s u m e d  to be  va l id .  F r o m  the  
i n t e r c e p t  and  s lope  of the  s t r a i g h t  l ine  a s soc ia t ed  
w i t h  t he  t w i n n i n g  m o d e  of d e f o r m a t i o n  in  Fig.  7, 
rag T and  ~off a re  f o u n d  to be  10,000 ps i  and  58,500 
psi ,  r e spec t ive Iy .  On the  bas is  of  t h e  t w i n n i n g  s t ress  
m o d e l  d e s c r i b e d  in  t h e  p r e v i o u s  p a r a g r a p h ,  the  fo l -  
l owing  r e l a t i o n s h i p s  can  be  ob ta ined .  

E Ag = 7" T 5 1 / 6  [9a ]  
Ag ao <112> 

E ox __-- z Tb [9b] 
F ox 1/6 ao < 1 1 2 >  

w h e r e  EF Ag and  EF ~ a r e  the  s t ack ing  f au l t  ene rg ie s  
in t he  s i lve r  m a t r i x  and  the  ox ide  pa r t i c l e ,  r e s p e c -  
t i ve ly ,  w h i l e  bl/6a ~ <112>-~ l ' 6 7 x 1 0 - s  cm is t h e  

B u r g e r s  v e c t o r  of the  1/6 ao < 1 1 2 >  t w i n n i n g  d i s lo -  
ca t ion  in  p u r e  s i lve r  and  is a s s u m e d  to be  t he  s ame  
as t ha t  in the  o x i d e  pa r t i c l e s .  On s u b s t i t u t i o n  of t he  
a p p r o p r i a t e  v a l u e s  in to  Eq. [9a]  and  [9b] ,  one ob -  
t a ins  EF Ag ~ 12 e r g s / c m  2 and  EF ~ ~ 67 e r g s / c m  2. 
The  a b o v e  v a l u e  for  s i lve r  is on ly  abou t  ha l f  t he  
v a l u e  of 25 e r g s / c m  2 d e t e r m i n e d  b y  Howie  and  
S w a n n  (27) in  th in  foils,  and  m a y  in p a r t  be  due  to 
t he  r e d u c t i o n  in t he  e x t e r n a l l y  a p p l i e d  s t r ess  b y  
p i l e d - u p  d i s loca t ion  g roups  as sugges t ed  b y  V e n -  
ab les  (11) .  A p p l y i n g  the  r e a s o n i n g  to t he  ox ide  p a r -  
t icles,  EF ~ shou ld  t hen  be  a b o u t  134 e r g s / c m  2. This  
l a r g e  v a l u e  of t he  s t ack ing  fau l t  e n e r g y  in t he  ox ide  
pa r t i c l e s  is to  be  e x p e c t e d  in v i e w  of t h e i r  poss ib l e  
ionic s t r u c t u r e  and  wi l l  in g e n e r a l  l e ad  to an i m -  
b a l a n c e  in  the  cha rge  d i s t r i b u t i o n  across  t he  f a u l t  
p lane .  U n f o r t u n a t e l y ,  h o w e v e r ,  i n d e p e n d e n t  m e a s -  
u r e m e n t s  of EF ~ a re  no t  a v a i l a b l e  w i t h  w h i c h  to ob -  
t a in  f u r t h e r  c la r i f ica t ion  of the  v a l i d i t y  of Eq. [8] .  

Summary and Conclusions 
1. The  c r i t i ca l  r e s o l v e d  s h e a r  s t ress  for  s l ip in 

i n t e r n a l l y  ox id i zed  A g - A 1  s ingle  c rys t a l s  i nc reases  
f rom a b o u t  600 psi  for  p u r e  A g  to 17,500 psi  for  an  
i n t e r n a l l y  ox id i zed  a l loy  con ta in ing  1.4 a / o  AI. The  
c r i t i ca l  r e s o l v e d  s h e a r  s t ress  for  t w i n n i n g  is a b o u t  
10,600 psi  fo r  p u r e  A g  a n d  inc reases  to a b o u t  18,500 
psi  for  an  i n t e r n a l l y  ox id i zed  1.03 a / o  A1 a l loy.  
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Thus,  t h e  c r i t i ca l  r e s o l v e d  s h e a r  s t resses  for  s l ip  
and  t w i n n i n g  b e c o m e  m o r e  n e a r l y  e q u a l  as  t he  A1 
c o n c e n t r a t i o n  increases ;  t he  p r e f e r r e d  m o d e  of d e -  
f o r m a t i o n  d e p e n d s  s t r o n g l y  on o r i en ta t ion .  Speci f i -  
ca l ly ,  t w i n n i n g  is p r e f e r r e d  w h e n  the  s p e c i m e n  t e n -  
s i le  ax is  l ies  n e a r  < 1 1 1 > ,  w h i l e  s l ip is t he  p r e f e r r e d  
mode  of d e f o r m a t i o n  for  a t ens i l e  ax is  n e a r  < 1 0 0 > .  
I n  the  case  of the  i n t e r n a l l y  ox id i zed  l o w e r  A1 con-  
c e n t r a t i o n  a l loys ,  a p p r e c i a b l e  w o r k  h a r d e n i n g  b y  
s l ip  m u s t  f irst  occur  b e f o r e  t w i n n i n g  can  t a k e  place .  

2. A l t h o u g h  the  i n a p p l i c a b i l i t y  of a l l  o t h e r  
s t r e n g t h e n i n g  m e c h a n i s m s  has  no t  been  w h o l l y  
r u l e d  out,  a t h e o r y  of s t r e n g t h e n i n g  b a s e d  on  t h e  
m o d e l  of K e l l y  and  Nicho l son  (14) w h i c h  invo lves  
c u t t i ng  of t he  ox ide  pa r t i c l e s  b y  a h i g h l y  f lex ib le  
m o v i n g  d i s loca t ion  l ine  has  been  deve loped .  The  
m o d e l  chosen  for  the  ox ide  has  been  t h a t  f irst  p r o -  
posed  b y  W r i e d t  and  D a r k e n .  The  p r e s e n t  t h e o r y  
l eads  to t h e  fo l lowing  e q u a t i o n  for  d e f o r m a t i o n  b y  
s l ip  

"J" = ~'Ag "~- ( ' fox - -  "rAg) fA,A11/2 

w h e r e  ~'Ag and  Tox a re  t he  l a t t i ce  f r i c t i on  s t resses  in 
t h e  A g  m a t r i x  and  o x i d e  p a r t i c l e s  r e spe c t i ve ly ,  
w h i l e  fA,A1 is t he  a tomic  f r ac t i on  of A1 in t h e  Ag.  
The  r ea son  w h y  ~n,nl a p p e a r s  in the  a b o v e  e q u a t i o n  
is t h a t  in  t he  p r e s e n t  s y s t e m  i t  is v e r y  n e a r l y  equa l  
to the  v o l u m e  f r a c t i o n  of ox ide  pa r t i c l e s .  The  p r e s e n t  
results are in  satisfactory agreement with the above 
relation. Also implicit in the above equation is that 
is independent of either the size or dispersion of 

the oxide particles for a fixed value of )CA,At. This 
agrees with earlier hardness results obtained by 
Wriedt and Darken (6). 

Although the critical resolved shear stress data for 
twinning were limited in the present investigation, 
they can also be fitted to an equation of the form 
g i v e n  above .  I n  th i s  case,  h o w e v e r ,  rA T n o w  r e p -  
r e sen t s  the  s t ress  n e c e s s a r y  to  c r e a t e  a s t a c k i n g  
f au l t  w i t h i n  t he  ox ide  pa r t i c l e .  
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High-Temperature Electrical Conductivity in the Systems 
CaO-ZrO2 and CaO-HfO2 

H. A. Johansen and J. G. Cleary 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The a-c electrical conductivi ty of CaO-ZrO2 and CaO-HfO2 was measured 
from 800 ~ to 2000~ The two systems are similar. The conductivi ty ma x i mum 
was found near  12 mole % CaO in both zirconia and hafnia. 

Ear l i e r  pub l i shed  da ta  (1, 2) on the e lectr ical  
conduc t iv i ty  of the CaO-ZrO2 sys tem ind ica ted  sev-  
era l  d iscrepancies  in  the  behav io r  of the  i so the rm 
at  1000~ It was the purpose  of the p re sen t  i nves t i -  
ga t ion  to resolve these differences,  to ex t end  the  
m e a s u r e m e n t s  to h igher  t e m p e r a t u r e s  us ing  h ighes t  
p u r i t y  mater ia l s ,  to locate the conduc t iv i ty  m a x i -  
m u m  as precise ly  as possible, and  to measu r e  and  
compare  the  conduc t iv i ty  of the p rev ious ly  u n r e -  
por ted  sys tem CaO-HfO2. 

Experimental 
Material . - -The zirconia  used  was  a l o w - h a f n i u m  
grade  ob ta ined  f rom Numec.  Ana lys i s  fu rn i shed  in -  
d icated a p u r i t y  of 99.93% ZrO2 § HfO2, and  Fe, 
Cr, and  Ti as p r inc ipa l  impur i t i es .  H a f n i u m  was 
repor ted  to be 60 ppm.  The zi rconia  was t hen  re -  
acted w i th  h i g h - p u r i t y  g raph i te  to fo rm ZrC. The 
ZrC was ch lo r ina ted  to fo rm a n h y d r o u s  ZrC14, and  
the chlor ide dissolved in  wa te r  to fo rm z i rconyl  
chlor ide solut ion.  The chloride solut ion was con-  
ve r t ed  to z i rconyl  n i t r a t e  solut ion.  Z i r c o n i u m  oxide,  
p r epa red  f rom the  n i t r a t e  so lu t ion  by  evapora t ion  
to d ryness  and  igni t ion,  showed on ana lys i s  99.985% 
ZrO2 + HfO2, wi th  Cr, A1 and  Si as p r inc ipa l  i m-  
puri t ies .  A n h y d r o u s - h a f n i u m  chlor ide (U.S. B u r e a u  
ef Mines)  was conver ted  to h a f n y l  n i t r a t e  solut ion.  
H a f n i u m  oxide p r epa red  f rom the n i t r a t e  so lu t ion  

showed on analys is  99.98% HfO2 ~ ZrOe, wi th  Fe as 
p r inc ipa l  impur i ty .  Z i r c o n i u m  in the ha fn i a  was re -  
por ted  to be 1-4%.  The  ca lc ium oxide necessa ry  to 
m a k e  the p repa ra t ions  was added as F i sher  Cer t i -  
fied ca lc ium carbonate .  
Preparation of spec imens . - -To i n su re  homogene i ty ,  
all  spec imens  were  p r epa red  by  evapora t ion  to d r y -  
ness, and  ign i t ion  to 1000~ of the z i r con ium or 
h a f n i u m  n i t r a t e  solut ion to k n o w n  concen t ra t ion ,  
the  necessa ry  q u a n t i t y  of CaCO3 be ing  first dis-  
solved in  the n i t r a t e  solut ion.  The powders  so ob-  
t a ined  were  t hen  pressed in  carb ide  dies w i th  no 
b inder ,  fired in  a rgon  a tmosphere  in  a g raph i te  r e -  
sistor f u r na c e  to 1900~ ground ,  repressed,  and  
ret i red as before. This p roduced  cy l indr ica l  speci-  
m e n s  1 x 2 cm wi th  densi t ies  abou t  70% of t heo re t -  
ical. A coat ing of TaSi2 was  appl ied  by  p la sma  je t  
to the ends  to fo rm a low ohmic contact.  
X - r a y  d i~rac t ion . - -X-ray  powder  diffract ion pa t -  
t e rns  were  ob ta ined  for all  composi t ions  p r epa red  to 
d e t e r m i n e  the phases  p resen t  and,  in  the cubic single 
phase  region,  to look for ev idence  of super la t t ice .  
Metallographic.--Metallographic e x a m i n a t i o n  of 
composi t ions  in  the monoc l in ic -cub ic ,  cubic, cubic-  
o r thorhombic ,  and  o r tho rhombic  regions  were  made  
for ident i f ica t ion of phases. 
Electrical conductivi ty  measurements . - -Measure-  
me nt s  were  made  f rom 800 ~ to 2000~ us ing  a 
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split  g raph i te  resis tor  f u rnace  w i th  a rgon  a tmos -  
phere  as descr ibed in  (3) .  

Results 
The Sy s t em  (CaO) x (ZrO2) 1 - x . - - T h e  conduct iv i ty ,  

or, m a y  be r ep re sen t ed  by  the r e l a t ion  

AE 
c r = A  e x p - - - -  [1] 

kT  

where  A is a p r e - e x p o n e n t i a l  te rm,  k is the Bol tz-  
m a n n  constant ,  T is the absolu te  t e m p e r a t u r e ,  and  
hE represen t s  the ac t iva t ion  ene rgy  for conduct ion .  
Typica l  curves  are  shown in  Fig. 1. For  x va lues  
h igher  t h a n  0.6 there  was  some u n c e r t a i n t y  and  
va r i a t i on  in  resul t s  due to possible u p t a k e  of H20 
or COs by  the calcia r ich composit ions.  Such ex-  
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Fig. 1. Typical curves for electrical conductivity of  (CaO)~- 
(Z r02)  1-x. 

posure  of these spec imens  was min imized ,  bu t  some 
sl ight  reac t ion  was probable .  F igure  2 shows a s u m -  
m a r y  of the plot  of the e lect r ical  conduc t iv i ty  vs. 
the rec iprocal  absolu te  t e m p e r a t u r e  for va lues  of x 
f rom 0.08 to 1. (The cu rve  for x = 0.08 is dashed for 
c lar i ty . )  The highest  conduct iv i t i es  are in  the  region 
of x = 0.1. Al l  o ther  composi t ions  t e n d  toward  i n -  
c reas ing  • and  lower  conduct iv i t ies  w i th  inc reas -  
ing va lues  of x. A n  ac t iva t ion  ene rgy  of 3.8 ev was  
found  for ZrO2, and  1.07 ev for x ---- 0.1; f rom this 
m i n i m u m ,  the ac t iva t ion  ene rgy  increased  approx i -  
m a t e l y  l i nea r ly  to 2.78 ev for x = 0.5. The lat t ice 
p a r a m e t e r  for the  composi t ion  x = 0.12 was 5.127A. 

F r o m  Fig. 1 it  is no ted  tha t  there  is some dev ia -  
t ion f rom the A r r h e n i u s  r e l a t ion  for severa l  of the  
composit ions.  Replots  of these data  on a l a rger  scale 
show no pa r t i cu l a r  t r e nd  wi th  composit ion.  Devia -  
t ions f rom the A r r h e n i u s  re la t ion  have  been  re -  
por ted  by  Dixon  et al. (4) for the composi t ions  x 
= 0.18 a nd  0.24 a nd  a t t r i b u t e d  to decomposi t ion  of 
the cubic phase. The devia t ions  in  Fig. 1, however ,  
appear  at a h igher  t e m p e r a t u r e  and  at lower  com- 
posi t ions t h a n  in  (4) .  No e x p l a n a t i o n  can be offered 
for this a p p a r e n t  dev ia t ion  f rom the s t r ic t  A r r h e n i u s  
relat ion.  

Conduc t iv i ty  i so therms are shown in  Fig. 3. Meas-  
u r e m e n t  of x = 0 (pu re  ZrO2) was car r ied  out to 
about  1600~ The resul ts  be low this  t e m p e r a t u r e  
fall  r e a sonab ly  close to a s t ra igh t  l ine  in  an  A r r h e n -  
ius plot. The  va lue  for ZrO2 at 2000 ~ in  Fig. 3 is 
ex t rapo la ted  f rom lower  t empera tu res .  

The bounda r i e s  of the  cubic s ing le -phase  reg ion  
have  been  repor ted  by  Duwez,  Odell,  and  Brown  
(5) to ex tend  f rom 16 to abou t  28 mole  % CaO; 
however ,  the  x - r a y  cubic and  meta l lograph ic  resul t s  
s u m m a r i z e d  in  Tab le  I ind ica te  tha t  the cubic phase 
bounda r i e s  are n e a r  12 and  22 mole % CaO, respec-  
t ively.  

The Sy s t em  (CaO)x(HfO2) l -x . - -F igure  4 shows 
a s u m m a r y  of the  plot of the  conduc t iv i ty  vs. the 
reciprocal  t e m p e r a t u r e  for va lues  of x f rom zero to 
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Fig. 2. Summary of electrical conductivity of (CaO)x(ZrO2) l -x  
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Table I. X-ray diffraction and metallographic results for CaO-Zr02 
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Composition X-ray Metallographic 
mole % CaO 

5 Monoclinic + cubic Two phases 
8 Monoclinic 4- cubic Two phases 

1O Cubic + trace monoclinic Single phase 
12.5 Cubic Single phase 
16 Cubic Single phase 
20 Cubic Single phase 
22 Cubic Single phase 
23 Cubic 4- zirconate 
25 Cubic + zirconate Two phases 
33.3 Cubic + zirconate Two phases 
50 Zirconate Single phase 

1. (The curves  for x ~ 0.15, 0.17, and  0.5 are dashed  
for c lar i ty . )  A n  ac t iva t ion  ene rgy  of 2.86 ev was  
found  for HfO2, and  a m i n i m u m  AE of 1.43 ev for x 
= 0.12. The  composi t ion  x = 0.12 gave the  conduc-  
t i v i ty  m a x i m u m ,  and  the  la t t ice  p a r a m e t e r  for this  
composi t ion  was 5.112A. 

Discussion 
The 33 mole per cent anomaly . - -Trombe a nd  

Foex (1) found  for the  sys tem CaO-ZrO2 a m i n i -  
m u m  in  the  conduc t ion  at 33 mole  % CaO. They  
suggested tha t  a compound  (CaO) (ZrO2)2  existed,  
bu t  no ev idence  has b e e n  found  to suppor t  this  
view. Volchenkova  and  P a l g u e v  (2) r epea ted  the 
work  of T r o m b e  and  Foex and  showed a smooth ly  
descending  curve  f rom the i r  conduc t ion  m a x i m u m  
at 15 mole % CaO to the  m i n i m u m  at  50 mole  %. 
In  (1) ,  the  spec imens  were  p repa red  by  fus ion  in  a 
solar  fu rnace ,  and  in (2) by  hea t ing  on ly  to 1500~ 
The  p r e p a r a t i v e  me thod  in  the p resen t  work  was 
di f ferent  again.  In i t i a l  m e a s u r e m e n t s  in  the CaO-  
ZrO2 sys tems gave resu l t s  s imi la r  to the  resul t s  of 
T r o m b e  and  Foex (1) ,  bu t  r epea ted  t r ia l s  over  v a r y -  
ing condi t ions  of hea t ing  and  s t a r t i ng  ma te r i a l s  
showed tha t  the presence,  or absence,  of the m i n i -  
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Fig. 4. Electrical conductivity of (CaO)x(Hf02)1-x 

m u m - m a x i m u m  in the t w o- pha se  reg ion  was  a 
func t ion  of the  p r e p a r a t i v e  technique .  A possible 
e x p l a n a t i o n  is tha t  the p r e p a r a t i v e  t echn ique  affects 
the  m i c r o s t r u c t u r a l  d i s t r i bu t i on  of two phases  of 
d i f ferent  conduct iv i t ies .  

The conductivity m a x i m u m . - - T h e  work  repor ted  
in  (1) and  (2) showed the conduc t iv i ty  m a x i m u m  
to be n e a r  15 mole  % CaO in  ZrO2. As the data  
show in Fig. 1 and  2, x ~ 0.1 has the h ighes t  con-  
duc t iv i t y  and  the lowest  ac t iva t ion  energy,  AE, for 
all  composi t ions.  The differences in  AE b e t w e e n  x 
= 0.08, 0.1, and  0.12 are p r o b a b l y  no t  s ignif icant  
due to the  e x p e r i m e n t a l  difficulties, b u t  the  va lues  
of AE are  c lear ly  less t h a n  for x = 0.16. For  the  
( C a O ) x ( H f O 2 ) l - x  system, Fig. 4, the  m a x i m u m  is 
placed at x = 0.12, bu t  the differences a mong  x = 
0.08, 0.1, and  0.15 are slight. For  the two sys tems 
the  conduc t iv i ty  m a x i m u m  is cons idered  to be p rob -  
ab ly  at the composi t ion  0.1 < x < 0.15, or  x = 
0.125. Dixon  et aL (4) r epor ted  a m a x i m u m  in  the  
conduc t iv i ty  of abou t  0.2 ( o h m - c m ) - l ,  a nd  a m i n i -  
m u m  in the  ac t iva t ion  e n e r g y  of 1.06 ev for the  
composi t ion  x = 0.12. The cor respond ing  va lues  
f rom our  work  are 0.06 ( o h m - c m ) - I  a nd  1.16 ev. 
The s l ight ly  lower  conduc t iv i ty  and  h igher  ac t iva -  
t ion ene rgy  for this work  p r o b a b l y  reflects the  
h igher  p u r i t y  ZrO2 and  the difference in  densi ty .  

I t  is gene ra l ly  accepted tha t  the mode  of conduc-  
t ion  in  calcia s tabi l ized z i rconia  is ionic (6-9)  and  
occurs by  oxygen  ion m i g r a t i o n  via  an ion  vacancies  
in  the  f luori te latt ice.  

At  the conduc t iv i ty  m a x i m u m ,  x = 0.125, we 
have  

Ca0.125Zr0.s75Ol.s75[-]0.125 
where  the symbo l  [] ind ica tes  oxygen  vacancy .  
S ince  this corresponds  to 0.5 vacancy  per  u n i t  cell, 
or one vacancy  eve ry  other  u n i t  cell, the  s i ngu l a r i t y  
in the  conduc t iv i t y - compos i t i on  curves  m a y  be 
connec ted  wi th  a possible ordered  s t ruc tu re  of va -  
cancies as has p rev ious ly  been  suggested (2) .  

Summary 
The  electr ical  conduc t iv i ty  of the  sys tems (CaO)x 

( Z r O 2) , - x  and  ( C a O ) x ( H f O 2 ) l - x  has been  meas -  
u red  f rom 800 ~ to 2000~ The  two sys tems are 
s imilar .  The cubic phase b o u n d a r i e s  were  found  at 
x = 0.12 and  x = 0.22 for (CaO)x(ZrO2)1-~.  A p r e -  
v ious ly  repor ted  conduc t iv i ty  a n o m a l y  in  the  two-  
phase reg ion  x = 0.22 to x = 0.5 m a y  be expl icable  
on the  basis  of the  d i s t r i b u t i o n  of the  two phases  
and  appears  to be a func t i on  of the me thod  of p r ep -  
ara t ion.  The conduc t iv i ty  m a x i m a  in  both  sys tems 
are p laced  at  x = 0.125 and  mi gh t  be re la ted  to an 
ordered  a r r a n g e m e n t  of an ion  vacancies .  

Manuscr ipt  received April  26, 1963; revised m a n u -  
script received Aug. 29, 1963. This paper was presented 
at the Pi t tsburgh Meeting, April  15-18, 1963. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 
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Kinetics of Oxidation of Pure Tungsten,1150~176 
E. A. Gulbransen, K. F. Andrew, and F. A. Brassart 

Physical Chemistry Department, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Weight  change and oxygen consumption measurements  were  used to study 
the kinetics of oxidat ion of tungsten f rom 1150 ~ to 1615~ at oxygen pressures 
of 2-100 Torr. The data were  collected in a static type react ion system. Volat i l i -  
zation of tungsten t r ioxide above l l00~ changed the nature  of the oxidation 
react ion for tempera tures  be tween  1100 ~ and 1250~ At 1150~ and 76 Torr  
oxygen  pressure, oxide scale formed and some tungsten t r ioxide volatilized, 
while  at 1250~ and 76 Torr  oxygen pressure, all of the oxygen  reacted to form 
volat i le  tungsten trioxide. 

Ini t ial  oxidat ion rates were  used to evaluate  the effect of t empera tu re  and 
pressure on the kinetics of oxidation. Be tween  1100 ~ and 1250~ the initial 
rates of oxidat ion were  near ly  independent  of tempera ture .  A rapid increase 
in the rates of oxidation occurred be tween  1250 ~ and 1350~ for oxygen pres-  
sures above 5 Torr.  Above 1350~ the rate  data also increased with t empera tu re  
but  to a smaller  extent.  Due to oxide volati l i ty,  oxygen pressure had a major  
influence on the format ion of oxide scale for tempera tures  be tween  1000 ~ and 
1250~ Low oxygen pressures favored  volat i l izat ion of the oxide for a given 
temperature .  Above 1300~ where  oxide scales were  absent, the effect of oxy-  
gen pressure on the ra te  of react ion fol lowed the equat ion 

dn/d~ ~- KP 1.1 

Here dn/dt is the ra te  of oxidation, P is the pressure, and K is a constant. 
Above 1300~ the ra te -cont ro l l ing  process was probably the diffusion of 
oxygen gas th rough a bar r ie r  layer  of tungsten t r ioxide vapor.  Comparison of 
the rates of oxidation with  those for carbon and molybdenum obtained under  
similar reaction conditions showed tungsten to have the fastest rate  02 
oxidation. This may be related to the nature  of the barr ie r  layer  of react ion 
product  surrounding the specimen undergoing reaction. 

T u n g s t e n  and its a l loys  h a v e  m a n y  good h i g h -  
t e m p e r a t u r e  m e c h a n i c a l  p roper t ies .  H o w e v e r ,  the  
ox ida t ion  res i s tance  of the  m e t a l  and its a l loys is 
poor. Due  to e x p e r i m e n t a l  difficulties,  f ew  q u a n t i t a -  
t ive  m e a s u r e m e n t s  h a v e  been  r e p o r t e d  on the  o x i -  
da t ion  ra tes  of t u n g s t e n  above  1200~ As a resul t ,  
it has  b e e n  difficult  to c o m p a r e  the  ox ida t ion  ra tes  
of t u n g s t e n  w i t h  o the r  me ta l s  and to deve lop  m e c h -  
anisms for  the  h i g h - t e m p e r a t u r e  ox ida t ion  react ion .  

This  pape r  r epo r t s  a n e w  s tudy  on the  k ine t i cs  of 
ox ida t ion  of  t ungs t en  b e t w e e n  1150 ~ and 1615~ 
and for  o x y g e n  p ressures  of 2-100 Torr .  Spec ia l  
t r e a t m e n t  is g iven  to the  r eg ion  of h igh  ra tes  of 
ox ida t ion  b e t w e e n  1017-1019 a toms of t ungs t en  r e -  
ac t ing  per  squa re  c e n t i m e t e r  pe r  second. C o r r e l a -  
t ions are  m a d e  w i t h  our  ea r l i e r  s tudies  at l o w e r  
t e m p e r a t u r e s  and w i t h  col l is ion t h e o r y  ca lcula t ions .  

Li terature . - -A n u m b e r  of s tudies  h a v e  been  m a d e  
on the  ox ida t ion  of t u n g s t e n  be low  1200~ These  
w e r e  r e v i e w e d  in our  ea r l i e r  pape r s  (1, 2) and by  
B a r t h  and Rengs to r f f  (3) .  

L a n g m u i r  (4) s tud ied  the  r eac t ion  of t u n g s t e n  
w i t h  o x y g e n  at p re s su res  of 10 -1 to 10 -4  Tor r  and 

at t e m p e r a t u r e s  b e t w e e n  1070 ~ and 2770~ us ing  
t u n g s t e n  f i laments  h e a t e d  e lec t r ica l ly .  A con t inuous  
inc rease  in the  r a t e  of ox ida t ion  was  found  to the  
h ighes t  t e m p e r a t u r e s .  B e l o w  10 -3 Tor r ,  a l inear  
v a r i a t i o n  of the  r a t e  of ox ida t ion  w i t h  p re s su re  

was  found.  
P e r k i n s  and Crooks  (5) used  a modi f ied  L a n g -  

m u i r  me thod .  D i r ec t  e l ec t r i ca l  hea t i ng  was  used  
w i t h  the  r a t e  be ing  d e t e r m i n e d  by d i rec t  m e a s u r e  
of the  sur face  recession.  

S e m m e l  (6) s tud ied  the  ox ida t ion  of t u n g s t e n  in 
f r ee  f lowing air  b e t w e e n  982 ~ and 1371~ T u n g s t e n  
was  found  to ox id ize  fo l lowing  the  l i nea r  ra te  l aw 
at 1000~ A t r ans i t ion  to pa rabo l i c  occu r red  nea r  
1200~ w i t h  a decrease  in the  r a t e  of oxidat ion .  G u l -  
b r a n s e n  and A n d r e w  (1) m a d e  a sys t ema t i c  s tudy  
of the  ox ida t ion  of  t u n g s t e n  b e t w e e n  600 ~ and 
1300~ For  smal l  size specimens ,  t u n g s t e n  t r i o x -  
ide was  found  to vo la t i ze  as fas t  as it was  f o r m e d  
d u r i n g  ox ida t ion  at 1200~ and 76 T o r t  o x y g e n  
pressure .  The  pa rabo l i c  r a t e  l aw  was  app l ied  to 
mos t  of the  da ta  b e t w e e n  600 ~ and l l 0 0 ~  S e v e r a l  
t r ans i t ions  w e r e  obse rved  in the  o v e r - a l l  ox ida t ion  
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ra te .  F o u r  t y p e s  of o x i d a t i o n  p h e n o m e n a  w e r e  
found  as the  t e m p e r a t u r e  was  r a i s e d  and  the  p r e s -  
su r e  changed .  

In  a r e c e n t  work ,  G u l b r a n s e n ,  A n d r e w ,  and  B r a s -  
sa r t  (7)  e x t e n d e d  t h e i r  o x i d a t i o n  s tud ies  on t u n g -  
s t en  to 1615~ Two  i n d e p e n d e n t  m e t h o d s  w e r e  
used  to m o n i t o r  the  o x i d a t i o n  ra te .  F o u r  t y p e s  of 
o x i d a t i o n  p rocesses  w e r e  p re sen t ed .  

Experimental 
O x y g e n  reac t s  w i t h  t u n g s t e n  at  h igh  t e m p e r a t u r e  

to f o r m  solid,  l iquid ,  or  gaseous  t u n g s t e n  t r i ox ide .  
To m o n i t o r  t he  o x i d a t i o n  r e a c t i o n  i t  is e s sen t i a l  to 
d e t e r m i n e  to t a l  o x y g e n  used  as we l l  as to m e a s u r e  
the  w e i g h t  change.  To ta l  o x y g e n  used  g ives  t he  
t o t a l  a m o u n t  of t u n g s t e n  r e a c t i n g  w h i l e  the  w e i g h t  
change  g ives  the  d i f fe rence  b e t w e e n  o x y g e n  f o r m i n g  
sol id  o x i d e  sca le  and  t u n g s t e n  los t  b y  r e a c t i o n  and  
e v a p o r a t i o n  of the  oxide .  

Balance.--Since l a rge  w e i g h t  changes  w e r e  o b -  
s e r v e d  d u r i n g  ox ida t ion ,  a low s e n s i t i v i t y  gold  
p l a t e d  m e t a l  b e a m  b a l a n c e  (10) was  used.  The  
b a l a n c e  h a d  a b e a m  l e n g t h  of 14.5 c m  a n d  a b e a m  
w e i g h t  of 46g. C a l i b r a t i o n  of the  ba l ance  showed  
a s e n s i t i v i t y  of 60 #g for  a 0.001 cm def lec t ion  at  
7.25 cm us ing  a w e i g h t  of 0.83g. S p e c i m e n s  w e r e  
s u s p e n d e d  us ing  a 2 ra i l  n i c k e l - c h r o m i u m  a l l o y  
w i r e  in t he  cold  zone and  an  8 m i l  sec t ion  of p l a t i -  
n u m  w i r e  in t he  hot  zone of the  f u r n a c e  tube .  

Oxygen consumption.--Oxygen c o n s u m e d  in the  
r e a c t i o n  was  d e t e r m i n e d  b y  m e a s u r i n g  the  r a t e  a t  
w h i c h  the  p r e s s u r e  of a c a l i b r a t e d  287 cc r e s e r v o i r  
d e c r e a s e d  as o x y g e n  was  l e a k e d  t h r o u g h  a sens i t ive  
l e a k  v a l v e  into  the  r e a c t i o n  sys tem.  

Furnace tubes and reaction system.--The b a l a n c e  
hous ing  and  r e a c t i o n  s y s t e m  a re  s h o w n  in Fig.  1. 
The  f u r n a c e  tubes  w e r e  1 in. d i a m e t e r  h i g h - p u r i t y  
v a c u u m - t i g h t  a lumina .  The  tubes  w e r e  c losed at  
one end and  a t t a c h e d  to t he  v a c u u m  s y s t e m  b y  
m e a n s  of a f lange and  r u b b e r  O r ing.  

One  m a j o r  d i f f icul ty  was  f o u n d  in u s ing  ce r a mic  
f u rnace  tubes  for  t u n g s t e n  o x i d a t i o n  s tudies .  A l u -  

Inv~ 

Fig. ]. Reaction system assembly 

m i n a  was  f o u n d  to r eac t  w i t h  t u n g s t e n  t r i o x i d e  
v a p o r  above  1500~ as s h o w n  b y  d i s co lo ra t i on  of 
the  t u b e  and  s u b s e q u e n t  c rack ing .  

A K a n t h a l - S u p e r  f u r n a c e  was  used  to h e a t  the  
f u r n a c e  tubes .  

Temperature measurement--Temperatures w e r e  
m e a s u r e d  us ing  P t - P t - F 1 0 %  Rh  t h e r m o c o u p l e s .  
These  t h e r m o c o u p l e s  w e r e  c a l i b r a t e d  at  seven  t e m -  
p e r a t u r e s  b e t w e e n  400 ~ and  1200~ A b o v e  1200~ 
the  e m f - t e m p e r a t u r e  cu rve  was  d e d u c e d  f r o m  tab les  
and  f r o m  the  c a l i b r a t i o n  va lue s  found  a t  l o w e r  
t e m p e r a t u r e s .  A t  1200~ the  e r r o r  in  t e m p e r a t u r e  
m e a s u r e m e n t  was  --+ 2~ w h i l e  a t  1600~ the  e r r o r  
was p r o b a b l y  _ 5~ 

F o r  the  b a l a n c e  e x p e r i m e n t s ,  t he  t e m p e r a t u r e  of 
t he  s y s t e m  was  m e a s u r e d  b y  a t h e r m o c o u p l e  p l aced  
ins ide  the  r e a c t i o n  s y s t e m  n e a r  t he  sample .  F o r  
v e r y  fas t  r e ac t i ons  w h e r e  o x y g e n  c o n s u m p t i o n  
m e a s u r e m e n t s  o n l y  w e r e  made ,  t he  spec imens  w e r e  
m o u n t e d  close to the  t h e r m o c o u p l e  i tself .  In  the  
f o r m e r  sys tem,  c o m p a r i s o n  was  m a d e  b e t w e e n  t e m -  
p e r a t u r e s  on the  spec imen  and  at  a po in t  in  the  
f u r n a c e  t ube  n e a r  t he  spec imen .  A l l  t e m p e r a t u r e s  
w e r e  c o r r e c t e d  to the  t e m p e r a t u r e  at  the  spec imen .  
F i g u r e  1 shows the  t h e r m o c o u p l e  a r r a n g e m e n t .  

Specimens.--Specimens w e r e  m a c h i n e d  f r o m  p u r e  
t u n g s t e n  rod.  T h e y  w e i g h  a b o u t  0.825g and  have  a 
su r f ace  a r e a  of 0.680 cm 2. These  spec imens  h a v e  a 
d u m b b e l l  shape  w i t h  h e m i s p h e r i c a l  ends.  S h a r p  
edges  w e r e  avo ided .  The  s m a l l e r  d i a m e t e r  of the  
d u m b b e l l  s h a p e d  spec imens  was  used  for  s u p p o r t i n g  
the  s p e c i m e n  b y  us ing  a loop of p l a t i n u m  wi re .  

A s p e c t r o g r a p h i c  ana lys i s  of  t he  t u n g s t e n  s h o w e d  
the  fo l lowing  in p a r t s  p e r  mi l l i on :  Si, 1; Ti, ~100;  
Mn, ~ 4 ;  Sb, <10;  Fe ,  8; Pb ,  ~4 ;  Mg, ~1 ;  A1, 1; Ni, 
4; Be, ~1 ;  Sn, ~4 ;  Cu, 1; Ag,  ~ 1 ;  Zn, ~10;  Co, ~10;  
Cr,  <5 ;  Ca, 1; B, ~4 ;  Nb, ~100 ;  Mo, <100;  V, ~100;  
Cd, ~4 .  A n  u n r e a c t e d  s p e c i m e n  is shown  in Fig .  3A. 

Specimen preparation.--Pure t u n g s t e n  s amp le s  
w e r e  m a c h i n e d  f r o m  rods  t h a t  h a d  p r e v i o u s l y  been  
cen te r l e s s  g round .  A f t e r  t he  s a m p l e s  w e r e  m a -  
chined ,  t h e y  w e r e  p o l i s h e d  t h r o u g h  4 /0  po l i sh ing  
p a p e r  and  w a s h e d  in p e t r o l e u m  e t h e r  and  p u r e  e thy l  
alcohol .  W h e n  on ly  o x y g e n  c o n s u m p t i o n  m e a s u r e -  
m e n t s  w e r e  made ,  the  s a m p l e s  w e r e  s u s p e n d e d  
f rom a glass  hook  in the  top of t he  b a l a n c e  c h a m b e r .  

B e t w e e n  success ive  e x p e r i m e n t s  i t  was  n e c e s s a r y  
to b a k e  the  c e r a mic  t ube  for  a b o u t  20 ra in  a t  the  
t e m p e r a t u r e  of the  n e x t  p l a n n e d  e x p e r i m e n t  or  
s l i g h t l y  above.  This  was  n e c e s s a r y  to avo id  r e a c -  
t ion  b e t w e e n  the  c l ean  t u n g s t e n  s a m p l e  and  o x y g e n  
r e l e a s e d  f rom the  t u b e  d u r i n g  the  h e a t - u p  of t he  
spec imen .  A b s o r b e d  WOs v a p o r  was  also e x p e l l e d  
f r o m  the  t ube  wa l l s  d u r i n g  this  t u b e  p r e t r e a t m e n t .  

Method.--Experiments w e r e  m a d e  us ing  the  b a l -  
ance in c o m b i n a t i o n  w i t h  t he  p r e s s u r e  m e a s u r i n g  
device .  In  e x p e r i m e n t s  in w h i c h  the  w e i g h t  changes  
w e r e  b e y o n d  the  l imi t s  of t he  ba lance ,  t he  p r e s s u r e  
a p p a r a t u s  a lone  was  used.  

A f t e r  the  s p e c i m e n  was  b r o u g h t  to t e m p e r a t u r e ,  
p u r e  o x y g e n  was  a d m i t t e d  to the  s y s t e m  f rom a 
p r e c h a r g e d  r e s e r v o i r  to t he  de s i r e d  p re s su re .  
W e i g h t  changes  w e r e  o b s e r v e d  w i t h  a m i c r o m e t e r  
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microscope as a f unc t i on  of t ime.  P res su re  changes  
in  the rese rvo i r  were  also no ted  as a f unc t i on  of 
t ime  by  means  of a Wal lace  and  T i e r n a n  p ressure  
gauge. A G r a n v i l l e - P h i l i p s  leak  va lve  was ad jus t ed  
m a n u a l l y  to m a i n t a i n  a cons tan t  p ressure  in  the 
reac t ion  system. 

Results 

The e x p e r i m e n t a l  w o r k  is p l a n n e d  to de t e rmine :  
(a) the basic p h e n o m e n a  associated wi th  the  ox ida-  
t ion  of t u n g s t e n  b e t w e e n  1150 ~ and  1615~ (b)  ef-  
fect of t ime,  t empe ra tu r e ,  and  p ressure  on ox ida t ion  
rates,  (c) absolu te  va lues  of ox ida t ion  ra tes  and  
how these va lues  compare  wi th  the  theore t ica l  ra te  
based on coll is ion theory,  and  (d)  the  severa l  me c h -  
an isms  of ox ida t ion  at  h igh  t empe ra tu r e .  

O x i d a t i o n  at  1150~  and  19 T o r r  o x y g e n  p r e s s u r e .  

- - C u r v e s  A and  B of Fig. 2 show oxygen  c o n s u m p -  
t ion  and  weigh t  change  measu remen t s .  Both  curves  
are in  un i t s  of m i l l i g r ams  per  square  cen t imeter .  
The da ta  show a l i nea r  r a t e  of ox ida t ion  af ter  an  
in i t i a l  per iod of s low react ion.  The  to ta l  a m o u n t  of 
t u n g s t e n  reacted can be ca lcula ted  f rom the oxygen  
consumed  by  us ing  the  s to ichiometr ic  ra t io  of W / 3  
O and  the  a tomic weights  of W and  O. We are also 
in te res ted  in  d e t e r m i n i n g  the a m o u n t  of t u n g s t e n  
volat i l ized and  the  a m o u n t  r e m a i n i n g  as oxide 
scale. To do this  we have  made  the  fo l lowing a n a l -  
yses. 

E q u a t i o n  [1] re la tes  the oxygen  used to the  for -  
m a t i o n  of solid, l iquid,  or gaseous t u n g s t e n  t r ioxide.  

W ( s )  q- 3/2 O2(g) ~ W O a  (s,1, g) [1] 

The  weigh t  change  g iven  by  the ba l ance  read ings  
indicates  the  difference b e t w e e n  the  oxide  fo rmed  
and  t u n g s t e n  lost as volat i le  t u n g s t e n  t r iox ide  ac-  
cording  to the  equa t i on  

3WO3(s, 1) ~ (WO3)8(g)  [2] 

F r o m  Eq. [1] and  [2] and  the laws of s to ich iomet ry  
we set down  the fo l lowing equa t ions  

W o  = X W o  + (1 - -  X ) W o  [3] 

WB = XWo --  WW [4] 

Here  Wo is the weigh t  of oxygen  consumed,  WB is 
the weigh t  change  of the balance ,  Ww is the  weigh t  
of t u n g s t e n  volat i l ized,  and  x and  (1 --  x)  the  f rac -  
t ions of oxygen  used to form oxide scale and  vola t i le  
oxide. F r o m  the a tomic weights  of W and  O in  WO3 
we have  
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sub t r a c t i ng  [4] and  [3] and  s u b s t i t u t i n g  [5] we 
have  

Wo--  wB ~ 4.83 (1 - -  x)  Wo [6] 
3.83 

ww = ~ - ~  (Wo - wB) [7] 

E q u a t i o n  [7] can be used to ca lcula te  the weigh t  
of t u n g s t e n  vola t i l ized  whi le  Eq. [4] a nd  [7] can  be 
used to ca lcula te  the  weigh t  of oxygen  f o r mi ng  ox- 
ide scale. Curve  C of Fig. 2 shows the weigh t  of 
oxygen  used to fo rm oxide scale for the  1150~ 
expe r imen t .  For  this  expe r imen t ,  90% of the oxy-  
gen reac ted  to fo rm oxide scale. The oxide th ickness  
in  A ngs t r oms  can be ca lcu la ted  f rom the  ne t  oxy-  
gen fo rming  oxide scale in  m g / c m  2 b y  the factor  
67,500. This factor  is on ly  approx imate .  The factor  
assumes  a dens i ty  of 7.16 for t u n g s t e n  t r ioxide,  a 
surface  roughness  ra t io  of un i ty ,  no lower  oxides 
form, c rack ing  does not  occur and  the  surface  area  
r e ma i ns  cons tan t  d u r i n g  react ion.  F r o m  Fig. 2, 
cu rve  C, a th ickness  of 6.75 x 106A was found  for 
the oxide scale af ter  65 m i n  of react ion.  

The weigh t  of t u n g s t e n  reac t ing  w i th  oxygen  can  
be ca lcula ted  by  m u l t i p l y i n g  the weigh t  of oxygen  
used by  the factor  3.83 a s suming  the  oxide  is t u n g -  
s ten  t r ioxide.  The surface recession in  Angs t roms  is 
r e la ted  to the  oxygen  used in  m g / c m  2 by  the factor  
19,840. 

The fo l lowing conclus ions  were  made  on the  n a -  
tu re  of the  ox ida t ion  processes on t u n g s t e n  at 
1150~ and  76 Tor r  oxygen  pressure .  1. A n e a r l y  
l i nea r  ra te  of ox ida t ion  was  observed.  2. Ten  per  
cent  of the oxygen  reacts  to fo rm vola t i le  t u n g s t e n  
t r ioxide.  3 N i n e t y  per  cent  of the oxygen  reacts  to 
fo rm oxide scale. The  l inear  r a t e  of ox ida t ion  i nd i -  
cates tha t  the oxide scale has no pro tec t ive  p rope r -  
ties and  tha t  an  in te r face  reac t ion  is ra te  control l ing.  

Visual  observa t ions  show the oxide scale to be 
cracked and  unpro tec t ive .  F i g u r e  3A and  3B shows 

Ww : 3.83 ( 1 - - x )  Wo [5] 
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photographs  of the spec imen  before  and  af ter  oxi -  
dat ion.  A th ick  oxide scale wi th  large cracks is 
formed.  

E x p e r i m e n t s  at  1200~ and  19 Torr  oxygen  p res -  
sure  show both  oxide scale f o rma t ion  and  oxide vo l -  
a t i l i ty .  The pe rcen tage  of oxide scale fo rmed  is 
sma l l e r  t h a n  tha t  found  at  1150~ At  1250~ and  
38 Tor r  oxygen  pressure ,  al l  of the  oxygen  reac ted  
to fo rm vola t i le  t u n g s t e n  t r ioxide.  For  pressures  in  
the  r ange  of 5-76 Torr  the  change  f rom oxide scale 
f o rma t ion  to comple te  oxide vo la t i l i ty  occurs be -  
t w e e n  1100 ~ and  1300~ 

These resul t s  suppor t  those repor ted  by  G u l b r a n -  
sen and  A n d r e w  (1) us ing  smal l  pieces of t u n g s t e n  
wires  as specimens.  

Oxidation at 1250~ and 38 Torr and 1615~ and 
19 Torr . - -Figure 4, curves  A and  B, show oxygen  
consumpt ion  and  weigh t  change  m e a s u r e m e n t s  for 
the  1250~ ox ida t ion  exper imen t .  Curve  A shows 
a n e a r l y  l i nea r  ra te  of oxida t ion;  40 m g / c m  2 of 
oxygen  were  consumed  in  12 minu tes .  Curve  B 
shows no ev idence  of a posi t ive  weigh t  change  
charac ter i s t ic  of oxide scale format ion .  Curve  A 
can be used to ca lcula te  to ta l  W react ing.  If the 
tota l  W reac t ing  equals  the e x p e r i m e n t a l  we igh t  
loss, cu rve  B, t hen  we can conclude tha t  l i t t le  or no 
oxide scale is fo rmed  and  tha t  the vola t i le  oxide is 
(WO3)n. The  e x p e r i m e n t a l  and  ca lcula ted  curves  
show good agreement .  

For  the highest  t empera tu re s ,  the  weigh t  loss va l -  
ues were  beyond  the r ange  of the balance .  For  these 
expe r imen t s  the oxygen  consumpt ion  curve  was 
used to ca lcula te  the  weigh t  loss of t u n g s t e n  d u r i n g  
oxidat ion.  F igu re  5, the  ox ida t ion  curve  for 1615~ 
and  19 Torr  oxygen  pressure ,  shows a decreas ing  
ra te  of reac t ion  as a func t ion  of t ime. The decrease  
is due to a change  in  surface  area as a resu l t  of re -  
action. 

Temperature  rise of sample . - -One  of the charac -  
ter is t ics  of the m e a s u r e m e n t  of fast  ox ida t ion  ra tes  
is the  effect of the hea t  of reac t ion  on the t e m p e r a -  
tu re  of the specimen.  For  tungs ten ,  the high hea t  
of fo rma t ion  of WO3 is pa r t i a l l y  compensa ted  for 
by  the  heat  of s u b l i m a t i o n  of W~O~. At  1700~ the  
ne t  heat  of reac t ion  is --154.7 k c a l / m o l e  of WOs. In  
our  ear l ie r  pape r  (7) ,  we  have  e s t ima ted  the  ac tua l  
reac t ion  t e m p e r a t u r e  for a typ ica l  ox ida t ion  at 
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1465~ and  49 Torr  oxygen  pressure .  G i v e n  the  ex-  
p e r i m e n t a l  ra te  of reac t ion  a nd  the  ne t  hea t  of for-  
m a t i o n  and  sub l ima t ion ,  the  hea t  evolved can be 
calculated.  A s s u m i n g  r ad i a t i on  as the  m a j o r  source 
of heat  loss and  an  emiss iv i ty  of 1, a t e m p e r a t u r e  
increase  of 113~ was calculated.  If an  emiss iv i ty  
of 0.5 was  assumed,  a t e m p e r a t u r e  increase  of 
207~ was es t imated.  

E x p e r i m e n t s  w i th  the the rmocoup le  m o u n t e d  on 
the spec imen showed t e m p e r a t u r e  changes  of 15 ~ 
20~ These t e m p e r a t u r e  changes  were  m u c h  less 
t h a n  those calculated.  The reasons  for this d iscrep-  
ancy  were  no t  clear. E x p e r i m e n t a l l y  it was  difficult 
to m o u n t  the the rmocoup le  so tha t  surface  t e m p e r a -  
t u r e  was measured .  T e m p e r a t u r e s  g iven  here  are 
the uncor rec t ed  t empera tu re s .  

Effect of t emperature . - -Table  I shows the effect 
of t e m p e r a t u r e  on the ox ida t ion  of t u n g s t e n  at 5, 
19, 38, and  100 Torr  oxygen  pressure .  The m e a s u r e -  
ments  cover the t e m p e r a t u r e  r a nge  of 1150~176 
Due to the rap id  reac t ion  ra tes  observed,  the long-  
est reac t ion  t ime  was 15 min .  Ox ida t ion  ra tes  were  
ca lcula ted  f rom la rge-sca le  plots  of the da ta  at  t -~ 
0. In  a few cases an  i nduc t ion  per iod was noted.  For  
these e xpe r i me n t s  the  m a x i m u m  ra te  of reac t ion  
was ca lcula ted  af ter  the  i nduc t ion  period. For  com- 
par ison,  we have  ca lcula ted  the in i t i a l  ox ida t ion  
ra tes  for ox ida t ions  made  in  the t e m p e r a t u r e  r ange  
of 900~176 f rom da ta  g iven  in  our  ear l ie r  paper  
(1) .  These da ta  are  based on we igh t  change  meas -  
u r e m e n t s  only.  S ince  oxide vo la t i l i t y  occurs for the  
l o w - p r e s s u r e  runs ,  on ly  the  h i g h - p r e s s u r e  ox ida t ion  
e xpe r i me n t s  wil l  be  used w h e n  compar i sons  are 
made  wi th  ra te  ca lcula t ions  f rom this s tudy.  

Al l  of the  ra te  da ta  i n  Tab le  I are  g iven  in  un i t s  
of a toms of O or W reac t ing  per  cm~-sec. Except  for 
the ve ry  fast  react ions  at the  h ighes t  t empera tu re s ,  
the data  were  t a ke n  wi th  bo th  the  ba lance  and  the 
oxygen  consumpt ion  appara tus .  For  the  fast  reac-  
t ions, on ly  oxygen  c onsumpt i on  could be m e a s u r e d  
and  the t u n g s t e n  weigh t  loss curves  were  calculated.  

F igu re  6 shows a log ra te  vs. 1 /T  plot  of the ra te  
data.  Some scat ter  is found  in  the  ra te  ca lcula t ions  
due to e x p e r i m e n t a l  difficulties in  m e a s u r i n g  fast 
reac t ions  wi th  h igh heats  of react ion.  Above  1500~ 
the  f u r n a c e  t ube  can absorb  (WO~)n vapors  at an  
apprec iab le  ra te  especial ly  for the  l o w - p r e s s u r e  ex-  
pe r i me n t s  where  gas diffusion is r ap id  t h r ough  the 
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Table I. Summary new and old rate data 900~176 oxidation of tungsten 

O l d  d a t a  (1) 

~. ~  P r e s s ,  T o r t  dO~dr, a t . / c r a ~ / s e c  L o g  dO~dr, L o g  dn/d~, dO~dr, L o g  dO~dr, L o g  dn/dt, 
o x y g e n  t u n g s t e n  t ,  ~  P r e s s ,  T o r x  ~ t . / c m e / s e c  o x y g e n  t u n g s t e n  

900 76 3.15 • 1017 17.50 17.02 1050 53 
950 76 4.98 • 1017 17.70 17.22 1050 39 
950 36 3.73 X 1017 17.57 17.09 1050 20 
950 19 2.98 • 1017 17.47 16.99 1050 8.6 
950 9 2.90 X 1017 17.46 16.98 1100 76 
950 4 1.96 • 1017 17.29 16.81 1100 39 

1000 76 8.94 X 1017 17.95 17.47 
1000 9 5.01 X 1017 17.70 17.22 
1050 76 1.73 X 101s 18.24 17.76 

1.27 • 10 ls 18.10 17.62 
1.16 • 10 ls 18.06 17.58 
9.43 • 1017 17.97 17.49 
4.79 • 1017 17.68 17.20 
2.01 • 1018 18.30 17.82 
1.46 • 1018 18.16 17.68 

N e w  d a t a  

L, ~  P r e s s ,  T o r t  dO/dr, a t . / c m ~ / s e c  L o g  dO/dr, L o g  dn/dt, dO/d't, Log dO/dr, L o g  dn/dt, 
o x y g e n  t u n g s t e n  t ,  ~  P r e s s ,  To rz  a t . / c m ~ / s e e  o x y g e n  t u n g s t e n  

1150 49 1.96 X 1018 18.29 17.81 1365 19 6.0 • 1018 18.78 18.30 
1150 38 1.68 • 10 ls 18.23 17.75 1365 9.5 2.53 • 1018 18.40 17.92 
1150 19 1.26 X 1018 18.10 17.62 1365 5 1.28 X 1018 18.11 17.63 
1150 9.5 9.73 X 1017 17.99 17.51 1365 2 5.2 X 1017 17.72 17.24 
1150 5 7.84 X 1017 17.89 17.41 1400 19 4 . 9 •  1018 18.69 18.21 
1150 2 1.67 • 1017 17.22 16.74 1400 9.5 3.54 • 1018 18.55 18.07 
1250 100 3.3 • 10 ls 18.52 18.04 1465 38 1.87 X 1019 19.27 18.79 
1250 38 2.06 • 1018 18.31 17.83 1465 19 7.56 • 10 ls 18.88 18.40 
1250 19 1.31 X 1018 18.12 17.64 1465 9.5 2.65 • 1018 18.42 17.94 
1250 9.5 1.06 X 10 ls 18.03 17.55 1465 5 1.57 • 10 ls 18.20 17.72 
1250 5 8.74 X 1017 17.94 17.46 1465 2 6.9 X 1017 17.84 17.46 
1250 2 5.3 X 1017 17.72 17.24 1520 19 8.84 • 1018 18.95 18.47 
1300 19 2.75 • 10 ls 18.44 17.96 1545 5 1.96 • 1018 18.29 17.81 
1300 9.5 2.16 X 1018 18.34 17.86 1615 38 1.86 >( 1019 19.27 18.79 
1365 100 4.15 X 1019 19.62 19.14 1615 19 1.06 X 1019 19.03 18.55 
1365 76 1.89 • 10 l~ 19.28 18.84 1615 9.5 9.8 • 1018 18.99 18.51 
1365 38 1.05 >( 1019 19.02 18.54 1615 5 2.53 • 1018 18.40 17.92 

1615 2 4.12 • 10 ls 18.62 18.14 

o x y g e n  gas. The  r a t e  of adsorp t ion  of (WO3)n vapors  
can affect  the  diffusion b a r r i e r  s u r r o u n d i n g  the  
sample  inc reas ing  the  ox ida t ion  rate .  E x p e r i m e n t s  
at 2 T o r r  o x y g e n  p res su re  are  no t  i nc luded  in Fig. 6. 

Curves  A, B, C, D, E, and F show the  ra tes  at the  
s eve ra l  pressures .  Curves  A and  B w e r e  not  e x -  
t e n d e d  be low 1150~ since w e i g h t  gain  m e a s u r e -  
men t s  w e r e  not  g iv ing  to ta l  o x y g e n  r eac t ed  for  
p ressures  of  5 and 9.5 Torr .  C u r v e s  C, D, and E 
gave  m o r e  r e l i ab le  va lues  for  to ta l  oxygen .  Curves  
C, D, and  E show tha t  the  two  sets of d a t a  a re  in 
r ea sonab le  a g r e e m e n t  a l t hough  flat p la te  samples  of 
0.32 and 0.61 cm ~ a rea  w e r e  used  in our  ea r l i e r  
studies.  

B e l o w  1150~ the  ox ida t ion  cu rves  fo l lowed  a 
modif ied  pa rabo l i c  ra te  l aw  and not  the  l i n e a r  r a t e  
law. The  in i t ia l  ox ida t ion  ra tes  w e r e  ca lcu la ted  and 
inc luded  for  compar i son  purposes .  

F i g u r e  6 shows a c o m p l e x  d e p e n d e n c e  of  the  r a t e  
of ox ida t ion  on t e m p e r a t u r e .  B e t w e e n  1100 ~ and 
1250~ the  ra tes  of ox ida t ion  w e r e  n e a r l y  i nde -  
p e n d e n t  of t e m p e r a t u r e  for  a l l  pressures .  F o r  p r e s -  
sures  of  9.5 T o r r  and  h igher ,  a l a rge  inc rease  was  
found  b e t w e e n  1250 ~ and  1350~ A b o v e  1350~ a 
n e a r l y  s t r a igh t  l ine  b e h a v i o r  was  noted.  A n  e m p i r i -  
cal  hea t  of ac t i va t i on  of 14.3 k c a l / m o l e  was  es t i -  
m a t e d  f r o m  curves  A and C. 

Visua l  and  l igh t  mic roscop ic  e x a m i n a t i o n  of  t he  
spec imens  confi rms the  c o m p l e x  n a t u r e  of the  r eac -  
tion. F i g u r e  3 shows pho tog raphs  of the  u n r e a c t e d  

and oxid ized  samples .  F i g u r e  3B shows a sample  of 
W oxid ized  at 1150~ and 5 T o r r  o x y g e n  p res su re  
for  2 hr. The  m a i n  f e a t u r e  of the  r eac t ion  is the  
f o r m a t i o n  of ox ide  scale. L a r g e  c racks  appea r  in the  
ox ide  a l t h o u g h  the  o r ig ina l  sample  was  smooth.  
F i g u r e  3C and D show pho tog raphs  of t u n g s t e n  
spec imens  oxid ized  at 1465~ and  5 T o r r  p re s su re  
for  15 min  and at  1615~ and  5 T o r r  for  15 min.  
Ox ide  f ree  sur faces  w e r e  observed .  The  inf luence of 
ox ide  vo l a t i l i t y  is no ted  by c o m p a r i n g  3B wi th  3C 
and  D. 

Temperature, ~ 
19. 5 950 I000 I050 II00 1150 1200 1250 1350 15IX} 1700 
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Fig. 6. log dn/dt vs. 1/T, 900~176 5-100 Tort of 02: A, 
.S Tort; B, 9.5 Torr; C, 19 Tort; D, 38 Terr; E, 76 Tarr; F, 100 
Tort; 5H 1365-1615 ~ --14,300 cal/mole. 
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Effect of pressure . - -Pressure  has  a ma jo r  inf lu-  
ence on the m e c h a n i s m  and  the  ox ida t ion  rate.  A 
s u m m a r y  of the effect of p ressure  on the in i t i a l  oxi -  
da t ion  ra tes  is shown  in  Tab le  I. 

At  1150~ weigh t  gains  were  observed  for the  
h igher  oxygen  pressures  and  weigh t  losses for the  
lower  pressures .  Oxida t ion  ra tes  g iven  in  Table  I 
are  f rom oxygen  c o n s u m p t i o n  measu remen t s .  

At  1250 ~ , 1365 ~ 1465 ~ , and  1615~ all  of the  ex-  
pe r imen t s  show weigh t  loss curves  wi th  the  ra te  of 
we igh t  loss inc reas ing  w i t h  oxygen  pressures .  

We conclude f rom an  analys is  of the pressure  
s tudy  tha t  at 1150~ and  pressures  of 19 Torr  and 
higher ,  oxide scale fo rmed  and  some t u n g s t e n  t r i -  
oxide volat i l ized,  whi le  at 1250~ and  76 Torr  oxy-  
gen  pressures  all  of the  oxygen  reac ted  to form 
vola t i le  t u n g s t e n  t r ioxide.  

F igu re  7 shows the effect of p ressure  on the  in i t i a l  
reac t ion  ra te  dn /d t  vs. log p ressure  plot. Three  t e m -  
pe ra tu re s  were  cons idered  in  Fig. 7 : 1 3 6 5  ~ 1465 ~ 
and 1615~ The fo l lowing equa t ion  could be de-  
r ived  f rom the plot  

dn /d t  = K pla 

Here  K is a cons tan t  d e p e n d e n t  on the t empe ra tu r e .  
For  most  purposes ,  we can conclude  tha t  the ox ida-  
t ion  reac t ion  follows a l i nea r  p ressure  d e p e n d e n c e  
over  the t e m p e r a t u r e  r ange  of 1365~176 

Collision theory calculations.--Collision t heo ry  
gives the  fo l lowing  e q u a t i o n  for the  n u m b e r  of i m -  
pacts n of oxygen  molecules  wi th  a cm 2 surface  per  
sec. 

n = 3.52 • 1022 P / ( M T )  1/2 

Here  M is the molecu la r  weight ,  T the t e m p e r a t u r e  
in  ~ and  P the p ressure  in  Torr.  At  1465~ and 
19 Torr,  n = 2.83 x 10 el. A s s u m i n g  WO3 as the  r e -  
ac t ion  p roduc t  and  tha t  all  oxygen  col l id ing w i th  
the surface reacts  wi th  no ac t iva t ion  energy,  we cal-  
cu la te  a ra te  of ox ida t ion  of 1.9 x 1021 atoms of 
t u n g s t e n  per  cm 2 per  sec. 

The e x p e r i m e n t a l  ox ida t ion  ra te  at 1465~ and 
19 Torr  is 2.5 x 10 TM. The pe rcen tage  of theore t ica l  
is 0.13. 

Empirical  rate equat ion.--Using the  empi r i ca l ly  
d e t e r m i n e d  ac t iva t ion  ene rgy  and  p ressure  d e p e n d -  
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Fig. 7. Effect of pressure on initial rate of oxidation of tungsten. 
Log-log plot: A, 1365~ B, 1465~ C, 1615~ 

Table II. Comparison of oxidation rate with collision 
theory and empirical rate equation 

1465~ 19 Tor r ,  0.68 cm~ 

Exper imenta l  dn/dt = 2.5 • 10 TM at. W/cm2-sec 
Empirical  equation 

~H = --14,300 cal /  
mole dn/dt = 2.1 • 10 is at. W/cm2-sec 

Collision theory dn/dt = 1.9 • 1021 at. W/cm2-sec 
Per  cent  theory 0.13 

ence, we can der ive  the  fo l lowing ra te  equa t i on  for 
the t e m p e r a t u r e  i n t e r v a l  of 1350~176 

dn -- 6.2 • l0  TM p1.1 e--14,3OO/RT 
dt 

Here  dn /d t  is the a toms of W reac t ing  per  cm2-sec, 
P is the p ressure  in  Torr ,  T the  abso lu te  t e m p e r a -  
tu re  in  ~ and  R the  gas cons tant .  

Table  II shows a compar i son  of the  e x p e r i m e n t a l  
ox ida t ion  ra te  w i th  tha t  p red ic ted  f rom collision 
theory  and  the empi r ica l  ra te  equa t ion  for ox ida t ion  
at 1465~ and  19 Torr .  

Comparison of oxidation rates of tungsten wi th  
carbon and m o I y b d e n u m . - - A  compar i son  of these 
ox ida t ion  ra tes  is v e r y  i n t e r e s t i ng  since each ele-  
m e n t  forms vola t i le  reac t ion  products  above 1300~ 
In  genera l ,  compar i sons  are difficult to m a k e  and  to 
i n t e rp re t  unless  the  basic mechan i sms  of reac t ion  
are known.  In  two recen t  studies,  we have  de te r -  
m i ne d  for both  ca rbon  (8) and  m o l y b d e n u m  (9) 
the condi t ions  for chemica l - con t ro l l ed  ox ida t ion  
and gaseous d i f fus ion-cont ro l led  oxidat ion.  Adso rp -  
t ion, desorpt ion,  a nd  chemical  reac t ion  processes 
have  apprec iab le  heats  of ac t iva t ion  and are t e rmed  
chemica l - con t ro l l ed  processes. Diffusion of oxygen  
th rough  a ba r r i e r  l ayer  of vola t i le  reac t ion  products  
has a smal l  t e m p e r a t u r e  dependence  and  is t e rmed  
gaseous d i f fus ion-cont ro l led  oxidat ion.  For  t u n g -  
sten, the t e m p e r a t u r e  dependence  was  g rea te r  t han  
tha t  found  for m o l y b d e n u m  and  carbon.  We p ro -  
pose tha t  gaseous diffusion of oxygen  t h r ough  a 
t u n g s t e n  t r ioxide  vapor  b a r r i e r  is ra te  control l ing,  
the increase  in  ra te  of ox ida t ion  be ing  re l a t ed  to a 
decrease in  the vapor  ba r r i e r  by  so lu t ion  of t u n g -  
s ten  t r iox ide  in  the ceramic  tube .  

For  m o l y b d e n u m  a nd  carbon,  the  e x p e r i m e n t a l  
p rob lems  in  d e t e r m i n i n g  the  inf luence  of gaseous 
diffusion on the ra te  of ox ida t ion  were  s imple  since 
on ly  vola t i le  reac t ion  products  were  formed.  Also, 
ca rbon  oxides a nd  m o l y b d e n u m  t r ioxide  did not  
react  w i th  the ceramic  tube.  

For  tungs ten ,  the  e x p e r i m e n t a l  p rob lems  were  
ma ny .  Firs t ,  gaseous t u n g s t e n  t r iox ide  reacts  wi th  
the fu rnace  tube.  Second, the t e m p e r a t u r e  range  
where  oxide scales are not  fo rmed  lies above 
1300~ Third ,  due  to the  f o r ma t i on  of solid t u n g -  
s ten  t r ioxide  the vapor  b a r r i e r  is smal le r  and  h igher  
reac t ion  ra tes  are observed.  

The s imi la r i ty  in  m e c h a n i s m s  of ox ida t ion  above 
1300~ can be shown  by  compar ing  the ra tes  of ox-  
ida t ion  for two oxygen  pressures  and  for two t e m -  
pera tures .  T u n g s t e n  at  1465~ is compared  to 
m o l y b d e n u m  at 1400~ and  ca rbon  at 1500~ for 
spec imen  areas of 0.6 to 0.7 cm 2. The oxida t ion  
rates  for m o l y b d e n u m  and  ca rbon  are in  the  diffu-  
s ion-con t ro l l ed  reg ion  where  t e m p e r a t u r e  has on ly  
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Table III. Comparison absolute values of rates of oxidation of 
tungsten, molybdenum and carbon at 19 and 38 Torr pressure 

K I N E T I C S  O F  O X I D A T I O N  O F  P U R E  T U N G S T E N  

S u r f a c e  a r e a  = 0 .6  t o  0 .7  c m  2 

T e m p . ,  P r e s s u r e ,  R a t e  dn/rl~, 
E l e m e n t  ~  T o r r  a t o m s / c m ~ - s e c  

Tungsten  1465 19 2.5 • 1018 
Molybdenum (9) 1400 19 2.5 • 1018 
Carbon (8) 1500 19 4.0 • 101T 
Tungsten  1615 38 6.2 • 10 Is 
Molybdenum (9) 1600 38 2.5 • 10 is 
Carbon (8) 1500 38 5.0 X 1017 

a m i n o r  effect on the  ra te  of oxidat ion.  A t  19 Torr  
p ressure  and  1465~ t u n g s t e n  and  m o l y b d e n u m  
oxidize at  the  same ra te  and  c a r b o n  oxidizes at a 
ra te  1/6 as fast. Since the  ca rbon  gases are no t  con-  
densed  in  the  reac t ion  system, the  ba r r i e r  for d i f -  
fus ion  of oxygen  is g rea te r  t h a n  tha t  found  for the  
diffusion of oxygen  t h rough  the  reac t ion  products  of 
m o l y b d e n u m  and  t u n g s t e n  which  condense  in  the  
colder par t s  of the  tube.  

The compar i son  at  38 Tor r  oxygen  pressure  and  
1615~ shows t u n g s t e n  oxid iz ing  2~/2 t imes  as fast  
as m o l y b d e n u m  and  12 t imes  fas ter  t h a n  carbon.  
Again,  these resul ts  can be i n t e r p r e t e d  in  t e rms  of 
the diffusion of oxygen  gas t h r o u g h  the  gaseous 
reac t ion  products .  The diffusion ba r r i e r  for oxygen  
w h e n  t u n g s t e n  is oxidized at 1615~ is smal l  since 
the  a l u m i n a  tube  absorbs  WO~. I t  is la rges t  for ca r -  
bon  ox ida t ion  whe re  comple te ly  vola t i le  reac t ion  
products  are  formed.  

Compar i son  of the  resul t s  of our  m o l y b d e n u m  a nd  
ca rbon  s tudies  show m o l y b d e n u m  and  ca rbon  oxi-  
dizing fas ter  t h a n  t u n g s t e n  at low t empera tu r e .  At  
h igh t e m p e r a t u r e ,  t u n g s t e n  p resen t s  a special  case 
in  which  the  ra te  of ox ida t ion  is d e t e r m i n e d  by  the 
n a t u r e  of the reac t ion  system. These  da ta  are s u m -  
mar ized  in  Tab le  III.  

Discussion and Summary 
Summary  of kinetic w o r k . - - W e i g h t  change  a nd  

oxygen  consumpt ion  m e a s u r e m e n t s  were  made  on 
the ox ida t ion  of t u n g s t e n  over  the t e m p e r a t u r e  
r ange  of 1150 ~ and  1615~ and  for  pressures  of 2- 
100 Torr  of oxygen.  These resul t s  we re  cor re la ted  
wi th  those f rom ear l ie r  s tudies  to aid in  i n t e r p r e t a -  
t ion  of the  ox ida t ion  mechan i sms .  A t  1150~ and  
76 Torr ,  oxide  scale forms  and  t u n g s t e n  t r iox ide  
volat i l izes  d u r i n g  oxida t ion ;  wh i l e  at  1250~ and  
76 Torr ,  on ly  vo la t i l e  t u n g s t e n  t r iox ide  is formed.  
A m a j o r  change  occurs in  the  m e c h a n i s m  of ox ida -  
t ion. 

The effect of t ime  on the to ta l  ra te  of ox ida t ion  is 
n e a r l y  l inear .  Sur face  area  changes  and  changes  in 
the n a t u r e  of the  b a r r i e r  l ayer  can resu l t  in  a fa l l -  
ing off f rom the  l i nea r  ra te  l aw at h igh t e m p e r a -  
tures.  

The effect of t e m p e r a t u r e  on ox ida t ion  ra tes  is 
complex  and  is r e la ted  to the  inc reas ing  vo la t i l i ty  
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of t u n g s t e n  t r iox ide  and  to the  f o r ma t i on  of a b a r -  
r ier  l ayer  of gaseous oxides which  act to l imi t  diffu-  
s ion of oxygen  to the reac t ion  in terface .  A t  the  h igh -  
est t e m p e r a t u r e ,  so lu t ion  of t u n g s t e n  t r iox ide  in  the  
ceramic  t u b e  acts to decrease  the  b a r r i e r  l aye r  of 
oxide. 

The  effect of p ressure  on  the  ox ida t ion  reac t ion  
also was  complex,  especia l ly  in  the  t r a n s i t i o n  zone. 
P re s su re  was  a cr i t ica l  va r i ab l e  i n  d e t e r m i n i n g  the  
re la t ive  role of oxide scale f o r m a t i o n  a nd  vo la t i l i ty  
of t u n g s t e n  t r ioxide.  Above  1350~ the  ra te  of oxi -  
da t ion  fol lowed the  1.1 power  of the  pressure .  

Compar i son  of the  resul t s  w i th  coll is ion theory  
a s suming  zero ac t iva t ion  e n e r g y  for chemica l  r e -  
ac t ion  indica tes  tha t  0.13% of the  coll is ions resu l t  
in  the  f o r ma t i on  of molecules  of WO~ vapor .  Com-  
par i sons  were  made  also to the ox ida t ion  behav io r  
of m o l y b d e n u m  and  ca rbon  w he r e  vola t i le  reac t ion  
products  are also formed.  At  h igh  pressures  and  
above  1350~ t u n g s t e n  oxidizes fas ter  t h a n  m o l y b -  
d e n u m  due to the  u n i q u e  n a t u r e  of the  reac t ion  
products  and  the  reac t ion  system.  
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P o l a r i z a t i o n  S t u d i e s  o f  M o l t e n  C a r b o n a t e  F u e l  C e l l  E l e c t r o d e s  

Isaac Trachtenberg 

Texas  Ins t ruments  Incorporated, Dallas, Texas  

ABSTRACT 

Polarizat ion measurements  have been made on individual  electrodes in 
operating molten carbonate fuel cells by using a third idling electrode. Hydro-  
gen was supplied to the anode and an a i r -carbon dioxide mixture  to the 
cathode. Overvoltages as a funct ion of t ime from 10 -6 to 100 sec after cur ren t  
in te r rup t ion  have been recorded. Analyses of these curves indicate tha t  total 
electrode polarization is the result  of several factors: (a) ohmic polarization 
caused by electrolyte restrictions between the MgO matr ix  and the electrode, 
(b) electrode coverage by reactant  and products, (c) concentrat ion gradients 
of potential  de termining species in the electrolyte. No activation polarization 
was observed at  either electrode. 

F u e l  cells emp loy ing  var ious  eutect ics  of m o l t e n  
a lka l i  ca rbona tes  as the  e lect rolyte  have  been  de-  
scr ibed p rev ious ly  (1 -4) .  The  cells are capable  of 
acceptable  p e r f o r m a n c e  on a va r i e ty  of cheap, r e a d -  
i ly  ava i l ab le  h y d r o c a r b o n  or h y d r o c a r b o n - d e r i v e d  
fuels  and  air. The work  to be p re sen t ed  here  is 
concerned  wi th  some of the more  f u n d a m e n t a l  as-  
pects of this  fue l  cell, e s t ab l i sh ing  the  r a t e - l i m i t i n g  
process at the i n d i v i d u a l  e lectrodes and  e luc ida t ing  
the  ove r -a l l  e lectrode process. 

A l t h o u g h  h y d r o g e n  was used as the  fue l  in  al l  of 
the  e x p e r i m e n t s  r epor t ed  here,  it  r ap id ly  becomes 
d i lu ted  wi th  ca rbon  dioxide. At  600~ the  w a t e r - g a s  
shif t  e q u i l i b r i u m  is r ap id ly  es tab l i shed  and  all  four  
components ,  name ly ,  H2, H20, CO2, and  CO, are 
present .  In  m a n y  ins tances  this  is e q u i v a l e n t  to the  
p roduc t s  f rom s team r e f o r m i n g  hydrocarbons .  

Ope ra t i ng  charac ter is t ics  of the  comple te  fuel  
cell were  ob ta ined  f rom c u r r e n t - v o l t a g e  curves  
such as shown  i n  Fig. 1. Cons iderab le  i n f o r m a t i o n  
conce rn ing  the  comple te  cell  can be ob ta ined  f rom 
plots  of this  type.  However ,  this  p e r f o r m a n c e  is no t  
good enough.  Power  ou tpu t  needs  to be improved .  
C u r r e n t  densi t ies  g rea te r  t h a n  200 a m p / f t  2 can be 
ob ta ined  b u t  at the  expense  of cons ide rab le  e lect rode 
polar iza t ion.  Da ta  of this  k i n d  ind ica te  tha t  the  cell 
is polar iz ing,  bu t  t hey  do not  say w h a t  por t ion  of 
the observed  po la r iza t ion  can be a t t r i b u t e d  to each 

~ .s 64.7 WATTS/FT 2~ ~ j - ~  
92.5 AMPS/FT z 

4 67.8 WATTS/FT ~ ~ .  
13.5.6 AMPS/FT 2 

2 

' ' ' ,:6 2'.0 2,' 2'8 3'2 ,0 .4 .8 1.2 
AMPS 

Fig. 1. Operating characteristics of o typical molten carbonate 
electrolyte fuel cell. Cell No. 289, 5 days operating; temperature, 
600~ fuel flow, 480 cc/min H2. 

Fig. 2. Cathode chamber of a fuel cell showing third idling 
electrode. 

electrode.  Once the ex ten t  of the  i n d i v i d u a l  elec-  
t rode po la r iza t ion  is es tab l i shed  it  is sti l l  necessa ry  
to find out  wha t  causes it  a nd  how to avoid it. 

Experimental 
F i g u r e  2 is an i l l u s t r a t ion  of the  cathode c h a m b e r  

of the cell w i th  the th i rd  id l ing  electrode.  This 
electrode is used to mon i to r  the  p e r f o r m a n c e  of the 
i n d i v i d u a l  anode a nd  cathode in  the  w o r k i n g  fuel  
cell. The  smal l  electrode,  0.5 cm 2, is a p u r e  s i lver  
vol tage  probe.  The large  one (15.6 cm 2 or 1/60 ft ~) 
is the  w or k i ng  cathode. Not  shown  is the anode  on 
the bo t tom side of the MgO disk. The anode has a 
geometr ic  conf igura t ion  iden t i ca l  w i th  the  w o r k i n g  
cathode. The  MgO disk is i m p r e g n a t e d  w i th  the  
b i n a r y  LiNaCO3 eutectic.  E lec t r ica l  connec t ions  are 
made  f rom the electrodes to the  var ious  in su la t ed  
l ead- th roughs .  The on ly  electr ical  connec t ion  w i t h i n  
the  cell  b e t w e e n  the  th ree  e lectrodes  is t h r o u g h  the  
e lec t ro ly te  con ta ined  in  the porous  MgO disk. The 
lids are t h e n  welded  on to m a k e  each c h a m b e r  gas 
t ight.  The cell is p laced  ve r t i ca l ly  in  a furnace ,  and  
the necessa ry  e x t e r n a l  gas a nd  e lect r ical  connect ions  
are completed.  

Al l  e xpe r i me n t s  were  pe r f o r me d  at 600~ wi th  
H2 suppl ied  to the  anode and  a 4:1 m i x t u r e  of a i r :  
carbon  dioxide suppl ied  to the  cathode. The e lec t ro-  
ly te  was a b i n a r y  eutect ic  of 50 mole  % Li2CO8 and  
50 mole  % Na2CO3 (mp ~ 500~ con ta ined  w i t h i n  
a porous  lYIgO disk. 
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Fig. 3. Current-voltage curves for individual electrodes in a 
working fuel cell. Dashed line indicates polarization corrected for 
lead resistance. No. 296, 1Sth day; 600~ continuous operation; 
fuel, H2; oxidant, air. 

Figure 3 is representative of the current-voltage 
traces obtained for individual electrodes in a com- 
plete working cell. A variable transistorized load is 
placed across the working electrodes and current 
passed. This current becomes the x-input to a Mose- 
ley x-y recorder. The voltage between the non- 
working electrode and the particular working elec- 
trode to be studied becomes the y-input to this re- 
corder. In order to avoid polarization of the non- 
working electrode the y-axis, or for that matter any 
voltage measuring device used with this electrode, 
must have a high input impedance. The complete 
fuel cell performance may be obtained by subtract- 
ing the two curves and an IR correction, where R in 
this case refers to the true electrolyte resistance. 
However, in most cases it is easier to repeat the x-y 
plot using the terminal voltage of the working elec- 
trodes as the y-input as illustrated in Fig. i. 

Experiments of this type are very useful. They 
serve to establish the polarization of the individual 
electrodes, but for the most part tell very little 
about the nature of the polarization. Of particular 
interest are three types of polarization: ohmic, ac- 
tivation, and concentration. These types of polari- 
zation may be distinguished on a time interval after 
removal of the polarizing load. Ohmic polarization 
disappears immediately for the present investigation 
in times less than a microsecond. Activation polari- 
zation would be decayed in a time interval from 
10 -6 to 10 -4 sec, about the time required to charge 
the double layer. Decay of polarization due to con- 
centration effects requires times greater than i0 -3 
sec since appreciable transport of mass (either ions 
in the electrolyte or molecules in gas phase) must 
occur. In order to investigate these polarization 
phenomena a single current interruption technique 
was used. Essentially this consisted of loading the 
cell with a fixed load, allowing it to come to equi- 
librium, and then in less than a microsecond opening 
this circuit. The voltage of the particular working 
electrode under investigation vs. the nonworking 
electrode is recorded on film from an oscilloscope 
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Fig. 4. Interrupter circuit used to obtain voltage-time curve 
1 sec. 

sweep.  F i g u r e  4 s c h e m a t i c a l l y  shows  t h e  i n t e r r u p t o r  
c i rcui t .  The  h e a r t  of th is  c i r cu i t  is t he  m e r c u r y  w e t -  
t ed  C L A R E  re l ay .  A n  i n t e r e s t i n g  f e a t u r e  of th is  
r e l a y  is the  m a k e  be fo re  b r e a k  condi t ion .  T y p i c a l  
o p e r a t i o n  sequence  is as fo l lows :  t he  d e s i r e d  load  
is se l ec ted  and  the  r e l a y  ene rg i zed  ( n o r m a l l y  open  
con tac t s  c losed) .  The  cel l  is a l l o w e d  to come to 
equilibrium; usually a few seconds to several min- 
utes are required. The relay is de-energized. The 
normally closed contact is made 1 msec before the 
normal open contact opens. A signal is obtained 
from the normally closed contacts and serves as 
triggering input to a Tektronix 545A oscilloscope. 
The scope is set up so that the actual sweep may be 
delayed from a few microseconds up to several mil- 
liseconds. This arrangement is used to obtain time 
scale on voltage-time records from 5 x 10 -7 to 1 x 
10 -3 sec/cm. When the time scale is longer than 1 
x 10 -3 sec, no sweep delay is required. Voltage- 
time curves of more than l-sec duration were ob- 
tained with a fast response recorder and chart 
speeds up to 12 in./min. In all instances the voltage 
r e c o r d e d  is t h a t  of a w o r k i n g  e l e c t r o d e  v s .  t he  n o n -  
w o r k i n g  e lec t rode .  

Discussion of  Results 

F i g u r e  5 is an  e x a m p l e  of t h e t y p e  of d a t a  o b -  
t a i n e d  f r o m  the  osc i l loscope  t races .  One t r ace  is r e -  
q u i r e d  p e r  d e c a d e  of t ime .  In  o t h e r  words ,  to ob t a in  
th i s  p lot ,  5 t r a ce s  w i t h  d i f fe ren t  t i m e  scales  w e r e  
ob ta ined .  The  on ly  changes  m a d e  b e t w e e n  t r aces  
i n v o l v e d  the  osc i l loscope  i t se l f  ( t i m e  scale  and  
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Fig. 5. Polarization-time curve of typical anode after interruption 
of 1.67 amp. No. 278; anode (H2); 600~ 
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sweep t ime  de lay ) .  Data  were  t a k e n  in  the 1 ~sec 
r ange ;  however ,  they  are  somewha t  c louded by  a 
r i n g - b a c k  vol tage  which  occurs w h e n  the  c u r r e n t  
falls to zero in  someth ing  l ike 10 -7 sec. Data  are  
repor ted  for t imes  f rom 10 -4 up to 10 sec af ter  cu r -  
r e n t  i n t e r rup t i on .  The gene ra l  shape of two s t ra igh t  
l ines  is charac ter i s t ic  of all  m e a s u r e m e n t s  of this  
type.  The correc t ion  for lead res i s tance  is ind ica ted  
and  reduces  the  to ta l  m e a s u r e d  polar iza t ion.  This  
log r e l a t ionsh ip  con t inues  to be  va l id  u n t i l  the  po-  
l a r iza t ion  has decreased essen t ia l ly  to zero ( <  20 
m v ) .  

F i g u r e  6 i l lus t ra tes  the  effect of v a r y i n g  the p r e -  
i n t e r r u p t i o n  cur ren t .  The  fuel  flow is he ld  constant .  
The in i t i a l  overvo l tage  decay (hi) is a l i nea r  f u n c -  
t ion  of c u r r e n t  (~i/I = RD). This  fact has been  
checked in  a n u m b e r  of fuel  electrodes over  a cu r -  
r e n t  r ange  of two orders  of m a g n i t u d e  (0.2-2.0 amp,  
i.e., 1 a m p / f t  2 to 100 amp/ f t2 ) .  The in te rcep t  of the  
hor izon ta l  l ine  (first few decades of t ime)  wi th  the 
second l ine  is v i r t u a l l y  i n d e p e n d e n t  of the  c u r r e n t  
bu t  d e p e n d e n t  on fuel  flow rate.  This  same behav io r  
has been  observed  on a n u m b e r  of d i f ferent  e lec-  
t rodes  in  the same electrolyte .  However ,  each elec-  
t rode does have  a di f ferent  dependence  on fuel  flow 
rate,  and  this  charac ter i s t ic  of the in te rcep t  wi l l  
occur  at  d i f ferent  flows for d i f ferent  e lect rode s t ruc -  
tures .  

F igu re  7 i l lus t ra tes  a typ ica l  effect of fuel  flow ra te  
on the  v o l t a g e - t i m e  curves  fo l lowing cu r r en t  i n t e r -  
rup t ion .  In  this  case on ly  the fuel  flow ra te  was  
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Fig. 7. Polarization-time curves of typical anode for constant 
load at varying fuel flow rates. No. 266, 600~ anode. 
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varied.  The load was held  cons tant ,  bu t  due to i n -  
creas ing po la r iza t ion  w i th  decreas ing  flow the  p re -  
i n t e r r u p t i o n  cu r r en t s  va r i ed  s l ight ly.  Correc t ions  
for the  c u r r e n t  v a r i a t i o n  wi l l  no t  a l te r  these  resu l t s  
apprec iably .  There  are severa l  i n t e re s t ing  obse rva -  
t ions to be made  on these data.  The  in i t i a l  po l a r i -  
za t ion  decay is i n d e p e n d e n t  of fue l  flow. The  i n t e r -  
cept of the  charac ter i s t ic  two s t ra igh t  l ines  moves  
to shor te r  t imes  as the flow decreases.  This  can be 
a t t r i b u t e d  to an  increased  i m p o r t a n c e  of concen t r a -  
t ions of products  a nd  reac tan t s  in  the  gas phase  
( p r e s u m a b l y  electrode coverage)  on e lect rode po-  
t en t i a l  as the flow ra te  is decreased.  The n o n e x i s t -  
ence of gas leakage  effects was  es tab l i shed  by  gas 
ch romatograph ic  analyses  of the  separa te  effluent 
gases. A n d  finally,  the  slope of the second l ine  in -  
creases w i t h  fuel  flow. At  the  lowest  flow this  is 
p a r t i c u l a r l y  t rue .  T imes  g rea t e r  t h a n  1 h r  are  r e -  
qu i r ed  for the electrode to reach  its res t  potent ia l .  
Here  aga in  this  is due in  pa r t  to an  increased  i m -  
por tance  of the gas phase  concen t ra t ions  on  the 
electrode potent ia l .  

S tudies  have  also been  m a d e  of air  electrodes 
(cathodes)  us ing  this  same s ingle  c u r r e n t  i n t e r -  
r up to r  technique .  F igu re  8 is an  example  of a t yp i -  
cal v o l t a g e - t i m e  plot  for a cathode. In  m a n y  re -  
spects the  behav io r  is s imi la r  to anodes.  The  m a j o r  
differences are: (A) air  e lectrodes  as a ru le  have  
l a rger  in i t i a l  po la r iza t ion  decays which  l ike fuel  
electrodes are a l i nea r  f u n c t i o n  of the  p r e - i n t e r r u p -  
t ion  cur ren t .  There  is an  ohmic  res i s tance  at  the  
e lec t rode-e lec t ro ly te  in te r face  which  is be l i eved  to 
be the  resu l t  of an  e lec t ro ly te  res t r i c t ion  at t ha t  
e lec t rode-MgO in te r face  as in  the  case of the anodes  
p lus  an  add i t iona l  ohmic effect because  of oxide 
layers  on the  electrode;  (B) cathodes  over  the r ange  
of flow rates  s tudied  are  less d e p e n d e n t  on gas flows 
t h a n  anodes;  (C) cathodes show far  less c o n c e n t r a -  
t ion  po la r iza t ion  and  r e t u r n  qu ick ly  to the i r  res t  
potent ia l .  

The lack of dependence  on gas flow and  the  smal l  
a m o u n t  of concen t r a t i on  po la r iza t ion  at the  cathode 
m a y  be exp la ined  on the  basis  tha t  r eac t ion  p rod -  
ucts are no t  re jec ted  into the  gas phase. At  this  
electrode,  the p roduc t  is e i ther  O = or CO3 = a n d  
leaves the  e lec t rode-e lec t ro ly te  in te r face  t h r o u g h  
the electrolyte .  The re  is v e r y  l i t t le  change  in  elec-  
t rode coverage by  reac t ion  p roduc t s  such as exist  at 
the fuel  electrode. The  e lect rode po la r i za t ion  for 
the most  pa r t  is an  o h m i c - t y p e  po la r iza t ion  due  to 
the presence  of oxide layers  on the  e lect rode a n d  
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e l e c t r o l y t e  r e s t r i c t i ons  at  the  e l e c t r o d e - e l e c t r o l y t e  
in te r face .  

Conclusions 
As a r e s u l t  of these  e x p e r i m e n t s  and  s i m i l a r  ones, 

a m e c h a n i s m  is p r o p o s e d  for  th is  m o l t e n - c a r b o n a t e  
e l e c t r o l y t e  fue l  cell .  The  p o t e n t i a l  of t he  a n o d e  m a y  
be r e p r e s e n t e d  in t e r m s  of ac t iv i t i e s  (at) as fo l lows :  

2 . 3 R T [ l o g  aH2o W l o g  1 1 
EA : E~ ~ aH2K1 a o -  " 

[1] 
w h e r e  t he  c h e m i c a l  and  e l e c t r o c h e m i c a l  p rocesses  
a r e  i l l u s t r a t e d  as fo l lows  

K 
CO3 = ~ CO2 + O =5,6 [2]  

M + O  = ~ - M O + 2 e -  [3]  

K1 
MO + H2 ~ - M  + H20 [4]  

w h e r e  M is a d i v a l e n t  me ta l .  S ince  these  r eac t i ons  
a r e  t a k i n g  p lace  at  600~ the  r a t e  shou ld  be v e r y  
r a p i d  and  e q u i l i b r i u m  cond i t ions  m a i n t a i n e d .  

X - r a y  i n f o r m a t i o n  has  conf i rmed  t h e  p r e s e n c e  of 
m e t a l  ox ides  on  the  anode.  E x a m i n a t i o n  of t he  cel ls  
o p e r a t e d  w i t h  N2 as t he  anode  gas (ce l ls  d id  no t  
o p e r a t e  v e r y  long )  i n d i c a t e d  t h a t  c o n s i d e r a b l e  
a m o u n t s  of the  va r i ous  base  m e t a l  M w e r e  con-  
v e r t e d  to oxides .  

E q u a t i o n  I l l  can  be  f u r t h e r  s impl i f i ed  b y  m a k -  
ing the  s u b s t i t u t i o n  

K aco~= K 1 
ao . . . .  [5]  

aco2 aco2 

S u b s t i t u t i n g  and  c o m b i n i n g  cons t an t  t e r m s  y ie lds  

EA : E~ 2"3RTlog[aH2~176 [6]  
n F all2 

In  e v a l u a t i n g  the  p o t e n t i a l  t h e  w a t e r - g a s  sh i f t  
r e a c t i o n  

H2 + C O 2 ~  CO + H20 [7]  

m u s t  be  cons idered .  A t  600~ e x p e r i m e n t s  have  
d e m o n s t r a t e d  t h a t  th is  e q u i l i b r i u m  in t he  fue l  cel l  
is v e r y  r a p i d l y  a t t a ined .  The  r eac t ions  at  t he  anode  
as  i n d i c a t e d  in  Eq. [2] ,  [3] ,  a n d  [4]  p r o c e e d  v e r y  
r a p i d l y ,  and  the  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  is 
in e q u i l i b r i u m  a t  a l l  t imes  i n d e p e n d e n t  of c u r r e n t  
up  to 200 a m p / f t  2. 

The  o b s e r v e d  p o l a r i z a t i o n  at  t h e  a n o d e  is t he  r e -  
su l t  of an  ohmic  f ac to r  f rom e l e c t r o l y t e  r e s t r i c t i ons  
at  t he  e l e c t r o d e - M g O  i n t e r f a c e  and  c o n c e n t r a t i o n  
g r a d i e n t s  due  to mass  t r a n s p o r t  l imi t a t ions .  A n  O = 
c o n c e n t r a t i o n  m a y  ex i s t  in t he  e l e c t r o l y t e  due  to a 
c o n c e n t r a t i o n  g r a d i e n t  of CO2. 

A s i m i l a r  s i t u a t i o n  ex is t s  a t  t he  ca thode .  The  
e l ec t rode  p o t e n t i a l  m a y  be  w r i t t e n  as 
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a~ ] 
2.3 RT log [8]  

Ec = E~ n------F ao2 K2 

w h e r e  t he  c h e m i c a l  a n d  e l e c t r o c h e m i c a l  p rocesses  
m a y  be  r e p r e s e n t e d  as  

K2 
2M ~- 02 ~ 2MO [9]  

4 e -  -~ 2 M O ~  2M -b 2 0  = [10]  

O = ~ CO2 ~ CO~= [ 11 ] 

S u b s t i t u t i n g  for  t h e  ao= f r o m  Eq. [5]  in Eq. [8]  
and  c o m b i n i n g  cons tan t s  

E c = E o ~ c 2 . 3 R T l o g [ _ _  1 ] [ 1 2 ]  
n F ao2 (aco2) 2 

I t  is a s s u m e d  t h a t  a l l  of t h e  r e a c t i o n s  a r e  in e q u i -  
l i b r ium,  s ince  a t  600~ the  k ine t i c s  of t he se  r e a c -  
t ions  shou ld  be  v e r y  fast .  The  o b s e r v e d  t o t a l  p o -  
l a r i z a t i on  is due  to e l e c t r o l y t e  r e s t r i c t i o n s  a n d  a 
s u r f a c e  o x i d e  l a y e r  a t  t h e  e l ec t rode  i n t e r f a c e  w h i c h  
r e s u l t  in ohmic  p o l a r i z a t i o n  as the  m a j o r  c o n t r i b u -  
t ion  and  c o n c e n t r a t i o n  p o l a r i z a t i o n  due  to mass  
t r a n s p o r t  of Oe and  CO2 in the  gas  p h a s e  and  O = in 
t he  e l ec t ro ly t e .  

In  a l l  of t he  e x p e r i m e n t s  p e r f o r m e d  no ev idence  
of a c t i v a t i o n  p o l a r i z a t i o n  at  c u r r e n t  dens i t i e s  up  to 
200 a m p / f t  2 was  obse rved .  The  ca t a ly s t s  i n v e s t i -  
g a t e d  on t h e  a n o d e  w e r e  a n u m b e r  of i n e x p e n s i v e  
me ta l s .  The  ca thodes  w e r e  s i n t e r e d  s i lve r  p o w d e r .  
E l ec t rodes  s i n t e r e d  f r o m  l a rge  p a r t i c l e s  (3220 
m e s h )  d id  no t  p e r f o r m  wel l ,  no r  d id  e l ec t rodes  
p r e p a r e d  f r o m  p a r t i c l e s  t h r o u g h  325 mesh.  W i t h  
the  l a t t e r  t he  e l ec t rode  f looded w i t h  e l e c t r o l y t e  and  
e x h i b i t e d  g r e a t e r  c o n c e n t r a t i o n  po la r i za t ion .  The  
e x t e n t  of t o t a l  p o l a r i z a t i o n  and  t h e  c o n t r i b u t i o n  of 
i n d i v i d u a l  t y p e s  of p o l a r i z a t i o n  for  e i t he r  of t he  
e l ec t rodes  is d e p e n d e n t  on the  p o r e  s t r u c t u r e  and  
how it  con t ro l s  e l e c t r o l y t e  w e t t i n g  r a t h e r  t h a n  on 
the  e l ec t rode  m a t e r i a l .  

Manuscr ip t  received Apr i l  9, 1963; rev ised  m a n u -  
scr ipt  received Aug. 2, 1963. This paper  was presented  
at the  Boston Meeting, Sept.  16-20, 1962. 

A n y  discussion of this paper  wil l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the  December  1964 
~OURNAL. 
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ABSTRACT 

Differential  capac i ty -po ten t ia l  curves on ac t iva ted  p la t inum electrodes 
were  obta ined in n i t ra te  and chlor ide  solutions of var ious  pH and under  
condit ions of constant  ionic s trength.  The m a x i m a  obta ined are  exp la ined  in 
te rms of adsorp t ion-desorp t ion  processes. The resul ts  suggest  tha t  the  t r ans i -  
t ion f rom H30 + discharge to t I20 discharge occurs at  a pH of 3-4. Chlor ide  
ion inhibi ts  the  fo rmat ion  of an oxygen-con ta in ing  layer  on the e lec t rode  
surface, and this inhibi t ing  effect is g rea te r  for  low pH and high chlor ide  ion 
concentrat ion.  Some evidence is g iven which  substant ia tes  tha t  the zero point  
of charge  of p la t inum is a t  --0.05v on the  sa tu ra ted  calomel  scale. 

T h e r e  h a v e  been  m a n y  inves t i ga t i ons  of the  in -  
t e r f a c i a l  d i f f e r en t i a l  c a p a c i t y  ( h e r e a f t e r  ca l l ed  
" c a p a c i t y " )  of p o l a r i z e d  p l a t i n u m  e l ec t rodes  (1-  
15).  The  a ims  of these  i n v e s t i g a t i o n s  w e r e  w i d e l y  
va r i ed .  Some  h a v e  been  c o n c e r n e d  p r i m a r i l y  w i t h  a 
s t u d y  of t he  k ine t i c s  of the  h y d r o g e n  evo lu t i on  r e -  
act ion,  o the r s  w i t h  o x y g e n  evo lu t ion ,  and  s t i l l  
o the r s  w i t h  t he  e l e c t r i c a l  d o u b l e  l aye r .  A n  e x a m i -  
n a t i o n  of the  v a r i o u s  r e su l t s  i nd i ca t e s  tha t ,  in m a n y  
cases,  t he  c a p a c i t y  v a r i e d  w i t h  t ime.  In  add i t ion ,  
the  r e su l t s  r e p o r t e d  a p p e a r  to d e p e n d  m a r k e d l y  on  
the  e l e c t r o l y t e  pH. Thus,  i t  a p p e a r e d  e x p e d i e n t  to 
i n v e s t i g a t e  t he  effect  of p H  on the  c a p a c i t y  of ac -  
t i v a t e d  p l a t i n u m  e l ec t rodes  ove r  t he  en t i r e  " i d e a l l y  
p o l a r i z a b l e "  r a n g e  of p o t e n t i a l  u n d e r  cond i t ions  of 
h igh  p u r i t y  a n d  cons t an t  ionic  s t r e n g t h  in  o r d e r  to 
d e t e r m i n e  h o w  t h e  h y d r o g e n  ion a c t i v i t y  affects  
t h e  c a p a c i t y - p o t e n t i a l  behav io r .  F o r  th is  s tudy ,  the  
sy s t ems  K C 1 - H C 1 - K O H  and  H N O 3 - K N O 3 - K O H  
w e r e  chosen  because  t h e y  can  be  r e a d i l y  pur i f i ed  
and  b e c a u s e  t h e  effect  of the  " i n e r t "  an ion  could  be  
i nves t i ga t ed .  

Experimental 
Materials.--The p l a t i n u m  e l ec t rodes  w e r e  p r e -  

p a r e d  b y  sea l ing  a sho r t  l e n g t h  of s m a l l  d i a m e t e r  
p l a t i n u m  wi re ,  s u p p l i e d  b y  J. B i shop  a n d  C o m p a n y ,  
in to  a 15 cm l e n g t h  of  6 m m  d i a m e t e r  soft  g lass  
t u b i n g  w h i c h  h a d  been  d r a w n  to a c a p i l l a r y  on one 
end.  The  e x p o s e d  end  of t he  w i r e  was  h e a t e d  in a 
s m a l l  f lame so t h a t  the  su r f ace  t ens ion  of t he  m o l -  
t en  m e t a l  d r e w  it  in to  a s m a l l  sphere .  This  e l ec -  
t r o d e  was  p l a c e d  into  n e a r l y  bo i l ing  d i c h r o m a t e  
c l ean ing  so lu t ion  for  a b o u t  10 min,  t hen  t h o r o u g h l y  
w a s h e d  in  c o n d u c t i v i t y  w a t e r ,  f i t ted  t i g h t l y  in to  a 
s t a n d a r d  t a p e r  Teflon jo in t ,  and  i n t r o d u c e d  in to  t he  
cel l  w h i c h  con t a ined  d e a e r a t e d  tes t  solut ion.  E l e c -  
t r odes  p r e p a r e d  in th is  m a n n e r  a p p e a r e d  b r i g h t  
w h e n  v i e w e d  u n d e r  a mic roscope .  A n e w l y  p r e -  
p a r e d  e l e c t r o d e  was  used  for  each  e x p e r i m e n t .  The  
a r e a  of each  e l ec t rode  was  d e t e r m i n e d  b y  c o m p a r i -  
son, a t  a p a r t i c u l a r  po ten t i a l ,  of i ts  c a p a c i t y  to t he  

1Presen t  address:  Humble  Oil & Refining Company,  Houston, 
Texas. 

c a p a c i t y  of a l a r g e r  p l a t i n u m  w i r e  e l ec t rode  whose  
g e o m e t r i c  a r e a  could  be  ca l cu la t ed .  The  p a r t i c u l a r  
p o t e n t i a l  a t  w h i c h  t h e  c a p a c i t y  was  m e a s u r e d  d e -  
p e n d e d  on the  so lu t ion  u n d e r  i n v e s t i g a t i o n  and  the  
v a l u e  chosen  was  one for  w h i c h  the  c a p a c i t y  d id  
no t  change  s ign i f i can t ly  w i t h  po ten t i a l .  

A l l  so lu t ions  w e r e  p r e p a r e d  us ing  w a t e r  f r o m  a 
B a r n s t e a d  c o n d u c t i v i t y  s t i l l  (3 x 108 o h m - c m )  a n d  
r e a g e n t  g r a d e  HNO~, KNO3, KC1, and  KOH.  The  
KNO3 and  KC1 w e r e  f u r t h e r  pu r i f i ed  b y  two  r e -  
c ry s t a l l i z a t i ons  out  of c o n d u c t i v i t y  w a t e r .  C o n s t a n t  
bo i l ing  HC1 was  p r e p a r e d  b y  d i s t i l l a t ion .  

N i t r a t e  so lu t ions  of p H  2.1, 3, 11.4, and  12.2 w e r e  
p r e p a r e d  b y  d r o p w i s e  a d d i t i o n  of  e i t he r  concen -  
t r a t e d  HNOa or  K O H  to N KNOa t i l l  t he  d e s i r e d  p t t  
was  r eached .  The  p H  6.55 so lu t ion  was  p r e p a r e d  b y  
a d d i n g  an  a p p r o p r i a t e  a m o u n t  of  B e c k m a n  p H  7 
buf fe r  so lu t ion  c o n c e n t r a t e  to N KNOB. F o r  each  
so lu t ion  the  ionic  s t r e n g t h  was  a p p r o x i m a t e l y  one. 

C h l o r i d e  so lu t ions  of p H  1, 3, 11.4, and  12 w e r e  
p r e p a r e d  s i m i l a r l y  to the  n i t r a t e  so lu t ions  us ing  
6N HC1 a n d  N KC1 i n s t e a d  of HNO3 a n d  KNOb. 
Solu t ions ,  6N-0.015N HC1, w e r e  p r e p a r e d  b y  d i l u -  
t ion  of 6N HC1 w i t h  c o n d u c t i v i t y  w a t e r .  

Cell and me thod . - -The  a l l - P y r e x  glass  ce l l  con-  
t a i n e d  the  t es t  e lec t rode ,  a s a t u r a t e d  ca lome l  r e f -  
e rence  e lec t rode ,  a n d  a l a r g e  p l a t i n i z e d  p l a t i n u m  
a u x i l i a r y  e lec t rode .  This  a u x i l i a r y  e l ec t rode  s e r v e d  
b o t h  as a p o l a r i z i n g  e l ec t rode  and  a low i m p e d a n c e  
e ]ec t rode  for  the  c a p a c i t y  m e a s u r e m e n t s .  A s t r e a m  
of G r a d e  A He was  p a s s e d  t h r o u g h  the  cel l  so lu t ion  
con t inuous ly .  The  cel l  was  i m m e r s e d  in a g r o u n d e d ,  
cons t an t  t e m p e r a t u r e  w a t e r  b a t h  w h i c h  also s e r v e d  
as  an  e l ec t ro s t a t i c  shie ld .  

D i f f e r en t i a l  c a p a c i t y  m e a s u r e m e n t s  w e r e  m a d e  
us ing  a ser ies  G e n e r a l  Rad io  Mode l  650 A I m p e d -  
ance  b r i d g e  a c c u r a t e  to 2%. The  a l t e r n a t i n g  v o l t -  
age across  the  cel l  n e v e r  e x c e e d e d  10 inv.  Because  
of t he  low i n p u t  v o l t a g e  to t he  b r idge ,  two  a m p l i -  
f iers a n d  an  osc i l loscope  w e r e  r e q u i r e d  to  d e t e r -  
m i n e  the  b a l a n c e  p o i n t  of t he  b r idge .  A l l  c i rcu i t s  
we re  a d e q u a t e l y  s h i e l d e d  and  a p p r o p r i a t e l y  
g r o u n d e d .  
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The  po l a r i z i ng  v o l t a g e  was  s u p p l i e d  to  t he  t es t  
and  a u x i l i a r y  e l ec t rodes  by  a p o t e n t i o m e t e r  con-  
nec t ed  in  ser ies  w i t h  a m i c r o a m m e t e r  a n d  a choke  
coil. The  coil  s e r v e d  to b lock  a.c. f r o m  the  p o l a r i z -  
ing  c i rcui t .  

The  p o t e n t i a l  d i f fe rence  b e t w e e n  the  t es t  e l ec -  
t r o d e  a n d  the  s a t u r a t e d  ca lome l  e l ec t rode  was  
m e a s u r e d  w i t h  a K e i t h l e y  e l e c t r o m e t e r .  The re fo re ,  
a l l  p o t e n t i a l s  r e p o r t e d  h e r e  a r e  w i t h  r e s p e c t  to the  
s a t u r a t e d  ca lome l  e lec t rode .  

Procedure . - - In  o r d e r  to c o m p a r e  the  i m p e d a n c e  
b e h a v i o r  of the  sy s t ems  i nves t i ga t ed ,  i t  was  nec -  
e s s a r y  to  a d o p t  some s t a n d a r d  p r o c e d u r e  for  p e r -  
f o r m i n g  the  e x p e r i m e n t s .  Of t he  s e v e r a l  p r o c e d u r e s  
w h i c h  w e r e  t r i ed ,  t he  fo l lowing  one gave  the  mos t  
r e p r o d u c i b l e  r e su l t s  and  i t  was ,  t he re fo re ,  f o l l owed  
t h r o u g h  th is  i nves t iga t ion .  

The  e lec t rode ,  a f t e r  h a v i n g  been  c a r e f u l l y  c l e a ne d  
in t he  m a n n e r  d e s c r i b e d  above ,  w a s  p l a c e d  in  t h e  
d e a e r a t e d  cel l  so lu t ion  and  a l t e r n a t e l y  p o l a r i z e d  
c a t h o d i c a l l y  and  a n o d i c a l l y  in o r d e r  to e x p e l l  s u r -  
face  ac t ive  i m p u r i t i e s  w h i c h  m a y  h a v e  been  a d -  
so rbed  on the  e l e c t r o d e  surface .  The  e l ec t rode  p o -  
t e n t i a l  was  t hen  a d j u s t e d  to some v a l u e  such  t h a t  
an  anod ic  c u r r e n t  f lowed for  s e v e r a l  seconds,  a f t e r  
w h i c h  the  p o t e n t i a l  was  set  to some v a l u e  for  w h i c h  
the  e l ec t rode  was  " i d e a l l y "  p o l a r i z a b l e  ( i  < 0.1 t~a). 
C a p a c i t y  d a t a  w e r e  t h e n  t a k e n  as r a p i d l y  as pos -  
s ib le  so t h a t  t he  su r f ace  ac t ive  i m p u r i t i e s ,  w h i c h  
e x p e r i e n c e  has  s h o w n  to be  n e a r l y  imposs ib l e  to 
r e m o v e  c o m p l e t e l y ,  w o u l d  not  have  suff icient  t ime  
to dif fuse  to t he  e l ec t rode  sur face ,  t h e r e b y  r e n d e r -  
ing  t h e m  innocuous .  This  p r o c e d u r e  a s sumes  the  
cond i t i on  t h a t  t he  t i m e  r e q u i r e d  to t a k e  the  c a p a c -  
i t y  d a t a  (10-15 sec a t  each  p o t e n t i a l )  is m u c h  less  
t h a n  the  t i m e  r e q u i r e d  for  su r f ace  ac t ive  i m p u r i t i e s  
to diffuse to the  e l ec t rode  sur face .  P r o b a b l y  th is  
cond i t i on  w a s  fu l f i l l ed  s ince  t he  c a p a c i t y  d i d  no t  
v a r y  m o r e  t h a n  a b o u t  2 -3% in 10 m i n  at  each  p o -  
t e n t i a l  and  since, in  t he  p r e s e n c e  of a su r f ac e  ac -  
t i ve  s u b s t a n c e  (9, 32) ,  or  for  i m p u r e  so lu t ions  (33) ,  
t he  c a p a c i t y  va r i e s  r a p i d l y  w i t h  t i m e  d u r i n g  the  
f irst  10 min ,  b e c o m i n g  cons t an t  on ly  a f t e r  30 m i n  
or  more .  A t  a n y  r a t e ,  d a t a  w h i c h  w e r e  r e p r o d u c i b l e  
to 3%,  e x c e p t  a t  t he  m a x i m u m  occu r r ing  at  t he  
m o r e  ac t ive  p o t e n t i a l s  w h e r e  t h e  r e p r o d u c i b i l i t y  
was  10%, w e r e  o b t a i n e d  us ing  th is  p rocedu re .  

D I F F E R E N T I A L  C A P A C I T Y  O F  P t  E L E C T R O D E  

Results  

The  ser ies  d i f f e r e n t i a l  of t he  e l e c t r o d e  i m p e d -  
ance,  m e a s u r e d  a t  1000 cps and  23~ is g i v e n  as a 
func t ion  of p o t e n t i a l  for  n i t r a t e  so lu t ions  of v a r i -  
ous p H  in Fig.  1 and  2. Each  c u r v e  is c h a r a c t e r i z e d  
b y  a ca thod ic  m a x i m u m ,  o c c u r r i n g  at  ac t ive  p o t e n -  
t ia ls ,  and  an  anod ic  m a x i m u m ,  occu r r i ng  at  the  
m o r e  n o b l e  po ten t i a l s .  F o r  so lu t ions  of p H  0, 2.1, 3, 
6.55, 11.4, and  12.2, t h e  ca thod ic  m a x i m a  occur  a t  
- -0 .17 , - -0 .27 ,  - - 0 . 3 4 , - - 0 . 5 0 , - - 0 . 8 3 ,  a n d  --0.86v,  r e -  
spec t ive ly .  F o r  l ow pH,  t he  c a p a c i t y  r i ses  r a p i d l y  
w i t h  v o l t a g e  a t  p o t e n t i a l s  m o r e  ac t ive  t h a n  t h a t  a t  
w h i c h  the  ca thod ic  m a x i m u m  occurs  whi le ,  for  
h igh  pH,  t he  c a p a c i t y  con t inues  to d e c r e a s e  a t  p o -  
t en t i a l s  m o r e  ac t ive  t h a n  t h a t  a t  w h i c h  the  c a t h -  
odic m a x i m u m  occurs .  Some  c u r r e n t  ( ~  0.1 ~a)  
i n d i c a t i n g  the  onse t  of h y d r o g e n  evolu t ion ,  beg ins  
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Fig. 2. Differential capacities of activated Pt electrodes in 
nitrate solutions. Cathodic potentials to left. Curve a, pH 6.55; 
curve b, pH 11.4; curve c, pH 12.2. 

to f low in  t h e  p o l a r i z i n g  c i r cu i t  a t  p o t e n t i a l s  of 
a b o u t  50 m y  m o r e  ac t ive  t h a n  t h a t  a t  w h i c h  the  
ca thod ic  m a x i m u m  occurs .  The  anod ic  m a x i m a  ob -  
t a i n e d  in  n i t r a t e  of  p H  0, 2.1, 3, 6.55, 11.4, and  12.2 
occur  at  0.55, 0.38, 0.28, 0.08, --0.28, and  --0.30% 
re spe c t i ve ly .  F o r  t h e  n i t r a t e  so lu t ion  of p H  0, a 
s l ight ,  b u t  r e p r o d u c i b l e  inf lec t ion  o c c u r r e d  at  
- -0 .05v.  

C a p a c i t y - p o t e n t i a l  cu rves  for  ch lo r ide  so lu t ions  
of v a r i o u s  p H  a r e  g iven  in Fig .  3, 4, and  5. Resu l t s  
g iven  in Fig .  3 a n d  4 a r e  for  ionic  s t r e n g t h  of a p -  
p r o x i m a t e l y  one  w h i l e  t he  r e s u l t s  g i v e n  in  Fig .  5 
a r e  for  v a r i o u s  d i lu t i ons  of 6N HC1 ( c h l o r i d e  ion 
c o n c e n t r a t i o n  equa l s  h y d r o g e n  ion c o n c e n t r a t i o n ) .  
F o r  p H  0, 1, 3, 11.4, a n d  12, t he  ca thod ic  m a x i m a  
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occur  a t  p o t e n t i a l s  of --0.12,  --0.17,  --0.33, --0.82,  
and  --0.85v,  r e spec t i ve ly .  T h e r e  is a m a x i m u m  
w h i c h  occurs  for  1 a n d  6N HC1 a t  - -0.05v.  This  
m a x i m u m  does  no t  sh i f t  w i t h  pH. In  add i t ion ,  fo r  
p H  1 and  3, a n d  for  6N HCI,  the  c a p a c i t y  beg ins  to 
r i se  a t  m o r e  n o b l e  p o t e n t i a l s  t h a n  fo r  t he  c o r r e -  
s p o n d i n g  n i t r a t e  solut ions .  

The  anod ic  m a x i m a  o b t a i n e d  in  ch lo r ide  so lu -  
t ions  of p H  11.4 a n d  12 occur  a t  - -0 .23 a n d  - -0 .30v,  
r e spec t i ve ly .  F o r  p H  0, 1 ,  and  3, t he  anod ic  m a x i m a  
a r e  b r o a d  a n d  p o o r l y  def ined.  As  t h e  c h l o r i d e  a n d  
h y d r o g e n  ion  c o n c e n t r a t i o n  dec rease ,  t he  anod ic  
m a x i m u m  becomes  p r o g r e s s i v e l y  m o r e  w e l l  def ined.  
The  ca thod ic  m a x i m u m  was  no t  o b t a i n e d  for  0.06 
and  0.015N HC1 because  of t he  h i g h e r  so lu t ion  r e -  
s i s t ance  for  t he se  solu t ions .  

The  effect  of the  m e a s u r i n g  f r e q u e n c y  on t h e  
e l e c t r o d e  c a p a c i t y  w a s  i n v e s t i g a t e d  f r o m  372 to 
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Fig. 5. Differential capacities of activated Pt electrodes in HCI. 
Cathodic potentials to left. Curve a, 6N; curve b, N ;  curve c, 
0.06N; curve d, 0.015N. 

1000 c yc l e s / s e c  for  6N HC1 a t  23~ The  d i spe r s i on  
was  f o u n d  to be  s m a l l  ove r  th is  r ange .  The  c a p a c i -  
t ies  m e a s u r e d  a t  1000 cps do no t  differ  a p p r e c i a b l y  
f r o m  those  c o r r e s p o n d i n g  to inf in i te  f r e q u e n c y  
(Fig .  6) .  The  l a t t e r  w e r e  o b t a i n e d  b y  e x t r a p o l a t i o n  
of t h e  r e a s o n a b l y  l i n e a r  p lo t s  of e l e c t r o d e  c a p a c i t y  
vs.  t he  r e c ip roc a l  of t he  s q u a r e  roo t  of f r e quency .  

The  c a p a c i t y - p o t e n t i a l  cu rves  o b t a i n e d  in  6N 
HC1 a n d  6N H2SO4 a r e  g i v e n  in  Fig .  7. The  so lu -  
t ion  t e m p e r a t u r e  was  2~ The  ca thod ic  m a x i m a  
a re  s imi l a r ,  and  for  H2SO4 t h e r e  is an  anod ic  m a x i -  
m u m  s i m i l a r  to t h a t  o b t a i n e d  in  n i t r a t e  s o l u t i o n s  

and  in HC104 (10) .  The  m a x i m u m  o c c u r r i n g  at  
- -0 .05v for  6N HC1 also occurs  for  H2SO4. 

Discussion 

The  ca thodic  m a x i m u m  can be  accoun ted  fo r  as 
be ing  due  to t he  e l e c t r o c h e m i c a l  a d s o r p t i o n  of  
h y d r o g e n  (1 -4 )  a cco rd ing  to e i t h e r  
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infinite frequency. Cathodic potentials to left. 
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H30 + + e- ~c2 Had s -Jr H20 [I] 

i 
or 

H 2 0  -~- e -  ~ H a d s  -t- O H -  [2]  

d e p e n d i n g  on the  so lu t ion  pH.  

The  i m p e d a n c e  a s soc ia t ed  w i t h  e i t he r  1 or  2 can  
be r e p r e s e n t e d  as a ser ies  c o m b i n a t i o n  of t he  r e -  
ac t ion  h i n d r a n c e  res i s t ance ,  ~?, t h e  W a r b u r g  i m p e d -  
ance,  W, and  the  r e a c t i o n  capac i ty ,  Ca (16, 17).  I t  
has  been  shown  on t h e o r e t i c a l  g r o u n d s  t h a t  w h e n  

/ = ~ = io, a m i n i m u m  in # a n d  W, a n d  a m a x i m u m  
in Ca is to be  e x p e c t e d  p r o v i d e d  io is suff ic ient ly  

-.> <__ 

l a rge  (16) .  The  cond i t i on  i z i = io is e x p e c t e d  to 
occur  a t  some i n t e r m e d i a t e  c o v e r a g e  of t he  su r face  
w i t h  a d s o r b e d  h y d r o g e n  a t o m s  (18) .  A m a x i m u m  
in t he  se r ies  d i f f e r en t i a l  c a p a c i t y  is to be  expec t ed ,  
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Fig. 8. Relation between pH and the potential of the maximum. 
Curve a, cathodic maximum; o o o nitrate solutions, �9 �9 �9 chloride 
solutions. Curve b, anodic maximum for nitrate solutions. 

t he re fo re ,  a t  some i n t e r m e d i a t e  c o v e r a g e  of t h e  
su r f a c e  w i t h  a d s o r b e d  h y d r o g e n  a toms.  

C u r v e  a of Fig .  8 shows  t h e  w a y  in w h i c h  the  
p o t e n t i a l  a t  w h i c h  the  ca thod ic  m a x i m u m  occurs  
va r i e s  w i t h  p H  for  b o t h  ch lo r ide  a n d  n i t r a t e  so lu -  
t ions.  The  s lope  of th is  l i n e a r  g r a p h  is --2.3 RT/F. 
This  r e su l t  is to be  e x p e c t e d  in  v i e w  of Eq. [1]  a n d  
[2]  p r o v i d e d  the  N e r n s t  e q u a t i o n  can  b e  a p p l i e d  to  
th is  i n t e r f a c i a l  s y s t e m  a n d  p r o v i d e d  the  m a x i m u m  
occurs  a t  the  s a m e  coverage .  

In  the  r a n g e  0 ~ p H  ~ 12, t h e  p o t e n t i a l  a t  w h i c h  
the  ca thod ic  m a x i m u m  occurs  is  100 m v  m o r e  
nob le  t h a n  the  r e v e r s i b l e  h y d r o g e n  e v o l u t i o n  p o -  
t e n t i a l  ( r h e p )  a n d  the  r i se  in  capac i ty ,  e x c e p t  for  
ac id  ch lo r ide  solu t ions ,  i n d i c a t i n g  t h e  s t a r t  of t he  
m a x i m u m ,  occurs  a t  a p o t e n t i a l  300 m v  m o r e  n o b l e  
t h a n  the  rhep .  

C h a r g i n g  c u r v e  s tud ies  show t h a t  fo r  p l a t i n u m  
in H2SO4 solu t ions ,  e l e c t r o c h e m i c a l  a d s o r p t i o n  of 
h y d r o g e n  beg in s  at  a p o t e n t i a l  300 m v  m o r e  n o b l e  
t h a n  the  r h e p  and  t h a t  t he  c o v e r a g e  is 50-60% 
c o m p l e t e  a t  a p o t e n t i a l  100 m v  m o r e  n o b l e  t h a n  the  
r h e p  (2, 19, 20) .  

F o r  ac id  ch lo r ide  solu t ions ,  as w e l l  as for  6N 
HC104 (21) a n d  H2SO4 solu t ions ,  t h e  c a p a c i t y  b e -  
g ins  to r i s e  some  500 m y  m o r e  n o b l e  t h a n  the  p o -  
t e n t i a l  a t  w h i c h  the  ca thod ic  m a x i m u m  occurs.  
C h a r g i n g  and  s t r i p p i n g  c u r v e  d a t a  e l i m i n a t e  t he  
p o s s i b i l i t y  of  th is  r i se  b e i n g  due  to e l e c t r o c h e m i c a l  
a d s o r p t i o n  of H a toms.  I t  can,  p e r h a p s ,  be  e x -  
p l a i n e d  as b e i n g  due  to d e s o r p t i o n  of spec i f i ca l ly  
a d s o r b e d  an ions  ( e i t h e r  C I - ,  C104- ,  SO4 =, or  
HSO4 ) j u s t  p r i o r  to h y d r o g e n  adso rp t ion .  T h e r e  
is c o n s i d e r a b l e  ev idence  t h a t  C1-  is a d s o r b e d  on 
p l a t i n u m  (9, 22, 23, 34) ,  as w e l l  as on Hg  (24) ,  and  
i t  has  r e c e n t l y  been  f o u n d  t h a t  t h e r e  is some a d -  
s o r p t i o n  of C104-  on H g  (25) as w e l l  as on A u  
(26) .  A l t e r n a t i v e l y ,  w e  m a y  a sc r i be  th i s  e a r l y  r i se  
in c a p a c i t y  as be ing  due  to a d s o r p t i o n  of H30 + 
ion. A c c o r d i n g  to F r u m k i n  (23, 27, 28) ,  specific a d -  
so rp t ion  of an ions  can  m a k e  the  p o t e n t i a l  a t  a p o i n t  
n e a r  t he  o u t e r  H e l m h o l t z  p l a n e  m o r e  n e g a t i v e  and,  
t he re fo re ,  p r o m o t e  a d s o r p t i o n  of H30  +. In  t e r m s  
of e i t h e r  m e c h a n i s m ,  t he  a bse nc e  of th i s  r eg ion  in  
n i t r a t e  so lu t ions  can  be  t a k e n  as ev idence  t h a t  
NO~- is no t  s t r o n g l y  adso rbed .  

B r e i t e r  (4)  p o i n t e d  out  t h a t  i f  t he  t r a n s f e r  co-  
efficients of  t he  p r i m a r y  d i s c h a r g e  r e a c t i o n  ( [ 1 ]  
or  [2]  ) a r e  e q u a l  to z~ a n d  if  a L a n g m u i r  i s o t h e r m  
is app l i ed ,  t h e n  the  r a t e  of 1 or  2 is p r o p o r t i o n a l  to 
the  s q u a r e  roo t  of t he  r e a c t i o n  c a p a c i t y  Ca. In  v i e w  
of this ,  w e  can  conc lude  t h a t  t he  d i s c h a r g e  r e a c t i o n  
is f a s t e r  for  ac id  ch lo r ide  so lu t ions  t h a n  for  ac id  
n i t r a t e  so lu t ions  s ince  t he  ca thod ic  m a x i m u m  is 
c o n s i d e r a b l y  h i g h e r  for  c h l o r i d e  t h a n  fo r  t h e  n i -  
t r a t e  sys tem.  This  r e s u l t  sugges t s  t h a t  ch lo r ide  ion 
is a d s o r b e d  e v e n  d u r i n g  the  d i s c h a r g e  p rocess  s ince  
a d s o r b e d  c h l o r i d e  is e x p e c t e d  to  i n c r e a s e  t he  con-  
c e n t r a t i o n  of H~O + in t h e  d o u b l e  l a y e r  ( d u e  to  a 
d e c r e a s e  in  F r u m k i n ' s  ~1 p o t e n t i a l )  and ,  t he r e fo r e ,  
i nc rea se  t h e  r a t e  of h y d r o g e n  depos i t i on  (23, 27- 
29) .  In  add i t ion ,  s ince t h e  ca thod ic  p e a k  he igh t s  a r e  
a p p r o x i m a t e l y  c o n s t a n t  fo r  4 ~ p i t  ~ 12, i t  can  be  
conc luded  t h a t  t he  t r a n s i t i o n  f r o m  r e a c t i o n  [1]  to 
r e a c t i o n  [2]  occurs  in  t he  p H  r a n g e  of 3-4 p r o -  
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v i d e d  the  p e a k  h e i g h t  is, as sugges t ed  above ,  a 
m e a s u r e  of t he  r e a c t i o n  ra te .  I t  is not  u n r e a s o n a b l e  
t h a t  the  t r a n s i t i o n  occurs  in  s o m e w h a t  ac id  so lu -  
t ions  since,  a l t h o u g h  the  e n e r g y  of  a d s o r p t i o n  of  
HsO + is some 14 kca l  less  t han  t h a t  of H20 (30) ,  
t he  c o n c e n t r a t i o n  of H20 is of t he  o r d e r  of 105 
h i g h e r  t h a n  the  c o n c e n t r a t i o n  of H30+.  

I t  is i n t e r e s t i n g  to no te  t h a t  the  m a x i m u m  occu r -  
r i ng  a t  - -0 .05v  for  so lu t ions  of HC1 a n d  H2SO4 and  
the  s l igh t  inf lec t ion  occu r r i ng  at  - -0 .05v for  N 
HNO~ c o r r e s p o n d  to t he  ze ro  po in t  of c h a r g e  on 
p l a t i n u m  (23) .  F o r  the  case of spec i f i ca l ly  a d s o r b e d  
anions ,  F r u m k i n ' s  t h e o r y  p red i c t s  t h a t  a dec rea se  
in t he  r a t e  of t h e  ca thod ic  process  at  p o t e n t i a l s  
n e a r  the  zero  po in t  of cha rge  is to be e x p e c t e d  ove r  
a l i m i t e d  p o t e n t i a l  r a n g e  w h e n  the  su r f ace  becomes  
m o r e  nega t ive .  Thus,  w e  obse rve  a d e c r e a s e  in 
c a p a c i t y  (and ,  t he re fo re ,  a dec rea se  in r e a c t i o n  
r a t e )  a t  p o t e n t i a l s  s l i g h t l y  m o r e  ac t ive  t h a n  - -0 .05v 
f o l l o w e d  b y  a n  i nc rea se  in t he  capac i ty ,  in  a c c o r d -  
ance  w i t h  t he  t heo ry .  These  obse rva t ions ,  coup led  
w i t h  F r u m k i n ' s  t heo ry ,  sugges t  t h a t  t he  zero  p o i n t  
of cha rge  of p l a t i n u m  is a t  - -0 .05v a n d  s u p p o r t  t he  
h y p o t h e s i s  t h a t  SO4 = (or  H S O 4 - )  and  C1-  ion a r e  
spec i f ica l ly  a d s o r b e d  on p l a t i n u m  in t he  p o t e n t i a l  
r a n g e  u n d e r  cons ide r a t i on  and  t ha t  NO3-  ion is not  
adso rbed .  

The  r i s e  in  c a p a c i t y  for  the  case  of ac id  so lu t ions  
a t  p o t e n t i a l s  m o r e  ac t ive  t h a n  the  ca thod ic  m a x i -  
m u m  can be  a t t r i b u t e d  to the  inf luence  of m o l e c u -  
l a r  h y d r o g e n  on the  e l e c t r o d e  i m p e d a n c e  acco rd ing  
to e i t h e r  

Hads -~ Hads ~ H2 [3]  
or 

H80 + + Hads -b e -  ~ H 2  [4]  

As the  c o n c e n t r a t i o n  of H2 bu i ld s  up  at  t he  su r f ace  
due  to e i t h e r  [3]  o r  [4] ,  t hese  r eac t ions  become  m o r e  
r e v e r s i b l e  and  a p s e u d o c a p a c i t y  is e x p e c t e d  to 
ar ise .  The  c a p a c i t y  does  no t  r i se  a t  c o r r e s p o n d i n g  
p o t e n t i a l s  for  a l k a l i n e  so lu t ions  sugges t ing  t h a t  the  
r e a c t i o n  p r o d u c i n g  H2 is s l ower  and  less  r e v e r s i b l e  
t h a n  the  d i s c h a r g e  r e a c t i o n  [2] .  This  is p e r h a p s  
connec t ed  w i t h  t h e  h y p o t h e s i s  t h a t  h y d r o g e n  is 
m o r e  f i r m l y  b o u n d  to t he  su r face  in a l k a l i n e  so lu -  
t ions,  t h e r e b y  r e d u c i n g  the  e x c h a n g e  c u r r e n t  for  
the  h y d r o g e n  p r o d u c i n g  r e a c t i o n  (18) .  

The  occu r r ence  of t he  anod ic  m a x i m u m  can be  
a s c r i b e d  to d e s o r p t i o n  of some o x y g e n - c o n t a i n i n g  
species  w h i c h  is p r e s e n t  on the  su r f ace  at  p o t e n t i a l s  
m o r e  nob le  t h a n  t h a t  a t  w h i c h  the  anod ic  m a x i -  
m u m  occurs .  This  i n t e r p r e t a t i o n  is b a s e d  on s e v e r a l  
e x p e r i m e n t a l  obse rva t ions .  

I t  has  been  shown  b y  c h a r g i n g  c u r v e  s tud ies  in 
ac id  so lu t ions  t h a t  e l ec t rodes  p r e t r e a t e d  in  the  s a m e  
m a n n e r  as those  used  h e r e  a re  cove red  w i t h  a 
m o n o l a y e r  of  some o x y g e n - c o n t a i n i n g  spec ies  and  
t h a t  the  ca thod ic  r e m o v a l  of th is  m o n o l a y e r  i n -  
vo lves  on ly  one e l ec t ron  p e r  su r face  p l a t i n u m  a t o m  
(19, 20) .  Such  s tud ies  f u r t h e r  show t h a t  t h e r e  is a 
l a r g e  h y s t e r e s i s  a s soc ia t ed  w i t h  the  e l e c t r o c h e m i c a l  
d e s o r p t i o n  of  th is  su r f ace  l a y e r  in t h a t  t he  p o t e n t i a l  
r e q u i r e d  to  r e m o v e  i t  is less nob le  b y  s e v e r a l  h u n -  
d r e d  mi l l i vo l t s  t h a n  the  p o t e n t i a l  r e q u i r e d  for  i ts  
f o rma t ion .  The  e l e c t r o c h e m i c a l  r e d u c t i o n  of th i s  
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l a y e r  was  shown  to be  r e l a t i v e l y  fas t  (12) .  C a p a c -  
i t y  m e a s u r e m e n t s  m a d e  d u r i n g  the  d e s o r p t i o n  p r o -  
cess show t h a t  t h e r e  is a c a p a c i t y  m a x i m u m  in the  
r eg ion  of i n t e r m e d i a t e  c o v e r a g e  (10, 19, 20) .  The  
p r e s e n t  r e su l t s  show a s i m i l a r  c a p a c i t y  behav io r .  

In  c u r v e  b of Fig .  8 is a p lo t  of the  p o t e n t i a l  a t  
wh ich  the  anodic  m a x i m u m  occurs  vs. t he  p H  for 
n i t r a t e  solut ions.  The  s lope  of th is  l i n e a r  g r a p h  is 
--2.3 RT/F w h i c h  is cons i s t en t  w i t h  a p rocess  of 
r e d u c t i o n  of an  o x y g e n  l a y e r .  

S ince  the  cu rves  o b t a i n e d  in  a l k a l i n e  c h l o r i d e  
and  n i t r a t e  so lu t ions  a r e  v e r y  s imi la r ,  i t  can  be  
conc luded  t ha t  ch lo r ide  ions a r e  no t  spec i f ica l ly  a d -  
so rbed  on the  sur face .  This  can  be  r econc i l ed  if  the  
zero  po in t  of c h a r g e  on p l a t i n u m  is a t  --0.05% as 
sugges t ed  ea r l i e r ,  s ince,  a t  p o t e n t i a l s  m o r e  nob le  
t h a n  th is  the  su r f ace  is cove red  w i t h  an  o x y g e n -  
con ta in ing  species  w h i l e  a t  p o t e n t i a l s  m o r e  ac t ive  
t h a n  --0 .05v the  su r f ace  b e a r s  a n e g a t i v e  cha rge  
and  w o u l d  not,  t he re fo re ,  f a v o r  ch lo r ide  ion a d -  
sorp t ion .  

In  ac id  ch lo r ide  solu t ions ,  on the  o t h e r  hand ,  the  
anod ic  m a x i m u m  is no t  v e r y  w e l l  defined.  This  
sugges t s  t h a t  ch lo r ide  ion is adso rbed ,  t h e r e b y  in -  
h i b i t i n g  su r f a c e  c o v e r a g e  b y  the  o x y g e n - c o n t a i n :  
ing l aye r .  This  i n h i b i t i n g  effect is f a v o r e d  b y  a low 
p H  a n d  a h igh  c h l o r i d e  ion concen t r a t ion .  Thus,  for  
6N HC1, the  anodic  m a x i m u m  is absen t .  I t  becomes  
m o r e  a n d  m o r e  w e l l - d e f i n e d  as t he  p H  is i n c r e a s e d  
and  as t he  ch lo r ide  ion  c o n c e n t r a t i o n  is dec reased ,  
f ina l ly  a p p r o a c h i n g  the  r e su l t s  o b t a i n e d  in n i t r a t e  
solut ions .  

This  is cons i s t en t  w i t h  c h a r g i n g  c u r v e  s tud ies  in  
ch lo r ide  so lu t ions  w h i c h  i nd i ca t e  t h a t  t he  f o r m a -  
t ion  of t he  o x y g e n - c o n t a i n i n g  l a y e r  is i n h i b i t e d  b y  
specific a d s o r p t i o n  of ch lo r ide  ions and  t h a t  the  
c onc e n t r a t i on  of ch lo r ide  ions  n e c e s s a r y  to show 
such an  i nh ib i t i ng  effect is o f  t he  o r d e r  of 0.01 to 
0.001N (21) .  Cor ros ion  s tud ies  (31)  on p l a t i n u m  
also show tha t  ch lo r ide  ion i nh ib i t s  the  f o r m a t i o n  
of an  o x y g e n - c o n t a i n i n g  l aye r ,  t he  i nh ib i t i ng  effect  
be ing  g r e a t e r  for  low pI-I a n d  h igh  ch lo r ide  ion 
concen t r a t ion .  

The  fac t  t h a t  t he  c a p a c i t y  d id  not  v a r y  s igni f i -  
c a n t l y  w i t h  f r e q u e n c y  ver i f ies  t h a t  the  e l ec t rodes  
w e r e  r e l a t i v e l y  smoo th  (16) .  This  r e s u l t  also i n d i -  
ca tes  t h a t  t he  inf luence  of t he  doub le  l a y e r  c a p a c i t y  
is ne g l i g ib l e  in t he  r eg ion  of t he  ca thod ic  m a x i m u m  
w h i c h  is r e a s o n a b l e  in  v i e w  of  t h e  l a rge  r e a c t i o n  
c a p a c i t y  Ca c ons ide r e d  to be  in  p a r a l l e l  w i t h  t he  
d o u b l e  l a y e r  capac i ty .  

Summary' 
Dif fe ren t i a l  c a p a c i t y  curves  h a v e  been  ob ta ined ,  

us ing  a ser ies  c a p a c i t a n c e  b r idge ,  on a c t i v a t e d  
p l a t i n u m  e l ec t rodes  in m o l a r  n i t r a t e  and  c h l o r i d e  
so lu t ions  of  v a r i o u s  pH. 

The  o b s e r v e d  m a x i m a  in t h e  c a p a c i t y - p o t e n t i a l  
cu rves  have  been  i n t e r p r e t e d  on t h e  bas is  of a d -  
so rp t ion  and  d e s o r p t i o n  processes .  Thus,  a ca thod ic  
m a x i m u m  w h i c h  shi f ts  59 m v / p H  un i t  was  a t -  
t r i b u t e d  to h y d r o g e n  adso rp t ion .  F r o m  the  w a y  
in w h i c h  the  p e a k  he igh t  v a r i e d  w i t h  pH, i t  was  
conc luded  t ha t  t he  t r a n s i t i o n  f r o m  H30 + d i s c h a r g e  
to H20  d i s cha rge  occurs  a t  a p H  of 3-4 and  t h a t  
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h y d r o g e n  a d s o r p t i o n  beg ins  some  300 m v  m o r e  
nob le  t h a n  the  r e v e r s i b l e  h y d r o g e n  e l ec t rode  p o -  
t en t ia l .  

The  anod ic  m a x i m u m ,  w h i c h  v a r i e d  w i t h  p H  in 
t he  s a m e  w a y  as d id  t h e  ca thod ic  m a x i m u m ,  was  
a t t r i b u t e d  to d e s o r p t i o n  of some  o x y g e n - c o n t a i n -  
ing species ,  p o s s i b l y  O H - ,  O - ,  or  O =. This  o x y g e n  
l a y e r  is no t  v e r y  w e l l - d e f i n e d  for  so lu t ions  of low 
p H  and  h igh  ch lo r ide  ion concen t r a t ion .  

A c a p a c i t y  p e a k ,  occu r r i ng  a t  - -0 .05v in  ac id  
ch lo r ide  and  su l f a t e  so lu t ions ,  has  been  iden t i f i ed  
w i t h  t he  zero  p o i n t  of c h a r g e  of p l a t i n u m .  On  the  
bas is  of th is  and  F r u m k i n ' s  t h e o r y  of t he  effect of 
specific a d s o r p t i o n  of an ions  on r e a c t i o n  r a t e s ,  i t  
was  conc luded  t h a t  su l fa te ,  p e r c h l o r a t e ,  a n d  ch lo -  
r ide  ion a r e  spec i f ica l ly  a d s o r b e d  on p l a t i n u m  e lec-  
t r odes  in ac id  so lu t ion  w h i l e  n i t r a t e  ion is not .  
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Technical Notes 

An Advanced Electrode Assembly for 
Electrochemical Measurements in Aqueous Solutions 

H. G. Feller and J. Osterwald 
Institut fCtr Metallkunde and Institut ~iir MetallhCtttenkunde, Technische Universittit, Berlin 

S t e r n  a n d  M a k r i d e s  (1)  some t i m e  ago d e s c r i b e d  
an  e l e c t r o d e  a s sembly ,  in  w h i c h  the  p r o b l e m  of the  
i so la t ion  of e l ec t r i ca l  con tac t s  f r o m  the  t e s t  so lu-  
t ion  is so lved  in  a v e r y  a d v a n t a g e o u s  way .  I n s t e a d  
of us ing  t h e r m o s e t t i n g  p l a s t i c s  t h e  a u t h o r s  p r e s s  
one face  of a c y l i n d r i c a l  s a m p l e  aga in s t  a Teflon 

w a she r .  Th is  a s s e m b l y  h o w e v e r  has  t h e  d i s a d v a n -  
t age  of e x p o s i n g  su r faces  to the  so lu t ion  w h i c h  a r e  
g e o m e t r i c a l l y  no t  equ iva l en t .  Thus  an  i l l - d e f i n e d  
c u r r e n t  d e n s i t y  d i s t r i b u t i o n  m a y  resu l t .  In  m o d i -  
f y i n g  th i s  bas ic  des ign  S t e r n  and  M a k r i d e s  i so l a t ed  
in  some cases  t h e  b o t t o m  su r face  of t he  c y l i n d e r  b y  
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stainless steel rod ~,..~metol rod 
~ r e t o i n i n g  nut 
T y ~ m e t o l  washer 

~ t h r e a d  

~ j teflon 

II!1 II ',l ~ . r . . ~  
teflon . ~  y.z/~7]'~_,~ teflon 

sompte ~ t e f l o  ~teflon with metal . . . .  

Fig. 1. Electrode assembly 

a t t a c h i n g  a Teflon w a s h e r  to the  b o t t o m  b y  m e a n s  of 
t h r eads .  

A n  a d v a n c e d  a s sembly ,  w h i c h  is d e s c r i b e d  in  F ig .  
1, combines  t he  a d v a n t a g e s  of the  des ign  of S t e r n  
and  M a k r i d e s  w i t h  a m e t h o d  of p r e p a r i n g  t h e  spec i -  
m e n  w h i c h  can  be a p p l i e d  to a /mos t  a l l  m e t a l s  and  
a l loys .  A t u b u l a r  s a m p l e  is p r e s s e d  b e t w e e n  Teflon 
w a s h e r s  in  such  a w a y  t h a t  on ly  t he  cy l i nd r i ca l  
p l a n e  is exposed  to t he  solu t ion .  A m e t a l  rod  w i t h  
t h r e a d s  on bo th  ends  and  w i t h  good fit goes  t h r o u g h  
the  e l ec t rode  and  connec ts  the  l o w e r  Teflon w a s h e r  
and  the  r e t a i n i n g  nu t  a t  t he  u p p e r  p a r t  of the  glass  
tube .  The  l o w e r  Teflon w a s h e r  c a r r i e s  a m e t a l  core  
w i t h  th reads .  In  t i g h t e n i n g  the  r e t a i n i n g  nu t  suffi- 
c ien t  and  con t inuous  p r e s s u r e  is e x e r t e d  to avo id  
c r e e p a g e  of e l e c t r o l y t e  b e t w e e n  Teflon w a s h e r s  a n d  
the  me ta l .  W h i l e  p r e s sed  b e t w e e n  the  w a s h e r s  the  
s a m p l e  is t i l t ed  a l i t t l e  b i t  and  m a k e s  good con tac t  
w i t h  the  rod.  The  m e a s u r e d  con tac t  r e s i s t ance  is in 
t h e  m a g n i t u d e  of mi l l i ohm.  This  e l ec t rode  is p l a c e d  
in t he  cen t e r  of a p l a t i n u m  g r id  e l e c t r o d e  s e r v i n g  as 
c o u n t e r e l e c t r o d e .  By e n l a r g i n g  the  d i a m e t e r  of t he  
two  Teflon w a s h e r s  i t  is poss ib le  to ge t  a u n i f o r m  
c u r r e n t  d e n s i t y  d i s t r i b u t i o n  even  in  cases  w h e r e  a 
v e r y  low d i f f e r en t i a l  p o l a r i z a t i o n  r e s i s t ance  of  t h e  
e l ec t rode  exists .  This  a s s e m b l y  has  some m o r e  a d -  
v a n t a g e s :  (a )  The  c o n t a c t - m a k i n g  rod  is o f t en  
s o l d e r e d  to t h e  sample .  This  h e a t - t r e a t m e n t  is 
avo ided  b y  th is  a s s e m b l y  and  also b y  the  one S t e r n  
and  M a k r i d e s  p roposed .  (b )  The  su r f ace  of  t he  s a m -  
p l e  is eas i ly  p r e p a r e d  b y  p u t t i n g  the  e l ec t rode  on a 

8~rnm 

i 

2~m/m 

12 ~ rnm ,/ 

I 

120 

Fig. 2. Bottom casting mold for casting tubes 

s l i g h t l y  conica l  p in  of a s m a l l  l a the  and  a b r a d i n g  i t  
w i t h  e m e r y  p a p e r  or  po l i sh ing  i t  b y  o the r  m e a n s  
w h i l e  ro t a t ing .  (c) This  a s s e m b l y  can  be  a p p l i e d  to 
s amp le s  of a lmos t  a l l  ma t e r i a l s .  T h e r e  is no so lde r -  
ing. M a c h i n i n g  and  t h r e a d i n g  can b e  c i r c u m v e n t e d  
as is s h o w n  in t he  n e x t  sect ion.  

T h e  t u b u l a r  s a m p l e s  can  be  m a d e  of (a )  duc t i l e  
m a t e r i a l  b y  m a c h i n i n g  on a la the ,  (b)  h a r d  m e t a l  or  
a l l oy  b y  m a c h i n e  g r i n d i n g  the  c y l i n d r i c a l  p l a n e  and  
the  face  on the  la the ,  and  d r i l l i n g  the  ho le  b y  the  
m e t h o d  X - p r o c e s s  (2)  or  o t h e r  s i m i l a r  means ,  (c)  
b r i t t l e  m a t e r i a l  b y  b o t t o m - c a s t i n g  the  l i qu id  a l l oy  
into  a l a m p b l a c k e d  mold ,  w h i c h  ca r r i e s  a l a m p -  
b l a c k e d  s ta in less  s tee l  rod  in  the  cen t e r  of the  
a scend ing  t u b e  (Fig .  2) .  This  m e t h o d  of cas t ing  
tubes  of  b r i t t l e  a l loys  has  been  used  w i t h  c o n s i d e r -  
ab le  success  in t h e  case of t he  ~ , - H u m e - R o t h e r y -  
phase  of t he  c o p p e r - z i n c - s y s t e m  and  in o t h e r  cases  
(3) .  The  t u b u l a r  s a m p l e  is t h e n  m a c h i n e - g r o u n d  on 
a la the .  

Manuscr ip t  rece ived  June  24, 1963. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the December  1964 
JOURNAL. 
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Use of Low-Temperature Deposited Silicon Dioxide Films 
As Diffusion Masks in GaAs 

S. W .  Ing, Jr., and W.  Davern 

Electronics Laboratory, General Electric Company, Syracuse, New York 

I t  has  been  s h o w n  t h a t  t he  n a t u r a l  ox ide  of G a A s  
is po rous  and  canno t  be  used  as a b a r r i e r  a g a i n s t  
i m p u r i t y  d i f fus ion  (1 ) .  R e c e n t l y  Yeh  (2)  has  s h o w n  
t h a t  e v a p o r a t e d  s i l icon s u b o x i d e  coa t ings  can  be  
used  to m a s k  e f fec t ive ly  aga in s t  t he  d i f fus ion  of 
zinc and  c a d m i u m  in to  GaAs .  The  e l ec t r i c a l  c h a r -  
ac te r i s t i c s  of t he  r e s u l t i n g  p - n  j u n c t i o n s  w e r e  no t  
r e p o r t e d .  

Because  of the  u n s t a b l e  n a t u r e  of s i l icon subox ide ,  

i t  c anno t  s e rve  s i m u l t a n e o u s l y  as  a dev ice  p a s s i v a -  

t ion  m e d i u m  and  an  i m p u r i t y  d i f fus ion mask .  Th is  

a r t i c l e  desc r ibes  t h e  p r e p a r a t i o n  a n d  use  of s i l icon 

d i o x i d e  films, w h i c h  a r e  e x t r e m e l y  s t ab le  and  

h i g h l y  i m p e r v i o u s  to va r i ous  a m b i e n t  gases,  as d i f -  

fus ion  m a s k s  for  G a A s .  
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Experimental Methods 
The deposi t ion  of the  si l icon dioxide layers  was 

car r ied  out  us ing  a r ecen t l y  developed glow dis-  
charge t echn ique  (3) .  A su i tab le  organosi l icate ,  such 
as te t rae thy ls i l i ca te ,  was  used as the  source an d  was 
fed in to  a gas p l a sma  at  a p ressure  of abou t  100~. A 
h i g h - f r e q u e n c y  power  source was  used to genera te  
the plasma.  The organos i l ica te  was  dissociated by  
ion b o m b a r d m e n t ,  and  a film of si l icon dioxide  was 
deposi ted on the  GaAs subs t ra te  which  was  located 
in the  cen te r  of the  gas p lasma.  The b u l k  subs t r a t e  
t e m p e r a t u r e  d u r i n g  the  deposi t ion process was  es- 
sen t i a l ly  room t e m p e r a t u r e ;  the  ion b o m b a r d m e n t  
was no t  in t ense  enough  to cause any  a p p a r e n t  su r -  
face d a m a g e  to the  subs t ra te .  The  GaAs wafers  were  
chemica l ly  e tched pr ior  to the  deposi t ion,  and  the  
deposi ted oxide films were  coheren t  and  adhered  
wel l  to the GaAs subs t ra te .  

Thus  far, most  of the w o r k  has invo lved  diffusion 
m a s k i n g  agains t  p - t y p e  diffusants ,  name ly ,  Zn,  Cd, 
and  Mn. N - t y p e  GaAs,  wi th  a free e lec t ron  concen-  
t r a t i on  of 1016/cm 3 was  used as the  s t a r t ing  m a t e -  
rial.  One  face of each wafe r  was coated w i th  the  
si l icon dioxide  film, af ter  which,  w indows  abou t  1-2 
m m  square ,  were  cut  t h rough  the  oxide us ing  w a x  
m a s k i n g  and  hydrof luor ic  acid e tching  techniques .  

Diffusion was car r ied  out  in  an  evacua ted  sealed 
quar tz  t ube  at t e m p e r a t u r e s  r a n g i n g  b e t w e e n  600 ~ 
and  800~ One to two  mg of the  d i f fusant  source 
was used and  was  placed in  the same  t e m p e r a t u r e  
zone as the  GaAs wafer .  The source ma te r i a l s  were  
Zn, Cd, Mn  and  a Z n - G a  al loy (1% Z n - 9 9 %  Ga) .  
Af te r  the  diffusion step the  t ube  was r emoved  f rom 
the hot  zone and  a l lowed to cool at room t e m p e r -  
a ture .  

The  reverse  b iased  charac ter is t ics  of the  p l a n a r  
diodes were  measured .  Mesas were  e tched on the  
reverse  sides of the  diffused wafers ,  whe re  there  
were  no oxide masks,  and  the reverse  b r e a k d o w n  
vol tages  of the  mesas  were  measured .  

Results and Discussion 
The resul t s  of the  diffusion s tudies  and  the  diode 

b r e a k d o w n  vol tage  m e a s u r e m e n t s  are s u m m a r i z e d  
in  Tab le  I. Diffusion m a s k i n g  was  successful ly  ob-  
t a ined  for the  ind ica ted  oxide fi lm th icknesses  at the  
t e m p e r a t u r e  r ange  employed.  The  a p p e a r a n c e  of the  
si l icon dioxide  coat ings was  no t  a l te red  in  an y  w a y  
af ter  the  diffusion process, and  the i r  adhe rence  to 
the GaAs subs t ra tes  was  improved ,  sugges t ing  tha t  
a chemica l  i n t e r ac t i on  a t  the  o x i d e - G a A s  in te r face  
had t a k e n  place d u r i n g  diffusion. This  in te r rac ia l  
reac t ion  could also p r e v e n t  the  arsenic  f rom evapo-  
r a t i ng  in to  the gas phase. The incorpora t ion  of gal -  
l i u m  and  arsenic  in to  the  oxide and  si l icon into the  
GaAs could be studied,  for  example ,  by  us ing  the  
r ad io t race r  technique .  

The  da ta  of Tab le  I show tha t  Mn has a h ighe r  
diffusion ra te  t h rough  the  SiO~ l aye r  t h a n  e i ther  Cd 
or Zn. A p p r o x i m a t e  ave rage  p e n e t r a t i o n  ra tes  of 
these  meta l s  t h rough  the  2000A th ick  SiO2 layer  at 
700~ are:  Zn, 600-670 / i / h r ;  Cd, 670-1000 A / h r ;  
and  Mn, grea te r  t h a n  1000 A / h r .  The  diffusion 
mechan i sm,  as we l l  as the  va lues  for the  diffusivi t ies  
of these metals ,  t h rough  amorphous  silica are  no t  

Table I. Diffusion masking in GaAs 

SiO~ f i lm Di f fusmn Planar Mesa 
t h i ckness ,  A Source  T, ~ t ime ,  h r  VBD,V VBD, V 

2000 Zn 600 1/6 10 10 
2000 Zn 600 2 10 l0 
2000 Zn 700 2 8 8 
2000 Zn 700 3 7.5 6.5 
1800 Zn 700 3 Diffused through 

the oxide 
1800 99% Ga 750 1 45 

1% Zn 
2000 Zn 800 1/6 
1800 99% Ga 800 1/2 

1% Zn 
2000 Zn 800 2 Diffused through 

the oxide 
2000 Cd 700 2 i0 14 
2000 Cd 700 3 Diffused through 

the oxide 
1800 Cd 800 1/6 16 
2000 Mn 700 1/6 35 
2000 Mn 700 2 Diffused through 

the oxide 
1800 Mn 800 1/6 37 

9 8.5 
27 

known .  However ,  it  is l ike ly  tha t  the me t a l  i m p u r i t y  
a toms en te r  the  SiO2 n e t w o r k  as ions a nd  tha t  
the i r  diffusivi t ies  are concen t r a t i on  dependen t .  

The  b r e a k d o w n  vol tages  of the diffused p l a n a r  
diodes depend  la rge ly  on the  n a t u r e  of the  source. 
A p u r e  Zn  source y ie lded  diodes of somewha t  lower  
b r e a k d o w n  vol tages  t h a n  those ob ta ined  using'  pu re  
Cd sources. A p u r e  Mn source or a d i lu ted  Z n  source 
y ie lded  diodes whose b r e a k d o w n  vol tages  were  
m u c h  h igher  t h a n  those of e i ther  pu re  Z n  or Cd. 

The  cause of the low b r e a k d o w n  vol tages  canno t  
be  a t t r i b u t e d  to the  oxide ma sk i ng  step s ince the  
b r e a k d o w n  vol tages  for the  p l a n a r  diodes were  
s imi la r  to those of the  mesa  diodes. F u r t h e r m o r e ,  
the  differences b e t w e e n  the  b r e a k d o w n  vol tages  of 
the  p l a n a r  diodes canno t  be  a t t r i b u t e d  to a ny  differ-  
ences in  the  w i d t h  of the  j u n c t i o n  dep le t ion  regions,  
s ince Kresse l  and  his co -worke r s  (4) have  ob ta ined  
h igher  b r e a k d o w n  vol tages  in  nea r  a b r u p t  j unc t i ons  
in  n - t y p e  m a t e r i a l  tha t  was  comparab le  in  donor  
concen t r a t i on  to the  m a t e r i a l  used in  this  work.  

Microp lasma  l ights  were  looked for w h e n  the  
diodes were  in  the  a va l a nc he  b r e a k d o w n  condi t ion.  
No l ights  were  vis ib le  on those samples  wh ich  ex -  
h ib i t ed  low b r e a k d o w n  voltages,  i nd ica t ing  local ized 
a v a l a n c h i n g  in  the  j u n c t i o n  reg ion  be low the  su r -  
face. However ,  in  those samples  which  exh ib i t ed  
h igh  b r e a k d o w n  voltages,  spots of l igh t  were  ob-  
served a r o u n d  the  pe r i phe r y  of the  windows.  These 
observa t ions  suggest  t h a t  those diodes tha t  were  
diffused w i th  h igh surface  concent ra t ions ,  such as 
are  y ie lded  w h e n  a pu re  Zn  or Cd source is used, 
t end  to give p - n  j unc t ions  tha t  possess a h igh d e n -  
s i ty  of i r r egu la r i t i e s  or spikes  which  dis tor t  the  field 
in  the  space charge  reg ion  and  cause localized 
b r e a k d o w n s  w h e n  a reverse  bias  is applied.  J u n c -  
t ion  s t ruc tu res  possessing such i r r egu la r i t i e s  could 
resu l t  f rom the  n o n u n i f o r m  surface  a l loy ing  of the  
dopant .  W h e n  Mn or a d i lu te  Z n  source was  used, 
vapor  pressures  a nd  surface  concen t ra t ions  of the  
meta l s  are m u c h  lower  at the diffusion t e m p e r a t u r e s  
used. The surface  concen t r a t i on  of m a n g a n e s e  could 
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Fig. 1. Cross-sectional view of the masked and diffused regions 
in GaAs, Zn diffused for 2 hr at 700~ with 2000A thick SiO2 
mask. 

Fig. 2. Cross-sectional view of the masked and diffused regions 
in GaAs, Zn diffused for 3 hr at 700~ with 2000~ thick SiO2 
mask. 

Fig. 3. V-I characteristics of a GaAs planar diode, Zn diffused 
at 700~ for 2 hr. 

Fig. 4. V-I characteristics of a GaAs planar diode, Mn diffused 
at 800~ for 10 min. 

be l imi ted  by  its so lub i l i ty ;  the Zn  surface  concen-  
t r a t i on  is l imi ted  by  its vapor  pressure.  U n d e r  these 
condi t ions  the  d i s t r i bu t ion  of impur i t i e s  is more  
u n i f o r m  across the  surface  of the wafe r  and  is i n -  
corpora ted  in to  the GaAs surface region,  m a i n l y  by  
diffusion, r e su l t ing  in  a m u c h  smoother  j u n c t i o n  
p lane .  The  b r e a k d o w n  vol tage  thus  becomes  h igher  
and  the b r e a k d o w n  s tar ts  at the  imper fec t ions  
a r o u n d  the w i n d o w  per iphery ,  at or n e a r  the oxide 
semiconduc to r  interface.  

A cross-sec t ional  v iew of the  edge of a diffused 
w i n d o w  is shown  in  Fig. 1. I t  was  Z n  diffused at  
700~ for 2 hr. In  the  r i g h t - h a n d  corner  of the pho-  
tograph,  a smal l  p r o t r u s i o n  of the  j u n c t i o n  is visible,  
which,  as s ta ted above,  could cause an  ea r ly  lo-  
calized b r eakdown .  F igu re  2 shows a cross-sec t ional  
v iew of ano the r  p l a n a r  diode which  was  Z n  diffused 
for 3 hr  at  700~ A step in  the  j u n c t i o n  depth,  p rob -  
ab ly  caused by  the  n o n u n i f o r m i t y  in  the  c o n c e n t r a -  
t ion  of the n - t y p e  dopan t  in  the in i t i a l  mate r ia l ,  can 
be observed at the  edge of the  window.  However ,  no 
effect in  the  b r e a k d o w n  vol tage  of the diode could 
be t raced  to this step. 

The  fo rward  and  the reverse  charac ter is t ics  of a 
low b r e a k d o w n  vol tage  diode, and  the reverse  cha r -  
acter is t ic  of a h igh  b r e a k d o w n  vol tage  diode are 
shown in  Fig. 3 and  4. The reverse  leakage  cu r r en t s  
of the  p l a n a r  diodes at a bias  of 5v were  ge ne ra l l y  
less t h a n  0.1 ~a. D-C m e a s u r e m e n t s  were  made  of 
the reverse  V - I  charac ter is t ics  of a few of the  
p l a n a r  diodes. At  lower  biases the  reverse  cu r ren t s  
were  a p p a r e n t l y  gene ra t ed  m a i n l y  in  the  space 
charge region,  s ince the c u r r e n t  is p ropor t iona l  to 
the  vol tage  ra ised to a power  of 0.5 or s l ight ly  less. 
However ,  at h igher  biases,  which  are st i l l  m u c h  
lower  t h a n  the b r e a k d o w n  vol tage  values,  excess 
leakage  cu r r en t s  were  observed  and  the  cu r r en t s  
were  p ropor t iona l  to the  bias  vol tage  va lues  ra ised 
to a power  grea te r  t h a n  1 (5, 6). 

A few of the p l a n a r  diodes show reverse  leakage  
cu r ren t s  comparab le  to the mesa  diodes; however ,  
on the  average  the leakage  cu r r en t s  of the  p l a n a r  
diodes are h igher  t h a n  the  mesa  diodes. The reason  
for this  is not  known .  I t  is u n l i k e l y  tha t  the  h igher  
reverse  cu r r en t s  of the p l a n a r  diodes are due  to any  
surface  damage  tha t  migh t  have  occurred  d u r i n g  
the oxide deposi t ion process, s ince no deg rada t ion  in 
the  V - I  charac ter i s t ics  has been  observed  on the  
mesa  diodes af ter  be ing  coated w i th  the si l icon 
dioxide  films us ing  this  n e w  glow discharge  t ech-  
nique.  

Manuscript  received Ju ly  8, 1963. This paper was 
presented at the Pi t t sburgh Meeting, April  15-18, 1963. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 
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The  p r e p a r a t i o n  of o x a m i d e  f r o m  aqueous  f o r m a -  
m i d e  b y  g l o w - d i s c h a r g e  e l ec t ro ly s i s  was  d e s c r i b e d  
r e c e n t l y  (1) .  The  r e a c t i o n  was  b e l i e v e d  to i nvo lve  
f ree  h y d r o x y l  r ad ica l s ,  a n d  h y d r o g e n  p e r o x i d e  was  
p r o d u c e d  also in  the  e lec t ro lys i s ,  p r e s u m a b l y  b y  
d i m e r i z a t i o n  of h y d r o x y l  r ad ica l s .  H y d r o g e n  c y -  
an ide  r eac t s  w i t h  cold, p r a c t i c a l l y  n e u t r a l  aq ue ous  
h y d r o g e n  p e r o x i d e  to g ive  o x a m i d e  (2)  ; t he  s imp le s t  
e q u a t i o n  for  th is  r e a c t i o n  is 

2HCN q- H~O2 = (CONH2)2 

bu t  the  r e a c t i o n  is c o n s i d e r a b l y  m o r e  compl i ca t ed .  
C y a n o g e n  is h y d r o l y z e d  to o x a m i d e  in s l i g h t l y  a l k a -  
l ine  aqueous  h y d r o g e n  p e r o x i d e  at  r o o m  t e m p e r a -  
ture .  A s t u d y  was  m a d e  of t he  g l o w - d i s c h a r g e  e lec -  
t ro lys i s  of aqueous  c y a n i d e  so lu t ions  as an  a l t e r n a t e  
m e t h o d  of  syn thes i s  of o x a m i d e .  

The  a p p a r a t u s  was  t he  s ame  as t ha t  u sed  in  t he  
g l o w - d i s c h a r g e  e l ec t ro lys i s  of f o r m a m i d e  (1 ) .  The  
t w o - c o m p a r t m e n t  cel l  was  o p e r a t e d  w i t h o u t  s e p a r a -  
t ion of a n o d e  a n d  ca thode  so lu t ions  and  was  cooled  
in ice wa t e r .  H y d r o g e n  c y a n i d e  v a p o r  w a s  d r a w n  
f r o m  an  i c e - coo l ed  f lask in to  the  cel l  u n d e r  an  o p e r -  
a t ing  p r e s s u r e  of 40-100 m m  Hg a b s o l u t e  a n d  i n t r o -  
duced  b e l o w  the  su r f ace  of t h e  e l e c t r o l y t e  so lu t ion  
in t h e  anode  c o m p a r t m e n t .  The  d i s c h a r g e  b e t w e e n  
the  a n o d e  and  the  so lu t ion  was  m a i n t a i n e d  for  1 or  
2 h r  a t  0.06 a m p  w i t h  a p o t e n t i a l  of 450-480v. 

I n  e a r l y  tes ts ,  no  o x a m i d e  was  f o r m e d  w h e n  the  
e l e c t r o l y t e  w a s  0.SN su l fu r i c  acid,  s o d i u m  su l f a t e  
so lu t ion  w i t h  p H  6.3, or  p h o s p h a t e  buf fe r  so lu t ion  
w i t h  p H  6.7 or  8.6, b u t  o x a m i d e  w a s  f o r m e d  w h e n  
the  e l e c t r o l y t e  was  a s l i g h t l y  a l k a l i n e  so lu t ion  of 
s o d i u m  cyan ide .  

Resu l t s  of e x p l o r a t o r y  tes t s  i n d i c a t e d  t h a t  the  
y i e l d  of o x a m i d e  w a s  af fec ted  mos t  b y  t h e  conc e n -  
t r a t i o n s  of sod ium c y a n i d e  and  s o d i u m  h y d r o x i d e  
in the  e l ec t ro ly t e ,  t h e  r a t e  of  i n t r o d u c t i o n  of  h y d r o -  
gen  cyan ide ,  and  the  p r e s s u r e  in  t he  cell .  I n  a se r ies  
of r uns  des igned  to t e s t  t he  r e l a t i v e  i m p o r t a n c e  of 
these  va r i ab l e s ,  t h e  cel l  was  c h a r g e d  w i t h  75 m l  of 

e l e c t r o l y t e  solut ion.  H y d r o g e n  c y a n i d e  v a p o r  was  
a d m i t t e d  to the  anode  c o m p a r t m e n t  a t  a cons t an t  
r a t e  in  the  r a n g e  0.2-0.8 g / h r  w i t h  a cons t an t  p r e s -  
su re  of 40 or  100 m m  Hg a b s o l u t e  a b o v e  the  so lu -  
t ion.  The  in i t i a l  e l e c t r o l y t e  so lu t ion  w a s  1 or  2M 
in s o d i u m  c y a n i d e  and  0.04 o r  0.11M in s o d i u m  h y -  
d rox ide .  The  g low d i s c h a r g e  was  m a i n t a i n e d  w i t h  a 
c u r r e n t  of 0.06 a m p  u n d e r  a p o t e n t i a l  of 450v. 

O x a m i d e  w a s  p r o d u c e d  as a homogeneous ,  w h i t e  
c r y s t a l l i n e  p o w d e r  w i t h  t h e  co r r ec t  op t i ca l  p r o p -  
e r t i e s  and  p o w d e r  x - r a y  p a t t e r n  (3 ) .  The  p r o d u c t  
was  f i l t e red  off, w a s h e d  w i t h  a cold  s a t u r a t e d  so lu -  
t ion  of o x a m i d e  in  w a t e r  (22 rag /100  m l )  and  t h e n  
w i t h  e thanol ,  a n d  sucked  dry .  T h e r e  was  s l igh t  d i s -  
co lo ra t i on  of t he  p r o d u c t  of r uns  w i t h  h i g h  r a t e s  of 
i n p u t  h y d r o g e n  cyan ide .  W i t h i n  t he  r a n g e s  s tud ied ,  
t he  t o t a l  c o n c e n t r a t i o n  of s o d i u m  in t h e  e l e c t r o l y t e  
a n d  t h e  p r e s s u r e  in t he  cel l  h a d  no s igni f icant  effect;  
t he  pH of t he  e l e c t r o l y t e  a p p e a r e d  to be  t he  c o n t r o l -  
l ing  v a r i a b l e .  H ighes t  e l ec t r i ca l  efficiencies,  2.3-2.5 
e q u i v a l e n t s  p e r  F a r a d a y  (1 mo le  of o x a m i d e  is a s -  
s u m e d  to r e p r e s e n t  2 e q u i v a l e n t s ) ,  w e r e  o b t a i n e d  
w h e n  h y d r o g e n  c y a n i d e  w a s  a d m i t t e d  to the  cel l  
a t  a r a t e  ( a b o v e  0.26g H C N / h r )  suff icient  to m a i n -  
t a i n  t he  p H  b e t w e e n  9.4 a n d  10.0. The  m a x i m u m  
r a t e  of p r o d u c t i o n  of o x a m i d e  at  450v and  0.06 a m p  
was  0.24 g / h r .  The  efficiency, in e q u i v a l e n t s  p e r  
F a r a d a y  d r o p p e d  a l m o s t  l i n e a r l y  f r o m  2.3 at  p H  9.5 
to 1.1 a t  p H  12.0. T h e  h i g h e s t  e l e c t r i c a l  eff iciency 
was  on ly  a b o u t  75 % of t h a t  o b t a i n e d  in  t h e  p r e p a r a -  
t ion  of o x a m i d e  b y  g l o w - d i s c h a r g e  e l ec t ro lys i s  of 
f o r m a m i d e .  

Manuscr ip t  rece ived  A p r i l  1, 1963. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be pub l i shed  in the December  1964 
JOURNAL. 
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Correction 
On page  1210 of t h e  D e c e m b e r  1963 J o u r n a l ,  in A l u m i n u m , "  in Fig.  8 t h e  cu rve  m a r k e d  [] shou ld  

the  p a p e r  b y  M. A. H e i n e  and  M. J. P r y o r  "The  Dis -  r e a d  1.0M. 
t r i b u t i o n  of A - C  Res i s t ance  in Ox ide  F i l m s  on 
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Investigation of Manganese Dioxides 
I. Water Content 

Alada r Tvarusko z 
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ABSTRACT 

T h e  water content of natural ores, electrolytic, chemical, and synthetic 
hydrous MnO~ samples, equilibrated in an atmosphere of 75% relative hu- 
midity, was determined at 110 ~ 235*, and 400~ Total water varied from 1% 
for a highly crystalline ~-MnO2 to 20% for synthetic hydrous MnO2. The pH 
of the MnO2 samples increased with increasing temperature, except for natural 
o r e s  and their derivatives which showed a decrease in pH at 2350C. The 
degree of resorption of water vapor was dependent on the drying temperature 
and decreased with increasing temperature. 

The various types of manganese dioxide perform 
differently in Leclanch6 dry cells depending on their 
origin or method of preparation, that  is, on their 
physical and chemical properties. It is recognized in 
the dry  cell industry that MnO2 of higher water  
content is more suitable as a depolarizer. Jegge (1) 
and Sasaki (2) found that the highly hydrated form 
is more desirable in the dry cell. I t  is thought  that  
water  in any form plays an important  role during 
the discharge of MnO2 (3), that  it helps the proton 
migration (4, 5), and that the reaction can proceed 
more readily through the buil t- in water  (6). Ac-  
cording to D'Agostino (7), ~-MnO2 has much greater 
activity and holds water  more firmly than the other 
forms investigated. Drotschmann (8) and Fukuda 
(9) showed that there is a certain relation between 
the depolarizing activity and the degree of hydra-  
tion. Drotschmann (10) claimed that  the electron 
acceptability depends on the degree of hydrat ion in 
addition to the lattice distortion. 

Upon heating MnO2 the discharge capacity and the 
water  content decrease. According to Vosburgh 
(11), they are inter-related and influenced fur ther-  
more by the structural  changes of the MnO2. This 
dependence of capacity decrease on the decreasing 
water  content was observed by Sasaki et al. (3) and 
Fukuda (9). Bode et  al. (6) observed that the equi- 
l ibrium potential for water-containing B-MnO2 at 
various stages of discharge was higher than that 
of water- f ree  fl-MnO2. The length of the potential 
plateau was proportional to the water  content of 
the MnO2. 

The status of the water  in the manganese dioxide 
is determined by the magnitude of the force by 
which the H20 molecule is bound to the MnO2 lattice 
or particle. According to Glemser (12), the greater 
proportion of the water  in manganese dioxide hy-  
drates is loosely bound. Drotschmann (13) classi- 
fied the forms of water  present in MnO~ as physi-  
cally retained, sorbed, and constitutional. Bode (14) 
distinguished between adsorbed and chemically 
bound water. In the ~-MnO2 prepared by Srb and 
Franz (15), chemically bound water  was present. 

1 P r e s e n t  a d d r e s s :  S w i s s  Federa l  Ins t i tu t e  of Technology,  Depa r t -  
m e n t  of I n d u s t r i a l  a n d  E n g i n e e r i n g  Chemis t ry ,  Zurich,  S w i t z e r l a n d .  

Sasaki et al. (2) concluded that the water  released 
below llO~ is purely  adherent water, while the 
weight loss between l l0~  and the decomposition 
temperature represents the combined water. Gruner  
(16) stated that the water  in cryptomelane is of zeo- 
litic nature. However, his own data do not support 
this fully. According to Fukuda (9), the released 
water  is not zeolitic. 

The water  molecule in the lattice MnO2 can be 
present as H20, H30 +, or O H -  as described by 
Glemser et al. (17) .  According to Bode (14), in some 
synthetic manganese dioxide a proportion of foreign 
cations can be replaced by H80 +. 

It was proposed (6, 11, 16-23) that some of the 
oxygen ions in the lattice of MnO2 are replaced by 
OH- .  Glemser and his co-workers  have definitely 
established the presence of O H -  groups in the lattice 
of MnO2 by infrared spectroscopy (24), measure-  
ments of proton magnetic resonance (25, 17), and 
DTA measurements (17, 26, 27). They found that  
ramsdellite and fl-group of MnO2, however,  do not 
contain O H -  groups (26, 27), thus confirming the 
observations of Brenet et al. (28). 

The water  content depends not only on the origin 
and type of MnO2 (29) but also on the parameters  
of the preparations, for example, for electrolytic 
~-MnO2, on the electrode material  (30) and tem- 
perature of electrodeposition (27, 31). Gattow (32) 
describes the difficulty of reproducing the water  
content. 

Besides the thermal  measurements,  Sasaki et  aL 
(33) determined the water  content of MnO2 by the 
"double resonant circuit method" (34). They found 
that  the dielectric constant of MnO2 through 100 
mesh is directly proportional to the amount  of water  
adsorbed in the particles. 

Foote et al. (35) found that the surface adsorption 
of water  is markedly  reduced only when the tem- 
perature  is raised above the decomposition tempera-  
ture. However, Sasaki et al. (2) showed that  the 
amount  of water  re-adsorbed decreased gradually 
with the increasing temperature  of the heat t reat-  
ment. 

The previous studies on the water  content of 
MnO2 involved various experimental  approaches and 
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cove red  on ly  a l i m i t e d  n u m b e r  of t y p e s  of MnO2. I t  
was  t h o u g h t  t h a t  a m o r e  c o m p r e h e n s i v e  s t u d y  of a l l  
a v a i l a b l e  t y p e s  of MnO2, us ing  the  s a m e  e x p e r i -  
m e n t a l  app roach ,  w o u l d  l e a d  to b e t t e r  u n d e r s t a n d -  
ing  of t he  s t a t e  of the  w a t e r  in MnO2. Such  i n f o r m a -  
t ion  could  be  use fu l  for  c o r r e l a t i o n  w i t h  t he  p h y s i -  
cal,  e l ec t rochemica l ,  and  c h e m i c a l  p rope r t i e s .  

Experimental 
Var ious  t y p e s  of MnO2 a re  u sed  as d e p o l a r i z e r s  

in  Lec l anch6  cel ls  or  h a v e  been  e v a l u a t e d  for  th is  
purpose .  The  MnO2 m a t e r i a l s  a r e  u s u a l l y  n o n -  
s t o i ch iome t r i c  and  a re  k n o w n  in m a n y  c r y s t a l l o -  
g r a p h i c  fo rms  w i t h  d i f fe ren t  deg rees  of c r y s t a l l i n i t y .  
M a n g a n e s e  d iox ides  can  also be  class i f ied b y  t h e i r  
o r ig in :  n a t u r a l  ores,  e l e c t ro ly t i c  MnO2, c h e m i c a l  
MnO2, and  s y n t h e t i c  h y d r o u s  MnO2. E l e c t r o l y t i c  
MnO2 is p r o d u c e d  b y  anod ic  o x i d a t i o n  of aqueous  
so lu t ion  of m a n g a n o u s  sal ts .  C h e m i c a l  MnO2 is o b -  
t a i n e d  b y  the  decompos i t i on  of MnCO3 a t  ca. 250~ 
in t he  p r e s e n c e  of a i r  and  moi s tu re .  The  MnO 
f o r m e d  is a u t o - o x i d i z e d  in t he  a f o r e m e n t i o n e d  e n -  
v i r o n m e n t  of MnO2, and  the  p r o d u c t  is ac id  l eached .  
The  s y n t h e t i c  h y d r o u s  MnO2, t he  s o - c a l l e d  " h y -  
d r a t e s , "  a r e  t he  b y - p r o d u c t s  of t he  o x i d a t i o n  of 
t he  o rgan ic  c o m p o u n d s  b y  p e r m a n g a n a t e .  T h e y  a r e  
a m o r p h o u s .  

The  v a r i o u s  MnO2 s a m p l e s  s t u d i e d  a r e  l i s t ed  in 
T a b l e  I w i t h  t h e i r  c r y s t a l l o g r a p h i c  s t r u c t u r e s  as d e -  
t e r m i n e d  b y  x - r a y  d i f f rac t ion .  

T h e r e  a r e  two  h i g h l y  c r y s t a l l i n e / ~ - M n O 2  s a m p l e s  
in  t h e  n a t u r a l  ore  group.  S a m p l e  L was  p l a c e d  in  t he  
h y d r a t e  g r o u p  because  of i ts  h igh  w a t e r  conten t .  I t  is 

not  a t r u e  h y d r a t e  because  i t  has  a m o d e r a t e  c r y s t a l -  
l i n i t y ;  i t  is l i k e l y  an  a c t i v a t e d  ore. 

The  MnO2 s a m p l e s  of d i f f e ren t  o r ig ins  and  p r o c -  
esses have  been  d r i e d  to v a r i o u s  de g re e s  a n d  m a y  
have  been  s to red  in an  a t m o s p h e r e  of v a r y i n g  r e l a -  
t ive  h u m i d i t y ,  and  so could  h a v e  a d i f fe ren t  a m o u n t  
of a d s o r b e d  w a t e r  and  p o s s i b l y  cons t i t u t i ona l  w a t e r .  
The re fo re ,  i t  was  n e c e s s a r y  to e q u i l i b r a t e  ( s t a n d -  
a rd i ze )  t he  va r i ous  MnO2 s a m p l e s  in an  a t m o s p h e r e  
of a su i t ab l e  r e l a t i v e  h u m i d i t y  to ob t a in  a c o m m o n  
base  for  t h e i r  eva lua t i on .  

I t  was  found  t h a t  the  w a t e r  con ten t  of v a r i o u s  
MnO2 sa mp le s  wi l l  a t t a i n  an  e q u i l i b r i u m  v a l u e  in 
an  a t m o s p h e r e  of  70-80% r e l a t i v e  h u m i d i t y  in  a 
r e l a t i v e l y  shor t  t ime.  A c c o r d i n g l y ,  t he  MnO2 s a m -  
p les  to b e  i n v e s t i g a t e d  w e r e  s t a n d a r d i z e d  in an 
a t m o s p h e r e  of 75% r e l a t i v e  h u m i d i t y  a t  20~ (ove r  
su l fu r i c  ac id  of 1.225 d e n s i t y ) .  The  d e p t h  of the  
loose p o w d e r  s p r e a d  e v e n l y  in  a P e t r i  d i sh  was  
m a i n t a i n e d  a b o u t  10 m m  b e c a u s e  at  g r e a t e r  d e p t h s  
i t  was  diff icult  to r e a c h  an  e q u i l i b r i u m .  A f t e r  10 
days  at  75% R. H. t he  s a m p l e s  w e r e  r e w e i g h e d  and  
the  p e r c e n t a g e  of w e i g h t  increase ,  Is, due  to t h e  a d -  
so rp t ion  of w a t e r  v a p o r  was  ca lcu la ted .  

I t  is m o r e  o r  less  an  a c c e p t e d  p r a c t i c e  to d r y  
MnO2 s a m p l e s  a t  l l 0 ~  to e l i m i n a t e  a d s o r b e d  w a t e r .  
The  s t a n d a r d i z e d  MnO2 s a m p l e s  w e r e  d r i e d  in  an  
e l ec t r i c  oven  in  a i r  a t  110 • 3~ for  16 hr .  The  MnO2 
s a m p l e s  w e r e  a l l o w e d  to cool in a de s i cca to r  ove r  
c o n c e n t r a t e d  su l fu r i c  ac id  a n d  r e w e i g h e d  on an  a n a -  
l y t i c a l  ba lance .  The  p e r c e n t a g e  of t he  d e s o r b e d  
w a t e r  of t he  s t a n d a r d i z e d  s a m p l e  was  c a l c u l a t e d  and  
is d e s i g n a t e d  as w a t e r  content ,  l l 0 ~  in  T a b l e  I. 

Table I. Crystal structure, water vapor uptake, water content, and composition of Mn02 samples 

W a t e r  Water  content  of 
Crys ta l  content,  % predr ied  sample,  % x in  MnO~ 

N a m e  type  Is, % l l 0 ~  235~ 40fi~ Stand.  235~ 400~ 

Natura l  ores 
Afr ican,  Ghana  7,T~,a 0.89 0.88 1.4 3.0 1.937 1.956 1.922 
Montana  %T~ 0.86 2.40 2.8 4.2 1.916 1.915 1.841 
Cal i fornia  7,T~ 0.55 1.54 1.6 2.6 1.879 1.899 1.838 
Moroccan ~ 0.26 0.53 0.7 0.7 1.992 1.982 1.980 
Mexican ~,Ta 0.76 2.25 2.8 4.0 1.888 1.903 1.801 
Greek  %T 0.71 2.74 3.8 5.3 1.925 1.929 1.787 
Caucasian ~ 0.49 1.19 2.0 2.0 1.953 1.958 1.956 

Electrolytic iVIn02 
Sample  A 7,T~ 0.69 3.82 2.2 4.0 1.932 1.956 1.855 
Sample  B ~,T~ 0.59 3.56 2.5 4.0 1.924 1.956 1.859 
Sample  C -/,T~ 0.39 3.35 2.4 4.1 1.988 1.951 1.887 
Sample  D %T~ 0.39 3.44 2.8 4.9 1.982 1.960 1.864 
Sample  E -/,T~ 0.49 3.33 2.6 4.6 1.956 1.973 1.863 

Chemical  MnO2 
Sample  F 7 ( ? ) 2.96 5.56 2.0 3.4 1.908 1.910 1.805 
Sample  G -/(?) 1.24 5.37 1.9 3.6 1.819 1.831 1.710 
Sample  H ~/ 5.18 5.88 2.2 3.8 1.931 1.935 1.810 

Synthe t ic  hydrous  MnO2 
Sample  J amorph.  0.29 15.13 5.7 7.2 1.892 1.846 1.777 
Sample  K amorph.  0.68 14.07 7.3 8.9 1.913 1.857 1.788 
Sample  L %T~,~ 0.26 10.01 3.7 5.5 1.844 1.796 1.772 
Sample  M amorph.  1.05 15.89 5.1 6.9 1.798 1.680 1.624 
Sample  N amorph.  7.31 17.19 7.5 9.7 1.877 1.774 1.610 

Note:  T, t races  of; Is, pe rcen tage  of w e i g h t  increase  due to the  adsorpt ion of w a t e r  vapo r  du r ing  s tandardiza t ion;  Stand.,  sample  s tandard-  
ized in  75% R. H. a t  20~ 



VoL 111, No. 2 I N V E S T I G A T I O N  O F  M A N G A N E S E  D I O X I D E S  127 

Only MnO2 samples thus dr ied were  used for the  de-  
te rmina t ion  of the wa te r  content  re leased at h igher  
tempera tures .  For  each de te rmina t ion  a new sam-  
ple was used. The de te rmina t ion  of the  w a t e r  con- 
tent  of a solid sample at  var ious  t empera tu res  in a 
tube furnace is an e labora te  and lengthy  operation.  
Therefore,  a simple, fast,  and semi-au tomat ic  in-  
s t rument  was chosen and used, the I -R  Mois ture-  
matic  balance of the Moore-Mil ford  Corporat ion,  
Skokie,  Illinois, which combines a very  efficient 
source of in f ra red  heat  wi th  a mo to r -d r i ven  torsion 
wire balance.  

The procedure  for de te rmining  the weight  loss, 
tha t  is the wate r  content,  consisted of zeroing the 
balance,  we igh ing-ou t  of the sample  in situ (ap-  
p rox ima te ly  12g), set t ing the t imer  and the hea ter  
to p rede te rmined  values,  and posi t ioning the hea ter  
assembly over the sample. The weight  loss of the 
sample was au tomat ica l ly  recorded on a digi tal  
counter  to the neares t  0.1% immedia te ly  af ter  the 
short  dry ing  time. 

Proper t ies  of the various MnO~ samples may  be 
a l tered by the t empera tu re  increase, due to the  loss 
of wa te r  and change of chemical  composit ion which 
are concomitant  wi th  a change in the crys ta l  s t ruc-  
ture. To follow the changes in the proper t ies  of the 
MnO2 samples, the s tandardized  (S tand)  and hea t -  
t rea ted  samples were  analyzed for avai lable  oxygen, 
for manganese  content,  and pH, (Tables  I and I I I )  
Af te r  heat  t rea tment ,  samples were  immedia te ly  
t r ans fe r red  into a desiccator and kept  there  unt i l  the 
analyses  were  performed.  

The avai lab le  oxygen was de te rmined  by  the 
s tandard  oxalic acid method. The Lingane  potent io-  
metr ic  method was used for the de te rmina t ion  of 
manganese  content  (40). In this, the manganese  ion 
is t i t r a ted  with a pe rmangana t e  solution in the p res -  
ence of sodium pyrophosphate .  The x -va lue  in the 
MnO= was calcula ted from these data. The pH of 
the MnO2 sample  was measured  as follows: 10.000g 
MnO2 were  shaken in a 250 ml  Er l enmeyer  flask 
wi th  200 ml COs-free dis t i l led water .  The t igh t ly  
s toppered flask was placed on a wr i s t - ac t ion  shaker  
for a per iod of 1 hr  at  m a x i m u m  agitation.  Af te r  
a l lowing 5 rain for the MnOe to settle, the pH of a 
por t ion of the superna tan t  l iquid  was measured  by  
a Beckman Model G pH Meter  using calomel  and 
glass electrodes.  The pH-va lues  observed in this  
manner  are des ignated as the  pH of the MnO2 sam-  
ples (Table  I I I ) .  

Results and Discussion 
The various MnO2 samples in every  case showed 

a weight  gain, I~, dur ing  the s tandard iza t ion  shown 
in Table I. Weight  increases for the var ious  na tu ra l  
ores and electrolyt ic  MnO2 samples were  smal l  and 
var ied  only sl ightly.  However,  they  were  not  so uni -  
form for the chemical  MnOe and synthet ic  hydrous  
MnO2 samples. The weight  increase due to the  en-  
suing wa te r  vapor  adsorpt ion  was 2-88% of the  
wa te r  content  at l l 0~  This var ia t ion  c lear ly  indi -  
cates the necessi ty for s tandard iza t ion  of the va r i -  
ous MnO2 samples in an a tmosphere  of the same 
re la t ive  humid i ty  for the i r  fu r the r  eva lua t ion  to ob- 
tain meaningfu l  results.  Wate r  adsorbed dur ing the 

s tandard iza t ion  was re ta ined  by the MnO2 sample 
in most  cases as adsorbed water .  

The adsorbed wa te r  or ig inal ly  present  and tha t  
added dur ing  the s tandard iza t ion  is e l imina ted  when 
the sample is dr ied at l l 0~  This adsorbed wa te r  
(wa te r  content,  l l 0 ~  var ies  and forms groups 
according to type  of MnO2. Na tu ra l  ores contain the 
least  adsorbed water ,  but  va ry  significantly depend-  
ing on where  they  were  mined and wha t  crys ta l  
s t ruc ture  type  is ma in ly  present  in the  ore. Moroc-  
can ore (h ighly  crys ta l l ine  fl-MnO2) has the lowest  
va lue  of all. Electrolyt ic  MnOe samples,  having 
s l ight ly  h igher  and almost uni form adsorbed wa te r  
contents, are  fol lowed by  the chemical  MnO2 sam-  
ples. The synthet ic  hydrous  oxides are all  above 
10 % wa te r  content  and have a la rger  var ia t ion  than  
the previous  two groups. 

The weight  decrease due to wa te r  loss increases 
wi th  increasing t empe ra tu r e  up to a cer ta in  t em-  
pera ture ,  af ter  which decomposit ion of the MnO2 
takes place. The decomposit ion t empe ra tu r e  depends 
on the crys ta l  s t ruc ture  of the MnO~ sample (17, 
26-29, 31). Fur the rmore ,  the weight  decrease due 
to wa te r  loss may  depend on the length  of the hea t -  
ing t ime at a given tempera ture .  

The t empe ra tu r e  of the sample  on the pan  of the 
I -R  Mois ture-mat ic  balance is influenced by  the 
distance of the hea ter  assembly f rom the sample and 
by  the control  of the heat  output  of the heat ing 
element.  A distance of 3.5 cm was chosen, y ie ld ing a 
uni form heat  pa t t e rn  for the sample and adequate  
t empera tu re  range.  Since the heat  output  control  
was m a r k e d  in a r b i t r a r y  units,  it was ca l ibra ted  by 
using t h in -wi r e  copper -cons tan tan  and i ron-con-  
s tan tan  thermocouples ,  the  junct ions  of which were  
bur ied  in the MnO2 sample. 

F igure  1 shows the wa te r  content  of the  synthet ic  
hydrous  MnO2 sample  J (as received)  as a function 
of hea t ing  t ime at increasing tempera tures .  This 
sample  was chosen because of its high wa te r  content. 
Readings were  t aken  at  2-rain intervals ,  and the 
de te rmina t ions  were  continued immedia te ly .  New 
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Fig. 1. Weight loss of synthetic hydrous Mn02 sample J (as 
received) as a function of heating time at different temperatures. 



128 JOURNAL OF THE ELECTROCHEMICAL SOCIETY F e b r u a r y  1964 

s a m p l e s  w e r e  used  for  the  runs  a t  t he  v a r i o u s  t e m -  
p e r a t u r e s .  I t  is e v i d e n t  t h a t  a t  low t e m p e r a t u r e s  a 
l ong  t i m e  is n e e d e d  to o b t a i n  a cons t an t  va lue .  On 
i nc r ea s ing  the  t e m p e r a t u r e ,  th is  t i m e  is c o n s i d e r -  
a b l y  shor t ened .  The  c u r v e  for  t he  140~ t e m p e r a -  
t u r e  r eaches  a cons t an t  v a l u e  for  t he  w a t e r  con ten t  
a f t e r  a 1 - h r  p e r i o d i c a l l y  i n t e r r u p t e d  h e a t i n g  per iod .  
This  v a l u e  c o r r e s p o n d s  to t he  w a t e r  con t en t  o b t a i n e d  
b y  d r y i n g  t h e  MnO2 s a m p l e  at  l l 0 ~  for  16 hr .  
W h e n  the  t e m p e r a t u r e  of t he  s a m p l e  on the  p a n  
was  r a i s ed  to 177~ a l a r g e r  i nc rea se  of t he  w a t e r  
con ten t  was  r e a l i z e d  t h a n  for  t he  p r e v i o u s  e q u a l  
t e m p e r a t u r e  increase .  On  f u r t h e r  i nc rea se  of  the  
t e m p e r a t u r e ,  t he  i n c r e a s e  of t he  w e i g h t  loss due  to 
t he  e l i m i n a t e d  w a t e r  was  smal l .  

Curves ,  r e p r e s e n t i n g  t h e  w e i g h t  loss of the  MnO2 
s a m p l e  at  216 ~ and  235~ r i se  r a p i d l y  in t he  b e g i n -  
n ing  a n d  s e e m i n g l y  a p p r o a c h  a c o n s t a n t  va lue .  T h e  
loss does not  r e m a i n  cons t an t  b u t  i nc reases  s l i gh t ly  
w i t h  i n c r e a s e d  h e a t i n g  t ime .  This  m a y  i n d i c a t e  a 
s low decompos i t i on  of t h e  sample ,  a f ac to r  w h i c h  
wi l l  be  d i scussed  l a t e r .  

In  v i ew  of t he  a f o r e m e n t i o n e d  obse rva t i ons ,  t he  
w a t e r  con ten t  of s y n t h e t i c  h y d r o u s  MnO2 s a m p l e  J 
(as r e c e i v e d )  was  d e t e r m i n e d  at  i n c r e a s i n g  t e m -  
p e r a t u r e s  (F ig .  2) .  T h e  d u r a t i o n  of t he  con t inuous  
d e t e r m i n a t i o n  was  chosen  to be  14 m i n  a t  each  
t e m p e r a t u r e  to m i n i m i z e  the  poss ib le  decomp os i t i on  
of MnOe. The  w e i g h t  d e c r e a s e  due  to w a t e r  loss 
rose  s h a r p l y  w i t h  t he  i nc r ea s ing  t e m p e r a t u r e ,  b u t  
s l owed  d o w n  a r o u n d  140~ On f u r t h e r  i nc rea se  of 
t he  t e m p e r a t u r e ,  t h e  w e i g h t  d e c r e a s e  due  to t he  
w a t e r  loss a g a i n  rose  s h a r p l y ,  b u t  s l o w e d  d o w n  and  
f ina l ly  b e c a m e  cons tan t .  The  a c c u r a c y  of t h e  d e t e r -  
m i n a t i o n  was  a t  l eas t  +--0.2%. 

T a k i n g  in to  cons ide r a t i on  the  a f o r e m e n t i o n e d  r e -  
sul ts  and  t h e  decompos i t i on  t e m p e r a t u r e s  of v a r i o u s  
t y p e s  of m a n g a n e s e  d iox ides  (26, 28, 29) ,  235 ~ and  
400~ w e r e  chosen  as t e m p e r a t u r e s  for  w a t e r  con-  
t en t  d e t e r m i n a t i o n s  in a d d i t i o n  to l l 0 ~  A f t e r  t he  
ac t i va t i on  of t he  h e a t i n g  e l emen t ,  t he  t e m p e r a t u r e  
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Fig. 2. Weight loss of synthetic hydrous Mn02 sample J (as 
received) as a function of temperature. 

of t h e  s a m p l e  r a p i d l y  i n c r e a s e d  and  a p p r o a c h e d  a 
cons t an t  va lue ,  235 ~ --  5 ~ a n d  400 ~ --  5~ r e s p e c -  
t ive ly .  The  t i m e  to r e a c h  these  cons t an t  t e m p e r a -  
t u r e s  was  9 m i n  and  4.5 min ,  r e spec t i ve ly .  These  
t e m p e r a t u r e s  r e m a i n e d  c o n s t a n t  w i t h i n  t he  +-5~ 
t o l e r a n c e  for  t he  l e n g t h  of t he  d e t e r m i n a t i o n  (14 
min )  and  could  be  r e p r o d u c e d  r e p e a t e d l y .  The  12- 
min  h e a t i n g  pe r i ods  w e r e  f o u n d  a d e q u a t e  and  
chosen  for  t he  w a t e r  con ten t  d e t e r m i n a t i o n s  at  bo th  
t e m p e r a t u r e s .  

T a b l e  I shows  the  w a t e r  con ten t s  of t he  v a r i o u s  
MnO2 samples ,  p r e d r i e d  at  110 ~ as o b t a i n e d  at  235 ~ 
and  400~ t e m p e r a t u r e s .  The  w e i g h t  d e c r e a s e  of t he  
p r e d r i e d  (110 ~ MnO2 s a m p l e  a t  400~ ( w a t e r  con-  
tent ,  400 ~ ) is cons ide red  as t he  cons t i t u t i ona l  w a t e r  
content .  The  to t a l  w a t e r  con ten t  is t he  s u m  of t he  
w a t e r  content ,  l l 0 ~  ( w e i g h t  dec rea se  of t he  s t a n d -  
a r d i z e d  MnO2 s a m p l e  a t  110 ~ a n d  cons t i t u t i ona l  
w a t e r  content .  

The  a m o u n t  of t he  w a t e r  r e l e a s e d  at  235~ and  
also at  t he  h i g h e r  t e m p e r a t u r e  (400~  va r i e s  w i t h  
the  d i f fe ren t  g roups  and  also w i t h i n  t he  g r o u p  of 
n a t u r a l  ores  and  h y d r a t e s .  The  s a mp le s  of t he  e l ec -  
t r o l y t i c  MnO2 a n d  c h e m i c a l  MnO2 a re  m o r e  u n i f o r m  
in t h e i r  w a t e r  conten t .  

The  w e i g h t  dec rea se  due  to t he  w a t e r  loss  i n -  
c r ea sed  f u r t h e r  w h e n  the  t e m p e r a t u r e  was  r a i s e d  to 
400~ for  a l l  t he  s a mp le s  w i t h  t he  e x c e p t i o n  of two  
fl-MnO2 samples ,  Moroccan  a n d  C a u c a s i a n  ores.  The  
l a ck  of w a t e r  loss  i nd i ca t e s  t he  absence  of  O H -  
g roups  w h i c h  conf i rms the  r e su l t s  of G a t t o w  et  al. 
(26, 27) and  B r e n e t  et al. (28) .  T h e y  do conta in ,  
h o w e v e r ,  some w a t e r  w h i c h  is r e l e a s e d  a t  235~ I t  
is g e n e r a l l y  k n o w n  t h a t  t h e  e n e r g y  r e q u i r e d  for  the  
d e s t r u c t i o n  of a b o n d  d e p e n d s  on the  b o n d  s t r e n g t h  
b e t w e e n  the  c o m p o u n d  and  the  species  in  ques t ion ,  
in th is  case  b e t w e e n  w a t e r  a n d  MnO2 or  i ts  m i c r o -  
s t ruc tu re .  A t  l l 0 ~  on ly  t h e  a d s o r b e d  o r  p h y s i c a l l y  
r e t a i n e d  w a t e r  is r e l eased .  On  i nc r e a s ing  the  t e m -  
p e r a t u r e  to 235~ some of t he  c o n s t i t u t i o n a l  w a t e r  
is r e l ea sed ;  th is  r e l ea se  d e p e n d s  on the  t y p e  of MnO2 
and  seems  to i n c r e a s e  w i t h  t h e  d e c r e a s i n g  d e g r e e  of 
c r y s t a l l i n i t y ,  t h a t  is, i t  is a t  m a x i m u m  for  a m o r p h -  
ous s y n t h e t i c  h y d r o u s  MnO2. 

The  compos i t ions  of t h e  m a n g a n e s e  d i o x i d e  s a m -  
p les  w e r e  c a l c u l a t e d  f r o m  t h e  a n a l y t i c a l  da ta .  The  
x - v a l u e  for  t h e  MnOx a r e  s h o w n  in T a b l e  I. No  s ig-  
n i f icant  changes  can  be  o b s e r v e d  in the  x - v a l u e s  for  
the  n a t u r a l ,  e l e c t r o l y t i c  a n d  c h e m i c a l  MnO2 s a m -  
p les  s t a n d a r d i z e d  and  h e a t e d  at  235~ G a t t o w  
et al. showed  t h a t  t he  c h a n g e  of x - v a l u e  d e p e n d s  on 
the  c r y s t a l  t y p e  of MnO2 (17, 26, 27) ;  for  ins tance ,  
x - v a l u e  of mos t  of t he  7-MnO2 s a m p l e s  r e a c h e d  a 
m o r e - o r - l e s s  cons t an t  v a l u e  a r o u n d  250~ t h a t  is, 
t he  r a n g e  in  w h i c h  the  f l-MnO2 group  ex is t s  (27) .  
On inc rea s ing  the  t e m p e r a t u r e  to 400~ t h e  x - v a l u e  
d e c r e a s e d  for  a l l  samples ,  w i t h  t h e  excep t ion  of the  
two  fi-MnO2 samples .  This  d e c r e a s e  is due  to t he  d e -  
compos i t i on  of t h e  MnO2 sample ,  i.e., 02 evolu t ion .  

The  syn the t i c  h y d r o u s  MnO2 samples ,  h o w e v e r ,  
showed  a g r a d u a l  d e c r e a s e  of t he  x - v a l u e s ,  i.e., d e -  
c rease  of t he  o x y g e n  content .  S i m i l a r  MnO2 samples ,  
d e s i g n a t e d  b y  G l e m s e r  et al. (17) as 3-MnO2, los t  
O2 c o n t i n u o u s l y  u n t i l  t h e y  r e a c h e d  a m i n i m u m  
x - v a l u e  a t  a b o u t  250~ 
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Table II. Total and corrected constitutional water content 
of standardized Mn02 samples 
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Table ill. pH of the standardized and heat-treated Mn02 samples 

p H  

Corrected w a t e r  content  N a m e  S t a n d .  235~ 400~ 
Tota l  w a t e r  Constltu- 

N a m e  c o n t e n t  T o t a l  t i o n a l  
Natural  ores 

Natural  ores African, Ghana 6.10 6.24 6.98 
African, Ghana 3.9 3.3 2.4 Montana 8.24 7.95 8.04 
Montana 6.6 5.2 2.8 California 6.90 6.72 7.98 
California 4.1 3.0 1.5 Moroccan 8.78 8.47 8.50 
Moroccan 1.2 1.2 0.7 Mexican 7.54 7.35 7.60 
Mexican 6.2 4.3 2.1 Greek 8.10 7.85 8.34 
Greek 8.1 5.5 2.7 Caucasian 8.20 8.25 8.35 

Caucasian 3.2 3.2 2.0 Electrolytic MnO2 

Electrolytic MnO2 Sample A 5.28 5.62 7.00 
Sample B 5.78 7.03 7.40 

Sample A 7.8 5.9 2.1 Sample C 4.92 5.22 6.58 
Sample B 7.6 5.8 2.2 Sample D 5.80 5.90 6.83 
Sample C 7.4 6.2 2.9 Sample E 5.59 6.20 7.00 
Sample D 8.3 6.5 3.1 
Sample E 8.0 6.0 2.6 Chemical MnO~ 

Sample F 5.12 5.50 7.45 
Chemical MnO2 Sample G 4.74 5.08 6.35 
Sample F 9.0 7.1 1.5 Sample H 6.45 6.85 7.38 
Sample G 9.0 6.8 1.4 
Sample H 9.7 7.4 1.5 Synthetic hydrous MnO2 

Sample J 8.21 8.90 9.43 
Synthetic hydrous MnO2 Sample K 9.30 10.42 11.50 
Sample J 22.3 20.2 5.1 Sample L 9.40 8.13 8.28 
Sample K 23.0 20.7 6.6 Sample M 8.83 7.40 7.89 
Sample L 15.5 14.2 5.1 Sample N 5.60 7.40 8.10 
Sample M 22.8 19.6 3.7 
Sample N 26.9 22.0 4.8 surface and bu lk  proper t ies .  If this  h e a t - t r e a t e d  

In view of the  ana ly t ica l  results ,  the weight  de-  
creases regis te red  on the digi ta l  counter  represen t  
not only those due to the  wa te r  but  also include 
the oxygen loss. Therefore  the  to ta l  wa te r  content  
and the const i tut ional  wa te r  content  of the s t and-  
ardized samples were  corrected for the  decrease of 
x-va lues .  These corrected wa te r  contents are  shown 
in Table II. The const i tut ional  wa te r  in some cases 
unavo idab ly  includes the wa te r  held  by capi l la ry  
condensation, i.e., the wa te r  re leased by  the two 
fl-MnO2 at 235~ Fur the rmore ,  in the case of the 
synthet ic  hydrous  MnO2 samples, some of the  more 
loosely bound const i tut ional  wa te r  was re leased  
even at  110~ Na tu ra l  ores have the lowest  to ta l  
wa te r  content,  whereas  the synthet ic  hydrous  MnO2 
samples have  the highest.  This may  expla in  the  in-  
creased capaci ty  of a Leclanch~ cell wi th  na tu ra l  
ores when  a cer ta in  pa r t  of it is rep laced  by  a syn-  
thet ic  hydrous  MnO2. The influence of the synthet ic  
hydrous  MnO2 on na tu ra l  ore showed up c lear ly  in 
the in te rna l  res is tance behavior  of Leclanch~ cells 
dur ing  discharge (36).  

Electrolyt ic  MnO2 samples have lower  to ta l  wa te r  
content  than  chemical  MnO2 samples,  but  this is re -  
versed for the  const i tut ional  wa te r  content. Lau ren t  
et al. (37) obta ined 4.5% for the  const i tut ional  
wa te r  of an e lectrolyt ic  MnO2. This is in agreement  
wi th  the uncorrec ted  const i tut ional  wa te r  content  of 
e lectrolyt ic  MnO2 samples of this s tudy bu t  is h igher  
than  the corrected values.  Data  of Huber  et  al. (29) 
for the wa te r  content  der ived  at 400~ are in good 
agreement  wi th  some of the  corrected const i tut ional  
water  contents shown in Table  II. 

When  MnO2 is heated,  wa te r  and, at h igher  t em-  
pera tures ,  oxygen are  re leased thus changing both the 

MnO~ sample is b rought  in contact  wi th  CO~-free 
wa te r  for a cer ta in  length  of time, the  MnO2 sample 
wil l  resorb some, if not all, the lost water .  Natura l ly ,  
a por t ion of the wa te r  adsorbed on MnO2 can react  
wi th  the O - -  of the MnO2 forming O H -  groups. 
This in tu rn  wi l l  leave  an excess of OH ions near  
the surface of the  MnO2, resul t ing  in an increase in 
the pH of the dis t i l led water .  The pH value  of the 
s tandard ized  MnO~ sample  wi l l  ce r ta in ly  depend on 
the impur i t ies  present  in the  MnO~, e.g., some of the  
synthet ic  hydrous  MnO2 samples have  a smal l  a lkal i  
meta l  content.  This expla ins  the high pH values  of 
the s tandard ized  synthet ic  hydrous  MnOe samples 
shown in Table  III. 

The pH of the  supe rna tan t  l iquid  in contact  wi th  
MnO~ increased wi th  increasing t empera tu re  of the 
wa te r  content  determinat ion.  This observat ion was 
found va l id  at  all  t empera tu re s  only for e lectrolyt ic  
and chemical  MnO2 samples.  The pH increased,  
however ,  for  al l  MnO2 samples tes ted when  the t em-  
pe ra tu re  was ra ised f rom 235 ~ to 400~ The pH of 
COe-free dis t i l led water ,  shaken wi th  na tu ra l  ores, 
decreased or r emained  nea r ly  the same when  the 
t empe ra tu r e  of the wa te r  content  de te rmina t ion  was 
raised to 235~ In the case of synthet ic  hydrous  
MnO2 samples,  only samples L and M resul ted  in a 
decreased pH value.  One of them (L) is definitely an 
ac t iva ted  ore, and this m a y  also be t r ue  of the  other  
sample  (M).  This would  then  indicate  tha t  the  pH 
of only the na t u r a l  ores would  decrease when  hea ted  
to 235~ The pH change of the two ~-MnO~ samples 
(Moroccan and Caucasian)  wi th  increasing t e m -  
p e r a t u r e  is smal l  to negligible.  

Kozawa et  al. (38) found that ,  when a h e a t - t r e a t e d  
MnO2 sample was shaken wi th  an Ntt4C1 solution, 
the pH of the  solution increased almost  l inea r ly  wi th  
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the  i n c r e a s i n g  h e a t i n g  t e m p e r a t u r e  a b o v e  250~ 
b e l o w  250~ the  p H  v a l u e s  d id  no t  show a u n i f o r m  
t rend .  The  p r e s e n t  d a t a  conf i rm these  r e su l t s  (38) .  
T h e i r  f o u r  samples ,  h o w e v e r ,  d id  no t  a l l o w  t h e m  to 
r e a c h  a def in i te  conc lus ion  r e g a r d i n g  the  b e h a v i o r  
of t he  v a r i o u s  s a m p l e s  b e l o w  250~ The  r e su l t s  of 
K o z a w a  et  al. (38) and  t h a t  of t he  p r e s e n t  i n v e s t i g a -  
t ion  i n d i c a t e  t ha t  t he  p H  inc rease  of t he  so lu t ion  
s h a k e n  w i t h  MnO2 samp le s  i nc reases  w i t h  the  t e m -  
p e r a t u r e  w h e t h e r  sa l t  so lu t ion  or  d i s t i l l ed  w a t e r  
is used.  

The  a n a l y t i c a l  d a t a  a n d  the  p H  v a l u e s  i nd i ca t e  
t h a t  t he  h e a t i n g  of the  v a r i o u s  MnO2 s a m p l e s  a f -  
f ec t ed  t h e i r  su r f ace  and  also b u l k  p rope r t i e s .  These  
changes  shou ld  show up also in t he  r e s o r p t i o n  of 
w a t e r  v a p o r  b y  the  v a r i o u s  MnOe samp le s  h e a t e d  
to d i f fe ren t  t e m p e r a t u r e s .  Foo te  et  al. (35) c l a im  
t h a t  the  r e s o r p t i o n  of w a t e r  is on ly  r e d u c e d  a b o v e  
the  d e c o m p o s i t i o n  t e m p e r a t u r e  of the  sample ,  
w h e r e a s  S a s a k i  et al. (2)  showed  a g r a d u a l  d e c r e a s e  
of t he  r e - a d s o r b e d  w a t e r  w i t h  t he  i nc r ea s ing  t e m -  
p e r a t u r e .  

S ince  the  s t a n d a r d i z a t i o n  of t he  MnO2 s a m p l e s  
took  p lace  at  20~ in an  a t m o s p h e r e  of 75% r e l a t i v e  
h u m i d i t y ,  t h e  s ame  cond i t ions  w e r e  chosen  for  t he  
r e s o r p t i o n  s tudies .  The  d e p t h  of t he  e v e n l y  s p r e a d  
loose  MnO2 p o w d e r  in  a P e t r i  d i sh  n e v e r  e x c e e d e d  
10 mm.  In  case  of g r e a t e r  dep ths ,  t he  r e s o r p t i o n  t ook  
a l o n g e r  t i m e  to be  comple t ed .  H o w e v e r ,  t he  d e g r e e  
of the  r e s o r p t i o n  was  the  same  in bo th  cases, w i t h i n  
t he  e x p e r i m e n t a l  e r r o r  of t he  p rocedu re .  The  w e i g h t  
i nc rea se  due  to the  r e s o r p t i o n  of w a t e r  was  m e a s -  
u r e d  at  i n t e r v a l s  on an a n a l y t i c a l  b a l a n c e  a n d  at  
l eas t  for  10 days .  The  r e su l t s  w e r e  e x p r e s s e d  in  p e r -  
c en t age  of t h e  w a t e r  con t en t  of t he  MnO2 s a m p l e  
at  a p a r t i c u l a r  t e m p e r a t u r e ,  t a k e n  as 100%. 

F i g u r e  3 shows  t h e  r e s o r p t i o n  of w a t e r  v a p o r  b y  
the  G r e e k  o re  as a func t ion  of t ime.  I t  can  be  c l e a r l y  
seen  t h a t  t he  a m o u n t  of t he  r e s o r b e d  w a t e r  d e -  
c r eased  w i t h  the  i n c r e a s i n g  t e m p e r a t u r e .  The  r a t e  of 
r e s o r p t i o n  is l a r g e  in  t h e  b e g i n n i n g  b u t  dec rea se s  
w i t h  t ime ,  f ina l ly  a p p r o a c h i n g  zero ;  t h a t  is, t he  
r e s o r p t i o n  becomes  s m a l l  or  neg l ig ib le .  The  A f r i c a n  
ore,  e l ec t ro ly t i c ,  a n d  c h e m i c a l  MnO2 samples ,  t o -  
g e t h e r  w i t h  some of t he  s y n t h e t i c  h y d r o u s  MnO2 
samples ,  showed  s i m i l a r  behav io r .  H o w e v e r ,  t he  
c u r v e  of t h e  l a t t e r  s a m p l e s  was  d i f f e ren t  a f t e r  t he  
in i t i a l  r a p i d  r ise ;  t he  e x t e n t  of t h e  r e s o r p t i o n  
r e a c h e d  the  final,  n e a r l y  cons t an t  v a l u e  w i t h i n  2% 
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Fig. 4. Degree of resorption of synthetic hydrous Mn02 sample J 
(dashed line) and sample 0 (solid line), heated at different tem- 
peratures as a function of resorption time. 

a f t e r  t h e  first  100 hr ,  in  c o n t r a s t  w i t h  t he  cu rve  of 
Fig .  3. 

T h e  syn the t i c  h y d r o u s  MnO2 s a m p l e s  showed  two  
d i s t i n c t l y  d i f fe ren t  b e h a v i o r  p a t t e r n s  i l l u s t r a t e d  in 
Fig.  4. The  s a m p l e  r e p r e s e n t e d  b y  sol id  l ines  showed  
a s i m i l a r  b e h a v i o r  to t ha t  of Fig .  3. S a m p l e  J d id  not  
y i e l d  t he  u s u a l l y  l a r g e r  d i f fe rence  b e t w e e n  t h e  110 ~ 
a n d  235~ curves .  F u r t h e r m o r e ,  t he  r e s o r p t i o n  cu rve  
for  l l 0 ~  is of d i f fe ren t  shape .  These  d i f fe ren t  r e -  
so rp t i on  cu rves  m a y  i n d i c a t e  t he  v a r i o u s  m e c h a n -  
i sms b y  w h i c h  the  w a t e r  v a p o r  is r e so rbed ,  t h a t  is, 
a d s o r p t i o n  of w a t e r ,  c a p i l l a r y  c o n d e n s a t i o n  or  
chemica l  r eac t i on  b e t w e e n  w a t e r  and  MnO2. 

On the  bas i s  of so rp t ion  i so the rms ,  N i n a g i  et al. 
(39) found  t ha t  c a p i l l a r y  c o n d e n s a t i o n  t a k e s  p lace  
to a l a r g e r  e x t e n t  in  ~,-MnO2, w h e r e a s  t he  chemica l  
r e a c t i o n  occurs  to a g r e a t e r  d e g r e e  in ~-MnO2 in 
a c c o rda nc e  w i t h  D ' A g o s t i n o  (7 ) .  

The  fas t  r ise  of t he  r e s o r p t i o n  c u r v e  in t he  b e g i n -  
n ing  c o r r e s p o n d s  mos t  p r o b a b l y  to a m o n o l a y e r  film 
of w a t e r  so rbed  or  r eac ted ,  d e p e n d i n g  on  the  d e g r e e  
of c r y s t a l l i n i t y  of the  MnO2. The  s l o w l y  r i s ing  p o r -  
t ion  of t he  c u r v e  m a y  ind i ca t e  c a p i l l a r y  c o n d e n s a -  
t ions  or  a f u r t h e r  r e a c t i o n  t a k i n g  place.  The  s l ower  
r i s ing  r e s o r p t i o n  cu rves  of s y n t h e t i c  h y d r o u s  MnO2 
s a m p l e  J ( l o w e r  t e m p e r a t u r e s ,  F ig .  4) w o u l d  i n d i -  
ca t e  m i x e d  r e s o r p t i o n s  t a k i n g  p l a c e  s i m u l t a n e o u s l y .  
F o r  t he  s e p a r a t i o n  a n d  d e t e r m i n a t i o n  of  these  v a r i -  
ous s teps,  h o w e v e r ,  t he  d e t e r m i n a t i o n  of t h e  a m o u n t  
of t he  r e s o r b e d  w a t e r  v a p o r  at  a cons t an t  r e l a t i v e  
h u m i d i t y  as a func t ion  of t i m e  a lone  is no t  sufficient.  

A c k n o w l e d g m e n t  

The  a u t h o r  is i n d e b t e d  to E. M. F i t c h e t t  of R a y - O -  
Vac  Divis ion ,  Madison ,  Wiscons in ,  for  t he  c h e m i c a l  
a n a l y s e s  of MnO2 samples .  

Manuscr ip t  rece ived  Aug. 5, 1963. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
J O U R N A L .  
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Charging the Silver Oxide Electrode with 
Periodically Varying Current 

I. Brief Increases of Current 

Charles P. Wales 
United States  Naval  Research Laboratory,  Washington,  D. C. 

ABSTRACT 

Pulses of charge cur ren t  were  added to a constant  charge  cur ren t  whi le  a 
s i lver  e lect rode was being charged (anodica l ly  oxidized)  at the 20-hr rate.  
Whi le  charging at  the  Ag20 /AgO potent ia l  p la teau  the polar iza t ion  was lower  
fo l lowing a pulse than  it was before  the pulse.  This is be l ieved  to be the  re -  
sul t  of b reak ing  the oxide layer .  In  35% KOH the discharge capaci ty  fo l low- 
ing a charge  wi th  pulses reached a m a x i m u m  that  could be considerably  
grea te r  than  the normal  capacity.  Capaci ty  then  decreased as the  charge 
pulse current ,  pulse  length,  or pulse  f requency  increased.  In  50% KOt I  the 
capaci ty  was a lways  be low normal  af ter  s imi lar  pulses. A commercia l  s i lver -  
zinc secondary  cell  containing 44% KOH gave in te rmedia te  results .  

D u r i n g  a s t u d y  u s i n g  the  c u r r e n t  i n t e r r u p t e r  
t e c h n i q u e  i t  was  n o t e d  t h a t  t he  c h a r g i n g  p o t e n t i a l  
of a s i lve r  e l e c t r o d e  o f t en  was  l o w e r  a f t e r  a p e r i o d  
of c u r r e n t  pu l ses  t h a n  i t  h a d  been  be fo re  t he  pulses .  
The  e l e c t r o d e  was  be ing  a n o d i c a l l y  ox id i zed  us ing  
a cons t an t  c h a r g i n g  c u r r e n t  a t  t h e  24 -h r  ra te .  This  
c h a r g i n g  c u r r e n t  was  s t opped  occas iona l ly ,  and  t h e n  
a c u r r e n t  l a s t i ng  abou t  0.006 sec was  p u l s e d  a t  60 
t i m e s / s e c ,  us ing  an  anodic  pu l se  c u r r e n t  e i t he r  t he  
same  as  t h e  c h a r g i n g  c u r r e n t  h a d  been ,  or  f ou r  t imes  
as grea t .  W h i l e  c h a r g i n g  at  t he  A g 2 0 / A g O  p o t e n t i a l  
p l a t eau ,  s e v e r a l  m i n u t e s  of c h a r g i n g  t i m e  w e r e  r e -  
qu i red ,  fo l l owing  a p e r i o d  of pu l s i ng  cu r ren t ,  be fo re  
the  e l ec t rode  aga in  r e a c h e d  the  p o t e n t i a l  r e c o r d e d  
jus t  p r e v i o u s  to t he  pu l se  per iod .  The  p u l s e  pe r i ods  
had  l i t t l e  effect on the  s u b s e q u e n t  c h a r g i n g  p o t e n t i a l  
e i t he r  e a r l y  in  t he  c h a r g e  or  l a t e r ,  a f t e r  o x y g e n  

evo lu t i on  h a d  been  r eached .  The  d e c r e a s e d  cha rg ing  
po t e n t i a l s  w e r e  no t  an  effect of t he  b r i e f  o p e n - c i r c u i t  
pe r i ods  b e t w e e n  the  pulses ,  b u t  w e r e  f o u n d  to be  a 
r e su l t  of t e m p o r a r i l y  i nc r e a s ing  the  c h a r g e  c u r r e n t  
to fou r  t imes  its n o r m a l  va lue .  

These  pu l se  p e r i o d s  h a d  a second  effect in a d d i t i o n  
to t he  d e c r e a s e d  c h a r g i n g  po ten t i a l .  A d i s cha rge  
a f t e r  a c h a r g e  w i t h  pu l ses  of i n c r e a s e d  c h a r g i n g  c u r -  
r en t  was,  u n d e r  c e r t a i n  condi t ions ,  up  to 50% l o n g e r  
t h a n  a d i s c h a r g e  f o l l o w i n g  a cha rge  w i t h o u t  pulses .  
I t  is h i g h l y  d e s i r a b l e  to c h a r g e  s i lve r  e l ec t rodes  to 
t h e i r  fu l l  c a p a c i t y  s ince  s to rage  b a t t e r i e s  us ing  s i lve r  
e l ec t rodes  a r e  cos t ly  and  a re  used  m a i n l y  for  p u r -  
poses  r e q u i r i n g  an  e n e r g y  source  of l a r g e  c a p a c i t y  
b u t  of s m a l l  size or  we igh t .  I t  was  dec ided ,  t h e r e -  
fore,  to i n v e s t i g a t e  in  m o r e  de t a i l  th is  effect  of a d d -  
ing  pu l ses  of c h a r g e  c u r r e n t  to t he  n o r m a l  c h a r g i n g  
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cu r r en t .  P e r i o d i c  o p e n - c i r c u i t  p e r i o d s  a n d  c u r r e n t  
r e v e r s a l s  d u r i n g  c h a r g e  a r e  be ing  s t u d i e d  a t  p r e s e n t  
a n d  wi l l  be  t he  s u b j e c t  of a f u t u r e  pape r .  

Exper imental  Procedure 

The  t e s t  ce l l  h a d  a n o r m a l  c a p a c i t y  of a b o u t  1.9 
a m p - h r  and  was  c o n s t r u c t e d  the  s ame  w a y  a n d  used  
t h e  s ame  size s i n t e r e d  s i l ve r  e l ec t rodes  as  d e s c r i b e d  
e a r l i e r  (1 ) .  E i t h e r  35% or  50% K O H  w a s  u sed  as  
t h e  e l e c t r o l y t e  a t  25~ The  e x p e r i m e n t a l  a r r a n g e -  
m e n t  w a s  s i m i l a r  to t h a t  p r e v i o u s l y  r e p o r t e d  (2)  
e x c e p t  t h a t  two  sources  of c o n t r o l l e d  c u r r e n t  w e r e  
connec t ed  in  p a r a l l e l  across  t he  cell .  The  bas ic  c u r -  
r en t  source  was  he ld  c o n s t a n t  d u r i n g  t h e  cha rge  at  
100 m a  ( a p p r o x i m a t e l y  t h e  2 0 - h r  r a t e )  w h i l e  t he  
o t h e r  source  s u p p l i e d  a c h a r g i n g  pu l se  c u r r e n t  of 
t he  s a m e  p o l a r i t y  w h i c h  was  a d d e d  to the  bas ic  
c h a r g e  c u r r e n t  a t  c o n t r o l l e d  i n t e r v a l s  of t ime .  V a r i -  
ous p u l s e  c u r r e n t s  w e r e  used  a t  f i rs t  to see t h e  effect  
of t he  pu l ses  on c h a r g i n g  po ten t i a l .  T h e s e  pu l se  c u r -  
r en t s  r a n g e d  f r o m  100 to 9900 ma,  g iv ing  a t o t a l  
cha rge  c u r r e n t  d u r i n g  t h e  pu l se  of f r o m  2 to  100 
t i m e s  t h e  bas i c  or  n o r m a l  c u r r e n t  of 100 ma.  P u l s e  
l e n g t h s  v a r i e d  f r o m  1 to 60 sec a n d  the  i n t e r v a l  b e -  
t w e e n  pu l ses  was  30 min .  A f t e r  d e t e r m i n i n g  t h a t  t h e  
effect  of c h a r g e  pu l ses  on the  fo l lowing  d i s c h a r g e  
c a p a c i t y  cou ld  no t  b e  p r e d i c t e d  c lose ly  f r o m  j u s t  t he  
p o t e n t i a l  change  d u r i n g  or  a f t e r  a pulse ,  t he  p u l s e  
cu r ren t ,  p u l s e  l eng th ,  and  pu l se  f r e q u e n c y  w e r e  k e p t  
cons t an t  d u r i n g  c o m p l e t e  cha rges  us ing  the  bas ic  
c h a r g e  c u r r e n t  of 100 ma,  a p u l s e  c u r r e n t  of 100- 
1900 ma,  a p u l s e  l e n g t h  of 2.5-10 sec, and  a pu l se  
f r e q u e n c y  of 10-60 min .  

P u l s e  c h a r g i n g  w a s  a lso  t r i e d  on a c o m m e r c i a l  
s i l v e r - z i n c  s e c o n d a r y  cell .  This  cel l  w a s  r a t e d  a t  100 
a m p - h r  and  c o n t a i n e d  44 % KOH.  I t  was  c h a r g e d  at  
a bas ic  r a t e  of 5 a m p  a n d  g i v e n  a d d i t i o n a l  c h a r g e  
pu l ses  r a n g i n g  f r o m  5 to 45 amp.  The  pu l ses  l a s t e d  
2-15 sec a t  i n t e r v a l s  of 10 or  30 min .  

Results 

The  effect  of a d d e d  pu l ses  of c h a r g e  c u r r e n t  can  
be  benef ic ia l  or  h a r m f u l  to  t he  c h a r g e  a c c e p t a n c e  of 
a s i lve r  e l e c t r o d e  in  35% KOH.  T h e  d i s c h a r g e  c a -  
p a c i t y  f o l l o w i n g  a cha rge  w i t h  pu l ses  t e n d e d  to 
r e a c h  a m a x i m u m  a n d  t h e n  to d e c r e a s e  w i t h  i n -  
c r ea s ing  p u l s e  cu r ren t ,  pu l se  l eng th ,  or  pu l se  f r e -  
q u e n c y  (Fig .  1).  The  p u l s e  c u r r e n t  h a d  to be  d e -  
c r ea sed  to o b t a i n  m a x i m u m  c a p a c i t y  w h e n  the  pu l se  
l e n g t h  was  inc reased ,  b u t  th is  change  was  not  l i n e a r  
s ince  t he  q u a n t i t y  of pu l se  e l e c t r i c i t y  n e e d e d  for  o b -  
t a i n ing  t h e  m a x i m u m  c a p a c i t y  h a d  also inc reased .  
This  is s h o w n  b y  the  d i s p l a c e m e n t  to t he  r i g h t  of t he  
m a x i m a  of t h e  cu rves  as pu l se  l e n g t h  i nc reases  f r o m  
2.5 to 10 sec. 

The  r e su l t s  g iven  in  Fig .  1 w e r e  o b t a i n e d  d u r i n g  
the  first  78 cycles  of t he  s i lve r  e lec t rode .  In  th i s  
p e r i o d  t h e r e  w e r e  13 cons t an t  c u r r e n t  cha rges  a t  
100 m a  ( w i t h o u t  pu l se s )  to gas  evo lu t ion .  The  m a -  
j o r i t y  of the  d i s cha rges  t h a t  f o l l owed  these  13 con-  
s t a n t - c u r r e n t  cha rge s  w e r e  w i t h i n  --  0.1 a m p - h r .  
of t he  m e a n  c a p a c i t y  of 1.89 a m p - h r ,  a n d  on ly  two  
e x c e e d e d  -----0.2 a m p - h r .  The  s t a n d a r d  d e v i a t i o n  of 
t h e  m e a n  was  0.045 a m p - h r .  A s s u m i n g  n o r m a l  d i s -  
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Fig. 1. Capacity of 100 ma discharges of a Ag electrode in 
35% KOH at 25~ following 100 ma charges with added pulses of 
current. Charge current plus pulse current totaled 0.2-2 amp. Each 
pulse lasted 2.5 sec, O; 5 sec, [7; or 10 sec, A .  Pulses were 
repeated every 10, 30, or 60 min. Average capacity following 
charges without pulses was 1.89 amp-hr. 

t r i bu t i on ,  the  t r u e  m e a n  shou ld  fa l l  w i t h i n  t h r e e  
t i m e s  the  s t a n d a r d  d e v i a t i o n  of t he  m e a n  99.7% of 
the  t ime ,  o r  in  t h e  r a n g e  of 1.76-2.03 a m p - h r .  T h e r e  
is, t he re fo re ,  no d o u b t  t h a t  i nc r e a s ing  the  c h a r g e  
c u r r e n t  for  b r i e f  pe r i ods  of t i m e  d id  affect  s ignif i -  
c a n t l y  t he  a m o u n t  of c h a r g e  a c c e p t e d  b y  the  s i lve r  
e lec t rode .  The  m a x i m u m  c a p a c i t y  m e a s u r e d  (2.93 
a m p - h r )  was  o b s e r v e d  fo l l owing  a cha rge  t h a t  had  
the  n o r m a l  100 m a  c u r r e n t  i n c r e a s e d  to 400 m a  for  5 
sec e v e r y  30 min .  T h e  a v e r a g e  change  in d i s c h a r g e  
c a p a c i t y  was  0.25 a m p - h r  w h e n  7 of  t he  cha rges  
w i t h  pu l ses  w e r e  r e p e a t e d .  Th is  was  w i t h i n  t he  
r a n g e  of r e p r o d u c i b i l i t y  of •  a m p - h r  m e n t i o n e d  
above .  

C a p a c i t y  t e n d e d  to  b e  a l i t t l e  h i g h e r  w h e n  t h e  cel l  
was  a l l o w e d  to  s t a n d  �89 d a y  or  l o n g e r  b e f o r e  r e -  
c h a r g i n g  t h a n  i t  w a s  w h e n  the  r e c h a r g e  was  b e g u n  
w i t h i n  a f ew  hour s  of  t he  d i scha rge .  The  p r o p o r t i o n  
of d i s cha rge  t h a t  t ook  p l a c e  a t  t h e  u p p e r  (AGO/  
AgeO) p o t e n t i a l  p l a t e a u  g r a d u a l l y  d e c r e a s e d  as t he  
e l e c t r o d e  was  g iven  m a n y  c h a r g e - d i s c h a r g e  cycles .  
The  u p p e r  and  the  l o w e r  ( A g 2 0 / A g )  d i s c h a r g e  p l a -  
t eaus  b o t h  i n c r e a s e d  p r o p o r t i o n a t e l y  fo l l owing  a 
cha rge  us ing  pu l ses  a t  t h e  c u r r e n t s  t h a t  gave  t h e  
i n c r e a s e d  capac i ty .  The  l o w e r  d i s c h a r g e  p l a t e a u  w a s  
d e c r e a s e d  m o r e  t h a n  the  u p p e r  p l a t e a u  a f t e r  u s i n g  
pu l se  c u r r e n t s  h igh  e n o u g h  t h a t  t h e y  caused  the  fo l -  
l o w i n g  d i s c h a r g e  to be  s h o r t e r  t h a n  no rma l .  

A ser ies  of cha rges  a t  t h e  2 0 - h r  r a t e  w i t h  a d d e d  
pu l ses  of c h a r g e  c u r r e n t  w a s  t r i e d  w i t h  a c o m m e r -  
c ia l  s i l v e r - z i n c  s e c o n d a r y  cel l  t h a t  u sed  t h e  s a m e  
t y p e  of s i n t e r e d  s i lve r  e l e c t r o d e  used  in  t h e  t es t  
cell .  C h a r g i n g  p o t e n t i a l s  w e r e  l o w e r  a f t e r  a pulse ,  
b u t  o t h e r  benef ic ia l  r e su l t s  w e r e  no t  a p p r e c i a b l e .  
Mos t  of t h e  d i s c ha rge s  h a d  a c a p a c i t y  t h a t  d id  no t  
d i f fer  s ign i f i can t ly  f r o m  t h e  a v e r a g e  c a p a c i t y  f o l l o w -  
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ing a no rma l  charge at the 20-hr rate.  The discharge 
capaci ty  was less than  normal  af ter  using re la t ive ly  
long pulses at  a h igh cur ren t  dur ing  a charge;  for 
example,  when the normal  charge ra te  of 5 amp was 
increased to 50 amp for 15 sec every  30 min. 

There were  three  ma jo r  differences be tween  this 
commercia l  s i lver-z inc  cell and the exper imenta l  
s i lver  cell. The commercia l  cell used 44% KOH in-  
s tead of 35 % KOH, had the electrodes t ight ly  packed 
in the cell case, and contained zinc nega t ive  p la tes  
ins tead of a s i lver  counter  electrode.  The zinc 
plates  should not have  l imi ted  the cell capaci ty  since 
they  had  more  capaci ty  than  the s i lver  plates.  A l -  
though some zinc may  have contamina ted  the s i lver  
plates  it  was assumed tha t  the presence of zinc was 
not responsible  for the  difference in behavior  be -  
tween the cells. 

The e lec t ro ly te  in the exper imen ta l  cell was 
changed f rom 35% KOH to 50% KOH in order  to 
de te rmine  the effect of KOH concentrat ion.  The nor -  
mal  capaci ty  was only s l ight ly  less when us ing 50% 
KOH than  it had been wi th  35% KOH. Charges were  
t r ied  wi th  pulses of 100-900 ma, las t ing 2.5 or 5 sec, 
being added to the  normal  100 ma charge current  
every  10-60 rain. In  50 % KOH the discharge ca-  
pac i ty  fol lowing a normal  100 ma constant  cur ren t  
charge  was a lways  l a rge r  than the capaci ty  obtained 
fol lowing any of the 22 charges tha t  had pulses of 
charging current  added. Least  ha rmfu l  were  pulses 
at the lowest  current ,  especial ly if they  were  only 
repea ted  hourly.  The de t r imen ta l  effect of pulses 
increased as e i ther  the pulse length  or its f requency 
increased. 

F igures  2 and 3 compare  the use of 35% wi th  50% 
KOH as the electrolyte.  Charge current  was in-  
creased to 10 t imes its normal  va lue  for 5 sec every  
30 min. The capaci ty  fol lowing this charge decreased 
to 76% of the average  capaci ty  (based on a normal  
100 ma constant  cur ren t  charge)  when 50% KOH 
was used, but  the capaci ty  increased to 144% of the 
average  when 35% KOH was used. The pulses had 
only a sl ight  effect on the subsequent  potent ia l  at  
e i ther  the first charge  p la teau  or at the gassing or 
final plateau.  In  35% KOH the potent ia ls  decreased 
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Fig. 2. Charge of the same Ag electrode in 50% and 35% KOH 
at 25~ Basic current of 100 ma was increased to 1000 ma for 
5 sec every 30 min. Potentials are given with respect to a Ag/Ag20 
reference electrode. 
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Fig. 3. Potentials during the charges shown in Fig. 2 at the 
points indicated by the letters in Fig. 2 using an expanded time 
scale. Potentials are given with respect to a Ag/Ag20 reference 
electrode. 

more  both dur ing  pulses and af ter  pulses at the 
second or Ag20 /AgO p la teau  than  they  did when 
50% KOH was used (compare  K - N  wi th  D - F ) .  The 
potent ia ls  dur ing  and af ter  the  pulses g radua l ly  
changed as the  charge progressed at the  A g 2 0 / A g O  
plateau.  The potent ia l  af ter  a pulse  at  this  p la teau  
usual ly  dropped  to about the  same value  (dependent  
on the pulse used) unt i l  the charge neared  the end 
of this plateau.  Then, a l though the to ta l  potent ia l  
change was greater ,  the potent ia l  af ter  a pulse did 
not reach as low a value  as it  had earl ier .  When the 
electrode was given a few charge pulses beginning 
near  the end of the Ag20 /AgO pla teau  the discharge 
capaci ty  in 35% KOIt  was improved  somewhat  over 
the normal  capacity,  but  the improvement  was 
grea te r  when the pulses began at the beginning of 
the charge. 

A comparison of four ra tes  of charging pulses is 
given in Fig. 4. The potent ia ls  fol lowing the pulses 
va r ied  inverse ly  wi th  the pulse current  in the cur-  
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Fig. 4. Potentials observed during 100 ma charges with pulses of 
a Ag electrode in 35% KOH at 25~ Pulses lasting 5 sec were 
repeated every 10 rain using the same pulse current. Total current 
during pulse was 200 ma, dotted line; 400 ma, solid line; 1000 
ma, dashed llne; 2000 ma, dot and dash alternating line. Potentials 
are given with respect to a Ag/Ag20 reference electrode. Elec- 
trode was 2% charged at A, had charged 10% at the Ag20/AgO 
plateau at B, was 50% charged at C, was 80% charged at D, 
and was gassing strongly at E. 
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rent  range  shown here. The m a x i m u m  potent ia l  de-  
crease af ter  a pulse was usual ly  observed when the 
pulse current  was 4-20 t imes the basic 20-hr  charge 
current ,  wi th  the op t imum value of the cur ren t  de-  
pendent  on the pulse length.  The drop in po ten-  
t ia l  increased with  increasing pulse length  up to a 
point,  for a pa r t i cu l a r  pulse current .  The potent ia ls  
shown in Fig. 4 were  usual ly  stil l  r is ing when the 
next  pulse was reached (except  for the lowest  pulse 
current )  due to the pulses being repea ted  af ter  the 
re la t ive ly  short  t ime of 10 min. Since the  lowest  po-  
tent ia ls  fol lowed the h igher  pulse currents ,  the  po-  
tent ia ls  preceding the pulses were  lowest  when 
using high pulse currents.  Even though the lowest  
pulse current  had the leas t  effect on the potent ia ls  
tha t  fol lowed the pulses, the lowest  pulse  current  
used for Fig. 4 was more beneficial wi th  respect  to 
discharge capaci ty  than  were  the two highest  cur -  
rents.  This is shown by the solid l ine and squares in 
the 10 min section of Fig. 1. 

An a t t empt  was made  to de te rmine  whe ther  an 
unusua l ly  th ick Ag20 l aye r  would inhibi t  the bene-  
ficial effect of charge  pulses. A s in tered si lver  e lec-  
t rode was charged using constant  cur ren t  unt i l  its 
potent ia l  was r is ing f rom the Ag /Ag20  plateau.  The 
anodizat ion was then cont inued for 12 days  at a 
constant  potent ia l  0.03v below the A g 2 0 / A g O  equi-  
l i b r ium potential .  Approx ima te ly  5/6 of the amount  
of s i lver  tha t  o rd inar i ly  oxidized to AgO dur ing  a 
normal  charge  had been conver ted to Ag20 in this 
time, judging  f rom the amount  of cur rent  passed. 
This was about  twice the usual  amount  of Ag20. The 
normal  charge cur ren t  of 100 ma was resumed af ter  
the 12 days  of constant  potent ia l  charging.  The elec-  
t rode potent ia l  rose immedia te ly  to the Ag20 /AgO 
plateau.  The peak  potent ia l  at the beginning of the 
Ag20 /AgO pla teau  was not unusua l ly  high despi te  
the th icker  l aye r  of Ag20. Af te r  the e lectrode had 
charged 0.1 hr  at this p la teau  the cur ren t  was in-  
creased to 4 t imes its normal  value  for 5 sec and this 
was repea ted  every  30 min dur ing the r ema inde r  
of the  charge. Potent ia l  fel l  in the way  a l r eady  de-  
scribed, beginning wi th  the first pulse  of added cur-  
rent.  The fol lowing discharge was about  25% longer  
than  a normal  discharge.  

Discussion 
It was apparen t  tha t  polar izat ion decreased d u r -  

ing a pulse of increased charge current  at the  Ag~O/ 
AgO plateau,  since potent ia l  dropped dur ing  the 
pulses and since potent ia l  af ter  a pulse  was lower  
than  before  a pulse. The charging potent ia l  of a 
s i lver  e lectrode at the Ag20 /AgO pla teau  is usual ly  
considerably  above the equi l ib r ium potential ,  but  
the  potent ia l  in the per iod immedia te ly  fol lowing a 
charge pulse at  this p l a t eau  was about  as near  to 
equ i l ib r ium as a normal  charge is near  to equi l ib -  
r ium at the Ag /Ag20  plateau.  The effect of pulses of 
charge cur ren t  first became large  immedia te ly  af ter  
the potent ia l  peak  at the beginning of the Ag20 /AgO 
plateau.  The potent ia l  drop af ter  a pulse continued 
to be r e l a t ive ly  large  unt i l  the  charge  react ion 
changed f rom the format ion  of AgO to the evolut ion 
of oxygen. This indicated tha t  pulses have the i r  
beneficial  effect chiefly when the main  electrode r e -  

action is format ion of AgO. There is no reason to 
suppose tha t  any  of the  proposed higher  oxides of 
si lver were  formed dur ing the pulses, since high 
pulse potent ia ls  were  not necessary  for beneficial  
resul ts  (see Fig. 4, dot ted  l ines at B and C).  

The film of Ag20 was many  molecules th ick on the 
Ag electrode when the charging potent ia l  reached 
the Ag20 /AgO plateau.  At  tha t  t ime dur ing a normal  
charge the  outer  surface of the Ag20 film oxidized to 
AgO first in preference  to fu r the r  oxidat ion of Ag 
(2, 3). Then, fol lowing the ini t ia l  potent ia l  drop af ter  
the peak,  potent ia l  s lowly increased as oxidat ion 
proceeded deeper  into the electrode.  There  p robab ly  
was a lways  a very  thin l ayer  of Ag20 be tween  the 
Ag and the AgO (unless the Ag electrode was being 
held at a ve ry  high anodic potent ia l )  since Ag and 
AgO react  r ead i ly  when in contact  to give Ag20. An 
increase in charge current  increased the potent ia l  of 
Ag + and thus a t t rac ted  nea rby  O - -  more strongly,  
forming AgO and possibly Ag20 deep in the  film 
near  the Ag instead of nea re r  to the surface. I t  is 
bel ieved tha t  the expansion of the crys ta l  la t t ice  to 
form AgO next  to the base me ta l  broke  the film of 
oxides which covered the electrode and a l lowed the 
e lect rolyte  to pene t ra te  nea re r  to the base metal .  
Then O - -  no longer had to move through  as th ick a 
l aye r  of AgO as before. Thus polar iza t ion  was less, 
following a pulse at  the Ag20 /AgO plateau,  than 
before  the pulse occurred. 

A pulse of high charging current  could only be 
used for a short  per iod  of t ime before  concentra t ion 
gradients  became so large  tha t  polar izat ion g rea t ly  
increased. For  this  reason pulse charges had a bene-  
ficial or ha rmfu l  effect, depending  on the quan t i ty  of 
cur rent  used dur ing  a pulse (Fig. 1). One indicat ion 
of the ha rmfu l  effect of la rge  amounts  of pulse  cur-  
rent  was the  smal ler  drop in potent ia l  tha t  fol lowed 
very  h igh - r a t e  charge pulses. High charging cur-  
rents  are considerably  less effective than  low ones 
for oxidizing silver, pa r t i cu l a r ly  when using concen- 
t ra ted  KOH (2).  As a result ,  long' pulses gave less 
oxidat ion of the e lectrode before  gas evolution. 

Since pulses of charging cur ren t  had only a small  
effect at the A g / A g 2 0  p la teau  but  a large  one as soon 
as the  Ag20 /AgO potent ia l  p la teau  was reached,  i t  
appears  tha t  there  was l i t t le  b reak ing  of the surface 
film due to format ion  of Ag20. Thickness of the  Ag20 
layer  was not a factor  in pulse effectiveness. The 
pulses continued to be effective at the Ag20 /AgO 
pla teau  unt i l  the AgO film became so th ick tha t  the 
potent ia l  necessary for moving the O - -  through 
this film reached the oxygen evolution potential ,  
and the main  react ion became the product ion of 
oxygen. 

Charging  with  pulses would p robab ly  have  had a 
different effect if electrodes of pressed Ag20 or AgO 
had been used, since these electrodes were  repor ted  
to react  at  the grid first ins tead of at  the  surface 
(4, 5). This difference may  be due to thei r  r e l a t ive ly  
high porosi ty  a l lowing the e lect rolyte  to pene t ra te  
to the grid, and in effect moving the sol id- l iquid  
interface to the  grid. 

The difference be tween  the resul ts  obta ined using 
35% and 50% KOH was a t t r ibu ted  to increased 
concentrat ion polar iza t ion  tak ing  place in the  50% 
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K O H  d u r i n g  a pulse ,  due  to i m p a i r e d  m o b i l i t y  of the  
O H -  ion (4) .  This  sugges t ed  t h a t  e l e c t r o l y t e  con-  
c e n t r a t i o n  g r a d i e n t s  w e r e  t he  l i m i t i n g  f ac to r s  i n -  
s t ead  of c o n c e n t r a t i o n  w i t h i n  t h e  e lec t rode .  The  
s u p e r i o r i t y  of l ow  p u l s e  c u r r e n t s  in p r o m o t i n g  
l onge r  cha rges  was  g r e a t e r  t h a n  one  w o u l d  expec t ,  
j u d g i n g  on ly  b y  the  a m o u n t  t h a t  the  p o t e n t i a l  
d r o p p e d  a f t e r  t h e  pulses .  This  m a y  ind ica t e  t he  h a r m -  
ful  effect of t he  c o n c e n t r a t i o n  p o l a r i z a t i o n  w h i c h  d e -  
ve loped  a t  t he  h i g h e r  cu r ren t s .  I n c r e a s i n g  the  pu l se  
f r e q u e n c y  h a d  an  effect s im i l a r  to i nc r ea s ing  the  
cu r ren t .  

N o r m a l  cha rges  at  100 m a  gave  a u t i l i z a t i on  of 
s i lve r  t h a t  was  g e n e r a l l y  in t he  r a n g e  of 45-53% of 
t he  t o t a l  a m o u n t  of s i l ve r  in t h e  e lec t rode ,  e x c l u d i n g  
the  gr id .  The  m a x i m u m  u t i l i z a t i o n  m e a s u r e d  for  
cha rges  w i t h  a d d e d  pu l ses  of c h a r g i n g  c u r r e n t  was  
76%, and  va lue s  f r o m  65% to 70% w e r e  o b t a i n e d  
f r e q u e n t l y  w h e n  using'  pu l ses  in 35% KOH.  Thus  a 
30-40% i n c r e a s e  in c a p a c i t y  cou ld  be  o b t a i n e d  

r e a d i l y  b y  us ing  th is  m e t h o d  u n d e r  t h e  p r o p e r  con-  
di t ions .  A s i m i l a r  i nc rea se  w o u l d  be  e x p e c t e d  in  a 
A g - Z n  s to rage  b a t t e r y  w h i c h  used  a m o r e  d i l u t e  
e l e c t r o l y t e  t h a n  was  used  in t he  A g - Z n  cel l  tes ted .  
A m o r e  d i l u t e  e l e c t r o l y t e  m a y  r e q u i r e  changes  in  t he  
s e p a r a t o r  m a t e r i a l  s ince some t y p e s  of s e p a r a t o r  a r e  
d e g r a d e d  m o r e  r a p i d l y  in  d i l u t e  K O H  t h a n  in con-  
c e n t r a t e d  KOH.  

Manuscr ip t  received J u l y  2, 1963. This paper  was 
presented  at the  New York  Meeting, Sept.  29-Oct. 3, 
1963. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1964 
JOURNAL. 
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The Oxidation of Ni-2ThO2 between 900 ~ and 1400~ 
Frederick S. Pettit and Edward J. Felten 
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Division of United Aircraft Corporation, North Haven, Connecticut 

ABSTRACT 

The oxidat ion  kinet ics  of n ickel  containing 2 volume per  cent ThO2 have 
been s tudied be tween  900 ~ and 1400~ In  th is  t empe ra tu r e  range  the ox ida -  
t ion ra te  obeys the  re la t ionship  

AM/A = k0-50t 0-55 

Meta l lographic  examina t ion  of oxidized Ni-2ThO~ specimens showed the  oxide 
to be composed of a dense outer  l aye r  and a porous inner  layer .  Ine r t  a-A1208 
m a r k e r s  were  found at  the  bounda ry  be tween  the dense and porous oxide 
layers .  In te rna l  oxida t ion  was also apparen t  but  not  to the ex ten t  found in 
pure  nickel.  X - r a y  fluorescence analysis  showed ThO2 to be absent  in the 
dense outer  oxide bu t  p resen t  in the  porous inner  oxide. Oxidat ion  of Ni-ThO2 
is be l ieved to occur p r i m a r i l y  by  means  of nickel  ion diffusion to produce  the 
outer  oxide  l aye r  and diffusion of oxygen gas to form the inner  oxide  layer .  
The oxygen  gas r equ i red  to  form the  inner  oxide l aye r  is p roduced  by  decom- 
posi t ion of NiO in the  outer  oxide  l aye r  a t  the  bounda ry  be tween  the  inner  and 
outer  oxide. 

The  f irst  c o m m e r c i a l  d i spe r s i on  s t r e n g t h e n e d  
n i c k e l - b a s e  a l loy ,  Ni-2ThO2,  has  r e c e n t l y  b e e n  i n -  
t r o d u c e d  (1 ) .  D i spe r s ion  s t r e n g t h e n e d  a l loys  of t he  
m e t a l - m e t a l  ox ide  t y p e  a r e  u s u a l l y  c h a r a c t e r i z e d  
b y  h igh  t e m p e r a t u r e  s t a b i l i t y  as  e x p r e s s e d  b y  r e -  
s i s tance  to r e c r y s t a l l i z a t i o n  a t  t e m p e r a t u r e s  n e a r  
t he  m e l t i n g  po in t  of t he  base  me ta l ,  and  flat, s t ab l e  
s lopes  on the  s t r e s s - r u p t u r e  plot .  N i -2ThOe  is r e -  
p o r t e d  to  possess  t h e s e  c h a r a c t e r i s t i c s  as  w e l l  as  
h igh  t h e r m a l  conduc t i v i t y ,  good  d u c t i l i t y  a n d  w o r k -  
ab i l i ty ,  and  i m p r o v e d  o x i d a t i o n  r e s i s t ance  as c o m -  
p a r e d  to w r o u g h t  n ickel .  

Ni-2ThO2 is s t r e n g t h e n e d  b y  a d i spe r s i on  of s u b -  
m i c r o n  t h o r i a  p a r t i c l e s  u n i f o r m l y  d i s t r i b u t e d  
t h r o u g h o u t  t he  s t r uc tu r e .  Tests ,  so far ,  h a v e  s h o w n  
t h a t  i ts  c reep  a n d  r u p t u r e  s t r e n g t h s  a r e  s u p e r i o r  
to p r e s e n t  d a y  s u p e r - a l l o y s  in t h e  1038 ~ to  1093~ 
t e m p e r a t u r e  r ange .  Because  of i ts  s t a b i l i t y  th is  

m a t e r i a l  exh ib i t s  u s a b l e  s t r e n g t h  at  1315~ and  is 
c u r r e n t l y  be ing  c ons ide r e d  for  a p p l i c a t i o n s  in  t he  
1093 ~ to 1315~ t e m p e r a t u r e  r ange .  

The  p u r p o s e  of th is  r e p o r t  is to  p r e s e n t  our  f ind-  
ings  on t h e  k ine t i c s  and  m e c h a n i s m  of o x i d a t i o n  of 
th is  a l loy.  The  p r o p e r t i e s  of t h e  Ni -2ThO2 a l loy  a r e  
c o m p a r e d  to those  of  p u r e  n ickel .  

Background information.---The n a t u r e  of the  N i -  
2THO2 a l loy  sugges t s  t h a t  i ts  o x i d a t i o n  m e c h a n i s m  
m a y  no t  d i f fer  s u b s t a n t i a l l y  f r o m  t h a t  of p u r e  n icke l .  
The  a l l oy  con ta ins  on ly  a s m a l l  a m o u n t  of t h o r i a  
w h i c h  u n d e r  t he  cond i t ions  of t he  e x p e r i m e n t s  d e -  
s c r i be d  he re  can  be  c ons ide r e d  to be  iner t .  W h i l e  
th is  t e n d s  to s i m p l i f y  ou r  sys t em,  t he  o x i d a t i o n  
m e c h a n i s m  of p u r e  n i c k e l  has  no t  b e e n  de f in i t e ly  
desc r ibed .  

B a s e d  on r e su l t s  o b t a i n e d  b y  G u l b r a n s e n  and  
A n d r e w  (2)  as w e l l  as  M o o r e  (3 ) ,  fo r  t h in  f i lms of 
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Table I. Results from spectroscopic analysis of Ni-2ThO2 

E l e m e n t  Weight  l~er cent  E l e m e n t  Weight  per  cent  

Co 0.05-0.15 Zr  ND-0.005 
Cu 0.01-0.10 Mo ND-0.005 
Fe  0.005-0.05 Pb ND-0.01 
Mg P-0.001 Sn ND-0.01 
Mn P-0.001 A g  P-0.001 
Si 0.001-0.005 Sb ND-0.01 
Ti 0.01-0.05 As ND-0.01 
A1 0.001-0.005 B ND-0.005 
Cr 0.001-0.005 Zn ND-0.01 
Th 1.0-3.0 Ba ND-0.01 
Ni Remainde r  S r  ND-0.005 
V ND-0.005 Cd ND-0.01 
Ca P-0.005 W ND-0.01 
Bi ND-0.01 C 0.001 

P = present  less  than.  
N D  = n o t  detec ted  (detect ion  l imi t s ) .  

NiO on n i c k e l  t h e  o x i d e  l a y e r  is suf f ic ient ly  p l a s t i c  
to  m a i n t a i n  con tac t  w i t h  t h e  m e t a l  and  a W a g n e r  
m e c h a n i s m  b a s e d  on n i c k e l  ion d i f fus ion  appl ies .  F o r  
t h i c k e r  films, I l s c h n e r  a n d  Pfe i f fe r  (4 ) ,  M r o w e c  and  
W e r b e r  (5)  as w e l l  as  S a r t e l l  and  L i  (6)  h a v e  f o u n d  
the  NiO to consis t  of t w o  l aye r s .  These  i n v e s t i g a t o r s  
be l i eve  t h a t  t he  e x t e r n a l  o x i d e  l a y e r  g r o w s  as a 
r e s u l t  of o u t w a r d  d i f fus ion  of n i c k e l  ions w h i l e  t he  
i n n e r  l a y e r  fo rms  due  to  i n w a r d  d i f fus ion  of o x y g e n ;  
h o w e v e r ,  t h e r e  is d iv i s ion  of op in ion  a m o n g  these  
i n v e s t i g a t o r s  w i t h  r e g a r d  to the  m e c h a n i s m  of o x y -  
gen  diffusion.  

Experimental Procedures 
The  Ni-2ThO2 used  in th is  s t u d y  was  o b t a i n e d  

f r o m  E. I. du  P o n t  de  N e m o u r s  and  C o m p a n y .  The  
a l loy  was  a n a l y z e d  s p e c t r o s c o p i c a l l y  a n d  w a s  f o u n d  
to have  a p u r i t y  in  excess  of 99.5% as seen  in  T a b l e  
I. The  p u r e  n i cke l  was  o b t a i n e d  f r o m  Johnson ,  
M a t h e y  and  C o m p a n y  and  c o n t a i n e d  a p p r o x i m a t e l y  
20 p p m  of m e t a l l i c  impur i t i e s ,  i ron  a n d  s i l icon b e i n g  
the  m a j o r  impur i t i e s .  

The  o x i d a t i o n  k ine t i c s  of Ni-2ThO2 w e r e  s t u d i e d  
ove r  t he  t e m p e r a t u r e  i n t e r v a l  f r o m  900 ~ to  1400~ 
The  d a t a  conce rn ing  the  r a t e  of o x i d a t i o n  of the  
a l loy  w e r e  d e t e r m i n e d  b y  the  " w e i g h t - g a i n "  
m e t h o d  w h i c h  cons i s t ed  of ox id i z ing  spec imens  in  
a i r  for  v a r i o u s  p e r i o d s  of  t i m e  a n d  d e t e r m i n i n g  the  
w e i g h t  g a i n e d  a f t e r  cool ing  to r o o m  t e m p e r a t u r e .  

P r i o r  to t he  o x i d a t i o n  tes t s  a l l  spec imens  w e r e  
p o l i s h e d  on 600 s i l icon c a r b i d e  a b r a s i v e  p a p e r  a n d  
t h e n  s c r u b b e d  in e t h y l e n e  d ich lo r ide .  S ince  the  
Ni-2ThO2 w a s  o b t a i n e d  in  r o d  form,  t h e  t es t  spec i -  
mens  w e r e  c y l i n d r i c a l l y  s h a p e d  h a v i n g  a d i a m e t e r  
of 0.500 in. and  a t h i cknes s  of a b o u t  0.125 in. The  
su r f ace  a r e a  of a t y p i c a l  s p e c i m e n  w a s  a p p r o x -  
i m a t e l y  3 c m  ~. 

U p o n  conc lus ion  of t he  w e i g h t - g a i n  m e a s u r e -  
men t s ,  t h e  ox id i zed  spec imens  w e r e  e x a m i n e d  m e t -  
a l l o g r a p h i c a l l y .  A f ew m a r k e r  e x p e r i m e n t s  w e r e  
also p e r f o r m e d  in o r d e r  to  d e t e r m i n e  the  m e c h a n i s m  
of ox ida t ion .  These  s tud ies  cons i s ted  of depos i t i ng  
~-A12Os in t h e  f o r m  of  an  e t h y l  a l coho l  s l u r r y  on 
the  su r f ace  of t he  u n o x i d i z e d  s p e c i m e n  a n d  t h e n  
s u b s e q u e n t l y  l oca t i ng  the  pos i t ion  of t he  ,~-A1203 
m a r k e r  in t h e  o x i d e  a f t e r  t he  s p e c i m e n  h a d  b e e n  
h e a t - t r e a t e d .  T h e  pos i t i on  of t h e  m a r k e r  in t h e  o x -  

ide  was  a s c e r t a i n e d  t h r o u g h  m e t a l l o g r a p h i c  e x a m -  
ina t ion .  

Poss ib l e  i n t e r a c t i o n  b e t w e e n  NiO, f o r m e d  d u r i n g  
ox ida t ion ,  and  ThO2 was  i nve s t i ga t e d .  B l e n d e d  N i O -  
ThOe m i x t u r e s  w e r e  p r e s s e d  in to  pe l l e t s  a n d  f i red  
a t  e l e v a t e d  t e m p e r a t u r e s .  The  f i red spec imens  w e r e  
s u b s e q u e n t l y  e x a m i n e d  b y  x - r a y  d i f f rac t ion .  S p e c i -  
mens  of o x i d e  f r o m  ox id i zed  Ni-2ThO2 w e r e  also 
e x a m i n e d  b y  x - r a y  d i f f rac t ion .  

The  compos i t i on  of the  o x i d e  l a y e r  as a func t ion  
of ox ide  th i ckness  was  q u a l i t a t i v e l y  d e t e r m i n e d  b y  
x - r a y  f luorescence.  These  m e a s u r e m e n t s  cons i s t ed  of  
e x a m i n i n g  the  s u r f a c e  of an  ox id i zed  s p e c i m e n  b y  
x - r a y  f luorescence  and  t h e n  r e p e a t i n g  the  e x a m -  
i na t i on  a f t e r  0.001 in. h a d  b e e n  r e m o v e d  f r o m  the  
o x i d e  sur face .  This  p r o c e d u r e  was  r e p e a t e d  u n t i l  
t he  ox ide  h a d  b e e n  c o m p l e t e l y  r e m o v e d .  The  g r i n d -  
ing  o p e r a t i o n  w a s  p e r f o r m e d  b y  us ing  a su r f ace  
g r i n d e r  w h i c h  was  c a p a b l e  of  r e m o v i n g  as l i t t l e  as 
0.0001 in. of ox ide .  

Results 

O v e r  t he  t e m p e r a t u r e  i n t e r v a l  900~176 the  
o x i d a t i o n  k ine t i c s  for  Ni -2ThO2 w e r e  f o u n d  to obey  
the  r e l a t i o n s h i p  

2,M/A = k~176176 

w h e r e  AM/A is t h e  w e i g h t - i n c r e a s e  p e r  un i t  a rea ,  k 
is t h e  r a t e  cons t an t  for  t h e  reac t ion ,  and  t is t he  
t ime .  These  resu l t s ,  as seen  in  Fig .  1, show t h a t  t he  
o x i d a t i o n  k ine t i c s  fo l low,  a t  l e a s t  to a close a p -  
p r o x i m a t i o n ,  a p a r a b o l i c  r a t e  l aw.  This  imp l i e s  t h a t  
a d i f fus ion  p rocess  is con t ro l l i ng  the  o x i d a t i o n  ra te ,  
as m i g h t  be  expec t ed ,  s ince  t he  o x i d e  f o r m e d  a t  e l e -  
v a t e d  t e m p e r a t u r e s  was  in  a l l  cases  t e n a c i o u s l y  
b o n d e d  to t he  ba se  me ta l .  

The  v a r i a t i o n  of k w i t h  r e c i p r o c a l  t e m p e r a t u r e  
can  be  seen  in  Fig .  2. S ince  t h e  k ine t i c s  w e r e  f o u n d  
to a p p r o x i m a t e  the  p a r a b o l i c  r a t e  l aw,  t he  p a r a b o l i c  
r a t e  cons tan t s  o b t a i n e d  b y  S a r t e l l  (6)  a n d  b y  G u l -  
b r a n s e n  (2)  for  p u r e  n i c k e l  h a v e  been  i n c l u d e d  in 
Fig .  2 for  compar i son .  The  r a t e  cons t an t  ( k )  for  
t h e  o x i d a t i o n  of Ni -2ThO2 obeys  an  A r r h e n i u s  r e -  
l a t i onsh ip  w i t h  an  a p p a r e n t  a c t i v a t i o n  e n e r g y  of 
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Fig. 1. Oxidation of Ni-2ThO2 from 900~176 
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56.7 k c a l / m o l e  w h e r e  t he  s t a t i s t i ca l  p r o b a b l e  e r r o r  
is •  kcal .  C o m p a r i s o n  of t h e  r e su l t s  o b t a i n e d  b y  
S a r t e l l  on p u r e  n i cke l  w i t h  those  o b t a i n e d  in  th i s  
L a b o r a t o r y  for  Ni-2ThO2 i n d i c a t e  t h a t  t h e  t h o r i a  
has  no t  s ign i f i can t ly  a l t e r e d  the  o x i d a t i o n  k ine t ics .  
O x i d a t i o n  e x p e r i m e n t s  on p u r e  n i c k e l  s h o w e d  t h a t  
the  r a t e  of o x i d a t i o n  of p u r e  n i c k e l  d id  no t  v a r y  
a p p r e c i a b l y  f r o m  t h a t  of Ni -2ThOe.  

X - r a y  ana lys i s  of t he  oxide ,  m e c h a n i c a l l y  r e -  
moved ,  showed  t h a t  i t  was  c o m p o s e d  of NiO a n d  
ThO2. This  ox ide  a p p e a r e d  to consis t  of t w o  d i s t i nc t  
l a y e r s  in  mos t  cases.  B a s e d  on r e su l t s  o b t a i n e d  b y  
K r o g e r  (7 ) ,  bo th  l a y e r s  a re  p r o b a b l y  NiO, t he  i n -  
n e r  l a y e r  be ing  less  ca t ion  def ic ient  t h a n  the  o u t e r  
l aye r .  S y n t h e t i c  m i x t u r e s  of N iO-ThO2 in m o l a r  
r a t io s  of 2, 1, and  0.5 w e r e  h e a t e d  for  16 h r  a t  
1400~ w i t h  no i nd i ca t i on  of i n t e rac t ion .  On the  
bas is  of these  r e su l t s  i t  can  be  conc luded  t h a t  no 
i n t e r m e d i a t e  ox ide  w i l l  fo rm,  no r  wi l l  t h e r e  be  
a n y  l a r g e  s o l u b i l i t y  of  one  ox ide  in t he  o t h e r  u n d e r  
t he  cond i t ions  of t he  p r e s e n t  e x p e r i m e n t s .  

M e t a l l o g r a p h i c  e x a m i n a t i o n  of ox id i zed  Ni -2ThO2 
spec imens  s h o w e d  t h a t  t h e  ox ide  was  composed  of 
two  l aye r s .  In  spec imens  ox id i zed  for  long  pe r i ods  
of t i m e  o r  a t  t he  m o r e  e l e v a t e d  t e m p e r a t u r e s ,  the  
two  l a y e r s  w e r e  of d i s t i n c t l y  d i f fe ren t  color.  The  
i n n e r  l a y e r  was  g reen  in  color  a n d  was  v e r y  porous .  
The  o t h e r  l a y e r  w a s  b l u e - b l a c k  in  color  and  r e l a -  
t i v e l y  dense ,  b u t  no t  po re  f ree .  B i r k s  a n d  R i c k e r t  
(8)  o b s e r v e d  t h a t  t he  o u t e r  b l u e - b l a c k  oxide ,  
f o r m e d  on t h e i r  n i c k e l  spec imens ,  a p p e a r s  g r e e n  
a f t e r  p o w d e r i n g .  F u r t h e r m o r e ,  even  in spec imens  
on w h i c h  t h e  ox ide  was  d i s t i n c t l y  g r e e n  in  color,  
m e t a l l o g r a p h i c  e x a m i n a t i o n  u s u a l l y  can  d i s t i n g u i s h  
the  p r e s e n c e  of two  l a y e r s  b y  t h e i r  r e l a t i v e  p o r o s -  

Fig. 3. Ni-2ThO2 heated for 95 hr at 1200~ (2192~ An inert 
marker of a-AI203 was placed on specimen prior to oxidation and 
is now located at inner-outer oxide boundary. Magnification 200X. 
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Fig. 4. Relationship of total, outer end inner oxide thickness 
with time at 1100~ 

i t ies.  In  the  m a r k e r  s tud ies  t he  ~-A12Oa m a r k e r  was  
found  a t  t he  b o u n d a r y  b e t w e e n  the  i n n e r  a n d  o u t e r  
ox ide  as seen  in Fig.  3. This  ind ica t e s  t h a t  two  d i f -  
fus ion  processes  a r e  o p e r a t i v e  d u r i n g  ox ida t ion ,  as  
p r e v i o u s l y  p o s t u l a t e d  b y  a n u m b e r  of i n v e s t i g a t o r s  
( 4 -6 ) ,  for  t he  o x i d a t i o n  of  n icke l .  

The  t h i cknes se s  of t he  i n n e r  and  o u t e r  ox ide  
l a y e r s  as w e l l  as t he  t o t a l  ox ide  t h i c k n e s s  w e r e  d e -  
t e r m i n e d  as  a func t ion  of t i m e  for  t e m p e r a t u r e s  of 
1100 ~ 1200 ~ a n d  1300~ A p lo t  of ox ide  th ickness ,  
squa red ,  vs. t i m e  g ives  a l i n e a r  r e l a t i o n s h i p  at  each  
of t h e  t h r e e  t e m p e r a t u r e s .  The  d a t a  o b t a i n e d  a t  
l l 0 0 ~  is seen  in  Fig.  4. A d d i t i o n a l  d a t a  w e r e  o b -  
t a i n e d  f r o m  s ing le  spec imens  a t  o t h e r  t e m p e r a t u r e s  
b e t w e e n  1000 ~ and  1400~ a s s u m i n g  p a r a b o l i c  b e -  
hav io r .  As  for  t h e  w e i g h t  ga in  da ta ,  t he  r e su l t s  
o b t a i n e d  obey  the  A r r h e n i u s  r e l a t i o n s h i p  as seen  
in  F ig .  5. T h e  a p p a r e n t  a c t i v a t i o n  ene rg i e s  for  t he  
g r o w t h  r a t e s  of t he  i n n e r  and  o u t e r  ox ide  l a y e r s  
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Fig. 5. Arrhenius plot for growth of oxide layers on Ni-2Th02. O, 
Total oxide; A ,  inner oxide; 17,outer oxide. 

and  the tota l  oxide a long wi th  s ta t is t ical  p robab le  
errors  are as follows: 48.5 k c a l / m o l e  -----0.9 kcal  i n -  
ne r  oxide zone, 59.5 k c a l / m o l e  •  kcal  ou te r  ox-  
ide zone, and  56.7 k c a l / m o l e  __-2.4 kcal  to ta l  oxide. 

The  oxide th ickness  was  u sua l l y  un i fo rm,  bu t  in  
some ins tances  la rge  c lumps  of oxide were  formed.  
These c lumps  ex tended  into the  me ta l  and  also p ro -  
t r u d e d  f rom the surface.  Usua l ly  s t r ingers  of oxide 
ex tended  f rom the c lumps  deep into the  me ta l  sub -  
strate.  Par t ic les  of oxide were  also observed  else-  
where  in  the  base metal .  These par t ic les  were  some-  
t imes  observed  a long  g ra in  bounda r i e s  as seen in  
Fig. 6. The  oxide par t ic les  could be agg lomera ted  
thoria ,  or NiO formed as a resu l t  of i n t e r n a l  ox ida-  
t ion. Since pu re  n icke l  is suscept ib le  to i n t e r n a l  oxi -  
dat ion,  the par t ic les  are be l i eved  to be NiO. 

Oxida t ion  studies  on p u r e  n icke l  gave resu l t s  
s imi la r  to those for Ni-2ThO2 oxidized u n d e r  s im-  

Fig. 6. Ni-2ThO2 heated 103 hr at 1200~ (2192~ Note oxide 
particles within the alloy and their location at grain boundaries. 
Etchant: 30 lactic acid, 30 HCI, 10 HNOs. Magnification 500X. 
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i lar  condit ions.  However ,  t he  oxide did no t  appea r  
to consist  of two layers .  Moreover  a l a rge r  a m o u n t  
of i n t e r n a l  oxide was  observed  in  these  spec imens  
as compared  to resu l t s  ob ta ined  for Ni-2ThOe. The  
oxide was  found  to fo rm a long g r a i n  b o u n d a r i e s  
and  to have  a c o n t i n u i t y  no t  observed  in  Ni-2ThO2. 

Resul ts  ob ta ined  f rom x - r a y  f luorescence m e a s -  
u r e m e n t s  of oxidized spec imens  are shown in  Fig. 7. 
I t  can be seen tha t  the  t h o r i u m  i n t e ns i t y  is neg l ig ib le  
in  the  outer  oxide and  r e l a t i ve ly  la rge  in  the  i n n e r  
oxide. This  suggests tha t  the  thor ia  par t ic les  are 
located in  the i n n e r  oxide l a ye r  b u t  not  in  the  outer  
oxide. 

Discussion and Conclusions 
As m e n t i o n e d  prev ious ly ,  the  presence  of app rox i -  

m a t e l y  parabol ic  ox ida t ion  k ine t ics  indica tes  t ha t  
the ox ida t ion  of Ni-2ThO2 is cont ro l led  b y  a diffu-  
s ion process. A n  ac t iva t ion  ene rgy  of 56.7 k c a l / m o l e  
(see Fig. 1) was observed  for  this  process. The  ac-  
t i va t i on  ene rgy  r equ i r ed  for  the  diffusion of Ni + + 
ions in  NiO has been  d e t e r m i n e d  b y  n u m e r o u s  w o r k -  
ers (4, 9, 10). U n f o r t u n a t e l y ,  va lues  have  b e e n  ob-  
t a ined  r a n g i n g  f rom 42 to 119.5 kca l /mole .  Mitoff 
(11) has su rveyed  the  l i t e r a t u r e  and  conc luded  tha t  
the  best  va l ue  for the  ac t iva t ion  e n e r g y  r e q u i r e d  for 
the  diffusion of Ni + + ions in  NiO is 62 kca l /mo le .  
However ,  more  recen t  work  by  Moore (12) i nd i -  
cates tha t  45.6 k c a l / m o l e  m a y  be a be t t e r  value .  

The  posi t ion of the  m a r k e r s  in  the  oxide  indica tes  
tha t  the  i n n e r  oxide grows inward ,  a nd  the  outer  
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oxide grows ou tward .  It  has also b e e n  shown  tha t  
the  thor ia  par t ic les  are found  on ly  in  the  i n n e r  
oxide. This indica tes  tha t  the thor ia  par t ic les  b e h a v e  
essen t ia l ly  as ine r t  par t ic les  (i.e., as m a r k e r s ) .  If 
the thor ia  par t ic les  are assumed  to be iner t ,  the  
f o rma t ion  of a t w o - l a y e r e d  oxide m a y  be exp la ined  
by  any  one of the four  fo l lowing mechan i sms :  

1. I n i t i a l l y  the oxide forms by  Ni + + ions diffusing 
o u t w a r d  across the  oxide layer .  On ly  one l aye r  of 
oxide forms. E v e n t u a l l y  cracks beg in  to fo rm in  the  
oxide  wh ich  p e r m i t  oxygen  to pene t r a t e  t h rough  
the oxide and  form an  i n n e r  zone of oxide. This 
m e c h a n i s m  has been  proposed by  G u l b r a n s e n  (2) to 
exp la in  the  fo rma t ion  of two-zoned  oxides on nickel .  
It  is cons idered  u n l i k e l y  in  this  case, since no c rack-  
ing has  been  observed in oxides fo rmed  on Ni-2ThO2. 
On the cont ra ry ,  the oxides have  been  found  to be 
ex t r eme ly  adhe ren t  and  pro tec t ive  up  to 1400~ In  
addi t ion,  a change  in  ox ida t ion  ra te  migh t  be ex-  
pected fo l lowing c rack ing  of the oxide in i t i a l ly  
formed.  This  was  no t  observed.  

2. Accord ing  to B i r chena l l  (13),  an  ine r t  par t ic le ,  
be it  thor ia  or an A1203 marke r ,  can act as a diffu-  
sion bar r ie r .  Therefore ,  if an  oxide grows by  cat ion 
diffusion, ine r t  par t ic les  wi l l  t end  to block the diffu-  
sion of the  cations.  As a resu l t  of imped ing  the  
flow of the  cations,  the  ine r t  par t ic le  wi l l  become 
s i tua ted  on a p r o t r u d i n g  bi t  of metal .  W h e n  this  
base is u n d e r c u t  by  fu r t he r  oxidat ion,  the  ine r t  p a r -  
ticle wi l l  be con ta ined  in  the oxide. B i rchena l l  has 
used this  m e c h a n i s m  to account  for m a r k e r s  con-  
t a ined  in sulfides fo rmed  on iron. This  m e c h a n i s m  is 
not  be l ieved  to be app l icab le  to ox ida t ion  of Ni -  
2ThO2 since it does no t  y ie ld  a d is t inc t  b o u n d a r y  be -  
tween  an  i n n e r  and  an  outer  oxide. Resul t s  ob t a ined  
wi th  Ni-2ThOe have  shown a d is t inc t  b o u n d a r y  ex-  
ists b e t w e e n  the  two oxide layers .  

3. The  i n n e r  and  outer  l ayers  fo rm s i m u l t a n e o u s l y  
where  the  ou te r  l aye r  grows b y  cat ion diffusion 
whi le  the  i n n e r  l aye r  forms  as a resu l t  .of an io n  d i f -  
fusion.  This m e c h a n i s m  has been  proposed by  Sar te l l  
and  Li (6) to exp la in  the  fo rma t ion  of t w o - l a y e r e d  
oxides on nickel .  It  is based on the  p remise  tha t  NiO 
can exist  as an  n or p type  semiconductor .  

4. The  oute r  oxide l aye r  forms  b y  diffusion of 
Ni + + ions o u t w a r d  whi le  the  i n n e r  l aye r  is p roduced  
by  diffusion of oxygen  gas inward ,  the  oxygen  gas 
be ing  fo rmed  by  decomposi t ion  of NiO in  the  ou te r  
l ayer  at the in te r face  b e t w e e n  the  i n n e r  and  outer  
l ayers  of oxide. This  m e c h a n i s m  m a y  be descr ibed  as 
follows; a t h i n  l ayer  of oxide forms  by  diffusion of 
Ni + + ions ou tward .  Insuff icient  plas t ic  flow in  the  
g rowing  oxide l aye r  toge ther  w i th  o u t w a r d  diffusion 
of n icke l  leads to progress ive  loss of contac t  b e t w e e n  
the me ta l  and  the  oxide layer .  The  o u t w a r d  diffu,- 
sion of n icke l  ions is thus  res t r ic ted  and  the  chemi -  
cal po ten t i a l  of n icke l  in  the oxide l aye r  is decreased 
whi le  co r r e spond ing ly  the  chemica l  po ten t i a l  of 
oxygen  increases.  Consequen t ly ,  the  NiO ad jacen t  to 
these poin ts  of separa t ion  decomposes in to  Ni + + ions 
and  oxygen  gas. The  Ni + + ions r e su l t i ng  f rom this  
decomposi t ion  process diffuse ou tward ,  a long wi th  
Ni + + ions f rom the  me ta l  subs t ra te ,  to the  ox ide -gas  
in te r face  whe re  t hey  t ake  pa r t  in  reac t ions  l ead ing  
to the  ex tens ion  of the  oxide layer .  At  the  same t ime  

the  oxygen  gas diffuses to the  me ta l  surface  whe re  
f u r t he r  reac t ion  occurs. C o n t i n u a t i o n  of this  process 
resul t s  in the  fo rma t ion  of a t w o - l a y e r e d  oxide. 
Birks  and  Ricker t  (8) have  shown ind i rec t ly  tha t  
decomposi t ion  of NiO can account  for the fo rma t ion  
of an  i n n e r  porous  l ayer  on nickel .  

The first two g rowth  m e c h a n i s m s  do no t  appear  to 
app ly  to the  case of Ni-2ThO2. Of the two r e m a i n i n g  
mechan i sms ,  the  one i nvo lv ing  decomposi t ion  of the  
oxide appears  more  p laus ib le  since O 'Keefe  and  
Moore (14) have  f ound  tha t  the  diffusion coefficient 
of oxygen  in  NiO b e t w e e n  1000 ~ a nd  1500~ and  at 
an  oxygen  p res su re  of 50 m m  Hg, is at least  severa l  
orders  of m a g n i t u d e  less t h a n  tha t  of nickel .  

The  effect of the  thor ia  par t ic les  on the  ox ida t ion  
proper t ies  of the  a l loy has not  been  de t e rmined .  The 
p resen t  resul ts  indica te  tha t  thor ia  m a y  not  s u b s t a n -  
t i a l ly  a l te r  the  kinet ics .  It  is possible tha t  the  thor ia  
par t ic les  do no t h i ng  more  t h a n  inh ib i t  plast ic  flow 
in the oxide layer .  Maak  and  W a g n e r  (15) have  
found  tha t  the  fo rma t ion  of be ry l l i a  d u r i n g  the  oxi -  
da t ion  of c o p p e r - b e r y l l i u m  alloys, inh ib i t s  plast ic 
flow in  the  oxide l ayer  w h e r e b y  a t w o - l a y e r e d  oxide 
is formed.  
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ABSTRACT 

Zirconium and Zircaloy-2 were found to gain more weight in oxygen than 
in water  vapor at low pressures. The pretransi t ion oxidation kinetics of Zirca- 
loy-2 are comparable with those of pure zirconium, both following a cubic 
rate law. The pre t rans i t ion  oxidation kinetics of Zircaloy-2 are sensitive to 
water  vapor pressure in the range of 5-25 mm, but  are not sensitive to oxygen 
pressure. The post- t ransi t ion oxidation kinetics of Zircaloy-2 are notably de- 
pendent  on the pressure of ei ther gas, indicat ing a gaseous diffusion rate con- 
trol. Zirconium exhibited no t ransi t ion in rate from the cubic over the durat ion 
of the exposure. It  is shown that  the ra te-control l ing mechanism which re-  
sults in the cubic rate law is not  directly dependent  on the total thickness of 
the oxide layer. Activat ion energies for the ra te-control l ing mechanism of the 
cubic rate law lie in the range 50-63 kcal/mole,  indicat ing that similar mech-  
anisms are operative, regardless of mater ial  or atmosphere. 

The h i g h - t e m p e r a t u r e  ox ida t ion  k ine t ics  of z i r -  
con ium and  z i r con ium alloys in  oxygen  and  w a t e r  
vapor  have  been  the  subjec t  of a n u m b e r  of i n -  
ves t iga t ions  (1-10) .  The  oxida t ion  k ine t ics  can be 
descr ibed  by  the  equa t i on  W n = kt, where  W is the  
sample  we igh t  ga in  (or oxygen  lost  f rom the  test  
a tmosphe re )  per  u n i t  area,  t is the  t ime,  and  k the 
ra te  constant .  The  va lue  of the supersc r ip t  n wi l l  
reflect the  t ime  dependence ,  for example ,  a va l ue  
of 2 for a parabol ic  r a t e  or 3 for a cubic rate.  The  
ra te  cons tan t  is u s u a l l y  w r i t t e n  k ~ Ae -~*IRT, so 
tha t  the  ac t iva t ion  energy,  • and  the  f r eq ue nc y  
factor,  A, can be eva lua ted .  Tab le  I gives a s u m m a r y  
of the  inves t iga t ions  made  to date  of the h igh t e m -  
p e r a t u r e  oxida t ion  k ine t ics  of z i r con ium and  z i r -  
c o n i u m  alloys. 

Pas t  inves t iga t ions  have  y ie lded  incons i s t en t  r e -  
sults.  This  is not  su rp r i s ing  w h e n  one considers  the  
different  mater ia l s ,  ox idan t  puri t ies ,  methods  of 
spec imen p repa ra t ion ,  and  methods  of fo l lowing the  
ox ida t ion  k ine t ics  employed  by  the  var ious  inves t i -  
gators.  For  example ,  S t r i n g e r  (11) shows tha t  the  
a n n e a l i n g  condi t ions  pr ior  to ox ida t ion  can inf luence 
the  ox ida t ion  kinet ics  of t i t an ium.  I t  is l ike ly  tha t  

this would  also be t he  case in  the ox ida t ion  of z i r-  
conium.  

The  m a j o r i t y  of the  inves t iga tors  have  found  tha t  
z i r con ium oxidizes according to a cubic ra te  law, 
though  Cubicciot t i  (2) ,  Fassel l  (7) ,  and  P e ms l e r  (9) 
have  repor ted  parabol ic  ox ida t ion  k ine t ics  of z i r -  
c o n i u m  at h igh t empe ra tu r e .  The p ressure  of the 
oxygen  a tmosphere  has been  found  to exer t  no sig- 
ni f icant  influence,  at least  at  pressures  be low 800 
m m  (2, 3). 

The  Z r - S n  alloys were  f ound  to unde rgo  a t r a n s i -  
t ion f rom cubic (or parabo l ic )  to l i nea r  kinet ics ,  the  
t ime  to t r ans i t ion  be i ng  a func t i on  of t e m p e r a t u r e  
and  t in  content .  Inc reas ing  the  t in  con ten t  decreased 
the t ime  to t r ans i t i on  (3, 5). P u r e  z i r con ium does not  
exh ib i t  a t r ans i t i on  in  rate,  even  at long tes t  t imes  
at h igh t e m p e r a t u r e  (3) .  This  is in  cont ras t  to r e -  
sults  ob ta ined  on c r y s t a l - b a r  z i r con ium in  360~ 
water ,  where  t r ans i t i on  p h e n o m e n a  have  been  ob-  
served at compara t i ve ly  low weigh t  gains  (12) .  

The p resen t  s tudy  was u n d e r t a k e n  to inves t iga te  
the  fo l lowing areas  of h i g h - t e m p e r a t u r e  ox ida t ion  of 
z i r con ium and  Zi rca loy-2 :  

Table I. Summary of previous investigations 

Temperature A c t i v a t i o n  e n e r g y ,  
R e f e r e n c e  M a t e r i a l  r a n g e ,  ~ O x i d a n t  R a t e  l a w  k c a l / m o l e  M e t h o d  

(1) Zr 575-950 O2, 1 atm Cubic 47.2 +_ 1 Volumetric  
(2) Zr (high Hf) 600-900 O2, 0.1-20 cm Parabolic 32 Volumetric  
(3) Zr 400-900 O2, 200 mm Cubic 42.7 • 0.7 Volumetric  
(4) Zr 300-600 H20, 33 mm Cubic 29.7 • 0.7 Gravimetr ic  
(5) Zr + 1.5% Sn 600-800 02, 1 atm Cubic 38.4 • 1.1 Volumetric  

825-900 O2, 1 atm Cubic 22.6 • 1.4 Volumetric  
Zr % 2.5% Sn 550-900 O2, 1 atm Parabolic 32.4 • 1 Volumetric  

(6) Zr (high Hf) 800 02, 1 arm Cubic - -  Gravimetr ic  
(7) Zr 600-946 02, 1 arm Parabolic 30.4 - -  
(8) Zircaloy-2 300-850 O2, 0.1 atm Cubic or 28.6* Gravimetr ic  

Zircaloy-3A Parabolic 

* E v a l u a t e d  u s i n g  a p a r a b o l i c  c u r v e  fit.  
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1. Determina t ion  and comparison of the  ox ida -  
t ion kinet ics  of z i rconium and Zi rca loy-2  in equal  
pressures  of h i g h - p u r i t y  oxygen and wa te r  vapor  in 
the t empera tu re  range  600~176 using samples  
carefu l ly  p r e t r ea t ed  to e l iminate  as many  var iab les  
as possible; 

2. Effect of ox idant  pressure  on the oxidat ion ra te  
of Zi rca loy-2  at  high tempera tures ;  

3. Pos t - t r ans i t ion  oxidat ion behavior  of Z i rca-  
loy-2 in both oxygen and wa te r  vapor ;  

4. Effect of hydrogen  overpressure  in wa te r  vapor  
on the oxidat ion and hydrogen  pickup of Zi rca loy-2  
at high tempera tures ;  and  

5. Effect of oxygen solution in the  meta l  on the  
oxidat ion kinetics.  

Materials 
The zirconium used in the tests consisted of iodide 

zirconium rol led into 30-mil  strip.  The impur i t y  
content  of the ma te r i a l  is given in Table II. The 
Zircaloy-2 was also used in the form of 30-mil  strip. 
A represen ta t ive  analysis  of the ingot is given in 
Table III.  

Research Grade  oxygen, suppl ied by  the Matheson 
Company,  was used in the tests requ i r ing  an oxygen 
atmosphere.  Max imum and typica l  impur i t y  l imi ts  
for this g rade  of oxygen, as repor ted  by  Matheson, 
are l is ted in Table IV. 

Water  vapor  a tmospheres  were  obtained by  al -  
lowing wa te r  vapor  to equi l ibra te  wi th  dis t i l led 
wa te r  held in a reservoi r  at  a known tempera ture .  
The wa te r  was thoroughly  outgassed by  evacuat ion 
of the reservoi r  to p reven t  contaminat ion  of the 
wate r  vapor  by  dissolved gases. 

The hydrogen  employed  in the tests was of high 
pur i ty ,  produced by  the t he rma l  decomposi t ion of 
UHs. 

Experimenta| 
Coupons measur ing  �89 x 2 in. were  cut f rom the 

strip,  degreased,  and etched 2 mi l s / su r face  in a 
s tandard  HF-HNO8 bath.  The coupons were  then 
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Table I!1. Composition of Zircaloy-2, lot 1021 

wt  % 

Table II. Impurity content of zirconium 

ppm 

Aluminum 45 
Boron <0.2 
Carbon 50 
Cobalt <5 
Cadmium <0.3 
Chromium 44 
Copper <25 
Iron 225 
Hydrogen 3.8 
Hafnium 64 
Magnesium <I0  
Manganese <10 
Molybdenum 25 
Nitrogen 19 
Nickel 10 
Oxygen 130 
Lead <5 
Silicon <40 
Tin <10 
Titanium <20 
Tungsten <25 
Vanadium <5 
Zinc <50 
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Tin 1.34 
Iron 0.130 
Chromium 0.166 
Nickel 0.045 
Nitrogen 0.0041 
Copper 0.0016 
Carbon 0.042 
Tungsten 0.0018 
Aluminum 0.0040 
Boron <0.00005 
Cadmium <0.00005 
Cobalt <0.0005 
Hafnium 0.009 
Magnesium <0.001 
Manganese <0.001 
Molybdenum <0.001 
Lead 0.006 
Silicon 0.003 
Titanium 0.001 
Vanadium <0.001 

Table IV. Impurity limits on research grade oxygen 

M a x i m u m  limits, Typical  analysis, 
Possible impuri t ies  mole % mole % 

Carbon dioxide 0.1 0.005 
Carbon monoxide 0.01 0.000 
Argon 0.01 0.000 
Nitrogen 0.05 0.000 
Hydrogen 0.01 0.002 
Water  0.0002 0.00002 

annealed for Y2 ~hr in a vacuum of <10 -5 mm Hg. 
The anneal ing t empe ra tu r e  was 900~ for Zi rca loy-2  
and 840~ for the zirconium. These annea l ing  t em-  
pera tures  were  chosen to stabil ize the in te rna l  s t ruc-  
ture  of the meta l  at  a high t empera tu re  in the  a l l -  
a lpha  region. Al l  ox ida t ion  tests were  car r ied  out at 
t empera tu re s  less than  the  anneal ing  t empera tu re .  
The sample  surfaces af ter  anneal ing  were  br ight  and 
shiny and were  given no fu r the r  t r ea tmen t  pr ior  
to oxidation.  The surface roughness factor  was as-  
sumed to be uni ty .  

Oxidat ion  kinet ics  of a sample  were  fol lowed 
g rav ime t r i ca l ly  by  means of an Ainswor th  semi-  
micro recording balance  (model  RV-AU-1)  which is 
complete ly  enclosed in the vacuum system. The 
balance  is capable  of weighing to ___30 #g, and its 
accuracy was confirmed by  an independent  check 
against  a microbalance  of -----20 ~g precision. A sche- 
matic  of the  balance  and associated vacuum system 
is shown in Fig. 1. Gas tu rbu lence  in the  ba lance  
chamber  was found to exer t  a negl igible  influence on 
the recorded weight .  

The furnace  was control led to --5~ wi th  a Brown 
P y r - O - V a n e  control ler .  The the rmocoup le - recorde r  
system was checked against  the mel t ing  points of 
pure  zinc (419~ and a luminum (660~ to insure  
its re l iabi l i ty .  

The des i red  oxidant  pressure  in the  furnace  cham-  
ber  was obtained,  in the case of oxygen,  through 
knowledge  of the volumes of the reservoi r  and fu r -  
nace -ba lance  chamber  and appl ica t ion  of the 
PIV1 = P~V~ relat ionship.  The oxygen pressure  de-  
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Fig. I. Schematic diagram of balance and associated vacuum 
equipment. 

creases as the  reac t ion  consumes  oxygen ;  however ,  
the p ressure  drop is on ly  0.7 m m  for a 100 m g / d m  2 
weigh t  ga in  of a s t a n d a r d  coupon.  

Three  p ressures  of wa t e r  vapor  were  used in  the  
inves t iga t ion :  5 • 1 mm,  10 • 1 mm,  and  25 • 1 
mm.  The p ressure  of 5 • 1 m m  was  ob ta ined  by  ex -  
t e r n a l l y  cooling the  re se rvo i r  to --~0~ w i t h  ice. The  
pressure  of 10 • 1 m m  was ob ta ined  f rom room t e m -  
p e r a t u r e  wa t e r  s a tu ra t ed  w i th  K2COs. The  p ressure  
of 25 _+ 1 m m  was ob ta ined  by  a l lowing  the  r e se r -  
voi r  to a t t a in  room t empera tu r e .  

The sample  to be oxidized was  b r o u g h t  to t e m -  
p e r a t u r e  and  held  in vacuo for 11/2 h r  before  ad -  
miss ion  of the  oxidant .  At  "zero t ime"  the ox idan t  
was admi t t ed  to the  fu rnace  chamber ,  and  the  
weigh t  ga in  c o n t i n u o u s l y  recorded.  

Severa l  Z i rca loy-2  ox ida t ion  tests  were  r u n  us ing  
commerc ia l  p u r i t y  oxygen  as the  oxidant ,  and  the  
samples  were  no t  p r e a n n e a l e d  or p r ehea t ed  before  
admiss ion  of the  oxygen.  L o n g - t e r m  weigh t  gains  
ob ta ined  in  this  m a n n e r  were  m u c h  h igher  t h a n  
those repor ted  in  the  p re sen t  inves t iga t ion ,  for ex-  
ample,  260 m g / d m  2 at  200 min,  700~ vs. 130 m g /  
d m  2 ob ta ined  for the  same t ime and  t e m p e r a t u r e  in  
the  p re sen t  s tudy.  These resul t s  i l l u s t r a t e  the  i m -  
por tance  of the  test  procedure ,  and  the  m a n n e r  in  
which  it m a y  inf luence the  final resul ts .  

Resul ts  

Oxidation o~ Zircaloy-2 in oxygen  and water  va-  
por . - -The  oxida t ion  k ine t ics  of Z i rca loy-2  in  oxygen  
and  wa t e r  vapor  are shown  in  Fig. 2 and  3, r e -  
spect ively.  The  oxida t ion  curves  have  been  t r a n -  
scr ibed f r o m  the  ba l ance  recorder  char t  and  r e p r e -  
sent  a con t inuous  m e a s u r e m e n t  of the  sample  we igh t  
gain. The oxida t ion  k ine t ics  show a m a r k e d  s imi -  
la r i ty ,  the  m a j o r  difference be ing  a somewha t  more  
rap id  ox ida t ion  in  the  p r e - t r a n s i t i o n  reg ion  in  the  
oxygen  a tmosphere .  The  slopes of the  curves  in  the  
p r e - t r a n s i t i o n  reg ion  in  bo th  a tmospheres  app rox i -  
m a t e  the  va lue  0.33, i nd ica t ing  adhe rence  to a cubic 
ra te  law. In  bo th  a tmospheres ,  the  m i n i m u m  t ime to 
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Fig. 2. Oxidation of Zircaloy-2 in high-purity oxygen at 25 mm 
p r e s s u r e .  
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Fig. 3. Oxidation of Zircaloy-2 in water vapor at 25 mm pressure 

t r ans i t i on  occurs in  the  r a nge  750~176 in  good 
a g r e e m e n t  wi th  p rev ious  inves t iga tors  (5, 8).  

In  the  t e m p e r a t u r e  r ange  600~176 it  was found  
tha t  a final l i nea r  ra te  is a t t a ined  at a we igh t  gain  
of about  300 m g / d m  e. The p o s t - t r a n s i t i o n  weigh t  
gains pr ior  to this  do no t  adhere  to a l i n e a r  r a t e  law, 
bu t  appear  to reflect the  t r ans i t i on  f rom the  o v e r - a l l  
cubic to the  ove r - a l l  l i nea r  rate.  This  is sens i t ive  to 
the spec imen  geomet ry ,  as " t r ans i t i on"  first occurs at  
corners  and  edges of the  specimen.  A Zi rca loy-2  
coupon oxidized at  600~ for 50 hr  is shown  in  Fig. 
4. The  oxida t ion  k ine t ics  have  not  yet  a t t a ined  the  
"final" l i nea r  rate ,  and  the geomet r ica l  cons ide ra -  
t ions  are obvious.  

The  u n i f o r m i t y  of the  oxide film in  the  p re -  
t r ans i t i on  reg ion  and  in  the  p o s t - t r a n s i t i o n  region  
was no t  de te rmined .  I n  each case, the  film was  as-  
sumed  to be of u n i f o r m  thickness .  Only  in  the  region 
of g r ada t ion  f rom the  cubic to the  l i nea r  k inet ics  
is the  film ac tua l ly  k n o w n  to be n o n u n i f o r m .  

Oxidation of Zircaloy-2: pressure d e p e n d e n c e . -  
Inc reas ing  the  p re s su re  of w a t e r  va po r  in  the  r ange  
5-25 m m  increased  bo th  the  p r e - t r a n s i t i o n  and  pos t -  
t r ans i t i on  ox ida t ion  ra te  of Z i rca loy-2  (Fig. 5). The 
effect on the  cubic  ra te  cons tan t  is shown in  Fig. 6. 
The l imi ted  data  p rec lude  a de ta i led  analys is  of the 
reasons  for a p ressure  dependency .  The  da ta  are 
p resen ted  only  for qua l i t a t i ve  significance. 

V a r y i n g  the p ressure  of oxygen  over  the  r ange  
10-100 m m  had no effect on the  p r e - t r a n s i t i o n  ox i -  
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Fig. 6, Oxidation of Zircaloy-2 in water vapor. Variation of cubic 
rate constant with pressure. 

Fig. 4. Specimen of Zircaloy-2 oxidized for 50 hr at 600~ in 
25 mm oxygen. Note the effect of specimen geometry on the oxida- 
tion rate. White areas have undergone transition. Magnification 
approximately 1 lAX. 
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Fig. 5. Pressure dependence of Zircaloy-2 oxidation in water 
vapor: [::3, 25 mm pressure; A ,  10 mm pressure; O, 5 mm pressure. 

d a t i o n  of Z i r c a l o y - 2  at  700~ (Fig .  7).  The  p o s t -  
t r a n s i t i o n  k ine t i c s  showed  an  i n c r e a s i n g  o x i d a t i o n  
r a t e  w i t h  i nc r ea s ing  p re s su re .  I n s e n s i t i v i t y  of p r e -  
t r a n s i t i o n  o x i d a t i o n  to o x y g e n  p r e s s u r e  is in a g r e e -  
m e n t  w i t h  o the r  i n v e s t i g a t i o n s  (3) .  

A l t h o u g h  the  p o s t - t r a n s i t i o n  o x i d a t i o n  r a t e  of 
Z i r c a l o y - 2  is p l a i n l y  p r e s s u r e  d e p e n d e n t  in bo th  
w a t e r  v a p o r  and  O2 a t m o s p h e r e s ,  no s imp le  m a t h e -  
m a t i c a l  r e l a t i o n s h i p  b e t w e e n  o x i d a n t  p r e s s u r e  and  
o x i d a t i o n  r a t e  exis ts .  The  p o s t - t r a n s i t i o n  o x i d a t i o n  
k ine t i c s  do i nd i ca t e  t h a t  the  r a t e - l i m i t i n g  f ac to r  is 
gaseous  d i f fus ion of t h e  o x i d a n t  t h r o u g h  i m p e r f e c -  
t ions  in  t he  ox ide  film. 

Oxidatio~ of high-purity zirconium.--The o x i d a -  
t ion  b e h a v i o r  of h i g h - p u r i t y  z i r c o n i u m  was  in -  
v e s t i g a t e d  in  w a t e r  v a p o r  and  o x y g e n  a t  25 m m  
p r e s s u r e  (Fig .  8) .  No t r a n s i t i o n  in r a t e  occu r r ed ,  
even  a t  l ong  t imes .  Bo th  a t m o s p h e r e s  g ive  r i s e  to  
k ine t i c s  w h i c h  a r e  bes t  f i t ted  b y  a cubic  r a t e  l aw.  
As  in  t he  case  of p r e - t r a n s i t i o n  o x i d a t i o n  of Z i r -  
ca loy-2 ,  t he  o x i d a t i o n  r a t e s  a r e  m o r e  r a p i d  in t he  
o x y g e n  a t m o s p h e r e .  The  ox ide  f i lms r e m a i n e d  d a r k  
and  a d h e r e n t  r e g a r d l e s s  of t he  t e m p e r a t u r e  or  
l e n g t h  of t he  run .  
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Fig. 7. Oxidation of Zirca|oy-2 in high-purlty oxygen. Pressure 
dependence: [~, 100 mm pressure; A ,  S0 mm pressure; �9 10 mm 
pressure. 
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Fig. 8. Oxidation of high-purity zirconium in oxygen and water 
vapor: O, 02, 25 mm pressure; A,, H20 vapor, 25 mm pressure. 

Effect of hydrogen overpressure on oxidation o] 
Zircaloy-2 in water vapor.--The o x i d a t i o n  k ine t i c s  
of Z i r c a l o y - 2  w e r e  d e t e r m i n e d  at  750~ in 10 m m  
w a t e r  v a p o r  w i t h  zero  h y d r o g e n  o v e r p r e s s u r e  a n d  
50 m m  h y d r o g e n  ove rp re s su re .  Resu l t s  a r e  shown  in 
Fig .  9. The  a d d i t i o n  of 50 m m  H2 o v e r p r e s s u r e  
causes  a r a p i d  i nc rea se  in  t he  i m m e d i a t e  p o s t - t r a n -  
s i t ion  w e i g h t  gain,  caused  b y  h y d r o g e n  p ickup ,  fo l -  
l o w e d  b y  a s l o w i n g - d o w n  in t h e  f inal  ra te .  The  h y -  
d r o g e n  p r e s s u r e  in  t he  s y s t e m  d rops  as h y d r o g e n  is 
a b s o r b e d  b y  the  me ta l ,  a n d  the  a m o u n t  a b s o r b e d  can  
be  ca lcu la ted .  On ly  a s m a l l  f r ac t i on  of t he  h y d r o g e n  
i n i t i a l l y  p r e s e n t  in t he  s y s t e m  was  abso rbed .  The  
f inal  l ow  r a t e  is a t t r i b u t e d  to t he  h y d r o g e n  ac t ing  as 
a d i f fus ion  b a r r i e r  to t h e  w a t e r  vapo r ,  caus ing  a g a s -  
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Fig. 9. Oxidation of Zircaloy-2 at 750~ in water vapor at 10 mm 

phase  diffusion cont ro l  of the  ox ida t ion  kinet ics .  
Add i t ion  of a 50 m m  overp ressu re  of h i g h - p u r i t y  
a rgon  wi l l  resu l t  in a s imi la r  decrease in  ox ida t ion  
rate.  It  can be shown tha t  the s lowness  of w a t e r  
vapor  diffusion in  the  t u b u l a t i o n  of the  v a c u u m  sys-  
t em is e x e r t i n g  the r a t e - l i m i t i n g  effect. 

The t r ans i t i on  a p p a r e n t l y  cons t i tu tes  a per iod  
w h e r e i n  the  me ta l  not  on ly  loses its res i s tance  to 
ox ida t ion  bu t  to hyd rogen  p ickup  as well ,  even  
though  wa t e r  vapor  is p resen t  in  la rge  quan t i t i e s  to 
inh ib i t  the h y d r o g e n  pickup.  

Act i va t ion  energy.-- -The ra te  cons t an t  m a y  be  
w r i t t e n  

k ~ Ae  -~E*/RT 

where  A is a constant ,  R a gas constant ,  T absolu te  
t empe ra tu r e ,  and  AE* ac t iva t ion  energy.  

A plot  of log k vs. the  rec iprocal  absolu te  t e m -  
p e r a t u r e  wil l  y ie ld  a s t ra igh t  l ine  if the  same r a t e -  
cont ro l  m e c h a n i s m  is opera t ive  over  the  t e m p e r a -  
tu re  range,  for a g iven  set of reac tants .  The slope of 
the l ine  wi l l  y ie ld  AE*, the  ac t iva t ion  energy.  The  
plot of log k vs. 1 /T  is shown in Fig. 10. The  ac t iva -  
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Fig. 10. Rate constant as function of reciprocal temperature: e, 
Zircaloy-2 in 02; A ,  zirconium in 02; I--I, zirconium in H20; ~ ,  
Zircaloy-2 in H20. 

Table V. Activation energies for zirconium and Zircaloy-2 
oxidation in the temperature range 600~176 

A c t i v a t i o n  e n e r g y ,  
S y s t e m  k c a l / m o l e  

Zircaloy-2-O2 51.3 _ 1.3 
Zr-O2 51.4 _ 2.5 
Zr-H20 63.4 _ 2.0 
Zircaloy-2-H20 50.7 • 2.1 

t ion energies  ob ta ined  in  the  p resen t  i nves t iga t ion  
a re  g iven  in  Tab le  V. Al l  r a t e  cons tan t s  we re  de t e r -  
m i n e d  us ing  a cubic  r a t e  law fit to the weigh t  gain 
data.  It  should be no ted  tha t  the A r r h e n i u s  plot  is 
made  on the basis  of the  ra te  cons tan t  for to ta l  
weight  gain, no t  on the  basis  of the  ra te  cons tan t  
for film g rowth  alone,  i.e., the  we igh t  of oxygen  dis-  
solved in  the me ta l  is inc luded.  

The s imi la r i ty  of the  ac t iva t ion  energies  ob ta ined  
for the four  sys tems inves t iga ted  impl ies  tha t  a s imi-  
lar  r a t e - c o n t r o l  m e c h a n i s m  is opera t ive  in  each case. 
The ac t iva t ion  energies  ob ta ined  are h igher  t han  
those ob ta ined  b y  o ther  inves t iga to r s ;  on ly  Belle  
and  Mal le t t  (1) ,  Po r t e  et at. (3) ,  and  Kofs tad  (21) 
repor t  comparab l e  ac t iva t ion  energies .  

Oxide solut ion during ox ida t ion . - -The  re la t ive  
impor t ance  of oxygen  so lu t ion  in  the  me ta l  at v a r i -  
ous ox ida t ion  t e m p e r a t u r e s  was  d e t e r m i n e d  so tha t  
its ove r - a l l  effect on the  weigh t  ga in  d u r i n g  ox ida-  
t ion  could be eva lua ted .  

The  r igorous m a t h e m a t i c a l  d e t e r m i n a t i o n  of the  
oxygen  dissolved in  the  me t a l  is a complex  p r o b l e m  
because  of the  compl ica t ions  in t roduced  b y  the  
m o v e m e n t  of the  m e t a l - o x i d e  in ter face .  However ,  
ce r ta in  a s sumpt ions  can be  m a d e  wh ich  s impl i fy  the  
p r ob l e m and  a l low a real is t ic  appra i sa l  of the 
a m o u n t  of oxygen  dissolved as a f unc t i on  of t ime  
and  t empera tu re .  

Consider  a z i r con ium sheet  of r easonab le  th i ck -  
ness held  at  a cons tan t  test  t empe ra tu r e .  Al low one 
surface  of the  sheet  to be  oxidized in  an  ox id iz ing  
a tmosphere  of such low p res su re  t ha t  on ly  an  i n -  
f in i tes imal ly  t h i n  oxide fi lm is ever  a l lowed to de-  
velop. This  s i tua t ion  is r e p r e se n t e d  in  Fig. 11, whe re  
the area  u n d e r  the  curve  r ep resen t s  the  to ta l  a m o u n t  
of oxygen  diffusing in to  the  m e t a l  in  a g iven  t ime.  
The  a m o u n t  of oxygen  which  dissolves in  the  me ta l  
u n d e r  these condi t ions  is the  m a x i m u m  a m o u n t  
which  can  dissolve u n d e r  condi t ions  wh ich  favor  the  
ox ida t ion  of the meta l ,  and  the  a m o u n t  m a y  be cal-  
cu la ted  us ing  the  re l a t ion  g iven  by  C r a n k  (13) 

Mt = 2Cs ( - ~ - )  1/2 [1] 

where  Mt is the to ta l  a m o u n t  of oxygen  dissolved 

1 . 0 - -  

0 . 8  

C 0.6 

0.4 

0.2 

0 

Distance from oXigina~*Metal Surface 

Fig. 11. Oxygen concentration gradient, no oxide film 
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p e r  un i t  a r e a  in t i m e  t, Cs is t he  t e r m i n a l  so lub i l i t y  
of o x y g e n  in z i r con ium,  and  D is t he  d i f fus iv i ty  of 
o x y g e n  in z i r c o n i u m  a t  the  t es t  t e m p e r a t u r e .  The  
v a l u e  used  for  Cs was  0.45 m g / c m  2, a n d  t h e  d i f fu-  
s iv i ty  was  t a k e n  as D = 5.2 exp  (--50,800/RT) (14) .  
The  d i f fus iv i ty  was  a s s u m e d  to be  i n d e p e n d e n t  of 
concen t r a t ion .  

The  r e su l t s  of Eq.  [ 1 ] a r e  s t r i c t l y  v a l i d  on ly  if  the  
z i r c o n i u m  m e d i u m  is s emi - i n f i n i t e  and  if  t he  i n i t i a l  
c o n c e n t r a t i o n  of o x y g e n  in t h e  z i r c o n i u m  is zero.  
The  30 -mi l  coupons  e m p l o y e d  in t he  t e s t  a r e  e x -  
ce l l en t  a p p r o x i m a t i o n s  to s emi - in f in i t e  m e d i a  for  
the  t imes  a n d  t e m p e r a t u r e s  e m p l o y e d ,  and  t h e i r  i n i -  
t i a l  o x y g e n  con ten t  is suff ic ient ly  l ow to s a t i s fy  t he  
b o u n d a r y  condi t ions .  

The  c o n c e n t r a t i o n  g r a d i e n t  can  a lso  be  p l o t t e d  
us ing  the  same  b o u n d a r y  condi t ions .  The  mos t  con-  
v e n i e n t  m e t h o d  is use  of the  t a b u l a r  d a t a  p r e s e n t e d  
b y  D a r k e n  and  G u r r y  (15) .  The  c o n c e n t r a t i o n  r a t i o  
C/C.~ is p l o t t e d  in  Fig.  11 as a func t ion  of d i s t ance  
f r o m  the  o r ig ina l  m e t a l  sur face .  H e r e  Cs is t he  t e r -  
m i n a l  so lub i l i t y  of o x y g e n  in z i r c o n i u m  a n d  C is t he  
loca l  concen t r a t ion .  A t  t he  m e t a l  su r f ace  C----C~ 
and  t h e  r a t i o  is e q u a l  to 1. 

The  a r e a  u n d e r  t he  c u r v e  in Fig.  11 r e p r e s e n t s  t he  
m a x i m u m  a m o u n t  of o x y g e n  w h i c h  can  be  d i s so lved  
in the  g iven  t i m e  because  no ox ide  l a y e r  has  been  
a l l o w e d  to f o r m  and  consume  o x y g e n - r i c h  m e t a l  
t h r o u g h  i n w a r d  d i s p l a c e m e n t  of t he  o x i d e - m e t a l  
in te r face .  

The  m i n i m u m  a m o u n t  of o x y g e n  w h i c h  can  d i s -  
so lve  in  t he  m e t a l  in t he  s a m e  tes t  t i m e  is t h a t  w h i c h  
has  m i g r a t e d  in to  t h e  m e t a l  b e y o n d  t h e  f u r t h e s t  
poss ib l e  i n w a r d  d i s p l a c e m e n t  of t he  o x i d e - m e t a l  
in te r face .  I t  is  e s t i m a t e d  in  t h e  f o l l o w i n g  m a n n e r :  

1. The  to t a l  e x p e r i m e n t a l  w e i g h t  ga in  is a s s u m e d  
due  to f o r m a t i o n  of ZrO2 only .  

2. The  t h i cknes s  of  th is  l a y e r  is ca lcu la ted .  
3. This  t h i cknes s  is s u p e r i m p o s e d  on a p lo t  of the  

d i f fus ion g r a d i e n t  w h i c h  w o u l d  ex i s t  if  no ox ide  
l a y e r  f o r m e d  (Fig .  11);  t he  r e s u l t a n t  p lo t  is shown  
in Fig.  12. Because  of t he  d e n s i t y  d i f fe rence  b e t w e e n  
z i r c o n i u m  and  ZrO2, t h e  o x i d e - g a s  i n t e r f ace  w i l l  be  
to t he  l e f t  of t he  r e f e r e n c e  zero  of Fig .  12, w h i c h  
r e p r e s e n t s  the  o r i g i n a l  m e t a l  sur face .  The  effect of 
d i s so lved  o x y g e n  on t h e  d e n s i t y  of t he  m e t a l  is n e -  
glected.  A r e a  A,  Fig .  12, is a p o r t i o n  of t h e  m e t a l  
w h i c h  cou ld  d i s so lve  o x y g e n  if no  ox ide  l a y e r  has  
been  consumed .  A r e a  B r e p r e s e n t s  o x y g e n  w h i c h  has  
m i g r a t e d  in to  t h e  m e t a l  b e y o n d  the  f u r t h e s t  poss ib l e  
i n w a r d  d i s p l a c e m e n t  of the  o x i d e - m e t a l  i n t e r f a c e  
and  r ep re sen t s ,  to a first  a p p r o x i m a t i o n ,  t he  m i n i -  
m u m  d i s so lved  o x y g e n .  

4. The  o x y g e n  r e p r e s e n t e d  b y  a r e a  B is c o n v e r t e d  
to an e q u i v a l e n t  t h i ckness  of ZrO2 and  s u b t r a c t e d  

1" 0 k I [ [ /  Approximate Oxide-~etal Interface 

o. 

g / / / / 2 x =  

Oistance from omgX~al-~etal Surface 

Fig. 12. Hypothetical positions of oxide-metal interface 
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Fig. 13. Actual concentration gradient and interface position 

f rom t h e  o r i g i n a l  ZrO2 l aye r ,  as i t  cou ld  not  h a v e  
f o r m e d  ZrO2. A n  a d j u s t e d  i n t e r f ace  is o b t a i n e d  (Fig .  
12),  w h i c h  l e a d s  to a m o r e  a c c u r a t e  d e t e r m i n a t i o n  
of t he  m i n i m u m  d i s so lved  oxygen ,  B'. T h a t  o x y g e n  
r e p r e s e n t e d  b y  the  a r e a  u n d e r  t he  c u r v e  to the  r i g h t  
of t he  a d j u s t e d  i n t e r f a c e  (Fig .  12) is B'. R e p e a t e d  
a p p r o x i m a t i o n s  a r e  of no va lue .  

5. The  m i n i m u m  d i s so lved  oxygen ,  B', is con-  
v e r t e d  to w e i g h t  of oxygen .  

The  v a l u e  of A -k B ( e q u a l  to Mr, t he  m a x i m u m  
of o x y g e n  w h i c h  could  h a v e  d i s so lve d )  a n d  B', t h e  
c o r r e c t e d  m i n i m u m  a m o u n t  of o x y g e n  w h i c h  could  
h a v e  d i sso lved ,  is t h e n  s i m p l y  a v e r a g e d  a r i t h m e -  
t i c a l l y  to y i e l d  t he  a p p r o x i m a t e  a m o u n t  of o x y g e n  
d i s so lved  at  a n y  t i m e  and  t e m p e r a t u r e .  A r e a  C in 
Fig.  13 shows  ( s c h e m a t i c a l l y )  t he  o x y g e n  d i s so lved  
in t he  m e t a l  u n d e r  a c t u a l  o x i d a t i o n  cond i t ions  and  
r e p r e s e n t s  the  q u a n t i t y  be ing  a p p r o x i m a t e d .  The  
pos i t ion  of t he  a c t u a l  i n t e r f ace  wi l l  l ie  s o m e w h e r e  
b e t w e e n  the  " a d j u s t e d  i n t e r f a c e "  of Fig .  12 and  the  
o r ig ina l  su r f ace  of t he  me ta l .  

On ly  Mt and  the  c o n c e n t r a t i o n  g r a d i e n t  w e r e  
e v a l u a t e d  n u m e r i c a l l y .  Va lues  of A,  B, a n d  B'  w e r e  
o b t a i n e d  for  v a r i o u s  t i m e s  and  t e m p e r a t u r e s  b y  
g r a p h i c a l  me thods .  Resu l t s  of the  ca l cu la t ions  a r e  
shown  in T a b l e  VI. 

The  d a t a  in  T a b l e  VI  show tha t  t he  d i s so lved  
o x y g e n  becomes  a m o r e  i m p o r t a n t  c o n t r i b u t i o n  to 
t he  t o t a l  w e i g h t  as the  t e m p e r a t u r e  is i n c r e a s e d  and  
w i t h  i nc r e a s ing  t ime  at  t e m p e r a t u r e .  Resu l t s  shown  
in Tab le  VI  a r e  in  good a g r e e m e n t  w i t h  p u b l i s h e d  
e x p e r i m e n t a l  d a t a  (10) .  

Resu l t s  g iven  in  T a b l e  VI  a r e  shown  g r a p h i c a l l y  
in Fig.  14. C u r v e  A r e p r e s e n t s  the  e x p e r i m e n t a l  
w e i g h t  ga in  of h i g h - p u r i t y  z i r c o n i u m  in o x y g e n  at  
800~ and  25 m m  p re s su re ,  and  the  c u r v e  d e m o n -  
s t r a t e s  c lose a d h e r e n c e  to t he  cub ic  r a t e  l aw.  C u r v e  
B r e p r e s e n t s  t he  w e i g h t  ga in  of t he  ox ide  f i lm a lone,  
t ha t  is, C u r v e  A m i n u s  t he  w e i g h t  of o x y g e n  d i s -  
so lved  in t he  me ta l .  Note  t h a t  C u r v e  B no l onge r  
a d h e r e s  to t he  cubic  r a t e  law.  The  e x p e r i m e n t a l  
w e i g h t  ga in  cu rves  at  700 ~ and  600~ s t i l l  a p p r o x -  

Table VI. Oxygen dissolved in zirconium during oxidation 

% os 
M a x i m u m  M i n i m u m  T o t a l  

T e m p e r -  T i m e ,  O~ d i s so lved  On d i s so lved  A v e r a g e ,  W e i g h t  
a t u r e ,  *C m i n  Mr, m g / d m  ~ B ' ,  m g / d m a  m g / d m  2 gain* 

800 I000 187 124 156 33 
800 500 132 90 111 30 
800 I00 59 29 44 20 
700 1000 58 27 43 21 
600 i000 12 1.2 6.6 7 

* R e f e r r e d  to h i g h - p u r i t y  z i r c o n i u m  in 0~, Fig.  8. 



146 

10~ 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  February  1964 

500 

100 m 

x: 

50 

10 50 100 500 1000 

Time, Minutes 

Fig. 14. Oxidation of zirconium in oxygen; total weight gain and 
weight of oxide film compared: - - - - . ,  total weight gain (experi- 
mental), film ~ dissolved oxygen; , weight gain, oxide 
film only. 

i m a t e  t he  cubic  r a t e  l aw,  s ince  the  a m o u n t  of o x y g e n  
d i s so lved  in t he  m e t a l  a t  these  l o w e r  t e m p e r a t u r e s  
is less  i m p o r t a n t .  F r o m  the  fo rego ing  o b s e r v a t i o n s  
an  i n t e r e s t i n g  conclus ion  m a y  be  d r a w n :  a l t h o u g h  
the  o x i d a t i o n  r a t e  fa l l s  off w i t h  i nc r ea s ing  ox ide  
th ickness ,  t he  r a t e - d e t e r m i n i n g  m e c h a n i s m  in t he  
h i g h - t e m p e r a t u r e  o x i d a t i o n  of z i r c o n i u m  b e a r s  no 
s i m p l e  m a t h e m a t i c a l  r e l a t i o n s h i p  to t he  t o t a l  ox ide  
l a y e r  th ickness .  

P o r t e  et al. (3)  sugges t  t h a t  t he  cubic  r a t e  e q u a -  
t ion  m i g h t  a r i se  f r o m  t h e  s i m u l t a n e o u s  k ine t i c s  of 
ox ide  f i lm f o r m a t i o n  and  so lu t ion  in  t he  me ta l .  
H o w e v e r ,  t he  p r e s e n t  s t u d y  shows  t h a t  t h e  cub ic  
l a w  is fo l l owed  not  b e c a u s e  of so lu t ion  effects,  b u t  
in  sp i te  of them.  T h e s e  r e su l t s  a r e  in  a g r e e m e n t  
w i t h  those  of Sense  (16) ,  who  has  r e c e n t l y  u t i l i zed  
a p p r o x i m a t e  so lu t ions  to t he  d i f fus ion equa t i ons  to 
conclude ,  f r om a m a t h e m a t i c a l  ana lys i s ,  t h a t  t h e  
h igh  so lub i l i t y  of o x y g e n  in z i r c o n i u m  is no t  suffi- 
c ien t  to accoun t  for  a cubic  r a t e  l aw,  if the  d i f fus iv -  
i t y  of o x y g e n  in t h e  z i r c o n i u m  is i n d e p e n d e n t  of  
concentration. 

Conclusions 

1. Z i r c o n i u m  and  Z i r c a l o y - 2  ( p r e - t r a n s i t i o n )  o x -  
id ize  in o x y g e n  and  w a t e r  v a p o r  a t  c o m p a r a b l e  r a t e s  
acco rd ing  to t he  cubic  r a t e  l aw.  Z i r c o n i u m  does 
no t  e x h i b i t  a t r a n s i t i o n  in o x i d a t i o n  k ine t ics ,  r e -  
g a r d l e s s  of t e m p e r a t u r e  or  e n v i r o n m e n t  in tes t s  of 
25 hr duration. A transition is observed for Zir- 
caloy-2 in both oxygen and water vapor, the tran- 
sition occurring at equivalent times in either at- 
mosphere. Minimum time to transition occurs be- 
tween 750 ~ and 800~ 

2. Zirconium and Zircaloy-2 exhibit greater oxi- 
dation rates in oxygen at 25 mm than in water 
vapor at the same pressure. 

3. The pre-transition oxidation kinetics of Zir- 
caloy-2 are sensitive to water vapor pressure (in 
the range 5-25 mm), but insensitive to oxygen 
pressure (in the range 10-1O0 mm). The oxidation 
rate at i0 mm oxygen pressure is greater than at 
25 mm water vapor pressure. 

4. Zircaloy-2 post-transition oxidation kinetics 
are notably sensitive to the pressure of either oxy- 

gen or  w a t e r  vapor ,  i nd i c a t i ng  t h a t  the  o x i d a t i o n  
r a t e  is c on t ro l l e d  b y  gaseous  d i f fus ion of t he  o x i d a n t  
t h r o u g h  pores  or  o t h e r  de fec t s  in  t h e  ox ide  film. 

5. A h y d r o g e n  o v e r p r e s s u r e  of 50 m m  w i t h  a 
w a t e r  v a p o r  p r e s s u r e  of 10 m m  a t  750~ is f o u n d  
to r e su l t  in  a r a p i d  h y d r o g e n  p i c k u p  b y  t h e  Z i r -  
ca loy -2  s a m p l e  at  and  fo l l owing  t r ans i t i on ,  i n d i c a t -  
ing access  of t he  a t m o s p h e r e  to t h e  m e t a l  su r face  
at  t r ans i t i on .  

6. W e i g h t  ga in  has  a cubic  d e p e n d e n c e  on t i m e  
in sp i te  of t he  effects of o x y g e n  so lu t ion  in  the  
meta l ,  i.e., the  f i lm th i ckness  b e a r s  no d i r ec t  r e l a -  
t ion to t he  m a t h e m a t i c a l  s t a t e m e n t  of t he  r a t e  l aw.  
If  the  f i lm is u n i f o r m  in t h i cknes s  and  of r e a s o n -  
ab ly  u n i f o r m  s t r u c t u r e  and  compos i t ion ,  t h e r e  m u s t  
ex i s t  a r a t e - d e t e r m i n i n g  e n t i t y  w h i c h  imposes  a 
cubic  d e p e n d e n c e  on t i m e  w i t h o u t  a d i r ec t  m a t h e -  
m a t i c a l  d e p e n d e n c e  on e i t h e r  f i lm th i cknes s  or  
q u a n t i t y  of o x y g e n  d isso lved .  This  conc lus ion  is 
jus t i f i ca t ion  of t h e  A r r h e n i u s  p lo t  (F ig .  10),  as th is  
r a t e - d e t e r m i n i n g  e n t i t y  is a s s u m e d  to l i m i t  the  t o t a l  
o x y g e n  w e i g h t  gain,  not  j u s t  t h a t  r e l e g a t e d  to 
e i t he r  t he  f i lm or  t he  m e t a l  ( in  so lu t i on ) ,  and  i t  is 
a s s u m e d  to impose  a cubic  t i m e  d e p e n d e n c e  on the  
to ta l  o x y g e n  w e i g h t  gain.  

7. A c t i v a t i o n  ene rg ie s  for  t he  cubic  o x i d a t i o n  k i -  
ne t ics  w e r e  f o u n d  to l ie  in the  r a n g e  51-63 k c a l /  
mo le  for  the  fou r  sys t ems  inves t iga t ed .  T h e  s im-  
i l a r i t y  of these  a c t i va t i on  ene rg i e s  imp l i e s  a s im i l a r  
r a t e - c o n t r o l  m e c h a n i s m  is o p e r a t i v e  in  a l l  cases. 
As  the  O H -  ion does  not  ex i s t  in  the  a t m o s p h e r e s  
of p u r e  oxygen ,  t he  d i f fus ion of O = ions  w o u l d  be  
the  r a t e - d e t e r m i n i n g  s tep  in  a l l  cases  if  d i f fus ion  
of the  o x i d a n t  t h r o u g h  the  ox ide  f i lm e x e r t e d  the  
r a t e  control .  The  a c t i va t i on  e n e r g i e s  o b t a i n e d  in 
the  p r e s e n t  w o r k  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  those  
r e p o r t e d  for  d i f fus ion  of o x y g e n  in Z r O 2 : 3 3 , 4 0 0  
c a l / m o l e  in s ingle  c rys t a l s  (18) and  29,300 c a l / m o l e  
in p o l y c r y s t a l l i n e  f i lms (10) .  I t  is i n t e r e s t i n g  to 
no te  the  s i m i l a r i t y  of t h e  o x i d a t i o n  a c t i v a t i o n  e n -  
e rg ies  o b t a i n e d  to those  of d i f fus ion of o x y g e n  in 
the  b u l k  a - p h a s e  z i r con ium:  50,800 c a l / m o l e  (14) ,  
and  59,700 c a l / m o l e  (10) .  Because  gross  so lu t ion  of 
o x y g e n  in t h e  m e t a l  is i m p o r t a n t  ( f r o m  a w e i g h t  
s t a n d p o i n t )  on ly  a t  h igh  t e m p e r a t u r e s  ( ~ 8 0 0 ~  
and  t h e n  on ly  accounts  for  a s m a l l  p o r t i o n  of t he  
t o t a l  w e i g h t  ga in  (N30% at  1000 r a in ) ,  t he  h igh  
e n e r g y  of a c t i va t i on  canno t  b e  a s c r i b e d  to l a r g e -  
scale  so lu t ions  of o x y g e n  a n d  the  d i f fus ion  con t ro l  
of same.  H o w e v e r ,  i t  is poss ib le  t h a t  so lu t ion  ( and  
di f fus ion)  of t he  o x y g e n  in t he  m e t a l  m i g h t  in  some 
obscu re  w a y  inf luence  the  s t r u c t u r e  of t h e  f i lm or  
the  m e t a l  s u b s t r a t e  and  t h e r e b y  b r i n g  abou t  a r a t e -  
con t ro l  me c ha n i sm .  
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Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the December 1964 
JOURNAL. 
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The Electrochemistry of the Dissolution of Zirconium in 
Aqueous Solutions of Hydrofluoric Acid 

Robert E. Meyer 
Chemis try  D~vision, Oak Ridge National Laboratory,  1 Oak Ridge, Tennessee 

ABSTRACT 

The dissolution of crys ta l -bar  zirconium in  aqueous solutions containing 
HF and H 2 8 0 4  w a s  investigated by means of electrochemical techniques. Ca- 
pacities were determined by measur ing the ini t ial  slope of the vol tage-t ime 
curve resul t ing from the application of galvanostatic pulses. Steady-state  
polarization curves were obtained potentiostat ically whenever  possible, and 
galvanostatic polarization curves were determined by a pulse technique. The 
data are explained by assuming that  the dissolution reaction involves the 
continuous formation and dissolution of a film on the surface of the metal.  
The conventional  anodizing equation describes the format ion of the film and 
the dissolution reaction is controlled by the rate of mass t ransfer  of undis -  
sociated HF to the surface of the film. 

Of the  c o m m o n  aqueous  d isso lu t ion  media ,  on ly  
solut ions  of HF  a t t ack  z i r con ium me ta l  w i t h  a n y  
degree of rap id i ty .  This  reac t ion  has the re fore  been  
wide ly  u t i l ized  in  the  process ing of z i r c o n i u m - c l a d  
fuel  e l emen t s  for nuc l ea r  reactors.  A l t h o u g h  a l a rge  
n u m b e r  of inves t iga t ions  of the  d issolu t ion  of z i r -  
c o n i u m  have  b e e n  repor ted ,  mos t  of t h e m  h a v e  b e e n  
car r ied  out  f rom the  po in t  of v iew of chemica l  
processing.  Some w o r k  on the  m e c h a n i s m  of this  
r eac t ion  has been  repor ted,  however .  Smi th  and  
Hil l  (1) i nves t iga ted  the  d issolu t ion  of Zr  in  v a r i -  
ous aqueous  solut ions  con t a in ing  H F  by  measur ing '  
the  b u i l d - u p  of Zr 95 in  a so lu t ion  t ha t  was  c i rcu la ted  
past  a rad ioac t ive  Zr  electrode.  They  repor ted  tha t  
the  ra te  of d isso lu t ion  is cont ro l led  solely by  the  
ra te  of mass  t r ans f e r  of und issoc ia ted  H F  to the  
electrode.  The i r  resu l t s  also showed tha t  the  reac -  

1 Operated by the  Union  Carbide Corporation for the  U.S.  A t o m i c  
E n e r g y  Commiss ion .  

t ion proceeds wi th  a ra te  of h y d r o g e n  evo lu t ion  
exac t ly  e q u i v a l e n t  to the  r a t e  of d i sso lu t ion  of the  
metal .  

Disso lu t ion  ra tes  in  m i x t u r e s  of HNO3 and  H F  
were  d e t e r m i n e d  b y  V a n d e r  Wal l  a nd  W h i t e n e r  
(2) by  use of a t r ace r  me thod  s imi la r  to t ha t  of 
S mi t h  and  Hill.  Accord ing  to the i r  resul ts ,  the r e -  
act ion is first o rde r  w i th  respect  to H F  a nd  has an  
ac t iva t ion  ene rgy  of 6.4 kca l /mo le .  

M e a s u r e m e n t s  have  also been  r epor t ed  by  S t r a u -  
manis ,  James,  and  N e i m a n  (3) in  H F  solut ions  
r a n g i n g  f rom 0.01 to 0.5N. They  m e a s u r e d  ra tes  
by  d e t e r m i n i n g  the  ra t e  of evo lu t ion  of h y d r o g e n  
wi th  a gas bure t .  The  f o r m a t i o n  of a b l ack  fi lm on 
the sur face  of the  me t a l  i n  aqueous  solut ions  con-  
t a i n i ng  only  HF  was repor ted ,  and  this  film was  
ident i f ied by  x - r a y  diffract ion as be ing  a z i r con ium 
hydr ide .  In  solut ions  con ta in ing  enough  HNO3, 
on ly  b r igh t  surfaces  w e r e  observed.  T h e y  also i n -  
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ves t iga ted  the  effect of addi t ions  of soluble  fluorides 
and  found  tha t  the electrodes pass iva ted  if suffi- 
c ient  f luoride ion was  present .  The pass iva t ing  films 
were  ident i f ied as f luozirconates,  e.g., KsZrF~. These 
m e a s u r e m e n t s  were  ex t ended  to solut ions  of HF  
above 0.5N by  James ,  Custead,  and  S t r a u m a n i s  (4) ,  
who repor ted  t ha t  the  reac t ions  are  s imi la r  to those 
occur r ing  at  the  lower  concent ra t ions .  They  sug-  
gest t ha t  u n d e r  ce r t a in  condi t ions  an  oxide film 
m a y  be p re sen t  on the  z i rconium,  and  tha t  in  some 
solut ions  this  film dissolves off w i th  s u b s e q u e n t  
fo rma t ion  of an  hydr ide  film. 

Because of the  impor t ance  of this  react ion,  it 
seemed des i rab le  to conf i rm the  above  resu l t s  and  
to d e t e r m i n e  wha t  add i t iona l  i n f o r m a t i o n  could be 
ob ta ined  by  us ing  e lec t rochemica l  techniques .  P r e -  
l i m i n a r y  expe r imen t s  w i th  a n u m b e r  of sys tems 
showed tha t  s t eady- s t a t e  ga lvanos ta t i c  e x p e r i m e n t s  
did not  y ie ld  easi ly  i n t e r p r e t a b l e  resu l t s  because  
of dr i f t ing,  bu t  tha t  po ten t ios ta t ic  and  pulse  m e t h -  
ods could be used wi th  the  p roper  choice of so lu-  
t ions. 

Experimental 
The expe r imen t s  r e q u i r e d  tha t  the cell be  con-  

s t ruc ted  of ma te r i a l s  tha t  were  ine r t  to H F  solut ions  
and  tha t  wou ld  no t  c o n t a m i n a t e  the  solut ion.  F u r -  
ther,  in  some expe r imen t s ,  it was  des i rab le  tha t  
the  so lu t ion  could be changed  r ap id ly  w i tho u t  ex-  
pos ing  the electrodes to the a tmosphere .  These r e -  
q u i r e m e n t s  we re  me t  by  two dif ferent  cells in  which  
only  Teflon, p l a t i num,  and  the e lect rode were  a l -  
lowed to m a k e  contac t  w i th  the solut ion.  The  ap -  
pa ra tus  used for chang ing  solut ions con ta ined  six 
Teflon cups of abou t  30 ml  capaci ty  which  were  
enclosed in  a la rge  cy l indr i ca l  glass conta iner .  They  
were  so m o u n t e d  tha t  any  of the  cups could be 
lowered  f rom a r o u n d  the  electrode assembly  and  
replaced  by  a n y  other  cup whi le  any  des i red a tmos -  
phere  was  m a i n t a i n e d  in  the glass conta iner .  This  
cell was used m a i n l y  w h e n  it was  des i red to com-  
pare  the behav io r  of an  e lect rode in  di f ferent  so lu-  
t ions  wh i l e  m a i n t a i n i n g  a h e l i u m  or h y d r o g e n  a t -  
mosphere  abou t  the  solut ion.  The  o ther  cell was  
m a c h i n e d  f rom 3-in.  d i ame te r  Teflon rod, used w a -  
t e r - s ea l ed  Teflon to Teflon s t a n d a r d  t aper  joints ,  
and  had  a capaci ty  of 150 ml. Connec t ions  to the  
re fe rence  c o m p a r t m e n t  and  gas connec t ions  were  
m a d e  us ing  Teflon "spaghet t i "  t u b i n g  of va r ious  
d iameters .  This  t u b i n g  was  led in to  the  cell by  
forc ing  i t  t h r o u g h  holes of s l ight ly  smal le r  d i a m -  
eter  dr i l led  e i ther  in to  the cell or in to  s t a n d a r d  
t aper  f i t t ings which  were  placed on the  cell. Such  
seals, especia l ly  w h e n  wa te r - sea led ,  p roved  v e r y  
sat isfactory.  

The z i r con ium electrodes were  cy l inders  abou t  
1 cm long m a c h i n e d  f rom crys ta l  ba r  rod e i ther  % 
or 1~ in. in  d iameter .  They  were  m o u n t e d  on the  
end  of a Teflon rod so t ha t  one end  of the  cy l i nd r i -  
cal e lectrode was  masked  f rom the  solut ion.  E lec-  
t r ica l  contac t  was m a d e  by  a s ta inless  steel rod 
which  passed t h r o u g h  the  axis of the  rod and  was  
th readed  in to  the  m a s k e d  end of the  electrode.  
Po la r iz ing  cu r r en t s  were  passed th rough  a p l a t -  
i n u m  gauze e lec t rode  abou t  1 in. in  d i ame te r  which  

was p laced  a r o u n d  the  z i r con ium electrode. A 20 
gauge p l a t i n u m  wi re  p robe  p laced  a few mi l l i -  
meters  f rom the  z i r con ium electrode se rved  as a 
re fe rence  probe  for t r a n s i e n t  and  capaci ty  m e a s u r e -  
ments .  For  long t e r m  m e a s u r e m e n t s ,  a s a t u r a t ed  
calomel  e lectrode in  a separa te  c o m p a r t m e n t  was  
b r idged  into the  cell wi th  the  Teflon "spaghe t t i "  
tub ing .  Normal ly ,  the  b r idge  and  the  con ta ine r  in  
which  the  re fe rence  electrode was  i m m e r s e d  were  
filled w i th  a so lu t ion  ident ica l  to tha t  in  use bu t  
which  did not  con ta in  HF. I n  all  exper imen t s ,  the  
cells we re  m a i n t a i n e d  at 25~ the  150 m l  cell to 
w i t h i n  --0.1 ~ by  a wa te r  t h e r m o s t a t  and  the  other  
cell to w i t h i n  ---+ 1 ~ b y  the  room thermos ta t .  The  cells 
were  t ho rough ly  c leaned wi th  a 1:1 m i x t u r e  of 
concen t ra t ed  HNO3 and  H2SO4, and  r insed  wi th  
t r ip ly  dis t i l led water .  

In  these exper imen t s ,  the  concen t r a t i on  of HF 
var ied  f rom 0.001 to 0.02N. In  some exper imen t s ,  
no add i t iona l  e lec t ro ly te  was  added,  bu t  u sua l l y  
H2SO4, Na2SO4, or bo th  Na2SO4 and  H2SO4 were  
added. Al l  solut ions  were  p r epa red  f rom w a t e r  tha t  
was  dis t i l led  at  least  twice. One  of the d is t i l la t ions  
was m a d e  f rom a lka l ine  po t a s s ium p e r m a n g a n a t e  
solut ion.  I n  some of the  exper imen t s ,  the  w a t e r  was  
dis t i l led four  t imes,  and  the  solut ions  were  p re -  
electrolyzed,  bu t  no i m p r o v e m e n t s  in  resul t s  were  
noted.  In  these exper imen t s ,  the  d issolu t ion  of the  
electrode was  r ap id  enough  so tha t  a n e w  surface  
was  c on t i nua l l y  exposed to the  solut ion.  

Po ten t ios ta t i c  c u r r e n t - v o l t a g e  curves  were  de-  
t e r m i n e d  wi th  an  e lect ronic  po ten t ios ta t  developed 
at this  l abora tory .  This  po ten t ios ta t  was  able  to 
res tore  the  correct  po ten t i a l  in  about  5-10 msec 
af ter  pe r tu rba t ions .  C u r r e n t s  f rom the  po ten t ios ta t  
were  recorded on  a B r o w n  100 m v  recorder  coupled 
wi th  a H e w l e t t  P a c k a r d  mode l  425AR D-C mic ro -  
volt  ammete r .  The  l a t t e r  i n s t r u m e n t  m e a s u r e d  the  
po ten t i a l  drop across prec is ion  resis tors  in  the  po-  
t en t ios ta t  circuit .  Po t en t i a l  differences b e t w e e n  the  
test  a nd  re fe rence  electrodes w e r e  m e a s u r e d  w i th  
a K e i t h l y  610R e lec t romete r  coupled to the  B r o w n  
recorder .  

Ga lvanos ta t i c  pulses  for t r a n s i e n t  a nd  capaci ty  
m e a s u r e m e n t s  were  supp l ied  b y  a c i rcui t  v e r y  s im-  
i lar  to t ha t  descr ibed  by  Vet te r  and  A r n o l d  (5) .  
This  c i rcui t  used a Clare  m e r c u r y - w e t t e d - c o n t a c t  
r e lay  in  c on j unc t i on  wi th  ba t t e r i e s  a nd  appropr i a t e  
resistors.  The  45v necessa ry  to t r igger  the  r e l ay  
was  suppl ied  e i ther  by  a T e k t r o n i x  Type  161 pulse  
gene ra to r  or a Type  162 w a v e - f o r m  genera tor .  By 
su i tab le  a d j u s t m e n t  of these  i n s t r u m e n t s ,  one could 
ob ta in  pulse  l eng ths  of f rom a few mi l l i seconds  to 
10 sec. Longer  pulses  we re  ob ta ined  b y  m a n u a l  
t r igger ing .  D e p e n d i n g  on the  c i rcui t  pa ramete r s ,  
pulses  were  ob ta ined  tha t  ach ieved  cons tan t  c u r r e n t  
in  f rom less t h a n  a microsecond to a few mic ro -  
seconds. 

Results 
Steady-state pola~zation.--Steady-state c u r r e n t  

vol tage  curves  could on ly  be ob ta ined  b y  us ing  the  
po ten t ios ta t  on the  anodic  side of open circuit .  
Ga lvanos ta t i c  m e a s u r e m e n t s  p roduced  on ly  t r a n -  
s ients  which  are discussed below. Open  circui t  po-  
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Fig. 1. Anodic polarization of zirconium (potentiostatic) in HF 
solutions; all solutions 1 .8N in H2SO4,  2 5 ~  He atmosphere, 
stirred. 

t en t ia l s  r a n g e d  f r o m  --650 to --1000 m v  vs. SCE 
for  so lu t ions  con ta in ing  bo th  H F  and H2SO4 and 
b e c a m e  m o r e  ca thodic  as the  h y d r o g e n  ion con-  
c e n t r a t i on  was  reduced .  In  genera l ,  at  cons tan t  su l -  
fur ic  acid concen t ra t ion ,  the  po ten t i a l s  w e r e  m o r e  
n e g a t i v e  at  the  h i g h e r  concen t r a t ions  of HF,  bu t  
t h e r e  was  not  sufficient r e p r o d u c i b i l i t y  of open 
c i rcui t  po ten t ia l s  to es tab l i sh  a q u a n t i t a t i v e  r e l a -  
tion. In  fact,  r eve r sa l s  of this  gene ra l i za t ion  w e r e  
noted.  

In Fig.  1, the  resu l t s  a re  p lo t t ed  fo r  po ten t ios ta t i c  
d e t e r m i n a t i o n s  of the  c u r r e n t - v o l t a g e  c u r v e  on the  
anodic  s ide of open c i rcu i t  at  va r ious  concen t r a t ions  
of HF.  Each  of these  cu rves  shows a cons tan t  c u r -  
r en t  p l a t e a u  cha rac t e r i s t i c  of mass  t r a n s f e r  con t ro l  
and a t ta ins  its p l a t e a u  w i t h i n  abou t  100 m v  of  t he  
open c i rcu i t  po ten t i a l  as w o u l d  be e x p e c t e d  if the  
ra te  w e r e  l imi t ed  by  mass  t r a n s f e r  also at  open 
circuit .  The  r eco rded  cu r r en t s  w e r e  not  a c tua l l y  
s teady  but  osc i l la ted  about  an  a v e r a g e  v a l u e  in a 
m a n n e r  cha rac te r i s t i c  of mass  t r ans fe r .  The  h e i g h t  
of t he  p l a t eau  is a p p r o x i m a t e l y  p ropo r t i ona l  to the  
c oncen t r a t i on  of HF.  In  these  expe r imen t s ,  s l ight  
s t i r r ing  was  ach i eved  by  bubb l ing  He  into  t he  b o t -  
t o m  of the  cell. S ince  the  g e o m e t r y  of the  cel l  sys-  
t e m  was  f ixed and s ince  the  flow r a t e  of t he  He  was  
m a i n t a i n e d  cons tan t  w i t h  a f low me te r ,  the  d i f fe r -  
ent  e x p e r i m e n t s  w e r e  conduc ted  u n d e r  a p p r o x i -  
m a t e l y  equa l  mass  t r a n s f e r  condi t ions.  F r o m  the  
da ta  shown  in Fig.  1, the  fo l l owing  equa t i on  for  
the  r a t e  of d isso lu t ion  can  be ca lcula ted .  

i = 9.4 x 10 -9  [ H F ]  [1] 

w h e r e  i is the  r a t e  of d isso lu t ion  in a m p / c m  2 and  
[ H F ]  is the  concen t r a t i on  in moles  pe r  l i ter .  In  
o rde r  to show t h a t  this  c u r r e n t  cor responds  to t he  
d isso lu t ion  of z i r c o n i u m  as m e a s u r e d  by  loss of  
we igh t ,  s eve r a l  e x p e r i m e n t s  w e r e  conduc ted  in 
w h i c h  the  e lec t rodes  w e r e  he ld  a t  leas t  200 m v  
anodic  to the  open c i rcu i t  p o t e n t i a l  for  e x t e n d e d  
per iods  of t i m e  and  the  w e i g h t  loss d e t e r m i n e d .  The  
resu l t s  a re  shown in Tab le  I. T h e  t h e o r e t i c a l  w e i g h t  
losses w e r e  ca l cu la t ed  w i t h  the  r ea sonab le  a s s u m p -  
t ion tha t  the  e q u i v a l e n t  w e i g h t  is o n e - f o u r t h  the  

Table I. Comparison of  weight loss measured and weight loss 
calculated from total  charge. Al l  solutions at  2 5 ~  electrodes 

held potentiostatically at least 200 my anodic to corrosion potential  

W t .  l o s s  W t .  l o s s  
S o l u t i o n  c o m p o s i t i o n  m e a s . ,  m g  c a l c . ,  m g  % E r r o r  

0.005N HF 1N H2SO4 1.9 1.90 0 
0.005N HF IN H2804 2.0 1.40 30 
0.005N HF 1N H2804 2.6 2.53 2.7 
0.01N HF 1N H2804 5.3 4.83 8.9 
0.01N HF 2N H2804 5.45 5.20 4.6 
0.0067N HF 1.8N H2804 7.0 6.60 5.7 

a tomic  weigh t .  The  to ta l  cha rge  tha t  was  passed was  
d e t e r m i n e d  by  g raph ica l  i n t eg ra t i on  of  the  c u r r e n t -  
t i m e  t race  r e c o r d e d  f r o m  the  po ten t ios ta t .  S t i r r i ng  
condi t ions  and  cel l  g e o m e t r y  w e r e  s imi la r  to those  
used in the  d e t e r m i n a t i o n s  shown  in Fig.  1. As  Tab le  
I shows,  t he  ca l cu la t ed  and  m e a s u r e d  w e i g h t  losses 
agree  excep t  t ha t  the  ca lcu la ted  w e i g h t  losses are  
cons i s ten t ly  s l igh t ly  low. The  reason  for  the  30% 
e r ro r  in the  second e x p e r i m e n t  is not  known.  

We igh t - l o s s  e x p e r i m e n t s  w e r e  also conduc ted  at  
open circuit ,  and  the  resu l t s  of these  e x p e r i m e n t s  
are  shown  in Tab le  II. The  first  f ive e x p e r i m e n t s  
w e r e  conduc ted  u n d e r  a p p r o x i m a t e l y  the  same con-  
di t ions  as those  shown  in Fig.  1. The  o thers  w e r e  
done  w i t h  no s t i r r ing  at all. The  a v e r a g e  v a l u e  of 
the  r a t e  d iv ided  by  the  concen t r a t i on  of H F  is 10.4 
x 10 -2 a m p - c m - 2 - m o l e - l - l i t e r .  This  can be c o m -  
p a r e d  to the  v a l u e  of 9.4 x 10 -2 shown  in  Eq. [1].  
The  a p p r o x i m a t e  co r r e spondence  of these  cons tants  
shows tha t  the  r a t e  at open c i rcu i t  is abou t  equa l  
to the  c u r r e n t  on the  mass  t r a n s f e r  p la teau .  The  
a v e r a g e  v a l u e  of the  cons tan t  for  u n s t i r r e d  so lu-  
t ions is 4.11 x 10 -2, w h i c h  is less t h a n  ha l f  of the  
v a l u e  for  s t i r r ed  solutions.  This  shows t h a t  e v e n  
the  s l ight  s t i r r i ng  e m p l o y e d  in the  first f ive e x p e r i -  
men t s  had  a l a rge  effect  on the  rate .  

In  a f e w  expe r im en t s ,  sod ium su l fa te  was  sub-  
s t i tu t ed  for  the  1N H2SO4, so tha t  the  H + concen -  

Table II. Rates of dissolution of zirconium in solutions of HF by 
weight loss. All solutions He or H2 atmosphere and 25~ 

R a t e  + [ I -~" ]  
alTtp/elTl -,~ 

S o l u t i o n  c o m p o s i t i o n  R a t e  i n  a m p / c m - 2  M - I  l i t e r  

S t i r r e d  s o l u t i o n s  

0.02N HF  1N H2SO4 1.95 X 10 -3 9.8 X 10 -2 
0.0133N HF 1.8N H2SO4 1.56 X 10 -~ 11.7 X 10 -2 
0.01N HF 1N H2SO4 9.55 X 10 -4 9.5 X 10 -2 
0.005N HF 1N H2SO4 4.96 • 10 -4 9.9 X 10 -2 
0.005N HF 1N H2804 5.60 X 10 -4 11.2 X 10 -2 
Average  10.4 X 10 -2 

U n s t i r r e d  s o l u t i o n s  

&02N HF 1N H2804 7.90 X 10 -4 3.95 X 10 -2 
0.02N HF 1N H2804 8.60 X 10 -4 4.30 X 10 -2 
0.02N HF 1N H2804 6.50 X 10 -4 3.25 X 10 -2 
0.02N HF 1N H2804 8.25 X 10 -4 4.12 X 10 -2 
0.02N HF 1N H2SO4 8.16 X 10 -4 4.08 X 10 -2 
0.0133N HF* 1M Na2SO4 5.90 X 10 -4 5.56 X 10 -2 
0.0133N HF* 1M Na2SO4 4.90 X 10 -4 4.62 X 10 -2 
0.01N HF 1N H2SO4 3.68 X 10 -4 3.68 X 10 -2 
0.01N HF 1N H2SO4 3.44 X 10 -4 3.44 X 10 -2 
Average  4.11 X 10 -2 

* C o n c e n t r a t i o n  of  u n d i s s o e i a t e d  H F  c a l c u l a t e d  to  b e  0 .0106/9  as -  
s u m i n g K  = 6.9 x 10  -4 . 
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Fig. 2. Oscilloscopic voltage-time traces of galvanostatic pulses 
applied to zirconium in 0.0133N HF, 1N H2SO4 at 25~ and He 
atmosphere: 1, anodic, 2.1 x 10 - 4  amp/cm 2, 10 ms/cm horizontal, 
2 mv/cm vertical; 2, anodic, 5.12 x 10 -8  amp/cm 2, 10 ms/cm, 
50 mv/cm; 3, cathodic, 2.1 x 10 -4  amp/cm 2, 10 ms/cm, 2 
mv/cm; 4, cathodic, 5.12 x 10 -3  amp/cm 2, 10 ms/cm, 20 mv/cm. 

t r a t i o n  was  m u c h  l o w e r  a n d  the  F -  and  H F 2 -  con-  
c e n t r a t i o n s  w e r e  m u c h  h igher .  These  e x p e r i m e n t s  
w e r e  done  u n d e r  u n s t i r r e d  cond i t ions  and,  as s h o w n  
in Tab le  II, t he  r a t e  was  f o u n d  to be  a b o u t  t he  
s a m e  as r a t e s  in H2SO4 so lu t ions  at  t he  s ame  con-  
c e n t r a t i o n  of I-IF. 

Transient  polarizat ion.--Since long  t e r m  g a l v a n o -  
s t a t i c  e x p e r i m e n t s  a l w a y s  s h o w e d  d r i f t i n g  a n d  
c o m p l i c a t e d  t r a n s i e n t  behav io r ,  a l l  cons t an t  c u r r e n t  
e x p e r i m e n t s  w e r e  c o n d u c t e d  w i t h  pu l ses  of  a b o u t  
0.1 sec in  d u r a t i o n .  T h e  g e n e r a l  b e h a v i o r  of t he  
p o t e n t i a l  as a func t ion  of t i m e  is s h o w n  in Fig .  2. 
At  low c u r r e n t  dens i t ies ,  d u r i n g  a pu l se  of 70 to 80 
msec,  t he  p o t e n t i a l  changes  o n l y  s l i g h t l y  w i t h  t i m e  
a f t e r  t he  s l igh t  in i t i a l  h u m p .  A t  h igh  ca thod ic  c u r -  
r e n t  dens i t ies ,  the  p o t e n t i a l  t ends  to d rop  s l i g h t l y  
w i t h  t ime .  H o w e v e r ,  a t  h igh  anodic  c u r r e n t  d e n -  
si t ies,  t he  p o t e n t i a l  r i ses  s t e ep ly  w i t h  t ime ,  t he  
s lope  i nc r ea s ing  w i t h  i n c r e a s i n g  c u r r e n t  dens i ty .  
A s l igh t  p e a k  was  f r e q u e n t l y  o b s e r v e d  in  t he  f irst  
f ew mi l l i s econds  of t he  pulse .  A v a l u e  for  t he  p o l a r -  
i za t ion  (E-Ecorr) can  be  o b t a i n e d  b y  e x t r a p o l a t i n g  
the  l i n e a r  sec t ion  of t h e  p o t e n t i a l  t i m e  c u r v e  to  
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Fig 3. Transient polarization curve of zirconium. Crystal bar 
zirconium, 0.005N HF, 1N H2S04, 25~ He atmosphere. 
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zero t ime.  I f  these  p o t e n t i a l  changes  a r e  t h e n  
p l o t t e d  as log of c u r r e n t  vs. po la r i za t ion ,  p lo t s  such  
as t he  one s h o w n  in Fig .  3 a r e  ob ta ined .  These  p lo t s  
a r e  i n t e r p r e t e d  as t r a n s i e n t  c u r r e n t  p o t e n t i a l  cu rves  
w h i c h  r e l a t e  to t he  s t a t e  of t he  e l ec t rode  a t  t he  on-  
set  of  p o l a r i z a t i o n  a n d  a re  d i scussed  f u r t h e r  be low.  
In  t he  fo l lowing  d iscuss ion ,  these  p lo t s  m u s t  no t  
be  confused  w i t h  s t e a d y - s t a t e  p o l a r i z a t i o n  curves ,  
for  t h e r e  is a Ta fe l  r eg ion  on  the  anod ic  s ide  in  
the  t r a n s i e n t  case  and  no Ta fe l  r eg ion  on the  anodic  
s ide  in the  s t e a d y - s t a t e  case. 

D e t e r m i n a t i o n s  of t he  o r d e r  of t he  ca thod ic  r e -  
ac t ion  w i t h  r e spe c t  to h y d r o g e n  ion w e r e  c a r r i e d  
out  in  e x p e r i m e n t s  in w h i c h  the  c o n c e n t r a t i o n s  of 
H F  a n d  to t a l  su l f a t e  w e r e  k e p t  cons t an t  a n d  the  
h y d r o g e n  ion c o n c e n t r a t i o n  va r i ed .  A n  e x a m p l e  of 
such an  e x p e r i m e n t  is shown  in Fig.  4. The  o r d e r  
of t he  r e d u c t i o n  r e a c t i o n  is e q u a l  to t he  s lope  of 
t he  l i ne  o b t a i n e d  b y  p l o t t i n g  t h e  l o g a r i t h m  of  t he  
c u r r e n t  vs. the  l o g a r i t h m  of t he  h y d r o g e n  ion  con-  
cen t ra t ion .  In  Fig .  5, t he se  l ines  a r e  p l o t t e d  for  
d u p l i c a t e  d e t e r m i n a t i o n s  t a k e n  on success ive  d a y s  
w i t h  t he  s ame  e lec t rode .  The  e l ec t rode  su r f a c e  was  
r e n e w e d  a n d  t h e  so lu t ion  c h a n g e d  b e t w e e n  e x -  
p e r i m e n t s .  The  sol id  l ines  a n d  the  open  c i rc les  
r e p r e s e n t  the  e x p e r i m e n t  s h o w n  in Fig .  4 , - a n d  the  
d a s h e d  l ines  and  sol id  po in t s  r e p r e s e n t  t he  d u p l i c a t e  
e x p e r i m e n t .  The  s lopes  of t he  sol id  l ines  h a v e  
va lues  s l i g h t l y  g r e a t e r  t h a n  0.8, and  t h e  s lopes  of 
t he  d a s h e d  l ines  a r e  a b o u t  e q u a l  to  1.0. The  o r d e r  
is t h e r e f o r e  t a k e n  to be  un i ty .  The  h y d r o g e n  ion 
c onc e n t r a t i on  was  c a l c u l a t e d  b y  t a k i n g  the  d i sso-  
c ia t ion  quo t i en t  of  H S O 4 -  into  account .  2 A l l  t h r e e  
so lu t ions  had  a b o u t  the  s a m e  ionic  s t r e n g t h  so t h a t  
the  a c t i v i t y  coefficients a n d  the  d i s soc ia t ion  q u o t i e n t  
of  H S O 4 -  r e m a i n e d  a p p r o x i m a t e l y  cons tan t .  

I f  i t  is a s s u m e d  t h a t  m i x e d - p o t e n t i a l  t h e o r y  (7)  
app l i e s  to th is  sys tem,  t h e n  the  c u r r e n t - v o l t a g e  

I n  t h i s  c a l c u l a t i o n ,  t h e  s t r o n g  d e p e n d e n c e  o f  t h e  i o n i z a t i o n  c o n -  
s t a n t  o f  H S O ~ -  o n  t h e  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n  m u s t  b e  t a k e n  
i n t o  a c c o u n t .  F o r  t h e s e  s o l u t i o n s ,  t h e  i o n i z a t i o n  c o n s t a n t  o f  H S O 4 -  
i s  a b o u t  u n i t y ,  s e e  r c f .  ( 6 ) .  
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Fig. 4. Cathodic polarization of crystal bar zirconium in solu- 
tions of different H + concentration. All solutions 0.01N in HF, 
25~ He atmosphere. A ,  0.05M H2SO4, 0.95M Na~SO4; �9 0.1M 
H2SO4, 0.gM Na2SO4; r-I, 0.25M H2SO4, 0.75M Na2SO4. 
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curves  for the t r a n s i e n t  po la r iza t ion  should  be g iven  
by  the fo l lowing express ion  

i = KaC~,i exp ( + ~ z a F E / R T )  -- 

KcCc,i exp ( - -aczcFE/RT)  [2] 

where  Ks and  Kc are cons tan ts  for the  t r a n s i e n t  
anodic  and  cathodic react ions,  respect ively ,  C~,i and  
Cc.i are  the  concen t ra t ions  of r eac tan t s  at  the  elec-  
t rode in terface ,  ~aZa and  ~cZc are the  t r ans fe r  coeffi- 
cients  and  charge n u m b e r s  of the  anodic  and  
cathodic react ions,  respect ively ,  and  the  o ther  
t e rms  have  the i r  u sua l  significance. Table  I I I  shows 
va lues  of .O~aZ a and  ~cZc for a n u m b e r  of exper iments .  
It  wi l l  be no ted  tha t  ~cZc tends  to be abou t  0.5 and  
~az~ less t h a n  0.5. I t  is i m p o r t a n t  to note  tha t  the 
anodic  ~aZa factor  becomes smal ler ,  on the average,  
w i th  decreas ing  concen t r a t i on  of HF.  

Capaci ty  de termina t ions . - -Capac i t i e s  were  de-  
t e r m i n e d  by  m e a s u r i n g  the  in i t i a l  slopes of the  po-  

Table III. ~z Factors for zirconium in HF solutions at 25"C 
with He or H2 atmosphere, all solutions unstirred 

~cZe ~aZa 
S o l u t i o n  c o m p o s i t i o n  C a t h o d i c  A n o d i c  

0.02N HF 1N H2SO4 0.51 0.33 
0.02N HF 1N H2SO4 0.50 0.38 
0.02N HF 1N H2804 0.49 0.46 
0.02N HF 1 N  H 2 S O 4  0.60 0.46 
0.02N HF 1N H2SO4 0.60 0.39 
0.02N HF 1N H2SO4 0.63 0.33 
Average value 0.56 0.40 

0.01NHF 1NHeSO4 0.54 0.40 
0.01N HF 1N H2SO4 0.50 0.36 
0.01N HF 1N H2SO4 0.57 0.24 
0.01N HF 1N H2SO4 0.54 0.24 
Average value 0.54 0.31 

0.075N HF 1N H2SO4 0.54 0.23 
0.005N HF 1N H2S04 0.57 0.21 
0.005N HF 1N H2SO4 0.54 0.21 

Table IV. Capacities of zirconium in various solutions 

S o l u t i o n  C a p a c i t y ,  ~ F / c m  2 

0.01N HF, 1N H2SO4 5.3 
1N H2SO4 3.8 
1M Na2SO4 3.8 

0.01N HF, 1N H2SO4 5.5 
1N H2SO4 3.9 
1M Na2SO4 3.8 

0.001N HF, 1N H2SO4 3.4 
1N H2804 3.3 
1M Na2SO4 3.3 

t en t i a l  t ime  t race ( d V / d t )  u p o n  app l ica t ion  of a 
ga lvanos ta t i c  c u r r e n t  pulse.  In  genera l ,  the  cu r ren t s  
used in  the pulses  we re  kep t  as la rge  as possible,  
and  the slope was m e a s u r e d  d u r i n g  the  first 10 to 
20 ~sec. The capacit ies per  u n i t  a rea  were  t h e n  
ca lcu la ted  f rom the  fo l lowing equa t i on  in  the  u sua l  
w a y  

C = i dt [3] 

where  i is the  c u r r e n t  densi ty .  
Capacit ies  were  m e a s u r e d  as a f unc t i on  of the 

concen t r a t i on  of HF.  In  th ree  solut ions  con ta in ing  
1N H2SO4, a nd  HF concen t ra t ions  of 0.001, 0.005, 
and  0.01N, the  capacit ies were  d e t e r m i n e d  to be 
2.15, 4.1, and  5.2 /~F/cm 2, respect ively .  In  ano the r  
expe r imen t ,  al l  condi t ions  were  dupl ica ted  as 
closely as possible  except  tha t  ga lvanos ta t i c  pulses  
were  supp l ied  by  a fast  po ten t ios ta t  used  as a 
cons t an t  c u r r e n t  gene ra to r  (Ja iss le  Poten t ios ta t ,  
S tu t tgar t ,  G e r m a n y ) .  Capaci t ies  were  t h e n  meas -  
u r ed  to be 2.75, 3.7, and  5.1/~F/cm 2. In  bo th  exper i -  
ments ,  the capacit ies increased  as the HF  concen-  
t r a t i on  increased.  

Capacit ies  were  also m e a s u r e d  in e xpe r i me n t s  in  
which  the electrode was p laced  first in  solut ions  of 
HF and  1N H2SO4 u n t i l  a s t eady- s t a t e  capaci ty  was  
achieved.  The so lu t ion  was t hen  qu ick ly  changed  
by  means  of the  cell descr ibed in  the e x p e r i m e n t a l  
sect ion to a so lu t ion  con ta in ing  only  1N H2SO4 and  
then  to ano the r  con t a in ing  on ly  1M Na2SO4. The  
resul t s  of these  e xpe r i me n t s  are shown in  Table  IV. 

In  other  exper imen t s ,  capaci t ies  we re  m e a s u r e d  
as a func t ion  of potent ia l .  These e xpe r i me n t s  were  
car r ied  out by  se t t ing  the po ten t i a l  w i th  the slow 
po ten t ios ta t  descr ibed in  the  e x p e r i m e n t a l  section. 
Plots  of capaci ty  vs. po ten t i a l  for va r ious  solut ions  
are shown in  Fig. 6, where  it is shown  tha t  the 
capaci ty  decreases as the po ten t i a l  becomes more  
anodic. 

Effect  of f luoride ions . - - In  order  to d e t e r m i n e  the  
effect of f luoride ion on the  d isso lu t ion  react ion,  
progress ive  a m o u n t s  of N a F  were  added  to a so lu-  
t ion con ta in ing  0.0067N HF and  1M Na2SO4, in  
which  a z i r con ium electrode had  reached  s teady-  
state corrosion behavior .  Rates  were  es t imated  f rom 
m e a s u r e m e n t s  of the  po la r i za t ion  res i s tance  ac-  
cording  to the  fo l lowing equa t ion  (8) 

R T  di \ 1 
= - -  ) x [4 ]  

i F x dE F~/gcorr OtcZc "3 L ~aZa 
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Fig.  6.  V a r i a t i o n  o f  c a p a c i t y  o f  z i r c o n i u m  wi th  p o t e n t i a l ,  2 5 ~  
H e  a t m o s p h e r e .  A l l  so lu t ions  1 . 8 N  in H 2 S O 4 .  

w h e r e  di/dE)~-~Er is t he  p o l a r i z a t i o n  res i s t ance ,  

i.e., the  s lope  of t he  t r a n s i e n t  c u r r e n t - p o t e n t i a l  
c u r v e  at  t he  open  c i r cu i t  po ten t i a l .  I t  was  o b s e r v e d  
t h a t  t he  r a t e s  and  c a p a c i t y  i n c r e a s e d  s o m e w h a t  as 
the  N a F  w a s  added .  H o w e v e r ,  e x a m i n a t i o n  w i t h  a 
s t e reo  mic roscope  s h o w e d  t h a t  c o n s i d e r a b l e  su r f ace  
r o u g h e n i n g  h a d  t a k e n  p l ace  so t h a t  i t  is poss ib l e  
t h a t  the  c u r r e n t  d e n s i t y  m a y  no t  h a v e  inc reased .  
W h e n  t h e  c o n c e n t r a t i o n  of N a F  r e a c h e d  a b o u t  0.1M, 
the  p o t e n t i a l  b e c a m e  m o r e  anod ic  sudden ly ,  and  the  
r a t e  fe l l  s e v e r a l  o rde r s  of m a g n i t u d e .  F u r t h e r  e x -  
p e r i m e n t s ,  in w h i c h  the  e l ec t rode  was  p l a c e d  into  
so lu t ions  con t a in ing  0.0133N HF,  0.1M NaF ,  and  1M 
Na2SO4 s h o w e d  no w e i g h t  loss ove r  a d a y  and  a 
c a p a c i t y  of 1.6 # F / c m  2. Microscop ic  e x a m i n a t i o n  
showed  a w h i t e  c r y s t a l l i n e  p r e c i p i t a t e  on the  s u r -  
face.  These  o b s e r v a t i o n s  ( e x c e p t  fo r  t he  c a p a c i t y  
m e a s u r e m e n t s )  a r e  s i m i l a r  to those  of S t r a u m a n i s  
et al. (3 ) ,  w h o  r e p o r t e d  t h a t  t he  f i lm w a s  p r o b a b l y  
Na3ZrF~. 

D i s c u s s i o n  

The  s ign i f ican t  o b s e r v a t i o n s  a r e  t he  fo l lowing :  
(a )  A l i m i t i n g  c u r r e n t  p l a t e a u  w h i c h  is p r o p o r t i o n a l  
to the  c o n c e n t r a t i o n  of H F  is o b s e r v e d  w h e n  z i r -  
con ium is p o l a r i z e d  a n o d i c a l l y  w i t h  a po t en t i o s t a t .  
(b )  In  so lu t ions  c o n t a i n i n g  s t rong  acid,  c a p a c i t y  
m e a s u r e m e n t s  y i e l d  v a l u e s  v a r y i n g  f rom a b o u t  1 
to 10 ~ F / c m  2. (c)  The  c a p a c i t y  dec reases  w i t h  d e -  
c r ea s ing  c o n c e n t r a t i o n  of  HF,  a l l  o the r  fac to rs  r e -  
m a i n i n g  equal .  (d)  The  c a p a c i t y  dec reases  as z i r -  
con ium is p o l a r i z e d  anod ica l ly .  (e )  W h e n  l a r g e  
anod ic  g a l v a n o s t a t i c  c u r r e n t s  a r e  a p p l i e d  to t he  
e lec t rode ,  t he  p o t e n t i a l  r i ses  a p p r o x i m a t e l y  l i n e a r l y  
w i t h  t ime.  ( f )  T r a n s i e n t  p o l a r i z a t i o n  cu rves  (Fig .  
3) can  be  o b t a i n e d  us ing  a g a l v a n o s t a t i c  pu l se  t e c h -  
n ique  in so lu t ions  con t a in ing  suff icient  s t r ong  acid.  

I t  w i l l  be  s h o w n  b e l o w  t h a t  these  r e su l t s  can  bes t  
be  e x p l a i n e d  if  i t  is a s s u m e d  tha t  t he  d i s so lu t ion  is 
a p rocess  i n v o l v i n g  the  con t inuous  f o r m a t i o n  and  
d i s so lu t ion  of a f i lm and  t h a t  i t  is no t  a p rocess  in 
w h i c h  b a r e  m e t a l  r e ac t s  d i r e c t l y  w i t h  so lvent .  F u r -  
t h e r m o r e ,  i t  is a s s u m e d  t h a t  t he  d i s so lu t ion  r a t e  is 
con t ro l l ed  b y  t h e  r a t e  of mass  t r a n s f e r  of u n d i s s o -  
c ia ted  H F  to t h e  su r f ace  and  t h a t  t he  f o r m a t i o n  of 
t h e  f i lm is con t ro l l ed  b y  the  u s u a l  anod iz ing  e q u a -  
t ion  (9)  

afzflVF a~zfl V F / R T  
ia = Ka exp  --  Ka exp  [5]  
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w h e r e  K~ is a cons tan t ,  I is the  e l e m e n t a r y  j u m p  
d is tance ,  zr is the  cha rge  n u m b e r  of t he  m i g r a t i n g  
species,  d is t he  f i lm th ickness ,  do is the  i n i t i a l  f i lm 
th ickness ,  Kf is a cons t an t  r e l a t i n g  cha rge  a n d  fi lm 
th ickness ,  t is t ime,  and  the  r e s t  of the  t e r m s  h a v e  
t h e i r  u sua l  s ignif icance.  The  t e r m  a~ r e f e r s  to t he  
f r ac t i on  of the  p o t e n t i a l  changes  t ha t  a p p l y  to film 
fo rma t ion .  This  m o d e l  is t h e r e f o r e  s im i l a r  to a 
m o d e l  of the  co r ros ion  of pa s s ive  i ron  w h i c h  was  
p r o p o s e d  b y  V e t t e r  (10) .  

I t  s eems  c lear  f r o m  the  d a t a  t h a t  the  r e a c t i o n  at  
t he  e l e c t r o l y t e - f i l m  i n t e r f a c e  is c o n t r o l l e d  b y  the  r a t e  
of mass  t r a n s f e r  of u n d i s s o c i a t e d  H F  to t he  su r f ace  
of t he  f i lm in a g r e e m e n t  w i t h  p r e v i o u s  i n v e s t i g a -  
t ions ( 1 - 4 ) .  The  ex i s t ence  of t he  l i m i t i n g  c u r r e n t  
p l a t e a u s  shown  in Fig .  1 a n d  the  fac t  t h a t  these  
l i m i t i n g  c u r r e n t s  a r e  s t i r r i n g  d e p e n d e n t  a n d  show 
c u r r e n t  osc i l l a t ions  t y p i c a l  of mass  t r a n s f e r  p r o c -  
esses (11) s u p p o r t  th is  conclus ion.  If  t he  a p p r o x -  
i m a t e  N e r n s t  d i f fus ion l a y e r  t r e a t m e n t  is a s s u m e d  
to be  app l i cab le ,  t hen  a v a l u e  for  t he  ef fec t ive  
t h i ckness  os the  d i f fus ion l a y e r  can  be  ca lcu la ted .  
The  l i m i t i n g  c u r r e n t  is t hen  g iven  b y  the  e x p r e s s i o n  

C 
is -= n F A D  - [6]  

w h e r e  nF is t he  a m o u n t  of  cha rge  c a r r i e d  p e r  mo le  
of r eac t an t ,  A is t he  a r e a  of t he  e lec t rode ,  D is t he  
d i f fus ion  coefficient of the  d i f fus ing  subs tance ,  C 
is t he  b u l k  c o n c e n t r a t i o n  of t h e  d i f fus ing  species ,  
and  ~ is t he  effect ive  t h i ckness  of t he  d i f fus ion l ayer .  
W i t h  n -=-- 4 a n d  D = 10 -~ cm2/sec ,  ~ can  be  ca l cu -  
l a t e d  us ing  the  d a t a  of Fig.  1 to be  0.94 cm. The  d i f -  
fus ion  l a y e r  is n o r m a l l y  t a k e n  to be  a b o u t  10 -3 cm 
t h i c k  for  s t r o n g l y  s t i r r e d  so lu t ions  and  a b o u t  0.05 
cm for  n a t u r a l  convec t ion  (12) .  The  v a l u e  0.04 cm 
is abou t  r i gh t  a l t h o u g h  s l i g h t l y  h igh  for  t he  s t i r r i n g  
e m p l o y e d  here .  I f  t he  d a t a  for  t he  n o n s t i r r e d  runs  
w e r e  t aken ,  a v a l u e  of 0.09 cm w o u l d  be  c a l c u l a t e d  
for  the  diffusion l a y e r  as c o m p a r e d  to the  v a l u e  
0.05 cm g iven  above .  

I t  is diff icult  to assess t he  effect o f  t he  F -  a n d  
H F 2 -  ions  in ac id  so lu t ions  for  t h e i r  c o n c e n t r a t i o n s  
can  be  i nc r ea sed  s ign i f i can t ly  o n l y  in  n e u t r a l  or  
a l k a l i n e  solu t ions ,  and  as  s h o w n  a b o v e  the  i n -  
t e r p r e t a t i o n  of r e su l t s  in so lu t ions  c on t a in ing  no 
H2SO4 is c o m p l i c a t e d  b y  su r f a c e  roughen ing ,  f o r m a -  
t ion  of f luozi rconates ,  and  o t h e r  effects.  I t  is ev iden t ,  
h o w e v e r ,  t h a t  the  f luor ide  ion  a lone  has  no l a rge  
effect  on the  r a t e  of d i s so lu t ion  fo r  v a r y i n g  i ts  con-  
c e n t r a t i o n  p r o d u c e s  no l a rge  effect  on the  ra te .  

A l l  t he  c a p a c i t y  m e a s u r e m e n t s  gave  v a l u e s  on 
the  o r d e r  of 1 to 10 ~ F / c m  ~. I f  t he  e l e c t r o d e  w e r e  
f i lm free,  we  m i g h t  expec t  c a p a c i t y  v a l u e s  r o u g h l y  
equa l  to those  on o t h e r  b a r e  me ta l s ,  i.e., f r o m  20 
to 30 ~ F / c m  2 on smooth  su r f aces  and  40 to 50 
~ F / c m  2 on these  r o u g h  sur faces .  As  shown  in Tab le  
IV, the  c a p a c i t y  of an  e l e c t r o d e  t h a t  h a d  a t t a i n e d  
a s t e a d y - s t a t e  c a p a c i t y  in  0.001N I-IF and  1N HH2SO4 
d id  not  change  s ign i f i can t ]y  w h e n  i t  was  t r a n s f e r r e d  
q u i c k l y  to a so lu t ion  c o n t a i n i n g  on ly  1N It2SO4 and  
t h e n  to a so lu t ion  c on t a in ing  on ly  1M Na2SO4. This  
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e x p e r i m e n t  ind ica t e s  t h a t  t he  c a p a c i t y  d e p e n d s  on 
the  p r o p e r t i e s  of t h e  e lec t rode .  I t  is t h e r e f o r e  diffi- 
cul t  to i n t e r p r e t  t he se  s m a l l  c a p a c i t y  v a l u e s  in  a n y  
o t h e r  w a y  t h a n  as p r i m a r i l y  a f i lm capac i ty .  H o w -  
ever ,  t he  c a p a c i t y  of  an  e l e c t r o d e  t h a t  h a d  a t t a i n e d  
a c a p a c i t y  of 5.3 ~ F / c m  ~ in  0.01N H F  and  1N H~SO4, 
d e c r e a s e d  to a b o u t  3.8 ~ F / c m  ~ w h e n  t h e  e l ec t rode  
was  t r a n s f e r r e d  to 1N H2SO4 and  t h e n  to 1M Na2SO4. 
In th is  case, p s e u d o c a p a c i t y  m a y  c o n t r i b u t e  to the  
c a p a c i t y  in  the  H F  solut ion.  

The  f i lm th i ckness  m a y  be  e s t i m a t e d  if  t he  con-  
v e n t i o n a l  equa t i ons  d e s c r i b i n g  capac i t i e s  a r e  a s -  
s u m e d  to a p p l y  to th is  e l ec t rode  sys tem.  T a k i n g  the  
d i e l ec t r i c  cons t an t  of t he  f i lm to be  15, the  f i lm 
th i ckness  for  an  e l ec t rode  w i t h  a c a p a c i t y  of 5 
~ F / c m  ~ w o u l d  be  a b o u t  25A. Such  a t h i cknes s  cou ld  
eas i ly  be  e s s e n t i a l l y  t r a n s p a r e n t  to e l ec t rons  b y  a 
v a r i e t y  of  m e c h a n i s m s  (a  t u n n e l  effect,  e.g.). F u r -  
ther ,  a r e l a t i v e l y  s m a l l  p o t e n t i a l  d rop  of 250 m v  
could  p r o d u c e  field s t r e n g t h s  of l0  s v / c m ,  w h i c h  
a r e  suff ic ient ly  h igh  so t h a t  l a r g e  anod ic  c u r r e n t s  
a re  a t t a i n a b l e  w i t h  s m a l l  p o t e n t i a l  drops .  

The  inc rease  in  m e a s u r e d  c a p a c i t y  w i t h  i n c r e a s e  
in c o n c e n t r a t i o n  of  H F  can be e x p l a i n e d  on the  
bas is  of t he  a s s u m p t i o n s  g iven  above .  I t  is a p p a r e n t  
t ha t  th is  o b s e r v a t i o n  m e a n s  t h a t  the  th i ckness ,  
w h i c h  is i n v e r s e l y  p r o p o r t i o n a l  to t he  capac i ty ,  d e -  
c reases  as t he  r a t e  increases ,  s ince  t he  r a t e  is p r o -  
p o r t i o n a l  to  t he  c o n c e n t r a t i o n  of HF .  I n  o r d e r  t h a t  
t he  s y s t e m  a t t a i n  a s t e a d y  s ta te ,  t h e  r a t e  of f i lm 
f o r m a t i o n  m u s t  i n c r e a s e  as t he  r a t e  of d i s so lu t ion  
increases .  This  can  on ly  be  done  b y  i nc r ea s ing  the  
field in  t he  film, e i t h e r  b y  i nc r ea s ing  the  p o t e n t i a l  
or  b y  dec r ea s ing  the  f i lm th ickness .  But  the  p o t e n -  
t i a l  canno t  become  m o r e  anod ic  for  th is  w o u l d  d e -  
c rease  the  r a t e  of t he  ca thod ic  p rocess  w h i c h  m u s t  
n e c e s s a r i l y  be  equa l  to t he  anodic .  The re fo re ,  the  
f i lm th i cknes s  m u s t  d e c r e a s e  as t he  c o n c e n t r a t i o n  
of H F  is inc reased .  

S i m i l a r  cons ide ra t i ons  a p p l y  to t he  p o t e n t i o s t a t i c  
e x p e r i m e n t s  of Fig .  6. H e r e  i t  is shown  t h a t  t he  
c a p a c i t y  dec reases  and  t h e r e f o r e  t ha t  the  t h i ckness  
inc reases  as the  p o t e n t i a l  becomes  m o r e  anodic .  
S ince  the  c o n c e n t r a t i o n  of H F  r e m a i n s  cons t an t  d u r -  
ing the  e x p e r i m e n t ,  the  s t e a d y - s t a t e  r a t e  m u s t  a l -  
w a y s  be  the  same,  and  t h e r e f o r e  t he  field in  t he  

0 . 5  

~ E  
u 

& 

>-" o . 2  - 

~ 0 . ' 1  - -  

e: 

- 8 0 0  

I I I 

o 

L L L 
- 7 0 0  - 6 0 0  - 5 0 0  

P O T E N T I A L ,  m v  v s  S . C . E .  

- 4 0 0  

Fig. 7. Reciprocal capacity vs. potential for zirconium. A, (HF) 
0.0033N; B, (HF) ~ 0.0067N; C, (HF) = 0.0133N. All solutions 
1.8N H2SO4, 25~ He atmosphere. 

f i lm m u s t  r e m a i n  t h e  same.  This  can  on ly  be  done  
if the  f i lm th i cknes s  i nc reases  in  p r o p o r t i o n  to t he  
p o t e n t i a l  inc rease .  

S o m e  a t t e m p t s  w e r e  m a d e  to p u t  these  cons id -  
e r a t ions  on a m o r e  q u a n t i t a t i v e  basis .  F o r  e x a m p l e ,  
a p lo t  of r e c i p r o c a l  c a p a c i t y  vs. p o t e n t i a l  shou ld  be  
a s t r a i g h t  l ine  if  i t  is t r u e  t h a t  t he  f i lm th i ckness  
inc reases  in p r o p o r t i o n  to t h e  p o t e n t i a l  increases .  
As  shown  in Fig .  7, th i s  t e n d s  to b e  r o u g h l y  t r u e  
if t he  p o t e n t i a l  is r e m o v e d  f a r  enough  f r o m  open  
c i rcui t .  This  r e l a t i o n  w o u l d  be  e x p e c t e d  to be  t r u e  
on ly  i f  t he  m e a s u r e d  c a p a c i t y  is e x a c t l y  i n v e r s e l y  
p r o p o r t i o n a l  to t h e  th ickness ,  a n d  th is  a s s u m p t i o n  
is no t  l i k e l y  to be  s t r i c t l y  va l id .  P r o b a b l y  the  two  
mos t  i m p o r t a n t  r e a sons  for  th is  a r e  t h a t  t h e  d i -  
e l ec t r i c  cons t an t  of t he  f i lm va r i e s  w i t h  t h i ckness  
and  t h a t  o t h e r  fo rms  of capac i ty ,  e.g., p s e u d o c a -  
p a c i t y  and  doub le  l a y e r  capac i ty ,  m a y  be  i nc luded  
in t he  v a l u e  of t h e  m e a s u r e d  capac i ty .  

The  cons ide ra t i ons  g iven  a b o v e  also a l l ow some 
of t he  f e a t u r e s  of  t he  t r a n s i e n t s  s h o w n  in Fig.  2 
to be  i n t e r p r e t e d .  The  r a t e s  of d i s so lu t ion  e n -  
c o u n t e r e d  in  th is  w o r k  a r e  o f  the  o r d e r  of m a g n i t u d e  
of f r o m  10 -4  to 10 -3 a m p / c m  2, or  in  t e r m s  of r a t e  
of r e m o v a l  of t he  sur face ,  f r o m  0.3 to 3A/sec .  
The re fo re ,  p o l a r i z a t i o n  for  d u r a t i o n s  s o m e w h a t  
m o r e  t h a n  a second  can  cause  s ign i f ican t  changes  
in f i lm th i cknes s  and,  i f  t h e r e  is a n y  r e l a t i o n  b e -  
t w e e n  f i lm th i cknes s  and  the  k ine t i c s ,  t r a n s i e n t s  
wi l l  be  obse rved .  A s t e a d y - s t a t e  t h i cknes s  of t h e  
f i lm is a t t a i n e d  w h e n e v e r  t he  d i s so lu t ion  r a t e  of 
the  f i lm equa l s  t he  anod ic  cu r ren t ,  ia, a p p l i e d  to 
the  f o r m a t i o n  of the  film. The  c u r r e n t  i~ is g iven  b y  
Eq. [5]  and  is a func t ion  of t he  field s t r eng th ,  V/d.  
If  i~ is g r e a t e r  t h a n  the  d i s so lu t ion  r a t e  of the  film, 
t hen  the  f i lm wi l l  t h i cken ,  and  if  i~ is less t h a n  the  
d i s so lu t ion  ra te ,  t he  H F  wi l l  d e c r e a s e  t he  th i ckness  
of t h e  film. 

I f  t he  e l ec t rode  is p o l a r i z e d  ca thod ica l ly ,  t he  p o -  
t e n t i a l  across  t he  f i lm wi l l  be  r e d u c e d  a n d  the  field 
wi l l  be  dec reased .  The  c u r r e n t  ia w i l l  t h e r e f o r e  be 
s m a l l e r  t h a n  the  d i s so lu t ion  ra te ,  and  the  t h i ckness  
wi l l  dec rea se  u n t i l  t he  v a l u e  of V / d  is t he  s ame  as 
t h a t  be fo re  po la r i za t ion .  H o w e v e r ,  on the  ca thod ic  
side,  t he  p o t e n t i a l - t i m e  b e h a v i o r  is p r i m a r i l y  a 
func t ion  of t he  b e h a v i o r  of t he  ca thod ic  r eac t i on  
w h i c h  is a p p a r e n t l y  no t  a s t rong  f u n c t i o n  of f i lm 
th ickness .  As  s h o w n  in Fig.  2, t he  changes  of  p o t e n -  
t i a l  w i t h  t ime  on the  ca thod ic  s ide a r e  r e l a t i v e l y  
smal l .  

On the  anod ic  s ide  a t  l ow  cu r ren t s ,  s t e a d y  s ta tes  
can, in  p r inc ip l e ,  be  a c h i e v e d  as long  as t he  a p p l i e d  
c u r r e n t  is no t  l a r g e r  t h a n  the  r a t e  of d i sso lu t ion .  
In  th is  case, as t he  p o t e n t i a l  becomes  m o r e  anodic ,  
the  ca thod ic  c u r r e n t  dec reases  u n t i l  t h e  a p p l i e d  
c u r r e n t  equa l s  t he  d i f fe rence  b e t w e e n  the  a b s o l u t e  
va lue s  of  t he  anod ic  and  ca thod ic  cu r ren t s .  A n  in -  
c rease  in t h i ckness  of t he  f i lm wi l l  occur  s ince  t h e  
f inal  p o t e n t i a l  w i l l  be  m o r e  anod ic  t h a n  the  o r i g i n a l  
po ten t i a l .  W h e n  the  a p p l i e d  c u r r e n t  exceeds  t he  
d i s so lu t ion  ra t e ,  t h e n  t h e r e  is no p o s s i b i l i t y  for  t he  
a p p l i e d  c u r r e n t  to e q u a l  t he  d i f fe rence  of t h e  a b s o -  
lu t e  va lue s  of t h e  anod ic  and  ca thod ic  cu r ren t s ,  for  
the  s t e a d y - s t a t e  anod ic  c u r r e n t  is l i m i t e d  b y  the  
r a t e  of  mass  t r a n s f e r  of H F  to the  su r f a c e  and  t h e  
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cathodic c u r r e n t  can, of course, decrease  on ly  to 
zero. If the  appl ied  c u r r e n t  does exceed the disso- 
lu t ion  rate,  t h e n  the  excess charge  wi l l  go in to  
fo rma t ion  of the  film, and  the  po t en t i a l  wi l l  r ise 
w i th  t ime  as in  anodiz ing  phenomena .  This  excess 
charge is suppl ied  by  a c u r r e n t  or ra te  equa l  to the  
sum of the  appl ied  c u r r e n t  and  the absolu te  va lue  
of the  cathodic c u r r e n t  m i n u s  the  ra te  at wh ich  
the film is r emoved  by  HF. As shown  in  Fig. 2, 
the  po ten t i a l  does rise w i th  t ime  at  h igh  anodic  
c u r r e n t  densi t ies .  Also, the  l i nea r  sect ions of the  
p o t e n t i a l - t i m e  curves  can  be  ex t r apo la t ed  to zero 
t ime  to ob ta in  a plot  of po la r iza t ion  vs. c u r r e n t  at 
cons tan t  film thickness ,  cor responding  to the  in i t i a l  
s tate  of the  electrode.  

F u r t h e r  ver i f ica t ion of this  concept  can be ob-  
t a ined  by  compar ing  e x p e r i m e n t a l l y  observed slopes 
( dV /d t )  at the h igher  c u r r e n t  densi t ies  w i th  ex -  
pected slopes. At  low c u r r e n t  densi t ies ,  the  c u r r e n t  
appl ied  to the  b u i l d - u p  of film is no t  k n o w n  ac-  
cu ra te ly  s ince the  cathodic c u r r e n t  and  the  disso- 
lu t ion  c u r r e n t  are no t  k n o w n  prec ise ly  enough.  At  
h igh c u r r e n t  densi t ies ,  however ,  a compar i son  can  
be made.  In  five e x p e r i m e n t s  in  0.01N HF and  1N 
H2SO4 ( n o n s t i r r e d ) ,  cu r r en t s  of 1.14 x 10 -2 a m p /  
cm 2 gave slopes of 2.00, 1.97, 2.08, 2.10, and  1.88 
v/sec .  The ra te  of d issolu t ion  was abou t  10 -3 
a m p / c m  2 and  the cathodic c u r r e n t  was  neg l ig ib le  
at these potent ia ls .  The slope m a y  be ca lcula ted  
f rom Eq. [5] by  d i f fe ren t ia t ing  V wi th  respect  to 
t ime. If this  is done,  one obta ins  the  fo l lowing ex -  
press ion  

dV RT KF i log i /Ka 
= 2 . 3 -  [ 7 ]  

d$ F afzfl 

Adams  and  v a n  Rysse lberghe  (13) in  an  inves t iga -  
t ion  of anodiz ing  p h e n o m e n a  of z i r con ium ob ta in  
the  fo l lowing express ion  for (dV /d t )  in  a m m o n i u m  
bora te  at 20~ 

dV i 
= 28 i l o g  10 -11 [8] dt  2.9 x 

where  i is the  c u r r e n t  dens i ty  appl ied  to fo rma t ion  
of film. At  i equa l  to 1.14 x 10 -2 a m p / c m  2, the  dis-  
so lu t ion  ra te  is abou t  10 -3 a m p / c m  2, or the  c u r r e n t  
dens i ty  appl ied  to the  increase  in  the  th ickness  of 
the  film is abou t  10 -2 a m p / c m  2. S u b s t i t u t i n g  this  
va lue  in  Eq. [8],  one ob ta ins  2.4 v/sec .  This  com-  
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pares  f avorab ly  w i th  the  observed  va lue  of about  
2 v / sec  and  indicates  tha t  these da ta  are cons is tent  
wi th  those of A da ms  and  Van  Rysselberghe.  

As was  shown previous ly ,  the  aaZa factors be -  
come la rger  wi th  increasing '  HF concen t ra t ion ,  all  
o ther  factors be ing  equal.  This  is due to the  fact 
t ha t  the  th ickness  decreases w i th  inc reas ing  HF 
concent ra t ion .  A compar i son  of Eq. [2] and  Eq. [5] 
shows tha t  aaZa is ac tua l ly  equa l  to arzf l /d. T h e r e -  
fore, a decrease in  the film th ickness  wi l l  increase  
the  va lue  of ~aZ a- 

I t  should be possible  to ob ta in  ra tes  by  e x t r a po l a t -  
ing the  Tafel  l ines  ob ta ined  f rom the  ga lvanos ta t ic  
pulse  e xpe r i me n t s  to the rest  potent ia l ,  for at  the 
rest  po ten t i a l  t he  cathodic cur ren t ,  the  ra te  of film 
format ion ,  and  the  ra t e  of d isso lu t ion  m u s t  all  be  
equal .  A l t e rna t e ly ,  one could ob t a in  ra tes  f rom the  
po la r iza t ion  res i s tance  according to Eq. [4].  Com-  
par i sons  of some ra tes  m e a s u r e d  by  var ious  me thods  
are shown in  Tab le  V. A l though  the  ra tes  m e a s u r e d  
by  these  e lec t rochemical  me thods  average  about  
25 % lower  t h a n  the ra tes  d e t e r m i n e d  b y  we igh t  loss, 
they  are  sufficiently close to l e n d  va l id i ty  to the  
a s sumpt ions  used  above.  As a m a t t e r  of fact, the  
ra tes  are cons i s ten t ly  low, so tha t  there  is p r o b a b l y  
a r ea sonab ly  r ep roduc ib le  sys temat ic  e r ror  in  the 
methods.  The p ropor t i ona l i t y  b e t w e e n  weigh t  loss 
ra te  and  the po la r i za t ion  res i s tance  is ac tua l ly  qu i te  
good, so tha t  ra tes  could be  m e a s u r e d  qui te  ac-  
cu ra te ly  by  m e a s u r i n g  on ly  the  po la r iza t ion  res is t -  
ance and  by  d e t e r m i n i n g  the  p ropor t iona l i t y  con-  
s tan t  by  severa l  we igh t  loss exper imen t s .  

There  are a n u m b e r  of reasons  w h y  the  rates  
m e a s u r e d  by  e lec t rochemica l  me thods  are lower  
t han  those ob ta ined  f rom the  ac tua l  we igh t  losses. 
E x p e r i m e n t a l  error ,  of course, is one possibi l i ty .  Al l  
po ten t ia l s  are  m e a s u r e d  oscilloscopically,  a t e chn ique  
which  is no t  as accura te  as most  methods  of meas -  
u r i ng  potent ia l ,  p a r t i c u l a r l y  w h e n  ex t rapo la t ions  are 
involved.  A n o t h e r  reason  is the fact  tha t  the  elec-  
t rochemica l  ra tes  are i n s t a n t a n e o u s  ra tes  whi le  
we igh t  loss gives a me a su r e  of the  ave rage  rate.  I t  is 
conceivable  that ,  since the  ra tes  f luctuate  due  to 
va r ia t ions  in  mass  t ransfer ,  there  are shor t  periods 
of r e l a t i ve ly  l a rge  r a t e  which  wou ld  no t  be  l ike ly  to 
show up  in  the  po la r iza t ion  d iagram.  Last ly ,  it is 
qui te  common  tha t  smal l  por t ions  of the  me t a l  be -  

Table V. Dissolution rates in amp/cm 2 

By extrapolation 
Stirred solutions By wt.  loss By Eq. [4] of Tafel line 

0.02N HF 1N H2SO4 1.95 X 10 -3 1.42 X 10 -3 1.3 X 10 -8 
0.0133N HF 1.8N H2SO4 1.56 X 10 -3 1.12 X 10 -3 1.14 X 10 -'~ 
0.01N HF 1N H2SO4 9.55 X 10 -4 6.05 X 10 -4 6.0 X 10 -4 
0.005N HF 1N H2SO4 4.96 X 10 -4 3.75 X 10 -4 3.7 X 10 -4 
0.005N HF 1N H2SO4 5.60 X 10 -4 4.00 X 10 -4 5.7 X 10 -4 

Unst i r red  solutions 

0.02N HF 1N H2SO4 7.90 X 10 -4 6.68 X 10 -4 6.3 X 10 -4 
0.02N HF 1N H2SO4 8.60 X 10 -4 6.78 X 10 -4 7.1 X 10 -4 
0.02N HF 1N H2SO4 6.50 X 10 -4 4.85 X 10 -4 3.9 X 10 -4 
0.02N HF 1N H2SO4 8.25 X 10 _4 5.72 X 10 -4 5.4 X 10 -4 
0.02N HF 1N H2SO4 8.16 X 10 -4 5.95 X 10 -4 5.1 X 10 -4 
0.01N HF IN H2SO4 3.68 X 10 _4 2.58 X 10 -4 2.9 X 10 -4 
0.01N HF 1 N  H 2 S O 4  3.44 X 10 -4 2.73 X 10 -4 2.8 X 10 -4 
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come d e t a c h e d  f r o m  t h e  su r f ace  d u r i n g  cor ros ion  
( c h u n k  effect)  and  d i s so lve  w i t h o u t  be ing  in e l ec -  
t r i c a l  con tac t  w i t h  t h e  e lec t rode .  

The  s m a l l  p e a k s  in  t he  in i t i a l  p o r t i o n  of t he  t r a n -  
s ien t  cu rves  of Fig .  2 a r e  no t  exp l a ined .  P o s s i b l y  
t h e y  a r e  a r e s u l t  of  t r a n s i e n t  effects in t h e  film. 
T h e r e  was  no r e g u l a r i t y  in  t h e i r  r e l a t i v e  size and  in 
some  e x p e r i m e n t s  t h e y  w e r e  a b s e n t  en t i r e ly .  

As  is shown  above ,  t he  r a t e  of d i s so lu t ion  of t he  
f i lm is con t ro l l ed  b y  t h e  r a t e  of mass  t r a n s f e r  of H F  
to the  surface .  I t  is poss ib le  t h a t  t he  H F  mo lecu l e s  
t hen  b e c o m e  a d s o r b e d  on the  su r f ace  of the  f i lm and  
t h a t  a c o m p l e x  con ta in ing  a z i r c o n i u m  a t o m  and  a 
f luor ine  a t o m  is f o r m e d  w h i c h  t hen  moves  in to  t he  
solut ion.  W i t h  t he  t echn iques  used  in  th is  work ,  
t h e r e  is no w a y  of i n v e s t i g a t i n g  the  k ine t i c s  of th is  
su r f ace  r e a c t i o n  for  t he  c o n c e n t r a t i o n  of H F  at  t he  
f i lm- so lu t i on  i n t e r f ace  is u n k n o w n .  I t  is k n o w n  on ly  
t h a t  t h e  c o n c e n t r a t i o n  of  H F  n e a r  t he  su r f ace  is 
s m a l l  c o m p a r e d  to t he  b u l k  c o n c e n t r a t i o n  b e c a u s e  
of the  fac t  t h a t  t he  d i s so lu t ion  r a t e  is equa l  to t h e  
l i m i t i n g  r a t e  of mass  t r ans f e r .  F u r t h e r  i n f o r m a t i o n  
conce rn ing  this  i n t e r f a c e  r e a c t i o n  could  b e  o b t a i n e d  
if t he  mass  t r a n s f e r  cond i t ions  w e r e  p r e c i s e l y  d e -  
f ined so t h a t  t he  r a t e  cons t an t s  a n d  k ine t i c  o r d e r s  of 
t he  su r f ace  r e a c t i o n  cou ld  be  o b t a i n e d .  A t t e m p t s  a r e  
now be ing  m a d e  to def ine  t he  mass  t r a n s f e r  c o n d i -  
t ions b y  m e a n s  of a r o t a t i n g  d i sk  e l ec t rode  s y s t e m  
(14 15).  

O r d i n a r i l y  w h e n  z i r c o n i u m  is c h e m i c a l l y  p o l i s h e d  
in so lu t ions  con ta in ing  HF,  HNO~ is a d d e d  to the  
so lu t ion  in o r d e r  to a id  in  p r o d u c i n g  smooth ,  b r i g h t  
surfaces .  I f  the  HNO3 is omi t t ed ,  t h e r e  is a t e n d e n c y  
t o w a r d  the  f o r m a t i o n  of r o u g h n e s s  a n d  h y d r i d e  
phases  on the  e l ec t rode  sur face .  In  th i s  i n v e s t i g a -  
t ion,  i t  was  n o t e d  t h a t  t he  a d d i t i o n  of HeSO4 also 
a i d e d  in p r o d u c i n g  b r igh t ,  smoo th  surfaces .  I t  was  
f u r t h e r  n o t e d  t h a t  t he  c a p a c i t y  v a l u e s  of e l ec t rodes  
w h i c h  con t a ined  on ly  t I F  w e r e  v e r y  high,  s o m e t i m e s  
m o r e  t h a n  t en  t i m e s  as h igh  as t h e  capac i t i e s  of 
those  su r faces  f o r m e d  w h e n  H2SO4 was  p resen t .  I t  
w o u l d  a p p e a r  f r o m  these  capac i t i e s  t h a t  t h e r e  is 
l i t t l e  or  no f i lm p r e s e n t  w h e n  t h e  HNO3 or  HeSO4 is 
absen t  and  t h a t  t h e r e f o r e  t h e  ro le  of t he  s t rong  ac id  
is to  p r o m o t e  t h e  f o r m a t i o n  of a film. I t  has  been  
r e p o r t e d  (16) t h a t  t he  p re sence  of a f i lm r e s u l t i n g  
f rom c h e m i c a l l y  po l i sh ing  z i r c o n i u m  w i t h  a so lu -  
t ion  con t a in ing  H F  and  HNO3 inh ib i t s  the  f o r m a t i o n  
of h y d r i d e s  in a gaseous  He a t m o s p h e r e .  Such  an  
effect m i g h t  be  o p e r a t i v e  in aqueous  so lu t ions  also. 
F u r t h e r ,  i t  has  been  a s s e r t e d  (17) t h a t  the  p re sence  
of a f i lm on an  e l e c t r o d e  su r face  l e a d s  to  t h e  p r o -  
duc t ion  of s m o o t h  sur faces .  Thus ,  t he  absence  of a n y  
s igni f icant  a m o u n t  of f i lm m a y  e x p l a i n  t he  o b s e r v a -  
t ion  t h a t  in  so lu t ions  con ta in ing  on ly  HF,  h y d r i d e  
phases  and  r o u g h  su r faces  a r e  f o r m e d  on the  e l ec -  
t rode .  

I t  can  b e  shown  f r o m  the  k ine t i c  cons ide ra t i ons  
g iven  above ,  t h a t  i n c r e a s i n g  the  h y d r o g e n  ion con-  
c e n t r a t i o n  wi l l  i n c r e a s e  t he  a m o u n t  of f i lm in the  
s t e a d y  s t a t e  a t  c o n s t a n t  c o n c e n t r a t i o n  of HF.  In  a n y  
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so lu t ion  of f ixed  c onc e n t r a t i on  of HF,  t h e  o v e r - a l l  
r a t e  w i l l  a l w a y s  be  e q u a l  to t he  l im i t i ng  r a t e  of  mass  
t r a n s f e r ,  and  these  r a t e s  m u s t  also be  e q u a l  to t h e  
anod ic  r a t e  (Eq. [ 5 ] )  a n d  the  ca thod ic  r a t e  w h i c h  
is f i rs t  o r d e r  w i t h  r e spe c t  to ( H + ) .  These  equa l i t i e s  
a r e  e x p r e s s e d  b y  Eq. [9]  and  [10].  

afzflVF 
h • Ka exp  [9]  

dRT 

--aczcVF 
il----- K e ( H  +) e x p  [10] 

RT 

E q u a t i o n s  [9]  and  [10] can  be  c o m b i n e d  to g ive  a 
q u a n t i t a t i v e  r e l a t i o n  b e t w e e n  d and  H + a t  con-  
s t an t  i~. 

afz~l log  [ K c ( H  + ) ] - -  afzfl log  i~ 
d = [ 1 1 ]  

acZc log  ( i~Ka) 

This  e q u a t i o n  shows  t h a t  t he  f i lm th i cknes s  does  i n -  
c r ea se  w i t h  i nc r e a s ing  h y d r o g e n  ion c o n c e n t r a t i o n  
at  cons t an t  c o n c e n t r a t i o n  of HF .  E q u a t i o n  [11] is 
va l id ,  of course ,  o n l y  if  Kc, Ka, and  the  o the r  con-  
s t an t s  a re  i n d e p e n d e n t  of f i lm th ickness .  This  m a y  
no t  be  s t r i c t l y  t r u e  b u t  is p r o b a b l y  a p p r o x i m a t e l y  
t rue .  Thus ,  t he  r o l e  of t he  a d d e d  s t rong  ac id  in  
c h e m i c a l  p o l i s h i n g  m a y  s i m p l y  be  t h a t  of i n c r e a s i n g  
the  H + and  thus  i nc r e a s ing  the  f i lm th ickness .  

Manuscr ip t  rece ived  May 13, 1963; rev ised  m a n u -  
scr ipt  received Sept.  12, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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Sodium Chromate and Nitrite as Passivators for Steel 
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ABSTRACT 

Corrosion rates of i ron in chromate and ni t r i te  solutions were measured 
by a sensitive electric resistance method supplemented by weight loss. The 
critical concentrat ion below which corrosion increases or pi t t ing occurs is 
l x l0 -SM for NaNO2 and 5x10-4M for Na2CrO4. Presence of C1- and S O 4 - -  
increases these values. Sulfates break down passivity in ni t r i te  solutions more 
so than  do chlorides; the reverse is t rue  of chromate solutions. Min imum con- 
centrat ion of passivator to avoid pi t t ing in presence of C1- or S O 4 - -  follows 
the relat ion log Ms ~ a + b log Mp where Ms and Mp are molarit ies of salt 
and passivator respectively. In  chromate solutions in the alkal ine range of pH, 
the corrosion rate is low (0.08 todd) and no pi t t ing occurs. In  the acid range, 
corrosion remains  low to at least pH 2.8 provided HC104 is used to adjust  pH; 
when  H2SO4 is used instead, the corrosion rate increases below pH 5 and pi t -  
t ing begins at pH 3. At temperatures  up to 100~ the steady-state  corrosion 
rates in chromates remain  low (~0.1 todd).  An ini t ia l  higher rate precedes 
the final lower rate. These relat ions are explained by passivation through 
anodic polarization and competit ive adsorption of C1- or S O 4 - -  with the 
passivator ion for a site on the passive film. The data support  the view that  
NO2- adsorbs more strongly than  does C r O 4 - - .  

Based on the i r  re l iab le  per formance ,  chromates  
and  n i t r i t e s  find widesp read  prac t ica l  use as pass i -  
va tors  for steel. In  the  p resence  of chlor ides  and  su l -  
fates, t hey  somet imes  pe r fo rm  less re l iab ly ,  l ead -  
ing in  the ex t r eme  to deep p i t t ing  of steel, p a r t i c u -  
l a r ly  if the  concen t r a t i on  of pass iva tor  is n e a r  or 
be low the  cr i t ical  value.  T e m p e r a t u r e  and  pH of the  
e n v i r o n m e n t  m a y  also p lay  a role. Q u a n t i t a t i v e  
re la t ions  b e t w e e n  pass iva tor  concen t r a t i on  and  fac-  
tors of the  e n v i r o n m e n t  have  not  ye t  been  worked  
out, a l t hough  they  are i m p o r t a n t  to the  p roper  ap -  
p l ica t ion  of chromates  and  n i t r i t e s  for i n h i b i t i n g  
steel aga ins t  bo th  ru s t i ng  and  pi t t ing.  The  p resen t  
i nves t iga t ion  is concerned  wi th  some of the  q u a n -  
t i t a t ive  re la t ions  tha t  are needed.  These, it  is hoped, 
together  w i th  resul t s  by  others,  wi l l  supp ly  enough  
i n fo rma t ion  to p rov ide  grea te r  confidence and  as-  
su rance  tha t  a me t a l  sys tem con ta in ing  any  com- 
mon  type  w a t e r  is adequa te ly  and  con t inuous ly  
protected.  

Experimental Methods 
Corros ion ra tes  were  d e t e r m i n e d  by  two methods.  

The first was a we igh t  loss me thod  employ ing  
Armco  i ron  foil (0.023% ca rbon)  0.0089 cm (0.0035 
in.)  thick. Spec imens  of foil, 5 x 10 cm (2 x 4 in . ) ,  
were  fo rmed  in to  spirals  of 2 cm d iameter .  These 
were  h u n g  in  dupl ica te  f rom glass hooks in  an  a l l -  
glass flask as shown  in  Fig. 1. The  spec imens  were  
degreased in  bo i l ing  benzene ,  annea l ed  for 15 m i n  at  
800~ in  a h e l i u m  atmosphere ,  r ap id ly  cooled in  he -  
l ium,  pickled for 3 m i n  in  10% HC1 at 70~ washed  
in dis t i l led wa t e r  and  dr ied  by  immer s ion  first in  
acetone and  t h e n  in  benzene .  Af te r  the  test, the  
specimens  were  c leaned wi th  a soft b r u s h  u n d e r  

�9 P r e s e n t  add re s s :  I L I K O N  Corpora t ion ,  Na t ick ,  Massachuse t t s .  

water ,  p ickled for 1 m i n  in  10% HC1 i nh i b i t e d  wi th  
0.2% e t h y l q u i n o l i n i u m  iodide at  60~ a nd  washed  in  
water ,  acetone a nd  benzene  as above.  The  b l a n k  
correct ion for loss of me ta l  in  the  l a t t e r  c lean ing  
opera t ion  was 1.5 ----- 0.1 mg. 

The second was  an  electr ic  res i s tance  me thod  
sens i t ive  to detec t ion of corrosion ra tes  as low as 
0.02 m g / d m 2 / d a y  ( mdd)  in  5 day tests. This  me thod  
proved  v a l u a b l e  in  de tec t ing  the ve ry  smal l  cor-  
rosion losses of steel  exposed to c h r oma t e -  or n i -  
t r i t e - i n h i b i t e d  solut ions.  It  could be used on ly  w h e n  
the corrosion ra tes  were  un i fo rm.  The weigh t  loss 

Iron Spirol 

s s  Chimney 

Fig. ]. Cell for weight loss measurements 
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m e t h o d  was  used  i n s t e a d  w h e n  loca l i zed  cor ros ion  
such as p i t t i ng  co r ros ion  took  place .  

S p e c i m e n s  for  t he  e l ec t r i c  r e s i s t ance  m e t h o d  w e r e  
m a c h i n e  sl i t  f r o m  t h e  s a m e  A r m c o  i ron  fo i l  d e -  
s c r ibed  a b o v e  into  a b a n d  0.159 cm (0.0625 in.)  w i d e  
and  366 cm (12 f t )  long.  The  b a n d  was  f o r m e d  into  
a sp i r a l  1 cm in d i a m e t e r ,  w h i c h  w a s  t hen  d e g r e a s e d  
in bo i l ing  benzene  a n d  a n n e a l e d  for  15 m i n  a t  800~ 
in a pur i f i ed  h e l i u m  a t m o s p h e r e  b y  p a s s i n g  an  e lec -  
t r i c  c u r r e n t  t h r o u g h  the  sp i ra l .  H e l i u m  was  pu r i f i ed  
b y  pas s ing  the  gas  ove r  coppe r  t u r n i n g s  a t  450~ 
T e m p e r a t u r e  was  m e a s u r e d  us ing  an  op t i ca l  p y r o m -  
eter .  A f t e r  r a p i d  cool ing  in h e l i u m  b y  swi t ch ing  off 
the  cu r ren t ,  2 P t  w i r e s  w e r e  s p o t - w e l d e d  to each  
end  of t he  sp i ra l ,  w h i c h  in  t u r n  connec t ed  to  s i l v e r -  
so lde red  coppe r  wi res .  One p a i r  of w i r e s  s e r v e d  as 
e lec t r i c  c u r r e n t  leads ,  and  the  o t h e r  for  m e a s u r i n g  
p o t e n t i a l  d r o p  across  the  sp i r a l  d u r i n g  flow of c u r -  
rent .  The  wi re s  w e r e  p r o t e c t e d  f r o m  con tac t  w i t h  
aqueous  so lu t ion  b y  a glass  tube ,  and  the  spo t -  
w e l d e d  j u n c t i o n s  w e r e  cove red  w i t h  s top-of f  l a c -  
quer .  A t  a b o v e - r o o m  t e m p e r a t u r e s ,  e p o x y  res in  was  
used  ins tead .  A f t e r  t h e  l a c q u e r  h a d  t h o r o u g h l y  
dr ied ,  the  sp i r a l  was  p i c k l e d  for  3 m i n  in  10% HC1 
at  70~ w a s h e d  in w a t e r ,  and  d r i e d  b y  success ive  
i m m e r s i o n  in  ace tone  a n d  benzene .  S p i r a l s  w e r e  
k e p t  in  a des i cca to r  u n t i l  r e a d y  for  use.  

F i g u r e  2 i l l u s t r a t e s  the  a p p a r a t u s  used  for  t he  
e lec t r i c  r e s i s t ance  m e a s u r e m e n t s .  Glass  vesse l s  C1, 
C2, C3, and  C4 w e r e  c o n t a i n e d  in  a w a t e r  t h e r m o s t a t  
m a i n t a i n e d  a t  25 ~ ---- 0.01~ The  s p i r a l  u n d e r g o i n g  
cor ros ion  was  con t a ined  in  glass  vesse l  C2 m e a s u r i n g  
abou t  7 cm d i a m e t e r  and  40 cm high.  A s i m i l a r  
vesse l  l a b e l e d  C~ c o n t a i n e d  an  i den t i ca l  A r m c o  i ron  
foi l  sp i r a l  i m m e r s e d  in b e n z e n e  d r i e d  ove r  m e t a l l i c  
sod ium.  S i l i ca  ge l  was  a d d e d  to C3 to m a i n t a i n  t he  
so lven t  f ree  of m o i s t u r e  and  t h e r e b y  a v o i d  c o r r o -  
sion. The  l a t t e r  sp i r a l  ac t ed  as a s t a n d a r d ,  t he  
change  in  r e s i s t ance  of  w h i c h  was  used  to c o m -  
p e n s a t e  for  a n y  s l igh t  t e m p e r a t u r e  f luc tua t ions  d u r -  
ing  t h e  tes t .  A s t a n d a r d  r e s i s t o r  R,  of 10 ohms  in 
vesse l  C4 was  also m a i n t a i n e d  in  d r y  benzene .  The  
vo l t age  d rop  across  th is  r e s i s to r  was  a m e a s u r e  of 
t he  cons t an t  c u r r e n t  pa s s ing  m o m e n t a r i l y  in  ser ies  
t h r o u g h  the  two  sp i r a l s  d u r i n g  m e a s u r e m e n t s .  

Fig. 2. Apparatus for electric resistance method. A, Rubber 
stopper; B, copper wire; C, Pt wire; D, stop-off lacquer; E, glass 
chimney; F, Armce iron spiral ribbon; G, sintered glass; H, solution; 
I, standard resistance; J, dry benzene. 
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The  p r o c e d u r e  was  as fo l lows :  

1. F i l l  C1 w i t h  aqueous  t e s t  so lu t ion  a n d  e i t h e r  
a e r a t e  or  d e a e r a t e  solu t ion ,  as  r e q u i r e d ,  for  6 h r  
or  m o r e  b y  pas s ing  gas  2 c o n t i n u o u s l y  t h r o u g h  the  
s i n t e r e d  glass  b u b b l e r  a t  t h e  b o t t o m  of t he  glass  
ch imney .  I n s e r t  sp i r a l  in  C~ j u s t  b e f o r e  tes t .  

�9 2. T r a n s f e r  so lu t ion  f r o m  C1 to C2 b y  gas  p r e s -  
sure.  Close gas  o u t l e t  1 and  open  gas  ou t l e t  2. Vesse l  
C2 is p r e v i o u s l y  f lushed w i t h  t he  s ame  gas  as passes  
t h r o u g h  C~. Gas  is p a s s e d  c o n t i n u o u s l y  t h r o u g h  C2 
d u r i n g  the  tes t ,  w h i c h  also s t i r s  t he  so lu t ion .  

3. F o r  m e a s u r e m e n t  of co r ros ion  ra t e ,  t r a n s f e r  
so lu t ion  t e m p o r a r i l y  f r o m  C2 to C1 b y  c los ing  gas  
ou t l e t  2 and  o p e n i n g  gas  ou t l e t  1. In  th is  way ,  a n y  
e l ec t ro lys i s  af fec t ing  the  m e t a l l i c  l eads  is avo ided ,  
and  e r r o r  is a v o i d e d  caused  b y  e l e c t r o l y t e  c o n d u c -  
t i v i t y  d u r i n g  pa s sage  of  c u r r e n t  t h r o u g h  t h e  spiral �9  
Pass  m o m e n t a r y  cons t an t  c u r r e n t  of  a b o u t  30 m a  
t h r o u g h  sp i r a l s  a n d  t h r o u g h  R1 f r o m  6v source  
us ing  t e l e g r a p h  key .  S i m u l t a n e o u s l y ,  m e a s u r e  v o l t -  
age  d rop  across  t he  two  sp i r a l s  and  across  R~. T r a n s -  
fe r  so lu t ion  b a c k  to  C2 f r o m  C1. 

4. Ca l cu l a t e  co r ros ion  r a t e  f r o m  the  r e l a t i o n  

9.45 x 108HW AR 
t odd  -~ 

t (H + W) R 

w h e r e  H and  W, r e spec t i ve ly ,  a r e  t he  i n i t i a l  t h i c k -  
ness  and  w i d t h  in c e n t i m e t e r s  of the  A r m c o  i ron  foil,  
R is t h e  t o t a l  r e s i s t ance  of t he  sp i ra l ,  a n d  AR is the  
i nc rea se  in  r e s i s t ance  d u r i n g  the  t i m e  t in h o u r s  
caused  b y  u n i f o r m  cor ros ion  of t he  sp i ra l .  

C l e a n i n g  t h e  sp i r a l  of co r ros ion  p r o d u c t s  is no t  
necessa ry .  The  e l ec t r i ca l  c o n d u c t i v i t y  of a n y  c o r r o -  
s ion p r o d u c t  c o m p a r e d  to t ha t  of m e t a l l i c  i ron  is so 
s m a l l  t ha t  co r rec t ions  a r e  neg l ig ib le .  F o r  e x a m p l e ,  
a f i lm 200A t h i c k  of t h e  good c o n d u c t i n g  i ron  ox ide  
FesO4 (p = 1.06 x 10 -2 o h m - c m )  on t h e  i ron  foi l  
su r f ace  w o u l d  c h a n g e  the  o v e r - a l l  r e s i s t ance  b y  on ly  
0.00005%. C o r r e s p o n d i n g l y ,  a co r ros ion  r a t e  of 0.1 
t odd  for  a 5 d a y  t e s t  p e r i o d  w o u l d  p r o d u c e  an  in -  
c rease  in  r e s i s t ance  e q u a l  to 0.013%. 

F o r  a f e w  m e a s u r e m e n t s  a t  40~ the  s a m e  a p -  
p a r a t u s  was  used.  A t  100~ the  glass  vesse l  w a s  
enc losed  b y  a s t e a m  c h a m b e r ,  and  a c o n d e n s e r  sys -  
t e m  was  e m p l o y e d  as s h o w n  in Fig .  3. S ince  the  t e m -  
p e r a t u r e  was  cons t an t  d u r i n g  the  t i m e  a m e a s u r e -  
m e n t  w a s  m a d e ,  an  i d e n t i c a l  s p i r a l  in  an  o rgan ic  
so lven t  cou ld  be  d i s p e n s e d  wi th .  A b s o l u t e  t e m p e r a -  
t u r e  was  c o r r e c t e d  in accord  w i t h  b a r o m e t r i c  r e a d -  
ings. 

Results 

Critical concentration.--The effect  of p a s s i v a t o r  
c o n c e n t r a t i o n  on cor ros ion  was  d e t e r m i n e d  in 
a e r a t e d  so lu t ions  r a n g i n g  f r o m  10 -~  to  10-2M of 
pa s s iva to r .  F o r  c h r o m a t e  solu t ions ,  w e i g h t  loss  
m e a s u r e m e n t s  w e r e  e m p l o y e d  for  concen t r a t i ons  
b e l o w  5 x 10-4M and  t h e  e lec t r i c  r e s i s t ance  m e t h o d  
for  h i g h e r  concen t ra t ions .  F o r  c o n c e n t r a t i o n s  b e l o w  
5 x 10-4M, p i t t i n g  o c c u r r e d  u s u a l l y  a t  t h e  con tac t  
of g lass  h o o k  w i t h  t he  s p e c i m e n  ( c r e v i c e  co r ro s ion ) .  
A b o v e  5 x 10-4M, the  co r ros ion  r a t e  was  h i g h e r  for  

T h e  gas  w a s  a i r  o r  H~. A i r  w a s  f i r s t  p a s s e d  t h r o u g h  c o l u m n s  o f  
s o d a - l i m e  a n d  A s c a r i t e .  He w a s  p a s s e d  o v e r  c o p p e r  t u r n i n g s  a t  
450~C. 
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Fig. 3. Electric resistance method for measuring corrosion rates 
at 100~ 

abou t  the first one or two hours  (20 mdd)  f inal ly  
reach ing  a s t eady- s t a t e  va lue  of less t h a n  0.1 mdd  
(Fig. 4). The cr i t ical  concen t r a t i on  of 5 x 10-4M is 
in  reasonab le  a g r e e m e n t  w i th  the  cr i t ical  concen-  
t r a t ions  repor ted  by  Rober t son  (1) (1 x 10-SM),  by  
P ryo r  and  Cohen (2) (5 x 10-4M) and  by  Powers  
and  H a c k e r m a n  (3) (1 x 10-SM).  

In  n i t r i t e  solutions,  the  corrosion ra te  of i ron  in  
5 day exposure  tests was  less t h a n  the  sens i t iv i ty  
of the electr ic  res i s tance  me thod  (about  0.02 mdd)  
for concen t ra t ions  as low as 1 x 10-SM. Hence,  the 
cr i t ical  concen t ra t ion  is this  va lue  or less. Cr i t ica l  
concen t ra t ions  repor ted  by  Rober t son  (1) (1 x 
10-4M) or by  P r y o r  and  Cohen  (2) (5 x 10-SM) i n -  
dicate tha t  the  cr i t ical  concen t r a t i on  is lower  t h a n  
for chromate ,  which  the  p resen t  data  confirm. 

Add i t ion  of 100 p p m  C1- pa r t i a l l y  des t royed  
pass iv i ty  of spec imens  in  solut ions of less t h a n  
5 x 10-4M NaNOe, r e su l t ing  in  ex tens ive  pi t t ing.  In  
1 x 10-3M NaNO2, s imi la r  add i t ion  of 100 p p m  C1- 
had no effect. 

Ae ra t i on  or deaera t ion  of the pass iva tor  solut ions  
did not  subs t an t i a l l y  affect s t eady- s t a t e  corrosion 
rates.  Rates  of u n i f o r m l y  passive spec imens  r e -  

/oo m. 1 o ~ 1 7 6  �9 _ _ e  �9 o -  

~" as 
~'~" 22 todd at 40"C 
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05 ~ 2 {  todd ot 25=C 
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Fig. 4. Weight loss vs. time curve of Armco iron in air-saturated 
0.0]M Na2CrO4 solution at 2.5 ~ and 40~ by electric resistance 
method. 
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m a i n e d  low for e i ther  condi t ion  and  were  be low the 
corrosion ra te  of i ron  in  deae ra t ed  water .  For  ex-  
ample,  the corrosion ra te  of i ron  in  He- sa tu ra t ed  
10-eM Na2CrO4 averaged  less t h a n  0.1 mdd,  whereas  
the corrosion ra te  in  He- sa tu ra t ed  dis t i l led H20 was 
0.81 mdd.  

E]]ect of chlo~de and sulfate ions.--Weight loss 
m e a s u r e m e n t s  and  observa t ions  of p i t t i ng  were  
made  us ing  A r mc o  i ron  foil spec imens  con t inuous ly  
exposed to a i r - s a t u r a t e d  pass iva tor  solut ions  for a 
to ta l  of 5 days. Solu t ions  con ta ined  10 -4 to 10-eM 
chromate  or 10 -5 to 10-2M n i t r i t e  w i th  addi t ions  of 
NaC1 or NaeSO4 up  to about  10-2M. The resu l t s  are 
p lo t ted  on a log- log  scale in  Fig. 5-8, each po in t  r ep -  
r e sen t ing  one or more  exper imen t s .  In  genera l ,  a 
l i nea r  r e l a t ion  exists  b e t w e e n  the log of m i n i m u m  
pass iva tor  concen t ra t ion  and  log of m a x i m u m  chlo-  
r ide  or sulfa te  concen t r a t i on  at  which  p i t t ing  does 
not  occur. The cr i t ical  concen t r a t i on  of ch romate  
discussed ear l ie r  is easi ly  d i scern ib le  as tha t  con-  
cen t r a t i on  (5 x 10-4M) be low which  p i t t ing  occurs 
even  if chloride or su l fa te  concen t r a t i on  is low. The 
ana logous  cri t ical  concen t r a t i on  of NaNOe is be low 
10-SM. 
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Fig. 5. Effect of NaCI addition on corrosion of iron in air- 
saturated Na2Cr04 solution at 25~ (by weight loss for 5 day 
immersion). Open circle, No pitting, < 1  todd; half dark circle, 
some pitting, < 1 0  mdd. 
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Fig. 8. Effect of Na2504 addition on corrosion of iron in air- 
saturated NAN02 solution at 25~ (by weight loss for 5 day 
immersion). Open circle, No pitting, <1 todd; half dark circle, 
some pitting, < 1 0  mdd; dark circle, extensive pitting or general 
attack, >10  mdd. 

Although the 5 day  exposure  per iod was a rb i -  
t ra ry ,  resul ts  obta ined wi th in  this t ime appa ren t ly  
apply  to longer t imes as well.  A few spot checks for 
passivator ,  chloride and sulfate concentrat ions in 
which Armco iron foil specimens were  immersed  for 
70 days  ins tead of 5 days  fol lowed the predic t ion  of 
Fig. 5-8. The concentrat ions chosen were  0.01M 
Na2CrO4 containing e i ther  50 ppm NaC1 or 243 ppm 
Na2SO4, and 0.01M NaNO2 containing ei ther  100 
ppm NaC1 or 243 ppm Na2SO4. No pit t ing,  vis ible  
corrosion, or weight  loss was found at the end of 
the 70 days. 

The cri t ical  concentrat ions of sulfate and chlo- 
r ide  at a specific pass iva tor  concentra t ion would,  in 
principle,  be expected to hold for indefinite exposure  
periods provided  the pass ivator  concentrat ions are 
main ta ined  and the meta l  surface is clean. Pass i -  
va tor  in small  amount  is reduced and consumed in 
any meta l  system on which a passive film is formed.  

Table I. Values of constants in log Ms = a -I- b log Mp 
Expressing critical molarity of salt (Ms) above which increased 

corrosion and pitting of iron occurs in passivator 
solutions of molarity (Mp) 

S o l u t i o n  a b 

Na2CrO4 + NaC1 --1.19 0.85 
N'a2CrO4 Jr Na2SO4 --1.09 0.79 
NaNO~. + NaC1 1.10 1.13 
NaNO2 + Na2SO4 0.30 1.31 

In presence of organic contaminat ion  capable  of 
react ing with  the passivator ,  consumption would be 
more  rapid.  Fur the rmore ,  in presence of crevices 
or surface films, and wi th  lack of s t i rr ing,  eventua l  
b reakdown of pass iv i ty  would be expected at the 
meta l  surface shielded f rom renewed concentrat ion 
of passivator .  A pass ive-ac t ive  cell is established,  
fol lowed by deep pi t t ing of the shielded area.  In ab-  
sence of these situations, however,  inhibi t ion of cor-  
rosion would continue undiminished.  

Referr ing  to Fig. 5-8, the cri t ical  concentrat ions 
separa t ing  increased corrosion and pi t t ing  f rom uni -  
fo rmly  passive and nonpi t t ing  behavior  follow the 
genera l  re la t ion  

Log Ms ~ a + b log Mp [1] 

where  Ms is mola r i ty  of NaC1 or Na2SO4, Mp is mo-  
l a r i ty  of passivator ,  and a and b are  constants. 
Values of a and b as obtained f rom data  of the 
figures are  l is ted in Table I. 

I t  is obvious from the da ta  tha t  in n i t r i te  solutions, 
sulfates are more effective than  chlorides in b r e a k -  
ing down passivi ty,  whereas  the reverse  is t rue  of 
chromate  solutions. This also has been  observed in 
pract ice  (4).  In  addit ion,  h igher  concentrat ions of 
chloride or sulfate  are requi red  to corrode iron in 
presence of n i t r i tes  compared  to chromates.  Pi t t ing  
of iron in chromates  appears  to be deeper  than  in 
ni tr i tes ,  pa r t i cu l a r ly  in presence of sulfates.  

Effect of pH on inhibition by chromates.--Nitrites 
inhibi t  only above pH 6 because of decomposit ion 
into NO and NO2 in more acid solutions. Chromates,  
on the other hand, may  inhibi t  over a wider  pH 
range  depending on concentra t ion of specific anions 
tha t  are present .  Effect of pH on corrosion ra tes  was 
measured  using the electr ic resis tance method.  Solu-  
tions of 10-2M NaeCrO4 were  ad jus ted  in pH to a lka -  
l ine values  using NaOH low in carbonates,  and to 
acid values  using ei ther  H2SO4 or I-IC104. Al l  solu-  
t ions were  deaera ted  using purif ied hydrogen.  In 
general ,  s t eady-s ta te  corrosion ra tes  were  preceded 
by  higher  corrosion rates  last ing 1 to 3 hr. S t eady-  
state values are p lo t ted  in Fig. 9. For  ful ly  inhibi ted 
specimens, measurements  of the  corresponding low 
corrosion ra tes  led to some scat ter  of results,  the 
average ra te  be ing  0.08 mdd. In the acid range,  in-  
hibi t ion continued in the presence of perch lora te  
ions to pH 2.85 which was the  lowest  va lue  included 
in the tests. In  presence of sulfate ion, increase in 
the corrosion ra te  began at and below pH 5. P i t t ing  
occurred when the sulfate concentra t ion approached 
the cri t ical  va lue  through acid addit ions to approx i -  
ma te ly  pH 3. 
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Fig. 9 .  Steady-state corrosion rate of iron in H2-deaerated 
O.01M No2Cr04 solution at 2S~ as a function of pH (by electric 
resistance method). 

Effect o] t empera ture . - -Measurements  w e r e  c a r -  
r i ed  out  in  a i r - s a t u r a t e d  10-2M NaeCrO4 so lu t ions  
a t  25 ~ 40 ~ and  100~ M e a s u r e m e n t s  a t  100~ w e r e  
c o m p l i c a t e d  b y  a change  in  e lec t r i c  r e s i s t ance  of t he  
i ron  sp i r a l  caused  b y  p r e c i p i t a t i o n  of i ron  c a r b i d e s  
f r o m  s u p e r s a t u r a t e d  i n t e r s t i t i a l  c a r b o n  in f e r r i t e  
( q u e n c h - a g i n g ) .  T h r o u g h  m e a s u r i n g  the  r e s i s t ance  
of the  q u e n c h e d  sp i r a l  in d r i e d  x y l e n e  at  100~ i t  
was  e s t a b l i s h e d  t h a t  t he  r e s i s t ance  f irst  i n c r e a s e d  
b y  0.35% a f t e r  a p p r o x i m a t e l y  t he  first  hour ,  t h e n  
d e c r e a s e d  to a v a l u e  0.18% b e l o w  the  in i t i a l  va lue ,  
r e a c h i n g  a s t e a d y - s t a t e  v a l u e  a f t e r  40 hr .  These  
m e a s u r e m e n t s  w e r e  used  to cor rec t  changes  in r e -  
s i s tance  d u r i n g  the  cor ros ion  tests .  

E x c e p t  for  h i g h e r  i n i t i a l  co r ros ion  r a t e s  a t  h i g h e r  
t e m p e r a t u r e s ,  s t e a d y - s t a t e  va lue s  w e r e  a l l  l o w  and  
a p p e a r e d  to be  as low as or  l o w e r  t h a n  r a t e s  a t  l o w e r  
t e m p e r a t u r e s .  Too f ew  e x p e r i m e n t s  w e r e  done  to 
p r o v i d e  r e l i a b l e  q u a n t i t a t i v e  c o m p a r i s o n s  in th is  
respec t .  S t e a d y - s t a t e  v a l u e s  a t  a l l  t e m p e r a t u r e s  
w e r e  less t h a n  0.1 mdd .  

Discussion 

B a s e d  on d a t a  f r o m  m a n y  sources ,  a r e a s o n a b l e  
t h e o r y  of p a s s i v a t i o n  b y  n i t r i t e s  or  c h r o m a t e s  
a sc r ibes  f o r m a t i o n  of t he  pas s ive  f i lm to p o l a r i z a t i o n  
of anod ic  a r eas  of t he  me ta l .  A t  a c o n c e n t r a t i o n  of 
c h r o m a t e  or  n i t r i t e  a b o v e  the  c r i t i ca l  va lue ,  r e d u c -  
t ion of NO2-  or  C r O 4 - -  a d s o r b e d  at  ca thod ic  a r e a s  
e s t ab l i shes  c u r r e n t  dens i t i e s  w h i c h  r e a c h  the  c r i t i ca l  
v a l u e  for  anod ic  p a s s i v a t i o n  (5, 6) .  I n i t i a l l y ,  t h e r e -  
fore,  the  r a t e  of r e a c t i o n  b e t w e e n  m e t a l  and  p a s s i -  
v a t o r  is h igh  u n t i l  t h e  pa s s ive  f i lm is e s t a b l i s h e d  u n i -  
f o r m l y  ove r  t he  sur face .  T h e  e lec t r i c  r e s i s t ance  
m e t h o d  conf i rms t h a t  a h igh  in i t i a l  r e a c t i o n  r a t e  
t a k e s  place.  I t  r e q u i r e s  abou t  1 to 3 h r  to r e a c h  
s t e a d y - s t a t e  condi t ions .  A t  th is  s t age  of events ,  
C r O 4 - -  or  NO2-  ions a r e  a d s o r b e d  on the  p a s s ive  
f i lm i t se l f  and  a re  a v a i l a b l e  b y  r e d u c t i o n  to s u p p l y  
e lec t r i c  c u r r e n t  n e c e s s a r y  for  anod ic  p a s s i v a t i o n  of 
a n y  po r t ions  of the  pas s ive  f i lm r e q u i r i n g  r epa i r .  In  
p r e sence  of C1- or S O 4 - - ,  n e c e s s a r y  r e p a i r  is m o r e  
f r e q u e n t  t h a n  o t h e r w i s e  and,  hence,  c o n s u m p t i o n  
of p a s s i v a t o r  ions i nc r ea se s  w i t h  ch lo r ide  and  su l -  
f a t e  concen t r a t ion .  I n c r e a s e d  c o n s u m p t i o n  of p a s s i -  
v a t o r  u n d e r  these  cond i t ions  is w e l l - k n o w n  in p r a c -  

tice. Shou ld  the  c o n c e n t r a t i o n  of d i s t u r b i n g  an ions  
r e a c h  a c r i t i ca l  c o n c e n t r a t i o n  a t  w h i c h  t h e y  p e r m a -  
n e n t l y  d i sp l ace  a d s o r b e d  p a s s i v a t o r  ions  at  loca l  
a r e a s  and  become  a d s o r b e d  themse lves ,  t h e n  the  
pas s ive  f i lm suffers  p e r m a n e n t  loca l  d a m a g e  and  
p i t t i ng  resu l t s .  A l a r g e  c a thode  a r e a  s u r r o u n d i n g  a 
sma l l  a n o d e  a r e a  l e a d s  to h igh  c u r r e n t  dens i t i e s  a t  
t he  anode .  

The  r e l a t i v e  p r o p o r t i o n s  of  p a s s i v a t o r  or  of su l f a t e  
or  c h l o r i d e  a d s o r b i n g  on the  pa s s ive  film, a c c o r d i n g  
to t he  above  d e s c r i b e d  m e c h a n i s m ,  d e t e r m i n e s  
w h e t h e r  or  not  p i t t i n g  t a k e s  p lace .  W h i c h  p a r t i c u l a r  
spec ies  succeeds  in  the  c o m p e t i t i v e  a d s o r p t i o n  p r o c -  
ess d e p e n d s  on r e l a t i v e  c o n c e n t r a t i o n s  of  specific 
ions and  the i r  r e l a t i v e  affini t ies for  the  pa s s ive  s u r -  
face. E x p r e s s e d  q u a n t i t a t i v e l y  b y  the  F r e u n d l i c h  a d -  
so rp t ion  i so the rm,  t he  a m o u n t  of s u b s t a n c e  a d s o r b e d  
pe r  un i t  a r ea  of pa s s ive  su r face  is r e l a t e d  to t h e  con-  
c e n t r a t i o n  of an ions  in solu t ion ,  where ,  b y  H e n r y ' s  
law,  " c o n c e n t r a t i o n "  subs t i t u t e s  for  t he  u s u a l  "gas  
p r e s s u r e "  t e rm.  A c c o r d i n g l y  

as = kl  Ms I/"z [2]  
and  

a l) : ks Mp 1/n2 [3]  

w h e r e  Ms and  M,  a r e  m o l a r i t y  of sa l t  a n d  p a s s i v a t o r  
r e spec t i ve ly ,  as and  ap a re  a m o u n t s  of subs t ance  a d -  
so rbed  p e r  un i t  a r e a  of pa s s ive  sur face ,  and  k and  
n a r e  cons tan ts .  The  fo l l owing  r a t i o  t h e n  ho lds  

as kl Ms 1/nl 
- - .  [ 4 ]  

ap k 2  M p  l / n 2  

A t  a specific c r i t i ca l  r a t i o  as/ap, w h i c h  can be  set  
e q u a l  to C, t he  pas s ive  f i lm b r e a k s  d o w n  loca l ly  
(f irst  a t  a p a r t i c u l a r l y  v u l n e r a b l e  s i t e ) .  I t  fo l lows  
t h a t  

log  C = log + - - l o g  M s - - l l o g  Mp [5] 
1 

k2 nl  n2 
o r  

k l  "/"~ 1 
]og Ms = nl log C - - n l  lOg--~o -{- - -  log M p [6]  

2 n 2  

E q u a t i o n  [6]  has  t he  same  f o r m  as e m p i r i c a l  Eq. [1]  
w h e r e  a equa l s  n l  log  C -  n l  log  k l /k2  and  b equa l s  
nJn2.  Values  for  b shou ld  a p p r o x i m a t e  u n i t y  if  
va lue s  of n in  t he  F r e u n d l i c h  a d s o r p t i o n  i s o t h e r m  
a r e  s imi la r .  E m p i r i c a l  v a l u e s  of b in  T a b l e  I a v e r a g e  
1.02 w i t h  m a x i m u m  d e v i a t i o n  of 0.29. V a l u e s  of  a 
in T a b l e  I a r e  l a r g e r  for  n i t r i t e s  t h a n  for  ch roma te s .  
A c c o r d i n g  to Eq. [6] ,  a s s u m i n g  C to b e  a p p r o x i -  
m a t e l y  cons tan t ,  k2, t he re fo re ,  m u s t  be  l a r g e r  for  
n i t r i t e s  t h a n  for  c h roma te s .  This  c o r r e s p o n d s  to 
g r e a t e r  t e n d e n c y  fo r  NO2-  to  a d s o r b  on t h e  pas s ive  
f i lm t h a n  for  C r O 4 - - .  This  r e l a t i o n  is in fac t  b o r n e  
ou t  b y  the  g r e a t e r  c o n c e n t r a t i o n  of C I -  and  S O 4 - -  
n e c e s s a r y  to b r e a k  d o w n  p a s s i v i t y  of i ron  in  p r e s e n c e  
of n i t r i t e  (Fig .  5 -8)  a n d  also b y  the  o b s e r v e d  l o w e r  
c r i t i ca l  c o n c e n t r a t i o n  of  n i t r i t e  ( < 1  x 10-5M) com-  
p a r e d  to c h r o m a t e  (5 x 10 -4M) .  In  t he  c o m p e t i t i v e  
a d s o r p t i o n  of p a s s i v a t o r  w i t h  S O 4 - -  or  C I - ,  the  
g r e a t e r  aff ini ty  of  NO~-  for  t he  pas s ive  f i lm m a k e s  
i t  less  s ens i t i ve  to c o n c e n t r a t i o n s  of d i s t u r b i n g  
an ions  t h a n  is the  case  for  c h roma te s .  

The  effect of p H  on cor ros ion ,  shown  in Fig .  9, is 
also e x p l a i n e d  b y  c o m p e t i t i v e  adso rp t ion .  In  t he  ac id  
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region ,  S O 4 - -  c o m p e t i t i v e l y  adso rbs  w i t h  C r O 4 - - ,  
and  the  c o n c e n t r a t i o n  of  S O 4 - -  i nc reases  as t he  p H  
dec reases  t h r o u g h  add i t i ons  of H2SO4. H i g h e r  con-  
c e n t r a t i o n  of S O 4 - -  is a c c o m p a n i e d  b y  g r e a t e r  t e n d -  
ency  of S O 4 - -  to adsorb ,  f o l l o w e d  b y  i n c r e a s e d  co r -  
ros ive  a t t ack .  P e r c h l o r a t e  ions, on the  o t h e r  hand ,  
do no t  t e n d  to adso rb  in gene ra l ,  and  hence,  t he  p a s -  
s ive  f i lm is u n d i s t u r b e d  even  at  a p H  as l o w  as 2.85. 
L a c k  of an  effect b y  HC104 add i t i ons  i nd i ca t e s  t h a t  
the  pa s s ive  f i lm in p r e s e n c e  of C r O 4 - -  is i n h e r e n t l y  
i n sens i t i ve  to c h a n g e  in p H  b e t w e e n  a t  l eas t  2.8 and  
13. The  b r e a k d o w n  of p a s s i v i t y  in  the  ac id  r eg ion  
for  c h r o m a t e - i n h i b i t e d  sys tems ,  w h i c h  is s o m e t i m e s  
obse rved ,  seems,  t he re fo re ,  to d e r i v e  f r o m  i n c r e a s e d  
an ion  concen t r a t i ons  such as S O 4 - -  or  C1- r a t h e r  
t h a n  f r o m  inc rea sed  H + concen t r a t i on .  

In  th is  connect ion ,  t h e i r  seems  to be  no m a r k e d  
t e n d e n c y  for  O H -  to d i sp l ace  C r O 4 - -  a d s o r b e d  on 
the  pa s s ive  f i lm at  p H  v a l u e s  as h igh  as 13. W e r e  
such  c o m p e t i t i v e  a d s o r p t i o n  to succeed,  one w o u l d  
expec t  an  i nc rea se  in cor ros ion  r a t e  in t he  a l k a l i n e  
reg ion ,  b u t  th i s  is not  found.  The  cor ros ion  r a t e  of 
i ron  in d e a e r a t e d  0.01M Na2CrO4 at  p H  13 is 0.03 
todd,  w h e r e a s  the  co r ros ion  r a t e  in d e a e r a t e d  N a O H  
of p H  13 equa l s  0.51 todd.  These  r e su l t s  ind ica te ,  
t he re fo re ,  t ha t  c h r o m a t e s  con t inue  to adso rb  in the  
a l k a l i n e  r eg ion  up  to at  l eas t  p H  13. 

P o w e r s  and  H a c k e r m a n  (3)  f o u n d  t h a t  i ron  e x -  
posed  to 1 x 10-~M NaeCrO4 con t a in ing  r a d i o a c t i v e  
Cr  5~ a t  a n d  a b o v e  p H  11 s h o w e d  no d e t e c t a b l e  r a d i o -  
a c t i v i t y  on the  m e t a l  sur face ,  t he  s p e c i m e n  be ing  
s u b s e q u e n t l y  w a s h e d  w i t h  d i s t i l l ed  wa te r .  B e l o w  
p H  11, r a d i o a c t i v e  Cr  w a s  found.  Th is  m e a n s  a c c o r d -  
ing  to our  cor ros ion  r a t e  m e a s u r e m e n t s  t h a t  r e d u c e d  
C r O 4 - -  p r o d u c t s  and  a d s o r b e d  C r O 4 - -  ions w e r e  
w a s h e d  off b y  w a t e r  in  the  v e r y  a l k a l i n e  r a n g e  of 
p H  b e f o r e  r e s i d u a l  Cr  51 on the  su r f ace  was  counted ,  
c o n t r a r y  to t he  s t a t e  of affa i rs  b e l o w  p H  11. This  b e -  
h a v i o r  fits t he  k n o w n  t e n d e n c y  of O H -  to f o r m  
so lub le  c o m p l e x e s  w i t h  c h r o m i u m  sal ts .  

The  a b o v e  r e su l t s  t o g e t h e r  w i t h  those  p r e v i o u s l y  
d i scussed  s u p p o r t  t he  v i e w  tha t  c o m p e t i t i v e  a d s o r p -  
t ion d e t e r m i n e s  w h e t h e r  a g iven  c o n c e n t r a t i o n  of 
p a s s i v a t o r  w i l l  succeed  in  i n h i b i t i n g  co r ros ion  in  
p re sence  of C1- or  S O 4 - - .  The  p H  of the  so lu t ion  is 
not  a sens i t ive  fac tor ,  d i s coun t ing  effects of  an ions  
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w h i c h  h a p p e n  to a c c o m p a n y  H +. On the  o t h e r  hand ,  
p H  p r o b a b l y  becomes  i m p o r t a n t  a t  the  c r i t i ca l  
c o n c e n t r a t i o n  of p a s s i v a t o r  (5 x 10-4M for  Na2CrO4) 
because  of t he  s e n s i t i v i t y  of F l a d e  p o t e n t i a l  to pH. 
The  co r ros ion  p o t e n t i a l  of  i ron  in  1 x 10-3M 
Na2CrO4, w h i c h  l ies  a b o v e  the  c r i t i ca l  concen t r a t ion ,  
w e  f o u n d  to be  W0.09v on the  h y d r o g e n  scale.  S ince  
the  F l a d e  p o t e n t i a l  of i r on  in c h r o m a t e s  fo l lows  the  
r e l a t i o n  ~bf(volt)  = 0.54 - -  0.059 p H  (6) and  the  
m e a s u r e d  p H  of 1 x 10 -aM Na2CrO4 is 8, the  co r -  
r e s p o n d i n g  F l a d e  p o t e n t i a l  is ~-0.07v. This  v a l u e  is 
less nob le  t h a n  the  o b s e r v e d  cor ros ion  p o t e n t i a l  a n d  
accounts  for  o b s e r v e d  s t ab l e  pass iv i ty .  Be low the  
c r i t i ca l  concen t r a t i on ,  e.g., 1 x 10-4M Na2CrO4, t he  
cor ros ion  p o t e n t i a l  on t h e  h y d r o g e n  scale  is - -0.38v.  
This  v a l u e  l ies  de f in i t e ly  on the  ac t ive  s ide of t he  
F l a d e  p o t e n t i a l  and  e x p l a i n s  w h y  p a s s i v i t y  does no t  
occur  at  th is  c h r o m a t e  c o n c e n t r a t i o n  or  be low.  In  
p r e s e n c e  of C1-  or  S O 4 - - ,  h o w e v e r ,  p a s s i v i t y  m a y  
b r e a k  d o w n  even  if  t he  cor ros ion  p o t e n t i a l  l ies  a t  
va lue s  n o b l e  to the  F l a d e  po t en t i a l .  This  b r e a k d o w n  
occurs  b e c a u s e  t he  p a s s i v a t o r  ion is d i sp l aced  on 
the  pas s ive  m e t a l  su r f ace  b y  C1-  or  S O 4 - - ,  and  also 
because  the  pa s s ive  f i lm i t se l f  is d i s p l a c e d  at  s i tes  
w h e r e  c o m p e t i t i v e  a d s o r p t i o n  succeeds.  I n  absence  
of pa s s ive  f i lm a t  such si tes,  a p a s s i v e - a c t i v e  cel l  is 
set  up  w i t h  p r o n o u n c e d  cor ros ion  at  t he  anodes  ac -  
c o m p a n i e d  b y  p i t t i ng .  
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ABSTRACT 

The up take  of rad ioac t ive  S 35 f rom th iourea  by  single c rys ta l  spheres  of 
copper  and nickel  was found to increase wi th  increasing concentra t ion  of 
th iourea  in the  solution, but  showed no preference  for  any crys ta l  face. Al ly l  
sulfonate  labe l led  wi th  S 3~ was not  t aken  up  by  nickel  unde r  severa l  condi-  
t ions of s imple immersion,  but  was  included under  condit ions of n ickel  e lec-  
t rodeposi t ion.  Dissolution of the  e lectrodeposi ts  in HC1 caused the included 
sulfur  to be evolved as H2S, as shown by  t racer  exper iments ,  quant i ta t ive  
analysis,  and x - r a y  diffraction identification. 

I t  is a c o m m o n  p rac t i ce  in  the  e l e c t r o p l a t i n g  i n -  
d u s t r y  to use  va r i ous  a d d i t i o n  agen t s  (1)  in  m e t a l  
p l a t i ng  b a t h s  to a l t e r  the  c h a r a c t e r  of t he  e l e c t r o -  
depos i t s  o b t a i n e d  f r o m  a g iven  p l a t i n g  ba th .  One of 
the  mos t  m a r k e d  changes  thus  ef fec ted b y  the  use  of 
a d d i t i o n  agen t s  is the  p r o d u c t i o n  of m i r r o r  l i ke  e l ec -  
t r odepos i t s  f r o m  a p l a t i n g  b a t h  w h i c h  o t h e r w i s e  
p r o d u c e s  dul l ,  m a t t e  deposi ts .  A l t h o u g h  a d d i t i o n  
agen t s  h a v e  been  used  for  a t  l eas t  s e v e r a l  decades  
to p r o d u c e  b r i g h t  e l ec t rodepos i t s ,  a c o m p l e t e l y  s a t i s -  
f a c t o r y  e x p l a n a t i o n  of t he  m e c h a n i s m  b y  w h i c h  the  
a d d i t i o n  agent ,  or  b r i g h t e n e r ,  changes  the  c h a r a c t e r  
of the  e l ec t rodepos i t  o b t a i n e d  has  no t  been  d e v e l -  
oped.  The  p r e s e n t  r e s e a r c h  was  u n d e r t a k e n  to o b -  
t a in  e x p e r i m e n t a l  d a t a  w h i c h  m i g h t  l e ad  to a b e t t e r  
u n d e r s t a n d i n g  of t he  m e c h a n i s m  of b r i g h t e n e r  ac -  
tion. The  w o r k  to be  d e s c r i b e d  consis ts  of two  p a r t s :  
( a )  s t u d y  of t he  su r f ace  r eac t ions  of c e r t a i n  b r i g h t -  
ene r s  w i t h  coppe r  a n d  n i cke l  s i n g l e - c r y s t a l  s u b -  
s t ra tes ,  a n d  (b)  s t u d y  of the  fa te  of the  b r i g h t e n e r  
d u r i n g  e l e c t r o d e p o s i t i o n  us ing  s o d i u m  a l l y l s u l f o n -  
a te  ( S A S )  (2)  in n i c k e l  e l ec t rodepos i t ion .  F o r  mos t  
of t he  work ,  t he  r e s p e c t i v e  b r i g h t e n e r s  w e r e  l a b e l l e d  
w i t h  r a d i o a c t i v e  S ~5 for  t r a c e r  pu rposes .  A p r e v i o u s  
i n v e s t i g a t i o n  (3)  in  th is  l a b o r a t o r y  d e s c r i b e d  some 
aspec ts  of t he  i n t e r a c t i o n  of t h i o u r e a  w i t h  s ing le  
c rys t a l s  of coppe r  in " a d s o r p t i o n "  and  e l e c t r o d e p o -  
si t ion.  

Experimental Materials 
Radioactive brighteners.-- ( Thiourea ) . - - I n  t he  

p r e v i o u s  s t u d y  (3)  in th i s  l a b o r a t o r y ,  t h i o u r e a - S  ~ 
was  p r e p a r e d  b y  the  m e t h o d  of Bil ls  and  Ronzio  (4) .  
S ince  then ,  t h i o u r e a - S  8~ has  been  m a d e  a v a i l a b l e  b y  
T r a c e r l a b ,  Inc.,  and,  as a m a t t e r  of  conven ience ,  
th is  source  of  t h i o u r e a - S  35 was  used  fo r  t he  p r e s e n t  
s tudy .  
Sodium allyl sul]onate.--The a l l y l  su l fona t e  was  
p r e p a r e d  b y  a m i c r o - a d a p t a t i o n  d e v e l o p e d  in th is  
l a b o r a t o r y  of  t h e  c lass ic  S t r e c k e r  syn thes i s  (5)  for  
su l fon ic  acids,  w h i c h  consis ts  of r e a c t i n g  a l l y l  
b r o m i d e  w i t h  s o d i u m  sulfi te.  F o r  the  syn thes i s  of t he  
l a b e l l e d  a l l y l  su l fona te ,  s o d i u m  su l f i t e -S  35 s u p p l i e d  
b y  T r a c e r l a b ,  Inc., was  used.  A p i lo t  run ,  us ing  i d e n -  

1 Present  address: Dow Chemica l  Co., Midland,  Michigan.  

t i ca l  a m o u n t s  of n o n r a d i o a c t i v e  m a t e r i a l ,  was  a l -  
w a y s  m a d e  c onc u r r e n t l y .  

In  a t y p i c a l  run ,  1 m M  of s o d i u m  su l f i t e -S  ~5 was  
p l a c e d  in a s m a l l  g l a s s - s t o p p e r e d  r e a c t i o n  tube ,  fo l -  
l o w e d  b y  0.55 m l  of d i s t i l l ed  w a t e r  a n d  0.30 m l  of 
f r e s h l y  d i s t i l l ed  (co lo r less )  a l l y l  b r o m i d e .  T h e  r e -  
ac t ion  t u b e  was  s t o p p e r e d  a n d  t h e n  he ld  at  60~ for  
30 hr .  This  was  fo l l owed  b y  a p r o l o n g e d  e t h e r  w a s h -  
ing  to r e m o v e  excess  a l l y l  b r o m i d e .  The  so lu t ion  was  
t hen  t r e a t e d  w i t h  t h r e e  d rops  of s a t u r a t e d  b a r i u m  
h y d r o x i d e  so lu t ion  to r e m o v e  u n r e a c t e d  sulf i te  or  
a n y  su l f a t e  ion  fo rmed .  In  th is  w o r k  no d e t e c t a b l e  
p r e c i p i t a t e  or  c loud iness  cou ld  be  obse rved ,  i n d i c a t -  
ing  the  comple t enes s  of t he  reac t ion .  E v a l u a t i o n  of 
th is  tes t  showed  i t  to be  c a p a b l e  of d e t e c t i n g  one 
p a r t  of su l fa te  or  sulf i te  ion in 2000 p a r t s  of s o d i u m  
a l l y l  su l fona t e  u n d e r  these  condi t ions .  

The  b a r i u m  was  p r e c i p i t a t e d  b y  s a t u r a t i o n  of t he  
so lu t ion  w i t h  CO2 and  the  b a r i u m  c a r b o n a t e  was  r e -  
m o v e d  b y  cen t r i fuga t ion .  T h e  so lu t ions  w e r e  t r a n s -  
f e r r e d  to w e i g h i n g  bot t les ,  e v a p o r a t e d  to d r y n e s s  
w i t h  an  i n f r a r e d  l amp,  a n d  t h e n  w e i g h e d  to ob t a in  
t he  w e i g h t  of t he  p roduc t s ,  s o d i u m  a l l y l  su l fona t e  
and  s o d i u m  b r o m i d e .  The  c o n c u r r e n t  p i lo t  r u n  was  
a n a l y z e d  for  s o d i u m  b r o m i d e  b y  the  V o l h a r d  
me thod ,  and  the  w e i g h t  of the  s o d i u m  a l l y l  su l fon -  
a te  was  o b t a i n e d  b y  di f ference.  The  y i e l d  of t he  
r a d i o a c t i v e  r u n  was  t a k e n  to be tha t  of  the  p a r a l l e l  
p i lo t  run .  The  y i e ld s  of f inal  m a t e r i a l  for  m a n y  
"co ld"  runs  was  a l w a y s  close to 97% of t heo re t i ca l .  

The  p r o d u c t  was  c h a r a c t e r i z e d  b y  c o m p a r i s o n  w i t h  
a u t h e n t i c  E a s t m a n  K o d a k  C o m p a n y  p r o d u c t  us ing  
i n f r a r e d  spe c t r a  and  mic roana ly s i s .  M i c r o a n a l y s e s  
of the  s t a n d a r d  E a s t m a n  K o d a k  s a m p l e  gave  C, 
25.34%; H, 3 .57%; and  S, 22.45% c o m p a r e d  w i t h  
t h e o r e t i c a l  va lue s  of C, 25.00%; H, 3 .49%; and  S, 
22.25%. 

In  mos t  cases,  to avo id  f u r t h e r  hand l ing ,  t he  so -  
d i u m  b r o m i d e  was  no t  r e m o v e d  f r o m  the  sample ,  
s ince  b r o m i d e  has  been  s h o w n  no t  to i n t e r f e r e  in  
the  e l e c t rode pos i t i on  of b r i g h t  n ickel .  

Preparation of single crystal spheres.JSingle 
c r y s t a l  sphe re s  w e r e  m a c h i n e d  f rom copper  and  
n i c k e l  s ingle  c r y s t a l  rods  b y  m e a n s  of a l a the  a t -  
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t a c h m e n t  d e v e l o p e d  h e r e  (6) .  A f t e r  mach in ing ,  t he  
sphe re s  w e r e  m e c h a n i c a l l y  p o l i s h e d  w i th  succes -  
s ive ly  f iner  m e t a l l o g r a p h i c  p a p e r s  t h r o u g h  4 /0  
g rade .  This  was  fo l l owed  b y  e l e c t r o p o l i s h i n g  in  t he  
a p p r o p r i a t e  ba ths  u n t i l  e t ch ing  s h o w e d  t h a t  a l l  of 
the  w o r k e d  m a t e r i a l  h a d  been  r e m o v e d .  The  cop-  
p e r  s ingle  c rys t a l s  w e r e  g r o w n  in th is  l a b o r a t o r y  
b y  v a r i a t i o n s  of t he  B r i d g m a n  t echn ique ;  n i cke l  
s ing le  c rys t a l s  w e r e  o b t a i n e d  f r o m  the  V i r g i n i a  I n -  
s t i t u t e  for  Scient i f ic  R e s e a r c h  and  f r o m  Hor izons ,  
Inc. The  u t i l i t y  of s ing le  c r y s t a l  sphe re s  and  the  
m e t h o d s  of h a n d l i n g  t h e m  h a v e  been  e s t a b l i s h e d  
e spec i a l l y  b y  G w a t h m e y  and  c o - w o r k e r s  (7) .  

Appara tus - -The  a p p a r a t u s  d e v e l o p e d  he re  for  use  
in  t he  s ing le  c r y s t a l  s tud ies  is s h o w n  co l l ec ted  in  
the  p h o t o g r a p h  of Fig .  1. A t w o - c i r c l e  g o n i o m e t e r  
(A)  was  used  to d e t e r m i n e  the  c r y s t a l l o g r a p h i c  
o r i e n t a t i o n  of  each  of  t he  s ing le  c r y s t a l  sphe re s  
and  also to loca te  p a r t i c u l a r  c r y s t a l  faces  for  o b s e r -  
v a t i o n  b y  r ad io  t r a c e r  t echn iques .  The  g o n i o m e t e r  
can be  m o u n t e d  w i t h  a Ge ige r  c o u n t e r - t u b e  hous ing  
(B)  on a t r a c k  w h i c h  se rves  to loca te  t h e m  in a f ixed  
r e l a t i o n  to each  o ther .  A s m a l l  a p e r t u r e  in  t he  nose  
of the  Ge ige r  hous ing  is used  to scan a r e s t r i c t e d  
a r e a  of i n t e r e s t  on a c r y s t a l  s p h e r e  m o u n t e d  in  t he  
gon iome te r .  A t  (C)  is s h o w n  a s ing le  c r y s t a l  s p h e r e  
p e r m a n e n t l y  m o u n t e d  in  a k e y e d  h o l d e r  w h i c h  fits 
in to  t he  k e y e d  socke t  of the  gon iome te r .  This  h o l d e r  
a l lows  r e loca t i on  of  a n y  chosen  c r y s t a l  f ace  of  a n y  
p a r t i c u l a r  c r y s t a l  sphe re  d u r i n g  a ser ies  of e x p e r i -  
ments .  The  e t c h - p i t  m e t h o d  and  s t e r e o g r a p h i c  p r o -  
j ec t ion  t echn iques  as de sc r ibed  b y  B a r r e t t  (8)  w e r e  
used  to  d e t e r m i n e  t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  
of each  of t h e  c rys t a l s  and  to loca te  (100) ,  (110) ,  
and  (111) faces  on them.  A j ig  w h i c h  is u sed  to 
m o u n t  t he  c r y s t a l  sphe re s  in t h e i r  ho lde r s  is s h o w n  
at  (D) .  This  j ig  i n su re s  t h a t  t he  cen t e r  of t he  
m o u n t e d  c r y s t a l  s p h e r e  wi l l  be  on a h o r i z o n t a l  
ax is  of the  g o n i o m e t e r  w h e n  the  h o l d e r  is i n s e r t e d  
in the  g o n i o m e t e r  socket .  

Fig. 1. Two-circle goniometer and associated equipment used 
for single crystal studies. 

S e v e r a l  o t h e r  t e chn iques  a n d  p ieces  of e q u i p m e n t  
(not  i l l u s t r a t e d )  h a v e  been  d e v e l o p e d  in  th is  l a b -  
o r a t o r y  for  t h e  s t u d y  of t he  s ingle  c r y s t a l  spheres .  
These  i nc lude  p r o v i s i o n  for  m o u n t i n g  of t he  g o n i o m -  
e t e r  on the  t r a c k  of an  x - r a y  d i f f rac t ion  a p p a r a t u s ,  a 
c o m b i n a t i o n  i l l u m i n a t o r - t e l e s c o p e  for  d e t e r m i n i n g  
o r i e n t a t i o n  b y  the  e t c h - p i t  me thod ,  a n d  a h o r i z o n -  
t a l l y  m o u n t e d  m e t a l l u r g i c a l  mic roscope .  S ince  each  
of t he se  can  be  a c c u r a t e l y  pos i t i oned  w i t h  r e spec t  
to t h e  gon iome te r ,  the  s y s t e m  of a p p a r a t u s  a l lows  
e x a m i n a t i o n  of a n y  chosen  spot  on  a s p h e r e  b y  a 
v a r i e t y  of t echn iques .  

Surface Reaction Studies 

Procedures . - -Thiourea on copper . - -The  e x p e r i -  
m e n t a l  s tud ies  of t he  r e a c t i o n  of t h i o u r e a  on the  
su r f aces  of copper  c r y s t a l  sphe re s  w e r e  conduc t ed  
in  t h e  fo l l owing  m a n n e r .  I m m e d i a t e l y  be fo re  each  
i m m e r s i o n  e x p e r i m e n t ,  t h e  c r y s t a l  to b e  s t ud i ed  
was  r u n  t h r o u g h  the  fo l lowing  c l ean ing  cycle  to r e -  
m o v e  a n y  dust ,  g rease ,  or  r a d i o a c t i v i t y  r e m a i n i n g  
f r o m  a p r e v i o u s  e x p e r i m e n t :  ( i )  t h r e e  t imes  
t h r o u g h  a d i l u t e  h y d r o c h l o r i c  ac id  d ip  and  t a p  w a t e r  
r inse ;  ( i i )  ca thod ic  c l ean ing  for  5 min ;  ( i i i )  t a p  
w a t e r  r inse.  The  c r y s t a l  was  t h e n  e l e c t r o p o l i s h e d  in  
43 % H3PO4 for  2 min  to p r o v i d e  a n e w  e x p e r i m e n t a l  
surface .  A f t e r  e l ec t ropo l i sh ing ,  t he  c r y s t a l  was  
r i n sed  accord ing  to a p r o c e d u r e  found  b y  S i m p s o n  
and  H a c k e r m a n  (9)  to l e a v e  no  p h o s p h a t e  ion  con -  
t a m i n a t i o n  of the  n e w  coppe r  surface .  The  r in s ing  
p r o c e d u r e  was  f o l l o w e d  b y  a f inal  30 sec d ip  in  d i lu t e  
h y d r o c h l o r i c  ac id  a n d  a 30 sec d i s t i l l ed  w a t e r  r inse.  
The  a d h e r i n g  r inse  w a t e r  was  q u i c k l y  r e m o v e d  b y  
touch ing  the  neck  of t he  c ry s t a l  w i t h  a p iece  of 
f i l ter  pape r .  The  c r y s t a l  was  i m m e d i a t e l y  i m m e r s e d  
in t he  e x p e r i m e n t a l  t h i o u r e a - S  35 solut ion ,  w h i c h  
was  in  con tac t  w i t h  a i r .  

A f t e r  i m m e r s i o n  for  30 min ,  t h e  c r y s t a l  was  r e -  
m o v e d  and  p l a c e d  u p r i g h t  in a w a t e r  v a p o r  s a t u -  
r a t e d  a t m o s p h e r e  to d r a i n .  This  s tep  was  t a k e n  to 
avo id  c o n c e n t r a t i o n  changes  of t he  so lu t ion  on the  
c r y s t a l  b y  evapo ra t i on .  A f t e r  d r a i n i n g  15 min,  t he  
excess  so lu t ion  was  r e m o v e d  f rom the  neck  of t he  
c ry s t a l  w i t h  a p iece  of f i l te r  pape r ,  and  the  c r y s t a l  
was  p l aced  in a de s i cca to r  to d ry .  

The  c r y s t a l  was  n e x t  p l a c e d  in the  g o n i o m e t e r  
and  e x a m i n e d  for  r a d i o a c t i v i t y .  The  a c t i v i t y  on 
t h r e e  each  of t he  (100) ,  (110) ,  and  (111) faces  
was  m e a s u r e d .  

T h r e e  coppe r  c rys t a l s  w e r e  s t u d i e d  in  these  e x -  
p e r i m e n t s ;  one c r y s t a l  w h i c h  w o u l d  a l w a y s  become  
p i t t e d  d u r i n g  the  e l ec t ropo l i sh ing  p rocess  and  two  
n o n p i t t i n g  c rys ta l s .  T h e  p i t s  on t h e  one c r y s t a l  m a y  
pos s ib ly  have  been  due  to c r y s t a l  f au l t s  as m i c r o -  
scopic o b s e r v a t i o n  s h o w e d  t h e m  to occur  in  rows  
n e a r  c e r t a i n  c r y s t a l  d i rec t ions .  The  c rys t a l s  w e r e  
i m m e r s e d  in  aqueous  t h i o u r e a - S  35 so lu t ions  of t he  
fo l lowing  m o l a r i t i e s :  9.66 x 10 -4, 9.66 x 10 -5, 4.33 x 
10 -5, 2.17 x 10 -5, 1.95 x 10 -5, 4.33 x 10 -6, and  2.17 x 
10-6. 

On n ickeI . - -Two n i c k e l  c r y s t a l  sphe res  w e r e  p r e -  
p a r e d  for  t h e  i m m e r s i o n  e x p e r i m e n t s  b y  pass ing  
t h e m  t h r o u g h  a p r e p a r a t i v e  p r o c e d u r e  s im i l a r  to 
t h a t  u sed  for  copper .  The  e l e c t r o p o l i s h i n g  was  done  in 
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an  H2SO4-HsPO4-HC1 so lu t ion  (10) a t  60~ a t  a 
c u r r e n t  of 5 a m p  for  a ~/2-in. d i a m e t e r  c rys ta l .  

Two r e a c t i o n  sys t ems  w e r e  s t ud i ed  w i t h  t he  n i c k e l  
c rys t a l s :  e x p o s u r e  to t h i o u r e a  and  e x p o s u r e  to  so -  
d i u m  a l l y l  su l fona te .  C o n c e n t r a t i o n s  of t he  t h i o -  
u r e a - S  ~5 so lu t ions  s t ud i ed  w e r e  9.66 x 10 -4, 4.83 x 
10 -5, and  2.42 x 10-sM.  

The  n i c k e l - t h i o u r e a  e x p e r i m e n t s  w e r e  c o n d u c t e d  
in  t he  s ame  m a n n e r  as t he  c o p p e r - t h i o u r e a  e x p e r i -  
ments .  The  s o d i u m  a l l y l  s u l f o n a t e - S  ~5 so lu t ion  con-  
t a i n e d  2g of t h e  b r i g h t e n e r  p e r  l i t e r  s ince  th is  is a 
c o n c e n t r a t i o n  a p p r o p r i a t e  for  b r i g h t  n i c k e l  p l a t ing .  
A n u m b e r  of v a r i a t i o n s  of e x p e r i m e n t a l  cond i t ions  
w e r e  used  in  t he  s t u d y  of t he  n i c k e l - a l l y l  su l fona t e  
sys tem.  A f t e r  t he  p r e p a r a t i v e  process ,  s e p a r a t e  e x -  
p e r i m e n t s  w e r e  p e r f o r m e d  as fo l lows :  (a )  i m m e r -  
s ion of t he  s ing le  c r y s t a l  s p h e r e  in  a w a t e r  so lu t ion  
of S A S ;  (b)  i m m e r s i o n  in  a w a t e r  so lu t ion  of S A S  
a d j u s t e d  to p H  2.8; (c)  5 min  i m m e r s i o n  of t he  
c r y s t a l  s p h e r e  in  6N HC1 fo l l owed  b y  i m m e r s i o n  in 
S A S  so lu t ion ;  (d)  3 m i n  ca thod ic  gass ing  of the  
sphe re  in  6N HC1 f o l l o w e d  b y  i m m e r s i o n  in  S A S  
so lu t ion ;  (e )  3 min  ca thod ic  gass ing  of t he  sphe re  
in  6N HC1 fo l l owed  b y  i m m e r s i o n  in  S A S  so lu t ion  
w i t h  a ca thod ic  p o t e n t i a l  a p p l i e d  j u s t  sho r t  of t h a t  
r e q u i r e d  for  v i s ib le  gas  evo lu t ion .  

Results of the surface reaction experiments.--Cop- 
per-thiourea-S 35 system.--Examination of the  cop-  
p e r  c r y s t a l  sphe re s  b y  m e a n s  of t he  g o n i o m e t e r -  
G e i g e r  coun t e r  a p p a r a t u s  showed  tha t  r a d i o a c t i v e  
su l fu r  was  p r e s e n t  on the  c r y s t a l s  fo l lowing  i m m e r -  
s ion in  t h e  r a d i o a c t i v e  t h i o u r e a  solu t ions .  The  e x -  
a m i n a t i o n  d id  not  r e v e a l  a n y  s t a t i s t i c a l l y  s igni f icant  
d i f fe rences  in t he  a m o u n t s  of r a d i o a c t i v i t y  p r e s e n t  
on the  (100) ,  (110) ,  or  (111) faces  of t he  copper  
c rys ta l s .  T h e  g r a p h  of Fig .  2 is a l o g - l o g  p lo t  of t he  
r a d i o a c t i v i t y ,  a v e r a g e d  ove r  a l l  t h r e e  c rys ta l s ,  as a 
func t ion  of t he  t h i o u r e a  concen t ra t ion .  The  p lo t  
has  some r e s e m b l a n c e  to a F r e u n d l i c h  i so the rm.  The  
s lope of t he  plot ,  n = A log  R/AC, is 0.5 i nd i c a t i ng  
t ha t  the  m e a s u r e d  r a d i o a c t i v i t y  on the  c r y s t a l  s u r -  
faces  is p r o p o r t i o n a l  to t he  s q u a r e  roo t  of the  so lu-  
t ion  concen t ra t ion .  

A l t h o u g h  in the  a b o v e  e x p e r i m e n t s  t he  b e h a v i o r  
of the  p i t t i n g  c r y s t a l  p r e v i o u s l y  n o t e d  was  no t  aP-  
p r e c i a b l y  d i f fe ren t  f r o m  t h a t  of the  n o n p i t t i n g  c r y s -  
ta ls ,  a v e r y  s l igh t  modi f i ca t ion  of the  e x p e r i m e n t a l  
p r o c e d u r e  r e s u l t e d  in a d e t e c t a b l e  di f ference.  I f  the  
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CONCENTRATION THIOUREA (MxlO 6) 

Fig. 2. Amount of S 35 taken up by single crystal spheres of 
copper as a function of the thiourea concentration in the solution. 

l a s t  t h i r t y - s e c o n d  d i l u t e  h y d r o c h l o r i c  ac id  d ip  and  
t h i r t y - s e c o n d  d i s t i l l ed  w a t e r  r i n se  w e r e  o m i t t e d  
f r o m  the  p r e p a r a t i v e  p r o c e d u r e ,  i t  was  f o u n d  t h a t  
the  p i t t i n g  c r y s t a l  w o u l d  t a k e  up  r a d i o a c t i v i t y  
w h i l e  the  n o n p i t t i n g  c r y s t a l s  w o u l d  not.  F o r  com-  
pa r i son ,  in an  e x p e r i m e n t  us ing  a 1.65 x 10-SM 
t h i o u r e a - S  35 solut ion ,  t he  a c t i v i t y  of t he  p i t t i ng  
c r y s t a l  a v e r a g e d  80 c p m  w h i l e  no s igni f icant  a c t i v -  
i t y  could  be d e t e c t e d  on the  n o n p i t t i n g  c rys ta l s .  
This  sugges t s  an  inf luence  of d i s loca t ions  w h i c h  b e -  
comes  a p p a r e n t  w h e n  the  c r y s t a l s  have  a t h in  f i lm 
of oxide .  
Nickel-thiourea system.--Results of t h i o u r e a - S  35 
e x p e r i m e n t s  w i t h  n i c k e l  s ing le  c rys t a l s  w e r e  s im i l a r  
to those  o b t a i n e d  w i t h  coppe r  c rys t a l s  a l t h o u g h  the  
a m o u n t  of r a d i o a c t i v i t y  f o u n d  on the  n i c k e l  c ry s t a l s  
was  m u c h  less  t h a n  t h a t  f o u n d  on the  coppe r  c r y s t a l s  
for  the  s ame  t h i o u r e a  concen t r a t i on .  Aga in ,  t h e  e x -  
p e r i m e n t a l  d a t a  d id  no t  i nd i ca t e  a n y  m a r k e d  d i f fe r -  
ences in the  a m o u n t  of r a d i o a c t i v e  su l fu r  f o u n d  on 
the  d i f fe ren t  c r y s t a l  faces.  
Nickel-allyl sulfonate systems.--The r e su l t s  of a l l  
of the  e x p e r i m e n t s  p e r f o r m e d  w i t h  n i cke l  and  so-  
d i u m  a l l y l  su l fona t e  so lu t ions  i nd i ca t e  t h a t  the  
a l l y l  su l fona t e  does  no t  r e a c t  w i t h  t h e  su r f aces  of 
the  n i cke l  c ry s t a l s  u n d e r  these  n o n p l a t i n g  cond i -  
t ions.  No a p p r e c i a b l e  r a d i o a c t i v i t y  was  d e t e c t e d  on 
e i t he r  of t he  n i c k e l  c r y s t a l s  b y  m e a n s  of t he  g o n i o m -  
e t e r - c o u n t e r  a p p a r a t u s .  

Effect  of  Electrodeposition on Al ly lsu l fonate  

Since  i t  was  e s t a b l i s h e d  t h a t  t he  sod ium a l l y l  su l -  
fona te  was  no t  t a k e n  up  b y  n i c k e l  u n d e r  n o n p l a t i n g  
condi t ions ,  and  s ince  i t  is k n o w n  (11) t h a t  b r i g h t  
n i cke l  e l ec t rodepos i t s  do con ta in  m o r e  su l fu r  t h a n  
p l a i n  W a t t s  n i c k e l  deposi ts ,  th is  sugges t ed  t h a t  t he  
b r i g h t e n e r  is t a k e n  up  b y  t h e  n i c k e l  t h r o u g h  an  
e l e c t r o c h e m i c a l  process .  T h e r e f o r e  f u r t h e r  e x p e r i -  
m e n t s  w e r e  u n d e r t a k e n  to d e t e r m i n e  the  f a t e  of the  
a l l y l  su l fona t e  d u r i n g  the  course  of e l e c t r o d e p o s i -  
t ion.  These  e x p e r i m e n t s  i n c l u d e d  q u a n t i t a t i v e  d e -  
t e r m i n a t i o n  of t h e  a m o u n t s  of su l fu r  t a k e n  up  as a 
func t ion  of p l a t i n g  t ime ,  c u r r e n t  dens i ty ,  a n d  b r i g h t -  
ene r  concen t r a t ion ,  and  a lso  e x p e r i m e n t s  des igned  
to c h a r a c t e r i z e  t he  f o r m  in w h i c h  the  su l fu r  was  
inc luded .  

Inclusion of sulfur in nickel electrodeposits.--As a 
function of plating t ime.--The bas is  m e t a l  for  the  
e l e c t rode pos i t i on  was  a copper  f i lm v a c u u m  e v a p o -  
r a t e d  on L u c i t e  r e p r o d u c t i o n s  of a 5/16 x 3 /4  in. 
sec t ion  of a 60 pin. r o u g h n e s s  s t a n d a r d  (12) .  The  
p l a t i n g  b a t h  was  75 m l  of W a t t s  n i cke l  so lu t ion  (300 
g/1 N i S O 4 .  6H20, 60 g/1 NiC12. 6H~O, 40 g/1 
H3BO~) con ta in ing  0.14g of r a d i o a c t i v e  s o d i u m  a l l y l  
s u l f o n a t e  and  0.01g of n o n r a d i o a c t i v e  s o d i u m  a l l y l  
su l fona te ,  g iv ing  a c o n c e n t r a t i o n  of 2 g/1. S e p a r a t e  
s a mp le s  w e r e  p l a t e d  w i t h  n i c k e l  a t  60 a m p / f t  2 (6.5 
a m p / d m 2 ) ,  60~ a n d  p H  3, fo r  5, 10, 15, a n d  20 min .  
The  r e l a t i v e  r a d i o a c t i v i t y  m e a s u r e d  w i t h  a c oun t e r  
on a 1/8  x 7/16 in. a r e a  is g iven  as a func t ion  of 
p l a t e  t h i ckness  in Fig .  3. 
Amount of sulfur as a function of concentration and 
current density.--Samples of b r i g h t  n i cke l  e l e c t r o -  
depos i t s  w e r e  o b t a i n e d  b y  p l a t i n g  on p a s s i v a t e d  
n i cke l  ca thodes ,  1 x 3 in. 2 in  a rea ,  in W a t t s  b a t h s  of 
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Fig. 3. A m o u n t  of  rad ioact iv i ty  measured on nickel  e lec t rode -  
posits of various thicknesses plated from a Watts nickel bath con- 
taining 2 g/1 of sodium allylsulfonate-S '~5. 

800 ml volume containing 2.5 or 7.5 g/1 of SAS and 
at cur ren t  densit ies of 30, 60, and 90 a m p / f t  2 and a 
t empera tu re  of 60~ Bar  agi ta t ion was used, con- 
sisting of 10 cm l ineal  t r ave l  and a per iod of 3 sec. 
The pH was adjus ted  to 2.9-3.0 at  the beginning of 
each p la t ing  run  and was found never  to r ise above 
3.1-3.2 dur ing the run. Electrodeposi ts  were  s t r ipped  
and analyzed  for sulfur  by  a method  (13) sui table  
for the de te rmina t ion  of S in steel. This involved 
dissolving the sample  in concentra ted  HNO3 and 
prec ip i ta t ing  the resul t ing  sulfate  wi th  bar ium.  Re-  
sults are given in Table I. 

Characterization oy brightener degradation prod- 
ucts.--Since the sulfur  of the SAS was shown to be 
included in the nickel  electrodeposit ,  it became of 
in teres t  to inquire  as to the form in which the sul fur  
was included.  This inqui ry  was pursued by  a va r i e ty  
of qual i ta t ive  and quant i t a t ive  techniques using 
both rad ioac t ive  and non- rad ioac t ive  forms of SAS. 
Deposit dissolution studies.--The fol lowing tests and 
observat ions  were  made:  

1. A sample of b r igh t  nickel  e lectrodeposi t  p la ted  
from a ba th  containing radioact ive  SAS was dis-  
solved in concentrated HNO~ and the resul t ing  solu-  
t ion was found to be radioact ive.  

2. A s imilar  b r igh t  e lectrodeposi t  was dissolved 
in 1:1 HC1. The gases evolved were  passed over 
moist lead acetate  paper ,  which then became black.  
Af te r  complete dissolution of the plate ,  the  solution 
was boiled to dr ive  off any  volat i le  mater ia l .  The 
b lackened  lead  aceta te  paper  was radioact ive,  whi le  
the remain ing  nickel  chloride solution showed no 
detectable  radioact iv i ty .  

2A. Control  exper iments  were  also performed.  In 
one of these, reagent  grade  nickel  shot was dissolved 
in 1:1 HC1 solution containing dissolved SAS. No 
volat i le  sulfur  could be detected wi th  the lead  

Table I. Percentage of sulfur in nickel electrodeposits as 
functions of current density and brightener concentration 

C u r r e n t  dens i ty ,  a m p / f t  = 

30 60 90 
S A S  

Conc., g/1 

% % % 

0.0315 0.0311 0.0304 
0.0457 0.0491 0.0476 

2.5 
7.5 
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acetate  paper .  In  another  test,  a l ly l  mercap tan  was 
genera ted  by  hydrolys is  of a l ly l  th iu ron ium bromide  
with  NaOH solution and gave a ye l low color wi th  
the lead acetate  paper .  

3. La rge r  samples of b r igh t  nickel  electrodeposi ts  
were  dissolved in concentra ted  HNO3 and analyzed 
for sulfate. S imi lar  samples were  dissolved in HC1, 
and the evolved gases were  caught  in ammoniacal  
hydrogen  peroxide  solution and analyzed for  sulfate. 
The resul ts  were:  to ta l  sulfur,  0.024%; acid volat i le  
sulfur,  0.0214%, indicat ing that,  wi th in  exper i -  
menta l  error,  p rac t ica l ly  al l  of the sulfur  in the pla te  
is in a form tha t  is vola t i le  on dissolution of the  
p la te  in HC1. 

4. Gases evolved f rom dissolution in HC1 were  
tes ted with  a mass spectrometer ,  and a peak  corre-  
sponding to HeS was found, but  mixed  wi th  peaks  be-  
longing to oxygen, nitrogen,  wa te r  vapor,  and some 
p resumab ly  background  hydroca rbon  mater ia l .  
Quantitative characterization.--Since the exp lo ra -  
tory  tests showed tha t  the sulfur  f rom the SAS 
eventua l ly  showed up as a volat i le  compound on dis-  
solution of the p la te  in HC1 and s t rongly suggested 
tha t  the volat i le  compound was hydrogen  sulfide, 
fu r the r  tests were  unde r t aken  to confirm this. In one 
set of exper iments ,  the volat i le  sulfur  compound was 
prec ip i ta ted  as a mercur ic  sal t  (14), the  prec ip i ta te  
was dissolved in aqua regia,  and the mercu ry  wa~ 
reprec ip i ta ted  with  authent ic  hydrogen  sulfide. The 
weight  of this final prec ip i ta te  was compared  with  
the ini t ia l  mercu ry  prec ip i ta te  wi th  the  unknown 
sulfur  compound. Mercury  was chosen because m e r -  
curic sulfide can be dr ied and weighed quan t i t a -  
t ively,  and the method used is a s t andard  .one for 
mercu ry  determinat ions .  The deviat ion be tween the 
weights  of the ini t ia l  and final prec ip i ta tes  averaged 
7 % for four determinat ions .  This leads to the fa i r ly  
safe conclusion tha t  the ini t ia l  p rec ip i ta te  was HgS, 
perhaps  s l ight ly  contaminated  with  other  mater ia ls ,  
since any o ther  conceivable sulfur  compound such as 
a mercaptan ,  would give la rger  deviat ions than  
those observed.  
X-ray diffraction tests.--The ini t ia l  mercu ry  p r e -  
c ipi ta te  wi th  the  unknown ac id-vola t i l e  sulfur  com- 
pound was examined  by  x - r a y  diffraction and com- 
pared  wi th  authent ic  HgS p repa red  under  s imilar  
conditions. Agreemen t  was found be tween  the two 
pat terns ,  both  wi th  respect  to the location of the 
lines and the peak  heights. Both pa t te rns  agreed also 
wi th  values  publ i shed  for b lack  cubic HgS (15), as 
shown in Table II. Thus it can be concluded tha t  the 

Table II. X-ray diffraction lines for mercury salt of unknown 
volatile sulfur compound and for authentic HgS 

28 (deg) fo r  2~ fo r  L i t e r a t u r e  v a l u e s  fo r  H g $  
u n k n o w n  s u l f u r  a u t h e n t i c  

compound HgS d (A) I/Io C~Ic. 26 

26.6 (100-5) 26.5 (100) 3.378 100 26.4 
30.9 (38) 30.7 (32) 2.926 34 30.6 
44.3 (43) 43.9 (39) 2.068 57 44.0 
52.0 (36) 51.9 (28) 1.764 45 51.6 

The  d i f f r ac t i on  ang le s  w e r e  r ead  f r o m  cha r t  r e c o r d i n g s  m a d e  on  
t he  s p e c t r o m e t e r  g o n i o m e t e r  of  a Nore l co  x - r a y  d i f f r ac t ion  u n i t  us -  
i ng  the  1.54A Cu K ~  r ad i a t i on .  The  f igures  in  p a r e n t h e s e s  are  es t i -  
m a t e d  p e a k  h e i g h t s  and  a re  no t  q u a n t i t a t i v e l y  c o m p a r a b l e  because  
of some l ine  b r o a d e n i n g  in  t he  u n k n o w n .  The  o r d e r  of i n t e n s i t i e s  is 
n e v e r t h e l e s s  sa t i s fac to ry .  
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vo l a t i l e  su l fu r  c o m p o u n d  f rom the  d i s so lu t ion  of the  
b r i g h t  n i c k e l  e l ec t rodepos i t s  in HC1 is h y d r o g e n  
sulf ide gas. 

Discussion 
I t  is g e n e r a l l y  b e l i e v e d  tha t  a d s o r p t i o n  of the  

a d d i t i o n  agen t s  or  t h e i r  p r o d u c t s  on the  su r face  of 
the  m e t a l  e l ec t rode  is i m p o r t a n t  in b r i g h t  p l a t i n g  
and  l eve l l i ng  p h e n o m e n a .  Also  i t  is k n o w n  ( l b )  t h a t  
e f fec t ive  a d d i t i o n  agen t s  m u s t  possess  c e r t a i n  specific 
s t r u c t u r a l  f ea tu res .  The  p r e s e n t  e x p e r i m e n t s  w i t h  
s ingle  c r y s t a l  m e t a l  sphe re s  w e r e  u n d e r t a k e n  in 
o r d e r  to de tec t  a n y  poss ib le  p r e f e r e n t i a l  i n t e r a c t i o n  
of c e r t a i n  c r y s t a l  faces  of t he  m e t a l  w i t h  the  a d d i -  
t ion  agen t  c o m p o u n d s  such  as m i g h t  a r i se  f r o m  a 
m a t c h  of i n t e r a t o m i c  spac ings  in t h e  c o m p o u n d  and  
a p a r t i c u l a r  c r y s t a l  face.  G w a t h m e y  and  c o - w o r k e r s  
have  shown  a n u m b e r  of  cases  of such p r e f e r e n t i a l  
ac t ion  of ce r t a in  c r y s t a l  faces  of  s ingle  c r y s t a l  m e t a l  
sphe res  in o x i d a t i o n  (7 f ) ,  w e t t i n g  (7e ) ,  c a t a ly s i s  
(Ta) ,  etc. 

S ince  the  p r e s e n t  e x p e r i m e n t s  w i t h  s u l f u r - c o n -  
t a in ing  c o m p o u n d s  d id  not  show the  p o s t u l a t e d  
specific i n t e r a c t i o n  w i t h  p a r t i c u l a r  c r y s t a l  faces  of 
the  me ta l ,  th is  sugges t s  t h a t  the  neces s i t y  for  specific 
s t r u c t u r a l  f e a t u r e s  in  these  a d d i t i o n  agen t  c o m -  
p o u n d s  has  some p u r p o s e  o the r  t h a n  r e n d e r i n g  t h e m  

"suscept ible  to adsorp t ion .  A n  a l t e r n a t i v e  poss ib le  
e x p l a n a t i o n  is shown,  in  t he  p r e s e n t  e x p e r i m e n t s ,  b y  
the  r e su l t s  o b t a i n e d  w i t h  a l l y l  su l fonate .  The  e x -  
p e r i m e n t s  show t h a t  a l l y l  su l fona t e  is no t  a d s o r b e d  
a p p r e c i a b l y  on n i cke l  in  s imp le  immers ion ,  b u t  t h e  
t r a c e r  su l fu r  is i n c l u d e d  in  the  p l a t e  u n d e r  cond i -  
t ions  of n i c k e l  e l e c t rodepos i t i on  and  f u r t h e r  t h a t  
t he  su l fu r  is i n c l u d e d  in  some e l e c t r o c h e m i c a l l y  r e -  
duced  form,  mos t  p r o b a b l y  sulf ide  ion. Thus  i t  a p -  
p e a r s  t ha t  e f fec t ive  s u l f o n a t e - t y p e  a d d i t i o n  agen t s  
in  n i cke l  e l e c t rodepos i t i on  a re  those  whose  s t r u c -  
t u r e s  a l l o w  successfu l  e l e c t r o c h e m i c a l  r e d u c t i o n  of 
the  su l fona t e  r ad ica l .  A n u m b e r  of au tho r s  (1, esp. 
l c ) ,  h a v e  sugges t ed  t h a t  su l fona tes  a r e  r e d u c e d  d u r -  
ing  n i cke l  e l e c t r o d e p o s i t i o n  and  s e v e r a l  (1, 16) have  
p o s t u l a t e d  the  i n c o r p o r a t i o n  of  t he  su l fu r  in the  
p l a t e  in  the  f o r m  of sulfide,  b u t  these  conclus ions  
w e r e  u s u a l l y  i n f e r r e d  f r o m  ind i r ec t  obse rva t ions .  In  
the  case of a l l y l  su l fona te ,  t he  p r e s e n t  e x p e r i m e n t s  
show f a i r l y  conc lu s ive ly  t h a t  a l l  of t he  su l fu r  i n c o r -  
p o r a t e d  in t he  p l a t e  f r o m  the  b r i g h t e n e r  is evo lve d  
as h y d r o g e n  sulf ide u p o n  d i s so lu t ion  of  t he  p la te .  
W h i l e  some,  and  p e r h a p s  all ,  of t he  r e d u c t i o n  of t he  
su l fona t e  m u s t  occur  e l e c t r o c h e m i c a l l y  d u r i n g  the  
e l e c t rodepos i t i on  of n icke l ,  the  p o s s i b i l i t y  ex is t s  
t h a t  a p o r t i o n  of t he  r e d u c t i o n  and  p e r h a p s  c l e a v a g e  
occurs  d u r i n g  the  d isso lu t ion .  Disso lv ing  n ickel ,  
h y d r o g e n  on n ickel ,  or  even  ac t ive  n i c k e l  con t a in ing  
h y d r o g e n  a re  qu i t e  c a p a b l e  of p e r f o r m i n g  th i s  r e -  
duc.tion e spec i a l l y  on s u s c e p t i b l e  su l fu r  compounds ,  
as shown,  for  e x a m p l e ,  b y  R a n e y  n i cke l  r educ t i ons  
and  r e m o v a l  of su l fu r  con t a in ing  g roups  in  a v a r i e t y  
of  o rgan ic  su l fon ic  ac ids  (17) ,  su l fox ides ,  su l fones ,  
and  sulf ides (18) .  The  ques t ion  in t he  case of  a l l y l  
s u l f o n a t e  is w h e t h e r  a n y  r e d u c t i o n  r e m a i n s  to be  
done  b y  the  d i s so lu t ion  s tep  or  w h e t h e r  a l l  of t he  r e -  
duc t ion  and  c l e a v a g e  has  a l r e a d y  been  effected d u r -  
ing  the  e l ec t rodepos i t ion .  B e a c o m  and  R i l e y  (19) ,  
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who s tud i e d  b y  t r a c e r  m e t h o d s  the  i n c o r p o r a t i o n  of 
bo th  ca rbon  a n d  su l fu r  f r o m  a l l y l  su l fona t e  in  n i c k e l  
e l ec t rodepos i t s ,  conc luded  t h a t  some c l e a v a g e  m u s t  
occur  s ince  t h e y  obse rve  the  r a t i o  of i n c o r p o r a t e d  
c a r b o n  to su l fu r  to d e p a r t  f r o m  a 3 to 1 r a t i o  b y  
m o r e  t h a n  t h e i r  e x p e r i m e n t a l  e r r o r  of d e t e r m i n a -  
t ion.  More  d i r ec t  ev idence  of the  e l e c t r o c h e m i c a l  r e -  
duc t ion  of a l l y l  su l fona t e  has  been  o b t a i n e d  b y  G o t t -  
h a r d  and  T r iv i c h  (20) who  c a r r i e d  out  e l ec t ro lyses  
of t he  c o m p o u n d  in NaHSO4-H3BO3 so lu t ions  in  t he  
absence  of n i cke l  e l ec t rodepos i t i on ,  b u t  u n d e r  cond i -  
t ions  c lose ly  s i m i l a r  to n i c k e l  e l ec t rodepos i t ion .  
These  a u tho r s  f o u n d  the  r e d u c t i o n  p r o d u c t s  to con-  
sist  of sulf i te ,  H2S, and  p r o p y l e n e  t o g e t h e r  w i t h  
some p ropane ,  and  f u r t h e r  t h a t  t he  r a t i o  of (SO2 -b 
H2S) to  ( p r o p y l e n e  ~- p r o p a n e )  was  1:1. F r o m  th is  
t h e y  conc luded  t h a t  c l eavage  occurs  e a r l y  in  t he  
e l e c t r o c h e m i c a l  r e d u c t i o n  of a l l y l  su l fona t e  a n d  t ha t  
t he  sulf i te  is f u r t h e r  r e d u c e d  to sulfide.  No ev idence  
was  f o u n d  for  a n y  m e r c a p t a n  as an  i n t e r m e d i a t e  in  
the  r e d u c t i o n  sequence .  In  t he  case of a r o m a t i c  su l -  
fona tes  as a d d i t i o n  agents ,  DuRose  ( l c )  f o u n d  the  
su l fu r  con ten t  of the  n i c k e l  e l ec t rodepos i t s  to be  
s ign i f i can t ly  h i g h e r  t h a n  the  ca rbon  conten t ,  thus  
s u p p o r t i n g  the  hypo the s i s  of c l eavage  d u r i n g  e lec -  
t rodepos i t ion .  P r e s u m a b l y  a l l y l  su l fona t e  b e h a v e s  in 
a s i m i l a r  f a sh ion  to the  a r o m a t i c  su l fonates .  

I t  t h e r e f o r e  a p p e a r s  t ha t  t he  ac t ive  p r i n c i p l e  i n -  
vo lved  is sulf ide ion and  t h a t  t he  func t ion  of su l -  
fona te  t y p e  a d d i t i o n  agen t s  is to f u r n i s h  t he  sulf ide 
in s u i t a b l y  s m a l l  a m o u n t s  as n e e d e d  and  w h e r e  
n e e d e d  to p r o d u c e  the  de s i r e d  effects of b r i g h t  p l a t -  
ing and  p e r h a p s  l eve l l ing .  

The  inc lus ion  of su l fu r  in t h e  n i cke l  e l ec t rodepos i t  
occurs  c o n t i n u o u s l y  and  f a i r l y  u n i f o r m l y  d u r i n g  
e l e c t r o d e p o s i t i o n  as s h o w n  b y  Fig.  3 and  T a b l e  I. 
The  l i m i t i n g  r a d i o a c t i v i t y  r e a c h e d  for  t h i c k  e l e c t r o -  
depos i t s  is due  to s e l f - a b s o r p t i o n  and  sc reen ing  of 
t he  d e e p - l y i n g  S 3~ b y  the  o v e r l y i n g  e lec t rodepos i t .  
The  d a t a  of Fig.  3 can  be  f i t ted  w i t h  t he  t h e o r e t i c a l  
e q u a t i o n  for  s e l f - a b s o r p t i o n ,  R ~ R ~ ( 1 - - e - ~ ) ,  in  
w h i c h  R is t he  o b s e r v e d  r a d i o a c t i v i t y  a t  a n y  t h i c k -  
ness,  d, and  R| is t h e  o b s e r v e d  r a d i o a c t i v i t y  for  i n -  
f ini te  th ickness .  The  a b s o r p t i o n  coefficient,  ~, has  an  
a v e r a g e  v a l u e  of 1.7 x 103 cm -1 for  the  d a t a  in Fig.  
3. This  y i e lds  a v a l u e  of 0.19 cm2 /mg  for  t he  mass  
a b s o r p t i o n  coefficient,  m/P, w h i c h  c o m p a r e s  f a v o r -  
a b l y  w i t h  the  a v e r a g e  v a l u e  of 0.22 cm2/mg,  quo t ed  
b y  B e a c o m  and  R i l e y  (19) .  

The  cons t ancy  of the  su l fu r  con ten t  of the  e l e c t r o -  
depos i t s  w i t h  v a r i a t i o n  in c u r r e n t  d e n s i t y  s h o w n  in 
T a b l e  I is not  in a g r e e m e n t  w i t h  r e su l t s  of R a u b  and  
W i t t u m  (21) on o t h e r  su l fona te s  and  the  r e su l t s  of 
B e a c o m  and  R i l e y  (22) on a l l y l  su l fona te .  P r o b a b l y  
the  d i f fe rence  can  be  a s c r i b e d  to d i f fe rences  in  d i f fu-  
s ion r a t e s  and  a g i t a t i o n  condi t ions .  In  t he  r e su l t s  of 
th is  pape r ,  the  s u p p l y  of a l l y l  su l fona t e  to t he  e l ec -  
t r odes  has  a p p a r e n t l y  not  r e a c h e d  a l i m i t i n g  d i f fus ion 
ra te ,  and  the  i n c o r p o r a t i o n  is c on t ro l l e d  b y  the  su r -  
face  e l e c t r o c h e m i c a l  p rocess  w h i c h  in t u r n  is d e t e r -  
m i n e d  b y  the  c u r r e n t  dens i ty .  Thus  an  i nc rea se  in  
c u r r e n t  d e n s i t y  w h i c h  inc reases  t he  r a t e  of e l e c t r o -  
depos i t i on  of n i cke l  also inc reases  p r o p o r t i o n a t e l y  
the  e l e c t r o c h e m i c a l l y  p r o d u c e d  and  i n c l u d e d  su l fu r  
so t h a t  t he  su l fu r  to n i cke l  r a t i o  r e m a i n s  cons tan t .  
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Us ing  a n o t h e r  app roach ,  K a r d o s  [quo t ed  in  ref .  
( 2 3 ) ]  s t u d i e d  t h e  r a t e  of d i s a p p e a r a n c e  of a l l y l  
su l fona t e  f r o m  the  p l a t i n g  ba th ,  a n d  he conc luded  
t ha t  t he  t o t a l  r a t e  of c o n s u m p t i o n  gave  ev idence  for  
d i f fus ion control .  H o w e v e r  his  r e su l t s  a r e  no t  d i -  
r e c t l y  c o m p a r a b l e  to t he  r e su l t s  of  th is  p a p e r  b e -  
cause  of some d i f fe rences  in  p l a t i n g  cond i t ions  a n d  
also because  no t  a l l  of t he  decompos i t i on  p r o d u c t s  of 
b r i g h t e n e r s  a r e  n e c e s s a r i l y  i n c l u d e d  in t he  e lec -  
t r o d e p o s i t  (23) .  

The  ex i s t i ng  d a t a  cou ld  be  i n t e r p r e t e d  as i n d i c a t -  
ing  t h a t  on ly  a s m a l l  a m o u n t  of c l e a v a g e  .occurs and  
t h a t  a s u b s t a n t i a l  a m o u n t  of u n r e d u c e d  or  p a r t l y  r e -  
d u c e d  a l l y l  su l fona t e  w i t h  t h e  a l l y l  r a d i c a l  a t t a c h e d  
to a s u l f u r - c o n t a i n i n g  m o i e t y  is i n c l u d e d  in the  d e -  
posi t .  H o w e v e r ,  a m o r e  p l a u s i b l e  i n t e r p r e t a t i o n  is 
t ha t  t he  su l fu r  is c l e aved  f rom the  o rgan ic  r a d i c a l  
e a r l y  in the  r e d u c t i o n  scheme,  as i n d i c a t e d  b y  the  
e l e c t r o l y t i c  r e d u c t i o n  in  NaHSO4-H3BO3 so lu t ions  
(20) ,  and  t ha t  a l l  of the  su l fu r  i n c l u d e d  in t he  n i c k e l  
depos i t  is p r e s e n t  as s imple  sulfide,  as i n d i c a t e d  b y  
to ta l  r e c o v e r y  of t he  su l fu r  as H2S in the  d i s so lu t ion  
w i t h  no ev idence  of t he  ex i s t ence  of m e r c a p t a n .  The  
p r e s e n c e  of the  ca rbon  in t he  depos i t  (19) can  t h e n  
be  e x p l a i n e d  b y  p o s t u l a t i n g  t h a t  t he  p r o d u c t  p r o -  
p y l e n e  is s t r o n g l y  a d s o r b e d  b y  n icke l .  I t  is k n o w n  
(24) t h a t  e t h y l e n e  a n d  o t h e r  d o u b l e - b o n d  c o n t a i n -  
ing  c o m p o u n d s  a r e  s t r o n g l y  a d s o r b e d  on n ickel .  
P r e s u m a b l y  a l l y l  s u l f o n a t e  i t se l f  is no t  s t r o n g l y  a d -  
so rbed  because  of the  so lub i l i z ing  ac t ion  of t he  su l -  
f ona t e  g roup  but ,  w h e n  th i s  effect  is r e m o v e d ,  t h e  
p r o p y l e n e  m a y  be  eff ic ient ly  adso rbed .  

In  fact ,  if the  p o s t u l a t e d  r e d u c t i o n  s cheme  (20) 
for  a l l y l  su l fona t e  is o p e r a t i v e  in the  course  of n i c k e l  
depos i t i on  and  if t he  a d s o r p t i o n  of the  p r o p y l e n e  
g e n e r a t e d  at  t he  e l ec t rode  and  the  f u r t h e r  r e d u c t i o n  
of the  i no rgan i c  sulf i te  and  i n c o r p o r a t i o n  of sulf ide 
a r e  a l l  efficient  p rocesses ,  one m i g h t  e x p e c t  t he  3 to 
1 c a r b o n - t o - s u l f u r  r a t i o  w h i c h  is shown  b y  the  
r e su l t s  of B e a c o m  and  R i l e y  (19) .  H o w e v e r ,  t he  e x -  
p e r i m e n t a l  s u p p o r t  for  th is  m e c h a n i s m  is no t  u n -  
equivoca l ,  so t h a t  a t  th is  p o i n t  one can  on ly  s ay  t h a t  
the  w e i g h t  of t he  ev idence  g ives  some p r e f e r e n c e  to 
an  e a r l y  c l eavage  m e c h a n i s m  w i t h  s e p a r a t e  i nco r -  
p o r a t i o n  of sulf ide  a n d  p r o p y l e n e .  I t  is i n t e r e s t i n g  
to note  in  pass ing  t h a t  p r o p y l e n e  could  func t ion  as a 
s econd -c l a s s  n i cke l  b r i g h t e n e r  ( l b )  so t ha t  a l l y l  su l -  
fona te  t hen  w o u l d  cons t i tu t e  a n e a r l y  u n i q u e  e x -  
a m p l e  of  a b r i g h t e n e r  combin ing  t h e  func t ions  of 
bo th  a f i r s t -c lass  and  second-c l a s s  b r i g h t e n e r .  F u r -  
ther ,  i t  m i g h t  be no ted  t h a t  s econd-c l a s s  b r i g h t e n e r s  
w h i c h  p r e s u m a b l y  do o p e r a t e  p r i m a r i l y  b y  an  a d -  
so rp t ion  m e c h a n i s m ,  m i g h t  be  m o r e  f a v o r a b l e  cases  
in w h i c h  to s t u d y  spec i f ic i ty  of  i n t e r a c t i o n  w i t h  
s ingle  c r y s t a l  m e t a l  spheres .  This  is p e r h a p s  s u p -  
p o r t e d  b y  the  fac t  t h a t  t he  h y d r o g e n a t i o n  of e t h y -  
l ene  p r o c e e d s  a t  d i f fe ren t  r a t e s  on  n i cke l  f i lms of 
d i f fe ren t  c r y s t a l  o r i en t a t i ons  (25).2 

The  case  of t h i o u r e a  as a b r i g h t e n e r  b e a r s  some 
r e s e m b l a n c e s  and  some d i f fe rences  f r o m  t h e  case of 
a l l y l  su l fona te .  One d i f f e rence  is t h a t  t h i o u r e a  does 

B e e c k ' s  w o r k ,  e s p e c i a l l y  t h a t  on  a s e r i e s  of  t r a n s i t i o n  m e t a l s ,  
h a s  s ince  b e e n  r e - i n t e r p r e t e d  w i t h  a n  e m p h a s i s  on  e l e c t r o n i c  r a t h e r  
t h a n  g e o m e t r i c  f a c t o r s .  T h e  e x p e r i m e n t a l  f a c t  r e m a i n s  t h a t  B e e c k  
o b s e r v e d  d is t i r rc t  d i f f e r e n c e s  ir~ c a t a l y t i c  e f f i c i ency  b e t w e e n  n i c k e l  
f i lms  of  d i f f e r e n t  o r i e n t a t i o n s .  

not  r e q u i r e  an  e l e c t r o c h e m i c a l  p rocess  in  o r d e r  for  
the  su l fu r  to be  t a k e n  up  b y  the  me ta l .  W h i l e  t he  
p r e s e n t  e x p e r i m e n t s  do no t  e s t ab l i sh  t he  f o r m  in 
w h i c h  the  su l fu r  is t a k e n  up,  t he  w o r k  of L lop i s  (26) 
ind ica t e s  t h a t  copper  is a t t a c k e d  c h e m i c a l l y  b y  
t h i o u r e a  to f o r m  cuprous  sulf ide.  I n  e x p e r i m e n t s  
us ing  bo th  t a g g e d  su l fu r  a n d  ca rbon ,  L lop i s  (27)  
showed  tha t  su l fu r  is t a k e n  up  d u r i n g  the  e l e c t r o d e -  
pos i t ion  of copper ,  bu t  m u c h  less c a r b o n  is i nco r -  
p o r a t e d  so t h a t  c l eavage  of su l fu r  f r o m  the  ca rbon  in 
t h i o u r e a  is ind ica ted .  A l so  Elze  (28) has  f o u n d  sulf ide 
in n i cke l  e l e c t r o d e p o s i t e d  in  t h e  p r e s e n c e  of 
th iou rea .  Thus  i t  a p p e a r s  t h a t  t he  ac t ive  p r i n c i p l e  
in t he  case of t h i o u r e a  also is sulf ide ion. A n o t h e r  
d i f fe rence  b e t w e e n  a l l y l s u l f o n a t e  a n d  t h i o u r e a  is 
t ha t  t he  a m o u n t  of su l fu r  i n c l u d e d  in  t he  e l e c t r o -  
depos i t  is m u c h  g r e a t e r  in t he  case of t h i o u r e a  (29) 
t h a n  in  the  case  of a l l y l  su l fona t e  in the  r e su l t s  of 
th is  pape r .  

S ince  sulf ide ion has  been  s ing led  out  as t he  effec-  
t ive  p r i n c i p l e  in t he  case  of  t h i o u r e a  and  su l fona t e  
t y p e  a d d i t i o n  agents ,  some r e m a r k s  a r e  in o r d e r  as 
to  t h e  m a n n e r  in w h i c h  the  sulf ide is p r e s u m e d  to be  
effect ive.  In  o r d e r  to  avo id  t h e  i n t r i cac i e s  and  s p e c u -  
l a t ions  w h i c h  m i g h t  be  a s soc ia t ed  w i t h  a d i scuss ion  
of the  de ta i l s  of b r i g h t  p l a t i ng ,  l eve l l ing ,  etc.,  t he  
d iscuss ion  can  be  conf ined to g r a i n  r e f i n e m e n t  as one 
aspec t  of a d d i t i o n  agen t  act ion.  In  o r d e r  to ach ieve  
g r a i n  r e f inement ,  t he  a d d i t i o n  a g e n t  m u s t  e n hance  
the  m e t a l  n u c l e a t i o n  p rocess  or  supp re s s  t he  c r y s t a l  
g r o w t h  process .  I t  is u s u a l  ( l a )  to class  a d d i t i o n  
agen t s  as i nh ib i t o r s  thus  i m p l y i n g  a s u p p r e s s i o n  of 
the  g r o w t h  process .  A p l a u s i b l e  m e c h a n i s m  b y  
w h i c h  this  i nh ib i t i on  could  o p e r a t e  cou ld  be  d e -  
s c r ibed  b y  p o s t u l a t i n g  t h a t  t he  g e n e r a t e d  sulf ide 
ion m o v e s  to c r y s t a l  g r o w t h  si tes,  t h a t  is, to  k i n k s  on 
the  edges  of t w o - d i m e n s i o n a l  nuc le i  or  on the  edges  
of s c r ew d is loca t ions ,  and  t h a t  t he  su l fu r  a t o m s  b y  
occupy ing  these  s i tes  w o u l d  p r e v e n t  or  i m p e d e  the  
f u r t h e r  a d d i t i o n  of m e t a l  a toms  to t he  g r o w i n g  c r y s -  
tal .  H o w e v e r ,  B a r n e s  (30) has  sugges t ed  t h a t  su l -  
fide inc lus ions  f rom t h i o u r e a  m a y  also e n h a n c e  the  
n u c l e a t i o n  p rocess  so t h a t  b o t h  poss ib i l i t i e s  ex i s t  to  
e x p l a i n  the  resu l t s .  
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The Effects of Quenching on the Structural, Photo, and 
Electroluminescent Properties of ZnS:Cu Phosphors 

M. J. Presland, 1 R. Marshallp and J. Franks 1 

Research Laboratory, Associated Electrical Industries Limited, Templefields, Harlow, Essex, England 

ABSTRACT 

Zinc sulfide phosphors containing more than  5.10 -4 g Cu g-1 ZnS exhibit  
yellow and red photoluminescence on being quenched in  water  after firing. 
Phosphors quenched from above the crystallographic t ransi t ion temperature  
remain  hexagonal, those quenched from below this tempera ture  are cubic. 
The phosphors as quenched, are not electroluminescent,  bu t  after anneal ing  at 
low temperatures  (e.g., 300~ the yellow and red emissions disappear and 
the usual  photo and electroluminescent  blue and green emissions are obtained, 
wi thout  any detectable changes in crystal s tructure occurring. Elect rolumi-  
nescence can be induced in the yellow and red phosphors by the deposition 
of copper on the surface, suggesting that  electroluminescence depends more on 
the presence of a copper rich phase than on the structure. Hexagonal  phos- 
phors which are cooled slowly, are converted to the cubic structure. Copper 
accelerates this process whereas chlorine acts as an inhibitor.  

The re la t ionsh ip  b e t w e e n  the s t ruc tu re  of ZnS  
phosphors  and  e lec t ro luminescence  has been  the  

1 P r e s e n t  addres s :  S t a n d a r d  T e l e c o m m u n i c a t i o n  Labora to r i e s ,  L td . ,  
Har low,  Essex,  E n g l a n d .  

e P r e s e n t  addres s :  A r m o u r  R e s e a r c h  F o u n d a t i o n ,  Chicago ,  I l l i no i s .  

subjec t  of some deba te  (1) a nd  B a l l e n t y n e  (2, 3) 
has r ecen t ly  suggested tha t  c u b i c - h e x a g o n a l  dis-  
order  is a necessa ry  condi t ion  for e l ec t ro lumines -  
cence. If a series of phosphors  h a v i n g  c o n c e n t r a -  
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tions of copper in the range  0-10-3g Cu g-1 ZnS are 
fired at a t empera tu re  in the region of the t r ans i -  
tion point  (1024~ then be tween the concentra-  
tions 10-4-10-3g Cu g-1 ZnS, the body color d a r k -  
ens, deep t raps  as detected by thermoluminescence  
measurements  disappear ,  the s t ruc ture  becomes 
mixed  cubic-hexagonal ,  and electroluminescence 
may  be observed. At  concentrat ions less than  10-4g 
Cu g-1 ZnS the s t ruc ture  becomes to ta l ly  hexagonal  
(see comment  at the end of the section on X - r a y  
measurements ) ,  possibly imply ing  tha t  the presence 
of copper tends to force the s t ruc ture  cubic as sug- 
gested by Aven and Parod i  (4).  Al l  these s t ruc-  
tures are observed af ter  the powders  have been 
cooled compara t ive ly  slowly. In the  presen t  work  
s t ructures  are examined  af ter  the powders  are  
quenched from the firing t empera tu re ,  in an a t t empt  
to preserve  the s t ruc ture  corresponding to tha t  t em-  
pera ture .  In this way  a more direct  s tudy can be 
made of the effects of impur i t ies  on the s tructure.  

Experimental 

Sample preparation.--The r aw  ZnS powder  con- 
ta ined large  quant i t ies  of sulfate and chloride ( lu-  
minescent  grade ZnS obta ined f rom Derby  L u m i -  
nescents Ltd . ) .  The raw mate r i a l  was extens ive ly  
washed and then prefired in flowing H2S for 3 hr  at 
about 800~ The H2S was genera ted  in a Kipp ' s  ap -  
para tus  (FeS) ,  passed th rough  HCI, Ba(OH)2,  and 
deionized water .  Af te r  t rea tment ,  the chloride con- 
tent  was reduced to 50 ppm and the sulfate  to 100 
ppm. The only metal l ic  impur i ty  detectable  was cad-  
mium (~1  p p m ) ;  the l imit  of detect ion of copper 
was 0.1 ppm. 

Slurr ies  were  p repa red  in the convent ional  m a n -  
ner by  adding calculated quant i t ies  of dopants  as 
solutions to the pref i red mater ia l .  Thus copper was 
added as CuSO4 in s tandard  solutions containing 
10 -6, 10 -5, etc. g Cu/ml ;  a luminum as A12(SO4)3, 
and chlor ine as KC1. The s lurr ies  were  dried,  
ground, and t rans fe r red  to a silica boat. 

The phosphor powders  were  fired in an a tmos-  
phere of argon or hydrogen  sulfide, usual ly  for a 
per iod of 30 min, in a silica tube which was inser ted  
into a conventional  tube furnace.  

Some samples were  cooled re la t ive ly  s lowly ( left  
in the furnace  af te r  switching off, cooling t ime of 
about 2 h r ) ,  others were  cooled more r ap id ly  (by  re -  
moval  of the silica tube wi th  boat  enclosed, cooling 
t ime app rox ima te ly  5 min) ,  but  the ma jo r i t y  were  
quenched by  opening the gas exi t  joint  and t i l t ing 
the furnace so tha t  the phosphor was plunged di-  
rec t ly  into a container  of de- ionized wa te r  (a cool- 
ing t ime of about  1 sec).  Al though this technique 
in t roduced a wate r  contaminat ion risk, other me th -  
ods such as using sealed containers,  or employing 
l iquid ni t rogen as the quenching agent, proved to be 
less efficient as judged  by  s t ruc ture  differences. 
Etching away  the surfaces did not ma te r i a l ly  affect 
the proper t ies  of the grains.  

Af te r  quenching, the phosphors  were  f i l tered and 
dr ied by  vacuum desiccation. (The normal  oven 
dry ing  method has been shown to resul t  in consider-  
able anneal ing.)  
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X-ray measurements.--Debye-Scherrer powder  
photographs  were  obtained f rom the samples using 
a s tandard  powder  camera  ( radius  2.54 cm) and a 
Hilger  microfocus unit.  The samples were  not  sieved 
or ground. Both cubic and hexagonal  pat terns ,  as 
well  as mixed cubic-hexagonal  pat terns ,  were  ob- 
served  depending on the na tu re  and t r ea tmen t  of the 
samples. 

Trace quant i t ies  of one or other phase are not 
de tec table  by this method. Reference to total  cubic 
or to ta l  hexagona l  are to be in te rp re ted  as meaning 
tha t  the other phase could not be detected. 

Emission measurements.--The fluorescent emis-  
sion f rom the samples, under  3650A rad ia t ion  from 
125w mercu ry  lamp selected by  a monochromator ,  
was examined  with  a Hi lger  and Watts ,  Barfit  
spectrometer .  The dispersed emission was detected 
by  a t r i - a l k a l i  photomul t ip l ie r  (Type E. l~I. I. 9558) 
and the photocurrents ,  af ter  amplification, were  fed 
to a potent iometr ic  recorder .  Direct  wave leng th -  
re la t ive  in tens i ty  recordings were  obta ined by fit- 
t ing a s imple automat ic  scan sys tem to the spec- 
t rometer ;  thus the plots give the re la t ive  energy per  
l inear  increment  on the wave length  scale. 

Results 

Structure 

Genera l  s t ruc ture  behavior  is shown schemat ic-  
a l ly  in Fig. 1. The fol lowing observat ions refer  to 
behavior  wi th  specific coactivators.  

Uncoactivated phosphors ZnS:x .Cu . - -Phospho r s  
containing 0, 10 -6, 10 -5, 10 -4, and 10-3g Cu g-~ 
ZnS, wi thout  any  de l ibera te ly  added coactivator,  
were  examined.  When fired below 100O~ the s t ruc-  
ture  remained  cubic independent ly  of the cooling 
rate.  Above the t rans i t ion  t empe ra tu r e  (1024~ 
the s t ructure  became to ta l ly  hexagonal  wi th in  30 
min. Al l  phosphors  quenched f rom l l 0 0 ~  were  
to ta l ly  hexagonal .  However ,  under  normal  rap id  
cooling the samples  containing 10-3g Cu g-1 ZnS 
pa r t i a l l y  rever ted  to the cubic phase:  those contain-  
ing less copper remained  hexagonal .  With  slow 
cooling or ret i r ing below 1000~ for about  30 min, 
the sample containing 10-3g Cu g-1 ZnS became 
to ta l ly  cubic; samples containing less copper also 

Fig. 1. General structure behavior: TT, transition temperature 
I024~ H, hexagonal; C, cubic structure. 
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became cubic bu t  at a m u c h  s lower  rate.  The k ine t ics  
of this  process have  not ,  as yet,  been  inves t iga ted  
bu t  they  are obv ious ly  a func t ion  of the  copper con-  
cen t r a t ion  as wel l  as t e m p e r a t u r e  and  t ime. 

A l u m i n u m  coactivated phosphors Z n S : x . C u ,  10 -4 
A l . - - T h e  resul ts  are s u b s t a n t i a l l y  the same as those 
ob ta ined  for the  samples  w i thou t  added  coact ivator .  
There  m a y  be smal l  differences in  the  ra tes  at  which  
these processes occur, however ,  these are no t  ob-  
vious f rom the p r e l i m i n a r y  studies.  The  phosphor  
con ta in ing  10-3g Cu and  10-4g A1 g-1  ZnS  is p a r -  
t i cu la r ly  in t e res t ing  as it  exhib i t s  s t rong e lec t ro-  
l uminescence  w h e n  sub jec ted  to n o r m a l  cooling. 

Chlorine coactivated phosphors Z n S : x . C u ,  10 -2 
CI . - -As  regards  s t ruc ture ,  ch lor ine  doped phosphors  
are more  difficult to cont ro l  t h a n  those p rev ious ly  
described.  E x p e r i m e n t s  ind ica ted  tha t  g iven  suffi- 
c ient  t ime, these phosphors  would  behave  as u n -  
coact ivated or a l u m i n u m  coact ivated phosphors,  b u t  
once the hexagona l  phase  had  been  produced,  it was  
ex t r eme ly  difficult to effect a r eve r s ion  to the cubic 
phase. Ret i r ing  the phosphor  ZnS:  10 -3 Cu, 10 -2 C1 
in a rgon  at 1000~ for 17 hr  t u r n e d  it to ta l ly  cubic. 
Lower  re t i r ing  t e m p e r a t u r e s  or lower  copper  con-  
cen t ra t ions  in  the or ig ina l  phosphor  would  p r e s u m -  
ab ly  r equ i re  v e r y  l e n g t h y  ret i r ing.  

Al l  phosphors  con ta in ing  added  ch lor ine  r e m a i n e d  
hexagona l  w h e n  fired at  l l 0 0 ~  whe the r  quenched  
or cooled rapid ly .  

The t e n d e n c y  for ch lor ine  to force the  s t ruc tu re  to 
r e m a i n  hexagona l  con t r ibu tes  to a f u r t h e r  compl i -  
cation. If the  pref ired m a t e r i a l  conta ins  any  hexag -  
onal  phase, t h e n  this is r e t a ined  w h e n  the phosphor  
con ta in ing  chloride is fired at a t e m p e r a t u r e  be low 
the t r ans i t i on  point .  

The source of the hexagona l  phase in  the  pref ired 
ma te r i a l  was t raced  to the  par t ic le  size of the  r a w  
mater ia l .  If the powder  is fine, t h e n  b u l k  fir ing is 
conducive  to a pa r t i a l  t r ans i t i on  to hexagona l  even  
at 800~ The reason  for this  is difficult to ascer ta in ,  
bu t  it is possibly  due to inhomogeneous  hea t  d i s t r i -  
bu t ion  caused by  the  l a t e n t  hea t  of condensa t ion .  
Tha t  it is connec ted  wi th  evapora t ion  and  condensa -  
t ion  is suggested by  the fo l lowing expe r imen t .  If a 
smal l  sample  of the unf i red  m a t e r i a l  is spread out  
t h in ly  in an  open boat  and  a h igh gas f low-ra te  is 
used (factors  which  t end  to p r e v e n t  r e conde nsa -  
t ion) ,  the hexagona l  phase  does no t  appear ,  b u t  it 

does in  the same m a t e r i a l  fired in  bulk.  Usua l ly  the 
he xa gona l  phase  is on ly  j u s t  de tec tab le  a nd  d isap-  
pears  when  copper  is added  a nd  firing takes  place, 
bu t  w h e n  chlor ine  is also added  it t ends  to r e m a i n  
un less  long  fir ing t imes  are used. 

Emission Under U.V. Excitation 

A qua l i t a t ive  su rvey  of the emiss ion  cha rac t e r -  
istics of the quenched  phosphors  was  made  by  
spread ing  the phosphors  on a me t a l  foil, hea t ing  one 
end  to about  300~ for a few minu tes ,  the  other  end 
r e m a i n i n g  at abou t  room t empera tu r e ,  a nd  m a k i n g  
v isua l  observat ions .  Examples  of the changes  in  
emiss ion  (af te r  the foil was  cooled aga in  to room 
t e m p e r a t u r e )  in  a series of quenched  phosphors  
doped wi th  inc reas ing  a moun t s  of copper,  sub jec ted  
to the hea t ing  grad ien t ,  are  shown  in  Table  I. The 
resul t s  shown  are  for  uncoac t iva t ed  samples  bu t  
they  are also r ep re sen t a t i ve  of phosphors  coact i-  
va t ed  w i th  chlor ine  or a l u m i n u m .  At  concen t ra t ions  
be low ~5 .10-4g  Cu g-1  ZnS  green  and  b lue  emis-  
sions are ob ta ined  which  can cor respond to the 
emissions f rom c o n v e n t i o n a l l y  p r e p a r e d  phosphors ,  
except  tha t  the  in tens i t i es  are reduced.  Above  a 
concen t r a t i on  of ~5 .10-4g  Cu g-1  ZnS  the  emiss ion  
character is t ics  change  dras t ica l ly ,  in  all  cases the 
quenched  phosphors  luminesce  b r igh t  ye l low or 
ye l low a nd  red. Table  I shows tha t  on hea t ing ,  the 
yellow emission turns to red, becomes fainter, dis- 
appears and finally becomes bright blue and green 
as observed along an increasing treatment tempera- 
ture axis, whether or not the phosphor contains 
aluminum or chlorine, and independently of struc- 
ture. According to Henisch (5), bright yellow and 
red emissions are only observed in the hexagonal 
phase, but in the high copper content phosphors, 
the behavior is the same whether the phosphor is 
prepared at 1000~ and consequently cubic, or 
whether prepared above the transition point, where 
the structure is hexagonal. During the low tem- 
perature treatment when the emission reverts from 
yellow, through red, to blue and green, no change 
in structure is observed. 

The body color of the quenched phosphors con- 
taining less than the critical amount of copper (i.e. 
~5.10-4g Cu g-1 ZnS) is unchanged during the 
heating treatment, however, as shown in Table I, 
changes in the emission properties of the high cop- 

Table I. Qualitative characteristics of quenched phosphors 

Copper content, Body color 
gg-1 Z n S  a f t e r  q u e n c h i n g  L u m i n e s c e n c e  a~ter  q u e n c h i n g  Ef fec t  of  a n n e a l i n g  g r a d i e n t  

{} White Blue None 
10 -6 White Blue and fa int  green None 
10 -5 Cream Blue and green None 

~ 3 0 0 ~  L u m i n e s c e n c e  20~  

10 -4 Gray Green and faint  blue Blue Iner t  Green -t- fa int  blue 
L u m i n e s c e n c e  

10 -8 Yel low-gray Yellow and some red Green and blue Iner t  Red Yellow + some red 

Body color 
Dark gray Mid gray Yellow gray 

* N o  b o d y  co lo r  c h a n g e s  w e r e  o b s e r v e d .  
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p e r  con ten t  p h o s p h o r s  a r e  a c c o m p a n i e d  b y  a c o r r e -  ' ' 
s pond ing  d a r k e n i n g  of the  b o d y  color.  

The  emiss ion  spec t r a  of q u e n c h e d  p h o s p h o r s  con-  
t a in ing  10-Sg Cu g-~  Z n S  and  c o a c t i v a t e d  w i t h  
10-2g C1 g -1  ZnS  w e r e  e x a m i n e d  in  de ta i l .  F o u r  
d i s t i nc t  emiss ions  w e r e  o b s e r v e d  w i t h  p e a k s  in t he  
b lue  ( ~ 4 6 0 0 A ) ,  g r e e n  ( ~ 5 2 5 0 A ) ,  y e l l o w  ( ~ 5 7 0 0 A ) ,  
and  r ed  ( ~ 6 7 0 0 A ) .  The  w a v e l e n g t h s  quo t ed  h a v e  =- 2 

been  c o r r e c t e d  for  changes  in t he  s p e c t r a l  r e sponse  
of the  de tec to r .  T y p i c a l  r eco rds  of each  emiss ion  z 
t y p e  a r e  s h o w n  in Fig.  2. 

L o w  t e m p e r a t u r e  annea l s  (e.g., 1 h r  a t  150~ a re  ~= 3 
sufficient to cause  a r a p i d  dec rease  of t h e  y e l l o w  
c o m p o n e n t  (Fig.  3) ;  t he  r ed  c o m p o n e n t  increases ,  
h o w e v e r ,  t hen  s a t u r a t e s  and  f ina l ly  decreases .  F i g -  
u r e  4 shows the  l a t t e r  p a r t  of t he  a n n e a l  w h e r e  t he  4 
r ed  c o m p o n e n t  is dec reas ing .  The  c o m p l e t e  b e h a v i o r  
of the  r e d  emiss ion  w i t h  va r i ous  a n n e a l  t r e a t m e n t s  
is shown  in Fig.  5. The  r e d  emiss ion  is seen  to d e -  

I 
5 

(UNCORRECTED FOR SPECTRAL RESPONSE) 
I I I YELLOW I I / Fig. 4. the red 

center. 110 rain; 
3, 140 original 

GREEN powder 
RED 

z 

"4S "50 "55 "60 "70 
WAVELENGT. (~) 

Fig. 2. Quenched ZnS:Cu, CI phosphors. The four types of 
emission: 1, unannealed; 2, 60 min anneal; 3, 305 min; 4, 1265 
min; temperature, 250~ content, 10 -3  Cu 1 0 - 2 0 ;  original pow- 
der fired in argon at 1000~ 
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Fig. 3. Annealing effect on the yellow emission, e, 100~ (the 
intensity ratio ~ 0.40 after 2025 min); l-1, 150~ C), 200~ 
I I ,  250~ 

Fig. 5. Annealing effect on the red emission: e, 100~ F1, 
150~ A ,  200~ O, 250~ I I ,  300~ 

c rease  a lmos t  i m m e d i a t e l y  a t  a n n e a l i n g  t e m p e r a -  
t u r e s  a b o v e  200~ A f t e r  f u r t h e r  a n n e a l i n g  (e.g., 1 
h r  at  300~ g r e e n  and  b l u e  c o m p o n e n t s  become  
v i s ib le  (F ig .  6) .  These  c ompone n t s  s i m i l a r l y  s a t u -  
r a t e  a n d  show a t e n d e n c y  to dec rea se  a f t e r  e x t e n d e d  
annea l s .  In  th is  cond i t ion  the  p h o t o l u m i n e s c e n c e  
c h a r a c t e r i s t i c s  c lose ly  r e s e m b l e  those  of the  u n -  
q u e n c h e d  phosphor s .  The  a n n e a l i n g  d a t a  w e r e  ob -  
t a i n e d  f r o m  c o m p l e t e  l u m i n e s c e n c e  s p e c t r a  r eco rds  
for  each  s t age  of the  a n n e a l  p r o g r a m ,  no w a v e -  
l e n g t h  sh i f t  of the  p e a k s  o c c u r r e d  a t  a n y  s tages  in 
the  annea l s .  

Electroluminescence 
No e l e c t r o l u m i n e s c e n c e  was  d e t e c t e d  w i t h  a n y  

p h o s p h o r s  w h i c h  s h o w e d  y e l l o w  or  r e d  p h o t o l u m i -  
nescence .  F o r  e x a m p l e  a ZnS:  10 -8 Cu: 10 -4 A1 
phospho r ,  f i red  in  w e t  H2S and  q u e n c h e d  f rom 
l l 0 0 ~  showed  a m i x t u r e  of r e d  a n d  y e l l o w  p h o t o -  
l uminescence ,  t o t a l  h e x a g o n a l  s t r uc tu r e ,  b u t  no e lec -  
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Fig. 7. Compar ison of  emissions with previous observations 

t roluminescence.  Retiring at 1000~ turned  the 
phosphor  to ta l ly  cubic. The photoluminescence then 
showed the usual  b lue  and green components  and 
the electroluminescence was indis t inguishable  f rom 
a phosphor cooled normal ly  from l l00~ 

Annea l ing  the same quenched hexagonal  phosphor 
for 3 hr  at 300~ did not affect the s t ructure ;  the 
photoluminescence was blue and green and the 
phosphor  was e lect roluminescent  a l though the emis-  
sion was somewhat  less intense. 

Quenched phosphors  having red  and yel low 
photoluminescence may  be made weak ly  e lec t ro-  
luminescent  by  the deposit ion of surface copper at  
room t empera tu r e  f rom solution. P r e l im ina ry  ex-  
aminat ion  has shown tha t  recombinat ion  occurs 
through the red and ye l low centers. These effects are 
being examined  in more  detail .  

D i s c u s s i o n  

The t rans i t ion  t empe ra tu r e  of ZnS is 1024~ be-  
low this t empe ra tu r e  the cubic modification is s table  
and above, the hexagonal  form is stable.  The resul ts  
show tha t  this t empera tu re  is not  significantly af-  
fected by  the presence of copper, a luminum,  or 
chlorine at the concentrat ions no rma l ly  encountered 
in phosphors.  However ,  it  appears  tha t  the presence 
of copper reduced the energy requ i red  for the 
hexagonal -cubic  t ransformat ion,  whereas  chlorine 
increases this energy. A l u m i n u m  has no observable  
effect in this respect.  

As regards  the photoluminescence character is t ics  
in the quenched phosphors,  the red center  was first 
invest igated by Froel ich ' (6) and la te r  by  several  
other workers  (7-9) .  A few previous  references  have 
also been made to a ye l low emission in ZnS:Cu;  
Froel ich observed unresolved red and ye l low com- 
ponents (es t imated  at  5800A) and Henderson et al. 
(10) a weak  component  at  about  5810A. 

I t  is known tha t  differences in p repa ra t ion  tech-  
niques cause some displacement  of the emission 
maxima.  The emissions observed in the quenched 
phosphors at 4600A, 5250A, 5700A are compared  
with  those observed by previous authors  in Fig. 7. 
For  c la r i ty  and ease of comparison all  levels are  
re fe r red  to the conduction band. 

The measured  blue emission presents  some diffi- 
culties because Van Gool (8) has recent ly  shown 
that  the copper induced emission is different  f rom 

that  observed under  se l f -ac t iva t ion  only. The la rge  
ha l f -wid th  and strong in ter ference  f rom the green 
component  (a lways  present  wi th  the blue in the 
quenched phosphors)  makes  different iat ion of these 
two types impossible at this  stage. 

The green emission presents  no such difficulty and 
is undoubted ly  the  well  known emission accom- 
panying  the la t t ice  incorporat ion of copper. 

The red and ye l low peak  positions are in reason-  
able agreement  wi th  previous  observat ions but  there  
is a marked  scarci ty  of data,  pa r t i cu la r ly  for the 
ye l low emission, compared  to tha t  ava i lab le  on the 
blue and green emissions so tha t  the comparison is 
less complete. In general ,  it  may  be said tha t  the 
quenching technique does not rad ica l ly  a l ter  the 
emission peak  positions. 

Al l  the previous authors  state tha t  the product ion 
of the red center,  and also the ye l low in the case of 
Froel ich (6),  is dependent  on the total  exclusion of 
oxygeneous and halogeneous impuri t ies ,  and the 
presence of a su l fur - r ich  a tmosphere  dur ing  firing. 
Van Gool and Clieren (8) and Shionoya e t a l .  (9) 
fu r the r  suggest tha t  the presence of hydrogen  is es- 
sential.  It  is also genera l ly  agreed tha t  the  sl ightest  
t race of wate r  vapor  in the a tmosphere  is pa r t i cu -  
l a r ly  de t r imenta l .  The obvious conclusions f rom 
their  studies on the more convent ional  p repara t ion  
technique is tha t  red or yel low emit t ing ZnS:Cu  
phosphors are difficult to produce, scrupulous care 
being requi red  dur ing  firing and subsequent  t r e a t -  
ment  to exclude undes i rab le  impuri t ies .  

As described in the section on Sample  prepara t ion ,  
however,  red and yel low emi t t ing  phosphors  have 
been p repared  wi thout  t ak ing  e labora te  precaut ions  
by  the modified quenching technique. In contrast  
to the  repor ted  methods of prepara t ion ,  high coac- 
t iva tor  concentrat ions (pa r t i cu la r ly  C1) have been 
used, and since the phosphors  were  quenched in a 
wa te r  ba th  (and severa l  also fired in wet  I-I2S), 
wa te r  and oxygen contaminat ion  were  qui te  possi-  
ble. It is suggested tha t  the difficulty in p repar ing  
ye l low and red emit t ing phosphors  stems f rom the 
fact that ,  in such phosphors,  a re la t ive ly  large  
amount  of uncompensated  copper must  r emain  in-  
corpora ted  in the lattice.  By quenching f rom high 
tempera tures ,  it is bel ieved tha t  a copper  concen- 
t ra t ion  governed by  the high t empe ra tu r e  solu- 
bi l i ty,  is frozen in. Dur ing anneal ing  and subsequent  
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destruct ion of the yel low and red emissions, dist inct  
body color darkening  is observed. This may  wel l  be 
caused by  copper prec ip i ta t ing  and diffusing to the 
s~rface resul t ing  in the format ion of surface com- 
pounds. 

The da ta  obtained f rom the anneal ing studies 
could be used to calculate  act ivat ion energies p ro-  
vided the fol lowing assumptions are made. (i) The 
processes are  monomolecular .  (it) Emission in ten-  
sity is d i rec t ly  propor t iona l  to center  concentrat ion.  

The Arrhen ius  equat ion becomes 

log 1---L = K exp - -  t 
Io 

where  It is the in tens i ty  af ter  an anneal ing time, t; 
Io the ini t ia l  intensi ty;  K the react ion constant;  k 
Bol tzmann's  constant;  E the  act ivat ion energy.  

Plots of log It/Io against  t show tha t  the assump-  
tions are not real ized throughout  the whole annea l -  
ing time. The resul ts  for the  yel low emission are 
shown in Fig. 8. The fact tha t  s t ra ight  lines are ob- 
ta ined over eer ta in  ranges suggests tha t  the seeond 
assumption r a the r  than  the first is not fulfilled. 
F rom the slopes of the s t ra ight  l ine regions at the 
ini t ia l  stages, when the red decay has not advanced 
far, an act ivat ion energy of ~ 1 electron volt  (ev) is 
obtained.  S imi la r ly  the act ivat ion energy for the 
red decay is es t imated at 1.2 ev. 

Phosphors  wi th  high copper content,  which are 
quenched and then annealed unt i l  green and blue 
emission is obtained,  exhibi t  e lectroluminescence 
whe ther  to ta l ly  cubic or to ta l ly  hexagonal  wi th in  
the l imits  of detection, cont ra ry  to the findings of 
Bal len tyne  (2, 3). The presence of an e lec t ron-r ich  
phase is ev ident ly  necessary,  in keeping with  his 
la te r  suggestions (10), since prec ip i ta t ion  of a cop- 
pe r - r i ch  phase occurs before the  onset of e lec t ro-  
luminescence dur ing the anneal ing process, and since 
copper needs to be added separa te ly  to phosphors  in 
which such prec ip i ta t ion  has not occurred (as in 
quenched yel low and red phosphors to induce elec-  
t ro luminescence) .  The surface deposit ions of copper 
also appear  in effect to remove deep t raps  ( the phos-  
phorescence decay t ime is considerably  reduced)  
and of course causes the phosphor  color to darken.  
These effects are no rma l ly  observed in ZnS :Cu  
phosphors exhibi t ing br ight  e lectroluminescence as 
discussed in the beginning of this paper .  
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Fig. 8. Yellow emission kinetics 
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Froel ich  (6) was able to detect  e lec t ro lumines-  
cence through the ye l low and red centers, but  his 
p repara t ion  technique could easi ly have given rise 
to a copper compound surface layer .  I t  is concluded 
tha t  the occurrence of e lectroluminescence is more 
dependent  on the presence of a copper - r i ch  surface 
phase as suggested by Zalm (11) than  on structure.  

In accounting for the yel low and red emissions it 
may  be noted that :  

(a) In the quenched phosphors,  ye l low and red 
emissions only appear  when the copper concentra-  
t ion exceeds about  5.10-4g g-1 ZnS and this inci-  
den ta l ly  is also the concentrat ion requ i red  for p ro -  
duction of b r igh t  e lec t ro luminescent  phosphors.  

(b) The presence of a coactivator,  under  quench-  
ing conditions, is only of secondary importance,  since 
the yel low and red  emissions are equal ly  well  ob- 
ta ined in ZnS:Cu,  ZnS: Cu, A1 and ZnS:Cu,  C1 phos-  
phors. 

The problem of associating an emission wi th  a 
pa r t i cu la r  defect  is formidable .  The yel low and red  
centers  may  be independent  of the blue and green 
or may  be caused by a pe r tu rba t ion  of the  la t te r  by  
excess copper in the latt ice.  In this connection the 
s imi la r i ty  in energy differences be tween  the yel low 
and red levels (0.31 ev) and the blue and green 
levels (0.33 ev) may  be significant. 

In order  to c lar i fy  the position, studies of the 
e lectroluminescence of the var ious  centers  and of 
in f ra red  quenching effects are  being made. P r e l im-  
ina ry  results  show that  at  low frequencies yel low 
and red centers exhibi t  an ident ical  vo l t age - in t en -  
si ty dependence,  from which the existence of a com- 
mon ground state might  be inferred.  The 1.3t~ 
quenching band for the green and blue emissions is 
ineffective for the yel low and red emissions, which 
could be in te rp re ted  as a shif t ing of the ground 
state away  from the valence band. 

C o n c l u s i o n s  

The quenching of conventional  ZnS freezes in the 
high t empera tu re  equ i l ib r ium which is lost by  nor -  
real cooling methods. The high t empera tu re  equi-  
l ib r ium is character ized by  the total  conversion of 
cubic to hexagonal  s t ructure  above the t ransi t ion 
point,  and the presence of yel low and red  lumines-  
cent centers, which have previous ly  been produced 
only under  the  most  s t r ingent  conditions. 

Slow cooling induces the' conversion of the hexag-  
onal s t ruc ture  to cubic. The speed of this t rans-  
format ion is dependent  on the presence of impur i t ies  
such as copper (an accelera tor)  and chlorine (an 
inh ib i to r ) ;  a luminum is inact ive in this respect.  

It has been suggested tha t  the room t empera tu re  
equi l ib r ium (to which these systems tend in the 
normal  cooling procedure)  favors the association of 
copper centers  wi th  na t ive  defects or coactivators  
(or both)  producing the fami l ia r  green and blue 
emissions. By quenching at the high t empera tu re  a 
g rea te r  la t t ice solubi l i ty  is achieved;  the pe r tu rb ing  
influence of the excess copper may  be responsible  
for the ye l low and red emissions. Anneal ing  causes 
the exsolut ion of the excess copper ~fte~r which the 
normal  emissions are  obtained,  
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The occurrence  of e l ec t ro luminescence  in  these 
ma te r i a l s  is more  d e p e n d e n t  on the  p resence  of a 
copper - r ich  phase  t h a n  on the  s t ruc ture .  
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Precipitation of Impurities in Large Single Crystals of CdS 
Arthur Dreeben 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

ABSTRACT 

Optical microscopy has been used to examine large single crystals of CdS 
with and without  in ten t ional ly  added impurities.  Inclusions of excess cadmium 
have been observed in high conductivity, n - type  crystals of pure CdS. It  has 
also been demonstrated that extraneous phases precipitate when  copper, silver, 
or gold impurit ies are present  in  concentrat ions as low as 2 x 10-~%. This is 
also a probable upper l imit to the solubil i ty of copper in these crystals. Copper 
and silver sulfides are distr ibuted as discrete needles or rods at low concen- 
trations, but  at higher concentrations, copper forms large disks. These disks 
may be a more complex phase than a simple sulfide. Gold segregates as hexag-  
onal platelets identified as elemental  gold, together with a CdAu phase. These 
precipitates each have a par t icular  or ientat ion with respect to the c-axis. Dis- 
locations and boundaries have been revealed in many  of the crystals by means 
of decoration effects from the impurities.  These results show that  caution is 
required in evaluat ing properties of cadmium sulfide single crystals which may 
not be one-phase systems when usual  acceptor eIements are present. 

The re  have  been  severa l  repor ts  of p - t y p e  con-  
duc t iv i ty  in  CdS: Cu crystals  be l ieved  to be s ingle  
phase  sys tems (1, 2). Recen t ly  in  this  l abora tory ,  
however ,  absorp t ion  data  ind ica ted  a second phase 
of Cu~S in  a CdS: Cu crys ta l  wi th  a r e la t ive ly  high, 
p r o b a b l y  p - t y p e  conduc t iv i ty  (3).  Since Cu2S itself 
is a p - t y p e  semiconduc tor  (2) ,  the presence  of this  
phase could lead to some a m b i g u i t y  in  deciding the 
o r ig in  of the conduc t iv i ty  in  a crystal .  This  possi-  
b i l i ty  was recognized by  Woods and  Champion  (2) 
i n  connec t ion  wi th  the i r  measu remen t s .  Others  have 
also conc luded  tha t  some CdS: Cu crys ta ls  are two-  
t~hase systems, and  tha t  the second phase m a y  in -  
f luence the  conduc t iv i ty  (4) .  S imi la r  phase  re la -  
t ionships  m a y  be e n c o u n t e r e d  wi th  acceptor  e le-  
men t s  such as s i lver  or gold which  wou ld  also be 
expected to i m p a r t  p - t y p e  conduc t iv i ty  to c a d m i u m  
sulfide. 

In  this paper ,  l ight  microscope and  chemical  
e tching  methods  are used to e x a m i n e  pure  CdS 
crystals,  and  crysta ls  wi th  copper,  si lver,  or gold 
impur i t i e s  wi th  the  fo l lowing  resul ts :  (a) i nc lu -  

sions have  been  ident if ied in  CdS crys ta ls  g rown  
f rom purif ied powder ;  (b)  copper,  si lver,  or gold 
impur i t i e s  in  concen t ra t ions  as low as 2 x 10 -e  %1 
cause the p rec ip i t a t ion  of ex t r aneous  phases,  the 
fea tures  of which  depend  on the  p a r t i c u l a r  i m p u r i t y  
and  its concen t ra t ion ;  and  (c) these inc lus ions  and  
prec ip i ta tes  of ten segregate  a long dislocations.  
P rev ious  microscopic e x a m i n a t i o n s  of CdS crysta ls  
r esu l t ed  in  descr ip t ions  of g rowth  pa t t e rns  (5, 6), 
and  the ident i f ica t ion of dis locat ions (7, 8) which  
were  be l ieved to have  an  effect on some elect r ical  
proper t ies  (8).  

Experimental 
The crystals  descr ibed in  this  paper  were  g rown  

f rom the vapor  phase by  slow mot ion  t h r ough  a 
sharp  t e m p e r a t u r e  g rad ien t  (9, 10) to produce  
boules  as shown  in  Fig. 1. The acceptors,  copper,  
si lver,  or gold, i n t roduced  as the  sulfides, were  
mixed  wi th  the powder  charge so tha t  they  were  
incorpora ted  d i rec t ly  in  the g rowing  boule.  The 

1 A l l  c o n c e n t r a t i o n s  a r e  e x p r e s s e d  a s  w e i g h t  p e r  c e n t s  i n  t h i s  
p a p e r .  
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Fig. 1. Pure CdS crystal boule (above), and CdS:Cu boule (below) 

u l t ima te  a m o u n t  in  each crys ta l  was d e t e r m i n e d  by  
chemical  analysis .  The boules,  or large regions of 
them, were  s ingle  crysta ls  in which  the c-axis  was 
not  u sua l l y  co inc ident  w i th  the g rowth  axis. They  
were  o r ien ted  by  x - r a y  dif f ract ion methods  and 
m o u n t e d  so tha t  slices wi th  cen t ime te r  d imens ions  
could be cut  e i ther  pa ra l l e l  or p e r p e n d i c u l a r  to the 
crys ta l  c-axis.  Smooth  surfaces were  p roduced  on 
the slices by  repea ted  pol i sh ing  w i th  successively 
finer a l u m i n u m  oxide powders .  This  t echn ique  was 
also used to reduce  the th ickness  of ve ry  da rk  cop- 
per  or s i lver  doped samples  so tha t  detai ls  be low 
the surface  coutd be e x a m i n e d  u n d e r  the  mic ro -  
scope us ing  t r a n s m i t t e d  light.  P u r e  and  gold doped 
samples  were  qui te  t r a n s p a r e n t  even  in  th ick  sec- 
tions. Surface  e x a m i n a t i o n s  were  conducted  by  in -  
c ident  and  t r a n s m i t t e d  l ight  microscopy,  b u t  the  
la t te r  was more  usefu l  because  of the good t r a n s -  
pa r ency  of the crystals.  

Results 

Pure CdS crystals.--Examination of a large n u m -  
ber  of slices f rom different  boules  showed tha t  the 
m a j o r i t y  of t hem con ta in  inclusions .  The crys ta ls  
gene ra l ly  have  no o ther  v is ib le  d i s t i ngu i sh ing  
character is t ics  t h r o u g h o u t  the i r  volume.  The  i n c l u -  
sions are d isk- l ike ,  bu t  the i r  a p p a r e n t  shape de-  
pends  on the crys ta l  o r ien ta t ion .  For  example ,  
w h e n  v iewed  in  a d i rec t ion  wi th  the c -ax is  n o r m a l  
to the  c rys ta l  face, as in  Fig. 2, the  inc lus ions  ap -  

Fig. 2. Photomicrographs of inclusions in pure CdS crystals~ 
c-axis normal to face; a, 33X; b, 300X. 

Fig. 3. Photomicrographs of inclusions in pure CdS crystals, 
c-axis parallel to face; a, (left) magnification approximately 33X; 
b, (right) approximately 300X. 

Fig. 4. Photomicrograph of inclusions with central spike in a 
pure crystal of CdS, c-axis parallel to face, 375X. 

pear to be essentially circular, consisting of a dark 
center surrounded by a halo. When, however, the 
c-axis is parallel to the face, as in Fig. 3, the inclu- 
sions are seen as thin columns all oriented in the 
same direction, and with the long side normal to 
the c-axis. Some of these columns have a spike 
extending through the center as shown in Fig. 4. 
The disks may be located randomly or in the typi- 
cal alignment indicative of decorated dislocations. 
Such an alignment is clearly evident in Fig. 2 and 3. 

The inclusions are present throughout the volume 
of the crystals, and those below the surface may 
also be brought into sharp focus. When arrays of 
the inclusions are at or very close to the surface, 
chemical etching [in this case with a solution de- 
scribed by Woods (8)], produces hexagonal pits 
which are quite distinct from the general back- 
ground etch pattern in other regions of the crystal. 
A typical row of these pits is shown in Fig. 5, and 
a s ingle  field of one of the  pits, e tched r epea t ed ly  
for var ious  in te rva ls ,  is shown  in  Fig.  6. At  first, a 
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Fig. 5. Photomicrograph of basal plane showing etch pits along 
a dislocation with inclusions. 

Fig. 6. Photomicrographs of etch pit formation by successive 
etching of a single inclusion in a basal plane of a pure CdS 
crystal; a, (top left) "zero" time with additional etches of b, 
(top right) 45 min; c, (center left) 1.3 hr; d, (center right) 1.5 hr; 
e, (bottom left) 1.8 hr; and f, (bottom right) 2.7 hr. Magnification 
approximately 250X. 

h e x a g o n a l  f igure  fo rms  w i t h i n  t he  ha lo  and  e n -  
closes t he  d a r k  cen t e r  of t he  o r ig ina l  i nc lus ion  (Fig .  
6a) .  As t h e  e t ch ing  p roceeds ,  t h e  h e x a g o n  and  the  
cen t e r  grow,  (Fig.  6b) ,  un t i l  the  o r ig ina l  h e x a g o n  
d i s a p p e a r s  a t  the  p e r i p h e r y  of the  halo,  and  a n o t h e r  
h e x a g o n  f o r m s  at  the  cen te r ,  (Fig .  6c).  This  s y s t e m  
t h e n  con t inues  to e x p a n d ,  (Fig .  6d and  6e) ,  u n t i l  
u l t i m a t e l y  a r e l a t i v e l y  l a r g e  vo id  is fo rmed .  The  
t y p i c a l  e x a m p l e  s h o w n  in Fig.  6f is a b o u t  70~ 
across.  F u r t h e r  e t ch ing  n o w  on ly  e n l a r g e s  the  void.  
I t  w i l l  be  n o t e d  t h a t  t h e  g e n e r a l  b a c k g r o u n d  does  

Fig. 7. Photomicrograph of hexagonal etch pits on a basal plane 
of pure CdS crystal, 150X. 

not  change  a p p r e c i a b l y  as t he  e t ch ing  p roceeds .  
H o w e v e r ,  on the  oppos i t e  face  of the  c rys t a l ,  a n -  
o t h e r  t y p e  of h e x a g o n a l  e tch  p i t  is o b s e r v e d  as 
shown  in Fig.  7. These  a r e  no t  n e c e s s a r i l y  assoc i -  
a t ed  w i t h  the  inc lus ions ,  b u t  s e e m  to be  of t he  t y p e  
e n c o u n t e r e d  b y  o the r s  on 0001 faces  of c a d m i u m  
sulf ide (7, 8).  

In  v i e w  of the  e a r l i e r  f inding  t h a t  as a r e s u l t  of 
n o n s t o i c h i o m e t r y ,  c ry s t a l s  of th is  t y p e  h a v e  a h igh,  
n - t y p e  c o n d u c t i v i t y  (3) ,  i t  is r e a s o n a b l e  to a s s u m e  
t h a t  t he  p r e c i p i t a t e s  a r e  excess  c a d m i u m .  The  darl~ 
cen t e r  m a y  we l l  be  a r e g i o n  w i t h  t he  h ighes t  c a d -  
m i u m  concen t r a t ion ,  a b o u t  w h i c h  a diffuse concen -  
t r a t i o n  g r a d i e n t  is m a n i f e s t e d  as the  o b s e r v e d  halo.  

A poss ib le  a l t e r n a t i v e  e x p l a n a t i o n  m a y  be  t h a t  
the  inc lus ions  a r e  f o r e ign  impur i t i e s .  H o w e v e r ,  
s p e c t r o g r a p h i c  ana lys i s  shows  less  t h a n  10 p p m  of 
Cu, A1, a n d  Mg, and  less t h a n  1 p p m  of A g  and  Fe.  
The  acceptors ,  coppe r  and  s i lver ,  do no t  account  
for  the  o b s e r v e d  c o n d u c t i v i t y  of t he  c rys t a l s ,  and  
t h e  t r a c e  quan t i t i e s  of  t he  r e m a i n i n g  i m p u r i t i e s  
s eem insuff ic ient  to account  for  t he  o b s e r v e d  n u m -  
b e r  of inc lus ions .  

Crystals of CdS:  C u . - - S o m e  op t i ca l  and  e l ec t r i ca l  
p r o p e r t i e s  of  these  c r y s t a l s  h a v e  a l r e a d y  been  r e -  
p o r t e d  (3) .  As  p r e v i o u s l y  no ted ,  these  m e a s u r e -  
m e n t s  i n d i c a t e d  the  p re sence  of a Cu2S p h a s e  in 
the  c rys ta l s .  E x a m i n a t i o n  b y  x - r a y  d i f f rac t ion  
me thods ,  h o w e v e r ,  d i sc losed  the  p r e s e n c e  of  on ly  
a s ing le  p h a s e  of h e x a g o n a l  c a d m i u m  sulfide.  The  
fo l lowing  l igh t  mic roscope  obse rva t i ons  c l e a r l y  
e s t ab l i sh  t ha t  the  p r e s e n c e  of copper  in c o n c e n t r a -  
t ions  l o w e r  t h a n  w e r e  r e p o r t e d  in p - t y p e  C d S : C u  
c rys t a l s  (1, 2),  causes  the  p r e c i p i t a t i o n  of a second  
phase ,  s e v e r a l  fo rms  of w h i c h  a r e  s h o w n  in Fig.  8 
and  9. 

One t y p e  consis ts  of i n d i v i d u a l  rods  h a v i n g  a 
f a i r l y  cons i s t en t  o r i en ta t ion .  W i t h  the  c - a x i s  n o r -  
m a l  to t he  face,  as in Fig.  8a, t he  rods  f o r m  ang les  
of a b o u t  120 ~ w i t h  each  other .  A l i g n e d  rows  of t he  
rods  also a p p e a r  to m e e t  a t  a 120 ~ ang le  to f o r m  a 
n e t w o r k  of  hexagons ,  p o s s i b l y  a long  d i s loca t ions  
(Fig .  8c) .  O the r  d e c o r a t e d  d i s loca t ions  can  eas i ly  
be  seen  in Fig.  8a and  8b, a n d  the  d e p l e t i o n  of the  
p r e c i p i t a t e  a long  a d e c o r a t e d  r eg ion  is p a r t i c u l a r l y  
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Fig. 8. Photomicrographs of precipitate rods from copper im- 
purity in CdS crystals, c-axis: a, (top left) normal to face show- 
ing decorated imperfections; b, (top right) parallel to face show- 
ing depletion of Cu at decorated imperfections, IOOX; c, (below) 
normal to face showing hexagonal network of individual rods, 475X. 
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In  Fig .  9a, d e p l e t i o n  of the  p r e c i p i t a t e  a long  
deco ra t ed ,  i n t e r s e c t i n g  i n t e r n a l  b o u n d a r i e s  can  be  
seen.  This  deco ra t i on  c lose ly  r e s e m b l e s  e tch  p i t  
p a t t e r n s  iden t i f i ed  b y  W o o d s  (8)  as low ang le  
b o u n d a r i e s  in  a h i g h l y  p u r e  CdS c rys ta l .  The  p r e -  
c ip i t a t e  consis ts  of rods,  b u t  c loser  e x a m i n a t i o n  
also r e v e a l s  t he  p r e s e n c e  of an  add i t i ona l ,  c i r cu l a r  
fo rm,  p a r t i c u l a r l y  a long  the  b o u n d a r i e s .  These  
c i r c u l a r  a r e a s  a r e  s h o w n  m o r e  c l e a r l y  in  Fig.  9b; 
the  p a r t i c u l a r l y  l a rge  d i sk  in t he  c e n t e r  is abou t  
65# across.  

These  o b s e r v a t i o n s  s u g g e s t e d  t h a t  t he  f o r m  as 
w e l l  as t he  a m o u n t  of t he  p r e c i p i t a t e  in  a c ry s t a l  
d e p e n d s  on the  copper  concen t r a t ion .  I t  was  found  
t h a t  w h e n  the  a m o u n t  of copper  is b e l o w  a b o u t  2 
x 10 -2%,  no d i sc re t e  p a r t i c l e s  a r e  r e s o l v e d  b y  the  
l i gh t  mic roscope  even  w i t h  a magn i f i ca t ion  of 
1500X. The re fo re ,  2 x 10-2% is a p r o b a b l e  u p p e r  
l i m i t  to t he  s o l u b i l i t y  of coppe r  in  these  c rys ta l s .  
In  some  of t he  o t h e r w i s e  c l ea r  samples ,  howeve r ,  
p r e c i p i t a t i o n  w a s  o b s e r v e d  a long  impe r f ec t i ons .  
The  success ive  changes  t h a t  occur  as  a func t ion  of 
t he  coppe r  c o n c e n t r a t i o n  a r e  shown  in Fig.  10, a l l  
v i e w s  h a v i n g  the  c r y s t a l  c - a x i s  n o r m a l  to the  face.  

W i t h  2 x 10-2% copper ,  a r e l a t i v e l y  s m a l l  n u m -  
b e r  of s u b m i c r o n  size p a r t i c l e s  a r e  d i s t r i b u t e d  
t h r o u g h o u t  the  c rys t a l ,  o f t en  in rows  d e n o t i n g  d i s -  
loca t ions  (Fig .  10a) .  The  p r e c i p i t a t i o n  at  th is  con-  
c e n t r a t i o n  a p p e a r s  to be  i m p e r f e c t i o n  d o m i n a t e d .  
These  p a r t i c l e s  g r o w  in n u m b e r  a n d  size to fo rm 
rods  (Fig .  10b) w h i c h  a r e  a b o u t  5# long  w h e n  the  
coppe r  c o n c e n t r a t i o n  is n e a r  2 x 10-1% (Fig .  10c).  

Fig. 9. Photomicrographs of basal plane of CdS:Cu crystal show- 
ing: a, (top) decoration of boundaries, approximately 280X; b, 
(bottom) large precipitate disks, approximately 560X. 

e v i d e n t  in Fig.  8b. Note  t h a t  t he  a l i g n m e n t  of the  
rods  and  the  d i r ec t i on  of t he  d i s loca t ions  in  th is  
f igure  a r e  a l w a y s  n o r m a l  to t he  c -ax i s .  S o m e w h a t  
s im i l a r  deco ra t ions  cons i s t ing  of shor t  s e g m e n t s  in 
v a p o r  phase  r e a c t i o n  c rys t a l s  h a v e  also b e e n  r e -  
p o r t e d  b y  W o o d s  (8) .  

Fig. 10. Photomicrographs showing type and size of precipitates 
in a basal plane of CdS:Cu crystals as a function of Cu concen- 
tration; % Cu in: a, (top left) 0.02; b, (top right) 0.05; c, (bottom 
left) 0.22; d, (bottom right) 0.88; approximately IO00X. 
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Fig. 11. Photomicrographs of CdS:Cu crystals showing thin 
cross section of a, (left) small precipitate disks, and b, (right) 
large disks, c-axis parallel to face; approximately 900X. 

F i n a l l y  w h e n  the copper  is nea r  1%, large disks, 
30-70~ in  d iameter ,  such as those shown in  Fig. 
10d or 9b, are present .  

The th ickness  of these disks is ve ry  smal l  com- 
pa red  wi th  the i r  d iameter .  This is seen for some 
smal le r  disks in  Fig. l l a ,  and  l a rger  ones  in  l l b .  
It  is i n t e re s t ing  to note  tha t  even  in  some ve ry  th in  
samples,  these disks are so n u m e r o u s  as to p r e v e n t  
l ight  f rom be ing  t r a n s m i t t e d  th rough  them.  How-  
ever,  apprec iab ly  th icker  samples  read i ly  t r a n s m i t  
the  l ight  pa ra l l e l  to the disks th rough  the spaces 
be tween  them.  

Crystals of C d S : A g . - - S o m e  proper t ies  of these 
crysta ls  have  a l r eady  been  descr ibed (3) and  a 
s u m m a r y  of these inc ludes :  (a)  a typica l  CdS opt i -  
cal quench ing  spec t rum t e r m i n a t i n g  in  an  edge at 
1.1 ev; (b)  a h igh da rk  res i s t iv i ty  and  fair  photo-  
sens i t iv i ty ;  and  (c) t r ansmis s ion  da ta  cons is ten t  
wi th  the presence  of an  AgeS phase h a v i n g  a b a n d  
gap of abou t  0.9 ev. The presence  of a second phase,  
not  de tec ted  by  x - r a y  diffract ion methods ,  has now 
been  conf i rmed by  microscopic obse rva t ion  of a p r e -  
c ipi ta te  in  the  crystals.  The samples  to be descr ibed 
con ta ined  3 or 4 x 10-2% silver.  

Some fea tu res  of this  p rec ip i ta te  are s imi la r  to 
those jus t  descr ibed for copper.  For  example ,  segre-  
ga t ion  occurs in  the form of discrete  rods which  are 
a l igned  wi th  the i r  long d imens ion  p e r p e n d i c u l a r  to 
the  d i rec t ion  of the c-axis ,  (Fig. 12a). W h e n  ob-  
served wi th  the c-axis  p e r p e n d i c u l a r  to the crys ta l  
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face, (Fig. 12b) the rods adopt  a m u t u a l  o r i en ta t ion  
angle  of about  120 ~ . Rows of the inc lus ions  also 
appear  to meet  at this  angle  to fo rm hexagona l  
ne tworks  s imi la r  to the example  for C d S : C u  shown 
in Fig. 9c. P r e f e r en t i a l  segrega t ion  at i n t e r n a l  
bounda r i e s  or dislocations,  as w i th  copper, is seen 
for s i lver  in  Fig. 12b and  13. It  is ev iden t  by  com- 
pa r ing  Fig. 12a and  12b, however ,  tha t  this p re -  
c ipi tate  has a less s y m m e t r i c a l  cross section t h a n  
tha t  f rom copper, (Fig. 8a a nd  8b) .  The long d i m e n -  
sion has been  observed to exceed 50#. 

Crystals of C d S : A u . - - T h e  segregat ion  of gold 
occurs in  the r a t h e r  s t r ik ing  m a n n e r  shown in  Fig. 
14a, which  is r ep re sen t a t i ve  of crystals  con ta in ing  
f rom 4 x 10 -3 to 5 x 10-1% gold. In  cont ras t  to the  
needles,  rods, and  disks fo rmed  by  copper and  si l-  
ver, the gold inc lus ions  are in  the form of perfect  

Fig. 13. Photomicrographs of CdS:Ag showing preferential pre- 
cipitation along dislocations, and depletion in their vicinity, c-axis 
normal to face; 50X. 

Fig. 12. Photomicrographs of precipitates in CdS:Ag, c-axis: a, 
(left) parallel to face, 250X; b, (right) normal to face showing 
orientation of rods and decoration of an imperfection (dark area); 
approximately 250X. 

Fig. 14. Photomicrographs of gold particles in CdS:Au crystal: 
a, (top left) basal plane showing hexagonal platelets, b, (top right) 
c-axis parallel to face showing edge view of hexagons, approxi- 
mately 800X; c, (center) c-axis normal to face showing decorated 
imperfection and distribution of gold particles in crystal, approxi- 
mately 130X. 
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and s l ight ly  d is tor ted  hexagons when viewed along 
the hexagonal  axis. In  Fig. 14b, wi~h the crys ta l  
face para l l e l  to the c-axis ,  the par t ic les  are revealed  
as th in  p la te le ts  pe rpendicu la r  to the axis. Using 
lower  magnification, ind iv idua l  par t ic les  are seen 
d is t r ibu ted  as the second phase throughout  the 
crystal ,  and also p re fe ren t i a l ly  along a dislocation 
in Fig. 14c. 

Chemical  evidence and optical  proper t ies  under  
the microscope suggested that  the hexagonal  p la te -  
lets were  e lementa l  gold. This was confirmed by an 
electron diffraction examina t ion  which also dis-  
closed the presence of another  phase indexed  as 
CdAu. The segregat ion as e lementa l  gold is also 
consistent wi th  the low decomposit ion t e m p e r a -  
tures  of the  gold sulfides. 

In the cases of copper and silver, it has been 
pointed out that  the identif ication of the prec ip i -  
tates as Cu2S and Ag2S, respect ively ,  is consistent 
wi th  some electr ical  and optical  da ta  (3).  However ,  
there  is some evidence tha t  o ther  compositions 
involving these impur i t ies  may  also be present ,  
pa r t i cu l a r ly  at the higher  concentrations.  For  ex-  
ample,  one of the CdS :Cu  crystals  was ground to 
a powder  and washed wi th  an aqueous NaCN solu- 
tion. This t r ea tmen t  would dissolve any Cu2S pres-  
ent, ye t  no copper was found in the wash solution. 
However ,  s imilar  t r ea tmen t  of o ther  samples 
showed tha t  a large propor t ion  of the copper was 
dissolved by the cyanide.  Among the phases to be 
considered are the three  compounds ( including 
Cu2S) and four phases descr ibed in the system 
Cu2S-CuS (11). In addi t ion cyanide insoluble 
phases of the type  (Cu,Cd)S have  been proposed 
to account for cer ta in  proper t ies  of e lec t ro lumines-  
cent powders  (12, 13). The appearance  of the dif-  
ferent  k inds  of prec ip i ta tes  in the crystals  (needles,  
rods, and disks) may  be associated with  the fo rma-  
tion of phases of different  compositions 

Chemical e tching.--Some etch figures were  de-  
scribed ear l ie r  in connection wi th  the pu re  CdS 
crystals .  The presence of copper, silver, or gold, 
however,  especial ly  at  the h igher  concentrations,  
seemed to inhibi t  etching. This may  be pa r t i a l l y  
a t t r ibu ted  to the format ion on the crys ta l  surfaces 
of insoluble products  from the action of the etch 
solution. I t  may  be noted, however ,  that  a few clear  
etch figures obtained did not necessar i ly  occur in 
the v ic in i ty  of p rec ip i ta te  par t ic les  where  stresses 
might  wel l  have  caused dislocations. There was 
also an absence of impur i ty  segregat ion along some 
rows of etch pits mark ing  dislocations. This is a 
l ike ly  indicat ion tha t  some dislocations were  in-  
t roduced af ter  crys ta l  growth.  

Summary and Conclusions 
It  has been found tha t  prec ip i ta tes  in cadmium 

sulfide crystals  resu l t  f rom the presence of copper, 
silver, or gold impur i t ies  even at l o w  concentra-  
tions in the order  of 2 x 10-3%. The na ture  of the 
precipi ta tes  is a funct ion of the amount  and ident i ty  
of the impur i ty  present .  Copper and si lver sulfides 
are d i s t r ibu ted  as discrete rods or needles  at low 
concentrations,  but  copper, for example ,  grows into 

re la t ive ly  large disks when its concentrat ion is ap-  
p rox ima te ly  1%. Present  observat ions suppor t  the 
conclusion tha t  2 x 10-2% is an upper  l imit  to the 
solubi l i ty  of copper in cadmium sulfide crystals.  
Al though phases such as Cu2S or Ag2S are l ikely,  
compounds and phases of other compositions are 
also indicated.  These resul ts  suggest tha t  p - t ype  
CdS: Cu crystals  repor ted  by  others in the past, and 
assumed to be single phase, may  have been more 
complicated systems. 

Gold inclusions d is t r ibu ted  in CdS crystals  have 
been identified as e lementa l  gold by means of opt i -  
cal, chemical,  and electron diffraction methods.  The 
prec ip i ta te  crystal l izes  as hexagonal  platelets .  

Pure  crystals  of CdS often have d i sk - l ike  inclu-  
sions d i s t r ibu ted  throughout  their  volume. They 
undergo a character is t ic  chemical  etching which 
leads to the format ion of la rge  voids. The assump-  
t ion tha t  these inclusions are excess cadmium is 
consistent wi th  the high conduct ivi ty  associated 
with  the crystals.  

Imperfect ions,  such as dislocations and in terna l  
boundaries,  have been identif ied in all  of the types 
of crystals  by means of decorat ion effects from the 
respect ive precipi ta tes .  
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The Epitaxial Growth of GaP 
by a Ga O Vapor Transport Mechanism 

C .  J .  F rosch  

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Single crystals of GaP have been grown from the vapor phase in an open 
tube process on seeds of either GaP or GaAs. The reaction be tween H20 and a 
GaP source above 700~ in a s tream of H2 provides the vapor phase species 
which react  upon cooling to deposit GaP crystals. Epitaxial  layers of GaP have 
been grown on substrates at temperatures  as low as about 700~ but  the growth 
rates are extremely small. Substrate  temperatures  of about 1000~176 and 
source temperatures  of l l00~ general ly  were employed in this invest igat ion 
to obtain reasonable growth rates for the production of large single crystals. 
Single crystals of GaAs and solid solutions of GaPxAsl-x also have been grown 
by this method. The growth conditions, crystal morphology, crystal properties, 
doping, and growth from the elements are discussed. 

Because of the i r  impor t ance  in  e lect ronic  devices, 
m a n y  inves t iga tors  are concerned  wi th  the  deve l -  
o p m e n t  of su i t ab le  t echn iques  for g rowing  undope d  
and  doped s ingle  crysta ls  of semiconduc tors  f rom 
the e lements .  Crys ta ls  of both  s ingle  and  m u l t i -  
componen t  semiconduc tors  have  been  g rown  f rom 
the vapor  by  a ha l ide  t r anspo r t  m e c h a n i s m  (1-7) .  
Both sealed and  open tube  processing procedures  
have  been  employed.  S ingle  crysta ls  of GaP  have  
been  g rown  in  sealed tubes  by  the reac t ion  of P 
w i th  Ga20 (8) .  This paper  describes a n  open tube  
car r ie r  gas process for the  vapor  g rowth  of s ingle  
c rys ta l  GaP  by  a Ga20 vapor  t r anspo r t  mechan i sm.  

W h e n  H2 con ta in ing  H20 vapor  is passed over  a 
GaP  source at t e m p e r a t u r e s  above 700~ a deposi t  
of GaP  wi l l  be fo rmed  d o w n s t r e a m  as the vapor  is 
cooled u n t i l  a t e m p e r a t u r e  of abou t  700~ is 
reached.  If a s ingle  crys ta l  seed of GaP  or GaAs is 
p laced in  the  reg ion  whe re  the  GaP  deposi t  oc- 
curred,  a s ingle  crys ta l  l aye r  wil l  be grown.  Ev i -  
dence is p re sen ted  in  ano the r  pape r  (9) which  
shows tha t  the fo l lowing reac t ion  is respons ib le  for 
the  vo la t i l i ty  of G a P  in  wet  H2 

2GaP(s) 4- H20(g) ---- Ga20(g) 4- P2(g) 4- H2(g) [1] 

The reve r sa l  of this  react ion,  w h e n  the vapors  are 
cooled, leads to the deposi t ion and  crys ta l  g rowth  
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Fig. 1. Apparatus for the vapor growth of GaP and GaAs 

of GaP. Single  c rys ta l  layers  of GaAs and  GaPx- 
A s l - x  have  been  g rown  by the  ana logous  react ions  
of H20 vapor  wi th  hea ted  sources of GaAs or GaP  
and  GaAs respect ively.  However ,  this  paper  wi l l  
be concerned  l a rge ly  wi th  the vapor  g rowth  of GaP. 

The fo l lowing sections descr ibe in  more  deta i l  the 
necessary  condi t ions  for crys ta l  growth,  the  m o r -  
phology of the growths ,  ra tes  of growth,  some of 
the e lect r ical  and  optical  p roper t ies  of the  crysta ls  
as wel l  as procedures  for doping and  p - n  j u n c t i o n  
format ion .  

Apparatus and Experimental  Procedure 
The appa ra tus  for g rowing  s ingle  crystals  f rom 

the vapor  is shown schemat ica l ly  in  Fig. 1. I t  con-  
sists essent ia l ly  of a 25 m m  ID fused silica t ube  ex-  
t e n d i n g  t h r ough  two cont ro l led  fiat t e m p e r a t u r e  
zones for the locat ion of a doping  i m p u r i t y  at  the  
lower  t e m p e r a t u r e  and  a po lyc rys ta l l ine  source at 
the uppe r  t empera tu re .  The t e m p e r a t u r e s  are con-  
t ro l led  to -- 2~ wi th  P t - 1 0 %  P t - R h  thermocouples .  
The t e m p e r a t u r e  profile should  conform app rox i -  
m a t e l y  to tha t  i l l u s t r a t ed  in  the  lower  por t ion  of 
Fig. 1. 

G a P  source t e m p e r a t u r e s  of 1100~ gene ra l l y  
were  employed  wi th  subs t ra te  t e m p e r a t u r e s  f rom 
20 ~ to 100~ lower.  This t e m p e r a t u r e  r a nge  gives 
reasonab le  g rowth  ra tes  for the  p roduc t ion  of la rge  
s ingle  crysta ls  w i t hou t  too rap id  a de te r io ra t ion  of 
the fused silica sys tem by  devi t r i f icat ion.  The ap-  
pea rance  of the c rys ta l  g rowth  also improves  w i th  
inc reas ing  subs t r a t e  t e m p e r a t u r e ,  p r e s u m a b l y  be -  
cause of the  h igher  surface  mobi l i ty .  

The  w a t e r  con ten t  in  the ca r r i e r  gas is cont ro l led  
by  b u b b l i n g  m e a s u r e d  f rac t ions  of 02 free Ha t h rough  
a f r i t t ed  glass w a t e r  b u b b l e r  con ta ined  in  an  ice-  
w a t e r  bath.  A spray  t r ap  ad j acen t  to the b u b b l e r  
w i t h i n  the  i c e - w a t e r  b a t h  p r even t s  the  e n t r a i n m e n t  
of H20 droplets  by  the  car r ie r  gas. S a t u r a t i o n  of the 
H2 wi th  H20 vapor  at  0~ was  ob ta ined  at the  
m a x i m u m  flow ra te  of 400 c c / m i n  which  was  passed 
t h r ough  the b u b b l e r  in  this  inves t iga t ion .  

1 8 0  
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When H2 containing H20 vapor is passed over an 
impurity source and then a polycrystalline GaP or 
GaAs source, as shown in Fig. I, a doped single 
crystal layer grows on a single crystal substrate 
which is located within a predetermined nucleation 
band. The latter is illustrated by the cross-hatched 
area which surrounds the substrate. 

The source and substrates are located in a sepa- 
rate fused silica tube which is introduced into the 
furnace tube after the desired flow conditions have 
been established. This insert tube is convenient for 
examination of the growth and cleaning after each 
run. It also prevents nucleation and growth of crys- 
tals on the larger furnace tube which often causes 
fracture of the fused silica when it is cooled. 

Materials 

The u n d o p e d  po lyc rys ta l l ine  G a P  source m a t e -  
r ia l  was  p r epa red  e i ther  at this  L a b o r a t o r y  or by  
Merck and  C o m p a n y  by  a me thod  p rev ious ly  de-  
scr ibed (10).  Undoped  boat  g rown  po lyc rys ta l l ine  
GaAs source m a t e r i a l  was ob ta ined  f rom Monsan to  
Chemica l  Company .  E l e m e n t a l  Ga and  red P of the i r  
highest  commerc ia l  p u r i t y  were  ob ta ined  f rom 
The A l u m i n u m  C o m p a n y  of Amer i ca  and  A m e r i c a n  
A g r i c u l t u r a l  Chemica l  Company ,  respect ively .  

Boat g rown  undoped  and  doped s ingle  crysta ls  of 
GaAs were  most  f r e q u e n t l y  used as subst ra tes .  
These were  cut  into slices a p p r o x i m a t e l y  0.75 m m  
thick wi th  surface  o r i en ta t ions  of {100}, {110}, {111} 

(group I I I  a tom surfaces)  and  {111} (group  V a tom 
surfaces)  (11).  These  slices were  lapped  and  u s u -  
a l ly  diced into 6.3 m m  squares  before  e tching  (12) 
to a th ickness  of abou t  0.5 mm.  However ,  some of 

the slices wi th  {111} surfaces were  e tched w i t hou t  
dicing for large area  deposi t ion  studies.  These slices 
gene ra l l y  were  e l l ipt ical  in  shape w i th  a m a j o r  axis 
of abou t  25 m m  and  a m i n o r  axis  of abou t  15 ram. 

Undoped  and  doped s ingle  c rys ta l  seeds of G a P  
were  p r epa red  in  a s imi la r  m a n n e r  f rom single  crys-  
ta l  f loating zone ma te r i a l  (10).  

Results 

Crystal morphology.--Figure 2 i l lus t ra tes  the 
surface appea rance  of GaP  g rown  on four  di f ferent  
c rys ta l  o r i en ta t ions  of GaAs seeds. Surfaces  of s imi-  
lar  appea rance  are  ob ta ined  w h e n  GaP  is g row n  on 
GaP  and  GaAs is g rown  on GaP  or GaAs. Al l  of 
these  layers  are found  by  x - r a y  ana lys i s  to be  s ingle  
crysta ls  w i th  the  same o r i en ta t ion  as the u n d e r l y i n g  
subs t ra te .  The surface  appea rance  i l l u s t r a t ed  for 
the four  crys ta l  o r i en ta t ions  is qu i te  charac ter i s t ic  
for g rowth  layers  in  a th ickness  r ange  f rom 0.01 to 
0.1 ram. 

As wi l l  be no ted  in Fig. 2, the {111} surface  has the 
best  appea rance  wi th  respect  to flatness and  u n i -  
formity .  The g rowth  on the  {110} surface  is made  
up  of steps or flat p lanes  of d i f ferent  thickness.  On 
the other  hand,  the  growths  on the  {111} and  {100} 
surfaces show microscopic d iscont inui t ies .  

The d i scont inu i t i es  ev iden t  on the  {100} surface 
are be l ieved  to resu l t  f rom n u c l e a t i o n  on p re fe r red  
sites which  then  grow to fo rm a pa ra l l e l  a r r a n g e -  
m e n t  of pits of v a r y i n g  d imens ions  and  shapes. The 
most  c o m m o n l y  observed  p a t t e r n  is i l l u s t r a t ed  in  

Fig. 2. Effect of substrate orientation on the appearance of 
vapor grown single crystal GaP. 

Fig. 3. Rectangular pits in GaP grown from the vapor on a (100} 
oriented GaAs substrate. 

Fig. 3. Whi le  these are gene ra l l y  n a r r o w  in  wid th  
as compared  to the i r  length ,  note  the  shape of the  

magnif ied  pi t  w i th  {111} and  {111} or ien ted  walls.  
Ge r shenzon  (13) has suggested tha t  these pits m a y  
or ig ina te  as the  resu l t  of n u c l e a t i o n  on a pa i r  of 
screw dislocations.  Hence,  t hey  wou ld  no t  be ex-  
pected to appear  on o ther  o r i en ta t ions  as is in  fact 
found  to be t rue .  

The appea rance  of th ick  s ingle  crys ta l  layers  of 

G a P  g r o w n  on  {111} o r i en ted  GaAs seeds is shown  
in  Fig. 4. These were  g r ow n  in  the  same r u n  on 
6.3 x 6.3 m m  etched slices of GaAs which  were  lo-  
cated hor i zon ta l ly  abou t  2 cm apar t  in  a 7 m m  ID 
tube.  This t ube  was  a t t ached  to an  18 m m  tube  
which  con ta ined  the  G a P  source at  1100~ The 
crysta ls  were  g r ow n  in  abou t  5 days. The t e m p e r a -  
tu res  in  Fig. 4 are those at  t he  m i d p o i n t  of the s u b -  
strates.  For  the  t e m p e r a t u r e  g rad ien t  used, this  
gives a t e m p e r a t u r e  spread  over  the  subs t ra tes  of 
• 5~ 

A large area  of flat g rowth  on  the  ( i I I }  surfaces,  
especial ly  on the  u p s t r e a m  sample,  is shown  in  Fig. 

4. The { I i i }  l ayer  is a p p r o x i m a t e l y  1.3 m m  th ick  in 
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Fig. 4. Appearance of thick single crystal layers of GaP grown 
from the vapor on (111} oriented GaAs substrates. 

the first sample,  Fig. 4a. Note p a r t i c u l a r l y  the  
we l l -deve loped  {110} faces on the u p s t r e a m  side of 
the  first th ree  samples  as wel l  as on  the d o w n s t r e a m  
side of the  first two samples.  The appea rance  of this  
we l l -deve loped  {110} face, which  was  conf i rmed 
b y  x - r a y ,  shows this  to be  the  s lowest  g rowth  d i -  
rection.  U n d e r  the same process ing condi t ions  as in  
Fig. 4a, a l a rger  area  GaAs subs t r a t e  y ie lded  a 
g rowth  l ayer  th ickness  of about  1.6 m m  wi th  a flat 
a rea  of 3 cm 2. 

The s ingle  crysta ls  of GaP  are r emoved  f rom the 
GaAs seeds by  l app ing  the  under s ide  to expose the 
subs t ra te .  The  subs t r a t e  then  is r emoved  by  differ-  
en t i a l  e tching  in  cold aqua  regia. However ,  the  G a P  
surface ad jacen t  to the  GaAs subs t ra te  is found  to 
con ta in  cracks, defects, and  a so l id-so lu t ion  t r a n s i -  
t ion  l ayer  which  are essent ia l ly  r emoved  by  l app ing  
off abou t  0.2 mm.  U n i f o r m  single  crys ta l  slices of 
GaP  up to 25x15xl .0  m m  have  been  p repa red  by  
this  technique .  

Substrate decomposition.--When GaP  is g row n  on 
GaAs, apprec iab le  decomposi t ion  of the  subs t ra te  
occurs especia l ly  at the  h igher  t e m p e r a t u r e s  un less  
the g rowth  ra te  is sufficiently rap id  and  the en t i re  
surface is covered by  the growth.  Ev idence  of sub -  
s t ra te  decomposi t ion  is shown  by  the rounde d  su r -  
face of the  d o w n s t r e a m  end  of the g rowth  sample  
in  Fig. 4d. I t  also resul t s  in  the growth  of solid solu-  
t ions of GaPxAsl-x .  F luorescen t  x - r a y  ana lys i s  has 
been  made  of vapor  g rown  G a P  crysta ls  f rom which  
the  GaAs subs t r a t e  was  r emoved  b y  d i f fe rent ia l  
e tching  in  cold aqua  regia.  The ana lys i s  showed a 
high As con ten t  at the  or ig ina l  G a P - G a A s  in te r face  
wh ich  decreased r ap id ly  as ma te r i a l  was r emoved  
f rom this  sur face  by  e tching  or lapping.  However ,  
As was  st i l l  detected on the outer  sur face  of a G a P  
layer  over  1 m m  thick  g rown  on GaAs. This  is not  
due to se l f -di f fus ion bu t  r a t h e r  to the  con t inued  
evapora t ion  of As f rom smal l  exposed areas of the 
subs t ra te .  

Growth rate.--Since growth  ra te  is d i rec t ly  r e -  
la ted  to the vapor  con ten t  above s a tu r a t i on  at a 
give subs t ra te  t empe ra tu r e ,  it can be cont ro l led  to a 

large ex ten t  by  the  source t empe ra tu r e ,  subs t ra te  
t e m p e r a t u r e  grad ien t ,  w a t e r  content ,  a nd  flow rate.  
However ,  both  G a P  and  GaAs nuc l ea t e  and  grow on 
fused silica in  the  flow sys tem w h e n  a definite va lue  
of s u p e r s a t u r a t i o n  is reached for a pa r t i cu l a r  surface 
condi t ion.  Thus  the  g rowth  ra te  on a p r e f e r r e d  n u -  
c lea t ion site such as a s ingle  crys ta l  subs t ra te  in  the 
gas s t r eam is cont ro l led  by  this  va lue  of s u p e r s a t u -  
ra t ion.  It  has no t  been  possible to es tabl ish  a s ingle  
va lue  of s u p e r s a t u r a t i o n  before  nuc l ea t i on  on fused 
silica because  of the h igh ly  va r i ab le  n a t u r e  and  
r e l a t ive ly  large area  of these surfaces.  However ,  
the va lue  of s u p e r s a t u r a t i o n  before  n u c l e a t i o n  on 
the fused silica appears  to fal l  b e t w e e n  2-5% for a 
large n u m b e r  of r u n s  made  d u r i n g  this i nves t iga -  
tion. Thus  an  expected r ange  of g rowth  ra tes  can be 
ca lcula ted  f rom the Ga20 p re s su re  da ta  (9) .  For  
example ,  this gives a g rowth  ra te  r ange  of 2.40- 
6.00x10-Tg of G a P  per  cubic cen t ime te r  of car r ie r  
gas for a subs t r a t e  t e m p e r a t u r e  of 1050~ a source 
t e m p e r a t u r e  of l l 0 0 ~  a nd  a H20 pressure  of 
6.01x10 -~ atm. A single  crys ta l  of GaP  g r o w n  on 
GaAs u n d e r  the same condi t ions  at a flow ra te  of 
400 cm3/min  increased  in  we igh t  at a r a t e  of 
3.90x10-~g of G a P  per  cubic cen t ime te r  of car r ie r  
gas which  falls w i t h i n  the ca lcula ted  range.  

If the  va lue  of s u p e r s a t u r a t i o n  is ma i n t a i ne d ,  the  
g rowth  ra te  can be  increased  by  inc reas ing  the  sub -  
s t ra te  t empe ra tu r e ,  source t empe ra tu r e ,  subs t ra te  
t e m p e r a t u r e  gradient ,  w a t e r  content ,  and  flow rate.  
However ,  appa ra tu s  l imi ta t ions  and  u n d e s i r a b l e  
g rowth  effects l imi t  the  choice of process p a r a m -  
eters. For  example ,  too h igh  a wa te r  con ten t  resul ts  
in n o n u n i f o r m  and  of ten fibrous growth.  On the 
o ther  hand ,  the  appea rance  of the  g rowth  improves  
wi th  increas ing  subs t ra te  t e m p e r a t u r e ,  bu t  this  in  
t u r n  p r o b a b l y  increases  the  concen t r a t i on  of u n -  
w a n t e d  impur i t i e s  f rom the fused silica system. The 
rap id  devi t r i f ica t ion of fused silica at h igh t e m p e r a -  
tures  also restr ic ts  the  m a x i m u m  source t e m p e r a -  
tu re  and  hence  the  m a x i m u m  flow ra te  for a t t a in ing  
s u p e r s a t u r a t i o n  at  the  lower  subs t ra te  t empe ra tu r e .  

Doping of crystals.--Single crystals  of G a P  doped 
n - t y p e  wi th  s u l p h u r  up to a car r ie r  concen t r a t i on  
of 5x10 TM have  been  g rown  f rom the vapor  by  this 
process. A t t emp t s  to produce  s ingle  crysta ls  to 
h igher  concen t ra t ions  have  not  been  successful.  The 
doping level  is cont ro l led  by  pass ing  the car r ie r  gas 
over  a t e m p e r a t u r e  cont ro l led  S source as shown 
in  Fig. 1. The doping can also be done by  adding  
cont ro l led  vo lumes  of H2S to the H2 car r ie r  gas. 
However ,  side react ions  occur which  effect the  
g rowth  habi t s  and  a l te r  the condi t ions  r equ i r ed  for 
o p t i m u m  growth  for undope d  crystals.  For  example ,  
the weigh t  loss f rom a hea ted  G a P  source increases  
wi th  inc reas ing  S con ten t  in  the  car r ie r  gas. This  is 
be l i eved  due to the  f o r m a t i o n  of a vola t i le  specie 
such as Ga2S2 which  has been  repor ted  (14).  F a i r l y  
large, need le - l ike ,  t r a n s p a r e n t ,  ye l low crysta ls  have  
been  g r ow n  b y  pass ing  H2 con ta in ing  H2S over  Ga 
at 1050~ X - r a y  analys is  has shown these  crysta ls  
to be hexagona l  GaS. 

S ingle  crysta ls  of G a P  doped p - t y p e  w i th  Zn  to 
ca r r i e r  concen t ra t ions  of 10 TM have  been  g r o w n  f rom 
the vapor .  Heated  sources of e i ther  Zn  or ZnO were  
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used. S ide  react ions  occur which  affect the  g rowth  
habits .  

Solid solutions.--Solid solut ions  of GaPxAs l -x  
have  been  g r o w n  f r o m  the  vapor  on GaAs a n d  G a P  
crys ta l  subs t ra tes .  Separa te  sources of GaAs  an d  G a P  
were  hea t ed  a t  950~ w i t h  the  GaAs be ing  placed 
u p s t r e a m  to the GaP. G r o w t h  ra tes  f rom 1O - s  to 
10 -9 g / c m  3 were  ob ta ined  wi th  subs t r a t e  t e m p e r a -  
tu res  of 900~ and  a wet  H2 flow ra te  of 100 
cm3/min.  The subs t r a t e  squares  wi th  6.3 m m  sides 
were  m o u n t e d  ve r t i ca l ly  w i th  the  g rowth  face pe r -  
p e n d i c u l a r  to the  flow direct ion.  U n d e r  these  condi -  
t ions a cons tan t  composi t ion  vapor  phase  was  ob-  
t a ined  which  deposi ted a s ingle  crys ta l  solid solu-  
t ion  l ayer  of GaPxAsl-x .  X - r a y  diffract ion m e a s u r e -  
men t s  gave ao = 5.54/k for these layers  as compared  
to ao = 5.654A and  ao = 5.451A for p u r e  Ga P  and  
GaAs, respect ively .  Since GaP~Asl -x  solid solut ions  
fol low Vegard ' s  l aw (15),  this  wou ld  give a va lue  
of 44 ---- 5 mole  % for the  GaAs  content .  These  solid 
so lu t ion  crysta ls  are a t r a n s p a r e n t  deep red as com- 
pa red  to a t r a n s p a r e n t  ambe r  ye l low for p u r e  G a P  
as wou ld  be expec ted  f rom a r educ t ion  in  the  ene rgy  
gap. Undoped  solid so lu t ion  layers  gene ra l l y  are n -  
type  w i th  ND--NA va lues  comparab le  to the  u n -  
doped GaP  or GaAs layers.  

Growth  frown the elements  or oxides . - -Single  
crysta ls  of GaP  and  GaAs have  been  g rown  f r o m  
the  vapor  by  pass ing wet  H2 over  hea ted  sources of 
Ga and  the Group  V e lements .  The Group  V oxides 
react  w i th  the  H2 to p rov ide  the  necessary  H20 for 
the GaeO t r anspo r t  as wel l  as the  Group  V e lement .  
The H2 reduces  the  Ga203 to Ga20 plus  H20. A dua l  
flow sys tem in  which  the  componen t s  are b r o u g h t  
toge ther  in  the  vapor  s ta te  has g iven  be t t e r  cont ro l  
of the  process. 

Electrical and optical properties of the c r y s t a l s . -  
Surface  ba r r i e r  j u n c t i o n  capac i tance  m e a s u r e m e n t s  
have  been  made  on undoped  vapor  g rown  single  
c rys ta l  GaP.  I n  genera l ,  these are found  to be  n - t y p e  
wi th  ND--NA va lues  r a n g i n g  f rom about  10 TM to 1017 
a t o m s / c m  3. However ,  some samples  were  fo und  to 
have  ND--NA va lues  as low as 1012. The m a t e r i a l  
g rown  by  this process is be l i eved  to be compe n -  
sated. By ana logy  wi th  GaAs (16),  the compensa -  
t ion  m a y  be due to o x y g e n  since the  process uses a 
Ga20 t r an spo r t  mechan i sm.  The compensa t ion  m a y  
also be due to copper,  a deep acceptor,  which  has 
been  de tec ted  (17) in  this  mate r ia l .  The  donor  is 
be l i eved  to be silicon. 

G a P  crysta ls  g rown  f rom the vapor  on GaAs sub -  
s t ra tes  a t  t e m p e r a t u r e s  be low abou t  950~ g e n e r -  
a l ly  do not  show the  pho to luminescence  in  the  v i s -  
ible which  f r e q u e n t l y  is found  in  boat  grown,  float- 
ing zone, and  solut ion g rown  m a t e r i a l  (18).  On the 
other  hand,  GaP  g r o w n  f rom the  vapor  on GaAs 
subs t ra tes  at t e m p e r a t u r e s  above about  950~ gen-  
e ra l ly  do show pho to luminescence  in the  visible.  
However ,  f a i r ly  s t rong  p h o t o l u m i n e s c e n t  emiss ion  in  
the  n e a r - i n f r a r e d  at  0.66, 1.03, 1.30, and  1.66 ev at 
80~ is found  only  in  the  vapor  g rown  m a t e r i a l  
(17).  These emiss ion bands  are be l ieved  to be as-  
sociated w i th  Cu (17).  

Vapor  g rown  s ingle  crys ta ls  are more  u n i f o r m l y  
and  less severe ly  s t r a ined  t h a n  the f loating zone 

mater ia l .  Moreover ,  the  s t ra ins  can be r e moved  
f rom the  vapor  g r ow n  m a t e r i a l  b y  a n n e a l i n g  which  
is no t  t r u e  for the  f loating zone crystals.  

Junctio,~s.--A deta i led  discuss ion of the  charac -  
ter is t ics  of vapor  g r ow n  G a P  junc t ions  is b e y o n d  
the  scope of this  paper .  These  gene ra l l y  are com-  
pa r a b l e  in  b r e a k d o w n  charac ter is t ics  to those p ro -  
duced in  e q u i v a l e n t  ma te r i a l s  by  o ther  methods.  
However ,  it  has been  found  (18) tha t  j unc t i ons  
p r epa red  who l ly  by  the vapor  t r a n spo r t  m e c h a n i s m  
at  subs t r a t e  t e m p e r a t u r e s  be low abou t  950~ gen -  
e ra l ly  do no t  show the vis ib le  e l ec t ro luminescence  
which  is charac ter i s t ic  of j unc t i ons  in  boa t  g rown  
and  floating zone mate r ia l .  J unc t i ons  p r epa red  
whol ly  b y  the  vapor  t r a n s p o r t  m e c h a n i s m  at  s u b -  
s t ra te  t e m p e r a t u r e s  above abou t  950~ gene ra l l y  
show vis ib le  e lec t ro luminescence .  On the other  
hand ,  diodes p r epa red  by  the  vapor  deposi t ion  of 
doped layers  on  opposi te ly  doped f loa t ing-zone  s u b -  
s t ra tes  a t  t e m p e r a t u r e s  above  a nd  be low 950~ 
gene ra l l y  are  comparab le  w i th  the  cor responding  
g r o w n  junc t ions .  

Vapor  g r ow n  doped G a P  was  g r o w n  on doped 
GaAs  subs t ra tes  to give n - n ,  p -n ,  and  n - p  s t ruc tu res  
for h e t e r o j u n c t i o n  me a su r e me n t s .  Whi le  these all  
showed j u n c t i o n  character is t ics ,  diffusion of the 
doping impur i t i e s  d u r i n g  the vapor  g rowth  made  
the  exact  locat ion of the  j u n c t i o n  ques t ionable .  In  
addi t ion ,  the  G a P  and  GaAs were  separa ted  b y  a 
solid so lu t ion  t r a n s i t i o n  l ayer  of u n k n o w n  th ick-  
ness and  composit ion.  

Conclusions 
Undoped  and  doped s ingle  crys ta l  l ayers  of GaP  

and  GaAs su i t ab le  for m a t e r i a l  s tudies  a n d  semi -  
conductor  devices can be  g r ow n  in  an  open tube  
sys tem by  the  Ga20 vapor  t r a n s p o r t  mechan i sm.  

S ubs t r a t e  o r i en ta t ions  of the {111} face are f ound  
to give the best  resul t s  f rom the  s t a n d p o i n t  of u n i -  
fo rmi ty  and  appearance .  G r o w t h  ra tes  can be con-  
t rol led by  the  source t empe ra tu r e ,  subs t r a t e  t e m -  
pe ra tu re ,  t e m p e r a t u r e  g rad ien t ,  flow rate ,  a nd  H20 
con ten t  in  the  H2 car r ie r  gas. The p h o t o l u m i n e s c e n t  
and  e l ec t ro luminescen t  charac ter is t ics  of vapor  
g r o w n  crysta ls  at  subs t r a t e  t e m p e r a t u r e s  above 
950~ are comparab l e  to those of f loating zone and  
boa t  g r ow n  mater ia l s .  
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The Reaction of GaP(s) with H20(g) and the 
Range of Stability of GaP(s) under Pressures of Ga20 and P2 

C. D. Thurmond and C. J. Frosch 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The reaction of GaP with wet hydrogen has been studied by a vapor t rans-  
port method. Exper imenta l  equi l ibr ium constants in the tempera ture  range 
of 800~176 have been found to be in satisfactory agreement  with the 
equi l ibr ium constants calculated from the free energies of formation of the 
reacting components, GaP, H20, and Ga20. A heat of formation of GaP at 
298~ of --42.75 kcal /mole  has been obtained from the Knudsen  cell meas-  
urements  of Johnston. A value of S%98 for GaP of 14.4 cal/deg mole has also 
been obtained. The range of pressures of Ga20 and P2 over which GaP is 
stable is described. Format ion of both Ga203 and GaPO4 is considered. Vari-  
ation in the solubili ty of oxygen in GaP as a funct ion of the pressures of Ga20 
and P2 is discussed. 

Frosch  (1) has g rown  s ingle  crysta ls  of GaP  f rom 
a vapor  phase  ob ta ined  f rom the reac t ion  of we t  H2 
wi th  a po lyc rys t a l l i ne  GaP  source in  the  t e m p e r a -  
t u r e  r ange  of 700~176 The purpose  of this  
pape r  is to show tha t  the  chemical  r eac t ion  is k n o w n  
tha t  is respons ib le  for the vo la t i l i ty  of GaP  in  wet  
hyd rogen  and  for the  g rowth  of ga l l i um phosphide  
crysta ls  f rom the  vapor  phase.  In  addi t ion,  t h e r m o -  
d y n a m i c  func t ions  are g iven  for GaP  based on the  
K n u d s e n  cell m e a s u r e m e n t s  of J o h n s t o n  (2) .  

Wet  h y d r o g e n  m i x t u r e s  have  b e e n  passed over  
GaP  at va r ious  flow rates  and  at t e m p e r a t u r e s  r a n g -  
ing  f rom 800 ~ to l l 0 0 ~  F r o m  the m e a s u r e m e n t  of 
sample  weight  loss, e q u i l i b r i u m  cons tan t s  have  been  
ca lcu la ted  on the  a s sumpt ion  tha t  the  fo l lowing re -  
act ion was respons ib le  for the  vo la t i l i ty  of GaP.  

2 G a P ( s )  + H 2 0 ( g )  = G a 2 0 ( g )  + H2(g)  + P2(g)  
[1] 

ELECTRO- 
FURNACE MAGNET 

F///////////////////////////A ~'~ 

L~o~ I~////////////////////////////J 

Fig. 1. Schematic drawing of the apparatus used in the volatility 
measurements. 

These e q u i l i b r i u m  cons tan ts  have  been  compared  
w i th  e q u i l i b r i u m  cons tants  ca lcu la ted  f rom ava i l ab le  
free energies  of f o r ma t i on  of the species involved .  

Experimental 
The appa ra tu s  for m e a s u r i n g  vo la t i l i ty  is shown 

schemat ica l ly  in  Fig. 1. It  consists essen t ia l ly  of a 25 
m m  ID fused silica tube  e x t e n d i n g  t h r ough  a 25 cm 
long flat t e m p e r a t u r e  zone. The t e m p e r a t u r e  zone is 
cont ro l led  to - - I ~  wi th  the rmocoup les  and  p o t e n -  
t iomete r  controls.  A cons t r i c t ion  t ube  a p p r o x i m a t e l y  
3 m m  ID by  13 m m  long is r i n g - s e a l e d  ins ide  the  
f u r na c e  t ube  to reduce  back  diffusion. This, toge ther  
wi th  the pushe r  assembly,  p rovides  an  enc losure  for 
the sample  d u r i n g  a vo la t i l i ty  m e a s u r e m e n t .  The 
pushe r  a s sembly  consists of a 17 m m  ID by  3 cm 
long tube  a t tached  to a 6 m m  ID tube.  A magne t i c  
s ta inless  steel spool a t tached  to the  smal l  t u b e  of 
the pushe r  a s sembly  provides  the  coupl ing  to the 
movab le  ex t e rna l  e l ec t romagne t  for m o v e m e n t  of 
the sample  d u r i n g  a run .  The sample  be ing  m e a s u r e d  
is con ta ined  in  a fused silica boat  a p p r o x i m a t e l y  2 
cm long  by  12 m m  wide. A n  oil b u b b l e r  at  t he  exit  
end of the  fu rnace  t ube  p r e v e n t s  diffusion of a i r  in to  
the  sys tem d u r i n g  a run .  

The  H20 con ten t  of the  ca r r i e r  gas is cont ro l led  in  
the same m a n n e r  as t ha t  p rev ious ly  descr ibed  for 
c rys ta l  g rowth  (1) .  
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In  m a k i n g  a run ,  a we ighed  sample  is placed in  the  
pushe r  assembly  and  inse r ted  in to  the  fu rnac e  t ube  
so tha t  the sample  is located outs ide  the furnace .  
Dur ing  load ing  and  u n l o a d i n g  a flow of N2 r a t h e r  
t h a n  He is used to avoid  the  f o r m a t i o n  and  condensa -  
t ion  of HeO which  is difficult to r emove  f rom the  
system. Af t e r  seal ing the  oil b u b b l e r  to the f u r na c e  
t ube  w i th  wax  or elastic r u b b e r  tape, the  sys tem is 
pu rged  by  in i t i a t i ng  the  des i red car r ie r  gas flow. 
This r equ i res  f rom one to severa l  hours  d e p e n d i n g  
on the flow rates  be ing  used. The sample  t h e n  is in -  
t roduced  into the fu rnace  m a g n e t i c a l l y  to the  posi-  
t ion  i l l u s t r a t ed  in  Fig. 1. At  the  end  of the r u n  the 
sample  is w i t h d r a w n  magne t i ca l l y  to its o r ig ina l  
posi t ion for cooling in  the  car r ie r  gas before p u r g i n g  
in  Ne fol lowed by  r emova l  and  weighing.  

XtO - 4  
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Fig. 2. Linear plot of the weight loss in g/min as a function of 
He flow rate in ec/min at  1000~ and a PiH20 pressure of 6.01 x 
10 - 3  atm. The solid line is the calculated curve using Eq. [7 ]  
with a --- 280 cm3/min and /~ m. 10 cm3/min. The clashed line 
is for a saturated vapor phase with no diffusional losses. 

Results 
The e q u i l i b r i u m  cons t an t  for reac t ion  [1] can be 

ca lcu la ted  f rom the  weight  of GaP,  W, which  s a t u -  
rates  a v o l u m e  of gas, V, at a t e m p e r a t u r e  T. The 
e q u i l i b r i u m  pressure  of Ga20, PGa20, wi l l  be  re la ted  
to the  weigh t  loss, W, by  the ideal  gas equa t ion  

PGa20 : 2MGaP -V- [2] 

In  this equat ion,  MGap is the  molecu la r  we igh t  of 
GaP,  R, the  gas constant ,  ( W / V )  ~ the  we igh t  loss in  
g /cc  at zero flow, and  T, the t e m p e r a t u r e  in  degrees  
Ke lv in .  W h e n  the flow ra te  is m e a s u r e d  at 298~ 
T, in  Eq. [2],  is 298~ since the gas phase  is ideal.  
The e q u i l i b r i u m  p res su re  of water ,  PH2O, can  be ob-  
t a ined  f rom the r e q u i r e m e n t  tha t  oxygen  be con-  
served and  tha t  the  pa r t i a l  pressures  of H20 and  
Ga20 are smal l  compared  to the p ressure  of h y d r o -  
gen. Since the  H2 p ressure  is m u c h  la rger  t h a n  all 
o ther  pressures  both  before  and  af ter  react ion,  the 
flow ra te  of equ i l i b ra t ed  gas l eav ing  the  reac t ion  
zone is the  same as the flow ra te  of the i n c o m i n g  
gas hea ted  to the r eac t ion  t e m p e r a t u r e .  These con-  
di t ions  lead to the  r e l a t ionsh ip  

PH20 : PiH20- PGa20 [3] 

where  pin2o is the pa r t i a l  p ressure  of H20 in  the  i n -  
f lowing gas s t ream. The pressures  of P2 and  Ga20 
are equa l  w h e n  reac t ion  [1] has proceeded to equ i -  
l ib r ium,  bu t  are smal l  compared  to the h y d r o g e n  
pressure  which  is essen t ia l ly  1 atm. Thus,  the  equ i -  
l i b r i u m  cons tan t  for reac t ion  [1] is g iven  to w i t h i n  
a few per  cent  by  the  equa t ion  

(Pca20) 2 
K1 = [4] 

PiH20 --PGa20 

The e q u i l i b r i u m  va lue  of the  p ressure  of GaeO, 
PG~eO, has been  ob ta ined  by  ex t r apo la t i ng  weigh t  
loss m e a s u r e m e n t s  as a f unc t i on  of flow ra tes  to zero 
flow rate.  The ex t r apo la t ion  was  made  in  a m a n n e r  
which  took in to  cons idera t ion  dif fusional  losses at  
lower  flow ra tes  and  u n d e r s a t u r a t i o n  at  h igher  flow 
rates.  

If r eac t ion  [1] comes to e q u i l i b r i u m  at  the  flow 
rates  used, the loss in  we igh t  of GaP  per  u n i t  t ime,  
w, wi l l  be a l i nea r  f unc t i on  of the  flow rate ,  v. 

2MGaP 
W PGa20 V [5] 

R T  

This fol lows d i rec t ly  f rom the ideal  gas law. At  low 
flow rates,  losses wi l l  occur f rom the  source by  vapor  
phase  diffusion which  wi l l  p roduce  an  increased  
weigh t  loss. This  effect has been  cons idered  by  Mer -  
t en  (3) .  Accord ing  to Mer ten ,  an  express ion  of the  
fo l lowing fo rm could be expected  to account  for d i f -  
fus iona l  losses 

( W / V )  ~ 
w - v [6] 

1 ~ e -v/B 

w h e r e  ( W / V ) ~  (2MGap/RT) PGa2o- 

At  h igher  flow rates  u n d e r s a t u r a t i o n  wi l l  occur. 
Frosch  and  T h u r m o n d  (4) have  suggested tha t  a 
t e r m  in  the  n u m e r a t o r  of the  fo rm 1 - -  e -'~/v can be 
used to a pp r ox i ma t e  this  process. 

The two processes, d i f fusional  losses a nd  u n d e r -  
sa tura t ion ,  can  be inc luded  in  one express ion  

(__~_ )o l _ _ e - a / v  
w =  1 - - e  - ~ / ~  v [ 7 ]  

We have  m e a s u r e d  w as a func t ion  of v for reac t ion  
[1] a nd  find tha t  an  express ion  of the  fo rm of [7] 
is a sa t is factory  r e p r e s e n t a t i o n  of the  me a su r e men t s .  
This  is shown  in  Fig. 2 for the m e a s u r e m e n t s  at  
1000~ The  cons tan ts  a and  fl we re  280 and  10 
cmS/min,  respect ively .  S imi l a r  m e a s u r e m e n t s  were  
made  at 850~ and  the  same va lues  of a a nd  fl were  
found  to give a sa t is factory  fit to the  e x p e r i m e n t a l  
results.  

The m e a s u r e m e n t s  at 1000~ have  enab led  us to 
es t imate  the flow ra te  r a n g e  w he r e  dif fusional  losses 
are not  s ignif icant  and  where  u n d e r s a t u r a t i o n  is low. 
Our  e x p e r i m e n t a l  m e a s u r e m e n t s  have  b e e n  used to 
ob ta in  es t imates  of the e q u i l i b r i u m  va lues  of ( W / V )  
by a modified use of Eq. [7]. We have  p lo t ted  
( W / V )  which  is equ iva l en t  to ( w / v ) ,  on a semi-  
logr i thmic  plot,  log ( W / V )  vs. v. A curve  of log 
( 1 - - e  -~/~) vs. v for which  ~ = 280 c m a / m i n  was  
also p lo t ted  on a separa te  sheet  of g raph  paper .  This  
cu rve  was moved  into pos i t ion  over  the set of poin ts  
at each t e m p e r a t u r e  to ob ta in  the  va lue  of ( W / V )  ~ 
Figu re  3 is a semi logr i thmic  plot  which  shows all  of 
the  e x p e r i m e n t a l  da ta  obta ined .  In  each case the  
curves  cor respond to a va l ue  of a of 280 cmS/min.  
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Table I. Experimental equilibrium constants for the reaction -1 
2GaP(s) + H20(g) ~ Ga20(g) + H2(g) + P2(g) \ % 

-2 % 
T, ~ P~H20 a t m  PGa=O arm K1 (atm) 2 ~'%. 

"x% 
-3 

1073 6.01 X 10 -3 9.90 X 10 -6  1.63 X 10 -3 x \  ~ x \ \ \  
1123 6.01 >< 10 -3 5.95 X 10 -5 5.95 X 10 -7 I X 
1173 6.01 • 10 - z  1.07 X 10 -4  1.94 X 10 -6  - 4  , ~ !  o ' \ 
1223 6.01 • 10-3 2.64 • 10-4 1.21 • 10-5 i"\ 
1223 3.09 X 10 -3 1.35 X 10 -4 7.59 X 10 -6 ~[ 
1273 6.01 • 10 -3 7.42 • 10 -4 1.04 • 10 -4 ~ -51i 
1323 6.01 • 10 -3 1.44 • 10 -3 4.54 • 10 -4 
1373 6.01 • 10 -3 2.35 X 10 -3 1.51 • 10 -6 -e 

T a b l e  I l is ts  the  v a l u e s  of PGa2O c a l c u l a t e d  f rom 
( W / V )  ~ and  the  e q u i l i b r i u m  cons t an t s  c a l c u l a t e d  
f r o m  Eq. [4] .  

Discussion 

I n f o r m a t i o n  is a v a i l a b l e  in  t he  l i t e r a t u r e  f r o m  
w h i c h  t h e  e q u i l i b r i u m  cons t an t  for  Eq. [1]  can  be  
ca lcu la ted .  The  a g r e e m e n t  b e t w e e n  t h e s e  c a l c u l a t e d  
va lue s  and  ou r  e x p e r i m e n t a l  v a l u e s  is w i t h i n  t he  
u n c e r t a i n t i e s  of t h e  da ta .  This  is s h o w n  in Fig .  4 
w h e r e  log  K ,  is p l o t t e d  as a func t ion  of 1/T, and  
the  e x p e r i m e n t a l  po in t s  a r e  c o m p a r e d  w i t h  t h e  ca l -  
c u l a t e d  l ine.  The  sol id  l ine  c o r r e s p o n d s  to a h e a t  
con ten t  c h a n g e  of 117.4 kca l  and  an  e n t r o p y  c h a n g e  
of 72.8 c a l / d e g .  A n  e s t i m a t e d  u n c e r t a i n t y  of 2 k c a l  in  
•  ~ and  2 eu  in AS ~ l e a d  to the  d a s h e d  l ines  s h o w n  
in Fig .  4. 

The  c a l c u l a t e d  e q u i l i b r i u m  cons t an t s  h a v e  b e e n  
o b t a i n e d  f r o m  t h e r m o d y n a m i c  func t ions  for  G a P  
w h i c h  w e r e  b a s e d  on the  m e a s u r e m e n t s  of J o h n s t o n  
(2)  and  f r o m  a r e e v a l u a t e d  h e a t  of f o r m a t i o n  for  
Ga20.  

Heat and entropy of formation of G a P . - - J o h n s t o n  
(2)  has  r e c e n t l y  o b t a i n e d  the  p r e s s u r e  of P2 ove r  
G a P  f r o m  K n u d s e n  cel l  m e a s u r e m e n t s .  The  a s s u m p -  
t ion  t h a t  t he  p r i n c i p a l  vo l a t i l e  spec ies  ove r  G a P  
was  P2 is in accord  w i t h  t he  e q u i l i b r i u m  cons tan t s  
g iven  b y  S tu l l  and  S i n k e  (5)  for  t he  P2-P4 e q u i -  
l i b r i u m .  F r o m  J o h n s t o n ' s  m e a s u r e m e n t s  w e  h a v e  
o b t a i n e d  a v a l u e  for  (AHSGaP)296 and  (S%~P)298, 
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plot of the experimentally determined Fig. 3. Semilogrithmic 
values of W/V as a function of v showing the extrapolation to 
zero flow rate. The solid lines and dashed line are for experimental 
determinations made at a PiH20 pressure of 6.01 x 10 -3  arm and 
3.09 x 10 _3 arm, respectively. 
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Fig. 4. A log KI vs. lIT plot for the experimental data accord- 
ing to Eq. [I]. The solid line is calculated from the availab[e 
thermodynamic data. The dashed lines represent an uncertainty 
of 2 kcal in AH ~ and 2 eu in AS ~ 

w h e r e  t h e  f o r m a t i o n  r e a c t i o n  is g iven  b y  the  f o l l o w -  
ing  e q u a t i o n  

1 
Ga(1)  -t- - ~ P 2 ( g )  = G a P ( s )  [8]  

In  t he  p r e s s u r e  r a n g e  s t u d i e d  b y  Johns ton ,  G a P  
decomposes  a n d  two  p h a s e s  a r e  p r e s e n t  in  his  
K n u d s e n  cell ,  i.e., a sol id  G a P  p h a s e  and  a l i qu id  
p h a s e  s a t u r a t e d  w i t h  GaP .  The  m e a s u r e m e n t s  of  
R u b e n s t e i n  (7)  and  H a l l  (8)  show tha t  t he  G a  r i ch  
l i qu id  p h a s e  con ta ins  less  t h a n  1 o r  2 at .  % of p h o s -  
p h o r u s  in t he  t e m p e r a t u r e  r a n g e  s tud ied .  Conse -  
quen t ly ,  t he  l i qu id  p h a s e  is e s s e n t i a l l y  p u r e  Ga,  and  
the  f r ee  e n e r g y  of f o r m a t i o n  of G a P  can  be  o b t a i n e d  
f r o m  the  v a p o r  p r e s s u r e  m e a s u r e m e n t s  m a d e  b y  
Johns ton .  

The  e v a l u a t i o n  of t he  f r ee  ene rgy ,  hea t ,  a n d  e n -  
t r o p y  of f o r m a t i o n  of G a P  f r o m  v a p o r  p r e s s u r e  
m e a s u r e m e n t s  can  bes t  be  m a d e  if hea t  capac i t i e s  
a r e  k n o w n  for  t he  r e a c t i o n  componen t s .  T h e  hea t  
c apac i t i e s  of G a  and  P2 a r e  k n o w n ,  b u t  no e x p e r i -  
m e n t a l  d a t a  a r e  a v a i l a b l e  for  t h e  hea t  c a p a c i t y  of 
GaP .  W e  have  a s s u m e d  t h a t  t he  h e a t  c a p a c i t y  of 
G a P  is t he  s u m  of t he  h e a t  c apac i t i e s  of g e r m a n i u m  
(6) a n d  s i l icon (6)  

(Cv)~ae = (Cp)si + (C,)Ge [9]  

1.60 X 105 
( C p ) G a P  ~ 11.68 -t- 1.52 X 10 -aT  T 2 [10] 

This  e s t i m a t e  is r e a s o n a b l e  s ince  t he  c r y s t a l  s t r u c -  
t u r e  of G a P  is c lose ly  r e l a t e d  to t h a t  of Ge and  Si. 
In  a d d i t i o n  i t  shou ld  be  n o t e d  t h a t  t he  m o l e c u l a r  
w e i g h t s  of GeSi  and  G a P  a re  bo th  101. The  h e a t  
capac i t i e s  of Ga  and  P2 g i v e n  b y  K e l l e y  (6)  h a v e  
been  used  to ob t a in  AC,. The  m e a s u r e m e n t s  of 
J o h n s t o n  (2)  g ive  t he  f r ee  e n e r g y  of f o r m a t i o n  of 
GaP ,  AFSr, f r om w h i c h  the  " s i g m a "  func t ion  is ob -  
t a i n e d  

~ W T +  1 f : ' - T  s f 2  r 9ACP dT -- 96AC~ d i n  T [ 11 ] 
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Table II. Heat of formation of GaP at 298"K. 
Ga(s) ~ 1/2 P2(g) ~ GaP(s). Data from Johnston (2) 

T, *K AFfr/T e a l / d e g  m o l e  AHt~s  k c a l / m o l e  

1053 --16.62 --42.94 
1078 --15.55 --42.88 
1109 --14.38 --42.75 
1135 --13.20 --42.42 
1184 --11.97 --42.86 
1234 --10.40 --42.71 
1277 --9.30 --42.81 

( ~ H / 2 9 8 ) G a P  ~ --42.75 ___ 0.1 kcal /mole 
(AS1298)  GaP ~ --21.49 -+- 0.1 cal /deg mole 

where  ~ is re la ted  to the hea t  and ent ropy of 
format ion by  the fol lowing equation. 

AHt29s 
= - -  + AS2298 [12] 

T 

Table III. Free energy function for GaP 
(Cp)G~p(s) ~ ICp)Ge~s) + (Cp)si(s) 

tFOT -- o 
T,  ~  - T H ~s)Q~e(~ ) c a l / d e g  m o l e  

298 14.39 
800 18.51 
900 19.41 

1000 20.28 
1100 21.11 
1200 21.91 
1300 22.67 
1400 23.39 
1500 24.08 
1600 24.74 
1700 25.39 

A plot  of ~ vs. 1/T should be a s t ra ight  l ine of slope 
--AH~egs and in tercept  iS~29s. An a l te rna t ive  way  of 
showing how well  Eq. [12] fits the exper imen ta l  
measurements  is to use the best  in tercept  and calcu-  
late  a va lue  of AH529s for each point. Table  II  
gives the values  of AH~29s calcula ted f rom each ex-  
pe r imenta l  point  using a value  of the ent ropy of for -  
mat ion of --21.49 eal /deg.  

The heat  of format ion  of G a P ( s )  of --42.75 kcal  
corresponds to the hea t  content  change for Eq. [8].  
F rom the heat  of vapor iza t ion  of ga l l ium and the 
heat  of dissociat ion of P2 given by  Stul l  and Sinke 
(5),  the heat  of a tomizat ion of G a P ( s )  can be ca l -  
culated. A value  of 166.2 kcal  is obtained,  cor re-  
sponding to the conversion of G a P ( s )  to gaseous Ga 
and P atoms. This number  is smal ler  than  the sum 
of the heats  of subl imat ion of Ge and Si at 298~ 
by 15%, in accord wi th  the conclusions reached by  
Goldfinger (9) for  o ther  I I I -V  compounds.  

The en t ropy  of format ion  of GaP at 298~ can be 
used wi th  the known entropies of Ga(1) (5) and 
P f ( g )  (5) to obtain a va lue  of the  en t ropy  of G a P ( s )  
at 298~ which is 14.39 cal /deg.  Renner  (10) has 
es t imated a value  of 9.3 ca l /deg  f rom a modified 
Eas tman formula,  which we bel ieve  is too low. An 
es t imate  of 12.0 ca l /deg  is obta ined f rom the sum 
of the entropies  of S i ( s )  and Ge (s) ,  and an es t imate  
of 15.3 ca l /deg  comes f rom the sum of the entropies  
of G a ( s )  and P ( s ) .  Goldfinger (9) has quoted a 
value  for the en t ropy  of G a P ( s )  at  l l 0 0 ~  of 24.3 eu 
which is to be compared  to 30.0 eu obtained f rom 
Johnston 's  data. We bel ieve tha t  the en t ropy  at  
298~ of 14.4 ca l /deg  obtained f rom Johnston 's  da ta  
is a reasonable  value.  

A free energy  function tab le  is given in Table  I I I  
for GaP using a va lue  of S%9s of 14.39 ca l /deg  and 
Eq. [10] for the hea t  capaci ty.  

Heat o5 Sormation o] SiO and Ga20 . - -Cochran  and 
Foster  (11) and Frosch and Thurmond (4) have  
given values  for the heat  of format ion  of Ga20. 
Cochran and Fos te r  s tudied the two react ions 

2Ga(1) ~- SiO2(s) ---- Ga20(g)  -t- S iO(g)  [13] 
and 

2Ga(1) ~- MgO(s)  : GafO(g)  -~ Mg(g)  [14] 

while  Frosch and Thurmond s tudied the react ion 

4 1 
-~- Ga(1) + - ~  GafO~(s) ---- Ga~O(g) [15] 

Recently,  new exper imenta l  da ta  have become avai l -  
able  which lead to revised heats  of format ion for 
SiO2 and SiO. These revisions lead to  a revis ion in 
the heat  of format ion  of Ga20 as obtained from the 
react ion descr ibed by  Eq. [13]. 

We have  obta ined a new heat  of format ion  of SiO 
f rom the recent  measurements  Ramstad  and Rich-  
ardson (12) who studied the fol lowing react ions 

S iOf(quar tz )  -~ Hf(g)  ---- S iO(g)  ~- HfO(g)  [16] 
and 

S i ( s  and 1) + S iOf(quar tz )  : 2SiO(g)  [17] 

The the rmodynamic  functions for SiOf, SiO, Si, H20, 
and H2 needed in this calculat ion were  obtained 
f rom the J A N A F  Tables (13). The heat  of format ion 
of SiOe was corrected using the recent  value  recom- 
mended by Good (14) and corrobora ted  by  others 
(15, 16). Since a good value  for the en t ropy  of SiO 
at  298~ is known, 50.55 ca l /deg  mole (13-17),  a 
va lue  of the en t ropy  of format ion  is known, 
( A S f 2 9 8 ) S i  O : 21.61 ca l /deg  mole. Table  IV gives the 

Table IV. Heat of formation of SiO at 2980K 

A F ~  -- (AFrT) sJolT -- (AHf2~s) s i o  
E q u i l i b r i u m  s tud i ed  T, ~  c a l / d e g  c a l / d e g  m o l e  k c a l / m o l e  

SiOf(quartz) -~ H2(g) 
SiO(g) + H20(g) 

Si(s  and 1) ~- SiOf(quartz) 
---- 2SiO (g) 

1700 29.95 34.17 24.00 
1773 26.69 33.20 23.96 
1800 25.63 32.63 23.59 
1873 22.25 31.78 23.52 
1509 29.72 36.02 23.73 
1581 25.30 34.98 23.35 
1610 23.77 34.51 23.04 
1673 19.69 34.05 23.28 
1718 17.99 33.03 22.46 
1757 16.40 32.18 21.83 

Average (aH]29s)sio = --23.2 kcal/mole 
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Table V. Heat of formation of Ga20 at 298~ 

February 1964 

E q u i l i b r i u m  s t u d i e d  
A F  ~ T / T  -- A F f  Ga20/T 

T, ~ ca l /deg  ca l / deg  mole  
-- (AHIms) aaso 

kea l /mo le  A v g  

SiO2(quar tz)  -b 2Ga(1) = Ga20 (g )  -t- 
SiO (g) 

Cochran and Fos ter  (11) 

MgO(s)  + 2Ga(1) ---- Ga20(g)  + Mg(g)  
Cochran and Fos ter  (11) 

4/3 Ga(1) -}- 1/3 Ga203(s)  = Ga20(g )  
Frosch  and Thurmond  (4) 

2GaP(s )  + H20(g )  = Ga20(g )  + P2(g) 
~-H2 (g) 

1179 64.25 37.02 24.47 
1231 59.67 34.74 23.00 
1280 55.01 33.46 22.42 
1332 50.31 32.35 22.25 
1357 47.61 32.42 22.83 
1383 45.37 32.03 22.76 23.0 

1179 65.86 33.65 20.50 
1231 60.58 32.60 30.37 
1280 57.15 30.54 18.77 
1332 51.73 30.58 19.85 
1383 48.13 29.30 18.99 19.7 

1073 17.41 36.58 21.28 
1173 12.94 34.32 21.14 
1223 11.25 32.64 20.25 
1273 9.17 31.89 20.12 20.7 

1073 35.36 38.03 22.84 
1123 28.38 38.97 25.22 
1173 25.90 35.93 23.03 
1223 22.28 34.45 22.52 
1223 22.52 34.26 22.15 
1273 17.84 34.30 23.42 
1323 14.69 33.17 23.09 
1373 12.36 31.50 21.93 23.0 

p e r t i n e n t  d a t a  and  the  c a l c u l a t e d  v a l u e s  of ~H~29s. 
A n  a v e r a g e  v a l u e  of  --23.2 k c a l / m o l e  has  been  
t a k e n  for  t he  hea t  of f o r m a t i o n  of SiO at  298~ 
The  J A N A F  Tab le  uses  a v a l u e  of  --21.4 k c a l / m o l e .  

I t  is n o w  poss ib l e  to ca l cu l a t e  t he  h e a t  of f o r m a -  
t ion  of Ga20  f rom the  m e a s u r e m e n t s  of C oc h ra n  
and  F o s t e r  (11) of t he  r e a c t i o n  of G a  w i t h  SIO2, Eq. 
[13] .  In  add i t ion ,  w e  h a v e  o b t a i n e d  a h e a t  of f o r -  
m a t i o n  at  298~ for  Ga20  f rom r e a c t i o n  [14] ,  r e -  
ac t ion  [15] ,  and  also f rom r e a c t i o n  [1] .  Resu l t s  of 
these  ca l cu la t ions  a r e  g iven  in  T a b l e  V. I t  has  b e e n  
a s s u m e d  t h a t  the  e n t r o p y  of Ga20  at  298~ is 69.54 
eu and  t ha t  the  hea t  c a p a c i t y  of Ga20  is the  s ame  as 
for  CTeS,  as r e c o m m e n d e d  b y  Coch ran  and  F o s t e r  
(11) .  T h e  f ree  e n e r g y  func t ions  g iven  b y  S tu l l  and  
S i n k e  (5)  for  Ga,  Mg, and  02 w e r e  used.  The  f r ee  
e n e r g y  func t ion  of Ga203 g iven  b y  Coch ran  a n d  
F o s t e r  (11) and  t h e  ~H~29s for  Ga203 m e a s u r e d  b y  
Mah  (18) w e r e  used.  The  hea t  of f o r m a t i o n  of  Ga20  
is found  to be  --21.5 -- 1.5 k c a l / m o l e .  This  v a l u e  is 
to be  c o m p a r e d  to --20.4 k c a l / m o l e  (SIO2 r e a c t i o n )  
and  --19.7 k c a l / m o l e  (MgO reac t i on )  g iven  b y  
Coch ran  and  F o s t e r  (11) and  --20.7 k c a l / m o l e  g iven  
b y  F r o s c h  and  T h u r m o n d  (4) .  

Reaction of G a P  with wet  hydrogen. - -The r e l a -  
t i onsh ip  b e t w e e n  the  p a r t i a l  p r e s s u r e  of w a t e r  v a p o r  
in the  inf lowing  h y d r o g e n  s t r e a m  and  the  e q u i l i b -  
r i u m  p r e s s u r e  of Ga20  is g iven  b y  Eq. [4 ] .  The  e q u i -  
l i b r i u m  cons tan ts ,  K , ,  c a l c u l a t e d  f r o m  the  t h e r m o -  
d y n a m i c  func t ions  n o w  ava i l ab l e ,  and  p l o t t e d  in Fig .  
4, can  be  used  w i t h  Eq. [4]  to g ive  PG~2o a n d  PP2 as  
a func t ion  of PiH20. This  is shown  in Fig .  5 for  t he  
seven  e x p e r i m e n t a l  t e m p e r a t u r e s  used.  The  e x p e r i -  
m e n t a l  po in t s  a r e  inc luded .  The  h e a v y  d a s h e d  cu rves  
l y i n g  b e t w e e n  the  f o r k e d  ends  g ive  t he  p r e s s u r e s  
of Ga20  and  P2, w h i c h  a r e  equa l ,  as a func t ion  of 

(AHI298) Ga20 = --21.5 • 1.5 kca l /mo le  

t he  p r e s s u r e  of H20 in t he  e n t e r i n g  h y d r o g e n  s t r e am.  
A t  low p r e s s u r e s  of H20 and  at  h igh  p r e s s u r e s  of 
H20 n e w  reac t ions  occur  w h i c h  l e a d  to the  s e p a r a t e  
l ines  at  each  end  of t he  cu rves  of Fig .  5. 

E q u a t i o n  [4]  g ives  the  d e p e n d e n c e  of PGa2O on 
PiH2O over  a l i m i t e d  r a n g e  of PiH2O. W h e n  the  v a l u e  
of P~H20 is l ow  enough,  t he  p r e s s u r e s  of  P2 and  
Ga20  wi l l  no l o n g e r  b e  equa l .  U n d e r  these  cond i t ions  
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Fig. 5. A log-log plot of PGa20 and PP2 VS. Pill20 calculated 
from available thermodynamic data for each experimental tempera- 
ture. Experimental points are included. Heavy dashed lines are deter- 
mined by Eq. [1] in which PGa20 equals PP2. At the lower values 
of /~H20, lightly dashed lines are the decomposition pressures PP2 
from Eq. [8] and the solid lines are the Ga20 pressures from 
Eq. [18]. At the higher values of piH20, where Ga203 is present, 
lightly dashed lines are the P2 pressures from Eq. [20] and the 
solid lines are the Ga20 pressures from Eq. [22]. 
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the pressure  of P2 wil l  be la rger  than  tha t  of Ga20 
and the GaP wil l  decompose. The presence of Ga(1) 
at equi l ib r ium with  GaP (s) wi l l  fix the P~ pressure  
at GaP decomposit ion pressure.  The react ion re -  
sponsible for the GaeO pressure  is shown in the  
fol lowing equation 

2Ga(1) + H20(g)  : Ga20(g)  + H2(g) [18] 

The equi l ib r ium pressure  of Ga~_O can be obtained 
f rom the equi l ib r ium constant  of Eq. [18], Kls, and 
the fol lowing equat ion which follows f rom the def-  
init ion of the equi l ib r ium constant.  

PGa20 
: Kls [19] 

PiH20- PGa20 

Again, it  has been assumed tha t  the pressures  of 
H20 and Ga20 are small  compared to the pressure  
of hydrogen,  which is 1 arm, and the t e m p e r a t u r e  
low enough to insure that  the l iquid  phase is es- 
sent ia l ly  pure  Ga. Thus, Eq. [19] describes the  de- 
pendence of the Ga20 pressure  on the pressure  of 
wate r  in the incoming gas s t ream unt i l  a point  is 
reached where  the  pressure  of Ga20 is equal  to 
the decomposit ion pressure  of phosphorus over GaP 
at T. 

As the pressure  of wa te r  is increased,  the  equi-  
l ib r ium pressures  of Ga20 and P2 wil l  be equal  
unt i l  a point  is reached where  Ga203 is formed.  At  
this point, and beyond,  the phosphorus  pressure  
wil l  be de te rmined  by  the fol lowing equi l ibr ium. 

2GaP(s )  -{- 3H20(g)  : Ga~Os(s) -{- P2(g) + 3H2(g) 
[20] 

The format ion of Ga20 may  be accounted for by  
the react ion given in Eq. [1]. Under  the  same as-  
sumptions used previously,  the  pressure  of P2 can 
be shown to be re la ted  to the pressure  of H20 in 
the  enter ing gas s t ream by  the re la t ionship  

PP2 
-~ K20 [21] 

(PiH2o q- 2PGa20- 3PP2) 3 

The constant  Ke0 is the equi l ib r ium constant  for 
react ion [20]. Since PG~20 and Pe2 are less than  
PiH2o, the  pressure  of P2 var ies  app rox ima te ly  as 
(PiH2O) 3. I t  also follows that  the pressure  of Ga20 
var ies  app rox ima te ly  as (P~HeO)--2. 

Range o] pressures o] GaeO and P2 in equilibrium. 
- - E q u a l  pressures  of Ga20 and Ps are genera ted  by  
the react ion of H20 wi th  GaP to equi l ibr ium,  and 
the range  of these pressures  extends f rom the de-  
composit ion pressure  of P2 over GaP to a pressure  
of Ga20 and Pe at  which  GaeO3 forms. The complete  
range of pressures  possible for Ga20 and Ps under  
conditions of equi l ib r ium wi th  GaP are shown in 
Fig. 6 for two tempera tures ,  950 ~ and 1100~ The 
dot ted line shows the range  at each t empera tu re  over 
which Ga20 and P2 may  have equal  pressures,  the  
lower  l imi t  being the decomposi t ion pressure  of P2 
over GaP and the upper  l imi t  the pressure  at  which 
Ga203 forms. At  any pressure  of P2 be tween  the de-  
composit ion pressure  and some ve ry  high pressure ,  
where  GaP is again unstable ,  there  is an upper  l imi t  
to the  pressure  of Ga20 at which point  Ga203 wil l  
form. The fol lowing react ion represents  this  equi-  
l ibr ium. 
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Fig. 6. A log-log plot of the equilibrium pressures of Ga20 vs. 

P2 over GaP in equilibrium with Ga203. The dashed lines at the 
lower pressures of P2 show the range over which PC, a20 and PP2 
are equal. The solid lines indicate the pressures of Ga20 and 
P2 where GaP and Ga2Oa are at equilibrium. The dashed lines at 
the higher P2 pressures indicate the pressures of Ga20 and P2 
where GaP and GaPO4 would be at equilibrium. 

4GaP(s )  ~- Ga203(s) = 3Ga20(g)  + 2Pc(g) [22] 

It  can be seen tha t  the pressure  of GaeO varies  as 
the --  2/3 power  of the pressure  of P2. The solid 
lines of slope --  2/3 shown in the log- log plot  of Fig. 
6 give the pressures  of Ga20 and Pe at the two indi -  
cated t empera tu res  when GaP and Ga203 are at 
equi l ibr ium.  

The compound GaPO4 is known to exist  (19), 
but  its t he rmodynamic  proper t ies  are not  known. 
The stable s t ruc ture  of this compound at t emper -  
a tures  grea ter  than  1000~ or so is cr is tobal l i te  (19). 
We have  es t imated  the the rmodynamic  proper t ies  
of GaPO4 by assuming it would have  the same 
proper t ies  as the  hypothet ica l  mixed oxide crys ta l  
GeSiO4 which would have the same molecular  
weight  and s t ruc ture  as GaPO4. We can es t imate  
the  proper t ies  of this mixed  oxide by  assuming they  
are  the sum of the proper t ies  of GeO2 and SIO2. 
The range of conditions over which GaPO4 and 
GaP would be in equi l ib r ium can be obtained from 
the react ion 

7GaP(s )  -{- GaPO4(s)  = 4Ga20(g)  q- 4P2(g) [23] 

PGa2oPP2 ---- K231/4 [24] 

The the rmodynamic  proper t ies  of the phase 
GaPO4 have been es t imated  as follows: the heat  
capaci ty  of GaPO4 has been assumed to be the sum 
of the heat  capacit ies of GeO2 and SiOe, the ent ropy 
at  298~ the sum of the entropies  of SiO~ and GeO~, 
and the heat  of format ion at 298~ the sum of the 
heat  of format ion  of GeO2 and SIO2. These es t imates  
lead to values  of the equ i l ib r ium constant,  K24, of 
react ion [23]. The dashed lines of Fig. 6 correspond 
to Eq. [25] at  the two t empera tu re s  950 ~ and 
l l00~ At  pressures  of P2 high enough, the phase 
GaPO4 can be expected to form; at  lower  pressures  
of P2 but  at  high enough pressures  of Ga20, Ga~O3 
wil l  be the phase which forms. As long as PGa2O and 
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PP2 a re  b e l o w  the  l ines ,  n e i t h e r  GaeO3 nor  GaPO4 
wi l l  form.  

The  e s t i m a t e d  l ines  for  the  G a P - G a P O 4  e q u i -  
l i b r i u m  cross  the  G a P - G a 2 0 3  l ines  a t  each  t e m p e r -  
a t u r e  at  a p o i n t  w h e r e  t he  p a r t i a l  p r e s s u r e  of P2 
is g r e a t e r  t h a n  the  p a r t i a l  p r e s s u r e  of Ga20.  A c c o r d -  
ing to th is  e s t ima te ,  i t  is conc luded  t h a t  GaPO4 wi l l  
no t  f o rm  in t he  we t  h y d r o g e n  s y s t e m  w h e r e  PGa2o 
and  Pe2 a re  equal ,  a n d  Ga203 wi l l  f o r m  w h e n  h igh  
enough  va lue s  of these  p r e s s u r e s  a r e  r eached .  

Vacancy concentrations, stoichiometry,  and ox-  
ygen solubi l i ty . - -Nothing is k n o w n  a b o u t  the  con-  
c e n t r a t i o n s  of vacanc ie s  in  G a P  n o r  of t h e  so lub i l i t y  
of excess  Ga  or  P in  G a P  o the r  t h a n  i t  is b e l i e v e d  
t h a t  the  so lub i l i t y  r a n g e  is qu i t e  n a r r o w .  As  long  
as the  so lub i l i t y  r a n g e  is n a r r o w  the  p r o d u c t  of 
t he  v a c a n c y  c o n c e n t r a t i o n s  wi l l  be cons t an t  a t  a n y  
t e m p e r a t u r e  and  inc rea se  w i t h  t e m p e r a t u r e .  F u r -  
t h e r m o r e ,  the  v a c a n c y  c o n c e n t r a t i o n s  a r e  k n o w n  
func t ions  of t he  p a r t i a l  p r e s s u r e s  of the  c o m p o n e n t s  
a t  a n y  t e m p e r a t u r e ,  the  G a  v a c a n c y  c o n c e n t r a t i o n  
be ing  p r o p o r t i o n a l  to t h e  s q u a r e  roo t  of t h e  P2 
p r e s s u r e  and  the  P v a c a n c y  c o n c e n t r a t i o n  be ing  
p r o p o r t i o n a l  to t he  G a  p re s su re .  N o t h i n g  can  be  
sa id  abou t  t h e  concen t r a t i ons  of i n t e r s t i t i a l  G a  a n d  
P o the r  t h a n  the  c o n c e n t r a t i o n  of n e u t r a l  i n t e r s t i t i a l  
Ga  wi l l  be  p r o p o r t i o n a l  to  t he  Ga  p r e s s u r e  and  
n e u t r a l  i n t e r s t i t i a l  P p r o p o r t i o n a l  to t he  s q u a r e  
roo t  of t he  P2 p re s su re .  F r o m  such i n f o r m a t i o n  the  
v a r i a t i o n  in e q u i l i b r i u m  v a c a n c y  c o n c e n t r a t i o n s  
and  i n t e r s t i t i a l  c o n c e n t r a t i o n s  w i t h  PP2, PGa2O, and  
PiH2O can b e  deduced ,  b u t  no th ing  can be  sa id  a t  
p r e s e n t  of t h e  m a g n i t u d e s  of these  concen t ra t ions .  

G e r s h e n z o n  (20) has  sugges t ed  t ha t  o x y g e n  is r e -  
spons ib le  for  some of t he  p h o t o l u m i n e s c e n c e  and  e lec -  
t r o l u m i n e s c e n c e  seen in G a P  c rys t a l s  and  has  g iven  
e x p e r i m e n t a l  ev idence  t h a t  o x y g e n  can  be  p r e s e n t  
in G a P  c rys t a l s  a t  concen t r a t i ons  as h igh  as 1019 
a t . / cc .  The  ques t ion  ar i ses  as to t he  a m o u n t  of o x y -  
gen  e x p e c t e d  in G a P  g r o w n  in we t  h y d r o g e n .  A t  
p r e s e n t  th is  is not  known.  H o w e v e r ,  some th ing  can  
be  sa id  a b o u t  the  d e p e n d e n c e  of t he  o x y g e n  so lu -  
b i l i t y  on the  p r e s s u r e s  of Ga20,  P~, and  H20. I t  
can  be  shown  tha t  t he  e q u i l i b r i u m  c o n c e n t r a t i o n  of 
n e u t r a l  i n t e r s t i t i a l  o x y g e n  a toms  w i l l  be  p r o p o r -  
t i ona l  to the  p r o d u c t  of t he  p r e s s u r e s  of P2 and  Ga20  
at  a n y  t e m p e r a t u r e ,  a n d  the  h ighes t  concen t r a t i ons  
of n e u t r a l  i n t e r s t i t i a l  o x y g e n  a toms  wi l l  occur  w h e n  
the  phase  GaPO4 is in e q u i l i b r i u m  w i t h  GaP .  The  
c o n c e n t r a t i o n  of n e u t r a l  s u b s t i t u t i o n a l  o x y g e n  a t o m s  
wi l l  be  p r o p o r t i o n a l  to the  p r o d u c t  of the  p r e s s u r e  
of Ga20  and  the  s q u a r e  roo t  of t he  p r e s s u r e  of P2. 
The  m a x i m u m  c o n c e n t r a t i o n  of s u b s t i t u t i o n a l  o x -  
y g e n  wi l l  occur  at  t he  po in t  w h e r e  G a P  is in e q u i -  
l i b r i u m  w i t h  Ga20~ at  t h e  l owes t  poss ib le  P2 p r e s -  
sure.  

W h e n  G a P  is g r o w n  u n d e r  e s s e n t i a l l y  e q u i l i b r i u m  
cond i t ions  in  t he  w e t  h y d r o g e n  sys tem,  t he  con-  
c e n t r a t i o n  of n e u t r a l  i n t e r s t i t i a l  o x y g e n  a toms  can  
be  shown  to be a p p r o x i m a t e l y  p r o p o r t i o n a l  to PiH20. 
The  concen t r a t i on  of n e u t r a l  s u b s t i t u t i o n a l  o x y g e n  
wi l l  d e p e n d  a p p r o x i m a t e l y  on t h e  3 /4  p o w e r  of 
piH2O. Thus,  the  c o n c e n t r a t i o n  of i n t e r s t i t i a l  o x y g e n  
wi l l  i nc rease  w i t h  Ptn2o s o m e w h a t  m o r e  r a p i d l y  

t han  the  c o n c e n t r a t i o n  of s u b s t i t u t i o n a l  n e u t r a l  
oxygen .  

Conclusions 
The  a g r e e m e n t  b e t w e e n  the  e q u i l i b r i u m  cons t an t s  

of Eq. [1]  c a l c u l a t e d  f r o m  the  e x p e r i m e n t a l  m e a s -  
u r e m e n t s  and  c a l c u l a t e d  f r o m  the  f ree  ene rg i e s  of 
f o r m a t i o n  of the  c o m p o u n d s  i n v o l v e d  is t a k e n  as 
ev idence  t ha t  Eq. [1]  is t h e  r e a c t i o n  r e s p o n s i b l e  
for  the  v o l a t i l i t y  of G a P  in w e t  h y d r o g e n .  In  a d d i -  
t ion  i t  can  be  i n f e r r e d  t ha t  t he  r e v e r s e  of th is  r e -  
ac t ion  is r e spons ib l e  for  the  depos i t i on  of G a P  f r o m  
the  v a p o r  p h a s e  o b t a i n e d  f r o m  w e t  h y d r o g e n  
passed  ove r  G a P  at  a s o m e w h a t  h i g h e r  t e m p e r a t u r e .  

Summary 
1. I t  has  been  f o u n d  t h a t  G a P  reac t s  w i t h  H20 

acco rd ing  to the  r e a c t i o n  

G a P ( s ) +  I-I20(g) ---- G a 2 0 ( g )  -t- P2(g)  + H~(g)  

2. A v a l u e  of (AHf29s)GaP(s) of --42.75 k c a l / m o l e  
has  been  o b t a i n e d  f r o m  the  K n u d s e n  cel l  m e a s u r e -  
m e n t s  of J o h n s t o n  (2)  and  a v a l u e  of (S~ 
14.4 c a l / d e g  mole.  

3. A v a l u e  of --23.2 k c a l / m o l e  has  been  o b t a i n e d  
for  the  h e a t  of f o r m a t i o n  of S i O ( g )  at  298~ f rom 
m e a s u r e m e n t s  of R a m s t a d  a n d  R i c h a r d s o n  (11) .  
This  has  been  used  to r e e v a l u a t e  a h e a t  of f o r m a -  
t ion  at  298 for  Ga20.  

4. A v a l u e  of t he  hea t  of f o r m a t i o n  of Ga20  of 
--21.5 k c a l / m o l e  has  been  ob ta ined .  

5. The  v a r i a t i o n  in t he  e q u i l i b r i u m  p r e s s u r e s  of 
Ga20  and  P2 ove r  G a P  as a r e su l t  of t he  r e a c t i o n  of 
w a t e r  a t  va r i ous  p a r t i a l  p r e s s u r e s  in  h y d r o g e n  has  
been  desc r ibed .  

6. The  r a n g e  of p r e s s u r e s  of Ga20  and  P2 for  
w h i c h  G a P  is s t ab le  has  b e e n  desc r ibed .  The  con-  
d i t ions  l e a d i n g  to the  f o r m a t i o n  of GaeO8 h a v e  
been  d iscussed  and  the  ques t ion  of  t h e  f o r m a t i o n  
of GaPO4 cons idered .  

7. The  ques t ions  of v a c a n c y  concen t ra t ions ,  s to i -  
c h i o m e t r y  and  o x y g e n  concen t r a t i ons  h a v e  been  
cons ide red  br ief ly .  

Manuscr ip t  rece ived  June  7, 1963; rev ised  m a n u -  
scr ipt  received Sept.  20, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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Fluorescent Rare Earths in Semiconducting Thiospinels 
Lawrence Suchow and Norman R. Stemple 

Thomas J. Watson Research Center, International  Business Machines Corporation, Y o r k t o w n  Heights,  New York  

ABSTRACT 

The system CdS-In2S3-Tm2S3 has been investigated with the objective of 
obta ining for physical studies semiconducting crystals with high rare  earth 
content. The new compounds CdR2S4 and CdR2Se4, where R represents  the 
rare earths of small  ionic size, have been found to have the spinel structure. 
Thul ium was chosen as representat ive of this group of rare  earths, and studies 
have been made largely in  the pseudobinary system CdIn2S4-CdTm2S4, in 
which complete solid solution was found to occur. Both powder samples and 
single crystals have been prepared, and their  lattice constants and infrared 
fluorescence measured. The structure of CdTm2S4 has been shown to be of 
the normal  spinel type. Weak infrared electroluminescence from single crys- 
tals has been observed. 

A l though  ra re  ea r th  ions in  va r ious  host lat t ices 
are  k n o w n  to exh ib i t  the i r  charac ter i s t ic  f luores-  
cence, the re  are no k n o w n  repor ts  of s emiconduc t -  
ing host  lat t ices which  con ta in  more  t h a n  abou t  
0.1% ra re  ear th .  If  such ma te r i a l s  were  avai lable ,  
and  in  s ingle  crys ta l  form, it m igh t  t h e n  be possible 
to d e m o n s t r a t e  d-c  e l ec t ro luminescence  r e su l t ing  
e i ther  f rom r e c o m b i n a t i o n  of in jec ted  car r ie rs  v ia  
a r a re  ea r th  or f rom optical  p u m p i n g  by  photons  
fo rmed  b y  other  r ecombina t ions ,  and  e lec t r i ca l ly -  
exci ted laser  act ion migh t  also be found.  

In  genera l ,  the  best  s tudied  semiconduc tors  are 
the  Group  IV e lements ,  the I I -VI  compounds ,  and  
the I I I - V  compounds ,  all  of which  have  t e t r a h e d r a l  
s t ruc tures ,  tha t  is, d iamond ,  z incblende,  or wur t z i t e  
type.  On the other  hand ,  b i n a r y  compounds  of the 
ra re  ea r th  e l ements  wi th  Group  V e lements  are 
found  to be of the  sod ium chlor ide type,  in  which  
ra re  ear ths  are s u r r o u n d e d  oc t ahed ra l ly  (1) ,  and  
there  are in  fact no k n o w n  compounds  wi th  r a re  
ea r th  ions on t e t r a h e d r a l  sites. This  ve ry  l ike ly  ex-  
p la ins  why,  as s ta ted above,  there  have  been  no 
repor ts  of s emiconduc t ing  host lat t ices which  con-  
t a in  apprec iab le  concen t ra t ions  of r a re  ear th .  Since 
most  of the  r a r e - e a r t h  Group  V compounds  are 
semiconduc tors  (2) ,  compounds  such as the  phos-  
phides,  arsenides ,  and  an t imon ides  of y t t r i u m ,  l a n -  
t h a n u m ,  a n d  l u t e t i u m  (each of which  has e i ther  
comple te ly  emp ty  or comple te ly  filled 4f o rb i ta l s )  
wou ld  be good choices for i nco rpo ra t ion  of other  
ra re  ear ths  v ia  solid so lu t ion  format ion .  U n f o r t u -  
na te ly ,  the  m e l t i n g  poin ts  of the  r a r e  e a r t h - G r o u p  
V compounds  are  e x t r e m e l y  h igh  and  they  t end  to 
decompose pr ior  to mel t ing .  Such l imi ta t ions  led to 
cons idera t ion  of other  more  su i t ab le  mater ia l s .  The 
sp ine l  s t ruc tu re  appea red  to be a good choice be -  

cause oc tahedra l  sites are ava i l ab le  in  add i t ion  to 
t e t r a he d r a l  sites. 

Rare  Ear th  Thio-  and S e l e n o - S p i n e l s  

In  p rev ious ly  u n p u b l i s h e d  work  by  the  authors ,  
n e w  compounds ,  CdR2S4 and  CdR2Se4, in  which  R 
rep resen t s  the  r a re  ear ths  w i t h  the  h igher  a tomic 
n u m b e r s  and  smal le r  ionic sizes, were  synthes ized  
and  found  to have  sp ine l  s t ruc tures .  F l ahau t ,  Do- 
mange ,  and  Pa t r i e  (3) repor ted  synthes i s  of CdY2S4 
and  looked at  its x - r a y  pa t t e rn ,  bu t  e i ther  did no t  
recognize  tha t  it  had a sp ine l  s t ruc tu re  or else did 
not  ob ta in  the  same  resu l t  as tha t  r epor ted  here.  
They  did no t  l ist  the  d - spac ings  and  s ta ted  s imply,  
"There  exists  . . . a c o m p o u n d  CdY2S4 of odd, u n -  
ident i f ied s t ruc tu re . "  The la t t ice  cons tan t s  of a 
n u m b e r  of n e w  CdR2S4 and  CdR2Se4 compounds  
w i th  the  sp ine l  s t r uc t u r e  are l is ted in  Tab le  I a long 
wi th  la t t ice  cons tan ts  of chemica l ly  re la ted  n e w  
compounds  found  to have  the  b o d y - c e n t e r e d  cubic 
Th3P4 s t ruc ture .  CdS and  Nd2S8 did no t  appear  to 
react  wi th  each o ther  to fo rm a n y  n e w  compound  
or solid solut ion.  A l though  we have  not  a t t e mp ted  
to p r e pa r e  all  possible compounds  of type  CdR2S4 
and  CdR2Se4, it appears  tha t  the  r a re  ear ths  of 

Table I. Structures and lattice constants of new ternary rare 
earth cbalcogenides 

Latt ice 
Compound St ruc ture- type  constant,  A 

CdY2S4 Spinel 11.196 
CdTm2S4 Spinel 11.092 
CdY2Se4 Spinel 11.654 
CdDy2Se4 Spinel 11.659 
CdYb2Se4 Spinel 11.53a 
CdGd2Se4 Th3P4 8.728 
EuGd2Se4 Th3P4 8.861 
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smal l  ionic size wil l  y ie ld  spinels,  those of some-  
w h a t  l a rger  size the Th3P4 s t ruc ture ,  and  the la rges t  
no t e r n a r y  compounds  at all. 1 

The  fo l lowing is a descr ip t ion  of the  me thod  used 
for synthes is  of the t e r n a r y  compounds  discussed 
in  the  p reced ing  pa ragraph .  Rare  ea r th  sulfides and  
selenides,  R2S3 and  R2Se3 ( and  EuSe ) ,  were  first 
p r e p a r e d  by  sol id-gas  r eac t ion  for 5 hr  at 1000~ 
of s to ichiometr ic  quan t i t i e s  of L i n d s a y  ra re  ea r th  
m e t a l  t u r n i n g s  and  su l fu r  or s e l e n i u m  in  sealed 
evacua ted  qua r t z  tubes.  The t e r n a r y  compounds  
were  t hen  p r epa red  by  solid s tate  reac t ion  for 16 hr  
at 1100~ in  sealed evacua ted  qua r t z  tubes  of stoi-  
ch iomet r ic  m i x t u r e s  of R2S3 or R2Se3 wi th  CdS, 
CdSe, or EuSe.  

Advantages of CdIn2S4 as a Host Material 

Once  it  was found  tha t  the smal l  r a re  ear ths  
wou ld  fo rm thiospinels ,  it  was pos tu la ted  tha t  ex -  
t ens ive  solid so lu t ion  b e t w e e n  these  th iospine ls  a n d  
CdIn2S4 would  occur because  the l a t t e r  is k n o w n  to 
crys ta l l ize  wi th  the sp ine l  s t ruc ture ,  wi th  a = 
10.797A (4),  a va lue  on ly  severa l  per  cent  d i f ferent  
f rom those of the c a d m i u m  rare  ea r th  th iospine ls  
l is ted in  Table  I. It  is no t  k n o w n  w h e t h e r  CdIn2S4 
is a n o r m a l  or an  inve r se  sp ine l  because  Cd e+ a nd  
In  3+ are isoelectronic  and  the re fo re  wi l l  appea r  
m u c h  the same to x - rays .  However ,  the  ra re  ea r th  
th iospine ls  were  expected  to be e n t i r e l y  no rma l ,  
s ince the  r a re  ea r th  ions, as s ta ted  above,  should  
p re fe r  a n  oc tahedra l  to a t e t r ahed ra l  site. To check 
this, s t ruc tu re  factors were  ca lcula ted  (wi th  the 

1 R. P e n o y e r  of t h i s  l a b o r a t o r y  h a s  f o u n d  t h a t  n o n e  of  t h e  c o m -  
p o u n d s  l i s t e d  i n  T a b l e  I is  f e r r o m a g n e t i c  d o w n  to the  t empera ture  
of l i q u i d  h e l i u m .  

IBM 7090 compu te r )  for CdTm2S4 wi th  bo th  n o r -  
ma l  a nd  inverse  spinel  s t ruc tu res  assumed,  and  
they  were  compared  wi th  in tens i t i es  m e a s u r e d  w i th  
a powder  spec imen  in  a s t a n d a r d  Norelco diffrac-  
tomete r  wi th  f i l tered Cu radia t ion .  The 21 m e a s u r e d  
in tens i t i es  were  corrected for Loren tz  and  po la r i -  
za t ion factors. For  the  ca lcu la ted  in tens i t ies ,  appro -  
p r ia te  mu l t i p l i c i t y  t e rms  and  an  ove r - a l l  t h e r m a l  
p a r a m e t e r  of B = 0.5 were  inc luded.  The su l fu r  
a toms were  first p laced at the  (u ~/4, 1/4) posi t ions 
[wi th  cen te r  of s y m m e t r y  at (0, 0, 0 ) ] .  Wi th  the  
use of a least  squares  r e f inemen t  p r o g r a m  for pow-  
der  data  w r i t t e n  by  Dr. Y. Okaya  of this  l abora tory ,  
the  p a r a m e t e r  of the su l fu r  a tom in  CdTm2S4 and  
the  separa te  t e m p e r a t u r e  factors were  t h e n  refined. 
The  final  resu l t  p laced the su l fu r  a toms in  the 32e 
posi t ions of space group  Fd3m,  wi th  x ~ 0.257, and  
wi th  Bs = 1.4, Bwm ~ 0.4, and  Bcd ~ 0.5. The  R 
factor  fo l lowing this  r e f inemen t  was  5.8%. The 
comple te  resul t s  are g iven  in  Tab le  II  and  prove  
tha t  the a s sumpt ion  of the n o r m a l  sp ine l  is correct.  
It  is a ssumed  as a consequence  tha t  in  solid solu-  
t ions  of CdIn2S4 and  CdR2S4 the ra re  ea r th  ion wi l l  
a lways  be found  in  an  oc tahedra l  posi t ion r e g a r d -  
less of w he r e  the  In  a toms mi gh t  be. 

In  addi t ion  to the  l ikel ihood tha t  the ra re  ea r th  
th iospine ls  would  fo rm solid solut ions  w i th  CdIn2S4 
(which  would  m a k e  possible h e a v y  doping of 
CdIn2S4 wi th  r a re  e a r t h ) ,  CdIn2S4 appeared  to have  
all  the a t t r ibu te s  of an  ideal  host m a t e r i a l  for the  
desired product .  I t  is a c o m p o u n d  k n o w n  to be a 
semiconduc tor  and  pho toconduc to r  wi th  a b a n d  gap 
va r ious ly  repor ted  to be 2.18 (5) ,  2.2 (6) ,  and  2.3 
(7) ev. Such a la rge  b a n d  gap is des i rab le  so tha t  

Table II. Observed and calculated intensities for Cd Tm2S4 

Calculated C a l c u l a t e d  C a l c u l a t e d * * *  
O b s e r v e d  i n t e n s i t y ,  Iea le .  i n t e n s i t y ,  Ica le .  i n t e n s i t y ,  Ica lc .  

h k l  i n t e n s i t y ,  Iobs. ( n o r m a l  sp ine l )  ( i n v e r s e  s p i n e l )  ( r e f i ned  n o r m a l  sp ine l )  

111 0.55 0.48 0.08 0.65 
220 1.80 1.86 3.14 1.95 
311 9.19" 13.90 14.88 14.04 
222 2.27 2.10 1.30 2.31 
400 5.93 6.06 3.78 6.09 
422 3.63 2.70 4.59 2.75 
511,333 15.49 13.82 14.79 15.49 
440 24.14 26.85 27.05 26.90 
531 1.82 1.59 0.25 2.10 
620 2.27 2.16 3.64 2.13 
533 9.37 8.33 8.91 8.54 
622 4.96 4.51 2.93 5.60 
444 5.36 4.73 2.93 4.53 
711,551 1.70 1.29 0.21 1.82 
642 4.20 3.59 6.00 3.86 
731,553 19.92 20.74 22.16 20.22 
800 10.09 9.09 9.16 8.84 
751, 555 15.86 13.68 14.60 14.77 
840 9.49 10.25 6.49 9.32 
931 11.35 10.11 10.77 12.24 
844 25.67 27.22 27.42 25.69 

R** = 11.6% R** ~ 19.5% R** ~ 7.8% 
(R** ~ 5.8% with 

311 excluded) 

* 311 r e f l e c t i o n  w a s  a f f e c t e d  g r e a t l y  b y  c o u n t e r  s a t u r a t i o n  a n d  e x t i n c t i o n .  
~F2obs. -- l~2~,a~. ) 

** R • 100. 
~F2cal,,. 

*** x = 0.257, B~ = 1.4, BTm ~ 0.4,  Bed ~ 0.5. 
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the  r a r e  e a r t h  e n e r g y  l eve l s  i n v o l v e d  in  the  e m i s -  
s ion p rocess  can  be  w i t h i n  the  f o r b i d d e n  r e g i o n  of 
t he  hos t  m a t e r i a l ,  or  a t  l eas t  t h a t  the  t r a n s i t i o n  
ene rg ie s  wi l l  be  less  t h a n  the  gap  wid th .  This  means ,  
of course ,  t h a t  a n y  i n j e c t e d  e l ec t rons  and  holes  wi l l  
be  s e p a r a t e d  b y  an  e n e r g y  d i f fe rence  g r e a t e r  t h a n  
t h a t  of the  p e r t i n e n t  r a r e  e a r t h  l eve l s  so t h a t  the  
s imp le  e n e r g y  r e q u i r e m e n t  is fulf i l led.  In  add i t ion ,  
i t  is d e s i r a b l e  t h a t  the  r a r e  e a r t h  emiss ion  b e  s m a l l  
enough  in e n e r g y  so t h a t  o t h e r  p o p u l a t e d  cen te r s  or  
hos t  a t o m s  wi l l  no t  be  e x c i t e d  a n d  thus  ac t  as a 
source  of e n e r g y  loss. Such  a cond i t ion  is m o r e  
r e a l i z a b l e  w i t h  w i d e r  gap  hos t  l a t t i ces .  Cdln2S4 also 
has  t h e  v e r y  d e s i r a b l e  p r o p e r t y  of  h a v i n g  a m e l t i n g  
po in t  b e l o w  l l 0 0 ~  This  m a k e s  i t  l i k e l y  t ha t  l a rge  
s ing le  c rys t a l s  can  be  g r o w n  f r o m  the  mel t ,  e spe -  
c i a l ly  if  t he  m e l t i n g  is cong ruen t .  I n  fact ,  K o e l m a n s  
and  G r i m m e i s s  (8)  have  r e p o r t e d  such  g rowth .  In  
add i t ion ,  CdIn2S4 c r y s t a l s  h a v e  r e p o r t e d l y  been  
g r o w n  b y  depos i t i on  f r o m  v a p o r  b y  c h e m i c a l  t r a n s -  
p o r t  r e ac t i ons  (9, 10).  

Pseudoternary System CdS-In2S3-Tm2S3 

T h u l i u m  was  chosen  as a s u i t a b l e  r e p r e s e n t a t i v e  
of  the  s m a l l  r a r e  e a r t h s  for  i n c o r p o r a t i o n  in  t he  
CdIn2S4 host .  Not  on ly  is i ts  ionic  s ize r i g h t  for  
CdTm2S4 to h a v e  the  sp ine l  s t ruc tu re , ,  b u t  t h e r e  
have  also been  s tud ies  of i t s  f luorescence  a n d  l a se r  
ac t ion  in  t he  i n f r a r ed .  F o r  ins tance ,  op t i ca l  e x c i t a -  
t ion  of T m  8+ in CaWO4 at  77~  p r o d u c e s  i n f r a r e d  
emiss ion  a s c r i b e d  to 3H 4 -* 3H 6 t r a n s i t i o n s  in l ines  
f rom abou t  1.73 to 1.94~, w i t h  l a se r  l ines  at  1.911 
and  1.916~ (11) .  In  SrF2, t he  l a s e r  l ine  r e s u l t i n g  
f r o m  the  s a m e  t r a n s i t i o n  is a t  1.972~ (11) .  A l t h o u g h  
our  p r i m a r y  i n t e r e s t  was  in  t he  p s e u d o b i n a r y  sys -  
t e m  CdIn2S4-CdTmeS4, s tud ies  w e r e  also m a d e  
a long  the  t h r e e  b o u n d a r i e s  of the  p s e u d o t e r n a r y  
s y s t e m  CdS-In2S~-Tm2S3. A l l  p r e p a r a t i o n s  w e r e  
m a d e  b y  r e a c t i o n  for  6 h r  a t  1150~ in s ea l ed  e v a c -  
u a t e d  q u a r t z  t ubes  of p r o p e r  m i x t u r e s  of CdS,  
In2S3, and  Tm2Sa. The  CdS used  w a s  G e n e r a l  E l ec -  
t r i c  C o m p a n y  l u m i n e s c e n t - g r a d e ,  a d d i t i o n a l l y  p u r i -  
fied b y  " b a k i n g  ou t "  in r u n n i n g  v a c u u m  a t  750~ 
for  1 hr.  The  In2S3, f r o m  A. D. M a c k a y ,  Inc.,  was  
p r e p a r e d  b y  p r e c i p i t a t i o n  f r o m  aqueous  so lu t ion  
and  sa id  to be 99.95% pure .  I t  was  also a d d i t i o n a l l y  
pur i f ied ,  in  th is  case  b y  " b a k i n g  ou t"  in  r u n n i n g  
v a c u u m  a t  500~ for  1 hr .  The  Tm2S8 was  p r e p a r e d  
as d e s c r i b e d  above .  
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Fig. 1. Lattice constants in the system Cdln2$4-CdTm2$4. (Solid 
line is the experimental curve. Dashed line is the best straight 
line drawn through the some points.) 

A l l  p r e p a r a t i o n s  w e r e  s t u d i e d  b y  the  x - r a y  d i f -  
f r a c t i o n  p o w d e r  me thod .  In  the  p s e u d o b i n a r y  sys -  
t e m  CdIneS4-CdTm2S4, sol id  so lu t ion  was  f o u n d  
t h r o u g h o u t ,  w i t h  s l igh t  d e v i a t i o n  f r o m  V e g a r d ' s  
l a w  (see  Fig .  1). The  m e a s u r e d  l a t t i c e  cons t an t  of 
CdIn2S4 was  10.842, w h i c h  is s l i g h t l y  d i f f e ren t  f r o m  
the  v a l u e  g iven  in  ref .  4. 

In  the  CdS-In2S~ sys tem,  e x t e n s i v e  sol id  so lu t ion  
was  found,  fl-IneS~ was  first  r e p o r t e d  on the  bas i s  
of p o w d e r  d a t a  to have  a d i s o r d e r e d  de fec t  sp ine l  
s t r u c t u r e  (12) ,  b u t  m o r e  r e c e n t  s ing le  c r y s t a l  w o r k  
(13) has  s h o w n  t h a t  t h e r e  is o r d e r i n g  of t he  v a c a n -  
cies w h i c h  r e su l t s  in a b o d y - c e n t e r e d  t e t r a g o n a l  
un i t  cell ,  w i t h  a = 7.61, c ---- 32.24A. H o w e v e r ,  t he  
s t r u c t u r e  m a y  s t i l l  be  cons ide red  as t h r e e  sp ine l  
cel ls  s t a c k e d  on top  of one a n o t h e r  w i t h  e igh t  In  
a t o m s  miss ing .  Because  of th i s  c lose s t r u c t u r a l  r e l a -  
t i onsh ip  b e t w e e n  In2S~ and  spinels ,  t h e r e  is c o m -  
p l e t e  sol id  so lu t ion  b e t w e e n  CdIn2S4 a n d  In2S~. F o r  
conven ience  in p r e s e n t i n g  resu l t s ,  t he  l a t t i ce  con-  
s t an t s  g iven  in  th is  p a p e r  a l l  r e f e r  to t he  s imp le  
sp ine l  un i t  cell .  On the  CdS-CdIn2S4 end  of the  
CdS-IneS~ l ine,  sol id  so lu t ion  was  o b s e r v e d  to abou t  
46 mo le  % IneS~-54 mole  % CdS.  (The  l a t t i ce  con-  
s t a n t  e x t r a p o l a t i o n  s h o w n  in Fig .  2 gave  44.9% 
In2Ss, and  a p p l i c a t i o n  of t he  " d i s a p p e a r i n g  p h a s e "  
me thod ,  w h i c h  is p r o b a b l y  m o r e  accura t e ,  gave  
46.6% In2S3.) The  CdS-Tm2S3 s y s t e m  a p p e a r e d  to 
b e  qu i t e  c o m p l e x  and  was  no t  t h o r o u g h l y  s tud ied ,  
b u t  t he  s ing le  phase  sp ine l  r eg ion  was  f o u n d  to 
e x t e n d  on ly  f r o m  abou t  50 to 55 mo le  % CdS.  In  
t he  In2S3-Tm2S~ s y s t e m  no c o m p o u n d  or  sol id  so lu -  
t ion  was  o b s e r v e d  in t he  x - r a y  s tudies .  ( H o w e v e r ,  
f luorescence  s tud ies  r e p o r t e d  b e l o w  ind i ca t e  t h a t  
t h e r e  is some  s m a l l  so lub i l i t y . )  P e r h a p s  i t  shou ld  
be  n o t e d  h e r e  t ha t  t he  x - r a y  d i f f r ac t ion  p o w d e r  
p a t t e r n  of Tm2S~ is qu i t e  c o m p l e x  a n d  has  not  been  
i ndexed .  T h e  s t r u c t u r e  is no t  r e l a t e d  to t h a t  of 
sp ine l  or  t he  s i m i l a r  #-In2S~. 

The  d a t a  d i scussed  a b o v e  have  b e e n  used  to con-  
s t r uc t  an  a p p r o x i m a t e  p s e u d o t e r n a r y  p h a s e  d i a g r a m  
a t  r o o m  t e m p e r a t u r e  ( see  Fig .  3) .  S ince  on ly  po in t s  
a long  the  t h r e e  s ides  of  t he  d i a g r a m  and  a long  the  
CdIn2S4-CdTm2S4 l ine  h a v e  been  s tud ied ,  t h e  d i a -  
g r a m  is f a r  f r o m  comple te .  H o w e v e r ,  a p p r o x i m a t e  
l imi t s  of t he  s i n g l e - p h a s e  sp ine l  r e g i o n  a r e  s h o w n  
b y  d a s h e d  l ines  and  the  a r e a  so enc losed  is shaded .  

Growth of Single Crystals 
Sing le  c r y s t a l s  of CdIn2S4 a n d  Cdlnl.sTmo.2S4 

w e r e  g r o w n  f r o m  the  m e l t  in s ea l ed  e v a c u a t e d  
q u a r t z  t ubes  w i t h  or  w i t h o u t  g r a p h i t e  l iners .  In  
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Fig. 2. Lattice constants of the spinel phase in the system 
CdS-In2$3. The broken portions of the curves ore extrapolations. 
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Fig. 3. Partial phase diagram of the pseudoternory system 
CdS-In2S3-Tm2S3 at room temperature. Shading delineates ap- 
proximate area of existence of single-phase spinel. 

e i t h e r  case, t he  c o n t a i n e r  was  t a p e r e d  at  t he  b o t t o m  
to a l l ow p r o p e r  n u c l e a t i o n  and  the  t u b e  was  m o v e d  
a t  0.13 i n . / h r  t h r o u g h  a t e m p e r a t u r e  g r a d i e n t  in  a 
v e r t i c a l  t u b e  fu rnace  whose  m a x i m u m  t e m p e r a t u r e  
was  1150~ The  t e m p e r a t u r e  r a n g e  t h r o u g h  w h i c h  
the  tube  passed  i n c l u d e d  the  m e l t i n g  po in t  of 
CdIn2S4, w h i c h  M. B e r k e n b l i t  of th is  l a b o r a t o r y  
f o u n d  b y  d i f f e r en t i a l  t h e r m a l  ana lys i s  to be  1087~ 
in a sea l ed  sys tem.  In2S~ c r y s t a l s  w i t h  a n d  w i t h o u t  
Tm2S3 add i t i ons  h a v e  also been  g r o w n  b y  the  s ame  
p r o c e d u r e .  

W h e n  t h e  c o m m e r c i a l  p u r e  g r ades  of CdS  a n d  
In2S~ d e s c r i b e d  a b o v e  w e r e  used,  v a r i o u s  p r o b l e m s  
such as r e a c t i o n  w i t h  the  q u a r t z  c o n t a i n e r  a n d  in -  
s t a b i l i t y  of t he  c rys t a l s  w e r e  of ten  encoun t e r e d .  
H o w e v e r ,  if  the  Cd and  In  sulf ides  u sed  as s t a r t i n g  
m a t e r i a l s  w e r e  p r e p a r e d  b y  s low r e a c t i o n  of s e m i -  
c o n d u c t o r - g r a d e  p o w d e r e d  e l e m e n t s  in sea l ed  e v a c -  
u a t e d  q u a r t z  tubes ,  t h e r e  was  l i t t l e  or  no r e a c t i o n  
w i t h  t he  qua r t z ,  a n d  the  exce l l en t ,  l a r g e  s ingle  
c r y s t a l s  of doped  and  u n d o p e d  CdIn~S4 w h i c h  w e r e  
o b t a i n e d  we re  s table .  W h e n  g r o w n  in qua r t z ,  t he  
c rys t a l s  w e r e  t r a n s p a r e n t  red ,  b u t  w h e n  g r o w n  in 
g r a p h i t e  l ine r s  in q u a r t z  tubes ,  t h e y  a p p e a r e d  to 
be  b lack .  The  d i f fe rences  b e t w e e n  r e su l t s  w i t h  p u r -  
chased  and  s e l f - p r e p a r e d  s t a r t i n g  m a t e r i a l s  a r e  
b e l i e v e d  to be  due  to the  p r e s e n c e  of ox ide  or  h y -  
d r o x i d e  in t he  fo rmer .  

I t  was  found  poss ib le  also to g r o w  c r y s t a l s  of 
CdIn2S4 b y  v a p o r  t r a n s p o r t  in a t e m p e r a t u r e  g r a d i -  
en t  in bo th  the  p r e s e n c e  and  the  absence  of iodine.  
H o w e v e r ,  T m  has  no t  been  o b s e r v e d  to be  t r a n s -  
p o r t e d  so t h a t  the  c rys t a l s  t hus  f o r m e d  a re  undoped .  

Fluorescence Studies 
The  first  s tud ies  of f luorescence  w e r e  m a d e  on 

p o w d e r s  p r e p a r e d  b y  g r i n d i n g  sol id i f ied  m e l t s  (or  
s i n t e r e d  p r o d u c t s  w h e r e  m e l t i n g  po in t s  w e r e  h igh )  
in  t h e  s y s t e m  CdIn~S4-CdTm2S4. These  w e r e  t h e r e -  
fo re  t he  s ame  p r e p a r a t i o n s  whose  l a t t i ce  cons tan t s  
a r e  g iven  in Fig .  1. E x c i t a t i o n  w a s  w i t h  a x e n o n  
l a m p  and  de t ec t i on  w i t h  a l e ad  sulf ide photoce l l .  
The  m o n o c h r o m a t o r  used  was  the  P e r k i n - E l m e r  
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Fig. 4. Emission from thulium in Cdlnl,sTmo.2S4 powder at 
6~ (xenon lamp excitation). Also present but not shown is 
broad emission not due to Tm from about 0.7 to 1#. 

112. Us ing  first  a p r e p a r a t i o n  w i t h  compos i t i on  
CdInl.8 Tm0.2S4 (i.e., 10 mo le  % CdTm2S4),  no 
emiss ion  was  f o u n d  a t  e i t he r  r o o m  t e m p e r a t u r e  or  
l iqu id  n i t r o g e n  t e m p e r a t u r e .  H o w e v e r ,  on cool ing 
w i th  l i qu id  h e l i u m  to 6~ s t r o n g  emiss ion  was  ob -  
s e rved  in the  i n f r a r e d ,  w i t h  r a t h e r  s h a r p  p e a k s  at  
1.97 and  1.24~ (see  Fig .  4) .  I n  add i t ion ,  t h e r e  is 
b r o a d  emiss ion  in t he  r eg ion  f r o m  abou t  0.7 to 1/~, 
bu t  th is  is p r e s e n t  also in  u n d o p e d  CdIn2S4 and  
t h e r e f o r e  no t  due  to t h u l i u m .  The  p e a k  a t  1.97/~ is 
b e l i e v e d  to be  due  to t he  s a m e  t r a n s i t i o n  (8H4 -> 
8H6) as t ha t  w h i c h  p r o d u c e s  the  l a se r  l ines  at  1.911 
and  1.916~ in C a W O 4 : T m  3+ (11) and  a t  1.972/z in 
SrF2 (11) .  The  p e a k  at  1.24/~ is j u s t  w h e r e  one 
w o u l d  expec t  to f ind the  emiss ion  due  to t he  ~H5 -~ 
3H~ t r a n s i t i o n  in  T m  3+ (14) .  T h e  emiss ion  a t  1.97~ 
is seen  g e n e r a l l y  in t he  p r e p a r a t i o n s  in t h e  CdIneS4- 
CdTm2S4 sys tem,  b u t  t he  1.24/~ p e a k  is mi s s ing  in 
p r e p a r a t i o n s  c on t a in ing  abou t  20 mo le  % CdTm2S4 
or more .  M a x i m u m  i n t e n s i t y  of emiss ion  of  t he  
1.971~ p e a k  is o b s e r v e d  over  t he  a p p r o x i m a t e  r a n g e  
7-60 mo le  % CdTm2S4. CdTm2S4 i t se l f  s t i l l  emi t s  a t  
th is  w a v e l e n g t h ,  w h e r e a s  Tm2S3 has  been  f o u n d  not  
to emi t  a t  a l l  in t he  i n f r a r ed .  A t  t r ace  c o n c e n t r a -  
t ions  of  CdTm2S4 in CdIn2S4, l i t t l e  o r  no f luores -  
cence is seen.  

F l u o r e s c e n c e  has  also been  o b s e r v e d  u p o n  x e n o n  
l a m p  e xc i t a t i on  of t he  s ing le  c r y s t a l s  d e s c r i b e d  
above.  F o r  ins tance ,  t he  emiss ion  s p e c t r u m  of t he  
t r a n s p a r e n t  r e d  s ing le  c r y s t a l s  o b t a i n e d  f r o m  the  
m e l t  was  v e r y  s i m i l a r  a t  6~  to  t h a t  of t he  p o w d e r  
s a m p l e  bu t  w i t h  an  a d d i t i o n a l  s m a l l  p e a k  at  1.87/~. 
The  l a t t i c e  cons tan t s  of  sec t ions  of two  of  t he se  
c r y s t a l s  i n d i c a t e d  t h a t  t he  CdTm2S4 con ten t  w a s  7 
and  16 mo le  %, r e s p e c t i v e l y ,  a l t h o u g h  the  s t a r t i n g  
compos i t i on  in each  case h a d  b e e n  10 mole  %. V a r i -  
a t ion  in compos i t i on  of m e l t - g r o w n  c rys t a l s  of sol id  
so lu t ions  is of course  to be  e x p e c t e d  be c a use  of the  
e q u i l i b r i u m  b e t w e e n  sol id  a n d  l i qu id  phases  of d i f -  
f e r e n t  and  c h a n g i n g  compos i t ions .  

I t  has  been  f o u n d  in a d d i t i o n  t h a t  t he  f luorescence  
f rom s ingle  c rys t a l s  m a y  be  seen  at  77~  as w e l l  as 
a t  6~ a l t h o u g h  the  emis s ion  p e a k s  a t  t h e  h i g h e r  
t e m p e r a t u r e  a r e  m u c h  lower ,  p e r h a p s  b r o a d e r ,  a n d  
sh i f t ed  to s l i g h t l y  l o n g e r  w a v e l e n g t h s .  The  p e a k s  at  
1.97, 1.87, and  1.24# a re  sh i f t ed  to 1.98, 1.88, and  
1.26~, r e spe c t i ve ly .  
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Some  s tud ies  h a v e  also b e e n  c a r r i e d  ou t  of the  
f luorescence  of In2S3 d o p e d  w i t h  T m  3+. A l t h o u g h ,  
as s t a t ed  above ,  x - r a y  d i f f r ac t ion  s tud ies  i nd i ca t e  
t h a t  t h e r e  is no c o m p o u n d  or  sol id  so lu t ion  f o r m a -  
t ion  in  t he  s y s t e m  In2S3-Tm2S3, t he  o b s e r v a t i o n  of 
t h u l i u m  f luorescence  in  the  i n f r a r e d  shows  t h a t  
some T m  does i n d e e d  e n t e r  t he  IneS3 l a t t i ce  s ince  
Tm2S3 i t se l f  does no t  f luoresce.  The  o b s e r v e d  f luor -  
escence  is v e r y  s i m i l a r  to t h a t  in  CdIn~S4-CdTm2S4 
p r e p a r a t i o n s  b u t  t h e r e  a re  d i f fe rences  in de ta i l .  

Electroluminescence Studies 

The  d o p e d  a n d  u n d o p e d  CdIn2S4 c r y s t a l s  as 
g r o w n  a r e  n - t y p e  and  a t t e m p t s  to m a k e  t h e m  p -  
t y p e  b y  di f fus ion of Cu or  As  h a v e  been  unsucces s -  
ful.  The re fo re ,  p - n  j u n c t i o n s  h a v e  no t  been  ob -  
t a ined .  H o w e v e r ,  i t  has  b e e n  f o u n d  t h a t  i n f r a r e d  
is e m i t t e d  w e a k l y  a t  l i qu id  n i t r o g e n  a n d  l i qu id  
h e l i u m  t e m p e r a t u r e s  f r o m  d o p e d  c rys t a l s  to w h i c h  
one e l e c t r o d e  of i n d i u m  and  a n o t h e r  of 97% I n - 3 %  
As a re  so ldered .  The  emiss ion  has  been  o b s e r v e d  
w i t h  bo th  a.c. and  d.c., and  the  i n t e n s i t y  is a l w a y s  
f o u n d  to be  c o n s i d e r a b l y  h i g h e r  w h e n  the  e l ec t rode  
con ta in ing  As  is pos i t ive .  The  emiss ion  was  f o u n d  
to fo l low the  a p p l i e d  f ield w i t h  60 cycles  a.c., and  
t h e r e f o r e  t he  effects n o t e d  could  no t  be d u e  on ly  to 
o v e r h e a t i n g  of t he  c rys ta l .  W i t h  t he  m o n o c h r o m a -  
tor ,  w e a k  b r o a d  emiss ion  was  f o u n d  f r o m  a b o u t  
0.66 to 0.98~. This  c o r r e s p o n d s  to t he  b r o a d  e m i s -  
s ion f o u n d  on op t i ca l  e x c i t a t i o n  of p u r e  or  T m -  
d o p e d  CdIn2S4. Because  the  p h o t o m u l t i p l i e r  used  
is no t  sens i t ive  to t he  l onge r  w a v e l e n g t h  i n f r a r e d  
r a d i a t i o n  w h e r e  t he  emiss ion  c h a r a c t e r i s t i c  of 
t h u l i u m  occurs  and  because  a l e a d  sulf ide pho toce l l  
is no t  sens i t ive  enough ,  i t  is no t  poss ib l e  to s ay  w i t h  
t he  i n f o r m a t i o n  a t  h a n d  w h e t h e r  v e r y  w e a k  t h u -  
l i um emiss ion  is p r e s e n t  in  the  e l e c t r o l u m i n e s c e n c e  
a long  w i t h  t h e  v e r y  w e a k  b r o a d  emiss ion  obse rved .  
S ince  the  e l e c t r o d e d  c r y s t a l  does no t  r ec t i fy ,  t h e r e  
is no p - n  junc t ion ,  and  i t  is poss ib le  t ha t  t he  i n f r a -  
r e d  emiss ion  seen  is due  to the  D e s t r i a u  effect r e -  
su l t ing  f r o m  field i n h o m o g e n e i t y  caused  b y  p r e s -  
ence of a r sen ic  on on ly  one s ide  of t he  c rys ta l .  

Concluding Remarks 
M a n y  of t he  c h e m i c a l  and  s t r u c t u r a l  p r o b l e m s  

i n v o l v e d  in t h e  des ign  of a r a r e  e a r t h - d o p e d  s e m i -  
conduc t ing  t h io sp ine l  h a v e  been  def ined  a n d  i n v e s -  
t iga ted ,  a n d  i t  has  b e e n  s h o w n  t h a t  t he  t h u l i u m  
d o p a n t  emi t s  in t he  i n f r a r e d  on op t i ca l  exc i t a t ion .  

I t  a p p e a r s  a lmos t  c e r t a i n  t h a t  t he  w o r k  r e p o r t e d  
could  be d u p l i c a t e d  w i t h  a n y  of t he  s m a l l  r a d i u s  
r a r e  e a r t h s  in p lace  of t h u l i u m .  

A l t h o u g h  e l e c t r o l u m i n e s c e n c e  has  been  obse rved ,  
i t  is qu i t e  w e a k  and  a p p a r e n t l y  not  due  to i n j ec t ion  
of ca r r i e r s .  One  of t he  p r o b l e m s  r e m a i n i n g  to be 
so lved  is h o w  to in j ec t  in to  a c r y s t a l  e l ec t rons  and  
holes  w h i c h  m i g h t  t h e n  h a v e  an  o p p o r t u n i t y  to r e -  
combine  eff ic ient ly  v i a  t h u l i u m  a t o m s  or  to p r o d u c e  
suff icient  pho tons  to exc i t e  the  t h u l i u m  op t i ca l ly .  
P r e p a r a t i o n  of p - t y p e  CdIn2S4 a n d  p - n  j u n c t i o n s  
m a y  be  the  k e y  to so lu t i on  of th is  p r o b l e m .  W i t h  
h i g h e r  efficiency, i t  w o u l d  p r o b a b l y  also be  poss ib le  
to e s t ab l i sh  de f in i t e ly  w h e t h e r  the  e l e c t r o l u m i n e s -  
cence con ta ins  a n y  emiss ion  c h a r a c t e r i s t i c  of t h e  
t h u l i u m .  
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Chemical Etching of Germanium in 
Solutions of HF, HNO3, H20, and HC2H30  

B. Schwartz l and H. Robbins 2 

Hughes Semiconductors,  Newpor t  Beach, California 

ABSTRACT 

A study has been performed on the acid etching of germanium, and the 
results have been compared with those of a similar study on the acid etching 
of silicon. The conclusion is reached that  subfluorinated compounds of ger- 
m a n i u m  are formed as intermediates  in the diffusion-l imited composition re-  
gion. I t  has also been found that passivating films play an impor tant  role in 
the dissolution of germanium. In  addition, the tolerance of the system to di lu-  
t ion with HC2H302 is much greater  than it is to di lut ion with H20. 

G e r m a n i u m  s tands  d i rec t ly  be low si l icon in  
Group  IV of the periodic table,  and  cons iderab le  
s imi l a r i t y  is to be expected b e t w e e n  these two ele-  
ments ,  in  the i r  chemical  as wel l  as e lectr ical  p rop -  
erties.  In  accord w i th  this  expecta t ion,  one finds 
tha t  bo th  si l icon and  g e r m a n i u m  can be e tched by  
solut ions  of hydrof luor ic  and  n i t r ic  acids (1, 2) or 
by  a lka l ine  peroxide  (3, 4).  However ,  there  are  
sufficient differences in  the  chemis t ry  of these two 
e lements  to cause differences in the i r  e tch ing  be -  
havior .  For  example ,  as expected  f rom the  h igher  
hea t  of fo rma t ion  of SiO2 t h a n  of GeO2 (52.1 vs.  
32.0 k c a l / g  e q u i v a l e n t ) ,  it has b e e n  observed  by  
the  au thors  tha t  the heat  of reac t ion  of si l icon wi th  
H F - H N O s  is a p p r o x i m a t e l y  twice tha t  of the  com- 
pa rab le  reac t ion  wi th  g e r m a n i u m .  Thus  it is no t  
su rp r i s ing  to find tha t  the  e tching  of g e r m a n i u m  is, 
in  genera l ,  more  s luggish t h a n  tha t  of si l icon and  
tha t  a lka l ine  solut ions  w i thou t  an  added  ox idan t  
do not  a t t ack  g e r m a n i u m .  A n  excep t ion  to this  
t r e n d  is the  fact tha t  HF-H202 solut ions  read i ly  dis-  
solve g e r m a n i u m  (5, 6), bu t  do no t  etch si l icon 
at all. I n  this  paper ,  a compar i son  of the  e tching  
ra tes  of si l icon and  g e r m a n i u m  wi l l  show that ,  al- 
though the  o v e r - a l l  s to ichiometr ic  equa t ions  are 
ident ical ,  the  ac tua l  e tch ing  behav io r  is qu i te  d i f -  
f e ren t  for the  two mater ia l s .  

The  basis of this  s tudy  was the m e a s u r e m e n t  of 
the ra te  of a t tack  by  the e tchan t  on 5 ohm-cm,  n -  
type  g e r m a n i u m  dice by var ious  composi t ions  of 
e t chan t  f rom the sys tem HF-HNO3-H20-HC2H302,  
the  ra te  of a t tack  be ing  defined as the tota l  change  
in  die th ickness  per  m i n u t e  of die i m m e r s i o n  in  the 
e tchant .  Since it was  cons idered  p robab le  tha t  the  
etch ra te  wou ld  be inf luenced  by  the crys ta l  o r i en -  
ta t ion,  dice were  used h a v i n g  the  m a j o r  exposed 
surfaces of (111),  (110),  and  (100) or ien ta t ion .  For  
purposes  of compar ison,  the  da ta  of Robb ins  and  
Schwar tz  (1, 7, 8) on the e tching  of (111) or iented,  
2.5 ohm-cm,  n - t y p e  si l icon wi l l  be used. 

Experimental Procedure 
The e x p e r i m e n t a l  p rocedure  consis ted in  e tching  

th ree  dice at  a t ime,  one f rom each of the th ree  

1 P r e s e n t  a d d r e s s :  B e l l  T e l e p h o n e  L a b o r a t o r i e s ,  Inc . ,  M u r r a y  H i l l ,  
N e w  J e r s e y .  

2 P r e s e n t  addres s :  B e l l  & H o w e l l  R e s e a r c h  Center ,  P a s a d e n a ,  Cal i -  
fornia .  

or ienta t ions ,  us ing  s l ight ly  d i f ferent  d imens ions  for 
the dice as a means  of ident i f icat ion.  Al l  of the  dice 
were  a p p r o x i m a t e l y  3 x 10 -2 in. th ick  and  each of 
the  m a j o r  exposed surfaces  was  1.25 x 10 -2, 1.0 x 
10 -2 , and  1.6 x 10 -2 in. 2 in  a rea  for the  (100),  
(110),  and  (111) o r ien ted  specimens,  respect ively .  
E tch ing  was pe r fo rmed  in  a p l a t i n u m  beake r  1J/s 
in. in  d i ame te r  and  21~ in. deep suspended  in  a con-  
s t an t  t e m p e r a t u r e  ba th  t he rmos t a t ed  at the  r equ i r ed  
t e m p e r a t u r e  to w i t h i n  • 0.02~ The  dice were  con-  
t a ined  in  an  open  mesh  p l a t i n u m  baske t  tha t  was  
p rov ided  wi th  a p l a t i n u m  wi re  h a n d l e  for m a n i p u -  
l a t ion  purposes.  Vio len t  ag i ta t ion  of the spec imens  
was p roduced  b y  ro t a t ing  the baske t  back  and  for th  
and, at  the  same t ime, p u m p i n g  i t  up  and  down  in 
the solut ion.  Quench ing  was accompl ished by  r ap id ly  
t r a n s f e r r i n g  the p l a t i n u m  baske t  in to  a separa te  
beake r  con ta in ing  250 ml  of deionized water .  

P l a t i n u m  was chosen as the  beake r  m a t e r i a l  be -  
cause of its res i s tance  to a t tack  by  the  e t chan t  and  
because  its exce l len t  t h e r m a l  conduc t iv i ty  made  it 
easier  to m a i n t a i n  essen t ia l ly  cons tan t  t e m p e r a t u r e  
in  the solut ion d u r i n g  the  e tching  period. It  h a d  been  
ascer ta ined  in  e xpe r i me n t s  r u n  w i th  both  p l a t i n u m  
and  Teflon beaker s  tha t  there  were  no a p p a r e n t  dif-  
ferences  in  the etch ra tes  tha t  could be a t t r i b u t e d  to 
the beake r  mater ia l .  

The e tching  solut ions  were  m a d e  by  we igh ing  out  
the necessa ry  a m o u n t s  of p r e a n a l y z e d  and  ad jus ted  
reagents ,  and  the  solut ions were  t hen  s tored in  
po lye thy lene  bot t les  u n t i l  used. T w e n t y  rnl of e tch-  
an t  were  used for each run ,  and  the so lu t ion  t e m -  
p e r a t u r e  was a l lowed to equ i l i b r a t e  w i th  the  ba th  
before a n y  dice were  placed in  the  solut ion.  U n d e r  
condi t ions  of m a x i m u m  g e r m a n i u m  dissolut ion,  the 
a m o u n t  of ma te r i a l  pu t  in to  so lu t ion  was  app rox i -  
m a t e l y  0.1g. This cor responds  to a r educ t ion  of at 
most  1% in  the HNO3 concen t r a t i on  and  5% in  the  
HF  concent ra t ion .  ~ 

"Cata lys t s"  were  i n t roduced  e i ther  by  b u b b l i n g  
NeO4 f rom a cy l inder  at the ra te  of 6 f t3 /hr  ( ~  2.8 
l i t e r / m i n )  t h rough  the  so lu t ion  for 30 sec or by  
add ing  0.1g of NaNOe jus t  p r io r  to i n t r o d u c t i o n  of 
the specimen.  

s T h i s  a s s u m e s  3Ge  + 1 8 H F  + 4 H N O a - ~  3H~GeF6 + 4 N O  + 8H20  
as  th~  reac t ion  equat ion .  S i n c e  s o m e  GeF~ a n d  NO2 a r e  f o r m e d ,  th e  
d e p l e t i o n  of r e a g e n t s  w i l l  b e  e v e n  less  t h a n  is  q u o t e d  a b o v e .  
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In  the  case of si l icon (1) ,  for the m e a s u r e m e n t s  
done at  25~ on ly  one die had  been  etched at a t ime  
in  a Teflon b e a k e r  con ta in ing  10 ml  of solut ion.  ,2 
W h e n  the  t e m p e r a t u r e  s tudy  was  made  (8) ,  a p l a t -  ,, 
i n u m  beake r  had  been  used. Aside f rom these  d i f -  ,o 
ferences,  the e x p e r i m e n t a l  p rocedure  had  been  the  

9 
same as tha t  ou t l ined  above for g e r m a n i u m .  | 

Experimental Results 
Since the  e x p e r i m e n t a l  condi t ions  were  selected -~ 

6 
so tha t  the  concen t ra t ions  of the  r eac tan t s  w ou l d  

t u  

r e m a i n  essen t ia l ly  cons tan t  t h r o u g h o u t  the e tching  5 
period,  it  was  expected  tha t  the  e tching  ra te  would  4 
a t t a in  a s t eady- s t a t e  va lue  tha t  was i n d e p e n d e n t  of 3 
the  e tch ing  t ime.  This  behav io r  had  b e e n  verif ied 

2 
for the  e tching  of si l icon (1) ,  and  thus  it  was p roper  
to define an  etch ra te  as the  th ickness  change  of the 
die per  u n i t  e tch ing  t ime. However ,  in  spite of all  o 

o 
a t t empt s  to m a i n t a i n  a cons t an t  e n v i r o n m e n t  for ~.,F~o 
the g e r m a n i u m  spec imens  d u r i n g  the e tching  period,  
it was  found  tha t  the reac t ion  did not  proceed at  a 
cons tan t  rate,  bu t  was  subjec t  to an  i nduc t ion  per iod  
s imi la r  to tha t  observed  by  Cre te l la  and  Gatos  (9) .  
In  m a n y  ins tances  the  reac t ion  was  a b r u p t l y  i n -  
h ib i t ed  b y  some fo rm of pass ivi ty .  Large  errors  
could thus  be i n t roduced  in  the  e t ch - r a t e  data,  and  
cons ide rab ly  d i f ferent  va lues  could be ob ta ined  by 
ave rag ing  the  a m o u n t  of g e r m a n i u m  removed  over  
di f ferent  t ime  in te rva ls ,  us ing  f resh so lu t ion  each 
time. The  etch ra tes  were  most  r ep roduc ib le  in  the  
ve ry  h igh  HN03 composi t ions,  d o w n  to app rox i -  
m a t e l y  80 weight  per  cent  ( w / o )  HNO3, and  over  
the rest  of the composi t ion  reg ion  the i nduc t i on  
per iod  could be m i n i m i z e d  b y  the  add i t ion  of a 
smal l  a m o u n t  of ca ta lys t  such as NeO4 or NaNO2, 
bu t  it  could not  be en t i r e ly  e l imina ted .  F i g u r e  1 
shows the  resul ts  of, in  one case, e tch ing  g e r m a n i u m  
in  a so lu t ion  p r e t r ea t ed  w i th  N204 and,  in  the sec- 
ond  ease, omi t t i ng  the  N204 p r e t r e a t m e n t .  I t  was  
also observed  tha t  the  etch ra tes  were  more  r ep ro -  
duc ib le  w h e n  the  spec imen  had  rece ived a br ie f  
p r e - e t c h  in  the unca t a lyzed  so lu t ion  of the compo-  
s i t ion no ted  in  Fig. 1. This  p r e - e t c h  was  the re fo re  
i n s t i t u t ed  as s t a n d a r d  p rocedure  on all  dice before  
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Fig. 1. Thickness change vs. etching time at 25~ for (100) 
oriented, n-type germanium in 60 w/o HF, 20 w/o HHO3, and 20 
w/o H20. Reagents used were 60% HF and 90% HNO3. O, 
Catalyzed with N204; e, noncatalyzed. 
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Fig. 2. Etch rote at 25~ vs. weight per cent composition of 
normalized 49% HF, 70% HNO:~ system with no water added to 
the system but H204 catalyzed. Silicon data were obtained using 
(111) oriented, 2.5 ohm-cm, n-type dice. �9 (100) Ge; i-1, (110) 
Ge; A,  (111) Ge; A ,  silicon. 

a n y  m e a s u r e m e n t  was  a t tempted .  F u r t h e r m o r e ,  b y  
g iv ing  the spec imens  th ree  etches of d i f ferent  d u r a -  
t ion, 20, 40, a nd  60 sec, and  a lways  us ing  fresh e tch-  
an t  in  each case, the l i ne a r i t y  of the  etch ra tes  w i th  
e tch ing  t ime  for each so lu t ion  composi t ion  could be 
verified. This  p rocedure  was  gene ra l ly  fol lowed,  and  
where  an  a p p r o x i m a t e  l i ne a r i t y  was observed,  the 
60-sec va lue  was a r b i t r a r i l y  t a ke n  as the  etch rate.  
In  spite of all  these precaut ions ,  the i nduc t i on  per iod  
was  no t  e l i m i n a t e d  comple te ly .  Consequen t ly ,  r e -  
p roduc ib i l i t y  of absolu te  ra te  n u m b e r s  was  difficult 
to achieve,  and  the e x p e r i m e n t a l  e r ror  was  observed 
to be g rea te r  wi th  g e r m a n i u m  t h a n  wi th  silicon. 
However ,  the  r e l a t ive  ra tes  on the  d i f ferent  crys ta l  
p lanes  were  reproducib le ,  and  it  wi l l  be on this fact 
tha t  most  of the  discussion wi l l  be based.  I t  is i n -  
t e res t ing  to no te  tha t  the  etch ra tes  in  the  presence  
of acetic acid were  m u c h  more  r ep roduc ib l e  t h a n  
those w he r e  no acetic acid was  used. 

Effects of Solution Composition and Crystal 
Orientation 

F i g u r e  2 is a compar i son  of the etch ra te  of (111) 
o r ien ted  si l icon wi th  tha t  of g e r m a n i u m  in  the  th ree  
o r i en ta t ions  s tudied.  In  the  case of g e r m a n i u m ,  
N204 was  used,  whi le  no add i t ive  was  p r e se n t  d u r -  
ing the  e tch ing  of silicon. 

Let  us consider  first the  h igh  HNO8 region,  f rom 
80 to 95% HNO~. As the H F  con ten t  is increased,  the 
g e r m a n i u m  etch  ra tes  increase  in  a m a n n e r  ve ry  
s imi la r  to the  etch ra tes  of the  si l icon system. In  
addi t ion,  i t  was observed  tha t  the  absence  or p res -  
ence of ca ta lys t  did not  inf luence  the  etch ra tes  of 
s i l icon (1) or g e r m a n i u m  to any  apprec iab le  ex-  
t en t  in  this composi t ion  region.  The etch ra tes  thus  
seem to be d e p e n d e n t  on ly  on the  H F  concen t ra t ion .  
This behav io r  suggests  the same d i f fus ion -gove rned  
m e c h a n i s m  for g e r m a n i u m  as was  d e t e r m i n e d  for 
si l icon (7, 1O). However ,  an  e x a m i n a t i o n  of the t e m -  
p e r a t u r e  dependence  of the  etch ra tes  in  this  com-  
posi t ion  reg ion  (see Fig. 3) gives no s imple  "ac t iva -  
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Fig. 3. Influence of temperature on etch rate in 20 w/o HF and 
80 w/o HNO~ with reagents of 49% HF and 70% HNO~ and 
N204 catalysis. Temperature dependences are 7.5 kcal/mole at 
high temperatures and i1-14 kcal/mole at low temperatures. C), 
(100) Ge; [ ] ,  (110) Ge; A,  (111) Ge. 

t ion  e n e r g y "  cons i s t en t  w i t h  a d i f fus ion  m e c h a n i s m ,  
as is found  w i t h  si l icon.  Burgess  (11) has  d e t e r -  
m i n e d  low d i f f u s i o n - t y p e  t e m p e r a t u r e  d e p e n d e n c e s  
for  th is  s y s t e m  in on ly  a v e r y  l i m i t e d  compos i t i on  
r eg ion  of e x t r e m e l y  low H F  ( less  t h a n  1 0 % ) .  This  
is to be  c o m p a r e d  to s i l icon,  w h e r e  the  d i f fus ion of 
t he  c o m p l e x i n g  agen t  to the  su r f ace  as t he  l i m i t i n g  
m e c h a n i s m  has  been  d e t e r m i n e d  to at  l eas t  20% 
H F  (8) and  h i g h e r  (10) .  

In  add i t ion ,  for  s i l icon no  effect of o r i e n t a t i o n  
was  o b s e r v a b l e  in th is  compos i t ion  r eg ion  (8 ) ,  
w h e r e a s  t he  g e r m a n i u m  c r y s t a l  o r i e n t a t i o n  seems  to 
p l a y  an  i m p o r t a n t  ro le  in t he  reac t ion .  This  is i n d i -  
ca t ed  b y  the  d a t a  in Tab le  I, w h e r e  i t  is s h o w n  t h a t  
a t  5, 10, a n d  15% HF,  t he  r a t e  d e p e n d e n c e  on the  
o r i e n t a t i o n  is R(la0) > R( ln)  ~ R(a00). T h e r e  is also 
an  i nd i ca t i on  tha t ,  even  cons ide r ing  the  r e l a t i v e l y  
l a r g e  e x p e r i m e n t a l  e r ro r ,  f a s t e r  e tch  r a t e s  a r e  ob -  
s e r v e d  for  some g e r m a n i u m  p l a n e s  t h a n  fo r  (111) 
o r i e n t e d  si l icon.  

In  g e r m a n i u m ,  w h e r e  i nduc t i on  pe r i ods  a r e  p r e s -  
en t  to some ex ten t ,  t he  e r r o r  in r a t e  va lue s  quo t ed  
w o u l d  be  in  t he  d i r ec t i on  of a l o w e r  v a l u e  be ing  
o b s e r v e d  t h a n  the  ac tua l  r a t e  ach ieved .  In  sp i te  of 
this ,  u s ing  t h e  m e a s u r e d  v a l u e s  fo r  t he  (110) p l a n e  
at  t he  10 and  15% H F  poin ts ,  i t  was  f o u n d  t h a t  t he  
r a t e s  a r e  40 and  30%, r e spec t i ve ly ,  in  excess  of the  
r a t e s  for  s i l icon.  H o w e v e r ,  i t  is n e c e s s a r y  to t a k e  
into  account  t he  d i f fe rences  in specific g r a v i t y  b e -  

Table I. Comparison of etch rates on different surface orientations 
in the low HF region 

R a t i o  of  e t c h  r a t e s  

85% H N O 3  g0% H N O 8  95% I-1Iff03 

(110) 
1.1 1.1 1.1 

(111) 

(110) 
1.5 1.5 1,5 

(100) 

February 1964 

t w e e n  s i l icon and  g e r m a n i u m  (2.33 and  5.32 g / c m  3) 
as w e l l  as t he  d i f fe rences  in  a tomic  w e i g h t  in  a n y  
d i r ec t  c o m p a r i s o n  of  e tch  ra tes .  C o n s i d e r i n g  a n y  
g iven  su r f a c e  area ,  a 14% d e e p e r  p e n e t r a t i o n  into  
the  g e r m a n i u m  t h a n  in to  the  s i l icon  is r e q u i r e d  for  
t he  r e m o v a l  of e q u a l  g r a m - m o l e s  of m a t e r i a l .  This  
w o u l d  accoun t  for  on ly  1/2 to 1/3 of the  excess  
v a l u e  obse rved ,  and  i t  is t h e r e f o r e  fe l t  t h a t  th is  
f a s t e r  e t ch ing  of g e r m a n i u m  is a r e a l  effect  w h i c h  
w o u l d  h a v e  to be  e x p l a i n e d  in  a n y  p r o p o s e d  model .  

Reaction ModeZ 
A l l  of t he  po in t s  c i ted  a b o v e  m a k e  i t  diff icult  to 

a p p l y  the  s imple  d i f fus ion m o d e l  p r o p o s e d  for  s i l i -  
con to t h e  case of g e r m a n i u m .  H o w e v e r ,  the  e tch  
r a t e s  of s i l icon in  th i s  compos i t i on  r eg ion  have  been  
r a t h e r  conc lus ive ly  d e m o n s t r a t e d  to be  d i f fus ion 
l i m i t e d  (7, 10).  The re fo re ,  s ince  i t  is i m p r o b a b l e  
t ha t  an  o v e r - a l l  r e a c t i o n  can  p r o c e e d  at  a r a t e  f a s t e r  
t h a n  the  t r a n s p o r t  of  c h e m i c a l  r e a c t a n t  to t he  s u r -  
face,  t he  g e r m a n i u m  e tch  r a t e s  m u s t  also be  l i m i t e d  
in some w a y  b y  the  t r a n s p o r t  of t he  c o m p l e x i n g  
a g e n t  to  t he  sur face .  One  w a y  ou t  of th is  a p p a r e n t  
d i l e m m a  is to pos tu l a t e ,  first,  t h a t  in  bo th  t h e  s i l i -  
con and  g e r m a n i u m  cases  a l l  t he  r e a c t i o n s  t h a t  t a k e  
p l ace  at  the  sol id  su r f ace  a r e  f a s t e r  t h a n  the  r a t e  a t  
w h i c h  the  r a t e - l i m i t i n g  r e a g e n t  r eaches  t he  su r face  
and,  second,  t h a t  t he  t y p e s  of r e a c t i o n  p r o d u c t s  
f o r m e d  at  the  su r f a c e  of  s i l icon as r e m o v a b l e  i n t e r -  
m e d i a t e s  a r e  d i f f e ren t  f r o m  those  f o r m e d  a t  t he  g e r -  
m a n i u m  surface .  I t  is sugges t ed  t h a t  t he  s i l icon is 
l e a v i n g  the  su r f ace  in a m o r e  h i g h l y  f l uo r ina t ed  
cond i t ion  t han  is the  g e r m a n i u m .  As  an  e x a m p l e ,  i t  
m i g h t  be  p o s t u l a t e d  t h a t  c o m p o u n d s  of the  fo rm 
GeF2 or  GeOF2 l e a v e  the  sur face ,  w h e r e a s  for  s i l i -  
con the  d i s so lu t ion  w o u l d  occu r  as SiF4 or  Si2OF6 
or  even  Si2F6. The  ana logous  ch lo r ides  of bo th  g e r -  
m a n i u m  and  s i l icon h a v e  b e e n  i so l a t ed  and  i d e n t i -  
fied, w h e r e a s  d i v a l e n t  s i l icon species  h a v e  been  
ident i f ied  on ly  at  h igh  t e m p e r a t u r e s .  T h e r e  is s t r ong  
ev idence  t ha t  c o m p o u n d s  such  as SIC12 a r e  t h e r m o -  
d y n a m i c a l l y  u n s t a b l e  at  r o o m  t e m p e r a t u r e  (12, 13).  
In  t he  c o m p o u n d s  p o s t u l a t e d  for  g e r m a n i u m ,  the  
r a t io  Ge:  F is 1: 2, w h e r e a s  for  s i l icon  the  Si :  F r a t io  
is 1:3. The re fo re ,  bo th  d i s so lu t ion  r a t e s  could  s t i l l  
be  d e p e n d e n t  on the  r a t e  a t  w h i c h  the  c o m p l e x i n g  
a g e n t  diffuses to t he  sur face ,  b u t  the  g e r m a n i u m  
w o u l d  r e q u i r e  less  of t he  i ncoming  c o m p l e x i n g  
species  be fo re  l e a v i n g  the  s i te  of ac t ion  t h a n  w o u l d  
t h e  si l icon.  Once  in the  solu t ion ,  then ,  t he  i n t e r -  
m e d i a t e  c o m p o u n d s  f u r t h e r  r e a c t  w i t h  t he  a v a i l a b l e  
H F  a n d  a re  c o n v e r t e d  to the  m o r e  h i g h l y  f l uo r ina t ed  
forms.  

The  a u t h o r s  a r e  no t  i m p l y i n g  t h a t  one a n d  on ly  
one species  of r e a c t i o n  p r o d u c t  is f o r m e d  at  a n y  
g iven  t i m e  b u t  tha t ,  m o r e  t h a n  l ike ly ,  a v a r i e t y  of 
r e m o v a b l e  i n t e r m e d i a t e s  a r e  be ing  f o r m e d  in the  
e t c h ing  of  bo th  g e r m a n i u m  a n d  si l icon.  This  m o d e l  
n o w  p r o v i d e s  a poss ib l e  m e a n s  of e x p l a i n i n g  o r i e n -  
t a t i on  inf luences  on t h e  bas i s  of t he  f o r m a t i o n  of 
d i f fe ren t  concen t r a t i ons  of i n t e r m e d i a t e s  on the  d i f -  
f e r e n t  faces  (5) .  Also,  t he  t e m p e r a t u r e  effect could  
be  e x p l a i n e d  as in f luenc ing  the  c o n c e n t r a t i o n  of t he  
s u b f l u o r i n a t e d  spec ies  b e i n g  g e n e r a t e d  to g ive  t he  
l a r g e r - t h a n - e x p e c t e d  t e m p e r a t u r e  dependences .  
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Ver i f i ca t ion  of th is  h y p o t h e s i s  w i l l  h a v e  to a w a i t  
d i r ec t  e x p e r i m e n t a l  ev idence  for  t h e  ex i s t ence  of 
these  i n t e r m e d i a t e s .  

The  r e m a i n i n g  p o r t i o n  of Fig .  2, t he  compos i t i on  
r eg ion  f r o m  25 to 75 w / o  HNO3, w i l l  n o w  be  con-  
s idered .  The  d r a s t i c  in f luence  of  o r i e n t a t i o n  is r e a d -  
i ly  o b s e r v e d  in th is  c o m p o s i t i o n  r eg ion ;  Bu rge s s  
(14) has  o b s e r v e d  s i m i l a r  effects in  his  w o r k  on 
e t ch ing  g e r m a n i u m .  A t  a c o n c e n t r a t i o n  of a b o u t  
25% H F  the  (100) c u r v e  s e p a r a t e s  f r o m  the  cu rves  
of t h e  o t h e r  two  o r i en ta t ions ,  i nc r ea s ing  in  an  a p -  
p r o x i m a t e l y  l i n e a r  fash ion ,  w h i l e  t he  (110) and  
(111) e tch  r a t e s  l eve l  off onto a b road ,  s o m e w h a t  
h u m p e d  p l a t eau .  A t  a c o n c e n t r a t i o n  of a b o u t  40% 
H F  the  g e r m a n i u m  (100) cu rve  a n d  s i l icon c u r v e  
d ive rge ,  w i t h  t he  g e r m a n i u m  c u r v e  p r o c e e d i n g  in  
i ts  l i n e a r  a scen t  w h i l e  t he  s i l icon  cu rve  beg in s  a 
v e r y  r ap id ,  e x p o n e n t i a l  t y p e  of a scen t  to a p e a k  e tch  
r a t e  of a p p r o x i m a t e l y  78 m i l s / m i n  at  a b o u t  65% 
HF.  The  e x p o n e n t i a l  i n c r e a s e  in  t he  case  of  s i l icon 
has  been  a t t r i b u t e d  to the  effect  of t he  h e a t  of t he  
reac t ion ,  w h i c h  causes  an  e n h a n c e m e n t  of t he  r e -  
ac t ion  ra te .  A t  low H F  concen t ra t ions ,  w h e r e  t he  
s i l icon e t ch ing  s y s t e m  is d e m o n s t r a b l y  d i f fus ion 
l i m i t e d  w i t h  r e s p e c t  to the  c o m p l e x i n g  agent ,  t he  
a c t i va t i on  e n e r g y  is low (8) and  the  h e a t  f ac to r  
does no t  e x e r t  a v e r y  s t rong  inf luence.  A t  40% HF,  
h o w e v e r ,  t he  s i l icon  r e a c t i o n  beg ins  to show a l a r g e r  
t e m p e r a t u r e  d e p e n d e n c e  (10) and,  as the  H F  is f u r -  
t he r  i n c r e a s e d  a n d  the  HNOs dec reased ,  t he  h i g h e r  
" a c t i v a t i o n  e n e r g y "  shows  up  as  an  i n c r e a s e d  sens i -  
t i v i t y  of t he  e tch  r a t e s  to t he  h e a t  l i b e r a t e d  in the  
reac t ion .  The  f a i l u r e  of the  g e r m a n i u m  e tch  r a t e s  
to p r o d u c e  a " t h e r m a l  r u n a w a y "  in a s i m i l a r  m a n -  
n e r  m a y  be  p a r t l y  the  r e s u l t  of t he  l o w e r  h e a t  of 
r eac t i on  of g e r m a n i u m ,  desp i t e  t he  fac t  t h a t  t he  
t e m p e r a t u r e  d e p e n d e n c e  in th is  compos i t i on  r eg ion  
is of t he  o r d e r  of 11-14 k c a l / m o l e ,  as s h o w n  in Fig .  
4. 

A 
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Fig. 4. Influence of temperature on etch rate in 40 w/o HF and 
60 w/o HNO3, with reagents of 40% HF and 70% HNO3 and 
N204 catalysis. Temperature dependences are 11 kcal/mole for the 
(100) and (111) and 14 kcal/mole for the (110) orientations. 
�9 (100) Ge; I-I, (110) Ge; A, (111) Ge. 
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Influence o$ Passivating Films 
The  r a t e - l i m i t i n g  effect of pa s s ive  f i lms on the  

su r f a c e  of t he  g e r m a n i u m  a p p e a r s  to p l a y  a m a j o r  
ro le  in  th is  sys tem.  W h e r e a s  in  t h e  s i l icon  e t ch ing  
s y s t e m  the  p e a k  e tch  r a t e s  a r e  t h o u g h t  to be  a t r a n -  
s i t ion  f r o m  H F - l i m i t e d  k ine t i c s  to H N O s - l i m i t e d  
k ine t ics ,  i t  is v e r y  p r o b a b l e  t h a t  t he  l eve l ing  off of 
t he  (111) a n d  (110) cu rves  is no t  t he  r e s u l t  of t he  
l agg ing  of t he  o x i d a t i o n  s tep  of t he  reac t ion .  This  
l e v e l i n g  off t a k e s  p l ace  a t  a r a t h e r  h igh  HNO3 con-  
cen t r a t ion ,  a n d  the  e tch  r a t e s  h a v e  b e e n  " c a t a l y z e d "  
w i t h  N204.  If  t he  l e v e l i n g  off of t h e  e t c h - r a t e  cu rves  
for  t he  g e r m a n i u m  (111) a n d  (110) su r f aces  does  
no t  ref lec t  a l i m i t a t i o n  on the  p a r t  of t he  ox idan t ,  
t h e n  i t  m u s t  be  c o n c l u d e d  t h a t  t he  r a t e - l i m i t i n g  
s tep  i nvo lves  t he  c o m p l e x i n g  of  t h e  ox id i zed  g e r -  
m a n i u m  or  t he  f o r m a t i o n  of i n so lub le  r e a c t i o n  p r o d -  
uc t s  on the  sur face .  S ince  H F  is also r e a d i l y  a v a i l -  
ab le  for  c o m p l e x i n g  of t he  ox id i zed  g e r m a n i u m ,  t he  
d i f f icu l ty  of r e m o v a l  m u s t  be  a s c r i b e d  to s o m e t h i n g  
r e l a t e d  to the  " o x i d e "  f o r m e d  on the  sur face .  

This  conc lus ion  is s u p p o r t e d  b y  the  o b s e r v a t i o n  
t h a t  in  these  h igh  H F  compos i t i ons  a b r o w n  su r f ace  
coa t ing  is f o r m e d  on t h e  spec imens .  In  m o d e r a t e l y  
h igh  H F  th i s  su r f a c e  coa t ing  is a con t inuous ,  a d h e r -  
en t  film, 4 and  in  t he  v e r y  h igh  H F  r e g i o n  i t  becomes  
a p o w d e r y  c rus t  w h i c h  can  be  eas i ly  s c r a p e d  f r o m  
the  surface .  A l t h o u g h  th i s  su r f a c e  f i lm m a y  be  o b -  
s e r v e d  a t  H F  c o n c e n t r a t i o n s  a b o v e  40% on bo th  the  
(111) su r f ace  and  the  (110) sur face ,  i t  does  not  b e -  
come n o t i c e a b l e  on  the  (100) su r f ace  u n t i l  a p p r o x i -  
m a t e l y  60% HF.  These  a r e  p r o b a b l y  the  s ame  H F -  
i n so lub l e  " g e r m a n i u m  m o n o x i d e "  f i lms as w e r e  ob -  
s e r v e d  b y  El l is  (15) ,  a n d  the  l eve l ing  off of the  e tch  
r a t e s  is a t t r i b u t e d  to  t he  p r e s e n c e  of th is  film. H o w -  
ever ,  the  p a s s i v i t y  is s o m e h o w  r e l a t e d  to  the  m a n -  
n e r  in  w h i c h  the  su r f a c e  f i lm is b o n d e d  to the  s u r -  
face,  for  t he  p a s s i v i t y  does  no t  s eem to affect  t he  
(100) e tch  r a t e s  ove r  as  l a r g e  a compos i t i on  r a n g e  
as i t  does t he  e t ch  r a t e s  of t he  o the r  two  sur faces .  

A t  50% H F  the  e tch  r a t e s  of a l l  t h r e e  o r i e n t e d  
g e r m a n i u m  su r faces  f a l l  off w i t h  i nc r e a s in g  H F  
concen t r a t ion .  I t  is no t  d e t e r m i n a b l e  f r o m  the  d a t a  
w h e t h e r  th is  f a l l i ng  off is caused  b y  a dec rea se  in 
t he  n i t r i c  ac id  a c t i v i t y  or  w h e t h e r  i t  j u s t  ref lects  an  
i n c r e a s e d  p a s s i v i t y  of t he  g e r m a n i u m .  F r o m  the  d a t a  
of Fig .  5 i t  is seen  t h a t  t h e  s y s t e m  b e h a v e s  e r r a t i -  
c a l l y  in  th is  compos i t i on  r eg ion  un t i l  a so lu t ion  t e m -  
p e r a t u r e  of 35~176  (N 3.2 x 103 /T~  is r eached .  
A b o v e  th i s  t e m p e r a t u r e  r a n g e  the  s y s t e m  beg ins  to 
be m o r e  r e p r o d u c i b l e .  I t  is t h o u g h t  t h a t  t h e  e x -  
t r e m e l y  e r r a t i c  b e h a v i o r  a r o u n d  r o o m  t e m p e r a t u r e  is 
t he  r e s u l t  of  i n d u c t i o n  per iods ,  as o b s e r v e d  in  Fig.  1. 
S ince  N204 ca t a ly s i s  was  used  in a l l  of t he  e l e v a t e d  
t e m p e r a t u r e  m e a s u r e m e n t s  as we l l  as the  room t e m -  
p e r a t u r e  m e a s u r e m e n t s ,  i t  is conc luded  t h a t  the  
s i m p l e  c a t a l y t i c  inf luences  o b s e r v e d  in  s i l icon (1)  
a r e  be ing  m a s k e d  b y  o ther ,  s t r o n g e r  inf luences  of a 
p a s s i v a t i n g  n a t u r e .  

L o w e r  o x i d a t i o n  s t a tes  of n i t r o g e n  p r e s e n t  in the  
e t ch ing  so lu t ion  h a v e  been  s h o w n  to be  i m p o r t a n t  
as  a c c e l e r a t i n g  agen t s  in  t he  o x i d a t i o n - l i m i t e d  c o m -  
pos i t i on  r eg ion  for  e t ch ing  s i l icon (1) .  C r e t e l l a  a n d  

4 E l e c t r o n  d i f f r a c t i o n  e x a m i n a t i o n  d i d  n o t  r e v e a l  a n y  c r y s t a l l i n e  
s t r u c t u r e  in  t h i s  film. 
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Fig. 5. Influence of temperature on etch rate in 85 w/o HF and 
15 w/o HNO3, with reagents of 49% HF and 70% HNO3 and 
N204 addition. The temperature dependence is approximately 10 
kcal/mole. �9 (100) Ge; [ ] ,  (110) Ge; /% (111) Ge. 

Gatos  (8)  and  M i u l l e r  et al. (3)  h a v e  also o b s e r v e d  
the  i m p o r t a n c e  of l o w e r  o x i d a t i o n  s t a tes  of n i t r o g e n  
in the  e t ch ing  of g e r m a n i u m .  T a b l e  II  shows,  
though ,  tha t ,  as w i t h  si l icon,  t he  inf luence  of t he  
l o w e r  o x i d a t i o n  s t a tes  of n i t r o g e n  is no t  o b s e r v e d  
ove r  t he  e n t i r e  e t ch ing  compos i t i on  r e g i o n  b u t  on ly  
in t he  r e g i o n  w h e r e  one m i g h t  e x p e c t  t he  o x i d a t i o n  
s tep  to be  r a t e  l imi t ing .  I t  is also to be  no ted ,  as f a r  
as r e a c t i o n  r a t e  is conce rned ,  t h a t  us ing  b r o m i n e  as 
an  a d d i t i v e  p r o d u c e d  e s s e n t i a l l y  t he  s a m e  effect  as 
us ing  NaNO2. 

Effects of Dffuent 
Since  ac id  e t ch ing  so lu t ions  for  g e r m a n i u m  g e n -  

e r a l l y  con t a in  e i the r  a d d e d  w a t e r  or  a d d e d  ace t ic  
acid,  i t  was  cons ide red  i m p o r t a n t  to i n v e s t i g a t e  t he  
inf luence  of these  d i l uen t s  on the  sys t em.  F i g u r e  6 
shows  the  effect  of a d d i n g  w a t e r  as t he  d i luen t .  
C o m p a r i s o n  w i t h  s i l icon  shows  t h e  p e a k  e tch  r a t e s  
of g e r m a n i u m  to be  a b o u t  an  o r d e r  of m a g n i t u d e  
l o w e r  t h a n  the  p e a k  e tch  r a t e s  of s i l icon.  As  was  o b -  
s e r v e d  w i t h  si l icon,  t he  t o l e r a n c e  of t he  g e r m a n i u m  
s y s t e m  to w a t e r  as t he  d i l u e n t  is v e r y  smal l ,  a n d  b y  
t h e  t ime  10% w a t e r  is p r e s e n t  t he  p e a k  e tch  r a t e  is 

Table II. Comparison of the influence of nitrite 
and halogen catalysis* 

E t c h a n t  
c o m p o s i t i o n  E t c h  r a t e ,  m i l s / m i n  

H F  % HNOs  % No  c a t a l y s t  N a N O 2  B r o m i n e  

9 91 1.2 1.4 No measu re -  
ment  made  

17 83 2.2 2.2 2.4 
26 74 1.9 3.7 3.7 
35 65 0.3 5.3 4.0 
45 55 0.3 3.1-6.6 No measu re -  

ment  made  

* A l l  s p e c i m e n s  h a d  (111) o r i e n t a t i o n  a n d  t h e  r e a g e n t s  u s e d  w e r e  
49 .0% H F  a n d  70.0 % HNOa.  

d o w n  b y  a f ac to r  of  th ree .  I n  F i g u r e  7 t he  e tch  r a t e s  
of g e r m a n i u m  a r e  p r e s e n t e d  as  a func t ion  of  c o m -  
pos i t i on  on a t r i a x i a l  plot .  I t  shou ld  be  n o t e d  t ha t  
e t ch ing  s t i l l  t a k e s  p l a c e  in  so lu t ions  v e r y  h igh  in  
ace t ic  ac id  concen t ra t ion .  F o r  th i s  p lo t  60% H F  and  
90% HNO8 so lu t ions  h a v e  been  used  as t he  r e f e r -  
ence  points .  St i l l ,  i t  is e a s i l y  seen  t h a t  t he  t o l e r a n c e  
of t h e  s y s t e m  for  ace t ic  ac id  as t he  d i l ue n t  is m u c h  
g rea t e r ,  a n d  the  g r a d i e n t  in  e tch  r a t e  w i t h  a m o u n t  
of ace t ic  ac id  a d d e d  is m u c h  lower ,  t h a n  w i t h  w a t e r .  

A c o m p a r i s o n  of t h e  s y s t e m s  H F - H N O s - H C 2 H 3 0 2 -  
Si  a n d  H F - H N O 3 - H C 2 H 3 0 2 - G e  r e v e a l s  an  i n t e r e s t i n g  
con t ras t .  The  s i l icon s y s t e m  s t a r t s  ou t  w i t h  a m u c h  
h i g h e r  e tch  r a t e  ( e x c e p t  in  t he  v e r y  h i g h  HNO3 
r e g i o n ) ,  w h i c h  does  no t  f a l l  off m u c h  as  m o d e r a t e  
a m o u n t s  of ace t ic  ac id  a r e  added ,  and  w h i c h  t h e n  
a b r u p t l y  dec reases  a lmos t  to  t h e  v a n i s h i n g  p o i n t  on 
the  f u r t h e r  a d d i t i o n  of a s m a l l  a m o u n t  of ace t ic  acid.  
On  the  o the r  hand ,  t he  e t ch  r a t e s  of  g e r m a n i u m  
s t a r t  out  m u c h  l o w e r  t h a n  those  of s i l icon.  Us ing  
the  10% H F  l ine  and  p r o c e e d i n g  in  t he  d i r ec t i on  of 
i n c r e a s i n g  HC2H802, i t  is o b s e r v e d  t h a t  t he  e tch  
r a t e s  s l o w l y  d e c r e a s e  b u t  r e m a i n  m e a s u r a b l e  ove r  
the  en t i r e  compos i t i on  range .  Now,  p r o c e e d i n g  a long  
the  10% HNO3 l ine  in the  d i r ec t i on  of i n c r e a s i n g  
HC2H302, i t  can  be  seen  t h a t  t he  e tch  r a t e s  a p p e a r  
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Fig. 6. Influence of water as a diluent on the etch rate of (100) 
oriented germanium, with 49% HF and 70% HNO3 as reagents 
and N204 as the additive. Added water: open circle, 0%; dark 
circle, 5%; circle with x, 10%. 
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Fig. 7. Etch rate (milslmin) of (11 I )  oriented, n-type germanium 
at 25~ vs. etchont composition. NON02 was used as a catalyst 
throughout the entire composition region. 



Vol. 111, No. 2 C H E M I C A L  E T C H I N G  O F  G E R M A N I U M  201 

to i n c r e a s e  on  m o d e r a t e  d i l u t i o n  w i t h  ace t ic  ac id  
and  t h e n  on ly  s l o w l y  d e c r e a s e  a g a i n  as a d d i t i o n a l  
ace t ic  ac id  is added .  The  c r i t i ca l  compos i t i ons  t h a t  
a r e  so c h a r a c t e r i s t i c  of t h e  s i l icon  s y s t e m  a re  a b -  
sen t  in  t h e  g e r m a n i u m  sys tem.  This  l a c k  of a c r i t i -  
cal  compos i t i on  of HNO8 cou ld  be  i n t e r p r e t e d  to 
m e a n  t h a t  t he  o x i d a t i o n  p o t e n t i a l  o f  g e r m a n i u m  is 
m u c h  l o w e r  t h a n  t h a t  of s i l icon.  Th is  i n t e r p r e t a t i o n  
w o u l d  be  in  accord  w i t h  t he  fac t  t h a t  g e r m a n i u m  
can  be  e t ched  b y  aqueous  HNO8 (9)  and  a lso  b y  
o x y g e n a t e d  w a t e r  a lone  (16) .  

The  s u b s t i t u t i o n  of HC2H302, a d i l u e n t  of l o w e r  
d i e l ec t r i c  cons tan t ,  for  H20,  a h i g h e r  d i e l ec t r i c  con-  
s t an t  m a t e r i a l ,  has  t he  effect of c h a n g i n g  the  i on i za -  
t ion  c o n s t a n t  of HNO3. I t  is b e l i e v e d  t h a t  m o l e c u l a r  
HNO8 is t he  i m p o r t a n t  species  in  t he  o x i d a t i o n  of 
the  so l id  g e r m a n i u m ;  th is  t h e o r y  is d i scussed  b y  t h e  
a u tho r s  in  t h e i r  r e p o r t  on s i l icon d i s so lu t ion  (7 ) .  

Summary 
The  e t ch ing  of g e r m a n i u m  in t h e  s y s t e m  H F -  

HNO8 has  been  s tud ied .  The  r e su l t s  i n d i c a t e  t h a t  
m a j o r  d i f fe rences  g o v e r n  t h e  k ine t i c s  of t he  e t ch ing  
of g e r m a n i u m  a n d  si l icon.  U n t i l  m o r e  is k n o w n  
a b o u t  t he  ac t ive  spec ies  in solu t ion ,  a n y  d e t a i l e d  
a n s w e r s  to t he  p r o b l e m s  a r e  specu la t ive .  I t  c an  be  
said,  though ,  t h a t  t he  s imp le  d i f fus ion  m e c h a n i s m  
t h a t  has  been  a p p l i e d  so w e l l  to s i l icon canno t  be  
m a d e  to fi t  in  t he  case  of g e r m a n i u m .  O t h e r  fac tors ,  
such as d i s so lu t ion  spec ies  of low f luor ide  con ten t ,  
p a s s i v a t i n g  films, etc.,  h a v e  to b e  cons ide r ed  b e f o r e  
the  o b s e r v e d  p h e n o m e n a  can  be  exp l a ined .  I n  a d d i -  
t ion,  o r i e n t a t i o n  inf luences  on t h e  e t ch ing  r a t e  h a v e  
been  o b s e r v e d  in  g e r m a n i u m  d i s so lu t ion  w h i c h  a r e  
not  o p e r a t i v e  w h e n  s i l icon is be ing  d i sso lved .  H o w -  
ever ,  t he  effects of l o w e r  o x i d a t i o n  s t a tes  of n i t r o -  
gen  and  d i l u t i o n  w i t h  HC2H30~ a r e  t he  s a m e  in t h e  
e t ch ing  of g e r m a n i u m  as t h e y  a r e  in  t he  e t ch ing  of 
s i l icon.  

The  r e p r o d u c i b i l i t y  of r e su l t s  in  t he  g e r m a n i u m  
s y s t e m  is v e r y  poor .  W h e r e a s  w i t h  s i l icon on ly  

m i n o r  d i f f icul ty  is g e n e r a l l y  e n c o u n t e r e d  in a t -  
t e m p t i n g  to r e p r o d u c e  e t ch ing  resu l t s ,  w i t h  g e r -  
m a n i u m  such fac to r s  as p a s s i v a t i n g  f i lms i n t r o d u c e  
l a r g e  e r r o r s  in  a n y  e tch  r a t e  m e a s u r e m e n t .  
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Epitaxial Growth of Silicon by Vacuum Sublimation 
E. Tonnenbaum Handelmon and E. I. Povilonis 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Je r sey  

ABSTRACT 

Silicon has been grown ep i t ax ia l ly  on sil icon subs t ra tes  by  a process of 
vacuum subl imat ion.  The impor t an t  new fea tures  of the  sys tem are  tha t  the  
reac t ion  chamber  contains only sil icon and quar tz  and tha t  the  chamber  is 
cont inuously  pumped  th roughout  the  process  to a p ressure  of 10-9-10 -8 Torr .  
The phys ica l  suppor t  for  the  subs t ra te  acts as the  source of silicon as wel l  
as the  source of dopant .  In  this w a y  a high degree  of control  of the  
thickness  and res i s t iv i ty  un i fo rmi ty  and rep roduc ib i l i t y  have  been  obtained 
wi th  both n -  and p - t y p e  ep i tax ia l  films on both n -  and p - t y p e  substrates .  
Based on the behavior  of th ree  source crystals ,  i t  is be l ieved  tha t  ep i tax ia l  
layers  of any  des i red  res is t iv i ty  can be  grown by  given source ma te r i a l  of 
specified pur i ty .  The  detai ls  of the  sys tem and an analys is  of the  resul ts  are 
given. P r e l i m i n a r y  resul ts  obta ined  on he tero junct ions  grown in a s imilar  
manne r  are  also reported. 

I n  r e c e n t  y e a r s  t h e r e  h a v e  a p p e a r e d  a n u m b e r  of i t  w a s  g e n e r a l l y  f o u n d  t h a t  p - t y p e  f i lms w e r e  p r o -  
s tud ies  of e p i t a x i a l  g r o w t h  b y  e v a p o r a t i o n  (1 -4 )  d u c e d  i n d e p e n d e n t  of t he  c o n d u c t i v i t y  t y p e  of t he  
or  m o l e c u l a r  b e a m  (5) t echn iques .  Mos t  of th i s  e v a p o r a t i o n  source .  This  r e s u l t  was  a t t r i b u t e d  to 
w o r k  i n v o l v e d  t h e  e v a p o r a t i o n  of  g e r m a n i u m  and  h igh  dens i t i e s  of s t r u c t u r a l  defects .  One  i n v e s t i g a -  
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t o t  (2)  found ,  h o w e v e r ,  t h a t  a l t h o u g h  p - t y p e  f i lms 
w e r e  p r o d u c e d  a t  r e l a t i v e l y  poor  v a c u u m s  (10 -5 
T o r r ) ,  n - t y p e  f i lms cou ld  be  g r o w n  w h e n  the  b a c k -  
g r o u n d  p r e s s u r e  was  in  t he  r a n g e  of 10 -9 Tor r .  
S ince  a b a c k g r o u n d  p r e s s u r e  of 10 -5 T o r t  r e p r e -  
sen t s  a h igh  l eve l  of c o n t a m i n a t i o n  to a s e m i c o n -  
duc to r  ( a s s u m i n g  these  i m p u r i t i e s  a r e  i n c o r p o r a t e d  
into  the  g r o w i n g  e p i t a x i a l  l a y e r )  i t  s eems  r e a s o n a -  
b l e  t h a t  t he  p r o b l e m  is a t  l eas t  p a r t l y  one of con-  
t a m i n a t i o n  r a t h e r  t h a n  b e i n g  p r i m a r i l y  s t r u c t u r a l  
in  n a t u r e .  In  v i e w  of t he  obv ious  i n h e r e n t  a d v a n -  
t ages  of a p u r e l y  t h e r m a l  t r a n s p o r t  p rocess  for  
g r o w i n g  e p i t a x i a l  l aye r s ,  th is  w o r k  was  u n d e r t a k e n  
to s t u d y  such  a p rocess  u n d e r  t he  c l eanes t  c o n d i -  
t ions  o b t a i n a b l e  in  a p r a c t i c a l  sys t em.  T h e  e p i t a x i a l  
s y s t e m  chosen  for  s t u d y  was  s i l icon on si l icon.  This  
p a p e r  desc r ibes  the  a p p a r a t u s  a n d  p r o c e d u r e  d e -  
s igned  to m e e t  the  a b o v e  ob j ec t i ve s  a n d  the  r e su l t s  
ob t a ined .  

Experimental 
Description of apparatus.--To o b t a i n  an  o r g a n i c -  

f r ee  h igh  v a c u u m ,  a p u m p i n g  s t a t i on  was  con-  
s t r u c t e d  us ing  a m o l e c u l a r  s ieve  t y p e  f o r e p u m p  a n d  
a 15 l i t e r / s e c  ion  p u m p .  Be l lows  t y p e  s t a in less  s tee l  
va lve s  w i t h  CMC-57 O - r i n g s  a r e  used,  a n d  d e t a c h -  
ab l e  m o u n t i n g s  a r e  sea l ed  w i t h  A p i e z o n  W wax .  
The  p o r t i o n  of  the  s y s t e m  w h i c h  is h e a t e d  is con-  
s t r u c t e d  e n t i r e l y  of  s i l icon  and  quar tz .  A s c h e m a t i c  
d i a g r a m  of the  a p p a r a t u s  is shown  in  Fig.  1. The  
s i l icon p e d e s t a l  acts  as bo th  t he  p h y s i c a l  s u p p o r t  
for  t he  s u b s t r a t e  and  the  source  of s i l icon and  d o p -  
ant .  The  p e d e s t a l  is 3/4 in. in  d i a m e t e r  and  a b o u t  
1 ~/2 in. long.  I t  has  a s aw  cut  g roove  ~/4 in. deep  and  
a n  u l t r a s o n i c a l l y  cu t  l edge  0.02 in. deep  des igned  
to ho ld  in  p l ace  a s u b s t r a t e  �89 x u in. The  s i l icon 
p e d e s t a l  is h e a t e d  us ing  a 3 kw,  1.5 m c  R.F.  g e n e r -  
a tor .  W i t h  th i s  a r r a n g e m e n t ,  t h e  h o t t e s t  p o r t i o n  of 
t h e  s y s t e m  is the  s i l icon source.  The  g e o m e t r y  and  
r e l a t i v e  mass  of t he  p e d e s t a l  and  s u b s t r a t e  a r e  such 
t h a t  t he  R.F.  f ield is c o n c e n t r a t e d  a l m o s t  e n t i r e l y  
in  t he  s i l icon  p e d e s t a l  a n d  t h e  s u b s t r a t e  is h e a t e d  
p r i m a r i l y  b y  r ad i a t i on .  T e m p e r a t u r e s  a r e  m e a s u r e d  
w i t h  an  op t i ca l  p y r o m e t e r  us ing  a p p r o p r i a t e  c o r r e c -  
t ions  for  e m i s s i v i t y  (6 ) .  The  ion  p u m p  c u r r e n t  is 
u sed  to m e a s u r e  p re s su re .  

Operating procedure.--The s u b s t r a t e  is e t ched  in 
10:1 I-INO3:HF a n d  c l e a n e d  in  ho t  c o n c e n t r a t e d  
HNO3 f o l l o w e d  b y  s e v e r a l  r inses  in  ho t  de ion ized  
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Fig. 1. Schematic diagram of sublimation apparatus 

w a t e r .  The  p e d e s t a l  is c l e a n e d  t h e  s a m e  w a y  the  
first  t i m e  i t  is used,  b u t  s u b s e q u e n t l y  is no t  c l e aned  
b e t w e e n  success ive  runs .  A f t e r  a s s e m b l i n g  and  
m o u n t i n g  the  r e a c t i o n  tube ,  t he  s y s t e m  is e v a c u a t e d  
to a p r e s s u r e  of less  t h a n  1 x 10 - s  Tor t .  The  p e d e s -  
t a l  is p r e h e a t e d  w i t h  p r o j e c t i o n  l a m p s  e n a b l i n g  
d i r ec t  R.F.  coup l ing  to a p e d e s t a l  of  a n y  r e s i s t i v i ty .  
As  the  p e d e s t a l  coup les  w i t h  t he  R.F.  field, a d s o r b e d  
gas  f r o m  the  s i l icon  a n d  t h e  q u a r t z  w a l l s  is d e -  
so rbed  g iv ing  a p r e s s u r e  p e a k  in  t he  10 - s  T o r r  
r a n g e  w h i c h  decays  to less  t h a n  1 x 10 -8 T o r t  in  less  
t h a n  1 min .  The  o p e r a t i n g  t e m p e r a t u r e  of t he  p e d -  
e s t a l  is 1350~176 ( the  v a p o r  p r e s s u r e  of s i l i -  
con is ,--10 -4 T o r t  a t  th is  t e m p e r a t u r e ) ,  and  the  
t e m p e r a t u r e  of t he  s u b s t r a t e  is --~ll00~ I t  shou ld  
be  n o t e d  tha t ,  a l t h o u g h  the  o p e r a t i n g  t e m p e r a t u r e s  
a r e  r e a d i l y  r e p r o d u c e d  f r o m  r u n  to run ,  t h e y  a r e  
no t  a c c u r a t e l y  k n o w n  be c a use  t h e  q u a r t z  w a l l s  b e -  
come  c ove re d  w i t h  d e p o s i t e d  s i l icon  b e f o r e  t he  
t e m p e r a t u r e s  h a v e  r e a c h e d  t h e i r  s t ab le  m a x i m u m  
va lues .  U n d e r  these  condi t ions ,  t he  r a t e  of g r o w t h  
of t he  s i l icon on the  s u b s t r a t e  is of t he  o r d e r  of 
0 .3#/min.  A t  t he  end  of t he  r u n  a f t e r  t he  p e d e s t a l  
has  cooled,  the  v a l v e  to the  V a c - I o n  p u m p  is closed,  
and  the  s y s t e m  is backf i l l ed  w i t h  n i t rogen .  N i t r o -  
gen  is c o n t i n u o u s l y  pa s sed  t h r o u g h  t h e  m a n i f o l d  
d u r i n g  the  t i m e  t h a t  t he  s y s t e m  is open to m i n i m i z e  
the  a d s o r p t i o n  of o x y g e n  a n d  w a t e r  vapo r .  

Results 
Physica~ growth characteristics.--With t he  a r -  

r a n g e m e n t  s h o w n  in Fig .  1, g r o w t h  of t he  e p i t a x i a l  
l a y e r  occurs  on ly  on t h e  s ide  of t h e  s u b s t r a t e  f ac ing  
the  pedes t a l ,  and ,  in  fact ,  t h e r e  is a s m a l l  loss  of 
s i l icon f r o m  the  s ide  fac ing  a w a y  f r o m  the  pedes t a l .  
U n d e r  t he  g r o w t h  cond i t ions  o u t l i n e d  in t he  p r e v i -  
ous sect ion,  a c o m p a r i s o n  of  w e i g h t  ga in  w i t h  o p t i -  
cal  t h i ckness  m e a s u r e m e n t s  i n d i c a t e d  an  e v a p o r a -  
t ion  r a t e  of a b o u t  0.02 ~ / m i n  f r o m  the  b a c k  of the  
subs t r a t e .  The  g r o w n  f i lms a r e  a l w a y s  s ing le  c r y s -  
t a l  as c he c ke d  b y  a n u m b e r  of t e chn iques  i nc lud ing  
e l ec t ron  d i f f rac t ion ,  e tch ing ,  r e s i s t i v i t y  m e a s u r e -  
ments ,  a n d  dev ice  cha rac te r i s t i c s .  The  mic roscop ic  
su r f ace  f e a t u r e s  of t h e  e p i t a x i a l  l a y e r s  i n v a r i a b l y  
r e p r o d u c e  those  of  t he  o r i g i n a l  s u b s t r a t e  su r f ace  
i den t i ca l l y .  Ac ros s  t he  e n t i r e  sl ice,  t w o  o r  t h r e e  
p h y s i c a l  holes  occas iona l ly  m a y  be  f o u n d  in the  
film. 

F i l m s  g r o w n  at  p r e s s u r e s  less  t h a n  1 x 10 - s  To r r  
a r e  t o t a l l y  f r ee  of  c o m m o n l y  o b s e r v e d  s t r u c t u r a l  
de fec t s  such  as p y r a m i d a l  p e a k s  and  pi ts ,  chevrons ,  
etc. H o w e v e r ,  a t  h i g h e r  b a c k g r o u n d  p r e s s u r e s  c r y s -  
t a l l i t e  f o r m a t i o n  can  be  o b s e r v e d  as i l l u s t r a t e d  in 
Fig.  2. 

U p o n  e t ch ing  t h e  e p i t a x i a l  su r f a c e  l i gh t ly ,  p a t -  
t e rns  of s t a c k i n g  f au l t s  can  be  seen  u n d e r  t he  m i -  
c roscope  s i m i l a r  to those  o b s e r v e d  b y  o the r s  (7, 8) .  
A t y p i c a l  s t a c k i n g  f au l t  p a t t e r n  is s h o w n  in Fig.  
3A. The  s t a c k i n g  f au l t s  a r e  a l w a y s  p r o d u c e d  u n d e r  
t he  o p e r a t i n g  cond i t ions  n o t e d  above.  S e v e r a l  q u a l -  
i t a t i v e  e x p e r i m e n t s  w e r e  c a r r i e d  out  in  an  a t t e m p t  
to d e t e r m i n e  the  cause  of t he  s t a c k i n g  faul t s .  I t  was  
f o u n d  t h a t  p r e h e a t i n g  the  s u b s t r a t e  u n d e r  cond i -  
t ions  n e c e s s a r y  to  p r o d u c e  an  a t o m i c a l l y  c l ean  
su r f a c e  (9)  d i d  no t  e l i m i n a t e  s t a c k i n g  f au l t s  even  
t h o u g h  the  s u b s t r a t e  su r f a c e  h a d  been  t h e r m a l l y  
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Fig. 2. Crystallite formation in a silicon epitaxial film grown at 
a pressure of 1 (10 -7 )  Torr. 500X. 

etched pr ior  to growth.  The dens i ty  of s tackfng 
faul ts  could, however ,  be d ras t i ca l ly  a l te red  b y  the  
subs t r a t e  sur face  p repa ra t ion .  For  example ,  r i n s ing  
the subs t r a t e  in  dis t i l led  wa t e r  in s t ead  of deionized 
wa t e r  inc reased  the  s tack ing  f au l t  dens i ty  by  at 
least  a factor  of 100. G r o w i n g  ep i t ax ia l  l ayers  on 
two subs t ra tes  f rom dif ferent  crys ta ls  p r e p a r e d  to-  
ge ther  and  located side by  side on  the  pedes ta l  d u r -  
ing g rowth  ind ica ted  a s tack ing  fau l t  dens i ty  de-  
pendence  on the subs t r a t e  i n d e p e n d e n t  of the  su r -  
face p repa ra t ion .  This  effect also appears  to be i n -  
d e p e n d e n t  of the subs t ra te  res i s t iv i ty  and  is much  
smal le r  t h a n  the  effect of con t amina t ion .  A few 
a t t empts  to e l imina t e  s tack ing  faul t s  b y  a n n e a l i n g  
at 1000~ s u b s e q u e n t  to g rowth  were  unsuccessful .  
However ,  the  s tack ing  fau l t  etch p a t t e r n  is v i r t u -  
a l ly  e l imina t ed  af ter  diffusion. For  example ,  Fig.  3 
shows the  etch p a t t e r n  on the same slice before  and  
af ter  diffusion in to  the  ep i tax ia l  layer.  F r o m  these 
observat ions ,  one canno t  decide w h e t h e r  a n n e a l i n g  
is fac i l i ta ted  by  the  diffusion, w h e t h e r  the faul t s  
are be ing  loaded up  wi th  d i f fusant  such tha t  p r e f e r -  
en t i a l  e tch ing  no  longer  occurs at these sites, or 
w h e t h e r  the  diffused surface  is suff icient ly s t r a ined  
to m a s k  the  effect of s t ack ing  faults .  F u r t h e r  work  
on this  p h e n o m e n o n  is in  progress.  

Thickness uniformity and reproducibility control. 
- - T h e  th ickness  of the  ep i t ax ia l  l aye r  was  me a s -  
u r e d  b y  i n t e r f e r o m e t r y  us ing  sod ium l ight  on spec-  
imens  which  were  angle  lapped  and  s tained.  Us ing  
this t echn ique ,  the  accuracy  of m e a s u r e m e n t  is 
l imi t ed  to +-- 0.3~. M e a s u r e m e n t  of the  th ickness  
across a slice �89 in. on a side a lways  showed no 
va r i a t i on  in  th ickness  w i t h i n  the  accuracy  of the  
method.  The  m e a s u r e m e n t  excludes  the  two edges 
of the  slice res t ing  on the  pedes ta l  whe re  g rowth  
occurs at  a cons ide rab ly  s lower  pace. The  d e m a r c a -  
t ion  of these regions  can be seen b y  eye as sha rp ly  
defined steps. 

To check th ickness  r ep roduc ib i l i t y  f rom r u n  to 
run ,  a series of twe lve  r u n s  w e r e  car r ied  out  wi th  

Fig. 3. A (top) Etch pattern in epitaxial silicon before device 
fabrication, and B (bottom) after device fabrication. Magnification 
approximately 400X. 

al l  va r i ab le s  cont ro l led  as ca re fu l ly  as possible. 
Tha t  is, a l l  r u n s  were  done us ing  one pedestal ,  sub -  
s t ra tes  f rom one  crystal ,  the  same power  level  of 
the  R.F. genera tor ,  etc. The r ep roduc ib i l i t y  of 
th ickness  fel l  w i t h i n  the  m e a s u r e m e n t  u n c e r t a i n t y  
as can  be seen f rom the  da ta  g iven  in  Tab le  I. 

Table I. Thickness reproducibility T substrate 
~1050~ T pedestal ~1360~ 

Growth rate, 
Run No. Time, min Thickness,/L /~/min 

271 31 6.2 0.200 
272 35 6.8 0.194 
278 35 6.8 0.194 
274 35 6.8 0.194 
275 35 6.8 0.194 
276 35 6.8 0.194 
277 35 6.8 0.194 
278 35 6.8 0.194 
279 35 6.8 0.194 
280 35 6.2 0.188 
281 60 11.8 0.196 
282 35 7.1 0.200 
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Dopant transfer.--The c o n d u c t i v i t y  t y p e  a n d  r e -  
s i s t i v i t y  of t he  e p i t a x i a l  l a y e r  is c o n t r o l l e d  b y  the  
dop ing  of the  s i l icon source.  Bo th  p -  and  n - t y p e  
f i lms h a v e  been  g r o w n  on b o t h  p -  and  n - t y p e  s u b -  
s t r a t e s  ove r  a r a n g e  of r e s i s t i v i ty .  T h r e e  p e d e s t a l s  
u sed  mos t  e x t e n s i v e l y  w e r e  ( i )  p h o s p h o r u s  d o p e d  
3.3-3.9 o h m - c m  n - t y p e ,  ( i i )  b o r o n  d o p e d  0.095-0.11 
o h m - c m  p - t y p e ,  ( i i i )  5000-15,000 o h m - c m  p - t y p e .  
No s y s t e m a t i c  s t u d y  of t he  dop ing  t r a n s f e r  of t h e  
p h o s p h o r u s - d o p e d  p e d e s t a l  was  m a d e .  H o w e v e r ,  
a b o u t  a dozen  spot  checks  of r e s i s t i v i t y  in  t he  course  
of w o r k i n g  w i t h  th is  source  a l l  gave  g r o w n  f i lm 
r e s i s t i v i t i e s  of 4-5 o h m - c m  i n d i c a t i n g  r o u g h l y  a 
one to one t r a n s f e r  of dopan t .  

The  b e h a v i o r  of t he  b o r o n  d o p e d  p e d e s t a l  w a s  
s t u d i e d  in  de ta i l ,  and  the  d a t a  t u r n e d  out  to be  c o m -  
p l e t e l y  s e l f - c o n s i s t e n t  as w e l l  as sugges t ive  of a 
p r o b a b l e  m e c h a n i s m  of d o p a n t  t r a n s f e r .  A ser ies  
of r uns  was  c a r r i e d  out  in  w h i c h  the  p e d e s t a l  t e m -  
p e r a t u r e  was  1350~176 and  t h e  s u b s t r a t e  t e m -  
p e r a t u r e  was  1050~176 The  s u b s t r a t e s  w e r e  in  
a l l  cases  l ow r e s i s t i v i t y  n - t y p e  a n d  the  g r o w n  fi lms 
p - t y p e .  The  r e s i s t i v i t y  was  m e a s u r e d  b y  the  f o u r -  
p o i n t  p r o b e  thus  g iv ing  an  a v e r a g e  v a l u e  for  t he  
e n t i r e  film. 

The  first  f i lm g r o w n  for  1 h r  us ing  the  b o r o n  
d o p e d  0.095-0.11 o h m - c m  source  h a d  an  a v e r a g e  
r e s i s t i v i t y  of 0.8 o h m - c m .  Success ive  runs  p r o -  
d u c e d  p r o g r e s s i v e l y  l o w e r  r e s i s t i v i t y  f i lms u n t i l  a t  
t he  end  of 9 h r  of  h e a t i n g  of t he  source  t he  r e s i s t i v -  
i t y  of t he  g r o w n  f i lm fe l l  w i t h i n  t he  r e s i s t i v i t y  
r a n g e  of t he  source.  This  b e h a v i o r  s u g g e s t e d  the  
e s t a b l i s h m e n t  of some s t e a d y - s t a t e  d i s t r i b u t i o n  of 
b o r o n  a t  t he  s u b l i m i n g  su r f ace  of t h e  source.  Tha t  
is, i f  one a s sumes  an  i d e a l  sol id  so lu t ion  of t he  
b o r o n  in the  s i l icon t h e n  the  r a t i o  of b o r o n  to s i l i -  
con be ing  r e m o v e d  f r o m  the  s u b l i m i n g  su r f ace  
shou ld  be  r e l a t e d  to t he  p a r t i a l  p r e s s u r e s  of t he  
e l ement .  I f  t h a t  is t he  case, t h e n  i n i t i a l l y  t h e r e  
w i l l  be  a t e n d e n c y  to p i l e  up  b o r o n  at  t he  sur face .  
Th is  w o u l d  t h e n  accoun t  for  the  h igh  r e s i s t i v i t y  of 
t he  first  f i lm g rown .  E v e n t u a l l y ,  a s t e a d y  s t a t e  wi l l  
be  a t t a i n e d  w h e n  the  p i l e - u p  is b a l a n c e d  b y  the  
s u b l i m a t i o n  r a t e  and  the  back  d i f fus ion  f r o m  the  
su r f ace  of t he  source  in to  t he  body .  The  c o n c e n t r a -  
t ion  of b o r o n  a t  t he  su r f ace  of t he  source  as w e l l  
as t h e  s t e a d y - s t a t e  t r a n s f e r  r a t i o  w i l l  be  a func t ion  
of the  specific dopan t ,  t he  r e l a t i v e  v a p o r  p r e s s u r e s  
and  s t i ck ing  coefficients of t he  d o p a n t  and  si l icon,  
t he  d i f fus ion coefficient  of t he  dopan t ,  and  the  
t e m p e r a t u r e .  To tes t  th is  h y p o t h e s i s  q u a l i t a t i v e l y ,  
t h e  p e d e s t a l  w a s  f r e s h l y  e tched,  r e m o v i n g  t h e  
b o r o n  e n r i c h e d  su r f ace  reg ion ,  and  a second  ser ies  of  
r u n s  c a r r i e d  ou t  to  obse rve  the  c h a n g e  of r e s i s t i v i t y  
w i t h  t ime.  The  h i s t o r y  of t he  p e d e s t a l  is s u m -  
m a r i z e d  in  Fig.  4, w h e r e  t h e  r e s i s t i v i t y  of the  g r o w n  
f i lm is p l o t t e d  as a func t ion  of t he  t i m e  of h e a t i n g  
the  pedes t a l .  The  l e n g t h  of  t he  h o r i z o n t a l  l ines  i n -  
d ica tes  t h e  t o t a l  g r o w t h  t i m e  of t h e  f i lm and  the  
r e s i s t i v i t y  is an  a v e r a g e  v a l u e  ove r  t h a t  t ime .  The  
sol id  l ines  t r a c e  t he  i n i t i a l  b e h a v i o r  as d i scussed  
ea r l i e r ,  and  the  d o t t e d  l ines  show the  r e su l t s  of  
t he  second  ser ies  of r uns  a f t e r  f r e s h l y  e t ch ing  the  
pedes ta l .  The  a g r e e m e n t  in t he  b e h a v i o r  of r e s i s t i v -  
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Fig. 4. Resistivity of grown p-type films on n-type substrates as a 
function of the thermal history of the source. The resistivity is the 
average through the film obtained by four-point probe measure- 
ments. The length of line indicates the growth time of the film. 
The source crystal was 0.095-0.11 ohm-cm boron doped. 

i ty  w i t h  t ime  b e t w e e n  the  two  ser ies  is e x c e l l e n t  
and  q u a l i t a t i v e l y  s u p p o r t s  t he  sugges t ed  hypo thes i s .  

A l l  t he  g roup  V n - t y p e  dopa n t s  w o u l d  be  e x -  
p e c t e d  to show the  oppos i t e  b e h a v i o r  f r o m  b o r o n  
based  on this  m e c h a n i s m .  T h a t  is, a l l  t he se  e l e -  
m e n t s  h a v e  c o n s i d e r a b l y  h i g h e r  v a p o r  p r e s s u r e s  
t h a n  si l icon,  so t h a t  a l e a c h i n g  of d o p a n t  a t  t he  
s u b l i m i n g  su r face  w o u l d  be  e x p e c t e d  r a t h e r  t h a n  
a p i l e  up.  Thus  the  first  f i lm g r o w n  f rom an  n - t y p e  
source  shou ld  h a v e  a r e s i s t i v i t y  l o w e r  t h a n  t h a t  
of t he  source  w i t h  s u b s e q u e n t  r uns  i nc r e a s i ng  in  
r e s i s t i v i t y  and  a p p r o a c h i n g  t h a t  of the  source.  I f  
now,  one cons ide rs  a c o m p e n s a t e d  c rys ta l ,  t h e n  the  
b e h a v i o r  wi l l  be  t h e  s u m  of t he  b e h a v i o r  of  t he  
two  dopa n t s  and  hence  d e p e n d e n t  on the  d e g r e e  of 
compensa t ion .  The  p r o b l e m  of c o m p e n s a t i o n  for  a 
b o r o n - d o p e d  source  is v e r y  l i k e l y  of no consequence  
s ince  c o m p e n s a t i n g  n - t y p e  i m p u r i t i e s  a r e  r e l a t i v e l y  
r e a d i l y  r e m o v e d  in zone ref ining.  H o w e v e r ,  in  an  
n - t y p e  c rys ta l ,  t h e r e  wi l l  u n d o u b t e d l y  b e  p r e s e n t  
some l eve l  of c o m p e n s a t i n g  b o r o n  un less  spec ia l  
p r o c e d u r e s  have  been  used  to e l i m i n a t e  t he  b o r o n  
in g r o w i n g  the  c rys ta l .  This  is to be  e x p e c t e d  b e -  
cause  t he  d i s t r i b u t i o n  coefficient  of  bo ron  b e t w e e n  
l i qu id  and  sol id  in  s i l icon is v i r t u a l l y  u n i t y  so t h a t  
t he  bo ron  is no t  r e a d i l y  r e m o v e d  b y  zone  ref ining.  

The  q u a l i t a t i v e  b e h a v i o r  of t he  5000-15,000 o h m -  
cm p - t y p e  p e d e s t a l  can  be  e x p l a i n e d  b y  th i s  m e c h -  
a n i s m  a s s u m i n g  some d e g r e e  of compensa t ion ,  and  
cons ide r ing  the  d o p i n g  l eve l  of  th i s  c rys ta l ,  t h e  as -  
s u m p t i o n  of some  c o m p e n s a t i n g  i m p u r i t i e s  is no t  
u n r e a s o n a b l e .  The  p e d e s t a l  was  f r e s h l y  e t ched  
t h r e e  t imes  in the  ser ies  of runs ,  and  in each  case, 
t he  f irst  f i lm g r o w n  a f t e r  e t ch ing  was  n - t y p e ;  a f t e r  
s e v e r a l  hou r s  of hea t ing ,  the  g r o w n  f i lm was  p - t y p e .  
The  r e s i s t i v i t y  of  t he  p - f i lms  r a n g e d  b e t w e e n  26 and  
65 o h m - c m .  W h e t h e r  th is  r a n g e  of va lue s  ref lects  t h e  
b a c k g r o u n d  i m p u r i t y  l eve l  of t he  sys tem,  t he  ac -  
c ep to r  t y p e  d i s loca t ion  d e n s i t y  of the  film, or  t he  
i n h e r e n t  b e h a v i o r  of t he  p e d e s t a l  is no t  known .  
S u b s e q u e n t  w o r k  w i t h  o t h e r  source  c r y s t a l s  has  
not  in a l l  cases  y i e l d e d  cons i s t en t  v a l u e s  for  t he  
s t e a d y - s t a t e  t r a n s f e r  ra t ios .  A l t h o u g h  a g iven  c r y s -  
t a l  w i l l  c ons i s t e n t l y  g ive  a r e p r o d u c i b l e  t r a n s f e r  
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ratio,  the ra t io  has been  found  to v a r y  as m u c h  as 
a factor  of 10 f rom one source crys ta l  to ano ther .  
The v a r i a t i o n  is be l i eved  to be caused by  the  p re s -  
ence of compensa t ing  impur i t ies .  

Resistivity controL--After the  pedes ta l  has a t -  
t a ined  the  s t eady - s t a t e  condi t ion  discussed above,  
the  res i s t iv i ty  u n i f o r m i t y  of the  g rown  film is ex-  
ceed ing ly  good bo th  w i t h i n  a g iven  slice and  f rom 
r u n  to run .  The data  used to i l lus t ra te  the  res i s t iv -  
i ty  cont ro l  were  ga the red  in  the  fo l lowing way.  
P - t y p e  ep i tax ia l  l ayers  were  g rown  on th ree  n - t y p e  
slices us ing  the 0.095-0.11 o h m - c m  p - t y p e  source. A 
n a r r o w  str ip was cut  f rom each slice for th ickness  
measu remen t s .  A n  a r r a y  of 0.060 in. d i ame te r  mesas  
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Fig. 5. Resistivity map of p-type film grown on n-type substrate. 
The circles represent 0.050 in. mesas etched through the grown 
junction. The slice is 0.5 x 0.5 in. The ruled edges indicate the 
edges resting on the pedestal during growth. The film thickness 
of A, B, and C are 19.1, 14.1 and 22.7~, respectively. The average 
resistivities, in the same order, are 0.110, 0.106, and 0.109 ohm-cm. 
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was  etched t h r o u g h  the  p - n  j u n c t i o n  on the r e -  
m a i n d e r  of each of the slices. Res i s t iv i ty  m e a s u r e -  
me n t s  were  t h e n  made  on each isolated i s land  us ing  
a special  4 -po in t  p robe  w i th  0.010 in. spacing be -  
t w e e n  p robe  points .  A l t h o u g h  the  p robe  and  br idge  
used are accura te  to be t t e r  t h a n  1%, the  pos i t ion ing  
of the  probe  poin ts  on such smal l  mesas  is cri t ical ,  
a nd  it was found  e x p e r i m e n t a l l y  t ha t  the  r ep roduc -  
ib i l i ty  of the  m e a s u r e m e n t s  was  on ly  good to • 5 %. 
Thus  the  prec is ion  of the  m e a s u r e m e n t s  is • 5%. 
A bou t  20 mesas  were  m e a s u r e d  on each slice. The 
da ta  are  p r e sen t ed  p ic to r i a l ly  in  Fig. 5A, 5B, and  5C 
to show the  re l a t ive  pos i t ion  on the  slice of each 
m e a s u r e m e n t .  The mesas  are r ep re sen t ed  on the  
scale d r a w i n g  of the  slice by  circles, a nd  the  n u m -  
bers  w i t h i n  the  circles are  the  i n d i v i d u a l  res i s t iv i ty  
me a su r e me n t s .  The l ined  regions  ind ica te  the  ledges 
r e s t i ng  on the  pedes ta l  d u r i n g  growth.  

E x a m i n a t i o n  of the  da ta  in  deta i l  indica tes  a con-  
s is tent  t r e nd  to a s l ight ly  lower  res i s t iv i ty  going 
f rom the edges res t ing  on the  pedes ta l  t oward  the 
m i d - l i n e  of the  slice. A l t h o u g h  the va r i a t i on  is close 
to the  e x p e r i m e n t a l  e r ror  of m e a s u r e m e n t ,  the 
t r e n d  is so cons is ten t  in  all  th ree  slices tha t  it  is 
v e r y  p r o b a b l y  real.  It  is n o t e w o r t h y  t ha t  the ave r -  
age res i s t iv i ty  f rom slice to slice var ies  less t h a n  
3%. 

Distribution of dopant in depth.--The d i s t r i bu -  
t ion  of impur i t i e s  in  dep th  in  the  film has been  
found  to be cons tan t  f rom the  surface  of the film 
down  to the  outdi f fus ion ta i l  in  the reg ion  of the  
s u b s t r a t e - e p i t a x y  interface.  A r ep re sen t a t i ve  set 
of m e a s u r e m e n t s  is shown  in  Fig. 6. This  ep i tax ia l  
film was g r ow n  on an  n +  subs t ra te  us ing  the  phos-  
phorus  doped pedestal .  Diodes were  m a d e  in  the  
film by  sha l low boron  diffusion t h r o u g h  a photo-  
res is ted oxide mask  and  the  profile d e t e r m i n e d  
f rom capaci tance  m e a s u r e m e n t s  (10).  

I t  can be seen f rom Fig. 6 tha t  the  i n d i v i d u a l  da ta  
poin ts  fal l  r a n d o m l y  w i t h i n  • 10% of 1 x 10 is cc -1 
over  the  flat por t ion.  The  slope and  posi t ion  of the 
outdi f fus ion ta i l  was  d e t e r m i n e d  f rom the  average  
of severa l  m e a s u r e m e n t s  on t h i n n e r  films. The u n i -  
fo rm d i s t r i bu t i on  in  dep th  f ound  for films g rown 
by  the  s u b l i m a t i o n  process is in  m a r k e d  cont ras t  to 
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Fig. 6. Doping profile of an N on N + epitaxial layer showing the 
uniformity of resistivity with depth into the film. The outdiffusion 
tail was determined from a composite of capacitance measurements 
on thinner films. 
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t he  d i s t r i b u t i o n s  f o u n d  in f i lms (10) g r o w n  b y  the  
h y d r o g e n  r e d u c t i o n  of SIC14. A n a l y s i s  of f i lms 
g r o w n  b y  the  l a t t e r  p rocess  showed  d i s t r i b u t i o n s  
cons i s t ing  of t h r e e  w e l l - d e f i n e d  reg ions ,  ( i )  a r e -  
g ion  of ou td i f fus ion  f r o m  the  s u b s t r a t e  fo l l owed  b y  
( i i )  a r e g i o n  in  w h i c h  t h e  c o n c e n t r a t i o n  of d o p a n t  
d e c a y e d  e x p o n e n t i a l l y  to ( i i i )  a r e g i o n  of u n i f o r m  
c o n c e n t r a t i o n  e x t e n d i n g  out  to t he  sur face .  A r e -  
v e r s e  c o m p o n e n t  in  t he  depos i t i on  p rocess  was  
p r o p o s e d  to accoun t  for  t h e  d i s t r i b u t i o n s  ob ta ined .  
The  u n i f o r m  d i s t r i b u t i o n s  o b t a i n e d  b y  the  s u b l i m a -  
t ion  p rocess  a r e  a s c r i b e d  to a m u c h  s m a l l e r  r e v e r s e  
c o m p o n e n t  of t he  r e a c t i o n  (i.e., t h e r m a l  e t ch ing  of 
t he  s u b s t r a t e )  in t h e  s u b l i m a t i o n  p rocess  as c o m -  
p a r e d  w i t h  an  a t m o s p h e r i c  p r e s s u r e  c h e m i c a l  p r o c -  
ess. The  e x t e n t  of the  ou td i f fus ion  t a i l  a p p e a r s  to 
be  a b o u t  t he  s a m e  fo r  bo th  processes .  

Heterojunction w o r k . - - A  f ew  p r e l i m i n a r y  runs  
g r o w i n g  s i l icon  on g e r m a n i u m  and  g e r m a n i u m  on 
s i l icon h a v e  been  c a r r i e d  out.  The  s i l icon on g e r -  
m a n i u m  was  g r o w n  us ing  the  d e s c r i b e d  p e d e s t a l  
des ign ,  s i m p l y  b y  k e e p i n g  the  p e d e s t a l  t e m p e r a t u r e  
low enough  (1050~ to p r e v e n t  m e l t i n g  of the  
g e r m a n i u m  s u b s t r a t e  (890~  U n d e r  t h e s e  c o n d i -  
t ions  t he  v a p o r  p r e s s u r e  of s i l icon was  so low t h a t  
o n l y  a b o u t  0.5~ was  g r o w n  in 6 hr .  E x a m i n a t i o n  of 
t he  g r o w n  f i lm b y  e l ec t ron  d i f f rac t ion  s h o w e d  it  to 
b e  s ing le  c rys t a l .  

F o r  t he  case  of g e r m a n i u m  on s i l icon,  t he  v a p o r  
p r e s s u r e  of g e r m a n i u m  in t he  sol id  s t a t e  is too 
s m a l l  to m a k e  a s u b l i m a t i o n  t e c h n i q u e  p rac t i ca l .  
Thus  a s i l icon p e d e s t a l  was  used  as a p h y s i c a l  s u p -  
p o r t  w i t h  a cup a r r a n g e m e n t  m a c h i n e d  in  t he  top  
to con ta in  t he  g e r m a n i u m  source.  The  s i l icon was  
h e a v i l y  o x i d i z e d  (~10 ,000A)  to p r e v e n t  a l l o y i n g  of 

t he  g e r m a n i u m  w i t h  t h e  si l icon.  The  g e r m a n i u m  
was  h e a t e d  to a b o u t  1050~ and  the  s i l icon  s u b -  
s t r a t e  to abou t  900~ The g r o w n  f i lm in th i s  case 
too was  f o u n d  to be  s ingle  c r y s t a l  b y  e l e c t r o n  d i f -  
f rac t ion .  Ge on Ge can  be  g r o w n  us ing  the  s ame  
a r r a n g e m e n t ,  b u t  th is  has  no t  y e t  been  done.  No 
e l e c t r i c a l  m e a s u r e m e n t s  w e r e  a t t e m p t e d  on these  
films. The  g e o m e t r y  wi l l  h a v e  to be  a l t e r e d  to g ive  
t e m p e r a t u r e  d i f f e ren t i a l s  w h i c h  wi l l  g ive  m o r e  
f a v o r a b l e  g r o w t h  r a t e s  be fo re  u se fu l  f i lms can  be  
p r o d u c e d  in th is  way .  
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ABSTRACT 

The growth  of silicon oxide l ayers  immedia t e ly  fol lowing the deposi t ion 
of an ep i tax ia l  silicon film has been studied, using the reac t ion  

SIC14 -k 2H20 ~ SiO2 -b 4HC1 

W a t e r  vapor  or mix tu re s  of CO2 and H2 can be used successfully. The  fo rma-  
t ion of amorphous  SiOe layers  on Si substrates ,  using hyd rogen  as a ca r r i e r  
gas, proceeds  wi th  an act ivat ion energy  of about  82 kca l /mole .  The excess 
hydrogen  p lays  an impor tan t  par t ,  as i t  appears  tha t  chemisorpt ion  of reduc t ion  
products  of SIC14 de te rmines  the  growth  of cont inuous SiO2 layers  on the 
substrate .  

In  p l a n a r  t e c h n o l o g y  v a r i o u s  m e t h o d s  (1 -4 )  ex i s t  
to  p r o v i d e  s i l icon w i t h  t h in  f i lms of SiO2. A t a l l a  
et al. (1, 2) p o i n t e d  ou t  t h a t  fas t  su r f ace  s t a t e s  can  
be  i n t r o d u c e d  b y  b o t h  the  p r e - o x i d a t i o n  t r e a t m e n t  
and  the  m i g r a t i o n  of fas t  d i f fus ing  i m p u r i t i e s  p r e s -  
en t  in  t he  s i l icon c rys ta l .  As  in c o n v e n t i o n a l  o x i d a -  
t ion  m e t h o d s  long  t imes  a n d  h igh  t e m p e r a t u r e s  a r e  
o f ten  r e q u i r e d ,  r e d i s t r i b u t i o n  of t he  dop ing  i m p u r i -  
t ies  n e a r  the  S i O 2 - S i - i n t e r f a c e  m a y  occur.  

The  m e t h o d  of o x i d e  g r o w i n g  d e s c r i b e d  h e r e  is 
of some t e c h n i c a l  and  a c a d e m i c  i n t e r e s t  and  offers, 
e spe c i a l l y  in  c o m b i n a t i o n  w i t h  the  e p i t a x i a l  g r o w t h  
of s i l icon,  a d v a n t a g e s  as c o m p a r e d  w i t h  t he  con= 
v e n t i o n a l  t echn iques .  

The  e p i t a x i a l  SIC14 process  uses  a m i x t u r e  of 
SIC14 a n d  H2, w h i c h  is pa s sed  ove r  a h e a t e d  Si  s u b -  
s t ra te .  A s i l icon e p i t a x i a l  l a y e r  is f o r m e d  b y  the  
r e d u c t i o n  of SIC14 b y  H2 (5) .  F o r m a t i o n  of SiO2 on 
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the subs t ra te  occurs when some wa te r  vapor  is 
added to the SiC14-Hs mixture .  Ins tead  of wate r  
COs can be injected,  wi th  the resul t  tha t  wa te r  is 
formed according to the react ion 

COs + Hs ~ HsO + CO 

This reaction occurs at elevated temperatures only, 
so that the hydrolysis of SIC14 is limited to a rela- 
tively small reaction zone near the substrate. By 
choosing the correct range of process parameters it 
is possible to deposit the SlOe as an amorphous 
continuous film of predetermined thickness on the 
silicon substrate. 

This method is especially attractive in combina- 
tion with  ep i tax ia l  growth  of Si, as no addi t ional  
cleaning be tween  ep i tax ia l  g rowth  and oxidat ion  is 
necessary,  the mere  addi t ion of COe to the gas 
mix tu re  being sufficient to change the growth  of Si 
into the growth  of SiO2. The growth  ra te  of SiO2 is 
normal ly  so high tha t  impur i t y  profiles in the sub-  
s t ra te  wafer  are conserved, and the segregat ion of 
donors and acceptors be tween  silicon and silicon 
oxide is minimized.  

Experimental Methods 

The appara tus  used to pe r fo rm the exper iments  
was a s tandard ,  single slice, ver t ica l  reactor  using 
RF heat ing of a mo lybdenum susceptor. A quartz  
glass spacer  was placed be tween susceptor and the 
silicon subs t ra te  (Fig. 1). Tempera tu re  differences 
over the silicon slices were  less than  5~ The sil i-  
con te t rachlor ide  sa tu ra to r  was s tabi l ized at 20~ 
( •  0.02~ pa r t  of the  to ta l  hydrogen  flow passing 
over the l iquid to give a SIC14 concentra t ion of 1% 
in the gas phase. COe could be added  to the system 
via f lowmeter  C. The subs t ra te  t empera tu re  was 
measured  by  means of an optical  pyrometer ;  all 
t empera tu res  quoted are  corrected values. 

F rom 0.007 ohm-cm Sb-doped  float zoned Si 
crystals  (111) or iented and opt ica l ly  pol ished slices 
were  made,  250# thick, d iamete r  20-24 ram. Before 
growth  the slices were  cleaned and etched in HF: 
HNO3 (1 :6) ,  boi led in HNOs, and r insed in deion-  
ized water .  The slices were  dr ied in a s t ream of 
wa rm forming gas and stored under  purified form-  
ing gas. Af te r  placing in the reactor,  a 10-min 
t r ea tmen t  in d ry  Ha at  I300~ was used to clean 
the subs t ra te  surface. Subsequent ly ,  the slice was 
brought  to the chosen growth  t empera tu re ,  and 
SIC14 was added to the gas stream. 
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Af te r  format ion  of a silicon film of the requi red  
thickness,  COe was added wi thout  changing the 
other  process parameters .  According to the over -a l l  
react ion 

SIC14 + 2CO2 + 2H2 ~ SiO2 -~- 2CO + 4HC1 

the growth  of silicon is t r ans fe r r ed  in this way  to 
the growth  of silica on top of the ep i tax ia l  layer ;  
the growth  of the preceding ep i tax ia l  Si l ayer  is 
not, of course, essential.  

The l aye r  thickness of the amorphous  SiO2 layer  
was eva lua ted  by  counting in ter ference  r ings af te r  
local etching wi th  a drop of hydrofluoric acid. For  
thicknesses grea te r  than  1~ the measurement  was 
pe r fo rmed  by  weighing the slice before  and af ter  
the removal  of the ent i re  SiO2 film. 

Experimental Results 
In Fig. 2 the growth  ra te  of SiO2 layers  is shown 

for CO2 concentrat ions  exceeding the s toichiometr ic  
amount  needed according to the over -a l l  reaction. 
With  a subs t ra te  t empe ra tu r e  of 1200~ a to ta l  
flow ra te  of 1 ] i t e r /min  and a SIC14 concentrat ion 
of 1%, the COe pa r t i a l  pressure  was var ied  be tween 
2 and 12%. The deposi t ion ra te  increases up to a 
COe percentage  of 4, reaching a sa tura t ion  value  
of about  8 # /hr .  

As far  as the qual i ty  of the dioxide layer  is con- 
cerned, no pronounced difference was observed 
throughout  this  range  of COe par t i a l  pressures.  In 
all  cases the deposi ted SiO2 appears  to be a flat 
amorphous  film. On the suppor t ing  mater ia l ,  how-  
ever,  c rys ta l l ine  SiOe needles  m a y  appear .  Above 
8% COe this c rys ta l l ine  appearance  vanishes. In-  
crease of the CO2 percentage  above 10% leads to 
heavy  SlOe deposits  on the  reac tor  walls.  Perhaps  
condensat ion of wate r  occurs on the wa te r -coo led  
jacket ,  causing rapid  hydrolys is  of the gaseous 
s i a h .  

The homogenei ty  in film thickness  does not de-  
pend on the CO2 vapor  pressure;  differences of 10- 
15% were  commonly  presen t  be tween  center  and 
edge. 

For  COe percentages  lower  than  2% no homo-  
geneous SiOe layers  are formed.  Using the same ex-  
pe r imen ta l  pa rame te r s  as quoted above, for 0.45% 
COe a c rys ta l lograph ica l ly  s t rongly  d is turbed  Si 
deposit  appears.  Increas ing the COe content  to 0.6% 
leads to s imul taneous  growth  of Si and SiOe, and Si 
is lands sur rounded  by  amorphous  SiOe are ob-  
served. 

7 

z•-----5 I0 

.... 4. 8 

2 

0 
0 

Fig. 1. Schematic diagram of the apparatus: A, B, C, flowmeters; 
D, E, F, Teflon membrane valves; 1, Mo-susceptor; 2, quartz 
plateau; 3, silicon wafer; 4, double wall water-cooling; 7, gas 
purifier. 
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Fig. 2. Growth rate of SiO2 vs. CO2 concentration (flow rate 
1 liter/min). 
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For CO2 concentrations between 1 and 2% the 
number and size of the Si islands decrease; at 2% 
finally all the Si is transformed into SiO2. In this 
range also a colorless viscous liquid is formed on 
the water-cooled reactor wall. At CO2 percentages 
greater than 2% this liquid phase disappears in 
favor of some SiO2 deposit. 

Figure 3 shows the effect of the total flow rate on 
the deposition rate of SiO2 for substrate tempera- 
tures of 1240 ~ and 1280~ The SIC14 concentration 
was held at i% and the CO2 concentration at 6%, 
whereas the flow rate was varied between 0.25 and 
2.5 liter/rain. In this range of flow rates no signifi- 
cant variation in growth rate is observed, indicat- 
ing that the rate-determining step is not the mass 
transfer of reactants toward the surface. 

This result may be compared with the variation 
of growth rate with total flow rate found for the 
deposition of silicon on a silicon substrate (Fig. 4). 
For low flow rates the growth rate increases line- 
arly, and no temperature dependence is observed. 
This range is accessible to thermodynamic calcula- 
tions, assuming an equilibrium in the gas phase 
near the substrate (6). Higher flow rates lead to a 
region where mass transfer is no longer rate-limit- 
ing; here a strong temperature dependence is found. 

In another series of experiments the SiCI4 and 
CO2 concentrations were held at 1 and 8%, respec- 
tively, with a total flow rate of 1 liter/rain. The 
substrate temperature was varied between 1000 ~ 
and 1350~ In Fig. 5 the logarithm of the growth 
rate is plotted vs. 1000/T~ From the slope of the 
experimental line an activation energy of about 82 
kcal/mole was calculated. 

As far as the structure of the layer is concerned, 
up to 1300~ the dioxide is deposited as a flat trans- 
parent glassy layer. Above 1300~ a dense array of 
spherically shaped hills of amorphous SiO2 appears, 
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Fig. 5. Growth rate of SiO2 vs. substrate temperature (1% SiCI4, 
8% CO2, flow rate 1 liter/min). 

leading to a dull,  nonreflecting surface. This is 
p robab ly  caused by  some mel t ing phenomenon.  At  
t empera tu re  exceeding 1350~ growth  of c rys ta l -  
l ine SiO2 is favored,  giving porous whi te  films. 

To see whe the r  the  hydrogen  car r ie r  gas p lays  an 
active pa r t  in the process, first the addi t ion of CO2 
was replaced  by the addi t ion of equiva lent  amounts  
of wa te r  vapor.  It was noticed tha t  the resul ts  did 
not differ m a r k e d l y  for both  systems. Then hyd ro -  
gen as a car r ie r  gas was rep laced  by  argon, wa te r  
being used instead of CO2. At  a subs t ra te  t e m p e r a -  
ture  of 1200~ under  normal  CO2-H2-SIC14 condi-  
t ions a growth  ra te  of 7 ~ / h r  was observed.  

In  contras t  to this under  modified condit ions on 
the subs t ra te  only insignificant deposits  were  
formed;  in the reac tor  tube, however,  much more  
fog was observed than  in the case of H2-H20. 

F rom the fact  tha t  in an argon a tmosphere  p rac -  
t ica l ly  no deposit  is observed a l though strong SiO2 
format ion in the gas phase occurs, it  follows tha t  
surface react ions involving hydrogen  p lay  a p re -  
dominant  par t ,  as they  do in ep i tax ia l  g rowth  of 
silicon. 

In order  to gain fu r the r  insight  into this field, a 
s tudy was also made of the growth  of Si on top of 
a glassy layer ,  using 1% SIC14 in H2. Below a sub-  
s t ra te  t empera tu re  of 1250~ a homogeneous po ly-  
crys ta l l ine  Si l ayer  is formed in this case. Increas -  
ing the t empera tu re  reduces the growth  ra te  of Si, 
indicated by the growth  of Si islands. Above 1300~ 
no silicon is deposi ted at  all. Ins tead an etching of 
the SiO2 layer  is observed,  the etching ra te  amoun t -  
ing to about  0.1 #/rain,  to be compared wi th  a 
growth  ra te  of Si of about 1 ~ / m i n  under  the same 
circumstances but  on a silicon substrate.  

I t  may  be of some prac t ica l  impor tance  to r e m a r k  
tha t  d i rec t ly  a f te r  the growth  of an oxide layer  a 
new epi tax ia l  exper imen t  can be s ta r ted  wi thout  
cleaning the react ion tube. No adverse  influence on 
layer  res is t iv i ty  or c rys ta l  qua l i ty  is observed.  
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Discussion 
F r o m  the  e x p e r i m e n t a l  ev idence  i t  a p p e a r s  t h a t  

the  f o r m a t i o n  of a d h e r e n t  a m o r p h o u s  d iox ide  l a y e r s  
is pos s ib l e  i f  t he  CO~ c o n c e n t r a t i o n  in  t h e  gas  
phase  is a t  l eas t  tw ice  t he  SIC14 concen t r a t ion ,  and  
p r o v i d e d  an  excess  of h y d r o g e n  is p re sen t .  The  COs 
can  be  r e p l a c e d  b y  w a t e r  v a p o r  w i t h o u t  c h a n g i n g  
the  o v e r - a l l  aspec ts  of  t h e  reac t ion .  

A t  l o w  w a t e r  v a p o r  p r e s s u r e s  t he  o x y g e n  con ten t  
of t he  d e p o s i t e d  s i l icon  inc reases  i n i t i a l l y  u n t i l  t he  
f o r m a t i o n  of a S i O s - r i c h  second  p h a s e  is obse rved ,  
ana logous  to t he  cons ide ra t i ons  of K a i s e r  a n d  B r e s -  
l in  (7)  a n d  W a g n e r  (8) .  On the  r e a c t o r  w a l l s  c r y s -  
t a l l i n e  SiO~ is depos i t ed .  A t  low COs or  w a t e r  con-  
c e n t r a t i o n s  v iscous  l i qu id  depos i t s  a r e  o b s e r v e d  as 
wel l .  P r o b a b l y  these  p r o d u c t s  a r e  f o r m e d  in the  
gas  p h a s e  a t  suff ic ient ly  h igh  t e m p e r a t u r e s  a c c o r d -  
ing  to  

3SIC14 + 2HsO ~ Si302Cls + 4HC1 

2SIC14 + 2HsO ~ Si2OC16 + 2HC1 

SIC14 + 2HsO ~ SiO2 + 4HC1 

D e p e n d i n g  on the  r e l a t i v e  c o n c e n t r a t i o n s  of SIC14 
and  HeO, one of  these  o x i d a t i o n  p r o d u c t s  m i g h t  p r e -  
domina t e .  F o r  t he  h i g h e r  w a t e r  con ten t s  on ly  SiOs 
a p p e a r s  to be  fo rmed .  

In  Fig.  2 and  3 i t  is s h o w n  t h a t  t he  g r o w t h  r a t e  
of SiO2 is n e a r l y  i n d e p e n d e n t  of t he  CO2 conc e n -  
t r a t i o n  or  t he  t o t a l  flow r a t e  a b o v e  a c e r t a i n  level .  
This,  t o g e t h e r  w i t h  the  s t rong  t e m p e r a t u r e  d e -  
p e n d e n c e  of the  p rocess  (Fig .  4) ,  i nd ica t e s  t h a t  
v a r i a t i o n s  in  l a y e r  t h i cknes s  m i g h t  be due  to sma l l  
v a r i a t i o n s  in t e m p e r a t u r e  ove r  the  subs t r a t e .  

A n o t h e r  po in t  of i n t e r e s t  is t he  conc lus ion  t h a t  
mass  t r a n s f e r  t o w a r d  the  s u b s t r a t e  does no t  d e t e r -  
m i n e  the  g r o w t h  ra te ,  w h i l e  t he  a r g o n  e x p e r i m e n t s  
i nd i ca t e  t h a t  the  f o r m a t i o n  of SiO2 on the  s i l icon 
s u b s t r a t e  does no t  fo l low the  s imple  course  d e -  
s c r i bed  b y  the  o v e r - a l l  r e a c t i o n  

SiCl4 + 2H2 + 2COs ~ SiO2 + 2CO + 4HCI 
or 

SiCl4 + 2HsO ~ SiO2 + 4HCI 

The presence of an excess of hydrogen is necessary, 
indicating that at least on the substrate the reaction 
proceeds via an intermediate reaction product of 
SIC]4 and H2. 

This indicates an intimate connection between 
the formation of silicon and silicon dioxide. On the 
other hand, there are also pronounced differences. 
Compared with the growth rate of silicon dioxide 
at a substrate temperature of 1200~ and a SIC14 
concentration of 1%, the deposition rate of silicon 
appears to be about a factor of ten higher than the 
growth rate of the dioxide. 

At 1300~ Si is deposited on a silicon substrate 
w i t h  a g r o w t h  r a t e  of a b o u t  1 ~ /min .  U n d e r  the  
s a m e  cond i t ions  t he  depos i t i on  of  Si  on a SiO2 l a y e r  
l eads  to e t ch ing  of t he  g l a s sy  l aye r .  I t  is p r o b a b l e  
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t h a t  u n d e r  these  c i r c u m s t a n c e s  a n y  s i l icon  n u c l e a t -  
ing  on the  SiO2 su r f ace  wi l l  r e a c t  w i t h  t he  s i l ica  to 
f o r m  vo la t i l e  SiO. 

As  a g r o w t h  r a t e  of a b o u t  1 ~ / m i n  is f o u n d  on a 
s i l icon subs t r a t e ,  an  e tch  r a t e  of t he  s a m e  o r d e r  
cou ld  be  e x p e c t e d  on SiO2. In  p r a c t i c e  a n  e tch  r a t e  
of a b o u t  0.1 ~ / m i n  is found,  f r o m  w h i c h  i t  m a y  be  
conc luded  t h a t  t he  r a t e  of n u c l e a t i o n  of s i l icon on 
the  SiOs su r f a c e  w i l l  be  a f ac to r  of t en  l o w e r  t h a n  
on a s i l icon sur face .  

I t  m a y  be  p o s t u l a t e d  n o w  t h a t  for  no t  too low 
flow ra tes ,  i.e., mass  t r a n s f e r  no t  b e i n g  the  l i m i t i n g  
fac tor ,  t h e  r a t e - d e t e r m i n i n g  step,  b o t h  for  t he  
g r o w t h  of Si  and  SiOs, cou ld  be  t h e  c h e m i s o r p t i o n  
of a r ad ica l ,  p r o b a b l y  f r o m  t h e  t y p e  SiClx. 

The  d i f fe rence  in depos i t i on  r a t e  can  t h e n  be  e x -  
p l a i n e d  b y  the  d i f fe ren t  n a t u r e  of t he  s u b s t r a t e s  on 
w h i c h  the  r e a c t i o n  occurs .  

In  t he  p r e s e n c e  of a suff icient  a m o u n t  of  w a t e r  
v a p o r  t he  c h e m i s o r b e d  r a d i c a l  on the  s i l ica  su r f ace  
is t r a n s f o r m e d  in to  SiOs w h i l e  SiO f o r m a t i o n  wi l l  be  
s u p p r e s s e d  acco rd ing  to  

SiO + HsO ~ SiOs + H~ 

A t  w a t e r  v a p o r  p r e s s u r e s  l o w e r  t h a n  the  e q u i l i b r i u m  
p r e s s u r e  of SiO, e t ch ing  of Si02 occurs  if  the  n u -  
c l ea t ion  r a t e  of Si  is l o w e r  t h a n  the  r a t e  of  e v a p o r a -  
t ion  of SiO.  

Conclusion 
The  m e t h o d  d e s c r i b e d  cons t i tu t e s  a s imp le  m e a n s  

of g r o w i n g  ox ide  l a y e r s  on si l icon.  E m p l o y e d  in 
connec t ion  w i t h  t h e  e p i t a x i a l  g r o w t h  of s i l icon,  i t  
offers a m a x i m u m  of  s i m p l i c i t y  a n d  p r a c t i c a l  
hand l ing .  The  choice  of  t he  r i g h t  set  of p rocess  
p a r a m e t e r s ,  w h i c h  m a y  v a r y  in  a w i d e  r ange ,  g u a r -  
an tees  u se a b l e  qua l i t i e s  for  p l a n a r  devices .  This  is 
p r o v e d  b y  t h e  m a n u f a c t u r e  of l a r g e  qua n t i t i e s  of  
p l a n a r  d iodes  f r o m  sl ices p r o v i d e d  w i t h  g r o w n  s i l i -  
con ox ide  l ayers .  

D o p e d  o x i d e  l a y e r s  can  be  g r o w n  b y  p r o v i d i n g  
t h e  s i l icon ch lo r ide  w i t h  BBrs,  PC18, etc.,  and  m a y  
s e r v e  as sources  for  the  d i f fus ion  of e l e c t r i c a l  ac t ive  
i m p u r i t i e s  in to  si l icon.  

Manuscr ip t  rece ived  June  27, 1963. This pape r  was 
presented  at  the  New York  Meeting, Sept.  29-Oct. 3, 
1963. 

A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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ABSTRACT 

The pape r  considers c ross-subs t i tu t iona l  al loys of InSb produced  by  rep lac -  
ing In  by  combinat ions of (Cd,Sn) or (Zn,Sn) and by  rep lac ing  Sb by  com- 
binat ions  of (Sn,Te),  (Sn,Se) ,  or (Ge,Te) ,  so as to keep the  rat io  of valence  
electrons to la t t ice  sites equal  to four. Limits  of solid solut ion have  been 
de te rmined  by  x - r a y  and pho tomicrograph  techniques.  A l l  the  al loys so p ro -  
duced are  degenera te  semiconductors  of ve ry  high car r ie r  concentrat ions.  
Values of car r ie r  densi ty  and opt ical  energy  gap have been de te rmined  as a 
funct ion of composit ion and the resul t s  ex t rapo la t ed  to give da ta  for the  con- 
duct ion band  min ima in InSb itself. I t  is found tha t  the  ~ 1 1 1 ~  min ima  lie at  
0.47 ev above the valence band m a x i m u m  and tha t  the (000) min imum wi l l  ac-  
cept 9 x 10 TM e lec t rons /cm 3 before  apprec iab le  number  of e lect rons  en te r  the 
~ 1 1 1 ~  minima.  

As  has  been  s h o w n  b y  G o o d m a n  (1, 2) and  o thers ,  
i t  is poss ib l e  to p r e d i c t  n e w  s e m i c o n d u c t i n g  m a t e -  
r i a l s  w i t h  zinc b l e n d e  or  t he  a s soc ia t ed  c h a l c o p y r i t e  
s t r u c t u r e  b y  the  p rocess  of c ro s s - subs t i t u t i on .  Effec-  
t i v e l y  th is  k e e p s  t he  r a t i o  of va l ence  e l ec t rons  to 
l a t t i c e  si tes  e q u a l  to four .  Thus  the  b i n a r y  c o m -  
p o u n d s  such  as GaAs ,  InSb ,  etc., m a y  be  cons ide r e d  
as b e i n g  c r o s s - s u b s t i t u t i o n  p r o d u c t s  of g roup  IV 
e lements ,  w h i l e  f u r t h e r  a p p l i c a t i o n  of th is  p rocess  
g ives  the  t e r n a r y  c o m p o u n d s  ZnSnAs2,  CdSnAs2,  
etc., f r o m  I n A s  (3 -5 ) .  

One l i m i t a t i o n  on the  p r o d u c t i o n  of n e w  m a t e r i a l s  
b y  th is  m e t h o d  is t he  s t a b i l i t y  of t he  r e s u l t i n g  c o m -  
pounds .  T h u s  for  the  h e a v i e r  compounds ,  e.g., InSb ,  
t h e  d e r i v e d  t e r n a r y  c o m p o u n d s  a r e  u n s t a b l e  and  so 
a r e  no t  f o r m e d  (6) .  H o w e v e r  i t  is poss ib le  in  th is  
case  to  c a r r y  out  t h e  p rocess  to a l i m i t e d  ex ten t ,  
i.e., in  t h e  case of I n S b  to r e p l a c e  on ly  some of t he  
In  a t o m s  b y  c o m b i n a t i o n s  of, say,  Cd a n d  Sn a toms.  
The  r e s u l t i n g  m a t e r i a l s  can  be  looked  u p o n  as a l loys  
b e t w e e n  the  A m B v c o m p o u n d  and  the  d e r i v e d  t e r -  
n a r y  compound ,  e.g., I n S b - C d S n S b 2 ,  even  t h o u g h  
t h e  d e r i v e d  t e r n a r y  is uns t ab l e .  The  on ly  p u b l i s h e d  
d a t a  on such a l loys  of  I n S b  is t ha t  of G o r y u n o v a  
and  P r o c h u k h a n  (6)  who  h a v e  cons ide r ed  the  I n S b -  
CdSnSb2 sys tem,  and  f r o m  t h e r m a l  m e a s u r e m e n t s  
of l i q u i d u s  a n d  so l idus  cu rves  h a v e  r e p o r t e d  a r a n g e  
of sol id  so lu t ion  out  to 50 mo le  % CdSnSb2.  2 

If  a l loys  of t h i s  t y p e  showed  pe r f ec t  s t o i c h i o m -  
e t ry ,  t h e y  m i g h t  be  e x p e c t e d  to show in t r i n s i c  s e m i -  
conduc to r  b e h a v i o r  a t  r e l a t i v e l y  l ow t e m p e r a t u r e s .  
This  pe r f ec t  s t o i c h i o m e t r y  canno t  be  e x p e c t e d  h o w -  
ever .  T a k i n g  I n S b - C d S n S b 2  as an  e x a m p l e ,  some 
so lu t ion  of Sn  in t he  Sb l a t t i c e  is to b e  e x p e c t e d  
f rom t h e r m o d y n a m i c  cons ide ra t ions ,  l e a v i n g  excess  
Cd on t h e  In  la t t i ce .  Bo th  th is  Sn  and  the  r e s u l t i n g  
excess  Cd m a y  b e  e x p e c t e d  to  act  as accep to r s  g i v -  
ing p t y p e  m a t e r i a l  of h igh  c a r r i e r  dens i ty .  S i m i l a r l y  
a l loys  of t he  t y p e  I n S b - I n 2 S n T e  w o u l d  be  e x p e c t e d  
to  g ive  n t y p e  m a t e r i a l  of h igh  c a r r i e r  dens i ty .  

�9 P r e s e n t  add re s s :  D e p a r t m e n t  of  Phys ics ,  U n i v e r s i t y  of  O t t a w a ,  
O t t a w a ,  Ontar io ,  C a n a d a .  

2 I n  c a l c u l a t i n g  m o l e  % in  t h e  s y s t e m s  d i s c u s s e d  h e r e ,  I n S b  has  
been  t r e a t e d  as  In,She,  e.g., t h e  a b o v e  f igure  of  50 mo le  % i n d i c a t e s  
In.~Sb2. CdSnSb2.  

W h e n  t h e  h igh  c a r r i e r  c o n c e n t r a t i o n s  a r e  o b t a i n e d  
w i th  r e l a t i v e l y  s m a l l  a m o u n t s  of " t e r n a r y "  m a t e -  
r ia l ,  t h e y  can  b e  used  to o b t a i n  d a t a  conce rn ing  
InSb  i tself ,  as has  been  i n d i c a t e d  in t h e  case  of 
s i m i l a r  a l loys  of  t he  fo rm InSb-In2Te3,  etc. (7, 8).  
This  is d i scussed  in t h e  c onc lud ing  sec t ion  of th is  
pape r .  

These  a l loys  a r e  also of i n t e r e s t  in  t h a t  i t  is pos -  
s ib le  to p r o d u c e  t e r n a r y  and  q u a t e r n a r y  d e r i v a t i v e s  
of InSb ,  for  e x a m p l e ,  w h e r e  w e  h a v e  an a l l oy  s e m i -  
conduc to r  in  w h i c h  a l l  of t h e  a t o m s  p r e s e n t  have  
a p p r o x i m a t e l y  t he  s ame  mass .  Such  a l loys  a r e  of 
i n t e r e s t  w h e n  cons ide r ing  t r a n s p o r t  effect and  sca t -  
t e r i ng  in a l l oy  semiconduc to r s .  

H e r e  w e  g ive  t he  r e su l t s  of an  i n v e s t i g a t i o n  of 
v a r i o u s  a l loys  of I n S b  in  w h i c h  In  is r e p l a c e d  b y  
the  c o m b i n a t i o n s  (Zn ,Sn)  and  (Cd ,Sn)  and  Sb b y  
( S n , T e ) ,  ( G e , T e ) ,  a n d  ( S n , S e ) ,  r e spe c t i ve ly .  S t a n d -  
a r d  x - r a y  p o w d e r  p h o t o g r a p h  and  p h o t o m i c r o g r a p h  
m e t h o d s  h a v e  b e e n  used  to d e t e r m i n e  t h e  r a n g e  of 
sol id  so lu t ion  in  I n S b  in each  case, a n d  m e a s u r e -  
m e n t s  h a v e  been  m a d e  a t  r o o m  t e m p e r a t u r e  of Ha l l  
coefficient and  op t i ca l  e n e r g y  gap.  

Experimental Procedure 

Preparatian of aIIoys.--The I n S b  was  s y n t h e s i z e d  
f rom the  e l e m e n t s  w h i c h  w e r e  99.999% p u r e  and  
t hen  the  InSb  was  zone ref ined.  The  bes t  sec t ions  
of t he  zone  re f ined  ingo t s  (n  ~ 2 x 1016/cm 3 and  
~,  > 50,000 cm2/v  sec)  w e r e  k e p t  for  t he  p r e p a r a -  
t ion of a l l oy  spec imens  used  in  t he  e l e c t r i c a l  and  
op t ica l  work ,  a n d  the  less  p u r e  p a r t s  of t he  ingo t s  
w e r e  used  fo r  t he  x - r a y  work .  F o r  t h e  p r e p a r a t i o n  
of mos t  of t he  a l loys ,  a m a t e r i a l  e q u i v a l e n t  to  t he  
a p p r o p r i a t e  t e r n a r y  " c o m p o u n d "  (e.g., In2SnTe)  
was  m a d e  b y  m e l t i n g  t o g e t h e r  t he  n e c e s s a r y  w e i g h t s  
of t h e  e l e m e n t s  conce rned  a n d  q u e n c h i n g  t h e  ingot  
p roduced .  R e q u i r e d  w e i g h t s  of th i s  m a t e r i a l  and  of 
I nSb  w e r e  m e l t e d  toge the r ,  quenched ,  and  t h e n  a n -  
n e a l e d  at  an  a p p r o p r i a t e  t e m p e r a t u r e  (see  b e l o w ) .  
As a check  on th i s  me thod ,  a f ew  a l loys  w e r e  s y n -  
thes ized  b y  m e l t i n g  t o g e t h e r  t he  r e q u i r e d  w e i g h t s  
of the  va r i ous  e l e m e n t s  conce rned .  The  two  m e t h o d s  
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were  found to give the same resul ts  for al loys of a 
given composition. 

For  the x - r a y  work,  the al loys were  in i t ia l ly  
wate r  quenched f rom the mel t  at  800~ and pow-  
dered,  x - r a y  powder  photographs  being obta ined 
with  9 cm cameras.  The powdered  specimens then 
were  compressed and annealed  in vacuo, the  volume 
of the  quar tz  ampoule  used being as small  as pos-  
sible to reduce loss of components  to the vapor  
phase to a negl igible  amount.  The anneal ing was 
continued unt i l  equ i l ib r ium condit ions were  a t ta ined  
as indica ted  by  fu r the r  x - r a y  examinat ion.  A sui t -  
able t e m p e r a t u r e  and the r equ i red  per iod of an-  
nea l ing  had  to be de te rmined  by t r ia l  and error,  
and the values  for the  var ious  cases concerned are  
given below. The alloys used for the photomicro-  
graphs  were  p repa red  as above, quenched in wa te r  
and, when necessary,  annealed  in the solid form 
under  the appropr i a t e  conditions. The specimens 
were  then  set in an epoxy resin, ground down, and 
polished wi th  0.3~ alumina.  F ina l ly  they  were  im-  
mersed  for up to 20 sec in Wolsky etch (7 par t s  
conc. HC1, 8 par t s  glacial  acetic, 1 pa r t  conc. HNOz) 
at  35~ and then washed in alcohol. 

The specimens for the electr ical  and optical  work  
were  also quenched f rom the mel t  and then an-  
nealed.  For  all  a l loys considered, the x - r a y  work  
showed tha t  an anneal ing  t empe ra tu r e  of 400~ was 
suitable.  To de te rmine  the per iod of anneal ing for 
these solid ingots, the var ia t ion  of Hal l  coefficient 
wi th  t ime of anneal ing was de te rmined  for one typ i -  
cal specimen in each al loy system, and the t ime 
found to give a reasonably  constant  va lue  of Hal l  
coefficient. 

Physical measurements.--The alloys of in teres t  
were  those containing small  amounts  of " t e rna ry  
compound" and so the optical  and electr ical  meas-  
u rements  were  in most  cases made on single phase 
al loys containing less than 5 mole % " t e rna ry  com- 
pound." For  the e lectr ical  specimens of al loys not 
containing t e l l u r ium or containing less than  1 mole 
% of a t e rna ry  te l lur ide,  etching in CP4 etchant  
alone was  found to  be  sat isfactory.  Fo r  al loys of 
h igher  t e l lu r ium content  the CP4 e tchant  produced 
a b rown  colorat ion which was removed  by  fu r the r  
etching wi th  a solution of sodium di th ionate  in so- 
d ium hydrox ide  plus dis t i l led wa te r  hea ted  to 90~ 
Room t empera tu r e  values  of conduct ivi ty  and Hall  
coefficient were  obta ined by the same methods  de-  
scr ibed prev ious ly  for s imilar  al loys of InSb (7, 8). 
For  these h ighly  degenera te  mater ia ls ,  these elec-  
t r ica l  resul ts  are  found to be independent  of t em-  
pera ture ,  and hence the room t e m p e r a t u r e  values 
were  t aken  as character is t ic  of the  mater ia ls .  Op-  
t ical  t ransmiss ion measurements  were  also made  
on the  same ranges  of al loy composit ion to de te r -  
mine the values  of optical  energy gap Eg at room 
tempera tu re .  Again  the  method was the  same as 
tha t  descr ibed prev ious ly  (7, 8). 

Results 

InSb- In2GeTe . - -Spec imens  wi th  composit ions in 
the range  0-50 mole % In2GeTe were  inves t i -  
gated. Al loys  quenched f rom the mel t  at  800~ 
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Fig. 1. Variation of zinc b|ende phase lattice parameter ao 
with composition for InSb-ln2GeTe alloys, e, alloys quenched from 

melt at 800~ (9, alloys annealed at 400~ 

showed reasonably  sharp x - r a y  l ines  and la t t ice  
pa r ame te r  values  could be obta ined for  these. Pow-  
dered  specimens were  annealed  at  t empera tu re s  in 
the range  400~176 for 14 days,  and Fig'. 1 shows 
values  of the la t t ice  p a r a m e t e r  of the  zinc blende 
phase  for both  quenched specimens and those an -  
nea led  at  400~ The form of these resul ts  is typica l  
of a pseudobinary  section and hence the  range  of 
single phase  solid solution is easily determined.  Thus 
for the quenched mater ia ls ,  solid solubi l i ty  extends  
out to about  33 mole % In2GeTe, but  this  is reduced 
to 12 mole % for al loys annealed  at  400~ The 
x - r a y  photographs  for al loys beyond these l imi ts  
showed the  presence of a second phase,  but  as only 
the zinc b lende  phase  was  of in teres t  here,  the l ines 
of the  second phase  were  not analyzed.  For  al loys 
annealed at  430 ~ and 450~ approx ima te ly  the  
same range  of solid solution was observed as in the 
case of the  al loys annealed  at  400~ Al loys  con- 
ta in ing 30 and 40 mole % In2GeTe showed signs of 
pa r t i a l  mel t ing when annea led  at  450~ indicat ing 
the presence of a eutectic or per i tec t ic  horizontal  
in the v ic in i ty  of 450~ 

As a check on the x - r a y  work,  photomicrographs  
were  t aken  of var ious  alloys. Of the al loys annealed 
at  400~ the 2 and 10 mole % In~GeTe alloys ap-  
pea red  single phase, but  the 20 mole % In2GeTe 
al loy was definitely two phase. The 20 mole % 
In~GeTe al loy was also observed in the quenched 
state. The ma in  pa r t  of the  al loy appeared  single 
phase  but  a smal l  amount  of second phase  was ob- 
served at  gra in  boundaries .  A s imi lar  effect was 
observed wi th  the other  a l loy systems descr ibed 
below. 

For  the e lectr ical  and optical  measurements ,  a l -  
loys of less than  10 mole  % In2GeTe were  observed. 
The values  of the Hal l  coefficient RH showed tha t  
all al loys were  n type,  and assuming tha t  RH = 
1/ne for these mater ia ls ,  values  of n were  obtained 
as shown in Fig. 2. I t  is seen tha t  the  va lue  of n 
reaches a m a x i m u m  of app rox ima te ly  6 x 101S/cm 3 
at 0.5 mole % In2GeTe and wi th  increase  in In2GeTe 
content  fal ls  to 3 x 1018/cm 8 at 10 mole % In2GeTe. 
A corresponding resul t  is obta ined wi th  the opt ical  
t ransmiss ion measurements  as shown in Fig. 2, 
the observed values  of E~ r is ing (as would be  ex-  
pected due to the  Burs te in  effect) to a m a x i m u m  of 
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Fig. 2. Variation of room temperature values of electron density 
n and optical energy gap Eg with composition for InSb-ln2GeTo 
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Fig. 5. Variation of zinc blende phase lattice parameter ao with 
composition for InSb-ln2SnSe alloys. 

0.45 ev at  0.5 mole % In2GeTe and then fa l l ing 
wi th  increased In2GeTe content.  

InSb- In2SnTe . - -As  in the previous  case, al loys 
in the composit ion range  0 to 50 mole % In2SnTe 
gave reasonable  x - r a y  photographs  when quenched 
f rom the mel t  at  800~ so tha t  la t t ice  p a r a m e t e r  
values  could be obta ined for these quenched speci-  
mens and also for al loys annealed for 6 weeks at 
t e m p e r a t u r e  in the range  400~176 The va r i a -  
t ion of la t t ice  p a r a m e t e r  of the zinc b lende s t ruc-  
tu re  wi th  composit ion is shown in Fig. 3. Again  
pseudobinary  behavior  is observed.  The range of 
solid solution for quenched alloys is 26 mole % 
In2SnTe but  this is reduced to 7 mole % for al loys 
annealed at 400~ wi th  a s imilar  va lue  for an-  
nea l ing  t empera tu res  up to 450~ Beyond these 
composit ion limits,  the x - r a y  photographs  showed 
the presence of a second phase,  but  again no a t t empt  
was made  to invest igate  this phase. Alloys con- 
ta ining 30 and 40 mole % In2SnTe were  found to 
mel t  at  500~ and showed signs of mel t ing when 
annealed  at  450~ 

Photomicrographs  again showed tha t  the ap-  
pa ren t ly  single phase quenched alloys of h igher  
IneSnTe content  had  signs of a smal l  amount  of 
second phase at the gra in  boundaries .  I t  was con- 
f irmed however  tha t  the annealed  alloys used for  
the electr ical  work  were  sa t is fac tor i ly  single phase.  

Hall  coefficient measurements  again showed all  
the al loys to be n type  and the var ia t ion  of n (---- 

1/eRH) with composit ion is shown in Fig. 4. In 
this case n rises to 9 x 101S/cm 8 at  about 1 mole % 
In2SnTe and then  remains  p rac t ica l ly  constant  at  
that  value  for l a rge r  In2SnTe content. The optical  
energy gap Eg shows a corresponding behavior  
(Fig. 4) r is ing to a va lue  of 0.47 ev and then  r e -  
maining constant. 

InSb- In2SnSe . - -Here  al loys out to 20 mole  % 
In2SnSe were  invest igated.  The x - r a y  photographs  
of al loys quenched f rom the mel t  at  800~ showed 
ra the r  b lu r red  lines in this case and so were  not 
used to give la t t ice  pa r ame te r  values.  The alloys 
were  annealed  in powder  form at 400~ for 3 weeks  
and the resul t ing var ia t ion  of zinc b lende  phase 
la t t ice  pa rame te r  wi th  composit ion is shown in Fig. 
5. The resul ts  show an apparen t  pseudobinary  be-  
havior  wi th  the range  of solid solution in InSb 
out to 5 mole % In2SnSe, but  for the al loys beyond 
5 mole  % it was difficult to observe the presence of 
a second phase. Pho tomicrograph  work  again con- 
firmed the single phase condit ion of the  al loys to 
be used for electr ical  and opt ical  measurements .  

Again  all  a l loys showed n type  behavior  and the 
var ia t ions  of car r ie r  densi ty  n and optical  energy 
gap Eg wi th  composit ion are shown in Fig. 6. Here  
n reaches a m a x i m u m  of 4.5 x 101S/cm 8 at 1 mole % 
In2SnSe and then falls  wi th  increased In2SnSe 
content. Eg shows corresponding behavior .  

InSb-CdSnSb2 . - -Al loys  in the  composit ion range  
0-50 mole % CdSnSb2 were  invest igated.  Here for 
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Fig. 7. Photomicrographs of annealed samples of InSb-CdSnSb2 
alloys, a, 2 mole % CdSnSb2; b, 10 mole % CdSnSb2; c, 30 mole 
% CdSnSb2. 

quenched specimens and for specimens annealed 
at  400~ for 12 weeks,  no change in the  la t t ice  
pa r ame te r  of the  zinc b lende  phase could be ob-  
served f rom the x - r a y  photographs.  However  l ines 
corresponding to a second phase  were  visible for 
al loys containing 10 or more  mole  % CdSnSb2 but  
not for the 5 mole % alloys, indicat ing a p robab le  
range of solid solut ion of be tween  5 and 10 mole %. 
This is a ve ry  different  value  f rom tha t  of 50 mole 
% quoted by  Goryunova  and Prochukhan  (6).  How- 
ever  photomicrograph  work  suppor ted  this smal ler  
value  for the  range of solubil i ty.  Photomicrographs  
of annea led  samples containing 2, 10, and  30 mole 
% CdSnSb2, respect ively,  are  shown in Fig. 7. 
Here the  2 mole % al loy appears  single phase, but  
the 10 and 30 mole % alloys do not. As the elec-  
t r ica l  and optical  work  was concerned with  al loys 
conta ining 2 mole % or less of CdSnSb2, more ac-  
cura te  es t imates  of the range of solid solution were  
not made. 

Al though the InSb used in the  work  was n type,  
the e lectr ical  measurements  showed tha t  all  of the 
al loys measured  (0.05 to 2 mole % CdSnSb2) had  
a posi t ive Hal l  coefficient and  the var ia t ion  of RE 
with  composit ion is shown in Fig. 8. This curve must  
r e tu rn  to a negat ive  va lue  of RE for InSb itself  and 
hence alloys containing smal ler  quant i t ies  of 

CdSnSb2 must  be compensated,  and so the s imple 
single car r ie r  in te rp re ta t ion  of RH cannot  be used. 
Beyond 0.5 mole % CdSnSb2 however ,  the hole 
densi ty  must  be such as to al low the assumption 
RH = 1/pe and this gives a m a x i m u m  observed 
va lue  of p of 4 x 1019/cm3 at  2 mole % CdSnSb2, the 
l imi t  of the  composit ion range  invest igated.  

Because of the high car r ie r  densit ies in these a l -  
loys, it  was difficult to make  optical  t ransmission 
measurements ,  and so no values  of Eg were  ob-  
tained.  

InSb-ZnSnSb2 . - -Al loys  in the composit ion range 
0-40 mole % ZnSnSb2 were  invest igated.  Quenched 
al loys and al loys annea led  at  400~ were  x - r a y e d  
and the values of la t t ice pa r ame te r  ao of the  zinc 
b lende  phase showed tha t  this  sys tem was not pseu-  
dob inary  in character .  Thus var ia t ion  of ao wi th  
composit ion was observed for a range  of composi-  
t ion where  a second phase was c lear ly  present .  The 
resul ts  for the  annealed alloys are shown in Fig. 9. 
The x - r a y  photographs  of the  15 and 20 mole % 
ZnSnSb2 alloys showed the presence of a second 
phase, a l though this was not observed at  10 mole %. 
However  the form of the ao v s .  composit ion curve 
would tend to indicate  a l imi t  of solid solubi l i ty  at  
3 mole % ZnSnSb2. Again  photomicrographs  were  
used only to confirm the sa t is factory  condit ion of 
al loys used for electr ical  work.  Thus photomicro-  
graphs  showed the annealed 20 mole % sample  to 
be defini tely two phase, whi le  the  2 mole % alloy 
( the l imi t ing composit ion for e lectr ical  measure -  
ments)  was single phase. 

The var ia t ion  of RH wi th  composit ion is shown 
in Fig. 10. I t  is seen tha t  this  is nega t ive  close to 
InSb but  posi t ive for al loys containing more  than  
0.15 mole % ZnSnSb2. At  2 mole % ZnSnSb2 it 
is possible to assume RH = 1/pe and the resul t ing  
va lue  of p is 6 x 1019/cm s. As with  the CdSnSb2 al-  
loys, no values  of E~ were  obtained.  
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Discussion 
As i n d i c a t e d  in  t h e  beg inn ing ,  effects  of n o n -  

s t o i c h i o m e t r y  in  t h e  a l l oys  cause  t he  spec imens  to  
be  d e g e n e r a t e  s e m i c o n d u c t o r s  w i t h  l a r g e  dens i t i e s  
of e l ec t rons  or  ho les  d e p e n d i n g  on the  t y p e  of d e -  
r i v e d  t e r n a r y  cons ide red .  A s i m i l a r  effect  ha s  a l -  
r e a d y  been  o b s e r v e d  in a l loys  of A m B v c o m p o u n d s  
w i t h  A2HZB3 v1 c o m p o u n d s  such as InSb- In2Tes ,  
InSb- In2Ses ,  InAs-In2Tes ,  etc. ( 7 -11 ) .  I t  is u se fu l  
to d i scuss  t he  d a t a  for  t he se  a l l oys  first.  In  bo th  
t h e  InSb-In2Te3 and  InSb-In2Se8 sy s t ems  the  m a x -  
i m u m  o b s e r v e d  e l ec t ron  c o n c e n t r a t i o n s  w e r e  a p -  
p r o x i m a t e l y  9 x 101S/cm 3 in  each  case  w i t h  a co r -  
r e s p o n d i n g  v a l u e  of op t i ca l  e n e r g y  gap  of a p p r o x -  
i m a t e l y  0.45 ev, th is  m a x i m u m  o c c u r r i n g  for  a l loys  
con ta in ing  less  t h a n  1 mo le  % A2 m B3 w compound .  
In  t hese  cases  the  c a r r i e r s  a r e  p r e s e n t  b e c a u s e  t he  
n u m b e r  of  l a t t i c e  vacanc i e s  in t he  A s u b l a t t i c e  is 
c o n s i d e r a b l y  less  t h a n  the  s t o i c h i o m e t r i c  va lue ,  a n d  
h e n c e  u n c o m p e n s a t e d  t e l l u r i u m  (or  s e l e n i u m )  
a t o m s  on the  B s u b l a t t i c e  a r e  ac t ing  as donors ,  in 
t he  s ame  w a y  as  w h e n  t e l l u r i u m  (or  s e l e n i u m )  is 
d i s so lved  in  InSb .  I t  is a s s u m e d  t h a t  t h e  excess  
a n t i m o n y  is s e g r e g a t e d  to g r a i n  b o u n d a r i e s  or  los t  
as  a v a p o r  phase .  A n  i m p o r t a n t  ques t ion  w h i c h  
a r i ses  is w h a t  f ac to r s  d e t e r m i n e  the  l i m i t i n g  v a l u e  
of 9 x 101S/cm 3. One  p o s s i b i l i t y  is t h a t  th is  v a l u e  
r e p r e s e n t s  t h e  l i m i t  of sol id  so lub i l i t y  of t e l l u r i u m  
( a n d  s e l e n i u m )  in InSb ,  and  t h a t  f u r t h e r  a d d i t i o n  
of In2Te8 (o r  In2Se3) to  I n S b  p r o d u c e s  a co r r ec t  
n u m b e r  of  c o m p e n s a t i n g  l a t t i ce  vacanc ies .  P a r r o t t  
(12)  has  a p p l i e d  t h e r m o d y n a m i c  ana lys i s  to th is  
p r o b l e m  a n d  c l a ims  to accoun t  fo r  t h e  v a r i a t i o n  of  
n w i t h  compos i t i on  in  t e r m s  of  t he se  ideas .  

H o w e v e r  a second  p o s s i b i l i t y  is t h a t  t he  b a n d  
s t r u c t u r e  of I n S b  is a d e t e r m i n i n g  fac tor .  In  th i s  
case  i t  is s u g g e s t e d  t h a t  m a n y  m o r e  t e l l u r i u m  (or  
s e l e n i u m )  a t o m s  t h a n  those  g iv ing  9 x 10 TM e l ec -  

t rons  p e r  cubic  c e n t i m e t e r  act  as donors  in t he  a l -  
loys,  b u t  t h a t  f u r t h e r  e l ec t rons  e n t e r  o t h e r  m u c h  
b r o a d e r  conduc t ion  b a n d  m i n i m a ,  e.g., t he  < 1 1 1 >  
m i n i m a ,  and  thus ,  h a v i n g  a m u c h  l a r g e r  e f fec t ive  
mass  t h a n  e l ec t rons  in  t he  (000) m i n i m u m ,  a r e  no t  
o b s e r v e d  b y  H a l l  effect m e a s u r e m e n t s .  Also  b e -  
cause  of  t h e  m u c h  h i g h e r  d e n s i t y  of s ta tes  in t h e  
< 1 1 1 >  m i n i m a  a n o t i c e a b l e  f u r t h e r  i n c r e a s e  in  
E~ d u e  to B u r s t e i n  effect  does  no t  occur .  In  such  a 
case t he  m a x i m u m  o b s e r v e d  v a l u e  of n shou ld  b e  

the  d e n s i t y  of e l ec t rons  r e q u i r e d  to fill t he  (000) 
m i n i m u m  up  to t he  l o w e s t  l e v e l  of t he  < 1 1 1 >  m i n -  
ima  and  the  o b s e r v e d  m a x i m u m  in  Eg shou ld  g ive  
the  h e i g h t  of t h e  < 1 1 1 >  m i n i m a  a b o v e  the  v a l e n c e  
b a n d  m a x i m u m .  These  v a l u e s  shou ld  t h e n  b e  i n d e -  
p e n d e n t  of t he  source  of  e l ec t rons  p r o v i d e d  the  
b a n d  s t r u c t u r e  is n o t  a f fec ted  b y  t h e  a d d i t i o n  of  t he  
d o n o r  a toms .  T h e  s i m i l a r i t y  of  t he  r e su l t s  fo r  InsTe3 
and  In2Se3 a l loys  w i t h  I n S b  t e n d s  to s u p p o r t  th is  
v iew.  N o w  a f u r t h e r  check  can  b e  m a d e  w i t h  t he  
v a r i o u s  n t y p e  a l loys  d e s c r i b e d  above .  

F o r  t h e  t h r e e  n t y p e  a l loys  cons ide red ,  t he  o b -  
s e r v e d  m a x i m u m  v a l u e s  of  n a n d  Eg a re  9 x 1018/ 
cm 3 a n d  0.47 ev  for  In2SnTe a l loys ,  6 x 101S/cm 3 
a n d  0.45 ev  for  In2GeTe a l loys ,  a n d  4.5 x 1018/cm 3 
and  0.42 ev  for  In2SnSe a l loys .  H o w e v e r  h e r e  one 
m u s t  now cons ide r  t he  poss ib l e  v a r i a t i o n  in  b a n d  
s h a p e  due  to a l loy ing .  Cons ide r  t he  I n S b - I n a G e T e  
a l loys .  I f  t h e  r e l a t i v e  e n e r g y  of  t he  < 111> m i n i m a  
is r e d u c e d  b y  a d d i t i o n  of one or  two  m o l e  % 
IneGeTe,  t h e n  t h e  o b s e r v e d  m a x i m u m  v a l u e s  of n 
a n d  Eg w o u l d  be  s m a l l e r  t h a n  expec t ed .  T h e r e  is 
some ev idence  for  such  a change  in  t he  In2GeTe 
resu l t s  in  t h a t  b e y o n d  0.5 m o l e  % In2GeTe,  t he  
v a l u e  of Eg fa l l s  w i t h  i n c r e a s e d  In2GeTe con ten t ,  t he  
a v e r a g e  r a t e  of f a l l  be ing  0.012 e v / m o l e  %. To in -  
v e s t i g a t e  w h e t h e r  th i s  c o r r e s p o n d s  to a change  in  en -  
e r g y  of the  < 111> m i n i m a ,  r e f l ec t iv i ty  m e a s u r e m e n t s  
in  t h e  v i s ib l e  or  u.v. m a y  be  used ,  as has  a l r e a d y  
been  i n d i c a t e d  b y  G r e e n a w a y  and  C a r d o n a  for  t he  
InSb-In2Te3 a l loys  (13) .  F o r  I n S b  t h e  r e f l ec t iv i ty  
p e a k  E1 a t  a p p r o x i m a t e l y  1.8 ev  h a s  b e e n  a t t r i b u t e d  
to a d i r ec t  t r a n s i t i o n  of the  L p o i n t  in  k space.  A l -  
t h o u g h  r e c e n t  w o r k  m a y  n o w  a t t r i b u t e  th i s  p e a k  
to  a d i r e c t  t r a n s i t i o n  a t  a p o i n t  n e a r  (1 /6 ,  1/6, 1 /6 )  
in k space  (14) ,  t h e  v a r i a t i o n  in  e n e r g y  of t he  
ref lec t ion  p e a k  can  s t i l l  g ive  an  i n d i c a t i o n  of t h e  
g e n e r a l  m o v e m e n t  of t he  A b r a n c h  of t he  conduc t ion  
b a n d  and  hence  g ive  some i n d i c a t i o n  of t he  m o v e -  
m e n t  of t h e  < 1 1 1 >  m i n i m a .  The  e n e r g y  of th is  
E1 p e a k  was  t h e r e f o r e  d e t e r m i n e d  for  I n S b  and  a l -  
loys  con ta in ing  2, 4, 7, and  10 mo le  % In2GeTe,  
r e spe c t i ve ly .  I t  w a s  f o u n d  t h a t  t he  e n e r g y  of E1 
fa l l s  w i t h  i nc r ea sed  In2GeTe con ten t ,  t he  m e a n  r a t e  
of c h a n g e  be ing  0.014 e v / m o l e  %. This  is in r e a s o n -  
ab le  a g r e e m e n t  w i t h  t he  v a l u e  f r o m  the  Eg d a t a  and  
seems  to conf i rm a m o v e m e n t  of t he  < 1 1 1 >  m i n i m a  
as In2GeTe is a d d e d  to  InSb .  B y  e x t r a p o l a t i n g  the  
Eg vs. compos i t i on  curve ,  t h e  v a l u e  c o r r e s p o n d i n g  
to I n S b  i t se l f  is 0.47 e v .  

F o r  t he  In2SnTe a l loys ,  i t  is seen  t h a t  t he  v a l u e  
of Eg of 0.47 e v  r e m a i n s  cons t an t  in  t he  r a n g e  0.5 
to 5 mole  %, i n d i c a t i n g  no c h a n g e  in r e l a t i v e  e n -  
e r g y  of t h e  < 1 1 1 >  m i n i m a  w i t h  a d d i t i o n  of In2SnTe.  
Ref l ec t iv i ty  m e a s u r e m e n t s  conf i rm this ,  t he  e n e r g y  
of t he  r e f l ec t iv i ty  p e a k  E1 h a v i n g  the  s a m e  v a l u e  
for  t he  5 mole  % a l loy  as for  InSb .  H e n c e  aga in  
an  e x t r a p o l a t e d  v a l u e  of 0.47 ev  is o b t a i n e d  for  
I nSb  i tself .  F o r  t he  In2SnSe a l loys ,  t he  v a l u e s  of 
Eg w o u l d  i nd i ca t e  h e r e  also a change  in  e n e r g y  of 
t he  < 1 1 1 >  m i n i m a  w i t h  compos i t ion ,  b u t  t he  v e r y  
l i m i t e d  r a n g e  of  so l id  so lu t ion  m a k e s  th i s  m o r e  
diff icult  to i nves t iga t e ,  and  r e f l ec t iv i ty  m e a s u r e -  
m e n t s  w e r e  no t  made .  I t  can  be  said,  h o w e v e r ,  t ha t  
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the da ta  is no t  incons i s t en t  w i th  the above cons id-  
erat ions.  

As ind ica ted  above,  G r e e n a w a y  and  Ca rdona  (13) 
have  ob ta ined  s imi la r  ref lect iv i ty  data  for the 
InSb-In2Tea  alloys, and  have  cor re la ted  it  w i th  the  
observed va r i a t i on  of E s (7) .  I n  this  case also the  
ex t r apo la t ed  va lue  of Eg at  I n S b  is 0.47 ev. 

On the  basis  of the  above data,  it  would  appea r  
tha t  in  InSb  at room t e m p e r a t u r e ,  the ~ 1 1 1 ~  m i n -  
ima of the  conduc t ion  b a n d  are 0.47 ev above the  
va lence  b a n d  m a x i m u m ,  and  tha t  the  (000) m i n -  
i m u m  of the  conduc t ion  b a n d  wi l l  accept about  
9 x 10 TM e l e c t r o n s / c m  ~ before  it  is so filled tha t  elec-  
t rons  m a i n l y  go in to  the  ~ 1 1 1 ~  min ima .  

In  the  case of the p type  al loys descr ibed  above,  
the s t ruc tu re  of the  va lence  b a n d  of I n S b  is such 
that  no s imi la r  effect can occur. Thus  all  holes p ro -  
duced by  nons to i ch iome t ry  should be observed  in  
the Hal l  m e a s u r e m e n t s  and  the  va lue  of p thus  ob-  
t a ined  m a y  be cons ide rab ly  g rea te r  t h a n  9 x 1018/ 
cm 3 and  should  differ f rom one a l loy sys tem to a n -  
other,  be ing  d e t e r m i n e d  by  t h e r m o d y n a m i c a l  con-  
s idera t ions  s imi la r  to those g iven  by  P a r r o t t  (12).  
This  is observed  to be the  case for the two p type  
sys tems inves t iga ted .  S imi l a r l y  if one considers  n 
type  al loys of such a compound  as GaSb  where  the  
difference in  effective mass  b e t w e e n  e lec t rons  in  
the  (000) and  < 1 1 1 >  m i n i m a  is r e l a t i ve ly  small ,  
al l  conduc t ion  b a n d  e lect rons  should  have  some ef-  
fect on the Hal l  coefficient. This  is conf i rmed in  
work  repor ted  e l sewhere  (15) on al loys of GaSb  
wi th  Ga2Se~ and  Ga2Te~, where  car r ie r  densi t ies  
of the  order  102~ are observed.  

F ina l ly ,  if the  above analys is  for I n S b  is correct,  
t hen  a s imi la r  resu l t  should  apply  for InAs.  Resul t s  
for InAs-In2Te~ and  InAs-In2Se~ (8, 9) ind ica te  
tha t  for InAs  the ~ 1 1 1 ~  m i n i m a  be at  abou t  0.85 
ev above the  va lence  b a n d  m a x i m u m .  
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Electrolytic Reductive Coupling 
I. Acrylonitrile 

Manuel M. Baizer 
Central Research Department, Monsanto Chemical Company, St. Louis, Missouri 

ABSTRACT I 

The electrolysis of concentrated solutions of aerylonitr i le  in aqueous te t ra-  
e thy lammonium p- to luenesulfonate  at lead or mercury  cathodes and at con- 
trolled pH yields adiponitr i le  in  v i r tua l ly  quant i ta t ive  yields and at current  
effieiencies close to 100%. If the catholyte has acrylonitr i le  concentrations 
much below 10% or contains alkali  metal  cations, increasing quanti t ies  of 
propionitr i le  appear as by-product .  An  explanat ion is offered for this shift 
in product  distribution. Variations in  laboratory cell design and support ing 
electrolyte composition are discussed. 

The commerc ia l  des i rab i l i ty  of r educ t ive ly  d i m e r -  
iz ing ac ry lon i t r i l e  to adiponi t r i le ,  a key  Ny lon  66 
in t e rmed ia t e ,  has been  recognized for some t ime  (1) .  
The  v e r y  poor yie lds  ob ta ined  in  effecting this  con-  
vers ion  by  means  of sodium a m a l g a m  and  wa t e r  (2) 

1 A p r e l i m i n a r y  a n n o u n c e m e n t  of  t h e  s c o p e  of  t h i s  w o r k  a p p e a r e d  
in  Tetrahedvon Letters,  1963, 973-977. 

or m a g n e s i u m  in  m e t h a n o l  (3) did no t  i nv i t e  f u r t h e r  
work.  However ,  ne w  impe tus  was  p rov ided  by  the 
pub l ica t ions  of K n u n y a n t s  and  his co-workers  (4) 
in  which  they  c la imed tha t  ac ry lon i t r i l e  and  other  
de r iva t ives  of a, B - u n s a t u r a t e d  acids, dissolved or 
suspended  in  s t rong  m i n e r a l  acid and  t rea ted  wi th  
a lka l i  me ta l  ama lgams  which  were  gene ra t ed  elec- 
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trochemically, gave good yields of "hydrodimer. ''2 
Under special conditions, acrylonitrile was said to 
yield adiponitrile in over 60% yield; a small quan- 
tity of propionitrile was produced as by-product but 
no amines or polymers were formed. Knunyants 
proposed that a free radical intermediate dimerized 
to yield the product 

CH2 = CHCN q- H + q- e-* .CH2CH2CN; 

2. CH~CH2CN --> CN (CH2) 4CN 

The inconsistency be tween  the pos tu la ted  in t e r -  
mediacy  of free radicals  and both the absence of 
po lymer  in the  case of the above react ion and the 
absence of deu te ra ted  e thyl  propionate  when e thyl  
ac ry la te  was hydrod imer ized  in the presence of 
deu te ra ted  e t h a n o l  was noted by  Knunyants .  The 
r a t iona l i za t ion  offered was tha t  the proper t ies  of free 
radicals  at a cathode must  be different  f rom the 
proper t ies  of free radicals  in solution. 

Our economic appra isa l  indicated tha t  no reason-  
able modification of Knunyan t s '  indirect  e lec t ro-  
chemical  method would provide  a commercia l ly  
feasible compet i t ive  adiponi t r i le  process. Whi le  
other  types  of reduct ive  coupling processes (6) have 
had  l imi ted  success in cer ta in  areas,  3 they  did not 
appear  appl icable  to the h ighly  react ive  and easily 
po lymer izable  acryloni t r i le .  A direct  e lect rochemical  
conversion of acry loni t r i le  to adiponi t r i le  in an 
aqueous system, on the other hand, would ideal ly  
consume only wate r  and electr ical  energy and would 
offer prospects  of meet ing the s t r ingent  product ion 
cost requirements .  

Elect rolyt ic  reduct ive  coupling of ~ , /~-unsatura ted  
ketones, p re fe rab ly  in acid solution, to y ie ld  1,6-di-  
ketones is wel l  known (8).  More germane to our 
problem was the successful coupling of cinnamic 
acid and der ivat ives  in acidic medium (via a free 
radical  pa th)  to adipic acids (9).  This type  of p ro-  
cedure was recognized by  the authors,  however ,  as 
having l imi ted  appl icabi l i ty .  I t  is inopera t ive  when 
the monomer  is easi ly polymer ized  by  free radical  
init iation.  Indeed, cathodic po lymer iza t ion  of acry lo-  
ni t r i le  and re la ted  vinyl ic  compounds in acid solu-  
t ion has been descr ibed (10). The br igh t  outlook for 
an electrolyt ic  adiponi t r i le  process was therefore  
clouded by known serious hazards.  Addi t iona l  ones 
presented  themselves  (11) as this work  progressed.  

Experimental 
Preliminar~ experiments.--A 7-hr  run  was made  

according to Knunyan t s '  appara tus  and procedure,  
except  tha t  the potass ium amalgam,  ins tead of being 
genera ted  e lectrochemical ly ,  was formed by  p lung-  
ing small  pieces of potass ium into the ex te rna l  m e r -  
cury  pool (under  a l aye r  of to luene) .  The K - H g  
diffused into the react ion area  which contained 
acry loni t r i le  in 20% HC1. I t  was observed tha t  the  
phenolphtha le in  indicator  tu rned  p ink  at the  surface 
of the mercu ry  in spite of the presence of an excess 
of free acid. Adiponi t r i l e  was isolated in about  the  
yie ld  repor ted  for a 7-hr  quas i -e lec t ro ly t ic  run. The 

2 T he  t e r m  h y d r o d i m e r i z a t i o n  wa s  i n t r o d u c e d  b y  K n u n y a n t s  et  aL 
(5). 

s I~ imer iza t ion  of ac ry lon i t r i ] e  to  1 ,2 -d i cyanocye lobu tane  f o l l o w e d  
b y  ca ta ly t i c  r e d u c t i o n  has  also b e e n  desc r ibed  as a rou t e  to  a d i p o n i -  
t r i l e  (7). 
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coupling was appa ren t ly  occurr ing under  a lkal ine  
condit ions at the surface of the mercury.  

An  a t t empt  to electrolyze acry loni t r i le  in aque-  
ous alcoholic potass ium aceta te  at  a mercury  cathode 
gave no adiponi t r i le  but,  instead,  a good y ie ld  of 
/~-ethoxy-propioni t r i le .  While  this  evidence of 
cyanoethyla t ion  of alcohol in an aqueuos medium 
was surprising,  it  indicated tha t  e lectrolysis  of 
acry loni t r i le  in aqueous a lka l ine  medium,  though 
avoiding polymerizat ion,  would  encounter  other  
difficulties. An a t t empt  to conduct  the electrolysis  in 
a phosphate  buffer sys tem was unsuccessful.  

tnitia~ choice o~ e~ectrolytes.--Knunyants had 
proposed tha t  a free radica l  in te rmedia te  was in-  
volved in the a lkal i  meta l  ama lgam hydrod imer i za -  
t ion of acryloni t r i le .  At  the t ime of our inves t iga t ion  
P la tonova  (12), alone among those who had s tudied 
the polarographic  reduct ion of acry loni t r i l e  (13), 
solved the equat ion of the polarographic  wave  and 
concluded tha t  a two-e lec t ron  up take  was indica ted# 
Regardless  of the t rue  react ion mechanism,  since a 
coupled product  (ad iponi t r i le )  was desired,  it 
seemed advisable  to use an e lec t ro ly te  which would 
furnish a high concentra t ion of acry loni t r i l e  in the 
catholyte.  For  economic reasons a to ta l ly  aqueous 
system was prefer red .  Fur the r ,  the e lec t ro ly te  would 
have to be s table to a lkal i  and to discharge of its 
anion. 

An ini t ial  answer  to the e lect rolyte  p rob lem was 
found in McKee's  "hydro t rop ic"  solvents (14). 
Sa tu ra t ed  aqueous solutions of a lkal i  meta l  a r y l -  
sulfonates dissolved la rge  quant i t ies  of acry loni t r i le  
(15):  a sa tu ra ted  solution of equimolar  quant i t ies  
of sodium and potass ium p- to luenesul fonates ,  e.g., 
yie lded  a catholyte  containing 20.9% by weight  of 
acryloni t r i le  at room tempera ture .  Such solutions 
were  therefore  chosen for fu r the r  study. 

Apparatus.--A convenient  cell, constructed f rom 
a 500 ml resin flask and s imi lar  to one descr ibed in 
the l i t e ra tu re  (16) was used in the  bu lk  of this 
work. The cathode, when mercury ,  was a 110 ml 
pool exposing a surface of 55 cm 2, The anode was 
an 18-gauge Pt  wi re  sealed in glass. The m e m b r a n e  
was an a lundum cup 5 cut to size and held  in place 
by a rubbe r  stopper.  S t i r r ing  was by magnet ic  bar  
which rode on the surface of the mercu ry  when 
tha t  meta l  was used as cathode or ro ta ted  at the 
bot tom of the flask when solid cathodes were  used. 
The cell had Dry  Ice condensers for anode and 
cathode compar tments .  I t  was p laced in an open 
cooling ba th  containing acetone to which Dry  Ice 
was added as required.  Solid cathodes were  cast 
f rom high pur i ty  meta ls  6 in the  shape of hollow 
cyl inders  3 in. in outer  d iameter ,  1/4 in. thick, and 
27/s in. high. The a lundum cup was suspended in the  
center  of the cathode cyl inder .  The l a t t e r  had  nu -  
merous % in. per fora t ions  to al low for be t t e r  c i r -  
culat ion of the catholyte.  Tabs of the same meta l  
used as cathode extended wel l  beyond the catholyte.  

Electrolyses of Acrylonitrile in Mc Kee's Salts 
Ef]ect of changes in the cation.--The electrolysis  

4 S h e  c o n c l u d e d  t h a t  p r o p r i o n t t r i l e  w a s  t h e  r e d u c t i o n  p roduc t .  

5 N o r t o n  C o m p a n y ,  Worces te r ,  Mass. ,  m i x  RA84.  

6 A m e r i c a n  S m e l t i n g  and  R e f i n i n g  Co., S o u t h  P la in f i e ld ,  N. $. 
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of s a tu ra t ed  solut ions  of ac ry lon i t r i l e  7 in  aqueous  
l i th ium,  sod ium and  po tass ium p - t o l u e n e s u l f o n a t e s  
i n d i v i d u a l l y  was  s tudied.  Whi le  the  concen t ra t ions  
of ac ry lon i t r i l e  (AN)  in  the  th ree  ca tholy tes  we re  
ve ry  s imi la r  (12-13.7 % ), the  yie lds  of ad ipon i t r i l e  
(ADN)  s re la t ive  to p rop ion i t r i l e  (PN)  decreased 
in  the  order  Na ~ K ~ Li. This  is the  reverse  of the 
order  f ound  by  K n u n y a n t s  in  r educ ing  wi th  me ta l  
amalgams .  The  pH was p r e v e n t e d  f rom becoming  
excess ively  h igh  in  the  ca tho ly te  b y  occasional  add i -  
t ion  of acid. The  products  were  isolated by  f rac-  
t iona l  d is t i l la t ion  t h rough  a Todd co lumn.  Whi le  a 
d i rect  e lec t rochemica l  f o rma t ion  of ADN was i nd i -  
cated, PN was the  m a j o r  p roduc t  ( ra t io  of g rams  
P N / g r a m s  ADN 1.8-3.9).  

Effect ol change in AN concentration.--For r e a -  
sons discussed above,  it  was  des i red to increase  the  
AN concen t r a t i on  in  the  ca tholy te  and  to electrolyze 
to on ly  pa r t i a l  cOnversion. In  a series of r u n s  the  AN 
concen t r a t i on  was  increased  f rom 8 to 20.9% ( sa tu -  
ra t ion)  in  s o d i u m - p o t a s s i u m  p - to luenesu l fona t e s .  In  
gene ra l  the re  was  a f avorab le  effect u p o n  the 
A D N / P N  ratio,  a l though  PN was st i l l  p r e d o m i n a n t .  
Inc reas ing  the A N  concen t r a t i on  e n o r m o u s l y  b y  us -  
ing d i m e t h y l f o r m a m i d e  as a co-so lven t  f inal ly  
y ie lded  more  ADN t h a n  PN b u t  the  l a t t e r  was  sti l l  
a v e r y  i m p o r t a n t  by -p roduc t .  The ca tholy te  pH was 
not  cont ro l led  in  these r u n s  and  subs t an t i a l  q u a n -  
t i t ies  of b i s - ( 2 - c y a n o e t h y l ) e t h e r  (BCE) were  
formed.  

Effect of pH controL--To e l imina t e  the  cyano-  
e thy la t i on  of w a t e r  as a side react ion,  a series of 
r u n s  was m a d e  in  which  the  a l k a l i n i t y  of the ca tho-  
ly te  was  adjus ted .  In  one, acetic acid was  added  at 
ca. 10 m i n  i n t e rva l s  to the  cathoIyte  to keep  it  j u s t  
a lka l ine  to p h e n o l p h t h a l e i n ;  the  average  a lka l in i ty  
was 0.08N. In  a second, acetic acid was  added con-  
t i n u o u s l y  to the  ca tholy te  so tha t  it wou ld  ne ve r  
have  r equ i r ed  more  t h a n  2-3 add i t iona l  drops to 
d ischarge  the  p h e n o l p h t h a l e i n  color. In  a th i rd ,  a 
sma l l e r  concen t r a t i on  of AN was used and  aga in  
con t inuous  n e a r - n e u t r a l i z a t i o n  of the  catholyte .  In  

7 R e d i s t i l l e d  a n d  s t ab i l i zed  b y  a t r ace  of  p - n i t r o s o d i m e t h y l - a n i l i n e  
(17). 

s I d e n t i t y  of ADN was  a l w a y s  con f i rmed  b y  c o m p a r i s o n  w i t h  au-  
t h e n t i c  samples  w i t h  respect  to phys ica l  constants ,  infrared spec-  
trum,  and  V.P.C. r e t e n t i o n  t ime .  
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both  the  second and  th i rd  e x p e r i m e n t s  m e n t i o n e d  
no BCE was  formed.  Thereaf te r ,  except  w h e n  pH 
cont ro l  was  imperfect ,  no BCE was encoun te red .  

Effect o] changes in current density.--The same 
factors wh ich  p r o m p t e d  the  use  of h igh  A N  concen-  
t r a t ions  in  the  ca tholy te  suggested tha t  h igh  c u r r e n t  
densi t ies  wou ld  favor  the hydrod imer i za t ion .  The 
results obtained in progressing from 5.5 to 12.7 
amp/din 2 indicated that these expectations were 
borne out, but at best PN had by no means been re- 
duced to the role of a minor by-product (ADN/PN 

---- 1.35). 
Source of PN by-product.--Since a c ombina t i on  

of h igh c u r r e n t  dens i ty  a nd  high AN concen t ra t ions  
was  no t  sufficient to e l imina t e  PN, it  was  necessa ry  
to i n q u i r e  in to  the  m e c h a n i s m  of its fo rmat ion .  Were  
the  hyd rod imer i za t i ons  descr ibed above e lec t ro-  
chemical  processes or were  they  only  in situ a m a l -  
ga m reduc t ions?  (The presence  of a lka l i  me ta l  
a m a l g a m  was  no ted  at  the  end  of each r un . )  If the  
fo rmer  were  t rue ,  i m p r o v e m e n t  in  the  ADN yie ld  
migh t  be prof i tab ly  sought ;  if the l a t t e r  were  t rue ,  
the prospects  of i m p r o v i n g  subs t a n t i a l l y  over  the  
Russ ian  worke r s '  resul t s  were  poor. 

Two approaches  were  taken.  Firs t ,  solid h igh h y -  
d r o g e n - o v e r v o l t a g e  cathodes were  used in  place of 
Hg (Tab le  I ) .  The same e lec t ro ly te  sys tem was re -  
ta ined.  Whi le  N a - P b  alloys have  b e e n  employed  in  
some ins tances  in  place of sod ium a m a l g a m  (18),  it  
was  u n l i k e l y  tha t  they  wou ld  form u n d e r  the  condi -  
t ions  of these electrolyses.  F o r m a t i o n  of ADN at  Pb,  
Cd, and  Sn  cathodes ind ica ted  tha t  here  at least  a 
direct  e lec t rochemica l  process was  involved .  Second, 
use of an  e lec t ro ly te  con t a in ing  a cat ion which,  u n -  
l ike  the  a lka l i  me t a l  cations,  could no t  be  d ischarged  
u n d e r  the  opera t ing  condi t ions  aga in  c i r c u m v e n t e d  
the  i n t e r m e d i a c y  of an  amalgam.  Tab le  II  shows tha t  
the e lectrolysis  of a 40% solut ion of AN in  a con-  
cen t r a t ed  aqueous  solut ion of t e t r a e t h y l a m m o n i u m  
p - t o l u e n e s u l f o n a t e  y ie lded  ADN and  no PN. 

The elimination of PN in run 28 Table II was not 
due to the high AN concentration in the eatholyte 
since a solution containing an even higher concen- 
tration of AN in alkali metal p-toluenesulfonates 
had yielded substantial PN. It will also be shown 
later that reducing the AN concentration to 20% in 

Table I. Hydradimerization of acrylonitrile at solid cathodes. 
McKee's salts as electrolytes; 25~ 3 omp/dm 2 

Cathode A n o l y t e  C a t h o l y t e  Yie ld  ra t ios* 
R u n  M e t a l  F o r m  Area ,  d m  2 G sa l t  soln.  G A N  A m p  h r  p H  P N  A D N  B C E  Other  

19 Sn a 2.40 b 283b 76.0 13.5 c 100 trace 106 269t 
20 Pb  d 2.46 b 227b 60.0 13.2 e 100 49.2 None - -  
21 Pb d 2.46 b 227b 60.0 8.5 e 100 45.6 None - -  
22 Pb f 2.43 b 227b 60.0 12.1 e 100 46.2 None - -  
23 Cd d 2.43 b 227b 60.0 11.5 e 100 14.9 None - -  
24 Sn d 2.43 b 227b 60.0 12.0 e 100 96 None >1009 

* The  c a t h o l y t e  w a s  n e u t r a l i z e d  a t  t h e  e nd  o f  t he  r u n  a n d  e x h a u s t i v e l y  e x t r a c t e d  w i t h  m e t h y l e n e  chloride.  T h e  d r i e d  e x t r a c t s  w e r e  con-  
cen t ra t ed .  The  per  cent  y i e l d s  of  CI~CI2, AN,  PN,  ADN,  and  BCE w e r e  d e t e r m i n e d  b y  t he  V.P.C. m e t h o d s  desc r ibed  l a t e r  in  t h i s  paper .  
T he  y i e l d s  of products  based u p o n  A N  w h i c h  had  reacted  w e r e  calculated.  For comparison purposes ,  the  y i e ld  of  P N  w a s  ass igned t h e  
n u m b e r  100. 

t O r g a n o - t i n  compound ,  probably  Sn  (CH~I t e CN)4 .  Cf. (19). 
a. F o u r  l aye r s  of f o i l  r o l l e d  i n to  a h o l l o w  c y l i n d e r  to surround the  porous  cup.  
b. A s a t u r a t e d  s o l u t i o n  of e q u i m o l a r  q u a n t i t i e s  of s o d i u m  a n d  potass ium p- to luenesu l fonates .  
c. R i s i n g  a l k a l i n i t y  n o t  checked .  
d. Su r f aces  p o l i s h e d  b y  fine sandpaper  b e f o r e  use.  O n l y  a rea  f a c i n g  anode  used  i n  c a l c u l a t i n g  c u r r e n t  dens i t i es .  
e. M a i n t a i n e d  j u s t  a l k a l i n e  to  p h e n o l p h t h a l e i n  b y  adding  acet ic  acid c o n t i n u o u s l y  to  ca tho ly te .  
f. S u r f a c e  prepared e lectrolyt ica l ly  by  a s t a n d a r d  p rocedure .  
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Table II. Electrolyses of acrylonitrile at a mercury cathode 
and at 25 ~ in electrolytes CH3--�9 at 

current densities of 5.5 amp/dm 2 

F e b r u a r y  1964 

A n o l y t e  C a t h o l y t e  
R I •  Z= G sa l t  soln.  G A N  % A N  A m p  h r  p H  P N  

Yie ld  ra t ios*  
A D N  B C E  

25 Li  308d 47.5 13.3 9.0 a 100 13.3 None 
26 Na 308d 47.5 13.3 9.0 a 100 65.6 None 
27 K 308d 47.5 13.3 9.0 a 100 62.5 None 
28 Et4N 141e 94.5 40.0c 10.1 b None f None 

* A b s o l u t e  y i e l d s  we re  no t  d e t e r m i n e d  w h e n  A D N  wa s  on ly  a m i n o r  p roduc t .  
a. A c e t i c  ac id  a d d e d  c o n t i n u o u s l y  to  m a i n t a i n  c a t h o l y t e  jus t  a lka l ine  to p h e n o l p h t h a l e i n .  
b. Ace t i c  ac id  u s e d  b u t  v e r y  l i t t l e  requ ired .  
e. C a t h o l y t e  v o l u m e  on ly  260 m l  in  t h i s  e x p e r i m e n t .  
d. S a t u r a t e d  a q u e o u s  so lu t ions .  
e. A 56.5% so lu t ion .  
$. A n  a b s o l u t e  y i e l d  of 75.2% based  on  A N  no t  r e c o v e r e d  w a s  ob ta ined .  

t e t r a a l k y l a m m o n i u m  p - t o l u e n e s u l f o n a t e  so lu t ions  
s t i l l  l eads  to on ly  v e r y  m i n o r  q u a n t i t i e s  of PN.  
The re fo re ,  t he  f o r m a t i o n  of P N  m u s t  be  a s soc ia t ed  
w i t h  the  p r e s e n c e  of a l k a l i  m e t a l  ca t ions  in  t he  e l ec -  
t ro ly t e .  

The  p o l a r o g r a p h i c  r e d u c t i o n  of a c r y l o n i t r i l e  has  
been  v a r i o u s l y  r e p o r t e d  (13) to  p r o c e e d  in  one w a v e  
a t  --E~/z of 1.94 to 2.05v (vs. S.C.E.) .  In  a s t i r r e d  
s y s t e m  the  a l k a l i  m e t a l  ca t ions  also d i s c h a r g e  in  th i s  
r ange .  Due  to th is  co inc idence ,  e l ec t ro lys i s  of  A N  in 
a c a t h o l y t e  con t a in ing  a l k a l i  m e t a l  ca t ions  is a d u a l  
process .  D u r i n g  e l ec t ro lys i s  the  r e q u i s i t e  c a thode  
vo l t age  is r e a c h e d  and  r e d u c t i v e  coup l ing  of A N  to 
A D N  can occur.  In  a d d i t i o n  s i m u l t a n e o u s  d i s c h a r g e  
of t he  a l k a l i  m e t a l  ca t ions  m a k e s  poss ib l e  a c h e m i -  
cal  r e a c t i o n  w h e r e i n  t he  a l k a l i  m e t a l  can  add  1,2- o r  
1,4- to the  a c r y l o n i t r i l e  molecu le .  9 The  r a t e  of th is  
a l t e r n a t e  r e a c t i o n  m a y  e q u a l  or  exceed  the  r a t e  of 
e l e c t r o c h e m i c a l  coup l ing ;  h y d r o l y s i s  of t he  o r g a n o -  
me ta l l i c  adduc t s  l eads  to PN.  l~ In  an  e l e c t r o l y t e  sy s -  
t e m  c o n t a i n i n g  ca t ions  no t  d i s c h a r g e d  in  t he  - -1 .94 
to --2.05v.  r a n g e  (vs. S.C.E.)  t he  c h e m i c a l  r o u t e  
l e a d i n g  to P N  can  be  e l i m i n a t e d  a n d  p u r e l y  e l e c t r o -  
c h e m i c a l  h y d r o d i m e r i z a t i o n  of A N  occurs .  The  d u a l  
n a t u r e  of a m a l g a m  r e d u c t i o n s  has  b e e n  d i scussed  in 
connec t ion  w i t h  the  C l e m m e n s e n  R e d u c t i o n  (21) .  

Batch Electrolyses of Acrylonitr i le  in 

Quar ternary  Ammonium Electrolytes 

The  f o r m a t i o n  f r o m  A N  of A D N  w i t h o u t  P N  or  
BCE ( T a b l e  II ,  r u n  28) i n d i c a t e d  t h a t  d e t a i l e d  in -  
v e s t i g a t i o n  of th is  p rocess  was  w a r r a n t e d .  Yie lds ,  
m a t e r i a l  ba l ances ,  and  c u r r e n t  eff iciencies ( c o p p e r  
c o u l o m e t e r )  w e r e  d e t e r m i n e d .  F o r  s impl i c i ty ,  
t e t r a e t h y l a m m o n i u m  p - t o l u e n e s u l f o n a t e  w a s  a l w a y s  
used  in  a c a t h o l y t e  of 260 ml .  

Preparation of t e t rae thy lammonium p- toluene-  
su l fonate . - -Two h u n d r e d  g r a m s  (1.00 mole )  of p u -  
r i f ied  e t h y l  p - t o l u e n e s u l f o n a t e  was  d i s so lved  in  1O0 
m l  of a b s o l u t e  e t hano l  in a f o u r - n e c k e d  r o u n d - b o t -  
t o m e d  f lask e q u i p p e d  w i t h  s t i r r e r ,  t h e r m o m e t e r ,  r e -  
f lux condense r  p r o t e c t e d  b y  a ca l c ium ch lo r ide  tube ,  
and  a d d i t i o n  funne l .  In  t he  course  of 15 m i n  101g 
(1.01 mole )  of t r i e t h y l a m i n e  was  a d d e d  w i t h  s t i r -  
r ing .  No e x o t h e r m i c  r e a c t i o n  occur red .  The  m i x t u r e  
was  h e a t e d  s lowly .  A t  60o-70 ~ an  e x o t h e r m i c  r e -  

A d d i t i o n  of  a l k a l i  m e t a l s  to  olef ins  is  w e l l  k n o w n  (20). 

lo A n  a l t e r n a t e  s t a t e m e n t  w o u l d  be  t h a t  t he  i o n - p a i r  (2M)++ (AN) 
is m o r e  eas i ly  d i s r u p t e d  by H20 t h a n  b y  AN. 

ac t ion  s t a r t ed .  The  h e a t i n g  m a n t l e  was  r e m o v e d ,  
and  the  r e a c t i o n  a l l o w e d  to p r o c e e d  s p o n t a n e o u s l y  
un t i l  a l coho l  s t oppe d  re f lux ing .  The  m i x t u r e  was  
t hen  h e a t e d  u n d e r  r e f lux  for  6 hr .  The  a lcoho l  and  
s l igh t  excess  of a m i n e  w e r e  s t r i p p e d  off b y  a sp i r a to r .  
The  r e s i d u a l  w h i t e  sol id  was  w a s h e d  b y  d e c a n t a t i o n  
t h r e e  t imes  w i t h  d r y  e ther .  R e s i d u a l  so lven t  was  r e -  
m o v e d  b y  a sp i r a to r .  The  c r u d e  hyg roscop i c  p r o d u c t  
w e i g h e d  297g ( 9 9 % ) .  A s a t u r a t e d  so lu t ion  a t  r oom 
t e m p e r a t u r e  con ta ins  ca. 80% of t he  sal t .  A s a m p l e  
a f t e r  r e c r y s t a l l i z a t i o n  f r o m  e t h a n o l  m e l t e d  at  104 ~ 
C a l c u l a t e d  for  CI~H2~NO~S: C, 59.76; H, 9.03; N, 
4.65: found,  C, 59.46; H,  9.01; N, 4.53 

Procedure . - -The  a n o d e  a n d  ca thode  c h a m b e r s  
w e r e  cha rged ,  t he  cel l  a s sembled ,  s t i r r i n g  s t a r t ed ,  
and  the  po rous  d i a p h r a g m  a l l o w e d  to soak  for  30 
min.  The  d i r ec t  c u r r e n t  was  t u r n e d  on a n d  the  cel l  
vo l tage ,  r e g u l a t e d  to f u r n i s h  2.0-3.2 amp.  As  the  
e l ec t ro ly s i s  p roceeded ,  g l ac i a l  ace t ic  ac id  was  a d d e d  
d r o p w i s e  to t he  c a t h o l y t e  to m a i n t a i n  t he  p H  in the  
r a n g e  r e q u i r e d  for  a g r e e n  color  on A l k a c i d  Tes t  
Pape r .  The  w a t e r  was  r e p l e n i s h e d  in t he  a n o l y t e  
f r o m  t i m e  to t i m e  and  the  a n o l y t e  l eve l  was  m a i n -  
t a i n e d  1/z in. to 1 in. a b o v e  t h a t  of t he  ca tho ly t e .  No 
h y d r o g e n  was  evo lved .  A f t e r  an  e l ec t ro lys i s  the  cel l  
was  cooled to ca. 20 ~ and  the  ca thode  c h a m b e r  con-  
t en t s  t r a n s f e r r e d  q u a n t i t a t i v e l y  to a s e p a r a t o r y  f u n -  
ne l  us ing  m e t h y l e n e  ch lo r ide  and  w a t e r  to a id  in  t he  
t r ans fe r ,  l l  The  c a t h o l y t e  was  d i l u t e d  w i t h  ca. 2 
v o l u m e s  of w a t e r  and  the  m e r c u r y ,  w h e n  used,  was  
d r a w n  off. The  aqueous  l a y e r  was  t h e n  e x t r a c t e d  
w i t h  7 to 10 5 0 - m l  p o r t i o n s  of CH2C12. The  e x t r a c t s  
w e r e  w a s h e d  w i t h  w a t e r ,  d r i e d  ove r  Dr i e r i t e ,  f i l tered,  
and  s t r i p p e d  of mos t  of t he  so lven t  t h r o u g h  a Todd  
f r a c t i o n a t i n g  co lumn.  A n  a l iquo t  of t he  concen -  
t r a t e d  r e s idue  was  a n a l y z e d  b y  v a p o r  p h a s e  c h r o m a -  
t o g r a p h y  (V.P.C.)  and  i n f r a r e d  spec t roscopy .  The  
r e m a i n d e r  was  f r a c t i o n a t e d ;  w e i g h t  and  p u r i t y  of 
t he  A D N  o b t a i n e d  w e r e  c he c ke d  a ga in s t  t he  r e su l t s  
o b t a i n e d  a n a l y t i c a l l y .  

Analytical  method. - - In i t ia l ly  the  gas  c h r o m a t o -  
g r a ph i c  a n a l y s e s  of CH2C12, AN,  PN,  ADN,  a n d  BCE 
w e r e  m a d e  in two  s tages  u s ing  a P e r k i n - E l m e r  
154-C V a p o r  F r a c t o m e t e r .  The  l o w - b o i l i n g  c o m p o -  
nen ts  w e r e  m e a s u r e d  on a t w o - m e t e r  c o l u m n  con-  
t a i n ing  20% p o l y p r o p y l e n e  g lyco l  on C-22 F i r e b r i c k  
at  46~ The  "h igh  bo i l e r s , "  A D N  and  BCE, w e r e  
a n a l y z e d  on a t w o - m e t e r  c o l u m n  p a c k e d  w i t h  20% 

A d d i t i o n a l  A N  s t ab i l i ze r  was  a d d e d .  
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Table III. Hydrodimerization of acrylonitrile 

G sal t  Yie lds*  % A N  C u r r e n t t  
R u n  A n o l y t e  soln.  G A N  % A N  ~ M e t a l  Area ,  d m  ~ A m p  A m p  h r  A D N  P N  a c c d  e f f i c i e n c y  

29 a 141a 94.5 40 25 Hg 55 2-3 11.6 90.0 0 97.3 99 
30 a 141a 94.5 40 25 Pb5 243 2.6-4.8 10.9 88.4 0 96.9 "102" 
31 a 204a 53.0 20.6 25 Hg 55 1.9-3.0 12.1 99.0 1.3 99.1 "106" 
32 a 141a 94.5 40 25 Hg 55 2.0-3.2 22.3 100 1.1 100.7 100 
33 b 141a 94.5 40 35 Hg 55 2.6-3.6 12.0 83.2 Trace 95.0 98 
34 207b 149.0 40 30 Cu5 89 3-5 10.0 Trace - -  - -  - -  

* B a s e d  on  A N  no t  r ecove red .  
t One  F y i e l d s  0.5 m o l e  (54 g) ADN.  

S u r f ace  p r e p a r e d  by  a s t a n d a r d  e l e c t r o l y t i c  p r o c e d u r e .  
a. A 56% a q u e o u s  s o l u t i o n  of t e t r a e t h y l a m m o n i u m  p - t o l u e n e s u l f o n a t e .  
b. A 55% a q u e o u s  s o l u t i o n  of  m e t h y l t r i e t h y l a m m o n i u m  p - t o l u e n e s u l f o n a t e .  

D.C. Si l icone F l u i d  550 on C-22 F i r e b r i c k  at 196~ 
La te r  the  ana lys i s  was  adap ted  to an  F and  M Model 
500 P r o g r a m m e d  T e m p e r a t u r e  Gas Chroma tog raph  
us ing  a t w o - m e t e r  co lumn  of 5% T w e e n  80 on 
Chromasorb  P. The p r o g r a m  ra te  was 1 3 ~  f rom 
a m b i e n t  t e m p e r a t u r e  to 220 ~ . P rac t i ca l ly  all  com- 
ponen t s  were  resolved in  a p p r o x i m a t e l y  one -ha l f  
hour.  B l a n k  d e t e r m i n a t i o n s  on s ingle  componen t s  
and  on syn the t i c  m i x t u r e s  y ie lded  empi r i ca l  factors 
which  were  used to correct  v o l u m e  per  cent  of com- 
ponen t s  to weight  per  cent. These factors were :  
CHeCI2 X 1.20; AN X 0.9; PN X 1.16; ADN X 1.17. 

Yields and Current Efficiencies.--Table III  s u m -  
mar izes  the  resul t s  of the most  s ignif icant  exper i -  
men t s  on the  h y d r o d i m e r i z a t i o n  of AN. Lead  and  
m e r c u r y  were  a p p r o x i m a t e l y  equa l ly  effective; cop- 
per, as an t ic ipa ted ,  was  inopera t ive .  Both y ie lds  and  
c u r r e n t  efficiencies approached  100%. 

Concentration of acrylonitrile in the catholyte.--  
R u n  31 (Table  I I I )  d e m o n s t r a t e d  tha t  r educ ing  the 
in i t i a l  AN concen t r a t i on  f rom 40% to 20% did no t  
m a t e r i a l l y  affect the  A D N / P N  ratio.  In  order  to 
d e t e r m i n e  w h e t h e r  ba tch  electrolyses had  to be r u n  
to on ly  pa r t i a l  convers ion  of AN or could be  t a k e n  to 
v i r t u a l l y  comple te  u t i l i za t ion  of AN it was  necessa ry  
to inves t iga te  the  effect upon  the  A D N / P N  ra t io  of 
opera t ing  at  lower  and  lower  AN concent ra t ions .  
Table  IV presen t s  the  da ta  ob ta ined  in  four  separa te  
e x p e r i m e n t s  in  which  the  in i t i a l  AN concen t r a t i on  
was success ively  reduced  f rom 40% to 5%. It is 
c lear  tha t  at AN concen t ra t ions  d o w n  to ca. 10% 
ins igni f icant  quan t i t i e s  of P N  are formed.  

W h e n  the  AN concen t r a t i on  in  the  ca tho ly te  fell  
be low ca. 10%, o ther  condi t ions  be ing  equal ,  the 
yie ld  of PN rose sha rp ly  at the  expense  of ADN. This  
conclus ion was verif ied in a s ingle  e x p e r i m e n t  
(Tab le  V) in  which  a solut ion con t a in ing  in i t i a l ly  

20.6% AN in  the  ca tho ly te  was  e lec t ro lyzed at  con-  
s t an t  ca thode po ten t i a l  u n t i l  the AN concen t r a t i on  
was  be low 3%. Al iquots  were  r e move d  per iodica l ly  
and  analyzed.  Except  for  incons is tenc ies  due to ex-  
p e r i m e n t a l  difficulties, it  was  aga in  f ound  tha t  at  
ve ry  low AN concen t r a t i on  PN becomes  a ma jo r  
product .  P l a t onova ' s  con jec tu re  (22) tha t  PN is the  
p roduc t  of the  po la rograph ic  r e duc t i on  of AN is 
p r o b a b l y  justified. 

Labora tory  Process V a r i a t i o n s  
Exploratory continuous process.--While a n u m b e r  

of schemes have  b e e n  proposed for conduc t ing  a 
con t inuous  e l ec t ro -o rgan ic  process (e.g., 28), a p a r -  
t i cu la r ly  a t t r ac t ive  l a b o r a t o r y  device which  could 
accommodate  all  the  r e q u i r e m e n t s  of the  e lect rolyt ic  
ADN process was at h a n d  in  a l i q u i d - l i q u i d  ex -  
t r ac to r  in  which  the  ex t r ac t ion  c h a m b e r  was  m a d e  
the  e lect rolyt ic  cell. F igu re  1 i l lus t ra tes  schemat i -  
cal ly  the  a ppa r a t u s  used in  this  work.  

Ac ry lon i t r i l e  was  used in  the  boi le r  flask. I t  was 
d i s t r ibu ted  in  the  ca tholy te  by  m e a n s  of a s in te red  
glass disk a nd  was  d ischarged  (des i r ab ly )  in  the  
v i c in i ty  of the  cathode. The so lubi l i ty  of AN in  
aqueous  t e t r a e t h y l a m m o n i u m  p - t o l u e n e s u l f o n a t e  
var ies  w i th  the  concen t r a t i on  of the  salt. The sal t  
so lu t ion  was  chosen so tha t ,  at  sa tu ra t ion ,  the  AN 
concen t r a t i on  in  the ca tholy te  was  w i t h i n  a safe 
r a nge  for avo id ing  p rop ion i t r i l e  (PN)  format ion .  
Excess AN, cons t an t ly  c i rcula t ing ,  ex t rac ted  ADN, 
fo rmed  an  u p p e r  layer ,  overf lowed t h r o u g h  a w a t e r -  
w a sh i ng  device and  thence  to the  boiler .  The wa t e r  
wash  r e move d  most  of the  sal t  which  had  been  si- 
m u l t a n e o u s l y  ex t rac ted  b y  the  AN;  it was  con-  
cen t r a t ed  in  vacuo and  r e t u r n e d  to the catholyte .  
The  a d j u s t m e n t  of pH in  the  ca tho ly te  took place b y  
add ing  acetic acid t h r ough  a t u b e  which  ex tended  

Table IV. Hydrodimerization of acrylonitrile at a mercury 
cathode; 25 ~ 260 ml catholyte, 55 cm 2 

Table V. Hydrodimerization of acrylonitrile with attrition. 
Incremental changes in formation of products 

% A N  i n  ca tho ly te*  C a t h o d e t  G A D N /  
R u n  I n i t i a l  F i n a l  A m p / d i n  2 v o l t a g e  A m p - h r  g P N  

A N  c o n c .  G f o r m e d  
E lec t ro lys i s  a t  s t a r t  w i t h i n  pe r i ods  G A D N /  

p e r i o d  A m p  h r  of  pe r iod*  P N  A D N  g P N  

315 40 21.5 5.45 - -  22.3 92.5 
325 20.6 10.3 5.45 - -  12.1 99. 
35 10.0 6.4 0.91 --1.90 ca. 3.6 7.1 
36 5.0 0.385 1.82 to 0.73 --1.90 ca. 5.1 1.7 

I 11.5 20.6 0.342 23.3 68t 
II 6.0 11.3 1.33 8.9 6.7 
III  5.1 6.5 0.91 10.0 11 
IV 3.0 3.3 4.23 0.4 0.095 

* A 56% a q u e o u s  s o l u t i o n  of  t e t r a e t h y l a m m o n i u m  p - t o l u e n e s u l -  
fona te .  

Vs. SCE. 
I n c l u d e d  f r o m  Tab le  I I I  f o r  compar i son .  

* The  c o n c e n t r a t i o n  a t  t he  end  of a p e r i o d  is t he  s t a r t i n g  c o n c e n -  
t r a t i o n  of  t he  n e x t  pe r iod .  

t The  l o w e r  t h a n  u s u a l  r a t i o  m a y  he due  to  a KC1 l eak  f r o m  t h e  
sa l t  b r i d g e  l e a d i n g  to  t h e  r e f e r e n c e  ca lom e l  cell.  
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Fig. 1. Schematic drawing of continuous laboratory cell: 1, boiler; 
2, riser; 3, condenser; 4, disperser; 5, cathode when Hg; 6, catho- 
lyte solution; 7, anode chamber; 8, diaphragm; 9, lead to cathode; 
10, lead to anode; 11, thermometer; 12, inlet tube; 13, stirrer; 14, 
catholyte level; 15, level of supernatant AN; 16, washer; 17, dis- 
perser; 18, water level; 19, supernatant level; 20, stopcock; 21. 
overflow tube; 22, overflow tube; 23, water inlet. 

well  below the superna tan t  layer .  The ext rac t ion  
chamber  was j acke ted  and cooled by  ci rculat ing ice 
water .  In a typica l  run  the ca tholyte  contained a 
solution of 136 ml of AN in 249 g of 40% t e t r a e t h y l -  
ammonium p- to luenesul fonate ;  an addi t ional  136 
ml  of AN formed a superna tan t  l ayer  jus t  sufficient 
to overflow through the side arm. A mercu ry  pool 
was used as cathode. The anode was a stout p l a t i -  
num wire  hooked to a p la t inum screen. The anolyte  
was the above sal t  solution in sufficient quan t i ty  to 
form a head above the catholyte.  An a lundum cup 
was used as d iaphragm.  About  300 ml of AN was 
charged into the boiler  and heated.  When the ex-  
t rac t ion  sys tem was opera t ing  smoothly,  a cur ren t  
of 3.5-5.0 amp was appl ied  to the cell. In  a run  in 
which 55.4g ADN was produced in 5.5 hr, 40.7g had  
accumula ted  in the boiler,  13.7g was present  in the 
superna tan t  AN laye r  in the  ext rac t ion  chamber  and 
0.96g remained  in the aqueous layer .  

Undivided celL--The advantages  wi th  respect  to 
choice of anode, pH control  and decreased electr ical  
resis tance of employing  a d iaphragmless  cell are  ob- 
vious. While  the  h ighly  react ive  olefin AN might  be 
expected to suffer ox ida t ion  at the  anode, processes 
have  been descr ibed (29) in which AN is formed 
under  r a the r  drast ic  condit ions in the presence of 
oxygen. There  was some prospect ,  then, of achieving 
s impl ic i ty  in cell design at the cost of some AN loss. 
The cell descr ibed before  was used except  tha t  the 
a lundum cup and the rubbe r  s topper  holding it were  
removed.  The anode was a ro l led  up p l a t inum screen 
hooked to a p l a t inum lead  wire;  the  cathode was 
mercury.  The e lec t ro ly te  (ca. 190 ml)  contained 69g 
AN dissolved in 103g of 56.5% aqueous t e t r a e t h y l -  
ammonium p- to luenesul fonate .  Electrolysis  at 3 
amp for a total  of 14 a m p - h r  y ie lded  22.1g ADN, 

39.6g recovered AN, and a small  amount  of tar .  The 
yield of ADN based upon consumed AN was about  
80%. Fu r t he r  work  on the und iv ided  cell was de-  
ferred.  

Screening o/ electrolytes (wi th  James  D. A n d e r -  
son) . - - I n  view of the unfavorab le  effect upon ADN 
yields of having a lkal i  meta l  ions present  in the 
catholyte  and the favorable  effect of main ta in ing  a 
high AN concentrat ion,  specifications for a va r i e ty  
of sui table  e lectrolytes  (Z+Y - )  could be d rawn  up: 

1. The cation Z + must  not d ischarge at  the ca th-  
ode vol tage  at which hydrod imer iza t ion  occurs. 

2. Y -  must  not discharge at the anode. If a d ia-  
p h r a g m  is used, Y -  must  not form an insoluble acid 
HY which would clog the pores of the  d iaphragm.  
(This r equ i rement  does not obtain in an undiv ided  
cell since the solution is ma in ta ined  constant ly  
s l ight ly  a lka l ine) .  Y -  must  not  form an acid HY 
which decomposes. 

3. ZY must  be ve ry  wa te r  soluble and must  
idea l ly  provide  a solution containing ca. 20% by 
weight  of acry loni t r i l e  p re fe rab ly  wi thout  the add i -  
tion of a wa te r -misc ib l e  organic solvent.  

These requ i rements  were  met  by  a considerable  
number  of salts, among them:  b e n z y l t r i m e t h y l a m -  
monium p- to luenesul fonate ;  N - t r i m e t h y l - N ' - t r i -  
methyl  e thy lened iammonium d i -p - to luenesu l fona te ;  
me thy l  t r i - n - b u t y l - p h o s p h o n i u m  p- to luenesu l fo -  
nate;  t r ime thy l su l fon ium p- to luenesul fona te ;  ben -  
zy l t r ime thy l ammon ium acetate,  benzoate and th io-  
cyanate;  methosulfa tes  of t e t r ame thy lammonium,  
me thy l t r i e thy lammonium,  m e t h y l t r i p r o p y l a m m o -  
nium, methy l  t r i - n - b u t y l a m m o n i u m ,  m e t h y l t r i -  
amylammonium,  m e t h y l t r i h e x y l a m m o n i u m ;  benzy l -  
t r ime thy lammonium 2-naptha lenesul fonate ;  t e t r a -  
e thy lammonium methanesulfonate .  Others  were  
sui table  if a co-solvent  such as acetoni t r i le  or d i -  
me thy l fo rmamide  were  used to boost AN solubil i ty:  
t e t r ae thy l ammon ium sulfate;  d i - t e t r a e t h y l a m m o -  
n ium benzenephosphonate;  b e n z y l t r i m e t h y l a m m o -  
n ium phosphate;  d i -benzy l  t r i m e t hy l a m m on ium 
m-benzenedisul fonate .  

In  al l  cases semiquant i t a t ive  electrolyses were  run  
in which it was verified by analysis  and by  isolat ion 
that  ADN with  l i t t le  or no PN was formed.  For  
this screening series purif ied salts were  not used. 
Severa l  types of p repara t ion  were  involved:  

1. Benzy l t r ime thy lammonium salts were  p r e -  
pared  by  neutra l iz ing the commerc ia l ly  ava i lab le  
free base wi th  the appropr ia t e  acid under  cooling 
and removing  the wa te r  in vacuo. 

2. Methyl  p - to luenesu l fona te  was added  to the  
appropr ia te  t e r t - a m i n e  or phosphine  in an iner t  sol-  
vent. Af t e r  reaction,  the  solvent  was removed  in 
vacuo and the res idue thorough ly  washed wi th  d ry  
e ther  to remove t races  of s ta r t ing  mater ia ls .  

3. Methosulfates  were  p r e p a r e d  by  adding di-  
methyl  sulfate  to the t e r t - a m i n e  in a procedure  
s imilar  to 2 above. 

Severa l  of the above salts mer i t  special  comment.  1~ 
The methosul fa tes  were  found to be excel lent  "hy -  
drot ropic"  solvents for a va r i e ty  of wa te r - inso lub le  
organic compounds. Te t r a a l ky l a m m on i um  salts in 

M a n y  of  t h e s e  sa l t s  m a y  b e  e x c e l l e n t  s u p p o r t i n g  e l e c t r o l y t e s  i n  
p o l a r o g r a p h y  s ince  t h e y  w o u l d  a v o i d  t h e  u s e  of  a n  a u x i l i a r y  so lven t .  
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which severa l  n - b u t y l  groups were  present  were  
very  "hydro t ropic"  and were  also subs tan t ia l ly  
soluble in methy lene  chloride. In  the course of our 
usual  workup  procedure  they  were  pa r t i a l ly  ex-  
t rac ted  wi th  the products  and were  not  com- 
p le te ly  removed by  backwash  wi th  water .  They 
could be removed  by  (a)  re tent ion  on ac t iva ted  
alumina,  or (b) removing the methy lene  chloride 
and using e ther  to separa te  the products  f rom the 
salt. A l t e rna t ive ly  they  could be a l lowed to remain  
as a res idue af ter  vacuum dis t i l la t ion of the  p r o d -  
ucts. The phosphonium salt  was f ree ly  soluble in 
methylene  chloride. The p repara t ion  and proper t ies  
of two of the salts is given below. 

Preparation o~ methyl tri-n-butylphosphonium 
p-toluenesulfonate.--In an a tmosphere  of n i t rogen a 
solution of 50 ml (ca. 0.2 mole)  of chil led t r i - n -  
bu ty lphosphine  in absolute  alcohol was mixed  wi th  
40g (0.20 mole)  chil led methy l  p - to luenesu l fona te  
also in 50 ml of ethanol.  The mix tu re  w a r m e d  
spontaneously  to 31 ~ and was hea ted  under  r e -  
flux for 3 hr. Af te r  s tanding overnight ,  the alcohol 
was removed  on a wa te r  ba th  by  aspirator .  The 
res idual  l iquid was shaken vigorously  four t imes 
with  d ry  ether;  the e ther  washes were  decanted 
through a separa to ry  funnel.  Traces of solvent were  
then removed  in vacuo. The res idual  syrup (76.3g) 
s lowly solidified, m.p. about  58 ~ It  formed an 80% 
solution in water .  

C20H87OsPS: calculated,  C, 61.82; H, 9.60; S, 8.25; 
found, C, 60.13; H, 9.27; S, 8.75. 

Preparation of trimethylsul]onium p-toluenesul- 
fonate.--To a solution of 31.0g (0.5 mole)  of d i -  
me thy l  sulfide in 50 ml of absolute  alcohol was 
added a solution of 93g (0.5 mole)  of me thy l  p - t o l -  
uenesulfonate  in a l ike  volume of solvent.  There was 
no exothermic  reaction.  The mix tu re  was a l lowed to 
reflux overnight .  Af te r  the first severa l  hours 10 ml 
of d ime thy l  sulfide was added to compensate  for any 
losses of this vola t i le  mater ia l .  The alcohol and ex-  
cess sulfide were  removed  by  aspirator .  The res idual  
solid af ter  thorough washing wi th  d ry  e ther  and 
dry ing  weighed 116.5g. It was not hygroscopic.  For  
analysis  a sample  was recrys ta l l ized  f rom absolute  
ethanol,  m.p. 177 ~ 

C10H1603S2: Calculated,  C, 48.35; H, 6.49; S, 25.83. 
Found:  C, 48.12; H, 6.43; S, 26.11. 

Discussion of Results 
While the format ion  of PN along with  ADN du r -  

ing the electrolysis  of AN in electrolytes  containing 
a lkal i  meta l  cations can be ra t ional ized  by  the 
pos tu la ted  format ion  of o rgano-meta l l i c  i n t e rmed i -  
ates and the i r  hydrolysis ,  another  exp lana t ion  must  
be sought for its formation in quaternary ammonium 
electrolytes. In this system there is no evidence for 
the formation of free radical intermediates (which 
are well known to couple in concentrated solution) : 
(a) the hydrodimerization of AN is not inhibited by 
hydroquinone or p-nitrosodimethylaniline; (b) 
there is no polymer formation13; (c) polarography 

lS K n u n y a n t s  a n d  c o - w o r k e r s  (5) c i te  t h e  e v i d e n c e  a g a i n s t  f r ee  
r ad i ca l  f o r m a t i o n  i n  t h e i r  Nf-Hg r e d u c t i o n s  b u t  offer  no a l t e r n a t i v e  
to  t h e  f o r m a t i o n  of  .CH~CH2CN as a n  i n t e r m e d i a t e .  

(22) does not indicate  a one-e lec t ron  uptake.  I t  is 
proposed that :  

1. At  the cathode AN undergoes  an ove r -a l l  two-  
e lect ron uptake.  This p robab ly  occurs in two one-  
electron stages (23, 24) wi th  the second electron 
being acquired at  a more posi t ive vol tage than  the 
first. 14 Presen t  da ta  do not pe rmi t  a firm decision to 
be made  regard ing  the sequence of react ions in 
which the in te rmedia te  r ad ica l - an ion  is involved 
(26). Except  when there  is a great  pauc i ty  of p ro-  
ton donor in the ca tholyte  l~ the  rad ica l -an ion ,  whose 
negat ive  charge is delocalized over  a t h r e e - a tom 
system, may  react  wi th  wa te r  TM before  the  second 
electron is taken  up at the B-posit ion 

H H H H  H H  

C: :C:C: : :bI<-->GC:C: C: : : N<-->@C': C': :C: :i~: etc. 

. . . .  l e  H (~ 
;-; H e 

[ : C H 2 - - C H - - C N ]  "~[- CH2CHCN] - [R4N] + 

A $ H20 
[- CH2CH2CN] 3- O H -  

$ l e  
[: CH2CH2CN ] 

B 

2. The carbanions (A, B) may  a t tack  e i ther  wa te r  
or, at the B-position, h ighly  polar ized molecules of 
AN which are  a t t rac ted  to the cathode: 

A 3- 2H20-~ CHsCH2CN 3- 2OH-  

A 3- AN ~ NCCHCH2CH2CHCN 

B 3- H20-~ CH3CH2CN 

B 3- AN--> NCCHCH2CIt2CH2CN 
. .  

At tack  upon AN is favored by  main ta in ing  a high 
concentra t ion of this  substrate.  

3. In te rac t ion  of the  adiponi t r i le  an ion( s ) ,  in 
which again there  is charge delocalization,  wi th  
water ,  t e rmina tes  the react ion 17" 18 and yie lds  ADN 
and O H - .  
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reducibility of the anlon-free radical nor with the influence of 
w a t e r  on  t he  ADN/PN ra t io ,  n o r  w i t h  t h e  fac t  t h a t  e l ec t ro lys i s  of  
A N  i n  t h e  p re sence  of an  eas i ly  p o l y m e r i z e d  s u b s t a n c e  s u c h  as  
2 -pheny lbu t ad i ene - - - t o  be  r e p o r t e d  l a t e r ~ l e a d s  to  no  p o l y m e r .  
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nois,  and  W. H. U r r y ,  U n i v e r s i t y  of Chicago,  for  
s t i m u l a t i n g  d iscuss ions ;  Dr. S t a n l e y  W a w z o n e k ,  
S t a t e  U n i v e r s i t y  of Iowa,  for  i l l u m i n a t i n g  t h e  ro l e  
of p o l a r o g r a p h i c  d a t a  in an  i n t e r p r e t a t i o n  of r e a c t i o n  
m e c h a n i s m ;  Mr.  G. D. W i n g e t  for  t e c h n i c a l  a s s i s t -  
ance,  S u m m e r ,  1960; Mr.  D. B e a s e c k e r  and  his  I n -  
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Manuscr ip t  received Mar. 14, 1963; rev ised  m a n u -  
script  rece ived  Sept. 27, 1963. This pape r  was p r e -  
sented at the  New York  Meeting,  Sept.  29-Oct. 3, 1963. 

Any  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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Electrolytic Reductive Coupling 
II. Derivatives of Mono-Olefinic % F-Unsaturated Acids 
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ABSTRACT 

Electrolytic hydrodimerizat ion of a var ie ty  of derivatives of ~, ~-unsa tu-  
rated acids is reported, e.g., methacryloni tr i le ,  cinnamonitr i le ,  ethyl  acrylate, 
ethyl maleate, d i -2-e thylhexyl  fumarate,  N, N-diethylacrylamide,  acrylamide. 
The double bond may be endocyclic, as in 1-cyano- l -cyclopentene.  The re-  
lationship of s t ructure to hydrodimerizabi l i ty  is discussed. Evidences of stereo- 
preference in electrolytic hydrodimerizat ion are presented. 

K n u n y a n t s  and  co -worke r s  repor ted  the  alkal i  
m e t a l - a m a l g a m  h y d r o d i m e r i z a t i o n  of a n u m b e r  of 
de r iva t ives  of a, f l - u n s a t u r a t e d  acids as we l l  as the  
fo rma t ion  of ad ipon i t r i l e  f rom ac ry lon i t r i l e  (1) .  In  
general ,  y ie lds  of h y d r o d i m e r  decreased in  the  order  
L i - H g  ~ K - H g  > Na-Hg,  "pa ra l l e l  to the  decrease 
in  the  n o r m a l  po ten t i a l  of these ama lgams . "  The 
au thors  also proposed tha t  the  y ie lds  of hyd rod imer ,  
p r e s u m a b l y  fo rmed  via  a f ree rad ica l  i n t e rmed ia t e ,  
decreased as the degree  of i n t e r f e r ence  w i th  the  con-  
j uga t ed  sys tem ~ C ~ C --  C = O increased.  Thus,  
e.g., e thyl  ac ry la te  ( K - H g )  gave 52% d ie thy l  adi -  
pate,  N , N - d i e t h y l c i n n a m i d e  ( K - H g )  gave 22.7% 
h y d r o d i m e r  and  m e t h a c r y l o n i t r i l e  ( K - H g  or L i - H g )  
gave no hydrod imer .  Also, sh ie ld ing  of the  B-posi-  
tion, as in  e thy l  fl, f l -d ime thy lac ry la t e ,  r educed  or 
e l im ina t ed  hydrod imer i za t ion .  

The resul t s  we ob t a ined  in  the  e lec t ro ly t ic  h y d r o -  
d imer iza t ion  of ac ry lon i t r i l e  at a m e r c u r y  cathode 
in  e lec t rolytes  con t a in ing  on the  one h a n d  a lkal i  

me ta l  a ry l su l fona tes  a nd  on the o ther  q u a t e r n a r y  
a m m o n i u m  a ry l su l fona tes  suggested add i t iona l  ex-  
p l ana t i ons  for some of the  shor tcomings  in  the app l i -  
ca t ion of K n u n y a n t s '  process:  

1. In  a s t i r red  system,  at  a m e r c u r y  cathode,  the  
a lka l i  me ta l  cat ions  d ischarge  at  ca. --1.9v (vs. 
S.C.E.).  If a g iven  r educ t ion  requ i res  a subs t an t i a l l y  
more  nega t i ve  cathode po ten t i a l  (as d e t e r m i n e d  
po la rog raph ica l ly ) ,  it canno t  be effected by  an a lka l i  
m e t a l  ama lgam,  no t  even  L i -Hg.  

2. In  an  a lka l i  m e t a l - a m a l g a m  reduc t ion ,  there  
is a pos tu la ted  compet i t ion  b e t w e e n  coupl ing  of i n -  
t e rmedia tes  which  lead to h y d r o d i m e r s  and  f o r m a -  
t ion  of o rgano -me ta l l i c s  which  can lead  to d ihyd ro -  
compounds .  If the  speed of the  l a t t e r  r eac t ion  is 
g rea te r  t h a n  tha t  of the  former ,  l i t t le  or no h y d r o -  
d imer  can form. 

3. If the  ac t iva t ing  group  is --CONH2 or a s imi la r  
group which  can react  w i th  a lkal i  metals ,  l i t t le  or 

Table I. Comparison of reported amalgam process and new 
electrolytic process for hydrodimerization of derivatives of 

c~, fl-unsaturated acids in'quaternary ammonium electrolytes 

Exp t .  No.  

21~R'C~ C (R")  X--> R C R ' - - C H  (R")  X 
l 

R C R ' - - C H  (R")  X 
M o n o m e r  H y d r o d i m e r  

A m a l g a m  process Electrolyt ic  processb 
% H y d r o d i m c r  b y  % -- C a t h o d e  v 

M o n o m e r  K - H g  L i - H g  H y d r o d i m e r a  vs .  S.C.E.  

1 C H 2 : C H - - C N  62.2 - -  75-100 1.81 to 1.91 
2 C H 2 : C  (CH3) CN 0 0 75.3c, * 2.01 to 2.05 
3 (CH3) 2C=CHCN 0 37 87-93 d 2.08 to 2.11 
4 CH2=CHCOOEt 52 - -  74-87 1.85 
5 (CH8) 2C = CHCOOEt 0 31.4 66.2 e 2.10 to 2.18 
6 CHCOOEt 7.3 - -  61.5 s 1.32 to 1.40 

Cis I I 
CHCOOEt 

7 C6HsCH = CHCOOEt 51.3 - -  28 t 1.57 to 1.61 
8 CH3CH=CHCONEt2 0 0 61.4g,* 2.03 to 2.12 
9 CH2~CHCONEt2 0 0 73.3 h 1.91 to 1.95 

10 CH2= CHCONH2 0 0 39.6 1.82 to 2.00 

a B a s e d  o n  c u r r e n t  pa s sed .  
W h e n  t h e  h y d r o d i m e r i z a t i o n  o c c u r s  a t  a c a t h o d e  v o l t a g e  m o r e  p o s i t i v e  t h a n  t h a t  r e q u i r e d  fo r  d i s c h a r g e  of  a l k a l i  m e t a l  cations~ so lu-  
b i l i t y  f a c t o r s  b e i n g  e q u a l ,  i t  m a y  be  e x p e c t e d  t h a t  g o o d  r e s u l t s  w i l l  be  o b t a i n e d  e v e n  i n  the  presence  of  a l k a l i  m e t a l  ca t ions .  
bp ,  128~ r a m ;  nD ~ 1.4323. A n a l .  ca lcd ,  f o r  CsH12N2: C, 70.54; H,  8.88; N,  20.57. F o u n d :  C, 70.05; H ,  8.81; N,  20.49. 
rap,  133 ~ A n a l .  ca led ,  f o r  C~0H16Ne: C, 73.12; H,  9.82; N,  17.05. F o u n d :  C, 73.24; H,  10.23; N,  17.35. 
bp ,  128~ m m ;  nD~ 1.4480; A n a l .  ca lcd ,  f o r  C14H2604: C, 65.08; H,  10.14; tool w t ,  258.75. F o u n d :  C, 67.29?; H,  10.77; tool w t ,  258. 

r P u r i f i e d .  
bp ,  171~ r a m ,  nD ~ 1.4754. Ana l .  ca lcd ,  f o r  ClsI-IseN20~: C, 67:56;  H.  11.03; N,  9.85. F o u n d :  C, 67.46; H,  11.55; N,  9.92. 

h Crude.  
* N e w  c o m p o u n d .  
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no hydrod imer iza t ion  can be expected in an a lkal i  
m e t a l - a m a l g a m  process. 

4. Monomers which, unl ike  acryloni t r i le ,  have  
ve ry  low solubi l i ty  in aqueous mine ra l  acid would 
not be expected to give good yie lds  of coupled 
product .  

5. The abi l i ty  to achieve more negat ive  potent ia ls  
wi th  L i -Hg  than  with  other a lkal i  m e t a l - a m a l g a m s  
should favor  difficult hydrodimer iza t ions ,  but  this 
may  be offset by the grea te r  readiness  to form 
organo-meta l l ics  and therefore  dihydrocompounds.  

Experimental Results and Discussion 

Since the  difficulties engendered  by  the presence 
of a lka l i  meta l  cations can be e l imina ted  by  e lec t ro l -  
ysis in qua t e rna ry  ammonium electrolytes  (1) ,  a 
comparison (Table  I)  was made be tween  the best  
repor ted  yie lds  1 in hydrodimer iz ing  a selected group 
of monomers  by  a l k a l i - m e t a l  amalgams and by  the 
above electrolyt ic  method. In  most cases single elec-  
t rolyses  were  run to pa r t i a l  conversion and the con- 
di t ions were  therefore  not necessar i ly  opt imum. The 
appara tus ,  procedure  and method of separa t ing  un-  
changed s tar t ing mater ia l s  f rom products  were  
s imi lar  to those descr ibed before (1).  Isolat ion of 
product  was by  f rac t ional  d is t i l la t ion or c rys ta l l iza-  
t ion as applicable.  The cathode was a lways  mercury.  
The anolyte  was a d i lu ted  solution of the  salt  used 
in the catholyte.  

In addit ion,  a number  of other  der iva t ives  of 
a, ~ -unsa tu ra t ed  acids (Table  I I ) ,  hav ing  a va r i e ty  
of s t ruc tura l  features,  were  successfully hyd rod i -  
mer ized  e lect rolyt ical ly .  Again,  usual ly  single runs  
were  made to es tabl ish the occurrence of the r e -  
action. In  all  these and preceding cases, the products  
obta ined are those to be expected from coupling at 
the f l-posi t ion and acquisi t ion of H at the  ~-posi t ions 

R R ' C = C ( R " ) X ~ R C R ' ~ C H ( R " ) X  

R C R ' - - C H ( R " ) X  

The re la t ionship  of ha l f -wave  potent ia ls  to con- 
s t i tut ion of e lec t roreducible  organic molecules has 
been discussed (2).  In the  p resen t ly  r epor ted  hyd ro -  
dimerizat ions,  it wil l  be noted that :  

1. The double  bond may  be endocyclic;  the cath-  
ode vol tages are then more  negat ive  than  those r e -  
qui red for reduct ion  of the  open-cha in  analogs. 

2. Two f l -a lky l  groups do not nu l l i fy  the h y d r o -  
d imer iza t ion  process but, when an addi t ional  a lky l  
group is present  in the a-posi t ion,  coupling ceases. 

3. Pheny l  groups extend the  conjugat ion and ex-  
pec tedly  shift  the cathode vol tage in a posi t ive  d i -  
rection. 

4. Ethyl  , n -bu ty l ,  and 2 -e thy lhexy l  malea tes  form 
hydrod imer  about  equal ly  well ;  fumara tes  are r e -  
duced at  a s l ight ly  more  posi t ive cathode vol tage 
than are  maleates .  

5. Two act ivat ing groups (as in d ie thy l  benza l -  
malonate  and d ie thyl  e thy l idenemalona te )  cause re -  
duction at  a more posi t ive cathode potent ia l  than 
one ac t iva t ing  group. 

1 K n u n y a n t s  re~erences  c i ted  i n  (1) .  

February 1964 

Table II. Electrolytic hydrodimerization of derivatives of 
a, ~-unsaturated acids. Variation of cathode potential 

with structure of monomer 

2RR'C = C (R") X-~ RCR'--CH (R") X 

R ~ R ' - - C H  (R")  X 
M o n o m e r  H y d r o d i m e r  

-- C a t h o d e  % 
E x p t .  v a v s .  H y d r o -  

No.  M o n o m e r  S.C.E.  d i m e r b  

11 CHsCH= CHCN 2.08-2.11 87 c 

12 (CH3) 2C----C (CH3) CN ca. 2.15 0 

13 CeHsCH=CHCN 1.42-1.60 60.3 ~ 
CN 

14 ~ 2.15-2.20 66.4 

CN 

15 ~ _ ~  2.13 290, * 

16 CHsCH2CH~CHCN 1.97-2.20 58Y~* 

CHCN 
17 I[ 1.00-1.03 --"* 

NCCH 

18 C2H5OCH=CHCOOEt 2.22 57 h 

Et 
l 

CHCOOCH2CH (CH2) 3CH3 
19 Cis ]l 1.41 66 

CHCOOCH2CH (CH2) 3CH3 
[ 

Et 

CHCOO (CH2) 8CH8 
20 II 

CHCOO (CH2) 3CH3 1.30 70 

Et 
L 

CHCOOCH2CH (CH2) ~CH3 
21 Trans 11 

CHCOOCH2CH (CH2) 3CH3 1.22 80 
i 

Et 

22 CeHsCH----C(COOEt) 2 1.38-1.47 45J 

23 CH3CH----C(COOEt) 2 1.41-1.68 90 

COOEt [ 

24 ~ 2.05-2.11 

25 C6HsCH---- CHCONEt2 1.67-1.73 __m 

a Al l  o f  t h e s e  p o t e n t i a l s  w e r e  m e a s u r e d  e x p e r i m e n t a l l y  i n  t h e  
c o u r s e  of  t h e  e l ec t ro lyses .  T h e  h a l f - w a v e  p o t e n t i a l  f o r  m o s t  of  
t h e s e  c o m p o u n d s  a r e  n o t  r e p o r t e d  in  t h e  l i t e r a t u r e .  E l e c t r o l y s i s  b e -  
g a n  a t  a p o t e n t i a l  s o m e w h a t  m o r e  p o s i t i v e  t h a n  t h e  h a l f - w a v e  
p o t e n t i a l .  

b B a s e d  on  c u r r e n t  p a s s e d .  
c bp ,  147"/4.2 m m ;  nD ~ 1.4524. A n a l .  ea led ,  f o r  CsI-I~N~: C,  70.54; 

H,  8.89; N,  20.57. F o u n d :  C, 70.17; H ,  8.86; N ,  20.28. P r o p e r t i e s  of  
t he  h y d r o d i m e r s  a r e  g i v e n  o n l y  w h e n  n e w  c o m p o u n d s  (*) a r e  i n -  
v o l v e d  o r  w h e n  t h e  p h y s i c a l  c o n s t a n t s  of  old  c o m p o u n d s  d i f f e r e d  
f r o m  t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e .  W h e r e  /~ to  r c o u p l i n g  w a s  
c o n c e i v a b l e ,  a n a l y s i s  os t h e  i n f r a r e d  a n d  n . m . r ,  s p e c t r a  s h o w e d  t h a t  
this h a d  no t  o c c u r r e d .  

d T w o  i s o m e r s ,  m p ,  151~ ~ ( k n o w n )  a n d  98 ~ r e s p e c t i v e l y .  
Ana l .  ca lcd ,  f o r  ClaHlraAI2 (98 ~ i s o m e r ) :  C, 82.44; H,  6.92; N ,  10.68. 
F o u n d :  C, 82.42; H,  6.33; N,  10.47. 

e bp ,  148~176 m m ;  nD ~ 1.4939. A n a l .  ca lcd ,  f o r  C ~ H ~ 2 :  C, 
76.60; H,  8.50; N,  14.90. F o u n d :  C, 76.10; H ,  8.41; N,  13.87. 

t bp ,  154~176 r a m ;  n ~  1.4565. A n a l .  ea lcd ,  f o r  CzoH16N~: C, 
73.12; H,  9.82; N,  17.06. F o u n d :  C, 72.54; H,  9.91; N,  16.02. 

T w o  i s o m e r s ,  m p ,  148"-152 ~ a n d  122~ ~ r e s p e c t i v e l y .  A n a l .  
calcd,  f o r  CsHr/~4: C, 60.75; H ,  3.82; N ,  35.43. F o u n d :  C, 60.45; H,  
4.05; N,  35.32 a n d  C, 60.60; H ,  3.88; N,  35.35 r e s p e c t i v e l y .  

bp ,  130~ m m ;  n v ~  1.4302. Ana l .  ca lcd ,  f o r  C14H~O6: C, 57.91; 
H,  9.03. F o u n d :  C, 58.43; H ,  9.17. 

I bp,  1 9 6 ~  m m .  A n a l .  ca lcd ,  f o r  CssI-I3~Os: C, 67.45; H,  6 . 8 7 .  
F o u n d :  C, 68.31; H,  6.83. 

~ T w o  i s o m e r s ,  m p ,  216~ ~ a n d  86~ ~ r e s p e c t i v e l y .  A n a l .  
ca lcd ,  f o r  CzsI-IsoO~: C, 69.64; H,  9.74. F o u n d :  C, 69.77; H ,  9.53 a n d  
C, 69.85; H ,  9.03 r e s p e c t i v e l y .  

rap ,  47~ ~ A n a l .  ca lcd ,  f o r  CeeI-IseN~O2: C, 74.43; H ,  8.88; N,  
6.85. F o u n d :  C, 76.12; H ,  8.95; N,  6.70. 

* N e w  c o m p o u n d .  
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Table Ill. Catholytes used in;Tables I and II 

Catholyte  composi t ion 
Expt.  No. Monomer  Monomer ,  g Salt, g Co-solvent ,  g 

1 C H 2 = C H C N  a 94.5 141 of 56% b N o n e  

2 C H 2 = C  ( C H s ) C N  a 93.0 93 of 73% b 37.2 D M F  

3 (CH3) 2 C ~ C H C N  c 105.0 105 of 75% b 26.7 D M F  

4 C H 2 = C H C O O E t  a 76.0 75.8 of 76% d 88.6 D M F  

5 (CH3) 2 C : C H C O O E t  e 75.0 82.0 of 86.5%1 88.6 CH3CN 

C H C O O E t  a 
6 Cis---  I1 105 106 of 75% b 47.6 D M F  

C H C O O E t  

7 C6HsCH = C H C O O E t  a 108 108 of 89 % g 22.5 H 2 0  

8 C H 3 C H =  C H C O N E t 2  h 104 104 of 75 % ~ 52.0 H 2 0  

9 C H 2 = C H C O O N E t 2  h 104 104 of 75 % b 52.0 H 2 0  

10 C H 2 ~ C H C O N H 2  a 85 85 of 85% b 42.5 H 2 0  

11 C H ~ C H ~ C H C N  a 97.4 97.4 of 75% b 37.2 D M F  

12 (CH3) 2 C = C  (CH3) CN~ 41.7 41.7 of  80% b 48.0 CHsCN 

13 C 6 H s C H :  C H C N  a 95.6 98.0 of  80 %b 45.0 D M F  

CN k 
1 

14 ~ 88.4 88.4 of  76.5% d 81.5 D M F  

C N  m 
9 .  

15 ~ _ ~  82.0 81.0 of 80% b 70.4 D M F  

16 C H s C H 2 C H : C H C N  n 52.9 69.0 of  80% b 43.0 C H s C N  

C H C N  a 
17 ]] 75.3 83.5 of 75% b 91.0 CHsCN 

N C C H  

18 C 2 H s O C H = C H C O O E t "  91.0 91.0 of 80% b 66.3 D M F  

E t  
I 

C H C O O C H 2 C H  (CH2) 3CHs a 
19 Cis II 92.0 92.0 of  89% 9 46.0 C2H~OH 

C H C O O C H 2 C H  (CH2) sCHs 
I 

E t  

CHCOO (CH2) 3CH3 
20 I I 130.0 130.0 of  89%g N o n e  

C H C O O  (CH2)  3CHs 

E t  

C H C O O C H 2 C H  (CH2) 3CH3 a 
21 T r a n s  II 63.2 63.2 of  89% g 113.8 C2H5OH 

C H C O O C H 2 C H  (CH2) 3CH3 
I 

E t  

22 C6HsCH = C ( C O O E t )  2 a 86.6 86.6 of  80 % b 80.0 D M F  

23 C H 3 C H = C  ( C O O E t )  2 a 95.5 95.5 of  80% b 61.7 D M F  

COOEtg  

24 ~ 80.0 80.0 of  89% 9 8.0 C H s C N  

25 C e H s C H : C H C O N E t 2  r 57.7 101.2 of  80% b 86.6 D M F  

a Purchased .  
b T e t r a e t h y l a m m o n i u m  p- toluenesulfonate .  
r P r e p a r e d  according  to r e f  (3). 

M e t h y l t r i e t h y l a m m o n i u m  p- to luenesulfonate .  
e P r e p a r e d  according to r e f  (4). 
r T e t r a e t h y l a m m o n i u m  benzenesulfonate .  
g M e t h y l t r i - n - b u t y l a m m o n i u m  p- toluenesulfonate .  

P r epa red  accord ing  to re f  (5). 

P r e p a r e d  accord ing  to r e f  (6). 
P r e p a r e d  accord ing  to re f  (7). 
P r e p a r e d  by  an  adapta t ion  of re f  (7). 

n P r e p a r e d  by  the  pyrolys is  of ~-acetoxYvaleroni t r i le  a t  5 0 0  ~ 
t h r o u g h  a 3-~t co lumn packed  ~vfth glass  beads.  Sa t i s fac tory  ele- 
menta l  analyses  for  the  product  w e r e  obtained.  

p P r e p a r e d  according  to r e f  (8). 
q P r e p a r e d  accord ing  to re f  (9). 
r P r e p a r e d  according  to re f  (IO). 
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6. A f l - a l k o x y - s u b s t i t u e n t  sh i f t s  the  c a thode  p o -  
t e n t i a l  c o n s i d e r a b l y  t o w a r d  the  n e g a t i v e  bu t  s t i l l  
p e r m i t s  coupl ing .  

7. A c r y l a m i d e  y i e l d e d  a d i p a m i d e  in  sp i te  of t he  
p re sence  of an  u n p r o t e c t e d  - - C O N H  2 group .  

Not  a l l  of the  m o n o m e r s  used  in th is  w o r k  d i s -  
so lved  c o m p l e t e l y  in the  h y d r o t r o p i c  q u a t e r n a r y  sa l t  
so lu t ions  w i t h o u t  the  a id  of a co - so lven t .  The  c a t h o -  
l y t e s  used  for  t he  e x p e r i m e n t s  s u m m a r i z e d  in Tab l e s  
I and  II  a r e  g iven  in T a b l e  III .  

Stereochemistry 
Wilson  and  Wi l son  (11) had  o b t a i n e d  s l i g h t l y  

m o r e  m e s o -  t h a n  d l - d i p h e n y l a d i p i c  ac id  b y  h y d r o -  
d i m e r i z i n g  e innamie  ac id  in ac idic  m e d i u m  ( p r e -  
s u m a b l y  v i a  a f ree  r a d i c a l  p a t h ) .  In  our  h y d r o d i m -  
e r iza t ions ,  w h i c h  w e  b e l i e v e  occur  v i a  e a r b a n i o n  
i n t e r m e d i a t e s ,  t h e r e  was  s e a t t e r e d  ev idence ,  no t  
f u r t h e r  p u r s u e d  at  th i s  t ime ,  t h a t  s t e r e o p r e f e r e n c e  
was  invo lved .  W h i l e  t he  2 , 5 - d i m e t h y l a d i p o n i t r i l e  
o b t a i n e d  f r o m  m e t h a c r y l o n i t r i l e  ( exp t .  2, T a b l e  I I )  
was  f o u n d  to g ive  two  e q u a l  p e a k s  in a v a p o r  p h a s e  
c h r o m a t o g r a m ,  t he  h y d r o d i m e r  f r o m  e r o t o n o n i t r i l e  
( exp t .  11, T a b l e  I I )  s h o w e d  no r e s o l u t i o n  into  two  
c o m p o n e n t s  u n d e r  a v a r i e t y  of condi t ions .  Of 25.9g 
of c rude  h y d r o d i m e r s  o b t a i n e d  f r o m  e i n n a m o n i t r i l e  
( exp t .  13, T a b l e  I I ) ,  a t  l e a s t  17.9g ( 6 9 % )  was  in  the  
fo rm of one i somer ,  m p  151~176 on ly  1.1g of t he  
o the r  i somer ,  m p  98 ~ could  be  r e c o v e r e d  f rom 
m o t h e r  l iquors .  The  b u l k  of t he  h y d r o d i m e r  o b t a i n e d  

f rom 1 - c y c l o h e x e n e - l - c a r b o n i t r i l e  was  t h e  h i g h e r  
m e l t i n g  i somer ,  m p  216~176 on ly  a s m a l l  q u a n t i t y  
of an  i somer ,  m p  860-87 ~ was  p resen t .  
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Electrolytic Reductive Coupling 
III. Some Derivatives of 1,3-Butadiene 

Manuel M. Baizer and James D. Andersen 
Central Research Department, Monsanto Chemical Company, St. Louis, Missouri 

ABSTRACT 

Ethyl  sorbate  has been  hydrod imer i zed  in aqueous t e t r a a l k y l a m m o n i u m  
p- to luenesu l fona te  to give a good y ie ld  of a m ix tu r e  of isomers.  1 -Cyano- l ,3 -  
bu tad iene  in a s imi lar  sys tem unde rwen t  at  least  65-70% coupl ing through the 
5-posi t ion to furnish,  a f te r  ca ta ly t ic  hydrogenat ion ,  sebaconi t r i le  in quan t i t a -  
t ive yield.  The ma jo r  b y - p r o d u c t  identif ied was 3 ,4-die thyladiponi t r i le .  A h y -  
d ro t e t r amer  was also formed,  p r e suma b ly  f rom a d imer  p resen t  in the  s t a r t -  
ing mater ia l .  This d i s t r ibu t ion  of isomers  is ve ry  different  f rom that  r epor ted  
in the  " radica l  d imer iza t ion"  of bu tad iene  by  sodium. 

In  P a p e r  I I  of th is  se r ies  (1 ) ,  t h e r e  was  d e s c r i b e d  
the  h y d r o d i m e r i z a t i o n  in q u a t e r n a r y  a m m o n i u m  
e l e c t r o l y t e s  of a v a r i e t y  of d e r i v a t i v e s  of m o n o -  
olefinic ~, ~ - u n s a t u r a t e d  acids.  T h e  p r e s e n c e  of a r o -  
m a t i c  s u b s t i t u e n t s  a t  t h e  f l -pos i t ion  e x t e n d e d  the  
conjugation, sh i f t ed  the  r e q u i r e d  ca thode  p o t e n t i a l  
to the  pos i t ive ,  and  p r o b a b l y  c o n t r i b u t e d  also to 
s t e r e o - r e g u l a t i o n  in  t he  m i x t u r e  of i somer i c  h y d r o -  
d i m e r s  ob ta ined ,  b u t  i t  cou ld  not,  of course ,  a l t e r  
the  fac t  t h a t  coup l ing  o c c u r r e d  t h r o u g h  the  f l -pos i -  
t ion.  Of g r e a t e r  i n t e r e s t  was  a s t u d y  of the  m o r e  
c o m p l e x  case in w h i c h  e x t e n d e d  cha in  c o n j u g a t i o n  
occur red ,  as in e t h y l  s o r b a t e  and  1 - c y a n o - l , 3 - b u -  
t a d i ene  ( C B D ) .  

W i l s o n  and  Wi l son  (2)  h a v e  r e p o r t e d  an  e x c e l l e n t  
s t u d y  of t he  r e d u c t i v e  d i m e r i z a t i o n  of so rb ic  acid.  In  
ac id  solu t ion ,  t he  y i e l d  of h y d r o d i m e r s  ( " p i n a c o l " )  
was  v i r t u a l l y  q u a n t i t a t i v e ;  t he  compos i t i on  of  t he  
i somer  m i x t u r e  was  no t  g iven .  

Experimental Results and Discussion 
Apparatus . - -The e l e c t r o l y t i c  ce l l  u sed  has  been  

d e s c r i b e d  p r e v i o u s l y  (3 ) .  The  ca thode  w a s  m e r c u r y .  
Hydrodimerization of ethyl  sorbate.--In a b r i e f  

s t u d y  i t  was  f o u n d  t ha t  e l ec t ro ly s i s  of  e t h y l  s o r b a t e  
in m e t h y l t r i - n - b u t y l  p - t o l u e n e s u l f o n a t e  p lus  d i -  
m e t h y l f o r m a m i d e  u n d e r  m i l d l y  a l k a l i n e  cond i t ions  
gave  76.5% ( b a s e d  on c u r r e n t )  of a r e d i s t i l l e d  m i x -  
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ture  of hydrodimers ,  bp 118~ mm to 132~ 
ram, nD 25 1 4635. Carbon, hydrogen,  and molecular  
weight  de te rmina t ions  were  sat isfactory.  F u r t h e r  
examinat ion  of this mix tu re  was deferred.  

Hydrodimerization o5 CBD.---A more thorough in-  
vest igat ion of the hydrod imer iza t ion  of CBD was 
wa r r an t ed  because:  

1. I t  could lead to a novel  route  to the commercia l ly  
impor tan t  products  sebaconitr i le ,  1 ,10-diaminode-  
cane and sebacic acid. 

2. The d is t r ibut ion  of isomers obtained e lec t ro-  
ly t ica l ly  f rom a diene containing a polar  end-g roup  
could be compared  to the isomers obtained from 
butad iene  i tself  in a " rad ica l  d imer iza t ion"  process 
effected by  sodium (4). In the U.S. Indus t r i a l  Chem- 
icals Company process, there  is obtained,  a f te r  car -  
bonat ion and reduction,  a mix tu re  of 51% 2-e thy l -  
suberic acid (A) ,  38% sebacic acid (B),  and 11% 
2,5-die thyladipic  acid (C) : 

COOH ( CH2 ) 4CH2CHCOOH COOH (CH2) sCOOH 

C~I-I5 
A B 

COOHCH (CH2) 2CHCOOH 

C2H5 C2H5 
C 

Our supply  I of CBD was furnished wi th  the t yp i -  
cal analysis :  89.8% cis-, 8.4% t rans- ,  0.9% cis- 
crotononitr i le ,  and 0.9% unknown.  I t  was ant ic i -  
pa ted  tha t  hydrod imer iza t ion  via a carbanion in te r -  
media te  would lead to a mix tu re  of 1,8-dicyano- 
octa-2 ,6-diene (D) ,  3 ,4-d iv inyladiponi t r i le  (E),  and 
1 ,6 -d icyano-5 -v iny l -2 -hexene  (F)  : 

(CNCH2CH~CH--CH2--) 2 
D 

(CH2~CH--CHCH2CN)  2 
I 

E 

CH2----~CH--CH--CH2CN 
I 

CH2CH-----CHCH2CN 
F 

In addit ion,  t r ans -CBD read i ly  undergoes a Diels-  
Alder  react ion with  i tself  (5) to form the d i n e r  G: 

~ H = C H C N  

CN 
G 

and it was possible that  at  the cathode vol tage  re -  
quired for hydrod imer iza t ion  of CBD dimer  G could 
ei ther  hydrod imer ize  or undergo mixed  reduct ion 
coupling 2 wi th  ava i lab le  CBD. 

Af te r  exp lo ra to ry  runs, crude hydrod imers  were  
hydrogena ted  at the  double  bonds before  gross f rac -  
t ionat ion a n d / o r  V.P.C. analysis  in order  to avoid 
imposing the complicat ions of geometr ic  upon posi-  
t ion isomerism. 

CathoZyte.--CBD is ve ry  soluble in 70-80% aque-  
ous t e t r ae thy l ammon ium p- to luenesu l fona te  and 

1 M o n s a n t o  C h e m i c a l  C o m p a n y ,  H y d r o c a r b o n s  D i v i s i o n ,  T e x a s  
Ci ty ,  T e x a s .  

-~ T h i s  t y p e  of r e a c t i o n  w i l l  be  d i s cus sed  in  a s u b s e q u e n t  p a p e r .  
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catholytes  containing 50% by weight  of CBD were  
read i ly  prepared .  However,  the catholytes  were  usu-  
a l ly  d i lu ted  with  a l i t t le  acetoni t r i le  or d ime thy l -  
fo rmamide  in order  to conserve raw mater ia l .  

Procedure.--The genera l  e lectrolysis  procedure  
and method of separa t ion  of the ni t r i les  f rom the 
e lec t ro ly te  were  s imi lar  to what  has been prev ious ly  
repor ted  (3) .  

In one exper iment ,  a solution of 100g of f reshly 
redis t i l led  CBD (to which a t race  of p -n i t rosod i -  
me thy lan i l ine  had been added)  in 100g of 80% aque-  
ous t e t r ae thy l ammon ium p- to luenesu l fona te  plus 
20 ml acetoni t r i le  was electrolyzed at 25 ~ for 12.1 
a m p - h r  (copper  coulometer) .  The cathode vol tage 
was --1.49 to --1.59 (vs. SCE).  The theoret ica l  yield 
of hyd rod imer  (based on cur ren t  input )  was 36.1g. 
Af te r  s t r ipping unchanged s tar t ing mate r i a l s  on the 
w a t e r - b a t h  at  10 mm, there  remained  a residue of 
39.4g. Vacuum dis t i l la t ion y ie lded  (i)  29.1g (80.5%) 
of crude hydrod imers  boil ing main ly  at 130~ 
mm to 132~ mm, (ii) 1.9g bp 187~ mm to 
248~ ram, and (iii) 8.4g of viscous residue. 
Frac t ion  (i)  main ly  crys ta l l ized in the receiver.  
Crysta l l iza t ion f rom methanol  gave in severa l  crops, 
15.8g (more  than 50% of the weight  of the crude 
hydrod imers )  of 1 ,8-dicyano-octa-2,6-diene,  mp 
49 o_50 ~ having the correct  e lementa l  and molecular  
weight  analyses.  3 A 6.64g port ion of this diene f rom 
two different  exper iments  was suspended in 100 ml 
of absolute e thanol  and hydrogena ted  on the Pa r r  
shaker  at 40 lb in the presence of 0.4g of 5% Pd/C.  
Hydrogenat ion  was complete  in 10 rain. The product  
had nD 25 1.4458 before  and af ter  dis t i l la t ion at 
162~ mm --164~ mm. The in f ra red  spect rum of 
the dist i l led product  was super imposable  upon that  
of an authent ic  sample of sebaconitr i le .  4 

In another  exper iment ,  a solution of 95.5g of 
f reshly  redis t i l led  and stabi l ized CBD in 107g of 
75% t e t r ae thy l ammon ium p- to luenesu l fona te  was 
electrolyzed at  25~ ~ for 12.4 a m p - h r  (~.  37.0g 
hydrod imers ) .  The cathode vol tage  was --1.55 to 
--1.62v (vs. SCE).  The h igh-boi l ing  res idue weighed 
35.4g. 5 I t  was d i rec t ly  hydrogena ted  as above. Cata-  
lyst  had to be fi l tered off and replaced  by a fresh 
change several  times. The crude hydrogena ted  ni-  
tr i les weighed 32.8g. 6 Of this, 78% boiled in the 
range expected for  sebaconi t r i le  and isomers. 5 V.P.C. 
analysis  of the dis t i l la te  showed 86.7% sebaconi-  
trile,  4.7% of an impur i ty  having the same re tent ion  
t ime as 3 ,4-d ie thyladiponi t r i le  (1) and 2.8% and 
2.6%, respect ively,  of two addi t ional  components.  
The mate r i a l  which had not dis t i l led up to 143~ 
mm had nD 25 1.4752; C, H, N and molecular  weight  
de te rmina t ions  were  in agreement  wi th  the values 
calculated for a hyd r o t e t r a m e r  of CBD. 

In a th i rd  exper iment ,  conducted s imi la r ly  to the 
first one above, the dist i l led hydrod imers  weighed 
32.5g (88% based on cur ren t ) .  Hydrogenat ion  and 

s I s o m e r s  (?) of  t h i s  p r o d u c t  h a v e  b e e n  r e p o r t e d  to  m e l t  a t  4 3  ~ 

(6) a n d  44 ~ (7) .  

P u r c h a s e d  f r o m  K a n d  K L a b s ,  S a m a i c a  33, N.  Y.  nn  ~ 1.44fi2. 

5 T h e  p o s s i b i l i t y  t h a t  s o m e  p o l y m e r i z a t i o n  o c c u r r e d  d u r i n g  d i s t i l -  
l a t i o n  c a n n o t  b e  e x c l u d e d .  

a M e c h a n i c a l  losses .  
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d i s t i l l a t i on  y i e l d e d  32.5g of s a t u r a t e d  d in i t r i l e s ,  bp  
126~176 m m ,  nD 25 1.4521. V.P.C. ana lys i s  
s h o w e d  76.7 % s e b a c o n i t r i l e  conten t .  

Manuscr ip t  rece ived  Mar. 14, 1963; rev ised  m a n u -  
scr ipt  rece ived  Sept.  27, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be pub l i shed  in the  December  1964 
JOTJRNAL. 
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The Possible Mechanisms of Complex 
Reactions Involving Consecutive Steps 

Paul C. Milner 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

A new sys temat ic  method  for  genera t ing  complete  sets of reac t ion  mechan-  
isms is described,  and severa l  examples  of its appl ica t ion  are  given to i l lus t ra te  
its ut i l i ty  in  pos tu la t ing  mechanisms f rom which  kinet ic  re la t ions  m a y  be de-  
r ived  for  compar ison wi th  expe r imen ta l  results .  S ta r t ing  wi th  a choice of 
possible  in te rmedia te  species, the p rocedure  leads d i rec t ly  to the  des i red  set 
of mechanisms,  which  are  shown to be l imi ted  to those containing a number  of 
steps no more  than  one grea te r  than  the number  of in te rmedia te  species  and 
which, therefore ,  can be obta ined expl ic i t ly  as unique solutions to a series of 
easi ly  de r ived  s imul taneous  equations.  

One of  the  p r i n c i p a l  p u r p o s e s  of k ine t i c  s tud ies  
is t h e  e l u c i d a t i o n  of r e a c t i o n  m e c h a n i s m s .  F o r  
m a n y  c o m p l e x  reac t ions ,  h o w e v e r ,  k i n e t i c  m e a s -  
u r e m e n t s  canno t  p r o v i d e  sufficient  i n f o r m a t i o n  for  
t he  d i r ec t  a n d  u n a m b i g u o u s  spec i f ica t ion  of m e c h -  
a n i s m  a n d  t h e r e f o r e  th i s  p rocess  m u s t  d e p e n d  on 
t h e  c o m p a r i s o n  of  e x p e r i m e n t a l  m e a s u r e m e n t s  w i t h  
q u a n t i t i e s  d e r i v e d  f r o m  p o s t u l a t e d  m e c h a n i s m s  b y  
m e a n s  of a p p r o p r i a t e  k ine t i c  l aws .  F o r  such  a 
p r o c e d u r e  to  be  success fu l  in i d e n t i f y i n g  r e a c t i o n  
m e c h a n i s m s ,  a l l  of t he  poss ib le  m e c h a n i s m s  m u s t  
be  cons ide red .  The  fo l lowing  d i scuss ion  p r o v i d e s  a 
s i m p l e  s y s t e m a t i c  m e t h o d  for  g e n e r a t i n g  the  r e -  
q u i r e d  c o m p l e t e  sets  of poss ib l e  m e c h a n i s m s  a n d  
inc ludes  s e v e r a l  e x a m p l e s  of i ts  use.  

General considerations.--The course  of r e a c t i o n  
is o f ten  p i c t u r e d  as  t h e  m o t i o n  of a p o i n t  o v e r  a 
su r f ace  r e p r e s e n t i n g  the  e n e r g y  of a g r o u p  of  t h e  
r e a c t i n g  spec ies  as a func t ion  of w h a t  a r e  u s u a l l y  
t e r m e d  r e a c t i o n  c o o r d i n a t e s  (1 ) .  The  p a t h  t r a c e d  
b y  th is  point ,  f r o m  one  m i n i m u m  across  a s a d d l e -  
po in t  to an  a d j a c e n t  m i n i m u m  and  so on, is  s i m p l y  
a p i c t o r i a l  d e s c r i p t i o n  of t he  r e a c t i o n  m e c h a n i s m ,  
in  w h i c h  the  m i n i m a  c o r r e s p o n d  to g roups  of s t ab l e  
species  p r o d u c e d  f r o m  t h e  o r i g i n a l  r e a c t a n t s  b y  
the  e l e m e n t a r y  r eac t i ons  or  un i t  s teps  r e p r e s e n t e d  
b y  t h e  t r a n s i t i o n s  across  t he  s a d d l e - p o i n t s .  These  
u n i t  s teps ,  in  sum, m a k e  up  t h e  o v e r - a l l  r e a c t i o n  
a n d  a re  t he  s m a l l e s t  s e g m e n t s  of i t  whose  e q u i l i b -  
r i u m  a n d  k ine t i c  b e h a v i o r  can,  a t  l e a s t  in t he o ry ,  
be  s t u d i e d  i n d i v i d u a l l y .  

F o r  a c o m p l e x  reac t ion ,  t he  e n e r g y  su r f a c e  m a y  
con ta in  m a n y  m i n i m a  so t h a t  m a n y  p a t h s  m a y  be  
t r a c e d  across  it, each  l e a d i n g  f r o m  a p o i n t  co r -  
r e s p o n d i n g  to t h e  r e a c t a n t s  of t he  o v e r - a l l  r e a c t i o n  
to a po in t  c o r r e s p o n d i n g  to i t s  p r o d u c t s  a n d  each  
r e p r e s e n t i n g  a pos s ib l e  m e c h a n i s m .  C o n s i d e r e d  in  
th is  way ,  i t  is c l ea r  t ha t  m a n y  m e c h a n i s m s  a re  
r e p r e s e n t e d  b y  p a t h s  i n v o l v i n g  c i rc les  t h a t  r e t u r n  
to a g iven  m i n i m u m  once o r  m a n y  t imes  a n d  a r e  
thus  no t  m i c r o s c o p i c a l l y  r e v e r s i b l e .  These ,  a n d  in  
fac t  a l l  poss ib le  pa ths ,  i n c l u d i n g  those  in  w h i c h  
two  or  m o r e  p a t h s  a r e  s i m u l t a n e o u s l y  cons ide red ,  
a re  s i m p l y  t r i v i a l  c o m b i n a t i o n s  o f  a f ini te  set  of 
d i r ec t  pa ths ,  each  of w h i c h  is u n i q u e  in  t h e  sense  
tha t  i t  c anno t  be  c ons ide r e d  to r e s u l t  f r o m  t h e  su -  
p e r p o s i t i o n  of a n y  of t he  o t h e r  m e m b e r s  of t he  set.  

These  d i r ec t  p a t h s  a r e  no t  n e c e s s a r i l y  l i n e a r l y  
i n d e p e n d e n t  of one a n o t h e r  in  t h e  u s u a l  m a t h e -  
m a t i c a l  sense  of t he  t e rm.  Such  i n d e p e n d e n c e  w o u l d  
r e q u i r e  t h a t  i t  b e  poss ib l e  to c omb ine  m e c h a n i s m s  
in w a y s  r e s u l t i n g  in  t h e  c a nc e l l a t i on  of s e g m e n t s  
of t he  pa ths .  M a t h e m a t i c a l l y ,  th i s  is f eas ib l e ;  b u t  
k i n e t i c a l l y  and  w i t h  r e spe c t  for  p h y s i c a l  r ea l i t y ,  no 
two  m e c h a n i s m s  c on t a in ing  a g i v e n  un i t  s t ep  can  
be  e q u i v a l e n t  to  a t h i r d  in w h i c h  i t  does no t  a ppea r .  
Thus,  t h e s e  d i r ec t  p a t h s  a r e  k i n e t i c a l l y  d i s t i n c t  f r o m  
one ano the r ;  and ,  w h i l e  t h e y  m a y  no t  be  l i n e a r l y  
i n d e p e n d e n t  of  one  ano the r ,  t h e  un i t  s t eps  of  w h i c h  
each  of t h e m  is c o m p o s e d  are .  Th is  l a t t e r  conc lus ion  
fo l lows  f r o m  the  consideration t h a t  if  one  s t ep  w e r e  
not  i n d e p e n d e n t ,  i t  w o u l d  b e  e q u i v a l e n t  to some 



Vol.  111, No. 2 M E C H A N I S M S  O F  C O M P L E X  R E A C T I O N S  229 

combinat ion of other  steps and the mechanism 
would involve some cyclic or a l t e rna te  path.  

Since the  possible uni t  steps de te rmine  the pos- 
sible mechanisms and are, in turn,  de te rmined  by 
the species which may  exist  in the sys tem under  
consideration,  any  systemat ic  examina t ion  of pos-  
sible react ion mechanisms must  begin its deta i led 
considerat ions at  this point.  The r ema inde r  of the 
deve lopment  then leads in a s t r a igh t fo rward  and 
unambiguous  fashion to the genera t ion  of the set 
of mechanisms corresponding to the set of direct  
paths.  

Reactant, Product,  and Intermediate  Species 
and Possible Unit Steps 

The l is t  of species which  may  exis t  in a given 
sys tem begins, of course, wi th  the known reac tants  
and products  of the ove r -a l l  reaction.  In  the  most  
genera l  case i t  wi l l  also include all  the possible 
combinat ions of a l l  the  atomic species present ,  
considered in al l  the i r  possible states of oxidat ion  
and in all  possible nonequiva len t  physical  locations 
and or ientat ions  wi th  respect  to one another.  At  a 
more prac t ica l  level,  however ,  this l a t t e r  group 
can be reduced to a small  number  of species which 
previous  exper ience and common sense suggest  as 
p laus ib le  pa r t i c ipan t s  in the reaction. Such pa r -  
t ic ipants  may  be species formed from the reactants  
and products  of the ove r -a l l  reaction, and they  m a y  
include species classified as catalysts ,  th i rd  bodies, 
or solvent. In  any case, they  are  quite genera l ly  
character ized by  the fact  tha t  they  do not appear  
as reac tants  or products  in the over -a l l  react ion 
and so may  be included in a genera l  class and de-  
noted as in termedia tes .  

A typica l  selection of in te rmedia tes  for the hy -  
d rogen-gas  e lectrode react ion would,  of course, in-  
clude adsorbed hydrogen  atoms, whi le  a s imilar  
choice for the oxygen-gas  e lectrode react ion might  
involve h y d r o x y l  and hyd rope roxy l  radicals ,  ox-  
ygen atoms, and hydrogen  peroxide  or h y d r o p e r o x -  
ide ions, depending on the pH of the solution. Such 
selections of in te rmedia tes  are  admi t t ed ly  a rb i t r a ry .  
They do, however,  provide  an easi ly modified s ta r t -  
ing point  for the considerat ion of possible react ion 
mechanisms;  and they  occur at  a point  where  r ea -  
sonable assumptions  can best  be made. 

F rom the l ist  of possible species, the possible uni t  
steps can read i ly  be generated.  They are  s imply  all  
the react ions tha t  can occur among the members  
of this set of species. Since it m a y  be genera l ly  as-  
sumed tha t  the order  of a uni t  step is never  grea te r  
than three  and, at  least  in condensed phases,  is 
un l ike ly  to exceed two, it  is usual ly  necessary to 
consider only the possible react ions of the species 
individual ly ,  wi th  themselves,  and with  each one 
of the other  possible species in order  to obtain a 
complete  set of possible uni t  steps appropr ia t e  to 
the sys tem being considered. 

Stoichiometric Numbers  and Reaction Mechanisms 
Any  o v e r - a l l  reaction,  then, must  consist of a 

series of steps selected f rom the  complete  set of 
possible uni t  steps; thus  any react ion mechanism 
can be  described complete ly  by  specifying the hum-  

ber of occurrences of each of the  possible unit  steps 
for each occurrence of the  ove r - a l l  reaction. In  the 
te rminology  of Horiuti ,  these are  the s toichiometr ic  
numbers  associated with  the specified react ion 
mechanism and represent  his genera l iza t ion  (2) of 
the or iginal  concept of Horiut i  and Ikus ima (3),  
which dea l t  in a much more res t r ic ted  fashion with  
the s to ichiometry  of the r a t e - d e t e r m i n i n g  step in 
the hydrogen  electrode react ion at  p la t inum.  Out-  
side of the  work  of Hor iu t i  and his co -workers  and 
tha t  of Oldham (4) ,  Mauser  (5),  and Riddiford  (6) ,  
l i t t le  use appears  to have  been  made  of s toichi-  
ometr ic  numbers  defined in this genera l  way, a l -  
though stoichiometr ic  numbers  have  been  associated 
with  r a t e -de t e rmin ing  steps in a number  of t r e a t -  
ments  of e lect rode kinetics,  most  no tab ly  those of 
Parsons (7) and Makr ides  (8),  and, in this  r e -  
s t r ic ted form, have been much used as diagnost ic  
cr i ter ia  in the de te rmina t ion  of react ion mech-  
anisms. 

In these terms,  the  genera t ion  of possible reac-  
t ion mechanisms reduces to the choice of appro -  
p r i a te  sets of s toichiometr ic  numbers ,  each set spec- 
i fying the number  of occurrences of each of the 
possible uni t  steps for one occurrence of the over -  
all  reaction.  These choices are, of course, subject  
to the res t r ic t ion tha t  they  resul t  in the  over -a l l  
reaction. Thus, when the chemical  equat ion for 
each unit  step is mul t ip l ied  by its s toichiometr ic  
number  and these products  summed, the coefficients 
of the in te rmedia te  species must  vanish and the 
coefficients of the  reac tants  and products  must  be 
those of the chemical  equation for the  over -a l l  
reaction. 

This res t r ic t ion yie lds  two sets of re la t ions  
among the s toichiometr ic  numbers .  If there  are S 
uni t  steps involving I in te rmedia tes  and R reactants  
and products ,  there  wil l  be S stoichiometr ic  num-  
bers,  Vs. With  ais as the  coefficient of in te rmedia te  
i and  a~s as the  coefficient of reac tan t  or product  r 
in the  chemical  equat ion for step s, mul t ip l ica t ion  
of each step by its s toichiometric  number  us and 
summat ion  of these products  gives I re la t ions  of 
the form: 

~saisvs = 0 [1] 

and R re la t ions  of the form 

~sars~s ~ br [2] 

where  br is the coefficient of the reac tan t  or product  
r in the over -a l l  reaction.  

Any  set of vs's sat isfying rela t ions [1] and [2] 
corresponds to a mechanism;  and since there  wil l  
usual ly  be more  stoichiometric  numbers  than there  
are independent  equations re la t ing  them, there  wi l l  
usual ly  be an infinite number  of sets of solutions 
to [1] and [2] and, hence, an infinite number  of 
mechanisms.  This number  includes the desired d i -  
rect  paths  as wel l  as all  the possible combinat ions 
of them, so tha t  an addi t iona l  res t r ic t ion is requ i red  
to l imi t  the  choice to those sets of s toichiometric  
numbers  which correspond to the former  group. 

The Complete Se~ of Direct Paths 

The necessary res t r ic t ion m a y  be obta ined f rom 
a considerat ion of the re la t ions [1],  which form 
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a s y s t e m  of I h o m o g e n e o u s  l i n e a r  equa t ions  in  S 
va r i ab l e s .  A f u n d a m e n t a l  t h e o r e m  of a l g e b r a  (9)  
s t a t e s  t ha t  if  the  m a t r i x  of  the  coefficients,  (ais) ,  
has  r a n k  H, t h e n  a l l  t he  so lu t ions  can  be  e x p r e s s e d  
as l i n e a r  c o m b i n a t i o n s  of  S - H  l i n e a r l y  i n d e p e n d e n t  
so lu t ions .  F o r  the  p u r p o s e s  of th is  d i scuss ion  i t  is 
n e c e s s a r y  o n l y  to p o i n t  out  t h a t  t h e  r a n k  of a 
m a t r i x  is g iven  b y  the  d i m e n s i o n  of t he  l a r g e s t  
n o n v a n i s h i n g  d e t e r m i n a n t  w h i c h  can  be  f o r m e d  
f r o m  i t  (10) .  I n  t he  p r e s e n t  case, th is  r e q u i r e s  t h a t  
H be  less  t h a n  or  e q u a l  to 1, so t h a t  t he  n u m b e r  of 
l i n e a r l y  i n d e p e n d e n t  so lu t ions  to t he  set  of  r e l a -  
t ions  [1]  and ,  hence,  t h e  n u m b e r  of l i n e a r l y  i n d e -  
p e n d e n t  r e a c t i o n  r o u t e s  is  g r e a t e r  t h a n  or  e q u a l  
to S-I.  

The  d i scuss ion  of t h e  p r e c e d i n g  p a r a g r a p h s  p a r a l -  
le l s  in  m a n y  r e spec t s  t h a t  g iven  b y  H o r i u t i  and  
N a k a m u r a  (11) t h o u g h  f r o m  a d e c i d e d l y  d i f fe ren t  
v i ewpo in t .  T h e i r  c o n s i d e r a t i o n s  l e a d  to the  s ame  
conc lus ion  r e g a r d i n g  t h e  n u m b e r  of i n d e p e n d e n t  
r e a c t i o n  rou tes ,  and  this  n u m b e r  is  i n t e r p r e t e d  as 
b e i n g  the  deg rees  of f r e e d o m  of v a r y i n g  the  r e a c -  
t ion r o u t e  in  an  a n a l o g y  to t he  p h a s e  ru le .  

A s  H o r i u t i  a n d  N a k a m u r a  po in t  out ,  h o w e v e r ,  
a se t  of i n d e p e n d e n t  r e a c t i o n  r o u t e s  consis ts  of 
m e m b e r s  w h i c h  a r e  no t  n e c e s s a r i l y  un ique .  T h e y  
wi l l ,  in  fact ,  be  se lec ted  f r o m  t h e  d e s i r e d  set  of 
d i r ec t  pa ths ,  w h i c h  m a y  n o w  be  d e l i n e a t e d  as those  
r e a c t i o n  rou t e s  t h a t  a r e  u n i q u e  b y  v i r t u e  of t he  
fac t  t ha t  t he  set  of  r e l a t i o n s  [1]  has,  for  each  pa th ,  
no m o r e  t h a n  one solut ion.  F r o m  the  i n e q u a l i t y  d e -  
r i v e d  above ,  i t  t h e r e f o r e  fo l lows  t h a t  t he  n u m b e r  of 
va r i ab l e s ,  S,  u s a b l e  in  d e s c r i b i n g  a d i r ec t  p a t h  is 
less  t h a n  or  e q u a l  to I + 1 or, in t e r m s  of  s to ich i -  
ome t r i c  n u m b e r s ,  t h a t  t h e  n u m b e r  of nonze ro  s to i -  
c h iome t r i c  n u m b e r s  spec i fy ing  a d i r e c t  p a t h  can  
be  no m o r e  t h a n  one g r e a t e r  t h a n  the  n u m b e r  of i n -  
t e r m e d i a t e s .  This  u se fu l  a n d  i m p o r t a n t  r e s u l t  has  
not,  to the  a u t h o r ' s  k n o w l e d g e ,  been  p r e v i o u s l y  
d e r i v e d .  

The  s a m e  conc lus ion  m a y  be  based  on the  r e -  
q u i r e d  l i n e a r  i n d e p e n d e n c e  of t he  un i t  s teps  a p -  
p e a r i n g  in  a n y  d i r ec t  p a t h .  The  de t a i l s  of t he  a r g u -  
m e n t  a r e  g iven  in  the  a p p e n d i x .  

W i t h  th is  r e s t r i c t ion ,  t he  r e l a t i o n s  [ 1 ] m u s t  r e d u c e  
to a set  of I equa t i ons  in  I -5 1 u n k n o w n s  if  t h e  so -  
l u t i on  is to  r e p r e s e n t  a d i r ec t  pa th .  A n y  one of the  
r e l a t i ons  [2]  is t h e n  suff icient  to d e t e r m i n e  the  p r e -  
c ise  v a l u e s  of t h e  s t o i c h i o m e t r i c  n u m b e r s .  T h e r e  wi l l ,  
in  gene ra l ,  be C ( S , I - 5 1 ) =  S ! / [ ( I -51 ) ! (S - - I - -1 ) ! ]  
w a y s  in  w h i c h  the  r e l a t i o n s  [1]  m a y  be  r e d u c e d ;  
b u t  s ince  t h e  so lu t ions  ob t a ined  fo r  t he  r e d u c e d  
sets  w i l l  no t  a l w a y s  be  nonze ro  or  d i f f e ren t  f r o m  
one ano the r ,  C ( S , I + I )  r e p r e s e n t s  an  u p p e r  l i m i t  
to t he  n u m b e r  of  d i r ec t  pa ths .  

Examples  

The  fo l l owing  sec t ions  p r o v i d e  some i l l u s t r a t i o n s  
of t he  p r i n c i p l e s  d e v e l o p e d  in the  p r e c e d i n g  d i s -  
cussion.  In  each  case, a choice of i n t e r m e d i a t e s  is 
m a d e ,  t he  poss ib l e  un i t  s teps  a r e  g e n e r a t e d ,  t he  
n e c e s s a r y  r e l a t i o n s  [1]  and  one of t he  set  [2]  a r e  
g iven ,  and,  f inal ly ,  the  poss ib l e  r e a c t i o n  m e c h a n i s m s  
c o r r e s p o n d i n g  to d i r ec t  p a t h s  a r e  de r ived .  
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Table I. Possible mechanisms for the 
hydrogen-gas electrode reaction 

A B C 

~i i 2 
"v2 1 2 
v3 1 --I 

I. The hydrogen-gas electrode react ion.- -The o v e r -  
a l l  r e a c t i o n  is 2H + -5 2 e -  ~ ;  H2. h s ing le  i n t e r -  
med ia t e ,  t he  a d s o r b e d  h y d r o g e n  a tom,  is a s sumed .  
The  poss ib le  un i t  s teps,  l i m i t e d  to second  o r d e r  or  
less  w i t h o u t  c ons ide r a t i on  of t he  e lec t rons ,  a r e  

0. 2H + W 2 e - ~ H 2  

1. H + -5 e -  ~-~H 

2. H+ -5 H -5 e -  ~==; H2 

3. H -5 H ~:~ H2 

Step 0 is the over-all reaction itself and need not 
be cons ide red  f u r t h e r .  I d e n t i f y i n g  the  s t o i ch iome t r i c  
n u m b e r s  b y  s u b s c r i b i n g  the  n u m b e r  of t he  un i t  
s tep,  t he  s ing le  r e l a t i o n  [1]  is 

vl - -  v~ - -  2vs = 0 

and, using the coefficient of H + for the one neces- 
sary relation [2], 

vl -}- ,,2 = 2 

With one intermediate, no more than two stoichio- 
metric numbers can be nonzero to give direct paths. 
The three possible solutions are readily found by 
setting each of the stoichiometric numbers in suc- 
cession equal to zero and are given in Table 1. 

Mechanisms A and B are familiar. Mechanism C, 
in which Step 2 occurs twice in the forward direc- 
tion and Step 3 occurs once in the reverse direction, 
is not; and it may be noted that should it be the only 
possible mechanism at some specific electrode mate- 
rial, i t  w o u l d  be  imposs ib l e  to evo lve  h y d r o g e n  on 
a su r f ace  f r ee  of  h y d r o g e n  a t o m s  in t he  absence  
of h y d r o g e n  gas. A c t u a l l y ,  S t ep  1 w o u l d  p r e s u m -  
a b l y  e v e n t u a l l y  p r o v i d e  sufficient  h y d r o g e n  a toms ;  
and  the  o b s e r v e d  b e h a v i o r  w o u l d  i nvo lve  on ly  an  
i nduc t i on  per iod .  
II. The copper-cupric ion electrode reaction.raThe 
o v e r - a l l  r e a c t i o n  is Cu +2 -t- 2 e -  ~--+ Cu; and  the  i n -  
t e r m e d i a t e s  Cu + and  Cus, a d s o r b e d  copper  a toms,  
a r e  a s sumed .  The  poss ib le  un i t  s teps,  aga in  l i m i t e d  
to those  of second o r d e r  or  less  w i t h o u t  r e g a r d  for  
e lec t rons ,  a r e  

0. Cu +2 -5 2 e -  ~=~Cu 

1. Cu +2 -5 e -  ~ Cu + 

2. Cu + -5 e -  ~=; CUs 

3. Cus ~ Cu 

4. Cu +-Se-~cu 

5. Cu +2 + Cu ~ 2Cu + 

6. Cu +2 -5 Cu~ ~--* 2Cu § 

S tep  3 shows  the  t r a n s f e r  of c o p p e r  a toms  b e t w e e n  
two  n o n e q u i v a l e n t  p h y s i c a l  loca t ions ,  t he  su r f ace  
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Table II. Possible mechanisms for the 
copper-cupric ion electrode reaction 

M E C H A N I S M S  O F  C O M P L E X  R E A C T I O N S  

A B C n E F G H I J 

%'i 1 2 1 2 
%'2 1 2 2 1 2 
%'~ 1 1 2 1 --i 
%'4 1 1 2 
%'5 --I 1 --i 
~6 --I 1 1 2 1 
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and  the la t t ice;  and  step 0 is aga in  the  o v e r - a l l  r e -  
action. The re la t ions  [1] among  the  s to ichiometr ic  
n u m b e r s  are  

/*' - -  "22 - -  / * 4  ~- 2v5 + 2v6 = 0 

v 2 - -  / . 3 ~ / . 6  ~ 0 

and  the coefficient of Cu in  the  ove r - a l l  r eac t ion  
gives 

Wi th  two in te rmedia tes ,  a d i rec t  pa th  can  have  no 
more  t h a n  three  nonzero  s to ichiometr ic  n u m b e r s .  
The t en  mechan i sms  tha t  resu l t  are  g iven  in  Tab le  
II. 
III. The oxygen-gas electrode reaction in alkaline 
solution.--The o v e r - a l l  r eac t ion  4 O H -  r=~ O2 + 2H20 
+ 4 e -  is a s sumed  to have  OH, O, O2H, and  O2H- as 
possible in te rmedia tes .  The  possible  u n i t  steps are 

1. O H -  f=~ OH + e - 

2. OH- + O H ~ O + H 2 0 +  e -  

3. O H -  + O ~=~ O2H + e -  

4. O H -  + O~H ~-~ 02 + H20 + e -  

5. 2 O H -  ~ O + H20 + 2 e -  

6. OH- + O 2 ~ O +  O2H+ e-  

7. O2H- e:~ O2H -~- e -  

8. O ~ H -  + O H -  ~:~ 02 + H20 + 2 e -  

9. O2H- + O H ~ O 2 + H ~ O +  e-  

l0. O2H- + O ~ 0 2 + O H + e -  

11. 2OH ~ O + H20 

12. OH + O ~=~ O2H 

13. OH + O2H ~=~ O~ + H20 

14. O + O2H ~:~ 02 + OH 

15. 2 0  ~ 02 

16. O2H- + O ~=~ Oz + OH- 

17. O~H- + OH ~:~ O2H + OH- 

18. O H -  + O ~=~ O~H-  

The relations [1] and the coefficient of OH- give 

/*1 - -  /*2 - -  /*9 -} -  /*10 I ~  2 / * 1 ~  - -  v 1 2  - - / ' 1 3  ~ / ]14  - -  / . 1 7  ~ 0 

Y 2  - -  /*3 ~ -  /*5 - [ -  /*6 ' - -  7 /10 ~ /*11 ~ Y 1 2  - - / . 1 4  - -  2v15 - -  y 1 6  

- -  v18 ~ 0 

113 - -  /*4 + /*6 -~ V7 -{- v12 - -  V13 - -  V14 + /.17 = 0 

Table III. Possible mechanisms for the oxygen-gas 
electrode reaction in alkaline solutions, assuming ~;15 ~ 1 

A B C D E F G H I J K 

%'z 2 4 
%'2 2 4 2 2 2 2 
v3 2 2 4 4 
~7 2 2 4 4 
%'ii 2 --2 2 2 2 2 
v12 --2 --2 --4 --4 
%'17 --2 --2 --4 --4 
'V18 --2 2 - -4  4 

V7 -]- V8 ~- /"9 ~-  ~'10 ~-  /.16 -~ V 1 7 -  /.18 = 0 

vl +/*2 + /*a + v4 + 2v5 +/*6 + / * s - -  v16--/.17 + vls 
= 4  

Of the  18 s to ichiometr ic  n u m b e r s ,  no more  t h a n  five 
can  be nonze ro  for a d i rect  path ,  so t ha t  the  com-  
p le te  set of m e c h a n i s m s  m a y  be found.  There  are, 
however ,  C (18,5) -~ 8568 sets of s imu l t aneous  equa -  
t ions to be  cons idered  in  this  case; a n d  the  resul t s  
of this  ted ious  process are i n a p p r o p r i a t e  to this  
discussion. 

A ve ry  m u c h  more  l imi t ed  set of m e c h a n i s m s  m a y  
be ob ta ined  if it  can be assumed for some p a r t i c u -  
lar  e lectrode m a t e r i a l  t ha t  two e lec t ron  t r ans fe r s  
do not  occur and  tha t  oxygen  gas is p roduced  or 
used on ly  in  step 15. Wi th  these  l imi ta t ions ,  v,5 = 1 
a nd  the  s to ichiometr ic  n u m b e r s  of steps 4, 5, 6, 8, 
9, 10, 13, 14, and  16 are zero. The r e su l t i ng  mech -  
an isms  are g iven  in  Tab le  III. 

Conclusion 

The preced ing  sect ions provide  a nd  i l l u s t r a t e  a 
sys temat ic  p rocedure  for g e n e r a t i n g  comple te  sets 
of reac t ion  mechan i sms ,  each of wh ich  corresponds  
to a k ine t i ca l ly  d is t inc t  direct  pa th  m a d e  up  of 
consecut ive  u n i t  steps. The  me thod  requ i res  on ly  
tha t  a su i tab le  set of possible i n t e r m e d i a t e  species 
be as sumed;  b e y o n d  this  point ,  the  gene ra t ion  of 
possible  u n i t  steps and  the i r  c omb i na t i on  in to  ap -  
p ropr ia t e  m e c h a n i s m s  are  shown  to fol low qui te  
m e c h a n i c a l l y  w h e n  it is recognized tha t  the  n u m b e r  
of u n i t  steps in  a di rect  pa th  cannot  be  more  t h a n  
one g rea te r  t h a n  the  n u m b e r  of in te rmedia tes .  
These di rect  pa ths  may,  of course, be  combined  in  
a m u l t i t u d e  of ways  to account  for the  behav io r  of 
sys tems in  which  s imu l t aneous  m e c h a n i s m s  are 
t hough t  to be  occurr ing.  

Wi th  r ega rd  to the ana lys i s  of k ine t i c  m e a s u r e -  
m e n t s  in  t e rms  of possible  mechan i sms ,  it should 
be no ted  tha t  for a complex  reac t ion  w i th  severa l  
in te rmedia tes ,  the  n u m b e r  of m e c h a n i s m s  wi l l  u s u -  
a l ly  be  e x t r e m e l y  large.  I t  is, therefore ,  i m p o r t a n t  
to n a r r o w  the r a nge  of possibi l i t ies  by  eve ry  ava i l -  
able  means ,  e l i m i n a t i n g  i n t e r me d i a t e s  and  u n i t  steps 
f rom cons ide ra t ion  w h e r e v e r  possible. I t  is equa l ly  
i m p o r t a n t  to recognize  tha t  this  r ange  of poss ibi l -  
i t ies is a n  i n h e r e n t  charac ter i s t ic  of complex  r eac -  
t ions  and  tha t  the i r  m e c h a n i s m s  canno t  be  rega rded  
as u n a m b i g u o u s l y  d e t e r m i n e d  unless  all  of the  pos-  
s ible  pa ths  are  considered.  As exempli f ied  b y  the  
oxygen-gas  e lect rode react ion,  this  c lea r ly  de mands  
the t ype  of sys temat ic  approach  descr ibed  here,  in  
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which  as sumpt ions  can be c lear ly  ident i f ied and  
method ica l  p rocedures  used to provide  complete  
sets of reac t ion  mechan i sms .  

A l though  the  i l lus t ra t ions  g iven  above  are  d r a w n  
f rom the field of e lec t rochemis t ry ,  the  me thods  are  
of equa l  app l i cab i l i ty  in  gene ra t i ng  sets of m e c h -  
an i sms  for any  react ion.  For  the  reac t ion  H2 + 
Br2 = 2HBr wi th  H and  Br  as in te rmedia tes ,  e ight  
possible  m e c h a n i s m s  can be pos tu la ted  in  add i t ion  
to the  s imple  ove r -a l l  react ion,  th ree  of the  e ight  
be ing  the  w e l l - k n o w n  cha in  reac t ion  w i th  di f ferent  
i n i t i a t i ng  steps. 
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APPENDIX 

Considering a system composed of the species Sn, it 
is desired to determine the n u m b e r  of l inearly inde-  
pendent  reactions of the type 

~nO'nSn ~ 0 

that  can take place. There will  exist a set of e chemical 
entities, Ee, such that  each of the species Sn may be 
taken to be a combinat ion of them; thus 

S n  ~ ~ e m e n E e  

Since the entities Ee must  be conserved in any reaction 

~ n m e n ~ n  ~--- 0 for all e 

These relations form a set of e homogeneous l inear  
equations in n unknowns ;  and, as in  the body of the 
text, the n u m b e r  of l inear ly  independent  solutions of 
such a set and hence the number  of independent  reac- 
tions is less than  or equal to n - -  e. 

If now r of the n species are identified as reactants  
and products of an over-al l  react ion so that  there are 
n -  r ~ i intermediates,  it may be noted that  e mus t  be 
greater than or equal to r -  1; otherwise there wil l  be 
an insufficient number  of entities Ee to describe the 
system. Thus, the number  of l inear ly  independent  re -  
actions is less than or equal to n -  e, which must  be 
less than  or equal to n - - r - ~ l = i W l .  This is then 
the max imum number  of un i t  steps that can occur in 
a direct path, since these un i t  steps must  be l inear ly  
independent .  

An Electrochemical Study of Thin 
Adsorbed Oxygen Films on Rhodium 
in Oxygen-Saturated Acid Solution 

James P. Hoare 
Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

The rest potential  of rhodium electrodes in oxygen-sa tura ted  acid solutions 
was determined as a funct ion of time, pH, part ial  pressure of oxygen, and his- 
tory of electrode preparation.  Two electrode systems are distinguished. The 
Rh /Rh-O system consists of an adsorbed layer  of oxygen atoms on the Rh 
surface, and the rest potent ial  is a mixed potential, 930 • 20 inv. The Rh/Rh2Os 
system consists of an adsorbed layer  of Rh208 on the Rh surface, and the rest 
potent ial  is a mixed potential,  880 • 10 my. These oxygen films are good elec- 
tronic conductors but  poor catalysts for the decomposition of peroxides. Evi-  
dence is presented to show that  the na ture  and the chemical and electrochem- 
ical properties of the two films are quite different which may be traced to t w o  
different types of bonding between the rhodium and oxygen atoms. 

In  p rev ious  work  (1, 2), it was  suggested  tha t  
m a n y  of the  differences in  e lec t rochemica l  p r op -  
er t ies  of the  P t -O2-ac id  a n d  the  Au-O2-ac id  sys tems 
migh t  be t raced  to differences in  the  n a t u r e  of the  
t h in  adsorbed  oxygen  films p resen t  on the me t a l  
surface.  One of the chief differences is expressed  in  
the  d i s t inc t ion  b e t w e e n  a t h in  film of adsorbed  ox-  
y g e n  atoms and  a t h i n  film of adsorbed  oxide. 

Wi th  respect  to its i n t e rac t ion  w i th  oxygen,  rho -  
d i u m  seems to be qui te  s imi la r  to p l a t i n u m  (3) ,  

a nd  the  oxygen  layers  fo rmed  on r h o d i u m  surfaces  
seem to be no t  m u c h  th icker  t h a n  a m o n o l a y e r  (3-5) .  
However ,  it  appears  tha t  r h o d i u m  is no t  as good a 
ca ta lys t  for the  O2/HeO reac t ion  as P t  is. Therefore ,  
it  seemed to be a m a t t e r  of in te res t  to s t udy  the  
proper t ies  of these  t h i n  adsorbed  oxygen  films on 
Rh b y  inves t iga t ing  the  rest  po ten t i a l  of Rh elec- 
t rodes  in  o x y g e n - s a t u r a t e d  su l fur ic  acid solut ions  
as a f unc t i on  of pH, pa r t i a l  p ressure  of oxygen,  and  
h is tory  of e lectrode p repa ra t ion .  



Vol. 111, No. 2 S T U D Y  O F  T H I N  F I L M S  O N  R H O D I U M  233 

Experimental 
A t  "the end  of r h o d i u m  w i r e s  ( 9 9 . 9 + %  p u r e ) ,  

s m a l l  b e a d s  (0.1-0.13 c m  in d i a m )  w e r e  m e l t e d  in 
an  o x y g e n  torch.  The  b e a d s  w e r e  c l eaned  b y  h e a t -  
ing w h i t e  hot  in  a H2 f lame f o l l o w e d  b y  quench ing  
in  c o n c e n t r a t e d  HNOs. This  p r o c e d u r e  was  r e p e a t e d  
abou t  f i f teen t imes .  A f t e r  th is  t r e a t m e n t ,  t he  b e a d s  
w e r e  m i r r o r - b r i g h t  b u t  h a d  a b l u i s h - b l a c k  cast  
w h e n  c o m p a r e d  to the  a p p e a r a n c e  of a b r i g h t  p l a t -  
i n u m  bead .  T h r e e  tes t  beads ,  as checks,  w e r e  
m o u n t e d  in  the  r i g h t  s ide of a d u a l  Teflon cell ,  and  
an a - P d - H  r e f e r e n c e  e l ec t rode  (6)  was  m o u n t e d  
in  t he  l e f t  s ide  as d e s c r i b e d  be fo re  (1, 2) .  A l l  p u r i -  
f icat ion t echn iques  a n d  a l l  cel l  and  e l ec t rode  p r e p a -  
ration,~ w e r e  c a r r i e d  out  as be fo re  (1, 2) .  This  i n -  
v e s t i g a t i o n  was  done  at  a t e m p e r a t u r e  of 25 ~ ----- I~  
and  the  po t en t i a l s  w e r e  r e c o r d e d  w i t h  r e sp e c t  to 
t he  n o r m a l  h y d r o g e n  e l ec t rode  ( N H E )  un les s  o t h e r -  
wise  s ta ted .  The  p u r i t y  of t he  s y s t e m  w a s  che c ke d  
b y  po:lar izing t h e  Rh  b e a d  w h e n  the  s y s t e m  was  
s a t u r a t e d  w i t h  h y d r o g e n  w i t h  an  e l ec t ron ic  c u r r e n t  
i n t e r r u p t e r  and  o b s e r v i n g  the  r e s u l t i n g  h igh  p s e u d o -  
c a p a c i t a n c e  (7) .  The  p o t e n t i a l  was  m e a s u r e d  w i t h  
a Mode l  1230-A G e n e r a l  Rad io  E l e c t r o m e t e r  h a v i n g  
a v a r i a b l e  i n p u t  impedance .  

Results and Discussion 
Rest potential as a function of t i m e . - - A f t e r  t he  

R h  b e a d  h a d  b e e n  p o l a r i z e d  a n o d i c a l l y  in  O e - sa t -  
u r a t e d  2N su l fu r i c  ac id  so lu t ion  for  abou t  15 min  
at  abou t  1.8v, t he  c i r cu i t  was  b roken ,  a n d  the  p o -  
t e n t i a l  was  fo l l owed  as a func t ion  of t ime.  The  
p o t e n t i a l  d r o p p e d  r a t h e r  q u i c k l y  ( w i t h i n  15 m i n )  
to a m i n i m u m  v a l u e  b e t w e e n  710 a n d  770 inv.  The  
s y s t e m  was  t hen  s t i r r e d  w i t h  h y d r o g e n  gas  (200 
c m 3 / m i n )  to r e m o v e  a n y  p e r o x i d e s  p r o d u c e d  d u r i n g  

~ooo 

E 

I000 

H2- STIRRING 

3= 

5oo- -  F 
> 

0 B _ _  

t f 0 500 IOOO 15OO 
TIME (sec) 

Fig. 1. Plot of the open-circuit potential vs. ~-Pd-H as a func- 
tion of ,ime for the reduction of the adsorbed oxygen film on 
various electrodes with He-stirring. The He-stirring was between 
200 and 250 cm3/min in all cases. The curves begin with the 
electrodes at steady state with O2-stirring. At zero time the 02-  
st irr ing is replaced with H2-stirring. Curve A is the plot for a 
Rh/RheO3 electrode; curve B, a Rh/Rh-O;  curve C, an anodized 
Pt-O;  curve D, a Pt-O;, curve E, a A u / A u 2 0 3 ;  curve F, a A u / A u - O .  
The hydrogen potential is - -50  my vs. a-Pd-H and is the point 
where it is assumed that all of the oxide is reduced. The points 
are direct readings from the meter, and the shapes of the curves 
were obtained from the recorder traces. 

the  p e r i o d  of anod ic  po la r i za t ion .  A l t h o u g h  a p l a t -  
i n u m  e l e c t r o d e  in  t h e  s a m e  so lu t ion  came  to t he  
h y d r o g e n  p o t e n t i a l  ( - -50  m v  vs. a - P d - H )  w i t h i n  
5 min  ( c u r v e  C, Fig .  1),  a b o u t  ~ 1300 sec, on the  
ave rage ,  w e r e  r e q u i r e d  for  t he  r h o d i u m  e l ec t rode  
to r e a c h  the  s a m e  point .  O v e r  th is  1300-sec pe r iod ,  
t he  p o t e n t i a l  f e l l  a long  a m o r e  or  less  smoo th  c u r v e  
as shown  b y  c u r v e  A in Fig .  1. 

This  b e h a v i o r  is d i f fe ren t  f r o m  t h a t  o b s e r v e d  b y  
a s y s t e m  in w h i c h  the  m e t a l  su r f ace  is c ove red  b y  
m a n y  l a y e r s  of  t h e  m e t a l  oxide .  The  r e d u c t i o n  c u r v e  
o b t a i n e d  w i t h  H e - s t i r r i n g  in  th is  case  is s h o w n  b y  
c u r v e  E in Fig .  1 for  t he  r e d u c t i o n  of the  ox ide  
l a y e r  on a A u / A u 2 0 8  e l e c t r o d e  in  H e - s t i r r e d  ac id  
so lu t ion  (2 ) .  Such  a c u r v e  exh ib i t s  a r e l a t i v e l y  long  
p l a t e a u  (ove r  4000 sec)  fo l l owed  b y  a p r e c i p i t o u s  
d rop  f rom the  o x y g e n  a d s o r p t i o n  r e g i o n  to the  
h y d r o g e n  a d s o r p t i o n  reg ion .  T h e  r e d u c t i o n  c u r v e  
for  t he  case  w h e r e  t he  a d s o r b e d  f i lm is a m o n o l a y e r  
of a d s o r b e d  a toms  of o x y g e n  also has  a d i f fe ren t  
f o r m  t h a n  c u r v e  A of Fig.  1 has.  H e r e  t he  f i lm is 
c o m p l e t e l y  r e d u c e d  w i t h i n  200 or  300 sec, and  also 
the  a b r u p t  t r a n s i t i o n  b e t w e e n  the  r eg ion  of o x y g e n  
a d s o r p t i o n  and  h y d r o g e n  a d s o r p t i o n  is obse rved .  
This  b e h a v i o r  is d e m o n s t r a t e d  b y  the  P t / P t - O  
e l ec t rode  (1)  in H e - s t i r r e d  ac id  so lu t ion  ( c u r v e  D 
in Fig.  1) a n d  b y  the  A u / A u - O  e l e c t r o d e  (2)  in  
H 2- s t i r r e d  ac id  so lu t ion  ( c u r v e  F in Fig .  1).  

These  o b s e r v a t i o n s  i nd i ca t e  t h a t  t he  a d s o r b e d  
o x y g e n  fi lm f o r m e d  on a Rh  su r f ace  d u r i n g  a n o d i z a -  
t ion  m u s t  be  v e r y  s t r o n g l y  he ld  to t h e  Rh  sur face ,  
s ince t he  t r a n s i t i o n  f r o m  the  r eg ion  of o x y g e n  a d -  
so rp t ion  to t h a t  of h y d r o g e n  a d s o r p t i o n  is r e l a -  
t i v e l y  g r a d u a l .  In  fact ,  t he  t r a n s i t i o n  is so g r a d u a l  
t ha t  these  r eg ions  m a y  ove r l ap ,  w h i c h  is u n d e r -  
s t a n d a b l e  if th is  a d s o r b e d  o x y g e n  f i lm on Rh  is 
not  on ly  t i g h t l y  b o u n d  to the  Rh  su r f ace  b u t  is 
also a good  e l ec t ron ic  c o n d u c t o r  i tself .  These  sug -  
ges t ions  a r e  s u p p o r t e d  b y  the  p o l a r i z a t i o n  d a t a  ob -  
t a i n e d  b y  BSld  and  B r e i t e r  on Rh  (3)  and  on P t  
(8)  us ing  the  t r i a n g u l a r  w a v e f o r m  m e t h o d  of W i l l  
and  K n o r r  (9 ) .  The  o x y g e n  r e d u c t i o n  p e a k  a p p e a r s  
v e r y  close to t he  po in t  w h e r e  h y d r o g e n  beg ins  to 
a d s o r b  on Rh,  Fig .  2a of ref .  3, w h e r e a s  t he  p e a k  
in t he  P t  sys tem,  Fig .  5a of ref .  8, is some d i s t ance  
away .  In  fact ,  t h e  c u r r e n t  ge ts  c lose to zero  in  t he  
case  of P t  a f t e r  t he  o x y g e n  r e d u c t i o n  p e a k  is pa s sed  
b u t  is f a r  f r o m  zero  in  t he  case of  Rh. Also,  t h e y  
o b s e r v e d  t h a t  the  a d s o r b e d  o x y g e n  f i lm on  Rh does  
not  i nc rea se  in t h i cknes s  m u c h  b e y o n d  a m o n o l a y e r  
w i t h  c o n t i n u e d  anod ic  po la r i za t ion ,  w h i c h  ind ica t e s  
t h a t  the  a d s o r b e d  l a y e r  is a good e l ec t ron ic  con-  
duc to r .  

A f t e r  t he  Rh  b e a d  h a d  r e a c h e d  the  h y d r o g e n  p o -  
t e n t i a l  ( a f t e r  1300 sec) ,  t he  H2- s t i r r i ng  was  r e -  
p l a c e d  w i t h  02 s t i r r ing .  The  p o t e n t i a l  rose  q u i c k l y  
to a b o u t  600 m v  ( w i t h i n  100 sec)  a f t e r  w h i c h  i t  
s t e a d i l y  rose  m o r e  s l o w l y  un t i l  a s t e a d y  v a l u e  of 
930 --+ 20 m v  was  r e a c h e d  in a b o u t  24 hr .  W h e n  
th is  e l ec t rode  was  t r e a t e d  w i t h  H2-s t i r r ing ,  t he  h y -  
d r o g e n  p o t e n t i a l  was  r e a c h e d  w i t h i n  300 sec as 
shown  b y  c u r v e  B in Fig .  1. In  th i s  case,  t he  r h o -  
d i u m - o x y g e n  s y s t e m  b e h a v e s  in  a m a n n e r  v e r y  
s i m i l a r  to the  P t / P t - O  and  A u / A u - O  cases.  T h e r e -  
fore,  a r h o d i u m - o x y g e n  e l ec t rode  p r e p a r e d  b y  the  
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a d s o r p t i o n  of o x y g e n  f r o m  an  O2-s t i r r ed  so lu t ion  
a f t e r  be ing  m a i n t a i n e d  a t  t he  h y d r o g e n  p o t e n t i a l  
w i t h  H2- s t i r r i ng  w i l l  be  r e f e r r e d  to as a R h / R h - O  
e lec t rode .  I t  is sugges t ed  t h a t  in th is  case  the  r h o -  
d i u m  su r face  is cove red  b y  a m o n o l a y e r  of a d s o r b e d  
o x y g e n  a t o m s  as in  t h e  P t / P t - O  a n d  A u / A u - O  
cases  (1, 2) .  

Rest  potential as a funct ion of the partial pres-  
sure of o x y g e n . - - T h e  p a r t i a l  p r e s s u r e  of oxygen ,  
Po2, was  v a r i e d  b y  d i l u t i n g  the  o x y g e n  w i t h  n i t r o -  
gen  as d e s c r i b e d  be fo re  (1, 2) a n d  w a s  e s t i m a t e d  
f r o m  the  r o t a m e t e r  r ead ings .  I t  was  f o u n d  t ha t  t he  
r e s t  po ten t i a l ,  be fo re  t r e a t m e n t  w i t h  H2-s t i r r ing ,  
was  d e p e n d e n t  on the  p a r t i a l  p r e s s u r e  of o x y g e n  
a n d  sens i t ive  to t he  s t i r r i n g  ra te .  The  a p p e a r a n c e  of 
such a b e a d  was  the  m i r r o r - b r i g h t  one w i t h  a b l u -  
i s h - b l a c k  cast  w h i c h  was  o b s e r v e d  be fo re  the  b e a d  
was  anodized .  A f t e r  th i s  b e a d  h a d  b e e n  t r e a t e d  
w i t h  H2- s t i r r i ng  f o l l o w e d  b y  O2-s t i r r i ng  to f o r m  
the  R h / R h - O  e lec t rode ,  i t  s t i l l  r e t a i n e d  the  m i r r o r -  
b r i g h t  a p p e a r a n c e  w i th  a b l u i s h - b l a c k  cast .  

I t  was  o b s e r v e d  t h a t  t he  r e s t  p o t e n t i a l  of t he  
R h / R h - O  e l ec t rode  was  d e p e n d e n t  on the  p a r t i a l  
p r e s s u r e  of O2 and  i n d e p e n d e n t  of t he  s t i r r i n g  ra te .  
The  d a t a  for  f ou r  d i f fe ren t  r u n s  on fou r  d i f fe ren t  
b e a d s  a r e  p r e s e n t e d  in Fig .  2. The  po in t s  r e p r e s e n t  
t he  e x p e r i m e n t a l  d a t a  a n d  l ines ,  h a v i n g  a s lope  of 
15 mv,  w e r e  d r a w n  t h r o u g h  these  po in t s  to show 
t h a t  t he  d a t a  a r e  not  i ncons i s t en t  w i t h  a f o u r - e l e c -  
t r o n  process .  

Then,  these  d a t a  m a y  be  e x p l a i n e d  t h r o u g h  an  
o v e r - a l l  p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n  i n v o l v i n g  
the  O2/H20 r e a c t i o n  

O2 -b 4H + -~ 4e ~ 2H20 [1]  

I f  Eq. [1 ] w e r e  the  on ly  r a t e - d e t e r m i n i n g  process ,  
a p o t e n t i a l  of 1.23v w o u l d  be  obse rved .  S ince  th is  
case  is no t  o b s e r v e d  and  s ince  a f o u r - e l e c t r o n  p r o c -  
ess is i nd ica t ed ,  i t  is sugges t ed  t ha t  t he  o b s e r v e d  
r e s t  po t en t i a l s  a r e  m i x e d  po t en t i a l s  (10) s i m i l a r  
to t hose  o b s e r v e d  in t he  p l a t i n u m - o x y g e n  s y s t e m  
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Fig. 2. Plot of the rest potential as a function of the portinl pres- 
sure of oxygen. The points represent the experimental data. Lines 
with . slope of ]5 my per unit change in Po2 were drown through 
the points to indicate that the data ore consistent with a four- 
electron process. 
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(1) .  This  p r o p o s a l  r e q u i r e s  t ha t  the  p o t e n t i a l - d e -  
t e r m i n i n g  process  occu r r i ng  a t  a R h / R h - O  e lec -  
t rode  shou ld  consis t  of t he  O2/H20 reac t ion ,  Eq. 
[1] ,  a n d  a r e a c t i o n  i n v o l v i n g  R h  a n d  R h - O ,  such  
a s  

R h - O  -~ 2H + + 2e ~ R h  + H20 [2]  

The  s t e a d y  s t a t e  is r e a c h e d  a t  a p o t e n t i a l  of 930 ---+ 
20 mv.  W h e n  n i t r o g e n  was  b u b b l e d  ove r  th i s  e l ec -  
t r o d e  for  abou t  20 hr ,  t he  p o t e n t i a l  f e l l  to a f a i r l y  
s t e a d y  v a l u e  of 810 +-- 15 inv.  In  th is  case, if  i t  m a y  
be  a s s u m e d  tha t  t he  O2/H20 r e a c t i o n  is s u p p r e s s e d  
and  tha t ,  now,  Eq. [2]  is p o t e n t i a l - d e t e r m i n i n g ,  
the  s t a n d a r d  p o t e n t i a l  for  t he  R h / R h - O  r e a c t i o n  is 
n e a r  810 mv.  

Rest  potential as a funct ion of p H . - - T h e  p H  was  
v a r i e d  b y  d i l u t i ng  the  2N H2SO4 w i t h  2N Na2SO~ to 
keep  the  ionic  s t r e n g t h  cons tan t ,  and  i ts  v a l u e  was  
d e t e r m i n e d  at  t he  end  of an  e x p e r i m e n t  f r o m  the  
p o t e n t i a l  d i f fe rence  b e t w e e n  a s a t u r a t e d  ca lome l  
e l ec t rode  (SCE)  and  a P t / H 2  e l ec t rode  in t h e  s a m e  
solut ion.  I t  was  o b s e r v e d  t h a t  a l l  p o t e n t i a l s  vs. 
a - P d - H  w e r e  i n d e p e n d e n t  of pH. This  ind ica t e s  
tha t  a l l  p o t e n t i a l - d e t e r m i n i n g  r eac t i ons  d e p e n d  on 
the  h y d r o g e n  ion a c t i v i t y  in  t he  s a m e  w a y  as  t he  
a - P d - H  e l ec t rode  r e a c t i o n  does  (11) .  The re fo re ,  
for  each  e l ec t ron  t r a n s f e r r e d ,  a h y d r o g e n  ion  is i n -  
vo lved .  This  r e l a t i o n s h i p  is o b e y e d  b y  bo th  Eq. [1]  
and  [2] .  

Rh /Rh203  electrode. - -  In  o r d e r  to s t u d y  the  b e -  
h a v i o r  of t he  o x y g e n  l a y e r  p r o d u c e d  b y  anod iza t i on  
and  y e t  f ree  of the  p r e s e n c e  of pe rox ides ,  t he  fo l -  
l owing  e x p e r i m e n t  was  p e r f o r m e d .  T h r e e  R h  b e a d s  
w e r e  p r e p a r e d  a n d  m o u n t e d  in  a c l ean  Teflon cel l  
in t he  m a n n e r  d e s c r i b e d  b e f o r e  (1, 2) .  The  cel l  
was  f i l led w i t h  2N H2SO4 so lu t ion  and  p r e - e l e c t r o -  
]yzed  aga ins t  a r e m o v a b l e  a u x i l i a r y  P t  e l e c t r o d e  
for  a t  l eas t  24 hr .  In  a second  c lean  d u a l  Teflon cel l  
(1) ,  an  a - P d - H  r e f e r e n c e  e l ec t rode  was  m o u n t e d  
in the  l e f t  side. This  cel l  was  also f i l led w i t h  2N 
H2SO4 so lu t ion  a n d  p r e - e l e c t r o l y z e d  for  a t  l e a s t  24 
hr.  A t  t he  end of th is  t ime,  H 2 was  b u b b l e d  in  t he  
le f t  s ide  un t i l  50 m v  was  o b s e r v e d  on t h e  P d  b e a d  
aga ins t  a P t / H 2  e l ec t rode  in t he  s a m e  so lu t ion  for  
at  l eas t  2 hr .  Next ,  h y d r o g e n  was  b u b b l e d  t h r o u g h  
the  r i g h t  s ide for  20 ra in  to r e m o v e  pe rox ide s ,  a f t e r  
wh ich  the  H2- s t i r r i ng  was  r e p l a c e d  w i t h  O2-s t i r r ing  
for  20 ra in  to s a t u r a t e  t he  so lu t ion  w i t h  oxygen .  
F i n a l l y ,  the  Rh beads  w e r e  r e m o v e d  f r o m  the  first  
cel l  and  p l aced  in  the  r i g h t  s ide  of t he  second  cel l  
in O 2 - s a t u r a t e d  , p e r o x i d e - f r e e  2N H2SO4 solut ion.  
The  cel l  was  sea l ed  up  and  p o t e n t i a l  m e a s u r e m e n t s  
w e r e  t aken .  

In  th is  case, the  p o t e n t i a l  d id  no t  f a l l  r a p i d l y  
to m u c h  l o w e r  v a l u e s  as o b s e r v e d  p r e v i o u s l y .  I n -  
s tead,  t he  p o t e n t i a l  f e l l  v e r y  s l o w l y  f r o m  a b o u t  1320 
t h r o u g h  1050 m v  in 8 h r  to a b o u t  900 m v  in 24 hr .  
F i n a l l y ,  t h e  p o t e n t i a l  b e c a m e  s t e a d y  a t  880 ---- 10 
inv. This  v a l u e  is v e r y  close to t he  v a l u e  (0.87v) 
quo ted  b y  L a t i m e r  (12) for  t he  r e a c t i o n  

Rh203 ~- 6H + -b 6e ~,~ Rh  ~- 3H20 [3]  

W h e n  such an e l ec t rode  was  t r e a t e d  w i t h  H2- s t i r -  
r ing,  i t  r e q u i r e d  a b o u t  1300 sec for  t he  p o t e n t i a l  
to fa l l  to t he  h y d r o g e n  po t en t i a l .  
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I t  was  f o u n d  t h a t  t he  o b s e r v e d  po t en t i a l s  in  th is  
case w e r e  i n d e p e n d e n t  of Poe, and  so i t  a p p e a r s  t h a t  
a m e t a l - m e t a l  ox ide  r e a c t i o n  s i m i l a r  to Eq. [3]  is 
p o t e n t i a l - d e t e r m i n i n g .  S i d g w i c k  (13) s t a tes  t h a t  
the  on ly  s t ab l e  ox ide  f o r m e d  b y  r h o d i u m  is Rh203 
and  t h a t  th is  m a y  be  f o r m e d  b y  h e a t i n g  Rh  in air .  
A c l eaned  R h  w i r e  was  h e a t e d  w h i t e  ho t  in  a H 2 
f lame and  a l l o w e d  to cool d o w n  in air .  This  w i r e  
was  t h e n  p l u n g e d  in to  an  O e - s a t u r a t e d  ac id  so lu t ion  
and  the  p o t e n t i a l  obse rved .  I t  was  f o u n d  t ha t  t he  p o -  
t e n t i a l  c ame  to a s t e a d y  v a l u e  of a b o u t  875 m v  in 
abou t  3 hr.  The re fo re ,  t he  s y s t e m  t h a t  is o b t a i n e d  
b y  the  anod ic  p o l a r i z a t i o n  of Rh  and  r e q u i r e s  a b o u t  
1300 sec to r e d u c e  the  ox ide  f i lm w i t h  H e - s t i r r i n g  
wi l l  be  r e f e r r e d  to as t he  Rh /Rh208  sys tem.  

F r o m  the  p o l a r i z a t i o n  d a t a  and  cou lome t r i c  
s tud ies  of B u t l e r  and  D r e v e r  (5)  and  BSld  and  
B r e i t e r  (3) ,  i t  a p p e a r s  t h a t  the  ox ide  l a y e r s  on Rh 
do not  g r o w  m u c h  b e y o n d  a m o n o l a y e r .  The re fo re ,  
in v i e w  of the  e x p e r i m e n t a l  ev idence ,  i t  is sugges t ed  
tha t  a l a y e r  of Rh20~, not  m u c h  t h i c k e r  t h a n  a 
m o n o l a y e r ,  is f o r m e d  on a r h o d i u m  su r face  w i t h  
anod ic  p o l a r i z a t i o n  and  t h a t  t he  r e s t  p o t e n t i a l  is 
d e t e r m i n e d  b y  the  Rh /Rh203  reac t ion ,  Eq. [3] ,  w i t h  
a s t a n d a r d  v a l u e  of a b o u t  0.87v. 

I t  is i n t e r e s t i n g  to no te  t ha t  t he  p o t e n t i a l  n e v e r  
d id  r e a c h  the  l ow v a l u e  of a b o u t  740 m v  in t he  a b -  
sence of pe rox ide .  I t  a p p e a r s  t h a t  the  p r e s e n c e  of 
p e r o x i d e  has  a g r e a t e r  effect on the  res t  p o t e n t i a l  
in the  Rh-O2 s y s t e m  t h a n  in t he  P t -O2  sys tem.  E v e n  
t h o u g h  the  o x y g e n  l a y e r s  on Rh  a re  good e lec t ron ic  
conduc tors ,  as t h e y  a r e  on Pt ,  i t  m a y  be  poss ib l e  t h a t  
the  Rh/RheO3 su r f ace  is such a poor  p e r o x i d e - d e -  
compos ing  c a t a l y s t  t h a t  r e l a t i v e l y  l a r g e  a m o u n t s  of 
p e r o x i d e  a c c u m u l a t e  in  t he  v i c i n i t y  of t he  e lec t rode .  
In  th is  case, the  p o t e n t i a l  is p u l l e d  t o w a r d  the  p o -  
t e n t i a l  of t he  O2/H202 r e a c t i o n  

02 -F 2H + + 2e ~-H2Oe [4]  

w i th  a s t a n d a r d  p o t e n t i a l  of 0.682v (12) .  I t  a p p e a r s  
t ha t  Eq. [4]  is e s t a b l i s h e d  u n d e r  these  cond i t ions  
s ince  t he  p o t e n t i a l  is d e p e n d e n t  on the  p a r t i a l  p r e s -  
su re  of oxygen .  W h e n  p e r o x i d e  is not  p re sen t ,  the  
p o t e n t i a l  does  no t  d r o p  b e l o w  880 +-- 10 my,  and  i t  
is i n d e p e n d e n t  of t he  p a r t i a l  p r e s s u r e  of oxygen .  

Polarization data at low current densit ies.--The 
tes t  e l ec t rodes  w e r e  c a t h o d i c a l l y  p o l a r i z e d  in the  
same  m a n n e r  as d e s c r i b e d  b e f o r e  (1, 2) .  In  Fig.  3, 
the  p lo t  of the  p o l a r i z a t i o n  (po ten t i a l ,  E, m i n u s  t he  
o p e n - c i r c u i t  po ten t i a l ,  Eoc) aga in s t  t h e  l o g a r i t h m  of 
t he  a p p a r e n t  c u r r e n t  d e n s i t y  ( e s t i m a t e d  f r o m  t h e  
r e c o r d e d  po ten t i a l ,  t he  g e o m e t r i c  a r e a  of t he  bead ,  
and  the  e s t i m a t e d  v a l u e  of t he  i n p u t  i m p e d a n c e )  is 
p r e s e n t e d  for  bo th  t he  R h / R h - O  and  the  Rh /Rh208  
sys tems .  In  cu rve  A, t he  R h / R h - O  e l ec t rode  was  
ca thod ized  w i t h  o x y g e n  f lowing at  a b o u t  280 cm3/  
min.  A l t h o u g h  t h e r e  is a hys t e r e s i s  in coming  b a c k  
d o w n  the  curve ,  t he  o p e n - c i r c u i t  v a l u e  can  be  r e -  
cove red  w i t h i n  1000 sec, a f t e r  w h i c h  the  po in t s  on 
cu rve  A can  be  r e p r o d u c e d  w i t h i n  abou t  10 my.  
W h e n  Oe- s t i r r i ng  is r e p l a c e d  w i t h  N2-s t i r r ing ,  c u r v e  
B is ob ta ined .  Here ,  t he  p o l a r i z a t i o n  is m u c h  l a r g e r  
and  the  h y s t e r e s i s  is v e r y  p r o n o u n c e d  s ince  i t  r e -  
qu i res  5000 sec for  t he  p o t e n t i a l  to r e t u r n  to  the  
o p e n - c i r c u i t  v a l u e  a f t e r  be ing  po la r i zed .  

L: o:ifN  
i .200 h/ho /: 

-6  -4 -2  
LOG APPARENT CURRENT DENSITY ( m a / c m  z ) 

Fig. 3. Plot of the polarization, E - -  Eoc, as a function of the 
logarithm of the apparent current density for the Rh/Rh-O system 
with 02-stirring, curve A, and with N2-stirring, curve B; for the 
Rh/Rh203 system with 02-stirring, curve C, and with N2-stirring, 
curve D. 

These  d a t a  i nd ica t e  t h a t  mos t  of t he  c u r r e n t  goes 
in to  the  r e d u c t i o n  of o x y g e n  w h e n  the  s y s t e m  is 
s t i r r e d  w i t h  oxygen .  In  t h e  N e - s t i r r e d  case, t he  c u r -  
r en t  has  to go in to  t he  r e d u c t i o n  of t he  adso rbed ,  
R h - O  l aye r ,  and  the  s y s t e m  is p o l a r i z e d  to  h igh  
n e g a t i v e  po t e n t i a l s  q u i c k l y  be c a use  t h e r e  is not  
e n o u g h  ac t ive  m a t e r i a l  to  s u p p o r t  t h e  d e m a n d e d  
c u r r e n t  d e n s i t y  If  p e r m i t t e d ,  the  p o t e n t i a l  w o u l d  
go to the  po in t  w h e r e  h y d r o g e n  ion w o u l d  be  r e -  
duced.  The  hys t e r e s i s  occurs  be c a use  i t  t a k e s  t i m e  to 
r e p a i r  the  r e d u c e d  fi lm of R h - O .  

C u r v e  C is o b t a i n e d  b y  ca thod iz ing  a Rh /Rh203  
e l ec t rode  w i t h  O2-s t i r r ing  and  c u r v e  D, w i t h  N2- 
s t i r r ing .  H o w e v e r ,  t he  h y s t e r e s i s  is e x t r e m e l y  p r o -  
nounc e d  s ince i t  r e q u i r e d  a b o u t  6 h r  for  t h e  o p e n -  
c i rcu i t  p o t e n t i a l  to be r e a c h e d  a f t e r  t he  s y s t e m  h a d  
been  p o l a r i z e d  in  O e - s t i r r i n g  a n d  a b o u t  9 h r  in  N2- 
s t i r r ing .  I t  is i n t e r e s t i n g  to no te  t h a t  t he  p o l a r i z a -  
t ion  is less  for  the  N2 c u r v e  t h a n  for  t he  02 curve ,  
a l t h o u g h  the  cu rves  a r e  v e r y  close to one ano the r .  
I t  a p p e a r s  t h a t  mos t  of t h e  c u r r e n t  goes in to  t he  r e -  
duc t i on  of Rh208 in e i t he r  case  s ince  t he  cu rves  a r e  
so close to one ano the r .  S ince  the  O2-s t i r r ed  a n d  
N2- s t i r r ed  cu rves  a r e  d i f ferent ,  th is  i nd ica t e s  t ha t  
r e s t  p o t e n t i a l s  o b s e r v e d  at  Rh /Rh203  e l ec t rodes  a r e  
m i x e d  po t e n t i a l s  and  not  t r u e  m e t a l - m e t a l  ox ide  
po t e n t i a l s  such  as those  at  A u / A u 2 0 8  e l ec t rodes  (2) .  
Here ,  a t  t h e  r e s t  p o t e n t i a l  va lue ,  t h e  loca l  cel l  c u r -  
r en t  is such t h a t  t he  Oe /H20  r e a c t i o n  is p o l a r i z e d  
d o w n  to t he  Rh /Rh203  r e a c t i o n  (Eq. [ 3 ] ) .  Then  the  
res t  p o t e n t i a l  is d e t e r m i n e d  b y  Eq. [3]  a lone,  and  
this  e x p l a i n s  w h y  the  o b s e r v e d  o p e n - c i r c u i t  p o t e n -  
t ia l s  in the  Rh /Rh208  s y s t e m  a re  i n d e p e n d e n t  of Po2- 

The  hys t e r e s i s  m a y  b e  e x p l a i n e d  b y  t w o  fac to r s :  
( a )  t he  di f f icul ty  in  r e p a i r i n g  t h e  r e d u c e d  Rh203 
f i lm and  (b )  t he  p r e s e n c e  of  p e r o x i d e  p r o d u c e d  b y  
the  r e d u c t i o n  processes .  Since,  as in t he  case  of  
cu rves  A a n d  B, t he  hys t e r e s i s  is less  w i t h  o x y g e n -  
s t i r r ing ,  i t  a p p e a r s  t h a t  t he  p r e s e n c e  of o x y g e n  p r o -  
mo tes  t he  r e p a i r  of t he  a d s o r b e d  film. The re fo re ,  
cu rve  C shou ld  h a v e  less  p r o n o u n c e d  hys t e r e s i s  t h a n  
c u r v e  D. As  s h o w n  above ,  h o w e v e r ,  t h e  l : th/Rh208 
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su r f ace  a p p e a r s  to be  a poor  p e r o x i d e - d e c o m p o s i n g  
ca t a lys t ,  a n d  i n t e r f e r i n g  concen t r a t i ons  of p e r o x i d e  
m a y  a c c u m u l a t e  in t he  v i c i n i t y  of t he  e l ec t rode  w h e n  
o x y g e n  is r e d u c e d  (14) .  This  m a y  also be  t r ue  w h e n  
Rh203 is r e d u c e d  and  could  e x p l a i n  w h y  the  p o l a r -  
i za t ion  is g r e a t e r  in t he  case  of O2-s t i r r ing  t h a n  in 
the  N2- s t i r r ed  case. If  r e d u c t i o n  of O2 p r o d u c e s  m o r e  
p e r o x i d e  t h a n  r e d u c t i o n  of Rh203 for  a g i v e n  c u r r e n t  
dens i ty ,  t he  p o t e n t i a l  shou ld  be  less  nob le  in t he  O2 
case  t h a n  in  the  Ne case, and  c u r v e  C shou ld  fa l l  to 
the  l e f t  of cu rve  D as i t  was  o b s e r v e d  to do. 

I t  a p p e a r s  t h a t  r h o d i u m  is i n f e r io r  to p l a t i n u m  
as a c a t a l y s t  for  the  r e d u c t i o n  of o x y g e n  b e c a u s e  
the  a d s o r b e d  o x y g e n  f i lms on Rh, a l t h o u g h  t h e y  m a y  
be good e l ec t ron ic  conduc tors ,  a r e  m u c h  p o o r e r  p e r -  
o x i d e - d e c o m p o s i n g  c a t a l y s t s  t h a n  those  on Pt .  

W h e n  a c lean,  o x y g e n - f r e e  Rh  su r f ace  is p e r -  
m i t t e d  to  adso rb  o x y g e n  f r o m  an  ac id  so lu t ion  b y  
r e p l a c i n g  H2- s t i r r i ng  w i t h  O~-s t i r r ing  a f i lm of a d -  
so rbed  o x y g e n  a t o m s  a b o u t  a m o n o l a y e r  t h i ck  is 
f o r m e d  s im i l a r  to t h a t  f o r m e d  in t he  case  of Pt .  
H o w e v e r ,  w h e n  the  su r f ace  is a n o d i c a l l y  p o l a r i z e d  
the  l a y e r  does no t  t h i c k e n  m u c h  b e y o n d  a m o n o -  
l a y e r  ( 3 - 5 ) ,  b u t  the  o x y g e n  becomes  m o r e  t i g h t l y  
b o u n d  to the  Rh  to the  e x t e n t  t ha t  the  l a y e r  m a y  
now be  cons ide r ed  as one of an ox ide ,  Rh203. E v i -  
dence  for  t he  ex i s t ence  of the  two  t y p e s  of a d -  
so rbed  o x y g e n  l a y e r s  in the  R h - O  2 s y s t e m  is f o u n d  
in t h e  d a t a  for  the  r e d u c t i o n  of these  fi lms w i t h  H 2- 
s t i r r ing ,  w h i c h  c e r t a i n l y  invo lves  the  bond  b e t w e e n  
the  a d s o r b e d  l a y e r  and  the  me ta l .  The  a d s o r b e d  f i lm 
on the  R h / R h - O  e l ec t rode  is r e d u c e d  in abou t  300 
sec w h i l e  t h a t  on the  Rh/Rh2Os  e l ec t rode  is r e d u c e d  
in a b o u t  1300 sec, ove r  fou r  t imes  l o n g e r  ( cu rve s  A 
and  B of  Fig.  1). Also,  the  r e p a i r  of these  f i lms is 
m o r e  difficult  in the  case  of Rh203, as s h o w n  b y  the  
g r e a t e r  h y s t e r e s i s  in the  p o l a r i z a t i o n  d a t a  of Fig .  3 
for  t he  Rh /Rh203  sys tem.  In  Fig.  3, t he  p lo t  of t he  
p o l a r i z a t i o n  for  t he  R h / R h - O  e l ec t rode  w i t h  O2-s t i r -  
r i n g  ( c u r v e  A )  g ives  a T a f e l - l i k e  r eg ion  w h e r e a s  
the  p lo t  for  t he  Rh /Rh203  e l ec t rode  ( c u r v e  C) does  
not.  

A p p a r e n t l y ,  the  c h e m i c a l  and  e l e c t r o c h e m i c a l  
p r o p e r t i e s  of t he se  l a y e r s  a r e  qu i t e  d i f fe ren t  in t he  
two  cases. I t  m a y  be poss ib l e  to t r ace  these  d i f f e r -  
ences  to t he  pos s ib i l i t y  tha t ,  in t he  R h / R h - O  case, 
t he  a d s o r b e d  o x y g e n  l a y e r  is c o m p o s e d  of a m o n o -  

l a y e r  of a d s o r b e d  o x y g e n  a toms.  In  t he  Rh /Rh20~  
case, h o w e v e r ,  t h e  a d s o r b e d  o x y g e n  l a y e r  m a y  be  
d e s c r i b e d  as  an  a l loy  of d i s so lved  o x y g e n  in t he  first  
su r face  l a y e r s  of t he  R h  m e t a l  w h i c h  m a y  a p p r o x i -  
m a t e  an  a d s o r b e d  m o n o l a y e r  of Rh20~. Two such 
d i f fe ren t  t y p e s  of b o n d i n g  of  t he  o x y g e n  w i t h  r h o -  
d i u m  could  p r o d u c e  the  o b s e r v e d  p h e n o m e n a .  This  
m a y  be  s im i l a r  to t he  d i f fe ren t  t y p e s  of  b o n d s  p o s t u -  
l a t e d  in  t he  l i t e r a t u r e  in  t he  case  of a d s o r b e d  h y d r o -  
h e l p f u l  c o m m e n t s  and  s t i m u l a t i n g  discuss ion.  
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ABSTRACT 

The differential equation describing the transient  behavior  of activation 
overpotential  has been revised to take into consideration the fact that  
the sum ~c -t- aA does not equal one. Exact  and approximate solutions to this 
equation are given. Using a digital computer  program, estimates of the elec- 
trode kinetic parameters  have been obtained f rom single charging curves. The 
values so calculated are in good agreement  with those obtained by extrapola-  
tion and slope of Tafel lines drawn from several charging curves. 

Ac t iva t ion  overpoten t ia l  has been  charac te r ized  
by the model  of a res is tance and a capaci tance  in 
para l le l  (1, 2). This r epresen ta t ion  has led to the  
der iva t ion  of a cha rg ing  equa t ion  for  a ga lvanos ta t ie  
build up of overpoten t ia l  (2) 

d n A _  1 !i ( e x p [  ~FnA( t )  1 
d~- c~(t) - io RT 

- -  exp RT [ 1] 

w h e r e  hA(t) is the  ac t ivat ion overpoten t ia l  (v) ,  t 
t ime of charg ing  (see),  CA(t) the  capaci tance  in the  
model ,  of ten  assumed to be the  double  l aye r  ca-  
pac i ty  ( f /cm2) ,  i the total  ne t  cu r ren t  dens i ty  
( amp /cm2) ,  io the exchange  cu r ren t  densi ty  ( a m p /  
cm2), ~ the cathodic  t r ans fe r  coefficient, and F, R, 
T have  thei r  usua l  signifieance. 

Derivation and Solution of Equations 
Equa t ion  [1]  is, however ,  not  s t r ic t ly  val id  for  all 

cases, and  a more  accura te  express ion  wou ld  be 

dnA 1 I ( [ acFnA(t) ] -~ i -- io exp 
dt CA(t) ~ RT 

- -  exp RT [2]  

whe re  aA is the anodic t rans fe r  coefficient. The  sum 
of oL A ~- ol c has not  been  found  to equal  un i ty  for  
m a n y  cases; for  instance,  for  copper  deposi t ion and 
dissolut ion in a sulfate  bath,  the  sum was  exper i -  
m e n t a l l y  found  to be a p p r o x i m a t e l y  2 (3, 4).  

For  the  sake of genera l i ty ,  assume 

O~A -~- a c : 0 = cons tant  [3]  

whe re  0 mus t  a lways  be ~ Z, the  net  va lence  change  
occur r ing  in the deposi t ion or dissolution. 

Using Eq. [2]  and  [3] ,  a genera l  charg ing  equa-  
t ion is ob ta ined  

d---~ ~ i --  io exp 

- -  exp [4]  
RT 

1 P r e s e n t  a d d r e s s ;  S o e o n y  M o b i l  O i l  C o m p a n y ,  Inc . ,  N e w  Y o r k ,  
N e w  Y o r k .  

P r e s e n t  a d d r e s s :  Esso  R e s e a r c h  & E n g i n e e r i n g  C o m p a n y ,  M a d i -  
son,  N e w  J e r s e y .  

Equat ion  [1] ,  a special  case of Eq. [4] ,  is ob ta ined  
by  set t ing 0 = 1. For  simplici ty,  the  assumpt ion  is 
made  tha t  CA(t) is cons tan t  dur ing  the  charging.  
Whi le  this a ssumpt ion  is not  s t r ic t ly  t rue,  it makes  
solut ion of Eq. [4]  possible in special  cases, s In  the  
absence of addi t ional  informat ion ,  the  subs t i tu t ion  
of an ave rage  va lue  of CA(t),  CA, in Eq. [4]  is r e a -  
sonable. 

d~A 
dt i 1 CA RT 

--  exp RT [5]  

Rojter ,  Juza ,  and  P o l u j a n  (5) ob ta ined  a solut ion to 
Eq. [5]  for  the  specific case of 8 = 1, ~c = 0.5. Thei r  
solution, in addi t ion to being v e r y  complicated,  is 
val id only  for  the  l imited case ment ioned.  

Tabu la ted  below, in Tables  I and II, are  exact  and 
app rox ima te  solutions to Eq. [5].  The  solutions 
cover  a wide r  r ange  of cases, and the  app rox ima te  
solutions are  applicable to the  comple te ly  genera l  
case whe re  

O < a c ~ 8 ~ Z  
Derivat ions  for  these  solutions are  p resen ted  in the  
Appendix .  

Application of Equations 
A digital  p r o g r a m  has been wr i t t en  in Fo r t r a n  

(6, 7) l anguage  to obta in  est imates  of the  kinet ic  
pa rame te r s  f r o m  the  data  of on ly  one cha rg ing  curve  
of ac t ivat ion overpoten t ia l  vs. t ime. This p r o g r a m  
employs  nonl inear  least  squares.  

The computa t ion  assumes the  overpoten t ia l  to be 
g iven by  the  fo l lowing express ion  

hA(t) = ~cb CA ~J [7] 
8 T h e  a s s u m p t i o n  t h a t  CA (t) r e m a i n s  c o n s t a n t  d u r i n g  t h e  g r o w t h  

of  o v e r p o t e n t i a l  is  p e r h a p s  a n  u n r e a l i s t i c  c o n d i t i o n  w h i c h  m i g h t  
m a k e  t h e  s o l u t i o n s  to  Eq .  [4] m e r e l y  " i d e a l i z e d "  ca l cu l a t i ons .  P e r -  
h a p s  in  t h e  r a n g e  of  o v e r p o t e n t i a l s  f o r  t h e  s y s t e m  e x a m i n e d  (0-200 
m y  f o r  d e p o s i t i o n  of  C u  f r o m  a n  a c i d  CuSO4 b a t h )  CA(t} m i g h t  
w e l l  be  a p p r o x i m a t e d  b y  a n  a v e r a g e  c a p a c i t y ,  CA, f o r  t h e  f a c t  r e -  
m a i n s  t h a t  t h e  s o l u t i o n s  d e s c r i b e d  i n  th i s  p a p e r  h a v e  b e e n  s u c c e s s -  
fuI ly  u s e d  to o b t a i n  g o o d  e s t i m a t e s  of  t h e  k i n e t i c  p a r a m e t e r s  f o r  
t h i s  s y s t e m !  O f  c o u r s e  a d d i t i o n a l  t e s t s  w i t h  o t h e r  s y s t e m s  w o u l d  h e  
h e l p f u l  i n  f u r t h e r  e v a l u a t i o n  of  t h e  u s e f u l n e s s  of  t h e s e  ca l cu l a t i ons .  
W h i l e  t h e  e q u a t i o n s  d e r i v e d  h e r e  m i g h t  s u f f e r  f r o m  t h e  a p p r o x i -  
m a t i o n  of  a n  a v e r a g e  d o u b l e  l a y e r  c a p a c i t y ,  t h e y  a r e  not  l imi t e d  
b y  t h e  o f t e n  u n r e a l i s t i c  r e s t r i c t i o n  t h a t  VA b e  l e s s  t h a n  s e v e r a l  
(0-5) m y ,  a c o n d i t i o n  w h i c h  h a s  b e e n  s t i p u l a t e d  i n  p r e v i o u s  so lu -  

t i ons  of  e q u a t i o n s  of  t h i s  sor t ,  a n d  t h e r e f o r e  h a v e  t h e  p o s s i b i l i t y  of  
a p p l i c a t i o n  to  m a n y  m o r e  p r a c t i c a l  s i t ua t ions .  F u r t h e r m o r e ,  th e  
r e a l i z a t i o n  t h a t  CA (t) does  c h a n g e  w i t h  p o t e n t i a l  m a k e s  the  es t i -  
m a t i o n  of  a n  i n t e g r a t e d  a v e r a g e  d o u b l e  l a y e r  c a p a c i t y  f r o m  a s i n g l e  
c h a r g i n g  c u r v e  m o r e  m e a n i n g f u l  t h a n  t h e  e s t i m a t i o n  of  CA (t) at  
zero  o v e r p o t e n t l a l  f r o m  t h e  in i t ia l  s l o p e  o f  t h e  c h a r g i n g  c u r v e .  

237 
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Table I. Exact solutions to Eq. [5] 

R e s t r i c t i o n s  
Eq.  No.  ~a (t) a~ O t h e r  

----acbl in [[ r lKexp[  ( r l -  r2)t]-b r2 li -[j ac = ~02 None 

(See Notes 1, 2, 3, 4) 
, [ [ 0 

[7] UA (t) = ~ In p + (1 - -  p) exp �9 ac = ~ p . ~  0.15 
a c b  C A  2 

(See Notes 1, 5) 

1 CA 
[8] hA(t) ~- ~ ac = O None b In 1 q- P 

(See Notes 1, 5) 

1 [ e x p [ o b ( - ~ A  P ) i t  ] - -  P ] 
[9] nA (t) = ---- In ac = 0 None eb t i = - ;  

(See Notes 1, 5) 

F 
i. b : ~  

R T  

'60 
2. B = ~  

C~ 

3. vx i + ~/i~ + 4io 2 , re 
2CA 

t io -- V2(i -- ~/i~ + 4io') ] 

io ~ ( t  + ~/t~ u 4i02} 

io 
p = __ 

i 

2CA 

Table II. Approximate solutions to Eq. [5] 
8 < a ~ L Z  

Eq.  No .  R e l a t i o n s h i p  of a p p r o x i m a t e  
~A (t) solu%ion to e x a c t  s o l u t i o n  

( u n k n o w n )  

[7] 1 In p -b ( 1 - - p ) e x p  ~--~A( t )  exact* 
~]A ( t )  ~ acb  C a  

1 In + exp CA ' 
[10] hA(t) ~ ~cb 1 + p ~--~A (t) exact 

F io 
N o t e :  b = - - , p  = - -  

R T  i 

* vA(t)  e x a c t  = t h a t  f u n c t i o n  ~A(t)  w h o s e  d e r i v a t i v e  w i t h  r e s p e c t  to  t i m e  e x a c t l y  fits Eq.  [5] s u b j e c t  to  no  l i m i t a t i o n  on ac  e x c e p t  t h e  
one  t h a t  0 < ac  ~ 0 ~ Z. 

The  regression tha t  was  used was  non l inea r  since 
the  pa rame te r s  to be es t imated  in Eq. [7]  appear  in 
nonl inear  form. The least squares  approach  [see 
ref. ( 8 ) ]  can be  unders tood  by  consider ing the  fol-  
lowing equa t ion  

---- f (El . . . .  ~/k ; ~'1 . . .  7p) [11] 

Equa t ion  [11] connects  a response  fl (in our  case, 
ac t ivat ion overpoten t ia l )  wi th  levels  of the  va r i -  
ables el . . . .  (k ( for  instances,  time, t empera tu re ,  
pressure,  e tc . ) ;  yl, . . . y,, are  u n k n o w n  paramete rs .  
For  this s tudy,  p is t h ree  and the  u n k n o w n  p a r a m -  
eters  are  ac ,  io, and CA. 

Now, if fl = f(e, ~,) is the solut ion of the  differ-  
ent ial  equat ions  for  the  observed  response  at some 
par t i cu la r  set of expe r imen ta l  condit ions e, and if y 
is the  observed  va lue  of B at these conditions,  then  
least squares  es t imates  of the  p constants  y would  
be obta ined  by  minimiz ing  the  quan t i ty  

Z(~,) --~ 2 [ y - -  f(e, y ) ]2  [12] 

whe re  the  summat ion  is over  the  n sets of exper i -  
men ta l  condit ions (2) .  Wi th  the  assumpt ion  tha t  the 
exper imenta l  e r rors  are  n o r m a l l y  dis t r ibuted,  the  
est imates  ~, so obta ined  are  also m a x i m u m  likel ihood 
estimates.  
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Table Ill. Results of averaging parameter values with digital program 

239 

~r '~o, m a / c m  2 
C a t h o d e  D i g i t a l  p r o g r a m  T a f e l  l i ne  D i g i t a l  p r o g r a m  T a f e l  l i ne  

ca,/~/cm~ 
D i g i t a l  S l o p e  of  

p r o g r a m  c h a r g i n g  c u r v e  

Atomizer  0.571 10.81 
Clean cathode 0.541 11.41 

0.621 0.58 g • 0.02 11.11 
0.572 10.62 

8.3 ~ • 3.2 

Soiled cathode 5 0.30 0.326 22.8 18.06 

501 
491 534 
481 
532 
16 25 

I T h e s e  v a l u e s  a l l  f r o m  s a m e  s ing l e  c h a r g i n g  c u r v e  u s i n g  d i f f e r e n t  d a t a  p o i n t s  w i t h  d i f f e r e n t  g r i d  s p a c i n g s .  
'-' D i f f e r e n t  c u r r e n t  d e n s i t y  on  t h e  s a m e  c a t h o d e .  

T a f e l  l i n e  d i r e c t e d  b y  7 d a t a  po in t s .  
4 I n i t i a l  s lope  of  c h a r g i n g  c u r v e ,  f o o t n o t e  1. 

So i l ed  w i t h  t h e  e q u i v a l e n t  of  o n e  m o n o l a y e r  s t e a r i c  ac id ,  f r e s h l y  a p p l i e d  (20 m i n )  ; 107 e o u l o m b s / c m  2 p r i o r  depos i t i on .  
T a f e l  l i ne  d i r e c t e d  b y  6 d a t a  po in t s .  

The  a b o v e  l ea s t  s q u a r e s  a p p r o a c h  was  used  in  the  
d i g i t a l  p r o g r a m .  T h e  p r o c e d u r e  s t a r t s  w i t h  a co l l ec -  
t ion  of d a t a  po in t s  f r o m  a c h a r g i n g  c u r v e  cons i s t ing  
of the  o b s e r v e d  o v e r p o t e n t i a l  v A j ( t )  ( j  = 1, 2 . . . . .  N)  
and  the  c o r r e s p o n d i n g  va lue s  of t ime ,  tj. These  d a t a  
a re  t hen  r e a d  into  the  compu te r .  A guess  is m a d e  for  
the  p a r a m e t e r s ,  ~c, to, and  CA. F o r  th is  c o m b i n a t i o n  
of p a r a m e t e r  va lue s  and  a v a l u e  of t 5, a p r e d i c t e d  

^ 
v a l u e  VA.~ is c o m p u t e d  u s i n g  Eq.  [7] .  The  q u a n t i t y  

N A 
S U M =  ~ ( ~ ? A j ( t ) - - V A j ( t ) )  ~ [ 1 3 ]  

j = l  

is t hen  c a l c u l a t e d  a n d  s to r ed  b y  the  d ig i t a l  c o m -  
pu te r .  The  v a l u e  of CA is t h e n  i n c r e m e n t e d  b y  a 
specif ied a m o u n t  w h i l e  ho ld ing  ac and  io cons t an t  
at  t h e i r  o r i g i n a l  va lue .  F o r  th i s  n e w  set  of p a r a m -  
e t e r  va lues ,  t he  c o m p u t e r  ca l cu la t e s  and  s tores  the  
q u a n t i t y  r e p r e s e n t e d  b y  Eq.  [13] .  Th is  p r o c e d u r e  
of i n c r e m e n t i n g  one p a r a m e t e r  v a l u e  a t  a t i m e  is 
c o n t i n u e d  un t i l  a l l  poss ib l e  c o m b i n a t i o n s  (as  d e t e r -  
m i n e d  b y  the  r a n g e  and  i n c r e m e n t  specif ied in  t h e  
i n p u t  d a t a  for  each  p a r a m e t e r )  of p a r a m e t e r  va lue s  
have  been  used  in  ca l cu l a t i on  of Eq. [13].  

S ince  e x p e r i m e n t a l  d a t a  a r e  be ing  cons idered ,  t h e r e  
is u n c e r t a i n t y  in the  v a l u e  of o v e r p o t e n t i a l  u sed  in  
c a l c u l a t i n g  Eq. [13].  The re fo re ,  t he  c a l c u l a t e d  set  of 
t h r e e  p a r a m e t e r s  y i e l d i n g  the  m i n i m u m  s u m  d e -  
fine a po in t  w h i c h  l ies  in  the  s ame  reg ion  as t he  set  
of t h r e e  p a r a m e t e r s  g iv ing  t h e  t r u e  m i n i m u m  a n d  
wh ich  di f fers  f rom these  t r ue  v a l u e s  b y  some e r ro r .  

The  a v e r a g e  u n c e r t a i n t y  in  t he  a c t i v a t i o n  o v e r -  
p o t e n t i a l  as  d e t e r m i n e d  f r o m  t h e  e x p e r i m e n t a l  
c h a r g i n g  cu rves  4 was  --+5 mv.  Now,  the  s t a n d a r d  
d e v i a t i o n  of r e s idua l s  is g iven  b y  (2)  

]k 

Se = I ~ ( ~ A ( t ) ~ ' Q A ( t ) ) 2  1 1 / 2  

N - - p  
[14] 

w h e r e  p is t he  n u m b e r  of p a r a m e t e r s  e s t i m a t e d  and  
N is t h e  n u m b e r  of d a t a  po in t s  used.  Thus ,  if one 
w e r e  t r y i n g  to d e t e r m i n e  t h r e e  p a r a m e t e r s  f r o m  11 
d a t a  points ,  and  if the  u n c e r t a i n t y  in the  o v e r p o -  
t e n t i a l  is --+5 mv,  t h e n  the  sum of t h e  squa re s  of t h e  
r e s i d u a l s  cou ld  come out  as h igh  as 

T h e  c h a r g i n g  c u r v e s  ~vere p h o t o g r a p h s  m e a s u r i n g  7 • 51/2 cm,  

/X 
: t(~IA--~A) 2 = (5)  2 �9 (11-3)  = 200 

and  s t i l l  be  a poss ib l e  solut ion.  
The re fo re ,  w h a t  is done  in th is  d ig i t a l  p r o g r a m  is 

to accept  a l l  sets  of p a r a m e t e r  v a l u e s  for  w h i c h  the  
f o l l o w i n g  e x p r e s s i o n  ho lds  

A 
~(~A - -~A)  2 ~ (5)  2 (N-p)  [15]  

The  p a r a m e t e r  v a l u e s  t h a t  sa t i s fy  Eq. [15] a r e  
t h e n  a v e r a g e d  to o b t a i n  t he  l e a s t - s q u a r e s  e s t i m a t e s  
of t he  p a r a m e t e r s .  

These  t echn iques  w e r e  a p p l i e d  to g a l v a n o s t a t i c  
c h a r g i n g  curves ,  p lo t s  of a c t i v a t i o n  o v e r p o t e n t i a l  vs. 
t ime ,  o b t a i n e d  for  the  depos i t i on  of coppe r  f r o m  an  
ac id  su l f a t e  b a t h  (9) .  In  t h a t  s t u d y  b o t h  c l ean  and  
r e p r o d u c i b l y  so i led  ( w i t h  s t ea r i c  ac id)  copper  
ca thodes  w e r e  s tud ied .  E x c e l l e n t  a g r e e m e n t  w i t h  t he  
e x p e r i m e n t a l  r e su l t s  was  o b t a i n e d  b y  us ing  the  
a b o v e  m e t h o d  of  a v e r a g e s  to e s t i m a t e  t h e  k ine t i c  
p a r a m e t e r s .  T a b l e  I I I  s u m m a r i z e s  t he  r e su l t s  o b -  
t a i n e d  us ing  the  d ig i t a l  p r o g r a m  and  c o m p a r e s  these  
r e su l t s  w i t h  those  o b t a i n e d  b y  the  use  of t he  Ta fe l  
Line .  

T h e r e  a r e  two  d i s t i nc t  a d v a n t a g e s  in us ing  th is  
d ig i t a l  p r o g r a m  to ge t  t h e  e s t i m a t e s  of t h e  k ine t i c  
p a r a m e t e r s :  

1. W i t h  th is  p r o g r a m ,  an  i n t e g r a t e d  CA is ob -  
t a ined .  Th is  CA is m o r e  r e p r e s e n t a t i v e  of t h e  t r u e  
CA of the  c h a r g i n g  p rocess  t h a n  the  CA o b t a i n e d  f r o m  
t h e  in i t i a l  s lope  of t he  c h a r g i n g  curve .  A n  i n t e g r a t e d  
CA is m o r e  m e a n i n g f u l  t h a n  a cons t an t  CA s ince  the  
doub le  l a y e r  c a p a c i t a n c e  does  change  as the  o v e r -  
p o t e n t i a l  var ies .  

2. On ly  one c h a r g i n g  cu rve  is r e q u i r e d  to o b -  
t a in  t he  k ine t i c  p a r a m e t e r s  w i t h  th is  d ig i t a l  p r o -  
g ram.  The  i m p o r t a n c e  of u s ing  on ly  one c h a r g i n g  
c u r v e  to ge t  e s t i m a t e s  of t h e  p a r a m e t e r s  canno t  be  
o v e r e m p h a s i z e d .  P r e v i o u s l y ,  t he  p a r a m e t e r s  for  the  
soi led  e l e c t rode s  w e r e  d e t e r m i n e d  f r o m  at  l eas t  two  
s e p a r a t e  m e a s u r e m e n t s ,  each  on a d i f fe ren t  e l ec -  
t rode .  This  p r o c e d u r e  i n t r o d u c e d  an a d d i t i o n a l  source  
of va r i a t i on ,  n a m e l y ,  a d i f f e r en t  e l e c t r o d e  w i t h  the  
same  a p p a r e n t  a g g r e g a t e  soi l  d e n s i t y  on the  sur face .  

The  c o m p u t e r  p r o g r a m  d e s c r i b e d  h e r e  does not  
r e p r e s e n t  t h e  o n l y  a p p r o a c h  to t h e  p r o b l e m  of o b -  
t a i n ing  k ine t i c  p a r a m e t e r s  f r o m  one c h a r g i n g  curve .  
The  m e t h o d  of s t eepes t  descen t s  (10)  m i g h t  be  p r o f -  
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i t ab ly  employed  as an  efficient means  of app roach ing  
the m i n i m u m  f rom we l l - spaced  s t a r t ing  po in ts  s i tu -  
a ted in  the pe rmissab le  region.  

Whi le  the  ave rag ing  process used here  is vi ta l ,  i t  
is i m p o r t a n t  to po in t  out  the  d a n g e r  i n h e r e n t  in  
ave rag ing  m i n i m u m  points  which  are no t  w e l l -  
spaced in  the  acceptable  region,  i.e., if  t he  sets of 
ca lcu la ted  m i n i m u m  points  differ f rom the  t r u e  m i n -  
i m u m  poin t  by  an  e r ror  in  the  same direct ion,  the  
ca lcu la ted  average  wou ld  be  biased.  

Never theless ,  the  ave rag ing  process w h e n  p r op -  
e r ly  used (wi th  provis ions  to min imize  b ias)  should 
m i n i m i z e  an  objec t ion  ra ised  by  Matsen  ( I I )  to us -  
ing one charg ing  curve  to es t imate  k ine t i c  p a r a m -  
eters. On the  basis  of his ana log  compute r  solut ions  
to the  cha rg ing  equat ion ,  Mat sen  a rgued  tha t  smal l  
e r rors  i n  r ead ing  overpo ten t i a l s  f rom the  charg ing  
curves  wou ld  resu l t  in  la rge  errors  in  the  k ine t i c  
pa ramete r s .  However ,  it  appears  as shown  b y  the  
va lues  in  Tab le  III  tha t  these  er rors  can  be d r a -  
ma t i ca l l y  reduced  by  the  ave rag ing  process. 
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APPENDIX 

I. Exact Solutions to Eq. [5] 

dnA 1 I ( [ --acF~lA(t) ] 
. . . .  i --  io exp 

dt CA R T  [ (O--~c)F'l~A(t)])] 
- -  exp [5] 

R T  

F e b r u a r y  1964 

Lett ing 
F i io 

b = - - ,  A = ~ ,  B =  
R T  CA CA 
u = exp [--acb~lA (t)  ] 

Eq. [5] becomes 

du 
- -  = - - a c b A u -  acbBu 2 Jr acbBu 2-~  [5a] 

dt 

when ac = 0/2, Eq. [5a] reduces to 

du 
- -  = - -acbAu  - -  acbBu 2 ~- acbB [5b] 

dt  

which is of the form of the Ricatti  equation (12). 
By defining a new var iable  

Z = exp [acbBfu  dt] [5c] 

Eq. [5b] is converted to 

d2Z dZ 
- - - -  (acbA) - - - -  (acbB)2Z = 0 [5d] 

dt  2 dt  

This equat ion is a s tandard second order l inear  differ- 
ential  equation whose solution is given by (13) 

Z = K1 exp [rlt] + K2 exp [r2t] [5e] 

where K1, K2 are constants of in tegrat ion and 

aeb acb 
rl  = [A -t- ~/A 2 -t- 4B2] = '  [i ~- x/i  a ~- 4io 2] 

2 2CA 
acb ~cb 

r2 = ~ [A - -  x/A a + 4B a] = - ~ A  [i --  X/i 2 -k 4io 2] 

Solving Eq. [Se] for ~IA (t) leads to 

1 
nA (t)  -- 

~cb 
rlK1 exp [rlt] -t- r2K2 exp [rat] ] 

In  " (acbB) ( K l e x p  [rlt] + K2 exp [rat]) J [5fl 

Dividing the expression in brackets by K2 exp [rat] 
results in 

[ r lK  exp  [ ( r l - -  r2)t] -t- r2 ] 
1 in  

~A (t)  ac t  (~cbB) ( K  exp [ (rl  - -  r2)t] -t- 1) 
[6] 

where  K = K1/K2. 
Using the boundary  condit ion that  ~ l a ( t ) =  0 when  
t = 0, the constant  of in tegrat ion is found 

K : _ [ io - -  �89 ( i - -  k/i2 ~ - 4io2 ] 

io - -  1/2 (i Jc k / i  a + 4io e 

Some  s impl i f i ca t ions . - -When  io/i ~ 0.15, the assump- 
t ion that  ~ / i  2 -t- 4io 2 = i is in  error by less than  5%. 
Under  these conditions 

io 
K ~  

io --  i 

Lett ing p = io/i and assuming that  p~O.15 ,  Eq. [6] 
is simplified to 

- - I n  p-t- ( l - - p )  exp [7] hA(t)  = ~cb t CA 

When ac = 8, Eq. [5] becomes 

d~A 
-- B exp [--bnA(t)  ] - -  (A  -t- B)  [7a] 

dt  

Lett ing W1 ~ exp [ - -bnA( t )]  reduces Eq. [7a] to the 
form of Bernoull i ' s  equation (14) 

dW~ 
b (A  -F B ) W ~  --  bBW1 ~ [7b] 

dt 
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w h i c h  c a n  b e  d i r e c t l y  i n t e g r a t e d  i f  a n e w  v a r i a b l e  
V = l /W1 ,  is s u b s t i t u t e d  i n to  Eq.  [7b] .  S o l v i n g  fo r  
nA ( t )  g ives  

~lA(t) = ~-l ln [ Ksexp [--b(A + B)t] + bB + B )  [7c] 

A t  t = 0, nA ( t )  = 0, SO t h a t  K3 = bA. 
S u b s t i t u t i n g  t h i s  v a l u e  of K3, i /CA fo r  A,  a n d  io/CA 

for  B i n t o  Eq.  [7c] l e a d s  to  
[ b i ( l - t - , ) t  ] 

1 e x p  CA + p [8] 
~IA ( t )  = ~ In  

b l + p  

W h e n  ac = 0, Eq. [5] b e c o m e s  

d~lA 
= (B - -  A )  - -  B e x p  [ob~lA ( t )  ] [Sa] 

dt 
D e f i n i n g  a n e w  v a r i a b l e  We = e x p  [~Ob~lA ( t ) ]  t r a n s -  
f o r m s  Eq. [8a] to a f o r m  w h i c h  c a n  b e  d i r e c t l y  i n t e -  
g ra t ed .  U s i n g  the b o u n d a r y  cond i t i on ,  t h a t  ~IA(t) = 0 
a t  t = 0, a n d  r e m e m b e r i n g  t h e  de f in i t i ons  f o r  A a n d  
B l eads  to Eq.  [9] 

1 e x p  CA - -  p 
~lA(t) = --" In  [9] 

0b 1 - -  p 

II. A p p r o x i m a t e  S o l u t i o n s  

I f  t h e  v a r i a b l e  W1 = e x p  [ - -b~lA( t ) ]  is def ined ,  Eq.  
[5] m a y  b e  w r i t t e n  as 

{(') i d W l  = W1 - -  - -  Wi  ~ c +  W1 ~c-~ [9a] 
dt p 

w h e r e  

Wl~C -0  

Since  

---- exp  [ ( 0 - -  ac) bnA( t )]  

nA (t)  ~ 0 

0 ~ W1 ac-~  - -  ~ 1 

so t h a t  

W1 - -  W1 ~c ~ dt 

I n t e g r a t i n g  
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~cbit ] i  Ca 

+11 
J 

[9b] 

[7] 

W l [ l l ) - - W l ~  =dWld, 

r e s u l t s  in  Eq. [7] 

hA( t )  --~ In o + ( l - - p )  e x p  - - - -  
~cb k 

w h e n  t h e  b o u n d a r y  c o n d i t i o n  t h a t  nA ( t )  = 0 a t  t = 0 is 
e m p l o y e d .  

S i m i l a r l y  i n t e g r a t i o n  of 

r e s u l t s  in  Eq.  [10] 

p + exp  CA 
1 I n  [10] 

~la( t)  --~ aeb 1 + p 

w h e n  t h e  s a m e  b o u n d a r y  c o n d i t i o n  is s t i p u l a t e d .  

S Y M B O L S  
A 
B 
CA 

CA(O 

F 
K,  K1, K2, K3 
N 

R 
T 
W1 
W2 
Z 
b 
i 
io 
P 
T1 
T2 
Se 
S ( ~ )  
t 
tj 
U 
V 
y 
Z 
C~A 
c~e 

"Yl �9 . �9 " ~ ( P )  

~A ( t )  
A 

nA ( t )  

nA ( t )  e x a c t  

i /CA 
io/CA 
d o u b l e  l a y e r  capac i ty ,  a s s u m e d  a c o n -  
s t a n t  i n d e p e n d e n t  of t i m e  
t h e  d o u b l e  l a y e r  c a p a c i t a n c e  as a f u n c -  
t i o n  of t i m e  
F a r a d a y  c o n s t a n t  
c o n s t a n t s  of  i n t e g r a t i o n  
n u m b e r  of d a t a  p o i n t s  r e a d  f r o m  c h a r g i n g  
c u r v e  
gas  c o n s t a n t  
a b s o l u t e  t e m p e r a t u r e  
e x p  [--b~lA ( t )  ] 
e x p  [--0b~lA(t) ] 
e x p  [~cbBfudt]  
F / R T  
t h e  n e t  c u r r e n t  d e n s i t y  
e x c h a n g e  c u r r e n t  d e n s i t y  
n u m b e r  of u n k n o w n  p a r a m e t e r s  
~cb/2CA (i + ~ / i  2 -t- 4io 2) 
acb/2CA ( i - -  N/i 2 -I- 4io 2) 
t h e  s t a n d a r d  d e v i a t i o n  of r e s i d u a l s  
de f ined  b y  Eq.  [12] 
t i m e  
t h e  t i m e  a s s o c i a t e d  w i t h  t h e  jth d a t a  p o i n t  
e x p  [--acb~A ( t )  ] 
1 / W i  
t h e  o b s e r v e d  o v e r p o t e n t i a l  
t h e  t o t a l  v a l e n c e  c h a n g e  in  a d e p o s i t i o n  
a n o d i c  t r a n s f e r  coeff ic ient  
c a t h o d i c  t r a n s f e r  coeff ic ient  
a n y  d e p e n d e n t  v a r i a b l e ;  de f i ned  b y  Eq.  
[11] 
u n k n o w n  p a r a m e t e r s  
i n d e p e n d e n t  v a r i a b l e s  
a c t i v a t i o n  o v e r p o t e n t i a l  a t  t i m e  t 

t h e  v a l u e  of t h e  a c t i v a t i o n  o v e r p o t e n t i a l  
a t  t i m e  t c a l c u l a t e d  f r o m  Eq.  [7] 
t h a t  f u n c t i o n  ~lA(t) w h i c h  r e p r e s e n t s  a n  
e x a c t  s o l u t i o n  to Eq.  [4] 
io/i, t h e  r a t i o  of t h e  e x c h a n g e  c u r r e n t  
d e n s i t y  to t h e  a p p a r e n t  c u r r e n t  d e n s i t y  
a c o n s t a n t  s u c h  t h a t  0 < 0 ~ Z 
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ABSTRACT 

The oxidation of ethyl alcohol at platinum electrodes was studied by a-c 
differential capacitance measurements, current density measurements, rates of 
change of current density with time, constant current, voltage-time traces, and 
product analyses. Capacitance measurements can be interpreted as indicating 
that ethyl alcohol adsorbs on platinum electrodes in IN H2SO4 as CII3CHOH 

in the voltage range from -}-0.3 to 1.0v (NHE) and as CH3CH20* in the 
voltage range from 0.9 to 1.4v. Above 1.2v platinum forms an irreversibly ad- 
sorbed oxide film which is not catalytically active and which weakly adsorbs 
ethyl alcohol. On reduction of this platinum oxide an "activation" occurs re- 
sulting in high catalytic activity. Current density peaks at 0.9 and 1.2v are 
consistent with postulated adsorption properties. Similar studies indicated 
that acetaldehyde reacts in an analogous manner. Thus, the suggestion of other 
investigators that the minimum in the alcohol curve arises because of poison- 
ing by acetaldehyde appears to be refuted. 

The o x i d a t i o n  of e t h y l  a lcohol  a t  bo th  smoo th  
and  p l a t i n i z e d  p l a t i n u m  e l ec t rodes  has  been  s t ud i e d  
e x t e n s i v e l y  r e c e n t l y  (1, 2) .  In  sp i te  of th is  effort ,  
t h e r e  is a t  p r e s e n t  v e r y  l i t t l e  a g r e e m e n t  on the  
m e c h a n i s m  of the  reac t ion .  

The  p u r p o s e  of t he  p r e s e n t  r e s e a r c h  was  to ga in  
some ins igh t  in to  the  m e c h a n i s m  of t he  r e a c t i o n  of 
e t h y l  a lcohol  a t  P t  e l ec t rodes  b y  i n v e s t i g a t i n g  the  
r e l a t i o n s h i p  b e t w e e n  su r f ace  p r o p e r t i e s  of the  e l ec -  
t r o d e  and  p o l a r i z a t i o n  cu rves  (i vs. E) o b t a i n e d  
u n d e r  c o n t r o l l e d  condi t ions .  P o l a r i z a t i o n  cu rves  
w e r e  o b t a i n e d  b y  s l o w l y  i n c r e a s i n g  or  dec r e a s ing  
in a s t epwise  m a n n e r  t h e  p o t e n t i a l  of a p l a t i n i z e d  
p l a t i n u m  tes t  e l ec t rode  r e l a t i v e  to a r e f e r e n c e  e l ec -  
t r o d e  and  m e a s u r i n g  c u r r e n t  a t  a p r e s e t  t i m e  a f t e r  
the  s tep  vo l t age  change .  A n a l o g o u s  cu rves  w e r e  
o b t a i n e d  for  a c e t a l d e h y d e  fo r  compar i son .  These  
p o l a r i z a t i o n  cu rves  w e r e  t h e n  c o m p a r e d  to t he  r e -  
su l t s  of t he  fo l l owing  fou r  e x p e r i m e n t s :  ( a )  d i f fe r -  
en t i a l  c a p a c i t a n c e  va lues ,  m e a s u r e d  a t  smoo th  p l a t -  
i n u m  e l ec t rodes  u n d e r  n e a r l y  i d e n t i c a l  cond i t ions ;  
(b )  p r o d u c t  d i s t r i bu t ions ,  m e a s u r e d  as a func t ion  
of t ime  at  cons t an t  e l e c t r o d e  po t en t i a l ;  (c)  v a r i a -  
t ions  of c u r r e n t  dens i t i e s  w i t h  t ime ,  d e t e r m i n e d  

B 

Fig. 1. Cell design: 1, counter electrode; 2, test electrode; 3, 
Luggin capillary; 4, thermometer; 5, flitted glass bubbler; 6, pre- 
electrolysis electrode; 7, Teflon stopcock; 8, Teflon stirrer; 9, flit- 
ted glass disk. 

d u r i n g  the  t r a n s i e n t  p e r i o d  fo l lowing  a s tep  change  
in e l ec t rode  p o t e n t i a l ;  and  (d)  cons t an t  cu r r en t ,  
v o l t a g e - t i m e  t races ,  m e a s u r e d  a f t e r  e l ec t rode  " ac -  
t i va t ion . "  

Experimental Techniques 
Polarization curves . - -The cel l  shown in Fig .  1 

was  used  to c a r r y  out  p o l a r o g r a p h i c  scans  on l a r g e  
p l a t i n i z e d  p l a t i n u m  e lec t rodes .  The  cel l  cons i s ted  
of two  c h a m b e r s  s e p a r a t e d  b y  a f r i t t e d  glass  disk.  
A n  e x t r a  e l ec t rode  was  p r o v i d e d  for  p r e - e l e c t r o l -  
ys is  vs. the  c oun t e r  e l ec t rode .  The  so lu t ion  was  
swep t  w i th  N2 p r i o r  to e l ec t ro ly s i s  t e s t  runs .  B e -  
cause  of t he  g r e a t l y  i n c r e a s e d  su r face  a r e a  of t he  
p l a t i n i z e d  p l a t i n u m  e lec t rodes ,  su r face  po i son ing  
f rom m i n o r  i m p u r i t i e s  was  m u c h  less l i k e l y  t h a n  
for  the  smoo th  p l a t i n u m .  

The  p o t e n t i a l  of  t he  t es t  e l e c t r o d e  was  c on t ro l l ed  
b y  a p o t e n t i o s t a t  de s igned  a n d  b u i l t  in th is  l a b o -  
r a to ry .  The  cu rves  w e r e  o b t a i n e d  u n d e r  q u a s i -  
s t e a d y - s t a t e  cond i t ions  b y  a l l o w i n g  15 sec for  
d o u b l e - l a y e r  effects to decay  off a f t e r  e v e r y  vo l t age  
change.  M e a s u r e m e n t s  w e r e  t a k e n  at  0.025v in -  
t e r v a l s  c o r r e s p o n d i n g  to an  a v e r a g e  sweep  r a t e  of 
0.1 v / m i n .  In  the  0.05-0.65v regi0n ,  m e a s u r e d  c u r -  
r en t s  w e r e  equa l  w i t h i n  e x p e r i m e n t a l  e r r o r  to those  
t a k e n  at  sweep  r a t e s  of 0.025 v / m i n  w i t h  1 - m i n  
decay  i n t e r v a l s  and  w e r e  v e r y  n e a r l y  zero. This  
i n d i c a t e d  t ha t  d o u b l e - l a y e r  effects w e r e  neg l ig ib le .  
S low c u r r e n t  decays  of a f e w  p e r  cent  p e r  m i n u t e  
w e r e  o b s e r v e d  in each  p e a k  reg ion ,  b u t  t he  g e n e r a l  
shape  of the  c u r v e  r e m a i n e d  unc ha nge d .  Vol t ages  
w e r e  swep t  f r o m  zero  vol t s  ( N H E )  up  to 1.7v and  
back  to zero. A d d i t i o n a l  sweeps  gave  r e su l t s  w i t h i n  
e x p e r i m e n t a l  e r r o r  of t he  i n i t i a l  sweep.  

Product distributio~ analyses. P r o d u c t  d i s t r i b u -  
t ion s tud ies  w e r e  c a r r i e d  ou t  in t he  cell  de sc r ibed  
in t he  p r e v i o u s  sect ion.  The  p o t e n t i a l  was  h e l d  con-  
s t an t  d u r i n g  e lec t ro lys i s .  P r o d u c t  a n a l y s e s  w e r e  
c a r r i e d  out  for  n o n v o l a t i l e  c o m p o n e n t s  b y  d i r ec t  
i n j ec t ion  of e l e c t r o l y t e  p lus  p r o d u c t s  in to  a gas 
c h r o m a t o g r a p h .  

242 
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Fig. 2. Cell design for capacitance and transient current-time 
measurements. 

Capacitance measurements.--Figure 2 is a d i a -  
g r a m  of t he  cel l  u sed  for  c a p a c i t a n c e  m e a s u r e m e n t s .  
The  cel l  cons i s ted  of an  e l e c t r o l y t i c  b e a k e r  w i t h  
t he  top  g r o u n d  flat  and  sea led  w i t h  a Teflon cap  
c l a m p e d  to t he  beake r .  A l a r g e  p l a t i n i z e d  p l a t i n u m  
coun te r  e l e c t r o d e  was  m o u n t e d  a r o u n d  the  ins ide  
su r face  of t he  b e a k e r  w i t h  con tac t s  s ea l ed  in to  the  
Teflon cap. A L u g g i n  c a p i l l a r y  and  fou r  tes t  e lec -  
t r odes  w e r e  also m o u n t e d  in  t h e  cap.  The  fou r  t es t  
e l ec t rodes  w e r e  m a i n t a i n e d  a b o v e  the  e l e c t r o l y t e  in 
P y r e x  t u b e s  and  s l id  f r e e l y  t h r o u g h  Teflon seals.  
The  L u g g i n  c a p i l l a r y  s u p p l i e d  t h e  b r i d g e  to t he  
r e f e r e n c e  e l ec t rode  c o m p a r t m e n t  and  was  r o t a t e d  
in o r d e r  to m a i n t a i n  t he  t ip  of t h e  c a p i l l a r y  a d e -  
q u a t e l y  close to a n y  one of t he  t es t  e lec t rodes .  

A h y d r o g e n  r e f e r e n c e  e l ec t rode  was  used  t h r o u g h -  
out  these  e x p e r i m e n t s  so t ha t  a n y  v a r i a t i o n  in r e f -  
e rence  v o l t a g e  r e s u l t i n g  f r o m  v a r i a t i o n s  in  h y d r o -  
gen ion a c t i v i t y  or  f r o m  the  p r e s e n c e  of e t h y l  a l -  
cohol  w o u l d  be  c o m p e n s a t e d  b y  the  s ame  v a r i a t i o n  
of t he  t es t  e lec t rode .  The  p o t e n t i a l  of t he  h y d r o g e n  
r e f e r e n c e  e l ec t rode  in  e l e c t r o l y t e  con ta in ing  5% 
( b y  w e i g h t )  a lcohol  was  t e s t ed  aga in s t  a s i l v e r - s i l -  
v e r  ch lo r ide  r e f e r e n c e  e l e c t r o d e  a n d  a v o l t a g e  of 
0.223 --+ 0.0O2v was  m e a s u r e d .  This  was  in  good 
a g r e e m e n t  w i t h  t he  r e p o r t e d  v a l u e s  of 0.255v in 
t he  absence  of a lcohol  and  0.219 in t he  p r e s e n c e  of 
10% a lcohol  (3 ) ;  hence ,  t he  v o l t a g e  v a r i a t i o n  w i t h  
v a r i a t i o n s  in a lcoho l  c o n c e n t r a t i o n  c a n n o t  be  
g r e a t e r  t h a n  a f ew  mi l l i vo l t s  and  t h e r e f o r e  i n t r o -  
duces  no  s igni f icant  e r r o r  in to  t he  m e a s u r e m e n t s .  

Excess  su l fu r i c  ac id  of t he  compos i t i on  u sed  in 
the  e x p e r i m e n t  was  c o n t a i n e d  in  a l a r g e  e x t e r n a l  
vesse l  and  p r e - e l e c t r o l y z e d  w i t h  two  l a r g e  p l a t -  
in ized  p l a t i n u m  e l ec t rodes  for  s e v e r a l  weeks .  This  
so lu t ion  was  t h e n  a l l o w e d  to f low in to  t he  c l e a ne d  
and  s ea l ed  cel l  t h r o u g h  the  L u g g i n  c a p i l l a r y  tube .  
Pu r i f i ed  e t h y l  a lcoho l  was  t hen  added .  

Ca thod ic  p r e - e l e c t r o l y s i s  was  c a r r i e d  out  for  30-  
60 h r  on the  f irst  t e s t  e l ec t rode  and  w i t h d r a w n  
f rom the  solut ion .  Because  of t he  h igh  su r f ace  a r e a  
of t he  coun te r  e l ec t rode  and  b e c a u s e  i t  h a d  b e e n  
u n d e r g o i n g  anodic  reac t ions ,  i t  w a s  no t  w i t h d r a w n  
f rom the  solut ion.  T h e  second  tes t  e l ec t rode  was  
then  i m m e r s e d  in t he  so lu t ion  a n d  the  d e s i r e d  r u n  
conduc ted .  A f t e r  a g iven  run ,  t he  second  t e s t  e l ec -  
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trode was used for pre-electrolysis for 20 more 
hours. The procedure was then repeated for elec- 
trodes 3 and 4 with an additional 20 hr pre-electrol- 

ysis after electrode 3. 
The platinum electrodes have been assayed at 

99.998% purity and the initial sulfuric acid at 
99.992% purity. The conductivity of the water used 
was measured at 4 x I0 -~ ohm -I cm -I. Ethyl al- 
cohol (99% purity) was doubly distilled through a 
fractionation column estimated to have about ten 
theoretical plates. Chromatographic analysis showed 
no volatile impurity peaks. 

The platinum electrodes were prepared by seal- 
ing in soft glass and annealing for several minutes 
to insure that a water-tight seal was obtained. The 
electrodes were then etched slightly in aqua regia, 
rinsed thoroughly in conductivity water, heated in 
concentrated sulfuric acid, and rewashed in con- 

ductivity water. 

Figure 3 is a block diagram of the electronic cir- 
cuit used for the capacitance measurements. The 
d-c voltage was held constant by a high a-c im- 
pedance potentiostat. A sine wave was generated by 
an audiogenerator and sent to the output trans- 
former. This signal was then fed to a decade re- 
sistance box which was in series with the cell. To 
obtain the capacitance of the cell, the voltage drop 
across the resistance box, across the cell, and then 
across the two in series were measured. These out- 
puts were fed through a differential amplifier and 
a preamplifier to be monitored on an oscilloscope 
and measured by an a-c voltmeter. The capacitance 
was calculated from these values by an electronic 
computer using a series circuit analogue. 

C a p a c i t a n c e  m e a s u r e m e n t s  w e r e  m a d e  b y  a d -  
v a n c i n g  the  v o l t a g e  O.05v e v e r y  2 m i n  a n d  a l l o w -  
ing  90 sec for  a q u a s i - s t e a d y - s t a t e  cond i t ion  to be  
a t t a ined .  A n  a - c  f r e q u e n c y  of 100 cps and  an a m -  
p l i t u d e  of 5 m v  ( p e a k  to  p e a k )  w e r e  used  for  a l l  
m e a s u r e m e n t s .  I t  was  f o u n d  poss ib l e  to o b t a i n  good 
r e p r o d u c i b i l i t y  b y  a l l o w i n g  a l l  e l ec t rodes  to e q u i l -  
i b r a t e  a t  0.7v for  a t  l e a s t  5 hr .  The  r u n  s t a r t e d  at  
0.Tv and  s c a nne d  down  to 0.05v up  to abou t  1.80v 
and  b a c k  to 0.05v. In  mos t  cases, r e p r o d u c i b i l i t y  to 
abou t  --+ 7% was  ob ta ined .  I n  a f ew  runs ,  l a r g e  
de v i a t i ons  o c c u r r e d  i n d i c a t i n g  e i t he r  c o n t a m i n a t e d  
e l ec t rodes  or  i m p e r f e c t  s ea l ing  of t he  e l ec t rodes  in 
the  glass  tubes .  T h e s e  runs  w e r e  r e j ec t ed .  

OUTPUT 
TRANSFORMER 

AUOO ,I 
GENERATOR I I--J,O~ ~3^ BLOCKING I 

L ~  I .R ~ j ~ - ]  HIZO.C. 

I \ LOW AMP GAIN I000 
I \NOISE 
) PRE AMP 

f--I--i GAIN I000 I -  CELL 
I I 2 -  RESISTOR 

METER--I I 3 -  TOTAL 

Fig. 3. Block design of electronic circuit used for a-c differential 
capacitance measurements. 
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Fig. 4. Polarization curves at platinized platinum electrodes in 
1N H2S04. 

Transient current- t ime,  vol tage- t ime t r a c e s . -  
The cell shown  in  Fig. 2 was  also used for the cu r -  
r e n t - t i m e  and  v o l t a g e - t i m e  traces. For  c u r r e n t - t i m e  
curves,  the  po ten t ios ta t  was  swi tched  f rom one 
re fe rence  vo l tage  to ano the r  by  means  of a m e -  
chanica l  switch,  and  c u r r e n t  was  fol lowed as a 
f unc t i on  of t ime. Since the  t r a n s i e n t  per iods  of i n -  
te res t  were  of the  order  of minu tes ,  swi tch ing  t r a n -  
s ients  were  negl ig ible .  

Cons tan t  c u r r e n t  v o l t a g e - t i m e  curves  were  ob-  
t a ined  by  swi tch ing  f rom a cons tan t  vol tage  s tate  
to cons tan t  c u r r e n t  and  record ing  vol tage  vs. t ime.  

E x p e r i m e n t a l  Resul ts  

Polarization curves . - -Figure  4 shows po la r i za -  
t ion  curves  m e a s u r e d  for  both  e thy l  alcohol and  
ace ta ldehyde  at  p la t in ized  p l a t i n u m  electrodes in  
1N HeSO4./ks is seen f rom Fig. 4, bo th  e thy l  alcohol  
and  ace ta ldehyde  show two m a x i m a  on the  fo r w a r d  
sweep bu t  on ly  one on the  reverse .  F u r t h e r m o r e ,  
the m a x i m u m  was shif ted cons ide rab ly  more  n e g a -  
t ive  on the  reverse  sweep. At  0.65v, the c u r r e n t  was  
abou t  10 t imes  g rea te r  on the  reverse  scan t h a n  on 
the  fo rwa rd  and  ind ica ted  some type  of "ac t iva t ion"  
of the  electrode.  The ac t iva t ion  was  no t  a s table  
cond i t ion  as was  ind ica ted  b y  the d o w n w a r d  dr i f ts  
in  c u r r e n t  over  per iods  of a few minu tes .  

Capacitance measurements . - -Figures  5 and  6 show 
the  resul t s  of the  capaci ty  vs. vol tage  for 0, 1, a nd  
5% (by  weigh t )  C2HsOH in  l h  r H2SO4 for scans 
f rom 0.05v (NHE)  to abou t  1.9v and  f rom 1.9 to 
0.05v, respect ively .  Dupl ica te  resu l t s  are p lo t ted  for 
0% alcohol and  t r ip l ica te  resul t s  for 1% alcohol. 

E thy l  alcohol was found  to reduce  the  capaci tance  
over  the  en t i r e  r ange  f rom be low 0.2 to 1.8v. P l a t -  
i n u m  electrodes in  1N H2SO4 (0% C2H5OH) showed 
a charac ter i s t ic  increase  in  capaci tance  on the  for -  
w a r d  vol tage  scan (Fig. 5) f rom 0.9 to 1.2v. The 
capac i tance  w e n t  t h rough  a m a x i m u m  at 1.25v and  
t h e n  decreased un t i l  r each ing  the vol tage  of oxygen  
evolut ion.  The  vol tage  reg ion  b e t w e e n  0.5 an d  0.9v 
was v e r y  flat in  the p resence  of 1-5% e thy l  alcohol 
and  appeared  to be concen t r a t i on  i ndependen t .  

On the  reverse  scan, f rom 1.8 to 0.Sv the differ-  
ence in  capaci tance  b e t w e e n  0% alcohol and  1% 
alcohol was  small .  For  5% alcohol b e t w e e n  1.4 and  
0.8v the  difference was  also slight. However ,  be low 
0.8v, l a rge  differences w e r e  observed.  The peak  at 
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Fig. 5. Capacity vs.  potential for forward voltage scan 
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Fig. 7. Current transients at 0.70v (NHE) obtained after anodiz- 
ing 2 min at  voltage E. Electrolyte = 1% C2HaOH in 1N H2SO4. 

0.6v (0% alcohol)  was  no t  s table  and  decayed 
s lowly  w i th  t ime. 

Transient current - t ime c u r v e s . - - F i g u r e  7 shows 
anodic c u r r e n t  t r a n s i e n t  ob ta ined  af ter  anod iz ing  
for 2 m i n  at  a vol tage  E which  var ies  f rom 1.1v to 
1.45v and  then  swi tch ing  to 0.70v. The  l a t t e r  vol tage  
was  n e a r  the  m a x i m u m  of the  peak  on the reverse  
scan. As is seen f rom Fig. 7, no ac t iva t ion  of the  
electrode occurred  un t i l  the electrode was  anodized  
at vol tages  g rea te r  t h a n  1.15v. 

F igu re  8 shows the effects of anodiz ing  at 1.80v 
for 30 sec, t hen  swi tch ing  to the  vol tage  E which  
var ies  f rom 0.750v to 0.475v. At  vol tages  above 
about  0.700v, the re  was  a m o m e n t a r y  cathodic cu r -  
r en t  fol lowed by  an  inc reas ing  anodic  c u r r e n t  which  
rose t h r ough  a m a x i m u m  a nd  t h e n  decayed to a 
ve ry  smal l  cur ren t .  Below 0.700v the  ~ i t i a l  r ise was 
too fast  to follow, and  only  the  decay was  observed.  
The  la rges t  c u r r e n t  decay occur red  in  the  first 2 
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Fig. 9. Ethyl alcohol product distribution at 0.75v (NHE) 

min and then g radua l ly  ta i led  out over a per iod of 
a few hours  depending on the voltage.  

Constant current voltage-t ime curve .~Figure  9 
shows the vo l t age - t ime  t race  at  constant  cur ren t  of 
a smooth p la t inum electrode which had  first been 
ac t iva ted  by anodizat ion at 1.8v for 2 min, fol lowed 
by  short  cathodizat ion at  0.3v. The electrode was 
then charged at  constant  current .  The resul t ing 
oscil lations in no way  reflected an in te rac t ion  wi th  
the ins t rumenta t ion  as the same effect could be ob-  
ta ined  wi th  a ba t t e ry - r e s i s t ance  constant  cur ren t  
source. 

Product analyses.--The resul ts  of the  produc t  
analysis  studies are shown in Fig. 10. As is seen 
from Fig. 10, at 0.75v (over  p la t in ized p la t inum 
surface)  the  p r i m a r y  product  is ace ta ldehyde  with  
only small  amounts  of acetic acid bui ld ing up. Acetic  
acid and ace ta ldehyde  accounted for 100% of the 
products  based on number  of coulombs wi th in  the  
exper imen ta l  e r ror  of the analyses.  Analys is  of 
Fig. 10 showed tha t  the  ra te  constants  for the reac-  
tions of e thyl  alcohol and ace ta ldehyde  were  in the 
rat io of app rox ima te ly  3: 1. Po la rographic  scans in 
acetic acid solutions showed no react ion which  also 
indicates tha t  this  oxidat ion product  does not react  
fur ther .  

Discussion 

Figure  11 is a s imultaneous plot  of the po la r iza -  
t ion curve for  1% e thyl  alcohol (Fig. 4) and the 
corresponding capaci ty  curve under  ident ical  con- 
dit ions (Fig. 5 and 6). 

Hydrogen adsorption region.--On the fo rward  
scan in the presence of alcohol be tween  O and 
0.2v, the  doub le - l aye r  capaci ty  was  ve ry  large.  I t  
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Fig. I0. Ethyl alcohol product distribution at 0.75v (NHE) 
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has been fa i r ly  well  es tabl ished tha t  in this range  
atomic hydrogen  is adsorbed and desorbed (4-8) .  
The amount  of hydrogen  adsorbed was severe ly  de-  
pressed be tween  0.2 and 0.4v by  the presence of the 
alcohol as is seen by  compar ing 0% alcohol wi th  
1 and 5% in Fig. 5. 

Double-layer region.--The flat, depressed region 
be tween  0.3 and 0.90v in the presence of alcohol is 
s imi lar  to tha t  observed when surface act ive sub-  
stances are adsorbed on mercu ry  (9) .  In  i n t e rp re t -  
ing the significance of this region, a model  of the 
doub le - l aye r  or ig ina l ly  suggested by  F r u m k i n  (10) 
of two capaci tors  in pa ra l l e l  is used. In this model  
the charge on the electrode is given by  

qe = # ' q ( o = l )  -I- ( 1 - - # )  q(e=o) 

The capaci tance can be obtained th rough  differen-  
t ia t ion of this equation,  

d0 
Co = 8.Ce=1 ~- (1--#)e=0 -t- [q(e=l)--q(e=o)] d--E 

where  the  C's are  the different ial  capacit ies  of the 
electrodes wi th  #=0  or 0----1, respect ively.  The use-  
fulness of this equat ion has been fu r the r  demon-  
s t ra ted  by  the work  of De lahay  and co-workers  
(11). I t  is assumed tha t  the flat region corresponds 
to a condit ion of 8alc = 1 and tha t  Co=1 ~ 15 ~ F / c m  2. 
Ce=o is eva lua ted  f rom the curve for 0% alcohol and 
at 0.8v is equal  to app rox ima te ly  32 ~ F / c m  e. 

The flatness of the  curve be tween  0.3 and 0.9 and 
the independence of capaci tance on concentrat ion,  
especial ly  for a low molecular  weight  ma te r i a l  such 
as e thyl  alcohol, s t rongly  suggests tha t  the  alcohol 
is chemisorbed ra the r  than  phys ica l ly  adsorbed in 
this  region. Since below 0.9v, p la t inum is known not 
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to undergo any surface oxidat ion or oxide film for -  
mat ion (5-7) ,  it is not l ike ly  that  a P t -O  l inkage  
is involved in this chemisorpt ion step. A more  l ike ly  
explana t ion  involves the format ion of a carbon-  
p la t inum surface bond analogous to tha t  proposed 
for the chemisorpt ion of sa tura ted  hydrocarbons  on 
p la t inum catalysts .  Bond and Addy  (12) point  out, 
for example,  that  in deu te r ium exchange react ions 
wi th  propane  over  group VIII  metals,  the propane  
p robab ly  adsorbs as 

shown by Lai tenen  and Enke (7) to be d i rec t ly  
re la ted  to the degree of surface oxidat ion of the 
pla t inum.  It  has been fu r the r  pos tu la ted  by  Fe ld -  
berg (5),  as the  resul t  of de ta i led  kinet ic  studies, 
that  the format ion of the oxide film proceeds by 
the following two-s tep  mechanism 

slow 
Pt  -}- nH20- - - - - ->  P t ( O H ) n  + n H  + - t -ne-  [3] 

fast  
P t ( O H ) n  > P t ( O ) n  ~- nH+ -k h e -  [4] 

In the presence of e thyl  alcohol, an analogous in-  
crease was observed in the same vol tage region. 
However,  the capaci ty  was significantly reduced and 
near ly  independent  of concentrat ion,  indicat ing 
strong alcohol adsorpt ion in this region also. This 
behavior  suggested tha t  a surface oxidat ion ana l -  
ogous to [3] and [4] was occurring, but  was s t rongly  
influenced by  the presence of an ethyl  alcohol film 
adsorbed on the surface. 

It is known tha t  the presence of an oxide film 
poisons the e thyl  alcohol react ion [2] yet  the reac-  
t ion dur ing a slow vol tage sweep showed a second 
current  peak  in this vol tage region. A t t empt s  to 
get a product  analysis  at 1.25v fai led because this 
second current  peak  decayed off too r ap id ly  to bui ld 
up detec table  quant i t ies  of product .  

A reasonable  explana t ion  can be found by  pos tu-  
la t ing a react ion of p la t inum wi th  adsorbed al -  
cohol through a P t -O  l inkage  analogous to [4] 
above 

slow 
Pt  + nEtOH- > P t ( O E t ) ~  -F nH+ W n e -  [5] 

However,  P t ( O E t ) n  can undergo two compet ing re -  
actions 

H20 + P t (OEt )~  -> P t ( O ) ,  § 
CH~CH2CH3--> CH3CH-CH3 + H 

An analogous react ion for e thyl  alcohol would in-  
volve chemisorpt ion as CHsCHOH, CH2CH2OH, or 

CHiCHi. 

The cu r ren t -vo l t age  curve in the region of 0.55- 
0.75v (Fig. 4) gives a reasonable  Tafel  plot  wi th  a 
slope of 0.11v (Fig. 12), corresponding to a s imple 
e lectrochemical  r a t e - l imi t ing  step involving a single 
electron transfer .  This would seem to e l iminate  
CH~CH2 as a possible chemisorbed in termedia te .  As 

in the case of adsorbed p ropy l  radicals,  a dynamic  
equi l ib r ium probab ly  exists be tween CHsCHOH 

and *CH~CH2OH. 
A mechanism consistent  wi th  the above consid-  

erat ions involves a fast  oxidat ion and chemisorp-  
tion step, 

kl 
CH3CH2OH--> CH~CHOH W H + W e -  [1] 

fol lowed by  a r a t e - l imi t ing  e lectrochemical  step 

k~ 
CH3CHOH--> CH3CHO -t- H + W e -  [2] 

Sur face  ox idat ion  r e g i o n . - - T h e  r ise in capaci ty  
above 0.9v in the absence of e thyl  alcohol has been 

nCH~CHeOH + n e -  ~- nH+ [6a] 

P t (OEt )~  > Pt  + nCHzCHO + n H  + ~- h e -  [6b] 

If react ion [6b] were  significantly fas ter  than 
[6a],  poisoning of the electrode would not occur 
r ap id ly  while react ion [6b] would account for the 
second current  peak. Poisoning would g radua l ly  
occur however  through slow format ion  of PtO~ 
ei ther  through react ion [6a] or react ions [3] and 
[4]. Such a mechanism would expla in  the presence 
of a second peak  and at the same t ime account for  
its decay. One should also expect  tha t  the first peak  
would be nea r ly  concentra t ion independent  while  
the  second peak because of increased poisoning ra te  
at lower  concentrat ions f rom the compet ing reac-  
tions [3] and [4] should show a concentrat ion de-  
pendence. Exper imenta l ly ,  an a t t empt  was made  
to measure  these effects, but  the scat ter  of data  
made it difficult to d raw any conclusions. There did 
appear  to be a corre la t ion wi th  concentrat ion in 
the second peak  whi le  the scat ter  of da ta  at  any 
given concentrat ion f rom the first peak  was g rea t -  
er than  var ia t ions  observed wi th  changes in con- 
centrat ion.  

The first peak  was r e l a t ive ly  insensi t ive to sweep 
rate,  whi le  the second peak  was more  sensit ive 
because of decay. 

R e v e r s e  s c a n . - - O n  the reverse  scan (Fig. 6), e thyl  
alcohol appa ren t ly  i s  weak ly  adsorbed down to 
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about  0.8v as is shown by the s trong concentrat ion 
dependence.  I t  is genera l ly  agreed tha t  the  surface 
in this  region is covered by  a p la t inum oxide film; 
hence, the adsorpt ion p robab ly  occurs on top of the 
oxide layer .  As is seen f rom the polar iza t ion  curves,  
this surface is complete ly  inact ive  toward  the oxi-  
dat ion of e thyl  alcohol or aceta ldehyde.  

The reduct ion of p l a t inum oxide occurs at  about  
0.8v (4-8) l eav ing  an "ac t iva ted"  electrode as is 
seen f rom the grea t  increase in react ion ra te  over 
that  of the fo rward  sweep. Below 0.8v, there  was 
p robab ly  no expe r imen ta l ly  significant difference 
be tween the 1% and 5% curves;  but  the s trong 
devia t ion  f rom the 0% curve indicates  strong ad-  
sorpt ion of alcohol. 

There is considerable  cont roversy  as to the cause 
of this act ivat ion.  K n o r r  (8) a t t r ibu tes  this  ac t iva-  
t ion to a l ight  p la t in iza t ion  or roughening of the 
surface, while  Feldberg ,  Enke, and Br icker  (6) 
a t t r ibu te  the act ivat ion to the format ion  of an un -  
s table  p l a t inum suboxide. 

The large  capaci tance peak  in the 0% alcohol 
curve be tween  0.8 and 0.5v has been s tudied ex-  
tens ively  by  Fe ldberg  et al. They a t t r ibu te  this peak  
to the  pseudocapaci tance of the revers ib le  react ion 

PtO~ + nH+ ~ no-  ~ Pt (OH)~  

The Pt  (OH)n is re fe r red  to as the semireduced s tate  
which only s lowly decays to the clean p l a t inum 
surface. 

F igure  4 shows tha t  the "ac t iva t ion"  peak  for 
alcohol oxidat ion occurs at exac t ly  the same vol tage 
as is observed for the proposed pseudocapaci tance 
peak. To invest igate  the suggestion of Enke and 
Fe ldberg  that  this semireduced s tate  might  be re -  
sponsible for the act ivat ion effect, cur rent  t rans ient  
curves shown in Fig. 7 and 8 were  measured.  F igure  
7 shows tha t  anodizat ion above 1.15v is necessary 
for the  activation.  F igure  8 shows tha t  ac t ivat ion is 
grea tes t  be tween 0.7 and 0.58v and the drop off in 
ac t iv i ty  wi th  vol tage is quite rap id  below 0.58v. 

These curves seem to indicate  tha t  the  e lectrode 
is ca ta ly t ica l ly  act ive only when both oxide and 
semioxide are present  and read i ly  reversible .  This 
is consistent  wi th  a react ion of the type  

nCH3CHOH -~ PtOn'  > nC.H3CHO + P t ( O H ) n  [7] 

P t ( O H ) ~  ~ PtO~ -t- nH+ + no-  [8] 
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Above 0.8v react ion [7] wi l l  not proceed while  be-  
low 0.5v react ion [8] does not  proceed.  

A fu r the r  in teres t ing  test  of this concept is shown 
in constant  current ,  vo l t age - t ime  t race  shown in 
Fig. 9. At  0.3v the e lect rode was p re sumed  to be 
complete ly  reduced to the semireduced state and was 
not ca ta ly t ica l ly  active. As the  vol tage  increased,  a 
range was reached  where  the ca ta lys t  became in-  
creas ingly  active, hence the vol tage dropped even 
though anodic cur ren t  was flowing into the elec-  
trode.  The resu l tan t  decrease  in vol tage produced a 
decrease in act ivi ty,  causing the vol tage to rise, 
hence an oscil lation was observed.  These data  ap-  
pear  to lend strong suppor t  to the ca ta ly t ic  effects 
of the semireduced state as causing the act ivat ion 
effect. 
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Techn ca]l Notes @ 
An X-Ray Study of Oxidized Uranium Surfaces 

L. Le ibowi tz ,  J. D.  Bingle ,  and  M .  H o m a  
Argonne National Laboratory, Argonne, Illinois 

kinet ics  of u r a n i u m  oxidat ion.  A m a r k e d  change  
in  the  appea rance  of the  t r ac ings  occurs at  abou t  
400~ The dif f ract ion m a x i m a  in  the  regions  28 = 
55 ~ and  75 ~ which  are  b road  and  diffuse up  to 400~ 
are qu i te  sharp  at  500 ~ a nd  600~ The  m a x i m u m  
in the  reg ion  20 = 33 ~ shows a s imi la r  change  be -  
t w e e n  300 ~ a nd  400~ 

It is i n t e res t ing  to no te  t ha t  a change  in  the  k i -  
net ics  of ox ida t ion  of u r a n i u m  occurs at  450~ (8) .  
Below tha t  t e m p e r a t u r e  an  acce le ra t ing  ox ida t ion  
ra te  was  found,  p ropor t iona l  to ( t ime)  5/4 whi le  
above 450~ a dece l e ra t i ng  ra te  p ropo r t i ona l  to 
( t ime)  5/~ holds. I t  is r e a sonab l e  to ascr ibe  this  
change  in  reac t ion  kinet ics  to the  changed  charac te r  
of the  oxide. 

A l t h o u g h  some of the l ine  b r o a d e n i n g  observed  
at  the  lower  t e m p e r a t u r e s  m a y  be a t t r i b u t e d  to 
smal l  c rys ta l l i te  size, not  al l  the  changes  in  the  

A 6 0 0  ~ C / 1  , 

! 
40 o ~ C k.,.j~i I 

AI Z 

 oo-c 

,, f ii r ,  
z o o o c  .' ! " ~ J i I 
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80  ~ 75 ~ 70 ~ 65 ~ 6 0  ~ 55 ~ 50  o 4 5  ~ 4 0  ~ 55 ~ :50 ~ 25 '  

As pa r t  of an  i nves t i ga t i on  of the  k ine t ics  of ox-  
ida t ion  of u r a n i u m  (1) ,  an  e x a m i n a t i o n  was m a d e  
of the  oxidized me ta l  sur face  us ing  bo th  x - r a y  a nd  
e lec t ron  dif f ract ion techniques .  In  t ha t  work ,  at 
200 ~ and  295~ only  UO2 was found  u n t i l  a lmos t  al l  
the  me ta l  was  consumed.  The  u r a n i u m - o x y g e n  sys-  
t em is a fa i r ly  complex  one, however ,  and  t h e r e  is 
a no t ab l e  lack of a g r e e m e n t  of i n t e r p r e t a t i o n  a mong  
the var ious  worke r s  in  this  area  (2 -5) .  As an  ex -  
ample,  A r o n s o n  et at. (4) hold t ha t  ox ida t ion  of 
UO2 proceeds v ia  a UO2+x solid solut ion,  whi le  
B l a c k b u r n  et al. (5) m a i n t a i n  tha t  ox ida t ion  of 
UO2 is cont ro l led  by  diffusion of oxygen  t h rough  a 
U80~ layer .  Recent  c rys ta l lographic  w o r k  by  Be l -  
beoch, P iekarsk i ,  a n d  Per io  (6) and  b y  Hoekst ra ,  
Santoro,  and  Siegel  (7) has done  m u c h  to c lar i fy  the  
s i tuat ion.  The  l a t t e r  au thors  have  discussed in  some 
deta i l  the  compl ica t ions  of ident i f ica t ion  an d  the  
sources of conflict i n  the  ear l ie r  work.  Because of 
these r ecen t  f indings  it was  decided to r e - e x a m i n e  
the  oxidized surfaces  of u r a n i u m  us ing  an  x - r a y  
di f f ractometer .  

E x p e r i m e n t a l  

Cubes of u r a n i u m  were  oxidized at  100 ~ a nd  
200~ in  the cons tan t  p re s su re  vo lume t r i c  app a r a t u s  
used p rev ious ly  (1) .  At  300 ~ 400 ~ 500 ~ and  600~ 
samples  we re  oxidized in  the  h e a t - s i n k  appa r a t u s  
descr ibed  b y  Bake r  and  Bingle  (8) .  A t  these  h igher  
t e m p e r a t u r e s  s e l f -hea t ing  of the  me t a l  wou ld  or-  
d i n a r i l y  p rec lude  i so the rma l  oxidat ion.  I n  the  hea t  
s ink  appara tus ,  however ,  the  u r a n i u m  spec imen  is 
compressed b e t w e e n  two mass ive  s ta inless  steel  
blocks wh ich  r e m o v e  hea t  at a sufficient r a t e  to 
m a i n t a i n  n e a r l y  i so the rma l  condit ions.  Al l  r u n s  
were  car r ied  out  at an  oxygen  p ressure  of abou t  200 
ram. For  each case, w h e n  the  desired a m o u n t  of oxi -  
da t ion  has occurred,  the  reac tor  was  evacua ted  and  
samples  a l lowed to cool in  vacuum.  I t  wou l d  have  
been  use fu l  to ca r ry  out  the  x - r a y  e x a m i n a t i o n  at  
the  reac t ion  t e m p e r a t u r e s ;  this  could no t  be  done  
w i th  the  e q u i p m e n t  avai lable .  T h i n  a d h e r e n t  oxide 
films were  fo rmed  af te r  400-1100 ~g O2/cm ~ were  
consumed,  w i th  no ev idence  of flaking. Al l  x - r a y  
diffract ion pa t t e rn s  were  m e a s u r e d  us ing  a G.E. 
XRD-5  d i f f rac tometer  w i th  Cu K~ radia t ion .  Wide  
va r i a t ions  of the  opera t ing  condi t ions  were  used to 
ob ta in  m a x i m u m  resolut ion .  In  no case was  reso-  
l u t i o n  of the  Kax-K~ 2 peaks  found.  

Results and  Discussion 
In  Fig. 1 are  shown  sect ions of the  dif f ract ion 

t rac ings  ob ta ined  f rom these  samples.  These are p r i n -  
c ipal ly  of o r i en ted  UO2 p a t t e r n s  which,  however ,  
show some in t e r e s t i ng  detai ls  p e r t a i n i n g  to the  

2 O  
Fig. 1. X-ray diffractometer tracings of thin uranium oxide films 

formed at various temperatures. 
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n a t u r e  of  the  d i f f r ac t ion  p a t t e r n s  can  be  e x p l a i n e d  
in th is  way .  The  sp l i t t i ng  of t he  p e a k s  at  28 = 33 ~ 
and  56 ~ is mos t  l i k e l y  to be  due  to l a t t i c e  d i s t o r t i on  
r a t h e r  t h a n  s m a l l  c r y s t a l l i t e  size. A s e m i q u a n t i t a -  
t ive  a s s e s s m e n t  of t he se  two  effects m a y  a lso  be  
made .  In  g e n e r a l  for  a g iven  x - r a y  w a v e  l e n g t h  and  
f ixed re f lec t ing  p lane ,  l ine  b r o a d e n i n g  due  to l a t t i ce  
d i s t o r t i on  is p r o p o r t i o n a l  to t a n  8 w h i l e  t h a t  due  to 
sma l l  c r y s t a l l i t e  size is p r o p o r t i o n a l  to 1 /cos  8 (9-11 ) 
w h e r e  28 is the  d i f f rac t ion  angle .  This ,  if  fl is t he  
p u r e  d i f f rac t ion  b r e a d t h ,  the  cons t ancy  of t he  two  
p a r a m e t e r s  f l / t a n  8 and  fl cos 9 w i l l  be  a m e a s u r e  
of the  c o n t r i b u t i o n  of t he  two  effects. A n  e x a m i n a -  
t ion of these  v a l u e s  as a func t ion  of 8 shows  t h a t  
a t  100 ~ 200 ~ and  300~ d i s t o r t i on  is t he  p r e d o m -  
i n a n t  effect.  A t  t he  h i g h e r  t e m p e r a t u r e s  no c l ea r  
d i s t i nc t ion  b e t w e e n  the  two  poss ib i l i t i e s  can  be  
made .  

The  w o r k  of H o e k s t r a ,  San to ro ,  and  S iege l  (7)  
l eads  us  to b e l i e v e  t h a t  w h a t  is i n v o l v e d  is t h e  f o r -  
m a t i o n  a t  t he  l o w e r  t e m p e r a t u r e s  of a n o t h e r  ox ide  
phase .  T h e r e  a r e  t w o  cubic  a n d  t h r e e  t e t r a g o n a l  
phases  t h a t  m u s t  be  cons idered .  The  cubic  phase s  
a r e  UO~ a n d  U409. The  t e t r a g o n a l  phase s  and  t h e i r  
c/a  r a t io s  a re :  =-U307 0.989; B-UsO? 1.031; UO2.8 
1.016. Because  t h e s e  c / a  v a l u e s  a r e  so c lose  to  u n i t y  
and  b e c a u s e  of t h e  poo r  def in i t ion  of  the  o v e r l a p p i n g  
d i f f r ac t ion  m a x i m a ,  a c lea r  d i s t i nc t ion  b e t w e e n  these  
phases  was  no t  poss ib le .  U n f o r t u n a t e l y  in t h e  b a c k  
re f lec t ion  r e g i o n  w h e r e  such  a d i s t i nc t i on  shou ld  
t h e o r e t i c a l l y  h a v e  been  poss ib le ,  i n a d e q u a t e  t r ac ings  
w e r e  ob ta ined .  

The  x - r a y  d a t a  a r e  cons i s t en t  w i t h  t he  u r a n i u m -  
o x y g e n  p h a s e  d i a g r a m  (7) ,  if i t  is a s s u m e d  tha t  
the  m o l a r  r a t i o  of  o x y g e n  to u r a n i u m  in t he  ox ide  
fi lm is on ly  s l i g h t l y  g r e a t e r  t h a n  2. A t  100~ w e  a re  
t hen  o b s e r v i n g  a t w o - p h a s e  UO2 -5 =-U3OT reg ion ,  
a t  200 ~ , 300 ~ and  400~ a UO2+x -5 U409 r eg ion  
exis ts ,  w h i l e  a t  500 ~ and  6000C t h e r e  is a s ingle  
UO2+x phase .  These  a s s i g n m e n t s  are,  of course ,  
h i g h l y  specu la t ive ,  and  the  p r i n c i p l e  p o i n t  w e  wish  
to m a k e  is t ha t  t h e r e  is a change  in t he  c h a r a c t e r  of 
the  ox ide  in t h e  n e i g h b o r h o o d  of 4000C. 

I n  none  of th is  w o r k  i n v o l v i n g  t h in  ox ide  f i lms d id  
we  see ev idence  fo r  t h e  p r e s e n c e  of U8Os. This  is 
in c o n t r a s t  w i t h  t he  w o r k  of L o r i e r s  (9)  who  r e -  
p o r t s  t h a t  a b o v e  240~ a c r y s t a l l i n e  s t r u c t u r e  a p -  
pears ,  o r t h o r h o m b i c  l i ke  U308. S ince  L o r i e r s  s t a t es  

t h a t  these  l a y e r s  sca led  off r e a d i l y  i t  is e v i d e n t  t h a t  
he was  w o r k i n g  w i t h  f a i r l y  h e a v i l y  ox id i zed  u r a -  
n ium.  U n d e r  those  cond i t ions  we  also obse rv e  the  
f o r m a t i o n  of U808 (8) .  

Summary 
T h e r e  a p p e a r s  to be  a change  in  t h e  c h a r a c t e r  of 

t h e  ox ide  f o r m e d  on u r a n i u m  at  a b o u t  400~ B e -  
l ow 400~ t h e  a d h e r e n t  ox ide  is d i s t o r t e d  a n d  
seems  to c on t a in  an  ox ide  h i g h e r  t h a n  UO2, p o s -  
s ib i l i t i e s  be ing  U~O7, U409, a n d  UO2.~. A t  500 ~ a n d  
600~ the  o x i d e  seems  to be  a s ing le  UO2 phase .  
W h e n  o x i d a t i o n  con t inues  to  such  an  e x t e n t  t h a t  
f l ak ing  of  t he  ox ide  occurs ,  U808 fo rms  b u t  t h e r e  is 
no ev idence  for  t h e  p r e s e n c e  of U808 in t h i n  a d -  
h e r e n t  ox ide  films. This  c h a n g e  in  t h e  ox ide  n e a r  
400~ co inc ides  r o u g h l y  w i t h  a c h a n g e  t h a t  has  
been  f o u n d  in t he  o x i d a t i o n  r a t e  l aw.  I t  s eems  
r e a s o n a b l e  t h a t  th i s  c h a n g e  in  t h e  ox ide  is r e -  
spons ib l e  for  t h e  c h a n g e  in  o x i d a t i o n  k ine t ics .  
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Effect of Vacuum Annealing of Oxide Films 
on the Oxidation of Copper-Nickel Alloy 

T. Yamashina and T. Nagamatsuya 
Faculty of Engineering, Hokkaido University, Sapporo, Japan 

I t  has  been  f o u n d  t h a t  the  o x i d a t i o n  k ine t i c s  a r e  
g r e a t l y  in f luenced  b y  t h e  a n n e a l i n g  of t h e  ox ide  
f i lms d u r i n g  h i g h - t e m p e r a t u r e  o x i d a t i o n  of m e t a l s  
and  a l loys  ( 1 - 3 ) .  

The  c h a n g e  in  o x i d a t i o n  k ine t i c s  w i t h  a n n e a l i n g  
could  b e  due  to a change  in  t h e  p h y s i c a l  p r o p e r t i e s  
of t he  ox ide  f i lms and  d i s p l a c e m e n t  r e a c t i o n s  b e -  
t w e e n  d i f fe ren t  ox ides  in t he  film. L e v i n  and  W a g -  
ne r  (1)  s t ud i ed  t h e  o x i d a t i o n  of c o p p e r - z i n c  a l -  

loys  and  c o p p e r - n i c k e l  a l loys  to d e t e r m i n e  the  oc-  
c u r r e n c e  of a d i s p l a c e m e n t  r e a c t i o n  of t he  t y p e  

B +~ 4- 2 e -  W A O  ---- A +2 4- 2 e -  4- BO 

as p r o p o s e d  b y  W a g n e r  (4 ) .  T h e y  f o u n d  t h a t  t he  
o x i d a t i o n  r a t e s  w e r e  c o n s i d e r a b l y  c h a n g e d  b y  a n -  
n e a l i n g  in an  i n e r t  gas, and  i t  was  conc luded  t h a t  
d e c r e a s e  of o x i d a t i o n  r a t e s  a f t e r  a n n e a l i n g  was  d u e  
to t he  f o r m a t i o n  of t he  m o r e  i m p e r m e a b l e  ox ide  
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l aye r .  A m o r e  d e t a i l e d  i n v e s t i g a t i o n  of t he  a n -  
n e a l i n g  effect  on the  ox ide  f i lm s t r u c t u r e  was  m a d e  
b y  Cau le  and  Cohen  ( 2 ) ;  t h e y  f o u n d  t h a t  t he  a n -  
nea l i ng  r e a c t i o n  consumes  h e m a t i t e  a n d  p r o d u c e s  
m a g n e t i t e  in t he  o x i d a t i o n  of i ron  at  463~ T h e y  
cons ide r ed  t h a t  i t  is r e a s o n a b l e  to w r i t e  t he  r e a c -  
t ion  as 

4Fe203 -b F e - ~  3Fe304 

In  the  p r e s e n t  s tudy ,  t he  effect of v a c u u m  a n -  
n e a l i n g  of t he  ox ide  f i lm on the  o x i d a t i o n  k ine t i c s  
of copper ,  n ickel ,  and  c o p p e r - n i c k e l  a l l o y  has  b e e n  
s t u d i e d  to c l a r i f y  t he  p o s s i b i l i t y  of d i s p l a c e m e n t  
reac t ions .  The  change  in t he  ox ide  s t r u c t u r e  of  t he  
c o p p e r - n i c k e l  a l l oy  w a s  c o m p a r e d  w i t h  t he  k ine t i c  
d a t a  b y  m e a n s  of  x - r a y  d i f f rac t ion .  

Exper imental  Procedure 
S a m p l e s  used  in t he  e x p e r i m e n t  w e r e  copper ,  

n ickel ,  and  c o p p e r - n i c k e l  a l l oy  c o n t a i n i n g  68 wt .  % 
copper .  S p e c i m e n s  of  5 cm 2 su r f ace  a r e a  w e r e  cut  
f r o m  shee ts  of c o l d - r o l l e d  m e t a l s  and  a l loy  0.15 m m  
thick.  A f t e r  po l i sh ing  t h r o u g h  600 g r i t  s i l icon c a r -  
b ide  and  d e g r e a s i n g  in  b e n z e n e - m e t h a n o l  so lu t ion ,  
the  s p e c i m e n  was  f ixed on t h e  hook  of a G u l b r a n -  
s e n - t y p e  m i c r o b a l a n c e .  O x y g e n  and  h y d r o g e n  w e r e  
p r e p a r e d  b y  e l ec t ro ly s i s  of 0.5N N a O H  so lu t ion  a n d  
w e r e  pur i f i ed  b y  pas s ing  t h r o u g h  s i l ica  gel, H2SO~, 
and  PeOs cells.  A f t e r  e v a c u a t i n g  the  m i c r o b a l a n c e  
s y s t e m  con ta in ing  t h e  spec imen ,  h y d r o g e n  a t  32 
m m  Hg was  a d m i t t e d  at  800~ for  1 h r  to r e m o v e  
su r f ace  c o n t a m i n a n t s .  I t  was  t h e n  e v a c u a t e d  for  s ev -  
e r a l  m i n u t e s  to ge t  a p r e s s u r e  of 2 x 10 -5 m m  Hg, 
w h i c h  was  the  m i n i m u m  p r e s s u r e  used  in t he  e x -  
p e r i m e n t .  O x y g e n  was  r e l e a s e d  into  t h e  s y s t e m  to 
b r i n g  the  p r e s s u r e  to 55 m m  Hg. In  a l l  t he  e x p e r i -  
ments ,  p r e t r e a t m e n t  in h y d r o g e n ,  ox ida t ion ,  v a c -  
u u m  annea l ing ,  and  r e o x i d a t i o n  w e r e  c a r r i e d  out  
a t  800~ A f t e r  o x i d a t i o n  for  10 or  20 min ,  v a c u u m  
a n n e a l i n g  was  conduc t ed  at  the  s a m e  t e m p e r a t u r e  
as t h e  ox ida t ion ,  b y  r a p i d l y  p u m p i n g  out  t he  o x -  
ygen ;  t h e n  the  s p e c i m e n  w a s  r e o x i d i z e d  u n d e r  t he  
s ame  cond i t ion  as b e f o r e  annea l ing .  

Results and Discussion 
F i g u r e s  1, 2, and  3 show the  o x i d a t i o n  cu rves  of 

copper ,  n ickel ,  and  c o p p e r - n i c k e l  a l l oy  i n v o l v i n g  
the  a n n e a l i n g  effect. A n n e a l i n g  was  c a r r i e d  out  for  
100 m i n  in each  case. In  Fig .  1, l i t t l e  d i f fe rence  was  
f o u n d  in t he  curves  b e f o r e  and  a f t e r  annea l ing ,  a n d  
on ly  a s m a l l  change  was  f o u n d  in t he  w e i g h t  of t h e  

1 N o  v i s i b l e  c h a n g e  i n  t h e  w e i g h t  d u r i n g  v a c u u m  a n n e a l i n g  w a s  
d e t e c t e d  i n  a b l a n k  t e s t .  
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Fig. 1. Oxidation curve of copper at 55 mm Hg 02 and 8000~ 
interrupted by a 100 rain isothermal annealing in vacua. 
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Fig. 2. Oxidation curve of nickel at 55 mm Hg 02 and 800~ 
interrupted by a 100 min isothermal annealing in vacua. 
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Fig. 3. Oxidation curve of copper-nickel alloy at 55 mm Hg 02 
and 800~ interrupted by a ]00 min isothermal annealing in vacua. 

s p e c i m e n  a f t e r  annea l ing .  1 In  t he  case of n i c k e l  
o x i d a t i o n  (Fig.  2) ,  the  o x i d a t i o n  r a t e  was  d e c r e a s e d  
b y  annea l ing ,  be ing  abou t  ha l f  t h e  r a t e  b e f o r e  a n -  
nea l ing .  No v i s ib le  b r e a k  in k i n e t i c s  was  f o u n d  d u r -  
ing con t inuous  o x i d a t i o n  for  1 h r  ( w i t h o u t  a n n e a l -  
ing ) .  On the  o t h e r  hand ,  in  t he  o x i d a t i o n  of t he  
a l loy  (Fig .  3) ,  a c o n s i d e r a b l e  w e i g h t  loss  was  seen 
a f t e r  v a c u u m  annea l ing ,  a n d  the  r e o x i d a t i o n  c u r v e  
showed  a l o w e r  o x i d a t i o n  r a t e  t h a n  be fo re  a n n e a l -  
ing. The  w e i g h t  loss  d u r i n g  a n n e a l i n g  was  n e a r l y  
cons tan t ,  r e g a r d l e s s  of a n n e a l i n g  t i m e s  f r o m  1 to 
200 min.  W e i g h t  loses  d u r i n g  t h e  100-ra in  a n n e a l i n g  
w e r e  0.022 m g / c m  2 for  coppe r  a n d  0.143 m g / c m  2 
for  the  c o p p e r - n i c k e l  a l loy.  The  to t a l  w e i g h t  ga ins  
a f t e r  o x i d a t i o n  for  1O rain  ( b e f o r e  a n n e a l i n g )  w e r e  
1.916 m g / c m  2 for  coppe r  and  0.880 for  t he  c o p p e r -  
n i c k e l  a l loy ;  t he re fo re ,  the  r a t io s  of w e i g h t  losses  
to  t o t a l  w e i g h t  ga ins  b e c o m e  1.15% (Cu)  a n d  
16.25% ( C u - N i ) ,  r e spe c t i ve ly .  To c l a r i f y  t he  cause  
of t h e  u n u s u a l  change  in  t he  o x i d a t i o n  c u r v e  of t he  
c o p p e r - n i c k e l  a l loy,  the  ox ide  s t r u c t u r e  was  e x -  
a m i n e d  b y  m e a n s  of a N o l e r c o - t y p e  x - r a y  d i f f r ac -  
t o m e t e r .  S a m p l e s  for  x - r a y  d i f f r ac t ion  w e r e  p r e -  
p a r e d  b y  quench ing  to r o o m  t e m p e r a t u r e  a f t e r  v a c -  
u u m  a n n e a l i n g  at  800~ F i g u r e  4 shows  t h e  c h a n g e  
of ox ide  s t r u c t u r e  w i t h  a n n e a l i n g  t i m e  a f t e r  10 ra in  
ox ida t ion .  The  ox ides  w e r e  c o m p a r e d  b y  m e a n s  of 
t h e  d i f f rac t ion  p a t t e r n  f r o m  (111) faces.  In  F ig .  4, 
t h e  i n t e n s i t y  f r o m  the  o x i d e  f i lm f o r m e d  in 10 ra in  
is s h o w n  a t  A (be fo r e  a n n e a l i n g ) ,  and  the  i n t e n s i t y  
f r o m  the  ox ide  f i lm on r e o x i d i z i n g  for  1 ra in  a f t e r  
100 m i n  a n n e a l i n g  is s h o w n  at  C. I t  is seen  t h a t  
t he  i n t e n s i t y  of CuO in t he  ox ide  was  g r e a t l y  d e -  
c r eased ;  and  t h a t  of Cu20 was  g r e a t l y  i n c r e a s e d  b y  
on ly  1 or  2 m i n  annea l ing .  A f t e r  100 ra in  a n n e a l i n g  
( B ) ,  r e o x i d a t i o n  for  on ly  1 ra in  (C)  r e s t o r e d  the  
o r i g i n a l  r e l a t i o n  of CuO a n d  Cu20. On the  o t h e r  
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Fig. 4. X-ray diffraction intensities of the oxide film on copper- 
nickel alloy as a function of annealing time. 

hand ,  t h e  i n t e n s i t y  of t he  p a t t e r n  f r o m  NiO was  
f o u n d  to be  n e a r l y  cons t an t  r e g a r d l e s s  of  a n n e a l i n g  
or  r e o x i d a t i o n .  

F r o m  the  r e su l t s  p r e s e n t e d  above ,  t he  a n n e a l i n g  
r e a c t i o n  in  c o p p e r - n i c k e l  a l l oy  e v i d e n t l y  consumes  
cupr ic  o x i d e  and  p r o d u c e s  cup rous  ox ide :  

2CuO-~ Cu20 4- 1/202 

A c c o r d i n g  to S a r t e l l  and  c o - w o r k e r s  (3 ) ,  the  
ox ide  s t r u c t u r e  on 62 at. % c o p p e r - n i c k e l  a l loy  
( n e a r l y  t he  s ame  compos i t i on  as t he  a l loy  s a m p l e  
in th is  e x p e r i m e n t )  was  o b s e r v e d  to  be  CuO in t he  
o u t e r  l a y e r  and  CuEO 4- NiO in t h e  i n n e r  l a y e r  a t  
a t m o s p h e r i c  p r e s s u r e  of o x y g e n  a n d  620~176 
In  ou r  e x p e r i m e n t ,  t he  s ame  ox ide  s t r u c t u r e  ( the  
o u t e r  CuO and  the  i n n e r  Cu20 4- NiO)  could  be  
expec ted .  B e c a u s e  of the  l a r g e  d e c o m p o s i t i o n  p r e s -  
su re  of CuO at  800~ it  could  be  t r a n s f o r m e d  ea s i l y  
to Cu20. R a p i d  r e v e r s a l  in t he  r e o x i d a t i o n  can  be  
e x p l a i n e d  if  t he  ox ide  l a y e r  r e d u c e d  to  Cu20 is 
po rous  enough  so t h a t  o x y g e n  can  diffuse in to  and  
t h r o u g h  it. In  t he  o x i d a t i o n  of copper ,  no v i s ib le  
change  in x - r a y  d i f f r ac t ion  p a t t e r n s  was  o b s e r v e d  
w i t h  a n n e a l i n g  and  r e o x i d a t i o n .  The  r e l a t i v e  ox i -  
da t i on  r a t e s  2 w i t h  those  b e f o r e  a n n e a l i n g  as t he  
uni t ,  a r e  p r e s e n t e d  as a func t ion  of a n n e a l i n g  t i m e  
in Fig.  5. The  r a t e  a f t e r  a n n e a l i n g  in  copper  d i d  no t  
change  w i t h  i nc rea se  of a n n e a l i n g  t ime ,  b u t  in n i c k e l  
and  the  a l loy  t h e y  w e r e  d e c r e a s e d  in n e a r l y  t he  
s a m e  way ,  be ing  r a p i d l y  d e c r e a s e d  in  t he  f irst  2 
min  of annea l ing .  

2 T h e  o x i d a t i o n  r a t e s  o~ c o p p e r - n i c k e l  a l l o y  a f t e r  a n n e a l i n g  w e r e  
e s t i m a t e d  f r o m  t h e  l i n e a r  p a r t  a f t e r  3 m i n  r e o x i d a t i o n  as  s e e n  in  
F i g .  3. 
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Fig. 5. Relative oxidation rates as a function of annealing time. 
Relative oxidation rate = K2/K1, where K1 is the rate before an- 
nealing and K2 the rate after annealing. 
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F r o m  these  r e su l t s  a n d  Fig.  4 in  w h i c h  t h e r e  was  
no c h a n g e  in  t he  i n t e n s i t y  of  NiO w i t h  annea l ing ,  
i t  is c o n c l u d e d  t h a t  t h e  cause  of t h e  d e c r e a s e  in  t he  
o x i d a t i o n  r a t e  a f t e r  v a c u u m  a n n e a l i n g  can  no t  be  
due  to t he  d i s p l a c e m e n t  r e a c t i o n  d e s c r i b e d  as  

Ni  ( a l l o y )  H- Cu20 = NiO 4- 2Cu 

b y  L e v i n  and  W a g n e r  (1 ) ,  b u t  can  be  due  to t he  
change  in  p h y s i c a l  p r o p e r t i e s  of t h e  NiO s t r u c t u r e  
w i t h  v a c u u m  annea l ing ,  such as f o r m a t i o n  of vo ids  
or  dec rea se  of the  de fec t  d e n s i t y  in  t he  ox ide  w i t h  
annea l ing .  
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A P P E N D I X  
Determinat ion of the parabolic rate constants . - -The 

data  in  Fig. 1, 2 and 3 were  p lo t ted  as ( h m l / A  4- hm2/A) ~ 
(Ares/A) 2, in which, Aml is the weight  gain before  

anneal ing,  Am2 the weight  gain a f te r  annealing,  and 
Am3 the total  weight  gain. Levin  and Wagner  (1) 
p lo t ted  the i r  da ta  as (hm~/A) 2 before  anneal  4- 
(hmE/A) e af ter  anneal  = (hm3/A) 2, in which the first 
t e rm  was a constant  af ter  the  i so the rmal  anneal.  By  
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Fig. 6. Data which follow parabolic law (curve A) replotted 
after time t, as (Aml/A)  2 -Jr- (Am2/A) 2 ~ ( ~ m J A )  2. 
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using thei r  express ion the oxidat ion  ra te  of Cu-Ni  
a l loy afer  4 h r  anneal ing  in argon gas appears  to de -  
crease by  a factor  of about  3 (Fig. 10, This Journal, 108, 
958 (1961).) This resul t  is based on an e r ro r  in the i r  
method of p lot t ing the  da te  parabol ica l ly .  Let  us as-  
sume data  which  exac t ly  obey a parabol ic  ra te  law 
(curve  A in Fig. 6). When  these da ta  a re  p lot ted  ac-  
cording to Levin  and Wagner ' s  expression,  the points  
a f te r  oxida t ion  t ime tl  fa l l  on curve B. This gives the  
false impress ion  of a m a j o r  change in oxida t ion  k i -  
netics at t ime t~, whe the r  the  specimen has been an-  
nealed at  this  t ime or  not. In  Fig. 7, the  oxida t ion  curve  

of Cu-Ni  a l loy by  Levin  and Wagne r  (1) is compared  
wi th  the  same curve,  p lo t ted  as the express ion ( ~ m l / A  
+ Am21A) 2 = (~mJA) 2. 
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The Cathodoluminescence of Mn '+- and 
Fe +-Activated Magnesium Aluminate Spinel 

F. A. Hummel and J. F. Sarver 1 

Department of Ceramic Technology, College of Mineral Industries, 

The Pennsylvania State Univer~ty, University Park, Pennsylvania 

The  sp ine l  s t r u c t u r e  consis ts  of a f a c e - c e n t e r e d  
cubic  la t t i ce ,  t h e  m o l e c u l a r  f o r m u l a  of  w h i c h  can  
be  r e p r e s e n t e d  as AB204 or  AsB16032 on t h e  bas i s  of 
32 cubic  c l o s e - p a c k e d  o x y g e n s  p e r  u n i t  cell .  The  
un i t  ce l l  con ta ins  32 o c t a h e d r a l  in te r s t i ces ,  h a l f  of 
w h i c h  a r e  n o r m a l l y  occupied ,  a n d  64 t e t r a h e d r a l  
i n t e r s t i ce s  of w h i c h  on ly  an  e i g h t h  a r e  n o r m a l l y  
occupied.  3 The  A and  B s i tes  m a y  be  occup ied  b y  
ca t ions  h a v i n g  cha rges  b e t w e e n  one a n d  six, t h e  
l i m i t a t i o n  be ing  p r i m a r i l y  ionic  size and  t o t a l  p o s -  
i t ive  cha rge  ove r  t he  A a n d  B si tes ,  e.g., ZnA1204, 
Mg2TiO4, a n d  LiAl~Os. In  sp ine ls  such  as  LiAlsOs,  
in  w h i c h  L i  1+ a n d  A13+ ions  a r e  d i s t r i b u t e d  ove r  
b o t h  A and  B sites,  D a t t a  (1)  has  s h o w n  t h a t  a t  
l o w  t e m p e r a t u r e s  a ca t ion  o r d e r i n g  p h e n o m e n o n  
m a y  occur  w h i c h  l e a d s  to e x t r a  x - r a y  d i f f r ac t ion  
l ines  and  the  d i f f rac t ion  p a t t e r n  is t h e n  i n d e x e d  
on t h e  bas is  of  a p r i m i t i v e  cub ic  ce l l  r a t h e r  t h a n  a 
f a c e - c e n t e r e d  cel l  w h i c h  is r e q u i r e d  for  a t r u e  sp ine l  
s t r u c t u r e  b y  def ini t ion.  D a t t a ' s  w o r k  i n d i c a t e d  t h a t  
MgA1204 has  a t r ue  sp ine l  s t r u c t u r e  a b o v e  1240~ 
a l t h o u g h  the  p r o p o r t i o n  of A13+ in  t e t r a h e d r a l  s i tes  
a t  th is  t e m p e r a t u r e  is no t  known .  A n  i n c r e a s e  in  
t he  p r o p o r t i o n  o f  A13+ in t he  o c t a h e d r a l  s i tes  w i t h  
i nc rea se  in  t e m p e r a t u r e  a b o v e  1240 ~ is i nd ica t ed ,  
i.e., MgA12Oa t e n d s  to b e c o m e  a n o r m a l  3 sp ine l  a t  
h igh  t e m p e r a t u r e s .  B e l o w  1240 ~ , some  o r d e r i n g  is 
poss ib le ,  s i m i l a r  to t h a t  d i scussed  fo r  LiA15Os. 

I t  was  t he  p u r p o s e  of th is  w o r k  to  i n c o r p o r a t e  
s m a l l  c o n c e n t r a t i o n s  of t he  i soe lec t ron ic  ions  Mn 2+ 
and  F e  s+ in  MgAI204, to  o b s e r v e  t h e i r  effect  on 
c a t h o d o l u m i n e s c e n t  emiss ion ,  a n d  to  r e l a t e  t h e  
emiss ion  to  a c t i v a t o r  e n v i r o n m e n t ,  e spec i a l l y  in  
v i e w  of t he  f ac t  t ha t  the  F e  ~+ ion  is k n o w n  to e x -  
h ib i t  a p r e f e r e n c e  fo r  t e t r a h e d r a l  s i tes  in  f e r r i t e  
spinels .  Compos i t i ons  w e r e  p r e p a r e d  f r o m  c.p. bas ic  

P r e s e n t  address:  L ight ing  Research  and D e v e l o p m e n t  Operat ion,  
L a m p  D i v i s i o n ,  G e n e r a l  E lec t r i c  C o m p a n y ,  Ne la  P a r k ,  C l e v e l a n d ,  
Ohio,  

Defec t  sp ine l s  such  as g a m m a  a l u m i n a  a re  k n o w n  i n  w h i c h  v a -  
can t  c a t i o n  sites occur.  H o w e v e r ,  the  total  pos i t ive  charge  d i s t r i b u -  
t i o n  o v e r  t he  t e t r a h e d r a l  and  o c t a h e d r a l  s i tes  i n  t h e  u n i t  ce l l  is 
s i x t y - f o u r .  

I n  a n o r m a l  s p i n e l  such  as  AB_~04, R ions  o c c u p y  on ly  octahedral  
sites. I n  an  i n v e r s e  sp ine l ,  h a l f  t h e  B ions  a re  d i s t r i b u t e d  o v e r  tetra-  
hedra l  sites. 

m a g n e s i u m  c a rbona t e ,  r e a g e n t  g r a d e  a l u m i n u m  h y -  
d rox ide ,  p h o s p h o r  g r a d e  m a n g a n e s e  c a rbona t e ,  and  
f e r r i c  oxide .  The  b a t c h  m a t e r i a l s  w e r e  h o m o g e n i z e d  
b y  m i x i n g  in  ace tone  in  an  a u t o m a t i c  a g a t e  m o r t a r  
and  pes t le .  In  t he  case  of t he  M n 2 + - a c t i v a t e d  p h o s -  
phor ,  1 mole  % of  the  m a g n e s i u m  was  r e p l a c e d  b y  
m a n g a n e s e ,  and  t h e  compos i t i on  was  f i red in  a 
p l a t i n u m  c ruc ib l e  in a v e r t i c a l  t u b e  f u r n a c e  at  
1350~ for  6 h r  in  a 5% H2, 95% N2 a t m o s p h e r e  
w i th  a gas  f low r a t e  of 2 f t3 /hr .  The  i r o n - a c t i v a t e d  
p h o s p h o r  w i t h  0.2 m o l e  % of t he  a l u m i n u m  r e p l a c e d  
b y  f e r r i c  i r on  w a s  f i red at  1400 ~ for  6 h r  in  oxygen .  
The  c on t ro l l e d  a t m o s p h e r e  f i r ings  w e r e  i n t e n d e d  to 
de ve lop  as  m u c h  d i v a l e n t  m a n g a n e s e  or  t r i v a l e n t  
i ron  as poss ib le  in  each  sample .  B o t h  s a m p l e s  w e r e  
cooled s l owly  to r o o m  t e m p e r a t u r e  in t he  f u r n a c e  
in t h e  s a m e  a t m o s p h e r e  used  a t  p e a k  t e m p e r a t u r e .  
The  s a m p l e s  w e r e  whi te ,  a n d  x - r a y  d i f f r ac t ion  p a t -  
t e rns  i n d i c a t e d  w e l l - c r y s t a l l i z e d  m a g n e s i u m  a l u -  
m i n a t e  spinel .  No ev idence  of ca t ion  o r d e r i n g  d u r -  
ing  the  cool ing p rocess  was  o b s e r v e d  s ince  th is  is 
a v e r y  s low process  w i t h  MgA1204. 

The  v i sua l  c a t h o d o l u m i n e s c e n c e  of bo th  the  Mn 2+- 
a c t i v a t e d  and  F e 3 + - a c t i v a t e d  p h o s p h o r s  was  a deep  
green ,  c o n s i d e r a b l y  less  b r i g h t  t h a n  M n 2 + - a c t i v a t e d  
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Fig. 1. Cathodoluminescence curves for MgAI204 activated with 
manganese and iron: solid line, 0.002 Fe3+; dashed line, 0.01 
Mn 2 +.  
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zinc o r thos i l i ca te .  The  emis s ion  s p e c t r a  of t he  two  
p h o s p h o r s  w e r e  m e a s u r e d  on a G.E. r e c o r d i n g  spec -  
t r o r a d i o m e t e r  a n d  the  n o r m a l i z e d  c u r v e s  a r e  s h o w n  
in Fig .  1. T h e  M n ~ + - a c t i v a t e d  p h o s p h o r  w a s  e x -  
c i ted  b y  16 k v  e l ec t rons  w i t h  a c u r r e n t  d e n s i t y  of 
1 ~ a / c m  ~ w h e r e a s  t he  F e 3 + - a c t i v a t e d  p h o s p h o r  w a s  
e x c i t e d  w i t h  a c u r r e n t  d e n s i t y  of 0.5 ~ a / c m  2. T h e  
p e a k  emiss ion  fo r  t he  M n 2 + - a c t i v a t e d  p h o s p h o r  oc-  
c u r r e d  a t  5240A w h e r e a s  t he  F e 3 + - a c t i v a t e d  p h o s -  
pho r  e x h i b i t e d  two  emiss ion  peaks ,  one  a t  5210A 
and  one  a r o u n d  7000A w h i c h  was  not  c o m p l e t e l y  
r e c o r d e d  b e c a u s e  of s p e c t r o r a d i o m e t e r  cut-off .  The  
p e a k  emiss ion  of an  N B S  ZnaSiO4:Mn s t a n d a r d  oc-  
c u r r e d  at  5250A. The  g r e e n  b a n d s  of t he  two  p h o s -  
p h o r s  h a v e  p r a c t i c a l l y  i d e n t i c a l  b a n d  w i d t h s  at  
c o r r e s p o n d i n g  r e l a t i v e  in tens i t i e s ,  i n d i c a t i n g  t h a t  
the  M n  2 + a n d  F e  ~ + cen t e r s  r e s p o n s i b l e  fo r  t he  g r e e n  
emiss ion  p r o b a b l y  h a v e  v e r y  s i m i l a r  c r y s t a l l o -  
g r a p h i c  e n v i r o n m e n t s  and  t h a t  t h e r e  is l i t t l e  e n e r g y  
d i f fe rence  in t he  r a d i a t i v e  t r a n s i t i o n s  w h i c h  occur  
in t h e  two  cen te rs .  The  long  w a v e l e n g t h  b a n d  of 
t he  F e 3 + - a c t i v a t e d  s a m p l e  p r o b a b l y  can  be  a t t r i b -  
u t ed  to t he  p r e s e n c e  of some o c t a h e d r a l l y  co-  
o r d i n a t e d  F e  8+. M a g n e s i u m  f e r r i t e  con ta ins  F e  3+ 
in bo th  t e t r a h e d r a l  a n d  o c t a h e d r a l  s i tes  and  can  
be  r e p r e s e n t e d  a p p r o x i m a t e l y  b y  t h e  f o r m u l a  
(Mg0.1Fe0.9)(Mg0.9Fel.1)O4. I t  is t h e r e f o r e  l i k e l y  
t h a t  a sol id  s o l u t i o n  of m a g n e s i u m  f e r r i t e  in  
MgA1204 w o u l d  l e a d  to two  d i f f e ren t  t y p e s  of  F e  3+ 
f luorescen t  cen te rs .  T h e  r e l a t i v e  p r o p o r t i o n  of F e  3+ 
in t he  two  d i f f e ren t  c r y s t a l l o g r a p h i c  e n v i r o n m e n t s  
w o u l d  p r o b a b l y  b e  v e r y  diff icult  to e v a l u a t e  q u a n -  
t i t a t i v e l y  w i t h  such  sma l l  c o n c e n t r a t i o n s  and  is 
p r o b a b l y  a func t ion  of  f i r ing t e m p e r a t u r e  a n d  r a t e  
of cool ing.  

W i t h  r e g a r d  to t h e  s i m i l a r i t y  of the  g r e e n  e m i s -  
s ion b a n d s  p r o d u c e d  b y  the  i soe lec t ron ic  Mn ~+ 
and  F e  8+ ac t iva to r s ,  K r S g e r  (2)  d i scussed  a r e l a t e d  

p h e n o m e n o n  in t h e  case  of M g ( M g ,  Ti )O4 ( i n v e r s e  
sp ine l )  a c t i v a t e d  w i t h  m a n g a n e s e  or  c h r o m i u m .  I t  
w a s  f o u n d  t h a t  t h e  a v e r a g e  v a l e n c e  of m a n g a n e s e  
in  th is  p h o s p h o r ,  as  d e t e r m i n e d  b y  c h e m i c a l  a n a l -  
ysis ,  was  b e t w e e n  t h r e e  a n d  fou r  in  a i r  or  o x y g e n  
fir ings.  E x c i t e d  b y  3650A r a d i a t i on ,  t h e  M n -  and  
C r - a c t i v a t e d  p h o s p h o r s  had  v i s i b l e  r e d  emiss ions  
w h i c h  w e r e  v e r y  s i m i l a r  w i t h  r e s p e c t  to bo th  b a n d  
s t r u c t u r e  a n d  pos i t ion .  This  sugges t s  t ha t  in the  
case  of t he  M n - a c t i v a t e d  compound ,  M n  4+ was  r e -  
spons ib le  for  t h e  f luorescence  s ince  i t  is i soe lec -  
t r on i c  w i t h  Cr  s+. S ince  Cr  3+ i n v a r i a b l y  p r e f e r s  oc-  
t a h e d r a l  c o o r d i n a t i o n  to t e t r a h e d r a l  coord ina t ion ,  i t  
is no t  u n l i k e l y  t ha t  s m a l l  c o n c e n t r a t i o n s  of e i t h e r  
Mn 4+ o r  Cr 8+ e n t e r  o c t a h e d r a l  s i tes  in  th i s  sp ine l ,  
g iv ing  r i se  to  t h e  r e d  emiss ion .  
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A m a j o r  p r o b l e m  in t he  d i f fus ion  of N - t y p e  i m -  
p u r i t i e s  in to  P - t y p e  g a l l i u m - a r s e n i d e  has  been  the  
c o m p o u n d  f o r m a t i o n  on the  su r f ace  of t he  G a A s  
(1, 2) .  B y  d e v e l o p i n g  a d i f fus ion t e c h n i q u e  t h a t  p r e -  
v e n t s  such  a c o m p o u n d  f o r m a t i o n  and  a l lows  t h e  
N - t y p e  i m p u r i t y  to dif fuse  in to  P - t y p e  G a A s  to f o r m  
an  N - P  junc t ion ,  one of t he  m a j o r  diff icul t ies  in 
m a k i n g  a mesa  or  p l a n a r - t y p e  d o u b l e - d i f f u s e d  P N P  
G a A s  t r a n s i s t o r  w o u l d  be  r e m o v e d .  

T h e  a u t h o r  has  f o u n d  (3)  t h a t  s i l icon m o n o x i d e  
can  be  used  as a m a s k i n g  m a t e r i a l  a g a i n s t  t h e  d i f -  
fus ion  of C d  a n d  Z n  in GaAs .  F u r t h e r  s tud ies  show 
tha t  a t h in  l a y e r  of S iC  e v a p o r a t e d  onto  t he  su r f a c e  
of P - t y p e  G a A s  w a f e r  p r e v e n t s  the  f o r m a t i o n  of  
Ga2S3, Ga2Se~, Ga2Tes 1 on t h e  w a f e r ' s  su r f ace  d u r i n g  

1 D e t e r m i n e d  b y  x - r a y  a n d  s p e c t r o g r a p h i c  analys is .  

t he  d i f fus ion of su l fur ,  se len ium,  and  t e l l u r i u m  into  
GaAs .  This  p rocess  a l lows  each  N - t y p e  i m p u r i t y  to 
diffuse in to  P - t y p e  G a A s  and  to f o r m  an  N - P  j u n c -  
t ion.  

Experimental Procedure 
C a d m i u m - d o p e d  P - t y p e  s ingle  c r y s t a l s  of G a A s  

w i t h  (111) o r i en t a t i on ,  w i t h  n e t  i m p u r i t y  c o n c e n -  
t r a t i o n  of 3.0 x 10 ~ c m  -~ a n d  e l e c t r o n  m o b i l i t y  of 
160 ~ 190 c m 2 / v - s e c  w e r e  used  in  th i s  s t udy .  C h e m i -  
ca l ly  p o l i s h e d  w a f e r s  ( 4 , 5 ) ,  as  we l l  as o p t i c a l l y  
po l i shed  ones,  w e r e  used.  

E x p e r i m e n t s  w e r e  c o n d u c t e d  to i n v e s t i g a t e  the  
p r e v e n t i o n  of  c o m p o u n d  f o r m a t i o n  u p o n  G a A s  w a f e r  
s u r f a c e s  and  the  s u b s e q u e n t  f o r m a t i o n  of an  N - l a y e r  
u p o n  P - t y p e  G a A s  d u r i n g  d i f fus ion  of S, Se, and  Te. 
S i l i con  m o n o x i d e  f i lm th i cknesses  of  a p p r o x i m a t e l y  
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1000A, 2000A, and  3000A were  evapora ted  onto hal f  
of the wafe r ' s  surface.  Two e x p e r i m e n t s  were  car -  
r ied out  for each p a r t i c u l a r  film thickness ,  and  two 
wafe rs  were  used in each diffusion expe r imen t .  

I n  the  s tudy  of Se and  Te diffusions, e l emen t a l  Se 
and  Te were  used as the  diffusant .  Wafers  were  
placed onto a flat qua r t z  p la te  which  was t hen  i n -  
ser ted into a quar tz  capsule.  In  the genera l  case, a 
smal l  quar tz  cap i l l a ry  con ta in ing  e i ther  0.3-1.4 mg 
of s e l e n i u m  ~ or 2.3 mg of t e l l u r i u m  and  a smal l  
quar tz  cup con ta in ing  the necessa ry  a m o u n t  of a r -  
senic (6) to suppress  the  wafe rs '  decomposi t ion  
were  placed b e n e a t h  the  quar tz  plate.  The quar tz  
capsule  ( abou t  20 ml )  was a t tached to a h igh vac -  
u u m  system, was  p u m p e d  down  to abou t  2.0 x 1 0  - 8  

m m  Hg, and  then  sealed off. 
In  the  case of su l fu r  diffusion, s u l f u r - d o p e d  GaAs 

crysta ls  w i th  ne t  i m p u r i t y  concen t r a t i on  of 3.8 x 
10 TM cm -~ ( in  the  fo rm of smal l  chips)  were  used 
as the diffusant .  The su l fu r  doped GaAs chips were  
weighed  to give a c h i p - t o - w a f e r  weight  ra t io  of a p -  
p r o x i m a t e l y  100. The co r re spond ing  surface ra t io  
was  m u c h  h ighe r  t h a n  the  weigh t  ratio.  These h igh 
weight  and  surface  rat ios  ensu re  the  su l fu r  vapor ' s  
p ressure  be ing  m a i n t a i n e d  a p p r o x i m a t e l y  cons tan t  
d u r i n g  the  diffusion period. The  we igh ted  s u l f u r -  
doped GaAs chips were  pu t  into a qua r t z  boat .  
Wafers  were  placed onto  the GaAs chips and  the 
boat  was  t h e n  inse r t ed  in to  a qua r t z  capsule  (about  
20 ml )  which  was  evacua ted  and  sealed off. The 
necessary  a m o u n t  of arsenic  (6) to suppress  the  
wafers '  decompos i t ion  was  also placed into the  cap-  
sule. 

Al l  the  diffusion e x p e r i m e n t s  were  car r ied  out  at  
1040~ for 120 hr. Af t e r  the hea t i ng  period,  the 
capsules  were  cooled w i th  a cold zone at one end  to 
avoid condensa t ion  of arsenic,  sul fur ,  se len ium,  or 
t e l l u r i u m  u p o n  the  GaAs wafers .  Af te r  the  diffusion 
was completed,  the SiO on the  wafe r ' s  surface  was  
r emoved  wi th  hot concen t ra t ed  HF  solut ion.  The 
opt ical ly  pol ished (or  chemica l ly  pol ished)  surface  
was p rese rved  af ter  the  diffusion process on ly  w h e n  
the  surface was  pro tec ted  by  sufficient th ickness  of 
SiO film to p r e v e n t  the compound  format ion .  Hal l  
m e a s u r e m e n t s  and  N - P  j u n c t i o n  de l inea t ion  (7) by  
d i lu ted  n i t r i c  acid were  pe r fo rmed  on each wafer .  
The  necessa ry  th ickness  of SiO film to p r e v e n t  the  
compound  fo rma t ion  and  ye t  a l low the  diffusion to 
proceed can be d e t e r m i n e d  by  the  sur face  condi -  
t ion,  e x a m i n e d  me ta l l og raph ica l l y  and  e lec t r ica l ly  
and  by  the  presence  or the  absence  of an N - P  j u n c -  
t ion,  e x a m i n e d  by  s t a in ing  and  Hal l  m e a s u r e m e n t s  
on the  GaAs wafer .  

Results and Discussion 

The expe r imen t s  ind ica te  tha t  wi th  a p p r o x i m a t e l y  
2500A of SiO film on the  GaAs wafe r  surface,  one 
can diffuse s e l en ium or t e l l u r i u m  into  a P - t y p e  GaAs 
wafe r  to fo rm an  N - P  j u n c t i o n  and  p r e v e n t  com-  
pound  format ion ,  such as Ga~Ses or Ga2Te~, on the  
wafe r ' s  surface.  In  the  case of su l fu r  diffusion, an  
SiO th ickness  of on ly  2000A p reven t s  the  fo r ma t i on  
of Ga2S~ on the wafe r ' s  surface.  The  sur face  condi -  
t ions  of GaAs wafers  af ter  sul fur ,  se len ium,  o r - t e l -  

2 I n  s o m e  e x p e r i m e n t s ,  30 m g  of  s e l e n i u m  w e r e  used.  
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Fig. 1. Ga2S3, Ca2Se3, and Ga2Te3 formed an GaAs wafer surface 
at left; no compound formed on surface at right because of SiO 
protection. Magnification 150X (reduced to approximately 110X). 

l u r i u m  diffusion, w i th  or w i t hou t  the SiO protect ion,  
are shown in Fig. 1. F igu re  2 shows N - P  j unc t i ons  
fo rmed  separa te ly  by  sul fur ,  se len ium,  or t e l l u r i u m  
diffusion, respect ively ,  wi th  the p ro tec t ion  of SiO 
on the  P - t y p e  GaAs wafe r  surface.  However ,  by  
us ing  a dense vapor  source, i.e., 30 mg of se len ium,  
GaeSe~ fo rmed  even  on the  surface  h a v i n g  a SiO 
film th ickness  of 3000A. 

These  e x p e r i m e n t a l  resu l t s  ind ica te  tha t  the re  is 
a cr i t ical  va lue  of concen t r a t i on  of Group  VI ele-  
m e n t s  for GaAs, above which  va lue  chalocogenide  
f o r ma t i on  a lways  takes  place. However ,  if the  con-  
cen t r a t i on  of these e l ements  is r educed  be low this  
cr i t ical  value,  e i ther  by  us ing  a ve ry  smal l  a m o u n t  
of i m p u r i t y  source s or by  diffusing t h r ough  a suffi- 
c ient  th ickness  of SiO film, the  chalocogenide  f o r m a -  
t ion  can thus  be p reven ted ,  hence  a l lowing  G roup  VI 
e l emen t s  to diffuse into GaAs  and  fo rm N - t y p e  
layers .  

A t t e m p t s  were  made  to d e t e r m i n e  w h e t h e r  the 
s i l icon m o n o x i d e  can  be used  as a m a s k i n g  m a t e r i a l  
aga ins t  the  diffusion of su l fur ,  se len ium,  or t e l -  

* N o t  d e t e r m i n e d  i n  t h i s  s t udy .  
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Fig. 2. N-P junction of GaAs formed by (a) sulfur diffusion, (b) 
selenium diffusion, (c) tellurium diffusion at 1040~ 120 hr; junc- 
tion delineated by diluted nitric acid; (measured by superimposed 
interference fingers). Magnification 150X (reduced to approxi- 
mately 110X). 

l u r i u m  in GaAs ,  as in the  case  of c a d m i u m  or  zinc 
(6) .  E x p e r i m e n t a l  r e su l t s  i n d i c a t e d  t h a t  w i t h  an  SiO 
f i lm t h i c k n e s s  of  e v e n  20,000A on t h e  P - t y p e  G a A s  
w a f e r  sur face ,  su l fur ,  s e l en ium,  or  t e l l u r i u m  st i l l  
cou ld  diffuse t h r o u g h  and  f o r m  an  N - P  junc t ion .  A 
t y p i c a l  e x a m p l e  is s h o w n  in Fig .  3, for  t he  case  of 
s e l e n i u m  di f fus ion at  1050~ for  120 hr,  w h e r e  a 
sha l l ow  ~unct ion d e p t h  of 0.224 ra i l  r e s u l t e d  on  a 
w a f e r  w h i c h  had  20,000A SiO, c o m p a r e d  to a j u n c -  

Fig. 3. Differentiated N-P junction of GoAs formed by selenium 
diffusion at 1050~ 120 hr. (Wafer surface at left had 20,000A 
SiO, wafer surface at right had only 2S00A SiO.) Magnification ap- 
SiO, wafer surface at right had only 2500X SiO). Magnification 
150)( (reduced to approximately 110X). 

t ion  d e p t h  of 0.307 ra i l  in  t he  case  of 2500A of SiO. 
The re fo re ,  to  ach ieve  c o m p l e t e  m a s k i n g  aga in s t  
s e l en ium,  su l fu r ,  o r  t e l l u r i u m  diffusion,  a m u c h  
t h i c k e r  SiO f i lm w o u l d  s t i l l  be  r e q u i r e d  on the  G a A s  
w a f e r  sur face .  

The  w o r k  d e s c r i b e d  a b o v e  shows  h o w  to e l i m i n a t e  
a m a j o r  obs t ac l e  fo r  m a k i n g  m e s a - t y p e  P N P  d o u b l e -  
d i f fused  G a A s  t r ans i s to r s .  H o w e v e r ,  d u e  to  t h e  i n -  
a b i l i t y  of r e a s o n a b l e  t h i cknesses  of SiO to m a s k  
a g a i n s t  d i f fus ions  of N - t y p e  i m p u r i t i e s ,  a p l a n a r -  
t y p e  P - N - P  s t r u c t u r e  s t i l l  r e m a i n s  a p r o b l e m  to 
be  solved.  
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Evaluation of Concentration Distributions 
by Test Diffusion and Junction Delineation 
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The so l id-s ta te  diffusion of doping elements  into 
semiconductor  mate r ia l s  has been shown to result ,  
under  cer ta in  ideal  conditions, in concentrat ion dis-  
t r ibut ions  (or profiles) which can be represen ted  
by w e l l - k n o w n  convent ional  formulas.  These ideal  
cases have  been thoroughly  discussed in the l i t e ra -  
ture  by  a number  of authors  and an in format ive  
summary  has been given by  Smits  (1).  

Diffusion also occurs under  conditions where  the 
resul t ing  profiles cannot be calculated at all, or not 
wi thout  considerable  error,  by  use of convent ional  
formulas.  Such conditions are  met,  for example ,  
when diffusion and growth  dur ing  ep i t axy  proceed 
s imultaneously,  when the diffusion coefficient is not 
constant,  or when bulk factors such as high densit ies 
of s t ruc tura l  faul ts  cause enhanced or r e t a rded  dif -  
fusion. Sils and Wang recent ly  discussed a method 
for obtaining a "panoramic  view" of impur i ty  p ro -  
files arising dur ing ep i tax ia l  growth  (2).  The tech-  
nique involves junct ion del ineat ion af ter  diffusion 
into a low-ang le  bevel led  n + / n  ep i tax ia l  s t ructure ,  
as i l lus t ra ted  in Fig. 1, which is reproduced  f rom 
the above ment ioned reference,  but  contains some 
added notations. F rom the figure it is possible to de-  
t e rmine  (i)  the doping level  of the subs t ra te  (point  
1), (ii) the location (point  2) in the epi tax ia l  l aye r  
where  the impur i ty  concentra t ion becomes equal  to 
the surface concentrat ion of the test  impur i ty ,  ( i i i)  
the  place (point  3) where  the res is t iv i ty  in the 
epi tax ia l  l aye r  becomes constant,  and ( iv)  a r a the r  
crude impur i t y  profile ut i l izing these th ree  points. 

Because of the potent ia l  appl icat ion of this 
method for the genera l  s tudy of impur i t y  profiles, 
the  present  authors  have fu r the r  developed it by  
showing the degree of precision to which unknown 
profiles can be evaluated.  

This has been accomplished by first s tudying the 
capabi l i t ies  of the  method ana ly t i ca l ly  and then 
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Fig. 1. Illustration of the test diffusion as carried out by Sils 
and Wang (2). 
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Fig. 2. Processing of a silicon sample for evaluation by test 
diffusion. 

creat ing an "unkown" impur i ty  profile (by  indif -  
fusion under  wel l  s tandard ized  condit ions) fol lowed 
by  diffusion of a conduct iv i ty  type  opposite to tha t  
of the  "unknown"  profile ( test  diffusion) to find out 
how closely the profile can be determined.  

F igure  2 i l lus t ra tes  the detai ls  of processing a 
silicon sample. I t  is for this process tha t  the  analysis  
is made  and exper imen ta l  verif icat ion presented.  
The oxidat ion step is useful  in l imi t ing the test  
diffusion to the a rea  of the  first bevel,  but  may  be 
left  out in cases where  the pa r t  of the profile near  
the  top of the 2nd bevel  is of no special  interest .  I t  is 
assumed as a first approx imat ion  tha t  the  t ime and 
t empera tu re  of the test  diffusion are not drast ic  
enough to cause a significant change of the unknown 
profile. 

The analysis  is indicated in Fig. 3a for the case 
where  the surface concentra t ion of the  profile f rom 
the p - t y p e  test diffusion is lower  than the surface 
concentrat ion of the  "unknown"  profile. 

The method of analysis  is to assign to each pro-  
file a series of depths  corresponding to positions, x, 
of in ter ference  fr inges on the first and the second 
bevel  which would  be obta ined by  lay ing  a glass 
p la te  first pa ra l l e l  to the or iginal  surface and then 
to the first bevel  as reference  planes.  To each fr inge 
the corresponding calcula ted concentrat ion is then 
assigned, and the intersect ions of fringes, cor re-  
sponding to equal  impur i ty  concentrat ions,  del ineate  
a junct ion be tween  the test  profile and the "un-  
known"  profile. F igure  3a shows the re la t ions  for a 
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Fig. 4. Illustration for the evaluation of junction depths 

Fig. 3a. Test diffusion analysis. The surface concentration from 
the test diffusion is lower than the surface concentration of the 
"unknown" profile. 

p - t y p e  si l icon sample  where  the b a c k g r o u n d  con-  
cen t r a t i on  is 1.3 x 10 L~ cm -3 and  whe re  the  " u n -  
k n o w n "  profile is r ep re sen t ed  by  Co erfc x/)~ wi th  

Co -~ 3 x 10 TM cm -3 and  X -~ 2~/Dt  ~ 5.11 f r inges .  D 
is the  diffusion coefficient in  cm 2 sec -1 and  t is the  
t ime  in  seconds. ( I n  the e x p e r i m e n t a l  work ,  one 
f r inge  cor responded  to about  2.97 x 10 -5 cm.) The 
data  for the  test  profile be low the  first beve l  are  as-  
sumed  to be Co = 10 TM cm -3 and  ~ ---- 2.95 fr inges.  
The ass igned i m p u r i t y  concen t ra t ions  for consecu-  
t ive  f r inges  were  ca lcula ted  f rom these data.  The 
dashed -do t t ed  l ine  in  Fig. 3a indica tes  the  pos i t ion  
to be  expected  for the  j u n c t i o n  formed by  the  two 
profiles. W h e n  the  process was  car r ied  ou t  on a 
spec imen  w i t h  e x p e r i m e n t a l  condi t ions  v e r y  close to 
those assumed for the  analysis ,  t he  resu l t  shown  in  
Fig. 3b was  obta ined ,  on ac tua l  de l inea t ion  by  cop-  
per  p l a t i n g  (3) .  

H a v i n g  shown tha t  a j u n c t i o n  can be cons t ruc ted  
g raph ica l ly  f rom two k n o w n  profiles, it r e m a i n s  to 
be shown  how the  u n k n o w n  profile of a spec imen 

Fig. 5. Sample after test diffusion and junction delineation. This 
sample was used for the following numerical evaluations. 

can be  ana lyzed  b y  me a ns  of the j u n c t i o n  ob ta ined  
by  test  diffusion and  de l inea t ion .  

A n  i m p o r t a n t  s impl i f ica t ion of the  ana lys i s  can 
be achieved by  showing  tha t  the  dep th  in  bo th  d i rec-  
t ions  of a n y  pa r t i cu l a r  po in t  f rom the  re fe rence  
p lanes  is ob t a inab l e  f rom a s ingle  in t e r f e rence  
f r inge  sys t em as depicted in  Fig. 4. The  n u m b e r  of 
f r inges  crossed in  going f rom J to J1 obv ious ly  is a 
m e a s u r e  of the  dep th  of J w i th  respect  to the  surface  
ADC, whi le  s imple  geomet r ica l  cons idera t ions  prove  
tha t  the  n u m b e r  of f r inges  t r ave r sed  in  going along 
the  pa th  J-J2, n o r m a l  to AB, is a m e a s u r e  of the  
dep th  of J w i th  respect  to the  p l ane  ABD. 

A set of po in ts  r e p r e s e n t i n g  the  in te r sec t ions  be -  
t w e e n  i n t e r f e r ence  f r inges  and  a j u n c t i o n  formed 
by  a test  diffusion is shown  in  Fig. 5. For  each of 
these  poin ts  the  two depths  were  d e t e r m i n e d  as 
ind ica ted  in  Fig. 4. The data  ob ta ined  f rom Fig. 5 
were  l is ted as shown  in  Table  I a nd  were  used to 
plot  the  open  circles as shown  in  Fig. 6. Curve  I in  
this  figure r ep resen t s  the  p - t y p e  test  profile C = 10 TM 

erfc (x /2 .95)  and  curve  II  is a plot  of the  " u n -  
k n o w n "  profile, which  was  a l r eady  es tab l i shed  f rom 
other  methods  of e v a l u a t i o n  and  was  d e t e r m i n e d  to 
fol low the  r e l a t ion  C = 3 x 1019 erfc (x /5 .11) .  I t  can 

Table I. 

Test (JJ1)  1 2 3 4 5 6 7 8 

Fig. 3b. Sample after test diffusion and junction delineation U n k n o w n  (J J2) 2.5 4.5 7 9 11 13 14.5 16 
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Fig. 7. Shape of a junction originating from test diffusion into a 
homogeneously doped sample. 

be seen tha t  the  a g r e e m e n t  b e t w e e n  the open circles 
and  the es tab l i shed  profile is mos t ly  w i t h i n  a factor  
of three,  wh ich  is sufficient for m a n y  diffusion 
problems.  

W h e n  a mask  is used to protect  the or ig ina l  su r -  
face aga ins t  p e n e t r a t i o n  by  test  diffusion, the  f ron t  
of the  test  profile advances  u n d e r n e a t h  the  mask  in  
a d i rec t ion  pa ra l l e l  to A'C' (see uppe r  pa r t  of Fig. 
7) and  in  a d i rec t ion  p e r p e n d i c u l a r  to A'C' w h e r e b y  
A ' I A ' ~  A'IA'2. A s s u m i n g  tha t  the  spec imen  in  Fig. 
7 is homogeneous ly  doped wi th  an  i m p u r i t y  of a 
conduc t iv i ty  type  opposite to tha t  of the  diffusant ,  
one ob ta ins  af ter  angle  l app ing  and  j u n c t i o n  de l ine -  
a t ion  a s t ruc tu re  as shown  in  the lower  pa r t  of Fig. 
7. I t  can be seen there  tha t  the  second beve l  m a g n i -  
fies the d is tance  A'IA'2 bu t  not  the  d i s tance  A'IA'. 
For  most  of the diffusion e x p e r i m e n t s  which  are 
car r ied  out  i n  semiconductor technology,  the r e s u l t -  
ing d i s tance  A1A is v e r y  smal l  and  there fore  does 
no t  show up  in  n o r m a l  pho tomicrographs .  Conse-  
quen t ly ,  we let  A~ coincide w i th  A in  the  fo l lowing 
Fig.  8a. Because  the  f ron t  of the  tes t  profile in  Fig. 

Fig. 8a. Test diffusion analysis. The surface concentration from 
the test diffusion is higher than the surface concentration of the 
"unknown" profile. 

Fig. 8b. Sample after test diffusion and junction delineation 

8a stops at A A2, in te rsec t ions  b e t w e e n  f r inges  of 
equa l  i m p u r i t y  concen t ra t ions  are possible on ly  be -  
low a cer ta in  concen t r a t i on  (be low abou t  5 x 10 TM 

cm -3) and  a s t r uc t u r e  resu l t s  as shown  b y  the 
dashed dot ted l ine  AUVW. Obvious ly  no ident i f ica-  
t ion of the  " u n k n o w n "  profile is possible above 5 x 
10 TM cm -8. The  nex t  Fig. 8b shows a pho tomic rograph  
of a sample  which  has been  p r epa red  u n d e r  condi -  
t ions which  were  s imi la r  to those in  Fig.  8a. The  
s t a t emen t s  above lead to the  conclus ion  tha t  the 
surface concen t r a t i on  of the  test  profile m u s t  be  
equa l  to or smal le r  t h a n  tha t  of the  " u n k n o w n "  p ro -  
file if s t ruc tu res  as shown in  Figs. 8a and  8b are to 
be avoided.  

For  quick  reference ,  the func t ion  C/Co = erfc x/X, 
which  is su i t ab le  for a test  profile, has b e e n  p lo t ted  
vs. X (Fig. 9). The p a r a m e t e r  of the curves  is the  
dep th  x in  steps of fr inges.  

The me thod  as ou t l ined  above  is appl icab le  w h e n  
t ime  a n d / o r  t e m p e r a t u r e  for the  test  diffusion are 
kept  low enough  to leave  the  u n k n o w n  profile p rac -  
t ica l ly  unchanged .  In  m a n y  cases one a l r eady  has 
more  or less comple te  i n f o r m a t i o n  on the  diffusion 
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Fig. 9. ( C / C o )  from (erfc x / k )  vs. k with x as parameter 

p a r a m e t e r s  D and  t of the u n k n o w n  profile and  if, 
therefore ,  the  profile we re  to be  checked by  a test  
profile, the p a r a m e t e r s  D and  t for the test  diffusion 
could be ad jus ted  sui tably .  If, however ,  the in fo r -  
m a t i o n  on the u n k n o w n  profile is ve ry  scant,  as in  
the case of the  app l ica t ion  of a n e w  dif fusant  wi th  
an  u n k n o w n  diffusion coefficient, one  can proceed 
as ou t l ined  in  the  fo l lowing suggested steps: 

1. Divide  the spec imen  to be ana lyzed  into severa l  
pieces. 

2. App ly  a j u n c t i o n  de l inea t ion  to a piece and  
d e t e r m i n e  the  j u n c t i o n  depth.  

3. Sub jec t  the piece of step 2 to a h e a t - t r e a t m e n t  
as it would  be des i red for a test  diffusion. 

4. D e t e r m i n e  by  ano the r  j u n c t i o n  de l inea t ion  
whe the r  the  j u n c t i o n  depth  has ben  changed  signifi-  
cant ly .  If  there  is no change,  proceed wi th  the  test  
diffusion into ano the r  piece. 

5. If  there  is a s ignif icant  change,  r epea t  steps 2 
t h r o u g h  4 for one or more  o ther  pieces and  t r y  to 
find combina t ions  of diffusion t e m p e r a t u r e  and  t ime,  
where  the  change  becomes  to lerable .  

6. Select  a su i tab le  D and  t for the  test  diffusion. 

The  first pa r t  of the " u n k n o w n "  profile (open 
circles in  Fig. 6) is lower  t h a n  the  ac tua l  cu rve  II, 
and  a cu rve  t h rough  the  circles would  give an  ex -  
t r apo la t ed  Co of ~10  TM cm -3. This  m a y  be exp la ined  
qua l i t a t i ve ly  w h e n  for a depth  of about  5 f r inges  we 
subs t i tu te  the  erfc, wh ich  descr ibes  curve  II, by  a 
Gauss i an  func t i on  and  compute  the  change  which  
the  G a u s s i a n  func t i on  undergoes  w h e n  the  tes t  d i f -  
fus ion  is per formed.  In  our  examp le  curve  II  is 
descr ibed b y  

x 
Cu = 3 x 1019 erfc 

2~/10 -1~ x 5.76 x 104 

w h e r e  x is expressed in  cent imeters .  The  a m o u n t  of 
m a t e r i a l  diffused d u r i n g  tn  = 5.76 x 104 sec is (4) 

C o I I  
M t ~ )kIi = 2.57 X 1015 at. cm -2 

If this a m o u n t  Mt were  predepos i ted  at  t ime  0 at  
the  surface  of the  sample,  t hen  af ter  t ime  t the  
profile wou ld  be 

~/~rDt 4Dt 

The express ion  in  f ron t  of the  e - f u n c t i o n  is the  s u r -  
face c onc e n t r a t i on  for the  G a u s s i a n  func t i on  a n d  
f rom 

2.57 x i0  ~ 
C )  at  x = 0 = C o I I =  3 x  1019: at. c m -  3 

~/~r x 5.33 x 10 -13 t 

we ob ta in  t = 4.37 x 103 sec w i th  the  diffusion co- 
efficient t a k e n  as shown above.  Af t e r  t ime  tl = 3.6 
x 103 sec ( t ime  for test  diffusion) a nd  for D = Dt 

Mt 
Co = = 2.3 x 1019 at. cm -3 

X/~rD(t + ti)  

This  indica tes  tha t  the  test  diffusion lowered  the  
surface  concen t r a t i on  sens ib ly  for the  specimen.  

W h e n  the  spec imen is be i ng  p r epa red  for test  
diffusion care should be t a ke n  to avoid subs t an t i a l  
surface  damage  o r ig ina t ing  f rom imprope r  l app ing  
of the  first bevel .  A n o t h e r  i m p o r t a n t  po in t  to be 
observed is the  re l i ab i l i ty  of the j u n c t i o n  de l inea t ion  
itself. Somet imes  oxide layers ,  old p l a t i ng  solut ions,  
c o n t a m i n a t e d  surfaces,  and  o ther  inf luences  can ob-  
scure  the  junc t ion .  There fore  a ce r ta in  a m o u n t  of 
exper ience  is r equ i r ed  to d e t e r m i n e  w h e t h e r  a de-  
l i nea t ion  is adequa te  for eva lua t ion  of the  u n k n o w n  
profile or not .  

For  the eva lua t i on  of pho tomic rographs  as shown 
in  Fig. 5 it was  found  c o n v e n i e n t  to m a r k  the i n -  
tersect ions  b e t w e e n  i n t e r f e r ence  f r inges  and  the  
j u n c t i o n  by  p u n c h i n g  t h e m  wi th  a fine needle.  The 
d is tance  J -J2  was  m e a s u r e d  by  us ing  a smal l  t r a n s -  
p a r e n t  square .  The  square  was  or ien ted  in  such a 
w a y  tha t  the  base  ma t c he d  an  in t e r sec t ion  and  tha t  
the  lef t  ver t ica l  side was n o r m a l  to AB (as in Fig. 
4).  T h e n  the  i n t e r f e r ence  f r inges  a long  the  lef t  
ver t ica l  side were  counted.  For  samples  w i th  m a s k -  
ing  layers  of SiO2, one has to correct  for the  sil icon 
incorpora ted  in to  the  oxide. 

A c k n o w l e d g m e n t  

The au thors  apprec ia te  the work  by  A. Thiber t ,  
who took care of the  angle  l app ing  a n d  the  j u n c t i o n  
de l inea t ion .  

Manuscript  received Ju ly  31, 1963. This paper w a s  
presented at the Pi t tsburgh Meeting, Apri l  15-18, 1963. 

A ny  discussion of this paper  will appear in  a Dis- 
cussion Section to be publ ished in  the December 1964 
J O U R N A L .  
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A High Intensity Carbon-Arc-Image Furnace 
and Its Application to Single Crystal 

Growth of Refractory Oxides 
G. J. Goldsmith, M.  Hopkins, and M.  Kestigian ~ 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

Of the  s e v e r a l  t e chn iques  a v a i l a b l e  fo r  t he  a t -  
t a i n m e n t  of t e m p e r a t u r e s  in  t he  r a n g e  b e t w e e n  
2500 ~ a n d  3700~ the  a r c - i m a g e  s y s t e m  (1) a p -  
p e a r s  to b e  e spec i a l l y  a d a p t a b l e  to t he  g r o w t h  of 
s ingle  c rys ta l s .  Since,  w i t h  th is  t echn ique ,  h e a t  is 
a p p l i e d  to t he  g r o w i n g  c r y s t a l  b y  m e a n s  of a fo -  
cussed  b e a m  of r a d i a n t  e n e r g y  in t he  w a v e l e n g t h  
r a n g e  w h e r e  m a n y  c o m m o n  m a t e r i a l s  a r e  t r a n s -  
pa ren t ,  t he  a m b i e n t  a t m o s p h e r e  in w h i c h  the  c r y s -  
t a l  is g rown ,  as we l l  as t he  size and  loca t i on  of t he  
ho t  zone, m a y  be  con t ro l l ed  eas i ly .  The  s y s t e m  d e -  
s c r ibed  h e r e i n  was  c o n s t r u c t e d  spec i f ica l ly  fo r  t he  
p u r p o s e  of g r o w i n g  c rys t a l s  b y  the  p o w d e r  fus ion  
t echn ique .  I t  is de s igned  to o p e r a t e  c o n t i n u o u s l y  
ove r  a r b i t r a r y  pe r i ods  of t i m e  a n d  w i t h  an  a r b i t r a r y  
choice  of a m b i e n t  a t m o s p h e r e .  I t  is a d e q u a t e l y  v e r -  
sa t i l e  so as to be  a d a p t a b l e  to o the r  c r y s t a l  g r o w t h  
m e t h o d s  and  to c o n v e n t i o n a l  h i g h - t e m p e r a t u r e  
c h e m i c a l  inves t iga t ions .  

The  p r i n c i p l e  of t he  a r c - i m a g e  f u r n a c e  and  i ts  
g e n e r a l  a p p l i c a b i l i t y  h a v e  been  d e s c r i b e d  b y  s e v e r a l  
i n v e s t i g a t o r s  ( 1 - 7 ) .  The  p r e s e n t  f u r n a c e  e m p l o y s  a 
doub le  e l l i p so ida l  op t i ca l  s y s t e m  (1) ,  one t h a t  p e r -  
mi t s  r e a d y  m a n i p u l a t i o n  of  t he  r a d i a n t  beam.  

A n  ou t l ine  of t he  f u r n a c e  is shown  in Fig .  1. The  
e n e r g y  sources  a r e  a p a i r  of h igh  i n t e n s i t y  b l o w n  
c a r b o n - a r c  m o t i o n  p i c t u r e  p r o j e c t o r s  ( S t r o n g  E l e c -  
t r i c  C o m p a n y ,  Toledo,  Ohio)  w h i c h  con ta in  bo th  t he  
c a r b o n  a rc  a n d  the  p r i m a r y  e l l i p so ida l  ref lec tor .  
Because  of  t he  e l l i p so ida l  optics,  i t  is poss ib l e  to 
e m p l o y  a s m a l l  p l a n e  re f lec to r  to t u r n  t he  b e a m  90 ~ 

1Present  address: Sperry Rand Corporation, Sudbury,  Massa- 
chusetts.  

Fig. 1. Vertical arc image crystal growing furnace: 1, primary 
mirror; 2, carbon; 3, transfer mirror; 4, crystal support; 5, housing 
to hold reimaging mirror; 6, reimaging mirror; 7, cystal; 8; Pyrex 
cylinder around crystal; 9, feed hopper. 

t o w a r d  t h e  r e i m a g i n g  m i r r o r .  This  g e o m e t r y  y i e ld s  
an  i m a g e  of t he  b u r n i n g  a rc  w h i c h  has  i ts  l a r g e  
d i m e n s i o n  in  a h o r i z o n t a l  p l ane ,  a m o r e  d e s i r a b l e  
conf igura t ion  for  p o w d e r - f u s i o n  g rowth .  The  two  
sources  a r e  o p e r a t e d  s e q u e n t i a l l y  to p e r m i t  con-  
t inuous  o p e r a t i o n  s ince  a n o d e  l i f e  l imi t s  t he  u n -  
i n t e r r u p t e d  o p e r a t i n g  t i m e  of each  arc  to on ly  15 min .  
S w i t c h i n g  f r o m  one a rc  to t he  o t h e r  is a c h i e v e d  b y  
m e a n s  of an  i n e r t i a l  r o t a t o r  on the  p l a n e  ref lec tor .  

The  f eed  h o p p e r  is l o c a t e d  a b o v e  the  r e i m a g i n g  
m i r r o r  w i t h  i ts  d e l i v e r y  t u b e  pas s ing  t h r o u g h  a 
c e n t r a l  ho le  to a p o i n t  i m m e d i a t e l y  a b o v e  the  focal  
p lane .  The  h o p p e r  des ign  a n d  o p e r a t i o n  h a v e  b e e n  
r e p o r t e d  e l s e w h e r e  (8 ) .  

The  r e i m a g i n g  m i r r o r ,  hoppe r ,  and  c r y s t a l  s u p -  
po r t  a r e  m o u n t e d  on  a s e p a r a t e  a s s e m b l y  a t t a c h e d  
r i g i d l y  to t he  ce i l ing  g i rde r s .  This  was  done  to i so-  
l a t e  t h e  g r o w i n g  c r y s t a l  f r o m  a n y  v i b r a t i o n  caused  
b y  o p e r a t i o n  of t he  a rc s  a n d  t h e  t r a n s f e r  m i r r o r .  
The  h o p p e r  is m o u n t e d  on a t w o - d i m e n s i o n a l  s l ide  
to p r o v i d e  a c c u r a t e  l oca t ion  of  t he  f eed  flow r e l a -  
t i ve  to t he  r e i m a g i n g  m i r r o r .  The  en t i r e  m i r r o r -  
h o p p e r  a s s e m b l y  is m o u n t e d  on a second  t w o - d i -  
m e n s i o n a l  s l ide  for  a c c u r a t e  p o s i t i o n i n g  in  t he  
op t i ca l  pa th .  F u r t h e r  t h e r e  is a t h r e e - p o i n t  t i l t  
m e c h a n i s m  for  t he  r e i m a g i n g  m i r r o r .  The  c ry s t a l  
s u p p o r t  p e d e s t a l  is m o u n t e d  in  a c h u c k  w h i c h  is 
a t t a c h e d  to a r i g i d  b l a d e - s h a p e d  suppor t .  P o s i t i o n -  
ing of t he  chuck  in t he  h o r i z o n t a l  p l a n e  is a c c o m -  
p l i she d  b y  m e a n s  of a j e w e l e r s '  l a t h e  s l ide  res t .  
V e r t i c a l  m o t i o n  is p r o v i d e d  b y  a p a i r  of l e a d  sc rews  
on w h i c h  a r e  m o u n t e d  a p a i r  of  p r e l o a d e d  ba l l  
b e a r i n g  nuts .  The  l e a d  sc rews  a re  d r i v e n  f r o m  a 
f lex ib le  coup l ing  t h r o u g h  a s y n c h r o n i z i n g  bar .  Two  
v e r t i c a l  speed  r a n g e s  a r e  a va i l a b l e ,  one a t  15 i n . / m i n  
for  coarse  pos i t i on ing  and  one t h a t  is c o n t i n u o u s l y  
v a r i a b l e  f r o m  0-4 i n . / h r  for  c r y s t a l  g rowth .  A p a i r  
of t e l e scopes  w i t h  e y e p i e c e  c ros sha i r s  a r e  p l a c e d  a t  
90 ~ to one a n o t h e r  in  the  i m a g e  p l a n e  for  s a m p l e  
pos i t ion ing .  C r y s t a l  g r o w t h  is o b s e r v e d  t h r o u g h  the  
te lescopes  or  b y  m e a n s  of  a p r o j e c t e d  i m a g e  p r o -  
d u c e d  b y  a s equence  of p r i s m s  a n d  lenses .  

The  p l a n e  t r a n s f e r  m i r r o r  is a flat, ~ in. t h i c k  
q u a r t z  disk,  6 in. in  d i a m e t e r ,  a l u m i n i z e d  on i ts  
f ron t  surface .  I t  is c l a m p e d  to a w a t e r - c o o l e d  cop-  
p e r  s u p p o r t  w h i c h  has  p r o v i s i o n s  for  a d j u s t m e n t  
of t he  t i l t  angle .  The  t r a n s f e r  m i r r o r  w i l l  r o t a t e  
f r o m  one a rc  to t he  o t h e r  in 90 ms. This  is a c c o m -  
p l i she d  b y  an  i n e r t i a l  r o t a t i o n  sys tem.  A s m a l l  
m o t o r  w i t h  a h e a v y  f l ywhee l  is b r o u g h t  to a speed  
of 10,000 rpm,  p o w e r  is t h e n  r e m o v e d  f r o m  t h e  m o -  
tor ,  and  a m a g n e t i c  c lu tch  is e n g a g e d  caus ing  the  
m i r r o r  to ro ta te .  A c c u r a t e  p o s i t i o n i n g  of t h e  m i r r o r  
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l imits  is obta ined through the use of ba l l - loaded  
detents  and magnet ic  stops. The m i r r o r  ro ta t ion  se- 
quence is au tomat ica l ly  p rogrammed.  

Exact  matching  of the images formed at  the  re -  
imaging mi r ro r  focal point  wi th  respect  to posi -  
tion, size, and flux densi ty  is necessary  for success- 
ful c rys ta l  growth.  P r e l i m i n a r y  mechanical  a l ign-  
ment  of the optic axes of the  arcs is done wi th  the 
aid of a cathetometer .  Optical  a l ignment  is then 
car r ied  out by  placing plast ic  l ight  pipes in the posi-  
t ion of the posi t ive carbon. The l ight  pipes  are  i l -  
lumina ted  by  incandescent  lamps  to fo rm a lumi -  
nous object  in the  place where  the  arc would  ap-  
pear.  These l ight  pipes permi t  the  ent i re  optical  
sys tem to be t raced  out and ad jus tments  of reflec- 
tor  locations to be made  wi thout  ac tua l ly  opera t ing  
the arcs. Superposi t ion of the  images produced  by 
each of the arcs is de te rmined  by  a " ta rge t"  placed 
at the focal point  of the  re imaging  mir ror .  F ina l  
ad jus tment  of the arcs is conducted by  opera t ing  
the furnace  and heat ing a flat zirconia p la te  located 
at the focal point  of the re imaging  mirror .  Sa t i s -  
fac tory  a l ignment  is indica ted  when the size, shape, 
and locat ion of the mel ted  area  in the zirconia pla te  
are ident ical  for both sources. 

Because of the lack  of re l iab le  t h e r m o m e t r y  in 
this t empera tu re  region, no a t t empt  was made  to 
measure  prec ise ly  the  t empera tu re  a t ta ined.  A 
rough t e m p e r a t u r e  measure  was obtained by  me l t -  
ing pressed pel le ts  (1 x 1 cm) of var ious  r e f rac to ry  
compounds with  "known"  mel t ing  points.  The com- 
pounds, TiO~, AlaO~, MgO, ZrO2, and ThOe, were  
mel ted  and remel ted  in this way  demons t ra t ing  that  
t empera tu res  up to at least  3300~ could be reached 
with  mater ia l s  of low emissivi ty.  

A tota l  i r rad iance  ca lor imeter  (A. D. Li t t le ,  Inc.) 
was employed for the measurement  of heat  flux, 
heat  flux profiles, and s tabi l i ty .  This ca lor imeter  is of 
the flow type  in which wa te r  is c i rcula ted through a 
b lackened copper rece iver  at  a known rate,  and the 
t empera tu re  difference be tween the incoming and 
outgoing wa te r  measured.  

Various  reflecting surfaces and mi r ro r  mater ia l s  
were  inves t iga ted  for  l i fe  and efficiency including 
pol ished a luminum,  glass wi th  f i rs t -surface  a lu-  
minum, glass wi th  second-surface  silver, and glass 
wi th  f i rs t -surface  mul t id ie lec t r ic  coating. Wi th  the  
arc running  under  normal  conditions, 160 amp at 
72v, the heat  flux wi th  a glass f i rs t -surface  a lu-  
minum reflector was found to be 230 ca l / cm 2 sec 
wi th  a var ia t ion  of __-2% over the life of the anode 
carbon. With  the more durab le  glass second-surface  
s i lver  reflector, the  flux densi ty  is reduced to 190 
ca l / cm e sec. The polished a luminum reflector was 
found to overheat  and to dis tor t  seriously.  By far  
the best  compromise  is the glass f i rs t -surface  mul t i -  
die lectr ic  reflector which is subs tan t ia l ly  more  du r -  
able than  the f i rs t -surface  a luminum, and which 
yields about  20% higher  flux, or about  275 ca l / cm 2 
s e c .  

Heat  flux profiles (Fig. 2, 3) of the image were  
measured  by  manipu la t ing  the  ca lor imeter  in  three  
dimensions.  I t  wil l  be noted tha t  the heat  d i s t r ibu-  
t ion is app rox ima te ly  Gaussian wi th  a w id th  at  0.9 
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of m a x i m u m  of 3 m m  in the hor izonta l  plane,  and 
of 4 m m  in the ver t ica l  plane.  

The in te rna l  s tabi l izat ion systems bui l t  into the 
St rong Je t - a r c s  consist of an opt ical  f eed -back  
anode posi t ioning control  plus a cur ren t -con t ro l l ed  
cathode feed rate.  No addi t ional  control  of output  
was found to be necessary  as evidenced by  the s ta -  
b i l i ty  demons t ra ted  in Fig. 4 which is t aken  over  a 
15 min  period.  The points  at  which the arcs were  
switched are  obvious on the  plot.  S imi la r  s table be -  
havior  was observed over  m a n y  hours  of continuous 
operation.  

In  a typica l  c rys ta l  growth  exper iment ,  the  sup-  
por t  rod, usua l ly  of s tabi l ized zirconia, is posi t ioned 
jus t  below the image focal point  and the car r ie r  gas 
tu rned  on. The feed ma te r i a l  is s lowly in t roduced 
by  ra is ing the vol tage  on the hopper  solenoid and 
the suppor t  rod ra ised toward  the focal point  unt i l  
the  fal l ing powder  forms a s intered cone. The ped -  
estal  is fu r the r  ra ised unt i l  the t ip of the  cone be-  
comes molten.  The c rys ta l  is then  a l lowed to grow 
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Fig. 5. HfO2 crystal 

closer  to t he  focal  po in t  u n t i l  t he  d e s i r e d  d i a m e t e r  
is r eached .  The  p e d e s t a l  is t hen  l o w e r e d  at  a r a t e  
e q u a l  to t he  g r o w t h  ra te .  Upon  c o m p l e t i o n  of c r y s -  
t a l  g rowth ,  t he  boule  is s l o w l y  l o w e r e d  out  of t he  
focal  p o i n t  w i t h  t he  f u r n a c e  r u n n i n g  in  o r d e r  to  
m i n i m i z e  t h e r m a l  shock.  G e n e r a l l y  t he  p e d e s t a l  is 
m o u n t e d  ins ide  a 3 in. d i a m e t e r  P y r e x  c y l i n d e r  8 
in. l ong  w i t h  p o r t s  n e a r  i ts  base  for  e scape  of t he  
c a r r i e r  gas.  This  p e r m i t s  s u r r o u n d i n g  t h e  g r o w i n g  
c r y s t a l  w i t h  a p r o t e c t i v e  a t m o s p h e r e .  

I n i t i a l  c r y s t a l  g r o w t h  s tud ies  w e r e  c o n d u c t e d  on 
a f a m i l i a r  sys t em,  TiO2, w h i c h  m e l t s  a t  1840~ 
The  m e l t i n g  t e m p e r a t u r e  was  r e a c h e d  and  m a i n -  
t a i n e d  a t  a p o i n t  s o m e w h a t  b e n e a t h  t he  foca l  poin t .  
Color less ,  n e a r l y  s t o i ch iome t r i c  r u t i l e  c r y s t a l s  w e r e  
g r o w n  a t  t h e  r a t e  of 1/4 i n . / h r  in  an  a t m o s p h e r e  
of oxygen .  This  is in c o n t r a s t  w i t h  the  c r y s t a l s  o b -  
t a i n e d  b y  o r d i n a r y  f lame fus ion  w h i c h  a r e  i n v a r i -  

a b l y  b l a c k  in co lor  because  of o x y g e n  def ic iency  
w h i c h  m u s t  be r e m o v e d  b y  h e a t  t r e a t m e n t  in a i r  or  
oxygen .  

The  mos t  r e f r a c t o r y  c rys t a l s  g r o w n  w e r e  those  
of ZrO2 and  HfO2 con ta in ing  CaO for  the  p u r p o s e  
of s t ab i l i z ing  a cub ic  phase .  The  in i t i a l  c o n c e n t r a -  
t ions  of CaO r a n g e d  b e t w e e n  5 and  38 m o l e  %. 
The  be s t  s ingle  c rys ta l s ,  cubic  b y  x - r a y  ana lys i s ,  
w e r e  o b t a i n e d  in t he  r eg ion  of 12 mo le  % CaO; a 
c o n c e n t r a t i o n  wh ich  l ies  c lose to the  p h a s e  b o u n d a r y  
b e t w e e n  cubic  Z r O e - C a O  sol id  so lu t ion  and  the  
m i x e d  phases ,  monoc l i n i c  ZrO2 + cubic  ZrO2 sol id  
solut ions ,  acco rd ing  to Duwez ,  Odel l ,  and  B r o w n  
(9) .  S u i t a b l e  feed  m a t e r i a l  for  the  ZrO2 c r y s t a l s  
was  p r e p a r e d  b y  ca l c in ing  e i t h e r  z i r c o n i u m  l a c t a t e  
or  z i r c o n i u m  su l fa t e  n o n a h y d r a t e  w i th  a p p r o p r i a t e  
a m o u n t s  of CaCO3. The  f o r m e r  c o m p o u n d  w a s  o b -  
t a i n a b l e  in  u n u s u a l l y  h igh  p u r i t y  and  y i e l d e d  the  
bes t  c rys ta l s .  Hf02 feed  was  p r e p a r e d  d i r e c t l y  f rom 
CP g r a d e  ox ide  b y  ca l c in ing  w i t h  CaCO3. F a c e -  
c e n t e r e d  cubic  c r y s t a l s  of HfO2 and  ZrO2 w e r e  ob -  
t a i n e d  w i t h  d imens ions  up  to 5 m m  x 4 cm long 
(Fig .  5).  T h e y  a re  color less  a n d  t r a n s p a r e n t .  X - r a y  
s tud ies  i nd ica t e  t h a t  ZrO2 n o r m a l l y  g rows  17 ~ off 
the  [111] c r y s t a l l o g r a p h i c  axis .  These  m a t e r i a l s  
have  also been  g r o w n  success fu l ly  w i t h  r a r e  e a r t h  
and  t r a n s i t i o n  m e t a l  impur i t i e s .  The  f u r n a c e  has  
also been  e m p l o y e d  in the  s t u d y  of d i f fus ion of 
t r a n s i t i o n  m e t a l  ox ides  in MgO and  for  the  p r e p -  
a r a t i o n  of a n u m b e r  of r e f r a c t o r y  n i t r ides .  
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C  m n cad n @ 
Structure of Electroless Cobalt Films 

R. D. Fisher and D. E. Koopman 
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The chemical  (electroless)  deposi t ion of cobalt  
and nickel  on ca ta ly t ic  surfaces (Fe,  Ni, A1, Co, Pd)  
was repor ted  by  Brenner  in 1947 (1).  Electroless 
deposit ion is essent ia l ly  a control led autocata ly t ic  
reduct ion of cobalt  and nickel  ions on an active 
or cata lyt ic  surface by means of hypophosphi te  
ions. The deposits inheren t ly  contain 1-12% phos-  
phorus depending  on the exper imenta l  conditions. 

E l ec t ro l e s s  nickel  has been repor ted  by Goldenstein  
et a~. to be amorphous (2).  However ,  G r a h a m  et al. 
have repor ted  recent ly  tha t  electroless nickel  is an 
ex t r eme ly  fine grained,  supersa tu ra ted  solid solution 
of phosphorus in crys ta l l ine  nickel  (3).  

In this communicat ion,  the c rys ta l l in i ty  and or i -  
enta t ion of electroless cobalt  films as a funct ion of 
the hypophosphi te  ion concentra t ion in the  e lect ro-  
less solution is reported.  The s t ruc ture  was s tudied 
by  x - r a y  and electron diffraction and electron mi-  
croscopy. Polycrys ta l l ine  cobalt  deposits are ob- 
tained,  a l though in cer ta in  instances deposits ap-  
pear  to be amorphous.  

The solution composit ion and deposi t ion condi-  
t ions for film p repa ra t ion  were :  hypophosphi te  ion 
from 0.016 to 0.163M; 0.0315M cobalt  ion; 0.23M 
ammonium chloride;  and 0.094M citric acid mono-  
hydrate .  The solution volume was 2 l i ters  and the 
pH was adjus ted  to 8.2 wi th  sodium hydroxide .  So- 
lut ion t empera tu re  was 80~ control led  by  means 
of a heat ing mantle.  The cobalt  deposits were  p r e -  
pa red  on Mylar  at a constant  thickness of ap p r ox -  
imate ly  6,000A. The thickness was de te rmined  f rom 
the densi ty  of cobalt  corrected for an average phos-  
phorus content of app rox ima te ly  4% by weight.  
The Mylar  subs t ra te  was prev ious ly  t rea ted  with  
an adhesive to enhance adhesion of the cobalt  films 
and was ac t iva ted  or cata lyzed by  immers ing in 

stannous chloride, rinsing, and immersing in palla- 
dium chloride (4). 

In general, the x-ray diffraction patterns showed 

a hexagonal close packed structure with a 1010 pre- 
ferred orientation parallel to the plane of the de- 
posit (see Table I). Laue patterns of the films 
showed that the "c" axis was randomly oriented 
and parallel with respect to the plane of the deposit. 
Increasing the hypophosphite ion concentration 
from 0.016 to 0.132M results in a decreasing but 

still preferred 1010 orientation and an increase of 

the 1120 orientation. In general, the over-all in- 
tensity of the diffraction peaks decreases with in- 
creasing hypophosphite concentration, although the 
thickness of the deposits was constant. At a con- 
centration of 0.163M hypophosphite ion, the de- 
posits showed no x-ray diffraction pattern. Thus, 
as far as x-ray diffraction is concerned, these de- 
posits could be considered amorphous, similar to 
electroless nickel deposits. No evidence of a cubic 
structure or the presence of any cobalt phosphide 
was obtained. 

Table I. X-ray diffraction peak heights as a function of 
hypophosphite~ concentration* 

M o l a r  
concen t r a t i on ,  P e a k  he igh t s ,  coun t s / sec ,  T h i c k -  

H~PO2- Co++ i011 I010 0002 I120 ness, A 

0.016 0.0315 208 880 32 48 6000 
0.033 0.0315 128 1224 32 32 6000 
0.066 0.0315 112 976 0 64 6000 
0.082 0.0315 112 704 48 88 6000 
0.099 0.0315 104 646 40 168 6000 
0.132 0.0315 176 480 20 176 6000 
0.163 0.0315 0 0 0 0 6000 

* M o ~ b d e n u m  K s  r a d i a t i o n  w i t h  a z i r c o n i u m  fi l ter .  

Fig. 1. Electron diffraction (reflection) pattern of as-deposited 
cobalt film prepared at 0.016M hypophosphite ion; acceleration 
voltage 50 kv. 
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Fig. 2. Electron micrograph (39,000X); surface of electroless 
cobalt film prepared with 0.016M hypophosphite ion. 

Fig. 3. Electron micrograph (30,O00X); surface of electroless 
cobalt film prepared with 0.163M hypophosphite ion. 

E l e c t r o n  d i f f rac t ion  ( b y  re f lec t ion)  of the  s ame  

depos i t s  (Fig .  1) conf i rmed  a 1010 p r e f e r r e d  o r i -  
en ta t ion ,  and  w i t h  i nc r ea s ing  h y p o p h o s p h i t e  ion 
c o n c e n t r a t i o n  the  d i f f rac t ion  r ings  b e c a m e  b r o a d e r  
and  m o r e  diffuse,  i.e., a dec rea se  in i n t e n s i t y  a n d  
def in i t ion  u n t i l  a t  a m a x i m u m  c o n c e n t r a t i o n  of 
0.163M, the  filkns showed  no d i f f rac t ion  p a t t e r n .  

Thus,  the  su r face  l a y e r  s t r u c t u r e  of t he  depos i t s  was  
s i m i l a r  to the  s t r u c t u r e  of the  b u l k  deposi ts .  

E l ec t ron  m i c r o g r a p h s  at  30,000 d i a m e t e r s  of the  
s ame  fi lms w e r e  o b t a i n e d  b y  r e p l i c a t i o n  us ing  a 
c o l l o d i o n - p l a t i n u m  s h a d o w e d  ca rbon  t echn ique .  
Depos i t s  p r e p a r e d  at  the  l ow h y p o p h o s p h i t e  ion 
concen t r a t i ons  (0.016-0.063M) h a v e  a r e l a t i v e l y  
u n i f o r m  sur face  t e x t u r e  d i s p l a y i n g  a c r y s t a l l i n i t y  
w i th  o b s e r v a b l e  c r y s t a l l i n e  faces  h a v i n g  an  a v e r a g e  
d i m e n s i o n  in  the  r a n g e  of 0.2-0.3~ (Fig .  2) .  Depos i t s  
p r e p a r e d  w i t h  the  h i g h e r  h y p o p h o s p h i t e  ion con-  
c e n t r a t i o n  (0.163M) w h i c h  a p p e a r  a m o r p h o u s  f rom 
bo th  x - r a y  and  e l ec t ron  d i f f rac t ion  have  a v e r y  
fine su r f ace  t e x t u r e  w i th  an  e s t i m a t e d  g r a i n  
size of 0.01-0.02/x (Fig .  3) ;  c o n s i d e r a b l e  h y d r o g e n  
p i t t i ng  is also a p p a r e n t .  The  fac t  t ha t  t he  depos i t s  
exh ib i t  f e r r o m a g n e t i c  p r o p e r t i e s  w h i c h  could  be 
o b s e r v e d  f rom t h e i r  hys t e r e s i s  loop cha rac t e r i s t i c s  
is f u r t h e r  ev idence  t h a t  t he  depos i t s  h a v e  a c r y s -  
t a l l i ne  s t r u c t u r e  and  a re  no t  a m o r p h o u s .  

In  conclus ion,  t h e  s t r u c t u r e  of e l ec t ro less  coba l t  
on M y l a r  is h e x a g o n a l  close p a c k e d  and  m i c r o c r y s -  

t a l l ine ,  w i t h  a 101-0 o r i e n t a t i o n ;  t he  deg ree  of o r i -  
e n t a t i o n  and  g r a i n  size is d e t e r m i n e d  b y  the  h y p o -  
p h o s p h i t e  ion concen t r a t ion ,  at  l e a s t  w h e n  the  co-  
ba l t  ion  c o n c e n t r a t i o n  is cons tan t .  The  e lec t ro less  
coba l t  depos i t s  a r e  s im i l a r  to e lec t ro less  n i cke l  
f i lms w h i c h  have  been  r e p o r t e d  to be a m o r -  
phous  w h e n  p r e p a r e d  at  h igh  h y p o p h o s p h i t e  ion 
concen t ra t ions ,  and  s i m i l a r  to e lec t ro less  n i cke l  
f i lms w h i c h  h a v e  been  r e p o r t e d  to be  c r y s t a l l i n e  
w h e n  p r e p a r e d  a t  l ow  h y p o p h o s p h i t e  ion  concen -  
t ra t ions .  Thus,  the  inf luence  of h y p o p h o s p h i t e  ion 
concen t r a t i on  on the  d e g r e e  of c r y s t a l l i n i t y  m a y  
e x p l a i n  t he  a p p a r e n t  c o n t r a d i c t i o n s  in c r y s t a l l i n i t y  
of e lec t ro less  n i cke l  f i lms o b s e r v e d  b y  d i f fe ren t  
w o r k e r s .  
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ABSTRACT 

Homogenei ty ,  porosi ty,  and cata lys t  d is t r ibut ion  in porous mate r i a l s  can be 
de te rmined  by  x - r a y  techniques.  In  addit ion,  the  d is t r ibut ion  of the  gas and 
e lec t ro ly te  phases  and thei r  var ia t ion  as a funct ion of parameters ,  such as 
pressure  and polar izat ion,  can be evaluated.  These possibi l i t ies  r ende r  r ad iog-  
r aphy  a power fu l  and often i r rep laceab le  tool for  the s tudy  of the  opera t ion  of 
t r ip le -con tac t  porous electrodes such as those used in fuel  cells. 

Ce r t a in  e l e c t r o c h e m i c a l  p r o b l e m s ,  in  p a r t i c u l a r  
the  i n t e r p r e t a t i o n  of t he  o p e r a t i o n  of po rous  e l ec -  
t rodes ,  neces s i t a t e  a t  the  p r e s e n t  t i m e  h y p o t h e s e s  
conce rn ing  the  s t r u c t u r e  of t he  r e a c t i o n  v o l u m e  in 
w h i c h  d e p o l a r i z a t i o n  processes  t a k e  place.  I t  is t he  
o b j e c t  of t he  p r e s e n t  w o r k  to show e l ec t roch e mis t s  
the  p o s s i b i l i t y  of v e r i f y i n g  ce r t a i n  of these  h y p o t h e -  
ses b y  the  use  of x - r a y s .  I t  w i l l  be  shown  t h a t  th is  
t e c h n i q u e  is a p o w e r f u l  tool  for  t he  d e t e r m i n a t i o n  
of: ( A )  The  s t r u c t u r e  of po rous  m a t e r i a l s ;  in  p a r -  
t i cu la r ,  ( a )  the  g loba l  p o r o s i t y  of an  e l e c t r o d e  and  
i ts  h o m o g e n e i t y ,  and  (b )  the  d i s t r i b u t i o n  of a c a t a -  
l y s t  in  a po rous  m a t e r i a l .  (B)  The  loca l i za t ion  of 
the  gas  a n d  e l e c t r o l y t e  phases  in  t r i p l e - c o n t a c t  
porous  e l ec t rodes  f r e q u e n t l y  used  in fue l  cells.  

The  s y s t e m a t i c  s t u d y  of t he  p h e n o m e n a  t a k i n g  
p l ace  d u r i n g  the  o p e r a t i o n  of po rous  e l ec t rodes  
necess i t a t e s  t he  r e a l i z a t i o n  of k n o w n ,  r e p r o d u c i b l e  
and  h o m o g e n e o u s  poros i t ies .  The  ve r i f i ca t ion  of 
th is  is n o r m a l l y  c a r r i e d  out  b y  the  d e t e r m i n a t i o n  of 
a p p a r e n t  dens i t i e s  w i t h  a h y d r o s t a t i c  ba lance ,  and  
b y  the  use  of t he  m e r c u r y  p o r o m e t e r .  

A p p a r e n t  d e n s i t y  d e t e r m i n a t i o n s  l e a d  to an  a v e r -  
age  v a l u e  of t he  p o r e  d e n s i t y  and  t hus  canno t  g ive  
i n f o r m a t i o n  conce rn ing  the  po re  d i s t r i b u t i o n  in t he  
sample .  In  a d d i t i o n  th i s  t e c h n i q u e  o f t en  necess i t a t e s  
an  a n t i - w e t t i n g  t r e a t m e n t  w h i c h  l eads  to su r face  
po i son ing  and  r e n d e r s  t he  e l ec t rode  use less  for  f u r -  
t h e r  s tudies .  

In  a s i m i l a r  m a n n e r ,  the  m e r c u r y  p o r o m e t e r ,  
w h i l e  g iv ing  v a l u a b l e  i n f o r m a t i o n  conce rn ing  po re  
d i s t r i bu t i on ,  also l eads  to su r f ace  p o l l u t i o n  and,  in 
c e r t a i n  cases,  to c a t a l y s t  po isoning .  This  t e c h n i q u e  
is imposs ib l e  to e m p l o y  w h e n  t h e  p o s s i b i l i t y  of 
a m a l g a m  f o r m a t i o n  ex is t s  ( s i l ve r  e l ec t rodes  for  
e x a m p l e ) .  

The  s e a r c h  for  a t e c h n i q u e  f ree  f r o m  the  a b o v e  
m e n t i o n e d  diff icul t ies  l ed  to a s t u d y  of t h e  poss i -  
b i l i t i e s  of  t h e  use  of x - r a y  t echn iques .  I t  is w e l l  
k n o w n  t h a t  m i c r o c a v i t y  d i a m e t e r s  ( h a v i n g  v a l u e s  
r a n g i n g  l o w e r  t h a n  0.1~) in h o m o g e n e o u s  po rous  
m a t e r i a l s  m a y  be  d e t e r m i n e d  b y  t h e  ana lys i s  of 
c e n t r a l l y  d i f fused  x - r a y s  (1) .  H o w e v e r ,  i t  does no t  
a p p e a r  t h a t  t he  a n a l y s i s  of t he  g l o b a l  a b s o r p t i o n  of 
x - r a y s  has  as y e t  been  a p p l i e d  to t he  d e t e r m i n a t i o n  

of the  a p p a r e n t  d e n s i t y  of  these  m a t e r i a l s .  A n  a p -  
p l i c a t i on  to p o r o u s  e l ec t rodes  h a v i n g  c a v i t y  d i a m e -  
t e r s  b e t w e e n  1 and  50~ wi l l  be g iven  here .  This  
n o n p o l l u t i n g  m e t h o d  also a l lows  the  de t ec t ion  of 
h e t e r o g e n e i t i e s  and  p r e f e r e n t i a l  cana l  o r i en ta t ion .  

I t  is o f t en  of in t e re s t ,  in  o r d e r  to s t u d y  d i ve r s e  
ca ta lys t s ,  to d i s p e r s e  t h e m  in a r e p r o d u c i b l e  and  
h o m o g e n e o u s  po rous  suppor t .  The  c a t a l y s t  d i s t r i -  
b u t i o n  in such  a s u p p o r t  is t hus  an  i m p o r t a n t  
p a r a m e t e r .  M e t a l l o g r a p h y  is t he  c lass ica l  m e t h o d  
for  th is  d e t e r m i n a t i o n  for  a m e t a l l i c  e l e m e n t  in a 
po rous  suppor t .  I t  consis ts  in  mic roscop ic  e x a m i n a -  
t ion  of a m e t a l l o g r a p h i c  cut  of the  s a m p l e  w h i c h  
m u s t  be  e x a c t l y  r e p r e s e n t a t i v e  of t he  i n i t i a l  m a t e -  
r ia l .  In  the  case  of a c a rbon  suppor t ,  the  t e a r i n g  or  
c r u s h i n g  of a m e t a l l i c  depos i t  is diff icult  to avo id  
even  us ing  the  mos t  e x a c t i n g  m a n i p u l a t i o n s .  The  
use of a r a d i o g r a p h i c  t e c h n i q u e  avo ids  these  diffi- 
cul t ies .  

W h i l e  d i f fe ren t  t e c hn ique s  m a y  be  used  for  t he  
d e t e r m i n a t i o n  of t he  a b o v e  m e n t i o n e d  p a r a m e t e r s ,  
t he  loca l i za t ion  of t he  gas  a n d  e l e c t r o l y t e  phases  in 
t he  i n t e r i o r  of a po rous  e l e c t r o d e  m a y  o n l y  be  c a r -  
r i ed  out  w i t h  an  x - r a y  t echn ique .  This  t e c h n i q u e  
has  no t  as y e t  been  used,  to ou r  k n o w l e d g e ,  for  th is  
pu rpose ,  thus ,  d a t a  conce rn ing  the  e l e c t r o l y t e  pos i -  
t ion  in  t he  e l e c t r o d e  a r e  a t  bes t  h y p o t h e t i c a l .  

I t  is, h o w e v e r ,  i m p o r t a n t  to  k n o w  t h e  ef fec t ive  
pos i t ion  of t he  d i f fe ren t  phases  in  t he  po rous  s u p -  
por t .  F o r  e x a m p l e ,  in m a n y  cases  t he  d rop  of e l ec -  
t r o d e  p e r f o r m a n c e ,  as a func t ion  of t ime ,  is g e n e r -  
a l l y  a t t r i b u t e d  to e l e c t r o d e  flooding.  The  s t u d y  of 
t he  gas  a n d  e l e c t r o l y t e  d i s t r i b u t i o n s  as a func t ion  
of w o r k i n g  cond i t ions  is t hus  i m p o r t a n t  a n d  is m a d e  
poss ib l e  b y  the  use  of r a d i o g r a p h y .  In  add i t ion ,  r e -  
cen t  w o r k  has  s h o w n  tha t ,  for  c e r t a i n  t y p e s  of  e lec -  
t rodes ,  poss ib le  v a r i a t i o n s  of t he  c o n c e n t r a t i o n  of 
t h e  e l e c t r o l y t e  in  t he  po re s  m a y  be  d e t e r m i n e d  (2 ) .  

Experimental and Results 
In  a l l  of t he  s tud ies  of t he  s t r u c t u r e  a n d  o p e r a t i o n  

of e l ec t rodes  a Ph i l i p s  P W  1009 x - r a y  g e n e r a t o r  
was  e m p l o y e d .  This  g e n e r a t o r  (G,  Fig .  1) is c h a r a c -  
t e r i z e d  by :  a m a x i m u m  a c c e l e r a t i o n  v o l t a g e  of 50 
kv ;  a poss ibIe  f i l amen t  c u r r e n t  of  as h igh  as  50 m a ;  

265 



| 

i 

JOURNAL OF THE ELECTROCHEMICAL SOCIETY March 1964 266 

Fig. 1. Experimental set up for x-ray study. A, Aluminum screen; 
B, x-ray entry plane; E, porous sample; F, lead window; G, x-ray 
generator Philips PW 1009 (for clarity only one beam has been 
shown). Note: dimensions in millimeters. 

a n d  fou r  i n d e p e n d e n t  w i n d o w s  a l l o w i n g  fou r  e x -  
p e r i m e n t s  to be  c a r r i e d  out  s i m u l t a n e o u s l y .  I n t e r -  
c h a n g e a b l e  t ubes  a l l o w  the  use  of va r i ous  t y p e s  of 
x - r a y s .  In  add i t ion ,  c e r t a i n  t ubes  a l l ow e x t r e m e l y  
fine b e a m s  to be  e m p l o y e d  ( for  e x a m p l e  t he  a p -  
p a r e n t  s l i t  d imens ions  of a Cu a n t i c a t h o d e  a r e  0.4 
x 0.4 m m ) .  Class ica l  x - r a y  g e n e r a t o r s ,  w h i l e  p e r -  
haps  m o r e  power fu l ,  a r e  s e ldom so ve r sa t i l e .  

In  v i e w  of the  c o n s i d e r a b l e  i m p o r t a n c e  of the  
o p e r a t i n g  p r o c e d u r e  in th is  w o r k  i t  a p p e a r s  neces -  
s a r y  to b r ie f ly  r e v i e w  the  f u n d a m e n t a l  ru les  gov -  
e rn ing  x - r a y  t echn iques .  Thus  the  s a m p l e  (E, Fig .  
1) m u s t  be  p l a c e d  f a r  e n o u g h  f r o m  the  source,  t a k -  
ing  in to  accoun t  i ts  su r f ace  area ,  so t h a t  i t  r ece ives  
a u n i f o r m  x - r a y  in t ens i ty .  I t  should ,  h o w e v e r ,  no t  
be  p l a c e d  at  a d i s t ance  such  t ha t  t h e r e  is too m u c h  
e n e r g y  loss f r o m  a i r  abso rp t ion .  The  s a m p l e  is 
p l a c e d  b e t w e e n  and  in  con tac t  w i t h  a p h o t o s e n s i t i v e  
p l a t e  ( P )  and  a l e ad  w i n d o w  ( F )  used  to e l i m i n a t e  
l a t e r a l  diffusions.  F u r t h e r ,  for  c e r t a i n  me ta l s ,  such 
as n icke l ,  an  a l u m i n u m  sc reen  m u s t  be  p l aced  b e -  
t w e e n  the  s a m p l e  and  the  film in o r d e r  to abso rb  
the  s e c o n d a r y  f luorescen t  r a d i a t i o n s  of the  m e t a l  
u n d e r  s tudy .  

The  i m a g e  o b t a i n e d  u n d e r  these  cond i t ions  wi l l  
h a v e  b e t t e r  def in i t ion ,  t h e  f u r t h e r  t he  s a m p l e  is 
f r om the  source ,  t he  b e t t e r  t he  con tac t  b e t w e e n  
s a m p l e  a n d  film, and  the  t h i n n e r  t he  sample .  In  
add i t ion ,  t he  e n t r y  p l a n e  (B)  of t he  x - r a y s  m u s t  be  
p e r f e c t l y  n o r m a l  to the  b e a m  axis  ( O X )  and  p e r -  
p e n d i c u l a r  to t he  l a t e r a l  r e f e r e n c e  p l a n e  ( R ) .  

Porous Material Structural S tudy 

This  s t u d y  invo lves  the  d e t e r m i n a t i o n  of the  
h o m o g e n e i t y  and  a p p a r e n t  dens i ty ,  as we l l  as the  
c a t a l y s t  loca l iza t ion ,  in a po rous  suppor t .  In  these  
cases  x - r a y  s tud ies  m a y  be  c a r r i e d  out  e i t he r  on 
c o m p l e t e  e l ec t rodes  ( n o n d e s t r u c t i v e  e x p e r i m e n t s )  
or  on s a m p l e s  cut  f r o m  the  o r ig ina l  e l ec t rodes  ( d e -  
s t r u c t i v e  e x p e r i m e n t s ) .  

In  t he  f irst  case s tud ies  w e r e  c a r r i e d  out  on d i sk  
e l ec t rodes  to d e t e r m i n e  the  r a d i a l  p o r o s i t y  or  c a t a -  
l y s t  d i s t r i bu t ions .  These  s tud ies  a r e  p a r t i c u l a r l y  
a d a p t e d  to t he  case of s ingle  p o r o s i t y  e lec t rodes .  
T h e y  g ive  u se fu l  i n f o r m a t i o n  conce rn ing  the  r a d i a l  
h o m o g e n e i t y  of the  e l ec t rode  at  d i f fe ren t  s t ages  of 

i ts f ab r i ca t ion ,  i.e., a f t e r  compress ion ,  s in te r ing ,  etc. 
In  the  second  case, t he  e x p e r i m e n t s  a r e  c a r r i e d  

out  on p a r a l l e l e p i p e d  spec imens  of the  sample .  This  
a l lows  the  s t u d y  of p o r o s i t y  or  c a t a l y s t  d i s t r i b u -  
t ions in d i r ec t ions  o the r  t h a n  r ad ia l .  The  s tud ies  a re  
a d a p t e d  for  m u l t i l a y e r  po rous  e lec t rodes .  

Experimental  technique.--Porosity and homoge- 
ne i ty . - -The  x - r a y s  used  for  th is  w o r k  m u s t  su f -  
f ic ien t ly  p e n e t r a t e  the  m a t e r i a l ,  for  e x a m p l e ,  in 
the  case of c a r b o n  s u p p o r t s  the  K a  r a y s  of Cu a re  
s u i t a b l e  for  t h i cknes se s  up  to 20 mm.  On t h e  o the r  
hand ,  the  use  of h a r d e r  rays ,  such as t h a t  of Mo, 
is i nd i spe ns ib l e  for  the  ana lys i s  of a Ni  s a m p l e  h a v -  
ing  a t h i ckness  as l ow  as 3 mm.  

Catalyst localization.--To loca l ize  a c a t a l y s t  in a 
po rous  suppor t ,  t he  x - r a y  shou ld  be  s t r o n g l y  a b -  
so rbed  b y  the  c a t a l y s t  w i t h  r e l a t i v e l y  s m a l l  s u p p o r t  
abso rp t ion .  The  case  of a m e t a l l i c  e l e m e n t  depos i t ed  
in a ca rbon  s u p p o r t  is p a r t i c u l a r l y  f a v o r a b l e ,  s ince 
the  a b s o r p t i o n  coefficient  of c a r b o n  is c o n s i d e r a b l y  
s m a l l e r  t h a n  t h a t  of mos t  of t he  m e t a l s  s tud ied .  The  
f i lm shou ld  be  of suff ic ient ly  fine g r a i n  to enab l e  
c l ea r  e n l a r g e m e n t s  to be o b t a i n e d  (use  of m a x i m u m  
re so lu t i on  K o d a k  p la tes :  1000 l i n e s / r a m ) .  

Results.--Porosity ~easuremen t . - - I t  is k n o w n  
tha t  the  a b s o r p t i o n  of an  x - r a y  of i n i t i a l  i n t e n s i t y  
Io in  a sol id  of u n i f o r m  d e n s i t y  p and  of t h i ckness  
x, is g iven  b y  

A = i o _  i = io [ l _ exp ( ~ 

w h e r e  # is the  l i n e a r  a b s o r p t i o n  coefficient  of the  
sol id  (3,4) .  

The  i n t e n s i t y  of t he  x - r a y  f lux e m e r g i n g  f r o m  a 
s a m p l e  m a y  be  d e t e r m i n e d  b y  m e a s u r e m e n t  of the  
op t ica l  d e n s i t y  of a p h o t o s e n s i t i v e  f i lm a f t e r  i ts e x -  
posure .  

The  r e l a t i o n  b e t w e e n  the  op t ica l  d e n s i t y  ( � 9  of 
t he  f i lm (in t he  l i n e a r  p o r t i o n  of t he  c h a r a c t e r i s t i c  
c u r v e )  m e a s u r e d  b y  p h o t o m e t r a g e ,  and  the  i n t e n s -  
i t y  I of t he  e m e r g i n g  b e a m ,  is of the  fo rm 

�9 = 7 log  I [2]  

~, is a c h a r a c t e r i s t i c  e m u l s i o n  coefficient.  F r o m  th is  a 
l i n e a r  r e l a t i o n  is o b t a i n e d  b e t w e e n  the  op t i ca l  d e n s -  
i ty  of t he  f i lm and  the  m e t a l  t h i ckness  t h r o u g h  
w h i c h  the  x - r a y  b e a m  has  passed .  Hence  ( w i t h  log 
Io = c o n s t a n t ) .  

~ ) = - - a x  + b [3]  

This  func t ion  has  been  e x p e r i m e n t a l l y  d e t e r -  
m i n e d  for  d i f fe ren t  m e t a l l i c  e lec t rodes .  F i g u r e  2 
shows  a r e p r e s e n t a t i v e  c u r v e  for  Ni. This  cu rve  is 
a c a l i b r a t i o n  cu rve  and  was  t r a c e d  us ing  p u r e  sol id  
Ni  s a m p l e s  h a v i n g  t h i cknes se s  v a r y i n g  f r o m  0.5 to 
2 mm.  F o r  each  s a m p l e  t he  f i lm is m o r e  e x p o s e d  the  
t h i n n e r  t he  s a m p l e  us ing  i d e n t i c a l  e x p o s u r e  t imes .  

The  l i n e a r  a b s o r p t i o n  coefficients  of m e t a l s  have  
va lue s  c o n s i d e r a b l y  l a r g e r  t h a n  those  of gases,  thus  
the  a b s o r p t i o n  in a po rous  m e t a l  e l e c t r o d e  fi l led 
w i t h  a i r  w i l l  p r i n c i p a l l y  be  a func t ion  of t he  l e n g t h  
t r a v e r s e d  by  the  x - r a y s  t h r o u g h  the  m e t a l l i c  phase .  
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Fig. 2. Calibration curve 
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Fig. 3. Verification curve for a porous Ni sample 

In  the  case of a h o m o g e n e o u s l y  po rous  s a m p l e  
the  r a t i o  b e t w e e n  i ts  t o t a l  t h i cknes s  and  the  x - r a y  
p a t h  l e n g t h  shou ld  be  e q u a l  to t he  r a t i o  of t he  d e n s -  
i ty  of t he  m e t a l  in  the  s a m p l e  to the  a p p a r e n t  d e n s -  
i ty  of the  sample .  The  p a t h  l e n g t h  in t h e  m e t a l l i c  
po r t i on  of the  s a m p l e  is o b t a i n e d  f r o m  the  c a l i b r a -  
t ion  curve .  The  v a l i d i t y  of th is  m e t h o d  has  been  
ver i f ied  us ing  Ni  s amp le s  of  v a r y i n g  poros i t i es ,  
c o m p a r i n g  the  d e n s i t y  va lue s  f o u n d  w i t h  those  ob -  
t a i n e d  us ing  a c lass ica l  m e t h o d  ( v o l u m e  m e a s u r e -  
m e n t  us ing  a h y d r o s t a t i c  b a l a n c e ) ,  and  the  r e su l t s  
a r e  shown  in Fig.  3. 

In  the  case of p r e f e r e n t i a l  c a v i t y  o r i en ta t ion ,  th is  
m a y  be  o b s e r v e d  b y  the  c o m p a r i s o n  of t h r e e  p h o t o -  
g r a p h s  t a k e n  in d i f fe ren t  d i r ec t ions  wh i l e  c o n s e r v -  
ing the  s ame  x - r a y  p a t h  length .  

Catalyst localization in a porous support.--For 
these  s tud ies  e l e c t ro ly t i c  A g  depos i t s  us ing  a c lass i -  
cal  c y a n i d e  so lu t ion  w e r e  m a d e  on c a r b o n  e lec-  
t rodes  of d i f fe ren t  poros i t i e s  (22 and  60~) u n d e r  
r i g o r o u s l y  i den t i ca l  e l ec t ro lys i s  condi t ions .  

The  d a t a  w e r e  o b t a i n e d  b y  e x a m i n a t i o n ,  u n d e r  
microscope ,  of  t he  x - r a y  p la tes .  U n d e r  t hese  cond i -  
t ions  i t  m a y  be  seen  t h a t  t h e  m e t a l  is d e p o s i t e d  no t  
on ly  on the  su r f ace  of t he  e lec t rode ,  b u t  also in the  
i n t e r i o r  of the  pores .  Thus,  r a d i o g r a p h y  a l lows ,  in 
th is  case, t he  d e p t h  of p e n e t r a t i o n  of the  m e t a l  d e -  
pos i t  to be d e t e r m i n e d .  I t  has  been  o b s e r v e d  t h a t  
th is  d e p t h  va r i e s  g r e a t l y  as a func t ion  of t he  s u p -  
po r t  poros i ty .  

Study of the Gas and Electrolyte Phase 
Distribution in a Porous Electrode 

I t  has  j u s t  been  shown  t h a t  r a d i o g r a p h y  a l lows  
d i r ec t  i n f o r m a t i o n  c onc e rn ing  the  t e x t u r e  of po rous  
m a t e r i a l ,  in p a r t i c u l a r  those  d e s t i n e d  for  use  as 
e l e c t rode s  in fue l  cells ,  to be  ob ta ined .  

R a d i o g r a p h y  m a y  e q u a l l y  f u r n i s h  i n f o r m a t i o n  
conce rn ing  the  p h e n o m e n a  t a k i n g  p l ace  in the  i n -  
t e r i o r  of a po rous  e l ec t rode  u n d e r  o p e r a t i n g  cond i -  
t ions.  Thus  the  gas  and  e l e c t r o l y t e  p h a s e  d i s t r i b u -  
t ions  m a y  e a s i l y  be  s t u d i e d  b y  th is  t e c h n i q u e  as  a 
func t ion  of e l ec t rode  t e x t u r e  and  i ts  o p e r a t i n g  con-  
d i t ions  (p re s su re ,  t e m p e r a t u r e ,  po l a r i za t i on ,  e tc . ) .  

A first  se r ies  of e x p e r i m e n t s  w e r e  c a r r i e d  out  on 
d o u b l e - p o r o s i t y  e lec t rodes .  I t  is k n o w n  t h a t  these  
e l ec t rodes  w e r e  c r e a t e d  (5)  w i t h  t he  p u r p o s e  of 
r e n d e r i n g  the  gas  e l e c t r o l y t e  i n t e r f a c e  r e l a t i v e l y  
i n d e p e n d e n t  of e x t e r n a l  p a r a m e t e r s  ( e s p e c i a l l y  t he  
d i f f e r en t i a l  p r e s s u r e ) .  I t  was  t h o u g h t  t h a t  e x p e r i -  
m e n t a l  ve r i f i ca t ion  of th is  w o u l d  be  of in te res t .  A 
second  s t u d y  was  u n d e r t a k e n  conce rn ing  the  inf lu-  
ence of e l ec t rode  p o l a r i z a t i o n  on the  pos i t i on  of t he  
g a s - e l e c t r o l y t e  in te r face .  This  w o r k  was  c a r r i e d  out  
on s i n g l e - p o r o s i t y  e lec t rodes .  

Exper imenta l . - -A  spec ia l  t y p e  of e l e c t ro ly t i c  cel l  
was  c o n s t r u c t e d  spec i f ica l ly  for  th is  s t u d y  (see  Fig .  
4) .  I t  Consists of two  c o m p a r t m e n t s  ( A  a n d  B)  b e -  
t w e e n  w h i c h  the  s a m p l e  (C)  is inse r t ed .  The  l a t t e r  
is p a r a l l e l e p i p e d  in  shape  and  was  cu t  f r o m  a p o r -  
ous e l ec t rode  such t ha t  t he  o r ig ina l  t h i ckness  was  
c o n s e r v e d  (a,  Fig.  4) .  The  x - r a y  p a t h  l e n g t h  ( r e p -  
r e s e n t e d  b y  d i m e n s i o n  b )  was  chosen  acco rd ing  to 
the  e l ec t rode  m a t e r i a l  so as to o b t a i n  r e a s o n a b l e  
e x p o s u r e  t imes .  F o r  e x a m p l e ,  an  e x p o s u r e  t i m e  of 
15 sec was  r e q u i r e d  for  a c a r b o n  e l ec t rode  10 m m  in 
t h i ckness  ( x - r a y :  Cu, K s ) ,  w h e r e a s  for  a Ni  e l ec -  

100 

23  " 

( ~ / /  ~- 45 I , v 

Fig. 4. Electrolytic cell for the study of phase distribution in 
a porous electrode. A, Electrolyte compartment; B, gas compart- 
ment; C, porous electrode, a, Original electrode thickness, b. X-ray 
path length. Note: dimensions in millimeters. 
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t r o d e  3 m m  in t h i ckness  an  e x p o s u r e  t ime  of 1 h r  
was  r e q u i r e d  ( x - r a y :  Mo, K~Kfl ) .  

C o m p a r t m e n t  A of t he  cel l  is an  e l e c t r o l y t e  c o m -  
p a r t m e n t  cons i s t ing  of a c o u n t e r e l e c t r o d e ,  r e f e r e n c e  
e lec t rode ,  e l e c t r o l y t e  input ,  and  degass ing  device .  
C o m p a r t m e n t  B is connec t ed  to a gas  c i rcu i t  con-  
s t r u c t e d  such t h a t  the  gas  p r e s s u r e  is va r i ab l e .  The  
l a t e r a l  e l e c t r o d e  p l a n e - c o m p a r t m e n t  con tac t s  w e r e  
sea l ed  us ing  an  a p p r o p r i a t e  p o l y m e r .  

To o b t a i n  a we l l  def ined  x - r a y  p l a t e  in  th is  w o r k  
the  s ame  r a d i o g r a p h i c  cond i t ions  as those  in the  
p r e c e d i n g  s t u d y  m u s t  be  fulf i l led.  H o w e v e r ,  the  
a b s o r b i n g  p o w e r  of 30 w t  % KOH,  n o r m a l l y  used  
in fue l  cel ls  is, a t  t imes ,  insuff ic ient  to a s su re  good 
con t r a s t  b e t w e e n  the  d r y  a n d  w e t  po r t i ons  of the  
e lec t rode .  In  th is  case, the  a d d i t i o n  of an  agen t  h a v -  
ing  s t rong  a b s o r p t i o n  p o w e r s  is q u i t e  necessa ry .  
Thus  for  t he  s tud ies  on Ni  e lec t rodes ,  us ing  p r e s s u r e  
as the  va r i ab l e ,  t he  a d d i t i o n  of a m m o n i a c a l  s i l ve r  
sa l t s  to the  K O H  p e r m i t t e d  good i m a g e  c o n t r a s t  to 
be ob ta ined .  H o w e v e r  if e l e c t r o c h e m i c a l  s tud ies  
w e r e  to be  c a r r i e d  out  on these  s a m e  e lec t rodes ,  th is  
a d d i t i o n  w o u l d  be ou t  of t he  ques t ion .  A poss ib le  
so lu t ion  to th is  p r o b l e m  w o u l d  be to i n c r e a s e  the  
K O H  a b s o r p t i v e  p o w e r  b y  the  a d d i t i o n  of CsOH. 
F o r  the  s tud ies  c a r r i e d  out  on a c t i v a t e d  ca rbon  no 
add i t i ve s  w e r e  n e c e s s a r y  for  good i m a g e  con t ras t .  

The  e x p l o i t a t i o n  of x - r a y  p l a t e s  m u s t  be  m a d e  b y  
e x a m i n a t i o n  on a s u i t a b l e  nega toscope .  I t  is no t  
poss ib le  to ob t a in  exac t  i n f o r m a t i o n  f r o m  the  p r i n t s  
of these  p la tes ,  s ince t he  p a p e r  n o r m a l l y  canno t  r e -  
p r o d u c e  the  con t r a s t s  p r e s e n t  in t he  o r ig ina l  n e g a -  
t ive.  Thus  the  p h o t o g r a p h s  r e p r o d u c e d  in th is  a r t i -  
cle a r e  u n a b l e  to g ive  an  exac t  i nd i ca t i on  of the  
con t r a s t s  p r e s e n t  in t he  o r ig ina l  nega t ive .  

Results  

Observation of the gas-electrolyte interface in a 
double porosity nickel  e lec trode. - -An i n i t i a l  p h o t o -  
g r a p h  was  t a k e n  of t he  d r y  e l e c t r o d e  be fo re  i n t r o -  
duc ing  the  e l ec t ro ly te .  On th is  p h o t o g r a p h  (Fig .  5, 
No. 1) two  zones of d i f fe ren t  po ros i t i e s  m a y  be 
d i s t i n g u i s h e d :  ( i )  a c l ea r  zone 0.8 m m  th i ck  co r -  
r e s p o n d i n g  to t h e  s m a l l  po re s  (2-5t ,  d i a m e t e r ) ;  and  
(ii) a d a r k  zone 2 m m  t h i c k  c o r r e s p o n d i n g  to t he  
l a rge  po re s  (30-50t~ d i a m e t e r ) .  

The  e l e c t r o l y t e  was  t h e n  i n t r o d u c e d  in to  the  cel l  
and  a gas  p r e s s u r e  of 300 g / c m  ~ was  app l i ed .  F o r  
th is  s y s t e m  th is  p r e s s u r e  is s l i g h t l y  b e l o w  t h a t  a t  

Fig. 5. X-ray plates of the gas-electrolyte interface position in 
a double porosity Hi electrode, a. Small porosity zone. b. Large 
porosity zone. 1, Dry electrode; 2, wet electrode; 3, flooded elec- 
trode; 4, regenerated electrode. 
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w h i c h  b u b b l i n g  occurs .  A second  p h o t o g r a p h  was  
t hen  t a k e n  (Fig .  5, No. 2) w h i c h  differs  f r o m  the  
first  in  t h a t  the  s m a l l  p o r o s i t y  zone is no l o n g e r  
v is ib le .  This  i nd i ca t e s  t ha t  th is  zone is c o m p l e t e l y  
f i l led w i t h  e l ec t ro ly te .  The  l a r g e  p o r o s i t y  zone e x -  
h ib i t s  no modi f i ca t ion  w h a t s o e v e r .  

F o l l o w i n g  this  the  d i f f e r en t i a l  p r e s s u r e  was  
v a r i e d  b e t w e e n  300 and  50 g / c m  2. P h o t o g r a p h s  
t a k e n  u n d e r  these  cond i t ions  w e r e  e s sen t i a l l y  i d e n -  
t i ca l  to p h o t o g r a p h  2, thus  i n d i c a t i n g  t h a t  t he  gas -  
e l e c t r o l y t e  i n t e r f ace  r e m a i n e d  in a r e l a t i v e l y  con-  
s t an t  posi t ion.  

These  e x p e r i m e n t s  v e r i f y  t he  g e n e r a l l y  accep t ed  
hypo the s i s  tha t ,  in  doub le  p o r o s i t y  e lec t rodes ,  the  
g a s - e l e c t r o l y t e  i n t e r f a c e  r e m a i n s  at  t he  j u n c t i o n  of 
the  two  zones in  a l a r g e  r a n g e  of  d i f f e ren t i a l  p r e s -  
sures.  

A n o t h e r  hypo thes i s ,  m o r e  c o n t r o v e r s i a l  t h a n  the  
p receden t ,  concerns  t he  poss ib i l i t i e s  of r e g e n e r a t i o n  
of an  e l ec t rode  a f t e r  f looding occurs .  C e r t a i n  a u -  
thors  (6)  a d m i t  t h a t  w h e n  an  a c c i d e n t a l l y  f looded 
e l ec t rode  is s u b m i t t e d  to a d i f f e r en t i a l  p r e s s u r e  su -  
p e r i o r  to t ha t  a t  w h i c h  b u b b l i n g  occurs  for  a few 
m o m e n t s  the  f looded l a r g e  p o r o s i t y  zone is com-  
p l e t e l y  p u r g e d  of l iqu id .  

In  o r d e r  to v e r i f y  th is  an  e l ec t rode  was  d e l i b e r -  
a t e l y  f looded b y  e l i m i n a t i o n  of t h e  d i f f e ren t i a l  p r e s -  
sure.  A p h o t o g r a p h  was  t a k e n  u n d e r  these  cond i -  
t ions (Fig .  5, No. 3) .  A d i f f e r en t i a l  p r e s s u r e  su -  
p e r i o r  to t ha t  at  w h i c h  b u b b l i n g  occurs  (350 g / c m  2) 
was  t hen  a p p l i e d  for  a few m o m e n t s .  The  p r e s s u r e  
was  then  r e t u r n e d  to 300 g / c m  2 and  a p h o t o g r a p h  
t a k e n  (Fig .  5, No. 4) ,  w h i c h  shows  t h e  ex i s t ence  of 
c lea r  zones in t he  l a r g e  p o r o s i t y  sec t ion  of t he  e lec -  
t r o d e  i n d i c a t i n g  t ha t  e l e c t r o l y t e  pocke t s  r e m a i n  in 
th is  r eg ion  of t he  e lec t rode .  

Thus  i t  m a y  be  s t a t ed  t ha t  t he  p r o p o s e d  p r o c e -  
du re  (6)  to e l i m i n a t e  the  l i qu id  in  the  l a r g e  p o r o s -  
i t y  zone of a f looded e l ec t rode  b y  i n c r e a s i n g  the  d i f -  
f e r e n t i a l  p r e s s u r e  does no t  r e s t o r e  the  e l e c t r o d e  to 
i ts  i n i t i a l  condi t ion .  This  cou ld  exp la in ,  in ce r t a in  
cases, the  o b s e r v e d  d rop  in e l ec t rode  p e r f o r m a n c e  
a f t e r  a cc iden t a l  f looding.  

Radiographic observations of a polarized eLec- 
t rode. - - In  th is  s t u d y  r a d i o g r a p h y  is a p p l i e d  to  t he  
o b s e r v a t i o n  of e l e c t r o c h e m i c a l  p h e n o m e n a  o c c u r -  
r ing  in  the  i n t e r i o r  of po rous  e lec t rodes .  Thus  the  
effect of p o l a r i z a t i o n  on the  pos i t ion  of the  ga s -  
e l e c t r o l y t e  i n t e r f ace  is e x a m i n e d .  C a r b o n  e l ec t rodes  
( o x y g e n  ca thodes )  a r e  p a r t i c u l a r l y  su i t ed  to such 
a s tudy ,  s ince  t h e y  possess  h igh  e l e c t r o c h e m i c a l  ac -  
t i v i t y  ( e v e n  a t  low t e m p e r a t u r e s )  in  a d d i t i o n  to 
e x c e l l e n t  x - r a y  a b s o r p t i o n  p rope r t i e s .  

The  e l ec t rode  used  in th is  w o r k  w a s  m a d e  of a 
c a rbon  s u p p o r t  4 m m  in t h i c k n e s s  cove red  w i t h  a 13 
m m  t h i c k  l a y e r  of a c t i v a t e d  ca rbon .  The  p h o t o -  
g r a p h s  a r e  s h o w n  in Fig.  6: No. 1 is of  t he  d r y  
e l ec t rode ;  No. 2 was  t a k e n  a f t e r  i n t r o d u c t i o n  of the  
e l e c t r o l y t e  and  a p p l i c a t i o n  of a gas  p r e s s u r e  s l i gh t ly  
l o w e r  t h a n  t h a t  a t  w h i c h  b u b b l i n g  occurs.  I t  can 
be  seen  t h a t  the  e l e c t r o l y t e  we t s  t he  en t i r e  ac t ive  
po r t i on  of t he  e lec t rode .  

F o l l o w i n g  this ,  t he  e l ec t rode  was  s u b m i t t e d  to a 
ca thod ic  c u r r e n t  of 2 m a / c m  ~ for  a p p r o x i m a t e l y  10 



VoL 111, No,  3 S T R U C T U R E  A N D  O P E R A T I O N  O F  E L E C T R O D E S  269 

Fig. 6. X-ray plates obtained in a study of a working carbon 
electrode. 1, Dry electrode; 2, wet electrode; 3, polarized electrode. 

min.  P h o t o g r a p h  3 (Fig .  6) was  t a k e n  u n d e r  these  
condi t ions .  I t  can  be  seen  t h a t  t h e  w e t  r e g i o n  of 
the  e l e c t r o d e  has  a b s o r b e d  the  x - r a y s  to a g r e a t e r  
e x t e n t  t h a n  in i t i a l ly .  E x p e r i m e n t s  t hen  p e r f o r m e d  
for  h i g h e r  c u r r e n t s  and  l onge r  e l ec t ro lys i s  t imes  
r e s u l t e d  in e s s e n t i a l l y  i d e n t i c a l  p h o t o g r a p h s .  In  a d -  
d i t ion  an  x - r a y  t a k e n  a f t e r  c u r r e n t  r u p t u r e  r e s u l t e d  
in a s i m i ] a r i l y  i den t i ca l  p h o t o g r a p h .  The  i n t e r p r e -  
t a t ion  of the  p h e n o m e n a  o b s e r v e d  r e q u i r e s  f u r t h e r  
s tudy .  H o w e v e r  i t  s eems  p r o b a b l e  t h a t  the  v a r i a t i o n  
in a b s o r p t i o n  is due  to a p r o g r e s s i v e  w e t t i n g  of 
m i c r o p o r e s  i n i t i a l l y  f i l led w i t h  gas. 

Conclusion 

The p u r p o s e  of th is  p a p e r  was  to i nd i ca t e  to e lec -  
t r o c h e m i s t s  the  poss ib i l i t i e s  of a t e c h n i q u e  which ,  
to the  p r e s e n t  t ime ,  has  no t  been  e m p l o y e d  in th is  
field. As  has  been  seen,  v a r i e d  and  i m p o r t a n t  i n -  
f o r m a t i o n  m a y  be o b t a i n e d  t h r o u g h  r a d i o g r a p h i c  
s tudies ,  u s u a l l y  r e q u i r i n g  r e l a t i v e l y  s imple ,  r ap id ,  
and  i n e x p e n s i v e  e x p e r i m e n t s .  

F u r t h e r  w o r k  w i l l  c e r t a i n l y  g ive  i n f o r m a t i o n  
conce rn ing  the  o p e r a t i n g  m e c h a n i s m  of porous  
e l ec t rodes  and  a l l ow a choice  a m o n g  the  d i f fe ren t  
h y p o t h e s e s  p r o p o s e d  to e x p l a i n  t h e  e l e c t r o c h e m i c a l  
p r o p e r t i e s  of these  e lec t rodes .  X - r a y  t echn iques  
m a y  be  used,  no t  on ly  to v e r i f y  t he  p o r o s i t y  and  
h o m o g e n e i t y  of po rous  e lec t rodes ,  b u t  also for  the  
ve r i f i ca t ion  of these  p r o p e r t i e s  for  a l l  o t h e r  porous  
m a t e r i a l s  of m o r e  g e n e r a l  i n t e r e s t .  E l e c t r o c h e m i c a l  
app l i c a t i ons  of r a d i o g r a p h i c  t e chn iques  a r e  not  
l i m i t e d  to t he  e x a m i n a t i o n  Of the  t e x t u r e  and  o p e r -  
a t ion  of po rous  e lec t rodes ,  for  w h i c h  f u n d a m e n t a l  
s tud ies  a r e  difficult .  Thus,  i t  is o f ten  n e c e s s a r y  to 
use  s imp le  models ,  such as m o n o t u b u l a r  t r i p l e -  
con tac t  e lec t rodes .  The  pos i t i on  and  m o r p h o l o g y  of 
t he  men i scus  in  such e l ec t rodes  m a y  be  s t ud i ed  
us ing  x - r a y  t e chn iques  (2, 7) .  H e r e  a g a i n  r a d i -  
o g r a p h y  is a p o w e r f u l  and  f r e q u e n t l y  i r r e p l a c e a b l e  
tool  for  the  e l ec t rochemis t .  
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ABSTRACT 

The cathodic polar iza t ion  behavior  of NiSi, NiAs, NiSb, NiTe2, and NiS at  
room t e m p e r a t u r e  has been de te rmined  in 1M perch lora te  solutions at  pH 
0.04 and pH 10.8 up to --1.0v vs. the revers ib le  hydrogen  electrode.  Measure -  
ments  were  also made  on Ni, St, Sb, Te, and on Ni electrodes exposed to As203 
and H2S. Sb, Te, St, and Ni -4- As2Oa exhibi t  kinet ic  pecul iar i t ies  which are  p rob -  
ab ly  a t t r ibu tab le  to hydr ide  formation,  bu t  these fea tures  are  not  genera l ly  
shown by the corresponding nickel  compounds.  Wi th  the  except ion of Si in 
acid solution, al l  of the  e lect rodes  show an ex tended  Tafel  l ine  indica t ing  the  
hydrogen  evolut ion react ion wi th  the fol lowing character is t ics .  In  a lka l ine  
solution, the  Tafel  slope is g rea te r  than  100 mv for all  metals ,  whi le  the  ex-  
change cur ren t  is be tween  10 -5 and 10 - s  a m p / c m  2. In  acid solution, Ni, Sb, 
NiSi, NiSb, and Ni -t- As203 have  slopes close to 120 mv, whi le  Te, NiTe2, 
Ni A- H2S, and NiS show slopes be tween  50 and 80 my. The exchange cur -  
rents  in acid solut ion va ry  f rom about  10 -5 for  Ni to about  10 -11 a m p / c m  2 for 
Te. For  NiAs, NiTe2, and  NiSi,  the re  exist  regions where  the  cur ren t  densi t ies  
at a g iven overpoten t ia l  exceed those on e i ther  of the  ind iv idua l  elements.  
Results  are  discussed wi th  a v iew to dis t inguishing the  role of atomic and 
c rys ta l  factors  in the  e lec t roca ta ly t ic  ac t iv i ty  of the e lec t rode  mater ia ls .  The 
intr insic  chemical  p roper t ies  of the  surface atoms appear  to domina te  the  
mechanism of the hydrogen  reaction,  whi le  the  crys ta l l ine  proper t ies  s t rongly  
influence the rates .  

Two g e n e r a l  a p p r o x i m a t i o n s  a r e  u se fu l  in  i n t e r -  
p r e t i n g  the  c h e m i c a l  a c t i v i t y  of c r y s t a l l i n e  sur faces .  
The  first,  w h i c h  m a y  b e  d e s i g n a t e d  the  " a tomic  a p -  
p roach , "  c i tes  t he  i n t r i n s i c  r e a c t i v i t y  of t he  i n d i -  
v i d u a l  su r f ace  a toms  a n d  t r e a t s  t he  c r y s t a l  e n v i r o n -  
m e n t  as a p e r t u r b a t i o n .  This  a p p r o a c h  has  been  
ef fec t ive ,  for  ins tance ,  in  t r e a t i n g  t h e  c h e m i s o r p t i o n  
of o x y g e n  on m e t a l l o i d  su r faces  (1 ) ,  t he  d i s so lu t ion  
r eac t ions  of c o m p o u n d  s e m i c o n d u c t o r s  (2) ,  and  the  
excess  r e a c t i v i t y  of l ine  d i s loca t ions  (3) .  The  a l -  
t e r n a t i v e  a p p r o a c h  concen t r a t e s  on the  s t r u c t u r a l  
and  e lec t ron ic  p r o p e r t i e s  of t he  c r y s t a l  as a w h o l e  
and  a t t aches  b u t  s e c o n d a r y  s igni f icance  to t he  spe -  
cific a tomic  compos i t ion .  A d v o c a t e s  of th i s  " c r y s t a l  
a p p r o a c h "  poin t ,  for  e x a m p l e ,  to c h e m i s o r p t i o n  
a n d  ca t a ly s i s  on t r a n s i t i o n  m e t a l  a l loys  (4)  a n d  on 
s e m i c o n d u c t i n g  ox ides  (5) .  

In  e l e c t r o c h e m i c a l  su r f ace  reac t ions ,  ev idence  
can  be  f o u n d  to s u p p o r t  bo th  v iews .  Thus ,  t he  r a t e s  
of r e d o x  r eac t i ons  such as  the  f e r r o u s / f e r r i c  ion 
r e a c t i o n  at  m e r c u r y  and  p l a t i n u m  sur faces  (6)  a r e  
d e t e r m i n e d  b y  the  e l ec t ron ic  p r o p e r t i e s  of t he  e l ec -  
t r o d e  as a whole .  On  the  o t h e r  hand ,  t he  p a s s i v a t i o n  
of  t i t a n i u m  b y  t r a c e  add i t i ons  of p l a t i n u m  (7)  
seems  to i m p l y  t h a t  h y d r o g e n  d i s c h a r g e  is an  i n -  
t r in s i c  p r o p e r t y  of t he  p l a t i n u m  a t o m s  themse lves .  
A p a r t i c u l a r l y  i n t e r e s t i n g  case is t he  anod ic  d i s so -  
lu t ion  of g e r m a n i u m .  A t  low c u r r e n t  dens i t i es ,  t he  
course  of r e a c t i o n  is s t r o n g l y  cond i t i oned  b y  the  
c h e m i c a l  p r o p e r t i e s  of t he  su r f ace  a toms,  w h i l e  a t  
h igh  c u r r e n t  dens i t ies ,  t he  r a t e  is l i m i t e d  b y  w h a t  

is unar r rb iguous ly  a c r y s t a l  p r o p e r t y ,  viz., the  d i f -  
fus ion  of e l ec t ron  holes  to t he  r e a c t i n g  i n t e r f ace  
(8) .  

The  d i s t i nc t ion  b e t w e e n  the  a tomic  and  c r y s t a l  
f ac to r s  is of  h e u r i s t i c  v a l u e  in s tud ies  of su r f ace  r e -  
ac t iv i ty .  E i t h e r  a p p r o x i m a t i o n  p r o v i d e s  a p o i n t  of 
d e p a r t u r e  for  e l a b o r a t i n g  the  de ta i l s  of m e c h a n i s m  
and,  a t  the  s a m e  t ime ,  compr i s e s  an  i m m e d i a t e l y  
u se fu l  g u i d e l i n e  for  op t im iz ing  the  p r o p e r t i e s  of 
n e w  t echn i ca l  ma t e r i a l s .  

The  o b j e c t i v e  of t he  p r e s e n t  ser ies  of s tud ies  is 
to c l a r i f y  the  inf luence  of c r y s t a l  e n v i r o n m e n t  on 
the  e l ec t rochemica l ,  and  p a r t i c u l a r l y  the  e l e c t r o -  
ca ta ly t i c ,  p r o p e r t i e s  of a t r a n s i t i o n  m e t a l  a tom.  W e  
h a v e  chosen  to e x a m i n e  s e v e r a l  c o m p o u n d s  of 
n i cke l  w i t h  e l e m e n t s  f r o m  g roups  IVB, VB, and  
VIB  of the  P e r i o d i c  Table .  The  use of such  c o m -  
p o u n d s  was  f a v o r e d  for  two  reasons :  t he  c l ea r  
c h e m i c a l  d i f fe rences  b e t w e e n  the  c o m p o n e n t  e l e -  
ments ,  and  the  h i g h l y  o r d e r e d  a tomic  coord ina t ion .  

Each  of the  c o m p o u n d s  is a s e m i m e t a l  whose  co-  
hes ive  e n e r g y  is c o n c e n t r a t e d  in l a r g e  p a r t  a m o n g  
d i r e c t e d  cova l en t  b o n d s  b e t w e e n  n i c k e l  a n d  i ts  
c o m p a n i o n  e l emen t .  D i r e c t  c a t i o n - c a t i o n  va l enc i e s  
a r e  also p resen t ,  h o w e v e r ,  and  a re  e v i d e n c e d  b y  
the  v a r i o u s  c r y s t a l  s t r u c t u r e s  (9 ) .  F o r  e x a m p l e ,  
N iAs  and  N iSb  b o t h  t a k e  on the  B81 s t r u c t u r e  in 
w h i c h  the  n i c k e l  sub l a t t i c e  e x h i b i t s  s imp le  h e x a g -  
ona l  s y m m e t r y ,  w h i l e  t he  i n t e r p e n e t r a t i n g  As  or  
Sb  sub l a t t i c e  e x h i b i t s  c l o s e - p a c k e d  h e x a g o n a l  
pack ing .  I f  d i r ec t  i n t e r a c t i o n s  b e t w e e n  the  n i cke l  

270 
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a t o m s  w e r e  absen t ,  t he  c / a  r a t i o  of t he  c r y s t a l s  
w o u l d  e q u a l  1.33 in consequence  of t he  an ion  s u b -  
la t t ice .  A c t u a l l y ,  c / a  = 1.390 for  NiAs  and  1.308 for  
NiSb,  the  d i s t o r t i on  be ing  a t t r i b u t a b l e  to d i r ec t  
c a t i o n - c a t i o n  i n t e r a c t i o n  in  t he  c - d i r e c t i o n  (10) .  

In  t he  p r e s e n t  pape r ,  we  d e s c r i b e  t he  ca thod ic  
p o l a r i z a t i o n  cha rac t e r i s t i c s  of NiSi ,  NiAs,  NiSb,  
NiS,  a n d  NiTe2 e l ec t rodes  a n d  c o m p a r e  t he  r e su l t s  
w i t h  those  o b t a i n e d  on t h e i r  c o n s t i t u e n t  e l ements .  
The  e l e m e n t s  h a v e  been  s t u d i e d  in  t h e  f o r m  of b u l k  
c rys t a l s  (Ni,  Sb, St, and  Te)  or  as a d s o r b e d  f i lms 
on n i cke l  ( A s ) .  Spec i a l  e m p h a s i s  is p l a c e d  on e lec -  
t r o c a t a l y s i s  of the  h y d r o g e n  evo lu t i on  r e a c t i o n  
(h .e . r . ) .  

E x p e r i m e n t a l  Procedures 

The c o m p o u n d s  w e r e  p r e p a r e d  f r o m  s p e c t r o s c o p -  
i ca l ly  p u r e  e l e m e n t s  b y  d i r ec t  fus ion  of s to ich io -  
m e t r i c  m i x t u r e s  in  e v a c u a t e d  q u a r t z  capsu les ,  d i -  
r e c t i ona l  f r eez ing  f r o m  t h e  mel t ,  and  a n n e a l i n g  jus t  
b e l o w  the  m e l t i n g  points .  The  m e l t i n g  po in t s  and  
r e l e v a n t  phase  d i a g r a m s  a re  g iven  b y  H a n s e n  (11) .  
The  ingots  w e r e  a l l  o b t a i n e d  as s ing le  p h a s e  m a t e -  
r ia l ;  t h e  NiAs,  NiSb ,  and  the  NiTe2 cons i s t ed  of 
s e v e r a l  l a rge  c r y s t a l  gra ins ,  w h i l e  t he  NiS and  NiSi  
w e r e  dense  b u t  m i c r o c r y s t a l l i n e .  The  e l e m e n t a l  
Ni, Sb, St, and  Te s a m p l e s  a l l  cons i s t ed  of  s ingle  
c r y s t a l  sect ions.  T h e  s i l icon s a m p l e  was  s e m i c o n -  
duc to r  g r a d e  m a t e r i a l  d o p e d  w i t h  1 p p m  of p h o s -  
phorus ,  w h i c h  i m p a r t s  an  e l ec t r i c a l  c o n d u c t i v i t y  of 
1 ( o h m - c m )  -1 

C y l i n d r i c a l  s p e c i m e n s  w e r e  cu t  f r o m  each  s a m -  
p le  and  m o u n t e d  in a c lose - f i t t ing  P y r e x  h o l d e r  
w i th  K e l - F  w a x  (12) .  F l a t  su r f aces  w i t h  a geo-  
m e t r i c  a r e a  of ,~ 0.75 c m  2 w e r e  exposed  b y  g r i n d -  
ing, f o l l o w e d  b y  m e c h a n i c a l  po l i sh ing ,  and,  w h e r e  
poss ib le ,  b y  c h e m i c a l  or  e l e c t r o l y t i c  pol i sh ing .  The  
s amp le s  w e r e  t h e n  w a s h e d  u l t r a s o n i c a l l y ,  t r e a t e d  
w i t h  ch romic  a c i d / s u l f u r i c  ac id  c l ean ing  solut ion ,  
t h o r o u g h l y  r i n s e d  w i t h  t r i p l y  d i s t i l l ed  w a t e r ,  and  
t r a n s f e r r e d  d i r e c t l y  to  the  t es t  cell .  

A n  a l l - P y r e x  t h r e e - c o m p a r t m e n t  cel l  was  e m -  
p l o y e d  in w h i c h  the  w o r k i n g  e l ec t rode  was  s e p a -  
r a t e d  f r o m  a p l a t i n u m  coun te r  e l e c t r o d e  b y  a glass  
f r i t .  The  so lu t ions  e m p l o y e d  w e r e  1M p e r c h l o r i c  
ac id  (pH 0.04) and  1M s o d i u m  p e r c h l o r a t e  a d -  
j u s t e d  to p H  10.8. Po t en t i a l s  w e r e  m e a s u r e d  a ga in s t  
a r e v e r s i b l e  h y d r o g e n  e l ec t rode  in t he  s ame  so lu -  
t ion.  P o t e n t i o s t a t i c  and ,  occas iona l ly ,  g a l v a n o s t a t i c  
m e t h o d s  w e r e  used  to o b t a i n  s t e a d y - s t a t e  p o l a r i -  
za t ion  da ta .  The  so lu t ions  w e r e  s t i r r e d  b y  a s t r e a m  
of h y d r o g e n  or  n i t r o g e n  w h i c h  was  pur i f i ed  b y  
pas sage  t h r o u g h  a l i qu id  n i t r o g e n  t rap .  The  t e m -  
p e r a t u r e  w a s  25 ~ • 0.1~ 

The  e l e c t r o d e  u n d e r  s t u d y  was  t r a n s f e r r e d  to the  
tes t  so lu t ion  and  was  i m m e d i a t e l y  p o l a r i z e d  s t e p -  
wise  to po t en t i a l s  n e g a t i v e  to t he  r e f e r e n c e  h y d r o -  
gen  e l e c t r o d e  in t h e  s a m e  solut ion .  W h e n  t h e  c a t h -  
odic c u r r e n t  e x c e e d e d  0.3 amp/cn~  e or  the  p o t e n t i a l  
e x c e e d e d  --1.0v,  t he  p a t h  was  r e t r a c e d  to t he  res t  
p o t e n t i a l  ( in  g a l v a n o s t a t i c  m e a s u r e m e n t s ) ,  or  un t i l  
the  d i r ec t ion  of the  c u r r e n t  was  r e v e r s e d  b y  the  
onse t  of anodic  d i s so lu t ion  ( in  p o t e n t i o s t a t i c  m e a s -  
u r e m e n t s ) .  

.~ -oe 

-oh 

[ - o 4  

-0 . I  

ol 

, 

I �9 

f i - : .  

o . . ' 1  ~ " 

~H ~ ; S  l" 
.I,Y -~ 

i / L i 
.~-~ i o - "  , 0  - 3  to  - 2  i o - '  

--c.o (A/Cm 2 ) 

Fig. 1. H.e.r. on nickel in 1M HCIO4, pH 0.04 and in 1M NaCIO4 
10 - 2  NaOH, pH 10.8 at 25~ Solution preelectrolyzed at 30 

ma for 6 hr. Results of ten runs at pH 0.04 with mean b ~ 0.125v, 
io ~ 2 x 10 - 6  amp/cm 2 and of six runs at pH 10.8 with b 
0.I05v, io ~ 1 x 10 - 5  amp/cm 2. 

Results 

The  r e su l t s  a r e  s u m m a r i z e d  in  Fig .  1-6 as  p lo ts  of 
p o t e n t i a l  vs .  l o g a r i t h m  of t he  c u r r e n t  dens i ty .  A l l  
p o t e n t i a l s  a r e  r e f e r r e d  to t h e  s t a n d a r d  h y d r o g e n  
e l ec t rode ;  t he  c u r r e n t  dens i t i e s  (C.D.)  a r e  in  
a m p e r e s  p e r  un i t  g e o m e t r i c  a r ea  of t he  e l ec t rode  
sur face .  In  each  f igure,  the  r e su l t s  for  e l e m e n t a l  
n i cke l  a r e  g i v e n  for  r e a d y  compar i son .  The  d i s p e r -  
s ion in  the  n i c k e l  da ta ,  s h o w n  in d e t a i l  in  Fig .  1, 
covers  the  r e su l t s  for  a b o u t  t en  i n d e p e n d e n t  e x -  
p e r i m e n t s  in w h i c h  the  effects of r e m o u n t i n g  the  
e lec t rode ,  of m e c h a n i c a l  vs.  e l e c t r o c h e m i c a l  po l i sh -  
ing, of e x t e n d e d  p r e e l e c t r o l y s i s ,  a n d  of r e c y c l i n g  
w e r e  obse rved .  The  d e g r e e  of r e p r o d u c i b i l i t y  and  
the  abso lu t e  v a l u e s  of the  d a t a  on n i c k e l  c o m p a r e  
f a v o r a b l y  w i t h  o t h e r  w o r k  (13) .  I n c l u d e d  in t he  
b a n d s  of d a t a  a r e  s l igh t  h y s t e r e s i s  effects,  i.e., 
h i g h e r  o v e r p o t e n t i a l s  in  t he  d i r ec t i on  of  de c r ea s ing  
c u r r e n t  t h a n  in  t he  oppos i t e  d i rec t ion .  

V i r t u a l l y  a l l  of t he  r e su l t s  show a pos i t i ve  d e v i a -  
t ion  f rom the  Tafe l  l ine  a t  C.D. 's  e x c e e d i n g  10 -2 
a m p / c m  ~. S ince  the  d e v i a t i o n  d e p e n d s  on c u r r e n t  
r a t h e r  t h a n  po t en t i a l ,  i t  is u n l i k e l y  to r e su l t  f r om 
a f u n d a m e n t a l  effect, such  as i nc r e a s ing  su r face  
c o v e r a g e  b y  h y d r o g e n  a toms.  I t  is m o r e  p r o b a b l y  an 
a r t i f a c t  due  to p a r t i a l  b l o c k i n g  of t he  su r f ace  b y  
h y d r o g e n  b u b b l e s  g e n e r a t e d  b y  the  h.e .r .  

N iS i  and  S t . - - F i g u r e  2 s u m m a r i z e s  t he  r e su l t s  for  
Ni, St, and  NiSi ,  in bo th  ac id  a n d  a l k a l i n e  solut ions.  
E l e m e n t a l  s i l icon shows  a c o m p l e x  b e h a v i o r ,  p r o b -  
a b l y  a t t r i b u t a b l e  to t he  effects  of SiO2 w h i c h  is 
s t ab le  t h r o u g h o u t  the  p o t e n t i a l  r a n g e  u n d e r  s tudy .  
(SIO2 q- 4H + q- 4e : Si  q- 2H20; Eo -= - -0 .86v)  
(14) .  1 In  t he  d i r ec t i on  of i n c r e a s i n g  o v e r p o t e n t i a l  
the  p o l a r i z a t i o n  c u r v e  shows  a s h a r p  u p s w i n g  at  
c u r r e n t s  e x c e e d i n g  --~ 0.5 m a / c m  ~. In  th is  reg ion ,  

1 IUPAC convention adopted in 1953 is followed. 
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Fig. 2. Cathodic polarizatio, curves (log C.D. vs.  potentials) for 
NiSi and Si in 1M HCIO4, pH 0.04, and in 1M NaCIO4 -I- 10 - 2 M  
NaOH, pH 10.8 at 25~ At pH 0.04, I, Ni (for comparison); II, 
NiSi; IliA, Si toward higher cathodic potentials (up); l l lm Si, 
toward lower cathodic potentials (down). At pH 10.8, IV, Ni (for 
comparison); VA, NiSi (up); Vm NiSi (down); Vi, Si (A, stirred, 
B, unstirred). 

the va r i a t i on  of c u r r e n t  at  cons tan t  po ten t i a l  
showed a cur ious  t ime  dependence .  The c u r r e n t  de-  
creased,  e.g., f rom 1.2 m a / c m  2 to 0.4 m a / c m  2 at 
0.5v, then  j u m p e d  back  to the  or ig ina l  va lue  f rom 
whence  it r epea ted  the decay wi th  a f r e q u e n c y  of 
abou t  1 cyc le /2  rain. The  a p p a r e n t  decrease in  the  
cathodic c u r r e n t  m a y  resu l t  f rom an  increase  in 
oxide th ickness  by  the slow anodic  ox ida t ion  which  
occurs even  at  nega t ive  potent ia ls .  U n d e r  the  con-  
di t ions  of the e x p e r i m e n t  the  surface  appears  u n -  
changed;  the absence  of i n t e r f e r ence  colors impl ies  
a total  oxide th ickness  < 1000A. The r ap id  j u m p  to 
h igher  cathodic cu r r en t s  impl ies  mechan ica l  b r e a k -  
down  of the oxide w h e n  the  th ickness  exceeds a 
cr i t ical  value.  The  tota l  anodic  c u r r e n t  m u s t  be 
smal le r  t h a n  tha t  co r respond ing  to the  p r e d o m i n a n t  
cathodic reac t ion ;  which  is doubt less ly  h y d r o g e n  
evolut ion.  F u r t h e r  ev idence  for anodic  film fo rma-  
t ion  comes in  the r e t u r n  to lower  po ten t ia l s  a f ter  a 
p ro longed  per iod  at --700 mv.  D u r i n g  the  r e t u r n  
there  is no longer  ev idence  for the cyclic g rowth  
and  b reakdown ,  bu t  as the po ten t i a l  is ad jus ted  to 
va lues  be low --300 mv,  a p r o n o u n c e d  anodic  t r a n s i -  
ent  is observed  before  the cathodic c u r r e n t  takes  
over. 

In  the d i rec t ion  of decreas ing  ove rpo ten t i a l  the  
c u r r e n t  decreases l i n e a r l y  w i th  potent ia l .  The ap-  
p a r e n t  ohmic  res i s tance  is 1200 ohm-cm~; a s suming  
an average  film th ickness  of 100A in  this  po ten t i a l  
region,  one ob ta ins  a r es i s t iv i ty  p ~ 10 ~ oh m- c m,  
which  is no t  u n r e a s o n a b l e  for SiO2. I t  is p robable ,  

therefore ,  tha t  the  charac ter i s t ics  of the  cathodic 
po la r iza t ion  curve  on Si in  acid solut ions  are de t e r -  
m i n e d  p r i m a r i l y  b y  the  oxide film. A s imi la r  con-  
c lusion was  reached  by  T u r n e r  (15).  

The resul ts  on Si in  a lka l ine  so lu t ion  bea r  a su-  
perficial  r e s e mb l a nc e  to those in  acid solut ion.  One 
i m p o r t a n t  d i s t inc t ion  is the  di rect  dependence  of 
the c u r r e n t  on s t i r r ing  in  the  reg ion  of sha rp ly  
r i s ing  overpotent ia l .  This  impl ies  tha t  the  ra te  is 
l imi ted  by  a diffusion process in  the  region  of the 
e lec t rode-e lec t ro ly te  interface.  We t e n t a t i v e l y  sug-  
gest tha t  the c u r r e n t  in  this  reg ion  is not  due to 
h.e.r., bu t  to the  direct  r educ t ion  of Si to Sill4, (St 
~- 4H20 ~- 4e = Sill4 + 4 O H - ;  Eo (pH 10.8) = 
0.541v) (16).  This  reac t ion  would  be fol lowed by 
the fo rma t ion  of si l icate ion, (2 O H -  + Sill4 + 
H20 = 4He ~ SiO8 =) which  is t h e r m o d y n a m i c a l l y  
s table  t h r o u g h o u t  the  po ten t i a l  range.  The  unusua l ,  
bu t  en t i r e ly  reasonable ,  f ea tu re  of the proposed re -  
act ion is tha t  the r educ t ion  of Si to Sill4 promotes  
the  fo rma t ion  of SiO3 =. The  diffusion of Sill4 or 
SiO8 = f rom the  electrode m a y  t h e n  be respons ib le  
for the  observed  e n h a n c e m e n t  of the  ra te  by  s t i r -  
r ing.  At  sufficiently h igh  po ten t ia l s  Tafe l  behav io r  
is obse rved  wi th  io = 10 -7 a m p / c m  2 and  b = 180 
m v .  2 

NiSi  in  bo th  acid a nd  a lka l i ne  solut ions  exhib i t s  
none  of the pecul ia r i t ies  associated w i th  e l e men ta l  
silicon. The  po la r iza t ion  is charac ter i s t ic  o f  the 
h.e.r. The  Tafe l  p a r a m e t e r s  in  acid are b ~ 113 m v  
and  io ~ 4 x 10 -6 a m p / c m  2, w h i c h  are s imi la r  to 
those on n icke l  itself. The da ta  at pH 10.8 exh ib i t  
hysteresis ,  w i th  the  ove rpo ten t i a I  i n  the  d i rec t ion  of 
decreas ing  c u r r e n t  exceed ing  tha t  in  the  reverse  
direct ion.  The exchange  c u r r e n t  is ~ 10 -~ a m p /  
cm 2, i.e., abou t  the  same as on Ni, b u t  the  Tafe l  
slope is ~ 160 inv.  

NiAs a n d  A s . - - I n  acid solut ions  NiAs exhib i t s  
Tafe l  b e h a v i o r  in  the  r a nge  2 x 10-5-2 x 10 -8 a m p /  
cm 2 w i th  b = 56 mv,  a nd  io ---- 5 x 10 - s  a m p / c m  2. 
The po la r iza t ion  curve  thus  crosses tha t  of Ni (Fig. 
3).  

The h igh  res i s t iv i ty  of e l e m e n t a l  a rsenic  p roh ib i t s  
the di rect  m e a s u r e m e n t  of h y d r o g e n  ove rpo ten t i a l  
on the  arsenic  electrode.  A n  es t ima te  of the  Tafe l  
p a r a m e t e r s  for the  h.e.r, on arsenic  was  ob t a ined  by  
the fo l lowing  p rocedure :  10 -8 M/1  As208 was  added  
to a so lu t ion  w i t h  a n i cke l  e lec t rode  b iased  at  --300 
inv. The c u r r e n t  d imin i shed  s lowly  to a s t eady- s t a t e  
va lue  of 3 x 10 - ~  a m p / c m  2. Po la r i za t ion  m e a s u r e -  
men t s  t h e n  r evea led  Tafe l  behav io r  i n  the  r ange  
10 -6 to 3 x 10 -5 a m p / c m  ~ w i t h  b ---- 120 m v  and  io 
~-- 10 - s  a m p / c m  2, the  resu l t s  be ing  unaf fec ted  by  
s t i r r ing .  B e t w e e n  2 x 10 -4 a n d  2 x 10 -3 a m p / c m  2 
(ga lvanos ta t i c  m e a s u r e m e n t s  we re  specia l ly  e m -  
p loyed)  the  po ten t i a l  became  i n d e p e n d e n t  of cu r -  
rent .  However ,  the  po la r i za t ion  curve  in  this  cu r -  
r e n t  r ange  exhib i t s  an  e x t r a o r d i n a r y  dependence  on  
s t i r r ing ,  viz. ,  the  ove rpo ten t i a l  increases  w i th  s t i r -  
r ing.  As the  c u r r e n t  is increased  b e y o n d  10 -2 a m p /  

F u r t h e r  e v i d e n c e  f or  t h e  p r o p o s e d  s c h e m e  is t h e  w e l l - k n o w n  
cor ros ion  of S i  i n  a l k a l i n e  so lut ion .  A c c o r d i n g  to  t h e  p r e s e n t  da ta  
t he  h y d r o g e n  o v e r p o t e n t i a l  o n  Si  in  a l k a l i n e  so lu t i ons  is  such  t h a t  
co r ros ion  c u r r e n t s  e x c e e d i n g  10 -4 a m p / c m  -~ cou ld  no t  be  s u p p o r t e d  
b y  t h e  h.e.r .  I t  appears ,  t h e r e f o r e ,  t h a t  t h e  ca thod ic  c o m p o n e n t  o f  
the  n o r m a l  corros ion  reac t ion  m a y  b e  t h e  r e d u c t i o n  o f  S i  to  SiH~. 
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Fig. 3. Cathodic polarization curves (log C.D. vs. potentials) for 
NiAs and Ni -k 10 -3M As203 in 1M HCIO4, pH 0�9 and in 
1M NaCIO4 -k 10 -2M NaOH, pH 10.8 at 25~149 At pH 0.04, I, 
Ni; II, NiAs, mean of 5 runs; III, Ni with addition of ~ 10 -3M 
As203 in solution; (A stirred, B, unstirred). At pH 10.8, IV, Ni, 
no effect of ,~, 10 -3M As203 added to solution�9 V, NiAs (A, 
"up"; B, "down")�9 

longed  electrolysis  a t  - -300 m v  does no t  affect the  
resul ts .  

In  a lka l ine  solut ions  NiAs exhib i t s  some hys t e r e -  
sis, b u t  gene ra l l y  obeys the  Tafe l  r e l a t ion  w i th  b 
= 155 m v  a nd  io = 7 x 10 -7 a m p / c m  z. In  cont ras t  
to the  resul t s  in  acid solut ion,  add i t ion  of 10 -8 M/1 
As208 has no effect on the h.e.r, on n i cke l  electrodes.  

NiSb  and S b . - - I n  acid solut ions  NiSb  exhib i t s  a 
Tafel  behav io r  w i th  b = 108 m v  a nd  io ~-- 2 x 10 - s  
a m p / c m  z over  the C.D. r a nge  5 x 10 -~ to 10 -~ a m p /  
cm ~ (Fig. 4) .  At  lower  cur ren t s ,  the  ove rpo ten t i a l  
is less t h a n  tha t  ex t r apo la t ed  f rom the  Tafe l  l ine  
a nd  is t ime  dependen t .  I n  the  case of Sb  there  is 
ev idence  for Tafe l  behav io r  on ly  a t  cu r r en t s  ex -  
ceeding 10 -8 a m p / c m  2 (wi th  b ~ 180 m v  a n d  
io = 2 x 10 -~ a m p / c m 2 ) .  A t  lower  cur ren t s ,  the re  
is a sharp  drop to lower  overpo ten t ia l s ;  the  cu r ren t s  
in  this  region  ([vl < 0.4v) are s teady  and  st i l l  s u b -  
s tant ia l ,  thus  r u l i n g  out  cathodic depola r iza t ion  by 
by  the  r educ t ion  of t races  of oxygen  or b y  the r e -  
duc t ion  of a res idua l  sur face  oxide. This  genera l  
effect is even  more  p r o n o u n c e d  in  a lka l i ne  solut ion.  
Here  the b r e a k  occurs at  a h igher  ove rpo ten t i a l  
([Vl "~ 0.5v),  and  the  approach  to a s t eady- s t a t e  
c u r r e n t  is v e r y  slow. Since the  a n t i m o n y  oxides are 
all  u n s t a b l e  at nega t i ve  po ten t ia l s  (16) ,  the  resul ts ,  
which  are s imi la r  to those observed  by  others  (17) ,  
are  expl icab le  on ly  in  t e r ms  of h y d r i d e  format ion .  
However ,  the  repor ted  po ten t ia l s  for  the  f o r ma t ion  
of SbHs are too nega t i ve  so tha t  a lower  hydr ide ,  
e.g., Sb2H4, m a y  be involved .  

Tafe l  behav io r  w i th  va lues  of b ~ 250 m v  are  ob-  
se rved  in  a lka l ine  so lu t ion  for bo th  NiSb  and  Sb. 

cm 2, the  curves  approach  tha t  of Ni, regard less  of 
s t i r r ing .  

We offer the fo l lowing  i n t e r p r e t a t i o n  of these  
results .  As208 is u n s t a b l e  w i th  respect  to As a t  a l l  
nega t ive  po ten t ia l s :  As203 (aq)  -t- 6H + -5 6e ---- 2As 
+ 3H20; Eo ~ 0.247v (16).  We assume accord ing ly  
tha t  As is deposi ted on the  n icke l  surface,  b u t  t ha t  
the reac t ion  stops at m o n o l a y e r  coverage,  because  
of a h igh  ove rpo ten t i a l  for r educ t ion  of As203 on 
As. The res idua l  c u r r e n t  is t h e n  due  to the  h.e.r, on 
a chemisorbed  arsenic  monolayer .  I t  is also possible  
tha t  the s t eady- s t a t e  c u r r e n t  is due  to the  h.e.r, on 
a smal l  r e s idue  of b a r e  n ickel ,  a l t hough  this  seems 
improbab le .  As the  po ten t i a l  is increased,  the  r e -  
duc t ion  of As to AsH8 becomes t h e r m o d y n a m i c a l l y  
feasible,  (As W 3H + ~- 3e = AsH~; Eo ~ 0.60v) 
(16).  The fo rma t ion  of AsH8 would  compete  w i th  
the h.e.r, exposing ba re  Ni. The  C�9 wou ld  t h e n  
increase  t o w a r d  the  va lue  character is t ic  of the  h.e.r. 
on Ni. Coun t e r ac t i ng  this  effect wi l l  be  the  diffusion 
of fresh As203 to the surface and the restoration of 
the As film. Stirring will assist diffusion and will 
thus oppose the tendency to increased h.e.r, cur- 
rents. At sufficiently high C.D.'s, the formation of 
AsH3 becomes more rapid than the diffusion rate so 
that the surface will remain effectively free of As, 
regardless of stirring. The polarization curve will 
then approach that of the h.e.r, on pure nickel. Our 
suggestion that the deposition of As is limited to a 
monolayer is based on the observation that pro- 
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Fig. 4. Cathodic polarization curves (log C.D. vs.  potentials) for 
NiSb and Sb in 1M HCIO4, pH 0.04, and in 1M NaCIO4 -k" 10 -2M 
NaOH, pH 10.8 at 25~ At pH ~ 0.04, I, Ni; II, NiSb; III, Sb. 
At pH ~ 10.8, IV, Ni; V, NiSb; VI, Sb�9 (A, "up"; and B, "down"). 
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REV HYDROGEN ELECTRODE (pH =lOB) 

NI§ NO2 S (~lO-3el 
SAME AS Ni 
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Fig. 5. Cathodic polarization curves (log C.D. vs. potentials) in 
1M HCI04, pH 0.04 and in IM NaCI04 -1- 10-2M NaOH, pH 
10.8 at 25~ At pH = 0.04, I, Ni; II, NiS (odor of H2S in the 
effluent gas); III, Ni in presence of H2S, added as Na2S. At pH 
= 10.8, IV, Ni; V, NiS, no effect of addition of ~ 10-3M Na2S. 

NiSb also shows an  a p p a r e n t  depolar iza t ion  at 
[~1 < 150 mv,  i . e . ,  cathodic cu r ren t s  are observed at 
po ten t ia l s  pos i t ive  to the  revers ib le  hyd rogen  elec-  
trode. 

NiS a n d  N i + H f S . - - T h e  resul t s  for these sys tems  
are g iven  in  Fig. 5. NiS in  acid so lu t ion  follows the 
Tafel  r e la t ionsh ip  b e t w e e n  3 x 10 -5 and  10 -2 a m p /  
cm 2, wi th  b ---- 62 m v  and  io = 7 x 10 -8. The po la r i -  
za t ion curve  thus  crosses tha t  of Ni. The odor of H2S 
was detec ted  in  the effluent gas s t r eam d u r i n g  these 
runs .  The add i t ion  of 10 -3 M/1 Na2S to the so lu t ion  
had  no effect on the po la r iza t ion  curve.  

The add i t ion  of 10 -3 M/ I  Na2S to an  acid so lu t ion  
has a s t rong and  rep roduc ib le  t e n d e n c y  to shift  the 
po la r iza t ion  charac ter is t ics  of a n icke l  e lectrode 
toward  tha t  of NiS. 
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Fig. 6. Cathodic polarization curves (log C.D. vs. potentials) in 
1M HCIO4, pH 0.04, at 25~ I, Ni; II, NiTe2; III, Te. 

In  a lka l ine  so lu t ion  the  behav io r  of NiS closely 
resembles  tha t  of Ni. The  add i t ion  of NafS to a lka -  
l ine  so lu t ion  has no a p p a r e n t  effect on Ni. 

NiTe2 a n d  T e . - - E x p e r i m e n t s  were  l imi t ed  to acid 
solut ions  and  are  s u m m a r i z e d  in  Fig. 6. The resul t s  
for Te, which  are h igh ly  reproducib le ,  show the 
same a p p a r e n t  depo la r iza t ion  as observed  for Sb. 
S imi la r  resul t s  have  been  observed  by  A w a d  (18) 
who t r ied  to exp la in  t h e m  by  pos tu l a t ing  the f o r m a -  
t ion of an  i n t e r m e d i a t e  hydr ide ,  HfTef. 

NiTe2 shows some ev idence  of a b r e a k  in  the 
Tafel  curve  at the  same po ten t i a l  where  Te exhib i t s  
its t rans i t ion .  The Tafe l  p a r a m e t e r s  for Te are b 
48 my,  and  io N 10 -11 a m p / c m  2, whi le  those for 
NiTe2 are b N 55 mv,  and  io N 10 -8 a m p / c m  2. The 
u n c e r t a i n t y  in  the  va lue  of io for NiTe2 is cons ider -  
able, however ,  a nd  its po la r iza t ion  curve  can be 
v i r t u a l l y  superposed  on tha t  of Te by  a shift  in  the 
abscissa. 

Discussion 
U n d e r  the  p resen t  e x p e r i m e n t a l  condit ions,  the 

cathodic reac t ion  on n icke l  electrodes is confined 
to the h y d r o g e n  evo lu t ion  react ion.  In  all  o ther  
cases, except ing  silicon, the h.e.r, is also d o m i n a n t  
over  ex tended  po ten t i a l  regions,  g iv ing  rise to Tafel  
behavior ,  i . e . ,  ~? = - -  b log i l i a  where  ~? is the  over -  
po ten t i a l  r e la t ive  to the  r eve r s ib l e  h y d r o g e n  elec-  
trode,  b is the  Tafe l  slope, a nd  io is the  exchange  
cur ren t .  The va lues  of these p a r a m e t e r s  and  the i r  
r ange  of app l icab i l i ty  are s u m m a r i z e d  in  Tab le  I. 

The cathodic po la r iza t ion  curves  on each of the  
e lements ,  except  nickel ,  exh ib i t  f ea tu res  which  sug-  
gest side reac t ions  such as hydr ide  f o r m a t i o n  or 
oxide reduct ion .  In  the  case of Sb, these fea tures  
are pa r t i a l l y  reflected in  the  behav io r  of NiSb. H o w -  
ever,  NiAs, NiTef, a nd  NiSi  do no t  show signif icant  
side effects, i l l u s t r a t i ng  tha t  the  surface  chemical  
react ions  of As, Te, a nd  Si a toms are  bas ica l ly  con-  
d i t ioned  by  the i r  p a r t i c u l a r  c rys ta l  e n v i r o n m e n t .  
Since the  k ine t ics  of h.e.r, on the  compounds  differ 
f rom those on Ni itself, it is u n l i k e l y  tha t  the  ab -  
sence of side reac t ions  on a n i cke l  compound  can be 
a t t r i b u t e d  s imply  to chemica l  dep le t ion  of the  com- 
p a n i o n  e l emen t  in  the  surface  region.  We shal l  no t  
dwel l  on the  side react ions,  however ,  bu t  shal l  l imi t  
our  discussion to a r e so lu t ion  of the a tomic and  
crys ta l  con t r ibu t ions  to the  h.e.r. 

A t o m i c  a p p r o a c h . - - - I n  the  s imples t  a tomic  ap-  
p r o x i m a t i o n  it  is a ssumed  tha t  each of the surface 

Table I. Tafel parameters for the hydrogen evolution reaction 

p H  0 . 0 4  p H  1 0 . 8  
--log io, --log io, 

b .  m v  a m p / c m  2 b .  m v  a m p / c m ~  

Ni 
Ni + As203 
NiAs 
Si 
NiSi 
Sb 
NiSb 
Te 
NiTe2 
Ni + H2S 
NiS 

125 5.3 105 5.0 
120 8.0 no effect on Ni 

56 7.3 155 6.1 
no Tafel region 168 7.5 
113 5.4 145 5.4 
170 5.7 260 5.3 
108 7.6 245 5.0 
48 II - -  - -  

55 8 - -  - -  

80 9.4 no effect on Ni 
62 7.2 100 4.9 
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atoms reacts  i n d e p e n d e n t l y .  The ove r - a l l  reac t ion  
ra te  at a specified po ten t i a l  wou ld  t hen  be g iven  by  
a l i nea r  comb ina t i on  of  the  con t r ibu t ions  of the 
componen t  atoms. These con t r i bu t ions  m a y  be es t i -  
ma ted  f rom the behav io r  of the  e l e m e n t a l  elec-  
trodes, p roper  account  be ing  made  of the re la t ive  
sur face  concen t ra t ions  on the  e l emen t s  and  the  com-  
pound.  

In  the cases of NiAs, NiTe2, and  NiSi  in  acid so lu-  
tion, the re  are po ten t i a l  regions where  the  C.D.'s 
on the compounds  are g rea te r  t h a n  on e i ther  of the 
componen t  e lements .  This  i m m e d i a t e l y  ru les  out  the  
s imple  a tomic descr ip t ion  since the  surface  concen-  
t r a t ion  of e i ther  componen t ,  regard less  of c rys ta l lo -  
graphic  o r ien ta t ion ,  does no t  exceed tha t  of its ele-  
m e n t a l  form. The electrodes have  in t e re s t ing  qua l i -  
t a t ive  features ,  however .  The  genera l  shape of the  
Tafel  l ine  on NiTe2 resembles  tha t  of Te, whi le  a 
s imi la r  cor respondence  exists  for NiSi  and  Ni. This  
impl ies  tha t  the m e c h a n i s m  for these  sys tems  is de-  
t e r m i n e d  by  only  one of the  components ,  sugges t ing  
in t u r n  tha t  the surface  consists p r e d o m i n a n t l y  of 
this  component .  The effect m a y  o r ig ina te  f rom aniso-  
t ropic corrosion l ead ing  to the  exposure  of a s table  
c rys ta l lographic  p l ane  in  which  only  one compone n t  
is present .  This  p h e n o m e n o n  is now wel l  d o c u m e n t e d  
for I I I -V  in t e rme ta l l i c  compounds  such as InSb  and  
GaAs and  leads to s t r i k ing  differences of chemica l  
r eac t iv i ty  on opposite (111) c rys ta l lographic  su r -  
faces (2) .  However ,  bo th  the  s tab i l i ty  of the S i -O 
bond and  the hydr ide  fo rma t ion  ind ica ted  for e le-  
m e n t a l  t e l l u r i u m  would  a rgue  aga ins t  the  requis i te  
conf igura t ions  on NiSi  and  NiTee. In  any  event ,  it 
wou ld  st i l l  be  necessa ry  tha t  the  r a t e  of the h.e.r, on 
Ni a toms in  NiSi  and  Te a toms in  NiTee, be fas ter  
t han  on the cor responding  e l emen ta l  crystals.  In  
these cases, then,  a tomic  proper t ies  m a y  govern  the 
m e c h a n i s m  of the  react ion,  bu t  c rys ta l  p roper t ies  
a p p a r e n t l y  gove rn  the  m a g n i t u d e  of the reac t ion  
rate.  

S imi la r  cons idera t ions  m a y  also apply  to NiS. 
However ,  the  e x p e r i m e n t a l  resul t s  for the h.e.r, on 
"su l fu r"  were  ob ta ined  by  expos ing  a n icke l  elec- 
t rode to H2S. Since HeS was  also detected in  the gas 
s t ream coming  f rom the cell in  which  NiS was u n d e r  
study,  it is not  i m p r o b a b l e  tha t  the  l a t t e r  m a y  in  
fact be e q u i v a l e n t  to the "Ni + HeS" electrode.  In  
a lka l ine  solut ion,  however ,  HeS has no effect on the 
po la r iza t ion  behav io r  of Ni which  indicates  tha t  
HeS is not  adsorbed on the  electrode.  The NiS elec-  
t rode behaves  s imi l a r ly  to nickel ,  a l though  the h.e.r. 
proceeds at a smal le r  ra te ;  it is p laus ib le  tha t  su l fu r  
in  the  surface region  of NiS is r emoved  by  e lec t ro-  
chemical  d ischarge  of HeS (NiS -t- 2H20 = HeS + 
2 O H -  + Ni; Eo = --  0.77v).  

For  the  r e m a i n i n g  cases u n d e r  s tudy,  it is ev iden t  
tha t  the  ove r - a l l  ra te  of the  h.e.r, is no t  a specific 
a tomic p roper ty ,  and  tha t  in t e rac t ions  b e t w e e n  the  
surface  a toms or b e t w e e n  adsorbed  h y d r o g e n  atoms 
at n e i g h b o r i n g  sites on the  c rys ta l  surface  p lay  a 
p r o m i n e n t  role. I t  is possible,  however ,  tha t  the  
a tomic  approach  m a y  st i l l  be  va l id  for  one  or more  
of the  reac t ion  steps in  the  ove r - a l l  mechan i sm.  I n  
order  to e luc ida te  this  poss ib i l i ty  we shall  br ief ly  
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discuss the  gene ra l l y  acknowledged  m e c h a n i s m  of 
the h.e.r. 

M e c h a n i s m  o] the  h y d r o g e n  e v o l u t i o n  reac t ion  
( 1 9 ) . - - I t  is s e l f - ev iden t  f rom its s to ich iomet ry  and  
its he te rogeneous  charac te r  tha t  the  h y d r o g e n  evo lu-  
t ion  reac t ion  invo lves  one or more  reac t ion  i n t e r -  
media tes  which  are  adsorbed  at  the e lec t rode  s u r -  
face. By  ana logy  to gas -phase  dissociat ive chemi -  
sorp t ion  of h y d r o g e n  it  has long been  supposed tha t  
the  p r e d o m i n a n t  i n t e r m e d i a t e  is an  adsorbed h y -  
drogen  a tom which  is p roduced  by  the r educ t ion  of 
an  adsorbed  h y d r o n i u m  ion or wa te r  molecule ,  i.e., 

I. Discharge:  
H30 + (or HeO) + e = Hads -)- H20 (or O H - )  [1] 

The discharge step m a y  be fol lowed by  a b imo lecu -  
lar  c omb i na t i on  of Hads, i.e., 

II. C o m b i n a t i o n  desorp t ion :  
2 Hads = H2 [2] 

or an  e lec t rochemica l  desorp t ion  step, 
III. E lec t rochemica l  desorp t ion:  

Hads ~- H30+ (or HeO) + e = H2 + HeO (or O H - )  
[3] 

Other  i n t e rmed ia t e s  have  been  proposed.  In  p a r -  
t icular ,  Hor iu t i  has theor ized tha t  the  adsorbed  h y -  
d r o g e n - m o l e c u l e  ion, He + , m a y  p lay  an  i m p o r t a n t  
role for m a n y  electrodes (20).  This  species m a y  be 
rega rded  fo rma l ly  as a s table  i n t e r m e d i a t e  in  III. 

The reac t ion  k ine t ics  invo lve  the  q u a n t i t y  0, 
which  is the  f rac t iona l  coverage  of the  ava i l ab le  
surface  by  h y d r o g e n  atoms. The cathodic c u r r e n t  is 
g iven  by  

V~ = k1 ~ (1 - - 8 )  e -anF/Rw [4] 

VII = kii  ~ 8 e [5] 

VIII = k m  ~ 8 e - ~ ' F / a r  [6] 

where  the k ' s  are  ra te  cons tan ts  a nd  inc lude  the ac-  
t iv i ty  of H20 or H30 +, a nd  a is a t r ans f e r  coefficient. 

At  equ i l i b r ium,  i.e., ~ = O, the ra tes  of I, II, and  
III  are  g iven  by  

i o I =  ki ~ ( 1 - - 0 o )  [7] 

ioII = kii ~ 602 [8] 

iom = k m  ~ 60 [ 9 ] 

where  60, the e q u i l i b r i u m  coverage,  is d e t e r m i n e d  
by  the  f ree  e n e r g y  of adsorp t ion  of He on the  p a r -  
t i cu la r  e lect rode in  the  p a r t i c u l a r  solut ion.  W h e n  
io ~ is m u c h  smal l e r  t h a n  e i ther  io H or io HI, the  reac -  
t ion  k ine t ics  are cont ro l led  by  slow discharge  and  
do not  depend  on the m e c h a n i s m  of desorpt ion.  Ad-  
sorbed h y d r o g e n  comes to e q u i l i b r i u m  wi th  the 
a m b i e n t  gas by  step II, and  8 r e m a i n s  i n d e p e n d e n t  of 
~. E q u a t i o n  [4] or [6] reduces  to the  Tafe l  equa t ion  
wi th  b = 2.3 R T / a F  ~ ( 5 9 / a ) m v  at  25~ There  is 
s t rong empi r i ca l  ev idence  tha t  a gene ra l l y  approx i -  
ma tes  1/2 (19) so tha t  b N 120 mv.  

W h e n  II is r a t e -con t ro l l i ng ,  the ra te  is g iven  by  
Eq. [5].  Wi th  inc reas ing  ove rpo ten t i a l  O increases  

as 
6 ~ 60 e - ' F / n T  [10] 

This resu l t  m a y  be subs t i t u t ed  in  Eq. [5] and  leads 
to a Tafel  equa t ion  wi th  b ---- 2.303 R T / 2 F  = 29 mv  
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at  25~ F ina l ly ,  w h e n  I I I  is r a t e - l i m i t i n g ,  subs t i -  
t u t i on  of Eq. [10] in to  Eq. [6] leads to a Tafel  e qua -  
t ion  w i th  b = 2.3 R T / 7  where  7 is be l i eved  to change  
f rom 3/2 (b ~ 40 mv)  at  low 8 to 1/2 (b ~ 120 m y )  
at h igh  8 (19).  

A n  expl ic i t  test  of the var ious  m e c h a n i s m s  re -  
qui res  a n  e x p e r i m e n t a l  d e t e r m i n a t i o n  of ~ vs .  v. 
This has been  car r ied  out  by  D e v a n a t h a n  and  Sel -  
v a r a t n a m  (21) for Ni in  2N NaOH, and  Makr ides  
(22) has shown  tha t  the  data,  which  exh ib i t  a 
change  in  8 f rom 0.04 to 0.4 as ~ is increased  f rom 
40 to 200 mv,  can be  exp la ined  on the  a s sumpt ion  
io I ~ io II > >  io HI. Because  of the  r e l a t ive  va lues  of 
b, the d ischarge  step p lays  the p r i m e  role i n  mold -  
ing  the  kinet ics .  The case of Ni i n  acid so lu t ion  has 
no t  been  clarified, bu t  it is gene ra l l y  be l ieved  tha t  
s low discharge controls  the k ine t ics  (13).  

I t  is a p p a r e n t  f rom the  foregoing tha t  the associa-  
t ion  of two dif ferent  a toms in  an  i n t e rme ta l l i c  com-  
p o u n d  could lead to a basic modif icat ion in  the  
k inet ics  of a sur face  react ion,  even  though  the  r e -  
ac t iv i ty  is i n h e r e n t l y  an  a tomic p roper ty .  Thus,  it 
is conce ivable  tha t  d ischarge could be fas ter  on 
a toms of one e lement ,  say A, whi le  e lec t rochemica l  
desorp t ion  m a y  be fas ter  on the  second e lement ,  B. 
In  this  case, if d ischarge on A were  fo l lowed by  
t r ans f e r  to a ne i ghbo r ing  B atom, the ove r -aU ra te  
of the h.e.r, on the compound  AB wou ld  be fas ter  
t h a n  on e i ther  e l emen t  by  itself. I n  the  even t  tha t  
desorp t ion  proceeds t h rough  II, the effect could be 
even  more  p r o n o u n c e d  since combina t i on  desorp t ion  
requ i res  the  j ux t apos i t i on  of two adsorbed  h y d r o g e n  
atoms, a process which  wi l l  be s t rong ly  condi t ioned  
by  the a tomic conf igura t ion  of the  surface.  In  this  
way  specific a tomic p rope r t i e s  m a y  st i l l  u n d e r l i e  the  
kinet ics ,  a l though  the  ra tes  on the  compound  and  
on its e l emen ta l  cons t i tuen t s  m a y  differ signifi-  
cant ly .  A clear  d i s t inc t ion  can  sti l l  be made  b e t w e e n  
the case of a c o m p o u n d  and  of a phys ica l  a d m i x -  
t u r e  of two e l emen ta l  phases  where ,  in  the absence  
of s ignif icant  g ra in  b o u n d a r y  effects, the  ra te  mus t  
be g iven  by  a l i nea r  c o m b i n a t i o n  of the  ra tes  on the  
e lements .  

A p p l i c a t i o n  to n i c k e l  c o r n p o u n d s . - - T h e  Tafel  slope 
b is usefu l  in  d iagnos ing  the  r a t e - l i m i t i n g  step of 
the h.e.r. Three  groups a re  d i s t ingu i shab le  accord-  
ing  to the  r ange  of b; the  samples  w i t h i n  each are 
l i s ted be low in  order  of decreas ing  io: 

Class A: 
b < 8 0 m v  pH 0.04: 

NiUrH2S, NiS, NiAs, NiTe2, Te 

Class B: 
105 < b < 125 m v  pH 0.04: 

NiSi, Ni, NiSb, N i§  
pH 10.8: 
Ni, NiS, Ni-PH2S,* Ni+As2Oa* 

Class C: 
b > 155 m y  pH 0.04: Sb 

pH 10.8: Sb, NiSi, NiAs, Si 

(* N o  o b s e r v a b l e  e f f e c t  o n  a d d i n g  H2S  o r  As2Oa t o  N i  a t  pH 10.8.) 

The low va lue  of b in  class A p r o b a b l y  me a ns  tha t  
desorpt ion,  by  e i ther  II  or III ,  is r a t e - l i m i t i n g .  On 
the  other  hand ,  I is p r e s u m e d  to control  the  ra te  on  
nickel ,  desorp t ion  be ing  i n h e r e n t l y  faster .  S ince  the  
Tafe l  l ines of the class A ma te r i a l s  approach  or ac-  
t ua l l y  cross tha t  of nickel ,  d i scharge  on these  m a t e -  
r ials  is fas ter  t h a n  on nickel ,  whi le  the converse  is 
e v i de n t l y  t rue  for desorpt ion.  

Desorp t ion  on Ni is be l ieved  to proceed th rough  
II  (22) which  n o m i n a l l y  r equ i res  the  in t e rac t ion  of 
adsorbed  h y d r o g e n  atoms on n e i g h b o r i n g  surface  
atoms. This i n t e rac t ion  depends  on the  po ten t i a l  
ene rgy  va r i a t i on  of Hads a s  it  moves  n o r m a l  and  
pa ra l l e l  to the surface.  The fo rmer  mot ion  depends  
on the ac t iva t ion  ene rgy  for ada tom migra t ion .  The 
adsorp t ion  ene rgy  should pa ra l l e l  the M - H  bond  
ene rgy  which  is s imi la r  for all  of the e l ements  u n d e r  
s tudy  (23) .  The  local iza t ion of the  h y d r o g e n  a tom 
depends  as wel l  on the  d i rec t iona l  charac te r  of the 
bond,  i .e.,  the degree  of covalence.  The re la t ive  ra te  
of II  should  thus  decrease w i th  inc reas ing  cova-  
lence, which  is weakes t  for n icke l  and  decreases 
gene ra l l y  w i th  inc reas ing  e lec t ronega t iv i ty .  There  
is suppor t ing  ev idence  for this  v iew f rom studies  of 
chemisorp t ion  of molecu la r  h y d r o g e n  on the ele-  
ments .  For  example ,  Ni chemisorbs  H2 dissocia t ively  
at room t e m p e r a t u r e  whi le  As does no t  reac t  meas -  
u r a b l y  u n d e r  the same condi t ions  (24).  Since the 
bond  energies  of N i - H  and  A s - H  are s imi lar ,  the  
difference mus t  be in  the ac t iva t ion  ene rgy  for dis-  
sociat ive chemisorpt ion.  This  difference should  ap-  
p ly  as wel l  to the ac t iva t ion  ene rgy  for the  reverse  
reac t ion  which  is iden t ica l  to II. I t  is thus  r eason-  
able  tha t  II  wou ld  be s t rong ly  i nh ib i t ed  by  the pres -  
ence  of As, and  tha t  the desorp t ive  m e c h a n i s m  
migh t  sh i f t  f rom II  to III. This  wou ld  apply  w he the r  
the arsenic  were  p resen t  as chemisorbed  a toms or 
as a f u n d a m e n t a l  c rys ta l  cons t i tuen t ,  as in  NiAs. 

The  case of NiAs is p a r t i c u l a r l y  in t e re s t ing  since 
it exhib i t s  class A behavior ,  a l though  the  i nd iv idua l  
e l ements  show class B behavior .  Whi le  the h.e.r, on 
Ni is p r e s u m e d  to be l imi t ed  by  the d ischarge  rate,  
the  r a t e - l i m i t i n g  step on As is open  to conjecture .  
Accord ing  to the  foregoing reasoning ,  I I I  wi l l  l ike ly  
cont ro l  the rate.  S u p p o r t i n g  this  con ten t ion  is the 
fact  that ,  if d ischarge  were  r a t e - l im i t i ng ,  i on (As )~  
i o t (N i )  ~ 10-8; this  ra t io  is excep t iona l ly  smal l  in 
v i ew  of the  fact tha t  the  energies  of adsorp t ion  and  
the w o r k  func t ions  (25),  both  of which  should  af-  
fect i J ,  a re  a p p a r e n t l y  s imi la r  for Ni a nd  As. As-  
s u m i n g  ra te  cont ro l  by  III,  the  As film mus t  be 
n e a r l y  s a tu ra t ed  w i th  h y d r o g e n  atoms, i.e., ~ --> 1, to 
account  for a Tafel  slope of 120 mv.  

We suggest,  therefore ,  t h a t  the  h.e.r, on As p ro -  
ceeds by  I d- III. The  same factors which  unde r l i e  
this, name ly ,  localized adsorpt ion,  should  pers is t  in 
NiAs, p a r t i c u l a r l y  since the  A s - A s  d is tance  on an 
arsenic  m o n o l a y e r  on Ni a nd  the  N i - A s  d is tance  
in  NiAs are s imi la r  (9) .  One  wou ld  expect  t h e n  tha t  
the h.e.r, reac t ion  on As a toms in  NiAs proceeds in -  
d e p e n d e n t l y  of the  reac t ion  on nickel .  The  associa- 
t ion  of Ni a nd  As has two i m p o r t a n t  effects, how-  
ever. Firs t ,  i t  i nh ib i t s  I I  on the  Ni a toms by  sha rp ly  
r educ ing  the  n u m b e r  of n e a r  N i - N i  ne ighbors  and  



Vol.  111, No.  3 

shi f t s  t he  d e s o r p t i o n  m e c h a n i s m  to III .  Second ,  i t  
i nc reases  t he  d i s c h a r g e  r a t e  on n i c k e l  i t se l f  b y  a b o u t  
an  o r d e r  of  m a g n i t u d e  as  s h o w n  b y  t h e  e x p e r i m e n -  
t a l  r esu l t s .  

W h i l e  t he  d e c r e a s e  in  t he  r a t e  of a n  e l e m e n t a r y  
e l e c t r o c h e m i c a l  s t ep  such  as I or  I I I  m i g h t  be  d i s -  
cussed  as an  a r t i f a c t  of  a d v e n t i t i o u s  inh ib i t ion ,  an  
e n h a n c e m e n t  of t h e  r a t e  o b v i o u s l y  r e q u i r e s  a c h a n g e  
in  t h e  bas ic  p r o p e r t i e s  of t he  sur face .  This  effect,  
w h i c h  is c o m m o n  to m a n y  of t he  p r e s e n t  resu l t s ,  
may ,  in  t he  s i m p l e s t  ins tance ,  be  r e l a t e d  to t he  w o r k  
f u n c t i o n  r of t he  e lec t rode .  The  e x p e r i m e n t a l  r e -  
su l t s  (19)  for  t h e  h.e .r ,  on a se r i e s  of t r a n s i t i o n  
m e t a l s  fo l low the  r e l a t i o n  

- -  log io I = const .  + C 4m 

w i t h  C ~ 2 . 5 ( e v ) - 1 .  This  e q u a t i o n  shows  t h a t  an  
i n c r e a s e  of 0.5 ev  in  t h e  e l e c t r o d e  w o r k  func t ion  
b r ings  a b o u t  an  o r d e r  of m a g n i t u d e  i nc rea se  in  io I. 
This  is no t  an  i m p l a u s i b l e  consequence  of t he  c h e m -  
ica l  l i a i son  b e t w e e n  Ni  a n d  As,  b o t h  of w h i c h  i n d i -  
v i d u a l l y  show 4m ~ 5.0 ev. 

D e s p i t e  t he  s i m i l a r  c r y s t a l  s t r u c t u r e  of N i A s  a n d  
NiSb,  t he  l a t t e r  e x h i b i t s  c lass  B b e h a v i o r  in  ac id  
solut ions .  A s e l f - cons i s t en t  e x p l a n a t i o n  w o u l d  be  
t ha t  s low d i s c h a r g e  on  the  Ni  a t o m s  is r a t e  c o n t r o l -  
l ing  on NiSb,  b u t  w i t h  a n  e x c h a n g e  c u r r e n t  w h i c h  is 
t en  fo ld  s m a l l e r  t h a n  on e l e m e n t a l  n icke l .  This  r e -  
su l t  m a y  also s t em f r o m  a d e c r e a s e  in  ~m. I t  also 
seems  l i k e l y  t h a t  s low d i s c h a r g e  con t ro l s  the  r a t e  
on NiS i  in  ac id  so lu t ion ,  r e q u i r i n g  t h a t  r > (~Ni. 

In  t he  case  of NiTe2 and  NiS i  in  ac id  solu t ion ,  t he  
h.e.r ,  a p p e a r s  to be  d o m i n a t e d  b y  e l e c t r o c h e m i c a l  
d e s o r p t i o n  on  t h e  g r o u p  VI  a toms.  A s s u m i n g  t h a t  
the  r a t e  of I on these  m a t e r i a l s  is i n h e r e n t l y  fas te r ,  
one w o u l d  d e d u c e  t h a t  io ~ i nc reases  in  t he  o rde r :  
NiSb,  Ni,  NiS  --~ NiTe2, NiSi ,  NiAs.  T h e r e  is, h o w -  
ever ,  no s imp le  c o r r e l a t i o n  w i t h  c h e m i c a l  fac tors ,  
such  as  e l e c t r o n e g a t i v i t y  d i f ference ,  or  t h e  e n e r g y  
of c o m p o u n d  f o r m a t i o n  (27) w h i c h  m i g h t  be  e x -  
p e c t e d  to inf luence  r 

The  s i t ua t i on  in  a l k a l i n e  so lu t ions  is even  m o r e  
complex .  F o r  a l l  compounds ,  t he  Ta fe l  s lope  is 
h i g h e r  t h a n  in  ac id  solu t ions ,  w h i c h  m a y  i n d i c a t e  a 
sh i f t  in  m e c h a n i s m .  A l t e r n a t i v e l y ,  t he  m a g n i t u d e  of 
b m a y  be t a k e n  to s igna l  a change  in  t he  s t r u c t u r e  
of t he  e l e c t r o l y t i c  doub le  l a y e r ,  for  e x a m p l e ,  of 
specific a d s o r p t i o n  of h y d r o x y l  ions. I n  t he  case  of 
NiAs,  w h e r e  the  e x c h a n g e  c u r r e n t  is s m a l l e r  b y  two  
o r d e r s  of m a g n i t u d e  t h a n  on n icke l ,  t he  changes  in 
w o r k  func t ion  a n d  i n t e r a t o m i c  d i s t ances  d i scussed  
a b o v e  i m p l y  t h a t  t he  p o l a r i z a t i o n  cu rve  in  a l k a l i n e  
so lu t ion  is d e t e r m i n e d  b y  e l e c t r o c h e m i c a l  d e s o r p -  
t ion  a t  h igh  8. This  c o n j e c t u r e  m a y  be  v i e w e d  in the  
l igh t  o f  t h e  fac t  t h a t  Ni  i t se l f  shows  h igh  8 in  t he  
p o t e n t i a l  r a n g e  in  ques t ion  (21) desp i t e  t he  i n h e r -  
e n t l y  less  f a v o r a b l e  cond i t ion  ( fo r  a ch i ev ing  h igh  8) 
t h a t  d e s o r p t i o n  on Ni  is b y  r e a c t i o n  I I  r a t h e r  t h a n  
b y  r e a c t i o n  III .  

I n  conclus ion ,  t h e  e l e c t r o c a t a l y s i s  of t h e  h.e .r ,  on 
n i cke l  c o m p o u n d s  canno t  be  e x p l a i n e d  in t e r m s  of 
the  i n t r i n s i c  c h e m i c a l  p r o p e r t i e s  of t he  su r f ace  
a toms.  The  mos t  p o i n t e d  d e m o n s t r a t i o n  is t h a t  the  
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o v e r - a l l  r a t e  of r e a c t i o n  at  a g i v e n  p o t e n t i a l  is f r e -  
q u e n t l y  g r e a t e r  t h a n  on e i t h e r  of t he  i n d i v i d u a l  
e l emen t s .  N e ve r the l e s s ,  t h e  a tomic  a p p r o a c h  is a u s e -  
fu l  p o i n t  of d e p a r t u r e  for  i n t e r p r e t i n g  t h e  effects 
of compos i t i on  and  c r y s t a l  s t r u c t u r e  on  e l e c t r o c a t a -  
lyr ic  ac t iv i ty .  The  use  of th i s  a p p r o a c h  was  i l l u s -  
t r a t e d  for  NiAs,  NiTe2, a n d  NiSi .  F u r t h e r  w o r k  
a long  these  l ines ,  t o g e t h e r  w i t h  c o m p l e m e n t a r y  
s tud ies  of t he  e l ec t ron ic  p r o p e r t i e s  a n d  gas  p h a s e  
c h e m i s o r p t i o n  cha rac t e r i s t i c s ,  p r o m i s e s  to be  use fu l  
f rom bo th  a scient i f ic  a n d  a t e c h n i c a l  s t andpo in t .  
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Electrochemical Behavior of Nickel Compounds 
II. Anodic Dissolution and Oxygen Reduction in Perchlorate Solutions 

A. K. M. Shamsul Huq, A. J. Rosenberg, and A. C. Makrides 
Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

The anodic dissolution of Ni, Si, and Sb and of the compounds NiSi, NiSb, 
NiAs, and NiS was studied in  molar  perchlorate  solutions at pH 0.04 and 10.8. 
In  all cases, except with Si in acid solution, active dissolution at low anodic 
potentials is followed by a t rans i t ion  to a passive state where the anodic cur -  
rent  density is near ly  independent  of potential. In  acid solution, the critical 
potentials of NiSi, NiAs, and NiS are less positive than  that  of Ni and the 
critical currents  are less by two to three orders of magnitude.  The critical 
potential  of NiSb is about the same as for Sb, but  the crit ical cur ren t  is sub-  
s tant ial ly  less. The anodic cur ren t  in the passive region for the compounds is 
greater than for passive Ni. NiSi, NiAs, and NiS show a transpassive region in  
which Sb, As, and S are probably oxidized to ions of a high valence state. In  
alkal ine solution, NiSi, NiSb, and NiS show an active-passive t ransi t ion at the 
same potential  as pure Ni. However, the rate of oxidation of these compounds 
in the passive state is again considerably greater than for passive Ni. I t  is 
suggested that  in  acid solution the passive film on nickel compounds is ei ther 
a mixed oxide or an oxide having the basic s t ructure  of the second element;  in  
alkal ine solution, nickel  oxide is formed first, but  it probably  has a different 
s t ructure  than  the oxide formed on passive Ni. The difference between acid 
and alkal ine solutions arises from the difference in the stabil i ty of nickel oxide 
in  the two electrolytes. A stable, passive oxide on Ni is formed in acid solution 
only when  the dissolution rate is sufficiently large to cause nickel hydroxide 
to precipitate at the electrode surface, a condition not fulfilled dur ing  the dis- 
solution of any of the compounds. In  general, the oxide of the companion ele- 
ment  or a mixed oxide is more stable than nickel  oxide in acid solution at 
low potentials. This s i tuat ion is reversed in  alkal ine solution, and in  this case 
the ini t ial  passive film is nickel oxide. 

The electrocatalytic reduction of oxygen on nickel and nickel compounds oc- 
curs in the potential  region where  a passive film is stable. The order of catalytic 
activity for oxygen reduction is Ni > NiAs > NiSi in acid solution, and NiS > 
Ni > NiSi N NiSb > NiAs in  a lkal ine  solution. 

In  a p reced ing  paper  (1) the  e lect rocata lys is  of 
the  h y d r o g e n  evo lu t ion  reac t ion  on  var ious  n icke l  
compounds  was  compared  w i th  the  behav io r  of the  
co r respond ing  e lements .  The  resul t s  suggested  t ha t  
the  gene ra l  f o rm of the  reac t ion  m e c h a n i s m  was 
d e t e r m i n e d  by  the  in t r ins ic  chemical  p roper t ies  of 
the  surface atoms, whi le  the  ra tes  of the  i n d i v i d u a l  
reac t ion  steps were  s t rong ly  affected by  the  s t ruc -  
t u r e  and  the  e lec t ronic  proper t ies  of the  crys ta l  as 
a whole.  U n d e r  the  e x p e r i m e n t a l  condi t ions,  i.e., 
poten t ia l s  nega t ive  to the  revers ib le  h y d r o g e n  elec-  
trode,  the  surfaces  of all  of the  e lect rode mater ia l s ,  
except  Si and  NiSi, could be p r e s u m e d  free of oxide 
and  chemica l ly  i n v a r i a n t  wi th  t ime. 

In  the  p re sen t  pape r  we  discuss the  behav io r  of 
NiAs, NiSb, NiSi, and  NiS wi th  respect  to anodic  
d isso lu t ion  and  to the  e lec t roca ta ly t ic  r educ t ion  of 
oxygen.  In  bo th  cases, the  e lect rode surface  u n d e r -  

goes con t inuous  change,  a l t hough  it  does achieve a 
s t eady- s t a t e  chemical  conf igura t ion  at  each va lue  of 
the electrode potent ia l .  I n  anodic  dissolut ion,  there  
is a loss of e lectrode m a t e r i a l  to the  electrolyte .  The 
so l id-s ta te  diffusion coefficients in  the  n icke l  com-  
pounds  are  too smal l  at room t e m p e r a t u r e  to p e r m i t  
a r ap id  r e a d j u s t m e n t  of the b u l k  composi t ion  in  r e -  
sponse to the p r e f e r en t i a l  r e m o v a l  of one e lement .  
Thus  a s t eady- s t a t e  d issolu t ion  ra te  exceeding  10 -5 
a m p / c m  e, i.e., abou t  one m o n o l a y e r  e q u i v a l e n t  per  
minu te ,  impl ies  t ha t  bo th  e l ements  unde r go  the 
same ne t  ra te  of react ion.  Rate  control  may,  how-  
ever,  be associated w i th  the  r e mova l  of the  less 
act ive  component .  

D y n a m i c  surface  changes  are  also inescapab le  for 
the  e lec t rocata ly t ic  r e duc t i on  of oxygen,  s ince the  
reac t ion  proceeds at  po ten t i a l s  w he r e  anodic  dis-  
so lu t ion  is also t a k i n g  place. Indeed,  oxygen  r educ -  
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t ion, coup led  w i t h  anod ic  d isso lu t ion ,  is the  bas is  of 
n o r m a l  co r ros ion  in  t he  absence  of  an  a p p l i e d  p o -  
ten t ia l .  

Results and Discussion 
The c o m p o u n d s  w e r e  p r e p a r e d  f r o m  s p e c t r o -  

scop ica l ly  p u r e  e l e m e n t s  b y  d i r e c t  fus ion  of s to i -  
ch iome t r i c  m i x t u r e s  in e v a c u a t e d  q u a r t z  capsules ,  
d i r e c t i o n a l  f r eez ing  f r o m  the  me l t ,  and  a n n e a l i n g  
j u s t  b e l o w  the  m e l t i n g  points .  Me l t i ng  po in t s  and  
r e l e v a n t  p h a s e  d i a g r a m s  a re  g i v e n  b y  H a n s e n  (2) .  
Ingots  w e r e  o b t a i n e d  as s ing le  p h a s e  m a t e r i a l .  The  
NiAs  a n d  S iSb  cons i s t ed  of s e v e r a l  l a r g e  c r y s t a l  
gra ins ,  w h i l e  the  NiS  and  NiS i  w e r e  dense  bu t  
m i c r o c r y s t a l l i n e .  The  e l e m e n t a l  Ni,  Sb,  and  Si  s a m -  
ples  a l l  cons i s ted  of s ingle  c r y s t a l  sect ions.  The  
s i l icon s a m p l e  was  s e m i c o n d u c t o r  g r a d e  m a t e r i a l  
d o p e d  w i t h  1 p p m  of phospho rus ,  w h i c h  i m p a r t s  an  
e l ec t r i ca l  c o n d u c t i v i t y  of 1 ( o h m - c m )  -~ 

C y l i n d r i c a l  spec imens  w e r e  cut  f r o m  each  s a m p l e  
and  m o u n t e d  in a c lose - f i t t ing  P y r e x  h o l d e r  w i t h  
K e l - F  (3 ) .  F l a t  su r f aces  w i t h  a g e o m e t r i c  a r e a  of 
,~ 0.75 c m  2 w e r e  e x p o s e d  b y  g r ind ing ,  f o l l o w e d  b y  
m e c h a n i c a l  po l i sh ing  and,  w h e r e  poss ib le ,  b y  c h e m -  
ical  a n d  e l e c t r o l y t i c  po l i sh ing .  S a m p l e s  w e r e  t hen  
w a s h e d  u l t r a s o n i c a l l y ,  t r e a t e d  w i t h  ch romic  a c i d /  
su l fu r i c  ac id  c l ean ing  solut ion ,  t h o r o u g h l y  r i n s e d  
w i th  d i s t i l l ed  w a t e r ,  and  t r a n s f e r r e d  d i r e c t l y  to t he  
tes t  cell .  

A n  a l l - P y r e x  t h r e e - c o m p a r t m e n t  e l e c t r o l y t i c  cel l  
was  used  in w h i c h  the  w o r k i n g  e l ec t rode  was  s e p a -  
r a t e d  f r o m  a p l a t i n u m  coun t e r  e l ec t rode  b y  a g lass  
fr i t .  A p l a t i n i z e d  p l a t i n u m  r e v e r s i b l e  h y d r o g e n  e lec-  
t r o d e  in  t he  s ame  so lu t ion  was  used  as a r e f e r e n c e  
and  was  connec t ed  t h r o u g h  a L u g g i n  t ip  pos i t i oned  
close to t he  w o r k i n g  e lec t rode .  M e a s u r e m e n t s  w e r e  
c a r r i e d  out  a t  25 ~ • 0.2~ 

Resu l t s  a r e  s h o w n  in  Fig .  1-7, w h e r e  a c o m p l e t e  
p o l a r i z a t i o n  cycle  is d e p i c t e d  for  t he  case  of N2- 
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Fig. 1. Polarization curves for Ni. Fig. 1A, pH = 0.04 (1M 
HCIO4): curve I, cathodic h.e.r., curve Ila, anodic dissolution and 
passivation of Ni; curve lib, transpasslve region. Passivntion cur- 
rent < 10 - ~  amp/cm ~. Curve I-O2, 02 reduction~Tafel region 
masked by anodic dissolution of Ni at ~ 80 my (vs. RHE). Fig. 
1B, pH 10.8 (1M NnCIO~); curve 1-cathodic h.e.r.; curve II, 
initial anodic dissolution and passivation; curve 1, 02, 02 reduction 
--extends into pnssivation region. 
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s a t u r a t e d ,  m o l a r  p e r c h l o r a t e  so lu t ions  a t  (A)  p H  
0.04 a n d  (B)  p H  10.8. The  p o t e n t i o s t a t i c  cyc le  was  
s t a r t e d  at  a p o t e n t i a l  suff ic ient ly  n e g a t i v e  to  a r e -  
v e r s i b l e  h y d r o g e n  e l e c t r o d e  in  t he  s a m e  so lu t ion  
( R H E )  to p r o d u c e  a h y d r o g e n  e v o l u t i o n  c u r r e n t  of 

10 -1 a m p / c m  2. The  p o t e n t i a l  was  r a i s e d  s t epwise  
w i t h  a p o t e n t i o s t a t  to + 2 . 0 v  vs. R H E  d u r i n g  w h i c h  
the  ca thod ic  c u r r e n t  ( I )  d e c r e a s e d  and  was  o v e r -  
t a k e n  b y  an  i nc r e a s ing  anod ic  c u r r e n t  ( I I ) .  The  
p o t e n t i a l  was  t h e n  l o w e r e d  s t epwise  to  t he  s t a r t i n g  
po in t ;  the  anod ic  and  ca thod ic  c u r r e n t  d u r i n g  th is  
p a r t  of the  cyc le  a r e  d e s i g n a t e d  I I I  and  IV, r e s p e c -  
t ive ly .  

E x p e r i m e n t s  w e r e  also c a r r i e d  out  w i t h  o x y g e n -  
s a t u r a t e d  solut ions .  O n l y  the  i n i t i a l  ca thod ic  phases ,  
( I -O2)  a r e  s h o w n  in the  f igures.  

S a l i e n t  f e a t u r e s  of t he  p o l a r i z a t i o n  cyc le  wi l l  be  
d i scussed  in  o rder .  
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Fig. 2. Polarization curves for Sb. Fig. 2A, pH 0.04 (1M HCIO4): 
curve I, cathodic h.e.r.; curve II, anodic current for dissolution and 
passivation, toward increasing potentials; curve III, anodic cur- 
rents, toward decreasing potentials; curve IV, cathodic currents, 
toward decreasing potentials, following curve III; 02 reduction 
not observed. Fig. 2B, pH 10.8 (1M NaCIO4); curves I and IV, 
cathodic processes including h.e.r.; curve II, anodic dissolution and 
pnssivation, toward increasing potentials, stirring-dependent cur- 
rent in the active/passive transition region; curve III, reverse of 
curve II; no 02 reduction observed. 
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Fig. 3. Polarization curves for Si. Fig. 3A, pH 0.04 (1M HCIO4): 
Fig. 3B, at pH 10.8 (1M NaCIO4): passivation in alkaline solution; 
no 02 reduction observed. 
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Fig. 4. Polarization curves for NiAs. Fig. 4A, pH, 0.04 ( IM 
HCIO4): curve I, cathodic h.e.r.; curve II, anodic current for dis- 
solution and passivation of NiAs; curve 1-O2, cathodic O~ reduc- 
tion, Tufel region masked by anodir dissolution of NiAs. Fig. 4B, 
pH 10.8 (1M NaCIO4): curve I, cathodic h.e.r.; curve II, onodic 
dissolution of NiAs, toward increasing potentials; curve III, same 
as II, toward decreasing potentials; curve I-O% 02 reduction. 
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Fig. 5. Polarization curves for NiSb. Fig. 5A, pH 0.04 (1h4 
HCIO4): curves I and IV, cathodic processes including h.e.r.; 
curve II, (toward increasing potentials) anodic dissolution and 
active/passive transition; curve III, (toward decreasing potentials) 
anodic current with no active/passive transition; curve I-O~, 02 
reduction, Tafel region masked by anodic dissolution of electrode. 
Fig. 5B, pH 10.8 (1M NaCIO4): curve I, cathodic h.e.r.; curve 
IV, oxide reductions (R~ and P,2) and h.e.r.; curve II, (toward in- 
creasing potentials) onodic currents, two transitions (T~ and T~) 
observed; curve III, reverse of curve II; curve I-O~, O~ reduction. 

Hydrogen evolution react ion.--This  phenomenon,  
observed in phases I and IV, has been discussed in 
detail in the preceding paper (4 ) .  Tafel behavior is 
observed in all cases except  Si in acid solution. The 
differences in the Tafel regions of I and IV are ev i -  
dent ly  related to the presence of dissolved species 
released during II and III. This effect is pronounced 
for NiAs in acid solution where  the deposition of As 
fol lowing anodic dissolution strongly inhibits the 
rate of hydrogen evolution.  

Other cathodic processes . - -Posi t ive  deviations 
from the cathodic Tafel l ine at low C.D.'s observed 
in several  cases are evident ly  due to the onset of 
compensating anodic processes.  The negat ive  devia-  
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Fig. 6. Polarization curves for NiS. Pig. 6A, pH 0.04 (1M 
HCIO4): curve I, cathodic h.e.r.; curve IV, oxide reduction and 
h.e.r.; curve II, (toward increasing potentials) anodic dissolution 
and passivation current; curve III, (toward decreasing potentials); 
curve i-O2, reduction currents for O2-reduction. Fig. 6B, pH 
10.8 (1M NaCIO4): curves I, 11, III, and IV have same meanings 
as in Fig. 6A. 
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Fig. 7. Polarization curves for NiSi. Fig. 7A, pH 0.04 (1M HCIO4): 
curves I and IV, cathodic h.e.r.; curves II and III, anodic currents 
for dissolution and passivation of NiSi; curve II, (traced toward 
increasing potentials) shows active/passive transition; curve I-O2, 
02 reduction, masked by anodic dissolution of electrode. Fig. 7B, 
pH 10.8 (1M NaCIO4): Curves I, II, III, and IV have same mean- 
ings as in Fig. 7A; curve II shows two transitions; curve I-O2 shows 
pronounced 02 reduction current. 

tions in the cases of Sb and NiSb have  been at- 
tributed to the formation of a hydride of antimony.  
The negative  deviation observed wi th  Si in alkaline 
solution is bel ieved to involve  the formation of 
Sill4 fo l lowed by hydrolysis .  In phase IV there is 
also a substantial cathodic current at posit ive  po-  
tentials on NiS, NiSb, Sb, and, to a lesser extent ,  on 
NiSi  in acid solutions, which suggests the reduction 
of an oxide or other anodically l iberated species. 
The similarity in the phase IV behavior of NiSb to 
that of Sb is noteworthy.  

Act ive  anodic dissolut ion.--As the applied poten-  
t ial  is raised beyond the rest potential,  the anodic 
current rises rapidly. A general ized expression for 
the anodic reaction is 

M + n O H -  -~ M (OH)• z - n  q- ze [1]  
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Table I. Values of E-5* 

M HC104 a t  p H  0.04 
E-~, v t  b, v 
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h a v e  v e r y  s i m i l a r l y  in  a l k a l i n e  so lu t ion ,  b u t  a l l  a r e  
less  nob le  t h a n  Ni. 

M NaC10~ at p H  10.8 These  r e su l t s  shou ld  be  c ons ide r e d  in  l i gh t  of t he  
E-5, v l  b, v 

fac t  tha t ,  w h i l e  s t e a d y - s t a t e  d i s so lu t ion  of  a c o m -  
--0.40 0.12 p o u n d  imp l i e s  e q u a l  d i s so lu t ion  r a t e s  of the  con-  
--0.48 0.10 s t i tuen t s ,  r a t e  con t ro l  is p r o b a b l y  a s soc ia t ed  w i t h  

(+0.14)  0.32 the  d e t a c h m e n t  of one or  t he  o t h e r  e l emen t .  The  
(q-0.16) 0.06 iden t i f i ca t ion  of th is  e l e m e n t  is an  i n t e r e s t i n g  p r o b -  

--0.64 0.10 lem.  The  t r a n s i t i o n  s t a t e  for  d i s so lu t ion  is d e t e r -  
--0.61 0.10 
--0.64 0.16 m i n e d  b y  the  i n t e r s e c t i on  of  t he  p o t e n t i a l  e n e r g y  

cu rves  for  t he  a t o m  in a l a t t i c e  pos i t i on  a t  t he  s u r -  
face  and  t h a t  for  t he  ion in  t he  so lu t ion .  The  l a t t e r  
is i n d e p e n d e n t  of t he  subs t r a t e ,  b u t  t he  f o r m e r  is 
s t r o n g l y  cond i t i oned  b y  it. The  p r o b l e m  then  r e -  
duces  to an  e v a l u a t i o n  of h o w  the  p o t e n t i a l  e n e r g y  
of a su r f a c e  a t o m  d e p e n d s  on i ts  c r y s t a l  e n v i r o n -  
men t .  

Each  of t he  c o m p o u n d s  u n d e r  s t u d y  has,  of 
course ,  a n e g a t i v e  f ree  e n e r g y  of f o r m a t i o n  f r o m  
the  e l e m e n t s  and  a p p a r e n t l y  has  a n e g a t i v e  hea t  of 
f o r m a t i o n  as wel l .  The  effect  of c o m p o u n d  f o r m a -  
t ion  is to l o w e r  t he  e n e r g y  of  t he  m o r e  ac t ive  e l e -  
m e n t  a n d  to r a i s e  t ha t  of t he  less ac t ive  e l emen t .  
G e n e r a l l y  speak ing ,  t h e r e  w i l l  be  a c o r r e s p o n d i n g  
effect  on the  a c t i va t i on  e n e r g y  for  d e t a c h m e n t ,  e.g., 
t he  m o r e  ac t ive  e l e m e n t  w i l l  be  r e n d e r e d  less ac -  
t ive.  In  t he  s i m p l e s t  cases, then ,  the  r a t e  of d i s so lu -  
t ion  of the  c o m p o u n d  w o u l d  be  s o m e w h a t  f a s t e r  
t h a n  t h a t  of the  less  ac t ive  e l e m e n t  b y  i tself .  This  
o b s e r v a t i o n  coinc ides  w i t h  t he  r e su l t s  for  N iS i  in 
ac id  so lu t ion .  

These  c o m m e n t s  a p p l y  to d i s so lu t ion  on ly  if  t he  
n a t u r e  of t he  b o n d i n g  in  the  c o m p o u n d  is t he  s ame  
as in  the  e lements .  W h e r e  t h e r e  is a s u b s t a n t i a l  
e l e c t r o n e g a t i v i t y  d i f fe rence  b e t w e e n  the  t w o  k i n d s  
of a t o m s  t h e r e  w i l l  be  a sh i f t  in  cha rge  w h i c h  t ends  
to m a k e  the  c r y s t a l  m o r e  ionic.  In  t h e  e x t r e m e  case 
of an  ionic  c rys t a l ,  so lva t i on  becomes  p a r a m o u n t  
and  d i s so lu t ion  w i l l  occur  b y  n o n e l e c t r o c h e m i c a l  
processes .  In  less e x t r e m e  cases,  t he  e l e c t r o n e g a t i v -  
i t y  d i f fe rence  t e n d s  to r a i se  t he  va l e nc e  of t he  less 
e l e c t r o n e g a t i v e  e l e m e n t  a n d  l o w e r  t h a t  of i ts  com-  
pan ion .  A n  ef fec t ive  dec rease  in  v a l e n c e  shou ld  
t e n d  to r e n d e r  t h e  m o r e  e l e c t r o n e g a t i v e  e l e m e n t  
m o r e  s t ab l e  to anodic  ox ida t ion .  Th is  o b s e r v a t i o n  
co inc ides  w i t h  t he  e n h a n c e d  nob l enes s  of N iSb  in 
ac id  solu t ions .  

H o w e v e r ,  t h e s e  s imp le  c h e m i c a l  c o n s i d e r a t i o n s  
a r e  o b v i o u s l y  u n a b l e  to accoun t  for  a l l  of t he  p r e s -  
en t  resu l t s .  In  p a r t i c u l a r ,  t he  r a t e s  of d i s so lu t ion  of 
NiSi ,  NiSb ,  a n d  NiS  in a l k a l i n e  so lu t ion  a r e  n e a r l y  
i den t i ca l  w h i c h  sugges t s  t h a t  t h e  d e t a c h m e n t  of Ni  
is r a t e - l i m i t i n g .  H o w e v e r ,  t h e r e  a r e  s u b s t a n t i a I  d i f -  
f e r ences  in  t he  hea t s  of f o r m a t i o n  a n d  in  t he  e l ec -  
t r o n e g a t i v i t y  d i f fe rences  of t h e  c o m p o u n d s  (5) .  The  
a p p a r e n t  i n d e p e n d e n c e  of t h e  e n e r g y  of a c t i va t i on  
for  d e t a c h m e n t  of Ni  c a n n o t  be  e x p l a i n e d  in a n y  
s imp le  way ,  e.g., c o m p e n s a t i o n  effects.  

A c t i v e - p a s s i v e  t r a n s i t i o n s . - - N i c k e l  i t se l f  e x h i b i t s  
an  a c t i v e - p a s s i v e  t r a n s i t i o n  in  w h i c h  the  anod ic  
c u r r e n t  dec reases  r a p i d l y  w i t h  i n c r e a s i n g  anodic  
p o t e n t i a l  a n d  r e a c he s  e v e n t u a l l y  a l i m i t i n g  c u r r e n t  
w h i c h  is cons t an t  ove r  a c o n s i d e r a b l e  r a n g e  of p o -  
ten t ia l s .  A n  i n t e r p r e t a t i o n  o f  th is  p h e n o m e n o n  in 

Ni --0.10 0.05 
Sb --0.03 0.12 
Si --0.27 0.10 
NiAs --0.02 0.09 
NiSb +0.12 0.05 
NiS --0.30 0.16 
NiSi --0.12 0.08 

* A l l  p o t e n t i a l s  vs.  t h e  s t a n d a r d  h y d r o g e n  e l ec t rode  (SHE) .  
t E-5 is t he  p o t e n t i a l  a t  a n  anod ic  c u r r e n t  d e n s i t y  ia = 104  a m p /  

~ITI 2. 

for  w h i c h  the  c u r r e n t - v o l t a g e  r e l a t i o n s h i p  a t  p o -  
t en t i a l s  suf f ic ient ly  f a r  f r o m  e q u i l i b r i u m  shou ld  be  

E = b( log  i - -  n p H - -  log k )  -}- E~ [2]  

w h e r e  E~ is a r e f e r e n c e  po t en t i a l ,  i.e., t he  p o t e n t i a l  
of the  s t a n d a r d  h y d r o g e n  e l e c t r o d e  ( S H E ) ,  and  E is 
the  a p p l i e d  p o t e n t i a l  vs.  SHE. The  Ta fe l  s lope,  b, 
equa l s  59 /az  m v  at  25~ w h e r e  a is a t r a n s f e r  co-  
efficient, z is def ined  in Eq. [1] ,  a n d  k inc ludes  the  
specific r a t e  cons t an t  for  t h e  reac t ion .  I t  is c o n v e n i -  
en t  to def ine a p a r a m e t e r  E -5  as  t he  v a l u e  of E for  
w h i c h  I = 10 -5 a m p / c m  2. V a l u e s  of E - 5  h a v e  been  
e s t i m a t e d  b y  i n t e r p o l a t i n g  or  e x t r a p o l a t i n g  the  a p -  
p a r e n t  anod ic  Ta fe l  l ines  in  Fig .  1-7, a n d  a r e  l i s t ed  
in Tab le  I. A c c o r d i n g  to Eq. [2]  and  t h e  def in i -  
t ion  of b, E - 5  is a func t ion  of k, z, a, and  n. The  
p r o d u c t  az  can  be  o b t a i n e d  d i r e c t l y  f rom the  Tafe l  
slope,  b u t  a c c u r a t e  va lue s  canno t  be  d e r i v e d  b e -  
cause  of i nc ip i en t  p a s s i v a t i o n  (see  b e l o w ) .  

Desp i t e  a c o n s i d e r a b l e  va r i a t i on ,  t he  va lue s  of b 
g e n e r a l l y  f a l l  w i t h i n  t he  r a n g e  of 100-160 my.  
S ince  a is p r o b a b l y  in t he  n e i g h b o r h o o d  of l/z, th is  
i m p l i e s  t h a t  z l ies  b e t w e e n  0.8 and  1.3. 

A n  e s t i m a t e  of n can  be  m a d e  f r o m  the  p H  d e -  
p e n d e n c e  w h i c h  is, a p p r o x i m a t e l y ,  LxE/Lx p H  = bn 
= 59n /az  my.  The  r e su l t s  show a c o n s i d e r a b l e  v a r i a -  
t ion,  w h i c h  imp l i e s  s igni f icant  d i f fe rence  in t h e  v a l u e  
of a, z, a n d  n for  t he  r a t e - l i m i t i n g  s tep  on t h e  v a r i o u s  
e lec t rodes .  The  a p p a r e n t  v a l u e s  of n a re  a l l  s u b -  
s t a n t i a l l y  less  t h a n  un i ty .  This  fact ,  t o g e t h e r  w i t h  
t he  s ign i f ican t  changes  in  t he  v a l u e s  of b, imp l i e s  a 
c h a n g e  in  m e c h a n i s m  w i t h  i n c r e a s i n g  pH. 

Because  of t he  a p p a r e n t  d i f fe rences  in t he  v a l u e  
of b, i t  is no t  poss ib l e  to s e p a r a t e  k f r o m  Eq. [2]  for  
a q u a n t i t a t i v e  c o m p a r i s o n  of r a t e  cons t an t  a ga in s t  
compos i t ion .  T h e r e  are ,  n e v e r t h e l e s s ,  s e v e r a l  q u a l -  
i t a t i ve  f e a t u r e s  of  t he  r e su l t s  w h i c h  b e a r  not ice.  
The  n o b l e n e s s  of t he  e l ec t rodes  in  ac id  so lu t ions  as 
m e a s u r e d  b y  i n c r e a s i n g l y  pos i t i ve  va lue s  of E_~ is 
in t he  o r d e r  

N i S b  > S b  ,-~ N iAs  > Ni  > NiS i  > NiS ~ Si  

w h i l e  in  a l k a l i n e  solu t ion ,  t he  s equence  is 

Ni  > Sb > N i S b  -~ NiS i  -- N iS  

(Resu l t s  for  S i  a n d ' N i A s  in  a l k a l i n e  so lu t ion  a r e  i n -  
def in i te . )  Thus ,  N i S b  is m o r e  n o b l e  in  ac id  so lu t ion  
t h a n  e i t h e r  of t h e  e l emen t s ,  w h i l e  t he  conve r se  
holds  for  a l k a l i n e  so lu t ion .  NiSb ,  NiSi ,  and  NiS  b e -  
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Table II. Summary of results 
Molar perchlornte solution of pH 0.04 

P a s s i v a t i o n  C . D .  in  P a s s i v e  
p o t e n t i a l  C r i t i c a l  C . D .  pa s s ive  r e g i o n  p o t e n t i a l  r a n g e  

Et ,  v it, a m p / c m  ~ in, a m p / c m  2 AEp, v AE~/ApH 

Ni + 0 . 3  3 X 10 - I  ~ i 0  - 6  0.4 to  1.4 --0.074 
Sb + 0 . 4  4.5 X 10 - 3  3.5 X 10 - 3  0.4 to  0.9 --0.041 
Si - -  - -  ~ I 0  - 3  - -  - -  
NiAs +0.2 2.3 X 10 -5 ~10-5  - -  
NiSb +0.45 7 X 10 -3 7 X 10 -4 0.8 to 1.8 --0.082 
NiS --0.10 1.5 X 10 -4 1.5 X 10 -4 --0.1 to 0.7 --0.026 
NiSi +0.10 4.5 X 10 -3 ~10-3  0.4 to 1.8 --0.050 

1M NaCIO4 at pH 10.8 

P a s s i v a t i o n  C . D .  in  P a s s i v e  p o t e n -  
p o t e n t i a l  C r i t i c a l  C . D .  pa s s ive  r e g i o n  t i a l  r a n g e  

Et,  v it, a m p / c r n  2 ip, a m p / c m  ~ AEp, v 

Ni --0.5 I 0 - ~  7 X 10 - 7  - -  
Sb --0.04 5 X 10 -4 (unst i rred)  --10 -4 - -  

5 X 10 -3 (stirred) 
Si --0.16 1.7 X 10 -6 1.6 >< 10 -8 --0.16-2.0 
NiAs - -  <10 -8 <10 -6 - -  
NiSb --0.44 3 X 10 -4 3 X 10 -4 --0.44-0.37 

(0.56) (2 X 10 -3) (2 X 10 -3) (0.56-1.0) 
NiS --0.39 6 X 10 -4 3 X 10-~ --0.39-0.56 
NiSi  --0.44 1.7 >< 10 - 4  1.2 X 10 - 4  - -  

t e rms  of a h igher  va lence  oxide film has b e e n  p ro -  
posed by  Sato and  Okamoto  (6) .  Accord ing  to th is  
view, NiOH + p roduced  d u r i n g  d isso lu t ion  a c c u m u -  
lates n e a r  the  electrode surface,  u n t i l  the  so lub i l i ty  
p roduc t  of n icke l  hyd rox ide  or n icke l  oxide is ex-  
ceeded and  the oxide prec ip i ta tes  at  the  electrode 
surface.  Wi th  fu r t he r  increase  of potent ia l ,  a h igher  
oxide, p r o b a b l y  approach ing  Ni304 in  composi t ion,  is 
fo rmed  as a compact  film, and  this  p r o b a b l y  cons t i -  
tu tes  the passive film. The c u r r e n t  in  the passive 
reg ion  is d e t e r m i n e d  by  the  ra t e  of solut ion of the 
exide  film. As the  po t en t i a l  is ra i sed  fu r the r ,  the 
th ickness  of the  oxide increases  u n t i l  the  ra te  of 
film g rowth  matches  tha t  of fi lm dissolu t ion  so tha t  
the  r e s idua l  s t e ady - s t a t e  c u r r e n t  r e m a i n s  inde -  
p e n d e n t  of potent ia l .  

The  anodic  po la r i za t ion  curves  of the  n icke l  com-  
pounds  also show ev idence  of ac t ive -pass ive  t r a n s -  
format ions .  The t r ans i t i ons  are charac te r ized  by  a 
t r ans i t i on  po ten t i a l  (Et ) ;  the  c u r r e n t  (it) at the  
t r ans i t i on  po ten t ia l ;  the  c u r r e n t  in  the  passive re -  
gion (ip) ; and,  the  r a n g e  of po ten t ia l s  in  which  pas -  
s iv i ty  occurs. Resul ts  are  s u m m a r i z e d  in  Tab le  II. 
In  the  case of Ni, Et decreases  a p p r o x i m a t e l y  59 m y  
per  pH uni t ,  and  the  va lues  of it and  /p decrease 
subs t an t i a l l y  wi th  inc reas ing  pH. 

In  the  case of Sb the re  are  also d i s t inc t ive  t r a n s i -  
t ions in  bo th  acid and  a lka l ine  solut ions.  In  acid so- 
lu t ion  it -" /~  ~ 5 x 10 -8 a m p / c m  ~. In  a lka l ine  so lu-  
t ion  i ,  ~ 10 -4 a m p / c m  2, b u t  increases  wi th  p o t e n -  
t ion;  it increases  sha rp ly  w i th  s t i r r ing ,  cons is ten t  
wi th  a m e c h a n i s m  based  on pass iva t ion  by  a p a r -  
t i a l ly  soluble  oxide film. The fo rma t ion  of an  oxide 
was f u r t h e r  ev idenced  by  a v is ib le  d a r k e n i n g  of the  
or ig ina l  pol ished surface.  In  acid solut ions,  the  re le -  
v a n t  ox ida t ion  po ten t ia l s  for a n t i m o n y  are (7) 

2 S b + 3 H ~ O - - > S b 2 O s +  6H + + 6e E ~  
2 S b + 5 H 2 0 - - + S b 2 O s + 1 0 H  + + 10e E ~  

The  las t  po ten t i a l  is in  accord wi th  Et, which  is 
s t rong i n f e r e n t i a l  ev idence  t ha t  the  pass iva t ing  film 
consists of Sb205. The va lue  of it in  acid solut ion 
impl ies  a d issolu t ion  ra te  of ~ 15 m o n o l a y e r  e q u i v -  
a lents  per  second. There  is v i r t u a l l y  no hys teres is  
in  r e t r ac ing  the  po la r iza t ion  curve  ( I I I ) ,  sugges t ing  
tha t  the  ac tua l  pass iva t ing  film is ve ry  th in ,  a l -  
t hough  there  m a y  be g rowth  of a noncompac t  oxide 
above it. The l a t t e r  could con t r ibu t e  to the  large 
cathodic cu r r en t s  observed  in  phase  IV. 

In  a lka l ine  solut ions,  anodic  d issolu t ion  begins  at  
-- 0.40v and  the  t r ans i t i on  to the  passive s tate  oc- 
curs  at  --  0.04vJ Anodic  d isso lu t ion  p r o b a b l y  oc- 
curs  by  ox ida t ion  to the soluble  + 3  oxide accord-  
ing to the reac t ion  

Sb + 4 O H -  ---> SbO2-  + H20 + 3e 

w i th  a po ten t i a l  E ~ --0.42v at pH 10.8. The local 
decrease of pH caused by  this  reac t ion  favors  the 
fo rma t ion  of Sb208, and  this  oxide is p r o b a b l y  r e -  
sponsible  for passivi ty .  The  e n h a n c e m e n t  of the 
cr i t ical  c u r r e n t  by  s t i r r ing  is due  e i ther  to increased  
diffusion of O H -  to the  d isso lv ing  surface  or to the 
r e m o v a l  of SbO2-  f rom the  in terface .  

In  acid solut ions,  Si does not  show an  ac t ive-  
pass ive  t rans i t ion .  Anodic  dissolut ion begins  at 
--0.20v, and  the  c u r r e n t  g r a d u a l l y  approaches  a n  es- 
sen t i a l ly  cons tan t  va lue  of 10 -3 a m p / c m  2. This  
l imi t ing  c u r r e n t  is i n d e p e n d e n t  of s t i r r ing ,  and  
hence  m u s t  be cont ro l led  by  diffusion th rough  a 
surface  film, which  is p r o b a b l y  h y d r a t e d  SIO2. In  
a lka l ine  solut ions,  there  is an  i l l -def ined  t r ans i t i on  
at - -0 .16vJ  The  c u r r e n t  in  the  pass ive  reg ion  is ~ 3 
x 10 -8 a m p / c m  2 a nd  shows a sl ight  increase  at 
h igher  potent ia ls .  Anodic  pass iva t ion  of Si in  KOH 
was also observed  b y  T u r n e r  (8) .  

I t  is su rp r i s ing  t ha t  the  anodic  ox ida t ion  ra te  of 
Si in  a lka l ine  solut ion,  w he r e  SiOe is soluble,  is less 

A g a i n s t  a s t a n d a r d  h y d r o g e n  e lec t rode .  
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than  in acid solution. This difference in ra tes  im-  
plies tha t  the surface oxide formed in acid solution 
is noncoherent .  

Active-passive transitions of nickel compounds.- 
There is clear  vo l t ammet r i c  evidence (Fig. 4-7) of 
ac t ive-pass ive  t ransformat ions  on the nickel  com- 
pounds under  study. Before discussing the da ta  it  
wi l l  be useful  to consider  briefly the theory  of such 
transi t ions.  

Al though the phenomenon of anodic passivat ion 
of in te rmeta l l ic  compounds is not  unexpected,  the  
in te rp re ta t ion  is h ighly  complex. Consider  the  fol-  
lowing sequence of anodic react ions of an in t e r -  
meta l l ic  compound AB in which the excess solubi l -  
i ty  of A or  B is ve ry  small :  As the potent ia l  is 
raised,  anodic dissolution of both A and B increases 
unt i l  the  p roper  conditions are achieved for the 
format ion  of a protec t ive  oxide film. Direct  contact  
of the compound and the e lect rolyte  is then p r e -  
vented,  and cont inued react ion requires  the field- 
induced diffusion of cation defects ( in ters t i t ia ls  or 
vacancies)  th rough  the oxide film. As wi th  ele-  
menta l  electrodes,  the current  drops to a low value,  
and the thickness of the oxide film at  a given po-  
ten t ia l  adjusts  to a s t a t ionary  va lue  at  which the 
f ie ld- induced t r anspor t  of cations through the film 
exact ly  matches  the  ra te  of dissolution at the ox-  
ide /e l ec t ro ly te  interface.  The t r anspor t  ra te  may" 
be l imi ted  ei ther  by  the t r ans fe r  of ions across the 
e lec t rode /ox ide  in ter face  or by  the i r  diffusion 
through the film. In the former  case, the ra te  de-  
pends on the concentrat ion,  C,, of the  re levan t  spe-  
cies at  the inner  in terface  and its effective charge, 
Zi, in the t rans i t ion  state;  in the  l a t t e r  case it de-  
pends on the concentrat ion,  Co, of the  defects in the 
film and the i r  diffusion coefficient. 

Let  us first consider  the  case where  the pass iva t -  
ing film consists essent ia l ly  of pure  oxide of A, here 
denoted by  AO, and tha t  in te r s t i t i a l  cations are the 
p redominan t  defects. In the passive region, where  
the  s t eady- s t a t e  cur rent  is independent  of potent ial ,  
the ra te  of chemical  dissolution of AO is ba lanced 
by  the t r anspor t  of A ions th rough  the film. How-  
ever, ion t rans fe r  can only t ake  place if B atoms 
are l ibe ra ted  as well.  Since the excess B atoms can-  
not  r ed i s t r ibu te  in AB ( res t r ic ted  solid so lubi l i ty) ,  
they  must  accumulate  at  the m e t a l / o x i d e  interface.  
It is obvious tha t  a s teady  s tate  cannot  be achieved 
in this case unless diffusion of B ions through AO 
also takes  place. Therefore,  a l though the intr insic  
dissolution ra te  of AO sti l l  de te rmines  the over -a l l  
react ion rate,  the th ickness  of the oxide is ad jus ted  
so as to pe rmi t  a fast  enough t r anspor t  of the s lower 
moving ion species th rough  the film. In this  modeI, 
the s t a t ionary  cur ren t  in the  passive region is 

1 + ~ t imes tha t  observed on pure  A elec-  

trodes,  and the film thickness depends on the mo-  
b i l i ty  of A through the A 0  oxide. 

As a second possibi l i ty,  it m a y  be assumed tha t  a 
mixed  oxide of A and B is formed.  In this case, the 
proper t ies  of the mixed  oxide, including its chemical  
dissolution rate,  de te rmine  the s t eady-s t a t e  cur rent  

in the passive region. The passive cur ren t  wi l l  d i f -  
fer, in general ,  f rom tha t  observed on e i ther  pure  A 
or pure  B. 

There  are no simple precedents  for deciding which 
model  may  be appl icable  to in te rmeta l l i c  com- 
pounds. The most re levant  s tudies have been ca r -  
r ied out wi th  InSb. The ra te  of anodic oxidat ion  of 
InSb in a KOH solution in which In20~ is a lmost  
to ta l ly  insoluble,  and where,  consequently,  th ick 
oxide films can be formed,  depends on the ra te  of 
t r ans fe r  of ions across the  I n S b / o x i d e i n t e r f a c e  (9).  
Because of the  higher  charge of Sb, the t ransfe r  of 
In is ra te - l imi t ing .  The crys ta l  s t ruc ture  of the oxide 
film was not de termined,  but  it  was found that  the  
rat io  of In to Sb in the film was un i ty  f rom the 
I nSb / ox i de  in ter face  to wi th in  100A of the ox ide /  
e lect rolyte  in ter face  where  the  ra t io  increased 
sharply ,  p r e sumab ly  because of the much la rger  
solubi l i ty  in KOH of Sb re la t ive  to In (9).  A uni t  
rat io of In to Sb in the oxide film is not expected 
on the basis of the proposed mechanism if t ranspor t  
through the film is by  inters t i t ia ls .  This ra t io  may  
be expla ined  if the mobile  species are  cation vacan-  
cies genera ted  at  the e l ec t ro ly te /ox ide  interface.  
Al though such a mechanism is con t ra ry  to the  
known h i g h - t e m p e r a t u r e  defect  mechanism in 
In203, it  is consistent wi th  the  fact  tha t  anodical ly  
formed oxides rec t i fy  in a sense which indicates  the 
presence of cation vacancies (10). 

In the  the rmal  oxidat ion  of InSb at  high t em-  
pera tures ,  a protec t ive  film of In~Oz is formed,  and 
fur ther  growth is l imi ted  by  the chemical  r a the r  
than  the f ie ld- induced diffusion of in te rs t i t i a l  In +3 
ions through the oxide ( i l ) .  In this case, Sb l iber -  
ated by  the oxidat ion of In is p rec ip i ta ted  in an ele-  
menta l  phase  at  the  InSb/InzO3 boundary ,  as evi-  
denced by  electron diffraction. The Sb l aye r  does 
not de ter  s ignif icantly the diffusion of In atoms at 
high t empera tu res  and consequent ly  has l i t t le  effect 
en the  kinetics.  The exper iments  wi th  InSb i l -  
lus t ra te  the  genera l  pa t t e r n  of oxidat ion  behavior  
which may  be expected wi th  an in termeta l l ic  com- 
pound if the ra te  is de te rmined  by  one component.  
There are, however ,  a number  of possible complica-  
tions which m a y  occur in other  systems. For  ex-  
ample,  if the ra te  of diffusion of B through  an AO 
oxide is small ,  the film Cannot grow rap id ly  enough 
to balance  the dissolution ra te  of AO, and the in te r -  
metal l ic  compound wil l  form an imper fec t ly  p ro-  
tect ive oxide film. It  is also possible tha t  more than 
one oxide wil l  form at the surface. A d i spar i ty  be-  
tween  the rates  of g rowth  and dissolution of indi -  
v idual  crystall i teS in such a mosaic would  lead to 
mechanical  ins tab i l i ty  of the film as a whole.  F ina l ly ,  
a single oxide of e i ther  A or B may  be formed,  but  
it m a y  differ in s t ruc ture  f rom tha t  on the pure  ele-  
ment.  

The resul ts  on nickel  compounds in the passive 
region may  be summarized  as follows (see Fig. 1-7 
and Table I I ) :  

1. NiSi, NiAs, NiSb, and NiS al l  shov~ pass ivat ion 
both in acid and a lkal ine  solutions. 

2. In acid solutions (pH 0.04), the  cr i t ica l  po ten-  
t ials for passivat ion of NiSi, NiAs, and NiS are all  
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d i f fe ren t  f r o m  t h a t  for  Ni, and  the  c r i t i ca l  c u r r e n t  
on a l l  t he se  c o m p o u n d s  is two  o r d e r s  of  m a g n i t u d e  
less  t h a n  on Ni. The  c r i t i ca l  c u r r e n t  a n d  p o t e n t i a l  
for  N i S b  a r e  close to  those  f o u n d  w i t h  e l e m e n t a l  Sb.  

3. In  a l k a l i n e  so lu t ions  (pH 10.8), t he  c r i t i ca l  
p o t e n t i a l s  for  p a s s i v a t i o n  of NiSi ,  NiSb ,  and  NiS  a r e  
a b o u t  t he  s a m e  as for  Ni, b u t  t h e  c r i t i ca l  c u r r e n t  
d e n s i t y  is t h r e e  o r d e r s  of m a g n i t u d e  l a r g e r  t h a n  for  
Ni. 

4. The  c u r r e n t  dens i t i e s  in  t h e  p a s s i v e  r eg ion  l ie  
b e t w e e n  10 -4  and  l0  -~ a m p / c m  ~ for  NiSi ,  NiSb ,  and  
NiS in b o t h  ac id  and  a l k a l i n e  solut ions .  The  p a s s ive  
c u r r e n t  on NiAs,  l i ke  t h a t  on  Ni, is o r d e r s  of m a g -  
n i t u d e  less.  

5. A n  i n c r e a s e  of c u r r e n t  a t  p o t e n t i a l s  b e l o w  the  
o x y g e n  evo lu t i on  ( t r a n s p a s s i v e  b e h a v i o r )  is o b -  
s e r v e d  w i t h  N iAs  a n d  NiS in b o t h  ac id  and  a l k a l i n e  
solu t ions ,  a n d  w i t h  N i S b  in  a l k a l i n e  solut ion.  

A n o t e w o r t h y  f e a t u r e  of t he  p o l a r i z a t i o n  c u r v e  
of N i S b  in ac id  so lu t ion  is hys t e r e s i s  b e t w e e n  the  
cu rves  o b t a i n e d  on i n c r e a s i n g  and  d e c r e a s i n g  the  p o -  
t en t ia l .  This  is i n d e e d  a g e n e r a l  cha rac t e r i s t i c ,  a l -  
t h o u g h  less p r o n o u n c e d ,  of the  anod ic  b e h a v i o r  of 
a l l  t he  compounds .  I t  shou ld  be  r e m e m b e r e d  t h a t  
t he  p r e s e n t  e x p e r i m e n t s  are ,  in  effect,  an  e x t e n -  
s ion to v e r y  low r a t e s  (20 m v / 3 0  sec)  of  the  p o t e n -  
t ios ta t i c  s w e e p  m e t h o d  a n d  t h a t  even  at  th i s  r a t e  a 
s t e a d y - s t a t e  su r f ace  conf igura t ion  m a y  no t  be  
ach ieved .  I t  is also poss ib le  t h a t  t h e  compos i t i on  of 
t h e  ox ide  f i lm v a r i e s  w i t h  anod ic  po t en t i a l .  In  th is  
case, t h e r e  m a y  be  r e l a t i v e l y  long t i m e  cons tan t s  for  
r e - e s t a b l i s h i n g  the  a p p r o p r i a t e  c o n c e n t r a t i o n  prof i le  
t h r o u g h o u t  t h e  film. 

The  r e su l t s  w i t h  t he  i n t e r m e t a l l i c  c o m p o u n d s  
po in t  to t he  fo l lowing  g e n e r a l  m e c h a n i s m  for  p a s s i -  
r a t i o n .  In  ac id  so lu t ion ,  t he  c r i t i ca l  c u r r e n t  d e p e n d s  
on the  k ine t i c s  of d i s so lu t ion  of  t he  c o m p o u n d  and  
va r i e s  in  t he  w a y  d i scussed  a b o v e  for  d i s so lu t ion  in 
t he  ac t ive  reg ion .  A t  po t en t i a l s  c lose to the  t r a n s i -  
t ion  po ten t i a l ,  a s t ab le  su r f ace  o x i d e  is fo rmed ,  and  
th i s  g r o w s  as t he  p o t e n t i a l  is f u r t h e r  inc reased .  
C o n t r a r y  to t he  case  of  Ni,  the  f o r m a t i o n  of the  s u r -  
face  ox ide  is not  p r e c e d e d  b y  the  p r e c i p i t a t i o n  of a 
h y d r o x i d e  of e i t h e r  e l e m e n t  ( the  c r i t i c a l  c u r r e n t  is 
s e v e r a l  o r d e r s  of  m a g n i t u d e  less t h a n  the  d i f fus ion-  
l i m i t e d  c u r r e n t )  in  t h e  e l ec t ro ly t e s .  S ince  the  c r i t i -  
cal  p o t e n t i a l  is s u b s t a n t i a l l y  less  t h a n  t h a t  for  Ni  
and  s ince  i t  is d i f fe ren t  fo r  d i f f e ren t  compounds ,  i t  
m u s t  be  a s s u m e d  t h a t  t he  pas s ive  f i lm is a m i x e d  
ox ide  of  bo th  e l emen t s .  

As  the  p o t e n t i a l  is i n c r e a s e d  b e y o n d  the  c r i t i ca l  
v a l u e  for  pas s iva t ion ,  bo th  Ni  a n d  the  second  e l e -  
m e n t  m i g r a t e  t h r o u g h  the  film. The  h i g h e r  r a t e  of 
ox ida t ion ,  c o m p a r e d  to t h a t  of Ni,  sugges t s  t h a t  the  
f i lms on the  c o m p o u n d s  a r e  m o r e  so lub le  t h a n  the  
pa s s ive  f i lm on e l e m e n t a l  n ickel .  The  r a t e - l i m i t i n g  
s tep  is p r o b a b l y  the  o x i d a t i o n  of  Ni  r a t h e r  t h a n  the  
o x i d a t i o n  of t he  second  e lement .  F o r  e x a m p l e ,  in 
t he  case  of N i S b  the  i n t r i n s i c  r a t e  of  t r a n s f e r  of Sb  
across  t h e  m e t a l / o x i d e  i n t e r f a c e  is p r o b a b l y  g r e a t e r  
t h a n  fo r  Ni  s ince  t h e  c h a r g e  of t h e  Sb  ion  is g r e a t e r ;  
s i m i l a r l y ,  t he  f i e l d - i n d u c e d  r a t e  of  m i g r a t i o n  of Sb 
across  t he  f i lm is also e x p e c t e d  to be  g rea t e r ,  a g a i n  
be cause  of t h e  b i g g e r  c h a r g e  a n d  s m a l l e r  size of t he  
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Sb cat ion.  C o n s e q u e n t l y ,  t he  r a t e  a t  w h i c h  N i S b  
ox id izes  is p r o b a b l y  c on t ro l l e d  b y  the  r a t e  of r e m o v a l  
of Ni, w h e t h e r  t he  r a t e - l i m i t i n g  s tep  is t he  t r a n s f e r  
of an  ion  across  t he  m e t a l / o x i d e  i n t e r f a c e  or  across  
t he  ox ide  i tself .  

The  hys t e r e s i s  o b s e r v e d  w i t h  N i S b  in ac id  so lu -  
t ion  sugges t s  t h a t  t he  compos i t i on  of t he  f i lm 
changes  on  cycl ing.  This  m a y  come  a b o u t  if  t he  r a t e  
of d i s so lu t ion  of Sb f rom t h e  o x i d e  is g r e a t e r  t h a n  
t h a t  for  Ni  ( c o m p a r e  the  anod ic  b e h a v i o r  of Ni  and  
S b ) .  On i nc r e a s ing  the  p o t e n t i a l  d u r i n g  the  anodic  
sweep,  Sb  is c o n t i n u o u s l y  i n t r o d u c e d  into  t he  film, 
t o g e t h e r  w i t h  Ni, a t  a r a t e  w h i c h  is l a r g e r  t h a n  the  
d i s so lu t ion  r a t e  of  t he  m i x e d  oxide ,  caus ing  the  
ox ide  f i lm to grow.  The  compos i t i on  of t he  f i lm is 
p r o b a b l y  m a i n t a i n e d  at  some  cons t an t  r a t i o  of Ni  
to Sb,  p r o b a b l y  no t  f a r  f r o m  un i ty .  W h e n  the  p o -  
t e n t i a l  is dec rea sed ,  t he  d i s so lu t ion  r a t e  exceeds  t he  
r a t e  of f i lm fo rma t ion ,  a n d  the  f i lm t h e r e f o r e  d e -  
c reases  in th i ckness .  I t  a p p e a r s  t h a t  d u r i n g  th is  p r o -  
cess Sb  is r e m o v e d  p r e f e r e n t i a l l y  f rom the  ox ide  
and  the  pa s s ive  f i lm a p p r o a c h e s  t he  c h a r a c t e r i s t i c s  
of t he  f i lm f o r m e d  on e l e m e n t a l  Ni, i.e., i ts  d i s so lu -  
t ion  r a t e  is n o w  less  b y  an  o r d e r  of  m a g n i t u d e .  

N iS  also shows  a l a r g e  hys t e r e s i s  loop on anod ic  
po la r i za t ion .  On i nc r e a s ing  the  po t en t i a l ,  t h e r e  is a 
s m a l l  o x i d a t i o n  p e a k  a b o u t  0.1v w h i c h  c o r r e s p o n d s  
to a r e d u c t i o n  p e a k  on the  " d o w n "  run .  The  c u r r e n t  
is i n d e p e n d e n t  of p o t e n t i a l  up  to a b o u t  0.6v; a t  
h i g h e r  po ten t i a l s ,  a t r a n s p a s s i v e  r eg ion  sets  in, and  
the  c u r r e n t  i nc reases  r a p i d l y  to v e r y  h igh  va lues .  
S ince  the  o x i d a t i o n  of S to a so lub le  SO3 = spec ies  
is t h e r m o d y n a m i c a l l y  poss ib l e  a b o v e  0.5v, i t  is p r o b -  
ab le  t h a t  t he  onse t  of  t h e  t r a n s p a s s i v e  r e g i o n  c o r r e -  
sponds  to the  o x i d a t i o n  of su l fu r  to  t h e  -b4 s ta te .  
The  o x i d a t i o n  s t a t e  of  s u l f u r  b e l o w  0.Sv a n d  the  
f o r m  in w h i c h  i t  is i n c o r p o r a t e d  in  t he  f i lm a r e  u n -  
ce r ta in .  I t  is c lear ,  h o w e v e r ,  t h a t  t he  p a s s i v a t i n g  
ox ide  on NiS is d i f fe ren t  f r o m  t h a t  on Ni  s ince  bo th  
t he  c r i t i ca l  p o t e n t i a l  and  t h e  c u r r e n t  in t he  pas s ive  
r eg ion  di f fer  s u b s t a n t i a l l y  f r o m  those  f o u n d  w i t h  
Ni. I t  shou ld  be  n o t e d  t h a t  t he  pas s ive  s ta te  on a 
p u r e  Ni  e l ec t rode  b r e a k s  d o w n  w h e n  H2S is a d d e d  
to t he  e l ec t ro ly t e .  Th is  o b s e r v a t i o n  shows  t h a t  e l e -  
m e n t a l  S in  NiS  is no t  r e l e a s e d  as S = to a n y  l a rge  
ex ten t .  

N iAs  shows  a d i s t i nc t i ve  a c t i v e - p a s s i v e  t r a n s i t i o n  
a t  0.2v, b u t  p a s s i v i t y  b r e a k s  d o w n  at  s l i g h t l y  m o r e  
pos i t ive  po t e n t i a l s  and  the  c u r r e n t  i nc reases  r a p i d l y .  
A p p a r e n t l y ,  a t r a n s p a s s i v e  r e g i o n  ( o x i d a t i o n  to a 
h i g h e r  v a l e n c y  s t a t e )  fo l lows  c lose ly  t he  pa s s ive  
r eg ion  of NiAs.  T h e  p o t e n t i a l  r a n g e  fo r  b o t h  p h e -  
n o m e n a  is p r o b a b l y  d e t e r m i n e d  b y  the  o x i d a t i o n  
r eac t i ons  of As. The  t h e r m o d y n a m i c  p o t e n t i a l s  for  
t he  couples  

2As + 3H20 ~ As2Os -b 6H + ~- 6e E ~ ---- 0.23v 
and  

As + 4H20 ~ H3AsO4 ~ 5H + ~ 5e E ~ ---- 0.38v 

c o r r e s p o n d  c lose ly  to the  p o t e n t i a l s  w h e r e  t he  p a s -  
s ive  and  t r a n s p a s s i v e  r eg ions  fo r  N iAs  set  in. Thus,  
i t  is p r o b a b l e  t h a t  a p r o t e c t i v e  ox ide  f o r m e d  at  
l o w e r  p o t e n t i a l s  b r e a k s  d o w n  a b o v e  0.3-0.4v w h e r e  
o x i d a t i o n  of As  to  t he  -P5 s t a t e  becomes  poss ib le .  
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NiSi  shows  a r e g u l a r  a c t i v e - p a s s i v e  t r a n s i t i o n  a t  
0.1v and  a pas s ive  r e g i o n  e x t e n d i n g  to v e r y  h igh  
p o t e n t i a l s  ( >  1.8v).  The  c u r r e n t  in  t he  pas s ive  
r eg ion  is s u b s t a n t i a l  (10 -3 a m p / c m  2) a n d  c o r r e -  
sponds  to  a d i s so lu t ion  r a t e  for  t he  ox ide  of a b o u t  
3 0 0  m o n o l a y e r s  p e r  m inu t e .  This  r a t e  is no t  m u c h  
d i f fe ren t  f r o m  t h a t  of Si  a t  c o m p a r a b l e  p o t e n t i a l s  
and  sugges t s  t h a t  t he  pa s s ive  o x i d e  is s im i l a r  to the  
ox ide  on e l e m e n t a l  St. 

In  a l k a l i n e  solu t ion ,  NiSi ,  NiSb,  and  NiS  a l l  show 
a t r a n s i t i o n  a t  0.2v (vs. H + / H ~  in t he  s ame  so lu -  
t ion)  w h i c h  c o r r e s p o n d s  c lose ly  to t he  t r a n s i t i o n  
o b s e r v e d  w i t h  p u r e  Ni. I t  is c lear ,  t he re fo re ,  t h a t  Ni  
ox ide  is f o r m e d  first  in a l l  t h r e e  cases.  H o w e v e r ,  
bo th  t he  c r i t i ca l  c u r r e n t  and  t h e  pa s s ive  c u r r e n t  a r e  
l a r g e l y  b y  2-3 o rde r s  of m a g n i t u d e  t h a n  on p u r e  Ni. 
NiS i  is p a r t i c u l a r l y  i n t e r e s t i n g  in  th is  r e spec t  s ince  
t he  d i s so lu t ion  r a t e  of th is  c o m p o u n d  in t he  pas s ive  
r eg ion  is g r e a t e r  b y  2 o rde r s  of m a g n i t u d e  t h a n  the  
r a t e  fo r  e i t h e r  of t he  p u r e  e lements .  P r o n o u n c e d  
hys t e r e s i s  is o b s e r v e d  w i t h  a l l  t h r e e  compounds ,  the  
anod ic  c u r r e n t  on d e c r e a s i n g  t h e  p o t e n t i a l  be ing  in 
a l l  cases  less  t h a n  on i n c r e a s i n g  the  po ten t i a l .  These  
r e su l t s  sugges t  t h a t  t h e  i n i t i a l  p a s s i v a t i n g  fi lm is 
n i c k e l  ox ide  b u t  of a d i f fe ren t  s t r u c t u r e  t h a n  the  
pa s s ive  ox ide  f o r m e d  on p u r e  Ni. I t  is no t  c lea r  
w h e t h e r  t he  second  e l e m e n t  is i n t r o d u c e d  in  t he  
f i lm a t  m o r e  pos i t ive  po ten t i a l s .  The  i nc rea se  of the  
c u r r e n t  a t  p o t e n t i a l s  m o r e  pas s ive  t h a n  0.2v in  the  
case  of N iS i  and  N i S b  sugges t s  t h a t  Si  and  Sb a re  
in fac t  i n c o r p o r a t e d  in t he  film. This  conc lus ion  is 
s u p p o r t e d  b y  the  h y s t e r e s i s  o b s e r v e d  on d e c r e a s i n g  
the  p o t e n t i a l  w h i c h  sugges t s  a change  in t he  c o m -  
pos i t i on  of t h e  f i lm u p o n  cyc l ing  as  in  t h e  case of 
ac id  solu t ions .  

In  s u m m a r y ,  t he  anod ic  b e h a v i o r  of  n i c k e l  c o m -  
p o u n d s  in  ac id  so lu t ion  shows  t h a t  t he  pas s ive  f i lm 
is e i t he r  a m i x e d  ox ide  or  an  ox ide  h a v i n g  the  bas ic  
s t r u c t u r e  of t he  second  e lement .  In  a l k a l i n e  so lu -  
t ion,  n i c k e l  ox ide  is f o r m e d  first  b u t  p r o b a b l y  has  a 
d i f f e ren t  s t r u c t u r e  t h a n  t h e  o x i d e  f o r m e d  on pa s s ive  
Ni. A t  h i g h e r  po ten t i a l s ,  s u b s t a n t i a l  a m o u n t s  of t he  
second  e l e m e n t  a r e  p r o b a b l y  i n t r o d u c e d  in  t he  film, 
p a r t i c u l a r l y  in  t he  case  of N iS i  a n d  NiSb.  The  d i f -  
f e r ence  b e t w e e n  ac id  a n d  a l k a l i n e  so lu t ions  a r i ses  
f r o m  t h e  d i f fe rence  in  s t a b i l i t y  of n i c k e l  ox ide  in  
the  two  e l ec t ro ly t e s .  A s tab le ,  pa s s ive  ox ide  on Ni  
is f o r m e d  in ac id  so lu t ion  on ly  w h e n  the  d i s so lu t ion  
r a t e  is suff ic ient ly  h igh  to cause  n i cke l  h y d r o x i d e  to  
p r e c i p i t a t e  a t  t he  e l e c t r o d e  sur face ,  a cond i t ion  
w h i c h  is no t  fu l f i l led  d u r i n g  d i s so lu t ion  of a n y  of 
t he  compounds .  In  gene ra l ,  t he  ox ides  of  t he  c o m -  
p a n i o n  e l e m e n t s  a r e  m o r e  s t ab le  in ac id  so lu t ion  at  
low p o t e n t i a l s  t h a n  is n i c k e l  oxide .  Th is  s i t ua t i on  is 
r e v e r s e d  in  a l k a l i n e  solu t ion ,  a n d  in  th is  case  t he  
i n i t i a l  p a s s i v e  f i lm is b a s i c a l l y  n i c k e l  oxide .  

Oxygen reduction.--Oxygen r e d u c t i o n  t a k e s  p l a c e  
on a l l  t he  fou r  c o m p o u n d s  s t u d i e d  as we l l  as  on Ni,  
b u t  t h e r e  is no  ev idence  of O~ r e d u c t i o n  on e l e m e n t a l  
Si  and  Sb. F o r  t he  s ake  of compar i son ,  two  p a r a m -  
e te r s  w e r e  se lec ted ,  viz., /max, t he  m a x i m u m  r e d u c -  
t ion  cu r r en t ,  a n d  E-4 ,  t he  p o t e n t i a l  fo r  a r e d u c t i o n  
c u r r e n t  of 10 -4 a m p / c m  2, a n d  a re  s h o w n  in T a b l e  
III .  F o r  a l l  t h e  m a t e r i a l s  ( e x c e p t  Sb  and  S t ) ,  imax 

Table Ill. Oxygen reduction in molar percMorate solutions 

i~ ( m a x ) ,  
p H  a m p / c m ~  E ~ ,  v* 

Ni 0.04 1.0 X I0 - s  m 
10.8 1.3 X 10 -3  --0.2 

NiAs 0.04 1.4 X 10 -8  + 0 . 4 3  
10.8 1.2 X 10 -3  --0.52 

N i S b  0.04 1.3 X 10 - 3  - -  
10.8 1.4 X 10 - 3  - - 0 . 3 8  

N i S  0.04 2 .0  X 10 - 3  + 0 . 5 8  
10.8 1.8 X 10 -3 --0.04 

NiSi 0.04 0.8 X 10 -3  0.0 
10.8 1.5 X 10 -3  --0.34 

* E-~ is t he  p o t e n t i a l  r e l a t i v e  to  t he  s t a n d a r d  hydrogen  e lectrode 
at  a ca thod ic  C. D. of 10 -~ a m p / c m  2. 

is e s s e n t i a l l y  t he  s ame  (10 -3 a m p / c m  2) a n d  is con-  
s i s t en t  w i t h  a d i f fus ion  l i m i t e d  c u r r e n t  for  m o l e c u -  
l a r  02 in  t he  solu t ion .  A h i g h e r  a c t i v i t y  of t he  e lec -  
t r o d e  t o w a r d  02 r e d u c t i o n  is e x p r e s s e d  b y  m o r e  
pos i t i ve  v a l u e s  of  E-4 .  The  o r d e r  of de c r e a s in g  ac -  
t i v i t y  in ac id  so lu t ion  is 

Ni > NiAs > NiSi 

The value of E-4 for Ni and NiSb cannot be esti- 
mated since the oxygen reduction current is over- 
whelmed by the anodic dissolution current in the 
prepassive region. In alkaline solution, the values 
of E-4 decrease in the order 

NiS > Ni > NiSi N NiSb > NiAs 

The order in the activity of the materials remains 
essentially independent of pH except that NiSi is 
more active than NiAs in alkali and that the reverse 
is true in acid. A significant observation is that 02 
reduction takes place in the potential region in 
which the materials are generally passive and are 
probably covered with surface oxides. The observed 
differences between these compounds indicate that 
the presence of the negative element (St, S, Sb, As) 
modifies the nature of the surface oxide to produce 
changes in the electrocatalytic activity. 
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Formation of Polynuclear Species during the 
Electroreduction of Chromic Acid 

J. Levitan 
Department of Inorganic and Analytical Chemistry, Hebrew University, Jerusalem, Israel 

ABSTRACT 

Chromic d imer  and a second species, p robab ly  a chromic polymer ,  of s t i l l  
unknown structure ,  which were  found dur ing  the e lec t roreduct ion  of chromic 
acid in  the  presence of sulfates,  a re  oxida t ion  products  of the  reac t ion  be tween  
chromic acid and chromous ion, fo rmed  dur ing  the electrolysis.  The fo rmat ion  
of chromous ion is discussed. The same species a re  fo rmed  in the  reac t ion  be -  
tween chromous perch lora te  and chromic  acid solutions. These  species a re  not  
d i rec t ly  responsible  for  the meta l l ic  chromium deposit ion.  The species decom-  
pose in the  p la t ing  solut ion wi th  the  fo rmat ion  of Cr (H20)8  +3 ion. The fact  
tha t  Cr (H20)6 +3 ion is not  fo rmed  as a resu l t  of the  d i rec t  reduct ion  of hexa -  
va len t  chromium is also discussed. 

The  m e c h a n i s m  of t he  e l e c t r o r e d u c t i o n  of ch romic  
ac id  is of g r e a t  i n t e re s t ,  no t  on ly  f r o m  the  t h e o r e t -  
ica l  p o i n t  of v iew,  b u t  also because  of i ts  a p p l i c a t i o n  
in t he  i n d u s t r y .  D e c o r a t i v e  a n d  h a r d  c h r o m i u m  
p l a t i n g  a r e  c a r r i e d  ou t  u s i n g  ch romic  ac id  so lu t ion  
as t he  e l ec t ro ly t e .  

The  p r o d u c t s  f o r m e d  in t he  e l e c t r o l y t e  d u r i n g  the  
e l e c t r o r e d u c t i o n  a r e  t he  ob jec t  of i nves t i ga t i on ,  d i s -  
cussed  in  th is  p a p e r .  

Experimental 
Cat ion  e x c h a n g e  res in  DOWEX-50 ,100 -200  mesh ,  

c r o s s - l i n k i n g  2% in h y d r o g e n  form,  w a s  used.  The  
res in  was  r e g e n e r a t e d ,  a f t e r  e lu t ion  w i t h  L a  (C104) 8, 
w i t h  c i t r a t e  solut ion.  Co lumns  of 16 m m  d i a m e t e r  
and  200 m m  h e i g h t  w e r e  e m p l o y e d .  

S p e c t r o p h o t o m e t e r  O P T I C A  Mi l ano  Mode l  C F - 4  
was  used  w i t h  1 and  4 c m  P y r e x  cells.  

Ch romic  ac id  so lu t ion  was  p r e p a r e d  b y  d i s so lv ing  
t h e  r e a g e n t  g r a d e  CrOa. The  c o n c e n t r a t i o n  of CrO8 
was  d e t e r m i n e d  i o d o m e t r i c a l l y  and  s p e c t r o p h o t o -  
m e t r i c a l l y .  

La(C104)3  was  p r e p a r e d  b y  d i s so lu t ion  of t he  r e -  
agen t  g r a d e  L a ( O H ) 3  in p e r c h l o r i c  ac id  solu t ion .  
The  p H  of La(C104)3  so lu t ion  was  k e p t  a t  2. 

Cr  (C104) 2 was  p r e p a r e d  b y  e l e c t r o l y t i c  r e d u c t i o n  
of ch romic  p e r c h l o r a t e  u n d e r  n i t rogen .  The  cel l  con-  
s i s ted  of  two  c o m p a r t m e n t s ,  d i v i d e d  b y  s i n t e r e d  
glass,  a m e r c u r y  ca thode ,  and  a ca thod ic  so lu t ion  of 
Cr  (C104) 3. 

C h r o m i u m  con ten t  was  d e t e r m i n e d  b y  ox id i z ing  
to b i c h r o m a t e  b y  bo i l ing  w i t h  HC104 u n t i l  f u m e s  
a p p e a r e d .  T h e n  the  so lu t ion  was  b o i l e d  for  an  a d d i -  
t i ona l  10 min ,  cooled,  d i lu t ed ,  and  bo i l ed  for  1/2 hr .  
The  f o r m e d  b i c h r o m a t e  w a s  d e t e r m i n e d  i o d o m e t r i -  
c a l l y  in an  i n e r t  a t m o s p h e r e .  

A l a r g e  n u m b e r  of i n v e s t i g a t i o n s  in th i s  f ie ld h a v e  
not  l ed  to a s a t i s f a c t o r y  e x p l a n a t i o n  of t he  m e c h -  
a n i s m  of the  p rocess  or  i t s  specific p rope r t i e s .  

Some  i n v e s t i g a t o r s  have  i n t e r p r e t e d  the  c h r o m i u m  
depos i t i on  as a r e s u l t  of g r a d u a l  r e d u c t i o n  of  t h e  
h e x a v a l e n t  c h r o m i u m  and  d i s c h a r g e  of t he  t e r v a l e n t  
c h r o m i u m  on the  ca thode  (1) .  In  1905 C a v e t h  and  
C u r r y  (2)  e x p r e s s e d  the  v i e w  t h a t  t he  h e x a v a l e n t  
c h r o m i u m  is d i r e c t l y  d i s cha rged ,  a n d  no t  t h e  t e r v a -  
lent .  This  v i e w  was  s u p p o r t e d  b y  the  w o r k s  of M u l -  
l e r  (3 ) ,  K a s p e r  (4 ) ,  and  o thers .  O g b u r g  and  B r e n -  
n e r  (5)  p r e p a r e d  p l a t i n g  so lu t ions  w i t h  r a d i o a c t i v e  
c h r o m i u m  in t e r v a l e n t  or  h e x a v a l e n t  s ta te .  T h e i r  
d a t a  s u p p o r t e d  the  v i e w  t h a t  t h e  m e t a l l i c  c h r o m i u m  
depos i t i on  is a r e s u l t  of d i s c h a r g e  of h e x a v a l e n t  
c h r o m i u m .  

The  fo l lowing  ca thode  p rocesses  w e r e  cons ide red  
(6, 6a)  : (a )  CreOT-2+14H + H-6e->2Cr+3+7H20,  E----- 
1.36; (b )  Cr2OT-2H-14H +-~8e--~2Cr+2H-7H20, E = 0 . 9 ;  
(c)  Cr20~-2H-14H+H-12e-+2Cr~ E = 0 . 4 ;  (d )  
2H++2e-~H2,  E----0.0; (e )  Cr+Sq-e~Cr+2 ,  E------0.4; 
( f )  C r + 2 + 2 e - > C r  ~ E = - - 0 . 9 1 ;  (g)  Cr+8+3e-~Cr0,  E =  
--0.74. 

Cond i t ions  d u r i n g  e l ec t ro ly s i s  a r e  f a v o r a b l e  fo r  
p rocesses  (a )  to ( d ) .  The  s t rong  h y d r o g e n  evo lu t i on  
is e x p l a i n e d  b y  t h e  easy  p e n e t r a t i o n  of h y d r o g e n  
ions  t h r o u g h  the  ca thod ic  film. F o r m a t i o n  of c h r o m -  
ous ions  b y  p rocess  (b )  is t h e r m o d y n a m i c a l l y  f a -  
v o r a b l e  and  shou ld  be  cons ide red .  The  f o r m a t i o n  of 
c h r o m o u s  ions d u r i n g  the  p rocess  is on ly  v a g u e l y  
m e n t i o n e d  b y  the  f o r m e r  i n v e s t i g a t o r s  w h o  sug -  
ges t ed  p a t h s  such  as t he  f o l l o w i n g  

r e d u c t i o n  
CrVI  > Cr I I  

and  Cr I I  + CrV1 > C r I I I  
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No ev idence ,  h o w e v e r ,  of t he  a c t u a l  f o r m a t i o n  of 
the  c h r o m o u s  ion w a s  g iven .  

A r d o n  a n d  S t e i n  (7)  ox id i zed  c h r o m o u s  p e r -  
c h l o r a t e  w i t h  o x y g e n  and  o b t a i n e d  the  d i m e r i c  
c h r o m i u m  ion. I ts  s t r uc tu r e ,  s p e c t r u m ,  a n d  o the r  
p r o p e r t i e s  w e r e  i n v e s t i g a t e d  and  p u b l i s h e d  in l a t e r  
p a p e r s  (9, 10, 12).  The  s t r u c t u r e  of t he  d i m e r  was  
found  to be  

H 
j O ~ .  

(H20)4Cr  Cr (H20)4  +4 

H 

A r d o n  and  P l a n e  (10) o b t a i n e d  th i s  d i m e r i c  ion 
b y  ox id iz ing  c h r o m o u s  p e r c h l o r a t e  so lu t ion  w i t h  a 
n u m b e r  of ox idan t s .  The  d i m e r  was  a lso  o b t a i n e d  b y  
ac t ion  of b i c h r o m a t e  so lu t ion  on c h r o m o u s  p e r -  
c h l o r a t e  so lu t ion  (10) .  

If  c h r o m o u s  ion  is f o r m e d  d u r i n g  the  e l e c t r o r e -  
duc t ion  of ch romic  ac id  solu t ion ,  i t  w i l l  r e a c t  w i t h  
the  b i c h r o m a t e  ion in t he  so lu t ion  w i t h  t h e  f o r m a -  
t ion  of the  d imer i c  and  c h r o m i u m  h e x a q u o  ions. 

To d e t e r m i n e  if  t he  d i m e r  is i n d e e d  fo rmed ,  a 
solut ion,  c o n t a i n i n g  287.2 g/1 CrO3 and  2.5 g/1 su l -  
fa tes  was  e l e c t r o l y z e d  at  30~ w i t h  a l e a d  a n o d e  
and  c h r o m i u m  ca thode .  C a t h o d e  c u r r e n t  d e n s i t y  
was  75 m a / c m  2. A f t e r  e l ec t ro lys i s  t h e  e l e c t r o l y t e  
was  d i l u t e d  to 1:10 to m i n i m i z e  the  decompos i t i on  
of  the  f o r m e d  species,  and  passed  t h r o u g h  a ca t ion  
e x c h a n g e  co lumn.  A g r e e n  l a y e r  was  o b t a i n e d  at  
the  top  of the  co lumn,  t he  second  ( m a i n )  l a y e r  was  
b l u e - v i o l e t ,  and  the  b o t t o m  l aye r ,  b e i n g  o b t a i n e d  
in s m a l l  amoun t s ,  was  green ,  e a s i l y  e l u t e d  w i t h  0.5M 
p e r c h l o r i c  acid.  A c c o r d i n g  to K n o r r  (8)  th i s  f r a c -  
t ion  is ch romic  su l f a t e  complex .  The  second  b l u e -  
v io le t  l a y e r  was  e l u t e d  w i t h  1-1.5M p e r c h l o r i c  ac id  
and  iden t i f i ed  as t he  ch romic  h e x a q u o  ion 
C r ( H 2 0 ) 6  +8. The  f irst  l a y e r  cou ld  no t  be  e l u t e d  even  
w i t h  a 3M HC104 solut ion .  W h e n  m o r e  c o n c e n t r a t e d  
HC104 was  used,  t he  l a y e r  s p r e a d  ove r  t he  c o l u m n  
and  a s a t i s f a c t o r y  e lu t ion  was  imposs ib le .  To e lu te  
th is  l a y e r  a L a  (C104)8 so lu t ion  was  e m p l o y e d .  D u r -  
ing the  e lu t ion  of t he  u p p e r  g r e e n  l a y e r  w i t h  
La(C104)8,  i t  s e p a r a t e d  into  2 f r ac t i ons :  t he  first,  
co lo red  b l u e - g r e e n ,  w h i c h  was  e l u t e d  w i t h  L a  (C104) 3 
0.2M, and  t h e  second,  co lo red  y e l l o w - g r e e n ,  w h i c h  
was  e l u t e d  on ly  w i t h  La(C10~)3  O.4-0.45M. Bo th  so-  
lu t ions  w e r e  s t ud i ed  s p e c t r o p h o t o m e t r i c a l l y .  R e -  
su l t s  a r e  g iven  in  Fig .  1. 
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Fig. 1. Spectrum of solutions, eluted with La(CIO4)3. - . . . .  
Blue-green solution (A ) ;  peaks; 415.5 m/~, e ~ 23.05 and 580.5 
m#, e ~ 18.5; ~ yellow-green solution (B);  peaks: 422.5 m/~, 
e ~ 31.7 and 581 m/~, e ~ 19.7. 

The  s p e c t r o p h o t o m e t r i c  s t u d y  and  t h e  m a n n e r  of 
s e p a r a t i o n  b y  ion  e x c h a n g e  c h r o m a t o g r a p h y  i d e n -  
t i fy  t h e m  as: so lu t ion  A,  t h e  d i m e r i c  c h r o m i u m  
ion (7, 9 -12 ) ;  So lu t i on  B, t he  spec ies  o b t a i n e d  b y  
L a s w i c k  and  P l a n e  (9)  in a bo i l ing  c h romic  n i t r a t e  
so lu t ion  and  ca l l ed  "spec ies  B"  in  th i s  p a p e r .  

The  a m o u n t s  o f  t he  r e d u c t i o n  p r o d u c t s  o b t a i n e d  
a f t e r  t he  e l ec t ro ly s i s  a r e  g iven  in  T a b l e  I. 

F o r  compar i son ,  t he  r e a c t i o n  b e t w e e n  c h r o m o u s  
p e r c h l o r a t e  so lu t ion  and  c h r o m i c  ac id  was  c a r r i e d  
out.  C h r o m o u s  p e r c h l o r a t e  so lu t ion  w a s  a d d e d  to a 
vesse l  c on t a in ing  c h romic  ac id  solu t ion .  N i t r o g e n  
was  pa s sed  t h r o u g h  t h e  CrO8 so lu t ion  fo r  15 min  
b e f o r e  t h e  m i x i n g  and  for  30 sec a f t e r  it. The  m i x e d  
so lu t ion  was  i m m e d i a t e l y  d i l u t e d  and  a n a l y z e d  as 
d e s c r i b e d  above.  D i m e r ,  spec ies  B, and  c h r o m i u m  
h e x a q u o  ions w e r e  o b t a i n e d  in  r a t i o s  s im i l a r  to 
t ha t  f o u n d  a f t e r  t h e  e l ec t ro ly s i s  ( T a b l e  I I ) .  The  
e x p e r i m e n t s  s h o w e d  the  g r o w i n g  y i e l d  of p o l y n u -  
c l ea r  spec ies  in m o r e  d i l u t e  c h romic  ac id  so lu t ion .  

In  o r d e r  to s t u d y  t h e  s t a b i l i t y  of t he  d i m e r  a n d  
species  B in t h e  p l a t i n g  solut ion ,  t h e  so lu t ion  of 
CrOs w i t h  su l fa t e s  of u s u a l  c o n c e n t r a t i o n  was  e l ec -  
t r o l y z e d  u n d e r  cond i t ions  s i m i l a r  to t h a t  d e s c r i b e d  
above .  A f t e r  t h e  e l ec t ro ly s i s  t h e  vesse l  w i t h  t h e  
so lu t ion  was  k e p t  in  a t h e r m o s t a t  a t  a t e m p e r a t u r e  
of 30.1•176 S a m p l e s  of t he  so lu t ion  w e r e  t a k e n  

Table I. Composition of Cr l l l  species formed during electrolysis 
of chromic acid solutions at 30~ and De ~ 75 ma/cm 2 

No. 
Composi t ion 

of t h e  solut ion 
T i m e  of t h e  

e l e c t r o l y s i s ,  rain 

A m o u n t s  of C r I I I  spec i e s  i n  per  cents  of t h e  t o t a l  C r I I I  

H e x a q u o  w i t h  
s u l f a t o  c o m p l e x  D i m e r  S p e c i e s  B 

Spec ies  B 
+ dimer  

287.2 
2.5 

287.2 
2.5 

287.2 
2.5 

291.1 
2.7 

144.6 
1.3 

g/1 CrO3 5 71 18.6 10.4 29 
g/1 SO4 -2 
g/1 CrOs 5 70.2 20.7 9.1 29.8 
g/1 SO4 -2 
g/1 CrOs 16 77 14.9 8.1 23 
g/1 SO4 -~ 
g/1 CrOs 40 82 11.9 6.1 18 
g/1 SO4 -2 
g/1 CrO8 6.3 66.6 18.8 14.6 33.4 
g/1 SO4 -~ 
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Table II. Composition of the Crlll species formed during the 
oxidation of chromous perchlorate by chromic acid 

Amoun t s  of C r I I I  s p e c i e s  i n  
p e r  cents  of the  total C r I I I  

Species  
Composi t ion Hexaquo  Species B + 

No. of the  solution ion D i m e r  B d i m e r  

1 287.5 g/1 CrO3 72 18.8 9.2 28 
2 287.5 g/1 CrO3 66.4 23.2 10.4 33.6 
3 287.5 g/1 CrO3 7 1 . 2 5  20.45 8.3 28.75 
4 100 g/1 CrO3 63.4 29.2 7.4 36.6 
5 60 g/1 CrO8 58.4 82.2 9.4 41.6 
6 30 g/1 CrO3 53.2 32 14.8 46.8 

af ter  different  t ime in terva ls  and analyzed  as de-  
scribed above. The d imer  and species B were  found 
to be uns table  in the p la t ing  solution: they  decom- 
pose with  the format ion  of the  chromic hexaquo 
ion. Kinet ic  measurements  showed tha t  the decom- 
position react ions of the po lynuc lear  species are of 
the first order  given under  the  condit ions of the  
exper imen t  

Kdec.dim----- 2.62" 10--4 

Kdec.sp.B ~- 2.43" 10-4 

To de te rmine  whe ther  the d imer  a n d / o r  species B 
are the ions discharged on the cathode surface p ro -  
ducing the meta l l ic  chromium deposit,  0.6M 
chromous perch lora te  solution was added to a sul-  
fa te- f ree ,  pure  chromic acid solution under  an a t -  
mosphere  of nitrogen.  When this solution conta in-  
ing the chromium hexaquo,  dimeric,  and specie B 
ions in amounts  s imi lar  to tha t  in the  p la t ing  solu-  
tion, was e lectrolyzed wi th  a copper cathode, no 
chromium deposit  was obtained.  

Discussion 

The format ion  of chromic d imer  and species B 
dur ing the chromium pla t ing process can be ex -  
p la ined  by  the format ion  of chromous ion, as a 
product  of e lec t roreduct ion  of the  hexava l en t  
chromium on the cathode surface, fol lowed by  its 
oxidat ion wi th  chromic acid to yie ld  the dimer,  
species B, and Cr(H20)6  +3 ions. 

Al though the possibi l i ty  of the format ion  of these  
polynuclear  species by  direct  e lec t roreduct ion on 
the cathode surface of the hexava len t  chromium, 
wi thout  passing through the b iva len t  state,  cannot  be 
ru led  out, the s imi la r i ty  of the resul ts  obta ined by  
the action of chromic acid on CrII  perch lora te  sup-  
por t  the conclusion tha t  CrII  ion is formed dur ing  
the e lect roreduct ion of chromic acid in presence of 
sulfates.  

The oxidat ion products  of chromous ion are dimer,  
specie B, and Cr(H20)6  +~ ions. 

The fol lowing react ions take  place 

reduct ion  
CrVI > CrII  [1] 

CrVI 4- CrII  > Cr(H20)6 +~ + 

H 
/ O ' - .  

(H20)4Cr Cr (H20)4 +4 [2] 
- - . 0  / 

H 

+ Species B; 
decomposition 

Species B > Cr (H~O) 6 +s [3] 

H 
iO-~ decomposi t ion 

(.I-I20) 4Cr Cr(H20)4 +4 > Cr (H20) 6 +8 

H 

As a resul t  the  chromic hexaquo ion being the 
most s table form is accumula ted  in the  solution. 
The d imer  and species B are  not  d i rec t ly  respon-  
sible for metal l ic  chromium deposition, being only 
products  of secondary  reactions,  especial ly  products  
of oxidat ion  of the  chromous ion by  the hexava len t  
chromium. 

The s t ruc ture  of the  dimeric  ion has been s tudied 
(9-12).  The s t ruc ture  of the ye l l ow - g r e e n  f rac-  
tion, species B, is unknown.  Its charge according to 
its behavior  on the cation exchange resin should be 
more posi t ive than  tha t  of the  dimer,  p robab ly  +5.  
Poss ibly  the  ion is formed f rom more than  two 
chromium atoms. Its s t ruc ture  is being invest igated.  

The resul ts  of the electrolysis  of chromic acid 
were  compared wi th  the resul ts  obta ined by  mixing  
Cr(C104)s wi th  CrO8 solutions (Tables  I and I I ) .  
Exper iments  in Table  I were  compared  wi th  ex-  
per iments  in Table  II. The electrolysis  was run  for 
about 5 rain to obtain de te rminab le  amounts  of 
react ion products  and to minimize  the t ime of de-  
composition of the  po]ynuclear  species. 

The s imilar  yields  of the  Cr I I I  species in the  
electrolysis  of the chromic acid solution and reduc-  
tion of CrO8 by  chromous perch lora te  solution sug-  
gest tha t  the  same mechanism operates  in both cases. 
Direct  format ion  of t e rva len t  chromium cannot  take 
place  on the cathode surface because, if it  is formed 
on the cathode wi th  the Cr +~ ion, the propor t ion  of 
Cr(H20)6 +3 would be much grea te r  than  tha t  ob-  
tained.  The ion formed on the cathode surface as a 
reduct ion product  is the  chromous and not the 
chromic ion. 

Conclusions 

1. Po lynuc lea r  species a re  formed dur ing  the 
e lect roreduct ion of chromic acid in the  presence of 
sulfates. 

2. One of these species is the chromic dimer,  the 
other, being of unknown structure ,  found b y  former  
invest igators  (9) .  

3. The na tu re  of these species is in agreement  
wi th  the assumption tha t  they  are formed by  the 
(chemical)  oxidat ion  of Cr +~ ion by  hexava len t  
chromium. 

4. Chromous ion is formed dur ing  the e lec t rore-  
duct ion process. 

5. The dimeric  and species B ions are not  d i rec t ly  
responsible for  the  metal l ic  chromium deposition. 

6. The chromic hexaquo ion is not  formed as a 
resul t  of direct  reduct ion  on the cathode surface. 
Its format ion is a resul t  of secondary  chemical  r e -  
actions. 
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ABSTRACT 

Exper imen ta l  and ma themat i ca l  p rocedures  were  developed and tes ted for  
x - r a y  de te rmina t ion  of stress in deposits  f rom da ta  secured wi th  an x - r a y  
diffractometer .  The effects of deposi t  thickness,  var ia t ions  in elast ic  modulus,  
and stresses owing to dif ferent ia l  t he rma l  expans ion  be tween  deposi t  and basis 
meta l  have  been  evaluated.  Work  on nickel  deposits  showed stress can be 
eva lua ted  to ___6,000 psi and tha t  s t ress  was un i fo rmly  d i s t r ibu ted  over  the  area  
i r r ad ia t ed  by  the x - r a y  beam. 

R e s i d u a l  s t resses  in  e l e c t rodepos i t s  w e r e  r e p o r t e d  
as e a r l y  as  1877 (1)  a n d  have  r e c e i v e d  c o n s i d e r a b l e  
a t t e n t i o n  s ince  then .  I n t e r e s t  in  t h e  sub j ec t  has  r e -  
su l t ed  f r o m  t h e  effects  of the  s t resses  on t h e  p r o p -  
e r t i e s  a n d  s e r v i c e a b i l i t y  of bo th  p r o t e c t i v e  coa t ings  
a n d  e l ec t ro fo rms .  

The  bas i s  for  t h e  p r e s e n t  m e t h o d s  of m e a s u r i n g  
r e s i d u a l  s t ress  is t he  d e f o r m a t i o n  of a ca thode  o w i n g  
to t he  b e n d i n g  effects of t he  s t ress .  D e f o r m a t i o n  d a t a  
can  be  used  for  c a l cu l a t i on  of t h e  r e s i d u a l  s t ress  
w h e n  t h e  size and  g e o m e t r y  of  t he  ca thode  m e e t  
c e r t a i n  v e r y  r e s t r i c t i v e  r e q u i r e m e n t s  no t  f o u n d  in 
mos t  i t e m s  of m a n u f a c t u r e .  Consequen t ly ,  mos t  
m e a s u r e m e n t s  a r e  r e s t r i c t e d  to i n s t r u m e n t s  or  
ca thodes  m a d e  so le ly  for  t h e  p u r p o s e  of s t ress  d e -  
t e r m i n a t i o n s .  Such  tes ts  s e r v e  we l l  as r o u t i n e  checks  
for  c e r t a i n  p r o t e c t i v e  a n d  d e c o r a t i v e  coa t ings  and  
for  t he  e v a l u a t i o n  of p l a t i n g  va r i ab l e s ,  but ,  u n -  
f o r t u n a t e l y ,  do no t  d e t e r m i n e  the  s t resses  in  t h e  
a c t u a l  e l e c t r o f o r m e d  or  e l e c t r o p l a t e d  ar t ic les .  

In  a d d i t i o n  to  p h y s i c a l  r e s t r i c t ions ,  the  d e f o r m a -  
t ion  t e c h n i q u e  is no t  f r ee  of o t h e r  p r o b l e m s .  The  
m a t h e m a t i c a l  d e r i v a t i o n  of t he  bas ic  equa t i ons  and  
the  p r a c t i c a l  a p p l i c a t i o n  of these  m e t h o d s  i n v o l v e  
t h r e e  a s s u m p t i o n s :  ( i )  t h e r e  is no s t ress  g r a d i e n t  
n o r m a l  to t h e  su r f ace  of t h e  depos i t ;  ( i i )  s t ress  is 

u n i f o r m l y  d i s t r i b u t e d ;  a n d  ( i i i )  a v e r a g e  v a l u e s  or  
" h a n d b o o k "  v a l u e s  m a y  be  used  for  t h e  e las t i c  m o d -  
u lus  of t he  depos i t .  The  mos t  i m p o r t a n t  r e s u l t  of 
t he se  a s s u m p t i o n s  is t h a t  t he  m e a s u r e d  s t ress  is an  
a v e r a g e  v a l u e  fo r  t h e  e n t i r e  depos i t  on  t h e  i n s t r u -  
ment .  These  a s s u m p t i o n s  m a y  no t  cause  se r ious  
e r r o r  in  t h e  m e a s u r e d  va lues ,  b u t  t h e y  shou ld  be  
e v a l u a t e d  fo r  a b e t t e r  u n d e r s t a n d i n g  of t h e  tes t s  
and  of r e l a t e d  p h e n o m e n a .  

Because  x - r a y  s t ress  d e t e r m i n a t i o n s  h a v e  been  
u se fu l  in some  o t h e r  fields,  a n  i n v e s t i g a t i o n  of i ts  
a p p l i c a b i l i t y  to depos i t s  was  u n d e r t a k e n .  The  p r i n -  
c ipa l  a d v a n t a g e  to be  g a i n e d  is t h e  d e v e l o p m e n t  of 
a n o n d e s t r u c t i v e  t e s t  t ha t  can  be  used  on a m u l t i -  
t u d e  of  p l a t e d  a r t i c l e s  w i t h  l i t t l e ,  i f  any ,  size or  
shape  l im i t a t i ons .  F u r t h e r m o r e ,  t he  x - r a y  t e c h n i q u e  
w o u l d  p e r m i t  e v a l u a t i o n  of t he  u n d e r l y i n g  a s s u m p -  
t ions  in  t he  d e f o r m a t i o n  m e t h o d  of  m e a s u r i n g  s t ress .  
Also,  k n o w l e d g e  of t he  co r r ec t  s t ress  d i s t r i b u t i o n  
shou ld  b e  p a r t i c u l a r l y  v a l u a b l e  for  s t u d y i n g  r e l a t e d  
p r o b l e m s ,  such  as s t ress  co r ros ion  and  t h e  m e c h a n -  
ica l  p r o p e r t i e s  of e l e c t r o d e p o s i t e d  me ta l s .  

F o r  i l l u s t r a t i v e  purposes ,  t h e  x - r a y  t e c h n i q u e  d e -  
s c r ibed  h e r e i n  was  d e v e l o p e d  for  e l e c t r o d e p o s i t e d  
coa t ings  of n i c k e l  on s tee l  be c a use  of t h e  c o m m e r -  
c ia l  i m p o r t a n c e  of such coat ings .  H o w e v e r ,  t he  t h e -  
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ory  d e v e l o p e d  in  th is  i n v e s t i g a t i o n  is a p p l i c a b l e  to 
a l l  m e t a l l i c  coa t ings  r e g a r d l e s s  of t h e  m e t h o d  of 
depos i t ion .  

T h e o r y  

In  x - r a y  s t ress  d e t e r m i n a t i o n s ,  as  in  a n y  m e t h o d  
of s t ress  d e t e r m i n a t i o n ,  s t r a i n  is m e a s u r e d  e x p e r i -  
m e n t a l l y  and  c o n v e r t e d  to s t ress  b y  the  use  of t h e -  
o r e t i ca l  equa t ions .  A n  e x c e l l e n t  d e r i v a t i o n  of t he  
bas ic  equa t i ons  r e l a t i n g  m a c r o s t r e s s  and  the  l a t t i c e  
s t r a in s  m e a s u r e d  b y  t h e  x - r a y  t e chn iques  is g i v e n  
b y  T a y l o r  (2 ) .  

These  equa t i ons  m a y  be  s impl i f ied  (3, 4) and  
w r i t t e n  as 

- -  200 ~ + 0-9. = Kz (281_ ) 

E cot  0o 
K1 --  [1]  

2v 

0-r = K 2 (20j_ - -  20r ) 

E cot  0o 
K2 = [2]  

2(1 + ~)sin2~ 

w h e r e  0-1 a n d  0-2 a r e  t he  p r i n c i p a l  s t resses ,  <r, is a 
c o m p o n e n t  of s t ress  in t he  s p e c i m e n  sur face ,  ~ is t h e  
ang le  of r o t a t i o n  of t he  spec imen ,  E is Young ' s  m o d -  
ulus ,  v is Po i s son ' s  r a t io ,  K1 a n d  Ks a re  con-  
s tan ts ,  0o is t he  B r a g g  a n g l e  for  t he  u n s t r e s s e d  spec i -  
mens ,  a n d  201 a n d  20r a r e  t he  n o r m a l  a n d  i n c l i n e d  

d i f f r ac t ion  angles ,  r e s p e c t i v e l y ,  for  t he  s t r e s sed  
spec imens .  

I f  a s t a t e  of p l a n e  s t ress  is a s sumed ,  i n c l i n e d  
m e a s u r e m e n t s  m a d e  a t  t h r e e  a z i m u t h a l  ang les  a n d  
one n o r m a l  m e a s u r e m e n t  p e r m i t  c a l cu l a t i on  of t he  
c o m p o n e n t s  of s t ress  in  t h r e e  d i r ec t ions  and,  s u b -  
s equen t ly ,  c a l cu l a t i on  of t he  p r i n c i p a l  s t resses  in  
the  i r r a d i a t e d  v o l u m e  of me ta l .  The re fo re ,  b y  m a k -  
ing  these  m e a s u r e m e n t s  a t  s e v e r a l  loca t ions ,  i t  is 
poss ib le  to d e t e r m i n e  t h e  d i s t r i b u t i o n  of s t ress  ove r  
t he  su r f ace  of a spec imen .  

I t  is i nco r r ec t  to  use  a v e r a g e  m e c h a n i c a l  p r o p e r t y  
v a l u e s  in  t he  a b o v e  equa t ions  for  t he  d e t e r m i n a t i o n  
of s t ress  d i r e c t l y  f r o m  d i f f rac t ion  m e a s u r e m e n t s  b e -  
cause  these  p r o p e r t i e s  m a y  v a r y  w i t h  p l a t i n g  c o n d i -  
t ions  (5, 6) .  Also,  n i c k e l  is one of t h e  m e t a l s  w h i c h  
can  be  e l e c t r o d e p o s i t e d  w i t h  some d e g r e e  of c o m -  
m o n  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  a n d  v a l u e s  of 16.1, 
28.2, a n d  36.4 x l0  s ps i  h a v e  b e e n  r e p o r t e d  for  t he  
e las t ic  m o d u l u s  of s ing le  c rys t a l s  of n i c k e l  (7) .  Thus ,  
t he  e las t ic  cons t an t s  of depos i t s  shou ld  be  d e t e r -  
m i n e d  for  t h e  p a r t i c u l a r  l a t t i c e  p l a n e s  b e i n g  in -  
v e s t i g a t e d  for  each  set  of p l a t i n g  condi t ions .  Because  
of the  e x t r e m e  dif f icul ty  e n c o u n t e r e d  in  d e t e r m i n i n g  
the  a p p r o p r i a t e  e las t ic  cons tan ts ,  r e c o u r s e  can  be  
m a d e  to t he  use  of c a l i b r a t i o n  cu rves  as i n d i c a t e d  
b y  Eq. [1]  a n d  [2] .  I n  th is  case, t he  " o r d i n a r y "  e l a s -  
t ic  m o d u l u s  m a y  be  d e t e r m i n e d  a n d  used  to a p p l y  
k n o w n  s t resses  to spec imens  for  t h e  p u r p o s e  of 
ca l i b r a t i on .  

Choice of radiation.--In o r d e r  to ob t a in  p r e c i s e  
spac ing  m e a s u r e m e n t s  f r o m  one set  of p l a n e s  as 
r e q u i r e d  for  s t ress  d e t e r m i n a t i o n s ,  t h e  r a d i a t i o n  
used  m u s t  h a v e  a l o n g e r  w a v e l e n g t h  t h a n  the  a b -  
so rp t ion  edge  of the  s p e c i m e n  a n d  m u s t  y i e l d  a h i g h -  

ang le  d i f f rac t ion  p e a k  of suff icient  i n t ens i ty .  A l -  
t h o u g h  e i the r  i ron,  c h r o m i u m ,  or  coba l t  r a d i a t i o n  
w o u l d  be  s a t i s f ac to ry ,  i r on  r a d i a t i o n  w a s  chosen  
because  i t  is of i n t e r m e d i a t e  w a v e l e n g t h  a n d  g ives  
s t rong,  h i g h - a n g l e  d i f f r ac t ion  p e a k s  a t  a p p r o x i -  
m a t e l y  144 ~ 20 (222) a n d  132 ~ 20 (311) .  F o r  a r e a -  
son to be  e x p l a i n e d  l a t e r ,  a l l  of t h e  m e a s u r e m e n t s  
r e p o r t e d  in th is  p a p e r  w e r e  of t he  (311) p l a n e s  a n d  
w e r e  m a d e  w i t h  i ron  r a d i a t i o n  a t  40 k v  a n d  8 m a  
w i t h  a m a n g a n e s e  f i l ter .  

Se lec t ion  of t h e  r a d i a t i o n  also d e t e r m i n e s  t he  
m a x i m u m  ang le  of r o t a t i o n  fo r  t he  i nc l i ned  m e a s -  
u r e m e n t ,  i.e., ~ = 0 ~ b u t  t he  d i f f r ac ted  i n t e n s i t y  
dec reases  r a p i d l y  as  ~ is i nc reased .  The  m a x i m u m  
ang le  a t  w h i c h  a s t r o n g  p e a k  can  be  eas i ly  o b t a i n e d  
m u s t  be  d e t e r m i n e d  e x p e r i m e n t a l l y .  I n  th i s  case, 
t he  ang le  was  f o u n d  to be  a b o u t  45 ~ a n d  a l l  i nc l i ned  
m e a s u r e m e n t s  w e r e  m a d e  a t  th i s  angle .  

Effect of specimen th ickness . - -A choice of r a d i a -  
t ion  as d e s c r i b e d  a b o v e  t a c i t l y  a s sumes  t h a t  t he  
spec imens  a r e  " in f in i t e ly  t h i c k "  and,  hence,  t h a t  r e -  
f lect ions f r o m  t h e  bas is  m e t a l  w o u l d  no t  i n t e r f e r e  
w i t h  ref lec t ions  f r o m  the  depos i t .  Because  mos t  p r o -  
t ec t ive  and  d e c o r a t i v e  n i c k e l  depos i t s  a r e  no t  i n -  
f in i t e ly  th ick ,  s t ress  d e t e r m i n a t i o n s  on t h in  depos i t s  
m a y  be  c o m p l i c a t e d  b y  such  i n t e r f e r ence .  

Inf in i te  t h i ckness  r e p r e s e n t s  t he  d e p t h  of p e n e -  
t r a t i o n  of the  x - r a y  b e a m  a n d  d e p e n d s  on t h e  sens i -  
t i v i t y  of t h e  i n t e n s i t y  m e a s u r e m e n t s .  The  t o t a l  d i f -  
f r a c t e d  in t ens i ty ,  I, f r o m  a s p e c i m e n  is g iven  b y  (3)  

I = f ~ - - I ~  ab  e x p  [ - -  2~ x / s i n  O]dx [3]  
s in 8 

w h e r e  Io is t h e  i n c i d e n t  i n t ens i ty ,  a a n d  b a r e  con-  
s tan ts ,  ~ is t he  l i n e a r  a b s o r p t i o n  coefficient,  and  x 
is the  d e p t h  of t he  i n f in i t e s ima l  l aye r .  P r a c t i c a l l y ,  
inf in i te  t h i ckness  m a y  be  t a k e n  as the  l a y e r  of m e t a l  
such  t h a t  t h e  i n t e n s i t y  of t h e  d i f f r ac t ed  b e a m  f r o m  
the  b a c k  su r face  of the  l a y e r  is 1/1000 of t he  in -  
t e n s i t y  of the  d i f f r ac ted  b e a m  f r o m  t h e  f r o n t  s u r -  
face  (3) .  Thus ,  inf in i te  t h i ckness ,  t| can  b e  def ined  
as 

3.45 s in  0 
t| [4]  

F o r  the  n o r m a l  m e a s u r e m e n t s  on  n i c k e l  spec imens ,  
inf in i te  t h i ckness  is 0.96, 1.49, and  1.85 mils ,  r e s p e c -  
t i ve ly ,  for  c h r o m i u m ,  i ron,  a n d  coba l t  r ad i a t i ons .  A 
s i m i l a r  a p p r o a c h  can  be  u sed  to show t h a t  inf in i te  
t h i ckness  for  t he  inc l ined  m e a s u r e m e n t s  a t  45 ~ is 
sma l l e r ;  in p a r t i c u l a r ,  i t  is 1.00 m i l  for  i ron  r a d i a -  
t ion.  

The  to ta l  d i f f r ac ted  i n t e n s i t y  f rom a t h in  spec i -  
m e n  can  now be  e x p r e s s e d  as a f rac t ion ,  G~ or  G ' X ~  

of t he  t o t a l  poss ib l e  d i f f r ac t ed  i n t e n s i t y  b y  use  of 
Eq. [3] .  

F o r  n o r m a l  m e a s u r e m e n t s  

Gx = 1 - -  e x p [ - - 2 ~ x / s i n  O] [5]  

F o r  i nc l i ned  m e a s u r e m e n t s  

[--~x{sin(0 + ~) + sin(0--~)} ] 
Gx'= l-- exp [6] L J 

Substitution of appropriate values into these ex- 
pressions yields the results shown in Table I. 
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Table I. Fraction of total intensity diffracted by surface layers of 
nickel for iron K~ radiation 

T h i c k n e s s  of surface layers, in mils 
Measure- 

ment 0.15 0.25 0.50 1.00 1.50 

~ 0 ~ 0.50 0.69 0.90 0.99 0.999 
= 45 ~ 0.71 0.87 0.98 0.999 0.999 

Because  a p p r e c i a b l e  d i f f r ac t ion  i n t e n s i t y  can  be  
p r o d u c e d  b y  the  bas i s  m e t a l  fo r  t h in  depos i t s ,  s p a c -  
ing  m e a s u r e m e n t s  m u s t  be  r e s t r i c t e d  to such  p l a n e s  
and  r a d i a t i o n  w h e r e  no  i n t e r f e r e n c e  occurs .  F o r  i r on  
r a d i a t i on ,  i t  was  f o u n d  t h a t  the  (220) p e a k  f r o m  the  
bas is  me ta l ,  i ron,  cou ld  i n t e r f e r e  w i t h  t he  (222) 
p e a k  f r o m  t h e  o v e r l y i n g  n i c k e l  depos i t .  The re fo re ,  
spac ing  m e a s u r e m e n t s  w e r e  r e s t r i c t e d  to t h e  (311) 
p l anes  of n icke l .  

E q u a t i o n  [4]  also def ines  t he  p r i n c i p l e  of a 
m e t h o d  fo r  d e t e c t i n g  t h e  e x i s t e n c e  of e x t r e m e  s t ress  
g r a d i e n t s  n o r m a l  to t he  s p e c i m e n  sur face .  Use  of 
d i f f e ren t  r a d i a t i o n s  w o u l d  y i e l d  t he  a v e r a g e  s t resses  
in su r f ace  l a y e r s  of d i f f e r en t  th icknesses .  Gross  
d i f fe rences  in  t he  r e s u l t i n g  va lue s  w o u l d  i n d i c a t e  a 
s t ress  g r ad i en t .  

Equipment 

A G e n e r a l  E lec t r i c  X R D - 3  d i f f r a c t o m e t e r  
e q u i p p e d  w i t h  a B e r k l e y  sca le r  was  used  for  a l l  
m e a s u r e m e n t s .  Use  of a d i f f r a c t o m e t e r  for  s t ress  
m e a s u r e m e n t s  is a d v a n t a g e o u s  because  t he  d i f f r ac t -  
ing p l a n e s  for  the  n o r m a l  m e a s u r e m e n t  a r e  p a r a l l e l  
to t h e  s p e c i m e n  su r f ace  as r e q u i r e d  b y  Eq. [1] ,  a n d  
g r e a t e r  a c c u r a c y  is o b t a i n e d  t h a n  in  t he  b a c k - r e f l e c -  
t ion  t e c h n i q u e  w h e r e  t h e  d i f f r ac t ing  p l a n e s  a r e  
s l i g h t l y  i nc l i ned  to t he  s p e c i m e n  sur face .  F u r t h e r -  
more ,  p r e v i o u s  e x p e r i e n c e  (8-11)  has  i n d i c a t e d  t h a t  
i n t e r p r e t a t i o n  of t h e  b a c k - r e f l e c t i o n  r e su l t s  is diffi- 
cu l t  because  of t h e  effect  of  t h e  e l e c t r o d e p o s i t e d  
g r a i n  size on the  x - r a y  p a t t e r n .  

A p rec i s ion  s p e c i m e n  m o u n t  s h o w n  in Fig .  1 was  
des igned  to o b t a i n  t he  d i f f r ac t ion  ang les  r e q u i r e d  
for  Eq. [1]  a n d  [2] .  T h e  m o u n t  was  des igned  to fit 
t he  X R D - 3  d i f f r ac tome te r ,  b u t  can  be  a d a p t e d  for  
use  on o t h e r  i n s t r u m e n t s .  Each  s p e c i m e n  can  be  

PIVOT~ 
r ~ I ~ S P  E ClME N 

IAL I I LO ClKI ~'#'~-I CENTERING 

DOVETA,L SUDEI 
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~ - ~ ' ~  I SCALE 

Fig. 1. Schematic sketch of specimen mount 
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X'Xl. "I INCIDENT 
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I I -I / DIFFRACTED 
I I '/ X-RAY BEAM 

CROSS SLIDE 

Fig. 2. Schematic sketch of bending fixture 

c e n t e r e d  eas i ly  in  t he  ax i s  of t h e  g o n i o m e t e r  w i t h  
t he  a id  of t he  c e n t e r i n g  pin.  The  m o u n t  also p e r m i t s  
r o t a t i o n  of t he  s p e c i m e n  a b o u t  t he  g o n i o m e t e r  for  
t h e  inc l ined  m e a s u r e m e n t s  a n d  a b o u t  a h o r i z o n t a l  
ax i s  fo r  the  m e a s u r e m e n t s  a t  a z i m u t h a l  ang les  of 
45 ~ E l e c t r o p l a t e d  shee t  spec imens  u p  to a p p r o x i -  
m a t e l y  3 in. s q u a r e  can  be  a c c o m m o d a t e d  in t he  
moun t .  This  size is t he  m a x i m u m  w h i c h  w i l l  p e r m i t  
bo th  ro t a t i ons  of t h e  s p e c i m e n  w i t h o u t  m a j o r  a l t e r a -  
t ion  of t he  d i f f r ac tome te r .  

In  o r d e r  to d e t e r m i n e  c a l i b r a t i o n  curves ,  a spec ia l  
b e n d i n g  f ix tu re  was  d e s i g n e d  to  s t ress  a s p e c i m e n  
wh i l e  s i m u l t a n e o u s l y  m a k i n g  spac ing  m e a s u r e m e n t s .  
The  f ix ture ,  s h o w n  in Fig .  2, a t t a c h e s  to t he  cross  
s l ide  of the  s p e c i m e n  m o u n t  in  o r d e r  to use  t he  
s ame  a l i gn ing  and  c e n t e r i n g  fac i l i t ies .  S p e c i m e n s  in  
t h e  f o r m  of r e c t a n g u l a r  beams ,  abou t  1 in. wide ,  6 
in. long,  and  70 mi l s  th ick ,  a r e  d e f o r m e d  b y  f o u r -  
po in t  l oa d ing  in  t he  f i x tu re  so t h a t  t h e  c o m p o n e n t  
of a p p l i e d  s t ress  in  t he  i r r a d i a t e d  v o l u m e  of m e t a l  is 
cons tan t .  

E las t i c  m o d u l u s  m e a s u r e m e n t s  w e r e  m a d e  on a 
Di l lon  t e s t i ng  m a c h i n e  w i t h  t he  a id  of a l o w - c a r b o n  
s tee l  d y n a m o m e t e r  r i ng  and  T u c k e r m a n  op t i ca l  
s t r a i n  gauges .  S t r e s s - s t r a i n  cu rves  w e r e  d e t e r m i n e d  
on a B a l d w i n - L i m a - H a m i l t o n  u n i v e r s a l  t e s t ing  m a -  
chine.  S t r a i n s  w e r e  m e a s u r e d  w i th  S R - 4  gauges .  

Specimens 

A l l  of the  depos i t s  u sed  in  th i s  i n v e s t i g a t i o n  w e r e  
p r e p a r e d  f r o m  a W a t t s - t y p e  n i c k e l  b a t h  h a v i n g  the  
compos i t ion :  NiSO4.6H20,  300 g / l ;  NiC12.6H20, 60 
g / l ;  H3BO3, 38 g/1. The  so lu t ion  was  c h e m i c a l l y  and  
e l e c t r o l y t i c a l l y  pur i f i ed  (12, 13).  Each  b a t h  w a s  
a g i t a t e d  d u r i n g  p l a t i ng ,  and  pe r iod i c  a d d i t i o n s  w e r e  
m a d e  to t he  b a t h  to con t ro l  p H  and  su r f ace  tens ion.  

F o r  t he  r e s i d u a l  s t ress  d e t e r m i n a t i o n s  b y  th i s  
t echn ique ,  a o n e - m i l  depos i t  of n i c k e l  was  p l a t e d  on 
each  of t en  p ieces  of c o l d - r o l l e d  and  a n n e a l e d  s tee l  
shee t  h a v i n g  an  A S T M  g r a i n  size of n ine .  The  s tee l  
c a thodes  w e r e  a p p r o x i m a t e l y  3 in. s q u a r e  and  40 
mi l s  t h i c k  and  w e r e  cut  so t h a t  the  ro l l i ng  d i r ec t i on  
could  be  ident i f ied .  The  spec imens  w e r e  p r e p a r e d  
in two  d i f fe ren t  p l a t i n g  runs ,  in  each  of  w h i c h  five 
spec imens  w e r e  p l a t e d  c o n s e c u t i v e l y  f r o m  the  b a t h  
at  t he  f o l l o w i n g  n o m i n a l  cond i t ions :  c u r r e n t  dens i ty ,  
40 asf;  pH,  2.50; t e m p e r a t u r e ,  59~ su r f ace  tens ion ,  
30-40 d y n e s / c m .  Each  c a t h o d e  was  d e g r e a s e d  a n d  
c l eaned  i m m e d i a t e l y  be fo re  p l a t ing .  The  t h i cknes s  
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Table II. Average thickness of test specimens 

S a m p l e  Th ickness ,  m i l s  

1 1.11 
2 1.12 
3 1.11 
4 1.13 
5 1.11 
6 1.10 
7 1.10 
8 1.08 
9 1.17 

10 1.14 

of each  depos i t  was  c a l c u l a t e d  f r o m  the  ga in  in 
w e i g h t  and  is s h o w n  in T a b l e  II .  

In  o r d e r  to a v o i d  t h e  p r o b l e m s  e n c o u n t e r e d  in  t he  
h a n d l i n g  a n d  m e c h a n i c a l  t e s t i ng  of t h in  e l e c t r o d e -  
posi ts  for  p u r p o s e s  of c a l i b r a t i on ,  n i c k e l  shee ts  w e r e  
e l e c t r o f o r m e d  to p r o v i d e  m a t e r i a l  r e p r e s e n t a t i v e  of  
e l e c t r o d e p o s i t e d  m e t a l  b u t  of suff icient  t h i cknes s  for  
easy  tes t ing .  F o u r  n i c k e l  shee ts  a p p r o x i m a t e l y  4 x 6 
in. and  70 mi l s  t h i c k  w e r e  p l a t e d  on p a s s i v a t e d  
s t a in less  s tee l  ca thodes .  These  depos i t s  w e r e  p r e -  
p a r e d  u n d e r  va r i ous  p l a t i n g  cond i t ions  w h i c h  w e r e  
chosen  to  r e p r e s e n t  e x t r e m e  cases. S t r i p s  1 in. w i d e  
w e r e  t a k e n  f r o m  each  shee t  to use  as r e c t a n g u l a r  
b e a m s  in  t he  b e n d i n g  f ix ture ,  a n d  s e v e r a l  s t r ip s  
f r o m  each  sheet ,  a b o u t  3/4 in. wide ,  w e r e  m a c h i n e d  
in to  t ens i l e  spec imens  for  m e c h a n i c a l  t es t ing .  

Discussion of Results 
Mechanical property values.--The d e t e r m i n a t i o n  

of Young ' s  m o d u l u s  for  each  e l e c t r o f o r m e d  n i c k e l  
shee t  was  t h e  first  s tep  to be  t a k e n  in  d e v e l o p i n g  the  
o v e r - a l l  p rocedu re .  A t  t he  s t a r t  of each  m o d u l u s  
tes t ,  a s m a l l  i n i t i a l  l oad  was  a p p l i e d  to t he  s p e c i m e n  
so t h a t  t he  shack le s  cou ld  b e  a d j u s t e d  u n t i l  e q u a l  
s t r a i n  r e a d i n g s  w e r e  o b t a i n e d  f r o m  gauges  on each  
face  of t h e  spec imen .  S i m u l t a n e o u s  s t r a i n  r e a d i n g s  
on each  g a u g e  w e r e  t h e n  t a k e n  as t he  l oad  was  in -  
c reased .  Young ' s  m o d u l u s  was  t a k e n  as t he  s lope  
of t he  l ine  of bes t  fit for  t he  d a t a  po in t s  w h i c h  l a y  
on a s t r a i g h t  l ine.  The  e las t ic  l i m i t  for  the  s p e c i m e n  
was  no t  d e t e r m i n e d  b e c a u s e  t h e  s t r a i n  m e a s u r e d  
b y  the  x - r a y  t e c h n i q u e  is on ly  t he  e las t ic  s t r a i n  
a n d  t h e r e f o r e  cou ld  no t  exceed  it. E x p e r i m e n t a l  r e -  
su i t s  a n d  v a r i o u s  p l a t i n g  cond i t ions  a r e  s h o w n  in 
T a b l e  III .  These  r e su l t s  s u b s t a n t i a t e  p r e v i o u s  r e su l t s  
(5, 6) showing  t h a t  t he  e las t ic  m o d u l u s  of e lectro~ 
d e p o s i t e d  m e t a l s  d e p e n d s  on the  p l a t i n g  condi t ions .  

The  def in i t ion  of e las t ic  m o d u l u s  used  a b o v e  
c rea te s  an  a r b i t r a r i l y  def ined  p r o p o r t i o n a l  l i m i t  
w h i c h  m a y  Iie  b e l o w  the  a c t u a l  e las t i c  l i m i t  of t he  

Table III. Young's moduli of electroformed sheets 

P l a t i n g  c o n d i t i o n s  
C u r r e n t  T e m p e r -  

S h e e t  p H  dens i ty ,  as f  a tu re ,  ~ E • 10-6, psi* 

A 2.15 30 52 29.2 
B 2.15 40 64 28.3 
C 5.00 20 39 27.5 
D 3.40 55 74 26.5 

* A v e r a g e  v a l u e  f or  t w o  or  m o r e  spec imens .  

meta l .  Thus,  c a l i b r a t i o n s  b a s e d  on the  e las t i c  m o d u -  
lus  m a y  be  in  e r ro r .  The  e r r o r  t hus  i n t r o d u c e d  is 
r e p r e s e n t e d  b y  the  d i f f e rence  in  s t ress  g i v e n  in  t he  
e x t r a p o l a t e d  m o d u l u s  l i ne  a n d  t h e  e x p e r i m e n t a l  
s t r e s s - s t r a i n  c u r v e  fo r  a g i v e n  s t ra in .  I t  was  d e t e r -  
m i n e d  e x p e r i m e n t a l l y  t h a t  a s t ress  of 40,000 ps i  is 
a b o u t  1200 ps i  h igh  a n d  a s t r ess  of 50,000 ps i  is a b o u t  
3400 ps i  h igh .  The  m a g n i t u d e  of th is  d i f fe rence  is 
s m a l l e r  t h a n  the  e x p e r i m e n t a l  e r r o r  for  l o w  s t resses  
and  n e e d  on ly  be  a p p l i e d  as  a c o r r e c t i on  f ac to r  to 
s t resses  a b o u t  50,000 ps i  or  g r e a t e r .  

Calculation o~ peak positions.--Examination of 
p r e l i m i n a r y  s p e c i m e n s  i n d i c a t e d  t h a t  d i f f r ac t ion  
p e a k s  o b t a i n e d  in  s t ress  d e t e r m i n a t i o n s  on e l e c t r o -  
depos i t s  a r e  e x t r e m e l y  b r o a d ,  a n d  i t  w o u l d  b e  n e c e s -  
s a r y  to deve lop  a spec ia l  t e c h n i q u e  to d e t e r m i n e  
t h e i r  pos i t ions  be fo re  p r o c e e d i n g  w i t h  t h e  c a l i b r a -  
t ion.  The  b r o a d e n i n g  r e su l t s  f r o m  the  e x t r e m e l y  fine 
g r a i n  size of t h e  depos i t  a n d  f r o m  a n y  p l a s t i c  s t r a i n  
t h a t  m a y  have  o c c u r r e d  d u r i n g  depos i t ion .  Also ,  for  
m e a s u r e m e n t s  a t  ~ > 0 ~ a n  a d d i t i o n a l  b r o a d e n i n g  
of t he  p e a k  and  a sh i f t  in  pos i t i on  r e s u l t e d  f r o m  the  
c h a n g e  in  focus ing  condi t ions .  W i t h  a p p r o p r i a t e  
changes  in  t h e  x - r a y  sys t em,  i t  was  poss ib l e  to ob -  
t a i n  v e r y  s y m m e t r i c a l  d i f f r ac t ion  peaks .  Hence ,  t he  
pos i t i on  of e ach  d i f f r ac t ion  p e a k  could  be  t a k e n  as  
i ts  c en t e r  of s y m m e t r y ,  w h i c h  was  r e p r e s e n t e d  b y  
the  axis  of t h e  p a r a b o l a  t h a t  cou ld  be  f i t ted  to t h e  
d a t a  in  t he  v i c i n i t y  of t he  d i f f r ac t ion  m a x i m u m .  A 3 o 
c o l l i m a t o r  w a s  used,  a n d  t h e  r e c e i v i n g  s l i t  and  
So l l e r  baffle w e r e  r e m o v e d  fo r  a l l  m e a s u r e m e n t s .  
The  a n g u l a r  sh i f t  in  pos i t i on  r e s u l t i n g  f r o m  these  
changes  was  d e t e r m i n e d  e x p e r i m e n t a l l y  a n d  a p p l i e d  
as a c o r r e c t i on  fac tor .  

C o n s i d e r a t i o n  was  g iven  to two  m e t h o d s  of f i t-  
t ing  p a r a b o l a s  to t he  da t a ;  a s impl i f i ed  t h r e e - p o i n t  
m e t h o d  p r o p o s e d  b y  K o i s t i n e n  a n d  M a r b u r g e r  (14)  
and  a l e a s t - s q u a r e s  me thod .  Ca l cu l a t i ons  a n d  p r e -  
l i m i n a r y  tes t s  w e r e  c o n d u c t e d  fo r  c o m p a r a t i v e  p u r -  
poses.  These  r e su l t s  i n d i c a t e d  t h a t  t he  l e a s t - s q u a r e s  
m e t h o d  was  the  m o r e  r e l i a b l e  for  an  i n v e s t i g a t i o n  
of th i s  na tu r e .  To s i m p l i f y  s u b s e q u e n t  ca lcu la t ions ,  
i n t e n s i t y  m e a s u r e m e n t s  w e r e  m a d e  at  five a n g u l a r  
pos i t ions  spaced  a t  i n t e r v a l s  of 0.2 ~ and  0.3 ~ for  t he  
n o r m a l  and  i n c l i n e d  m e a s u r e m e n t s ,  r e spe c t i ve ly .  A t  
each  pos i t ion ,  t h e  t ime ,  % to r e c e i v e  t h r e e  counts  of 
20,000 or  m o r e  w a s  m e a s u r e d  a n d  a v e r a g e d .  The  
p e a k  pos i t ion ,  20, was  c a l c u l a t e d  f r o m  these  d a t a  
accord ing  to t he  fo l l owing  e q u a t i o n  

X~ ( 2 0 i -  20i) ti 
20 = 20-~ + __ [7]  

Y 2 t i -  Z2 ( 2 0 i -  20i) 2ti 

w h e r e  20~ is t he  m e a n  a n g u l a r  pos i t i on  of t he  m e a s -  
u r e m e n t s ,  and  X,  Y, a n d  Z a r e  cons tan ts .  A d e r i v a -  
t ion  of Eq. [7]  is g iven  in  A p p e n d i x  A. F i g u r e  3 
shows a t y p i c a l  fit of a c u r v e  to t h e  da ta .  I t  shou ld  
be  n o t e d  t h a t  t h e  d a t a  a r e  t h e  r e c i p r o c a l s  of i n -  
t ens i ty ,  and  t h a t  t he  c u r v e  is f i t ted  to these  da t a  
w i t h o u t  convers ion .  

Theoretical correction o] peak asymmetry.--The 
b r e a d t h  of t he  d i f f r ac t ion  p e a k s  e n c o u n t e r e d  in 
s t ress  d e t e r m i n a t i o n s  also g ives  r i se  to effects w h i c h  
m a y  cause  a sh i f t  in  p e a k  pos i t ion .  The  p r i n c i p a l  
f ac to rs  w h i c h  affect  t he  d i f f r ac ted  in t ens i ty ,  t hus  
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Fig. 3. Curve of best fit for an inclined measurement. (intensity 
measurements were made at 131.3, 131.6, 131.9, 132.2, and 132.5~ 

caus ing  an a p p a r e n t  shif t  in posi t ion of the  peak ,  
and wh ich  are  app l icab le  to this  p r o b l e m  are  the  
L o r e n t z - p o l a r i z a t i o n  fac tor  and  an absorp t ion  factor .  
Ko i s t inen  and  M a r b u r g e r  (14) showed  tha t  a change  
in d i f f rac ted  in tens i ty ,  as a resu l t  of these  factors ,  is 
sufficient to d i s tor t  the  shape of the  peak ,  t h e r e b y  
caus ing  an a p p a r e n t  shif t  in the  p e a k  pos i t ion  to 
l o w e r  va lues  of 28. These  inves t iga to r s  i n t roduced  
the  fo l l owing  fac tors  tha t  could  be  app l ied  to the  
da ta  to compensa t e  for  the  changes  in d i f f rac ted  in -  
t ens i ty  

LPe 
CF,=oo - -  [8] 

LPol 

LPe ( 1 - t a n  ~ cot 8) 
CF,_,o = [9] 

LPe~ (1 - t an  ~b cot 81) 

w h e r e  CFe=oo and CFe=eo are  the  cor rec t ion  fac tors  
for  the  n o r m a l  and inc l ined  m e a s u r e m e n t s ,  r e -  
spec t ive ly ,  LPel is the  Loren tz  fac to r  for  the  lowes t  
angle,  81, and LPo is the  Lo ren t z  fac to r  for  the  a n g u -  
la r  posi t ion,  8, of the  in t ens i ty  m e a s u r e m e n t .  Va lues  
of the  L o r e n t z - p o l a r i z a t i o n  fac tors  a re  cons tants  and 
m a y  be ob ta ined  f r o m  s t anda rd  r e f e r ences  (3 ) . '  
These  va lues  are  app l i cab le  to bo th  the  n o r m a l  and 
inc l ined  m e a s u r e m e n t s  for  d i f f rac tometers .  The  ab -  
sorp t ion  fac to r  appl ies  only  to t he  inc l ined  m e a s u r e -  
men t s  and for  spec imens  tha t  a re  inf in i te ly  thick.  
Fo r  t h i n n e r  specimens ,  the  fac to r  depends  on the  
th ickness  and di f f rac t ion angle  as shown  by  Eq. [6].  
Hence,  an add i t iona l  v a r i a t i o n  in d i f f rac ted  in t ens i ty  
could occur  ove r  t he  w i d t h  of a b road  d i f f rac t ion  
peak.  Ca lcu la t ions  show tha t  this effect wi l l  b e c o m e  
signif icant  only  for  deposi ts  less t h a n  0.25 mi l  in 
th ickness  or  in cases w h e r e  e x t r e m e l y  b road  peaks  
are  encoun te red .  

App l i ca t i on  of the  above  cor rec t ion  fac tors  ind i -  
ca ted  tha t  the  r e su l t i ng  shif ts  in p e a k  posi t ions  w e r e  

1 A r e v i e w e r  h a s  i n f o r m e d  u s  t h a t  t h e  f u n c t i o n  u s u a l l y  t a b u l a t e d  
1 + c o s  2 26 

for the LP factor correction, , is not the c o r r e c t  o n e  to 
s i n ~  ~ c o s  

u s e  in this application, He states that the correct function is 
1 + c o s  2 
- -  and that ref. (4) h a s  b e e n  corrected accordingly. T h i s  

sin s 0 
change would result in a slight change in the magnitude of the 
measured stresses, but would not affect the results of this study 
significantly. 

Table IV. Change in angular position resulting from 
intensity corrections 

Angular shift, degrees 2# 
Specimen Normal measurement Inclined m e a s u r e m e n t  

A 0.013 0.046 
B 0.013 0.046 
C 0.010 0.044 
D 0.012 0.041 
E 0.014 0.056 
F 0.012 0.035 

a p p r o x i m a t e l y  cons tan t  for  g iven  sets of a n g u l a r  
posit ions.  The re fo re ,  the  m a g n i t u d e s  of these  cor -  
rec t ion  fac tors  w e r e  d e t e r m i n e d  for  each  d i f fe ren t  
set of a n g u l a r  posi t ions  and w e r e  app l ied  as cons tan t  
fac tors  to the  e x p e r i m e n t a l  data.  Tab le  IV lists the  
m a g n i t u d e  of t he  a n g u l a r  shif ts  r e su l t i ng  f r o m  this  
correc t ion .  

Calibration of technique.--After d e t e r m i n a t i o n  of 
the  elast ic  m o d u l u s  of t he  n icke l  sheets,  ca l ib ra t ion  
curves  w e r e  ob ta ined  by bend ing  a b e a m  cut  f r o m  
an e l e c t r o f o r m e d  shee t  and s i m u l t a n e o u s l y  m a k i n g  
spacing m e a s u r e m e n t s .  This  t y p e  of e x p e r i m e n t a l  
d e t e r m i n a t i o n  of va lues  for  the  stress constants ,  K1 
and K2, in Eq. [1] and [2] depends  on ly  on the  
change  in  the  app l i ed  s t ress  and  does no t  r e q u i r e  a 
s t r e s s - f r ee  specimen.  The  w i d t h  of the  b e a m  was  
such tha t  an S R - 4  s t ra in  gauge  could  be  a t t a ched  to 
the  face  of the  b e a m  a d j a c e n t  to the  i r r a d i a t e d  area.  
Su r f ace  s t ra ins  w e r e  c o n v e r t e d  to s tress  by  use of 
the  a p p r o p r i a t e  e las t ic  modulus .  The  b e a m  was  de-  
f o r m e d  in s eve ra l  i n c r e m e n t s  as the  x - r a y  m e a s u r e -  
men t s  w e r e  made .  A l ine  of best  fit was  d r a w n  for  
the  r e su l t i ng  da ta  in o rde r  to ob ta in  a ca l ib ra t ion  
curve .  

Da ta  for  the  n o r m a l  m e a s u r e m e n t s  on a spec imen  
f r o m  shee t  B are  shown in Fig.  4 in accordance  
w i t h  Eq. [ 1 ]. The  l ine  of best  fit was  d e t e r m i n e d  by 
the  m e t h o d  of ]east  squares  and is g iven  by  the  
equa t i on  

' I ' t i ' I ' I ' I ' 

4 8  o 

4 2  

36 o 
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( 2 O ~ -  2 0 o )  

Fig. 4. Calibration curve for the sum of the principal stresses: 
[ ] ,  1st; A ,  2nd; C), 3rd. 
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~ 1 + ~ 2 = 3 5 4 , 7 0 0  ( 2 8 L - - 2 0 0  ) - - 2 3 0 0  [ 1 0 ]  

The  a v e r a g e  e r r o r  for  t he se  d a t a  is 3800 ps i  a n d  the  
m a x i m u m  e r r o r  is 7400 psi. These  v a l u e s  c o r r e s p o n d  
to an  e r r o r  of --+0.02 ~ in  d e t e r m i n i n g  ( 2 8 •  

The  c a l i b r a t i o n  c u r v e  shown  in Fig .  4 is r e l a t i v e  
and  t h e r e f o r e  of r e s t r i c t e d  use  b e c a u s e  k n o w l e d g e  
of the  u n s t r e s s e d  s t a t e  of depos i t  is r e q u i r e d .  H o w -  
ever ,  b y  use  of Eq. [2]  i t  is poss ib l e  to c i r c u m v e n t  
th is  p r o b l e m .  T h a t  is, t he  s t ress  in t he  depos i t  can  
be  d e t e r m i n e d  w i t h o u t  k n o w l e d g e  of t he  u n s t r e s s e d  
s t a t e  of the  depos i t .  The  d a t a  for  the  " two  e x p o s u r e "  
m e t h o d  a re  s h o w n  in Fig.  5 and  a re  d e s c r i b e d  b y  

~r = 206,900 (28• -- 28r - -  1600 [ i i ]  

The average error is 1300 psi, and the maximum 
error is 2600 psi. These values correspond to a pre- 
cision of approximately -+0.02 ~ in the quantity 
(28•  - -  2 0 ) .  

Determina t ion  o] error in calibration c u r v e s . -  
S p a t i a l  r e q u i r e m e n t s  l i m i t e d  the  t h i ckness  of the  
b e a m  used  for  ca l i b r a t i on .  As  a resu l t ,  a s t ress  g r a -  
d i e n t  n o r m a l  to  t he  s p e c i m e n  su r f ace  was  p roduced .  
The re fo re ,  t h e  m e a s u r e d  s t r a ins  w h i c h  w e r e  co r -  
r e l a t e d  w i t h  t he  su r f ace  s t ress  a r e  a v e r a g e  s t r a in s  
ove r  t h e  d e p t h  of p e n e t r a t i o n .  To d e t e r m i n e  the  e x -  
t en t  of th is  e r ro r ,  t he  r e s u l t i n g  w e i g h t e d  a v e r a g e  
s t ress  was  c a l c u l a t e d  for  compar i son .  C o m b i n i n g  
Eq. [5]  w i t h  t h e  w e l l - k n o w n  f l exu ra l  f o r m u l a  r e -  
sul ts  in the  fo l lowing  exp re s s ion  for  the  w e i g h t e d  
a v e r a g e  s t ress ,  (rw: 

~w --  - -  (c - -  x )  exp  [ - - 2 ~ x / s i n  O]dx [12] 
l sin 8 o 

w h e r e  M is the  b e n d i n g  m o m e n t ,  l is the  m o m e n t  
of ine r t i a ,  c is t he  d i s t a n c e  f rom the  n e u t r a l  ax i s  to 
t he  su r f ace  of t he  b e a m ,  and  x is t he  d i s t ance  of t he  
l a y e r  f r o m  the  su r f ace  of t he  beam.  S u b s t i t u t i o n  of 
va lue s  in to  Eq. [9]  for  a 1 -mi l  l a y e r  in a b e a m  70 
mi l s  t h i c k  g ives  a w e i g h t e d  s t r ess  of 49,300 ps i  for  a 

Table V. Components of stress in the plated specimens 

Stress, psi 
S p e c i m e n  ~ r  ~ r  ~ r  ~ - a v e r ~ g e  

1 52,000 62,000 54,000 56,000 
2 42,000 48,000 50,000 47,000 
3 48,000 50,000 50,000 49,000 
4 54,000 48,000 50,000 51,000 
5 60,000 58,000 54,000 57,000 
6 36,000 34,000 34,000 35,000 
7 42,000 40,000 38,000 40,000 
8 42,000 40,000 40,000 41,000 
9 48,000 48,000 46,000 47,000 

10 32,000 36,000 34,000 34,000 

su r f ace  s t ress  of 50,000 psi .  Thus ,  t he  c a l i b r a t i o n  
cu rves  a re  on ly  s l i g h t l y  m o r e  t h a n  1% low.  

Stress  d e t e r m i n a t i o n . - - A f t e r  d e v e l o p m e n t  of t he  
t e c h n i q u e  a n d  d e t e r m i n a t i o n  of t he  c a l i b r a t i o n  
curves ,  the  t es t  spec imens  w e r e  e v a l u a t e d .  One  n o r -  
m a l  and  t h r e e  a z i m u t h a l  m e a s u r e m e n t s  w e r e  m a d e  
a t  t he  cen t e r  of each  s p e c i m e n  to p e r m i t  ca l cu l a t i on  
of t he  c ompone n t s  of s t ress .  

The  e x p e r i m e n t a l  d a t a  for  the  "as  p l a t e d "  cond i -  
t ion  of t he  t e s t  spec imens  a r e  g iven  in  T a b l e  V. T h e y  
ind i ca t e  t h a t  t he  c o m p o n e n t s  of s t ress ,  (r~l, zr ~3 ,  
in t h r e e  a z i m u t h a l  d i rec t ions ,  a t  i n t e r v a l s  of 45 ~ , in 
t h e  su r f a c e  of each  s p e c i m e n  a r e  p r o b a b l y  w i t h i n  t he  
l im i t s  of e x p e r i m e n t a l  e r ro r .  I t  is conc luded  f r o m  
these  r e su l t s  t h a t  a u n i f o r m  d i s t r i b u t i o n  of m a c r o -  
s t r ess  ex i s t s  in  t he  i r r a d i a t e d  v o l u m e s  of  t he  e l e c t r o -  
deposi ts .  Hence,  f u t u r e  r e f e r e n c e  w i l l  be  m a d e  to the  
a v e r a g e s  of t he se  va lue s  for  each  spec imen .  

T h e r e  is poo r  a g r e e m e n t  a m o n g  the  t en  spec imens  
p l a t e d  u n d e r  o s t e ns ib ly  t he  s ame  condi t ions .  The  
r a n g e  of s t ress  v a l u e s  is f r o m  32,000 to 62,000 psi  and  
is much  l a r g e r  t h a n  the  e r r o r  e s t i m a t e d  f r o m  the  
c a l i b r a t i o n  da ta .  Specif ic  s t ress  v a l u e s  of  25,000, 
25,600, and  13,000 psi  h a v e  been  r e p o r t e d  for  one -  
mi l  depos i t s  of n i c k e l  f r o m  W a t t s '  b a t h s  (15-17) .  I t  
has  a lso  been  r e p o r t e d  (18) t h a t  v a l u e s  of 20,000 to 
95,000 psi  can  be  o b t a i n e d  in  depos i t s  f r o m  W a t t s '  
ba ths ,  d e p e n d i n g  on the  p u r i t y  of t he  solu t ion .  I t  is 
l i ke ly ,  then ,  t h a t  t he  h igh  va lue s  for  t he  p r e s e n t  
spec imens  r e s u l t  f r om c o n t a m i n a t i o n  of t he  ba th ,  
e i t he r  b y  so lub le  i m p u r i t i e s  f r o m  the  a n o d e  or  by  
the  use  of D u p o n a l  ME as a w e t t i n g  agent .  

I m m e d i a t e  c o m p a r i s o n  of t he  t en  v a l u e s  as i n -  
d i c a t e d  a b o v e  is no t  w h o l l y  w a r r a n t e d  b e c a u s e  of t he  
poss ib le  change  in  compos i t i on  and  s t r u c t u r e  of t he  
spec imens  t h a t  m a y  occur  as t he  r e s u l t  of  be ing  
p l a t e d  c onse c u t i ve ly  f r o m  a b a t h  t h a t  is no t  be ing  
pur i f i ed  con t inuous ly .  T h e  r e su l t s  m a y  be  d i v i d e d  
in to  t w o  g roups  w h i c h  ref lec t  t he  o r d e r  of p l a t i n g  of 
the  spec imens .  The  a v e r a g e  v a l u e s  for  t he  first  five 
spec imens ,  or  g r o u p  I, f a l l  w i t h i n  t he  r a n g e  52,000 
_+ 5,000 ps i  w h e r e a s  those  of t he  second,  g roup  II ,  
f a l l  w i t h i n  the  r a n g e  39,000 --+ 8,000 psi.  W i t h i n  each  
group ,  the  p rec i s ion  is a b o u t  equa l  to t h a t  e x p e c t e d  
f r o m  t h e  c a l i b r a t i o n  da ta .  

In  o r d e r  to r e so lve  the  a c c u r a c y  and  p rec i s ion  of 
the  m e a s u r e m e n t s ,  the  t e n  spec imens  w e r e  s t ress  
r e l i e v e d  at  s e v e r a l  t e m p e r a t u r e s  and  r e - e x a m i n e d .  
Because  each  spec imen  cons t i tu te s  a b i - m e t a l  t h e r -  
mos ta t ,  it  is poss ib le  to ca l cu l a t e  t he  r e s i d u a l  s t ress  
in the  spec imens  a f t e r  each  h e a t  t r e a t m e n t .  A s s u r e -  
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Table VI. Thermal stresses after stress-relief treatments 
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Stress ,  psi  
S p e c i m e n  4 h r  a t  400~ 6 h r  a t  600~ 84 h r  a t  500~ 

1 15,000 19,000 4,000 
2 14,000 17,000 14,000 
3 14,000 13,000 7,000 
4 18,000 7,000 6,000 
5 9,000 13,000 8,000 

Group I average  15,700 13,000 7,700 

6 6,000 11,000 6,000 
7 10,000 7,000 10,0O0 
8 5,000 9,000 7,000 
9 10,000 3,000 3,000 

10 7,000 3,000 12,000 
Group II  average 9,500 5,300 7,700 

Theore t ica l  7,700 11,800 9,800 

ing  t h a t  t he  r e s i d u a l  s t ress  in t h e  s p e c i m e n  is c o m -  
p l e t e l y  r e m o v e d  a t  t h e  g iven  t e m p e r a t u r e ,  t he  r e -  
su l t ing  t h e r m a l  s t ress ,  ~r, is g iven  b y  

= K~AT [13]  

w h e r e  K~ is a cons t an t  and  AT is t he  change  in  t e m -  
p e r a t u r e  (see  A p p e n d i x  B) .  A f t e r  an  in i t i a l  t r e a t -  
m e n t  a t  400~ for  4 hr ,  t he  spec imens  w e r e  s t r e s s -  
r e l i e v e d  6 h r  a t  600~ F i n a l l y ,  to i n su re  c o m p l e t e  
r e m o v a l  of s t ress  f r o m  the  bas i s  m e t a l  as  w e l l  as 
f r o m  the  depos i t s ,  t h e  spec imens  w e r e  s t r e s s - r e -  
l i eved  a t  500~ for  84 hr .  T h e  e x p e r i m e n t a l  a n d  
t h e o r e t i c a l  v a l u e s  r e s u l t i n g  f r o m  these  h e a t  t r e a t -  
m e n t s  a r e  g iven  in  T a b l e  VI.  A l t h o u g h  t h e r e  is 
m u c h  less  v a r i a t i o n  f r o m  s p e c i m e n  to s p e c i m e n  a f t e r  
t he  400 ~ a n d  600 ~ t r e a t m e n t s ,  t h e  v a l u e s  m a y  s t i l l  
be  d i v i d e d  in to  groups .  The  f inal  h e a t  t r e a t m e n t ,  
h o w e v e r ,  e l i m i n a t e d  the  g r o u p - t o - g r o u p  v a r i a t i o n  
and  r e s u l t e d  in  s t resses  t h a t  ag ree  r e m a r k a b l y  w e l l  
w i t h  t h e  t h e o r e t i c a l  va lues .  On t h e  bas i s  of  t he se  
resu l t s ,  t he  p r ec i s i on  in  t he  m e a s u r e m e n t s  a p p e a r s  
to be  a p p r o x i m a t e l y  6,000 psi .  Hence ,  i t  m u s t  be  
conc luded  t h a t  t h e  two  sets  of depos i t s  o r i g i n a l l y  
h a d  d i f f e ren t  r e s i d u a l  s t resses .  

Summary 

The  x - r a y  t e c h n i q u e  of m e a s u r i n g  l a t t i c e  s t r a i n s  
can  b e  a d a p t e d  for  use  on e l e c t r o d e p o s i t e d  spec i -  
m e n s  of n i c k e l  w i t h o u t  i n t e r f e r e n c e  f r o m  t h e  bas i s  
me ta l .  By  su i t ab l e  modi f i ca t ion  of t he  x - r a y  sys tem,  
i t  was  poss ib l e  to ob t a in  d i f f rac t ion  p e a k s  w h o s e  
pos i t ions  cou ld  be  d e t e r m i n e d  b y  a spec ia l  p a r a b o l a  
f i t t ing t echn ique .  

The  e x p e r i m e n t a l  x - r a y  d a t a  w e r e  c o r r e c t e d  for  
the  L o r e n t z - p o l a r i z a t i o n  and  the  a b s o r p t i o n  effects.  
A bas i s  w a s  g iven  for  o t h e r  co r r ec t i on  f ac to r s  to  
c o m p e n s a t e  for  t he  c h a n g e  in  d i f f r ac ted  i n t e n s i t y  
w h i c h  occurs  in the  case of e x t r e m e l y  th in  deposi ts .  

E x p e r i m e n t a l l y  d e t e r m i n e d  c a l i b r a t i o n  cu rves  
w e r e  used  to conve r t  t he  a p p r o p r i a t e  d i f fe rences  in 
a n g u l a r  pos i t ions  of t he  d i f f rac t ion  p e a k s  to s t ress .  
The  use  of c a l i b r a t i o n  cu rves  was  n e c e s s i t a t e d  b y  
the  fac t  t h a t  m e c h a n i c a l  tes t s  on spec imens  of e l ec -  
t r o f o r m e d  n i cke l  i n d i c a t e d  t ha t  t he  e las t ic  m o d u l u s  
v a r i e d  w i t h  p l a t i n g  condi t ions .  

A p rec i s ion  of a b o u t  6000 ps i  was  a t t a i n e d  in 
d e t e r m i n i n g  the  r e s i d u a l  s t resses  in  e l e c t r o d e p o s i t e d  

n i c k e l  spec imens .  W i t h i n  t hese  l im i t s  of e r ro r ,  i t  was  
f o u n d  t ha t  t h e  s t ress  in s e v e r a l  e l e c t r o d e p o s i t e d  
spec imens  was  u n i f o r m l y  d i s t r i b u t e d  ove r  t he  i r -  
r a d i a t e d  a r e a  of  t h e  spec imens .  W i t h  t h e  p l a t i n g  
p r o c e d u r e s  used  in  th is  i n v e s t i g a t i o n  i t  was  no t  
poss ib le  to r e p r o d u c e  the  s a m e  l e v e l  of r e s i d u a l  
s t ress  in  two  g roups  of e l e c t r o d e p o s i t e d  spec imens .  
A f t e r  su i t ab l e  s t ress  r e l i e f  of t he  spec imens ,  i t  was  
f o u n d  t h a t  t he  e x p e r i m e n t a l l y  d e t e r m i n e d  s t ress  
a g r e e d  w i t h  t h e  s t ress  t h e o r e t i c a l l y  c a l c u l a t e d  fo r  
t he  spec imen .  
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A P P E N D I X  A 
Use of the  1east squares method  of fi t t ing curves  to 

da ta  is laborious bu t  des i rable  because i t  gives the  
most  p robable  curve  for the expe r imen ta l  data.  F o r -  
tunate ly ,  ma themat i ca l  t r ea tmen t  of this method for  
the  present  case can be simplified cons iderably  by  
mak ing  an odd number  of in tens i ty  measurements  at 
equa l ly  spaced angular  intervals .  Then, by  grouping 
the angular  p o s i t i o n s  of the  measurements ,  26i, about  
thei r  mean  value,  2~, the  equat ion for  the  pa rabo la  
which describes the  da ta  can be wr i t t en  as 

t~ ~ X(20~ - -  20~) 2 -~ Y(20i - -  20~) + Z [ A l l  
whe re  ti is the  t ime to receive  a given number  of 
counts and X, Y, and Z are  constants.  Complete  solu-  
t ion of the  resul t ing  normal  equations is not  requ i red  to 
de te rmine  the posi t ion of the  parabola .  Only the  quo-  
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Table AI. Constants for calculating peak positions from 
data at angular positions 

I n t e r v a l  b e t w e e n  a n g u l a r  pos i t i ons ,  d e g r e e s  28 
C o n s t a n t  0.1 0.2 0.3 0.4 0.5 

X 0.035 0.140 0.315 0.560 0.875 
Y 0.100 0.400 0.900 1.600 2.500 
Z 5.000 5.000 5.000 5.000 5.000 

t ient  of X and Y must  be determined.  The resul t ing 
expression for the difference in position (20--  20), be-  
tween  the axis of the parabola and the mean angular  
in terva l  is 

- -Z (20i - -  2oi) t i  
(20 --  200 ---- 

2~ (2& - -  2&) 

[ Z ( 2 o i - 2 o O ' E ( 2 o ' - 2 o i ) 2 - n Z ( 2 0 ' - 2 ~  ] . - Z _ - - - ~ U : - - . ~ .  
[A2] 

Fur the r  simplification is at tained by making  the in-  
tensity measurements  over  constant angular  intervals.  

X~ (2ei - -  20i) ti 
(2o--  2&) ~ [A3] 

Y ~ t ~ -  Zz ( 2 o ~ -  2~)2t~ 

The values of the constants X, Y, and Z for several  
sets of angular  intervals  are given in Table AI. The 
necessary summations can be obtained in a few minutes  
on a statistical calculat ing machine. 

A P P E N D I X  B 
Derivation of Equation for Thermal  Stresses 

The par t icular  thermal  stress problem encountered 
here  is ident ical  to the commonly t rea ted  problem of 
bimetal  thermostats .  That  is, it is desired to calculate 
the change in stress induced in a b i -me ta l  couple as 
the t empera tu re  of the couple is changed. If it is as- 
sumed that  the basis meta l  and the electrodeposited 
layer  are s t ress-free at the s tress-rel ief  tempera ture ,  
the stress resul t ing f rom the difference in the the rmal  
contractions of the metals  as the specimen is cooled 
can be calculated. 

On cooling a bimetal l ic  specimen f rom temperature ,  
T ~ to a lower  temperature ,  To ~ uni formly  distr ib-  
uted thermal  stresses wil l  be developed in the specimen 
if the coefficients of the rmal  expansion, ab, of the basis 
meta l  and, ac, of the coating are different. 

For  the purposes of this derivation,  assume that  
ac > ~b. Then, a tensile force, Pc, wil l  be developed in 
the coating and an equal  compressive force, PD, wil l  be 
developed in the basis metal.  Of necessity, the strain in 
the coating will  be equal  to the strain in the basis 
meta l  at the interface. These strains are the sums of 
the strains due to the thermal  contractions, the axial  

forces, and the bending moments,  and may be equated 
as follows [using the notat ion of Timoshenko (19)] 

Pb ab 
~b (To -- T) = 

EbabW 2p 
Pc ac 

, c (To - -  T)  -t- Ecac~--w + ~ [B1] 

where  Eb and Ec are the elastic modul i  of the basis 
meta l  and the coating, ab and ac are the thicknesses 
of the basis meta l  and coating, w is the width  of the 
specimen, and p is the radius of curva ture  of the com- 
posite. It can be shown that  

Eb/b Eclc 1 
Mb -~ Mc -~ - -  -t - -  --  P (ab ~- ac) [B2] 

p p 2 

where  lb and lc are the moments  of iner t ia  for the 
basis meta l  and coating and P = Pb = Pc. Solving Eq. 
[B1] and [B2] for 1/p results in 
1 

P 
( a b - - t ~ c )  ( T o - - T )  

2 1 1 1 (ab-t-ac 

[B3] 

The value of 1/p as calculated f rom the above equat ion 
may be substi tuted into Eq. [B2] to de termine  the 
magni tude  of P. 

2 ( w ) (  Ebab8 Ecac3 ~ [B4 ] 
P - -  (ab + ac) --p \ - - - - ~  + 12 / 

The stress in the electrodeposited coating is the sum 
of the tensile stress and the bending stress. 

P acEc 
+ [B5] O'max ~ ~ - -  - -  

min acW 2 

The m ax im um  stress is developed at the interface, and 
the min imum stress is developed at the surface of the 
deposit. Substi tut ion of the appropr ia te  values into Eq. 
[B3], [B4], and [B5] gives 

~ (K3 -4- K4) AT [B6] 

where  K3 and K4 are constants and AT : To -- T. For 
the par t icular  conditions of the present  investigation,  
K3 is 37.7 ps i /~  and K4 is 0.1 ps i /~  if  Ec = 28 x 106 
and Eb ~ 30 x 106;  Ks is 43.4 ps i /~  and K4 is 0.1 
ps i /~  if ED = Ec = 30 x 106. For  ei ther case, the stress 
gradient  is only 100 psi at 315~ (600~ and may  be 
neglected for this investigation. 

The contr ibution of the bending moment  to the stress 
in the deposit is included in Eq. [B6] and can be shown 
to be negligible for this par t icular  case. The the rmal  
stress equat ion developed by Soderberg and Graham 
(16) does not include this factor. 

The Effect of Thiocompounds on the Structure 
of Copper Electrodeposits 

S. C. Barnes 1 
Department  of Industrial Metallurgy, University of Birmingham, Birmingham, England 

ABSTRACT 

Divalent  sulfur compounds added to copper sulfate baths reduced the ca- 
thodic polarization and modified the crystal  habit  of copper deposited on the 
(100) surface of copper single crystals. These phenomena are a t t r ibuted to sur-  

face adsorption effects. 

The  g r o w t h  hab i t  of ep i t ax i a l  copper  deposi ts  is 

k n o w n  to depend  to a l a r g e  e x t e n t  on the  o r i en t a t i on  

of the  subs t r a t e  (1, 2) and  on the  p a r t i c u l a r  condi -  

1 P r e s e n t  a d d r e s s :  C h e m i s t r y  D e p a r t m e n t ,  J o s e p h  L u c a s  G r o u p  
R e s e a r c h  C e n t r e ,  B i r m i n g h a m ,  E n g l a n d .  

t ions of f o r m a t i o n  (3, 4).  Cons ide rab l e  ev idence  is 
ava i l ab l e  to show tha t  such deposits ,  f o r m e d  on 
copper  s ingle  c rys ta ls  nea r  the  cube  o r i en t a t i on  f r o m  
acid su l fa te  solutions,  deve lop  u n d e r  ce r t a in  condi -  
t ions p l a t e - l i k e  g r o w t h  f ea tu re s  (1, 5-7)  (Fig.  1). 



Vol. 111, No. 3 S T R U C T U R E  OF C O P P E R  E L E C T R O D E P O S I T S  

Fig. 1. Layer growth structure on a copper single crystal with 
a surface near (100). Typical deposition conditions: 20 ma/cm 2, 
30 min, from a N CuSo4 ~- N H2SO4 solution at 350C. X435. 

Furthermore,  it has been shown that habit modifica- 
tions occur when the deposition conditions are 
altered (3, 4, 8, 9). These observations have been 
taken by some investigators to indicate that deposit 
habit is related in some simple way  to cathodic 
polarization, and experimental evidence that the 
supposition is correct has been obtained for solu- 
tions free from surface active material  (4). 

Prel iminary experiments designed to explore the 
possibilities of there being a more general relation- 
ship between deposit habit and cathodic polarization 
have shown, however, that  under certain conditions 
the expected relationship is not observed [for ex- 
ample, ref. (8) and (9)] .  

Addition agents in electroplating solutions (added 
commercially to give enhanced properties to the de- 
posit, e.g., brightness, lower internal stress, etc.) 
usually increase cathodic polarization (10). There 
are, however, certain compounds which, when added 
to acid copper sulfate plating solutions, cause a re-  
duction in the overpotential. Shreir and Smith (10) 
quote the following as being typical of this group: 
hydrogen sulfide, carbon disulfide, sodium thiosul- 

Fig. 2. Cubic growth structure of deposit on a copper single 
crystal with a surface near (100). Typical deposition conditions: 
30 ma/cm 2, 20 min from a N CuSO4 -t- N H2SO4 solution at 35*C. 
X435. 
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fate, and certain concentrations of thiourea. Sukava 
and Winkler (11) have reported that cysteine be- 
haves similarly. It will be noted that all these are 
sulfur containing compounds. 

Chemicals with this st imulatory action on the cop- 
per deposition process, which according to an earlier 
classification (10) cause deposition of material  of a 
coarser grain size, have been observed in the pres- 
ent investigation not only to reduce the cathodic 
polarization to a great extent, but also to cause the 
deposit on single crystal substrates to grow in a new 
habit form. 

Exper imental  Detai ls  

Full details of the procedure adopted in the 
growing, sectioning, and preparation of the single 
crystal electrodes are given in previous communica-  
tions (1-4). The particular orientation selected for 
the work described here was a surface near the cube 
face, but  inclined some 8 ~ • 2 ~ along a [110] zone 
from an exact (100). 

This surface was selected since previous workers 
have shown that from purified solutions, the deposit 
habit is very we!l-defined (3) and is clearly related 
to the cathodic polarization (3, 4). 

The methods used to examine the deposit, i.e., 
x - r a y  diffraction, optical and electron microscopy, 
and optical goniometry, and the techniques em- 
ployed in the measurement  of cathodic polarization 
are described elsewhere (1-4, 12). 

The electrolyte, a previously carbon-purified N 
H2SO4-~ N CuSO4 solution (2, 3), unless otherwise 
stated, was maintained at 35~ and any portion 
containing the addition agent was only used once 
unless the experiment was designed specifically to 
investigate the effect of continued use. Plating was 
carried out until 36 coulombs had passed per unit 
cathode area, i.e., assuming deposition to be 100% 
efficient, to a deposit thickness of 13.7~. 

The following addition agents were studied: so- 
dium thiosulfate, thioglycollic acid, thiosemicar- 
bazide, rubeanic acid (thiooxamide),  thioacetamide, 
and sodium sulfite. 

Exper imental  Results 

Standard electrolyte.--Experimental results are 
recorded in Fig. 1-4, which illustrate the structural 
characteristics of the deposits obtained, together 
with the polarization accompanying their deposition. 
It is at once apparent  that, when the addition agents 
cause marked depolarization, the deposit transforms 
in habit. 

Figure 3 is a typical example of the type described 
as "pyramidal ."  X - r a y  examination showed that 
deposits of this type were complete single crystal ex- 
tensions of the base, and optical goniometry that the 
pyramids had flat, highly reflecting (111) faces. 

Sodium sulfite additions were found to have no 
effect at concentrations of 10 -6, 10 -4, and 10 -3 M/ l ,  
at 20 m a / c m  2. However, 10 -2 M/1 caused a slight 
reduction in the polarization, but failed to alter 
the deposit structure. 

Nonstandard electrolytes.--Since the above ex- 
periments indicated that under certain conditions 
thiocompounds cause depolarization and changes 
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in c r y s t a l  hab i t ,  t h e  effect of one of them,  t h i o -  
ace t amide ,  in two  o t h e r  N CuSO4 b a t h s  was  s tud ied ,  
one 5N in H2SO4, t he  o t h e r  n e u t r a l .  Resu l t s  a r e  
g iven  in T a b l e  I. 

Discussion 

S e v e r a l  m e c h a n i s m s  h a v e  been  sugges t ed  to e x -  
p l a i n  t he  v a r y i n g  ac t ions  of a d d i t i o n  agen t s  in e lec -  

Table I. Effect of thioacetamide additions on the deposition of 
copper from electrolytes of varying H + concentration 

P o l a r -  
A d d e d  C . n . ,  i z a t i on ,  

Conc.  H2SO4 m a / c m e  m y  S t r u c t u r e  

Nil Nil 40 40 Po lycrys ta l l ine  
10 -4 Nil 40 150 Polycrys ta l l ine  
Nil  5N 60 107 Po lycrys ta l l ine  
10 -4 5N 60 44 P y r a m i d a l  (Fig.  3) 
10 -4 5N 100 36* Po lycrys ta l l ine  
10 -4 5N 100 43 P y r a m i d a l  (Fig. 3) 

* I n  th i s  e x p e r i m e n t  t h e  p o l a r i z a t i o n  w a s  700 m y  fo r  t h e  f i r s t  
20 sec  o f  d e p o s i t i o n ,  a n d  on ly  f e l l  to  36 m y  w h e n  t h e  s o l u t i o n  w a s  
g e n t l y  a g i t a t e d .  D u r i n g  t h e  e a r l y  s t a g e s  of d e p o s i t i o n ,  v i s i b l e  gas  
e v o l u t i o n  a lso  o c c u r r e d .  

Fig. 3. Pyramidal growth structure of deposit formed on copper 
single crystal surface near (100) in the presence of thiocompounds. 
Typical deposition conditions: 50 ma/cm 2, 12 rain from a N 
CuSO4 -t- N H2S04 solution containing 10 -5  M/1 Na2S203 at 
35~ X5200. 
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Fig. 4. Relationship between deposit structure, polarization and 
concentration of addition agent for N CuSO4 -I- N H2SO4 bath 
at 35~ �9 Layer growth, Fig. 1; I-I, cubic growth, Fig. 2; A ,  
pyramidal growth, Fig. 3; e, polycrystalline; V ,  matte, epitaxial. 
1, Purified solution; 2, 10 -2  M/1 additions; 3, 10 -3  M/1 addi- 
tions; 4, 10 -4  M/1 additions; 5, 10 -5  M/1 additions; 2 x 10 -5  
M/1 in case of thioglycollic acid; 6, 10 -e  M/1 additions; 7, 
10 - 7  M/1 additions; 8, 10 -s  M/1 additions, a, Na2S203; b, 
thioglycollic acid; c, thiosemicarbazlde; d, rubeanic acid; e, thlo- 
acetamide; f, no additions. 

t r odepos i t i on  processes .  Of these,  the  su r face  a d s o r p -  
t ion  t h e o r y  seems  the  mos t  p e r t i n e n t  in the  p r e s e n t  
contex t .  I t  was  used  b y  K e  et al. (13) to e x p l a i n  
t he  ac t ion  of t h i o u r e a  on the  copper  e l e c t r o d e p o s i -  
t ion  process .  The i r  w o r k  and  l a t e r  w o r k  b y  Llopis  
et al. (14, 15) and  B a r n e s  and  S t o r e y  (16) show 
th is  to b e  the  mos t  p r o b a b l e  e x p l a n a t i o n  in  cases  
w h e r e  i t  acts  as an  inh ib i to r .  I t  is w e l l  k n o w n  h o w -  
e v e r  t h a t  u n d e r  ce r t a in  c i r c u m s t a n c e s  t h i o c o m -  
pounds  cause  s t i m u l a t i o n  of e l e c t r o c h e m i c a l  p r o c -  
esses  (17, 18), t he  e l e c t rodepos i t i on  of copper  be ing  
bu t  one e x a m p l e  (10, 16).  

P r e v i o u s l y  p u b l i s h e d  r e su l t s  (4, 19) i nd i ca t e  t ha t  
the  a d d i t i o n  of su l fu r i c  ac id  to a n e u t r a l  coppe r  
su l f a t e  so lu t ion  causes  an i n c r e a s e  in ca thod ic  p o -  
l a r i za t ion .  I t  is t hus  poss ib le  t ha t  t h e  a d d e d  h y d r a t e d  
h y d r o g e n  ions in  some w a y  i nh ib i t  the  reac t ion ,  bu t  
i t  is d o u b t f u l  w h e t h e r  th i s  i nh ib i t i on  could  a r i se  
p u r e l y  as a r e s u l t  of p h y s i c a l  b l o c k i n g  in  v i ew  of 
t he  s m a l l  size and  h igh  m o b i l i t y  of t he  h y d r o g e n  
ions. On the  o t h e r  hand ,  i t  is poss ib le  t h a t  h y d r o g e n  
ions, or  d i s c h a r g e d  h y d r o g e n  a toms,  cou ld  be  c h e m i -  
so rbed  on the  m e t a l  sur face .  [The  b o n d  s t r e n g t h  
C u - H  has  been  e s t i m a t e d  to be  of t he  o r d e r  60 
k c a l / m o l e  (20) . ]  

I t  is pos tu l a t ed ,  f r om the  o b s e r v a t i o n  t h a t  t he  
c a t a l y t i c  a c t i v i t y  of t h i o c o m p o u n d s  is on ly  a p p a r e n t  
in ac id i f ied  e l ec t ro ly t e s ,  t h a t  t h e y  owe th is  a c t i v i t y  
t h r o u g h  p r e v e n t i n g  h y d r o g e n  ion (or  a t o m )  a d s o r p -  
t ion.  

I t  has  been  o b s e r v e d  t h a t  mos t  of the  c o m p o u n d s  
f o u n d  to l o w e r  ca thod ic  p o l a r i z a t i o n  con ta in  d i v a l e n t  
su l fur ,  e.g., t h i o a c e t a m i d e ,  r u b e a n i c  acid,  etc.,  and  
i t  is k n o w n  tha t  in  ac id  so lu t ions  c o m p o u n d s  of th is  
t y p e  i n v a r i a b l y  con ta in  t he  - - S H  g r o u p i n g  (21) .  
The  th io su l f a t e  an ion  has  also been  r e p o r t e d  to act  
as t h o u g h  it  c o n t a i n e d  th is  r a d i c l e  (22) .  

I t  is poss ib le ,  t he re fo re ,  t h a t  d i v a l e n t  su l fu r  c o m -  
pounds  p r e v e n t  H + ion i n h i b i t i o n  b y  t h e m s e l v e s  
f o r m i n g  a b a r r i e r  b e t w e e n  the  ca thode  su r f ace  and  
the  e l ec t ro ly te .  This  cou ld  be  v i s u a l i z e d  as o c c u r r i n g  
v ia  a d i s p l a c e m e n t  m e c h a n i s m ,  w h e r e b y  the  - - H S -  
an ions  become  a d s o r b e d  on the  m e t a l  su r f ace  in 
p r e f e r e n c e  to o t h e r  m o l e c u l a r  or  ionic species.  On 
account  of the  h igh  p o l a r i z a b i l i t y  of t h e  - - H S -  
an ion  the  e l e c t r o c h e m i c a l  d i s c h a r g e  r e a c t i o n  is 
s t i m u l a t e d ,  and  a d d i t i o n a l l y ,  s ince  g r o w t h  now oc-  
curs  on a ca thode  su r f ace  cove red  w i t h  an  a d s o r b e d  
f i lm of d i f fe ren t  cha rac t e r i s t i c s ,  h a b i t  modi f i ca t ions  
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ensue.  H o w e v e r ,  i t  w o u l d  be  p r e m a t u r e  to a d v a n c e  
a n y  def in i te  m e c h a n i s m  w i t h o u t  f u r t h e r  k n o w l e d g e  
of t he  s t r u c t u r e  of t he  m e t a l / s o l u t i o n  in t e r f ace ,  of  
the  effect of t he  a d s o r b e d  f i lm on g r o w t h  ve loc i t i e s  
and  on the  k ine t i c s  of t he  a c t u a l  d i s c h a r g e  process .  

I t  w o u l d  h o w e v e r  be  of i n t e r e s t  to s t u d y  t h e  effect 
on p o l a r i z a t i o n  and  c r y s t a l  s t r u c t u r e  of r e l a t e d  c o m -  
p o u n d s  such as t h ioke tones ,  t h iophen ,  etc.,  and  also 
o the r  su l fu r  con t a in ing  c o m p o u n d s  and  anions ,  e.g., 
the  th iona tes ,  su l fones ,  su l fox ides ,  sulf inic and  su l -  
fonic  acids,  th io  a n d  i so th iocyana t e s ,  etc. The  a n a l o -  
gous  s t i m u l a t i o n s  o b s e r v e d  d u r i n g  the  cor ros ion  of 
m e t a l s  (17, 18),  t he  ca thod ic  evo lu t i on  of h y d r o g e n  
(23) ,  and  o the r  e l e c t r o c h e m i c a l  r e ac t i ons  (24, 25) ,  
a r e  also w o r t h y  of f u r t h e r  s tudy .  

I t  m i g h t  be  f o u n d  t h a t  a n y  c o m p o u n d s  w h i c h  
s t i m u l a t e  one t y p e  of e l e c t r o c h e m i c a l  r e a c t i o n  wi l l  
s t i m u l a t e  o thers .  F o r  e x a m p l e ,  c e r t a i n  a lka lo id s  
l o w e r  t he  h y d r o g e n  o v e r p o t e n t i a l  (23) .  Is  i t  p o s -  
s ib le  t h e y  b e h a v e  s i m i l a r l y  w h e n  e l ec t rodepo s i t i on  
occurs  f r o m  s i m i l a r  t y p e s  of so lu t ion?  
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Growth Habits of Electrodeposited Nickel and Cobalt 

D. R. Cliffe and J. P. G. Farr 
Departmen~ of Industrial Metallurgy, The University, Birmingham, England 

ABSTRACT 

A br ief  range  of t empe ra tu r e  and cu r ren t  dens i ty  has been found over  
which the  surface topography  of g rowing  n ickel  and  cobal t  cathodes reflects 
the  atomic configurat ion of the  or ig inal  cathode surface, and the i r  deve lopment  
is consis tent  wi th  the  theory  of g rowth  by  a bunching  mechanism.  

I n d u s t r i a l l y  one of t h e  mos t  i m p o r t a n t  p l a t i n g  
m e t a l s  is n ickel ,  a n d  an  u n d e r s t a n d i n g  of g r o w t h  
processes  for  th is  m e t a l  shou ld  e v e n t u a l l y  l e a d  to 
a k n o w l e d g e  of the  f ac to r s  g o v e r n i n g  the  m e c h a n -  
ical ,  phys ica l ,  a n d  chemica l  p r o p e r t i e s  of the  d e -  
posi ts .  

In  v i e w  of this ,  t he  p r e s e n t  e x p e r i m e n t s  a i m e d  
first  to i n v e s t i g a t e  t he  r ea sons  for  t he  absence  in 
the  l i t e r a t u r e  of r e p o r t s  of s h a r p  m e t a l l o g r a p h i c  
s t ruc tu re s .  We i l  and  Cook  (1)  h a v e  p r e v i o u s l y  used  
the  e l ec t ron  mic roscope  to s t u d y  the  v e r y  fine s t r u c -  

t u r e s  o b t a i n e d  in  n i c k e l  e l e c t r o d e p o s i t i o n  a n d  w e r e  
ab le  to p r o d u c e  ev idence  of p l a t e l e t  g rowth .  

Second ,  t he  i n v e s t i g a t i o n  in to  coppe r  a n d  zinc 
sys tems ,  r e c e n t l y  r e v i e w e d  b y  K e e n  a n d  F a r r  (2 ) ,  
s h o w e d  tha t  e p i t a x i a l  g r o w t h  o c c u r r e d  w i t h  coarse  
c r y s t a l l o g r a p h i c  face t s  d e v e l o p i n g  on t h e  su r face  of 
t h e  e l ec t rop l a t e .  These  s t r u c t u r e s  cou ld  b e  r e l a t e d  
to t he  a tomic  conf igu ra t ion  of t h e  o r ig ina l  s u b s t r a t e  
su r f a c e  and  to t h e  cond i t ions  a t  t he  i n t e r f a c e  b e -  
t w e e n  the  m e t a l  and  the  e l ec t ro ly t e .  I t  was  i n t e n d e d  
to c o m p a r e  and  c o n t r a s t  t he  g r o w t h  h a b i t  of n i cke l  
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w i t h  those  of coppe r  and  zinc. As  coba l t  is in m a n y  
w a y s  s i m i l a r  to n ickel ,  a p a r a l l e l  i n v e s t i g a t i o n  was  
c a r r i e d  out.  

The  s t u d y  was  l a r g e l y  m e t a l l o g r a p h i c  and  c r y s t a l -  
l og raph ic ,  u n d e r  cond i t ions  c o m p a r a b l e  to t he  e l ec -  
t r o d e p o s i t i o n  of coppe r  and  zinc, u s i n g  s ingle  c r y s -  
t a l  s u b s t r a t e s  (9)  a n d  a ch lo r ide  f r ee  e l ec t ro ly t e .  

I n v e s t i g a t i o n s  a r e  s t i l l  p r o c e e d i n g  on the  p h y s i c a l  
and  c h e m i c a l  p r o p e r t i e s  of t he  r e s u l t i n g  e l e c t r o -  
p la te .  

Experiment 
Growth ol single crystal cathodes.--Electron b e a m  

f loat ing zone m e l t i n g  is an  i dea l  m e t h o d  for  the  
p r o d u c t i o n  of s ingle  c rys t a l s  of r e f r a c t o r y  m e t a l s  in 
an  e x t r e m e l y  p u r e  f o r m  (3) ,  and  th is  m e t h o d  has  
been  used  success fu l ly  in  t he  p r e s e n t  i nves t iga t ion .  
The  zone was  t r a v e r s e d  at  a p p r o x i m a t e l y  1 c m / m i n  
a long  spec imens  of s p e c t r o g r a p h i c a l l y  s t a n d a r d i z e d  
m e t a l s  5 m m  d i a m e t e r  x 15 cm long  in a v a c u u m  
m a i n t a i n e d  b e t w e e n  10 -~ and  5 x 10 -4 mi l l i ba r s .  
I t  was  f o u n d  t h a t  in m a n y  cases a s ingle  pass  was  
sufficient  to p r o d u c e  a s ingle  c rys ta l .  The  r e s u l t i n g  
c r y s t a l s  d id  not  h a v e  v e r y  even  sur faces ,  b u t  w i t h  
c a r e fu l  con t ro l  a t o l e r a b l e  su r f ace  was  ob ta ined ,  ove r  
a l e n g t h  of abou t  6 cm. 

Back reflection x-ray technique.--The c o m p l e t e  
o r i e n t a t i o n  of t he  c rys ta l s ,  and  of t he  ca thodes  b e -  
fore  and  a f t e r  p la t ing ,  was  d e t e r m i n e d  b y  the  b a c k  
ref lec t ion  von  L a u e  m e t h o d  (4) .  A " U n i c a m "  x - r a y  
g o n i o m e t e r  was  used,  w i t h  a s p e c i m e n  to f i lm d i s -  
t ance  of 3 cm, and  a 0.5 m m  d i a m e t e r  co l l ima to r .  
W i t h  w h i t e  m o l y b d e n u m  r a d i a t i o n  p r o d u c e d  a t  15 
m a  and  45 kv ,  t he  e x p o s u r e  t i m e  was  a p p r o x i m a t e l y  
30 rain. The  r e s u l t i n g  d i f f rac t ion  p a t t e r n s  w e r e  i n -  
t e r p r e t e d  b y  us ing  a G r e n i g e r  char t ,  a s t e r e o g r a p h i c  
net ,  and  a s t a n d a r d  p r o j e c t i o n  of t he  r e l e v a n t  sy s -  
t e m  (4) .  

In  t he  case of t he  cobal t ,  w h e r e  t he  in i t i a l  c r y s t a l -  
l o g r a p h i c  s y s t e m  was  in  doub t  due  to t h e  p o s s i b i l i t y  
of r e t a i n e d  cubic  m e t a l  f r o m  the  s lugg i sh  a l lo t rop ic  
t r a n s f o r m a t i o n ,  a D e b y e - S c h e r r e r  p h o t o g r a p h  was  
t aken .  Coba l t  w h i t e  r a d i a t i o n  was  used  at  10 ma,  
35 k v  w i t h  an  e x p o s u r e  t i m e  of 1 hr.  A c o m p a r i s o n  
of t h e  f i lm w i t h  a s t a n d a r d  o b t a i n e d  f r o m  the  
A.S.T.M. ca rd  index ,  showed  t h a t  the  m a i n  s t r u c -  
t u r a l  t y p e  p r e s e n t  was  c l o s e - p a c k e d  h e x a g o n a l .  
This  w a s  in  a g r e e m e n t  w i t h  U w e n t s  (5) .  

Specimen preparation.---For t he  w o r k  d e s c r i b e d  
in th is  p a p e r  i t  was  n e c e s s a r y  to cut  5 m m  d i a m e t e r  
s ing le  c r y s t a l  rods  to expose  de s i r ed  c r y s t a l  p lane .  
M e c h a n i c a l  cu t t i ng  w i t h  a j e w e l l e r ' s  s aw  was  found  
to g ive  v e r y  loca l  d i s t o r t i on  of t he  c rys ta l s .  V a u g h a n  
(6)  de s igned  the  a p p a r a t u s  w h i c h  was  used  to ho ld  
t he  c r y s t a l  in a s u i t a b l e  pos i t ion .  

F o l l o w i n g  the  sec t ion ing  of s ingle  c rys t a l s  to g ive  
the  r e q u i r e d  faces,  t he  spec imens  w e r e  m o u n t e d .  
This  was  c a r r i e d  out  b y  ho ld ing  the  spec imens  in 
cl ips  and  c o v e r i n g  each  un i t  w i t h  p o w d e r e d  p o l y -  
t h e n e  w h i c h  was  t hen  fused  to g ive  a s t ab le  film. 
A l t e r n a t i v e l y  t he  spec imens  w e r e  w r a p p e d  in 
P.T.F.E.  tape ,  w h i c h  was  t hen  s i n t e r e d  at  350 ~ 
400~ for  f r o m  15 to 60 min  acco rd ing  to th ickness .  

T h e  c r y s t a l  spec imens  w e r e  p o l i s h e d  u n d e r  f low-  
ing  w a t e r  on s i l icon c a r b i d e  pape r s ,  f o l l o w e d  b y  

po l i sh ing  on a r o t a t i n g  " S e l v y t "  c lo th  i m p r e g n a t e d  
w i t h  1/~ d i a m o n d  pas te .  T h e y  w e r e  d e g r e a s e d  w i t h  
t r i c h l o r e t h y l e n e ,  r i n s e d  in  alcohol ,  and  f ina l ly  
w a s h e d  w i t h  d i s t i l l ed  w a t e r .  The  f lowed l a y e r  of 
m e t a l  p r o d u c e d  in  c u t t i n g  and  po l i sh ing  was  r e -  
m o v e d  b y  e l ec t ropo l i sh ing .  This  was  conf i rmed  and  
the  o r i e n t a t i o n  of  the  ca thodes  was  f ina l ly  e s t a b -  
l i shed  b y  x - r a y  d i f f rac t ion .  

Electropolishing.--During e l e c t r o p o l i s h i n g  (7)  
of bo th  n i cke l  and  coba l t  v igo rous  S t i r r ing  was  nec -  
essary ,  owing  to the  l a r g e  a m o u n t  of gas  evolved .  1 

In  t he  case of n ickel ,  t he  ca thode  e m p l o y e d  was  
nickel ,  the  e l e c t r o l y t e  390 ml  H2SO4 and  290 m l  of 
d i s t i l l ed  wa te r ,  and  t h e  t i m e  4-6 ra in  at  2v a n d  room 
t e m p e r a t u r e .  S p e c i m e n s  w e r e  r e m o v e d  f r o m  the  
po l i sh ing  b a t h  w i t h  the  c u r r e n t  s t i l l  f lowing.  F o r  
cobal t ,  a s t a in less  s tee l  ca thode  was  used ,  500 ml  
h y d r o c h l o r i c  ac id  and  500 ml  e thy l  a lcohol  e l e c t r o -  
ly te ,  and  a t i m e  of 2-3 m i n  at  2v and  r o o m  t e m -  
p e r a t u r e .  

I m m e d i a t e l y  a f t e r  e l e c t r o p o l i s h i n g  the  n i cke l  
ca thodes  w e r e  w a s h e d  w i t h  d i lu t e  n i t r ous  ac id  to 
r e m o v e  the  anodic  film. Coba l t  ca thodes  w e r e  
w a s h e d  w i t h  bo i l i ng  d i s t i l l ed  wa te r .  This  was  es-  
sen t i a l  o t h e r w i s e  i n t e r f e r e n c e  w i t h  s u b s e q u e n t  p l a t -  
ing  r e su l t ed .  

S p e c i m e n s  w e r e  r i n s e d  in d i s t i l l ed  w a t e r ,  t hen  in 
alcohol ,  and  f ina l ly  d r i e d  in a c u r r e n t  of w a r m  air .  

Plating cell and plating technique.--The e l e c t r o -  
p l a t i n g  t e c h n i q u e  has  been  d e s c r i b e d  b y  K e e n  and  
F a r r  (2) .  H o w e v e r ,  due  to the  h igh  t e m p e r a t u r e  
r equ i r ed ,  a P y r e x  b e a k e r  was  used,  h e a t e d  b y  a 
B u n s e n  b u r n e r ,  a n d  the  w h o l e  enc losed  b y  a 
d r a u g h t  shield.  The  e l e c t r o l y t e s  w e r e  m a d e  up  f rom 
a n a l y t i c a l  g r a d e  r e a g e n t s  a n d  doub le  d i s t i l l ed  w a t e r .  
B a t h  compos i t ions  w e r e :  30 g/1 bo r i c  acid,  240 
g/1 n i cke l  su l fa te ,  p H  3.0, for  n icke l ;  45 g/1 bor ic  
acid,  504 g/1 coba l tous  su l fa te ,  p H  5.0, for  cobal t .  A 
s imple  su l f a t e  b a t h  was  u sed  in o r d e r  t h a t  t he  r e -  
su l t s  w o u l d  c o m p a r e  w i t h  t he  w o r k  c a r r i e d  out  on 
coppe r  and  zinc. Ch lo r ide  is o f ten  p r e s e n t  in c o m -  
m e r c i a l  p l a t i n g  ba ths ,  and  i ts  p r i n c i p a l  f unc t ion  is 
to i m p r o v e  a n o d e  d i s so lu t ion  b y  r e d u c i n g  p o l a r -  
izat ion.  I t  was  not  a d d e d  in the  p r e s e n t  i n v e s t i g a t i o n  
as even  v e r y  s m a l l  a m o u n t s  of ch lo r ide  g ros s ly  a f -  
fect  t he  t o p o g r a p h y  of g r o w i n g  e lec t rodepos i t s .  
Ch lo r ide  is also k n o w n  to inf luence  s t r o n g l y  the  
m e c h a n i s m  of ca thode  r eac t i ons  at  some e lec t rodes .  

E x p e r i m e n t s  in a c losed cel l  w i t h  so lu t ions  p u r -  
ified b y  con t inuous  c i r cu l a t i on  t h r o u g h  e x h a u s t i v e l y  
c l eaned  cha rcoa l  (14) gave  i den t i ca l  depos i t s .  S i m -  
i l a r l y  p r e e l e c t r o l y s i s  of the  p l a t i n g  so lu t ions  d id  no t  
affect t he  s t r u c t u r e s  p roduced .  

Examination of deposits.--The b e n c h  microscope ,  
V icke r s  p r o j e c t i o n  mic roscope ,  and  the  e l e c t r o n  m i -  
c roscope  w e r e  used  to e x a m i n e  su r f ace  de ta i l s ,  and  
p o l y c r y s t a l l i n e  m a t e r i a l  was  i n d i c a t e d  b y  D e b y e -  
S c h e r r e r  r ings  at  the  B r a g g  ang les  c o r r e s p o n d i n g  to 
the  w a v e l e n g t h s  of t h e  c h a r a c t e r i s t i c  r a d i a t i o n  p r e s -  
ent ,  and  to the  re f lec t ing  p lanes .  

The  Ph i l i p s  EM75B e l ec t ron  m i c r o s c o p e  h a d  a r e s -  
o lu t ion  of 40A. C a r b o n  r ep l i ca s  w e r e  o b t a i n e d  f rom a 

1 Electropolishing unit ,  Nash & Thompson  Ltd., Surbiton, Surrey,  
England. 
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f o r m v a r  film, w i t h  a b e d a c r y l  b a c k i n g  to p r e v e n t  
w r i n k l i n g  (8) .  

Reproducibi l i ty . --To ensu re  tha t  the  p l a t i n g  con-  
d i t ions  r e m a i n e d  u n a l t e r e d  d u r i n g  each  e x p e r i m e n t ,  
a tes t  spec imen  of k n o w n  o r i e n t a t i o n  was  p l a t e d  
u n d e r  s t a n d a r d  cond i t ions  at  r e g u l a r  i n t e rva l s .  
W h e n e v e r  t h e r e  w e r e  changes ,  t he  r e su l t s  f r o m  t h a t  
so lu t ion  w e r e  r e j ec t ed ,  and  the  w h o l e  e x p e r i m e n t  
r e p e a t e d .  

A s a t i s f a c t o r y  c r i t e r i o n  for  t he  q u a l i t y  of  t he  
e l e c t ro ly t e s  was  based  on the  s e n s i t i v i t y  of t he  t o p -  
o g r a p h y  of n i cke l  and  coba l t  depos i t s  g r o w n  on a 
n e a r  (111) n i cke l  su r f ace  and  a n e a r  (0001) coba l t  
sur face ,  r e spec t i ve ly ,  to so lu t ion  i m p u r i t y .  The  
t y p i c a l  s t a n d a r d  depos i t  s t r u c t u r e s  a r e  shown  in 
Fig.  2.1 and  7.1. The  su r f ace  s t r u c t u r e s  of e l e c t r o -  
depos i t s  shown  in the  i l l u s t r a t i ons  w e r e  r e p r o d u c -  
ible,  as w e r e  t he  t r a n s i t i o n s  f rom one s t r u c t u r e  to 
ano the r .  

Exper imental  Results 

Nickel . - -The v a r i a b l e s  w e r e  ba se  o r i en ta t ion ,  
t e m p e r a t u r e ,  t ime,  and  c u r r e n t  dens i ty ,  w h i l e  t he  
base  m a t e r i a l ,  base  condi t ion ,  and  e l e c t r o l y t e  c o m -  
pos i t ion  w e r e  k e p t  cons tan t .  In  a d d i t i o n  to t he  e x -  
t r e m e l y  fine n a t u r e  of t he  depos i t s ,  h y d r o g e n  was  
evo lved  d u r i n g  p la t ing ,  caus ing  v a r i a b l e  s t r u c t u r e s  
in t he  n e i g h b o r h o o d  of a t t a c h e d  su r f ace  b u b b l e s  and  
some p i t t ing .  

The  first  p h e n o m e n o n  of no t e  was  a r a p i d  c o a r s e n -  
ing of s t r u c t u r e  a b o v e  a c r i t i ca l  t e m p e r a t u r e .  F i g u r e  
1 shows  t ha t  a t  a b o u t  94~ a m o r e  def ined  s t r u c t u r e  
beg in s  to appea r ,  s u r r o u n d e d  b y  a fine i r r e s o l v a b l e  
b a c k g r o u n d .  B e t w e e n  94 ~ a n d  98~ the  a m o u n t  
s h a r p l y  inc reases  u n t i l  t he  l a r g e  s t r u c t u r e  p r e d o m -  
ina tes .  

X - r a y  d i f f rac t ion  p a t t e r n s ,  c a r r i e d  out  b e f o r e  and  
a f t e r  p l a t i ng ,  showed  w h e t h e r  each  depos i t  was  a 
c o m p l e t e  c o n t i n u a t i o n  of the  base .  W h e r e  m e t a l -  
l o g r a p h i c  e x a m i n a t i o n  showed  coa r se  n o d u l a r  d e -  
pos i t s  (e.g., at 98~ c u r r e n t  dens i t i e s  a b o v e  10 
m a / c m  2) t he  p a t t e r n s  s h o w e d  r ings .  W h e r e  coarse  
c r y s t a l l o g r a p h i c  depos i t s  w e r e  o b t a i n e d  (98~ 10 
m a / c m  e) s h a r p  spots  r e su l t ed ,  s h o w i n g  ep i t axy .  The  
fine i r r e s o l v a b l e  s t r u c t u r e s  p r o d u c e d  at  t e m p e r a -  
tu res  b e l o w  90~ gave  a ser ies  of diffuse spots.  Co-  
ba l t  depos i t s  r e s e m b l e d  n i c k e l  ones.  In  each  case  
the  depos i t  t h i ckness  was  t h e o r e t i c a l l y  12/~. 

A l t h o u g h  the  s t r u c t u r e  change  o c c u r r e d  ove r  a 
r e l a t i v e l y  s m a l l  t e m p e r a t u r e  range ,  i t  is e v i d e n t  
f rom Fig.  1 t h a t  i t  was  no t  i n s t an t aneous .  A t  a b o u t  
90~ s m a l l  "nuc le i "  a p p e a r e d  w h i c h  h a d  the  s a m e  
s t r u c t u r e  as the  f inal  depos i t  a t  98~ The  s m a l l  
a reas  w e r e  u n i f o r m l y  d i s t r i b u t e d  across  t he  sec t ion  
and  i nc r ea sed  p r o g r e s s i v e l y  in size as t he  t e m p e r -  
a t u r e  was  inc reased .  No f u r t h e r  c h a n g e  was  o b -  
s e rved  b e t w e e n  98~ and  v igo rous  boi l ing .  

F i g u r e s  2 and  3 show the  inf luence  of the  base  
o r i e n t a t i o n  on the  depos i t  s t ruc tu re ,  a t  t he  t e m -  
p e r a t u r e  fo r  m a x i m u m  d e v e l o p m e n t  of t he  s t r u c -  
ture .  F l a t  face ts  a p p e a r e d  in some  of t he  depos i t s ,  
and  r i d g e - t y p e  s t r u c t u r e s  in t h e  others .  C o n s i d e r -  
ab le  d i f fe rences  occu r r ed  in t he  a p p e a r a n c e  of t he  
su r f ace  s t r u c t u r e s  d e v e l o p e d  on bases  of d i f f e ren t  
o r i en ta t ions .  As w i t h  coppe r  depos i t s  (9 ) ,  i t  is 
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Fig. 1. Effect of increasing temperature, plated for 1 hr at 10 
ma/cm 2. Orientation of the single crystal nickel base is shown 
in the stereographic projection. Magnification approximately 625X. 

t h o u g h t  t h a t  t he  su r faces  cons i s ted  of  face t s  of 
low indices .  M i c r o g r a p h  n u m b e r  2 has  an  o v e r l a p -  
p ing  p l a t e l e t  s t ruc tu re ,  w h i c h  has  u p p e r  faces  co r -  
r e s p o n d i n g  to (100) p lanes .  As  the  ang le  b e t w e e n  
the  ca thode  su r f ace  and  the  (100) p l a n e  increases ,  
a l i m i t i n g  v a l u e  is r e a c h e d  for  w h i c h  p l a t e l e t  s t r u c -  
t u r e s  a r e  fo rmed ,  e.g., n u m b e r s  6 a n d  11. 

Su r f aces  c loser  to a (111) p l a n e  a g a i n  d e v e l o p e d  
f l a t - t y p e  facets ,  b u t  t he  s ides  w e r e  p y r a m i d a l ,  w i t h  
s h a r p  edges,  e.g., n u m b e r  1. 

R i d g e  fo rms  a p p e a r  n e a r  a (110) p l a n e  ( n u m b e r s  
3 and  10) w i t h  the  r idges  a l i gned  p a r a l l e l  to a p r o -  
j ec t i on  of t h e  ~ 1 1 0 ~  d i r ec t i on  on the  surface .  

The  e l ec t ron  m i c r o g r a p h s  i nd i ca t e  t h a t  t he  face t s  
w e r e  f r ee  f r o m  de ta i l ,  a l t h o u g h  n u m b e r  2 shows  
fine d e t a i l  a t  the  edges  of some of t he  p la te le t s .  

The  d e v e l o p m e n t  of depos i t s  w i t h  p l a t i n g  t ime  is 
shown  in Fig.  4. A n u m b e r  of spec imens  w e r e  p la t ed ,  
each  for  a d i f fe ren t  t ime ,  so t h a t  t he  depos i t  could  
be  e x a m i n e d  a t  a n y  s t age  of g rowth .  H o w e v e r ,  i t  is 
r ecogn ized  t h a t  th is  m e t h o d  p r o d u c e s  i so l a t ed  s tages  
in t h e  p rocess  of g rowth ,  a n d  the  m e c h a n i s m  b y  
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Fig. 2. Orientation series. Deposits formed at 10 ma/cm 2 for lhr and at 98~ on various single crystal nickel surfaces. Magnification 
approximately 650X. 

which the s t ruc ture  at any  instant  t r ans formed  into 
tha t  seen at a la te r  stage could only be inferred.  

Nuclei appeared  at  an ear ly  stage and fine growth  
features  became more crysta l lographic ,  and finally 
covered the whole surface to produce a p l a t e l e t - t ype  
s tructure.  S imi lar  observat ions have been made by  
other  workers ,  e.g., Vaughan on copper (15). 

F igure  5 concerns the  effect of cur rent  density,  
and the p la t ing t imes were  adjus ted  so tha t  all  the 
deposits were  the same thickness (12~). The s t ruc-  
tures  repor ted  and discussed in this paper  were  
those observed at the centers  of the specimens, as 
the current  densi ty  at  the pe r iphe ra l  areas  was ab-  
normal.  This is in accordance wi th  the findings of 
previous  workers  work ing  on other  metals.  

The i r resolvable  s t ructures  at lower  current  den-  
sities are shown to be replaced by  increasing pro-  
port ions of the s t ructures  typica l  of the base or i -  
entat ion up to a m a x i m u m  of 10 m a / c m  2. Above 
this cur ren t  densi ty  da rk  nodules  appeared,  increas-  
ing unt i l  the whole surface was covered. 

Cobal t . - -The  deposits  of cobalt  appeared  to be 
affected by  t empera tu res  in the same way  as those of 

nickel. F igure  6 shows the surface deposits wi th  
the t empera tu re  increas ing in the same range  as 
for the nickel. A coarser,  more sharp ly  defined 
s t ruc ture  formed at  about  90~ which increased in 
propor t ion  across the surface, up to 100~ How-  
ever, the s t ruc ture  at  this t empe ra tu r e  did not  ap-  
pear  to be ful ly  resolved,  and possibly higher  t em-  
pera tu res  would have produced a more  defined 
s tructure.  

The (0001) plane is equiva lent  to the (111) plane 
in the cubic nickel  sys tem and the corresponding 
micrograph  shows s imi la r i ty  wi th  (111) nickel,  also 
to the (111) copper, and (0001) or ien ta ted  zinc 
deposit  (2).  The lack of c lear ly  defined facets makes  
posit ive comparison difficult. 

F igures  7 and 8 show that  both p la te le t  and r idge 
s t ructures  resul t  wi th  va ry ing  base orientat ion.  
Fine detai l  is observed in all  of the micrographs,  
which suggests tha t  the growth  s t ructures  are  not 
ful ly  developed. Electron micrograph  number  1 
shows facets which resemble  quite closely the s t ruc-  
ture  obta ined on a (111) p lane  dur ing  nickel  elec- 
trodeposit ion.  



Vol. 111, No. 3 G R O W T H  H A B I T S  O F  E L E C T R O D E P O S I T E D  Ni 303 

Fig. 3. Orientation series, electron micrographs. Deposits formed at 10 ma/cm 2 for 1 hr and at 98~ on various single crystal nickel 
surfaces. 

The deve lopment  of surface deposits wi th  p la t ing  
t ime is shown in Fig. 9. These micrographs  show 
ini t ia l  surface covering with  fine p la te le ts  which 
coarsened and then became pre fe ren t ia l ly  or iented 
and elongated.  Af te r  60 min the faceted s t ruc ture  
had much finer secondary s tructure,  some of which 
appeared  to form at the edge end of an e longated 
facet. 

F ina l ly  Fig. 10 shows tha t  the s t ructure  of de-  
posits coarsened up  to 10 m a / c m  2, but  then the de-  
posits da rkened  and became irresolvable.  

The r i dge - type  s t ruc ture  at 10 m a / c m  ~ was ob-  
served to have mul t ip le  areas of fine deta i l  in the 
troughs, some of which was or iented wi th  the 
ridges, and some or iented at an angle. 

Discussion 

It has been shown by Barnes et al. (9) tha t  for 
copper deposi t ion an in te r - re la t ionsh ip  exists  be -  
tween t empera tu re  and current  density.  For  any 
given subs t ra te  orientat ion,  cr i t ical  t empera tu res  
control  the change f rom one c lear ly  resolved s t ruc-  

ture  to another,  e.g., ridge, plate le t ,  and block. The 
effect of t empera tu re  on zinc electrodeposi t ion was 
found by  Keen and F a r r  (2) to be complex, a l though 
coarsening resul ted  to a l imi ted  extent ,  wi th  in-  
creasing tempera ture .  

F igure  1 shows tha t  for nickel  a range  of t emper -  
ature,  92~176 exists when coarse ep i tax ia l  growth 
occurs. Below this na r row range  of t e m p e r a t u r e  an 
i r resolvable  type  of s t ruc ture  predominates .  Re-  
cently,  Vagramyan  and Uvarov (10) have  noted 
coarse nickel  deposits at above 150~ the exper i -  
ment  carr ied  out under  pressure ,  using s imilar  so- 
lutions. Other  inves t igators  (11, 12) have repor ted  
coarsening of nickel  e lectrodeposi ts  wi th  increasing 
t empe ra tu r e  and have also noted an accompanying 
decrease in both stress and hydrogen  content.  

F igure  5 shows tha t  there  is c lear ly  an opt imum 
cur ren t  densi ty  (i.e., 10 m a / c m  2) for a w e l l - d e -  
veloped growth  s tructure.  

I t  is accepted [e.g. (10)]  tha t  the overvol tage 
for nickel  deposi t ion is h igher  than  tha t  for copper. 
This could expla in  why  an increase in current  
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Fig. 4. Effect of plating time. Current density 10 ma/cm 2, tem- 
perature 98~ Magnification approximately 625X. 

densi ty  in condit ions where  coarse nickel  deposits  
formed did not produce resolvable  s t ruc ture  changes 
corresponding to those for copper. Increase of cur -  
rent  densi ty  could cause the overvol tage  quickly  to 
become large  enough for b r e a k - a w a y .  The nodular  
polycrys ta l l ine  s t ruc ture  resul ted  ins tead of the 
graduat ion  in epi tax ia l  s t ruc ture  types  found on 
copper. Hoar (13) notes the incorpora t ion  of de-  
posi ted nickel  hydroxide ,  possibly col loidal ly  dis-  
persed,  due to hydrogen- ion  discharge causing a 
rise in the  pH. 

The present  inves t igat ion has shown tha t  coarse 
growth  s t ructures  in nickel  e lectrodeposi ts  begin 
to appear  at  t empera tu res  above 92 ~ F u r t h e r  work  
is in progress  on this t ransi t ion,  in pa r t i cu la r  on the 
possibi l i ty  tha t  the codeposit ion of hydrogen  in some 
form in ter feres  wi th  the crys ta l  growth  of nickel.  

In  its e lectrochemical  behavior ,  cobal t  occupies a 
posit ion be tween  nickel  and iron. Kers ten  (16) has 
shown tha t  cobalt  deposi ted f rom sulfate  solutions 

Fig. 5. Effect of current density. Deposits produced by 36 
coulombs/cm 2 at 98~ Magnification approximately 625X. 

with a s imilar  pH to those in the present  inves t iga-  
t ion has a hexagonal  s t ructure ,  which changes into 
a mix tu re  of hexagonal  and cubic as the  pH is 
decreased.  Cobal t  resembles  nickel  in the t e mpe r -  
a ture  effect. Within  the cr i t ical  t empera tu re  range 
the cobalt  (0001) deposit  resembles  the nickel  
(111), a l though the s t ruc ture  is smal ler  and less 
sharp ly  defined. This might  be expected since a 
(0001) cobalt  p lane is equivalent  to a (111) nickel  
plane. 

A s imi la r i ty  exists be tween  the electrodeposi ts  
of cobalt  and zinc, both of c lose-packed hexagonal  
c rys ta l  s tructure,  but  the cobalt  deposits contain 
considerable  secondary detail .  Af ter  1 hr  p la t ing at 
10 m a / c m  2 both copper and nickel  were  observed 
to produce s imi lar  s tructures,  depending on the or i -  
enta t ion of the substrate ,  but  wi th  the copper s t ruc-  
tures  la rger  and more sharp ly  defined. We therefore  
conclude that  we have observed a s imi lar  growth 
process, i.e., within  our na r row  range of conditions, 
the growth of nickel  and cobalt  is consistent wi th  a 
"bunching"  mechanism. F u r t h e r  work  is proceeding 
on the proper t ies  of this electroplate .  
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Fig. 6. Effect of increasing temperature on the structure of 
cobalt deposits, plated 1 hr at 10 ma/cm 2. Magnification approxi- 
mately 600X. 

There is no evidence to suggest tha t  some im-  
pur i ty  const i tuent  is present  in the n ickel  e lec t ro-  
lyte, which produced the observed structures.  Nickel  
electrodeposi ts  formed under  our conditions appear  
to be less sensit ive to the presence of impur i t y  than  
do copper electrodeposi ts  grown f rom similar  solu-  
tions. (We should emphasize tha t  our  condit ions 
differ f rom those of commercia l  nickel  deposit ion.)  
This may  be due to (a)  the h igher  t empera tu re ,  of 
deposi t ion and (b) the h igher  overvoltage,  as com- 
pared  wi th  copper. An t ropov  (17) emphasizes tha t  
a high overvol tage  leads to a high surface charge 
which can repel  impur i ty  ions. He suggests tha t  the 
s t ructures  of cathodic deposits are  connected wi th  
the magni tude  of this charge. Also hydrogen  co- 
deposi ted may,  under  cer ta in  circumstances,  act 
as the posi t ive pole of the  M-H bonds, and the i r  
action on the discharge of meta l l ic  ions is considered 
to be l ike  the action of adsorbed foreign cations. 
Ant ropov  shows tha t  the  format ion  of finely c rys -  
ta l l ine  deposits  may  resul t  f rom both of these effects. 

Conclusions 

A br ief  range  of t empera tu re  and current  densi ty  
has been found over  which the surface topography  
of growing nickel  and cobalt  cathodes reflects the 
atomic configuration of the  or iginal  cathode sur -  

Fig. 7. Orientation series. Deposits formed at 10 ma/cm 2 for 
1 hr at 100~ on various single crystal cobalt surfaces. Magni- 
fication approximately 600X. 

face. The development  of the deposi t  s t ructures,  
f rom chlor ide- f ree  electrolytes ,  is consistent wi th  
the  theory  of growth  by  a bunching mechanism. 
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Electroluminescence in Oxide Phosphors 
Shannon Jones 
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ABSTRACT 

Certain oxide phosphors have been observed to exhibit substantial electro- 
luminescence (EL) in high electric fields. This electroluminescence may be in- 
duced either by an alternating field, in which case insulating films may be 
interposed between the phosphor and the electrodes, or by a direct field, in 
which case an insulating film between the electrodes is not permissible. The 
voltage required is about 20 times that needed for equal brightness in commer- 
cial EL lamps using copper-activated zinc sulfide phosphors. 

Unlike EL zinc sulfide phosphors,  oxide phos-  
phors  by themselves  do not exhib i t  EL when im-  
bedded in subs tant ia l  quant i t ies  of l iquid or solid 
dielectrics.  However ,  a smal l  amount  of organic 
mater ia l ,  such as shellac, may  be used to hold oxide 
phosphor  grains in place wi thout  ser iously im pa i r -  
ing the luminescence.  Fur the rmore ,  Lehmann  (1) 
has shown that  oxide phosphors in oil and in con- 
tact  wi th  sharp ly  pointed meta l  grains may  exhibi t  
EL at  the contacts. 

Among the oxide phosphors  studied, some good 
lamp phosphors  show good e lect roluminescent  re -  
sponse; others  do not. S imi lar ly ,  some good oxide-  
type  ca thode - r ay  phosphors  show good e lec t ro lu-  
minescent  response while  others  do not. The phos-  
phors examined  were  most ly  var ious ly  ac t iva ted  
b ina ry  oxides, such as borates,  silicates, phosphates,  
or tungsta tes  ( " se l f - ac t iva ted" )  of calcium, s t ron-  
t ium, zinc, or cadmium. Most of the phosphors  had 
been optimized for max ima l  br ightness  under  ca th-  
ode rays,  2537A, or 3650A radiat ion.  They were  not 
given any special  washing,  coating, ret ir ing,  or 
other  t r ea tmen t  before being tes ted in the EL cells. 

The existence of e lectroluminescence in oxide 
phosphors is in teres t ing  in pa r t  because of the p rac-  
t ical  considerat ions of the wide range  of colors ob- 
tainable,  the large  number  of compounds and act i -  
vators  which provide  phosphor  systems, and the 
re la t ive  ease of manufac tu re  of many  of the oxide 
phosphors.  
His tory . - -Lossew observed l ight  emission, not due 
to incandescence,  f rom silicon carbide  crysta ls  
through which an electr ic  cur rent  was  flowing (2).  
This effect is now bel ieved to be the resul t  of the 
recombinat ion  of posi t ive and negat ive  charge car -  
r iers  at p - n  junct ions in a semiconductor.  The effect 
is called inject ion electroluminescence and has been 
the subject  of considerable  research.  However ,  it 
has not yet  produced a prac t ica l  l ight  source. 

Des t r iau  observed l ight  emission f rom copper-  
ac t iva ted  zinc sulfide phosphors  when they  were  
suspended in oil and subjected to high electr ic 
fields (3).  This Des t r iau  effect has been the subject  
of much research,  m a n y  papers ,  and patents.  I t  is 
the basis of the present  commercia l  e lec t ro lumin-  
escent lamp. Many bel ieve tha t  in the Dest r iau  ef- 
fect electrons are  emi t ted  f rom inhomogenei t ies  in 
the crys ta l  under  the influence of the field, then ac- 
celera ted to velocit ies sufficient to produce l ight  on 

collision wi th  a fluorescent region of the  crystal .  
This process has been cal led accelerat ion-col l is ion 
electroluminescence (4).  

In contras t  to the large  amount  publ i shed  on in-  
ject ion electroluminescence in semiconductors  and 
accelera t ion-col l i s ion electroluminescence in sulfide 
phosphors,  l i t t le  has been publ i shed  on "e lec t ro-  
luminescence" in oxide  phosphors.  Among repor ts  
and papers  in the publ i shed  l i te ra ture ,  severa l  of 
the most pe r t inen t  to this repor t  are a note by  Bow- 
tel l  and Bate (5) on electroluminescence in oxide 
phosphors  coated wi th  an ionizable salt,  a paper  by  
Lehmann  (1) on electroluminescence in oxide 
phosphors  in contact  wi th  conducting part icles ,  and 
papers  by Kolomoitsev et aL (6) and by  Pal i l la  
and Rinkevics (7) on electroluminescence in oxide 
phosphors (some of them uncoated and not mixed  
with  conducting grains)  in electric fields in air. 
Herwel ly  (8),  Thor ington (9),  Morosin and Haak  
(10), and Lehmann  (11) have proposed and dis-  
cussed mechanisms of e lectroluminescence in cer-  
ta in  aspects which may  be re la ted  to the phenom-  
ena here described.  

Construction of EL Lamps Using Oxide Phosphors; 
Some Observations 

Different constructions are p re fe r r ed  or required,  
depending on whe the r  the lamp or cell is to be used 
with  a.c. or d.c., in a i r  or in vacuum. Possible types  
of construct ion are as follows: 

Type I. (for a.c., in a i r ) . - - O n  a flat meta l  base 
plate,  e.g., zinc-coated  steel  5 cm 2, a thin, uniform, 
t acky  coating of plast icized poly isobuty l  m e t h a c r y -  
late  is deposi ted by  evapora t ion  f rom solution. The 
thickness of the tacky layer  may  be about  15~. The 
coated pla te  is then covered smoothly wi th  an ex-  
cess of a s ize-graded  phosphor,  such as manganese-  
ac t iva ted  zinc si l icate th rough  10O, on 200 mesh 
screen (per  inch) .  The phosphor  is pressed on the 
tacky  l aye r  under  a pressure  of about  3 k g / c m  ~. 
The excess phosphor  is t apped  off the plate.  A piece 
of 125~ cellulose acetate  film extending  perhaps  5 
m m  beyond the base p la te  on all  sides is placed on 
the phosphor layer .  A piece of glass wi th  a t r ans -  
pa ren t  conducting layer  on one side only is placed 
on the plast ic  film wi th  the conducting surface next  
to the film. The assemblage is c lamped together,  
and electr ical  connections are  made to the base 
pla te  and the conducting glass. The c lamping pres -  
sure is not  cri t ical;  o rd ina ry  spr ing clothespins 
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g iv ing  a b o u t  a k i l o g r a m  p r e s s u r e  a t  each  co rne r  
a r e  sa t i s f ac to ry .  

W i t h  an  a l t e r n a t i n g  s inuso ida l  f ield of abou t  900v 
r m s  60 cps a p p l i e d  to t he  a b o v e  a s semblage ,  l u m i n -  
escence is o b s e r v a b l e  in a d a r k e n e d  r o o m  and  w i t h -  
ou t  a p p r e c i a b l e  d a r k  a d a p t a t i o n .  W i t h  i nc rea s ing  
v o l t a g e  the  b r i g h t n e s s  i nc reases  r a p i d l y  u n t i l  d i -  
e l ec t r i c  b r e a k d o w n  occurs.  

Type II. ( fo r  a.c., in a i r  or  v a c u u m ) . - - T h i s  cel l  is 
s i m i l a r  to the  T y p e  I cel l  excep t  for  t he  p r e s e n c e  
of a l a y e r  of c a d m i u m  p y r o a n t i m o n a t e  g r a in s  n e x t  
to t he  m e t a l  base  p l a t e  a n d  u n d e r  the  phosphor .  
C a d m i u m  p y r o a n t i m o n a t e  is a s emiconduc to r .  I ts  
p r e s e n c e  in  con tac t  w i t h  the  p h o s p h o r  r educ e s  t h e  
t h r e s h o l d  field r e q u i r e d  for  l u m i n e s c e n c e  to a b o u t  
500v. I t  a lso m a k e s  the  cel l  c a p a b l e  of e l e c t r o l u -  
minescence  in  v a c u u m ,  u n l i k e  the  T y p e  I cell ,  w h i c h  
g lows  poor ly ,  if  a t  al l ,  in vacuum.  I t  is p r o b a b l e  
t h a t  w i t h  th is  cons t ruc t i on  the  l u m i n e s c e n t  m e c h -  
a n i s m  is s i m i l a r  to t h a t  in the  oil  cel ls  of L e h m a n n ,  
who  r e p o r t e d  "con tac t  e l e c t r o l u m i n e s c e n c e "  in 
p h o s p h o r s  in con tac t  w i t h  semiconduc to r s .  

Type III. ( fo r  a.c. or  d.c., in a i r  or  v a c u u m ) . - -  
This  is s i m i l a r  to T y p e  I I  excep t  t h a t  no d i e l ec t r i c  
f i lm is i n t e r p o s e d  b e t w e e n  the  conduc t i ng  glass  and  
the  phosphor .  I t  has  been  difficult  to o b t a i n  r e p r o -  
duc ib l e  cel ls  of th is  type .  Of ten  the  g low wi l l  a p -  
p e a r  on ly  at  t i n y  spots.  H o w e v e r ,  i t  has  some t imes  
been  poss ib le  to ob t a in  u n i f o r m  and  s t e a d y  g lows  
ove r  an  a r e a  of a b o u t  1 cm 2. In  th is  t y p e  of cell ,  
i t  is p r o b a b l e  t h a t  the  r e s i s t ance  of t he  c a d m i u m  
a n t i m o n a t e  l a y e r  p r e v e n t s  a r c ing  and  c a t a s t r o p h i c  
b r e a k d o w n  of  the  cel l  at  some loca l i zed  site.  

W h i l e  t hese  cel l  cons t ruc t ions  have  been  d e -  
s c r ibed  specif ical ly ,  m a n y  v a r i a t i o n s  a r e  p e r m i s s i -  
ble.  S t a r t i n g  w i t h  the  base  p l a t e  and  going  up,  
these  v a r i a t i o n s  a r e  n e x t  d e s c r i b e d  in  order .  

As  base  me ta l s ,  z i n c - c o a t e d  steel ,  c a d m i u m -  
p l a t e d  s teel ,  p l a i n  c o l d - r o l l e d  s teel ,  copper ,  m o l y b -  
denum,  a l u m i n u m ,  n ickel ,  brass ,  a n d  o the r  a l loys  
h a v e  been  t r ied .  O t h e r  t h ings  be ing  equa l ,  m o r e  
l igh t  shou ld  be o b t a i n e d  f r o m  the  m e t a l s  of h i g h e r  
re f lec t iv i ty .  A p a r t  f r o m  th is  effect,  i t  is d o u b t f u l  
t ha t  the  base  m e t a l  has  an  a p p r e c i a b l e  effect  on the  
efficiency. 

The  t a c k y  or  a d h e s i v e  l a y e r  m a y  be  a n y  one of a 
n u m b e r  of  m a t e r i a l s  or  m a y  be  e l i m i n a t e d  en t i r e ly .  
I t  was  used  to p r o v i d e  a s imp le  m e a n s  of o b t a i n i n g  
a m o n o l a y e r  of p h o s p h o r  g r a in s  on the  base  p la te .  
A G l y p t a l  ~ v a r n i s h  has  been  used  success fu l ly  for  
t he  t a c k y  l aye r .  I t  is i m p o r t a n t ,  h o w e v e r ,  t h a t  the  
p h o s p h o r  be not  c o m p l e t e l y  s u r r o u n d e d  b y  a gross  
a m o u n t  of t he  adhes ive .  Good  cel ls  h a v e  been  m a d e  
in  w h i c h  p h o s p h o r s  h a v e  been  s u s p e n d e d  in th in  
she l lac  so lu t ions  and  s p r a y e d  on ce l lu lose  ace t a t e  
sheets .  These  shee ts  w e r e  t h e n  p l aced  b e t w e e n  th in  
m e t a l  p l a t e s  and  conduc t i ng  glasses.  A good cel l  
was  m a d e  up  us ing  an  aqueous  so lu t ion  of Po lyox .  1 
W i t h  e i t he r  P o l y o x  or  shel lac ,  t he  r a t i o  of r e s i d u a l  
o rgan ic  m a t e r i a l  to p h o s p h o r  shou ld  be  low, p r e -  

1 G l y p t a l ,  G e n e r a l  E l ec t r i c  C o m p a n y ,  b a s e d  on  g l y c e r y l  p h t h a l a t e .  
P o l y o x ,  U n i o n  C a r b i d e  C o r p o r a t i o n ,  p o l y e t h y l e n e  ox ide .  
M y l a r ,  E. I d u  P o n t  de  N e m o u r s  a n d  C o m p a n y ,  p o l y e s t e r .  
S a r a n ,  D o w  C h e m i c a l  C o m p a n y ,  p o l y v i n y l i d e n e  ch lo r ide .  
T e d l a r ,  E. I .  d u  P o n t  de  N e m o u r s  a n d  C o m p a n y ,  p o l y v i n y l  f luo-  
r ide .  
L e x a n ,  G e n e r a l  E l ec t r i c  C o m p a n y ,  p o l y c a r b o n a t e .  
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f e r a b l y  of the  o r d e r  of 1% or  less.  
As  a s u b s t i t u t e  for  c a d m i u m  a n t i m o n a t e ,  s i l icon 

c a r b i d e  of abou t  the  s ame  g r a i n  size was  t r i ed .  I t  
d id  not  act  l ike  c a d m i u m  a n t i m o n a t e  to r e d u c e  the  
t h r e s h o l d  vo l t a ge  s u b s t a n t i a l l y .  N e i t h e r  d id  a l a y e r  
of m o l y b d e n u m  p o w d e r ,  m u c h  f iner  t h a n  the  c a d -  
m i u m  a n t i m o n a t e ,  r e d u c e  the  t h r e s h o l d  vo l tage .  
F u r t h e r  ev idence  was  o b t a i n e d  i n d i c a t i n g  t h a t  the  
r e d u c t i o n  in t h r e s h o l d  v o l t a g e  w i t h  c a d m i u m  a n -  
t i m o n a t e  was  no t  m e r e l y  due  to t he  i n c r e a s e d  
r o u g h n e s s  of t he  e l ec t rode  sur face .  R o u g h e n i n g  a 
c o l d - r o l l e d  s tee l  base  p l a t e  w i t h  coarse  s i l icon ca r -  
b ide  g r a i n  d id  no t  l o w e r  the  t h r e s h o l d  vo l t a ge  w h e n  
the  p l a t e  was  used  a lone,  i.e., w i t h o u t  the  c a d m i u m  
a n t i m o n a t e  l ayer .  

T h e r e  a r e  s u b s t a n t i a l  d i f fe rences  in  e l e c t r o l u m i n -  
escen t  r e sponse  b e t w e e n  d i f f e ren t  classes  of ox ide  
phosphors .  In  gene ra l ,  p h o s p h o r s  w i t h  ca l c ium or  
s t r o n t i u m  as ca t ions  a r e  poor ,  those  w i t h  zinc or  
c a d m i u m  are  good. 

A n u m b e r  of d i e l ec t r i c  f i lms o t h e r  t h a n  the  125~ 
ce l lu lose  ace ta t e  w e r e  t r ied .  A m o n g  t h e m  w e r e  6~ 
Myla r ,  1 10~ Sa ran ,  1 50~ Ted la r ,  1 75~ L e x a n ,  1 34~ 
ce l lophane ,  22~ ce l lu lose  ace ta te ,  160~ mic roscope  
cover  glass.  The  125~ ce l lu lose  a c e t a t e  a n d  the  
L e x a n  gave  the  bes t  and  mos t  cons i s t en t  resu l t s .  
Some  of the  fi lms w e r e  t r i e d  e i t h e r  as s ingle  or  
m u l t i p l e  l a y e r  insu la to r s .  The  d i f fe rences  in  t h r e s -  
ho ld  vo l t ages  for  l u m i n e s c e n c e  b e t w e e n  cel ls  us ing  
125~ ce l lu lose  ace t a t e  and  cel ls  us ing  t h i n n e r  d i -  
e l ec t r i c s  w e r e  s u r p r i s i n g l y  smal l .  In  T y p e  I cells,  
e l e c t r o l u m i n e s c e n c e  could  occur  w i t h  d i e l ec t r i c  
f i lms on bo th  s ides  of the  p h o s p h o r ,  i.e., w i t h  d i -  
e lec t r i c  n e x t  to bo th  the  m e t a l  and  to t h e  c o n d u c t -  
ing glass.  

I n s t e a d  of conduc t ing  glass  for  t he  top  e lec t rode ,  
a w i r e  sc reen  of abou t  100 m e s h  a n d  h a v i n g  a l igh t  
t r a n s m i s s i o n  of a b o u t  40% has  been  used  success -  
fu l ly .  

Discussion 
Comparison of various phosphors.--Evidence of a 

r e l a t i o n  b e t w e e n  the  m e t a l  ca t ion  of the  p h o s p h o r  
and  the  e l e c t r o l u m i n e s c e n t  eff iciency is s h o w n  in 
the  fo l lowing  lists.  The  b e t t e r  E L  re sponse  of p h o s -  
pho r s  w i t h  zinc o r  c a d m i u m  cat ions ,  c o m p a r e d  w i t h  
c a l c ium or  s t r on t i um,  was  c ons i s t e n t l y  obse rved .  A 
few p h o s p h o r s  o t h e r  t h a n  ox ides  a r e  l is ted.  

The  p h o s p h o r s  w i t h  poor  E L  response ,  b a s e d  on 
v i sua l  obse rva t ion ,  w e r e  c a l c ium h a l o p h o s p h a t e :  Sb;  
ca l c ium h a l o p h o s p h a t e : S b ,  Mn;  c a l c ium c a d m i u m  
h a l o p h o s p h a t e :  Sb, Mn (1% Cd)  ; c a l c ium p y r o p h o s -  
p h a t e :  Sb, Na;  c a l c i u m  o r t h o p h o s p h a t e :  Ce, Mn;  ca l -  
c ium t e t r a b o r a t e : P b ,  Mn;  c a l c i u m  p o t a s s i u m  a l u m i -  
n u m  t e t r a b o r a t e : P b ,  Mn;  c a l c ium s i l i c a t e : P b ,  Mn;  
s t r o n t i u m  o r t h o p h o s p h a t e : S n ;  s t r o n t i u m  oc t abo -  
r a t e : M n ;  b a r i u m  t i t a n i u m  p h o s p h a t e ;  m a g n e s i u m  
a r s e n a t e : M n ;  m a g n e s i u m  s t a n n a t e : T i ;  a n t i m o n y  
t e t r o x i d e : M n ,  B; sa l i cy l i c  ac id;  r h o d a m i n e  B on 
si l icic acid;  sod ium sa l i cy la te .  

A fa i r  EL r e sponse  was  o b t a i n e d  f r o m  ca l c ium 
p y r o p h o s p h a t e : D y ;  ca l c ium l e a d  t u n g s t a t e  (1% 
P b ) ;  m a g n e s i u m  tungs t a t e ;  m a g n e s i u m  g e r m a n -  
a t e : M n ;  m a g n e s i u m  a l u m i n u m  s i l i c a t e : M n ;  zinc 
p h o s p h a t e :  Mn;  a n t h r a c e n e .  
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Good EL response  was  ob ta ined  f rom m a g n e s i u m  
a l u m i n a t e :  M n  (fired in  r educ ing  a tmosphe re )  ; 
zinc s i l i ca t e :Mn;  zinc g e r m a n a t e : M n ;  zinc bora te :  
Mn;  zinc tungs ta t e ;  zinc a l u m i n a t e : M n ;  c a d m i u m  
b o r a t e : M n ;  c a d m i u m  s i l i ca te :Pb ,  Mn;  c a d m i u m  
ch lo rophospha t e :Mn;  c a d m i u m  tungs t a t e ;  gado l in -  
i um oxide; zinc su l f ide :Ag;  zinc ox ide :Zn .  

Rela t ive  l u m i n a n c e s  of th ree  phosphors  in  Type  I 
cells at 3000v were  m e a s u r e d  and  found  to be:  

A p p r o x i m a t e  
r e l a t i v e  

R e l a t i v e  e n e r g y  b e t w e e n  
Phosphor  l u m i n a n c e  4000 a n d  7000A 

Zinc silicate: Mn 100 100 
Calcium silicate: Pb, Mn 16 32 
Calcium halophosphate: Sb, ~ 6 9 

Effect ol cadmium antimonate.--The effects of 
the c a d m i u m  a n t i m o n a t e  l ayer  on the  th resho ld  
vol tage  for l u m i n e s c e n c e  were  examined .  A - C  cells 
we re  m a d e  us ing  c a d m i u m  b o r a t e : M n  phosphor ,  
w i th  and  wi thou t  c a d m i u m  an t imona te .  They  were  
opera ted  in  air  and  in  vacuum.  The resul t s  were  as 
follows: 

A - C  threshold  vo l tage  I n  v a c u u m ,  
I n  a i r  4.10 -5 T o r t  

With cadmium ant imonate  700 1600 
Without cadmium ant imonate  900 3100* 

* A t  3100v the  pressure b e g a n  to  r i se  a f t e r  a f e w  seconds  a n d  t h e  
p las t i c  b r o k e  down .  The vo l tage  required to i n d u c e  l u m i n e s c e n c e  
i n  t h e  absence  os i n c i p i e n t  p l a s t i c  b r e a k d o w n  w o u l d  p r o b a b l y  h a v e  
been  m u c h  higher .  

Simi la r  effects of the  c a d m i u m  a n t i m o n a t e  in  r e -  
duc ing  th resho ld  vol tage  were  observed  q u a l i t a -  
t ive ly  wi th  o ther  phosphors ,  i nc lud ing  zinc si l i-  
c a t e : M n  and  c a d m i u m  ch lo rophospha te :Mn.  

Relation ol voltage to appearance and brightness 
o] oxide EL cells.--At th resho ld  vol tage  and  s l ight ly  
above,  on ly  a few of the phosphor  g ra ins  in  the cell 
l ight  up,  and  some of these  flash off and  on in  an  ap -  
p a r e n t l y  r a n d o m  m a n n e r .  As the  vol tage  is i n -  
creased sl ight ly,  the  n u m b e r  of con t inuous ly  l igh ted  
gra ins  increases,  a l t hough  some wi l l  still appear  to 
flash off and  on or to move  u n d e r  the  inf luence  of 
the  field. These act ions of ten  give a "c rawl ing"  ef-  
fect to the  oxide EL cell w h e n  it  is opera ted  at vo l t -  
ages pe rhaps  50% above the  th resho ld  voltage.  At  
h igher  voltages,  v i r t u a l l y  all  of the  phosphor  gra ins  
glow con t inuous ly ,  and  the  c rawl ing  effect d i sap-  
pears.  

The  re la t ive  l u m i n a n c e s  for va r ious  vol tages  
were  d e t e r m i n e d  for a zinc s i l i ca t e :Mn Type  I cell, 
w i th  the  fo l lowing resul ts :  

Vol ts ,  60 cps  G a l v a n o m e t e r  def lec t ion ,  r e l a t i v e  l u m i n a n c e  

920 Visual threshold, not detected by cell and 
galvanometer  

1700 Not detected by galvanometer  
2040 12 
2380 29 
2720 53 
3060 79 
3400 99 
Resistivity of oxide phosphors.--In an  a t t emp t  to 

exp la in  the  differences in  EL response  b e t w e e n  
phosphors  w i th  ca lc ium or s t r o n t i u m  as cat ions  and  
those w i t h  zinc or cadmium,  it was  pos tu la ted  tha t  
the poorer  ca lc ium and  s t r o n t i u m  phosphors  migh t  
charge up  more  u n d e r  e lect r ical  b o m b a r d m e n t  t h a n  
the  be t t e r  phosphors.  Such  charg ing  wou ld  repel  
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f u r t he r  b o m b a r d m e n t  a nd  this  reduce  or ex t ingu i sh  
phosphor  exci ta t ion.  The  t e n d e n c y  to become 
charged  wou ld  be associated wi th  h igh resis tance.  
Us ing  this  a r gume n t ,  it  was t hough t  tha t  the  ca lc ium 
phosphors  should  have  h ighe r  res i s tance  t h a n  the 
zinc or c a d m i u m  phosphors.  The opposite was found  
to be t rue .  

The var ious  phosphors  we re  p laced  b e t w e e n  two 
steel  electrodes a r r a n g e d  so t ha t  a h igh  l i nea r  p res -  
sure  could be appl ied  to the  phosphor .  The  d i m e n -  
sions of each e lect rode were  0.32 x 2.54 cm. The 
l eng th  of the  phosphor  pack  was  var iab le ,  b u t  u s u -  
a l ly  was  abou t  0.03 cm. The p ressure  appl ied  was 
over  70 k g / c m  2. Resis tance va r i ed  l i t t le  w i th  pres -  
sure  in  this  region.  

The  app l ied  vol tages  va r i ed  w i th  the  res is tance,  
bu t  in  no case was  there  ev idence  of n o n l i n e a r i t y  in  
the v o l t a g e - c u r r e n t  re la t ion .  A d-c  source, va r i ab l e  
f rom 10 to 500v, and  a g a l v a n o m e t e r  were  em-  
ployed.  

I t  appea red  tha t  w h a t  was  be ing  m e a s u r e d  was 
p r o b a b l y  surface  conduc t ion  by  ions, the ions made  
mobi le  by  adsorp t ion  of w a t e r  vapor  f rom the  a t -  
mosphere .  The m e a s u r e d  conduc t ion  depended  on 
the h i s to ry  a nd  t r e a t m e n t  of the samples.  However ,  
the  ca lc ium phosphors  ge ne r a l l y  had  lower  res is t -  
ance t h a n  those of zinc or c admium.  

In  one test, the  e lect r ical  res i s t iv i ty  of c a d m i u m  
s i l i ca te :Pb ,  Mn  u n d e r  a n  es t imated  l i nea r  p ressure  
of more  t h a n  70 k g / c m  2 was  more  t h a n  1013 o h m -  
cm u n d e r  a field of abou t  5000 v / c m.  Exc i t a t ion  of 
the  top surface  of the phosphor  pack by  2537A 
rad i a t i on  did no t  p roduce  a de tec table  increase  in  
conduct iv i ty ,  bu t  it  mus t  be no ted  tha t  the vo lume  
of phosphor  sub jec ted  to apprec iab le  exc i ta t ion  was 
p r o b a b l y  less t h a n  1% of the  tota l  vo lume.  The 
d i rec t ion  of the  exc i t ing  r ad i a t i on  inc iden t  on the 
phosphor  pack  was n o r m a l  to the c o m m o n  di rec t ion  
of p ressure  and  electr ic  field; thus  the exci ted vol-  
u m e  was  in  pa ra l l e l  e lec t r ica l ly  w i th  the  unexc i t ed  
vo lume.  

F u r t h e r  res i s tance  m e a s u r e m e n t s  were  ob ta ined  
on o ther  phosphors  u n d e r  l i n e a r  pressures  of abou t  
70 k g / c m  ~ at  room t e m p e r a t u r e  and  55% re la t ive  
humid i ty .  In  c o l u m n  A be low are  m e a s u r e m e n t s  on 
the  phosphors  "of f - the -she l f ; "  in  c o l u m n  B are 
m e a s u r e m e n t s  on some of the phosphors  shor t ly  
a f te r  b a k i n g  t h e m  at 135~ for 3 hr ;  i n  co lumn  C 
the u n b a k e d  phosphors  had  been  mixed  wi th  heavy  
whi te  m i n e r a l  oil of neg l ig ib le  conduc t iv i ty  to fo rm 
a th ick  paste. 

R e s i s t i v i t y ,  
l0  s o h m - c m  

Phosphor  A B C 

Calcium halophosphate: Sb, Mn 
Sample 1 10 
Sample 2 7 100 600 

Calcium silicate: Pb, Mn 
Sample 1 30 30 
Sample 2 70 

Cadmium chlorophosphate: Mn 40 
Cadmium silicate: Pb, Mn 

Sample 1 300 900 70,000 
Sample 2 200 

Zinc silicate: Mn 100 
Zinc sulfide: Ag 100 
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Dielectric constants and loss factors.--Dielectric 
cons t an t s  a n d  loss fac to rs  a t  1000 cps w e r e  d e t e r -  
m i n e d  on a n u m b e r  of ox ide  phosphor s ,  some  of 
w h i c h  w e r e  r e l a t i v e l y  good in e l e c t r o l u m i n e s c e n t  
r e sponse ;  o the r s  w e r e  poor .  No cons i s t en t  r e l a t i o n  
of d i e l ec t r i c  cons t an t  or  loss f ac to r  to e l e c t r o l u m i -  
nescen t  r e sponse  was  ev iden t .  

E~ciency . - -Elec tr ical  p o w e r  i n p u t  m e a s u r e m e n t s  
w e r e  m a d e  c a l o r i m e t r i c a l l y  on a zinc s i l i c a t e : M n  
cel l  a n d  on a G e n e r a l  E lec t r i c  c o m m e r c i a l  f l ex ib le  
b lue  sulf ide  cell.  The  cel ls  w e r e  o p e r a t e d  a t  v i s ib l e  
e n e r g y  ou tpu t s  e s t i m a t e d  to be  a b o u t  equa l .  The  
e n e r g y  i n p u t s  w e r e  d e t e r m i n e d  b y  i m m e r s i n g  the  
cel ls  in  k e r o s e n e  in a D e w a r  vesse l  and  obse rv ing  
the  r a t e  of t e m p e r a t u r e  r ise.  I t  was  n e c e s s a r y  to 
enc lose  t h e  zinc s i l i ca te  ce l l  in  a c e l l ophane  bag .  
The  s i l i ca te  cel l  u sed  a b o u t  20 t i m e s  the  p o w e r  of 
t he  sulf ide  cell .  Thus  t h e  eff iciency of t h e  s i l i ca te  
cel l  for  conve r s ion  of e l ec t r i c i t y  to v i s ib le  e n e r g y  
was  a b o u t  5 % of t he  sulf ide  cell .  

W i t h  e q u a l  c u r r e n t s  pas s ing  t h r o u g h  the  two  
cells ,  the  v i s ib le  r a d i a n t  e n e r g y  o u t p u t  w a s  a b o u t  
t he  same.  H o w e v e r ,  t he  vo l t age  on the  sulf ide  cel l  
was  120 w h i l e  i t  was  2400 on the  o x i d e  cell .  The  
c u r r e n t  t h r o u g h  each  cel l  was  1 ma;  t he  a r e a  of 
each  was  17 cm 2. Thus  the  ox ide  cel l  r e q u i r e d  20 
t imes  the  v o l t - a m p e r e s  of t he  sulf ide  cel l  for  e q u a l  
v i s ib le  e n e r g y  ou tpu t .  S ince  the  ox ide  cel l  a lso r e -  
q u i r e d  a b o u t  20 t i m e s  the  wa t t s ,  t h e  p o w e r  f ac to r s  
of t he  two  cells  w e r e  abou t  equal .  

Effect of a-c Srequency.---In one tes t  on  a T y p e  I I  
zinc s i l i c a t e : M n  cell ,  the  l i gh t  o u t p u t  a t  600v and  
600 cps was  l o w e r  t h a n  at  600v 60 cps. Th is  is in 
q u a l i t a t i v e  a g r e e m e n t  w i t h  a r e s u l t  of K o l o m o i t s e v  
et al. (6 ) ,  who  f o u n d  tha t ,  u n l i k e  t h e  sulf ide  p h o s -  
phors ,  z inc s i l i ca te :  M n  los t  b r i g h t n e s s  w i t h  i n c r e a s -  
ing  f r e q u e n c y  in th is  r ange .  

Maintenance . - -Two zinc s i l ica te :  Mn cells,  a T y p e  
I and  a T y p e  II  in  v a c u u m ,  w e r e  r u n  a b o u t  16 hr.  
Q u a l i t a t i v e  v i sua l  o b s e r v a t i o n s  d i d  no t  i nd i ca t e  
m u c h  b r i g h t n e s s  loss in th is  pe r iod .  

In  a T y p e  I cel l  w i t h  m a g n e s i u m  t u n g s t a t e  and  
zinc t u n g s t a t e  p h o s p h o r  s ide b y  side,  t he  z inc  t u n g -  
s t a t e  s t a r t e d  out  a t  a l o w e r  t h r e s h o l d  vo l t ag e  and  
gave  h i g h e r  b r i g h t n e s s  t h a n  the  m a g n e s i u m  t u n g -  
s ta te .  But  a f t e r  15 m i n  of o p e r a t i o n  at  1900v, t he  
zinc t u n g s t a t e  was  d i m m e r  t h a n  t h e  m a g n e s i u m  
tungs t a t e ,  w h i c h  a p p e a r e d  f a i r l y  cons t an t  in b r i g h t -  
ness  ove r  th is  sho r t  per iod .  

In  a T y p e  I I I  cel l  on d.c. in  a i r ,  us ing  zinc s i l i -  
c a t e : M n ,  p o l a r i z a t i o n  o c c u r r e d  a f t e r  10 h r  so t h a t  
the  cel l  t h e n  g l o w e d  s t e a d i l y  on ly  w i t h  t he  cad -  
m i u m  a n t i m o n a t e  nega t ive ,  g i v i n g  on ly  a s h o r t  l i gh t  
pu l se  w h e n  the  t e r m i n a l s  w e r e  r e v e r s e d .  Th is  po -  
l a r i z ed  cell ,  w h e n  o p e r a t e d  on a.c. of 60 cps, g l o w e d  
s t e a d i l y  on 510v rms .  

Mechanism. - - In  t he  case  of T y p e  I cells,  i t  seems  
l i k e l y  t h a t  t he  l u m i n e s c e n c e  is the  r e s u l t  of b o m -  
b a r d m e n t  of t he  p h o s p h o r  b y  e l ec t rons  or  gaseous  
ions, a l t h o u g h  the  p o s s i b i l i t y  of p h o s p h o r  exc i t a t i on  
b y  v e r y  sho r t  w a v e l e n g t h  u l t r a v i o l e t  r a d i a t i o n  (be -  
low 2000A) has  no t  been  r u l e d  out  comple t e ly .  As  
p o i n t e d  out  b y  P a l i l l a  and  R i n k e v i c s  (7 ) ,  e n e r g y  
m a y  be  t r a n s f e r r e d  to the  p h o s p h o r  b y  the  r e c o m -  

b i n a t i o n  of ions a t  or  n e a r  t he  p h o s p h o r  sur faces ,  
r e s u l t i n g  in  l igh t  emiss ion.  

In  the  case  of  e l e c t r o l u m i n e s c e n t  ox ide  cel ls  w i t h -  
out  the  s emiconduc to r ,  i t  a p p e a r s  t h a t  co rona  d i s -  
cha rge  s t a r t s  a t  a b o u t  t he  s a m e  vo l t a ge  as the  l u m i -  
nescence.  I t  does  not  a p p e a r  t h a t  e x c i t a t i o n  of the  
p h o s p h o r  b y  u l t r a v i o l e t  r a d i a t i o n  g e n e r a t e d  in  t he  
cel l  p r o d u c e s  an  a p p r e c i a b l e  p a r t  of t he  l u m i n e s -  
cence.  In  one e x p e r i m e n t ,  nonf luo rescen t  ca l c ium 
p y r o p h o s p h a t e  was  p l a c e d  b e t w e e n  the  base  p l a t e  
and  a 50~ f i lm of T e d l a r ,  w h i c h  has  good t r a n s m i s -  
s ion for  u l t r a v i o l e t  d o w n  to b e l o w  2000A. A w i r e  
sc reen  was  used  for  t he  top  e l ec t rode  a n d  a n o t h e r  
shee t  of T e d l a r  was  p l a c e d  on the  w i r e  sc reen .  
W i t h  th is  a r r a n g e m e n t ,  a c o n s i d e r a b l e  p r o p o r t i o n  
of a n y  2000-4000A u l t r a v i o l e t  g e n e r a t e d  shou ld  
have  been  a v a i l a b l e  to exc i t e  p h o s p h o r s  p l a c e d  on 
the  top  shee t  of T e d l a r .  W i t h  th is  ce l l  u n d e r  a h igh  
a - c  field, no l u m i n e s c e n c e  was  o b s e r v e d  in  good  
ox ide  EL and  p h o t o l u m i n e s c e n t  p h o s p h o r s  p l a c e d  
on top.  

Dif ferences  in u l t r a v i o l e t  e xc i t a t i on  spe c t r a  of  t he  
va r i ous  phosphor s ,  a t  l e a s t  d o w n  to 1000A, do no t  
s eem to b e  sufficient  to accoun t  for  t he  d i f fe rences  in 
EL response .  S o d i u m  s a l i c y l a t e  is  r e p o r t e d  to  be 
e x c i t e d  f a i r l y  w e l l  and  w i t h  v i r t u a l l y  cons t an t  
q u a n t u m  eff iciency d o w n  to b e l o w  1000A, y e t  i t  was  
r e l a t i v e l y  poor  in  EL response .  

In  a d e m o u n t a b l e  c a t h o d e - r a y  tube ,  o p e r a t e d  at  
vo l t ages  v a r i e d  f r o m  a b o u t  750 to 10,000, t h e r e  was  
l i t t l e  v i sua l  d i f fe rence  b e t w e e n  sc reens  of c a d m i u m  
s i l ica te :  Pb ,  M n  a n d  c a l c i u m  s i l i ca te :  Pb ,  1Vin, s ide  b y  
side.  Yet  in  T y p e  I cells ,  t he  c a d m i u m  s i l i ca te  p h o s -  
pho r  was  m u c h  b r i g h t e r  t h a n  the  c a l c i u m  si l icate .  
In  o r d e r  to account  for  th is  d i f fe rence  in  EL r e -  
sponse,  w h i l e  r e t a i n i n g  the  h y p o t h e s i s  t h a t  t he  l u m i -  
nescence  a r i ses  f r o m  p a r t i c u l a t e  b o m b a r d m e n t ,  i t  
seems  n e c e s s a r y  to a s s u m e  tha t ,  in  t he  E L  cells,  the  
t y p e  of p h o s p h o r  is a f ac to r  in  d e t e r m i n i n g  the  
a m o u n t  of b o m b a r d m e n t  t he  p h o s p h o r  rece ives .  

I t  has  b e e n  s u g g e s t e d  t h a t  soft  x - r a y s  m a y  be  
r e spons ib l e  for  t he  l u m i n e s c e n c e  (12) .  This  poss i -  
b i l i t y  has  no t  b e e n  exp lo red .  

In  t he  case  of t he  T y p e  I I I  cel ls  o p e r a t e d  on d.c., 
the  p o l a r i z a t i o n  t h a t  occurs  a f t e r  s e v e r a l  hou r s  
b u r n i n g  sugges t s  t h a t  t he  c a d m i u m  a n t i m o n a t e  t h e n  
acts as an  e l e c t r o n  emi t t e r ,  exc i t i ng  the  p h o s p h o r  
a t  t h e  con tac t  po in t s  b e t w e e n  the  p h o s p h o r  a n d  
semiconduc to r .  

Comparisons w i th  other s tudies . - -Bowte l l  and  
Ba t e  (5)  s t a t e  t h a t  o x i d e  p h o s p h o r s  m u s t  be  g iven  
a coa t ing  of an  ion i zab le  sa l t  in  o r d e r  to e x h i b i t  
e t ec t ro luminescence .  Th is  has  no t  b e e n  f o u n d  to b e  
t r ue  in  th is  s tudy .  

L e h m a n n  (1)  a p p a r e n t l y  w o r k e d  m o s t l y  w i t h  o i l -  
f i l led EL cells.  He  p o i n t e d  ou t  t h a t  in  t hese  oi l  cells,  
con tac t  b e t w e e n  p h o s p h o r  and  c o n d u c t i n g  g r a in s  
was  e s sen t i a l  for  e l e c t r o l u m i n e s c e n c e  w i t h  m a n y  
phosphors ,  w h i c h  he  l i s ted .  H o w e v e r ,  one m i g h t  
r e a s o n a b l y  i n f e r  f r o m  his  p a p e r  t h a t  c onduc t i ng  
g r a in s  a r e  n e c e s s a r y  for  EL " . . .  even  w i t h  a i r  as  
t he  e m b e d d i n g  m a t e r i a l . "  This,  of course ,  is con-  
t r a r y  to t h e  r e su l t s  of  t he  p r e s e n t  work .  
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The  r e su l t s  of K o l o m o i t s e v  et al. (6)  a r e  s u b s t a n -  
t i a l l y  in  accord  w i t h  th is  s tudy .  T h e y  r e p o r t e d  ca l -  
c i um h a l o p h o s p h a t e  p h o s p h o r  as e l e c t r o l u m i n e s c e n t ,  
a long  w i t h  o the r  p h o s p h o r s  h a v i n g  zinc or  c a d m i u m  
as cat ions .  T h e y  d id  not  r e p o r t  on the  r e l a t i v e  
b r i g h t n e s s  of the  va r i ous  phosphor s .  A p p a r e n t l y  
t h e y  d id  no t  use  a sol id  d i e l ec t r i c  f i lm in  t h e i r  cells.  
T h e y  i n t r o d u c e d  the  p h o s p h o r  d i r e c t l y  b e t w e e n  a 
m e t a l  p l a t e  and  conduc t ing  glass.  

P a l i l l a  and  R inkev i c s  (7)  e x a m i n e d  a n u m b e r  of 
p h o s p h o r s  a c t i v a t e d  b y  r a r e  ea r ths ,  as  w e l l  as  a l u -  
m i n a  a c t i v a t e d  b y  Cr  or  Mn. I n  gene ra l ,  t h e i r  ob -  
s e rva t i ons  on w h a t  t h e y  ca l l ed  T y p e  I I  emiss ion  
w e r e  s im i l a r  to those  o b s e r v e d  b y  the  a u t h o r  in  se l f -  
a c t i v a t e d  t u n g s t a t e s  a n d  in b i n a r y  ox ides  a c t i v a t e d  
b y  Mn or  b y  P b  -t- Mn. The  effects  of f r e q u e n c y  a n d  
of l i qu id  e m b e d m e n t  w e r e  s i m i l a r  in  bo th  i n v e s t i -  
ga t ions .  H o w e v e r ,  t h e y  f o u n d  it  n e c e s s a r y  to p r o -  
v ide  a spec ia l  t h e r m a l  t r e a t m e n t  of  t h e i r  phosphor s ,  
wh i l e  t he  a u t h o r  gave  no spec ia l  t r e a t m e n t  to t he  
phospho r s  he  e x a m i n e d .  

Conclusions 
M a n y  ox ide  p h o s p h o r s  e x h i b i t  e l e c t r o l u m i n e s -  

cence,  g iv ing  l i gh t  o u t p u t s  e q u a l  to sulf ide  p h o s -  
phors  a t  a b o u t  the  s ame  cu r r en t ,  b u t  a t  a b o u t  20 
t imes  the  v o l t a g e  and  20 t i m e s  t h e  w a t t a g e .  

E l e c t r o l u m i n e s c e n c e  in  o x i d e  p h o s p h o r s  is b e -  
l i eved  to be  due  to b o m b a r d m e n t  of the  p h o s p h o r  
b y  e l ec t rons  or  ions  or  to r e c o m b i n a t i o n  of c h a r g e d  
pa r t i c l e s  on or  n e a r  t he  p h o s p h o r  sur face .  B o m b a r d -  
m e n t  m a y  occur  at  an  a i r - p h o s p h o r  i n t e r f a c e  or  at  
a s e m i c o n d u c t o r - p h o s p h o r  in t e r f ace ,  d e p e n d i n g  on 
cel l  cons t ruc t ion .  P h o t o l u m i n e s c e n c e  p l a y s  a n e g -  
l ig ib le  ro le  in  t he  cel ls  desc r ibed .  

O x i d e  p h o s p h o r s  w i t h  z inc  or  c a d m i u m  as the  
me ta l l i c  ca t ion  a r e  in  g e n e r a l  m o r e  efficient  t han  
those  w i t h  ca l c ium or  s t ron t ium.  
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The  t h r e s h o l d  v o l t a g e  r e q u i r e d  for  E L  in ox ide  
p h o s p h o r s  is r e d u c e d  b y  p r o v i d i n g  c o n t a c t s  b e t w e e n  
the  p h o s p h o r s  and  c a d m i u m  p y r o a n t i m o n a t e  s e m i -  
conduc to r  gra ins .  Such  con tac t s  also m a k e  ox ide  EL 
cells  o p e r a b l e  in  h igh  v a c u u m .  

The  ex i s t ence  of e l e c t r o l u m i n e s c e n t  ox ide  p h o s -  
pho r s  as efficient  as sulf ides  does  no t  s e e m  an  i m -  
poss ib i l i ty .  C r y s t a l  a g g r e g a t e s  c on t a in ing  bo th  e l ec -  
t r o n - e m i t t i n g  and  f luorescen t  phase s  w o u l d  seem 
to h a v e  e l e c t r o l u m i n e s c e n t  p o t e n t i a l i t i e s  in ox ide  
sys tems .  
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Spectral Properties of Rare Earth Oxide Phosphors 
R. C. Ropp 1 

Sylvania ElectTic Products Inc., Towanda, Pennsylvania 

ABSTRACT 

A s tudy of r a re  ea r th  oxide phosphors  ac t iva ted  by  ra re  ear ths  revea led  
tha t  fluorescence occurs only in those matr ices  where  the  cation possesses no 
unpa i red  electrons.  The fluorescent intensi t ies  of the  r a re  ea r th  act ivators  were  
d iv ided  into three  categories,  strong, medium,  and weak,  each having  a cha r -  
acterist ic  exci ta t ion  spectrum.  

The  s t u d y  of s p e c t r a l  p r o p e r t i e s  of r a r e  e a r t h  ac -  
t i v a t e d  p h o s p h o r s  is f u n d a m e n t a l  for  an  u n d e r -  
s t a n d i n g  of t he  l u m i n e s c e n c e  process .  In  t he  r a r e  
ea r ths ,  t r a n s i t i o n s  a m o n g  the  f - e l e c t r o n  e n e r g y  
l eve l s  r e s u l t  in l ine  emiss ion  because  t he  o u t e r  
sh i e ld ing  e l ec t rons  (5s25p 6) m i n i m i z e  the  p e r t u r b -  
ing  inf luence  of the  c r y s t a l  field. In  t he  m o r e  u s u a l  
case i n v o l v i n g  d - e l e c t r o n s ,  c o n s i d e r a b l e  p e r t u r b a -  
t ion  occurs ,  r e s u l t i n g  in b r o a d  emiss ion  bands .  

1 P resen t  address :  Wes t inghouse  Electric Corporation,  Bloomfield, 
New Jersey. 

The  g e n e r a l  f ield of ox ide  p h o s p h o r s  has  been  
long  n e g l e c t e d  be c a use  of t he  l ow f luorescen t  i n -  
t ens i t i e s  a s soc ia t ed  w i t h  such  phosphor s .  B o n d i n g  
invo lves  a h igh  d e g r e e  of ionic c ha r a c t e r ,  and  ac -  
t i v a t o r s  in w h i c h  d - e l e c t r o n  t r a n s i t i o n s  t a k e  p l ace  
do not  p r o d u c e  h i g h - i n t e n s i t y  f luorescence.  In  such 
ionic  solids,  the  e xc i t a t i on  e n e r g y  r e q u i r e d  for  f luo-  
r e scence  at  t he  d - e l e c t r o n  a c t i v a t o r  s i te  p r o b a b l y  
is d i s s i pa t e d  in  p a r t  b y  p h o n o n  p rocesses  v i a  v i -  
b ron ic  coup l ing  or  b y  s p i n - o r b i t  exchange .  H o w e v e r ,  
w i t h  f - e l e c t rons ,  such  a p rocess  shou ld  be  m i n i m i z e d  
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and  thus  p e r m i t  the o x i d e - m a t r i x  c o m b i n a t i o n  w i th  
r a re  ea r th  ac t iva t ion  to p roduce  phosphors  of h igher  
efficiency. 

The  r a r e  ea r ths  fo rm a series of homologous  oxides 
h a v i n g  a cubic defect  s t ruc tu re  (1, 2).  The state  of 
p resen t  knowledge  r e g a r d i n g  the specific t r ans i t i ons  
i nvo lved  in  r a re  ea r th  exc i ta t ion  and  f luorescence is 
not  extens ive ,  nor  is the  n a t u r e  of the  t r ans i t ions  
wel l  defined. However ,  the  ene rgy  levels  of the  t e r -  
v a l e n t  ions a re  k n o w n  qu i t e  well ,  the  ident i f ica t ion  
of the levels  (SLJ)  be ing  comple te  in  most  cases up  
to 40,000 cm -1 (3) .  The  cor re la t ion  b e t w e e n  the  free 
ion levels  and  observed  levels  in  a c rys ta l  is qui te  
close, of the  order  of 100 cm -z, in  con t ras t  w i th  
those of d - e l ec t ron  act ivators .  

A s tudy  of r a r e  ea r th  ac t iva ted ,  r a r e  ea r th  oxide 
phosphors  was  in i t i a t ed  to s tudy  ac t iva tor  m a t r i x  
in t e rac t ions  and  to e luc ida te  the  l u m i n e s c e n t  me c h -  
an i sms  of the  r a r e  ea r ths  as act ivators .  Such a choice 
min imizes  e x p e r i m e n t a l  difficulties to a ce r t a in  
degree.  

P r e v i o u s l y  k n o w n  phosphors  i nc lude :  Gd2Os: X + s, 
where  X +3 is Sm, Eu,  or T b ( 4 ) ;  Y2Os:X +S, w he r e  
X +~ is Eu,  Tb, Pr ,  Dy, or Er  (5) ,  and  S m  (6 ) ;  
CeO2:X +3, whe re  X +S is Sm, Gd (6) ; a n d  La2Os:Pr  
(7). 

Experimental Procedure 
Al l  ma te r i a l s  were  a t  leas t  99.99% pure .  I m p u r i -  

ties other  t h a n  ra re  ea r ths  were  no t  detec ted  spec-  
t rographica l ly .  The n i t r a t e s  (or the  oxides dissolved 
in  concen t r a t ed  n i t r i c  acid)  of the  requ is i t e  r a re  
ear ths  were  dissolved to fo rm 0.40M solutions.  Mix-  
tu res  of the  ions in  so lu t ion  were  m a d e  so tha t  the  
r e q u i r e d  vo lumes  to ta led  one l i te r  before  p rec ip i t a -  
t ion. The  ac t iva tor  ra t io  was  0.05 m o l e / m o l e  of 
Gd+S, y+3,  La,+S, or o ther  desired cation,  so tha t  in  
the  tota l  vo lume,  the  ra t io  of ac t iva tor  to cat ion r e -  
m a i n e d  constant .  Oxal ic  acid as a 10% solut ion was  
used as the  p rec ip i tan t ,  a s suming  the  reac t ion  to be 
q u a n t i t a t i v e  in  the  presence  of 5M % excess acid (8) 

O O O O  
[[ II Illl 

2M +3 -P 3 ( H O C -  COH) -~ M 2 ( H O C C O H ) s ' X H 2 0  

where  X ---- 2 to 6 w h e n  the  p rec ip i t a t ion  is ca r r i ed  
out  at 80~ The  prec ip i ta te  was  dr ied  at  l l 0 ~  
ove rn igh t  and  fired in  air  at  1000~ to f o r m  the  
phosphor ,  us ing  open silica crucibles.  

M e a s u r e m e n t s  of spec t ra l  proper t ies  were  made  
wi th  a spec t rof luor imeter  descr ibed p rev ious ly  (9) .  
On ly  vis ib le  f luorescence,  and  in  one case u l t r av io l e t  
emission,  was  measured .  No a t t emp t  to m e a s u r e  l u -  
minescence  be low 14,400 cm -1 (6940A) was  made.  
I t  is p robab l e  tha t  i n f r a r e d  emiss ion  occurs in  m a n y ,  
if no t  all, of the  phosphors .  This  aspect  was  no t  of 
in te res t  in  the  p r e sen t  inves t iga t ion .  

Experimental Results 
In  general ,  ca lc ina t ion  of the r a r e  ea r th  oxa la te  

gave the  r a r e  ea r th  sesquioxide.  I n  the  case of Ce 
and  Pr,  CeO2 and  P r 6 0 ~  were  fo rmed  w h e n  the  cor-  
r e spond ing  oxala tes  were  fired in  air. However ,  
w h e n  fired in  N2, t hey  gave the  expec ted  sesquioxide  
(10) .  The  e x p e r i m e n t a l  i nves t iga t ion  was  conduc ted  
in  th ree  steps:  d e t e r m i n a t i o n  of effective ma t r i ces ;  

i nves t iga t ion  of spect ra l  p roper t ies ;  and  cor re la t ion  
of exc i ta t ion  a nd  emiss ion  proper t ies .  

EfSective Matrices 
To ascer ta in  the  effective ra re  ea r th  ac t iva to r -  

r a re  ea r th  oxide combina t ions  a nd  ye t  no t  exceed 
the bounds  of e x p e r i m e n t a l  feas ibi l i ty ,  it  was  neces-  
sa ry  to res t r ic t  the  choice of possible  ac t ivators .  In  
a s tudy  of ra re  e a r t h - a c t i v a t e d  AltOs, A d a m s  and  
Mel l i ckamp  (11) f ound  tha t  on ly  S m  +3, Eu  +8, Gd +8, 
Tb +3, a nd  Dy +~ were  effective. I t  is also wel l  k n o w n  
(12) tha t  these same r a r e  ea r th  ac t iva tors  produce  

m u c h  h igher  in tens i t i es  of f luorescence t h a n  a n y  of 
the o ther  r a re  earths.  Therefore ,  l i m i t i n g  the  choice 
to these  five ac t iva tors  could be just i f ied expe r i -  
m e n t a l l y ;  it  is u n l i k e l y  tha t  a n y  o ther  r a r e  ea r th  
ac t iva tor  w ou l d  p roduce  s igni f icant ly  d i f fe rent  r e -  
sults.  

F luorescence  was  e va l ua t e d  b y  its p resence  or ab -  
sence. The  w a v e - n u m b e r  range ,  14,400 cm -1 to 
45,500 cm -1, was  s canned  to d e t e r m i n e  if exc i ta t ion  
was  obta ined.  The da ta  in  Tab le  I were  ob ta ined  in  
this  m a n n e r .  The  f luorescent  in tens i t i es  var ied ,  by  
a factor  of ten,  f rom weak  to s trong.  

The oxides were  ident i f ied by  x - r a y  powder  d i f -  
f rac t ion  pa t t e rn s  of the  ac t iva ted  phosphors .  Note 
tha t  on ly  Y208, La2Os, and  Gd2Os gave ac t iva ted  
matr ices .  There  is a cor re la t ion  b e t w e e n  ac t iva t ion ,  
e lec t ron  conf igurat ion,  and  body  color (Tab le  I I ) .  
In  the  effective matr ices ,  t he re  are  no u n p a i r e d  
spins, and  the  body  color is whi te ,  i.e., no absorp t ion  

Table I. Visible fluorescence in the rare earth oxide matrices 

A c t i v a t o r *  

M a t r i x  S t r u c t u r e  Srn+S Eu+a Gd+~ Tb+S Dy+3 

Y2Os Cubic w s w m m 
La203 Hexagonal  w s m s m 
Ce203" * Hexagonal  . . . . .  
Pr203t Hexagonal  . . . . .  
Nd20s Hexagonal  . . . . .  
Sm203 Monoclinic . . . . .  
Gd203 Cubic w s - -  s m 
Dy203 Cubic . . . . .  
H0203 Cubic . . . . .  
Er203 Cubic . . . . .  
Yb203 Cubic . . . . .  

* w = w e a k ;  m = m e d i u m ;  s ~ s t r o n g  i n t e n s i t y .  
** F i r e d  i n  N2. F i r i n g  i n  a i r  p r o d u c e s  cub ic  CeO~ w h i c h  h a s  t h e  

f luor i te  s t ruc tu re .  
t F i r e d  i n  N2. F i r i n g  in  a i r  p r o d u c e s  t h e  c u b i c  PreOn.  

Table II. Correlation of visible luminescence, electron 
configuration, and body color 

A c t i v a t i o n  O u t e r  e l ec t ron  No. of B o d y  
M a t r i x  o b t a i n e d  c o n f i g u r a t i o n  u n p a i r e d  sp ins  co lor  

Y2Os X 4f ~ 4s24p 6 0 White 
La203 X 4f ~ 5sa5p 6 0 White 
Ce203 4:[ 1 5s25p 6 1 White 
Pr208 4f2 5s25p 6 2 Green 
Nd2Os 4fs 5 s 2 5 p  6 3 Blue 
Sm2Os 4f 5 5s25p 6 5 Cream 
Gd20~ X 4f 7 5s25p 6 7 White  
Dy203 4f 9 5s25p 6 2 Cream 
Ho2Os 4f 10 5s25p 6 3 Pink  
Er203 4f 11 5s25p 6 4 P ink  
Yb203 4f TM 5s25p 6 6 White 
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in  the  vis ib le  region,  whereas  in  those mat r i ces  
where  u n p a i r e d  e lec t rons  exist, no v is ib le  l u m i n e s -  
cence was  observed.  This  is exac t ly  w h a t  wou l d  be 
expected,  since the  presence  of an  u n p a i r e d  e lec t ron  
impl ies  the  p re sence  of l o w - l y i n g  ene rgy  levels.  
Cat ions  w i th  a c losed-shel l  e lec t ron  conf igura t ion  
r equ i r e  v e r y  h igh  ion iza t ion  energy,  and  no l ow-  
ly ing  levels  wi l l  be present .  In  the  case of two or 
more  electrons,  i t  is u n u s u a l  to find sp in -pa i r i ng ,  
except  in  the  presence  of a s t rong  c rys ta l  field (13).  
Thus,  in  the  r a re  ea r th  oxides w i th  u n p a i r e d  4f e lec-  
t rons,  m a n y  l o w - l y i n g  levels  are  p r e sen t  and  a b -  
sorpt ion  occurs in  the  v is ib le  region.  Exc i t a t i on  e n -  
ergy is eas i ly  diss ipated or resu l t s  in  i n f r a r e d  emis -  
sion. The  special  s t ab i l i ty  of a ha l f - f i l l ed  e lec t ron  
shel l  is wel l  recognized and  for Gd +3 resul t s  in  on ly  
a few ene rgy  levels  b e t w e e n  0 and  40,000 cm -1 (3) .  
Ac t iva t ion  was  ob ta ined  on ly  in  the  mat r i ces  w he r e  
the  cat ion has no u n p a i r e d  electrons,  i.e., no a n g u l a r  
m o m e n t u m  and  no l o w - l y i n g  e n e r g y  levels ,  thus  
m i n i m i z i n g  in t e rac t ion  of the  ac t iva tor  si te w i th  the  
mat r ix .  

Effective Activators 
Using  the  th ree  oxides, La203, Y20~, and  GdeOs, 

as matr ices ,  f luorescent  p roper t ies  of the  r a r e  ear th  
ac t iva tors  were  inves t iga ted .  In  p rev ious  i nves t iga -  
t ions,  Dieke and  his co -worke r s  (14) have  found  
tha t  most  of the  r a re  ear ths  p roduce  l uminescence  in  
LaC18. In  the  p resen t  case, not  all  of the  r a re  earths,  
w h e n  incorpora ted  in  oxide matr ices ,  give r ise to 
fluorescence. The  resul t s  found  are  g iven  in  Table  
III. U l t r av io l e t  exc i ta t ion  was  ob ta ined  by  scan-  
n i n g  the  w a v e - l e n g t h  r ange  u n t i l  m a x i m u m  r e -  
sponse was  found.  

The  resu l t s  ob ta ined  pa ra l l e l  those ob ta ined  by  
p rev ious  inves t iga to rs  (8, 12) conce rn ing  f luorescent  
in tens i t i es  of r a re  earths.  Thus,  S m  +3, Eu  +3, Gd +3, 
Tb +s, and  Dy +~ gave the  h ighes t  f luorescent  r e -  
sponse to u l t r av io l e t  exci ta t ion,  which  was  va r i ed  
b e t w e e n  14,400 cm -1 and  45,500 cm -1 in  order  to 
eva lua t e  the  l u m i n e s c e n c e  proper t ies .  The  in tens i t i es  
differed b y  a factor  of t en  b e t w e e n  w e a k  a n d  s t rong  
intensi t ies .  

Excitation-Emission Properties 
The spectra l  p roper t i es  were  m e a s u r e d  us ing  a 

commerc ia l  r a d i o m e t e r  (9) .  In  all  cases, the  exc i t a -  
t ion  spec t rum of the  s t ronges t  emiss ion  l ine  was  
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Fig. 1. Fluorescence of Eu +3 in rare earth oxide matrices 

Table III. Activation in La203, Y203, and Gd203 matrices 
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M a t r i x  
G r o u n d  

Activator s t a t e  L a ~ O s  G d ~ O 8  Y~O3 

C e  + 3 2 F 5 / 2  - -  - -  - -  

Pr + 3 3H4 m - -  - -  
Nd + a 4 1 9 / 2  - -  -- -- 

Sm + 3 6H5/2 w w w 
Eu + 3 7Fo s s s 
Gd +3 8S7/2 m - -  w 
Tb + 3 7F6 s s m 
Dy + z 6H15/2 m m m 
Ho + 3 518 w - -  w 
Er + ,~ 4 1 1 5 / 2  w - -  w 

Tm + 3 3 H 6  w - -  - -  

Yb + 3 2F7/2 _ _  _ _  _ _  

Lu+3 1S0 - -  _ _  _ _  

be low) ,  it  is p r o b a b l y  a m a t r i x  exc i ta t ion  band .  E x -  

Table IV. Spectral properties of Eu +3 and Tb +3 in rare earth 
oxide matrices 

M a t r i x  

L a e O 3  Y ~ O s  G d ~ O 8  

E m i s -  E x c i -  E m i s -  E x e i -  E m i s -  E x c i -  
s i o n ,  r a t i o n ,  s i o n ,  r a t i o n ,  s i o n ,  ration, 
c m  -1 c m - 1  c i n - 1  c m - 1  c m - 1  e r a - 1  

Eu +3 16,100 33,500 16,400 41,500 16,400 36,100 
44,000 >46,000 38,600 

Tb +3 18,400 36,500 18,400 32,700 18,300 33,200 
43,800 35,600 43,200 

measured ,  a nd  t h e n  the  emiss ion l ines  were  r e -  
m e a s u r e d  to d e t e r m i n e  if change  in  exc i ta t ion  wave  
l eng th  induced  a change  in  emiss ion  l ines.  Only  
vis ib le  f luorescence was  measured .  Thus,  the  t r a n s i -  
t ion  of Er  + 3 f rom its lowest  f luorescent  state,  accord-  
ing to Dieke  and  S ingh  (15),  wou ld  occur at  11,900 
cm -~ (8440A),  a reg ion  which  was  no t  eva lua ted  for 
fluorescence. The  spect ra  are  all  normal ized .  The 
exc i ta t ion  b e a m  was m a i n t a i n e d  at cons tan t  energy.  
The b a n d  pass of the  i n s t r u m e n t  in  the  u l t r av io le t  
was about  2-10A, d e p e n d i n g  on wave leng th .  Thus,  
spect ra l  accuracy  was  be l i eved  to be  w i t h i n  100 
cm -1 of the  t rue  values .  

High-intensity emission.--High-intensity emis -  
sion was  observed  wi th  the  ac t iva tors  Eu  +8 and  
Tb +3. The  s t ronges t  l ine  for Eu  +8 is at 16,100 cm -1 
in  La2Os, and  at  16,400 cm - I  in  Y203 and  Gd203, as 
shown in  Fig. 1. The  exc i ta t ion  spect ra  consist  of 
b road  ba nds  w i t h  some lower  i n t e n s i t y  s t ruc ture .  
The  spect ra l  p roper t ies  are  t a b u l a t e d  i n  Ta b l e  IV 
for the  m a i n  exc i ta t ion  ba nds  and  emiss ion  l ines  
for each act ivator ,  exc lus ive  of the  levels  a t t r i b u t -  
able  to t r ans i t i ons  w i t h i n  the  4f conf igura t ion  ( ionic  
leve ls ) .  

The emiss ion  l ines  w e r e  f ound  to be n e a r l y  the  
same, bu t  the  exc i ta t ion  ba nds  differed cons iderably .  
Because  the  43,800 cm -1 b a n d  in  La20~ phosphors  
appears  in  al l  cases, regard less  of ac t iva tor  (see 
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Fig. 2. Fluorescence of Tb +3 in rare earth oxide matrices 

ci ta t ion  of the  La203 m a t r i x  p roduced  the same 
f luorescence as exc i ta t ion  in  the  lower  i n t e ns i t y  
ene rgy  levels  of the ionic act ivator .  Exc i t a t ion  of 
the ionic levels  of Eu  +8 ( t r ans i t ions  w i t h i n  the  4f 
conf igura t ion)  was  ob ta ined  in  all  cases, bu t  ex-  
c i ta t ion  of Tb +3 ionic ene rgy  levels,  for the  most  
par t ,  was  absent ,  as shown  in  Fig. 2. The  exc i ta t ion  
spec t rum of Y208 is sugges t ive  of a b a n d  b e y o n d  the  
l imi t s  of m e a s u r e m e n t ,  and  this  hypothes is  was  con-  
f i rmed by  separa te  m e a s u r e m e n t  (16).  The second 
exc i ta t ion  b a n d  appears  at 50,000 cm -~. The  r a t h e r  
n a r r o w  peak  at 36,200 cm -1 in  Gd203:Eu  can be 
cor re la ted  to an  exc i ta t ion  of the 6I~ levels  of the 
Gd +~ ion. This peak  appears  in  most  phosphors  i n -  
vo lv ing  the  Gd203 mat r ix .  

Thus,  for those phosphors  hav ing  in tense  emission,  
f luorescence occurs by  exc i ta t ion  which  produces  
t r ans i t i ons  w i t h i n  the 4f configurat ion,  host  la t t ice  
exc i ta t ion  (host  sens i t iza t ion)  or exc i ta t ion  in  an  i n -  
tense  b road  ene rgy  b a n d  wh ich  is p r o b a b l y  re la ted  
to a p e r t u r b e d  level  of the  act ivator .  This  b a n d  m a y  
be con t ras ted  w i th  the  a fo remen t ioned  r a t h e r  n a r -  
row l o w - e n e r g y  exc i ta t ion  b a n d s  which  r ep re sen t  
n o n p e r t u r b e d  4f t rans i t ions .  

Medium intensity emission.--Medium i n t e ns i t y  
f luorescence was  observed  for the ac t iva tors  Sm +~, 
Dy +3, and  P r  +8, depend ing  on the ma t r ix .  For  Dy +z, 
the spectra  shown in  Fig. 3 can be aga in  d iv ided  into 
separa te  p h e n o m e n a .  The  r a t h e r  n a r r o w  exci ta t ion  
bands  are associated w i th  n o n p e r t u r b e d  4f t r a n s i -  
t ions. The m a i n  emiss ion  l ines  and  exc i ta t ion  peaks  
for La20~:Dy, Gd20~:Dy,  and  Y203:DY, exc lus ive  of 
ionic levels, are  shown in  Tab le  V, as wel l  as those 
for LaeO3: Sm (see Fig. 3) .  

In  La20~, the  m a t r i x  exc i ta t ion  b a n d  appears  at  
43,500 cm -~ in  add i t ion  to the  4f n exc i ta t ion  t r a n s i -  
t ions. Both give rise to the  m a i n  emiss ion  l ine  of 
Dy +~ at  17,500 cm -~. Those phosphors  based on the  
LaeOs m a t r i x  gene ra l l y  p roduced  phosphors  of m e -  
d i u m  i n t e n s i t y  emission.  

In  Y20~, the m a t r i x  exc i ta t ion  b a n d  is no t  in  a 
m e a s u r e d  range ,  so t ha t  the  m a i n  exc i ta t ion  peak  
ind ica ted  is a t r a n s i t i o n  w i t h i n  the  4f n conf igurat ion.  
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Fig. 3. Fluorescence of Dy +3 in rare earth oxide matrices 

In  Gd20~, there  is a b road  exc i ta t ion  band ,  ap-  
p a r e n t l y  be long ing  to the ma t r ix ,  bu t  the s t ronges t  
exc i ta t ion  b a n d  be longs  to the 6I levels  of Gd +~ (3) .  
There  are Gd +3 ionic levels  supe r imposed  on the  
b road  exc i ta t ion  b a n d  at 39,100 cm -1 and  40,200 
cm -1. These are p r o b a b l y  6Dj levels  super imposed  
on the  m a t r i x  exc i ta t ion  band .  Thus,  in  this  case, 
two types  of exc i ta t ion  ba nds  can  be identified,  n o n -  
p e r t u r b e d  4f" t r ans i t i ons  a nd  m a t r i x  exc i ta t ion  
bands ,  bu t  not  the p e r t u r b e d  b a n d  i n v o l v i n g  one of 
the exci ted states of the ac t iva tor  found  for the  in -  
tense  emit ters .  
P r + ~ . - - P r  +3 in  La203 leads  to a m e d i u m  i n t e n s i t y  
phosphor  w i th  the  typ ica l  b road  b a n d  p e r t u r b e d  
level,  p r o b a b l y  associated w i t h  a P r  +3 exci ted state. 
In  addi t ion,  the m a t r i x  exc i ta t ion  b a n d  is p resen t  at  
43,600 cm -1 (see Fig. 7). The  s t ronges t  f luorescence 
l ine  is at 19,600 cm -1. 

Weak intensity emission.--The systems which  are 
r e l a t ive ly  weak  in  emiss ion i n t e ns i t y  are those in  
which  on ly  4f n t r ans i t i ons  are i nvo lved  and  l i t t le  
p e r t u r b a t i o n  is evident .  
G d + 3 . - - I n  La203, m e d i u m  i n t e n s i t y  is observed  
because  host  exc i ta t ion  occurs add i t iona l ly  (see 

Table V. Spectral properties of Dy +3 in rare earth oxide matrices 

M a t r i x  

LaeOs Y~O3 Gd~03 

Emis -  Exc i -  E m i s -  Exc i -  E m i s -  Exc i -  
sion, ra t ion ,  s ion,  t a t i on ,  s ion,  r a t ion ,  
cm-1 cm-I cm-I cm-I cm-I cm-1 

Dy+3 

Sm+8 
pr+3 

17,500 43,500 
19,400 35,700 17,500 44,500 17,400 43,000 
16,200 44,000 Too weak to measure 
19,600 43,600 none none 



Vol.  111, No.  3 R A R E  E A R T H  O X I D E  P H O S P H O R S  315 

700 600 500 
i i i ~ r 

100 
YzO~:Gd 

> 50  i- 

z 

z 0 
~ I00  -- 
> 

o: 50  

WAVELENGTH, mp 
400 300 250 

EMISSION EXCITATION 

A x =45,900 cm -~ J 

EXCITATION 

34 38 42 46 

L~ 2 0~,: Gd 

EMISSION 
X x =42,800 crn -~ 

o ., I ,,, I , I , I 
14 L8 22 26 30 

x tO-3crn -= 

Fig. 4. Fluorescence of Gd +3 in rare earth oxide matrices 
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Fig. 5. Fluorescence of Er +8 in rare earth oxide matrices 

Fig.  4) .  In  YsO~:Gd,  t h e  m a i n  exc i t a t i on  b a n d  
is t he  G d  +3 t r i p l e t  leve l ,  T a b l e  VI. This  g ives  r i se  to 
t he  u l t r a v i o l e t  l ine  emiss ion .  Thus ,  w e a k  emiss ion  
i n t e n s i t y  is aga in  a s soc ia t ed  w i t h  t he  absence  of a 
p e r t u r b e d  e x c i t a t i o n  s t a t e  of t he  ac t i va to r .  
E r + 3 . - - T h e  emiss ion  i n t e n s i t y  a s soc ia t ed  w i t h  E r  +3 
a c t i v a t o r  is a l w a y s  w e a k .  The  s p e c t r a  a r e  g iven  in 
Fig.  5. In  La203, exc i t a t i on  in the  m a t r i x  b a n d  does  
no t  p r o d u c e  in t ense  emiss ion.  A p a r e n t l y ,  t h e  hos t  
sens i t i za t ion  p rocess  is no t  efficient,  a n d  the  r e s o -  

Table VI.  Spectral properties of Gd +3 in rare earth oxide matrices 

M a t r i x  

L a 2 0 3  Y203 

E m i s -  E x c i -  E m i s -  E x c i -  
s i o n ,  r a t i o n ,  s i o n ,  t a t i o n ,  
cm-I cm-I cm-i cm-I 

Gd +3 31,600) 43,400 31,600 36,200 
31,700) 
19,600 35,000 

In tens i ty  med ium weak  

nance  coup l ing  is no t  s t r ong  b e t w e e n  ca t ion  s i tes  and  
ac t iva to r .  The  t r a n s f e r  of e n e r g y  w o u l d  b e  e x p e c t e d  
to occur  b y  r e s o n a n t  s t a t es  of t he  m a t r i x  and  ac t i -  
v a t o r  ( exc i ton  s t a tes  and  e x c i t e d  d ipo le  s t a t e s ) .  In  
Y20~, t h e  emiss ion  l ines  of E r  +3 a r e  e x t r e m e l y  w e a k  
and  di f fer  s l i gh t ly  f r o m  those  f o u n d  fo r  E r  +3 in 
La203. The  e xc i t a t i on  s p e c t r u m  shows  c o n s i d e r a b l e  
s t ruc tu re .  The  ionic  e xc i t a t i on  l eve l s  a r e  v e r y  w e a k ,  
and  t h e r e  is no m a t r i x  e xc i t a t i on  in  t he  r a n g e  m e a s -  
u red .  In  GdsO3, a s im i l a r  s i t ua t i on  p r eva i l s ,  e x c e p t  
t h a t  t he  ionic l eve l s  a r e  m u c h  m o r e  in tense .  The  6I 
s ta te  of Gd +8 is absen t ,  i n d i c a t i n g  t ha t  hos t  l a t t i c e  
r e s o n a n c e  coupl ing ,  w h i l e  s t r o n g e r  t h a n  Y2Oa, is no t  
v e r y  efficient,  a n d  t h a t  t he  sens i t i za t ion  p rocess  is 
no t  s t rong.  T h e r e  is a b a n d  a t  43,000 c m - ' ,  i n d i c a t i v e  
of hos t  m a t r i x  exc i t a t ion ,  b u t  i t  is e x t r e m e l y  w e a k .  
The  m a i n  e xc i t a t i on  and  emiss ion  l ines  of E r  +3 a re  
s u m m a r i z e d  in  T a b l e  VII ,  w h i c h  inc ludes  t he  p r o p -  
e r t i e s  of Ho +3 in t he  s a m e  m a t r i c e s  (see  Fig .  6) .  

T h e  s p e c t r a  of  E r  +3 in r a r e  e a r t h  ox ides  consis t  
of m a n y  i n t e r c o n f i g u r a t i o n  t r a n s i t i o n s  i n v o l v e d  in 
e xc i t a t i on  and  emiss ion.  

F o r  Ho +3 in t he  r a r e  e a r t h  oxides ,  t he  emiss ion  
i n t e n s i t y  is also w e a k  c o m p a r e d  w i t h  o t h e r  a c t i v a -  
tors .  In  LasO~, t he  u s u a l  m a t r i x  e xc i t a t i on  b a n d  is 
p resen t ,  and  the  coupl ing ,  i.e., sens i t i za t ion ,  seems  
to be  s o m e w h a t  s t r o n g e r  t h a n  for  E r  +3 in  t h e  s ame  
m a t r i x .  In  Gd203, an  e x c i t a t i o n  s t a t e  of Ho  +s is seen 
w h i c h  is no t  p r e s e n t  in  t h e  La203 phospho r .  F u r t h e r  
s t u d y  of these  p h o s p h o r s  is n e c e s s a r y  to d e t e r m i n e  
the  effect  of s t r u c t u r e  on r e l a t i v e  i n t e n s i t y  of t h e  4f" 
e xc i t a t i on  t r ans i t i ons .  
T m + 3 . - - I n  La203, T m  +3 g ives  a s ingle  b lue  emiss ion  
l ine  a t  21,700 cm -1 and  a r e s o n a n c e  l ine  at  27,000 
cm -1 (F ig .  7) .  T h e  i n t e n s i t y  is v e r y  low.  E x c i t a t i o n  
in t h e  m a t r i x  b a n d  y i e ld s  t hese  emiss ion  l ines ,  b u t  

Table VI I .  Spectral properties of Er +3 in rare earth oxide matrices 

M a t r i x  

L a s O 8  Y~O~ Gd~03 

Emission, Excitation, Emission, Excitation, Emission, E x c i t a t i o n ,  
c m - 1  e r a - 1  c m - 1  c m - 1  e r a - 1  e r a - 1  

Er+3 

In tens i ty  
Ho+3 

17,900 21,700 17,900 19,700 17,900 24,100 
26,000 25,900 26,100 
14,000 27,000 

43,000 (w) 
weak  weak  weak  

In tens i ty  weak  weak  weak  

18,000 19,800) 18,200 21,100) 18,100 20,100) 
21,200) 21,600) 20,700) 
43,400 21,900) 27,300) 

43,000 (w) 
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the  ionic levels  a re  too weak  to p roduce  enough  
ene rgy  for m e a s u r e m e n t ,  except  for the  r e sonance  
line.  

Conclusions 

It  has been  shown tha t  f luorescence is p resen t  in  
these sys tems where  the  cat ionic m a t r i x  com pone n t  
possesses the  ine r t  gas e lec t ron  conf igura t ion  
(ns2np6). This  corresponds  to the  case for d - e l e c t r o n  
act ivators .  S ince  l ine  spectra  are observed,  it  is 
p robab le  tha t  p e r t u r b a t i o n  of the  e m i t t i n g  s tate  is 
not  large.  

Cor re la t ion  of the  exc i ta t ion  spect ra  shows tha t  
the  phosphors  in  each of the  th ree  emiss ion  i n t e n -  
s i ty categories possess charac ter i s t ic  exc i ta t ion  spec-  
tra. For  the  w e a k  emit ters ,  on ly  4f n conf igura t ion  ex -  
c i ta t ion  t r ans i t i ons  were  noted.  For  the  m e d i u m  i n -  
t ens i ty  phosphors ,  host sens i t i za t ion  seems to be the  
p r i m a r y  mechan i sm,  b u t  weak  4f 2 exc i ta t ion  t r a n s i -  
t ions were  also present .  For  the in t ense  emit ters ,  the 
b road  p e r t u r b e d  band ,  p r o b a b l y  r e p r e s e n t i n g  an  
exci ted s tate  of the act ivator ,  p r e d o m i n a t e s  over  all  
o ther  features .  Thus,  i n t e n s i t y  is associated w i t h  
degree  of pe r t u rba t i on .  

The  f u n d a m e n t a l  ques t ion  of the  or ig in  of the  
broad  exc i ta t ion  bands ,  o ther  t h a n  those a t t r i b u t e d  
to m a t r i x  exc i ta t ion  bands ,  is a difficult one, since 
exc i ta t ion  of Eu  +~ or Tb +s could invo lve  e i ther  i n -  
t r aconf igura t ion  t rans i t ions ,  as is more  c o m m o n  in  
the d -e l ec t ron  act ivators ,  i.e., changes  in  a n g u l a r  
m o m e n t u m ,  or t r ans i t ions  w i t h i n  the same config- 
ura t ion ,  the exci ted state of which  is p e r t u r b e d  by  
the  c rys ta l  field. The  emi t t i ng  s tate  most  ce r t a in ly  
involves  a 4f n ene rgy  level,  bu t  it  has become ob-  
vious (10) tha t  the  exc i ta t ion  and  emiss ion states are  
not  one and  the  same. The  exci ted  states invo lve  
SLJ  states which  could be long  e i ther  to the  4f n-~ 
5d or 4f n configurat ions.  If  the fo rmer  poss ib i l i ty  
prevai led ,  t hen  one would  expect  l ine  b r o a d e n i n g  in  
emission.  This  was  no t  observed.  The  poss ib i l i ty  
tha t  a t r ans i t i on  b e t w e e n  one of the exci ted  states 
of the  4f n-1 5d conf igura t ion  and  a m e t a s t a b l e  s tate  
of the  4f n conf igura t ion  could occur pr ior  to emiss ion 
appears  un l ike ly .  Thus,  the  b road  in tense  exc i ta t ion  
b a n d  is p r o b a b l y  associated w i th  an  exci ted  s tate  of 
the  4f n conf igura t ion  p e r t u r b e d  b y  the  c rys ta l  field. 
Recent ly ,  Dieke  and  Crosswhi te  (3) have  es t imated  
the posi t ions of the  4f n-1 5d states of the  t e r v a l e n t  
rare  ear ths  to be  above  50,000 cm - l .  If  th is  es t imate  
is correct,  t h e n  there  is l i t t le  a m b i g u i t y  as to the  
or ig in  of the  i n t ense  exc i ta t ion  ba nds  found  for  Eu +s 
and  Tb +3. The  reasons  for  the  u n i q u e  behav io r  of 
these  ac t iva tors  in  a ca t ion  site of C~v s y m m e t r y  
( c - type  r a r e  ea r th  oxide)  have  not  been  expla ined .  
The logical  choice to exp la in  the  n a t u r e  of the  h igh -  
i n t e ns i t y  f luorescent  t r ans i t ions  seems to be  " in -  
duced electr ic  dipole"  t r ans i t i ons  in  which  the  selec-  
t ion ru le  becomes n o n v a l i d  w h e n  the  nuc l eus  of the  
ac t iva tor  is s i tua ted  at a site whose  s y m m e t r y  lacks 
a cen te r  of i nve r s ion  (17).  
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The Dependence on Deposition Conditions of the 
Dopant Concentration of Epitaxial Silicon Layers 

R. Nut taU 

Ferranti Ltd., Wythe~shawe, Manchester, England 

ABSTRACT 

Methods of doping ep i tax ia l  si l icon layers  p roduced  by  the hydrogen  r e -  
duct ion of sil icon te t rach lor ide  are  discussed, and a technique  by  which  a con-  
s tant  concentra t ion  of dopant  in the  sil icon t e t rach lo r ide  vapor  m a y  be achieved 
is described.  A funct ion t e r m e d  the  conversion efficiency, ~, is es t imated  for  
the var ious  react ions  t ak ing  place  in the  deposi t ion cell, and the influence of 
var ious  react ion condit ions on ~ for  severa l  dopants  are  repor ted .  The un i -  
fo rmi ty  of dopant  concentra t ion  in the  ep i tax ia l  layers  is discussed and m e t h -  
ods for  control l ing the  concentra t ion grad ien t  p resen t  a t  the  subs t r a t e / ep i t ax ia t  
in ter face  are  indicated.  

The  e p i t a x i a l  g r o w t h  of s i l icon has  b e e n  of p a r -  
t i c u l a r  i n t e r e s t  in t he  s i l icon dev ice  field in  v i e w  
of t he  g r e a t  p o t e n t i a l i t i e s  of th is  t echn ique .  The  
mos t  p o p u l a r  m e t h o d  b y  w h i c h  e p i t a x i a l  depos i t ion  
is c a r r i e d  ou t  is t he  h y d r o g e n  r e d u c t i o n  of s i l icon 
t e t r a c h l o r i d e ,  and  the  e x p e r i m e n t s  d e s c r i b e d  he re  
w e r e  p e r f o r m e d  w i t h  a v i e w  to obse rv ing  the  i n -  
f luence of depos i t i on  cond i t ions  on the  v a r i o u s  r e -  
ac t ions  w h i c h  t a k e  p lace  d u r i n g  the  depos i t i on  of 
d o p e d  s i l icon us ing  th is  reac t ion .  

Apparatus 

The  a p p a r a t u s  used  in t hese  e x p e r i m e n t s  is s im-  
i l a r  to  t h a t  d e s c r i b e d  b y  T h e u e r e r  (1)  a n d  is shown  
in t he  f low d i a g r a m  Fig.  1. The  bas ic  m a t e r i a l s  u sed  
in  t he  cons t ruc t i on  a r e  q u a r t z  a n d  "Tef lon."  The  
h y d r o g e n  flow is con t ro l l ed  b y  t ap  T1 w h i c h  a l lows  
h y d r o g e n  to pass  d i r e c t l y  in to  the  cel l  and  t a p  T2 
w h i c h  a l lows  the  h y d r o g e n  to pass  t h r o u g h  an 
e v a p o r a t o r  f i l led w i t h  SIC14 and  con t a ined  in a 
t h e r m o s t a t i c  ba th .  Tap  T4 a l lows  the  gas  to r u n  to 
w a s t e  for  a p e r i o d  d u r i n g  w h i c h  the  flow is s t a -  
b i l ized,  w h i l e  T3 d i rec t s  the  flow into the  d e pos i -  
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Fig. 1. Schematic flow diagram of equipment 

t ion  cell .  By  o p e r a t i n g  t h e  t h e r m o s t a t i c  b a t h  a t  v a r i -  
ous t e m p e r a t u r e s  and  v a r y i n g  the  r e l a t i v e  flow 
ra t e s  a l a r g e  r a n g e  of m o l a r  r a t io s  SiC14/H2 m a y  be  
ob ta ined .  The  depos i t i on  cel l  is c o n s t r u c t e d  f r o m  
quar t z ,  a n d  the  p e d e s t a l  is p r e p a r e d  f r o m  h igh  p u r -  
i ty  g r a p h i t e  ove r  w h i c h  is p l a c e d  a q u a r t z  cap.  The  
g r a p h i t e  used  was  g r a d e  A G W  o b t a i n e d  f r o m  Br i t i sh  
Acheson  E lec t rodes  Ltd . ,  Eng land .  

The  s i l icon sl ices used  as s u b s t r a t e s  for  t he  d e p o -  
s i t ions  w e r e  cut  a t  90 ~ to t he  111 ax i s  a n d  d i a m o n d  
pol i shed ,  t h e  f inal  po l i sh ing  be ing  c a r r i e d  out  us ing  
1/4~. p a r t i c l e  size. The  sl ices w e r e  c l e a ne d  b y  i n i t i a l l y  
s w a b b i n g  t h e m  w i t h  co t ton  woo l  soaked  in m e t h -  
y l e n e  ch lo r ide  fo l l owed  b y  s e v e r a l  r inses  in c l ean  
m e t h y l e n e  ch lor ide .  T h e y  w e r e  t hen  d r i e d  us ing  a 
c lean  d r y  n i t r o g e n  b las t .  I m m e d i a t e l y  b e f o r e  i n t r o -  
duc ing  each  s l ice  in to  t he  cel l  i t  was  g iven  a 2 min  
d ip  in hyd ro f luo r i c  ac id  f o l l o w e d  b y  s e v e r a l  r inses  
in de ion ized  wa te r .  I t  was  t hen  a g a i n  d r i e d  w i t h  
the  n i t r o g e n  b las t .  

The  m e a n  r e s i s t i v i t y  of t he  e p i t a x i a l  l a y e r s  p r o -  
duced  was  c a l c u l a t e d  f r o m  four  p r o b e  m e a s u r e -  
m e n t s  and  j u n c t i o n  d e p t h  m e a s u r e m e n t s ,  the  l a t t e r  
be ing  d e t e r m i n e d  b y  the  l a p p e d  b e v e l  t echn ique .  In  
the  s y s t e m  used  the  m e a n  r e s i s t i v i t y  of t he  e p i -  
t a x i a l  l a y e r  depos i t ed  was  f o u n d  to be  r e l a t i v e l y  
i n d e p e n d e n t  of t he  s u b s t r a t e  r e s i s t i v i t y  a n d  type .  
H o w e v e r ,  in  v i e w  of t he  pos s ib i l i t y  of gross  con-  
t a m i n a t i o n  of the  e p i t a x i a l  l a y e r  b y  the  s u b s t r a t e  
d o p a n t  r e p o r t e d  b y  Basseches  et al. (2 ) ,  r e l a t i v e l y  
h igh  r e s i s t i v i t y  s i l icon of a p p r o x i m a t e l y  1-10 o h m -  
cm and  of oppos i t e  c o n d u c t i v i t y  t y p e  to t he  l a y e r  
depos i t ed  was  se lec ted  for  t he  subs t r a t e .  The  con-  
d i t ions  u n d e r  wh ich  one m a y  e x p e c t  a p p r e c i a b l e  
d o p a n t  t r a n s f e r  f rom the  s u b s t r a t e  a r e  in fac t  sug -  
ges t ed  f rom the  d a t a  o b t a i n e d  d u r i n g  these  e x p e r i -  
ments .  Each  s u b s t r a t e  was  h e a t e d  to 1250 ~ in  a 
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s t ream of hydrogen  for 20 min pr ior  to deposi t ion 
to remove oxide and anneal  the mechanica l ly  pol -  
ished surface. This type  of surface yields  a r e l a -  
t ive ly  large number  of crys ta l  faul ts  in the de-  
posi ted layer  compared  with a chemical ly  etched 
surface but  is more sui table  for junct ion depth  
measurements .  The thickness of the layers  deposi ted 
was be tween 10-20# in each case. 

The exper iments  were  carr ied  out in the fol low- 
ing manner .  The conditions, i.e., flow rate,  molar  
ratio, and tempera ture ,  were  adjus ted  for  each dep-  
osition, using a selected dopant,  the conditions being 
selected r andomly  to e l iminate  the possibi l i ty  of 
"ho ld -up"  effects. For  a given series of deposit ions 
using a specific dopant  the final deposit ion was ca r -  
r ied out under  ident ical  condit ions to the first depo-  
sition and the resul ts  compared.  These resul ts  in 
the ma jo r i ty  of cases agreed wi thin  20% of the 
bulk  res is t iv i ty  measurements .  Where  la rger  dis-  
crepancies were  observed the exper iments  were  
repeated.  The cell and pedes ta l  were  cleaned re -  
pea ted ly  dur ing the exper iments .  

Doping of Epitaxial Layers 

Production of doped silicon tetrachloride vapor 
mixtures.--The intr insic  silicon te t rachlor ide  used 
in the  exper iments  were  p repa red  by  dis t i l la t ion 
techniques. To evalua te  this silicon te t rachlor ide ,  
it was conver ted into a rod of silicon by  reduct ion 
with  hydrogen  at molar  ra t io  0.07 (SiC14/H2) and a 
flow ra te  of 3 l i t e r s /min  and then float zone refined. 
Af te r  one pass in argon a res is t iv i ty  profile of 400- 
100 ohm-cm N - t y p e  was found. Repeated  vacuum 
refining gave a res idual  boron profile corresponding 
to 1000-800 ohm-cm P- type .  

The two methods of in t roducing impur i t ies  into 
the vapor  in these exper iments  were  as follows: 

(a) Direct  addi t ion of dopant  to the silicon t e t r a -  
chloride l iquid in the evapora tor ,  i.e., l iquid mixing.  
This is appl icable  where  the "effective" vapor  p res -  
sure of the dopant  is s imi lar  to the vapor  pressure  
of SIC14 (e.g., PC13, BBra, and BC13). 

(b)  The pure  dopant  is incorpora ted  in an evap-  
orator  in para l l e l  with the intr insic  silicon t e t r a -  
chloride evapora tor  wi th  the re la t ive  hydrogen  flows 
and evapora tor  t empera tu res  control l ing the concen- 
trat ion,  i.e., vapor  mixing. This is more  appl icable  
to dopants  of r e la t ive ly  low vapor  pressures  (e.g., 
SbC13). 

Liquid mixing.-- This method was inves t iga ted  
in some deta i l  as it  is a r e la t ive ly  s imple technique.  
The fol lowing factors are  involved in such a system. 

As with  any two component  sys tem the ra te  of 
evapora t ion  of the silicon te t rachlor ide  and dopant  
will  depend on thei r  re la t ive  vapor  pressures.  I t  
can be der ived  for such a sys tem assuming ideal  
behavior  and apply ing  Raoul t ' s  law, tha t  the change 
in concentra t ion in the l iquid phase is given by  
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Fig. 2. Change in mole fraction on evaporation of doped SiCI4 

total  number  of moles of dopant  and SIC14 remain ing  
af ter  evapora t ion  of a given f rac t ion of the or iginal  
total  volume, y is the mole f ract ion dopant/SiC14 
af ter  evapora t ion  of the same fract ion of the or iginal  
volume, ~r equals Pa/Pb, Pa is the vapor  pressure  of 
pure  dopant,  and Pb is the vapor  pressure  of pure  
SIC14. 

This expression is bas ica l ly  the same as tha t  de-  
scribed by  Theuerer  (1).  F igure  2 shows the re -  
sults obta ined both by  app ly ing  the equat ion and 
also those found by  exper iment .  The t empera tu re  
of the SiC14/dopant dur ing  evapora t ion  was 20~ 
the vapor  pressures  of the  var ious  components at 
this t empera tu re  be ing  shown in Table I. 

F rom Fig. 2 i t  can be seen tha t  PC13 and BClz ex -  
hibi t  vapor  pressures  which are less than  expected,  
possibly due to in te rmolecular  a t t ract ion.  Bt3r~ how-  
ever, shows an increase in the expected  vapor  p re s -  
sure suggesting some metathes is  is tak ing  place, i.e, 

4BBr8 + 3SIC14-~ 4BCI~ ~- 3SiBr4 

This, together  with the  possible format ion  of mixed  
halogen compounds would resul t  in h igher  vapor  
pressures  being observed and possibly  cause the 
nonl inear i ty  of the BBr3 curve. The nonl inear i ty  of 
the BCI~ is not  c lear ly  understood.  

It can also be seen f rom Fig. 2 tha t  there  is a la rge  
change in the ra t io  of PC13/SiC14 vapor  dur ing  
evaporat ion,  and this resul ts  in a corresponding 
la rge  change in the concentra t ion of phosphorus  in 
the deposi ted silicon. This was also repor ted  by  
Theuerer  (1),  who has since suggested a method of 
overcoming the effect (3).  An a l t e rna t ive  method,  
which unl ike  Theuerer ' s  technique is independent  
of flow rate,  has been der ived  and makes  use of a 
"compensat ing evapora tor ."  The compensat ing 

Y [ N I(a-I) 
Yo -- ~ o  -1 provid ing  y < <  1 [A] 

where  No is the ini t ia l  total  number  of moles of 
dopant  and SIC14 in the l iquid phase, Yo is the  ini t ia l  
f ract ion d o p a n t /  SIC14, in the l iquid phase, N is the 

Table I. Vapor pressure 

Component SlCL~ PCls BBrs BCI~ 

Vapor pressure at 20~ mm Hg 190 93 52 1000 
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evapora tor  containing pure  undoped SIC14 is placed 
before  and in series wi th  the doped evaporator ,  
i.e., between T2 and the input  side of the doped 
evapora tor  shown in Fig. 1. I t  is set at  a p rede -  
t e rmined  t empe ra tu r e  so as to compensate  for the 
re la t ive  loss of SIC14 from the doped evaporator .  
For  such a system a re la t ionship  s imilar  to [A]  can 
be derived,  i.e., 

Yo ~ Pb P~' [S ]  

The nomencla ture  is the  same as for Eq. [A]  wi th  
the addi t ion of Fb' which is the vapor  pressure  of 
the pure  undoped SIC14 in the compensat ing evap-  
orator.  

I t  can be seen that  the  mole f ract ion y remains  
constant  if 

Pb' 
P a  = P b - -  Pb' ,  i . e .  ~ = 1 - - - -  

Ph 

For  prac t ica l  purposes  the value  of ~ is de t e r -  
mined f rom the exper imenta l  data  and is r e fe r red  
to as ~'. Using the value  of r de te rmined  f rom Fig. 2, 
this requires  for PC13 tha t  

Pb' 
---- 0.74 

Pb 

For example, if the temperature of the doped 
evaporator is 20~ (when Pb is 190 mm), then Pb' 
should be 140 ram, i.e., the temperature of the com- 
pensating evaporator will be 12.5~ for uniform 
concentration to be achieved. 

The use of the compensating evaporator has 
proved successful in practice, particularly in the 
case of phosphorus trichloride doped SIC14. Table 
II shows the mean resistivity of consecutive epi- 
t ax ia l  l ayers  produced using SIC14 doped with  PC13 
to a concentra t ion to produce layers  of mean r e -  
s is t ivi ty  of 2.5 ohm cm N- type .  Column C shows 
typical  resul ts  obta ined using the compensat ing 
evapora tor  technique,  whi le  column D shows the 
change in res is t iv i ty  found wi thout  the compen-  
sating evaporator .  Al l  the layers  in each case were  
be tween 10-12# thickness.  

Table II. Mean resistivity of consecutive epitaxial layers 

c D 

2.7 2.5 
2.9 
2.5 2.3 
2.2 
2.0 
2.5 2.05 
2.7 
2.5 
2.8 1.75 
2.5 
2.7 
2.9 1.5 
2.7 
2.9 
2.9 1.25 
2.2 
2.9 
2.8 0.8 
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These resul ts  were  obta ined f rom evapora tors  
containing in i t ia l ly  the same volume of doped SIC14. 
The 18 deposit ions car r ied  out resul ted  in a 77% 
reduct ion of the  or iginal  volume in the case of 
column D which produced the res is t iv i ty  change 
indicated.  Every  th i rd  slice was evaluated.  In the 
case of column C the volume reduct ion wil l  be less 
due to the compensat ing  evapora tor  cont inual ly  
adding SIC14 to the doped evapora tor  as a function 
of the compensat ing mechanism. The new "effective" 
volume VE of a given doped SIC14 evapora to r  used 
in conjunction wi th  a compensator  wi l l  be given by  

VE ~--- Pb - -  P b '  

where  V is the volume of doped SIC14 in evapora tor  
and VE is the volume of doped SIC14 -t- volume of 
pure  SIC14 evapora ted  f rom the compensat ing evap-  
orator.  The technique can be appl ied  to o ther  dop-  
ants provid ing  the ra t io  r  r e l a t ive ly  constant  
th roughout  evapora t ion  and is sufficiently high to 
w a r r a n t  the use of a compensat ing evaporator .  

For  dopants  having  vapor  pressures  grea te r  than 
tha t  of SIC14 for the  same t e m p e r a t u r e  Eq. [B] and 
of course the technique wil l  not  apply.  However ,  
a more complex equat ion may  be der ived  which is 
based on the rep lacement  of the pure  SIC14 in the 
compensat ing evapora to r  wi th  SIC14 more  heavi ly  
doped wi th  the pa r t i cu la r  dopant  selected, than  the 
actual  doped SiCI4 evaporator .  Using such a system 
it should be possible to compensate  for the deplet ion 
of dopant  occurr ing in the  doped evapora tor .  This 
was not a t t empted  dur ing  the exper iments  as the 
only appl icable  dopant  used was BCls which does 
not necessar i ly  requi re  compensat ion as the change 
in concentra t ion wi th  evapora t ion  is r e l a t ive ly  small  
over the l a t t e r  pa r t  of the evapora t ion  (see Fig. 2). 

Gaseous mixing.--This  method  as prev ious ly  in-  
dicated was used for dopants  of low vapor  pressure,  
which in the exper iments  car r ied  out was confined 
to an t imony  tr ichloride.  The equipment  was modi -  
fied for these exper iments  the dopant  being con- 
ta ined  in an evapora tor  p laced in a thermosta t ic  
bath.  Hydrogen  was mete red  th rough  this evapora -  
tor  into the SiC1JH2 s t ream and di rec ted  to waste  
or to cell wi th  the  SiC14/H2 stream. Using this 
method for all  the dopants  inves t iga ted  a t tempts  
were  made  to es t imate  the re la t ive  values  of the  
conversion efficiencies of the dopant  compared  to the 
conversion efficiency for SIC14 under  specific reac-  
t ion conditions. The resul ts  obta ined are discussed in 
the fol lowing section. 

Estimation o:f the Relative Values of the Conversion 
Efficiency of Dopants Compared wi th  Silicon 

From the free e n e r g y / t e m p e r a t u r e  da ta  ava i lab le  
in the l i t e ra tu re  (4, 5) the  free energy changes ac-  
companying  the fol lowing react ions have  been est i -  
ma ted  at  1500~ 

SIC14 + 2H2 ~ Si + 4HC1 
PC13 ~- 3/2 H2 --> P -~ 3HC1 
BBr8 -b 3/2 H2 ~ B + 3HBr 
BC13 + 3/2 H2--> B § 3HC1 
SbCls -1- 3/2 H2 --> Sb + 3HC1 

aG = --8  kca l /mo le  
• = --65 kca l /mo le  
AG = --4 kca l /mo le  
AG = --1 kca l /mo le  
~G : --25 kca l /mo le  
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T h e r e  is some  d i s a g r e e m e n t  in  t he  l i t e r a t u r e  r e -  
g a r d i n g  the  va lue s  of ~G for  t he  a b o v e  r eac t ions  b u t  
t h e r e  is suff icient  d i f fe rence  b e t w e e n  the  g roup  I I I  
e l e m e n t s  and  s i l icon fo r  i t  to be  a r g u e d  t h a t  PC13 and  
SbC13 shou ld  be  r e d u c e d  m u c h  m o r e  r e a d i l y  t han  
SIC14 u n d e r  t he  r e a c t i o n  cond i t ions  ind ica ted .  T h e y  
m a y  be  e x p e c t e d  to be  r e d u c e d  be fo re  r e a c h i n g  the  
s l ice  su r f ace  a n d  if  so t he  i n c o r p o r a t i o n  of P a n d  Sb 
in to  t h e  s i l icon l a t t i c e  w o u l d  be  p a r t l y  d e p e n d e n t  on 
t h e i r  v a p o r  p r e s s u r e s  a n d  aff ini ty  for  s i l icon (6 ) .  
F r o m  the  AG va lues  for  BCls and  BBrs  i t  m a y  be  e x -  
pec t ed  t h a t  t h e y  w o u l d  no t  be  so r e a d i l y  r e d u c e d  as 
SIC14, h o w e v e r  because  of t h e  s i m i l a r i t y  of the  bas ic  
c h e m i s t r y  of bo ron  and  si l icon,  s ide r eac t i ons  m a y  
occur  w h i c h  wi l l  comp l i ca t e  t h e  r educ t ion .  

The  r e l a t i v e  conve r s ion  eff iciency m was  d e t e r -  
m i n e d  for  the  above  dopan t s .  ~71 is t he  r a t i o  of the  
conve r s ion  efficiency for  t he  d o p a n t  c o m p a r e d  w i t h  
the  conve r s ion  eff iciency for  si l icon,  i.e. 

w h e r e  
~?si 

SD ~Si 
~?D-- GD a n d  ~s~= Gs~ 

S D is the  n u m b e r  of a t o m s  of d o p a n t  in t he  e p i t a x i a l  
l aye r ,  Ssi is t he  n u m b e r  of a t o m s  of s i l icon depos i t ed  
in  t he  e p i t a x i a l  l a y e r ,  GD is the  n u m b e r  of m o l e -  
cules  of d o p a n t  h a l i d e  pa s s ing  ove r  t he  slice,  and  
Gsl is t he  n u m b e r  of mo lecu l e s  of s i l icon t e t r a c h l o -  
r ide  pas s ing  ove r  t he  slice. 

nl was  d e t e r m i n e d  for  P C h ,  BBra, a n d  SbCls  u s ing  
the  fo l lowing  depos i t i on  cond i t ions :  gas  flow r a t e  
5 l i t e r s / r a i n ,  m o l a r  r a t i o  SiC14/H~ ~ 0.03, and  a 
r e a c t i o n  t e m p e r a t u r e  of 1270~ 

F o r  PCI~ a v a l u e  of 1 was  o b t a i n e d  for  co nc e n -  
t r a t i ons  c o r r e s p o n d i n g  to t he  r a n g e  1014 to 10 TM a t o m s  
P / c c  Si  in t he  e p i t a x i a l  l a y e r  p r o d u c e d .  BBra gave  
a v a l u e  of 0.2 for  c o n c e n t r a t i o n s  of 1016-10 TM a t o m s  
B / c c  Si  in  t he  e p i t a x i a l  l aye r .  SbC13 p r o d u c e d  a v e r y  
low v a l u e  c o m p a r e d  w i t h  BBr3 and  PC13, n a m e l y  
0.03, w h i c h  is m u c h  l o w e r  t h a n  can  be  e x p e c t e d  
f r o m  cons ide ra t i ons  of t he  f ree  e n e r g y  change  of 
t he  r e d u c t i o n  reac t ion ,  and  is p o s s i b l y  due  to t he  l ow 
aff ini ty  of Sb  for  Si (6) .  The  f igure  of 0.03 w a s  o b -  
s e r v e d  for  t he  c o n c e n t r a t i o n  r a n g e  of 101L101~ a t o m s  
S b / c c  Si  in t he  r e s u l t a n t  depos i t ed  l a y e r .  A l t h o u g h  
the  f igures quo t ed  for  Vl a r e  on ly  a p p r o x i m a t e  due  to 
t h e  l a r g e  n u m b e r  of f ac to r s  w h i c h  h a v e  to be  m a i n -  
t a i n e d  cons t an t  d u r i n g  depos i t ions ,  t he  f igures  i n -  
d ica te  the  m a r k e d  d i f fe rences  in t he  r e a d i n e s s  w i t h  
w h i c h  a p a r t i c u l a r  d o p a n t  m a y  be  i n c o r p o r a t e d  in to  
t he  g r o w i n g  s i l icon l aye r .  These  v a l u e s  for  ~ a r e  
also d e p e n d e n t  on the  r e a c t i o n  cond i t ions  used  for  
the  depos i t ion .  

Effect of Deposition Conditions on the Conversion 
Efficiency of the Deposition and Doping Reactions 

The  conve r s ion  eff iciency for  s i l icon has  been  
def ined as 

Ssi 
~si = 

Gsi 

as Ssi cc t h i ckness  of s i l icon d e p o s i t e d / m i n  W, and  

$1 
5~ CI 4 

IO0 

! 
O. 001 

Fig. 3. Change in conversion 
ratio and flow rate. 

TEMI~. 1 2 7 0 ~ ~  

I I I I i I i l l  I | I f i i i i  

O-Ol O-t 
MOLA~ RATIO 51Cl~ 

HZ 

efficiency Si/SiCI4 with molar 

Gsi cc m o l a r  r a t i o  SiC14/H2 x gas  f l o w / m i n  i.e., 
M x F t h e n  

~si cc W / M F  

In  the  e x p e r i m e n t s  M and  F w e r e  v a r i e d  and  
W / M F  p l o t t e d  aga ins t  M for  d i f fe ren t  f low ra t e s  F. 
F i g u r e  3 shows  the  r e su l t s  ob ta ined .  I t  shou ld  be  
no ted  t h a t  t he  va Iues  of "Vsi" a r e  no t  a b s o l u t e  and  
t ha t  the  g r a p h  on ly  i nd i ca t e s  t he  change  in Vsi for  a 
g iven  change  in condi t ions .  The  un i t s  u sed  for  the  
depos i t i on  r a t e  a r e  # / m i n  a n d  flow r a t e  l i t e r s / m i n .  
As  space  ve loc i t y  a p p e a r s  to be  a m o r e  v a l i d  m e a s -  
u r e m e n t  of flow it  shou ld  be  n o t e d  t h a t  f r o m  the  d e p -  
os i t ion  cei l  d i m e n s i o n s  1 I i t e r / m i n  = space  ve loc i t y  
of 2.5 cm/sec .  F r o m  Fig.  3 "vsi" fa l l s  w i t h  bo th  
m o l a r  r a t i o  and  flow ra te ,  p o s s i b l y  p r o d u c e d  b y  the  
" e t ch ing  r e a c t i o n "  (1.7) ,  i.e., t he  compe t ing  r e a c t i o n  

Si  + SiC14-~ (S iCl~)n  

t o g e t h e r  w i t h  t h e  l i m i t i n g  r e a c t i o n  r a t e  a t  t h e  s u r -  
face  of the  subs t r a t e .  

The  v a r i a t i o n  of t h e  c o n v e r s i o n  eff iciency of the  
dopa n t s  w i t h  de pos i t i on  cond i t ions  was  d e t e r m i n e d  
as fo l lows  

SD 
~D = GD 

F o r  a cons t an t  c o n c e n t r a t i o n  of d o p a n t  in t he  SIC14 
v a p o r  GD cc m o l a r  r a t i o  SiC14/H2 x flow ra te .  The  
n u m b e r  of a toms  d o p a n t  in t he  e p i t a x i a l  l a y e r  
SD = v o l u m e  of e p i t a x i a l  l a y e r  x conc D a t o m s / c c  Si. 

F o r  s u b s t r a t e s  of c o n s t a n t  d i a m e t e r  t h e  v o l u m e  of 
the  e p i t a x i a l  l a y e r  cc th i ckness .  

. ' .  Conve r s ion  eff iciency 

C x W  
~D w 

M x F  

w h e r e  C is t h e  c o n c e n t r a t i o n  d o p a n t  in  l a y e r  in  
a t o m s / c c  Si  and  is d e t e r m i n e d  f r o m  the  m e a n  r e -  
s i s t iv i ty  of the  l aye r ,  W is t he  t h i cknes s  of l a y e r  in 
d e p o s i t e d / r a i n ,  M is t he  m o l a r  r a t i o  of d o p e d  
SiC14/H2, and  F is t he  t o t a l  gas  f low r a t e  m e a s u r e d  
in l i t e r / m i n .  
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Fig. 7. Effect of molar ratio and flow rate on conversion 
efficiency of B/BCI3. 

This value  for "~?" is again not  an absolute  value  
but  by  vary ing  the deposit ion conditions the  changes 
in %?" can be noted. 

F igure  4 shows the resul ts  obta ined using PC13 as 
the dopant.  By comparison with the efficiency curves 
for SIC14 an increase in molar  rat io  f rom 0.01 to 
0.05 would  increase the  concentra t ion of phosphorus  
in the layer  by  a factor  of 4. The effect of flow ra te  
is r e l a t ive ly  small  as this  affects ~si and ~p to a s imi-  
la r  degree for a given molar  ratio.  These resul ts  are 
character is t ic  of those obta ined for ep i tax ia l  l ayers  
produced wi th  concentrat ions of phosphorus  be -  
tween 1014-10 TM atoms/cc.  The effect of molar  ra t io  
on the conversion efficiency of SbClz, Fig. 5, is s imi-  
lar  to phosphorus at the  h igher  flow ra tes  a l though 
there  is a tendency for the ra te  of change of %?Sb" to 
fal l  wi th  increasing molar  rat io  unl ike  phosphorus,  
whose ra te  increases. This phenomenon would  ap-  
pear  significant in tha t  at  1 l i t e r / m i n  "nSb" falls  
s teadi ly  wi th  increasing molar  ratio.  This behavior  
has been noted in producing  ep i tax ia l  layers  of con- 

centra t ions  of 1015-6 x 101~ atoms Sb /cc  Si. F igures  6 
and 7 show the la rge  changes of conversion effi- 
ciency for BCI~ and BBr~ wi th  flow ra te  and molar  
ratio. At  1 l i t e r / m i n  the effect of a change in molar  
ra t io  of 0.008-0.05 increases "~?B" by a factor  of 200 
for BBr3. 

This effect could be pa r t ly  expla ined  by  the BCI3 
and BBr3 reduct ion react ions being inhibi ted  by  r e -  
action products  both f rom the react ion and the SiCl4 
reduct ion reaction. This is subs tan t ia ted  by  the fact  
tha t  ep i tax ia l  l ayers  deposi ted under  flow ra te  con- 
ditions of 1 l i t e r / r a in  and at low concentrat ions of 
BC18 and BBr~ produced l ayers  of which the first 
few microns were  P - t y p e  while  the r ema inde r  was 
N- type .  The resul ts  shown on the graphs  are  charac-  
ter is t ic  when producing ep i tax ia l  l ayers  of con- 
cent ra t ion  1016-10 TM atoms B/cc  Si. 

Tempera tu re  also influences the  conversion effi- 
ciency of the  reactants  as shown in Fig. 8. ~o is a re -  
duced form of v in tha t  the efficiencies of each r e -  
action at  1290~ has been equated to 1 to enable  
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Fig. 8. Change of conversion efficiency with temperature 

comparison of the re la t ive  changes in efficiencies. 
PC13 and SbC13 show a decrease in v wi th  increasing 
t empera tu re  as might  be expected.  Boron behaves  
different ly at  high concentrat ions  than  low concen- 
trat ions.  At  high concentrat ions there  is a s teady in-  
crease in vB which would be expected  assuming no 
side reactions. At  low concentrat ions however,  there  
is a sharp fal l  in VB above 1240~ which may  be as-  
sociated wi th  the react ion 

4B -~ 3SIC14 ~ 4BCI~ -~ 3Si 

It is also noted that  the ~?sl curve also shows this 
phenomenon but  to a lesser degree. The above reac-  
tion has been suggested by  Theuerer  (1) as the 
reason for the la rge  increase in deposit ion ra te  he 
observed when producing P - t y p e  layers  using BBr3 
as the dopant.  This increase was not observed dur ing  
these exper iments .  

F rom over -a l l  considerat ion of the graphs  it 
is apparen t  that  max imum control  over res is t iv i ty  
of the l aye r  is favored by  the h igher  flow rates  and 
lower  tempera tures .  

The var ia t ion  of res is t iv i ty  and possibly con- 
duct iv i ty  type  with  react ion conditions may  be used 
as a method of indicat ing the pu r i ty  of silicon t e t r a -  
chloride used in ep i tax ia l  depositions, pa r t i cu la r ly  
where  compensat ion is suspected. 

Epitaxial Layer Characteristic 

It  is apparen t  f rom the exper imenta l  resul ts  
descr ibed tha t  the conversion efficiency should in-  
dicate the most favorable  conditions under  which 
layers  of uni form res is t iv i ty  can be grown using a 
specific dopant.  In the horizontal  plane, i.e., across 
the slice, the only var iab le  to be expected would be 
tempera ture .  Therefore  for a given t empera tu re  
gradient  across the slice dur ing  deposition, the lower  
the average  t empera tu re  the more even would be the 
resul t ing  res is t iv i ty  of the subsequent  layer .  This 
wil l  be l imi ted  however  by  the t empe ra tu r e  depend-  
ence of the crys ta l  perfect ion of the layer  (1).  

The var ia t ion  in efficiency would also affect the 
concentrat ion in the ver t ica l  plane,  but  other  con- 
s iderat ions are  also of importance.  Provid ing  t ight  

control  of flow ra tes  and molar  rat io  is achieved dur -  
ing deposit ion the most m a r k e d  var ia t ion  in dopant  
concentrat ion would be expected to occur dur ing  the 
ini t ia l  deposition, i.e., at the subs t r a t e / ep i t ax i a l  
l ayer  boundary.  The factors which are responsible  
for the subs t r a t e / ep i t ax i a l  concentra t ion grad ien t  
are:  

(a)  The conversion efficiency which dur ing the 
in i t ia l  stages of deposi t ion would va ry  unt i l  a s teady 
state is achieved. This can be minimized by  using 
deposit ion cells of small  react ion volume together  
wi th  high gas flow rates,  which would tend to 
shorten the t ime taken  to a t ta in  s teady s tate  condi-  
tions. 

(b) The t ransfe r  of dopant  f rom the subs t ra te  
which may  take  place to a m a r k e d  degree  dur ing  the 
ini t ia l  deposit ion and to a lesser  degree dur ing  the 
l a t t e r  stages of deposition. This has been re fe r red  to 
in recent  papers  as "autodoping"  (8, 9). 

(c) The diffusion of the dopants  at the subs t r a t e /  
ep i tax ia l  l aye r  interface.  This has been discussed 
in some detai l  in a recent  pape r  (10). 

As a l ready  suggested the factor (a)  can be min i -  
mized. The phenomenon indica ted  in (b)  f rom con- 
s idera t ion of the conversion efficiencies of the dop-  
ants would be expected to depend on the dopant  in-  
volved and also the conditions of deposition. This 
follows if we assume tha t  the incorporat ion of 
dopant  f rom the subs t ra te  into the growing layer  
proceeds through a s imi lar  mechanism as the  same 
dopant  de l ibe ra te ly  added in the gas phase. This 
means  that  it should be possible to select different  
dopants  for the subs t ra te  and deposit ion gas mix -  
tu re  such tha t  the condit ions of deposit ion are un-  
favorable  for the subs t ra te  dopant  to be incorpora ted  
into the l aye r  but  favorable  for the dopant  in the 
deposit ion gas mixture .  Conditions may  be selected 
by  comparison of the conversion efficiencies. 

Suppression of Autodoping during Preparation of 
N / N  ~ Structures 

The s t ruc ture  consisting' of a l ight ly  doped N- type  
layer  deposi ted on a heavi ly  doped N - l a y e r  is fa -  
mi l ia r  s tar t ing mate r i a l  for many  device appl ica-  
tions. Using arsenic or phosphorus  doped substrate ,  
the N N ~ junct ion is considerably  graded  and may  
be an embar ras smen t  when using such slices for 
cer ta in  device applications.  Exper iments  car r ied  out 
using arsenic as a dopant  indicate  tha t  its conversion 
efficiency is s imi lar  to phosphorus.  However,  in al l  
the exper iments  car r ied  out wi th  an t imony t r ichlo-  
r ide  as the  dopant,  an t imony has shown a much 
lower  re la t ive  conversion efficiency than  phosphorus,  
i.e., approx ima te ly  0.03/1 for Sb /P .  Therefore  it 
follows tha t  much less "autodoping"  would be ex-  
pected from ant imony doped subst ra tes  than  phos-  
phorus or arsenic doped substrates.  This has been 
subs tant ia ted  by exper iments .  The average res is t iv i -  
t ies of N - t y p e  ep i tax ia l  layers  deposi ted on 0.01 
ohm-cm ant imony doped subst ra tes  were  a lways  
h igher  than those obtained using 0.01 ohm-cm a r -  
senic doped substrates,  for  a given N - t y p e  dopant  
level  in the gas phase, e.g., l ayers  deposi ted on 0.01 
ohm-cm arsenic doped subst ra tes  f rom prepared  
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PC13 doped SIC14 produced layers  of res is t iv i ty  of 
3 ohm-cm N - t y p e  while  corresponding layers  de-  
posi ted on 0.01 ohm-cm ant imony doped gave a re -  
s is t ivi ty  of 10 ohm-cm N- type .  The resis t ivi t ies  
were  es t imated by both reverse  b reakdown  measure -  
ments and by  using high res is t iv i ty  P - t y p e  check 
slices deposi ted s imultaneously.  

Dope Transfer in Mult i -Sl ice Sys tems  

In systems where  a hor izonta l  flow system is used 
and in which severa l  slices may  be processed, t r ans -  
fer of dopant  f rom one subs t ra te  to another  may  be 
observed in the direct ion of the gas flow dur ing  the 
ini t ia l  deposition. This has been demons t ra ted  by  
placing in such a system a low res is t iv i ty  P- type ,  
(boron doped)  slice fol lowed by  in one case several  
0.01 ohm-cm arsenic doped slices and in the  other 
0.01 ohm ant imony doped slices. The deposi t ion was 
carr ied  out using SiCI4 doped wi th  PC13 to give 5 
ohm-cm N - t y p e  layers  and under  condit ions which 
would give high boron efficiencies, i.e., high flow 
rates. On sectioning and copper s taining the layers  
produced on an t imony doped substrates ,  a P - t y p e  
s t r ipe was observed which proved  to be the  ini t ia l  
few microns of the epi tax ia l  layer .  This was deduced 
f rom fr inge count measurements  of the  P and N 
layers ,  the to ta l  thickness agreeing wi th  the to ta l  
thickness normal ly  expected for the deposi t ion con- 
dit ions used. F u r t h e r  verif icat ion was made  by 
measur ing  the s tacking faul ts  (11). The thickness of 
the P - t y p e  str ipe var ied  f rom 1-3~. 

The layers  deposi ted on arsenic doped subst ra te  
did not show a P - t y p e  s t r ipe on sectioning. F rom 
these resul ts  it  is appa ren t  tha t  sufficient arsenic 
is being t r ans fe r red  f rom the subs t ra te  to overdope 
the ini t ia l  P - t y p e  contaminat ion,  whereas,  a l though 
an t imony  would be re leased f rom the substrate ,  it is 
l a rge ly  re jec ted  by  the growing surface. 

The effects of the  contaminat ion  P - t y p e  subst ra te  
are  of course reduced as the l aye r  is deposi ted as this 
in i tself  is "sealed"  by  the high res is t iv i ty  l aye r  
which is being deposited. Exper iments  car r ied  out 
using an t imony  doped subst ra tes  wi thout  the low 
res is t iv i ty  P - t y p e  slice in the  system produced  
N- type  layers  wi thout  a P - t y p e  stripe. 

Other Dopants 

So far  P - t y p e  dopants  other  than boron have not 
been inves t iga ted  but  f rom considerat ion of free 
energy  changes for hal ide reduct ion (4),  vo la t i l i ty  
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and affinity (6),  a luminum gall ium, and indium may  
have cer ta in  advantages  over boron as the sub-  
s trafe dopant.  In  all  cases it is also necessary to con- 
sider whe ther  the advantages  gained by  specific dep-  
osition conditions outweigh the d isadvantages  pro-  
duced by  possibly low deposi t ion rates  and high 
tempera tures ,  i.e., excessive diffusion at the sub- 
s t r a t e / ep i t ax i a l  l aye r  interface,  and the t ime for 
the system to achieve a s teady state. 

Conclusions 
From the exper imenta l  da ta  it is apparen t  tha t  by 

selection of different  dopants  for the subst ra tes  and 
for ep i tax ia l  layers,  and by  the selection of the most 
sui table  react ion conditions the degree  of "au todop-  
ing" or dopant  t ransfe r  can be minimized.  This is 
pa r t i cu la r ly  impor tan t  when producing  ve ry  thin 
epi tax ia l  l ayers  of high resis t ivi ty,  and also in sys-  
tems where  mul t ip le  deposit ions are  car r ied  out. 
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IX. Behavior of aft-Unsaturated Carbonyl Compounds 
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ABSTRACT 

Benzalacetophenone, benzalacetone, cinnamaldehyde,  and crotonaldehyde 
were reduced stepwise at the dropping mercury  electrode in anhydrous  di-  
methylformamide.  Large-scale electrolytic reductions were performed on the 
compounds in  the presence and absence of carbon dioxide. Carbonat ion of the 
dianions of benzalacetophenone and benzalacetone gave ~-phenyl-~-benzoyl  
propionic acid and ~-phenyl levul inic  acid, respectively. In  the absence of car-  
bon dioxide, the dianion of benzalacetophenone gave a polymer. The anion-  
free radical of benzalacetophenone in  the presence of carbon dioxide gave a 
monomeric dicarboxylic acid and a dimeric monocarboxylic acid. In  the absence 
of carbon dioxide a t r imer  was obtained. The reduction of c innamaldehyde 
and crotonaldehyde gave tars. 

P rev ious  po la rograph ic  s tudies  i n  ace toni t r i l e  and  
d i m e t h y l f o r m a m i d e  have  shown  tha t  this  me thod  is 
capable  of f u r n i s h i n g  ev idence  for the  ex is tence  of 
s table  a n i o n - f r e e  radicals  in  the  r educ t ion  of a ro-  
mat ic  h y d r o c a r b o n s  (1, 2),  a romat ic  ke tones  a nd  
a ldehydes  (3) ,  and  q u i n o n e s  (4) .  

In  the p re sen t  s tudy  the  po la rograph ic  behav io r  
and  the e lect rolyt ic  r e d u c t i o n  of a , ~ - u n s a t u r a t e d  
ke tones  and  a ldehydes  have  been  inves t iga ted  to 
d e t e r m i n e  w h e t h e r  a n i o n - f r e e  radica ls  and  d ian ions  
are p roduced  in  d i m e t h y l f o r m a m i d e .  

Experimental 
The solut ions  were  s tud ied  in  a cy l ind r i ca l ly  

shaped cell w i th  a m e r c u r y  pool anode and  fit ted 
wi th  side a rms  for the  anode  connect ions  and  for 
admiss ion  of n i t rogen .  Al l  m e a s u r e m e n t s  were  
made  in  a wa t e r  t he rmos t a t  at 25 ~ ---- 0.1 ~ 

The c u r r e n t - v o l t a g e  curves  were  ob ta ined  wi th  a 
Sa rgen t  Model  XI I  po la rog raph  h a v i n g  a c u r r e n t  
scale ca l ib ra t ion  of 0.00497 ~ a / m m  at  a sens i t iv i ty  
of one. 

The d ropp ing  m e r c u r y  e lect rode was  opera ted  a t  
45 cm pressure  and  had  a drop t ime  of 3.60 sec in  
d i m e t h y l f o r m a m i d e  (open  c i rcu i t ) .  The  m213t 118 
va lue  was 2.10 mg 2/~ sec -~/2. 

The  d i m e t h y l f o r m a m i d e  was  pur i f ied in  a m a n n e r  
s imi la r  to tha t  r epor ted  p rev ious ly  (1) .  The com-  
pounds  used were  ob ta ined  f rom a stock and  p u r i -  
fied by  c rys ta l l i za t ion  or dis t i l la t ion.  

Electrolytic Reductions 

Elect rolyt ic  reduc t ions  of the  va r ious  ca rbony l  
compounds  were  car r ied  out  at  a m e r c u r y  cathode 
in  a s imi la r  m a n n e r  to t ha t  descr ibed  ear l ie r  (1) .  
The area  of the  cathode was  65 cm, and  the  l ine  
vo l tage  was  85v. Typica l  p rocedures  are i l l u s t r a t ed  
below. The resul t s  are g iven  in  Tab le  II. 

Reduction of benzalacetophenone.--The elec t ro l -  
ysis cell was  filled wi th  300 m l  of 0.155M po tass ium 
iodide in  d i m e t h y l f o r m a m i d e .  To the  cathode com- 
p a r t m e n t  was  added  20g of benza lace tophenone ,  a nd  

n i t r o g e n  was  b u b b l e d  t h r ough  the cell for 1 hr. 
Direct  c u r r e n t  was  passed t h r o u g h  the  cell for 6 hr.  

The ca tholy te  was  pou red  in to  i l i te r  of wa t e r  
which  con ta ined  20 ml  of 10% acetic acid. The  m i x -  
t u r e  was shaken  wi th  e ther  a nd  a l lowed to s t and  
overn ight .  The solid m a t e r i a l  w h i c h  separa ted  was  
collected on a filter a nd  w a s h e d  t ho rough ly  w i th  
ether .  T r e a t m e n t  of this  whi te  solid (6.2g) wi th  
acetone gave a t race  of inso lub le  m a t e r i a l  me l t i ng  
at 271~ ~ . This  m a t e r i a l  was  no t  charac ter ized  
fur ther .  The acetone f i l t rate  was  hea ted  to boi l ing  
and  w a t e r  added to the  c loud point .  Upon  cooling 
a whi te  solid was  ob ta ined  which,  a f ter  two r ec rys -  
ta l l iza t ions  f rom benzene ,  gave a t r i m e r  (XV) 
which  me l t ed  at  2850-287 ~ A molecu l a r  we igh t  
d e t e r m i n a t i o n  of this  c o m p o u n d  us ing  the  f reezing 
poin t  me thod  wi th  2 - m e t h y l - 2 - n i t r o p r o p a n e  as the 
so lvent  gave  va lues  of 616 and  629. The ca lcula ted  
va lue  is 624. 

Anal. Calc'd.  for C45H~608: C, 86.53; H, 5.70. 
F o u n d :  C, 86.87; H, 5.74. 

The e ther  l ayer  f rom the ex t r ac t ion  of the  ca th-  
o l y t e - w a t e r  m i x t u r e  was  separa ted ,  dr ied  over  a n -  
hydrous  sodium sulfate,  and  t h e n  the  e ther  was  r e -  
move d  by  dis t i l la t ion.  A red viscous oil  r e m a i n e d  
which  decomposed on d is t i l l a t ion  u n d e r  d imin i shed  
pressure .  Ana lys i s  of this  oil on  the  gas ch roma to -  
g raph  at  a co lumn  t e m p e r a t u r e  of 325 ~ showed tha t  
the re  was  no  benza l ace tophenone  or benzy lace to -  
p h e n o n e  present .  

A s imi la r  e lectrolysis  of benza l ace tophenone  us-  
ing 0.155M t e t r a b u t y l a m m o n i u m  iodide as the  sup-  
por t ing  e lec t ro ly te  was  ca r r i ed  out  for 18 hr. The 
ca tholy te  was pou red  in to  600 m l  of w a t e r  which  
con ta ined  20 ml  of 10% acetic acid solut ion,  and  
the r e su l t i ng  m i x t u r e  was  ex t rac ted  wi th  e ther  and  
fi l tered f rom the  wh i t e  solid fo rmed;  y ie ld  6.1g. 
This compound  was  inso lub le  in  all  c o m m o n  sol- 
vents ,  b u t  could be rec rys ta l l i zed  f rom ace tophe-  
none ;  mp 426 ~ w i th  decomposi t ion.  A n  in f r a r ed  
s p e c t r u m  of this compound  in  Nujo l  was  a lmost  
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i den t i ca l  w i t h  t he  s p e c t r a  of m e s o - l , 3 , 4 , 6 - t e t r a -  
p h e n y l - l , 5 - h e x a n d i o n e .  

Anal .  Calc 'd .  for  (C15H130)n: C, 86.12; H, 6.22. 
F o u n d :  C, 85.81; H, 6.16. 

N i t r o g e n  ana lys i s  s h o w e d  t h a t  no n i t r o g e n  was  
p r e s e n t  in  th is  molecu le .  The  e t h e r  l a y e r  gave  9 m l  
of a d a r k  b r o w n  tar .  

Reduc t ion  of  benza lace tophenone  in  the  presence  
o] carbon d i o x i d e . - - T h e  e lec t ro lys i s  cel l  was  f i l led 
w i t h  300 ml  of 0.155M p o t a s s i u m  iod ide  in d i m e t h -  
y l f o r m a m i d e .  To the  ca thode  c o m p a r t m e n t  was  
a d d e d  10g of b e n z a l a c e t o p h e n o n e .  C a r b o n  d i o x i d e  
was  b u b b l e d  t h r o u g h  the  so lu t i on  for  1 h r  p r i o r  to 
the  s t a r t  of t he  r e d u c t i o n  and  d u r i n g  the  r educ t ion .  
D i rec t  c u r r e n t  was  p a s s e d  t h r o u g h  t h e  cel l  for  6 hr .  

The  sol id  m a t e r i a l  w h i c h  p r e c i p i t a t e d  f r o m  the  
ca thode  was  f i l tered.  This  m a t e r i a l  was  d i s so lved  in 
w a t e r  and  f i l tered.  The  w a t e r  was  r e m o v e d  and  the  
r e s i d u e  was  w a s h e d  w i t h  e ther .  The  r e s i d u e  w a s  a 
p i n k  sol id  and  w e i g h e d  1.85g. A p o t a s s i u m  d e t e r -  
m i n a t i o n  of th is  sol id  ( I )  gave  a v a l u e  of 21.73% 
(ca lc 'd .  20.85).  Upon  ac id i f ica t ion  the  c o m p o u n d  
los t  c a r b o n  d iox ide  a n d  gave  1.3g of ~ - p h e n y l - f l -  
b e n z o y l p r o p i o n i c  ac id  ( I I I )  ; m p  151~ ~ (5) .  

The  c a t h o l y t e  was  p o u r e d  into  1 l i t e r  of w a t e r  
and  e x t r a c t e d  w i t h  e ther .  The  w a t e r  so lu t ion  was  
ac id i f ied  and  e x t r a c t e d  w i t h  e t h e r  aga in .  R e m o v a l  
of t he  e t h e r  l e f t  a y e l l o w  r e s i d u e  (5g) .  This  m a t e -  
r i a l  was  w a s h e d  w i t h  benzene  and  3.2g of a w h i t e  
sol id  ( I V ) ;  m p  225o-227 ~ dec. was  ob ta ined .  

Anal .  Calc 'd .  for  C31H2604: C, 80.50; H, 5.63. 
F o u n d :  C, 80.54; H, 6.03. 

A n e u t r a l i z a t i o n  e q u i v a l e n t  of th is  c o m p o u n d  
was  o b t a i n e d  b y  t i t r a t i o n  w i t h  s o d i u m  e t h o x i d e  in  
m e t h a n o l  and  the  v a l u e  was  f o u n d  to be  464. The  
c a l c u l a t e d  v a l u e  for  a d i m e r i c  m o n o c a r b o x y l i c  ac id  
( IV)  is 462. 

This  ac id  f r o m  i ts  i n f r a r e d  s p e c t r u m  in N u j o l  a n d  
r e a c t i o n  w i t h  base  p r o v e d  to be  1 , 3 , 4 - t r i p h e n y l - 1 -  
h y d r o x y -  2 - b e n z o y l -  5 - c a r b o x y c y c l o p e n t a n e  ( IV) .  

The  ac id  ( IV)  (0.3g) w h e n  d i s so lved  in  w a t e r  
(150 m l )  con t a in ing  e t h a n o l  (3 m l )  a n d  20% p o t a s -  
s ium h y d r o x i d e  (2.5 m l )  and  h e a t e d  at  r e f lux  for  5 
rain,  gave  d l - l , 3 , 4 , 6 - t e t r a p h e n y l - l , 5 - h e x a n e d i o n e ;  
y ie ld ,  0.24g. The  m e l t i n g  po in t  a f t e r  success ive  r e -  
c ry s t a l l i z a t i ons  f r o m  benzene  and  e t h a n o l  was  
192~ ~ A m i x t u r e  w i t h  an  a u t h e n t i c  s a m p l e  (6)  
m e l t e d  a t  t he  s ame  poin t .  The  i n f r a r e d  s p e c t r a  in  
N u j o l  w e r e  iden t i ca l .  

In  a s i m i l a r  e l ec t ro ly s i s  us ing  0.155M t e t r a - n -  
b u t y l a m m o n i u m  iod ide  as the  s u p p o r t i n g  e l e c t r o -  
l y t e  t he  r e s u l t i n g  c a t h o l y t e  was  p o u r e d  ove r  ice 
con ta in ing  10 m l  of  10% acet ic  ac id  and  e x t r a c t e d  
w i t h  200 m l  of m e t h y l e n e  ch lor ide .  The  i n so lub l e  
w h i t e  m a t e r i a l  f o r m e d  was  f i l t e red  and  r e c r y s t a l -  
l ized  f r o m  ch lo ro fo rm.  This  c o m p o u n d  (0.9g) 
m e l t e d  at  258~ ~ and  d id  no t  dep re s s  t he  m e l t -  
i ng  po in t  of m e s o - l , 3 , 4 , 6 , - t e t r a p h e n y l - l , 5 - h e x a n e -  
dione  (6) .  

The  m e t h y l e n e  c h l o r i d e  l a y e r  was  s h a k e n  w i t h  
t h r e e  5 0 - m l  p o r t i o n s  of 10% s o d i u m  b i c a r b o n a t e  
solut ion.  Ac id i f i ca t ion  f o l l o w e d  b y  e x t r a c t i o n  w i t h  
e t h e r  gave  3.9g of a - p h e n y l - f l - b e n z o y l p r o p i o n i c  
acid;  mp,  145~ ~ R e c r y s t a l l i z a t i o n  f r o m  a 1:2 
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m i x t u r e  of b e n z e n e  and  p e t r o l e u m  e t h e r  (bp  100 ~ 
106 ~ gave  a p r o d u c t  w i t h  a m e l t i n g  p o i n t  of 151 ~ 
152 ~ (5 ) .  The  n e u t r a l i z a t i o n  e q u i v a l e n t  o b t a i n e d  
b y  t i t r a t i o n  w i t h  s o d i u m  m e t h o x i d e  in  abso lu t e  
m e t h a n o l  was  254.6. 

R e m o v a l  of t he  so lven t  f r o m  the  m e t h y l e n e  ch lo -  
r i de  e x t r a c t  gave  a r e d d i s h  t a n - l i k e  m a t e r i a l  w h i c h  
could  no t  be  c h a r a c t e r i z e d .  

Reduc t ion  of  benzalace tone  in  the  presence  of  
carbon d i o x i d e . - - T h e  e l ec t ro ly s i s  cel l  was  f i l led 
w i t h  300 m l  of 0.155M t e t r a - n - b u t y l a m m o n i u m  io-  
d ide  in  d i m e t h y l f o r m a m i d e .  To the  c a thode  c o m -  
p a r t m e n t  was  a d d e d  10g of benza lace tone .  C a r b o n  
d i o x i d e  was  b u b b l e d  t h r o u g h  the  so lu t ion  for  1 h r  
p r i o r  to the  s t a r t  of t he  r e d u c t i o n  a n d  d u r i n g  the  
r educ t ion .  D i rec t  c u r r e n t  was  pa s sed  t h r o u g h  the  
cel l  for  20 hr .  

T w e n t y  m i l l i l i t e r s  of 10% acet ic  ac id  was  a d d e d  
to t h e  ca tho ly te ,  a n d  the  so lve n t  was  r e m o v e d  u n d e r  
d i m i n i s h e d  p r e s su re .  The  r e s i d u e  was  e x t r a c t e d  
w i t h  e ther .  The  e t h e r  e x t r a c t  was  s h a k e n  w i t h  t h r e e  
5 0 - m l  po r t i ons  of 10% s o d i u m  b i c a r b o n a t e  solu t ion .  
Ac id i f i ca t ion  of t he  c o m b i n e d  s o d i u m  b i c a r b o n a t e  
e x t r a c t s  a n d  e x t r a c t i o n  w i t h  e t h e r  gave  an  oi l  
w h i c h  w h e n  r e c r y s t a l l i z e d  f r o m  w a t e r  gave  2.1g of  
a w h i t e  sol id;  m p  125~ ~ [ the  l i t e r a t u r e  v a l u e  
(7)  for  t he  m e l t i n g  p o i n t  of ~ - p h e n y l l e v u l i n i c  ac id  
is 126~ A s e m i c a r b a z o n e  was  p r e p a r e d  f r o m  th is  
compound ,  and  i t  m e l t e d  at  217~ ~ . 

Anal .  Calc 'd .  for  C12H15NsO: C, 57.81; H, 6.06. 
F o u n d :  C, 57.38; H, 6.16. 

The  nonac id i c  f r a c t i o n  f r o m  the  r e d u c t i o n  was  a 
r e d  oi l  (5.8 m l )  w h i c h  could  not  be  c rys t a l l i zed .  
A d i s t i l l a t i on  of th is  oi l  a t  r e d u c e d  p r e s s u r e  (1 m m )  
gave  decompos i t ion .  

Results 
The  p o l a r o g r a p h i c  d a t a  o b t a i n e d  fo r  the  va r i ous  

a , f l - u n s a t u r a t e d  c a r b o n y l  c o m p o u n d s  in  d i m e t h y l -  
f o r m a m i d e  a r e  g iven  in  T a b l e  I. 

To he lp  f o r m u l a t e  e l ec t rode  r e a c t i o n s  and  i d e n -  
t i f y  t he  i n t e r m e d i a t e  spec ies  l a r g e - s c a l e  e l e c t ro ly t i c  
r e duc t i ons  w e r e  c a r r i e d  out  w i t h  b e n z a l a c e t o p h e -  
none,  benza l ace tone ,  c i n n a m a l d e h y d e ,  a n d  c r o t o n a l -  
dehyde .  The  r e su l t s  for  t he  r e d u c t i o n s  in  w h i c h  
iden t i f i ab le  m a t e r i a l s  w e r e  o b t a i n e d  a r e  g iven  in  
T a b l e  II. The  p r o d u c t s  w e r e  c h a r a c t e r i z e d  b y  n e u -  
t r a l i z a t i o n  equ iva l en t s ,  m o l e c u l a r  w e i g h t  d e t e r m i -  
na t ions ,  p r e p a r a t i o n  of de r i va t i ve s ,  or  c o m p a r i s o n  
w i t h  a u t h e n t i c  r e f e r e n c e  compounds .  I n f r a r e d  spec -  
t r a  f u r n i s h e d  ev idence  for  t he  s t r u c t u r e  o f  some of  

Table 1. Polarographic behavior of c~,fl-unsaturated ketones and 
aldehydes in dimethylformamide containing 0.155M 

tetra-n-butylammonium iodide 

Compound Concn.a 

E1/2 (v)  vs .  
H g  pool Iab 

1st 2 n d  1st 2 n d  
W a v e  W a v e  W a v e  W a v e  

Benzalacetophenone 0.952 --0.86 --1.48 1 .03  0.84 
Benzalacetone 1.01 --1.08 --2.06 1 .06  0.76 
Cinnamaldehyde 0.717 --0.97 --1.57 1 .18 0.93 
Crotonaldehyde 0.88 --1.39 - -  1.11 - -  

Millimoles per liter. 
b Id = ia/Cm~/3tz/6. 
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Table II. Large-scale electrolytic reductions of a,fl-unsaturated 
carbonyl compounds in anhydrous dimethylformamide 

A m p e r e s  T ime  of 
Compound Star t  F in i sh  electrolysis,  h r  Products  fo rmed  

HCOl~(CHs)~---0.155/Y/ (C4Hg)4NI (300 ml) 

20g 
C6HsCH = CHCOC~H5 0.65 0.02 8 
10g 
CsHsCH = CHCOCsH~ + CO-, 0.25 0.03 22.5 

10g 
C6HsCH = CHCOCH3 -5 CO2 0.37 0.05 20 

Po lymer  (6.1g) 

1 ,3 ,4 ,6-Tetraphenyl- l ,5-hexanedione (0.9g). a - p h e n y l -  
~-benzoylpropionic  acid (3.9g) 

a -Pheny l levu l in ic  acid (2.1g) 

HCON ICH3J 2---0.155M Potass ium Iodide  (300 ml) 

20g 
CsHsCH = CHCOCaH5 0.25 0.02 6 
10g 
CsHsCH = CHCOC6Hs + CO2 0.25 0.08 6 

Tr imer  (3.2g) 

a -Phenyl - i~-benzoylpropionic  acid (1.85g) 

1,3,4-Triphenyl-  1 -hyd roxy -2 -be nz oy l -5 - c a rboxycyc lo -  
pentane  (3.2g) 

the  compounds .  The  c r y s t a l l i n e  c o m p o u n d s  l i s t ed  
w e r e  a c c o m p a n i e d  b y  t a r s  and  oils. The  y ie lds  of the  
l a t t e r  a r e  no t  l i s ted .  

Discussion of Results 
Tab le  I shows  t h a t  ~ , f l - u n s a t u r a t e d  ke tone s  and  

a l d e h y d e s  a r e  r e d u c e d  s t epwise  a t  t he  d r o p p i n g  
m e r c u r y  e lec t rode .  B e n z a l a c e t o p h e n o n e ,  b e n z a l a c e -  
tone,  and  c i n n a m a l d e h y d e  g ive  a t w o - s t e p  r e d u c -  
t ion.  Va lues  for  t he  d i f fus ion  c u r r e n t  cons t an t s  a r e  
s l i g h t l y  l o w e r  t h a n  those  o b t a i n e d  for  b e n z o p h e -  
none,  a ce tophenone ,  a n d  b e n z a l d e h y d e  (3 ) ,  a n d  
w o u l d  p o i n t  to one e l e c t r o n  steps.  The  d i f fus ion  
c u r r e n t  cons t an t  for  t he  one w a v e  of c r o t o n a l d e -  
h y d e  ind ica t e s  t ha t  one e l ec t ron  is i nvo lved .  

The  doub le  w a v e s  f o u n d  a re  s i m i l a r  to those  r e -  
p o r t e d  in  n e u t r a l  a n d  a l k a l i n e  aqueous  m e d i a  b y  
P a s t e r n a k  (8)  and  w o u l d  sugges t  t he  fo l lowing  
g e n e r a l  m e c h a n i s m  for  the  r e d u c t i o n  of these  c o m -  
pounds .  

1st W a v e  
C6H~CH=CHCOC6H5 + e ~ C6H5CHCH=CC~H5 

I 
O- 

2nd Wave 

C6HsCHCH=CC6H5 + e-* CsHsC_HCH=CC6H5 

i I 
O- O- 

Evidence for the existence of the anion-free radi- 

cal as an intermediate in the reduction was obtained 
by performing large-scale electrolytic reductions in 

the presence and absence of carbon dioxide. If po- 

tassium iodide was used as the supporting electro- 

lyte, the reduction was limited to the first wave. 

Under these conditions in the presence of carbon 

dioxide two acids were obtained from benzalaceto- 
phenone. One of these was isolated as a dipotassium 
salt and on acidification gave carbon dioxide and a- 

phenyl-fl-benzoylpropionic acid. The infrared spec- 

tra of the dipotassium salt of the acid in Nujol 

s h o w e d  a c a r b o n y l  b a n d  a t  1692 cm -~ a n d  is in  
a g r e e m e n t  w i t h  s t r u c t u r e  ( I ) ,  w h i c h  has  one ca r -  
b o x y l  g r o u p  a l p h a  to a c a r b o n y l ,  r a t h e r  t h a n  s t r u c -  
t u r e  ( I I ) .  

0 
II 

C O 0 -  -O--C--O 
[ I 

C~HsCHCHCOC6H5 C6HsCHC = C--C6H5 

I I 
COO- COO- 

( I )  ( I I )  

Bo th  sa l t s  on ac id i f ica t ion  w o u l d  g ive  a - p h e n y l - f l -  
b e n z o y l p r o p i o n i c  ac id  ( I I I ) .  

C O O -  
I 

C6HsCH--CHCOC6H~ -{- 2H + -~ 
I 
COO - 

I 

C6HsCHCH2COC6H5 + COe 

I 
COOH 

III 

The  second  ac id  ( IV)  i so l a t ed  f r o m  the  r e d u c t i o n  
on the  bas is  of i t s  i n f r a r e d  s p e c t r u m ,  n e u t r a l  e q u i v -  
a l en t  of 464 and  d e c o m p o s i t i o n  to  d l - l , 3 , 4 , 6 , - t e t r a -  
p h e n y l - l , 5 - h e x a n e d i o n e  ( V ) ,  is 1 , 3 , 4 - t r i p h e n y l - 1 -  
h y d r o x y - 2 - b e n z o y l - 5 - c a r b o x y c y c l o p e n t a n e  ( IV) .  

COOH 
/ CH~ / OH 

C6HsCH ~ H  / O H  C6HsCH C ~ 

I C--C6H5 "-~ 1 / C6H5 
C0HsCH\ / C0HsCH\ / 

C--COCsH5 C--COCsH5 
H H 

IV V 

The  i n f r a r e d  s p e c t r u m  in N u j o l  s h o w e d  two  b a n d s  
in t h e  c a r b o n y l  r e g i o n  at  1715 and  1672 cm -~. The  
first  of t he se  c o r r e s p o n d s  to t he  c a r b o x y l  g roup  and  
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the second to the  ketone group. The h y d r o x y l  
s t re tching of the  ca rboxyl  group appeared  in the 
2500-2700 cm -1 region and the alcohol group at  
3490 cm -1. 

Decomposit ion of this acid (IV) occurred in 
a lka l ine  solution by  heat ing and gave dl- l ,3,4,6,-  
t e t r a p h e n y l - l , 5 - h e x a n e d i o n e  (V) .  The in f ra red  
spec t rum of this compound (V) in Nujol  indicates 
that  d / -1 ,3 ,4 ,6 - te t raphenyl - l ,5 -hexaned ione  is p res -  
ent as a cyclic tautomer .  Bands were  obta ined at 
1660 cm -1 for the carbonyl  group and at  3460 cm -1 
for the  hydrogen-bonded  h y d r o x y l  group. 

The products  obta ined  in the electrolysis  indicate  
that  the reduct ion  using potass ium iodide as the 
suppor t ing  e lect rolyte  must  proceed by  the  addi t ion 
of one electron to benzalacetophenone and gives an 
an ion- f ree  radica l  (VI) 

C6HsCH=CHCOCsH5 + e-~ CsHsCHCH=C--CsH5 
i 
O- 

VI 
which is resonance stabilized 

C6HsCHCH=C--CsH5 ~-~ CsHsCHCH--CC6H5 <-> 
I - II 
O -  O 

H C6H5 

C6HsC--CHC ~ etc. 
- II 

O 
VI 

Carbonat ion of this in te rmedia te  is fol lowed by  
fur ther  reduct ion and 

C6HsCHCHCOCsH~ + CO2 ~ C6HsCHCHCOC6H5 
- I 

COO-  

VI VII 

carbonat ion to the d ica rboxyla te  anion ( I ) .  

C6H~CHCHCOCsH5 + e ~ C6H~CHCHCOCsH5 
I - [ 
COO-  COO-  

VII VIII  

COO-  
E 

C6HsCHCHCOC6H~ + CO2 ~ CsHsCH--CHCOCsH5 
- I I 

COO-  COO-  

VIII  I 

The an ion- f ree  radica l  (VII)  may  not be reduced to 
the dianion VIII  immedia te ly ,  but  may  add first to 
the double bond of another  benzalacetophenone 
molecule and then would be reduced fur ther .  

COO- 
l 

VII + C6HsCH=CHCOC6Hs-* C6HsCHCHCOC6H5 

l 
C6HsCHCHCOC6H5 

IX 

IX+e 

COO- 
l 

CeHsCH--CHCOC6H5 

CeHsCHCHCOCsH5 

X 

COO- 
I 

CsHsCH--CH 

~'C6H5 
CsH~CHCCOCsH5 

J 
H 

XI 

The resu l tan t  anion (X) would  form the cyclopen-  
tane der iva t ive  (XI)  which on pro tonat ion  would  
give the  compound (IV) isolated. 

In the absence of carbon dioxide the one-e lec t ron  
reduct ion  of benzalacetophenone gave a t r imer .  The 
actual  s t ruc ture  of this compound is not known wi th  
certainty.  The in f ra red  spec t rum of this  compound 
in Nujol  pointed to two different  ca rbonyl  groups. 
One occurred at  1685 cm -1 which is p r o b a b l y  due to 
a benzoyl  type  ketone, and the other  occurred at  
1669 cm -1 which is in the range  for a doubly  un-  
sa tu ra ted  ketone group such as occurs in benzal -  
acetophenone. A possible s t ruc ture  which would 
fulfill  these requ i rements  is r epresen ted  by  formula  
XV and would  resul t  f rom the addi t ion of the anion-  
free rad ica l  (VI) to another  molecule  of benzal -  
acetophenone.  The resul t ing  an ion- f ree  radical  
(XII )  would  add to another  

O-- O-- 
I j 

CsHsiHCH= CC6H5 C6HsVHCH= CC8H5 

+ C6HsCH=CHCOCsH5 ~ CsHsCH--CHCOCeH5 
f 

CeHsCH--CHCOCeH5 CsHsCH--CHCOCeHs  

XII XIII 

molecule of benzalacetophenone and this i n t e rmed i -  
ate (XII I )  could e i ther  d ispropor t iona te  into the 
sa tu ra ted  (XIV) and unsa tu ra ted  t r imer  (XV) or 
could lose a hydrogen  a tom to the other  an ion- f ree  
radicals  (VI, XI I )  in the sys tem 

2 XII I  

CsHsCHCH2COCsH~ C6HsCHCH2COCsH5 
I / 

C6HsCHCHCOC6H5 + CsHsCH--CHCOCsH~ 
\ \ 

C6HsCH2CHCOC6H5 C6HsCH=CCOC6H5 
XIV XV 

Nei ther  the sa tu ra ted  ketone (XIV) or products  
f rom the anion free radicals  (VI, XII )  were  isolated 
from the mix tu re  of products  obtained.  The unsa tu -  
ra ted  t r imer  (XV) was obtained pure  only af ter  
severa l  crystal l izat ions.  

When t e t r a - n - b u t y l a m m o n i u m  iodide was used 
as the suppor t ing  electrolyte ,  a two-e lec t ron  reduc-  
t ion of benzalacetophenone occurred and gave a 
po lymer  which mel ted  at  426 ~ and was soluble only 
in boil ing acetophenone.  The in f ra red  spec t rum of 
this compound in Nujol  was almost  ident ical  wi th  
the spec t rum of meso-l,3,4,6-tetraphenyl-l,5-hex- 
anedione. The compound must  have  resul ted  f rom a 
series of Michae l - type  addi t ions of the dianion in-  
t e rmedia te  (XVI)  to benzalacetophenone.  
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O- O -  

C~H~CHCH=CC6H5 + C6HsCH=CHCOC6H5 C6HsCHCH=CCsH5 C~HsCHCH~OC~H5 

C6HsCHCH= CC6Hs CeHsCHCHCOC6H5 
I 
O- 

(XVI) (XVII) 

C6HsCHCHCOC6H5 
I + C6HsCH=CHCOC6H5 -* 

C6HsCHCHCOC6H5 

X V l I  
O -  

C6HsCHCH= CC6H5 
\ 

C6H~CHCHCOC6H5 -* (C6H5CH--CHCOC6Hs) x 
r 

C6HsCHCHCOC6H5 

Reduction of benzalacetophenone under the same 
conditions but in the presence of carbon dioxide 
gave a-phenyl-~-benzoylpropionic acid and a small 
amount of meso-l,3,4,6-tetraphenyl-l,5-hexanedi- 
one. The latter 

C O O -  
C6HsCHCHCOC6Hn + CO2 C6HsCHCHCOC6H.~ 

C O O -  

compound  resu l ted  f rom a Michae l - t ype  addi t ion  
of the  d i an ion  to a benza l ace tophenone  molecule  as 
shown  in  the  scheme for the  po lymer  format ion .  

C i n n a m a l d e h y d e  and  c ro tona ldehyde  form m u c h  
less s table  r educ t ion  in te rmedia tes .  In  the presence  
and  absence  of ca rbon  dioxide  on ly  oily products  
were  ob ta ined  f rom the  l a rge - sca l e  e lect rolyt ic  r e -  
duc t ion  of these compounds .  Benza lace tone  be ha ve d  
s imi l a r ly  in  the absence  of ca rbon  dioxide,  bu t  could 
be ca rbona ted  to a - p h e n y l l e v u l i n i c  acid. 

Resul ts  ob ta ined  in  the  absence  of ca rbon  dioxide  
are  s imi la r  to those repor ted  by  Law (9) for the r e -  

duc t ion  of c i nna ma l de hyde ,  benza lace tone ,  and  cro- 
t ona ldehyde  at a copper  or l ead  cathode in  aqueous  
med ium.  Unless  the  pH of the so lu t ion  was con-  
t ro l led  ca re fu l ly  on ly  res inous  m a t e r i a l  could be ob-  
ta ined.  

The la rge-sca le  e lectrolysis  ind ica ted  tha t  a,fl- 
u n s a t u r a t e d  ca rbony l  compounds  w h e n  su i t ab ly  
subs t i tu t ed  as in  benza l ace tophenone  wi l l  fo rm 
s table  a n i o n - f r e e  radica ls  a nd  d ian ions  which  m a y  
add to the p a r e n t  compound .  This  add i t ion  m a y  
cause a lower  diffusion c u r r e n t  in  po la rographic  
ana lys i s  t h a n  w h a t  wou ld  be  expected  ord inar i ly .  
Such an  addi t ion  reac t ion  m a y  m a k e  a q u a n t i t a t i v e  
d e t e r m i n a t i o n  of po lymer i zab le  m o n o m e r s  difficult 
in  a n h y d r o u s  media.  

Manuscript  received Aug. 2, 1963. This paper is 
based on the Ph.D. Thesis of A. Gundersen  (June 
1961) and was presented at the New York Meeting. 
The research was supported by the Office of Ordnance 
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Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 
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The Polarographic Reduction of Some Aryl Diketones 
Robert H. Philp, Jr., Robert L. Flurry, and R. A. Day, Jr. 

Department of Chemistry, Emory University, Atlanta, Georgia 

ABSTRACT 

The polarographic reduct ion of several  diketones has been studied in aque-  
ous and nonaqueous solvents. The Kalousek switching technique has been em- 
ployed to detect oxidizable intermediates.  Evidence was found for oxidizable 
enediols in  the reduct ion of benzil  and p-diacetylbenzene in  aqueous media. 
Free radicals are produced by a number  of diketones in dimethylformamide.  
The mechanism of reduct ion is discussed, including evidence for revers ibi l i ty  
of electrode processes. 

The po la rographic  r educ t i on  of va r ious  d ike tones  
has been  repor ted  by  n u m e r o u s  inves t iga tors  (1-  
17). The behav io r  of an  i n d i v i d u a l  compound  de-  
pends ,  of course, on the  s t r u c t u r a l  r e la t ionsh ip  be -  
tween  the  two ca rbony l  groups,  as wel l  as the  
presence  of con juga t ion  or a romat ic  groups  in  the  
molecule.  I t  is difficult to genera l ize  abou t  the be -  
hav ior  of such compounds .  

The  p resen t  work  repor ts  resul t s  ob t a ined  on the  
po l a rog raphy  of a n u m b e r  of a ry l  d ike tones  over  a 
wide  r ange  of pH in  a q u e o u s - e t h a n o l  media .  In  ad-  
d i t ion  to classical  methods  we have  used such tech-  
n iques  as cont ro l led  po ten t i a l  cou lomet ry  and  the  

Ka lousek  swi tch ing  me thod  (18) in  an  a t t e mp t  to 
ga in  i n f o r m a t i o n  r e ga r d i ng  the  m e c h a n i s m  of r e -  
duc t ion  of selected diketones.  Some s tudies  were  
also car r ied  out  in  d i m e t h y l f o r m a m i d e .  The  di -  
ketones,  benzil ,  and  p -d i ace ty lbenzene ,  were  s tudied  
in greates t  detail .  P r e l i m i n a r y  resul t s  are also r e -  
por ted  on the  compounds  1 ,3- indanedione ,  2 - p h e n -  
y l - l , 3 - i n d a n e d i o n e ,  n i n h y d r i n ,  m - d i b e n z o y l b e n z e n e ,  
o -d ibenzoy lbenzene ,  a nd  t r a n s - d i b e n z o y l e t h y l e n e .  

Experimental 
Pola rograph ic  da ta  were  ob ta ined  wi th  a L&N 

Elec t rochemograph  Type  E. H a l f - w a v e  poten t ia l s  
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Table I. Half-wave potentials of diketones a 

W a v e  1 W a v e  2 
S u b s t a n c e  p H  - -  Ells I - -  Ell2 I 

Benzil  3.1 0.45 2.5 
4.6 0.55 2.2 
7.6 0.72 2.0 
8.7 0.79 1.9 
9.4 0.79 2.1 1.53 0.5 

11.0 0.82 2.2 1.59 0.9 
12.0 0.81 2.2 1.61 1.3 

p-Diacetylbenzene 

Ninhydr in  

1,3-Indanedione 

2 -Pheny l - l ,3 - indaned ione  

Benzoylacetone 

2.0 0.78 2.4 
3.7 0.85 2.5 
5.0 0.94 2.5 
5.8 0.99 2.2 
6.8 1.11 2.3 
7.9 1.22 2.1 
9.5 1.25 2.4 

11.0 1.26 2.5 
12.0 1.25 2.5 

2.8 0.89 1.6 
4.2 0.96 1.6 
6.0 1.09 1.9 
7.3 1.14 1.9 
8.6 1.20 1.8 

10.8 1.21 1.5 
12.1 1.26 1.5 

2.8 0.92 2.0 
4.2 1.00 2.O 
6.0 1.14 2.1 
7.3 1.25 1.6 
8.6 1.32 0.4 

10.8 
12.0 

2.8 0.91 1.8 
4.2 0.98 1.8 
6.0 1.18 1.7 
7.3 1.37 0.7 
8.9 

10.8 
12.0 

2.9 1.19 1.6 
4.3 1.27 1.5 
5.3 1.33 1.6 
6.9 1.42 1.6 
8.5 1.48 1.2 
9.0 1.48 1.2 
9.8 

12.0 

1.45 0.7 
1.52 1.5 
1.60 2.1 
1.66 2.5 
1.70 2.3 
1.71 1.9 

1.19 
1.26 
1.40 
1.43 
1.48 
1.63 
1.62 

1.52 
1.57 
1.65 
1.65 
1.70 

1.50 
1.60 
1.61 
1.66 
1.72 

1.66 
1.63 
1.60 
1.71 

1.7 
1.9 
1.9 
1.9 
1.5 
1.7 
1.2 

0.9 
0.9 
2.9 
2.8 
2.5 

1.8 
2.0 
3.0 
2.7 
2.5 

0.6 
0.7 
1.5 
0.2 

w e r e  co r rec t ed  for  IR  drop and for  lag caused by  
g a l v a n o m e t e r  damping .  The  e lec t ro lys i s  cell, e x -  
p e r i m e n t a l  p r o c e d u r e  and buf fe r  so lu t ions  w e r e  the  
same as desc r ibed  p r e v i o u s l y  (19).  A l l  pH  va lues  
a re  of the  cel l  solut ion,  t ha t  is, the  a p p a r e n t  pH  of 
the  a q u e o u s - e t h a n o l  m i x e d  solvent .  The  final cel l  

so lu t ion  was  m a d e  by  m i x i n g  e q u a l  v o l u m e s  of 
aqueous  buf fe r  and a 0.002M so lu t ion  of the  d i k e -  
tone  in 95% ethanol ,  e x c e p t  in one case. The  con-  
cen t r a t i on  of p - d i a c e t y l b e n z e n e  was  5 x 10-4M in  a 
20% e thano l  solut ion in the  runs  r e p o r t e d  in Tab le  
I. The  d ropp ing  m e r c u r y  e lec t rode  o p e r a t e d  w i t h  a 
head  of 40 cm g iv ing  va lues  of t = 5.0 sec, m = 
1.48 mg  sec -1 in 0.01M sod ium h y d r o x i d e  in 25% 
e thano l  w i t h  an  open circui t .  

A l l  o rgan ic  c o m p o u n d s  of E a s t m a n  w h i t e  l abe l  or 
e q u i v a l e n t  g rades  w e r e  used  w i t h o u t  f u r t h e r  p u r i -  
fication. C o m p o u n d s  of u n c e r t a i n  p u r i t y  w e r e  r e -  
crys ta l l ized .  Al l  inorgan ic  compounds  w e r e  r eagen t  
grade.  The  D M F  was  Matheson ,  Coleman ,  and Bel l  
S p e c t r o q u a l i t y  R e a g e n t  and  was  used  w i t h o u t  f u r -  
t he r  t r e a t m e n t .  A l l  D M F  solut ions  w e r e  0.1M in 
t e t r a - n - b u t y l a m m o n i u m  iodide,  ob ta ined  as a po -  
l a r o g r a p h i c a l l y  p u r e  g rade  f r o m  S o u t h w e s t e r n  
A n a l y t i c a l  C h e m i c a l  Corpora t ion .  P o l a r o g r a m s  in 
D M F  w e r e  ca r r i ed  out  in a H e y r o v s k y  cell  w i t h  an 
i n t e r n a l  m e r c u r y  pool  anode.  

Macroe lec t ro lyses  and cou lome t r i c  m e a s u r e m e n t s  
w e r e  ca r r i ed  out  us ing  a po t en t io s t a t  of  the  L i n -  
g a n e - J o n e s  type  (20).  The  cell, e lec t rodes ,  and  
e x p e r i m e n t a l  p rocedu re s  w e r e  essen t i a l ly  those  
r e c o m m e n d e d  by L ingane  (21).  

The  c i rcui t  des igned  for  use of the  K a l o u s e k  
t e c h n i q u e  is s h o w n  in Fig.  la .  The  basic d i f fe rence  
b e t w e e n  this  and ci rcui ts  used  by o the r  w o r k e r s  is 
tha t  the  a u x i l i a r y  p o t e n t i o m e t r i c  c i rcu i t  conta ins  a 
s epa ra t e  w o r k i n g  cell. This  e l imina te s  the  necess i ty  
of m a k i n g  any  connect ions  ins ide  the  c o m m e r c i a l  
i n s t rumen t .  

The  swi t ch ing  was  effected by a spec ia l ly  con-  
s t ruc ted  cam o p e r a t i n g  aga ins t  a s.p.d.t, m i c r o -  
swi tch .  The  cam was  d r i v e n  by a Hur s t  synchronous  
m o t o r  (60 r p m )  and was  des igned  so tha t  the  
swi tch  was  in each  pos i t ion  t h r ee  t imes  each  r e v o -  
lut ion.  This  gave  a f r e q u e n c y  of  3 cps c o m p a r e d  to 
tha t  of 5 cps o r ig ina l ly  e m p l o y e d  by K a l o u s e k  (18).  

Dibenzoylmethane  

m-Dibenzoylbenzene  

1.6 0.93 0.9 
2.6 1.07 0.9 
4.1 1.15 0.8 
4.9 1.21 0.9 
7.4 1.35 0.7 
8.7 1.40 0.8 

10.5 
12.1 

3.0 1.01 b 
3.9 1.03 b 
5.0 1.05 1.9 
5.7 1.10 1.9 
6.8 1.22 3.7 
8.2 1.27 3.1 
9.8 1.33 1.3 

11.7 1.33 1.2 

1.53 
1.65 
1.65 
1.65 

1.25 
1.23 
1.23 

1.52 
1.51 

0.7 
0.9 
0.9 
1.0 

b 

1.9 
1.8 

1.3 
1.2 

. . . . . . . .  i 

I ELECTO- 
I CHEMOGRAPt 

I 
I 
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DME SCE 
AUXILIARY 
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(b) 

TO DME 

TO SCE 

TO BATTERY 

nFl 

--BECKMAN 
HELIPOT 

- -  MICROSWITCB 

TO VOLTMETER 

a A l l  E1/~ v a l u e s  vs .  S C E ;  d i f f u s i o n  c u r r e n t  c o n s t a n t s  I = i~/ Fig. 1. Apparatus for application of Kalousek's technique. (a) 
cm~'13tlle" Circuit. (b) Switching device. 

b W a v e s  w e r e  n o t  w e l l  d e f i n e d .  
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The  a u x i l i a r y  po ten t i a l  was  set by  use of a Beck-  
m a n  hel ipot  (500 ohms) .  The  vol tage  was  reg is te red  
on a S impson  Model  127 Vol tme te r  (0 -3v  at  1000 
o h m s / v ) .  I t  was  rea l ized t ha t  some loading  migh t  
resu l t  f rom this  circuit .  The  ca lcu la ted  va l ue  of 
the  d i f fe rent ia l  b e t w e e n  the  po ten t i a l  difference and  
the  vol tage  read  was of the  order  of 15 mv,  an d  this  
was verif ied b y  m e a s u r e m e n t s  of the  ou tpu t  us ing  
a po ten t iomete r .  F u r t h e r m o r e ,  as long as the a ux i l i -  
a ry  po t en t i a l  was  a t  a va lue  cor responding  to the  
p la t eau  of the  r educ t ion  w a v e  in  quest ion,  the  exact  
po ten t i a l  was  no t  cr i t ical  for  the  purpose  of the  ex -  
p e r i m e n t s  made.  A d i a g r a m  of the  appa ra tu s  is 
shown  in  Fig. lb .  

The d a m p i n g  posi t ion  2 of the  E lec t rochemograph  
was  found  to be most  sat isfactory.  W h e n  less d a m p -  
ing  was  employed,  v e r y  large  c u r r e n t  osci l lat ions 
caused by  the  drops, w i th  smal ler ,  supe r imposed  
osci l la t ions caused by  the swi tch ing  were  observed.  

Discussion o f  Resul ts  

Benzil and related diketones . - -The first d ike tone  
s tud ied  in  some deta i l  was  benzil .  P a s t e r n a k  (6, 7) 
found  one p r e s u m a b l y  t w o - e l e c t r o n  wave  over  the 
pH r ange  1-11 and  isolated benzo in  as the  p roduc t  
of macroelec t ro lys is .  Since no wave  was  observed  
for the  product ,  benzoin ,  which  i tself  is r educed  at 
somewha t  h igher  potent ia ls ,  i t  was  assumed  tha t  
the r educ t ion  proceeded t h rough  an  enedio l  wh ich  
was  slow to r e a r r a n g e  to benzo in  at the  m e r c u r y  
drop. The reac t ion  wou ld  be 

O O OH OH OH O 

0cc0 0 . . . .  . . . .  +2H+ +2e-~ 
Benzil 

Enediol Benzoin 

Later Bobrova and Tikhominova (I0) reported ob- 

serving a second wave in the reduction of benzil. 
Day, Philp, and Flurry (22) confirmed this obser- 
vation, noting that the wave was well formed at 
pH I0, and that it did occur at the potential at 
which benzoin was reduced. In solutions of low pH, 
however, the wave was not observed, even though 
benzoin itself normally produced a wave under 

these same conditions. Hence, it is evident that the 
rearrangement of the enediol to benzoin is facili- 
tated in basic media. 

A mechanism to account for the effect of acidity 
on the rearrangement is as follows 

@ 
OH OH OH :()[. 

O' �9 
OH O OH O 

0 O-i " 0 - - i t  ~ ~ C-- 
@ 

The resonance  h y b r i d  of the  enola te  ion has a v e r y  
basic cen te r  on a ca rbon  a tom and  can  be p r o t o n -  
a ted direct ly.  This  m e c h a n i s m  wou ld  m a k e  r ea son -  
able  the  fact tha t  no second w a v e  is observed  wi th  
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benz i l  at low pH, bu t  is at h igh  pH. I t  wou ld  r e -  
qu i re  tha t  the ease of r e a r r a n g e m e n t  depend  on the  
acid s t r eng th  of the  enediol ;  t ha t  is, the  s t ronger  
the  acid the lower  the pH r e q u i r e d  to fo rm app re -  
ciable concen t ra t ions  of an ion  a nd  consequen t ly  to 
observe  the  second wave.  

The h a l f - w a v e  po ten t ia l s  ob ta ined  for severa l  
o ther  d ike tones  at d i f ferent  pH va lues  are shown 
in  Table  I. Of these compounds  p - d i a c e t y l b e n z e n e  
is pe rhaps  the most  ana logous  to benz i l  in  tha t  the 
enediol  shown be low can be pos tu la ted  

OH OH 
I ~ I 

CH3--C ~ ( ~ C  CHI 

R e a r r a n g e m e n t  of this enedio l  to the keto s t r uc tu r e  
restores a romat ic  charac te r  to the  be nz e ne  ring.  
Hence,  the an ion  s t ruc tu re  should  be favored  and  
the second wave  should  be ob ta ined  at lower  pH 
values ,  as is found  to be the  case. 

Some studies  we re  a t t e mp t e d  w i th  o - d i b e n z o y l -  
benzene,  since its s t ruc tu re  a l lows the  fo rma t ion  of 
an  enedio l  in te rmedia te .  However ,  inconc lus ive  re -  
sults  were  ob ta ined .  At  pH 2.7 one we l l -de f ined  
wave  (E1/e of 0.81% I = 2.0) was  observed.  A t  pH 
4.7 the  wave  of 0.92v was fo l lowed by  a somewha t  
d r a w n  out  wave  a r o u n d  1.25v. This  behav io r  con-  
t inues  at  h igher  pH va lues  and  for this  r eason  no 
da ta  are i nc luded  in  Tab le  I. The compound  n i n h y -  
d r in  also should  be capable  of fo rming  the  enediol  
s t ruc tu re  and  does fo rm two waves  even  in  fa i r ly  
acidic solutions.  We ob ta ined  no di rect  ev idence  for 
an  oxidizable  i n t e r m e d i a t e  w i t h  this  compound,  bu t  
Holleck, L e h m a n n ,  a nd  M a n n l  (23) r e c e n t l y  r e -  
por ted  the isola t ion of enediol  salts in  the  r educ t ion  
of n i n h y d r i n  in  the  pH range  4-11. The c o m p o u n d  
d ibenzoy le thy lene ,  s tud ied  b y  P a s t e r n a k  (7) ,  
should  form an  enediol  i n t e r m e d i a t e  

OH OH 
I I 

According  to P a s t e r n a k ' s  resul ts ,  bo th  cis- and  
t r a n s - d i b e n z o y l e t h y l e n e s  show the  second wave  
abou t  pH 7.2. We conf i rmed this  behav io r  for the  
t r a n s  compound.  

Other diketones.--Of the o ther  d ike tones  whose 
behav io r  is g iven  in  Tab le  I, benzoy lace tone  and  di -  
b e n z o y l m e t h a n e  canno t  form the  enediol  i n t e r m e -  
diate. C u r r e n t  va lues  cor respond  more  n e a r l y  to one 
e lec t ron  process for bo th  waves.  A second wave  
does appear  in  the  pH r a nge  7 to 8 b u t  the first 
wave  d isappears  at st i l l  h igher  pH. Enol iza t ion  can 
occur in  these molecules ,  of course,  and  the w a v e -  
sp l i t t ing  observed  is s imi la r  to tha t  f ound  in  the 
po la rographic  r educ t ion  of acids whose  reduc ib le  
groups  are  inf luenced  by  the  presence  of e i ther  the  
free acid or its a n i on  form. The d i sappea rance  of 
the first wave  is cons is ten t  w i th  this  concept.  The 
behav io r  of 1 ,3 - indaned ione  and  2 - p h e n y l - l , 3 - i n -  
daned ione  is s imi lar ,  and  even  though  it is possible 
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for these compounds to form enediol  s t ruc tures  the 
evidence does not  suppor t  the format ion  of such 
in termedia tes .  

The molecule m-d ibenzoylbenzene  is in teres t ing  
since its s t ruc ture  is such tha t  it  cannot form the 
enediol  s t ructure,  nor can it enolize. Appa ren t l y  the 
carbonyl  groups are reduced independent ly  and the 
polarographic  behavior  is s t r ik ing ly  s imi lar  to tha t  
of a s imple aromat ic  ketone, such as benzophenone 
(19). Two waves  are  observed in acid media,  the 
first pH dependent ,  the second pH independent .  The 
two waves  merge about  pH 6 and separa te  again at 
high pH. Coulometric  da ta  confirmed tha t  complete  
reduct ion (4 electrons)  occurred at  high pH. The 
ha l f -wave  potent ia ls  observed are ve ry  close to the 
values  obtained for benzophenone.  

Studies using the Kalousek technique.--Since the 
in te rmedia te  proposed in the reduct ion of severa l  
diketones has the enediol  s t ruc ture  and since ene-  
diols are oxidizable at  the d ropping  mercu ry  elec-  
trode, we inves t iga ted  the poss ibi l i ty  of detect ing 
in te rmedia tes  by  an oxidat ion procedure.  I t  was of 
fur ther  in teres t  to see if any d ike tone-enedio l  sys-  
tem might  be r eve r s ib ly  oxidized and reduced.  In 
pa r t i cu la r  the  in te rmedia te  obtained f rom p - d i -  
acetylbenzene shown below 

P O L A R O G R A P H I C  R E D U C T I O N  O F  D I K E T O N E S  

/ 

OH OH 

CH3--C ~ ---- -- CH3 

is in teres t ing since it represents  a case analogous 
to the p -benzoqu inone-hydroqu inone  sys tem except  
tha t  the  qu inone- l ike  s t ruc ture  is the reduced 
ra the r  than  the oxidized form. 

During the course of this work  Berg (17) r e -  
por ted  observing a stable,  po la rographica l ly  oxidiz-  
able in te rmedia te  in the photosensi t ized and ca ta-  
lyt ic  reduct ion of benzil.  Mul ler  (16) also observed 
an oxidizable  in te rmedia te  when benzi l  was re -  
duced wi th  hydrogen  in a buffer solution of pH 2.4. 

We chose the method in t roduced by  Kalousek  
(18) to see if in te rmedia tes  could be detected. This 
method, which has not been wide ly  used, changes 
the polar iz ing vol tage discontinuously.  Recent  
papers  in which the technique has been employed  
are  those of Bauer  (24), Bauer  and Berg (25), and 
Holubek and Volke (26). As descr ibed under  the 
exper imen ta l  section, we used the circuit  usua l ly  
des ignated in the l i t e r a tu re  as K-11. With  this c i r -  
cuit, if an oxidizable product  is produced dur ing 
reduct ion an anodic wave  wil l  be obta ined along 
with  the reduct ion wave  provid ing  the potent ia l  
scan is in i t ia ted  at  a sufficiently posi t ive value.  The 
theoret ica l  forms of cu r ren t -po ten t i a l  curves under  
the condit ions of Kalousek ' s  exper iments  have been 
discussed by  K a m b a r a  (27), Kou tecky  (28), and 
Matsuda (29). I t  can be shown tha t  a sys tem fo rm-  
ing a revers ib le  couple in the o rd ina ry  sense ( reac-  
t ion ra te  fast compared  to diffusion) wil l  exhibi t  a 
merged anodic-cathodic  wave  when K - l ]  condi-  
tions are  applied.  

331 
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Fig. 2. Ordinary and K-l] polarograms of 5enzil ot different pH 
yrl~ues. 

Figure  2 shows the o rd ina ry  and K-11 pola ro-  
grams for benzil  at different  pH values.  In all of 
the la t te r  po larograms the aux i l i a ry  potent ia l  ap-  
pl ied to produce the reduct ion product  cor re-  
sponded to the top of the first normal  wave. In ve ry  
acid solutions, the K-11 po la rogram gives an almost  
merged  wave, the ha l f -wave  potent ia l  of the com- 
bined wave  being almost  the same as tha t  of the 
o rd ina ry  polarogram.  However ,  the process is not 
s t r ic t ly  reversible .  As the pH is increased,  the 
waves spli t  into anodic and cathodic components,  
and both waves  show a shift  to more negat ive  po-  
tentials .  In the pH range  9-10 there  is a discernible  
t rend  toward  merging,  and at  pH 13, only a merged,  
revers ib le  wave  is observed.  
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Some  runs  w e r e  m a d e  us ing  the  KIn11 t e c h n i q u e  
w i t h  the  a u x i l i a r y  p o t e n t i a l  c o r r e s p o n d i n g  to t he  
top  of the  second  w a v e  (a t  p H  v a l u e s  w h e r e  t he  
second  w a v e  was  o b s e r v e d ) .  A n  anod ic  w a v e  of  
s o m e w h a t  d e c r e a s e d  h e i g h t  was  o b t a i n e d  at  t he  
p o t e n t i a l  of the  first  wave .  I t  h a d  l i t t l e  if  a n y  c a t h -  
odic  c o m p o n e n t  u n t i l  t he  p o t e n t i a l  of t he  second  
r e d u c t i o n  w a v e  was  r eached .  This  b e h a v i o r  can  be  
r a t i o n a l i z e d  b y  a s s u m i n g  the  four  e l e c t r o n  a d d i t i o n  
a t  p o t e n t i a l s  c o r r e s p o n d i n g  to t he  t op  of t h e  second  
w a v e  m u s t  be  s tepwise .  The  o x i d i z a b l e  i n t e r m e d i a t e  
mus t ,  in  cases  w h e r e  t he  anod ic  w a v e  is obse rved ,  
h a v e  at  th is  p o t e n t i a l  a l ifemtime sufficient  to a l l ow 
de t ec t i on  b y  the  K-11  t echn ique .  

S ince  the  K-11  d a t a  a t  p H  13 i n d i c a t e d  t h a t  t he  
s y s t e m  was  r e v e r s i b l e ,  an  u n d a m p e d  p o l a r o g r a m  
was  r u n  a t  th is  pH to d e t e r m i n e  n, the  n u m b e r  of 
e l ec t rons  in t he  p o t e n t i a l  d e t e r m i n i n g  step,  f r om 
the  s lope  of the  p o l a r o g r a m .  A s lope  of 27.5 m v  was  
ob ta ined ,  close to t he  t h e o r e t i c a l  v a l u e  of 29.6 m v  
for  a t w o - e l e c t r o n  step.  The  K-11  d a t a  at  p H  1 
c l e a r l y  i n d i c a t e d  i r r e v e r s i b i l i t y ,  a n d  the  c o r r e -  
s p o n d i n g  log p lo t  d e v i a t e d  f r o m  l i n e a r i t y  n e a r  t he  
h e a d  of t he  wave .  S ince  t h e r e  was  no c l ea r  ev idence  
t h r o u g h  the  w h o l e  p H  r a n g e  w h i c h  i n d i c a t e d  a 
change  in  m e c h a n i s m ,  we  fee l  t h a t  t he  p o t e n t i a l  d e -  
t e r m i n i n g  s tep  in bo th  ac id ic  and  bas ic  m e d i a  is a 
t w o - e l e c t r o n  process .  A m e c h a n i s m  is p r o p o s e d  
l a te r .  

F i g u r e  3 shows  the  o r d i n a r y  and  K-11  p o l a r o -  
g r a m s  o b t a i n e d  w i t h  p - d i a c e t y l b e n z e n e  a t  d i f fe ren t  
p H  va lues .  I t  can  be  seen  t h a t  in  t he  p H  r a n g e  1-3 
the  K-11  d a t a  i nd i ca t e  r e v e r s i b i l i t y .  A t  p H  4.7 
some s e p a r a t i o n  of t he  anod ic  and  ca thod ic  w a v e s  is 
a p p a r e n t .  A t  p H  8.8 ( a n d  h i g h e r  p H )  the  second  
ca thod ic  w a v e  is w e l l  def ined,  a n d  the  anod ic  c u r -  
r e n t  has  f a l l en  a lmos t  to zero.  This  l a t t e r  b e h a v i o r  
ind ica t e s  t h a t  the  ened io l  has  r e a r r a n g e d  to the  
ke to  f o r m  w h i c h  is no t  r e o x i d i z e d  at  t he  p o t e n t i a l  
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Fig. 3. Ordinary and K-11 polarograms of p-diacetylbenzene at 
different pH values. 

be ing  app l ied .  The  log p lo t  of the  d a t a  in ac id  so lu-  
t ion g ives  a good s t r a i g h t  l ine  w i t h  a s lope  of 31.0 
mv,  i n d i c a t i n g  a t w o - e l e c t r o n  p o t e n t i a l  con t ro l l i ng  
process .  These  o b s e r v a t i o n s  wi l l  a lso be  r a t i o n a l i z e d  
in t he  m e c h a n i s m  p r o p o s e d  l a te r .  

The  n o r m a l  p o l a r o g r a p h i c  b e h a v i o r  of t r a n s -  
d i b e n z o y l e t h y l e n e  was  f o u n d  to be  the  s ame  as 
p r e v i o u s l y  r e p o r t e d  b y  P a s t e r n a k  (7) .  The  K-11  
p o l a r o g r a m s  s h o w e d  m e r g e d  anodic  and  ca thod ic  
c o m p o n e n t s  in  t h e  p H  r a n g e  1-5 ( s a m e  as  for  
p - d i a c e t y l b e n z e n e ,  Fig.  3).  The  r e su l t s  i n d i c a t e d  a 
r e v e r s i b l e  t w o - e l e c t r o n  s tep  up  to p H  5; a t  h i g h e r  
p H  va lues  the  anod ic  and  ca thod ic  w a v e s  s e p a r a t e d  
w i t h  t he  anod ic  c u r r e n t  d i s a p p e a r i n g  a b o v e  p H  7. 
A b o v e  p H  10 no m e a n i n g f u l  r e su l t s  cou ld  be  ob -  
t a i n e d  because  t he  c o m p o u n d  r a p i d l y  decomposed .  

The  on ly  o t h e r  ke tones  on w h i c h  K-11  p o l a r o -  
g r a m s  w e r e  r u n  w e r e  m - d i b e n z o y l b e n z e n e ,  o - d i -  
benzoy lbenzene ,  and  1 ,3 - indaned ione .  None  of t h e  
t h r e e  c o m p o u n d s  gave  anod ic  waves .  This  was  no t  
s u r p r i s i n g  in the  case  of m - d i b e n z o y l b e n z e n e ,  s ince  
the  ened io l  i n t e r m e d i a t e  canno t  be  fo rmed .  I n  t h e  
case of the  o r tho  c o m p o u n d  the  ened io l  s t r u c t u r e  is 
poss ib le ,  a l t h o u g h  the  r e q u i r e m e n t s  of  c o p l a n a r i t y  
in  t h e  s t r u c t u r e  m i g h t  m a k e  the  i n t e r m e d i a t e  i m -  
p r o b a b l e .  As p r e v i o u s l y  m e n t i o n e d  i t  is also pos -  
s ib le  for  1 ,3 - i ndaned ione  to f o r m  an  enediol .  H o w -  
ever ,  t h e  ev idence  h e r e  s u p p o r t s  t h a t  o b t a i n e d  f rom 
o r d i n a r y  p o l a r o g r a m s  i n d i c a t i n g  t ha t  such an  in -  
t e r m e d i a t e  is not  fo rmed .  A l t h o u g h  w e  d id  not  t r y  
n i n h y d r i n  b y  th is  t echn ique ,  L e h m a n n  and  M a n n l  
(23) ,  as p r e v i o u s l y  m e n t i o n e d ,  h a v e  r e p o r t e d  i so la -  
t ion  of ened io l  sa l t s  in the  r e d u c t i o n  of th is  com-  
pound .  

Studies in dimethylformamide.--Dimethylforma- 
m i d e  ( D M F )  is a h i g h l y  a p ro t i c  so lven t  and  a l lows  
e l ec t ron  a d d i t i o n  to be  o b s e r v e d  w i t h o u t  a c c o m -  
p a n y i n g  c ompl i c a t i ons  due  to p ro tona t i on .  S ince  no 
p r e v i o u s  w o r k  has  been  r e p o r t e d  on d i k e t o n e s  in  
DMF,  i t  was  t h o u g h t  d e s i r a b l e  to d e t e r m i n e  the[ r  
b e h a v i o r  in  th is  solvent .  A r o m a t i c  olefins, h y d r o -  
ca rbons ,  qu inones ,  a l d e h y d e s ,  and  ke tone s  h a v e  
been  r e d u c e d  in D M F  (30-32)  and  i n t e r m e d i a t e  
f ree  r ad i ca l s  h a v e  been  d e t e c t e d  b y  e l e c t r o n  p a r a -  
m a g n e t i c  r e sonance  m e a s u r e m e n t s  (33, 34) .  

The  r e su l t s  o b t a i n e d  in D M F  w e r e  g e n e r a l l y  r e a -  
sonable ,  a l t h o u g h  a t t e m p t s  to ga in  i n f o r m a t i o n  b y  
a d d i n g  pheno l  as a p r o t o n  d o n o r  w e r e  g e n e r a l l y  
unsuccessfu l .  P o l a r o g r a p h i c  d a t a  on s e v e r a l  d i k e -  
tones  a r e  g iven  in Tab le  II .  Benzi l ,  pmdiace ty lben -  
zene,  and  o - d i b e n z o y l b e n z e n e  gave  two  waves ,  
m - d i b e n z o y l b e n z e n e  gave  one, a n d  t r a n s - d i b e n z o y l -  
e t h y l e n e  gave  th ree .  In  a l l  cases  t he  K-11  d a t a  i n -  
d i c a t e d  t ha t  t he  i n i t i a l  s t ep  was  a r e v e r s i b l e  one 
i n v o l v i n g  the  a d d i t i o n  of one e lec t ron .  W e l l - d e f i n e d  
m e r g e d  a n o d i c - c a t h o d i c  w a v e s  w e r e  o b t a i n e d  w i t h  
the  a u x i l i a r y  p o t e n t i a l  c o r r e s p o n d i n g  to the  top  of 
the  first  wave .  

M a c roe Ie c t ro ly s i s  e x p e r i m e n t s  w i t h  benz i l  def i -  
n i t e l y  i n d i c a t e d  the  f o r m a t i o n  of a f ree  r ad ica l .  The  
p o t e n t i a l  was  set  a t  a v a l u e  on top  of t he  f irst  w a v e  
and  a b o u t  2 m i n  a f t e r  the  s t a r t  of t he  e lec t ro lys i s ,  
a deep  b lue  color  a p p e a r e d ,  l a t e r  c h a n g i n g  to a deep  
green .  The  so lu t ion  r e t a i n e d  i ts  color  for  long p e r i -  
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Table II. Half-wave potentials of diketones in dimetbylformamide 

P O L A R O G R A P H I C  R E D U C T I O N  O F  D I K E T O N E S  

S u b s t a n c e  --Ell2 (vs.  H g  pool)  I 

Benzil 0.58 1.6 
1.28 1.5 a 

t rans-Dibenzoyle thylene 0.32 1.5 
0.62 0.6 
1.48 0.7 

p-Diacetylbenzene 0.91 1.8 
1.39 2.0 

m-Dibenzoylbenzene 1.07 b 

o-Dibenzoylbenzene 1.05 1.5 
1.31 1.5 

a B e n z o i n  g a v e  a w a v e  a t  -- 1 .22v w i t h  I = 1.6. 
b T h e  f i rs t  w a v e  is  f o l l o w e d  by  a l a r g e  p o o r l y  de f i ned  c u r r e n t  r i s e  

s t a r t i n g  f r o m  1.2v.  I t  a p p e a r s  to  be  t w o  w a v e s  w i t h  a c o m b i n e d  
w a v e  h e i g h t  (I)  of  a b o u t  3.0.  

ods of t ime,  bu t  qu ick ly  r eve r t ed  to a ye l low color 
on exposure  to air.  

Wi th  the  Ka lousek  techn ique ,  the  aux i l i a r y  po-  
t en t i a l  cor responding  to tha t  on top of the  second 
wave,  benz i l  behaved  as it  did in  aqueous  media ,  
whereas  p - d i a c e t y l b e n z e n e  p roduced  an  anodic  
wave  not  on ly  at the po ten t i a l  of the first wave  bu t  
also at  t ha t  of the  second wave  (merged ) .  This  was  
the on ly  case observed  where  the re  was  ev idence  
for two po la rograph ica l ly  oxidizable  in te rmedia tes .  
Resul ts  w i th  t r a n s - d i b e n z o y l e t h y l e n e  were  s imi la r  
to those w i th  benzil .  

A n  inves t iga t ion  of the use of l i t h i u m  chlor ide 
as a suppor t ing  e lec t ro ly te  in  DMF led to some i n -  
t e res t ing  observa t ions .  Wi th  this  sal t  as the  e lec t ro-  
ly te  benz i l  gives on ly  one w a v e  of twice the  he ight  
observed in  t e t r a b u t y l a m m o n i u m  iodide ( T B N I ) ,  
i nd ica t ing  a s ingle  t w o - e l e c t r o n  r educ t ion  step. The  
use of TBNI  has been  ex tens ive ly  s tud ied  (35) a nd  
l i t h i u m  chlor ide has b e e n  repor ted  to give a n o m a l -  
ous resul t s  (36).  For  these reasons  we inves t iga ted  
this r e su l t  i n  more  detail .  

The  s ingle  benz i l  w a v e  in  l i t h i u m  chloride oc- 
cu r red  at El~2 = 0.64 and  the  va lue  of I was  3.3. 
K-11  po la rograms  wi th  the  aux i l i a ry  po ten t i a l  on 
top of this  wave  gave a we l l -de f ined  merged  wave  
ind ica t ing  a revers ib le  couple. Add i t i on  of pheno l  
r e su l t ed  in  the  appea rance  of a second w a v e  a nd  in  
d imin i shed  K-11  anodic  cur ren t .  These resul t s  sug-  
gest tha t  benz i l  is r eve r s ib ly  r educed  in  a t w o - e l e c -  
t r on  step to a d ian ion  which  species m a y  be more  
s tabi l ized by  the  smal l  l i t h i u m  cat ion t h a n  by  the  
b u l k y  t e t r a a l k y l  

0 0 - 0  O -  

r :'_ O 
a m m o n i u m  cation. Add i t ion  of the  p ro ton  donor  
m a y  faci l i ta te  r e a r r a n g e m e n t  to benzo in  which  re -  
duces to give the second wave.  1 

1 E v i d e n c e  o b t a i n e d  b y  cyc l i c  v o l t a m m e t r y  a n d  E P R  s u p p o r t s  
t h e s e  c o n c l u s i o n s  (37) .  
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Conclusions Regarding Mechanism of Reduction 
B e n z i l . - - I n  e t h a n o l - w a t e r  solut ions  at low pH the  
e x p e r i m e n t a l  ev idence  does no t  c lear ly  ind ica te  the  
n a t u r e  of the  observed wave.  F r o m  the  w a v e  he ight  
and  the  fact tha t  benzo in  is the product ,  we prefer  
to conclude tha t  the  enediol  is fo rmed  and  this spe-  
cies is tha t  which  produces  the  anodic  c u r r e n t  w h e n  
the Ka lousek  t echn ique  is employed.  One  can as-  
sume  a s t ep -wise  process 

0 0 

+ e + H+ ~=~ 

0 OH 
II I 

--c--c -- 0 

0 OH OH OH 

� 9  + e + H+--> 

in  which  the second step is i r revers ib le .  This  migh t  
be t e r m e d  a " p se udoqu i none "  type  sys tem in  tha t  
m a n y  qu inones  are no t  " w e l l - b e h a v e d "  in  acid 
me d i a  w i th  respect  to log plots, etc. 

In  v e r y  basic  media ,  the K-11  da ta  and  log plot  
ind ica te  tha t  the  sys tem is a r evers ib le  t w o - e l e c t r o n  
process 

O O O -  O -  

. . . .  C ~ C ~  
+ 2 e ~ - -  

We found  no conclus ive  ev idence  for the  free r ad i -  
cal pos tu la ted  by  Berg (38).  2 

I n  solut ions  of DMF both  electrolysis  a nd  K-11  
da ta  suppor t  a o n e - e l e c t r o n  r eve r s ib l e  step for the  

first w a v e  

0 0 0 0 -  
I I  I 

0 
The second w a v e  p r o b a b l y  resul t s  f rom the  f u r t he r  
r educ t ion  of the  rad ica l  to the  enedio l  d i an ion  

O O -  O -  O -  
Il I I I 

�9 +o, 
With  l i t h i u m  chlor ide as the  suppor t ing  electrolyte ,  
however ,  the  process is a p p a r e n t l y  a r evers ib le  
t w o - e l e c t r o n  step 

2 U n p u b l i s h e d  r e s u l t s  of  R a l p h  N.  A d a m s  and  R. H.  P h i l p ,  U n i -  
v e r s i t y  of K a n s a s ,  u s i n g  cyc l i c  v o l t a m m e t r y  w i t h  a h a n g i n g  m e r -  
c u r y  d r o p  in  50% e t h a n o l ,  O.IM s o d i u m  h y d r o x i d e  s h o w s  a r e v e r s i -  
b l e  c o u p l e  w h i c h  c o u l d  b e  e i t h e r  t h e  r a d i c a l  o r  e n e d i o l a t e .  T h e  E P R  
did  no t  s h o w  a n y  c l e a r  e v i d e n c e  for  a f r e e  r a d i c a l  as  w o u l d  b e  
e x p e c t e d  f o r  a s e m i q u i n o n e  u n d e r  t h e s e  cond i t ions .  
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Li + Li § 
O O O- O- 
If It ! ] <>_c_c_<> 

+2e+2Li+~--- 

p-Diacetylbenzene.--In e t h a n o l - w a t e r  so lu t ions  u n -  
d e r  ac id ic  cond i t ions  t he  d a t a  s u p p o r t  a t w o - e l e c -  
t r o n  r e v e r s i b l e  s tep  for  t he  first  w a v e  

0 0 OH O H  
II ~ IM I ~ I 

CHs--C--(x--~--C--CH3 + 2 e + 2 H + ~ CH.C ~--- <~ >=C--CH3 

In  bas ic  m e d i a  t he  ened io l  r e a r r a n g e s  r a p i d l y  to 
p - ( a - h y d r o x y e t h y l )  a ce tophenone .  This  accoun t s  
for  the  d i s a p p e a r a n c e  of anod ic  c u r r e n t  in the  K-11  
p o l a r o g r a m s  a b o v e  p H  8.8. The  second  ca thod ic  
w a v e  is, of course ,  due  to t he  f u r t h e r  r e d u c t i o n  of 
the  r e a r r a n g e d  p roduc t .  

In  D M F  so lu t ions  two  p o l a r o g r a p h i c a l l y  o x i d i z a -  
b le  p r o d u c t s  w e r e  d e t e c t e d  b y  the  K-11  t echn ique .  
These  can  be  accoun ted  for  b y  the  r eac t i ons  

o o o O 

tl ~ II <---,- C H 3 _ _ C  / ~ k  C _ _ C H 3  CH~--C-- k<~__~--C--CH 3 + e 

and 

I I 
I ~ I I  ~ CHa__C= ~ , x  =C__CHs CH.- -C- -  ~.._//)--C--CH3 + e 

Other diketones.--In a q u e o u s - e t h a n o l  m e d i a  at  low 
pH,  t r a n s - d i b e n z o y l e t h y l e n e  s h o w e d  s i m i l a r  b e h a v -  
ior  to p - d i a c e t y l b e n z e n e ,  g iv ing  a r e v e r s i b l e  t w o -  
e l e c t r o n  wave .  In  s l i g h t l y  bas ic  m e d i u m  the  anod ic  
c u r r e n t  in t h e  K-11  p o l a r o g r a m  d i s a p p e a r s  and  
a b o v e  p H  10 t h e  c o m p o u n d  a p p a r e n t l y  is uns t ab l e .  
The  first  two  w a v e s  in  D M F  a re  a p p a r e n t l y  one -  
e l e c t r o n  steps,  as  p o s t u l a t e d  for  p - d i a c e t y l b e n z e n e .  
The  t h i r d  w a v e  is p r o b a b l y  due  to f u r t h e r  r e d u c t i o n  
of the  c a r b o n y l  g r o u p  in t h e  r e a r r a n g e d  i n t e r m e d i -  
ate.  

I t  has  a l r e a d y  been  p o i n t e d  ou t  t h a t  t h e  t w o  c a r -  
b o n y l  g roups  in  m - d i b e n z o y l b e n z e n e  a r e  r e d u c e d  
i n d e p e n d e n t l y .  No ened io l  i n t e r m e d i a t e  can be 
fo rmed .  The  c o m p o u n d s  benzoy l ace tone ,  d i b e n z o y l -  
m e t h a n e ,  1 ,3 - indaned ione ,  and  2 - p h e n y l - l , 3 - i n -  
d a n e d i o n e  r e s e m b l e  each  o the r  in t h e i r  p o l a r o -  
g r a p h i c  b e h a v i o r  and  no ev idence  was  f o u n d  for  the  
ened io l  t y p e  of i n t e r m e d i a t e .  I nconc lu s ive  r e su l t s  
w e r e  o b t a i n e d  w i t h  o - d i b e n z o y l b e n z e n e .  F u r t h e r  
s t u d y  of th is  c o m p o u n d  and  of n i n h y d r i n  is p l anned .  

Manuscr ip t  rece ived  Apr i l  26, 1963; rev ised  m a n u -  
scr ipt  rece ived  Sept.  25, 1963. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1964 
J O U R N A L .  
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Voltammetry and Controlled Potential Oxidation of 
3,4-Dimethoxypropenylbenzene at a Rotating Platinum Electrode 
in Unbuffered Acetonitrile and in Acetonitrile-Pyridine Solution 
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ABSTRACT 

In unbuffered 0.5M sodium perch lo ra te -ace ton i t r i l e  solution, 3 ,4-d imethoxy-  
p ropenylbenzene  (DMPB) gave th ree  vo l t ammet r i c  waves  of app rox ima te ly  
equal  height  at a ro ta t ing  p la t inum microelectrode.  Waves  II  and I I I  were  usu-  
a l ly  defined poor ly  and often appeared  to merge  into a single wave.  Wave  I 
cor responded to a diffusion-control led,  one-e lec t ron  oxida t ion  which  fulfi l led 
subs tan t ia l ly  the  var ious  cr i te r ia  for  vo l t ammet r i c  revers ib i l i ty .  A t t empt s  to 
ca r ry  out a la rge-scale ,  control led  potent ia l  oxidat ion  were  only pa r t i a l l y  suc- 
cessful since hydrogen  ion l ibe ra ted  in a secondary  reac t ion  of the  e lect rode 
produc t  ca ta lyzed the  d imer iza t ion  of DMPB to d imethyldi i soeugenol .  The 
p r i m a r y  oxidat ion  product  appea red  to be a d imer ic  pe rch lo ra te  of DMPB wi th  
the  s t ruc ture  of a cyclic l ignan. An  oxidat ion  mechanism involving f ree  rad ica l  
d imer iza t ion  at the  ~-carborL atoms of the  side chains fo l lowed by  r ing  closure 
and  eject ion of hydrogen  ion has been suggested to account for the  exper i -  
men ta l  results.  Under  s imi lar  condit ions in the  presence of pyr id ine ,  DMPB is 
oxidized in a two-e lec t ron ,  i r revers ib le  process. The course of the reac t ion  has 
been es tabl ished by  means  of vo l t ammet r i c  and coulometr ic  studies as wel l  as 
by  the isolat ion of nea r ly  quant i ta t ive  yields  of a d ipy r id in ium d iperch lora te  
of DMPB in a p repara t ive -sca le ,  control led  po ten t i a l  electrolysis.  

A l t h o u g h  l ign in  a n d  l ign in  m o d e l  c o m p o u n d s  have  
been  s u b j e c t e d  to a g r e a t  m a n y  o x i d a t i v e  d e g r a d a -  
t ions  a n d  l i g n i n l i k e  m o n o m e r s  h a v e  been  s u b j e c t e d  
to m a n y  t y p e s  of c h e m i c a l  and  b i o c h e m i c a l  o x i d a -  
t ive  d e h y d r o g e n a t i o n  in an  a t t e m p t  to l e a r n  m o r e  
a b o u t  l i gn in  and  l igni f ica t ion ,  c o m p a r a t i v e l y  l i t t l e  
a t t e n t i o n  has  been  g i v e n  to t he  e l e c t r o c h e m i c a l  
m e t h o d  of o x i d a t i o n  in these  s tudies .  The  g r e a t e r  
s e l e c t i v i t y  a n d  m e a n s  for  con t ro l  of e l e c t r o c h e m i c a l  
o x i d a t i o n  as c o m p a r e d  w i t h  t h e  u s u a l  m e t h o d s  of 
c h e m i c a l  o x i d a t i o n  sugges t  th i s  m e t h o d  for  t he  
s t u d y  of b o t h  o x i d a t i v e  d e g r a d a t i o n  of t he  l i gn in  
p o l y m e r  and  the  o x i d a t i v e  d e h y d r o g e n a t i o n  of t he  
l i gn in  m o n o m e r .  The  v o l t a m m e t r i c  m e t h o d  of 
ana lys i s  u sed  in  c o n j u n c t i o n  w i t h  t he  t e c h n i q u e  of 
c o n t r o l l e d - p o t e n t i a l  e l ec t ro lys i s  shou ld  p r o v i d e  
m u c h  u se fu l  i n f o r m a t i o n  conce rn ing  the  r e l a t i v e  
ease  of o x i d a t i o n  of t he  m e t h o x y l a t e d  p - h y d r o x y -  
p h e n y l p r o p a n e  mo ie t i e s  in  t he  l i gn in  p o l y m e r  and  
the  l i gn in  m o d e l  compounds ,  t he  r e a c t i o n  m e c h a n -  
i sms  of t he  ox ida t ions ,  a n d  the  effect of s u b s t i t u e n t s  
in a l t e r i n g  the  r e a c t i o n  pa ths .  The  p r e s e n t  p a p e r  is 
c o n c e r n e d  w i t h  t he  v o l t a m m e t r y  a n d  c o n t r o l l e d -  
p o t e n t i a l  o x i d a t i o n  of t he  l i gn in  m o d e l  c o m p o u n d  
3 , 4 - d i m e t h o x y p r o p e n y l b e n z e n e  ( D M P B )  at  a ro -  
t a t i n g  p l a t i n u m  e lec t rode .  S o d i u m  p e r c h l o r a t e - a c e -  
t o n i t r i l e  was  chosen  as t he  s u p p o r t i n g  e l e c t r o l y t e -  
s o lven t  s y s t e m  b e c a u s e  of t he  w i d e  r a n g e  of p o t e n -  
t i a l  a v a i l a b l e  c o m p a r e d  w i t h  aqueous  or  m i x e d  
a q u e o u s - o r g a n i c  so lu t ions  and  b e c a u s e  of t he  l ow 
s o l u b i l i t y  of D M P B  in aqueous  sys tems .  

1 P r e s e n t  a d d r e s s :  K i m b e r l y - C l a r k  Corporation, Neenah, W i s c o n -  
s i n .  

Experimental 
Chemica l s . - -Ace ton i t r i l e  (Matheson ,  C o l e m a n  & 

Bell ,  P r a c t i c a l  g r a d e )  was  pu r i f i ed  b y  the  m e t h o d  
of W a w z o n e k  a n d  R u n n e r  (1 ) .  W a t e r  c on t e n t  of the  
pur i f i ed  a c e t o n i t r i l e  was  one to two  m i l l i m o l a r  as 
m e a s u r e d  b y  the  K a r l - F i s c h e r  t i t r a t i on .  The  u l t r a -  
v io l e t  s p e c t r u m  s h o w e d  less  a b s o r p t i o n  t h a n  com-  
m e r c i a l l y  a v a i l a b l e  s p e c t r a l - g r a d e  ace ton i t r i l e .  

S o d i u m  p e r c h l o r a t e  (G. F. Smi th ,  R e a g e n t  g r a d e  
a n h y d r o u s )  was  r e c r y s t a l l i z e d  f r o m  w a t e r  and  d r i e d  
in a v a c u u m  oven  a t  140 ~ for  10 to 20 h r  be fo re  use. 
The  d r i e d  m a t e r i a l  w a s  s t o r e d  in  a d a r k ,  cove red  
bo t t l e  in  a de s i c c a to r  ove r  p h o s p h o r u s  pe n tox ide .  

3 , 4 - D i m e t h o x y p r o p e n y l b e n z e n e  ( D M P B )  ( B r o t h -  
ers  C h e m i c a l  Co.) was  v a c u u m  d i s t i l l ed  u n d e r  n i t r o -  
gen  to a cons t an t  r e f r a c t i v e  i n d e x  ( r i D  20 ~ 1.5685). 
The  r e f r a c t i v e  ind ices  for  t he  c is-  and  t r a n s - f o r m s  
of D M P B  a r e  nD 2~ 1.5616 a n d  1.5692, r e s p e c t i v e l y  
(2) .  No a p p a r e n t  d i f fe rences  w e r e  o b s e r v e d  b e t w e e n  
the  v o l t a m m e t r i c  b e h a v i o r  of f r e s h l y  d i s t i l l ed  and  
aged  DMPB.  

1 - V e r a t r y l -  2 - m e t h y l - 3 - e t h y l - 5 , 6 - d i m e t h o x y i n d a n  
( d i m e t h y l d i i s o e u g e n o l )  was  p r e p a r e d  b y  bo i l ing  
D M P B  w i t h  su l fu r i c  ac id  u n d e r  re f lux  acco rd ing  to 
Mfi l ler  and  c o - w o r k e r s  (3)  and  was  o b t a i n e d  as fine 
w h i t e  need le s  m e l t i n g  a t  88 ~ , even  a f t e r  r e p e a t e d  
r e c r y s t a l l i z a t i o n  f r o m  m e t h a n o l .  Mi i l l e r  (3)  r e -  
p o r t e d  a m e l t i n g  po in t  of 88 ~ fo r  t he  c r u d e  p roduc t ,  
b u t  a f t e r  r e p e a t e d  r e c r y s t a l l i z a t i o n  f r o m  m e t h a n o l ,  
he  o b t a i n e d  the  a - r a c e m a t e  of t h e  i n d a n  m e l t i n g  a t  
106 ~ D i m e t h y l d i i s o e u g e n o l  was  a lso  p r e p a r e d  b y  
t r e a t m e n t  of  D M P B  w i t h  h y d r o c h l o r i c  ac id  and  zinc 
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chlor ide and  was ob ta ined  as fine whi te  needles  
me l t i ng  at 93~ ~ f rom methano l ,  p r e s u m a b l y ,  a 
d imorphic  fo rm of the a - r a c e m a t e  of the i n d a n  (4) .  
The i n f r a r e d  spect ra  of this  compound  and  the 88 ~ 
i somer  were  iden t ica l  w h e n  r u n  in  ca rbon  t e t r a -  
chlor ide solut ion.  However ,  spec t ra  of the solid 
ma te r i a l s  r u n  in  po t a s s ium b romide  pel le ts  were  
s imilar ,  bu t  no t  ident ical .  

R e a g e n t - g r a d e  p y r i d i n e  (Mal l inckrod t ,  Bake r )  
and  spec t r a l -g rade  p y r i d i n e  (Matheson,  Coleman,  & 
Bell)  gave  de fo rmed  v o l t a m m e t r i c  waves  in  0.5M 
sod ium pe rch lo ra t e - ace ton i t r i l e  so lu t ion  at app rox i -  
m a t e l y  1.5v vs. SCE. The severa l  grades  of p y r i d i n e  
were  combined  and  dist i l led.  The dis t i l led  p y r i d i n e  
was s tored in  a dark,  a l l -g lass  con ta ine r  equ ipped  
wi th  a glass s iphon and  stopcock for del ivery .  Vol t -  
a m m o g r a m s  of the dis t i l led  p roduc t  showed no 
waves.  

Prepur i f i ed  n i t r o g e n  (Matheson)  passed t h r ough  
separa te  tubes  of m a g n e s i u m  pe rch lo ra te  and  phos-  
phorus  pen tox ide  was  employed  in  al l  d is t i l la t ions .  

Apparatus . - -The  v o l t a m m e t r i c  cell used was  p a t -  
t e rned  af ter  a gene ra l  descr ip t ion  g iven  by  Kolthoff  
and  Coetzee (5) .  As observed  by  these authors ,  a 
solid p lug  fo rmed  in  the end  of the  agar  br idge  of 
the  s a tu ra t ed  calomel  e lectrode af ter  p ro longed  i m -  
mer s ion  in  the ace toni t r i l e  solut ion.  This  was m i n i -  
mized by  s tor ing the agar  br idge  in  a s a tu ra t ed  
(aqueous)  solut ion of po tass ium chlor ide  b e t w e e n  
runs .  C o n t r a r y  to the  f indings  of Kolthoff  a nd  
Coetzee, however ,  the p resence  of the p lug  seemed 
to have  l i t t le  effect on the  m e a s u r e d  cell res is tance.  
The  cell res i s tance  of the  v o l t a m m e t r i c  cell was  
u sua l l y  b e t w e e n  1700 and  2000 ohms. 

The  v o l t a m m e t r i c  anode  was  cons t ruc ted  f rom 
24-gauge  p l a t i n u m  wi re  sealed in to  the  t ip of a 
sof t -glass  tube  w i th  the  long axis of the  wi re  p a r a l -  
lel  to t h a t  of the glass tube.  The wi re  was  hea ted  in  
an  oxygen  flame to p rov ide  a r o u n d e d  t ip and  a 
smooth,  sh iny  surface before  sea l ing  into the  glass 
tube.  The electrode,  h a v i n g  an  exposed geometr ic  
a rea  of 0.0075 cm 2, was  ro ta ted  by  means  of a 600 
r p m  Sa rgen t  synchronous  motor.  Stroboscopic me a s -  
u r e m e n t s  gave  a va lue  of 618 r p m  for the  ac tua l  
ra te  of ro ta t ion .  

The  cell used for cont ro l led  po ten t i a l  e lectrolyses  
consis ted of a 600 ml  capac i ty  anode  c o m p a r t m e n t  
which  was  immersed  in  a cons tan t  t e m p e r a t u r e  
ba th .  A 400 ml  capaci ty  cathode c o m p a r t m e n t  was  
connec ted  to the  anode  c o m p a r t m e n t  b y  means  of a 
4 in. long tube  into which  was  sealed a 1 in. d i ame te r  
f ine -grade  frit .  A ba l l  and  socket jo in t  in  the  t ube  
pe rmi t t ed  easy d i s m a n t l i n g  and  c lean ing  of the cell. 
A sa tu ra t ed  calomel  e lectrode (SCE)  was  used as 
the  re fe rence  electrode and  was  connec ted  wi th  the  
anode  c o m p a r t m e n t  in  the  same m a n n e r  descr ibed  
for the  v o l t a m m e t r i c  cell. The anode  used in  the  
e lectrolysis  cell was  a p l a t i n u m  gauze cy l indr i ca l  
e lect rode ob ta ined  commerc i a l l y  (E. H. Sa rgen t  & 
Co., Chicago, Ill., Cata log No. 29625). A m e r c u r y  
pool served as an  a u x i l i a r y  electrode.  

P o t e n t i a l - c u r r e n t  curves  were  ob ta ined  wi th  a 
S a r g e n t - H e y r o v s k y  polarograph ,  Model  XI I  used in  
c o n j u n c t i o n  wi th  a Sa rgen t  Char t  Recorder  wi th  a 

one second fu l l - sca le  response.  Cont ro l led  po t en t i a l  
e lectrolyses  we re  car r ied  out  us ing  an  Ana ly t i c a l  
I n s t r u m e n t s  Inc. Potent ios ta t .  Po ten t i a l s  were  
checked before  r u n n i n g  the  v o l t a m m o g r a m s  and  
per iodica l ly  d u r i n g  the  course of cont ro l led  po t en -  
t ia l  e lectrolyses by  me a ns  of a L&N S t u d e n t  P o t e n -  
t iometer .  

Resis tance m e a s u r e m e n t s  were  made  wi th  a G e n -  
era l  Radio Z - Y  Bridge,  T y p e  1603A us ing  a H e w -  
l e t t - P a c k a r d  audio-osc i l la tor ,  Model  200B to p ro -  
v ide  a 3700 cps a -c  source.  A Type  502 Tek t ron ix ,  
Inc. oscilloscope was employed  as a n u l l  detector.  
Res is tance  m e a s u r e m e n t s  were  made  wi th  an  ap-  
p l ied  vol tage  of less t h a n  0.05v. 

I n f r a r e d  curves  were  r u n  on a P e r k i n - E l m e r  
Model  21 spec t rophotometer .  U l t r av io l e t  curves  were  
ob ta ined  wi th  a B e c k m a n  Model  D K - 2  spect ro-  
photometer .  Ref rac t ive  indices  were  m e a s u r e d  wi th  
a Bausch  and  Lomb  Abb6  re f rac tomete r .  

Al l  we igh ings  were  made  on an  ana ly t i c a l  ba l -  
ance  enclosed in  a d ry -box .  Re la t ive  h u m i d i t y  w i t h -  
in  the d r y - b o x  was  m a i n t a i n e d  b e t w e e n  5 a nd  10% 
by  me a ns  of a sil ica gel c o l u m n  and  b lower  toge ther  
wi th  t raps  of phosphorus  pentoxide .  However ,  in  
the  h u m i d  s u m m e r  m o n t h s  the  re la t ive  h u m i d i t y  
occasional ly  rose to 20% w i t h i n  the d ry -box .  

Volta~nmetric procedure.--Stock solut ions  of 
0.5M sod ium perch lo ra te  i n  ace toni t r i l e  were  p re -  
pa red  fresh each m o r n i n g  and  used for the  day 's  
v o t t a m m e t r i c  runs .  Te n  mi l l i l i t e r  stock solut ions,  
u sua l l y  0.25M in DMPB a nd  0.5M in sod ium pe r -  
chlora te  were  p r e p a r e d  s imi l a r ly  each day  even  
though  stock solut ions  severa l  weeks  old showed no 
s ignif icant  changes  in  v o l t a m m e t r i c  behavior .  

T w e n t y - f i v e  mi l l i l i t e r s  of the  suppor t ing  e lec t ro-  
l y t e - s o l v e n t  stock solut ions  were  p ipe t t ed  in to  the  
cell and  deae ra ted  by  pass ing  dr ied  n i t r o g e n  t h rough  
the  so lu t ion  for a p p r o x i m a t e l y  10 min.  The c leaned  
electrode was in t roduced  in to  the  cell, a nd  a res idua l  
c u r r e n t  cu rve  recorded.  The des i red q u a n t i t y  of the  
e lec t roact ive  species was i n t roduced  in to  the  cell by  
me a ns  of a micropipet .  Af te r  t ho rough  m i x i n g  of 
the solut ion wi th  a s t r eam of n i t rogen ,  the c leaned 
e lect rode was inser ted ,  a n d  the  v o l t a m m o g r a m  r e -  
corded. D u r i n g  the  record ing  of the  v o l t a m m o g r a m ,  
a s t r eam of n i t r ogen  was d i rec ted  over  the  surface  
of the  ano ly te  solut ion.  

The cell was cont ro l led  by  t he rmos t a t  and  m a i n -  
t a ined  at 25.0 ~ • 0.2 ~ for  all  v o l t a m m e t r i c  m e a s -  
u r emen t s .  Curves  were  recorded  at  a po la r iza t ion  
ra te  of 2.95 m v / s e c  and  were  correc ted  for r e s idua l  
cu r ren t s  and  iR drop t h r ough  the  cell. 

The  electrodes w e r e  c leaned  in  concen t r a t ed  n i t r i c  
acid or d i ch romate  c l ean ing  solut ion.  The oxide film 
formed  on the  p l a t i n u m  surface  by  the  c lean ing  
p rocedure  was r e move d  b y  soaking  the electrode in  
acidic fer rous  a m m o n i u m  sul fa te  so lu t ion  for sev-  
e ra l  minu tes .  The  electrode was  t h e n  r insed  
t ho rough ly  w i th  dis t i l led  w a t e r  fol lowed by  ace-  
ton i t r i l e  and  t r a n s f e r r e d  to the  cell where  it  was 
a l lowed to equ i l i b r a t e  for severa l  m i n u t e s  before  
r u n n i n g  the  v o l t a m m o g r a m .  

Controlled potentia~ electrolysis.--Six h u n d r e d  
mi l l i l i t e r s  of 0.5M sod ium pe rch lo ra t e - ace ton i t r i l e  
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so lu t ion  w e r e  a d d e d  to the  anode  c o m p a r t m e n t  a n d  
400 m l  to t he  ca thode  c o m p a r t m e n t .  A f t e r  p r e - e l e c -  
t ro lys i s  for  30 m i n  a t  1.5v vs. SCE, 10.08g of D M P B  
(0.0565 m o l e )  was  a d d e d  to t h e  a n o d e  c o m p a r t -  
men t ,  and  t h e  con t ro l  p o t e n t i a l  r e se t  to 0.98v. B e -  
cause  of  the  s low d r i f t  in  t he  p o t e n t i a l  of the  SCE 
in  a c e t o n i t r i l e  w i t h  t ime ,  the  f inal  c o n t r o l l e d  p o t e n -  
t i a l  of  0.98v shou ld  b e  c o n s i d e r e d  a " l o n g - t i m e "  
m e a s u r e m e n t .  

The  e l ec t ro lys i s  was  c h a r a c t e r i z e d  b y  a r a p i d  d e -  
c r ea se  in  c u r r e n t  a n d  the  d e v e l o p m e n t  of a c h e r r y -  
r e d  color  w h i c h  in tens i f ied  to a d e e p  p u r p l e  as the  
e l ec t ro ly s i s  p rog res sed .  P e r i o d i c a l l y  d u r i n g  the  
e l ec t ro ly s i s  2-3 m l  s a m p l e s  of t he  a n o l y t e  w e r e  r e -  
moved ,  d i l u t e d  w i t h  50% a c e t o n i t r i l e - w a t e r  so lu -  
t ion,  a n d  t i t r a t e d  p o t e n t i o m e t r i c a l l y  for  h y d r o g e n  
ion w i t h  0.01M s o d i u m  h y d r o x i d e .  The  p r o c e d u r e  
was  c h e c k e d  b y  t i t r a t i n g  k n o w n  a m o u n t s  of p e r -  
ch lor ic  ac id  in  the  s a m e  so lven t  s y s t e m  and  was  
f o u n d  to be  a c c u r a t e  w i t h i n  -- 1.0%. The  shape  of 
the  t i t r a t i o n  cu rves  for  t he  a n o l y t e  a l iquo t s  was  
i d e n t i c a l  w i t h  those  o b t a i n e d  w i t h  the  p e r c h l o r i c  
ac id  solu t ions .  

The  e l ec t ro lys i s  was  t e r m i n a t e d  a f t e r  17 hr ,  a t  
w h i c h  t i m e  the  c u r r e n t  h a d  d e c r e a s e d  to 5% of  i ts  
o r ig ina l  va lue .  I n t e g r a t i o n  of t he  c u r r e n t - t i m e  c u r v e  
i n d i c a t e d  t h a t  a p p r o x i m a t e l y  58% of t he  D M P B  was  
ox id i zed  a s s u m i n g  a o n e - e l e c t r o n  ox ida t ion .  

The  a n o l y t e  f r o m  the  o x i d a t i o n  was  p l a c e d  in t he  
r e f r i g e r a t o r  and  a l l o w e d  to s t a n d  ove rn igh t .  No 
p r e c i p i t a t e  fo rmed ,  2 and  the  so lu t i on  was  c onc e n -  
t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  b e l o w  40 ~ to n e a r  
d ryness .  The  c o n c e n t r a t e d  so lu t ion  was  s t i r r e d  into  
1000 m l  of e ther ,  and  the  p r e c i p i t a t e  was  f i l t e r ed  
and  e x t r a c t e d  w i t h  ch lo ro fo rm  to l e a v e  a r e s i d u e  of  
p u r e  s o d i u m  p e r c h l o r a t e .  

E t h e r  a n d  c h l o r o f o r m  solut ions ,  on c o n c e n t r a t i o n  
and  cool ing,  bo th  d e p o s i t e d  a l i t t l e  a m m o n i u m  p e r -  
c h l o r a t e  w h i c h  was  iden t i f i ed  b y  i ts  n i t r o n  r e a c t i o n  
and  i ts  i n f r a r e d  a b s o r p t i o n  s p e c t r u m .  Q u a l i t a t i v e  
p a p e r  c h r o m a t o g r a p h y  and  t h i n  l a y e r  c h r o m a t o g -  
r a p h y  of t he  e t h e r  a n d  c h l o r o f o r m  so lu t ions  i n d i -  
ca t ed  s ing le  m a j o r  c o m p o n e n t s  in  each  w i t h  s e v e r a l  
f luorescen t  m i n o r  c o m p o n e n t s  in  both .  These  m a t e -  
r i a l s  w e r e  e x t r a c t e d  f r o m  bo th  so lu t ions  w i t h  w a t e r ,  
and  the  w a t e r  e x t r a c t s  w e r e  c o m b i n e d  and  concen -  
t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  to y i e ld  s e v e r a l  
h u n d r e d  m i l l i g r a m s  of w h i t e  c rys ta l s .  R e c r y s t a l l i -  
za t ion  f r o m  m e t h a n o l  gave  color less  c r y s t a l s  m e l t -  
ing  a t  184~ ~ g iv ing  a pos i t i ve  p e r c h l o r a t e  r e a c -  
t ion.  The  i n f r a r e d  a b s o r p t i o n  s p e c t r u m  i n d i c a t e d  
the  p r e s e n c e  of p e r c h l o r a t e  a n d  c a r b o n y l  a n d  the  
absence  of e s t e r  and  c a r b o x y l  groups .  C h r o m a t o -  
g r a p h i c  and  f luorescence  b e h a v i o r  w e r e  v e r y  s i m i -  
l a r  to those  of t he  m a t e r i a l  f o r m e d  b y  a d d i t i o n  of 
pe r ch lo r i c  ac id  to DMPB.  Thus,  th is  p r o d u c t  a p p e a r s  
to be  a s e c o n d a r y  p r o d u c t  f o r m e d  b y  the  ac t ion  of 
p e r c h l o r i c  ac id  l i b e r a t e d  d u r i n g  e lec t ro lys i s .  

The  e t h e r  so lu t ion  con t a in ing  8.73g of sol ids  was  

2 In  s e v e r a l  p r e l i m i n a r y  o x i d a t i o n s  c a r r i ed  ou t  u n d e r  i d e n t i c a l  
c o n d i t i o n s  excep t  t h a t  t he  c o n c e n t r a t i o n  of  D M P B  wa s  50% or  l e s s  
of t h a t  i n  t he  p r e s e n t  e x p e r i m e n t ,  5-10 m g  of  y e l l o w  need le s  w e r e  
o b t a i n e d  i n  e v e r y  case b y  a l l o w i n g  t he  s o l u t i o n  to  s t and  o v e r n i g h t .  
Th e  m a t e r i a l  s u b l i m e d  a t  335 ~ , a n d  i t s  i n f r a r e d  a b s o r p t i o n  s p e c t r u m  
was  i d e n t i c a l  w i t h  t h a t  of  a u t h e n t i c  2 , 3 , 6 , 7 - t e t r a m e t h o x y a n t h r a -  
qutnone (6a). 

e v a p o r a t e d  to d ryness ,  a n d  the  r e s idue  c o v e r e d  w i t h  
cold  m e t h a n o l  and  a l l ow e d  to s t a n d  in  t h e  r e f r i g -  
e ra to r .  The  r e s i d u a l  c r y s t a l s  w e r e  r e c r y s t a l l i z e d  
f r o m  m e t h a n o l  to g ive  long need le s  a n d  c lus te r s  of 
fine needles .  The  two  t y p e s  of c ry s t a l s  w e r e  s e p a -  
r a t e d  m e c h a n i c a l l y  and  d r i e d  ove r  p h o s p h o r u s  
p e n t o x i d e  to g ive  m e l t i n g  p o i n t s  of  88 ~ and  105 ~ 
r e spe c t i ve ly .  The  i n f r a r e d  a b s o r p t i o n  s p e c t r u m  
( K B r  pe l l e t )  of  the  88 ~ c o m p o u n d  was  i den t i ca l  
w i t h  t h a t  of t he  88 ~ i somer  of d i m e t h y l d i i s o e u g e n o l  
o b t a i n e d  b y  t h e  ac t ion  of su l fu r i c  ac id  on D M P B  (3) .  
The  i n f r a r e d  spe c t r a  ( K B r  pe l l e t s )  of t he  88 ~ and  
105 ~ m e l t i n g  c r y s t a l s  and  of t he  95 ~ m e l t i n g  i somer  
of t he  d i m e t h y l d i i s o e u g e n o l  o b t a i n e d  b y  the  ac t ion  
of z inc  ch lo r ide  and  h y d r o c h l o r i c  ac id  on D M P B  (4)  
w e r e  v e r y  s imi l a r ,  b u t  no t  iden t i ca l .  The  c o m p o u n d s  
a p p e a r  to  be  d i m o r p h i c  f o r m s  of a s ing le  s t e r eo i so -  
m e r  of d i m e t h y l d i i s o e u g e n o l ,  s ince  t he  i n f r a r e d  
s p e c t r a  of a l l  t h r e e  in  c a r b o n  t e t r a c h l o r i d e  a r e  i d e n -  
t ical .  U l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  of t he  t h r e e  
c o m p o u n d s  in e t h a n o l  a r e  iden t i ca l ,  and  q u a l i t a t i v e  
t h i n - l a y e r  and  p a p e r  c h r o m a t o g r a p h y  for  t he  t h r e e  
a r e  also iden t i ca l .  

The  c h l o r o f o r m  so lu t ion  c on t a in ing  2.91g of sol ids 
w a s  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  and  s t i r -  
r e d  in to  excess  c a r b o n  t e t r a c h l o r i d e .  The  p u r p l e  
p r e c i p i t a t e  was  f i l t e red  and  washed .  A l l  a t t e m p t s  to 
c r y s t a l l i z e  t he  m a t e r i a l  fa i led ,  b u t  p r e c i p i t a t i o n  w i t h  
n i t r o n  ace ta te ,  exp lo s ion  w h e n  h e a t e d  on a p l a t i -  
n u m  foil,  s o l u b i l i t y  b e h a v i o r  in c h l o r o f o r m  and  
c a r b o n  t e t r a c h l o r i d e ,  and  i n f r a r e d  a b s o r p t i o n  spec -  
t r u m  c h a r a c t e r i z e d  th is  m a t e r i a l  as an  o rgan ic  p e r -  
ch lo ra te .  T r e a t m e n t  of t he  p u r p l e  m a t e r i a l  w i t h  
s o d i u m  h y d r o x i d e  y i e l d e d  a pa t e  y e l l o w  p r o d u c t  
con t a in ing  no p e r c h l o r a t e  g roups  and  h a v i n g  an 
i n f r a r e d  a b s o r p t i o n  s p e c t r u m  w i t h  b a n d s  a t  2.90, 
3.40, 6.20, 6.60, 6.81, 7.93, 8.77, 9.72, 11.9, 12.3, and  
13.3t~, a n d  a lmos t  i den t i ca l  w i t h  t h a t  of 1,2-trans- 
2,3 - cis- 1 - ( 3,4 - d i m e t h o x y p h e n y l  ) - 1,2, 3 , 4 - t e t r a h y -  
d r o -  6 , 7 - d i m e t h o x y -  2 , 3 - n a p h t h a l e n e d i m e t h a n o l  (6b)  
excep t  t h a t  t he  h y d r o x y l  a b s o r p t i o n  b a n d s  w e r e  a b -  
sent .  

Electrolysis in the presence of pyr idine . - -Six  
h u n d r e d  m i l l i l i t e r s  of 0.5M sod ium p e r c h l o r a t e  in 
a c e t o n i t r i l e  1.0M in  p y r i d i n e  was  a d d e d  to the  
a n o d e  c o m p a r t m e n t  of t he  e l ec t ro ly s i s  cel l  a n d  400 
m l  to t h e  c a thode  c o m p a r t m e n t .  The  so lu t ion  was  
p r e - e l e c t r o l y z e d  a t  1.2v vs. SCE for  1 h r  d u r i n g  
w h i c h  t i m e  t h e  a n o l y t e  d e v e l o p e d  a p a l e  y e l l o w  
color,  a n d  t h e  c u r r e n t  d e c r e a s e d  to a low, cons t an t  
va lue .  A f t e r  a d d i t i o n  of 4.99g (0.028 m o l e )  of 
D M P B  to t he  anode  c o m p a r t m e n t ,  t he  e l ec t ro lys i s  
was  c o n t i n u e d  for  8 h r  a t  a con t ro l  p o t e n t i a l  of 
1.2v vs. SCE. The  pa l e  y e l l o w  color  of  t he  a n o l y t e  
in tens i f ied  on ly  s l i g h t l y  d u r i n g  the  e lec t ro lys i s .  

D u r i n g  t h e  ox ida t ion ,  0.023 mole  of D M P B  was  
c o n s u m e d  as e s t i m a t e d  f r o m  the  m a g n i t u d e s  of t he  
i n i t i a l  and  f inal  cu r ren t s .  The  t h e o r e t i c a l  c u r r e n t  
c o n s u m p t i o n  for  t he  t w o - e l e c t r o n  o x i d a t i o n  is 4440 
coulombs .  A c t u a l  c u r r e n t  c o n s u m p t i o n  b y  i n t e g r a -  
t ion  of t he  c u r r e n t - t i m e  c u r v e  was  4285 coulombs .  
The  c a l c u l a t e d  n - v a l u e  is t hus  1.93 e l e c t r o n s / m o l e -  
cule,  in a g r e e m e n t  w i t h  t he  v o l t a m m e t r i c  e s t ima tes .  
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Fig. 1. Infrared spectra of 3,4-DMPB and certain derivatives: 
I,  3,4-DMPB; 2, 3,4-DMPB-dipyridinium diiodide; 3, Yellow needles 
melting at 235~ 4, 3,4-DMPB-dipyridinium diperchlorate. 

The  a n o l y t e  was  c o n c e n t r a t e d  u n d e r  r e d u c e d  
p r e s s u r e  a n d  p o u r e d  into  200 m l  of i c e - w a t e r .  The  
c r y s t a l l i n e  p r e c i p i t a t e  was  f i l tered,  and  the  f i l t ra te  
was  c o n c e n t r a t e d  and  cooled  to y i e l d  m o r e  c rys ta l s .  
The  to t a l  y i e l d  of 12.5g of c ry s t a l s  was  r e c r y s t a l l i z e d  
tw ice  f r o m  90% e t h a n o l  to g ive  color less  c ry s t a l s  
m e l t i n g  at  110 ~ I ts  i n f r a r e d  s p e c t r u m  (Fig .  1, cu rve  
4) t o g e t h e r  w i t h  i ts  r e a c t i o n  w i th  sod ium h y d r o x i d e  
to y i e l d  p y r i d i n e ,  exp los ion  w h e n  hea t ed ,  pos i t i ve  
p e r c h l o r a t e  r e a c t i o n  w i t h  n i t ron ,  a n d  s o l u b i l i t y  t es t s  
i n d i c a t e d  t h a t  the  c o m p o u n d  is t he  d i p y r i d i n i u m  d i -  
p e r c h l o r a t e  of DMPB.  

A n a l y s i s  for  C21H24010N2C12: ca l cu la t ed ,  C, 47.11; 
H, 4.52; N, 5.23; C1, 13.24; found  8, C, 47.93, 47.96; 
H, 4.70, 4.61; N, 5.15; C1, 12.94. 

T r e a t m e n t  of th is  p e r c h l o r a t e  in  90% e tha no l  
w i t h  excess  s o d i u m  iod ide  and  cool ing gave  b r i g h t  
y e l l o w  need le s  w h i c h  w e r e  f i l t e red  a n d  r e c r y s t a l -  
l ized  t h r e e  t imes  f r o m  e thano l  to g ive  y e l l o w  
need le s  m e l t i n g  a t  174 ~ ( d e c o m p o s i t i o n ) ,  w h i c h  
p r o v e d  to be  the  d i p y r i d i n i u m  d i iod ide  of D M P B  
con ta in ing  a s l igh t  i m p u r i t y  of t h e  d i p e r c h l o r a t e  
w h i c h  cou ld  no t  be  r e m o v e d  b y  r e c r y s t a l l i z a t i o n .  
I ts  i n f r a r e d  a b s o r p t i o n  s p e c t r u m  is s h o w n  in Fig .  1, 
c u r v e  2. 

A n a l y s i s  for  C21H2402N212: ca l cu la t ed ,  I, 42.8, 
found,  I, 38.9, 38.9. 

T r e a t m e n t  of t he  p e r c h l o r a t e  w i t h  two  e q u i v a -  
l en t s  of s o d i u m  h y d r o x i d e  in  aqueous  so lu t ion  
y i e l d e d  a s t rong  odor  of p y r i d i n e  and  p a l e  y e l l o w  
need le s  m e l t i n g  a t  235 ~ Pos i t i ve  n i t r o n  test ,  e x -  
p los ion  w h e n  h e a t e d  and  i n f r a r e d  a b s o r p t i o n  spec -  
t r u m  (Fig .  1, cu rve  3) i n d i c a t e d  a p e r c h l o r a t e ,  bu t  
t h e  c o m p o u n d  was  no t  c h a r a c t e r i z e d  f u r t h e r .  

Acid catalyzed dimerization of D M P B . - - A  1.0 x 
10-aM so lu t ion  of D M P B  in 0.5M s o d i u m  p e r c h l o -  
r a t e - a c e t o n i t r i l e  (25 m l )  was  a d d e d  to t he  v o l t a m -  
m e t r i c  cel l  and  a v o l t a m m o g r a m  reco rded .  The  e lec -  
t r o d e  was  r e m o v e d ,  c leaned ,  and  r e p l a c e d  in the  

�9 ~ A n a l y ~ s  w e r e  p e r f o r m e d  by G e l l e r  M i c r o a n a ] y t i c a l  L a b o r a t o r y ,  
B a r d o n i a ,  N Y.  

cell .  One  h u n d r e d  m i c r o l i t e r s  of 0.5M p e r c h l o r i c  ac id  
in g l ac i a l  ace t ic  ac id  was  a d d e d  to the  cell ,  t he  so lu -  
t ion  was  m i x e d  w i t h  a v igo rous  s t r e a m  of n i t rogen ,  
a n d  a c u r r e n t  r e a d i n g  was  m a d e  a t  an  a n o d e  p o t e n -  
t i a l  of 1.05v vs. SCE. S i m i l a r  c u r r e n t  r e a d i n g s  w e r e  
t a k e n  a t  a p p r o x i m a t e l y  5 - m i n  i n t e r v a l s  d u r i n g  the  
e a r l y  s t ages  of t he  r e a c t i o n  and  a p p r o x i m a t e l y  once  
e v e r y  30 m i n  a f t e r  t he  in i t i a l  s h a r p  d r o p - o f f  in  c u r -  
r e n t  h a d  t a k e n  place.  B e t w e e n  m e a s u r e m e n t s  the  
e l ec t rodes  w e r e  d i s c onne c t e d  f r o m  t h e  v o l t a m m e t r i c  
c i rcui t .  A t  the  end  of t he  r u n  the  e l e c t r o d e  was  
a g a i n  c l eaned  and  a v o l t a m m o g r a m  reco rded .  

S i m i l a r  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  w i t h  250, 
500, and  5000 m i c r o l i t e r s  of 0.5M p e r c h l o r i c  ac id  
a d d e d  to t he  so lu t ion  of  D M P B  in ace ton i t r i l e .  S ince  
the  e m f  was  a p p l i e d  across  the  cel l  on ly  long  enough  
to m a k e  a c u r r e n t  r ead ing ,  less  t h a n  0.5% of the  
o b s e r v e d  c u r r e n t  d rop  could  be  a t t r i b u t e d  to e lec -  
t r o ly s i s  of DMPB.  

Results and Discussion 
Vol tammetry . - - In  u n b u f f e r e d  0.5M s o d i u m  p e r -  

c h l o r a t e - a c e t o n i t r i l e  so lu t ion  D M P B  gave  t h r e e  
v o l t a m m e t r i c  w a v e s  at  a r o t a t i n g  p l a t i n u m  e lec-  
t rode .  The  w a v e s  h a d  p o o r l y  def ined  di f fus ion 
p l a t e a u s  w h i c h  m a d e  i t  diff icult  to o b t a i n  a c c u r a t e  
e s t i m a t e s  of the  d i f fus ion c u r r e n t  cons tan ts ,  Id = 
id/C, w h e r e  id is t he  d i f fus ion c u r r e n t  a n d  C is t he  
c o n c e n t r a t i o n  of the  e l e c t r o a c t i v e  species.  A t y p i c a l  
v o l t a m m o g r a m  is s h o w n  in Fig .  2, cu rve  1. 

The  h a l f - w a v e  p o t e n t i a l  (E1/2) of w a v e  I was  
0.98 _+ 0.03v vs. SCE. The  E1/2's of w a v e s  I I  a n d  I I I  
w e r e  a p p r o x i m a t e l y  1.2 a n d  1.4v vs. SCE, r e s p e c -  
t ive ly ,  a t  low c o n c e n t r a t i o n s  of D M P B  a n d  i n c r e a s e d  
w i t h  i nc r e a s ing  c o n c e n t r a t i o n  of the  compound .  
W a v e s  I I  a n d  I I I  w e r e  p o o r l y  def ined,  and  in  some 
cases  a p p e a r e d  as a s ingle ,  d r a w n - o u t  wave .  The  
d i f fus ion  c u r r e n t  cons t an t s  of w a v e s  I I  and  I I I  
p r o v e d  to be  e x t r e m e l y  e r ra t i c ,  b u t  w e r e  u s u a l l y  
b e t w e e n  one and  two  t imes  the  h e i g h t  of w a v e  I. In  
t he  p r e s e n t  s t u d y  t h e  p r i m a r y  e m p h a s i s  has  been  
p l a c e d  on the  e l u c i d a t i o n  of t he  r e a c t i o n  c o r r e -  
s p o n d i n g  w i t h  w a v e  I. 
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Fig. 2. VMtammograms in 0.5M sodium percMorate-acetonitrile 
solution: 1, 1.092 x 10-3M DMPB; 2, 1.092 x 10-3M DMPB "t- 
2.0 x 10-3M HCIO4; 3, 0.532 x 10-3M dimethyldiisoeugenol. 
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Current-controlling process.--The t e m p e r a t u r e  
coefficient  of the  d i f fus ion  c u r r e n t s  for  bo th  w a v e s  
I and  I I  was  3.0% p e r  d e g r e e  ove r  the  t e m p e r a t u r e  
i n t e r v a l  f r o m  25.7 ~ to 37.1 ~ . This  v a l u e  is of t h e  
o r d e r  e x p e c t e d  for  t h e  t e m p e r a t u r e  coefficients of 
t he  d i f fus ion  c u r r e n t s  of o rgan ic  mo lecu le s  at  a r o -  
t a t i n g  sol id  e lec t rode .  The  i n d i c a t e d  conc lus ion  t h a t  
d i f fus ion is the  c u r r e n t - c o n t r o l l i n g  p rocess  is s u p -  
p o r t e d  b y  t h e  o b s e r v a t i o n  t ha t  t he  he igh t s  of t he  
d i f fus ion  c u r r e n t s  for  b o t h  w a v e s  d e c r e a s e d  w i t h  
de c r ea s ing  r a t e  of r o t a t i o n  of t h e  e lec t rode .  

Estimation o] the electrode n-value.--The di f fu-  
s ion c u r r e n t  cons tan t ,  Id, for  D M P B  was  6.34. On 
the  s a m e  e l ec t rode  w i t h  t he  s a m e  s t i r r i n g  cond i -  
t ions,  a n t h r a c e n e  in  t he  p r e s e n c e  of 0.1M p y r i d i n e  
gave  an  Id of  13.0 and  D M P B  in  t he  p r e s e n c e  of 0.01M 
p y r i d i n e  gave  an  Id of 12.5. U n d e r  t h e s e  cond i t ions  
bo th  a n t h r a c e n e  (7)  and  D M P B  a re  ox id i zed  in  t w o -  
e l ec t ron  s teps  w i t h  t he  f o r m a t i o n  of  d i p y r i d i n i u m  
d i pe r ch lo r a t e s .  In  add i t ion ,  a n t h r a c e n e  and  D M P B  
h a v e  i d e n t i c a l  m o l e c u l a r  we igh ts .  Thus,  a o n e - e l e c -  
t r o n  o x i d a t i o n  is i n d i c a t e d  for  D M P B  in u n b u f f e r e d  
a c e t o n i t r i l e  solut ion.  H y d r o q u i n o n e ,  w h c h  p r e s u m -  
a b l y  ox id izes  in a t w o - e l e c t r o n  s tep  in u n b u f f e r e d  
a ce ton i t r i l e  (8) ,  gave  an  Id of 11.5. 

Reversibility of the electrode process.--Plots of 
log i~ ( i d -  i) vs. E for  w a v e  I a l w a y s  gave  s t r a i g h t  
l ines  w i t h  s lopes  v a r y i n g  f r o m  53 to 60 m v  ove r  a 
c o n c e n t r a t i o n  r a n g e  f r o m  1.2 x 10 -4  m o l e s / l i t e r  to 
60.0 x 10 -4  m o l e s / l i t e r .  These  o b s e r v a t i o n s  i nd i ca t e  
s t r o n g l y  t h a t  t he  p o t e n t i a l - d e t e r m i n i n g  e l ec t rode  
r e a c t i o n  c o r r e s p o n d i n g  to w a v e  I is v o l t a m m e t r i -  
ca l l y  r e v e r s i b l e .  The  t e m p e r a t u r e  coefficient  of E~I2 
for  w a v e  I was  2.3 m v / d e g r e e  ove r  t he  r a n g e  25.7 ~  
37.1~ This  v a l u e  is s o m e w h a t  h i g h e r  t h a n  m i g h t  be  
e x p e c t e d  for  a r e v e r s i b l e  e l e c t r o d e  process  (9) .  
S i m i l a r  log p lo t s  of w a v e  I I  s h o w e d  s igni f ican t  d e -  
v ia t ions  f r o m  s t r a i g h t - l i n e  p lo t s  a t  n e g a t i v e  v a l u e s  
of log  i / ( i d - - i ) .  The  s t r a i g h t - l i n e  p o r t i o n s  of t he  
p lo ts  h a d  s lopes  of 100-110 mv.  This  b e h a v i o r  is 
t y p i c a l  of an  i r r e v e r s i b l e  process .  

EI[ect of hydrogen ion.--The c o n c e n t r a t i o n  i n d e -  
p e n d e n c e  of El/2 for  w a v e  I in  u n b u f f e r e d  a c e t o n i -  
t r i l e  n o t e d  e a r l i e r  s u g g e s t e d  t h a t  h y d r o g e n  ion was  
no t  i n v o l v e d  in  t he  e l e c t r o d e  process .  Th is  w a s  con -  
f i rmed  b y  e x a m i n i n g  the  v o l t a m m e t r i c  b e h a v i o r  of 
w a v e  I in  t he  p r e s e n c e  of 1.1M w a t e r ,  0.2M acet ic  
a n h y d r i d e ,  1.0M acet ic  acid,  a n d  1.3raM p e r c h l o r i c  
acid.  In  no i n s t a n c e  was  e i t he r  t he  d i f fus ion  c u r r e n t  
cons t an t  o r  t he  h a l f - w a v e  p o t e n t i a l  a l t e r e d  s igni f i -  
c a n t l y  w h e n  the  v o l t a m m o g r a m s  w e r e  r u n  w i t h i n  
a shor t  t i m e  a f t e r  a d d i t i o n  of  t he  v a r i o u s  spec ies  
noted .  P e r c h l o r i c  acid,  a f t e r  p r o l o n g e d  s t a n d i n g  in 
con tac t  w i t h  DMPB,  caused  a d e c r e a s e  in  Ix of  a l l  
t h r e e  waves .  This  has  been  a t t r i b u t e d  to t he  r e -  
m o v a l  of  D M P B  b y  a c i d - c a t a l y z e d  d i m e r i z a t i o n  a n d  
is d i scussed  in m o r e  de t a i l  l a t e r  in  th is  p a p e r .  

A l t h o u g h  the  p r e s e n t  p a p e r  is c o n c e r n e d  p r i m a r -  
i ly  w i t h  t he  r e a c t i o n  c o r r e s p o n d i n g  w i t h  w a v e  I, i t  
is of i n t e r e s t  to no te  t h a t  bo th  w a t e r  and  ace t ic  a n -  
h y d r i d e  caused  a twofo ld  i nc rea se  in  t h e  h e i g h t  of 
w a v e  II,  w h i l e  ace t ic  ac id  caused  a t h r e e f o l d  i n -  
crease .  P e r c h l o r i c  acid,  on t h e  o t h e r  hand ,  h a d  no 
s igni f icant  effect on w a v e  II  w h e n  the  v o l t a m m o -  
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grams were run immediately after the addition of 

the acid. 
Controlled potential oxidation.--The f inding  of 

a m m o n i u m  p e r c h l o r a t e  in th is  o x i d a t i o n  can  be  ac -  
c o u n t e d  fo r  b y  t h e  h y d r o l y s i s  of t he  a c e t o n i t r i l e  
w i t h  p e r c h l o r i c  ac id  f o r m e d  d u r i n g  the  e l ec t ro lys i s  
and  s m a l l  qua n t i t i e s  of w a t e r  p r e s e n t  even  in  t he  
d r i e d  ace ton i t r i l e .  The  e q u i v a l e n t  q u a n t i t y  of acet ic  
ac id  w h i c h  w o u l d  be  f o r m e d  b y  such  a m e c h a n i s m  
was  a c t u a l l y  d e t e c t e d  by  m e a n s  of  gas  c h r o m a t o -  
g r a p h i c  ana lys i s .  

T h e  p r i m a r y  o x i d a t i o n  p r o d u c t  o b t a i n e d  was  a 
p u r p l e - c o l o r e d  m a t e r i a l  w h i c h  accoun ted  for  on ly  
a b o u t  30% of t he  o r ig ina l  D M P B  on a w e i g h t  basis .  
A l t h o u g h  a t t e m p t s  to p u r i f y  th is  m a t e r i a l  w e r e  u n -  
successful ,  i t  was  poss ib le  to c o n v e r t  t he  c o m p o u n d  
to a p a l e - y e l l o w  sol id  b y  t r e a t m e n t  w i t h  sod ium 
h y d r o x i d e .  The  l i g h t - c o l o r e d  m a t e r i a l  c o n t a i n e d  no 
p e r c h l o r a t e  g roups ,  and  i ts  i n f r a r e d  a b s o r p t i o n  
s p e c t r u m  bo re  a s t r i k i n g  r e s e m b l a n c e  to t h a t  of 
1 , 2 - t r a n s -2 ,3 - c i s -  1- ( 3 , 4 - d i m e t h o x y p h e n y l )  - t e t r a h y -  
d r o - 6 , 7 - d i m e t h o x y - 2 , 3 - n a p h t h a l e n e d i m e t h a n o l  (6b). 
T h e  on ly  m a j o r  d i f fe rence  in  t he  s p e c t r a  was  the  
a bse nc e  of h y d r o x y l  a b s o r p t i o n  b a n d s  in  t he  spec -  
t r u m  of the  u n k n o w n ,  w h i c h  con t a ined  a b s o r p t i o n  
m a x i m a  at  3.40, 6.20, 6.60, 6.81, 7.93, 8.77, a n d  9.72~. 

In  t he  D M P B  m o l e c u l e  t he  s t rong  d o n o r  t e n d e n c y  
of t he  p - m e t h o x y l a t e d  p h e n y l  nuc leus  effects an 
e l ec t ron  sh i f t  in the  d i r ec t i on  of the  f i - c a r b o n  a tom.  
Thus,  of t he  r e p r e s e n t a t i v e  c o n t r i b u t i n g  s t r u c t u r e s  
to t he  r e s o n a n c e  h y b r i d  s h o w n  in Fig.  3, B, C, and  D 
a re  mos t  i m p o r t a n t  in d e s c r i b i n g  the  h y b r i d .  S t r u c -  
t u r e s  such  as E a n d  F c o n t r i b u t e  l i t t l e  to t he  d e -  
s c r ip t ion  of t he  molecule .  

The  loca l i za t ion  of t he  e l ec t rons  a t  the  f l - c a rbon  
is s h o w n  in the  a c i d - c a t a l y z e d  d i m e r i z a t i o n  of 
D M P B  w h e r e  p r o t o n  a d d i t i o n  to  t h e  f l - c a r b o n  a t o m  
dec reases  t he  a c t i v a t i o n  e n e r g y  of t he  s y s t e m  su f -  
f i c ien t ly  to p e r m i t  cha in  i n i t i a t i on  to occur  (10) .  
The  i m p o r t a n c e  of s t r u c t u r e  B is s h o w n  b y  the  
r e a d y  loss of t he  fl h y d r o g e n  ion  f r o m  the  p r o t o n -  
a t e d  f o r m  of s t r u c t u r e  B. A s i m i l a r  a t t a c k  at  the  
c e n t e r  of g r e a t e s t  e l ec t ron  d e n s i t y  is e x p e c t e d  in 
t he  e l e c t ro ly t i c  o x i d a t i o n  of DMPB.  Thus,  w a v e  I 
of  D M P B  in u n b u f f e r e d  a c e t o n i t r i l e  c o r r e s p o n d s  to 
the  r e m o v a l  of  a s ingle  e l e c t r o n  f r o m  the  v i c in i t y  
of t he  f l - c a r b o n  a t o m  w i t h  t he  f o r m a t i o n  of a h i g h l y  
r e a c t i v e  c a r b o n i u m  ion rad ica l .  A l t h o u g h  such a 
spec ies  m a y  s t ab i l i ze  in  a v a r i e t y  of w a y s  ( d i m e r i -  
zat ion,  f r a g m e n t a t i o n ,  a d d i t i o n  of  r a d i c a l s  and  n u -  
c leophi les ,  e j ec t ion  of h y d r o g e n  ions, o r  a c o m b i n a -  
t ion  of these  p roces se s ) ,  i t  a p p e a r s  t h a t  t he  D M P B  
c a r b o n i u m  ion r a d i c a l  s t ab i l i zes  p r i m a r i l y  b y  a 
s ing le  m e c h a n i s m .  This  is shown  b y  the  p re sence  
of on ly  one m a j o r  o x i d a t i o n  p r o d u c t  b y  c h r o m a t o -  

CH~ ~H~ CH~ CH~ CH~ CH~ 

H~ HOe HC HC H~: |  n ~  

OCH3 CH 3 CH3 OCH3 ~ ' O C H  3 ~T /~OCH3 
OCH 3 OCH 3 OCH 3 eOCH 3 OCH 3 OCH 3 

A n C D E F 

Fig. 3. Representative contributing structures to the resonance 
hybrid of DMPB. 
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Fig. 4. Suggested reaction mechanism 

g r a p h i c  e x a m i n a t i o n  of t he  ano ly te .  B a s e d  on these  
c o n s i d e r a t i o n s  t he  r e a c t i o n  m e c h a n i s m  of Fig .  4 is 
sugges ted .  

In  t he  p r o p o s e d  r e a c t i o n  scheme  the  c a r b o n i u m  
ion  r a d i c a l  (B)  f o r m e d  in t he  e l ec t rode  r e a c t i o n  
u n d e r g o e s  a f ree  r a d i c a l  d i m e r i z a t i o n  w i t h  a second  
r a d i c a l  ion  to g ive  a d i v a l e n t  c a r b o n i u m  ion d i m e r  
(C)  l i n k e d  t h r o u g h  the  f l - c a rbons  of t he  s ide chain .  
S t a b i l i z a t i o n  b y  r i ng  c losure  and  the  e j ec t ion  of 
h y d r o g e n  ion  fo l lows  e s s e n t i a l l y  t he  p a t h  d e s c r i b e d  
b y  Mi i l l e r  and  c o - w o r k e r s  (3)  for  t he  a c i d - c a t a -  
l yzed  d i m e r i z a t i o n  of p r o p e n y l p h e n o l  e thers .  The  
m o n o v a l e n t  c a r b o n i u m  ion m a y  s t ab i l i ze  b y  the  
a d d i t i o n  of  a nuc l eoph i l i c  r e a g e n t  such as  t he  p e r -  
c h l o r a t e  an ion  or  b y  e j ec t ion  of a second  h y d r o g e n  
ion. In  t he  l a t t e r  case, t he  loose ly  he ld  h y d r o g e n  
on c a r b o n - 2  of the  t e t r a l i n  nuc leus  w o u l d  p r o b a b l y  
be  los t  w i t h  t he  f o r m a t i o n  of c o m p o u n d  F. The  
p u r p l e - c o l o r e d  m a t e r i a l  is b e l i e v e d  to be  t he  p e r -  
c h l o r a t e  of E, and  the  p r o d u c t  o b t a i n e d  b y  t r e a t -  
m e n t  of th is  m a t e r i a l  w i t h  base  is b e l i e v e d  to be  
t he  c o r r e s p o n d i n g  u n s a t u r a t e d  c o m p o u n d  F. 

T h e  p o s t u l a t e d  r e a c t i o n  m e c h a n i s m  r e q u i r e s  the  
l i b e r a t i o n  of f r o m  0.5 to 1.0 h y d r o g e n  ion p e r  m o l e -  
cu le  of o x i d i z e d  D M P B  d e p e n d i n g  on the  s t a b i l i z a -  
t i on  m e c h a n i s m  of the  m o n o v a l e n t  c a r b o n i u m  ion. 
P o t e n t i o m e t r i c  t i t r a t i o n s  of  a l iquo t s  of t he  a n o l y t e  
t a k e n  a f t e r  v a r y i n g  e l ec t ro lys i s  t i m e s  s h o w e d  a 
g r a d u a l  a c c u m u l a t i o n  of h y d r o g e n  ion  in  t he  so lu -  
t ion.  The  e q u i v a l e n t s  of h y d r o g e n  ion l i b e r a t e d  as a 
func t ion  of e l ec t ro ly s i s  t i m e  is s h o w n  in Fig .  5. 
A l so  shown  is a p lo t  of e q u i v a l e n t s  of e l ec t rons  
t r a n s f e r r e d  as  a func t ion  of e l ec t ro lys i s  t ime .  The  
l a t t e r  d a t a  w e r e  o b t a i n e d  b y  i n t e g r a t i o n  of  t he  c u r -  
r e n t - t i m e  curve .  D u r i n g  the  e a r l y  s tages  of e l ec -  
t ro lys i s ,  a p p r o x i m a t e l y  one h y d r o g e n  ion was  l i b -  
e r a t e d  p e r  m o l e c u l e  of D M P B  consumed ,  a s s u m i n g  
a o n e - e l e c t r o n  o x i d a t i o n  mechan i sm .  This  v a l u e  
g r a d u a l l y  d e c r e a s e d  to a p p r o x i m a t e l y  0.5 h y d r o g e n  
ion p e r  m o l e c u l e  as t he  e l ec t ro lys i s  con t inued .  I t  is 
to be  e x p e c t e d  t h a t  p a r t  of the  dec rea se  is due  to 
m i g r a t i o n  of h y d r o g e n  ions in to  t he  ca thode  c o m -  
p a r t m e n t  of t he  e l ec t ro ly s i s  cel l  (11) .  

4 0 - -  

~_O 30-- 
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Fig. 5. Variation of equivalents of DMPB and equivalents of hy- 
drogen ion liberated with electrolysis time. 

I t  has  been  s h o w n  t h a t  t h e  b u l k  of t he  D M P B  
o r i g i n a l l y  p r e s e n t  was  c o n v e r t e d  d u r i n g  the  e lec -  
t r o ly s i s  to d i m e t h y l d i i s o e u g e n o l .  This  m a t e r i a l  is 
n o r m a l l y  syn thes i zed  b y  the  a c i d - c a t a l y z e d  d i m e r i -  
za t ion  of DMPB,  a n d  i ts  p r e s e n c e  in t he  a n o l y t e  is 
no t  s u r p r i s i n g  in  v i e w  of t he  c o m p a r a t i v e l y  h igh  
c onc e n t r a t i on  of h y d r o g e n  ion l i b e r a t e d  in t he  o x i -  
d a t i o n  r e a c t i o n  d i scussed  ea r l i e r .  S ince  no p r e v i o u s  
s tud ies  of t he  a c i d - c a t a l y z e d  d i m e r i z a t i o n  of D M P B  
in a c e t o n i t r i l e  so lu t ion  h a v e  been  r e p o r t e d  i t  was  
of i n t e r e s t  to d e m o n s t r a t e  t h a t  th is  m e c h a n i s m  was  
r e s p o n s i b l e  for  t he  f o r m a t i o n  of d i m e t h y l d i i s o e u g -  
enol  in  the  ano ly te .  F u r t h e r m o r e ,  some e s t i m a t e  of 
t he  r a t e  of d i m e r i z a t i o n  in th is  s y s t e m  w o u l d  be  
h e l p f u l  in e x p l a i n i n g  the  e x p e r i m e n t a l  r e su l t s  b e -  
cause  the  r a p i d  d e c r e a s e  in  c u r r e n t  d u r i n g  the  e l ec -  
t r o ly s i s  was  o b v i o u s l y  due  to s i m u l t a n e o u s  o x i d a -  
t ion  of D M P B  and  i ts  r e m o v a l  b y  a c i d - c a t a l y z e d  
d imer i za t i on .  

Acid dimerization of D M P B . - - T h e  c u r r e n t  d e -  
c rease  as  a func t ion  of t i m e  for  D M P B  in 0.5M 
s o d i u m  p e r c h l o r a t e - a c e t o n i t r i l e  so lu t ions  c o n t a i n -  
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Fig. 6. Variation of current due to the acid-catalyzed dimeriza- 
tion of 1.092 mM DMPB in 0.5M sodium perchlorate-acetonitrile 
with time: 1, 2.0 x 10 - 3  HCIO4; 2, S.0 x 10 -~  HCIO4; 3, 10.0 x 
10 - 3  HCIO4; 4, 100.0 x 10 - 3  HCIO4. 



Vol.  111, No.  3 

ing v a r y i n g  concen t ra t ions  of perchlor ic  acid is 
shown in  Fig. 6. The c u r r e n t  was  m e a s u r e d  pe r i -  
odical ly at a po ten t i a l  of 1.05v vs. SCE. Less t h a n  
0.5% of the total  c u r r e n t  decrease is a t t r i b u t a b l e  to 
ox ida t ion  of DMPB since the po ten t i a l  was appl ied  
on ly  long enough  to measu re  the c u r r e n t  at  i n t e r -  
vals. 

V o l t a m m o g r a m s  of DMPB in 0.5M sod ium pe r -  
ch lo ra t e -ace ton i t r i l e  so lu t ion  af ter  t r e a t m e n t  wi th  
perchlor ic  acid are wel l  defined, a l though  the 
heights  of the waves  are  less t h a n  50% of the  
heights  of waves  u n d e r  condi t ions  of no acid t r e a t -  
ment .  These resul ts  are in  accord wi th  the expected  
behav io r  for d imer iza t ion ;  tha t  is, complete  d i m e r i -  
zat ion wou ld  effect ively reduce  the concen t ra t ion  
of the  e lec t roact ive  species by 50%. A decrease in 
diffusion c u r r e n t  somewha t  g rea te r  t h a n  50% 
would  be expected because  of the  increased  size, 
and, hence,  decreased diffusivity,  of the dimer .  For  
compar i son  purposes  a v o l t a m m o g r a m  of d i m e t h y l -  
d i isoeugenol  is also included.  The concen t r a t i on  of 
the d ime thy ld i i soeugeno l  is a p p r o x i m a t e l y  tha t  of 
the d imer  formed by  the  act ion of perchlor ic  acid. 
The curves  are ident ica l  wi th  respect  to the n u m b e r  
of waves,  the h a l f - w a v e  potent ia ls ,  and  the  diffu-  
sion c u r r e n t  constants .  

Wi th  the  n a t u r e  of the p roduc t  es tabl ished,  a 
more  de ta i led  descr ip t ion  of the process was a t -  
tempted .  It  has been  shown  tha t  if s t y rene  or 
ane tho le  is d imer ized  by  the act ion of deu t e r a t ed  
hydrochlor ic  acid, bo th  the  d imer  and  the un re a c t e d  
m o n o m e r  wil l  con ta in  d e u t e r i u m  (3).  F u r t h e r m o r e ,  
the ra te  of d imer i za t ion  was found  to be d e p e n d e n t  
on the acid concen t ra t ion ,  and  this  suggested a re -  
act ion m e c h a n i s m  of the fo l lowing type  (3) .  

A + H + ~ AH + [1] 

AH + + A - - >  A2 -t- H + [2] 

in which  the second step is a slow, i r r eve r s ib le  
process. Thus,  the ra te  of consumpt ion  of A wil l  
be g iven  by  

dA 

dT 

where  

- -  -- k ( A H  +) (A)  = kKeq (A)  2 (H +) [3] 

(AH + ) 
Keq - -  [4] 

( A ) ( H  + ) 

and  therefore ,  wi l l  be first order  wi th  respect  to 
hyd rogen  ion and  second order  wi th  respect  to A. If 
the h y d r o g e n  ion is p resen t  in  suff icient ly la rge  
q u a n t i t y  to be t rea ted  as a constant ,  or if the  con-  
cen t r a t i on  of AH + is neg l ig ib ly  smal l  w i th  respect  
to the hyd rogen  ion concen t ra t ion ,  Eq. [3] m a y  be 
in t eg ra t ed  to give the f ami l i a r  s econd-o rde r  ra te  
equa t ion  

1 / A 2 -  l /A1  = kKeq (H +) (t2 --  t l )  [5] 

A s s u m i n g  tha t  the  e q u i l i b r i u m  posi t ion  of reac t ion  
[1] is far  to the  left  and  tha t  the  on ly  s ignif icant  
con t r i bu t i on  to the c u r r e n t  is g iven  by  DMPB m o n -  
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Fig. 7. Second-order plot for the acid-catalyzed dimerlzation of 
1.092 x 10-~M DMPB in 0.5M sodium perchlorate-acetonitrile. 

omer  and  d imethy ld i i soeugenol ,  the fo l lowing ex-  
press ions  m a y  be w r i t t e n :  

Le t t ing  a = concen t r a t i on  of DMPB at t = 0, and  
(a --  x)  = concen t r a t i on  of DMPB at  t = t, x / 2  = 
concen t ra t ion  of d imethy ld i i soeugeno l ,  t hen  

i =  k ( a - - x )  + ( 0 . 1 ) ( x / 2 )  [6] 

where  i is t a k e n  as a posi t ive  q u a n t i t y  for purposes  
of convenience .  The factor  0.1 is i nc luded  in  the 
second term,  s ince the c u r r e n t  he ight  for d i m e t h y l -  
d i i soeugenol  is 0.1 t imes  tha t  of an  equa l  concen t r a -  
t ion  of DMPB at the po ten t i a l  used for the  exper i -  
ments .  

So lv ing  for (a --  x)  in  t e rms  of a and  i in  Eq. [6] 
gives 

( a - -  x )  = [ i - -  O.05ka]/O.95k [7] 

Using Eq. [5] wi th  A = (a --  x)  and  the  data  of 
Fig. 6, the plots of Fig. 7 were  obta ined.  A l though  
some dev ia t ion  f rom a s t r a i gh t - l i ne  plot  was  ob-  
t a ined  at  longer  t imes,  the  da ta  were  in  su rp r i s -  
i ng ly  good a g r e e m e n t  wi th  Eq. [5] in  v iew of the 
a s sumpt ions  made  in  the der iva t ion .  

Since the slope is equa l  to kKeq(H +) where  the 
on ly  va r i ab le  is ( H + ) ,  the  pred ic ted  va lues  for 
h y d r o g e n  ion concen t ra t ions  of 2.0, 5.0, and  10.0 
m M  should have  the  ra t io  1:2.5:5.0. The  ac tua l  
ra t io  ob ta ined  us ing  the in i t i a l  por t ions  of the  plots 
was  1:2.5:7.9. Thus,  the ra te  of ac id -ca ta lyzed  
d imer iza t ion  of DMPB is first order  wi th  respect  to 
h y d r o g e n  ion concen t ra t ion  a nd  second order  wi th  
respect  to the  concen t r a t i on  of DMPB. A descr ip-  
t ion of the c u r r e n t - t i m e  curve  in  the  cont ro l led  po-  
t en t i a l  ox ida t ion  itself wou ld  be somewha t  more  
complicated,  since hyd rogen  ion concen t r a t i on  
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Fig. 8. Mechanism of dimerization of DMPB 

g r a d u a l l y  increases  d u r i n g  the  electrolysis ,  whi le  
DMPB is consumed  both  by  ox ida t ion  and  by  ac id-  
ca ta lyzed  d imer iza t ion .  

I t  is also of in te res t  to no te  t ha t  w h e n  perchlor ic  
acid is added  to a so lu t ion  of DMPB in acetoni t r i le ,  
a b r igh t  che r ry -co lo r  develops immedia te ly .  Thus,  
the  red  color observed  in  the  e lect rolys is  of DMPB 
is p r o b a b l y  a resu l t  of the  l i be ra t ion  of perchlor ic  
acid at  the anode and  the fo rma t ion  of a ha lo -  
chromic  salt  w i th  unox id i zed  DMPB. The  more  i n -  
t ense ly  colored pu rp l e  m a t e r i a l  appears  to accu-  
m u l a t e  on ly  s lowly d u r i n g  the electrolysis.  

One obse rva t ion  which  has no t  been  exp la ined  
sa t i s fac tor i ly  is the  r e l a t i ve ly  low y ie ld  of ox ida-  
t ion  p roduc t  ob ta ined  in  compar i son  wi th  the 
coulombs of e lec t r ic i ty  consumed  in  the  oxidat ion.  
One  possible e x p l a n a t i o n  is tha t  compa ra t i ve ly  smal l  
a m o u n t s  of m a t e r i a l  are  oxidized to a m u c h  grea te r  
degree by  ano the r  mechan i sm.  For  example ,  it has 
been  shown  tha t  the ac id -ca ta lyzed  d imer i za t ion  of 
DMPB yields  smal l  quan t i t i e s  of 2 ,3 ,6 ,7- te t rameth-  
o x y - 9 , 1 0 - d i e t h y l - 9 , 1 0 - d i h y d r o a n t h r a c e n e .  A possible  
m e c h a n i s m  is the d imer i za t ion  of two molecules  of 
p ro tona t ed  DMPB as p ic tu red  in Fig. 8 (12).  I n  the  
p resen t  s tudy  smal l  quan t i t i e s  of 2 ,3 ,6 ,7- te t rameth-  
o x y a n t h r a q u i n o n e  and  a f luorescent  ma te r i a l  re -  
s embl ing  2 ,3 ,6 ,7 - t e t r ame thoxy-9 ,10 -e thy l an th rone  
and  its c a r b o n i u m  salts have  been  isolated. These 
ma te r i a l s  mos t  p r o b a b l y  were  fo rmed  in  the  elec-  
t ro ly t ic  ox ida t ion  of 2 ,3 ,6 ,7 - t e t ramethoxy-9 ,10-d i -  
e t h y l - 9 , 1 0 - d i h y d r o a n t h r a c e n e  fo rmed  by  the ac id-  
ca ta lyzed d imer iza t ion  of DMPB as shown in Fig. 
8. The fo rma t ion  of these h igh ly  oxidized species 
would,  of course, r equ i r e  cons ide rab ly  more  t h a n  
one e lec t ron  per  DMPB molecule.  

VoI tammetry  in pyridine solut ions.--In the p res -  
ence of pyr id ine ,  DMPB shows on ly  a single,  de-  
fo rmed  wave  at a ro t a t ing  p l a t i n u m  electrode in  
ace toni t r i l e  solut ion.  At  h igh anodic  po ten t ia l s  the 
c u r r e n t  decreases to low values.  This effect is u s u -  
a l ly  a t t r i b u t e d  to the  fo rma t ion  of an  inso lub le  film 
or ta r  on the  electrode surface  which  acts as an  ef-  
fect ive b a r r i e r  to the  t r a n s f e r  of electrons.  S imi l a r  
film fo rma t ion  on a p l a t i n u m  elect rode in  the  p res -  
ence  of p y r i d i n e  was observed  by  Geske (13) in a 
s tudy  of the  ox ida t ion  of iodide ion, L u n d  (14) in  
the  ox ida t ion  of f luorenol,  and  Ve rmi l l i on  (15) in  
the  ox ida t ion  of h inde red  phenols .  

Tha t  the  surface  of the electrode was in  some 
w a y  a l te red  was  conf i rmed by  a t t empt s  to re t race  
the  v o l t a m m o g r a m s  w i thou t  c lean ing  the e lect rode 
b e t w e e n  runs .  In  every  case a s ignif icant  r educ t ion  
was  ob ta ined  in  the  he ight  of the v o l t a m m e t r i c  
wave.  A t t e m p t s  to r emove  the  "film" by  cathodic 
r educ t ion  were  on ly  pa r t i a l l y  successful.  V o l t a m -  
mograms  comparab le  w i th  those ob ta ined  in i t i a l ly  

Table I. Voltammetric data for DMPB in 0.SM sodium 
perchlorate-acetonitrile solution i.0M in pyridine 

Concentration 
DMPB, mM El l2 ,  v v s .  SCE Id, t romp-I / raM 

0.052 1.070 19.3 
0.104 1.060 18.3 
0.208 1.045 15.1 
0.417 1.064 17.8 
1.46 1.094 11.0 
3.54 1.086 13.6 

were  ob ta ined  on ly  af ter  c lean ing  the  e lect rode 
sur face  wi th  n i t r i c  acid or d i ch romate  c lean ing  
solut ion.  

At  h igh  concen t ra t ions  of DMPB a r e duc t i on  in  
I~ was observed  as shown  in  Tab le  I. It  is be l ieved  
tha t  this  decrease is no t  a t t r i b u t a b l e  to a change  in  
the  n a t u r e  of the  electrode react ion,  b u t  r a t h e r  is 
a ref lect ion of the more  rap id  f o r ma t i on  of the  film 
on the  electrode surface.  On this  basis, es t imates  of 
the  n - v a l u e  of the e lect rode reac t ion  f rom the  d i f -  
fus ion  c u r r e n t  cons t an t  should  be most  re l i ab le  at  
low concen t ra t ions  of DMPB. 

An th racene ,  whose molecu la r  we igh t  and,  p r e -  
sumably ,  d i f fusivi ty  are the  same as t ha t  of DMPB 
is oxidized in  a t w o - e l e c t r o n  process at  a ro ta t ing  
p l a t i n u m  electrode in  0.5M sod ium pe rch lo ra t e -  
ace toni t r i l e  so lu t ion  con t a in ing  p y r i d i n e  (7) .  Us ing  
the  same  elect rode a nd  s t i r r ing  condi t ions  as had 
been  used for DMPB, an  Ia of 23.5 was  obta ined .  
This  va lue  is approached  by  the  In of DMPB at low 
concen t ra t ions  ind ica t ing  a t w o - e l e c t r o n  oxida t ion  
for DMPB. This  es t imate  was conf i rmed by  a p r ep -  
a ra t ive - sca le  cont ro l led  po ten t i a l  ox ida t ion  of 
DMPB which  is discussed in  more  de ta i l  below. 

As shown in  Table  I, the  h a l f - w a v e  po ten t i a l  of 
DMPB was cons tan t  and  i n d e p e n d e n t  of the  con-  
cen t r a t i on  of DMPB. Plots  of log i / ( i d - - i )  VS. E, 
where  i is the c u r r e n t  at the  po ten t i a l  E and  id is 
the  diffusion cur ren t ,  dev ia ted  s igni f icant ly  f rom 
s t ra igh t  l ines at nega t ive  va lues  of log i / ( i d - - i ) .  
F r o m  the slopes of the l i nea r  por t ions  of the curves  
a va lues  of f rom 0.55 to 0.60 were  calculated.  These 
da ta  ind ica te  tha t  the  p o t e n t i a l - d e t e r m i n i n g  elec-  
t rode  reac t ion  is i r revers ib le .  

Oxida t ion  of DMPB at  a p l a t i n u m  elect rode in  
0.5M sod ium pe rch lo ra t e - ace ton i t r i l e  so lu t ion  1.0M 
in p y r i d i n e  y ie lded  a w a t e r - s o l u b l e  d i p y r i d i n i u m  
d iperch lora te  of DMPB. At  a cont ro l  po ten t i a l  of 
1.2v vs. SCE the  p roduc t  was  ob ta ined  in  approx i -  
m a t e l y  95 % yie ld  based on the  s t a r t i ng  D M P B  at a 
c u r r e n t  efficiency of n e a r l y  100%. Thus,  py r id ine  
does not  f unc t i on  m e r e l y  as a p ro ton  acceptor  as in  
the ox ida t ion  of an isy l  alcohol, bu t  par t i c ipa tes  in  
the  electrode reac t ion  decreas ing  the  ene rgy  re -  
qu i r ed  to r emove  a second e lec t ron  f rom the  DMPB 
molecule .  The ox ida t ion  m a y  be p i c tu red  as a reac-  
t ion  i nvo l v i ng  a concer ted  p u s h - p u l l  a t t ack  by  the 
u n s h a r e d  e lec t ron  pa i r  of the  p y r i d i n e  molecule  and  
the  pos i t ive ly  charged electrode surface.  The  delo-  
cal izat ion of the  posi t ive  charge at the a - c a r b o n  
a tom due to coord ina t ion  w i th  py r id ine  m a y  ac- 
coun t  for the  decreased po t en t i a l  r equ i r ed  to re -  
move  the second electron.  The  ove r - a l l  reac t ion  
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wi thou t  regard  to m e c h a n i s m  m a y  be s u m m a r i z e d  
as follows: 

CH3 
J 

HC 

II 
,HC 

~CH.~ 
OCH~ 

+ 2 pyridine 

+ 2C104- 

) 
- -  2 e  

CONTROLLED POTENTIAL OXIDATION 

(C104-)2 

CH3 

~ O C H 3  OCH3 

It  should  be no ted  tha t  the  exact  pos i t ion  of add i -  
t ion  of the py r id ine  molecules  has no t  been  e s t ab -  
l ished conclusively .  I n  chemical  oxida t ions  of 
DMPB which  are  no t  sufficiently drast ic  to effect 
side cha in  cleavage,  the  products  are u sua l ly  subs t i -  
t u t ed  at the  a-  and  f l - ca rbon  a toms of the  side 
chain.  

Manuscript  received Dec. 26, 1962; revised m a n u -  
script received Oct. 10, 1963. This paper is from the 
thesis of J. J. O'Connor prepared in part ial  fulf i l lment 
of the requirements  of The Inst i tute  of Paper  Chem- 
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istry for the Ph.D. degree from Lawrence College, 
Appleton, Wisconsin, June  1962. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 
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The Thermodynamic Properties of Cesium Chlorotitanates 
R. L. Lister and S. N. Flengas 

Department o~ Metallurgical Engineering, University o~ Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The equi l ibr ium decomposition pressures of pure cesium hexachlorot i tanate 
have been measured at various temperatures.  Measurements  were also made 
in  the presence of cesium chloride. It was found that  cesium hexachlorot i tanate  
in  excess of cesium chloride produced a new compound, cesium octachloroti- 
tanate  (Cs4TiCI8). The vapor pressure curves are given by the following equa-  
tions: 

For the reactions 
a) Cs2TiCl~(s) = 2CsCl(s) + TiC14(g) 

--8358 
loglo P(mm Hg) --  - -  i- 11.762 (870 ~ - -  918~ 

T 

b) Cs2TiC16(s) = 2CsCI(1) -t- TiCla(s) 
--9223 

log10 P(mm Hg) --  - -  ~- 12.714 (918 ~ - -  950~ 
T 

and 

c) Cs4TiCls(s) = 4CsCI(D + TiC14(g) 
--5171 

lOgl0 P(mm Hg) -- - -  + 7.901 (918 ~ --  1040~ 
T 

Various properties of the alkali  metal  chloroti tanate compounds are also 
discussed. 

In t e re s t  in  fused sal t  e lectrolysis  as a mea ns  of 
p roduc ing  t i t a n i u m  me ta l  has been  aroused in  the 
past  decade. T i t a n i u m  te t rach lor ide  is too vola t i le  
to be  used d i rec t ly  in  a fused sal t  ba th ,  and  r ecen t  
inves t iga t ions  have  been  di rec ted  t oward  p roduc -  
t ion  of s table  compounds  con ta in ing  the  t i t a n i u m  
species. Inves t iga t ions  have  shown tha t  the  so lu-  

b i l i ty  of t i t a n i u m  te t rach lo r ide  in  va r ious  salt  ba ths  
could be exp la ined  in  t e rms  of compound  fo rma t ion  
and  was  found  to be d e p e n d e n t  on the  t e m p e r a t u r e  
a nd  s u r r o u n d i n g  a tmosphere  (1) .  

The  first compound  s tudied  was  po tas s ium hex -  
achloro t i tana te ,  which  has been  shown  to be i n -  
sufficiently s table  (2) .  In  the  p resen t  inves t iga t ion ,  
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the react ions  b e t w e e n  gaseous TIC14 and  solid CsC1 
were  studied.  

The compound  Cs2TiC16 was synthesized,  and  the  
pressures  of t i t a n i u m  te t rach lo r ide  in  e q u i l i b r i u m  
wi th  the solid compound  at va r ious  t e m p e r a t u r e s  
we re  inves t iga ted .  I t  was  found  that ,  in  the  presence  
of an  excess of ces ium chloride,  the  n e w  compound  
Cs4TiCls was formed.  

The t h e r m o d y n a m i c  proper t ies  of ces ium h e x -  
ach lo ro t i t ana te  have  also been  m e a s u r e d  by  Morozov 
and  Top tyg in  (3) ,  and  are compared  to the  va lues  
ob ta ined  here in .  

Exper imental  

The ces ium hexach lo ro t i t ana t e  was p r epa red  by  
the  di rect  r eac t ion  of the  solid a lka l i  m e t a l  chlor ide 
and  t i t a n i u m  te t rach lo r ide  vapor ,  as descr ibed  in  a 
p rev ious  pub l i ca t ion  (5) .  The ces ium chlor ides  were  
of r eagen t  g rade  pur i f ied f u r t h e r  by  sub l ima t ion .  
The t i t a n i u m  te t rach lor ide  was of the  commerc ia l  
g rade  pur i f ied by  re f lux ing  the l iqu id  in  the p res -  
ence of f inely d iv ided  copper  filings, u n d e r  a d ry  
a tmosphere ,  and  by  a double  d is t i l la t ion  of the r e -  
f luxed l iquid.  A q u a n t i t a t i v e  ana lys i s  of the hex -  
ach loro t i t ana tes  ind ica ted  a mole  ra t io  of MC1/TiC14 
z 2.00 •  and  f u r t h e r  ident i f ica t ion was  m a d e  
by  x - r a y  diffract ion pa t te rns .  

Sma l l  a m o u n t s  of spec t rograph ica l ly  pure  a lka l i  
chlor ide salts were  ob ta ined  also and  used to p r e -  
pare  the  cor responding  hexach lo ro t i t ana t e  com-  
pounds  which  were  employed  as compar i son  s t a n d -  
ards  in  the  p ressure  measu remen t s .  

A static me thod  was  used for the vapor  p ressure  
measu remen t s ,  the appa ra tu s  for which  is shown in  
Fig. 1. It  consists of the fo l lowing ma jo r  sections:  
the  fu rnace  hea t i ng  the  reac t ion  cell;  the  v a c u u m  
sys tem;  the  hea ted  air  ba th ;  and  the  t i t a n i u m  t e t r a -  
chlor ide  t rap.  

To ob ta in  a cons tan t  t e m p e r a t u r e  zone, a heav i ly  
in su la t ed  t u b u l a r  furnace ,  25 in. long, wi th  a 1-in.  
i n t e r n a l  d iameter ,  was  used. The w i r i n g  consisted 
of one con t inuous  coil over  the whole  l eng th  of the 
i n n e r  tube,  and  th ree  equa l  res i s tance  coils supe r -  
imposed on this, each i n d e p e n d e n t l y  cont ro l led  by  
a variac.  The power  was suppl ied  t h rough  a vol tage  
s tabi l izer  and  wi th  a fa i r ly  cons tan t  room t e m p e r -  
a ture ,  a s teady state heat  flow gave an  exce l len t  te rn-  

b /~ h~ 

Fig. 1. Apparatus for the vapor pressure measurements, a, Re- 
action cell; b, furnace; c, metal valve; d, Pyrex spoon gauge; 
e, hot box; f, air reservoir; g, two-way stopcock; h, drying tube and 
air inlet; ji, mercury manometer; j, cold trap connected to vacuum 
pump; k, silicone oil. 

p e r a t u r e  control  of •176  for long per iods of t ime  
over  the midd le  6 in. of the  furnace .  

The reac t ion  cell cons t ruc ted  of quar tz  was  con-  
nec ted  to the P y r e x  spoon gauge  by  a g raded  seal; 
the ex t e rna l  pa r t  of the  gauge  was  connec ted  to a 
m a n o m e t e r  and  a t w o - w a y  stopcock. To al low for 
evacua t ion  of the  system, a by - pa s s  of the spoon 
gauge was  made  wi th  a h e l i u m - l e a k - t e s t e d ,  h igh -  
t empe ra tu r e ,  me ta l  va lve  ins ta l l ed  to close off this 
pa r t  w h e n  desired.  The spoon gauge was  made  
to ta l ly  of P y r e x  and  acted as a n u l l  po in t  detector ,  
whi le  keep ing  the  corrosive t i t a n i u m  te t rach lor ide  
vapor  separa ted  f rom the m e r c u r y  in  the  c losed-end  
manome te r .  The sens i t iv i ty  of the  spoon gauge was 
such tha t  p ressure  differences of be t t e r  t h a n  one-  
hal f  m i l l i m e t e r  could be detec ted  easily.  

To p r e v e n t  b reakage  of the gauge,  the  po in te r  
was kept  at abou t  the n u l l  posi t ion at al l  t imes  by  
ad jus t i ng  the  p re s su re  on the  outs ide j acke t  t h rough  
a t w o - w a y  stopcock. Af te r  the t e m p e r a t u r e  had  
equ i l i b ra t ed  and  r e m a i n e d  cons tan t  for abou t  5 hr  
for vapor  p ressure  r ead ings  u n d e r  400 mm,  and  
about  3 hr  for vapor  p ressure  read ings  above 400 
mm,  the  spoon po in te r  was ad jus t ed  precise ly  to the 
zero point .  This  a d j u s t m e n t  was  made  accura te ly  
by  the use of a ca the tometer .  The ca the tomete r  was  
also used for precise read ings  of the m a n o m e t e r  
different ia l .  

To p r e v e n t  condensa t ion  of t i t a n i u m  te t rach lor ide  
gas, the spoon gauge and  cell connec t ions  were  
hea ted  in  an  air  fu rnace  to a t e m p e r a t u r e  above  the 
dew poin t  of t i t a n i u m  te t rachlor ide .  The air  f u r -  
nace  was  heav i ly  insu la ted  and  t h e r m a l l y  cont ro l led  
at 145 ~ ----- 5~ 

To inves t iga te  the s tab i l i ty  of the hexach lo ro t i -  
t ana t e  compound,  vapor  p ressure  m e a s u r e m e n t s  
were  made  on m i x t u r e s  of the  hexach lo ro t i t ana t e  
w i th  the respect ive  a lkal i  me t a l  chlor ide as wel l  as 
on the  pure  compound.  The m i x t u r e s  were  p r epa red  
by  two methods :  e i ther  by  add ing  a k n o w n  a m o u n t  
of a lka l i  chlor ide salt  to a k n o w n  a m o u n t  of the 
cor responding  hexach lo ro t i t ana te ,  or by  w i t h d r a w -  
ing f rom the  reac t ion  cell con t a in ing  the hexach lo ro-  
t i t ana t e  at a h igh t e m p e r a t u r e  k n o w n  a m o u n t s  of 
t i t a n i u m  te t rach lor ide  vapor .  

For  the  la t ter ,  a cold t rap  immersed  in  l iqu id  air  
was  connected  in  series wi th  the me ta l  va lve  lead-  
ing to the  v a c u u m  pump.  W h e n  the  me t a l  va lve  was 
opened,  t i t a n i u m  te t rach lor ide  vapor  f rom the  cell 
was w i t h d r a w n  and  condensed  in  the  t rap.  As the 
a m o u n t  of a lkal i  hexach lo ro t i t ana t e  in i t i a l ly  placed 
in  the  cell was k n o w n ,  and  the  a m o u n t  of t i t a n i u m  
te t rach lor ide  condensed  in  the  t rap  was  found  by  
analysis ,  the ra t io  of MC1/TiCI~ r e m a i n i n g  in  the 
cell could be r ead i ly  calculated.  

B e t w e e n  5 and  10g of a lka l i  hexach lo ro t i t ana t e  
were  t r a n s f e r r e d  to the qua r t z  cell in  a d ry  box 
and  the  cell was  i m m e d i a t e l y  sealed into the  system. 
The appa ra tu s  was  evacua ted  at room t e m p e r a t u r e  
for a per iod of 3 hr. To r emove  the  smal l  a m o u n t  
of adsorbed t i t a n i u m  te t rachlor ide ,  which  was  a l -  
ways  p resen t  wi th  the  hexach lo ro t i t ana t e  p repa red  
by  the direct  me thod  (5) ,  the  cell was  hea ted  to 
150~ for a per iod of 12 hr. The va lve  was  then  
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Table I. Compositions investigated 

Mole rat io  
Run CsCl/TiCl4 

1 2.02 
2 2.00 

3 6.59 
4 6.66 

5 2.06 
6 2.41 
7 2.41 
8 2.69 
9 2.81 

10 2.97 
11 3.12 
12 3.85 

Pure  Cs2TiC16 

P R O P E R T I E S  O F  C E S I U M  C H L O R O T I T A N A T E S  

Mixtures  p r epa red  by  mix ing  known 
amounts  of CsC1 4- Cs2TiC16 

Mixtures  p r epa red  by  wi thd rawing  
t i t an ium te t rach lor ide  f rom the 
Cs2TiC16 in the  cell 

r e - o p e n e d  and  the  s y s t e m  was  e v a c u a t e d  for  on ly  
5 min.  The  m e t a l  v a l v e  was  t h e n  c losed and  p r e s s u r e  
m e a s u r e m e n t s  w e r e  begun .  

Results 

P r e l i m i n a r y  v a p o r  p r e s s u r e  m e a s u r e m e n t s  w i t h  
p u r e  Cs2TiC16, and  in t h e  p r e s e n c e  of an  excess  of 
c e s ium chlor ide ,  e x h i b i t e d  two  e n t i r e l y  d i f fe ren t  b u t  
w e l l - d e f i n e d  p r e s s u r e  curves ,  i n d i c a t i n g  t h a t  w i t h  
an  i n c r e a s e d  con ten t  of ces ium ch lor ide ,  a n e w  
phase  h a d  a p p e a r e d .  I t  was ,  t he re fo re ,  dec ide d  to 

800 
7 0 0  I 

~6~176 I A 

~)1= 4 0 0  I v/o/~ 

~ 3oo I 

~ 20o [- + 
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Fig. 2. Equilibrium decomposition pressures of the system 
Cs2TiCI6 4- CsCI at various compositions and temperatures. 

CsCI/TiCI4 
Curve 1 2.00 �9 Compound Cs2TiCI6 
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Curve 4 3.12 O 
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i n v e s t i g a t e  t he  e q u i l i b r i u m  p r e s s u r e s  ove r  a w ide  
compos i t ion  r a n g e  b y  the  m e t h o d s  d e s c r i b e d  p r e -  
v ious ly .  The  compos i t ions  i n v e s t i g a t e d  a r e  g iven  
in T a b l e  I. 

F i g u r e  2 r e p r e s e n t s  t he  two  d i s t i nc t  v a p o r  p r e s -  
su re  curves  for  t he  decompos i t i on  of p u r e  Cs2TiC18, 
and  in t he  p re sence  of an  excess  of c e s ium ch lo r ide  
w i t h  mo le  r a t io s  of CsC1/TiC14 ~ 4. The  two  v a p o r  
p r e s s u r e  cu rves  found,  i nd i ca t e  the  ex i s t ence  of two  
e n t i r e l y  d i f fe ren t  compounds .  

P r e s s u r e  r e a d i n g s  of compos i t ions  r a n g i n g  f r o m  
the  p u r e  m a t e r i a l  to a mo le  r a t i o  of CsC1/TiC14 of 
2.4 a r e  r e p r e s e n t e d  b y  c u r v e  1 in F ig .  2. C o m p o s i -  
t ions  h a v i n g  a mo le  r a t i o  g r e a t e r  t h a n  4 a r e  r e p r e -  
s en ted  b y  c u r v e  2. In  t he  i n t e r m e d i a t e  compos i t i on  
range ,  t h a t  is f r o m  mole  r a t io s  of a p p r o x i m a t e l y  
2.4 to 3.85, t he  v a p o r  p r e s s u r e  cu rves  at  low t e m -  
p e r a t u r e s  a p p e a r e d  to fo l low cu rve  1, w h i l e  a t  h i g h e r  
t e m p e r a t u r e s  t h e y  d e v i a t e d  and  fo l l owed  cu rve  2. 
C u r v e s  3, 4, and  5 on  Fig.  2 a r e  t y p i c a l  of th is  
a n o m a l o u s  b e h a v i o r  of t he  sys tem.  T h e y  r e p r e s e n t  
m i x t u r e s  of c e s ium ch lo r ide  and  ces ium h e x a c h l o -  
r o t i t a n a t e ,  h a v i n g  the  c a l c u l a t e d  mo le  r a t io s  of 2.97, 
3.12, and  3.85, r e spe c t i ve ly .  

I t  shou ld  be  no ted  t h a t  the  p r e s s u r e s  i n d i c a t e d  b y  
cu rve  1 in Fig .  2 w e r e  r e l a t i v e l y  i r r e v e r s i b l e  w i t h  
r e spec t  to t e m p e r a t u r e .  R e p r o d u c i b l e  r e a d i n g s  w e r e  
o b t a i n e d  on ly  d u r i n g  i nc rea s ing  t e m p e r a t u r e s .  The  
s y s t e m  r e p r e s e n t e d  b y  cu rve  2 was  c o m p l e t e l y  r e -  
ve r s ib le ,  a n d  those  of 3, 4, and  5 r e v e r s i b l e  to a p -  
p r o x i m a t e l y  t he  m i d d l e  of the  d e v i a t i o n  range .  

F i g u r e  3 r e p r e s e n t s  the  log  10P(m,,) vs. 1 /T  c u r v e  
p l o t t e d  f rom the  d a t a  of cu rves  1 a n d  2 in Fig.  2. 
On Fig.  3 the  d a t a  o b t a i n e d  f r o m  the  p r e v i o u s  w o r k  

2.9 �9 ~ ~ ,  !09 
5.0 ~ ~  

2.8 

2.8 

\ "~o v'~ This Work \ ~This Work \~ For 
\ Morozov & "~or .... "~Cs2TiCI6 
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T~ 

Fig. 3. Plot of Ioglo P(mmHg) VS. l I T  for the compounds 
Cs2TiCle and Cs4TiCIs 
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TiCl4 
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2.06 A 
2.41 [ ]  
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TaMe H. Summary of thermodynamic ca[cMafions 

D e c o m p .  T e m p  
R e a c t i o n  LogloP(mm) AH~ k c a l / m o l e  A S ~  t e m p ,  ~ r a n g e ,  ~ 

--5930 
*K2TiC16(s) = 2KCl(s) .5 TiCl4(g) - -  .5 10.3636 .527.1 + 0.4 --34.30 • 0.5 520 350-550 

T 

--7524 
*Rb2TiC16(s) = 2RbCl/s) .5 TiC14(~) - -  .5 11.069 -534.43 • 1.0 --37.51 • 1.0 645 525-650 

T 

--8358 
Cs2TiCl6(s) ---- 2CsCl(s) -5 TiCl4(g) - -  .5 11.762 -538.24 ___ 2.0 --40.98 +_ 2.0 - -  600-645 

T 

--9223 
Cs2TiCl6(s) = 2CsCI(D .5 TiCh(g) - -  .5 12.714 ,542.21 ___ 1.0 --45.21 • 1.0 665 645-675 

T 

--5171 
Cs4TiCls(s) ---- 4CsCl(1) .5 TiCl4(g) - -  .5 7.901 -523.66 ___ 1.0 --22.97 __+ 1.0 757 645-770 

T 

* D a t a  f o r  t h e s e  r e a c t i o n s  h a v e  b e e n  o b t a i n e d  i n  p r e v i o u s  i n v e s t i g a t i o n s  (2, 10, I1) a n d  h a v e  b e e n  i n c l u d e d  f o r  c o m p a r i s o n .  T h e  d a t a  f o r  t h e  
d e c o m p o s i t i o n  of  Rb2TiC16 r e p r e s e n t  t h e  r e su l t s  of  a p r e l i m i n a r y  i n v e s t i g a t i o n  no t  y e t  c o m p l e t e d .  

of Morozov and  Top tyg in  (3) are also included.  E h r -  
l ich and  F r a m m  (4) we re  no t  able  to inves t iga te  
this sys tem sa t is fac tor i ly  due  to wha t  they  cal led 
"a t r e m e n d o u s  vo la t i l i ty  at these t empe ra tu r e s . "  

Discussion 
The e x p e r i m e n t a l  w o r k  done he re in  has ind ica ted  

tha t  the Cs2TiC16 is no t  s tab le  in  the  presence  of an  
excess of ces ium chloride.  W h e n  the  ra t io  of CsC1/ 
TIC14 became equa l  to, or l a rger  than ,  four,  a to ta l ly  
n e w  p res su re  curve  was  observed.  Because  of the  
composi t ion  r ange  at which  this  n e w  curve  exists,  
i t  is pos tu la ted  tha t  the n e w  compound  fo rmed  is 
Cs4TiCls. This  is suppor ted  fu r t he r  by  the  k n o w n  
exis tence  of the two t i t an ic  acids H2TiO3 and  H4TiO4, 
which  in  this  case are r ep re sen t ed  by  the  two f a m -  
ilies of compounds ,  respect ively ,  h a v i n g  the  genera l  
fo rmulas  M2TiC16 a n d  M4TiCls. I t  should  be no ted  
tha t  ne i t he r  po tass ium (2-10)  nor  r u b i d i u m  (11) 
was  found  to exh ib i t  the  second type.  

X - r a y  diffract ion p a t t e r n s  were  t a k e n  on reac ted  
m i x t u r e s  of Cs2TiC16 .5 CsC1 in  the i n t e r m e d i a t e  
composi t ion range,  specifically for composi t ions  
r ep re sen t ed  by  the  mole  ra t ios  of CsC1/TiC14 equa l  
to 3 and  3.85, and  the  pa t t e rn s  ind ica ted  the m a i n  
charac ter i s t ic  peaks  for the  Cs2TiC16 compound,  as 
wel l  as peaks  of a n e w  compound  pos tu la ted  to be 
the  Cs4TiCls. F u r t h e r m o r e ,  the observed  peaks for 
Cs2TiC16 in  the  m i x t u r e  were  s l ight ly  displaced,  
w h e n  compared  w i th  those of the  pu re  compound,  
ind ica t ing  solid solubi l i ty .  

The e q u i l i b r i u m  vapor  pressures  for the  reac t ion  

Cs2TiC16(s) = 2CsCI(s) "5 TiCI4(~) 

were  ca lcu la ted  f rom the data  by  the  me thod  of leas t  
squares  and  are g iven  by  the equa t ion  

--8358 
lOgl0P(mm) -- - -  "5 11.762 [1] 

T 

( b e t w e e n  870 ~ --  918~ 

Simi la r ly ,  the e q u i l i b r i u m  vapor  pressures  for the  
reac t ion  

Cs2TiC16(s) = 2CsCI(1) "5 TiC14(g) 

are g iven  by  equa t ion  
--9223 

lOgl0P(mm) - -  "5 12.714 [2] 
T 

( b e t w e e n  918 ~ - -  950~ 

The  heats  of decomposi t ion,  as d e t e r m i n e d  by  
the  V a n ' t  Hoff equa t ion  are 38.24 ---- 2.0 k c a l / m o l e  
be low 918~ and  42.21 ----- 1.0 k c a l / m o l e  above 
918~ The  difference of 3.97 • 3 k c a l / m o l e  is due  to 
the l a t en t  heat  of fus ion  for two moles of ces ium 
chlor ide at its me l t i ng  point .  This  va lue  is lower  
t h a n  the a pp r ox i ma t e  va lue  of 7.2 kcal  g iven  in  
the  l i t e r a tu re  (8) .  The decompos i t ion  t e m p e r a t u r e  
is 665~ Morozov and  Top tyg in  have  repor ted  a 
decomposi t ion  t e m p e r a t u r e  of 795~ and  a hea t  of 
decomposi t ion  of 33.33 kca l /mole .  

For  the  reac t ion  

Cs4TiCls(g) = 4CsCI(1) "5 TiC14(g) 

the equa t ion  for the e q u i l i b r i u m  vapor  p ressure  
curve  is 

--5171 
logl0P(mm) - -  "5 7.901 [3] 

T 

over the t e m p e r a t u r e  r ange  of 918~176 ind i -  
ca t ing  a decomposi t ion  t e m p e r a t u r e  of 757~ w i t h  a 
heat  of decomposi t ion  of 23.66 ----- 1.0 kca l /mole .  The 
t h e r m o d y n a m i c  da ta  for all  the  s table  ch lo ro t i t ana te  
compounds  are s u m m a r i z e d  in  Table  II. 

F r o m  the  vapor  p ressure  curves  in  Fig. 2, it is 
seen t ha t  at a ny  g iven  t e m p e r a t u r e  over  the r ange  
inves t iga ted ,  the compound  Cs4TiCI8 has the lower  
e q u i l i b r i u m  pressure  and  therefore  is the  more  
s table  compound.  

To e xp l a i n  the  shif t  in  the  p ressure  curves  w i th  
chang ing  composi t ion  for the ces ium compounds ,  
the  fo l lowing  should be t a k e n  into account :  

(a)  In  a closed sys tem at  cons tan t  t e m p e r a t u r e ,  
where  the  r eac tan t s  ces ium chloride and  t i t a n i u m  
te t rach lor ide  are p resen t  in  fixed a moun t s  corre-  
spond ing  to a mole  ra t io  of CsC1/TiC14 exac t ly  equa l  
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to two,  t he  on ly  c o m p o u n d  w h i c h  can  be  f o r m e d  is 
CsfTiC16. 

The  p r e s s u r e  of t i t a n i u m  t e t r a c h l o r i d e  in the  sys -  
t e m  wi l l  t h e n  r e p r e s e n t  t he  e q u i l i b r i u m  

Cs2TiC16(s) ---- 4CsCl(s ) = TiC14(g) 

(b)  Cons ide r ing  the  r a t i o  of CsC1/TiC14 g r e a t e r  
t h a n  two,  and  less t h a n  four ,  t he  r e a c t i o n  p r o d u c t  in 
t he  ce l l  shou ld  be  a m i x t u r e  of CsfTiC16 and  
Cs4TiCls. H o w e v e r ,  as long as CseTiCl~ is p re sen t ,  
i t  wi l l  s t i l l  con t ro l  t he  e q u i l i b r i u m  p r e s s u r e  in  the  
sys tem.  The  ex i s t ence  of these  two  c o m p e t i n g  r e a c -  
t ions  shou ld  also e x p l a i n  the  r e l a t i v e  i r r e v e r s i b i l i t y ,  
w i t h  r e spec t  to t e m p e r a t u r e  of t he  decompos i t i on  
p r e s s u r e s  of CsfTiC16 g iven  b y  cu rve  1 on Fig.  1. 

(c)  W h e n  the  m o l e  r a t i o  of CsCI/TiC14 becomes  
g r e a t e r  t h a n  four ,  CsfTiC16 canno t  be  f o r m e d  a n y  
longer ,  and  the  p r e s s u r e  of t i t a n i u m  t e t r a c h l o r i d e  
in the  s y s t e m  shou ld  n o w  r e p r e s e n t  the  e q u i l i b r i u m  
due  to the  decompos i t i on  of t he  c o m p o u n d  Cs4TiCls, 
fo l lowing  the  r e a c t i o n  

Cs4TiCls(s) ---- 4CsCl(s) = TiC14(g) 

In  the  a c t u a l  e x p e r i m e n t a l  cell ,  t he  a v a i l a b l e  t i -  
t a n i u m  t e t r a c h l o r i d e  is p r e s e n t  in two  fo rms :  as 
c h e m i c a l l y  b o u n d  in t he  c o m p o u n d s  CseTiC16 and  
Cs4TiC18, and  as f r ee  t i t a n i u m  t e t r a c h l o r i d e  r e q u i r e d  
to fill the  v o l u m e  of t he  a p p a r a t u s  at  t he  c o r r e s p o n d -  
ing  p r e s s u r e  and  t e m p e r a t u r e .  The  l a t t e r  a m o u n t  
d e p e n d s  also on the  v o l u m e  of the  a p p a r a t u s  and  
could  be  qu i t e  l a r g e  w h e n  c o m p a r e d  to t he  t i t a n i u m  
t e t r a c h l o r i d e  a v a i l a b l e  in t he  r a t h e r  s m a l l  q u a n t i t y  
of CseTiC16 i n i t i a l l y  p l aced  in the  cell .  

I t  is e v i d e n t  t h a t  the  m o l e  r a t i o  of CsC1/TiC14 in 
the  sol id  phase  r eaches  the  c r i t i ca l  v a l u e  of four ,  
w i th  an o v e r - a l l  compos i t i on  c o r r e s p o n d i n g  to a 
m u c h  l o w e r  va lue ,  t hus  e x p l a i n i n g  the  a p p e a r a n c e  
of the  cu rves  for  the  c o m p o u n d  Cs4TiCls at  c o m p o s i -  
t ions  b e l o w  the  theo re t i ca l .  

I t  m a y  also be  c a l c u l a t e d  f r o m  the  idea l  gas  l a w  
tha t  the  n u m b e r  of moles  of t i t a n i u m  t e t r a c h l o r i d e  
w h i c h  is r e q u i r e d  to fill t he  f ree  v o l u m e  of t he  a p -  
p a r a t u s  shou ld  be l a r g e r  a t  t he  h i g h e r  t e m p e r a t u r e s .  
A c c o r d i n g l y ,  i t  shou ld  be  e x p e c t e d  tha t ,  in t he  i n -  
t e r m e d i a t e  compos i t ion  range ,  i.e., 4 > CsC1/TiC14 > 
2 t he  p r e s s u r e  cu rves  shou ld  fo l low at  l ow  t e m p e r -  
a tu r e s  t he  cu rve  for  CsfTiC16, and  at  the  h i g h e r  
t e m p e r a t u r e s  the  c u r v e  for  Cs4TiCls. 

The  b e h a v i o r  of t he  s y s t e m  in t he  i n t e r m e d i a t e  
compos i t ion  r a n g e  is f u r t h e r  c o m p l i c a t e d  b y  the  
ev idence  of sol id  s o l u b i l i t y  b e t w e e n  the  two  c o m -  
ponen t s ,  CsfTiCl~ and  Cs4TiCl8. The  effect  of sol id  
s o lub i l i t y  shou ld  be to change  f u r t h e r  the  shape  of 
the  curves .  Thus,  the  m i d d l e  p o r t i o n s  of cu rves  3, 4, 
and  5 in Fig.  2 could  be  i n t e r p r e t e d  as r e p r e s e n t i n g  
the  p a r t i a l  p r e s s u r e s  of CsfTiC16 in t he  sol id  so lu -  
t ions.  

Ionic radius effect.---Potassium(I), r u b i d i u m ( l l ) ,  
and  ce s ium f o r m  s t ab le  h e x a c h l o r o t i t a n a t e s ,  the  s t a -  
b i l i t y  of w h i c h  inc reases  w i t h  t he  ionic  r a d i u s  of t he  
c o r r e s p o n d i n g  cat ions .  H o w e v e r ,  l i t h i u m  a n d  s o d i u m  
do no t  f o r m  these  compounds .  The  i nc r ea s ing  s t a -  
b i l i t y  of the  h e x a c h l o r o t i t a n a t e s ,  w i t h  i nc r e a s ing  
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ionic r a d i u s  of the  a l k a l i  m e t a l  ca t ion,  m a y  be  ac -  
c oun t e d  for  b y  cons ide r ing  the  fo l l owing  r eac t i ons  

(a) MfTiCI6 ~ 2M+(g) -{- TiCl6--(g) (+ UM2TiCI 6) 

(b )  TiC6--(g) ---- TiC14(g) ~- 2Cl-(g) (~- AHD) 

(C) 2M+(g) + 2Cl-(g) ---- 2MCI(s) (--2UMcl) 

By  a d d i n g  Eq. ( a ) ,  ( b ) ,  and  ( c ) ,  we  o b t a i n  the  o v e r -  
a l l  r e ac t i on :  

(d) MfTiC16(s) ---- 2MCI(~) + TiCl4(g) (AHR) 

and  AHR ---- AHD - -  (2UMc1 - -  UM2TiC16)  [4]  

UM2TiC16 a n d  UMCl r e p re se n t ,  r e spe c t i ve ly ,  hea t s  
w h i c h  a r e  e q u a l  to  t he  l a t t i ce  ene rg i e s  of MfTiCI~ 
and  MC1. AHD is t he  h e a t  of d i s soc ia t ion  of the  
c o m p l e x  an ion  TiC1c-  and  AHa is e x p e r i m e n t a l l y  
m e a s u r e d  h e a t  of  de c ompos i t i on  of t he  sol id  h e x -  
a c h lo ro t i t a na t e s .  

The  d i f fe rence  in t he  l a t t i c e  energ ies ,  2UMc1 - -  
UMfT~CI6, is a l w a y s  pos i t i ve  be c a use  of t h e  s m a l l e r  
size of t he  C1- anion,  as c o m p a r e d  to the  size of 
the  TiC1c-  complex .  This  d i f fe rence  shou ld  inc rease  
going  f r o m  a l a r g e r  to a s m a l l e r  m e t a l  cat ion.  

As  the  hea t  of d i s soc ia t ion  of t he  TIC16-- ion is 
t he  s ame  in a l l  t h r e e  h e x a c h l o r o t i t a n a t e s ,  i t  fo l lows  
t h a t  the  h e a t  of de c ompos i t i on  AHR for  t he  h e x -  
a c h l o r o t i t a n a t e s  shou ld  i nc rea se  w i t h  i nc rea s ing  
ionic  rad ius .  F r o m  the  r e su l t s  in  T a b l e  II ,  i t  m a y  be  
seen  t h a t  t he  h e a t  of de c ompos i t i on  inc reases  f rom 
27 k c a l / m o l e  for  KfTiC16 to 42.2 k c a l / m o l e  for  
CsfTiC16, w h i c h  is in a g r e e m e n t  w i t h  t he  t he o ry .  

The re fo re ,  i t  m a y  be  p r e d i c t e d  t h a t  t he  so lub i l -  
i t ies  of gaseous  t i t a n i u m  t e t r a c h l o r i d e  in m o l t e n  
m i x t u r e s  c on t a in ing  a l k a l i  ch lo r ides  shou ld  be 
g r e a t e r  the  l a r g e r  the  ionic  r a d i u s  of t he  a l k a l i  
m e t a l  ca t ions  in t he  m i x t u r e .  

F r o m  the  p r e v i o u s  i nves t i ga t i ons  (5, 7) ,  i t  has  
been  f o u n d  t h a t  t he  h e x a c h l o r o t i t a n a t e  s t r u c t u r e  
consis ts  of an  a l k a l i  m e t a l  ca t ion  and  a c o m p l e x  
an ion  cons i s t ing  of s ix  ch lo r ine  a toms  s y m m e t r i c a l l y  
c o o r d i n a t e d  a b o u t  a t i t a n i u m  ion. X - r a y  d i f f rac t ion  
b y  bo th  Enge l  (6)  and  B l a n d  and  F l e n g a s  (7)  h a v e  
s h o w n  the  c r y s t a l  s t r u c t u r e s  of KfTiC16, RbfTiC16, 
and  CsfTiC16 to be  cubic  and  i s o m o r p h o u s  to the  
h e x a c h l o r o p l a t i n a t e .  The  t i t a n i u m  ion  in a l l  t h r e e  
of t he se  c o m p o u n d s  is o c t a h e d r a l l y  c o - o r d i n a t e d  b y  
the  s ix  ch lo r ine  a toms  at  2.35 -+ 0.03A, and  on ly  t he  
M-C1 d i s t ance  changes .  

F o r  a c o m p l e x  c o m p o u n d  of th is  t y p e  to c ry s t a l l i z e  
in the  cubic  s y s t e m  in the  o c t a h e d r a l  m a n n e r ,  i t  
can  be  r e a d i l y  c a l c u l a t e d  f r o m  g e o m e t r i c  c o n s i d e r -  
a t ions  (9)  t h a t  the  r a d i u s  r a t i o  of ca t ion  to an ion  
m u s t  l ie  b e t w e e n  0.414 and  0.732. I f  i t  is a s sumed  
tha t  the  r a d i u s  of the  an ion  c o m p l e x  is e q u a l  to the  
c o - o r d i n a t e  d i s t a n c e  of 2.35A, t h e n  the  m i n i m u m  
and  m a x i m u m  p e r m i s s i b l e  ionic r a d i u s  of an  a lka l i  
m e t a l  ion can  be  d e t e r m i n e d ,  as 0.97A and  1.72A, 
r e spec t i ve ly .  Va lues  for  t he  P a u l i n g  ion r a d i i  of 
Li  +, Na  +, K +, Rb  +, and  Cs + a r e  --0.78, 0.95, 1.33, 
1.49, and  1.65, r e spe c t i ve ly ,  and  acco rd ing ly ,  t he  
l i t h i u m  and  s o d i u m  ions a r e  too s m a l l  to f o r m  
s t ab le  h e x a c h l o r o t i t a n a t e s  w h i l e  the  po ta s s ium,  r u -  
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b id ium,  and  ces ium a l l  l ie  w i t h i n  t he  p r e s c r i b e d  
range .  

S i l v e r  and  t h a l l i u m  also e x h i b i t  r a d i i  r a t io s  
w i t h i n  th is  r e q u i r e d  r ange ,  and  cons ide r ing  the  
g e o m e t r i c  fac tor ,  p r o d u c t i o n  of t h e i r  r e s p e c t i v e  h e x -  
a c h l o r o t i t a n a t e s  a p p e a r s  poss ib le .  A l t h o u g h  s i lve r  
c o m p o u n d s  h a v e  no t  as y e t  been  syn thes ized ,  t h a l -  
l i u m  h e x a c h l o r o t i t a n a t e  has  been  p r o d u c e d  and  
s t ud i ed  b y  Morozov  and  T o p t y g i n  (3) .  

W i t h  r e spec t  to t h e i r  ionic  b e h a v i o r ,  i t  m a y  be  
p o s t u l a t e d  t h a t  d o u b l y  ion ized  h e x a c h l o r o t i t a n a t e  
c o m p o u n d s  could  also ex i s t  as i n d i c a t e d  b y  the  l a r g e  
d i f fe rence  in  the  M-C1 and  Ti-C1 d i s tances .  
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Mechanochemical Anodic Dissolution of Austenitic Stainless Steel 
in Hot Chloride Solution at Controlled Electrode Potential 

T. P. Hoar and J. C. Scully l 
Department of Metallurgy, University of Cambridge, England 

ABSTRACT 

The influence of metal yielding on the anodic dissolution rate of 18Cr-8Ni 
stainless steel in 42 weight per cent (w/o) aqueous magnesium chloride solu- 
tion at 154~ has been examined under conditions of controlled potential. At 
--0.14v (ell) in solution flowing at 52 cm/sec to eliminate concentration polariza- 
tion, yielding of the metal anode at ca. I00 %/rain increases the anode current 
density by a factor of >104. A preliminary discussion of the mechanism of the 
mechanochemical effect is given; probably the intense disarranging of the de- 
forming metal surface during the arrival of dislocation pile-ups produced by 
restricted slip results in a large transient increase in the density of anodically 
active surface sites. 

M a n y  i n v e s t i g a t o r s  have  s t ud i ed  the  inf luence  of 
p r i o r  c o l d - w o r k  on s u s c e p t i b i l i t y  to s t r e s s - c o r r o -  
s ion  c rack ing ,  bu t  f ew  h a v e  a t t e m p t e d  to d e t e r m i n e  
w h a t  in f luence  a y i e l d i n g  su r face  has  on the  d i sso-  
lu t ion  r a t e  of m e t a l s  and  al loys .  This  is of c r i t i ca l  
i m p o r t a n c e  in  t he  m e c h a n i s m  of c r a c k  p r o p a g a t i o n  
in aus t en i t i c  s t a in less  s tee ls  s t r e s sed  and  e x p o s e d  
to ch lo r ide  solu t ions ,  p r o p o s e d  b y  H o a r  and  Hines  
( 1 - 3 ) ;  the  c r ack  is supposed  to p r o p a g a t e  on  a c -  
count  of the  v e r y  r a p i d  anod ic  d i s so lu t ion  of t he  
y i e l d i n g  duc t i l e  m e t a l  a t  the  a d v a n c i n g  edge  of the  
crack .  Consequen t ly ,  H o a r  and  W e s t  (4, 5) s t ud i e d  
macroscop ic  y i e l d i n g  18Cr-8Ni  s tee l  anodes  ga l -  
v a n o s t a t i c a l l y  and  r e p o r t e d  a d r a s t i c  l o w e r i n g  of 
t he  o v e r p o t e n t i a l s  r e q u i r e d  to p r o d u c e  c u r r e n t  
dens i t i e s  up  to 0.5 a m p / c m  2 as c o m p a r e d  w i t h  those  
r e q u i r e d  for  s ta t ic  anodes .  H o w e v e r ,  v a n  Rooyen  
(6)  us ing  a s im i l a r  t e c h n i q u e  was  u n a b l e  to o b t a i n  

1Presen t  address :  Olin M a t h i e s o n  C h e m i c a l  Corporat ion,  N e w  
Haven ,  Connecticut .  

so l a rge  an effect  and  c r i t i c i zed  ce r t a in  aspec t s  of 
the  o v e r p o t e n t i a l  m e a s u r e m e n t s  of H o a r  and  West .  

The  inf luence of s e v e r a l  s t r a in  r a t e s  on the  d i s -  
so lu t ion  r a t e s  of 18Cr-8Ni  s tee l  in the  c o n c e n t r a t e d  
ch lo r ide  so lu t ion  has  n o w  been  e x a m i n e d  p o t e n t i o -  
s t a t i ca l ly .  The  anode  c u r r e n t  d e n s i t y  inc reases  
f o u n d  ind ica t e  t h a t  t h e r e  is a l a r g e  effect;  t he  r e -  
sul ts  a r e  in h a r m o n y  wi th  those  of H o a r  and  West .  

Materiats 

The  s ta in less  s tee l  w i r e  1 8 - 8 ( b )  of H o a r  and  
Hines  (1)  was  used  t h r o u g h o u t  th is  w o r k  in the  as-  
r e c e i v e d  condi t ion ,  f u l l y  so f t ened  a f t e r  d r a w i n g  and  
s l i g h t l y  w o r k - h a r d e n e d  b y  s u b s e q u e n t  co i l ing  and  
uncoi l ing .  The  wi re ,  0.05 cm in d i a m e t e r ,  had  the  
compos i t i on  Cr,  17.1; Ni, 9.2; Si, 1.0; C, 0.09; Mo, 
0.18; N, 0.06; Nb  + Ta, 0.05; Cu, 0.2; Ti, 0 .05%; 
b a l a n c e  Fe.  

T h e  co r ro s ive  so lu t ion  w a s  42 w / o  aqueous  m a g -  
n e s i u m  ch lo r ide  so lu t ion  bo i l ing  at  154~ p r e p a r e d  
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Table I. Influence of metal strain rote and solution flow rote on anode current density at --0.14v (ell) 

18Cr-8Ni  s tee l ;  42 w / o  a q u e o u s  MgCI~; 154~ 
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Stress-corrosion crack- 
ing, ca. 400 cracks/cm 
of wire  

General  dissolution 

Flow rate, cm/sec 0 20 40 52 

Strain rate, %/min  ma / c m 2 ma /cm 2 ma /cm 2 ma /cm 2 
0 0.013" 0.013" 0.013" 0.013" 
4 0.24 - -  - -  - -  

13 0.35 - -  - -  - -  

40 - -  52 60 - -  
107 3.0 - -  119"* 161t 

* F r o m  p o l a r i z a t i o n  c u r v e  r e su l t s  of Hoa r  a nd  Wes t  (5). 
** M e a n  of 9 e x p e r i m e n t s - - 1 2 0 ,  120, 116, 114, 119, 111, 124, 131, a n d  123 

t Mean  of 5 e x p e r i m e n t s - - 1 6 0 ,  164, 153, 171, 151 m a / c m  2. 
m a / c m  z. 

by add ing  smal l  a m o u n t s  of d is t i l led  wa te r  to the 
commerc ia l ly  pure  hexahydra t e .  

Apparatus  and Procedure 

A modified Hounsf ie ld  t ensome te r  was used for 
app ly ing  stress and  ach iev ing  k n o w n  macroscopic  
s t ra in  ra tes  of the wi re  specimen,  as descr ibed  by  
Hoar  and  West  (5) .  The  e lect rode po ten t i a l  of the 
spec imen  was  m e a s u r e d  vs. a s a tu ra t ed  calomel  
e lectrode wi th  a h igh impedance  e lec t ronic  vo l t -  
me te r  m o n i t o r i n g  a Honeywe l l  B r o w n  recorder ,  
and  conver ted  to an  app rox ima te  n o r m a l  h y d r o g e n  
scale by  add ing  254 mv,  e q u i v a l e n t  to the app rox i -  
ma te  p rocedure  p rev ious ly  used (1 -5) .  A W e n k i n g -  
B a n k  ex tended  r ange  po ten t ios ta t  was used to con-  
trol  the potent ia l ,  and  c u r r e n t  f rom the i n s t r u m e n t  
was recorded  on a 1/4-sec H o n e y w e l l  B r o w n  elec-  
t ronic  10 m y  fast  recorder .  By  record ing  the  p.d. 
across any  one of severa l  resistors,  severa l  c u r r e n t  
ranges  could be used. 

Two separa te  a r r a n g e m e n t s  were  used for ex -  
pe r imen t s  in  s t a t i ona ry  so lu t ion  and  in  f lowing 
solut ion.  The vessel and  the p rocedure  used for  the 
expe r imen t s  in  s t a t i ona ry  so lu t ion  were  as de-  
scr ibed by  Hoar  and  West  (5) .  For  e x p e r i m e n t s  in  
flowing solut ion,  the a r r a n g e m e n t  used by  Hoar  and  

V 

1=0.1 .r 
2 = 1-0 .Q 
3 = 10 
4 = 1 0 0 ~  

Fig. 1. Main electrical circuitry for apparatus used in flowing 
solution experiments. 

West  was modified; a Lugg in  cap i l la ry  probe  passed 
th rough  the cy l indr i ca l  p l a t i n u m  cathode a nd  came 
to w i t h i n  0.05 cm of the wire.  This appa ra tu s  and  
the m a i n  electr ical  c i r cu i t ry  are shown in  Fig. 1. 

In  e i ther  a r r a n g e m e n t ,  w h e n  the so lu t ion  had  re -  
ga ined  its bo i l ing  po in t  a f te r  se t t ing  up  ( abou t  5 
ra in ) ,  the po ten t ios ta t  was  swi tched in to  circuit ,  
the recorder  char t  set in  mot ion,  the c u r r e n t  r ange  
selected, and  the Tensome te r  motor  s tar ted.  For  
e x p e r i m e n t s  in  flowing solut ion,  the  glass top of 
the  reservoi r  was closed and  a stop wa tch  s ta r ted  
s i m u l t a n e o u s l y  w h e n  the  Tensome te r  gauge i nd i -  
cated tha t  the  wi re  had  b e g u n  to yield. Yie ld ing  
occurred  on ly  in  the hot, c rack ing  or dissolving,  
l eng th  of wire,  for which  the s t r a in  ra te  was  cal-  
cu la ted  f rom the  ex tens ion  ra te  of the  whole  l eng th  
of the wire.  

Results and  I n t e r p r e t a t i o n  

Correction for local cathodic curren t . - -Spec imens  
held  po ten t ios ta t i ca l ly  at  --0.14v (ell) showed a 
smal l  ove r -a l l  cathodic c u r r e n t  dens i ty  of 0.13 m a /  
cm2, 2 caused by  dissolved oxygen  in  the  solut ion.  
The local anodic  c u r r e n t  dens i ty  on stat ic spec imens  
in  s t a g n a n t  or f lowing solut ion at this  po ten t i a l  is 
ca. 0.013 m a / c m  2, according to the po la r iza t ion  
curve  e x p e r i m e n t s  of Hoar  and  West  (5) .  Special  
e xpe r i me n t s  at --0.18v (ell) showed tha t  the  some-  
wha t  h igher  cathode c u r r e n t  densi ty ,  0.20 ma/cm2,  2 
found  at tha t  potent ia l ,  where  no anodic  c u r r e n t  
flows, was scarcely  inf luenced e i ther  by  s t r a in ing  
the wi re  spec imen  or by  f lowing the solut ion.  Con-  
sequent ly ,  for all  e xpe r i me n t s  at --0.14v, 0.13 + 
0.013 = 0.14 m a / c m  2 was added to the m e a s u r e d  
c u r r e n t  dens i ty  to ob ta in  the  tota l  anode c u r r e n t  
densi ty .  T h e  correc t ion  t u r n s  out  to be of l i t t le  im-  
por tance ,  as wi l l  be seen. 

Inf luence aS strain rate and solution f low on an- 
ode current  dens i ty . - -Table  I shows the inf luence  of 
me t a l  s t r a in  ra te  and  so lu t ion  flow ra te  on the a n -  
ode c u r r e n t  dens i ty  at  - -0.14v ( en ) .  The  sa l ien t  
fea tures  of the  resul t s  are:  

1. At  the  lower  s t r a in  rates,  stress corrosion 
c rack ing  wi th  a h igh crack dens i ty  occurred,  as 
found  by  Hoar  a nd  West  in  the i r  ga lvanos ta t i c  ex -  
p e r i m e n t s  at  the lower  c u r r e n t  densi t ies .  No doub t  
the  ac tua l  s t r a in  ra tes  at the  a dva nc i ng  edges of the  
cracks, and  the anode  c u r r e n t  densi t ies  there,  were  
ve ry  cons ide rab ly  g rea te r  t h a n  those recorded,  by  a 
factor  

'-" I n  a g r e e m e n t  w i t h  t h e  v a l u e  o b s e r v e d  b y  H o a r  a n d  Hines  (3). 
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Fig. 2. Current density/time curves for 18Cr-SNi wires strained 
at 4, 13, and 107 %/min while maintained at --0.14v (en). 
F: fracture. 

L e n g t h  of c r a c k i n g  w i r e  

To ta l  w i d t h  of a d v a n c i n g  edges  of c racks  

w h i c h  could  w e l l  be  1000 or  more .  
2. A t  t he  h i g h e r  s t r a i n  ra tes ,  g e n e r a l  d i s so lu t ion  

occur red ,  a n d  w i t h  f lowing so lu t ions  h igh  c u r r e n t  
dens i t i e s  w e r e  found.  The  two  mos t  i n t e r e s t i n g  r e -  
sul ts ,  in  t he  l as t  l ine  of Tab le  I, w e r e  r e p l i c a t e d  
m a n y  t i m e s  w i t h  t he  exce l l en t  conco rdance  r e -  
corded.  The  h ighes t  c u r r e n t  dens i ty ,  161 m a / c m  2, 
is abou t  o n e - t h i r d  of the  500 m a / c m  2 f o u n d  b y  H o a r  
and  Wes t  (5)  to  be  s u s t a i n e d  a t  p o t e n t i a l s  in the  
r a n g e  --0.13 to r--0.17V w i t h  the  ca. 3 t i m e s  h i g h e r  
s t r a i n  r a t e  of ca. 300 % / m i n ,  a n d  is e v i d e n t l y  in 
c o m p l e t e  h a r m o n y  w i t h  t he  e a r l i e r  r e su l t .  I t  r e p r e -  
sents  a m e c h a n o c h e m i c a l  i nc rea se  of  > 104 t imes  in 
a n o d e  c u r r e n t  d e n s i t y  for  a s t r a in  r a t e  of abou t  100 
% / m i n .  

Rates of production and disappearance of me-  
chanochemical ef]ect.--In the  e x p e r i m e n t s  w i t h  
s t a g n a n t  so lu t ion ,  i t  was  eas i ly  poss ib l e  to r e c o r d  
the  r a t e  of c u r r e n t  d e n s i t y  r i se  w h e n  s t r a i n i n g  b e -  
gan.  Some  t y p i c a l  r e su l t s  a r e  shown  in Fig .  2. The  
r i se  is no t  i n s t an t aneous ,  a l t h o u g h  at  the  h ighe s t  
s t r a i n  r a t e  i t  is fas t ;  a t  t he  l o w e r  s t r a i n  r a t e s  t he  
r ise  in 2-3 min  or  so doub t l e s s  c o r r e s p o n d s  to c r ack  
in i t i a t ion ,  and  at  the  h ighes t ,  to the  n o n i n s t a n t a n e -  
ous se t t ing  up  of the  mos t  m e c h a n o c h e m i c a l l y  ac -  
t i ve  sur face .  

In  some e x p e r i m e n t s  a t  low s t r a in  r a t e s  w i t h  
s t a g n a n t  so lu t ion ,  g iv ing  s t ress  co r ros ion  c rack ing ,  
s t r a i n i n g  was  i n t e r r u p t e d ,  and  the  s p e c i m e n  e i t he r  
(a )  l e f t  u n d e r  the  s t ress  o b t a i n i n g  or  (b )  le f t  w i t h -  
out  a n y  a p p l i e d  s t ress ;  t hen  a f t e r  a s h o r t  i n t e rva l ,  
s t r a i n i n g  was  r e s t a r t e d  in e i t he r  case. C u r v e s  (a )  
and  (b )  of Fig .  3 show t y p i c a l  r e su l t s  of the  a b o v e  
two  p r o g r a m s .  In  ( a ) ,  the  cessa t ion  of mac roscop i c  
s t r a i n i n g  l eads  to a r e l a t i v e l y  s low fa l l  of a n o d e  
c u r r e n t  dens i ty ,  because  t he  s t ress  le f t  on m a i n t a i n s  
a s l ower  y i e l d i n g  at  the  c r a c k  a d v a n c i n g  edges ;  a n d  
the  r e s t a r t i n g  of mac roscop i c  s t r a i n i n g  p r o d u c e s  a 

] 
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Fig. 3. Current density/time curves for 18Cr-8Ni wires strained 
at 4 %/rain in stagnant solution while maintained at --0.14v 
(ell). Straining stopped for 21/2 min during experiment; (a) load 
maintained (b) load removed. F: fracture. 

v e r y  r a p i d  r e t u r n  to t he  o r i g i n a l  c u r r e n t  dens i ty ,  
because  t he  s t i l l - y i e l d i n g  a d v a n c i n g  edges  a t  once 
r e t u r n  to t he i r  p r e v i o u s  s t r a in  ra te .  In  ( b ) ,  t he  ces-  
sa t ion  of mac roscop ic  s t r a i n i n g  a n d  the  r e m o v a l  of 
s t ress  g ives  a r e l a t i v e l y  r ap id ,  b u t  n o t a b l y  no t  i n -  
s t an t aneous ,  f a l l  of c u r r e n t  dens i ty ,  be c a use  the  
n o w  n o n y i e l d i n g  c r a c k  edges  qu i t e  q u i c k l y  r e s u m e  
the  a n o d e  p r o p e r t i e s  of s t a t i c  m a t e r i a l ;  and  t h e  r e -  
s t a r t i n g  of s t r a i n i n g  p r o d u c e s  a r e l a t i v e l y  s low r e -  
t u r n  to t he  o r i g i n a l  c u r r e n t  dens i ty ,  b e c a u s e  the  
c racks  h a v e  to be  r e - i n i t i a t e d .  

I t  was  not  poss ib le  w i t h  the  p r e s e n t  a p p a r a t u s  to 
i n v e s t i g a t e  s im i l a r  t r a n s i e n t s  on spec imens  u n d e r -  
go ing  g e n e r a l  d i s so lu t ion  a t  h igh  s t r a in  r a t e s  in 
f lowing solut ions ,  be c a use  of t he  v e r y  shor t  d u r a -  
t ion  of each  e x p e r i m e n t ;  such  fas t  t r a n s i e n t s  m a y  
we l l  g ive  i m p o r t a n t  q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  
the  m e c h a n o c h e m i c a l  process ,  and  a re  n o w  be ing  
e x a m i n e d  (7) .  

Influence of prior cold work  on the mechano- 
chemical e#ect . - -Specimens of t he  18-8 w i r e  w e r e  
p r e s t r e s s e d  w e l l  in to  t he  p l a s t i c  r ange ,  some  to 
f r ac tu re .  T h e y  w e r e  t hen  t e s t ed  in s t a g n a n t  so lu t ion  
a t  - -0 .14v (el l)  and  a s t r a in  r a t e  of 4 % / m i n ,  w i t h  
t he  r e su l t s  s h o w n  in T a b l e  I I ;  t he  c o r r e s p o n d i n g  r e -  
su l t  for  a s - r e c e i v e d  spec imens  is i n c l u d e d  for  c o m -  
par i son .  A l l  the  spec imens  e x c e p t  those  p r e s t r e s s e d  
to f r a c t u r e  showed  q u a l i t a t i v e l y  s im i l a r  s t ress  co r -  
ros ion  cracks .  

The  dec rease  of t i m e  to f r a c t u r e  w i t h  i n c r e a s e  of 
p r e s t r e s s  up  to 90,000 psi  ref lects  m e r e l y  t he  s m a l l e r  
a v a i l a b l e  ex t ens ion  of the  c o l d - w o r k e d  spec imens  
d u r i n g  the  test .  The  s ca rce ly  s igni f icant  i n c r e a s e  of 
t o t a l  anode  c u r r e n t  d e n s i t y  w i t h  inc rease  of p r e -  

Table II. Influence of prior cold work on anode current 
density at - -0 .14v (ell) 

18Cr-8Ni steel; 42 w/o  aqueous  MgCI~; 154~ 
s tagnan t  solution; s t ra in  ra te  4 %/rain .  

Apparen t  T ime  to Crack  densi ty ,  Anode  C.D., 
prestress, psi f rac ture ,  m i n  cracks /era  m a / c m  e 

0 14 380 0.24 
50,000 11.5 490 0.245 
70,000 8.5 500 0.246 
90,000 4 610 0.25 

111,700" 0.75 Nil  0.05 

* Spec imens  pres t ressed to f rac ture .  
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stress, coupled w i th  the  m o d e r a t e  increase  of crack 
dens i ty ,  p r o b a b l y  m e a n s  tha t  each crack a d v a n c i n g  
edge is na r rower ,  a r easonab le  suppos i t ion  for the 
stiffer co ld -worked  mater ia l .  The spec imens  p re -  
pared  by s t ress ing to f r ac tu re  showed a ne t  c u r r e n t  
dens i ty  of --0.09 m a / c m  2 ( ind ica t ing  an  anode cu r -  
r en t  dens i ty  of 0.05 m a / c m  2) before  s t ra in ing ,  no 
change  of this  d u r i n g  s t r a in ing  for the  shor t  per iod  
before they  f r ac tu red  in  the test, and  no s t ress -cor -  
rosion cracks;  the f r ac tu re  was a lmos t  br i t t le ,  in  
one case above  the  l iqu id  level.  This  is s t r ik ing  
evidence  tha t  a cons iderab le  degree  of duc t i l i ty  of 
the me ta l  is an essent ia l  condi t ion  for the deve lop-  
m e n t  of bo th  the  anodic  mechanochemica l  effect 
and  stress corrosion cracking.  

Discussion 
The p resen t  resul t s  ob ta ined  po ten t ios ta t i ca l ly  

are in  comple te  h a r m o n y  wi th  those ob ta ined  ga l -  
vanos t a t i ca l ly  by  Hoar  and  West  (5) and  confirm 
the r ea l i ty  of mechanochemica l  or y ie ld -ass i s ted  
anodic  d isso lu t ion  for 18Cr-8Ni  aus ten i t ic  steel  in  
hot, concen t ra t ed  chlor ide solut ion.  Addi t iona l ly ,  
the t r a n s i e n t  resul t s  are f u r t h e r  suppor t  for the  
m e c h a n i s m  of stress corrosion c rack ing  of these 
steels pu t  fo rward  by  Hoar  and  Hines  (1) .  We re -  
por t  e l sewhere  (8) some s imi la r  resul t s  wi th  a 
series of i r o n - n i c k e l  al loys;  those tha t  stress corro-  
sion crack show a m a r k e d  mechanochemica l  effect, 
whereas  those tha t  are  not  suscept ib le  to c rack ing  
do not.  

I t  is too ea r ly  to propose too specific a m e c h a n i s m  
for mechanochemica l  dissolut ion.  However ,  ev i -  
dence  is a c c u m u l a t i n g  tha t  w h e n  stress corrosion 
c rack ing  occurs in  fcc latt ices,  those showing  a high 
dens i ty  of s tack ing  faul t s  and  the cor re la ted  r e -  
s t r ic ted slip (9) are the  most  suscept ib le  (10-14) .  
S tack ing  faul t s  migh t  p lay  one or bo th  of two roles: 
(i) the i r  in i t i a l  p r e f e r en t i a l  d isso lu t ion  [ d e m o n -  
s t ra ted  for copper  al loys u n d e r  anodic  pol i sh ing  
condi t ions  by  S w a n n  and  N u t t i n g  (10 ) ]  could 
provide  v e r y  n a r r o w  s t r e s s - ra i s ing  slots for i n i t i a t -  
ing cracks;  (ii) the i r  i n t e r f e r ence  wi th  cross-s l ip  
leads to de fo rma t ion  by  res t r ic ted  slip and  thus  to 
ve ry  large p i l e -ups  of dis locat ions at and  n e a r  the 
surface of the de fo rming  ma te r i a l ;  these p i l e - u p s  
m a y  in i t i a t e  r u p t u r e  in  two ways  (a)  mechan ica l  
f rac ture ,  e i ther  duct i le  or b r i t t l e  (15) ,  because  of 
the h igh local tens i le  stresses tha t  they  involve ,  or 
(b)  p r e f e r en t i a l  anodic  d issolu t ion  l ead ing  to t u n -  
nels  or slots, as d e m o n s t r a t e d  by  the e lec t ron  mi -  
croscope studies  of Nie l sen  (16).  F u r t h e r ,  the  in -  
tense  d i s a r r ay ing  of the  de fo rming  surface  d u r i n g  
the a r r i va l  of p i l e -ups  (17) m a y  be expected  to 
produce  a t r a n s i e n t l y  m u c h  grea te r  increase  in  the 
dens i ty  of anodica l ly  act ive sur face  sites t h a n  the 
increase  p roduced  by  the  a r r iva l  of s ingle  or smal l  
groups  of u n p i l e d - u p  dis locat ions coming  f rom 
cross-sl ip.  Consequen t ly ,  the mechanochemica l  ef-  
fect should  be m u c h  more  p r o n o u n c e d  in  la t t ices  
showing  res t r ic ted  slip t h a n  in  those showing  cross-  
slip, and  crack p ropaga t ion  m u c h  assisted. 

The  possible  cor re la t ion  of the  mechanochemica l  
effect wi th  the p roduc t ion  of p i l e -ups  in  res t r ic ted  

slip is now  be ing  s tud ied  (7) ,  as are the  t r ans i en t s  
in  the  mechanochemica l  effect at  h igh a nd  v a r y i n g  
s t r a in  ra tes  and  high c u r r e n t  densi t ies ,  which  
should  give i n f o r m a t i o n  on the ra te  of c rea t ion  and  
of a n n i h i l a t i o n  of anod ica l ly  act ive sur face  sites 
d u r i n g  this type  of plast ic  deformat ion .  

I t  is i m p o r t a n t  to emphas ize  tha t  the most  r ap id  
mechanochemica l  d issolu t ion  requires ,  as wel l  as 
the  rap id  p roduc t ion  of la rge  n u m b e r s  of act ive 
sites on the me ta l  surface,  a r ap id  a r r i va l  of su i table  
reac t ing  ent i t ies  in  the so lu t ion  at the m e t a l / s o l u -  
t ion  in te r face  and  a rap id  r e mova l  of the  reac t ion  
products .  In  the  p resen t  case, chlor ide ions and  
w a t e r  molecules  are e v i de n t l y  the  r equ i r ed  "solu-  
t ion"  reac tants ,  and  complex  cat ions are the  p rod -  
ucts, and  they  need  to be respec t ive ly  suppl ied  and  
r emoved  by  forced convec t ion  as wel l  as b y  n a t u r a l  
diffusion. Chlor ide  ion is p r o b a b l y  a power fu l  ca ta -  
lyst  for the o v e r - a l l  r eac t ion  

Mz +1 --> MZ+aq 

w he r e  Mz+ 1 is an  iron,  ch romium,  or n icke l  ion in 
the  la t t ice  a nd  MZ+aq the same ion in  aqueous  solu-  
t ion, as wel l  as be ing  a c o m p l e x - f o r m i n g  l igand;  
the recen t  d e m o n s t r a t i o n  of the  ve ry  r eady  adsorp-  
t ion  of chlor ide ion on aus ten i t i c  s ta inless  steel  
(18) m a y  also have  re levance .  
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Thermodynamic Studies of Ternary Liquid Metallic Systems 
Containing Miscibility Gaps 
I. The Aluminum-Bismuth-Lead System 

T.  C. W i l d e r  1 and  J. F. El l iot t  

Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

The pa r t i a l  and in tegra l  mola r  t he rmodynamic  proper t ies  of the  l iquid 
A1-Bi-Pb system have  been  de te rmined  by  emf measurements  of the  r e -  
vers ib le  concentra t ion  cell  

A1 (l iq)  tAI + + + (A1C13 in KC1 �9 NaC1) IA1 (in Bi, Pb, or  B i -Pb )  ( l iq)  

in the range  700~176 and d is t r ibut ion  measurements  of the  two-phase  
al loys at  900~ The measured  proper t ies  of this system have been compared  
with  es t imates  based on severa l  theoret ica l  t r ea tments  contained in the  l i t e ra -  
ture. The par t i a l  and in tegra l  mola r  proper t ies  of mixing,  i.e., Fi M, Si M, Hi M, 
F M, H M, and S M, in this  system have  h igher  posi t ive deviat ions f rom idea l i ty  
than the theoret ica l  t rea tments  would  indicate.  The miscibi l i ty  gaps at 900~ of 
the A1-Pb and A1-Bi systems are  not as wide as those repor ted  prev ious ly  in 
the l i te ra ture .  

A r e v e r s i b l e  h i g h - t e m p e r a t u r e  c o n c e n t r a t i o n  cell ,  
s i m i l a r  to the  one d e s c r i b e d  p r e v i o u s l y  b y  the  a u -  
thor s  (1) ,  was  used  to d e t e r m i n e  the  t h e r m o d y n a m i c  
p r o p e r t i e s  of the  t e r n a r y  l i q u i d  m e t a l l i c  sys t em,  A1- 
B i - P b ,  in the  r a n g e  of 700~176 The  s y s t e m  is 
c o m p l e t e l y  l i qu id  at  a l l  t e m p e r a t u r e s  of the  s t u d y  
and  exh ib i t s  a m i s c i b i l i t y  gap  w h i c h  is b o u n d e d  b y  
the  two  b i n a r y  edges,  A1-Bi  and  A1-Pb  (Fig .  1).  
D i s t r i b u t i o n  m e a s u r e m e n t s  a t  900~ for  the  t w o -  

i P r e s e n t  address: Ledgemont  L a b o r a t o r y ,  K e n n e c o t t  Copper  Cor- 
poration, L e x i n g t o n ,  Massachuse t t s .  
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Fig. 1A. AI-Bi-Pb isotherm at 900~ ~ ,  Run No. 82; O, run 
No. 88, A ,  run No. 90; F-I, cell runs. 

phase  a l loys  l oc a t e d  the  c o n j u g a t e  compos i t i ons  
m a k i n g  up  the  b o u n d a r y  of the  m i s c i b i l i t y  gap.  The  
l a r g e r  r eg ion  of h o m o g e n e i t y ,  L~, is a d j a c e n t  to  the  
B i - P b  edge,  w h i c h  is m i s c i b l e  in  a l l  p ropo r t i ons .  
The  v e r y  sma l l  LII r eg ion  is a d j a c e n t  to the  p u r e  
a l u m i n u m  corner .  

The  cel l  u n d e r  s t u d y  was  

--A1 ( l iq )  ]A1 + + + (A1C13 in KC1- NaC1) I 
A1 ( in  Bi, Pb ,  or  B i - P b )  ( l iq )  4- ( A )  

for  which ,  on c o m p l e t i o n  of t he  c i rcui t ,  t he  o v e r - a l l  
r e a c t i o n  is 

A l ( l i q )  = A1 ( in  Bi, Pb ,  or  B i - P b )  ( l iq )  [ I ]  

xB~ 

)~176 
/ii / k 

~t 
oo~ 002  oo~ 

xpb 

Fig. iB. Enlargement of aluminum corner of AI-Bi-Pb isotherm 
at 900~ ~ ,  Run No. 82; I-q, run No. 87; O, run No. 88; /% run 
No. 90. 
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In  this  i nves t iga t ion  the  re fe rence  s tate  for each 
me ta l  is the  pure  l iquid.  F r o m  the  m e a s u r e m e n t s  of 
the po ten t i a l  of the  cell (A) as a f unc t i on  of t e m -  
p e r a t u r e  and  composi t ion,  the fo l lowing  pa r t i a l  
mo la r  proper t ies  of a l u m i n u m ,  the  most  e lec t ro-  
posi t ive  me t a l  in  the  system, are ob ta ined  

FA1 - -  F~ ~ FA1M : - -  3FE = RT In  aA1 [ 1 ] 

S h l  - -  S ~  : S A 1 M  = - -  ( 0 F A 1 M / 0 T )  XA1 = 

3F(OE/OT)xAi [2] 

HA~ --  H~ = H ~  ~ = F~] M + TSA1M 

- - 3 F I E  - -  T(OE/OT)xA1] [3] 

where  F is the F a r a d a y  (23,063 c a l / v  e q u i v a l e n t ) ,  
and  E is the  revers ib le  e lec t romot ive  force of the  cell 
in  volts.  The valence,  n, of the a l u m i n u m  ion in  the  
mo l t en  e lec t ro ly te  is t a k e n  to be 3. E x p e r i m e n t a l  
jus t i f ica t ion of this is developed later .  

Exper imenta l  

The p l an  of this  i nves t iga t ion  was  to m e a s u r e  
the  emf of cells cons is t ing  of anodes  of pu re  l iqu id  
a l u m i n u m  and  cathodes  of the  al loys of the l a rge r  
reg ion  of homogene i ty  (L~) of A1-B i -Pb  along the  
b i n a r y  edges A1-Bi and  A1-Pb and  five "pseudo-  
b i n a r y "  sys tems A I - ( B i / P b  = 0.25, 0.50, 1.0, 2.0, 
and  4.0) in  the  t e m p e r a t u r e  i n t e r v a l  700~176 
It  was  necessa ry  to s u p p l e m e n t  the cell m e a s u r e -  
men t s  w i th  phase  d i s t r i bu t ion  m e a s u r e m e n t s  to ob-  
t a in  a comple te  p ic tu re  of the sys tem at 900~ 

Cell design.--A n e w  cell des ign as shown  in  Fig. 
2 was  used. The  var ious  par ts  of the  cells, e.g., elec-  
t rolyte ,  t a n t a l u m  con t ac t  leads, c h r o m e l - a l u m e l  
thermocouples ,  refractor ies ,  etc., were  pur i f ied or 
p repa red  as descr ibed ear l ie r  (1) .  The c losed-end  
Morgan i t e  ( recrys ta l l i zed  99.7% AlcOa) tube  which  
was used to hold the pu re  a l u m i n u m  s tandard ,  con-  
t a ined  two ports:  one for comple t ion  of the elec-  
t ro ly te  br idge  b e t w e e n  electrodes,  and  the  other  
for equa l iz ing  the  levels  of the  e lec t ro ly te  ins ide  
and  outs ide the  s t a n d a r d  tube.  A l l o y i n g  addi t ions  
were  made  at  specified in t e rva l s  t h rough  the add i -  
t ion tube.  The al loy cathode was ve ry  large  in  com-  
par i son  wi th  the  s t a n d a r d  anode,  because  most  of 
the  a l loy composi t ions  were  v e r y  d i lu te  in  a l u m i -  
num.  The large  difference in  electrode size also 
helped to min imize  er rors  which  m a y  have  occurred  
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Fig. 2. Cell design (only one of the two thermocouples and one 
of the two contact leads are shown). 

M E T A L L I C  S Y S T E M S  

Table I. Assay of electrode metals 
( A l l  v a l u e s  i n  w e i g h t  p e r  c e n t )  
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L e a d *  B i s m u t h *  A l u m i n u m  ** 

Fe 0.0001 Mn 0.0001 Fe 0.002 
Bi 0.00005 Pb 0.0001 Si 0.001 
Cu 0.00005 Fe 0.0001 Cu 0.002 
Pb 99.999+ Cu 0.0001 A1 99.995 (bal) 

Ag 0.0004 
Bi 99.999+ 

* S u p p l i e d  b y  t h e  A m e r i c a n  S m e l t i n g  a n d  R e f i n i n g  C o m p a n y ,  
** G i f t  o f  t h e  A l u m i n u m  C o m p a n y  o f  A m e r i c a .  

f rom pola r iza t ion  of the  cell. There  were  two 
shielded c h r o m e l - a l u m e l  the rmocoup les  in the  elec- 
t rolyte .  The first t he rmocoup le  was used to measu re  
the t e m p e r a t u r e ;  the  second was for  t e m p e r a t u r e  
control.  The  no tched  a l u n d u m  disk on top of the cell 
c ruc ib le  separa ted  the  var ious  componen t s  of the  
cell and  he lped min imize  ver t ica l  t e m p e r a t u r e  g ra -  
dients.  

Cell operation.--Preparation of the  cell was  ca r -  
r ied  out  as p rev ious ly  descr ibed  (1) ,  except  tha t  
i n i t i a l ly  the  al loy cathode was  s imply  300-400g of 
pu re  lead, b i smuth ,  or a B i - P b  al loy of p r e m e a s u r e d  
a tomic ra t io  of P b / B i .  The  anode  c h a m b e r  con ta ined  
6-7g of a l u m i n u m .  Ana lyses  of the  pu re  meta l s  are  
l is ted in  Table  I. 

W h e n  the  cell was  b r ough t  to t e m p e r a t u r e  (800 ~ 
or 900~ a smal l  a m o u n t  of a l u m i n u m ,  weighed  to 
the  nea res t  0.1 mg, was added  to the cathode th rough  
the add i t ion  tube.  The a l u m i n u m  dropped  th rough  
the  fused electrolyte ,  mel ted ,  and  a l loyed wi th  the  
r e m a i n d e r  of the cathode. The  progress  of solut ion 
of it was  observed  by  m e a s u r i n g  the cell emf as a 
f unc t i on  of t ime.  Af te r  severa l  hours,  w h e n  the emf  
became cons tan t  wi th  t ime, the al loy was  homogen-  
eous. 

For  each a l loy inves t iga ted ,  po ten t i a l  m e a s u r e -  
men t s  were  made  at  th ree  di f ferent  t e m p e r a t u r e s :  
700 ~ 800 ~ and  900~ in  a s taggered  sequence.  For  
al loys k n o w n  to be t w o - p h a s e d  at 700 ~ or 800~ 
read ings  were  t a k e n  at th ree  t e m p e r a t u r e s  (one of 
which  was 900~ where  the  al loy was  k n o w n  to be 
s ing le -phased .  S teady  and  rep roduc ib le  read ings  
were  ob ta ined  at 1000~ Two samples  (one at 
900~ for chemical  ana lys i s  were  w i t h d r a w n  f rom 
the al loy cathode if it con ta ined  less t h a n  0.5% A1 
by  weight .  At  composi t ions  over  this value ,  only  one 
sample  was  w i t h d r a w n  at 900~ 

W h e n  the  t e m p e r a t u r e  in  the  cell was changed,  at 
leas t  2 hr  were  a l lowed for equ i l i b r a t i on  of t e m p e r -  
a tu re  and  composi t ion  before  po ten t i a l  r ead ings  
were  t a ke n  again.  Af te r  the  th i rd  t e m p e r a t u r e  was  
s tudied  for the  first alloy, more  a l u m i n u m  was added 
t h r ough  the add i t ion  tube.  The  r e su l t i ng  ne w  al loy 
cathode was a l lowed to homogenize  for at least  6 hr  
before  r ead ings  were  t a k e n  again.  The  above  p ro -  
cedure  was  t hen  repeated .  

The cells were  opera ted  for 4 to 6 days, depend -  
ing on how long the  A1C13 would  r e m a i n  in  the elec-  
t rolyte .  It  was possible  to s tudy  two al loy compo-  
si t ions a day;  accordingly ,  as m a n y  as 12 al loys were  
s tudied  in a s ingle  expe r imen t .  Occas ional ly  the  
e lec t ro ly te  was  sampled  and  ana lyzed  for a l u m i n u m .  
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The cell po ten t ia l s  became  vague,  or insens i t ive ,  if 
the  A1C18 level  in  the  e lec t ro ly te  fell  be low 0.02% 
by  weight .  Al loys  on or nea r  the  misc ib i l i ty  gap 
took so long to reach  e q u i l i b r i u m  tha t  da ta  ob ta ined  
f rom most  of t h e m  were  discarded.  For  those two-  
phase alloys tha t  were  studied,  the  po ten t ia l s  were  
low ( <  1 mv)  and  changed  ve ry  l i t t le  wi th  t e m -  
pera tu re .  Wi th  such alloys, m e a s u r e m e n t s  were  
t a k e n  only  at 900~ since for t h e m  OE/OT is m e a n -  
ingless  in  t e rms  of SA1M. 

Distribution measurements.--The b o u n d a r y  of 
the two-phase  reg ion  at 900~ was  d e t e r m i n e d  by  
equ i l i b r a t i ng  a series of two-phase  al loys at 900 ~ ---- 
1.5~ for 24 hr  u n d e r  a pro tec t ive  cover  of p r e -  
purif ied KC1-NaC1 azeotrope and  a rgon  gas. A po r -  
t ion  of each of the two phases was  r emove d  for 
chemical  analysis .  The appa ra tu s  used for this  was  
s imi la r  to t ha t  shown  in  Fig. 2, except  tha t  the  
c ruc ib le  con ta in ing  the a l loy was a 6-in.  long, closed-  
end  Morgan i t e  a l u m i n a  tube.  The a l u n d u m  t h e r m a l  
shield con ta ined  holes for the two the rmocoup les  
and  a s a m p l i n g  port.  The s ta r t ing  composi t ion  was  
located on e i ther  the  A1-Bi or A1-Pb edge of the 
t e r n a r y  system. Af te r  equ i l i b r a t i on  and  sampl ing ,  
a weighed  a m o u n t  of the th i rd  componen t  was  
added, the sys tem was equi l ib ra ted ,  and  samples  
we re  w i t h d r a w n  again.  This  was repea ted  severa l  
t imes.  Add i t i ona l  composi t ions  a long the  LI b o u n d -  
a ry  of the  misc ib i l i ty  gap were  ob ta ined  f rom emf  
cells where  the alloys were  k n o w n  to be two-phased .  

Experimental Results 
The po ten t ia l s  of each of the cells inves t iga ted  

were  p lo t ted  aga ins t  t empe ra tu r e .  I t  was found  
tha t  for a g iven  cell h a v i n g  a homogeneous  cathode,  
the  po ten t i a l  va r i ed  l i nea r ly  w i th  t e m p e r a t u r e .  
Thus,  for each cell the  va lues  of E and  OE/OT at 
900~ on which  all  s u b s e q u e n t  ca lcula t ions  are 
based were  read f rom this  plot. A reade r  in te res ted  
in  a t a b u l a t i o n  of these data  can ob ta in  it  by  w r i t -  
ing to the au thors  (J .F .E.) .  

The e x p e r i m e n t a l  da ta  were  t r a n s f o r m e d  in to  the  
a lpha  and  be ta  func t ions  (2) of a l u m i n u m  defined as 
follows 

FA1E RT in  aA1 - -  RT in  XA1 
O~'AI ~.  - -  __.~ 

( I - - X A 1 )  2 ( I _ _ X A 1 )  2 

- -3FE  --  RT in  XA1 
[4] 

( l - -XAl)  2 

HA1M --3F[E--T(OE/OT) ] 
~AI = - -  [ 5 ]  

(1--XA:) 2 ( 1--XA0 2 

8 0 AI - Pb 

I /A I -  [S , /Pb = 050 ] x~  
a ~ ~o41 L t * L~ 

AI 60  r~O'~lS ~ 

5 0 ~ "  I r 

40 

o 005 OlO OI5 020 025  O30 O35 
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Fig. 3. Alpha function for binary and pseudobinary systems in 
liquid AI-Bi-Pb system at 900=C. 

HO-  

too 

90  ~ ~ A I -Pb  

K' . . . . . . . . .  , 
~col 8 o ~ 

9f. At ~.__~ ~ / .  A*- [e,/pb=t o] 
I . .  ~ / A I -  [B , /Pb = 2 O] 

70  v v 

0 005  0 I0 015 020  025  030  035  
XA, 

Fig. 4. Beta function for binary and pseudobinary systems in 
liquid AI-Bi-Pb system. 

The a lpha  and  be ta  funct ions ,  as p lot ted  in  Fig. 3 
and  4, were  used to d e t e r m i n e  the  pa r t i a l  a nd  i n -  
t egra l  mola r  t h e r m o d y n a m i c  proper t ies  of the  sys-  
tem. The  equa t ions  of these funct ions ,  d e t e r m i n e d  by  
the  method  of least  squares ,  are  g iven  in  Tab le  II. 
The a lpha  func t ion  is p r i m e d  to d i f ferent ia te  it f rom 
the  more  usua l  form, ~i = in  yi/(1--Xi) 2. 

There  have  been  developed methods  for app ly ing  
the G i b b s - D u h e m  i n t e g r a t i on  to t e r n a r y  sys tems 
(3-5)  w h e n  the  t h e r m o d y n a m i c  p rope r ty  of in te res t  
for one of the  componen t s  is k n o w n  as a f unc t i on  of 
composi t ion at  the  t e m p e r a t u r e  of interest .  D a r k e n ' s  
(3) me thod  requ i res  tha t  the  composi t iona l  va r i ab l e  
be the  concen t r a t i on  (u sua l l y  mole  f rac t ion)  of the 
componen t  whose pa r t i a l  mo la r  p rope r ty  is k n o w n ,  
i.e., A1. The in t eg ra t i on  is m a d e  along l ines  of con-  
s tan t  ra t io  of the o ther  two components ,  XBi/Xpb. 
Thus  the  l ines  for i n t eg ra t i on  are  the b i n a r y  and  
p s e u d o b i n a r y  l ines  of this e x p e r i m e n t a l  work.  

Table II. Alpha and beta functions for the liquid AI-Pb-Bi system 

B i n a r y  or C o m p o s i t i o n  r a n g e  
p s e u d o b i n a r y  s y s t e m  L[ r e g i o n  a 'A1,900~ k c a l / g f w  flAl, k c a l / g f w  

A1-Pb 
A1- (Bi /Pb  ---- 0.253) 
A1- (Bi /Pb  = 0.50) 
A1- (Bi /Pb = 1.0) 
A1- (Bi /Pb  = 2.0) 
A1- (Bi /Pb  = 4.0) 

A1-Bi 

0 < XA: < 0.0489 
0 < XA: < 0.0714 
0 < XAi < 0.0876 
0 < XAl < 0.118 
0 < XAI < 0.179 
0 < XAI < 0.245 
0 < XA: < 0.20 
0.20 < XA1 < 0.35 

7.83 - -  1.69XAI (• * 
7.19 - -  1.27XAi (• 
6.16 + 1.83XAi (• 
5.96 -I- 3.33XA1 (_0.02) 
5.28 -~ 3.40XA1 (• 
4.75 ~- 3.73XA1 (• 
4.02 + 3.72XA~ (• 
4.01 + 2.52XA1 ~- 6.07XA12 (___0.035) 

10.28 --  31.9XAI (___0.16) * 
8.99 --  12.67XAI (___0.08) 
8.36 --  6.38XAI (___0.06) 
7.55 -- 3.47XAI (___0.03) 
6.94 --  2.74XAI (• 
6.23 -}- 0.23XA] (• 
5.80 --  2.31XA1 -}- 15XA12 (• 
5.17 + 3.83XAi (___0.07) 

* S t a n d a r d  d e v i a t i o n  in  k c a l / g f w .  
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The excess partial molar property for aluminum, 
GA1E , may be expressed in terms of the composi- 
tional variable and the molar proper ty  in the usual 
manner  

GA1E = G E -~- (1--XA1) (0GE/0XA1)XBi/Xpb [6] 

Dividing by (1--XA1) 2 and rearranging 

~ O[GE/(1--XA1) ] ! GAi E [7] 
[ 0XAl JXBi/Xpb (I__XA;) 2 

In the case that G E is replaced by F E or H M, the 

term on the right in Eq. [7] is ~'AI or flAl, respec- 
tively. Integration of the equation between the lim- 
its XAl= 0 and EAt gives 

G E =  (1--XAI) 

~ ~ X A I = 0  
GAIE/( I--XA0 2. dXA1 ] -~- GExAI=0 
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(1 - y )  -~~  a'A1oy a ] dXA1-- XA1 (1 -- XAl) a'A1}y 

[11] 

These relations were used to determine Fpb E and FBi E 
along the pseudobinary lines in the A1-Bi-Pb system 
at 900~ Subsequently, apb, aBi, ~Pb, and ~'Bi, were 
calculated. The corresponding partial molar heats of 
mixing of Pb and Bi, respectively, were also ob- 
tained by Eq. [10] and [11] with flAl substituted 
for ,a'A1 and Hi M for Fi E. 

Equations [10] and [11] are well suited for the 
calculations in the LI region and were used in these 
calculations rather  than Eq. [6] and [8] because 
they can be treated analytically; i.e., the curves of 
dA1 VS. y at constant values of XAI can be fitted 
readily to an equation of two variables. The equa- 
tion of each curve may then be differentiated with 

~XBi/Xpb to in order to determine its slope at respect Y par-  
ticular values of y. The intercepts thus obtained 

[8] when plotted vs. XA1 at constant y can be treated 
analytically. Each step involves the dependence of 
one variable on a second, and only when this de- 
pendence leads to a very  peculiar relationship is it 
necessary to resort to a graphical integration. 

The various thermodynamic properties of mixing, 
as determined from Eq. [4] through [11] and the 
data of Table II  are shown in Fig. 5 through 12. In 
Fig. 5 to 8 the circles are points obtained directly 
from the experimental  data. 

The boundary of the miscibility gap (Fig. 1) on 
the L~ side of the A1-Bi-Pb system could not be 
determined precisely by distribution measurements. 
Instead, it was found that it could be determined 
more accurately from knowledge of the boundary  of 
the LH field, the direction of the tie lines crossing 
the two-phase field and the equations of a'A1 VS. 
composition (Table II) .  Since the field LII is almost 
pure A1, it may  be assumed that aA1 = XAI in the 
field and along the LH boundary of the two-phase 
region. The superscript II  indicates that the property 
is for the boundary  composition in phase II. Cor- 

The integration constant, GExAI=0, is the integral 
excess property in the binary Bi-Pb system at the 
ratio of X B i / X p b  being considered. With the help of 
Klepa's (6) calorimetric results 2 on the Bi-Pb sys- 
tem, Eq. [8] was used to calculate F E, H M, and S E. 

With G E known (Eq. [8]) for the te rnary  field 
where liquid LI is the single stable phase, it is pos- 
sible to obtain Gpb E and GBfi by Eq. [6] along lines 
of constant ratios of XAI/Xm and XM/Xpb, respec- 
tively. It is to be noted that Eq. [8] and [6] com- 
bine to become the familiar integrated form of the 
Gibbs-Duhem equation for simple binary systems 
(2). In such a case the term on the right in Eq. [8] 
is zero. 

Wagner (4) derived a method for obtaining the 
partial molar properties of mixing of all components 
in a ternary  system if (i) the partial  molar proper-  
ties of one component are known, and (ii) the par-  
tial molar properties in the binary system of the 
other two components are known. Introducing the 
independent compositional variable, y, where for 
this system 

X s i  
y = [9] 

X s i  ~- X p b  

and then substituting y into the general Gibbs- 
Duhem equation for a ternary system followed by 
other mathematical  transformations, Wagner (4) 
obtained expressions for excess partial molar free 
energies of mixing. They appear below as applied to 
present work along the pseudobinary systems, y. 

FpbE(y, XA1) : l~pbE(y, XA1 : 0) -]- 

O , 1 
~fXA1 [dA1--y  ,a'Al ] d X A l - -  XA1 ( I - -  XAI) a Al~ 
LXAI=0 ay y 

[ 1 0 ]  

FreE(y, XAI) : FBiE (y, XA1 = 0) ~- dAl -]- 
I=0 

2 H ~ is symmetrical with respect to composition for liquid Bi-Pb 
alloys, so the s y s t e m  i s  assumed to be regular, i . e . ,  S ~ = 0, and 
H M = F E. 

D 

o I 
~ I c ! 

o o i 
L I ] L I  + L ] I -  

a i 
AI  I 

0 6 - -  : - -  

a i 

0 4  

I D E A  L ' ~ _  ~ ~ ~ ~ ~ ~ ~ ~ ~ "  

0 0 .01  0 0 2  0 0 5  0 . 0 4  0 . 0 5  0 . 0 6  

XA= 

Fig. 5. Activities in the AI-Pb system ot 900~ 
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responding ly ,  the  superscript  I des ignates  that  it 
is for the  boundary  for phase  I. The  ac t iv i ty  of a 
component  is constant  a long a tie l ine,  hence  

aA1 II = XA1 II ~-~ aal I [ 12 ] 
and 

"TAI I = aAII/XAI I = X A I I I / X A 1 1  [13]  
A ccord ing ly  

R T  in  (XAIII/XA1 I) 
(a'A1) I = - -  A + BXA11 + C (XAII) 2 

( 1 --  XA] I) 2 
[14] 

w h e r e  A, B, and C are the constants  of the  a lpha 
funct ion  equat ions  in Table  II, C be ing  zero for al l  
the  sys tems  except  A1-Bi.  XA] I is then  ca lculated  
by  success ive  approx imat ions  for each of the  b inary  
and pseudobinary  systems.  The  va lues  of XA11 f rom 
the four d is tr ibut ion  runs and the  so lut ion  from 
t h e r m o d y n a m i c  data v ia  Eq. [12] ,  [13] ,  and [14]  are 
in exce l l en t  agre ement  as s ho wn  in Fig. 1. The  dis-  
agreement  is less than ~0.002XA1 for A1-Pb and the  
ternary  field, and +--0.02XA] in the A1-Bi  system.  

O4O 040 

e , ~ P v ~ 1 7 6  . . . . . . . .  020 

02o 040 Xp=-- 060 080 
(osol <o6o) ~x., io,ol <02o) 

040 \ \ 040 

O20 O4O Xp~--  0 6 0  oe O  
10 aol {0 601 ~ x e ,  10 40)  1020) 

040 o40 

, / \ x\ / / ~ N x  

B, o 2 o  04o  •  06o o e o  e~ 
toao) (o6o) --xe, 10401 10201 

Fig. lO, Excess partial molar free energies of mixing in the LI 
region of the AI-Bi-Pb system at 900~ Values are in cal/gfw. 
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Fig. 11. Partial molar heats of mixing in the LI region of the 
AI-Bi-Pb system. Values are in cal/gfw. 
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Fig. 12. Excess mMar properties of mixing in the LI region of 

the AI-Bi-Pb system at 900~ 

Sources and Analysis of Errors 
I t  is essen t ia l ,  w h e n  s t u d y i n g  the  t h e r m o d y n a m i c  

p r o p e r t i e s  of a l loys  b y  a cel l  t echn ique ,  t h a t  t he  cel l  
be  r e v e r s i b l e ,  and  t h a t  t h e  r e a c t i o n  occu r r i ng  is a c -  
t u a l l y  t he  one  des i red .  The  a r g u m e n t s  conce rn ing  r e -  
v e r s i b i l i t y  of t he  cel l  r e a c t i o n  of t h e  p r e v i o u s  p a p e r  
(1)  a r e  also a p p l i c a b l e  in  th is  case,  e x c e p t  for  t he  
o b s e r v a t i o n s  l i s t ed  be low.  

Displacement reactions.--Using t he  t r e a t m e n t  of 
W a g n e r  (7)  and  t h e  d a t a  of ref .  (8 ) ,  i t  was  d e -  
t e r m i n e d  t h a t  e r r o r s  in  t he  a c t i v i t y  of a l u m i n u m  a t  
900~ a r i s ing  f r o m  e x c h a n g e  r eac t i ons  of t he  t y p e  

1 1 
- -  i ( a l l o y )  + -~- A1C]8 ( e l e c t r o l y t e )  --- 
hi 

1 A 1  ( a l l o y )  + 1 i Clni ( e l e c t r o l y t e )  [ I I ]  

3 ~i 

w h e r e  i is e i t h e r  b i s m u t h  or  l ead ,  a n d  n~ is t h e  v a -  
l ence  of b i s m u t h  (3)  or  l e a d  (2)  in t h e i r  r e s p e c t i v e  
chlor ides ,  w e r e  in  a l l  cases  less  t h a n  0.01%. S i m i -  
l a r ly ,  e r r o r s  a r i s ing  f r o m  e x c h a n g e  r eac t i ons  of KC1 

and  NaC1 of t h e  s u p p o r t i n g  e l e c t r o l y t e  w i t h  A1, Bi, 
or  Pb  in  t h e  a l loys  a r e  ne g l i g ib l e  a n d  n e e d  no t  be  
cons idered .  

Solution of Ta in pure A l . - - T a n t a l u m  was  used  
for  connect ing '  l e a d s  be c a use  i t  was  t h e  on ly  m e t a l  
t ha t  r e s i s t ed  a t t a c k  b y  l i q u i d  A1. T h e r e  was  no a t -  
t a c k  b y  a l loys  in  t h e  L~ reg ion ,  o r  b y  p u r e  A1 b e l o w  
850~ S o l u t i o n  was  s low in p u r e  A1 a b o v e  850~ 
A c c o r d i n g l y ,  t h e  s t a n d a r d  e l e c t r o d e  l e a d  was  r e -  
p l a c e d  e v e r y  2-3 days .  The  effect  of Ta  on  the  a c -  
t i v i t y  of A1 w a s  m e a s u r e d  in  a cel l  h a v i n g  a m a s s i v e  
a n o d e  c o n t a i n i n g  75g of A1 a n d  a c a t h o d e  c on t a in ing  
15g of p u r e  A1 and  15g of 1/4 in.  l e n g t h s  of Ta  wi re .  
The  anode  l e a d  was  t o u c h e d  to t h e  e l e c t r o d e  on ly  
fo r  a sho r t  p e r i o d  w h e n  a m e a s u r e m e n t  was  m a d e ;  
t he  l e a d  to t h e  c a thode  r e m a i n e d  in c on t a c t  a l l  d u r -  
i ng  t h e  e x p e r i m e n t .  The  p o t e n t i a l  of th i s  t y p e  of cel l  
v a r i e d  b e t w e e n  0.09 and  0.30 m v  a t  900~ A s a m p l e  
t a k e n  f r o m  the  ca thode  a f t e r  2 days  at  900~ was  
f o u n d  b y  c h e m i c a l  ana lys i s  to c on t a in  less  t h a n  
0.3 w t  % T a ( < 0 . 0 0 1  Xwa). Th is  effect m a y  c o n t r i b u t e  
an  a p p r e c i a b l e  e r r o r  in  emf  for  m e a s u r e m e n t s  w i t h  
compos i t ions  v e r y  n e a r  t h e  b o u n d a r y  of p h a s e  LI. 
H o w e v e r ,  such  m e a s u r e m e n t s  w e r e  no t  w e i g h e d  
h e a v i l y  in  e s t a b l i sh ing  the  equa t i ons  of  a' vs. XA~ 
( T a b l e  I I )  n o r  w e r e  t h e y  used  in  ob ta in ing '  t h e  
b o u n d a r y  of  p h a s e  LI. C o n t a m i n a t i o n  of t he  A1 
s t a n d a r d  b y  Ta  p r o b a b l y  causes  an  e r r o r  in  p o t e n -  
t i a l s  a b o v e  10 m v  w h i c h  is e q u i v a l e n t  to t h a t  a r i s -  
ing  f r o m  an  u n c e r t a i n t y  of I ~  in  t h e  ce l l  p o t e n t i a l  
a t  900~ 

Loss of a luminum f rom the al loys . - - In  m a n y  of 
the  cel ls  c on t a in ing  h o m o g e n e o u s  a l loys  w h i c h  w e r e  
v e r y  d i l u t e  in  a l u m i n u m ,  t h e  p o t e n t i a l s  w e r e  o b -  
s e r v e d  to d r i f t  v e r y  s l o w l y  to h i g h e r  v a l u e s  w i t h  
t ime.  This  i n d i c a t e d  a s l igh t  c on t i nu ing  loss of  A1 
f r o m  t h e  c a thode  as the  e x p e r i m e n t  p roceeded .  The  
compos i t i on  of t he  ca thode  a l l oy  could  h a v e  been  
c a l c u l a t e d  f r o m  the  a l u m i n u m  c h a r g e d  w i t h  a s m a l l  
co r r ec t i on  for  t h e  loss. In s t ead ,  i t  was  de c ided  t h a t  
t h e  r e su l t s  f r o m  c h e m i c a l  a n a l y s e s  of s a m p l e s  t a k e n  
f r o m  the  b a t h  w e r e  m o r e  r e l i ab l e .  A c c o r d i n g l y ,  s a m -  
p les  of t he  a l loys  fo r  a n a l y s i s  w e r e  t a k e n  a f t e r  a l l  
r e a d i n g s  at  900~ a n d  also a t  800~ fo r  t h e  d i lu t e  
a l loys  (A1 ( 0.5% b y  w e i g h t ) .  A l l  compos i t i ons  
r e p o r t e d  in  Fig .  3 and  4 a r e  f r o m  a n a l y s e s  of t he  
samples .  The  v a l u e  for  a d i l u t e  a l loy  was  t h e  a v e r -  
age  of  the  two  ana lyses .  

S ince  r e a d i n g s  a t  900~ w e r e  i m m e d i a t e l y  fo l -  
l o w e d  b y  s a m p l e s  be ing  t a k e n  f r o m  the  a l loy ,  ac -  
t i v i t y  a n d  f r ee  e n e r g y  v a l u e s  d e r i v e d  t h e r e f r o m  are  
not  a f fec ted  b y  the  a l u m i n u m  loss. H o w e v e r ,  t he  
e n t r o p y  a n d  e n t h a l p y  ca l cu la t ions  a r e  no t  exac t  b e -  
cause  t he  p r o v i s i o n  t h a t  XA1 r e m a i n  cons t an t  in Eq. 
[2]  a n d  [3]  is no t  fu l f i l led  p rec i se ly .  Most  of t he  
a l loy  ca thodes  con t a ined  ove r  0.5% A1 b y  weigh t .  
In  such  cases  t h e  a l u m i n u m  c o n c e n t r a t i o n  s e ldom 
d e c r e a s e d  m o r e  t h a n  1% of i ts  o r i g i n a l  pe r cen t age .  
A c c o r d i n g l y ,  t he  d i s c r e p a n c y  in v a l u e s  of aE/~T f r o m  
th i s  effect for  t he se  a l loys  is no t  g r e a t e r  t h a n  2%. 

In  gene ra l ,  t he  g r e a t  m a j o r i t y  of t h e  a l loys  i n -  
v e s t i g a t e d  w e r e  in  a r a n g e  w h i c h  w a s  no t  so d i l u t e  
as to cause  s igni f icant  e r r o r s  f r o m  loss of a l u m i n u m  
y e t  no t  so n e a r  t h e  b o u n d a r y  of  the  m i s c i b i l i t y  gap  
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t ha t  e r ro r s  f r o m  the  a t t a c k  on the  t a n t a l u m  con tac t s  
b y  the  s t a n d a r d  become  i m p o r t a n t .  

Equivalence of a luminum. - -The  a b o v e  o b s e r v a -  
t ion,  t o g e t h e r  w i t h  t he  r e su l t s  of a s t u d y  b y  Russe l l ,  
Mar t in ,  and  Coch ran  (9)  i nd i ca t e  t he  pos s ib i l i t y  of 
the  r e a c t i o n  

AICI~ + 2A1 ---- 3A1C1 [ I I I ]  

occu r r i ng  in t he  e l ec t ro ly t e .  Such  a r e a c t i o n  w o u l d  
r e m o v e  a l u m i n u m  f r o m  bo th  the  a n o d e  and  ca thode  
of cel l  ( A ) ,  b u t  even  m o r e  i m p o r t a n t ,  i t  m i g h t  affect  
t h e  v a l u e  of the  e q u i v a l e n c e  of t he  a l u m i n u m  ion  in 
the  e l e c t r o l y t e  owing  to t he  p r e s e n c e  of a second 
v a l e n c e  s ta te .  

In  o r d e r  to d e t e r m i n e  the  e q u i v a l e n c e  of t he  a l u -  
m i n u m  ion  in  the  e l ec t ro ly t e ,  F a r a d a y  y i e ld  e x -  
p e r i m e n t s  w e r e  p e r f o r m e d  a t  900 ~ The  e x p e r i m e n -  
t a l  c i r cu i t  cons i s t ed  of a rect i f ier ,  v a r i a b l e  res i s to r ,  
coppe r  cou lomete r ,  and  the  r e g u l a r  emf  ce l l  modi f i ed  
s l i g h t l y  to con ta in  two  e l ec t rodes  of A1-Ag  a l loys .  
The  A1-Ag a l loys  w e r e  used  because  the  a c t i v i t y  of 
a l u m i n u m  is s t r o n g l y  d e p r e s s e d  b y  s i l ve r  (1) .  This  
i m p r o v e d  the  e x p e r i m e n t  because  t he  a t t a c k  on the  
Ta  l eads  was  avo ided ,  a n d  the  a c t i v i t y  of A1 w a s  r e -  
d u c e d  to t he  l eve l  w h e r e  the  spu r ious  effect was  
mos t  n o t i c e a b l e  in the  r e g u l a r  cells.  

The  r e su l t s  of two  such e x p e r i m e n t s  gave  n as 
2.997 and  2.942. The  w e i g h t  loss of A1 f r o m  the  
a n o d e  was  used  in t he  ca l cu l a t i on  because  the  depos i t  
a t  t he  c a thode  was  s o m e w h a t  d i s p e r s e d  and  i t  was  
no t  poss ib le  to ob t a in  a su i t ab l e  q u a n t i t a t i v e  r e s u l t  
f r o m  t h e  ca thode  m a t e r i a l .  F r o m  these  e x p e r i m e n t s  
i t  a p p e a r s  t h a t  the  a m o u n t  of A1 + in th is  e l e c t r o l y t e  
is v e r y  s m a l l  and  need  no t  be  cons ide r ed  in t he  ca l -  
cu la t ions .  On the  o t h e r  hand ,  i t  is poss ib le  t h a t  t he  
e l e c t r o l y t e  possesses  some s l igh t  e l ec t ron ic  c o n d u c -  
t iv i ty ,  in  w h i c h  case  the  e q u i v a l e n c e  of the  a l u m i -  
n u m  ion m e a s u r e d  w o u l d  be  hA1~ (1 - -  re) w h e r e  te is 
t he  f r a c t i ona l  c o n t r i b u t i o n  b y  e l ec t rons  to  t h e  p a s s -  
age  of cu r ren t .  Neve r the l e s s ,  t he  ef fec t ive  v a l u e  of 
n, w i t h  or  w i t h o u t  e l ec t ron ic  conduct ion ,  is t h a t  
m e a s u r e d  b y  the  e x p e r i m e n t s  j u s t  desc r ibed .  I t  was  
t a k e n  to be  3 in  a l l  ca lcu la t ions .  

Other sources of error . - -Al l  c h r o m e l - a l u m e l  t h e r -  
mocoup les  used  in  th is  s t u d y  w e r e  t a k e n  f r o m  the  
s a m e  lots  of wi re .  T h r e e  of the  t h e r m o c o u p l e s ,  (one  
of w h i c h  h a d  been  used  for  abou t  10 runs ,  a n o t h e r  
for  one run ,  and  the  t h i r d  f r e s h l y  m a d e )  w e r e  s t a n d -  
a r d i z e d  aga in s t  the  m e l t i n g  po in t s  of p u r e  a l u m i n u m  
and  p u r e  s i lver .  A l l  t h r e e  checked  to w i t h i n  I ~  of 
t he  accep ted  m e l t i n g  po in t s  of A1 (660~ and  A g  

(960.7 ~  The  t h e r m o c o u p l e s  w e r e  c he c ke d  and  r e -  
p l aced  b y  n e w  ones f r e q u e n t l y .  

W i t h  t he  con t ro l  t h e r m o c o u p l e  i m m e r s e d  in t he  
e l e c t r o l y t e  j u s t  a b o v e  the  a l loy  sur face ,  t he  t e m p e r a -  
t u r e  con t ro l  in t he  cel ls  w a s  ~---1/2~ The  v e r t i c a l  
t e m p e r a t u r e  g r a d i e n t  in t he  cel ls  was  a b o u t  I ~  
f r o m  the  top  of t he  e l e c t r o l y t e  to t he  b o t t o m  of the  
a l loy.  I t  is a s s u m e d  tha t  t he  t r u e  t e m p e r a t u r e  of a 
cel l  is w i t h i n  _+1.5~ of t he  t e m p e r a t u r e  r e p o r t e d .  
In  the  d i s t r i b u t i o n  e x p e r i m e n t s ,  t he  u n c e r t a i n t y  was  
s l i g h t l y  l a rge r ,  be ing  •  ~ 

A l u m i n u m  was  a n a l y z e d  in  t he  a l loys  as  A1203 
a f t e r  r e m o v a l  of P b  and  Bi b y  an  ion e x c h a n g e  res in  
co lumn  and  p r e c i p i t a t i o n  of A l ( O H ) 3  b y  NH4OH. 
The  t r u e  a l u m i n u m  c o n c e n t r a t i o n s  a r e  p r o b a b l y  
w i th in  --+1% of t he  v a l u e  r e p o r t e d .  B i s m u t h  (as 
BLOC1) a n d  l ead  (as PbCrO4)  w e r e  also d e t e r m i n e d  
g r a v i m e t r i c a l l y .  The  va lue s  of Xm and  Xpb c h a r g e d  
a g r e e d  w i t h  the  r e su l t s  of c h e m i c a l  a n a l y s i s  to 
w i t h i n  --+0.5%. 

Analysis of Experimental Results 
The A 1 - B i - P b  isotherm, 9 0 0 ~  of 

the  r e su l t s  of t he  d i s t r i b u t i o n  m e a s u r e m e n t s  w i t h  
d a t a  of o the r  i nves t i ga t i ons  is l i m i t e d  to t he  b i n a r y  
A1-Pb  and  A1-Bi  sys t ems  (see  T a b l e  I I I ) .  T h e r e  is 
good a g r e e m e n t  b e t w e e n  the  r e su l t s  of th is  s t u d y  
and  those  of K e m p f  and  V a n  H o r n  (12) ,  Pa i c  (13) ,  
and  Claus  and  H e r r m a n n  (14) fo r  t he  s o l u b i l i t y  of 
l e ad  and  b i s m u t h  in  a l u m i n u m  at  900~ No m e a s -  
u r e m e n t  of t he  l imi t s  of s o l u b i l i t y  of A1 in Bi  above  
the  m e l t i n g  p o i n t  of Bi  is a va i l a b l e .  H o w e v e r ,  H a n -  
sen (15) e s t i m a t e d  the  s o l u b i l i t y  curve .  The  v a l u e  of 
D a r d e l l  (10) for  t he  so lub i l i t y  of A1 in P b  at  900~ 
is c o n s i d e r a b l y  l o w e r  t h a n  t h a t  of th is  s t u d y  or  of 
p r e v i o u s  w o r k  in  th is  l a b o r a t o r y  (11) .  In  gene ra l ,  
bo th  t he  A1-Pb  and  A1-Bi  sy s t e ms  at  900~ w e r e  
found  to h a v e  n a r r o w e r  m i s c i b i l i t y  gaps  t h a n  has  
been  r e p o r t e d  ea r l i e r .  

Thermodynamic  properties of the A 1 - B i - P b  sys-  
t em . - - In  o r d e r  to e s t i m a t e  t he  e r ro r s  in the  va lue s  
of the  t h e r m o d y n a m i c  func t ions  p r e s e n t e d  in the  
fo r ego ing  sect ions,  t h e  s t a n d a r d  de v i a t i ons  of  the  
a l p h a  and  b e t a  func t ion  equa t ions  ( T a b l e  I I )  w e r e  
c a r r i e d  t h r o u g h  t h e  ca lcu la t ions .  Tab le  IV g ives  t he  
r e su l t s  of the  e s t ima tes .  The  e r ro r s  for  t h e  p a r t i a l  
m o l a r  f ree  e n e r g y  and  a c t i v i t y  of a l u m i n u m  dec rease  
in t he  v i c in i t y  of t he  m i s c i b i l i t y  gap  b e c a u s e  of t he  
m e t h o d  used  in c o r r e l a t i n g  the  emf  m e a s u r e m e n t s  
w i t h  the  d i s t r i b u t i o n  da ta .  No such m e t h o d  was  
a v a i l a b l e  for  HA1M; thus ,  t he  e r r o r s  in th is  p r o p e r t y  

Table III. Comparison of solubility limits in AI-Pb and 
AI-Bi systems at 900~ 

S y s t e m  a n d  T h i s  s t u d y  
b o u n d a r y  Calc . ,  Eq .  [14]* E x p e r i m e n t a l  O t h e r  i n v e s t i g a t i o n s  

A I - P b  
L I ,  X A 1  0.0489 0.0510 0.037 (10) 
Lii, XPb - -  0.0115 0.011 (12) 

A1-Bi 
LI, XAI 0.35 0.37 0.06 (15)** 
LII, XBi - -  0.0308 0.03 (12) 

0.011 (13) 
0.050 (11) 

0.008 (14) 

* A n d  T a b l e  I I .  
* * E s t i m a t e d .  
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Table IV. Estimated average errors* in thermodynamic Table V. interaction coefficients in the LI region of the 
properties of mixing in AI-Bi-Pb system AI-Bi-Pb system at 900~ 
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E r r o r s  System eA z Al Other  

Vicinity of Vicinity of 
Quant i ty  Bi-Pb b inary  miscibili ty gad 

FBi E, FPb E (9O0~ _____20 cal/gfw +__25 cal /gfw 
FA1E (900~ • cal/gfw _10 cal /gfw 
I-IBi M, HPb M q-20 cal/gfw --+30 cal /gfw 
HA1M _lO0 cal/gfw _100 cal /gfw 
F E (900~ +--20 cal /gfw • cal /gfw 
H M -+20 cal/gfw -+35 cal/gfw 
S E (900~ _0.01 cal/gfw~ +--0.015 cal/gfw~ 
aBi, aPb (900~ -+0.004 -+0.005 
aA1 (900~ -+0.004 _0.001 

* Based on s tandard deviat ions of equations in Table n .  

are s l ight ly  increased as XA1 is increased.  As can be 
seen f rom Fig. 4, the scat ter  in flA~ is g rea te r  than  
for a'A~. There are  no the rmodynamic  da ta  in the 
l i t e ra tu re  on the t e rna ry  al loys so a comparison 
with  other resul ts  is not  possible. 

In terac t ion  c o e ~ c i e n t s . - - O f  general  in teres t  in 
mul t icomponent  systems is the  so-cal led in teract ion 
coefficient, ~, which is defined 

0 in  ~i [15] 

0Xj Xt-* 0 

Xj-> 0 

In the LI region of the A1-Pb-Bi  system at 900~ 
the effect of A1 on its own ac t iv i ty  coefficient is ob- 
ta ined di rec t ly  f rom the l inear  equat ions of the 
a lpha functions (Table  I I )  

A 1 - P b ;  (XPb-"-> 1)  --7.44 

Bi 
A1- ---- 0.253 --6.72 

Pb 

Bi 
AI- = 0.50 --4.86 

Pb 

Bi 
A1- • 1.0 --3.68 

Pb 

Bi 
Al- = 2.0 --3.06 

Pb 

Bi 
Al 4.0 --2.46 

Pb 

A1-Bi; (XBi-'> 1) --1.85 

P b - B i ;  (XPb--'> I) 

(XBi -> 1) 

eA1 Bi ~-~ --1.29 

cA1Pb = 1 .54  

eBi A1 = - - 1 . 6 4  

eFb A1 ~ 1.62 

RT In I X A I  -~- (I__XAII) 2 (AWBXAII) __ 
XAl II 

(I--XA:I) s (A+BXA: I) = 0 [17] 

and 

( l - - X A l  I ) ( B ) 
RT in (l_XAln) -{- (XAII) 2 A -- --2 ~- BXAII 

(XAIlI)2 ( A - B  BXA111 ) 0 1 1 8 ]  
2 

0 In ~'AI I - -2A + B 
~ A 1 A 1 -  0 X A l  - -  R T  • 103 [16] 

J XA1 ~ 0 

wi th  A and B being  the constants in the equations.  
The effect of Bi addi t ions on the ac t iv i ty  coefficient 
of A1 in A1-Pb alloys (~A1 m for A1-Pb) in the Pb 
corner  of the t e r n a r y  system was de te rmined  by  
plot t ing in "/A~ VS. Xm along' the B i -Pb  b ina ry  from 
XA1 = 0, X p b  ~ 1. The slope of this  plot  at Xm ---- 0 is 
equal  to CA1 Bi in Pb. The other in terac t ion  coeffi- 
cients given in Table V were  obtained in a s imilar  
manner .  

A l p h a  f u n c t i o n  t h e o r i e s . - - W o r r e l l  (16), Wr ied t  
(17), and Wagner  (18) have der ived  l inear  expres -  
sions for the a lpha  functions on e i ther  side of a 
miscibi l i ty  gap for a b ina ry  system. Worre l l  (16) 
and Wr ied t  (17) used the " sub - regu la r "  solution 
model  [a f te r  Hardy  (19)] ;  Wagner  (18) used the 
Guggenheim (20) re la t ion for the excess molar  free 
energy. Al l  these t r ea tments  requi re  an accurate  
knowledge  of the location of the miscibi l i ty  gap, 
and all  a r r ive  essent ia l ly  at the same equations 
f o r  a'i. Using Worre l l ' s  (16) t rea tment ,  if XA: is the 
mole fract ion of A1 on the bounda ry  of the gap 
near  Bi or Pb, and XA1 zI the mole f ract ion of A1 on 
the bounda ry  of the gap near  A1, then the two equa-  
tions 

may  be solved s imul taneous ly  to de te rmine  the con- 
stants A and B. In this instance, the constant  A has 
the value  R T  In y~ or FA1E at infinite dilution,  and 
B is the  slope of the l inear  ~'A1 VS. XAI plot. Aga in  
the  two constants  have  the same significance as in 
Eq. [16]. 

The same t r ea tmen t  may  be used to es t imate  the 
a lpha function of e i ther  component  of a pseudo-  
b ina ry  system which contains a misc ib i l i ty  gap if 
the conjugate  composit ions on both boundar ies  of 
the gap are  in the same pseudobinary  system. This 
is only approx ima te ly  t rue  for the pseudobinary  
systems of this s tudy in the A1-Bi-Pb  te rnary ;  
nevertheless ,  Eq. [17] and [18] may  be used to 
e s t i m a t e  a'A1 in the sys tem from the boundar ies  of 
the misc ib i l i ty  gap. 

F igure  13 shows comparisons among the a lpha 
functions predic ted  by  Worre l l  (16), Wried t  (17), 
and Wagner  (18) t rea tments ,  those obtained ex-  
pe r imenta l ly  by  this invest igat ion,  and those which 
would resul t  f rom the assumptions of .aAl being l inear  
in XA1 (Henr ian  behavior )  for the two b ina ry  sys-  
tems, A1-Pb and A1-Bi. I t  is evident  tha t  the the -  
oret ical  a lpha function equations become less ac-  
cura te  as the regions of miscibi l i ty  become wider.  
In fact, for the  A1-Bi and A I - ( B i / P b  = 2.0 and 4.0) 
systems, assumpt ion of Henry ' s  law for A1 is a 
be t te r  approximat ion  at  infinite dilution. 
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Fig. 13. Comparison of alpha functions for binary and pseudo- 
systems of AI in AI-Bi-Pb at 900~ top, AI-Pb system; bottom, 
AI- Bi system. 

The theories being discussed do, however, predict 
the linear alpha function, which is the actual case 
with the binary and pseudobinary systems of A1 in 
the L~ region except for the A1-Bi edge, which has 
a linear alpha function only in the dilute range. 
The lack of agreement between the theoretical and 
experimental  equations for the alpha function lies 
in the fact that  the theories assume that  each alpha 
function is linear over the entire composition range. 
Specifically, in the A1-Pb system, the theoretical 
equation for a'A] in the L1 region would be the same 
as that  for the LII region. This assumption is not 
generally applicable because binary systems which 
have been found experimentally to possess linear 
alpha functions across their composition range are 
systems of metals or compounds which have sim- 
ilar chemical properties and hence they do not have 
ranges of immiscibility in the liquid state. 

Binary sys tem wi th  an infinitely dilute third 
component . - -Alcock  and Richardson (21) have de- 
veloped the following relationship for the activity 
coefficient of component 1 at infinite dilution along 
the 2-3 binary side of the 1-2-3 te rnary  system 

R T  in 71 [Xl, X2/Xs] = X2RT In 71 [X2 ~ 1 ] 

+ XsRT in 71[X3-~ i ]  --  FE[XI--~ 0, X2/Xs] [19] 

In terms of the present work, component 1 is A1, 
and 2 and 3 are Pb and Bi, respectively. If  the third 
term on the right approaches zero, i.e., the 2-3 
system is essentially ideal, the value of In 71 at 
infinite dilution in the 2-3 system is a l inear func-  
tion of composition. The experimental  values of 
Fe~A1 ~ for each of the pseudobinary lines plotted vs. 
XBi fall on the straight line joining Fe~A] ~ for the 
A1-Bi and A1-Pb systems. Elliott and Chipman's 
(22) results indicate that the curve of F E for the 
Bi-Pb system at 500~ is small and slightly nega-  
tive with a minimum of approximately --100 cal/  
gfw at Xm ---- 0.5, although the actual value is prob-  
ably closer to --250 cal /gfw from Kleppa's  (6) val-  
ues of H M (Xpb = 0.5) and assuming that  the Bi-Pb 

system is regular. It is to be expected, then, that 
Eq. [19] will give essentially a straight line for 
log ~,A1 ~ in the Pb-Bi  system. 

The Liz region, est imated propert ies . - - In  order to 
complete the picture of the A1-Bi-Pb system, it is 
necessary to determine the thermodynamic prop- 
erties of the alloys in the LII region. As mentioned 
earlier, because of the high concentration of A1 in 
this phase, satisfactory potentials could not be ob- 
tained from cells between A1 and these alloys. How- 
ever, the distribution measurements permit the cal- 
culation of dBi and a'Pb along the LII boundary  of 
the miscibility gap. From these calculations, reason- 
able estimates of Fpb E, Fm E, apb, and am in LI1 can 
be made. 

The values of a'm and ~'Pb at experimental  tie- 
line positions on the boundary  of the LH region 
were computed from the alloy composition and val-  
ues of FBi E and Fpb E for the equilibrium composi- 
tions of phase Lz (Fig. 10). Values of alpha for 
suitable binary and pseudobinary lines crossing 
phase LII were obtained from Fig. 14. As (1-XBi) 
and (1--Xpb) are essentially unity in this field, it 
may  be assumed that the alpha functions are linear 
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Fig. 14. Alpha function of Bi and Pb on the Ln phase boundary 
at 900~ 
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Fig. 15. Excess partial molar free energy of mixing for bismuth 
and lead in LII region of the AI-Bi-Pb system at ~176 . . . .  , 
FmE; , Fpb E (cal/gfw). 
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Fig. 16. Activities of bismuth and lead in the LII region of the 
liquid AI-Bi-Pb system at 900~ Note that an1 ~" XA1 in phase 
Ln. - - - -, activity of bismuth; , activity of lead. 

and  h o r i z o n t a l  for  each  of t he  b i n a r y  l ines .  W i t h  
th is  i n f o r m a t i o n  Fi  E a n d  ai fo r  Bi  a n d  P b  a r e  c a l c u -  
l a t ed  as shown  in Fig .  15 a n d  16. T h e  i n t e r a c t i o n  
coefficients and  a c t i v i t y  coefficients a t  inf in i te  d i l u -  
t ion fo r  th is  r eg ion  a r e  con t a ined  in  T a b l e  VI, The  
p r o p e r t i e s  EBb Bi and  EBi TM in A1 canno t  be  d e t e r m i n e d  
a c c u r a t e l y  because  of t h e  u n c e r t a i n t i e s  in Fpb E and  
FBi E. 

S u m m a r y  and  Conclusions 

The  t h e r m o d y n a m i c  p r o p e r t i e s  in  t he  l a r g e r  r e -  
g ion  of h o m o g e n e i t y ,  LI, of t he  l i qu id  A 1 - B i - P b  sys -  
t e m  w e r e  d e t e r m i n e d  a t  900~ b y  p o t e n t i a l  m e a s -  
u r e m e n t s  of t he  h i g h - t e m p e r a t u r e  r e v e r s i b l e  con-  
c e n t r a t i o n  cel l  

A l ( l i q )  [A1 + + + (A1C13 in KC1,NaC1)  I 

A l ( i n  Bi,  Pb ,  or  B i - P b )  ( l iq )  

in  t h e  t e m p e r a t u r e  r a n g e  700~176 a n d  b y  d i s -  
t r i b u t i o n  m e a s u r e m e n t s  of t he  t w o - p h a s e  a l loys  a t  
900~ 

The  p r o p e r t i e s  ai, Ti, Fi  E, Hi M, FE, a n d  H M w e r e  
d e t e r m i n e d  for  each  of t he  b i n a r y  edges,  A1-Bi  and  
A1-Pb  and  fo r  t he  t e r n a r y  a l loys  in  t he  L~ reg ion .  
These  d e t e r m i n a t i o n s  m a y  bes t  be  o b t a i n e d  b y  r e -  
f e r r i n g  to  Fig.  1 a n d  6 t h r o u g h  12. F o r  a l loys  w i t h i n  
the  LII reg ion ,  aBi, apb, FBi E, and  Fpb E at  900~ 
w e r e  e s t i m a t e d  f r o m  the  m e a s u r e d  p r o p e r t i e s  in 
the  LI r eg ion  and  the  t e r n a r y  i so the rm.  These  e s t i -  
m a t e s  a r e  p r e s e n t e d  in Fig .  15 a n d  16. 

The  conc lus ions  of th i s  i n v e s t i g a t i o n  a r e  s u m -  
m a r i z e d  as fo l lows :  

1. The  so lub i l i t y  of A1 in P b  and  Bi  a t  900~ 
is g r e a t e r  t h a n  p r e v i o u s l y  r e p o r t e d .  

2. The  a l loys  of  t h e  LI and  LII r eg ions  s h o w  v e r y  
h igh  pos i t i ve  d e v i a t i o n s  f r o m  idea l i ty ,  t he  d e v i a -  

Table VI. Activity coefficients at infinite dilution and interaction 
coefficients for the AI-Bi and AI-Pb systems in phase LII at 900~ 

System 7~ ~,~ e p b  P b  e B l  B I  

A I - P b  93 - -  --9 - -  
AI-Bi  - -  30.5 - -  - -7  
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t ions  be ing  h i g h e r  t he  n a r r o w e r  t he  r eg ions  of m i s -  
c ib i l i ty .  

3. The  c o m p o n e n t s  do no t  fo l low H e n r y ' s  l a w  in 
t he  compos i t i on  r a n g e  s tud ied .  D e v i a t i o n  f r o m  
H e n r y ' s  l a w  is g r e a t e r  t h e  w i d e r  t he  r a n g e s  of m i s -  
c ib i l i ty .  

4. B i n a r y  a n d  p s e u d o b i n a r y  sy s t e ms  of a l u m i n u m  
in t he  LI r e g i o n  fo l low s u b - r e g u l a r  so lu t ion  b e h a v i o r  
( l i n e a r  ~' f u n c t i o n )  e x c e p t  in  t he  case  of A1-Bi,  
w h e r e  s u b - r e g u l a r  so lu t ion  b e h a v i o r  is e x h i b i t e d  
on ly  fo r  h o m o g e n e o u s  a l loys  in  t h e  r a n g e  0<XA~ 
<0.20.  

5. L i n e a r  a l p h a  func t ion  equa t i ons  for  t he  d i l u t e  
r eg ions  of h o m o g e n e i t y  on e i t h e r  s ide  of  a m i sc ib i l i t y  
gap  in b i n a r y  sys tems ,  d e r i v e d  f r o m  t h e o r e t i c a l  
t r e a t m e n t s  of W o r r e l l  (16) ,  W r i e d t  (17) ,  a n d  W a g -  
n e r  (18) y i e l d  t h e r m o d y n a m i c  p r o p e r t i e s  w h i c h  
have  less pos i t i ve  de v i a t i ons  f r o m  i d e a l i t y  t h a n  
o b t a i n e d  e x p e r i m e n t a l l y .  E x p e r i m e n t a l  de v i a t i ons  
f r o m  the  d e r i v e d  a l p h a  f u n c t i o n  become  g r e a t e r  as 
t h e  r a n g e  of m i s c i b i l i t y  becomes  w ide r .  

A c k n o w l e d g m e n t  

The  a u t h o r s  wi sh  to e x p r e s s  t h e i r  s i nce re  a p p r e -  
c ia t ion  to  t he  U n i t e d  S t a t e s  A t o m i c  E n e r g y  C o m m i s -  
sion, for  i ts  f inanc ia l  s u p p o r t  of th is  w o r k  u n d e r  
C o n t r a c t  No. A T  (30-1 ) -1888 .  The  a u t h o r s  a r e  also 
i n d e b t e d  to D o n a l d  L. G u e r n s e y  a n d  W i l l i a m  T. 
Mar t in ,  J r .  for  t h e i r  c h e m i c a l  a n a l y s e s  of t he  m a n y  
a l loy  and  e l e c t r o l y t e  samples .  

Manuscr ip t  rece ived  March  22, 1963; rev ised  m a n u -  
script  received Sept.  30, 1963. This paper  was presented  
at the Boston Meeting, Sept. 16-20, 1962, and is based on 
a thesis submi t ted  by  one of the  authors  (T. C. W.) 
in pa r t i a l  ful f i l lment  of r equ i rements  for  the PhD. 
degree  at  M.I.T. 

A n y  discussion of this p a p e r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1964 
JOURNAL. 
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Some Characteristics of Arc Vaporized Submicron Particulates 
J. D. Holmgren, 1 J. O. Gibson, and C. Sheer 2 

Vitro Laboratories, West Orange, New Jersey 

ABSTRACT 

The technique of producing ultrafine powders by vaporization in the high-  
intensi ty  arc has been applied to a number  of refractory materials,  inc luding 
oxides, carbides, and metals. Part icle  size ranges of the products obtained lie 
general ly between 100 and 1000A. Following a brief resume of the processing 
technique, a description of part iculate  characteristics is presented. Such prop- 
erties as average size, shape, size distribution, sinterabili ty,  and chemical re-  
activity are examined, chiefly by electron microscopy, x - ray  diffraction, s in ter-  
ing tests, and solution rates. 

The  purpose  of this  pape r  is to descr ibe  some 
fea tures  of var ious  f inely pa r t i cu l a t ed  mate r i a l s  
p roduced  by the vapor iza t ion  of these ma te r i a l s  
in  the h i g h - i n t e n s i t y  arc. The basic proper t ies  of 
the h i g h - i n t e n s i t y  arc and  its u t i l i za t ion  as a p rac -  
t ical  m e a n s  of c o m m i n u t i n g  r e f r ac to ry  mate r i a l s  
were  descr ibed in  cons iderab le  de ta i l  in  a prev ious  
pape r  (1) .  Therefore ,  on ly  a br ief  r ev iew of the  
t echn ique  employed  is p re sen ted  here.  

The High-In ten~ty  Arc 
The h i g h - i n t e n s i t y  arc, d iscovered by  Beck in  

1910, and  for m a n y  years  of in te res t  on ly  to search-  
l ight  eng inee r s  as a b r i l l i an t  source of l ight,  is now 
a t t r ac t ing  inc reas ing  a t t en t i on  in  the  field of e lec t ro-  
chemical  processing.  Its basic d i s t inc t ion  f rom the 
more  c o m m o n l y  used fo rm of arc is the fact tha t  
most  of the arc i n p u t  ene rgy  is t r a n s f e r r e d  to the 
ma te r i a l  of the anode.  This is caused b y  the  in t ense  

1 Present  address: Wes t inghouse  Electric  Corpo ra t i on ,  P i t t s b u r g h ,  
P e n n s y l v a n i a .  

e Present  address:  C o l u m b i a  U n i v e r s i t y ,  Ne w York ,  Ne w York.  

(A) Low Inlensay Arc 

'~176 . . . . . . . . . . .  ~- ~--~_- :_-__: Tvo 

Parce l  Of Total 

o . . . . . . . . . .  : . . . .  2~_ 

(B) ~,~h-~mens,ty Are 

0 t A P t O f A  --  is a n c e ~  ercen rc 
Power Transferred 
T~ Anode Materml 

Fig. 1. Voltage distribution across the conduction path in tow- 
and high-intensity arc discharges. Vc, Voltage drop across cathode 
sheath; Vp, voltage drop across arc plasma; Va, voltage drop 
across anode sheath. 

concen t ra t ion  of e n e r g y  which  occurs in  the  anode 
sheath  region  w h e n  the h i g h - i n t e n s i t y  mode of arc 
opera t ion  is es tabl ished.  A compar i son  of the vo l t -  
age d i s t r ibu t ions  for the  two types  of arcs (wi th  
ca rbon  electrodes)  is show n  in  Fig. 1. F r o m  these 
curves  it  is c lear ly  ev iden t  tha t  in  the case of the 
h i g h - i n t e n s i t y  mode  the  m a j o r  f rac t ion  of the arc 
i n p u t  ene rgy  is d iss ipated a t  the  anode.  

Particulation Technique 

Prac t ica l  u t i l i za t ion  of the  h i g h - i n t e n s i t y  arc ef-  
fect r equ i res  tha t  the  feed m a t e r i a l  be incorpora ted  
into the  body  of the  anode in  order  to take  fu l l  ad-  
van tage  of the u n i q u e  ene rgy  t r ans fe r  capab i l i ty  i n -  
h e r e n t  in  this mode  of arc operat ion.  W h e n  this  is 
done, the  anode  m a t e r i a l  is r a p i d l y  vapor ized  and  
hea ted  to t e m p e r a t u r e s  in  the  order  of 7000~ This 
ma te r i a l  issues f rom the  arc d ischarge  in  the  form 
of the  charac ter i s t ic  anode  ta i l  flame, wh ich  is es- 
sen t i a l ly  a p l a sma  je t  of anode  vapor .  A pho tograph  
of a typ ica l  h i g h - i n t e n s i t y  arc is shown in  Fig. 2. 
Owing  to the  condi t ions  u n d e r  which  it  is formed,  
the ta i l  f lame issues as a wel l -def ined ,  u n i d i r e c -  
t ional ,  p l a sma  jet. At  1 a t m  a m b i e n t  p ressure  the 
veloci ty  of this  vapor  je t  is in  excess of 150 f t /sec.  

W h e n  the  m a t e r i a l  to be c o m m i n u t e d  is a n o n -  
conduc l ive  ref rac tory ,  an anode  fabr ica t ion  step is 
r equ i r ed  pr ior  to arc vapor iza t ion .  The fabr ica t ion  
t echn ique  consists of add ing  a m i n o r  pe rcen tage  of 
a conduc t ing  cons t i tuen t ,  e.g., carbon,  which  is 
mixed  wi th  the  m a t e r i a l  to be  t r ea t ed  in  the  fo rm of 
a coarse powder .  Af t e r  a su i t ab le  b i n d e r  a nd  e x t r u -  
sion aid are added to the  mix,  the la t te r  is t h e n  ex-  
t r uded  and  baked,  to provide  a r o d - s h a p e d  anode 
of good mechan ica l  s t r eng th  and  sufficient e lectr ical  
conduc t iv i ty  to ca r ry  the c u r r e n t  r equ i r ed  to m a i n -  
ta in  the  arc. 

If  the  ma te r i a l  to be  t r ea ted  is i n t r i n s i ca l ly  con-  
duct ive,  e.g., a metal ,  t hen  the  arc m a y  be s t ruck  to 
a c ruc ib le  con ta in ing  a m o l t e n  pool of the metal .  
F igu re  3 is a pho tograph  of this  type  of opera t ion  
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fine part icles.  The ex t r eme ly  fine state of subdiv i -  
sion, which was found to be character is t ic  of the ta i l  
flame condensate,  is due la rge ly  to the  high densi ty  
of electr ic charges present  in the ta i l  flame. These 
electr ic charges, in the form of posi t ive ions and 
free electrons, are  a lways  presen t  in high concen- 
t ra t ion  in an a rc -gene ra t ed  p lasma  and fo rm excel-  
lent  centers  of nucleat ion in the supercooled vapor.  
The nucleat ion of a condensed phase by  charged 
par t ic les  in supercooled media  is a w e l l - kn own  
phenomenon and forms the basis for the  fami l ia r  
Wilson cloud chamber.  In the  case of the h igh - in -  
tens i ty  arc tai l  flame, the large  number  of centers 
of nucleat ion resul t  in a large  number  of ind iv idua l  
part icles .  Because of the  high boi l ing point  of the  
anode mate r ia l  and the rap id  t empe ra tu r e  drop in 
the flame, the par t ic les  have l i t t le  t ime to grow to 
any apprec iable  size. Thus the par t ic les  emerge 
f rom the tai l  flame in the  size range of 100-1000A. 

The tai l  flame configuration also offers some op-  
por tun i ty  for a l ter ing the par t ic le  size range.  This 
can be done by  increasing the cooling ra te  a n d / o r  
di lut ing the p lasma in the region of m a x i m u m  con- 
densat ion so that  the growth  of a condensed par t ic le  
is inhibited.  Conversely,  par t ic le  size may  be in-  
creased by decreasing the cooling ra te  and confin- 
ing the vapor  so as to promote  par t ic le  growth.  The 
effect of increasing the quenching ra te  on reducing 
par t ic le  size is i l lus t ra ted  in Fig. 4 and 5. F igure  4 

Fig. 2. High intensity arc tail flame in air: anode: s~ in. 
diameter, 15% carbon ~ 85% complex silicate; cathode: ~ in. 
diameter, graphite. 

Fig. 4. Electron micrograph of arc vaporized silica. • 50,000 

Fig. 3. High intensity arc tail flame in argon: anode: graphite 
crucible containing metallic aluminum; cathode, ~ in. diameter, 
graphite. 

uti l izing a crucible containing molten a luminum. 
Regardless  of which modification is employed,  the 
action of the  h igh- in tens i ty  arc in es tabl ishing a 
high-speed,  u l t rah igh  t empera tu re  ta i l  flame of 
anode vapor  provides  an excel lent  means for sub-  
dividing the mate r ia l  into ex t r eme ly  fine par t ic le  
sizes. Because of the u l t rah igh  ini t ia l  t empera tures ,  
the tai l  flame drops ve ry  r ap id ly  in t e m p e r a t u r e  
af ter  it  leaves the arc, owing to the ve ry  high ra te  
of radiat ion.  As soon as the vapors  have cooled be-  
low the dew point  of a condensible consti tuent ,  
r ap id  condensat ion occurs in the  form of ex t r eme ly  

Fig. 5. Electron micrograph of arc vaporized silica, air quenched. 
• 50,000. 



364 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  March  1964 

Table I. Submicron materials produced using the high intensity arc process 

Oxides  Metals Carbides Mult icomponent  systems 

SiO2 C ThC 
A12Oa A1 TiC 
Fe203 Li B4C 
ThO2 Ni UC 
MnO~ Fe  TaC 
Cb205 W SiC 
NiO Mo 
YeOs 

UO2 

MoO3 

ZrOe 
MgO 
WO3 

shows  an  e l ec t ron  m i c r o g r a p h  of a r c - v a p o r i z e d  
si l ica,  w h i c h  condensed  f r o m  an  u n d i s t u r b e d  flame. 
We no te  t h a t  t he  s i l ica  f u m e  p r o d u c t  is e s s e n t i a l l y  
s p h e r i c a l  in  shape.  The  a v e r a g e  p a r t i c l e  size of th is  
m a t e r i a l  is a p p r o x i m a t e l y  440A. F i g u r e  5 is a 
p h o t o g r a p h  of  t he  p r o d u c t  o b t a i n e d  u n d e r  i den t i ca l  
p rocess ing  cond i t ions  e x c e p t  t ha t  s e v e r a l  cubic  fee t  
p e r  m i n u t e  of cold a i r  was  i n j e c t e d  into  the  f lame 
to i nc rea se  t he  q u e n c h i n g  ra te .  I n  th is  case  an  a v e r -  
age  p a r t i c l e  size of 170A was  ob ta ined .  

Description of Typical Particulated Products 

The a p p l i c a t i o n  of th is  p rocess  in the  field of p a r -  
t i cu l a t i on  has  been  i n v e s t i g a t e d  in ou r  l a b o r a t o r y  
for  ove r  fou r  years .  T a b l e  I is a l is t  of  s u b m i c r o n  
p a r t i c u l a t e s  m a d e  b y  th is  me thod .  A l l  of the  m a t e -  
r i a l s  w e r e  p r e p a r e d  b y  one or  the  o t h e r  of the  s e v -  
e ra l  modi f ica t ions  of c o n s u m a b l e  a n o d e  v a p o r i z a t i o n  
in a h i g h - i n t e n s i t y  arc.  The  m a t e r i a l s  w h i c h  have  
been  p r e p a r e d  inc lude  oxides ,  me ta l s ,  ca rb ides ,  and  
m u l t i c o m p o n e n t  sys t ems  of these  t h r e e  ca tegor ies .  

In  t he  case  of the  oxides ,  the  a m b i e n t  a t m o s p h e r e  
was  o r d i n a r y  a i r ;  w h e r e a s ,  for  t he  ca rb ides  a n d  
me ta l s ,  an  i n e r t  a t m o s p h e r e  such as a r g o n  was  used,  
o f ten  at  r e d u c e d  p re s su res .  In  a d d i t i o n  to d i r ec t  
vapo r i za t i on ,  some e x p e r i m e n t s  have  been  c a r r i e d  
out  in w h i c h  the  m a t e r i a l  was  p a r t i c u l a t e d  first  as 
the  ox ide  and  s u b s e q u e n t l y  r e d u c e d  to t he  m e t a l  in 
a h y d r o g e n  a t m o s p h e r e ,  e.g., W, Ni, Fe ,  a n d  Mo. 

I n  a d d i t i o n  to  m e t h o d s  of  p r e p a r a t i o n ,  some  of 
the  p r o p e r t i e s  of the  va r i ous  fine p a r t i c l e s  have  
been  inves t iga t ed .  W h i l e  th is  i n v e s t i g a t i o n  is f a r  
f r o m  comple te ,  and  is s t i l l  u n d e r  way ,  enough  i n -  
t e r e s t i n g  cha rac t e r i s t i c s  for  a rc  v a p o r i z e d  m a t e r i a l s  
h a v e  been  r e v e a l e d  to m e r i t  a d e s c r i p t i o n  at  th is  
t ime.  

Particle s / z e . - - T h e  p a r t i c l e  size r a n g e  of t h e  m a t e -  
r i a l s  w h i c h  h a v e  been  p r e p a r e d  va r i e s  f r o m  less 
t h a n  50A up  to a p p r o x i m a t e l y  2000A, as  d e t e r m i n e d  
b y  e l ec t ron  mic roscopy .  The  p a r t i c l e  size d i s t r i b u -  
t ions  for  specific m a t e r i a l s  h a v e  v a r i e d  w i d e l y  w i t h -  
in th is  g e n e r a l  r ange .  Bo th  the  m e a n  p a r t i c l e  size 
and  the  d i spe r s i on  a b o u t  t he  m e a n  v a r y  p r i m a r i l y  
w i t h  t he  p h y s i c a l  p r o p e r t i e s  of t he  m a t e r i a l  a n d  
s e c o n d a r i l y  w i t h  t he  cond i t ions  o f  a r c  vapo r i z a t i on ,  
e.g., p o w e r  level ,  a m b i e n t  p r e s su re ,  fo rced  q u e n c h -  
ing, etc. O n l y  m e a g e r  q u a n t i t a t i v e  d a t a  on size d i s -  
t r i b u t i o n  a r e  a v a i l a b l e  a t  t he  p r e s e n t  t ime.  H o w -  

Fer r i t e s  
Kaol in  
Spodumene  
Rhodoni te  
Ferros i l icon 
Chromite  
Euxeni te  
Boron ca rb ide ,  silicon 

carb ide  
Uranium carb ide ,  co- 

l umb ium carbide  
Uran ium carb ide ,  tho-  

r ium carbide  

(Zn, Mn, Cu, Fe)  O 
A1203. SiO2. Fe203 
LiA1 (SiO3) 2 
MnO. SiO2 
Fe- Si 
FeO. Cr20~ 
u (Ta,Cb) 40,5" xH20 
B4C. SiC 

UC-CbC 

UC- 2- 25ThC 

ever ,  a r o u g h  guess  w o u l d  p u t  the  d i spe r s ion  at  a p -  
p r o x i m a t e l y  ha l f  t he  m e a n  for  mos t  of the  m a t e r i a l s  
m a d e  w i t h o u t  fo rced  quench ing .  This  sub j ec t  is 
u n d e r  s t u d y  at  the  p r e s e n t  t ime.  

Mean  p a r t i c l e  sizes for  t he  m a t e r i a l s  t hus  f a r  in -  
v e s t i g a t e d  l ie  b e t w e e n  50 and  1000A. A l t h o u g h  the  
m a j o r i t y  of these  m a t e r i a l s  w e r e  p a r t i c u l a t e d  b y  
t h e  s t a n d a r d  t e c h n i q u e  d u r i n g  w h i c h  no effor t  was  
m a d e  to con t ro l  p a r t i c l e  size, n e i t h e r  the  a v e r a g e  
size n o r  t h e  d i spe r s ion  for  a g i v e n  m a t e r i a l  a r e  n e c -  
e s s a r i l y  fixed. A r e d u c t i o n  of 21/2 to 1 in a v e r a g e  
p a r t i c l e  size b y  a i r  q u e n c h i n g  has  a l r e a d y  been  
m e n t i o n e d  in the  case of si l ica.  In  add i t ion ,  i t  was  
d e t e r m i n e d  f r o m  a s t u d y  of  t he  e l ec t ron  m i c r o -  
g r a p h s  t h a t  t he  size d i s t r i b u t i o n  is s h a r p l y  p e a k e d  
at  the  m e a n  p a r t i c l e  size in the  a i r - q u e n c h e d  s a m -  
ple,  showing  a r e d u c t i o n  in size d i spe r s i on  as we l l  
as a v e r a g e  size. This  and  s i m i l a r  r e su l t s  w i t h  o the r  
m a t e r i a l s  i nd ica t e  t h a t  c lose ly  con t ro l l ed  size d i s -  
t r i bu t i ons  can be ob ta ined .  

F o r  the  same  p rocess ing  condi t ions ,  i.e., mass  flow 
r a t e  of vapor ,  t e m p e r a t u r e  g r ad i en t ,  a m b i e n t  p r e s -  
sure,  etc., p a r t i c l e  size is d e t e r m i n e d  l a r g e l y  b y  the  
p h y s i c a l  p r o p e r t i e s  of the  m a t e r i a l  be ing  t r ea t ed .  
A n  i m p o r t a n t  p a r a m e t e r  is the  v a p o r  dens i ty ,  or  
c onc e n t r a t i on  of mo lecu le s  in t he  supe rcoo l ed  vapor .  
A low c onc e n t r a t i on  w o u l d  r e s u l t  in  s m a l l e r  p a r t i c l e s  
and  vice-versa. N a t u r a l l y ,  i n d i v i d u a l  g r o w t h  r a t e s  
wi l l  be  inf luenced  b y  such i n t r i n s i c  fac tors  as h e a t  
t r a n s f e r  coefficients,  l a t e n t  heats ,  etc. In  gene ra l ,  
h o w e v e r ,  for  t he  s ame  mass  flow r a t e  of vapo r ,  h igh  
m o l e c u l a r  w e i g h t  m a t e r i a l s  t end  to y i e ld  s m a l l e r  
p a r t i c l e s  t h a n  those  of low m o l e c u l a r  we igh t ,  o t h e r  
th ings  be ing  equal .  A n o t h e r  r e l e v a n t  f ac to r  is the  
c onde nsa t i on  t e m p e r a t u r e  of  t he  m a t e r i a l .  The  da t a  
show a def in i te  t r e n d  fo r  t h e  m o r e  r e f r a c t o r y  m a t e -  
r i a l s  to  condense  into  f iner  pa r t i c l e s .  T a b l e  I I  is a 
t a b u l a t i o n  of t h r e e  m a t e r i a l s  p rocessed  u n d e r  a p -  

Table II. Relation of physical properties to particle size 

Material  IVIP~ ~ 
BP, ~ 

Est imated  Equivalent  
re lat ive sphere  
vapor  d iam-avg ,  

dens i ty  A 

MoO~ 795 Subl imes high 862 
SiO2 1710 2800 high 331 
TaC 3875 5500 low 56 
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p r o x i m a t e l y  s i m i l a r  v a p o r  f low condi t ions ,  showing  
a r o u g h  c o r r e l a t i o n  b e t w e e n  a v e r a g e  p a r t i c l e  size, 
condensa t i on  points ,  and  dens i ty .  

F o r  a g iven  m a t e r i a l ,  con t ro l  of p a r t i c l e  size can 
of course  be  a c h i e v e d  on ly  b y  con t ro l  of eff luent  
v a p o r  dens i ty .  The  l a t t e r  is a func t ion  of t he  a m b i -  
en t  p r e s su re ,  t he  a rc  p o w e r  leve l ,  and  a m o u n t  of 
d i l u e n t  p re sen t ,  if  any .  F o r  t h e  case  of r e f r a c t o r y  
ox ides  r e q u i r i n g  c a r b o n  in t he  e lec t rodes ,  a c e r t a i n  
a m o u n t  of CO is a l w a y s  p r e s e n t  in  t h e  eff luent  vapor .  
This  se rves  to  d i l u t e  t h e  v a p o r  i n d e p e n d e n t l y  of any  
e x t e r n a l  q u e n c h  gas. The  p a r t i a l  p r e s s u r e  of CO in 
t he  f lame is d e t e r m i n e d  l a r g e l y  b y  the  p e r c e n t a g e  
of c a r b o n  in t he  e lec t rodes .  Hence ,  for  such  m a t e -  
r ia ls ,  p a r t i c l e  size can  be  con t ro l l ed  to some  e x t e n t  
b y  e l e c t r o d e  compos i t ion .  

M e a n  p a r t i c l e  size of  t he  s a m p l e s  was  d e t e r m i n e d  
b y  su r f ace  a r e a  m e a s u r e m e n t  f r o m  w h i c h  the  a v e r -  
age  d i a m e t e r  of e q u i v a l e n t  sphe re s  can  be  ob ta ined .  
As  e x p e c t e d  the  su r f ace  a r e a s  of t he  a r c - p r o d u c e d  
p a r t i c u l a t e s  a r e  high.  T h e y  v a r y  f r o m  10 to 150 
m2/g  d e p e n d i n g  on the  d e n s i t y  of t he  m a t e r i a l  
and  d e g r e e  of p a r t i c u l a t i o n .  In  t he  case  of t he  l ow 
dens i ty ,  f ine ly  d i v i d e d  si l ica,  t he  su r f ace  a r e a  was  
a p p r o x i m a t e l y  150 m2/g.  I n  con t ras t ,  t h e  m o r e  
f ine ly  d i v i d e d  t a n t a l u m  c a r b i d e  w i t h  a c o r r e s p o n d -  
i n g l y  h i g h e r  d e n s i t y  h a d  a su r f ace  a r e a  of 72 m2/g.  
A l l  of  t he  v a l u e s  w e r e  d e t e r m i n e d  us ing  the  B r u -  
n a e r - E m m e t t - T e l l e r  n i t r o g e n  a b s o r p t i o n  t e c h n i q u e  
(2) .  S u r f a c e  a r e a  v a l u e s  for  t y p i c a l  m a t e r i a l s  a r e  
i l l u s t r a t e d  in T a b l e  III .  

Particle shape.---Particle shape  is of course  r e -  
v e a l e d  b y  e l ec t ron  mic roscopy .  On  e x a m i n a t i o n  of  
t he  e l e c t r o n  m i c r o g r a p h s  of t he  v a r i o u s  s amp le s  
thus  f a r  s tud ied ,  one finds t h a t  t he  m a j o r i t y  of t he  
pa r t i c l e s  a r e  s p h e r i c a l  or  a t  l e a s t  s p h e r o i d a l  in 
shape.  This  f inding  is cons i s t en t  w i t h  t he  m e t h o d  of 
p r e p a r a t i o n ,  which ,  in  mos t  cases,  i nvo lves  r a p i d  
success ive  phase  t r ans i t i ons  f r o m  v a p o r  to l i qu id  to 
solid.  W h i l e  in t h e  l i qu id  phase ,  t he  n a t u r a l  shape  
of  t he  d r o p l e t  is sphe r i ca l .  If,  as  is t h e  case here ,  the  
t ime  d u r a t i o n  of  the  l i qu id  p h a s e  is shor t ,  t he  d r o p -  
le t  m a y  congea l  b e f o r e  i t  ha s  h a d  a chance  to as -  
sume  i ts  n a t u r a l  c r y s t a l  hab i t .  This  is a p p a r e n t l y  
t he  case  for  mos t  of the  m a t e r i a l s  i nves t i ga t ed .  

Fig. 6. Electron micrograph of arc vaporized alumina. • 100,000 

Fig. 7. Electron micrograph of arc vaporized zirconia. X 100,000 

Table IIh Surface area values of typical submicron materials 

M a t e r i a l  Su r f ace  area ,  E q u i v a l e n t  s p h e r e  
m2/g  d i a m - a v g ,  A 

SiO2 70 331 
SiO2* 152 152 
A1203 28 580 
Fe203 17.4 658 
ZrO2 23 470 
MgO 67 250 
MoO3 20 700 
A1 39 580 
Ni* * 24.3 277 
Fe* * 9.0 850 
W** 29 110 
TaC 72.4 56 
ThO2 18 400 

* A i r  q u e n c h e d .  
** V a p o r i z e d  as t he  o x i d e  and  s u b s e q u e n t l y  r e d u c e d  i n  h y d r o g e n .  

Fig. 8. Electron micrograph oF arc vaporized iron oxide. X 31,500 

T h e r e  are,  h o w e v e r ,  specific m a t e r i a l s  such  as i ron  
oxide ,  m o l y b d e n u m  oxide ,  t h o r i u m  oxide ,  t a n t a l u m  
ca rb ide ,  a n d  t i t a n i u m  ca rb ide ,  w h i c h  e x h i b i t  d i s -  
t inc t  c r y s t a l l i n e  shapes ,  i nc lud ing  h e x a g o n a l ,  o c t a -  
hed ra l ,  cubic,  a n d  p l a t e - t y p e  pa r t i c l e s .  

E x a m p l e s  of b o t h  s p h e r o i d a l  and  c r y s t a l l i n e  p a r -  
t ic les  a r e  s h o w n  in Fig.  6-18. F i g u r e  6 shows  A1203, 
which ,  l i ke  t h e  SiO2 p a r t i c l e s  p r e v i o u s l y  shown,  a r e  
c l e a r l y  s p h e r i c a l  in  shape .  A s a m p l e  of  ZrO2 is 
s h o w n  in  Fig .  7. H e r e  t he  m a t e r i a l  is also spher ica l .  
The  n e x t  f e w  p h o t o g r a p h s  p r e s e n t  e x a m p l e s  of 
m a t e r i a l s  which ,  w h i l e  g e n e r a l l y  s p h e r o i d a l  in 
cha rac t e r ,  e x h i b i t  some  t e n d e n c y  to a s s u m e  a c r y s -  
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Fig. 9. Electron micrograph of arc vaporized magnesium oxide. 
X 100,000. 

Fig. 12. Electron micrograph of submicron tungsten metal, 
produced by hydrogen reduction of arc-vaporized oxide. X 100,000. 

Fig. 10. Electron micrograph of submicron iron metal, produced 
by hydrogen reduction of arc-vaporized oxide. X 50,000. 

Fig. 13. Electron micrograph of arc vaporized aluminum. 
X 75,000. 

Fig. 11. Electron micrograph of submicron nickel metal, produced 
by hydrogen reduction of arc-vaporized oxide. X 50,000. 

talline shape. For example in Fig. 8, showing FeeO~, 
the shape is only roughly spheroidal, and a distinct 
trend toward a particle shape having a hexagonal 
outline can be observed. Similarly, Fig. 9, of MgO, 
shows a tendency for the particles to assume a cubic 
shape. 

The next three materials, shown in Fig. 10, 11, and 
12, are examples of submicron metal powders pro- 
duced by arc-vaporization of the respective oxides 
followed by subsequent reduction in hydrogen. Con- 
ceivably, therefore, the crystalline form could have 
been influenced by the reduction process. Figures 

Fig. 14. Electron micrograph of arc vaporized molybdenum oxide. 
X 100,000. 

10 and 11, showing particulates of iron and nickel, 
respectively, exhibit a distinct crystalline trend. In 
particular, in the photograph of Ni (Fig. 11) it is 
observed that the larger particles are essentially 
spheroidal whereas the small particles appear to 
assume a more definite crystalline shape. In the case 
of W (Fig. 12), the shape is irregular and not 
clearly defined. It is definitely not spheroidal, how- 
ever. A prismatic form could possibly present such 
an aspect, but fur ther  examination is necessary to 
define the shape. 
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Fig. 15. Electron micrograph of arc vaporized thoria. X 150,000 

Fig. 18. Electron micrograph of submicron ferrosilicon, produced 
by arc-vaporization of a stoichiometric mixture of iron oxide, 
silica, and carbon. X 40,500. 

Fig. 16. Electron micrograph of arc vaporized tantalum carbide. 
X 225,000. 

Fig. 17. Electron microcjraph of arc vaporized titanium carbide. 
• 100,000. 

We nex t  come to examples  of mate r ia l s  for which 
the par t ic le  shape is d is t inct ly  crystal l ine.  F igure  
13 shows A1, produced by  direct  arc vapor iza t ion  of 
the metal .  Al though the resolut ion on the pa r t i cu la r  
p ic ture  is not as good as might  be desired,  the pa r -  
t icle shape is definitely hexagonal  wi th  rounded  
corners. F igure  14, showing MoO~ part icles,  c lear ly  
reveals  a p l a t e - l i ke  shape for the part icles,  and in 
Fig. 15, the thor ia  par t ic les  are wel l -def ined octa-  
hedra.  F igure  16 shows TaC par t ic les  at a magnif i -  
cation of 225,000. The cubic na tu re  of these par t ic les  
is qui te  clear. S imi lar ly ,  Fig. 17 of TiC also exhibi ts  
a dist inct  cubic form. 

In addi t ion to the spher ical  and crys ta l l ine  p a r -  
ticle shapes, a f i lamentary  or fibrous form was ob- 

ta ined in the case of ferrosil icon. This ma te r i a l  was 
produced by  vaporizing a mix tu re  of i ron oxide, 
silica, and carbon in s toichiometr ic  p ropor t ion  to p ro -  
duce a sample  which analyzes essent ia l ly  to fe r ro-  
silicon. A photomicrograph  of this sample  is shown 
in Fig. 18. Both spher ical  par t ic les  and thin fibers, 
be tween 200 and 400A in width,  are  observed. It is 
in teres t ing to note tha t  in nea r ly  every  case a fiber 
appears  to be a t tached to a sphere.  The basis for 
the pecul ia r  s t ruc ture  of this ma te r i a l  is as yet  un-  
explained.  

Chemical properties.--Characterization of the 
chemical  and so l id-s ta te  proper t ies  of a rc -p roduced  
par t icu la tes  is st i l l  at an ear ly  stage of progress  and 
is at  present  the  subject  of intensive effort. While  
results  in this  respect  a re  st i l l  f r agmenta ry ,  the 
tests conducted thus far  reveal  some unusual  p rop-  
ert ies for this type  of par t i cu la ted  mater ia l .  The 
methods being used in this s tudy include chemical  
analysis,  x - r a y  diffraction analysis,  chemical  reac-  
t iv i ty  tests, and s in terabi l i ty .  

Chemical  analysis  has been used to evalua te  
product  pur i ty .  In v i r t ua l ly  every  case the pur i ty  
of the product  was at  least  comparable  to tha t  of 
the s ta r t ing  mater ia l .  In many  cases product  pu r i ty  
was improved  by the a rc -vapor iza t ion  technique,  
especial ly  when the impur i t ies  in the feed mate r i a l  
were  more volat i le  than the product  and  were  dis-  
t i l led away as noncondensible  vapors.  This u p g r a d -  
ing or beneficiation effect is pa r t i cu l a r ly  noted 
when the arc is opera ted  at  ve ry  low ambient  p res -  
sures, and the pa r t i a l  pressure  of the vapor ized 
impur i ty  const i tuent  is below the equi l ib r ium p a r -  
t ia l  pressure  for condensation.  

X - r a y  diffract ion analysis  has revea led  both or -  
dered  and pa r t i a l l y  d isordered  atomic a r rangements  
among the spher ica l ly  shaped par t icula tes .  Crys ta l -  
l ine par t icu la tes  have a lways  shown an ordered  a r -  
ray,  as expected.  However,  the diffraction pa t t e rn  
f rom SiO2 showed only a few diffuse bands,  wi th  
many  of the lines expected for a fu l ly  o rdered  a r -  
r ay  missing. Consequently,  the  silica fume is ap-  
pa ren t ly  produced in a semi-amorphous  solid state. 
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On the other  hand,  the A1203 spheres y ie lded  a pa t -  
t e r n  which  ind ica ted  a m u c h  more  o rde red  la t t ice  
a r r a n g e m e n t  despi te  the  fact tha t  the two ma te r i a l s  
look exac t ly  the  same u n d e r  the  e lec t ron  mic ro -  
scope. It  was  i n t e r e s t i ng  to note  tha t  in  the case of 
A12Oa, abou t  90% of the  pa r t i cu l a t ed  ma te r i a l  was  
in  the del ta  phase. A n o t h e r  i n t e r e s t i ng  i t em was r e -  
vea led  by  x - r a y  diffract ion analys is  in  the case of 
a rc -vapor i zed  carbon.  W h e n  o r d i n a r y  amorphous  
ca rbon  was used as the  s t a r t ing  mate r ia l ,  the p rod -  
uct  was also found  to be amorphous  in  s t ruc ture ,  as 
expected.  However ,  w h e n  graph i te  was  vaporized,  
the m a j o r  por t ion  of the p roduc t  was  also found  to 
be graphi t ic  in  na tu re .  This " m e m o r y "  effect of the  
m a t e r i a l  pass ing  t h rough  the vapor  s ta te  is s t rong ly  
sugges t ive  of the  idea that ,  in  the case of graphi te ,  
the ma te r i a l  vapor ized  in  po lya tomic  form. For  ex -  
ample,  if the vapor  were  p r e d o m i n a n t l y  t r ia tomic ,  
in i t i a l  condensa t ion  in to  s i x - a t o m  ca rbon  r ings ,  
which  is the basis s t ruc tu re  of the g raph i te  crystal ,  
would  be favored.  This con jec tu re  is cons is ten t  wi th  
bo th  theore t ica l  (3) and  e x p e r i m e n t a l  (4) s tudies  
on the  fo rm of g raph i te  vapor ,  which  is shown to be 
polyatomic,  in  the  v ic in i ty  of the s u b l i m a t i o n  t e m -  
p e r a t u r e  at least,  w i th  species con ta in ing  an odd 
n u m b e r  of ca rbon  atoms p redomina t ing .  

The chemica l  r eac t iv i ty  of the  a r c -p roduced  p a r -  
t icula tes  was observed  to be u n u s u a l l y  high in  
n e a r l y  every  case. P rac t i ca l l y  all  of the  metals ,  and  
me ta l  carbides  were  h igh ly  pyrophor ic  and  wou ld  
burs t  into flame on exposure  to the  a tmosphere ,  
of ten  w i th  explosive  violence.  Such powders  could 
be pass iva ted  by  a l lowing  a t h i n  film of oxide to 
bu i ld  up on the surface  at  a slow rate.  For  example ,  
if the  powder  were  t r a n s f e r r e d  to a bot t le  a nd  
t igh t ly  s toppered  whi le  in  an  a rgon  a tmosphere ,  be -  
fore r emova l  f rom the arc chamber ,  and  then  a l -  
lowed to r e m a i n  for severa l  hours ,  it  could subse -  
q u e n t l y  be opened  to the  a tmosphere  w i thou t  i gn i t -  
ing. This is a t t r i b u t e d  to the  in leakage  of t races of 
air  t h rough  the s topper  in  a m o u n t s  sufficient to 
form a film of oxide on the par t ic les  bu t  insuff icient  
to cause combust ion .  In  the  case of t a n t a l u m  car -  
bide, the bot t le  was observed to become ve ry  hot 
d u r i n g  the first few m i n u t e s  af ter  r e m o v a l  to the  
a tmosphere  ind ica t ing  a pa r t i a l  ox ida t ion  of the 
product .  The presence  of Ta205 was s u b s e q u e n t l y  
verif ied by  x - r a y  di f f ract ion analysis .  A l u m i n u m  
powder  h a n d l e d  in  this fash ion  could safely be ex-  
posed to the  a tmosphere ,  bu t  would  sti l l  igni te  at 
e l eva ted  t empera tu re s .  I t  could be  igni ted ,  for e x -  

ample ,  by  a ma t ch  flame. The  oxide con ten t  of the  
a l u m i n u m  powder  was  d e t e r m i n e d  ana ly t i c a l l y  to 
be abou t  25 wt  %. Since this  m a t e r i a l  has a par t ic le  
size cor responding  to 200A e q u i v a l e n t  sphere  d i a m -  

eter, this  oxide con ten t  is e q u i v a l e n t  to a m o n o -  
molecu la r  l aye r  of A1203. The  chemica l  r eac t iv i ty  of 

the  oxide powders  was  inves t iga ted  by  so lubi l i ty  
tests. In  compar i son  to the  behav io r  of macroscopic  
powders ,  the  so lubi l i ty  of the  a r c -vapo r i zed  p a r -  

t icu la tes  in  va r ious  r eagen t s  was  a n o m a l o u s l y  high. 
For  example ,  it  was possible to dissolve silica and  
a l u m i n a  comple te ly  in  cold d i lu te  acids, whereas  

Table IV. Sintering properties of typical submicron materials 

Sin te r ing  t e m p e r a t u r e  of  
var ious  size f ract ions,  ~ 

Arc  vapor ized  Commerc ia l  Commerc ia l  
Mater ia l  NIP, ~ submicron  15 --325 mesh  

SiO2 1710 925 - -  1125 
A1203 2015 1150 - -  1400 
TaC (a) 3875 1800 >3000 - -  
TaC (b) 3875 1100" - -  - -  

*l:h'esintered. 

the  s t a r t ing  ma te r i a l s  were  a lmost  comple te ly  i n -  
soluble.  

One of the most  s t r ik ing  effects observed for the 
s u b m i c r o n  pa r t i cu la tes  is the  effect of the smal l  
par t ic le  size on s in t e r ing  t empe ra tu r e .  Proposed 
theor ies  on s in t e r ing  ind ica te  tha t  the s in t e r ing  ra te  
is i n v e r s e l y  p ropor t iona l  to par t ic le  size. A p p a r -  
ent ly ,  the  d r iv ing  force in  this  process is the t end -  
ency  of a po lyc rys t a l l i ne  m a t e r i a l  to m i n i m i z e  its 
surface  e n e r g y  by  g ra in  growth.  This effect is i l-  
l u s t r a t ed  by  a l ower ing  of the  s in t e r ing  t e m p e r a t u r e  
a n d / o r  a decrease in  s in t e r ing  t ime,  w h e n  sub -  
mic ron  par t ic les  are  used. This  was  d e m o n s t r a t e d  in  
a test  w i t h  a rc -vapor i zed  silica, in  which  the  pow-  
der  was  deposi ted as a t h in  f i lm on a sheet  of p l a t i -  
num.  Af te r  d ry ing ,  the  spec imen  was inse r ted  in to  a 
fu rnace  at  l l 0 0 ~  held  for 4 min ,  and  t h e n  w i t h -  
d r awn .  The  r e su l t ing  film was un i fo rm,  t r a n s p a r -  
ent,  a nd  dense, r e sembl ing  fused quar tz  in a ppea r -  
ance. A more  s t r ik ing  example  of e n h a n c e d  s in t e r -  
ab i l i ty  is the  case of t a n t a l u m  carbide  wh ich  n o r -  
m a l l y  r equ i res  a h igh s in t e r ing  t empe ra tu r e .  This 
is i l l u s t r a t ed  in  Tab le  IV, a long wi th  some resul t s  
for silica and  a lumina .  These  tests  show tha t  the 
s in t e r ing  t e m p e r a t u r e s  for the  a r c -vapor i zed  sub -  
mic ron  ma te r i a l s  are reduced  to a lmost  ha l f  tha t  of 
coarser  commerc i a l l y  ava i l ab le  powders .  The two 
samples  of TaC were  h a n d l e d  comple te ly  a nae ro -  
bical ly.  A benzene  vehic le  was  used to p r e v e n t  su r -  
face film oxidat ion,  thus  r e t a i n i n g  the h igh surface  
e n e r g y  of the  par t ic les .  S a m p l e  a was  ra ised  to 
1800~ in  an  a rgon  a tmosphere  a nd  the f u r na ce  i m -  
me d i a t e l y  shut  off. A l though  no hea t  soak was used 
the  spec imen  was  comple te ly  s in tered .  In  the case 
of sample  b the spec imen  was  ra ised  to l l 0 0 ~  and  
held  at  this  t e m p e r a t u r e  for 2~/2 hr. Defini te  ev i -  
dence  of p r e s i n t e r i n g  was  observed,  and  it  is con-  
s idered possible tha t  a longer  s in t e r ing  t ime  would  
resu l t  in  comple te  s in t e r ing  even  at this  c o m p a r a -  
t i ve ly  low t empera tu r e .  

Summary 

In  s u m m a r y ,  the  h i g h - i n t e n s i t y  arc process ap-  
pears  to be  u n i q u e l y  adap tab l e  to the  p roduc t ion  of 
s u b m i c r o n  par t icu la tes .  The me thod  is qu i te  ve r sa -  
t i le  w i th  r ega rd  to the  charac ter is t ics  of the  end  
product .  Whi l e  a cons ide rab le  a m o u n t  of w o r k  re -  
ma i n s  to be done in  s t udy ing  the  proper t ies  of these 
products  and  in  e v a l u a t i n g  the i r  use fu lness  in  va r i -  
ous appl icat ions ,  it  is a l r eady  c lear  tha t  these  p rod -  
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uc ts  r e p r e s e n t  a n e w  class of u l t r a f ine  p o w d e r s  h a v -  
ing  i n t e r e s t i n g  a n d  p o t e n t i a l l y  use fu l  c h a r a c t e r -  
istics.  

The  m e t h o d  of t r e a t m e n t  s eems  a m e n a b l e  to r e l a -  
t i v e l y  i n e x p e n s i v e  p roduc t ion .  F r o m  a cost  s t a n d -  
po in t  i t  shou ld  be  at  l eas t  c o m p a r a b l e  to c u r r e n t  
c h e m i c a l  p rocess ing  me thods .  P r o d u c t i o n  fac to rs  
r e l e v a n t  to t he  c o m m i n u t i o n  of o x i d e - t y p e  m a t e r i a l s  
have  been  s t ud i ed  (5)  on a s m a l l  p i l o t  p l a n t  scale.  
D u r i n g  th is  s t u d y  the  p a r t i c u l a t e d  m a t e r i a l  was  
p r o d u c e d  u n d e r  p r ac t i ca l ,  s e m i c o n t i n u o u s  r u n n i n g  
cond i t ions  at  r a t e s  of 10-20 l b / h r .  The  o t h e r  t y p e s  
of fine p a r t i c u l a t e s  m e n t i o n e d  in  th is  p a p e r  have  
thus  f a r  b e e n  p r o d u c e d  on ly  in p o u n d  q u a n t i t i e s  
and  u n d e r  l a b o r a t o r y  condi t ions .  In  gene ra l ,  h o w -  
ever ,  t he  a r c - v a p o r i z a t i o n  m e t h o d  does  no t  s eem at  
th is  p o i n t  to be  f aced  w i t h  a n y  u n s o l v a b l e  s c a l e - u p  
p rob l ems .  

The  i n v e s t i g a t i o n  thus  f a r  has  i n d i c a t e d  t h a t  i t  
is r e l a t i v e l y  ea sy  to p r o d u c e  the  fine p a r t i c u l a t e s  in  
the  size r a n g e s  of g r e a t e s t  p o t e n t i a l  in te res t .  The  
s igni f icant  a d v a n t a g e s  a s c r i b e d  to t hese  m a t e r i a l s  
a r e  h igh  su r f ace  ene rgy ,  e n h a n c e d  c h e m i c a l  r e a c -  
t i v i ty ,  i m p r o v e d  s i n t e r i n g  cha rac te r i s t i c s ,  and  f lex i -  
b i l i t y  w i t h  r e g a r d  to p a r t i c l e  size a n d  d i s t r i bu t i on .  
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The Pd/02 Electrode in Sulfuric Acid Solution 
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ABSTRACT 

Open-c i rcu i t  po ten t ia l  behavior  of pa l l ad ium in he l i um-s t i r r ed  sulfur ic  acid 
solutions which were  v i r t ua l ly  f ree  of oxygen  was de te rmined .  The exper i -  
menta l  resul ts  indica ted  tha t  t races of oxygen  in the he l ium s t ream would  
even tua l ly  remove  hydrogen  dissolved in the  pa l lad ium.  Effects of oxygen  
pa r t i a l  p ressure  and pH showed tha t  no s imple  equi l ib r ium re la t ions  existed.  
At  low pH, oxygen  pa r t i a l  pressure ,  af ter  a cer ta in  minimum,  affected poten t ia l  
s l ightly.  At  pH values  above 1.7, however ,  a slope of about  0.04v per  decade 
of oxygen  pa r t i a l  p ressure  change and 0.037v/pH uni t  was found. I t  is be l ieved 
tha t  these re la t ions  indicate  mixed  potent ia ls  due to severa l  equi l ibr ia .  

This  i n v e s t i g a t i o n  was  c a r r i e d  ou t  for  t he  p u r p o s e  
of f inding  the  o p e n - c i r c u i t  p o t e n t i a l  b e h a v i o r  of 
p a l l a d i u m  in h e l i u m - s t i r r e d  su l fu r i c  ac id  so lu t ions  
w h i c h  w e r e  v i r t u a l l y  f ree  of oxygen .  I n  add i t ion ,  
o p e n - c i r c u i t  r e l a t i o n s  b e t w e e n  po t en t i a l ,  o x y g e n  
p a r t i a l  p r e s su re ,  a n d  p H  w e r e  d e t e r m i n e d .  

Experimental 
The  e x p e r i m e n t a l  t e c h n i q u e  was  e s s e n t i a l l y  the  

s ame  as t h a t  used  in a r e c e n t  s t u d y  of t h e  P t / O 2  

Table I. Palladium electrodes 
Area,  Volume,  Vo lume/a rea ,  

Type  Dimens ions  em 2 c m  8 c m  

Bead 0.17 cm d iam bead  at  0.111 0.0029 0.026 
end of 0.06 cm diam 
wire,  0.11 cm long 
0.0127 cm d iam wire,  0.08 0.00025 0.0031 
2 cm long 
0.0127 cm diam wire,  6.06 0.0192 0.0031 
152 cm long 
6.25 cm 2, 0.00127 cm 12.5 0.00794 0.000635 
thick 

Wire  

Spi ra l  

Foil  

e l ec t rode  (1 ) .  The  cel l  was  also the  s a m e  excep t  
t h a t  a P t  e l e c t r o d e  was  p r e s e n t  on ly  w h e n  c a l i b r a t -  
ing  the  glass  r e f e r e n c e  e l e c t r o d e  in h y d r o g e n - s a t u -  
r a t e d  so lu t ion ,  be fo re  the  r u n  was  s t a r t e d ,  a n d  i m -  
m e d i a t e l y  a t  the  conclus ion  of  a run .  The  e l ec t rodes  
(99.97% P d )  used  a r e  s h o w n  in T a b l e  I. 

The  so lu t ions  used  w e r e  2.5, 1.95, 0.71, 0.23, 0.073, 
0.024, 0.01, 0.0028, and  0.0012N H2SO4. The  p H  of 
t hese  so lu t ions  was  d e t e r m i n e d  w i t h  a p H  m e t e r  a t  
the  close of each  ser ies  of  runs .  The  t e m p e r a t u r e  
was  25~ ~ 

L o w  o x y g e n  p a r t i a l  p r e s s u r e s  w e r e  o b t a i n e d  b y  
e l e c t r o l y t i c a l l y  g e n e r a t i n g  o x y g e n  a n d  m i x i n g  w i t h  
h e l i u m  as d e s c r i b e d  (1 ) .  H i g h  o x y g e n  p a r t i a l  p r e s -  
sures  ( above  1 T o r r )  w e r e  o b t a i n e d  b y  m i x i n g  
pur i f i ed  t a n k  o x y g e n  w i t h  n i t rogen .  The  o x y g e n  
p a r t i a l  p r e s s u r e  was  d e t e r m i n e d  w i t h  a p o l a r o -  
g r a p h i c  t y p e  B e c k m a n  O x y g e n  A n a l y z e r  and  occa-  
s i o n a l l y  c h e c k e d  w i t h  a m a g n e t i c  s u s c e p t i b i l i t y  t y p e  
B e c k m a n  O x y g e n  A n a l y z e r .  
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Fig. 1. Potential vs. time relation of palladium bead in helium- 
saturated solution. Arrows indicate time intervals at which indi- 
cated amounts of oxygen were added to the gas stream. Open 
circle with a dot, open box with a dot, open triangle with a dot 
refer to three separate runs. 

P a l l a d i u m  Rest  Poten t ia ls  in H e l i u m - S a t u r a t e d  Solut ions 

The p o t e n t i a l - t i m e  re la t ion  for the Pd  bead  elec-  
t rode  in  2.5N H2SO4 solu t ion  is shown  in  Fig. 1. At  
zero hour  the flow of h y d r o g e n  was replaced wi th  
he l ium.  The po ten t i a l  r e m a i n e d  cons t an t  at  0.05v 
for about  70 hr  and  then  rose to a rest  va lue  of 
0.065v. Smal l  addi t ions  of o x y g e n  d u r i n g  the  t ime  
in t e rva l s  ind ica ted  on the graph  did not  affect the 
rest  potent ia l .  At  the  455th hour  the electrode was 
cathodized for 2 hr  at 130 ma. The i n s t a n t a n e o u s  
po ten t i a l  on  open-c i r cu i t  was  zero aga ins t  the  n o r -  
ma l  hyd rogen  electrode (NHE) ,  bu t  became more  
posi t ive w i th  t ime  un t i l  it e v e n t u a l l y  r e t u r n e d  to 
0.065v, at which  t ime the e x p e r i m e n t  was  t e r m i n -  
ated. The 50 m v  rest  po ten t i a l  d u r i n g  the first 70 hr  
conf i rmed prev ious  work  at this l abo ra to ry  (2) as 
wel l  as the  work  of others  (3).  However ,  the rise 
to a ve ry  s teady  rest  po ten t i a l  of 65 m v  was ob-  
served for the first t ime. 

A n o t h e r  e x p e r i m e n t  in  h e l i u m - s a t u r a t e d  0.35N 
H2SO4 gave the resul t s  shown in  Fig. 2. Here  the  
rise to 65 m v  was fas ter  t h a n  in  2.5N acid for the 
bead electrode. The wire  electrode reached the 
s teady  65 m v  po ten t i a l  even  faster.  In  this  expe r i -  
m e n t  af ter  the add i t ion  of smal l  a m o u n t s  of oxygen  
the po ten t i a l  on the bead electrode rose to on ly  75 
mv,  bu t  the  wi re  e lect rode showed a s t rong sens i -  
t iv i ty  to oxygen  par t i a l  pressure.  

The behav io r  of the  sp i ra l  and  foil e lectrodes in  
1.95N HeSO4 is shown in  Fig. 3. Here  the rest  po t en -  
t ia l  was  m a i n t a i n e d  at  abou t  65 m v  for 100 hr  for 
the  spiral ,  whereas ,  the foil rose above  tha t  va lue  
af ter  abou t  50 hr. The add i t ion  of oxygen  caused a 
la rge  shift  in  po ten t i a l  for bo th  electrodes.  The  re -  
mova l  of oxygen  resu l ted  in  a s low decrease in  
posi t ive  po ten t i a l  wi th  the  Pd spira l  coming down  
to a va lue  of 0.3v. The decrease  in  pos i t ive  po ten t i a l  
for bo th  electrodes was  s imi la r  to the  behav io r  of 
p l a t i n u m  u n d e r  e q u i v a l e n t  condi t ions  (1) .  

The low rest  po ten t ia l s  in  pu re  h e l i u m - s a t u r a t e d  
solut ions  and  the  r e t u r n  of po ten t i a l  to the  low 
posi t ive  va lues  shown in  Fig. 2 and  3 show tha t  
u n d e r  these condi t ions  p a l l a d i u m  is not  soluble  in 
su l fur ic  acid solut ion.  These e x p e r i m e n t s  also show 
tha t  the  pa r t i a l  p ressure  of oxygen  mus t  be ex-  
t r e m e l y  low in  the h e l i u m - s a t u r a t e d  solutions.  Also, 
a f ter  the  add i t ion  of oxygen  the  adsorbed oxygen  
a n d / o r  o x y g e n - b e a r i n g  species reac t  or  are  spon-  
t aneous ly  desorbed f rom the p a l l a d i u m  surface.  
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Fig. 2. Potential vs. time relation of palladium wire and bead. 
Arrows indicate changes from pure helium flow in the composition 
of gas bubbled through the sulfuric acid solution. 
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Fig. 3. Potential vs. time ,'elation of palladium spiral and foil. 
Arrows indicate changes from pure helium flow in the composition 
of the gas bubbled through the sulfuric acid solution. 

There  is a poss ib i l i ty  tha t  on the  add i t ion  of oxygen  
a p a l l a d i u m  oxide  is fo rmed  which  can t h e n  dissolve 
in su l fur ic  acid solut ion.  In  a n y  case, the  resul ts  
show tha t  the a m o u n t  of Pd  ions in  o x y g e n - b e a r i n g  
solut ions  mus t  be ve ry  small .  

Resul ts  shown in  Fig. 1-3 ind ica te  tha t  the re  is a 
v o l u m e / a r e a  re l a t ion  wi th  rest  po ten t ia l s  in  both 
h e l i u m - s a t u r a t e d  and  o x y g e n - c o n t a i n i n g  solut ions  
and  t ime.  The rest  po ten t ia l s  in  h e l i u m - s a t u r a t e d  
solut ions  are u n d o u b t e d l y  d e p e n d e n t  on the  a m o u n t  
of h y d r o g e n  dissolved in  the  a - pha se  P d - H  alloy. 
W he t he r  the rise in  po ten t i a l  is a f unc t i on  of the 
ra te  of dissolved h y d r o g e n  be ing  spon taneous ly  
t r anspo r t ed  f rom the  me ta l  phase  to the  solut ion,  or 
the h y d r o g e n  is r emoved  by  reac t ion  wi th  t races  of 
oxygen  in  the  solut ion,  is no t  en t i r e ly  c lear  at this  
point .  There  is u n d o u b t e d l y  some t race a m o u n t  of 
oxygen  in  solut ion so some of the  h y d r o g e n  mus t  
be r emoved  by  reac t ing  wi th  it. 

Using the da ta  for the p a l l a d i u m  foil a nd  spira l  
shown in  Fig. 3, it is a p p a r e n t  tha t  a f ter  abou t  150 
hr  the po ten t i a l  is posi t ive enough  to ind ica te  tha t  
a la rge  pa r t  of the  h y d r o g e n  o r ig ina l ly  in the  ~-  
phase al loy ( H / P d  = 0.03) of these electrodes is 
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removed .  A ca l cu l a t i on  of t he  a m o u n t  of o x y g e n  
s t o i c h i o m e t r i c a l l y  r e q u i r e d  to r e m o v e  a l l  of  t he  h y -  
d r o g e n  f r o m  bo th  e l ec t rodes  shows  tha t ,  if  a l l  of the  
o x y g e n  t h a t  en t e r s  the  cel l  r eac t s  w i t h  h y d r o g e n ,  
the  p a r t i a l  p r e s s u r e  of o x y g e n  in t he  h e l i u m  s t r e a m  
w o u l d  be  abou t  3x10 -7 a tm.  The  a m o u n t  of o x y g e n  
in t he  h e l i u m  s t r e a m  was  so low t h a t  mass  s p e c t r o -  
scopic a n a l y s e s  w e r e  indef in i te  because  t he  l imi t  of 
s e n s i t i v i t y  of the  i n s t r u m e n t  h a d  been  reached .  This  
i n d i c a t e d  t ha t  the  o x y g e n  p a r t i a l  p r e s s u r e  was  less 
t h a n  10 -6 a tm.  E v e n  t h o u g h  a l l  of the  o x y g e n  f low-  
ing t h r o u g h  the  cel l  w i l l  not  r eac t  w i t h  h y d r o g e n  
on the  p a l l a d i u m  sur faces  and  al l  of t he  h y d r o g e n  
is not  r e m o v e d ,  the  ind ica t ions  a r e  t ha t  t he  r i se  in 
p o t e n t i a l  on the  p a l l a d i u m  e l ec t rodes  is due  to h y -  
d r o g e n  loss as a r e s u l t  of r e a c t i o n  w i t h  o x y g e n  
l e a k i n g  into  the  cell .  The  a m o u n t  of o x y g e n  r e a c t -  
ing will depend on the exposed area of the elec- 
trode. Thus, the Pd bead in Fig. 1 showed that the 
amount of hydrogen lost over a period of 460 hr 
was rather small even though, during part of the 
time, some oxygen was deliberately added. This 
was because little of the oxygen comes into contact 
with this very small electrode. 

Whether hydrogen spontaneously leaves the a- 

phase and is swept out by the helium gas flow, or 
the hydrogen dissolved in the metal is in equilib- 

rium with hydrogen ions (2) in solution, cannot be 
fully answered without further experimentation. 
The evidence appears to be that a hydrogen disso- 
lution owing to zero hydrogen partial pressure, if 
it does occur, would be very slow. Experiments in 
closed systems with carefully controlled traces of 

oxygen could resolve this question. It is possible 
that the rate of potential change in low volume/ 
area electrodes could be used as a method of deter- 
mining very small amounts of oxygen. 

Dependence of Potential on Oxygen Partial Pressure 

The  r e l a t i o n  b e t w e e n  r e s t  p o t e n t i a l  and  o x y g e n  
p a r t i a l  p r e s s u r e  in v a r i o u s  p H  so lu t ions  is shown  in 
Fig.  4. The  va lue s  s h o w n  in th is  f igure  a r e  a l l  for  
the  p a l l a d i u m  foi l  e lec t rode .  The  sp i r a l  e l ec t rode  
was  also used  in these  m e a s u r e m e n t s ,  b u t  i t  was  
found  t h a t  the  r a t e  of a t t a i n i n g  s t e a d y - s t a t e  va lue s  
was  e x t r e m e l y  long c o m p a r e d  to the  foi l  e lec t rode .  
This  is a t t r i b u t e d  to t he  m u c h  l a r g e r  a m o u n t  of  h y -  
d r o g e n  con t a ined  in t he  sp i r a l  e l ec t rode  a n d  the  
m u c h  l o n g e r  d i f fus ion  p a t h  for  i ts  r e m o v a l  b y  r e -  
ac t ion  w i t h  oxygen .  A r u n  m a d e  in  zero p H  so lu t ion  
c o m p a r i n g  the  foi l  and  sp i r a l  e l ec t rodes  a f t e r  s ev -  
e ra l  w e e k s  e x p o s u r e  to o x y g e n - c o n t a i n i n g  so lu t ion  
gave  e s s e n t i a l l y  t he  s ame  r e su l t s  for  each  e lec t rode .  
In  s u b s e q u e n t  w o r k ,  h o w e v e r ,  the  sp i r a l  e l ec t rode  
was  no t  e x p o s e d  long  enough  to g ive  the  s t e a d y  
va lue s  f o u n d  for  t he  foi l  e lec t rode .  

The  p H  d e p e n d e n c e  shown  in Fig.  4 is i n t e r e s t i n g  
i n a s m u c h  as at  zero p H  the  o x y g e n  p a r t i a l  p r e s s u r e  
affects p o t e n t i a l  s l i g h t l y  w h e r e a s ,  as t he  p H  in -  
creases ,  t he  d e p e n d e n c e  on o x y g e n  p a r t i a l  p r e s s u r e  
inc reases  a n d  t hen  m o r e  or  less  l eve l s  off a t  p H  v a l -  
ues a b o v e  1.3. The  p H  d e p e n d e n c e  at  two  o x y g e n  
p a r t i a l  p r e s s u r e s  is s h o w n  in Fig.  5. The  r i se  in p o -  
t e n t i a l  w i t h  i nc r ea s ing  p H  up to p H  = 1.7 canno t  
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Fig. 5. Potential vs. pH relation at given oxygen partial pressures 

be e x p l a i n e d  on the  bas is  of a n y  e q u i l i b r i u m  p o t e n -  
t i a l s  conce rn ing  o x y g e n  and  i ts  species.  A poss ib le  
e x p l a n a t i o n  is t h a t  t he  so lub i l i t y  t of p a l l a d i u m  in -  
c reases  w i t h  bo th  p H  (up  to 1.7) and  o x y g e n  p a r t i a l  
p re s su re .  This  cou ld  be  t i ed  in  w i t h  t he  f o r m a t i o n  
of a p a l l a d i u m  ox ide  or  o x y g e n - b e a r i n g  compound .  

A t  p H  va lues  of 1.7 and  above ,  a m o r e  n o r m a l  r e -  
l a t ion  b e t w e e n  p H  and  p o t e n t i a l  is o b s e r v e d  in Fig.  
5. The  s lope  of 0.037 canno t  be  r e a d i l y  r e l a t e d  w i t h  
a n y  k n o w n  e q u i l i b r i u m  reac t ion ,  n e i t h e r  does the  
s lope  of  a b o u t  0.04 for  t he  r e l a t i o n  b e t w e e n  p o t e n -  
t i a l  and  o x y g e n  p a r t i a l  p r e s su re .  I t  is poss ib le  t h a t  
s e v e r a l  e q u i l i b r i a  m a y  be  occu r r i ng  in p a r a l l e l  in 
th is  p H  r e g i o n  and  t h a t  t h e y  w o u l d  t o g e t h e r  g ive  
such odd v a l u e  slopes.  Not  m a n y  l i k e l y  e q u i l i b r i a  
g ive  a p H  vs. p o t e n t i a l  s lope  less  t h a n  0.059. One  
p o s s i b i l i t y  is 

O2+H + +2e-=HO~- [I] 

where ,  a t  25 ~ (5)  

E = 0.34 - -  0.029 p H  -6 0.029 log [Po2/aH02--] [2]  

1 V e t t e r  a n d  B e r n d t  (4) s h o w e d  t h a t  i n  IN" H ~ O ~  p a l l a d i u m  d o e s  
u n d e r g o  a c o r r o s i o n  m a x i m u m  i n  t h e  r a n g e  f r o m  0.9 to  1.1v. 
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The  c a l c u l a t e d  a~io2- is a b o u t  10 -19 M / l ,  w h i c h  
m e a n s  t h a t  e s s e n t i a l l y  no p e r o x i d e  ion  ex i s t s  in  
solu t ion .  H o w e v e r ,  th is  spec ies  cou ld  ex i s t  in  s ig-  
n i f icant  a m o u n t  on the  e l ec t rode  sur face .  One 
w o u l d  also h a v e  to a s s u m e  t h a t  t he  a c t i v i t y  of a d -  
so rbed  p e r o x i d e  ion is i n d e p e n d e n t  of o x y g e n  p a r -  
t i a l  p r e s s u r e  in  the  l i n e a r  r a n g e s  s h o w n  in Fig .  4. 

T h e r e  a r e  s e v e r a l  p a r a l l e l  r e ac t i ons  in  th is  p H  
r a n g e  t ha t  cou ld  accoun t  for  the  s lopes  shown  in 
Fig .  4 a n d  5. The  e q u i l i b r i u m  

O 2 + H  + + e - = H O 2  [3] 
w h e r e  a t  25~ (5)  

E = 0.13 - -  0.059 p H  -5 0.059 log [Po2/aHoe] [4]  

occu r r i ng  in  p a r a l l e l  w i t h  Eq. [1]  cou ld  account  for  
t he se  slopes.  I n d i c a t i o n s  w e r e  t h a t  th is  o x y g e n / p e r -  
h y d r o x y l  r a d i c a l  e q u i l i b r i u m  could  ex i s t  on p l a t i -  
n u m  (1) .  H e r e  also, t he  c o n c e n t r a t i o n s  of p e r h y -  
d r o x y l  r a d i c a l  w o u l d  be  n e g l i g i b l y  s m a l l  in  so lu t ion  

b u t  cou ld  be  a p p r e c i a b l e  and  cons t an t  on the  e lec -  
t r o d e  surface .  
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ABSTRACT 

Trans i t ion  t imes  have  been measured  for  var ious  cu r ren t  densi t ies  on a 
smooth p la t inum elec t rode  in aqueous fo rmate  solutions in the  pH range  0-14 
at  25~ In  s t rongly  basic solut ions there  is no evidence for  the  supply  of fo r -  
mate  to the  e lect rode dur ing  the cu r ren t  pulse. Results  obta ined in acidic and 
s t rongly  buffered solut ions to pH 10 indicate  the  presence of a slow p ree lec t ro -  
chemical  reaction.  The e lec t rochemical  ox ida t ion  and the decomposi t ion of  
formic  acid share  in pa r t  a common mechanis t ic  path.  

The  n a t u r e  of t h e  i n t e r a c t i o n  of f o rmic  ac id  w i t h  
m e t a l  i n t e r f ace s  has  long  been  an  ob jec t  of  i n v e s t i -  
ga t ion.  Dev i l l e  a n d  D e b r a y  (1)  f irst  r e p o r t e d  the  
s low decompos i t i on  of f o rmic  ac id  to  c a r b o n  d i o x i d e  
and  h y d r o g e n  on r h o d i u m .  M u e l l e r  a n d  c o l l a b o r a -  
to r s  i n v e s t i g a t e d  the  decompos i t i on  of fo rmic  ac id  
on v a r i o u s  d i s p e r s e d  m e t a l s  in  aqueous  so lu t ions  
(2)  as w e l l  as i ts  e l e c t r o c h e m i c a l  o x i d a t i o n  (3)  on 
a n u m b e r  of m e t a l  sur faces .  F o r  t he  low p o t e n t i a l  
anod ic  o x i d a t i o n  M u e l l e r  (4)  p r o p o s e d  a t h r e e - s t e p  
m e c h a n i s m  cons i s t ing  of a o n e - e l e c t r o n  d i s c h a r g e  
of f o r m a t e  to HCOO" r ad i ca l ,  d ecompos i t i on  of t he  
a d s o r b e d  r a d i c a l  to c a r b o n  d i o x i d e  and  a d s o r b e d  
h y d r o g e n ,  a n d  e l e c t r o o x i d a t i o n  of t he  a d s o r b e d  
h y d r o g e n .  E v i d e n c e  fo r  th i s  m e c h a n i s m  is insuffi-  
c ient ,  b u t  i t  does  e x p l a i n  t he  p r o d u c t i o n  of h y d r o -  
gen  d u r i n g  e l e c t r o o x i d a t i o n  on ce r t a in  m e t a l s  w h i c h  
do no t  c a t a l y z e  the  e l e c t r o o x i d a t i o n  of h y d r o g e n .  
S c h w a b  (5)  has  e m p h a s i z e d  the  i m p o r t a n c e  of the  
e l ec t ron ic  f ac to r  in  decompos i t i on  on m e t a l s  a n d  
a l loys .  

S c h w a b e  (6)  f o u n d  tha t ,  f o l l owing  the  i ncep t ion  
of f o rmic  ac id  d e c o m p o s i t i o n  on f ine ly  d i v i d e d  m e t -  
als, t he  p o t e n t i a l  w e n t  t h r o u g h  a m a x i m u m  w h i l e  
the  r a t e  of h y d r o g e n  p r o d u c t i o n  d e c r e a s e d  to a 
s m a l l  cons t an t  va lue .  The  m e c h a n i s t i c  s teps  of 
S c h w a b e  consis t  of a d s o r p t i o n  of m o l e c u l a r  fo rmic  
acid,  de c ompos i t i on  to  c a r b o n  d i o x i d e  and  a d s o r b e d  
h y d r o g e n ,  and  h y d r o g e n  deso rp t ion .  S c h w a b e  p o s -  
t u l a t e d  t ha t  f o rmic  ac id  r a t h e r  t h a n  h y d r o g e n  is 
p o t e n t i a l  d e t e r m i n i n g  and  t h a t  f o rmic  ac id  d e c o m -  
pos i t i on  is h i n d e r e d  b y  s low d e s o r p t i o n  of h y d r o -  
gen. A s im i l a r  m e c h a n i s m  i n v o l v i n g  h y d r o g e n  d e -  
so rp t ion  has  been  p r o p o s e d  b y  G e r i s c h e r  and  He ld  
(7) .  

F o r m i c  ac id  a dso rbs  d i s s o c i a t i v e l y  onto  m e t a l  
su r faces  f rom the  v a p o r  p h a s e  (8, 9) acco rd ing  to 

H C O O H  + Pt~u~ace ---- 

P t  + HCOO-~u~ace + Ha~orbed [a ]  

T h e r e  is d i s a g r e e m e n t  c onc e rn ing  t h e  d e g r e e  of i on -  
i c i ty  of t he  su r f ace  f o r m a t e  (10) .  These  su r f ace  
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formates  have been shown to be in te rmedia tes  in 
the decomposit ion to hydrogen  and carbon dioxide 
at room t empera tu re  and above (11). Tamaru  (12) 
found tha t  the hydrogen  formed from the decompo-  
sition of formic acid desorbed and formic acid con- 
t inued to be adsorbed according to the process 
above unt i l  the surface was covered with  surface 
formate.  Only when the surface was covered wi th  
formate  did a slow s t eady-s t a t e  product ion of car -  
bon dioxide begin. 

Interpretation o] constant current transition t ime 
measurements . - -An anodic constant  cur rent  (i) 
appl ied  to an iner t  e lectrode in a solution conta in-  
ing a substance e lect rooxidizable  at  tha t  e lectrode 
causes the deplet ion of the e lect rooxidizable  ma te -  
r ia l  at  or on the electrode surface. Removal  of the 
e lectroact ive species at  the e lectrode surface leads 
to a g radua l  increase in the electrode overpotent ia l  
unt i l  the e lectroact ive species is no longer present  
at the surface. At  this point the overpoten t ia l  in-  
creases r ap id ly  unt i l  a second electrode react ion 
supplies the constant  current .  The character is t ic  
t ime represent ing  ini t ia l  complete  deplet ion of the 
e lectroact ive species at  the electrode surface, which 
is easi ly identif iable by  the sudden potent ia l  jump,  
is called the t rans i t ion  t ime (~). When an e lec t rooxi -  
dizable species is present  on the electrode surface, 
but  no addi t ional  e lect rooxidizable  ma te r i a l  reaches 
the electrode dur ing the pulse, the iv product  wi l l  
be constant.  If  the re  is no adsorption,  and diffusion 
to the electrode alone l imits  the supply  of e lec t ro-  

oxidizable  ma te r i a l  at  the surface, then the iVY 
product  wi l l  be constant  (13). In general ,  the  r e l a -  
t ionship be tween the appl ied  cur ren t  and the t r a n -  
sition t ime is dependent  on the na tu re  of the p r e -  
e lect rochemical  react ions present .  The t rans i t ion  
t ime -cu r r en t  densi ty  re la t ionship  for a homogene-  
ous first order  pree lec t rochemical  step (14) and the 
effect of a heterogeneous first order  p ree lec t rochem-  
ical step (e.g., adsorpt ion)  (15) have  been derived.  

Both t r ea tments  predic t  l inear  i ~  vs. i plots of 
negat ive  slope at low current  densi ty  if a r a t e -  
l imi t ing pree lec t rochemical  step is present.  For  the 
case of a rap id  revers ib le  heterogeneous step the 

i~/~-vs, i plot  wil l  have a posi t ive slope at low cur-  
rent  densities.  

Exper imenta l  
The exper imen ta l  a r r angemen t  has been de-  

scribed (15). One molar  sodium perchlora te  was 
p repa red  by  the neut ra l iza t ion  of ana ly t ica l  r e -  
agent  70% perchlor ic  acid wi th  50% sodium hy-  
droxide  ( reagent )  and di lut ion wi th  t r ip le -d i s t i l l ed  
water.  Formic  acid was purif ied by  dis t i l la t ion at  
62 mm Hg and was present  in concentrat ions of 
0.012N or less. The buffers were  composed of re -  
agent  or CP grade chemicals, and the basic con- 
s t i tuent  of the buffer was, wi th  one exception,  at  
least  0.08N. Tank  n i t rogen and hydrogen  (when 
used) was scrubbed by  passage through concen- 
t r a ted  sulfuric  acid, chromous sulfate,  50% sodium 
hydroxide ,  and  t r ip le -d i s t i l l ed  water .  

The t rans i t ion  t imes were,  in general ,  wel l  de-  
fined and could be de te rmined  to wi th in  2% by in-  
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spection. Under  ve ry  high cur ren t  densi t ies  and in 
basic solutions the t rans i t ion  t imes were  de te r -  
mined to ---- 5% using the assumpt ion of constant  
doub le - l aye r  capacity.  

The working  p la t inum electrode was ac t iva ted  by  
single anodic pulses of 200 msec dura t ion  at  an 
apparen t  cur ren t  densi ty  of 14 m a / c m  2 unt i l  the 
t rans i t ion  t imes became reproducible .  Fol lowing 
act ivat ion,  the e lectrode was r e tu rned  to 0.4v of the 
revers ib le  hydrogen  potent ia l  by  cathodic polar iza-  
tion. Ni t rogen was bubb led  v igorously  th rough  the 
solution for 90 sec fol lowing act ivat ion.  The elec-  
t rode and solution then remained  quiescent  for 30 
sec pr ior  to the expe r imen ta l  pulse. Somewhat  di f -  
fe ren t  ac t ivat ion current  densi t ies  were  employed 
to s tudy compet i t ive  adsorpt ion and to follow the 
poten t ia l  change af te r  act ivat ion.  Bet te r  r eproduc i -  
b i l i ty  was obta ined when  the act ivat ion procedure  
was repea ted  severa l  t imes before each expe r imen-  
ta l  pulse. The choice of ac t ivat ion procedure  is 
more cr i t ical  in fo rmate - fo rmic  acid studies than  
it is in the case of the hydrogen  on p l a t inum elec- 
t rode (15). Fol lowing activation,  formate  undergoes 
rap id  ini t ia l  decomposit ion on the f reshly  reduced 
p l a t inum surface to hydrogen.  This decomposit ion 
tends to deple te  the formate  species close to the 
electrode and at  the same t ime produces  hydrogen  
both on and in the immedia te  v ic in i ty  of the elec-  
t rode surface. The ra te  of this  decomposi t ion de-  
creases rapidly .  Depending on the const i tuents  of 
the solution pa r t i a l  deact iva t ion  of the electrode 
occurs in 10-30 min  fol lowing activation.  The ac-  
t ivat ion procedure  employed  makes  use of the t ime 
in te rva l  fol lowing the ini t ia l  rap id  decomposit ion 
but  preceding deact ivat ion.  S t i r r ing  wi th  n i t rogen 
removes most of the hydrogen  and rees tabl ishes  the 
bu lk  formate  concentrat ion in the  v ic in i ty  of the 
electrode surface. The act ivat ion procedure  chosen 
is a rb i t r a ry ,  but  care in fol lowing it y ie lds  consis- 
ten t  meaningfu l  results.  

Results 
At high current  densi t ies  the t rans i t ion  t imes are 

more nea r ly  the resul t  of oxidat ion of species pres-  
ent  on the electrode only, as the t rans i t ion  t imes are  
too short  to pe rmi t  significant diffusion to the sur-  
face. F igures  1, 2, and 3 show po ten t i a l - t ime  oscil lo- 
grams for a 1N perchlor ic  acid solution sa tura ted  
wi th  hydrogen,  sa tu ra ted  wi th  hydrogen  in the 
presence of 0.005N formic acid, and wi th  the formic 

Fig. 1. Potential-time oscillogram for the oxidation of hydrogen 
from the surface of platin,m in 1N perchloric acid. Current 
density 43 ma/cm 2. Potential increasing from top to bottom 0.S0v 
per large division. Time increasing from right to left 5.0 msec 
per large division. 
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Fig. 2. Potential-time oscillogram for an anodic current density 
of 43 ma/cm 2 on platinum in 1N perchloric acid. Hydrogen 
saturated solution O.O05N in formic acid. Coordinates as in Fig. 1. 
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Fig. 4. Low current density experimental results in a phosphate 
buffer of pH 2.5, ~ formate ~--- 0.012. 

Fig. 3. Potential-time oscillogram as in Fig. 2 except solution 
is nitrogen saturated. 

acid in  a n i t r ogen  sa tu ra t ed  solut ion,  respect ively .  
The l eng th  of these t r ans i t i on  t imes  is l i t t le  inf lu-  
enced by  diffusion f rom the b u l k  of the  so lu t ion  due 
to the  low so lubi l i ty  of h y d r o g e n  and  p ree lec t ro -  
chemical  k ine t ic  l im i t a t i on  on the  formic  acid oxi -  
dat ion.  Therefore ,  the t ime  to the  po ten t i a l  t r a n s i -  
t ion is n e a r l y  p ropor t iona l  to the sur face  concen t r a -  
t ion  of the species oxidiz ing at tha t  potent ia l .  
Fo rmic  acid and  h y d r o g e n  e lec t rooxida t ion  do not  
overlap.  Formic  acid adsorbs  h a r d l y  at al l  in  the 
presence  of hydrogen ,  and  h y d r o g e n  surface  cover -  
age is decreased by  not  more  t h a n  5% by  the  p res -  
ence of formic  acid in  solut ion.  Formic  acid in  the 
absence  of dissolved h y d r o g e n  in  the  b u l k  adsorbs  
to fo rm essen t ia l ly  a monolayer ,  bu t  some h y d r o g e n  
is p re sen t  on the surface  f rom formic acid decom-  
posit ion.  

The 0pen -c i r cu i t  po ten t i a l  of a f resh ly  ac t iva ted  
p l a t i n u m  electrode in  d i lu te  formic  acid descr ibes  
a m a x i m u m  as a func t ion  of t ime. The a m o u n t  of 
h y d r o g e n  adsorbed  on the  surface,  d e t e r m i n e d  by  
high c u r r e n t  dens i ty  t r a n s i t i o n  t ime  pulses,  also 
passes t h rough  a m a x i m u m .  W h e n  the  so lu t ion  is 
s t i r red  bo th  m a x i m a  occur sooner. 
One hundredth molar formate  in tenth and one mo-  
lar sodium hydrox ide . - -The  t r ans i t i on  t ime  is 
poor ly  defined bu t  the  ir p roduc t  r e m a i n s  cons tan t  
over  four  orders  of m a g n i t u d e  in  the  t r ans i t i on  t ime  
up  to 10 sec. There  is no evidence  for the supp ly  of 
fo rmate  to the electrode d u r i n g  the  c u r r e n t  pulse.  
Borate and phosphate buf]ers in 1N NaC104 pH 1- 
1 0 . - A n  ana lys i s  of the re la t ionsh ip  b e t w e e n  the  
t r ans i t i on  t imes  and  c u r r e n t  densi t ies  employed  a l -  
lows i n t e r p r e t a t i o n  of the p ree lec t rochemica l  k i n e t -  
ics as discussed above. The resul ts ,  an  example  of 
which  is d isp layed  in  Fig. 4, ind ica te  a r a t e - d e t e r -  
m i n i n g  p ree lec t rochemica l  step. W h e n  ex tended  to 
short  t r a n s i t i o n  t imes  these resul ts  also show the  
ox ida t ion  of a fo rmate  species adsorbed  on the 

Fig. 5. Oscillogram illustrating two transition times at a cur- 
rent density of 1.97 ma/cm 2 at pH 3.0 ~ formate = 2.4 x 10 -~N.  
Abscissa: time increasing from right to left 1 sec per full divi- 
sion. Ordinate: potential increasing from top to bottom 0.50v per 
full division. 

electrode surface.  F r o m  pH 1.4 to 6.0 two t r ans i t i on  
t imes  are observed (Fig. 5). The first, the i~ p rod -  
uct  of which  becomes neg l ig ib ly  smal l  at h igh  cu r -  
r en t  densit ies,  c o r r e s p o n d s  to a direct  e lec t rooxida-  
t ion  of a fo rmate  species w i thou t  s ignif icant  p r ior  
adsorpt ion.  The second, which  shows a cons tan t  ir 
p roduc t  at h igh c u r r e n t  densi t ies ,  corresponds  to 
ox ida t ion  of bo th  a fo rmate  species on the electrode 
surface  and  concu r r en t  d i rect  e lec t rooxidat ion.  
Above  pH 6.0 on ly  one t r a n s i t i o n  t ime  is observed.  
F igu re  6 i l lus t ra tes  the  effect of pH on the  ra te  of 
the p ree lec t rochemica l  step. A m i n i m u m  in the  
slope cor responds  to a m a x i m u m  in  the  rate .  The 
ac tua l  pH at the  e lect rode is, despi te  the s t rong 
buf fe r ing  capaci ty,  somewha t  lower  due  to p roduc -  
t ion  of p ro tons  at the anode d u r i n g  c u r r e n t  flow. 
Perchloric acid and bisulyate buf]ers in 1N NaC104. 
- - T h e  t r ans i t i on  t i m e - c u r r e n t  dens i ty  r e l a t ionsh ip  
shows the  p resence  of a r a t e - d e t e r m i n i n g  p ree lec -  
t rochemica l  step. These resu l t s  are in  accord wi th  
those ob t a ined  p o t e n t i o d y n a m i c a l l y  by  Bre i t e r  (16) 
who found  tha t  the  c u r r e n t  m a x i m a  were  no t  p ro -  
por t iona l  to formic  acid concen t r a t i on  as expected  
for a diffusion cont ro l led  process. P o t e n t i a l  f luc tua-  
t ions of ten occurred.  

Discussion 

In  s t rong ly  basic  solut ions  the re  is no ev idence  
for the supp ly  of fo rmate  to the  e lect rode d u r i n g  
the c u r r e n t  pulse. The fo rma te  ion adsorbs  ex-  
t r e m e l y  s lowly on p l a t i n u m  in  a basic e n v i r o n m e n t  
and  does not  oxidize w i t hou t  p r ior  adsorpt ion.  This 
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Fig. 6. Logarithm of the limiting slope of i~ ] /2 vs. i plots against 
pH. e, Phosphate buffers; �9 borate buffers; A ,  bisulfate buffers 
and perchloric acid. 

confirms ear l ie r  work  (17, 18) in which it is r e -  
por ted  tha t  the e lec t rooxidat ion  of methanol  in 
strong base yields formate  wi th  essent ia l ly  100% 
efficiency. The formate  produced f rom the ox ida-  
t ion of methanol  must  be desorbed and is not then 
suscept ible  to oxidat ion to carbonate.  

F igure  3 exhibi ts  a short  t rans i t ion  t ime at  low 
potent ia l  which is indicat ive  of the presence of 
some hydrogen on the p la t inum surface. This hy -  
drogen resul ts  f rom the dissociat ive adsorpt ion  of 
formic acid on the electrode ( react ion a) .  The hy -  
drogen surface concentrat ion is kept  low by its 
ready  desorpt ion and diffusion away  from the elec-  
trode.  Other  exper iments  have shown tha t  the sur -  
face equi l ib r ium between adsorbed and dissolved 
hydrogen  on newly  ac t iva ted  p l a t inum surfaces is 
rap id  and revers ib le  (15). In agreement  wi th  this, 
agi ta t ion is found to faci l i ta te  hydrogen  t ranspor t  
from the electrode surface and to r ap id ly  decrease 
the hydrogen  surface concentration.  

The sizable hydrogen  exchange current  densi ty  
on p la t inum requires  hydrogen  to p lay  an impor tan t  
role in e lectrode potent ia l  de te rmina t ion  when it is 
present ,  viz. 

H~sorbed = H + + e- (b) 

Figure 3 shows that adsorbed formate oxidizes at a 
potential higher than that of hydrogen, thus 

H C O O -  Pt+surrace ----- Ptsurface + CO2 t H + ~- e -  
(e) 

The hypothesis  tha t  an adsorbed formic acid species 
is potent ia l  de te rmining  at open circuit  on recent ly  
ac t iva ted  p l a t inum is untenable .  Rather  a small  
amount  of hydrogen  f rom dissociat ive adsorpt ion is 
p r imar i l y  responsible  for the open-c i rcui t  potential .  

The ra te  of decomposi t ion of formic acid on 
p la t inum to hydrogen  and carbon dioxide has been 
found to be pH dependent  (6).  The ra te  has a max-  
imum at  pH 4.2. The pree lec t rochemica l  slow step 
observed in these exper iments  has an ove r -a l l  m a x -  
imum ra te  at  app rox ima te ly  pH 5. The s imi la r i ty  in 
the pH dependence indicates  that ,  at the  ve ry  least,  
the e lectrochemical  oxidat ion  and the decomposi-  
tion of formic acid share in pa r t  a common mechan-  

istic path. The na tu re  of the  common precursors  or 
steps is difficult to ascer ta in  f rom the low and in-  
exact  value  of the exponent  of the hydrogen  ion 
dependence  (Fig. 6). A p p a r e n t l y  specific anion in-  
fluences are  also present .  The tendency of aqueous 
formic acid solutions to form hydrogen  bonded 
oligomers (19-21) suggests the possibi l i ty  of h y -  
drogen bonded in te rmedia tes  in homogeneous solu-  
tion. A slow pree lec t rochemica l  conversion of the 
formic acid to an electroact ive hydrogen  bonded 
in te rmedia te  could expla in  the observed common 
pH dependence of the e lec t rooxidat ion and decom- 
posi t ion reactions.  Such an electroact ive in t e rme-  
diate  could involve the buffer itself, but  the evi-  
dence is not conclusive. 

I t  m i g h t  be supposed tha t  e lectrochemical  oxi-  
dat ion of hydrogen  follows the decomposi t ion of 
formic acid to carbon dioxide and hydrogen  on the 
p la t inum surface. However ,  the s t eady-s t a t e  de-  
composit ion of formic acid to hydrogen  and carbon 
dioxide is too slow (6) to suppor t  the observed 
current  densities.  In addit ion,  formate  oxidat ion is 
found to occur at potent ia ls  removed from those 
associated with hydrogen electrooxidat ion.  There- 
fore, the complete  decomposit ion of formic acid 
cannot precede the e lectrochemical  oxidat ion.  
Ra the r  the  shared  mechanism must  precede the 
complete decomposi t ion to carbon dioxide and hy-  
drogen and m a y  involve ei ther  or both dissociated 
adsorpt ion or homogeneous react ion in solution. 
Therefore  the mechanism envisaged for the elec- 
t rooxida t ion  of formic ac id - fo rmate  includes a pH 
dependent  r a t e - l imi t i ng  step (s) e i ther  preceding or 
included in react ion (a) fol lowed by  steps (b)  and 
(c) al though, under  cer ta in  conditions of pH, ad-  
sorpt ion does not appear  to be a necessary  p re l im-  
inary  for electrooxidat ion.  The decomposit ion to 
hydrogen  and carbon dioxide would appear  to in-  
volve a s imi lar  mechanism, except ing the electro-  
chemical  ones, fol lowed by  a quite slow s teady-  
state decomposit ion of the surface formate.  

Manuscript received March 14, 1963; revised manu- 
script received Sept. 7, 1963. This work was made pos- 
sible by the support of the Advanced Research Projects 
Agency (Order No. 247-61) through the United States 
Army Engineer Research and Development Labora-  
tories under Contract No. DA-44-009-ENG-4853. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1964 
J O U R N A L .  
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Technical[ 
A Practical Reference Electrode 

J. Giner 
Prat t  & Whitney Aircraft, Division of United Aircraft Corporation, East Hartford, Connecticut 

In this note a prac t ica l  reference  electrode of a l -  
most  genera l  appl ica t ion  in aqueous solutions is 
descr ibed and its app l icab i l i ty  to different  condi-  
t ions demonst ra ted .  

The reference electrode consists of a p la t in ized 
p l a t inum electrode (e lect rode A in Fig. 1) which 
is ca thodical ly  polar ized wi th  the help of another  
s imi lar  aux i l i a ry  electrode (electrode B) .  On elec-  
t rode A H2 is evolved in aqueous solutions. Under  
these conditions, if an adequa te  constant  cur ren t  is 
used the potent ia l  of A differs only s l ight ly  f rom 
the revers ib le  hydrogen  electrode. This difference 
is a constant  correct ion t e rm of 40-20 mv at a cur -  
ren t  of 1 m a / c m  2. This t e rm depends s l ight ly  on 
the composit ion of electrolyte ,  t empera tu re ,  etc. 

Two P t -e lec t rodes  (Fig.  1) of app rox ima te ly  2 
cm 2 ( l x l  cm) surface are welded to P t -wi re ,  sealed 
to glass tube,  and in t roduced into a wide r  glass tube  
wi th  a fine glass fr i t  at  the end to provide  e lec t ro-  
lyt ic  contact wi th  the main  compar tmen t  of the cell. 
This tube is filled wi th  the same solution as the 
main  cell. Between electrode A and B a current  of 
app rox ima te ly  1 m a / c m  2 is forced, wi th  help of a 

R 

EN 

Fig. 1. Reference electrode 

small  45v Ba t t e ry  E wi th  45 ki loohm res is tor  (R) 
in series. The cathode A should be kep t  app rox i -  
ma te ly  1-2 cm lower  than  the 02 anode B to avoid 
most of the 02 diffusing f rom the aux i l i a ry  elec-  
t rode which works  as 02 evolving anode. 

The potent ia l  of the work ing  electrode is meas -  
ured  against  the potent ia l  of e lectrode A as indi -  
cated in Fig. 1. 

For  the evalua t ion  of this  e lectrode a cell as 
represented  schemat ica l ly  in Fig. 1 was used, and 
the potent ia l  of the polar ized reference electrode A 
was measured  against  a bubbl ing  revers ib le  H~ 
electrode,  which replaced  the work ing  electrode 
(WE).  

Stabilization of the poten t ia l . - - Immedia te ly  af ter  
in t roducing the reference  sys tem into the cell  and 
closing the reference  load circuit ,  the poten t ia l  of 
the polar ized reference  electrode (H2-evolving elec-  
t rode)  s tays 800-300 mv higher  than  the revers ib le  
bubbl ing  H2 electrode.  This high potent ia l  is due to 
the fact tha t  02 and surface oxides of P t  have to be 
reduced before the potent ia l  of the hydrogen  evo- 
lut ion can be reached.  I t  t akes  app rox ima te ly  20 
min at 1 m a / c m  e unt i l  the poten t ia l  drops to the 
s teady potent ia l  of the H2 evolution. 

This t ime is comparable  (or smal ler )  to the  t ime 
requi red  usual ly  to deaera te  the  measur ing  solu- 
tion, sa tura te  wi th  reac tan t  gas, etc. Fas te r  s tab i l -  
ization is reached if, before app ly ing  the 1 ma (cur -  
rent  we have selected as convenient ) ,  10 ma are 
appl ied  for 2 min. This is p rac t i ca l ly  done by  using, 
ins tead of a 45 ki loohm resistance,  a 40 and a 5 
ki loohm in series and shor t -c i rcu i t ing  for 2 min  the 
40 ki loohm resistance.  Af te r  2 min  the reference  
electrode is p rac t ica l ly  s tabi l ized (changes of less 
than 2 mv in 20 h r ) .  

The t ime dependence of the reference  poten t ia l  
was s tudied using a vol tage recorder .  The effect is 
not much higher  than  the t ime dependence of other  
usual  electrodes when used wi thout  special  p recau-  
tions (i t  was a lways  smal le r  than  5 mv  in severa l  
days) .  
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Table I. Correction term of potentlal referred to reversible 
H2 electrode vs. electrolyte concentration and temperature 

millivolt, European sign convection 

Electrolyte Room temp 30~ 40"C 60~ 92~ 

1M KOH --21 --22.8 --18.5 
4M KOIt --32 
5M KOH --38 --35 --33 --31 

--40 
0.5M H~SO4 --16 --18 --21.5 
1M H2804 --17 
5M H2SO4 --26 

--33 

--19 

The correction t erm. - - In  Table I the correct ion 
terms for different  conditions of t empe ra tu r e  and 
e lect rolyte  have been  summarized.  These values  
should be taken  only as an example.  For  accurate  
measurement  each special configuration should be 
ca l ibra ted  before use. 

Possible causes 05 error . - -When using the po la r -  
ized reference e lect rode in not  buffered solution in 
the middle  pH range the poss ibi l i ty  of a pH change 
on the polar ized electrode caused by  the slow H + 
or O H -  diffusion has to be considered.  In  such case 
the correct ion t e rm can amount  to severa l  hundred  
mil l ivolts ,  if the current  flowing through  the po la r -  
ized reference  electrode is h igher  than  the H + or 
O H -  diffusion l imi t ing current ,  bu t  also here  the 
correct ion t e rm  wil l  be constant. 

If the e lec t ro ly te  contains substances which are 
reducible  at potent ia ls  more posi t ive than  the po-  
ten t ia l  of hydrogen  evolution, the reference  elec- 
t rode can cease to work  as a He evolving electrode, 
and a special s tudy should be made  as to whe ther  
the process at the more posi t ive potent ia l  could 
serve as reference.  Another  possibi l i ty,  of course, 
would be to use a h ighly  impermeab le  d i aphragm 
s imi lar  to those of the calomel  electrode to avoid 
the presence of the reducib le  compound at  the re f -  
erence electrode. When work ing  wi th  solutions 
sa tu ra ted  wi th  O2 and using a med ium glass f r i t  we 
did not find such difficulties, p robab ly  due to the 
low solubi l i ty  of 02. 

Addi t ions  of reac tants  which are oxidable  at  a 
potent ia l  more posi t ive than the He potent ia l  do 
not affect the poten t ia l  of the polar ized reference 
electrode.  For  instance, the  addi t ion of some drops 
of CH3OH to the chamber  of the reference sys tem 
did not show any effect; only dur ing  3 min  was the 
potent ia l  by 10 mv more posit ive,  p robab ly  due to 
the dissolved oxygen contained in the added  meth -  
anol solutions; ne i ther  did NH8 addi t ions to 5M 
KOH have apprec iab le  effect. 

Another  precaut ion  is to avoid shaking the ref -  
erence electrode because this  causes the potent ia l  
to become suddenly  more posi t ive by  15 to 20 mv 
by the diffusion of O2 to the  electrode.  The po ten-  
t ial  recovers,  however ,  in app rox ima te ly  1 min. 
This effect could be minimized  by  insula t ing  the 
dynamic  reference  electrode (A)  wi th  a d i aphragm 
from the aux i l i a ry  electrode (B) .  But since this 
effect appears  only by  in tent ional  s trong shaking,  
it  seems tha t  such a step is not  necessary.  

Examples o~f Applicabili ty 
The polar ized reference electrode has been used 

sa t i s fac tor i ly  by  the au thor  as re ference  electrode 
in fuel  cell research,  in both a lka l ine  and base elec-  
t ro ly te  wi th  anodes using fuels such as methanol ,  
ethylene,  sa tu ra ted  hydrocarbons ,  ammonia ,  and 
wi th  oxygen electrodes,  both  in s t a t ionary  and 
t rans ient  measurements .  

A ve ry  good example  of demons t ra ted  appl ica-  
b i l i ty  is 75-95% HsPO4 in the range  of 150~176 
Under  these ex t reme  conditions this  polar ized re f -  
erence electrode gives consistent re ference  po ten-  
tials. The advantages  of the polar ized reference elec-  
t rode has been also confirmed by  other  workers  (1- 
3). 

Discussion 
Compar ing this dynamic  electrode wi th  such 

electrodes as calomel,  mercur ic  oxide, mercur ic  
sulfate,  s i lver  chloride, this  e lectrode has the  fol -  
lowing advantages :  

1. I t  does not in t roduce impur i t ies  such as C1- 
ions, or Hg 2+ ions; the smal l  amounts  of hydrogen  
and oxygen which can diffuse into the  main  com- 
pa r tmen t  are  usual ly  removed  by  sweeping gas. 

2. I t  gives d i rec t ly  the  potent ia l  against  the r e -  
vers ible  hydrogen  electrode under  the same condi-  
tions as the measured  electrode,  wi th  a correct ion 
t e rm  which amounts  only to few mil l ivol t .  (This 
type  of reference  potent ia l  against  the revers ib le  
hydrogen  electrodes under  the same condit ion is 
pa r t i cu l a r ly  meaningfu l  in studies of fuel  cell e lec-  
t rodes.)  

3. I t  does not  have a t empe ra tu r e  l imi ta t ion  as 
do most of the usual  reference  electrodes (calomel,  
s i lver  chloride, mercu ry  oxide, etc.) .  

4. I t  is appl icable  at  any  pH wi th  a d i aph ragm of 
low resis tance as long as no incompat ib le  produc t  is 
present  in electrolyte .  

5. Since the  resis tance of the d i aph ragm is low, 
this e lectrode appears  to be more  adequa te  than  the 
commercia l  calomel  e lect rode or glass electrodes for 
oscilloscopic measurements ;  also it should be ade-  
quate  for  fast  t rans ients  where  the resis tance be-  
tween  reference  e lect rode and work ing  electrode 
has to be kep t  small .  

Compared  wi th  the bubbl ing  revers ib le  H2- elec-  
trode, this  e lectrode has the advantage  tha t  a gas 
supply  is not  necessary  and tha t  contaminat ion  by  
hydrogen  in the  so lu t ior / i s  minimized.  I t  should be 
emphasized tha t  this e lectrode is not  supposed to 
compete wi th  the classical reference  electrodes when  
ex t reme  accuracy is requ i red  and the classical re f -  
erence electrodes are adequate.  

Manuscript received Apri l  9, 1963; revised manu-  
script received Dec. 2, 1963. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 
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The Application of an X-Ray Technique to the 

Examination of Electrodeposits 
R. Brownsword and J. P. G. Farr 

Department of Industrial Metallurgy, The University, Birmingham, England 

In studies on electrolyt ic  c rys ta l  growth,  pa r t i cu-  
l a r ly  of single crystals ,  it  is impor tan t  to confirm 
ep i t axy  be tween the deposit  and the substrate .  The 
normal  Laue  back-ref lect ion x - r a y  technique is 
not  ideal  for de te rmin ing  this in cases where  the 
deposi t  and subs t ra te  are of the same metal .  Dif-  
f ract ion spots on a back-ref lec t ion x - r a y  photo-  
g raph  of a single crys ta l  subs t ra te  may  also appear  
on the corresponding photograph  of the p la ted  
specimen. These m a y  der ive  f rom an ep i tax ia l  de-  
posit,  but  it  is often possible for the subs t ra te  to 
make  a sufficiently la rge  contr ibut ion to the dif-  
f ract ion pa t t e rn  to make  the la t te r  inconclusive.  

I t  seemed tha t  a B e r g - B a r r e t t  technique [e.g., 
(1) ] involving a glancing incidence of x - r a y s  on 
the specimen surface would be more useful  in es-  
tabl ishing epi taxy.  By ad jus tment  of the angle of 
incidence, the pene t ra t ion  of the x - r a y s  may  be 
control led according to the  deposit  thickness so as 
to reduce the possible contr ibut ion of the subs t ra te  
to the diffracted pa t t e rn  to an insignificant level.  

The absorpt ion  of x - r a y s  by a ma te r i a l  is ex-  
pressed by  the re la t ion I/Io ---- e - ~  where  Io a n d I  
are the radia t ion  intensi t ies  before and af ter  absorp-  
t ion respect ively,  g is the absorpt ion coefficient, and 
x is the thickness of absorbing mater ia l .  Appl ica~ 
t ion of this formula  y ie lds  a value of x for t~e  
length  of x - r a y  path in the absorber  to give for ex-  
ample  I/Io less than  5%. This value is re la ted  to 
the angle of x - r a y  incidence 0 as i l lus t ra ted  in Fig. 
1. Under  these conditions Be rg -Ba r r e t t  images 

a b 

showing only the s t ruc ture  of the deposit  are  ob- 
tainable.  

The technique has been appl ied  to a s tudy of the 
ep i taxy  of nickel  deposits formed, as has been de-  
scr ibed previous ly  (2) ,  on a nickel  single crystal  
subs t ra te  f rom a sulfate electrolyte.  The single 
crys ta l  was grown in an electron bombardmen t  
zone-mel t ing  furnace in such a way  as to contain a 
"s t r ia t ion"  subs t ruc ture  (3).  Misor ientat ion between 
neighboring elements  was about  1~ o. This s t ruc ture  
was r ead i ly  recognizable in Be r g - Ba r r e t t  photo-  
graphs,  and the cont inuat ion into the  deposit  of this 
fine s t ructure  would provide  clear  proof of epi taxy.  

In the present  B e r g - B a r r e t t  appara tus  chromium 
radia t ion  was used  wi th  a source-specimen distance 
of 80 cm. The incident  beam was Collimated with  a 
10 mm evacuated  ,lead tube. Kodak  B10 photo-  

Fig,  2. A Berg-Barrett image of a nickel single crystal sub- 
strate containing a striation substructure. X15. 

f f /  
" J 7  ''~ 

Fig. l, A comparison of the penetration of x-rays into an elec- 
trodeposit in (a) Berg-Barrett technique and !b) Laue back- 
reflection technique, showing the deeper penetration in the latter. 
In each, the length of x-ray path in the metal is the same, 
giving in this case 98% absorption of:the x-rays. Extreme cases 
are illustrated as the angle t~ is usually less than shown giving 
less penetration and the angle r greater than shown giving more 
penetration. 

Fig. 3. A Berg,Barrett image of an electrodeposit formed at 
!SaC on the substrate shown in Fig, 2. XIS. 
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Fig. 4. A Berg-Barrett image of an electrodeposit formed at 
99~ on the substrate shown in Fig. 2. X15. The images in Fig. 
2 and 3 are formed by the same Laue diffraction spot; the image 
in Fig. 4 is formed by a different Laue spot. 

g r a p h i c  p l a t e s  w e r e  p l a c e d  w i t h i n  1-3 m m  of t he  
s p e c i m e n  to r e c o r d  the  image .  A n g l e s  of inc idence  of 
10~ ~ w e r e  used,  and  these  g a v e  s u b s t r a t e  con-  
t r i b u t i o n s  to the  i m a g e  of less t h a n  2%. E x p o s u r e  
t imes  of 30 min  w e r e  used.  

Cliffe and  F a r r  (2)  f o u n d  m a r k e d  d i f fe rences  in 
the  t o p o g r a p h y  of depos i t s  f o r m e d  a b o v e  and  b e l o w  
a c r i t i ca l  e l e c t r o l y t e  t e m p e r a t u r e  r a n g e  of 94~176 
In  o r d e r  to c o m p a r e  these  depos i t  s t ruc tu re s ,  p l a t -  
ing  was  c a r r i e d  out  a t  10 m a / c m  e for  30 m i n  (g iv ing  
a 6~ th i ck  d e p o s i t )  a t  25 ~ and  a t  99~ 
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F i g u r e  2 is a B e r g - B a r r e t t  i m a g e  of  t he  subs t r a t e ,  
and  the  l i n e a r  s t r i a t i o n  s u b s t r u c t u r e  is seen  as l igh t  
and  d a r k  bands .  T h e  c i r cu l a r  a r e a  c o r r e s p o n d s  to  a 
p o r o s i t y  hole  f o r m e d  in f r eez ing  the  me ta l .  This  
f e a t u r e  p r o v e d  use fu l  as a l oca t ion  m a r k .  

In  the  i m a g e  f r o m  the  depos i t  f o r m e d  at  25~ 
(Fig .  3) ,  the  ho le  m a y  be  seen, b u t  t h e r e  is no ev i -  
dence  of t he  s t r i a t i o n  s u b s t r u c t u r e .  In  con t ras t ,  t he  
s t r i a t i o n  s t r u c t u r e  has  c l e a r l y  been  r e p r o d u c e d  in 
the  depos i t  f o r m e d  at  99~ (Fig .  4) .  

I t  a p p e a r s  t h e r e f o r e  t h a t  depos i t s  f o r m e d  a b o v e  
98~ a re  e p i t a x i a l  w i t h  the  subs t r a t e .  W h i l e  L a u e  
spots  w e r e  s t i l l  o b t a i n a b l e  f r o m  the  depos i t  f o r m e d  
a t  25~ the  depos i t  no l o n g e r  c o n f o r m e d  so c lose ly  
to t he  s t r u c t u r e  of  the  subs t r a t e .  
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The Mechanism of Electrolytic Rectification 
A. Middelhoek 

N. V. Philips Gloeilampen3~abrieken, Zwolle, The Netherlands 

I t  has  been  k n o w n  for  a long t i m e  t ha t  t he  s y s t e m  
m e t a l / m e t a l  o x i d e / e l e c t r o l y t e ,  w h e r e  the  m e t a l  is 
Ta,  A1, etc.  ( s o - c a l l e d  v a l v e  m e t a l s ) ,  e x h i b i t s  r e c t i -  
f ication.  W h e n  the  m e t a l  is a n o d i c a l l y  po la r i zed ,  
t h e r e  is a " s m a l l "  cu r r en t ,  t he  l e a k a g e  c u r r e n t ;  
w h e n  the  m e t a l  is c a t h o d i c a l l y  po la r i zed ,  a "h igh"  
c u r r e n t  flows, t he  f o r w a r d  cu r ren t .  

V a r i o u s  theor ies ,  as  m e n t i o n e d  in S c h m i d t ' s  a r t i c l e  
(1 ) ,  h a v e  been  p r o p o s e d  to e x p l a i n  t he  p h e n o m e n o n  
of e l e c t ro ly t i c  rec t i f ica t ion ,  viz., s e m i c o n d u c t o r  
theor ies ;  m e c h a n i c a l  de fec t  t heo r i e s :  pores ,  f laws,  
microf i s sures ;  e l e c t r o c h e m i c a l  theor ies .  A conc lus ive  
e x p l a n a t i o n  has  no t  y e t  been  found.  

A n u m b e r  of m o r e  or  less  w e l l - k n o w n  p h e n o m e n a  
conce rn ing  the  e l e c t r o l y t i c  r ec t i f i ca t ion  h a v e  been  
co l lec ted  be low,  and  on th is  bas i s  a n e w  t h e o r y  is 
p r o p o s e d  ( p r o t o n  c u r r e n t  m e c h a n i s m ) .  

A. On  p o l a r i z i n g  Ta  a n o d i c a l l y  in an e l e c t r o l y t e  
an  o x i d e  f i lm is f o r m e d ;  i ts  t h i cknes s  is p r o p o r t i o n a l  
to the  f o r m i n g  p o t e n t i a l  a t  cons t an t  c u r r e n t  dens i ty .  
S u b s e q u e n t  ca thod ic  p o l a r i z a t i o n  causes  a "h igh"  
c u r r e n t  flow; h y d r o g e n  is deve loped ,  and  a f t e r  some 
t ime  the  Ta  m e t a l  becomes  h a r d  and  b r i t t l e  (2) .  

B. T h e  s y s t e m  A 1 / A l e O J m e t a l  or  T a / T a e O J m e t a l  
p r o b a b l y  e x h i b i t s  no rec t i f i ca t ion  in  an  a b s o l u t e l y  
d r y  s ta te .  The  p r e s e n c e  of m o i s t u r e  (HeO) seems  es-  
s en t i a l  for  r ec t i f i ca t ion  (3) .  

C. Anod ic  o x i d e  films, o b t a i n e d  b y  fo rming ,  a r e  
not  porous  if  w e l l  p r e p a r e d .  W i t h  the  e l ec t ron  
mic ro scope  one can  d e t e c t  v e r y  f e w  or  no  pores ;  
f u r t h e r m o r e  i t  is k n o w n  t h a t  AleO8 m e m b r a n e s  a re  
ab le  to w i t h s t a n d  gas  p r e s s u r e  d i f fe rences  of 0.14 
a t m  w i t h o u t  l e a k a g e  (1) .  

D. The  sys tem,  T a / T a 2 O j e v a p o r a t e d  Pt ,  exh ib i t s  
a h i g h e r  c o n d u c t a n c e  in  a H2 a t m o s p h e r e .  A u  or  A1 
c o u n t e r e l e c t r o d e s  do no t  e x h i b i t  th is  effect (1) .  

E. I t  is poss ib le  to s e p a r a t e  A120~ f i lms f rom the  
u n d e r l y i n g  A1 m e t a l  b y  an  excess ive  He d e v e l o p -  
men t ,  e.g., b y  swi t ch ing  d.c. or  a.c. The  d e v e l o p e d  
H2 h a r d l y  d i s so lves  in A1 a t  r o o m  t e m p e r a t u r e  and  
acts  as a w e d g e  b e t w e e n  the  A1 and  the  ox ide  f i lm 
(4) .  

These  p h e n o m e n a  can  be  i n t e r p r e t e d  in t e r m s  of 
t he  fo l lowing  m e c h a n i s m :  

M 

e+H+--> 
4-- 

M oxide  

H H + ~  
H ) 

+ 

e l e c t r o l y t e  or  o the r  
p r o t o n  donor ,  e.g., 
HeO or  P t / H  

Hq-H -~ He 

W h e n  the  v a l v e  m e t a l  is n e g a t i v e l y  po la r i zed ,  
p ro tons  f r o m  the  e l e c t r o l y t e  can  diffuse t h r o u g h  the  
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ox ide  f i lm u n d e r  the  inf luence  of t h e  a p p l i e d  f ie ld 
(see  a b o v e ) .  The  l a t t e r  is c o n s i d e r a b l y  s m a l l e r  t h a n  
the  f o r m i n g  field, a n d  t h e r e f o r e  t h e  a s s u m p t i o n  is 
m a d e  t h a t  t he  m o b i l i t y  of t he  p r o t o n s  in  t he  ox ide  
is c o n s i d e r a b l y  l a r g e r  t h a n  t h a t  of t he  Ta  or  A1 ions. 
The  p ro tons  a r r i v i n g  a t  t he  m e t a l / m e t a l  ox ide  i n t e r -  
face  wi l l  be  n e u t r a l i z e d  to H a toms.  

These  H a t o m s  can  e i t h e r  d i s so lve  i n t e r s t i t i a l l y  
in  t he  m e t a l  ( p o i n t  A )  or  col lec t  a t  t he  in t e r face .  
The  H2 gas  so f o r m e d  can  e i t h e r  d i f fuse  b a c k  to the  
e l e c t r o l y t e  or  c r a c k  the  ox ide  f i lm a n d  d i s a p p e a r  as 
H2 gas  (po in t  E ) .  P o i n t  B is also cons i s t en t  w i t h  t he  
s u g g e s t e d  m e c h a n i s m  because  m o i s t u r e  (H20)  
m i g h t  act  as a source  of p ro tons .  

The  m e c h a n i s m  s u g g e s t e d  he re  d i f fers  c o n s i d e r -  
a b l y  f r o m  the  t h e o r y  b a s e d  on pores ,  etc.,  as  p r o -  
posed  b y  Y o u n g  (2) ,  V e r m i l y e a  (12) ,  a n d  K l e e f s t r a  
(14) .  P o i n t  C, h o w e v e r ,  i nd ica t e s  t h a t  a t  l eas t  in  
m a n y  cases,  t h e r e  a r e  v e r y  f e w  or  no  pores  in  t he  
ox ide  l a y e r  (15) .  I t  is b e l i e v e d  t h e r e f o r e  t h a t  t he  
m e c h a n i s m  s u g g e s t e d  in  th i s  p a p e r  is b e t t e r  jus t i f ied .  

A f u r t h e r  jus t i f i ca t ion  fo r  t he  p r o p o s e d  m e c h a n -  
i sm can  be  f o u n d  in t he  b e h a v i o r  of t he  glass  e l ec -  
t r o d e  w h i c h  is k n o w n  to ac t  as a m e m b r a n e  p e r m e -  
ab l e  for  H + ions. I t  is k n o w n  t h a t  anod ic  ox ide  films, 
o b t a i n e d  b y  f o r m i n g  at  m o d e r a t e  t e m p e r a t u r e s ,  a r e  
a m o r p h o u s  a n d  glassy .  The  a u t h o r  is t h i n k i n g  of a 
p a r a l l e l  w i t h  t he  g lass  e lec t rode .  The  d i f fus ion  of 
v e r y  s m a l l  c h a r g e d  p a r t i c l e s  ( p r o t o n s )  is m u c h  
m o r e  p r o b a b l e  t h a n  the  d i f fus ion of u n c h a r g e d ,  
b i g g e r  p a r t i c l e s  (H a t o m s )  as S c h m i d t  p roposes .  
Moreove r ,  t he  h y p o t h e s i s  of  S c h m i d t  neces s i t a t e s  an  
e l ec t ron ic  c u r r e n t  to flow t h r o u g h  the  ox ide  to p r o -  
m o t e  t h e  r e a c t i o n H  + ~- e - ~  H or  ( H 3 0 )  + -b e - ~  
H ~- H20 a t  t he  i n t e r f ace  o x i d e / e l e c t r o l y t e .  In  th i s  
case  i t  is a lso diff icul t  to  see  w h y  t h e  H2 shou ld  no t  
choose  the  m u c h  eas i e r  w a y  of e scap ing  v i a  t h e  l i q -  
u i d  e l ec t ro ly t e .  I t  m a y  be  r e m a r k e d  t h a t  in  p r i n c i p l e  
t he  s ame  t h e o r y  m a y  be  v a l i d  u n d e r  c e r t a i n  c o n d i -  
t ions  for  o t h e r  " s m a l l "  pos i t i ve  ions, e.g., N a  +. In  
t h a t  case  t he  d e h y d r a t i o n  e n e r g y  of  t he  ca t ion  m u s t  
p l a y  an  i m p o r t a n t  ro l e  a n d  acts  as an  e x t r a  b a r r i e r  

in  t h e  doub le  l a y e r  n e a r  t h e  o x i d e / e l e c t r o l y t e  i n t e r -  
face.  

A difficult  po in t  in  t he  a f o r e m e n t i o n e d  m e c h a n i s m  
was  the  fac t  t h a t  the  "so l id"  Ta  capac i t o r  e x h i b i t s  
r ec t i f i ca t ion  e v e n  w h e n  encased  in  a " m o i s t u r e - f r e e "  
can. I n  r ecen t  l i t e r a t u r e ,  h o w e v e r ,  i t  is f o u n d  t h a t  
p y r o l y t i c  MnO2 con ta ins  v a r i o u s  a m o u n t s  of  h y -  
d r o g e n  (16-19)  so t ha t  t he  MnO2 can  act  as  the  
p r o t o n  donor .  

T h e r e  a r e  s t r ong  ind i ca t ions  t h a t  the  e l e c t r o l y t i c  
r ec t i f i ca t ion  p h e n o m e n a  can  be  f u l l y  e x p l a i n e d  w i t h  
the  hypo the s i s  of p r o t o n  conduc t ion  t h r o u g h  b u l k  
ox ide ,  a l t h o u g h  m e c h a n i c a l  de fec t s  m a y  p l a y  a c e r -  
t a i n  m i n o r  role .  

Manuscr ip t  rece ived  Nov. 22, 1963. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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Studies on the Oxygen Gradients in Oxidizing Metals 
I. Zirconium 

J. P. Pemsler 
Ledgemont Laboratory, Kennecott Copper Corporation, Lexington, Massachusetts 

ABSTRACT 

The oxygen  grad ien t  benea th  the  oxide film on z i rconium oxidized at 850~ 
for t imes ranging  f rom 8 to 305 hr  has been measured.  The technique  used 
involves the measuremen t  of the  ra te  of dissolut ion of in te r fe rence  colored 
oxide films. Expe r imen ta l l y  de te rmined  gradients  are  in good agreement  wi th  
a theore t ica l  express ion involving the diffusivity,  t ime, and oxide film th ick-  
ness. Meta l lography  and microhardness  measurements  demons t ra ted  the  exis t -  
ence of a number  of "phases" in the  oxygen  containing meta l  substrate.  These 
are  be l ieved to be associated wi th  o rde r -d i so rde r  react ions.  No evidence of 
zones of constant  composi t ion or  s t eady-s t a t e  gradients ,  as repor ted  by  p re -  
vious invest igators ,  were  observed.  

The  o x i d a t i o n  of g roups  I V A  and  V A  m e t a l s  d i f fer  
f r o m  t h a t  of  o t h e r  m e t a l s  in  t h a t  d u r i n g  o x i d a t i o n  
s igni f icant  quan t i t i e s  of o x y g e n  d i s so lve  in t he  m e t a l  
s u b s t r a t e  s i m u l t a n e o u s l y  w i t h  t he  g r o w t h  of ox ide ,  
so t h a t  a m e t a l  zone r i ch  in o x y g e n  fo rms  b e n e a t h  
the  ox ide  l aye r .  The  ro l e  t h a t  o x y g e n  so lu t ion  p l a y s  
in  the  m e c h a n i s m  of o x i d a t i o n  of t he se  m e t a l s  is no t  
c l e a r l y  unde r s tood .  

W a l l w o r k  and  J e n k i n s  (1)  s t u d i e d  the  o x i d a t i o n  of 
t i t a n i u m  in t he  t e m p e r a t u r e  r a n g e  800~176 
T h e y  p ropose  an  in i t i a l  p a r a b o l i c  r a t e  a s soc ia t ed  w i t h  
t he  f o r m a t i o n  of an  o x y g e n  di f fus ion g r a d i e n t  in  t he  
me ta l ,  f o l l owed  b y  a l i n e a r  r a t e  a s soc ia t ed  w i t h  t he  
e s t a b l i s h m e n t  of a cons t an t  o x y g e n  g r a d i e n t  in t he  
me ta l .  S t e a d y - s t a t e  g r a d i e n t s  w e r e  also r e p o r t e d  for  
z i r c o n i u m  a n d  h a f n i u m  a l t h o u g h  no add i t i on a l  d e -  
t a i l s  w e r e  p rov ided .  Kofs t ad ,  A n d e r s o n ,  and  K r u d t a a  
(2)  s t u d i e d  the  o x i d a t i o n  of t i t a n i u m  in t he  t e m -  
p e r a t u r e  r a n g e  800~176 T h e y  r e p o r t  t h a t  t he  
c o n c e n t r a t i o n  of o x y g e n  in t he  o u t e r  l a y e r s  of the  
m e t a l  t ends  t o w a r d  a l i m i t i n g  v a l u e  c o r r e s p o n d i n g  
to TiO0.3s, a n d  t h a t  t he  o x y g e n  g r a d i e n t  r e m a i n s  a p -  
p r o x i m a t e l y  c o n s t a n t  a f t e r  a p e r i o d  of t ime .  Bo th  of 
t he se  o b s e r v a t i o n s  a r e  c o r r e l a t e d  w i t h  changes  in  t he  
k ine t i c s  f r o m  p a r a b o l i c  to l i n e a r  b e h a v i o r .  

O s t h a g e n  and  K o f s t a d  (3)  f o u n d  the  r a t e  of o x i d a -  
t ion of z i r c o n i u m - o x y g e n  a l loys  i n c r e a s e d  w i t h  r i s -  
ing  o x y g e n  con t en t  up  to  12 to 15 at. %, a b o v e  w h i c h  
t h e r e  was  no f u r t h e r  i nc rea se  in r a t e  w i t h  o x y g e n  
conten t .  M i c r o h a r d n e s s  s tud ies  on spec imens  ox id i zed  
for  v a r i o u s  l eng th s  of t ime  up  to 11 h r  a t  800~ sug -  
ges ted  t h a t  o x y g e n  in an  o u t e r  l a y e r  of t he  m e t a l  
r e a c h e d  a " s a t u r a t i o n "  v a l u e  c o r r e s p o n d i n g  to 12 to 
15 at.  %. The  au tho r s  p ropose  t h a t  a c c e l e r a t e d  o x i -  
da t i on  c o m m e n c e s  due  to c r a c k i n g  of  th is  " s a t u r a t e d "  
l ayer .  A k r a m  and  S m e l t z e r  (4)  s t u d i e d  the  o x i d a t i o n  
of  z i r c o n i u m  at  800 ~ a n d  850~ On  the  bas i s  of 
m i c r o h a r d n e s s  m e a s u r e m e n t s  t h e y  r e p o r t  t h a t  a f t e r  
60 h r  a t  850~ the  c o n c e n t r a t i o n  of o x y g e n  as  a 
func t ion  of d i s t ance  in  t h e  m e t a l  b e n e a t h  t h e  ox ide  
f i lm is def ined  b y  a s t e a d y - s t a t e  conf igura t ion  d u r -  
ing  l i n e a r  ox ida t ion .  A m o d e l  for  the  o x i d a t i o n  
t h r o u g h  a d u p l e x  scale  cons i s t ing  of a po rous  and  
c o m p a c t  ox ide  is g i v e n  b a s e d  on a s t e a d y - s t a t e  o x y -  

gen  c o n c e n t r a t i o n  in the  m e t a l  d u r i n g  l i n e a r  o x i d a -  
t ion.  

T h r e e  of  t he  p u b l i c a t i o n s  c i t ed  a b o v e  (1 -3 )  thus  
ass ign  a c a u s a t i v e  ro le  to t he  o x y g e n  g r a d i e n t  in 
d e t e r m i n i n g  the  k ine t i c s  of o x i d a t i o n  of g roup  I V A  
meta l s .  Bo th  zones of c o n s t a n t  compos i t i on  a n d  
s t e a d y - s t a t e  g r a d i e n t s  a r e  r e p o r t e d .  

In  a p r e v i o u s  i n v e s t i g a t i o n  the  a u t h o r  (5)  s t u d i e d  
the  o x y g e n  g r a d i e n t  in z i r c o n i u m  a l loys  co r rod ing  in  
an  a p p r o x i m a t e l y  p a r a b o l i c  m a n n e r  in s t e a m  at  650 ~ 
and  750~ The  " m o t t l i n g "  of a n o d i c a l l y  depos i t ed  
f i lms was  used  to m e a s u r e  o x y g e n  concen t r a t ion .  The  
d a t a  fit a t h e o r e t i c a l  e x p r e s s i o n  i n v o l v i n g  a p a r a -  
bol ic  ox ida t ion  ra te .  No ev idence  was  found  for  a 
zone of cons t an t  o x y g e n  compos i t i on  a d j a c e n t  to t he  
oxide .  

The  p r e s e n t  s t u d y  r e p r e s e n t s  a f u r t h e r  i n v e s t i g a -  
t ion  in to  t he  n a t u r e  of t he  o x y g e n  g r a d i e n t  in ox i -  
d ized  m e t a l s  and  the  effect  of the  g r a d i e n t  on the  
o x i d a t i o n  m e c h a n i s m .  

Theory 

C a l c u l a t i o n  of  t he  o x y g e n  g r a d i e n t  b e n e a t h  t he  
f i lm on ox id ized  m e t a l s  necess i t a t e s  the  so lu t ion  of a 
m o v i n g  i n t e r f a c e  d i f fus ion  p r o b l e m  w i t h  t he  o x i d a -  
t ion  r a t e  as a b o u n d a r y  condi t ion .  The  so lu t ion  to 
th is  p r o b l e m  for  t he  case  of z i r c o n i u m  ox id iz ing  a t  
a p a r a b o l i c  r a t e  has  been  d e r i v e d  e l s e w h e r e  (5) .  

The  o x y g e n  c onc e n t r a t i on  C a t  a d i s t ance  x' f r o m  
the  o x i d e / m e t a l  i n t e r f a c e  is g i v e n  b y  the  e x p r e s s i o n  

e r f c [ ( x ' / 2 ~ / D t ) + (  Vz~ ) ( ~ / ~ _ ~ ' ) ]  

C = Cs 

er c [ ( - -  
Vzro2 

[1] 

w h e r e  Cs is t he  o x y g e n  c o n c e n t r a t i o n  in  z i r c o n i u m  
coex i s t ing  w i t h  ZrOe, D is t he  d i f fus ion coefficient  of 
o x y g e n  in z i r c o n i u m  a t  t he  e x p e r i m e n t a l  t e m p e r a -  
tu re ,  Vzr is t h e  a tomic  v o l u m e  of z i rcon ium,  Vzro~ is 
the  m o l a r  v o l u m e  of z i r c o n i u m  oxide ,  and  k' is t h e  
p a r a b o l i c  r a t e  l a w  cons tan t .  

The  a b o v e  e q u a t i o n  m a y  be  r e w r i t t e n  in  t he  f o r m  

381 
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erfc (x /2~/Dt  ) 
C = Cs [2] 

erfc (s/2~/Dt) 

where  s is the  d is tance  of the  o x i d e - m e t a l  in te r face  
f rom the  posi t ion  of the  in i t i a l  surface  and  x = x' + s. 
I n t e g r a t i o n  of Eq. [2] gives the tota l  q u a n t i t y  of 
oxygen  p r e sen t  in  the  meta l  b e n e a t h  the  oxide film 

[ exp (--s~/4Dt) s j 
M = 2Csh/Dt _ [3] 

N/~ erfc (s /2h/Dt)  2k /Dt  

where  M is the q u a n t i t y  of oxygen  dissolved in the 
me ta l  per  u n i t  a rea  of surface.  

No solu t ion  to the  genera l  case whe re  the me t a l  
oxidizes at  a n o n p a r a b o l i c  ra te  has been  given.  How-  
ever,  in  the  case of z i r con ium oxidiz ing in  a p ro tec -  

t ive  m a n n e r  where  s < <  2N/Dr, subs t i t u t i on  of n u -  
mer ica l  va lues  in  Eq. [2] indicates  tha t  the diffusion 
g r ad i en t  is r e l a t i ve ly  i n d e p e n d e n t  of the va lue  of 
the oxide th ickness  and  depends  p r i m a r i l y  on va lues  
of the diffusion coefficient D and  the t ime  t. If it  is 
t hen  as sumed  tha t  d u r i n g  oxida t ion  the concen t r a -  
t ion  of oxygen  at the  m e t a l / o x i d e  in te r face  is equa l  
to the  s a tu r a t i on  va lue  of oxygen  in  z i r con ium and  
tha t  ox ida t ion  occurs by  diffusion th rough  a pro tec-  
t ive film, t h e n  Eq. [2] ought  to r ep resen t  a good ap-  
p r o x i m a t i o n  to the  oxygen  g rad ien t  ob ta ined  d u r i n g  
n o n p a r a b o l i c  pro tec t ive  kinet ics .  

Anod ica l ly  deposi ted in t e r f e r ence  colored oxide 
films have  been  used by  the  au thor  to d e t e r m i n e  the 
diffusion coefficient of o x y g e n  in  z i r con ium (6) a nd  
in h a f n i u m  (7) .  U n i f o r m  in t e r f e r ence  colored films 
were  deposi ted on samples  anodical ly ,  and  the s a m -  
ples were  t h e n  hea ted  in  v a c u u m  at  an  appropr i a t e  
t e m p e r a t u r e  for v a r y i n g  lengths  of t ime.  The  ob-  
served decrease  in  f i lm th ickness  AL, as no ted  by  a 
cor responding  change  in  i n t e r f e r ence  color, is r e -  
la ted  to the  d i sp lacemen t  of the o x i d e / m e t a l  b o u n d -  
a ry  x '  by  the  fo l lowing  express ion  i nvo lv ing  the re -  
spect ive mola r  vo lumes  

Vzr saturated 
x '  = [ 4 ]  

VZrO2 

The d i sp lacemen t  of o x i d e / m e t a l  b o u n d a r y  is in 
t u r n  re la ted  to the  di f fus ivi ty  by  the  equa t ion  

x ' =  2b~/Dt [5] 

where  b is f ound  to sa t is fy  the  equa t i on  

1 Co 
b(1 + e r fb)  e-b2 [6] 

The  q u a n t i t y  Co is the  difference b e t w e e n  the  sa tu -  
r a ted  concen t r a t i on  Cs and  the in i t i a l  concen t r a t i on  
of oxygen  in  the  meta l ,  and  mo r ep resen t s  the  weigh t  
of oxygen  r emoved  f rom the  ZrO2 consumed  in  the 
gene ra t i on  of u n i t  v o l u m e  of sa tu ra t ed  z i r con ium 
(ZrO0.40). The  diffusion coefficient of oxygen  in a lpha  
z i r con ium was found  to obey the equa t ion  

Dcm2/sec = 5.2 exp [ (--50,800 • 870)/RT] [7] 

in  the  r ange  400~176 
In  the above s tudy,  me t a l  of neg l ig ib le  oxygen  

con ten t  was  used. If, however ,  a sample  of oxidized 

me ta l  is pol ished n o r m a l  to the  oxide film, there  wi l l  
be a g rad ien t  in  the  oxygen  concen t r a t i on  in  the 
me ta l  n e a r  the  oxide film. Anod iza t ion  of the  pol -  
ished face wil l  p roduce  a n e a r l y  u n i f o r m l y  th ick  i n -  
t e r fe rence  colored oxide film. W h e n  such a sample  is 
a n n e a l e d  in  v a c u u m  to a l low the  in t e r f e rence  film 
to dissolve into the  metal ,  a film whose th ickness  is 
r e la ted  to the  in i t i a l  oxygen  con ten t  of the  me t a l  wi l l  
resul t .  Thus,  sufficiently far  in to  the  me t a l  subs t r a t e  
the  fi lm wi l l  decrease  in  th ickness  according to the 
ra te  of diffusion of oxygen  in o x y g e n - f r e e  metal .  In  
the  o x y g e n - c o n t a i n i n g  zone nea r  the m e t a l / o x i d e  
in te r face  the ra te  of decrease  in  th ickness  of the 
in t e r f e rence  colored film wi l l  be less t h a n  in  the  oxy-  
gen - f r ee  subs t ra te .  I m m e d i a t e l y  ad jacen t  to the 
m e t a l / o x i d e  in te r face  there  can be no decrease  in  
film th ickness  w i th  t ime,  since the me ta l  is a l ready  
sa tu ra t ed  wi th  oxygen.  

Subs t i t u t i on  of the  p roper  n u m e r i c a l  va lues  into 
Eq. [5],  [6], a nd  [7] demons t r a t e s  tha t  the  ra te  of 
decrease  in  film th ickness  is n e a r l y  p ropor t iona l  to 
the f rac t ion  s a tu r a t i on  of the  metal .  Thus,  a f ter  
diffusion, the o x y g e n - r i c h  zone in  the me t a l  wi l l  r e -  
veal  i n t e r f e rence  colors r a n g i n g  f rom the  in i t ia l  
anodized color at the  m e t a l / o x i d e  in te r face  to a 
m a x i m u m  change  in  color at a point  in  the  me ta l  
where  the  oxygen  con ten t  becomes negl igible .  A 
q u a n t i t a t i v e  me a su r e  of the  g r ad i en t  can  there fore  
be ob t a ined  by  anodic  deposi t ion  and  diffusion and  
s u b s e q u e n t l y  m e a s u r i n g  the  th ickness  of i n t e r f e r -  
ence color oxide as a func t ion  of d is tance  f rom the 
m e t a l / o x i d e  in terface .  

Experimental 
Since diffusion of oxygen  in  z i r con ium is h igh ly  

anisotropic ,  it was des i rab le  to make  obse rva t ions  on 
s ingle  grains.  Therefore ,  a coa r se -g ra ined  rod was 
p r epa red  by  zone me l t i ng  crys ta l  ba r  z i rconium.  
Disks 7 m m  in  d i a m e t e r  a nd  4 m m  thick  w i th  g ra in  
sizes of the  order  of 3 m m  in  d i ame te r  were  cut  f rom 
nea r  the  cen te r  of the  zone me l t ed  rod. Samples  were  
pol ished wi th  e m e r y  cloth to a 4 /0  finish, e tched for 
30 sec in  an  aqueous  so lu t ion  of 50% ni t r ic  a nd  5% 
hydrof luor ic  acids, and  exposed to oxygen  at 850~ 
a nd  1 a t m  for d i f ferent  per iods of t ime. Af te r  cool- 
ing, the samples  were  pol ished n o r m a l  to one of 
the  c i rcu la r  faces and  cut  in  hal f  n o r m a l  to the  d i rec-  
t ion of the  polish. E x t r e m e  care was t a k e n  to p re -  
v e n t  f r ac tu re  of the oxide a nd  the e m b r i t t l e d  me ta l  
zone ad jacen t  to the  oxide. One  of the  two ha l f -  
por t ions  of each sample  was  anodized;  the  o ther  
was saved for compar i son  purposes.  Anod iza t ion  
took place in  a 1 wt  % KOH solut ion wi th  the  s am-  
ples as anode  and  a p l a t i n u m  wi re  as cathode. Speci-  
mens  were  anodized  for 10 m i n  at 20v to produce  
l i g h t - b l u e  colored films 580A (6) thick.  S m a l l  por -  
t ions  in  the  cen te r  of the samples  remote  f rom the 
diffusion zone were  anodized  at 35v to p roduce  films 
1015A thick.  The anodized ha l f - s amples  were  t hen  
hea ted  in v a c u u m  for 145 m i n  at  510~ at a p ressure  
of less t h a n  10 -5 Torr.  This  t r e a t m e n t  did not  sig- 
n i f ican t ly  a l te r  the  g rad ien t  in  the  me ta l  subs t ra te .  
A b o u t  550A of oxide diffused in to  the me ta l  in  the 
oxyge n - f r e e  zone so tha t  me ta l  remote  f rom the 
o x i d e / m e t a l  in te r face  had  no in t e r f e rence  color re-  
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ma in ing .  The exact  ex t en t  of oxide solut ion in  oxy-  
gen - f r ee  me ta l  was  m e a s u r e d  b y  compar i son  of the  
color of the  por t ion  of the  spec imen  which  had  been  
anodized at  35v wi th  appropr i a t e  s tandards .  The two 
ha l f - s amples  were  t h e n  b u t t e d  agains t  each o ther  
separa ted  by  a mica  i n s u l a t i n g  spacer  and  held 
t igh t  in  a plast ic  jig. Contac t  was  made  to the  con-  
t rol  h a l f - s p e c i m e n  t h r o u g h  a t a n t a l u m  wire.  The  
en t i re  j ig  could thus  be immersed  d u r i n g  anod iza -  
t ion wi th  on ly  the  cont ro l  h a l f - s p e c i m e n  be ing  ano -  
dized. The  control  spec imen was  t h e n  anodized suc-  
cessively in  2v inc rement s .  Af te r  each anod iza t ion  
the m o u n t e d  samples  were  e x a m i n e d  at 800 d i a m e t e r  
magni f ica t ion  in  a Lei tz  me ta l l og raph  wi th  a p ro -  
jec t ion  screen. Since the re  is a smal l  difference in  
the in t e r f e rence  color ob ta ined  on anod iza t ion  of 
o x y g e n - r i c h  me ta l  compared  w i th  o x y g e n - f r e e  
metal ,  the  compar i son  of colors b e t w e e n  the  con-  
t rol  and  diffused specimen was  fac i l i ta ted  by  us ing  
a control  spec imen  of iden t ica l  oxygen  g rad i en t  to 
tha t  of the  sample.  The dis tance  was  m e a s u r e d  f rom 
the m e t a l / o x i d e  in te r face  in  the  diffused sample  
at which  its color cor responded  to tha t  of the  ano -  
dized control  an  equa l  d is tance  f rom the m e t a l / o x i d e  
in terface .  By this  m e a n s  the  oxygen  concen t r a t i on  
could be d e t e r m i n e d  as a f unc t i on  of dis tance f rom 
the m e t a l / o x i d e  interface.  

In  order  to ca lcula te  the  theore t ica l  g r ad i en t  ac-  
cording  to Eq. [2] ,  it  is necessa ry  to k n o w  the  d i f -  
fus ion  coefficient of oxygen  in  z i r con ium at 850~ 
Since m e a s u r e m e n t s  were  car r ied  out on s ingle  gra ins  
and  the diffusion of oxygen  in  z i r con ium is o r i e n t a -  
t i o n - d e p e n d e n t ,  it  was  necessa ry  to d e t e r m i n e  sepa-  
r a t e ly  the diffusion coefficient of oxygen  in  each 
g ra in  in  the d i rec t ion  of diffusion, tha t  is, n o r m a l  to 
the o r ig ina l ly  pol ished face. S u b s e q u e n t  to the  above 
g r ad i en t  m e a s u r e m e n t s ,  therefore ,  the  samples  were  
r emoved  f rom the  j ig  and  the oxide film and  oxyge n -  
r ich zone n o r m a l  to the  in i t i a l ly  pol ished face were  
r emoved  by  abras ion.  The diffusion coefficient of 
oxygen  in  the d i rec t ion  of ox ida t ion  was  t h e n  de t e r -  
m i n e d  by  s u b s e q u e n t  anodiza t ion  and  diffusion as 
p rev ious ly  descr ibed (6) .  Resul t s  are p resen ted  in  
Tab le  I. 

Results 

The oxygen  concen t r a t i on  g r ad i en t  was  de te r -  
m i n e d  by  the  color compar i son  me thod  for each of 
five samples  exposed to oxygen  at  850~ and  1 a t m  
pressure  for t imes  r a n g i n g  f rom 8 to 305 hr. The  
da ta  po in ts  are shown  in  Fig. 1. The  solid l ines  i nd i -  
cate the  theore t ica l  g rad ien t  as ca lcu la ted  f rom Eq. 
[2]. The fit of the e x p e r i m e n t a l  poin ts  to the  theo-  
re t ica l  equa t ion  is good and  indicates  that ,  a l though  
Eq. [2] was  der ived  r igorous ly  on ly  for the  case of 
parabol ic  oxidat ion,  the express ion  m a y  be used to 

Table I. Diffusion coefficient of oxygen in single grains at 850~ 

Sample, 
oxidation time, hr DssoOc, cm2/see 

8 6.22 x 10 - l ~  
24 6.55 x 10 -z~ 
68 8.16 x I0 -1~ 

117.5 8.85 x 10 - i ~  
305 6.24 x 10 - i ~  
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define oxygen  g rad ien t s  in  samples  oxidiz ing by  n o n -  
parabol ic  pro tec t ive  kinet ics .  

In  the above samples  m e a s u r e m e n t s  were  made  at 
areas  covered in i t i a l ly  by  b lack  a d h e r e n t  oxide films, 
which  showed no ev idence  of c rack ing  w h e n  ex -  
a m i n e d  u n d e r  polar ized light.  A s ingle  spec imen  
f rom the  "finish end"  of the  zone me l t ed  rod was  
exposed for  64 h r  to oxygen  at  850~ a nd  i a tm.  This 
a p p a r e n t l y  c o n t a m i n a t e d  sample  was  covered  for 
the mos t  pa r t  w i th  flaky, wh i t e  oxide. In  o ther  areas 
a dup lex  scale existed,  cons is t ing  of a wh i t e  cracked 
outer  l ayer  and  a da rk  a d h e r e n t  i n n e r  layer .  A n o -  
d iza t ion  and  diffusion e x p e r i m e n t s  car r ied  out  us ing  
this sample  ind ica ted  tha t  the  depths  of oxygen  
pene t r a t i ons  were  m u c h  less t h a n  the va lues  cal-  
cu la ted  f rom Eq. [2].  

D u r i n g  me ta l log raph ic  obse rva t ion  zones of opt i -  
cal ly active me t a l  were  observed  b e n e a t h  the  ox ide /  
me ta l  interface.  These zones were  best  observed in  
u n e t c h e d  samples  which  had  been  ex tens ive ly  pol -  
ished. F igu re  2 shows these  opt ica l ly  act ive zones in  
a po lyc rys t a l l i ne  sample.  Hardness  t r ave r ses  were  
ob ta ined  on two of the  s ingle  g ra in  samples  us ing  a 
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Fig. I .  Oxygen gradients in zirconium oxidized at 850~ 

Fig. 2. Structure of zirconium-oxygen solid solution in oxidized 
polycrystaliine zirconium. Oxide-metal interface is at top. (see 
arrow). 
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Fig. 5. Distribution of oxygen in zirconium oxidized at 850~ 

Fig. 3. Microhardness data for zirconium oxidized at 850~ for 
305 hr. 

Fig. 4. Microhardness data for zirconium oxidized at 850~ for 
117.5 hr. 

K n o o p  i n d e n t e r  w i t h  a 15g load.  The  m i c r o h a r d n e s s  
d a t a  s u p e r i m p o s e d  on p h o t o m i c r o g r a p h s  a r e  s h o w n  
in Fig. 3 and  4. D i scon t inu i t i e s  in t he  m i c r o h a r d n e s s  
cu rves  c o r r e l a t e  we l l  w i t h  t he  pos i t i on  of zones in  
t he  p h o t o m i c r o g r a p h s .  The  o x y g e n  c o n c e n t r a t i o n s  a t  
these  p h a s e  b o u n d a r i e s  as d e t e r m i n e d  f r o m  Fig.  1 
a r e  g iven  in T a b l e  II. 

Table II. "Phase boundary" concentrations in zirconium substrate 
exposed to oxygen at 850~ and 1 atm 

E x p o s u r e  
t ime ,  h r  " P h a s e  b o u n d a r y "  concen t r a t i ons  

117.5 ZrOo.32 ZrO0.26 ZrO0.21 ZrOo.16 
305 ZrO0.31 ZrO0.2~ ZrOo.e2 ZrO0.17 

" P h a s e  b o u n d a r i e s "  c o r r e s p o n d  a p p r o x i m a t e l y  to 
concen t r a t i ons  e q u i v a l e n t  to Zr80,  Zr40,  Zr50,  a n d  
Zr60.  The  a p p e a r a n c e  of  t he  p h o t o m i c r o g r a p h s  sug -  
ges t  t h a t  o r d e r - d i s o r d e r  r eac t i ons  t a k e  p lace  in o x y -  
g e n - c o n t a i n i n g  z i r c o n i u m  at  some t e m p e r a t u r e  b e -  
low t h a t  of t he  ox ida t ion .  The  ZrsO s t r u c t u r e  has  
been  p r e v i o u s l y  iden t i f i ed  b y  x - r a y  s tud ies  and  
found  to have  a h o m o g e n e i t y  r a n g e  u p  to t he  so lu -  

b i l i t y  l imi t  (ZrO0.40) (8) .  T h a t  the  Z r30  s t r u c t u r e  
does not  r e p r e s e n t  a zone of cons t an t  compos i t i on  is 
r e a d i l y  seen b y  e x a m i n a t i o n  of a d i f fused  s a m p l e  
w h i c h  shows a con t inuous  v a r i a t i o n  of co lor  ( a n d  
hence,  o x y g e n  c o n c e n t r a t i o n )  t h r o u g h  the  Zr~O 
phase  b o u n d a r y  up  to t he  s o l u b i l i t y  l imi t .  

K i n e t i c  d a t a  d e r i v e d  f r o m  e x p e r i m e n t a l  m e a s u r e -  
m e n t s  of the  ox ide  f i lm th i cknes s  and  di f fus ion g r a d i -  
en ts  a r e  shown  in Fig .  5. The  inc rease  in o x y g e n  con-  
t a i n e d  in  sol id  so lu t ion  in t he  m e t a l  obeys  a p a r a b o l i c  
r a t e  law,  as w o u l d  be  e x p e c t e d  f rom di f fus ion  k i -  
net ics.  Su rp r i s i ng ly ,  t he  i nc rea se  in f i lm th i cknes s  
a f t e r  the  first  8 h r  obeys  an  a p p r o x i m a t e l y  " q u a r t i c  
r a t e  l aw . "  No spec ia l  s igni f icance  is a t t a c h e d  to the  
v a l u e  of the  r a t e  exponen t ,  excep t  to i nd i ca t e  a 
r a p i d l y  dec r ea s ing  ra te .  F o r  those  o r i en t a t i ons  e x -  
a m i n e d  the  d i f fe rences  in o r i e n t a t i o n  of t he  g r a in s  
ox id i zed  a p p e a r s  to p l a y  a less  s igni f icant  ro le  in the  
r a t e  of f i lm th i cknes s  g r o w t h  t h a n  in t he  d i f fus ion 
of o x y g e n  into t he  m e t a l  s u b s t r a t e  s ince  g ra ins  s ide 
b y  s ide  h a d  n e a r l y  e q u i v a l e n t  f i lm th i cknes se s  b u t  
not  n e c e s s a r i l y  e q u i v a l e n t  o x y g e n  di f fus ion g r a d i -  
ents.  The  to t a l  w e i g h t  ga in  o b t a i n e d  b y  s u m m a t i o n  
of the  c o n t r i b u t i o n s  of the  f i lm th i cknes s  and  o x y g e n  
in so lu t ion  bes t  fits a cubic  r a t e  l a w  wh ich  has  been  
f o u n d  b y  o the r  i n v e s t i g a t o r s  to be  o b e y e d  ove r  a 
w ide  r a n g e  of t e m p e r a t u r e s  for  z i rcon ium.  

The  c o n f o r m i t y  of  z i r c o n i u m  o x i d a t i o n  to t he  cubic  
r a t e  l a w  a t  850~ is v e r y  su rp r i s ing ,  s ince  in effect 
a t  th is  t e m p e r a t u r e  i t  r e p r e s e n t s  the  s u m m a t i o n  of 
an  a p p r o x i m a t e l y  " q u a r t i c "  f i lm g r o w t h  a n d  p a r a -  
bol ic  o x y g e n  solut ion.  A t  l o w e r  t e m p e r a t u r e s  the  
c o n t r i b u t i o n  of o x y g e n  so lu t ion  is neg l ig ib l e  so t h a t  
in fac t  t h a t  r a t e  of f i lm g r o w t h  i t se l f  m u s t  be  cubic.  
The  r ea son  for  th is  is no t  unde r s tood .  

Discussion 

E x a m i n a t i o n  of Fig .  1 ind ica t e s  t ha t  no s t e a d y -  
s t a t e  g r a d i e n t  is a t t a i n e d  as  h a d  been  r e p o r t e d  b y  
A k r a m  and  S m e l t z e r  (4 ) .  This  d i s a g r e e m e n t  is 
p r o b a b l y  due  to s e v e r a l  reasons .  F i r s t ,  the  p r e v i o u s  
i nves t i ga to r s  used  a h e a v i e r  l oad  in t h e i r  m i c r o -  
h a r d n e s s  s tudies ,  p r o d u c i n g  a m u c h  l a r g e r  i n d e n t a -  
t ion  t h a n  used  in  t he  c u r r e n t  inves t iga t ion .  Thus,  
t he  h a r d n e s s  r e a d i n g  was  an  a v e r a g e  ove r  a l a r g e r  
r a n g e  of o x y g e n  concen t r a t ion .  Second,  t he  c u r r e n t  
i nves t i ga t i on  has  shown  t h a t  t he  h a r d n e s s  of z i r -  
c o n i u m - o x y g e n  so lu t ions  is h i g h l y  o r i e n t a t i o n  d e -  
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p e n d e n t  and  tha t  e x t r e m e l y  h a r d  zones are p re sen t  
in  the meta l .  In  the p rev ious  w o r k  five ha rdness  
scans were  t a k e n  and  the  a r i t hme t i c  average  for 
each d e t e r m i n a t i o n  used. This  ave rage  m a y  differ 
cons ide rab ly  f rom an  ind ica t ion  of the  t rue  oxygen  
content .  F u r t h e r m o r e ,  according to Eq. [2] and  us ing  
the weigh t  ga in  da ta  of the  p rev ious  inves t iga tors ,  
the oxygen  g rad ien t s  ob ta ined  af ter  60 hr  and  a f te r  
100 hr  do not  v a r y  great ly ,  and  the  difference be -  
tween  t h e m  was u n d o u b t e d l y  b e y o n d  the  l imi t  of de-  
tec t ion of the me thod  used.  

The " sa tu r a t i on"  va lue  of the  g r ad i en t  r epor ted  
by  Os thagen  and  Kofs tad  (3) on the  basis of mic ro -  
ha rdness  s tudies  u n d o u b t e d l y  r ep resen t s  a zone of 
cons tan t  hardness ,  such as t ha t  shown  n e a r  the  
o x i d e / m e t a l  in te r face  in  Fig. 3. However ,  on the  
basis of anod iza t ion-d i f fus ion  m e a s u r e m e n t s ,  it has 
been  c lear ly  d e m o n s t r a t e d  in  this  i nves t iga t ion  t ha t  
this zone does no t  r ep re sen t  a zone of cons t an t  
composi t ion.  

In  s u m m a r y ,  the  con fo rmi ty  of the  oxygen  grad i -  
en t  to a theore t ica l  express ion  i nvo lv ing  pro tec t ive  
ox ida t ion  kinet ics  indica tes  tha t  the  oxygen  g rad i -  
ent  is the  effect and  not  the cause of the  observed  
oxida t ion  kinetics.  D u r i n g  pro tec t ive  oxida t ion  the  
depth  of oxygen  p e n e t r a t i o n  wi l l  con t i nue  to i n -  
crease. W h e n  the oxide film s tar ts  to crack a nd  
a dup lex  oxide fi lm forms wi th  an  ou te r  c racked 
l ayer  and  i n n e r  a d h e r e n t  layer ,  ox ida t ion  wi l l  p ro -  
ceed at an  accelera ted  ra te  and  the oxygen  g rad i en t  
wi l l  be consumed  at  a ra te  more  rap id  t h a n  it can 
rep len i sh  itself. U n d e r  these c i rcumstances  the dep th  
of oxygen  p e n e t r a t i o n  wi l l  decrease  wi th  t ime.  W h e n  
the en t i r e  oxide fi lm consists of a cracked wh i t e  ox-  
ide layer ,  the  dep th  of p e n e t r a t i o n  of oxygen  be -  
yond  the o x i d e / m e t a l  in te r face  can sh r ink  to a 
ve ry  smal l  value.  Tha t  the c rack ing  of the  oxide 
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l ayer  is no t  associated w i th  a cr i t ical  va lue  of the  
g r ad i en t  is a p p a r e n t  f rom the  fact t ha t  wh i t e  and  
da rk  areas are  found  to exist  on the  same sample  
and  to pers is t  d u r i n g  per iods of con t inued  oxidat ion.  
Whi le  c rack ing  of the  oxide fi lm m a y  be associated 
wi th  an  i n n e r  b r i t t l e  l ayer  of o x y g e n - c o n t a i n i n g  
metal ,  there  is no conclusive ev idence  in  the  l i t e ra -  
t u r e  to suppor t  this  hypothesis .  

The oxygen  g rad ien t s  in  oxidized h a f n i u m  are 
be ing  s tudied  in  this  l abo ra to ry  and  wi l l  be r e -  
por ted  in  a s u b s e q u e n t  communica t ion .  

Acknowledgments 
The au thor  is i ndeb t ed  to Mr. J. Li tchfield for 

t echn ica l  ass is tance and  sugges t ions  t h r o u g h o u t  the 
course of this  inves t iga t ion .  T h a n k s  are also ex-  
pressed to Mrs. M. P l u m r i d g e  for me ta l log raph ic  
p r e p a r a t i o n  and  Mr. R. Lei te  for the  mic roha rdness  
de te rmina t ions .  The z i r c on i um rod was  zone me l t ed  
at Mater ia l s  Research  Corporat ion,  Orangeburg ,  
New York. 

Manuscript  received Sept. 10, 1963. 

Any discussion of this paper  will appear in  a Dis- 
cussion Section to be published in  the December 1964 
JOURNAL. 

REFERENCES 

I. G. R. Wallwork and A. E. Jenkins, This Journal, I06, 
10 (1959). 

2. P. Kofstad, P. B. Anderson, and O. J. Krudtaa,  J. 
Less-Common Metals, 3, 89 (1961). 

3. K. Osthagen and P. Kofstad, This Journal, 1@9, 204 
(1962). 

4. K. H. Akram and W. W. Smeltzer, Can. Metallurgical 
Quart., 1,41 (1962). 

5. J. P. Pemsler,  J. Nuclear Materials, 7, 16 (1962). 
6. J. P. Pemsler,  This Journal, 105, 315 (1958). 
7. J. P. Pemsler,  ibid., 1@6, 1067 (1959). 
8. B. Holmberg and T. Dagerhamn, Acta Chem. Scand., 

15, 919 (1961). 



A Hypothesis for the Change in Potential of Iron on 
Uncoupling from Tin in Citric Acid Solution 

W. Roger Buck, III, A. N. J. Heyn, 1 and Henry Leidheiser, Jr. 
Virginia Institute :for Scientific Research, Richmond, Virginia 

ABSTRACT 

When electrical contact is broken between electrodes of i ron and t in im-  
mersed in boil ing 0.2M citric acid containing S n ( I I ) ,  the potential  of the iron 
moves in  the noble direction for a short time and then in  the active direction 
for a much longer time unt i l  a s teady-state value is reached wi th in  several 
hours. The largest shift in  the noble direction and the slowest rate of r e tu rn  
to a steady-state value were obtained with pure iron. Potent ial  measurements ,  
electron microscope studies, electron diffraction studies, studies using radio-  
active tin, and measurements  using ell iptically polarized light were made in 
order to explain the phenomenon.  The following hypothesis was proposed to 
explain the potential  changes observed. When iron and t in are in electrical con- 
tact under  the exper imenta l  conditions used, an i ron- t in  alloy is formed on the 
iron surface. Simultaneously  with the formation of the alloy, or as a secondary 
process, there is formed a small amount  of excess tin. The shift to the noble 
value after uncoupl ing is a result  of the dissolution of this excess tin. The slow 
drift to the steady-state value is a consequence of the dissolution of a minu te  
amount  of the i ron- t in  alloy with the resul t ing formation of a definite ratio 
of anodic/cathodic surface area. 

One  of the  more  i n t r i g u i n g  facts abou t  the e lec t ro-  
chemical  behav io r  of the  i r o n - t i n  couple in  acid 
so lu t ion  is the so-cal led  "uncoup l i ng  shift ."  W h e n  
electr ical  contact  is b r o k e n  b e t w e e n  electrodes of 
i ron  and  t in  in citric acid con ta in ing  S n ( I I ) ,  the po-  
t en t i a l  of the  i ron  moves  in  the  noble  d i rec t ion  for 
a short  t ime  and  then  in  the act ive d i rec t ion  for a 
long t ime. This  p h e n o m e n o n  was first observed  by  
Koehle r  (1) at 60 ~ 

The purpose  of this  paper  is to s u m m a r i z e  m a n y  
n e w  e x p e r i m e n t a l  obse rva t ions  re la ted  to the u n -  
coupl ing  shift and  to offer a hypothes is  for the  be-  
havior  of the i ron  electrode.  

Experimental 
All  the e x p e r i m e n t s  car r ied  ou t  in  this  s tudy  

were  conducted  at the bo i l ing  po in t  u n d e r  ref lux in 
0.2M citric acid. Po t en t i a l  m e a s u r e m e n t s  were  made  
aga ins t  a s a tu ra t ed  calomel  e lectrode (S.C.E.) m a i n -  
t a ined  at  room t e m p e r a t u r e  in  a smal l  vessel  b r idged  
to the  react ion vessel  by  m e a n s  of a cap i l l a ry  tube.  
P o t e n t i a l - t i m e  curves  were  recorded  wi th  a S a r -  
gen t  Record ing  Po ten t iomete r .  Elec t r ica l  contact  
wi th  the me ta l  spec imens  was made  t h rou gh  the  
cen te r  of a Teflon assembly.  The spec imens  made  
f i rm contact  w i t h  the  end  of the  Teflon so tha t  on ly  
the meta l  specimens,  and  not  the e lectr ical  connec-  
tions, made  contact  w i th  the  solut ion.  

Metals used . - -T in  was obta ined  f rom the Vu lcan  
D e t i n n i n g  C o m p a n y  and  had a l is ted p u r i t y  of 
99.998%. F e r r o v a c - E  i ron  was  used in  the  m a j o r i t y  
of e x p e r i m e n t s  and  was  ob ta ined  f rom V a c u u m  
Metals  Corpora t ion  as 1/2 in. rods. A typ ica l  ana lys i s  
as g iven  b y  the  m a n u f a c t u r e r  showed:  C 0.007%, 
Ni 0.005%, Co 0.005%, Cu 0.004%, A1 0.005%, Si 

1Presen t  address :  D e p a r t m e n t  of Physics ,  A u b u r n  Univers i ty ,  
Auburn ,  Alabama.  

0.008%, Sn  0.001%, S 0.005%, P 0.003%, Mn 0.003%, 
N2 0.0003%, 02 0.015%, a nd  Fe  99.92%. Armco  
i ron was  ob ta ined  f rom the  Armco  Steel  Company .  
The ana lys i s  of this  m a t e r i a l  as g iven  by  the  sup-  
pl ier  was:  C 0.02%, Mn 0.03%, P 0.009%, and  S 
0.016%. Bat te l le  h igh  p u r i t y  i ron  was ob t a ined  f rom 
Bat te l le  Memor ia l  I n s t i t u t e  in  the  fo rm of a slab, 
1/~. in. in  thickness.  The i ron  was  ident if ied as Speci-  
m e n  F of Ingot  B-1313. Ac tua l  analys is  was:  C 
0.006%, 02 0.0022%, N2 0.00007%, He 0.00002%, 
less t h a n  50 p p m  Sb, As, Si, a nd  V; less t h a n  5 ppm 
of Be, B, and  P; less t h a n  50 p p m  of Cd and  Ga;  
less t h a n  1 p p m  Pb  and  W; 4 p p m  A1 and  Ni; 1 p p m  
Ca, Cu, Cr, Mn, a nd  Sn;  10 p p m  Co and  Mo; and  
2 p p m  Mg. T y p e - L  steel was  ob ta ined  as a ho t -  
rol led ba r  m a n u f a c t u r e d  by  the  Un i t ed  Sta tes  Steel  
Corporat ion.  It  had  a mi l l  lad le  ana lys i s  of: C 0.04%, 
Mn 0.30%, P 0.012%, S 0.039%, Si 0.009%, Cu 
0.02%, Ni 0.03%, Cr 0.01%, and  As 0.007%. The 
bar  had been  ho t - ro l l ed  f rom a m e c h a n i c a l l y  capped 
ingot.  JM spec t rographic  i ron  was  ob ta ined  f rom 
Johnson  Mat they  Company ,  Ltd.  The ana lys i s  f u r -  
n i shed  wi th  the rods ind ica ted :  C 0.03%, 02 0.01%, 
and  N2 0.01%. The fo l lowing e lements  were  p resen t  
in a m o u n t s  g iven  in  ppm:  Si  7, Mn  4, Cu 3, Ni 2, 
Mg 1, and  Ag, Na, and  Li less t h a n  1. T h i r t y - n i n e  
o ther  e l ements  i n c l u d i n g  the t r ans i t i on  e lements  
were  specifically sought  a nd  not  detected.  P u r o n  
i ron was  ob ta ined  abou t  10 years  ago f rom Wes t ing -  
house Electr ic  Corpora t ion  as 5 m m  rods and  had 
the fo l lowing analys is :  A1, B, Ca, Cr, Ga, Ir,  Ag, 
W, and  V less t h a n  0.00005%, Ba 0.00003%, Pb  
0.00003%, C 0.005%, O8 0.04%, Co 0.001%, Ni 
0.0015%, Cu 0.0008%, Mg 0.0001%, Mn 0.00001%, 
S 0.003%, Ne 0.004%, Z n  0.0008%, P less t h a n  
0.001%, Si less t h a n  0.001%, Mo less t h a n  0.0001%, 
Ti less t h a n  0.00001%, and  S n  less t h a n  0.002%. 
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Table I. Potential vs. S.C.E. in boiling 0.2M citric acid 

I n  a b s e n c e  W i t h  
o f  S n  ( I I ) ,  v 10-SM S n  ( I I ) ,  v 

Iron --0.58 --0.52 
Tin --0.62 --0.56 
I ron- t in  couple --0.60 --0.56 
Iron, after uncoupl ing from - -  --0.42 to --0.45 

t in (max imum value) 

In  all  the  expe r imen t s  wi th  m a c h i n e d  samples  the 
i rons  were  etched in  2M tIC1 in  order  to r emove  the 
w o r k - h a r d e n e d  surface  r e su l t ing  f rom the  m a c h i n -  
ing opera t ion  and  were  t hen  e tched for a shor t  t ime  
in  the acid u n d e r  test. I n  those e x p e r i m e n t s  in  which  
it was necessa ry  to reduce  sur face  roughness  to a 
m i n i m u m ,  the  samples  were  pol ished chemica l ly  
in  MirroFe.  ~ 

I m m e d i a t e l y  af ter  pol ishing,  the  samples  were  
immersed  for shor t  per iods of t ime  in  NaOH and  
H2SO4 solut ions  pr ior  to wash ing  wi th  dis t i l led  
water .  

Results 

The grea t  in te res t  in  the  u n c o u p l i n g  shift  phe -  
n o m e n o n  stems f rom the  fact tha t  the  po ten t i a l  of 
an  i ron  sample  coupled  to t in  in  bo i l ing  ci tr ic  acid 
so lu t ion  con t a in ing  S n ( I I )  becomes s igni f icant ly  
more  noble  af ter  u n c o u p l i n g  t h a n  tha t  of an  u n -  
coupled i ron sample  in  the same med ium.  A n o t h e r  
in te res t ing  fea tu re  of this  sys tem is t ha t  the po t en -  
t ial  of an  i ron  sample  is s igni f icant ly  more  nob le  in  
boi l ing 0.2M citric acid con t a in ing  S n ( I I )  t h a n  it 
is in  the same m e d i u m  in  the  absence of dissolved 
S n ( I I ) .  Table  I gives r e p r e s e n t a t i v e  figures for the  
po ten t i a l  of F e r r o v a c - E  i ron and  t in  electrodes ex-  
posed to boi l ing  0.2M citric acid solut ion.  

Uncoupling shift phenomenon.--Many exper i -  
men t s  have  been  car r ied  out  wi th  i ron  of d i f ferent  
p u r i t y  and  wi th  severa l  steels. Rep re sen t a t i ve  ex -  
pe r imen t s  for 6 di f ferent  ma te r i a l s  are  s u m m a r i z e d  
in  Fig. 1. In  these  expe r imen t s  the  i ron  a nd  t in  
were  coupled e x t e r n a l l y  for 30-120 m i n  pr ior  to u n -  
coupl ing  and  the  S n ( I I )  concen t r a t i on  was 10 .4  
to 10-3M. It  wi l l  be  no ted  tha t  the  commerc ia l  t y p e -  
L steel used in  the  m a n u f a c t u r e  of t in  p la te  gave 

2 O b t a i n a b l e  f r o m  M c D e r m i d  C o m p a n y ,  W a t e r b u r y ,  C o n n e c t i c u t .  42~ 
7 - - 4 4 0  J.M SPECTROGRAPHIC IRON 

~ - -460 

480 ~ B A T T E L L E  IRON 

~ - -520 FERROVAC-E IRON 

PURON 

--54 TYPE ~$TEEL 

--580 
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Fig. 1. Potential behavior of 6 samples of iron after uncoupling 
from tin in boiling 0.2M citric acid containing either 10 - 4  or 
10-3M dissolved tin. 
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Fig. 2. Uncoupling shift curve showing an example of the tendency 
towards a plateau. 

an  ins igni f icant  u n c o u p l i n g  shift  u n d e r  the condi -  
t ions  used and  w i t h i n  a shor t  per iod of t ime  as-  
sume d  a po ten t i a l  charac ter i s t ic  of the  steel in  
bo i l ing  citric acid con ta in ing  dissolved tin.  The  
P u r o n  i ron  y ie lded  a smal l  u n c o u p l i n g  shift.  Armco  
iron, a m o d e r a t e l y  pure  commerc ia l  iron,  gave a 
sharp  u n c o u p l i n g  shift. The v a c u u m - c a s t ,  c o m m e r -  
c ia l ly  pu re  i ron,  Fe r rovac -E ,  gave a b igger  shif t  
in  the  noble  d i rec t ion  and  took a longer  t ime to 
reach the  va lue  charac ter i s t ic  of tha t  in  citric acid 
con ta in ing  S n ( I I ) .  The  two pure  l a b o r a t o r y  irons, 
J o h n s o n  Mat they  Spec t rographic  i ron  and  the  s am-  
ple ob ta ined  f rom Bat te l le  Memor ia l  Ins t i tu te ,  gave 
the m a x i m u m  shif t  in  the  noble  d i rec t ion and  a 
v e r y  slow dr i f t  back  to the  va lue  charac ter i s t ic  of 
tha t  in  ci tr ic acid con ta in ing  S n ( I I ) .  

The  most  nob le  po ten t i a l  ever  observed  at the 
m a x i m u m  was --410 m v  and  was  ob ta ined  wi th  
the spec t rographic  iron. As a genera l  rule ,  however ,  
the  po ten t i a l  at  the  m a x i m u m  was - - 4 2 0 - - - 4 5 0  m v  
wi th  F e r r o v a c - E  iron,  which  was  used in  the  great  
m a j o r i t y  of the  exper imen t s .  

In  some cases an  inflect ion was  observed  in  the 
curve  d u r i n g  the  change  to the  most  nob le  value.  
F i g u r e  2 is an e xa mpl e  of this  inflection. Curves  
w i th  a m a j o r  inf lect ion were  most  of ten  ob t a ined  
u n d e r  the fo l lowing  condi t ions:  exposures  for sev-  
era l  days to the boi l ing acid con ta in ing  S n ( I I )  long 
coupl ing  t imes  of the  o rder  of 16-24 hr,  a nd  t in  
concen t ra t ions  s l ight ly  in excess of 10-3M. It was  
also no ted  tha t  w h e n  a curve  wi th  a m a j o r  inflect ion 
was obta ined ,  it could not  be r ep roduced  on the 
same spec imen  w i t hou t  ano the r  long per iod  of 
coupl ing.  

P r o n o u n c e d  u n c o u p l i n g  shifts  of the  same genera l  
type  as those observed  in  citr ic acid were  also 
ob ta ined  in  hydrochlor ic ,  sulfur ic ,  and  su l famic  
acids con ta in ing  10-8M dissolved S n ( I I ) .  

P r o n o u n c e d  u n c o u p l i n g  shifts were  also ob ta ined  
in  the  presence  of A s ( I I I )  in  citric acid u n d e r  the 
same condi t ions  u n d e r  which  u n c o u p l i n g  shifts  were  
o b t a i n e d  in  the  p resence  of S n ( I I ) .  No u n c o u p l i n g  
shifts or ins igni f icant  shifts  were  ob ta ined  in  the 
presence  of In  ( I I I ) ,  Cd ( I I ) ,  Pb  ( I I ) ,  or B i ( I I I )  ions. 

U n c o u p l i n g  shifts  could no t  be  ob ta ined  us ing  an  
appl ied  po t en t i a l  a n d  an  i ne r t  anode  in  boi l ing 
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citr ic acid solut ions  in  the absence  of S n ( I I ) .  U n -  
coupl ing  shifts  were  obta ined,  however ,  in  ci tr ic 
acid solut ions  con ta in ing  no dissolved t in  p rov ided  
tha t  the i ron  was  first made  the cathode in  a so lu-  
t ion  con t a in ing  ve ry  low concen t r a t ions  of t in.  

Exposure  to air  for 1 sec or more  of an  i ron  elec-  
t rode  which  had  p rev ious ly  been  coupled to t in,  
fol lowed b y  r e i m m e r s i o n  in  the boi l ing acid, r e -  
su l ted  in  a po ten t i a l  a p p r o x i m a t e l y  the  same as 
tha t  of the  most  noble  va lue  d u r i n g  the  u n c o u p l i n g  
shift,  n a m e l y  - - 4 2 0 - - - 4 5 0  mv.  

Estimate of the number  of coulombs required to 
yield the uncoupling shi f t . - -The fo l lowing  expe r i -  
men t s  were  car r ied  ou t  us ing  c u r r e n t  m e a s u r e m e n t s  
as an  aid to l e a r n i n g  someth ing  abou t  the  charac te r  
of the i ron  surface p r io r  to uncoup l ing .  In  order  to 
make  these m e a s u r e m e n t s  it was  necessa ry  to es- 
t ab l i sh  an assumed s t a n d a r d  surface on the i ron.  
This  was  accompl ished as follows: an  i ron  sample  
sur faced  in  Mi r roFe  was  exposed to bo i l ing  0.2M 
citr ic acid con ta in ing  10-3M S n ( I I )  for th ree  days. 
I t  was t h e n  coupled to a t in  e lectrode of equa l  su r -  
face area ove rn igh t  and  successively uncoup l e d  a nd  
recoupled  for short  per iods  of t ime  u n t i l  a r ap id  
u n c o u p l i n g  shif t  was obta ined.  D u r i n g  this  series 
of expe r imen t s  the m a x i m u m  va lue  d u r i n g  the  
change  in  the noble  d i rec t ion  was  --420 my.  

Af te r  this  s t anda rd  s tate  had b e e n  achieved,  the  
i ron sample  was coupled to t in  t h rough  a va r i ab l e  
rheos ta t  which  was m a n u a l l y  opera ted  so as to give 
essen t ia l ly  potent ios ta t ic  condi t ions  at the  i ron  e lec-  
trode.  The po ten t i a l  of the  couple  was  w i t h i n  1 m v  
of tha t  of t i n  in this med ium.  A record ing  p o t e n -  
t i ome te r  ind ica ted  tha t  the po ten t i a l  r e m a i n e d  con-  
s t an t  to --+2 my.  Coupl ing  t imes were  va r i ed  f rom 
1 to 1000 sec and  the  po ten t i a l  was  va r i ed  in  10 m v  
i n c r e m e n t s  f rom --500 to --540 mv.  The  i ron  was  
recoupled  to t in  w h e n  the po ten t i a l  f rom a p rev ious  
u n c o u p l i n g  reached  --470 my.  This  po ten t i a l  was  
no t  cr i t ical  and  was chosen for conven ience  only.  
The po ten t i a l  at the  most  noble  va lue  was  de te r -  
m i n e d  as a f unc t i on  of po la r iz ing  po ten t i a l  and  the  
c u r r e n t  pass ing  t h rough  the  cell. 

Plots  of the  m a x i m u m  va lue  reached  af ter  p r io r  
po la r iza t ion  to a k n o w n  po ten t i a l  vs. the  t ime  of 
coupl ing  were  p r epa red  and  these  plots  we re  ex -  
t r apo la t ed  to the t ime  necessa ry  to give the m a x -  
i m u m  va lue  of --420 inv.  The c u r r e n t  f lowing 
t h r o u g h  the sys tem was ca lcula ted  f rom a k n o w l -  
edge of the  po ten t i a l  difference b e t w e e n  the  elec-  
t rodes and  the  e x t e r n a l  resis tance.  The ex t r apo la t ed  
va lue  was  t hen  used to ca lcula te  the  a m o u n t  of cu r -  
r e n t  r equ i r ed  to es tab l i sh  the i ron  e lect rode in  a 
condi t ion  w h e r e b y  the most  noble  va lue  (--420 m y )  
wou ld  have  b e e n  obta ined .  

These resul t s  (Tab le  II)  ind ica te  tha t  the  n u m b e r  
of coulombs necessa ry  to give the  m a x i m u m  u n -  
coupl ing  shift  increases  w i th  a decrease in  the  po-  
lar iz ing potent ia l .  E x t r a p o l a t i o n  of these  va lues  on 
a semi loga r i thmic  plot  ind ica ted  t ha t  0.0015 cou-  
lombs  are r equ i r ed  w h e n  the  i ron  electrode is po-  
lar ized to the  t in  po ten t i a l  by  di rect  coup l ing  of 
the  two meta l s  each exposing an  e q u i v a l e n t  s u r -  
face area  of 3.5 cm 2. This  n u m b e r  of coulombs  is 

Table II. 

T i m e  requ i red  Es t imated  coulombs 
to g ive  m a x i m u m  requ i red  to g ive  

Polar iz ing  potential ,  uncoupl ing  shi f t  m a x i m u m  uncoupl ing  
ray (ex t rapola ted) ,  see shift ,  coulombs 

--540 85 0.0070 
--530 170 0.014 
--520 400 0.032 
--510 1250 0.092 
--500 2500 0.17 

e q u i v a l e n t  to 1.4 x 1015 a toms of t in  per  cm 2 a s s u m -  
ing reduc t ion  f rom the  d iva l en t  state. For  re fe rence  
purposes  the  n u m b e r  of a toms on the (100) face of 
i ron is a p p r o x i m a t e l y  2 x 10 '~ per  cm 2. 

Polarization curves of iron in boiling 0.2M citric 
acid in the presence and absence of S n ( I I ) . - -  Po-  
t e n t i a l - c u r r e n t  m e a s u r e m e n t s  were  made  on cy l in -  
d r ica l  i ron  electrodes wh ich  were  each suppor ted  
at  the  end  of a Teflon e lect rode assembly.  The  cur -  
r en t  was  m e a s u r e d  w i th  a m i c r o a m m e t e r  a nd  the 
po ten t i a l  was  con t inuous ly  recorded.  Po t en t i a l  p ick-  
up was by  me a ns  of a Lugg in  capi l lary.  

The r ep roduc ib i l i t y  of the po la r iza t ion  curves  in  
separa te  e xpe r i me n t s  was poor bu t  the r e l a t ive  po-  
s i t ion of the  pa i rs  of anodic  and  cathodic curves  in 
the presence  and  absence  of dissolved S n ( I I )  was 
a lways  the same. In  all  cases, the  es t imated  exchange  
cu r r en t s  differed b y  a p p r o x i m a t e l y  two orders  of 
magn i tude ,  wi th  the  S n ( I I ) - c o n t a i n i n g  so lu t ion  a l -  
ways  y ie ld ing  the  lower  exchange  cur ren t .  These 
resul ts  are in  accord w i th  those of K a m m  and  
Wi l ley  (2) who m a d e  polar iza t ion  cu rve  d e t e r m i n a -  
t ions  in  0.1M ci t ra te  buffer  a t  room t e m p e r a t u r e  
and  found  tha t  the  exchange  c u r r e n t  on steel  was  
g rea t ly  decreased in  the p resence  of 35 p p m  dis-  
solved tin.  Ex t r apo la t i on  of the i r  va lues  leads to an  
es t imate  tha t  the  exchange  c u r r e n t  is decreased to 
0.01 of its u n i n h i b i t e d  va l ue  in  the  presence  of t in.  
Koeh le r  (3) also found  t h a t  the exchange  cu r -  
r en t  of a steel e lect rode in  c i t ra te  buffer  con ta in ing  
50 p p m  dissolved t in  at 37.8 ~ was  decreased to 0.01 
of its fo rmer  va lue  af ter  the  steel had  b e e n  in  elec- 
t r ica l  contact  w i th  a t in  electrode.  

Corrosion potential of an iron-tin alloy.--Covert 
and  Uhl ig  (4) p r e p a r e d  samples  of FeSn2 by  im-  
m e r s i n g  i ron  (99 .95%) ,  % x % x %  in., in  m o l t e n  t in  
at 488 ~ for 7-9 days. The u n a l l o y e d  i ron  and  t in  
were  r emoved  b y  exposure  to 50 v o l u m e  per  cent  
HNO3. X - r a y  diffract ion ana lys i s  ind ica ted  the  
presence  of FeSn2, Sn, and  FeSn.  I t  was  es t i -  
ma t e d  tha t  the  p roduc t  con ta ined  95% FeSn2. The 
fo l lowing corrosion po ten t ia l s  we re  d e t e r m i n e d  in  
0.1M citr ic acid s a tu ra t ed  w i t h  hydrogen :  FeSn2 
--0.516v, Fe --0.539v, Sn  --0.606 v. 

L u n e r  and  M u r r a y  (5) have  p r epa red  t h i n  films 
of FeSn2 by  r e m o v a l  of bo th  the  t in  a nd  i ron  f rom 
t inp la t e  us ing  modified s t r ipp ing  techniques .  The 
resu l t ing  t h i n  film had  a corrosion po ten t i a l  more  
noble  t h a n  e i ther  i ron  or t in,  n a m e l y  --0.43 to 
- -0 .5Iv.  The  mos t  nob le  va lues  were  in  the  r ange  
of those ob ta ined  at  the m a x i m u m  of the  u n c o u p l i n g  
shift  in  0.2M citr ic acid at the  bo i l ing  point .  

In  the  p resen t  s tudy  it was  decided to d e t e r m i n e  
the  po ten t i a l  of an  i r o n - t i n  a l loy  fo rmed  b y  diffus-  
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ing t i n  in to  i r on  at  a t e m p e r a t u r e  s l i g h t l y  a b o v e  
the  m e l t i n g  p o i n t  of t in .  I r on  s a m p l e s  w e r e  coa ted  
w i t h  v e r y  t h in  l a y e r s  of  t in  b y  sho r t  ca thodic  t r e a t -  
m e n t  in  c i t r ic  ac id  so lu t ion  con ta in ing  v e r y  low 
c o n c e n t r a t i o n s  of S n ( I I ) .  A t i n - i r o n  a l l oy  of  u n -  
k n o w n  compos i t i on  was  t h e n  f o r m e d  b y  hea t  t r e a t -  
m e n t  in m i n e r a l  oil  a t  250~ ~ In  t h r e e  s e p a r a t e  
e x p e r i m e n t s  the  p o t e n t i a l  of t he  t i n - a l l o y e d  i ron  
in bo i l ing  c i t r i c  ac id  con ta in ing  10-~M S n ( I I )  was  
- - 4 8 2 , - - 4 6 2 ,  a n d  - -477 my.  The  p o t e n t i a l  r e m a i n e d  
a p p r o x i m a t e l y  cons t an t  for  a p e r i o d  and  t h e n  s l o w l y  
c h a n g e d  ove r  a p e r i o d  of 16 h r  to t he  s t e a d y - s t a t e  
v a l u e  of - -510 my.  

These  r e su l t s  conf i rm those  of Cove r t  a n d  Uhl ig  
and  of L u n e r  and  M u r r a y  in  t ha t  t h e y  i nd i ca t e  t h a t  
an  i r o n - t i n  a l loy  has  a p o t e n t i a l  in  bo i l ing  c i t r ic  
ac id  con t a in ing  d i s so lved  t in  a p p r e c i a b l y  m o r e  nob le  
t h a n  t h a t  of  e i t he r  t i n  or  i r on  in  t he  s ame  m e d i u m .  

Reflection eIectTon diffraction studies.--These 
s tud ies  w e r e  c a r r i e d  ou t  w i t h  t he  a s s i s t ance  of Dr.  
K e n n e t h  Lawles s ,  D e p a r t m e n t  of Chemis t ry ,  U n i -  
v e r s i t y  of Vi rg in ia .  The  o b j e c t i v e  of these  s tud ies  
was  to d e t e r m i n e  the  compos i t i on  of a n y  f i lm on 
the  su r f ace  of i r on  a f t e r  e x p o s u r e  to bo i l ing  c i t r ic  
ac id  con t a in ing  S n ( I I ) .  E x p e r i m e n t s  w e r e  c a r r i e d  
out  on i r on  s a m p l e s  b o t h  w i t h  a n d  w i t h o u t  c o u p l -  
ing  to t in.  

No d i f f r ac t ion  p a t t e r n s  c h a r a c t e r i s t i c  of e l e m e n t a l  
t in  or  of e i t h e r  F e S n  or  FeSn2 w e r e  e v e r  iden t i f i ed  
w i t h  ce r t a i n ty .  The  p a t t e r n s  g e n e r a l l y  cons i s t ed  of 
e l e m e n t a l  i ron  or  of  i r on  oxides .  I n  a n u m b e r  of 
cases  a p a t t e r n  cons i s t ing  of t h e  fo l l owing  " d "  s p a c -  
ings was  obse rved :  3.12, 1.91, 1.63, 1.57, 1.35, 1.24, 
1.10, a n d  1.04A. A s i m i l a r  p a t t e r n  has  b e e n  o b -  
s e r v e d  b y  w o r k e r s  a t  t he  U n i t e d  S t a t e s  S tee l  C o r p o -  
r a t i o n  l a b o r a t o r y  (6)  f r o m  a s a m p l e  w h i c h  h a d  
been  p r e p a r e d  b y  s t r i p p i n g  a m a t t e  t in  coa t ing  
w i t h  HC1 a t  cons t an t  c u r r e n t  in  an  i n e r t  a t m o s -  
phere .  T h e y  also w e r e  u n a b l e  to i d e n t i f y  t he  con-  
s t i t u e n t  g iv ing  r i se  to  the  p a t t e r n .  The  s i m i l a r i t y  
of the  p a t t e r n  to t h a t  f r o m  si l icon,  a l u m i n u m  p h o s -  
ph ide ,  z inc  sulfide,  and  cup rous  c h l o r i d e  sugges t s  
t ha t  t h e  u n k n o w n  ex i s t s  in t he  zinc b l e n d e  or  d i a -  
m o n d  s t r u c t u r e  w i t h  an  a0 spac ing  of a p p r o x i m a t e l y  
5.41A. 

Electron microscope and electron diffraction stud- 
ies o] extraction replicas.--The su r f ace  of i ron  at  
v a r i o u s  s tages  of t he  u n c o u p l i n g  sh i f t  was  s t u d i e d  
us ing  a c a r b o n  e x t r a c t i o n  r ep l i c a  t echn ique .  C a r b o n  
was  e v a p o r a t e d  on the  i ron  su r f ace  and  e x t r a c t i o n  
r ep l i ca s  w e r e  o b t a i n e d  b y  i m m e r s i n g  the  i ron  in 
5 -25% h y d r o c h l o r i c  ac id  for  shor t  pe r i ods  of t ime .  

F i g u r e  3 is a r e p r e s e n t a t i v e  e l ec t ron  m i c r o g r a p h  
of an  e x t r a c t i o n  r e p l i c a  r e m o v e d  f r o m  an i ron  
s a m p l e  w h i c h  h a d  been  m e t a l l o g r a p h i c a l l y  po l i shed  
and  e x p o s e d  to bo i l ing  0.2M c i t r ic  ac id  con t a in ing  
1 0 - s M  S n ( I I )  for  30 ra in  w h i l e  coup led  to a t in  
e l ec t rode  of e q u a l  a rea .  The  d a r k  a r e a s  ( A )  w i t h  
a p p a r e n t  ho les  (B)  r e p r e s e n t  t he  f i lm w h i c h  w a s  
e x t r a c t e d  f r o m  the  i ron  sur face .  T h e  t o r n  p laces ,  
w h e r e  t he  holes  a p p e a r ,  a r e  a t t r i b u t e d  to i m p e r f e c t  
s e p a r a t i o n  of t he  f i lm f r o m  the  i ron  surface .  The  
p re sence  of t he  ca rbon  f i lm in t he  (B)  a r eas  is 
i n d i c a t e d  p a r t i c u l a r l y  a t  (C)  w h e r e  t he  po l i sh ing  
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Fig. 3. Extraction replica of surface of an iron sample which 
had been coupled to tin for 30 min in boiling 0.2M citric acid 
containing ! 0 - 3 M  Sn(ll). 

s t r e a k  is v i s ib le  in  t he  a p p a r e n t  hole  a rea .  The  s m a l l  
i so l a t ed  i s l ands  of  d a r k  f i lm a d j a c e n t  to (C)  a r e  
a lso  i n d i c a t i v e  t h a t  the  c a r b o n  f i lm is p r e s e n t  ove r  
the  e n t i r e  a r e a  of t he  p h o t o g r a p h .  

E x t r a c t i o n  r ep l i ca s  of an  i ron  su r f ace  w h i c h  h a d  
been  exposed  to the  bo i l ing  ac id  con ta in ing  10-SM 
S n ( I I )  for  0-30 ra in  a f t e r  u n c o u p l i n g  i n d i c a t e d  t h a t  
a f i lm was  p r e s e n t  on t h e  i r o n  su r f ace  d u r i n g  the  
e n t i r e  pe r iod .  I m m e d i a t e l y  p r i o r  to uncoup l ing ,  t he  
film was  r e l a t i v e l y  tough,  solid,  and  of cons i s t en t  
s t ruc tu re .  D u r i n g  the  f inal  s t age  i t  was  v e r y  m u c h  
t h i n n e r  a n d  t h e  r e p l i c a  h a d  a d i scon t inuous ,  f l imsy 
a p p e a r a n c e .  A t  i n t e r m e d i a t e  s tages  t he  t h i ckness  of 
the  f i lm a p p e a r e d  to be  b e t w e e n  these  two  ex t r emes .  

E l ec t ron  d i f f r ac t ion  s tud ies  of  t he  e x t r a c t i o n  r e p -  
l icas  y i e l d e d  an  a m o r p h o u s - l i k e  p a t t e r n ,  w i t h  a 
s ingle  s c a t t e r i n g  r i ng  no t  o b s e r v e d  w i t h  con t ro l  
samples .  No c r y s t a l l i n e  d i f f r ac t ion  p a t t e r n  was  o b -  
se rved .  

Measurements using elliptically polarized l i gh t . -  
These  e x p e r i m e n t s  w e r e  c a r r i e d  out  w i t h  t he  a s s i s t -  
ance  of Dr.  J e r o m e  K r u g e r  of t he  N a t i o n a l  B u r e a u  
of S t a n d a r d s .  A c o m m e r c i a l  i n s t r u m e n t  m a n u f a c -  
t u r e d  b y  O. C. R u d o l p h  and  Sons was  used.  E n d  
po in t s  w e r e  d e t e r m i n e d  b y  a pho toce l l  d e t e c t o r  as -  
s embly .  The  5461A l ine  of m e r c u r y  and  a 60 ~ 
ang le  of i nc idence  w e r e  used.  In  th is  i n s t r u m e n t  
the  i n c i d e n t  r a d i a t i o n  is e l l i p t i c a l l y  p o l a r i z e d  b y  
pa s sage  t h r o u g h  a p o l a r i z e r  and  q u a r t e r - w a v e  p l a t e  
in such  a m a n n e r  t h a t  on ref lec t ion  f r o m  the  m e t a l  
su r f ace  the  l i gh t  becomes  p l a n e  po la r i zed .  

The  i ron  s a m p l e s  used  in  these  s tud ies  w e r e  m e -  
c h a n i c a l l y  p o l i s h e d  t h r o u g h  4 /0  e m e r y  p a p e r  and  
i m m e d i a t e l y  be fo re  use  w e r e  c h e m i c a l l y  pol i shed .  
A f t e r  po l i sh ing ,  t he  s a m p l e s  w e r e  f r e e d  of a n y  m a -  
j o r  a m o u n t  of  su r f ace  f i lm b y  d i p p i n g  success ive ly  
in 10% NaOH,  5% H2SO4, fo l l owed  b y  t h o r o u g h l y  
w a s h i n g  in d i s t i l l ed  w a t e r .  The  s a m p l e s  w e r e  a t -  
t a c h e d  b y  m e a n s  of a t h r e a d e d  rod  to a Teflon h o l d e r  
w h i c h  was  r i g i d l y  m o u n t e d .  
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The  fo l lowing  r e p r e s e n t a t i v e  e x p e r i m e n t s  ind i -  
cate  t ha t  any  f i lm w h i c h  is f o r m e d  at  r o o m  t e m -  
p e r a t u r e  on i ron  in 0.2M ci t r ic  acid con ta in ing  dis-  
so lved  S n  ( I I )  is v e r y  th in :  

(A)  A s a m p l e  was  exposed  to 0.2M ci tr ic  acid 
con ta in ing  10-aM S n ( I I )  for  24 hr.  No p recau t ions  
w e r e  t a k e n  in this  e x p e r i m e n t  to r e m o v e  d isso lved  
air  f r o m  the  solution.  The  i n s t r u m e n t  r ead ings  in-  
d ica ted  tha t  no fi lm th i cke r  t han  3A f o r m e d  on the  
sur face  d u r i n g  the  t i m e  a f t e r  the  first r e ad ing  was  
made ,  a p p r o x i m a t e l y  5 rain a f te r  immers ion .  

A r e f e r e n c e  e x p e r i m e n t  was  ca r r i ed  out us ing  
u n i n h i b i t e d  0.2M citric acid. The  i n s t r u m e n t  r e a d -  
ings ind ica ted  a p p a r e n t  f i lm th icknesses  of 10-100A 
o v e r  a 20 -h r  per iod,  bu t  the  s ample  was  ac t i ve ly  
cor rod ing  as shown  by the  d i sco lora t ion  of the  so- 
lu t ion  a f t e r  20 hr. The  film th ickness  va lues  do not  
h a v e  any  s ignif icance h e r e  since the  l iqu id  fi lm ad-  
j a c e n t  to t he  sample  p r o b a b l y  had  a d i f ferent  r e f r a c -  
t ive  index  t h a n  the  b u l k  of the  so lu t ion  as a resu l t  
of the  cor ros ion  process.  

(B) A n o t h e r  e x p e r i m e n t  s imi la r  to (A)  was  ca r -  
r ied  out  excep t  t ha t  the  solut ion was  boi led  to expe l  
d i sso lved  air  and hydrogen ,  pur i f ied  by  passage  
t h r o u g h  pa l l ad ium,  was  b u b b l e d  t h r o u g h  the  so lu-  
t ion du r ing  cool ing and d u r i n g  the  first 32 min  d u r -  
ing which  e l l i p some te r  m e a s u r e m e n t s  w e r e  made .  
The  th ickness  of any  fi lm on the  sur face  did not  
exceed  2A du r ing  exposu re  to the  so lu t ion  for  18 hr.  

In a second series of expe r imen t s ,  fou r  samples  of 
i ron w e r e  exposed  s epa ra t e ly  to bo i l ing  0.2M ci t r ic  
acid con ta in ing  10-3M ( S n ) I I  for  7 days.  The  s a m -  
ples w e r e  r e m o v e d  f r o m  the  so lu t ion  and w e r e  then  
t r a n s p o r t e d  in a des icca tor  to Dr. K r u g e r ' s  l a b o r a -  
t o ry  for  the  m e a s u r e m e n t s .  The  m e a s u r e m e n t s  w e r e  
m a d e  5-7 h r  a f t e r  r e m o v a l  of the  samples  f r o m  the  
solut ion.  F o u r  add i t iona l  samples  w e r e  pol i shed  
w i t h  M i r r o F e  and w e r e  i m m e d i a t e l y  p laced  on 
the  s tage of the  e l l i p some te r  for  s tudy.  Thus,  four  
samples  r e p r e s e n t i n g  the  s ta r t ing  condi t ion  and 
four  r e p r e s e n t i n g  exposed  samples  w e r e  used. Tab le  
I I I  g ives  an ind ica t ion  of the  r ep roduc ib i l i t y  of the  
resul t s  and the  film th ickness  as r e p r e s e n t e d  by this 
e x p e r i m e n t a l  p rocedure .  

The  d i f fe rence  b e t w e e n  the  a v e r a g e  po la r i ze r  
r ead ings  of t he  two  sets of  samples ,  n a m e l y  1.4 ~ is 
e q u i v a l e n t  to a film th ickness  of a p p r o x i m a t e l y  14A. 

In a t h i rd  ser ies  of expe r imen t s ,  the  samples  
w h i c h  had  been  pol i shed  w i t h  M i r r o F e  in the  sec-  
ond series w e r e  i m m e r s e d  in boi l ing  0.2M ci t r ic  
acid con ta in ing  10-SM S n ( I I )  for  6 days.  The  s a m -  

Table IV. 

Table III. 

Samples polished wi th  MirroFe 
A vg  Avg  

polarizer analyzer  
Sample  No. reading reading 

Samples polished wi th  MirroFe 
and then  exposed to boiling 

inhibited citric acid for 7 days 
Avg  Av g  

polarizer analyzer  
Sample  No. reading read ing  

1 28.7 ~ 143.2 ~ 
2 28.7 ~ 142.5 ~ 
3 29.1 ~ 143.4 ~ 
4 29.1 ~ 142.4 ~ 

Average  28.9 ~ 142.9 ~ 

5 27.3 ~ 143.2 ~ 
6 27.1 ~ 142.6 ~ 
7 27.4 ~ 142.5 ~ 
8 28.2 ~ 142.6 ~ 

Average  27.5 ~ 142.6 o 

April  1964 

Sample No. 

Samples polished 
wi th  MirroFe 

and then  exposed 
Samples polished to boiling, inhibited 

wi th  MirroFe citric acid for 6 days 

Av g  Av g  Av g  Avg  
polarizer analyzer  polarizer analyzer  
reading reading reading reading 

1 28.7 o 143.2 ~ 27.4 ~ 142.8 ~ 
2 28.7 ~ 142.5 ~ 27.6 ~ 143.1 ~ 
3 29.1 ~ 143.4 ~ 27.4 ~ 142.8 ~ 
4 29.1 o 142.4 o 27.4 ~ 143.1 ~ 

Average  28.9 o 142.9 ~ 27.4 ~ 143.0 ~ 

ples  w e r e  r e m o v e d  f r o m  the  so lu t ion  and w e r e  then  
t r a n s p o r t e d  to Dr. K r u g e r ' s  l a b o r a t o r y  in W a s h i n g -  
ton, D. C., for  the  m e a s u r e m e n t s .  As in the  second 
series,  t he  m e a s u r e m e n t s  w e r e  m a d e  5-7 h r  a f t e r  
r e m o v a l  of  the  samples  f r o m  the  solut ion.  The  r e -  
sul ts  of these  m e a s u r e m e n t s  are  s u m m a r i z e d  in 
Tab le  IV. 

The  d i f fe rence  b e t w e e n  the  a v e r a g e  po la r i ze r  
read ings  of the  samples  be fo re  and a f t e r  i m m e r s i o n  
in the  acid is 1.5 ~ and  is e q u i v a l e n t  to a f i lm t h i c k -  
ness of a p p r o x i m a t e l y  15A. Thus,  the  resu l t s  of the  
second and  th i rd  ser ies  of e x p e r i m e n t s  w e r e  the  
same. 

Radioactivity measurements with S n n a . - - M e a s  - 
u r e m e n t s  w i t h  Sn n3 w e r e  m a d e  w i t h  the  ass is tance 
of Mr. E m e r s o n  N e w t o n  and  Dr. Robe r t  Epp le  in the  
l abora to r i e s  of A r t h u r  D. Li t t l e ,  Inc. 

Boi l ing ci t r ic  acid so lu t ions  w i t h  an  ac t iv i ty  
e q u i v a l e n t  to 2.855 ~ c / m l  of Sn  n3 and a to ta l  Sn  ( I I )  
concen t r a t ion  of 1.1 x 10 - sM added  as the  chlor ide ,  
w e r e  used. The  r a t e  of p i ckup  of t in  by i ron  samples  
w h i c h  had  been  m e t a l l o g r a p h i c a l l y  po l i shed  was  
e q u i v a l e n t  to 2 x 10 - s  g / c m 2 - s e c  ~/2. This  v a l u e  
should  be  c o m p a r e d  w i t h  a v a l u e  of 1 x 10 - s  g / c m  2- 
see 1/2 ob ta ined  by  e x t r a p o l a t i o n  of  the  da ta  of F r a n k -  
en tha l  and  L o g i n o w  (7) to 100 ~ T h e  ra te  of f o r m a -  
t ion of t in  on the  sur face  of an  i ron  s ample  coupled  
to t in  in the  bo i l ing  acid was  a p p r o x i m a t e l y  the  
same as the  r a t e  for  an  u n c o u p l e d  sample ,  a l t hough  
the re  a p p e a r e d  to be a shor t  i nduc t ion  pe r iod  in 
the  case of the  coupled  samples .  

S o m e  ind ica t ion  of t he  chemica l  s ta te  of  t he  t in  
on the  su r f ace  was  ob ta ined  f r o m  e lec t ro ly t i c  s t r ip -  
p ing  s tudies  us ing  a s t a n d a r d  m e t h o d  for  s t r ipp ing  
t in  f r o m  iron. The  s t r ipp ing  p r o c e d u r e  r e m o v e s  e le -  
m e n t a l  t in  bu t  not  t in  p r e sen t  as FeSn2. A n  i ron  
sample  was  coupled  to t in  for  60 min  in the  boi l -  
ing acid con ta in ing  d isso lved  S n ( I I ) .  The  ac t iv i ty  
of the  i ron  a f t e r  th is  t i m e  was  17,000 c o u n t s / c m 2 /  
rain e q u i v a l e n t  to 3 m o n o l a y e r s  of e l e m e n t a l  tin. 
A f t e r  e l ec t ro ly t i c  s t r ipp ing  in 5% N a O H  for  5 min  
at a c u r r e n t  dens i ty  of 1 a m p / d m  2, the  count  was  
r educed  to 8800 c o u n t s / c m 2 / m i n ,  e q u i v a l e n t  to ap-  
p r o x i m a t e l y  2 m o n o l a y e r s  of  tin. An  add i t iona l  5- 
min  e lec t ro ly t i c  t r e a t m e n t  in the  N a O H  r e d u c e d  the  
count  f u r t h e r  to 7500 c o u n t s / c m 2 / m i n .  These  r e -  
sults  a re  t a k e n  to m e a n  tha t  a p p r o x i m a t e l y  ha l f  the  
t in  w h i c h  had  b e e n  p icked  up du r ing  the  coupl ing  
ex i s ted  in the  f o r m  of an  i r o n - t i n  alloy, not  r e ad i l y  
r e m o v e d  by  e l ec t ro ly t i c  t r e a t m e n t .  
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Discussion 
It  has been  amp ly  d e m o n s t r a t e d  p rev ious ly  (8) 

tha t  t in  ions are v e r y  effective in  i n h i b i t i n g  the  cor-  
rosion of i ron  in  boi l ing  0.2M citric acid. The e lec t ron  
microscope s tudies  f u rn i shed  conf i rming ev idence  
for this  conclus ion reached  p rev ious ly  on the  basis 
of opt ical  microscope and  g rav ime t r i c  m e a s u r e -  
ments .  

The e lec t ron  microscope,  e lec t ron  diffraction,  el-  
l ip t ical ly  polar ized l ight,  and  rad ioac t iv i ty  m e a s u r e -  
men t s  all  ind ica ted  tha t  a n y  t in  species on the  su r -  
face is p resen t  in  low amount .  The  rad ioac t iv i ty  
measu remen t s ,  in  fact, ind ica ted  tha t  the  ra te  of 
p ickup  of t in  by  uncoup led  i ron d u r i n g  the first few 
hours in boiling citric acid containing 10-~M Sn (II) 
is approximately 2 x I0 -s g/cm2-sec I/2 which is 
equivalent to approximately 0.i atom layer/cm 2 
sec I/2. If this value is assumed to be constant over 

a period of one week, it may be estimated that a 
film equivalent to 78 atom layers of tin would be 
formed. The measurements using elliptically polar- 
ized light, however, indicated that the thickness of 
the film after one week was only 14A, equivalent 
to approximately 5 atom layers of tin. The order 
of magnitude difference between these values is 
considered good agreement in view of the extrapo- 
lation of the short-time radioactivity measurements 
to long times and of the fact that there may be an 
equilibrium film thickness at which point the rate 
of formation is equivalent to the rate of dissolution. 
One of the most important questions raised by this 
research is "what is the nature of the species on 
the surface which affords such excellent corrosion 
resistance to iron in boiling citric acid containing 
dissolved tin?" The corrosion inhibition is so great 
that the iron surface may be considered inert. No 
unequivocal answer can be given to this question, 
but the following available evidence supports the 
view that the protective film is FeSn2. 

I. The rate of pickup of tin by iron (2 x 10 -8 
g/cm2-sec I/2) as determined by the radioactivity 

measurements is not greatly different from the ex- 
trapolated value of Frankenthal and Loginow (7) 
for the rate of formation of FeSn2 when iron and 
tin are in contact (I x I0 -s g/cm2-secl/2). 

2. The potential of iron at the most noble value 
(--420 to --450 my) in the uncoupling shift is ap- 
proximately the same as the corrosion potential of 
FeSn2 as determined by Luner and Murray (5) on 
a film of FeSn2 stripped from an iron surface. 

3. Intermetallic compounds have been found on 
the surface of gold (9), antimony, copper, silver, 
and palladium, when these metals were in elec- 
trical contact with tin in boiling 2M HCI solutions 
containing dissolved tin. The rate of formation of 
the intermetallic compounds varied greatly. 

Hypothesis for the uncoupling shi#. - -When i ron  
is exposed to boi l ing  0.2M citric acid con ta in ing  a 
concen t r a t i on  of S n ( I I )  of 10-SM or more,  it  is 
suggested tha t  the  compound  FeSne is fo rmed  on 
the i ron  surface  by  the react ion,  Fe § 2 Sn  + + -b 
4 e -  ~ FeSn2. This  compound  has a ve ry  low ac t iv i ty  
in  the  bo i l ing  acid as shown by  the fact tha t  it can-  
not  be s t r ipped f rom a t i n - p l a t e d  surface  by  t r e a t -  

meri t  w i th  ci tr ic  or hydroch lo r ic  acids. W h e n  i ron  is 
b r o u g h t  into e lectr ical  contact  w i t h  t i n  u n d e r  the  
same e x p e r i m e n t a l  condi t ions,  the po t en t i a l  of the 
i ron  approaches  tha t  of e l e me n t a l  t in.  U n d e r  these 
condi t ions  a smal l  a m o u n t  of e l e me n t a l  t in,  of the 
order  of a monolayer ,  is also formed.  The c u r r e n t  
m e a s u r e m e n t s  concerned  wi th  the  u n c o u p l i n g  shift  
ind ica ted  tha t  a n u m b e r  of coulombs e q u i v a l e n t  to 
less t h a n  a m o n o l a y e r  of t i n  was sufficient to give 
the m a x i m u m  va lue  of the  u n c o u p l i n g  shift.  A smal l  
p ropor t ion  of this t in  m a y  react  wi th  the  i ron  to 
fo rm add i t iona l  FeSne, bu t  the m a j o r i t y  of it is 
p r e s u m e d  to r e m a i n  on the  surface as e l e me n ta l  t in.  

W h e n  electr ical  contact  b e t w e e n  the  i ron  and  t in  
is b roken ,  the  smal l  a m o u n t  of elemer~tal t i n  on 
the surface  goes in to  so lu t ion  and  the  FeSne l ayer  
is exposed. I t  is a s sumed  tha t  the anodic  reac t ion  
dur ing  this phase  of the  u n c o u p l i n g  shift  is Sn --  
2e ~ Sn  ++ and  the cathodic reac t ion  is 2H + -k 
2e -  ~ H2. As the  surface  area  of t i n  exposed is de-  
creased by  dissolut ion,  the  anodic  curve  moves to 
the left  w i th  the consequence  tha t  its in te r sec t ion  
wi th  the cathodic curve  is at  more  noble  va lues  
and  the po ten t i a l  moves  in  a noble  d i rec t ion  un t i l  
it reaches  the  most  noble  value ,  at which  point  es- 
sen t ia l ly  all  of the  e l e me n t a l  t in  has been  dissolved. 
It  has been  shown  ear l ie r  (8) tha t  the  ra te  of cor-  
rosion of t in  in  boi l ing  0.2M citric acid is 0.018 
m g / c m e / h r ,  which  va lue  is e q u i v a l e n t  to s l ight ly  
more  t han  a m o n o l a y e r  of t i n  per  minu te .  In  the 
m a j o r i t y  of the  exper iments ,  the u n c o u p l i n g  m a x -  
i m u m  was reached  in  30-120 sec, v e r y  close to the  
t ime expected if the  shift  to the  m a x i m u m  va lue  
was  a consequence  of the  dissolut ion of a mono taye r  
of t in.  

At  the most  nob le  va lue ,  a smal l  a m o u n t  of the 
FeSn2 dissolves, thus  expos ing  e l e me n t a l  i ron and  
inc reas ing  the  a rea  on which  the  anodic  react ion,  
F e -  2 e - ~  Fe + +, occurs. The  anodic  area  increases  
un t i l  the  po ten t i a l  reaches its s t eady- s t a t e  va lue  
where  the s t eady- s t a t e  area  of e l e me n t a l  i ron is 
exposed. Severa l  e lectrode react ions  p r e s u m a b l y  
take  place u n d e r  these  condit ions.  I t  is suggested 
tha t  the p r e d o m i n a n t  reac t ions  invo lve  the disso- 
lu t ion  of i ron  and  t in  and  the p r e d o m i n a n t  cathodic 
reac t ions  invo lve  the  evo lu t ion  of h y d r o g e n  and  
the  fo rma t ion  of FeSn2. The ove r - a l l  e lectrode r e -  
act ions  t ake  place a t  such a low ra te  t ha t  it would  
be difficult to d e t e r m i n e  the react ions  e x p e r i m e n -  
tal ly.  

The lack of an  u n c o u p l i n g  shift  wi th  t y p e - L  steel 
and  the fa i lu re  of the  po ten t i a l  to reach the  most  
nob le  va lue  in  the  case of the Armco  and  P u r o n  
samples  are a t t r i b u t e d  to the  presence  in  these s am-  
ples of impur i t ies .  These  impur i t i e s  exer t  their  i n -  
f luence i m m e d i a t e l y  af ter  u n c o u p l i n g  by  increas ing  
the ra te  of the h y d r o g e n  evo lu t ion  react ion.  Since 
the  d issolu t ion  of t in  is u n d e r  cathodic control ,  the  
impur i t i e s  have  the ne t  effect of r educ ing  the t ime  
af ter  u n c o u p l i n g  before  the  s t eady- s t a t e  va lue  is 
reached.  
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Kinetics of Redox Reactions on Passive Electrodes 

A. C. Makrides 
Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

Overpotential  measurements  for the Fe + + + /Fe  + + couple on passive Ni, Fe, 
and Ti, were carried out in solutions of fixed ionic s trength but  of vary ing  pH. 
Tafel l ines were general ly  obtained wi th  exchange currents  be tween 10 -7 and 
10 -5 amp/cm 2 and cathodic t ransfer  coefficients of about 0.45. The anodic 
t ransfer  coefficients were less, par t icular ly  with Ti and Fe electrodes. A l imit ing 
anodic current,  which was unre la ted  to diffusion of Fe + + ion in  solution, was 
observed under  certain conditions on Fe and Ti. The contr ibut ion of ionic cur-  
rent  to the total current  through the film is negligible in most cases. In  general, 
the passive film has rectifying properties, the easy direction of electron flow 
being from metal  to solution. This rectification is addit ional  to the usual  
Faradaic rectification observed with most electrochemical reactions. The ap-  
parent  t ransfer  coefficients, calculated from the anodic and cathodic polarization 
curves, yield sums significantly less than unity.  The results demonstrate  the 
existence of a potential  drop across the passive film, the magni tude  of which 
depends on the thickness and composition of the film. 

The fo rma t ion  of a surface  oxide is an  i m p o r t a n t  
factor  i n  the  k inet ics  of oxygen  evo lu t ion  and  ox-  
y g e n  r educ t ion  on p rac t i ca l ly  all  meta l l i c  e lectrodes 
(1) .  In  genera l ,  a superf icial  oxide is expected  to 
change  the  specific i n t e rac t ion  of oxygen  (or  of 
r eac t ion  i n t e rmed ia t e s )  w i th  the electrode,  to a l te r  
the  po ten t i a l  d i s t r i bu t i on  b e t w e e n  me ta l  and  elec-  
t rolyte ,  and  to mod i fy  the  dissolut ion k ine t ics  of 
the metal .  The  change  in  the  k inet ics  of d isso lu t ion  
has b e e n  s tud ied  in  detail ,  since it is the  cha rac t e r -  
istic p h e n o m e n o n  in  pass iv i ty  (2-6) .  However ,  r e l a -  
t ive ly  l i t t le  w o r k  has been  done on the effects of 
oxide films on e lec t rochemical  reac t ions  o ther  t h a n  
corrosion react ions.  The  gene ra l  f ea tu res  of e lec t rode  
processes on superf ic ia l ly  oxidized meta l s  are ex-  
a m i n e d  in  this  paper  us ing  as a model  a simple,  one -  
e lec t ron  redox  react ion.  

Aside f rom specific effects, e.g., changes  in  the  
ene rgy  of adsorp t ion  of r eac tan t s  or of in te rmedia tes ,  
superficial  oxides m a y  inf luence  the  k ine t ics  of an  
e lec t rochemica l  r eac t ion  by  p rov id ing  a b a r r i e r  to 
e lec t ron  t r ans f e r  b e t w e e n  the  me ta l  and  an  ion or 
molecule  at the  ox ide /e l ec t ro ly t e  in terface .  Wi th  
thick films, the oxide is the  electrode,  the u n d e r l y i n g  
me ta l  se rv ing  mere ly  as a contact.  The chemical  
charac te r  of the  b u l k  oxide and  its e lect r ical  p rop -  
erties, e.g., its s emiconduc t ing  proper t ies ,  en t e r  t h e n  
into the  descr ip t ion  of its e lectrode character is t ics .  
At  the  o ther  ex t reme,  v e r y  t h in  oxide films m a y  be 

considered as s imply  p rov id ing  a ba r r i e r  th rough  
which  e lec t rons  m u s t  t u n n e l  in  order  to pa r t i c ipa te  
in  the react ion.  The uppe r  l imi t  for t u n n e l i n g  is 
about  30A; conduc t ion  t h r o u g h  the oxide  is neces -  
sa ry  for e lec t ron  t r ans f e r  w i th  th icker  films. How-  
ever,  if the  film is on ly  100-200A, its electr ical  char -  
acterist ics  are inf luenced  s t rong ly  by  the  u n d e r l y i n g  
metal ,  and  this i n t e rac t ion  m a y  be i m p o r t a n t  in  the 
descr ip t ion  of the electrode behav io r  of superf ic ia l ly  
oxidized electrodes.  

A s imple  w a y  of e x a m i n i n g  the genera l  e lec t ro-  
chemical  effects of surface oxides is to compare  the 
k inet ics  of an  e l e m e n t a r y  e lec t ron  t r ans fe r  reac t ion  
on ox ide-covered  a nd  ox ide - f r ee  electrodes.  Specific 
effects, e.g., adsorpt ion,  should  be at a m i n i m u m  for 
the redox couple chosen. The F e + + + / F e  + + couple 
was selected in  this  s tudy  because  its k ine t ic  be -  
havior  on ox ide- f ree  electrodes is s t r a igh t fo rward  
(7 ,8 ) .  F u r t h e r m o r e ,  since its r evers ib le  po ten t i a l  
falls in about  the  midd le  of the po ten t ia l  reg ion  over  
which  a n u m b e r  of common  meta l s  and  alloys are 
passive, both  the  ox ida t ion  of fe r rous  ion and  the 
r educ t ion  of ferr ic  ion can be fol lowed w i t hou t  gross 
in t e r f e rence  f rom corrosion react ions.  

Experimental 
The e lec t rochemical  cell was  descr ibed p rev ious ly  

(9) .  Po ten t i a l s  were  m e a s u r e d  th rough  a L u g g i n -  
H a be r  cap i l l a ry  probe  0.05 cm OD placed 0.10 cm 
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f rom the  electrode surface.  The  i R  drop b e t w e e n  
e lect rode and  cap i l l a ry  probe  was  neg l ig ib le  at  a l l  
cur ren ts .  A h igh  i m p e d a n c e  c i rcui t  ( r e s idua l  c u r r e n t  
less t h a n  10 -12 amp)  was  used in  m e a s u r i n g  p o t e n -  
tials. Cons tan t  c u r r e n t  was  d r a w n  f rom high capaci ty  
ba t te r ies  t h rough  va r i ab l e  resis tances.  The cell was  
t he rmos ta t ed  to w i th in  --+0.05 ~ 

The cell and  its a t t a c h m e n t s  were  c leaned in  con-  
cen t r a t ed  chromic  T su l fur ic  acid so lu t ion  (c lean ing  
so lu t ion) .  G r o u n d - g l a s s  jo in t s  were  of the  cup type  
and  were  sealed wi th  water .  The  solut ion a r o u n d  the  
e lect rode was  s t i r red  w i t h  a rgon  wh ich  had  been  
passed over  copper  at 500~ and  t h r o u g h  a cold t r ap  
(d ry  i ce -ace tone) .  L a b o r a t o r y  dis t i l led w a t e r  was  
d is t i l led  fom d i lu te  KMnO4 in to  a two-s tage ,  qua r t z  
sti l l  and  f rom the re  in to  quar tz  s torage flasks. Re-  
agents  were  of C.P. grade.  A series of e x p e r i m e n t s  
w i th  tw ice - r ec rys t a l l i zed  fer rous  and  ferr ic  sal ts  
showed no signif icant  differences f rom e x p e r i m e n t s  
w i th  C. P. reagents .  

Electrodes  were  rods or spheres  of about  1 cm 2 in  
pro jec ted  area  and  were  m o u n t e d  on assembl ies  in  
which  only  glass and  Teflon, besides the  electrode,  
came in  contact  w i th  so lu t ion  (10).  The electrodes 
were  c leaned  in  c l ean ing  so lu t ion  fo l lowed b y  r i n s -  
ing  w i th  boil ing,  t r i p l y  dis t i l led water .  The pass ive  
film was fo rmed  in  the  so lu t ion  af ter  cathodic t r e a t -  
m e n t  of the electrode.  Nickel  and  t i t a n i u m  pass iva ted  
spon t aneous ly  in  the  ferr ic  solut ions.  E lec t ro ly te  
composi t ions  are  g iven  in  the  tab les  and  figures. 

Exp lo ra to ry  studies showed tha t  the  c u r r e n t  d e n -  
sities at  which  apprec iab le  po la r iza t ion  is observed  
wi th  al l  of the  above electrodes ( w h e n  passive)  we re  
s u b s t a n t i a l l y  less t h a n  the  expected  d i f fus ion- l imi ted  
cu r r en t s  for both  Fe + + + and  Fe  + + ions. A n  es t ima te  
of the d i f fus ion- l imi ted  c u r r e n t  densi ty ,  id, can be 
made  f rom 

.,oq 

-.05c 

Ioa 

i (omplcm ~ ) 

Fig. 1. Polarization curves for the Fe + + + /Fe  + + couple (O.05M) 
on Ni electrodes in M MgS04 at pH = 2.3 and at 30"C. Current 
densities corresponding to the full circles are calculated from 
iox  = lapp1 -t- /red where ired is given by the extrapolated cathodic 
Curve. 
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Fig. 2. Polarization curves for the Fe + + + /Fe  + + couple (O.05M) 
on Ti electrodes in M MgS04 at pH = 2.3 and at 20"C. Current 
densities corresponding to the full circles are calculated from 
iox ~ iapp l  - I -  i r ed  where /red is given by the extrapolated cathodic 
curve. 

D 
id = n F k c  = n F  c [1] 

8 

w he r e  the  he te rogeneous  ra t e  constant ,  k, is g iven  
by  the  ra t io  of the  diffusion constant ,  D, to the  effec- 
t ive thickness ,  8, of the  b o u n d a r y  l aye r  for diffusion. 
A l t h o u g h  ne i the r  D nor  8 are k n o w n  precisely,  good 
es t imates  for  bo th  quan t i t i e s  are avai lable .  A con-  
se rva t ive  es t imate  of D is 5 x 10-5 cm2/sec (11) ;  8 is 
abou t  5 x 10 -3 cm for s t i r r i ng  by  gas (12).  The  di f -  
fus ion  ra te  cons tan t  is t hen  1 x 10 -3 cm/sec  and  the  
d i f fus ion - l imi t ed  c u r r e n t  at  c----0.05 M / l i t e r  is 5.10 -3 
a m p / c m  2. The  m a x i m u m  appl ied  c u r r e n t  dens i ty  was  
s u b s t a n t i a l l y  less t h a n  this, except  in  the  case of 
nickel .  Wi th  o ther  t h a n  n icke l  electrodes,  direct  
proof of the  absence  of concen t r a t i on  po la r iza t ion  
was  p rov ided  b y  the  i n sens i t i v i t y  of the  m e a s u r e d  
po ten t i a l  to s t i r r ing .  On n icke l  e lectrodes there  was 
a difference of abou t  15 m y  b e t w e e n  the  po ten t i a l  
m e a s u r e d  in  s t a g n a n t  a nd  in  s t i r red  so lu t ions  a t  a 
c u r r e n t  dens i ty  of 10 -8 a m p / c m  2. We es t imate  the  
concen t r a t i on  ove rpo ten t i a l  in  s t i r red  solut ions  at 
10 -3 a m p / c m  2 to be less t h a n  5 mv.  

Discussion 

The ove rpo ten t i a l  p a r a m e t e r s  de r ived  f rom the  
po la r i za t ion  curves  of Fig. 1-3 are g iven  in  Tab le  I. 

Table 1. Overpotential parameters for the F e + + + / F e  + +  couple 

E l e c -  
t r o d e  H2SO~ T, "C io, amp/cm~ ae ~* ae + aa 

Ni M/100 a 30 7.5 • 10 -5 0.41 0.49 0.90 
Fe M/20 b 40 (1 • 10 -5) 0.69 (0.23) (0.92) 
Ti M/20 a 20 2.6 X 10 -7 0 .475 0 . 1 6 5  0.64 
Pt  c M 25 1.5 X 10 -2  0.42 0.58 1.00 

a S o l u t i o n  M i n  MgSO4. 
a S o l u t i o n  M/10 in N a s S O ~ .  
o R e s u l t s  o f  G e r i s c h e r ,  r e f .  ( 7 ) .  
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Fig. 3. Polorizotion curves for the F e + + + / F e + +  couple on 
Fe electrodes at 40~ The solution was 0.30M in Fe + + +,  O.03M 
in Fe + +,  and M/20 in H2S04 and M/IO in Na2S04. The anodic 
curve was obtained after the electrode was kept for 30 min at 
0.20v v s .  Erev for Fe + + + /Fe  + + 

N o t e w o r t h y  f e a t u r e s  a r e  t he  low e x c h a n g e  cu r r en t s ,  
t he  u n u s u a l  va lue s  of t h e  t r a n s f e r  coefficients,  a n d  
the  p r o n o u n c e d  a s y m m e t r y  of t h e  anod ic  and  ca -  
thodic  r eac t i ons  on i ron  a n d  t i t a n i u m .  These  c h a r -  
ac te r i s t i c s  m a y  be  c o n t r a s t e d  w i t h  r e su l t s  on P t  e l ec -  
t r odes  in  M H~SO4 (7) .  The  e x c h a n g e  c u r r e n t  on  P t  
w i t h  CFe + ++ : CFe + + = 0.05 M / l i t e r  is 1.5 x 10 -2  
a m p / c m 2 ;  t h e  anod ic  t r a n s f e r  coefficient  is 0.58 
--  0.02 a n d  the  ca thod ic  t r a n s f e r  coefficient  0.42 
• 0.02 (7) .  I t  shou ld  be  n o t e d  t h a t  e x p e r i m e n t s  in 
M H2SO4 w i t h o u t  sa l t  show t h a t  MgSO4, t he  i n e r t  
e l e c t r o l y t e  used  for  k e e p i n g  the  compos i t i on  of t he  
doub le  l a y e r  e s s e n t i a l l y  cons tan t ,  does  no t  p a r t i c i -  
p a t e  in t he  r e a c t i o n  no r  does  i t  h a v e  a n y  m a j o r  
effect  on t h e  k ine t ics .  

P r e v i o u s  w o r k  w i t h  r e d o x  r e a c t i o n s  on s u p e r -  
f ic ia l ly  o x i d i z e d  e l ec t rodes  has  been  c o n c e r n e d  
m a i n l y  w i t h  t he  k ine t i c s  of r e d o x  r e a c t i o n s  on 
s t a in l e s s  s tee l  (13-15)  w h e r e  r e d o x  couples  can  be  
used  to inh ib i t  d i sso lu t ion .  R e d o x  r eac t i ons  on p a s -  
s ive  s t a in l e s s  s tee l  h a v e  been  d i scussed  in  a con-  
v e n t i o n a l  w a y  (14) ,  a l t h o u g h  t h e y  e x h i b i t  f e a t u r e s  
s i m i l a r  to those  no ted  here ,  i.e., e x t r e m e l y  s m a l l  e x -  
change  c u r r e n t s  a n d  u n u s u a l  v a l u e s  of t r a n s f e r  co-  
efficients w i t h  sums  g e n e r a l l y  less  t h a n  u n i t y  (13) .  

M e y e r  (16)  s t u d i e d  a n u m b e r  of  ca thod ic  r e a c -  
t ions  on a n o d i c a l l y  ox id ized  z i r c o n i u m  e lec t rodes .  He  
showed  t h a t  t he  u n u s u a l  t r a n s f e r  coefficients a n d  r e -  
ac t ion  o r d e r s  w h i c h  he  o b s e r v e d  can  a r i se  f r o m  a 
d u a l  e n e r g y  b a r r i e r  a n d  s u g g e s t e d  a m o d e l  in w h i c h  
the  r e a c t i o n  r a t e  d e p e n d s  b o t h  on the  p o t e n t i a l  d rop  
across  t he  ox ide  and  across  the  e l e c t r o l y t i c  d o u b l e  
l aye r .  T h e  p r e s e n t  r e su l t s  also sugges t  t h a t  a s igni f i -  
can t  p o t e n t i a l  d rop  ex i s t s  across  t h e  su r f ace  ox ide  
a n d  t h a t  i t  is i m p o r t a n t  in  d e t e r m i n i n g  t h e  o v e r - a l l  
r e a c t i o n  ra te .  H o w e v e r ,  t he  d u a l  b a r r i e r  m o d e l  as  
f o r m u l a t e d  o r i g i n a l l y  (16) does  no t  e n t i r e l y  fit t he  

p r e s e n t  resu l t s .  I t  is a s s u m e d  in th i s  m o d e l  t h a t  two  
p o t e n t i a l  d e p e n d e n t  p rocesses  occur,  one c o r r e -  
s p o n d i n g  to a f i lm r e a c t i o n  a n d  the  o t h e r  to a doub le  
l a y e r  reac t ion .  T h e i r  r a t e s  a r e  g iven  b y  

ic = io,~ e x p  (--a~Vf) [2a]  
a n d  

ic = i o ,  e exp  ( '--~rVr) [2b ]  

w h e r e  t he  po t e n t i a l s  a r e  in  un i t s  of  R T / F ,  a n d  w h e r e  

E = Vf + Vr [3]  

The  a p p a r e n t  ca thod ic  t r a n s f e r  coefficient  is 

COln o  _ O,Or [",1 
,~c = \ ~ /  T ~f + '~r 

S i m i l a r l y ,  t he  a p p a r e n t  anod ic  t r a n s f e r  coefficient  is 

~. 0 1 n i ~  = flffr [5 ]  

~a: L ~ / T  f~+Zr  
w h e r e  

a f - t - f l f : l  a n d  ~ r - ~ f r = l  [6] 

F r o m  Eq. [4 -6 ]  and  t h e  e x p e r i m e n t a l l y  d e t e r -  
m i n e d  anod ic  a n d  ca thod ic  a p p a r e n t  t r a n s f e r  coeffi- 
c ien ts  w e  can  ca l cu l a t e  af a n d  ~r (or  flf a n d  ~r) .  The  
va lue s  so c a l c u l a t e d  a r e  no t  r ea sonab l e .  This  can  be  
d e m o n s t r a t e d  ea s i l y  if w e  a s u m e  ar  : f~ ~ 0.5. I f  
t h e n  af ~ 0.5, t he  a p p a r e n t  anod ic  a n d  ca thod ic  co-  
efficients shou ld  be  N0.25 w i t h  a s u m  of 0.5. These  
v a l u e s  do no t  c o r r e s p o n d  w i t h  w h a t  is o b s e r v e d  g e n -  
e ra l ly .  If,  on the  o t h e r  hand ,  w e  choose  ~f so as  to 
m a k e  the  a p p a r e n t  ca thod ic  coefficient  r e a s o n a b l y  
close to w h a t  is obse rved ,  t h e n  t h e  anod ic  coefficient  
c a l c u l a t e d  f r o m  Eq. [6]  is u n r e a s o n a b l e .  F o r  e x -  
amp le ,  a s s u m i n g  a g a i n  ~r = fir ~ 0.5 a n d  t a k i n g  ar : 
0.90, t he  a p p a r e n t  ca thod ic  coefficient,  a c =  0.32, is 
no t  f a r  f r o m  w h a t  is f o u n d  on mos t  e lec t rodes .  H o w -  
ever ,  t he  c a l c u l a t e d  a p p a r e n t  anod ic  t r a n s f e r  coeffi- 
c ien t  is n o w  on ly  0.08, w h i c h  is s u b s t a n t i a l l y  less  
t h a n  obse rved .  I n  gene ra l ,  f r a c t i o n a l  v a l u e s  of af 
and  Bf do not  l e a d  to t he  e x p e r i m e n t a l l y  o b s e r v e d  
a p p a r e n t  t r a n s f e r  coefficients a s s u m i n g  for  w r a n d  fir 
e i t h e r  0.5, or  t he  v a l u e s  f o u n d  on Pt .  

The redox react ion.--In i n t e r p r e t i n g  the  r e su l t s  
p r e s e n t e d  here ,  w e  no te  t h a t  a l l  m o l e c u l a r  p rocesses  
for  t h e  F e  + + + / F e  + + r e a c t i o n  occur  on  t h e  a q ueous  
s ide  of t he  i n t e r f a c e  a n d  t h a t  t he  e l e c t r o d e  se rves  
on ly  as a r e s e r v o i r  of  e l ec t rons  a t  a f ixed  e l e c t r o -  
c h e m i c a l  po ten t i a l .  W e  e x p e c t  in  a first  a p p r o x i m a -  
t ion t h a t  the  e x c h a n g e  c u r r e n t  a n d  the  t r a n s f e r  co-  
eff icients  on o x i d e - f r e e ,  i n e r t  e lec t rodes ,  e.g., P t  or  
Hg,  a r e  c h a r a c t e r i s t i c  of t he  couple  (17 -19) .  I f  t he  
su r f ace  l a y e r  on ox id i zed  e l ec t rodes  modif ies  e l ec -  
t r o n  t r a n s f e r  b e t w e e n  e l e c t r o d e  and  so lu t ion  in a 
m a j o r  way ,  s u b s t a n t i a l  changes  in  the  r e d o x  k ine t i c s  
m a y  occur.  I t  is a s s u m e d  in t he  fo l l owing  d i scuss ion  
t h a t  t h e  r e d o x  r e a c t i o n  p r o p e r  occurs  in a n o r m a l  
f a sh ion  and  t h a t  d i f fe rences  of c h a r a c t e r i s t i c  k ine t i c  
p a r a m e t e r s  b e t w e e n  p a s s i v e  and  m e t a l l i c  e l e c t rodes  
a r e  due  to t he  e l ec t ron  t r a n s f e r  p rocess  t h r o u g h  the  
super f i c ia l  film. 

T h e  f u n d a m e n t a l  concep t s  of  e l e c t r o n  e x c h a n g e  
b e t w e e n  a m e t a l  a n d  a r e d o x  couple  in so lu t ion  d e -  
v e l o p e d  b y  G u r n e y  (17) w e r e  r e c e n t l y  r e f o r m u l a t e d  
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a n d  e x t e n d e d  to s e m i c o n d u c t o r s  b y  G e r i s c h e r  (19) .  
The  bas ic  p o s t u l a t e  of  t h e  t h e o r y  is t h a t  a w e a k  
e l ec t ron ic  i n t e r a c t i o n  occurs  b e t w e e n  the  ion  a n d  the  
e l ec t rode  (18 ) ;  consequen t ly ,  e l e c t r o n  e x c h a n g e  is 
a d i aba t i c ,  i.e., i t  occurs  b e t w e e n  t h e  s a m e  e n e r g y  
l eve l s  in  t he  t w o  phases .  G e r i s c h e r  (19) i n t r o d u c e d  
the  concep t  of e l ec t ron  e n e r g y  s t a t e s  in  a r e d o x  e l ec -  
t r o l y t e  in  a n a l o g y  to t he  no t i on  of  e n e r g y  l eve l s  in  a 
so l id .  F o r  e x a m p l e ,  t he  e n e r g y  of u n o c c u p i e d  s t a t e s  
is def ined  b y  t h e  e n e r g y  change  a c c o m p a n y i n g  the  
i n t r o d u c t i o n  of an  e l e c t r o n  f r o m  in f in i ty  to t h e  l o w -  
es t  s t a t e  of an  ox id ized  ion  w i t h o u t  c h a n g i n g  i ts  so l -  
v a t i o n  s t ruc tu re .  I t  can  be  s h o w n  t h a t  the  e q u i l i b -  
r i u m  d i s t r i b u t i o n  of  a v a i l a b l e  e n e r g y  l eve l s  fo l lows  
a F e r m i  d i s t r i b u t i o n  func t ion  w h e r e  t he  " F e r m i "  
l eve l  of  t h e  e l e c t r o l y t e  is d i r e c t l y  r e l a t e d  to  t he  
m e a n  f r ee  e n e r g y  change  a c c o m p a n y i n g  the  r e d o x  
reac t ion .  

The  c u r r e n t  f lowing f r o m  e l e c t r o d e  to e l e c t r o l y t e  is 
g i v e n  b y  (19) 

~,c = e o . f _ + :  P ( d  " D e 1 ( , )  �9 : f ( ~ - - E l . e l )  

�9 D r e d o x ( e  ) �9 5 ( e f . r e d o x - -  E ) d e  [ 7 ]  

Here ,  eo is t he  e l ec t ron ic  charge ,  Del and  Dredox t h e  
d e n s i t y  of s t a t es  func t ions  for  t h e  e l e c t r o d e  a n d  e l ec -  
t r o l y t e ,  r e spec t i ve ly ,  a n d  f ( ~ - -  El,el) and  ](Ef, redox-- e) 
t h e  F e r m i  d i s t r i b u t i o n  func t ions  for  t he  t w o  phases .  
P ( e )  is a p r o p o r t i o n a l i t y  f ac to r  w h i c h  con ta ins  t he  
f r e q u e n c y  w i t h  w h i c h  e l ec t rons  a r r i v e  a t  t he  e l ec -  
t r o d e / e l e c t r o l y t e  b o u n d a r y  a n d  the  t u n n e l i n g  p r o b -  
a b i l i t y  t h r o u g h  t h e  p o t e n t i a l  b a r r i e r  b e t w e e n  the  
two  phases .  

T h e  e x c h a n g e  cu r r en t ,  ic a t  ~7 = 0, can  be  d r a s t i -  
c a l l y  s m a l l e r  for  s e m i c o n d u c t o r s  t han  for  m e t a l  e l ec -  
t rodes ,  s ince the  a c t u a l  d e n s i t y  of s ta tes  n e a r  t he  
F e r m i  l eve l  ( w h e r e  mos t  of t he  e x c h a n g e  t a k e s  p l a c e  
on m e t a l  e l ec t rodes )  m a y  be  v e r y  s m a l l  for  a s e m i -  
conduc tor .  Thus ,  a m a i n  r e s u l t  of t he  t h e o r y  is t h a t  
t he  e x c h a n g e  c u r r e n t  on  s e m i c o n d u c t o r  e l ec t rodes  
m a y  be  s m a l l e r  t h a n  on m e t a l s  b y  o r d e r s  of  m a g n i -  
tude .  

The  s m a l l  e x c h a n g e  c u r r e n t s  f o u n d  for  t h e  
F e  + + + / F e  ++ r e a c t i o n  on pass ive  e l ec t rodes  can  be  
v i e w e d  as a consequence  of a d e c r e a s e  of P ( e ) .  This  
m a y  be  due  e i t h e r  to  a s u b s t a n t i a l  d e c r e a s e  in  t he  
t u n n e l i n g  p r o b a b i l i t y  or  to t he  s e m i c o n d u c t i n g  c h a r -  
ac t e r  of t he  super f i c ia l  film. I t  is s h o w n  b e l o w  t h a t  

t he  c u r r e n t  changes  b y  on ly  a s m a l l  f a c to r  ( < 1 0 )  
w h e n  the  f i lm th i cknes s  changes  b y  a f a c t o r  of a b o u t  
2. Th is  ru l e s  ou t  a r a t e  l i m i t i n g  p rocess  i nvo lv ing  
e l e c t r o n  t u n n e l i n g  across  t he  oxide .  I t  is p r o b a b l e  
t h a t  t h e  s m a l l  e x c h a n g e  c u r r e n t s  ( T a b l e  I )  a r e  a 
consequence  of t he  s e m i c o n d u c t o r  c h a r a c t e r i s t i c s  of 
t he  p a s s i v e  film. 

Rectification.--For mos t  r e d o x  reac t ions ,  t he  i-E 
c h a r a c t e r i s t i c s  a r e  no t  e n t i r e l y  s y m m e t r i c a l  on  
anod ic  a n d  ca thod ic  po la r i za t ion ,  t he  effect  be ing  d e -  
s c r i be d  as  F a r a d a i c  rec t i f ica t ion.  The  rec t i f i ca t ion  
r a t i o  is s m a l l  g e n e r a l l y ;  for  e x a m p l e ,  t he  F e  + + + /  
F e  + + r e a c t i o n  on P t  e x h i b i t s  anod ic  a n d  ca thod ic  
t r a n s f e r  coefficients of 0.58 a n d  0.42 ( T a b l e  I I ) ,  so 
t h a t  t he  c o r r e s p o n d i n g  c u r r e n t s  a t  ~ = 100 m v  a re  in 
t he  r a t i o  of  1/0.55. A c o n s i d e r a b l y  m o r e  p r o n o u n c e d  
rec t i f i ca t ion  in  t he  oppos i t e  d i r ec t ion  is o b s e r v e d  
w i t h  p a s s i v e  e l ec t rodes  (e.g., Fe and  Ti, T a b l e  I I ) .  I n  
gene ra l ,  t he  t r a n s f e r  coefficient  for  F e  + + + r e d u c t i o n  
on p a s s i v e  e l ec t rodes  is close to t h e  v a l u e  f o u n d  on 
p l a t i n u m ;  h o w e v e r ,  t he  anod ic  t r a n s f e r  coefficients 
a r e  i n v a r i a b l y  sma l l e r ,  f r e q u e n t l y  b y  a s u b s t a n t i a l  
a moun t .  

Rec t i f i ca t ion  b y  a n o d i c a l l y  f o r m e d  su r f a c e  ox ides  
is w e l l - k n o w n  for  v a l v e  m e t a l s  (Ta,  Zr ,  e tc . )  (20-  
23) .  T h e  d i r e c t i o n  of e a s y  e l e c t r o n  f lew is f r o m  m e t a l  
to e l e c t r o l y t e  a n d  the  m a g n i t u d e  of  t he  c u r r e n t  d e -  
p e n d s  in  a c o m p l i c a t e d  w a y  on t h e  cond i t ions  of 
f o r m a t i o n  of  t he  o x i d e  and  on su r f ace  p r e p a r a t i o n .  
I n  gene ra l ,  t he  c u r r e n t  can  be  i n c r e a s e d  b y  ca thod ic  
" d e f o r m a t i o n "  b u t  is r e s t o r e d  to i ts  p r e v i o u s  v a l u e  
b y  s u b s e q u e n t  anod ic  p o l a r i z a t i o n  (23) .  

A n u m b e r  of  poss ib le  m e c h a n i s m s  fo r  r ec t i f i ca t ion  
b y  anod ic  ox ide  f i lms h a v e  been  a d v a n c e d  (21-25) .  
V e r m i l y e a  (25) d e m o n s t r a t e d  the  ex i s t ence  of w e a k  
spots  in  ox ide  f i lms on v a l v e  m e t a l s  a n d  s h o w e d  t h a t  
mos t  of t he  ca thode  c u r r e n t  f lows t h r o u g h  these  i m -  
per fec t ions .  A l t h o u g h  rec t i f i ca t ion  was  a t t r i b u t e d  to 
a r e a s  of de f ec t i ve  oxide ,  no  m e c h a n i s m  for  t he  r e c t i -  
f y i n g  p r o p e r t i e s ,  as c o n t r a s t e d  to i ts  h i g h e r  con-  
duc t i v i t y ,  was  sugges t ed  for  t he  de fec t i ve  ox ide  (25) .  
The  mos t  l i k e l y  e x p l a n a t i o n  of rec t i f ica t ion ,  w h i c h  
app l i e s  e i the r  to t he  f i lm as  a whole ,  or  to  w e a k  
o r  t h in  spots  in t h e  film, is t h a t  due  to v a n  Gee l  who  
p o s t u l a t e s  a p - n  j u n c t i o n  w i t h i n  the  ox ide  (23, 24).  

The  rec t i f i ca t ion  o b s e r v e d  w i t h  pa s s ive  f i lms is 
s i m i l a r  in  some  r e spec t s  to t h a t  o b s e r v e d  w i t h  ox ides  
on v a l v e  meta l s .  H o w e v e r ,  t h e  t h innes s  of t he  pas s ive  

Table II. Nickel a 

pH T, =C Ecorr, V 

io ex t r apo l a t ed  io f r o m  [ - - ]  
from cathodic \ OE / (J~-Erev) =0 

curve, amp/cm s ({o) c (io) a ~e c t e  + aa  

2.3 

0.35 

O.OO 

i0 --0.0003 2.6 X 10 -5 
20 --0.0006 4.55 X 10 -5 
20 --0.0012 7.6 X 10 -5 

30 --0.0006 8.6 • 10 -5 

0 --0.0003 5.0 • 10 -5 
10 --0 .0008 8.0 X 10 -5  
20 --0.0005 11. • 10 -5  
30 --0.001 14. X 10 - s  

2.5 • 10 -5 
4.4 X 10 -5  

7.45 X 10 -5 

8.6 • 10 -5  

10.2 X 10 -5 
12.8 X 10 -5  

2.5 X 10 -5  
4.4 • 10 -5  

7.15 • 10 -5  

7.5 X 10 -5  

8.0 X 10 -5 
7.0 • 10 -5 

0.415 
0.40 
0.41 

0.46 

0.47 
0.47 
0.47 
0.47 

0.484 
0.495 
0.49 

(0.60) 
(0.375) 

I 

(0.33) 

0.90 
0.90 
0.90 

M 

m 

= All solutions CFe ++~" = CFe +§ = 0.0-~0M and M MgSO~. 
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f i lm m a k e s  i t  u n l i k e l y  t h a t  t h e  c o n t i n u u m  d e s c r i p t i o n  
i m p l i e d  b y  the  t e r m  " s e m i c o n d u c t o r "  is app l i cab le .  
I t  is p r e f e r a b l e  to a d o p t  a c h e m i c a l  a p p r o a c h  to t he  
d e s c r i p t i o n  of the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t he  
fi lm, as  was  done  b y  V e t t e r  (26)  a n d  m o r e  r e c e n t l y  
b y  N a g y a m a  and  Cohen  (27) .  The  l a t t e r  a u t h o r s  
sugges t  t h a t  the  pa s s ive  f i lm in t he  case  of F e  con-  
s is ts  of a n  i n n e r  l a y e r  a p p r o a c h i n g  Fe~Oa a n d  an  
o u t e r  l a y e r  of  "o,-Fe~Os" w i t h  a de f ec t  s t r u c t u r e  of  
t h e  f o r m  Fex +6 Fe2-2x +s [:]x 08. A l t h o u g h  a f i lm of 
th i s  sor t  m a y  be  d e s c r i b e d  as a " s e m i c o n d u c t o r , "  i t  
cou ld  no t  p o s s i b l y  s u p p o r t  a f u l l y  d e v e l o p e d  s p a c e -  
c h a r g e  r e g i o n  s i m i l a r  to t h a t  w h i c h  g ives  r i se  to t he  
r e c t i f y i n g  p r o p e r t i e s  of s e m i c o n d u c t o r  junc t ions .  

Rec t i f i ca t ion  b y  pa s s ive  e l ec t rodes  is p r o b a b l y  
caused  b y  t h e  d i s t r i b u t i o n  of t he  t o t a l  p o t e n t i a l  d r o p  
f r o m  m e t a l  to  so lu t ion  b e t w e e n  t h e  f i lm a n d  the  
o x i d e / e l e c t r o l y t e  in t e r face .  The  p o t e n t i a l  d r o p  
across  t he  p a s s i v e  f i lm a p p e a r s  to be  a c o n s t a n t  f r a c -  
t ion  of t h e  t o t a l  a p p l i e d  po ten t i a l .  The re fo re ,  t he  
o v e r p o t e n t i a l  for  o x i d a t i o n  of F e  + + is (1 - -  1')~, a n d  
t h e  a p p a r e n t  t r a n s f e r  coefficient  for  t he  anod ic  r e -  
a c t i on  is ( 1 - - 7 ) f i r ,  w h e r e  1' is t he  f r a c t i o n  of t h e  
t o t a l  p o t e n t i a l  w h i c h  is across  t h e  film. This  a r g u -  
m e n t  is d e v e l o p e d  in  m o r e  de t a i l  in  a s u b s e q u e n t  
c o m m u n i c a t i o n  d e a l i n g  w i t h  t he  k ine t i c s  of t he  
F e  + + + / F e  + + r e a c t i o n  on pa s s ive  F e - C r  a l loys .  

Ionic and electron currents .--Both an  ionic  c u r -  
r e n t  and  an  e l ec t ron ic  c u r r e n t  m a y  flow t h r o u g h  a 
pa s s ive  e l ec t rode  a t  a n y  po t en t i a l .  The  s t e a d y - s t a t e  
ionic  cu r r en t ,  w h i c h  m a y  be  o b s e r v e d  in t he  a b -  
sence  of t he  r e d o x  couple ,  is g e n e r a l l y  a s m a l l  f r a c -  
t ion  of t he  t o t a l  c u r r e n t  p l o t t e d  in  Fig .  1-3. F o r  e x -  
ample ,  t he  s t e a d y - s t a t e  co r ros ion  c u r r e n t  ( e q u i v a -  
l en t  to  t he  ionic c u r r e n t )  for  Ti  is less  t h a n  10 -~ 
a m p / c m  ~ a n d  is i n d e p e n d e n t  of t he  p o t e n t i a l  in  t h e  
pa s s ive  reg ion .  The  t o t a l  c u r r e n t  w i t h  a r e d o x  coup le  
in  so lu t ion  depends ,  of course ,  on t h e  p o t e n t i a l  a n d  
can  be  as m u c h  as 10 -8 a m p / c m  2. In  t he  d i scuss ion  
a b o v e  i t  w a s  a s s u m e d  t h a t  a l l  t he  c u r r e n t  w h i c h  
flows w h e n  a r e d o x  coup le  is a d d e d  to t he  so lu t ion  
is e lec t ron ic .  

A l t h o u g h  the  ionic  process  does  no t  c o n t r i b u t e  
s ign i f i can t ly  to  t he  o b s e r v e d  c u r r e n t  ( h o w e v e r ,  see  
t h e  case  of  F e  b e l o w ) ,  i t  m a y  s t i l l  h a v e  a s u b s t a n -  
t i a l  effect  on  the  t o t a l  i-E c h a r a c t e r i s t i c s  e i the r  b e -  
cause  of changes  in  f i lm th i cknes s  w i t h  p o t e n t i a l  or  
because  of changes  in  f i lm compos i t ion ,  p a r t i c u l a r l y  
on anodic  po la r i za t ion .  The  c o m m o n l y  a c c e p t e d  a c -  
coun t  of t he  k ine t i c s  of g r o w t h  a n d  of d i s so lu t ion  of 
pa s s ive  f i lms is due  to V e t t e r  (26) .  O x i d e  g r o w t h  
is a s s u m e d  to be  b y  f i e ld - a s s i s t ed  m i g r a t i o n  of  c a t -  
ions  t h r o u g h  the  film. C o n t r a r y  to t he  case  of ox ides  
on v a l v e  me ta l s ,  t he  pa s s ive  f i lm d i s so lves  in c o m -  
m o n  e l e c t r o l y t e s  b y  a p u r e l y  chemica l  r e a c t i o n  w i t h  
a r a t e  i n d e p e n d e n t  of  po t en t i a l .  In  t h e  s t e a d y  s ta te ,  
t he  r a t e  of f i lm g r o w t h  equa l s  i ts  d i s so lu t ion  r a t e  a t  
some ( s t a t i o n a r y )  ox ide  th ickness .  I f  t he  p o t e n t i a l  is 
c h a n g e d  to a m o r e  p o s i t i v e  va lue ,  o x i d e  f o r m a t i o n  is 
i n i t i a l l y  f a s t e r  t h a n  d i s so lu t ion  b u t  as  t h e  f i lm grows ,  
t he  f ield across  i t  is r e d u c e d  u n t i l  t h e  f o r m a t i o n  a n d  
d i s so lu t ion  r a t e s  a g a i n  b a l a n c e  each  o ther .  This  
m e c h a n i s m  accoun t s  fo r  t h e  mos t  n o t a b l e  c h a r a c -  
t e r i s t i c  of pas s ive  e lec t rodes ,  n a m e l y ,  a s t e a d y - s t a t e ,  

anod i c  o x i d a t i o n  c u r r e n t  w h i c h  is i n d e p e n d e n t  of p o -  
t en t i a l .  

C o n s i d e r  an  e l e c t r o d e  on w h i c h  the  f i lm has  g r o w n  
to i ts  s t e a d y - s t a t e  t h i cknes s  a t  t he  p o t e n t i a l  c o r r e -  
s p o n d i n g  to  t h e  r e v e r s i b l e  F e  + + + / F e  + + couple .  I f  
t he  e l e c t r o d e  is p o l a r i z e d  anod ica l ly ,  a n  ionic  a n d  
a n  e lec t ron ic  c u r r e n t  flow across  t he  film. T h e  ionic  
c u r r e n t  is o r i g i n a l l y  l a r g e r  t h a n  i ts  s t e a d y - s t a t e  
v a l u e  s ince  t he  p o t e n t i a l  g r a d i e n t  across  t h e  f i lm is 
inc reased .  The  ionic  c u r r e n t  dec reases  as  t h e  f i lm 
th i cknes s  a n d  a p p r o a c h e s  e v e n t u a l l y  i ts  f o r m e r  v a l u e  
w h i c h  is of t he  o r d e r  of 10 -~ a m p / c m  2 fo r  Ti  and  
10 -6 a m p / c m  2 for  Ni.  The  ox ide  th i ckness  mus t ,  
t he re fo re ,  i nc rea se  c o n t i n u o u s l y  w i t h  p o t e n t i a l  on  
anod ic  po la r i za t ion .  On  t h e  o t h e r  hand ,  t he  ox ide  
t h i c k e n s  and  a p p r o a c h e s  e v e n t u a l l y  i ts  f o r m e r  v a l u e  
a t  t h e  r e v e r s i b l e  p o t e n t i a l  on ca thod ic  p o l a r i z a t i o n  
if  t he  d i s so lu t ion  r a t e  is 10 -6  a m p / c m  2 or  less,  a n d  if  
s u b s t a n t i a l  e l e c t r o c h e m i c a l  r e d u c t i o n  of t h e  f i lm does  
no t  occur  in t he  p o t e n t i a l  r a n g e  in  ques t ion .  This  can  
e a s i l y  be  seen  w h e n  the  d i s so lu t ion  r a t e  is t r a n s l a t e d  
into  f i lm equ iva len t s .  A t  10 -6  a m p / c m  2, a b o u t  15 min  
w o u l d  be  r e q u i r e d  to r e m o v e  a b o u t  10A of  f i lm 
( ~ 1 0  -~ c o u l o m b / c m ~ ) ,  or  a p p r o x i m a t e l y  a u n i t  cel l  
of oxide .  Thus ,  i t  is p r o b a b l e  t h a t  t he  f i lm th i cknes s  
on pas s ive  Ni  or  Ti does  no t  change  in  t he  course  
of  a ca thod ic  run .  H o w e v e r ,  i f  t he  d i s so lu t ion  r a t e  is 
s u b s t a n t i a l l y  h i g h e r  (10 -5 a m p / c m 2 ) ,  as i t  is in  the  
case of i ron,  s igni f icant  changes  in f i lm th i cknes s  
m u s t  occur  d u r i n g  ca thod ic  p o l a r i z a t i o n  also. 

Nickel electro des . - -The F e  + + + / F e  + + r e a c t i o n  on 
n i c k e l  e l ec t rodes  w a s  e x a m i n e d  a t  va r i ous  p I I  and  
t e m p e r a t u r e s .  S ince  f i lms of v a r y i n g  s t a t i o n a r y  
t h i cknes s  a r e  p r o d u c e d  a t  d i f f e ren t  pH,  i t  is  pos s ib l e  
to obse rve  changes  ( i f  a n y )  in  t he  r e d o x  k ine t i c s  
w i t h  ox ide  th i ckness .  Resu l t s  a r e  g iven  in  T a b l e  I I  
a n d  Fig.  4-6.  
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Fig. 4. Polarization curves for the Fe + + +/Fe + + couple (O.05M) 
on Ni electrodes in M MgS04 at pH = 0.35 and at 30~ Current 
densities corresponding to the open circles are calculated from 
iox = iappl -~ fred where ired is given by the extrapolated cathodic 
curve. 
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Fig. 5. Linear plots of (E - -  Erev) v s .  current density for the 
Fe + + + / F e  + + couple (0.05M) on Ni electrodes in M MgSO4 at 
pH = 0.35 and at 30~ The apparent stoichiometric number, 
determined from the cathodic polarization curve, is unity. 
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Fig. 6. Arrhenius plots for the F e + + + / F e  + +  couple (0.05M) 
on Hi electrodes in M MgSO4. The exchange current, io, is that 
extrapolated from the cathodic curve. The activation energies are 
8.5 kcal at pH = 2.3 and 4.5 kcal at pH = 0.0. 

The exchange cur ren t  increases wi th  decreas ing 
pH and app rox ima te ly  doubles be tween  pH of 2.3 
and 0.0. The cathodic t ransfe r  coefficient increases 
f rom 0.41 to 0.47 over  the same pH range.  Therefore,  
the to ta l  cathodic cur ren t  at  any  given overpoten-  
t ia l  increases by  a factor  of s l ight ly  grea te r  than  2 
in this  ac idi ty  range.  

F igure  4 shows tha t  the  anodic polar iza t ion  curve 
changes in a subs tant ia l  way  when the pH decreases.  
The to ta l  anodic cur ren t  at overpotent ia ls  be tween  
--0.050 and +0.050v was calcula ted as before  f rom 
the appl ied  cur ren t  and the ex t rapo la t ed  cathodic 
cur ren t  (compare  to Fig. 1). The anodic cur ren t  can 
be approx ima ted  by  two Tafel  l ines showing a t r a n -  
sition f rom a low to a high Tafel  slope at about  
+0.05v. A s imi lar  change in the  anodic kinet ics  is 
also observed at  pH 0.00. 

In in te rp re t ing  the change in kinet ics  wi th  pH, we 
note tha t  the total  potent ia l  drop be tween  electrode 
and solution is g iven by  

E = V + ~s + (const)  [8] 

Here  V is the  poten t ia l  drop across the oxide and ~s 
tha t  across the ox ide /e l ec t ro ly te  interface.  In v iew of 
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the la rge  excess of iner t  e lect rolyte  we may  assume 
in the  first approx imat ion  tha t  ~s does not  change 
wi th  pH. Therefore,  for  the same CFe+ + + and CFe+ + 
or, wha t  is equivalent ,  a t  a fixed E~v for  the Fe  + + + /  
Fe  + + couple, we have  the same V, independent  of 
pH. Since the  ra te  of dissolut ion increases wi th  
acidity,  the  s t a t iona ry  film thickness  mus t  be less 
in the  more acid solutions. 

The dissolution ra te  of passive Ni in 0.5M SO4 = is 
10 -~ a m p / c m  2 at  p i t  3.1. Therefore,  the direct  con- 
t r ibu t ion  of ionic cur ren t  to the to ta l  oxidat ion cur-  
ren t  is negl ig ib le  even at  low pH. That  this  is the  
case is shown by the fact  tha t  the res t  potent ia l  of 
passive Ni in a Fe  + + + / F e  + + solution is jus t  the  re -  
vers ib le  lee+ + + / F e  + + potent ial .  

The coincidence of the res t  potent ia l  wi th  the  
Fe  + + +Fe /+  + revers ib le  potent ia l  makes  it possible 
to obtain the  s toichiometr ic  number  for the  process 
f rom polar izat ion measurements  at  smal l  cur rent  
densit ies.  A plot  of i vs. (E -Erev )  at  smal l  (E -Erev )  
is shown in Fig. 5. The values  of (io)c and (io)a given 
in Table  II  were  obtained f rom the slope of such plots  
and the re la t ion  

= R"-~ / ~ (E--Erev)=O 
[9] 

The s toichiometr ic  number  of a s imple  one-e lec t ron  
reaction,  such as the Fe + + + / F e  + + reaction,  must  be 
unity.  Therefore,  Eq. [9] can be r ewr i t t en  as 

R T (  0r 

~0 = T \ - - ~  /(E--Erev)=O [9a] 

Consequently,  the measurement  of Oi/OE at  small  
(E-Erev)  provides  a check on the exchange cur -  
rents  found by  ex t rapo la t ion  f rom large  overpo-  
tentials .  Specifically, comparison of io de te rmined  
in these two ways  shows whe ther  the  po ten t ia l -  
cur ren t  re la t ion  is the same over the whole  of the 
potent ia l  range  examined  or whe ther  a change in 
film character is t ics  takes  place as the potent ia l  is 
a l te red  f rom its equ i l ib r ium value.  

The resul ts  in Table  II  and Fig. 4 and 5 suggest 
tha t  the react ion r a t e  and appa ren t  t ransfe r  co- 
efficient depend on the thickness of the film and on 
the pH of the solut ion in which the film is formed. 
The increase of the exchange cur ren t  at  low pH is 
p robab ly  caused by  changes in film composit ion 
which appa ren t ly  affect its e lectrochemical  char -  
acteristics.  I t  has been suggested tha t  protons mi -  
gra te  into surface oxides and are responsible  for 
an increase in conduct ivi ty  (29, 30). Since the con- 
cent ra t ion  of protons in  the film is p robab ly  de-  
creased by  the addi t ional  field imposed on anodic 
polarizat ion,  a more or less continuous increase in 
the  anodic polar iza t ion  character is t ics  at  low pH 
is expected as the  potent ia l  becomes more positive. 
This is borne out by  the low (io)a values  calculated 

" ( Oia ) which indicate  tha t  the  an-  f rom ~ -~-~re~)=o 

odic cur ren t  increases less r a p i d l y  at  pH of 0.35 and 
0.00 than  is p red ic ted  f rom the usual  express ion for  
the net  cur ren t  a t  potent ia l s  close to equi l ibr ium.  
The change in the energy  of act ivat ion for react ion 
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(as  c a l c u l a t e d  f r o m  the  t e m p e r a t u r e  coefficient  of 
t he  e x c h a n g e  cu r r en t ,  Fig.  6) f r o m  8.5 k c a l / m o l e  a t  
p H  2.3 to 4.5 k c a l / m o l e  a t  p H  0.00 also shows  t h a t  
the  e l ec t rode  c h a r a c t e r i s t i c s  a r e  modi f i ed  s u b s t a n -  
t i a l l y  b y  changes  of pH. 

Iron electrodes . - -The pass ive  f i lm on i ron  is 
c o n s i d e r a b l y  less  s t ab l e  t h a n  on  n ickel .  Conse -  
quen t ly ,  h igh  c o n c e n t r a t i o n s  of f e r r i c  ion (0 .3M) 
w e r e  n e c e s s a r y  to m a i n t a i n  t h e  e l e c t r o d e  in  t h e  p a s -  
sive region .  E v e n  at  th i s  concen t r a t i on ,  t he  r e s t  p o -  
t e n t i a l  was  m o r e  ac t ive  b y  10-60 m v  t h a n  the  r e -  
v e r s i b l e  F e  + + + / F e  + + p o t e n t i a l  b e c a u s e  of t he  r e l -  
a t i v e l y  l a r g e  co r ros ion  c u r r e n t  of pas s ive  iron.  

The  anod ic  p o l a r i z a t i o n  cu rve  on i r on  e l ec t rodes  
shows  hys t e r e s i s  w h e n  o v e r p o t e n t i a l  m e a s u r e m e n t s  
a r e  m a d e  r e l a t i v e l y  r a p i d l y .  The  t i m e - d e p e n d e n c e  of 
t he  p o t e n t i a l  sugges t s  t h a t  t he  c o n t r i b u t i o n  of t he  
ionic c u r r e n t  dec reases  w i t h  t i m e  a t  a f ixed  anod ic  
c u r r e n t  dens i ty .  A n  anod ic  cu rve  was  o b t a i n e d  b y  
first  p o l a r i z i n g  t h e  e l ec t rode  a t  120 ~ a / c m  2 u n t i l  t h e  
p o t e n t i a l  b e c a m e  cons t an t  and  t h e n  r a p i d l y  m a k i n g  
m e a s u r e m e n t s  in dec r ea s ing  o r d e r  of c u r r e n t  d e n -  
s i ty .  In  th is  way ,  an  a p p r o x i m a t e l y  s e m i l o g a r i t h m i c  
p o l a r i z a t i o n  c u r v e  can  be  ob ta ined .  M e a s u r e m e n t s  
u n d e r  t hese  condi t ions  a r e  s h o w n  in Fig .  2. 

The  p o l a r i z a t i o n  cu rves  on pa s s ive  i ron  a r e  
s t r o n g l y  a s y m m e t r i c a l .  The  anod ic  p rocess  was  e x -  
a m i n e d  in  d e t a i l  in  M MgSO4 a t  p H  1.45. The  anod ic  
c u r r e n t  w a s  h e l d  a t  each  v a l u e  u n t i l  t h e  p o t e n t i a l  
b e c a m e  cons t an t  ( ~ 1  m v  change  in  5 r a i n ) .  Th is  
r e q u i r e d  f r o m  10 to 100 min ,  d e p e n d i n g  on the  c u r -  
ren t .  F i g u r e  7 shows  t h a t  t he  anodic  c u r r e n t  r e a c he s  
a l i m i t i n g  v a l u e  w h i c h  is p r o p o r t i o n a l  to t he  F e  + + 
concen t r a t ion .  This  is no t  a d i f f u s i o n - l i m i t e d  c u r -  

4"ent. The  e s t i m a t e d  m a x i m u m  di f fus ion  c u r r e n t s  a t  
the  v a r i o u s  concen t r a t i ons  used  a r e  10 -8 to 10 -2  
a m p / c m  ~, i.e., a t  l eas t  t w o  o r d e r s  of  m a g n i t u d e  
g r e a t e r  t h a n  the  o b s e r v e d  l i m i t i n g  cu r ren t s .  F u r -  
t h e r m o r e ,  c o m p a r i s o n  w i t h  Ni  shows  t h a t  a p p r e -  
c i a b l y  l a r g e r  anod ic  c u r r e n t s  can be  d r a w n  in t h a t  
case  w i t h o u t  a n y  s igni f icant  c o n t r i b u t i o n  f rom con-  
c e n t r a t i o n  p o l a r i z a t i o n  in  so lu t ion  (see  Fig .  1).  
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Fig. 7. Anodlc polarization curves for the Fe + + + / F e  + + couple 
on iron in M MgSO4 at pH ~ 1.45. The Fe + + + concentration was 
0.3M. The current was kept constant at each value shown until 
the potential changed by less than 1 mv in 5 rain. 

The  i -E  c h a r a c t e r i s t i c s  w i t h  pa s s ive  F e  a r e  a n a l o -  
gous to  those  of a r e c t i f y i n g  j u n c t i o n  a n d  m a y  be  
d e s c r i b e d  b y  an  e q u a t i o n  f o r m a l l y  s im i l a r  to  t h a t  
a p p l i c a b l e  to such  a junc t ion .  Thus ,  a s s u m i n g  t h a t  
the  c u r r e n t  f r o m  m e t a l  to  so lu t ion  is p r o p o r t i o n a l  
to t he  ( F e  + + + )  c o n c e n t r a t i o n  ( a s  i t  is w i t h  o t h e r  
pa s s ive  e l ec t rodes )  w e  h a v e  for  t he  ne t  c u r r e n t  in  
t he  anodic  d i r e c t i o n  

ia = klCFe+ + - -  k2CFe+ + + e x p  (---~E) 
or  

ia = klCFe+ + [1 - -  e x p ( - - a E )  ] [10]  

w h e r e  klCFe+ + = k2CFe+ + +. 

The  r e su l t s  w i t h  pas s ive  F e  a r e  no t  i ncons i s t en t  
w i t h  t he  g e n e r a l  p i c t u r e  of pa s s ive  f i lms o b t a i n e d  
f r o m  cor ros ion  s tud ies  in  t h e  absence  of a r e d o x  
coup le  in  so lu t ion  (26, 27) .  F o r  e x a m p l e ,  V e t t e r  (26) 
has  sugges t ed  a m o d e l  for  t h e  pa s s ive  f i lm in w h i c h  
a p o t e n t i a l  d rop  of a b o u t  0.6v is a s s u m e d  to exis t  
w i t h i n  t h e  oxide .  A p o t e n t i a l  d i f fe rence  across  t he  
ox ide  w i t h  no c u r r e n t  f lowing p r e s u p p o s e s  a d i s -  
t r i b u t i o n  of cha rge  c a r r i e r s  s i m i l a r  to t h a t  s u g g e s t e d  
b y  the  p r e s e n t  resu l t s .  

Ti tanium electrodes . - -Ti tanium b e h a v e s  s i m i l a r l y  
to F e  a t  t e m p e r a t u r e s  of 30~ a n d  above.  Ta fe l  l ines  
a r e  o b t a i n e d  a t  l o w e r  t e m p e r a t u r e s  if t he  e l ec t rode  
is f irst  anod ized  a t  the  m a x i m u m  c u r r e n t  d e n s i t y  
used  d u r i n g  a run .  C u r v e s  s i m i l a r  to  t hose  of Fig.  3 
a r e  o b t a i n e d  a t  0 ~ a n d  I0~  C u r v e s  o b t a i n e d  a t  
30 ~ and  40~ a r e  s h o w n  in Fig .  8. 

The  t i m e  d e p e n d e n c e  of t h e  p o t e n t i a l  (F ig .  9) sug -  
ges ts  t h a t  t he  f i lm t h i c k e n s  a p p r e c i a b l y  on anodic  
p o l a r i z a t i o n  a t  t e m p e r a t u r e s  a b o v e  30~ A t  l o w e r  
t e m p e r a t u r e s ,  i t  is p r o b a b l y  u n c h a n g e d  d u r i n g  a 
ca thod ic  run ;  i t  m a y  g r o w  s o m e w h a t  d u r i n g  an  
anod ic  r u n  (see  Fig .  9) .  

The  t e m p e r a t u r e  coefficient  of  t he  e x c h a n g e  c u r -  
r e n t  in t he  r a n g e  in  w h i c h  t h e  f i lm th i cknes s  was  
a p p r o x i m a t e l y  c o n s t a n t  y ie lds  an  e n e r g y  of  a c t i v a -  
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Fig. 8. Polarization curves for the Fe § + + / F e  + + couple (0.05M) 
on Ti electrodes in M MgSO4 at pH ~ 2.3. 
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Fig. 9. Time dependence of the potential of Ti electrodes in a 
Fe + + +/Fe + + (O.OSM) solution. M in MgS04 and of pH = 2.3. 
The applied anodic current densities are given in the figure to- 
gether with the temperature far each measurement. 

t ion  of a b o u t  15 k c a l / m o l e .  This  is on ly  an  e s t ima te ,  
s ince  t h e  log io vs. 1 /T  plo t s  a r e  no t  s t r a i g h t  l ines  
even  in  th is  n a r r o w  t e m p e r a t u r e  r ange .  

S u m m a r y  o] poZarization characterist ics.--The 
p o l a r i z a t i o n  b e h a v i o r  of t he  F e + + + / F e  ++ coup le  
on pa s s ive  Ni,  a n d  Ti is g i v e n  b y  an  e x p r e s s i o n  of 
t he  f o r m  ( p o t e n t i a l s  in  un i t s  of R T / F )  

i = io { e x p [ - - ~ r ( E - E r e v )  ] - -  e x p [ f l r ( E - E r e v  - -  V) ]} 
[11]  

H e r e  V is t h e  p o t e n t i a l  d rop  w i t h i n  t he  ox ide  and  
is, in  gene ra l ,  a func t ion  of t he  c u r r e n t  dens i ty .  The  
r e su l t s  sugges t  t ha t  V is p r o p o r t i o n a l  to E, i.e. 

V = ~ ( E - E r e v )  [12]  
I n  th i s  case  

i = io { e x p [ - - ~ r ( E - E r e v ) ]  - -  
e x p [  (fir) (1--9') ( E - E r e v )  ] } [13]  

C o n s e q u e n t l y  

ar + aa ---- ( a t )  + f i r ( l - -T )  ---- 1-- ~'flr [14]  

w i t h  an  a p p a r e n t  s t o i c h i o m e t r i c  n u m b e r  of 

/ '~ = --+ io = 1 - -  ~flr 
(E--grey)=0 

[15]  

E q u a t i o n s  [12-14]  a r e  fo l l owed  b y  p a s s i v e  Ni  a t  
p H  ---- 2.3 a n d  b y  Ti  a t  p H  = 1.5 a n d  for  T --~ 20~ 
The  coefficient  T is 0.15 fo r  Ni  a n d  0.60 for  Ti. Fe,  
Ni  a t  l ow  pH,  and  Ti  a t  h i g h e r  t e m p e r a t u r e s  show 
a m o r e  c o m p l i c a t e d  b e h a v i o r  on anodic  po la r i za t ion .  

Summary and Conclusions 

1. P a s s i v e  e l ec t rodes  g e n e r a l l y  f u n c t i o n  as  ine r t ,  
i n d i c a t o r  e l e c t rodes  fo r  t h e  F e  + + + / F e  + + couple .  The  
ionic  c u r r e n t  t h r o u g h  t h e  pas s ive  f i lms of Ni  and  Ti  
is neg l i g ib l e  c o m p a r e d  to e l e c t r o n  cu r ren t .  The  ionic 
c u r r e n t  is a s ign i f ican t  f r ac t i on  of t h e  t o t a l  c u r r e n t  
in  t he  case  of pass ive  Fe .  The  r e s t  p o t e n t i a l  of p a s -  
s ive  F e  is a m i x e d  p o t e n t i a l  a n d  is 10 to  60 m v  m o r e  
n e g a t i v e  t h a n  the  r e v e r s i b l e  F e  + + + / F e  ++ p o t e n t i a l  
a t  p H  1.45. 

2. The  e l ec t rode  k ine t i c s  of t h e  F e  + + + / F e  + + r e -  
ac t ion  on pa s s ive  e l ec t rodes  d i f fer  s u b s t a n t i a l l y  f r o m  

those  on o x i d e - f r e e  e lec t rodes ,  e.g., Pt .  The  e x -  
c h a n g e  c u r r e n t  is s u b s t a n t i a l l y  s m a l l e r  on  pa s s ive  
e lec t rodes .  The  anod ic  t r a n s f e r  coefficient is a b o u t  
the  s a m e  as on Pt .  The  s u m  of t he  a p p a r e n t  anod ic  
a n d  ca thod ic  t r a n s f e r  coefficients on p a s s i v e  e l ec -  
t r o d e s  is s ign i f i can t ly  less  t h a n  un i ty .  

3. T h e  i -E c h a r a c t e r i s t i c s  of  t he  m e t a l / p a s s i v e  
f i l m / r e d o x  e l e c t r o l y t e  s y s t e m  a r e  a s y m m e t r i c a l .  The  
d i r e c t i o n  of  e a sy  e l e c t r o n  flow is f r o m  m e t a l  to so -  
lu t ion .  A l i m i t i n g  anod ic  cu r r en t ,  w h i c h  is u n -  
r e l a t e d  to d i f fus ion  of F e  + + in  solu t ion ,  is o b s e r v e d  
on F e  and  Ti  in  c e r t a i n  cases.  

4. T h e  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of  t h e  F e  + + + /  
F e  + + r e a c t i o n  on  pa s s ive  Ni,  Fe ,  a n d  Ti, spec i f ica l ly  
t he  u n u s u a l  b e h a v i o r  s u m m a r i z e d  in 2 a n d  3, sugges t  
t h a t  a p o t e n t i a l  d r o p  ex i s t s  w i t h i n  t h e  o x i d e  a n d  
t h a t  th is  p o t e n t i a l  is p a r t i c u l a r l y  i m p o r t a n t  in  a n -  
odic  po la r i za t ion .  Th is  conc lus ion  is cons i s t en t  w i t h  
o t h e r  s tud ies  of t he  g r o w t h  a n d  d i s so lu t ion  of p a s -  
s ive  fi lms. 
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Kinetics of the Fe+++/Fe ++ Reaction on Fe-Cr Alloys 

A. C. Makrides 
Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

The electrode kinetics of the Fe + + + / F e  + + couple on passive Fe-Cr  alloys 
were studied in acid solutions of constant  ionic s t rength (M MgSO4). Tafel 
behavior  is general ly  observed wi th  exchange currents  of the order of 10 -6 
a m p / c m  2 ('Cfe+ § § ~ CFe§ + ~ 0.050M), a cathodic t ransfer  coefficient of 0.40, 
and an anodic t ransfer  coefficient of 0.36. The electrochemical reaction order is 
un i ty  both for oxidation of Fe + + and reduct ion of Fe + + +; the heat of activa- 
t ion at the reversible potential  is 10.8 kcal/mole.  The results show that  an 
appreciable fraction of the total potential  drop on anodic polarization occurs 
wi th in  the passive film. This potent ial  drop is probably associated with changes 
in the average oxidation state of cations between the inner  and outer 
layers of the surface oxide. The electrochemical characteristics of the film 
depend on the pH of the solution, probably  because of the migrat ion of protons 
into the passive film. A change in  the kinetics of Fe + + oxidation which occurs 
in the transpassive region of the Fe-Cr  alloy is due to the production of Fe +8 
or Cr + 6 ions in  the inner  oxide layer. 

The k ine t ics  of the  Fe + + + / F e  + + couple  on supe r -  
ficially oxidized electrodes p re sen t  a n u m b e r  of 
i n t e re s t ing  fea tures  (1-4) .  In  genera l ,  the  exchange  
cu r r en t s  are  low (N10 -6 a m p / c m 2 ) ,  the  t r a n s f e r  
coefficients have  u n u s u a l  va lues  and  sums less t h a n  
un i ty ,  and  the  anodic  and  cathodic curves  are  gen -  
e ra l ly  a s y m m e t r i c a l  (1 -4) .  These fea tu res  appea r  
to be basic to an  e lect rode covered w i th  a t h in  oxide 
(i.e., a pass ive  e lect rode)  and  no t  to be  r e l a t ed  to 
the  specific n a t u r e  of the  redox  couple. T h e y  are  
p r o b a b l y  connec ted  wi th  e lect ronic  processes w i t h i n  
the  surface  oxide and  are expected,  therefore ,  to 
occur w i th  a n y  redox reac t ion  t a k i n g  place at  such 
an  electrode (4) .  In  pa r t i cu la r ,  t hey  u n d o u b t e d l y  
p l ay  a m a j o r  role in  oxygen  evo lu t ion  and  r e d u c -  
t ion  on electrodes which  form surface  oxides in  
the r e l e v a n t  po ten t i a l  region. 

A s tudy  of the  k ine t ics  of the  Fe + + + / F e  + + r eac -  
t ion  on passive Fe, Ni, and  Ti electrodes was  p r e -  
sen ted  in  a p rev ious  c o m m u n i c a t i o n  (4) .  This  redox  
couple was  chosen as a model  r eac t ion  because  its 
k ine t ics  are  s t r a i g h t - f o r w a r d  on ox ide- f ree  elec-  
t rodes (5, 6) and  because  bo th  ox ida t ion  of Fe + + 
and  r educ t ion  of Fe  +++ can be fol lowed over  a 
r e l a t i ve ly  wide  po t en t i a l  range.  

A de ta i l ed  s tudy  of the  redox k ine t ics  of the  
Fe + + + / F e  + + reac t ion  on F e - C r  al loys is p re sen ted  
here.  These a l loy  electrodes,  which  show the  same 
genera l  fea tures  as o ther  superf ic ia l ly  oxidized elec-  
trodes,  are  c o n v e n i e n t  expe r imen t a l l y ,  s ince they  
have  smal l  d isso lu t ion  ra tes  in acid solut ions.  I n  ad -  
d i t ion  to the  usua l  e x p e r i m e n t a l  quan t i t i e s  r e q u i r e d  
for a more  or less comple te  charac te r i za t ion  of a 
redox reac t ion  (Tafe l  pa ramete r s ,  r eac t ion  order,  
pH dependence ,  and  t e m p e r a t u r e  coefficient),  the  
dependence  of the  k ine t ics  on the  e lec t rochemical  

cond i t ion ing  of the  surface  film (e.g., "de fo rming" )  
was  also de te rmined .  

Experimental 
The elect rolyt ic  cell, m e a s u r i n g  circuits,  a nd  ex-  

p e r i m e n t a l  p rocedure  were  descr ibed p r ev ious ly  (4, 
7). Ga lvanos t i c  m e a s u r e m e n t s  were  ge ne r a l l y  em-  
ployed.  U n d e r  all  e x p e r i m e n t a l  condi t ions,  the  d i f -  
f u s i o n - l i m i t e d  c u r r e n t  for e i ther  Fe ++ or Fe  +++ 
was at least  one order  of m a g n i t u d e  g rea te r  t h a n  
the appl ied  c u r r e n t  (4).  C o n s t a n t  po ten t i a l  meas -  
u r e m e n t s  were  car r ied  out  w i th  an  e lec t ronic  po-  
t en t ios ta t  s imi la r  to the  one descr ibed  by  Ger i scher  
and  S t a u b a c h  (8) .  

F e - C r  alloys, p r epa red  f rom elect rolyt ic  i ron  and  
e lect rolyt ic  ch romium,  had  as the  m a i n  cons t i tuen t s  
13.17% Cr, 0.008% C, 0.011% S, a nd  the  ba l ance  Fe. 
A l imi ted  a m o u n t  of w o r k  was  also done w i th  a 
commerc ia l ly  ava i l ab le  a l loy (12.4 Cr, 0.44 Mn, 
0.24 Ni, and  0.12% Cu) .  

The  so lu t ion  was  M in  MgSO4. The large  excess 
of b iva len t ,  i ne r t  e lec t ro ly te  i n su r e d  a cons t an t  com-  
posi t ion  of the  e lect rolyt ic  double  l aye r  even  at  the 
h ighes t  concen t r a t i on  of Fe  + + + a nd  Fe  + + ions. Re-  
agents  were  of C.P. grade. 

In  genera l ,  po ten t ia l s  were  m e a s u r e d  bo th  aga ins t  
a p la t in ized  P t  e lect rode in  the  same solu t ion  wi th  
the  w o r k i n g  electrode and  a SCE electrode.  F e - C r  
electrodes are revers ib le  to the  Fe  + + + / F e  + + couple 
u n d e r  most  condi t ions  as shown  by  the i r  response  
to (Fe  ++)  or (Fe  + + + )  at  fixed ionic s t r e n g t h  (see, 
for  example ,  Fig. 1). The  r eve r s ib l e  po t en t i a l  of 
the  F e + + + / F e + +  couple is p H - d e p e n d e n t  because  
of equ i l ib r i a  i n v o l v i n g  F e ( O H )  ++ and  poss ib ly  
Fe (OH) + (9) .  The pH dependence  of a p la t in ized  P t  
e lectrode at a fixed ( F e + + + ) / ( F e + + )  and  fixed 
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Fig. 2. Potential of platinized Pt at fixed CFe+++/CFe  ++  
(0.05M) and fixed ionic strength (M MgSO4) as a function of pH 
at 30~ 

ionic  s t r e n g t h  (M MgSO4) is s h o w n  in Fig .  2. The  
p o t e n t i a l s  in  F ig .  1 a n d  2 i nc lude  an  a p p r e c i a b l e  
l i qu id  j u n c t i o n  po t en t i a l ,  w h i c h  is, h o w e v e r ,  con-  
s t an t  a n d  i n d e p e n d e n t  of  the  ( F e  + + + ) a n d  ( F e  + + ) 
c o n c e n t r a t i o n s  and  of t he  pH. 

The  c o n c e n t r a t i o n s  of ( F e  ++)  a n d  ( F e  ++ +)  w e r e  
d e t e r m i n e d  b y  t i t r a t i o n  w i th  K2Cr207 in the  s t a n d a r d  
w a y  us ing  d i p h e n y l a m i n e  s o d i u m  su l fona t e  as t he  
e n d - p o i n t  ind ica to r .  

Resul ts  

Reproducibil i ty.--Tafel  curves  w e r e  o b t a i n e d  for  
t he  F e  + + + / F e  + + r e a c t i o n  on F e - C r  e l ec t rodes  as was  
t he  case  w i t h  pa s s ive  Fe ,  Ni,  a n d  Ti  e l ec t rodes  (4 ) .  
T y p i c a l  p o l a r i z a t i o n  cu rves  for  F e - C r  a r e  shown  
in Fig .  3. The  anod ic  p o l a r i z a t i o n  c u r v e  was  no t  
s e m i l o g a r i t h m i c  u n d e r  c e r t a i n  cond i t ions ;  i ts  c o m -  
p l i c a t e d  b e h a v i o r  is d e s c r i b e d  in  d e t a i l  be low.  

I n  gene ra l ,  t he  p o t e n t i a l  a s s u m e d  a s t e a d y  v a l u e  
w i t h i n  a sho r t  t i m e  a f t e r  t h e  c u r r e n t  w a s  set  to  a 
n e w  va lue .  O v e r s h o o t  or  u n d e r s h o o t ,  d e p e n d i n g  on  
w h e t h e r  t he  c u r r e n t  was  i nc rea s ing  or  dec reas ing ,  
was  o b s e r v e d  in  c e r t a i n  p o t e n t i a l  r anges .  These  
cases  a r e  d i scussed  be low.  

T h e  r e p r o d u c i b i l i t y  of c u r r e n t - p o t e n t i a l  cu rves  
o b t a i n e d  w i t h  a g iven  e l ec t rode  ove r  e x t e n d e d  p e r i -  
ods (N100 h r )  is i l l u s t r a t e d  in T a b l e  I. The  in i t i a l  
s low change ,  w h i c h  comes  to an  end  a f t e r  a b o u t  24 
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Fig. 3. Polarization curves of the Fe + + + /Fe  + + couple (O.050M) 
on passive Fe-Cr in M MgS04 at pH = 2.2. Solid circles are 
calculated from ia = ic ~ iappl where ic is the extrapolated 
cathodic current and iappl the externally applied current (30~ 

hr,  is p r o b a b l y  due  to a change  in  t he  film. The  
r e s t - p o t e n t i a l ,  w h i c h  is o r i g i n a l l y  a b o u t  - -20 m v  
vs. t h e  r e v e r s i b l e  F e  + + + / F e  + + po t e n t i a l ,  s l owly  
changes  t o w a r d  zero  i nd i c a t i ng  a c o n t i n u o u s l y  
d i m i n i s h i n g  c o n t r i b u t i o n  f r o m  cor ros ion  reac t ions .  
The  r e s t  p o t e n t i a l  is w i t h i n  3-5 m v  of  t h e  r e v e r s i b l e  
p o t e n t i a l  a f t e r  a b o u t  24 h r  in  a l m o s t  a l l  of the  
so lu t ions  u sed  here .  In  gene ra l ,  t he  e l ec t rodes  w e r e  
e x t r e m e l y  s t ab le  a f t e r  t he  first  24 h r  a n d  showed  
l i t t l e  s u s c e p t i b i l i t y  to po isoning .  This  is p r o b a b l y  
due  in  p a r t  to t he  s m a l l e r  t e n d e n c y  of o x i d e - c o v e r e d  
sur faces ,  as c o m p a r e d  to  o x i d e - f l e e  sur faces ,  fo r  
a d s o r b i n g  i m p u r i t i e s  a n d  in p a r t  to t he  r e l a t i v e l y  
high,  pos i t i ve  e l ec t rode  po ten t i a l .  

Reaction ovders.--Current-potential  curves  in  
a so lu t ion  of c o n s t a n t  p H  and  M in MgSO4 w e r e  
d e t e r m i n e d  fo r  ( F e  + +) a n d  ( F e  + + +) c o n c e n t r a t i o n s  
b e t w e e n  0.01 a n d  0.06M. The  c u r r e n t s  a t  a f ixed  
anod ic  (0.60v vs. SCE)  a n d  f ixed ca thod ic  (0.20v 
vs. SCE)  p o t e n t i a l s  a r e  s h o w n  in Fig .  4. Bo th  e l ec -  
t r o c h e m i c a l  r e a c t i o n  o r d e r s  

) ( 0 o ,c ) 
O log ia = 1 = O log(---~e+++ ) [1]  

( O l o g ~  +) E~ Er 

a r e  e q u a l  to u n i t y  in so lu t ions  c on t a in ing  a l a r g e  
excess  of i n e r t  e l e c t r o l y t e  (M MgSO4) .  

Table I. Oxidation of Fe + + * 

t ,  h r  i o ,  a m p / e m  ~ b ,  v R e s t  p o t e n t i a l  

2 5.0 • 10 - 7  0.190 - -0 .022  
24 3.8 • 1 0 - ~  0.161 - -0 .006  
80 3.8 X 10 - 7  0.159 - -0 .001  

120 4.0 X 10 - ~  0.156 - -0 .0005  

�9 CFe++ = C F ~ + + +  ----- O . 0 5 0 M ;  M 1 V [ g S O ~ ;  p H  = 0.30. 
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Fig. 4. Current at a fixed potential as a function of the concen- 
tration of ferrous or ferric ions - - 0 - -  oxidation of Fe + + at 0.600v 
vs. SCE; - - e - -  reduction of Fe + + + at 0.200v vs. SCE (30~ 
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Fig. 5. Temperature coefficient of exchange current (extra- 
polated from the cathodic curve) for F e + + + / F e  ++  (0.50M) in 
M MgSO4. 

Temperature coef]icient.--The t e m p e r a t u r e  de -  
p e n d e n c e  of  io, d e t e r m i n e d  by  e x t r a p o l a t i o n  of the  
ca thodic  Ta fe l  l ine,  in solut ions  of pH  = 1.50 and 
0.30 is s h o w n  in Fig.  5. The  e n e r g y  of ac t iva t ion  is 
e ssen t ia l ly  i n d e p e n d e n t  of pH  and  is AH* = 10.8 
k c a l / m o l e .  

Corrosion reactions.---The res t  p o t e n t i a l  is n e g a -  
t i ve  to t he  F e  ++ + / F e  ++ r e v e r s i b l e  po ten t i a l  in so-  
lu t ions  of low pH and low in (Fe  + + + ) or  (Fe  + + ) 
i nd ica t ing  tha t  the  cor ros ion  c u r r e n t  is s ignif icant  
in compar i son  to io. In  these  cases, the  po la r i za t ion  
cu rves  w e r e  co r rec t ed  for  the  s t e a d y - s t a t e  cor ros ion  
c u r r e n t  by  as suming  tha t  the  l a t t e r  was  i n d e p e n d e n t  
of the  po ten t i a l  as it  is k n o w n  to be  f r o m  p o t e n t i o -  
s tat ic  m e a s u r e m e n t s  in the  absence  of the  r e d o x  
couple.  The  cor ros ion  c u r r e n t  w a s  ob ta ined  f r o m  
the  anodic  c u r r e n t  r e q u i r e d  to po la r i ze  the  e lec-  
t rode  f r o m  its res t  po t en t i a l  to the  Fe  + + + / F e  + + r e -  
ve r s ib l e  po ten t ia l .  T h e  c u r v e s  w e r e  t h e n  co r r ec t ed  
by  sub t r ac t i ng  this  q u a n t i t y  f r o m  the  anodic  ap -  
p l ied  c u r r e n t  and add ing  it  to the  ca thodic  app l i ed  
c u r r e n t  as shown in Fig. 6 for  the  c o m m e r c i a l  F e - C r  
alloy. The  a s sumpt ion  of cons t ancy  of icorr was  
checked  by  c o m p a r i n g  icorr d e t e r m i n e d  as desc r ibed  

I 

/ 

i (amp/era 2) 

I 
~-s io4 

Fig. 6. Current-potential curves for the Fe + + +/Fe + + couple 
(0.05M) on commercial Fe-Cr alloys. Full circles are obtained after 
correction for corrosion current (30~ 

above  w i t h  the  v a l u e  ca lcu la ted  f r o m  the  d i f fe rence  
b e t w e e n  the  co r r ec t ed  ca thodic  cu rve  and the  cor -  
rec ted  anodic  c u r v e  e x t r a p o l a t e d  to the  res t  p o t e n -  
tial.  Tab le  II shows tha t  va lues  of i~orr ob t a ined  in 
these  two  w a y s  ag ree  closely.  

pH dependence.--The e x c h a n g e  c u r r e n t  and the  
Tafe l  s lopes decrease  w i t h  dec reas ing  pH  as shown  
in Fig.  7. The  e x c h a n g e  c u r r e n t  at  pH  = 1.35 is less 
t han  t h a t  at  pH  = 2.2 by a f ac to r  of about  3. This  
decrease  is p r o b a b l y  connec ted  w i t h  changes  in the  
concen t r a t ion  of ionic species in so lu t ion  (e.g., 
F e ( H 2 0 )  +++,  F e ( O H )  ++, F e ( O H )  +, etc.)  w h i c h  
are  also respons ib le  for  the  change  of the  r e v e r s i b l e  
po ten t i a l  w i t h  pH. 

At  pH of 1.5 or  less, a q u a l i t a t i v e  change  in the  
anodic  po la r i za t ion  c u r v e  can be  induced  by  a b r i e f  
ca thodic  pulse  or  m a y  a p p e a r  spon t aneous ly  a f t e r  
the  e l ec t rode  has  b e e n  in so lu t ion  for  some t ime.  
This  is desc r ibed  in de ta i l  be low.  

"'Forming" and "'deforming" of the surface f i l m . -  
It  was  obse rved  tha t  in so lu t ions  of low pH, the  
anodic  and ca thodic  cu rves  did not  e x t r a p o l a t e  to 

Table II. Corrosion currents of commercial Fe-Cr alloy 
N H2SO4 at 30~ 

( i e - - i a )  
i e o r r ,  a a t  E e o r r ,  b 

Fe++,  M / l i t e r  Fe+§ M / l i t e r  E e o r r ,  v a m p / c m  ~ a m p / c m  2 

1.09 X 10 -3 1.38 X 10 -2 
1.09 • 10 -3 2.83 X 10 -2  
1.09 X 10 -a  4.92 X 10 -2 
1.09 • 10 -3 6.94 X 10 -~  
2.07 X 10 - s  6.94 X 10 -2 
4.05 • 10 -3 6.94 X 10 -2 
5.90 • 10 -8 6.94 X 10 -2 

--0.026 4.0 • I0 -7  3.3 X 10 -7 
--0.025 4.2 X 10 -7 3.6 X 10 -~ 
--0.020 4.0 X 10 -7  3.2 X 10 -~ 
--0.018 5.0 X I0 -~ 4.6 X 10 -7 
--0.014 4.5 X 10 -7 4.0 X 10 -7 
--0.013 3.0 X 10-~ 3.5 X 10 -~ 
--0.010 4.3 X 10 -7 3.0 X 10 -7 

A p p l i e d  a n o d i c  c u r r e n t  f o r  ~ = 0 .  
b F r o m  e x t r a p o l a t e d  p o l a r i z a t i o n  c u r v e s  af ter  c o r r e c t i o n s  f o r  ~eorr. 
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Fig 7. Polarization curves of the Fe + + +/Fe + + couple (0.10M) 
on passive Fe-Cr in M MgS04 at different pH (30"C). 

a c o m m o n  io, a l though  the  rest  po ten t i a l  coincided 
wi th  the  revers ib le  Fe  + + + / F e  + + potent ia l .  I n  p a r -  
t icular ,  the  anodic curve  appea red  to consist  of two 
Tafel  l ines,  the lower  one ex t r apo la t ing  to abou t  
the  same io as the  cathodic curve.  This  change  f rom 
a s ingle  anodic  Tafel  l ine  to the  type  of curve  shown  
in  Fig. 8 was  de layed  or was  even  absen t  if the  fi lm 

- / 
~- / 

/ /  oI- ~ " \  ,./ 

, ; ,  ,oL . . . .  
i ( a m p / c m  ~) 

Fig. 8. Effect of anodic (dark circle) and cathodic (open circle) 
pulsing on polarization curve of the Fe + + +/Fe + + couple (0.10M) 
on passive Fe-Cr in M MgSO4 at pH = 1.35. Curve corresponding 
to (dash half dark circle dash) was obtained with electrodes which 
had not been pulsed (30~ Arrows show points at which potential 
begins to drift in indicated direction. Measurements in these 
potential ranges were made rapidly and do not correspond to a 
steady state. 
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Fig. 9. Anodic polarization curve for Fe + + oxidation on passive 
Fe-Cr alloy after cathodic pulsing. Measurements were made 24 
hr after pulsing. 

was fo rmed  in  a so lu t ion  of h igh  pH, a nd  the  pH 
was la te r  ad jus t ed  to a lower  value .  Also, it  p roved  
possible to induce  this  change  by  a br ie f  cathodic 
pulse  a nd  to r eve r se  it  b y  an  anodic  pulse.  These 
p h e n o m e n a  are  obvious ly  re la ted  to changes  in  the  
composi t ion  or s t ruc tu re  of the  surface  film. The 
t e r m  "de fo rming"  is used here  to denote  the  change  
p roduced  b y  a cathodic pulse,  whi le  " fo rming"  r e -  
fers to the  change  induced  b y  an  anodic  pulse.  

Po la r i za t ion  curves  ob ta ined  wi th  electrodes 
pu l sed  anod ica l ly  or ca thodica l ly  are  shown  in  Fig. 
8. The effect of a cathodic pulse  on the cathodic 
po la r i za t ion  curve  is slight.  A n  anodic pulse  dis-  
places the  cathodic  curve  in  the  d i rec t ion  of h igher  
overpotent ia l s ,  b u t  the  effect is r e l a t i ve ly  small.  
However ,  at overpo ten t ia l s  more  nega t i ve  t h a n  abou t  
--150 my,  the  e lect rode po t en t i a l  at a fixed c u r r e n t  
dens i ty  increases  r ap id ly  w i t h  t ime,  a p h e n o m e n o n  
no t  observed  w i t h  electrodes which  had  not  b e e n  
pulsed.  

The  k ine t ics  of ox ida t ion  of Fe  ++ are  changed  
s u b s t a n t i a l l y  bo th  b y  cathodic a nd  b y  anodic  pulses.  
The  anodic  curve  af ter  "de fo rming"  is no longer  
semi loga r i thmic  b u t  is a p p r o x i m a t e d  b y  two Tafel  
l ines  w i th  a fa i r ly  sharp  t r ans i t i on  (Fig.  9).  The 
cathodic pu lse  does not  increase  the  corrosion ra te  
since the  r eve r s ib l e  po ten t ia l  a nd  the  res t  po ten t i a l  
a f te r  de fo rming  are st i l l  the  same. F u r t h e r m o r e ,  the  
effects of a cathodic pulse  are no t  t r ans i to ry .  Anodic  
curves  ob ta ined  shor t ly  af ter  a cathodic pulse  are 
the  same as those ob ta ined  100 hr  later .  The  curves  
show n  in  Fig. 8 a nd  g were  ob ta ined  24 hr  af ter  
the  pu lse  was  appl ied.  

Anodic  pulses  displace the  anodic  cu rve  t oward  
h igher  overpo ten t i a l s  a nd  increase  the  Tafe l  slope 
to re la t ive ly  h igh  values.  The  effects of anodic  or 
cathodic pulses  are essen t ia l ly  i n d e p e n d e n t  of the  
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Fig. 10. Anodic polarization curve for Fe + + (0.050M) oxidation 
in M MgS04 at pH = 0.30. Note change in slope in transpassive 
region (~1 > 0.35v or E > 0.70v vs .  SCE) (30~ Arrow shows 
point where overshoot of potential is first observed. 

p r e v i o u s  h i s to ry  of the  e lec t rode ,  i.e., of the  o rde r  
in w h i c h  the  e lec t rode  was  pulsed.  

Transpassive region.--The po ten t i a l  was  a lways  
k e p t  w i t h i n  the  pass ive  reg ion  for  t he  F e - C r  a l loy  
in the  m e a s u r e m e n t s  desc r ibed  above.  A t  h igh  an -  
odic po ten t i a l s  the  a l loy  begins  to d isso lve  aga in  at 
a s t eady  r a t e  w h i c h  depends  on the  potent ia l .  The  
onse t  of anodic  d isso lu t ion  in the  t r anspas s ive  r e -  
g ion has a p r o n o u n c e d  effect on the  k ine t ics  of ox -  
ida t ion  of  Fe  + +. Fi rs t ,  t he r e  is an ove r shoo t  of  the  
po t en t i a l  on inc reas ing  the  c u r r e n t  and  an u n d e r -  
shoot  w h e n  the  c u r r e n t  is decreased.  Second,  the  
Ta fe l  s lope for  Fe  + + ox ida t ion  decreases  subs t an -  
t i a l ly  in the  t r anspas s ive  r eg ion  of the  a l loy  (Fig.  
10). I t  m i g h t  appea r  at first  tha t  the  inc rease  in to ta l  
c u r r e n t  is due  to the  add i t iona l  anodic  c u r r e n t  cor -  
r e spond ing  to m e t a l  ox ida t ion .  H o w e v e r ,  m e a s u r e -  
men t s  of the  anodic  po la r i za t ion  c u r v e  in the  ab-  
sence  of the  r e d o x  couple  show tha t  t he  m e t a l  ox -  
ida t ion  c u r r e n t  is e n t i r e l y  neg l ig ib le  (Fig.  11). F o r  
example ,  at  E ~ 0.850 vs. S C E  (v ~ 0.425v) the  
to ta l  c u r r e n t  is 400 # a / c m  2, and the  m e t a l  o x i d a -  
t ion  c u r r e n t  is only  1.5 ~ a / c m  2. 
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Fig. 11. Potentiostatic anodic polarization curve of Fe-Cr elec- 
trodes in M MgSO4 at pH ~ 0.30 and at 30~ 

Table III. F e + + + / F e  + +  on passive Fe-Cr 
T ~ 30.0~ 

T = 30 .0~  
Fe+++, Fe++, 

M / l i t e r  M / l i t e r  p H  a e~e ~ a  

5.0 X 10 -3 5.0 X 10 -3 0.30 0.40 0.37 
5.0 X 10 -2 5.0 X 10 -2 0.30 0.38 0.37 
1.0 X 10 - z  1.0 X 10 -1 1.35 0.43 0.36 
5.0 X 10 -2 5.0 X 10 -2 1.5 0.40 0.35 
1.0 X 10-~ 1.0 X 10 -z  1.7 0.41 0.35 
1.0 X 10 -z  1.0 X 10 -z  2.1 0.38 0.30 
1.4 X 10 -2 5.0 X 10 -3 0.60 b 0.42 0.38 
4.1 X 10 -2 5.0 X 10 -3 0.60 b 0.40 0.38 

0.58 c 
5.0 X 10 -2 5.0 X 10 -2 0.30 0.40 0.37 

5.0 X 10 -2 5.0 X 10 -2 1.35 0.42 0.58 c 
Avg  ~c = 0.40 _ 0.01 

~a ~ 0.36 __ 0.02 

= A l l  s o l u t i o n s  M i n  MgSO4 e x c e p t  w h e r e  n o t e d .  
No  MgSO4 a d d e d .  

o T w o  T a f e l  s lopes  on  a n o d i e  p o l a r i z a t i o n ;  data  n o t  i n c l u d e d  in  
a v e r a g e  ~c or  ~a. 

Discussion 

The  low e x c h a n g e  cu r r en t s  and  the  u n u s u a l  va lues  
of the  Ta fe l  slopes (see Tab l e  I I I )  a re  cha rac te r i s t i c  
f ea tu r e s  of r edox  reac t ions  on superf ic ia l ly  ox id ized  
e lec t rodes .  In  genera l ,  t he  s u m  of the  a p p a r e n t  
t r a n s f e r  coefficients on pass ive  e lec t rodes  is less 
t h a n  uni ty .  Fo r  example ,  Tab le  I I I  shows t h a t  ~a ~- 
~c ---- 0.76 ----- 0.03 on F e - C r  al loys;  s imi la r  resu l t s  
w e r e  r e p o r t e d  for  o ther  pass ive  e lec t rodes  (1, 4) .  
The  p a r a m e t e r s  a re  in con t ras t  to those  ob ta ined  
on o x i d e - f r e e  e lec t rodes .  F o r  example ,  the  e x c h a n g e  
c u r r e n t  on P t  e lec t rodes  w i t h  CFe+++ ---- CFe++ = 
0.05M is 1.5 x 10 -2 a m p / c m  2 and  the  t r a n s f e r  co-  
efficients a re  ~a = 0.58 • 0.02 for  the  anodic  and ~c 

0.42 • 0.02 for  the  ca thodic  r eac t ion  (5, 6) .  The  
m a i n  d i f fe rence  in t he  k ine t ics  (as ide  f r o m  di f fer -  
ence  of  the  e x c h a n g e  c u r r e n t )  is in t h e  a p p a r e n t  
t r a n s f e r  coefficient for  t he  anodic  reac t ion .  The  
ca thodic  t r ans f e r  coefficients on pass ive  F e - C r  and  
on pass ive  Ni and  Ti  (4) a re  al l  abou t  t he  same  as 
on Pt .  z The  resu l t s  aa § ac < 1.0 on pass ive  e lec-  
t rodes  is due  to the  sm a l l e r  v a l u e  of ~a on these  
e lec t rodes  and indica tes  t h a t  the  anodic  r eac t ion  is 
not  a s imple  e l e c t r o c h e m i c a l  process  as it  is on Pt .  

I t  should  be  po in t ed  out  t ha t  in o the r  respec ts  
the  e lec t rode  b e h a v i o r  of pass ive  me ta l s  t o w a r d  the  
F e + + + / F e  ++ couple  is s imi la r  to t h a t  of an  ine r t  
e lec t rode .  Thus,  the  res t  p o t e n t i a l  g e n e r a l l y  co in-  
cides w i t h  the  r e v e r s i b l e  Fe  + + + / F e  + + po ten t ia l ,  a 
r e su l t  w h i c h  impl ies  t ha t  the  sur face  ox ide  fi lm has 
a r easonab le  e lec t ron ic  conduc t iv i ty .  Also,  pass ive  
e lec t rodes  r e spond  to changes  in the  concen t r a t i on  
of e i t he r  (Fe  ++)  or  (Fe  + + + )  in  the  s imple  w a y  
e x p e c t e d  for  a first  order ,  o n e - e l e c t r o n  r eac t ion  
w i thou t  the  compl ica t ions  u sua l l y  assoc ia ted  w i t h  
specific adsorp t ion  of  e i t he r  ion. Thus,  the  e l ec t ro -  
chemica l  r eac t ion  o rde r  is u n i t y  p r o v i d e d  sufficient 
excess  of  ine r t  e l e c t r o l y t e  is p r e s e n t  to suppress  
effects a r i s ing  f r o m  the  diffuse p a r t  of the  doub le  
layer .  In  less concen t r a t ed  salt  solut ions,  the  com-  
pos i t ion  of the  double  l a y e r  is not  i n d e p e n d e n t  of 

1 A c a t h o d i c  t r a n s f e r  coeff ic ient  o f  0 .69 is  o b s e r v e d  f o r  F e  +++ re-  
d u c t i o n  on p a s s i v e  F e  ( 4 ) .  H o w e v e r ,  i n  th i s  case  the  ion ic  c u r r e n t  
on  c a t h o d i c  p o l a r i z a t i o n  is  p r o b a b l y  a l a r g e  f r a c t i o n  of  t h e  t o t a l  
c u r r e n t .  
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the  ( F e  + + + )  or  ( F e  ++)  c o n c e n t r a t i o n  a n d  the  k i -  
ne t ics  a r e  m o r e  compl i ca t ed .  

Ionic and electronic cuvrents.--The anod ic  r e a c -  
t ion  on  pas s ive  e l ec t rodes  i nvo lves  p r o b a b l y  bo th  
o x i d a t i o n  of  the  m e t a l  a n d  o x i d a t i o n  of F e  + +. T h e r e -  
fore,  t he  t o t a l  a p p l i e d  c u r r e n t  is t h e  s u m  of  an  ionic  
c u r r e n t  c o r r e s p o n d i n g  to the  f o r m a t i o n  or  r e d u c t i o n  
of t he  su r f ace  film, a n d  of an  e lec t ron ic  c u r r e n t  
e q u i v a l e n t  to t h e  r a t e  a t  w h i c h  t h e  r e d o x  r e a c t i o n  
is t a k i n g  place.  W h e n  no e x t e r n a l  c u r r e n t  is app l i ed ,  
the anod ic  ionic  c u r r e n t  is e q u a l  to t he  n e t  r e d u c -  
t ion  c u r r e n t  of F e  +++  a t  t h e  r e s t i n g  po t en t i a l .  I f  
the  ionic c u r r e n t  is a p p r e c i a b l e ,  t h e  r e s t  p o t e n t i a l  
is n e g a t i v e  to t h e  r e v e r s i b l e  p o t e n t i a l  (a  m i x e d  
p o t e n t i a l ) .  If,  h o w e v e r ,  t he  ionic  c u r r e n t  is n e g l i -  
g ib le  in  c o m p a r i s o n  to t he  e x c h a n g e  c u r r e n t  for  t he  
F e + + + / F e + +  couple ,  t he  r e v e r s i b l e  a n d  r e s t  p o -  
t en t i a l s  coincide ,  and  the  a h o y  func t ions  e s s e n t i a l l y  
as an  ine r t ,  i nd i ca to r  e l ec t rode .  

The  k ine t i c s  of f i lm g r o w t h  m a y  b e  i n v o l v e d  in  
d e t e r m i n i n g  t h e  p o l a r i z a t i o n  cu rves  e i t he r  d i r e c t l y  
t h r o u g h  the  c o n t r i b u t i o n  of  t he  ionic  c u r r e n t  to  t h e  
t o t a l  cu r r en t ,  or  i n d i r e c t l y  t h r o u g h  the  poss ib l e  
effect of changes  of f i lm th i cknes s  a n d  compos i t i on  
on the  d i s t r i b u t i o n  of t he  t o t a l  p o t e n t i a l  d rop  b e -  
t w e e n  the  f i lm a n d  the  e l e c t r o l y t i c  doub le  l aye r .  
Cons ide r  a pa s s ive  F e - C r  e l e c t r o d e  in  a so lu t ion  
0.05M in  F e  + ++ a n d  F e  + + ions, IV[ in MgSO4, and  
of p H  = 1.5. T h e  s t e a d y  s t a t e  d i s so lu t ion  r a t e  of 
the  a l l oy  is less  t h a n  10 -7  a m p / c m  2, w h i c h  is n e g l i -  
g ib le  in  c o m p a r i s o n  to t he  e x c h a n g e  cu r ren t .  T h e  
d i s t r i b u t i o n  of p o t e n t i a l  f r o m  m e t a l  to e l e c t r o l y t e  
a t  t he  r e v e r s i b l e  F e + + + / F e  ++ p o t e n t i a l  m a y  be  
d e s c r i b e d  b y  

Erev ---- V -]- Erdl ---- C o n s t a n t  [2]  

w h e r e  V is w i t h i n  t he  oxide ,  and  Erd l  is a p o t e n t i a l  
d rop  ac ross  t h e  o x i d e / e l e c t r o l y t e  in t e r face .  I f  t h e  
e l ec t rode  is p o l a r i z e d  anod ica l ly ,  s a y  to a p o t e n t i a l  
E, an  ionic  a n d  an  e l ec t ron ic  c u r r e n t  f low across  t h e  
film. T h e  f o r m e r  c o r r e s p o n d s  to  t he  r a t e  of g r o w t h  
of t he  ox ide  and  the  l a t t e r  to t he  r a t e  of o x i d a t i o n  
of  F e  + + A s  the  f i lm th ickens ,  t h e  ionic  c u r r e n t  
e v e n t u a l l y  dec reases  to i ts  p r e v i o u s  va lue ,  i.e., 10 -~ -  
10 - s  a m p / c m  2. The  e l ec t ron ic  c u r r e n t  d e p e n d s  on  
the  k ine t i c s  of f e r r o u s  o x i d a t i o n  a n d  is g i v e n  b y  

i a ---- io e x p  (flr~dl) [3] 

w h e r e  Vdl is in  un i t s  of RT/F, a n d  fir is t he  t r a n s f e r  
coefficient  for  F e  + + ox ida t ion .  

The  r e su l t s  show t h a t  in  a l l  cases  s t u d i e d  [ see  
also ref .  ( 4 ) ]  an  a p p r e c i a b l e  f r a c t i o n  of t he  a p p l i e d  
p o t e n t i a l  on anod ic  p o l a r i z a t i o n  is ac ross  t he  film. 
This  imp l i e s  t h a t  t he  t r a n s f e r  of  e l ec t rons  f r o m  t h e  
o x i d e / s o l u t i o n  i n t e r f a c e  to t h e  m e t a l ,  o r  of holes  in  
t he  oppos i t e  d i rec t ion ,  occurs  ove r  a p o t e n t i a l  b a r -  
r ie r .  I f  i t  is a s s u m e d  t h a t  t he  p o t e n t i a l  d r o p  across  
the  f i lm is a c o n s t a n t  f r ac t ion ,  s ay  7, of  t h e  t o t a l  
a p p l i e d  po t en t i a l ,  and  s ince  

= E - -  Erev = ~V + ~dl = ~m + ~a~ [4]  

t h e n  the  f r ac t i on  of t he  o v e r p o t e n t i a l  across  t h e  
d o u b l e  l a y e r  is 
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~ = (i -- 7)~ [5] 

Substituting in Eq. [3] we have for the anodic cur- 

rent 

i a = io exp  [fir(1 - -  7)~/] [6]  

On t h e  o t h e r  hand ,  t he  t r a n s f e r  of e l ec t rons  f r o m  
m e t a l  to  t he  o x i d e / s o l u t i o n  i n t e r f a c e  is a p p a r e n t l y  
a c c o m p a n i e d  b y  a n e g l i g i b l e  change  in  t h e  t o t a l  
p o t e n t i a l  d rop  across  t he  film, and  c o n s e q u e n t l y  

ic = io e x p  ( - - ~ d l )  ----- io e x p  (--ar~?) [7 ]  

w h e r e  ar  is t he  t r a n s f e r  coefficient  for  F e  +++ r e -  
duc t i on  (ar  -k fir ~- 1).  

The  s u m  of t he  a p p a r e n t  t r a n s f e r  coeff icients  is 

aa d- ac---- (i--7) fir d- ar ~-- l--Tflr [8] 

so t h a t  in  t h e  p a r t i c u l a r  case  of F e - C r  a l l oys  (aa -k ac 
= 0.76) 7 is 0.4. 

A n  a l t e r n a t i v e  i n t e r p r e t a t i o n  of t h e  u n u s u a l  t r a n s -  
fe r  coefficients m a y  be  cons ide red .  I f  i t  is a s s u m e d  
t h a t  t he  t r a n s f e r  of e l ec t rons  across  t he  f i lm g ives  
r i se  to a p o t e n t i a l  d rop ,  Vf, a cco rd ing  to  t h e  d u a l  
b a r r i e r  m o d e l  p r o p o s e d  for  r e d o x  r eac t i ons  on v a l v e  
me ta l s ,  e.g., Z r  (11) ,  t h e n  the  anod ic  c u r r e n t  across  
the  f i lm m a y  be  e x p r e s s e d  b y  

i~----- io,f exp  (af Vf) [9]  

w h e r e  t he  s u b s c r i p t  f r e f e r s  to t h e  film. The  c u r -  
r e n t  across  t he  doub le  l a y e r  is, of course ,  t h e  s a m e  
and  is g i v e n  b y  Eq. [ 8 ] , ' w h i l e  t h e  t o t a l  p o t e n t i a l  
d rop  f r o m  m e t a l  to so lu t ion  is a g a i n  ~; ---- Vf -b ~dl. 
A l t h o u g h  the  p o l a r i z a t i o n  c u r v e  def ined  b y  Eq. [8]  
a n d  [9]  is no t  s e m i l o g a r i t h m i c ,  i t  m a y  be  a p p r o x -  
i m a t e d  b y  a Ta fe l  c u r v e  ove r  a n a r r o w  r a n g e  of 
c u r r e n t  dens i t i e s  (11) .  I t  is  difficult  to dec ide  on the  
bas is  of t he  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  a lone  ( the  
r a n g e  of access ib le  c u r r e n t  dens i t i e s  b e i n g  r e l a -  
t i v e l y  s m a l l )  w h e t h e r  t he  d u a l - b a r r i e r  m o d e l  or  
t he  one  a d v a n c e d  a b o v e  is app l i cab le .  H o w e v e r ,  t he  
e l e c t r o c h e m i c a l  r e a c t i o n  o r d e r s  can  be  used  to d i f -  
f e r e n t i a t e  b e t w e e n  these  two  a l t e r n a t i v e  i n t e r p r e -  
ta t ions .  A c c o r d i n g  to t he  d u a l - b a r r i e r  model ,  t he  
r e a c t i o n  o r d e r  is 

( 0 1 n i  ~ _-- af [10]  
c / + 

On the  o t h e r  hand ,  t he  accoun t  g i v e n  a b o v e  r e q u i r e s  
t h a t  

( Olni ) ~-1  [11]  
01n C E 

s ince  V, a n d  c o n s e q u e n t l y  Edl ,  a r e  cons t an t  a t  con -  
s t a n t  E. T h e  e x p e r i m e n t a l  r e su l t s  a g r e e  w i t h  Eq. 
[11]  and  show t h a t  t he  t r a n s f e r  of  e l ec t rons  across  
t he  f i lm is no t  d e s c r i b e d  b y  Eq. [9] .  

I t  shou ld  be  no ted  t h a t  t he  p o s t u l a t e d  p o t e n t i a l  
d rop  w i t h i n  t he  ox ide  f i lm does  no t  a p p e a r  in t h e  
e x p r e s s i o n  for  t he  e l e c t r o d e  p o t e n t i a l  w h e n  t h e  
F e  + + + / F e  + + is a t  e q u i l i b r i u m .  The  a r g u m e n t  h e r e  
p a r a l l e l s  t he  a n a l y s i s  w h i c h  shows  t h a t  t he  t h e r m o -  
d y n a m i c  p o t e n t i a l  of a n y  r e d o x  couple  is i n d e p e n d -  
en t  of t he  a c t u a l  p o t e n t i a l  d rop  across  t he  s o l i d /  
e l e c t r o l y t e  i n t e r f a c e  of  a n  ine r t ,  i n d i c a t o r  e l ec t rode .  
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S i m i l a r l y ,  t he  e x p e r i m e n t a l  r e su l t s  on anod ic  p o l a r -  
i za t ion  do no t  r e f e r  to t he  a b s o l u t e  m a g n i t u d e  of 
p o t e n t i a l  d rop  w i t h i n  t he  oxide ,  b u t  r a t h e r  to 
changes  of th i s  po t en t i a l .  

The  e l ec t ron ic  p r o p e r t i e s  of t h e  s u r f a c e  o x i d e  
w h i c h  g ive  r i se  to t h e  o b s e r v e d  b e h a v i o r  m a y  be  
d e s c r i b e d  in t e r m s  of t he  c o n t i n u u m  p r o p e r t i e s  of 
s e m i c o n d u c t i n g  oxides ,  e.g., i t  m a y  be  s u p p o s e d  t h a t  
t he  ox ide  n e x t  to t he  so lu t ion  is of p - t y p e  w h i l e  t h a t  
n e x t  to t he  m e t a l  is of n - t y p e .  H o w e v e r ,  i t  is d o u b t -  
fu l  t h a t  these  t e r m s  a re  r e l e v a n t ,  s ince  t h e  t h i c k n e s s  
of the  ox ide  is of t he  o r d e r  of 100A. The re fo re ,  i t  is 
p r e f e r a b l e  to cons ide r  cha rge  t r a n s f e r  w i t h i n  t he  
ox ide  in  t e r m s  of  changes  in  c h e m i c a l  compos i t i on  
w h i c h  m a y  occur  as t he  p o t e n t i a l  is c h a n g e d  to m o r e  
or  less pos i t i ve  va lues .  

Cons ider ,  for  e x a m p l e ,  a su r f ace  f i lm of  i r on  o x i d e  
in  w h i c h  the  l a y e r s  n e x t  to  the  so lu t ion  a r e  e s sen -  
t i a l l y  Fe2Os, w h i l e  t h e  l a y e r s  n e x t  to  t h e  m e t a l  m a y  
a p p r o a c h  FeO.  On ca thod ic  po la r i za t ion ,  an  e l e c t r o n  
is t r a n s f e r r e d  to a f e r r i c  ion in  so lu t ion  and  a h i g h e r  
v a l e n c y  ion is l e f t  beh ind .  The  h i g h e r  v a l e n c y  ion 
can  accep t  an  e l ec t ron  f r o m  a f e r r o u s  ion  in  t he  f i lm 
w h i c h  is in  t u r n  ox id i zed  to t he  ~ 3  s t a t e  and  e v e n -  
t u a l l y  accep t s  an  e l ec t ron  f r o m  the  me ta l .  On anod ic  
po la r i za t ion ,  an  e l ec t ron  is t r a n s f e r r e d  f r o m  a f e r -  
rous  ion in  so lu t ion  to  e i t h e r  a f e r r i c  ion  in  t he  f i lm 
or  to an  ion of a h i g h e r  va lence ,  s ay  F e  +4, w h i c h  m a y  
be  a s soc ia t ed  w i t h  a ca t ion  vacancy .  F u r t h e r  c h a r g e  
t r a n s f e r  m u s t  occur  b y  t r a n s f e r  of an  e l e c t r o n  to a 
f e r r o u s  ion  in  t he  i nne r  l a y e r  or  b y  t r a n s f e r  to a f e r r i c  
ion  w h i c h  m a y  be  p r o d u c e d  n e x t  to  t he  me ta l .  S ince  
the  f irst  a l t e r n a t i v e  is no t  l i ke ly ,  t r a n s f e r  w i l l  d e -  
p e n d  on the  p r o d u c t i o n  of f e r r i c  ions in  the  i n n e r  
l aye r .  Th is  is a s soc ia t ed  w i t h  an o v e r p o t e n t i a l  w h i c h  
a p p a r e n t l y  cons t i tu te s  an  a p p r e c i a b l e  f r ac t i on  of t he  
t o t a l  a p p l i e d  p o t e n t i a l  d i f ference .  A s i m i l a r  a n a l y s i s  is 
a p p l i c a b l e  to o t h e r  o x i d e  f i lms (e.g., NiO)  p r e s e n t  on 
pa s s ive  m e t a l s  (4) .  The  f r ac t i on  of t he  o v e r p o t e n t i a l  
w h i c h  a p p e a r s  w i t h i n  t he  f i lm is l a r g e  in  t he  case  
of Ti  (0.60) and  F e - C r  (0.40) ,  b u t  is r e l a t i v e l y  s m a l l  
(0.15) in  the  case of N i ( 4 ) .  In  t he  case  of F e  and  Ti, 
and  u n d e r  c i r c u m s t a n c e s  p r e v i o u s l y  d iscussed  (4 ) ,  
p r a c t i c a l l y  a l l  of t he  p o t e n t i a l  d rop  occurs  in t he  
oxide .  In  t hese  cases,  a s u b s t a n t i a l  i nc rea se  of t h e  
t h i cknes s  of t h e  o x i d e  f i lm a p p a r e n t l y  t a k e s  p l a c e  on 
anod ic  po la r i za t ion .  

Changes oS film characteristics.--The e l e c t r o -  
c h e m i c a l  cha r ac t e r i s t i c s  of t h e  su r f ace  ox ide  a r e  
c h a n g e d  e i t he r  b y  an  anodic  or  ca thod ic  pulse .  
F u r t h e r m o r e ,  t h e y  a r e  o b v i o u s l y  also d i f f e ren t  in  t he  
t r a n s p a s s i v e  r eg ion  of t he  a l loy.  A change  in  t he  
anod ic  p o l a r i z a t i o n  c u r v e  once a c e r t a i n  o v e r p o t e n -  
t i a l  was  e x c e e d e d  was  p r e v i o u s l y  r e p o r t e d  b y  S t e r n  
(1)  who  t e n t a t i v e l y  a t t r i b u t e d  i t  to  t he  onse t  of o x y -  
gen  evo lu t ion .  The  p r e s e n t  s t u d y  shows  t h a t  o x y g e n  
evo lu t i on  canno t  be  i n v o l v e d  s ince  t he  p o t e n t i a l  is in 
a l l  cases  less t h a n  the  r e v e r s i b l e  o x y g e n  po ten t i a l .  

The  change  of s lope  in  the  t r a n s p a s s i v e  r e g i o n  is 
p r o b a b l y  connec t ed  w i t h  t he  i n t r o d u c t i o n  in to  t h e  
f i lm of l a r g e  n u m b e r s  of  ions of h i g h e r  v a l e nc e  
( F e  +8, Cr+e) .  The  p o t e n t i a l  d rop  w i t h i n  t he  ox ide  
in  t he  t r a n s p a s s i v e  r eg ion  a p p a r e n t l y  inc reases  m u c h  
m o r e  s l o w l y  w i t h  t he  t o t a l  po t en t i a l .  As  long  as t he  

m e t a l  o x i d a t i o n  c u r r e n t  is ne g l i g ib l e  in  c o m p a r i s o n  
to t he  o x i d a t i o n  of F e  + +, t h e  t o t a l  i-E c h a r a c t e r i s t i c s  
shou ld  a p p r o a c h  t h a t  for  t h e  anod ic  o x i d a t i o n  of 
F e  ++. I n  p a r t i c u l a r ,  t he  a p p a r e n t  t r a n s f e r  coeffi- 
c ien t  shou ld  a p p r o a c h  0.60. The  o b s e r v e d  c h a n g e  in  
t he  T a f e l  s lope  is in  t he  e x p e c t e d  d i rec t ion .  

The  effects of  anod ic  and  ca thod ic  pu l ses  sugges t  
t h a t  t he  p o t e n t i a l  d r o p  across  t he  ox ide  c ha nge s  a f t e r  
a pulse .  S t a t e d  d i f fe ren t ly ,  t he se  r e su l t s  sugges t  t h a t  
t he  e l ec t ron ic  c ha r a c t e r i s t i c s  of t he  ox ide  a r e  a l t e r e d  
s u b s t a n t i a l l y  b y  pu ls ing .  A ca thod ic  pu l se  a p p a r -  
e n t l y  dec reases  t he  f r a c t i o n  of  t he  p o t e n t i a l  d rop  
w h i c h  is across  t he  ox ide ;  an  anod ic  pu l se  has  t he  
oppos i t e  effect. The  a p p a r e n t  anod ic  t r a n s f e r  co-  
efficient changes  a c c o r d i n g l y  t o w a r d  l a r g e r  or  
s m a l l e r  va lues .  The  o r ig in  of th is  effect is no t  c l ea r  
a t  p re sen t .  I t  m a y  be  connec t ed  w i t h  m i g r a t i o n  of 
p ro tons  in to  or  ou t  of the  f i lm s ince  a change  s i m i l a r  
to t h a t  p r o d u c e d  b y  a ca thod ic  p u l s e  a lso  occurs  
w h e n  the  p H  is l o w e r e d  (12) .  A p p a r e n t l y ,  p r o t o n  
m i g r a t i o n  is a s low process  s ince  the  changes  p r o -  
d u c e d  b y  pu l s i ng  pe r s i s t  for  a l eas t  100 h r  a f t e r  the  
pulse .  This  conc lus ion  is s u p p o r t e d  b y  t h e  o b s e r v a -  
t ion  t h a t  the  c h a r a c t e r i s t i c s  of  a f i lm f o r m e d  in a 
so lu t ion  of h igh  p H  r e m a i n  the  s ame  for  some t i m e  
a f t e r  t he  p H  is a d j u s t e d  to a l o w e r  va lue .  

Summary and Conclusions 
1. Pa s s ive  F e - C r  a l l oy  e l e c t rode s  func t ion  as iner t ,  

i n d i c a t o r  e l ec t rodes  for  t h e  F e + + + / F e  ++ couple .  
The  s t e a d y - s t a t e ,  ionic  c u r r e n t  is g e n e r a l l y  n e g l i -  
g ib le  c o m p a r e d  w i th  t h e  e l e c t r o n  c u r r e n t .  

2. T a f e l  cu rves  a r e  o b t a i n e d  on  b o t h  anod ic  and  
ca thod ic  po la r i za t ion .  The  t r a n s f e r  coefficients a r e  
0.36 for  t h e  anod ic  and  0.40 for  t he  ca thod ic  r e a c -  
t ion.  The  e x c h a n g e  c u r r e n t  is of the  o r d e r  of 10 -e  
a m p / c m  2 for  C f e  § § § ~ C F e  § ~- § = 0 . 0 5 M .  The  e lec -  
t r o c h e m i c a l  r e a c t i o n  o rde r s  a r e  u n i t y  for  bo th  F e  + + 
and  F e  + + +. The  t e m p e r a t u r e  coefficient  of  t he  e x -  
change  c u r r e n t  y i e ld s  AH ~ ---- 10.8 k c a l / m o l .  

3. The  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  sugges t  t h a t  an  
a p p r e c i a b l e  f r a c t i o n  of t he  t o t a l  p o t e n t i a l  d r o p  b e -  
t w e e n  e l ec t rode  a n d  so lu t ion  is across  t he  pas s ive  
film. The  p o t e n t i a l  d rop  across  the  f i lm inc reases  
l i n e a r l y  w i t h  the  t o t a l  a p p l i e d  po ten t i a l .  Th i s  d e -  
p e n d e n c e  l eads  to an  a p p a r e n t  t r a n s f e r  coefficient  for  
t h e  anod ic  r e a c t i o n  w h i c h  is s u b s t a n t i a l l y  less  t h a n  
w h a t  is e x p e c t e d  for  t he  o x i d a t i o n  of F e  + +. 

4. The  e l e c t r o c h e m i c a l  c ha r a c t e r i s t i c s  of t h e  p a s -  
s ive  f i lm d e p e n d  on the  p H  a n d  can  be  mod i f i ed  b y  
anod ic  or  ca thod ic  pulses .  The  f i lm c h a r a c t e r i s t i c s  
a r e  also c h a n g e d  s ign i f i can t ly  w h e n  the  p o t e n t i a l  is 
w i t h i n  t he  t r a n s p a s s i v e  r e g i o n  fo r  t he  a h o y .  
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Factors Affecting the Morphology and Growth of FeSn2 
Charles Luner 1 and M. V. Murray 

Applied Research Laboratery, United States Steel Corporation, Monroeville, Pennsylvania 

ABSTRACT 

So that  an insight  could be gained into the factors affecting alloy nucleat ion 
and growth, the morphology of the alloy formed dur ing  the mel t ing  of t in  that  
had been previously deposited on i ron substrates was examined by  electron 
microscopy. T in  was electrodeposited from a phenolsulfonic acid electrolyte 
or vacuum deposited at 10 -5 Torr  on single crystals or polycrystal l ine sub-  
strafes. Apparen t ly  the nucleat ion and growth of the alloy was great ly in-  
fluenced by impuri t ies  from the electrolyte and substrate. The different crystal 
faces of i ron (100), (110), and (111) gave rise to characteristic alloy mor-  
phologies. The morphologies of the alloy formed by mel t ing vacuum-deposi ted 
t in  on the (110) and (111) orientat ions were similar  to those obtained when  
tin, deposited from a phenolsulfonic acid electrolyte on the same substrates, 
was melted. With vacuum-deposi ted t in very  little alloy was formed on the 
(100) face of iron, presumably  because an oxide formed on this more reactive 
surface dur ing  anneal ing  or deposition. 

As one of the process ing steps in  the  m a n u f a c t u r e  
of t inp la te ,  the  e lec t rodeposi ted  t i n  is me l t ed  e i ther  
b y  i n d u c t i o n  or by  res i s tance  hea t i ng  so as to give 
the sur face  a b r igh t  appearance .  D u r i n g  the  mel t ing ,  
an  i n t e rme ta l l i c  compound,  FeSn2 (1, 2) is fo rmed  
b e t w e e n  the  steel  and  the  t in.  For  m a n y  years  the  a l -  
loy in  the  t i np la t e  was  cons idered  an  u n d e s i r a b l e  
effect of mel t ing ,  since it  i n t e r f e r ed  w i th  the  so lder -  
ing and  m a n u f a c t u r e  of the t in  can. A recen t  s tudy  
(3) ind ica ted  t ha t  the  s t ruc tu re  of the  a l loy is i m -  
po r t an t  in  the  corrosion of t inp la te ,  and  p r e l i m i n a r y  
obse rva t ions  (4) have  been  made  on the g rowth  of 
FeSn2 on po lyc rys t a l l i ne  iron.  

This  pape r  describes the  factors affecting the  n u -  
c lea t ion and  g rowth  of the  al loy fo rmed  by  hea t ing  
an  e lec t rodeposi ted  or v a c u u m - d e p o s i t e d  t i n  film. 
These resu l t s  ar~ based  p r i m a r i l y  on e l e c t r o n - m i c r o -  
scopic observat ions .  

Materials and Experimental Work 
Preparation and plating co~dit ions.--The chemical  

composi t ions  of the  steels used in  this  i nves t iga t ion  
are  g iven  in  Tab le  I. The N250 m a t e r i a l  was  ob-  
t a ined  f rom a v a c u u m - m e l t e d  hea t  p r e p a r e d  at  U. S. 
Steel ' s  App l i ed  Research  Labora to ry ,  whereas  the  
Ml150  m a t e r i a l  was a commerc ia l  grade  of l o w - c a r -  
bon  steel. S ing le  crys ta ls  of d i f ferent  o r i en ta t ions  
were  p r e p a r e d  f rom the  N250 m a t e r i a l  by  the  s t r a i n -  
a n n e a l  me thod  (5) .  Af te r  be ing  t ho rough ly  c leaned  
w i t h  to luene ,  the  po lyc rys t a l l i ne  samples  we re  vac -  
u u m - a n n e a l e d  for abou t  3 hr  at  800~ at  a p ressure  
of abou t  5 x 10 -5 Tor r  to degas the  steel and  to p ro -  
mote  g ra in  growth.  Samples  were  m e c h a n i c a l l y  

1 Present  address: Argonne  National  Laboratory,  Argonne,  Illinois.  

pol ished f rom 1/0 t h r o u g h  4 /0  e me r y  pape r  and  then  
pol ished w i t h  d i a m o n d - p o l i s h i n g  compound .  I m -  
me d i a t e l y  before  the  samples  were  plated,  t hey  were  
ca thodica l ly  c leaned  in  a 1% sodium ca rbona te  solu-  
t ion, r insed  w i th  dis t i l led  water ,  d ipped  in  a 5% 
H2SO4, r insed  again,  and  t h e n  i m m e r s e d  for 30 sec in  
a chemical  po l i sh ing  solut ion m a i n t a i n e d  at  30 ~ 
35~ I t  is e s t ima ted  tha t  abou t  1 x 10 -6 cm of the  
i ron  surface  was  r e move d  by  this  method.  The s a m -  
ples were  t h e n  qu ick ly  t r a n s f e r r e d  to a 10% so lu t ion  
of NaOH for an  i m m e r s i o n  per iod  of 2-5 sec. They  
were  w a t e r - r i n s e d  and  ag i ta ted  in  a 5 % b y  weigh t  
so lu t ion  of H2SO4 un t i l  the  b r o w n  i ron  hyd rox ide  
fi lm fo rmed  d u r i n g  the caust ic  dip dissolved.  Af te r  
ano the r  w a t e r  r inse,  the  samples,  whi le  sti l l  wet ,  
we re  p laced  in to  the  p l a t i ng  bath .  

Table I. Analyses of samples 

Composit ion,  % 

Labora to ry  Low-carbon ,  
Sample  No. v a c u u m - m e l t e d ,  N250 L M l l S 0  

C 0.003 0.09 
M_u 0.01 0.35 
P 0.001 0.009 
S 0.004 0.020 
Si 0.018 0.003 
Cu 0.002 0.52 
Ni 0.023 0.01 
Cr 0.006 0.02 
Mo N.D.* 0.003 

-----0.005 
Ti N.D.* - -  

~0.002 
AI 0.002 - -  

*N.D. ,  not  detected.  
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Fig. I. Schematic view of a vacuum deposition cell 

The  c h e m i c a l  po l i sh ing  so lu t ion  was  m a d e  b y  m i x -  
ing  one p a r t  of M i r r o f e  (a  c h e m i c a l  po l i sh ing  con-  
c e n t r a t e  m a d e  b y  M a c D e r m i d ,  Inc.,  W a t e r b u r y ,  Con-  
n e c t i c u t ) ,  one p a r t  of  w a t e r ,  and  one p a r t  of 30% 
h y d r o g e n  p e r o x i d e .  

Tin was  e l e c t r o p l a t e d  f r o m  a p h e n o l s u l f o n i c  ac id  
e l ec t ro ly t e .  The  p l a t i n g  cond i t ions  a n d  the  c o m p o s i -  
t ion  of t he  b a t h  a r e  as  fo l lows :  

Phenolsul$onic acid electrolyte 

35 g r a m s  p e r  l i t e r  ( g / l )  
20 g/1 
40 g/1 

6 g/1 
25~176 C 
25 a m p / f t  2 

S n  § + 

F r e e  ac id  as H2SO4 
T o t a l  su l f a t e  as tteSO4 
D i h y d r o x y d i p h e n y l  su l fone  
T e m p e r a t u r e  
C u r r e n t  d e n s i t y  

Vacuum deposition of tin.--Figure 1 shows  a 
ske t ch  of t he  a p p a r a t u s  used  in the  v a c u u m  e v a p o r a -  
t ion  of t in .  E v a p o r a t e d  t in  f i lms w e r e  p r e p a r e d  b y  
e v a p o r a t i n g  99.99% p u r e  Sn  t h r o u g h  a ho le  in  a 
g lass  sh ie ld  f r o m  an  e l e c t r i c a l l y  h e a t e d  15 -mi l  d i a m -  
e t e r  t u n g s t e n  w i r e  in the  shape  of a con ica l  ba ske t .  
The  e v a p o r a t i o n  r a t e  was  con t ro l l ed  b y  the  c u r r e n t  
to t he  baske t .  T h e  th i ckness  of the  d e p o s i t e d  f i lm w a s  
c o n t r o l l e d  b y  v a r y i n g  t h e  t i m e  of  e v a p o r a t i o n .  T h e  
cel l  was  p r o v i d e d  w i t h  a g r o u n d - g l a s s  j o in t  t h r o u g h  
w h i c h  pa s sed  two  60-ra i l  d i a m e t e r  n i c k e l  l e a d - i n  
w i r e s  for  h e a t i n g  the  t u n g s t e n  baske t .  S i m i l a r  wi res ,  
s ea l ed  t h r o u g h  a b a l l - a n d - s o c k e t  jo in t ,  w e r e  u sed  to 
h e a t  t he  subs t r a t e .  The  subs t r a t e ,  1 x 3 cm, was  
p l a c e d  b e t w e e n  the  w i r e s  and  f a s t e n e d  b y  n i c h r o m e  
w i r e  to m a i n t a i n  e l e c t r i c a l  contact .  W h e n  s ing le  
c rys t a l s  w e r e  u sed  as a subs t r a t e ,  it  was  m o r e  con-  
v e n i e n t  to use  i n f r a r e d  h e a t i n g  (6) .  This  was  a c c o m -  
p l i s h e d  b y  focus ing  two  1 5 0 - w a t t  S y l v a n i a  p r o j e c -  
t ion  l amps ,  w i t h  an  i n t e r n a l  ref lec tor ,  on the  sample .  
The  t h e r m o c o u p l e  w i r e s  also e n t e r e d  t h r o u g h  the  
b a l l - a n d - s o c k e t  jo in t .  The  b a l l - a n d - s o c k e t  j o i n t  
p r o v i d e d  f l ex ib i l i t y  for  t h e  m o v e m e n t  of t he  s u b -  
s t r a t e  so tha t ,  w h e n  necessa ry ,  i t  cou ld  be  p l a c e d  
aga in s t  t he  cold  f inger  b y  a s l igh t  m o v e m e n t  of t he  
joint .  The  cel l  was  also p r o v i d e d  w i t h  a g lass  s h u t t e r  
t h a t  could  be  p l a c e d  b e t w e e n  the  s u b s t r a t e  and  t u n g -  
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s t en  coi l  w h e n  e i t he r  one was  be ing  degassed .  This  
p r e v e n t e d  c o n t a m i n a t i o n  of t he  s u b s t r a t e  a n d  t in.  

The  fo l lowing  p r o c e d u r e  w a s  u sed  to conduc t  an  
e x p e r i m e n t .  The  s u b s t r a t e  was  f irst  d e g a s s e d  for  3 to 
4 h r  a t  800~ The  p r e s s u r e  a t  t h e  end  of  t h e  d e -  
gass ing  p e r i o d  w a s  a b o u t  1 x 10 -6 Tor r .  The  t i n  w a s  
t hen  m e l t e d  and  d e g a s s e d  at  a t e m p e r a t u r e  a t  w h i c h  
c o n d e n s a t i o n  was  v i s ib le  on t h e  w a l l s  of t he  vessel .  
D u r i n g  the  degass ing ,  t he  s h u t t e r  was  p l a c e d  b e -  
t w e e n  the  s u b s t r a t e  a n d  the  t u n g s t e n  coil. A f t e r  t he  
t in  and  s u b s t r a t e  h a d  been  degassed ,  the  c u r r e n t  in 
t he  t u n g s t e n  coil  was  r a p i d l y  i n c r e a s e d  to  a p r e d e -  
t e r m i n e d  v a l u e  to g ive  the  d e s i r e d  e v a p o r a t i o n  ra te .  
R e m o v a l  of t h e  s h u t t e r  e x p o s e d  the  s u b s t r a t e  to the  
t in  vapor .  P r e s s u r e s  of a b o u t  10 -5 T o r r  w e r e  m a i n -  
t a i n e d  d u r i n g  evapo ra t i on .  The  s u b s t r a t e  was  cooled 
b y  a d d i n g  l iqu id  n i t r o g e n  to  t he  K o v a r  cold  f inger  
and  b r i n g i n g  the  s a m p l e  in to  con t ac t  w i th  t h e  cold  
f inger.  The  t e m p e r a t u r e  of  t h e  s u b s t r a t e  w a s  m e a s -  
u r ed  b y  the  t h e r m o c o u p l e  s p o t - w e l d e d  to  t h e  s a m -  
ple.  A f t e r  the  t in  was  d e p o s i t e d  the  s a m p l e  was  r e -  
m o v e d  f r o m  t h e  v a c u u m  s y s t e m  and  the  a l l oy  was  
f o r m e d  b y  h e a t i n g  the  s a m p l e  a t  242~ or  a t  225~ 
in a w e l l - s t i r r e d  oi l  ba th .  Rep l i cas  of the  a l l oy  l a y e r  
w e r e  p r e p a r e d  b y  d i s so lv ing  the  t in  coa t ing  a n o d i -  
ca l ly  in  a 5% so lu t ion  of N a O H  (7) ,  e v a p o r a t i n g  a 
l a y e r  of c h r o m i u m  a t  a 45 ~ angle ,  and  t h e n  e v a p o r a t -  
ing a l a y e r  of c a r b o n  on to  t he  a l l oy  spec imen .  The  
compos i t e  f i lm was  t h e n  s e p a r a t e d  f r o m  t h e  spec i -  
m e n  b y  i m m e r s i n g  the  s a m p l e  in a so lu t ion  of 5% 
b r o m i n e  in e thanol ,  w h i c h  d i s so lved  the  u n d e r l y i n g  
a l l o y  a n d  t hus  f r e e d  the  film. 

Results and  Discussion 
Electrodeposition.--Figure 2 shows  two  t y p i c a l  

e l ec t ron  m i c r o g r a p h s  of r ep l i ca s  o b t a i n e d  b y  m e l t i n g  
t in  (242~ w h i c h  h a d  been  d e p o s i t e d  f r o m  a p h e -  
no l su l fon ic  ac id  e l ec t ro ly t e .  The  s u b s t r a t e  u sed  was  
the  v a c u u m - m e l t e d  p o l y c r y s t a l l i n e  i ron.  These  m i -  
c r o g r a p h s  show t h a t  t he  m o r p h o l o g y  of t he  a l l oy  and  
c o v e r a g e  of  the  s u b s t r a t e  b y  the  a l l oy  v a r i e s  w i t h  
c r y s t a l l o g r a p h i c  o r i en ta t ion .  On some g r a i n s  of t he  
i ron  s u b s t r a t e  t he  a l l oy  fo rms  a r e l a t i v e l y  compac t  
l aye r ,  w h e r e a s  on o t h e r  g r a in s  the  a l l oy  c r y s t a l l i t e s  
a re  in  an  a p p r o x i m a t e l y  o r t h o g o n a l  a r r a y  w h i c h  
l e aves  c o n s i d e r a b l e  a r eas  of t he  s u b s t r a t e  exposed .  
I n d e e d  th i s  a l l oy  s t r u c t u r e  is c h a r a c t e r i z e d  b y  the  
r e l a t i v e l y  l a rge  a r e a s  of s u b s t r a t e  exposed  on ce r t a i n  
gra ins .  

In  u n p u b l i s h e d  w o r k  r e c e n t l y  conduc t ed  a t  the  
A p p l i e d  R e s e a r c h  L a b o r a t o r y ,  t he  m o r p h o l o g y  of  the  

Fig. 2. Typical electron micrographs of alloy, FeSn2, formed on 
a polycrystalline substrate. Tin electrodeposited from a phenolsul- 
fonic acid electrolyte. Magnification 17,000X before reduction for 
publication. 
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a l loy  l a y e r  f o r m e d  on s i n g l e - c r y s t a l  s u s b t r a t e s  of 
i ron  h a v i n g  (111) ,  (110) ,  and  (100) o r i en t a t i ons  was  
i nves t i ga t ed .  I t  was  shown  t h a t  on bo th  t h e  (111) 
and  (110) c r y s t a l  faces  t he  a l loy  fo rms  a compac t  
l aye r .  On  the  (100) face,  h o w e v e r ,  t he  a l loy  does  no t  
f o rm  a c o m p a c t  l aye r ,  b u t  i n s t e a d  the  c r y s t a l l i t e s  a r e  
a r r a n g e d  in an  o r t h o g o n a l  n e t w o r k  in  w h i c h  l a r g e  
p o r t i o n s  of the  base  m e t a l  a r e  exposed .  I t  was  con-  
c luded  t h a t  a r e a s o n a b l e  i n t e r p r e t a t i o n  of t he  v a r i -  
ous a l l o y - l a y e r  s t r u c t u r e s  on p o l y c r y s t a l l i n e  s u b -  
s t r a t e s  can  be  m a d e  so le ly  in  t e r m s  of t he  a l l o y - l a y e r  
s t r u c t u r e  o b s e r v e d  on the  (111) ,  (110) ,  and  (100) 
c ry s t a l  faces.  On  the  bas i s  of th is  s i n g l e - c r y s t a l  
s t u d y  i t  can  be conc luded  t h a t  g r a i n  A in Fig .  2, 
w h i c h  e x h i b i t s  poor  a l l oy  coverage ,  was  close to t he  
(100) o r i en ta t ion .  

To o b t a i n  a b e t t e r  in s igh t  in to  the  in i t i a l  s t age  of 
a l loy  g rowth ,  s a m p l e s  t ha t  h a d  b e e n  e l e c t r o d e p o s i t e d  
f rom a pheno l su l fon i c  ac id  e l e c t r o l y t e  w e r e  h e a t e d  a t  
a l o w e r  t e m p e r a t u r e ,  225 ~ Rep l i ca s  of some t y p i c a l  
a r e a s  a r e  s h o w n  in Fig.  3. The  t h i c k n e s s  of t he  a l loy,  
u n i f o r m  c o v e r a g e  be ing  a s sumed ,  was  e s t i m a t e d  
c o u l o m e t r i c a l l y  to be  a b o u t  500A. I t  a p p e a r s  t ha t  
g r o w t h  c o m m e n c e s  b y  a n u c l e a t i o n  p rocess  w h i c h  
l eads  to t he  f o r m a t i o n  of s m a l l  i s lands .  These  is lands ,  
w h i c h  e x h i b i t  a h igh  d e g r e e  of  o r i en t a t i on ,  g r a d u -  
a l l y  coalesce  to fo rm,  in some ins tances ,  a r e l a t i v e l y  
compac t  sur face .  The  u n i f o r m  size of the  p a r t i c l e s  
sugges t s  t h a t  a l l  the  p a r t i c l e s  w e r e  n u c l e a t e d  s i m u l -  
t aneous ly .  

Vacuum deposition.--Since e l ec t rodepos i t i on  is 
bu t  one of s e v e r a l  m e t h o d s  of depos i t i ng  c rys t a l s ,  i t  
was  of i n t e r e s t  to g r o w  a t in  depos i t  b y  a n o t h e r  
m e t h o d  and  to c o m p a r e  t he  a l l oy  m o r p h o l o g y  ob -  
t a i n e d  b y  m e l t i n g  the  r e s u l t i n g  depos i t .  The re fo re ,  
t in  was  e v a p o r a t e d  f r o m  the  l i qu id  p h a s e  in  a v a c -  
uum,  and  the  v a p o r  was  condensed  on the  i ron  s u b -  
s t r a t e  m a i n t a i n e d  at  r o o m  t e m p e r a t u r e  or  be low.  
The  use  of this  m e t h o d  of depos i t i ng  t i n  m e a n t  t h a t  
the  c o m p l i c a t i n g  fac to rs  such as a d d i t i o n  agents ,  
aqueous  med ia ,  a n d  pH,  w h i c h  m a y  inf luence  the  
a l loy  s t r uc tu r e ,  cou ld  be  avo ided .  

Because  the  su r f ace  t e m p e r a t u r e  of the  s u b s t r a t e  
could  r i se  c o n s i d e r a b l y  d u r i n g  the  depos i t i on  of t in  
on a m e t a l  sur face ,  i t  was  poss ib l e  to f o r m  a l loy  d u r -  

Fig. 3. Electron micrograph showing the initial stage of growth 
of FeSn2. Tin electrodeposited from a phenolsulfonic acid elec- 
trolyte. Magnification 17,000X before reduction for publication. 

Fig. 4. Typical electron micrographs of the alloy, FeSn2, formed 
on different polycrystalline substrates. Tin deposited by vacuum 
evaporation. Left, vacuum-melted iron substrate (N250). Right, 
low-carbon-steel substrate. Magnification 7000X before reduction 
for publication. 

ing the  depos i t i on  process .  This  pos s ib i l i t y  was  i n -  
v e s t i g a t e d  b y  depos i t i ng  t in  on  a p o l y c r y s t a l l i n e  
i ron  s u b s t r a t e  m a i n t a i n e d  a t  r o o m  t e m p e r a t u r e ,  a t  
- -70~ a n d  a t  - -106~ I m m e d i a t e l y  a f t e r  t i n  d e p -  
osi t ion,  the  s a m p l e s  w e r e  m a i n t a i n e d  at  l i q u i d  n i t r o -  
gen  t e m p e r a t u r e s  un t i l  t h e y  w e r e  p l a c e d  in  t he  d e -  
t i n ing  solut ion ,  w h i c h  was  m a i n t a i n e d  at  4~ A f t e r  
the  s a m p l e s  w e r e  d e t i n n e d  t h e y  w e r e  w a s h e d  and  
d r ied ,  a n d  the  su r f ace  was  a n a l y z e d  b y  re f lec t ion  
e l e c t r o n  d i f f rac t ion .  In  a l l  samples ,  FeSn2 was  
ident i f ied  on the  su r f ace  of t he  subs t r a t e .  B u t  w h e n  
t in  was  e l e c t r o d e p o s i t e d  f rom a pheno l su l fon i c  ac id  
ba th ,  FeSn2 cou ld  no t  be  iden t i f i ed  on t h e  d e t i n n e d  
sur face .  These  e x p e r i m e n t s  i nd i ca t e  t h a t  a l l o y i n g  
o c c u r r e d  w h e n  the  t in  condensed  f r o m  the  v a p o r  
b e c a u s e  of the  t e m p e r a t u r e  i nc rea se  of the  s u r -  
face  l a y e r s  d u r i n g  depos i t ion .  Such  a l l o y i n g  has  
been  r e p o r t e d  for  o t h e r  sy s t ems  (8) .  

A l t h o u g h  the  f o r m a t i o n  of an  a l l o y  d u r i n g  depos i -  
t ion  could  be  e x p e c t e d  to affect  t he  n u c l e a t i o n  and  
the  m o r p h o l o g y  of the  a l l oy  f o r m e d  b y  re f lowing  the  
Sn,  no m a r k e d  d i f fe rence  was  o b s e r v e d  in  t h e  a l loy  
s t r u c t u r e  as a func t ion  of s u b s t r a t e  t e m p e r a t u r e .  
Rep l i cas  of t he  a l loy  o b t a i n e d  b y  m e l t i n g  t i n  (242~ 
tha t  h a d  been  v a c u u m - d e p o s i t e d  on the  ca rbon  s tee l  
and  on v a c u u m - m e l t e d  (N250) i ron  a r e  s h o w n  in 
Fig.  4. In  bo th  in s t ances  t he  m o r p h o l o g y  v a r i e d  w i t h  
s u b s t r a t e  g r a i n  o r i en ta t ion .  H o w e v e r ,  a l t h o u g h  the  
a l l oy  cove red  the  g r a in s  u n i f o r m l y  on the  l o w - c a r -  
bon  s teel ,  t he  c o v e r a g e  of c e r t a i n  g r a in s  on  the  v a c -  
u u m - m e l t e d  i r on  was  incomple t e .  T h e  r e p l i c a s  on 
the  N250 m a t e r i a l  also show tha t  on those  g r a in s  
w h i c h  a r e  no t  u n i f o r m l y  cove red  w i t h  a l l oy  the  a l loy  
pa r t i c l e s  w e r e  l a r g e r  and  less n u m e r o u s .  I t  a p p e a r s  
t h e n  t h a t  once  the  a l l oy  is n u c l e a t e d  i t  con t inues  to 
grow,  w i t h  v e r y  few, if  any ,  n e w  nuc le i  be ing  
fo rmed ,  as e v i d e n c e d  b y  the  u n i f o r m i t y  in  size of t he  
a l l oy  pa r t i c l e s .  

To d e t e r m i n e  the  r e l a t i o n s h i p  b e t w e e n  the  m o r -  
p h o l o g y  of t he  a l l oy  a n d  the  c r y s t a l l o g r a p h i c  o r i e n t a -  
t ion  of the  subs t r a t e ,  s ingle  c rys t a l s  of t he  v a c u u m -  
m e l t e d  i ron  of t he  (100) ,  (110) ,  and  (111) o r i e n t a -  
t ion  w e r e  used  as s u b s t r a t e s  for  t in  depos i t ion .  The  
a l l oy  was  f o r m e d  b y  h e a t i n g  the  s ingle  c rys t a l s  a t  
242~ 

E l e c t r o n  m i c r o g r a p h s  of t he  r ep l i ca s  of d i f fe ren t  
c r y s t a l  faces  showed  t h e  (111) and  (110) c r y s t a l  
faces  to  be  u n i f o r m l y  cove red  w i t h  a l loy ,  w h e r e a s  
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Fig. 5. Comparison of morphology of the alloy formed by me]ring 
electrodeposited tin (lower) with that obtained by melting vacuum- 
deposited tin (upper) on single-crystal substrates (N250). Electron 
micrographs magnification 17,000X before reduction for publication. 
Optical micrographs, upper right hand corner, 500X before reduc- 
tion for publication. 

the  (100) face  was  on ly  s p a r s e l y  cove red  w i t h  r e l a -  
t i v e l y  f ew  l a r g e  c r y s t a l s  of  a l loy,  Fig.  5 ( u p p e r  f ig- 
u r e s ) .  I t  can  be  s u r m i s e d  t h a t  t he  s p a r s e l y  cove red  
f e r r i t e  g r a in s  on the  p o l y c r y s t a l l i n e  m a t e r i a l ,  N250 
Fig.  4, w e r e  n e a r  t he  (100) o r i en ta t ion .  

S ince  the  (100) face  of i r on  has  b e e n  shown  b y  
B a r d o l l e  (9)  to ox id ize  m o r e  r e a d i l y  t h a n  the  (111) 
or  (110) o r i en t a t i ons  at  low p res su res ,  i t  is sugges t ed  
t h a t  the  s p a r s i t y  of a l l oy  on the  s ing le  c r y s t a l  of  the  
(100) o r i e n t a t i o n  and  on the  (100) g r a in s  on the  
p o l y c r y s t a l l i n e  m a t e r i a l  can  be  a t t r i b u t e d  to t h e  p r e -  
f e r r e d  o x i d a t i o n  of the  (100) su r f ace  w i t h  t he  r e -  
s idua l  o x y g e n  d u r i n g  annea l ing .  The  o x i d e ( s )  t hus  
f o r m e d  inh ib i t  the  i n t e r a c t i o n  of t in  a n d  i ron  to f o r m  
FeSn2. A c o n t r i b u t i n g  f ac to r  to t he  i nh ib i t i on  m a y  
be t h a t  s i l icon  p r e s e n t  a t  a r e l a t i v e l y  h igh  l eve l  in  
th is  m a t e r i a l  (0 .02%)  m a y  be  ox id i zed  to s i l ica  at  
low p r e s s u r e s  of oxygen .  This  r e a c t i o n  a p p e a r s  to 
t a k e  p l ace  p r e f e r e n t i a l l y  on the  (100) face.  T h e r e  is 
i n d e p e n d e n t  ev idence  to i nd i ca t e  t h a t  t he  (100) face  
of S i - F e  a l loys  shows  i n c r e a s e d  r e a c t i v i t y  in t he  
p r e s e n c e  of t r aces  of o x y g e n  or  w a t e r  v a p o r  (10) .  
The  u n i f o r m  g r o w t h  in  the  case of t he  low c a r b o n  
s tee l  can  be  a t t r i b u t e d  to t he  r e m o v a l  of ox ide  b y  
the  ca rbon  in the  s tee l  d u r i n g  the  annea l ing .  

A c o m p a r i s o n  of  t h e  m o r p h o l o g y  of t he  a l l oy  o b -  
t a i n e d  b y  m e l t i n g  v a c u u m - d e p o s i t e d  t i n  w i t h  t h a t  
o b t a i n e d  b y  m e l t i n g  e l e c t r o d e p o s i t e d  t in  ( p h e n o l -  
sul fonic  ac id  e l e c t r o l y t e )  on the  s a m e  s u b s t r a t e  
(N250) shows  t h a t  t he  a l loy  m o r p h o l o g y  on the  
(110) and  (111) o r i en t a t i ons  p r o d u c e d  b y  e i t h e r  
m e t h o d  is s im i l a r  for  a g i v e n  o r i en t a t i on ,  F ig .  5 
( l o w e r  f igures ) .  This  w o u l d  i nd i ca t e  t h a t  t he  g r o w t h  
p rocess  is t he  same  r e g a r d l e s s  of e i t h e r  m o d e  of d e -  
posi t ion.  A c o m p a r i s o n  of t he  (100) face  canno t  be  
m a d e  because  of t he  compl i ca t i ng  f ac to r s  d i scussed  
above .  

These  e x p e r i m e n t s  show t h a t  t he  g r o w t h  c h a r -  
ac te r i s t i c s  of an  i n t e r m e t a l l i c  compound ,  as  a r e s u l t  
of i n t e rd i f fus ion  of  S n  a n d  Fe ,  h a v e  m a n y  f e a t u r e s  
in c o m m o n  w i t h  o t h e r  fo rms  of g rowth .  F o r  ins tance ,  
P a s h l e y  and  c o - w o r k e r s  (11)  h a v e  shown,  p a r t i c u -  
l a r l y  b y  e l ec t ron  d i f f r ac t ion  a n d  e l e c t r o n  mic roscopy ,  
t h a t  t he  i n i t i a l  s t ages  of g r o w t h  p rocesses  b y  v a p o r  
depos i t ion ,  e l ec t rodepos i t i on ,  a n d  o x i d a t i o n  of ten  
i nvo lve  the  f o r m a t i o n  of i so l a t ed  t h r e e - d i m e n s i o n a l  
nuclei .  The  e l e c t r o n  m i c r o g r a p h s  in  th i s  r e p o r t  also 
show t h a t  a l loy  g r o w t h  is no t  u n i f o r m  and  is a r e s u l t  
of g r o w t h  b y  d i s c r e t e  pa r t i c l e s .  

I t  is n o w  we l l  e s t a b l i s h e d  t h a t  t he  g r o w t h  of a 
c h e m i c a l  c o m p o u n d  on a c r y s t a l  su r f ace  o f t en  occurs  
in  such a w a y  t h a t  t he  c o m p o u n d  c r y s t a l  shows  a 
def in i te  o r i en t a t i on  r e l a t i v e  to t ha t  of t he  m e t a l  
( e p i t a x y ) .  A l t h o u g h  t h e r e  h a v e  been  m a n y  e x a m -  
p les  of o r i e n t e d  o v e r g r o w t h  on m e t a l s  a n d  sa l t s  (12) ,  
none  h a v e  been  r e p o r t e d  fo r  t he  g r o w t h  of an  i n t e r -  
m e t a l l i c  compound .  The  r e su l t s  o b t a i n e d  in  th is  i n -  
v e s t i g a t i o n  c l e a r l y  show t h a t  t h e r e  is a l a r g e  deg ree  
of e p i t a x y  in t he  f o r m a t i o n  of t he  i n t e r m e t a l l i c  com-  
p o u n d  FeSn2 w h e n  t in  is m e l t e d  on an  i r on  subs t r a t e .  
The  d e g r e e  of e p i t a x y ,  or  o r i e n t i n g  inf luence,  is d e -  
p e n d e n t  on the  m o d e  of depos i t i on  of t in  a n d  on i m -  
pur i t i e s .  
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ABSTRACT 

The de te r iora t ion  of Z n S : C u : h a l o g e n  e lec t ro luminescent  phosphors  wi th  
t ime is shown to fo l low second order  kinetics.  The act ivat ion energy  for  de -  
t e r io ra t ion  was found to be about  11 k c a l / m o l e  for  th ree  chlor ide  coact ivated 
phosphors  and 23 kca l /mo le  for  one b romide  coact ivated phosphor.  

The  d e c r e a s e  in  b r i g h t n e s s  of a n  e l e c t r o l u m i n e s -  
cen t  p h o s p h o r  was  f o u n d  b y  R o b e r t s  (1)  to fit t he  
" e m p i r i c a l "  equa t ion  

Bo t 
- -  i + -  [I] 

B tl/2 

w h e r e  B is b r i g h t n e s s  a t  t i m e  t, Bo is t h e  i n i t i a l  
b r igh tness ,  and  tl/2 is a t i m e  c o n s t a n t  e q u a l  to t h a t  
w h e n  the  b r i g h t n e s s  r eaches  one  ha l f  t he  i n i t i a l  
b r igh tness .  D i f f e r en t i a t i on  of Eq. [1]  g ives  for  t he  
d e c a y  r a t e  

dB - -  B 2 
[2] 

dt Botl/2 
Rober t s  p o s t u l a t e d  t h a t  t he  second  o r d e r  d e p e n d e n c e  
r e su l t s  f r o m  the  r e c o m b i n a t i o n  of d i s soc i a t ed  a c -  
t i v a t o r  a n d  c o a c t i v a t o r  pa i r s  u n d e r  t he  inf luence  of 
an  e l ec t r i c  field, a n d  Jaffe  (2)  sugges t s  d i f fus ion  of 
the  an ion  a w a y  f r o m  i ts  e q u i l i b r i u m  pos i t ion  n e a r  
the  a c c e p t o r  ( c o p p e r ) .  T h o r n t o n  (3)  sugges t ed  t h a t  
the  d e c a y  is a s soc ia t ed  w i t h  t r a p p i n g  s t a tes  " s e v e r a l  
t en th s  of an  e l ec t ron  vo l t  b e l o w  the  cond uc t i on  
b a n d . "  

T a k i n g  a g e n e r a l  f o r m  of t he  second  o r d e r  r a t e  
e q u a t i o n  

dA dB 
. . . .  k ( A )  (B)  [3]  
dt dt 

and  l e t t i ng  no a n d  mo be  the  i n i t i a l  c o n c e n t r a t i o n s  
of A and  B and  l e t t i n g  x be  the  d e c r e a s e  in  conc e n -  
t r a t i o n  of A and  B ( fo r  t he  r e a c t i o n  A + B ---> p r o d -  
uc t s )  a t  t i m e  t, one  ob ta ins  

do: 
- -  k (no--X) (too--x) [4]  

dt 

and  for  the  case w h e r e  n and  m a re  equa l  Eq. [4]  
i n t e g r a t e s  to 

1 1 
t = [5] 

k (no- -x)  kno 

A s s u m i n g  e l e c t r o l u m i n e s c e n t  emis s ion  to be  d i r e c t l y  
r e l a t e d  to t he  n u m b e r  of emiss ion  cen te r s  (n  --- 
n o - x )  Eq. [5]  can  be  w r i t t e n  as 

1 1 
t - -  - -  [6]  

kn kno 
or no/n = 1 ~- knot. 

A plo t  of t ime  a g a i n s t  r e c i p r o c a l  b r i g h t n e s s  shou ld  
g ive  a s t r a i g h t  l ine  w i t h  t he  s lope  equa l  to t h e  

1Presen t  address: Lawrence  Radiation Laboratory,  Ltverraore ,  
California. 

r e c ip roc a l  of t he  r a t e  cons tan t .  F u r t h e r ,  Eq. [6]  
is i d e n t i c a l  to Eq. [1]  i f  one a s sumes  

kno = 1/ t l /~ [7]  

On th is  bas is  t he  " e m p i r i c a l "  e q u a t i o n  b y  R o b e r t s  
is no t  so e m p i r i c a l  a f t e r  al l ,  b u t  a spec ia l  case  of 
the  second  o r d e r  r a t e  equa t ion ,  a n d  the  ha l f  t ime  
c o n s t a n t  is t he  r e c i p r o c a l  of t he  r a t e  c o n s t a n t  t i m e s  
the  i n i t i a l  c o n c e n t r a t i o n  of ac t ive  centers .  

The  a c t i v a t i o n  e n e r g y  for  d e c a y  can  be  f o u n d  
b y  p l o t t i n g  ( i )  In  (1/tl/2) a g a i n s t  ( l / T ) ,  w h e r e  T 
is t he  a b s o l u t e  t e m p e r a t u r e ,  to  o b t a i n  t h e  A r r h e n i u s  
a c t i v a t i o n  e n e r g y  (Ea) ,  or  b y  p l o t t i n g  (i i)  In  
(1/ tz /2T) a g a i n s t  1/T to  o b t a i n  the  a b s o l u t e  r e a c -  
t ion  r a t e  a c t i v a t i o n  e n e r g y  (AH*). 

Experimental 
E x p e r i m e n t a l l y ,  t h r e e  d i f f e ren t  p h o s p h o r s  w e r e  

t e s t ed  in  c e r a mic  (g la s s )  cel ls :  U.S. R a d i u m  C o r p o -  
r a t i o n  (USR 3633),  W e s t i n g h o u s e  ( W  133-P) ,  a n d  
a Z n S : C u : C 1  p h o s p h o r  of our  o w n  m a n u f a c t u r e  
( C G W ) .  

The  cel ls  w e r e  o p e r a t e d  in  a l i g h t - t i g h t  oven  
e q u i p p e d  w i t h  a w i n d o w  (VYCOR B r a n d  p l a t e  
g lass )  to t r a n s m i t  the  l igh t  to an  u n c o r r e c t e d  1P21 
pho to tube .  O p e r a t i o n  f r e q u e n c y  w a s  400 cps and  
the  a p p l i e d  v o l t a g e  w a s  a d j u s t e d  to a f ield s t r e n g t h  
of 100 v / m i l .  F i g u r e  1 is t he  d a t a  o b t a i n e d  fo r  t h e  
C G W  p h o s p h o r  p l o t t e d  acco rd ing  to Eq. [1]  so the  
s lope  is e q u a l  to t he  r e c ip roc a l  of t he  ha l f  t i m e  con-  
s tant .  S i m i l a r  p lo t s  for  d a t a  on the  U S R  a n d  W 
p h o s p h o r  w e r e  also made .  S t r a i g h t  l ines  also w e r e  
found  for  t he se  o t h e r  p h o s p h o r s  w i t h  t he  o n l y  corn-  
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Fig. I. Plots of brightness-time data in accordance with Eq. [1] 
for the CGW phosphor in ceramic cells. 
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Fig. 2. Arrhenius plots for the deterioration data. A(�9 
B(A)-USR; C(A)-CGW; D(e) Westinghouse proprietary ZnS:Cu: 
Br phosphor. 
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Fig. 3. Typical plots for the brightness-time data plotted in 
accordance with Eq. [6]. 

p l i ca t ions  be ing  t h a t  i n i t i a l  inc reases  in b r i g h t n e s s  
caused  the  s t r a i g h t  l ine  p o r t i o n  of t he  p lo t s  to miss  
t he  o r ig in  a s m a l l  a m o u n t  w h e n  t h e y  w e r e  e x t r a p o -  
l a t e d  to zero t ime ,  and  the  W p h o s p h o r  d a t a  h a d  
changes  in  s lope  a r o u n d  300 min.  

A r r h e n i u s  p lo ts  for  t he  p h o s p h o r s  a r e  g iven  in 
Fig .  2. A n  A r r h e n i u s  p lo t  for  some d a t a  t a k e n  f rom 
a W e s t i n g h o u s e  r e p o r t  (4)  on some p r o p r i e t a r y  
( Z n S : C u : B r )  p h o s p h o r  is also i n c l u d e d  in Fig.  2. 
P lo t s  of t ime  a g a i n s t  1/B for  t h r e e  sets  of  d e c a y  
d a t a  a r e  g i v e n  in  Fig .  3 in  a cco rdance  w i t h  Eq.  [6]  
w h e r e  t he  s lope  is e q u a l  to t he  r e c i p r o c a l  of t he  r a t e  
cons tan t .  The  v a l u e  of no is t hen  f o u n d  b y  subs t i -  
t u t i n g  the  r a t e  cons t an t  b a c k  in to  Eq. [6] .  A t h e r m o -  
l uminescence ,  or  glow,  c u r v e  and  an  emiss ion  as a 
func t ion  of t e m p e r a t u r e ,  o r  t h e r m a l  quench ing  curve ,  

A 8 

- 2 0 0  - I 0 0  0 I 0 0  2 0 0  
TEMP.  ~ 

Fig. 4. Glow curve (A) and thermal quenching curve (B) for the 
CGW phosphor in ceramic cells. 

Table I. Activation energies and half times from Arrhenius plots 

Ea, t~/~ @ 25~ hr ,  
k c a l / m o l e  f r o m  A r r h e n i u s  plots 

Corning 11 80 
US Rad ium 3663 11 2000 
West inghouse 133-P 8* 600 
West inghouse P r o p r i e t a r y  23 1200 

* F o r  t imes  less t h a n  300 ra in;  f or  l o n g e r  t i m e s  t h e  a c t i v a t i o n  
ene rgy  is  h igher ,  b u t  i ts  v a l u e  w a s  n o t  e v a l u a t e d  for  th i s  s tudy .  

is g iven  in  Fig.  4. A t a b u l a t i o n  of t he  a c t i v a t i o n  
e n e r g y  and  ha l f  t i m e  cons tan t s  is g iven  in  T a b l e  I. 

Discussion 
The  p r e s e n t  r e su l t s  a r e  cons i s t en t  w i t h  t he  p o s t u -  

l a tes  of o the r s  (1 -3 )  in  t h a t  second  o r d e r  r a t e  e q u a -  
t ions  a r e  o b e y e d  a n d  t h a t  t he  a c t i v a t i o n  ene rg i e s  
for  d e t e r i o r a t i o n  a r e  s e v e r a l  t e n t h s  of  an  e l e c t r o n  
vol t .  F o r  t he  C G W  p h o s p h o r  t h e  t h e r m a l  q u e n c h i n g  
of the  e l e c t r o l u m i n e s c e n c e  o c c u r r e d  b o t h  a b o v e  and  
b e l o w  r o o m  t e m p e r a t u r e .  A p p a r e n t l y  some t h e r m a l  
e n e r g y  c o m b i n e d  w i t h  t he  e l e c t r i c a l  f ield is r e q u i r e d  
for  e l ec t ro luminescence ,  a n d  e i t h e r  too m u c h  or  too 
l i t t l e  t h e r m a l  e n e r g y  quenches  t he  emiss ion.  

The  e x a c t  m e c h a n i s m  has  no t  been  d e t e r m i n e d  
f r o m  the  l i m i t e d  da ta ,  b u t  in  v i e w  of  t he  d i f fe rence  
in a c t i va t i on  ene rg i e s  b e t w e e n  the  B r  c o a c t i v a t e d  
W e s t i n g h o u s e  p r o p r i e t a r y  p h o s p h o r  and  t h e  C1 ac -  
t i v a t e d  USR, W, and  C G W  p h o s p h o r s  one w o u l d  
suspec t  d i f fus ion of t he  h a l i d e  ion  in  the  Z n S  la t t ice ,  
or  a long  defec t s  in  t he  la t t ice ,  as s u g g e s t e d  b y  Jaffe,  
to be  t he  r a t e - c o n t r o l l i n g  s tep.  A n o t h e r  poss ib l e  
m e c h a n i s m ,  w h i c h  seems  as l i k e l y  as t h a t  p r o p o s e d  
b y  others ,  is t h a t  d i f fus ion occurs  r a p i d l y  (poss ib ly  
t he  r e l a t i v e l y  s m a l l e r  c o p p e r  ions)  and  the  slow, 
or  r a t e - c o n t r o l l i n g ,  s t ep  is t he  r e a c t i o n  of t h e  cop-  
p e r  and  h a l i d e  ions to a n n i h i l a t e  a l u m i n e s c e n t  
center .  The  l i m i t e d  r e su l t s  of  t he  p r e s e n t  s tudy ,  
h o w e v e r ,  a re  no t  suff icient  to d i s t i n g u i s h  b e t w e e n  
the  two  poss ib le  m e c h a n i s m s .  

Manuscr ip t  rece ived  Oct. 15, 1963. 

A n y  discussion of this  p a p e r  wi l l  appea r  in  a Dis-  
cussion Sect ion to be publ i shed  in the  December  1964 
JOURNAL.  
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ABSTRACT 

Simple heterogeneous equilibria can be elucidated by determining the total 
amount of solid that  goes in the gas phase under the action of a known amount 
of gaseous solvent at a given temperature.  This method was first tested satis- 
factorily with the germanium-iodine system, for which thermodynamic data are 
already available, and then applied to the germanium-bromine system. The 
data make it possible to calculate the ratio between total density of germanium 
atoms and total density of halogen atoms in the gas phase within a wide range 
of temperatures and pressures. These calculations enable one to predict the 
direction and the amount of diffusive vapor transport  in closed or open vapor-  
growth systems. 

The technique of growing crysta ls  by  means  of 
chemical  t r anspor t  react ions (1) has received in-  
creasing a t tent ion  in recent  years  for its appl ica-  
tion to the field of ep i tax ia l  growth  of semiconduc-  
tors a t  r e l a t ive ly  low tempera tures .  Severa l  theories  
have been developed (1-6) which enable  one to 
calculate  the diffusion-l imited vapor  t r anspor t  of 
solid in sea led- tube  systems, and in a few cases 
these theories  have found sa t is factory  quant i t a t ive  
confirmation by  exper iment  (1, 7, 8). The per t inen t  
calculat ions requi re  knowledge  of the chemical  equi-  
l ibr ia  involved.  Unfor tunate ly ,  in a number  of in-  
terest ing cases the rmodynamic  da ta  are only  known 
inaccura te ly  or not at all. In the  case of germanium,  
for example ,  the usefulness of the growth  technique 
by the iodide process (9) has s t imula ted  a deta i led  
invest igat ion of the ge rman ium- iod ine  sys tem by 
Lever  (10), who ex tended  the da ta  of Jo l ly  and 
La t imer  (11) concerning the d ispropor t ionat ion  of 
solid GeIf. However ,  da ta  concerning the equal ly  in-  
teres t ing ge rma n ium-b romine  sys tem are  scarce. 
The heat  of format ion  of ge rman ium te t r ab romide  
is known from Evans and Richards  (12), and the 
en t ropy  f rom Jo l ly  and La t imer  (11), but  no r e -  
l iable informat ion is ava i lab le  concerning ge rma-  
n ium dibromide.  I t  is the purpose  of the present  
inves t igat ion to collect data  capable  of c lar i fying 
the heterogeneous equi l ib r ium in the ge rma n i um -  
bromine  system, and to examine  the possibi l i t ies  
and the l imi ta t ions  of this sys tem for the diffusion- 
l imi ted  v a p o r - g r o w t h  of germanium.  The method of 
weight- loss  measurements  chosen for this study,  
and descr ibed below, was first tested, wi th  sat is-  
fac tory  results,  on the ge rman ium- iod ine  sys tem for 
which the rmodynamic  da ta  are now avai lab le  (10). 

Method 
We are concerned wi th  the heterogeneous sys tem 

involving solid ge rman ium and a gaseous halogen 
Xe, where  for this  discussion X is e i ther  I or Br. 
Fol lowing Lever  (10), we assume a model  in which 
the only species present  in the gas phase are GeX4, 
GeXf, X2, and X, but  the concentrat ions of the two 

la t te r  species, X2 and X, are negligible.  Suppose tha t  
the sys tem is in equi l ibr ium in some volume V at 
the t empe ra tu r e  T and tha t  we have some means to 
de te rmine  the total  number  of moles of Ge in the 
gas phase (nGe) as wel l  as the to ta l  number  of moles 
of the halogen X ( n x t ~  Call ing ncex4 and nGex2 the 
amounts  of GeX4 and GeXf, respect ively ,  in the 
gas phase it follows for the model  assumed tha t  

nGe ~--- nGeX4 -~- 7~GeX2 

and I [1] 
nx t~ ---- 4 nGex4 "~- 2 T/GeX2 

f rom which we can calculate  

n G e x  4 = 1/~ nx tOt  ~ nG e [2] 
nGex2 ~ 2 nGe - -  1)/2 n x  t~  ) 

With  these quanti t ies ,  we are in a posit ion to calcu-  
late  the equ i l ib r ium constant  of the d ispropor t ion-  
ation react ion 

Ge(s) + GeX4(g) ~ 2 GeXf(g) [3] 

[(s)  ---- solid, (g) = gas], namely 

g = PGeX22/PGeX4 --~ nGex22 RT/nGex4  V [4] 

In pr inciple ,  then, the exper imen t  can be car r ied  
out as follows. A piece of Ge, p roper ly  cleaned and 
accura te ly  weighed,  is in t roduced into a sui table  
container  of volume V which is evacuated  and then 
backfi l led wi th  a p rede te rmined  amount  of halogen 
(nxt~ The tube is then in t roduced into a furnace 
a l r eady  at  the t empe ra tu r e  T (a flat t empera tu re  
profile over the length of the tube  is of course 
necessary to avoid vapor  t ranspor t  dur ing  the run)  
and kep t  at this t empera tu re  for  a per iod of t ime 
judged  sufficient to a t ta in  equi l ibr ium.  The tube 
is then ex t rac ted  f rom the furnace,  r ap id ly  quenched 
to room tempera ture ,  and finally cut open. The Ge 
piece is weighed again and the difference be tween 
ini t ia l  and final weight  is the amount  sought (nGe) 
provided tha t  cer ta in  precaut ions  are t aken  which 
are discussed below. 

The exper imen t  as descr ibed above yields  d i rec t ly  
the rat io  be tween  the densi ty  of ge rman ium atoms 
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and  t h a t  of h a l o g e n  a t o m s  in the  gas  phase ,  a q u a n -  
t i t y  t h a t  has  been  p r e v i o u s l y  d e n o t e d  b y  n and  has  
been  s h o w n  to be c o n v e n i e n t  for  d i scuss ing  p r o b l e m s  
of v a p o r - s o l v e n t  g r o w t h  (5, 13).  K n o w l e d g e  o f  th i s  
q u a n t i t y  as a func t ion  of t e m p e r a t u r e  a l lows  one to 
m a k e  p r e d i c t i o n s  abou t  t he  d i r ec t i on  of d i f fus ive  
v a p o r  t r a n s p o r t  in  sea l ed  sys tems ,  even  if  the  gaseous  
species  i n v o l v e d  a re  no t  k n o w n  a n d  the  r e l a t e d  
c h e m i c a l  equ i l i b r i a  a r e  v e r y  compl i ca t ed .  In  s imp le  
sys t ems  such as those  cons ide r ed  in the  p r e s e n t  
s t u d y  w e i g h t - l o s s  e x p e r i m e n t s  can  y i e l d  also t h e r -  
m o d y n a m i c  da ta ,  as s h o w n  above .  

The  p r e c a u t i o n s  n e e d e d  for  t he  e x p e r i m e n t s  to be  
m e a n i n g f u l  a r e  d i scussed  in t he  fo l lowing .  

( a )  Q u e n c h i n g  of t he  s a m p l e  t u b e  at  the  con-  
c lus ion  of each  r u n  is c o n v e n i e n t l y  done  b y  s p r a y -  
ing cold  w a t e r  d i r e c t l y  onto  the  t u b e - e n d  oppos i te  
t ha t  in w h i c h  the  Ge p iece  is loca ted .  In  th is  way ,  
one avo ids  c o n d e n s a t i o n  of the  g e r m a n i u m  ha l i de s  
onto the  g e r m a n i u m  p iece  whose  w e i g h t - l o s s  is to 
be d e t e r m i n e d .  

(b)  W i t h i n  the  m o d e l  a s s u m e d  here ,  t he  b e h a v i o r  
of n at  a g iven  t e m p e r a t u r e  T is d e p i c t e d  s c h e m a t -  
i ca l ly  in Fig.  1 as a func t ion  of h a l o g e n  dens i ty .  The  
v a l u e  of ~ canno t  be  l o w e r  t h a n  0.25, w h i c h  co r -  
r e s p o n d s  to a v a p o r  p h a s e  cons i s t ing  e x c l u s i v e l y  of 
GeX4 (un les s  the  d e n s i t y  of f ree  h a l o g e n  becomes  
a p p r e c i a b l e ,  as h a p p e n s  at  h igh  t e m p e r a t u r e s  and  
low p r e s s u r e s  in  the  g e r m a n i u m - i o d i n e  sy s t em and  
is i nd i ca t ed  b y  the  d o t t e d  cu rve  in  Fig .  1),  and  c a n -  
no t  be h i g h e r  t h a n  0.5, w h i c h  c o r r e s p o n d s  to a v a p o r  
phase  cons i s t ing  e x c l u s i v e l y  of GeX2. I t  is obv ious  
t ha t  one wi l l  w a n t  to w o r k  w i t h  h a l o g e n  dens i t i e s  
in the  i m m e d i a t e  v i c i n i t y  of po in t  A in Fig .  1, no t  
on ly  because  th is  w i l l  m i n i m i z e  the  e r r o r s  i n v o l v e d  
in the  d e t e r m i n a t i o n  of v e r y  s m a l l  quan t i t i e s  b u t  
also because  of  the  fo l lowing  poin t .  M u c h  to t he  
r igh t  of p o i n t  A, i.e., at  h igh  p r e s s u r e s  ( and ,  in p a r -  
t i cu la r ,  l ow  t e m p e r a t u r e s )  one runs  t he  r i sk  of e x -  
ceed ing  the  v a p o r  p r e s s u r e  of GeX2. If  th is  happens ,  
the  w e i g h t - l o s s  of the  Ge s a m p l e  wi l l  obv ious ly  
not  be  r e p r e s e n t a t i v e  of t he  g e r m a n i u m  con ten t  in 
t he  gas phase ,  and  the  conclus ions  d r a w n  f r o m  such 
an  e x p e r i m e n t  wi l l  be  e r roneous .  

Exper imenta l  Procedure 

The  con t a ine r s  used  for  t he  runs  w e r e  s i l ica  t ubes  
w i t h  i n t e r n a l  d i a m e t e r  of 22-23 m m  a n d  a p p r o x -  
i m a t e l y  30 cm long.  The  v o l u m e  was  m e a s u r e d  b e -  
fo re  each  r u n  us ing  a s imp le  w a t e r - f i l l i n g  p r o c e d u r e  
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Fig. 1. Dependence of ~ = NGe/Nx t~ on density of halogen X 
at a given temperature T (schematic). Dashed curve: typical low- 
pressure and high temperature behavior for X = Iodine. 

and  was  found  to r a n g e  b e t w e e n  100 a n d  110 cm 3. 
The  Ge s a m p l e s  w e r e  1 cm long  p a r a l l e l e p i p e d s  ( a p -  
p r o x i m a t e l y  0.5g in  w e i g h t )  cu t  f r o m  zone- re f ined ,  
p o l y c r y s t a l l i n e ,  i n t r i n s i c  g e r m a n i u m  ingo t s  ( ~ 4 0  
o h m - c m ) .  T h e y  w e r e  e t ched  fo r  3 m i n  in  " w h i t e  
e t ch"  (5HNO8:1 H F )  a n d  t h o r o u g h l y  r i n s e d  w i t h  
d e m i n e r a l i z e d  w a t e r  j u s t  b e f o r e  t h e y  w e r e  w e i g h e d  
a n d  i n t r o d u c e d  in to  t he  s i l ica  tubes .  

These  t ubes  w e r e  connec ted ,  t h r o u g h  a cons t r i c -  
t ion,  to a q u a r t z  c h a m b e r  con ta in ing  e i t h e r  the  
iod ine  or  the  b r o m i n e  capsu le  p r e v i o u s l y  p r e p a r e d  
(see  b e l o w ) .  The  q u a r t z  c h a m b e r ,  in  tu rn ,  was  p r o -  
v i d e d  w i t h  a g r o u n d - g l a s s  j o i n t  t h a t  a l l o w e d  con-  
nec t ion  of the  w h o l e  a s s e m b l y  to t he  v a c u u m  sys -  
tem.  A f t e r  f laming in v a c u a  of t he  o r d e r  of 10 -6 To r r  
the  a s s e m b l y  was  sea l ed  off t he  s y s t e m  w i t h  a 
torch.  The  h a l o g e n  capsu le  was  b r o k e n  w i t h  a m a g -  
ne t  h a m m e r  and  the  h a l o g e n  d i s t i l l ed  in to  t he  s a m -  
p le  t u b e  b y  cool ing  the  l a t t e r  w i t h  l i qu id  n i t rogen .  
F i n a l l y ,  t he  s a m p l e  t u b e  was  s ea l ed  off a t  t h e  con-  
s t r ic t ion .  

K n o w n  a m o u n t s  of iod ine  w e r e  i n t r o d u c e d  into  
the  t ube  b y  p r e p a r i n g  capsu les  w i t h  a p r o c e d u r e  
s imi l a r  to t h a t  d e s c r i b e d  b y  S i l v e s t r i  a n d  L y o n s  
(14) .  I t  is e s t i m a t e d  tha t ,  t a k i n g  in to  accoun t  the  
co r rec t ions  r e q u i r e d  b y  the  p roc e du re ,  t he  e r r o r  in 
the  a m o u n t  of iod ine  was  •  caus ing  an  e r r o r  of 
--+10-20% in the  v a l u e  of t he  e q u i l i b r i u m  cons t an t  
K, the  l a r g e r  e r r o r  be ing  in t he  r a n g e  of l ow  va lues  
of K. 

A d i f fe ren t  p r o c e d u r e  was  f o l l o w e d  for  t he  p r e p -  
a r a t i o n  of b r o m i n e  capsules .  A ce r t a in  a m o u n t  of 
b r o m i n e  was  d i s t i l l ed  in v a c u a  into  a p r e c i s i o n - b o r e  
c a p i l l a r y  t ube  t h a t  was  p r e v i o u s l y  p r o v i d e d  w i t h  a 
b r e a k - o f f  t ip  and  f ina l ly  s ea l ed  off. The  b r o m i n e  vo l -  
u m e  was  t h e n  m e a s u r e d  b y  d e t e r m i n i n g  the  he igh t  
of t he  b r o m i n e  c o l u m n  w i t h  a c a t h e t o m e t e r ;  a co r -  
r ec t ion  for  t he  men i scus  c u r v a t u r e  was  a p p l i e d  b y  
a s s u m i n g  s e m i s p h e r i c a l  shape  for  t he  meniscus .  The  
r a d i u s  of the  p r e c i s i o n - b o r e  c a p i l l a r y  ( r  = 7.63 x 
10 -2  cm)  w a s  m e a s u r e d  in a d v a n c e  b y  d e t e r m i n i n g  
the  h e i g h t  of a m e r c u r y  co lumn  whose  w e i g h t  was  
m e a s u r e d  w i t h  a m i c r o a n a l y t i c a l  ba lance .  The  f inal  
a m o u n t  of b r o m i n e  was  c a l c u l a t e d  b y  t a k i n g  into  
accoun t  also t he  b r o m i n e  v a p o r  con ta ined  in the  
space  a b o v e  the  l i qu id  w i t h i n  t he  b r e a k - o f f  t ip  cap -  
sule.  I t  was  e s t i m a t e d  t h a t  t he  e r r o r  in t he  f inal  
b r o m i n e  a m o u n t  was  as h igh  as •  in t h e  r a n g e  
of s m a l l  b r o m i n e  conten ts ,  m u c h  s m a l l e r  for  the  
l a r g e r  b r o m i n e  contents .  

The  w e igh t s  of t he  g e r m a n i u m  s lugs  w e r e  m e a s -  
u r e d  on a m i c r o a n a l y t i c a l  b a l a n c e  w i t h  an  a c c u r a c y  
of •  mg. The re fo re ,  in  t he  r a n g e  of s m a l l  g e r -  
m a n i u m  we igh t  losses (of  t he  o r d e r  of 2 m g ) ,  the  
e r r o r  i n v o l v e d  m a y  h a v e  b e e n  as h igh  as •  
w h i c h  a lone  w o u l d  cause  an  e r r o r  in  K of abou t  
•  In  t he  r a n g e  of l a r g e  v a l u e s  of K the  e x p e r i -  
m e n t a l  e r r o r  is e x p e c t e d  to be  m a r k e d l y  sma l l e r .  

Results 

F i g u r e  2 dep ic t s  t he  e q u i l i b r i u m  c o n s t a n t  K of 
t he  d i s p r o p o r t i o n a t i o n  r e a c t i o n  [3]  as a func t ion  of  
r e c i p r o c a l  t e m p e r a t u r e .  The  d a s h e d  l ine  r e p r e s e n t s  
t he  r e su l t  o b t a i n e d  e a r l i e r  b y  L e v e r  (10)  for  t he  
g e r m a n i u m - i o d i n e  s y s t e m  on t h e  bas is  of t o t a l  p r e s -  
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tem: triangles represent results of welgbt-loss runs. 

su re  m e a s u r e m e n t s  b y  m e a n s  of a B o u r d o n  gauge .  
The  sol id  l ine  ( a n d  the  c i rc les )  is t he  r e su l t  of t he  
p r e s e n t  s t u d y  of t he  s a m e  sys tem.  The  a g r e e m e n t  
b e t w e e n  the  two  r e su l t s  is to be  cons ide r ed  v e r y  
good w i t h i n  t he  r a n g e  of t he  e x p e r i m e n t a l  e r r o r s  
of bo th  me thods .  The  sol id  l ine  t h r o u g h  the  t r i a n g l e s  
r e p r e s e n t s  the  r e s u l t  of the  p r e s e n t  w e i g h t - l o s s  
m e a s u r e m e n t s  in t he  g e r m a n i u m - b r o m i n e  sys tem.  
The  p e r t i n e n t  t h e r m o d y n a m i c  d a t a  a r e  s u m m a r i z e d  
in  T a b l e  I. 

Two m o r e  e x p e r i m e n t s  w e r e  c a r r i e d  out  t ha t  a r e  
no t  a p p a r e n t  in  Fig.  2. The  p u r p o s e  of these  e x p e r i -  
m e n t s  w a s  o n l y  to  check  the  m o d e l  for  the  g e r -  
m a n i u m - b r o m i n e  sys tem,  i.e., to conf i rm t h a t  even  
in t he  h i g h - t e m p e r a t u r e  a n d  l o w - p r e s s u r e  r a n g e  
t h e r e  a r e  no c o n s i d e r a b l e  a m o u n t s  p re sen t ,  in t he  
v a p o r  phase ,  of ha l i de s  l o w e r  t h a n  GeBr2. This  w a s  
done  b y  check ing  t h a t  in t h a t  r a n g e  the  q u a n t i t y  
does  no t  exceed  the  v a l u e  0.50 c o n s i d e r a b l y  (see  
Fig.  1),  a l t h o u g h  the  d a t a  o b t a i n e d  w e r e  no t  suffi- 
c i en t ly  a c c u r a t e  for  t h e  ca l cu l a t i on  of K va lues .  The  
two  e x p e r i m e n t s ,  c a r r i e d  out  w i t h  a b r o m i n e  d e n s i t y  
of t he  o r d e r  of 10 -2 m o l e s / l i t e r  a t  920 ~ and  1000~ 
y i e l d e d  v v a l u e s  of 0.49 and  0.48, r e s p e c t i v e l y ,  t hus  
conf i rming  t h a t  t he  m o d e l  a s s u m e d  i n i t i a l l y  is s u b -  
s t a n t i a l l y  co r r ec t  w i t h i n  t he  t e m p e r a t u r e  r a n g e  of 
in te res t .  

Discussion 

As m e n t i o n e d  ea r l i e r ,  i t  is c o n v e n i e n t  for  v a p o r -  
g r o w t h  p u r p o s e s  to k n o w  the  b e h a v i o r  of the  q u a n -  

t i t y  ~ ove r  a w i d e  r a n g e  of  t e m p e r a t u r e s  a n d  p r e s -  
sures.  I t  has  been  shown  p r e v i o u s l y  (5)  t h a t  t he  
d i f fus ive  t r a n s p o r t  of sol id  Js in  a v a p o r - s o l v e n t  
g r o w t h  s y s t e m  can  be  c a l c u l a t e d  as 

Js = - -  ND (Nx t~  ( d~?/dx ) 

w h e r e  N is t he  t o t a l  m o l a r  d e n s i t y  of  t he  v a p o r  
phase ,  D an  a v e r a g e  d i f fus ion  coefficient a p p l y i n g  
to e v e r y  p a i r  of v a p o r  species ,  N x  t~ = n x t ~  t h e  
t o t a l  g r a m  a tomic  d e n s i t y  of  a l l  s o lve n t  a t o m s  in t he  
gas  phase ,  and  ( d ~ / d x )  t he  g r a d i e n t  of  t he  q u a n t i t y  
~7 p r e v i o u s l y  def ined.  I f  t he  d e p e n d e n c e s  of  ND and  
Nx t~ upon  x a r e  neg lec ted ,  Js is g iven  e s s e n t i a l l y  b y  
( d ~ / d x ) ,  or, in  a c losed  t u b e  sys tem,  b y  ( ~ / A T )  
( A T / h x )  w h e r e  AT is t he  t e m p e r a t u r e  d i f fe rence  
b e t w e e n  source  and  seed  l o c a t e d  a d i s t ance  Ax a p a r t  
f r om one  ano the r .  

I t  was  dec ided ,  t he re fo re ,  to  use  t he  t h e r m o d y -  
n a m i c  d a t a  p r e s e n t l y  a v a i l a b l e  in  bo th  t h e  g e r m a -  
n i u m - i o d i n e  and  the  g e r m a n i u m - b r o m i n e  sy s t ems  
to ca l cu l a t e  v b e y o n d  the  r a n g e  of p r e s s u r e s  and  
t e m p e r a t u r e s  c ove re d  b y  the  p r e s e n t  e x p e r i m e n t a l  
work .  F o r  th i s  pu rpose ,  t he  a s s u m p t i o n  m a d e  i n i -  
t ia l ly ,  t h a t  t he  dens i t i e s  of m o l e c u l a r  and  a tomic  
h a l o g e n  in t he  v a p o r  p h a s e  a r e  neg l ig ib l e ,  was  r e -  
l ieved .  I t  w a s  chosen  to desc r ibe  each  s y s t e m  w i t h  
the  t h r e e  fo l l owing  e q u i l i b r i a :  

Ge(s) 4- GeX4(g) ~-- 2 GeX2 [ I ]  

Ge(s) 4- X2(g) ~ GeX2 [ I I ]  

Ge(s~ 4- 2X(g) ~ GeX2 [ I I I ]  

F o r  bo th  X = I a n d  X = Br ,  t h e  e q u i l i b r i u m  con-  
s t an t s  K~ of r e a c t i o n  [ I ]  a r e  k n o w n  f r o m  L e v e r ' s  
(10)  and  the  p r e s e n t  work .  The  h e a t s  of f o r m a t i o n  
of GeBr4 a n d  GeI4 w e r e  t a k e n  f r o m  E v a n s  and  R i c h -  
a rds  (12) ,  t he  e n t r o p i e s  f rom J o l l y  and  L a t i m e r  (11) 
a n d  the  r e m a i n i n g  t h e r m o d y n a m i c  d a t a  n e c e s s a r y  
to ca l cu l a t e  t he  e q u i l i b r i u m  cons tan t s  KH and  K I I I  

of r eac t i ons  [ I I ]  a n d  [ I I I ] ,  r e spe c t i ve ly ,  w e r e  t a k e n  
f rom the  c o m p i l a t i o n  of K u b a s c h e w s k i  and  E v a n s  
(15) for  bo th  X = I and  X = Br.  

The  c a l c u l a t i o n  p r o c e d u r e  was  the  fo l lowing .  
G i v e n  a t e m p e r a t u r e  T, t he  v a l u e s  of KI, Kn,  and  
KHI w e r e  ca l cu la t ed .  Then,  g iven  a ser ies  of va lue s  
f o r  PGeX2, t he  c o r r e s p o n d i n g  v a l u e s  of PGeX4 w e r e  ca l -  
c u l a t e d  f r o m  KI, of Px2 f r o m  K~I and  of Px f r o m  KHI, 
w h e r e  Paex2, Pcex4, Px2, and  Px a re  t h e  r e spec t i ve  
p a r t i a l  p r e s s u r e s  of  t h e  spec ies  w r i t t e n  as  s u b -  
scr ipts .  I t  w a s  t h e n  poss ib le  to  ca l cu l a t e  

PGe = N G e R T  = PGeX4 4- PGeX2 

p x  t~ = N x  t~ R T  ---- 4pcex4 4- 2pcex2 4- 2Px2 4- Px 

Table I. Enthalpy AH and entropy AS of the disproportionation 
reaction Ge(s) 4- GeX4(g) ~ 2 GeXg.r~) in the temperature 

range T ~ 900~ 

AH, AS, 
kcal/mole cal/mo]e deg 

Method X = I  X = B r  X = I X = B r  

T o t a l - p r e s s u r e  m e a s u r e -  
ments  (Bourdon gauge) 
(10) 36.3 - -  44.3 - -  

W e i g h t - l o s s m e a s u r e m e n t s  37.7 39.4 45.8 51.9 

and  hence  t h e  r a t i o  of t he  two  l a t t e r  quan t i t i e s ,  
PGe/PX t~ ---- W, w h i c h  could  t h e n  be  p l o t t e d  as  a 
func t ion  of p x  t6t (see  Fig.  1).  F o r  p r a c t i c a l  pu rposes ,  
i t  was  f o u n d  c o n v e n i e n t  to p lo t  t he  f inal  r e su l t s  in  
t he  w a y  d e p i c t e d  in  Fig.  3 fo r  t he  g e r m a n i u m - i o d i n e  
and  in Fig .  4 for  t h e  g e r m a n i u m - b r o m i n e  sys tem.  

In  these  plots ,  l ines  of cons t an t  v a l u e s  of (~ x 100) 
have  been  d r a w n  as a f u n c t i o n  of h a l o g e n  d e n s i t y  
and  of t e m p e r a t u r e .  F o r  conven ience ,  t h e  o r d i n a t e  
has  also been  conve r t ed ,  on the  r i g h t  h a n d  side,  in to  
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Fig. 3. Germanium-iodine system: curves of constant (~1 x 100) 
as functions of iodine density N I  and of temperature. The quantity 
pI is the pressure that the iodine would exert as a monoatomic 
gas in the given container at room temperature. 
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Fig. 4. Germanium-bromine system: curves of constant (~ x 100) 
as functions of bromine density Nsr and of temperature. The 
quantity PBr is the pressure that the bromine would exert as a 
monoatomic gas in the given container at room temperature. 

the  p ressure  in  Tor r  tha t  the ha logen  wou ld  exe r t  
as a monoa tomic  gas at  room t e m p e r a t u r e .  We see 
t ha t  the  two v a p o r - g r o w t h  sys tems cons idered  here  
differ f rom one ano the r  in  at leas t  one aspect. In  
bo th  sys tems there  are regions,  at low t e m p e r a t u r e s  
and  modera t e  to h igh  pressures ,  whe re  the diffusive 
t r an spo r t  of solid occurs f rom h igher  to lower  t e m -  
pe ra tu re s  ( "hot  to cold") .  For  example ,  in  the  ger -  
m a n i u m - i o d i n e  sys tem (Fig. 3),  if the  source is lo-  
cated at  500~ and  the  seed at 450~ in a closed 
tube  filled w i th  100 Tor r  of I the va lue  of ,7 wi l l  
decrease f rom 0.39 at the  source to 0.33 at  the  seed, 
and  t r an spo r t  wi l l  obv ious ly  occur in  the  d i rec t ion  
of decreas ing  ,7, hence  f rom hot  to cold. However ,  
at  h igh t e m p e r a t u r e s  and  low pressures  the s i tua -  
t ion  is r eversed  in  the g e r m a n i u m - i o d i n e  system, 
and  t r an spo r t  has in  fact been  observed  (16) to 

A p r i l  1964 

occur f rom cold to hot. This  is not  the  case in  the  
g e r m a n i u m - b r o m i n e  sys tem (Fig. 4),  at  leas t  in  
the r ange  of c o n v e n i e n t l y  a t t a i n a b l e  b r o m i n e  p res -  
sures. 

I t  m a y  be of in te res t  to po in t  out  tha t  in  a plot  of 
In p x  t~  V S .  1/T  the  curves  of cons tan t  '7 w ou ld  be 
s t ra igh t  l ines in  the  p re sen t  cases. This  can  be seen 
as follows. Since ~ is essen t ia l ly  g iven  b y  

v(2pGex2 or 4pcex4) = PG~x2 or PGex4 

and  hence  
P G e X 2 / P G e X 4  ~--- ( 4 V - -  1 ) / (1--20) 

we can express  Pcexs in  t e r ms  of the e q u i l i b r i u m  
cons tan t  K f rom the  r e l a t ionsh ip  

K = (PG~x2) 2 / P G e X 4  ----- PG~x2 (4V--1 ) / ( 1 --2,7) 

Thus,  since 

PX t~  ~ 2pc~x2 or 4pG~x4 = 2pc~x2/(47--1) 

we ob ta in  
p x  t ~  = 2K (1- -2~) / (4V--1)  2 

and  hence  
In p X  t ~  = In K or f (~)  

For  a s ing le - reac t ion  system, the plot of in  p x  t~  V S .  

1 /T  wi l l  t hen  consist  of a f ami ly  of s t ra igh t  l ines  all  
pa ra l l e l  to the  l ine  g iv ing  in  K vs. 1/T. In  the  ger -  
m a n i u m - i o d i n e  system,  w he r e  two di f ferent  reac-  
t ions  p r e domi na t e  in  d i f ferent  regions,  the  same  plot  
wil l  consist  of two famil ies  of s t ra igh t  l ines  w i th  
di f ferent  slopes, g iven  by  the  two dif ferent  equ i l i b -  
r i u m  constants .  

Whi le  the m-plots depicted in  Fig. 3 and  4 are use-  
ful  for work  wi th  c losed- tube  v a p o r - g r o w t h  sys-  
tems,  w h e n  doing e xpe r i me n t s  wi th  " o p e n - t u b e "  or 
con t inuous- f low systems a change  of o rd ina te  be -  
comes necessary.  In  such sys tems the appropr i a t e  va -  
r i ab le  is the ra t io  of the  p ressure  of ha logen  to tha t  of 
the car r ie r  gas, e.g., p x t ~  if h e l i u m  happens  to 
be  the  car r ie r  gas. 1 Thus,  ins tead  of p lo t t ing  ~? as a 
func t ion  of p x  t~  and  t empe ra tu r e ,  it is more  con-  
ven ien t ,  for o p e n - t u b e  work,  to plot  it  as a func t ion  
of the a fo remen t ioned  rat io and  t empera tu re .  This 
ra t io  can be ca lcula ted  wi th  the same p rocedure  ou t -  
l ined  above, s ince 

p x t ~  = p x t ~  1 - -  P )  

where  P is the to ta l  p ressure  in  a tmospheres  exer ted  
by  all  gaseous species except  h e l i u m  

P • P C e X 4  o r  PGeX2 -~- P X 2  o r  P X  

In  a prac t ica l  o p e n - t u b e  expe r imen t ,  w he re  the 
o v e r - a l l  p ressure  is 1 atm, the t e m p e r a t u r e  of the 
ha logen  bed (i.e., the  vapor  p ressure  of the  ha logen)  
is wha t  es tabl ishes  the  ac tua l  va lue  of said ratio.  
This  is g iven  by  

p x t ~  = 2 p* / (1 -- p* ) 

where  p* is the  vapor  p ressure  of the  ha logen  X2 
expressed  in a tmospheres .  

x T h e  t o t a l  f luxes  of  h a l o g e n  a n d  c a r r i e r  g a s  m u s t  b e  c o n s e r v e d  
s ince  n e i t h e r  s o u r c e s  n o r  s i n k s  e x i s t  f o r  t h e s e  s u b s t a n c e s  w i t h i n  
t h e  s y s t e m .  H e n c e  t h e  r a t i o  of  t h e s e  f l uxes  m u s t  be  c o n s t a n t  
t h r o u g h o u t  t h e  s y s t e m .  F o r  v i s c o u s  f l o w  c o n d i t i o n s ,  t h i s  i m p l i e s  a 
c o n s t a n t  r a t i o  of  t h e  c o r r e s p o n d i n g  d e n s i t i e s  f r o m  w h i c h  f o l l o w s  
t h e  c o n s t a n c y  of  t h e  r a t i o  10xt~ 
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Effect of Solution Trace Impurities on I-V Characteristics of 
Electrodeposited Surface Barrier Diodes 

G. M. Krembs and M. M. Schlacter 
Philco Scientific Laboratory, Blue Bell, Pennsylvania 

ABSTRACT 

Radioisotopes were used to determine the surface concentrat ions of metall ic 
impuri t ies  introduced on mechanical ly  polished Ge surfaces dur ing acid c lean-up 
etching and jet  electrodeposition. Reagent  grade chemicals, to which were 
added radioactive metall ic ions in  the concentrat ion range below 1 ppm, 
were used in the experiments.  Surface coverage ranged from fractional  mono-  
layers in  acid etching to several  monolayers in jet  electrolysis. In  jet  electro- 
deposition, autoradiograms revealed that  noble  metal  impuri t ies  are chemically 
plated onto Ge electrodes, the dis tr ibut ion being a funct ion of the hydrodynamic  
flow pattern,  bu t  independent  of current  density. The strong influence of 
these metall ic impuri t ies  on the reverse I -V characteristics of surface barr ier  
diodes is due to a p- type channel.  

Trace  me ta l  impur i t i es ,  p r e sen t  in  r eagen t  grade  
chemicals  in  the  concen t r a t i on  r ange  be low 1 ppm,  
have  been  repor ted  to inf luence  the  e lect r ical  cha r -  
acterist ics  of a g e r m a n i u m  surface  (1 -4) .  In  this 
paper ,  a s imi lar  i nves t iga t ion  is r epor ted  on surface 
b a r r i e r  me t a l  contacts.  Rad iochemica l  methods  were  
u t i l ized  in  a s tudy  of acid c l e a n - u p  e tching  and  je t  
e lec t rodeposi t ion  to measu re  q u a n t i t a t i v e l y  the  
a m o u n t  of selected meta l l i c  impur i t i e s  deposi ted on 
Ge surfaces,  and  to corre la te  these  chemical  da ta  
w i th  the I -V  character is t ics  of the  m e t a l - s e m i c o n -  
duc tor  contacts  p r e p a r e d  by  this  method.  

Metallic Impurities Deposited from Acid Etchants 
In  the  in i t i a l  expe r imen t ,  the object ive  was  to 

measu re  the surface  concen t r a t i on  of meta l l i c  i m-  
pur i t i es  i n t roduced  by  the  e tchan t  used to r emove  the 
mechan i ca l l y  damaged  surface  layer  pr ior  to e lec t ro-  
deposi t ion  of the  surface ba r r i e r  contact .  The  e t chan t  
was  p r epa red  w i th  electronic grade  reagen t s  in  the 
concen t r a t i on  15 par t s  b y  vo lume  acetic (g lac ia l ) ,  8 
par t s  HNO3 ( 7 0 % ) ,  and  5 par ts  H F  (49%) .  Ag and  
Fe were  chosen to r ep re sen t  the groups  of meta l l i c  
impur i t i e s  which  are more  nob le  and  more  active,  
respect ively ,  t h a n  h y d r o g e n  in the  e lec t romot ive  
series. F r o m  a spec t rographic  analysis ,  it was  de te r -  

m i n e d  tha t  the  15: 8:5 etch used in  these  e xpe r imen t s  
had  5 ppb  of Ag a nd  50 ppb  of Fe before  the  addi t ion  
of the radio t racers .  To this  e t chan t  were  added  
s t anda rd ized  solut ions  ob ta ined  f rom Oak Ridge Na -  
t iona l  Labora to r i e s  rece ived w i t h  99 % rad iochemica l  
pur i ty .  Because of the d i lu t ion  by  the  s t a r t ing  e tch-  
ant ,  no f u r t h e r  pur i f ica t ion  of the  rad iochemica ls  was  
necessary.  

Ge disks w i th  a to ta l  f ron t  and  back  surface  area  
of 7.6 cm 2 were  m e c h a n i c a l l y  pol ished on the  (111) 
face and  t h e n  d ipped in to  the  e t chan t  for a r ange  of 
t ime  in te rva ls .  F r o m  the  m e a s u r e d  coun t  rates,  it 
was  found  tha t  a 5-sec etch was  sufficient for  a 
s teady  state  to be es tab l i shed  b e t w e e n  the  deposi-  
t ion of the i m p u r i t y  a nd  its con t inued  r e m o v a l  v ia  
the  e tching  process. The wafers  were  t h e n  r insed  
in  deionized w a t e r  and  dr ied  in  an  air  jet.  

No Fe-59  was  detec ted  on the  Ge wafe r  at  the  
h ighes t  concen t r a t i on  tested,  which  was  4 ppm.  The 
m i n i m u m  surface  coverage of Fe  de tec t ib le  for these 
e x p e r i m e n t a l  condi t ions  was  7.4 x 101~ a t . / c m  ~ or 
abou t  10 -4 monolayers .  [Holmes  (1) has  r epor ted  
tha t  Fe  w a s  deposi ted f rom a lka l ine  e tchants ,  such 
as K O H  or NaOH.]  

A g - l l 0  was  r ead i ly  de tec ted  on the  Ge wafe r  at  an  
e t chan t  concen t r a t i on  of 50 ppb  and,  based  on p r e -  
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Fig. 1. Steady-state surface density of Ag on Ge as a function 
of etchant concentration. 

vious i n s t r u m e n t  ca l ibra t ion ,  was ca lcula ted  to be 
5 x 10 TM a t . / c m  2. S imi la r  m e a s u r e m e n t s ,  t a k e n  over  
the r ange  of s i lver  concen t ra t ion  up  to a m a x i m u m  
of 2.5 ppm,  ind ica ted  tha t  this  surface  coverage i n -  
creased d i rec t ly  w i th  Ag concen t r a t i on  in  the e tch-  
ant,  as shown  in  Fig. 1. The  l i nea r  cu rve  was  con-  
s idered the  best  fit to the  e x p e r i m e n t a l  points .  

To achieve reproduc ib le  data  in these exper imen t s ,  
carefu l  control  of the r i n s ing  t echn ique  was  r e -  
quired.  By rep roduc ib le  da ta  is m e a n t  the  t ime  a ve r -  
age coun t ing  ra te  (a f te r  correc t ion  for b a c k g r o u n d )  
was w i t h i n  the  va r i ance  of the s ta t is t ical  Poisson 
d i s t r ibu t ion .  The lowest  ne t  surface coverage  for a 
specific so lu t ion  concen t r a t i on  was  ob ta ined  w h e n  
the  Ge disk was  r e m o v e d  f rom the  e t chan t  a nd  i m-  
med ia t e ly  washed  in  a wa t e r  jet.  Hence,  this  p ro -  
cedure  was s t andard ized  for the col lect ion of these 
data.  F l u s h i n g  the  e t chan t  f rom the  beake r  w i th  a 
large s t ream of deionized wa t e r  or t r anspo r t i ng  the  
wafe r  t h rough  a 4 sec room air  exposure  to an  
u l t rason ic  r ins ing  ba th  resu l t ed  in  nonrep roduc ib l e ,  
h igher  coun t ing  rates.  

Deposition of Ag Impurities during Jet Electrolysis of Cd 
In  the s tudy  of je t  electrolysis ,  the  object ive  was  

to measu re  the  surface  concen t r a t i on  and  d i s t r i bu -  
t ion  of meta l l i c  impur i t i e s  wh ich  are deposi ted si-  
m u l t a n e o u s l y  wi th  the  surface  ba r r i e r  me t a l  contact  
on the Ge electrode,  and  to compare  this  surface  
concen t r a t i on  wi th  tha t  p rev ious ly  ob ta ined  for the 
ac id -e tched  surface.  

The  Ge b l a n k s  [0.7 o h m - c m  n - t y p e  pol ished on 
(110) sur face]  were  soldered to a Ni tab  for an 
ohmic  contact  and  p r e - e t ched  in the je t  s t r eam in  a 
15:8 :5  e t chan t  for 3 sec w i th  0.15 m a  e tch ing  cu r -  
rent .  The je t  orifice had  a d i ame te r  of 9 mils  and  the  
p ressure  was 10 psi. Wi th  the  same p ressure  and  cu r -  
rent ,  the Cd dot was  deposi ted in  10 sec f rom an  
e lec t ro ly te  of the  fo l lowing composi t ion:  15.15g Cd 
(BF4)2 solut ion,  aqueous  (assay 50 .3%) ;  HBF4 to 
ad jus t  pH b e t w e e n  2.1 to 2.4; 0.14 ml  acid add i t ion  
agent  (Enthone ,  Inc., New Haven ,  C o n n . ) ;  990 ml  
deionized wa te r ;  0.222 ml  AgNOs so lu t ion  (assay 
0.028%) for 40 ppb  fo rmula t ion .  The e x p e r i m e n t a l  
p rocedure  is s imi la r  to tha t  descr ibed by  Ti ley  and  
Wi l l i ams  (5) .  Af te r  a subsequen t  r inse  for 10 sec 
in  a deionized wa t e r  s t r eam the Ge electrodes were  
dr ied  in  a gas je t  of the  same composi t ion  as the 
s u r r o u n d i n g  a tmosphere  and  counted  in  a G - M  gas 
flow counter ,  
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Wi t hou t  a ny  appl ied  e x t e r n a l  potent ia l ,  r ad io -  
act ive Ag was  deposi ted on the  Ge b lank ,  as shown  in 
Fig. 2; the  ac t iv i ty  increased  w i th  e lec t ro ly te  con-  
cen t r a t i on  and  wi th  the  l eng th  of t ime  the  j e t  was 
in  contac t  wi th  the  Ge surface.  Uni t s  made  f rom a 
recycled e lec t ro ly te  had  a s l igh t ly  lower  ac t iv i ty  due 
to deple t ion  of the  Ag f rom the  f resh  solut ion.  

In  Fig. 3 is shown  the  resu l t  f rom gra in  coun t ing  
of an  a u t o r a d i o g r a m  p r e p a r e d  on the  rad ioac t ive  u n i t  
made  at  zero c u r r e n t  densi ty .  In  compar i son  to the 
noble  me ta l  surface  concen t r a t i on  m e a s u r e d  af ter  
acid etching,  the  ave rage  surface  concen t r a t i on  fol-  
lowing  j e t  e lec t rodeposi t ion  was  104 t imes  higher .  
A g - l l 0  was detected over  the  en t i re  Ge b lank ,  bu t  
was more  h igh ly  concen t ra t ed  u n d e r  the  i mp ing ing  
jet.  W h e n  an  e x t e r n a l  po ten t i a l  was  applied,  the  re -  
su l t ing  Cd deposi t  fogged the  nuc l e a r  film s u p e r i m -  
posed on it. Therefore ,  au to rad iog rams  were  p re -  
pa red  as shown in  Fig. 4. S a r a n  film was used to 
p r e v e n t  a chemical  r eac t ion  b e t w e e n  the  nuc l ea r  
emul s ion  and  the  Cd deposit.  The  films were  sub-  
s e que n t l y  exposed for  4 h r  whi le  s tored in  a r e -  
f r igera tor  at 3~ and  developed;  there  was  no in -  
f luence on the emul s ion  w h e n  the  Cd deposit  was  
covered by  the  pro tec t ive  f i lm of Saran .  

F igure  5 is a pho tomic rog raph  t a k e n  at  the  edge 
of the  Cd deposit,  showing  the  i n d i v i d u a l  g ra ins  of 
this au to rad iogram.  W h e n  this  g ra in  dens i ty  was  
counted  outside of the  reg ion  of the  Cd deposit ,  the re  
was no increase  in  the  Ag concen t r a t i on  over  tha t  
m e a s u r e d  for zero p l a t i ng  cur ren t .  The  d i s t r i bu t i on  
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Fig. 4. Cross section of nuclear film formed on Ge electrode 

Fig. 5. Photomicrograph of autoradiogram developed and observed 
in situ. The lighter region is due to the greater reflectivity of the 
Cd metal deposit. (1200X). 

of g r a i n  d e n s i t y  in th is  case w i t h  p l a t i n g  c u r r e n t  
is shown  in Fig.  3 fo r  compar i son .  S ince  the  r e s o l u -  
t ion  of a u t o r a d i o g r a p h y  is l i m i t e d  to a b o u t  5~, i t  is 
not  poss ib le  to d e t e r m i n e  w i t h  th is  t e c h n i q u e  
w h e t h e r  t he  A g  n u c l e a t e d  a t  loca l i zed  s i tes  on the  Ge 
su r f ace  as r e p o r t e d  b y  F r a n k l  for  Cu on Ge (6) .  I f  
a h o m o g e n e o u s  su r f ace  c o v e r a g e  is a s sumed ,  a g r a i n  
d e n s i t y  of 100 p e r  100 s q u a r e  m i c r o n s  is e q u i v a l e n t  
to  2.2 m o n o l a y e r s  on the  (110) p l ane ,  a f t e r  c o r r e c -  
t ions  a r e  m a d e  to accoun t  for  b e t a  b a c k s c a t t e r i n g  
and  the  coun t ing  efficiency of t he  gas - f low G e i g e r -  
M u e l l e r  counter .  A l t h o u g h  it has  been  s h o w n  b y  
Ho lmes  a n d  N e u m a n  (7)  w i t h  e l ec t ron  d i f f rac t ion  
t ha t  t he  a d s o r b e d  s i l ve r  fo rms  o r i e n t e d  c r y s t a l l i t e s  
on Ge sur face ,  t he  a v e r a g e  su r f ace  c o v e r a g e  can  be  
s t a t ed  in  e q u i v a l e n t  m o n o l a y e r  coverage .  

The  dec rease  in  d e v e l o p e d  g r a i n  d e n s i t y  n e a r  the  
Cd depos i t  is due  to a b s o r p t i o n  of t he  b e t a  pa r t i c l e s .  
G a m m a  r a y s  a n d  ene rge t i c  b e t a  p a r t i c l e s  a r e  no t  
efficient  in e x p o s i n g  N T B  emuls ion ,  c o m p a r e d  to the  
less  e n e r g e t i c  (8)  b e t a  rays .  F u r t h e r m o r e  the  w e a k  
be t a  r a y  in  A g - l l 0 m ,  w h i c h  is t he  mos t  p r o b a b l e  
p a r t i c l e  emiss ion  (9 ) ,  has  a m a x i m u m  r a n g e  in  Cd 
m e t a l  of 1O# (10) .  S ince  the  t h i c k n e s s  of Cd in  t he  
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center of the deposit is about 5~, the observed de- 
crease in grain density can be explained as due to 
absorption of these weak beta rays within the Cd 
deposit. To prove that the nuclear film was not 
stretched by the Cd deposit, an optical lens system 
with small depth-of-focus was used to check the 
film thickness by sweeping the field and observing 
the two extremes at which developed grains came 
into focus. The emulsion thickness was 3.5# over the 
entire surface area. 

Corre la t ion  with E lect r ica l  C h a r a c t e r i s t i c s  

To d e t e r m i n e  the  inf luence  of th i s  c o n c e n t r a t i o n  
r a n g e  of  A g  i m p u r i t i e s  on t h e  r e v e r s e  I - V  c h a r a c -  
t e r i s t i c s  of a su r f ace  b a r r i e r  d iode,  a d iode  t e s t ing  
s t a t i on  was  c o n s t r u c t e d  ins ide  a g love  box,  t o g e t h e r  
w i t h  a j e t  e t c h - p l a t e  s ta t ion ,  a w a t e r  j e t  r inse ,  and  
a gas  j e t  d rye r .  A f t e r  p l a t i n g  the  Cd  depos i t ,  a d e -  
ion ized  w a t e r  r inse  was  u sed  to c l ean  the  su r f ace  of 
r e s i d u a l  e l ec t ro ly t e .  The  a t m o s p h e r e  ins ide  t he  g love  
box  could  b e  c h a n g e d  f r o m  r o o m  a i r  of  5 0 •  
r e l a t i v e  h u m i d i t y  to a r g o n  con t a in ing  less t h a n  100 
p p m  of w a t e r  vapo r ,  as m e a s u r e d  on a Meeco m o i s t u r e  
ana lyze r .  The  gas  used  in  the  d r y e r  w a s  t he  s ame  as 
the  g love  box  a t m o s p h e r e .  

F i g u r e  6 shows  the  I - V  cha rac te r i s t i c s ,  as d i s -  
p l a y e d  on an  X - Y  osci l loscope,  w h e r e  on ly  t he  t r a c e  
a s soc ia t ed  w i t h  i nc rea s ing  v o l t a g e  has  b e e n  r e -  
p roduced .  The  n o r m a l  h y s t e r e s i s  loop o b s e r v e d  d u r -  
ing  the  r e t u r n  t r a c e  w i t h  d e c r e a s i n g  v o l t a g e  is no t  
i n c l u d e d  to p r e s e r v e  g r a p h i c  s impl i c i ty .  Ze ro  t i m e  is 
def ined  to be  t he  s t a r t  of t he  j e t  d r y i n g  t ime .  

The  h i g h e r  l e a k a g e  c u r r e n t s  and  h i g h e r  b r e a k -  
d o w n  vo l t age  of t h e  d iodes  con ta in ing  the  su r f ace  
c o v e r a g e  of s i lve r  a r e  c h a r a c t e r i s t i c  p r o p e r t i e s  of an  
i n v e r s i o n  l a y e r  and  canno t  be  a t t r i b u t e d  to an  ox ide  
l a y e r  s ince  a l l  d iode  su r f aces  h a d  an  ox ide  l a y e r  
f o r m e d  d u r i n g  the  v a r i o u s  p rocess ing  s teps  of e t c h -  
ing,  depos i t ion ,  r in s ing  and  d ry ing .  In  o t h e r  words ,  
A g  fo rms  a p - t y p e  channe l  on these  ox id i zed  Ge  
e lec t rodes ,  s i m i l a r  to t h a t  r e p o r t e d  for  a d s o r b e d  Cu 
b y  M o r r i s o n  (2) .  To conf i rm th is  conclus ion ,  w e  
m e a s u r e d  the  s ame  d iodes  a f t e r  3 0 - m i n  e x p o s u r e  to 
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Fig. 6. Reverse I-V characteristics of surface barrier diodes pre- 
pared by jet electrodeposition after 3 min in a controlled atmos- 
phere. 
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Fig. 8. Photoresponse of the surface barrier diode prepared by 
jet electrodeposition. 

t h e i r  r e s p e c t i v e  a t m o s p h e r e s .  F i g u r e  7 shows  the  
c h a r a c t e r i s t i c  n - t y p e  sh i f t  due  to t he  s low s ta tes  
g e n e r a t e d  b y  the  w a t e r  a d s o r b e d  on the  su r f ac e  and  
in e q u i l i b r i u m  w i t h  m o i s t u r e  in t he  g love  box  a t -  
mosphe re .  The  g r o w t h  of th is  a c c u m u l a t i o n  l a y e r  
causes  a l o w e r  l e a k a g e  c u r r e n t  a n d  b r e a k d o w n  v o l t -  
age  c o m p a r e d  to  t he  d a t a  t a k e n  a t  3 m i n  in F ig .  6. 

In  a d d i t i o n  to the  change  of su r face  po ten t i a l ,  s u r -  
face  r e c o m b i n a t i o n  v e l o c i t y  increases ,  as is a p p a r e n t  
in t he  p h o t o r e s p o n s e  d a t a  t a k e n  s i m u l t a n e o u s l y  w i t h  
the  p r e v i o u s  I - V  curves ,  and  shown  in Fig .  8. The  
p h o t o n  source  was  a f ly ing spot  s canne r  i m a g e d  
t h r o u g h  a l ens  m o u n t e d  in  t h e  g love  b o x  wal l .  

Deposition of Other Trace Impurities during 
Jet Electrolysis 

S i m i l a r  e x p e r i m e n t s  w e r e  c o n d u c t e d  w i t h  Cu-64  
in bo th  the  ac id  e t c h a n t  a n d  j e t  e l ec t ro ly t e .  F o r  t he  
s ame  r a n g e  of Cu-64  in t he  s t a r t i n g  solut ions ,  s u r -  
face  c o v e r a g e  was  q u a l i t a t i v e l y  c o m p a r a b l e  to A g -  
l l 0 m  in bo th  cases. In  r e f e r e n c e  to t he  e l e c t r o m o t i v e  
ser ies ,  A g  and  Cu w o u l d  be  e x p e c t e d  to b e h a v e  s i m i -  
l a r l y ,  and  the  e x t e n s i o n  of th is  s t u d y  to o t h e r  nob le  
m e t a l  ions w o u l d  also fo l low t h e  l aws  of e l e c t r o -  
k ine t ics .  

Conclusion 
I t  has  been  shown  e x p e r i m e n t a l l y  t ha t  nob le  m e t a l  

i m p u r i t i e s  a r e  c h e m i c a l l y  p l a t e d  onto Ge su r faces  
d u r i n g  bo th  ac id  e t ch ing  and  j e t  e l ec t rodepos i t ion ,  
and  t h a t  e l ec t ropos i t i ve  e l emen t s ,  such  as Fe ,  if  
p r e s e n t  a t  al l ,  w e r e  d e p o s i t e d  at  a m u c h  l o w e r  con-  
cen t r a t ion .  The  a v e r a g e  su r f ace  c o v e r a g e  of A g  and  
Cu r a n g e d  f r o m  a p p r o x i m a t e l y  10 -4 m o n o l a y e r s  in 
acid  e t ch ing  to  s e v e r a l  m o n o l a y e r s  a f t e r  j e t  e l e c t r o -  
depos i t ion .  E l e c t r i c a l  m e a s u r e m e n t s  s h o w e d  t h a t  A g  
is an  ac t ive  r e c o m b i n a t i o n  c e n t e r  on  the  ox id i zed  
Ge su r f a c e  as w e l l  as a p - t y p e  dopan t .  A t  t r a c e  so lu-  
t ion  concen t ra t ions ,  such  n o b l e  m e t a l  i m p u r i t i e s  had  
s t rong  inf luence  on the  r e v e r s e  d iode  e l ec t r i ca l  c h a r -  
ac ter is t ics .  
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ABSTRACT 

F luo r i t e - s t r uc tu r e  compounds form a r a re  example  of ionic species con-  
ta in ing  vacancies  and in ters t i t ia ls  in ve ry  h igh  concentra t ions  (up to 50 
m o l e - % ) .  Wi th  the  fo rmat ion  of subs t i tu t ional  defects  incorpora t ing  the "ha l f -  
b reed"  der iva t ives  of the  type  NaLnF4 (Ln ~ l an thanon  and y t t r i um)  the 
poss ibi l i ty  of control l ing a whole  series of p roper t ies  of f luori te for  appl icat ions  
such as lasers  is apparent .  Crys ta l l ine  solubi l i ty  is extens ive  in b ina ry  systems 
of the  type  CaF2-NaLnF4, CaF2-LnFs,  and NaLnF4-LnF~, and in t e r n a r y  sys-  
tems CaF2-NaLnF4-LnFs.  Uni t  cell  dimension,  densi ty,  and re f rac t ive  index 
measurements  confirm the exis tence of in te rs t i t i a l  F -  as the  m a j o r  defect  
in CaF2-LnF8 and NaYF4-YF3 type  s t ructures ,  whi le  s imple  subs t i tu t ional  
defect  s t ruc tures  exis t  be tween  CaF2 and NaLnF4. T e r n a r y  composit ions c a n  

show a contro l led  combinat ion  of the  two types  of defect. Cer ta in  of the  c rys -  
ta l l ine  solutions have  been shown to exhib i t  photoluminescence  and ca thodolu-  
minescence.  

A l l  c r y s t a l l i n e  sol ids  a r e  " d e f e c t i v e "  in  some  r e -  
spect ,  c h e m i c a l l y  or  p h y s i c a l l y ,  if  d e s c r i b e d  on a 
suff ic ient ly  s m a l l  scale,  a n d  a k n o w l e d g e  of t he  t y p e  
and  c o n c e n t r a t i o n  of de fec t s  u n d e r  a p r e s c r i b e d  set  
of cond i t ions  is i m p o r t a n t  in  u n d e r s t a n d i n g  the  
p h y s i c a l  and  c h e m i c a l  p r o p e r t i e s  of t he  m a t e r i a l .  
Some  de fec t  t y p e s  r e a d i l y  a t t a i n  an  e q u i l i b r i u m  
v a l u e  u n d e r  a g iven  set  of condi t ions ,  w h i l e  o the r s  
do not.  The  p r e s e n t  i n v e s t i g a t i o n  u n d e r t a k e s  to d e -  
sc r ibe  ce r t a i n  e q u i l i b r i u m  defec t s  r e s u l t i n g  f r o m  
c h e m i c a l  subs t i t u t i ons  on a gross  sca le  in  t h e  f luor i te  
s t r u c t u r e .  This  s t r u c t u r e ,  t h e  c h e m i c a l  e n t i t y  CaF2 
and  t h e  s t r u c t u r a l  f a m i l y  w h i c h  b e a r s  i ts  n a m e ,  is 
e spec i a l l y  i n t e r e s t i n g  in  t h a t  i t  m a y  con ta in  a l a r g e  
c o n c e n t r a t i o n  of defects ,  as w e l l  as a v a r i e t y  of d e -  
fects.  F u r t h e r m o r e ,  the  CaF2 s t r u c t u r e  is one of the  
mos t  i m p o r t a n t  hos t  c ry s t a l s  for  s o l i d - s t a t e  lasers ,  
and  the  v a r i e t y  of poss ib le  subs t i t u t i ons  c r ea t e s  i n -  
t e r e s t i n g  poss ib i l i t i e s  for  con t ro l  of p rope r t i e s .  F o r  
e x a m p l e ,  t he  s u b s t i t u t i o n  of a r a n g e  of r a r e  e a r t h  
f luor ides  in  t he  f luor i te  s t r u c t u r e  m a y  be  e x p e c t e d  to 
p r o d u c e  c o n s i d e r a b l e  v a r i a t i o n  in the  p r o p e r t i e s  of 
the  r e s u l t a n t  c rys ta l .  F u r t h e r m o r e ,  because  of t he  
h igh  c o n c e n t r a t i o n  of de fec t s  a t t a i n a b l e ,  i t  is poss ib le  
to r e l a t e  t he  c o n c e n t r a t i o n  to m e a s u r a b l e  gross  
p h y s i c a l  p r o p e r t i e s  such as dens i ty ,  r e f r a c t i v e  i n d e x  
and  l a t t i ce  p a r a m e t e r .  I t  has  a l r e a d y  been  s h o w n  
(1) t h a t  changes  in de fec t  c o n c e n t r a t i o n  in th is  
phase  h a v e  a m a r k e d  effect on dif fus ion r a t e s  and ,  
hence,  on s o l i d - s t a t e  r eac t i v i t y .  

S t r o n g  ev idence  for  t he  ex i s t ence  of i n t e r s t i t i a l  
f luor ine  de fec t s  was  first  o b t a i n e d  b y  Z in t l  and  U d -  
g a r d  (2) ,  w h o  p o s t u l a t e d  this  m o d e l  to e x p l a i n  an  
" a b n o r m a l l y  h igh"  d e n s i t y  of an  i m p u r e  CaF2-YF8 
c r y s t a l l i n e  solu t ion .  R e c e n t l y  in th i s  l a b o r a t o r y  S h o r t  
and  R o y  (1)  b y  ca r e fu l  d e n s i t y  m e a s u r e m e n t s  u n -  
e q u i v o c a l l y  conf i rmed  th is  m o d e l  fo r  a w i d e  r a n g e  
of h igh  p u r i t y  CaF2-YF3 c r y s t a l l i n e  so lu t ions  h a v i n g  
va lues  c lose ly  a p p r o a c h i n g  t h e o r e t i c a l  d e n s i t y  for  a 

f luor i te  s t r u c t u r e  w i t h  a l l  t he  excess  an ions  in  i n t e r -  
s t i t i a l  s i tes.  S i m i l a r  i n t e r s t i t i a l  F -  de fec t s  h a v e  been  
r e p o r t e d ,  l a r g e l y  on the  bas i s  of x - r a y  p a t t e r n s ,  for  
the  sy s t e ms  BaF2-UF3 (3)  a n d  S rF2-LaF3  (4) .  Con-  
t r a r i w i s e ,  an ion  vacanc i e s  up  to p e r h a p s  4% (1)  
h a v e  been  s u g g e s t e d  for  CaF2. A n i o n - v a c a n c y  a n d  
i n t e r s t i t i a l - a n i o n  s t r u c t u r a l  m o d e l s  w e r e  p o s t u l a t e d  
b y  Ure  (5)  for  N a F -  and  Y F s - d o p e d  CaF~ samples ,  
r e spe c t i ve ly ,  on the  bas is  of ionic  c o n d u c t i v i t y  m e a s -  
u r e m e n t s .  F i n a l l y ,  s i m p l e  s u b s t i t u t i o n a l  a n d  h a l f -  
b r e e d  d e r i v a t i v e s  a r e  k n o w n  such  as NaYF4 (6) ,  
NaPuF4  and  NaCeF4 (7 ) ,  and ,  hence ,  m a n y  i n t r i g u -  
ing  poss ib i l i t i e s  for  c o n t r o l l e d  de fec t  m a t e r i a l s  a r e  
sugges ted .  

The  p r e s e n t  i n v e s t i g a t i o n  was  u n d e r t a k e n  in o r d e r  
to p r o v i d e  a s y s t e m a t i c  c r y s t a l  c h e m i c a l  s t u d y  for  
f luor ides  b a s e d  on the  CaF2 s t r uc tu r e ,  to d e t e r m i n e  
the  e x t e n t  of c r y s t a l l i n e  so lub i l i t y  w i t h  a v a r i e t y  of 
subs t i t uen t s ,  and  to m a k e  d i agnos t i c  m e a s u r e m e n t s  
w h i c h  def ine t h e  t y p e  of r e s u l t i n g  s t r uc tu r e .  The  
t y p e s  of de fec t  f o r m e d  in t he  p r e s e n t  s t u d y  a r e  d e -  
s c r i be d  in  t h r e e  g e n e r a l  ca tegor ies :  s i m p l e  s u b s t i t u -  
t i ona l  defects ,  i n t e r s t i t i a l - a n i o n ,  a n d  a n i o n - v a c a n c y  
s t ruc tu res .  W i t h  a t h o r o u g h  k n o w l e d g e  of t h e  t y p e  
of de fec t  p r e s e n t  u n d e r  a g i v e n  se t  of cond i t ions  
one shou ld  t hen  be  ab le  to con t ro l  t he  e n v i r o n m e n t  
of s u b s t i t u e n t  " i m p u r i t i e s "  a n d  as a r e s u l t  con t ro l  
the  s t r u c t u r e - d e p e n d e n t  p rope r t i e s .  

Experimental Techniques 
The  chemica l s  u sed  w e r e :  B a k e r ' s  A n a l y z e d  R e -  

agen t  G r a d e  CaF2 and  N a F  o b t a i n e d  f r o m  A l l i e d  
C h e m i c a l  Co rpo ra t i on ;  99.9% YF3 o b t a i n e d  f r o m  
R e s e a r c h  Chemica l s ;  and  a d d i t i o n a l  C. P.  r a r e  e a r t h  
f luor ides  f r o m  A. D. M a c ka y ,  I n c o r p o r a t e d .  Some  
s ing le  c r y s t a l s  of H a r s h a w  CaF2 w e r e  used.  N a F  a n d  
r a r e  e a r t h  f luor ides  w e r e  d r i e d  a p p r o x i m a t e l y  30 
m i n  a t  700 ~ in  h i g h - p u r i t y  d r y  n i t r o g e n ;  CaF2 w a s  
d r i e d  at  900 ~ . In  a n y  in s t ance  w h e r e  o x i d a t i o n  was  
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Table I. "Half-breed" derivatives of CaF2 

A p r i l  1964 

C o m p o u n d  U n i t  c e i l  d i m e n s i o n  R e f r a c t i v e  I n d e x  M i s c e l l a n e o u s  

{ca _- 6.16  = 1 . 4 8 6  
NaLaF4 (9) = 3.819 1.500 

N a P u F r  (7) 3.753 1.552 

= 6.152 ~ : 1.493 
NaCeF4 (7) { c  a 3.778 1.514 

_- = 

= {: = 
{c 

= 6.053 f~o ~ 1.488 
NaGdF4 {ca 3.601 Le : 1.512 

= 5.991 { :  : 1.487 

ac : 5.485 

NaErF4 3.504 1.505 
ac : 5.465 n = 1.452 

= 0 0 0 0  
NaYF4 3.583 

ac : 5.47 n ~ 1.438 

NaYbF4 ac = 5.415 n ---- 1.458 

H e x a g o n a l  

Hox l 760 ~ D i m o r p h i c  
Cubic  

H e x  L o w  t e m p - - h e x  

$ 775~ l Cubic  H i g h  t e m p - - c u b i c  

H e x  
p = 4.14 

7 0 5  ~ 
Cubic p ~ 3.80 
Cubic  

(9) and (7) Data from references; others measured in the present study. 
* Symbols used: ~ and e are the refractive indices for the ordinary and extra-ordinary rays. respectively, in hexagonal crystals; p is 
density; cell dimensions are in A. 

e v i d e n t ,  t h e  c o m p o u n d  w a s  r e f l u o r i d a t e d  in  a n i t r o -  
g e n  a t m o s p h e r e  b y  r e a c t i n g  w i t h  NH4HF2,  f i rs t  in  t h e  
r a n g e  3000-400  ~ a n d  t h e n  a t  700 ~ . 

A f t e r  w e i g h i n g ,  m i x t u r e s  w e r e  g r o u n d  t o g e t h e r  in  
a n  a g a t e  m o r t a r  u n d e r  e t h y l  a c e t a t e ,  d r i e d  a g a i n  b y  
h e a t i n g  in  a n i t r o g e n  a t m o s p h e r e ,  a n d  t h e n  u s u a l l y  
s e a l e d  i n  A u  o r  P t  t ubes .  M o s t  r u n s  w e r e  m a d e  in  
K a n t h a l -  o r  p l a t i n u m - w o u n d  q u e n c h i n g  f u r n a c e s  a t  
a t m o s p h e r i c  p r e s s u r e ,  a l t h o u g h  s o m e  w e r e  m a d e  a t  
e l e v a t e d  p r e s s u r e s  in  h y d r o t h e r m a l  p r e s s u r e  v e s s e l s  
(8 ) .  A c c u r a t e  l a t t i c e  s p a c i n g s  w e r e  m e a s u r e d  u s i n g  
s l o w  s c a n n i n g  s p e e d s  on  a N o r e l c o  w i d e - r a n g e  x - r a y  
d i f f r a c t o m e t e r  e x t e r n a l l y  s t a n d a r d i z e d  w i t h  s i l icon .  

P y c n o m e t r i c  d e n s i t i e s  w e r e  m e a s u r e d  b y  i m m e r -  
s ion  in  t h a l l i u m  f o r m a t e - t h a l l i u m  m a l o n a t e  l i q u i d s  
w i t h  d e n s i t i e s  u p  to 4.4. S a m p l e s  w e r e  i m m e r s e d  in  
t h e  l i q u i d ,  c o n t r i f u g e d ,  a n d  t h e  d e n s i t y  of  t h e  l i q u i d  
a d j u s t e d  g r a d u a l l y  u n t i l  t h e  s a m p l e  r e m a i n e d  s u s -  
p e n d e d .  D e n s i t i e s  c a n  b e  m e a s u r e d  w i t h  s l i g h t l y  
g r e a t e r  p r e c i s i o n  on  f l awle s s  s i n g l e  c r y s t a l s  t h a n  
w i t h  t h e  p r e s s e d  p o w d e r  pe l l e t s .  C l e a v a g e  f r a g m e n t s  
of  s i n g l e  c r y s t a l s  of  H a r s h a w  CaF2 w e r e  m e a s u r e d  to  
be  3.180 (cf.  3.1803 t h e o r e t i c a l  d e n s i t y ) ,  w h i l e  t h e  
m e t h o d  u s i n g  p r e s s e d  p o w d e r  y i e l d e d  r e s u l t s  w h i c h  
w e r e  n o t  m o r e  t h a n  1% l o w e r  t h a n  t h e o r e t i c a l  d e n -  
s i ty .  H o w e v e r ,  b e s t  r e p r o d u c i b i l i t y  of  r e s u l t s  in  t h e  
p r e s e n t  s t u d y  w a s  o b t a i n e d  b y  u s i n g  p e l l e t s  p r e s s e d  
f r o m  f i n e l y  p o w d e r e d  s a m p l e s  a t  50 k i l o b a r s  p r e s -  
su re ,  w h e r e  i n a c c u r a c i e s  c a u s e d  b y  b u b b l e s  a n d  
p r o b l e m s  of  w e t t a b i l i t y  a r e  a v o i d e d .  

Results 

H a l f - b r e e d  d e r i v a t i v e s  o f  C a F 2 . - - A  v a r i e t y  of  
r a r e  e a r t h  ions  w e r e  c o m b i n e d  w i t h  N a  to  f o r m  

c o m p o u n d s  ( N a L n F 4 )  1 w h i c h  a r e  d e r i v e d  f r o m  2 C a F  2 
b y  s u b s t i t u t i n g  N a  + a n d  L n  s+ f o r  t w o  Ca  2+ ions.  
T a b l e  I a n d  F ig .  1 g i v e  d a t a  on  t h e  c o m p o u n d s  
f o r m e d .  O n l y  Yb,  Er ,  Ho,  a n d  Y y i e l d  c u b i c  f l u o r i t e  
s t r u c t u r e s  w i t h  t h e  N a  + a n d  L n  8+ ions  in  s t a t i s t i -  
c a l l y  d i s o r d e r e d  8 - c o o r d i n a t e d  pos i t ions .  T h e  l a r g e r  

1 Ln is the symbol used for "lanthanon," to represent the rare 
earths and yttrium throughout the paper. 
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cat ions ,  G d  to L a  f o r m  a h e x a g o n a l  o r d e r e d  s t r u c t u r e  
(C 32),  the  so ca l l ed  fl2Na2UFe of Z a c h a r i a s e n  (9 ) ,  
w i t h  one  L n  3+ in a 9 - c o o r d i n a t e d  pos i t i on  a n d  �89 
L n  +8 a n d  1~/2 N a  + ions  in  6 - c o o r d i n a t e d  pos i t ions  in  
each  un i t  cell .  F i g u r e  1 g ives  t he  cel l  d imens ions  a 
and  c of t he  v a r i o u s  h e x a g o n a l  s t r u c t u r e s  (C 32) as 
a func t ion  of t he  a v e r a g e  r a d i u s  of t h e  ca t ion  
(Ln  3 + -{-Na + ) / 2 .  D e p a r t u r e s  f r o m  the  cu rves  for  t he  
h e x a g o n a l  s t r u c t u r e s  m a y  be  e x p l a i n e d  in  p a r t  b y  a 
s m a l l e r  ef fec t ive  ionic  r a d i u s  for  L n  3+ ions  in  t he  
6 - c o o r d i n a t e d  pos i t ion .  Also  g i v e n  is a p lo t  of t he  
cubic  s t ruc tu r e s ,  w h i c h  a s sume  a b o u t  10% g r e a t e r  
cel l  v o l u m e  t h a n  the  h e x a g o n a l  s t r u c t u r e s .  W h e r e a s  
o n l y  r e p r e s e n t a t i v e  r a r e  e a r t h  ions  w e r e  s e l ec t ed  for  
s tudy ,  i t  is e x p e c t e d  t h a t  c o m p o u n d s  of  t he  c o m -  
p le te  r a r e  e a r t h  se r ies  L a . . .  L u  w i l l  fit t he  cu rves  of 
Fig.  1 w i th  Nd, Pm,  Eu,  Tb, a n d  D y  f o r m i n g  h e x a g -  
ona l  s t r u c t u r e s  a n d  T m  and  L u  f o r m i n g  cubic  s t r u c -  
tures .  The  p r i n c i p a l  ques t ion  r e m a i n i n g  conce rns  t he  
poss ib i l i t y  of p o l y m o r p h i s m  of Tb and  Dy. On the  
bas is  of  t he  p r e s e n t  resu l t s ,  cubic  f l u o r i t e - t y p e  c o m -  
p o u n d s  m i g h t  be  e x p e c t e d  to be  f o r m e d  also w i t h  
the  n o n r a r e  e a r t h s  T18+ and  In  3+ w h i c h  h a v e  ionic  
sizes in  t he  p r o p e r  r ange .  P r e l i m i n a r y  d a t a  o b t a i n e d  
w i t h  NaInF4  a n d  NaT1F4, h o w e v e r ,  i nd i ca t e  t h a t  
these  s t r u c t u r e s  a r e  c o n s i d e r a b l y  m o r e  complex .  

The  c o m p o u n d s  w i t h  t he  l a r g e r  ions  m e l t  i ncon-  
g r u e n t l y  at  t e m p e r a t u r e s  in  t he  v i c i n i t y  of 750 ~ 
850 ~ and  a p p a r e n t l y  no h i g h - t e m p e r a t u r e  d i s -  
o r d e r e d  s t r u c t u r e  can  be  f o r m e d  be fo re  me l t i ng .  
De ta i l s  of the  m e l t i n g  b e h a v i o r  h a v e  n o t  b e e n  
w o r k e d  ou t  for  t he  c o m p o u n d s  w i t h  t he  s m a l l e r  ions, 
a l t h o u g h  t h e y  a r e  in g e n e r a l  h i g h e r - m e l t i n g .  2 

NaHoF4,  NaErF4,  a n d  NaYF4 a r e  d i m o r p h i c ,  h a v -  
ing t h e  h e x a g o n a l  s t r u c t u r e  a t  l o w  t e m p e r a t u r e s  a n d  
the  f luor i te  s t r u c t u r e  a t  h igh  t e m p e r a t u r e s .  T a b l e  I I  
g ives  an  i n d e x i n g  of t h e  x - r a y  p a t t e r n  of  h e x a g o n a l  
NaHoF4 acco rd ing  to t he  NaLaF4  cell .  Z a l k i n  and  
T e m p l e t o n  (11) s u g g e s t e d  a d i f f e ren t  h e x a g o n a l  cel l  
for  NaHoF4 w i t h  a = 8.86 a n d  c = 5.041, b u t  the  
p r e s e n t  d a t a  do no t  fit t he  l a t t e r  cell .  The  a p p r o x i -  
m a t e  i nve r s ion  t e m p e r a t u r e s  ( a t  a t m o s p h e r i c  p r e s -  
su re )  for  t he  h e x a g o n a l  to cub ic  p o l y m o r p h s  a r e  
g iven  in T a b l e  I. I n v e s t i g a t i o n s  m a d e  a t  p r e s s u r e s  

2 C o n f i r m i n g  these  o b s e r v a t i o n s  are  t hose  of  T h o m a  a n d  co- 
w o r k e r s  (10) w h o  also f o u n d  a n  a n o m a l o u s  m e l t i n g  b e h a v i o r  fo r  
NaYF4; i t  g r a d u a l l y  d i s p r o p o r t i o n a t e s  to  a YFa-r ich  c r y s t a l l i n e  
so lu t i on  + l i q u i d  r a t h e r  t h a n  h a v i n g  a s h a r p  m e l t i n g  po in t .  

Table II. X-ray data for hexagonal NaHoF4* 

d, A 
Rel. int . ,  

M e a s u r e d  C a l c u l a t e d  h k l  m e a s u r e d  

5.22 5.19 100 10 
3.00 3.00 110 8 
2.926 2.92 101 5 
2.614 2.59 200 2 
2.292 2.28 111 1 
2.094 2.093 201 6 
1.966 0.5 
1.771 0.5 
1.731 1.728 300 4 
1.716 1.715 211 4 
1.675 1.673 102 0.5 

* Da ta  o b t a i n e d  on Nore lco  W i d e - R a n g e  d i f f r a c t o m e t e r  u s i n g  fil-  
t e r ed  Cu r ad i a t i on .  
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up  to 1000 a t m  s h o w e d  t h a t  t he  t r a n s i t i o n  t e m p e r a -  
t u r e  in  NaHoF4 inc reases  w i t h  i n c r e a s i n g  p r e s su re ,  
w h i c h  is to be  e x p e c t e d  on the  bas is  of t he  v o l u m e  
r e l a t i o n s h i p s :  a p p r o x i m a t e l y  12% i n c r e a s e  in  cel l  
v o l u m e  t a k e s  p l ace  on c h a n g e  f r o m  the  h e x a g o n a l  to 
cubic  s t r u c t u r e  in  NaHoF4 (see  Fig .  1). 

The  h e a t  of t r a n s i t i o n  (hHtr) for  t he  h e x a g o n a l -  
cubic  t r a n s f o r m a t i o n  w a s  c a l c u l a t e d  f rom the  
C l a u s i u s - C l a p e y r o n  r e l a t i o n s h i p  

dP 
A U t  r ~ X TAV 

dT 

Values  used  w e r e  t he  e x p e r i m e n t a l l y  d e t e r m i n e d  
d P / d T  ~ (i.e., t h e  s lope  of t h e  P - T  c u r v e  for  t he  t r a n -  
s i t ion)  and  the  v o l u m e  change  AV c a l c u l a t e d  f r o m  
m e a s u r e d  l a t t i c e  p a r a m e t e r s .  Us ing  T = 1033~ AV 
( I  m o l e  NaHoF4)  = + 8.9 A s, a n d  d P / d T  = 47.6 
a t m / ~  the  AHtr c a l c u l a t e d  = 6440 c a l / m o l e .  Con-  
s i d e r i n g  the  m a x i m u m  e x p e r i m e n t a l  e r ro r ,  t h a t  for  
d e t e r m i n a t i o n  of t he  P - T  curve ,  t he  c a l c u l a t e d  v a l u e  
for  AHtr is b e l i e v e d  to be  a c c u r a t e  to -----10%. The  
s lopes  of t he  P - T  cu rves  for  t he  t r a n s i t i o n s  in  t he  
o t h e r  c o m p o u n d s  w e r e  no t  d e t e r m i n e d ,  b u t  in  v i e w  
of s i m i l a r  changes  in  cel l  vo lume ,  h e a t s  of t r a n s i t i o n  
a r e  e x p e c t e d  to be  of t he  s a m e  o r d e r  of m a g n i t u d e .  

Crystalline solutions of NaLnF4  compounds in 
C a F 2 . - - D e t e r m i n a t i o n  was  m a d e  of t he  e x t e n t  of 
c r y s t a l l i n e  s o l u b i l i t y  of v a r i o u s  NaLnF4  c o m p o u n d s  
in CaF2. C r y s t a l l i n e  so lu t ions  w e r e  f o r m e d  a t  o p t i -  
m u m  subso l idus  t e m p e r a t u r e s  for  o b t a i n i n g  a m a x i -  
m u m  a m o u n t  of sol id  solu t ion ,  a n d  y e t  h a v i n g  suffi- 
c i en t ly  h igh  r e a c t i o n  r a t e  to ach ieve  e q u i l i b r i u m  
r a p i d l y .  The  CaF2- r i ch  compos i t i ons  w e r e  c r y s t a l -  
l ized  a t  a r o u n d  1200 ~ w h i l e  t he  l o w e r - m e l t i n g  
N a L n F 4 - r i c h  compos i t ions  w e r e  c r y s t a l l i z e d  in  t he  
r a n g e  700~ ~ . No a t t e m p t  was  m a d e  to d e t e r -  
m i n e  d e t a i l e d  m e l t i n g  p h a s e  e q u i l i b r i a  for  t he  v a r i -  
ous sys tems .  

C r y s t a l l i n e  s o l u b i l i t y  is c o m p l e t e  b e t w e e n  CaF~ 
and  the  cubic  s t r u c t u r e s  NaYF4 a n d  NaYbF4.  P r e -  
l i m i n a r y  ev idence  ind ica t e s  t h a t  s o l u b i l i t y  is e x t e n -  
s ive  b e t w e e n  CaF2 and  the  Ho and  E r  compounds ,  
a l t h o u g h  the  d a t a  a r e  incomple te .  S o l u b i l i t y  is l i m -  
i ted  w i t h  t he  h e x a g o n a l  compounds ,  e x t e n d i n g  f r o m  
CaF2 up  to a b o u t  66 mo le  % N a P r F 4 / 2 ,  a n d  abou t  
75 mo le  % NaGdF4 /2 .  

P r o p e r t i e s  of some  of t he  phases  f o r m e d  a re  s h o w n  
in Fig .  2 and  3. The  d e n s i t y  change  is l i n e a r  w i t h  
compos i t i on  b e t w e e n  CaF2 and  NaYF4 i n d i c a t i n g  t h a t  
these  c r y s t a l l i n e  so lu t ions  a r e  f o r m e d  b y  a s imple  
i o n - f o r - i o n  r e p l a c e m e n t  in n o r m a l  l a t t i c e  s i tes  of 2 
Ca b y  (Na  W Y)  t h r o u g h o u t  t he  ser ies .  4 The  r e f r a c -  
t i ve  ind ices  show the  s a m e  t y p e  of  r e l a t i onsh ip .  
W i t h i n  t h e  l i m i t  of e r r o r  of  m e a s u r e m e n t  th is  p r o p -  
e r t y  also fo l lows  a l i n e a r  p a t t e r n  of change  w i t h  
compos i t i on  for  Y and  Yb  t h r o u g h o u t  t he  con t inu -  

8 A n  inc rease  of  10 ~ in  t r a n s i t i o n  t e m p e r a t u r e  fo r  c o r r e s p o n d i n g  
p re s su re  inc rease  f r o m  8,000 to  15,000 ps i  was  f o u n d  b y  q u e n c h i n g  
e x p e r i m e n t s .  

The  m e a s u r e d  d e n s i t y  of  NaYF4 is  3.81, t h e  s a m e  as ca l cu l a t ed  
a c c o r d i n g  to  t he  f luor i t e  cel l  u s i n g  m e a s u r e d  cel l  v o l u m e  w i t h  2 
m o l e s  NaYF4 pe r  u n i t  ce l l :  1 Na a n d  1 Y s u b s t i t u t e  fo r  2 Ca pos i -  
t ions .  The  l i n e a r i t y  in  t h e  m e a s u r e d  dens i t i e s  b e t w e e n  CaF~ a n d  
NaYF4 t h e r e f o r e  i n d i c a t e s  a s i m p l e  i o n - r e p l a c e m e n t  s u b s t i t u t i o n  
w i t h  no s ign i f i can t  a m o u n t  of  e i t h e r  ca t ion  v a c a n c y  or  i n t e r s t i t i a l  
a n i o n s  p r e s e n t  i n  i n t e r m e d i a t e  compos i t i ons .  T h e  o t h e r  N a L n F ,  
so l id  so lu t i on  s t r u c t u r e s  are  a s s u m e d  to  be  t h e  s ame  b y  ana logy .  
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Fig. 2. Density and refractive index measurements of CaF2-NaLnF4 
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Fig. 3. Lattice spacing d22o of CaF2-NaLnF4 crystalline solutions 

ous c r y s t a l l i n e  so lu t ion  range .  R e f r a c t i v e  ind ices  
p r o v i d e  a p a r t i c u l a r l y  u se fu l  m e a s u r e m e n t  for  con-  
f i rming  the  ca t ion  r e p l a c e m e n t  s u b s t i t u t i o n  m o d e l  
for  the  NaYbF4  c r y s t a l l i n e  so lu t ions ,  w h e r e  d e n -  
s i t ies  n e a r  NaYbF4 w e r e  too h igh  for  m e a s u r e m e n t  
b y  the  t e c h n i q u e  used.  The  c r y s t a l l i n e  so lu t ions  w i th  
NaPrF4  and  NaGdF4  b e h a v e  in a s i m i l a r  m a n n e r  to 
those  w i t h  t he  Y and  Yb  c o m p o u n d s  up  to t he  l i m i t  of 
c r y s t a l l i n e  so lub i l i ty .  The  c h a n g e  in l a t t i ce  p a r a m -  
e t e r  w i th  compos i t i on  is also l i nea r  t h r o u g h o u t  the  
c o m p l e t e  se r ies  of c r y s t a l l i n e  so lu t ions  of CaF2 w i t h  
NaYF4 and  NaYbF4 (Fig .  3) and ,  up  to t he  so lu -  
b i l i t y  l i m i t  is l i n e a r  w i t h  a d d i t i o n  of NaGdF4  and  
NaPrF4,  sugges t ing  t h a t  c r y s t a l l i n e  so lu t ions  a re  
f o r m e d  b y  a s imple  b a l a n c e d  s u b s t i t u t i o n  of N a  + 
L n  for  two  Ca ions. 

The  v a r i a t i o n  in p r o p e r t i e s  of cubic  c r y s t a l l i n e  
so lu t ions  of  NaLnF4  in CaF2 as  a func t ion  of ionic 
r a d i u s  (i.e., the  a v e r a g e  of N a  + + L n  3+) is g iven  in 
Fig.  4. The  v a r i a t i o n  in b o t h  l a t t i ce  spac ing  and  r e -  
f r a c t i v e  i ndex  w i t h  a v e r a g e  ionic  r a d i u s  is l inea r .  
Va lues  for  Y w e r e  o m i t t e d :  because  Y is not  a r a r e  
ea r th ,  i t  w o u l d  not  be  e x p e c t e d  to fit in r e g u l a r l y  
w i t h  the  r e s t  of t he  se r ies  and,  indeed ,  va lue s  for  Y 
fa l l  b e l o w  the  curve ,  b e h a v i n g  as t h o u g h  it  w e r e  a 
s m a l l e r  ion. 

Interstitial fluorine structures.--The s u b s t i t u t i o n  
of a v a r i e t y  of t r i v a l e n t  r a r e - e a r t h  f luor ides  in CaF2 
r e s u l t e d  in  c r y s t a l l i n e  so lu t ions  in  w h i c h  as m u c h  as  
one  out  of five f luor ide  ions  was  in an  i n t e r s t i t i a l  
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Fig. 4. Lattice spacing d22o and refractive index of CaF2-NaLnF4 
Na + + Ln 3+ 

crystalline solutions vs .  average ionic radius 
2 

posi t ion .  C r y s t a l l i n e  so lu t ions  of YFs  a n d  YbF3 in 
CaFe w e r e  l i m i t e d  to s l i gh t ly  g r e a t e r  t h a n  50 mo le  % 
of t he  t r i v a l e n t  f luor ide ,  w h i l e  those  w i t h  l a r g e r  ions 
such as G d  and  P r  i n c o r p o r a t e d  s l i g h t l y  less. The  
d e n s i t y  m e a s u r e m e n t s  show c onc lu s ive ly  t h a t  the  
a d d i t i o n a l  f luor ines  a d d e d  t h r o u g h  the  s u b s t i t u t i o n  
of t r i v a l e n t  f luor ide  a r e  v e r y  l a r g e l y  in  i n t e r s t i t i a l  
sites. F i g u r e  5 g ives  d a t a  for  c r y s t a l l i n e  so lu t ions  
f o r m e d  b y  r e a c t i o n  at  a p p r o x i m a t e l y  1200~ The 
d e n s i t y  cu rve  for  CaF2-YF3 is t a k e n  f r o m  p r e v i o u s  
w o r k  of S h o r t  and  R o y  (1)  in th is  l a b o r a t o r y .  

Because  of t he  h i g h e r  dens i t i e s  of t he  r a r e  e a r t h s  
t h a n  y t t r i u m ,  i t  was  no t  poss ib le ,  b y  m e a n s  of the  
i m m e r s i o n  me thod ,  to m e a s u r e  dens i t i es  of c r y s t a l -  
l ine  so lu t ions  c on t a in ing  as  l a r g e  p e r c e n t a g e s  of 
these  ions as w i t h  y t t r i u m .  H o w e v e r ,  the  va lue s  
m e a s u r e d  c o r r e s p o n d  to those  e x p e c t e d  on the  bas is  
of a t h e o r e t i c a l  i n t e r s t i t i a l  f luor ine  m o d e l #  F u r t h e r -  
more ,  t he  r e f r a c t i v e  i n d e x  m e a s u r e m e n t s  i nc rea se  
in a l i nea r  f a sh ion  w i t h  i n c r e a s i n g  subs t i tu t ion ,  
showing  a t r e n d  p a r a l l e l  to t h a t  of t he  d e n s i t y  m e a s -  
u r e m e n t s .  A m o n g  the  i n d i v i d u a l  r a r e  ea r ths ,  h o w -  
ever ,  t he  o r d e r  is r e v e r s e d  f r o m  t h a t  of the  d e n s i t y  
m e a s u r e m e n t s :  l a r g e r  r a r e  e a r t h  ca t ions  p r o d u c e  
c r y s t a l l i n e  so lu t ions  w i t h  h i g h e r  r e f r a c t i v e  indices .  

5 S h o r t  a n d  Roy  (1) describe this mode l  i n  m o r e  d e t a i l .  T h e  f o l -  
l o w i n g  c o m p a r i s o n  b e t w e e n  x - r a y  d e n s i t i e s  c a l c u l a t e d  on the  basis 
of  t w o  m o d e l s  w i t h  m e a s u r e d  p y c n o m e t e r  v a l u e s  s h o w s  t h a t  t h e  
densit ies  a r e  c lose  to  t h o s e  e x p e c t e d  f r o m  a n  i n t e r s t i t i a l  anion 
mode l ,  w i t h  n e a r e r  a p p r o x i m a t i o n  reached the higher the LnF3 
c o n c e n t r a t i o n .  

M 
C o m p o u n d  V M ( i n t e r -  p p p 

ratio (AS) ( v a c a n c y )  s t i t i a l )  (vac)  ( in t . )  (meas . )  

3CaF2 �9 1GdFs  169.2 398.4 448.1 3.92 4.40 4.24 
4CaF2 �9 1HoFs 166.7 388.4 427.2 3.87 4.26 4.12 
4CaF2 - 1YbFs  164.8 394.2 433.8 3.97 4.37 4.294 
3CaF~ �9 2YFs  170.7 350.8 421.2 3.42 4.10 4.12 
2CaF~ �9 1YFs 168.7 345.2 402.5 3.40 3.96 3.95 
4CaF~ �9 1YF3 166.2 333.2 367.0 3.33 3.67 3.63 
9OAF2 - 1YFs 183.8 323.2 339.3 3.27 3.44 3.37 
9CaF2 �9 1SmFs  165.0 346.5 363.9 3.48 3.65 3.55 

V, u n i t  c e l l  v o l u m e ;  M,  m o l e c u l a r  w e i g h t ;  p, d e n s i t y .  
C a t i o n  v a c a n c y  m o d e l  Ca~F~Ca6/9 Gds/9[~/gF4 
( fo r  3CaF~ �9 1GdF3) 
Interstit ial  anion mode l  Ca~4CaGdFs 
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Fig. 5. Density and refractive index measurements of CaF2-LnF3 
crystalline solutions. 
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Fig. 6. Lattice spacing d220 of CaF2-LnF3 crystalline solutions 

Lat t ice  spacings of these same crys ta l l ine  solu-  
tions are  shown in Fig. 6. These increase in a l inear  
fashion wi th  increas ing crys ta l l ine  solution. The cell 
constants of the s t ructures  are of course much la rger  
wi th  the  la rger  cations. One might  expect  tha t  
idea l ly  an in te rs t i t i a l  fluorine s t ruc ture  could be 
produced having the same cell size as pure  CaF2, 
especial ly  if the " in te rs t i t i a l "  fluorine ion ac tua l ly  
fits in a vacant  cube center.  I t  has, however ,  been 
demons t ra ted  tha t  even wi th  s t ructures  containing 
cations smal ler  than  Ca (Y and Yb) this is not  the  
case. The repuls ive  forces resul t ing  f rom the add i -  
t ional  fluorine anions mus t  be s trong especial ly  if 
the ex t ra  anions are not  d i rec t ly  pa i red  wi th  a t r i -  
va len t  cation, s 

I t  should be noted tha t  in the above figure, as in 
Fig. 5, values  for 50% Pr  and Gd fall  below the ex-  
t rapola t ion  of the line. These composit ions contain a 
second phase in addi t ion to the fluorite crys ta l l ine  
solution. The phase in equ i l ib r ium wi th  this  c rys t a l -  
l ine solution containing a m a x i m u m  amount  of 
LnF3 is appa ren t l y  the  hexagonal  po lymorph  7 (LaF8 
s t ruc ture)  in the PrF3 and GdF3 containing systems. 

e F r i e d m a n  and Low (12) in an  a t t empt  to r e c o n c i l e  d i f f erent  
paramagne t i c  resonance spectral  data  obtained wi th  CaF2 struc-  
tures containing Gds§ impuri t ies  showed tha t  in annealed  crystals 
the Gd migra ted  to sites hav ing  axial  symmet ry ,  wi th  the  in ter-  
stitial fluorine apparen t ly  closely associated wi th  the Gd ~+, whi le  
crystals quenched f rom h i g h  t e m p e r a t u r e s  showed more  r a n d o m  
di s t r ibut ion  of the GdS+. 

7Zalkin (13) and Zalkin and  Temple ton  (11) discuss the  poly-  
m o r p h i s m  of the  r a r e  e a r t h  f luorides .  

With  Y and Yb the or thorhombic  (s table)  LnF8 
modification was expected.  However ,  in the l a t t e r  
systems also a hexagona l  phase,  resembl ing  the 
LaFs - type  s t ruc ture  was formed.  It  is not  clear  
whe ther  this phase  is a c rys ta l l ine  solution of CaFg. in 
YF8 and YbFs, s tabi l izing the more dense hexagonal  
s t ructure ,  or a "compound" wi th  about  a 1:3 or 1:4 
rat io  of CaF2:LnF3 having a s t ruc ture  s imilar  to 
LaFa. 

An  a t t empt  was made to obtain fu r the r  da ta  on 
pure  YF8 in order  to expla in  these new observations.  
The resul ts  obta ined  confirmed the resul ts  of p r e -  
vious invest igat ions  (14). The normal  form of YF~ 
is or thorhombic ,  and on hea t ing  i t  undergoes  a r e -  
vers ib le  r ap id  inversion at  about  1050 o, accompanied 
by  a subs tant ia l  endothermic  heat  effect. The h igh-  
t empe ra tu r e  modification is not quenchable.  High-  
t empera tu re  x - r a y  pa t te rns  obtained in the  present  
study,  in a t t empt  to obtain addi t ional  informat ion  on 
the s t ructure ,  were  inconclusive because pa r t i a l  oxi-  
dat ion took place even in a supposedly  iner t  a tmos -  
phere.  

The var ia t ions  in re f rac t ive  index and la t t ice  spac-  
ing measurements  of cubic CaF2-LnF3 crys ta l l ine  
solutions as a funct ion of ionic size of Ln 8 + are  given 
in Fig. 7. The size of the cation has a profound effect 
on the la t t ice  spacing, and the var ia t ion  wi th  size is 
l inear.  The re f rac t ive  index in contrast  is much more  
affected by  the percentage  of in te rs t i t i a l  fluorine 
than  the pa r t i cu la r  cation present .  

NaYF4-YF3 interstitial l~uorine structures.-- In -  
te rs t i t i a l  anion s t ructures  were  also formed by  in-  
corporat ion of t r iva l en t  fluorides in cubic ha l f -b reed  
der iva t ive  s tructures.  Hund  (6b) suggested the 
existence of extens ive  solid solubi l i ty  of YFs in 
NaYF4, and Thoma (10) in contemporaneous  work  
presented  a phase d iagram of the NaF-YF3 sys tem 
showing this so lubi l i ty  up to about  75 mole % YF3. 
In the present  study,  these crys ta l l ine  solutions were  
inves t iga ted  more ex tens ive ly  and an in ters t i t ia l  
anion defect  model  established.  

' o F. 'Pr 
1.54- y ~  3 ~  
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=a F 2 cD 
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195:~ 

Ca F2, 0.'90 0 95 1.00 I.b5 

rLn$+ 
Fig. 7. Refractive index and lattice spacing of CaF2-LnF~ crystal- 

Iine solutions v s .  radius of La 3+. 
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Fig. 8. Density, refractive index and lattice spacing of NaYF4- 

YF3 interstitial anion structures. 

F i g u r e  8 g ives  m e a s u r e m e n t s  of dens i ty ,  r e f r a c t i v e  
index ,  and  l a t t i ce  spac ing  of the  c r y s t a l l i n e  so lu-  
t ions  f o r m e d  w h i c h  conf i rm th is  model .  The  d e n s i t y  
of the  14.5 YF8 (85.5 N a Y F 4 / 2 )  compos i t i on  is v e r y  
close to t h e o r e t i c a l  d e n s i t y  for  t he  i n t e r s t i t i a l  f luo-  
r ine  t y p e  s t ruc tu re ,  w h i l e  the  30 YF8 compos i t i on  is 
s l i gh t ly  m o r e  dense  t h a n  p red i c t ed .  (This  h i g h e r  
v a l u e  m a y  be  the  r e s u l t  of some u n d e t e c t e d  f r ee  YF3 
in t he  s a m p l e . )  

A l t h o u g h  NaYF4 is d imorph ic ,  h a v i n g  a l o w - t e m -  
p e r a t u r e  h e x a g o n a l  fo rm,  t h e r e  is l i t t l e  t e n d e n c y  of 
the  "s tu f fed"  cubic  c r y s t a l l i n e  so lu t ion  to exso lve  
once fo rmed .  B e y o n d  the  l imi t  of c r y s t a l l i n e  so lu -  
t ion  the  o r t h o r h o m b i c  modi f i ca t ion  of YF~ is f o r m e d  
as a second  phase ,  in  c o n t r a s t  to t he  h e x a g o n a l  p h a s e  
f o r m e d  in e q u i l i b r i u m  wi th  CaF2-YF3 c r y s t a l l i n e  
solut ions .  

C a F 2 - N a F  anion vacancy structures.--Substi tu- 
t ion  of N a F  in the  CaF2 s t r u c t u r e  was  a t t e m p t e d ,  and  
d a t a  o b t a i n e d  b y  d i f fe ren t  m e t h o d s  a r e  s u m m a r i z e d  
in  Tab le  III .  H i g h - t e m p e r a t u r e  x - r a y  d a t a  h a v e  
s h o w n  t h a t  abou t  4% N a F  is t a k e n  into  t he  CaF2 
s t r u c t u r e s  j u s t  b e l o w  the  so l idus  (1) .  Diffusion of 
N a F  into  s ingle  c rys t a l s  of CaF2 he ld  for  a m o n t h  
j u s t  b e l o w  the  eu tec t ic  t e m p e r a t u r e  r e s u l t e d  in a 
phase  s l i g h t l y  less  dense  t h a n  p u r e  CaF2, sugges t ing  
t h a t  t h e  r e s u l t i n g  p h a s e  does  i n d e e d  con ta in  some 
an ion  vacanc ies .  

F u r t h e r m o r e ,  m i x t u r e s  of p o w d e r s  r e a c t e d  a b o v e  
the  eu tec t ic  t e m p e r a t u r e  r e s u l t e d  in p r o d u c t s  h a v -  
ing  l o w e r  dens i t i e s  t h a n  the  o r ig ina l  CaF2. H o w e v e r ,  
s ince  t he  m e a s u r e d  dens i t i e s  of the  CaF2 phase  w e r e  
a p p r o x i m a t e l y  the  same  w i t h  1, 2, and  5 mo le  % 
N a F  add i t ions ,  i t  is a s s u m e d  t h a t  s a t u r a t i o n  is 
r e a c h e d  b y  1% NaF.  A t  leas t ,  th i s  w o u l d  be  t he  

CoF 

1.955 
~R::1"94 

Single Phase 1.945 
Cubic Crystall ine ,I J~- La t t i ce  Spacing 

Solutions I I~ I .95 d 
1955 220 

io/ 

NoYF4ss +orthYF~ F3 

Co F 2 ] F2 
.44 5i~45 ~5 NaYF4 ~ :  1,46 

.48 Ref ractlve Index 8 DensLty 
.49 39 40 ~5o!/~,, I~ 

NaY~ YF~ NaYF 4 YF 3 

Fig. 9. Properties of CaF-YF3-NaYF4 ternary crystalline solutions. 
Dashed boundary curve shows limit of one-phase area. a, Lattice 
spacing d220; b, refractive index; c, density. Phases were crystallized 
below the solidus: approximately 1200~ in the CaF2-rich region, 
decreasing to the range 1000~176 in the lower part of the 
triangles. 

m a x i m u m  w h i c h  can be r e t a i n e d  in the  s t r u c t u r e  
q u e n c h e d  to r o o m  t e m p e r a t u r e .  F u r t h e r m o r e ,  r e -  
f r a c t i v e  indices  of t he  t h r e e  a r e  the  same,  con f i rm-  
ing the  m a x i m u m  of 1 p e r  cent .  

C a F 2 - L n F ~ - N a L n F 4  solutions.--The l a s t  m o d e l  
cons ide red  i nvo lves  t e r n a r y  c r y s t a l l i n e  solut ions ,  
w h i c h  could  i n c o r p o r a t e  two  t y p e s  of defect .  The  e x -  
a m p l e  i n v e s t i g a t e d  in mos t  d e t a i l  was  the  CaF2-YF3-  
NaYF4 sys tem,  and  Fig.  9 (a,  b, and  c) s u m m a r i z e s  
b r ie f ly  some r e su l t s  o b t a i n e d  on this  sys tem.  

C r y s t a l l i n e  so lu t ion  is c o m p l e t e  b e t w e e n  CaF2 and  
NaYF4 a long  the  v e r t i c a l  join,  e x t e n d s  j u s t  p a s t  50 
mo le  % YF3 a long  one side,  and  a long  the  b o t t o m  
f r o m  NaYF4 to a p p r o x i m a t e l y  70 mo le  % YFz 30% 
NaF.  s The  v e r t i c a l  jo in  is a s i m p l e  s u b s t i t u t i o n a l  
r e l a t i onsh ip  w h e r e a s  the  b o t t o m  and  s ide  have  i n -  
t e r s t i t i a l  an ion  s t ruc tu re s .  A s ingle  phase  C a F 2 - c r y s -  
t a l l i ne  so lu t ion  a r e a  covers  a v e r y  l a rge  p a r t  of t he  
t r i ang le ,  and  the  p r o p e r t i e s  of the  phase  change  in 
a g r a d u a l  and  s y s t e m a t i c  m a n n e r .  

L a t t i c e  spac ings  (d~20) (Fig .  9a)  n e a r l y  p a r a l l e l  
the  CaF2-NaYF4 ve r t i ca l .  I so f r ac t s  (F ig .  9b)  ( l ines  

S T h o m a  (10) sugges t s  t h a t  t h i s  m a y  e x t e n d  to  75 m o l e  % YFa.  

Table III. Anion-vacancy CaF2 structures 

S t a r t i n g  m a t e r i a l  T r e a t m e n t  P r o p e r t i e s  or e v i d e n c e  of  a n i o n  v a c a n c y  

NaF powder  diffused in p = 3.170 
at  760 ~ 
1 month  
High t empe ra tu r e  x - r a y  diffraction 
750~ 
880~ in sealed P t  tube 

Single  c rys ta l  CaF2 (Harshaw)  
p = 3.1803 
n = 1.4338 
Pro - reac ted  powders  
CaF2-NaF 

Mixed powders  at  -~ 1 % N a F  

880~ (eutectic)  J 5%2% NaFNaF 

2nd phase appears  beyond 4% NaF 

n = 1.431, p = 3.079 
n = 1.431 
n = 1.431, p = 3.099 ; 

2nd phase 
present  

is  t h e  p y c n o m e t r i c  dens i t y ;  n t he  r e f r a c t i v e  index .  
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Table IV. Luminescence of defect fluorites 

S a m p l e  No. C o m p o s i t i o n  T e m p  p repa red ,  ~ C a t h o d e  r ay  e x c i t a t i o n  UV 2537 

329 90 CaF2 1100 
10 SmF2 

336 90 CaF2 1100 
5 SmF2 
5 SmF3 

328 80 CaF2 1100 
20 SmF~ 

72 NaSmF4* 700 
339 CaF2 99.9 1300 

MnF2 0.1 
334 CaF2 75 1100 

YF3 25 
MnF2 0.1 

Mn Ca 80 CaF2 1100 
Nd 10 MnF2 

10 NdF3 
199 CaF2 50* * 1100 

GdF3 50 
341 CaF2 99.9 1300 

GdF3 0.1 
293 CaF2 2 + 1000 

NaF 3 
GdF~ 3 

82 NaGdF4* 800 
80 NaGdF4 + + 800 

335 CaF2 75 1100 
YF8 25 
GdFs 0.1 

342 CaF2 75 1300 
YFa 25 
GdF8 0.1 

340 CaF2 99.9 1300 
NdF3 0.1 

Mn Nd 80 CaF2 1100 
Ca 10 MnF2 

10 NdF3 
203 3 CaF2 800 

PrF3 
228 2 CaF2 1200 

1 PrF3 
296 CaF2 + 1000 

NaF 
PrF3 

140 NaPrF4* 750 ~ N2 
330 YF8 1100 

144 800 

287 1000 

270 900 
292 650 

334 1100 

2 CaF2 
1 YFa 
35 NaF 
65 YF8 
NaYF4 
4 CaF2 
1 NaYF4 
CaF2 75 
YF3 25 
MnF2 0.1 

339 CaF2 1300 
0.1 MnF2 

335 CaF2 75 1100 
YF~ 25 
GdFs 0.1 

342 CaF2 75 1300 
YF3 25 
GdFs 0.1 

197 2 CaF2 1100 
1 HoF3 

195 NaHoF4* 700 
239 4 CaF2 1300-1200 

1 YbF3 
139 NaYbF4* * * 750 ~ N2 

196 NaErF4* 700 

Bright  p ink - -peach  

Weak p ink- -peach  

Much weaker  than 336, same color Neg. 

Mod. bright  greenish whi te  Neg. 
Intense blue Neg. 

Bright  bluish white  Neg. 

Bluish whi te  < 334 Neg. 

Greenish wh i t e - - some  dark spots Strong pink 

Blue <339 Slight  pink 

Bright  bluish white  Slight  pink 

V. wk. Slight  pink 

V. du l l - - r ed -b rown?  Strong pink 
Neg. 

Blue <341 

Mod. intense whit ish blue <339 Mod. wk. whi te  

Bluish white  >335 Neg. 
<334 

Inhomogeneous:  purple-whi te ,  dark  Neg. 
greenish blue? 

V. faint  (bluish green) ? Neg. 

Faint  b lu ish-whi te  Neg. 

Greenish white;  some darker  purple Neg. 
v. v. intense whi te  (sl. greenish-  White 

yel low) 
Mod. strong greenish white  Neg. 

Bright  greenish whi te  >292 Neg. 

Bright  greenish white  sire. 287 Neg. 
Faint  bluish g reen-whi te  Neg. 

Bright  b lu ish-whi te  Neg. 

Intense blue Neg. 

Dull v. wk. red-brown?  Neg. 

Blue 341 

Mod. strong dark red Neg. 

Red mod. strong sim. 197 Neg. 
V. weak Neg. 

V. wk. or none---one area ye l low-  Neg. 
peach 

V. dull, fa int  greenish? Neg. 

Strong p ink- red  

Weak whit ish pink 

E x c e p t  w h e r e  i n d i c a t e d  by symbol ,  the  s a mp le s  w e r e  cubic  CaF2-based c ry s t a l l i ne  so lu t ions .  
* H e x a g o n a l  NaLnlV4. phase .  

** Cub ic  p h a s e  and  l i t t l e  excess  h e x a g o n a l  GdF~. 
Cub ic  phase  a n d  l i t t l e  excess  h e x a g o n a l  NaLnF4 phase .  

++ Differs  f r o m  o t h e r  NaGdF4 s amp le s  in  t h a t  i t  wa s  m e l t e d  and  cooled.  
*** Cubic  NaLnF4 phase .  
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of equa l  r e f r a c t i v e  i n d e x )  v e r y  n e a r l y  p a r a l l e l  these  
l ines.  D e n s i t y  (Fig .  9c) i nc reases  w i t h  i nc rea s ing  
Y, m u c h  m o r e  r a p i d l y  h o w e v e r ,  in t he  p r e d o m -  
i n a n t l y  i n t e r s t i t i a l  an ion  s t r u c t u r e s  t h a n  w h e r e  s i m -  
p l e  s u b s t i t u t i o n  p r e d o m i n a t e s .  

D e t a i l e d  p h a s e  e q u i l i b r i a  in the  r eg ion  r i ch  in 
YF3 w e r e  no t  d e t e r m i n e d ,  for  t h e y  a p p e a r  to be  
r a t h e r  complex .  A h e x a g o n a l  phase  is f o r m e d  f r o m  
YF~- r i ch  compos i t i ons  a long  the  CaF2-YF3 side,  
w h i l e  o r t h o r h o m b i c  YF3 exis t s  a long  the  bo t t om:  
t e r n a r y  compos i t ions  m a y  con ta in  v a r i o u s  c o m b i n a -  
t ions  of t he  two,  or  a d d i t i o n a l  phases .  

S i m i l a r  i n v e s t i g a t i o n s  w e r e  m a d e  of t he  s y s t e ms  
C a F 2 - P r F 3 - N a P r F 4  and  CaF~-YbF~-NaYbF4.  These  
w e r e  of a p r e l i m i n a r y  n a t u r e  and  t h e r e f o r e  w i l l  not  
be  d e s c r i b e d  in  de t a i l  here .  The  Y b - c o n t a i n i n g  sy s -  
t e m  b e a r s  a v e r y  s t rong  r e s e m b l a n c e  to t he  y t t r i u m  
s y s t e m  as w o u l d  be  e x p e c t e d  f rom the  s imi l a r i t i e s  
b e t w e e n  the  r e s p e c t i v e  b i n a r y  sys tems .  The  e x t e n t  
of c r y s t a l l i n e  so lub i l i t y  in the  P r - c o n t a i n i n g  sys -  
t e m  was  c o n s i d e r a b l y  sma l l e r ,  a r e s u l t  of the  l a r g e r  
ca t ion  size and  the  l i m i t e d  c r y s t a l l i n e  s o l u b i l i t y  b e -  
t w e e n  CaF2 and  NaPrF4.  

Luminescence of Defect Fluorites 
Li t t l e  i n f o r m a t i o n  is a v a i l a b l e  on the  effect  of 

t he  hos t  s t r u c t u r e  on the  op t i ca l  s p e c t r a  of r a r e  e a r t h  
ions i n c o r p o r a t e d  in t he  f luor i te  s t r uc tu r e ,  excep t  for  
a f ew  dopan t s  w h i c h  e x h i b i t  f luorescence  h a v i n g  p o -  
t e n t i a l  a p p l i c a t i o n  for  op t i ca l  m a s e r s  (15) .  W h i t e  
(16) r e c e n t l y  c a l c u l a t e d  the  c r y s t a l  f ield sp l i t t i ng  of 
r a r e  e a r t h  ions  in a cubic  field and,  as m o r e  e x -  
p e r i m e n t a l  s p e c t r a l  d a t a  a r e  ava i l ab l e ,  b e t t e r  c o m -  
p a r i s o n  m a y  be  m a d e  w i t h  t heo ry .  The  f ew  q u a l i -  
t a t i v e  obse rva t i ons  m a d e  on the  v i s ib le  f luorescence  
c h a r a c t e r i s t i c s  of some of the  de fec t  c r y s t a l l i n e  so -  
lu t ions  i n v e s t i g a t e d  in  t h e  p r e s e n t  s t u d y  have ,  t h e r e -  
fore ,  b e e n  i n c l u d e d  as a p r e l i m i n a r y  i nd i ca t i on  of 
the  v a r i a t i o n  w i t h i n  a s ingle  an ion  e n v i r o n m e n t .  
These  r e su l t s  a r e  s u m m a r i z e d  in  T a b l e  IV. 

A t t e m p t s  to o b t a i n  v i s ib le  f luorescence  s p e c t r a  
of r e p r e s e n t a t i v e  s a m p l e s  on a B e c k m a n n  D K - 2  
s p e c t r o m e t e r  w e r e  no t  v e r y  successful ,  p e r h a p s  b e -  
cause  the  exc i t a t ion  e n e r g y  of the  3000-4000A H g  
b a n d  was  insuff icient .  A few s a m p l e s  f luoresced  
w h e n  e x c i t e d  b y  a H g  2537 " m i n e r a l  l igh t , "  as i n -  
d i ca t ed  in  the  l as t  co lumn  in T a b l e  IV. A l a r g e  n u m -  
b e r  of s a m p l e s  l u m i n e s c e d  b r i g h t l y  u n d e r  ca thode  
r a y  exc i t a t ion ,  9 i n c l u d i n g  m a n y  w h i c h  f a i l e d  to 
f luoresce  u n d e r  e i t h e r  t y p e  of u.v. exc i ta t ion .  F u r -  
t h e r m o r e ,  in some cases  t he  w a v e l e n g t h  of r a d i a -  
t ion  e m i t t e d  u n d e r  c a t h o d e  r a y  e x c i t a t i o n  is a p -  
p a r e n t l y  s h o r t e r  t h a n  t h a t  s t i m u l a t e d  b y  u.v. e x -  
c i t a t i on  (e.g., some G d  3+ s amp le s  f luoresce  r e d  w i t h  
u.v. exc i t a t ion ,  whi l e  the  c a t h o d o l u m i n e s c e n c e  is 
b l u e ) .  O t h e r  t e n t a t i v e  i nd i ca t i ons  a r e  t h a t  t e m p e r -  
a t u r e  of e q u i l i b r a t i o n  m a y  h a v e  an  effect on the  
f irst  a n d  second  sphe re s  of  c o o r d i n a t i o n  of t he  G d  3+ 
and,  hence,  on t h e  l uminescence :  CaF2-YF3 ( G d  0.1) 
s a m p l e s  p r e p a r e d  at  1100 ~ e x h i b i t  on ly  a v e r y  w e a k  
l u m i n e s c e n c e  w h i l e  those  p r e p a r e d  a t  I300~ l u -  
minesce  s t rong ly :  th is  m a y ,  of course ,  be  due  to  

9 A m a x i m u m  a c c e l e r a t i n g  v o l t a g e  of  30,OO0v wa s  app l i ed ,  w h i c h  
of course  is  o r d e r s  o f  m a g n i t u d e  g r ea t e r  t h a n  t h e  e n e r g y  r e q u i r e d  
fo r  op t i ca l  t r a n s i t i o n s .  

a n u m b e r  of causes.  In  the  noncub ic  e n v i r o n m e n t  of 
h e x a g o n a l  NaGdF4,  t he  G d - l u m i n e s c e n c e  was  ob -  
s e r v e d  to be w e a k ;  h o w e v e r ,  one s a m p l e  w h i c h  
was  m e l t e d  and  cooled has  s t rong  luminescence .  
The  e x p l a n a t i o n  for  th is  l a t t e r  o b s e r v a t i o n  is not  
c lear .  The  f luorescence  c ha ra c t e r i s t i c s  of S m  2+ and  
S m  3+ in the  CaF2 l a t t i ce  a r e  qu i t e  d i f fe ren t :  u n d e r  
t he  condi t ions  of e xc i t a t i on  used  the  d i v a l e n t  ion 
p r o d u c e s  a s t rong  luminescence ,  t he  t r i v a l e n t  ion a 
w e a k  luminescence ,  w h i c h  m a y  p r o v e  u se fu l  in d e -  
t e r m i n i n g  ra t ios  of t he  two  in a specific m a t e r i a l .  
A f u r t h e r  d i f fe rence  is seen  in  t he  w a v e l e n g t h  of 
t he  r a d i a t i o n  e m i t t e d  f r o m  S m  8+ in t he  CaF2 and  
NaSmF4  s t ruc tu r e s :  th is  m a y  be  a r e su l t  of t he  d i f -  
f e r ences  in  the  s y m m e t r y  of t he  c r y s t a l  field, 1~ b u t  
de t a i l ed  spec t r a l  d a t a  w o u l d  be  n e c e s s a r y  to conf i rm 
this .  

Conclusions and Summary 
The  re su l t s  of th is  i n v e s t i g a t i o n  i l l u s t r a t e  t he  r e l -  

a t i ve  i m p o r t a n c e  of two  m e c h a n i s m s  of e q u i l i b r i u m  
defec t  f o r m a t i o n  in t he  CaF2 s t r uc tu r e :  s imple  s u b -  
s t i t u t i o n a l  de fec t s  p r o d u c e d  b y  b a l a n c e d  s u b s t i t u -  
t ion  of t he  t y p e  N a  + + L n  3+ for  2 Ca ++;  and  in -  
t e r s t i t i a l  an ion  s t r u c t u r e s  f o r m e d  b y  the  s u b s t i t u -  
t ion  of Ln ~+ for Ca 2+, with the additional fluorine 
ion stuffed into the structure. It is apparent from the 
results of the present study that the anion vacancy 
is a much less important mechanism in these fluo- 
ride structures than in counterpart oxide systems. 
This is, of course, partly the result of availability 
of substituent cations for producing anion-vacancy 
type structures: with oxides such as ZrO2 (18), a 
wide variety of trivalent ions are available, while 
w i t h  CaF2 the  s u b s t i t u e n t  ca t ions  m u s t  be  m o n o -  
v a l e n t  and  p r o p o r t i o n a t e l y  m o r e  d i f fe ren t  f r o m  the  
hos t  Ca ++ ion. O t h e r  c r y s t a l - c h e m i c a l  c o n s i d e r a -  
t ions  such  as r e l a t i v e  b i n d i n g  energ ies ,  m u s t  be  
i m p o r t a n t ,  h o w e v e r ,  for  t h e  ox ides  f o r m  a n i o n -  
v a c a n c y  s t r u c t u r e s  also w i t h  CaO and  MgO s u b -  
s t i t u t ion  (19) .  

I t  has  been  poss ib le  to v a r y  c e r t a i n  p r o p e r t i e s  of 
c r y s t a l l i n e  so lu t ions  based  on CaF2 b y  s m a l l  con-  
t r o l l e d  changes  in compos i t i on  of t he  s t a r t i n g  m a t e -  
r ia l .  Dens i ty ,  un i t  ce l l  size, and  r e f r a c t i v e  i n d e x  
v a l u e s  m a y  be  v a r i e d  v i a  s m a l l  i nc r emen t s ,  and  
it is e x p e c t e d  t h a t  o t h e r  r e l a t e d  p r o p e r t i e s  m a y  be  
s i m i l a r l y  con t ro l l ed .  F r e q u e n c i e s  of v i b r a t i o n  of a 
g iven  ion  p a i r  r e s u l t i n g  in a b s o r p t i o n  in t he  i n f r a -  
r e d  r eg ion  a re  k n o w n  to b e  modi f ied  b y  the  s u r -  
r o u n d i n g  c ry s t a l  field, and  i t  m a y  be  e x p e c t e d  t h a t  
v i s ib l e  f luorescence  s p e c t r a  wi l l  a lso be  inf luenced,  
i f  no t  r e s u l t i n g  in  a c t u a l  change  in w a v e l e n g t h ,  
t h e n  a t  l eas t  in  i n t e n s i t y  of emiss ion  as a r e s u l t  of 
d i f fe rences  in b i n d i n g  in  t he  second  c o o r d i n a t i o n  
sphere .  P r e l i m i n a r y  e x a m i n a t i o n  of f luorescence  
c ha ra c t e r i s t i c s  of ce r t a in  of t h e  s t r u c t u r e s  has  been  
made ,  b u t  t he  i n t e r p r e t a t i o n s  g iven  a re  on ly  t e n t a -  
t ive .  

Note Added  A f t e r  R e v i e w . - - A n  u n p u b l i s h e d  p a p e r  
b y  T h o m a  et al. ca l l ed  to ou r  a t t e n t i o n  b y  t h e  r e -  
v i e w e r s  r e po r t s  t h a t  t he  c r y s t a l l i n e  s o l u b i l i t y  e x -  
t en t  of t he  f luor i te  p h a s e  in  t h e  s y s t e m  N a F - Y F ~  a t  

lo S u c h  di f f erences  h a v e  b e e n  o b s e r v e d  for  t h e  E u  i on  b y  T o m a -  
schek  and  D e u t s c h b e i n  (17). 
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800~ is f r o m  50% to  a b o u t  65% YF~, in e x c e l l e n t  
a g r e e m e n t  w i t h  our  less  d e t a i l e d  m e a s u r e m e n t s .  
S i m i l a r  good a g r e e m e n t  w i t h  o u r  d a t a  was  o b t a i n e d  
on the  r e f r a c t i v e  ind ices  [1.476 vs. 1.472 ( T h o m a )  
bo th  p r o b a b l y  -----0.002 for  t he  m a x i m u m  YF3 p h a s e ]  
and  cel l  cons t an t  (ao-~ 5.52 vs. 5.53). I n t e r e s t i n g  
and  qu i t e  p e c u l i a r  m e l t i n g  b e h a v i o r  and  subso l idus  
r eac t ions  a r e  also r e p o r t e d  b y  these  au thors .  
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Electrolytic Titanium from TiCI4 
I. Operation of a Reliable Laboratory Cell 

Myron J. Rand 1 and Lawrence J. Reimert 

New Jersey Zinc Company, Pa~merton, Pennsylvania 

ABSTRACT 

The design and opera t ion  of a l abo ra to ry  e lec t ro ly t ic  cell  for  the  product ion  
of duct i le  Ti wi th  continuous TiCI< feed is described.  'The cell  is metal ,  wi th  an 
a lumina  d iaphragm;  the  e lec t ro ly te  is LiC1-KC1-NaC1 plus severa l  pe r  cent  Ti 
ion, at 550~ Reproduc ib i l i ty  of resul ts  was good, and the cell  was used 
chiefly to s tudy the effects of va ry ing  opera t ing  condit ions on meta l  qual i ty .  
Observat ions  are  repor ted  on the influences of Ti ion valence  and concen- 
t rat ion,  cur ren t  density,  agitat ion,  salt  mel t  pur i ty ,  a i r  leakage,  and gaseous 
and meta l l ic  impur i t ies  on the cathode deposit.  A pronounced  improvemen t  
in meta l  quali ty,  wi th  no sacrifice in yield,  was achieved by  de lay ing  the im-  
mers ion  of the  ma in  deposi t ion cathode for a considerable  per iod  af ter  the  
s ta r t  of electrolysis.  

This  r e p o r t  p r e s e n t s  a s u m m a r y  of r e su l t s  f r o m  
the  o p e r a t i o n  of a l a b o r a t o r y - s c a l e  cel l  for  t he  p r o -  
duc t ion  of m e t a l l i c  t i t a n i u m  d i r e c t l y  f rom the  t e t r a -  
ch lo r ide  b y  f u s e d - s a l t  e lec t ro lys i s .  The  w o r k  was  
done  in  a 7- in.  d i a m e t e r  H a s t e l l o y  C ce l l  w i t h  a 
c e n t r a l  g r a p h i t e  anode ,  an  A l u n d u m  d i a p h r a g m ,  
and  a m e t a l  ca thode  to w h i c h  the  depos i t  adhe res .  
The  e l e c t r o l y t e  w a s  t he  LiC1-KC1-NaC1 eu tec t i c  
(f.p. 340~ m a i n t a i n e d  at  550~ w i t h  TIC14 d r i p p e d  
onto the  qu ie scen t  m e l t  su r f ace  in  an  a rgon  a t m o s -  
phere .  The  cel l  u s u a l l y  o p e r a t e d  at  4-5v,  20-30 amp ,  
for  36-48 hr,  p r o d u c i n g  abou t  a p o u n d  of Ti. R u n s  
c o m p r i s e d  c o n c e n t r a t i o n  b u i l d u p ,  p r o l o n g e d  s t e a d y -  
s t a t e  ope ra t ion ,  and  s t r i p p i n g  s tages.  F o r  m e t a l  e v a l -  

1 Presen t  address :  Bell  Telephone Laboratories, Inc.,  Al lentown,  
Pennsy lvan ia .  

u a t i o n  the  c a thode  was  g e n e r a l l y  r a i s e d  out  of t he  
m e l t  and  the  cel l  a l l o w e d  to cool be fo re  opening .  

The  cel l  w a s  u n d e r  close m a t e r i a l  a n d  e l e c t r i c a l  
cont ro l ,  and  the  p r o d u c t  has  been  so r e p r o d u c i b l e  
t ha t  m e t a l  q u a l i t y  is a r e l i a b l e  i n d e x  of t he  effect 
of o p e r a t i n g  va r i a b l e s .  Of t he  m o r e  t h a n  two  h u n -  
d r e d  runs ,  each  l a s t i ng  36-48 hr ,  c a r r i e d  out  in this  
r e f e r e e  cell ,  a l l  b u t  t h r e e  w e r e  c o m p l e t e d  success-  
fu l ly .  

As  f a r  as p r a c t i c a b l e  t he  cond i t ions  of o p e r a t i o n  
w e r e  those  cons ide red  d e s i r a b l e  fo r  a c o m m e r c i a l  
process ,  for  e x a m p l e ,  con t inuous  TIC14 feed.  S e v e r a l  
p e r  cent  Ti  ion w a s  m a i n t a i n e d  in  t he  m e l t  mos t  of 
the  t ime ,  t h e r e b y  m i n i m i z i n g  the  effects of  concen-  
t r a t i o n  po l a r i za t i on .  The  r e l a t i v e l y  l o w  550~ e l ec -  
t r o ly s i s  t e m p e r a t u r e  s impl i f ies  m a t e r i a l s  and  co r -  
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Fig. 1. Schematic cross-section of the electrolytic cell 

ros ion  p rob l ems .  The  cel l  was  meta l .  No m e c h a n i c a l  
a g i t a t i o n  was  necessa ry .  

TIC14 is the  p r e f e r r e d  feed  for  a l a r g e - s c a l e  p r o c -  
ess because  of i ts  ease  of p r e p a r a t i o n  f r o m  ores  and  
r e l a t i v e  s imp l i c i t y  of pur i f i ca t ion  and  hand l ing .  E x -  
p e r i m e n t s  on TIC14 for  cel l  feed,  and  the  m a n y  
p r o b l e m s  i n h e r e n t  in its efficient e l e c t r o r e d u c t i o n ,  
have  been  s u m m a r i z e d  b y  w o r k e r s  a t  t he  N a t i o n a l  
L e a d  Co. ( 1 -4 ) .  A p p a r e n t l y  t h e y  f o u n d  it  n e c e s s a r y  
to o p e r a t e  in a cycl ic  r a t h e r  t han  a con t inuous  f a s h -  
ion, b u i l d i n g  up  the  Ti ion c o n c e n t r a t i o n  in t he  
me l t  and  t hen  n e a r l y  s t r i p p i n g  it. A l t e r n a t i v e l y ,  
w i t h  con t inuous  o p e r a t i o n  w i t h  the  b a s k e t  ca thode  
(4) ,  the  Ti ion c o n c e n t r a t i o n  was  k e p t  u n d e r  1%. 
Recen t  r e p o r t s  b y  Russ i an  i n v e s t i g a t o r s  of p i l o t -  
p l a n t  w o r k  w i t h  s emicon t inuous  and  con t inuous  
TiCl t  feed  at  h igh  t e m p e r a t u r e s  s t ress  m a t e r i a l s  
cor ros ion  p r o b l e m s  and  depos i t  c o n t a m i n a t i o n  (5 ) .  
Re fe r ences  to Ti e l e c t r o w i n n i n g  a t  t e m p e r a t u r e s  b e -  
low 800~ a re  f r a g m e n t a r y ,  w i t h  l i t t l e  d a t a  on 
m e t a l  qua l i ty .  

Cell Construction and Operation 
The  cel l  is shown  in s chema t i c  cross  sec t ion  in 

Fig.  1. I t  is e s s e n t i a l l y  a c y l i n d r i c a l  can w i t h  a f lange 
to w h i c h  a cover  m a y  be  bo l t ed  t i gh t ly .  The  V2-in. 
d i a m  g r a p h i t e  a n o d e  in t he  c e n t e r  is s u r r o u n d e d  b y  
a 2- in.  od d i a p h r a g m  of  h i g h - p u r i t y  s i n t e r e d  a l u -  
mina ,  c o m p l e t e l y  enc los ing  the  a n o l y t e  and  anode ,  
and  g lazed  a b o v e  the  m e l t  l eve l  so t ha t  ch lo r ine  
canno t  diffuse t h r o u g h  a n d  b a c k - r e a c t .  

The  d i a p h r a g m  was  N o r t o n  C o m p a n y  RA-186  or 
RA-139.  W a l l  t h i ckness  of the  f o r m e r  was  1/4-in.; 
p o r o s i t y  is a b o u t  30% and  p e r m e a b i l i t y  abou t  0.005 
c m 3 / s e c / c m 2 / c m / c m  Hg. Bo th  1 /8 - in .  and  3 /16 - in .  
RA-139  d i a p h r a g m s  h a v e  been  used ;  for  t he  
1 /8 - in .  wal l ,  po ros i t y  is abou t  40% and  p e r -  
m e a b i l i t y  0.04. The  RA-139  g r a d e  is p r e f e r r e d  
to the  RA-186  s ince it is as efficient,  a l lows  h i g h e r  
cu r ren t ,  and  g ives  less endosmosis .  This  p h e n o m e n o n  

is r a r e l y  t r o u b l e s o m e ,  h o w e v e r ,  and  on the  few 
occasions  w h e n  l o w e r e d  a n o l y t e  l eve l  r e s u l t e d  in 
the  a p p e a r a n c e  of anode  effect a shor t  p e r i o d  of 
o p e r a t i o n  a t  r e d u c e d  c u r r e n t  r e s t o r e d  condi t ions  to 
no rma l .  

The  ca thode  was  u s u a l l y  a 5- in.  d i a m  cy l i nd r i ca l  
shee t  2 to 3 - 1 / 2 - i n .  h igh  of 18 -gauge  H a s t e l l o y  C 
s u s p e n d e d  b y  two  3 /16 - in .  d i a m  l eads  180 ~ apa r t .  
M a n y  o the r  ca thode  des igns  w e r e  t r i ed :  m u l t i l a y e r  
screens ,  p e r f o r a t e d  sheets ,  h e m i c y l i n d e r s ,  b lades ,  
and  rods.  No d i f fe rences  in  a d h e r e n c e  or  c r y s t a l -  
l i n i t y  w e r e  ev iden t ,  b a r r i n g  those  due  to excess ive  
c u r r e n t  d e n s i t y  on rod  ca thodes .  

Not  shown  in Fig.  1 a re  p o r t s  in the  cel l  top  for  
a t h e r m o c o u p l e  wel l ,  for  a d d i n g  m o l t e n  sal t ,  for  
w i t h d r a w i n g  me l t  s a mp le s  for  ana lys i s ,  and  for  the  
r ing  s c r a p e r  s u r r o u n d i n g  the  d i a p h r a g m .  Pe r iod i c  
o p e r a t i o n  of th is  s c r a p e r  p r e v e n t s  the  depos i t  f r om 
b r i d g i n g  to the  d i a p h r a g m  and  h a s t e n i n g  i ts  fa i lu re .  

The  m e t a l  cel l  po t  m a y  se rve  as ca thode  d u r i n g  
a n y  p o r t i o n  of a run .  D u r i n g  this  t ime  the  depos i t i on  
ca thode  m a y  be  s u s p e n d e d  a b o v e  the  me l t ,  out  of 
t he  c i rcui t ,  so t ha t  if d e s i r e d  the  first  m e t a l  m a d e  
m a y  be  p r e v e n t e d  f rom co l lec t ing  on it. L a t e r  the  
depos i t i on  ca thode  m a y  be i m m e r s e d  and  ac t i va t ed ,  
w i th  the  po t  le f t  e l e c t r i c a l l y  f loat ing.  This  d e l a y e d -  
i m m e r s i o n  or  p r e - e l e c t r o l y s i s  t e c h n i q u e  was  a lmos t  
a l w a y s  e m p l o y e d  to some deg ree ;  it  w i l l  be shown  
tha t  th is  m e t h o d  of ope ra t i on  a l w a y s  r e s u l t e d  in a 
m a r k e d  i m p r o v e m e n t  in the  c r y s t a l l i n i t y ,  pu r i t y ,  
and  a d h e r e n c e  of t he  p roduc t .  

C u r r e n t  dens i t ies ,  in a m p e r e s /  squa re  inch,  we re  
0.3-1.6 on the  depos i t i on  ca thode ,  0.8-1.7 on the  
ou t s ide  w a l l  of  t he  d i a p h r a g m ,  a n d  4-10 on the  
anode.  The  cell  was  c h a r g e d  w i t h  4.5 kg  of m o l t e n  
sal t ,  p r o v i d i n g  a b a t h  5 in. deep  at  the  u s u a l  550~ 
o p e r a t i n g  t e m p e r a t u r e .  The  c o n c e n t r a t i o n - b u i l d u p  
s tage  was  con t ro l l ed  at  1 mo le  of Ti  a d d e d  p e r  2 
f a r a d a y s  passed ,  in t h e o r y  e n o u g h  c u r r e n t  to r e d u c e  
a l l  the  TIC14 to TIC12. B u i l d u p  was  mos t  o f ten  to 
21/2 % Ti, a l t h o u g h  concen t r a t i ons  f rom a few t en th s  
to 7% Ti have  been  inves t iga t ed .  In  the  n e x t  s tage,  
the  s t e a d y - s t a t e  ope ra t ion ,  TIC14 was  fed  to t he  
cel l  c o n t i n u o u s l y  at  1 m o l e / 4  f a r a d a y s ,  and  t h e r e  
was  l i t t l e  change  in concen t r a t ion .  The  d u r a t i o n  of 
s t e a d y - s t a t e  is l imi t ed  on ly  b y  the  a b i l i t y  of the  
cel l  to ho ld  the  m e t a l  made .  D u r i n g  th is  s t age  t y p i c a l  
o p e r a t i n g  c h a r a c t e r i s t i c s  w e r e  cel l  vo l tage ,  4-5;  c u r -  
r en t  25 amp ;  o p e n - c i r c u i t  e m f  2.2-2.6. 

I t  is of course  not  n e c e s s a r y  to s t r ip  a me l t  of 
Ti va lue s  to p r o d u c e  Ti me ta l ,  b u t  th is  s t ep  was  
u s u a l l y  ca r r i ed  out  so t h a t  t he  m i x t u r e  of m e t a l  
and  sa l ts  h a r v e s t e d  f rom the  cel l  w o u l d  have  no 
e n t r a p p e d  Ti ion ab le  to r e a c t  w i t h  a i r  or  m o i s t u r e  
and  c o n t a m i n a t e  t he  m e t a l  d u r i n g  sepa ra t ion .  S t r i p -  
p ing  was  a c c o m p l i s h e d  b y  s topp ing  the  T iCL feed  
and  con t inu ing  e l ec t ro ly s i s  un t i l  t he  o p e n - c i r c u i t  
emf  rose  s h a r p l y  to 3.5v ( a t  low c u r r e n t ) .  

Materials 
Sa l t  me l t s  w e r e  p r e p a r e d  and  s to r ed  ( u n d e r  a r -  

gon)  in  fused  s i l ica  pots.  W h i l e  sa l t s  w e r e  be ing  
m e l t e d  a s t r e a m  of HC1 gas  was  b u b b l e d  t h r o u g h  
the  l iquid .  This  m i n i m i z e d  h y d r o l y s i s  of LiCI  to 
LiOC1 or  LiOH,  w h i c h  w o u l d  h a v e  i n t r o d u c e d  ox -  
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ygen  into the melt .  Sal ts  were  of r e agen t  grade,  
f rom three  m a n u f a c t u r e r s ,  v a r y i n g  in  fore ign  m e t -  
als con ten t  f rom 0.02 to 0.28%, and  wi th  the  LiC1 
con ta in ing  up  to 5% water .  The m o l t e n  salt  m i x -  
tu re  was  dr ied  by  e i the r  of two equa l ly  effective 
methods:  v a c u u m  at 550~ for 12 hr,  or gassing 
wi th  a rgon  at 650~176 for 48 hr. Af te r  d ry ing  
mois tu re  conten ts  were  20-200 ppm. e The l a t t e r  
would  add about  0.2% oxygen  to the Ti p roduced  
if it all  ended  up in  the  deposit ;  s ince no such serious 
con t amina t i on  was observed the wa t e r  mus t  have  
been  l a rge ly  scavenged out before  the deposi t ion 
cathode was  immersed .  

In  genera l ,  me ta l  qua l i t y  was  not  sens i t ive  to 
mel t  pur i ty ,  w i t h i n  the l imi ts  of the t r e a t m e n t  de-  
scr ibed above. There  were  no de tec table  effects of 
us ing  di f ferent  ba tches  of salts, mois tu re  contents ,  
or s torage times. 

TiCI~ is considered the  most  l ike ly  source of i m-  
pur i t i es  d e t r i m e n t a l  to the Ti qual i ty .  The r a w  m a -  
ter ia l  for most  of the work  repor ted  here  was  com-  
m e r c i a l - g r a d e  TIC14 made  by  the  ch lo r ina t ion  of 
e i ther  t i t an i fe rous  slag or i lmeni te .  A cons iderable  
va r i e ty  of v a n a d i u m - r e m o v a l  t r e a t m e n t s  was  t r ied:  
HeS, carbon,  copper,  soap, or oil. A ba tch  d i s t i l l a t ion  
followed, wi th  a f o r e - r u n  cut to r emove  SIC14. F i -  
na l ly ,  before  use the TIC14 was dis t i l led  again,  u n -  
der  argon,  t h rough  a l abo ra to ry  Vig reux  co lumn  
into a rese rvo i r  f rom which  it was fed to the cell 
w i thou t  f u r t he r  exposure.  Such m a t e r i a l  was  color-  
less and  a lways  ana lyzed  < 0.0005% V, < 0.001% 
Fe and  A1, and  < 0.003% S. The v a n a d i u m - r e m o v a l  
t r e a t m e n t  used had  no inf luence on me ta l  qual i ty .  
An  ex tens ive  s tudy  of the effect of TIC14 i m p u r i t y  
con ten t  on meta l  qua l i ty  was  car r ied  out, and  is 
r epor ted  as Pa r t  II of this  paper  (6) .  

The t a n k  a rgon  for the cell a tmosphere  (L inde  
Air  P roduc t s  C o m p a n y )  had a g u a r a n t e e d  p u r i t y  
of 99 .99+%.  In  the ea r ly  pa r t  of this  work  a f u r -  
nace  con ta in ing  Ti sponge at 900~176 was  i n -  
ser ted into the a rgon  line,  bu t  it  was  e l im ina t ed  
af ter  a series of r u n s  had  shown no advan t age  for 
this special  purif icat ion.  

Electrochemical Phenomena in the Melt 

The cell cons t ruc t ion  p e r m i t t e d  t a k i n g  m e l t  s a m -  
ples at wi l l  w i thou t  exposure  to the  a tmosphere  or 
i n t e r r u p t i o n  of the  electrolysis.  These were  ana lyzed  
for total  Ti ion and  average  Ti ion valence .  The 
Ti + + was de t e rmined  by  h y d r o g e n  evo lu t ion  f rom 
a w e a k l y  acid solut ion,  wi th  the hyd rogen  swept  
out  wi th  CO2 and  collected over  s t rong  KOH  in a 
gas bure t .  Al l  the Ti ion was  then  reduced  to Ti +3 
wi th  zinc and  t i t r a t ed  w i th  ferr ic  a m m o n i u m  sulfa te  
us ing  an  a m m o n i u m  th iocyana te  indicator .  Since 
there  was no evidence  of f inely d iv ided  Ti me ta l  
w h e n  the  frozen mel t  samples  were  dissolved, the 
Ti +a con ten t  was  a s sumed  to be the difference be -  
tween  tota l  Ti  and  d i v a l e n t  Ti. a 

2 T h i s  d e t e r m i n a t i o n  w a s  d e v i s e d  b y  D r .  N.  F .  M i l l e r  of  t h i s  
l a b o r a t o r y  a n d  is u n p u b l i s h e d .  T h e  m e t h o d  cons i s t s  i n  h e a t i n g  t h e  
sa l t  s a m p l e  w i t h  c a l c i u m  c a r b i d e  a n d  a b s o r b i n g  t h e  l i b e r a t e d  a c e t y -  
l e n e  in  a m m o n i a c a l  c u p r o u s  c h l o r i d e .  C u p r o u s  a c e t y l i d e ,  a f t e r  o x i -  
d a t i o n  to  Cu ++, is  d e t e r m i n e d  i o d i m e t r i c a l l y  in  t h e  u s u a l  w a y .  

3 T h e  m e t h o d  d e s c r i b e d  w a s  d e v i s e d  by  D r .  A.  C. E l m  of  t h i s  l a b -  
o r a t o r y ;  i t  is  s i m i l a r  to  one  w h i c h  h a s  h a s  b e e n  r e p o r t e d  (7) f o r  
N a C l - S r C l e  me l t s .  

With  mel t  ana lyses  avai lable ,  a r a t h e r  complete  
descr ip t ion  of cell pe r f o r ma nc e  m a y  be deduced.  
The TIC14 feed ra te  is mon i t o r e d  careful ly ,  and  any  
TIC14 expe l led  w i th  the  anode  gases is caught  in  a 
t rap.  A t  a ny  t ime, the  difference b e t w e e n  the  ne t  
Ti fed and  tha t  found  in  the  me l t  can on ly  r ep re sen t  
me ta l  made  to tha t  point .  F u r t h e r m o r e ,  since the  
cell is r u n  at  cons tan t  cu r ren t ,  per iodic  and  c u m u -  
la t ive  ove r - a l l  c u r r e n t  efficiencies m a y  be ca lcu-  
la ted  also. 

Samples  were  t a ke n  f rom the  cell d u r i n g  m a n y  
runs ,  wi th  r ep roduc ib i l i ty  u n d e r  s imi la r  opera t ing  
condi t ions  ( and  du r a t i on )  w i t h i n  _-z- 0.05 va lence  
uni t .  It  was not  expected  tha t  the  ion va lence  would  
be exac t ly  2 even  nea r  the  end  of a p ro longed  elec- 
trolysis,  s ince ear l ie r  inves t iga t ion  of the  2Ti +~ + 
T i ~ 3  Ti +2 e q u i l i b r i u m  at  550~ in  the  salt  mel t  
used, had shown an  average  e q u i l i b r i u m  va lence  
of 2.09 at  21/~% Ti and  2.11 at  6% Ti. 

Resul ts  of the me l t  s amp l ing  show tha t  by  the 
t ime  enough  Ti has been  absorbed  in to  the me l t  to 
a l low a m e a n i n g f u l  analysis ,  i.e., abou t  1/2%, the 
va lence  was  abou t  2.40. A level  >2  d u r i n g  the 2 
f a r a da y  per  mole  bu i ldup  stage reflects some depo-  
s i t ion of me ta l  r a the r  t h a n  poor c u r r e n t  efficiency. 
By the  end  of b u i l d u p  to 21/2 % Ti the  va lence  was  
d o w n  to 2.28. D u r i n g  s t eady- s t a t e  ope ra t ion  this 
va lue  fell slowly, approach ing  the  e q u i l i b r i u m  va l -  
ence asympto t ica l ly .  In  the  s t r ipp ing  stage, the  va l -  
ence was  close to 2.10; by  this t ime  abou t  th ree  
" t u r n o v e r s "  of the  s t eady- s t a t e  Ti ion con ten t  of 
the  cell had occurred.  

E q u i l i b r i u m  va lence  was  approached  more  r ap id ly  
w h e n  the  mel t  was agi ta ted  mechan ica l ly .  Valence  
at the end  of the b u i l d u p  stage was t hen  abou t  2.15, 
and  reached 2.10 ha l f w a y  th rough  the run .  If the 
ag i ta t ion  was s topped at  this  point ,  va lence  levels  
soon r eve r t ed  to those n o r m a l  for an u n s t i r r e d  melt .  

Of course it is qu i te  possible to p repa re  mel t s  
wi th  Ti ion va lences  m u c h  h igher  t h a n  those cited. 
A mel t  wi th  n o r m a l  Ti + + con ten t  could be fed 
TIC14 ve ry  r a p i d l y  un t i l  the va lence  was n e a r l y  3. 
W h e n  this me l t  was  t hen  e lect rolyzed at s t eady-  
s tate  (4 f a r a d a y s / m o l e  TIC14 feed) ,  n e a r l y  all  the 
c u r r e n t  w e n t  to reduce  the  va lence  and  l i t t le  me ta l  
was  made  u n t i l  va lence  = 2.4; f rom this  po in t  
e q u i l i b r i u m  va lence  was  approached  more  slowly. 

However ,  if a cell had been  opera t ing  long enough  
to accumula t e  cons iderab le  metal ,  it was  difficult 
to raise the va lence  above 2.4 by  inc reas ing  TIC14 
feed. Metal  dissolved rap id ly  wi th  accelera ted  feed 
even  w h e n  it  was p r e s u m a b l y  pro tec ted  by  a 2-3v 
cathodic bias. Thus,  me ta l  once p la ted  out  does no t  
necessar i ly  r e m a i n  so d u r i n g  the  rest  of the elec- 
trolysis,  s ince r e w o r k i n g - - s o l u t i o n  a nd  la te r  re -  
d e p o s i t i o n - - m a y  occur w h e n e v e r  it is not  s t rongly  
ca thodica l ly  biased. For  example ,  me ta l  deposi ted 
on a " scaveng ing"  cathode, or on the cell wall ,  is 
no longer  protec ted  w h e n  the  m a i n  depos i t ion  ca th-  
ode is immersed ;  it wil l  s lowly  dissolve even  at 
va lence  = 2.20 and  be redeposi ted  on the  m a i n  
cathode. 

O v e r - a l l  c u r r e n t  efflciencies (c.e.),  ca lcu la ted  f rom 
me ta l  made  and  c u r r e n t  passed, are as follows: at 
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21/2% Ti, w i t h  RA-186  d i a p h r a g m ,  90 ----- 4 % ;  w i t h  
t he  m o r e  p e r m e a b l e  RA-139  d i a p h r a g m ,  89 --  4%.  
A t  6% Ti, w i t h  RA-186 ,  c.e. = 82 --  5%.  P e r i o d i c  
c.e. 's d e t e r m i n e d  ove r  sho r t  pe r i ods  m a y  be  lower ,  
e.g., a f t e r  p r o l o n g e d  s t e a d y - s t a t e  o p e r a t i o n  a t  21/2 % 
Ti, 85%, a n d  a t  6% Ti  a b o u t  70%. M i n i m u m  c.e. 
u s u a l l y  co inc ides  w i t h  m a x i m u m  e x p u l s i o n  r a t e  of 
TIC14 f r o m  the  ano ly te .  C u r r e n t  eff iciency d u r i n g  
the  b u i l d u p  s t age  is  c lose to 100%, as i t  is n e a r  t he  
end  of s t r i pp ing .  

M e t a l  r e cove r i e s  a v e r a g e  92 --  4% of t h e  Ti  
v a l u e s  of t he  ne t  TIC14 feed,  i n d e p e n d e n t  of Ti  ion  
c o n c e n t r a t i o n  in  t he  me l t .  Ti  no t  r e c o v e r e d  escapes  
as  gas  w i t h  t h e  ch lo r ine  o r  w i t h  t h e  c a t h o l y t e  a r g o n  
flow; due  to  i m p e r f e c t  s t r i p p i n g  some also r e m a i n s  
in t he  me l t ,  t he  depos i t ,  a n d  the  d i a p h r a g m .  

Bo th  t h e  m e t a l  on the  ca thode  a n d  the  m e t a l  in 
t he  cel l  po t  w e r e  r e c o v e r e d  in each  run .  S u r p r i s i n g l y ,  
the  f r ac t i on  of t he  p r o d u c t  h a r v e s t e d  on the  ca thode  
is l i t t l e  a f fec ted  b y  d e l a y  in c a t h o d e - i m m e r s i o n .  W i t h  
t he  depos i t i on  ca thode  i m m e r s e d  a t  t h e  end  of t h e  
b u i l d u p  s t age  ( "no  d e l a y " ) ,  m e t a l  a d h e r i n g  r e p r e -  
sents  a b o u t  93% of t o t a l  r e cove ry .  C o n s i d e r i n g  d e p -  
os i t ion t i m e  as  t ime  exc lu s ive  of  the  b u i l d u p  s tage ,  
i m m e r s i o n  d e l a y  of 30% of depos i t i on  t i m e  s t i l l  
a ch ieves  a y i e l d  on the  ca thode  of 91% of t o t a l  r e -  
covery .  T h e  h igh  y i e l d  w i t h  i m m e r s i o n  d e l a y  is e x -  
p l a i n e d  b y  r e w o r k i n g  of m e t a l  on the  cel l  wal l s .  

Product Evaluation 
T h e r e  is c o n s i d e r a b l e  f rozen  sa l t  occ luded  in  t he  

cold  ca thode  depos i t ,  b u t  t he  f o r m  of the  depos i t  
is ev iden t .  F u r t h e r m o r e ,  w i t h  t he  coa r s e r  p r o d u c t s  
i t  is poss ib l e  to l each  the  depos i t  on the  ca thode  a n d  
to d i s so lve  t he  sa l t  w i t h o u t  d i s l odg ing  a n y  meta l .  
The  Ti  a p p e a r s  as a f ine ly  d i v i d e d  d a r k  p o w d e r  in 
a l a y e r  n e a r  t he  ca thode  su r f ace  and  then ,  in  s h a r p  
con t ras t ,  as  w e l l - d r a i n e d ,  w e l l - f o r m e d ,  l u s t r o u s  
dend r i t i c  c r y s t a l  a g g l o m e r a t e s  in the  r e m a i n d e r  of 
the  deposi t .  The  b o u n d a r y  is a b r u p t ,  a l t h o u g h  the  
o p e r a t i n g  cel l  shows  no d i s c o n t i n u i t y  in  e l e c t r i c a l  
cha rac te r i s t i c s .  W i t h  t he  d e l a y e d - i m m e r s i o n  t e c h -  
n ique  the  l a y e r  of fines is t h i n n e r  or  absen t ;  the  
depos i t  is m o r e  c o a r s e l y  c rys t a l l ine ,  l o w e r  in  sa l t  
conten t ,  a n d  less  vo luminous .  Coa r se  c rys t a l s  a r e  
f o u n d  t h r o u g h o u t  t he  deposi t ,  and  those  a d j a c e n t  to 
t he  ca thode  su r f ace  a r e  a n c h o r e d  f i r m l y  to it. The  
p r o x i m a l  s ide  of t h e  ca thode  is c o v e r e d  w i t h  a con-  
t i nuous  foi l  of  duc t i l e ,  l o w - o x y g e n  Ti  as m u c h  as 
15 mi l s  th ick .  

Depos i t s  con ta in  5-10g of Ti  c r y s t a l s  p e r  cub ic  
inch. A d h e r e n c e  is n e v e r  a p r o b l e m .  H i g h  Ti  ion 

Table I. Properties of electrolytic Ti ingots 

% Cold 
r e d u c t i o n  

RA B.H.N. % Os to  c r a c k i n g  

30 81 0.04 >95 
35 91 0.07 >90 
40 106 0.I0 90 
45 123 0.13 85 
50 145 0.18 70 
55 171 0.26 55 
60 200 0.38 40 
65 238 0.57 15 

c o n c e n t r a t i o n  and  h igh  c u r r e n t  d e n s i t y  each  e n -  
c ou ra ge  b r a n c h i n g  a n d  r a g g e d n e s s  in  t he  c r y s t a l  
a g g l o m e r a t e s ,  b u t  t he  effect  is no t  m a r k e d  un les s  
bo th  occur  t oge the r .  R o t a t i n g  a p l a t e  c a thode  con-  
t i n u o u s l y  d id  no t  m a k e  t h e  depos i t  m o r e  compac t ;  
n e i t h e r  d id  m e c h a n i c a l  a g i t a t i o n  of t he  me l t .  

A n  i nve r se  c o r r e l a t i o n  b e t w e e n  de pos i t  c r y s t a l -  
l i n i ty  and  f rozen  sa l t  c on t e n t  was  obse rved .  A d e -  
pos i t  of poor  c r y s t a l l i n i t y  m a y  ho ld  five t i m e s  i ts  
w e i g h t  of sal t ,  w h i l e  depos i t s  y i e l d i n g  s a t i s f a c t o r i l y  
duc t i l e  Ti  had  30-35% m e t a l ,  a n d  v e r y  coarse  d e -  
pos i t s  ( such  as a r e  o b t a i n e d  us ing  long  c a t h o d e -  
i m m e r s i o n  d e l a y s )  w e r e  50% m e t a l  or  h ighe r .  

The  f rozen  sa l t  was  s e p a r a t e d  f r o m  the  m e t a l  b y  
e i t he r  of the  two  m e t h o d s :  ( i )  v a c u u m  e v a p o r a t i o n  
in an  i nduc t i on  f u r n a c e  a t  1400~ w i t h  t h e  s a m p l e  
con t a ined  in a p e r f o r a t e d  g r a p h i t e  c ruc ib le ;  a s in -  
t e r  cake  resu l t s .  (ii) Leach ing ,  u s u a l l y  in  �89 % HC1, 
fo l l owed  b y  w a t e r  e l u t r i a t i o n  to s e p a r a t e  and  d i s -  
c a rd  the  --44~ size f rac t ion .  This  l a t t e r  m e t h o d  was  
e v e n t u a l l y  a d o p t e d  for  mos t  of t he  p r o d u c t  r e c o v -  
e r y  w o r k  s ince i t  sacr if ices  l i t t l e  in y i e l d  b u t  is m u c h  
s i m p l e r  and  g ives  b e t t e r  m e t a l .  

The  s t a n d a r d  m e t h o d  of  m e t a l  e v a l u a t i o n  w a s  the  
m e a s u r e m e n t  of  R o c k w e l l  A (RA) a n d  1500-kg 
B r i n e l l  (B.H.N.)  h a r d n e s s e s  a t  s e v e r a l  po in t s  on a 
30-40g ingot .  The  c o m p r e s s e d  m e t a l  c r y s t a l s  w e r e  
m e l t e d  on a w a t e r - c o o l e d  c o p p e r  h e a r t h  u n d e r  a rgon  
b y  a d - c  a rc  of 18-25v 200-600 amp,  w i t h  t h e  Ti  the  
anode.  Most  of t he  ingots  w e r e  also c o l d - r o l l e d  in 
m a n y  passes  to d e t e r m i n e  the  p e r  cen t  cold  r e d u c -  
t ion  poss ib le  w i t h o u t  c rack ing .  O x y g e n  a n d  h y d r o -  
gen a n a l y s e s  b y  v a c u u m  fus ion  w e r e  done  rou t i ne ly .  
C o r r e l a t i o n s  a m o n g  the  m e t a l  p r o p e r t i e s  a r e  shown  
in T a b l e  I. 

T y p i c a l  va lue s  for  m e t a l  h a r d n e s s  a r e  g iven  in 
Tab le  II ,  w h e r e  t h e  s t r i k ing  effect of c a t h o d e - i m -  
m e r s i o n  d e l a y  is shown.  As  a l r e a d y  no ted ,  th i s  i m -  
p r o v e m e n t  in m e t a l  q u a l i t y  is no t  n e c e s s a r i l y  ac -  
c o m p a n i e d  b y  p o o r e r  y i e ld ;  in  fact ,  t h e  s u p e r i o r  
c r y s t a l l i n i t y  m o r e  t h a n  c o m p e n s a t e s  for  a n y  d i f fe r -  

Table II. Summary of product quality 

T i m e  w h e n  ca thode  i m m e r s e d  

Sa l t  r e m o v a l  b y  vac .  
evap .  a nd  s i n t e r  Sa l t  r e m o v a l  b y  l e a c h i n g  

No, of runs B .H.N. No. of runs % + 44~ B.H.N.  

At  s ta r t  7 
End of bu i ldup  per iod  14 
Af te r  30% of dep. t ime* 3 
Dur ing  s t r ipp ing  only 6 

1 8 0 _ 7  ~ 
1 3 0 •  
100 to 112 
79 to 93 

i i  
6 

m 

82.0 _ 2.5 
93.2 _ 2.3 

u 

1 1 6  ___ 10 
86___9 

* "Deposition time" = time exclusive of buildup stage. 
a Average deviation from the mean. 
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Table III. Particle size and impurity content Table IV. Effect of air leakage 

%02 %N~ 
B.H.N. (ingot) (ingot) % --28~ 44-53~ 74-99~ 

02 1.14 0.35 0.22 
H2 0.076 0.022 0.010 
N2 0.013 0.008 0.004 
Cu 0.05 0.035 0.025 
At 0.04 0.025 0.02 
Ni 0.03 0.01 0.0045 
Cr 0.045 0.035 0.025 
Fe  0.015 0.004 0.0025 
Mo 0.02 0.0045 0.003 
Sn 0.007 - -  - -  
Pb 0.012 0.009 0.012 
Mn 0.0008 0.0012 0.0012 
Mg 0.002 0.0015 0.002 
Total  1.45 0.51 0.33 

ence in p r o p o r t i o n  of r e c o v e r e d  m e t a l  a d h e r i n g  to 
t he  ca thode .  Def in ing  "use fu l  r e c o v e r y "  as t h e  p e r  
cent  of the  ne t  Ti  feed  w h i c h  is r e c o v e r e d  on the  
ca thode  as > 44/~ c rys ta l s ,  th is  is 70% for  i m m e r -  
s ion at  t he  end  of b u i l d u p  and  77% for  i m m e r s i o n  
a f t e r  30% of " d e p o s i t i o n  t ime . "  

C h e m i c a l  a n a l y s e s  of t he  p r o d u c t  v a r y  w i t h  c r y s -  
t a l l i n i ty ,  as expec t ed .  O x y g e n  con t en t  of t he  bes t  
p r o d u c t s  is 0.05%. H y d r o g e n  m a y  be  u p  to 0.02% 
on l e ached  c rys ta l s ,  b u t  a f t e r  a r c - m e l t i n g  is 10-50 
ppm.  N i t r o g e n  is < 0.015%. F o r e i g n  m e t a l s  conten ts ,  
in  ppm,  r a n g e  as fo l lows :  Si, < 100; Cu, 5-500; AI, 
100-700; Ni,  30-300; Cr,  100-500; Fe,  20-200; Mo, 
10-200; Sn, 10; Pb ,  50-300; Mn, 5-40; Mg, 10-50. The  
chief  sources  of i m p u r i t i e s  a re :  Cu, f r o m  the  h e a r t h  
d u r i n g  a r c - m e l t i n g ;  A1, f r o m  the  a l u m i n a  d i a -  
p h r a g m ;  and  Ni,  Cr,  Mo, Fe,  and  Mn f r o m  the  
H a s t e l l o y  cell .  

C o r r e l a t i o n s  b e t w e e n  c r y s t a l  size and  t h e  con-  
c en t r a t i on  of i m p u r i t i e s  a r e  s h o w n  in T a b l e  I I I ,  for  
t h r e e  e l u t r i a t e d  f r ac t ions  of a l e ached  ca thode  d e -  
posit .  F r o m  s e v e r a l  such  sets  of a n a l y s e s  t he  g e n -  
e r a l  conc lus ion  is d r a w n  t h a t  w h e n e v e r  t he  p r o s -  
pee t i ve  i m p u r i t y  is p r e s e n t  in  the  cel l  in  r e l a t i v e  
a bundance ,  e.g., t he  gaseous  c o n t a m i n a n t s ,  a l u m i -  
num,  and  the  m a j o r  c o m p o n e n t s  of Has t e l l oy ,  the  
c o n c e n t r a t i o n  in  the  m e t a l  w i l l  v a r y  i n v e r s e l y  as 
the  p a r t i c l e  size, w h e r e a s  t he  a d v e n t i t i o u s  i m p u r i t y  
contents ,  Cu, Pb ,  Mg, and  Mn, a r e  i n d e p e n d e n t  of 
p a r t i c l e  size. Of course  t he  ex i s t ence  of a r e l a t i o n -  
sh ip  b e t w e e n  p u r i t y  and  p a r t i c l e  size does  no t  d i s -  
t i ngu i sh  w h i c h  is cause  and  w h i c h  effect;  b u t  i t  is 
c l ea r  t h a t  the  e l e c t r o l y t i c  process ,  u n l i k e  t he  K r o l l  
process ,  has  a b u i l t - i n  i m p u r i t y - r e j e c t i o n  m e c h -  
anism.  

Some Effects of Operat ing Conditions 
The  s t a n d a r d  Ti ion c o n c e n t r a t i o n  in  t he  m e l t  was  

2V2%, b u t  m a n y  r u n s  w e r e  done  at  6 -7% Ti. L i t t l e  
effect of t he  h i g h e r  c o n c e n t r a t i o n  on p r o d u c t  q u a l -  
i ty  was  o b s e r v e d ;  in a n y  case  t hese  effects a r e  i n -  
s e p a r a b l e  f rom those  of c u r r e n t  dens i ty .  No effect 
of c a thode  c.d. was  seen  in t he  u s u a l  o p e r a t i n g  r a n g e  
of 0.3-1.3 a m p / i n .  2, nomina l ,  b u t  a t  21/2% Ti  on ly  
fines w e r e  o b t a i n e d  a t  m o r e  t h a n  3 a m p / i n .  2, and  
at  7 a m p / i n .  2 the  depos i t  d id  no t  a d h e r e  a t  all .  A t  
6 % Ti, c.d. can  be  ca r r i ed  to 8 a m p / i n .  2 be fo re  fines 
s t a r t  to deposi t .  A depos i t  a t  excess ive  c.d. changes  
to coarse  c rys t a l s  w h e n  i t  has  g r o w n  to such  size 

Resul t  if al l  added  air  con- 
t amina tes  deposi t  >220 0.44 1.2 

Actua l  resu l t  (3 runs)  145-170 0.15-0.22 0.05 
S t a n d a r d  resu l t  for  condi-  

t ions of e lectrolysis  110 • 10 0.09 0.01 

t h a t  t he  ef fec t ive  c.d. is b e l o w  the  c r i t i ca l  l imi t ;  t he  
t r a n s i t i o n  is a b r u p t  and  g ives  a s h a r p l y  def ined  
j u n c t i o n  in  t h e  deposi t .  

Too low a Ti ion c o n c e n t r a t i o n  is de f in i t e ly  h a r m -  
ful ;  a r u n  at  0.4% Ti  gave  a l l  fine m a t e r i a l ,  w i t h  
m a n y  f r a g i l e  p l a t e l e t s .  F u r t h e r m o r e ,  i t  is no t i c eab l e  
t h a t  a t h in  l a y e r  of fines a p p e a r s  on the  ou t s ide  of 
even  the  coa r ses t  p roduc t s .  Th is  e v i d e n t l y  r e p r e s e n t s  
the  l as t  m a t e r i a l  depos i t ed ;  i t  is no t  p r e s e n t  w h e n  
m e t a l  is h a r v e s t e d  w i t h o u t  s t r i pp ing .  Such  fines 
p r o b a b l y  r e su l t  f r o m  e x t r e m e  c onc e n t r a t i on  p o l a r -  
izat ion,  p r o b a b l y  a t t e n d e d  b y  depos i t i on  of a l k a l i  
me ta l .  

E x p e r i m e n t s  w i t h  v igo rous  a g i t a t i o n  of t he  m e l t  
b y  a p r o p e l l e r  s t i r r e r  show p o o r e r  depos i t  a d h e r -  
ence  and  c r y s t a l l i n i t y  d u r i n g  the  s t e a d y - s t a t e  o p e r -  
a t i o n - t h i s  de sp i t e  t he  a d v a n t a g e s  of f a s t e r  TIC14 a b -  
sorpt ion ,  l o w e r  a v e r a g e  Ti  ion va lence ,  a n d  i m -  
p r o v e d  t h e r m a l  and  m a t e r i a l  h o m o g e n e i t y .  

The  effect of a i r  l e a k a g e  in to  t he  cel l  was  t e s t ed  
in  t h r e e  runs  in w h i c h  0.5 v / %  of r o o m  a i r  was  d e -  
l i b e r a t e l y  b l ed  in c o n t i n u o u s l y  to t h e  a rgon  ove r  
t he  ca tho ly te .  This  w o u l d  a d d  0.35% 02 to t he  m e t a l  
if i t  w e r e  a l l  a b s o r b e d  b y  the  deposi t .  Resu l t s  a r e  
s h o w n  in T a b l e  IV. The  c a thode  depos i t  is o b v i o u s l y  
d e g r a d e d  b u t  a g a i n  some se l ec t ive  r e j e c t i o n  of  t h e  
c o n t a m i n a n t  has  occur red .  A n a l y s i s  of e l u t r i a t e d  
size f r ac t ions  showed  n o r m a l  o x y g e n  con ten t  for  
the  c r y s t a l  size; a i r  l e a k a g e  s i m p l y  causes  a h i g h e r  
p r o p o r t i o n  of fines. T h e r e  was  v o l u m i n o u s  ce l l -  
b o t t o m  s ludge  also, c on t a in ing  -~ 5% 02 and  1.5% 
N2. 

S i m i l a r l y ,  open ing  and  d i s c h a r g i n g  the  cel l  ho t  
(550 ~ ) s h o w e d  no m e a s u r a b l e  o x y g e n  c o n t a m i n a -  
t ion  of t h e  +44~  c r y s t a l s  w h e r e  t hese  c o n s t i t u t e d  
> 90% of t he  p roduc t .  W h e r e  t hese  w e r e  80-90% 
of the  p roduc t ,  h o w e v e r ,  an  o x y g e n  p i c k u p  of a b o u t  
0.05% resu l t ed .  This  i nd i ca t e s  a d i f f e ren t  p a r t i c l e -  
size d i s t r i b u t i o n  in t he  l a t t e r  depos i t ,  w i t h  m o r e  
m a t e r i a l  n e a r  t he  s m a l l  end  of t he  range .  

One f inal  source  of o x y g e n  c o n t a m i n a t i o n  comes  
in r e c l a i m i n g  m e t a l  f r o m  f rozen  e n t r a i n e d  sa l t  
w h e n  the  m e l t  has  no t  been  s t r ipped .  A b s o r p t i o n  of 
a t m o s p h e r i c  m o i s t u r e  b y  LiC1, f o l l o w e d  b y  r e a c -  
t ion  w i t h  Ti  l o w e r  ch lor ides ,  c o n t a m i n a t e s  t h e  d e -  
pos i t  w i t h  o x y g e n - b e a r i n g  h y d r o l y s i s  p roduc t s .  
These  canno t  be  s e p a r a t e d  b y  the  v a c u u m  e v a p o r a -  
t ion  p r o c e d u r e :  in t h r e e  p r o d u c t s  w i t h  1 -2% Ti  ion 
r e m a i n i n g  in the  m e l t  t he  i ngo t  w a s  40-240 B.H.N. 
a b o v e  s t a n d a r d .  H o w e v e r ,  w i t h  l e a c h i n g  in 1/~% 
HC1 at  ice t e m p e r a t u r e  t h e  h y d r o l y s i s  p r o d u c t s  a p -  
p a r e n t l y  can  be  w a s h e d  off the  m e t a l  c r y s t a l s  b y  
a g i t a t i o n  or  f loa ted  off d u r i n g  e lu t r i a t i on .  W i t h  21s % 
Ti  ion in  t he  sa l t  t he  + 4 4 ~  c rys t a l s  w e r e  as soft  as  
those  f r o m  c o m p a r a b l e  r u n s  w i th  t he  m e l t  s t r i pped .  
I t  is r e a s s u r i n g  for  t he  p rospec t s  fo r  l a r g e - s c a l e  
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e l e c t r o l y t i c  t i t a n i u m  t h a t  i t  is not  n e c e s s a r y  to s t r i p  
the  cell  be fo re  h a r v e s t  if the  l each ing  is done  w i t h  
care.  

Manuscr ip t  rece ived  Oct. 11, 1962. 

Any  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL.  
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Electrolytic Titanium from TiCI4 
II. Influence of Impurities in TiCI 
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ABSTRACT 

Ti tanium te t rachlor ide  for an e lect rolyt ic  t i t an ium process was p repa red  
on a p i lo t -p l an t  scale and the impur i t ies  identified. Data are  given a l lowing a 
quant i ta t ive  es t imat ion of contaminants  by  in f ra red  spec t rophotomet ry  on 
10-cm l iquid paths. Each impur i ty  was tes ted for its effect on e lect rolyt ic  cell  
pe r formance  and Ti meta l  qual i ty  using the l abo ra to ry  cell  descr ibed in a 
previous  paper .  The most common impur i ty ,  Si2OC16, is harmless.  Deposit  qua l -  
i ty was most sensit ive to su l fur -conta in ing  agents such as COS, CS 2, and S2C12, 
and to COs. Resul ts  are  also r epor ted  for  HC1, COC12, SIC14, VOCI~, SnC14, 
AsCI3, POC13, and CC13COC1. Impur i t i es  are  shown to concentra te  s t rongly  in 
the smal le r  crystals  of the cathode deposi t  and in the cell sludge, often mak ing  
it possible to obtain acceptable  meta l  f rom contamina ted  TiC14 by  screening the 
deposit.  Al l  de t r imen ta l  impur i ty  levels  are  such that  economical  l a rge-sca le  
p repara t ion  of good cell feed TIC]4 should present  no problem.  

S e v e r a l  f ac to rs  m a k e  TIC14 p u r i t y  of e x t r e m e  i m -  
p o r t a n c e  in p rocesses  for  Ti  me ta l .  Ti  abso rbs  m a n y  
i m p u r i t i e s  q u i c k l y  a t  e l e v a t e d  t e m p e r a t u r e s ,  and  
s m a l l  a m o u n t s  of those  w h i c h  d i sso lve  i n t e r s t i t i a l l y  
d e s t r o y  m e t a l  duc t i l i ty .  F u r t h e r m o r e ,  s ince TIC14 
con ta ins  o n l y  25% Ti, t h e r e  m a y  be  a f o u r - f o l d  con-  
c e n t r a t i o n  of i m p u r i t i e s  in the  me ta l .  F i n a l l y ,  the  
m e t h o d  of m a n u f a c t u r e  and  the  i n h e r e n t  p o w e r f u l  
d e h y d r a t i n g  and  so lven t  p o w e r s  of TIC14 m a k e  i t  
su scep t i b l e  to c o n t a m i n a t i o n  b y  a w ide  v a r i e t y  of 
subs t ances  d u r i n g  p r e p a r a t i o n ,  pur i f ica t ion ,  s torage ,  
and  hand l ing .  

In  an  e l e c t r o l y t i c  process ,  i m p u r i t i e s  inhibit c r y s -  
t a l  g r o w t h  and  a re  c o n c e n t r a t e d  in the  s m a l l e r  p a r -  
t ic les  of t he  ca thode  deposi t .  These  fines m a y  e i t he r  
d r o p  off the  depos i t ,  f o r m i n g  cel l  s ludge ,  or, if t h e y  
adhe re ,  be  s e p a r a t e d  l a t e r  b y  e lu t r i a t ion .  In  e i t he r  
ease, a p o t e n t i a l  i m p u r i t y - r e j e c t i o n  m e c h a n i s m  
opera tes .  W i t h  con t inuous  TIC14 feed,  h o w e v e r ,  i m -  
p u r i t i e s  a r e  r e p l e n i s h e d  cons tan t ly .  The  r e su l t  cou ld  
be  a m o r e  ser ious  d e g r a d a t i o n  of a v e r a g e  c r y s t a l  
size, w i t h  g r e a t e r  o x y g e n  and  h y d r o g e n  p i c k u p  d u r -  
ing  m e t a l  r ecove ry .  

In  o r d e r  to s t u d y  the  effects of TIC14 i m p u r i t i e s  
on the  q u a l i t y  and  y i e l d  of e l e c t ro ly t i c  Ti, t he  fo l -  
l owing  condi t ions  m u s t  be  me t :  (a )  A h i g h l y  r e p r o -  
duc ib l e  e l e c t ro ly t i c  o p e r a t i o n  m u s t  be  ava i l ab l e ;  (b )  
A p a r  r e su l t  for  p r o d u c t  c r y s t a l l i n i t y  and  h a r d n e s s  

1 Presen t  address :  Bell Telephone Laborator ies ,  Inc., Al lentown,  
Pennsy lvan ia .  

m u s t  be  e s t a b l i s h e d  for  p u r e  TIC14, or for  TIC14 of 
k n o w n  and  r e a d i l y - a t t a i n a b l e  p u r i t y ;  (c)  As  com-  
p l e t e l y  as poss ib le ,  t he  i m p u r i t i e s  in  th is  TIC14 of 
c e l l - f e e d  g r a d e  m u s t  be  ident i f ied  and  t h e i r  concen -  
t r a t i o n s  d e t e r m i n e d ;  (d )  C o n t r o l l e d  changes  in 
these  c o n c e n t r a t i o n s  m u s t  be  m a d e  and  t h e  effect  
on depos i t  q u a l i t y  obse rved .  

The  first  r e q u i r e m e n t  has  been  me t  b y  the  w o r k  
de sc r ibed  in P a r t  I of th is  p a p e r :  a r e l i a b l e  l a b o r a -  
t o r y - s c a l e  f u s e d - s a l t  ce l l  p r o d u c i n g  duc t i l e  Ti  a t  
550~ f r o m  con t inuous  TIC14 feed  d r i p p e d  onto the  
m e l t  su r f ace  (1) .  C o n t i n u e d  ope ra t i on  of th is  r e f -  
e ree  cel l  has  g iven  f u r t h e r  i m p r o v e m e n t  in depos i t  
q u a l i t y  and  r e p r o d u c i b i l i t y .  In  the  w o r k  d e s c r i b e d  
here ,  r ed i s t i l l ed  TIC14 s a m p l e s  w i t h  c on t ro l l ed  
a m o u n t s  of va r ious  i m p u r i t i e s  w e r e  fed  to t he  cell  
and  a s t a n d a r d  e l ec t ro ly s i s  c a r r i e d  out :  a 2 f a r a d a y /  
mole  c o n c e n t r a t i o n  b u i l d u p  s t age  to 21/2% Ti  ion 
in the  mel t ,  a t  t he  end  of w h i c h  the  depos i t i on  
ca thode  was  i m m e r s e d ;  a p r o l o n g e d  s t e a d y - s t a t e  
e lec t ro lys i s ,  d u r i n g  w h i c h  the  c u r r e n t  and  TIC14 
feed  w e r e  k e p t  in ba l ance ;  and  f inal ly ,  a s t r i p p i n g  
stage.  Runs  l a s t ed  abou t  36 h r  (850-900 a m p - h r ) ,  
and  a b o u t  350g of Ti w e r e  m a d e .  The  p r o d u c t  was  
h a r v e s t e d  cold, and  a f t e r  l e ach ing  in i ce -co ld  1/2% 
HC1 was  w e t - s c r e e n e d  on 200 -mesh  (74~) w i t h  d i s -  
t i l l ed  w a t e r .  

Prepara t ion  o f  TIC14 

I t  is the  p u r p o s e  of th is  s t u d y  to d e t e r m i n e  the  
q u a l i t y  of Ti wh ich  can be  p r o d u c e d  not  f rom TIC14 
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of the  highest  a t t a i nab l e  p u r i t y  bu t  f rom TIC14 
which  m a y  be p r epa red  wi th  r easonab le  economy for 
la rge-sca le  operat ion,  and  to discover  the  levels  at  
which  the c o n t a m i n a n t s  beg in  to degrade  the elec- 
t rodeposi ted  metal .  Thus  some descr ip t ion  of the 
p roduc t ion  of the TIC14 used is necessary.  This  proc-  
ess was  on the p i l o t - p l a n t  scale t h r o u g h o u t  and  
read i ly  capable  of be ing  scaled up  to fu l l  c o m m e r -  
cial size. 

The s t a r t ing  m a t e r i a l  was e i ther  i lmeni te  ore or 
t i t an i fe rous  slag. These were  b r i q u e t t e d  wi th  coal, 
us ing  e i ther  clay or sulfite l iquor  as b inde r ,  and  
reac ted  wi th  chlor ine  au togenous ly  at 900~176 
in a con t i nuous - f eed  c o l u m n  (2).  U n d e r  these  con-  
di t ions  chlor ides  and  oxychlor ides  of m a n y  sub -  
s tances  con t amina t e  the product :  Fe, Si, A1, and  V 
f rom the  ore or slag; S, C, H, O f rom the  coal or 
b inder .  Some of these are separa ted  r ead i ly  d u r i n g  
p roduc t  condensa t ion ,  or l a te r  by  dis t i l la t ion,  
whereas  others  pers is t  to at leas t  some e x t e n t  to 
the  f inal  "pure"  mater ia l .  

V a n a d i u m  r emova l  was  gene ra l l y  accompl ished 
by  H2S gassing. The a m o u n t  used was a rb i t r a ry ,  
based on  the analys is  of the c rude  TIC14 and  w h a t  
exper ience  had shown  was r equ i r ed  to reduce  the 
v a n a d i u m  level  be low 5 ppm. The TIC14 n e x t  w e n t  
to a con t inuous  sti l l  w i th  two 7 ft x 4 in. d iam col- 
u m n s  packed  wi th  ~'2-in. Ber l  saddles.  In  the  first 
of these, SIC14 (b.p. 57 ~ was removed;  in the sec- 
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ond, TIC14 was t a k e n  off overhead,  l eav ing  beh ind  
less vola t i le  me ta l  chlorides and,  especial ly,  the ox-  
ides and oxychlor ides  of i n d e t e r m i n a t e  composi t ion 
a r i s ing  f rom air  exposure ,  cal led "hydro lys i s  p rod -  
uct ."  The sti l l  was opera ted  wi th  h igh ref lux ratios,  
w i th  a t h r o u g h p u t  of on ly  4 ga l /h r .  At  this  stage 
the TIC14 was  clear  and  colorless. F ina l ly ,  jus t  be -  
fore use the  m a t e r i a l  was  dist i l led into a reservoi r  
f rom which  it was  fed to the  cell w i t hou t  f u r t he r  
exposure.  

Impurities in TIC14 

The ident i f ica t ion a nd  d e t e r m i n a t i o n  of c o n t a m -  
i nan t s  in  the  purif ied TIC14 was  car r ied  out  chiefly 
by  the  i n f r a r ed  absorp t ion  s p e c t r u m  of deep l iqu id  
layers.  TIC14 is qu i te  t r a n s p a r e n t  up  to 9~, and  wi th  
a 10-cm absorp t ion  pa th  impur i t i e s  have  de tec t ion  
l imits  in  the  r a nge  1-200 ppm. M a n y  of these are 
l is ted in  Table  I, w i th  q u a n t i t a t i v e  charac te r iza -  
t ion of the absorp t ion  bands .  Some of the  ass ign-  
me n t s  have  been  pub l i shed  ear l ie r  (3, 4) and  some 
appear  here  for the first t ime.  The abso rp t iv i ty  r e -  
fe r red  to is the cons tan t  a in the Beer  law equa t ion  
log Io/I = abc. Absorp t iv i t i es  differ f rom those of 
ref. (4) by  a factor  of three,  emphas iz ing  tha t  for 
accura te  work  the  absorp t ion  bands  should be cal-  
i b ra t ed  w i th  the spec t ropho tomete r  to be used. 

The fo l lowing subs tances  have b e e n  detected in 
the purif ied TIC14 fed to the  cell: HC1, CO2, SIC14, 
Si2OC16, COS, CS2, VOCI~, COC12, SnC14, AsC13, and  

Table I. Infrared detection of impurities in TiCI4 

A b s o r p t i o n  m a x i m u m ,  ~ A b s o r p t i v i t y ,  w t  %-1 cm-1 D e t e c t i o n  l imi t ,  p p m  

I m p u r i t y  Th is  w o r k  Ref .  4 T h i s  w o r k  Ref .  4 Th i s  w o r k  Ref .  4 

HC1 3.53 3.53 30 
3.41 3.41 19.3 

Si2OC16 8.98 38 
5.43 0.56 
6.49 

TiOC12* 12.18 12.18 426 
8.46 8.45 4.3 
7.37 7.37 5.5 

COS 4.89 4.89 a 450a 
CO2 4.28 4.28 164 
CS2 6.57 6.58 260 780 
COC12 5.50 5.52 110 

6.05 6.05 9.2 
VOC13 9.66 62 

4.84 4.84 0.29 1.15 
CC13COC] 5.53 5.55 15 95 
POC13 7.95 7.91 57 139 

8.21 8.16 80 
CH2C12 7.93 8.9 
CHC]3 8.24 17 
CC14 6.44 0.33 
SOC12 8.09 8.06 64 150 

4.06 
SO2C12 7.04 55 
C~N3CI~ 6.65 93 

7.92 
SiCh 8.18 8.18 0.37 0.81 
C6C16 7.69 20.3 
TiCh bands** 9.03 (v4 q- 2v.~) 

7.96 (2vi q- v3) 
7.37 (vl ~- 2v3) 
6.79 (3v3) 

* " H y d r o l y s i s  p r o d u c t " ,  c o m p o s i t i o n  u n c e r t a i n .  
** See also refs.  (3, 6).  

F r o m  ref.  5. 
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Table I1. Summary of results 

A p r i l  1964 

Run Treatment Cathode deposit Deposit analysis, % 

% +200 % useful B.H.N. 
Mesh recovery + 200 mesh + 200 Mesh --200 Mesh Cell sludge 

271 A1C13-C12 86.5 
178 None (s tandard run)  86.1 
242 None (standard run)  87.5 
263 None (s tandard run)  86.9 
250 None, no redist i l lat ion 82.6 
253 None, no redist i l lat ion 80.2 
256 None, no redist i l lat ion 84.1 
248 0% Si2OC16 77.6 
266 0% Si2OC16 81.8 
263 0.084% Si2OC16 86.9 
249 0.19% Si2OC16 86.0 
251 0.24% Si2OC16 89.8 
257 0.42% Si2OC16 95.5 
261 0.48% Si2OC16 88.2 
255 0.92% Si2OC16 82.7 
226 470 ppm S as $2Cl2 79.6 a 
229 140 ppm S as $2C12 79.8 
245 100 x normal  COS (0.1% est.) 84.7 a 
273 40 ppm CS2 82.4 a 
275 21 ppm CS2 94.0 
234 Sat. CO2 (100 x normal)  58.4 
236 Near  sat. HC1 (4 x normal)  81.0 
247 COC12 I00 x normal  77.6 
238 330 ppm Si as SIC14* 77.9 
270 740 ppm Si as SIC14** 90.1 
240 150 ppm V as VOC13 84.2 
268 82 ppm V as VOC18 85.5 
267 600 ppm Sn as SnC14 (60 x 86.7 

normal)  
269 210 ppm As as AsC13 (10 x 82.0 

normal)  
262 0.22% POCI~ (10O x normal)  74.7 
233 520 ppm CCI~COC1 87.5 

80.0 95 
77.9 96 H 0.002 
78.5 99 S 0.002 
79.6 96 Si 0.005 
72.2 99 
70.9 99 
75.6 104 
72.2 104 Si 0.01 0.01 0.40 
74.0 96 
79.6 96 
79.8 94 Si 0.01 0.21 1.54 
79.0 90 Si 0.01 0.22 2.0 
82.1 92 
77.2 104 
70.3 99 Si 0.01 1.04 3.8 
78.1 156 S 0.03 0.06 2.0 
71.2 139 S 0.02 0.07 
72.4 151 S 0.004 0.033 0.53 
72.8 109 S 0.003 0.010 0.29 
80.6 101 
49.6 128 
71.5 106 H 0.002 
67.4 115 
68.0 103 Si 0.004 0.35 1.47 
81.2 90 
75.1 110 V 0.014 0.024 0.13 
77.4 99 
75.9 98 Sn 0.089 0.20 1.6 

73.5 110 As 0.007 0.030 0.39 

66.0 131 P 0.015 0.028 0.79 
79.2 99 

Proportion of + 100 mesh crystals noticeably substandard. 
* Plus 0.014% Si as Si2OCl~,. 

** Plus 0.025% Si as Si~OC]6. 

the  TIC14 hydro lys i s  p roduct .  SieOCl6 is the  mos t  
common,  p r o b a b l y  because  its boi l ing  point  (137 ~ ) 
is iden t ica l  to t h a t  of TIC14. I t  was  p re sen t  to about  
1500 p p m  in TIC14 m a d e  f r o m  slag, bu t  on ly  to about  
300 p p m  in TIC14 f r o m  i lmeni te .  VOC13 (b.p. 127~ 
SnC14 (114~ AsCl~ (130~ and $2C12 (136 ~ ) a re  
also difficult  to sepa ra te  by  dis t i l la t ion,  bu t  none  of  
these  is be l i eved  to exceed  25 ppm.  E s t i m a t e d  leve ls  
of o the r  impur i t i e s  are:  SIC14 and tIC1, 200 p p m ;  
COe and COC12, 50 p p m ;  COS and CS2, < 10 ppm.  
POC13 (b.p. 105~ and CC13COC1 (118 ~ w e r e  not  
de tec ted ,  but  because  t h e y  are  c o m m o n  imp ur i t i e s  
in TIC14 t h e y  w e r e  inc luded  in this  inves t iga t ion .  

Usua l l y  the  cell  feed  for  the  e x p e r i m e n t s  was  
p r e p a r e d  by  add ing  the  des i red  c o n t a m i n a n t  in 
k n o w n  a m o u n t  to the  f r e sh ly  r ed i s t i l l ed  m a t e r i a l  in 
the feed  r e s e r v o i r  in such a w a y  tha t  t he r e  was  
neg l ig ib le  exposu re  to the  a t m o s p h e r e ;  for  example ,  
l iqu id  con t aminan t s  w e r e  added  by b r e a k i n g  a f r a g -  
ile ampou le  u n d e r  the  sur face  of the  TIC14 w i t h  a 
p lunger .  A l t e r n a t i v e l y ,  a h y p o d e r m i c  syr inge  w i t h  
a long need le  could be used. T h o r o u g h  s t i r r ing  w i t h  
a rgon  fo l lowed.  Gaseous  con t aminan t s  w e r e  added  

s imp ly  by  bubb l ing  the  p u r e  gas t h r o u g h  the  TiCL 
in the  rese rvo i r .  Of t en  the  exac t  concen t r a t i on  of 
the  c o n t a m i n a n t  was  k n o w n  f r o m  the  w e i g h t  added ;  
bu t  the  compos i t ion  of the  cell  feed  was  a lways  
checked  by  analysis ,  e i the r  by  i n f r a r e d  spec t ro -  
p h o t o m e t r y  or by  s t anda rd  we t  chemica l  methods .  

Results 
T h r e e  c r i t e r i a  w e r e  se lec ted  for  e v a l u a t i n g  the  

resu l t  of  an e lec t ro lys i s :  (a)  the  per  cen t  of the  
ca thode  deposi t  r e t a i n e d  on a 200-mesh  screen;  (b)  
the  per  cent  of the  ne t  Ti fed  to the  cell  w h i c h  was  
r e c o v e r e d  on the  ca thode  as -5200 m e s h  crysta ls ,  the  
so-ca l l ed  " p e r  cent  use fu l  r e c o v e r y ; "  (c) the  Br ine l l  
ha rdness  of an ingot  m a d e  by  a r c - m e l t i n g  the  -5200 
mesh  crys ta ls  u n d e r  argon.  S t a n d a r d  runs ,  as de -  
f ined ear l ier ,  w e r e  m a d e  at  i n t e rva l s  a m o n g  the  
i m p u r i t y  runs  to es tab l i sh  r ep roduc ib i l i t i e s  and par  
values .  F r o m  these  and f r o m  ea r l i e r  e x p e r i e n c e  (1) ,  
it was  dec ided  tha t  the  effect of an i m p u r i t y  could  
be cons idered  neg l ig ib le  if  the  m e t a l  e v a l u a t i o n  
gave:  % -5200 m e s h  > 80, % usefu l  r e c o v e r y  ~ 70, 
Br ine l l  ha rdness  < 105. 

Tab le  II is a condensed  s u m m a r y  of al l  p e r t i n e n t  
da ta  and resul ts .  In  this  t ab le  c l ea r ly  subs t anda rd  
resu l t s  a re  shown in i ta l ic  number s .  

In run  271 the  TiCI4 was  t r e a t e d  at  bo i l ing  t e m -  
p e r a t u r e  w i t h  a l u m i n u m  ch lo r ide  h e x a h y d r a t e  and 
gassed w i t h  ch lor ine  in an a t t e m p t  to m a k e  s u p e r -  
pu re  m a t e r i a l  (3) .  This  p r o c e d u r e  des t roys  o rgan ic  
compounds ,  and also changes  su l fu r  m o n o c h l o r i d e  to 
d ich lo r ide  (b.p. 59 ~ so t h a t  i t  is s epa ra t ed  in t he  
subsequen t  dis t i l la t ion.  Si2OC16 is not  affected.  By  
compar i son  w i t h  the  s t anda rd  runs,  the  n e x t  t h r e e  
en t r ies  in the  table,  i t  is seen t h a t  t he r e  is no ad-  
v a n t a g e  to this  specia l  t r e a t m e n t ;  t he  s t anda rd  
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TIC14 p r e p a r a t i o n  y i e l d s  a ce l l  f eed  w h i c h  i t  is u n -  
n e c e s s a r y  and  u n e c o n o m i c a l  to i m p r o v e  upon.  

Runs  250, 253, a n d  256 used  the  p r o d u c t  of t he  
p i l o t - p l a n t  s t i l l  w i t h o u t  t h e  f inal  r e d i s t i l l a t i o n ;  t he  
m a t e r i a l  was  s i m p l y  p o u r e d  t h r o u g h  the  a i r  in to  
the  cel l  f eed  r e se rvo i r .  The  r e su l t s  a r e  on ly  s l i g h t l y  
in fe r io r  to t he  o p t i m u m .  The  s t i l l  p r o d u c t  is ev i -  
d e n t l y  e n t i r e l y  s u i t a b l e  for  an  e l e c t r o l y t i c  p rocess  
for  Ti  of d u c t i l i t y  e q u a l  to t h a t  of t he  be s t  c u r r e n t  
c o m m e r c i a l  m e t a l .  

In  e igh t  r uns  the  inf luence  of Si2OC16 was  s tud ied .  
Runs  248 and  266 a r e  t he  on ly  ones in  T a b l e  I I  
w i t h  none  of th is  o x y g e n - b e a r i n g  i m p u r i t y .  F o r  
these  t he  TIC14 was  d i s t i l l ed  t h r o u g h  a c t i v a t e d  c a r -  
bon a t  400 ~ and  t h e n  g iven  s t i l l  a n o t h e r  d i s t i l l a t i on  
to r e d u c e  the  h igh  CO2 a n d  HC1 c o n c e n t r a t i o n s  
caused  b y  th is  t r e a t m e n t .  R e m o v a l  of Si2OC16 is 
i n d i c a t e d  b y  t r a n s p a r e n c y  at  8.98~. 

T h e r e  is no ev idence  of a n y  h a r m f u l  effect of 
even  1% Si2OC16. In  fact ,  t h e r e  is some  i nd i c a t i on  
of a s l igh t  benef ic ia l  effect in t he  r a n g e  0 .2-0 .4%;  
runs  251 a n d  257 a re  ou t s t and ing .  I t  m a y  w e l l  be  
t h a t  Si2OC16 n e v e r  ge ts  in to  so lu t ion  in  the  550 ~ 
m e l t  a t  al l ,  b u t  decomposes  to SIC14 ( w h i c h  d i s -  
t i l l s  ou t  of  t he  ce l l )  a n d  i n so lub l e  s i l icon oxides .  

On the  o the r  hand ,  t he  s u l f u r - c o n t a i n i n g  c o m -  
pounds--SeC12,  COS, C S 2 - - i n  concen t r a t i ons  of t he  
o r d e r  of  0.01% s e v e r e l y  d e g r a d e  the  ca thode  d e -  
posi t .  The  poor  q u a l i t y  of t he  p r o d u c t s  w a s  obv ious  
to t he  mos t  c u r s o r y  inspec t ion ;  in add i t ion ,  m e t a l  
f r o m  these  runs ,  i n c l u d i n g  the  o n - g r a d e  275, suf fe red  
tw ice  t he  n o r m a l  w e i g h t  loss d u r i n g  a r c - m e l t i n g .  
The  e l e c t r o l y t i c  p rocess  is cons ide red  m o r e  sens i t ive  
to su l fu r  t h a n  to a n y  o t h e r  i m p u r i t y  i nves t i ga t ed .  

H i g h  CO2 c o n c e n t r a t i o n  is also h a r m f u l .  H o w e v e r ,  
the  a m o u n t  of c o n t a m i n a n t  used  in  r u n  234 is m u c h  
g r e a t e r  t h a n  w o u l d  be  f o u n d  in a n y  TIC14 b a t c h  
w h i c h  h a d  been  s to r ed  and  h a n d l e d  w i th  r e a s o n a b l e  
care .  Exces s ive  CO2 can  be  r e m o v e d  b y  s imp le  d i s -  
t i l l a t ion .  

O t h e r  i m p u r i t i e s  w h i c h  a r e  c ons ide r e d  d e t r i m e n t a l  
on ly  in qua n t i t i e s  some t en  t imes  n o r m a l  a r e  COC12, 
VOCI~, AsC13, and  POC13. T h e r e  seems  l i t t l e  need  
for  conce rn  a b o u t  t h e  c o n c e n t r a t i o n  of  SIC14, SnC14, 
and  t r i c h l o r o a c e t y l  ch lor ide .  

A n a l y t i c a l  r e su l t s  for  t he  depos i t  c r y s t a l s  a n d  for  
m e t a l  r e c o v e r e d  f r o m  the  cel l  s ludge ,  a lso  p r e s e n t e d  
in T a b l e  II ,  a r e  qu i t e  i n s t ruc t i ve .  W i t h  t he  s ing le  
e x c e p t i o n  of t in ,  no a p p r e c i a b l e  a m o u n t  of a n y  i m -  
p u r i t y  t r i e d  was  i n t r o d u c e d  into  t he  -~200-mesh  Ti  
c rys ta l s .  The  - - 2 0 0 - m e s h  f r ac t ion  was  m u c h  m o r e  
contaminated, and the cell-bottom metal worst of 
all. The impurity-segregating mechanism in the 
production of electrolytic Ti evidently operates as 
a result of the inhibition of growth of any crystals 
into which some critical amount of foreign material 
is incorporated. 
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ABSTRACT 

Surface oxides on smooth pla t inum,  electrodeposited p la t inum black, and 
p la t inum black-polytetraf luoroethylene molded electrodes have been charac- 
terized by anodic oxidation and cathodic stripping. The oxidation sequence for 
smooth p la t inum and p la t inum black electrodes is Pt  --> Pt  (OH)2 "-* Pt  (O)2. At 
higher potentials smooth p la t inum forms P t (O)4  and PtO while p la t inum 
black forms Pt (O) 2.5(approx.). The ini t ia l  oxidation of p la t inum to Pt  (OH) 2 and 
subsequent  reduct ion has been used as a basis for the determinat ion of plat i -  
num electroactive surface areas. The formation of a "tight" P r o  s t ruc ture  on 
smooth p la t inum at higher potentials may account for some of the unusua l  
properties of smooth p la t inum electrodes. The failure of p la t inum black to 
form tight PtO may be due to i r regular  p la t inum atom ar rangement  and related 
to its catalytic properties. 

P l a t i n u m  surfaces and  surface  p l a t i n u m  oxida t ion  
states are  the subjec t  of a grea t  n u m b e r  of m o d e r n  
inves t iga t ions  and  cons iderab le  con t rove r sy  despi te  
the fact tha t  the  u n i q u e  proper t ies  of p l a t i n u m  and  
p la t in ized  p l a t i n u m  electrodes have  been  k n o w n  
for m a n y  years.  His tor ica l  perspect ive  and  c u r r e n t  
v iews on some of the  effects of the p l a t i n u m  oxida-  
t ion  states have  been  r ev i ewed  recen t ly  in  severa l  
places (1-5) .  Our  own  in te res t  in p l a t i n u m  cata lys ts  
and  e lect rocata lys is  led to an  inves t iga t ion  of ox-  
ida t ion  states on smooth  p l a t i num,  e lect rodeposi ted  
p l a t i n u m  black,  and  molded  po ty te t ra f luoroe thy l -  
e r i e - p l a t i n u m  black electrodes.  

Mode rn  worke r s  (6-17)  recognize tha t  p l a t i n u m  
electrodes are not  iner t ,  as of ten had  been  assumed,  
and  tha t  oxidized and  reduced  surface  states de te r -  
m ine  the proper t ies  of the electrode u n d e r  cons id-  
era t ion.  However ,  m u c h  d i s ag reemen t  centers  
a r o u n d  the  ques t ion :  do p l a t i n u m  oxides fo rm or 
is oxygen  mere ly  chemisorbed  on the  sur face  d u r -  
ing in i t i a t ion  of p l a t i n u m  surface ox ida t ion?  S u r -  
face p l a t i n u m - o x y g e n  rat ios have  st i l l  not  been  
es tab l i shed  for m a n y  oxidiz ing condi t ions .  I t  is this  
la t te r  p r o b l e m  tha t  we have  addressed  since, as wi l l  
be shown,  it  can be approached  f rom a s toichi-  
ometr ic  v iewpoint .  F u r t h e r m o r e ,  the ques t ion  of 
oxygen  bond ing  m a y  not  be a n s w e r a b l e  in  t e rms  of 
c o n t e m p o r a r y  bond ing  concepts  and  m a y  be avoided 
for the present .  

A n o t h e r  m a j o r  ob jec t ive  of this  w o r k  has been  
to inves t iga te  the use of p l a t i n u m  oxide fo rma t ion  
as a basis  for the d e t e r m i n a t i o n  of sur face  area f rom 
an  e lec t rochemica l  v iewpoin t .  

A n u m b e r  of workers  have  noted  dis t inc t  changes  
in  e lectrode reac t ions  w h e n  a p l a t i n u m  electrode is 
r educed  or oxidized pr ior  to react ion.  In  m a n y  i n -  
stances,  these changes  have  been  s tud ied  on ly  in  
t e rms  of the effect on a pa r t i cu l a r  reac t ion  at the 
electrode r a t h e r  t han  in  t e rms  of a l t e ra t ions  of the  
p l a t i n u m  surface ox ida t ion  states. L i n g a n e  (3) r e -  
por ts  tha t  direct  r educ t ion  of oxygen  at a p l a t i n u m  
cathode is diffusion cont ro l led  in the presence  of a 

1 P re sen t  address :  C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  University 
of Wiscons in ,  Madison ,  Wiscons in .  

smal l  a m o u n t  of p l a t i n u m  oxide, bu t  k ine t i ca l ly  
cont ro l led  if a m i n i m u m  a m o u n t  of p l a t i n u m  oxide 
is no t  present .  Hoare  (4) also has discussed r ecen t l y  
the i m p o r t a n t  ca ta ly t ic  effect of p l a t i n u m  oxide on 
oxygen  reduct ion.  Ear l ier ,  Bake r  and  MacNev in  
(18) repor ted  the  ox ida t ion  of a rsenous  and  fe r -  
rous ions to be inh ib i t ed  by  the presence  of p l a t -  
i n u m  oxide whi le  Kolthoff  and  Nigh t inga le  (19) 
con tended  tha t  the Fe ( I I ) - - F e  ( I I I )  couple  was  more  
revers ib le  in  the  presence  of the  oxide. A n s o n  (20, 
21) no ted  an  increase  in  ch ronopo ten t iome t r i c  ox-  
idat ion t r ans i t i on  t ime  for fe r rous  ion in  the  p res -  
ence of surface P tO and  has c la imed (22) surface  
oxides m a k e  the i ron  couple less revers ible .  G ine r  
(23) states tha t  the oxidized electrode inh ib i t s  ox-  
alic acid ox ida t ion  so tha t  on ly  oxygen  is evolved  
f rom aqueous  solut ion.  Hick l ing  and  Wilson (24) 
and  Bianchi ,  Mazza, and  Muss in i  (25) have  dis-  
cussed the decomposi t ion  of h y d r o g e n  perox ide  on 
p la t inous  oxide surfaces  to fo rm oxygen  and  pos tu -  
late tha t  PtO m a y  en te r  into the reac t ion  as an  
in te rmedia te .  

Despi te  the recognized impor t ance  of surface  p re -  
t r e a t m e n t ,  the  p r inc ipa l  sur face  oxides at  p l a t i n u m  
electrodes have  not  been  s tud ied  to give a coheren t  
picture.  Re la t ive ly  l i t t le  a t t e n t i on  has been  g iven  
to the  d e v e l o p m e n t  of re l iab le  methods  for meas -  
u r e m e n t  of e lec t roaet ive  areas  at p l a t i n u m  surfaces.  
We i m p l e m e n t e d  the p resen t  s tudy  of the behav io r  
of p l a t i n u m  electrodes u n d e r  ga lvanos ta t ic  a nd  po-  
ten t ios ta t ic  ox ida t ion  condi t ions,  since the  pub l i shed  
l i t e r a tu r e  lef t  l i t t le  doub t  t ha t  p l a t i n u m  surface  ox-  
ide s tate  is i m p o r t a n t  in  e lec t roca ta ly t ic  reac t ions  
invo lv ing  h y d r o g e n  and  oxygen.  

Experimental 
Apparatus . - -The  cons tan t  c u r r e n t  source was  

model  151 B, Q u a n - T e c h  Labora to r i e s  (Boonton,  
New Je r sey ) .  The c u r r e n t  pass ing  t h r ough  the  cell 
was m e a s u r e d  by  means  of a po ten t iomete r ,  f rom 
the  vol tage  drop across a s t a n d a r d  resistor .  The  
po ten t ios ta t  was an  Elec t ron ischer  Po ten t ios t a t  nach  
W e n k i n g  ob ta ined  f rom B r i n k m a n n  I n s t r u m e n t s ,  
Inc. The  p o t e n t i a l - t i m e  behav io r  was  observed on 
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a Sa rgen t  SR recorder  used in  con junc t i on  w i th  a 
Sa rgen t  pH Record ing  Adapte r .  Al l  expe r imen t s  
were  pe r fo rmed  at 25.00 ~ ---+ 0.05~ in  a w a t e r  ba th .  
A c o n v e n t i o n a l  H - t y p e  electrolysis  cell, Fig. 1, was  
used. The cathode a n d  anode  c o m p a r t m e n t s  were  
separa ted  by  a s in te red  glass disk of 3 cm d i ame te r  
and  a 3 % so lu t ion  of agar  agar,  appl ied  t o w a r d  the 
aux i l i a ry  c o m p a r t m e n t  of the  s in te red  disk. [Note:  
Since this  work  was comple ted  m u c h  of it  has been  
repea ted  w i thou t  agar  agar  and  wi th  a s t anda rd  
h y d r o g e n  electrode.  Resul t s  are subs t an t i a l l y  the  
same as those r epor t ed  here . ]  The aux i l i a ry  elec-  
t rode was  a smooth p l a t i n u m  sheet  of 4 cm 2 area. 
The re fe rence  e lect rode was mercu ry ,  me r c u r ous  
sulfate ,  and  s a t u r a t ed  po tas s ium sul fa te  ( + 0 . 6 4 v  
vs. the  n o r m a l  h y d r o g e n  e lec t rode) .  The p l a t i n u m  
surface  ox ida t ion  states were  d e t e r m i n e d  on a 
smooth  shie lded p l a t i n u m  elect rode of 1.0 cm 2 area,  
a shie lded p l a t i n u m  b t ack -po ly t e t r a f l uo roe thy l ene  
molded  electrode,  and  a shie lded e lect rodeposi ted 
p l a t i n u m  black  electrode. 

In  order  to observe  the  electrode surface,  a work  
inspec t ion  m i r r o r  C-2 of U l l m a n  Produc t s  Corpora -  
t ion  (Norwalk ,  Connec t i cu t )  was placed be low the 
electrolysis  cell bu t  ins ide  the  wa te r  bath .  The B u r -  
ton F re sne l  l ight  source was focussed on the  m i r r o r  
to get a clear  image  of the e lect rode surface,  Fig. 2. 
Preparation 05 the e lectrodes . - -The shielded smooth  
p l a t i n u m  electrode was  p r epa red  exac t ly  as r ecom-  
m e n d e d  by  Bard  (26).  

The e lect rodeposi ted  p l a t i n u m  black  electrode 
was p r epa red  by  depos i t ing  p l a t i n u m  e lec t ro ly t ica l ly  
on a 1.0 cm 2 smooth  shie lded p l a t i n u m  electrode of 
"J"  configurat ion.  The J - s h a p e d  conf igura t ion  was 
a resu l t  of b e n d i n g  the electrode holder  (see Fig. 
1) so tha t  the shie lded p la t in ized  p l a t i n u m  electrode 
faced the  surface of the so lu t ion  and  was para l l e l  
to the so lu t ion  surface.  This p rese rved  a r ep r oduc -  
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Fig. 1. Electrolysis cell 
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Fig. 2. Polychlorotrifluoroethylene electrode holder assembly for 
porous electrodes. 

ible surface since any detached platinum stayed in 
contact with the surface. An aqueous solution of 
H2PtCI6 (5%) containing 0.03% lead acetate was 
used for electrodeposition. Deposition was per- 
formed at a constant current of 170 ma in three I/2- 
min stages because of the interference of gas bub- 
bles. The weight of the platinum deposited was 2.6 

mg. 
T h e p I a t i n u m b I a e k-polytetrafluoroethylene 

molded electrode contained 36.8 mgm of platinum 
black plus 15% of polytetrafluoroethylene. It was 
cut from a larger sheet on which a platinum black- 
polytetrafluoroethylene paste had been spread on 
platinum screen and molded at 340~ For the plat- 
inum black-polytetrafluoroethylene molded elec- 
trode, a shielded polychlorotrifluoroethylene elec- 
trode holder was fabricated. This shielded holder 
has the advantage of permitting interchange of 
electrodes so that the same area of the electrode was 
exposed to the solution. Moreover, it was not neces- 
sary to seal the electrode in glass tubing. The elec- 
trode holder assembly is shown in Fig. 2. Threaded 
glass (from a small glass vial) was screwed into 
the threaded polychlorotrifluoroethylene holder 
pushing silicone rubber sealing gaskets against the 
electrode so that the electrode was positioned in 
the shield. The porous electrode was backed with a 
piece of smooth platinum sheet to prevent leakage 
into the holder. The connection to the electrode was 
made by silver soldering a copper wire to the smooth 
platinum sheet used to back up the porous electrode. 
Reagents.--These were all of analytical grade. The 
platinum sheet was from Engelhard Industries. 
Procedure.--The electrodes which were being stud- 
ied were oxidized to various potentials at constant 
current or at constant potential. The oxidized elec- 
trode was kept at open-circuit voltage for 3 to 4 
min and then reduced at constant current. 

The working compartment contained 150 ml and 
the auxiliary compartment contained 56 ml of the 
supporting electrolyte. Both solutions were de- 
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aera ted  w i t h  n i t r ogen  to r emove  dissolved oxygen  
before  and  af ter  oxidat ion.  A n i t r o g e n  a tmosphere  
was  m a i n t a i n e d  whi le  p e r f o r m i n g  both  the  ox ida-  
t ion  and  the  reduct ion .  

Af te r  oxidat ion,  d u r i n g  open -c i r cu i t  decay, a ny  
oxygen,  if evolved,  was  r emoved  by  the  d ropper  
(see Fig. 1). E lec t ro ly te  f rom the  v ic in i ty  of the elec-  
t rode was r emoved  also af ter  every  oxidat ion.  The 
so lu t ion  was  r o u t i n e l y  deae ra t ed  d u r i n g  the  t ime  of 
open -c i r cu i t  voltage.  D u r i n g  reduct ion ,  the po ten t ia l  
of the oxidized electrode was  recorded wi th  respect  
to t ime  as is done in  ch ronopo ten t iome t ry .  The 
t r ans i t i on  t ime,  r, was t a k e n  at a po ten t i a l  of 0.34v. 
T rans i t i on  t imes  are the  average  for th ree  r e d u c -  
tions. Al l  potent ia l s  r epor ted  here  are r e fe r red  to a 
n o r m a l  h y d r o g e n  electrode a l though  the  w o r k  was  
pe r fo rmed  wi th  a Hg, Hg2SO4, s a tu ra t ed  K2SO4 re f -  
e rence  e lect rode (E ~ ---- + 0.64v vs. the  n o r m a l  h y d r o -  
gen e lec t rode) .  I n  the  p re sen t  s tudy  the  t r ans i t i on  
t ime,  T, does no t  depend  on the  mass  t r ans f e r  con-  
di t ions  and  is thus  p ropor t iona l  to concen t r a t i on  a n d  
m a y  be i n t e r p r e t e d  in t e rms  of coulombic  e q u i v a -  
lents .  

Results 

S m o o t h  p l a t i n u m  e l ec t rode . - -Curves  f rom ga l -  
vanos ta t i c  and  ch ronopo ten t iomet r i c  s tudies  of 
smooth  p l a t i n u m  are shown  in  Fig. 3. Curve  I for 
34 ~a, curve  II  for 1.018 m a  r ep re sen t  the  change  of 
po ten t i a l  w i th  t ime  d u r i n g  cons tan t  c u r r e n t  ox ida-  
t ion  of a smooth  shie lded p l a t i n u m  electrode.  Curves  
III, IV, and  V rep resen t  change  of po ten t i a l  w i th  
t ime  dur ing  r educ t ion  at a cons tan t  c u r r e n t  of 34 #a 
af ter  the  electrode was oxidized to 1.24, 1.64, and  
1.93v, respect ively .  Oxida t ion  of the  electrode was 
in i t i a ted  at  an  open -c i r cu i t  vol tage  of abou t  0.86v. 
The dot ted l ines  show the po ten t i a l  drop of the 
oxidized electrode 3-4 m i n  af ter  the  c i rcui t  was  
broken .  The  po ten t i a l  d ropped  s lowly w h e n  the elec-  
t rode  was oxidized up  to 1.54v. At  h ighe r  vol tages  
(above  1.74v),  the  vol tage  dropped  a b r u p t l y  to ap -  
p r o x i m a t e l y  1.50v w h e n  the  c i rcui t  was  b roken ,  and  
t h e n  it  decreased s lowly  w i t h  t ime.  S u b s e q u e n t l y  as 
ind ica ted  by  cu rve  V, the  po ten t i a l  d ropped  i m -  
med ia t e ly  to about  0.5v w h e n  the c u r r e n t  for r e -  
duc t ion  was  appl ied.  
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Fig. 3. Variation of potential with time when the smooth platinum 
electrode was oxidized (curves I, II) and reduced (curves III, IV, 
V) at constant current in 2N H2SO4. 

The t r ans i t i on  t ime  r to a po ten t i a l  of 0.34v vs. 
N.H.E. was m e a s u r e d  f rom the  p o t e n t i a l - t i m e  plot  
for the reduc t ion  of the oxidized electrode.  Al l  r e -  
duct ions  were  pe r fo rmed  at cons tan t  cur ren t .  The  log 
of #coul ( i t )  r equ i r ed  to reduce  the oxidized elec- 
t rode  was p lo t ted  aga ins t  the  po ten t i a l  to which  the 
electrode was oxidized. The r a t iona le  for p lo t t ing  
log ir vs. po ten t i a l  s tems f rom an  equa t i on  developed 
by  Bockris  and  H uq  (27) f rom k ine t i c  cons idera t ions  

O~ R T  
- -  2 . 3 0 3 -  [1] 

0 log10 t a F  

where  R T  has usua l  significance,  F is the  Fa raday ,  v 
is overpotent ia l ,  t is t ime,  .a is the  t r ans f e r  coefficient, 

R T  0 l n i a  
a ---- - -  - - ,  a nd  ia is anodic  cu r ren t .  The  deve l -  

F 07 
opmen t  of Eq. [1] is based  on the  a s s u m p t i o n  tha t  the  
ox ida t ion  of a p a r t i c u l a r  en t i t y  ( O H -  or H20) takes  
place on a bare  me t a l  he te rogeneous  surface.  Upon  
ox ida t ion  of H20 or  O H -  at p r ev ious ly  act ive  sites, 
these sites become inact ive .  The  r educ t ion  process 
essen t ia l ly  measu res  ( in  t e rms  of it) tha t  anodic  cu r -  
r en t  which  is associated wi th  the ox ida t ion  of the 
p l a t i n u m  surface;  it  appears  (v ide inSra) t ha t  the 
ch ronopo ten t iomet r i c  ox ida t ion  po ten t i a l  is a f u n c -  
t ion of the  p l a t i n u m  surface  state. In  the Bockris  
and  H uq  deve lopment ,  sur face  coverage is p ropor -  
t iona l  to t whereas  in  our  w o r k  it  is cons idered  to be 
equa l  to iT as i is cons tan t  and  the  ox ida t ion  po t en -  
t ia l  E is employed  in  place of the  over  po ten t i a l  ~?. 

Curve  I, Fig. 4 shows a plot  of log mic rocou lombs  
r equ i r ed  to reduce  the smooth p l a t i n u m  electrode vs. 
the po ten t i a l  to which  the electrode was  oxidized at 
cons tan t  c u r r e n t  in  2N H2SO4. Data  are p r e sen t ed  in  
Table  I. Essent ia l ly ,  the r educ t ion  process is used to 
to me a su r e  the n u m b e r  of oxygen  a toms a t t ached  to 
the  p l a t i n u m  surface.  I t  can be seen tha t  the  plot  of 
curve  I is l i nea r  over  ce r ta in  discrete  ranges.  I t  ap-  
pears  t h e n  tha t  the  p l a t i n u m  surface  is a l te red  in  
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Fig. 4. Plot of log microcoulombs required to reduce the oxidized 
smooth platinum electrode surface vs. the potential to which the 
electrode was oxidized in 2N H2SO4, curve I (oxidation at constant 
current), curve II (oxidation at constant potential). 
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Table I. Galvanostatic oxidation of a smooth shielded Table Ill. Calculated coulombs required to cover a smooth 
platinum electrode* in 2N H2SO4 platinum surface 

P o t e n t i a l  
to  w h i c h  R e s t  p o t e n -  
t h e  e l e c -  C u r r e n t  v F o r  t i a l  a f t e r  
trode was for Time for reduc- ~r For 3~/2 mln, 
o x i d i z e d ,  o x i d a t i o n ,  o x i d a t i o n ,  t ion ,#  reduction, v vs .  

v vs.  N .H .E .  ~ a / c m  s sac sac  # c o u l  N . H . E .  

0.82 34.0 0.00 1.45 49.3 0.82 
1.04 34.0 3.20 4.00 136.1 0.89 
1.14 34.0 6.25 6.30 214.2 0.94 
1.24 34.0 10.70 10.20 347.0 0.97 
1.34 34.0 15.47 13.43 457.0 0.98 
1.44 34.0 21.50 17.00 578.0 1.00 
1.54 34.0 38.50 22.37 760.0 1.04 
1.59 34.0 42.00 27.00 919.0 1.08 
1.64 34.0 70.50 34.50 1172.0 1.14 
1.72 34.0 394.00 46.00 1564.0 1.26 
1.76 198.0 24.00 40.00 1360.0 1.22 
1.83 198.0 150.00 25.00 850.0 1.34 
1.89 1018.0 46.00 15.50 527.0 1.30 
1.91 1018.0 80.00 10.60 360.5 1.35 
1.93 1018.0 200.00 9.00 306.0 1.37 
2.01 3029.5 70.00 9.00 306.0 1.37 

* A s m o o t h  p l a t i n u m  e l e c t r o d e  w h i c h  w a s  c l e a n e d  b y  n i t r i c  ac id  
a n d  w a s h e d  w i t h  d i s t i l l e d  w a t e r  s e v e r a l  t i m e s  w a s  p r e r e d u c e d  
m a n y  t i m e s  u n t i l  a c o n s i s t e n t  v a l u e  of  a b o u t  1.45 see w a s  o b t a i n e d .  

t C u r r e n t  i f or  r e d u c t i o n  i n  a l l  cases  w a s  34 /~a. 

steps and  tha t  each stage begins,  app rox ima te ly ,  
a f ter  the  p reced ing  s ta te  is t e rmina ted .  F r o m  a 
k ine t ic  v i e w p o i n t  one should  assume tha t  d u r i n g  
any  p a r t i c u l a r  ox ida t ion  stage, the  p ropor t ion  of 
oxygen  discharges  effective in  a l t e r ing  the  p l a t i n u m  
surface  is constant .  

Data  for potent ios ta t ic  ox ida t ion  and  s u b s e q u e n t  
r educ t ion  in  2N H2SO4 and  1M HC104 are  g iven  in  
Table  II. S imi l a r  w o r k  was  also pe r fo rmed  in  0.1M 
KOH. For  compar i son  wi th  ch ronopo ten t iome t r i c  
oxidat ion,  resul t s  f rom potent ios ta t ic  ox ida t ion  in  
2N H2SO4 are shown  as curve  II, Fig. 4. 

Constant current oxidation.--I t  can  be seen f rom 
Table  I tha t  the t ime  r equ i r ed  to oxidize the  elec-  
t rode to 1.24v is a lmost  the same as is r e q u i r e d  to 
to reduce  it, w h e n  the  ox ida t ion  and  r educ t ion  of the  
electrode are  pe r fo rmed  at  a cons tan t  c u r r e n t  of 34 

Table II. Potentiostatic oxidation of a smooth shielded 
platinum electrode in two electrolytes 

P o t e n t i a l  2/V H2SO4 1M HC10~ 
to  w h i c h  
t h e  e l e c -  R e s t  p o t e n -  R e s t  p o t e n -  

t r o d e  w a s  r F o r  i*v F o r  t i a l  a f t e r  r F o r  i * r  F o r  t i a l  af ter  
o x i d i z e d ,  r e d u c -  r e d u c -  3~/2 m i n ,  r e d u c -  r e d u c -  31/2 m i n ,  

v vs .  t i o n ,  t i o n ,  v v s .  t i o n ,  t i on ,  v v s .  
N.H.E .  sac  /~coul N.H.F~. sac ]~coul N . H . E .  

0.94 3.60 119.0 0.87 3.80 125.4 0.89 
1.04 6.90 228.0 0.95 7.30 241.0 0.97 
1.14 12.25 405.0 1.02 15.50 511.0 1.04 
1.20 18.10 597.0 1.05 21.00 693.0 1.08 
1.24 20.00 660.0 1.07 24.25 801.0 1.09 
1.34 26.25 866.0 1.11 29.85 985.0 1.16 
1.44 32.00 1058.0 1.17 37.25 1229.0 1.21 
1.50 36.20 1195.0 1.22 39.30 1297.0 1.25 
1.54 39.50 1303.0 1.25 42.00 1387.0 1.27 
1.64 47.10 1552.0 1.29 47.60 1570.0 1.33 
1.74 55.60 1837.0 1.35 51.10 1685.0 1.38 
1.84 9.50 314.0 1.37 9.00 297.0 1.42 
1.94 9.00 297.0 1.39 9.00 297.0 1.45 
2.61 9.00 297.0 1.37 9.00 297.0 1.43 

* C u r r e n t  i f or  r e d u c t i o n  i n  a l l  cases  w a s  33.0 ~a.  

M a j o r  p l a n e s  of  P a c k i n g  dens i t i e s  
f a c e - c e n t e r e d  of  P t  a t . / c m  8 
c u b i c  la t t i ce  o f  s m o o t h  P t  

C a l c u l a t e d  ~cou l  
r e q u i r e d  to  c o v e r  a 

m o n o l a y e r  of  s m o o t h  
P t  (1 crnS) w h e n  t h e  

e l e c t r o n  c h a n g e  i n v o l v e d  
i n  t h e  r e a c t i o n  is: 

2 e l e c t r o n s  3 e l e c t r o n s  

100 1.30 • 1015 418 1672 
110 0.93 X 1015 298 1192 
III  1.51 X 1015 484 1936 

/~a. This  shows tha t  the p l a t i n u m  surface  oxide a lone  
is be ing  fo rmed  up  to 1.24v, a n d  no o ther  react ion 
takes  place. The  n u m b e r  of coulombs used  in  ox ida-  
t ion  f rom 1.24v u p w a r d  is more  t h a n  for r educ t ion  of 
the e lect rode sur face  i nd i ca t ing  side react ions.  Up to 
1.54v, no oxygen  bubb l e s  were  visible.  I t  is possible 
t ha t  w a t e r  f rom 1.24 to 1.54v is oxidized to i n t e r -  
media tes  wh ich  resu l t  in  the  f o r m a t i o n  of a h igher  
sur face  oxide of p l a t i num.  L a i t i n e n  a nd  Enke  (2) 
have  suggested tha t  w h e n  w a t e r  is oxidized, i n t e r -  
med ia tes  (OH) are  p roduced  which  cause the  f o r m a -  
t ion  of PtO. Above  1.60v, excess coulombs for ox ida-  
t ion  can be a t t r i b u t e d  to oxygen  evolu t ion ,  r ead i ly  
seen on  the  p l a t i n u m  surface.  

Based on the  pack ing  densi t ies  of the  p l a t i n u m  
atoms per  squa re  cen t ime te r  in  di f ferent  p lanes  of a 
f ace -cen t e r ed  cubic la t t ice  (2, 28), the  ca lcula ted  
n u m b e r  of mic rocou lombs  r e q u i r e d  to cover  a m o n o -  
l ayer  of p l a t i n u m  atoms for a 2 and  8 e lec t ron  change  
in  the  e lec t rochemical  r eac t ion  is shown  in  Tab le  III.  
The  e x p e r i m e n t a l  va l id i ty  of this  m e t h o d  has  b e e n  
a rgued  b y  o thers  (2, 11, 14, 29, 30). The  exper i -  
m e n t a l  da ta  of Tab le  I (mic rocou lombs  r e q u i r e d  to 
reduce  the oxidized e lect rode)  can be compared  w i th  
Tab le  I I I  a nd  curve  I of Fig. 4 to i n t e r p r e t  the r e -  
sults.  

The  n u m b e r  of mic rocou lombs  r e q u i r e d  to reduce  
the  e lect rode w h e n  oxidized to 1.24v is 347.0. This, 
w h e n  compared  to data  in  Tab le  III ,  most  n e a r l y  
corresponds  to a t w o - e l e c t r o n  change,  showing  the  
f o r ma t i on  of a m o n o l a y e r  of P t ( O H ) 2  according to 
the  reac t ion  

P t  -5 2 H 2 0 - -  2e--> P t  (OH)2 -5 2H + 

W h e n  the  electrode is oxidized to 1.54v, the  n u m b e r  
of mic rocou lombs  r e q u i r e d  for r educ t ion  is 760.0 
which  cor responds  to a fou r - e l ec t ron  change.  This  
is cons is ten t  w i th  P t ( O H ) 2  be ing  conver t ed  to 
P t  (O) 2 as fol lows 

P t ( O H ) 2 - - 2 e - - >  P t ( O ) ~  4- 2H + 

Cur ve  I in  Fig. 4 shows two b reaks  at  1.24 a nd  1.54v, 
s ign i fy ing  the  complete  f o r ma t i on  of a m o n o l a y e r  of 
P t ( O H ) 2  a n d  P t (O)2 ,  respect ively .  The  n u m b e r  of 
coulombs  r e q u i r e d  to reduce  the  electrode con t inues  
to increase  as the  ox ida t ion  po ten t i a l  is increased  to 
1.72v. The  n u m b e r  of mic rocou lombs  (1564.0) used 
for r educ ing  the  electrode a f t e r  ox ida t ion  to 1.72v 
corresponds  to an  e igh t - e l ec t ron  change.  This  r ep -  
resen ts  the presence  of four  oxygen  a toms per  p l a t i -  
n u m  atom. I t  seems possible  that ,  up  to the  ox ida-  
t ion  po ten t i a l  of 1.72v, one oxygen  molecule  per  
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p l a t i n u m  a tom is chemisorbed  on a PtO2 surface.  
There  is the  add i t iona l  poss ib i l i ty  t ha t  PtO2 changes  
to PtO~ a n d  t h e n  one oxygen  a tom pe r  p l a t i n u m  
a tom (or  O2 molecu le  for  2 p l a t i n u m  a toms)  is 
chemisorbed  on the  PtO3 surface.  

As the  ox ida t ion  po ten t i a l  is ra i sed  above 1.72v, 
the  p l a t i n u m  oxida t ion  state  begins  to decrease,  the 
reverse  of w h a t  one migh t  expect.  Above  an  ox ida -  
t ion  po t en t i a l  of 1.93v, the  n u m b e r  of mic rocou lombs  
(306.0) for r educ t i on  r e m a i n s  constant .  This  cor-  
responds  to a t w o - e l e c t r o n  change  or a m o n o l a y e r  of 
PtO. This  P tO seems to be d i f ferent  f rom the  
P t  (OH)2 fo rmed  w h e n  the electrode was  oxidized to 
1.24v. We p re fe r  to t h i n k  of it  as a " t igh t"  PtO s t ruc -  
ture .  The  m e c h a n i s m  of fo rma t ion  of " t igh t"  P tO is 
not  yet  clear. Some of the  possible ways  could be 

PtO2 + 02-~ P tO + O~ 

PtO2 -P P t  ~ 2PtO 

PtO2-> P tO -J- � 8 9  

PtO2 + H202 --) P t O  + H20 -P O2 

Constant potential oxidat ion.--The elec t rode was 
oxidized u t i l i z ing  the  potent ios ta t .  In i t i a l  expe r i -  
men t s  i n v o l v i n g  ox ida t ion  to 1.24v for  d i f ferent  
l engths  of t ime  and  t h e n  r educ t ion  at  a cons tan t  cu r -  
r en t  of 33 #a showed tha t  a f ter  2 m i n  the  e lect rode 
was  a lmost  comple te ly  oxidized. In  our  exper imen t s ,  
the  electrode was  oxidized to di f ferent  po ten t ia l s  for 
5 rain.  

As in i t i a l  e x p e r i m e n t s  were  in  2N H2SO4, it  was  
t hough t  tha t  at  h igher  po ten t ia l s  su l fa te  ion migh t  
be oxidized to pe r su l fa te  and  cause a change  in  the 
e lect rode surface.  In  order  to s tudy  this  point ,  the 
same e x p e r i m e n t s  were  repea ted  in  1.0M HC104 and  
0.1M KOH. The da ta  of Tab le  II  show that ,  i n  gen -  
eral ,  the ox ida t ion  behav io r  of p l a t i n u m  surfaces  in  
perch lor ic  acid is s imi lar  to tha t  in  su l fur ic  acid. 

The  poten t ios ta t ic  da ta  of Tab le  II  w h e n  compared  
w i t h  Tab le  I I I  ind ica te  tha t  in  acid med ium,  P t ( O ) 2  
is fo rmed  at a po ten t i a l  of 1.24v. At  1.54v, the r e d u c -  
t ion  data  cor respond to th ree  oxygen  atoms per  
p l a t i n u m  atom;  at 1.74v, a m a x i m u m  of four  oxygen  
a toms per  p l a t i n u m  a tom is a t ta ined .  A t  po ten t ia l s  
g rea te r  t h a n  1.84v, fo rma t ion  of the  t igh t  P tO s u r -  
face is character is t ic .  Ox ida t ion  of the  p l a t i n u m  elec- 
t rode  at  1.80v in  acidic media  fo l lowed by  r e d u c -  
t ion  did no t  give r ep roduc ib le  resul ts .  Coulombs  
used in r educ t ion  cor responded  to an  e lec t ron  change  
b e t w e e n  e igh t  and  two, cons is ten t  w i th  a sur face  in  
a s tate  of t rans i t ion .  

P l a t i n u m  surface  potent ios ta t ic  behav io r  in  0.1M 
KOH was s imi la r  to t ha t  in  acidic media .  A two-  
e lec t ron  change  cor respond ing  to fo rma t ion  of 
P t ( O H ) 2  at  0.24v and  a f ou r - e l ec t ron  change  at 
0.44v cor responding  to fo rma t ion  of P t  (OH) 6 - -  was  
found.  The m a x i m u m  n u m b e r  of #cou1(11o5.0) for r e -  
duc t ion  a t  0.94v cor responded  to a s ix -e l ec t ron  
change  which  m a y  ind ica te  f o rma t ion  of P t O 4 - - .  
The  fo rma t ion  of s imi la r  chemical  compounds  in  
basic so lu t ion  has b e e n  discussed by  L a t i m e r  (31).  
At  po ten t ia l s  b e y o n d  1.0v, a t w o - e l e c t r o n  change  was  
observed  showing  the  fo rma t ion  of the  t ight  P tO 
s t ruc ture .  Add i t i on  of 0.77v (31) ( the  difference in  
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Table IV. Galvanostatic oxidation of electrodeposited platinum 
black electrode in 2N H2SO4 

P o t e n t i a l  
to w h i c h  
t h e  e l e c -  R e s t  p o t e n -  

t r o d e  w a s  t i a l  a f t e r  
o x i d i z e d ,  C u r r e n t  T i m e  r F o r  i*~- F o r  3V2 r a i n ,  

v v s .  f o r  o x i d a -  f o r  o x i d a -  r e d u c t i o n ,  r e d u c t i o n ,  v vs .  
N .H .E .  t i on ,  m a  t ion ,  sec sec ~cou l  N .H .E .  

0.94 9.81 0.4 2.0 0.196 X 105 0.865 
1.04 9.81 1.9 3.2 0.314 X 105 0.916 
1.14 9.81 4.0 5.5 0.540 X 105 0.985 
1.24 9.81 6.2 8.2 0.805 X 105 1.020 
1.34 9.81 8.2 9.8 0.960 • 105 1.080 
1.44 9.81 10.4 11.8 1.158 X 105 1.130 
1.54 9.81 12.5 13.9 1.363 • 105 1.190 
1.64 9.81 22.5 16.0 1.569 >< 105 1.245 
1.74 9.81 170.0 19.0 1.863 )< 105 1.390 
1.88 19.91 170.0 19.7 1.932 • 105 1.400 
2.09 29.89 170.0 20.0 1.961 • 105 1.420 
2.64 49.82 120.0 20.0 1.961 X 105 1.410 

* C u r r e n t  i f o r  r e d u c t i o n  i n  a l l  c a s e s  w a s  9 .81  m a .  

E ~ va lue  for the  evo lu t ion  of oxygen  b e t w e e n  1.0M 
acid and  0.1M basic so lu t ion)  to the  above po t en -  
t ials  makes  t h e m  more  n e a r l y  cor respond to va lues  
for surface  oxides ob ta ined  in  acid solut ion.  

Electrodeposited plat inum black.--Surface a r e a . -  
The e lec t rochemica l ly  act ive sur face  a rea  of an  elec- 
t rodepos i ted  p l a t i n u m  b lack  electrode was  m e a s u r e d  
by  oxidiz ing it  to 1.24v at  cons tan t  c u r r e n t  a nd  com-  
p a r i n g  the  n u m b e r  of coulombs  r e q u i r e d  to reduce  
the  oxidized sur face  (see Tab le  IV)  w i th  t ha t  used 
to reduce  the b r igh t  p l a t i n u m  electrode surface  
u n d e r  s imi la r  condi t ions,  347 ~ c o u l / c m  2. The  cal-  
cu la ted  surface  a rea  was  232 cm 2 or 8.92 m2/g. Cal -  
cu la ted  surface  areas  for m e a s u r e m e n t s  at  1.34 and  
1.44v were  8.08 a nd  7.70 m2/g,  respect ively .  K r y p t o n  
adsorpt ion  m e a s u r e m e n t s  us ing  the BET me thod  
gave 11.4 m2/g of p l a t i n u m  on a s imi la r  electrode.  

This  me thod  of m e a s u r i n g  surface  areas  gives a 
va lue  re la t ive  to smooth p l a t i n u m  and  assumes  a 
roughness  factor  of one  for the  smooth  p l a t i num.  
A roughness  factor  of 1.1 migh t  be p re fe rab l e  (2) .  
F u r t h e r m o r e ,  this  m e a s u r e d  surface  a rea  is r e la ted  
to the  e lec t rochemica l  act ive  sur face  a rea  whi le  the  
K r y p t o n  adsorp t ion  me thod  measures  surface  area  
which  m a y  or m a y  not  be e lec t rochemica l ly  active. 
I n h e r e n t  in  this  me thod  of surface  area  m e a s u r e -  
m e n t  is the  a s sumpt ion  tha t  the  p l a t i n u m  b lack  a n d  
b r igh t  p l a t i n u m  surface  are  in  the  same ox ida t ion  
state  at  1.24v, vide infra, and  tha t  the sur face  c rys-  
t a l l ine  s ta te  or c o m b i n a t i o n  of surface  c rys ta l  p lanes  
is the  same for p l a t i n u m  b lack  as for b r igh t  p l a t -  
i num.  

Constant current oxidat ion.--As migh t  be expected,  
it  is more  difficult to define in t eg ra l  surface  ox ida-  
t ion  states for p l a t i n u m  black  t h a n  for b r igh t  p l a t -  
inum.  A n u m b e r  of p l a t i n u m  b lack  electrodes were  
s tudied  by  ox ida t ion  a t  cons t an t  c u r r e n t  fo l lowed b y  
reduct ion .  The  da ta  of Tab le  IV are  typical .  Ox ida -  
t ion  of the  p l a t i n u m  black  a p p a r e n t l y  is more  effi- 
cient,  and  all  d i scharged  oxygen  (af te r  cor rec t ing  
for an  a p p a r e n t  pa r t i a l  preoxid ized  s ta te)  is a t -  
tached to the p l a t i n u m  surface  up  to 1.54v. At  abou t  
1.60v, gaseous oxygen  is evolved.  A plot  of log 
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Fig. 5. Plot of log microcoulombs required to reduce the oxidized 
electrode surface vs. the potential to which the electrode was 
oxidized in 2N H2SO4 at constant current, curve I (electrodeposited 
platinum black electrode), curve II (platinum black-polytetrafluoro- 
ethylene molded electrode). 

m i c r o c o u l o m b s  vs. ox ida t i on  p o t e n t i a l  s i m i l a r  to 
cu rve  1 of Fig .  3 is s h o w n  as c u r v e  1 of Fig .  5. 

M u l t i p l y i n g  the  d a t a  of Tab le  I I I  b y  the  su r f ace  
a r e a  f ac to r  of 232, t he  n u m b e r  of m i c r o c o u l o m b s  
used  for  2, 4, a n d  5 e l e c t r o n  r e d u c t i o n s  in  v a r i o u s  
c r y s t a l  p l a n e s  can  be  c a l c u l a t e d  a n d  c o m p a r e d  w i t h  
t he  r e p o r t e d  iT v a l u e s  of  T a b l e  IV. These  i n d i c a t e  
t h a t  t he  p l a t i n u m  su r f ace  ox id izes  to P t ( O H ) 2  at  
1.24v a n d  P t ( O ) 2  at  a b o u t  1.64v. A b o v e  1.85v the  
n u m b e r  of cou lombs  u sed  in  r e d u c t i o n  becomes  con-  
s t an t  and  c o r r e s p o n d s  to Pt(O)2.5  ( a p p r o x i m a t e l y ) .  
The  b r e a k  in  c u r v e  1 of Fig .  5 a t  abou t  1.24v is 
cons i s t en t  w i t h  t he  f o r m a t i o n  of P t ( O H ) 2  at  th is  
p o t e n t i a l  (vide supra). O t h e r w i s e  (see  Fig .  4) ,  i t  
does no t  a p p e a r  t h a t  su r f ace  ox ide  s t a tes  of p l a t i n u m  
b l a c k  and  b r i g h t  p l a t i n u m  a re  c o m p a r a b l e  a t  v o l t -  
ages  vs. N.H.E. a b o v e  1.24v. 
Constant potential oxidation.--Upon p o t e n t i o s t a t i c  
o x i d a t i o n  ( for  5 m i n ) ,  p l a t i n u m  su r f ace  ox ides  s i m -  
i l a r  to those  for  cons t an t  c u r r e n t  o x i d a t i o n  w e r e  
ind ica ted .  The  s t a tes  w e r e  def ined  in  t e r m s  of  
m i c r o c o u l o m b s  n e c e s s a r y  for  r e d u c t i o n  and  r e s t  
po t en t i a l s  w e r e  cons i s t en t  w i t h  those  o b s e r v e d  for  
cons t an t  c u r r e n t  ox ida t ion .  P t ( O H ) 2  ( r e s t  p o t e n t i a l  
1.02v) w a s  f o r m e d  a t  1.04v and  P t ( O ) 2  was  f o r m e d  
b e t w e e n  1.24 and  1.34v ( r e s t  p o t e n t i a l  1 .18-1.26v) .  
A t  p o t e n t i a l s  a b o v e  1.74v, Pt(O)2.~ ( a p p r o x i m a t e l y )  
was  o b s e r v e d  ( r e s t  p o t e n t i a l  1.45v).  

Platinum black-polytetrafluoroethylene molded 
electrode.--Surface area.--The e l e c t r o c h e m i c a l l y  
ac t ive  su r f ace  a r e a  of th is  e l e c t r o d e  was  d e t e r m i n e d  
in a m a n n e r  s i m i l a r  to t h a t  u sed  for  t he  e l e c t r o -  
d e p o s i t e d  p l a t i n u m  b l a c k  e lec t rode .  The  c a l c u l a t e d  
su r f ace  a r e a  w h e n  ox id i zed  to 1.24v at  cons t an t  
c u r r e n t  ( see  T a b l e  V)  was  723 cm 2 or  5.08 m a / g  of 
P t  ( g e o m e t r i c a l  a r e a  of t he  e l ec t rode  was  0.462 cm2).  
K r y p t o n  adso rp t i on  m e a s u r e m e n t s  (BET m e t h o d )  
gave  an  a r e a  of 4.96 m2/g.  

K r y p t o n  a d s o r p t i o n  m e a s u r e m e n t s  on the  p l a t i n u m  
b l a c k  p o w d e r  used  in t he  m o l d e d  e l e c t r o d e  gave  a 
v a l u e  of 22.9 m2/g.  The  r e su l t s  r e p o r t e d  a b o v e  for  
the  m o l d e d  e l ec t rode  i nd i ca t e  su r f ace  a r e a  a r e  d i -  

Table V. Galvanostatic oxidation of a platinum black- 
polytetrafluoroethylene molded electrode in 2N H2SO4 

P o t e n t i a l  
t o  w h i c h  i * v  F o r  
t h e  e l e c -  r e d u c t i o n  R e s t  p o t e n -  
t r o d e  w a s  o f  0 .462 e m  ~ t i a l  a f t e r  
o x i d i z e d ,  C u r r e n t  T i m e  r F o r  o f  g e o -  31/2 r a i n ,  

v v s .  f o r  o x i d a -  f o r  o x i d a -  r e d u c t i o n ,  m e t r i c  a r e a ,  v v s .  
N . H . E .  t i o n ,  m a  t i o n ,  s e c  s e c  ~ c o u l  N . H . E .  

0.81 0.00 0.0 6.00 0.584 X 105 0.81 
1.04 9.74 9.5 13.00 1.268 • 105 0.88 
1.14 9.74 19.0 19.50 1.900 • 105 0.92 
1.24 9.74 24.0 25.75 2.505 X l0 s 0.96 
1.34 9.74 31.0 33.00 3.215 X 105 0.99 
1.44 9.74 40.5 40.00 3.895 X 105 1.02 
1.54 9.74 53.0 49.50 4.820 X 105 1.07 
1.59 9.74 78.0 56.00 5.450 X 105 1.13 
1.64 9.74 141.0 63.00 6.135 X l0 s 1.22 
1.74 9.74 216.0 66.00 6.420 • 105 1.27 
2.31 14.83 225.0 66.00 6.420 X 105 1.30 

* R e d u c t i o n s  w e r e  p e r f o r m e d  a t  c o n s t a n t  c u r r e n t  o f  9 . 7 4  m a .  

m i n i s h e d  c o n s i d e r a b l y  t h r o u g h  the  m o l d i n g  p rocess  
if  spec ia l  p r e c a u t i o n s  a r e  no t  t a k e n  in  mo ld ing .  
Constant current oxidation.--Data for  cons t an t  c u r -  
r en t  o x i d a t i o n  a r e  g iven  in  T a b l e  V. F r o m  the  t i m e  
of o x i d a t i o n  and  r for  r e d u c t i o n  i t  a p p e a r s  t h a t  a l l  
o x y g e n  p r o d u c e d  up  to 1.50v is a t t a c h e d  to the  p l a t -  
i n u m  sur face ,  a consequence  of the  c a t a l y t i c  p r o p -  
e r t i e s  of t he  e lec t rode .  A p lo t  of l o g a r i t h m  m i c r o -  
cou lombs  r e q u i r e d  for  r e d u c t i o n  vs. o x i d a t i o n  p o -  
t e n t i a l  is s h o w n  as c u r v e  2 of  Fig .  5. M u l t i p l y i n g  
the  d a t a  of  T a b l e  I I I  b y  the  su r f ace  a r e a  f ac to r  of 
723, t he  n u m b e r  of m i c r o c o u l o m b s  used  for  2, 4, and  
5 e l ec t ron  r e d u c t i o n  in  d i f f e ren t  c r y s t a l  p l anes  can  
be c a l c u l a t e d  a n d  c o m p a r e d  w i t h  t he  r e p o r t e d  i~ 
va lue s  of T a b l e  V. These  i n d i c a t e  t h a t  t he  p l a t i n u m  
su r f a c e  ox ides  a r e  P t ( O H ) 2  a t  1.24v and  P t ( O ) 2  a t  
a b o u t  1.54v. A b o v e  1.74% the  n u m b e r  of  cou lombs  
used  in  r e d u c t i o n  becomes  cons t an t  a n d  c o r r e s p o n d s  
to Pt(O)2.scapprox.~. The  b r e a k  in c u r v e  2 of  Fig .  5 
a t  a b o u t  1.24v is cons i s t en t  w i th  t he  f o r m a t i o n  of 
P t ( O H ) 2  a t  th i s  po ten t i a l .  
Constant potential oxidat ion.--A s t u d y  of su r f ace  
o x i d a t i o n  a t  1.24v showed  t h a t  t he  m a j o r  p o r t i o n  of 
t he  o x i d a t i o n  w a s  c o m p l e t e d  in t he  in i t i a l  60 sec. 
F o r  our  e x p e r i m e n t s ,  five m i n u t e s  of ox ida t i on  was  
p e r f o r m e d  a t  each  p r e d e t e r m i n e d  p o t e n t i a l  and  c o m -  
p l e t e  o x i d a t i o n  seems  to h a v e  o c c u r r e d  in  th i s  t ime .  
The  s t a b i l i t y  of the  p l a t i n u m  ox ide  l a y e r  f o r m e d  
at  1.24v was  c he c ke d  b y  a l l o w i n g  i t  to s t a n d  for  
1/2 h r  a t  open  c i rcu i t  a n d  r e d u c i n g  t h e  o x i d e  l a y e r  
in t he  r e g u l a r  way .  O n l y  a f t e r  1 h r  d id  t h e  n u m b e r  
of cou lombs  n e c e s s a r y  for  r e d u c t i o n  b e g i n  to d e -  
crease .  

Because  of  t he  e l ec t rode  sh ie ld  conf igura t ion  and  
e vo lve d  oxygen ,  t he  c i rcu i t  t e n d e d  to  be  b r o k e n  
b e f o r e  5 m i n  of o x i d a t i o n  a t  po t e n t i a l s  a b o v e  1.74v. 
The  o x y g e n  f o r m e d  a gas  p o c k e t  w h i c h  p u s h e d  so lu -  
t ion  a w a y  f r o m  the  solut ion .  

O v e r - a l l  b e h a v i o r ,  in t e r m s  of su r f ace  ox ida t ion  
s ta tes ,  as d e t e r m i n e d  f r o m  t h e  n u m b e r  of cou lombs  
r e q u i r e d  to r e d u c e  the  e l e c t r o d e  w h e n  ox id i zed  a t  
v a r i o u s  po t e n t i a l s  ag ree s  w i t h  t h a t  n o t e d  for  con-  
s t an t  c u r r e n t  ox ida t ion .  P t ( O H ) 2  was  f o r m e d  a t  
a b o u t  1.O4v ( r e s t  p o t e n t i a l  0.98v) and  P t ( O ) e  a t  
a b o u t  1.24v ( r e s t  p o t e n t i a l  1.08v).  The  s i t ua t i on  is 
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Table VI. Representative data for potentiostatic oxidation of a 
molded platinum black-tetrafluoroethylene electrode in 2N H2S04 

P o t e n t i a l  
to  w h i c h  i*T F o r  r e d u c t i o n  

the  e l e c t r o d e  o f  0.462 cm$ R e s t  p o t e n t i a l  
w a s  o x i d i z e d ,  ~ F o r  g e o m e t r i c  area ,  a f t er  3 � 8 9  ra in ,  

v v s .  N.H.E .  r e d u c t i o n ,  s ec  #cou l  v vs .  N . H . E .  

1.04 22.00 2.140 X 105 0.980 
1.14 34.20 3.322 X 105 1.030 
1.24 44.00 4.280 X 105 1.100 
1.44 61.00 5.940 X 105 1.250 
1.54 69.00 6.700 X 105 1.290 
1.64 84.50 8.210 X 105 1.345 
1.74 86.00 8.352 X 105 1.360 
1.94 81.60 7.960 X 105 1.350 
2.60 78.20 7.650 X 105 1.340 

* R e d u c t i o n  a t  c o n s t a n t  current  of  9.74 raa .  

more ambiguous at h igher  potentials  as can be seen 
by  re fer r ing  to some of the represen ta t ive  po ten-  
t iostat ic  da ta  of Table  VI. Higher  oxidat ion states  
may  ac tua l ly  exist  or appear  to exist  because of 
occluded oxygen in the porous electrode s t ruc ture  
or because of seepage into compressed boundar ies  
be tween ad jacent  part icles.  

Discussion 
Plat inum oxidation s ta tes . - -The  resul ts  p resented  

here in  (Table  VII)  show the following p l a t inum 
surface oxides at the indicated potentials .  We use 
parentheses  to imply  surface p l a t i n u m / o x y g e n  r a -  
tios r a the r  than  compounds per se. 

In defining the surface p la t inum oxides, the ga l -  
vanostat ic  resul ts  based on kinet ic  considerat ions 
and the t r ea tmen t  of Bockris  and Huq (27) is p rob -  
ab ly  the most precise. On the other hand,  the  r e -  
sults app ly  to a kinetic  r a the r  than  to a final equi-  
l ib r ium situation. The potent iosta t ic  resul ts  give 
clear  cut t rends,  but  are  more ambiguous,  especial ly  
since pure  compounds in the rmodynamic  equi l ib-  
r ium p robab ly  are  not present .  

Galvanosta t ic  oxidat ion to the ini t ia l  s tate of 
P t (OH)2  where  all surface oxide is measured  by 
cathodic s t r ipping  is p robab ly  the best  defined ox-  
idat ion s tate  and the one to which the Bockris  and 
Huq (27) t rea tment ,  as discussed here,  best  ap-  
plies. The value  of 1.23v is not reached unt i l  the 
p la t inum surface is comple te ly  covered as PtO or 
Pt(OH)2.  However ,  if an electrode is oxidized po-  

tent ios ta t ica l ly  in the region of this  potent ial ,  1.24v, 
one obtained essent ia l ly  surface P t (O)2  af te r  5 min; 
chronopotent iometr ica l ly ,  the potent ia l  r ises r ead i ly  
above 1.23v, wi thout  complete  format ion  of P t (O)2  
unt i l  1.54v. 

Our  designat ion of one surface oxide of p l a t inum 
as Pt(O)2.5(approx.) ac tua l ly  resul ts  f rom m a n y  ex-  
per iments  in which the o x y g e n / p l a t i n u m  rat io  
var ied  f rom 2.3 to 2.7 bu t  never  c lear ly  reached 3 
(except  in the quest ionable case of the molded p l a t -  
inum black e lec t rode) .  However ,  in those instances 
where  we have des ignated  the surface oxide as 
Pt(O)2.5(approx.) i t  may  be correct  to th ink  of the 
surface as p redominan t ly  Pt (O)3.  This is especial ly  
in teres t ing since p repara t ions  of PtO3 (32, 33) often 
show oxygen deficiencies and PtO3 does decompose 
in sulfuric acid wi th  evolut ion of oxygen (7).  

I t  cannot  be p resumed  tha t  the  proper t ies  of the 
surface oxides encountered here  correspond to those 
of the s to ichiometr ica l ly  s imi lar  pure  p l a t inum com- 
pounds which  can be isolated (17). The commence-  
ment  of the  format ion  of the  P t / P t ( O H ) 2  couple at 
the open-c i rcu i t  potent ia l  of 0.82v on br ight  p la t -  
inum was observed when  about  50 ~coul were  re -  
qui red  for reduct ion (see Table I ) .  E1 W a k k a d  (13) 
repor ts  the s ta r t ing  potent ia l  of the P t / P t O  couple 
to be 0.82v in acid solution. Calculat ions based on 
the thermochemica l  da ta  on pure  compounds show 
E ~ values (31) of 0.98v and about  1.10v for  P t /  
Pt  (OH) 2 and Pt  (OH) 2/PtO2 couples, respect ively.  

Hoare  (4) found the rest  potent ia l  of a p la t inum 
electrode in n i t rogen s t i r red  2N H2SO4 to be 0.88v 
and ascribed it to the  fol lowing equi l ib r ium 

P t O * +  2H + + 2e ~ Pt  + H20 [2] 

where  PtO* is a surface oxide. However ,  in an ox-  
ygen s t i r red  solution, the e lect rode potent ia l  be -  
comes 1.06v. The l a t t e r  is pos tu la ted  to be a mixed  
potent ia l  f rom react ions [2] and [3].  

0 2 -~ 4H + + 4e ~ 2H20 Eo = 1.23 [3] 

It  is the la t te r  reaction,  PtO cata lyzed (4),  which 
corresponds to the  revers ib le  oxygen elect rode and 
is a desi red fuel  ceil reaction.  However ,  the  PtO 
surface is des t royed by  reduct ion at  potent ia ls  h igh-  
er than  0.88, and react ion [3] takes  place on a p la t -  
inum oxide surface in equ i l ib r ium wi th  pla t inum.  
Double layer capaci ty . - -This  has also been the sub-  

Table VII. Galvanostatic oxidation 

E l e c t r o d e  

P o t e n t i a l  (v)  v s .  N . H . E .  

1.24 1.54 1.64 1.74 1.92 

Smooth platinum 
Electrodeposited platinum black 
Plat inum black-polytetrafluoroethylene 

molded electrode 

E l e c t r o d e  

Pt(OH)2 Pt(O)2 - -  Pt(O)4 
Pt(OH)2 ~ Pt(O)2--> Pt (O) 2.5(approx./ 
Pt(OH)2 Pt(O)2 - -  Pt (O) 2.5(approx.) 

PtO 
Pt (O) 2.5(approx.) 
Pt  (O) 2.5(approx.) 

P o t e n t i o s t a t i c  o x i d a t i o n  

P o t e n t i a l  (v) v s .  N.H.E .  

1.04-1.14 1.24-1 .34  1.64-1,74 1.84 

Smooth platinum 
Electrodeposited platinum black 
Plat inum black-polytetrafluoroethylene 

molded electrode 

Pt(OH)2 Pt(O)2 Pt(O)4 
Pt (OH) 2 Pt (O) 2 Pt  ( O )  2 .5(approx.)  
Pt(OH)2 Pt(O)2 

PtO 
P t  ( O )  2 .5(approx.)  
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ject  of considerable  s tudy and speculat ion (2, 5, 
15, 17, 34, 35). Our concern, here,  is only  to the 
extent  tha t  it  m a y  effect our es t imate  of the com- 
position of surface oxides. If one accepts an average  
value  of 50 # f / cm ~ (in agreement  wi th  most recent  
invest igat ions)  then over  a discharge range of 0.67v, 
the correct ion for double  l aye r  capaci ty  is of the 
order  of 30 microcoulombs.  A correct ion of this  order  
of magni tude  does not apprec iab ly  effect the a rgu-  
ments  presented  here. Where  the double l ayer  ca-  
pac i ty  correct ion assumes a grea te r  value,  other  
compensat ing influences diminish its effect on cou- 
lometr ic  values and any a t t empt  at  correct ion does 
not significantly a l ter  our conclusions. 

"Tight" PtO structure.--The most s t r ik ing differ-  
ence be tween  the smooth p la t inum electrode and 
the two others  (e lec t rodeposi ted  p la t inum b lack  and 
p l a t inum b lack-po ly te t ra f luoroe thy lene  molded elec-  
t rode)  is the format ion  of PtO on the smooth elec-  
t rode surface at h igher  potentials .  The p la t inum 
black type  electrodes tend to form Pt(O)2.5r 
We have called the h igher  potent ia l  p l a t inum oxide 
the " t ight"  P r o  s tructure.  Curve 5, Fig. 3 is the 
character is t ic  curve observed dur ing  cathodic s t r ip -  
ping for this  form of PtO. 

The t ight  s t ruc ture  P r o  appears  to adsorb no ox-  
ygen ( f rom the coulometr ic  da ta ) .  I ts rest  potent ia l  
is h igher  than  the P t (OH)2  observed at lower  po-  
tentials .  I t  might  be expla ined  by  a p la t inum s t ruc-  
ture  in which every  surface Pt  a tom is l inked to 
others by  oxygen bridges.  These br idges  effectively 
seal off the electrode surface and sorbing secondary  
valence forces so tha t  the surface tends to be s table 
and re l a t ive ly  inert .  

I t  is p robab ly  the t ight  s t ruc ture  which is most 
res is tant  to solution in hydrochlor ic  ac id-sodium 
chloride solution. Anson and Ligane (1) in studies 
of p l a t i num surface oxides noted tha t  some p l a t -  
inum oxides were  s t r ipped f rom p la t inum electrodes 
in 20 min whi le  others were  s t r ipped in 60 min. The 
la t te r  surface p la t inum oxide was obtained af ter  
t r ea tmen t  wi th  strong oxidizing agents or at high 
anodic potentials .  Becker  and Bre i te r  (15) repor t  a 
large  decrease in double l ayer  capaci ty  to v i r tua l ly  
zero on oxidat ion of smooth p la t inum at h igher  
potentials.  The format ion  of the t ight  PtO phase is 
equivalent  to pass ivat ing  the smooth p la t inum elec-  
trode. The t ight  p l a t inum s t ruc ture  is p robab ly  also 
associated with  the e lectrochemical  genera t ion  of 
ozone (36). The electropol ishing of the  e lectrode 
may  resul t  in uni form aligned p la t inum atoms at 
the surface sui table  for t ight  s t ruc ture  formation.  

Smooth p la t inum electrodes are  much be t te r  than  
p l a t inum black electrodes for  the Kolbe synthesis  
(in aqueous solution) which involves discharge of 
ca rboxyla te  ions at  potent ia ls  of about  1.90v. This 
is wel l  above the discharge poten t ia l  of oxygen in 
wa te r  and is p robab ly  possible because of the  " iner t"  
PtO structure.  Shukla  and W a l k e r  (37) found the 
Kolbe synthesis  commences at  the cr i t ical  potent ia l  
of 2.14v. At  this potent ial ,  t ight  PtO was observed 
in our exper iments .  A l t e rna t i ve ly  a s imi lar  pas-  
s ivated s t ruc ture  may  be formed,  involving a ca r -  
boxyla te  radica l  (38). 
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Surface area.--The large  surface area  of p la t inum 
black as compared  to smooth p l a t inum has been h y -  
pothesized as one of the explanat ions  for the high 
ca ta ly t ic  ac t iv i ty  of p l a t i num black.  Our  resul ts  
show tha t  such increased surface area  effects do 
exist  f rom an electrochemical  viewpoint .  Using da ta  
f rom galvanosta t ic  oxidat ion at  1.24v, the surface 
areas which we measure  (see resul ts)  compared  fa-  
vo rab ly  wi th  those obta ined by  the BET method 
and indicate  s t rongly  tha t  this approach to meas -  
u remen t  of e lect roact ive  surface area  is a val id  and 
useful  one. 

The surface a rea  of smooth p l a t inum itself  is a 
subject  of controversy  and a cr i t ical  factor  for elec-  
t rochemical  surface area  measurements .  The rough-  
ness factor, ra t io  of real  to geometr ic  area,  has been 
es t imated f rom 1.5 to 3.0 wi th  a value  of 2.0 (13, 17) 
being commonly  used. La i t inen  and Enke (2) have 
quoted da ta  f rom N. Hackerman ' s  labora tory ,  ob- 
ta ined by  gas adsorpt ion techniques,  which indicate 
a roughness fac tor  of 1.12 • 0.10. This would sup-  
por t  an es t imate  of a roughness factor  of 1 as being 
a reasonable  choice at least  for  comparison purposes.  

Our surface area  measurement  for  e lec t rodepos-  
i ted p l a t inum black  is in agreement  wi th  F r u mkin  
and Slygin  (10) who found the specific a rea  of elec-  
t rodeposi ted  p la t inum black  to be of the  order  of 
102-104 grea te r  than  smooth pla t inum.  W a k k a d  and 
Emara  (13) found a factor  of 180 based on double 
l aye r  capaci ty  considerat ions and a roughness fac-  
tor  of 2. 

Platinum catalytic activity.--The format ion of 
Pt(O)2.~r by  p l a t inum black  as contras ted to 
PtO for smooth p la t inum may  be another  clue to 
the  cata lyt ic  ac t iv i ty  of p l a t inum black. P l a t inum 
black may  be in such crys ta l l ine  d i sa r r ay  that  it  
cannot  form the t ight  s t ructure.  This would  imply  
many  p l a t inum atoms in corners and cracks wi th  
unshared  d-e lec t rons  and avai lab le  bonding orbitals .  
I t  may  be these p l a t inum atoms, capable  of being 
involved in loose surface bonding, wi th  other  sub-  
stances (hydrogen,  olefin, etc.) which impar t  some 
of the character is t ic  ca ta ly t ic  proper t ies  of p l a t -  
inum black. 

With  respect  to cata lyt ic  ac t iv i ty  of p la t inum 
black,  i t  is in teres t ing to compare  coulombs used for 
oxidat ion and reduct ion  on smooth p l a t inum and 
p la t inum black  in the P t O - P t ( O ) 2  range. F rom 
Table I for smooth p la t inum,  we see tha t  only  about  
60% of the cur ren t  used for oxygen evolut ion in 
the P t ( O H ) ~ - P t ( O ) 2  region resul ts  in fu r the r  ox-  
idat ion of the p la t inum surface. However ,  f rom 
Tables IV and V, we see tha t  a lmost  all  of the ox-  
ygen evolved on p l a t inum black  is effective for sur -  
face oxidation. This could be ascr ibed to the ca ta-  
lyt ic  proper t ies  of the b lack  i tself  in br inging  about  
its own oxidation.  

Rest potential.--Most recent ly ,  Hoare  (4) has r e -  
v iewed and discussed the factors affecting surface 
rest  potential .  In the  absence of solution impuri t ies ,  
especial ly  oxygen,  this m a y  be de te rmined  by  sur -  
face p l a t inum oxide composition. In  our work  in 
acid medium, rest  potent ia ls  increased up to an ox-  
idat ion poten t ia l  of 1.74v. Rest potent ia ls  were  de -  
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Table VIII. Rest potentials 

P t  + 2H20 ~-- P t  (OH)~ P t  (OH)~ ~- PrO2 F o r m a t i o n  of F o r m a t i o n  of 
E l ec t rode  + 2H+ + 2e + 2H+ + 2e t i g h t  F t O  PtO~.5(approx.) 

Smooth p l a t inum 
Elec t rodeposi ted  p l a t inum b lack  
P l a t i num b lack-po ly te t r a f luoroe thy lene  

molded  e lec t rode  
E ~ va lues  (31) 

0.97-0.99 1.04-1.07 1.37-1.43 - -  
1.02 1.16-1.17 - -  1.39-1.45 

0.96-0.98 1.07-1.10 - -  1.30-1.35 
0.98 Es t imated  1.10 - -  <2.0 

t e r m i n e d  b y  su r f ace  o x i d a t i o n  s t a t e  a n d  w e r e  i n -  
d e p e n d e n t  of m e t h o d  of ox ida t ion .  Resu l t s  a r e  s u m -  
m a r i z e d  in  T a b l e  VII I .  These  p o t e n t i a l s  m a y  be  
c o m p a r e d  to those  o b t a i n e d  b y  G r u b e  (7)  for  c h e m -  
ica l  c o m p o u n d s  as w e l l  as p o t e n t i a l s  g i v e n  b y  L a t -  
i m e r  (31) .  The  close a g r e e m e n t  b e t w e e n  ou r  r e s t  
po t en t i a l s  for  su r f ace  Pt(O)2.5(app . . . .  ) and  those  
(1 .40-1.48v)  f o u n d  b y  G r u b e  (7)  for  c h e m i c a l l y  
p r e p a r e d  PtOs  ( w h i c h  s p o n t a n e o u s l y  d e c o m p o s e s )  
is e s p e c i a l l y  n o t e w o r t h y .  
Overvo~tage.--Formation of P t  (O)2 a p p a r e n t l y  p r e -  
cedes  o x y g e n  evo lu t ion .  W e  find o x y g e n  o v e r v o l t a g e  
va lues ,  p o t e n t i o s t a t i c a l l y ,  of 0.41v for  smoo th  p l a t -  
i n u m  and  0.21v for  b o t h  p l a t i n u m  b l a c k  e l ec t rodes  
in  a g r e e m e n t  w i t h  r e p o r t e d  v a l u e s  (39, 40) .  
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ABSTRACT 

A s imple  theore t ica l  t r ea tmen t  of conduct ion in solids shows tha t  appa ren t  
e lec t ron t r anspor t  numbers  de te rmined  b y  different  expe r imen ta l  techniques 
are  not  identical .  The techniques considered for  s tabi l ized z i reonia  were  oxygen-  
t rans fe r  measurements  and emf measurement s  on galvanic  cells hav ing  oxygen  
at  two different  act ivi t ies  at  the  electrodes.  Transpor t  numbers  for  s tabi l iz ing 
cat ions can be  de t e rmined  by  measur ing  composi t ional  changes tha t  resu l t  f rom 
passage of an electr ic  cur ren t  th rough  the  e lectrolyte .  The pr inc ipa l  cur ren t  
ca r r i e r  in s tabi l ized zirconia  is known  to be the  oxide ion. The appa ren t  e lec t ron 
t r anspor t  number  in an y t t r i a - s t ab i l i zed  z i rconia  at  90O~176 is found to be 
~0.005 in an oxidiz ing a tmosphere  and ~0.011 in a reduc ing  a tmosphere .  The 
appa ren t  t r anspor t  number  for  y t t r i u m  ions is found to ~ 4  X 10-9. 

T r a n s p o r t  n u m b e r s  in  sol id  ox ides  a r e  of cons id -  
e r a b l e  i m p o r t a n c e  in  t h e i r  use  as e l e c t r o l y t e s  in  g a l -  
van ic  cel ls  for  h i g h - t e m p e r a t u r e  t h e r m o d y n a m i c  
m e a s u r e m e n t s  (1)  a n d  in  t h e i r  poss ib l e  use  in  fue l  
cel ls  (2) .  W a g n e r  (3)  and  S c h o t t k y  (4)  a r e  p r i -  
m a r i l y  r e s p o n s i b l e  for  t he  e a r l y  d e v e l o p m e n t  of 
t he  t h e o r y  of t r a n s p o r t  n u m b e r s  in solids.  Recen t ly ,  
P a l ' g u e v  a n d  N e u i m i n  (5 ) ,  W e i s s b a r t  and  R u k a  (6 ) ,  
and  S c h m a l z r e i d  (7)  h a v e  r e p o r t e d  r e su l t s  of t r a n s -  
p o r t - n u m b e r  m e a s u r e m e n t s  in c a l c i a - s t a b i l i z e d  z i r -  
conia.  Ce r t a in  aspec t s  of t r a n s p o r t - n u m b e r  d e t e r -  
m i n a t i o n  in  such sys t ems  a re  d i scussed  be low,  and  
some e x p e r i m e n t a l  r e su l t s  on y t t r i a - s t a b i l i z e d  z i r -  
conia  a r e  p r e sen t ed .  

Signif icance oS Transpor t  N u m b e r s  

T r a n s p o r t  n u m b e r s  in sol id  e l e c t r o l y t e s  a r e  r e a d i l y  
d i scussed  if  the  flow of  each  c h a r g e d  spec ies  is 
w r i t t e n  as t he  s u m  of two  t e rms ,  one  r e p r e s e n t i n g  
the  d i f fus ion  of t h e  c a r r i e r s  in t he  c r y s t a l  l a t t i c e  
and  t h e  o t h e r  t he  m o t i o n  of t he  l a t t i ce  as a who le :  1 

j 
i = - - a i  g r a d  ~'i �9 civ [ 1 ] 

w h e r e ) i  is t he  f lux of  the  i th componen t ,  ~'i i ts  e l ec -  
t r o c h e m i c a l  po t en t i a l ,  ci i ts  concen t r a t i on ,  ai a n  a p -  
p r o p r i a t e  coefficient  r e l a t e d  to t h e  m o b i l i t y  of t h e  i th 

species,  and  v t he  v e l o c i t y  of t he  l a t t i ce  w i t h  r e -  
spec t  to ou r  r e f e r e n c e  f r ame .  The  e l e c t r o c h e m i c a l  
p o t e n t i a l  is g iven  b y  

~'i = #i + qi~b 

w h e r e  ~i is t he  loca l  c h e m i c a l  po t en t i a l ,  qi is t he  
c h a r g e  of t h e  i t~ species ,  and  r is t h e  loca l  e l e c t r o -  
s ta t ic  po t en t i a l .  W e  a s s u m e  an  i so t rop ic  c r y s t a l  a n d  
i s o t h e r m a l  condi t ions .  Cross  t e r m s  o t h e r  t h a n  those  
b e t w e e n  c h a r g e d  p a r t i c l e s  i n h e r e n t  in  t he  use  of 
t h e  e l ec t ro s t a t i c  p o t e n t i a l  a r e  neg lec t ed .  I f  t he  c h e m -  
ica l  po t en t i a l s  of a l l  c h a r g e d  spec ies  a r e  cons t an t  in 
the  c rys ta l ,  w e  m a y  r e w r i t e  Eq. [1]  as 

1 A n  e q u a t i o n  of  th i s  f o r m  is  r e a d i l y  o b t a i n e d  as  a s i m p l e  ca se  of  
m o r e  c o m p l e t e  d i f f u s i o n  e x p r e s s i o n s  g i v e n ,  f o r  e x a m p l e ,  b y  d e  G r o o t  
{8), w h o  d iscusses  in s o m e  d e t a i l  t h e  u s e  of  g r a d  ~ '  as  a d r i v i n g  

f o r c e  f o r  d i f f u s i o n .  

I i  : q i  = - - o - i g r a d r  + q i  �9 c i v  [ 2 ]  

w h e r e  
f f i  = q i  2 ~ i  [ 3 ]  

The  t o t a l  c u r r e n t  is 
..-> 

~ =  ~ i l i  : - -  ]~io'i g r a d  r + v ~ i q i c i  = - -  o -  g r a d  ~ [4]  

w h e r e  r : ~i~i a n d  the  second  t e r m  m u s t  be  zero  
if  c h a r g e  n e u t r a l i t y  is to be  m a i n t a i n e d  in  t he  c r y s -  
tal .  This  l a s t  e q u a t i o n  is j u s t  O h m ' s  l a w  a n d  w e  
i d e n t i f y  ~r as t he  t o t a l  conduc t i v i t y .  The  ~ri's can,  
then ,  be  r e g a r d e d  as p a r t i a l  conduc t i v i t i e s  and  w e  
m a y  define t r a n s p o r t  n u m b e r s  as 

t i  = ~ / ~  [5] 
--> .-> 

The  m a g n i t u d e  of I in  Eq. [4]  does  no t  d e p e n d  on v,  
a n d  t h e  d e t e r m i n a t i o n  of  ~r is t h e r e f o r e  no t  s ens i t i ve  
to t h e  r e l a t i v e  ve loc i t i e s  of t he  c r y s t a l  l a t t i c e  and  

.-> 

t he  r e f e r e n c e  f r ame .  The  I i ' s ,  o n  t h e  o t h e r  hand ,  d e -  
.__> 

p e n d  on v, a n d  the  d e t e r m i n a t i o n  of t h e  ~i 's d e p e n d s  
..-> 

on t h e  k n o w l e d g e  of v. This  p r o b l e m  is q u i t e  a n a l -  
ogous  to  t h a t  e n c o u n t e r e d  in  o r d i n a r y  diffusion,  
w h e r e  t he  i m p o r t a n c e  of a p p r o p r i a t e  m a r k e r s  f ixed  
in t he  l a t t i c e  to t he  d e t e r m i n a t i o n  of t he  d i f fus iv i t ies  
of  i n d i v i d u a l  c o m p o n e n t s  of  so lu t ions  is w e l l  r e c o g -  
n ized  as t he  K i r k e n d a l l  effect  (9, 10).  

I f  u n d e r  t he  a s s u m p t i o n s  of Eq. [2] ,  t h e  ~i 's a r e  
.-> 

m e a s u r e d  in  a r e f e r e n c e  f r a m e  in w h i c h  I] : 0 (i.e., 
t h e  p a r t i c l e s  of species  1 a r e  a t  r e s t ) ,  t h e n  

.-> 

v ---- (~l/qlch) g r a d  r [6]  
a n d  

.__> 

Ii = [ ~  ~ri + o2 (qici/qlel)  ] g r a d  r = - -  ~ia g r a d  ~ [7]  

W e  m a y  n o w  define 
tia = O ' i a / O r  [ 8 ]  

as an  a p p a r e n t  t r a n s p o r t  n u m b e r  in  th is  p a r t i c u l a r  
r e f e r e n c e  f r ame ,  and  i t  is th is  n u m b e r  w h i c h  is 
mos t  o f ten  d e t e r m i n e d  e x p e r i m e n t a l l y .  

The  d e t e r m i n a t i o n  of t r u e  t r a n s p o r t  n u m b e r s  is 
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poss ib le  in  some cases t h r o u g h  m e a s u r e m e n t  of t he  
t r a c e r  d i f fus ion  coefficient  for  one of t he  species  in 
t h e  s y s t e m  of in t e re s t ,  and  ca l cu l a t i on  of i ts  p a r t i a l  
c o n d u c t i v i t y  w i t h  t he  he lp  of t he  N e r n s t - E i n s t e i n  
re la t ion .  B a r d e e n  a n d  H e r r i n g  (10) a n d  W a g n e r  
(3,11) h a v e  p o i n t e d  ou t  t h a t  t he  t r a c e r  d i f fus ion  
coefficient  w i l l  be  n u m e r i c a l l y  d i f f e r en t  f r o m  the  
o r d i n a r y  d i f fus ion  coefficient  n e e d e d  in  th i s  c a l -  
cu la t ion ,  b u t  w h e r e  t he  d i r ec t  e x c h a n g e  of  p a r -  
t ic les  s u g g e s t e d  b y  W a g n e r  does no t  occur,  on ly  t he  
s m a l l  and  c a l c u l a b l e  co r r ec t i on  p o i n t e d  ou t  b y  B a r -  
deen  and  H e r r i n g  wi l l  app ly .  Once a s ingle  p a r t i a l  

- -> 

conduc t iv i t y ,  o-1, is known ,  v, and  t h e r e f o r e  t he  r e -  
l a t i on  b e t w e e n  t r u e  and  a p p a r e n t  t r a n s p o r t  n u m -  
bers ,  can  be  def ined  for  a n y  g iven  e x p e r i m e n t .  Thus ,  

if  ~, the  c u r r e n t  a r r i v i n g  at  t he  su r f ace  of an  e l ec -  
t r o d e  in  con tac t  w i t h  t h e  sample ,  is m e a s u r e d  for  
some  v a l u e  of g r a d  r t h e n  the  use  of Eq. [2]  p e r -  

- -> 

mi t s  ca l cu la t ion  of v in  a coo rd ina t e  s y s t e m  f ixed 
in  the  e l e c t r o d e - s a m p l e  in te r face .  

Apparent Transport Numbers in S~abilized Zirconia 
I n  p r a c t i c a l  e l e c t r o c h e m i c a l  p r o b l e m s ,  t h e  d e -  

t e r m i n a t i o n  of an  a p p a r e n t  t r a n s p o r t  n u m b e r  in  a 
p a r t i c u l a r  f r a m e  of r e f e r e n c e  is u s u a l l y  a l l  t h a t  is 
r e q u i r e d .  In  t he  e x p e r i m e n t s  on s t ab i l i z ed  z i r con ia  
e l e c t r o l y t e s  r e p o r t e d  he re ,  t he  a p p a r e n t  t r a n s p o r t  
n u m b e r s  of  i n t e r e s t  w e r e  those  fo r  e l ec t rons  a n d  
for  t he  s t ab i l i z ing  cat ions .  

Me thods  for  d e t e r m i n i n g  e l ec t ron  t r a n s p o r t  n u m -  
be r s  in sol ids  h a v e  b e e n  d i scussed  a t  some l e n g t h  
b y  W a g n e r  (12) and  b y  H e b b  (13) .  These  a u t h o r s  
h a v e  also r e v i e w e d  m u c h  of t he  p r e v i o u s  e x p e r i -  
m e n t a l  w o r k  in  th is  field. The  i m p o r t a n c e  of t he  
choice of r e f e r e n c e  f r a m e  has  no t  a l w a y s  been  
recognized .  I m a g i n e  a s i m p l e  cel l  cons i s t ing  of two  
i n e r t  e l ec t rodes  ( e l ec t ron ic  conduc to r s )  in con tac t  
w i t h  an  ox ide  e l e c t r o l y t e  a n d  wi th  s e p a r a t e  sources  
of o x y g e n  a t  two  d i f f e ren t  ac t iv i t ies .  Each  e l e c t r o d e  
m a y  be  in  e l ec t r i ca l  con tac t  w i t h  t he  e l e c t r o l y t e  v i a  
an  e l ec t ron ic  p rocess  i n v o l v i n g  s i m p l y  the  t r a n s f e r  
of an  e l ec t ron  b e t w e e n  the  e l ec t rode  and  an  a p p r o -  
p r i a t e  e l ec t ron ic  l eve l  in  t he  e l e c t r o l y t e  a n d  v i a  an  
ionic p rocess  i n v o l v i n g  the  f o r m a t i o n  of ox ide  ions  
f r o m  u n c h a r g e d  o x y g e n  molecu le s  and  e l ec t rons  
f r o m  the  e l ec t rode  and  the  decompos i t i on  of such 
ions. 

S i n c e  ou r  u l t i m a t e  i n t e r e s t  is in  t h e  f r a c t i o n  of 
t he  t o t a l  c u r r e n t  w h i c h  crosses  t h e  e l e c t r o d e - e l e c -  
t r o l y t e  i n t e r f ace s  b y  each  of  t he se  m e c h a n i s m s ,  w e  
choose  a c o o r d i n a t e  s y s t e m  f ixed in one of t he se  i n -  
te r faces .  W e  wi l l  conce rn  ou r se lves  f irst  w i t h  a 
b i n a r y  ox ide  e l e c t r o l y t e  in  w h i c h  the  a v e r a g e  o x -  
i da t i on  s t a t e  of  the  ca t ion  does  no t  change  a p p r e -  
c i ab ly  ove r  t h e  r a n g e  of o x y g e n  ac t iv i t i e s  of i n t e r -  
est,  and  the  ca t ion  l a t t i ce  may ,  then ,  be  t a k e n  as 
f ixed  in ou r  r e f e r e n c e  f r ame .  (This  a s s u m p t i o n ,  i n -  
c iden ta l ly ,  r e m o v e s  a n y  conce rn  a b o u t  poss ib le  m o -  
t ion  of t he  second  i n t e r f a c e  w i t h  r e spec t  to ou r  
chosen  c o o r d i n a t e  s y s t e m  due  to changes  in v o l u m e  
of  t he  e l e c t ro ly t e . )  

F r o m  Eq. [1]  a n d  [4] ,  t he  f luxes t h r o u g h  the  
e l e c t r o l y t e  m a y  be  w r i t t e n  as 

Apr i l  1964 

Jo ---- - -  ao g r a d  #o + Coy 
.--> 

Jx ---- - -  ax g r a d  tdx + cxv 

Je  = - -  ae g r a d  tde + CeV 

[9] 

7 = qJx + J e  = grad ( 'Jqx) -- 

~e g r a d  (#%/q~) + (cxqx + c~q~)v [10]  

w h e r e  the  subsc r ip t s  o, x, a n d  e r e f e r  to  u n c h a r g e d  
oxygen ,  o x y g e n  ions, and  e lec t rons ,  r e s p e c t i v e l y .  
F o r  a n o n p o r o u s  ionic  c rys ta l ,  t he  m o b i l i t y  and  con-  
c e n t r a t i o n  of u n c h a r g e d  o x y g e n  w i l l  g e n e r a l l y  be  

e s s e n t i a l l y  zero,  so 3o = 0. In  th i s  case a l l  o x y g e n  
. ->  

t r a n s f e r  m u s t  occur  v i a  t he  ox ide  ion cu r r en t ,  Jx, 
.--> 

and  the  m a g n i t u d e  of Je m a y  be  e v a l u a t e d  b y  c o m -  
p a r i n g  the  e l ec t r i c  c u r r e n t  p a s s e d  to t he  a m o u n t  of 
o x y g e n  t r a n s f e r r e d  b e t w e e n  the  two  e lec t rodes .  I f  
t he  two  e l ec t rodes  a r e  e s s e n t i a l l y  r e v e r s i b l e  and  
the  e l ec t ron ic  con tac t  r e s i s t ances  smal l ,  and  if  the  
r a n g e  of va lue s  of t~, a n d  #e is s m a l l  e n o u g h  so t h a t  
~e a n d  ~x a re  e s s e n t i a l l y  cons t an t  t h r o u g h o u t  t he  
e l ec t ro ly t e ,  t h e n  tea, a n  a p p a r e n t  t r a n s p o r t  n u m b e r  
for  e lec t rons ,  can be  e v a l u a t e d  b y  s u b s t i t u t i n g  

.-.> - ->  .--> 

( I - -  q~Jx) for  I ,  in  Eq. [7] .  
A n  a l t e r n a t i v e  a p p r o a c h  has  b e e n  s u g g e s t e d  b y  

W a g n e r  (12) .  This  r e q u i r e s  t he  d e t e r m i n a t i o n  of 
t he  o p e n - c i r c u i t  p o t e n t i a l  of a g a l v a n i c  cel l  h a v i n g  
o x y g e n  at  two  d i f fe ren t  ac t iv i t i e s  in con tac t  w i t h  
t he  two  e lec t rodes .  S ince  t h e r e  is no e x t e r n a l  c u r -  

.--> 

r e n t  flow, I - -  0 and  Eq. [10]  becomes  

o-~ g r a d  (t~'x/qx) + ~e g r a d  (tde/qe) 
- -  [ ( Cxqx + ceqe) /Clql] o-1 g r a d  (~ 'I /ql)  = 0 [11] 

w h e r e  w e  h a v e  used  the  p r o c e d u r e  of Eq. [6]  to 
. . .> 

e l i m i n a t e  v, a n d  the  s u b s c r i p t  1 h e r e  r e f e r s  to  t he  
cat ions .  F o r  a s t o i c h i o m e t r i c  e l ec t ro ly t e ,  t he  c h e m -  
ica l  p o t e n t i a l  of t he  e l e c t r o l y t e  c o m p o u n d  wi l l  be  
e s s e n t i a l l y  c o n s t a n t  t h r o u g h  i ts  th ickness ,  so w e  
m a y  w r i t e  

qxtL'l + q~'x = a cons t an t  [12]  

g r a d  t~'l = - -  (ql/q~) g r a d  ~x [13] 

a n d  Eq. [11]  be c ome s  

{O'x -[- [ (Cxqx + Ceqe)/Clql]o'l} g r a d  (~x /qx)  
+ ~  g r a d  (~ 'e /qe)  = 0 [14]  

o r  se t t ing  

{~x + [ (Cxqx + Ceqe)/Clql] o-1} = ~xa' [14']  
t hen  

~xa' g r a d  (tdx/q~) + ~ g r a d  (#%/qe) = 0 [15] 

In  th i s  case a p p a r e n t  t r a n s p o r t  n u m b e r s  

txa, = [<r~a,/(O-x~, +r  ] a n d  tea, = [~re/(~x~, + ~e) ]  
[16] 

can  c o n v e n i e n t l y  be  def ined,  b u t  t h e y  a r e  not ,  in  
gene ra l ,  the  t r u e  t r a n s p o r t  n u m b e r s ,  n o r  even  the  
u s u a l  a p p a r e n t  t r a n s p o r t  n u m b e r s  of Eq. [8] .  
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U n d e r  condit ions of local  chemica l  equi l ibr ium,  
the e lec t rochemical  potent ia ls  of the  species of in-  
teres t  are  re la ted  b y  the  equa t ion  

/ x  = tl, o -[- ( qx/qe)l~'e [17] 

which,  toge ther  wi th  Eq. [15],  yields 

g rad  ( / e / q e )  ---- - -  [ O ' x a , / ( ~ ' e  -~- O'xa,)] g rad  (#o/qx) 
= --tx~, g rad  (#o/qx) [18] 

In t eg ra t ing  f r o m  one e lec t rode-e lec t ro ly te  in ter face  
to the  other ,  we  obta in  

1 y; 'e(S) d , y ;  ~ 
E -- - -  /~e = (1/qx)  txa, d4zo [19] 

q e  , e ( 1 )  o ( 1 )  

This is jus t  the  express ion for  the  emf  of  the  cell, 
E, der ived  by  W a g n e r  (3) and Scho t tky  (4) ex-  
cept  t ha t  in the i r  cases the  cat ions were  a s sumed  im-  

--9 

mobile  so tha t  v =- 0 and  tx~, ---- tx. 
For  small  ~ o ,  txa, m a y  be assumed  cons tant  and 

Eq. [19]  becomes  

E--- - - - :~ 'e /qe  = (txa,/qx)At~o [20] 

Thus,  if A/Zo is k n o w n  f r o m  the  oxygen  activi t ies at 
the electrodes and  E is measured ,  we  m a y  calcula te  
txa,. The  va lue  of t,~, is, of course, 1 - -  txa,. 

Schmalz re id  (7) has r ecen t ly  examined  zirconia 
cells w i th  large  A/~o, a s suming  a pa r t i cu la r  re la t ion-  
ship be tween  tx~. and/~o, which  makes  the in tegra t ion  
of Eq. [19] possible. He  assumes tha t  car r ie r  elec- 
t rons  are  fo rmed  by  the  reac t ion  

O = = ~ O s  q- 2e + [] [21] 

w h e r e  [] is an  o x y g e n  vacancy ,  and  obtains  

txa, = 1 / [1  q- (P*o2/Po~) 1/4] [22] 

for  the  oxide ion t r anspor t  n u m b e r  at  o x y g e n  p a r -  
t ial  p ressure  Po~, w h e r e  P*o2 is a cons tan t  co r re -  
sponding  to the  o x y g e n  par t ia l  p ressure  at  wh ich  
tx~, = 0.5. 

On  in tegra t ing  Eq. [19],  S c h m a h r e i d  then  obtains  
an expression wh ich  we  m a y  wr i te  as 

P~o2 = Po~(2) . . . . . .  [23] 
exp ( qeE ~ - - 1  

\ k T  / 

which  m a y  be  used to calcula te  P~oe f r o m  the  ac tua l  
open-c i rcu i t  vol tage,  E of a cell hav ing  a theore t ica l  
(i.e., assuming  txa, = 1) open-c i rcu i t  vol tage,  Eo, and  
an  oxygen  par t ia l  pressure,  Poe(2) ,  on the  o x y g e n -  
r ich side of the  cell. I f  the  o x y g e n  par t ia l  pressures  
on the  two sides are  sufficiently g rea te r  and  less, re -  
spect ively,  t h a n  P~oe, then  

exp [qe(E-- Eo)/kT] << 1 and exp (qeE/kT) >> 1 

so Eq. [23]  reduces  to 

P~o2 ---- Po2(2) exp ( - -4qeE/kT)  [24]  

In  the  s imple cell wh ich  we  have  been  discussing, 
the  appa ren t  cat ion t r anspor t  n u m b e r  of a b i n a r y  
oxide e lec t ro ly te  wou ld  be zero, regardless  of the  
re la t ive  mobil i t ies of anions and  cations, since the  
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cat ions a re  not  f o rmed  or d ischarged  at the  elec-  
trodes.  

I n  stabil ized zirconia, the  s i tuat ion is made  more  
compl ica ted  by  the  fact  t ha t  the re  are  two different  
cations. U n m i x i n g  m a y  the re fo re  occur  dur ing  di-  
r e c t - c u r r e n t  passage if the  mobil i t ies of the  two 
cations are  unequal .  R e t u r n i n g  to Eq. [1]  we  m a y  

wri te-Jm and  Js, the  fluxes of  the  m a j o r i t y  and s ta-  
bil izing cations, respect ively ,  as 

.__> --> 

Ji ---- --a~ g rad  (#i + qi4}) -~" CiV [25] 

Assuming  tha t  Raoul t ' s  and Hen ry ' s  laws app ly  to 
the  m a j o r i t y  and  mino r i t y  cations respect ively ,  i.e. 

grad/~i---- (kT/ci)  grad  ci [26] 

we  replace  .aikT/ci by  the  o r d i n a r y  diffusion coeffi- 
cient, Di, wh ich  we  will  assume to be independen t  
of cl. Thus,  

.-> 

~i ---- - - D i [ g r a d  ci + (qici/kT) grad4}] + civ [27] 

Again,  choosing a coord ina te  sys tem in which  the  
m a j o r i t y  cat ions are  at  rest, i.e. 

--> 

Jm ---- 0 [28] 
-* Dm 
v ---- ~ [g rad  em -F (qmcm/kT) grad  4}] [29] 

C m  

and  subs t i tu t ing  for  v in Eq. [27],  the  s tabi l izing ion 
flux becomes  

.__> 

Js ---- - - D s [ g r a d  cs + ( q s c J k T )  grad  4}] 
-5 (CsDm/cm)  [g rad  C m -~- (qmem/kT) grad  4}] [30] 

wh ich  m a y  be simplified by  wr i t ing  

Cm + Cs ~- a cons tant  
g rad  cm ---- - -  g rad  c~ [31]  

therefore ,  

~s = --D~{[1 -F (Dmcs/Dscm) ] g rad  Cs 

+ [1 - -  (Dmqm/Dsqs) ] c~qJkT grad4}} [32] 
I t  is a p p a r e n t  t ha t  u n d e r  b o u n d a r y  condit ions l ike 

those  used earl ier ,  wh ich  pe rmi t  no  d ischarge  of ca t -  
ions at  the  electrodes (as wil l  genera l ly  be the  case 
for  z i rconia  stabil ized wi th  such oxides as calcia 
and y t t r i a ) ,  a s teady  state  m u s t  be establ ished af ter  
a long per iod of cons tan t  cu r r en t  flow in wh ich  

J~ = 0 [33] 
and 

g rad  In Cs = --{ [ 1 - -  (Dmqm/Dsqs) ]/ 
[1 + (DmcJD~cm) ]}qs/kT grad  ~b [34]  

Pred ic t ion  of the  s t eady - s t a t e  concen t ra t ion  dis t r i -  
bu t ion  requi res  a knowledge  of the  re la t ive  mobi l i ty  
of the  two cat ion species. Thus,  if the  m a j o r i t y  ea t -  
ions are  h igh ly  immobile ,  i.e., Dr. << Ds, then  at 
s t eady  state 

g rad  In Cs = - - ( q s / k T )  g rad  ~b [35] 

or, in tegra t ing  

In (csffcs2) = - - ( q s / k T )  ( 4 } 1  - -  4}2) [36] 
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where the subscript I refers to the cathodic sur- 
face of the electrolyte and the subscript 2 to its 
anodic surface. 

Discussions of stabilized-zirconia fuel cells gen- 
erally assume operation near 1000~ with an elec- 
trostatic potential difference across the electrolyte 
(due to ohmic losses) of the order of 0.1v. Under 
t he se  c i r cums tances ,  csz/cs2 ---- 15 fo r  a t r i p l y - c h a r g e d  
s t ab i l i z i ng  e l emen t .  Th is  r e s u l t  c l e a r l y  ind ica tes  t h a t  
e l e c t r o l y t e  u n m i x i n g  can  be  a p r o b l e m  of p r a c t i c a l  
s ignif icance.  In  fact ,  in  g e n e r a l  the  s i n g l e - p h a s e  
cubic  r a n g e  is suff ic ient ly  n a r r o w  so t h a t  u n m i x i n g  
of t h e  m a g n i t u d e  i n d i c a t e d  w o u l d  r e su l t  in  p r e c i p i t a -  
t ion of  a n e w  p h a s e  at  one of t he  e lec t rodes .  

S ince  s t e a d y - s t a t e  u n m i x i n g  e x p e r i m e n t s  do no t  
l e a d  to an  e x p e r i m e n t a l  d e t e r m i n a t i o n  of Ds, b u t  
on ly  to r e l a t i v e  v a l u e s  fo r  t he  two  cat ions ,  i t  is of 
i n t e r e s t  to e x a m i n e  the  t r a n s i e n t  case. 

A s s u m i n g  a cons t an t  v o l t a g e  g r a d i e n t  ac ross  an  i n -  
f ini te  s lab  of e l e c t r o l y t e  of t h i ckness  L, a n d  a g a i n  
a s s u m i n g  Dm < <  Ds, Eq. [32]  becomes  

J ---- - - D [  ( d c / d x )  --  Hc]  [37] 

w h e r e  t he  s u b s c r i p t  s has  been  d r o p p e d  and  

H = [qs (r - -  ~b2)/kTL] [38] 

The  r a t e  of a c c u m u l a t i o n  of s t ab i l i z ing  ca t ions  in  a 
d i f f e r en t i a l  v o l u m e  e l e m e n t  is j u s t  

~c (x , t )  ~Or = --OJ/Ox = D [02c (x,  t ) / O x  2] 

- - H D [ O c ( x , t ) / O x ]  [39] 

w h e r e  t is t ime  and  w i l l  be  m e a s u r e d  f r o m  the  b e -  
g i nn ing  of a c o n s t a n t - c u r r e n t - d e n s i t y  e x p e r i m e n t .  

So lu t ion  of  Eq. [39],  sub j ec t  to the  a p p r o p r i a t e  
b o u n d a r y  cond i t ions  

c(x ,  o) = cons t an t  -- Co [40] 
and  

( l / L )  So L c (x ,  t) dx  = Co [41] 

is g i v e n  in  t e r m s  of t h r e e  d imens ion l e s s  p a r a m -  
e te r s  as fo l lows  

c ( f l ,~ )  - -  2 s i n h X / 2  exp  •fl-- 

16~ x #  �9 ~ ( - x / 2 )  ] n  + "-~-" exp [ ( - -~-)- - ]n~_,  [1+ ( -1 )n+ l  exp 
[ (4v2n2/X 2) + 1 ]  2 

2 ~ r n c o s n ~ r f l ) e x p  [ (  4~n= 

w h e r e  t he  d imens ion l e s s  p a r a m e t e r s  a r e  

Z = x / L  

= DH 2 t /4  
X = H L  

c(/9, ~) = e(x, t)/Co 

This  so lu t ion  was  p r o g r a m m e d  for  t he  IBM-7090  
a n d  runs  w e r e  m a d e  for  v a l u e s  of �9 f r o m  10 -5 to 100, 
X f r o m  0.5 to 10, and  t9 f r o m  0 to 1. F i g u r e s  1 and  2 
p r e s e n t  d a t a  a t  t he  two  su r faces  (/9 = 0, /9 = 1) as 
a func t ion  of X and  r. The  c o n c e n t r a t i o n  d i s t r i b u t i o n  
across  the  e l e c t r o l y t e  is shown  in Fig .  3 a t  v a r i o u s  T 
for  t he  p a r t i c u l a r  cond i t i on  of X ----- 6. I t  is n o t e -  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  April 1964 
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Fig. 1. Variation of surface concentration on anode side of 
electrolyte. 
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Fig. 2. Variation of surface concentration on cathode side of 
electrolyte. 

6 

io 
5 1.0 0 . 5 \  

2 "t-=O 

~ O . O 0 1  

0 0.1 0.2 0.3 0.4 0 5  0.6 0.7 0.8 0.9 1.0 

/3 = x / L  

Fig. 3. Variation of concentration across electrolyte at various 
T for i = 6.0. 

w o r t h y ,  f r o m  an  e x p e r i m e n t a l  po in t  of v iew,  t h a t  t h e  
s q u a r e  of t he  vo l t a ge  g r a d i e n t  a p p e a r s  in  r. As  a r e -  
sul t ,  e x p e r i m e n t s  to d e t e r m i n e  the  e x t e n t  of s e p a r a -  
t ion  can  be  g r e a t l y  a c c e l e r a t e d  b y  inc reas ing  t h e  c u r -  
r en t  d e n s i t y  e m p l o y e d .  

Exper imenta l  Results for  Y t t r i a - S t a b i l i z e d  Z i r c o n i a  

Transpor t  n u m b e r s  for e l ec t rons . - -Th in  d i sks  ~2 .5  
cm in d i a m e t e r  a n d  ~0.1  cm t h i c k  of  Z r O 2 -  10 m o l e  
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Table I. EMF of an air-oxygen cell 

T e m p e r a t u r e ,  M e a s u r e d  emf ,  T h e o r e t i c a l  e m f ,  D e v i a t i o n  f r o m  
~ -4- 1 o m v  ___ 0.1 m v  -+" 0.1 t h e o r e t i c a l ,  % 

916 40.1 40.0 +0.2 
979 42.2 42.2 0 

1065 45.0 45.1 --0.2 
1109 46.5 46.5 0 

% Y203 w e r e  p r e p a r e d  f r o m  r e a g e n t - g r a d e  m a t e r i a l s  
and  w e r e  s u p p o r t e d  in a t u b e  f u r n a c e  b e t w e e n  the  
ends  of two  a l u m i n a  t u b e s  w h i c h  a l l o w e d  the  two  
faces  of t he  d i sk  u sed  in  a p a r t i c u l a r  e x p e r i m e n t  to 
be  e x p o s e d  to d i f f e ren t  gases  a n d  c o n t a c t e d  w i t h  
e l e c t rodes  fo r  v o l t a g e  a n d  c u r r e n t  m e a s u r e m e n t s .  
The  t o t a l  gas  p r e s s u r e  on bo th  s ides  of t he  d i sk  was  
a l w a y s  a tmosphe r i c .  The  vo l t age  d e v e l o p e d  b e t w e e n  
m e t a l l i c  e l ec t rodes  in  con tac t  w i t h  t he  two  su r faces  
was  m e a s u r e d  and  c o m p a r e d  w i t h  t he  t h e o r e t i c a l  
emf  of t he  ce l l  in ques t ion ,  c a l c u l a t e d  on the  a s s u m p -  
t ion  t h a t  o x i d e  ions  (O =)  w e r e  t he  o n l y  c u r r e n t  c a r -  
r i e r s .  

F o r  t he  d a t a  p r e s e n t e d  in T a b l e  I, t he  r e a c t a n t s  
w e r e  a i r  a n d  99.8% p u r e  oxygen ,  t he  e l ec t rodes  w e r e  
N i c h r o m e  V screens ,  and  the  t e m p e r a t u r e  a n d  v o l t -  
a g e - m e a s u r i n g  p r o c e d u r e s  used  w e r e  good  to - - I ~  
and  +--0.1 my,  r e spec t i ve ly .  

I n  a second  e x p e r i m e n t ,  t he  r e a c t a n t s  w e r e  100.0% 
p u r e  h y d r o g e n  a n d  a h y d r o g e n - n i t r o g e n  gas  m i x t u r e ,  
bo th  s a t u r a t e d  w i t h  w a t e r  a t  r o o m  t e m p e r a t u r e .  T h e  
d r y  h y d r o g e n - n i t r o g e n  m i x t u r e  was  a n a l y z e d  c h r o -  
m a t o g r a p h i c a l l y  and  m a s s - s p e c t r o m e t r i c a l l y  and  
f o u n d  to con ta in  29.0% _+ 0.5% h y d r o g e n  b y  vo lume .  
The  e l ec t rodes  in  th i s  case  w e r e  o f  p a l l a d i u m .  The  
r e su l t s  of  t he se  cel l  m e a s u r e m e n t s  a r e  g i v e n  in T a -  
b le  II .  

T h e  r e su l t s  of these  e x p e r i m e n t s  i nd i ca t e  a g r e e -  
m e n t  w i t h  t h e o r y  w i t h i n  e x p e r i m e n t a l  e r ro r .  (The  
r e l a t i v e l y  l a r g e  u n c e r t a i n t y  in  t he  t h e o r e t i c a l  e m f ' s  
i n d i c a t e d  in  T a b l e  I I  is a d i r ec t  r e s u l t  of t he  u n c e r -  
t a in t i e s  in  t h e  a n a l y t i c a l  r e su l t s  for  the  h y d r o g e n -  
n i t r o g e n  m i x t u r e  used . )  

These  d a t a  i n d i c a t e  t h a t  in  z i r con ia -10  mo le  % 
y t t r i a  t he  a p p a r e n t  e l e c t r o n  t r a n s p o r t  n u m b e r  of 
Eq. [16]  is ~--0.005 in t he  ox id iz ing  a t m o s p h e r e  of 
the  o x y g e n - a i r  cel l  a n d  --~0.011 in t h e  r e d u c i n g  a t -  
m o s p h e r e  of t he  w e t  h y d r o g e n  cell ,  in t h e  800 ~  
l l 0 0 ~  range .  The  cons i s t ency  of t he  d e v i a t i o n s  a n d  
the  fac t  t h a t  the  a c t i v a t i o n  e n e r g y  for  e l ec t ron ic  
conduc t ion  w o u l d  be  e x p e c t e d  to be  d i f f e ren t  f r o m  
t h a t  for  ionic  conduc t ion ,  g ive  a d d e d  r ea son  to b e -  
l i eve  t h a t  t e a ,  is a c t u a l l y  w e l l  b e l o w  these  l im i t s  ove r  
mos t  of th is  t e m p e r a t u r e  r ange .  These  r e su l t s  a r e  
in  a g r e e m e n t  w i t h  those  of W e i s s b a r t  and  R u k a  (6 ) ,  
w h o  f o u n d  t ~  --~ 0.005 fo r  z i r con ia -15  m o l e  % ca lc ia  

Table II. EMF of a hydrogen-nitrogen-29 vol-% hydrogen cell 

T e m p e r a t u r e ,  M e a s u r e d  e m f ,  T h e o r e t i c a l  e m f ,  D e v i a t i o n  f r o m  
~ + 1 ~ m v  + 0.01 m v  ~__ 0.08 t h e o r e t i c a l ,  % 

824 58.31 58.52 --0.36 
930 64.02 64.20 --0.28 
990 67.17 67.40 --0.34 

1027 69.18 69.38 --0.29 
1135 74.88 75.09 --0.28 

at  1000~ in  o x y g e n  b y  a F a r a d a y ' s  l a w  e x p e r i m e n t ;  
t h e y  also f o u n d  good  a g r e e m e n t  b e t w e e n  the  t h e o -  
r e t i c a l  and  the  m e a s u r e d  o p e n - c i r c u i t  vo l t ages  for  
w e t  h y d r o g e n  vs. o x y g e n  cells .  

I n  t he  w e t - h y d r o g e n  e x p e r i m e n t ,  t he  H2 /H20  r a t i o  
was  9.1 on t h e  29%-H2 s ide  of t he  e l ec t ro ly t e .  F r o m  
the  d a t a  o b t a i n e d  and  Eq. [23] ,  w e  can  e s t i m a t e  t h a t  
a t  l l 0 0 ~  P*o2 ~ 9 x 10 -26 a rm b a s e d  on S c h m a l z -  
r e id ' s  w o r k  (7) .  In  an  effort  to p u r s u e  th is  ques t ion  
f u r t h e r ,  an  a l t e r n a t e  f o r m  of S c h m a l z r e i d ' s  e x p e r i -  
m e n t  was  c a r r i e d  out.  

S c h m a l z r e i d  used  a c a l c i u m - c a l c i u m  ox ide  m i x -  
t u r e  on one s ide  of his  e l ec t ro ly t e ,  b u t  s ince  ca l c ium 
is a s u b s t a n t i a l l y  b e t t e r  r e d u c i n g  a g e n t  t h a n  z i r co -  
n ium,  t he  su r f a c e  of  t he  e l e c t r o l y t e  was  a lmos t  c e r -  
t a i n l y  r educed .  Thus,  t he  effect ive o x y g e n  a c t i v i t y  
was  d e t e r m i n e d  b y  the  z i r c o n i u m - z i r c o n i a  couple ,  
not  t he  c a l c i u m - c a l c i a  couple .  In  t he  p r e s e n t  e x p e r i -  
ments ,  su r f ace  r e d u c t i o n  of t he  z i r con ia  on one s ide  
of t he  cel l  was  caused  b y  f i l l ing the  c h a m b e r  b e h i n d  
one e l ec t rode  w i t h  h y d r o g e n  and  sea l ing  it, t h e n  
m a k i n g  the  e l e c t r o d e  in  th is  c h a m b e r  ca thod ic  for  2 
to 10 ra in  b y  pas s ing  a c u r r e n t  of 100 to 700 m a / c m  2 
t h r o u g h  the  cel l  f r o m  an  e x t e r n a l  source.  

A f t e r  the  c u r r e n t  was  i n t e r r u p t e d  in  each  e x p e r i -  
men t ,  t he  v o l t a g e  across  t h e  cel l  a t  1000~ d r o p p e d  
p r o m p t l y  to 1.90v, t h e n  ove r  a p e r i o d  of a f ew  seconds  
or  m i n u t e s  to a v a l u e  of  1.66v, w h i c h  h e l d  cons t an t  
for  a p e r i o d  of m a n y  m i n u t e s  in  mos t  r u n s  be fo re  t he  
r e o x i d a t i o n  p r o c e e d e d  to such  a n  e x t e n t  t h a t  the  d e -  
cay  con t inued .  I t  is no t  obv ious  w h i c h  of two  v o l t -  
ages  r e p o r t e d  is t he  m o r e  s igni f icant  b e c a u s e  the  d e -  
r i v a t i o n  of Eq. [19]  a s sumes  t h a t  t he  e l ec t rodes  a r e  
r e v e r s i b l e ,  i.e., i t  is a s s u m e d  t h a t  loca l  e q u i l i b r i u m  
as e x p r e s s e d  b y  Eq. [17]  is a t t a ined .  The  in i t i a l  
va lue ,  1.90v, m a y  w e l l  be  h igh  be c a use  of  some 
s l o w l y  d e c a y i n g  p o l a r i z a t i o n  c ompone n t ,  w h i l e  t he  
p l a t e a u  va lue ,  as w e l l  as  t he  v o l t a g e  m e a s u r e d  b y  
S c h m a l z r e i d ,  m a y  we l l  be  low o w i n g  to t he  p o l a r i z a -  
t ion  effects connec t ed  w i t h  t he  i n t e r n a l  s t e a d y - s t a t e  
cu r ren t s .  S u b s t i t u t i o n  of t he  two  v o l t a g e s  in to  Eq. 
[24]  y i e lds  P*o2 = 2 x  10 -81 a t m  (E = 1.90v) and  
P 02 ----- 1.3 x 10 -27 a t m  (E ---- 1.66v).  Use  of  t he  a p -  
p r o x i m a t e  Eq. [24] is jus t i f i ed  if  t he  ef fec t ive  Eo is 
a s s u m e d  to be  close to t h a t  for  the  o x i d a t i o n  of Z r  
to ZrO2, 2 w h i c h  is 2.16v (14) a t  1000~ 

Catio~z transport numbers . - -A  d i sk  of ZrO2-10 
mo le  % Y20~ l ike  those  u sed  for  e l e c t r o n - t r a n s p o r t -  
n u m b e r  s tud ies  was  p l a c e d  b e t w e e n  two  po rous  p e l -  
le t s  of m a n g a n e s e  oxide ,  w h i c h  s e r v e d  as e lec t rodes ,  
and  s u p p o r t e d  in a t u b e  f u r n a c e  f looded w i t h  o x y g e n  
at  1000~ A c u r r e n t  of 0.600 a m p / c m  2 w a s  pa s sed  
t h r o u g h  the  s a m p l e  for  600 hr.  A t  t he  conc lus ion  of 
t he  e x p e r i m e n t ,  b o t h  s ides  of t he  e l e c t r o l y t e  d i sk  
w e r e  e x a m i n e d  b y  x - r a y  d i f f r ac t ion  t echn iques .  O n l y  
the  cub ic  z i r con ia  p h a s e  was  de tec t ed ,  w i t h  l a t t i c e  
p a r a m e t e r s  of 5.1402 _0 .0005A on the  ca thode  s ide  
a n d  5.1397 _+0.0005A on the  a n o d e  side. (The  e r ro r s  
q u o t e d  a r e  e s t i m a t e s  of  t h e  r e p r o d u c i b i l i t y  in  t he  
e x p e r i m e n t a l  a r r a n g e m e n t  used  r a t h e r  t h a n  the  a b -  
so lu te  a c c u r a c y  of t he  d e t e r m i n a t i o n s . )  Thus ,  t h e  
d i f f e rence  in l a t t i c e  p a r a m e t e r  b e t w e e n  t h e  two  s ides  

T h e  v a l u e  of  Eo w i l l  n o t  b e  e x a c t l y  2 .16v,  b e c a u s e  of  the  s o l u -  
b i l i t y  of  o x y g e n  in  z i r c o n i u m  m e t a l  a n d  t h e  p r e s e n c e  of  e a l e i a  in  
t h e  z i r c o n i a  p h a s e .  
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w a s  --0.0015A. The  d a t a  of D u w e z  et  al. (15) i n d i -  
ca t e  t h a t  th is  d i f fe rence  in l a t t i ce  p a r a m e t e r  c o r r e -  
sponds  to  a d i f fe rence  in compos i t i on  of  --~0.5 m o l e  % 
Y203; i.e., t he  c o n c e n t r a t i o n  r a t i o  b e t w e e n  t h e  t w o  
s ides  is --~1.05. 

F r o m  Fig.  1 and  2, i t  is a p p a r e n t  t h a t  th i s  l i m i t  on  
t h e  c o n c e n t r a t i o n  r a t i o  r e q u i r e s  �9 --~ 1 x 10 -4. Us ing  
the  def in i t ion  of ~ g iven  in connec t ion  w i t h  Eq. [39]  
and  t a k i n g  the  r e s i s t i v i t y  of t he  s a m p l e  as 10 
o h m - c m  (16) ,  w e  ca l cu l a t e  t ha t  a t  1000~ 

Ds~ ~-- 7 • 10 -15 cm2/sec 

and from the Nernst-Einstein relation, ~i = Dicie2/ 
kT, w e  e s t i m a t e  

~rsa --~ 4 X 10 -1~ o h m  -1 c m  -1 
and  

Ersa 
t s a - - - - - - 4  X 10 -9 

o- 

w h e r e  t he  s u b s c r i p t  a has  been  a d d e d  to e m p h a s i z e  
t h a t  t he se  a r e  a p p a r e n t  l imi t s ,  b a s e d  on the  a s -  
s u m p t i o n  of n e g l i g i b l e  z i r c o n i u m - i o n  mob i l i t y .  

F i n a l l y ,  some  c o m m e n t s  on the  z i r c o n i u m - i o n  
m o b i l i t y  a r e  poss ib le .  W i t h  the  c u r r e n t  d e n s i t y  a n d  
s a m p l e  t h i c k n e s s  used  in  t he  a b o v e  t r a n s p o r t  e x -  
p e r i m e n t ,  i t  t a k e s  an  o x y g e n  ion a b o u t  1.33 hr ,  on 
t h e  ave rage ,  to t r a v e r s e  t he  disk.  Thus,  the  e n t i r e  
o x y g e n  i n v e n t o r y  was  r e m o v e d  and  r e p l a c e d  a b o u t  
450 t i m e s  d u r i n g  th is  run .  Desp i t e  th i s  fact ,  t h e  t e x -  
t u r e  a n d  m a r k i n g s  on t h e  su r f ace  of t he  p e l l e t  a f t e r  
t he  t e s t  a p p e a r e d  to  be  t h e  s a m e  as a t  t he  beg inn ing ,  
sugges t i ng  t h a t  a n y  m o v e m e n t  of the  ca t ions  w i t h i n  
t h e i r  o w n  s u b l a t t i c e  was  v e r y  smal l .  This  is con-  
f i rmed  in a c lose ly  r e l a t e d  s y s t e m  b y  Rhodes  and  
C a r t e r ' s  (17) o b s e r v a t i o n  t h a t  t he  t r a c e r  di f fus ion 
coefficients for  the  ca t ions  in  two  ZrO2-CaO so lu -  
t ions  a r e  106 s m a l l e r  t h a n  the  c o r r e s p o n d i n g  an ion  
d i f fus ion  coefficients.  K i n g e r y  et al. (18)  c o m p a r e d  
d i f fus ion  coefficients fo r  o x y g e n  in ZRO2-15 m o l e  
% CaO w i t h  t he  c o n d u c t i v i t y  of t h e  s a m e  m a t e r i a l  
a n d  conc luded  t h a t  v a c a n c y  m i g r a t i o n  in t he  an ion  
s u b l a t t i c e  cou ld  accoun t  for  a l l  the  o b s e r v e d  con-  
duc t i v i t y ,  a n d  H u n d  (19) has  e s t a b l i s h e d  the  e x i s t -  
ence  of a h igh  c o n c e n t r a t i o n  of an ion  vacanc i e s  and  
an  e s s e n t i a l l y  c o m p l e t e  ca t ion  l a t t i ce  in bo th  c a l c i a -  
a n d  y t t r i a - s t a b i l i z e d  z i rconia .  Thus ,  i t  seems  p r o b -  
ab le  t h a t  t he  z i r c o n i u m  ions  m o v e  v e r y  l i t t l e  w i t h  
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r e spe c t  to one ano the r ,  a n d  t h a t  t h e  a p p a r e n t  e l ec -  
t r on  and  s t a b i l i z i n g - i o n  t r a n s p o r t  n u m b e r s  r e p o r t e d  
h e r e  a r e  t r u e  t r a n s p o r t  n u m b e r s  in  t h e  sense  of 
Eq. [5] .  

Acknowledgment 
The  a u t h o r s  a r e  i n d e b t e d  to  B. W. Roos a n d  R. W. 

P r e i s e n d o r f e r  of th is  L a b o r a t o r y  for  o b t a i n i n g  a 
so lu t ion  to Eq. [39] .  

Manuscr ip t  rece ived  March  7, 1963; rev ised  m a n u -  
scr ipt  rece ived  Nov. 1, 1963. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 

REFERENCES 

1. K. K iukko la  and C. Wagner ,  This Journal, 104, 379 
(1957). 

2. E. Baue r  and H. Preis,  Z. F~lektrochem., 43, 737 
(1937). 

3. C. Wagner ,  Z. Phys. Chem., 21B, 25 (1933). 
4. W. Schotty,  Wiss, VerS]~. Siemens-Werken, 14, 10 

(1935). 
5. S. F. Pa l ' guev  and A. D. Neuimin,  Trans. (Trudy) 

of Inst. of Electrochem., No. 1, p. 90 ( t rans la t ion  
f rom Russian by  Consul tants  Bureau,  New York, 
1961). 

6. J. Weissbar t  and R. J. Ruka,  This Journal, 109, 723 
(1962). 

7. H. Schmalzr ied,  Z. Elektrochem., 66, 572 (1962). 
8. S. R. de Groot,  "Thermodynamics  of I r revers ib le  

Processes," pp. 114 and 127-133, Nor th  Holland,  
A m s t e r d a m  (1959). 

9. E. O. Ki rkenda l l ,  Trans. Am. Inst. Mining, Met. Pe- 
troleum Engrs., 147, 104 (1942). 

10. J. Bardeen  and C. Herr ing,  in "Atom Movements ,"  
pp. 87-111, Amer i can  Society  for  Metals  (1951). 

11. C. Wagner ,  in "Atom Movements ,"  pp. 153-173, 
Amer i can  Society  for  Metals  (1951). 

12. C. Wagner ,  in "Proceedings  7th Meet ing of In t e r -  
na t ional  Commit tee  on Elec t rochemica l  Thermo-  
dynamics  and Kinet ics ,"  pp. 361, 377, Bu t t e r -  
worths,  London (1957). 

13. M. H. Hebb, J. Chem. Phys., 28, 185 (1952). 
14. J. P. Coughlin, Bureau of Mines Bull., 542 (1954). 
15. P. Duwez, F. H. Brown, Jr. ,  and F. Odell,  This Jour- 

nal, 98, 356 (1951). 
16. J. M. Dixon, L. D. LaGrange ,  U. Merten,  C. F. 

Miller ,  and J. T. P o r t e r  II, ibid., 110, 276 (1963). 
17. W. H. Rhodes and R. C. Carter ,  Bull. Am. Ceram. 

Soc., 41, 283 (1962). 
18. W. D. K inge ry  et al., J. Am. Ceram. Soc., 42, 393 

(1959). 
19. F. Hund,  Z. Elektrochem., 55, 363 (1951), and 

Z. physik Chem., 199, 142 (1952). 



Pores in Tantalum Oxide Films and Their Influence 
on the Photoresponse 

R. Dreiner and J. Schimmel 
Research Center, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Exper imen ta l  evidence is p resen ted  which  indicates  tha t  H F  a t tacks  p re f -  
e ren t ia l ly  along cracks,  pores,  or o ther  s ingular i t ies  which  exis t  in anodic 
t an t a lum oxide films. These defects  when  en la rged  by  the H F  etch pe rmi t  
an e lec t rochemical  emf to arise. I t  is discussed how the e lect rochemical  emf 
affects the photoresponse  of t an t a lum oxide. 

M a n y  p h e n o m e n a  o b s e r v e d  w i t h  e l e c t r o l y t i c  c a -  
p a c i t o r s  or  a n o d i z e d  v a l v e  m e t a l s  h a v e  b e e n  con -  
n e c t e d  to p i n  ho les  or  f laws in t he  ox ide  l aye r .  I t  is 
k n o w n  tha t ,  for  a g iven  f ield across  t he  ox ide  film, 
t he  anod ic  l e a k a g e  c u r r e n t  d e n s i t y  canno t  be  r e p r o -  
d u c e d  v e r y  we l l  a n d  t h a t  t he  l e a k a g e  c u r r e n t  d e n s i t y  
i nc reases  w i t h  i nc r ea s ing  ox ide  th ickness .  This  is in 
a g r e e m e n t  w i t h  the  concep t  of f laws o r  mic rof i s su res  
w h i c h  p e n e t r a t e  t h e  o x i d e  a n d  w h o s e  effect  b e c o m e s  
m o r e  s eve re  as t he  ox ide  t h i cknes s  increases .  Y o u n g  
(1)  m e a s u r e d  t a n  6 as a func t ion  of f r e q u e n c y  and  
f o u n d  b y  v a r y i n g  the  e l e c t r o l y t e  c o n d u c t i v i t y  t h a t  
t he  i nc rea se  of t a n  ~ at  low f r e q u e n c i e s  is due  to 
mic rof i s su res  in  t he  oxide .  He  s u g g e s t e d  t h a t  the  
rec t i f i ca t ion  p r o p e r t i e s  of  t he  a n o d i z e d  v a l v e  m e t a l s  
a r e  a lso  connec t ed  to t h e  po re s  w h i c h  a r e  b l o c k e d  b y  
o x y g e n  gas  b u t  r e m a i n  m o r e  or  less  f ree  d u r i n g  h y -  
d r o g e n  evolu t ion .  A m o d e l  b a s e d  on the  idea  t h a t  
t he  f o r m a t i o n  of ox ide  a b o v e  su r f ace  i r r e g u l a r i t i e s  
wi l l  cause  s t resses  in t he  ox ide ,  and  hence  c racks ,  
was  also p r o p o s e d  b y  Y o u n g  (2) .  The  onse t  of r e -  
c r y s t a l l i z a t i o n  (3 ) ,  w h i c h  occurs  a t  t he  m e t a l - o x i d e  
i n t e r f a c e  in  t he  p r e s e n c e  of a s t r ong  e lec t r i c  field, 
also w i l l  l e a d  to c racks .  F u r t h e r  s u p p o r t  of " w e a k "  
spots  in  t he  ox ide  f i lm is r e p o r t e d  b y  V e r m i l y e a  (4)  
who  t e s t ed  Ta205 f i lms w i t h  s m a l l  a r e a  contac ts .  I t  
was  f o u n d  t h a t  t he  Ta205 l a y e r  is a good i n s u l a t o r  
e x c e p t  w h e r e  i t  is f o r m e d  ove r  s i n g u l a r i t i e s  a t  the  
t a n t a l u m  surface .  I t  is p r o p o s e d  t h a t  t he  ox ide  
f o r m e d  ove r  t hese  s m a l l  i m p e r f e c t i o n s  is h i g h l y  
conduc t ive .  

In  th i s  w o r k  w e  a re  conce rned  w i t h  t a n t a l u m ,  and  
i t  is p r o b a b l y  safe  to a s s u m e  tha t  i ts  ox ide  f i lm has  
po re s  or  " w e a k "  spots .  The  d e n s i t y  of these  i m p e r -  
fec t ions  wi l l  d e p e n d  on  t h e  p u r i t y  of t he  t a n t a l u m  
meta l ,  t he  p r e t r e a t m e n t ,  a n d  the  anod iza t ion .  These  
impe r f ec t i ons ,  i f  p r e sen t ,  m a y  be  a t t a c k e d  d i f f e r -  
e n t l y  t h a n  t h e  b u l k  o x i d e  b y  H F  solut ions .  V e r m i l -  
y e a  (5)  f o u n d  b y  c o m p a r i s o n  w i t h  an  op t i ca l  s t ep  
g a u g e  t h a t  t he  d i s so lu t ion  of TaeO5 in H F  is u n i -  
fo rm.  H o w e v e r ,  t he  m e t h o d  of  op t i ca l  compa r i son  
w o u l d  no t  be  sens i t ive  enough  to r e v e a l  m i n u t e  
p r e f e r e n t i a l  e t ch ing  in  HF.  I n  a v e r y  r e c e n t  p a p e r  
V e r m i l y e a  (6)  s h o w e d  e l e c t r o n  m i c r o g r a p h s  of 
f laws in  anod ic  Ta205 films. S e v e r a l  poss ib i l i t i e s  
l e a d i n g  to f laws w e r e  o u t l i n e d  a n d  discussed.  On 
c o m p a r i n g  the  m e a s u r e d  c a p a c i t y  w i t h  t h a t  c a l c u -  
l a t e d  f r o m  the  op t i ca l  th ickness ,  V e r m i l y e a  con-  
c luded  t h a t  t he  e t ch ing  occurs  p r e f e r e n t i a l l y  a long  

the  f laws as w e l l  as u n i f o r m l y  a l o n g  the  sur face .  
This  w a s  con f i rmed  b y  e l e c t r o n  m i c r o s c o p y  s tudies .  
A v e r y  sens i t ive  i n d i c a t o r  shou ld  also be  t he  l e a k a g e  
r e s i s t a nc e  of t h e  o x i d e  film. P r e f e r e n t i a l  e t ch ing  
a long  " w e a k "  spots  w i l l  change  the  l e a k a g e  r e s i s t -  
ance  and  should ,  t he re fo re ,  affect  l e a k a g e  c u r r e n t s  
d u r i n g  anod ic  cha rg ing ,  open  c i rcu i t  v o l t a g e  decay ,  
and  t h e  p h o t o v o l t a g e  or  p h o t o c u r r e n t .  

Experimental 
T a n t a l u m  foi ls  of --18 c m  2 a r e a  a n d  w i t h  n a r r o w  

t abs  w e r e  p u n c h e d  f r o m  10 mi l  t a n t a l u m  shee t  ( F a n -  
s teel ,  i m p u r i t i e s  less t h a n  0.1% ). The  s a m p l e s  w e r e  
deg reased ,  c h e m i c a l l y  p o l i s h e d  for  15 sec in  5: 2:2,  
conc H2SO4: conc HNOs:  48% HF,  l e a c h e d  in bo i l ing  
de ion ized  w a t e r  fo r  10 m i n  and  t h e n  v a c u u m  a n -  
n e a l e d  ( <  10 -4  T o r r )  a t  2100~ fo r  30 min.  The  
foi ls  w e r e  t h e n  a n o d i z e d  in  0.1% H2SO4 so lu t ion  a t  
a b o u t  34~ b y  a p p l y i n g  a cons t an t  c u r r e n t  of 2 m a /  
cm 2 u n t i l  a p r e - s e t  p o t e n t i a l  was  r eached ,  and  t h e n  
con t inu ing  a t  cons t an t  v o l t a g e  for  1 hr.  The  a n o d i z e d  
foi l  w a s  p l a c e d  in  a l a r g e  p o l y e t h y l e n e  a n d  Teflon 
cel l  c o n t a i n i n g  b r i g h t  p l a t i n u m  c o u n t e r e l e c t r o d e s  
w i t h  an  a r e a  of 170 cm 2. The  H F  e t ch ing  so lu t ion  
used  in  these  e x p e r i m e n t s  cons i s t ed  of 9 p a r t s  d e -  
ion ized  w a t e r  to  1 p a r t  48% HF.  L a r g e  v o l u m e s  of 
e l e c t r o l y t e  so lu t ions  (N0.8 l i t e r )  w e r e  used  and  
w e r e  w e l l  s t i r r e d  to  p r e v e n t  t he  c h a r a c t e r  of t he  
so lu t ion  f r o m  c h a n g i n g  m a r k e d l y  d u r i n g  the  e x -  
p e r i m e n t s .  

A K e i t h l e y  610A e l e c t r o m e t e r  was  used  for  the  
c u r r e n t  a n d  v o l t a g e  m e a s u r e m e n t s .  I t  shou ld  be  
n o t e d  t h a t  t h e  e l e c t r o m e t e r  m e a s u r e s  t he  v o l t a g e  
d rop  across  v a r i o u s  s t a n d a r d  res is tors .  Thus  the  o r -  
d ina t e s  of t he  cu rves  s h o w n  a r e  l a b e l e d  " p o t e n t i a l "  
r a t h e r  t h a n  d i r e c t l y  a s  cu r r en t .  A H a n o v i a  q u a r t z  
l a m p  was  u sed  to p r o v i d e  t h e  fu l l  s p e c t r u m  of a 
h igh  p r e s s u r e  m e r c u r y  a rc  for  t he  p h o t o i n v e s t i g a -  
t ions.  H o w e v e r ,  on ly  one s ide  of t h e  s a m p l e s  was  
i r r a d i a t e d  d u r i n g  the  e x p e r i m e n t .  

The  b r i g h t  p l a t i n u m  e l e c t r o d e  was  c o m p a r e d  to a 
s t a n d a r d  s a t u r a t e d  c a lome l  e l ec t rode  in  o r d e r  to 
e s t ab l i sh  some  r e f e r e n c e  for  t h e  r e s u l t s  of  t he  t a n -  
t a l u m  to p l a t i n u m  p o t e n t i a l  m e a s u r e m e n t s .  A p o -  
t e n t i a l  of 0.67v w a s  m e a s u r e d  b e t w e e n  a p l a t i n u m  
e l e c t r o d e  (pos i t i ve )  and  a s a t u r a t e d  ca lome l  e l ec -  
t r o d e  ( n e g a t i v e )  in a 0.1% I-I2SO4 e l ec t ro ly t e .  H o w -  
ever ,  w h e n  a t a n t a l u m  e l e c t r o d e  w a s  i n t r o d u c e d  
in to  t he  s y s t e m  and  a c h a r g i n g  c u r r e n t  was  passed  
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Fig. 1. Current vs. charging time with a 3v anodic bias. �9 First 
charging curve, 0.1% H2SO4; A,  second charging curve, 0.1% 
H2SO4; o, third charging curve, diluted HF solution; X, fourth 
charging curve, 0.1% H2SO4. 

b e t w e e n  the  t a n t a l u m  (pos i t i ve )  a n d  t h e  p l a t i n u m  
( n e g a t i v e ) ,  t he  a b o v e  p o t e n t i a l  was  r e d u c e d  to 
0.64v. W h e n  the  c u r r e n t  was  d i s c o n t i n u e d  a n d  a l l  
e l ec t rodes  p u t  on open  c i rcui t ,  t he  p l a t i n u m - S C E  
p o t e n t i a l  r e t u r n e d  to the  i n i t i a l  v a l u e  of 0.67v w i t h i n  
10 min.  The  o p e n - c i r c u i t  p o t e n t i a l  b e t w e e n  p l a t i n u m  
a n d  SCE e l ec t rodes  in  t he  9:1 H 2 0 : H F  e l e c t r o l y t e  
was  0.64v ( p l a t i n u m  pos i t ive )  and  th is  w a s  r e d u c e d  
to 0.62v w i t h  t he  pas sage  of t he  c h a r g i n g  cu r r en t .  

Results 

Leakage current.--In Fig .  1 t h e  r e su l t s  of c u r -  
r e n t  m e a s u r e m e n t s  d u r i n g  c h a r g i n g  a r e  p l o t t e d  
w h i c h  w e r e  m a d e  w i t h  t he  a n o d i z e d  foi l  in  (a )  
0.1% HeSO4 e l ec t ro ly t e ,  a n d  (b )  in t he  d i l u t e d  H F  
solut ion .  T h e  foi l  was  a n o d i z e d  to 54v. In i t i a l l y ,  t he  
c u r r e n t  c o r r e s p o n d e d  to the  R C - c h a r g i n g  c u r r e n t  
b u t  d e v i a t e d  a f t e r  a b o u t  100 sec. The  t h e o r e t i c a l  
R C - c u r v e s  ( so l id  l ines )  in Fig.  1 w e r e  c a l c u l a t e d  
w i t h  �9 v a l u e s  o b t a i n e d  f r o m  semi log  p lo t s  of  t he  
i n i t i a l  c h a r g i n g  c u r r e n t  vs. t ime .  In  t he  case  w h e r e  
0.1% H2SO4 e l e c t r o l y t e  w a s  used,  a s l o w l y  d e c a y i n g  
l e a k a g e  c u r r e n t  was  o b s e r v e d  a f t e r  l ong  c h a r g i n g  
t imes .  The  l e a k a g e  c u r r e n t s  w e r e  no t  r e p r o d u c i b l e .  
H o w e v e r ,  w i t h  t he  anod ized  foi l  in  t h e  d i l u t e d  H F  
solut ion ,  t h e  c u r r e n t  pa s sed  t h r o u g h  a m i n i m u m  
a n d  i n c r e a s e d  to a v a l u e  w h i c h  was  h i g h e r  t h a n  the  
r a t i o  of t he  e x t e r n a l l y  a p p l i e d  p o t e n t i a l  to  the  ser ies  
res i s tor .  The  a d d i t i o n a l  p o w e r  source  m u s t  be  
w i t h i n  t he  cel l  and  is t h o u g h t  to be  t he  e l e c t r o -  
c h e m i c a l  emf  of the  s y s t e m  T a / d i l u t e d  H F  so lu -  
t i o n / P t  in ser ies  w i t h  t h e  e x t e r n a l l y  a p p l i e d  p o t e n -  
t ia l .  The  emf ,  h o w e v e r ,  shou ld  on ly  be  o b s e r v e d  
w h e n  t h e  d i l u t e d  H F  so lu t ion  comes  in to  con tac t  
w i t h  t he  me ta l .  F r o m  c a p a c i t a n c e  m e a s u r e m e n t s  a t  
120 cps be fo re  (C = 4.36 #F)  and  a f t e r  (C = 4.80 #F)  
e tch ing ,  i t  a p p e a r e d  t h a t  on ly  a b o u t  80 or  90A of 
o x i d e  h a d  been  r e m o v e d  ( a s s u m i n g  �9 = 27.6).  No 
change  in t he  i n t e r f e r e n c e  color,  w h i c h  r e m a i n e d  
un i fo rm,  cou ld  be  d e t e c t e d  w i t h  c e r t a i n t y  b y  c o m -  
p a r i s o n  w i t h  an  op t ica l  s tep  g a u g e  (5v s t eps ) .  
The re fo re ,  the  H F  solu t ion ,  bes ides  r e m o v i n g  a t h in  
l a y e r  of  ox ide ,  m u s t  h a v e  p e n e t r a t e d  in to  po re s  or  
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Fig. 2. Current vs. charging time with a 1.5@ cathodic bias. 

p r e f e r e n t i a l l y  e t ched  " w e a k "  spots  of t he  o x i d e  to 
m a k e  con tac t  w i t h  t he  me ta l .  A f t e r  e tch ing ,  a n d  
w i t h  t he  foi l  b a c k  in  0.1% H2SO4, the  c h a r g i n g  was  
r e p e a t e d  and,  as  seen,  t he  l e a k a g e  c u r r e n t  r e m a i n e d  
a t  a h i g h e r  level .  

A second  t a n t a l u m  foi l  was  anod ized  to 107v, 
b u t  s u b j e c t e d  to t he  s ame  c h a r g i n g  field.  In  g e n -  
era l ,  t he  effects d i scussed  a b o v e  w e r e  conf i rmed.  
One m i g h t  s ta te ,  h o w e v e r ,  t h a t  t he  i nc rea se  of the  
c u r r e n t  due  to t he  e t ch ing  o c c u r r e d  sooner  t h o u g h  
at  t he  s a m e  c u r r e n t  leve l .  

In  Fig .  2 t he  r e su l t s  o b t a i n e d  w i t h  a t a n t a l u m  
foi l  a n o d i z e d  to  107v b u t  c h a r g e d  c a t h o d i c a l l y  ( t a n -  
t a l u m  n e g a t i v e )  to 1.56v a r e  shown.  P r i o r  to  t he  
runs  t he  foi l  was  a n o d i c a l l y  c h a r g e d  to 45v for  20 
m i n  a n d  s h o r t e d  for  5 min.  The  r e su l t s  a r e  q u a l i t a -  
t i v e l y  t he  s a m e  as those  o b s e r v e d  w i t h  an  anod ic  
bias,  b u t  i t  w i l l  be  seen  t ha t  t he  i nc rea se  in l e a k a g e  
c u r r e n t  due  to p r e f e r e n t i a l  e t ch ing  occurs  in  a m u c h  
s h o r t e r  t i m e  ( a b o u t  12 sec as  c o m p a r e d  to 400 sec 
in  Fig .  1).  This  i nd i ca t e s  t h a t  t he  H F  so lu t ion  p e n -  
e t r a t e s  t he  pores  a lmos t  i m m e d i a t e l y  b u t  t h a t  the  
effect w i l l  no t  be  no t i ced  u n t i l  t he  c u r r e n t  t h r o u g h  
the  de fec t s  becomes  c o m p a r a b l e  to ( i )  t he  RC c h a r g -  
ing  c u r r e n t  a n d / o r  (ii) the  l e a k a g e  cu r ren t .  

Voltage decay.--Two foils,  anod ized  to 54v (Fig .  
3) and  107v (Fig .  4) ,  w e r e  i m m e r s e d  in  0.1% H2SO4 
or  H F  so lu t ion  and  c h a r g e d  for  20 sec to 22.5v (Fig .  
3) a n d  45v (Fig .  4) ( w h e n  in t he  H F  solut ion ,  20 
sec f r o m  t i m e  of i m m e r s i o n ) .  A f t e r  cha rg ing ,  t he  
e x t e r n a l  c i rcu i t  was  i n t e r r u p t e d  and  t h e  o p e n - c i r -  
cu i t  v o l t a g e  d e c a y  r eco rded .  The  p o t e n t i a l  d e c r e a s e d  
s l o w l y  w h e n  the  d i l u t e d  s u l f u r i c  ac id  w a s  the  e lec -  
t r o ly t e .  I n  t he  H F  solu t ion ,  t he  p o t e n t i a l  d e c a y e d  
m o r e  r a p i d l y ,  c h a n g e d  p o l a r i t y  and  l e v e l e d  off a t  
1.38v w i t h  the  t a n t a l u m  nega t ive .  W i t h  a n  u n -  
a n o d i z e d  t a n t a l u m  foil  i m m e r s e d  in  t he  H F  so lu -  
t ion,  an  o p e n - c i r c u i t  p o t e n t i a l  of  1.38v was  m e a s -  
u r e d  ( t a n t a l u m  n e g a t i v e ) .  T h e r e f o r e  t he  i n t e r n a l  
emf  source  is r e l a t e d  to  t he  e l e c t r o c h e m i c a l  r e a c -  
t ion  of t h e  T a / H F  s o l u t i o n / P t  sys tem.  F o r  th is  to 
occur  t he  H F  so lu t ion  m u s t  p e n e t r a t e  t h r o u g h  flaws,  
s ince  t he  c a p a c i t a n c e  m e a s u r e m e n t s  (be fo re :  C = 
4.8/LF; a n d  a f t e r :  C = 4.36 ~F)  i n d i c a t e d  t h a t  on ly  
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Fig. 4. Same as Fig. 3 except that oxide thickness and charging 
voltage are twice as large. Note scale change of ordinate. 

about  40A of oxide were  etched off. No conclusive 
thickness change could be de te rmined  from the com- 
par ison wi th  the opt ical  step gauge. The in te rna l  
resistance,  Fig. 3, of the emf was about  5 x 107 ohms. 

Af te r  the  foil which had been t rea ted  as descr ibed 
above had soaked for 30 min in deionized wa te r  and 
was put  back  into the 0.1% I'I2SO4 electrolyte,  the 
open-c i rcu i t  potent ia l  was again such tha t  the  t an -  
t a lum was posit ive and s lowly increased to 0.12v 
wi th in  60 min. I t  was expected  tha t  the emf of the  
sys tem Ta/0 .1% H~SO4/Pt would  appear ,  but  ap-  
pa ren t ly  the  res idual  potent ia l  f rom previous  charg-  
ings st i l l  dominated.  However,  the etching caused 
changes in the oxide, which were  not e l iminated  by  
a 20 sec charging to the same potent ial ,  as seen 
f rom the th i rd  open-c i rcui t  decay, Fig. 3. 

Continuous etching was expected to increase the 
number  and size of the pores. This should lower  the 
in terna l  resis tance of the emf of the  sys tem T a / H F  
solut ion/Pt .  Even tua l ly  this  in te rna l  res is tance 
should approach about  102 ohms as observed wi th  
a bare  Ta-foil .  So the foil used for the runs  p lot ted  
in Fig. 3 was etched for an addi t ional  14 hr  in 
the  d i lu ted  HF solution and indeed the in te rna l  
resis tance decreased to about  3 x 104 ohms. The in-  
te r ference  color had  changed uniformly,  and by 
comparison,  the oxide thickness had  changed f rom 
a thickness corresponding to the ini t ia l  format ion  

potent ia l  of 56v to about  35v (before:  C = 4.36 ~F; 
af ter :  6.90 #F) .  

Af te r  soaking for 30 min  in deionized water ,  the 
foil descr ibed above was again immersed  in 0.1% 
H2SO4 electrolyte .  Now the open-c i rcu i t  po ten t ia l  
r emained  negat ive,  t an t a lum low, and decl ined over  
a t ime per iod of 50 min f rom 1.11 to 1.06v. The run  
continued to a to ta l  of 250 min  and the potent ia l  
s tayed  constant. Recharging for 20 sec to 22.5v wi th  
104 ohms in series did not heal  the remain ing  oxide 
l aye r  as was seen f rom a subsequent  open-c i rcui t  
decay. 

That  th icker  oxide films have more flaws is c lear ly  
demons t ra ted  by  a comparison of Fig. 3 and Fig. 4. 
The foil used for the runs  p lo t ted  in Fig. 4 was  
anodized to twice the poten t ia l  of the foil in Fig. 3. 
However ,  the open-c i rcu i t  decay (in the I-IF solu-  
t ion) to the e lect rochemical  potent ia l  occurred more  
rapidly .  Af te r  a pp r ox i m a t e l y  the same etching t ime,  
the in te rna l  resis tance of the emf was two orders  of 
magni tude  less, about  5 x l0 B ohms. 

Photoinvestigations.--It is w e l l - know n  tha t  Ta205 
responds to l ight  of wavelengths  shor ter  than  about  
300 rn~. During the discharge of a t an t a lum oxide 
e lectrolyt ic  capaci tor  and the open-c i rcu i t  vol tage 
( res idual  vol tage)  bu i ld -up  and decay, the photo-  
sensi t iv i ty  of the oxide has been found to extend 
to much longer  wavelengths  (7).  For  the fol lowing 
exper iments ,  no selected l ight  f requencies  were  used, 
and therefore,  the resul ts  wi l l  give only a qual i ta t ive  
exp lana t ion  of how pores in a t an t a lum oxide film 
affect the photoresponse.  

When a foil  anodized to 55v was immersed  in 
0.1% H2SO~ and the oxide i l lumina ted  dur ing  the 
open-c i rcui t  vol tage  decay, the potent ia l  ve ry  r ap -  
id ly  dropped  to a negat ive  value  ( the P t - c o u n t e r -  
e l e c t r o d e  posi t ive)  and the in te rna l  resis tance of 
this potent ia l  source was about  105 ohms, Fig. 5. 
This value  depends,  of course, on exper imen ta l  con- 
dit ions such as l ight  intensi ty,  spectra l  distr ibution,  
etc. 

We pic ture  the photovol tage  and the e lec t rochem- 
ical vol tage as two potent ia l  sources wi th  charac te r -  
istic in te rna l  resis tances and fu r the r  we assume 
tha t  these two cells are in paral le l .  As soon as the 
e lect rochemical  emf, Ee, is equal  to the  m a x i m u m  
open-c i rcu i t  photovoltage,  Eph, no  open-c i rcu i t  pho-  
toresponse of the t an t a lum oxide should be ob-  
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served�9 W i t h  the  a n o d i z e d  foi l  in  t he  d i l u t e d  H F  
solu t ion ,  t he  d i f fe rence  b e t w e e n  t h e  p h o t o p o t e n t i a l  
a n d  the  d a r k  p o t e n t i a l  d i m i n i s h e d  (Fig .  6) as  t he  
e t ch ing  p roceeded .  Fig .  7 is a c o n t i n u a t i o n  of t he  
r u n  in Fig .  6. W e  see f r o m  Fig.  7 t h a t  t he  o p e n -  
c i r cu i t  p h o t o r e s p o n s e  f ina l ly  cou ld  no t  be  d e t e c t e d  
a n y m o r e .  The  r a t i o  of t he  c u r r e n t  s u p p l i e d  b y  t h e  
t w o  cel ls  in  p a r a l l e l  d e p e n d s  on the  r a t i o  of t h e  
i n t e r n a l  r e s i s to r s  for  Ee "~  Eph.  I t  was  m e n t i o n e d  
a b o v e  t h a t  t he  i n t e r n a l  r e s i s t ance  of  t h e  " e l e c t r o -  
c h e m i c a l  b a t t e r y "  w a s  a func t ion  of t h e  t i m e  t h e  
foi l  h a d  been  in  t he  H F  solution�9 The re fo r e ,  a p h o t o -  
c u r r e n t  shou ld  be  d e t e c t a b l e  even  a f t e r  t he  open  
c i r cu i t  v o l t a g e  can  no l o n g e r  be  a f fec ted  b y  l ight ,  
p r o v i d e d  the  i n t e r n a l  r e s i s t ance  of t h e  p h o t o s o u r c e  
is no t  m u c h  l a r g e r  t h a n  the  i n t e r n a l  r e s i s t anc e  of  

t he  e l e c t r o c h e m i c a l  v o l t a g e  source .  This  i n d e e d  was  
obse rved ,  Fig .  7. H e r e  a c u r r e n t  of a b o u t  1 ~a in -  
c r e a s e d  r a p i d l y  to  a p p r o x i m a t e l y  7 ~a a n d  l e v e l e d  
off a t  6.5 ~a w h e n  the  ox ide  was  i l l u m i n a t e d .  As  is 
f u r t h e r  seen,  t h e  p h o t o c u r r e n t  ( the  d i f fe rence  b e -  
t w e e n  the  d a r k  a n d  the  t o t a l  c u r r e n t )  d e c r e a s e d  as 
t he  e t c h ing  p roceeded .  A f t e r  t h e  run ,  t h e  i n t e r f e r -  
ence  color  was  s t i l l  u n i f o r m  on each  s ide  b u t  t he  
i l l u m i n a t e d  s ide  h a d  e t ched  f a s t e r  as i n d i c a t e d  b y  
the  d i f fe rence  in  i n t e r f e r e n c e  colors�9 

A n  a d d i t i o n a l  e x p e r i m e n t a l  o b s e r v a t i o n  can  be  
e x p l a i n e d  b y  a s s u m i n g  t h a t  t he  ox ide  is p e n e t r a t e d  
b y  pores .  A n  a n o d i z e d  foi l  w h i c h  h a d  b e e n  e t ched  
for  some t i m e  so t h a t  t h e  i n t e r n a l  r e s i s t ance  of  t he  
e l e c t r o c h e m i c a l  e m f  w a s  a b o u t  103 ohms  a n d  the  
o p e n - c i r c u i t  p h o t o r e s p o n s e  h a d  d i s a p p e a r e d  was  
i m m e r s e d  in  de ion ized  w a t e r  for  two  hr.  W h e n  the  
foi l  was  p u t  b a c k  in  t h e  H F  solu t ion ,  t h e  open  c i r -  
cui t  p o t e n t i a l  r e a c t e d  to l i g h t  b u t  th is  r e sponse  
v a n i s h e d  w i t h  t i m e  as  d e s c r i b e d  above .  I t  is sug -  
ges t ed  t h a t  t he  de ion ized  w a t e r  h a d  f i l led t he  p o r e s  
and  the  H F  so lu t ion  n e e d e d  some  t i m e  to m a k e  con-  
t ac t  w i t h  t he  t a n t a l u m  and  r e s t o r e  t he  e l e c t r o c h e m -  
ical  po ten t i a l ,  a n d  t hus  concea l  t he  open  c i rcu i t  
pho to response .  

I t  has  p r e v i o u s l y  b e e n  p r o p o s e d  (8)  t h a t  a s u r -  
face  b a r r i e r  ex is t s  c lose to or  a t  t he  ox ide  e l e c t r o -  
l y t e  i n t e r f a c e  s ince  t he  pho toef fec t  d i s a p p e a r e d  and  
the  ca thod ic  c u r r e n t  i n c r e a s e d  a f t e r  a t h in  l a y e r  of 
ox ide  w a s  r e m o v e d  b y  e t ch ing  in  HF.  Here ,  h o w -  
ever ,  t he  conclus ion  is m a d e  t h a t  an  anod ic  ox ide  
l a y e r  on  t a n t a l u m  a l w a y s  r e s p o n d s  to l igh t  of a d e -  
q u a t e  f r e q u e n c y  r e g a r d l e s s  of  w h e t h e r  l a y e r s  a r e  
e t ched  off or  not .  The  e tch ing ,  h o w e v e r ,  i nc reases  
the  p o r o s i t y  of  t he  ox ide  and  t hus  causes  t h e  e l ec -  
t r o c h e m i c a l  p o t e n t i a l  to ar ise .  As  e x p l a i n e d  above ,  
th is  e v e n t u a l l y  concea ls  t he  p h o t o r e s p o n s e  of  t he  
t a n t a l u m  oxide .  

Manuscr ip t  received Apr i l  29, 1963; rev ised  m a n u -  
script  rece ived  Aug. 8, 1963. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 

REFERENCES 
1. L. Young, Trans�9 Faraday Sot., 55, 842 (1959). 
2. L. Young, Acta Met., 5, 711 (1957)�9 
3. D. A. Vermi lyea ,  This Jou~mal, 1Q2, 207 (1955). 
4. D. A. Vermi lyea ,  J. AppL Phys., 27, 963 (1956)�9 
5. D. A. Vermi lyea ,  Acta Met., 2, 482 (1954). 
6. D. A. Vermi lyea ,  This Journal, l l 0 ,  250 (1963). 
7. R. Dreiner ,  This Journal, 111, 27 (1964). 
8. P. F. Schmidt ,  F. Huber ,  and  R. F. Schwarz,  J. Phys. 

Chem. Solids, 15, 270 (1960). 



Short -Pulse T e c h n i q u e s  
I. Kinetics of the Triiodide/Iodide Reaction on a Platinum Electrode in Neutral Solution 
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U. S. Naval  Research Laboratory,  Washington,  D. C. 

ABSTRACT 

The subject application permits  observat ion of polarizat ion changes on an 
electrode surface in t imes as short as 25 nanosec. The requi red  minia tur izat ion 
of the electrolytic cell is achieved by the use of a solion. Short  pulses l imit  
e lectrochemical  processes so that  only those reactants  a l ready present  at the 
meta l / so lu t ion  interface are avai lable for reaction. The per turbat ion  t ime of 
iodide ions in the compact double layer  was est imated to be 3 x 10 - s  sec. 
Kinet ic  relat ions for polarizat ion bui ld-up and decay are der ived and applied 
to this redox system for both anodic and cathodic polarization. The var iabi l i ty  
of the t ransfer  coefficient, ~, found by Newson and Riddiford, is confirmed over  
a wide range in both the anodic and cathodic directions. Kinetic parameters  
are determined,  and the equations based on the Vet ter  electron t ransfer  step, 
wi th  some modifications, are verified. Surface coverage determinat ions  indicate 
that  the fract ion of avai lable p la t inum surface covered with  adsorbed iodine 
atoms at zero overvol tage  (0o) for adsorbed iodine atoms is 0.09. Parameters  
are also de termined  for the hydrogen format ion react ion at potentials where  
all of the iodine is reduced. A model  for the adsorption of iodine species on the 
electrode surface is given in order  to explain the relat ionship between surface 
coverage of these species and the exchange current  density. 

The  objec t  of this  i nves t i ga t i on  was  twofold .  The  
first a im  was  to dev i se  a t e c h n i q u e  wh ich  w o u l d  a l -  
low the  d e t e r m i n a t i o n  of t r a n s i e n t  po la r i za t ion  e f -  
fects  as soon as possible  a f te r  the  impos i t ion  or  d is -  
con t inua t ion  of a pe r tu rba t ion .  The  second a im was  
to app ly  such a t e c h n i q u e  to the  s tudy  of a r edox  
system.  

A solion cell  was  se lec ted  for  this w o r k  because  
such a cell  phys ica l ly  mee t s  the  r e q u i r e m e n t s  for  
po la r i za t ion  m e a s u r e m e n t s  at t imes  less t h a n  1 ~sec 
a f te r  changes  are  app l ied  to the  system. The  ca re fu l  
cons t ruc t ion  of these  cells  and the  p u r i t y  of the  r e -  
agents  used are  also conduc ive  to s tudies  of f u n -  
d a m e n t a l  r eac t ion  kinet ics .  

I n s t r u m e n t a t i o n  

C i r c u i t r y . - - T h e  basic c i rcui t  used  in this i n v e s t i -  
ga t ion  is the  same as tha t  g iven  in an ea r l i e r  pape r  
(1) w i t h  the  omiss ion  of the  ho r i zon ta l  osci l loscope 
input ,  s ince these  m e a s u r e m e n t s  are  al l  m a d e  f r o m  
s imple  t ime  base  displays.  One modif ied  circui t ,  
shown in Fig. 1, was  used for  v e r y  fas t  pulses  h a v -  
ing a r ise  t i m e  of 4 nanosec.  These  pulses  w e r e  
used to check  for  ev idence  of cell  reac t ions  at v e r y  
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Fig. 1. Block diagram of very short-pulse circuit 

shor t  t ime  in t e rva l s  fo l lowing  the  inc idence  of a 
pulse.  The  use of a n o m i n a l  v a l u e  of 100 ohms for  
Rstd was  found  to se r ious ly  inc rease  the  pulse  r ise  
t i m e  so this was  r educed  to 10 ohms, a va lue  suffi- 
c ient  to p r o v i d e  usab le  c u r r e n t  m e a s u r e m e n t  v o l t -  
ages bu t  not  l a rge  enough  to m a t e r i a l l y  affect the  
rise t ime.  F u r t h e r m o r e ,  essent ia l ly  cons tan t  c u r r e n t  
condi t ions  ex is t  because  of the  h igh  solut ion r e -  
s is tance  of the  cell. The  capac i t ance  ex i s t ing  b e -  
t w e e n  the  r e f e r e n c e  and the  w o r k i n g  e lec t rode  
caused v e r y  l a rge  ove r shoo t  and some r ing ing  on 
the  pulses  obse rved  at the  r e f e r e n c e  e lec t rode .  The  
200-ohm series  res i s tor  was  used to g r e a t l y  r educe  
the  overshoo t  and  e l i m i n a t e  the  r inging.  H i g h e r  
va lues  of res i s tance  i n t roduced  u n d e s i r a b l e  s t ray  
capac i t ance  effects. S ince  the  pulse  g e n e r a t o r  r e -  
q u i r e d  a n o m i n a l  50 -ohm load (45 ohms for  op-  
t i m u m  s q u a r e  w a v e  pu l se  shape ) ,  it was  necessa ry  
to shun t  the  cel l  c i rcui t  w i t h  a 68 -ohm res is tor  to 
p r o v i d e  this  load. Thus  the  i n t e r n a l  res i s tance  of 
the  solion cel l  t u rns  out  to be a p p r o x i m a t e l y  125 
ohms.  

Since  no ev idence  of cell  reac t ions  occur red  in 
the  first 25 nanosec  fo l lowing  pulse  inc idence ,  a 
longer  pulse  g e n e r a t o r  w i t h  a pulse  r ise  t ime  of 
25 nanosec  was  used  w i t h  the  c i rcu i t  shown in 
Fig. 2 for  subsequen t  m e a s u r e m e n t s .  The  longer  
r ise  t ime  e l i m i n a t e d  the  overshoo t  and r ing ing  
p rob lem,  so tha t  the  200-ohm res is tor  shown in 
Fig. 1 could be  om i t t ed  and the  10-ohm Rstd could 
be inc reased  to the  n o m i n a l  100 ohms once  more ,  
p e r m i t t i n g  m o r e  accura te  vo l t age  r ead ings  u n d e r  
essen t ia l ly  cons tan t  c u r r e n t  condit ions.  S ince  load 
ma tch ing  is not  so cr i t ica l  w i t h  this genera to r ,  the  
i n t e rna l  9 3 - o h m  load gave  a v e r y  good w a v e  f o r m  
w i t h  the  cel l  c i rcui t  of Fig.  2. S ince  this  g e n e r a t o r  
had  a r e l a t i v e l y  h igh  cutoff  cur ren t ,  p a r t i c u l a r l y  on 
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Fig. 2. Block diagram of pulse circuit using Electro Pulse pulse 
generator. 

A D 

Fig. 3. Integrator solion. A. Cross-section at neck from 0.05 to 
0.1cm; B. Pt shield electrode (diam = 0.4 cm with 7 holes of 
0.005 cm diam); C. Pt reference electrode (diam = 0.4 cm with 
7 holes of 0.005 cm diam); D. Pt working electrode (diam = 0.4 
cm); E. counterelectrode (80 mesh Pt gauze, 0.254 cm x 0.953 cm); 
F. cylindrical plastic case (1 cm diam x 4 cm long) surrounding 
a glass envelope which contains electrodes and electrolyte. 

the posi t ive ou tpu t  polar i ty ,  the four  1N252 diodes 
were  in se r t ed  in  the  cell c i rcui t  to hold this  down  
to a n  ins igni f icant  value ,  as in  the fo rmer  po la r i za -  
t ion  s tudies  (1) .  

Whi le  us ing  the c i rcui t  of Fig. 1 wi th  the  shor t -  
pulse  genera tor ,  the m e a s u r e m e n t s  and  ca lcu la t ion  
me thod  were  checked by  tes t ing  w i th  a d u m m y  cell 
c i rcui t  which  ut i l ized ca re fu l ly  measured ,  k n o w n  
va lues  of components .  

Equipment--The shor t -pu l se  gene ra to r  used in 
the circui t  in  Fig. 1 was the Model  121 m a n u f a c -  
t u red  by  the E - H  Research  Labora tor ies ,  Inc. I t  wi l l  
supp ly  a 50v _+ pulse  to a 50-ohm load. The pulse  
rise and  fal l  t imes are 4 nanosec,  and  the  pulse  wid th  
is va r i ab le  f rom 20 to 1000 nanosec.  Repet i t ion  ra te  
is f rom 10 cycles to 10 megacycles .  In  add i t ion  the re  
is a s ing le -pu l se  pushbu t t on .  

The l o n g - p u l s e  gene ra to r  used in  the  c i rcui t  in 
Fig. 2 was the E lec t ro -Pu l se  Model 3450D m a n u -  
fac tu red  by  the Servo Corpora t ion  of Amer ica .  It  
wi l l  p roduce  a posi t ive  or nega t ive  75v pulse  into 
a 100-ohm load, wi th  a rise and  fal l  t ime  of 25 n a n o -  
sec. Pu lse  wid th  ranges  f rom 50 nanosec  to 1 sec, 
us ing  two modules .  Repe t i t ion  ra te  is f rom 0.05 
cycles to 2 megacycles ,  us ing  two modules .  There  
is also a s ing le -pu l se  pushbu t ton .  

The oscilloscope used in t ak ing  these m e a s u r e -  
men t s  was a T e k t r o n i x  Type  585. This is the succes-  
sor to the  Type  535 used in  the po la r iza t ion  s tudies  
covered by  the pape r  r e fe r red  to above  (1) .  I t  is 
p rac t i ca l ly  iden t ica l  in its specifications bu t  it has 
response  up to 100 MCS, wi th  a rise t ime of 3.5 
nanosec.  This  response is necessa ry  for use wi th  
the  sho r t -pu l se  genera tor .  The dua l - t r ace ,  swi tched-  
input ,  p l u g - i n  amplif ier  u n i t  (Type  82) ava i lab le  
wi th  this  scope was  used for the s imu l t aneous  dis-  
p lay  of t races  recorded wi th  a Polaro id  camera  us ing  
fast  film wi th  10,000 ASA rat ing.  

The 1N252 diodes are a f a s t - swi t ch ing  type  m a n -  
u f ac tu r ed  by  Trans i t ron .  The m a x i m u m  inverse  op-  
e ra t ing  vol tage  is 20v; the  m a x i m u m  average  for-  
w a r d  c u r r e n t  is 40 ma;  and  the m a x i m u m  recovery  
t ime  is 0.15 ~sec. 

The solion ceil used in  these  s tudies  is descr ibed  
in deta i l  e l sewhere  in this report ,  and  an  en la rged  
d i a g r a m  is g iven  in  Fig. 3. 

Procedure.--Initial tests on the solion cell r e su l t ed  
in  po la r iza t ion  curves  such as those i l l u s t r a t ed  in 
Fig. 4. These show the  superpos i t ion  of the  pulse  
at the re fe rence  electrode on the  o r ig ina l  pulse  shape 

Fig. 4. Cathodic polarization oscilloscope traces at short times 
i ~ 3 amp/cm% 

at the very start of the pulse. This is done by means 
of the electronic switching circuitry contained in 
the scope preamplifier unit. Three different time 
bases are used, primarily showing progressive 
charging of the double layer capacitance up to ap- 
proximately 1 ~sec. Two Type P6008 probes having 
a I0 megohm input resistance and 7 pfd input ca- 
pacitance (designed specifically for use with the 
Type 82 plug-in unit) were found to give the best 
possible wave shape when carefully grounded 
through BNC connectors to the small shielding box 
containing the cell. All leads in the box were kept 
very short, to minimize stray inductance and ca- 
pacitance, and the box was mounted right on the 
output connector of the pulse generator. The probes 
were connected to points A and C in Fig. I, and 
pulse widths of approximately 0.08, 0.3, and 0.8 
t~sec were used, at repetition rates between 100N 
and 500~. This pulse spacing was sufficient to per- 
mit return to equilibrium between pulses. Cell cur- 
rent was obtained by measuring pulse voltages at 
points A and B with the calibrated scope vertical 
amplifier. The current is equal to the difference 
in voltage at points A and B divided by 10.45 ohms. 

Similar measurements were made with the long- 
pulse generator using the circuit of Fig. 2. With the 
use of 0.8, 8, 45, and 80 tLsec pulse widths, a single- 
pulse technique was necessary in order to permit 
the cell to return to equilibrium between the longer 
pulses. It should be observed that the polarity of 
the IN252 diodes must be reversed with a reversal 
of the input pulse polarity; otherwise their high 
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Fig. 5. Typical cathodic pulse and decay oscilloscope traces. 
Note: the two rectangular pulses in each picture of this and 
succeeding figures were used to determine current. 

back resistance will prevent application of the pulse 
to the cell. The curves in Fig. 5 show typical pulse 
shapes at the reference electrode. The pulses appear 
inverted because the actual measurements were 
taken on the reference electrode (it was necessary 
to ground the working electrode in arriving at a 
practical circuit). The curves in Fig. 5 also show 
pulse decay characteristics. With this circuit, the 
current is equal to the difference in voltage at points 
A and B (see Fig. 2) divided by 105.5 ohms. This 
current may be considered constant insofar as its 
effect on the polarization curves is concerned be- 
cause the polarization voltage changes are an in- 
significant proportion of the total applied pulse 
voltage. 

A dummy cell circuit was assembled in an at- 
tempt to approximate the curves obtained from the 
cell and to calculate the known values of R and C 
by measurements taken from them. In making 
thcse measurements, the time base of the scope was 
carefully calibrated, along with the vertical am- 
plifier voltage calibration. Measurements were taken 
from pulse photographs, using both pulse generators 
and pulse polarities. The calculated component 
values were in reasonable agreement with the 
measured ones, proving that such measurements are 
a reliable quantitative source of data when applied 
to the unknown values in an electrolytic cell. 

Triiodide/Iodide Reaction 
Vet te r  (2, 3) r ev iewed  the k ine t ics  of this  reac-  

t ion and  concluded tha t  the  reac t ion  m e c h a n i s m  
would  fol low the  pa th  
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(e lec t ron  t r a n s f e r  step) [1] 

[2] 
chemica l  r eac t ion  steps, 
in  e q u i l i b r i u m  

I2 -t- I -  ~ I~- [3] 

here  Iads is a chemisorbed  iodine atom. Newson  and  
Riddiford  (4) have  r ecen t ly  conf i rmed this m e c h -  
anism.  

E x p e r i m e n t a l  

A d i a g r a m of the  "Tracor  solion e lect r ical  r eadout  
i n t eg ra to r "  is shown in  Fig. 3. The so lu t ion  was r e -  
por ted  by  the  m a n u f a c t u r e  to consist  of ve ry  care-  
fu l ly  pur i f ied  1.0M KI  plus  about  0.0025M Ie and  less 
t h a n  0.01% citric acid dissolved in  pure  water .  The 
cell was cons t ruc ted  of l ead - f r ee  soft glass in  which  
all  the  electrodes were  sealed. The  glass hous ing  was 
encapsu la t ed  in  an  epoxy po t t ing  resin.  The  oxygen  
concen t r a t i on  ins ide  the cell was  r educed  to essen-  
t i a l ly  zero by  boi l ing  the  solut ion,  o u t - p u m p i n g  the 
gases, and  then  fil l ing the cell u n d e r  vacuum.  The  
a p p a r e n t  area  of the  w o r k i n g  electrode was 0.123 
cm 2, whi le  tha t  of the counte re lec t rode  was  abou t  
50 t imes larger .  The re fe rence  e lect rode was  of the  
same d imens ions  as the  work ing  electrode,  except  
tha t  to provide  an  e lect rolyt ic  path,  six 0.005 cm 
holes were  equa l ly  spaced in  a circle m i d w a y  on 
the  disk, w i th  ano the r  hole of the same size in  the 
cen te r  of the electrode.  The shield e lect rode shown  
in  Fig. 3 was  not  used. The t e m p e r a t u r e  was  25 ~ • 
I~  

I t  was  found  tha t  w h e n  pulses  were  first applied,  
po la r iza t ion  was  high compared  to va lues  ob ta ined  
w h e n  the w o r k i n g  electrode was  first anodized w i th  
a succession of abou t  t en  80 /~sec pulses.  This ano-  
dizing process u n d o u b t e d l y  c leaned  the  surface 
and  gave lower  po la r iza t ion  resul t s  for bo th  anodic  
and  cathodic polar izat ions .  I t  is possible tha t  this  
t r e a t m e n t  also m a y  have  r e move d  a ny  adsorbed 
citric acid. Double  layer  capaci tance  vs. overvol tage  
m e a s u r e m e n t s  ind ica ted  tha t  no such subs tance  was  
adsorbed to an  i m p o r t a n t  ex ten t  on the w o r k i n g  
electrode surface.  The so lubi l i ty  of citric acid in  
wa te r  would  also t end  to m i n i m i z e  both  its ra te  of 
adsorp t ion  and  the a m o u n t  adsorbed.  M e a s u r e m e n t s  
were  t h e n  taken ,  u sua l l y  in  a per iod  of less t h a n  1 
hr, and  in  tha t  t ime  the  resul t s  were  reproduc ib le  
enough  so tha t  po isoning  effects were  no t  too severe. 
This was especial ly  t rue  for anodic  polar izat ion.  
Po la r i za t ion  in  the  cathodic direct ion,  be ing  more  
subjec t  to poisoning  effects, was  no t  qu i te  as r ep ro -  
ducible.  

The  solion was  subjec ted  to single,  c o n s t a n t - c u r -  
r en t  ( v a r y i n g  f rom 0.1 to 3 a m p / c m  e) anodic  and  
cathodic pulses  of about  0.8, 8, 45, a nd  80 ~sec 
dura t ion .  The c u r r e n t  dens i ty  was cont ro l led  by  
v a r y i n g  the  pulse  voltage,  and  its va lue  was  ca lcu-  
la ted for each pulse  f rom m e a s u r e m e n t s  of the  
vol tage  drop a c r o s s  Rstd  , d e t e r m i n e d  f rom two pulses  
u sua l l y  recorded on the same film wi th  the  vo l tage-  
t ime  t race for the  w o r k i n g  electrode.  Decay curves  
were  d e t e r m i n e d  by  app ly ing  single pulses  r a n g i n g  
f rom about  3 to 25 ~sec in  d u r a t i o n  and  record ing  
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bo th  the  pu l se  and  the  p o t e n t i a l - t i m e  d e c a y  t race .  
F i g u r e  5 shows  t y p i c a l  ca thod ic  shor t  pu l ses  fo l -  
l o w e d  b y  d e c a y  curves .  The  r e c t a n g u l a r  pu l ses  
shown  on these  cu rves  w e r e  used  to d e t e r m i n e  c u r -  
r e n t  dens i ty .  

The  fac t  t h a t  a p u l s e d  w o r k i n g  e l ec t rode  r e t u r n e d  
to i ts  o r ig ina l  o p e n - c i r c u i t  p o t e n t i a l  be fo re  t he  
a p p l i c a t i o n  of a succeed ing  pu l se  was  d e m o n s t r a t e d  
in two  w a y s :  first,  b y  p h o t o g r a p h i n g  a success ion  of 
two  pu l ses  w h i c h  co inc ide  on supe rpos i t i on ,  a n d  
second,  b y  e x t e n d i n g  the  d e c a y  t i m e  to a po in t  
w h e r e  the  d e c a y  p o t e n t i a l  co inc ided  w i t h  t he  p o -  
t e n t i a l  a t  t he  in i t i a t i on  of  the  pulse .  This  r e t u r n  to 
t he  o r ig ina l  o p e n - c i r c u i t  p o t e n t i a l  o c c u r r e d  in less 
t h a n  1000 ~sec. I n t e r v a l s  b e t w e e n  success ive  pu l ses  
w e r e  of m u c h  l onge r  du ra t i on .  R e p e a t e d  pu l ses  of 
a l e n g t h  g r e a t e r  t h a n  80 ~sec caused  a c c u m u l a t i v e  
effects and  some co lo ra t i on  at  t he  a n o d e  due  to t he  
f o r m a t i o n  of iodine.  H o w e v e r ,  th is  cond i t ion  was  
c a r e f u l l y  a v o i d e d  d u r i n g  the  co l lec t ion  of da ta .  

Open  c i r cu i t  p o t e n t i a l s  b e t w e e n  each  e l ec t rode  
w e r e  equa l  to zero. The  c a l c u l a t e d  e q u i l i b r i u m  p o -  
t en t ia l ,  Eeq, for  the  t r i i o d i d e / i o d i d e  r e d o x  coup le  
is o b t a i n e d  f r o m  the  e q u a t i o n  

a - -  

R T  I3 
Eeq = Eo -~- I n -  [4]  

3 
2F a I -  

w i t h  Eo = 0.536v (5) .  F o r  1M K I  and  0.0025M I~- ,  
t he  m e a n  a c t i v i t y  coefficient  of K I  = 0.646 (6 ) ,  and  
a s s u m i n g  a un i t  a c t i v i t y  coefficient  for  I8- ,  Eeq = 
0.476v. The  m e a s u r e d  Eeq for  th is  so lu t ion  was  r e -  
p o r t e d  to be e s s e n t i a l l y  t he  ca l cu l a t ed  e q u i l i b r i u m  
va lue .  The  p H  of the  so lu t ion  is close to seven.  The  
I 3 - / I -  r e a c t i o n  is a p p a r e n t l y  at  e q u i l i b r i u m  at  open  
c i rcui t ,  so po l a r i z a t i on  can  be r e p r e s e n t e d  as an  
ove rvo l t age .  Tha t  e q u i l i b r i u m  is a t t a i ned ,  fo l lows  
also f rom the  f indings  of Newson  and  R i d d i f o r d  (4 ) ,  
who  s h o w e d  t h a t  the  p o t e n t i a l  of t he  t r i i o d i d e / i o d i d e  
r e d o x  e l ec t rode  u n d e r  s i m i l a r  condi t ions  was  es-  
s e n t i a l l y  at  i ts  r e v e r s i b l e  va lue .  

K i n e t i c  R e l a t i o n s  

In  th is  i n v e s t i g a t i o n  c o n s t a n t - c u r r e n t  pu l ses  w e r e  
k e p t  to sho r t  d u r a t i o n s  so t h a t  on ly  r e a c t a n t s  i n i t i a l l y  
a d s o r b e d  on the  e l e c t r o d e  su r face  or  in  t he  i m m e d i -  
a te  v i c in i t y  of the  e l ec t rode  su r face  w o u l d  be  a v a i l -  
ab le  for  reac t ion .  T r a n s p o r t  of iod ine  or  t r i i o d i d e  
to and  f r o m  the  e lec t rode ,  be ing  a r e l a t i v e l y  s low 
process  (2) ,  does not  occur  s ign i f i can t ly  d u r i n g  the  
a p p l i c a t i o n  of these  pulses .  Ca lcu la t ions  show t h a t  
t he  I~-  c o n c e n t r a t i o n  in so lu t ion  at  t he  i n t e r f ace  
wi l l  d rop  to zero w i t h i n  a f ew  mic roseconds  at  t he  
l owes t  c u r r e n t  dens i t i e s  app l ied .  Also  the  r a t e  of 
d i f fus ion  of I~-  f rom the  i n t e r i o r  of t he  so lu t ion  to 
t he  e l ec t rode  su r face  wi l l  be  v i r t u a l l y  ins igni f ican t  
d u r i n g  the  pu l se  t ime  used.  I od ide  ion, h o w e v e r ,  is 
p r e s e n t  in such  a r e l a t i v e l y  l a rge  a m o u n t  t h a t  con-  
c e n t r a t i o n  changes  of th is  ion at  t he  e l ec t rode  in -  
t e r f ace  wi l l  be  r e l a t i v e l y  ins ign i f ican t  a t  the  c u r r e n t  
dens i t i e s  and  pu l se  t imes  used.  

The  h igh  c u r r e n t - d e n s i t y  pu l ses  used  in th is  w o r k  
gave  p o t e n t i a l - t i m e  cu rves  in w h i c h  the  o v e r v o l t -  
ages  w e r e  h igh  enough  so t ha t  the  b a c k  r e a c t i o n  
could  be cons ide red  to be  neg l ig ib le .  The  c o r r e c t -  

ness  of V e t t e r ' s  m e c h a n i s m  w a s  a s sumed ,  g iv ing  the  
fo l lowing  equa t ions  for  the  r a t e - c o n t r o l l i n g  an  odic 
and  ca thodic  e l ec t ron  t r a n s f e r  s teps  

ia = io exp  (2.3~?a/ba) [5]  

ic = io (~fl~o) exp (--2.3~c/bc) [6] 

where the subscripts a and c denote anodic and 
cathodic, carrying respective positive and negative 
signs, i is the current density, io is the exchange 
current density, v is the overvoltage, b is the Tafel 
slope (=2.303 RTJaF), .~ is the fraction of available 
platinum surface covered with adsorbed iodine 
atoms, 1 0o is the same fraction at zero overvoltage, 
a is the transfer coefficient, and R, T, and F have 
their usual meanings. Equation [5] does not contain 
concentration terms because the iodide ion concen- 
tration would be virtually constant for the experi- 
mental conditions applied. Changes in surface con- 
centration of adsorbed iodine atoms would be sig- 
nificant in Eq. [6] because of low concentrations 
and slow diffusion of I3- to the surface. 

Transient equations [7, 8] were derived for con- 
stant-current pulse application and also for decay of 
potential after the application of a pulse, assuming 
the simple model of an electrode interface as a 
double layer capacitance in parallel with a faradaic 
impedance (the latter being a function of the rate of 
electron transfer) with no back reaction. On po- 
larization with a constant-current pulse, and with 
insignificant concentration changes, the following 
differential equation describes the rate of overvolt- 
age change: 

- -  -- - -  exp  (2.31~[/b) [7]  
dt C C 

w h e r e  t is the  t ime  and  C is t he  doub le  l a y e r  c a p a c i -  
tance .  I n t e g r a t i o n  of th is  equa t ion  g ives  

l i ] t  ]i[ - - i o  + i o e x p  (2.3 liI t / b C )  
[71 - - - -  b l o g  [8]  

c li! 

On ca thod ic  po la r i za t ion ,  w h e r e  changes  in  the  
c onc e n t r a t i on  of a d s o r b e d  iod ine  a toms  a re  s ignif i -  
cant ,  Eq. (7)  m u s t  be  modif ied .  He re  

d~c ic io 
- - - -  - -  ~- - -  - -  exp  ( - -2 .3w/be)  [9]  

C C ~,, dt  

Since  

e = 0 o +  
N A x 1 0 -  6 ift 

2 x 1015 F 
= 0o -t- 3.125 x 10 -8 ift  [10] 

w h e r e  NA is A v o g a d r o ' s  n u m b e r ,  if is t he  f a r a d a i c  
c u r r e n t  d e n s i t y  in a m p / c m  2, t is in ~sec, and  2 x 10 t~ 
is the  e s t i m a t e d  n u m b e r  of a d so rp t i on  s i tes  (P t  
a toms )  p e r  squa re  c e n t i m e t e r  on the  P t  e lec t rode .  
S ince  

i~ --  ic + if [11] 

W h e r e  ic is the  c a pa c i t i ve  c u r r e n t  dens i ty ,  w i t h  

ic = C d•c/dt = C re' [12] 

i A l t h o u g h  t h e  a d s o r b e d  s p e c i e s  w i l l  b e  i n d i c a t e d  i n  t h e  t e x t  a n d  
f i g u r e s  a s  i o d i n e  a t o m s ,  a n  e q u i v a l e n t  o f  i o d i n e  m o l e c u l e s ,  t r i i o d i d e  
i o n s ,  o r  a c o m b i n a t i o n  o f  t h e s e  m a y  a c t u a l l y  e x i s t .  M o r e  c o n c e r n i n g  
t h e s e  s p e c i e s  w i l l  b e  d i s c u s s e d  l a t e r .  
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Hence 

8 = t~o + ( ic - -  C~?j)3.125 x 10 -3 t [13] 

S u b s t i t u t i n g  into Eq. [9] 

ic io0o 
~c' - -  4- 

C C{?o exp (2.3re~be) 4- 3.125 x 10 -3 Clot 
[14] 

T r a n s i e n t  m e a s u r e m e n t s  made  f rom po ten t i a l  de-  
cay traces af ter  appl ica t ion  of a c o n s t a n t - c u r r e n t  
pulse  con ta in  i m p o r t a n t  s implif icat ions.  This is due 
to the fact  tha t  w h e n  the po la r iz ing  c u r r e n t  pulse  
is swi tched off, the cu r r en t  flow th rough  the elec-  
t r ode / so lu t i on  in te r face  has on ly  a single path.  In  
other  words,  the double  l ayer  capaci tance  is in  
series w i th  the fa rada ic  impedance  ins tead  of in  
pa ra l l e l  as in  the  case of the app l ica t ion  of a pulse. 
This leads to a s impl i f icat ion of Eq. [7] 

dlnl -io 
- - - -  - -  exp(2.3  I~l/b) [15] 

dt C 

A n o t h e r  i n h e r e n t  s impl i f icat ion in decay m e a s u r e -  
men t s  is tha t  the effects of changes  of r eac tan t s  ad-  
sorbed on the e lect rode surface are canceled  out. 
This  is because  changes  in  the n u m b e r  of r eac t an t  
par t ic les  at the t ime the  pulse  is swi tched off affect 
the exchange  c u r r e n t  dens i ty  inve r se ly  as these same 
changes  affect po ten t ia l  decay. 

I n t e g r a t i o n  of Eq. [15] gives the r e l a t ion  

( 2 . 3 , i i ,  t ) [ 1 6 ]  
I , o l - - / , t l = b l o g  1 4 -  bC 

where  ~o is the overvo l tage  at the t ime  the pulse  
is swi tched off, Vt is the  overvo l tage  at t ime  t a f ter  
the pulse  is swi tched off, and  i~ is the c u r r e n t  d e n -  
si ty of the series a r r a n g e m e n t  of double  l ayer  ca-  
pac i tance  and  fa rada ic  reac t ion  at the  i n s t an t  af ter  
the pulse  is swi tched off. Eq. [16] differs f rom the 
equa t ion  der ived  by  F r u m k i n  (9) i n a s m u c h  as in 
F r u m k i n ' s  case a cons tan t  c u r r e n t  was  appl ied  un t i l  
a s t eady- s t a t e  vol tage  was achieved at  the electrode.  
This m e a n t  tha t  at c u r r e n t  i n t e r r u p t i o n  the  double  
layer  was  fu l ly  charged  and  all  of the c u r r e n t  
flowed t h rough  the faradaic  impedance .  Hence  the  
c u r r e n t  dens i ty  in  the  series double  layer  and  f a r a -  
daic impedance  at i n t e r r u p t i o n  t ime  was equa l  to 
the appl ied  c u r r e n t  densi ty.  In  the cases i nves t i -  
gated in  this paper ,  s t eady- s t a t e  condi t ions  are no t  
reached and  the double  l ayer  is not  fu l ly  charged  
at pulse  cut-off  t ime.  Hence  the  c u r r e n t  densi ty ,  ii, 
wi l l  be less t h a n  the c u r r e n t  dens i ty  appl ied  by  the 
c o n s t a n t - c u r r e n t  pulse. This is because  jus t  af ter  
the pulse  switch-off  t ime  the ne t  c u r r e n t  f lowing in  
the series double  l ayer  and  fa rada ic  impedance  wi l l  
depend  on the  s tate  of charge of the double  layer .  

E x p e r i m e n t a l  Resul ts  

Double  l ayer  capac i tance  at open c i rcui t  was de-  
t e r m i n e d  by  app ly ing  a 0.8 #sec pulse  in  bo th  a n -  
odic and  cathodic direct ions.  The in i t i a l  slope of 
the t races  was used to d e t e r m i n e  double  l ayer  ca-  
pac i tance  f rom the  re l a t ion  

C = iAt/A~ [ 17 ] 

461 

For  anodic  polar izat ion,  C ~ 7 --+ 1 ~]d/cm 2 and  for 
cathodic po la r iza t ion  C = 6 --+ 1 ~ f d / c m  2. 

As first d e m o n s t r a t e d  by  F r u m k i n  (9) ,  the r e l a -  
t ion  in  Eq. [16] can be used to d e t e r m i n e  the Tafe l  
slope, b, f rom a plot  of overvo l tage  vs. log t. Tafe l  b 
va lues  were  thus  found  f rom all  po la r iza t ion  decay 
traces. Typica l  overvol tage  vs. log t decay curves  
af ter  po la r i za t ion  are  shown  in  Fig. 6. These curves  
show tha t  b is d e p e n d e n t  on the  to ta l  n u m b e r  of 
coulombs appl ied  in  the  polar iz ing  pulse.  The r e l a -  
t ion  be t w e e n  these quan t i t i e s  is shown in  the decay 
curves  of Fig. 7 and  8. The  dependence  of b on the 
overvol tage  at the  t ime  the pulses  were  swi tched off 
is shown  in  the decay curves  of Fig. 9 and  10. 

The  decay curves  in  Fig. 7 and  8 show tha t  du r ing  
appl ica t ion  of a pulse,  b is not  cons tan t  for the I 3 - / I -  
react ions  bu t  can be expressed  by  the  re l a t ion  

ii 
.,~ ~ i t = 8.2ff.cou L/c m2 e...........~ ~ 5  

o 0.33 
v 

O2 

0.1' 

b=0.144 

it= 1.57 tz COUL,/cm 2 ~ it=4"8ffCOUk/cm2 

b = 00337 = ~  

I i I i i t i l l  
io 

t (#SEC) 

Fig. ft. Typical Xla vs. log t decay curves 
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Fig. 7. Relation between anodic Tafel, ba, and log i t  for pulse 
and decay measurements. Note: the dashed line under the pulse 
curve indicates that those points came from a single pulse. 
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graphs refer to water H + - -  0 = - -  H + .  
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Fig. 9. Relation between anodic Tafel, ba, and ~la for pulse and 
decay measurements. 

0.2 

0.1 

0 
0.2 

D EC AY 

Iad s+ e-~I- 

~ ~ H ++ e-~l.-lad~ 
o o o o o~ o 

o o o 

I I I 

f PULSE NEWSON • RIDDIFORD/ c o ~  o1~o o 

~ o o o 

~ 8 " ~  ~  o 

_&O.I 

o 
0 -O.T -02 -0.5 -Q4 -0.5 -Q6 -0.7 Q8 

-% (VOLT) 

Fig. 10. Relation between cathodic Tafel, bc, and ~lc for pulse 
and decay measurements. 

b = a +  k l o g i t  [18] 

w h e r e  a is the  va lue  of b at i t  = 1 # c o u l o m b / c m  2, k 
is the  slope of the  b vs.  log it  c u r v e  and i . t  is the  
n u m b e r  of /~coulombs/cm 2 app l ied  in the  po la r i z ing  
pulse.  This  means  tha t  Eq. [7] m u s t  be modif ied  to 

dl, l lil i o  
. . . .  e x p ( 2 . 3 1 n [ / ( a  + k log i t )  [19] 

dt  C C 
o r  

k = a [20] 
log it  log [ ( i - - C  I~?'1)/io] l o g i t  

w h e r e  ~?' = dv /d t .  
The e x c h a n g e  c u r r e n t  dens i ty  io was  d e t e r m i n e d  

f r o m  the  decay  curves  by us ing  Eq. [16] to de -  
t e r m i n e  il and then  app ly ing  the  r e l a t ion  

io = ii e x p ( - - 2 . 3 1 n o l / b )  [21] 

These  re la t ions  are  usab le  because  b is d e t e r m i n e d  
by  the  n u m b e r  of cou lombs  used to po lar ize  the  
e l ec t rode  and, as shown  in Fig. 6, b r ema in s  con-  
s tan t  du r ing  decay.  Fo r  anodic  decay,  a r a n d o m  
sca t t e r  of the  va lues  of io was  ob ta ined  w i t h  an 
a v e r a g e  va lue  of 2 x 10 -4 a m p / c m  2. A l t h o u g h  the  
sca t te r  was  about  one o rde r  of magn i t ude ,  mos t  of 
the  points  lay  in a r easonab le  r ange  (0.9 to 2 x 10 -4 
a m p / c m 2 ) .  Fo r  ca thodic  decay,  h o w e v e r ,  the  io v a l -  
ues could not  be cons ide red  to be cons tan t  and the  
r e l a t ion  found  in Fig. 11 was  observed .  

Us ing  the  a v e r a g e  io v a l u e  of 2 x 10 -4 a m p / c m  2 
found  f r o m  the  anodic  decay  curves ,  Eq. [20] was  
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Fig. 11. Relation between exchange current density and amount 
of charge for cathodic pulse and decay measurements. 

so lved  for  k for d i sc re te  e x p e r i m e n t a l v a l u e s  found  in 
the  pulse  traces.  F r o m  the  k va lues  thus  d e t e r m i n e d ,  
ba was  ca lcu la ted  us ing  the  decay  cu rve  p a r a m e t e r s  
ind ica ted  in Fig. 7, wh ich  upon  app ly ing  Eq. [18] 
gave  ba = 0.015 + 0.11 log it. The  ba va lues  so de-  
t e r m i n e d  are  shown  on the  pulse  cu rve  in Fig.  7. 
This l a t t e r  c u r v e  gave  the  empi r i ca l  re la t ionsh ip ,  
ba = 0.015 -]- 0.10 log it. The  concordance  b e t w e e n  
the  decay  and pulse  cu rves  shown in Fig.  7 indi -  
cates tha t  the k ine t i c  re la t ions  used are  val id .  

S ince  io va lues  w e r e  not  cons tan t  for the  ca thodic  
decay  curve ,  i t  was  not  poss ible  to run  a s imi la r  
check.  Instead,  the  Eq. [18] r e l a t ion  bc = 0 + 0.115 
log i t  found  f r o m  the  decay  c u r v e  of Fig. 8 was  
used to d e t e r m i n e  io va lues  for  the  pulse  t races  for  
cathodic  ove rvo l t age .  This  was  done  for  the  iodine 
r educ t ion  reac t ion  wh ich  t e r m i n a t e d  at pu lse  charges  
above  30 /~cou lomb/cm 2. S o l v i n g  Eq. [14] for  io g ives  

exp  (2.3he/b) 
io = [22] 

1 3.125 x 10 -3 t 

Vc' C-ie Oo 

The va lue  of Oo was  d e t e r m i n e d  f r o m  Fig.  8 wh ich  
c lea r ly  showed  tha t  w h e n  m o r e  than  30 # c o u l o m b /  
cm 2 of cha rge  was  appl ied,  al l  of the  adsorbed  iodine  
a toms w e r e  ionized and h y d r o g e n  ions in w a t e r  
w e r e  reduced.  This a l lowed  a ca lcu la t ion  of the  
n u m b e r  of iodine a toms adsorbed  at open circuit .  
This  was  found to be 1.9 x 1014 a t o m s / c m  2. A s s u m -  
ing tha t  t he r e  are  2 x 10 is P t  a toms per  cm ~ of ap-  
p a r e n t  a rea  of the  w o r k i n g  e lec t rode ,  t hen  0o = 0.09. 
The  i ,  va lues  d e t e r m i n e d  f r o m  the  ca thodic  pulses  
are  shown in Fig. 11 t o g e t h e r  w i t h  the  va lues  found  
f r o m  the  ca thodic  decay  curves .  

Double  l aye r  capac i tance  re la t ionsh ips  are  shown 
in Fig. 12-14. Decay  va lues  of capac i tance  in Fig. 

0 [ DECAY/.% 

0 0.1 0.2 0.5 0.4 0.5 06 0.7 0.8 
Va (VOLT) 

Fig. 12. Relation between double layer capacitance and over- 
voltage at time pulse was switched off. From anodic decay measure- 
ments. 
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Fig. 14. Relation between double layer capacitance and amount 
of cathodic charging far pulse and decay measurements. 

12 and  13 w e r e  d e t e r m i n e d  b y  m u l t i p l y i n g  the  ca l -  
cu l a t ed  il va lue s  for  each  of the  d e c a y  osc i l loscope 
t r aces  b y  the  slope,  At/A T at  t he  b e g i n n i n g  of each  
o v e r v o l t a g e  decay .  W i t h i n  the  e x p e r i m e n t a l  p r e -  
cision,  t he  d e c a y  cu rves  i nd i ca t e  t h a t  t he  d o u b l e  
l a y e r  c a p a c i t a n c e  is e s s e n t i a l l y  i n d e p e n d e n t  of o v e r -  
vol tage .  F o r  the  ca thod ic  p o l a r i z a t i o n  curves ,  a f t e r  
the  a p p l i c a t i o n  of 30 ~ c o u l o m b / c m  ~ of charge ,  t h e  
p r e d o m i n a n t  r eac t i on  is t he  r e d u c t i o n  of w a t e r  to 
h y d r o g e n  a toms.  In th is  case io ~ 3.5 x 10 - s  a m p /  
cm 2 (Fig .  11) and  b = 0.11 (Fig .  8) .  These  p a r a m -  
e te rs  show the  n o r m a l  e x p e c t e d  b e h a v i o r  of th i s  
reac t ion .  Using Eq. [8]  and  so lv ing  for  C, t he  r e -  
sul ts  s h o w n  in Fig.  13 and  14 (pu l se  cu rves )  w e r e  
ob ta ined .  

Re l a t i onsh ip s  b e t w e e n  b and  o v e r v o l t a g e  f r o m  
the  pu l se  t r aces  a r e  shown  in Fig.  9 and  10. The  r e -  
l a t ion  b e t w e e n  the  n u m b e r  of iod ide  ions ox id i zed  
or  t he  n u m b e r  of e l ec t rons  c o n s u m e d  and  the  o v e r -  
vo l t age  for  t he  anodic  or  ca thodic  pulses ,  r e s p e c -  
t ive ly ,  a r e  shown  in Fig.  15 and  16. These  m e a s -  
u r e m e n t s  w e r e  c o r r e c t e d  for  the  n u m b e r  of cou-  
l ombs  used  to cha rge  the  doub le  l aye r .  The  c u r v e  
m a r k e d  w i th  X ' s  in Fig .  16 r e p r e s e n t s  the  r e l a t i o n  
b e t w e e n  o v e r v o l t a g e  and  the  n u m b e r  of h y d r o g e n  
a toms  fo rmed ,  c o r r e c t e d  for  the  a m o u n t  of cha rge  
used  to r e d u c e  iod ide  ions. 

The  l imi t s  of e x p e r i m e n t a l  s ca t t e r  shown  in Fig .  
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Fig. 16. Relation between cathodic overvoltage and number of 
electrons consumed per square centimeter. Broken line with X's 
represents number of hydrogen atoms formed. 

11, 13, 15, and  16 b y  the  v e r t i c a l  l ines  show the  
s ca t t e r  of sets  of  cu rves  r a t h e r  t h a n  i n d i v i d u a l  
points .  A l l  po in t s  f r o m  each  i n d i v i d u a l  pu l se  t r ace  
e s s e n t i a l l y  fo l low the  s ame  course  as s h o w n  b y  the  
curve .  The  cu rves  w e r e  d r a w n  t h r o u g h  the  m e d i a n  
of t he  r eg ion  of m a x i m u m  d e n s i t y  of i n d i v i d u a l  
curves .  

Discussion 

The  e x p e r i m e n t a l  r e su l t s  i nd i ca t e  t h a t  the  t r i i o -  
d i d e / i o d i d e  r e a c t i o n  is a v e r y  c o m p l e x  one and  t h a t  
the  s imple  m e c h a n i s m  s h o w n  in Eq. [1 -3 ]  is no t  com-  
p l e t e l y  adequa te .  A n  i n t e r e s t i n g  poss ib le  a p p l i c a t i o n  
of t he  v e r y  sho r t  pulses ,  such  as s h o w n  in Fig.  4, 
is to d e t e r m i n e  the  p e r t u r b a t i o n  (or  r e l a x a t i o n )  t i m e  
of ions  in t he  c o m p a c t  doub le  l aye r .  E x t r a p o l a t i n g  
b a c k  to zero o v e r v o l t a g e  on  the  0.08 /,sec cu rve  in -  
d ica tes  a p e r t u r b a t i o n  t ime  of 3 x 10 - s  sec for  
i od ide  ions. M u c h  m o r e  work ,  h o w e v e r ,  is r e q u i r e d  
to r e a l l y  u n d e r s t a n d  the  p h y s i c a l  s igni f icance  of 
th is  m e a s u r e m e n t .  

N e w s o n  and  R i d d i f o r d  (4)  found  t h a t  for  c a t h -  
o d i c a l l y  p o l a r i z e d  e lec t rodes ,  the  t r a n s f e r  coefficient  

was  d e p e n d e n t  on the  b u l k  c o n c e n t r a t i o n  of t r i -  
iod ide  ion, iod ide  ion, and  the  r a t e  of s t i r r ing .  The i r  
d a t a  show ing  o v e r v o l t a g e  d e p e n d e n c e  was  ca l cu -  
l a t e d  and  p l o t t e d  in Fig.  10. One  of the  i n t e r e s t i n g  
r e su l t s  of t he  p r e s e n t  i n v e s t i g a t i o n  is the  i n d i c a t e d  
d e p e n d e n c e  of the  Tafe l  b s lope  on the  n u m b e r  of 
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coulombs used to charge the electrode (Fig. 7 a nd  8 
or on the overvo l tage  Fig. 9 and  10). Thus  the  
t r ans fe r  coefficient is p r i m a r i l y  d e p e n d e n t  on the 
n u m b e r  of adsorbed iodine atoms. The m a x i m u m  
va lue  of a occurs n e a r  open-c i r cu i t  condit ions.  In  
this case it can go up to three,  an as ton i sh ing ly  high 
value.  On e i ther  anodic  or cathodic polar izat ion,  
decreases wi th  e i ther  an increase  or decrease in  the  
n u m b e r  of adsorbed iodine atoms. In  the  cathodic 
d i rec t ion  w h e n  all of the  iodine a toms are ionized, 
the  h y d r o g e n  fo rma t ion  reac t ion  gives a cons tan t  
Tafel  slope of 0.11 (a ~ 0.54), as shown  in  Fig. 8, 
which  is essen t ia l ly  the  va lue  expected  for this  
charge  t r a n s f e r  react ion.  

Newson  and  Riddi ford  (4, 10) exp la ined  the v a r i -  
a t ion  of a as due to n o n - u n i f o r m i t y  of the electrode 
surface  and  they  pos tu la ted  tha t  the  anodic  and  
cathodic sites differed. This work  shows tha t  essen-  
t i a l ly  the same re la t ion  holds (see Fig. 7 and  8) 
for the change  in the n u m b e r  of adsorbed iodine 
a toms and  the Tafel  b slope in  e i ther  the  anodic  or 
cathodic direct ion.  I t  is difficult to u n d e r s t a n d  w h y  
the  t r ans fe r  coefficient should  be so d e p e n d e n t  on 
the concen t r a t i on  of r eac t an t  in  the cathodic case 
and  on the  concen t r a t i on  of p roduc t  in  the anodic  
case. A re la t ion  to the n u m b e r  of act ive sites, 
however ,  seems to be apparen t .  

Wi th  the f a s t -pu l se  t echn iques  used (especia l ly  
at ve ry  shor t  t imes) ,  the mechan i sms  invo lved  could 
be di f ferent  f rom the s t eady- s t a t e  condi t ion  r ep re -  
sen ted  by  Vet te r  (Eq. [ 1 - 3 ] ) ,  since e q u i l i b r i u m  of 
the  chemical  steps (Eq. [2 and 3])  m a y  not  have  
had enough t ime to be establ ished.  Thus  ~ va lues  
g rea te r  t h a n  one, which  were  ob ta ined  at  ve ry  shor t  
t imes,  m a y  r ep re sen t  a fa radaic  impedance  con-  
t ro l led  by  the  chemical  comb ina t i on /d i s soc i a t i on  r e -  
act ion (Eq. [2] )  or the complex ing  of iodine to t r i -  
iodide (Eq. [3 ] ) .  At  longer  t imes,  e q u i l i b r i u m  could 
have  been  es tab l i shed  for these steps and  conse-  
q u e n t l y  the charge t r ans f e r  step (Eq. [1 ] )  wou ld  
be r a t e -con t ro l l ing .  

F igure  16 shows tha t  on open c i rcui t  there  are 
about  2 x 10 TM iodine a t o m s / c m  2 adsorbed on the  
electrode surface.  F r o m  Fig. 15 it can be seen tha t  
w h e n  an  add i t iona l  7 x 1014 a t o m s / c m  2 are fo rmed  
to give a to ta l  of 9 x 1014 iodine a t o m s / c m  2, a l im i t -  
ing condi t ion  is reached,  caus ing  a sharp  rise in  
potent ia l .  This  would  ind ica te  tha t  on ly  about  one-  
half  the tota l  n u m b e r  of P t  atoms ava i lab le  on the  
surface are act ive insofar  as the ox ida t ion  of iodide 
ions is concerned.  Thus  it appears  tha t  each adsorbed 
iodine a tom could share  bonds  w i th  two Pt  atoms. 
This s a tu ra t ion  of the act ive sites wi th  iodine atoms, 
molecules ,  a n d / o r  t r i iod ide  ions indicates  also tha t  
diffusion away  f rom the  surface,  in to  the  so lu t ion  
is not  a l imi t ing  factor. 

The curves  shown in  Fig. 13 and  14, respect ively ,  
re la te  double  layer  capaci tance  wi th  cathodic ove r -  
vol tage  and  wi th  the n u m b e r  of coulombs per  square  
cen t ime te r  used to charge  the  electrode.  The decay 
curves  in  both  figures show only  m i n o r  var ia t ion ,  
whereas  the pulse  curves  show a sharp  rise at the  
po in t  where  fo rma t ion  of adsorbed h y d r o g e n  a toms 
becomes the  p r e d o m i n a n t  react ion.  The fact tha t  

the rise in  capac i tance  occurs on ly  d u r i n g  pu l s ing  
can be due  to the  r emova l  of iodine a toms which  
act as an  electrode poison a nd  t end  to lower  the 
capacitance.  The low capaci tance  found  for decay 
curves,  even  in  the r ange  where  the p r e d o m i n a n t  
reac t ion  before pulse  cutoff was  the fo rma t ion  of 
hydrogen ,  indica tes  tha t  r e m o v a l  of the  po la r iz ing  
c u r r e n t  was accompanied  by  r eadsorp t ion  of enough  
poison to lower  the double  l ayer  capac i tance  even  
though  pa r t  of the  reac t ion  d u r i n g  pulse  decay m a y  
sti l l  be the fo rma t ion  of h y d r o g e n  atoms. The  ab -  
sence of capac i tance  peaks in  all  of the double  layer  
capac i tance  curves,  o ther  t h a n  for the h y d r o g e n  for-  
ma t ion  react ion,  indica tes  also tha t  ci tr ic  acid was  
no t  adsorbed on the w o r k i n g  electrode. 

The fact tha t  the exchange  c u r r e n t  dens i ty  on 
anodic  polar iza t ion  showed no dependence  on the 
n u m b e r  of coulombs used to charge the electrode 
is expected  since the concen t r a t i on  of I -  ions r e -  
ma i n s  effect ively constant .  A v e r y  s t rong d e p e n d -  
ence is ind ica ted  for the cathodic case, as Fig. 11 
shows. For  smal l  changes  in  the  a m o u n t  of charge,  
the  exchange  c u r r e n t  dens i ty  increases  v e r y  rap id ly  
wi th  the a m o u n t  of charge.  A reduc t ion  in  the  ra te  
of change  of io wi th  charge  is ev iden t  at  abou t  10 
~ c o u l o m b / c m  2. At  30 ~ c o u l o m b / c m  e the adsorbed 
iodine is v i r t u a l l y  comple te ly  r emoved  and  the  ex-  
change  c u r r e n t  dens i ty  drops off v e r y  r a p i d ly  as 
the hyd rogen  fo rma t ion  reac t ion  takes  over. 
E v e n t u a l l y  the h y d r o g e n  reac t ion  dominates ,  to give 
an  essen t ia l ly  cons tan t  io for this  reac t ion  at about  
3.5 x 10 - s  a m p / c m  2. The increase  in  io in  the  r ange  
of the  iodine reac t ion  is accompanied  by  a ve ry  
rapid  decrease in  the  n u m b e r  of iodine a toms ava i l -  
able  for react ion.  This  increase  in  io is su rp r i s ing  
since io is a d i rect  func t ion  of concen t r a t i on  and,  
therefore ,  the opposi te  effect wou ld  be expected.  
This can  only  m e a n  tha t  the ac t iva t ion  e n e r g y  for 
the r educ t ion  of adsorbed iodine  a toms decreases 
as the n u m b e r  of iodine a toms decreases. Since the  
ac t iva t ion  ene rgy  t e r m  in  the  k ine t ic  equa t ion  is 
an  exponen t ia l ,  the effect of lowered  ac t iva t ion  en -  
e rgy  ove rwhe lms  the  effect of lowered  c o n c e n t r a -  
t ion  of reac tant .  

The d e t e r m i n a t i o n  of io for anodic  and  cathodic 
po la r i za t ion  does not  necessar i ly  ind ica te  the  io 
which  would  be found  n e a r  open circuit .  It  appears  
tha t  io at ~?->0 would  be abou t  2 x 10 -4 a m p / c m  2, 
the  va lue  found  for anodic  polar izat ion.  At  short  
t imes,  v e r y  l i t t le  c u r r e n t  wou ld  flow in  the fa rada ic  
a r m  wi th  a r e s u l t a n t  rap id  rise in  the po ten t i a l  p r i -  
m a r i l y  due to the  charg ing  of the double  layer .  The 
m a x i m u m  io va lue  of 2 x 10 -3 a m p / c m  2 found  for 
the cathodic iodine  r educ t ion  reac t ion  (see Fig. 11) 
wou ld  be the  effective exchange  c u r r e n t  dens i ty  
for the e lec t ron  t r ans fe r  step u n d e r  s t eady- s t a t e  
cathodic po la r iza t ion  where  the ra te  of the  reac t ion  
is cont ro l led  by  the diffusion of t r i iodide ions to the 
electrode surface.  

In  this paper  we have  in  a gene ra l  w a y  re fe r red  
to the adsorbed r eac t an t  on cathodic po la r iza t ion  as 
iodine atoms, w i t hou t  speci fy ing how these  a toms 
were  associated on the  surface.  The adsorp t ion  can 
be v isua l ized  as 
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where  an  e q u i l i b r i u m  b e t w e e n  iodine atoms,  mol -  
ecules and  t r i iodide ions is assumed.  The  concen-  
t r a t i on  of each of these species on the  surface  is 
not  known ,  a l though  it is qui te  l ike ly  tha t  the t r i -  
iodide ion dominates .  The increase  in  io as the con-  
cen t r a t i on  of these r eac tan t s  decreases f rom the  open-  
c i rcui t  va lue  of ,~o ~ 0.09 m a y  be due to a la rge  i n -  
crease in  the heat  of adsorp t ion  of the chemisorbed  
species. The evidence  of Vet te r  (2) and  Newson  
and  Riddi ford  (4) indica tes  tha t  the r educ t ion  of 
the adsorbed species is a one -e l ec t ron  step. However ,  
the r educ t ion  m a y  take  place f rom any  one or all  
of these species. As the e lect rode becomes more  
negat ive ,  the  bonds  b e t w e e n  the iodine a toms and  
the iodide in  the  t r i iodide  ion could be w e a k e n e d  
due to r epu l s ion  of the iodide. This  wou ld  t end  to 
favor  the fo rma t ion  of e i ther  adsorbed  iodide a toms 
or molecules.  This  also could favor  the di rect  r educ -  
t ion of t r i iodide ions. 

On anodic  polar iza t ion,  the surface is u n d o u b t -  
edly  l a rge ly  covered wi th  adsorbed  iodide ions (11, 
12). Thus  the  effective concen t r a t i on  of r eac t an t  
r ema ins  r e l a t ive ly  cons tant ,  as ind ica ted  by  the  i n -  
dependence  of the  exchange  c u r r e n t  dens i ty  f rom 
the a m o u n t  of charge passed. The add i t iona l  cov-  
erage of the surface  wi th  iodine atoms, molecules ,  
and  t r i iodide  ions at inc reas ing  polar iza t ion  does not  
m a t e r i a l l y  affect the  ac t iva t ion  ene rgy  for the oxi-  
da t ion  of iodide ions. Effects of the back  reac t ion  are 
neg l ig ib le  at the  overvol tages  obta ined.  

This inves t iga t ion  has d e m o n s t r a t e d  the effect ive-  
ness of the  sho r t -pu l se  t echn ique  w h e n  used to ob-  
ta in  i n f o r m a t i o n  conce rn ing  a v e r y  complex  elec- 
t rode process. Much more  work  is indica ted  in order  

S H O R T - P U L S E  T E C H N I Q U E S  465 

to c lar i fy  the  m a n y  complex  fea tures  of the t r i -  
iod ide / iod ide  system. 
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Anodic Oxidation of Formic Acid at Platinum Electrodes 

M. H. Gottlieb 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

From measurements  on electrode potentials and rates of carbon dioxide 
formation on open circuit and on passing currents,  it was concluded that the 
open-circui t  potential  of the HCOOH, H2SO4, Pt  system is a mixed potential ,  
determined by the direct anodic oxidation of formic acid and the cathodic re-  
duction of hydrogen ion. The value for the exchange current  for formic acid 
oxidation is smaller than 10 -10 amp/cm 2, and the rates of the mixed reactions 
on open circuit are between 10 - s  and 10 -7 amp/cm 2. The slope of the potent ial-  
log current  curve for the formic acid oxidation is approximately 100 mv per 
decade of current .  I t  was also concluded that  the only effect of plat inizing the 
electrode in this system is to increase the surface area, and that  specifically 
active catalytic sites are not introduced by the plat inizat ion process. 

The  anodic  ox ida t ion  of organic  compounds  on years  (1) .  In  recen t  years,  there  has been  r e n e w e d  
p l a t i n u m  at po ten t ia l s  which  are cons ide rab ly  more  in te res t  in  these reac t ions  because  of the i r  p o t e n -  
cathodic t h a n  those cor responding  to the  oxygen  t ial i t ies  in  the fuel  cell field (2) .  To a ve ry  large  
electrode has been  k n o w n  for at least  some for ty  extent ,  the m e c h a n i s m  w h e r e b y  these low po ten t i a l  
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oxida t ion  processes occur is not  unders tood .  The 
theor ies  which  have  been  proposed inc lude  the ad -  
sorpt ion and  decomposi t ion  of the organic  compound  
wi th  adsorbed  hyd rogen  as the e lec t rochemica l ly  
act ive species (1, 3), d i rect  reac t ion  of the organic  
compound  or an  i n t e r m e d i a r y  p roduc t  (4-6) ,  and  
ox ida t ion  by  h y d r o x y l  radica ls  (7).  I t  has also been  
suggested tha t  the  cathodic evolu t ion  of h y d r o g e n  
m a y  accompany  the  anodic  ox ida t ion  reac t ion  (8) .  
More r ecen t ly  Buck  and  Griffith (9) and  G i l m a n  
and  Bre i te r  (10) have  p resen ted  ex tens ive  v o l t a m -  
me t r i c  da ta  and  have  i n t e rp r e t ed  these  data  on 
the  taci t  a s sumpt ion  tha t  e lec t ron  t r ans f e r  is d i rec t ly  
f rom the organic  compounds .  

The  p resen t  paper  wi l l  a t t empt  to decide among  
the var ious  hypotheses  wi th  r ega rd  to the e lec t ro-  
chemical  ox ida t ion  of formic  acid. This compound  
was  s tudied  in  order  to avoid compl ica t ions  due to 
s table  ox ida t ion  products  i n t e r m e d i a r y  to ca rbon  
dioxide  format ion .  Open -c i r cu i t  and  po la r iza t ion  be -  
havior  of e lectrodes of smooth p l a t i n u m  and  of two 
degrees  of p l a t in i za t ion  were  studied.  A l though  it is 
k n o w n  tha t  the effects of impur i t i e s  are magnif ied  
w i th  smooth or low surface  area electrodes,  elec- 
t rode polar iza t ion  wi th  h igh surface  area  electrodes 
is of ten due to l imi ta t ions  of mass t rans fe r ,  which  
are ex t r aneous  to the purpose  of this paper .  The use 
of electrodes of var ious  degrees of p l a t in i za t ion  also 
pe rmi t s  c lar i f icat ion of the  role of p l a t in i z ing  in 
these systems,  i.e., w h e t h e r  specific ca ta ly t ic  ac-  
t iv i ty  is in t roduced ,  or w h e t h e r  increase  in  ac t iv i ty  
is due solely to increased  surface  area. 

Experimental and Results 
General Procedures.--Unless otherwise  no ted  all 

da ta  refer  to expe r imen t s  in  1.0N H2SO4 and  all  
po ten t ia l s  are  wi th  respect  to the  h y d r o g e n  elec-  
t rode at 1 a tm in  1.0N H2SO4. All  e x p e r i m e n t s  were  
done at 23 ~ +_ 1 ~ in  a t e m p e r a t u r e  cont ro l led  room. 

Al l  chemicals  employed  were  the highest  p u r i t y  
grades  ava i l ab le  and  unless  o therwise  noted,  were  
used wi thou t  f u r t he r  purif icat ion.  Redis t i l l a t ion  of 
t r ip ly  dis t i l led wa te r  f rom a lka l ine  p e r m a n g a n a t e  
and  perco la t ion  of formic  acid over  silica gel did 
not  affect the resul ts .  The p l a t i n u m  used was  s ta ted  
to have  an  i m p u r i t y  con ten t  of tess t h a n  0.001%. 

Three  d i f ferent  electrodes were  used, one b r igh t  
p l a t i num,  one m o d e r a t e l y  covered wi th  p l a t i n u m  
black,  and  one more  heav i ly  coated wi th  p l a t i n u m  
black.  The first two electrodes were  wires,  0.8 m m  
in d i ame te r  and  20 m m  long;  the th i rd  was  a square ,  
1.0 cm on a side. Al l  e lectrodes were  sealed in the  
( P y r e x  glass) ex tens ions  of ma le  s t a n d a r d  t aper  
joints .  

The  square  electrode and  one of the  wi re  elec-  
t rodes were  p la t in ized  in  a solut ion of 2% HfPtC1G 
in 1.0M HC1 at a c u r r e n t  dens i ty  of 2.0 m a / c m  2 of 
e lectrode area  for periods of 60 m i n  and  5 min,  r e -  
spect ively.  The coun te re lec t rode  in  this  p rocedure  
was  a pe r fo ra t ed  cy l inder  of p l a t i num.  The so lu t ion  
was  s t i r red  by  a magne t i c  s t i r re r  and  the elec-  
t rode  be ing  p la t in ized  was ro ta ted  severa l  t imes  
d u r i n g  the  course of the p la t in iza t ion .  

The cell used was  a 100 ml  r o u n d  bo t tom flask 
wi th  four  s t anda rd  t aper  jo in t  necks.  The c o u n t e r -  
electrode was  a p l a t i n u m  wire ,  also sealed in  glass, 
bu t  w i th  a cap i l la ry  open ing  to p e r m i t  v e n t i n g  of 
the gas fo rmed  at this electrode.  A f r i t t ed  glass disk 
separa ted  the counte re lec t rode  c o m p a r t m e n t  f rom 
the b u l k  solut ion.  A sa tu ra t ed  calomel  e lect rode 
wi th  a fine cap i l la ry  t ip was  connec ted  to the cell 
t h rough  a br idge  of solut ion of the same composi t ion  
as tha t  used in the expe r imen t .  This  bridge,  which  
con ta ined  a p lug of glass wool, t e r m i n a t e d  in  a fine 
cap i l l a ry  which  e x t e n d e d  to w i t h i n  a few m i l l i -  
mete r s  of the w o r k i n g  electrode.  

Highes t  p u r i t y  n i t r ogen  was b u b b l e d  successively 
t h rough  a lka l ine  pyrogal lol ,  d is t i l led  water ,  and  a 
so lu t ion  of the same composi t ion as used in  the  ex-  
p e r i m e n t  proper ,  before  be ing  b u b b l e d  t h r ough  the  
solut ion at  a rap id  rate.  B u b b l i n g  of N2 was  con-  
t i nued  for 1-2 hr  before each e x p e r i m e n t  was  
star ted.  Unless  o therwise  stated,  all  e x p e r i m e n t s  
were  conducted  wi th  b u b b l i n g  at a ra te  sufficiently 
rap id  so tha t  f u r t he r  increases  in  the b u b b l i n g  ra te  
did no t  affect the potent ia l .  

C u r r e n t s  were  measu red  to --+1% wi th  a m u l t i -  
r ange  a m m e t e r  which  had been  ca l ib ra ted  by  ac-  
cu ra te ly  m e a s u r i n g  the po ten t i a l  drop across a 
k n o w n  res is tance  wi th  va r ious  c u r r e n t  flows. The 
c u r r e n t  source was a 45v d ry  cell b a t t e r y  in  series 
wi th  a va r i ab l e  resistance.  

Po ten t i a l s  were  m e a s u r e d  w i th  a high impedance  
Ke i th l ey  e lec t rometer ,  s ince the  smal l  cu r r en t s  
d r a w n  by  most  po ten t iome te r s  on or approach ing  
ba lance  would  be s ignif icant  as compared  to the 
cu r r en t s  used w i th  the smooth p l a t i n u m  electrode.  
A V a r i a n  po ten t i a l  recorder ,  w i th  a m a x i m u m  speed 
of 8 i n . / m i n ,  was placed across the recorder  ou tpu t  
t e rmina l s  of the Kei th ley .  In  some cases a Leeds 
and  N o r t h r u p  K - 2  po t en t iome te r  was  used for more  
accura te  m e a s u r e m e n t .  

The po ten t i a l  of the sa tu ra t ed  calomel  electrode,  
in  contact  wi th  a 1.0N solu t ion  of su l fur ic  acid, was 
found to be +0 .267v wi th  respect  to a p la t in ized  
p l a t i n u m  electrode i m m e r s e d  in  the  acid so lu t ion  
af ter  hyd rogen  b u b b l i n g  had been  subs t i t u t ed  for 
n i t rogen .  Po ten t i a l s  in  solut ions  of other  acid con-  
tents  were  pu t  on this  hyd rogen  scale w i th  no cor-  
rec t ion  made  for the  change  in  l iquid  junc t ion  po-  
t en t i a l  wi th  solut ion composi t ion.  The difference in 
j u n c t i o n  po ten t ia l  be t w e e n  sa tu ra t ed  KC1 and  con-  
cen t ra ted  acid and  a lka l i  solut ions,  respect ive ly ,  is 
of the  order  of 0.020v. 

Carbon  dioxide was d e t e r m i n e d  by  sweep ing  n i -  
t rogen  th rough  the solut ion and  b u b b l i n g  the efflu- 
ent  gas t h rough  a f r i t t ed  glass gas b u b b l e r  i m -  
mersed  in  20 ml  of 0.0050N B a ( O H ) 2  for  30 min .  
The  change  in  concen t r a t i on  of the B a ( O H ) 2  solu-  
t ion was  d e t e r m i n e d  conduc tomet r i ca l ly ,  by  c o m p a r -  
ison wi th  a ca l ib ra t ion  curve  p rev ious ly  es tabl ished.  
The " b l a n k "  m e a s u r e m e n t ,  wi th  no electrode in the 
cell, was 0.002 meq  of CO2. E x p e r i m e n t s  in  which  
k n o w n  quan t i t i e s  of CO2 were  genera ted ,  by  ad-  
di t ion of k n o w n  a l iquots  of K2CO3 solut ion to the  
su l fur ic  acid solut ion,  agreed to w i th in  5% of t he -  
oretical .  
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Electrode Characteristics 
The " t rue"  surface  areas of the p l a t i n u m  elec-  

t rodes were  d e t e r m i n e d  ( in  1.0N H2SO4) by  two 
methods,  double  l ayer  capac i tance  and  q u a n t i t y  of 
P tO formed  on anodiz ing  to a g iven  voltage.  In  the 
fo rmer  method,  the  electrode was made  anodic  at  a 
cu r r en t  dens i ty  sufficient to m a i n t a i n  a s teady  state 
po ten t i a l  of +1.25 to + l . 5 0 v ,  p laced on open circui t  
for 5 m i n  and  made  cathodic at a c u r r e n t  suffi- 
c ien t ly  large so tha t  r educ t ion  of P tO occurs w i t h i n  
minutes ,  bu t  suff icient ly smal l  so tha t  the t r ans i t i on  
in po ten t i a l  in  the reg ion  in  which  on ly  double  l ayer  
cha rg ing  occurs took place over  read i ly  m e a s u r a b l e  
t ime  periods.  The double  layer  capac i tance  was  de-  
t e r m i n e d  by  d iv id ing  the cathodic c u r r e n t  by  the  ra te  
of vol tage  change  in  the region  +0.65 to +0.45v.  In  
this region the v o l t a g e - t i m e  course was  a lways  
found  to be l inear .  The resul t s  were  no t  s igni f icant ly  
d e p e n d e n t  on the  p reanod iza t ion  c u r r e n t  or on the  
cathodic cur ren t .  The me thod  of d e t e r m i n i n g  r e l a -  
t ive surface  areas f rom the q u a n t i t y  of P tO fo rmed  
at a g iven  po ten t i a l  of anodiza t ion  is based on the  
obse rva t ion  of L a i t i n e n  and  E n k e  (11) tha t  the  
q u a n t i t y  of P tO formed  at a g iven  anodiza t ion  po-  
t en t i a l  is, except  for v e r y  shor t  periods of t ime,  
i n d e p e n d e n t  of the l eng th  of t ime  for which  the 
electrode is held at tha t  potent ia l .  The anodic  cu r -  
r e n t  necessa ry  to m a i n t a i n  a s t eady  state  po ten t i a l  
of + 1.52v was d e t e r m i n e d  empi r i ca l ly  for each elec-  
trode. The electrode was held  at tha t  po ten t i a l  for 
va r ious  per iods of t ime, and  af ter  a 5 rain open cir-  
cuit  s tand,  made  cathodic at the  same c u r r e n t  used 
for the anodic  t r e a tmen t .  The t ime  for r educ t ion  of 
the po ten t i a l  to +0 .45v  was recorded.  The drop in  
po ten t ia l  be low +0 .60v  is rap id  so tha t  l i t t le  e r ror  is 
i nvo lved  in  e s t ima t ing  the  end  of the  reduc t ion .  The  
n u m b e r  of coulombs of PtO formed was  found  to be 
i n d e p e n d e n t  of the t ime  for which  the  electrode was 
held at the g iven  anodiza t ion  voltage.  The t rue  
areas were  d e t e r m i n e d  on the  basis  of 24 ~ F / c m  2 
for double  l ayer  capaci ty  and  0.70 m i l l i c o u l o m b s / c m  2 
of P tO formed  at 1.52v (11).  A s u m m a r y  of the 
character is t ics  of the  th ree  p l a t i n u m  electrodes used 
is g iven  in  Table  I. The resul t s  of the two methods  
are seen to agree w i t h i n  a factor  of 2. 

Polarization Behavior 
On exposing  electrodes No. 1 and  No. 2 to formic  

acid solut ion,  the po ten t i a l  r ap id ly  dropped  to some 
m i n i m u m  value,  r e m a i n e d  cons tan t  there  for up  to a 
minu te ,  and  then  s lowly began  to increase  t oward  
more  anodic  va lues  becoming  cons tan t  in  an hour  at 
po ten t ia l s  abou t  0.2v more  posi t ive  t h a n  the  m i n i -  
m u m  prev ious ly  a t ta ined.  Wi th  electrode 3 the m i n i -  
m u m  in the open c i rcui t  po ten t i a l  was m a i n t a i n e d  
for at least  2 hr  to --0.001v; af ter  a 16 hr  per iod  the 
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Fig. 1. Behavior of platinum electrode following exposure to 
formic acid solution. Electrode No. 1, 0.1M HCOOH, 1.0N H2504. 
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Fig. 2. Minimum open circuit potential attained in formic acid 
solution as a function of time of preanodization. Electrode No. 2, 
0.010M HCOOH, 1.0N H2SO~. �9 i ~ 600x10 6 amp/cm 2, E 

0.74 to 0.76v; A ,  i ~ 300x10 -6,  E ~ 0.55 to 0.65; 17, i 
150x10 -6,  E = 0.55. 

po ten t i a l  increased  by  a p p r o x i m a t e l y  0.1v. S imi la r  
behav io r  was  e n c o u n t e r e d  w h e n  the  electrodes 
were  placed on open c i rcui t  fo l lowing  passage of an  
anodic  cur ren t .  F igure  1 shows the changes  in  po t en -  
t ial  w i th  t ime  for electrode No. 2 fo l lowing i m m e r -  
sion in  0.010M HCOOH in  1.0N H~SO4. F igu re  2 i n -  
dicates the m i n i m u m  open circui t  po ten t ia l s  ob t a ined  
af ter  ceasing anodic polar iza t ion,  as a func t ion  of 
anodiz ing  condit ions.  If the electrode was  anodized 
at po ten t ia l s  g rea te r  t h a n  1.35v, the r e s u l t a n t  m i n i -  
m u m  poten t ia l  was  i n d e p e n d e n t  of both  t ime  and  
c u r r e n t  of anodizat ion.  The m i n i m u m  open circui t  
po ten t ia l s  ob ta ined  u n d e r  these condi t ions  were,  for 
solut ions  of the  same composi t ion,  the same for elec-  
t rodes No. 1 and  No. 2, and  fu r the r ,  equa l  to the  
o r ig ina l ly  cons tan t  po ten t i a l  a t t a ined  w i th  electrode 
No. 3. Qua l i t a t i ve ly  s imi la r  behav io r  was  ob ta ined  
in  1.0M HC104 solu t ion  and  in  m e t h a n o l - s u l f u r i c  
acid solut ion.  The  fo l lowing  p rocedure  was  adopted  
in  ob t a in ing  each po la r iza t ion  poin t  wi th  electrodes 
No. 1 and  No. 2. The electrodes ( i m m e r s e d  in  the  
formic  acid, su l fur ic  acid so lu t ion)  we re  first sub -  

Table I. Characteristics of Electrodes 

A p p a r e n t  D o u b l e  ia:~er P t O  f o r m e d  T r u e  a r e a  f r o m  T r u e  a r e a  f r o m  
N u m b e r  F o r m  a r e a ,  e m  2 c a p a c i t y ,  #F  a t  1.52v,  m c o u l  D L c a p a c i t y ,  c m  2 P r o  f o r m a t i o n ,  c m  ~ 

1 Wire 0.32 18 0.40 0.75 0.57 
2 Wire 0.32 1,300 22 54 31 
3 Square 2.0 240,000 3200 10,000 4600 
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Fig. 3. Electrode potential during preonodization and anodic 
polarization measurements. Electrode No. 2, 0.0]M HC00H,  1.0N 
H2S04, i ~ 400x10 -6  amp. 

ject  to p reanod iza t ion  at cu r r en t s  of 200 /~a, and  4 
ma, respect ively ,  un t i l  the po ten t i a l  reached  + 1.35v. 
The sys tem was t hen  placed on open  circui t  and  the 
po ten t i a l  a l lowed to decay t h rough  the  p l a t i n u m  
oxide and  double  l ayer  regions u n t i l  i t  was  ob-  
served to r e m a i n  cons t an t  at  its m i n i m u m  for abou t  
5 sec. The  anodic  c u r r e n t  of the  des i red  m a g n i t u d e  
was  t h e n  in i t i a ted  and  con t inued  for ano the r  5 sec. 
The sys tem was t hen  open circui ted,  w h e r e u p o n  the  
po ten t ia l  r e t u r n e d  to the  ne ighborhood  of the or ig i -  
na l  open circui t  value.  This  p rocedure  is ana logous  
to tha t  used by  Bre i t e r  (8) in  the  s tudy  of the  
adsorp t ion  of m e t h y l  alcohol. For  abou t  90% of the 
runs ,  the  second open c i rcui t  po ten t i a l  was w i t h i n  
0.010v of the first; m e a s u r e m e n t s  in which  the  dis-  
c repancy  was g rea te r  were  not  accepted. A plot  of 
this  po ten t i a l  t ime  sequence  is shown in Fig. 3. 
Usua l ly  a series of m e a s u r e m e n t s  w i th  inc reas ing  
anodic  cu r ren t s  were  first made,  fol lowed by a series 
wi th  decreas ing  anodic  cu r r en t s  and  conc luded  b y  
a series wi th  inc reas ing  anodic  cur ren t s .  The  open 
circui t  po ten t ia l s  and  pola r iza t ions  ob ta ined  in  this  
w a y  were  r ep roduc ib le  to --+0.01v. 

F igu re  4 indicates  a compar i son  of po la r iza t ion  

O ~ ~ ~ ~ T ~  {3 1.aM HCOOH 

o 1 ~ ~  A OJM HCOOH _ 

I_ I I I I  

OPEN 1 2 4. 6 8 10 20 40 60 100 
CIRCUIT CURRENT DENSITY IN AMPERES CM 2 X 10 -6 

Fig. 5. Electrode potential as a function of current density (ap- 
parent area). Electrode |, ].ON H2S04. 
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Fig. 6. Electrode potential as a function of current density (ap- 
parent area). Electrode 2. 

data  for electrode No. 2 as ob ta ined  us ing  the  p r e -  
anodiza t ion  t echn ique  and  as ob ta ined  wi th  no 
preanodiza t ion .  In  the  l a t t e r  case the electrode was  
on open circui t  for 5 m i n  b e t w e e n  the  m e a s u r e -  
me n t s  at the  va r ious  cur ren ts .  No effect of p r e a n o d i -  
zat ion on po la r iza t ion  was no ted  in  the case of elec-  
t rode No. 3. In  Fig. 5, 6, and  7 the po ten t ia l s  as a 
func t ion  of c u r r e n t  dens i ty  on a superf icial  a rea  basis  
are shown for e lectrodes  1, 2, and  3 in  0.01, 0.10, and  
1.0M HCOOH in 1.0N H2SO4 solut ion.  In  Fig.  8, the  
open c i rcui t  po ten t ia l s  are shown  as a f unc t i on  of 
solut ion pH for e lect rode 3 in  1.0M HCOOH. 

I 
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Fig. 4. Comparison of anadic polarization data with and without 
preanodization. Electrode No. 2, 0.010M HCOOH. A with pre- 
anodization, �9 without preanodization. 
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Fig. 7. Electrode potential as a function of current density (ap- 
parent area). Electrode 3. 
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W h e n  electrodes 1 and  2 were  anodica l ly  polar ized 
at low c u r r e n t  densi t ies ,  wi th  no p r e l i m i n a r y  ano -  
d iza t ion t r ea tmen t ,  the  po ten t i a l  r ap id ly  a t t a ined  a 
va lue  at which  it s tayed cons tan t  for a few m i n u t e s  
and  then  s lowly  decreased by  abou t  20-50 mv,  a r r i v -  
ing at a new  cons tan t  value.  Buck  and  Griffi th (9) 
repor ted  tha t  a s imi la r  m a x i m u m  in  the po la r iza t ion  
occurred w h e n  a p la t in ized  p l a t i n u m  electrode was  
in contact  wi th  the solut ion for 10 m i n  pr ior  to 
passage of an  anodic  cur ren t ,  and  tha t  it did no t  
occur w h e n  the anodic  c u r r e n t  was in i t i a ted  w i t h i n  
a m i n u t e  of contact  of the  electrode wi th  the  so lu-  
tion. 1 

W h e n  the c u r r e n t  was p e r m i t t e d  to flow for more  
t h a n  a few minu t e s  at the  h igher  c u r r e n t  densi t ies ,  
wide per iodic  osci l la t ions  in  po ten t i a l  were  ob-  
t a ined  w i th  e lectrodes  1 and  2, and  more  modera t e  
var ia t ions  were  ob ta ined  wi th  electrode 3. These 
effects are i l l u s t r a t ed  in  Fig. 9a and  b for electrodes 
No. 1 and  No. 3 in  0.105/[ HCOOH. The wide  oscil-  
la t ions  observed  wi th  electrodes 1 and  2 i n v a r i a b l y  
t e r m i n a t e d  w i th  the  po ten t i a l  r i s ing  above 1.25v and  
r e m a i n i n g  there  u n t i l  the  c u r r e n t  was  stopped. The  
modera t e  f luctuat ions  in  po ten t i a l  ob ta ined  wi th  
electrode 3 could a p p a r e n t l y  be m a i n t a i n e d  indef i -  
ni te ly .  These p h e n o m e n a  were  no t  s tudied  in  detai l ,  
bu t  some data  on the  cu r r en t s  and  t imes  of c u r r e n t  

1 E n k e  et  al. ~13) h a v e  r e c e n t l y  a t t r i b u t e d  " a c t i v a t i o n "  b y  p r e -  
a n o d i z a t i o n  to  t h e  p r e s e n c e  of a r e s i d u a l  p a r t i a l l y  r e d u c e d  o x i d e  of 
p l a t i n u m  w h i c h  is  l e f t  on  t h e  e l e c t r o d e  a f t e r  c a t h o d e  r e d u c t i o n  of 
t h e  o x i d e  f o r m e d  a t  h i g h e r  v o l t a g e  ( > 1 . 2 5 v ) .  I n  v i e w  of t h e  d a t a  of 
F ig .  2, i n  w h i c h  " a c t i v a t i o n "  is a t t a i n e d  f o l l o w i n g  a n o d i z a t i o n  a t  
v o l t a g e s  as l o w  as 0 .55v,  t h i s  e x p l a n a t i o n  is no t  b e l i e v e d  to  a p p l y  
to t h e  " a c t i v a t i o n "  p roce s s  e n c o u n t e r e d  h e r e .  
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Fig. 9. Periodic potential behavior, O.|OM HCOOH, ].ON H2S04. 
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flow at which  per iodic  behav io r  was  observed are 
shown in  Tab le  II. Per iodic  behav io r  was  also ob-  
served wi th  HC104 as e lectrolyte ,  and  wi th  me thano l .  

Reaction Products 

W i t h i n  the l imits  of the ana ly t i ca l  p rocedure  used, 
the on ly  p roduc t  of the anodic  ox ida t ion  is CO2. In  
Tab le  III,  the yields  of ca rbon  dioxide  ob ta ined  are 
shown as a f unc t i on  of cur ren t .  P a r t i c u l a r  a t t en t i on  
was  pa id  to the  ver i f ica t ion of CO2 fo rma t ion  on 
open circuit .  

No fo rma ldehyde  could be detec ted  in 100 ml  of 
1.0N H2SO4, 1.0M formic acid so lu t ion  in  which  
electrode 3 was i m m e r s e d  for 16 hr, us ing  a p ro -  
cedure  which  could detect  f o r m a l d e h y d e  at  concen-  
t r a t ions  as low as 10 -~ mo l e s / l i t e r  (14) .  Thus  f o r m -  
a ldehyde  as fo rmed  by  ca ta ly t ic  d i sp ropor t iona t ion  
of formic  acid at p l a t i n u m ,  is ru led  out  as the r e -  
act ive e lec t rochemical  species. 

Table II. Oscillatory behavior 

E l e c t r o d e  
No.  

S o l u t i o n  
c o n c e n t r a t i o n ,  

m o l e s / l i t e r  
A n o d i z i n g  cu r r en t ,  

a m p / c m  s 

P r e o s c i l l a t o r y  
s t e a d y - s t a t e  
p o t e n t i a l ,  v 

P e r i o d  f o r  w h i c h  
s t e a d y - s t a t e  M a x i m u m  p o t e n t i a l  M i n i m u m  p o t e n t i a l  

p o t e n t i a l  w a s  o b s e r v e d  d u r i n g  o b s e r v e d  d u r i n g  
m a i n t a i n e d ,  m i n  o s c i l l a t i o n s ,  v o s c i l l a t i o n s ,  v 

0.10 15 X 10 -6 +0.45 >30 None observed 
30 X 10 -6 +0.50 5 +0.74 +0.41 
60 X 10 -6 +0.65 0.5 +0.74 +0.40 

0.01 0.6 X 10 -3 +0.43 >30 None observed 
1.2 X 10 -3 +0.46 1 +0.75 +0.35 
1.6 X 10 -3 +0.49 0.5 +0.85 +0.43 
2.0 X 10 - s  +0.50 0.25 +0.86 +0.42 

0.1 4.0 X 10 -3 +0.56 >30 None observed 
8.0 X 10 -8 +0.60 2 +0.75 +0.46 

1.0 11 X 10 -a  +0.34 >30 None observed 
24 X 10 - s  +0.61 1 +0.82 +0.74 
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Table III. Rates of carbon dioxide formation, electrode 3, 1.ON 
H2504, 1.0M HCOOH 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

C u r r e n t  e q u i v a l e n t  
COe f o r m a t i o n  of  COe f o r m a t i o n  

i, a m p / c m 2  r a t e ,  m e q / h r  c m  e r a t e ,  m a / c m Z  

Anodic 
0.00 1.85 • 0.08 X 10-3 0.050 +_ 0.002 

(four runs)  
0.050 X 10 -~ 3.5 _+ 0.2 X 10 -8 0.095 _+ 0.007 

(four runs)  
0.25 X 10 -3 10.5 • 10 -3 0.28 
0 . 5 0  X 10 3 20  X 10  - 3  0 . 5 4  

1.0 X 10 -3 38 X 10 -3 1.02 
Cathodic 

0.15 X 10 -3 0.25 ___ 0.05 • 10-~ 0.007 _+ 0.002 
(E = +0.020v) 

Ef]ect of Formic Acid on Hydrogen Potentials 

Formic  acid was not  found  to have  any  effect on 
the response  of the electrodes to hydrogen .  The same 
open  circui t  po ten t i a l  (_+0.00Iv) was  ob ta ined  by  
electrode 3 on i n t roduc ing  H2 gas in to  the sys tem 
both  in  the  presence  and  absence  of formic  acid. The 
cathodic h y d r o g e n  evo lu t ion  character is t ics  are no t  
affected by  the presence  of formic acid. In  Fig. 10, 
the  h y d r o g e n  overvol tage  is shown as a func t ion  of 
cu r r en t  for e lectrode No. 1 and  var ious  formic  acid 
concent ra t ions .  

Effect of Carbon Dioxide on Formic Acid 
Open Circuit Potentials 

Swi tch ing  f rom n i t rogen  b u b b l i n g  to ca rbon  
dioxide  b u b b l i n g  did not  affect the open circui t  po-  
t en t i a l  of e lectrode 3 in  1.0N H2504, 0.10M HCOOH 
(• < 0.001v). B u b b l i n g  of CO2 was con t inued  for 
1-2 hr, so tha t  it  m a y  be assumed tha t  the  so lu t ion  
was  sa tu ra t ed  wi th  CO2 u n d e r  these condit ions.  Also, 
in a lka l ine  solut ion,  addi t ion  of po ta s s ium ca rbona te  
sufficient to increase  the ca rbona te  concen t r a t i on  of 
1.0N KOH, 0.10M HCOOK solut ion to 0.10M, did not  
affect the open circui t  po ten t i a l  (22).  

Discussion 

In  Fig. 11 the po la r i za t ion  curves  of the th ree  
electrodes are p lot ted  on a " t rue"  area  basis, w i th  
" t rue"  area  here  be ing  defined by  the  double  l ayer  
capacity.  A s imi la r  series of curves  would  have  been  
ob ta ined  if the areas d e t e r m i n e d  f rom PtO f o r m a -  
t ion  were  used for t r ue  areas,  s ince the rat io of the  
areas  ob ta ined  by  the two methods  are essen t ia l ly  
constant .  Excep t  for po in ts  for which  the  c u r r e n t  
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Fig. 10. Cathodic hydrogen overvoltage in 1.0N H2SO4 for 
electrode 2 in 1.0N H2504 solutions of various HCOOH contents. 
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Fig. 11. Electrode potential as a function of current density 
(true area basis). 

densi t ies  on an  a p p a r e n t  area  basis  are g rea te r  t h a n  
2 x 10 -3 a m p / c m  2 in  0.010M and  0.10M solutions,  and  
10 -e  a m p / c m  2 in  1.0M solut ions,  and  at which  t h e r e -  
fore concen t ra t ion  po la r iza t ion  is l ike ly  to be sig- 
nificant,  the  data  for the th ree  electrodes are qui te  
s imilar .  This  indica tes  tha t  the  on ly  effect of p la t i -  
n iza t ion  is to increase  the t rue  area  of the  electrode 
and  tha t  there  is no i n t r o d u c t i o n  of ca ta ly t ic  sites 
specific for the  ox ida t ion  react ion.  I t  also indica tes  
tha t  the po la r iza t ion  da ta  for the  th ree  electrodes,  
cons idered  on a t r ue  area basis, m a y  be t r ea ted  as a 
u n i t  us ing  the curves  of Fig. 11. 

The open circui t  po ten t ia l  which  is ca lcu la ted  for 
the revers ib le  reac t ion  

HCOOH --~ CO2 + 2H + + 2e [1] 

is --0.196v at u n i t  ac t iv i ty  of r eac tan t s  and  products  
(16).  Since the  ac t iv i ty  of ca rbon  dioxide in  the 
so lu t ion  was kept  wel l  be low tha t  in  e q u i l i b r i u m  
with  1 a tm of the  gas, the  open c i rcui t  po ten t ia l  
should be s igni f icant ly  more  nega t ive  t h a n  this  value .  
Thus  the va lues  of +0.12 to +0 .17v  which  were  ob-  
t a ined  indica te  tha t  there  m u s t  be  some i r revers ib le  
step in  the ox ida t ion  of formic  acid to ca rbon  di -  
oxide. Of the var ious  m e c h a n i s m s  which  have  been  
proposed, the most  i m p o r t a n t  d i s t inc t ion  to be made  
is b e t w e e n  those which  ind ica te  a d i rect  reac t ion  of 
the formic  acid at the electrode and  those in  which  
a p r e l i m i n a r y  decomposi t ion  of formic  acid occurs, 
fol lowed by  e lec t rochemica l  ox ida t ion  of the r e su l t -  
ing hydrogen .  The  sugges t ion  t ha t  h y d r o x y l  radicals ,  
fo rmed  by  the d ischarge  of w a t e r  molecules ,  are  r e -  
sponsible  for the  reac t ion  need  no longer  be  con-  
sidered,  since it is now  fa i r ly  wel t  es tab l i shed  tha t  
discharge of w a t e r  does no t  be g i n  at po ten t i a l  less 
than  a lmost  hal f  a vol t  more  anodic  t h a n  the ob-  
served open circui t  po ten t ia l s  (14).  

P r e l i m i n a r y  decomposi t ion  of formic  acid and  
s u b s e q u e n t  ox ida t ion  of h y d r o g e n  m a y  be ind ica ted  
by  the  fo l lowing ove r - a l l  scheme 

a. H C O O H ~  CO2 + 2H ] 
b. 2 H ~ 2 H  + + 2 e  
c. 2H ~ H2 (so lu t ion  b u l k )  i 

[2] 
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The first step here  is m e a n t  to inc lude  all  m e c h a n -  
isms of none lec t rochemica l  f o rma t ion  of oxidizable  
hyd rogen  at a ra te  which  is i n d e p e n d e n t  of elec- 
t rode potent ia l .  The th i rd  step here  indica tes  tha t  
some of the  h y d r o g e n  fo rmed  diffuses a w a y  f rom 
the electrode. I t  is this  step which  would  be re -  
sponsible  for the  i r r eve r s ib le  behavior ,  s ince in  its 
absence on open c i rcui t  h y d r o g e n  would  accumula t e  
on the electrode un t i l  r eac t ion  [2a] a t t a ined  equ i -  
l ib r ium.  This e q u i l i b r i u m  q u a n t i t y  of hyd rogen  
would  t hen  give rise, via  reac t ion  [2b] ,  to the  open 
circui t  po ten t ia l  ca lcula ted  for the ove r - a l l  reac t ion  
occur r ing  revers ib ly .  

A l t e rna t e ly ,  the s imples t  scheme for an  i r r e v e r -  
sible process i n v o l v i n g  the d i rec t  ex t r ac t ion  of elec-  
t rons  f rom formic acid is tha t  of a mixed  po ten t i a l  
process, in  which  h y d r o g e n  is evolved  cathodical ly  at 
the same ra te  as formic  acid reacts  anodica l ly  on 
open circuit ,  i.e., 

a. HCOOH--> CO2 -t- 2H + -t- 2e 
b. 2H + + 2 e - > H 2  j 

[3] 

React ions  [3a] and  [3b] are m e a n t  to s igni fy  over -  
all  e lec t rochemica l  react ions;  it is not  m e a n t  to i m-  
ply  tha t  the mechan i sms  of these react ions  are 
necessar i ly  as s imple  as the equa t ions  indicate ,  e 

On open circui t  the  sum of reac t ions  [2, a, b, c] are 
equa l  to those of [3 a, b] ,  s to ichiometr ica l ly ,  i.e., 

HCOOH-~ COs + H2 [4] 

However the mechanisms can be distinguished by 
the rates at which COs formation on open circuit 
would have to occur in order to be consistent with 
the open circuit and polarization potential data ob- 
served. Thus the decomposition reaction, [2a], would 
have to occur at a rate at least equal to the current 
which can be continuously drawn without causing 
large degrees of polarization. Otherwise, at currents 
greater than the rate of reaction [2a], the quantity of 
hydrogen at the electrode would soon be depleted 
and the potential would increase to that character- 
istic of the next process possible, here oxidation of 
platinum. According to Fig. 7, a current of 3 x 10 -3 
amp/cm 2 can be passed through electrode 3 with 
only 0.060v of polarization in 1.0M HCOOH and up 
to 11 x 10 -3 a m p / c m  2 could be passed for long t ime 
periods at cons tan t  polar izat ion.  However ,  according 
to Tab le  II, the  ra te  of reac t ion  [4],  which  is the 
ra te  of COs fo rma t ion  on open circuit ,  is only  
55 x 10 -6 a m p / c m  2. E v e n  if the  ra te  of p roduc t ion  of 
oxidizable  hyd rogen  atoms were  equa l  to the  ra te  
of formic  acid decomposi t ion,  this  r eac t ion  ra te  is 
c lear ly  too smal l  to account  for the  low polar iza t ion  
observed.  Fu r the r ,  the da ta  of Tab le  I I I  ind ica te  tha t  
the ra te  of COs fo rma t ion  at  low anodic  cu r r en t s  is 
the sum of tha t  p roduced  by  the c u r r e n t  and  tha t  
p roduced  on open circuit .  This  indica tes  tha t  even  
if h y d r o g e n  were  fo rmed  by  decomposi t ion  of formic  
acid, it would  be necessa ry  to conclude  tha t  it  d i f -  

2 A r e a c t i o n  s e q u e n c e  i n v o l v i n g  t h e  r a p i d  d e c o m p o s i t i o n  of  f o r m i c  
a c i d  to CO, f o l l o w e d  b y  e l e c t r o c h e m i c a l  o x i d a t i o n  of t h e  CO to 
CO2, c a n n o t  be  d i s t i n g u i s h e d  on t h i s  bas i s  f r o m  t h e  d i r e c t  r e a c t i o n  
of f o r m i c  ac id ,  s ince  t h e  s t a n d a r d  p o t e n t i a l s  of  t h e  t w o  r e a c t i o n s  
a r e  s i m i l a r .  

fused away  f rom the electrode before  it could be 
anod ica l ly  oxidized. H y d r o g e n  fo rmed  by  a n o n -  
e lec t rochemica l  decomposi t ion  process is a p p a r e n t l y  
no t  a s ignif icant  factor  in  the e lec t rochemica l  be -  
hav ior  of the  system. 

On the basis  of the mi xe d  po ten t i a l  model ,  the 
ra te  of reac t ion  [4] corresponds  to the  cu r ren t s  
necessa ry  to polar ize react ions  [3a a nd  b]  anodica l ly  
and  cathodical ly ,  respect ively ,  to the  same potent ia l .  
At  cu r r en t s  cor responding  to po ten t ia l s  50-100 m v  
more  posi t ive  t h a n  the  observed  open circui t  p o t e n -  
t ials the ra te  of reac t ion  [3b]  wou ld  be smal l  com-  
pa red  to t ha t  of [ 3 a ]  and  the  slope of the  curves  of 
Fig. 11 in  this  region  m a y  be t a ke n  as co r respond ing  
to reac t ion  [3a].  Thus  as ind ica ted  by  Fig. 11 this  
reac t ion  is polar ized to the ex ten t  of a p p r o x i m a t e l y  
0.10v per  decade of cur ren t ,  and  since the  po ten t i a l  
at, e.g., 1 x 10 -6 a m p / c m  2 of t rue  area,  corresponds  
to ~0 .38v  of po la r iza t ion  f rom the  ca lcula ted  r e -  
vers ib le  po ten t i a l  (--0.20 - -0 .18v) ,  the  exchange  
c u r r e n t  dens i ty  for reac t ion  [3a] is at least  4 decades 
less t h a n  this  measu red  c u r r e n t  densi ty ,  or 10 -1~ 
a m p / c m  2 of t rue  area. This is an uppe r  l imi t  for this  
quan t i ty ,  since the  t rue  open circui t  potent ia l ,  cor re -  
sponding  to the presence  of far  less t h a n  u n i t  ac t iv i ty  
of ca rbon  dioxide, is less t h a n  --0.20v. The ra tes  
of react ions  [3a and  b]  on open circui t  can be es-  
t ima ted  in  severa l  ways.  The order  of m a g n i t u d e  of 
the  m a x i m u m  cur ren t s  which  can be d r a w n  wi thou t  
s ignif icant ly  inc reas ing  the  po ten t i a l  above the meas -  
u r ed  open c i rcui t  po ten t i a l  is f rom Fig. 11, about  
0.1 x 10 -6 a m p / c m  2 of t r ue  area. Since lower  cu r -  
ren ts  are therefore  ins igni f icant  compared  to the 
open  c i rcui t  cur ren t s ,  this  m u s t  also be the  order  of 
m a g n i t u d e  of the  ra tes  of reac t ion  on open circuit .  
F r o m  the data  of Fig. 10, which  ind ica te  tha t  the  
hyd rogen  evo lu t ion  charac ter is t ics  are not  signifi-  
can t ly  modified by  the presence  of formic  acid, a 
cathodic c u r r e n t  of 3 x 10 -6 a m p / c m  2 of superf icial  
area,  or 0.06 x 10 -6 a m p / c m  2 of t rue  area  is r equ i r ed  
to polar ize  electrode 2 to the  open circui t  po ten t i a l  
observed wi th  formic  acid. The ra te  of CO2 p roduc -  
t ion  on open circui t  ob ta ined  wi th  electrode 3 corre-  
sponds to 0.01 x 10 -6 a m p / c m  2 of t rue  area. This  
degree  of a g r e e m e n t  among  the th ree  methods  is 
cons idered  to be good. 

The mixed  po ten t i a l  hypothes is  is also cons is ten t  
wi th  the dependence  of the  open c i rcui t  po ten t ia l  on 
formic  acid concen t ra t ion ,  0.032 -- 0.008v per  decade 
of concen t r a t i on  and  the lack of dependence  on car -  
bona te  or ca rbon  dioxide concen t ra t ion .  At  po ten t ia l s  
about  100 m v  r emoved  f rom the open circui t  p o t e n -  
tial, the ra te  of the reverse  reac t ion  is comple te ly  
neg l ig ib le  a nd  changes  in the  concen t ra t ions  of r eac -  
t an t s  for the  reverse  reac t ion  have  no  effect on the  
potent ia l .  The ra te  of the fo rward  reac t ion  is, of 
course, s ignif icant  and  d e p e n d e n t  on the  concen-  
t r a t i on  of r eac tan t s  at al l  potent ia ls .  S imi la r ly ,  the  
mixed  po ten t i a l  hypothes is  is cons is ten t  wi th  the 
obse rva t ion  tha t  the ra te  of COs fo rma t ion  at low 
cu r ren t s  is equa l  to tha t  p roduced  on open circui t  
p lus  tha t  ca lcu la ted  f rom the cur ren t .  The  cathodic 
r educ t ion  of h y d r o g e n  ions wi l l  occur as long as the 
po ten t i a l  is no t  far  r e move d  f rom the observed  open 
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ci rcui t  value ,  i r respec t ive  of w h e t h e r  or no t  there  is 
a ne t  anodic  cur ren t .  

F ina l ly ,  the m a r k e d  decrease in  the  ra te  of CO2 
evo lu t ion  on m a k i n g  the electrode po ten t i a l  more  
nega t ive  t h a n  the  open c i rcui t  va lue  by  pass ing a 
cathodic c u r r e n t  (Tab le  I I I ) ,  is a most  conv inc ing  
ind ica t ion  tha t  the fo rma t ion  of CO2 on open c i r -  
cuit  is the  resu l t  of an  e lec t rochemica l  process, and  
tha t  the  open circui t  po t en t i a l  is a m ixed  potent ia l .  

Since the  open circui t  po ten t ia l s  are r e su l t an t s  of 
two i r r eve r s ib l e  processes, it is not  su rp r i s ing  tha t  
the  dependence  on solut ion pH is no t  simple.  The  
ra tes  of the  cathodic and  anodic  reac t ions  depend  
on the  concen t ra t ions  of reac t ive  species at  the elec-  
t rode  so lu t ion  in terface ,  which  in  t u r n  are  func t ions  
of the charge on these species, the charge  on the  
electrode,  and  the total  salt  concen t ra t ion .  The  dis-  
sociat ion cons tan t  of formic  acid is 1.8 x 10 -4. Thus  
at pH va lues  less t h a n  4, the  species be ing  anod i -  
cal ly  oxidized is HCOOH, whi le  at pH grea te r  t h a n  
4, the d o m i n a n t  species is H C O O - .  The increase  in  
dev ia t ion  f rom the  theore t ica l  po ten t i a l  at pH 4 in  
Fig. 8 is p r o b a b l y  due to the  change  f rom HCOOH to 
H C O O -  as the reac t ive  species. The effect of pH on 
the  cathodic h y d r o g e n  evolu t ion  on p l a t i n u m  is not  
large.  The  m a x i m u m  change  wi th  pH, of po la r iza -  
t ions at cons tan t  cu r ren t s  of even  g rea te r  t h a n  the 
m a g n i t u d e s  of in te res t  here,  ~100  x 10 -6 a m p / c m  2, 
is about  10 m v  over  the r ange  pH 1-12 (17).  

Osci l la tory  behav io r  of the  potent ia l ,  at cons tan t  
cur ren ts ,  has been  p rev ious ly  observed at p l a t i n u m  
electrodes in  su l fur ic  acid solut ions  d u r i n g  oxida t ion  
of m e t h a n o l  (18) and  h y d r o g e n  (19).  In  the fo rmer  
case, the increase  in po ten t i a l  was ascr ibed to the  
deple t ion  of m e t h a n o l  f rom the  ne ighborhood  of the 
electrode due to its react ion.  The s u b s e q u e n t  fal l  of 
po ten t i a l  was  ascr ibed to the  r e a c c u m u l a t i o n  of the  
m e t h a n o l  as c u r r e n t  w e n t  into the h igher  po ten t ia l  
process, ox ida t ion  of p l a t i num.  It was necessa ry  to 
assume tha t  the e lec t rochemical  ox ida t ion  of m e -  
t hano l  did no t  occur on the oxidized p l a t i n u m  su r -  
face and  tha t  the  l a t t e r  was  reduced  by  a none l ec -  
t rochemica l  process at a ra te  which  was less t h a n  the 
ra te  of diffusion of m e t h a n o l  to the electrode.  Al -  
t hough  these l a t t e r  a s sumpt ions  have  been  found  
to be va l id  (20),  it is no t  be l ieved  tha t  this  ex-  
p l a n a t i o n  holds for the da ta  p resen ted  in Tab le  II. 
The c u r r e n t  densi t ies  in  Table  II  are no t  h igh  enough  
(except  for e lect rode No. 3) for concen t r a t i on  
pola r iza t ion  to be significant.  Indeed,  in  the  case of 
electrode No. 1, the lowest  c u r r e n t  dens i ty  at which  
periodic behav io r  was observed wou ld  requ i re  a 
per iod of some 106 sec for dep le t ion  of formic  acid 
molecules  at the  surface of the  electrode even  if al l  
s t i r r ing  were  absen t  and  formic  acid molecules  a r -  
r ived  at  the electrode solely by  diffusion [as i nd i -  
cated by  the  s t a n d a r d  cons tan t  cu r r en t  p o t e n t i o m e t r y  
equa t ion  (21) ] .  Second, it is now k n o w n  tha t  ox ida -  
t ion  of p l a t i n u m  does no t  occur un t i l  po ten t ia l s  of 
~0 .8v  are  a t t a ined  (15).  The  po ten t ia l s  a t t a i ned  at  
the  m a x i m a  in the osci l la t ions did no t  exceed this  
va lue  in  the p resen t  work  in  severa l  ins tances ,  or 
0.75v in  re fe rence  (18).  The e x p l a n a t i o n  g iven for 
the  osc i l la tory  behav io r  in  the case of h y d r o g e n  (19) 

was tha t  the l a t t e r  is deple ted  at the electrode s u r -  
face and  tha t  h y d r o g e n  dissolved in  the electrode 
becomes the e lec t rochemica l ly  act ive species, be ing  
oxidized in  the reg ion  0.4 to 1.0v. Ac t iva t ion  of the  
electrode at the  h igher  potent ia l s  was  cited as a 
c o n t r i b u t o r y  factor  in  the  r ecovery  of the electrode 
to lower  potent ia ls .  It  is be l ieved  tha t  a s imi la r  ex-  
p l a na t i on  holds for the data  p resen ted  in  this  paper .  
Formic  acid which  has been  adsorbed  onto the elec- 
t rode is dep la ted  as a resu l t  of the anodic  c u r r e n t  
and  the po ten t i a l  increases.  At  the  same t ime  the  
electrode is ac t iva ted  so tha t  the  ra te  of adsorp t ion  
of formic  acid increases,  un t i l  i t  becomes g rea te r  
t han  the  anodic cu r ren t ,  the po ten t i a l  t h e r e u p o n  de-  
creasing.  There  is d i rec t  ev idence  for the  adsorp t ion  
of m e t h y l  alcohol on p l a t i n u m  in  the po ten t i a l  r e -  
gion of in te res t  here  (8, 18). The necess i ty  for an  
adsorp t ion  step, pr ior  to the e lec t ron  t r ans fe r  step 
of reac t ion  [3a],  is also ind ica ted  by  the fact tha t  
o ther  metals ,  m e r c u r y  and  b r igh t  gold, do not  r e -  
spond to formic  acid addi t ion  (22).  The same act i -  
va t ion  process m a y  wel l  be respons ib le  for the  pe r i -  
odic behavior ,  the m i n i m u m  in the open circui t  
po ten t i a l  fo l lowing anodic  polar iza t ion,  and  the  de-  
crease in  po ten t ia l  a f ter  a few m i n u t e s  of c u r r e n t  
flow. One  poss ibi l i ty  is the r e m o v a l  of impur i t i es  
f rom the  electrode b y  oxida t ion  at the  h igher  po-  
tent ials .  

Manuscript  received Apri l  8, 1963; revised m a n u -  
script received Nov. 18, 1963. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in the December 1964 
JOURNAL. 
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Cation-Exchange between Molten Salts and a Special 
Porcelain of High Sodium Content 

R. J. Labrie 
Metallurgy Division, National Bureau of Standards, Washington, D. C. 

ABSTRACT 

In an ear l ie r  pape r  a special  porce la in  of high sodium content,  7.16% by 
weight ,  was shown to serve as a m e m b r a n e  conduct ive  to sodium ions, and it 
was therefore  useful  for mol ten  salt  exper iments .  Because of its impor tance  to 
fu r the r  expe r imen ta l  applicat ion,  the abi l i ty  of this ma te r i a l  to r ap id ly  undergo 
ca t ion-exchange  when  immersed  in cer ta in  mol ten  salts  is s tudied now. In 
mel ts  of potassium, rubidium,  or s i lver  salts, exchange was complete  and re -  
versible;  in mel ts  of l i thium, cuprous  copper,  and  cesium salts, pa r t i a l  exchange 
or react ion took place. I t  was found possible to obta in  mechanica l ly  sound 
pieces of porce la in  which could serve  as ion-conduct ive  membranes  af ter  ex-  
change by  potassium, l i thium, and silver. The porce la in  did not  have  a s trong 
enough re ten t ion  for  potassium, rubidium,  or s i lver  ions to separa te  them 
effectively f rom sodium ions in the  mol ten  mix tures  which  were  studied. 

A spec i a l  p o r c e l a i n  of h igh  s o d i u m  conten t ,  7.16% 
b y  we igh t ,  has  p o t e n t i a l  u se fu lnes s  in e x p e r i m e n t s  
i nvo lv ing  m o l t e n  sa l t s  w h e n  a m e m b r a n e  h a v i n g  a 
f a i r l y  h igh  sod ium ion c o n d u c t i v i t y  is r e q u i r e d  at  
h igh  t e m p e r a t u r e s ,  as has  been  s h o w n  in e x p e r i -  
m e n t a l  m e a s u r e m e n t s  of the  t r a n s f e r e n c e  n u m b e r s  
of t he  ions in  m o l t e n  s o d i u m  n i t r a t e  (1) .  In  the  
course  of t he se  e x p e r i m e n t s  i t  w a s  n o t e d  t h a t  t he  
p o r c e l a i n  was  ab le  to e x c h a n g e  ca t ions  r a p i d l y  w i t h  
a v a r i e t y  of m o l t e n  sal ts .  S ince  such  e x c h a n g e  m u s t  
be  u n d e r s t o o d  and  cons ide r ed  w h e n  us ing  the  p o r -  
ce la in  in  such app l i ca t ions ,  a n d  b e c a u s e  s i m i l a r l y  
use fu l  po rce l a in s  conduc t ive  to o the r  ca t ions  m i g h t  
be p r e p a r e d  b y  i o n - e x c h a n g e ,  a s t u d y  of t he  e x -  
change  p r o p e r t i e s  of th i s  p o r c e l a i n  in m o l t e n  sa l t s  
s e e m e d  w a r r a n t e d .  

Tha t  the  sod ium in glass  can  e x c h a n g e  w i t h  o t h e r  
ca t ions  f r o m  m o l t e n  sa l ts  has  long been  k n o w n  
( 2 , 3 ) .  Some  s tud ies  also h a v e  been  m a d e  con-  
ce rn ing  i o n - e x c h a n g e  b e t w e e n  m o l t e n  sa l t s  and  
m i n e r a l s  of a c h e m i c a l  compos i t i on  s o m e w h a t  s i m i -  
l a r  to this  p o r c e l a i n  (4, 5) .  

O v e r - a l l  c h e m i c a l  compos i t i on  of the  p o r c e l a i n  
used  in th is  s tudy ,  b a s e d  on ana lys i s  of t he  c lays  
as g iven  b y  M e y e r  and  K l i n e f e l t e r  (6) ,  m a y  be  e x -  
p r e s s e d  as 53.1% SIO2, 35.4% A1203, and  9.65% Na20  
b y  we igh t .  A n a l y s i s  of the  f i red p o r c e l a i n  s h o w e d  a 
c on t en t  of p o t a s s i u m  e q u i v a l e n t  to 0.2% K20.  The  
b o d y  is whi te ,  smooth ,  and  t r a n s l u c e n t ,  and  c o m -  
p l e t e l y  nonporous .  Desp i t e  its h igh  sod ium conten t ,  
the  m a t e r i a l  w i t h s t a n d s  t e m p e r a t u r e s  as h igh  as 
l l 0 0 ~  be fo re  so f t en ing  and  loses on ly  a sma l l  f r a c -  
t ion  of  a m i l l i g r a m  p e r  squa re  c e n t i m e t e r  of su r f ace  
a r e a  a f t e r  an  h o u r  in  bo i l ing  w a t e r .  I ts  e l ec t r i ca l  
c o n d u c t i v i t y  is r e l a t i v e l y  h igh ,  a b o u t  100 t imes  t h a t  
of P y r e x  glass  a t  a n y  g iven  t e m p e r a t u r e  (7) .  Con-  
duc t ion  is b y  e l e c t r o m i g r a t i o n  of s o d i u m  ions  r a t h e r  
t h a n  e l ec t ron ic  (7) .  P o w d e r - d i f f r a c t i o n  x - r a y  a n a l -  
ys is  showed  it  to be  m a i n l y  n o n c r y s t a l l i n e  and  to 
con ta in  on ly  a s m a l l  a m o u n t  of a c r y s t a l l i n e  com-  
p o n e n t  iden t i f i ed  as mul l i t e .  

Experimental 
Preparation o] the porcelain.--In a o n e - g a l l o n  j a r  

mi l l ,  128g of a n h y d r o u s  s o d i u m  si l icate ,  Na2SiOs, 
107g of d r i e d  a n d  f ine ly  g r o u n d  a l u m i n a ,  l17g  of 
p o w d e r e d  flint, 54g of K e n t u c k y  ba l l  c l ay  No. 4, a n d  
71g of G e o r g i a  k a o l i n  w e r e  m i l l e d  d r y  w i t h  f l int  
p e b b l e s  for  10 hr .  The  m i x t u r e  was  r e m o v e d ,  p a c k e d  
into  f i r e - c l a y  cruc ib les ,  and  f i red for  4 h r  a t  1100~ 
to f o r m  a glass .  This  g lass  was  c rushed ,  g r o u n d  to 200 
mesh,  and  t h e n  m i l l e d  d r y  for  10-15 hr.  Then,  to 
t he  t o t a l  a m o u n t  of the  glass  w e r e  a d d e d  142g of 
K e n t u c k y  ba l l  c lay,  l l l g  of G e o r g i a  kao l in ,  and  400 
to 500 m l  of wa t e r .  I f  a de f loccu lan t  s e e m e d  n e c e s -  
sa ry ,  ~'4g of s o d i u m  s i l i ca te  or  c a r b o n a t e  was  added ,  
and  the  s l ip w a s  m i l l e d  for  10 to 12 hr .  S l ip  cas t ing  
w a s  done  in  p l a s t e r  of P a r i s  fo rms  ( m a d e  of 40 p a r t s  
of p l a s t e r  to 36 p a r t s  of w a t e r ) .  The  g r e e n  b o d y  was  
f i red b y  h e a t i n g  a t  1 5 0 ~  to a t e m p e r a t u r e  b e -  
t w e e n  1205~176 e q u i v a l e n t  to cones 5 t h r o u g h  
8. D r y i n g  and  f i r ing s h r i n k a g e  t o t a l e d  a b o u t  16%. 

Exchange procedure.--Specimens of p o r c e l a i n  
used  for  i o n - e x c h a n g e  e x p e r i m e n t s  w e r e  t ubes  f r o m  
1 to 2 cm long,  a b o u t  1 cm in d i a m e t e r ,  and  a b o u t  
1 m m  in w a l l  th ickness .  E x c h a n g e  t ook  p l ace  m o r e  
s l o w l y  w i t h  spec imens  in  th is  f o r m  t h a n  w i t h  a 
p o w d e r ,  b u t  w e i g h i n g  was  f ac i l i t a t ed ,  and  p h y s i c a l  
changes  such as e ros ion  or  c r a c k i n g  could  be  o b -  
se rved .  Tubes  w e r e  i m m e r s e d  in  t h e  m e l t s  to effect  
exchange .  T h e y  w e r e  p e r i o d i c a l l y  r e m o v e d ,  cooled,  
and  c l eaned  of a d h e r i n g  me l t  b y  s u i t a b l e  c h e m i c a l  
m e a n s  in o r d e r  to m a k e  w e i g h i n g s  and  obse rve  
p h y s i c a l  changes .  In  gene ra l ,  t he  d e g r e e  of e x c h a n g e  
was  j u d g e d  f r o m  the  w e i g h t  change  of t he  p ieces  
e spec i a l l y  w h e n  no c h e m i c a l  a t t a c k  w a s  ev ident .  
P ieces  w e r e  w e i g h e d  to  t h e  n e a r e s t  t e n t h  m i l l i g r a m  
on an  a n a l y t i c a l  ba l ance .  A t  i n t e r v a l s  f r e sh  m e l t  
was  used.  Mel t  t e m p e r a t u r e s  w e r e  m a i n t a i n e d  con-  
s t an t  to a b o u t  -----10~ In  g e n e r a l  t h e y  w e r e  as low 
as t he  sa l t  or  m i x t u r e  a l l o w e d  in o r d e r  to m i n i m i z e  
m e l t  de c ompos i t i on  or  e v a p o r a t i o n .  
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Fig. 1. Weight gain of the porcelain when immersed in molten 
silver nitrate at 220~176 

Resul ts  

Silver.--Complete e x c h a n g e  of s i lver  for  s o d i u m  r e -  
s u l t e d  f r o m  i m m e r s i n g  a p iece  of t he  p o r c e l a i n  in 
m o l t e n  s i lve r  n i t r a t e  a t  a t e m p e r a t u r e  of 220~176 
as i n d i c a t e d  b y  w e i g h t  i nc reases  s h o w n  in Fig.  1 and  
T a b l e  I. Tha t  t he  change  of w e i g h t  was  due  to e x -  
change  of s i lve r  for  s o d i u m  was  conf i rmed  b y  a n a l -  
ysis  of a n o t h e r  e x c h a n g e d  spec imen ,  wh ich  con-  
t a i n e d  25.6% s i lve r  a n d  a p p r o x i m a t e l y  0.25% so-  
d ium.  The  p ieces  d id  not  c r a c k  no r  a p p e a r  to be  r e -  
d u c e d  in s t r e n g t h  b y  exchange ,  b u t  a c q u i r e d  a pa l e  
c r e a m  color.  A n  inc rease  in t e m p e r a t u r e  of 50~ a p -  
p r o x i m a t e l y  t r i p l e d  the  r a t e  of exchange ,  b u t  also 
caused  s l igh t  e t ch ing  of t he  porce la in .  

A m e l t  c o m p o s e d  of one mo le  of s i lve r  n i t r a t e  and  
two  moles  of sod ium n i t r a t e  e x c h a n g e d  at  e q u i l i b -  
r i u m  54% of the  s o d i u m  w h i c h  the  p o r c e l a i n  
i n i t i a l l y  con ta ined .  This  r e s u l t  can be  c o m p a r e d  to 
t h a t  o b t a i n e d  b y  G u e n t h e r s c h u l z e  and  Mohr  (8)  
who  f o u n d  t h a t  t r aces  of s i lve r  w e r e  t o t a l l y  e x -  
t r a c t e d  b y  glass  f rom a s o d i u m  n i t r a t e  m e l t  b u t  no t  
f r o m  a s o d i u m  b r o m i d e  mel t .  

The  p iece  of p o r c e l a i n  con ta in ing  25.6% s i lver  a n d  
0.25% s o d i u m  b y  w e i g h t  was  i m m e r s e d  in m o l t e n  
s o d i u m  n i t r a t e .  I t  los t  w e i g h t  at  a r a t e  d e c r e a s i n g  
w i t h  t ime  so t h a t  a f t e r  14 days  the  loss a m o u n t e d  to 
20.1%, and  no f u r t h e r  w e i g h t  loss took  place .  The  
f inal  loss in w e i g h t  was  the  a m o u n t  to be e x p e c t e d  
b y  c o m p l e t e  r e - e x c h a n g e  of  s o d i u m  ions for  s i lve r  
ions w h i c h  shows  the  e x c h a n g e  to be  r e v e r s i b l e .  
Potassium.--After i m m e r s i o n  in m o l t e n  KNO~ for  
t h r e e  days  at  400~ less t h a n  ha l f  of t he  s o d i u m  ions  

Table I. Melts which produce stoichiometric exchange 

W e i g h t  c h a n g e ,  % 

For corn- 
Time, plete ex- Na ex- 
days Observed change* changed 

April 1964 

M e l t  c o m p o s i t i o n ,  m o l e s  

AgNO3 159 26.3 26.8 98 
KCI 0.5 5.1 5.0 100 
1 KCI + NaCI 0.5 3.5-3.7 69-73 
RbC1 4 20.0 19.7 100 
0.14 RbCl + 0.86 NaCI 4* * 3.7 19 
0.33 RbCl + 0.67 NaCI 5"* 7.8 40 
0.59 RbCI + 0.41 NaC1 7* * 10.8 54 
NaHSO4 20*** --4.1 --7.0 58 

* A s s u m i n g  e x c h a n g e  of 7 .16% s o d i u m  a n d  0 .17% p o t a s s i u m .  
** T h e  s a m e  p i e c e  of p o r c e l a i n  w a s  i m m e r s e d  i n  e a c h  of t h i s  

s e r i e s  of  m e l t s  u n t i l  no  f u r t h e r  w e i g h t  c h a n g e  t o o k  p l ace .  
*** T h e  e x p e r i m e n t  w a s  h a l t e d  a t  t h i s  p o i n t  b e c a u s e  t h e  p o r c e -  

l a i n  h a d  b r o k e n  i n t o  a n u m b e r  of s m a l l  p i ece s  e v e n  t h o u g h  e q u i l i b -  
r i u m  d i d  no t  a p p e a r  to h a v e  b e e n  r e a c h e d .  See  F ig .  2, 

w e r e  exchanged .  The  e x c h a n g e  b y  p o t a s s i u m  ions 
caused  c o n s i d e r a b l e  s t ress  as e v i d e n c e d  b y  the  d i s -  
i n t e g r a t i o n  of the  p o r c e l a i n  to a coarse  p o w d e r ,  and  
the  con t inued  d i s i n t e g r a t i o n  of b i t s  of th is  p o w d e r  
even  a f t e r  w a s h i n g  and  d ry ing .  

C o m p l e t e  and  s to i ch iome t r i c  e x c h a n g e  b y  p o t a s -  
s ium was  o b t a i n e d  b y  i m m e r s i n g  the  p o r c e l a i n  in 
m o l t e n  p o t a s s i u m  ch lo r ide  for  6-10 h r  a t  800~ as 
shown  in Tab le  I. H o w e v e r ,  th is  e x c h a n g e  i n v a r i -  
a b l y  p r o d u c e d  a few cracks ,  p r o b a b l y  f r o m  s t resses  
caused  b y  u n e v e n  e x c h a n g e  t h r o u g h o u t  the  en t i r e  
p iece  of porce la in .  U n c r a c k e d  p ieces  cou ld  be  o b -  
t a i n e d  if  the  p iece  was  e x c h a n g e d  s tepwise ,  f irst  
us ing  an  e q u i m o l a r  m e l t  of s o d i u m  and  p o t a s s i u m  
chlor ides ,  t h e n  p u r e  p o t a s s i u m  chlor ide .  The  c o m -  
pos i t ion  shown  in T a b l e  I of t he  p o r c e l a i n  e x c h a n g e d  
in the  e q u i m o l a r  m e l t  is an e q u i l i b r i u m  va lue .  This  
was  shown  b y  the  fac t  t ha t  the  p o r c e l a i n  r e a c h e d  
a p p r o x i m a t e l y  the  s ame  compos i t i on  s t a r t i n g  w i t h  
e i the r  u n e x c h a n g e d  s o d i u m  porce la in ,  or  w i t h  a 
p o r c e l a i n  c o m p l e t e l y  e x c h a n g e d  b y  po tas s ium.  P ieces  
c o m p l e t e l y  e x c h a n g e d  b y  p o t a s s i u m  cou ld  be  r e -  
e x c h a n g e d  b y  sod ium w i t h o u t  c r ack ing  b y  i m m e r s -  
ing t h e m  in m o l t e n  s o d i u m  n i t r a t e .  
Rubidium.--Immersion of t he  p o r c e l a i n  in m o l t e n  
r u b i d i u m  ch lo r ide  r e s u l t e d  in c o m p l e t e  e x c h a n g e  of 
r u b i d i u m  ions for  sod ium ions (Tab l e  I ) .  The  e x -  
change  a l w a y s  p r o d u c e d  a few c racks  even  w h e n  
g r a d u a l  e x c h a n g e  was  ef fec ted w i t h  a se r ies  of so-  
d i u m  c h l o r i d e - r u b i d i u m  ch lo r ide  mel t s .  A p iece  of 
p o r c e l a i n  e x c h a n g e d  b y  p o t a s s i u m  g a i n e d  the  s to i -  
c h iome t r i c  w e i g h t  for  c o m p l e t e  e x c h a n g e  b y  r u -  
b i d i u m  ions w h e n  i m m e r s e d  in  r u b i d i u m  chlor ide ,  
bu t  also c r a c k e d  in the  process .  
Hydrogen.--A piece  of p o r c e l a i n  i m m e r s e d  in  m o l t e n  
s o d i u m  b i su l fa t e ,  w h i c h  l i k e l y  was  s o m e w h a t  d e -  
composed  at  the  t e m p e r a t u r e  used,  in t he  n e i g h b o r -  
hood  of 300~ lost  4.1% in w e i g h t  a f t e r  20 days  as 
shown  in Fig .  2 and  Tab le  I. T h e o r e t i c a l  w e i g h t  loss 
c o r r e s p o n d i n g  to comple t e  r e p l a c e m e n t  is 7.0%. By  
ana lys i s  the  s o d i u m  con ten t  of  t he  p iece  was  shown  
to be  3.0%, the  a m o u n t  to be  e x p e c t e d  if t he  4.1% 
w e i g h t  loss r e p r e s e n t s  e x c h a n g e  of s o d i u m  b y  h y -  
d r o g e n  ions. E h r m a n n ,  deBi l ly ,  and  Z a r z y c k i  have  
also shown  tha t  h y d r o g e n  f r o m  a m o l t e n  ac id  su l fa te ,  
in th is  case a m m o n i u m  b i su l fa t e ,  can e x c h a n g e  for  
sod ium in glass  (9) .  
Lithium.--Ion-exchange t h a t  o c c u r r e d  w h e n  the  
p o r c e l a i n  was  i m m e r s e d  in l i t h ium n i t r a t e  a t  a 
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Fig. 2. Weight loss of the porcelain when immersed in: A. molten 
lithium nitrate, L IND, ,  at 260~176  B. molten sodium bisulfate, 
NaHSO4, in the neighborhood of 300~ 
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t e m p e r a t u r e  close to  i ts  m e l t i n g  p o i n t  caused  m a x i -  
m u m  w e i g h t  loss w i t h i n  a b o u t  6 days ,  as  s h o w n  in 
Fig .  2. The  r e s u l t i n g  p o r c e l a i n  was  s t rong  and  u n -  
c racked ,  b u t  was  m i c r o s c o p i c a l l y  c razed .  H o w e v e r ,  
it  was  no t  po rous  as e v i d e n c e d  b y  the  fact  t h a t  the  
e x c h a n g e d  p o r c e l a i n  in  the  f o r m  of a c losed  t ube  
w o u l d  con ta in  m o l t e n  l i t h i u m  n i t r a t e  to a d e p t h  of 
3 cm for  a t  l eas t  8 h r  w i t h o u t  a n y  l eakage .  I t  was  
hygroscop ic ,  b u t  i m m e r s i n g  i t  in  bo i l ing  w a t e r  for  
a few m i n u t e s  caused  a sma l l  w e i g h t  loss w h i c h  
a p p e a r e d  to be  r e m o v a l  of t he  hyg roscop i c  m a t e r i a l .  
H i g h e r  m e l t  t e m p e r a t u r e  f a v o r e d  a t t a c k  of t he  p o r -  
ce la in  p r o b a b l y  b y  decompos i t i on  p r o d u c t s  of t he  
mel t .  A n u m b e r  of p ieces  s h o w e d  an  o v e r - a l l  w e i g h t  
loss of 4 .0-4 .2%.  A n a l y s i s  of one of these  p ieces  a f t e r  
be ing  bo i l ed  in w a t e r  showed  a loss of s o d i u m  equa l  
to 87% of the  s o d i u m  in i t i a l l y  con ta ined ,  a n d  a ga in  
of l i t h i u m  sufficient to r e p l a c e  100% of the  sod ium,  
w h i c h  ind i ca t e s  t h a t  a s ide  r e a c t i o n  took  place .  

E l ec t r i ca l  conduc t ion  of the  p o r c e l a i n  e x c h a n g e d  
b y  l i t h i u m  was  due  a lmos t  so le ly  to m i g r a t i o n  of 
l i t h i u m  ions as was  shown  b y  the  fo l l owing  e x -  
p e r i m e n t .  A t e s t - t u b e - s h a p e d  p iece  of l i t h i u m - s u b -  
s t i t u t e d  porce la in ,  3 cm long,  con t a in ing  m o l t e n  
l i t h i u m  n i t r a t e ,  was  d i p p e d  into  m o r e  l i t h i u m  n i t r a t e  
in a l a r g e r  c o n t a i n e r  so t h a t  the  w a l l  of t he  t u b e  
s e p a r a t e d  the  two  mel t s .  A p l a t i n u m  anode  was  used  
in t he  t u b e  a t  w h i c h  the  reac t ion ,  2 N O 3 - ~  2NO2 
+ 02 3- 2 e -  was  a s s u m e d  to t a k e  p l ace  s t o i ch iome t -  
r i ca l ly .  The  changes  in w e i g h t  of  t h e  t u b e  and  of 
the  con ten t s  w e r e  m e a s u r e d ,  c o r r e s p o n d i n g  to p a s s -  
age of a k n o w n  cha rge  b e t w e e n  the  i n t e r n a l  and  
e x t e r n a l  e lec t rodes .  Loss of l i t h i u m  n i t r a t e  
a m o u n t e d  to 1.2757g w h e n  1785 cou lombs  was  
passed .  T h e o r e t i c a l  w e i g h t  loss w o u l d  be  1.2759g. 
P a s s a g e  of 1966 cou lombs  caused  the  p o r c e l a i n  to 
lose 0.1% in we igh t ,  and  a n o t h e r  1800 cou lombs  
caused  a f u r t h e r  w e i g h t  loss of on ly  0.04%, a l -  
t h o u g h  the  t o t a l  c h a r g e  was  sufficient  to r e p l a c e  a l l  
of the  l i t h i u m  a n d  sod ium in the  p o r c e l a i n  t u b e  
a b o u t  10 t imes .  
Copper, cesium, and thallium.--The w e i g h t  ga ins  
shown  in  Tab le  II, c o r r e s p o n d i n g  to i m m e r s i o n  of 
p o r c e l a i n  t u b e s  in  cup rous  c h l o r i d e  and  c e s i u m  b r o -  
mide ,  a r e  the  m a x i m a  w h i c h  occu r r ed  even  w i th  
c o n t i n u e d  immers ion .  In  m o l t e n  t h a l l i u m  ch lo r ide  
p ieces  of po rce l a in  con t inued  to ga in  w e i g h t  s lowly .  
No c h e m i c a l  a n a l y s e s  of the  p o r c e l a i n  p ieces  w e r e  
m a d e  a f t e r  i m m e r s i o n  in a n y  of these  mel t s ,  and  
c o n s e q u e n t l y  i t  canno t  be  s t a t ed  w i t h  c e r t a i n t y  
t ha t  t he  w e i g h t  ga ins  w e r e  due  to i o n - e x c h a n g e  
for  sod ium.  I m m e r s i o n  in cup rous  ch lo r ide  caused  

Table II. Melts which produced exchange of uncertain stoichiometry 

Weight  change,  % 

For  
Time,  complete  Appearance  a f t e r  

Melt days  Observed  exchange  i m m e r s i o n  

LiNOa 10 - -4 .0 to - -4 .2  --5.2 Surface  crazed but  
s t rong and non-  
porous 

CuC1 34 6.3 12.8 Surface  crazed but  
strong. Ol ive-green  

CsBr 9 6.7 34.7 Surface  roughened  
T1C1 20 3.9 57.3 No change 
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TaMe Ill. Melts which did not produce ion-exchange 

Melt composit ion,  moles  

Weigh t  change,  % 

For  
Time,  complete  
days  Observed  exchange  

1 NH4NO3 3- 0.14 NaNO3 
3- 0.08 NaC1 13 0.0 --1.7 

1 NH4NO3 3- 0.2 NH4C1 1 --0.05 --1.7 
1 MgC12 3- 1.3 NaC1 5 0.2 --3.5 
1 Ca(NO3)2 3- 2 Na(NO3) 10 0.1 --1.0 
BaC12 2 0.7 14.4 
ZnC12 18 --0.5 3.0 
PbC12 12 0.0 25.4 
1 CdCI2 3- 1 NaC1 7 0.0 10.4 

the  p o r c e l a i n  t ube  to a c qu i r e  an  o l i v e - g r e e n  color  
t h r o u g h  i ts  en t i r e  th ickness .  I ts  su r f ace  was  s l i g h t l y  
c razed ,  bu t  the  t u b e  r e m a i n e d  qu i t e  s t rong.  A f t e r  
s t a n d i n g  in  air ,  a wh i t i sh ,  p o w d e r y  coa t ing  d e v e l -  
oped.  I m m e r s i o n  of  s o d i u m - p o r c e l a i n  in  ces ium 
b r o m i d e  caused  on ly  a s l igh t  e t ch ing  of the  s u r -  
face;  and  in  t h a l l i u m  ch lo r ide  no o b s e r v a b l e  change  
in a p p e a r a n c e  or  s t r e n g t h  r e su l t ed .  
Ions not exchanging.--A m o l t e n  m i x t u r e  of  a m m o -  
n i u m  n i t r a t e  and  a m m o n i u m  ch lo r ide  a t  140~ was  
used  to t es t  for  e x c h a n g e  b y  a m m o n i u m  ion. None  
occur red .  

No s igni f icant  w e i g h t  change  o c c u r r e d  in m e l t s  
con t a in ing  d i v a l e n t  ions as  s h o w n  in T a b l e  III .  
The  s m a l l  w e i g h t  changes  w h i c h  d id  occur  w e r e  
l i k e l y  due  to c h e m i c a l  a t t a c k  of t he  su r f ace  of the  
p o r c e l a i n  b y  the  mel t .  

Crystallinity and electrical conductivity oS ex- 
changed porcelain.--If i m m e r s i o n  of the  p o r c e l a i n  in 
m o l t e n  sa l t  p r o d u c e s  a chemica l  r eac t ion ,  i n s t ead  of 
i o n - e x c h a n g e ,  t hen  p r o b a b l y  the  p r o d u c t s  of t he  
r e a c t i o n  w o u l d  be  suff ic ient ly  c r y s t a l l i n e  to y i e l d  
s ign i f ican t  x - r a y  p a t t e r n s ,  so p o w d e r  d i f f rac t ion  
p a t t e r n s  of the  p o r c e l a i n  a f t e r  e x c h a n g e  for  s i lver ,  
copper ,  l i t h ium,  po t a s s ium,  a n d  r u b i d i u m  w e r e  
t aken .  T h e y  showed  the  s ame  l ack  of c r y s t a l l i n i t y ,  
excep t  for  t he  p re sence  of a sma l l  a m o u n t  of m u l -  
l i te,  as d id  t he  p a t t e r n  for  t he  u n e x c h a n g e d  sod ium 
porce la in .  

A p p r o x i m a t e  m e a s u r e m e n t s  of the  e l e c t r i c a l  con-  
d u c t i v i t y  of t he  p o r c e l a i n  e x c h a n g e d  b y  s i lve r  or  
l i t h i u m  showed  t h a t  for  each  m a t e r i a l  i t  is t he  s ame  
o r d e r  as t ha t  of  t he  s o d i u m  porce la in .  I t  is l i k e l y  
t ha t  e l ec t r i ca l  conduc t ion  in p o r c e l a i n  e x c h a n g e d  
b y  o t h e r  ions w o u l d  occur  b y  m i g r a t i o n  of the  e x -  
c h a n g e d  ion, as was  t he  case  for  p o r c e l a i n  e x c h a n g e d  
b y  l i t h ium,  bu t  e x p e r i m e n t s  w e r e  no t  p e r f o r m e d  
to d e m o n s t r a t e  this .  

Discussion 
The  ease  w i t h  w h i c h  th is  p o r c e l a i n  u n d e r g o e s  

i o n - e x c h a n g e  is cons i s t en t  w i th  i ts h igh  ionic con-  
duc t i v i t y ,  i n a s m u c h  as t he  process  in bo th  cases  in-  
vo lves  t he  m i g r a t i o n  of ions. This  h igh  conduc t i v i t y ,  
w h i c h  is a b o u t  one h u n d r e d  t imes  t h a t  of P y r e x  
glass,  can  be  a c c o u n t e d  for  if  t he  p o r c e l a i n  is p i c -  
t u r e d  as be ing  c o m p o s e d  of two  phases ,  one mul l i t e ,  
3A12032SIO2, a poor  e l e c t r i c a l  conduc tor ,  and  the  
o t h e r  a g lass  w h i c h  has  good conduc t iv i ty .  If  some 
of the  a l u m i n a  con ten t  of t he  p o r c e l a i n  is p r e s e n t  
in the  m u l l i t e  phase ,  t h e n  the  compos i t ion  of the  
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glass  phase  w o u l d  be  such t h a t  i ts e l ec t r i ca l  c o n d u c -  
t i v i t y  a p p r o x i m a t e s  t h a t  of  the  porce la in .  B r y s o n  
(10) has  m e a s u r e d  the  e l ec t r i ca l  c o n d u c t i v i t y  of 
a ser ies  of g lasses  which ,  s t a r t i n g  w i t h  t he  a p p r o x -  
i m a t e  compos i t ion ,  Na20  4SIO2, w e r e  f o r m e d  b y  
r e p l a c e m e n t  of v a r y i n g  a m o u n t s  of s i l ica  b y  a l u -  
mina .  His  d a t a  show t h a t  a compos i t i on  w h i c h  con-  
t a ins  a b o u t  5 mo le  p e r  cent  a l u m i n a  w o u l d  be  a b o u t  
as c o n d u c t i v e  as  th is  p o r c e l a i n  and  so cou ld  be  s i m -  
i l a r  in compos i t i on  to t he  g l a s sy  phase .  Moreove r ,  
a t w o  p h a s e  s t r uc tu r e ,  one phase  m u l l i t e  and  the  
o t h e r  a glass,  is cons i s t en t  w i t h  t he  x - r a y  i n f o r m a -  
t ion.  I t  m u s t  be  rea l i zed ,  h o w e v e r ,  t h a t  the  p o r c e -  
l a in  p r o b a b l y  has  some of t he  p r o p e r t i e s  of  a co l -  
l o ida l  sys tem,  and  so i ts  p r o p e r t i e s  w i l l  d i f fer  f r o m  
those  e x p e c t e d  of a s imple  m i x t u r e  of m u l l i t e  a n d  
glass.  F o r  ins tance ,  a g lass  w h i c h  has  t he  c o m p o s i -  
t ion  of t he  glass  phase  m i g h t  sof ten  c o n s i d e r a b l y  at  
500~ and  m i g h t  l a ck  o the r  d e s i r a b l e  p r o p e r t i e s  t h a t  
th is  p o r c e l a i n  has,  such  as  l ow coefficient  of t h e r m a l  
e x p a n s i o n  and  good m e c h a n i c a l  s t r eng th .  

The  f r a g m e n t a t i o n  of t he  p o r c e l a i n  w h e n  e x -  
c h a n g e d  b y  p o t a s s i u m  ions f rom p o t a s s i u m  n i t r a t e  
b u t  not  f r o m  p o t a s s i u m  ch lo r ide  is of in te res t .  A 
p o t a s s i u m  ion occupies  a b o u t  tw ice  t he  v o l u m e  of 
a s o d i u m  ion and  i t  is p r o b a b l y  n e c e s s a r y  to b r e a k  
and  r e f o r m  s i l i c o n - o x y g e n  bonds  to a c c o m m o d a t e  
t he  l a r g e r  ion. A p p a r e n t l y ,  a t  the  t e m p e r a t u r e  at  
w h i c h  p o t a s s i u m  n i t r a t e  was  used,  abou t  400~ 
s i l i c o n - o x y g e n  b o n d s  do not  r e f o r m  wel l .  Conse -  
quen t ly ,  the  p o r c e l a i n  f r agmen t s .  Bu t  a t  800~ 
the  t e m p e r a t u r e  a t  w h i c h  p o t a s s i u m  c h l o r i d e  was  
used,  b o n d - r e f o r m i n g  t a k e s  place.  R e - e x c h a n g i n g  
p o t a s s i u m  ions  w i t h  s o d i u m  ions, w h i c h  a r e  sma l l e r ,  
can  occur  w i t h o u t  b o n d - b r e a k i n g  so t h a t  t e m p e r a -  
t u r e  is u n i m p o r t a n t .  The  few c racks  wh ich  fo rm 
a t  800~ w h e n  r u b i d i u m  ions e x c h a n g e  for  p o t a s -  
s i um or sod ium ions a r e  no t  to be  t a k e n  as an  in -  
d i ca t i on  t ha t  bonds  a r e  no t  r e f o r m e d  a t  th is  t e m -  
p e r a t u r e .  S i l v e r  ions, a l t h o u g h  s l i g h t l y  l a r g e r  t h a n  
s o d i u m  ions, can  be  p o l a r i z e d  so as to a c c o m m o d a t e  
to t he  ca t ion  site.  T h a l l i u m  ions a r e  p r o b a b l y  too 
l a r g e  to e n t e r  t he  g lass  n e t w o r k  a t  an  a p p r e c i a b l e  
ra te ,  a t  l eas t  a t  the  500~ t e m p e r a t u r e  used.  The  
s l igh t  c raz ing  w h i c h  occurs  w h e n  l i t h i u m  ions e x -  
change  for  s o d i u m  ions has  been  o b s e r v e d  b y  o the r s  
and  is a ccoun ted  for  b y  a r e d u c t i o n  in v o l u m e  of 
t he  p o r c e l a i n  w h i c h  first  t a k e s  p l ace  at  t he  sur face ,  

caus ing  i t  to sh r ink .  The  su r f ace  t h e n  crazes  in 
o r d e r  to a c c o m m o d a t e  its r e d u c e d  a r e a  to t h e  u n -  
d e r l y i n g  p o r c e l a i n  w h i c h  is s t i l l  u n e x c h a n g e d .  
P r o b a b l y  the  i nc rea se  in  t o t a l  ca t ion  con ten t  a f t e r  
e x c h a n g e  b y  l i t h i u m  ions is due  to i nc lus ion  of 
l i t h i u m  or  s o d i u m  c o m p o u n d s  in these  mic roc racks .  
This  is cons i s t en t  w i t h  t he  o b s e r v e d  h y g r o s c o p i c i t y  
and  the  m i n o r  w e i g h t  loss in bo i l ing  w a t e r .  A t  a 
suf f ic ient ly  h igh  t e m p e r a t u r e ,  us ing  l i t h i u m  ch lo -  
r ide ,  i n s t e a d  of  l i t h i u m  n i t r a t e ,  a n n e a l i n g  m i g h t  
a l l ow e x c h a n g e  b y  l i t h i u m  ions to t a k e  p lace  w i t h -  
out  c raz ing .  

P r o b a b l y  d i v a l e n t  ions do no t  e n t e r  t he  glass  
n e t w o r k  for  t he  s ame  r ea son  t ha t  t h e y  do no t  u n -  
de rgo  e l e c t r o m i g r a t i o n  in glass.  P r e s u m a b l y ,  th is  
is be c a use  t h e r e  is an  e x t r e m e l y  sma l l  p r o b a b i l i t y  
t ha t  t h e r e  wi l l  occur  two  ca t ion  s i tes  suff ic ient ly  
close to each  o t h e r  to  accep t  a s ingle  d i v a l e n t  ca -  
t ion and  wh ich  a r e  also s i m u l t a n e o u s l y  vacan t .  
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Technical Notes 

A Simple Gas Electrode Structure for the Evaluation of 
Catalysts (Electrocatalysts) in Working Fuel Cells 
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The  p r o b l e m  of c a t a l y t i c a l l y  p r o m o t i n g  e l e c t r o d e  
r eac t i ons  in fue l  cel ls  is a p p a r e n t l y  m o r e  c o m p l e x  
t h a n  t h a t  of p r o m o t i n g  g a s - s o l i d  su r face  r eac t i ons  
if  o n l y  fo r  the  r e a s o n  tha t ,  in  the  i m p o r t a n t  case  
of gaseous  fuels ,  t h r e e  r a t h e r  t h a n  two  phases  of 
m a t t e r  a r e  invo lved .  To d i s t i ngu i sh  the  m o r e  c o m -  
p l e x  p rocess  o c c u r r i n g  at  a fue l  cel l  gas  e l e c t r o d e  
f r o m  c o n v e n t i o n a l  h e t e r o g e n e o u s  ca ta lys i s ,  L i e b -  
h a f s k y  (1)  has  used  the  t e r m  e l ec t roca t a lys i s .  L i t t l e  
is k n o w n  in de t a i l  a b o u t  e l e c t r o c a t a l y s i s  in fue l  
cells.  P a r a l l e l s  w i t h  o r d i n a r y  h e t e r o g e n e o u s  c a t a l y -  
sis w i th  r e g a r d  to the  efficacy of  va r i ous  c a t a l y s t  
subs t ances  a r e  r a t h e r  poor  (2) .  I t  is t h e r e f o r e  nec -  
e s s a r y  to  e v a l u a t e  e l e c t r o c a t a l y s t s  for  fue l  cel ls  b y  
d i r ec t  tes t s  in a po rous  gas e l ec t rode  g e o m e t r y .  

T y p i c a l  e l ec t rodes  for  fue l  cel ls  (3 -5 )  h a v e  the  
d i f f icul ty  t h a t  i n t e r c h a n g i n g  of c a t a l y s t  m a t e r i a l s  
is no t  e a s y  or  t h a t  t he  t y p e  of c a t a l y s t  is r e s t r i c t e d  
to a c e r t a i n  class of ma te r i a l s ,  e.g., c a r b o n  b a s e d  
ca ta lys t s .  These  r e s t r i c t i ons  r e s u l t  f r o m  the  fac t  
t h a t  p o r o s i t y  is u s u a l l y  a t t a i n e d  in the  e l e c t r o d e  
s t r u c t u r e s  b y  s i n t e r i ng  of m e t a l  p o w d e r s  or  b y  e m -  
p l o y i n g  a po rous  (e.g., c a r b o n )  m a t r i x .  

This  no t e  r e p o r t s  a n e w  fue l  cel l  gas  e l ec t rode  
s t r u c t u r e  w h i c h  offers m o d e r a t e l y  h igh  p e r f o r m a n c e  
c a p a b i l i t y  a n d  is eas i ly  p r e p a r e d  f rom a n y  h igh  
a r e a  p o w d e r  ( w i t h  some  e l ec t ron ic  c o n d u c t i v i t y ) .  
W i t h  p y r o p h o r i c  m a t e r i a l s ,  i t  can  be  p r e p a r e d  in 
a g love  b o x  u n d e r  an  i n e r t  a t m o s p h e r e  and  as -  
s e m b l e d  in to  a cel l  w i t h o u t  e x p o s u r e  to air .  

Experimental 
P r e p a r a t i o n  of the  e l ec t rode  is s imple .  F o r  e x -  

a m p l e  an  aqueous  s l u r r y  of p l a t i n u m  b l a c k  is a p -  
p l i ed  b y  s p a t u l a  to a m e t a l  screen,  t h e n  t o u c h e d  to 
an  a b s o r b e n t  sur face ,  such  as  a f i l te r  p a p e r ,  l e a v i n g  
a smooth ,  po rous  p l a t i n u m - b l a c k  su r f ace  w i t h  the  
b l a c k  e m b e d d e d  in the  meshes  of the  screen.  The  
e l ec t rode  is d r i e d  out  t h o r o u g h l y  b y  e x p o s u r e  to a 
d r y  gas  a t m o s p h e r e  ove r  n i g h t  or  for  2 h r  in a 
r o u g h  vacuum.  I t  is t h e n  t r e a t e d  w i t h  so lu t ion  of  
a h y d r o c a r b o n  w a x  in an  o rgan ic  so lven t  to m a k e  
i t  h y d r o p h o b i c .  W h e n  a s s e m b l e d  in to  a h y d r o g e n -  
o x y g e n  fue l  cel l  w i t h  an  i m m o b i l i z e d  aqueous  e l ec -  
t ro ly t e ,  such  an  e l e c t r o d e  is s u r p r i s i n g l y  good. 

In  d e t a i l  the  f o l l o w i n g  p r o c e d u r e  p r o d u c e d  sa t i s -  
f a c t o r y  p l a t i n u m  b l a c k  e lec t rodes .  A w e i g h t  of 0.5g 
of E n g l e h a r d  100% p l a t i n u m  b l a c k  (BET su r face  
a r e a  b y  She l l  S o r p t o m e t e r  m e a s u r e m e n t  20 ----- 5 
m2 /g )  w a s  m i x e d  w i t h  a s p a t u l a  t h o r o u g h l y  on a 

g lass  p l a t e  w i th  0.5 ml  of d i s t i l l ed  w a t e r .  The  s l u r r y  
was  t h e n  s p r e a d  s m o o t h l y  on a 3.8 c m  (1.5 in.)  
d i a m e t e r  p l a t i n u m  sc reen  [45 x 45 m e s h  0.0198 cm 
(0.0078 in . )  w i r e  d i a m e t e r ]  w h i c h  was  p r o v i d e d  
w i t h  a p l a t i n u m  t a b  for  e l ec t r i ca l  connec t ion  in the  
a s s e m b l e d  fue l  cell .  A f t e r  be ing  d r i e d  supe r f i c i a l ly  
b y  t ouch ing  the  back  ( u n s p r e a d  s ide)  w i t h  a f i l ter  
p a p e r ,  f u r t h e r  d r y i n g  was  a c c o m p l i s h e d  b y  p u m p -  
ing off in a be l l  j a r  for  two  hours .  W e t p r o o f i n g  was  
a c h i e v e d  b y  t h r e e  t imes  s a t u r a t i n g  the  e l ec t rode  
w i t h  0.2 m l  of a so lu t ion  c o n t a i n i n g  2% b y  w e i g h t  
of ceres in  w a x  ( w h i t e  ce res in  wax ,  Code  2410, f r o m  
G e n e r a l  C h e m i c a l  Divis ion ,  A l l i e d  C h e m i c a l  C o r p o -  
r a t i o n )  d i s so lved  in  n - h e x a n e  (99 mo le  % m i n i -  
m u m ,  P h i l l i p s  P e t r o l e u m  C o m p a n y ) .  S o l v e n t  h e x -  
ane  was  r e m o v e d  b e t w e e n  a p p l i c a t i o n s  and  a f t e r  
the  las t  one b y  15 -min  d r y i n g  pe r i ods  in  d r y  a i r  or  
b y  p u m p i n g  off in a r o u g h - v a c u u m  be l l  j a r .  T h e  
w e i g h t  of ce res in  in the  f in ished  e l e c t r o d e  was  a p -  
p r o x i m a t e l y  0.008g. 

The  r e s u l t a n t  e lec t rode ,  p i c t u r e d  in t he  p h o t o -  
g r a p h  of Fig.  1, has  good e l ec t r i ca l  and  g a s - d i f f u -  
s ion p r o p e r t i e s  and  is u se fu l  in  bo th  ac id ic  and  bas ic  
e l ec t ro ly t e s .  I ts  m e c h a n i c a l  s t r e n g t h  is sufficient  
for  use  w i t h  i m m o b i l i z e d  e l ec t ro ly t e s .  

W i t h  two  e l ec t rodes  a s s e m b l e d  in  a smal l  cel l  
hous ing  of  des ign  p r e v i o u s l y  d e s c r i b e d  (6)  p o l a r -  
i za t ion  cu rves  w e r e  t a k e n  in conven t i ona l  m a n n e r .  
A s a t i s f a c t o r y  i m m o b i l i z e d  e l e c t r o l y t e  w a s  P e r m a -  
p l e x  C-20 ~ i o n - e x c h a n g e  m e m b r a n e  s a t u r a t e d  w i t h  

Fig. 1. Platinum black fuel cell electrode of pasted screen struc- 
ture showing hydrophobicity. 

477 



478 JOURNAL OF THE ELECTROCHEMICAL SOCIETY April 1964 

6N aqueous  su l fur ic  acid (acid e lec t ro ly te)  or P e r -  
m a p l e x  A-20 1 s a tu ra t ed  w i th  5.5N aqueous  potas-  
s ium hydrox ide  ( a lka l ine  e lec t ro ly te ) .  Asbestos was  
also used as an  immobi l i ze r ,  bu t  the  gas i m p e r -  
meab i l i t y  of i o n - e x c h a n g e  m e m b r a n e s  was  bet ter .  
The cells were  opera ted  wi th  H2 and  02 pressures  
of abou t  15 cm H20 above a tmospher ic .  

Results 

In  Fig. 2 and  3 are p lo t ted  the  c u r r e n t  dens i ty  
vs. vol tage  curves  for h y d r o g e n - o x y g e n  cells at  
room t e m p e r a t u r e  w i t h  r e p r e s e n t a t i v e  catalysts ,  i n -  
c lud ing  p l a t i n u m  black,  a h igh area  nickel ,  2 u n s u p -  
por ted  si lver,  and  a s i l ve r - ac t iva t ed  ca rbon  p re -  
pa red  by  the me thod  of u  (7) .  I t  is ev iden t  
tha t  the s t ruc tu re  is qui te  act ive wi th  these types  
of e lectrocata lysts .  

Mechanica l  m i x t u r e s  of e lec t rocata lys ts  m a y  also 
be used in  the p resen t  s t ruc ture .  It  was  found  tha t  
an  anode con t a in ing  a mechan ica l  m i x t u r e  of equa l  
weights  of p l a t i n u m  black  and  a low area  s i lver  
powder  gave the  same pe r fo rmance  w i th  an a lka -  
l ine e lec t ro ly te  as a p l a t i n u m  black  anode.  

The s t ruc tu re  descr ibed  has b e e n  used  for com-  
pa r ing  var ious  ca ta ly t ic  ma te r i a l s  up  to 65~ in  
fuel  cells. A r a the r  ex tens ive  empi r i ca l  su rvey  of 

1 U n i t e d  W a t e r  S o f t e n e r s ,  L t d . ,  G u n n e r s b u r y  A v e . ,  L o n d o n  W.1,  
E n g l a n d .  

U l t r a f i n e  N i c k e l ,  N a t i o n a l  R e s e a r c h  Corp . ,  C a m b r i d g e  42, Mass .  
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Fig. 2. Current density vs. voltage curve for H2-O2 cells with 
platinum black electrodes with acid electrolyte O and with alkaline 
electrolyte D .  The 1000 ~ resistance was measured using a Gen- 
eral Radio Model 650A impedance bridge. 
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Fig. 3. Current density vs. voltage curve for H2-02 cells with 
alkaline electrolyte, platinum block cathodes, and various anodes: 
N.R.C. ultrafine nickel (see text) /k; silver O; and silver on 
Nuchar C-190N (Yeoger method, see text) [~. 

e lements  for ca ta ly t ic  ac t iv i ty  at  fue l  cell anodes  
wi th  severa l  fuels has been  descr ibed  e l sewhere  (2) .  

Manuscript  received June  4, 1963; revised m a n u -  
script received Oct. 25, 1963. This work was made 
possible by the support  of the U.S. Army Engineer  
Research and Development  Laboratories under  Con- 
tract No. DA-44-009-ENG-4909. 

Any  discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1964 
J O U R N A L .  
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The Electrical Characteristics of Germanium Oxidic Films 

Rober t  D. W a l e s  

Materials  Sciences Laboratory,  Lockheed Missiles and Space Company,  Palo Alto,  California 

The electr ical  charac ter is t ics  of oxidic films of 
d i f ferent  meta l s  have  been  of inc reas ing  in teres t .  
The a c c u m u l a t i o n  of such knowledge  is of value ,  
p a r t i c u l a r l y  as pe r t a ins  to the m i c r o m i n i a t u r i z a t i o n  
of e lectr ical  components .  The  methods  of p r e p a r a -  
t ion  and  charac te r iza t ion  of such films have  been  
discussed (1 -3) .  

The e lec t rochemica l  p a r a m e t e r s  and  proper t ies  of 
anod ica l ly  fo rmed  g e r m a n i u m  dioxide  films have  

been  p resen ted  (5, 6). The d i f fe rent ia l  field s t r eng th  
in the  oxide has b e e n  g iven  as 2.1 x 106 v / c m  (5) 
and  the res i s t iv i ty  has been  g iven  as 2.3 x 10 TM 

o h m - c m  (2, 6). 
G e r m a n i u m  oxidic films have  been  fo rmed  us ing  

p rev ious ly  descr ibed e lec t rochemica l  t echn iques  
(5) and  some of the  e lect r ical  charac ter is t ics  of 
the d r y  fi lm de te rmined .  These resul t s  are d iscus-  
sed below. 
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Experimental 
Oxidic films.--The g e r m a n i u m  oxidic films were  

fo rmed  on po lyc rys t a l l i ne  in t r ins ic  g e r m a n i u m  us -  
ing appa ra tu s  and  t echn iques  p rev ious ly  descr ibed 
(4, 5).  These t echn iques  consis ted of the  anodic  
ox ida t ion  of g e r m a n i u m  at cons tan t  c u r r e n t  in  an  
e lec t ro ly te  solut ion of 0.6 mM LiNO3, 0.105M HAc, 
0.278M H20, and  0.011 mM GeOe in  acetic a n h y -  
dride. The  cu r ren t s  used were  b e t w e e n  25 a nd  250 
~ a m p / c m  2, and  the film th ickness  was  ca lcula ted  
us ing  the  c u r r e n t  efficiency p rev ious ly  de t e rmined  
(5) .  

Electrical measurements.--The capaci tance  and  
d iss ipa t ion  factor  of the  films were  m e a s u r e d  wi th  
a Gene ra l  Radio Type  1650A I m p e d a n c e  Br idge  
us ing an  oscilloscope as an  e x t e r n a l  n u l l  ind ica tor  
and  a Hewle t t  Packa rd  Audio  S igna l  Genera tor ,  
Model 205AG, as the  e x t e r n a l  f r e q u e n c y  genera tor .  
The res is tance  m e a s u r e m e n t s  we re  m a d e  wi th  a 
Var iab le  Voltage Megohmmete r ,  M.S.E. No. 11.1 

Electrical contacts.--Mercury was found  to give 
the best  e lectr ical  contact  w i th  the  dry  oxidic film. 
The a p p a r e n t  area  of the m e r c u r y  contact  was 
0.036 cm 2. A l a r g e - a r e a  contact  of air  dr ied conduc-  
t ive  si lver,  D u P o n t  No. 4922, was found  to be sa t is -  
fac tory  as a contact  to the  po lyc rys t a l l i ne  ger -  
m a n i u m .  

Results and Discussion 
Capacitance o~ wet  and dry films.--The series 

capac i tance  of the  film d u r i n g  fo rma t ion  and  of the 
dry  film are compared  in  Fig. 1. The capaci tance  
was d e t e r m i n e d  at a f r equency  of 1 kc. The capac-  
i tance  was  m e a s u r e d  at va r ious  t imes  d u r i n g  for-  
mat ion ,  and  the film thickness,  a f ter  each t ime  in -  
terval ,  was  ca lcula ted  f rom efficiency data  (5) .  
The solid l ine  in  Fig. 1 r ep resen t s  the  average  of 
six series of such da ta  and  has an  average  dev ia t ion  
of about  7%. The points  in this  f igure r ep re sen t  the 
series capac i tance  of d ry  films of va r ious  th i ck -  
nesses. 

If the usua l  a s s u m p t i o n  is made  conce rn ing  pores 
and  cracks in  the  film (1) ,  t hen  the  g rea te r  con-  
duc t iv i t y  of the e lec t ro ly te  wou ld  resu l t  in  a lower  
capaci tance  for the wet  films t h a n  tha t  ob ta ined  for 

1 T h i s  i n s t r u m e n t  w a s  d e s i g n e d  a n d  b u i l t  by  H. R.  K a i s e r ,  of  t h e  
E l e c t r o n i c  S c i e n c e s  L a b o r a t o r y  of L o c k h e e d  Miss i l e s  & S p a c e  Co., 
fo r  d e t e r m i n a t i o n  of l e a k a g e  r e s i s t a n c e  of c a p a c i t o r s  as a f u n c t i o n  
of a p p l i e d  v o l t a g e .  
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Fig. 1. Variation of dissipation factor with frequency for dry 
anodically formed germanium dioxide films. 
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the d ry  films, if the  fi lm is porous.  The da ta  in  Fig. 
1 thus  ind ica te  tha t  the re  is cons iderab le  porosi ty  
in  the t h in  films which  decreases as the  film th i ck -  
ness increases  up  to abou t  500A. The re  is essen-  
t i a l ly  no difference in  the da ta  for films of g rea te r  
t h a n  500A in  thickness .  Thus,  for the  th icker  films, 
there  is a p p a r e n t l y  v e r y  l i t t le  poros i ty  or the  pores 
are e i ther  m u c h  smal le r  or no t  as deep. The d i -  
electric cons tan t  of the g e r m a n i u m  dioxide  film, us -  
ing data  for the  th icker  films, was  ca lcula ted  to 
be 6.4 at 1 kc. 

The va r i a t i on  of the capac i tance  wi th  th ickness  
for the  d ry  films m a y  be r ep re sen t ed  empi r i ca l ly  by 

Cs/A ~ a + c/d 

a = 7.0x10 -9 f a r a d s / c m  2 
c ~ 3.80x10 -5 farads  A / c m  2 

w he r e  Cs = capaci tance  in  farads,  A ---- a rea  in  ~ cm 2, 
and  d = th ickness  in  Angs t roms .  

Capacitance of dry films.--The v a r i a t i o n  of the  
capaci tance  w i th  f r e que nc y  for d r y  films is i nd i -  
cated in  Fig. 2. There  was  a l i nea r  va r i a t i on  of the  
rec iprocal  capac i tance  wi th  the  l oga r i t hm of the  f r e -  
q u e n c y  for most  of the  films, the capaci tance  de-  
c reas ing  by  abou t  6% for a 100 fold increase  in  
f requency .  

Dissipation in dry films.--The va r i a t i on  of the d is -  
s ipa t ion  factor  w i th  f r e q u e n c y  for d r y  films is i n -  
d icated in Fig. 3. The  d iss ipa t ion  factor  is a p p a r e n t l y  
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Fig. 2. Variation of capacitance with frequency for dry anodically 
formed germanium dioxide films. 
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Table I. Resistivity of anodically formed germanium oxidic films 
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F i l m  thickness,  Resistance a t  1.60v,  R e s i s t i v i t y , *  
d, Jk o h m s  10 TM o h m  cm 

872 9.0 • l0 s 3.7 
1461 1.6 • 109 4.0 
1566 9.0 • l0 s 2.1 
4385 9.0 • 101~ 74 

* C o n t a c t  a r e a  = 0.036 c m  ~. 

i n d e p e n d e n t  of film th ickness  and  a n o n l i n e a r  f unc -  
t ion  of the  loga r i thm of the  f r equency  b e t w e e n  100 
and  20,000 cps. 

The  da ta  indica te  a m i n i m u m  diss ipa t ion  fac tor  
of a p p r o x i m a t e l y  0.04 at about  2000 cps. There  is 
a p p r o x i m a t e l y  a l i nea r  r e la t ionsh ip  wi th  f r e q u e n c y  
for f requenc ies  grea te r  t h a n  2000 cps, and  a l i nea r  
r e la t ionsh ip  w i th  1 / f r e q u e n c y  for f requenc ies  less 
t h a n  2000 cps. 

Resist iv i ty  of the f i lms . - -The  d-c  res i s t iv i ty  (at  
1.60v) of severa l  of the d ry  films is t a b u l a t e d  in  
Tab le  I. The  average  va lue  of the  res i s t iv i ty  for the 
t h i n n e r  films is 3.3 x 1012 ohm-cm.  The res i s t iv i ty  
of anodica l ly  fo rmed  g e r m a n i u m  oxidic films has 
been  quoted  to be a p p r o x i m a t e l y  2.3 x 10 I~ o h m - c m  
(2, 6) for wet  films up  to about  1200A in  thickness .  

Conclusions 
Fi lms  of less t h a n  500A in th ickness  are fa i r ly  

porous  wh i l e  th icker  films are ind ica ted  to have  
l i t t le  porosi ty.  The dielectr ic  cons tan t  of the ger -  
m a n i u m  dioxide films was es t imated  to be 6.4 at  
1 kc. The capaci ty  of the  films (a t  1 kc)  m a y  be 
r ep resen ted  by  the empi r i ca l  equa t ion  

Cs/A ~ 7.0 x 10 -0 -b 3.80 x 10-5/d 

where  the capaci tance,  Cs, is in  farads,  the area, 
A, is in  cm 2, and  the film thickness ,  d, is in  A n g -  
stroms.  

The d iss ipa t ion  factor  p r o b a b l y  can be r e p r e -  
sented  by  an  equa t i on  of the  type  

D = axo + b/oJ 

w he r e  D is the d iss ipa t ion  factor,  ~ is 2~rS(f = f re -  
q u e n c y ) ,  and  a a nd  b are constants .  The rec iprocal  
of the capaci ty  increases  l i n e a r l y  w i th  the l oga r i t hm 
of the  f requency ,  inc reas ing  abou t  6% for a 100 
fold increase  in  f requency .  A p p a r e n t l y  no s imple  
model  exists  which  wi l l  exp la in  the da ta  obta ined.  

The  d -c  res i s t iv i ty  of severa l  of the  films was  
found  to be abou t  3.3 x 1012 ohm-cm.  
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Some Observations on the Electroplating and Deplating of Silver 
J. J. Becker 

Research Laboratory, General Electric Company, Schenectady, New York  

The e lec t rodepos i t ion  of one me ta l  u p o n  ano the r  
qu i te  gene ra l l y  proceeds by  the n u c l e a t i o n  of the  
deposi ted me ta l  at isolated sites on the subs t ra te ,  
fol lowed by  the g rowth  of these nuc le i  un t i l  t hey  
coalesce in to  a more  or less con t inuous  deposit .  
The  isola ted sites are p a r t i c u l a r l y  s t r ik ing  in  the  
deposi t ion of s i lver  f rom aqueous  s i lver  n i t r a t e  so- 
lu t ions .  F i g u r e  1 shows the  appea rance  u n d e r  the  
microscope of a typica l  deposit  f rom a so lu t ion  of 
1N s i lver  n i t ra te .  The  cathode was  a 2 -mi l  sheet  
of p l a t i n u m  wi th  a to ta l  c ross-sec t ional  a rea  of 
1 cm 2. The  " c u r r e n t  dens i ty"  cor responding  to the  
to ta l  cathode area  is obv ious ly  an  average  of a 
v e r y  m u c h  h ighe r  va lue  at  the  par t ic les  and  zero 
over  most  of the  cathode surface.  Ve ry  s imi lar  de-  
posits were  observed  on cathodes of gold, graphi te ,  
t i n - o x i d e - c o a t e d  glass, and  spu t t e red  films of gold 
and  p l a t i num.  

Effect of Cathode Pre treatment  o~z 
Deposit Morphology 

The appea rance  of the  deposit  was s imi la r  for a l -  
most  any  p r e t r e a t m e n t  of the p l a t i n u m  cathode,  such 

as c lean ing  in n i t r ic  acid, in  s u l f u r i c - c h r o m a t e  c lean-  
ing solution,  or he a t i ng  in  a flame. I t  was  also the  
same if the p l a t i n u m  was p r ev ious ly  made  anodic  
in  a so lu t ion  of n i t r ic  acid, so tha t  oxygen  was 

Fig. 1. Successive deposits of silver on a platinum substrate 
after anodic pretreatment. Platinum grain boundaries are thermally 
etched. 1N AgNO3, 6.7 ma, 5 sec. Magnification 125X. 
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Fig. 2. Successive deposits of silver on same platinum substrate 
areas in Fig. 1 after successive cathodic pretreatments. 0.1N 
AgNO3 -{- 1N HNOs, 6.7 ma, 30 sec. Magnification 125X. 

evolved for severa l  seconds, t hen  r insed  and  placed 
in  the  p l a t i ng  bath .  Al l  of these  t r e a t m e n t s  p r o b a b l y  
leave  a film of adsorbed  oxygen  on the  surface.  
F igu re  1 shows two successive deposits  on the  same 
cathode area  af ter  two successive c leanings  and  
anodic  p r e t r ea tmen t s .  The locat ions of the  deposit  
sites appear  to be  qu i te  r andom,  w i th  no sugges t ion  
of p re fe rence  for g ra in  bounda r i e s  or o ther  sites, and  
no spots of a n y  sort  tha t  seem to be favored  twice in 
a row. 

If, however ,  the  c leaned  p l a t i n u m  cathode is made  
cathodic in  n i t r i c  acid solution,  so tha t  h y d r o g e n  is 
evolved for severa l  seconds, t h e n  r insed  and  made  
cathodic in  the  s i lver  n i t r a t e  solut ion,  the appea rance  
of the  deposit ,  as shown  in  Fig. 2, is to ta l ly  different .  
F igures  1 and  2 cont ras t  the appea rance  of the s i lver  
deposits  on the  same cathode area  af ter  cathodic and  
anodic  p r e t r ea tmen t s .  In  one case the  p la t ing  solu-  
t ion  con ta ined  some HNO3, which  tends  to enhance  
the  d e v e l o p m e n t  of c rys ta l  faces, b u t  it is no t  neces-  
sary. The r emova l  of the  adsorbed oxygen  l ayer  by  
the cathodic p r e t r e a t m e n t  has ev iden t l y  g rea t ly  re -  
duced the work  of nuc lea t ion ,  which  is now d e p e n d -  
ent  on the c rys ta l lographic  n a t u r e  of the  surface.  
The ex t r eme  increase  in  the n u m b e r  of deposi t ion  
sites is obvious.  It  is also ev iden t  tha t  the o r i en ta t ion  
of the s i lver  is d e t e r m i n e d  by  tha t  of the p l a t i n u m  
g ra in  on which  it  is growing.  The p rac t i ca l ly  com-  
plete  avoidance  of some gra ins  shows the  inf luence  
of surface  o r i en ta t ion  on the nuc l ea t ion  work.  The 
avoidance  of some areas  nea r  g ra in  boundar ies ,  
where  t h e r m a l  grooving  changes  the  o r i en ta t ion  of 
the surface,  shows the  same effect. F igu re  2 shows 
two successive deposi ts  on the same area af ter  two 
successive c lean ings  and  cathodic p r e t r ea tmen t s .  The 
grea t  de ta i l  in which  the  deposit  morpho logy  is r e -  
p roduced  is in  s t r ik ing  cont ras t  to the  r a n d o m  de-  
posits a f te r  successive anodic  p r e t r e a t m e n t s  shown in 
Fig. 1. 

In  a gene ra l  w a y  one migh t  expect  coa r se -g ra ined  
deposits  f rom solut ions  in  which  meta l s  are deposi ted 
at pos i t ive  potent ia ls ,  at  which  oxygen  films on the 
cathode ma te r i a l  wou ld  t end  to be stable.  This  wou ld  
be the  case for the more  noble  meta l s  deposi ted f rom 
s imple  salts. S i lver  deposi ted f rom the  cyan ide  com-  
plex is m u c h  finer g ra ined  t h a n  tha t  f rom s i lver  

n i t ra te .  It  is i n t e re s t ing  to note  tha t  the  e q u i l i b r i u m  
electrode po ten t i a l  f rom n o r m a l  n i t r a t e  solut ion is 
+ 0 .8v  re la t ive  to the n o r m a l  h y d r o g e n  electrode,  
whi le  f rom a cyan ide  so lu t ion  it is --0.3v,  a m u c h  
more  r educ ing  po ten t i a l  (1).  A n  adsorbed  oxygen  
film would  be m u c h  more  l ike ly  to be s table  at the  
more  posi t ive  potent ia l .  

Incomplete Deplating 
If a cell conta ins  aqueous  s i lver  n i t r a t e  solut ion,  

a s i lver  electrode,  and  a p l a t i n u m  electrode,  and  if 
the  si lver  is m a d e  anodic  w i th  respect  to the  p l a t i -  
n u m  by  an  appl ied  po ten t i a l  across the  cell, s i lver  
wi l l  dissolve anodica l ly  and  deposit  on the  p l a t i num.  
If the  so lu t ion  is fa i r ly  concen t ra t ed  a nd  the elec-  
t rodes of a ny  reasonab le  size, most  of the  appl ied  
vol tage  appears  as IR drop in  the e lectrolyte ,  as was  
verif ied w i th  a s i lve r - s i lve r  n i t r a t e  re fe rence  elec-  
t rode (2) and  a Lugg in  probe,  and  the  c u r r e n t  is 
l inea r  wi th  voltage,  at least  up  to a vol t  or more.  If, 
however ,  the  c lean  p l a t i n u m  is made  anodic,  no c u r -  
r en t  flows u n t i l  the appl ied  vol tage  across the  cell 
exceeds 0.7v, tha t  is, w h e n  the p l a t i n u m  is more  
t h a n  0.7v posi t ive  wi th  respect  to the A g - A g  + elec- 
trode. U n d e r  these condit ions,  s i lver  is deposi ted on 
the  s i lver  electrode,  whi le  the  anode  reac t ion  at the  
p l a t i n u m  is the fo rma t ion  of an  o x y - n i t r a t e  of d i -  
va l en t  s i lver  (3) .  This  subs tance  can be seen to 
form as dark,  l u s t rous  needles  or pyramids .  

If, to beg in  wi th ,  the  c lean  p l a t i n u m  is made  
cathodic,  and  a ny  smal l  vol tage  of less t h a n  0.7v is 
appl ied  across the  two electrodes of the  cell for a 
g iven  l eng th  of t ime, s i lver  is deposi ted on the  
p l a t i num.  The  to ta l  a m o u n t  of deposit  should  corre-  
spond to the  tota l  n u m b e r  of coulombs.  If now the  
same  smal l  vol tage  is appl ied  wi th  the  opposite 
polar i ty ,  one migh t  expect  tha t  c u r r e n t  wou ld  flow 
as long  as the re  was  deposi ted s i lver  to go back  in to  
so lu t ion  and  tha t  the  c u r r e n t  wou ld  drop to zero 
w h e n  all  the  deposi ted si lver  had been  redissolved,  
the same n u m b e r  of coulombs hav ing  flowed in  the  
opposite direct ion.  W h e n  this  s imple  e x p e r i m e n t  was 
tr ied,  however ,  it was found  tha t  the reverse  c u r r e n t  
s topped af ter  on ly  about  80% of the  or ig ina l  cou-  
lombs  had  gone t h r ough  the  cell on the  dep la t ing  
cycle. F igu re  3 shows a typ ica l  pa i r  of c u r r e n t - t i m e  
traces.  The re  are  a n u m b e r  of possible  causes for 
this  behavior ,  bu t  microscopic  e x a m i n a t i o n  of the  

Fig. 3. Current (vertical) vs. time (horizontal, left to right) for 
plating and deplating process. 1 large division ~ 1 sec by 0.67 
ma. Upper trace shows S-see plating cycle. Lower trace shows 
current flow resulting from reversing same voltage after plating. 
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Fig. 4. (a, left) Platinum electrode with silver deposit produced 
by 0.47 ma for 15 sec, IN  AgNO3; (b, right) same field after de- 
plating. Magnification 145X. 

p l a t i n u m  read i ly  reveals  tha t  wha t  is h a p p e n i n g  is 
tha t  not  all  of the  deposi ted s i lver  comes off. S t a r t -  
ing wi th  an  in i t i a l  deposit  on the  usua l  r e l a t i ve ly  
smal l  n u m b e r  of sites, as in  Fig. 4a, one finds, a f ter  
the  dep la t ing  c u r r e n t  has stopped, a res idue  f rom 
the or ig ina l  deposit ,  Fig. 4b. This res idue is at  leas t  
l a rge ly  si lver,  as shown by  e lec t ron diffract ion and  
by  its chemica l  behavior .  

It  is possible,  by  g r a d u a l l y  ra i s ing  the  appl ied  
vol tage  f rom zero, to grow a s ingle  crys ta l  deposi t  
(4) .  If this is observed  u n d e r  the microscope,  it can 
be seen to grow by  steps sweeping  across the crys ta l  
faces. W h e n  the  cu r r en t  is reversed,  the observed 
so lu t ion  process is not  at al l  the reverse  of growth.  
So lu t ion  begins  m u c h  more  gene ra l ly  a long the edges 
and  over the faces of the  crystal ,  which  soon be-  
comes w r i n k l e d  and  s h r u n k e n ,  and  then  qui te  sud-  
den ly  stops dissolving.  No other  obvious  change  oc- 
curs. At  this  point ,  the vol tage  can be ra ised u n t i l  
the  anodic  o x y - n i t r a t e  forms all over  the  p l a t i num,  
bu t  sti l l  the  s i lver  res idue  does no t  go into solut ion.  

In  m a n y  ins tances  it appears  t ha t  the reason  the  
s i lver  stops dep la t ing  m a y  be tha t  it loses e lectr ical  
contact  wi th  the subs t ra te .  This  ce r t a in ly  appears  to 
be the case w h e n  solu t ion  stops ear ly  and  leaves  a 
la rge  piece of the or ig ina l  crystal ,  an  example  of 
wh ich  can be seen nea r  the  bo t tom of Fig. 4b. Some-  
t imes  d u r i n g  the solut ion process smal l  pieces of a 
deposi ted crys ta l  can be seen to come loose and  fal l  
to the  surface,  by  the sort  of u n d e r c u t t i n g  process 
Ve rmi lyea  associates w i th  anode  s l ime (5) .  W h e n  
the p l a t i n u m  electrode is ver t ical ,  one can some-  
t imes  see tha t  por t ions  of the  or ig ina l  deposit  have  
moved  down  the  p l a t i n u m  d u r i n g  depla t ing .  Upon  
repla t ing ,  if the  s i lver  res idue  were  in e lectr ical  

contact  w i th  the p l a t i num,  one would  ce r t a in ly  ex-  
pect the  deposi t ion to s tar t  on the  res idue  again,  bu t  
u sua l ly  on ly  a smal l  f rac t ion  of the res idual  sites 
are act ive sites for redeposi t ion.  For  fine g ra ined  
deposits  on a p rev ious ly  ca thodica l ly  t r ea ted  sub -  
strate,  the incomple te  dep la t ing  is sti l l  p r e sen t  bu t  
less p ronounced .  

I t  was discovered tha t  a va r i e t y  of add i t ion  agents  
g rea t ly  increase  the  incomple teness  of the deplat ing.  
S O 4 - -  ions at  a concen t r a t i on  of 10-4M increase  
the i r revers ib i l i ty ,  as do s imi la r  concen t ra t ions  of 
H P O 4 - - ,  I - ,  and  MnO4- .  Other  ions, such as P O 4 - - ,  
acetate,  C1Oa-, F - ,  and  C104-,  have  no effect. In  
both  cases some of the ions m e n t i o n e d  p roduce  p re -  
cipitates,  of course, bu t  this  does not  seem to be 
re levant .  10-2g/1 of ge la t in  has a ve ry  p r o n o u n c e d  
effect, as does 10-3g/1 of thiourea.  In  all  cases, the  
effect was the same if the p l a t i ng  was  done in  a solu-  
t ion wi thou t  the addi t ive  a nd  the dep la t ing  in  a 
solut ion con ta in ing  the addi t ive .  P r e s u m a b l y  these 
substances ,  p a r t i c u l a r l y  the  s t rong ly  adsorbed  or-  
ganic molecules ,  are inh ib i to r s  for anodic solut ion 
and  would  tend  to d i s t r i bu t e  the anodic  so lu t ion  
process more  even ly  over the  surface  of the crys ta l  
and  thus  enhance  the t e n d e n c y  to geomet r ica l  u n d e r -  
cut t ing.  

A coulometr ic  me thod  for the  q u a n t i t a t i v e  ana l -  
ysis of smal l  a m o u n t s  of s i lver  has been  descr ibed 
(6).  The s i lver  is first deposi ted on a p l a t i n u m  elec-  

trode,  and  then  the  coulombs necessary  to depla te  it 
are measured .  In  these exper imen t s ,  it was  found  
tha t  a f te r  p l a t i ng  w i th  a fixed c u r r e n t  for a fixed 
t ime, on ly  about  80% of the  p la t ing  coulombs were  
r e t u r n e d  on  depla t ing .  The au thors  a t t r i b u t e d  this  to 
dep la t ing  c u r r e n t  efficiencies g rea te r  t h a n  100% be-  
cause of mechan ica l  s t r ipping ,  bu t  it seems equa l ly  
l ike ly  tha t  the p h e n o m e n a  descr ibed above were  
respons ib le  for the  d iscrepancy.  

Manuscript  received Oct. 7, 1963; revised m a n u -  
script received Dec. 13, 1963. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1964 
JOURNAL. 
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E p i t a x y  r e fe r s  to o r i e n t a t e d  i n t e r g r o w t h  b e t w e e n  
two  sol id  phases .  The  su r f ace  of one c r y s t a l  p r o -  
vides ,  t h r o u g h  its s t ruc tu re ,  p r e f e r r e d  o r i e n t a t i o n  for  
the  depos i t i on  of the  second  c rys ta l .  The  concep t  of 
e p i t a x i a l  g r o w t h  as a m e a n s  of p r e p a r i n g  s ingle  
c r y s t a l  s e m i c o n d u c t o r  m a t e r i a l s  has  been  the  s u b -  
j ec t  of e x t e n s i v e  i n v e s t i g a t i o n  r e c e n t l y  (1 -4 ) .  This  
t e c h n i q u e  a p p e a r s  to offer c e r t a i n  a d v a n t a g e s  ove r  
so l id i f ica t ion  f r o m  the  m o l t e n  s ta te .  C r y s t a l s  can  be  
g r o w n  a n d  s e l ec t i ve ly  d o p e d  w i t h  i m p u r i t i e s  a t  t e m -  
p e r a t u r e s  low enough  t h a t  u n d e s i r a b l e  diffusions a r e  
m in imized .  The  a b i l i t y  to depos i t  a l t e r n a t e  l a y e r s  
of n and  p t y p e  m a t e r i a l  is also a d i s t i nc t i ve  a d v a n -  
t age  of t he  e p i t a x i a l  g r o w t h  process .  I t  is a lso pos -  
s ible ,  in  p r inc ip l e ,  to b u i l d  s ingle  c r y s t a l  l a y e r s  of 
u l t r a  h igh  p u r i t y ,  s ince  the  i m p u r i t y  con ten t  of t he  
v a p o r s  a b o v e  the  g r o w i n g  c r y s t a l  can  be a r b i t r a r i l y  
chosen  a n d / o r  con t ro l l ed .  C r y s t a l  g rowth ,  in genera l ,  
is a k ine t i c  process .  The  s t u d y  of k ine t i c s  p r o v i d e s  
k n o w l e d g e  a b o u t  the  r a t e s  and  m e c h a n i s m s  of c h e m -  
ical  and  p h y s i c a l  change  (5 -8 ) .  I n  g e n e r a t i n g  s ingle  
c rys t a l s  b y  v a p o r  depos i t i on  f r o m  v a p o r  phase  c h e m -  
ical  r e ac t i ons  t h e r e  a r e  two  t y p e s  of  k ine t i c s  i n -  
vo lved ;  gas  phase  r e a c t i o n  k ine t i c s  and  c r y s t a l l i -  
za t ion  k ine t ics .  F o r  t he  w o r k  r e p o r t e d  h e r e i n  i t  is 
a s s u m e d  tha t  a h e t e r o g e n e o u s  su r f ace  r e a c t i o n  is in -  
vo lved .  The  fo l lowing  m e c h a n i s m  is p r o p o s e d :  1, r e -  
ac t an t s  diffuse to t he  w a f e r  su r face ;  2, r e a c t a n t s  
f o rm  a c t i v a t e d  c o m p l e x  w i t h  sur face ;  3, a c t i v a t e d  
c o m p l e x  decomposes  to p roduc t s ;  4, s i l icon becomes  
p r e f e r e n t i a l l y  o r i e n t a t e d  on s u b s t r a t e  su r f ace ;  5, 
gaseous  p r o d u c t s  diffuse a w a y .  

I t  was  dec ided  to e m p l o y  the  r e a c t i o n  b e t w e e n  
t r i c h l o r o s i l a n e  and  h y d r o g e n  because  the  k ine t i c s  
i n v o l v e d  a re  p r o b a b l y  c o m p a r a t i v e l y  s imple .  The  
ob j ec t i ve  was  to s t u d y  the  e p i t a x i a l  g r o w t h  r a t e  as 
a func t ion  of the  p a r t i a l  p r e s s u r e  of t r i ch lo ros i l ane ,  
and  the  abso lu t e  t e m p e r a t u r e .  The  sub j ec t  of m a t e -  
r i a l  p r e p a r a t i o n ,  i.e., s ingle  c r y s t a l  g r o w t h  and  su r -  
face  t r e a t m e n t  of s e m i c o n d u c t o r s  has  been  d i scussed  
in the  l i t e r a t u r e  (9 -16)  and  w i l l  no t  be r e p e a t e d .  
The  s u b s t r a t e  m a t e r i a l  e m p l o y e d  for  t he  w o r k  r e -  
p o r t e d  h e r e i n  was  10 o h m - c m  p - t y p e  and  was  of 
h igh  pe r fec t ion .  The  h y d r o g e n  flow r a t e  e m p l o y e d  in 
th is  s t u d y  was  7.9 cc /sec .  E l e c t r o l y t i c  g r a d e  h y d r o -  
gen  was  e m p l o y e d ,  a n d  f u r t h e r  pu r i f i ca t ion  to r e -  
move  w a t e r  and  o t h e r  c o n d e n s a b l e  gases  was  ac -  
c o m p l i s h e d  b y  m e t h o d s  s i m i l a r  to t ha t  of r e f e r -  
ence (2) .  F i n a l l y ,  the  r e s u l t i n g  h y d r o g e n  was  b u b -  
b l ed  t h r o u g h  t r i c h l o r o s i l a n e  to ensu re  s a tu r a t i on .  
The  p a r t i a l  p r e s s u r e  of t r i c h l o r o s i l a n e  in  h y d r o g e n  
was  o b t a i n e d  b y  s a t u r a t i n g  h y d r o g e n  for  s e v e r a l  
t h e r m o s t a t  t e m p e r a t u r e s  and  could  be  r e p r o d u c e d  
wi th  r e a s o n a b l y  good accuracy .  

The  k ine t i c s  of e p i t a x i a l  g r o w t h  was  i n v e s t i g a t e d  
as a func t ion  of the  p a r t i a l  p r e s s u r e  of t r i c h l o r o s i l a n e  

for  t he  p a r t i a l  p r e s s u r e  r a n g e  1.45-45 m m  for  s ev -  
e r a l  t e m p e r a t u r e s .  In  a n o t h e r  ser ies  of e x p e r i m e n t s ,  
the  e p i t a x i a l  g r o w t h  k ine t i c s  was  d e t e r m i n e d  as a 
func t ion  of the  abso lu t e  t e m p e r a t u r e  for  s e v e r a l  p a r -  
t i a l  p r e s s u r e s  of t r i ch lo ros i l ane .  The  w a f e r  t e m p e r a -  
t u r e  was  d e t e r m i n e d  b y  m e a n s  of an  op t i ca l  p y r o m -  
e ter ,  and  the  t e m p e r a t u r e s  r e f e r r e d  to in th is  p a p e r  
a re  co r r ec t ed  b y  the  m e t h o d  of A l l e n  (17) .  The  r a t e  
of e p i t a x i a l  g r o w t h  was  d e t e r m i n e d  b y  p l ac ing  
s ingle  c r y s t a l  s i l icon w a f e r s  of { 111 ) su r f ace  o r i e n t a -  
t ion on a q u a r t z  p e d e s t a l  h e a t e d  b y  m e a n s  of a r a d i o  
f r e q u e n c y  field, as shown  (Fig .  1), and  pa s s in g  the  
t r i c h l o r o s i l a n e  h y d r o g e n  m i x t u r e  in to  the  r e a c to r  a t  
the  e x p e r i m e n t a l  t e m p e r a t u r e  for  a g iven  t ime.  The  
g r o w t h  r a t e  was  d e t e r m i n e d  b y  w e i g h t  ga in  o f  
w a f e r s  w i th  s u i t a b l e  co r rec t ions  be ing  m a d e  for  
we igh t  loss due  to su r f ace  e v a p o r a t i o n  of si l icon. No 
co r r ec t i on  was  m a d e  for  su r f ace  e t ch ing  w h i c h  could  
r e su l t  f r om h y d r o g e n  ch lo r ide  a t t a c k i n g  the  s i l icon 
wafe r .  The  mo le  f r ac t i on  of h y d r o g e n  ch lo r ide  was  
r e l a t i v e l y  low,  and  it was  a s s u m e d  tha t  t he  a m o u n t  
of s i l icon r e m o v e d  b y  e t ch ing  was  s m a l l  c o m p a r e d  
to the  a m o u n t  depos i ted .  

Discussion 
I t  was  diff icult  to o b t a i n  e p i t a x i a l  g r o w t h  at  the  

l owes t  t e m p e r a t u r e  i nves t i ga t ed .  This  o b s e r v a t i o n  
was  a p p l i c a b l e  to a l l  e x p e r i m e n t s  c o n d u c t e d  at  p a r -  
t i a l  p r e s s u r e s  of t r i c h l o r o s i l a n e  g r e a t e r  t h a n  1.45 
m l T L  

The depos i t i on  r a t e  of s i l icon f rom the  r e d u c t i o n  
of t r i c h l o r o s i l a n e  w i t h  h y d r o g e n  on t h e  s i l icon s u b -  
s t r a t e  is d e p i c t e d  in Fig .  2. In  Fig.  3 t he  depos i t i on  
r a t e  is p l o t t e d  vs. t he  s q u a r e  roo t  of  t he  d i m e n s i o n -  
less p a r t i a l  p r e s s u r e  of t r i c h l o r o s i l a n e  for  the  s ev -  
e ra l  t e m p e r a t u r e s  i nves t i ga t ed .  I t  is seen  t ha t  cu rves  
a p p r o x i m a t i n g  s t r a i g h t  l ines  w e r e  o b t a i n e d  w h e n  
the  cu rves  w e r e  d r a w n  t h r o u g h  the  a v e r a g e  d i s -  
t r i b u t i o n  of e x p e r i m e n t a l  points .  F i n a l l y ,  a p lo t  of 
the  l o g a r i t h m  of the  depos i t i on  r a t e  vs. t he  r e c ip roca l  
of the  abso lu t e  t e m p e r a t u r e  is d e p i c t e d  in Fig.  4. I t  
is seen t ha t  the  cu rves  a p p r o x i m a t e  s t r a i g h t  l ines  for  
t he  two  p a r t i a l  p r e s s u r e s  shown.  
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F BUBBLER HEATING ELEMENT 

ELE TRO'- SLEEVE 
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Fig. 1. Schematic of hydrogen purification system and reactor 
for vapor deposition. 
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Fig. 4. Deposition of silicon vs. temperature. Q ,  Partial pressure 
PHSiCI3 ~ 3.38 x 10 - 2  Po- A .  Partial pressure PHSiCI3 = 1.12 x 
10 -2  Po. Apparent energy of activation per mole ~ 22,500 cal. 
Hydrogen flow rate = 7.9 cm3/sec. 

Conclusions 
F r o m  the  above ,  s e v e r a l  conclus ions  m a y  be  

d r a w n :  
1. The  a p p a r e n t  o r d e r  of  t he  depos i t i on  k ine t i c s  

is o n e - h a l f ,  s ince a p p r o x i m a t e l y  s t r a i g h t  l ines  w e r e  
o b t a i n e d  w h e n  depos i t i on  r a t e s  w e r e  p l o t t e d  vs. 
s q u a r e  roo t  of c onc e n t r a t i on  of t r i ch lo ros i l ane .  This  
f inding  w o u I d  a p p a r e n t l y  s u p p o r t  t h e  conc lus ion  
t ha t  the  depos i t i on  r eac t i on  m a y  be  a su r f ace  r e a c -  
t ion.  H o m o g e n e o u s  gas phase  k ine t i c  p rocesses  h a v e  
been  o b s e r v e d  to obey  zero o rder ,  f irst  o rder ,  second  
order ,  and,  in r a r e  ins tances ,  t h i r d  o r d e r  k ine t ics .  

2. The  a p p a r e n t  e n e r g y  of a c t i va t i on  of t he  d e p -  
os i t ion  p rocess  is i n d e p e n d e n t  of t h e  p a r t i a l  p r e s -  
su re  of t r i ch lo ros i l ane ,  for  a r a n g e  of p a r t i a l  p r e s -  
sures.  I t  is o b s e r v e d  t h a t  t h e  s lopes  of t he  cu rves  
d e p i c t e d  in Fig .  4 a r e  e s s e n t i a l l y  t he  same.  

3. The  r e l a t i v e l y  low v a l u e  of t he  a c t i v a t i o n  e n -  
e rgy ,  22,500 c a l / m o l e  of s i l icon  depos i t ,  is also an  
i nd i c a t i on  of  t he  su r f ace  reac t ion .  

4. Good  e p i t a x i a l  g r o w t h  can  be  ach ieved  at  
1050~ and  h i g h e r  t e m p e r a t u r e ,  a t  r e a s o n a b l e  ra tes .  
Depos i t i on  r a t e s  m u s t  be  v e r y  low if e p i t a x i a l  
g r o w t h  is to be  c a r r i e d  out  a t  1000~ or  l o w e r  t e m -  
p e r a t u r e .  
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A p r o c e d u r e  o f t en  used  d u r i n g  the  p r e p a r a t i o n  of 
Ge  a n d  Si  su r faces  for  s o l i d - s t a t e  devices ,  e.g., t r a n -  
s is tors ,  m o l e c u l a r  b locks  etc., is m e c h a n i c a l  po l i sh ing  
of t he  spec imens  to a m i r r o r  f inish a n d  t h e n  r e m o v a l  
of t he  r e s u l t i n g  su r f ace  d a m a g e  b y  s u b s e q u e n t  
chemica l  po l i sh ing .  H o w e v e r ,  t he  l a t t e r  u s u a l l y  
causes  a m a r k e d  d e t e r i o r a t i o n  in  t he  smoo thness  a n d  
f la tness  of t he  sur face ,  and  i t  is o f t en  diff icult  to d e -  
c ide  w h e n  to t e r m i n a t e  t he  c h e m i c a l  po l i sh ing  t r e a t -  
men t .  

The  k i n d  of d e t e r i o r a t i o n  w h i c h  occurs  is i l l u s -  
t r a t e d  in Fig. 1 for  a s ingle  c r y s t a l  Ge s p e c i m e n  
m e c h a n i c a l l y  p o l i s h e d  a long  r a n d o m  d i r ec t ions  w i t h  
0.25/~ d i a m o n d ,  and  s u b s e q u e n t l y  c h e m i c a l l y  po l -  
i shed  w i t h  a modi f ied  CP4 (1).2 D u r i n g  th is  c h e m i c a l  
po l i sh ing  t r e a t m e n t ,  a ser ies  of " s c r a t c h - m a r k s "  is 
r a p i d l y  r evea l ed ,  w h i c h  g r a d u a l l y  b r o a d e n  and  
e v e n t u a l l y  canno t  be  de tec ted .  A t  t he  s a m e  t ime ,  the  
su r f ace  becomes  p r o g r e s s i v e l y  w a v y  on a coarse  
scale.  In  p rac t i ce ,  a c h e m i c a l  t r e a t m e n t  of a p p r o x i -  
m a t e l y  10-15 sec is c o m m o n l y  used,  and  hence  i t  can 
be  seen  t h a t  the  r e s u l t i n g  su r f ace  s t i l l  e x h i b i t s  n u -  
m e r o u s  s c r a t c h - m a r k s .  A s i m i l a r  b e h a v i o r  occurs  
w h e n  Si  is m e c h a n i c a l l y  po l i shed  w i t h  0.25# d i a -  
mond ,  and  is t h e n  c h e m i c a l l y  p o l i s h e d  w i t h  CP4. z 

The  s c r a t c h - m a r k  s t r u c t u r e  a r i ses  f rom the  0.25/~ 
d i a m o n d  su r f ace  d a m a g e ,  w h i l e  t h e  w a v i n e s s  is  c h a r -  
ac t e r i s t i c  of the  CP4 c h e m i c a l  po l i sh ing  p rocess  (1) .  

1 200 ml NHO.~: 120 ml HF: 120 ml CI-I~COOH: 1.6g Ge: 1.2 ml 
liquid Br~. 

2200 ml NHOe: 120 ml HF: 120 ml CHsCOOH. 

Fig. 1. Optical and interference micrographs showing progressive 
stages of chemical polishing of Ge with CP4. The initial mechanical 
polishing was performed using 0.25~ diamond at random directions. 

H o w e v e r ,  t he  r e a s o n  w h y  the  s c ra t ch  m a r k s  a r e  no t  
e l i m i n a t e d  u n t i l  a f t e r  c h e m i c a l l y  p o l i s h i n g  for  150 
sec, c o r r e s p o n d i n g  to t he  r e m o v a l  of a l a y e r  a p p r o x i -  
m a t e l y  60/~ th ick ,  is no t  i m m e d i a t e l y  c lear .  This  is 
because  t he  d a m a g e  for  t he  0.25/~ d i a m o n d  po l i sh ing  
is u s u a l l y  cons ide red  to e x t e n d  on ly  t he  o r d e r  of 1# 
b e n e a t h  t he  sur face .  

In  o r d e r  to e x p l a i n  th is  a p p a r e n t  a n o m a l y ,  F a u s t  
(2)  sugges t ed  t h a t  the  d a m a g e  is c o m p l e t e l y  r e -  
m o v e d  a f t e r  c h e m i c a l l y  po l i sh ing  fo r  o n l y  a p p r o x i -  
m a t e l y  5 sec. H o w e v e r ,  t he  a t t a c k  occurs  p r e f e r -  
e n t i a l l y  a long  l ines  of d a m a g e  and  so g ives  r i se  to 
ser ies  of g rooves  h a v i n g  the  a p p e a r a n c e  of sc ra t ch  
m a r k s .  C o n s i d e r a b l e  a d d i t i o n a l  c h e m i c a l  po l i sh ing  is 
t h e n  r e q u i r e d  be fo re  t hese  g rooves  a r e  s m o o t h e d  
out.  

S i m i l a r  obse rva t ions  conce rn ing  the  o c c u r r e n c e  
of s c r a t ch  m a r k s  w h e n  m e c h a n i c a l l y  p o l i s h e d  Ge a n d  
Si spec imens  a r e  s u b s e q u e n t l y  c h e m i c a l l y  po l i shed  
h a v e  also b e e n  r e p o r t e d  b y  I d a  et al. (3 ) .  These  w o r k -  
ers  used  op t i ca l  i n t e r f e r e n c e  t e chn iques  t o g e t h e r  
w i t h  e l ec t ron  mic roscope  s tud ies  of su r f ace  r ep l i ca s  
in o r d e r  to i n v e s t i g a t e  t he  s c ra t ch  m a r k s .  A l t h o u g h  
the  g e o m e t r y  of the  s c r a t ch  m a r k s  was  t h e r e b y  d e -  
t e r m i n e d ,  i t  was  not  poss ib l e  to obse rve  the  ac tua l  
d a m a g e  or  see h o w  the  d a m a g e  was  r e m o v e d .  No 
d e t a i l e d  e x p l a n a t i o n  for  t he  occu r r ence  of t h e  
g rooves  was  g iven .  

In  o r d e r  to u n d e r s t a n d  how such d a m a g e  is r e -  
m o v e d  d u r i n g  c h e m i c a l  po l i sh ing ,  i t  is f i rs t  neces -  
s a r y  to e s t ab l i sh  t he  p r ec i s e  n a t u r e  of t he  d a m a g e .  
This  has  b e e n  done  b y  the  a u t h o r s  (4)  us ing  the  
t r a n s m i s s i o n  e l ec t ron  mic roscope  m e t h o d  of e x -  
amina t ion ,  a m e t h o d  possess ing  the  a d v a n t a g e  t h a t  
t he  r e s o l u t i o n  is h igh  and  the  s t r u c t u r e  w i t h i n  t h e  
d a m a g e d  l a y e r  can  be  d i r e c t l y  obse rved .  I t  was  
f o u n d  t ha t  for  Si  spec imens  po l i shed  w i t h  0.25/~ d i a -  
m o n d  p a r t i c l e s  on a r o t a t i n g  c lo th  pad ,  t he  d a m a g e  
was  o r i e n t a t i o n  d e p e n d e n t .  In  p a r t i c u l a r ,  for  (111) 
spec imens ,  po l i sh ing  a long  < 1 1 0 >  d i r ec t ions  gave  
d i s loca t ions  only ,  w h i l e  po l i sh ing  a long  < 2 1 1 >  d i -  
r ec t ions  gave  d i s loca t ions  t o g e t h e r  w i t h  su r f ace  
c h i p p i n g  a n d  c rack ing .  This  d a m a g e  w a s  e s t i m a t e d  
to e x t e n d  on ly  a p p r o x i m a t e l y  0.2/, b e l o w  t h e  s u r -  
face.  

The  au tho r s  h a v e  n o w  used  the  t r a n s m i s s i o n  e lec -  
t r o n  mic roscope  m e t h o d  to d e t e r m i n e  how 0.25/~ 
d i a m o n d  su r f ace  d a m a g e  is r e m o v e d  d u r i n g  c h e m -  
ica l  pol i sh ing .  The  c h e m i c a l  po l i sh ing  was  p e r -  
f o r m e d  w i t h  CP4 in o r d e r  t h a t  t he  f indings  w o u l d  
be  app l i c ab l e  to  t he  p r e v i o u s  o b s e r v a t i o n s  (1) .  I t  
was  found  t h a t  t h e r e  was  l i t t le ,  i f  any ,  d i f fe rence  
in t he  b e h a v i o r  of Ge and  Si  spec imens .  Conse -  
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q u e n t l y ,  a l t h o u g h  a l l  of  the  t r a n s m i s s i o n  e l ec t ron  
m i c r o g r a p h s  used  b e l o w  to i l l u s t r a t e  the  r e su l t s  a r e  
for  Si, t h e y  m a y  also be cons ide red  as be ing  r e p r e -  
s en t a t i ve  of Ge. 

Exper imenta l  

H i g h - p u r i t y  ( a p p r o x i m a t e l y  50 o h m - c m )  s ingle  
c r y s t a l  Ge and  Si s l ices w e r e  cut  p a r a l l e l  to t he  
(111) p lane ,  l a p p e d  on bo th  sides to 20 mi l s  th ick ,  
and  c h e m i c a l l y  po l i shed  w i t h  CP4 u n t i l  a l l  of t h e  
l a p p i n g  d a m a g e  was  r e m o v e d .  The  sl ices w e r e  t hen  
m e c h a n i c a l l y  p o l i s h e d  w i t h  0.25~ d i a m o n d  s l u r r y  on 
a c lo th  p a d  us ing  k e r o s e n e  as a l u b r i c a n t  for  a f ew  
minu te s ,  a p p l y i n g  a l i gh t  h a n d  p re s su re .  I n d i v i d u a l  
s l ices w e r e  t h e n  c h e m i c a l l y  po l i shed  w i t h  CP4 for  
e i t h e r  1, 3, 5, 30, or  150 sec, i m m e d i a t e l y  r i n s e d  f irst  
w i t h  w a t e r  and  t h e n  w i t h  alcohol ,  and  t h e n  dr ied .  

F o r  t he  e l ec t ron  mic roscope  e x a m i n a t i o n ,  t he  
sl ices w e r e  c h e m i c a l l y  t h i n n e d  f r o m  the  s ide  not  po l -  
i shed  w i t h  0.25~ d i amond ,  us ing  a j e t  of 9:1 HNO3/  
H F  so lu t ion  (5) .  In  o r d e r  to ensu re  t h a t  no e t ch ing  
of the  r e a c t i v e  m e c h a n i c a l l y  po l i shed  su r f ace  b y  
ac id  fumes ,  etc.,  cou ld  occur ,  t he  su r f ace  was  cov -  
e r ed  w i t h  a t h in  p r o t e c t i v e  l a y e r  of wax .  As  soon 
as t he  j e t  c h e m i c a l  t h i n n i n g  caused  a sma l l  hole  to 
appea r ,  t he  spec imen  was  r i n s e d  and  dr ied ,  the  w a x  
d i sso lved ,  and  the  th in  po r t i ons  s u r r o u n d i n g  the  
hole  e x a m i n e d  in t r a n s m i s s i o n  in the  e l ec t ron  m i -  
croscope.  

Results 
A t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h  of a Si spec i -  

m e n  u n i d i r e c t i o n a l l y  a b r a d e d  a long a < 1 1 0 >  d i r e c -  
t ion  w i t h  0.25~ d i a m o n d  is shown  in Fig .  2a. F o r  
th is  ab ras ion ,  the  c lo th  p a d  con t a ined  w e l l - u s e d  
0.25~ d i a m o n d  s lu r ry ,  cond i t ions  s im i l a r  to those  
p r e v i o u s l y  used  by  t h e  a u t h o r s  (4 ) .  The  d a m a g e  
consis ts  of l ines  of  d i s loca t ions  r u n n i n g  a long the  
< 1 1 0 >  a b r a s i o n  d i rec t ion .  

A Si  s p e c i m e n  u n i d i r e c t i o n a l l y  a b r a d e d  a long  a 
< 1 1 0 >  d i r ec t i on  bu t  us ing  a c lo th  p a d  f r e s h l y  
c h a r g e d  w i t h  0.25~ d i a m o n d  s lu r ry ,  is shown  in Fig .  
2b. The  d a m a g e  is s i m i l a r  to t ha t  of Fig .  2a, b u t  is 

m o r e  severe .  In  a d d i t i o n  to t h e  l ines  of d i s loca t ions ,  
some ch ipp ing  a n d  c r a c k i n g  a p p e a r  to h a v e  occur red .  

A Si  s p e c i m e n  a b r a d e d  in r a n d o m  d i rec t ions  us ing  
a c lo th  p a d  f r e s h l y  c h a r g e d  w i t h  0.25# d i a m o n d  
s l u r r y  is shown  in Fig .  2c. The  s e v e r i t y  of t he  d a m -  
age is aga in  g rea t e r .  B r o a d  l ines  of d a m a g e  up  
to 1000A across,  n u m e r o u s  n a r r o w  l ines  of damage ,  
and  a m o t t l e d  b a c k g r o u n d  s t r u c t u r e  a r e  p resen t .  
C h i p p i n g  and  c r a c k i n g  a r e  m o r e  p ronounced .  

F o r  the  r e m a i n d e r  of  t he  p r e s e n t  i nves t iga t ion ,  a l l  
of t he  spec imens  w e r e  r a n d o m l y  a b r a d e d  us ing  
f r e s h l y  c h a r g e d  pads ,  i.e., t he  d a m a g e  i n t r o d u c e d  
c o r r e s p o n d e d  to t ha t  shown  in Fig .  2c. In  th is  way ,  
i t  was  cons ide r ed  t h a t  g r e a t e r  u n i f o r m i t y  in  t he  
po l i sh ing  condi t ions ,  and  hence  b e t t e r  r e p r o d u c i b i l -  
i ty  of the  su r face  damage ,  w o u l d  resu l t .  Moreove r ,  
the  effect be ing  inves t iga t ed ,  n a m e l y ,  t he  inf luence  
of the  d a m a g e  on s u b s e q u e n t  c h e m i c a l  po l i sh ing ,  
was  l i k e l y  to be  m o r e  p ronounced .  

A d i f fe ren t  a r e a  of the  s p e c i m e n  of Fig.  2c is 
shown  in Fig.  3. A b r u p t  changes  in c o n t r a s t  can 
be  seen, the  changes  u s u a l l y  occu r r i ng  at  l ines  of 
d a m a g e .  The  changes  i nd i ca t e  a s m a l l  r o t a t i on  of 
the  c r y s t a l  la t t ice ,  w h i l e  the  b o u n d i n g  l ines  of d a m -  
age  sugges t  t ha t  the  r o t a t i o n  r e su l t s  f r o m  seve re  
s t r a ins  assoc ia ted  w i t h  these  l ines .  I t  is p r e s u m e d  
t h a t  the  s t r a in s  a r i se  w h e n  the  s p e c i m e n  is m e -  
c h a n i c a l l y  po l i shed ,  and  t ha t  the  s t r a in s  a r e  p a r t l y  
r e l i eved  w h e n  the  spec imen  is j e t  c h e m i c a l l y  t h i n n e d  
f rom the  u n d a m a g e d  s ide  to a f inal  t h i ckness  of the  
o r d e r  of 1~ b y  a s l igh t  r o t a t i o n  of the  c r y s t a l  la t t ice .  

A 0.25~ d i a m o n d  Si s p e c i m e n  c h e m i c a l l y  po l i shed  
w i t h  CP4 for  a p p r o x i m a t e l y  1 sec is s h o w n  in Fig.  
4a. The  l ines  of d a m a g e  a re  p r e f e r e n t i a l l y  a t t a cked .  
The  d a m a g e  is p a r t l y  r e m o v e d ,  and  g rooves  occur  
a long  the  l ines.  The  g rooves  a r e  s l i gh t ly  w i d e r  t h a n  
the  o r ig ina l  d a m a g e  l ines  a n d  a re  up  to a p p r o x i -  
m a t e l y  2000A across.  The  m o t t l e d  b a c k g r o u n d  
s t r u c t u r e  is a lmos t  c o m p l e t e l y  absent .  The  g e n e r a l  
d e g r e e  of a t t a c k  v a r i e d  s l i gh t ly  f r o m  a r e a  to a r ea  
of t he  spec imen  on a coarse  scale  i nd i ca t i ng  sma l l  
d i f fe rences  in w e t t i n g  etc. F o r  e x a m p l e ,  the  a t t a c k  
has  p r o c e e d e d  f u r t h e r  in Fig.  4b t h a n  in Fig .  4a. 

A s imi l a r  spec imen  c h e m i c a l l y  po l i shed  w i t h  CP4 
for  3 sec is shown  in Fig .  5a. I t  shou ld  be  no ted  
tha t  the  magn i f i ca t ion  for  Fig .  5 is ha l f  t ha t  of Fig.  

Fig. 2. Transmission electron micrographs showing the surface 
damage of Si specimens mechanically polished with 0.25/~ diamond: 
a, undirectionally abraded in a ~ 1 1 0 ~  direction on a cloth pad 
with used diamond slurry; b, undirectionally abraded in a ~ 1 1 0 ~  
direction on a cloth pad freshly charged with diamond slurry; c, 
randomly abraded on a cloth pad freshly charged with diamond 
slurry. 

Fig. 3. Transmission electron micrograph of a different area of 
the specimen shown in Fig. 2c. Abrupt changes of contrast occur- 
ring along the lines of damage indicate a small rotation of crystal 
lattice. 
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Fig. 4. Transmission electron micrographs of a Si specimen show- 
ing the effect of 1 sec CP4 chemical polish after abrading similarly 
to the specimen of Fig. 2c. Figure 4a and 4b are different areas of 
the same specimen; note the varying degree of attack. 

Fig. 5. Transmission electron micrographs of a Si specimen show- 
ing the effect of 3 sec CP4 chemical polish after abrading similarly 
to the specimen of Fig. 2c. Visible damage is completely removed. 
Shallow grooves remain, the profile of which can be deduced from 
the thickness fringes shown in Fig. 5b. 

2 to 4. D a m a g e  is no l o n g e r  obse rved ,  on ly  su r f ace  
grooves .  The  g rooves  a r e  up  to a p p r o x i m a t e l y  
20,000/k across,  i.e., a re  m u c h  w i d e r  t h a n  those  
s h o w n  in Fig .  4a and  b. B y  fo l l owing  the  m o r e  p r o -  
nounced  g rooves  to t he  edge  of t he  t h i n n e d  spec i -  
m e n  and  s u i t a b l y  t i l t i ng  the  s p e c i m e n  in the  e l ec -  
t r on  microscope ,  t h i cknes s  f r inges  w e r e  o b t a i n e d  as 
s h o w n  in Fig.  5b. Because  the  s ide f r o m  w h i c h  the  
spec imen  was  t h i n n e d  is cons ide red  to be  smooth ,  
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the  prof i le  of t he  g roove  can  be  o b t a i n e d  f rom the  
f r inges .  A l t h o u g h  these  f r inges  a r i s e  in a d i f fe ren t  
m a n n e r  f r o m  op t ica l  i n t e r f e r e n c e  f r inges ,  t h e y  a r e  
n e v e r t h e l e s s  con tours  of e q u a l  th ickness ,  and  so 
can be  s i m i l a r l y  i n t e r p r e t e d .  The  f r inges  a p p e a r  
at  s p e c i m e n  th i cknes s  i n t e r v a l s  of 750A ( th is  i n -  
t e r v a l  c o r r e s p o n d s  to t he  e x t i n c t i o n  d i s t ance  for  a 
~ 2 2 0 ~  re f lec t ion  (6) ,  the  ref lec t ion  used  for  th i s  
micrograph). A displacement of a fringe for a 
fraction (ds) of the lateral fringe spacing (s) cor- 
responds to a change in the specimen thickness for 
a fraction of the extinction distance ds/s 750A. 
Thus, for the groove of Fig. 5b, the maximum depth 
is estimated to be approximately 0.6 x 750A, i.e., 
450A. 

Similar specimens chemically polished with CP4 
for times longer than 3 sec all showed no damage. 
Moreover, it was difficult, if possible, to detect the 
surface grooves. The insensitive nature of the 
transmission electron microscope method of exam- 
ination for detecting such grooves, compared with 
the optical microscope method, is due to the different 
mechanisms by which the image contrast arises in 
the two cases. 

Discussion 

The  t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h s  of t he  
(111) Si spec imens  po l i shed  w i t h  0.25/~ d i a m o n d  
show t h a t  the  d a m a g e  consis ts  in  g e n e r a l  of chips,  
c racks ,  and  d is loca t ions .  Moreove r ,  t he  n a t u r e  and  
a m o u n t  of the  d a m a g e  va r i e s  m a r k e d l y  w i t h  t he  
m a n n e r  in w h i c h  the  po l i sh ing  is p e r f o r m e d .  I t s  
d e p e n d e n c e  on the  po l i sh ing  d i r ec t i on  was  r e p o r t e d  
p r e v i o u s l y  (4) .  The  p r e s e n t  r e su l t s  show t h a t  i t  
a lso d e p e n d s  on w h e t h e r  t he  0.25# d i a m o n d  a b r a s i v e  
is f r e sh  or  w e l l - u s e d .  This  is in  a g r e e m e n t  w i t h  an  
o b s e r v a t i o n  r e c e n t l y  m a d e  b y  the  a u t h o r s  (7)  con-  
ce rn ing  a b r a s i o n  w i t h  e i t he r  d i a m o n d  or  SiC p a r -  
t icles.  Thus,  s t a r t i n g  w i t h  f r e sh  abras ive ,  the  a b r a -  
s ion ra te ,  i.e., a m o u n t  of m a t e r i a l  r e m o v e d  p e r  un i t  
t ime,  was  h igh  for  the  first  f ew  minu te s ,  and  t hen  
d r o p p e d  to a low va lue .  The  in i t i a l  r a t e  was  of ten  
as m u c h  as five t i m e s  the  s u b s e q u e n t  ra te .  The  
p r o b a b l e  e x p l a n a t i o n  is t h a t  the  p a r t i c l e s  r e s p o n -  
s ib le  for  mos t  of the  in i t i a l  a b r a d i n g ,  n a m e l y ,  t he  
l a r g e r  and  s h a r p e r  pa r t i c l e s ,  a re  r a p i d l y  e i t h e r  
b r o k e n  into  s m a l l e r  p a r t i c l e s  or  w o r n  down.  

Hence,  t he  obse rva t i ons  show t h a t  w h e n  po l i sh -  
ing (111) Si  spec imens  w i t h  0.25~ d i a m o n d  on a 
r o t a t i n g  c lo th  pad ,  l eas t  d a m a g e  occurs  w h e n  the  
p a d  con ta ins  w e l l - u s e d  a b r a s i v e  and  the  a b r a s i o n  
is p e r f o r m e d  u n i d i r e c t i o n a l l y  a long  a ~ 1 1 0 ~  d i -  
rec t ion.  On the  o t h e r  hand ,  mos t  d a m a g e  occurs  
w h e n  the  p a d  con ta ins  f r e sh  a b r a s i v e  and  the  a b r a -  
s ion is r a n d o m l y  p e r f o r m e d .  

W h e n  spec imens  a b r a d e d  w i t h  0.25/~ d i a m o n d  to 
g ive  mos t  d a m a g e  w e r e  j e t  c h e m i c a l l y  t h i n n e d  f rom 
the  oppos i t e  side,  s m a l l  l a t t i c e  ro t a t i ons  occu r r ed  
as i n d i c a t e d  b y  c o n t r a s t  changes  in the  t r a n s m i s s i o n  
e l e c t r o n  m i c r o g r a p h s .  These  loca l i zed  ro t a t i ons  a r e  
u n d o u b t e d l y  due  to s t r a in s  a s soc ia t ed  w i t h  t he  l ines  
of damage .  O t h e r  ev idence  for  such  s t r a in s  was  p r e -  
v i o u s l y  r e p o r t e d  b y  the  a u t h o r s  (4)  as a r e su l t  of 
t r a n s m i s s i o n  e l ec t ron  mic roscope  s tud ies  on a n -  
n e a l e d  0.25~ d i a m o n d  Si  spec imens .  Thus ,  n e w  d i s -  
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loca t ions  had  p r o p a g a t e d  f r o m  s e v e r a l  l ines  of d a m -  
age  into  t he  s u r r o u n d i n g  reg ions  d u r i n g  annea l ing ,  
a n d  the  d r i v i n g  force  for  these  d i s loca t ions  was  
c o n s i d e r e d  to  be  t he  assoc ia ted  s t resses .  

H o w e v e r ,  a l t h o u g h  s t r a i n s  a r e  p r e s e n t  b e n e a t h  
t he  "v i s ib l e "  d a m a g e ,  i.e., t he  chips,  c racks ,  and  d i s -  
locat ions ,  l i t t l e  a p p e a r s  to be  k n o w n  abou t  t h e i r  
n a t u r e  or  ex ten t .  The  s t r a in s  a r e  e las t ic  and  a r i se  
f r o m  the  s t resses  i m p o s e d  b y  the  "v i s i b l e "  d a m a g e ,  
and  also p e r h a p s  f r o m  the  p r e s e n c e  of p o i n t  defects ,  
e.g., vacanc ies .  Such  p o i n t  de fec t s  cou ld  be  p r e s e n t  
w i t h o u t  be ing  d e t e c t e d  b y  the  t r a n s m i s s i o n  e l ec t ron  
m ic ro scope  me thod .  

W h e n  such spec imens  a r e  c h e m i c a l l y  po l i shed  
w i t h  CP4, t h e  t r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  
show t h a t  t he  a t t a c k  commences  p r e f e r e n t i a l l y  at  
t he  l ines  of damage .  A f t e r  1 sec, the  d a m a g e  is 
p a r t l y  r e m o v e d  and  g rooves  beg in  to f o r m  a long  the  
l ines  of damage .  A f t e r  3 sec, no d a m a g e  can  be d e -  
t e c t e d  a n d  the  g rooves  a r e  a p p r e c i a b l y  wide r .  T h e r e -  
a f te r ,  the  g rooves  con t inue  to i nc rease  in wid th ,  b u t  
no t  a p p a r e n t l y  to  change  m u c h  in dep th .  The  l a t t e r  
m a y  also be  d e d u c e d  f r o m  the  i n t e r f e r e n c e  m i c r o -  
g r a p h s  of Fig.  1. The  sequence  is i l l u s t r a t e d  d i a -  
g r a m m a t i c a l l y  in Fig.  6. The  r ea son  for  the  p r e f e r -  
en t i a l  a t t a c k  is u n d o u b t e d l y  due  to t he  s t r a in s  
a s soc ia t ed  w i t h  the  l ines  of damage .  

The  ques t ion  s t i l l  r e m a i n s  as to w h y  the  s c r a t c h -  

/ / / / / / / / / / / / / / / / / / /A  (a) 

(b) 

r 3 

l icl 

" /~ : ' v is ib le '  damage 

Fig. 6. A diagrammatic representation of the formation and 
elimination of grooves by chemical polishing (cross sections) : a, as 
abraded; b, after approx. 1 sec chemical polishing; c, after approx. 
5 sec chemical polishing (compare with Fig. 1). 

m a r k  s t r u c t u r e  pe r s i s t s  for  such  a long  t i m e  d u r i n g  
the  CP4 chemica l  po l i sh ing  process .  T h e r e  a p p e a r  
to be  two  m a i n  poss ib i l i t i es .  F i r s t ,  w h e n  the  v i s ib le  
d a m a g e  is r e m o v e d ,  t he  a s soc i a t ed  s t resses  a r e  
r e m o v e d ,  and  hence  the  e las t i c  s t r a in s  caused  b y  
these  s t resses  a r e  r e m o v e d .  H o w e v e r ,  b e c a u s e  the  
s p e c i m e n  is a t  r o o m  t e m p e r a t u r e ,  po in t  de fec t s  
b e n e a t h  the  l ines  of d a m a g e  r e m a i n  and  cause  loca l  
i nc reases  in the  d i s so lu t ion  ra t e .  The  effect of these  
r a t e  inc reases  is to d e l a y  the  smoo th ing  ove r  of the  
i n i t i a l  grooves .  

The  second  p o s s i b i l i t y  is s i m p l y  t h a t  once g rooves  
have  fo rmed ,  t h e y  a r e  e x t r e m e l y  diff icult  to smoo th  
over  b y  chemica l  po l i sh ing  w i t h  CP4 (2) .  The  d i s -  
so lu t ion  r a t e  a t  t he  m i d d l e  of  a g roove  is t he  s ame  
as t ha t  a t  the  su r f ace  a w a y  f r o m  the  groove ,  w h i l e  
the  d i s so lu t ion  r a t e  a t  the  edges  of t he  g roove  is 
s l i g h t l y  fas ter .  Consequen t ly ,  t he  g roove  r e m a i n s  
a p p r o x i m a t e l y  the  s a m e  in dep th ,  b u t  be c ome s  p r o -  
g r e s s i v e l y  wide r .  

In  v i e w  of t he  l a ck  of i n f o r m a t i o n  conce rn ing  the  
o c c u r r e n c e  of p o i n t  de fec t s  b e n e a t h  t he  v i s ib le  d a m -  
age and  the i r  l i k e l y  effect on the  d i s so lu t ion  ra te ,  
it  is not  poss ib le  to dec ide  u n a m b i g u o u s l y  b e t w e e n  
the  two  poss ib i l i t ies .  H o w e v e r ,  i t  is cons ide red  t ha t  
if t he  po in t  d e f e c t  m e c h a n i s m  does  occur ,  t h e n  i t  
is mos t  u n l i k e l y  t h a t  i t  w o u l d  s t i l l  be  o p e r a t i v e  at  
dep th s  of m o r e  t h a n  a f ew  microns .  Hence  i t  is 
t h o u g h t  t h a t  t he  p r e d o m i n a n t  m e c h a n i s m  is s i m p l y  
the  d i f f icul ty  of  smoo th ing  ove r  t he  g rooves  once 
t h e y  a r e  fo rmed .  

Manuscr ip t  rece ived  Nov. 27, 1963. 

Any  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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Effect of Aging on Surface Roughness of Thin Films 
R. J. Prosen, J. Kivel ,  1 B. E. Gran ,  and J. S. Sal lo 

Honeywell Research Center, Hopkins, Minnesota 

The  ag ing  of t h in  f i lms has  been  s t u d i e d  p r e v i o u s l y  
w i th  r e spec t  to a d h e s i o n  and  r e s i s t i v i t y  (1) .  R e -  
cen t ly ,  t e chn iques  h a v e  become  a v a i l a b l e  (2 -4 )  
w h i c h  p e r m i t  the  s t u d y  of su r face  roughness .  One 
such  m e t h o d  has  b e e n  a p p l i e d  to the  s t u d y  of v a r i -  
a t ions  of su r f ace  r o u g h n e s s  of t h in  f i lms w i t h  t ime .  
This  p a p e r  p r e s e n t s  t h e  r e su l t s  of th is  s tudy .  

1 P r e s e n t  addres s :  A t l a n t i c  R e s e a r c h  Corpo ra t i on ,  A l e x a n d r i a ,  
V i rg in i a .  

Exper imenta l  
Sample preparation.--The e v a p o r a t e d  t h in  f i lms 

w e r e  p r e p a r e d  in a be l l  j a r  e v a c u a t e d  to 10 -5 Tor r .  
Th in  f i lms of nickel ,  i ron,  P e r m a l l o y  (83% N i - 1 7 %  
F e ) ,  copper ,  and  gold  w e r e  p r e p a r e d .  A l l  f i lms w e r e  
c i r c u l a r  w i t h  3A-in. d i a me te r s .  The  m e t a l s  w e r e  
h e a t e d  in an  a l u m i n a  c ruc ib l e  ( M o r g a n i t e )  b y  r e -  
s i s tance  h e a t i n g  and  e v a p o r a t e d  onto  C o r n i n g  code 
No. 2915 mic roscope  cover  g lasses  to a t h i c k n e s s  of 
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1000A. The  s u b s t r a t e  t e m p e r a t u r e  w a s  250~ The  
th i ckness  was  d e t e r m i n e d  b y  m u l t i p l e  b e a m  in -  
t e r f e r o m e t r y .  A m o r e  d e t a i l e d  e x p e r i m e n t a l  p r o -  
c edu re  has  been  r e p o r t e d  e l s e w h e r e  (5 ) .  

P e r m a l l o y  f i lms (83% N i - 1 7 %  F e )  w e r e  also 
d e p o s i t e d  b y  ca thod ic  spu t t e r i ng .  These  f i lms w e r e  
depos i t ed  in  a t h r e e  e l ec t rode  sys tem.  The  c a thode  
c u r r e n t  and  vo l t age  w e r e  2 a m p  and  40v, r e s p e c -  
t ive ly .  The  t a r g e t  v o l t a g e  and  c u r r e n t  d e n s i t y  w e r e  
1.5 k v  and  2 m a / c m  2. The  s u b s t r a t e  was  p l a c e d  
a p p r o x i m a t e l y  2 m m  f r o m  the  t a rge t ,  and  d e p o s i -  
t ion  r a t e  was  f r o m  200-250 _&/rain. This  w o r k  was  
done  in a con t inuous  flow a r g o n  a t m o s p h e r e  at  a 
p r e s s u r e  of  3 x 10 -4 Tor r .  

Adsorption phenomena.--The r a d i o c h e m i c a l  t e c h -  
n ique  b y  w h i c h  the  a d s o r p t i o n  p r o p e r t i e s  of h e x -  
a d e c y l t r i m e t h y l  a m m o n i u m  b r o m i d e  ( H M A B )  h a v e  
been  u t i l i zed  to d e t e r m i n e  r e l a t i v e  v a l u e s  of  s u r -  
face  a r e a  has  been  r e p o r t e d  (2)  for  glass  and  for  
i r o n - n i c k e l  t h in  films. A " m o n o l a y e r  p l a t e a u "  was  
shown  to occur  in  t he  3-8 x 10-4M H M A B  conc e n -  
t r a t i o n  r ange .  A d s o r p t i o n  i s o t h e r m s  w e r e  d e t e r -  
m i n e d  for  i ron,  n ickel ,  copper ,  and  gold.  A l l  these  
m e t a l s  y i e l d e d  iden t i ca l  a d s o r p t i o n  i s o t h e r m s  to 
those  p r e v i o u s l y  s tud ied ,  i n d i c a t i n g  t ha t  a s i m i l a r  
a d s o r p t i o n  m e c h a n i s m  occurs ,  and  hence,  a r ea s  
cou ld  be  c o m p a r e d  for  these  d i s s i m i l a r  me ta l s .  

The  su r f ace  a r e a  and  roughnes s  of each  th in  f i lm 
w e r e  d e t e r m i n e d .  S a m p l e s  w e r e  i m m e r s e d  in a 5.72 
x 10-4M C14-1abeled H M A B  aqueous  so lu t ion  un t i l  
e q u i l i b r i u m  was  r e a c h e d  (15 ra in)  and  t h e n  v e r -  
t i c a l l y  w i t h d r a w n  at  a r a t e  of 2 m m / m i n  b y  m e a n s  
of a s m a l l  motor .  S a m p l e s  w e r e  coun t ed  us ing  a 
th in  w i n d o w  gas flow coun te r  a n d  c o m p a r e d  w i t h  
s t a n d a r d s  p r e v i o u s l y  c a l i b r a t e d  a g a i n s t  a 0.19 --+- 
0.019 mic rocu r i e  c a r b o n - 1 4  source.  A l t h o u g h  this  
r e su l t s  in  a -----10% abso lu t e  e r ro r ,  th is  e r r o r  does  
no t  a p p l y  to the  r e l a t i v e  va lue s  r e p o r t e d .  C o n v e r -  
s ion of t he  coun t ing  d a t a  to a toms  of H M A B  a d -  
so rbed  and  a t t r i b u t i n g  20.5A 2 to each  m o l e c u l e  
a d s o r b e d  (2)  e n a b l e d  su r f ace  a r eas  to b e  d e t e r -  
mined .  A m i n i m u m  of two  s a m p l e s  was  used  for  
each  d e t e r m i n a t i o n  t h r o u g h o u t  th is  s tudy ,  and  each  
s a m p l e  was  used  on ly  once.  A l l  s amp le s  for  a g iven  
r u n  w e r e  p r e p a r e d  in t he  s a m e  e v a p o r a t i o n  or  s p u t -  
t e r i n g  runs .  

Aging experiments.--The t h in  f i lms w e r e  r e m o v e d  
f rom the  be l l  j a r ,  exposed  to a t m o s p h e r i c  cond i -  
t ions,  and  i m m e d i a t e l y  p l a c e d  in  t he  d e s i r e d  e n -  
v i r o n m e n t  a t  20~ S a m p l e s  w e r e  p l a c e d  in d r y  
and  100% RH air ,  d r y  and  100% R H  he l ium,  and  
v a c u u m  (10 -5 T o r r )  e n v i r o n m e n t s .  D r y  a i r  and  
d r y  h e l i u m  ag ing  w e r e  c a r r i e d  out  in c h a m b e r s  
con ta in ing  m a g n e s i u m  p e r c h l o r a t e  as  the  des iccant .  
The  des i ccan t  was  r e p l a c e d  b y  a b e a k e r  of w a t e r  
in the  100% R H  h u m i d i t y  e x p e r i m e n t s .  A f t e r  be ing  
s to red  for  t h e  d e s i r e d  t i m e  i n t e rva l ,  t he  s a m p l e s  
w e r e  r e m o v e d  f r o m  the  c h a m b e r  and  i m m e d i a t e l y  
p l aced  in  t he  H M A B  solut ion.  The  r o u g h n e s s  of 
these  s a m p l e s  was  d e t e r m i n e d  b y  the  p r o c e d u r e  d i s -  
cussed  above .  

E x p e r i m e n t s  w e r e  also c a r r i e d  ou t  a t  150~ w i t h  
P e r m a l l o y  and  i ron  in  d r y  a i r  and  d r y  h e l i u m  b y  
p r o c e d u r e s  ' s imi lar  to those  p r e v i o u s l y  m e n t i o n e d .  

T h e r e  ex is t s  t he  p o s s i b i l i t y  t h a t  t h e  H M A B  so lu -  
t ion  a l t e r s  t he  su r f ace  r o u g h n e s s  of t he  film. In  
o r d e r  to d e t e r m i n e  w h e t h e r  th is  is a source  of e r ro r ,  
a ser ies  of b u l k  n i cke l  s a m p l e s  w e r e  s tud ied .  Some  
of these  w e r e  anod ized  to f o r m  an  ox ide  l aye r .  A f t e r  
the  15 -min  t i m e  r e q u i r e d  to r e a c h  a d s o r p t i o n  e q u i -  
l i b r i u m  w i t h  the  H M A B  (2) ,  t h e r e  was  no f u r t h e r  
change  in  t he  d e t e r m i n e d  su r f ace  area ,  for  e i t h e r  
t he  f r e sh  o r  ox id i zed  n i c k e l  surfaces .  A p lo t  of 
H M A B  a d s o r p t i o n  vs. t i m e  for  P e r m a l l o y  th in  f i lms 
has  b e e n  p u b l i s h e d  (2) .  

Results 
The  roughness ,  or  r o u g h n e s s  fac tor ,  of a s a m p l e  

is def ined  in  th is  i n v e s t i g a t i o n  as t he  r a t i o  of t he  
su r face  a r e a  o b t a i n e d  f r o m  the  H M A B  a dso rp t i on  
d a t a  to the  g e o m e t r i c  a rea .  No a t t e m p t  has  been  
m a d e  to d e t e r m i n e  the  n a t u r e  of t h e  roughness ,  i.e., 
no d i s t i nc t ion  can  be  m a d e  b e t w e e n  a s a m p l e  h a v -  
ing  a few l a r g e  defec t s  a n d  a n o t h e r  h a v i n g  a g r e a t  
n u m b e r  of s m a l l e r  defects .  The  r o u g h n e s s  of t he  
cover  g lasses  has  been  d e t e r m i n e d  to be  2.5 (2 ) .  2 
F i g u r e  1 shows  p lo t s  of r o u g h n e s s  of t he  m e t a l  f i lm 
d i v i d e d  b y  the  r o u g h n e s s  of t he  glass  s u b s t r a t e  
( r e l a t i v e  r o u g h n e s s ) .  The  c h a n g e  in  r e l a t i v e  r o u g h -  
ness  w i t h  t i m e  in d r y  a i r  a t  20~ is s h o w n  in th i s  
f igure.  A l l  t he  m e t a l s  s tud ied ,  e x c e p t  gold,  u n d e r g o  
an  i nc rea se  in  su r f ace  a r e a  as a r e s u l t  of ag ing  in 
d r y  air .  F i g u r e  2 shows  e l e c t r o n  m i c r o g r a p h s  p r e -  
p a r e d  b y  su r f ace  r ep l i ca t i on ,  c o m p a r i n g  the  su r face  
of a f r e sh ly  p r e p a r e d  coppe r  f i lm wi th  a c o p p e r  f i lm 
t h a t  has  been  e xpose d  to d r y  a i r  for  107 d a y s  a t  
20~ The  m i c r o g r a p h s  conf i rm the  r o u g h e n i n g  of 
t he  f i lm w i t h  t ime .  

A n  inc rea se  in roughness ,  s im i l a r  to t h a t  in  d r y  
air ,  was  o b s e r v e d  for  P e r m a l l o y  f i lms in  v a c u u m  
and  d r y  he l ium.  H o w e v e r ,  100% r e l a t i v e  h u m i d i t y  
a p p e a r s  to i nh ib i t  t he  r o u g h e n i n g  m e c h a n i s m .  F i g u r e  
3 shows  the  change  in r o u g h n e s s  o b t a i n e d  for  P e r m -  
a l l oy  f i lms in  d i f fe ren t  e n v i r o n m e n t s .  The  d a t a  h a v e  

2 T h i s  v a l u e ,  a n d  a l l  o t h e r  r o u g h n e s s  v a l u e s  o b t a i n e d  i n  t h i s  i n -  
v e s t i g a t i o n ,  is  ba sed  on  ca l cu l a t i ons  u s i n g  20.5A ~ as t he  area  of  
su r face  cove red  b y  one  H M A B  molecu le .  Th i s  f igu re  ha s  no t  b e e n  
ve r i f i ed  e x p e r i m e n t a l l y  and,  t he re fo re ,  a l l  r o u g h n e s s e s  r e p o r t e d  i n  
t h i s  i n v e s t i g a t i o n  s h o u l d  be  c o n s i d e r e d  as r e l a t i ve .  
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Fig. 1. Change in relative roughness (roughness of film/roughness 
of glass) with time in dry air. 
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Fig. 2. Electron micrograph of freshly evaporated copper film 
(left) and copper film after 107 days in dry air environment at 20~ 
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Fig. 3. Change in relative roughness for Permalloy in various 
environments. All roughnesses normalized to an initial roughness of 
1. FI, dry air; X, vacuum; A ,  dry helium; �9 100% RH helium; 
-t-, 100% RH air. 

been  n o r m a l i z e d  to an  in i t i a l  r o u g h n e s s  of 1.0 to 
f ac i l i t a t e  c o m p a r i s o n  w i t h  o t h e r  sys tems .  S p u t t e r e d  
P e r m a l l o y  f i lms gave  r e su l t s  i d e n t i c a l  to those  o b -  
t a i n e d  for  e v a p o r a t e d  P e r m a l l o y .  

A l t h o u g h  P e r m a l l o y  f i lms e x h i b i t e d  a n  i nc rea se  
in  su r f ace  a r e a  in  d r y  h e l i u m  and  v a c u u m  s i m i l a r  
to t ha t  in d r y  air ,  th is  was  no t  o b s e r v e d  for  a n y  
o t h e r  me ta l .  F i g u r e  4 shows  the  r e su l t s  o b t a i n e d  b y  
ag ing  i ron  f i lms in v a r i o u s  e n v i r o n m e n t s .  N icke l  and  
copper  gave  s i m i l a r  resu l t s .  I t  can  be  seen  t h a t  
t he  ag ing  effect on these  m e t a l s  is s u p p r e s s e d  in a l l  
e n v i r o n m e n t s  o the r  t h a n  d r y  air .  Aga in ,  the  d a t a  
have  been  n o r m a l i z e d  to an  in i t i a l  r o u g h n e s s  of 
1.0. 

S i m i l a r  o b s e r v a t i o n s  w e r e  no ted  a t  150~ (Fig .  
5) .  I t  is seen  t h a t  the  r o u g h e n i n g  of P e r m a l l o y  f i lms 
was  i d e n t i c a l  in d r y  a i r  and  in d r y  he l ium.  The  i ron  
films, a l t h o u g h  e x h i b i t i n g  a c o n s i d e r a b l e  i nc rea se  in  
r o u g h n e s s  in  d r y  air ,  d id  no t  r o u g h e n  in a d r y  h e -  
l i u m  e n v i r o n m e n t .  

Discussion 
As seen in Fig. 1, the f i lms studied show di f fer ing 

roughness in the i r  i n i t i a l  state. These in i t i a l  rough- 
nesses  a r e  in  the  i nve r se  o r d e r  of t he  r e c r y s t a l l i z a -  
t ion  t e m p e r a t u r e  or  m e l t i n g  po in t s  of t h e  me ta l .  
In  fact ,  a p lo t  of i n i t i a l  r o u g h n e s s  v s .  m e l t i n g  po in t  
of t he  m e t a l  is n e a r l y  l inea r .  S ince  a l l  of t h e  
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Fig. 4. Change in relative roughness for iron in various en- 
vironments, i-I, dry air; X, vacuum; ZI, dry helium; �9 100% RH 
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Fig. 5. Roughening of Permalloy and iron films at 150~ F-l, 
Permalloy in dry air; /k, Permalloy in dry helium; �9 iron in dry air; 
X, iron in dry helium. 

e v a p o r a t i o n s  w e r e  c a r r i e d  ou t  a t  a cons t an t  s u b -  
s t r a t e  t e m p e r a t u r e ,  the  m e t a l s  w i t h  l o w e r  r e c r y s -  
t a l l i z a t i on  t e m p e r a t u r e s  w i l l  e x h i b i t  m o r e  c r y s t a l  
g rowth .  This  p rocess  shou ld  l e a d  to an  inc rease  in 
su r face  roughness ,  e x p l a i n i n g  the  in i t i a l  po in t s  in 
Fig .  1. As  an  a l t e r n a t i v e  poss ib i l i t y ,  t he  l o w e r  m e l t -  
ing po in t  m e t a l s  m a y  have  m o r e  m o b i l i t y  on the  
s u b s t r a t e  and  m o r e  c l u m p i n g  of  t he  f i lm m a y  occur.  

The  r o u g h e n i n g  of t h in  m e t a l l i c  f i lms a t  r o o m  
t e m p e r a t u r e  m a y  be  due  to an  o x i d a t i o n  p rocess  or  
to an  a tomic  r e a r r a n g e m e n t .  The  fac t  t h a t  go ld  f i lms 
do no t  age  u n d e r  a n y  of the  condi t ions  s t u d i e d  sug-  
ges ts  a m e c h a n i s m  i n v o l v i n g  ox ida t ion .  The  f a i l u r e  
of Cu, Ni, a n d  F e  to  r o u g h e n  u n d e r  n o n o x i d i z i n g  
cond i t ions  l ends  s u p p o r t  to th i s  m e c h a n i s m  in these  
cases. The  i nh ib i t i ng  effect of  m o i s t u r e  m a y  be  due  
to the  a d s o r p t i o n  of a l a y e r  of w a t e r  on the  su r f ace  
of the  film, i n h i b i t i n g  the  o x i d a t i o n  process .  Such  
inh ib i t i on  of o x i d a t i o n  b y  w a t e r ,  a l t h o u g h  c e r t a i n l y  
u n u s u a l  for  i ron,  is not  u n k n o w n  for  o t h e r  m a t e -  
r ia l s  (6, 7).  

Resu l t s  for  P e r m a l l o y  a r e  of t he  g r e a t e s t  i n -  
t e res t ,  p a r t i c u l a r l y  s ince  ox ides  a r e  t h o u g h t  to  p l a y  
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a role in the origin of an iso t ropy in magnet ic  films 
(8).  In this case, resul ts  are different  f rom those 
obtained for the una l loyed  metals.  As for Ni or 
Fe films, mois ture  is seen to inhibi t  the  aging proc-  
ess. However ,  Pe rma l loy  is seen to age in nonoxidiz-  
ing a tmospheres  provided  they  are dry. This may  
imply  tha t  aging in Pe rma l loy  is due to diffusion 
of oxygen or oxides to the surface f rom the in ter ior  
of the film. Such a model  has prev ious ly  been sug- 
gested to expla in  the origin of the magnet ic  an i -  
sotropy (9).  Wha tever  the dr iv ing force for this  mi -  
gration, it is inhibi ted  by  a wa te r  l aye r  at  the sur -  
face. Clearly,  such an in te rp re ta t ion  cannot be r igor-  
ously d rawn  from the ava i lab le  data,  and a t ru ly  
sa t i s fac tory  explana t ion  of this da ta  cannot  be made 
at  this time. 

Exper iments  a t  150~ fu r the r  suppor t  the  con- 
clusions d r a w n  from room t empera tu re  studies. In 
the case of Pe rma l loy  an addi t ional  mechanism, 
leading to subsequent  smoothening of the films, 
seems to be in operat ion at  this t empera ture .  

I t  has been shown tha t  th in  meta l l ic  films be-  
come rougher  on aging at  room t empera tu re  due to 
an oxida t ive  process. The process is inhibi ted  by  
moisture.  Pe rma l loy  films also become rougher  in 
nonoxidizing environments ,  p rovided  mois ture  is 
absent.  This process is not unders tood at the presen t  
time. 
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Brief Con m n cadon @ 
Incorporation of Boron into Epitaxially Grown Silicon 

Y. Matukura, K. Suzuki, and Y. Miura 

Semiconductor Division, Nippon Electric Company, Limited, Kawasaki, Japan 

Theuerer  (1) and Corr igan (2) have repor ted  the 
incorporat ion of boron into silicon dur ing  ep i tax ia l  
growth.  The t ransfe r  rat io  ( the rat io  of bo ron - to -  
silicon rat io  in solid to boron- to-s i l icon  rat io  in gas) 
of boron f rom BBr8 con ta ined  in SIC14 into the epi-  
t ax ia l ly  grown silicon is smal ler  than  uni ty  and 
depends on the f ract ion of BBr8 in the SIC14 solu- 
tion. These proper t ies  cannot  be unders tood by  con- 
s idering alone the s imple react ions such as the re -  
duct ion of BBr3 by hydrogen.  Here,  we repor t  on 
the ep i tax ia l  growth of p - t y p e  silicon by  using SIC14 
solution containing a la rger  amount  of BBr~ than  
tha t  no rma l ly  contained as a doping source, and 
by  using a p rehea t ing  chamber  a n d / o r  a w a t e r -  
cooled reduct ion chamber.  

BBr~ is mixed  wi th  SIC14 in an argon a tmosphere  
so tha t  the fract ion of BBrs is 11.4, 1.17, or 0.11 
mole %. Hydrogen  gas samples sa tu ra ted  wi th  the 
above and with  nondoped SIC14 solution are in t ro-  
duced together  into the deposit ion chamber  as shown 
in Fig. 1. When the prehea t ing  chamber  is opera ted  
above room tempera tu re ,  the cooling wa te r  of the 

deposit ion chamber  is removed.  The epi tax ia l  growth  
is car r ied  out at  1220~ wi th  the flow ra te  of 1 
l i t e r / m i n  H2 gas containing app rox ima te ly  3 mole % 
of the mix tu re  of SIC14 and BBr~. Resis t iv i ty  and 
Hal l  coefficient measurements  on the grown p - t y p e  
layers  show tha t  impuri t ies  wi th  deep levels a re  
not incorpora ted  into the grown layer .  The boron 
concentra t ion of the p - t y p e  growth  layer  is de-  
t e rmined  f rom the res is t iv i ty  measurements .  Epi-  
t ax ia l  layers  wi th  reproducib le  resis t ivi t ies  are ob- 
ta ined by  this method.  

o o o o o  

Fig. 1. Apparatus for silicon film growth by the hydrogen re- 
duction of SiCI4. 
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The  t r a n s f e r  r a t io  is o b t a i n e d  w i t h o u t  us ing  the  
p r e h e a t i n g  and  w a t e r  cooling,  and  t h e  r e su l t s  a r e  
s h o w n  in Fig.  2, in w h i c h  the  t r a n s f e r  r a t i o  is g iven  
as a func t ion  of  t he  b o r o n - t o - s i l i c o n  a t o m  r a t i o  in 
t he  gaseous  phase .  I t  is seen  t h a t  t he  t r a n s f e r  r a t i o  
i nc reases  w i t h  i n c r e a s i n g  b o r o n - t o - s i l i c o n  a t o m  
ra t io  in  t he  r e a c t a n t  gases  in the  r a n g e  b e l o w  10 -4 , 
w h i l e  in  t he  r a n g e  a b o v e  10 -4 the  t r a n s f e r  r a t i o  is 
shown  to be  a p p r o x i m a t e l y  0.2. These  t endenc ie s  
a r e  in  a g r e e m e n t  w i t h  T h e u e r e r ' s  a n d  C o r r i g a n ' s  
resu l t s .  The  depos i t i on  t e m p e r a t u r e  is v a r i e d  ove r  
t he  r a n g e  1150~176 b u t  the  r e su l t s  o b t a i n e d  
show t h a t  the  t r a n s f e r  r a t i o  does no t  d e p e n d  on the  
depos i t i on  t e m p e r a t u r e  in  t he  a b o v e  range .  

The  r e m a r k a b l e  in f luence  of the  p r e h e a t i n g  con-  
d i t ion  on the  t r a n s f e r  r a t i o  is s h o w n  in Tab le  I. In  
t he  case of a p r e h e a t i n g  cond i t ion  of 820~ s l igh t  
decompos i t i on  of SIC14 can  be  seen  on the  q u a r t z  
t u b e  of t he  p r e h e a t e r ,  w h i l e  a t  750~ no depos i t i on  
of s i l icon can  be  obse rved .  The  s i l icon l a y e r s  d e -  
pos i t ed  us ing  the  w a t e r - c o o l e d  depos i t i on  c h a m b e r  
h a v e  s c a t t e r e d  v a l u e s  of r e s i s t i v i t y  r a n g i n g  f r o m  
1 to 12 o h m - c m .  

As  shown  in Fig.  2, the  t r a n s f e r  r a t io  does  no t  d e -  
p e n d  on t h e  mole  p e r  cen t  of BBr8 in the  SIC14 

Table I. Transfer ratio obtained for various preheating conditions 

Preheating Resistivity of Transfer 
condition, ~ grown layer, ohm-era ratio 

820 0.05 0.6 
750 1 0.03 
25 1 0.03 

Water -cooled*  ~ 5  ~0.006 

* Data obtained have scattered values of resistivity. 

so lu t ion  used  as a gas dop ing  source.  This  f ac t  i n d i -  
ca tes  t h a t  r e a c t i o n  of BBr3 and  SIC14 in t he  l iqu id  
p h a s e  does  no t  affect  the  t r a n s f e r  r a t i o  o f  boron .  
C o r r i g a n  (2)  has  r e p o r t e d  t h a t  t he  use  of BC13 as a 
dop ing  m a t e r i a l  g ives  the  s a m e  r e su l t s  as t h a t  ob -  
t a i n e d  w i t h  BBr~. As  s h o w n  in Tab le  I, t he  p r e -  
h e a t i n g  processes  at  750 ~ and  25~ g ive  t he  s ame  
v a l u e  of t r a n s f e r  ra t io .  In  t he  gaseous  phase ,  t h e r e -  
fore ,  the  r e a c t i o n  of BBr3 and  SIC14 does  no t  affect  
t he  i n c o r p o r a t i o n  of boron.  

The  p r e h e a t i n g  p rocess  a t  t e m p e r a t u r e s  such  t ha t  
t h e  de c ompos i t i on  of  SiCI~ occurs  r e su l t s  in  a l a r g e  
i nc rea se  of t r a n s f e r  ra t io .  In  th is  case, t h e  d e -  
compos i t i on  of SIC14 in t he  p r e h e a t i n g  c h a m b e r  
g ives  a change  in  b o r o n - t o - s i l i c o n  r a t i o  in  t he  
gaseous  phase  and  the  g r o w t h  r a t e  of t he  s i l icon 
l a y e r  dec reases  f r o m  1 to 0.8 # / m i n .  H o w e v e r ,  th is  
c anno t  be  r e s p o n s i b l e  for  such  a l a r g e  i nc rea se  in 
t r a n s f e r  ra t io .  On  the  o t h e r  hand ,  e p i t a x i a l  g r o w t h  
us ing  the  w a t e r - c o o l e d  c h a m b e r  g ives  s m a l l  a n d  i r -  
r e g u l a r  va lues  of t h e  t r a n s f e r  r a t i o  in  c o m p a r i s o n  
w i t h  t ha t  o b t a i n e d  b y  us ing  the  p r e h e a t i n g  a n d / o r  
t he  r o o m  t e m p e r a t u r e  c h a m b e r ,  in sp i te  of  t he  
fact  t h a t  BBra is d e c o m p o s e d  m o r e  e a s i l y  b y  h y -  
d r o g e n  t h a n  b y  SIC14. 

The  a b o v e - m e n t i o n e d  p r o p e r t i e s  i nd i ca t e  t h a t  
bo ron  does  not  i n c o r p o r a t e  d i r e c t l y  f r o m  the  f o r m  
of BBr3 into  s i l icon d u r i n g  the  e p i t a x i a l  g r o w t h  
us ing  SIC14, b u t  i n c o r p o r a t e s  t h r o u g h  o t h e r  i n t e r -  
m e d i a t e  p r o d u c t s  of boron .  I f  i t  is a s s u m e d  tha t  
these  i n t e r m e d i a t e  p r o d u c t s  a r e  f o r m e d  s i m u l -  
t a n e o u s l y  w h e n  SIC14 is r e d u c e d  b y  h y d r o g e n ,  the  
r e su l t s  shown in T a b l e  I w i l l  be  r ea sonab le .  These  
p r o d u c t s  m a y  be  a c o m p l e x  composed  of s i l icon,  
boron,  ch lor ine ,  a n d / o r  b r o m i n e .  F u r t h e r m o r e ,  if 
i t  is a s s u m e d  t h a t  these  p r o d u c t s  have  two  or  m o r e  
bo ron  a toms,  the  dec rea se  of t r a n s f e r  r a t i o  w i t h  
decreasing boron-to-silicon atom ratio can be un- 
derstood, that is, it seems that the incorporation of 
boron into silicon during the decomposition of SIC14 
is not caused by a reaction of the first order but of 
higher orders, of boron in gaseous phase. 
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ABSTRACT 

The discharged state of the i ron (Edison) e lect rode in a lka l ine  solution 
has been repor ted  h is tor ica l ly  as a number  of mater ia ls ,  usua l ly  as e i ther  FeO 
or Fe(OH)2.  Recent  x - r a y  c rys ta l log raphy  data, obta ined  independen t ly  in 
the  two labora tor ies  r ep resen ted  by the authors,  indicates  the  ma te r i a l  to be 
F e ( O H )  2 or FeaO4, depending  on the condit ions of discharge.  X - r a y  pa t te rns  
were  obta ined by  in situ techniques wi th  e lectrodes cycled in sealed po ly -  
e thy lene  bags, as wel l  as wi th  washed  and dr ied  active mater ia ls .  

The  a l k a l i n e  i ron  e l ec t rode  was  i n v e s t i g a t e d  b y  
both  T h o m a s  A. Ed i son  and  W a l d e m a r  J u n g n e r  for  
use as  a n e g a t i v e  e lec t rode ,  w i t h  d i f fe ren t  t y p e s  of 
n i cke l  h y d r o x i d e  pos i t i ve  e lec t rodes ,  and  was  
b r o u g h t  to a c o m m e r c i a l  p r o d u c t  b y  Ed ison  a p p r o x i -  
m a t e l y  60 y e a r s  ago. The  c h a r g e d  ac t ive  m a t e r i a l  
has  b e e n  cons i s t en t ly  r e p o r t e d  as F e  f r o m  the  e a r l i -  
est  m e n t i o n s  of t he  sy s t em in t he  l i t e r a t u r e ,  excep t  
for  one p a t e n t  of J u n g n e r ' s  (1)  w h i c h  ind i ca t e s  the  
c h a r g e d  m a t e r i a l  to be  F e ( O H ) 2 .  H o w e v e r ,  t he  d i s -  
c h a r g e d  ac t ive  m a t e r i a l  has  been  r e p o r t e d  at  v a r i o u s  
t imes  a t  F e O  (2) ,  F e ( O H ) 3  (1) ,  F e ( O H ) 2  (3) ,  and  
Fe304 (4) .  S ince  the  a c t u a l  iden t i f i ca t ion  of the  m a -  
t e r i a l  h a d  in g e n e r a l  been  done  b y  a n a l y t i c a l  c h e m i -  
cal  r a t h e r  t h a n  c r y s t a l l o g r a p h i c  t echn iques ,  a r e i n -  
ve s t i ga t i on  of the  d i s c h a r g e d  i ron  ac t ive  m a t e r i a l  
was  in i t i a t ed .  

The  mos t  t h o r o u g h  and  e x t e n s i v e  of the  e a r l y  r e -  
sea rches  in to  the  e l e c t r o c h e m i s t r y  of t he  a l k a l i - i r o n  
p o w d e r  e l ec t rode  w e r e  those  of F o e r s t e r ,  H e r o l d  and  
the i r  assoc ia tes  ( 3 , 5 )  in t he  p e r i o d  1905-1910. 
F o e r s t e r  found  two  p o t e n t i a l  s tages  on d i s c h a r g i n g  
i ron  e l ec t rodes  and  s t a t ed  t h a t  t he  f irst  s t age  was  
connec t ed  w i t h  the  r e a c t i o n  

Fe  + 2 O H -  ~ F e ( O H ) 2  + 2e [1]  

and  the  second  s t age  

F e ( O H ) 2  + O H -  ~ F e ( O H ) 3  + e [2]  

C h e m i c a l  ana lys i s  c a r r i e d  ou t  on t h r e e  s a m p l e s  of 
ac t ive  i ron  a f t e r  s t age  I i n d i c a t e d  64-69% me ta l l i c  
i ron,  19-22% va l ence  two  iron,  and  11-14% va l e nc e  
t h r e e  iron.  But ,  F o e r s t e r  a t t r i b u t e d  the  3 - v a l e n t  i ron  
to a d i s t u r b a n c e  connec t ed  w i t h  a i r  ox ida t ion .  
K r a s s a  (4) ,  h o w e v e r ,  f ound  a m i x t u r e  of F e ( O H ) 2  
and  Fe304 at  a s i m i l a r  po in t  of  d i scharge .  A f t e r  
s tage  II,  F o e r s t e r  f o u n d  39-43% m e t a l l i c  i ron,  16.2- 
16.9% v a l e n c e  two  iron,  and  40-45% va l ence  t h r e e  
iron.  

R e c e n t  e l e c t r o c h e m i c a l  s tud ies  h a v e  been  c a r r i e d  
out  b y  W i n k l e r  (6)  and  F r u m k i n  (6)  and  his 
associates .  

Experimental 
The  i ron  ac t ive  m a t e r i a l  i n v e s t i g a t e d  b y  the  

A m e r i c a n  c o - a u t h o r s  was  o b t a i n e d  f rom the  N icke l  
A l k a l i n e  B a t t e r y  Div i s ion  of t h e  E lec t r i c  S t o r a g e  

B a t t e r y  C o m p a n y  (successors  to t he  Ed i son  S to r age  
B a t t e r y  C o m p a n y ) .  The  m a t e r i a l  i n v e s t i g a t e d  b y  the  
S w e d i s h  c o - a u t h o r  was  p r e p a r e d  b y  the  S v e n s k a  
A c k u m u l a t o r  A B  J u n g n e r .  In  a d d i t i o n  to t hese  m a -  
te r ia l s ,  p r e p a r e d  b y  the  c o n v e n t i o n a l  Ed i son  t y p e  
processes  d e s c r i b e d  in the  l i t e r a t u r e  (7 ) ,  i ron  ac t ive  
m a t e r i a l  m a d e  b y  e l e c t r o l y t i c  depos i t i on  was  also 
checked.  These  p r e p a r a t i o n s  r e su l t  in s l i g h t l y  d i f f e r -  
en t  ma te r i a l s .  N A B D  and  e l e c t r o l y t i c a l  p r e p a r a t i o n s  
r e s u l t  in a m a t e r i a l  w h i c h  is so le ly  a m i x t u r e  of 
i ron  and  i ts  ox id i zed  form.  The  f o r m e r  con t a ined  a 
s l igh t  a m o u n t  of a d d e d  su l fur ,  t he  l a t t e r  con-  
t a i n e d  none.  On the  o t h e r  hand ,  t he  m a t e r i a l  p r e -  
p a r e d  f r o m  the  J u n g n e r  p rocess  c o n t a i n e d  a sma l l  
a m o u n t  of c o p r e c i p i t a t e d  c a d m i u m .  The  p o w d e r  m a -  
t e r i a l s  b e f o r e  f o r m i n g  into  e l ec t rodes  w e r e  i d e n t i -  
fied b y  x - r a y  d i f f rac t ion  as a m i x t u r e  of ~Fe  and  
Fe~O4 for  the  A m e r i c a n  m a t e r i a l s  and  aFe ,  Fe80~, 
and  CdO for  t he  S w e d i s h  m a t e r i a l .  The  ac t ive  m a -  
t e r i a l  p o w d e r s  w e r e  c o m p r e s s e d  b e t w e e n  w o v e n  
n i cke l  sc reens  in to  pe l l e t s  of t he  t y p e  used  in n i c k e l -  
c a d m i u m  b u t t o n  cel ls  and  cyc led  b e t w e e n  a pa i r  of 
s t a n d a r d  s i n t e r e d - n i c k e l  pos i t i ve  e l ec t rodes  (4.2 cm 
x 5 c m x  0.6 r am)  in  20% KOH.  In  the  first  a p p r o a c h  
to p r e p a r i n g  the  m a t e r i a l s  for  x - r a y  e x a m i n a t i o n  
the  pe l l e t s  w e r e  r e m o v e d  f r o m  t h e  e l ec t ro ly t e ,  
w a s h e d  in r u n n i n g  w a t e r  for  16 hr ,  and  t h e n  r i n s e d  
in ace tone  t h r e e  or  fou r  t i m e s  to r e m o v e  r e s i d u a l  
w a t e r  and  a i r - d r i e d .  These  tes t s  w e r e  c a r r i e d  ou t  
w i t h  m a t e r i a l s  in va r i ous  s tages  of c h a r g e  or  d i s -  
charge ,  and  on e x t e n s i v e l y  cyc led  as w e l l  as f r e sh  
ac t ive  m a t e r i a l .  The  x - r a y  re f lec t ions  o b t a i n e d  a l -  
w a y s  c o r r e s p o n d e d  to t h e  A S T M  p a t t e r n s  for  a F e  
a n d  Fe304. In  r e t ro spec t ,  i t  a p p e a r s  t h a t  o x y g e n  
in t h e  w a t e r ,  and  a i r  o x y g e n  as wel l ,  w e r e  r e a c t i n g  
w i t h  F e ( O H ) e  to f o r m  Fe304. 

A n o t h e r  ser ies  of e x p e r i m e n t s  was  c o n d u c t e d  w i t h  
b u t t o n  pe l l e t  e l ec t rodes  w h i c h  w e r e  w a s h e d  in a 
r e d u c i n g  so lu t ion  of d i s t i l l ed  w a t e r  and  i n v e r t  suga r  
for  1 hr,  r i n s e d  in ace tone ,  and  a i r  d r ied .  The  i n v e r t  
suga r  r e d u c t i o n  so lu t ion  was  o b t a i n e d  b y  i n v e r t i n g  
a 10% sucrose  so lu t ion  w i th  30 c c / l i t e r  of 87 w e i g h t  
p e r  cent  H2SO4. This  was  d i l u t e d  f u r t h e r  to d i f fe ren t  
concen t ra t ions .  I t  was  o b s e r v e d  t ha t  w h e n  the  w a s h -  
ing  was  c o n d u c t e d  w i t h  so lu t ions  of c o n c e n t r a t i o n  
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grea te r  t h a n  0.05%, the  r educ ing  sugars  i n t e r ac t ed  
wi th  the d ischarged ma te r i a l  of the  i ron  electrodes,  
so tha t  on ly  x - r a y  pa t t e rn s  of a lpha  i ron  were  ob-  
ta ined.  W h e n  r insed  in  r educ ing  sugar  solut ions  of 
0.05% the i ron  electrodes  were  s table  and  did no t  
heat  on exposure  to air ;  the  l a t t e r  p h e n o m e n o n  was 
observed  w h e n  the electrodes were  washed  in  pu re  
dis t i l led water .  A th i rd  series of e x p e r i m e n t s  was  
conducted  in  which  a pel le t  of act ive i ron  m a t e r i a l  
was  cycled aga ins t  a n icke l  hyd rox ide  electrode 
sealed in a po lye thy l ene  bag. This t e chn ique  has 
p rev ious ly  been  repor ted  by  Fa lk  (8) and  e l imina tes  
the poss ibi l i ty  of a change  in chemical  composi t ion  
due to air  oxidat ion,  washing ,  or d ry ing ,  and  is a 
modif icat ion of the t echn ique  repor ted  by  Sa lk ind  
and  Bru ins  (9) .  X - r a y s  were  t aken  t h rough  the  bag 
for three  or more  cycles of charge and  discharge.  
In  the  in  s i tu  x - r a y  e x p e r i m e n t s  car r ied  out  in  
Sweden ,  c u r r e n t  was  m a i n t a i n e d  on the electrodes 
con t inuous ly  in  order  to s tabi l ize the  act ive m a t e -  
r ial  and  to p r e v e n t  open c i rcui t  react ions.  

Results 
The charged act ive mate r ia l ,  in  all  cases, y ie lded  

x - r a y  pa t t e rn s  l is ted in  the ASTM file (10) as be -  
l ong ing  to ~Fe. 

The c rys ta l lographic  da ta  ob ta ined  wi th  the  last  
two methods  of s tabi l iz ing electrodes discussed in  
the e x p e r i m e n t a l  section, were  s imilar .  The  m a t e r i a l  
found  in  the  ear ly  pa r t  of the d ischarge  curve  of 
i ron  electrodes fits exac t ly  the A S T M  p a t t e r n  for 
Fe (OH)e. A typ ica l  d ischarge  curve  for the  po ten t i a l  
of an  i ron electrode d ischarged at  the  5 -h r  ra te  
m e a s u r e d  aga ins t  a H g - H g O - 2 0 %  KOH re fe rence  is 
shown  in  Fig. 1. A first vol tage  p l a t eau  exis ted un t i l  
the  discharge vol tage  of --0.85v aga ins t  the r e f e r -  
ence was obta ined.  D u r i n g  this  p l a t eau  on ly  p a t t e r n s  
of F e ( O H ) e  and  aFe were  observed w h e n  in  s i tu  
t echn iques  were  used wi th  the Swedish  i ron as is 
shown in  Fig. 2. W h e n  the r educ ing  solut ion t ech-  
n ique  was used wi th  the  A m e r i c a n  i ron  the  p a t t e r n  
con ta ined  the reflections of FesO~ as wel l  as F e ( O H ) ~  
and  ~Fe as g iven  in  Tab le  I. These differences m a y  
be a t t r i b u t a b l e  to reac t ion  wi th  oxygen  con ta ined  
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Fig.  1. Discharge curve for an iron electrode measured against a 
Hg-HgO reference in 20% KOH. 
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Fig. 2. X-ray patterns from iron electrodes obtained by in situ 
bag cycling technique. 

in the  wash  solut ion.  However ,  it  is also possible 
tha t  the C d - c o n t e n t  of the  Swedish  i ron  t ends  to 
s tabi l ize  tha t  ma te r i a l  at the F e ( O H ) 2  stage aga ins t  
chemical  reac t ion  wi th  oxygen.  On c o n t i n u a t i o n  of 
d ischarge  a second vo l t age  r a nge  was  obta ined ,  
which,  a l though  not  a t rue  p la teau ,  was in  the r ange  
of --0.5 t o - - 0 . 6 5 v .  The x - r a y  reflections ob ta ined  
for ma te r i a l  in  this  region  fit the  ASTM p a t t e r n  for 
FesO4. In  both  vo l tage  regions  reflections of u n -  
d ischarged  .~Fe were  obta ined.  

The ASTM s t anda rd  l ines  for aFe,  F%O4, FeO, and  
F e ( O H ) 2  are inc luded  in  Tab le  I for compar ison.  No 
un iden t i f i ab le  re f rac t ion  l ines  were  e nc oun t e r ed  
wi th  the A m e r i c a n  i ron  ma te r i a l s  except  a m i n o r  
peak  at 2.22A, which  appeared  w h e n e v e r  s t rong 
pa t t e rn s  of ~Fe were  obta ined.  

Discussion and Conclusions 
The c rys ta l lographic  da ta  ind ica te  tha t  the ha l f -  

cell reac t ion  at the  i ron  a lka l ine  electrode is in i t i a l ly  

Fe -F 2 O H -  -> F e ( O H ) 2  + 2e [1] 

conf i rming  the ear l ie r  e x p e r i m e n t s  of Foers te r  and  
co-workers .  

On complete  d ischarge  the  reac t ion  

3Fe ~ + 8 (OH)  - ~ FesO4 + 4H20 [3] 

takes  place. The au thors  reca lcu la ted  the  chemical  
ana lys i s  repor ted  by  Foers te r  for  ma te r i a l  a f ter  
stage II, deduc t ing  the a m o u n t  of Fe ~+ a t t r i b u t e d  by  
Foers te r  (a f te r  stage I) to a d i s tu rbance  connec ted  
wi th  air  oxidat ion,  and  found  tha t  the reca lcu la ted  
data  a p p r o x i m a t e l y  fit the  s to ich iomet ry  of FeaO4. 

If these equa t ions  are combined  wi th  the  n icke l  
e lectrode ha l f -ce l l  reac t ion  proposed by  W y n n e -  
Jones  et al. (11),  S a l k i nd  and  B r u i n s  (9) ,  F a l k  (8) ,  
C o n w a y  and  Bour ga u l t  (12),  Korn fe i l  (13) and  
others 

H20 + flNiOOH* + e ~ Ni (OH)2*  + ( O H ) -  [4] 

where  the  * indicates  u n k n o w n  a moun t s  of h y d r a -  
t ion and  adsorbed alkali ,  t hen  the cell reac t ions  in  
the  n icke l  i ron cell are  
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(~-Fe 

A S T M  S t a n d a r d s  

FesO4 FeO Fe(OH)2 

E x p e r i m e n t a l  d a t a  

D i s c h a r g e  
t o  - -  0 . 8 5 v *  0 . 0 0 "  + 0 ,60*  

d, A 1/11 

2.03 100 

1.43 19 

4.85 40 4.61 
2.97 70 2.82 
2.53 100 

2.49 80 
2.42 10 

2.15 100 
2.10 70 

1.71 60 

1.61 85 

1.52 
1.48 85 

60 

80 4.59 
50 

2.52 

2.42 100 2.41 

1.79 28 

1.64 36 

1.54 20 

2.53 2.51 

2.03 2.03 2.03 

1.43 1.43 1.43 

* V o l t a g e s  v s .  H g - H g O  r e f e r e n c e .  

2flNiOOH~ + 2 H 2 0 + F e ~ F e  (OH) 2+ 2Ni (OH) e ~ [5] 

and  

8flNiOOH ~ + 4H20 + 3 F e ~ F e 3 0 4  + 8Ni (OH)2  ~ [6] 

Equa t i on  [5] agrees wi th  the  reac t ion  repor ted  by  
Glemse r  and  E i n e r h a n d  (14) who used it  in  the i r  
s tudy  of the  n icke l  electrode.  The au thors  rechecked 
the records of the Nickel  A l k a l i n e  Ba t t e ry  Divis ion 
of The Electr ic  Storage Ba t t e ry  C o m p a n y  to ascer-  
t a in  how the  o r ig ina l  ident i f ica t ion of the  ma te r i a l  
as FeO was made.  The d ischarged  m a t e r i a l  had  been  
found  to have  a p p r o x i m a t e l y  equa l  s to ichiometr ic  
quan t i t i e s  of oxygen  and  iron,  and  it was on this  
basis  tha t  the ma te r i a l  was ident if ied as FeO in  the  
ea r ly  records.  A recen t  recheck of the p re sen t  ac- 
t ive  m a t e r i a l  indica tes  the same chemis t ry .  The  a u -  
thors  feel tha t  the o v e r - a l l  s to ich iomet ry  of a lmost  
equa l  a m o u n t s  of oxygen  and  i ron  can be accounted  
for by  a m i x t u r e  of the two mater ia l s .  The possi-  
b i l i ty  of l umps  of FesO4 h a v i n g  Fe cores m u s t  also 
be considered.  Meta l lograph ic  e x a m i n a t i o n s  at  500 
magnif ica t ion,  ind ica te  tha t  the act ive ma te r i a l  
g ra ins  are composed of an i r r egu l a r  m i x t u r e  of 
two phases,  bu t  the ident i f ica t ion has no t  yet  been  
es tab l i shed  wi th  cer ta in ty .  

The theore t ica l  capaci ty  of i ron  electrodes based 
on Eq. [5] would  be 0.96 A . H . / g r a m  of i ron  and  on 
Eq. [6] 1.28 A . H . / g r a m  of iron. However ,  p rac t ica l  
n i c k e l - i r o n  cells are des igned  wi th  a large excess of 
iron, so the  second vol tage  r ange  of the  i ron  elec- 
t rode is r a r e ly  me t  in  practice.  
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II. Surface Area and Water Content 
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ABSTRACT 

The surface  areas  of na tu ra l  ores, electrolyt ic ,  chemical,  and synthet ic  
hydrous  MnO2 samples  were  de te rmined  by  both l o w - t e m p e r a t u r e  n i t rogen 
gas adsorpt ion  and wa te r  vapor  adsorpt ion  at  25~ using the B.E.T. adsorpt ion  
isotherm relat ionship.  These var ious  types of manganese  dioxides have  dis-  
t inc t ly  different  surface  areas  as de te rmined  by  the two methods.  The wa te r  
content  re ta ined  at  l l 0~  and correc ted  total  wa te r  content  were  found to 
be surface area  dependent .  The synthet ic  hydrous  MnO 2 samples  occupy a 
unique posit ion due to the i r  high wa te r  content.  

The  ease  of e l e c t r o c h e m i c a l  r e d u c t i o n  of a m a n -  
ganese  d iox ide  e l ec t rode  is a f fec ted  b y  the  n u m b e r  
and  d i s t r i b u t i o n  as we l l  as the  s t a t e  of t he  s i tes  
a v a i l a b l e  for  the  r e a c t i o n  of p ro tons  w i t h  the  ox ide  
depo la r i ze r .  I t  is r e cogn i zed  in t he  Lec l anch6  d r y  
cel l  i n d u s t r y  t h a t  the  a c t i v i t y  of an  ox ide  is i n t i -  
m a t e l y  i n v o l v e d  w i t h  i ts  w a t e r  con ten t  and  t h a t  
ox ides  w i t h  h i g h e r  w a t e r  con ten t  o f t en  e x h i b i t  m o r e  
s a t i s f a c t o r y  p e r f o r m a n c e .  The  su r f ace  a r e a  of an  
MnO2 m a t e r i a l  is also k n o w n  to be  an i m p o r t a n t  
p h y s i c a l  p a r a m e t e r  in d e t e r m i n i n g  ca thod ic  p e r -  
fo rmance .  I t  was  t h e r e f o r e  of i n t e r e s t  to s t u d y  the  
c o r r e l a t i o n  of the  w a t e r  con ten t  of ox ides  w i t h  t h e i r  
su r f ace  areas .  In  the  p r e s e n t  work ,  su r f ace  a r eas  
w e r e  d e t e r m i n e d  b y  bo th  l o w - t e m p e r a t u r e  n i t r o g e n  
and  room t e m p e r a t u r e  w a t e r - v a p o r  a d s o r p t i o n  t e c h -  
n iques  and  r e l a t e d  to the  q u a n t i t y  of w a t e r  r e t a i n e d  
at  l l 0 ~  and  the  t o t a l  w a t e r  conten t .  

The  B.E.T. su r f ace  a r e a  (1)  of v a r i o u s  MnO2 s a m -  
p les  has  been  m e a s u r e d  b y  n u m e r o u s  au tho r s  and  
was  found  to d e p e n d  on:  (a )  t he  t y p e  of MnO2 
(2 -13 ) ,  (b )  t he  p r e p a r a t i o n  (4, 7) ,  (c)  t e m p e r a -  
t u r e  of degas s ing  (10, 14),  and  (d )  p a r t i c l e  size 
d i s t r i b u t i o n  (10) .  S e v e r a l  i nves t i ga to r s  have  r e -  
p o r t e d  t h a t  as t h e  MnO2 s a m p l e s  w e r e  h e a t e d  the  
s u r f ace  a r e a  r e m a i n e d  a lmos t  cons t an t  i n i t i a l l y  and  
t hen  d e c r e a s e d  w i t h  i nc r ea s ing  t e m p e r a t u r e  (5-7,  
14).  H i r a i  et al. (15) t r i e d  to m e a s u r e  t he  su r f ace  
a r e a  b y  l i q u i d - p h a s e  a d s o r p t i o n  me thod ,  b u t  no co r -  
r e l a t i o n  was  found  w i t h  B.E.T. su r f ace  area .  Sco t t ' s  
e f fec t ive  su r f ace  a r e a  (16) was  on ly  abou t  12% of 
the  B.E.T. su r f ace  a rea .  

A t t e m p t s  w e r e  m a d e  to c o r r e l a t e  the  B.E.T. s u r -  
face  a r ea  w i t h :  (a)  the  d e p o l a r i z i n g  a c t i v i t y  (3)  
(no t  success fu l ) ,  (b )  d e p o l a r i z i n g  c a p a c i t y  (8)  
( v a l i d  on ly  w i t h i n  t he  s ame  s t r u c t u r e  t y p e ) ,  a n d  
(c)  ion e x c h a n g e  p r o p e r t i e s  (7) ,  Zn + + adso rp t ion ,  
and  a m o u n t  H + r e l e a s e d  (14) ( l i n e a r  d e p e n d e n c e ) .  
The  loss of w a t e r  con ten t  is a s s u m e d  to be  r e s p o n s i b l e  
for  the  s m a l l  i nc rea se  of su r f ace  a r e a  w h e n  the  d e -  
gass ing  t e m p e r a t u r e  is low (10, 14).  A c c o r d i n g  to 
G a t t o w  et  al. (7 ) ,  ~,-MnO2 s a m p l e s  of h i g h e r  su r f ace  
a r eas  con ta in  m o r e  O H -  t h a n  p r o d u c t s  of l o w e r  s u r -  
face  areas .  

l P r e sen t  addres s :  D e p a r t m e n t  of  I n d u s t r i a l  a nd  Engineering 
C h e m i s t r y ,  Swiss  F e d e r a l  I n s t i t u t e  of Techno logy ,  Zur ich ,  Swi t ze r -  
land .  

A d s o r p t i o n  i s o t h e r m s  of MnO2 for  w a t e r  v a p o r  
w e r e  d e t e r m i n e d  b y  F o o t e  et  al. (17) .  T h e y  f o u n d  
t ha t  t he  su r f ace  a d s o r p t i o n  of w a t e r  is m a r k e d l y  
r e d u c e d  on ly  w h e n  the  t e m p e r a t u r e  is r a i s ed  above  
the  decompos i t i on  t e m p e r a t u r e .  H o w e v e r ,  S a s a k i  
et al. (18) and  one of us (19) showed  t h a t  the  
a m o u n t  of w a t e r  a d s o r b e d  dec reases  g r a d u a l l y  w i t h  
the  i nc rea s ing  t e m p e r a t u r e .  On the  bas is  of B.E.T. 
su r f ace  a r ea  and  w a t e r  v a p o r  a d s o r p t i o n  i s o t h e r m s  
of h e a t e d  e l e c t ro ly t i c  MnOe, S a s a k i  et al. (18) 
f o u n d  t ha t  t he  e x p e r i m e n t a l  v a l u e  of t he  w a t e r  
v a p o r  a d s o r p t i o n  is close to t he  v a l u e  c o r r e s p o n d -  
ing to m o n o l a y e r  a d s o r p t i o n  b y  B.E.T. t heo ry .  
N inag i  et al. (20) m e a s u r e d  the  a d s o r p t i o n  i s o t h e r m s  
of w a t e r  v a p o r  on va r i ous  m a n g a n e s e  d iox ides  and  
c a l c u l a t e d  the  a p p a r e n t  su r f ace  area .  T h e y  f o u n d  
t ha t  the  a p p a r e n t  su r face  a r e a  d e p e n d s  on the  c r y s -  
t a l  t y p e  of MnO2 and  dec reases  w i t h  t he  i nc r ea s ing  
t e m p e r a t u r e  of t he  h e a t  t r e a t m e n t .  

The  su r face  a r e a s  of n a t u r a l  ores, e l ec t ro ly t i c ,  
chemica l ,  and  s y n t h e t i c  h y d r o u s  MnOe samples ,  d e -  
s c r ibed  e a r l i e r  (19) ,  w e r e  d e t e r m i n e d  in th is  s t u d y  
b y  bo th  l o w - t e m p e r a t u r e  n i t r o g e n  gas  a d s o r p t i o n  
and  r o o m - t e m p e r a t u r e  w a t e r  v a p o r  adso rp t i on ,  u s -  
ing  the  B.E.T. a d s o r p t i o n  i s o t h e r m  r e l a t i o n s h i p  (1) .  
F u r t h e r m o r e ,  these  su r face  a r e a s  w e r e  c o r r e l a t e d  
w i t h  t he i r  w a t e r  con ten t s  d e t e r m i n e d  p r e v i o u s l y  
(19) .  

Experimental 
Sur face  area d e t e r m i n a t i o n  by  l o w - t e m p e r a t u r e  

N2 adsorp t i on . - - In  o r d e r  to r ea l i ze  a m o r e  r a p i d  
ana lys i s  t ime  and  to avo id  diff icul t ies  n o r m a l l y  e n -  
c o u n t e r e d  w i th  t he  c o n v e n t i o n a l  h i g h - v a c u u m  B.E.T. 
a p p a r a t u s ,  t he  su r face  a r e a s  w e r e  d e t e r m i n e d  b y  
l o w - t e m p e r a t u r e  n i t r o g e n  gas  adso rp t ion ,  d e s c r i b e d  
b y  L o e b e n s t e i n  et al. (21) .  This  s impl i f ied  t e c h -  
n ique  is based  on the  se lec t ive  a d s o r p t i o n  of n i t r o -  
gen  gas  f rom n i t r o g e n - h e l i u m  gas m i x t u r e s  at  
p r e s s u r e s  in t he  o r d e r  of b a r o m e t r i c  p re s su res .  The  
i s o t h e r m  m e a s u r e m e n t  and  ca lcu la t ions  w e r e  n o r -  
m a l l y  c a r r i e d  out  in  less  t h a n  3 hr ,  s ince  t he  a d -  
so rp t ion  e q u i l i b r i a  could  be  a t t a i n e d  r a p i d l y  b y  the  
r e p e a t e d  cyc l ing  of t he  gas  m i x t u r e  t h r o u g h  the  
sample .  F u r t h e r m o r e ,  t ime  was  saved  b y  not  h a v i n g  
to w a i t  to r e m o v e  the  h e l i u m  ( the  p r e s e n c e  of h e -  
l i um does not  i n t e r f e r e  w i t h  t he  a d s o r p t i o n  of N2) 
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and  to recool the  adsorp t ion  tube  pr ior  to admi t t i ng  
n i t r ogen  gas (21).  

L iqu id  n i t r o g e n  is n o r m a l l y  employed  wi th  the  
h igh v a c u u m  B.E.T. appa ra tu s  as the sample  r e -  
f r igeran t .  In  this s tudy,  however ,  the  n i t r o g e n  ad-  
sorpt ion was  measu red  at  the t e m p e r a t u r e  of l iqu id  
oxygen  to ob ta in  an  e x p a n d e d  r ange  of the  pa r t i a l  
pressures .  U n d e r  a p ressure  of 735 m m  Hg, l i qu id  
n i t r ogen  boils at a p p r o x i m a t e l y  77~ whereas  pu re  
l iqu id  oxygen  boils at 90~ It can be r ead i ly  cal-  
cu la ted  tha t  at 90~ l iqu id  n i t r ogen  is in  equ i l i b -  
r i u m  wi th  its vapor  at a p ressure  of 2700 m m  Hg. 
Since the f r ee - su r face  B.E.T. equa t i on  is u sua l l y  
va l id  on ly  wi th  the  adsorba te  in  the re la t ive  p res -  
sure  (p/Po) r ange  of 0.05-0.3, it  is ev iden t  tha t  a 
n i t r ogen  pressure  r ange  of abou t  680 m m  Hg is 
rea l ized at 90~ In  compar ison,  this  work ing  p re s -  
sure  r ange  at 77~ is reduced  to a p p r o x i m a t e l y  180 
m m  Hg. At  the  h igher  t empe ra tu r e ,  the e x p a n d e d  
p ressure  r ange  p rov ided  be t t e r  reso lu t ion  and  con-  
s equen t l y  a more  accura te  i so the rm de t e rmina t ion .  
The pressures  in  the  appa ra tu s  were  m a i n t a i n e d  in  
the r ange  of about  100-900 m m  Hg. Since the  to ta l  
gas m i x t u r e  could not  be a l lowed to g rea t ly  exceed 
ba rome t r i c  pressure ,  it  is ev iden t  tha t  a n i t r ogen  
re la t ive  p ressure  of 0.3 was  the uppe r  l imi t  at 90~ 
Liqu id  n i t r ogen  was the  r e f r i ge r an t  w h e n  it was  de-  
sired to go h igher  t h a n  0.3 p/po. 

A grea t ly  improved  r ep roduc ib i l i t y  was  ob ta ined  
for the  lower  surface  area  samples  by  us ing  a dead -  
space ca l ib ra t ion  p rocedure  di f ferent  f rom tha t  of 
Loebens t e in  et al. (21).  P r io r  to the  d e t e r m i n a t i o n  
of the  n i t r o g e n  adsorp t ion  isotherm,  the  q u a n t i t y  of 
the h e l i u m  ( in  moles)  in  the dead space of the  ap-  
pa ra tus  was  m e a s u r e d  as a func t ion  of the  h e l i u m  
e q u i l i b r i u m  pressure .  For  each ca l ib ra t ion  plot,  a 
s t ra igh t  l ine  should be ob ta ined  which  has to pass 
t h rough  the  or ig in  since h e l i u m  behaves  essen t ia l ly  
as an  ideal  gas, even  at the  t e m p e r a t u r e  of l iqu id  
oxygen.  The slope of this  l ine  can be ve ry  accura te ly  
d e t e r m i n e d  and  fa i lu re  of the  l ine  to pass t h r ough  
the or ig in  indicates  the  ca l ib ra t ion  to be in  error.  

In  the d e t e r m i n a t i o n  of the  n i t r ogen  adsorp t ion  
isotherm,  the  q u a n t i t y  of the  n i t r ogen  in  the  dead 
space is ca lcu la ted  by  m u l t i p l y i n g  the  corrected 
n i t r ogen  gas p ressure  at e q u i l i b r i u m  by  the  va lue  
of the  ca l ib ra t ion  slope. The sur face  area  va lues  are 
ca lcu la ted  by  a me thod  s imi la r  to tha t  used for con-  
v e n t i o n a l  B.E.T. adsorp t ion  i so the rm calculat ions .  

The MnO2 samples  were  o v e n - d r i e d  at l l 0 ~  for 
24 hr  wi th  the  except ion  of syn the t ic  hyd rous  MnO2 
samples  which  were  dr ied  for 48 hr. Each sample  
was t hen  placed in  the  sample  ho lder  b e t w e e n  layers  
of glass wool and  degassed at l l 0 ~  in  a slow s t r eam 
of h e l i u m  gas for 4-8 hr. 

Surface area determination by water  vapor ad- 
sorption at 25~ is k n o w n  tha t  surface areas 
of va r ious  ma te r i a l s  can be ca lcula ted  f rom the  
a m o u n t  of the wa t e r  vapor  adsorbed  d e t e r m i n e d  
e i ther  g r a v i m e t r i c a l l y  or vo lumet r i ca l ly .  N inag i  
et al. (20) d e t e r m i n e d  g r av ime t r i c a l l y  the  w a t e r  
vapor  adsorp t ion  of MnO2 samples  in  va r ious  h u -  
midi t ies  and  ca lcula ted  the  a p p a r e n t  surface  areas 
f rom the  adsorp t ion  isotherms.  In  the  p re sen t  s tudy,  

the g rav ime t r i c  me thod  was selected over  the vo lu -  
met r i c  me thod  because  of its i n h e r e n t  s impl ic i ty  and  
reproduc ib i l i ty .  The sur face  areas of the var ious  
MnO2 samples  were  ca lcula ted  f rom the  wa t e r  
vapor  adsorp t ion  isotherms.  

In i t ia l ly ,  a "stat ic  a tmosphere"  me thod  of wa te r  
vapor  adsorp t ion  on p red r i ed  MnO2 samples  was  
car r ied  out  in  pa r t i a l l y  evacua ted  v a c u u m  desic- 
cators over  va r ious  sa tu ra t ed  sal t  so lu t ions  ( the i r  
P/Po was b e t w e e n  0.1 and  0.3) for at least  three  
days. However ,  this  me thod  was  a b a n d o n e d  in favor  
of the  Nesbi t t  b u l b  " d y n a m i c  method ."  The  Nesbi t t  
absorp t ion  b u l b  was  chosen for the d e t e r m i n a t i o n  of 
the wa te r  vapor  adsorp t ion  at va r ious  r e l a t ive  pres -  
sures (of w a t e r  vapor )  because  the  weigh t  increase  
due  to the  adsorbed wa te r  can be d e t e r m i n e d  w i t h -  
out expos ing  the sample  to the  a m b i e n t  a tmosphere  
and  wi thou t  the  acc identa l  loss of MnO2 sample.  
F u r t h e r m o r e ,  e q u i l i b r i u m  in  a g iven  w a t e r  vapor  
a tmosphe re  can be a t t a ined  in  a shor ter  t ime  t h a n  
in a "stat ic  a tmosphe re"  by  forcing the  w a t e r  vapor  
of cer ta in  r e l a t ive  p ressure  t h r ough  the sample.  

A weighed  a m o u n t  of the  MnO2 sample  was  placed 
in  a Nesbi t t  absorp t ion  b u l b  in t e r spe r s ing  the s am-  
ple b e t w e e n  layers  of glass wool to p r e v e n t  pack ing  
and  consequen t  c h a n n e l i n g  of the wa te r  vapor  s tream. 
The Nesbi t t  b u l b  so p r epa red  was weighed  and  the  
MnO2 sample  was  degassed at 100~ in  v a c u u m  for a 
per iod of abou t  15 hr  a nd  t h e n  reweighed.  A w a t e r -  
vapor  t rap  cooled by  an  a c e t o n e - d r y - i c e  m i x t u r e  
was placed b e t w e e n  the Nesbi t t  b u l b  and  the  vac-  
u u m  pump.  Af te r  reweigh ing ,  the Nesbi t t  bu lb  was 
connected  to the  appa ra tu s  and  evacuated .  Wate r  
vapor  of ce r ta in  re la t ive  p ressure  was  s lowly and  
i n t e r m i t t e n t l y  p u m p e d  f rom the  c o n s t a n t - h u m i d i t y  
c ha mbe r  (i.e., sul fur ic  acid rese rvo i r )  t h r ough  the 
MnO2 sample  for a ce r t a in  t ime  (3-5 hr, de pend ing  
on the type  of MnO2).  The  Nesbi t t  b u l b  was  r emoved  
and  i m m e d i a t e l y  reweighed.  The weigh t  increase  
over  the  weigh t  of the  b u l b  af ter  degass ing  gave the 
a m o u n t  of w a t e r  vapor  adsorbed.  E q u i l i b r i u m  was 
cons idered  a t t a ined  w h e n  the weigh t  of the  b u l b  re -  
m a i n e d  constant .  

The  re la t ive  p ressure  of the aqueous  vapor  in the  
cons tan t  h u m i d i t y  c ha mbe r  depends  on the  concen-  
t ra t ion ,  i.e., specific gravi ty ,  of the  aqueous  su l fur ic  
acid solutions.  D u r i n g  the equ i l i b r a t i on  of the  
MnO2, wa te r  is r emoved  f rom the aqueous  su l fur ic  
acid solut ion.  If a la rge  enough  a m o u n t  of su l fur ic  
acid solut ion is present ,  the decrease  of the  r e l a -  
t ive  pressure  of aqueous  vapor  due to the concen-  
t r a t i on  change  of the su l fur ic  acid so lu t ion  is small .  
To ob ta in  the  correct  r e l a t ive  p ressure  of aqueous  
vapor  at equ i l i b r ium,  the  specific g r a v i t y  of the  
aqueous  su l fur ic  acid so lu t ion  was m e a s u r e d  wi th  
a Wes tpha l  dens i ty  ba lance  i m m e d i a t e l y  af ter  the 
r e mova l  of the  Nesbi t t  bulb .  The cor responding  re l -  
a t ive  p ressure  va l ue  was  read  f rom a d i a g ram of 
P/Po vs. densi ty .  The appa ra tu s  for the  d e t e r m i n a -  
t ion of surface  areas  by  w a t e r  vapor  adsorp t ion  was 
kept  in  a cons tan t  t e m p e r a t u r e  cab ine t  and  all r e -  
sults  refer  to 25.0 ~ • 0.2~ 

The wa te r  vapor  adsorp t ion  of each MnO2 s a m -  
ple was d e t e r m i n e d  at four  or more  di f ferent  r e l a -  
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Table I. Surface areas of Mn02 samples determined by low-tempera- Table II. Surface area as a function of equilibrium time. Water 
ture nitrogen and water vapor adsorption at 250C vapor adsorption at 25*C 

Name 

S u r f a c e  a r ea ,  
m e / g  

W a t e r  c o n t e n t  
N~ a d s o r p t i o n  I-I~O v a p o r  

C o n v e n -  a d s o r p t i o n  l lO*C,  C o r r e c t e d  
t i ona l  90*K 25"C % to ta l ,  % 

Natural  ores 
African, Ghana 10.3 9.5 9.2 0.88 3.3 
Montana 17.5 16.6 28.2 2.40 5.2 
California 12.4 11.6 18.4 1.54 3.0 
Moroccan 7.4 7.1 6.3 0.53 1.2 
Mexican - -  16.6 19.4 2.25 4.3 
Grecian A - -  14.1 25.9 2.74 5.5 
Grecian B - -  11.2 22.3 2.28 - -  
Caucasian - -  12.7 10.4 1.19 3.2 

Electrolytic MnO2 
Sample A 45.0 44.7 35.2 3.82 5.9 
Sample B 46.2 42.4 35.6 3.56 5.8 
Sample C 29.8 28.0 16.2 3.35 6.2 
Sample D 43.5 44.3 30.6 3.44 6.5 
Sample E - -  41.8 30.5 3.33 6.0 
Sample O - -  45.0 30.5 3.18 - -  
Sample P - -  36.5 24.1 3.05 - -  

Chemical MnO2 
Sample F 95.5 88.2 48.5 5.56 7.1 
Sample G 90.4 78.1 53.7 5.37 6.8 
Sample H - -  81.1 36.5 5.88 7.4 
Sample Q - -  57.5 32.0 5.73 - -  

Synthetic  hydrous MnO2 
Sample J 17.1 17.0 211 15.13 20.2 
Sample K - -  14.6 150 14.07 20.7 
Sample L 11.5 5.6 50 10.01 14.2 
Sample M - -  25.8 105 15.89 19.6 
Sample N - -  90.9 147 17.19 22.0 
Sample R - -  2.7 152 11.81 - -  
Sample S - -  29.1 155 15.62 - -  

t ive  pressures  of wa te r  vapor  which  were  selected 
to fal l  in  the  B.E.T. range ,  n a m e l y  P/Po ~-- 0.1 to 0.3. 

Results and  Discussion 

The surface  areas of the  m a n g a n e s e  dioxide s am-  
ples classified b y  the i r  origin,  name ly ,  n a t u r a l  ores, 
e lectrolyt ic ,  chemical ,  and  syn the t ic  hyd rous  MnO2 
samples,  descr ibed ear l ie r  (19),  were  d e t e r m i n e d  
by  n i t r ogen  adsorp t ion  at 90~ Sur face  areas  of 
some of the  MnOe samples  were  also d e t e r m i n e d  by  
the  conven t iona l  B.E.T. appa ra tu s  at 70~ Both  
resul ts  are g iven  in  Tab le  I. I n  genera l ,  the surface  
area  va lues  d e t e r m i n e d  at 90~  are s l ight ly  lower  
t h a n  those d e t e r m i n e d  by  the conven t iona l  B.E.T. 
appara tus .  The surface a rea  va lues  for the  n a t u r a l  
ores and  e lect rolyt ic  MnO~ samples  a re  comparab l e  
and  the  a g r e e m e n t  is good. For  the chemical  MnO2 
samples  and  some of the  syn the t ic  hyd rous  MnO2 
samples,  the  dev ia t ion  in  the  two surface  areas is 
la rge  and  can be exp la ined  only  by  changes  t a k i n g  
place in  the  h igher  v a c u u m  employed  in  the  c o n v e n -  
t iona l  B.E.T. appara tus .  

The resu l t s  c lear ly  ind ica te  tha t  the  surface  area  
depends  on the  type  of MnO2, a conclus ion d r a w n  
by  var ious  au thors  (2-13) .  The var ious  groups of 
MnO2 samples ,  wi th  the  except ion  of syn the t i c  h y -  
drous  MnO2, have  d i s t inc t ly  di f ferent  surface  area  
va lues  and  the  dev ia t ion  in  the  surface  areas w i t h i n  
the group is small .  

S u r f a c e  a r ea ,  m ~ / g  

D e t e r m i n e d  by  A f r i c a n  o re  M o n t a n a  o r e  

"Static method" 12.6 31.5 
"Dynamic method" 

2 Hr equil ibrat ion 7.39 25.0 
3 Hr equil ibrat ion 8.10 26.7 

In  the surface area  d e t e r m i n a t i o n s  by  wa te r  
vapor  adsorp t ion  at 25~ the  a t t a i n m e n t  of the 
e q u i l i b r i u m  wi th  the  wa te r  vapor  is ve ry  impor t an t .  
Table  II shows the  surface  areas  of two n a t u r a l  ores 
ca lcula ted  f rom da ta  ob ta ined  af ter  va r ious  per iods 
of equ i l ib ra t ion .  I t  can be c lear ly  seen tha t  inc reas -  
ing the  l eng th  of the  e qu i l i b r a t i on  t ime  increases  
the  ca lcula ted  surface  area of the sample.  This 
is to be expected since the  r e - a dso r p t i on  depends  
on t ime  and  the  e q u i l i b r i u m  is approached  a s y m p -  
tot ical ly.  The surface areas ob ta ined  by  the "stat ic  
me thod"  are s l ight ly  h igher  t h a n  those ob ta ined  
by  the " d y n a m i c  method ."  The  r ep roduc ib i l i t y  of 
the  "stat ic  method,"  however ,  was  in fe r ior  to tha t  
of the  " d y n a m i c  method ."  

The  surface areas of the va r ious  MnO2 samples  
ob ta ined  by  w a t e r  vapor  adsorp t ion  are  also shown 
in  Table  I. It  is qui te  ev iden t  tha t  these  surface  
area  va lues  in  most  cases differ s igni f icant ly  f rom 
the surface  areas d e t e r m i n e d  by  the l o w - t e m p e r a -  
t u r e  n i t r ogen  adsorpt ion.  The  dev ia t ion  b e t w e e n  the 
two surface  area  va lues  seems to increase  w i th  the 
decreas ing  degree of c rys ta l l in i ty ,  i.e., wi th  the 
inc reas ing  w a t e r  con ten t  (19) .  N inag i  et aL (20) 
observed tha t  the  a p p a r e n t  surface  area  d e t e r m i n e d  
by  w a t e r  vapor  adsorp t ion  depends  on the crys ta l  
type  of the MnO2. 

The  wa te r  o r ig ina l ly  p resen t  in  the  MnO2 is first 
e l imina t ed  and  then  it is a l lowed to r e - a d s o r b  at  
different  re la t ive  pressures  of w a t e r  vapor.  On the 
basis  of the  a m o u n t  of the  r e - a d s o r b e d  water ,  the  
surface  areas are calculated.  Ninag i  et at. (20) 
found  tha t  the  a p p a r e n t  sur face  areas decreased 
wi th  the  increas ing  t e m p e r a t u r e  of the  hea t  t r e a t -  
ment .  This  is due, as was f ound  by  Sasaki  et al. (18) 
and  one of us (19),  to the  decreased r e - a d s o r p t i o n  
of the  wa te r  vapor  by  the  hea ted  MnO2 sample.  
In  most  cases, however ,  a l l  the wa te r  r e moved  at 
l l 0 ~  is resorbed  by  the  MnO2 sample.  Accordingly ,  
a l i nea r  r e la t ionsh ip  should exist  b e t w e e n  the  su r -  
face area  va lues  of va r ious  MnO2 samples  de t e r -  
m i n e d  by  wa te r  vapor  adsorpt ion,  and  the  wa te r  
con ten t  at l l 0 ~  (19) ;  this  is shown in  Fig. 1. The 
cor re la t ion  is r e a s o n a b l y  good for all  types  of MnO2 
wi th  the except ion  of the syn the t ic  hyd rous  MnO2 
samples  for which  it  is on ly  fair.  

F i g u r e  2 shows the  corrected tota l  w a t e r  content ,  
see ref. (19) ,  of the  va r ious  MnO2 samples  as a 
func t ion  of the i r  surface  area,  d e t e r m i n e d  by  wa te r  
vapor  adsorp t ion  (S.A. --  H20) .  As expected,  on 
the  basis  of Fig. 1, the corrected tota l  w a t e r  con ten t  
increases  wi th  the  surface a rea  regard less  of the 
type  of the MnO2 sample.  The different  n a t u r e  of 
the synthe t ic  hyd rous  MnO2, however ,  c lear ly  shows 
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up. F u r t h e r m o r e ,  it is ev iden t  tha t  the  wa t e r  con-  
t en t  of the MnO2 samples  seems to approach  a con-  
s tan t  va lue  wi th  the  inc reas ing  surface  areas. If 
the surface  areas  of the  o ther  th ree  types  of MnO2 
could be increased  to the  va lues  of the  syn the t i c  
hydrous  MnO2 samples,  the wa t e r  con ten t  curves  
would  sti l l  be be low the  curve  r e p r e s e n t i n g  the s y n -  
thet ic  hyd rous  MnO2 samples.  The  n u m e r i c a l  differ-  
ence b e t w e e n  the  two wa t e r  con ten t  curves  is abou t  
7%; this could be a s sumed  to be the  w a t e r  tha t  
reacted wi th  the  amorphous  MnO2. 

Because of the  poss ibi l i ty  of a reac t ion  b e t w e e n  
the w a t e r  vapor  and  the  MnO2, it was  of in te res t  
to es tabl ish  the  r e l a t ionsh ip  b e t w e e n  the  di f ferent  
wa te r  con ten t s  and  the  surface  areas as d e t e r m i n e d  

by  l o w - t e m p e r a t u r e  n i t r ogen  adsorpt ion.  F igu re  3 
shows the w a t e r  con ten t  at  l l 0 ~  as a func t ion  of 
sur face  area  ob ta ined  by  n i t r o g e n  adsorp t ion  (S.A. 
- -  N2). The l inea r  re la t ionsh ip  of Fig. 1 is no t  found  
here. The  MnO2 samples  of va r ious  types  fo rm dis-  
t inc t  groups;  w i t h i n  all  these  groups,  the  wa t e r  
con ten t  at l l 0 ~  increases  w i th  the inc reas ing  su r -  
face area. Wi th  the  except ion  of the syn the t i c  h y -  
drous  MnO2 samples,  this  r e l a t ionsh ip  is a pp rox -  
ima te ly  l i nea r  for all  groups.  By ex t r apo la t ing  the  
curve  for the  syn the t ic  hyd rous  MnO2 samples  to 
the ordinate ,  r e p r e s e n t i n g  the  w a t e r  content ,  the 
curve  seems to in t e rcep t  at abou t  7 to 8%. This is 
in  good a g r e e m e n t  wi th  the  va lue  ob ta ined  f rom 
Fig. 2. 
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Figure  4 shows the corrected tota l  wa te r  con-  
t en t  as a func t ion  of the surface area, d e t e r m i n e d  
by  n i t r ogen  adsorpt ion.  This figure resembles  Fig. 
3. Because of the  s imi l a r i ty  of the  uppe r  and  lower  
curve  of Fig. 4, it can be expected tha t  the  difference 
in the corrected to ta l  wa t e r  con ten t  has some sig- 
nif icance;  this difference is about  13-15%. On the  
basis of the resul t s  of Fig. 2 and  3, it can be assumed 
tha t  abou t  7% wa te r  is combined  to va r ious  de-  
grees w i th  the  syn the t ic  hydrous  MnO2. By add ing  
to this  the corrected cons t i tu t iona l  wa t e r  con ten t  
(19),  12 to 14% is ob ta ined  for the wa t e r  reacted,  
to var ious  degrees,  wi th  the MnO2; this  i s  about  
equa l  to the  n u m e r i c a l  difference in  the wa t e r  con-  
t en t  b e t w e e n  the two curves  of Fig. 4. These h igh  
wa te r  con ten t s  of the syn the t ic  hyd rous  MnO2 m a -  
ter ia ls  are respons ib le  for the beneficial  effect 
real ized w h e n  combined  wi th  n a t u r a l  ores in  the  
Leclanch6 cells (22).  

Cor re la t ion  of the  two wa t e r  conten ts  w i th  su r -  
face areas  m e a s u r e d  by  wa te r  vapor  and  n i t r ogen  
adsorp t ion  t echn iques  showed tha t  the va r ious  types  
of MnO2 fal l  in to  two d is t inc t  groups.  I t  was  also 
of in te res t  to see w h a t  re la t ionsh ips  exist  b e t w e e n  
the two surface  area  m e a s u r e m e n t s  and  these data  
are p lo t ted  in  Fig. 5. The  b r o k e n  l ine  in Fig. 5 
shows the  l i nea r  r e la t ionsh ip  which  wou ld  resu l t  
with monolayer coverage assuming that the N~ 
molecule occupies an area of 17.0A 2 at 90~ (23) 
and the water molecule covers 10.8A 2 of surface at 
25~ (24). The various MnO2 types are seen to form 
distinct groups and approximate linear relation- 
ships exist for the natural ores, electrolytic, and 
chemical MnO2 samples; the synthetic hydrous MnO2 
samples are scattered and form no distinct group. 
This is, however, to be expected since they are 
not as uniform physically and chemically as the 
other three groups. 

Conclusions 

The r ep roduc ib i l i t y  of the  low surface  area  values ,  
d e t e r m i n e d  by  the l o w - t e m p e r a t u r e  n i t r o g e n  ad-  

sorpt ion,  was improved  by  us ing  a dead-space  ca l -  
i b r a t i on  procedure  di f ferent  f rom tha t  of L o e b e n -  
s te in  et al. (21).  The surface area  d e t e r m i n a t i o n  
by  w a t e r  vapor  adsorp t ion  can be used for the  
n a t u r a l  ores, e lect rolyt ic  and  chemical  MnO2 sam-  
ples, bu t  it is not  su i tab le  for the  syn the t ic  hyd rous  
MnO~ samples  due to a reac t ion  b e t w e e n  the  MnO2 
and  the wa te r  and  the p resence  of ce r ta in  alkalies.  
On the  other  hand ,  this  d e t e r m i n a t i o n  al lows one 
to ob ta in  i n f o r ma t i on  not  ev iden t  f rom the  surface  
area m e a s u r e m e n t  by  n i t r o g e n  adsorpt ion.  The  de-  
v ia t ion  b e t w e e n  the  two surface  a rea  va lues  seems 
to increase  wi th  the  decreas ing  degree  of c rys ta l -  
l in i ty ,  i.e., with  the inc reas ing  w a t e r  con ten t  (19).  

The w a t e r  con ten t  at l l 0 ~  and  the  corrected 
tota l  w a t e r  con ten t  increase  w i th  the  inc reas ing  su r -  
face area  of the  sample,  w h e t h e r  n i t r ogen  gas or 
w a t e r  vapor  was  used for its de t e rmina t ion .  The 
n a t u r a l  ores, electrolyt ic ,  and  chemical  MnO~ sam-  
ples form one loosely coheren t  group, whereas  the 
syn the t ic  hyd rous  MnO2 samples  behave  qui te  dif-  
ferent ly .  This is due to the i r  h igh con ten t  of water ,  
the  l a rger  por t ion  of which  is combined  in  di f ferent  
ex ten t s  wi th  the  MnO2. 

Since the w a t e r  con ten t  and  the surface  area  of 
the  var ious  MnO2 samples  are i n t e r de pe nden t ,  it 
can be assumed tha t  the d ischarge  capaci ty  and the  
ra te  of d ischarge wi l l  increase  wi th  the  i nc reas ing  
surface  area  and  hence  the  w a t e r  conten t ;  the  dif-  
f e ren t  slopes of the va r ious  groups of m a n g a n e s e  
dioxides ind ica te  tha t  the l a t t e r  r e l a t ionsh ip  is va l id  
on ly  w i t h i n  a g iven  group.  This  is in  a g r eemen t  
wi th  Srb ' s  obse rva t ion  (8) tha t  the B.E.T. surface 
a rea  and  depolar iz ing  capac i ty  cor re la t ion  is va l id  
on ly  w i th in  the same s t ruc tu re  type. 
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The Oxidation of Iron Single Crystals around 200~ 
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ABSTRACT 

The oxidation of electropolished iron in the tempera ture  region of 200~ 
is highly dependent  on the surface orientat ion in respect to both the total 
thickness and phase composition of the oxide. In  general, surface orientat ions 
close to the (001), (011), and (111) planes oxidize to give films with a large 
proport ion of Fe304. The thick oxide formed on the (001) surface has a thin 
outer layer containing a high percentage of ~-Fe203. Specimens with or ienta-  
tions remote from the above low index planes oxidize to form films contain-  
ing a smaller percentage of Fe304. On the (112) surface, ~-Fe203 develops in 
the outer layer of the oxide at an earlier stage than on the (001). No discrete 
phase boundaries  exist between the oxide phases. These trends are also shown 
at higher temperatures.  Thin films of Fe304 (up to about 100A) on the (001) 
and (112) surfaces behave differently with regard to cathodic reduction, with 
main ly  formation of Fe + + from magnet i te  on the (001) surface, and a mixed 
reaction with a large amount  of reduction to metall ic iron on the (112) sur-  
face. A change in surface preparat ion can change the distr ibution of phases 
in the oxide. 

The oxida t ion  of po lyc rys t a l l i ne  i ron  a r o u n d  
200~ has been  inves t iga ted  in  some deta i l  by  
Davies,  Evans ,  and  Aga r  (1) and  V e r n o n  et al. (2) 
and  a br ie f  s u m m a r y  of the  f indings was g iven  by  
Evans  (3) .  In  gene ra l  it  was  conc luded  tha t  the  
oxide fo rmed  at low t e m p e r a t u r e s  was  cubic (Fe304 
and  ~,-Fe208) whi le  the  oxide fo rmed  above 175~ 
is more  complex,  cons is t ing  of ~-Fe203 at the  ox-  
ide /gas  in te r face  a n d  a cubic s p i n e l - t y p e  oxide 
(e i ther  ~-Fe203 or Fe304) at the  o x i d e / m e t a l  i n -  
terface (3) .  The  tota l  th ickness  and  the  am oun t s  
of ~-Fe20~, ~,-Fe20~, and  Fe304 at t e m p e r a t u r e s  up  
to 350~ appeared  to v a r y  cons ide rab ly  w i t h  the 
p u r i t y  of the  i ron  specimen,  surface p r e t r e a t m e n t ,  
and  condi t ions  of oxidat ion.  

The above conclus ions  were  d r a w n  f rom ex tens ive  
s tudies  on po lyc rys t a l l i ne  i ron  spec imens  (1-5)  on 
which  the  surfaces were  p r e p a r e d  by  abras ion,  
chemical  e tching,  and  h y d r o g e n  reduct ion .  Whi le  
there  is no doub t  tha t  m a n y  va l id  conclus ions  have  
been  made  f rom the above m e n t i o n e d  inves t iga t ions ,  
a more  de ta i led  s tudy  of the f u n d a m e n t a l  m e c h -  
an isms  of the ox ida t ion  of i ron can be made  us ing  
carefu l ly  prepared ,  smooth surfaces of k n o w n  crys-  
t a l lographic  o r i en ta t ion  on i ron  crysta ls  of h igh 
pur i ty .  The i m p o r t a n c e  of this approach  to the  s tudy  
of t h in  film oxida t ion  p h e n o m e n a  has  b e e n  d e m o n -  
s t ra ted  by  G w a t h m e y  and  his co -worke r s  in  the i r  
work  on the  l o w - t e m p e r a t u r e  ox ida t ion  of copper  
(6-8) .  

Some dependence  of the  ox ida t ion  behav io r  of 
i ron on c rys ta l lograph ic  o r i en t a t i on  has a l r eady  

been  d e m o n s t r a t e d  (9, 10). In  the la tes t  w o r k  W a g -  
ner ,  Lawless,  and  G w a t h m e y  (10) m e a s u r e d  the 
k inet ics  of the  ox ida t ion  of severa l  ca re fu l ly  p r e -  
pa red  surfaces pa ra l l e l  to low index  p lanes  on an  
i ron s ingle  crys ta l  u s ing  in t e r f e r ence  colors. H o w -  
ever,  due to the  fo rma t ion  of at least  two oxide 
phases  on iron,  this  optical  t e c hn i que  m a y  not  be 
sa t is factory  for the es t ima t ion  of to ta l  oxide film 
th ickness  (11) .  F u r t h e r m o r e  it  is des i rab le  to de-  
t e r m i n e  the re la t ive  a m o u n t s  of the va r ious  phases  
p resen t  in the  oxide film, as wel l  as the  to ta l  
th ickness .  

The d e t e r m i n a t i o n  of ~-Fe208 and  Fe304 in  ox-  
ide films on po lyc rys ta l l ine  i ron  spec imens  has b e e n  
car r ied  out w i th  cons iderab le  success us ing  g r av -  
imet r ic  and  e lec t romet r ic  methods  for the  fi lm 
th ickness  r a nge  f rom 100 to 20,000A (1, 12). How-  
ever,  gene ra l  conclus ions  d r a w n  f rom these  e xpe r i -  
men t s  on po lyc rys ta l l ine  i ron mus t  be  t a k e n  wi th  
some rese rva t ions  in  v iew of the  an i so t ropy  of ox-  
ida t ion  of i ron  in  this  reg ion  and  the  va r i a t i on  of 
ox ida t ion  behav io r  w i th  sur face  p repa ra t ion ,  etc. 
Recen t ly  a s tudy  was  m a d e  of t h in  oxide films in  
the 10-25A range  us ing  a c o m b i n a t i o n  of elec- 
t romet r i c  and  e lec t ron  optical  methods.  However ,  
to date,  no carefu l  inves t iga t ion  of s t ruc tu res  of 
oxide films of i n t e r m e d i a t e  th ickness  on s ingle  crys-  
ta l  i ron  surfaces  of k n o w n  o r i en ta t ion  has been  
repor ted.  

A deta i led  s tudy  of the  k ine t ics  of ox ida t ion  of 
i ron  single crys ta ls  of r ep roduc ib le  sur face  condi -  
t ion  is c lear ly  a fo rmidab le  task. In  this  paper  an 
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a t t emp t  is made  to d e m o n s t r a t e  how some aspects 
of the  p r o b l e m  m a y  be approached.  E lec t ron  diffrac-  
t ion, e lec t rochemica l  and  g rav ime t r i c  methods  have  
been  appl ied  to the  i nves t iga t ion  of oxide films 
g rown  on  e lec t ropol ished surfaces of i ron  s ingle  
crysta ls  at  t e m p e r a t u r e s  up  to 360~ The  l i m i t a -  
t ions of the e x p e r i m e n t a l  t echn iques  are discussed 
in  re la t ion  to the  e s t ima t ion  of the  va r ious  oxide 
phases. A l t h o u g h  absolu te  q u a n t i t a t i v e  d e t e r m i n a -  
t ion  of these phases has no t  been  possible, e lec t ron  
diffract ion and  cathodic r educ t ion  studies  have  
he lped  to revea l  the  composi t ion  of the  oxide films 
in  cons iderab le  detai l .  A m a r k e d  an i so t ropy  in  (a)  
the tota l  f i lm th ickness  and  (b)  the film composi -  
t ion  has been  es tab l i shed  for the ox ida t ion  of the 
(001) and  (112) i ron  surfaces.  

Experimenta| 
Material . --Both po lyc rys t a l l i ne  Fe r rovac  E i ron  

sheet  and  la rge  s t ra in  a n n e a l e d  s ingle  crysta ls  were  
used. Detai ls  r ega rd ing  the  or ig in  and  p u r i t y  of 
these spec imens  have  a l r eady  been  repor ted  (13).  

SurSace preparation.--The i ron  surfaces  were  p r e -  
pa red  in i t i a l ly  us ing  e lec t ropol ish ing condi t ions  
which  produce  "a tomica l ly  smooth"  surfaces cov-  
ered by  a t h in  film of oxide  some 15-25A th ick  (14).  
F r o m  the  prev ious  s tudy  (13) it is k n o w n  tha t  the  
composi t ion  of this  oxide var ies  w i th  the  t ime  of 
exposure  in  air  or v a c u u m  at a ra te  d e p e n d e n t  on 
the  t empe ra tu r e .  However  this  change  is s low at 
room t e m p e r a t u r e  and  fa i r ly  r ep roduc ib le  condi -  
t ions  could be ob ta ined  by  ca r ry ing  out  ox ida t ion  
w i t h i n  30 m i n  of e lectropol ishing.  In  some cases th is  
p r e t r e a t m e n t  was var ied  to observe  the effect on 
s u b s e q u e n t  oxidat ion.  

No a t t emp t  was made  to s tudy  the  ox ida t ion  of 
h y d r o g e n  reduced  surfaces of the type  used in  o ther  
s tudies  (5, 12). A p r e l i m i n a r y  e x a m i n a t i o n  of the  
surface  mic ros t ruc tu r e  and  c o n t a m i n a t i o n  tha t  ma y  
resu l t  fo l lowing h y d r o g e n  r educ t ion  has ind ica ted  
tha t  m a r k e d  s t r u c t u r a l  changes  occur d u r i n g  such 
t r e a t m e n t  (15).  Thus,  for the p resen t  the i nves t iga -  
t ion  has b e e n  res t r ic ted  to the ox ida t ion  behav io r  
of e lec t ropol ished surfaces.  

Oxidation.--Oxidation expe r imen t s  were  car r ied  
out  in  a conven t iona l  quar tz  v a c u u m  fu rna c e  a r -  
r a n g e m e n t  s imi la r  to tha t  used by  Caule,  Buob, and  
Cohen (12) .  The  hea t i ng  zone of the  f u r n a c e  was  
u n i f o r m  over  the  reg ion  where  the  spec imen  was  
m o u n t e d  to about  • 1.5~ and  this  t e m p e r a t u r e  
was  cons tan t  to w i t h i n  the  same l imits .  Samples  
were  b r o u g h t  to the  ox ida t ion  t e m p e r a t u r e  in  a 
v a c u u m  of abou t  5 x 10 -6 Torr  and  oxygen  then  
admi t ted .  Al l  ox ida t ion  expe r imen t s  were  car r ied  
out in  20 Torr  of d ry  oxygen  for a per iod of 120 
min.  Fo l lowing  the oxidat ion,  the  a s sembly  was  
cooled r ap id ly  to room t e m p e r a t u r e  in  the oxygen  
a tmosphere  to p r e v e n t  the  r educ t ion  of any  Fe203 
in  the sur face  layers  to magne t i t e  by  diffusion of 
i ron f rom the subs t ra te  (16).  

Electron dif]raction.--Reflection elec t ron  diffrac-  
t ion  observa t ions  were  m a d e  us ing  a 50 kv  b e a m  in  
a G e n e r a l  Electr ic  diffract ion appara tus .  The re -  
sul ts  of the  e lec t ron  diffract ion inves t iga t ions  car -  

r ied out  in  connec t ion  wi th  this  s tudy  are repor ted  
and  i n t e r p r e t e d  in  more  de ta i l  in  a separa te  paper  
(17).  

Estimation o] film th ickness . - -Two methods  of 
e s t ima t ing  fi lm th ickness  were  used, (a) g rav i -  
met r ic  and  (b)  e lec t romet r ic  (1, 18). As m e n t i o n e d  
above,  i n t e r f e r ence  colors give u n c e r t a i n  resul ts .  
The  v a c u u m  mic roba lance  t echn ique  was no t  used 
because  an abso lu te  weight  curve,  r a t h e r  t han  
w e i g h t - g a i n  t ime  curves,  was  requi red .  

Gravimetric.--For t h i n  films about  100A in  m e a n  
thickness ,  fo rmed d u r i n g  short  per iods of ox ida-  
t ion  a round  200~ the  g rav ime t r i c  t e chn ique  used 
has l imi t ed  accuracy.  Because  of the  areas  r equ i r ed  
and  the  th ickness  of the s ingle  crys ta l  spec imens  
a Met t le r  Microba lance  w i th  a sens i t iv i ty  of about  
---- 1 ~g was used. Wi th  spec imen  areas of 5-9 cm 2 
a nd  an  oxygen  u p t a k e  in  the  r a nge  of 1-2 # g / c m  ~ 
the  we igh ing  errors  were  abou t  ---- 8% for most  
spec imens  and  as h igh  as • 30% for smal l  specimens.  
Cathodic reduction and interpretat ion.--The ca th-  
odic r educ t ion  of i ron  films in  the  oxygen- f ree ,  HC1 
bora te  buffer  of pH 7.6 has  been  descr ibed  in  de-  
ta i l  in  prev ious  pub l i ca t ions  (18, 19). As po in ted  
out  in  these publ ica t ions ,  d u r i n g  cathodic r educ -  
t ions, observa t ions  can be m a d e  on the  i m m e r s i o n  
po ten t i a l  (before  c u r r e n t  is app l ied) ,  the  p o t e n -  
t ia l  of a n y  arrests ,  a nd  the c u r r e n t  efficiency (based  
on Fe ++ found  in  so lu t ion)  d u r i n g  the  var ious  
par t s  of the  process. 

In  the  prev ious  work  it was  found  tha t  for oxides 
fo rmed  at  room t e m p e r a t u r e  and  at h igh t e m p e r -  
a tu res  d is t inc t  a r res ts  and  waves  could be observed  
for ~,-Fe203 (--0.3 to - -0 .4v)  and  ~-Fe20~ ( - -0 .6v) ,  
respect ively .  Both of these oxides r educed  wi th  
high c u r r e n t  efficiencies based on the Fe + + in the 
solut ion and  the  reac t ion  

Fe203 + 3H20 -P 2e-~ 2Fe + + -~ 6 O H -  [ 1 ] 

The a r res t  po ten t ia l s  for the  two oxides are  suffi- 
c ien t ly  different  to d e t e r m i n e  the  phase  which  is 
present .  In  bo th  cases the  Fe304 ar res t  po ten t i a l  
came at  the same place ( - -0 .7v)  and  c u r r e n t  effi- 
ciencies for the  p roduc t ion  of Fe + + were  v e r y  low. 
In  the  high t e m p e r a t u r e  case weigh t  gains  were  
sufficiently high tha t  Fe~O4 could be d e t e r m i n e d  
by  weigh t  differences.  In  the  low t e m p e r a t u r e  case 
a c omb i na t i on  of r educ t ion  to Fe + + in  so lu t ion  and  
reduc t ion  to meta l l ic  i ron  was  used to ca lcula te  the 
th ickness  of FesO4. 

In  the  t e m P e r a t u r e  r ange  discussed in  this  pa -  
per  composi t ions  e i ther  m i xe d  or i n t e r m e d i a t e  be -  
t w e e n  ~/-Fe208 or ~-Fe208 are formed.  This  has led 
to cathodic r educ t ion  curves  in  wh ich  the re  are 
of ten no sharp ar res ts  for e i ther  ~,-Fe20~ or ~-Fe20.~. 
However  high c u r r e n t  efficiencies are sti l l  m a i n -  
t a ined  un t i l  the Fe304 po ten t i a l  is reached.  The  de-  
cision on the s t ruc tu re  of the oxide has been  made  
wi th  the  aid of e lec t ron  diffraction.  In  tha t  the  i ron  
analys is  is qui te  accura te  the  th ickness  of to ta l  Fe203 
(as ~ and  ~,) can be es t imated  wi th  good accuracy.  

In  cont ras t  to the  Fe203, the  accura te  es t ima t ion  
of the th ickness  of Fe304 is v e r y  difficult. A t - - 0 . 7 v  
th ree  .reactions are possible  
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2H + -b 2e-~ H2 [2] 

Fe304 -k 4H20 -k 2e -* 3Fe + + ~ 8 O H -  [3] 

Fe304 ~- 4H20 q- 8e ~ 3Fe -b 8 O H -  [4] 

Reac t ion  [2] accounts  for the low c u r r e n t  efficiency. 
In  some cases reac t ion  [3] has been  found  to take  
place wi th  a c u r r e n t  efficiency as h igh as 10%. In  
other  cases (20),  al l  the  oxide r educ t ion  c u r r e n t  
is used for d i rect  f o rma t ion  of i ron  as in  reac t ion  
[4] w i th  a c u r r e n t  efficiency of abou t  40%. In  some 
cases bo th  react ions  take  place. The p a r t i c u l a r  
course of the  r educ t ion  appears  to depend  on the  
th ickness  of the  m a g n e t i t e  and  on the  o r i en ta t ion  
of the  subs t r a t e  i ron  surface.  Two methods  were  
there fore  used in  e s t ima t ing  the  th ickness  of the  
oxide. 

Method A . - - A s s u m e  tha t  all  the  oxide is r educed  
to Fe ++ in  so lu t ion  fo l lowing  reac t ion  [3].  The 
th ickness  of the  m a g n e t i t e  is t h e n  s imply  ca lcu la ted  
f rom the  a m o u n t  of Fe + + in  solut ion.  

Method B . - - A s s u m e  tha t  the oxide is r educed  by  
both  reac t ions  [3] and  [4]. The  th ickness  of the  
m a g n e t i t e  is t h e n  twice tha t  co r respond ing  to the  
Fe + + in  solut ion.  

The decision as to which  of these two methods  
was used was  a ided by  ba l anc ing  the  ca lcula ted  to-  
t a l  oxide ob ta ined  by  cathodic r educ t ion  aga ins t  
the  tota l  weight  gain.  A second c r i t e r ion  was  elec-  
t r on  dif f ract ion f rom the  i ron surface  af ter  cathodic 
reduct ion .  If reac t ion  [4] had t a k e n  place, r ings  
co r respond ing  to cubic oxide fo rmed  by  room t e m -  
p e r a t u r e  ox ida t ion  of the  redeposi ted  i ron  were  ob-  
served.  

In  pract ice  the  p rocedure  used was  as follows. 
The  cathodic r educ t ion  could be s topped at  va r ious  
points  on the  cathodic r educ t ion  curve  a n d  the  so- 
lu t ion  d r a ined  (wi th  n i t r ogen  f lowing) for chemica l  
analysis .  If the  spec imen  was r emoved  for e lec t ron  
diffract ion ana lys i s  it was washed  qu ick ly  wi th  
conduc t iv i ty  wa t e r  and  t h e n  red is t i l led  a n h y d r o u s  
methano l .  D u r i n g  this  h a n d l i n g  of the  spec imen a ny  
exposed m a g n e t i t e  wou ld  be oxidized to T-Fe2Oa 
to a th ickness  of some 10A (19).  If the  a i r - exposed  
spec imen  was f u r t h e r  ca thodica l ly  reduced  a cor-  
rec t ion  was  made  for the  Fe + + which  came f rom 
this  ~,-Fe20~ wi th  a lmost  100% c u r r e n t  efficiency. 
The fe r rous  ion was  ana lyzed  by  the  o r t h o p h e n a n -  
th ro l ine  method.  

Results a n d  Discussion 

Polycrystalline Samples 

The in i t i a l  g r av ime t r i c  and  e lec t romet r ic  i nves t i -  
gat ions  of low t e m p e r a t u r e  ox ida t ion  were  car r ied  
out us ing  coarse g ra ined  (g ra ins  l a rge r  t h a n  2-3 
m m  across) Fe r rovac  E i ron  sheet. Fo l lowing  elec-  
t ropo l i sh ing  and  ox ida t ion  at 200~ the m e a s u r e d  
weight  gains  for these samples  cor responded  to the 
deve lopmen t  of oxide films whose tota l  m e a n  ~hick- 
ness r a n g e d  f rom 75 -- 15A to 125 -* 15A. This 
va r i a t i on  was  l a te r  cor re la ted  w i th  the  d i s t r i bu t ion  
of c rys ta l  o r i en ta t ions  in  the surfaces of the  speci-  
mens.  For  example ,  the  spec imen  showing  the  sma l l -  
est we igh t  gain  con ta ined  no vis ib le  gra ins  h a v i n g  
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surface  o r i en ta t ions  w i t h i n  5 ~ of the low index  
p lanes  (001),  (011),  and  (111).  However  the  spec-  
i m e n  exh ib i t i ng  the la rges t  we igh t  gain,  cor re-  
sponding  to a to ta l  oxide of 125 • 15A, was found  
to have  abou t  25% of its surface  w i t h i n  5 ~ of the  
above  low i nde x  planes .  

Cathodic r e duc t i on  of the  oxide was  car r ied  out 
un t i l  al l  the  read i ly  reduc ib le  oxide was  r emoved  
and  the r educ t ion  po ten t i a l  r eached  tha t  was  char -  
acter is t ic  of Fe~O4. On r e m o v i n g  the  samples  f rom 
the cell, ce r ta in  gra ins  were  observed  to be a lmost  
meta l l i c  in  appearance ,  others  we re  covered wi th  
a pale  s t r aw film, whi le  some gra ins  were  covered 
wi th  a m u c h  darker ,  b r o w n  film. 

Back reflect ion x - r a y  di f f ract ion was  used to 
es tabl ish  the o r i en ta t ion  of selected g ra ins  covered 
w i th  r e s idua l  oxide films of v a r y i n g  thicknesses.  
The resul t s  are  i l l u s t r a t ed  by  p lo t t ing  surface  n o r -  
mals  to the  gra ins  in  the  s t e reo t r i ang le  Fig.  1. The  
darkes t  films of res idua l  oxide were  f ound  in  su r -  
faces w i t h i n  abou t  5 ~ of the low index  faces (001),  
(011),  and  (111).  Much l igh te r  films ( p r e s u m a b l y  
t h i n n e r )  were  observed  w h e n  the sur face  no rma l s  
we re  s l ight ly  g rea te r  t h a n  5 ~ f rom the  above  m a j o r  
planes .  On gra ins  wi th  surfaces  more  r emote  f rom 
these low i nde x  p lanes  there  was  no vis ib le  oxide 
film. 

Reflection e lec t ron  dif f ract ion p a t t e r n s  ob ta ined  

f rom a da rk  film on an  (001) i ron sur face  at the  
edge of one of the  specimens,  were  s imi la r  to the  
p a t t e r n  B of Fig. 5 and  ind ica ted  tha t  the  res idua l  
film was h igh ly  o r i en t ed  cubic oxide, e i ther  ~-FeeO~ 
or Fe304. However ,  the  po ten t i a l  d u r i n g  cathodic 
r educ t ion  suggested tha t  the  r e s idua l  oxide film 
was p r e d o m i n a n t l y  Fe304. 

P rev ious  s tudies  of the  ox ida t ion  of i ron  have  
es tab l i shed  tha t  the  tota l  oxide f i lm th ickness  is 
d e p e n d e n t  on the  c rys ta l lographic  o r i en ta t ion  of 
the  i ron  subs t r a t e  (9, 10). The  above obse rva t ions  
suggest  tha t  the re la t ive  a m o u n t s  of the  ~a-FeeO8 
a nd  Fe~O4 ( and  poss ib ly  ~-F%O3) also v a r y  w i t h  
subs t ra te  or ien ta t ion .  

To inves t iga te  this  p r ob l e m more  careful ly ,  
s tudies  were  m a d e  on oxides fo rmed  on the  su r -  
face of i ron  s ingle  crystals.  In  pa r t i cu l a r  it  was  de-  
s i rable  to inves t iga te  surface  o r i en ta t ions  showing  

�9 O ~ 1 - - 0  
i i  

~ 0  �9 0 �9 o/ o 

Fig. 1. Stereo-triangle showing orientation of iron crystals in 
relationship to thickness of residual magnetite films following 
cathodic reduction of oxide formed at 200~ �9 Darkest Fe~04 
films, �9 visible Fe~04 films, �9 invisible Fea04 films. 
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0 i ~  I I E I I I I r Table I. Estimation of oxide thickness on (112) crystal 
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Fig. 2. Cathodic reduction curves from oxides formed at various 
temperatures on the (112) iron surface. 1. 25~ 19 day exposure; 
2. 175~ for 120 min; 3. 200~ for 120 min; 4. 260~ for 120 min. 

m a r k e d l y  d i f fe ren t  o x i d a t i o n  behav io r ,  as e v i d e n c e d  
b y  Fig.  1. F o r  th is  pu rpose ,  a v a i l a b l e  c r y s t a l s  h a v -  
ing  n e a r  (001) and  (112) su r face  o r i en t a t i ons  w e r e  
used.  

(112) Crystal 
The use of t he  ca thod ic  r e d u c t i o n  m e t h o d  for  the  

ana lys i s  of ox ide  fi lm g r o w n  on the  (112) i ron  su r -  
face  is i l l u s t r a t e d  in  Fig .  2. Reduc t i on  c u r v e  1 was  
o b t a i n e d  f r o m  an  e l e c t r o p o l i s h e d  s p e c i m e n  tha t  had  
been  e x p o s e d  to d r y  a i r  for  19 days .  I t  shows  a 
h igh  i m m e r s i o n  p o t e n t i a l  (a t  zero t i m e )  and  a 
def in i te  a r r e s t  a r o u n d  --0.3v,  bo th  of w h i c h  a r e  
c h a r a c t e r i s t i c  of ~,-Fe2Os. F o l l o w i n g  the  r e d u c t i o n  
of abou t  16A of th is  su r f ace  ox ide  the  p o t e n t i a l  
d rops  r a p i d l y  to the  r eg ion  of - -0 .68v w h e r e  Fe~O4 
is r educed .  F i n a l l y ,  w h e n  the  r e d u c t i o n  of Fe~O4 is 
comple te ,  t he  p o t e n t i a l  r i ses  to a v a l u e  of --0.58v,  
c h a r a c t e r i s t i c  of the  d i s c h a r g e  of h y d r o g e n  on the  
(112) i r on  su r face  (19) .  

The  r e d u c t i o n  cu rves  2, 3, and  4 show the  s ame  
g e n e r a l  t r end ,  bu t  the  r e d u c t i o n  p e r i o d  for  t he  
c o m p l e t e  r e m o v a l  of Fe304 is l o n g e r  a n d  the  r e -  
duc t ion  b e h a v i o r  of t he  in i t i a l  su r f ace  ox ide  is 
s o m e w h a t  d i f ferent .  

The  r e d u c t i o n  cu rves  2 and  3, o b t a i n e d  f r o m  o x -  
ide  fi lms g r o w n  at  175 ~ and  200~ r e s p e c t i v e l y ,  
show no ev idence  of a ~-Fe20~ a r re s t .  Here ,  d u r i n g  
the  in i t i a l  r e d u c t i o n  the  p o t e n t i a l  changes  qu i t e  
r a p i d l y  to t he  r eg ion  of --0.68v,  d u r i n g  w h i c h  t ime  
F e  ++ a p p e a r s  in  so lu t ion  w i t h  h igh  c u r r e n t  effi- 
c iency.  The  compos i t i on  of t he  su r f ace  ox ide  on 
these  spec imens  has  been  d i scussed  e l s e w h e r e  (17) ,  
in the  l i gh t  of e l ec t ron  d i f f r ac t ion  ev idence .  I t  is 
t h o u g h t  t h a t  a t  these  t e m p e r a t u r e s  t h e  first  s tages  
of the  n u c l e a t i o n  and  g r o w t h  of a -Fe203  can be  o b -  
se rved ,  b u t  the  su r f ace  l a y e r  is no t  e n t i r e l y  c r y s t a l -  
l ine  a-Fe203.  

F o l l o w i n g  o x i d a t i o n  at  260~ the  ca thod ic  r e d u c -  
t ion  cu rve  4, shows a def in i te  a r r e s t  a t  a b o u t  --0.65v,  
i n d i c a t i n g  t h a t  a -Fe20~  is be ing  r educed .  This  c u r v e  
wi l l  be d i scussed  in m o r e  de t a i l  in connec t ion  w i t h  a 
c o m b i n e d  e l ec t ron  d i f f r ac t ion  and  ca thod ic  r e d u c -  
t ion  ana lys i s  of t he  oxide .  

E s t i m a t e s  of t he  t h i cknes s  of the  " r e d u c i b l e "  ox ide  
and  the  Fe.~O4, a r e  g iven  in Tab le  I. The  two  m e t h o d s  

O x i d e  m e a n  t h i c k n e s s ,  A 

C a t h o d i c  
r e d u c t i o n  O x i d a t i o n  " R e d u c i b l e "  T o t a l  T o t a l  o x i d e  
c u r v e  N o .  t e m p ,  ~  o x i d e s  F e s O r  o x i d e  g r a v i m e t r i c  

M e t h o d  A 

1 25 15 10 25 
2 175 23 20 43 
3 200 43 32 75 i00~30 
4 260 115 44 159 175~20 

M e t h o d  B 

1 25 15 10 25 
2 175 23 30 53 
3 200 43 54 97 1 0 0 •  
4 260 115 75 189 175___20 

A and  B, de sc r ibed  p r e v i o u s l y ,  a r e  used  for  e s t i -  
m a t i n g  Fe30r The  to ta l  t h i ckness ,  e s t i m a t e d  f r o m  
ca thod ic  r e d u c t i o n  ana lys i s  is g iven ,  and  w h e r e  pos -  
s ible ,  c o m p a r e d  w i t h  the  f i lm th i ckness  d e t e r m i n e d  
g r a v i m e t r i c a l l y .  

The  use of bo th  e l ec t ron  d i f f rac t ion  a n d  ca thod ic  
r e d u c t i o n  ana lys i s  for  t he  e x a m i n a t i o n  of t he  ox ide  
fi lm f o r m e d  at  260~ on the  (112) su r f ace  is i l l u s -  
t r a t e d  in Fig.  3. The  d i f f r ac t ion  p a t t e r n  A,  t a k e n  
d i r e c t l y  a f t e r  ox ida t ion ,  shows  s t rong  ref lec t ions  
f r o m  a-Fe203,  t he  c r y s t a l l i t e s  be ing  o r i e n t e d  w i t h  
r e spec t  to an  u n d e r l y i n g  cubic  oxide ,  e i t he r  ~/-Fe20~ 
or  Fe304. The  i n t e r p r e t a t i o n  of th is  p a t t e r n  is g iven  
e l s e w h e r e  (17) .  A t  po in t  B'  on the  r e d u c t i o n  curve ,  
the  F e  + + in so lu t ion  was  sufficient  to accoun t  for  
115 ----- 5A of " r e d u c i b l e "  oxide ,  some of w h i c h  was  
c l e a r l y  ~-Fe20~. On r e m o v i n g  the  s p e c i m e n  f r o m  the  
cel l  e l ec t ron  d i f f rac t ion  p a t t e r n  B was  ob ta ined .  This  
shows p r e d o m i n a n t l y  ref lec t ions  f r o m  the  s p i n e l -  
t y p e  oxide ,  p r e s u m a b l y  Fe304 w i t h  some 10A of i ts  
su r f ace  ox id ized  to ~,-Fe20~ b y  a i r  exposure .  A f t e r  
f u r t h e r  r e d u c t i o n  at  t he  Fe804 p o t e n t i a l  of --0.68 to 
--0.69v,  the  p o t e n t i a l  f ina l ly  c h a n g e d  to t ha t  a t  C', 
c h a r a c t e r i s t i c  of h y d r o g e n  d i s cha rge  on the  (112) 
i ron  surface .  The  e l ec t ron  d i f f r ac t ion  p a t t e r n  C, ob -  
t a i n e d  at  th is  s t age  shows  two  m a i n  f e a t u r e s :  ( i )  
s t rong,  e longa t ed  ref lec t ions  f r o m  the  i ron  s u b s t r a t e  

c r y s t a l  [ t he  (112) su r face  f r o m  the  [111] a z i m u t h ] ;  
and  (ii) a ser ies  of a r ced  s e m i - r i n g s ,  iden t i f i ed  as 
e i t h e r  Fe304 or  ~,-Fe2Os. 

Fig. 3. Electron diffraction and cathodic reduction analysis of 
oxide formed at 260~ for 120 min on (112) iron surface. 
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Fig. 4. Electron diffraction patterns from (112) iron surface 
[111] azimuth, following cathodic reduction of various amounts 
of Fe304 listed in Table II. 

T h e r e  is good ev idence ,  t h a t  th is  a r c e d  s e m i - r i n g  
p a t t e r n  r e su l t s  f r o m  the  a i r  o x i d a t i o n  of i r on  c r y s -  
t a l l i t e s  p r o d u c e d  d u r i n g  t h e  ca thod ic  r e d u c t i o n  of 
Fe304. 

Reduction of FeaO4 to F e  

I t  is c o n v e n i e n t  to  d iscuss  t he  poss ib l e  r e d u c t i o n  
of Fe304 to m e t a l l i c  i r on  at  th is  j u n c t u r e ,  as t he  mos t  
s t r i k i n g  ev idence  of th is  p rocess  was  o b t a i n e d  d u r -  
ing the  r e d u c t i o n  of ox ide  f i lms on  the  (112) i r o n  
sur face .  

In  ou r  d i scuss ion  of e x p e r i m e n t a l  p r o c e d u r e ,  i t  
was  e m p h a s i z e d  t h a t  t h e r e  is c o n s i d e r a b l e  u n c e r -  
t a i n t y  abou t  t he  p rec i se  m e c h a n i s m s  o p e r a t i n g  d u r -  
ing  t h e  ca thod ic  p o l a r i z a t i o n  of FeaO4 in t h e  HC1- 
b o r a t e  buffer .  I f  w e  a s s u m e  t h a t  a l l  t he  Fe304 is r e -  
d u c e d  to F e  + + in  so lu t ion  in  a c c o r d a n c e  w i t h  r e a c -  
t ion [3] ,  then ,  w h e n  the  s p e c i m e n  is e x a m i n e d  b y  
e l ec t ron  d i f f rac t ion  at  t he  e n d  of t h e  r e d u c t i o n  r u n  
( such  as p o i n t  C'  of Fig .  3) ,  i t  shou ld  show in a d d i -  
t ion  to t he  i ron  s u b s t r a t e  p a t t e r n ,  on ly  ref lec t ions  
f r o m  a h i g h l y  o r i en ted ,  a i r  f o r m e d  ox ide  f i lm some  
10-20A th ick .  On s ing le  c r y s t a l  i ron  spec imens ,  o x i d e  
fi lms of th is  t y p e  a r e  r e a d i l y  d e t e c t e d  if t h e  su r f ace  
is s m o o t h  (14, 13).  

On (112) sur faces ,  d i f f r ac t ion  p a t t e r n s  of t h e  
a b o v e  t y p e  w e r e  o b t a i n e d  w h e n  t h e  F e  + + ion  r e -  
su l t i ng  f r o m  r e d u c t i o n  at  t he  Fe304 p o t e n t i a l  was  
less  t h a n  1 /~g cm -2. H o w e v e r  w h e n  the  F e  + + f r o m  
the  FesO4 p l a t e a u  was  g r e a t e r  t h a n  th is  a m o u n t ,  
e x t r a  f e a t u r e s  w e r e  v i s ib l e  in  t he  d i f f rac t ion  p a t t e r n s  
shown,  for  e x a m p l e ,  in Fig .  4. The  a m o u n t s  of F e  + + 
in so lu t ion  o b t a i n e d  f r o m  the  r e d u c t i o n  of Fe~O4 in 
t h e s e  cases  a r e  l i s t e d  in  T a b l e  II ,  t o g e t h e r  w i t h  es -  
t i m a t e s  of Fe~O4 f i lm th i cknesses  d e t e r m i n e d  b y  
m e t h o d s  A and  B d e s c r i b e d  p r e v i o u s l y .  

In  Fig .  4a, two  diffuse r ings ,  c o r r e s p o n d i n g  to t he  
(113) and  (440) sp ine l  re f lec t ions  a r e  v i s ib le ,  in 
a d d i t i o n  to t he  f e a t u r e s  d e s c r i b e d  above.  These  w e a k  
s e m i - r i n g s  sugges t  t h a t  i ron  c rys t a l l i t e s ,  r e s u l t i n g  
f r o m  t h e  r e d u c t i o n  of Fe304, h a v e  ox id i zed  on a i r  
e x p o s u r e  to  p r o d u c e  a sma l l  a m o u n t  of r a n d o m l y  
o r i e n t e d  cubic  oxide .  In  Fig .  4b and  4c the  i n t e n s i t y  
of th is  e x t r a  p a t t e r n  is q u i t e  s t rong ,  sugges t ing  t h a t  

Table II. Estimation of Fe304 on (112) crystal 

M e a n  t h i c k n e s s  of  f i lm in  A 

Fe~O~ 
F ig .  O x i d a t i o n  Fe++ FesO~ FesO4 R e d u c e d  
No. t e m p ,  ~ /~g cm ~ M e t h o d  A M e t h o d  B to  i r o n  

4 a 175 1.2 33 54 22 
4 b 200 1.6 44 74 32 
4 c 260 1.85 50 88 39 

S I N G L E  C R Y S T A L S  505 

l a r g e r  a m o u n t s  of th is  " r e d u c e d "  i r on  h a v e  been  
ox id i zed  on a i r  exposu re .  I n  no cases  h a v e  s e m i -  
r i ngs  f r o m  i ron  been  obse rved .  This  is cons i s t en t  
w i t h  the  v i e w  t h a t  th is  f inely  d i v i d e d  i r on  is c o m -  
p l e t e l y  ox id i zed  on a i r  e x p o s u r e  as for  t he  case  of 
i ron  p o w d e r  (1)  a t  40~ 

The  d e t e c t i o n  of t he se  ox id i zed  c r y s t a l l i t e s  b y  
e l e c t r o n  d i f f r ac t ion  wi l l  d e p e n d  on:  (a )  t he  m e a n  
th i ckness  of t he  i r on  f i lm r e s u l t i n g  f r o m  t h e  r e d u c -  
t ion  of Fe304, and  (b )  t he  o r i e n t a t i o n  of t he  c r y s t a l -  
l i t es  ( a n d  the  s u b s e q u e n t  o x i d e )  w i t h  r e spec t  to the  
s u b s t r a t e  c rys ta l .  

The  absence  of d e t e c t a b l e  f e a t u r e s  in  p a t t e r n s ,  
fo l l owing  t h e  r e d u c t i o n  of t h in  Fe304 films, m a y  
t h e r e f o r e  be  a c c o u n t e d  for  b y  e i t he r  t he  s m a l l  q u a n -  
t i t ies  of i r on  l i b e r a t e d  b y  r e a c t i o n  [2]  or  a l t e r n a -  
t i v e l y  b y  the  p o s s i b i l i t y  t h a t  th is  i r on  is h i g h l y  
o r i e n t e d  w i t h  r e s p e c t  to t he  s u b s t r a t e  c rys ta l .  In  t he  
l a t t e r  case, t h e  r e s u l t i n g  a i r  f o r m e d  ox ide  m a y  no t  
be  d i s t i n g u i s h a b l e  f r o m  the  a i r  f o r m e d  f i lm on the  
s u b s t r a t e  c rys t a l .  

U n f o r t u n a t e l y ,  n e i t h e r  t he  q u a n t i t y  n o r  t h e  d e -  
t a i l e d  m a n n e r  of depos i t i on  of i ron  can  be  e s t i m a t e d  
f r o m  e l ec t ron  d i f f r ac t ion  e x a m i n a t i o n  of t h e  r e s u l t -  
ing  oxide .  H o w e v e r ,  t h e  e l e c t r o n  d i f f r ac t ion  ev i -  
dence  p r e s e n t e d  above ,  a n d  the  a p p e a r a n c e  of F e  + + 
ion  in  solu t ion ,  bo th  s u p p o r t  t h e  p r o p o s a l s  t h a t  t h in  
Fe304 f i lms on i r on  m a y  be  r e d u c e d  in  the  HC1- 
b o r a t e  buffer ,  mos t  l i k e l y  acco rd ing  to t he  m e c h a n -  
i sms of Eq. [3 ]  a n d  [4] .  

The (001) Crystal 

E l e c t r o n  d i f f r ac t ion  o b s e r v a t i o n s  of t h e  su r f ace  
ox ide  on (001) i r on  s ing le  c r y s t a l s  h a v e  shown  t h a t  
t he  a -Fe208  p h a s e  does  no t  deve lop  on th is  su r f ace  
as e a r l y  as  on t h e  (112) su r f ace  (17) .  I n  a d d i t i o n  
bo th  g r a v i m e t r i c  a n d  e l e c t r o m e t r i c  m e a s u r e m e n t s  
r e p o r t e d  h e r e  i n d i c a t e  t h a t  t h e  t o t a l  o x i d e  f i lm 
th i ckness  on the  (001) su r f ace  is g r e a t e r  t h a n  on the  
(112) .  

Ca thod ic  r e d u c t i o n  a n d  e l e c t r o n  d i f f rac t ion  a n a l -  
yses  a p p l i e d  to an  ox ide  f i lm g r o w n  a t  200~ in t he  
(001) su r f ace  a r e  g iven  in  Fig.  5. D i r e c t l y  a f t e r  ox i -  
da t ion ,  t he  e l e c t r o n  d i f f r ac t ion  p a t t e r n  A ind ica t e s  
t ha t  t h e  s u r f a c e  ox ide  is p r e d o m i n a n t l y  cubic .  This  

Fig. 5. Electron diffraction and cathodic reduction analysis of 
oxide film formed at 200~ on (001) iron surface. 
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p a t t e r n  exhib i t s  some sp ik ing  in  the  < 111 > d i rec t ions  
a r o u n d  the  s t rong spots, which  we be l ieve  to be  due 
to the  in i t i a l  stages of d e v e l o p m e n t  of ~-Fe203 (17) .  
Cathodic r educ t ion  b e t w e e n  the  po in ts  A'  or B' r e -  
sul ts  in  the  appea rance  of Fe  ++ ion in  so lu t ion  
e q u i v a l e n t  to a m e a n  th ickness  of abou t  41-& of " re -  
duc ib le"  oxide. The  lack of a n  a r res t  in  this  cu rve  
suggests  the  presence  of a m ixed  a -Fe203/7-Fe203  
s t ruc tu re  in  the  sur face  film. 

The  e lec t ron  dif f ract ion p a t t e r n  B was  ob ta ined  
f rom the  sur face  af ter  r e m o v a l  f rom the  r educ t ion  
cell at po in t  B'. The  spikes of p a t t e r n  A are  now  
absen t  a n d  diffuse reflect ions f rom the  h igh ly  or i -  
en ted  mic roc rys t a l l i ne  Fe304 film are observed.  
Fo l lowing  f u r t h e r  r educ t ion  to po in t  C' at  a p o t e n -  
t ia l  charac ter i s t ic  of the  r educ t ion  of FeaO4, 2.7 ~g 
Fe + + cm -2 was found  in  solut ion.  A t  this  po in t  the  
diffract ion p a t t e r n  C was ob ta ined  f rom the surface  
of the specimen.  Three  d is t inc t  f ea tu res  are  vis ible :  
(i) s t rong,  e longa ted  spots f rom the  i ron  subs t ra te ;  
the  (001) sur face  f rom the  [011] az imuth ;  (ii) an  
a r r ay  of weak,  diffuse reflections charac ter i s t ic  of 
the  o r i en ted  cubic oxide (as for p a t t e r n  B) .  This  is 
be l ieved  to be due to t races  of the  or ig ina l  FeaO4 
film which  has not  ye t  been  ca thodica l ly  reduced;  
(i i i)  a series of arced s e m i - r i n g s  f rom an  a lmost  
r a n d o m l y  or ien ted  sp ine l  type  oxide. This  c o n t r i b u -  
t ion  to the  p a t t e r n  is be l ieved  to be due  to the  oxi -  
da t ion  of a smal l  a m o u n t  of meta l l i c  i ron  fo rmed  by  
direct  r educ t ion  of some of the Fe304 to meta l l i c  
iron,  as for the case of the  (112) crystal .  

Af te r  the final cathodic t r e a t m e n t  to D' diffract ion 
p a t t e r n  D was recorded.  The o r i en ted  oxide [ con-  
t r i b u t i o n  (ii) above]  of p a t t e r n  C appears  to have  
been  removed.  The p a t t e r n  aga in  shows s t rong i ron  
reflections and  suggests tha t  areas  of the  i ron  s u r -  
face where  the  oxide was  comple te ly  reduced  at 
po in t  C' are  now covered wi th  a t h in  o r i en ted  oxide 
film due to air  exposure.  The s e m i - r i n g s  are aga in  
be l i eved  to ar ise f rom the  air  ox ida t ion  of meta l l i c  
i ron crys ta l l i tes  p roduced  d u r i n g  the  r educ t ion  of 
Fe~O4. 

The  ox ida t ion  of the  (001) sur face  at  260~ re -  
su l t s  in  the  d e v e l o p m e n t  of a surface  oxide wh ich  is 
sti l l  p r e d o m i n a n t l y  the  cubic oxide. Some w e a k  
spots due  to .~-Fe20~ are v is ib le  bu t  the  p r e d o m i n a n t  
f ea tu re  in  the  p a t t e r n  is the  sp ik ing  a long the  < 1 1 1 >  
di rec t ions  of the cubic  type  p a t t e r n  (17).  D u r i n g  
cathodic r educ t ion  of this  oxide, the re  was a s l ight  
a r res t  at  the  ~-Fe203 po ten t i a l  and  abou t  65A of 
" reduc ib le"  oxide appeared  in  so lu t ion  before  the  
Fe304 r educ t ion  po ten t i a l  was  reached.  The  me a s -  
u red  oxygen  u p t a k e  of such a spec imen  cor re -  
sponded  to a to ta l  oxide fi lm th ickness  of abou t  300 
+--15A so tha t  the  es t imated  a m o u n t  of Fe804 on this  
surface  was  abou t  225 _+ 20_~. 

Cathodic r educ t ion  of such th ick  Fe~O4 films was 
no t  prac t icable ,  as the  films separa ted  f rom the  
me ta l  subs t r a t e  d u r i n g  reduc t ion .  However  these  
film f r a g m e n t s  could be collected and  e x a m i n e d  by  
t r ansmis s ion  e lec t ron  diffraction.  They  p roved  to be 
composed p r e d o m i n a n t l y  of h igh ly  o r ien ted  F%O4. 

Examples  of film th ickness  observa t ions  on the  
(001) crys ta l  are  g iven  in  Tab le  III.  The  good ag ree -  
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Table I I I .  Estimation of total oxide on (001) crystal 

M e a n  t h i c k n e s s ,  ~k 

T o t a l  T o t a l  
O x i d a t i o n  o x i d e  o x i d e  
t e m p e r -  " R e d u c i b l e "  e l e c t r o -  g r a v i -  

a t u r e ,  ~  o x i d e  Fe~04  m e t r i c  m e t r i c  

200 45 89 134 120 _ 30 
(Method A) 

200 45 158 203 120 _+ 30 
(Method B) 

260 65 _ 5 225 +__ 20 300 ___ 15 
(Electro- (Gravimetr ic)  
metric) 

m e n t  b e t w e e n  the  tota l  oxide th ickness  d e t e r m i n e d  
g r a v i me t r i c a l l y  and  tha t  d e t e r m i n e d  by  our  me thod  
A f rom cathodic r educ t ion  resul ts ,  suggests  tha t  
mos t  of the  Fe~O4 is r educed  d i rec t ly  to Fe + + for 
this  p a r t i c u l a r  c rys ta l  o r ien ta t ion .  The e lec t ron  di f -  
f rac t ion  p a t t e r n  C of Fig. 5 also suppor ts  this  v iew 
to some extent .  For  example ,  d u r i n g  the  r educ t ion  
per iod B'C' a to ta l  of 2.7 /~g Fe + + cm -2 appears  in  
solut ion.  Using our  me thod  B for ca lcu la t ion  of the  
tota l  Fe304 thickness ,  we w ou l d  ob t a in  134A FesO4. 
Of this, abou t  10A wou ld  have  been  conver t ed  to 
~,-Fe20~ and  hence  reduced  en t i r e ly  to Fe + +. A n -  
o ther  62A, as Fe~O4, wou ld  have  b e e n  reduced  to 
Fe + + and  ano the r  62A of Fe304 reduced  d i rec t ly  to 
meta l l i c  Fe. On air  exposure  of this mic roc rys t a l -  
l ine  i ron  it  should all  conver t  to the cubic oxide and  
give an  in t ense  p a t t e r n  of s e m i - r i n g s  ( a s suming  
r a n d o m  o r i en t a t i on ) .  However  the  s e m i - r i n g  pa t -  
t e rn  f rom the oxide in  C of Fig. 5 is r e l a t ive ly  weak  
compared  wi th  tha t  of p a t t e r n  C of Fig. 4 wh ich  is 
be l ieved  to r e su l t  f rom the  r educ t ion  of on ly  39A of 
Fe804 to meta l l ic  i ron  on the  (112) surface.  F u r t h e r -  
more  if the  i ron  surface  at po in t  C' was covered  wi th  
the  above m e n t i o n e d  62A of oxide toge ther  wi th  
some n o n r e d u c e d  oxide f rom the  or ig ina l  film, t h e n  
the  to ta l  Fe304 reduced  d u r i n g  per iod  C'D', est i -  
ma ted  f rom the  Fe + + in  so lu t ion  at D' should  have  
been  grea te r  t h a n  62A. H ow e ve r  on ly  0.65 #g Fe  + + 
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Fig. 6. Cathodic reduction curves from oxide films formed on 
the (112) surface at 200~ following various surface pretreatments. 
I .  Normal electropolished. 2. Annealed. 3. Electropolished and air 
exposed for 12 days. 
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Fig. 7. Schematic representation of distribution of oxide on the 
(112) and (001) crystals at various temperatures. 

c m  -2 was  f o u n d  a t  D'  c o r r e s p o n d  to e i t he r  ( A )  17A 
or  (B)  24A of Fe304. A l l  e v i d e n c e  p e r t a i n i n g  to t he  
r e d u c t i o n  of Fe304 on the  (001) i ron  sur face ,  l e ads  
to the  conclus ion  t h a t  i t  is c o n v e r t e d  e s s e n t i a l l y  to 
F e  + + in  so lu t ion  w i t h  on ly  a s m a l l  p e r c e n t a g e  be ing  
r e d u c e d  to m e t a l l i c  i ron.  

Effects of Surface Preparation 
The  effect  of the  ox ide  f i lm p r e s e n t  on the  su r f ace  

of t he  s p e c i m e n  on t h e  s u b s e q u e n t  o x i d a t i o n  a t  
h i g h e r  t e m p e r a t u r e s  is i l l u s t r a t e d  b y  t h e  r e d u c t i o n  
cu rves  .of F ig .  6. These  cu rves  w e r e  o b t a i n e d  f r o m  
ox ide  f i lms g r o w n  on t h e  (112) i ron  su r f ace  a t  200~ 
fo l lowing  in i t i a l  su r f ace  p r e p a r a t i o n  as fo l lows :  

1. S p e c i m e n  e l ec t ropo l i shed ,  l o a d e d  into  f u r n a c e  
t u b e  a n d  b r o u g h t  to 200~ in v a c u u m  of 5 x 10 -6  
To r r  ove r  p e r i o d  of  a b o u t  10 min .  O x i d a t i o n  c o m -  
m e n c e d  w i t h i n  30 m i n  of e l ec t ropo l i sh ing .  

2. S p e c i m e n  e l e c t r o p o l i s h e d  and  l o a d e d  as for  
case  1, b u t  g iven  an  a n n e a l  for  30 m i n  at  200~ in 
5 x 10 -6 T o r r  p r i o r  to  o x i d a t i o n  a t  20 Tor r .  

3. S p e c i m e n  e l ec t ropo l i shed  and  e x p o s e d  to d r y  
a i r  for  p e r i o d  of 12 days .  B r o u g h t  to o x i d a t i o n  t e m -  
p e r a t u r e  as fo r  case  1. 

E s t i m a t e s  of t he  ox ides  p re sen t ,  d e t e r m i n e d  f rom 
F e  + + in  solu t ion ,  a r e  g iven  in  T a b l e  IV. B e a r i n g  in 
m i n d  the  m a g n i t u d e  of t he  e r r o r s  in  these  e s t i m a -  
t ions  and  the  fac t  t h a t  ca l cu la t ions  of  t h e  t y p e  B a re  
b e l i e v e d  to  a p p l y  mos t  f a v o r a b l y  for  t he  (112) c r y s -  
tal ,  t he  fo l lowing  o b s e r v a t i o n  can  be  m a d e :  

( a )  T h e r e  is l i t t l e  d i f f e rence  in  t he  t o t a l  ox ide  
fo l l owing  p r e t r e a t m e n t s  1 and  2. T h e  l o n g e r  v a c u u m  
a n n e a l  of 2 g ives  r i se  to a s o m e w h a t  t h i c k e r  F e t e 4  
l a y e r  in  t he  f inal  o x i d e  film, p o s s i b l y  r e s u l t i n g  f r o m  
a l a r g e r  Fe304 c o m p o n e n t  in  t h e  o r i g i n a l  oxide .  

Table IV. Effect of pretreatment on oxide composition on (112) 
crystal 

Mean thickness,  A 

Cathodic 
reduct ion "Reducib le"  Fe~O~ 

curve  oxide Method B Total  ox ide  

I 43 54 97 
2 33 84 117 
3 62 50 112 
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(b)  W h i l e  t h e r e  is no  m a r k e d  d i f f e rence  in  t he  
t o t a l  t h i cknes s  fo l lowing  p r e t r e a t m e n t  3, t he  ox ide  
f i lm a t  t he  o x i d e / g a s  i n t e r f a c e  for  th i s  case  is e n -  
t i r e l y  d i f f e r en t  to t h a t  of 1 a n d  2. A def in i te  7-Fe203 
p o t e n t i a l  a r r e s t  is o b s e r v e d  a n d  a b o u t  60A of ],-Fe203 
is r educed .  The  e l e c t r o n  d i f f r ac t ion  p a t t e r n  f r o m  th is  
su r f a c e  i n d i c a t e d  t h a t  the  ox ide  h a d  r a n d o m  o r i e n t a -  
t ion,  r a t h e r  t h a n  the  h i g h l y  p r e f e r r e d  o r i e n t a t i o n  of 
cases  1 a n d  2. 

The  r e l a t i v e l y  s m a l l  d i f fe rence  in  t h e  compos i t i on  
of t h e  f i lms in  cases  1 a n d  2 sugges t s  t h a t  s l igh t  
v a r i a t i o n s  in  t he  t i m e  r e q u i r e d  to b r i n g  s a m p l e s  to 
t he  o x i d a t i o n  t e m p e r a t u r e  shou ld  n o t  m a r k e d l y  a f -  
fect  i t s  o x i d a t i o n  b e h a v i o r .  

Growth Mechanism 

A r e p r e s e n t a t i o n  of t h e  d i s t r i b u t i o n  of t he  ox ides  
is s h o w n  in Fig .  7. Resu l t s  a t  360~ h a v e  b e e n  a d d e d  
to show cons i s t ency  a t  h i g h e r  t e m p e r a t u r e s  a n d  
r e su l t s  f r o m  o x i d a t i o n  of p o l y c r y s t a l l i n e  i r o n  a t  
260~ a r e  also g iven .  T h e  l o w e r  o x i d e  is m a g n e t i t e ,  
w i t h  r e d u c i b l e  o x i d e  above .  F u r t h e r  de t a i l s  of t he  
r a n g e  of compos i t i on  in  t he  r e d u c i b l e  ox ide  is r e -  
p o r t e d  e l s e w h e r e  (17) .  In  t h a t  a t  the  l o w e r  t e m p e r a -  
t u r e s  a t  l e a s t  p a r t  of t he  r e d u c i b l e  ox ide  is 7-Fe20~, 
a n d  t h e r e  is an  i n t e r m e d i a t e  s t r u c t u r e  b e t w e e n  
7-Fe208 and  a-Fe2Os,  no s h a r p  b o u n d a r y  ex is t s  b e -  
t w e e n  the  ox ide  phases .  I t  can  be  seen t h a t  t he  d i f -  
f e r e nc e  in t he  a m o u n t s  of t he  ox ides  on the  (112) 
a n d  (001)  p e r s i s t s  e v e n  u p  to  360~ 

T h e  m a r k e d  a n i s o t r o p y  of g r o w t h  of t h e  cubic  
o x i d e  on a cub ic  m e t a l  is diff icult  to  e x p l a i n  (21) .  
L a w l e s s  and  G w a t h m e y  (7)  s u g g e s t e d  t h a t  t he  d i f -  
f e r e n t  r a t e s  of o x i d a t i o n  on l o w  i n d e x  faces  on a 
coppe r  s ing le  c r y s t a l  m i g h t  be  e x p l a i n e d  in  t e r m s  
of t he  n u m b e r  of e q u i v a l e n t  o r i e n t a t i o n s  of t he  
ox ide  w i t h  r e s p e c t  to t he  me ta l .  The  m a x i m u m  ox i -  
d a t i o n  r a t e  for  coppe r  is f o u n d  on the  (001) su r f ace  
(6)  on w h i c h  t h e r e  a r e  fou r  e q u i v a l e n t  o r i e n t a t i ons  
of t h e  oxide .  M u c h  l o w e r  o x i d a t i o n  r a t e s  a r e  ob -  
s e r v e d  on t h e  (110) and  (113) su r faces  on w h i c h  t h e  
ox ide  g r o w s  w i t h  one s ing le  o r i en ta t ion .  

F o r  bo th  t h e  (001) a n d  (112) i ron  su r f aces  i n -  
v e s t i g a t e d  here ,  t he  Fe804 g r o w s  w i t h  a s ing le  o r i e n -  
t a t i o n . . H o w e v e r  our  r e su l t s  h a v e  s h o w n  a m a r k e d  
d i f f e rence  in t h e i r  o x i d a t i o n  behav io r .  W h i l e  " m u l -  
t i p l e "  p o s i t i o n i n g  of t he  ox ide  m a y  no t  be  t he  p r i n -  
c ipa l  con t ro l l i ng  f ac to r  for  o x i d a t i o n  an i so t ropy ,  i t  
is qu i t e  l i k e l y  t h a t  " g r a i n "  b o u n d a r i e s  b e t w e e n  i n -  
d i v i d u a l  ox ide  c r y s t a l l i t e s  do p l a y  an  i m p o r t a n t  ro le  
in  t h e  g r o w t h  process .  E l e c t r o n  d i f f r ac t ion  a n d  e l ec -  
t r o n  mic ro sc ope  o b s e r v a t i o n s  on s t r i p p e d  i ron  ox ide  
f i lms h a v e  s h o w n  t h a t  for  ox ides  f o r m e d  a t  t e m p e r a -  
t u r e s  up  to a b o u t  360~ the  ox ide  p a r t i c l e  size is 
g e n e r a l l y  in  the  r a n g e  of 20-50A (15) .  These  ox ide  
films, up  to some  1000A th ick ,  m a y  be  d e s c r i b e d  as 
c o m p a c t  a r r a y s  of m i c r o c r y s t a l s  in  w h i c h  the  size 
a n d  o r i e n t a t i o n  of t he  m i c r o c r y s t a l s  is g o v e r n e d  in  
p a r t  b y  the  o r i e n t a t i o n  of t h e  s u b s t r a t e  m e t a l  a n d  
in  p a r t  b y  t h e  cond i t ions  of ox ida t ion .  In  such  t h in  
o x i d e  f i lms i t  is l i k e l y  t h a t  t h e  p r i n c i p a l  d i f fus ion  
p a t h s  a r e  t h r o u g h  de fec t  r eg ions  b e t w e e n  the  s m a l l  
c rys t a l l i t e s .  In  th is  connec t ion  R o b e r t s  (22)  has  
f o u n d  f rom k ine t i c  s tud ies  of t h e  g r o w t h  of th in  
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oxides on evapora ted  iron films tha t  the  act ivat ion 
energy  for  the s teady growth  process (most  p rob -  
ab ly  cation diffusion) is much lower  than  tha t  for 
the diffusion of Fe + + through bu lk  magnet i te .  The 
significance of this observat ion in re la t ion to the 
diffusion mechanism in i ron oxide films has been 
discussed by  Adams  and Roberts  (23). 

While  it  is difficult to obta in  measurements  of the 
act ivat ion energy for diffusion of Fe  + + in micro-  
crys ta l l ine  Fe304 and its va r ia t ion  with  par t ic le  
size, it appears  tha t  a more  deta i led  invest igat ion 
of this aspect  of the oxidat ion  process may  help  
c lar i fy  some of the problems of ox ida t ion  anisotropy.  

Manuscript received June 24, 1963. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1964 
JOURNAL. 
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An Electron Diffraction Study of Thin Oxide 
Films on Iron Single Crystals 

P. B. Sewell and M. Cohen 
Division of Applied Chemistry, National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

Electron diffraction patterns from thin films of Fe304 (or ~-Fe203), formed 
at  low temperatures on the (112) and (0Ol) iron surfaces, exhibit  diffuse spik- 
ing parallel  to the ~111~ directions in reciprocal space. At  higher tempera-  
tures, intensity maxima on these spikes are replaced by the strongest reflec- 
tions from highly oriented ~-Fe203, which grows with its oxygen planes par-  
allel to those of the cubic oxide; (00.1) ~ / /  (111) spinel. The spikes about the 
strongest reflections of the spinel pat tern are interpreted as evidence of 
stacking faults in the closest packed oxygen planes. The appearance of stack- 
ing faults is regarded as the first indication of the nucleation of a-Fe203 in 
the films. On the (112) iron surface, ~-Fe203 develops in the outer layer  of 
the oxide at an earlier stage than on the (001). 

The identif icat ion of the oxide phases present  du r -  
ing the ea r ly  stages of l o w - t e m p e r a t u r e  oxida t ion  
of iron has been carr ied out wi th  considerable  suc- 
cess in the  pas t  by  electron diffract ion (1-4) and 
e lect rochemical  techniques (5, 6):  the former  gives 
cer ta in  c rys ta l lographic  informat ion  about  the sur -  
face layers  of the  oxide, whi le  the la t ter ,  combined 
wi th  grav imet r ic  measurements ,  may  pe rmi t  the 
quan t i t a t ive  es t imat ion of the re la t ive  amounts  of 
Fe304 and a-Fe203, when  these are  the  pr incip le  
oxides p resen t  (5-7) .  However ,  i t  is c lear  f rom the 
numerous  publ icat ions  on the ea r ly  stages of ox ida-  
t ion of i ron tha t  the  composit ion and mean  thickness  
of the resul t ing  oxide film is dependent  on the p u r -  

i ty  of the specimen and the ini t ia l  surface p r e p a r a -  
t ion as wel l  as the condit ions of oxidat ion.  

In this  paper  the  resul ts  of a deta i led  examina t ion  
of e lectron diffraction observat ions  on th in  oxide 
films formed on single crysta ls  of iron by  l o w - t e m -  
pe ra tu re  oxidat ion  are  repor ted .  In  par t icular ,  the 
ea r ly  stage of format ion  of the a-Fe203 phase  near  
the oxide-gas  in terface  is discussed. The weigh t -  
gain and cathodic reduct ion  behav ior  in this  t em-  
pe ra tu re  region has been discussed prev ious ly  (8).  

Experimental 
The specimen mater ia l ,  e lectropolishing technique,  

and oxidat ion procedure  are  the same as those used 
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in previous  work  (8-10) .  Al l  specimens were  oxi -  
dized for 120 min in 20 Torr  oxygen and cooled 
r ap id ly  in the  oxygen atmosphere.  Thermocouple  
measurements  on test  specimens showed tha t  a spec- 
imen cooled f rom a t empe ra tu r e  of 350 ~ to 50~ in 
3 rain, if st i l l  in the oxidizing atmosphere.  This r ap id  
cooling in oxygen is des i rable  in order  to p reven t  
any  reduct ion of the ~-Fe2Os phase  to FesO4 by  iron 
diffusion through the cubic oxide (5, 11). 

Specimens were  examined  by  electron diffraction 
at  grazing incidence using a 50 kv  electron beam, in 
a Genera l  Electr ic diffraction appara tus .  

In order  to in te rp re t  the electron diffract ion pa t -  
terns  f rom the h ighly  or iented  a-Fe~O~ films, i t  was 
found convenient  to construct  a model  of hexagona l  
rec iprocal  space in which the a l lowed reflections for 
a-FeeO8 were  indexed f rom x - r a y  diffraction infor -  
mation. For  this reason the indices of reflections and 
zones for  the ~-Fe203 pa t te rns  re fe r red  to in this 
art icle are given in the short  hexagonal  form ra the r  
than  the more common rhombohedra l  notation. 

Results 
Thin oxide films on iron single crys ta l  surfaces 

para l le l  to the {001} and {112} planes  have  been 
studied. These surface or ientat ions are  of pa r t i cu la r  
in teres t  since the first formed cubic oxide has only 
one discrete or ientat ion with  respect  to the subs t ra te  
metal .  On the {011} i ron surface, the first formed 
cubic oxide has two equiva lent  or ientat ions (10, 12, 
13). Since up to four  pr inc ipa l  or ientat ions of ~- 
Fe203 have  been found on a single or ienta t ion  of the 
cubic oxide on the {001} surface, some eight  o r ien ta -  
tions of ~-Fe~O3 might  be expected in overgrowths  
on the {011} surface. Due to the complexi ty  of e lec-  
t ron diffraction pa t te rns  f rom specimens of this  type,  
s tudies on the {011} and {111} iron surfaces were  
not pursued.  

The {112} iron surface.--The or ienta t ion  of the 
first formed cubic oxide on this surface has been r e -  
por ted  prev ious ly  (10, 12, 14) as follows 

(110) o x i d e / /  (112) i ron 

(001) o x i d e / /  (110) iron 

[110] o x i d e / / [ 1 1 1 ]  iron [i] 

This s imple or single posi t ioning of the cubic oxide 
was observed in the presen t  oxida t ion  exper iments  
for all  t empera tu res  be tween  25 ~ and 360~ The 
presence of this or ienta t ion  alone be tween  the 
m e t a l / o x i d e  interface  and the cub ic /hemat i t e  i n t e r -  
face was confirmed by  examining  s t r ipped oxide  
films by  t ransmiss ion electron diffraction. 

If the  cubic oxide wi th  or ien ta t ion  [ i]  is examined  

with  the electron beam para l l e l  to the  [110] oxide 
zone, then a pa t t e rn  of diffuse reflections, cor re-  
sponding to the section of the spinel  rec iprocal  l a t -  
tice, Fig. 1, is observed.  Such a pa t t e rn  of weak  
spots was recorded when a (112) i ron surface was 
examined  fol lowing e i ther  (a)  e lectropol ishing and 
air  exposure,  or (b)  cathodic reduct ion  and air  ex-  
posure.  In these cases, reflections f rom the i ron sub-  
s t ra te  were  also vis ible  since the  oxide film was only 
some 15A thick (10). 
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Fig. 1. Section of reciprocal lattice of cubic oxide, Ees04, grown 
on (112) iron surface. Electron beam parallel to [110] oxide zone. 
[ ]  Spots due to double diffraction. 

Fig. 2. Diffraction patterns from oxide film on (112) iron surface; 
electron beam parallel to [11-0] cubic oxide zone. (a) 50.~ oxide 
formed at 175~ (b) 100.~ oxide formed at 200~ (c) 175A 
oxide formed at 260~ showing strong reflections from ~-Fe203 
layer less than 75.~ thick. 
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Fig. 3. Interpretation of diffraction pattern Fig. 2c. �9 Reflections 
from underlying spinel; e, 0 reflections from two equivalent orienta- 
tions of ~-Fe203. Electron beam parallel to [11-0] zone in both 
oxides. 

Oxidat ion at  175~ produced an oxide film about 
50A thick which gave rise to the diffract ion pa t t e rn  
Fig. 2a. Here,  diffuse s t reaks  para l l e l  to the <111> 
direct ions of rec iprocal  space appear  a round the 
s trong spinel  reflections, pa r t i cu la r ly  the  (440). 

Af te r  oxidat ion at  200~ the oxide film was about 
100A thick and s t reaking  th rough  the s t ronger  oxide 
reflections was more  c lear ly  defined, as shown in 
Fig. 2b. Extra ,  weak  diffraction maxima,  not be-  
longing to the  spinel  pa t te rn ,  are  present  on spikes 
th rough  the (440) spinel  reflection, these being 
c lear ly  visible on the  or iginal  plates.  

Oxidat ion  at  260~ resul ted  in an oxide film some 
175A thick, which exhib i ted  reflections f rom both 
the spinel  type  oxide and the hexagonal  ~-Fe203, as 
seen in Fig. 2c. The pr inc ipa l  diffract ion maxima  
present  in this  pa t t e rn  are  shown in the  rec iprocal  
la t t ice  section, Fig. 3. The or iginal  spinel  or ien ta t ion  
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Il l  is still present, and in addition strong reflections 
from a-Fe203 arise from two equivalent orientations 
as follows 

(00.1) a - F e 2 0 3 / /  (111) spinel 

(11.0) ,a-Fe2Os//  (112) spinel 

[1]-.0] a - F e 2 0 8 / /  [11-0] spinel [ill 
and 

(00.1) a - F e 2 0 3 / /  (111) spinel 
(11.0) a Fe203 / /  (112) spinel 

[11.0] a-Fe208 / /  [110] spinel [Jill 

Orientations [ill and [iii] result from the parallel 
growth of the closest packed oxygen planes of the 
hexagonal ~-Fe20~ with the {111} oxygen planes of 
the cubic oxide. The two equivalent orientations are 
observed since there are two equivalent {111} 
planes of the cubic oxide parallel to the electron 
beam when the specimen is examined from the 

[110] spinel azimuth. The weak maxima present of 
the spikes around the (440) reflection of Fig. 2b 
have developed into the strong (11.3), (11.6), and 
(11.9) reflections from a-Fe2Os, shown in Fig. 3. 

The {00I} iron surface.--The orientation of the 
a i r - formed film of cubic oxide on this surface has 
been reported previously as (10, 13) 

(001) o x i d e / /  (001) iron 

['110] o x i d e / / [ 0 1 0 ]  iron [iv] 

The x - r ay  studies of Wagner, Lawless, and Gwath-  
mey (12), together with our own examination of 

Fig. 4a. Diffraction pattern from oriented microcrystalline film 
of Fe304 on (001) iron surface, b. Section of reciprocal lattice 
corresponding to Fig. 4a. Electron beam along [1T0] oxide zone. 
[ ]  Spots due to double diffraction. 

May 1964 

Fig. 5. Diffraction patterns from oxide films on (001) iron sur- 
face; beam along [11-0] spinel zone as far Fig. 4. a. 120.~ oxide 
formed at 200~ b. 300~, oxide formed at 260~ c. 1000~, 
(500,~ Fe304, S00A a-Fe203) formed at 360~ Pattern from 
c=-Fe203 only, beam parallel to underlying [11-0] spinel. Arrows in 
Sb and 5c show (11.3) ~-Fe203 reflections. 

stripped oxide films have shown that this single 
orientation exists for the cubic oxide in films up to 
some 500A mean thickness, formed at temperatures 
as high as 350~ 

A film of Fe804 with the above orientation [iv], 
gave rise to the diffraction pat tern Fig. 4a, when 

observed with the beam parallel to the [110] oxide 
zone. Major reflections in this pat tern are indexed 
in Fig. 4b. For this part icular specimen, outer layers 
of a-Fe~O3 and reducible oxide were removed by 
cathodic reduction, and the resulting Fe~O4 film was 
about 100A thick. The reflections are diffuse but ex- 
hibit no spiking. The oxide film is composed of an 
a r ray  of highly oriented microcrystals some 30-50A 
across. 

During the oxidation of the {001} iron surface, the 
first evidence for any change in the spinel pat tern 
was observed after 120 min at 200~ Spikes parallel 
to the <111> spinel directions appeared around the 
strong spinel reflections, part icularly the (004), as 
shown in Fig. 5a. 

After  oxidation at 260~ the oxide was some 
300A thick and the predominant pat tern was still 
from the cubic oxide, as seen in Fig. 5b. Strong, well 
defined spikes parallel to the <111> spinel direc- 
tions are visible again, together with some very 
weak reflections from a-Fe203 with orientation Iv]  
below. 

Strong reflections from ~-Fe203 appeared in dif- 
fraction patterns following oxidation at higher tem- 
peratures. For example, after oxidation at 350~ the 
total oxide thickness was 1000A, determined gravi-  
metrically. Of this total some 500A was ~-Fe203, de- 
termined electrometrically. When this outer a-Fe203 
layer was examined with the electron beam parallel 
to a <110> zone of the underlying cubic oxide, the 
pattern Fig. 5c was recorded. Detailed interpreta-  
tion of patterns f rom oxides formed at 350~ will 
be discussed elsewhere (15). Four equivalent orien- 
tations of the type [ii] above were observed on the 
four equivalent {111} spinel planes. It follows from 
this multiplicity of orientations that  when the elec- 

tron beam is parallel to the [11.0] a-Fe203 zones of 
orientation [ill, it is also nearly parallel to a [22.1] 

zone of a-Fe20~ on the ( l i ' l )  and (Tl l )  spinel 
planes. As a result of this, p r imary  and secondary 
reflections appear in patterns of the type Fig. 5c, 
corresponding to the section of reciprocal space 
where 
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(1-1.0) a - F e 2 0 8 / /  (110) spinel 

[22.1] ~-Fe203 / /  [11-0] spinel [v]  

The strong a-Fe20~ reflections of orientation [ii] 
in Fig. 5c have replaced the spikes which developed 
around the strong spinel reflections of Fig. 5a and 
5b. For example, the (11.3) a-Fe208 reflections of 
Fig. 5c occur in the positions occupied by the regions 
of maximum intensity (indicated by arrows) on the 
spikes around the (004) spinel reflection of Fig. 5b. 

Discussion 

The orientational relationship between ~-Fe~O3 
and the cubic oxide which is common to the oxida- 
tion of both {112} and {001} iron surfaces, is that  of 
type [ii] above, where the closest packed oxygen 
planes of the two structures are parallel. This same 
relationship has been observed in overgrowths of 
hematite on magnetite in mineral samples (16) and 
during the early stages of oxidation of magnetite 
single crystals (17) at 600~ Parallel orientation 
of the oxygen planes in the transformation of 
~/-Fe~O3 to ~-Fe203 has been reported by Mackay 
(18) and Kachi, Momiyama, and Shimizu (19) dur-  
ing electron microscope studies of small single crys- 
tals. 

The closest packed oxygen planes in FesO4 (or 
~,-Fe203) occur with the cubic close packing se- 
quence A B C A B C A B C . . . ,  while in a-Fe20~ the oxy-  
gen planes have the hexagonal close packing se- 
quence A B A B A B . . .  (20). Since it has been shown 
that the oxygen planes occur with parallel orienta- 
tion for the earliest stages of formation of a-Fe20~ 
on the underlying cubic oxide, it is likely that a 
region of oxygen close packing with a high density 
of stacking faults occurs between the two more reg- 
ular sequences of these oxides. 

The spikes or diffuse streaks parallel to the <111> 
directions in patterns for the cubic oxide are at-  
tributed to the presence of stacking faults in the 
{111} planes of the oxide. Similar effects have been 
observed due to the presence of stacking faults in 
the close packed planes of the spinel ~/-A120~ (21). 

When oxidation conditions begin to favor a s t ruc-  
ture approaching a-Fe2Os, the oxygen stacking se- 
quence (and the distribution of cations within this 
sequence) should show some evidence of hexagonal 
close packing. At this point weak maxima corre- 
sponding to certain a-FeeOs reflections should ap- 
pear on the streaks in diffraction patterns. This 
stage of the oxidation was observed at 200~ of the 
{112} surface. Finally, when the hexagonal close 
packing is sufficiently extensive and the distribu- 
tion of cations has established the ,~-Fe~O~ phase, 
diffraction maxima from the hematite lattice should 
be prominent, as seen in Fig. 3c and Fig. 5c. 

If the diffuse streaks appearing in the diffraction 
patterns from the cubic oxide are regarded as the 
first evidence for the nucleation of the .a-Fe20~ 
phase, then there is clear evidence for such nuclea- 
tion in 50A oxide films produced at 175~ on the 
{112} surface. For the {001} surface, hematite nu-  
cleation only was observed in oxide films some 175A 
thick produced at 200~ and also in 300A films pro-  
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duced at 260~ However,  in 175A films produced on 
the {112} surface at 260~ the hexagonal ~-Fe203 
structure was well developed. 

Quantitat ive measurements on the composition of 
these oxide films (8) have shown that on the {001} 
surface both (a) the total oxide thickness, and (b) 
the thickness of Fe304 are greater than observed on 
the {112} plane. There is evidence (22, 23) that the 
growth of magneti te occurs primari ly by cation dif- 
fusion, and the late appearance of ~-Fe20~ on the 
{001} surface might be explained by  the part icu- 
larly high rate of cation diffusion through orienta- 
tion [ill of the spinel. The nucleation of ~-F%Os 
may not occur until the thickness of the cubic oxide 
is sufficient to reduce the total cation flux to a level 
which favors the formation of the hexagonal struc- 
ture, since it is known that ~-Fe~O3 may be reduced 
to Fe304 by cation diffusion at low temperatures (5, 
11). 

In the present article, the oxide film between the 
metal  substrate and the a-Fe~O~ has been referred 
to in general terms as a cubic oxide of the spinel 
type. There is good electrochemical evidence that 
much of this oxide, part icularly that adjacent to the 
metal, is Fe~O4. However,  the outer region of this 
cubic oxide has not been positively identified as 
either Fe304 or ~-Fe203. This oxide gives rise to 
electron diffraction patterns similar to those from 
Fe304, which frequently exhibit extra reflections 
which could be attr ibuted to ~,-Fe~O~. Unfortunately,  
to date, lattice parameter  measurements have not 
established an accurate unit cell dimension. How- 
ever this oxide is cathodically reduced with a rela-  
t ively high current  efficiency and in this way re- 
sembles ~-Fe203. 

From present electron diffraction and electro- 
chemical evidence, it seems reasonable to consider 
that  an intermediate oxide some 50A thick separates 
the FesO4 from the a-Fe2Os. This oxide is composed 
of an a r ray  of oxygen planes with cubic close pack- 
ing and has a distribution of cations resmbling that 
of ~,-Fe20~. From a consideration of this structure, 
together with the stacking fault  mode of nucleation 
of a-Fe2Os, our present concept of the thin oxide 
films formed on iron single crystals is illustrated in 
Fig. 6. The thickness of each of the layers AB, BC, 

E - - - - - - - - - - - - -  E I 

c~- Fe 0 3 
D 2 D' 

;.S'_TACKING IEA_ULTS/~ C' 

B B' 

Fe 3 0 4 

A A' 

METAL SUBSTRATE 

Fig. 6. Schematic of proposed cross-section of thin oxide films 
formed on iron single crystal surfaces. 



512 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a y  1964 

CD, and  DE is d e p e n d e n t  on bo th  the  o r i en ta t ion  of 
the  subs t r a t e  and  the  condi t ions  of ox ida t ion  and  is 
p r o b a b l y  inf luenced  by  the  me ta l  p u r i t y  a nd  the  
in i t i a l  surface  t r e a t m e n t .  To compl ica te  the i n t e r -  
p r e t a t i on  of bo th  e lec t ron  dif f ract ion and  e lec t ro-  
chemical  m e a s u r e m e n t s  on  these t h i n  oxide films, 
the re  is e lec t ron  microscope evidence  tha t  the i n t e r -  
faces BB', CC', and  EE'  are  qu i te  i r r egu l a r  even  for 
oxides g r o w n  on smooth  s ingle  crys ta l  surfaces.  

Manuscript  received June  24, 1963. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1964 
JOURNAL. 

REFERENCES 

1. H. R. Nelson, J. Chem. Phys. ,  6, 606 (1938). 
2. P. D. Dankov and N. A. Shishakov, Zhur. Fizi. 

Khim. ,  23, 1031 (1949). 
3. W. H. J. Vernon, E. A. Calnan, C. J. B. Clews, and  

T. J. Nurse, Proc. Roy. Soc., A216, 375 (1953). 
4. J. Moreau and J. Bardolle, Compt. rend., 240, 524 

(1955). 
5. D. E. Davies, U. R. Evans, and J. N. Agar, Proc. 

Roy. Soc., A225, 443 (1954) 
6. K. H. Buob, A. F. Beck, and M. Cohen, This Jour-  

nal, 105, 74 (1958). 

7. E. J. Caule, K. H. Buob, and M. Cohen, ibid., 108, 829 
(1961). 

8. P .B.  Sewell and M. Cohen, ibid., 111, 501 (1964). 
9. P. B. Sewell, C. D. Stockbridge, and M. Cohen, 

Can. J. Chem., 37, 1813 (1959). 
10. P. B. Sewell, C. D. Stockbridge, and M. Cohen, This 

Journal,  108, 933 (1961). 
11. E. J. Caule and M. Cohen, ibid., 108, 834 (1961). 
12. J. B. Wagner,  K. R. Lawless, and A. T. Gwathmey,  

Trans. Met. Soc. AIME,  221, 257 (1961). 
13. O. Haase, Z. Naturforsch. ,  119, 46 (1956). 
14. E. A. Gulbransen  and R. Ruka, This Journal,  99, 

360 (1952). 
15. P. B. Sewell et al., To be published. 
16. C. Palanche,  H. Berman,  and  C. Frondell ,  Editors, 

"Dana's  System of Mineralogy," 7th edition, p. 
527, John Wiley & Sons, New York (1952). 

17. V. I. Arkharov  and B. S. Borisov, Doklady Akad.  
Nauk S.S.S.R., 114, 293 (1957). 

18. A. L. Mackay, "Reactivity of Solids," Proc. 4th In -  
ternat ional  Syrup. Reactivi ty of Solids. Amste r -  
dam 1960, p. 571. 

19. S. Kachi, K. Momiyama, and S. Shimizu, J. Phys.  
Soc. Japan, 18, 106 (1963). 

20. G. D. Nicholls, Adv.  in. Phys. ,  4, 122 (1955). 
21. J. M. Cowley, Acta Cryst,  6, 53 (1953) 
22. D. Fuller ,  Acta Met.,  8, 743 (1960). 
23. M. Wyn. Roberts, Trans. Faraday Soc., 57, 99 

(1961). 

The Kinetics of Anodic Oxidation of Iron in Neutral Solution 
I. Steady Growth Region 

Norio Sato 1 and Morris Cohen 

Division of Appl ied  Chemis try ,  National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

Iron was anodically oxidized under  both potentiostatic and galvanostatic 
conditions. It  was found that  the rate of film growth could be expressed by the 
over-al l  equation i -~ k' exp (~E ~ QT/B) where QT is the film thickness, E 
the potential,  and k', ~, and B are constants. A model is proposed based on a 
"place- exchange" mechanism in which all the M-O exchanges in a given row 
take place simultaneously.  ~ is then  related to the t ransfer  of oxygen f rom the 
O H -  in  the solution to the oxide and B is related to the activation energy  for 
an equivalent  ion-pai r  exchange. The activation energy for a single place ex- 
change was calculated to be 3.5 kcal. This mechanism would lead to an in -  
crease of activation energy with thickness and a probable change of mechanism 
at some finite thickness. 

A la rge  a m o u n t  of w o r k  has b e e n  repor ted  on the  
pass iv i ty  of i ron  where  v e r y  t h in  oxide films of the  
order  of 20-30A in  th ickness  are  formed,  bu t  on ly  
a few e x p e r i m e n t a l  s tudies  of the  de ta i led  k ine t ics  
of the  t h i c k e n i n g  of pass ive  films are  to be  found  in  
the  l i t e ra tu re .  Ve t te r  (1) and  Wei l  (2) m e a s u r e d  the  
ra te  of g rowth  of anodic  films on i ron  in  su l fur ic  acid 
solut ion,  and  by  a s s u m i n g  tha t  the  r a t e  of d issolu t ion  
of the  oxide f i lm was  i n d e p e n d e n t  of po t en t i a l  d u r -  
ing  both  inc reas ing  and  cons tan t  fi lm thickness ,  de-  
scr ibed the  g rowth  process b y  the  equa t ion  i ~ A '  
exp ( B ' E / d )  (where  i is the  rate,  E the  electrode po-  
tent ia l ,  d the  film thickness ,  and  A'  and  B' are  con-  
s t an t s ) .  This  equa t i on  is s imi la r  to t ha t  ob t a inab l e  
f rom the  M o t t - C a b r e r a  (3) theory.  In  a r ecen t  p u b -  

1 I~.R.C. Post-doctorate  Research  Fellow. Present  address: Facul ty  
of Engineering,  Hokkaido Univers i ty ,  Sapporo, Japan.  

l icat ion,  however ,  N a g a y a m a  and  Cohen (4) showed 
tha t  the  k ine t ics  of anodic  ox ida t ion  of i ron  in  a 
n e u t r a l  so lut ion fo l lowed a logar i thmic  l a w  r a the r  
t h a n  the  inve r se  loga r i thmic  type  r e f e r r ed  to above.  
The same type  of loga r i thmic  fi lm g rowth  was  r e -  
por ted  by  Brashe r  and  K i n g s b u r y  (5) for fi lm for-  
m a t i o n  on i ron  in  a ch romate  solut ion.  

In  the  p re sen t  w o r k  the ra t e  of anodic  passive 
oxide fi lm g rowth  on i ron  in  a n e u t r a l  b o r a t e - b o r i c  
acid buffer  so lu t ion  was  m e a s u r e d  as a f u n c t i o n  of 
the electrode po ten t i a l  and  film thickness ,  in  the  po-  
t en t i a l  r a nge  w he r e  no m e a s u r a b l e  d issolu t ion  of the  
oxide occurred,  u s ing  both  po ten t ios ta t ic  a nd  gal -  
vanos ta t i c  methods.  The  resu l t s  wh ich  were  ob-  
t a ined  could best  be  fit ted to a loga r i thmic  equat ion .  
This  equa t ion  was  t h e n  de r ived  theore t i ca l ly  on  the  
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basis  of a p l ace  e x c h a n g e  m e c h a n i s m  a n d  t h e  a c -  2.4 
t i v a t i o n  e n e r g y  fo r  f i lm g r o w t h  ca l cu la t ed ,  z.z 

2.0 
Experimental  ~ ,.8 

The  m e t h o d s  a n d  m a t e r i a l s  u sed  w e r e  e s s e n t i a l l y  ~ ,.6 
t he  s a m e  as those  r e p o r t e d  p r e v i o u s l y  (4 ) .  F e r r o v a c  ~ _ 1.4 

E was  used  as  s p e c i m e n  m a t e r i a l .  The  i r o n  w a s  a n -  ~ ,.2 
h e a l e d  a t  700~ in h y d r o g e n  a n d  e l ec t ropo l i shed .  ~ ,o 
So lu t ions  w e r e  m a d e  f r o m  0.15N bor i c  ac id  a n d  ~ 08 
0.15N s o d i u m  bora te .  A n  e q u i v o l u m e  m i x t u r e  of ~ 06 
these  so lu t ions  g ives  a p H  of 8.43. The  so lu t ion  was  04 
d e - a e r a t e d  b y  p r o l o n g e d  b u b b l i n g  w i t h  pur i f i ed  h i -  02 
t rogen .  The  e l e c t r o l y t i c  cel l  w a s  a c y l i n d r i c a l  g lass  
vesse l  of 80 ml  capac i ty .  The  v o l u m e  of  so lu t ion  used  
w a s  30 ml.  The  cel l  h a d  an  o u t e r  j a c k e t  t h r o u g h  
w h i c h  c o n s t a n t  t e m p e r a t u r e  w a t e r  cou ld  be  c i r c u -  
l a t ed .  Two  P t  a u x i l i a r y  e l ec t rodes  of l a r g e  s u r f a c e  
a r ea  w e r e  used  as c o u n t e r  e lec t rodes .  The  p o t e n t i a l  
of t h e  e l e c t r o d e  was  m e a s u r e d  aga in s t  a s a t u r a t e d  
ca lome l  e l ec t rode  v i a  a b r i d g e  f i l led w i t h  t he  e l ec -  6"0 
t ro ly t e .  A l l  p o t e n t i a l  d a t a  r e p o r t e d  he re  a r e  r e -  
f e r r e d  to t he  s a t u r a t e d  ca lome l  e lec t rode .  5 s  

Two d i f fe ren t  e l e c t r i c a l  c i rcui ts ,  a p o t e n t i o s t a t i c  ~ 5~ 
c i rcu i t  of t h e  G e r i s c h e r - S t a u b a c k  type ,  a n d  a g a l -  ~ 5, 
v a n o s t a t i c  c i rcu i t  w e r e  used  for  p o l a r i z i n g  t h e  spec i -  52 
mens.  W h e n  the  p o t e n t i o s t a t  was  u sed  an  a d d i t i o n a l  ~ ~o 
r e s i s t ance  of 11 k o h m s  was  i n s e r t e d  in ser ies  w i t h  

4'8 

t he  cel l  to r e d u c e  the  i n i t i a l  c u r r e n t  to a v a l u e  w h i c h  
~- 46 could  be  f o l l o w e d  ea s i l y  b y  the  c h a r t  r e co rde r .  W h e n  w 

the  r a t e  of  c u r r e n t  c h a n g e  h a d  s l o w e d  d o w n  suffi-  ~ 44 

c i en t l y  t he  r e s i s t ance  was  r e m o v e d  f r o m  the  c i r -  ~.~ 
cult .  This  s equence  was  n e c e s s a r y  to ob t a in  an  ac -  4'0 

c u r a t e  m e a s u r e  of t h e  t o t a l  cou lombs  passed .  The  
c i r cu i t  cou ld  be  c h a n g e d  f r o m  the  p o t e n t i o s t a t  to t he  
g a l v a n o s t a t  a n d  t h e  d i r ec t i on  of  t h e  p o l a r i z a t i o n  
could  b e  c h a n g e d  r a p i d l y  b y  m e a n s  of a m u l t i p l e  
swi tch .  Es, v 

So lu t ions  for  ana lys i s  w e r e  d r a i n e d  f r o m  the  cel l  
u n d e r  n i t r o g e n  w h i l e  p o l a r i z a t i o n  was  s t i l l  be ing  
app l ied .  I r on  was  a n a l y z e d  b y  the  o r t h o p h e n a n t h r o -  QT, mC/cm 2 
l i ne  m e t h o d  w i t h  an  a c c u r a c y  of a b o u t  •  

Mos t  of  t he  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  a t  M e a n  

2 5  ~ • 1~ O t h e r  t e m p e r a t u r e s  w e r e  o b t a i n e d  w i t h  
the  use  of a w a t e r - j a c k e t e d  cel l  and  w e r e  m a i n -  
t a i n e d  to  •176  

I n  o r d e r  to  o b t a i n  good r e p r o d u c i b i l i t y  in  t hese  
s tud ies  t he  spec imens  w e r e  first  g iven  p r e l i m i n a r y  
anod ic  o x i d a t i o n  a t  cons t an t  p o t e n t i a l  for  1 hr .  The  
p o t e n t i a l  was  t hen  c h a n g e d  to a h i g h e r  p o t e n t i a l  and  
the  k ine t i c s  of f u r t h e r  o x i d a t i o n  m e a s u r e d .  

Results 
Formation of initial oxide.--Before anod ic  p o -  

l a r i z a t i o n  the  spec imens  w e r e  c a t h o d i c a l l y  t r e a t e d  at  
a c u r r e n t  d e n s i t y  of 1O ~ a / c m  2 u n t i l  t he  a i r - f o r m e d  
or  pa s s ive  ox ide  f i lm was  c o m p l e t e l y  r e d u c e d  (4 ) .  
T h e  so lu t ion  was  t hen  c h a n g e d  at  l e a s t  t h r e e  t imes  
in  o r d e r  to r e m o v e  the  f e r rous  ion f o r m e d  b y  the  
ca thod ic  r educ t ion .  T h e  s p e c i m e n  w a s  t hen  a n o d i c -  
a l l y  ox id i zed  at  v a r i o u s  cons t an t  p o t e n t i a l s  m o r e  
nob le  t h a n  0.05v for  1 hr .  This  p o t e n t i a l  r eg ion  was  
chosen  b e c a u s e  t he  a m o u n t  of i ron  f o r m e d  in so lu -  
t ion  is less  t h a n  0.005 # g / c m  2 ( e q u i v a l e n t  to less  
t h a n  0.016 m C / c m 2 ) .  A n  e x a m p l e  of t he  c h a n g e  of 
c u r r e n t  d e n s i t y  w i t h  t i m e  is shown  in Fig .  1. T h e  

I 

~,IK~. i 
i 

A 
~A 

/ i 

E/ 

/A  

0 

I I J I I I 

I I I 
4 0  8 0  120 

~ E 

+1.2 

f l . O  

f '0.8 

~-O.6 

~O.4 --~ o 

~-O.2 

og 
-0.2 ~ 

-0.4 '~ 

-0.6 

-0.8 

-I.0 

320 
I I I I 

160 2 0 0  2 4 0  280  

T I M E  t ( sec }  

Fig. 1. An example of the change in anodic current density and 
potential with time during preliminary oxidation; an additional 
resistance of 11 kohm inserted in potentiostat circuit was removed 
at the point marked with A. 

J 
, i r i E , i i i , 
O +005  +010  +O I5  +020  +025  4030  §  +040  +045  +050  

POTENTIAL  E s (VOLT)  

Fig. 2. Effect of potential on the amount of total charge passed 
during 1 hr preliminary oxidation. 

-I-0.050 -I-0.100 -I-0.200 @0.300 -I-0.400 
4.284 4.459 4.855 5.203 5.568 
4.289 4.442 4.825 5.189 5.594 
4.298 4.464 4.841 5.182 5.555 
4.277 4.430 4.862 5.194 5.540 
4.260 4.461 4.826 5.196 5.604 
4.282 4.451 4.840 5.193 5.572 

r e s i s t a nc e  of 11 k o h m s  was  r e m o v e d  a b o u t  35 sec 
a f t e r  t h e  s t a r t  of t h e  o x i d a t i o n ,  t h e  t i m e  b e i n g  
m a r k e d  as A in Fig.  1. The  q u a n t i t y  of e l ec t r i c  
c h a r g e  pa s sed  can  b e  o b t a i n e d  b y  g r a p h i c  i n t e g r a -  
t ion  of t he  curves .  The  c a l c u l a t e d  a m o u n t  of c h a r g e  
pa s sed  d u r i n g  1 h r  of th is  p r e l i m i n a r y  ox ida t ion ,  
sQw, at  five d i f f e ren t  p o t e n t i a l s  r a n g i n g  f r o m  0.05v 
to 0.40v is s h o w n  in Fig .  2. The  e x p e r i m e n t a l  e r r o r  
a p p e a r s  to be  less  t h a n  1%. In  t h a t  t h e r e  is no i ron  
f o u n d  in so lu t ion  a n d  these  p o t e n t i a l s  a r e  w e l l  b e l o w  
the  p o t e n t i a l  a t  w h i c h  o x y g e n  is evo lved , '  th i s  
cha rge  is a l l  a c c u m u l a t e d  in  t h e  f o r m a t i o n  of t he  
su r f ace  ox ide  f i lm and  is an  e x a c t  m e a s u r e  of t he  
a m o u n t  of f i lm fo rmed .  

Potentiostatic oxidation.--Immediately a f t e r  t he  
p r e l i m i n a r y  o x i d a t i o n  t r e a t m e n t  t h e  p o t e n t i a l  was  
c h a n g e d  to a m o r e  nob le  p o t e n t i a l  and  the  change  
in anod ic  c u r r e n t  w i t h  t i m e  was  f o l l o w e d  u n t i l  t he  
anod ic  c u r r e n t  was  <0.1 ~ a / c m  2. W h e r e  neces sa ry ,  
t h e  e x t e r n a l  r e s i s t ance  was  i n s e r t e d  in to  t he  c i r -  
cu i t  for  abou t  20 sec. The  c h a r g e  a c c u m u l a t e d  d u r i n g  
th is  p o t e n t i o s t a t i c  o x i d a t i o n  was  a g a i n  d e t e r m i n e d  
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Fig. 3. Change of onodic current with thickness of the anodic 
oxide film during potentiostatic oxidation carried out at six dif- 
ferent potentials offer 1 hr preliminary oxidation at Es (4-0.085v); 
QT = SQT 4" f t  /aft, QT iS the amount of total charge accumu- 

o 

lated in the oxide film, sQT the amount of charge passed during 
preliminary oxidation. 

/ 
QT 

i = A exp ( --r-) 
2.3026B, 

E, v mC/cm 2 
4--0.363 0.426 
4..0.515 0.430 
4-0.580 0.426 
4.0.661 0.430 
4-0.742 0.434 
4" 0.813 0.432 

b y  g r a p h i c  i n t eg ra t i on .  The  q u a n t i t y  of t o t a l  c h a r g e  
QT in t h e  pa s s ive  f i lm was  t hen  c a l c u l a t e d  as the  
s u m  of t h e  i n i t i a l  c h a r g e  sQw a n d  t h e  c h a r g e  p a s s e d  
d u r i n g  the  p o t e n t i o s t a t i c  ox ida t ion .  

F i g u r e  3 shows  r e su l t s  of a set  of e x p e r i m e n t s  
p e r f o r m e d  a t  s ix  d i f fe ren t  cons t an t  p o t e n t i a l s  on 
spec imens  w i t h  t h e  s a m e  s t a r t i n g  cond i t ion  of 1 h r  
p r e o x i d a t i o n  at  0.085v. A l l  t he  po in t s  shown  on th is  
f igure  w e r e  o b t a i n e d  a f t e r  the  a d d i t i o n a l  ou t s ide  
r e s i s t ance  h a d  been  r e m o v e d .  I n  a l l  cases  t h e r e  is 
a l a r g e  in i t i a l  c u r r e n t  w h i c h  t h e n  dec rea se s  r a p i d l y .  
In  g e n e r a l  a p lo t  of t he  l o g a r i t h m  of the  c u r r e n t  d e n -  
s i ty  vs. t he  a m o u n t  of t o t a l  cha rge  in t he  f i lm gives  
a s t r a i g h t  l ine ,  e x c e p t  for  an  in i t i a l  sho r t  p e r i o d  of 
t ime .  T h e  f inal  s lope  at  a l l  t h e  p o t e n t i a l s  is t he  s ame  
b u t  t he  a m o u n t  of t o t a l  cha rge  is g r e a t e r  t he  m o r e  
nob le  t he  po ten t i a l .  This  l eads  to t he  e m p i r i c a l  r a t e  
e q u a t i o n  for  t he  g r o w t h  of t h e  anod ic  o x i d e  film. 

i = A e x p  - -  ~-  [1]  

w h e r e  A and  B a re  cons t an t s  r e l a t e d  to the  pos i t ion  
and  s lope  of t he  log  i - -  QT curve ,  r e s p e c t i v e l y .  C o n -  
s t an t  A inc reases  w i t h  i nc rea s ing  po t en t i a l ,  w h e r e a s  
t h e  v a l u e  of B is i n d e p e n d e n t  of t h e  p o t e n t i a l  and  is 
e q u a l  to  

B = 0.430/2.3026 m C / c m  2, 25~ [2]  

The  r e su l t s  do not  fit t he  equa t ion ,  i =  A' exp  
( B ' E / d ) ,  f o u n d  b y  V e t t e r  (1)  and  Wei l  (2)  for  t he  
f i lm g r o w t h  on  i ron  in ac id  solu t ions .  
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m 

+ 0 . 5  

+ 0 4  

+ 0 . 5  
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AMOUNT OF TOTAL CHARGE QT (mC/cm2) 

Fig. 4. Change of potential with thickness of the anodic oxide 
film during golvonostatic oxidation carried out at various anodic 
current densities after 1 hr preliminary oxidation at Es (4.0.085v); 
QT z sQT 4- it, QT is the amount of total charge accumulated 
in the oxide film, sQT the amount of charge passed during pre- 
liminary oxidation. 

i, K, 
No. ~a/cm 2 v/mC/cm 2 

1 16.67 0.308 
2 11.11 0.310 
3 7.78 0.308 
4 5.56 0,302 
5 3.33 0.303 
6 2.22 0.303 
7 1.11 0.302 
8 0.667 0.296 
9 0.333 0.299 

Galvanostat ic  ox ida t ion . - -Cons tan t  anod ic  c u r -  
r en t s  r a n g i n g  f r o m  0.3 to 23 # a / c m  ~ w e r e  a p p l i e d  to 
the  spec imens  i m m e d i a t e l y  a f t e r  1 h r  of p r e l i m i n a r y  
o x i d a t i o n  t r e a t m e n t  b y  s w i t c h i n g  the  p o l a r i z i n g  
c i r cu i t  f r o m  the  p o t e n t i o s t a t  to t he  ga lva nos t a t ,  a n d  
the  r e s u l t i n g  c h a n g e  of t h e  anod ic  p o t e n t i a l  w i t h  
t ime  was  f o l l o w e d  a t  each  c u r r e n t  dens i ty .  The  r e -  
sul ts  for  a set  of e x p e r i m e n t s  us ing  a s t a r t i n g  p o -  
t e n t i a l  of 0.085v a r e  p l o t t e d  in  Fig .  4. The  a m o u n t  
of t o t a l  cha rge  a c c u m u l a t e d  in  t he  f i lm was  c a l c u -  
l a t e d  as 

QT = sQT 4 . i t  

w h e r e  i is the  anod ic  c u r r e n t  d e n s i t y  and  t t h e  t ime  
of g a l v a n o s t a t i c  ox ida t ion .  I t  can  be  seen  t h a t  a 
r a p i d  r i se  of p o t e n t i a l  is i m m e d i a t e l y  f o l l o w e d  b y  a 
p o t e n t i a l  a r r e s t  a f t e r  w h i c h  t h e  p o t e n t i a l  r i ses  
g r a d u a l l y  t hen  passes  t h r o u g h  a s t e a d y  g r o w t h  r e -  
g ion a n d  f ina l ly  r eaches  t h e  o x y g e n  evo lu t i on  p o -  
t e n t i a l  reg ion .  In  t he  s t e a d y  g r o w t h  r eg ion  w h i c h  
ho lds  for  t he  m a j o r  p a r t  of t he  curves ,  t he  p o t e n t i a l  
is seen  to be  a l i n e a r  func t ion  of t h e  t o t a l  a m o u n t  
of  c h a r g e  QT- The  s lope  is i n d e p e n d e n t  of  a p p l i e d  
c u r r e n t  d e n s i t y  as is seen  in  t h e  t a b u l a r  c o l u m n  in 
the  cap t ion  of Fig.  4, a l t h o u g h  t h e  p o l a r i z a t i o n  p o -  
t e n t i a l  is l o w e r  w i t h  l o w e r  c u r r e n t  dens i t ies .  The  
s lope  of  the  E -  QT cu rve  t hus  o b t a i n e d  g a l v a n o -  
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Fig. 7. Effect of pH on the polarization curve of the thickening 
of anod ic  ox ide  a t  two d i f ferent  t h i c k n e s s e s  in s t e a d y  growth region.  
�9 , pH 8.38; X, pH 9.24. 
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Fig. 5. Effect of the starting potential Es on the golvanostatic 
oxidation curve (QT vs. E); preliminary oxidation was done at 
Es for ] hr. Es:  X, -]-O.05v; �9 +O.]Ov; �9 -FO.2Ov; /% -{-0.3Or; 
[% +0.40v. 

s t a t i c a l l y  is the  s a m e  as t h a t  o b t a i n e d  f r o m  the  p o -  
t en t i o s t a t i c  o x i d a t i o n  cu rves  ( d a t a  f r o m  Fig.  2) .  

F i g u r e  5 p r e s e n t s  t he  r e su l t s  of a se t  of e x p e r i -  
m e n t s  c a r r i e d  ou t  a t  two  d i f f e ren t  c u r r e n t  dens i t i e s  
f r o m  five d i f fe ren t  s t a r t i n g  p o t e n t i a l s  ( a n d  hence  
five d i f fe ren t  in i t i a l  f i lm t h i c k n e s s e s ) .  I t  is seen  t h a t  
t he  i n i t i a l  p a r t s  of t he  E - - q w  curves  a r e  m a r k e d l y  
d e p e n d e n t  on the  s t a r t i n g  p o t e n t i a l s  b u t  t h a t  the  
po in t s  of t h e  succeed ing  m a i n  p a r t  of  t h e  cu rves  at  
d i f fe ren t  s t a r t i n g  p o t e n t i a l s  l ie  on a s ingle  s t r a i g h t  
l ine  for  each  c u r r e n t  dens i ty .  I t  w o u l d  thus  a p p e a r  
t h a t  t he  p o l a r i z a t i o n  p o t e n t i a l  in t he  s t e a d y  g r o w t h  
reg ion  is a d i r ec t  f unc t ion  of the  f i lm th i cknes s  and  
c u r r e n t  dens i ty ,  i n d e p e n d e n t  of t he  i n i t i a l  f i lm t h i c k -  
ness  and  the  s t a r t i n g  po ten t i a l .  I t  shou ld  t h e r e f o r e  
be  r e a s o n a b l e  to d e r i v e  p o l a r i z a t i o n  cu rves  a t  v a r i -  
ous cons t an t  f i lm th i cknesses  f r o m  the  s t e a d y - s t a t e  

+1,2  I I I I I I +1.6 - -  4.410 mClcm 2 

i= CCexp (/8 E )  / / / O/ O/  

- z3~176176 /~=/2 / / /o / / 
/ ' /  2 2 : ?o 
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P O T E N T I A L  E (volt) 

Fig. 6. Polarization curves of the thickening of anodic oxide at 
different thicknesses, which were obtained from the curves in 
Fig. 4; �9 , initial arrest potential (Ei vs. log i); (half 
solid circle), transition region; �9 ~ steady growth region. 

r eg ion  of t he  E - - Q T  cu rves  o b t a i n e d  g a l v a n o -  
s t a t i ca l ly .  

The  p o t e n t i a l s  e s t i m a t e d  at  five d i f fe ren t  f i lm 
th i cknes se s  in  t he  E - -  QT cu rves  in Fig .  4 a r e  p l o t t e d  
as a func t ion  of t he  l o g a r i t h m  of t he  c u r r e n t  d e n s i t y  
in  Fig .  6. T h e  p o l a r i z a t i o n  cu rves  thus  o b t a i n e d  for  
the  s t e a d y  g r o w t h  reg ions  a r e  s t r a i g h t  l ines  of con-  
s t an t  s lope  o b e y i n g  the  Ta fe l  r e l a t i o n s h i p  

i = ~ exp  (fiE) [3]  

w h e r e  ~ and  fl a r e  cons tan ts .  The  cons t an t  fl is i n d e -  
p e n d e n t  of f i lm th i ckness  and  is e s t i m a t e d  to be  

2.3026/fl---- 0.120v [4]  

w h e r e a s  t h e  v a l u e  of a dec reases  w i t h  i nc r e a s ing  f i lm 
th ickness .  T r a n s i t i o n  of t h e  p o l a r i z a t i o n  cu rve  f r o m  
t h e  in i t i a l  r eg ion  to t h e  s t e a d y  g r o w t h  r eg ion  can  
be  seen in  Fig .  6 w h e r e  t h e  d a r k  c i rc les  p e r t a i n  to 
po in t s  be fo re  t he  s t e a d y  g r o w t h  has  b e e n  r eached .  

The  p o l a r i z a t i o n  cu rves  o b t a i n e d  a t  two  d i f fe ren t  
p H ' s  a re  s h o w n  in Fig .  7. The  p H  was  a d j u s t e d  b y  
c h a n g i n g  the  r a t i o  of bor i c  ac id  to s o d i u m  bora t e .  No 
a p p r e c i a b l e  effect of p H  on the  p o l a r i z a t i o n  c u r v e  
was  obse rved .  

Effect of temperature.--Potentiostatic e x p e r i m e n t s  
w e r e  c a r r i e d  ou t  a t  f ou r  d i f fe ren t  t e m p e r a t u r e s  
r a n g i n g  f r o m  0 ~ to 36~ at  +0 .700v  a f t e r  1 h r  of 
p r e l i m i n a r y  o x i d a t i o n  at  0.100v. The  re su l t s  a r e  
s h o w n  in Fig .  8. K i n e t i c  Eq. [1]  is f o l l o w e d  a t  a l l  
t e m p e r a t u r e s ,  a l t h o u g h  the  d e v i a t i o n  in  t h e  in i t i a l  
p e r i o d  inc reases  w i t h  d e c r e a s i n g  t e m p e r a t u r e .  I t  can  
a lso  b e  seen  t h a t  t h e  s lope  of  t h e s e  log  i - -  QT curves ,  
i.e., t h e  v a l u e  of  the  cons t an t  B in Eq. [1]  is def i -  
n i t e l y  d e p e n d e n t  on the  t e m p e r a t u r e .  

Discussion 
T h e  f i lm g r o w t h  in  bo th  t he  p o t e n t i o s t a t i c  and  

g a l v a n o s t a t i c  e x p e r i m e n t s  can  be  d i v i d e d  into  two  
p a r t s ;  an  i n i t i a l  r eg ion  i m m e d i a t e l y  a f t e r  c h a n g i n g  
t h e  p o t e n t i a l  or  t he  anod ic  c u r r e n t  dens i ty ,  and  a 
s t e a d y  g r o w t h  region .  This  d i scuss ion  w i l l  dea l  w i t h  
t h e  s t e a d y  g r o w t h  reg ion .  The  in i t i a l  r e g i o n  wi l l  be  
d e a l t  w i t h  in  a s u b s e q u e n t  pub l i c a t i on .  

In  t h e  s t e a d y  g r o w t h  r eg ion  t h e  r a t e  of f i lm 
g r o w t h  d e p e n d s  on bo th  t h e  f i lm th i cknes s  and  the  
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Fig. 8. Effect of temperature on the potentiostatic oxidation 
c u r v e  (QT VS. log i);  oxidation was done at +0.700v after 1 hr 
preliminary oxidation at -I-0.100v. 

i = A exp 

Temp. ~ 

0.5 
16.3 
24.7 
35.2 

2.3026B, 
m C / c m  2 

0.303 
0.377 
0.422 
0.481 

po ten t i a l  and  can be expressed  b y  the two e qua -  
t ions  

i = A exp (. --QT )a t  constant E [5] 
B 

and  
i = a exp (fiE) at  cons tan t  QT [6] 

These m a y  be combined  to give the  equa t i on  

i ---- k'  exp (~E -- QT/B) [7] 

A n y  theory  which  accounts  for the  k ine t ics  of the  
anodic  g rowth  of oxide fi lm on  i ron  in  n e u t r a l  so lu-  
t ions  should resu l t  in  a n  equa t ion  of this  form. 

Resul ts  con fo rming  to Eq. [5] have  been  found  in  
bo th  chemisorp t ion  and  oxida t ion  s tudies  and  have  
b e e n  i n t e rp r e t ed  in  m a n y  ways.  Hauffe and  I l schner  
(6) used a modif icat ion of the  Mat t  t heo ry  (7) 
which  is based  on the  a s sumpt ion  tha t  the  ra te  con-  
t ro l l ing  step is the  flow of e lect rons  f rom the  me t a l  
t h r o u g h  the oxide by  t u n n e l l i n g .  They  der ived  an  
equa t ion  s imi la r  to [5],  wi th ,  however ,  a cons t an t  
B which  m u s t  be  i n d e p e n d e n t  of t empe ra tu r e .  
G r i m l e y  and  T r a p n e l l  (8) proposed tha t  the  field 
across the  p - t y p e  oxide was  crea ted  b y  adsorbed 
ions on the  surface  of the  oxide and  tha t  the  field 
s t r eng th  was  i n d e p e n d e n t  of film thickness .  This  led  
to a cons tan t  B which  is p ropor t iona l  to the  abso lu te  
t empe ra tu r e .  Uhl ig  (9) ,  on the  o ther  hand ,  p ro -  
posed tha t  the  ra te  is d e t e r m i n e d  by  the  t r ans f e r  of 
e lectrons across the  m e t a l - m e t a l  oxide in te r face  a nd  
der ived  a cons tan t  B wh ich  was  also p ropor t iona l  to 
the  t empe ra tu r e .  None  of these theor ies  can  account  
for all  the  resul t s  ob ta ined  in  this  s tudy,  no r  do 

0 
o 

o ~ co,) M 
l M o 
M 0 . M 
0 {0_) M 0 

M - ~ -  - - __o__ _ ( o ) _  M 
M M M 0 

M M M 
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Fig. 9. Schematic representation of the "place exchange" proc- 
ess; M, metal ion; O, oxygen ion. 

other  theor ies  based on special ized flow pa ths  due 
to va r ious  types  of " imper fec t "  s t ruc tu re s  (10-13) .  

A n  anodic g rowth  ra te  of the  type  g iven  b y  Eq. 
[5] can resu l t  f rom a process in  which  the ac t iva t ion  
ene rgy  increases  l i n e a r l y  w i t h  thickness .  Such a 
process can  be de r ived  f rom a m e c h a n i s m  which  in -  
volves s imu l t aneous  place exchange,  i.e., ro ta t ion  of 
M-O systems such as is shown in  Fig. 9. This  mech -  
a n i sm  for ion m o v e m e n t  was  first proposed by  
L a n y o n  and  TrapneI1 (14) and  s u b s e q u e n t l y  by  
G r e e n  (15) and  La w  (16) to account  for the  in i t i a l  
ox ida t ion  of metals .  A n  oxygen  a tom is adsorbed  
and  exchanges  places (poss ib ly  b y  ro ta t ion)  w i th  an  
u n d e r l y i n g  me ta l  atom. A second oxygen  a tom is 
t hen  adsorbed a nd  the  two M- O  pai rs  ro t a t e  s i m u l t a -  
neously .  This process repeats ,  w i th  the  n u m b e r  of 
pa i rs  which  exchange  inc reas ing  w i th  th ickness .  If  
al l  exchanges  m u s t  be  s i m u l t a n e o u s  t h e n  the  act i -  
va t ion  ene rgy  should  increase  l i n e a r l y  w i th  th i ck -  
ness. I n  the  fo l lowing  discussion this  place exchange  
m e c h a n i s m  is used to de r ive  equa t ions  which  con-  
form wi th  the  resu l t s  descr ibed  above. F r o m  p re -  
vious w o r k  (4) it  is a s sumed  tha t  the  oxide is an  
ordered  sp ine l  (Fe304---Fe203)  and  tha t  the  ra te  
can  be ca lcula ted  on the  basis  of concent ra t ions ,  ac-  
t i va t ion  energies  a nd  po ten t i a l  gradients .  2 

A l though  the anodic  oxide  fo rmed  on i ron  in  a 
n e u t r a l  so lu t ion  has been  show n  to be dup lex  in  
character ,  as a first a p p r o x i m a t i o n  the  fi lm can be 
t r ea ted  as a face cen te red  cubic la t t ice  of oxygen  
ions into which  ions are  fitted to g ive  a composi t ion  
v a r y i n g  b e t w e e n  FezO4 and  ~-Fe20~, wi th  an  oxygen  
la t t ice  p a r a m e t e r  b e t w e e n  4.20 and  4.16. The over -  
all  reac t ion  for the  anodic  f o r m a t i o n  wi l l  t h e n  be 

2 F e W n O H - - ~ F e 2 O n + n H  + + 2 h e ,  Z =  + 2 n  [8a] 

where  n is the  ionic v a l e n c y  of the  i ron  ion in  the  
oxide and  Z the  n u m b e r  of e lec t rons  i nvo lved  in  the 
react ion.  If the  r a t e  d e t e r m i n i n g  step occurs v t imes  
w h e n  the ove r - a l l  reac t ion  occurs once, t h e n  it is 
r easonab le  to wr i t e  the  reac t ion  as 

2 n 1 n 
- - F e  + - - O H - - ~ - - F e 2 0 ~  + - - H  + 

P P 

+ - - h e ,  Z =  + - [8b]  
p 7) 

where  v is the  s to ichiometr ic  n u m b e r  of the  r e -  
action. 

A schemat ic  a r r a n g e m e n t  of the sys tem is shown 
in Fig. 10. The po ten t i a l  of this  sys tem is equa l  to 

T h e  g e n e r a l  t r e a t m e n t  i s  a c o m b i n a t i o n  o f  t h a t  g i v e n  b y  Young 
(17)  a n d  D a r k e n  a n d  G u r r y  ( 1 8 ) .  
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Fig. 10. Phase scheme of the electrode and the inner potential 
level. 

the sum of all  the  po t en t i a l  differences which  exist  
b e t w e e n  the  me ta l  and  the solut ion,  so t ha t  

E = (ACM -F AE -F ACs) ~ Eo [9] 
where  

E o  = ( X s  ' - -  XM) - -  ~ t E s  - -  C 

where  A@M is the  po ten t i a l  difference at the  m e t a l -  
me ta l  oxide in terface ,  AE the  po ten t i a l  difference 
across the  oxide, A~s the  po ten t i a l  di f ference at  the  
me ta l  ox ide - so lu t ion  in terface ,  AEs the  po ten t i a l  
difference in  solut ion,  C a cons tan t  d e p e n d e n t  on 
the  re fe rence  electrode,  and  xs and  X~ the  surface  
po ten t i a l  differences of the  so lu t ion  and  the  meta l .  
Since )s  and  XM are p roper t i es  of the  g iven  solu-  
t ion  and  metal ,  Eo can be cons idered  cons tan t  w h e n  
the ionic s t r eng th  of the  so lu t ion  is l a rge  enough  to 
d imin i sh  AEs to zero. 

I n  the  s teady  g rowth  reg ion  e q u i v a l e n t  n u m b e r s  
of i ron  ions and  oxygen  ions are  t r a n s f e r r e d  f rom 
the me ta l  phase  and  so lu t ion  phase  in to  the  oxide. 
The ove r - a l l  chemica l  r eac t ion  for  the  flow of i ron  is 

FeCM) --> Fen+(x) -t- necM), Z : -]-n [10] 

whe re  Fe(M) is an  i ron  a tom at  the  me t a l  la t t ice  jus t  
ins ide  the  me ta l  surface,  Fe n+(x) the  i ron  ion at  the  
ou te rmos t  oxide la t t i ce  layer .  The  first step of this  
reac t ion  is the  t r ans f e r  of the  i r o n  ion f rom the  
me ta l  to the  first la t t ice  l ayer  of the  oxide 

Fe(M) "-+ Fen+el ) + he(M), Z = + n  

The ac t iva t ion  e n e r g y  for this  r eac t ion  can  be spli t  
in to  a chemical  pa r t  and  an  e lect ros ta t ic  pa r t  such 
tha t  

An = W M - - ,aACM nF 

where  WM is the  difference b e t w e e n  the  chemica l  
po t en t i a l  of the  i ron  ion in  the  ac t iva ted  s ta te  and  
the  meta l l i c  state, ~ the  t r ans f e r  coefficient, and  F the  
Fa raday .  In  genera l  the  t r ans f e r  coefficient ~ m a y  
have  any  va lue  b e t w e e n  zero and  one. Fo r  an  e le-  
m e n t a l  step of the  type  g iven  in  Eq. [10] it  is r e a -  
sonable  to assume tha t  ~ = 0.5. 3 

3 P u t  in a n o t h e r  w a y  this  a s sumes  t h a t  t h e  a c t i v a t e d  s ta te  is in 
the  cen t e r  of t h e  p o t e n t i a l  g r a d i e n t  b e t w e e n  t h e  t w o  i ron  i o n s  in  
t h e  lat t ice ,  

The p r o b a b i l i t y  tha t  an  i ron  wi l l  t r ans f e r  f r o m  
the  me ta l  to the  ac t iva ted  s ta te  is equa l  to the  equ i -  
l i b r i u m  cons tan t  for the  ac t iva t ion  reac t ion  and  is 
g iven  by  

P1 ---- exp [ - - (WM --  0.5 A~M n F ) / R T ]  [11] 

A t  the  same t ime  a group of o ther  reac t ions  i n -  
vo lv ing  exchange  b e t w e e n  the  la t t ice  l ayers  in  the  
oxide take  place as fol lows:  

Fen+(1 ) -+ Fe"+(~) Z = + n  
Fen+(2 ) --> Fen+(a) Z ---- -[-~ 
Fen+ (x_l) "-+ Fen+(x) Z = + ~  

where  Fen+(m) represen t s  a n  i ron  ion at  the  mth l a t -  
tice l ayer  of oxide (Fig. 10). The  ac t iva t ion  ene rgy  
for each of these  react ions,  a s s u m i n g  a t r ans f e r  co- 
efficient equa l  to 0.5 wi l l  be  

Ao ---- TWo- 0.5 EmanF 

w h e r e  Wo is the  difference in  chemical  po ten t i a l  be -  
t w e e n  a n  i ron  ion i n  the  ac t iva ted  s ta te  a nd  the  n o r -  
ma l  s ta te  in  a n y  la t t ice  layer ,  em is the  g r ad i en t  of 
the  po ten t i a l  difference at the  m - t h  l aye r  of the  
oxide fi lm and  a the d is tance  b e t w e e n  two ad-  
j a cen t  l ayers  in  the  oxygen  la t t ice  ( and  hence  E~a 
is the  po ten t i a l  di f ference b e t w e e n  the  ( m - 1 ) - t h  
and  m - t h  la t t ice  l aye r s ) .  The  p robab i l i t i e s  for oc- 
c upa nc y  of the  ac t iva ted  s ta te  for  these  reac t ions  are  
g iven  by  

P2 : exp [ m ( W o - -  0.5 eeanF)/RT] 
P3 ---- exp [ - - ( W o -  0.5 ~3anF)/RT] 
Px : exp [ - - ( W o - -  0.5 exanF)/RT] 

If  one assumes  t ha t  the  ion m o v e m e n t  takes  place 
by  the  place exchange  m e c h a n i s m  and  hence  all  
steps are  s imu l t aneous  t h e n  for reac t ion  al l  the  ions 
in  a g iven  row m u s t  be  in  the  ac t iva ted  state.  The  
p r o b a b i l i t y  for th is  is 

P : P1 x P2 x P3x . . . . . . . . .  Px 
e x p  

[--{ Wn--Wo+ xW,,--O.5ACMnF--O.5( ~2a +esa--exa )nF} ] 

RT  

: exp [--{Wn---Wo-{-xWo----0.5 (ACM-{-AE)w,F}/RT] 

The  n u m b e r  of rows  w i t h  comple te ly  filled ac t iva ted  
ions is equa l  to (oNre)P w he r e  oNFe is the  n u m b e r  
of i ron  s per  u n i t  a rea  of oxide at  the  me t a l  s u r -  
face. The  ra te  of i nco rpo ra t i on  of i ron  in to  the  
lat t ice,  a s suming  the re  is no back  r eac t ion  in  the  
appl ied  po ten t i a l  field of anodic  oxidat ion,  is equa l  
to 

k T  
- -  (oNce P) 

h 

Since reaction [I0] must occur 2/~ times when the 
rate determining step of reaction [8b] occurs once, 
the rate of anodic oxidation can be expressed as 

k T  kT  
n F e =  - ~ -  ( o N F e )  2/u ( p ) 2 / v  = _ _  ( o N F e ) 2 / v  

h 

[ - - 2 ( W M - -  Wo + xWo) Jr n F ( A ~  -{- AE)] 
exp [12] 

vRT 
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w h e r e  RFe is t he  r a t e  of inf lux of F e  to f o r m  
1/vFe2On,k t he  B o l t z m a n n  cons tan t ,  a n d  h t he  
P l a n c k  cons tan t .  

The  t r a n s f e r  of o x y g e n  f r o m  t h e  so lu t ion  to t he  
o u t e r m o s t  l a t t i c e  l a y e r  of t h e  ox ide  

OH-(sol) -> O2-(x) + H+(soD, Z = +2 [13] 

can be considered to take place in two steps 

OH-~soD ~ OH-(ads) Z---- +i 

O H - ( a d s )  --> O f - ( x )  -~- H + ( s o l )  Z = + 2  

If  t he  a d s o r p t i o n  s tep  con t ro l s  t he  r a t e  of t he  o x y -  
gem ion u p t a k e  the  r a t e  of r e a c t i o n  [13] shou ld  be  
d e p e n d e n t  on the  a c t i v i t y  of O H -  ion  in  the  so lu-  
t ion  (19) .  H o w e v e r ,  if  i n c o r p o r a t i o n  into  t h e  l a t t i c e  
is t h e  r a t e  con t ro l l i ng  s tep  t hen  the  r a t e  of  r e a c t i o n  
[13] shou ld  be  p r o p o r t i o n a l  to t he  t o t a l  n u m b e r  of 
su r f ace  s i tes  a v a i l a b l e  for  O H -  a d s o r p t i o n  (19) .  The  
r e su l t s  s h o w n  in Fig .  7 i nd i ca t e  t h a t  t h e r e  is no 
a p p r e c i a b l e  d e p e n d e n c e  of t h e  r a t e  of g r o w t h  on the  
p H  and  hence  the  g r o w t h  r a t e  shou ld  be d e p e n d e n t  
on the  n u m b e r  of su r f ace  s i tes  only .  

The  a c t i v a t i o n  e n e r g y  for  t he  i n c o r p o r a t i o n  p r o c -  
ess can  be  g iven  in t he  s ame  w a y  as for  i ron  in 
Eq. [11].  

A s - - - - W s - - 0 . 5 A r  2 . F  

S ince  the  o x y g e n  u p t a k e  r e a c t i o n  [13] occurs  n/v 
t imes  w h e n  the  r a t e  d e t e r m i n i n g  s tep  of [8b]  occurs  
once,  the  r a t e  of t he  anod ic  o x i d a t i o n  can be  g iven  
b y  

kT  
Rox = ~ (Ns)"/Vexp [ - - ( W s - - A r  [14] 

w h e r e  Ns is t he  t o t a l  n u m b e r  of su r f ace  si tes  on the  
ox ide  for  O H -  adso rp t ion .  

U n d e r  t he  cond i t ions  of s t e a d y  s t a t e  t h i c k e n i n g  of 
t he  anodic  oxide ,  RFe shou ld  be  equa l  to Ro~ so t h a t  

R = Ry e = Rox [15]  

w h e r e  R is t he  r a t e  of the  anodic  ox ida t ion .  
B y  c o m b i n i n g  Eq. [12] ,  [14],  [15],  a n d  [9]  the  

r a t e  of ox ide  f i lm g r o w t h  is 

i = 2FR = 2F A/RFe " Rox 

[. n(Z~bM + AE + ACs)F xWo ] 
K ' e x p  

L J I 2vRT vRT 

f nEF x W ~  ] [16 ] 
= K exp  2vRT vRT 

w h e r e  

2FkT 
K =  

h 
h/Ns "/~ (oNFe) 2/v 

[ n E o F  W M - - W o + O . 5 n W s ]  
e x p  2vRT vRT 

The  t o t a l  a c t i v a t i o n  e n e r g y  AT for  t h e  o v e r - a l l  
p rocess  of f i lm t h i c k e n i n g  wi l l  v a r y  w i t h  t he  t h i c k -  
ness  

AT = X -]- ( W M  - -  W o  -~- 0 . 5 n W s )  
v L v  

-- n--~ F(E + Eo) ~ [17] 
2 j 

since x is proportional to the film thickness. 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  May 1964 

The r a t e  e q u a t i o n  is of t he  s a m e  f o r m  as the  k i -  
ne t ic  e q u a t i o n  o b t a i n e d  e x p e r i m e n t a l l y  

i = k' exp (flE - QT ) B [7]  

Hence  the  cons t an t  fl w o u l d  a p p e a r  to be  

nF 
2vRT 

Using the  v a l u e  of fl o b t a i n e d  e x p e r i m e n t a l l y  
( 2 . 3 0 2 6  ) 

--~ - - 0 . 1 2 0 v  i t  ean  be  seen  t h a t  v = n. F o r  

a l l  p r a c t i c a l  p u r p o s e s  n = 3. This  s t o i ch iome t r i c  
n u m b e r  of 3 co r r e sponds  to t he  r a t e  d e t e r m i n i n g  s tep  
be ing  the  t r a n s f e r  of o x y g e n  f r o m  the  a d s o r b e d  
O H -  to the  ox ide  l a t t i ce  (Eq. [8a]  and  [8b] .  

The  n u m b e r  of l a t t i c e  l a y e r s  x, in t he  o x i d e  f i lm 
can  be  c a l c u l a t e d  f r o m  the  t o t a l  charge ,  QT pas sed  
in f o r m i n g  t h e  films. 

QT X ~  
(No. of o x y g e n  a t o m s / c m 2 / l a t t i c e  l a y e r )  x 2e 

12 
- -  Q T  

4e 

w h e r e  e is the  c h a r g e  of the  e lec t ron ,  l is t he  l a t t i ce  
d i s t ance  of o x y g e n  in the  e l e m e n t a l  face  c e n t e r e d  
cubic  cel l  of  o x y g e n  in t he  l a t t i c e  and  each  o x y g e n  
a t o m  has  two  e l ec t rons  a s soc ia t ed  w i t h  it. S u b s t i -  
t u t i ng  for  x and  t a k i n g  v = n the  r a t e  of t he  o v e r -  
a l l  r e a c t i o n  can be  e x p r e s s e d  as 

) i = K exp  E - - -  QT [18] 
RT 4neRT 

The  p h y s i c a l  m e a n i n g  of the  cons tan t s  in Eq. [7]  
a r e  t h e r e f o r e  

k ' = K  [19]  
0.5F 

fl -- - -  [20] 
RT 

a n d  

1/B lfW~ -- - - 1 2  ( z~H~ Z~So ~ ) [21] 
4neRT 4neR T 

w h e r e  Wo has  been  sp l i t  in to  an  e n t h a l p y  t e r m  
~Ho ~ and  an  e n t r o p y  t e r m  TASo% 
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It  can be seen f r o m  Fig. 11 t h a t  the  r e l a t ionsh ip  
b e t w e e n  B and  T de r i ved  in  Eq. [21] is obeyed  ex-  
pe r imen t a l l y .  I t  should  be  emphas ized  tha t  this  for -  
m u l a t i o n  is i n d e p e n d e n t  of the  r e l a t ive  m a g n i t u d e s  
of the  i n d i v i d u a l  po ten t i a l  differences ACM, AE, and  

Z~r 
F r o m  the  da ta  g iven  in  Fig. 11 one can ca lcula te  

the  va lues  of A/-/o ~ and  ASo ~ us ing  the  k n o w n  va lues  
of the  constants ,  i.e., I ~ 4.18, n = 3, R = 1.9865 
ca l /mole ,  e = 1.602 x 10 -16 mC and  the  expe r i -  
m e n t a l  va lues  of B. 

~Ho ~ ---- 15.5 k c a l / i o n  pa i r  

ASo ~ = 40 c a l / d e g r e e  

so t ha t  the  ac t iva t ion  ene rgy  for each i ron  ion ex -  
change  a t  25~ is 

Wo = AHo ~ --  T~So ~ = 3.5 kcal  

F r o m  this  it  can be seen tha t  the  ac t iva t ion  ene rgy  
wi l l  change  w i th  t empe ra tu r e .  This  is a fa i r ly  smal l  
va lue  and  m a y  ind ica te  the  presence  of some co- 
opera t ive  p h e n o m e n o n  b e t w e e n  layers  or rows. 

As po in ted  out  above the  to ta l  ac t iva t ion  e n e r g y  
at  a n y  th ickness  is d i rec t ly  d e p e n d e n t  on the  n u m -  
ber  of la t t ice  layers .  W h e n  this  becomes  sufficiently 
la rge  the  ac t iva t ion  e n e r g y  for the  "p l ace -exchange"  
process wi l l  exceed tha t  for e i ther  la t t ice  diffusion by  
a v a c a n c y  m e c h a n i s m  or a pore or "loose s t r u c t u r e "  
m e c h a n i s m  and  one of the  l a t t e r  processes wi l l  t ake  
over. 

Manuscript  received May 7, 1963. 
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Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in  the December 1964 
JOURNAL.  
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The Kinetics of Anodic Oxidation of Iron in Neutral Solution 
II. Initial Stages 

Norio Sato ~ and Morris Cohen 

Division o~ Appl ied  Chemis try ,  National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

When passive iron is oxidized galvanostatically a potential  arrest  is ob- 
served in the ini t ial  region. Polarizat ion curves obtained using the arrest  po- 
tentials at different current  densities lead to an equation of the form 

i = ~' exp (fl'Ei) 

The value of ~' decreases with increasing film thickness and is smaller  than 
that  observed in the steady state region. Cathodic reduct ion experiments  
showed that  the ratio of i ron in  the outer layer  of the film to charge passed is 
considerably smaller  in  the ini t ia l  region than in  the following steady growth 
region. It  was concluded that  in the ini t ial  region the charge passed was 
used in  the format ion of i ron- ion  vacancy-elect ron pairs and the t ransfer  of 
oxygen from the solution to the outer layer  of the oxide. The extent  of 
this reaction depends on the film thickness in  that  the la t ter  determines the 
dis tr ibut ion of the potential  drops between the metal  and the solution. 

I n  a p rev ious  paper  (1) it  was  shown tha t  d u r -  
ing bo th  the  po ten t ios ta t ic  and  ga lvanos ta t i c  oxi -  
da t ion  of i ron  in  a n e u t r a l  buffer  so lu t ion  some t ime  
of po la r i za t ion  was  r e q u i r e d  before  a s teady s ta te  

1 N.R.C. Post -Doctorate  Research Fel low.  Present  address: Facu l ty  
of Engineering,  Hokkaido  Universi ty ,  Sapporo, Japan. 

was reached.  A n  u n d e r s t a n d i n g  of the  k ine t ics  of 
the  reac t ion  d u r i n g  this  in i t i a l  per iod  should  be 
he lp fu l  in  a ny  a t t e m p t  to e luc ida te  the  whole  m e c h -  
a n i s m  of anodic  fi lm format ion .  In  this  pape r  some 

resu l t s  ob ta ined  in  this  ea r ly  per iod  a re  presen ted .  
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Exper imental  
The mater ia l s  and methods are  the same as those 

presented  in the preceding  paper  (1).  

Results 
Specimens which had  been pro-po la r ized  for 1 hr  

at  var ious  constant  potent ia ls  were  oxidized ga l -  
vanos ta t ica l ly  over a range  of cur ren t  densities. A 
typ ica l  set of resul ts  is shown in Fig. 1. I t  can be 
seen tha t  on apply ing  the constant  cur ren t  af ter  the 
p re -po la r i za t ion  there  is a sharp rise in potent ia l  
fol lowed by  a potent ia l  a r res t  which is then fol-  
lowed by  a g radua l  merging  into a region where  
the poten t ia l  var ies  l inea r ly  wi th  to ta l  charge. 

A polar izat ion curve can be constructed for the 
oxide film growth in the  ini t ia l  region by  p lo t t ing  
the value  of the potent ia l  arrest ,  Ei, vs. the cur ren t  
density.  F igu re  2 shows three  polar izat ion curves 

obtained in this way  by  galvanosta t ic  oxida t ion  f rom 
three  different s ta r t ing  potent ia ls  (and hence three  
different  in i t ia l  oxide th icknesses) .  As shown for 
the s teady state region in the  previous  paper  the 
polar izat ion curves appear  to obey the Tafel  equa-  
tion 

i = =' exp (fl'Ei) [1] 

I t  can be seen tha t  the  value  of fl" decreases wi th  in-  
creasing film thickness  and tha t  it  is smal le r  than  
tha t  obta ined in the s teady growth  region (1).  

The composit ion of the film dur ing  galvanosta t ic  
oxidat ion was de te rmined  by  s topping the anodic 
cur ren t  at  var ious  t imes and immedia te ly  switching 
to a cathodic reduct ion circuit.  The cathodic cur-  
ren t  densi ty  was 10 #a /cm ~. As in previous  work  
(2) measurements  were  made  of both the  number  
of coulombs used in the first wave  of the cathodic 
reduct ion and of the  amount  of iron formed in the 
solution. The previous  s tudy (2) had  shown tha t  
only the outer  l aye r  of the  oxide film is e lect ro-  
ly t ica l ly  dissolved to form ferrous  ion in solution 
dur ing  the first pa r t  of the  cathodic process. The 
resul ts  are  shown in Fig. 3 and 4. I t  can be seen tha t  
the amount  of i ron in the film increases only very  
s lowly in the ini t ia l  region of the galvanosta t ic  
oxidat ion and only la te r  on becomes a funct ion of 
the to ta l  charge. This re la t ionship  is the  same as 
tha t  observed be tween  the potent ia l  and to ta l  
charge. In contras t  to this the  charge accumula ted  
in the  outer  l aye r  shows no ar res t  bu t  increases 
l inea r ly  f rom the beginning of the galvanosta t ic  
oxidation.  

Discussion 
The resul ts  indicate  tha t  the  ini t ia l  a r res t  in the 

potent ia l  dur ing galvanosta t ic  oxidat ion is asso- 
ciated with  the format ion  of i ron- ion  vacancies (or 
excess oxygen ion) in the outer  l aye r  of the  oxide. 
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Fig. 3. Change of the amount of iron in the outer layer of oxide 
film during galvanostatic oxidation; Q I  is the amount of charge 
associated with the first wave of cathodic reduction curve, i f / m /  
cm2): z~, 0.5; O, 1.0; e, 5.0; Es = +0.10Or. 
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I t  is, t he r e fo re ,  r e a s o n a b l e  for  t he  in i t i a l  r eg ion  to 
w r i t e  the  r e a c t i o n  as 

n O H -  ~ F e 2 0 ~ +  2Fe "+ + n H  + + 2he [2a]  
or  [] 

1 2 
O H - - ~ - - F e 2 O n + - - F e  ~+ + H  + + 2e [2b]  

n n [] 

w h e r e  F e  ~+ is the  i r o n - i o n  v a c a n c y  w i t h  the  pos t -  [] 

rive cha rge  of n. R e a c t i o n  [2b]  can  be  sp l i t  in to  two  
r eac t ions  i n v o l v i n g  t h e  t r a n s f e r  of o x y g e n  ion f r o m  
the  O H -  f r o m  the  so lu t ion  into  the  ox ide  and  the  
f o r m a t i o n  of i r o n - i o n  vacanc ie s  in t he  o u t e r m o s t  
p a r t  of the  ox ide  

O H -  (sol )  -~ 0 2 -  ( o x i d e )  + H + (sol )  [3]  

F e e O ~  (Fe~+[] + ne) + Fe20~ [4] 

w h e r e  (Fe~+[]  + ne) is t he  v a c a n c y - e l e c t r o n  pa i r .  

These  r e a c t i o n s  a r e  f o l l o w e d  b y  t h e  c o m b i n a t i o n  
of the  o x y g e n - i o n  and  i r o n - i o n  v a c a n c y  in the  
ox ide  

2 (  ) 1 n+ n 0 .2- + - -  F e ~ +  + n e  - ~ - - F e  2 D O n +  2e 
n 

T h e  r a t e  e q u a t i o n  for  t h e  t r a n s f e r  of o x y g e n  ion  
f rom the  so lu t ion  into  t he  ox ide  was  d e r i v e d  t h e -  
o r e t i c a l l y  in the  p r e v i o u s  p a p e r  (1)  and  is found  
to be  

kT  
Rox = - ~ -  Ns exp  ( - - ( W s - - A t s F ) / R T )  [5]  

w h e r e  N~ is the  t o t a l  n u m b e r  of su r f ace  s i tes  on the  
o x i d e  for  O H -  adso rp t ion ,  Ws the  c h e m i c a l  t e r m  of 
the  ac t i va t i on  ene rgy ,  Ar t he  i n n e r - p o t e n t i a l  d i f -  
f e r ence  at  the  m e t a l  o x i d e - s o l u t i o n  in t e r face ,  k t he  
B o l t z m a n n  cons tan t ,  h the  P l a n c k  cons tan t ,  and  F 
t h e  F a r a d a y .  In  t h a t  t he  e l ec t rode  p o t e n t i a l  is the  
sum of the  p o t e n t i a l  d i f fe rences  w h i c h  ex i s t  b e -  
t w e e n  the  m e t a l  and  t h e  solut ion,  A ~  is r e l a t e d  to 
the  e l ec t rode  p o t e n t i a l  E b y  the  equa t ion  

E = ( A ~ M  + hE + h~bs) - - E o  [6]  
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w h e r e  Aff~ M is t he  i n n e r  p o t e n t i a l  d i f ference ,  AE the  
p o t e n t i a l  d i f fe rence  across  t he  oxide ,  and  Eo the  a r -  
b i t r a r y  cons tan t .  

The  v a c a n c y - e l e c t r o n  pa i r ,  (Fen+j3 + he) is e l ec -  

t r o n e u t r a l  in i t se l f  and  c o n s e q u e n t l y  i t  is r e a s o n a b l e  
for  the  f o r m a t i o n  of t he  v a c a n c y - e l e c t r o n  p a i r  to 
a s sume  an  a c t i va t i on  e n e r g y  w h i c h  is i n d e p e n d e n t  
of the  e l ec t ro s t a t i c  field app l i ed .  The  n u m b e r  of 
the  v a c a n c y - e l e c t r o n  p a i r s  f o r m e d  in t he  ox ide  
m u s t  be  r e l a t e d  to the  n u m b e r  of o x y g e n - i o n s  t r a n s -  
f e r r e d  f r o m  the  so lu t ion  in to  the  ox ide  in such a 
w a y  t h a t  the  t r a n s f e r  of one o x y g e n - i o n  c o r r e s p o n d s  
to t h e  f o r m a t i o n  of two  n - t h  of one v a c a n c y - e l e c -  
t r o n  pa i r .  The  r a t e  of t h e  o x i d e  g r o w t h  d u e  to t he  
f o r m a t i o n  of v a c a n c y - e l e c t r o n  pa i r s ,  t he re fo re ,  can  
be  g iven  b y  

2/n kT  
Rv ~ (~NF~) - ~  exp  ( - -2Wv/nRT)  [7]  

w h e r e  XNFe is t he  n u m b e r  of i r o n - i o n  s i tes  in  the  
ou te r  mos t  p a r t  of t he  oxide ,  and  Wv is t he  a c t i v a -  
t ion  e n e r g y  for  t he  f o r m a t i o n  of the  v a c a n c y - e l e c -  
t r on  pa i r .  T h e  r a t e  Rv shou ld  be  equa l  to t he  r a t e  
Rox; t h e n  t h e  r a t e  of ox ide  g r o w t h  can be  e x p r e s s e d  
by  

R = Rox = Rv [8]  

C o m b i n a t i o n  of Eq. [5] ,  [6] ,  [7] ,  and  [8]  l eads  
to t he  r a t e  e q u a t i o n  of the  ox ide  g r o w t h  for  the  
i n i t i a l  r eg ion  as 

(O.SF 
i = 2F k/RoxRv -~ K' exp  \ - ~ A t s ]  

0.5F 
: K"  exp  \ - -R-~  KE ) [9]  

,.~-here 

K" = 2F ~ -  ~/ns(xN~o)~/~ 

( 0.5F KE 
exp  \--R--T o 

Wv+O.5W~ ) 

nRT 

K : ~ s / ( a ~ , n  + AE + Ats) = Ats / (E+Eo)  

Since  1 > ~ > 0, t he  p o t e n t i a l  d e p e n d e n c e  of t he  
r a t e  in th is  e q u a t i o n  is s m a l l e r  t h a n  t h a t  for  t he  
r a t e  in t he  s t e a d y  g r o w t h  r eg ion  w h i c h  is e q u a l  to 
0.5 F / R T  (1) .  This  is in a g r e e m e n t  w i t h  t he  ob -  
s e r v e d  s m a l l e r  s lope of t h e  in i t i a l  p o l a r i z a t i o n  cu rve  
t h a n  the  s lope for  the  s u b s e q u e n t  s t e a d y  g r o w t h  (1) .  

The  n u m e r i c a l  v a l u e  of f ac to r  K can  be  ca l cu -  
l a t e d  f rom the  s lope  of t he  in i t i a l  p o l a r i z a t i o n  curves  
(Fig .  2) ,  and  t h e  r e su l t s  of t he  ca l cu l a t i on  a r e  
shown  in Tab le  I. The  v a l u e  of ~ is seen to d e c r e a s e  
w i t h  the  f i lm th ickness .  Th is  is w h a t  one w o u l d  e x -  
pec t  if the  p o t e n t i a l  d i f fe rence  E in t he  ox ide  f i lm 
inc reases  w i t h  t he  f i lm th ickness .  A l l  the  va lue s  of 

Table I. Relation between K and oxide film thickness 

S t a r t i n g  
potential Oxide  th ickness  

Es (v) sQT (mC/cm~) ~ = Ar162 + AE + Ats)  

+0.085 4.410 0.821 
+0.256 5.082 0.748 
+ 0.460 5.800 0.640 
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K are also seen to be l a rge r  t h a n  0.5. This suggests  
tha t  at the in i t i a l  m o m e n t  of the  anodic  ox ida t ion  
i m m e d i a t e l y  af ter  i nc reas ing  the anodic  c u r r e n t  
the ma jo r  pa r t  of the  po ten t i a l  difference b e t w e e n  
the  me ta l  and  the so lu t ion  is located at the  me ta l  
ox ide - so lu t ion  in te r face  

A{~S > A~M + • 

This equat ion ,  however ,  cannot  apply  to the s teady 
g rowth  region,  since the re la t ive  m a g n i t u d e  of the 
th ree  i n d i v i d u a l  po ten t i a l  differences m a y  change  
wi th  the lapse of t ime  of anodic  oxidat ion.  

As the vacancy  concen t r a t i on  increases  in  the 
ou te rmos t  pa r t  of the  oxide, the r a t e  of the for-  
ma t ion  of i r o n - i o n  vacancies  wi l l  s low d o w n  and  
the  flow of i r o n - i o n  f rom the  me ta l  wi l l  t ake  over. 
This would  be the  cause of the t r ans i t i on  f rom the 
in i t ia l  reg ion  to the s teady g rowth  region.  

On the basis  of the above and  the  p reced ing  paper  
(1) the  k inet ics  of the ox ida t ion  process can be 

descr ibed in the  fo l lowing  m a n n e r .  On first a p p l y -  
ing the cur ren t ,  e i ther  po ten t ios ta t i ca l ly  or gal -  
vanos ta t ica l ly ,  a charge  is set up  at the oxide solu-  
t ion  in te r face  which  leads to the  fo rma t ion  of i ron -  
ion v a c a n c y - e l e c t r o n  pairs  and  oxygen  ion e n t r a n c e  
into the latt ice.  Af te r  a ce r t a in  per iod  of t ime  this  
process is superseded  by  the  p l a c e - e x c h a n g e  of ox-  
y g e n - i r o n  ion pai rs  un t i l  such a t ime  as the  th i ck -  
ness of the l ayer  is too la rge  (i.e., the ac t iva t ion  
ene rgy  increases  to a la rge  va lue )  and  a n e w  mech -  
an i sm i n v o l v i n g  e i ther  ca t ion  diffusion via  vacancies  
or some other  process takes  over. 

Manuscript  received May 7, 1963. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1964 
JOURNAL. 
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Effect of Cold-Work on Corrosion of Iron and Steel 
in Hydrochloric Acid 
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ABSTRACT 

Zone-refined iron corrodes at the same rate whether  cold-worked or an-  
nealed. Cold-working of iron containing 0.007-0.15% carbon increases the 
corrosion rate in 0.12N HC1 (pH = 1.01), the rate increasing still more after 
heat t reat ing the iron at 77~176 for 2 hr. Cold-working of iron containing 
0.01-0.02% nitrogen increases the corrosion rate only after heat t rea tment  at 
77~176 Two maxima in the rate appear for heat t reated N alloys but  only 
one for C alloys, corresponding to precipitat ion of two different nitr ides but  
only one iron carbide. Heat t rea tment  above 200~ reduces the corrosion rate 
for both alloys, but  pure iron is not affected by any heat t rea tment  schedule. 
Polarizat ion measurements  show that corrosion in all instances is controlled 
cathodically. 

These results are explained by lower H2 overvoltage of imperfection 
sites introduced by cold-work, and associated with C or N atoms (Cottrell  a t -  
mospheres).  In  absence of C and N, imperfection sites have the same apparent  
H2 overvoltage as iron, and their  tendency to dissolve anodically is not 
pronounced. The C and N atoms segregated at imperfections come from in ter -  
stitial sources as well as through dissociation of carbides and nitrides, the com- 
pounds being less stable than the corresponding Cottrell atmospheres. I n -  
crease in corrosion caused by cold-work, especially when followed by heat 
t r ea tment  at 77~176 is in part  explained by anneal ing out some imper-  
fections, such as lattice vacancies, causing re- format ion  of carbides or n i -  
trides in finely divided form. Increased peripheral  area of the precipitate in -  
creases galvanic action. Carbides dissociate more rapidly at low temperatures  
than  do nitrides, accounting for the observed difference in behavior  of Fe-N 
and Fe-C alloys. Effect of cold-work on corrosion of metals in general  is 
greatest when a second phase precipitates to form active galvanic cells, 
whereas the increase in in terna l  energy of a disarrayed metal  lattice has li t t le 
if any effect. Preferred grain orientat ion of surface metal  sometimes resul t ing 
from cold-work may either increase or decrease corrosion. 

C o l d - w o r k i n g  or plas t ic  de fo rmat ion  of meta l s  is 
u sua l l y  a s sumed  to increase  corrosion t endency .  
T a m m a n n  and  Neube r t  (1) came to this  conclus ion  
f rom resu l t s  they  ob ta ined  wi th  e lect rolyt ic  i ron  
co ld- ro l led  up to 85% reduc t ion  in  thickness ,  a n -  
nea led  at var ious  t empera tu re s ,  and  s u b s e q u e n t l y  

corroded in  3N H2SO4. Corros ion ra tes  for  cold-  
rol led i ron  were  20 t imes  ra tes  for a n n e a l e d  iron. 
They  also found  co ld - ro l l ing  to increase  corrosion 
of Mg, A1, cer ium,  and  Zn. Evans  (2) s ta ted tha t  
d i s a r r ay  in  the a tomic s t r uc t u r e  b r ough t  abou t  by  
co ld -work  is l ike ly  to fac i l i ta te  d e t a c h m e n t  of the  
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a tom f rom the meta l l i c  phase  and  its passage into 
the l iquid.  He po in ted  out  tha t  p re fe r red  o r i en t a -  
tion, also m e n t i o n e d  by T a m m a n n ,  or change  in  
surface  composi t ion induced  by  co ld -work  m a y  also 
be factors in  a l t e r ing  the  corrosion rate.  F u r t h e r -  
more,  for some meta l s  p a r t i c u l a r l y  in  e n v i r o n m e n t s  
o ther  t h a n  acids, damage  to oxide films m a y  account  
for an  increase  of at tack.  Hoar  (3) s ta ted tha t  cold-  
work ing  produces  more  act ive sites of low ac t iva -  
t ion  ene rgy  for anodic d isso lu t ion  t h a n  does 
a n n e a l e d  mater ia l .  

Ha rwood  (4) s ta ted  tha t  the  pub l i shed  evidence  
re la t ing  to the  inf luence  of stress on genera l  corro-  
sion is somewha t  confused,  some au thors  f inding 
stress to increase  corrosion,  o thers  f inding no effect 
and  sti l l  o thers  r epo r t i ng  a decrease.  He conc luded  
tha t  there  is no cons is ten t  change  in  corrosion ra te  
wi th  stress bu t  r a the r  tha t  the  effects are qui te  
specific bo th  to the me t a l  and  to its e n v i r o n m e n t .  
Za re t sky  (5) conc luded  tha t  co ld -work  increases  
corrosion,  the  effect of s t r a in  be ing  one of r u p t u r i n g  
oxide films on the  me ta l  surface  or decreas ing  ohmic  
res i s tance  of microcel ls  such as by  b r e a k i n g  up the 
g ra in  s t ruc ture .  He also ind ica ted  tha t  in  some i n -  
s tances microfissures  are fo rmed  or tha t  there  
m a y  be p rec ip i t a t ion  f rom s u p e r - s a t u r a t e d  solid 
solutions.  

S t r a u m a n i s  and  W a n g  (6) found  tha t  99.99% A1, 
co ld- ro l led  to 90% reduc t ion  in  thickness ,  corroded 
in  1N H F  at  the  same ra te  as a n n e a l e d  mate r ia l .  
S imi la r ly ,  co ld- ro l l ing  had  no effect on the  d issolu-  
t ion  ra te  in 0.5N b a r i u m  hydroxide .  O n l y  severe  
h a m m e r i n g  on an  i ron  anv i l  p roduced  an  increase  
of a t tack  by  Ba (OH)2  by  as m u c h  as 30%, which  
the au thors  ascr ibe to slip bands  plus  microscopic 
or submicroscopic  shear  cracks. However ,  it  is also 
possible t ha t  the increase  in  corrosion they  found  
was caused b y  i ron  c o n t a m i n a t i o n  p icked up  d u r i n g  
the severe  h a m m e r i n g  operat ion.  Wi th  respect  to 
n icke l  and  some n i cke l -ba se  alloys, Copson (7) 
p resen ted  da ta  showing  tha t  on the  average  there  
is no s ignif icant  effect of co ld -work  on the corrosion 
ra te  in  acids and  in  alkalis.  

For  i ron  in  aqueous  media ,  it  is k n o w n  tha t  the  
effect of co ld -work  is neg l ig ib le  w h e n  corrosion is 
cont ro l led  by  oxygen  depolar iza t ion ,  b u t  in  n o n -  
oxidiz ing acids p rev ious ly  repor ted  data  ind ica te  
tha t  the  corrosion ra te  i n v a r i a b l y  increases  (1, 5, 
8, 9). This  paper  is concerned  wi th  the  effects of 
co ld -work  on corrosion of pu re  iron, specifically in  
an acid med ium,  as a f unc t i on  of n i t r ogen  and  car-  
bon  con ten t  of the  iron.  The m e c h a n i s m  of a t tack  
is s tudied  by  appropr ia te  po la r iza t ion  m e a s u r e m e n t s .  

Experimental Procedure 
For  some expe r imen t s ,  zone- re f ined  i ron  of h igh 

p u r i t y  was used as p r e p a r e d  and  ana lyzed  at Ba t -  
tel le Memor ia l  Ins t i tu te .  I t  con ta ined  <0 .001% C 
and  0.0003% N. For  al loys of i ron  w i th  ca rbon  or 
w i th  n i t rogen ,  deca rbur i zed  r eme l t ed  e lect rolyt ic  
i ron  was the  s t a r t ing  mater ia l .  This  was  mel ted  in  
a v a c u u m  induc t ion  fu rnace  employ ing  p u r e  a l u m i n a  
crucibles  to which  addi t ions  of spec t rographic  car -  
bon  were  made ;  a l t e r n a t i v e l y  for n i t r o g e n  alloys, 
the me l t  was  he ld  in  a pu re  N2 a tmosphere .  For  
the  ca rbon  alloys, pur i f ied h e l i u m  b l a n k e t e d  the  
f u r na c e  af ter  mel t ing ,  and  the alloys were  suc t ion-  
cast  by  d r a w i n g  t h e m  into  7 m m  Vycor  tubes  and  
que nc h i ng  in  water .  Ni t rogen  alloys were  cast  
s imi la r ly  in  a n i t rogen  a tmosphere .  Cast ings  were  
homogenized  by  seal ing t h e m  in  i n d i v i d u a l  evacu -  
a ted quar tz  tubes  and  hea t ing  at 1050~ for 48 hr. 
The cast ings were  t h e n  co ld- ro l led  at 0.015 in. per  
pass in  the d i rec t ion  of the  long axis, u sua l l y  to a 
final 50% reduc t ion  in  thickness .  Ana lyses  are g iven  
in  Tab le  I. 

Heat  t r e a t m e n t  of co ld- ro l led  spec imens  fol lowed 
differ ing procedures  de pe nd i ng  on t empe ra tu r e .  For  
t r e a t m e n t  at 77~ spec imens  were  i m m e r s e d  in  
bo i l ing  e thy l  acetate.  At  100~ spec imens  enclosed 
in  glass tubes  were  i m m e r s e d  in  bo i l ing  water .  At  
150~176 they  were  i m m e r s e d  in  a low me l t i ng  
B i - S n - Z n  al loy ba th  the rmos ta t i ca l ly  control led.  
For  t e m p e r a t u r e s  above 250~ t e m p e r a t u r e - c o n -  
t ro l led  fu rnaces  were  employed  wi th  spec imens  
con ta ined  in  i n d i v i d u a l l y  evacua ted  and  sealed 
quar tz  tubes.  

Spec imens  were  kept  at room t e m p e r a t u r e  for 
one week  fo l lowing co ld - ro l l ing  in  order  to in su re  
tha t  they  had  all  u n d e r g o n e  the  same a m o u n t  of 
r o o m - t e m p e r a t u r e  aging a nd  recovery.  Measu re -  
men t s  of corrosion ra tes  were  s ta r t ed  i m m e d i a t e l y  
af ter  a ny  p a r t i c u l a r  hea t  t r e a t m e n t  schedule.  

Spec imens  for corrosion ra te  m e a s u r e m e n t s  were  
r e c t a n g u l a r  in  shape and  abou t  4 to 6 cm 2 tota l  
area.  A smal l  hole was  dr i l led  at one end  f rom 

which  the  specimen was suspended  by  a glass hook. 
They  were  ab raded  t h r ough  4-0 e me r y  paper ,  
p ick led  in  d i lu te  HC1 to r emove  effects of a b r a d i n g  
or mach in ing ,  washed  in  H20, and  dr ied  by  suc-  

cessive i m m e r s i o n  in  acetone and  benzene .  Af te r  
be ing  weighed,  spec imens  were  suspended  f rom the 
side of a t u b u l a r  glass c h i m n e y  con ta ined  in  a glass-  
s toppered  flask (Fig. 1). The cor roden t  was  0.12N 
HC1 (pH 1.01) which  was  deae ra ted  be fo rehand  by  
b u b b l i n g  pur i f ied  H2 (passed over  Pd  ca ta lys t  at 

Table I. Analysis of iron and steels 

T r e a t m e n t  % C % N % O % S 

Zone-refined iron 
Remelted electrolytic i ron 
Remelted electrolytic iron 
Remelted electrolytic i ron 
Remelted electrolytic iron 
Remelted electrolytic i ron 
Remelted electrolytic i ron 
Remelted electrolytic iron 

- -  <0201 0.0003 
- -  0.007 0.0005 

Decarburized 0.002 0.0005 
Added carbon 0.023 0.005 
Added carbon 0.076 0.003 
Added carbon 0.15 0.005 
Added ni t rogen 0.002 0.01 
Added ni t rogen 0.002 0.023 

0.0015 
0.004 0.003 
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Fig. 1. Cell for measuring corrosion rates by weight loss and by 
solution analyses. 
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Fig. 2. Weight loss-time behavior of cold-rolled 0.002% C steel 
in deaeroted 0.12N HCI, 25~ 
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Fig. 3. Corrosion rotes in deoeroted 0.12N HCI of carbon steels 
cold-rolled 50% and subsequently heat treated at various tem- 
peratures for 2 hr. 
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Fig. 4. Corrosion rates in deaerated 0.12N HCI of carbon steels 
cold-rolled 50% and subsequently heat treated at various tem- 
peratures for 2 hr. 

room t e m p e r a t u r e  and  Ru cata lys t  at  300~ 
th rough  the acid for 12 hr. H y d r o g e n  was also 
passed at  a slow ra te  t h rough  the solut ion d u r i n g  
the test, the ac tua l  ra te  of which  was  found  to have  
no effect on corrosion.  

Corros ion ra tes  were  d e t e r m i n e d  by  periodic 
ana lyses  of the acid for Fe + + us ing  the ca lor imet r ic  
o r t h o p h e n a n t h r o l e n e  me thod  (10).  Resul ts  were  
checked by  compar i son  wi th  weigh t  loss m e a s u r e -  
men t s  at the  end  of each run .  The compar i son  was  
close bu t  not  exact  because  of a slow in i t i a l  ra te  
somet imes  l as t ing  one or more  hours  p reced ing  a 
h igher  s t eady- s t a t e  ra te  (Fig. 2). On ly  s t eady - s t a t e  
ra tes  are repor ted  h e r e w i t h  for exposure  per iods 
ave rag ing  4 to 6 days, and  for m i n i m u m  exposure  
t ime  of two days. 

Po la r i za t ion  m e a s u r e m e n t s  were  car r ied  out  in  
Hz-deaera ted  0.12N HC1 us ing  a th ree  c o m p a r t m e n t  
cell. The des ign  of the cell and  of the  i ron  electrode 
us ing  Teflon gaskets  was the same as tha t  descr ibed 
p rev ious ly  (11).  

Resul ts  

Pure iron and carbon s tee l s . - -S teady  state  corro-  
s ion rates  ob ta ined  for co ld- ro l led  i ron  con t a in ing  
<0.001-0.15% C are p lo t ted  as a f u n c t i o n  of heat  
t r e a t m e n t  in  Fig. 3 and  4. Co ld - ro l l ing  increases  the  
corrosion ra te  to a g rea te r  ex ten t  the h igher  the 
ca rbon  content .  A t t ack  was  u n i f o r m  in  all  cases. 

For  0.15% C steel, the  co ld- ro l led  ma te r i a l  cor-  
rodes at a ra te  10 t imes h igher  t h a n  the  a n n e a l e d  

I ! : : : I I j i ~ l 1 ~ I 

2voo Co~d 

Jc 

~  o~"1-5---, o~~ I o;~ I 01 . . . . . . . . . . . . . .  
wt% Carbon 

Fig. 5. Effect of carbon in steels cold-rolled 50%,  or subsequently 
annealed, on corrosion in deoerated 0.12N HCI, 25~ 

mater ia l .  But  for the  0.029% C steel, the  ra t io  is 
on ly  5 t imes,  for the  0.007% C steel it  is st i l l  less 
(3 t imes ) ,  and  for i ron con t a in ing  0.002% C or 
<0.001% C, the  annea l ed  and  co ld- ro l led  ma te r i a l s  
corrode at the same rate.  The  corrosion ra te  p lo t ted  
vs carbon  con ten t  of va r ious  steels e i ther  a n n e a l e d  
or co ld - reduced  50%, is shown  in  Fig. 5. The  ra te  
increases l i nea r ly  w i th  ca rbon  con ten t  for cold- 
rol led and  annea l ed  steels, the slope, however ,  for 
a n n e a l e d  steel be ing  app rec i ab ly  lower.  Rates  ex-  
t r apo la ted  to zero ca rbon  con ten t  show no differ-  
ences for co ld- ro l led  or a n n e a l e d  mate r ia l ,  which  
confirms the resul t s  ob ta ined  us ing  zone- re f ined  
i ron (Fig  3). 
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Fig. 6. Effect of degree of cold-work on corrosion of 0.023% C 
steel in deaerated 0.12N HCI, 25~ 
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Fig. 7. Corrosion rates in deaerated 0.12N HCI of 0.076% C 
steel cold-rolled 85% and subsequently heat treated at various 
temperatures for 2 hr. 

For  co ld- ro l led  ca rbon  steels, the ra te  increases  
on low t e m p e r a t u r e  heat  t r e a t m e n t  at 77~176 
for 2 hr. At  h igher  t e m p e r a t u r e s  the ra te  decreases,  
t end ing  toward  a m i n i m u m  above the cr i t ical  t e m -  
p e r a t u r e  for a u s t e n i t e - f e r r i t e  t r ans fo rma t ion .  For  
zone- re f ined  iron, hea t  t r e a t m e n t  at 77~176 has 
no effect. The corrosion ra te  r e m a i n s  at 20 todd 
af ter  co ld - ro l l ing  as wel l  as for a n y  s u b s e q u e n t  
condi t ion  of hea t  t r e a tmen t .  

T r e n d  of the  corrosion ra te  w i th  ex ten t  of cold-  
ro l l ing  for 0.023% C steel is shown in  Fig. 6. The 
ra te  con t inues  to c l imb at 60% reduc t ion  in  th i ck -  
ness, which  was the  m a x i m u m  ex ten t  to which  
this  pa r t i cu la r  steel was cold-rol led.  In  Fig. 7, da ta  
are p lo t ted  for 0.076% C steel  co ld - reduced  85%. 
The ra tes  are apprec i ab ly  h igher  t h a n  for 50% r e -  
duc t ion  in  th ickness  as can be seen f rom i n t e r -  
pola ted  data  of Fig. 5. 

Nitrogen  S tee ls . - -Corros ion  ra tes  for two cold-  
rol led n i t r ogen  steels are shown  in  Fig. 8. For  e i ther  
steel, the ra tes  for co ld- ro l led  and  a n n e a l e d  ma te r i a l  
are  abou t  the  same. L o w - t e m p e r a t u r e  hea t  t r e a t -  
ment ,  however ,  accounts  for an  apprec iab le  increase  
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Fig. 8. Corrosion rates in deaerated 0.12N HCI of nitrogen steels 
cold-rolled 50% and subsequently heat treated at various tempera- 
tures for 2 hr. 

in  rate ,  the p ropor t iona te  effect of which  is m u c h  
la rger  t h a n  for ca rbon  steels. Un l ike  ca rbon  steels, 
two m a x i m a  appear  ins tead  of one, each of which  
lies at or be low 200~ Beyond  200~ the  ra t e  de-  
creases, as is the case for ca rbon  steels, r each ing  
a m i n i m u m  at  or above the  cr i t ical  t empera tu re .  
Ana lyses  show tha t  the 0.023% N al loy hea ted  for 
2 hr  at as h igh  a t e m p e r a t u r e  as 950~ did not  lose 
n i t rogen .  Hence,  the  decrease  in  ra te  on hea t  t r e a t -  
m e n t  is not  exp la ined  b y  change  in  composit ion.  

Polarizat ion measuremen t s . - -Ca thod ic  pola r iza -  
t ion  m e a s u r e m e n t s  over  at least  two orders  of m a g -  
n i t u d e  of c u r r e n t  dens i ty  i were  used to es tabl ish  
va lues  of the  slope for po ten t i a l  vs. log i and  of the  
exchange  c u r r e n t  dens i ty  i0. Data  shown  in  Table  II  
were  r ead i ly  reproducib le .  Anodic  po la r iza t ion  meas -  
u r emen t s ,  on the  o ther  hand ,  exh ib i t ed  typ ica l  hys -  
teresis  depend ing  on w h e t h e r  m e a s u r e m e n t s  were  
recorded for inc reas ing  or decreas ing  cur ren t ,  as 
po in ted  out p rev ious ly  by  S t e r n  (12).  I t  was not  
possible,  therefore ,  to repor t  va lues  of anodic  con-  
s tants  for the Tafel  equat ion .  

Refe r r ing  to Tab le  II, va lues  of exchange  c u r r e n t  
dens i ty  for co ld- ro l led  0.15% C steel are  def ini te ly  
h igher  ( lower  H2 overvo l tage)  t h a n  for the  same 
steel annea led .  For  zone- re f ined  iron,  on the o ther  
handl  the  va lues  are abou t  the same for e i ther  cold-  
rol led or a n n e a l e d  mate r ia l ,  a nd  they  l ie app rec i ab ly  
be low the va lues  for 0.15% C steel. This  behav io r  
is in accord wi th  a lower  corrosion ra te  of zone-  
ref ined iron,  and  also w i th  a corrosion ra te  no t  
sens i t ive  to co ld-work .  For  pure  iron,  va lues  of the 
Tafel  slope fl and  exchange  c u r r e n t  dens i ty  i0 are  
in  reasonab le  a g r e e m e n t  w i th  va lues  repor ted  by  

Table II. H2 overvoltage constants for pure iron and steels in H2-saturated 0.12N HCI (pH 1.01), 25~ 

Corrosion Tafel Exchange 

p o t e n t i a l ,  s l o p e ,  c u r r e n t  d e n s i t y ,  
E l e c t r o d e  T r e a t m e n t  H a  s c a l e  fl ( v )  /o, m a / c m  ~ 

Zone-re f inedi ron  Cold-rolled --0.305 0.10 3.3 X 10 -5 
Zone-refined iron Annealed  950~ --0.303 0.10 3.7 • 10 -5 

2 hr, quenched 
0.002% C steel Cold-rolled --0.275 0.10 1.6 X 10 -4 
0.15% C steel Cold-rolled --0.26 0.12 2.5 X 10 -2 
0.15% C steel Annea led  950~ --0.26 0.12 2.0 X 10 - s  

2 hr, quenched 
0.01% N steel Cold-rolled --0.33 0.10 5.4 X 10 -5 
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Fig. 10. Anodlc and cathodic polarization potentials in de- 
aerated 0.12N HCI at 10 ma/cm 2 of 0.01% N steel cold-rolled 
50% and subsequently heat treated at various temperatures far 2 hr. 

S t e r n  for  i ron  in  HC1 § 4% NaC1 so lu t ions  a t  p H  
1 a n d  2 (13) .  A n o d i c  and  ca thod ic  p o l a r i z a t i o n  
va lue s  a t  10 m a / c m  2 for  0.002% C a n d  0.01% N 
s tee ls  c o l d - r o l l e d  50% and  hea t  t r e a t e d  a t  v a r i o u s  
t e m p e r a t u r e s  a r e  shown  in Fig.  9 and  10. M a r k e d  
change  w i t h  h e a t  t r e a t m e n t  is f o u n d  on ly  for  t he  
ca thod ic  va lues ,  the  changes  of anod ic  p o l a r i z a t i o n  
be ing  s m a l l  or  w i t h i n  e x p e r i m e n t a l  e r ro r .  Two 
m i n i m a  a re  f o u n d  in t he  ca thod ic  p o l a r i z a t i o n  cu rves  
for  t he  n i t r o g e n  s tee ls  c o r r e s p o n d i n g  to two  m a x i m a  
in the  cor ros ion  ra tes .  

Discussion 

The  co r ros ion  p o t e n t i a l  of c o l d - r o l l e d  0.002% C 
s tee l  is - -0 .275v ( T a b l e  I I )  and  the  p o l a r i z e d  p o t e n -  
t i a l  as ca thode  (Fig .  9) in 0.12N HC1 of p H  1.01 is 
--0.584 - -  0.059 • 1.01 = --0.644v. The  e lec t rode ,  
t he re fo re ,  is p o l a r i z e d  as c a t h o d e - - 0 . 6 4 4 - - ( - - 0 . 2 7 5 )  
= --0.369v. As  anode,  on the  o the r  hand ,  i t  is p o l a r -  
ized on ly  0.091v (Fig .  9).  In  gene ra l ,  for  e i t he r  co ld -  
w o r k e d  or  a n n e a l e d  0.002% C steel ,  and  also for  
n i t r o g e n  steels ,  ca thod ic  po l a r i z a t i on  p r e d o m i n a t e s  
ove r  anodic  p o l a r i z a t i o n  for  a g iven  c u r r e n t  dens i ty .  

P o l a r i z a t i o n  d a t a  of Fig.  9 and  10 c l e a r l y  d e m o n -  
s t ra te ,  t he re fo re ,  t ha t  in  HC1, co r ros ion  of i ron  
w h e t h e r  c o l d - w o r k e d  or  a n n e a l e d  is c a t h o d i c a l l y  
con t ro l l ed .  This  fact ,  w i t h  r e g a r d  to a n n e a l e d  i ron  
at  leas t ,  has  been  r ecogn i zed  in t he  l i t e r a t u r e  for  a 
long  t ime  and  is no t  new.  S ince  t h e  i nc r ea sed  co r -  
ros ion  r a t e  of c o l d - w o r k e d  ca rbon  s tee ls  is d e p e n d -  
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ent  on ca rbon  conten t ,  as d a t a  of Fig.  5 show,  the  
func t ion  of c a r b o n  is to r e d u c e  h y d r o g e n  o v e r v o l t -  
age  a t  ca thod ic  s i tes  of t he  m e t a l  surface .  Such  s i tes  
m a y  consis t  of d i s loca t ions  and  o t h e r  imper fec t ions ,  
and  also of  p r e c i p i t a t e d  cement i t e ,  Fe3C. S e v e r e  
c o l d - w o r k i n g  is k n o w n  to i nc rea se  n u m b e r  of d i s -  
locat ions ,  the  d e n s i t y  of w h i c h  changes  f rom p e r -  
haps  l0  s for  a n n e a l e d  i ron  to 1012/cm e (14) for  co ld -  
w o r k e d  i ron.  Dis loca t ions ,  consequen t ly ,  m a y  se rve  
as one  source  of r e d u c e d  h y d r o g e n  o v e r v o l t a g e  p r o -  
v ided ,  h o w e v e r ,  t h e y  a re  a s soc ia t ed  w i t h  ca rbon  
a toms  (Co t t r e l l  a t m o s p h e r e s ) .  W i t h o u t  ca rbon ,  d i s -  
loca t ions  have  no effect on the  co r ros ion  r a t e  in HC1 
as d a t a  for  zone - r e f ined  i ron  show (Fig .  3 and  5).  
Su i t s  and  Low (15) found  a n a l o g o u s l y  t h a t  e tch  
pi ts  in c o l d - w o r k e d  s i l icon s tee l  m a r k i n g  the  p r e s -  
ence of d i s loca t ions  w e r e  o b s e r v e d  on ly  if suff icient  
c a r b o n  w e r e  p re sen t .  

The  sources  of c a r b o n  a t o m s  in i ron  a re  i n t e r -  
s t i t i a l  carbon,  p r e s e n t  in s m a l l  a moun t ,  and  also 
Fe~C p r e s e n t  as a second  phase .  As  e x p l a i n e d  l a te r ,  
Fe3C p r o b a b l y  d i ssoc ia tes  in  p r e sence  of d i s loca t ions  
and  o the r  i m p e r f e c t i o n  s i tes  in to  i n t e r s t i t i a l  C and  
Fe.  C e m e n t i t e  i t se l f  has  a low h y d r o g e n  ove rvo l t age ,  
and  acce le ra t e s  cor ros ion  c o r r e s p o n d i n g  to the  
a m o u n t  p r e s e n t  and  i ts  p a r t i c l e  size ( e x t e n t  of 
p e r i p h e r a l  a r e a  in g a l v a n i c  con tac t  w i t h  f e r r i t e ) .  

The  first  effect,  t he re fo re ,  fo l l owing  f o r m a t i o n  of 
m o r e  i m p e r f e c t i o n  si tes,  is t he  m i g r a t i o n  of C a toms  
to such sites. Bu t  some i m p e r f e c t i o n  s i tes  such as 
l a t t i ce  vacanc ies  s l o w l y  a n n e a l  out  d u r i n g  and  a f t e r  
the  c o l d - r o l l i n g  process ,  hence  ca rbon  a t o m s  asso-  
c i a t ed  w i t h  such impe r f e c t i ons  r eac t  to fo rm  c e m e n -  
t i te  1 aga in ,  b u t  n o w  in f inely  d i v i d e d  form.  One ef -  
fect  of c o l d - w o r k i n g ,  t he re fo re ,  qu i t e  a p a r t  f r om 
m e c h a n i c a l  b r e a k  up  of inc lus ions ,  is to p r o d u c e  
sma l l  p a r t i c l e  size c e m e n t i t e  w h i c h  acce l e ra t e s  cor -  
ros ion  ove r  and  a b o v e  the  r a t e  t y p i c a l  of s tee l  con-  
t a in ing  the  same  a m o u n t  of  c e m e n t i t e  in m o r e  m a s -  
s ive  form,  e.g., as in pea r l i t e .  The  a p p r e c i a b l e  effect  
of c e m e n t i t e  p a r t i c l e  size on cor ros ion  is o b s e r v e d  
in e a r l i e r  d a t a  on effect of hea t  t r e a t i n g  c a r b o n  s tee l  
as r e p o r t e d  b y  H e y n  and  B a u e r  (16) c o m b i n e d  w i t h  
e l ec t ron  p h o t o m i c r o g r a p h s  o b t a i n e d  s u b s e q u e n t l y  
b y  L e m e n t ,  A v e r b a c h ,  and  Cohen  (17, 18).  H e y n  
and  B a u e r  found  t h a t  t e m p e r i n g  of  m a r t e n s i t e  a t  
300~176 at  w h i c h  t e m p e r a t u r e  e e m e n t i t e  in 
s m a l l e s t  p a r t i c l e  size is fo rmed ,  a c c o u n t e d  for  the  
h ighes t  co r ros ion  r a t e  in su l fu r i c  ac id  c o m p a r e d  to 
t e m p e r i n g  t r e a t m e n t s  a t  l o w e r  t e m p e r a t u r e s  ( less  
c e m e n t i t e  p r e c i p i t a t e d )  or  h i g h e r  t e m p e r a t u r e s  ( ag -  
g l o m e r a t i o n  of c e m e n t i t e  to l a r g e r  p a r t i c l e  s ize) .  
A long  the  s ame  l ines,  the  effect  of low t e m p e r a t u r e  
h e a t  t r e a t m e n t  (77~176  of  c o l d - w o r k e d  s tee l  
to inc rease  the  cor ros ion  r a t e  (F ig .  3, 4 and  7) can 
be e x p l a i n e d  b y  i n c r e a s e d  d i f fus ion  of c a r b o n  a toms  
to i m p e r f e c t i o n  si tes,  f o l l owed  in some ins t ances  b y  
p r e c i p i t a t i o n  of f ine ly  d i v i d e d  Fe3C. 

In  v i ew  of the  fac t  t ha t  the  source  of c a rbon  a toms  
inc ludes  Fe3C, th is  s i t ua t i on  impl ies  t h a t  c a rbon  
a toms  as soc ia t ed  w i t h  i m p e r f e c t i o n s  in i ron  f o r m i n g  
Co t t r e l l  a t m o s p h e r e s  a r e  t h e r m o d y n a m i c a l l y  m o r e  

P e r h a p s  a l s o  f i n e I y  d i v i d e d  a g g l o m e r a t e d  c a r b o n  is f o r m e d .  S o m e  
c a r b o n  i s  f o u n d  a s  a r e s i d u e  w h e n  c a r b o n  s t e e l s  a r e  d i s s o l v e d  i n  
a c i d .  
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s t ab le  t h a n  FesC. I n t e r n a l  f r i c t ion  d a t a  o b t a i n e d  by  
D y k s t r a  (19) ,  i n t e r p r e t e d  in  t e r m s  of t he  i n t e r s t i t i a l  
so lub i l i t y  of n i t r o g e n  in  f e r r i t e ,  conf i rm t h a t  th is  is 
the  case. F o r  e x a m p l e ,  so lub i l i t y  of n i t r o g e n  in  co ld -  
w o r k e d  i ron  was  f o u n d  to be  0.0025% at  300~ and  
0.006% at  400~ b u t  for  u n w o r k e d  i ron  in p r e s e n c e  
of Fe4N p a r t i c l e s  a t  t he  s a m e  t e m p e r a t u r e s ,  t he  so lu -  
b i l i t y  i n c r e a s e d  to 0.012% and  0.025%, r e spec t i ve ly .  
I n c r e a s e d  s o l u b i l i t y  c o r r e s p o n d s  to i n c r e a s e d  a c t i v -  
i t y  of n i t r o g e n  a toms  in p r e sence  of i ron  n i t r i de ,  
c o m p a r e d  to l o w e r  so lub i l i t y  and  a c t i v i t y  of n i t r o -  
gen  a t o m s  a s soc ia t ed  w i t h  i m p e r f e c t i o n s  ( g r e a t e r  
s t a b i l i t y ) .  K u n z  (20) also conc luded  f r o m  i n t e r n a l  
f r i c t i on  m e a s u r e m e n t s  t ha t  s t r a i n  of c a r b o n - i r o n  
a l loy  c rys t a l s  fo l l owed  b y  ag ing  a t  25~ a p p a r e n t l y  
d i ssoc ia tes  i ron  ca rb ides ,  t he  ca rbon  a toms  s e g r e g a t -  
ing a t  d i s loca t ions .  

H e a t  t r e a t m e n t  a t  100~ r educes  h y d r o g e n  o v e r -  
v o l t a g e  ( b y  0.05v, Fig .  9) because  of C o t t r e l l  a t -  
m o s p h e r e s  and  p r e c i p i t a t e d  Fe~C. I t  has  l i t t l e  or  no 
inf luence  on anodic  po la r i za t ion .  

H e a t  t r e a t m e n t  a b o v e  100~ se rves  to a g g l o m e r -  
a te  ca rb ides  in to  l a r g e r  pa r t i c l e s ,  b u t  w i t h o u t  a p -  
p r e c i a b l e  effect on H2 o v e r v o l t a g e  because  t he  t o t a l  
e x p o s e d  a r e a  of Fe3C r e m a i n s  cons tan t .  The  to t a l  
p e r i p h e r a l  a r e a  of Fe3C, h o w e v e r ,  d imin i shes  w i t h  
t ime  and  t e m p e r a t u r e .  As  m e n t i o n e d  ea r l i e r ,  th is  r e -  
duces  the  g a l v a n i c  ac t ion  b e t w e e n  f e r r i t e  and  ca r -  
b ides  w h i c h  is focused  l a r g e l y  at  t he  i n t e r f ace  b e -  
t w e e n  the  two  phases .  Cor ros ion  con t ro l  con t inues  
to d e p e n d  on the  ca thod ic  and  not  t he  anod ic  r e a c -  
t ion.  The  h y d r o g e n  o v e r v o l t a g e  of c o l d - r o l l e d  
0.002 % C s tee l  i nc reases  a g a i n  u p o n  h e a t  t r e a t m e n t  a t  
950~ caused  p e r h a p s  b y  c r y s t a l  r e o r i e n t a t i o n .  

The  effect on cor ros ion  of i ron  con ta in ing  n i t r o g e n  
is ana logous  b u t  no t  i d e n t i c a l  to t h a t  of i ron  con-  
t a i n ing  carbon .  F i r s t  of al l ,  c o l d - r o l l e d  0.01 or  
0.023% N s tee l  co r rodes  in 0.12% N HC1 at  a r a t e  
o n l y  a b o u t  1/3 to 1/5 the  r a t e  of c o l d - r o l l e d  0.01 or  
0.02% C steel .  F u r t h e r m o r e ,  n i t r o g e n  s tee ls  co r rode  
at  a b o u t  t he  s a m e  r a t e  w h e t h e r  c o l d - r o l l e d  or  a n -  
nea led ,  u n l i k e  c a r b o n  s tee ls  w h i c h  co r rode  at  a 
h i g h e r  r a t e  w h e n  c o l d - r o l l e d .  This  sugges t s  t ha t  t he  
h y d r o g e n  o v e r v o l t a g e  of d i s loca t ions  in i ron  is d e -  
c r eased  to a l esser  e x t e n t  t h r o u g h  assoc ia t ion  w i t h  
n i t r o g e n  t h a n  w i t h  ca rbon  a toms,  b u t  an  a l t e r n a t i v e  
e x p l a n a t i o n  is also a v a i l a b l e  as d i scussed  l a t e r .  N e v -  
e r the less ,  l ow  t e m p e r a t u r e  h e a t  t r e a t m e n t  of c o l d -  
r o l l ed  n i t r o g e n  s tee ls  i nc reases  t he  co r ros ion  r a t e  
p r o p o r t i o n a t e l y  m o r e  t h a n  of c o l d - r o l l e d  ca rbon  
steels .  2 F o r  e x a m p l e ,  for  0.01% and  0.023% N s tee ls  
the  inc rease  of co r ros ion  a f t e r  2 h r  h e a t  t r e a t m e n t  is 
a m a x i m u m  of 100 and  190%, r e s p e c t i v e l y ,  w h e r e a s  
for  0.007% and  0.029% C steels ,  t he  i nc rea se  is a 
m a x i m u m  of 25 and  35%, r e spec t i ve ly .  A n o t h e r  d i s -  
t i n g u i s h i n g  d i f fe rence  is t h a t  t h e r e  a r e  two  p e a k s  in 
the  co r ros ion  r a t e  p l o t t e d  w i t h  i nc rea s ing  t e m p e r a -  
t u r e  of h e a t  t r e a t m e n t ,  w h e r e a s  for  c a rbon  s tee ls  
on ly  one a p p e a r s .  The  two  p e a k s  c o r r e s p o n d  to a 
t w o - s t a g e  p r e c i p i t a t i o n  of i ron  n i t r ides ,  t he  f inal  
n i t r i d e  Fe4N b e i n g  p r e c e d e d  b y  an  u n s t a b l e  n i t r i d e  
(19, 21) .  Bo th  n i t r i d e s  h a v e  l o w e r  h y d r o g e n  o v e r -  

T h e  b e h a v i o r  of  t h e  0.002% C s t ee l  (F ig .  ~) is  a n o m a l o u s  i n  t h i s  
r e spec t .  
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voltage than does ferrite in accord with a higher 
corrosion rate of iron in their presence. Cathodic 
polarization curves correspondingly show two min- 
ima for nitrogen steels, but only one minimum for 
carbon steels (Fig. 9 and i0). 

The lesser change of hydrogen overvoltage for 
cold-worked nitrogen steels compared to cold- 
worked carbon steels may relate in part to a higher 
activation energy for dissociation of iron nitrides 
compared to eernentite. Hence, interstitial N atoms 
may be unable to form in sufficient concentration at 
cold-work temperatures in order to associate with 
imperfection sites. At slightly higher temperatures, 
however, dissociation proceeds more rapidly, and 
the increase in corrosion rate then becomes appreci- 
able. Measurements on stress corrosion cracking of 
carbon and nitrogen steels (22) in nitrate solutions 
have led to an estimate for the activation energy for 
dissolution of iron nitrides in ferrite equal to 48 
kcal/mole, compared to an average of 37 kcal/mole 
for cementite. This corresponds to a dissociation rate 
at room temperature smaller for nitrides than for 
carbides by a factor of about 108 and could, there- 
fore, exert an appreciable effect. Hence, low tem- 
perature heat treatment of cold-worked nitrogen 
steels accelerates the dissociation of iron nitrides 
and produces a larger proportional change in the 
corrosion rate than for carbon steels for which the 
formation of Cottrell atmospheres and their decom- 
position into finely divided carbides proceeds during 
cold-working as well as at some subsequent higher 
temperature. 

It is obvious that the present data do not support 
the  po in t  of v i e w  t h a t  a d i s a r r a y e d  l a t t i ce  or  i n -  
c r ea sed  ac t ive  s i tes  for  d i s so lu t ion  of F e  a r e  the  
cause  of i n c r e a s e d  co r ros ion  fo l lowing  c o l d - w o r k  of 
i ron  or  s teel .  A n o d i c  p o l a r i z a t i o n  d a t a  for  e i t he r  
c o l d - w o r k e d  or  a n n e a l e d  i r on  or  s tee l  show no s ig -  
n i f icant  d i f ferences .  Ins tead ,  t he  effect of  c o l d - w o r k  
is to a c c e l e r a t e  t he  ca thod ic  reac t ion ,  w h i c h  is g e n -  
e r a l l y  t he  r e a c t i o n  t h a t  con t ro l s  co r ros ion  of i ron  in 
n o n o x i d i z i n g  acids.  

I t  shou ld  be  n o t e d  t h a t  c o l d - w o r k i n g  of i ron  in -  
c reases  i ts i n t e r n a l  ene rgy ,  b u t  th is  i nc rea se  is not  
a s igni f icant  c o n t r i b u t i o n  to t he  r e a c t i o n  t endency .  
L a c k  of an  effect on cor ros ion  is expec t ed ,  and  can  
be  p r e d i c t e d  f r o m  the  s m a l l  v a l u e  of r e s i d u a l  e n e r g y  
m e a s u r e d  c a l o r i m e t r i c a l l y  for  s e v e r e l y  c o l d - w o r k e d  
i ron.  T h e  m a x i m u m  v a l u e  is a b o u t  7 c a l / g r a m  (23) .  
W h e t h e r  t h e  s t resses  in c o l d - w o r k e d  i ron  a re  loca l -  
ized or  u n i f o r m l y  d i s t r i b u t e d  is not  an  i m p o r t a n t  
cons ide ra t ion .  The  u n i f o r m  cor ros ion  of c o l d - w o r k e d  
i ron,  t he  l a ck  of a n y  l a r g e  p o t e n t i a l  d i f fe rences  for  
c o l d - w o r k e d  vs. a n n e a l e d  i r on  in a n y  m e d i u m ,  and  
the  s imi l a r  p o l a r i z a t i o n  b e h a v i o r  as anode  (Fig.  9 
and  10) sugges t  t h a t  the  loca l ized  f r ac t i on  of i ron  
a t o m s  in an e n e r g y  s ta te  h i g h e r  t h a n  the  a v e r a g e  is 
no t  l a rge .  

F r o m  the  t h e r m o d y n a m i c  r e l a t i ons :  AG = AH --  
TAS a n d  AG ---- - -  EnF, w h e r e  AG is the  change  in 
f r ee  ene rgy ,  AH r e f e r s  to e n t h a l p y  change ,  AS to e n -  
t r o p y  change ,  E to change  in  e l e c t r o m o t i v e  force,  n 
equa l s  2, and  F is t he  F a r a d a y ,  i t  fo l lows  t h a t  the  
m a x i m u m  e x p e c t e d  c h a n g e  in  e l e c t r o m o t i v e  force  
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cor responding  to AH = 7 c a l / g r a m  for severe ly  cold-  
worked  i ron  is 0.008v. This  is too smal l  a va lue  to 
have  a n  apprec iab le  effect on the c u r r e n t  p roduced  
by  a corros ion cell. 

The above  ca lcu la t ion  neglects  change  in  en t ropy ,  
which  for a co ld -worked  me ta l  is posi t ive,  and  which  
according to T i t chene r  and  Bever  (23) does no t  con-  
t r i bu t e  g rea t ly  to • The va lue  of E corrected for 
en t ropy ,  in  any  event ,  is expected  to be less t h a n  the  
va lue  jus t  c i ted r a t h e r  t h a n  greater .  A s imi la r  ca l -  
cu la t ion  also holds for meta l s  o ther  t h a n  iron,  a nd  
exp la ins  w h y  pu re  meta l s  in  genera l  show no large  
effect of co ld -work  on the corrosion ra te  or on the  
potent ia l .  Such effects as are found  are caused 
mos t ly  by  changes  in  g r a in  or ien ta t ion ,  and  hence  
c o l d - w o r k i n g  of pure  me ta l s  can e i ther  increase  or 
decrease the  corrosion ra te  depend ing  on the crys ta l  
face which is developed by  co ld -work  para l l e l  to the  
me ta l  surface.  This  exp la ins  some of the p resen t  
seeming  incons is tencies  for the effect of co l d - w or k  
repor ted  in  the l i t e ra tu re .  But  w h e n  a second phase 
is p rec ip i t a ted  t h rough  c o l d - w o r k i n g  as, for ex- 
ample ,  carbides  and  n i t r ides  in  iron,  or w h e n  i m -  
pur i t ies  segregate  at imper fec t ions  (Cot t re l l  a tmos -  
pheres ) ,  ga lvan ic  cells are es tab l i shed  which  u sua l l y  
lead to an  increase  in  the  corrosion rate.  In  o ther  
words,  co ld -work  exer t s  a m a x i m u m  effect w h e n  
composi t ion  grad ien t s  w i t h i n  the me ta l  are es tab-  
l i shed by  plast ic  deformat ion ,  a sma l l e r  effect u s u -  
a l ly  resul ts  f rom change  in  crys ta l  face of surface  
metal ,  and  the  increase  in ene rgy  of the  d is tor ted  
me ta l  is least  i m p o r t a n t  of all. 
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Conduction Properties of Cd2Nb207 and Pbl.sNb206.s 
R. Mazelsky and W. E. Kramer 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Materials having the pyrochlore structure, Cd2Nb2OT, Pbl.sNb206.5, and 
their  solid solutions were prepared and their  conduction properties examined. 
The cadmium pyrochlore has a large ionic contr ibut ion to the conductivi ty 
while the lead pyrochlore is almost exclusively electronic. By means of re-  
sistivity measurements  as a funct ion of tempera ture  and oxygen pressure, mass 
action equations are de r ived  describing the generation of electronic carriers. 
Equi l ibr ium constants and the energies involved in the conduction process 
are calculated. 

Py roch lo re  is a m i n e r a l  of the a p p r o x i m a t e  com-  Jaffe f u r t he r  r epor ted  a defect  pyroch lore  of the  
posi t ion NaCaNb~O6F. Mater ia l s  of this  s t r u c t u r a l  composi t ion  Pbl.sNb206.5. Jona ,  Sh i rane ,  and  P e p i n -  
type  became  of in te res t  w h e n  fer roe lec t r ic  p rop -  sky (3) clarified the  s t ruc tu re  of Cd2Nb2Ov. T h e y  
ert ies  were  observed  in  Cd2Nb~O7 (1,2). Cook and  repor ted  a n e t w o r k  of NbO6 corners  sha r ing  octa-  
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hed ra  wi th  the  seven th  set of oxygens  and  the  cad-  
m i u m  ions occupying  open spaces in  the  lat t ice.  
These  r e l a t ive ly  " u n a t t a c h e d "  ions lead to the  pos-  
s ib i l i ty  of ionic conduct iv i ty .  The  same s i tua t ion  
exists for Pbl.sNb206.5 except  tha t  some of the  lead 
and  oxygen  sites are vacant .  On the  o ther  h a n d  
electronic  conduc t ion  is possible  as a resu l t  of the  
va r i ab l e  va l ency  exh ib i t ed  b y  bo th  lead and  cad-  
m i u m  ions (CdO via  Cd in te rs t i t i a l s  and  PbO wi th  
its posi t ive  two or four  va lence ) .  The  purpose  of 
this paper  is to e luc ida te  the conduc t ion  type  in 
these  mater ia l s .  

Preparation 
The mate r i a l s  were  made  f rom NbeO5 (99.7% 

m i n i m u m  pu r i t y )  CdO and  PbO (Fisher  Cer t i f ied) .  
For  the  purpose  of compar i son  c a d m i u m  and  lead 
oxides were  p repa red  f rom 99.999+% me t a l  by  
means  of so lu t ion  of the meta l ,  p rec ip i ta t ion ,  and  
carefu l  ox ida t ion  to the  monoxide .  

The  oxides were  weighed  to y ie ld  a p roduc t  of 
the  appropr i a t e  composit ion.  The  reac tan t s  were  
mixed  thoroughly ,  compacted into a cyl inder ,  and  
pref ired at  800 ~ for 24 hr. Weigh t  losses of less t h a n  
1 pa r t  per  t housand  were  observed.  The pel le t  was  
placed in  a p l a t i n u m  cy l inder  and  pu t  into a qua r t z  
tube  which  was p rev ious ly  sealed at one end. For  
the sample  Cd2Nb207 a smal l  excess of CdO, e q u i v -  
a len t  to the  weigh t  loss observed,  was added. The 
quar tz  t ube  was evacua ted  and  back  filled wi th  ox-  
ygen  to abou t  1/4 a tm  and  then  sealed. The t ube  was 
hea ted  n e a r  the me l t i ng  po in t  of Cd2Nb~OT, ap -  
p r o x i m a t e l y  1400 ~ for 3 hr. A s imi la r  p rocedure  
was  used  for the p r epa ra t i on  of Pbl.~Nb206.5. A final 
f ir ing t e m p e r a t u r e  of a p p r o x i m a t e l y  1290 ~ was  
used. 

The  r e su l t i ng  products  were  r o u n d e d  on the 
edges, ind ica t ive  of inc ip ien t  mel t ing .  They  were  
qui te  c rys ta l l ine  and  y e l l o w - o r a n g e  in color. Sma l l  
pieces were  chipped off for x - r a y  ident i f ica t ion 
photographs  and  symmet r i c a l  cy l inders  were  cut 
out  for measu remen t s .  Al l  samples  used for me a s -  
u r e m e n t  had a dens i ty  95 _+2% of the theore t ica l  
densi ty ,  ignor ing  the  effects of vacancies .  

Experimental  
Using the p rocedure  descr ibed above,  a series of 

solid solut ions  of the  type  ( l - x )  CdeNb2OT-xPbl.5 
Nb206.5 was  prepared .  Chemica l  analyses  were  
made  on samples  whe re  x = 0.15 and  x = 0.85 a nd  
the composi t ions  as repor ted  agree wi th  the ana lys i s  
w i t h i n  e x p e r i m e n t a l  error.  The resul t s  are shown 
on Tab le  I. A comple te  range  of solut ions  appears  
to exist, the lat t ice p a r a m e t e r  v a r y i n g  n o n l i n e a r l y  
wi th  composi t ion  as shown in  Fig. 1. The  powder  
diffract ion photographs  were  t aken  wi th  a Phi l l ips  
camera  h a v i n g  114.6 m m  diameter .  

Table I. Results 

0.8  5Cd~lb-2OT-  0 . 1 5 P b l .  sNbeOe.~ 0 . 1 5 C d ~ N b 2 O v - P b L ~ N b ~ O e . 5  

Theoretical, Experimental, Theoretical, E x p e r i m e n t a l ,  
% % % % 

Pb 8.72 8.39 44.86 43.41 
Cd 35.76 35.6 5.73 6.36 
Nb 34.78 35.5 31.55 32.0 
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Fig. 1. Lattice parameter vs. "'x" (mole fraction Pbl.sNb206.5) 
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Fig. 2. p/po vs. 1000IT  
I lx l l  

Identification No. po (mole fraction Pbl.5Nb206.5) 

1 4.4 x 1 0 -  6 0.00 
2 1.2 x 10 _4 0.05 
3 1.8 x 10 - 4  0.15 
4 3.9 x 10 - 5  0.50 
5 5.5 x 10 - 5  0.70 
6 3.1 x 10 - 5  0.85 
7 3.4 x 10 - 5  1.00 

Resis tance m e a s u r e m e n t s  as a f u n c t i o n  of t e m -  
p e r a t u r e  were  made  u s i ng  an  impedance  br idge.  
The  pel lets  used were  cy l indr ica l  spec imens  the  
ends of which  were  pa in t ed  w i th  p l a t i n u m  paste  and  
fired to decrease  contact  res is tance.  Sp r ing  loaded 
p l a t i n u m  electrodes were  used. The  sample  and  
holder  were  hea ted  in  a res i s tance  f u r na c e  in  air. 
The resul t s  are shown in  Fig. 2. The ac t iva t ion  en -  
ergies ca lcula ted  f rom the  In p vs. 1000/T are shown  
on Fig. 3. A m i n i m u m  in  the  ac t iva t ion  ene rgy  is 
observed at about  x = 0.15. If one plots i so the rmal  
res i s t iv i ty  (p) vs. composi t ion,  at  al l  the  t e m p e r -  
a tures  b e t w e e n  800 ~ and  1150~ a res i s tance  m i n -  
i m u m  is observed  at x ~ 0.10 wi th  a b road  m a x -  
i m u m  over  the cen te r  r ange  of composi t ion  (x 
0.3-0.8) the  res i s t iv i ty  d ropp ing  back  to a pp rox -  
ima te ly  tha t  of Pbl.~ Nb206.5 at  x = 0.9. 
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Fig. 3. Activation energy vs. "x"  (mole fraction Pbl.sNb206.5) 
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Fig. 4. Emf measurement holder. A, Sample; B, gold O rings; 
C, Pt-Pt 10% Rh thermocouple; D, quartz delivery tube; E, ceramic 
rod; F, stainless steel rod; G, spring. 

A cell us ing  the  samples  descr ibed above as an  
e lec t ro ly te  was set up. Cy l indr i ca l  pel le ts  were  used 
to  measu re  emf  wi th  a p ressure  ra t io  P2/P1 = 5 
where  P2 and  P1 were  pressures  of oxygen  on op- 
posi te  sides of the  pellet.  F igu re  4 is a schemat ic  of 
the holder  used. The the rmocouples  are  used for 
t e m p e r a t u r e  m e a s u r e m e n t s  on both  sides of the  
specimen.  The p l a t i n u m  legs on bo th  sides are f u r -  
ther  used as lead wires  to measu re  emf. The  holder  
p roper  is made  of lavi te ,  the  steel rods be ing  of a 
l eng th  such as to keep the spr ings  outs ide the f u r -  
nace.  The spec imen faces a re  p l a t i n u m  coated to 
i n su re  contact  b e t w e e n  the the rmocoup le  and  the  

Table II. Results 

% I o n i c  c o n d u c t  
P o r o s i t y  

M a t e r i a l  850~ 900~ (%) 

Ca0.15Zrl.70Ol.s5 94 7 
Cd2Nb207 57 12 6 
0.95Cd2Nb2OT-0.05Pbl.sNb206.5 14 7 8 
0.9Cd2Nb2OT-0.1Pbl.sNb206.5 10 5 5 
0.5CduNb207-0.5Pbl.sNb206.5 0 0 5 
Fbl.sNb206.5 0 0 10 

Table 

1.6 1.8 2.0 2.~ 2.4 

I 9oo~ ~ / - - /  

I 
2,2 2.4 2.6 2.8 3.0 3,2 3.4 

Log R 

Fig. 5. Log resistance vs. ( A / I  ~ 0.735) vs. log of oxygen pressure 
at 800 ~ 900 ~ 1000~ of Pbl.sNb206.5 (overhead scale for 1000~ 
points). 

sample.  The reac t ion  tha t  occurs at the electrode is 
a ssumed  to be O2 § 4 e -  ~-~ 20  = and  the per  cent  
oxygen  ion conduc t iv i ty  was  based on the ca lcu-  
la ted  va l ue  der ived  f rom the  Nerns t  re la t ion .  This 
p rocedure  has been  discussed p r e v i o u s l y  (4) .  Due  
to the  high res i s tance  of the  sample,  the sens i t iv i ty  
of the  emf m e a s u r e m e n t s  was  low at t e m p e r a t u r e s  
less t h a n  850~ M e a s u r e m e n t s  were  t a k e n  at  850 ~ 
and  900 ~ The resu l t s  are s u m m a r i z e d  on Tab le  II. 
The  va lue  ob ta ined  for the  s tabi l ized cubic z i r -  
conia is shown for compar ison.  

Res is t iv i ty  m e a s u r e m e n t s  as a f unc t i on  of oxygen  
pressure  were  made  on  Cd2Nb207 and  Pbl.sNb206.5. 
Oxygen  pressures  of 1.5-760 m m  Hg were  used and  
the log pressure  was p lo t ted  vs.  log res is t iv i ty .  
Cd2Nb20~ showed l i t t le  if a n y  dependence  on ox-  
ygen  pressure  be low 9O0~ At  1050~ a va r i a t i on  
in res i s tance  wi th  p ressure  to 1/12 power  was  ob-  
served,  bu t  the resu l t s  were  not  conclusive.  This 
is due  to the  fact tha t  at low oxygen  pressures  cad-  
m i u m  me t a l  is fo rmed  which  has a t e n d e n c y  to 
volati l ize.  (Dis t i l la t ion  f rom a sample  of Cd2Nb20~ 
was collected and  ident if ied as c a d m i u m  by  an  x -  
ray  photograph . )  M e a s u r e m e n t s  of Pb1.sNb206.5 at 
800~ 900~ and  1000~ are  shown on Fig. 5. The 
res i s t iv i ty  is observed to v a r y  w i th  the  p ressure  
of oxygen  to the 1/4 power.  The  data  for the  end 
m e m b e r s  and  solid solut ions  are shown on Tab le  I lL 

Seebeck coefficient m e a s u r e m e n t s  vs .  p l a t i n u m  
were  made  in air. Due to the  h igh  res i s t iv i ty  of the 
samples  at the m e a s u r i n g  t e m p e r a t u r e s  (900 ~ 
1000~ the  resul t s  were  un re l i ab le .  However ,  the 
sign of the  Seebeck coefficient is negat ive .  

III. 

Cd~Nb207 x ~ 0.05 x = 0.15 zc : 0.5 x = 0.7 Pbl.sNb206..~ 

800~ Indep of Po 2 Indep of Po 2 P02 I/9 P021/4"4 P021/4"4 P02 TM 

900~ Indep of 1~ Indep of Po 2 P021/4'6 P021/4"4 P02 I/4"4 P021/4 
1000~ Slight 02 dep. Poe 1/6 P021/4"4 P021/4'4 P021/4"4 P02 TM 

1050 o C P021/12 PO21/6 P021/5 P02113"8 
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Discussion 

The da ta  are cons is ten t  in tha t  at ce r ta in  t e m -  
pe ra tu res  Cd2Nb207 has an  apprec iab le  ionic con-  
t r i b u t i o n  to the  conduc t iv i ty  which  r ap id ly  d i m i n -  
ishes as Pbl.~NbeO6.~ is added. This  is shown  by  the  
emf m e a s u r e m e n t s  and  verif ied by  the fact tha t  
the res i s t iv i ty  shows l i t t le  dependence  on the  pres -  
sure  of oxygen  at 800~ Pbl.sNb206.5 on the  other  
h a n d  w i t h i n  the accuracy  of the m e a s u r e m e n t  shows 
no ind ica t ion  of ionic conduc t iv i ty  at  the  w or k i ng  
t empe ra tu r e ,  and,  in  fact, shows a m a r k e d  d e p e n d -  
ence of the res i s t iv i ty  on the  oxygen  pressure  as is 
seen in  Fig. 5. This  behav io r  can be descr ibed by  
the  chemical  mass ac t ion  equat ions .  If one considers  
the  reac t ion  

Pbl.sNb206.5 ~ Pbl  5 -xNb2065-x (Pb  + ) x ( e - ) x +  x 0 �9 . - - ~  2 

[ 1 ]  

it can be seen tha t  loss of oxygen  resul t s  in  excess 
lead p resen t  in the la t t ice  w i th  the  consequen t  gen -  
e ra t ion  of electrons.  A l t e r n a t i v e l y  

1 
O = ~ A V -  + e -  + - ~ - O 2  [2] 

For  the purpose  of ca lcu la t ion  the  second equa t ion  
wi l l  be  used. Us ing  mass  act ion equa t ions  

K = Po~ 1/2 ( A V ) -  ( e - )  [3] 

This assumes  the  an ion  vacancy  to have  one elec-  
t ron  in  it, the other  be ing  con t r i bu t ed  to the la t t ice  
for conduct ion .  Therefore ,  a s suming  A V -  = n -  or 
e - ,  the n u m b e r  of e lec t rons  

(n )  : K 1/2 Po2 -1 /4  [4] 

If the loss of an  oxygen  resul ts  in  lead be ing  re -  
duced to the zero state, a dependence  of Poe -1/6 is 
der ived.  S ince  the  charge car r ie rs  ( e - )  are  re la ted  
to res i s t iv i ty  by  the  equa t ion  

1 
p - [5] 

nel~ 

One obta ins  by  combin ing  Eq. [4] and  [5] 

1 
p = K 'Po21/4  where  K '  - -  - -  [6] 

K ~ / 2 e ~  

This is in  a g r e e m e n t  wi th  the  observed  data  on Fig. 
5. 

It  should be no ted  tha t  the same e q u i l i b r i u m  re l a -  
t ion as tha t  descr ibed above for lead can be de-  
r ived  a s suming  the n i o b i u m  is the  source of the 
e lect ronic  carr iers .  

x O N b  + 502.5-2"-> N b l - x + 5 0 2 . 5 - x - 2 ( N b  + 4 ) x ( e -  ) x  + - ~  2 

Therefore ,  n : K 1 / 2 P 0 2 - 1 / 4  , iden t ica l  to the case de-  
r ived  above.  F u r t h e r m o r e ,  it  is no t  possible to d is -  
t i ngu i sh  b e t w e e n  the  two mechan i sms .  This  i nd i -  
cates tha t  the e lectr ical  conduc t ion  in  the t e m p e r -  
a tu re  r ange  u n d e r  discussion is done by  electrons.  
The  fact tha t  nega t ive  Seebeck vol tages  were  ob-  
served confirms the  e lec t ron  m e c h a n i s m  for conduc -  
t ion. 
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F / !  F 9oooc-- / / 
/ K' = 194 l l oo /:ooo // 

I0 

I 
12.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

Log R 

Fig. 6. Log resistance ( A / I  = 0.554) vs. oxygen pressure at 
800 ~ 900 ~ and 1000~ for .7 Pbl.sNb206.5--0.3Cd2Nb207 
(overhead scale for 1000~ points). 
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Fig. 7. Log resistance (A/!  = 0.566) vs. log oxygen pressure at 
800 ~ 900 ~ and 1000"C for 0.SPbl.5Nb206.5 - -  0.5Cd2Nb207 (over- 
head scale for 1000~ points). 

Other  composi t ion  ranges  were  also examined .  
The resul t s  are  not  so simple.  On Fig. 6 and  7 are 
seen the  log P v s .  res i s tance  curves  for 0.7Pbl.sNb2 
O~.5--0.3Cd2Nb20~ and  0.5Pbl.sNbeO6.5--0.5CdeNb20~. 
The da ta  are fit best  by  a l ine  of slope ~ 4.4. On 
Fig. 8 the  dependence  of res i s t iv i ty  on oxygen  p res -  
sure  at  1050~ is shown  for p u r e  CdeNb20~ and  for 
Cd2Nb207 wi th  5% and  15% Pbl.sNbeO6.5. The la rger  
the concen t r a t i on  of Pbl.sNb206.5 the  g rea te r  the  
a m o u n t  of e lec t ron  conduct iv i ty .  However ,  the high 
vapor  p ressure  of c a d m i u m  oxide and  c a d m i u m  
me t a l  at  these t e m p e r a t u r e s  can  lead to er rors  in  the  
me a su r e me n t s .  However ,  it is i n t e r e s t i ng  to n o t e  
tha t  Cd2Nb207 alone and  wi th  smal l  a m o u n t s  of 
lead pyroch lo re  seem to have  a p ressure  dependence  
of the  res i s t iv i ty  to the  1/6 power ,  i nd ica t ing  a 



532 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a y  1964 

i000 

OlOo I, , ,i 
02 %2 

1 -- 

/ 
/ 

1 / I  I I I 
1.6 1 .8  2 . 0  2 . 2  2 . 4  2 . 6  2 . 8  3 . 0  Log R 

Fig. 8. Log resistance vs. log oxygen pressure for (A) Cd2Nb2OT; 
(B) 0.95Cd2Nb207--0.05Pbl.sNb206.5; (C) 0.85Cd2Nb207--0.15- 
Pb1.sNb206.5. 

two electron/mole process. This would indicate that 
the cadmium, at least in part, is involved in pro- 
ducing the carriers. (Even the transitory existence 
of Nb +3 is unlikely.) It would seem that the pres- 
sure dependence of 4.4 is due to one of the mass 
action equations above plus some cadmium contribu- 
tion. 

If one uses Eq. [6] the  e q u i l i b r i u m  cons t an t  can 
now be ca lcula ted  for these sys tems by  the  equa t ion  

logPo2 = C log p + C log K'  

where  C = 4 for Pbl.sNbeO~.5 and  C = 4.4 for the 
solid solut ions  descr ibed above. For  the  composi t ions  
o ther  t h a n  Pb1.sNb206.5, the fact tha t  "C" is not  an  
in tegra l  n u m b e r  indicates  tha t  the  e q u i l i b r i u m  
equa t ions  are more  compl ica ted  t h a n  those w r i t t e n  
above. This would  poss ib ly  be due to some con-  
t r i b u t i o n  of c a d m i u m  toward  the conduct iv i ty .  

It  has been  shown p rev ious ly  tha t  the da ta  as 
p resen ted  are not  t r ue  e q u i l i b r i u m  constants ,  the 
t rue  va lues  differ ing by  a factor  of the  charge car -  
r iers  and  mobi l i ty .  However ,  it wi l l  be a s sumed  
tha t  this  is a smal l  effect for the purposes  of ca lcu-  
l a t ing  the hea t  con ten t  of the  react ion.  Using this  
a s sumpt ion  the va lues  of K'  ca lcu la ted  f rom Fig. 5 
to 7 are re la ted  to the  e q u i l i b r i u m  cons tan t  by  K = 
1/K'L We can then  plot  d log K vs. 1 / T  to get the  
en tha lpy .  This is shown in  Fig. 9. F u r t h e r m o r e  as-  
suming  the re la t ion  K = 1/K" is a p p r o x i m a t e l y  t rue  
free energies  can be ca lcula ted  by  zxG = - -RT  in  K. 
T h e n  f rom the re l a t ion  ~xF = a l l - - T •  ent ropies  
can be calculated.  These  equa t ions  descr ibe the  
reac t ion  

1 
0 - 2 =  ( A V ) -  3- ( e - )  3--~.-. 02 

modified by  the  fact tha t  e -  ~ 1/p. 

I I I I I I ,o .3 ~K--~+10~ -- 

,o-4 ~ B  ~K-~,,,~ 

K I0 -5 

i0-6 ~~i ~ 

lO q [ { I I lO 75 80 .85 .90 .95 1.0 
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Fig. 9. Log K vs. I O 0 0 / T  for (A) Pb1.5Nb206.5 _~H = 76.3 kcal; 
(B) 0.7Pb1.5Nb206.5--O.3Cd2Nb207 AH ~ 87.7 kcal; (C) 0.5Pbl.5- 
Nb206.5--0.5Cd2Nb207 AH = 76.3 kcal. 

sure,  a p p r o x i m a t e l y  150 m m  Hg. The equa t ions  fit 
the  fo rm 

p ~ po eQ/RT [7] 

It  has also been  shown  tha t  

p -= K'Po21/A [8] 

where  A = 4 for Pbl.sNbeO6.5 a nd  A = 4.4 over  most  
of the  solid so lu t ion  range.  Also K ' =  1/Ki/2e# and  
K' and  K are a func t ion  of t empera tu re .  Tak ing  
logar i thms  and  dif ferent ia t ing '  at cons tan t  p ressure  

I 0 1 n p  ] _ Q 

0 ( 1 / T ) A  p R 

( O lnp  ) _ O l n K '  LxH 

0 ( l / T )  p O(1/T)  R 

Therefore ,  

[9] 

- -  (by  def in i t ion)  

[10] 

Q = - - A H  [11] 

If the log K'  is p lo t ted  vs. 1000/T the slope (or en -  
t ha l py )  should be equa l  to the ac t iva t ion  energies  
shown  in  Fig. 3. This  is shown  in  Fig. 10. The  two 
va lues  are w i t h i n  10% of one another ,  qu i te  good 
agreement .  It  has been  s ta ted tha t  

K '  - -  [12] 
K1/2e# 

Therefore  

and  

( - -  

1 
I n  K '  = - - - -  i n  K - -  i n  e - -  i n  ~ [ 1 3 ]  

2 

OlnK"  ) 1 (. d l n K )  _ ( O l n t ~ )  

O(1 /T)  p 2 d ( 1 / T )  p O(1 /T)  p 
[14] 

1 
• = -- - -  AHReact - -  AH~ 

2 

The va l id i ty  of the  above a s sumpt ion  can be 
checked. The  res i s t iv i ty  change  was  t a k e n  as a 
func t ion  of t e m p e r a t u r e  at a cons tan t  oxygen  p res -  

The hea t  of reac t ion  ca lcula ted  f rom res i s t iv i ty  
da ta  is the t rue  va lue  p rov ided  the ene rgy  r equ i r ed  
for the  j u m p  m e c h a n i s m  is small .  Compar i son  of 
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Fig. 10. Log K' vs. 1000/T for (A) Pbz.aNb206.5; (B) 
0.7Pbl .sN b206.5--0.3Cd,~Nb207; (C) 0.5Pbl.sNb206.5--0.5Cd2- 
Nb207. 

1 
• wi th  - -  ~H shows them to be of a p p r o x i m a t e l y  

2 
the same magn i tude ,  i nd ica t ing  the  AH~ t e r m  is pe r -  
haps 10% of the tota l  energy.  The  ca lcula ted  va lues  
for K are, therefore ,  the  correct  order  of magn i tude .  
It  r e m a i n s  to consider  how the charge  carries,  ionic 
and  electronic,  can mig ra t e  t h rough  the  latt ice.  I t  
seems l ike ly  tha t  oxygen  ions can move  via  the  
loosely b o u n d  oxygen  ion associated w i th  the  lead or 
c a d m i u m  site, the oxygen  ions be ing  displaced f rom 
site to site act ing as the charge carr iers .  S ince  the  
d is tance  b e t w e e n  these sites is over  hal f  a la t t ice  dis-  
t ance  and  these posi t ions are separa ted  by  an NbO6 
octahedron,  the h igh res is tances  observed are not  
surpr i s ing .  A l t h o u g h  the ionic conduc t iv i ty  in  
Pbl.sNb206.5 was no t  m e a s u r e d  due  to the a b u n d a n c e  
of e lect ronic  carr iers  present ,  the  same process 
mus t  also occur in  this mater ia l .  

The  conduc t ion  m e c h a n i s m  in  Pbl.sNb206.5 and  
most  of its so lut ion r ange  w i th  Cd2Nb207 is p r e -  
d o m i n a n t l y  electronic.  The  o r ig ina t ion  of these car -  
r iers  comes f rom the  r educ t ion  of one or more  of the  
me ta l  ions as descr ibed by  the  mass act ion equa t ions  
der ived  above and  verif ied by  r e s i s t i v i t y - v a p o r  
p ressure  and  Seebeck coefficient m e a s u r e m e n t s .  
However ,  the observed res i s t iv i ty  of these semicon-  
ductors  is qu i te  high, of the  same order  of m a g n i -  
tude  as the  p r e d o m i n a n t l y  ionic Cd~Nb207. This  
leads one to suspect  tha t  the  e lect rons  are t r apped  
qui te  s t rong ly  in the  la t t ice  and  have  an  exceed ing ly  
low mobi l i ty .  

It  is now of in te res t  to consider  the  m e a n i n g  of the  
ac t iva t ion  ene rgy  ca lcula ted  f rom the  r e s i s t iv i ty -  
t e m p e r a t u r e  curves.  I t  is a p p a r e n t  t ha t  the  e lect rons  
are localized and  the  b road  b a n d  p ic tu re  is not  ap-  
pl icable.  If one considers  Pb~.~Nb20~.5, it  can be seen 

tha t  more  t h a n  one process is i nvo lved  in  the  t r a n s -  
por t  of carr iers .  The re  is first the ene rgy  r e q u i r e d  
to displace the car r ie r  f rom its p a r e n t  ion. This is 
essen t ia l ly  an  ion iza t ion  ene rgy  modified by  the  c rys-  
ta l  e n v i r o n m e n t .  Second the re  is the  ene rgy  re -  
qu i r ed  to move  the  ca r r i e r  f rom its in i t i a l  site, 
t h r ough  a po ten t i a l  ba r r i e r  to the  n e i g h b o r i n g  site. 
These have  been  descr ibed previous ly .  W h e n  tha t  
section of the  solid solut ion r a nge  is r eached  where  
ionic conduc t iv i ty  is also presen t ,  a th i rd  ene rgy  of 
ac t iva t ion  is r equ i r ed  for the t r a n s p o r t  of ionic 
carr iers .  

F u r t h e r m o r e ,  even  these energies  v a r y  w i t h i n  the  
series. The presence  of a la rge  n u m b e r  of vacancies  
can act as t raps  for the  e lec t ron  carr iers .  (At  25% 
Pbl.sNb2Os.5 the re  is one an ion  and  one cat ion va -  
cancy  per  u n i t  cell. This  is pe rhaps  a reason  for the  
anomalous  increase  in  ac t iva t ion  ene rgy  n e a r  this  
point . )  The d is tance  b e t w e e n  ava i lab le  sites has an  
effect on ac t iva t ion  energy,  the g rea te r  the  d is tance  
to be t raveled ,  the g rea te r  the  energy.  The  d is tor -  
t ion of the la t t ice  can affect the  ene rgy  r equ i r ed  for 
the  t r a n s p o r t  of carr iers .  This  m a y  account  for the  
h igher  t h a n  expected ac t iva t ion  ene rgy  for 
Pb2Nb207 (see Fig. 3). Since the  r e l a t ive  order  of 
m a g n i t u d e  of these energies  is no t  k n o w n ,  on ly  
qua l i t a t ive  use can be m a d e  of these n u m b e r s  to de-  
scribe the t r a n spo r t  of carr iers  t h r o u g h o u t  the solid 
solut ion.  

Conclusion 
The sys tem Pbl.~Nb206.5-Cd2Nb207 has been  

shown  to fo rm a complete  r a nge  of solid solut ion.  
Over  a smal l  pa r t  of the  r a nge  ionic conduc t iv i ty  
is shown  to be p resen t  a l though  e lect ronic  conduc-  
t iv i ty  p redomina tes .  A l though  the  microscopic m e c h -  
an i sm b y  which  conduc t iv i ty  occurs is no t  clear, the  
me thod  by  which  car r ie rs  are p roduced  is shown.  
T h e r m o d y n a m i c  va lues  for the 20  -2 ~ O2 + 4 e -  r e -  
act ion cannot  be exac t ly  ca lcu la ted  s ince the  n u m -  
be r  of car r ie rs  is not  k n o w n  d i rec t ly  b u t  on ly  
t h r ough  the res is t iv i ty .  Therefore ,  the on ly  energies  
tha t  can be ca lcu la ted  are the  combined  energies  for 
the fo rma t ion  of car r ie rs  and  the  ene rgy  to re lease 
the  car r ie rs  f rom thei r  sites. These energ ies  can be 
separa ted  rough ly  and  show tha t  the  hopping  en -  
ergy is a smal l  po r t ion  of the tota l  ene rgy  for con-  
duct iv i ty .  
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Self-Activated Luminescence of M 2+ Niobates and Tantalates 

A. Wachtel 
Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Among 22 compounds examined for photoluminescence, only Mg4Nb2Og, 
CaTa206 and the metaniobates of Mg Ca, Zn, and Cd show appreciable room 
tempera ture  emission. With the exception of Mg4Nb2Og, all of these have the 
columbite structure;  moreover, the only essentially nonluminescent  columbite-  
type compound noted was ZnTa206. The absorption edges of the luminescent  
niobates lie at shorter wavelengths than those of otherwise similar  composi- 
tions. This indicates a relat ionship between luminescence and the separation 
of energy states wi thin  the Nb-O bond, as influenced by structure. 

Re la t ive ly  few se l f -ac t iva ted  inorgan ic  phosphor  
sys tems are  known .  In  these, l u m i n e s c e n c e  is gen -  
e ra l ly  assumed  to o r ig ina te  f rom one of the  cons t i t -  
u e n t  ions, e.g., UO22+ or WO42-, whi le  p e r t u r b a t i o n s  
due to differences in  ionic e n v i r o n m e n t ,  la t t ice  d i -  
mens ions ,  and  s t ruc tu re  inf luence  the  optical  cha r -  
acterist ics  to a v a r y i n g  extent .  Recent  inves t iga t ions  
in  this l a b o r a t o r y  have  shown tha t  ce r ta in  n ioba tes  
and  t an t a l a t e s  of d iva l en t  cat ions exhib i t  p h o t o l u m i -  
nescence  whose genera l  character is t ics  appear  to be 
of the se l f - ac t iva ted  type. Moreover ,  c rys ta l lo -  
graphic  differences seem to be accompanied  by large  
differences in  l uminescence  proper t ies .  

Experimental 
Compounds  were  p r epa red  f rom Nb205 (Kaweck i  

Chemica l  C o m p a n y )  or Ta205 (Fans t ee l )  purif ied in  
this l abora tory ,  1 and  the  respect ive  l u m i n e s -  
cence grade  ca rbona tes  or oxides, us ing  at least  
two firings in  air  (2 hr  each) w i th  i n t e r m e d i a t e  
g r i n d i n g  so as to ensu re  the  fo rma t ion  of hom oge ne -  
ous products .  The ra t io  of the componen t  oxides was  
u sua l l y  chosen to be s toichiometr ic .  In  some cases, a 
s l ight  excess of the d iva l en t  oxide was used to avoid 
the presence  of un reac t ed  Nb2Os. Difficulties were  
e n c o u n t e r e d  only  in the  case of MgO, whose reac t ion  
wi th  Nb205 appeared  to be s luggish even  at 1500~ 
and  a lways  resu l t ed  in  some Mg4Nb2Og. P u r e  
MgNb20~ was therefore  p r epa red  f rom MgSO4 + 
NbeO~, whi le  the  pures t  Mg4Nb209 was ob ta ined  by  
reac t ion  of MgO + Nb205 in fused a n h y d r o u s  MgC12. 
Due  to the poor l uminescence  of the t an ta la tes ,  the  
poss ibi l i ty  of s imi la r  compl ica t ions  w i th  respect  to 
MgTa208 were  not  inves t iga ted .  Condi t ions  neces-  
sary  to fo rm Mg~Ta2Os (1) or the  ana logous  n ioba te  
were  not  a t t a inab l e  on our  p resen t  equ ipmen t .  

X - r a y  powder  dif f ract ion ana lyses  we re  pe r -  
fo rmed  on a Phi l ips  x - r a y  d i f f rac tometer  opera ted  at 

I By  f u s i o n  w i t h  K~CO3 a n d  t r e a t i n g  t h e  3:1 K - s a l t s  i n  a q u e o u s  
NH4C1. S p e c t r o g r a p h i c  a n a l y s e s  s e m i - q u a n t i t a t i v e )  w e r e  as f o l l o w s :  

A1 B B i  Cu 

35 kv  and  15 ma, us ing  a Cu ta rge t  and  Ni filter, 
and  were  employed  to iden t i fy  compounds  w h e r e v e r  
compar i son  wi th  pub l i shed  va lues  of d could be 
made.  Severa l  compounds  were ,  in  addi t ion,  i ndexed  
here,  the  de ta i led  resul ts  to be  repor ted  e l sewhere  
(2) .  T e m p e r a t u r e  dependence  was measu red  w i th  a 
Spect ra  Br igh tness  Spot  Meter  2 ( eye - sens i t i v i t y  cor-  
rec ted)  focussed on samples  m o u n t e d  on a copper 
block w i t h i n  a quar tz  dewar .  Exc i t a t ion  and  absorp-  
t ion  spectra  ( the  l a t t e r  defined here  as 100% diffuse 
ref lectance)  were  t a k e n  on a B & L 500 m m  gra t ing  
monochromato r ,  us ing  a H2 arc l a m p  as source. Cor-  
rec t ion  for equa l  exc i ta t ion  ene rgy  was  m a d e  by  
me a ns  of a sod ium sa l icyla te  s tandard .  Emiss ion  
spectra  were  ob ta ined  on the  same appa ra tu s  u n d e r  
2537A (Mine ra l igh t )  exci ta t ion.  

Results 
Table  I summar i zes  c rys ta l lographic  data  and  

v isua l  observa t ions  of luminescence .  The  no t a t i on  
"same as pub l i shed"  me a ns  tha t  our  x - r a y  powder  
diffract ion p a t t e r n  essen t ia l ly  agreed wi th  pub l i shed  
values ,  and  no f u r t h e r  ana lys i s  was u n d e r t a k e n .  I t  
can be seen that ,  w i th  the  except ion  of hexagona l  
Mg4Nb2Og, the  on ly  compounds  wi th  d i scern ib le  
room t e m p e r a t u r e  l uminescence  are CaTa206 as wel l  
as the  me tan ioba te s  of Mg, Ca, Zn, and  Cd. These 
have  o r thorhombic  s y m m e t r y  w i th  la t t ice  d imens ions  
a p p r o x i m a t e l y  in  the rat ios  of 5 : 15: 5.7. The  Cd (3, 4) ,  
Mg (5) ,  and  Zn  (5) compounds  are repor ted  to have  
the  co lumbi t e  s t ruc ture .  The  t e t r agona l  s y m m e t r y  
of ZnNbeO6 repor ted  by  Har r i son  and  Delgrosso (6) 
is based on data  wh ich  are ve ry  s imi la r  to ours  ex-  
cept for severa l  weak  l ines  in  our  p a t t e r n  which  
made  the  analys is  more  sa t i s fac tory  on the  basis  of 
o r thorhombic  symme t r y .  It  should be  m e n t i o n e d  tha t  
Larach  (7) inves t iga ted  this  compound  bu t  found  it  
to be n o n - l u m i n e s c e n t .  The  s t ruc tu re  of CaNb206 

s o l u t i o n  w i t h  HeS a n d  o r g a n i c  r e a g e n t s ,  f o l l o w e d  by p r e c i p i t a t i o n  w i t h  

F e  M g  NIn N i  P b  Si  

Nb~O5 as r e c e i v e d  F T - -  n .d .  n .d .  V F  + F T  F T  F T  F T  -- F T - -  F T  -- 
Nb~O5 p u r i f i e d  F T - -  n.d.  n .d .  V F  -- n .d .  V F  n .d .  n .d .  n .d .  F T  
TarO5 as  r e c e i v e d  F T - -  n.d.  T V F  F T - -  F T  ~- V F  n.d .  n .d .  F T - -  
Ta~Os p u r i f i e d  F T -  F T -  F T -  n .d .  n .d .  n.d.  n .d .  n .d .  F T -  F T - -  

w h e r e  T : 100-1000 p p m ,  F T  : 10-100 p p m ,  V F  = 1-10 p p m ,  a n d  n .d .  = n o t  d e t e c t e d .  P l u s  or  m i n u s  s igns  i n d i c a t e  c o n c e n t r a t i o n s  w i t h i n  th e  
h i g h e r  o r  l o w e r  e n d  of  t h e  r a n g e  i n d i c a t e d .  T h e  l i m i t  of  d e t e c t i o n  f o r  K is  h i g h  ( 1 % ) ,  a n d  i t  m a y  t h e r e f o r e  h a v e  b e e n  p r e s e n t  i n  a p p r e c i a b l e  
a m o u n t s .  

e P h o t o  R e s e a r c h  C o r p o r a t i o n ,  H o l l y w o o d ,  C a l i f o r n i a .  
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Fig. 1. Brightness of niobates under 2537.~, excitation as a func- 
tion of temperature. 

tOO, / '-". # ~ - x > ' r / ~  , i t 

9ol- ;' \ , , : . - ; ~ " , ~  - ~,, . , , .o. 
l / xXs / ', \%~, - CdNb206 
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WAVELENGTH IN m~ 

Fig. 2. Spectral distribution of emission of niobates under 2537A 
excitation at room temperature, and of CdNb206 at --196"C. 

does  not  s eem to h a v e  been  r e p o r t e d ;  h o w e v e r ,  in  
v i e w  of t he  s i m i l a r i t y  in s y m m e t r y  and  l a t t i c e  d i -  
mens ions  as c o m p a r e d  w i t h  those  of the  Cd, Mg, a n d  
Zn compounds ,  i t  is a lmos t  c e r t a i n l y  also co lumbi te .  

The  b r i g h t n e s s  of l u m i n e s c e n t  n ioba t e s  as a f u n c -  
t ion  of t e m p e r a t u r e  is shown  in Fig .  1. A m o r e  v a l i d  
c o m p a r i s o n  of p h o s p h o r  p e r f o r m a n c e  (e.g., t o t a l  
e n e r g y )  m a y  b e  m a d e  b y  t a k i n g  the  r a t i o  of b r i g h t -  
ness  at  v a r i o u s  t e m p e r a t u r e s  to t he  r o o m  t e m p e r a -  
t u r e  l u m i n o s i t y  (v) ,  va lue s  of w h i c h  a r e  shown  in 
T a b l e  I I  a long  w i t h  d a t a  on MgWO4 exc i t ed  u n d e r  
t he  same  condi t ions .  The  r e p r o d u c i b i l i t y  of b r i g h t -  
ness  in CdNb206 p r o v e d  to be  s o m e w h a t  p o o r e r  t h a n  
t h a t  of t h e  o the r  compounds ,  and  v a l u e s  up  to 6.5 
f t - L  at  25~ (on  the  s ame  sca le)  h a v e  been  o b t a i n e d  
on p h o s p h o r s  p r e p a r e d  f rom CdCO~ p r e c i p i t a t e d  in 
th is  l a b o r a t o r y .  The  d e c r e a s e  in b r i g h t n e s s  of 
CdNb206 t o w a r d  l o w e r  t e m p e r a t u r e s  is a c c o m p a n i e d  
b y  a co lor  change  to deep  b lue  (v = 0.180 as i n d i -  
ca t ed  by  the  emiss ion  spec t r a  shown  in Fig.  2, and  

Table I1. Emission characteristics of niobates at 25~ 

Brightness 
in ft-L, Luminosi ty  

Compound f rom Fig. 1 factor,  ~ f t -L/~ 

MgWO4 (s tandard)  15.7 0.395 39.7 
MgNb206 0.69 0.251 2.75 
Mg4Nb209 1.23 0.0525 23.4 
CaNb206 9.38 0.324 28.9 
CdNb206 4.75 0.339 14.0 
ZnNb20~ 0.69 0.282 2.45 

I O O ,  , j % : , ~ _ . ~ T , . ~ , ~  , , - , ,  , , , 

9 o  \ - , ,  ,, 
I/z.",'" ~ \ ~ , 'Zn~b~O, 

8oi.'- / ~ \ ,, , ,, 
~_ I �9 i .~ " ' ~ 'L.~MgNb206 

20 50 40 50 60 70 80 90 300 tO 
WAVELENOTH IN mp 

Fig. 3. Room-temperature excitation spectra of niobates 

the  r a t io s  of b r i g h t n e s s / l u m i n o s i t y  at  --100 ~ and 
- -196~ a re  t he  s ame  (21.2).  Conve r se ly ,  the  o r ig i -  
n a l l y  v i o l e t - b l u e  e m i t t i n g  Mg4Nb209 becomes  m o r e  
l u m i n o u s  ( p u r p l e - w h i t e )  b e l o w  a b o u t - - 8 0 ~  bu t  no 
emiss ion  s p e c t r u m  of  th is  was  t a k e n  at  low t e m p e r a -  
tures ,  and  t h e r e f o r e  t he  l u m i n o s i t y  u n d e r  t hese  con-  
d i t ions  is not  known .  The  o t h e r  c o m p o u n d s  e x -  
h ib i t e d  on ly  a s l igh t  sh i f t  to s h o r t e r  w a v e l e n g t h s  at  
the  lowes t  t e m p e r a t u r e s .  A l l  t a n t a l a t e s  w e r e  m u c h  
m o r e  w e a k l y  l u m i n e s c e n t  t h a n  the  n ioba t e s  of s i m i -  
l a r  compos i t ion .  The  r e a s o n  for  th i s  need  no t  n e c e s -  
s a r i l y  be  sough t  in s t r u c t u r e  ( w h i c h  is o f t en  d i f -  
f e r e n t ) ,  s ince e n e r g y  leve ls  in e l ec t ron ic  t r a n s i t i o n s  
i n v o l v i n g  the  r e s p e c t i v e  ions  a r e  l i k e l y  to d i f fer  in 
sp i te  of s i m i l a r i t y  in ionic size and  coord ina t ion .  
In  th is  connect ion ,  i t  shou ld  be  no ted  t h a t  a m o n g  
the  t a n t a l a t e s  n o w  inve s t i ga t e d ,  on ly  CaTaeO6 (4) 
and  ZnTa206 (5)  a r e  r e p o r t e d  to have  the  c o l u m b i t e  
s t ruc tu re ,  and  on ly  t he  f o r m e r  p r o v e d  to be  l u m i -  
nescen t  a t  r oom t e m p e r a t u r e .  

The  e xc i t a t i on  s p e c t r a  of t he  l u m i n e s c e n t  n i o b a t e s  
a r e  s h o w n  in Fig .  3. The i r  a p p e a r a n c e  sugges t s  a t  
l eas t  two  peaks  w h i c h  a re  i n d i c a t e d  q u i t e  c l e a r l y  
in t he  case of MgNb206 and  ZnNb206. T h e r e  is t h e r e -  
fore  a q u a l i t a t i v e  r e s e m b l a n c e  to t he  e xc i t a t i on  
s p e c t r a  of the  a l k a l i  m e t a v a n a d a t e s  r e p o r t e d  b y  G o -  
b r e c h t  and  He insohn  (8) ,  a l t h o u g h  the  p e a k s  of t he  
n ioba t e  spe c t r a  a r e  l oca t ed  a t  s h o r t e r  w a v e l e n g t h s .  
C o m p o u n d s  r e p o r t e d  as n o n - l u m i n e s c e n t  ( T a b l e  I)  
also fa i l ed  to show v i s ib le  emiss ion  u n d e r  e xc i t a t i on  
b y  a source  of con t inuous  u.v. (H2 a r c ) .  H o w e v e r ,  
the  p o s s i b i l i t y  of emiss ion  in the  u.v. or  t h e  neces -  
s i ty  for  e xc i t a t i on  b y  w a v e l e n g t h s  less t h a n  abou t  
2200A ( l im i t  of He arc  w i t h  Corn ing  No. 9863 f i l ter )  
was  not  i nves t iga t ed .  

A b s o r p t i o n  spe c t r a  a r e  s h o w n  in Fig.  4 and  
g r o u p e d  so as to f ac i l i t a t e  c o m p a r i s o n s  b e t w e e n  
se l ec t ed  compounds .  A s s u m i n g  t h a t  a l k a l i n e  e a r t h s  
do not  i n t r o d u c e  a b s o r p t i o n  b a n d s  in t he  r e g i o n  in -  
ves t iga t ed ,  the  a b s o r p t i o n  o b s e r v e d  shou ld  be  due  
e n t i r e l y  to  n i o b a t e  o r  t a n t a l a t e  ions, r e s p e c t i v e l y ,  
b u t  in f luenced  b y  the  p a r t i c u l a r  e n v i r o n m e n t .  
F i g u r e  4a shows  t h a t  the  a b s o r p t i o n  edges  of the  
n ioba te s  l ie  a t  l o n g e r  w a v e l e n g t h s  than  those  of the  
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Fig. 4. Room-temperature absorption spectra (as 100-% diffuse 
reflectance) of some niobates and tantalates. 

tantalates, in accordance with the positions of the 
absorption bands of Nb205 and Ta205 themselves. 
The additional absorption of MgNb206 at longer 
wavelength coincides with that  of Nb205 and disap- 
pears in the case of Mg4Nb2Og, and other products of 
firing Nb205 with an excess of MgO over the 1:1 
ratio. This absorption may therefore be caused by 
traces of Nb205 undetected by x - r a y  diffraction. On 
the other hand, the long wavelength absorption of 
the Pb compounds (Fig. 4b) indicates the possibility 
that  this is caused by Pb itself. At least in the rhom-  
bohedral compounds, the relative locations of the 
absorption edges of the niobate and tantalate are re-  
versed from those of Fig. 4a. Contrary to PbWO4, 
the present Pb compounds show only weak lumines- 
cence at low temperatures,  and it was also observed 
that  small additions of Pb to CaNb206 progressively 
decreased the brightness which is also contrary to the 
behavior of Pb in CaWO4 (9). Figure 4c again shows 
absorption bands at longer wavelengths which might 
be caused by processes involving the divalent ele- 
ments (Zn or Cd);  in this case, however, the meta-  
niobates are luminescent, and the additional absorp- 
tion bands are weak enough to allow the main ab- 
sorption edges to be resolved. These are located in 
the same vicinity as those of the isostructural Mg 
and Ca metaniobates. Going from CdNb206 to cubic 
and nonluminescent Cd2Nb207 we also see a shift to 
longer wavelengths and disappearance of the origi- 
nal absorption edge. Figure 4d again includes only 
alkaline earth cations and compares the location of 
the absorption edges of luminescent CaNb~O6 with 
that of the nonluminescent compounds, i.e., 
SrNb206, BaNb206, Ca2Nb~OT, and Ca~Nb208. Re- 
turning to Fig. 4a, it is also noted that the absorp- 
tion edge of the luminescent Mg4Nb2Og, like those 
of the other luminescent compounds, lies at short 
wavelengths, e.g., below 280 rn~. Finally, it should 
be observed that  the positions of the absorption 
edges of the luminescent niobates are in fair agree- 
ment with those of the long wavelength peaks, or 
edges, of the excitation spectra. 

No reflectance measurements were taken in the 
visible region, but as may be extrapolated from the 
data shown, most of the compounds appeared lightly 
tinted when directly compared with MgO. Appre-  
ciable coloration was noted only on orthorh. PbNb206 

(yel low-white) ,  orthorh. BaNb206 (light gray) ,  
Ca3Nb2Os (green-white) ,  and Cd2Nb207 (light yel-  
low, turning gray-purple  on exposure to ambient 
light).  The absorption spectrum of Cd2Nb20~ shown 
was taken on a sample freshly bleached by heating 
to 300~ 

Only a few qualitative observations were made on 
the effect of substitution of V for Nb in CaNb206. In-  
creasing concentrations (5, 10, 20 mole %) resulted 
in increasingly yellow body color and a shift in 
emission to longer wavelengths (green) as well as 
drastic reduction in brightness. The effect increased 
with increasing firing temperature.  It  was interest- 
ing to note that  V-containing samples sometimes 
also displayed a red luminescence under 3650A ex- 
citation, part icularly at liquid N2 temperature,  as 
for instance Ca(0.8Nb, 0.2V)206 or Ca(0.95Nb, 
0.05V)206, fired at 1000 ~ and l l00~ respectively. 
Since the emission color of Ca2V207 is reported to be 
blue, and in view of the appreciable efficiency ob- 
served on pyrovanadates  (1O), as well as the fact 
that  Ca2Nb207 is non- or only poorly luminescent, it 
is seen that any analogy between niobate and vana-  
date phosphors must be limited. No x - r a y  investiga- 
tions were made on these V-substi tuted compounds 
or on known vanadate phosphor compositions. 

Discussion 

It has been shown that the spectral regions where 
both excitation and absorption occur, are those 
where absorption is most likely to be caused by the 
niobate groups, rather  than by electronic transitions 
involving the divalent cation. Accordingly, the lumi- 
nescence process would involve mainly excitation 
and relaxation of the Nb (or Ta ) -O  bond. This is 
also supported by the similarity in emission spectra 
and the observation that at low temperature  most of 
the compounds displayed at least a weak lumines- 
cence. The mechanism is therefore analogous to that 
proposed for other self-activated phosphor systems, 
e.g., molybdates (11), tungstates (12), vanadates 
(8), and the more complex Ti or Zr containing com- 
pounds (13, 14). Since in all of the present com- 
pounds, niobium or tanta lum is octahedrally linked 
to six oxygen atoms, structural  differences are often 
minor [such as orthorhombic distortion of te tra-  
gonal symmetry  in PbNb206, PbTa206 (15)]  and are 
mainly the result of differences in the arrangement  
of the octahedral groups within the unit cell, e.g., as 
between the brookite and rutile (16) and the brook- 
ite and columbite (17) structures. 

The principal question concerns the conspicuous 
influence of structure on luminescence as observed 
on the present compounds. As already noted, strong 
luminescence of niobates occurs only in the colum- 
bite structure, with the one exception of Mg4Nb2Og. 
There is also a slight indication that stronger lumi- 
nescence (CaNb206) is associated with an absorp- 
tion edge shifted to shorter wavelength, although 
more precise measurements on single crystals would 
be required to establish such a relationship with 
certainty. All other niobates (with different struc- 
ture) absorb at longer wavelengths. From this, one 
may conclude that in the meta compounds, the con- 
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f igu ra t ion  of t h e  g r o u n d  and  e x c i t e d  s t a tes  of t h e  
N b - O  b o n d  is f a v o r a b l e  to  l u m i n e s c e n c e  in  c o m -  
p o u n d s  w i t h  t h e  c o l u m b i t e  s t r uc tu r e ,  w h i l e  in o t h e r  
s t ruc tu re s ,  c r o s s i n g - o v e r  of t he  g r o u n d  and  e x c i t e d  
s t a tes  m a y  occur  at  l o w e r  energ ies ,  l e a d i n g  to 
q u e n c h i n g  a t  l o w e r  t e m p e r a t u r e s .  
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Note Added in Proof 

A r e c e n t  p a p e r  b y  B a l l m a n ,  Por to ,  and  Y a r i v  (32) 
desc r ibes  t he  p r e p a r a t i o n  and  p r o p e r t i e s  of  s ing le  
c r y s t a l s  of CaNb206 d o p e d  w i t h  r a r e  e a r t h s  for  
l a s e r  app l i ca t ion .  The  p u l l e d  c r y s t a l s  w e r e  s t a t e d  
to be  e s s e n t i a l l y  t he  s a m e  as the  m i n e r a l  f e r s m i t e  
(33) (CaNb206)  whose  space  group,  Pbcn, is t he  s a m e  
as t h a t  of co lumbi te .  The  au tho r s  d id  not,  h o w e v e r ,  
m e n t i o n  a n y  h o s t - c r y s t a l  l u m i n e s c e n c e  of t h e  com-  
pound .  

Manuscr ip t  rece ived  Aug. 22, 1963. This paper  was 
p resen ted  at  the  Toronto Meeting,  May 3-7, 1964. 

Any  discussion of this p a p e r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
J O U R N A L .  
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Copper-Activated Alkaline-Earth Phosphate Phosphors 
R. C. Ropp 1 

Sylvania Electric Products, Inc., Towanda, Pennsylvania 

ABSTRACT 

Spec t ra l  p roper t ies  of the  a lka l ine  ea r th  pyrophospha tes  and a condensed 
s t ron t ium phosphate,  al l  ac t iva ted  by  copper,  a re  described.  Of the  p y r o -  
phosphates,  only a-Ca2PaO7, ~-Ca2P2OT, and ~-Ba2P207 produce  mode ra t e ly  
intense emission when  ac t iva ted  by  copper.  In  the  condensed phosphate  sys-  
tems, only  Sr5(P3Olo)2:Cu produces  intense luminescence.  An  exp lana t ion  
in t e rms  of d -e l ec t ron  in terac t ion  or coupling is proposed.  

Copper ,  in  i ts  e a r l y  use  as  an  ac t iva to r ,  was  r e -  
s t r i c t ed  to sulf ide a n d  s i l i ca te  phosphor s .  L a t e r  w o r k  
showed  t h a t  ca rbona te s ,  oxides ,  ha l ides ,  and  p h o s -  
p h a t e s  cou ld  also be  a c t i v a t e d  b y  c o p p e r  (1) .  S u c h  
m a t e r i a l s  as  ThSiO~ (2 ) ,  a l u m i n o s i l i c a t e s  (3 ) ,  a n d  
p h o s p h a t e s  such  as c a l c ium a p a t i t e  (4)  or  c a l c i u m  
m e t a p h o s p h a t e  (5) ,  a c t i v a t e d  b y  copper ,  h a v e  b e e n  

1 P r e s e n t  address: Westinghouse Electric Corporation, Bloomf ie ld ,  
I~ew Jersey. 

r e p o r t e d .  More  r ecen t ly ,  i t  has  b e e n  s h o w n  t h a t  
c up rous  copper  w o u l d  a c t i v a t e  b o t h  o r t h o p h o s p h a t e s  
(6)  and  c e r t a i n  a p a t i t e s  (7)  of t he  a l k a l i n e  ear ths .  
The  q u a n t u m  efficiencies of such  p h o s p h o r s  h a v e  
b e e n  h igh  (8 ) ,  and  the  l u m i n e s c e n t  s t a t e  w a s  o b -  
t a i n e d  on ly  w h e n  the  m a t r i x  con ta in ing  the  coppe r  
was  s u b j e c t e d  to a n e u t r a l  or  r e d u c i n g  a t m o s p h e r e  
d u r i n g  f ir ing.  



Vol. 111, No. 5 C u - A C T I V A T E D  A L K A L I N E  P Y R O P H O S P H A T E S  

This contr ibut ion describes some observat ions on 
the a lka l i ne - ea r th  phosphates  ac t iva ted  by  copper, 
including the pyrophosphates  and cer ta in  members  
of the  condensed phosphates.  The work  was pa r t  of 
a survey of var ious  act ivators  in the a lka l i ne -ea r th  
pyrophosphates .  

Method of Preparation 

H i g h - p u r i t y  raw mater ia l s  were  p r e p a r e d  by  
methods given previous ly  (9).  The pyrophospha tes  
or condensed phosphates  were  p repa red  by  ignit ion 
of the corresponding dibasic or monobasic phos-  
phate,  according to the reactions 

2MHPO4 Z~.,,,> M2P207 + H20 

A 
M(H2PO4)2"x.H20 > M(PO3)2 -{- ( 2 + x ) H 2 0  

where  M is an a lka l ine  earth,  and x may  be 0 to 2 
moles. 

The method of addi t ion of the ac t iva tor  was not  
cr i t ical  and any copper salt  gave act ivat ion,  a l though 
Cu2CI2 was prefer red .  Act iva tor  concentrat ions 
ranged  be tween 0.0005 mole to 0.15 mole per  mole 
of phosphor.  Act iva t ion  was obta ined only when 
the fired mater ia l s  were  subsequent ly  ret i red in a 
reducing  a tmosphere  containing 95% N2-5% H2. In 
the case of the condensed phosphates  of s t ront ium, 
reduct ion was not requ i red  to obtain act ivat ion 
when cuprous chloride was employed,  but  it was 
possible to obtain iner t  mater ia l s  by  overfiring. In 
the pyrophosphates ,  addi t ional  phosphate  was added 
to give a s toichiometr ic  mater ia l ,  according to the 
react ion 

A 
2MHPO4 + xCu2C12 + 2x(NH4)2HPO4 > 

(M,Cu)2+=(P20~)I+~ + (4x)NH8 + (1 + 2x)H20 

where  M is any  a lka l ine  earth.  

Methods of measurement  fol lowed those descr ibed 
in a previous  work  (10). 

Calcium Phosphate Phosphors 

Copper was found to act ivate  the a -  and B-forms 
of the calcium pyrophosphates  but  not  the ~- or 8- 
forms. This difference is p robab ly  due to the low 
degree of c rys ta l l in i ty  obtained which is re la ted  to 
the low t rans i t ion  t empera tu res  involved.  Only in 
fl-Ca2P20~ was the posit ion of the emission peak  
observed to be dependent  on copper  content.  An 
increase in ac t iva tor  concentra t ion caused a shift  
in the emission band to longer  wavelengths ,  but  the 
most character is t ic  fea ture  of mater ia l s  wi th  h igher  
Cu contents was the appearance  of a prominent  new 
exci ta t ion  band at 3240A in the  B-form, the effect 
being observed beginning wi th  0.005 mole Cu + per  
mole of pyrophospha te  (Fig. 1). The shift  in emis-  
sion spec t rum of fl-Ca2P207 phosphors  was p ro-  
nounced, ac t ivat ion by  0.001 mole Cu producing an 
emission band  peaking  at  4840A, when exci ted by  
2537A, whi le  act ivat ion by  0.1 mole Cu gave an 
emission band at 5430A, when exci ted by  3240A. 

In the h i g h - t e m p e r a t u r e  form, ~-Ca~P20~: Cu, in-  
creasing the copper concentrat ion did not change 
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Fig. 1. Copper-activated calcium pyrophosphates 

the posit ion of the exci ta t ion and emission bands, 
a l though h igher  concentrat ions  of copper seemed to 
promote  the phase t ransformat ion  f rom fl-Ca2P207 
to ~-Ca2P20~, as deduced f rom x - r a y  powder  di f -  
f ract ion data. A change to lower  firing t empera tu res  
served to counteract  any such phase  t ransi t ion,  and 
the fl forms containing high copper contents were  
obtained in this  manner .  

The effect of copper concentrat ion on plaque 
br ightness  of tg-Ca2P20~:Cu is shown in Table I. 
The data  show that  these phosphors,  compared with  
a commercia l  phosphor,  Ba2TiP209, are of in te r -  
media te  brightness.  

At t empts  to produce a condensed phosphate  of 
calcium ac t iva ted  by  copper  were  futile,  and none 
of the known forms gave a phosphor.  

Strontium Phosphate Phosphors 

The pyrophosphates  of s t ron t ium are  not act ivated 
by  copper, at  least  not at  exci ta t ion energies be-  
tween 2180A and 7050A. No reason can be given 
for this, in te rms of s t ructure,  since both ~-Sr2P20~ 
and fl-Sr2P20~ closely resemble  the corresponding 
salts of calcium (11). A ve ry  low level  of lumines-  
cence was seen in ce-Sr2P207:  C u ,  but  measurement  
of the optical  p roper t ies  gave results  close enough to 
the s t ront ium t r ipo lyphospha te  (see below) so tha t  
it is p robab le  tha t  the pyrophospha te  decomposed 
to form the more s table s t ruc ture  in the presence 
of copper. 

In contras t  to the other a lka l i ne -ea r th  condensed 

Table I. Effect of Cu content in fl-Ca2P2OT:Cu 

% Plaque brightness 
Cu content (vs. BaTiP~Og) 

(moles/mole phosphor) (2537A excitat ion)  

Blue Green 
0.001 37 29 
0.005 46 36 
0.01 35 29 
0.05 19 14 
0.10 23 21 
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Table II.  Dependency of composition on copper concentration 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

% Rela- 
F i r i n g  t i r e  red 

M o l e s  Cu  p e r  t e m p e r -  b r i g h t n e s s  
m o l e  of a t u r e  P h a s e s  p r e s e n t  i n  p e r  c e n t  = (3550A 

m e t a p h o s p h a t e  (~ f l -Sr  (PO~) ~ ~ - S r  (PO~) ~ e x c i t a t i o n )  

0.001 900 - -  I00 80 
0.005 900 I0 90 i00 
0.01 900 30-50 70-50 95 
0.05 900 I00 - -  50 
0.10 900 100 - -  50 
0.005 815 - -  I00 60 
0.005 870 - -  100 90 

* E s t i m a t e d  by  x - r a y  m e t h o d s .  

phosphates,  copper act ivat ion in the s t ron t ium sys-  
tem gave two phosphors,  as shown in Table II. 

X - r a y  powder  diffraction da ta  showed the p res -  
ence of the two forms, f l -Sr  (POz)2 and a - S r  (PO~)2, 
as found by  Thilo and Grunze (12) and others  (13).  
Both forms were  ac t iva ted  by  copper. 

Chemical  analysis  showed the average  formula  
Srl.0(POs)2.1. In f r a red  analysis  of these forms 
showed tha t  the  absorpt ion  bands  of f l -Sr(POz)2 
correspond to those expected  for the t r ime taphos -  
pha te  s t ructure,  Srs(P8Og)2. 2 The in f ra red  absorp-  
t ion bands  of a -Sr (PO~)2  appeared  to be those of 
the t r ipo lyphospha te  s t ructure ,  Srs(PzO10)2. 2 The 
former  is a cyclic s t ructure ,  whereas  the l a t t e r  con- 
sists of l inear  chains of inde te rmina te  length.  Of 
the two forms, the  t r ipo lyphosphate ,  when ac t iva ted  
by  copper, possesses twice the br ightness  of the 
t r ime taphospha te  (see Table  I I ) .  The phosphor  
s t ruc ture  and br ightness  were  found to be functions 
of copper content  and firing tempera ture .  The higher  
copper concentrat ions promoted  the format ion  of 
the l o w - t e m p e r a t u r e  f l -Sr(PO3)2 form, as shown 
in Table II. 

To obtain the br ightes t  phosphor,  the p repa ra t ion  
conditions were  those which promoted  the fo rma-  
t ion of the  phosphor  Sr 5 (P8010)2: Cu. If the ma te r i a l  
were  fired at  too high a t empera tu re ,  the t r ipo lyphos-  
pha te  was not formed and the ma te r i a l  was inert .  
Copper act ivat ion of Srs(P8010)2 gave a s t rongly  
emit t ing phosphor  when ac t iva ted  by  3100A r a d i a -  
tion, as shown in Fig. 2. The emission peak  is broad,  
and a considerable  pa r t  of the emission lies beyond 
the peak  emission wave leng th  of 6550A into the  
near  in f ra red  region of the  spectrum. This phosphor  

I t  s h o u l d  be no ted  that  these  f o r m u l a s  a r e  s t r u c t u r a l  f o r m u l a s ,  
i n d i c a t i n g  t h e  s t r u c t u r a l  u n i t s ,  not  chemica l  composi t ions .  The  
c h e m i c a l  f o r m u l a  r e m a i n e d  o n e  m e t a l  a t o m  p e r  t w o  atoms of  phos -  
phorus .  T h i s  b e h a v i o r  is  c o m m o n  i n  condensed  sys tems .  

Sr  5 (P3010) ~ : Cu EMI SSIOr~ /" 
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Fig. 2. Copper-activated strontium tripolyphosphate 
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Fig. 4. Copper-activated barium pyrophosphates 

was easi ly p repa red  by  calcining Sr  (H~PO4) 2 to form 
the condensed phosphate,  a l though it  was possible 
to use SrCO3 § 2 (NH4)H2PO4. Much super ior  phos-  
phors resul ted  f rom the former  method.  

The in tens i ty  of fluorescence of this phosphor  in 
ambien t  air  was m a x i m u m  at 205~ as shown in 
Fig. 3. Exci ta t ion was accomplished by  rad ia t ion  
from a F4BL lamp peaking  at 3550A, and the hea t -  
ing ra te  was app rox ima te ly  8~ per  rain. The re -  
sults show that  the phosphor  might  be sui table  as 
a h i g h - t e m p e r a t u r e  m e r c u r y - v a p o r  (HPMV) lamp 
phosphor.  No a t t empt  was made  to evalua te  the s ta -  
b i l i ty  of the phosphor  in the  l a m p - m a k i n g  process 
or dur ing lamp operation.  

Barium Phosphates 
Copper act ivat ion in the ba r ium pyrophospha tes  

produces e i ther  a dul l  red (emission peak  of 6750A) 
or a g reen-ye l low phosphor  (emission peak  of 
5460A) when exci ted by  2537A, depending on which 
of the two crys ta l  s t ruc tures  is formed. The low-  
t empe ra tu r e  form, a-Ba2P20~: Cu, is much less effi- 
cient than  the h i g h - t e m p e r a t u r e  form, 8-Ba2P~O~: 
Cu. The former  was a dul l  red  phosphor,  too in-  
efficient to pe rmi t  precise measuremen t  of its spec- 
t ra l  propert ies .  Therefore,  the  da ta  in Fig. 4 are 
accurate  only for $-Ba2PaO~: Cu, but  the  measured  
proper t ies  of a-Ba~P2Ov:Cu are given for the sake 
of completeness.  A change in copper concentra t ion 
did not cause a change in the  exci ta t ion .or emission 
bands. The op t imum concentra t ion was about  0.005 
mole Cu per  mole of phosphor.  The emission of the 
h i g h - t e m p e r a t u r e  form, 8-Ba2P20~:Cu, was of me-  
d ium intensi ty,  as shown by  the comparison of 
p laque  br ightness  da ta  in Table  III. Of the  mate r ia l s  
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Table III. 

P h o s p h o r  Emiss ion  c o l o r  

% P l a q u e  
b r i gh tne s s  

(VS. 
Ba~TiP~09) 

Exc i t a t i on  (2537A 
m a x i m u m  exci ta t ion)  

(A) B G R 

541 

fl-Ca2P2OT: Cu0.001 Blue -g reen  2410 46 36 
fl-Ca2P2OT:CUo.1 B lue -g reen  3380 23 21 - -  
a-Ca2P2OT: Cu0.005 Ye l low-green  2960 16 28 - -  
8-Ba2P2OT:Cu0.005 Green -ye l l ow  (2440) 29 42 33 

(2720) 

i nves t i ga t ed ,  t he  p h o s p h o r s  l i s t ed  in  T a b l e  I I I  gave  
the  g r e a t e s t  r e sponse  to 2537A i r r a d i a t i o n .  

Discussion 
S e v e r a l  e x p e r i m e n t a l  d i f fe rences  w e r e  n o t e d  in  

the  s e p a r a t e  sys tems .  In  t he  c a l c i u m  p y r o p h o s p h a t e  
sys tem,  the  emiss ion  p e a k  v a r i e d  acco rd ing  to  b o t h  
t he  s t r u c t u r e  f o r m e d  and  t h e  a m o u n t  of coppe r  
a c t i v a t o r  p resen t .  A t  l ow  concen t r a t i ons ,  t he  e x -  
c i t a t ion  b a n d  was  f a i r l y  b road ,  b u t  t he  edge  sh i f t ed  
to h i g h e r  e n e r g y  as t he  coppe r  con ten t  was  i n c r e a s e d  
in  B-Ca2P2OT: Cu. T h e  n e w  e x c i t a t i o n  b a n d  a t  h igh  
c o n c e n t r a t i o n s  is a t t r i b u t e d  to  e x c i t a t i o n  of cop-  
p e r - a c t i v a t o r  cen te rs ,  w h i l e  t he  e x c i t a t i o n  b a n d  at  
l o w e r  c o n c e n t r a t i o n s  m a y  be  due  to a b s o r p t i o n  in 
a loca l i zed  c o p p e r - o x y g e n  c o m p l e x  or  to t he  m a t r i x  
i tself .  In  con t ras t ,  t he  a-Ca2P2OT: Cu p h o s p h o r  shows  
on ly  t h e  b a n d  a t t r i b u t e d  to a b s o r p t i o n  in t h e  cop-  
p e r  cen te rs ,  p lu s  t he  h i g h - e n e r g y  exc i t a t i on  band .  
The  s i m i l a r i t y  of x - r a y  d i f f rac t ion  p a t t e r n s  of a -  
Ca2P2OT, a-Sr2P2OT, a n d  a-Ba2P207 is w e l l  k n o w n  
(14) ,  y e t  on ly  t h e  ca l c ium c o m p o u n d  is a c t i v a t e d  
at  r o o m  t e m p e r a t u r e  b y  copper .  L ikewi se ,  fl-Ca2P~O7 
and  fl-Sr2P207 a r e  i somorph i c  [ t e t r a g o n a l ,  P41 (11) ],  
b u t  on ly  fl-Ca2P2OT: Cu shows  luminescence .  I t  mus t ,  
t he re fo re ,  be  conc luded  t ha t  t h e r e  is an  a p p r e c i a b l e  
effect on l u m i n e s c e n t  i n t e n s i t y  due  to t he  n a t u r e  of 
the  ca t ion  in  t h e  m a t r i x .  The  e x p e r i m e n t a l  f i r ing 
d a t a  i m p l y  t h a t  t h e  coppe r  a c t i v a t o r  is p r o b a b l y  in 
t he  cup rous  s ta te .  Cup rous  a c t i v a t o r  has  t he  ou te r  
e l ec t ron ic  s t r u c t u r e  3s23p%d l~ a n d  g r o u n d  s t a t e  1So. 
The  f irst  e x c i t e d  s t a t e  is a 8Dj s ta te ,  b u t  t he  t r a n s i -  
t ion  is no t  a l l o w e d  b y  d ipo le  ru les .  T h e  t r a n s i t i o n  
to the  n e x t  s ta te ,  a ~Pj s ta te ,  is a l lowed .  T h e  pos i -  
t ion  of t he  a c t i v a t o r  in t h e  l a t t i c e  canno t  be  a s c e r -  
t a i n e d  in  t he  p r e s e n t  s tudy .  I t  is no t  i nconce iva b l e  
t h a t  t h e  c o p p e r  a c t i v a t o r  cou ld  b e  a s soc i a t ed  w i t h  
a t r a p p e d  e l ec t ron  to g ive  a Cu + n e t  charge .  Such  
a c e n t e r  w o u l d  also h a v e  an  a l l o w e d  t r ans i t i on .  

In  t he  t r i p o l y  p h o s p h a t e  Sr~ (P3Olo)e: Cu, t h e  n a r -  
r o w  e x c i t a t i o n  b a n d  ind ica t e s  t he  p r e s e n c e  of a 
s ingle  a c t i v a t o r  leve l .  The  e x t r e m e l y  b r o a d  e m i s -  
s ion b a n d  is i n d i c a t i v e  of a c o n s i d e r a b l e  a m o u n t  of 
c r y s t a l  f ield p e r t u r b a t i o n  of t h e  a c t i v a t o r  c e n t e r  in  
the  c r y s t a l  d u r i n g  the  l u m i n e s c e n c e  process .  The  

t e m p e r a t u r e  d e p e n d e n c e  f o u n d  for  Sr j (PaO10)2 :Cu  
shows  t h a t  t he  m a t r i x - a c t i v a t o r  c en t e r  v i b r o n i c  
coup l ing  is no t  l a rge ,  s ince  a n y  such  p rocess  w o u l d  
l e a d  to n o n r a d i a t i v e  e n e r g y  t r ans f e r .  

In  the  p y r o p h o s p h a t e s ,  t he  d i f fe rences  o b s e r v e d  
in l u m i n e s c e n t  p r o p e r t i e s  due  to t h e  p r e s e n c e  of 
v a r i o u s  ca t ions  in  t h e  s ame  s t r u c t u r e  a r e  m o r e  eas i ly  
e x p l a i n e d  as  t he  i n t e r a c t i o n  of m a t r i x  ca t ions  h a v -  
ing  d - e l e c t r o n s  w i t h  t he  a c t i v a t o r  c en t e r  b y  an  
e l ec t ron ic  coup l ing  process ,  or  p o s s i b l y  s p i n - e x -  
change .  In  Ca2P2OT, w h e r e  no  d - e l e c t r o n s  a r e  p r e s -  
ent ,  l u m i n e s c e n c e  of coppe r  is o b s e r v e d  a t  r o o m  
t e m p e r a t u r e ,  in  c o n t r a s t  w i t h  t h e  s a m e  s t r u c t u r e  
w h e r e  sp in  i n t e r ac t i on ,  i n v o l v i n g  d l~  b e -  
t w e e n  ca t ion  s i tes  in Sr2P207 and  the  a c t i v a t o r  c en -  
ter ,  l e ads  to n o n r a d i a t i v e  e n e r g y  t r a n s f e r  and  p h o -  
non  d i s s ipa t ion  o f  ene rgy .  
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The Role of Calcium Manganese Orthophosphate 
in Halophosphate Phosphors 
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General Electric Company, Cleveland, Ohio 

ABSTRACT 

The pink coloration often found in calcium halophosphate phosphors has 
been found to be associated with the presence of an impurity phase of 
~(Ca, Mn)3(P04)2 which forms on partial degradation of the phosphor. The 
identification, preparation, properties, and mode of formation of this impurity 
are described. The pink coloration is due to trace amounts of Mn +3. Because 
Mn +3 absorbs strongly in both the visible and ultraviolet regions, it has a 
deleterious effect on phosphor brightness. 

The present  unders tand ing  of the na tu re  and 
amounts  of deleter ious impur i t ies  associated wi th  
halophosphate  phosphors  is incomplete.  But ler  (1) 
and more recent ly  Aia  and Mooney (2) describe the 
proper t ies  of calcium ant imonates  usua l ly  found in 
the finished phosphors.  Studies  regard ing  react ions 
which may  be involved in the format ion  of the apa-  
rite s t ruc ture  have been repor ted  (3-5) ,  but  these 
do not e lucidate  the factors influencing the s tabi l i ty  
of the phosphor  at high tempera tures .  There remains  
the pe rp l ex ing  p rob lem of why  manganese -con ta in -  
ing halophosphate  phosphors  may  tend to develop a 
l ight  p ink discolorat ion dur ing firing (under  ambien t  
a tmosphere  condit ions) .  Bergin et al. (6) have de-  
scribed cer ta in  procedures  to remove this discolora-  
tion. But ler  (7) has shown tha t  iner t  a tmosphere  
p repara t ion  of halophosphates  wil l  reduce this p ink  
body color. However  these procedures  have not fu r -  
ther  identified the na ture  of this dele ter ious  im-  
pur i ty .  

In the course of our studies on halophosphate  
phosphors,  this p ink  coloration has been identif ied 
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Fig. 1. Diffractometer traces of normal and partly degraded 
halophasphate phosphors between 28 and 35 ~ 20 using Cu K~ 
radiation. Arrows point to the principal lines of ~ (Ca Mn)3 (PO4)2 
found in degraded phosphor. 

as being associated wi th  the  solid solution of man-  
ganese in fl Ca8 (PO4)2. Some of the manganese  is in 
a higher  oxidat ion state than  Mn +~. The identif ica-  
tion, prepara t ion ,  proper t ies ,  and mode of format ion  
of this impur i t y  are  repor ted  here. 

Identification o] fl Ca3 (PO4)2 in Halophosphates 

The first evidence for the presence of fl Ca~(PO4)e 
was found in cool whi te  ha lophosphate  phosphors  by  
x - r a y  diffraction analysis  of a phosphor  sample 
which was ret i red in an open container  at  1150~ for 
3 hr. The phosphor  body color had  the typ ica l  l ight  
p ink  coloration sometimes seen dur ing  the manu-  
facture  of ha lophosphate  phosphors.  F igure  1 shows 
x - r a y  dif f ractometer  t races be tween  27 ~ and 35 ~ 28 
for a cool whi te  ha lophosphate  compared wi th  the 
same halophosphate  ret i red in an open container.  
The x - r a y  dif f ractometer  t races were  recorded using 
the log scale set t ing in o rder  to emphasize the pres -  
ence of the minor  consti tuents.  The three  ext raneous  
x - r a y  diffraction lines in the ret i red sample  approx i -  
mated  the pr inc ipa l  lines of pure  fl Cas(PO4)2, 
namely,  the 31.05 ~ 34.32 ~, and 27.76 ~ 28 lines (as 
l is ted in the ASTM Index for  Cu Ka  rad ia t ion) .  
These ext raneous  lines are indicated by  a r rows  in 
Fig. 1. Note tha t  o therwise  the two pa t te rns  are 
ident ical  in in tens i ty  and d-spacings.  Examina t ion  of 
the  t races be tween 20 ~ and 80 ~ 28 shows tha t  the 
normal  apat i te  s t ruc ture  is st i l l  present  accompanied 
by  the appearance  of this new phase of fl Cas(PO4)2. 
I t  was fu r the r  found tha t  the d-spacings  of the 
/9 Cas(PO4)2 lines were  shifted to smal ler  values 
possibly indicat ing some solid solution of manganese  
in the B Ca8 (PO4)2. 

Preparation 

On the basis of this evidence a s tudy was made 
of the extent  of solid solution of manganese  in 
fl Cas(PO4)e. For  this  purpose  samples were  p re -  
pa red  by  combining the fo l l owing /ng red i en t s  in  the 
propor t ions  shown. In all  cases electronic grade  re -  
agents were  used. 

Ca2P20~ + (I -- n) CaCO~ + n(MnC08)  
IIO0~ 

> Ca(3-n)Mnn(PO4)2 + CO21' [1] 
or 
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(3 - -  n )  Cas(PO4)2  + n Mns(PO4)2  
> 3 Cac3-n) Mnn(PO4)2 [2]  

The  m i x t u r e s  w e r e  t h o r o u g h l y  b l e n d e d ,  f i red  in  open  
c ruc ib l e s  a t  l l 0 0 ~  for  4 to 18 hr ,  r e b l e n d e d ,  a n d  
r e t i r ed  fo r  4 h r  a t  1100~ The  s a m p l e s  p r e p a r e d  in  
th i s  m a n n e r  possessed  a l igh t  p i n k  b o d y  color,  i n -  
d i c a t i n g  t h a t  a s m a l l  a m o u n t  of t he  m a n g a n e s e  h a d  
been  ox id ized .  

The  f i red p r e p a r a t i o n s  w e r e  e x a m i n e d  b y  s t a n d a r d  
m e t h o d s  i n v o l v i n g  the  use  of a GE X R D - 5  x - r a y  
d i f f r ac t ion  un i t ,  a con t inuous  r e c o r d i n g  s p e c t r o r a -  
d i a m e t e r ,  p e t r o g r a p h i c  mic roscope ,  a B e c k m a n  D U 
s p e c t r o p h o t o m e t e r ,  and  a p l a q u e  b r i g h t n e s s  m e t e r .  

M a g n e t i c  s u s c e p t i b i l i t y  m e a s u r e m e n t s  w e r e  m a d e  
b y  the  G o u y  me thod .  A n  e l e c t r o d y n a m i c  m i c r o -  
b a l a n c e  was  used  to d e t e r m i n e  the  c h a n g e  of w e i g h t  
of t he  s a m p l e  t u b e  in  t he  m a g n e t i c  field. W e i g h i n g s  
w e r e  m a d e  at  a n u m b e r  of m a g n e t i c  field s t r e n g t h s  
r a n g i n g  f r o m  1800 to 13,500 gauss .  
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Fig. 3. Effect of manganese solid solution on the refractive in- 
dices of # Ca3(P04)2. 

Results and Discussion 

Change in d-spacings.--Positive e v i d e n c e  fo r  t h e  
sol id  so lu t ion  of m a n g a n e s e  in fl Ca3(PO4)2 was  es-  
t a b l i s h e d  b y  the  p r e s e n c e  of a p r o g r e s s i v e  d e c r e a s e  
in t he  d - v a l u e s  as t he  m a n g a n e s e  c o n c e n t r a t i o n  is 
increased .  This  d e c r e a s e  is c o m p a t i b l e  w i t h  t h a t  e x -  
p e c t e d  w h e n  a s m a l l e r  m a n g a n e s e  ion  subs t i t u t e s  in 
t he  fl Ca8 (PO4)2 s t r u c t u r e  l e a d i n g  to a c o n t r a c t i o n  of 
t he  la t t ice .  The  r e su l t s  for  t he  change  in t he  31.05 ~ 
20 l ine  (d  = 2.88) a r e  i l l u s t r a t e d  in  Fig .  2. The  
l i m i t i n g  v a l u e  for  m a n g a n e s e  sol id  so lu t ion  a p p e a r s  
to be  a b o u t  12 mole  % Mn3(PO4)2 s ince  no f u r t h e r  
changes  in d - v a l u e s  w e r e  no ted .  
Change in refractive index.--Examination of t h e  
v a r i o u s  p r e p a r a t i o n s  u n d e r  the  p e t r o g r a p h i c  m i c r o -  
scope show the  p re sence  of b i r e f r i n g e n t  c r y s t a l s  
w i t h  o n l y  t r ace s  of f o r e ign  m a t e r i a l .  The  r e f r a c t i v e  
ind ices  of t he  v a r i o u s  sol id  so lu t ions  w e r e  d e t e r -  
m i n e d ;  t he  r e su l t s  a r e  p r e s e n t e d  in  Fig .  3. S ince  no 
f u r t h e r  change  in t he  i n d e x  of r e f r a c t i o n  occurs  b e -  
y o n d  a b o u t  12 mo le  % Mn3(PO4)2, i t  is s u g g e s t e d  
t h a t  th is  is t he  l i m i t i n g  sol id  solu t ion .  
Absorption spectra.--Since mos t  of  t he  p r e p a r a t i o n s  
w e r e  l igh t  p ink  in  color  a f t e r  a i r  f i r ing,  r e f l ec tances  
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Fig. 2. Effect of manganese solid solution on the d-spacings of 
the principal line of # Ca3(P04)2. 

were  m e a s u r e d  on a B e c k m a n  D U s p e c t r o p h o t o m -  
e t e r  b e t w e e n  2500 and  8000A. The  r e su l t s  p r e s e n t e d  
in  F ig .  4 a r e  for  two  p r e p a r a t i o n s  w i t h  d i f fe ren t  m a n -  
ganese  contents .  B r o a d  a b s o r p t i o n  p e a k s  occur  at  
2900 and  5300A. The  l a t t e r  a b s o r p t i o n  in  t he  b l u e -  
g r e e n  r eg ion  is s i m i l a r  to t h a t  d e s c r i b e d  b y  K u m a r  
and  Sen  (8)  for  Mn +3 in glass  and  accoun t s  for  t he  
p i n k  b o d y  color  f o u n d  in a l l  of these  p r e p a r a t i o n s .  
E v e n  0.6 m o l e  % Mn3(PO4)2 sol id  so lu t ion  in 
fl Ca3 (PO4)2 wi l l  e x h i b i t  th is  b o d y  color.  The  a b s o r p -  
t ion  s p e c t r u m  of fl Ca3(PO4)2 w h i c h  con ta ins  no Mn 
shows  no s t r u c t u r e  b e t w e e n  2500 and  7000A, t y p i c a l  
of h i g h l y  re f lec t ive  m a t e r i a l s  such  as MgO. 

Ref lec tance  m e a s u r e m e n t s  w e r e  also m a d e  a t  
2537A. The  a b s o r p t i o n  resu l t s ,  c a l c u l a t e d  f r o m  one 
m i n u s  re f l ec tance  ( l - R ) ,  a r e  p r e s e n t e d  in Fig .  5. I t  
wi l l  be  no ted  t h a t  t he  a b s o r p t i o n  inc reases  r a p i d l y  
i n i t i a l l y  up  to a b o u t  2.5 mo le  % Mn3(PO4)2 sol id  
solu t ion ,  b u t  t h e n  is r e l a t i v e l y  insens i t ive  to f u r -  
t h e r  i nc rea se  in  sol id  so lu t ion  of  m a n g a n e s e  in  
fl Ca3(PO4)2. This  po in t  is f u r t h e r  e l u c i d a t e d  in t he  
n e x t  sec t ion  on m a g n e t i c  s u s c e p t i b i l i t y  m e a s u r e -  
ments .  
Magnetic susceptibility measurements.--Since t he  
p i n k  co lo ra t i on  m i g h t  be  a t t r i b u t e d  to  m a n g a n e s e  
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Fig. 4. Reflectance curves for two # (Ca, Mn)3 (P04)2: curve 1, 
Ca2.946 Mno.054 (P04)2; curve 2, Ca2.8 Mno.2 (P04)2. 
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Fig. 5. Effect of manganese solid solution in fl Ca3(P04)2 on the 
absorption of 2537~ Hg line. 

as Mn +3, i t  was  of  i n t e r e s t  to d e t e r m i n e  to w h a t  e x -  
t en t  t he  h i g h e r  o x i d a t i o n  s t a t e  of m a n g a n e s e  m a y  
occur  in fl Ca3(PO4)2 w h i c h  con ta ins  m a n g a n e s e  in 
sol id  solu t ion .  M a g n e t i c  s u s c e p t i b i l i t y  m e a s u r e m e n t s  
can  bes t  be  m a d e  on s a m p l e s  w i t h  m a n g a n e s e  con-  
t en t  c o n s i d e r a b l y  less  t h a n  t ha t  f o u n d  in the  cool  
w h i t e  h a l o p h o s p h a t e .  The  m a g n e t i c  s u s c e p t i b i l i t y  of 
Ca2.0sMn0.02(PO4)2 [0.67 m o l e  % Mns(PO4)2  in  sol id  
so lu t ion ]  was  d e t e r m i n e d  to a p rec i s ion  of a b o u t  2%.  
Ca lcu la t ions  i nd i ca t e  t h a t  a t  these  c o n c e n t r a t i o n s  of 
m a n g a n e s e  on ly  a b o u t  13% is p r e s e n t  as M n  +3. In  
o t h e r  w o r d s  on ly  a b o u t  0.0026 mole  of Mn +8 is p r e s -  
en t  in t he  fl Ca2.gsMn0.02(PO4)~. The  r e m a i n i n g  m a n -  
ganese  of 0.0174 mole  is in t he  Mn +e s ta te .  T e m p e r a -  
t u r e  d e p e n d e n c e  of the  su scep t i b i l i t y  shows  t h a t  t he  
Weiss  cons t an t  is zero  and  tha t ,  t he re fo re ,  Mn +~ 
is u n i f o r m l y  d i s t r i b u t e d  in t he  o r t h o p h o s p h a t e  s t r u c -  
t u r e  w i t h  no c lus te r ing .  These  r e su l t s  p r e c l u d e  the  
pos s ib i l i t y  t h a t  t he  Mn +3 is p r e s e n t  in t he  fo rm of  a 
m a n g a n e s e  c o m p o u n d  s ince  o t h e r w i s e  t he  Weiss  con-  
s t an t  w o u l d  no t  be  zero. 

S e v e r a l  p i n k  s a m p l e s  of fl Ca~(PO4)2 w i th  m a n -  
ganese  in  sol id  so lu t ion  w e r e  r e t i r ed  in f o r m i n g  gas  
(95% N2-5% H2) at  1100~ The  b o d y  color ,  on cool -  
ing, was  n o w  whi te .  S u s c e p t i b i l i t y  m e a s u r e m e n t s  
n o w  s h o w e d  t h a t  the  m a n g a n e s e  was  d i v a l e n t  in 
o r t h o p h o s p h a t e .  No c o n c u r r e n t  shi f t  in  20 va lue s  was  
n o t e d  for  these  samples ,  sugges t i ng  t ha t  t h e r e  was  
no f u r t h e r  i nc rea se  in m a n g a n e s e  sol id  so lu t ion  as 
t he  Mn +s was  r e d u c e d  to t h e  Mn +2 s ta te .  These  r e -  
su l t s  conf i rm t h a t  t he  "p inknes s "  is due  to a s m a l l  
a m o u n t  of Mn +3 ions i n t i m a t e l y  a s soc i a t ed  w i t h  t he  
fl Ca3 (PO4)2 s t ruc tu re .  The  cha rge  c o m p e n s a t i o n  r e -  
q u i r e d  b y  the  h i g h e r  o x i d a t i o n  s t a t e  of  m a n g a n e s e  
could  be  a de fec t  s t ruc tu re ,  p r e s u m a b l y  ca l c ium v a -  
cancies ,  w h i c h  m a y  l i m i t  t he  e x t e n t  of M n  +~ p e r -  
miss ib le .  I n t e r e s t i n g l y ,  the  s amp le s  w h i c h  on r e -  
f i r ing in f o r m i n g  gas b e c a m e  whi te ,  once a g a i n  e x -  
h i b i t e d  p i n k  b o d y  color  w h e n  f ired a t h i r d  t i m e  in 
air .  

Ef]ect o] f i (Ca ,  Mn)8(PO4)2  on luminescence of 
cool white halophosphates.--Spectroradiometer 
t r a ce s  a r e  s h o w n  in Fig .  6 for  a cool w h i t e  p h o s p h o r  
and  the  s a m e  p h o s p h o r  p a r t l y  d e g r a d e d  b y  r e t i r i ng  

f 60  

~ J  , 

'" 40  
b-  

._1 
,,, 21) 

I ! I I | 

NOR M AL / \ 
/ I 

o o,,o o. -... 
PHOSPHOR " ' - - -~  

I f I f I 
5 0 0  6 0 0  

W A V E L E N  GT HpI~, 

Fig. 6. Spectroradiometer traces of a normal cool white halo- 
phosphate and a partly degraded cool white halophosphate. 

to  p r o d u c e  a l i gh t  p i n k  b o d y  color .  X - r a y  d i f f r ac t ion  
a n a l y s e s  r e v e a l  t h a t  t he  m a j o r  c o n s t i t u e n t  is s t i l l  the  
n o r m a l  f l uo r - ch lo r  apa t i t e .  The  m i n o r  c o n s t i t u e n t  of 
B Ca~(PO4)2 is p r e s e n t  to t h e  e x t e n t  of on ly  a b o u t  7 
w e i g h t  p e r  cen t  ( w / o ) .  T h e  31.0 ~ 28 l ine  of 
Cas (PO4)2 has  sh i f t ed  to a b o u t  31.2 ~ w h i c h  ind ica t e s  
m a n g a n e s e  in sol id  so lu t ion  to  t he  e x t e n t  of a b o u t  12 
mo le  % (see  Fig.  2) .  This  w o u l d  c o r r e s p o n d  to a 
f o r m u l a  of a b o u t  Ca2.6Mn0.4(PO4)2. I t  m i g h t  be  e x -  
p e c t e d  if on ly  7 % of t he  p h o s p h o r  w e r e  d e g r a d e d  to 
y i e l d  s i m p l y  fl Cas(PO4)2 t h e n  mos t  of t he  m a n -  
ganese  w o u l d  s t i l l  be  p r e s e n t  in the  l u m i n e s c e n t  
a p a t i t e  and  the  p h o s p h o r  m i g h t  s t i l l  l u m i n e s c e  w i t h  
a n e a r l y  n o r m a l  cool w h i t e  color.  H o w e v e r ,  t he  l u m i -  
nescence  of the  p a r t l y  d e g r a d e d  p h o s p h o r  (Fig .  6) 
r e ve a l s  t ha t  the  m a n g a n e s e  emiss ion  b a n d  p e a k i n g  
at  5900A is g r e a t l y  dep res sed .  E x a m i n a t i o n  of t he  
s p e c t r a l  cu rves  b a s e d  on o b s e r v a t i o n s  d e s c r i b e d  b y  
B u t l e r  (9)  and  N a g y  et  al. (10) c l e a r l y  i nd i ca t e s  a 
m a j o r  r e d u c t i o n  in  t he  a m o u n t  of m a n g a n e s e  ac -  
t i v a t o r  now p r e s e n t  in  the  phospho r .  A n a l y s i s  of t he  
s p e c t r a l  d i s t r i b u t i o n s  (11) shows  t ha t  60% of the  
m a n g a n e s e  was  r e m o v e d  f r o m  the  p h o s p h o r  d u r i n g  
d e g r a d a t i o n .  This  loss agrees  c lose ly  w i t h  t he  a m o u n t  
of m a n g a n e s e  w h i c h  was  f o u n d  in sol id  so lu t ion  in 
the  fi C as (PO4)2. The  b r o a d  a n t i m o n y  emis s ion  p e a k -  
ing  at  abou t  4900A is i n c r e a s e d  as w o u l d  be  e x -  
pec t ed  w h e n  m a n g a n e s e  con ten t  is d e c r e a s e d  (9, 10).  
These  r e su l t s  c l e a r l y  i nd i ca t e  t h a t  a l a r g e  p e r  cen t  
of m a n g a n e s e  ions h a v e  le f t  t he  p h o s p h o r  to b e c o m e  
i n c o r p o r a t e d  in  t he  fl Ca3(PO4)2 w h i c h  f o r m e d  d u r -  
ing  the  h i g h - t e m p e r a t u r e  p a r t i a l  d e g r a d a t i o n .  

The  n e x t  s tep  w a s  to p r e p a r e  m i x t u r e s  of 1, 2, and  
5 w / o  B Ca3(PO4)2 w i t h  cool w h i t e  h a l o p h o s p h a t e  
and  fire the  m i x t u r e s  in  c ove re d  c ruc ib l e s  for  1 h r  a t  
1150~ (On  cool ing  the  p h o s p h o r s  p r o d u c e d  l u m i -  
nescen t  colors  s h o w i n g  a d e c r e a s e  of m a n g a n e s e  
emiss ion . )  The  s p e c t r o r a d i o m e t e r  t r aces  w e r e  s i m i -  
l a r  to  t h a t  s h o w n  in Fig .  6 for  t he  d e g r a d e d  p h o s -  
phor .  X - r a y  d i f f rac t ion  p a t t e r n s  for  t he  un f i r ed  and  
f i red m i x t u r e s  w e r e  ident ica l ,  r e spe c t i ve ly ,  e x c e p t  
t h a t  t he  fl Ca~(PO4)2 l ines  w e r e  sh i f t ed  i n d i c a t i n g  
m a x i m u m  sol id  so lu t ion  of m a n g a n e s e .  M e a s u r e -  
m e n t s  s i m i l a r  to those  d e s c r i b e d  p r e v i o u s l y  for  the  
d e g r a d e d  p h o s p h o r  w e r e  p e r f o r m e d  on t h e s e  s a m -  
ples.  Resu l t s  a r e  p r e s e n t e d  in  T a b l e  I. These  r e su l t s  
show t h a t  t he  p e r  cen t  of  m a n g a n e s e  w h i c h  f o r m e d  
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Table I. Distribution of manganese content in fired mixtures of 
halophosphate phosphor containing /~ Ca3(P04)2 

Wt. % % of  M n  f o u n d  i n  E m i s s i o n  ana lys i s ,  
fl Ca8 (POD ~ fl (Ca,Mn) 3 (POD s % lYIn los t  
i n  m i x t u r e  based  on  m a x .  so l id  soln.  f r o m  p h o s p h o r  

1 7.2 8.5 
2 14.3 15.4 
5 36.7 31.5 

sol id  so lu t ion  in fl Ca3(PO4)2 was  in close a g r e e -  
m e n t  w i th  t h e  a m o u n t  of m a n g a n e s e  w h i c h  w a s  los t  
f r o m  the  p h o s p h o r  as c a l c u l a t e d  f r o m  the  s p e c t r a l  
curves .  F r o m  these  r e s u l t s  i t  can  be  conc luded  t h a t  
on f i r ing m a n g a n e s e  w i l l  m i g r a t e  f r o m  the  a p a t i t e  
to t he  fl Ca3(PO4) 2. 

S p e c t r o r a d i o m e t e r  t r a ce s  of s e v e r a l  m e c h a n i c a l  
m i x t u r e s  of a cool w h i t e  h a l o p h o s p h a t e  w i t h  a p i n k  
co lo red  Ca2.sMn0.2(PO4)2 p r e p a r a t i o n  s h o w  n o r m a l  
cool w h i t e  emiss ions ,  b u t  w i t h  l o w e r  r e l a t i v e  en -  
e rg ies  due  to t he  s t rong  b u t  n o n u s e f u l  a b s o r p t i o n  
of 2537A m e r c u r y  r a d i a t i o n  b y  t r a c e  a m o u n t s  of 
Mn +3 f o u n d  in fl Ca2.sMn0.2(PO4) 2. The  r e l a t i v e  
b r i g h t n e s s  of a cool w h i t e  p h o s p h o r  is  d e c r e a s e d  b y  
the  p r e s e n c e  of fl Ca2.sMno.2(PO4) 2 as  s h o w n  in Fig .  7. 
This  d e c r e a s e  in  b r i g h t n e s s  is no t  due  so le ly  to 
p h y s i c a l  d i l u t i o n  of t he  p h o s p h o r  w i t h  a n o n l u m i n e s -  
cent  phase .  F o r  e x a m p l e  w h e n  8 w / o  fl Ca~(PO4)2 
was  b l e n d e d  in w i t h  a cool w h i t e  phospho r ,  t he  
b r i g h t n e s s  d e c r e a s e  w a s  on ly  5% c o m p a r e d  to  a 
15% d e c r e a s e  in b r i g h t n e s s  w h e n  8 w / o  fl 
Ca2.sMn0.2(PO4)2 was  b l e n d e d  w i t h  t he  phosphor .  
These  r e su l t s  also conf i rm t h a t  t he  color  c h a n g e  
in t he  d e g r a d e d  h a l o p h o s p h a t e  is no t  due  to t he  
p re sence  of a g iven  a m o u n t  of ~ (Ca,  Mn)3(PO4)2 ,  
bu t  is a r e s u l t  of  m a n g a n e s e  m i g r a t i o n  f r o m  the  
p h o s p h o r  to t he  ~ Ca3 (PO4)2 i m p u r i t y .  

Mode of formation of fl Ca3(PO4)2 in halophos- 
phates.--Since fi Ca3(PO4)2 a p p e a r s  a s  a conse -  
quence  of a p a r t i a l  decompos i t i on  of t he  a p a t i t e  
s t ruc tu re ,  i t  was  of i n t e r e s t  to i n v e s t i g a t e  some fac -  
tors  w h i c h  m a y  be  r e l a t e d  to th is  d e g r a d a t i o n  p r o c -  
ess. C h e m i c a l  a n a l y s e s  of t he  d e g r a d e d  p h o s p h o r s  
r e v e a l  some ch lo r ide  losses.  F o r  e x a m p l e ,  t he  d e -  
g r a d e d  p r o d u c t  r e p r e s e n t e d  in  Fig .  1 a n d  6 h a d  a 
ch lo r ide  con ten t  of  0.40% c o m p a r e d  to an  o r i g i n a l  
ch lo r ide  con ten t  of 0.62%. Based  on these  o b s e r v a -  
t ions ,  i n v e s t i g a t i o n s  w e r e  m a d e  of  t h e  f o l l o w i n g  
compos i t ions :  (a )  c h l o r a p a t i t e ;  (b )  c h l o r a p a t i t e  
Ca2P20~ ( e q u i m o l a r ) ;  (c)  f l uo rapa t i t e  + Ca2P207 
( e q u i m o l a r )  b y  f i r ing each  in  open  c ruc ib le s  
at  1150~ for  up  to 16 hr .  W e i g h t  losses,  ch lo r ide  
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Fig. 7. Effect on brightness of various amounts of fl Ca2.s Mno.2 
(P04)2 mixed with a cool white halophosphate phosphor. 

contents ,  a n d  x - r a y  d i f f r ac t ion  a n a l y s e s  w e r e  p e r -  
f o r m e d  on each.  Resu l t s  p r e s e n t e d  in T a b l e  I I  show 
tha t  f l uo rapa t i t e  is s t ab l e  even  in  t he  p r e s e n c e  of 
a l a r g e  a m o u n t  of ca l c ium p y r o p h o s p h a t e .  

C h l o r a p a t i t e  is on ly  s l i g h t l y  u n s t a b l e  w h e n  h e a t e d  
a lone  at  1150~ Bu t  in t he  p r e s e n c e  of Ca2P20~ ( a t -  
m o s p h e r i c  w a t e r  p r o b a b l y  n e e d e d ) ,  i t  r a p i d l y  d e -  
composes  to B Ca3(PO4)2. This  de c ompos i t i on  m a y  
be w r i t t e n  as 

[Ca3(PO4)213 - CaC12 + Ca2P207 -h 
1150~ 

H20 > 4Ca~(PO4)2 -t- 2HC1 

S i m i l a r l y  a f l u o r c h l o r a p a t i t e  of a cool w h i t e  h a l o -  
p h o s p h a t e  compos i t ion  (0.62% ch lo r ide )  can  also 
decompose  to some  e x t e n t  i f  Ca2P207 is p resen t .  In  
t he  case  w h e r e  0.40 w / o  c h l o r i d e  is p r e s e n t  a f t e r  
d e g r a d a t i o n ,  t he  a m o u n t  of  Ca2P20~ n e c e s s a r y  to 
cause  th is  d e c o m p o s i t i o n  is on ly  a b o u t  0.8 w / o  
Ca2P20~. 

Summary  

Beta  c a l c ium m a n g a n e s e  o r t h o p h o s p h a t e  has  been  
iden t i f i ed  as t he  p r i n c i p a l  f ac to r  r e l a t e d  to t he  
" p i n k n e s s "  of m a n g a n e s e  con ta in ing  ca lc ium h a l o -  
p h o s p h a t e  p h o s p h o r s  w h i c h  a r e  p r e p a r e d  in  a m b i e n t  
air .  M a n g a n e s e  w i l l  f o r m  a sol id  so lu t ion  in  fi 
Ca~(PO4)2 to a b o u t  0.4 mo les  (or  a b o u t  12 w / o )  
m a n g a n e s e  p e r  mo le  of o r t h o p h o s p h a t e .  Assoc i a t ed  
w i th  th is  sol id  so lu t ion  m a y  be  a p i n k  co lo ra t ion  
due  to  t he  o x i d a t i o n  of  a sma l l  p o r t i o n  [ less  t h a n  
0.01 moles  p e r  m o l e  of fl (Ca,  Mn)~(PO4)2]  of t he  
m a n g a n e s e  to Mn +8. 

The  de l e t e r i ous  effect  of th is  subs t ance  on p h o s -  
p h o r  b r i g h t n e s s  is due  to t w o  factors .  F i r s t ,  i t  a b -  

Table II. Chloride loss and x-ray diffraction analysis of mixtures 
heated at 1150~ 

Chlor ide ,  % lo s t  
C o m p o s i t i o n  1/2 h r  1 h r  2 h r  4 h r  X - r a y  e x a m i n a t i o n  a f t e r  4 h r  

1) Chlorapa t i t e  1.3 2.5 4.3 5.0 
2) Chlorapa t i te  + Ca2P207 26 39 65 85 
3) F luo rapa t i t e  -b Ca2P207 - -  - -  - -  0 
4) F luorochlorapa t i t e*  + 0.03 - -  - -  - -  36 

mole  Ca2P207 

Chlorapa t i t e  (major )  -~ t race  ~ Ca~(PO4)2 
Ca3(PO4)2 (major )  + some chlorapat i te  

F luo rapa t i t e  -~ Ca2P207 
Fluorochlorapa t i te**  + ~ Ca3 (PO4) 2 

* I n i t i a l  ch lo r ide  c o n t e n t  0.62 w / o .  
** Chlor ide  loss  l im i t ed  d u e  to  t h e  l o w  a m o u n t  o f  Ca~P207 i n i t i a l l y  p r e s e n t .  
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sorbs  s t r o n g l y  in  bo th  t h e  v i s ib le  and  u l t r a v i o l e t  
r eg ions  thus  r e s u l t i n g  in  less  r a d i a n t  e n e r g y  b e i n g  
a v a i l a b l e  for  t he  l u m i n e s c e n t  process .  Also  w h e n  
Ca~(PO4)2 is f o r m e d  b y  a d e g r a d a t i o n  p rocess  at  
h igh  t e m p e r a t u r e s ,  some of t he  m a n g a n e s e  is r e -  
m o v e d  f r o m  the  p h o s p h o r  to f o r m  (Ca,  Mn)  ~ (PO4) 5. 
Th is  r e su l t s  in  a d e c r e a s e  in t he  m a n g a n e s e  emiss ion ,  
and  t hus  t he  l u m i n e s c e n t  color  shi f ts  t o w a r d  the  b lue  
a n t i m o n y  emiss ion  w i t h  a c o r r e s p o n d i n g  d e c r e a s e  
in  l u m i n o u s  efficiency. 
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ABSTRACT 

The congruent ly  mel t ing  (699 ~ • 3~ compound,  AgIn3Te~, which  can be 
descr ibed as 25 mole  % Ag2Te-75 mole  % In2Te~, was found as a resu l t  of a 
s tudy  of the  Ag2Te-In2Te3 pseudobinary  phase  diagram.  Zone refining was 
used to p repa re  po lycrys ta l l ine  samples  of the  compound for  e lec t r ica l  meas -  
urements .  Electr ical  conduct ivi ty ,  Ha l l  effect, Seebeck coefficient, and the rma l  
conduct iv i ty  da ta  above  room t e m p e r a t u r e  a re  repor ted .  

P r e v i o u s  w o r k  on t h e  Ag2Te-In2Te3 s y s t e m  con-  
sists  of c r y s t a l  s t r u c t u r e  d e t e r m i n a t i o n s  on v a r i o u s  
compos i t ions  b y  H a h n  (1) .  No a t t e m p t  was  m a d e  
to i n t e r p r e t  t he  p s e u d o b i n a r y  p h a s e  d i a g r a m  or  
sugges t  t he  ex i s t ence  of a c o n g r u e n t l y  m e l t i n g  c o m -  
p o u n d  a t  25 m o l e  % Ag2Te-75 m o l e  % In2Te3 
(AgInsTes ) .  E l e c t r i c a l  m e a s u r e m e n t s  h a v e  been  r e -  

p o r t e d  on the  compos i t i on  50 mo le  % Ag2Te~-50 
m o l e  % In2Tes (AgInTe2)  b y  A u s t i n  et al. (2)  and  
Zhuze  et  al. (3 ) .  

In  the  p r e s e n t  work ,  d i f f e r en t i a l  t h e r m a l  a n a l y s i s  
m e a s u r e m e n t s  w e r e  m a d e  on  seven  compos i t i ons  
w i t h i n  t he  Ag2Te-InaTe~ p s e u d o b i n a r y  p h a s e  d i a -  
g r a m .  T h e s e  r e su l t s  l e d  to  zone re f in ing  e x p e r i m e n t s  
w h i c h  s e p a r a t e d  a c o n g r u e n t l y  m e l t i n g  c o m p o u n d  
f r o m  the  compos i t i on  30 m o l e  % Ag2Te-70 mo le  % 
In2Te3. C h e m i c a l  ana lys i s  s h o w e d  t h e  s e p a r a t e d  
c o m p o u n d  to b e  25 m o l e  % Ag2Te-75 m o l e  % 
IneTes, AgInsTe~, w h i c h  has  a m e l t i n g  p o i n t  of 
699~177176  Microscop ic  e x a m i n a t i o n  of zone r e -  
f ined and  cast  s a m p l e s  of AgIn3Te5 s h o w e d  th is  c o m -  
pos i t i on  to be  s ingle  phase .  D e n n i n g  (4)  r e p o r t e d  
t h e  c r y s t a l  s t r u c t u r e  of AgInsTe~ to be  e i t he r  d i a -  

m o n d  ( F d 3 m )  or  s p h a l e r i t e  ( F 4 3 m )  w i t h  a l a t t i c e  
p a r a m e t e r  of ao = 6.2476 ( •  

A d e n s i t y  ca lcu la t ion ,  us ing  M o o s e r - P e a r s o n  ru les  
and  a s s u m i n g  t ha t  t h e  t e l l u r i u m  fo rms  a c lose-  
p a c k e d  la t t i ce ,  shows  t h a t  t he  m a t e r i a l  con ta ins  
27•  mo le  % Ag2Te and  73•  mo le  % In2Tes. 

Exper imenta l  Procedures 
The  c o m p o u n d  w a s  p r e p a r e d  b y  fus ing  s to i ch i -  

ome t r i c  qua n t i t i e s  of the  e l e m e n t s  ( 9 9 . 9 9 9 2  p u r i t y  
i n d i u m  a n d  t e l l u r i u m ,  and  99.99% p u r i t y  s i l ve r )  in  
sea l ed  q u a r t z  t ubes  (5)  w h i c h  w e r e  e v a c u a t e d  to 
a p r e s s u r e  of 5 x 10 -5 m m  Hg. A f t e r  fusion,  t h e  c o m -  
p o u n d  was  zone r e f ined  for  one  to  s ix  passes  a t  3A 
i n . / h r .  A l l  s a m p l e s  w e r e  e x a m i n e d  m i c r o s c o p i c a l l y  
a t  400X magn i f i ca t ion  to v e r i f y  t h a t  t h e y  w e r e  
homogeneous .  T h e  t h e r m a l  c o n d u c t i v i t y  s a m p l e  w a s  
p r e p a r e d  b y  s l owly  f r eez ing  a s a m p l e  of zone r e -  
f ined m a t e r i a l .  

The  a p p a r a t u s  used  for  t h e  e l ec t r i ca l  c onduc t i v i t y ,  
~, and  Ha l l  coefficient,  RH, m e a s u r e m e n t s  w i t h  d i r ec t  
c u r r e n t  a n d  a m a g n e t i c  f ield of 2100 gauss ,  is d e -  
s c r i be d  b y  L a B o t z  et  al. (6 ) .  Ohmic  e l e c t r i c a l  con-  
t ac t s  w e r e  m a d e  to  t he  s a m p l e  b y  fus ing  ho t  p l a t -  
i n u m  w i r e s  to t h e  sur face .  The  S e e b e c k  coefficient  
was  m e a s u r e d  in  t he  s a m e  a p p a r a t u s  p r i o r  to t a k -  
ing  each  ~ and  RH r e a d i n g  in a h y d r o g e n  a t m o s -  
phe re .  
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S E M I C O N D U C T I N G  P R O P E R T I E S  O F  AgIn3Te~  
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Fig. 1. Logarithm of electrical conductivity vs. reciprocal ab- 
solute temperature for Agln3Tes. Agln3Te5: �9 238 (1C); X, 238 
(4A); /% 217 (1) heating cycle; ~ ,  217 (1) cooling cycle; A,  217 
(2) first heating cycle; l ,  217 (2) second heating cycle; V ,  735 
heating cycle; + ,  206. 

T h e  t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t s  w e r e  
m a d e  in  t he  d y n a m i c  c a l o r i m e t e r  d e s c r i b e d  b y  L a -  
Botz  (7) .  

Electr ical  Proper t ies  

Elec t r i c a l  c o n d u c t i v i t y  m e a s u r e m e n t s  a r e  r e -  
p o r t e d  on fou r  p o l y c r y s t a l l i n e  s a m p l e s  of AgIn3T% 
a b o v e  r o o m  t e m p e r a t u r e .  T h r e e  of t he  s a m p l e s  
( n u m b e r s  206, 217, and  238) w e r e  o b t a i n e d  b y  zone 
ref in ing,  a n d  the  f o u r t h  ( n u m b e r  735) was  p r e p a r e d  
b y  cas t i ng  the  c o m p o u n d  a f t e r  r e a c t i n g  the  h igh  
p u r i t y  e lements .  The  t e l l u r i u m  (99 .999%) used  in  
s a m p l e  n u m b e r  217 was  zone ref ined.  F i g u r e  1 con-  
t a ins  t he  d a t a  on log  (r vs. r e c ip roca l  a b s o l u t e  t e m -  
p e r a t u r e  ( l / T ) .  The  e n e r g y  gap  v a l u e s  a t  0~ 
Ego, o b t a i n e d  f r o m  the  s lope  of log  (r vs. 1 / T  v a r y  
f r o m  0.94 to  1.19 ev,  a n d  the  r e su l t s  a r e  s u m m a r i z e d  
in T a b l e  I. T h e  s lopes  w e r e  b r o k e n  in to  two  r eg ions :  
one b e l o w  a b o u t  450~ and  one  a b o v e  th is  reg ion .  
T h e r e  is no s igni f icant  d i f fe rence  in  t he  e n e r g y  gap  
for  t h e  t w o  r eg ions ;  h o w e v e r ,  t h e  S e e b e c k  coeffi- 
c ient ,  ~, d a t a  shown  in Fig .  2 e x h i b i t e d  an  u n u s u a l  
b e h a v i o r  n e a r  450~ w h e n  the  s i m p l e  m o d e l  d e -  
s c r ibed  b e l o w  is a p p l i e d  to t he  t e r n a r y  compound .  
D i f f e ren t i a l  t h e r m a l  a n a l y s i s  m e a s u r e m e n t s  s h o w e d  
no d e t e c t a b l e  h e a t  effect in  th is  t e m p e r a t u r e  reg ion ,  
b u t  th is  does  not  r u l e  out  t he  p o s s i b i l i t y  of  an  
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for Agln3Te5. Agln3Tes: �9 No. 238 (1C); X, No. 238 (4A); z~, 
No. 206; (-(, No. 217 (2). 

o r d e r - d i s o r d e r  reac t ion .  In  t he  l ow t e m p e r a t u r e  
reg ion ,  b e l o w  250~ va lues  of Ed, t he  d i s t ance  b e -  
t w e e n  the  donor  l eve l  a n d  c onduc t i on  b a n d ,  w e r e  
e s t i m a t e d  f r o m  the  s lope of t he  log  q vs. 1 / T  plot .  
This  a s sumes  l a t t i ce  s c a t t e r i n g  and  the  c o n c e n t r a -  
t ion  of accep to r s  is s m a l l  in  r e l a t i o n  to t h e  c o ncen -  
t r a t i o n  of donors .  

The  H a l l  coefficient  d a t a  p l o t t e d  as log  RHT 3/9 vs. 
r e c ip roc a l  a b s o l u t e  t e m p e r a t u r e  in  Fig .  3 a l lows  Eg o 

Table I. Summary of electrical properties of Agln3Te5 

Sample number 

E n e r g y  G a p  
(log a vs.  1 / T )  

E%, ev Temp range 

T e m p  d e p e n d e n c e  
E n e r g y  g a p  of  I-Iall m o b i l i t y  

( log RviTSfZ vs .  1 / T )  p~H,n = /z.~oo(T/3OO)'Y 

Ego, e v  T e m p  r a n g e  /J~oo 7 T e m p  r a n g e  

Seebeek coeff ic ient  
= ( r e ~ T )  + c 

m, m v  c, m v / ~  T e m p  r a n g e  

M o b i l i t y  
r a t i o  f r o m  

Seebeck  
coeff ic ient  

p~ 

206 
(8 ZR passes) 
217 (I) 
( i ZR pass) 
238 (1C) 
(3 ZR passes) 
238 (4A) 
(3 ZR passes) 
735 (cast)  

1.13 324~176 

1.12 253~176 
1.00 531~176 
1.19 325~176 

1.08 307~176 
1.06 473~ 
0.94 256~176 

1.20 325~176 250 --2.0 244~176 

1.09 286~176 240 --2.0 189~176 

--396 +0.13 254~176 

--417 -{-0.40 307~176 

6.1 

7.2 
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to  b e  e s t i m a t e d  f r o m  the  slope. The  v a l u e s  a r e  s u b -  
s t a n t i a l l y  i den t i ca l  w i t h  those  o b t a i n e d  f r o m  the  
c o n d u c t i v i t y  m e a s u r e m e n t s  and  a r e  l i s t e d  in  T a b l e  I. 

The  S e e b e c k  d a t a  p r o v i d e  an  i n d i c a t i o n  of  t he  
t e m p e r a t u r e  at  w h i c h  t h e  i n t r i n s i c  r eg ion  beg ins  
a n d  t h e  r e l a t i v e  p u r i t y  of t h e  samples .  S e e b e c k  co-  
efficient  d a t a  in  Fig.  2 for  s a m p l e  n u m b e r  735, t he  
on ly  s a m p l e  no t  zone ref ined,  show a change  f r o m  
p - t y p e  to n - t y p e  n e a r  150~ The  d e c r e a s e  in  S e e -  
b e c k  coefficient  in t h e  i n t r i n s i c  r a n g e  f o l l o w e d  b y  
a g r a d u a l  r i se  n e a r  425~ is s i m i l a r  to t h a t  o b s e r v e d  
on the  two  zone r e f ined  samples .  

The  S e e b e c k  d a t a  a r e  p l o t t e d  aga in s t  r e c i p r o c a l  
a b s o l u t e  t e m p e r a t u r e  in Fig.  4. The  s lopes  of the  
d a t a  for  217 (1 ) ,  238 (1C) ,  and  238 (4A)  a r e  l i n e a r  
in the  a p p r o x i m a t e  r a n g e s  of 250~176 and  
500~176 The  s lope  in  the  h igh  t e m p e r a t u r e  
r a n g e  is a b o u t  f ou r  t i m e s  h ighe r .  These  d a t a  w e r e  
f i t ted  to t h e  r e l a t i o n s h i p  (8)  ~ = ( m / T )  q- c, w h i c h  
p e r m i t s  t he  ca l cu l a t i on  of the  e l e c t r o n - t o - h o l e  m o -  
b i l i t y  ra t io ,  b, f r o m  

k [ " ~ b - - 1  
m = - - - -  ~ , ~  ) (E,o/2k) [i] 

q 

w h e r e  k is the  B o l t z m a n n  c o n s t a n t  a n d  q is t h e  
e l ec t ron ic  charge .  This  a s sumes  t h a t  t he  s p h e r i c a l  
e n e r g y  b a n d  a p p r o x i m a t i o n  is v a l i d  and  t h a t  l a t t i c e  
s ca t t e r i ng  p r e d o m i n a t e s .  S ince  the  fit of t he  S e e -  
beck  d a t a  to t he  e q u a t i o n  a p p e a r s  to  be  good, th is  
m o d e l  m a y  a p p l y  in  t he  l ow t e m p e r a t u r e  r a n g e  for  
AglnaTes.  The  m o d e l  is on ly  v a l i d  for  a t w o - b a n d  
s e m i c o n d u c t o r  in  the  i n t r i n s i c  reg ion .  

Us ing  the  e n e r g y  gap  of 1.1 ev o b t a i n e d  f rom e lec -  
t r i c a l  m e a s u r e m e n t s ,  t he  m o b i l i t y  r a t io s  a r e  6.1 and  
7.2 for  s a m p l e s  217 (1)  a n d  238 ( 4 A ) ,  r e s p e c t i v e l y ,  
in  the  t e m p e r a t u r e  r a n g e  b e l o w  440~ These  r e su l t s  
a r e  shown  in Tab le  I. The  t e m p e r a t u r e  d e p e n d e n c e  
of t he  e n e r g y  gap,  a, w a s  c a l c u l a t e d  f r o m  the  e q u a -  
t ion  (8)  

k 

q [ ( ~ ) ( ~ k  + 2 )  2I- 4~- ln(gl~n'/ /mp~ ) ] 

[2] 
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Fig. 4. Seebeck coefficient vs.  reciprocal absolute temperature 
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238 (4A). 

w h e r e  ran* and  my* a re  t he  ef fec t ive  masses  of t he  
e l ec t rons  and  holes,  r e spe c t i ve ly .  

Us ing  t h e  ~ vs. 10a/T d a t a  b e l o w  440~ v a l u e s  of 
a = - -  6 x 10 -4  e v / ~  and  a = - -  1.3 x 10 -8 e v / ~  
w e r e  o b t a i n e d  for  217 (1)  a n d  238 ( 4 A ) ,  r e s p e c -  
t i ve ly .  Th is  a s sume s  t h e  m o b i l i t y  r a t i o  is  p r o p o r -  
t i ona l  to (mp*/rnn*)  ~/~. The  s lope  of a vs. 10S/T in 
the  h igh  t e m p e r a t u r e  r e g i o n  a b o v e  500~ g ives  a 
n e g a t i v e  m o b i l i t y  r a t i o  w h i c h  imp l i e s  t h a t  t h e  t h e -  
o r y  does no t  hold .  

In  the  t e m p e r a t u r e  r e g i o n  w h e r e  t h e  m a t e r i a l  
shows  in t r in s i c  b e h a v i o r  t h e  fo l lowing  r e l a t i o n s h i p  
is va l id .  

RH,im = /~ (~  - -  ~ )  [3] 

w h e r e  fl is t he  r a t i o  of t he  H a l l  m o b i l i t y  to t h e  d r i f t  
mob i l i t y .  These  d a t a  a r e  p l o t t e d  in Fig.  5 a n d  show 
a t e m p e r a t u r e  d e p e n d e n c e  of T -2'~ for  t h e  two  
samples .  The  t e m p e r a t u r e  r a n g e s  u sed  w e r e  244 ~ 
440~ for  238 (1C) and  189~176 for  238 ( 4 A ) .  
E x t r a p o l a t i o n  of t h e  m o b i l i t y  d a t a  b a c k  to 300~ 
r e su l t s  in a v a l u e  of 250 c m 2 / v - s e c  for  t he  RHam 
produc t .  W h e n  a v a l u e  of 3~r/8 for  fl is u sed  w i t h  
t he  a v e r a g e  m o b i l i t y  r a t i o  of 6.6 o b t a i n e d  above ,  i t  
fo l lows  d i r e c t l y  t h a t  the  e l e c t r o n  m o b i l i t y  a t  r oom 
t e m p e r a t u r e  is 250 c m 2 / v - s e c  and  the  c o r r e s p o n d i n g  
ho le  m o b i l i t y  is 38 cm~/v- sec .  

The  t h e r m a l  c, 
Fig .  6 for  i n g o t  
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t h e r m a l  c o n d u c t i v i t y  of AgInaTe5 is s h o w n  in 
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the t he rma l  conduct ivi ty  decreases f rom 0.010 to 
0.009 w / c m ~  and then remains  constant  up to 
300~ The electr ical  conduct iv i ty  and Hal l  coeffi- 
cient da ta  in Fig. 1 and 3 suggest  tha t  the intr insic  
conduction region begins above 300~ in this  ingot. 
The m a x i m u m  contr ibut ion  f rom the electronic com- 
ponent  of the rmal  conduct ivi ty  wi l l  occur at  300~ 
where  the electr ical  conduct ivi ty  is a m a x i m u m  over 
the t empera tu re  range  in which the rma l  conduc-  
t iv i ty  measurements  were  made.  

The car r ie r  component  of the t he rma l  conduc-  
t iv i ty  is the sum of the W i e d e m a n n - F r a n z  contr i -  
bution, 2 ( k / q )  2 ~T, and the ambipo la r  cont r ibu-  
t ion (9) ,  4(k/q)T[(~r+ ~ _ ) / ( ~ +  + ~ _ ) ]  [(Eg/2kT) 
+ 2] 2, where  ,r+ is the  hole component  of the  elec-  
t r ica l  conduct ivi ty  and ~_ is the  electron component  
of the electr ical  conductivi ty.  At  300~ the Wiede-  
m a n n - F r a n z  contr ibut ion is equal  to 5 x 10 -7 w /  
cm~ and the ambipo la r  contr ibut ion is equal  to 
1 x 10 -5 w/cm~ These are considerably  less than  
the to ta l  t he rmal  conduct iv i ty  of 9 x 10 - s  w/cm~ 

The thermoelec t r ic  figure of meri t ,  Z, can be 
es t imated  f rom the the rmal  conduct ivi ty  of sample  
number  206 and the ~r and a da ta  on sample  number  
217. The l a t t e r  sample  has the highest  Seebeck co- 
efficient and should provide  a rough es t imate  of Z. 
Any  difference in t he rma l  conduct ivi ty  be tween  
numbers  206 and 217 would  be expected to resul t  
f rom the electronic contr ibut ion  which is smal l  
compared  to the  to ta l  at  300~ 

Using (r equal  to 0.01 mho/cm,  a equal  to --600 
~v/~ and X equal  to 0.009 w/cm~ the t he rmo-  
electr ic figure of meri t ,  Z ---- ~2~/),, of AgInsTe5 is 
4.0 x 10-~ /~  and ZT is equal  to 1.8 x 10 -4 at 
450~ I t  is not  possible to calculate  an op t imum 
figure of meri t ,  Z . . . .  f rom Simon's  paper  (10) be -  
cause the dimensionless  pa rame te r s  obta ined  f rom 
the da ta  on AgIn~Te5 resul t  in a va lue  which is 
beyond the l imits  of the  graphs  provided.  There  is 
l i t t le  doubt  tha t  the figure of mer i t  for AgIn3Te~ is 
low, especial ly  since the mobi l i ty  is low. 

Discussion 
The var ia t ion  in energy gap found be tween  the 

cast  sample  and the  zone refined samples of AgIn3Te5 
may be a t t r ibu tab le  to the character is t ics  of the  
pseudobinary  phase  d iag ram of AgfTe-InfTes in the  
vic ini ty  of 25 mole % AgfTe-75 mole  % InfTe3. The 
ex ten t  of the solubi l i ty  region for  the compound 
AgIn3Te5 is unknown.  

AgInsTe5 can be considered as InfTe3 wi th  1/10 
of the ind ium atoms rep laced  by  s i lver  atoms; th ree  
s i lver  atoms replace  each indium atom. The d iamond 
or sphaler i te  s t ruc ture  (4) repor ted  for AgInsTe5 
with  1/5 of the meta l  sites vacant  is only s l ight ly  
different  f rom the zinc blende or antif luori te s t ruc-  
tures  c la imed for InfTe8 (11), wi th  1/3 of the  meta l  
sites vacant .  

The effect of in t roducing si lver  into the vacant  
sites of the  InfTe3 la t t ice  and the  r ep lacement  of 
some ind ium atoms can be seen by  compar ing the 
electr ical  proper t ies  of AgInsTe~ wi th  ordered  
IneTe3. Wi th  an energy  gap of 1.1 ev for AgInsTe~, 
there  is no significant difference f rom the va lue  of 

1.12 ev repor ted  by  Zhuze et al. (12) for o rdered  
In2Te3 and 1.02 given by  Gasson et al. (13). The 
mobi l i ty  of AgIn~Tes, which was measured  as 120 
cm2/v-sec at  155~ and ex t rapo la ted  to a value  of 
250 cmf /v - sec  at 300~ is h igher  than  the 5 cmf /  
v-sec to 70 cmf /v - sec  for InfTe3 (12) at  room tem-  
pera ture .  Also, the  mobi l i ty  of AgInsTe5 has a t em-  
pe ra tu re  dependence of T -2.~ whereas  Zhuze (12) 
repor ts  tha t  the mobi l i ty  of In2Te~ is independent  of 
t empera tu re  be tween  about  50 ~ and 350~ 

The the rmal  conduct iv i ty  of AgInsTes, 0.009 w /  
cm~ is essent ia l ly  the same as tha t  of ordered 
InfTe3, 0.011 w/cm~ repor ted  by Zaslavski i  (14). 
However ,  Gasson et al. (13) have  repor ted  the  
t he rma l  conduct ivi ty  of InfTe3 as 0.008 w / c m ~  
whereas  Wooley and Pampl in  (15) have  repor ted  
a value  of 0.014 w/cm~ These values  are  indicat ive  
tha t  more definit ive work  remains  to be done on 
InfTe3 as discussed by  O 'Kane  and Mason (16). 
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Epitaxial Deposition of Silicon Layers by Pyrolysis of Silane 
S. E. Mayer  and D. E. Shea 

Trancoa Chemical Corporation, Reading, Massachusetts 

ABSTRACT 

The pyrolysis of si lane diluted by a carrier  gas in a horizontal- type system 
is described. Fi lms of closely controlled thickness have been obtained. Control 
of the electrical resist ivi ty of the films by admixture  of sui table dopants is 
shown. The effect of various process parameters  on growth rate  is discussed. 
Exper imenta l  data on migrat ion of dopant from the substrate to the grown 
layer  are presented, and the mechanism involved is discussed. Some charac- 
teristics of devices using such layers are shown. 

The  pyro lys i s  of s i lane  has  b e e n  one of the  m e t h -  
ods used for the  p r e p a r a t i o n  of h i g h - p u r i t y  s i l icon 
f rom the  v e r y  b e g i n n i n g  (1) .  W h e n  ep i tax ia l  
g rowth  became  of in teres t ,  i t  was n a t u r a l l y  one of 
the  me thods  tha t  suggested  itself. I n  cons ide r ing  the  
differences b e t w e e n  such a pyrolys is  and  the  h y -  
d rogen  r educ t ion  of a halide,  first of al l  it is ob-  
v ious ly  of in te res t  to consider  the  basic  t h e r m o d y -  
namics  of the  react ion.  

The  first po in t  to be  no ted  in  this  connec t ion  is 
t ha t  s i l ane  is a lways  p r e p a r e d  by  some ind i rec t  r e -  
act ion;  most  s imply,  as in  o u r  case, by  reac t ion  of 
hyd r ide  ion e i ther  in  e ther  or salt  so lu t ion  wi th  the  
ha l ide  or, a l t e rna t ive ly ,  by  act ion of acid on ce r t a in  
silicides or by  di rect  r eac t ion  of si l icon and  h y d r o -  
gen w i th  a l u m i n u m .  In  each of these  cases, l a rge  
heats  of reac t ion  are invo lved  wh ich  comple te ly  
ove r shadow the  hea t  of f o rma t ion  of si lane.  No r e -  
l iab le  i n f o r m a t i o n  on its m a g n i t u d e  can, therefore ,  
be  ob ta ined  in  this  way,  no r  for tha t  ma t t e r ,  even  
on its s ign as the  reac t ions  are complex  w i th  ev i -  
d e n t l y  v e r y  di f ferent  ra tes  for the  va r ious  compo-  
n e n t  react ions.  Hence,  no conclus ions  can be d r a w n  
on the  s tab i l i ty  of any  of the  subs tances  involved .  

The  s tudy  of the decomposi t ion  is also a m b i g u o u s  
as the  hea t  of decomposi t ion  is ve ry  smal l  compared  
w i th  m a n y  possible  side reac t ions  w i th  oxidiz ing 
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Fig. 1. Standard heat of decomposition vs. temperature. X, 
Phosphine (PH3); �9 silane (Sill4); A, diborane (B2H6). 

subs tances  so t ha t  even  a sma l l  a m o u n t  of side r e -  
act ion wi l l  apprec iab ly  affect the  resul ts .  The  most  
re l iab le  va l ue  of AH ---- 7.3 kcal  (2) leads  to a AH 
curve  as shown in  Fig. 1 and  a hF  curve  as shown  in  
Fig. 2. I t  me a ns  tha t  the m a t e r i a l  is u n s t a b l e  even  
at low t e m p e r a t u r e s  a nd  tha t  the  w e l l - k n o w n  fact  
tha t  s i lane  can be s tored indef in i t e ly  at  room t e m -  
p e r a t u r e  and  for long  per iods  of t ime  at  t e m p e r -  
a tures  as h igh as 450~ is due to low reac t ion  ra tes ;  
even  though  the  e q u i l i b r i u m  is v e r y  s t rong ly  to-  
wards  complete  decomposi t ion.  

We can, therefore ,  conclude tha t  at the  t e m p e r a -  
tu res  of in te res t  here,  the  decomposi t ion  ra tes  and  
g rowth  ra tes  wi l l  be  d e t e r m i n e d  by  k ine t ic  con-  
s idera t ions  only. In  this  connec t ion  it  has been  
shown tha t  the  decomposi t ion  of m a n y  re la ted  hy -  
dr ides  are s t rong ly  surface  ca ta lyzed (3) .  We find 
the same to be t r u e  for the s i l ane-s i l i con  sys tem at 
the  h igher  t e m p e r a t u r e s  of in te res t  here,  a l t hough  
at lower  t e m p e r a t u r e s  the  reac t ion  has b e e n  re -  
por ted  as homogeneous  (4) .  This  fact is p r i m a r i l y  
respons ib le  for the  ab i l i ty  to confine decomposi t ion  
to a si l icon surface and  so to avoid gas phase  py -  
rolysis  a nd  u n w a n t e d  deposi t ion on pa r t s  of the  
equ ipmen t .  
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Fig. 2. Standard free energy of decomposition vs. temperature. 
X, Phosphine (PH3); �9 silane (Sill4); A,  diborane (B2H6). 

Sill4 (g) --~ Si (c) -I- 2H2 (g) 
PH3 (g) -~ I/4P4 (g) q- 3/2H2 (g) 
B2H6 (g) -~ 2B (g) -I- 3H2 (g) 
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Fig. 3. Equilibrium constant of decomposition vs. temperature. 
X, Phosphine (PHs); �9 silane (Sill4); A ,  diborane (B2H6). 
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Fig. 4. Epitaxial deposition system. Reaction: Sill4 --> Si ~ 2H2 

A n o t h e r  r a t h e r  i m p o r t a n t  c o n s i d e r a t i o n  is to f ind 
subs t ances  for  gas  d o p i n g  of w h i c h  t h e  t h e r m o d y -  
namics  a r e  s i m i l a r  to  those  of t he  bas ic  m a t e r i a l .  
A m o n g  t h e  r a t h e r  obv ious  choices  a r e  p h o s p h i n e  and  
d ibo rane .  P lo t s  of t he  t h e r m o d y n a m i c  d a t a  of t he se  
subs t ances  c o m p a r e d  to s i l ane  as a func t ion  of t e m -  
p e r a t u r e  a r e  shown  in Fig.  1, 2, and  3. These  d a t a  a r e  
b a s e d  on r o o m  t e m p e r a t u r e  r e q u i r e m e n t  and  the  
fo l lowing  c a l c u l a t e d  exp re s s ions  for  Cp as a f u n c t i o n  
of t e m p e r a t u r e  

Si l l4  Cp---- 1105 + 8 . 7 8 x 1 0 - 3 T - - 3 . 0 5 x 1 0 5 T  -2 [1]  

pI4_~ Cp= 9.11+5.72xI0-3T--1.71xI05T -2 [2] 

BfH6 Cp=I3.68-F18.60xI0-ST--5.37xI05T-2 [3] 

It will be seen that the requirement of similar ther- 
modynamic properties is fulfilled reasonably well. 
It still remains to be seen, of course, whether the 
kinetics are sufficiently similar to make these par- 
ticular materials usable for reliable doping. 

Experimental Technique for Deposition 
The  g r o w t h  of f i lms was  c a r r i e d  out  in t he  e q u i p -  

m e n t  s h o w n  in Fig .  4. P u r e  s i l ane  was  s t o r ed  at  200 
psi  a n d  used  as such. E l e c t r o l y t i c  h y d r o g e n  was  
f u r t h e r  pur i f i ed  b y  p a s s a g e  t h r o u g h  a d e o x o  p a l l a -  
d i u m  c a t a l y s t  f o l l owed  b y  a m o l e c u l a r  s i eve  t r a p  
cooled  w i t h  l i qu id  n i t r o g e n  a n d  t h e n  pa s sed  t h r o u g h  
a ce l lu lose  f i l te r  to r e m o v e  dus t  f r o m  the  m o l e c u l a r  
sieve.  D o p a n t s  w e r e  m a d e  u p  w i t h  p r e p u r i f i e d  h y -  
d r o g e n  and  used  w i t h o u t  f u r t h e r  t r e a t m e n t .  The  
w h o l e  of t he  gas  s u p p l y  s y s t e m  was  c o n s t r u c t e d  of 
s ta in less  s tee l  he l i a r c  we lded .  S m a l l - b o r e  t u b i n g  
w a s  used  in a sp i r a l  i m m e d i a t e l y  in f r o n t  of t he  f u r -  
nace  and  e x p e r i e n c e  has  s h o w n  t h a t  a d e q u a t e  m i x -  
ing of t he  feed  gases  was  o b t a i n e d  a t  a l l  t imes .  The  
depos i t i on  tubes  w e r e  a i r - c o o l e d  on the  o u t s i d e - -  
e x p e r i m e n t s  w i t h  w a t e r  cool ing  h a v i n g  s h o w n  tha t  
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the  g r o w t h  cond i t ions  a r e  no t  c h a n g e d  t h e r e b y  to 
a n y  s igni f icant  ex ten t .  

As  a sl ice ca r r i e r ,  s labs  of f i n e - g r a i n e d  depos i t ed  
s i l icon w e r e  used ;  these  w e r e  g e n e r a l l y  a b o u t  6 in. 
l ong  b y  21/2 in. w i d e  b y  ~/2 in. th ick .  T h e  s labs  w e r e  
of h igh  r e s i s t i v i t y  and  could  no t  be  R.F.  h e a t e d  at  
the  f r e q u e n c y  used  (450 kc )  f r o m  cold. A s m a l l  l o w -  
r e s i s t i v i t y  a n t i m o n y - d o p e d  s lug  was  t h e r e f o r e  used  
at  t he  ex i t  end.  Once  the  s y s t e m  w a s  hea t ed ,  t he  
s t a r t i n g  s lug  was  a t  a l o w e r  t e m p e r a t u r e  t h a n  the  
top  su r f ace  of  t he  c a r r i e r  so t h a t  e v a p o r a t i o n  was  
v e r y  sma l l  and  s y s t e m  c o n t a m i n a t i o n  was  minor .  On 
h igh  r e s i s t i v i t y  subs t r a t e s ,  l a y e r s  of ove r  25 o h m -  
cm could  be  o b t a i n e d  w i t h  ease.  C a r r i e r s  w e r e  in i -  
t i a l l y  used  in t h e  e t ched  cond i t ion  and  r e - e t c h e d  
pe r i od i c a l l y .  

The  w a f e r s  used  in  th i s  w o r k  w e r e  e l e c t r o p o l i s h e d  
and  c l eaned  b y  c o n v e n t i o n a l  me thods ,  t he  l as t  o p e r a -  
t ion  be ing  a hyd ro f luo r i c  ac id  d ip  f o l l o w e d  b y  w a t e r  
and  so lve n t  wash ing .  

P r i o r  to depos i t ion ,  w a f e r s  w e r e  p r e h e a t e d  in h y -  
d r o g e n  ( a f t e r  t h e  s y s t e m  was  t h o r o u g h l y  f lushed) ,  
s i l ane  and  d o p a n t s  r e q u i r e d  w e r e  t h e n  a d m i t t e d  for  
t he  n e c e s s a r y  t ime .  Cool ing  a g a i n  took  p l ace  in h y -  
d rogen .  As  fa r  as the  o b t a i n i n g  of s t r u c t u r a l l y  p e r -  
fec t  films was concerned, a very short prefiring time 
of only some minutes was required to remove 
residual oxide films. However, the prefiring cycle 

was varied from time to time as it has a marked 
effect on system doping as will be seen. 

Control oy Depositio~z Rate 
The  bas ic  p a r a m e t e r s  i n v o l v e d  h e r e  a r e  t ime ,  

t e m p e r a t u r e ,  gas  compos i t ion ,  gas  flow ra te ,  and  
s y s t e m  g e o m e t r y .  W e  wi l l  d iscuss  t h e i r  v a r i o u s  e f -  
fec ts  in  th is  o rde r .  

Time.--The depos i t i on  r a t e  is f o u n d  to be  qu i t e  
cons t an t  w i t h  t ime  as s h o w n  in Fig .  5. No induc t i on  
p e r i o d  has  eve r  been  obse rved .  

Temperature.--Figure 6 shows  the  depos i t i on  r a t e  
as a func t ion  of t e m p e r a t u r e  for  two  gas - f low con-  
d i t ions .  W a f e r  t e m p e r a t u r e s  a r e  m e a s u r e d  op t i ca l l y  
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Fig. 5. Layer thickness vs. time. Hydrogen flow 15 liter/rain, silane 
flow 33 cc/min, temperature 1220~ 
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Fig. 6. Deposition rate vs. temperature. A ,  Sill4 33 cc/min, H2 
13 liters/min; O, Sill4 19 cc/min, H2 17 liters min. 

and  t h e n  corrected for emiss ivi ty .  Of p a r t i c u l a r  
note,  of course, is the t e m p e r a t u r e  peak  shown at 
1210~ It  is i n t e re s t ing  to no te  tha t  Li  (8) and  also 
Joyce  (9) found  a peak  in  deposi t ion ra te  at  es- 
sen t i a l ly  the  same t e m p e r a t u r e  in  u s ing  the  h y d r o -  
gen  r educ t ion  of t r ichloros i lane .  

In  v iew of w h a t  we have  concluded before  abou t  
the  essen t ia l ly  surface ca ta ly t i ca l ly  cont ro l led  n a t u r e  
of the  s i lane  c rack ing  process, we conclude  tha t  the 
r a t h e r  r ap id  d e p a r t u r e  f rom the A r r h e n i u s  plot  has 
someth ing  to do w i th  a r ap id  change  in  the  n a t u r e  
of the surface,  v e r y  poss ib ly  a r educ t ion  of the 
n u m b e r  of ava i l ab le  surface  sites, due  to the p res -  
ence of si l icon vapor  n e a r  the surface.  In  this  con-  
nect ion,  i t  has b e e n  observed  tha t  the  per fec t ion  of 
the  layers  as d e t e r m i n e d  by  confo rmi ty  of e lectr ical  
charac ter is t ics  of diodes to theory  de te r iora tes  v e r y  
r ap id ly  once deposi t ion t e m p e r a t u r e s  of 1210 ~ to 
1220~ are  exceeded.  

Gas composition.--Figure 7 shows g rowth  ra te  vs. 
h y d r o g e n - s i l a n e  rat io at  a t e m p e r a t u r e  of 1220~ 
Plots  at  o ther  t e m p e r a t u r e s  are s imilar .  I t  can be 
seen tha t  over  a wide  r ange  of condi t ions,  a g radua l  
change  of ra te  occurs. 

Gas flow rate.--Deposition ra tes  depend  on flow 
ra tes  as shown  in  Fig. 8. For  a g iven  h y d r o g e n - s i l a n e  
rat io,  the  ra tes  level  off above  a ce r t a in  figure, in  
gene ra l  the ra te  be ing  h igher  for g rea te r  d i lu t ion.  
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Fig. 8. Deposition rate vs. Sill4 flow rate. Hydrogen/silane ratio 
500:1, temperature 1220~ 

Gas flow rates  p rac t ica l ly  do not  affect the  d i s t r i -  
bu t ion  of deposi t ion ra tes  at al l  in  smal l  systems,  as 
long as some c i rcu la t ion  is p resen t .  As soon as sys-  
tems become larger ,  it is f ound  tha t  w i th  low flow 
rates,  the  deposi t ion decreases a long a boat.  G r a d u a l  
increases  of flow ra te  wi l l  even  out  these  condi t ions.  
However ,  an  excessive inc rease  in  flow ra te  is u n d e -  
s i rable  as it is f ound  to increase  d e n d r i t e  fo rmat ion .  
I t  has been  es tab l i shed  tha t  the  reason  for this  is 
the se t t l ing  of m i n u t e  a m o u n t s  of dus t  f rom gas 
phase  decomposi t ion  on the  wafers .  U n d e r  condi t ions  
of modera t e  flow, m u c h  dus t  sett les on the  cold 
par ts  of the  e q u i p m e n t  and,  in  a n y  case, appears  to 
be fo rmed  to a m u c h  lesser  extent .  Gas flow rates  
are, therefore ,  increased  to on ly  a modera t e  extent ,  
the  m a x i m u m  gas speed be ing  abou t  100 cm/sec .  
F u r t h e r  e ve n i ng  out  of deposi t ion  ra tes  is achieved 
by  su i t ab le  modif icat ion of the  sys tem geometry .  

There  is an  a d v a n t a g e  in  h igh deposi t ion  ra tes  in  
tha t  it  cuts  down  subs t r a t e  doping  as wi l l  be  seen. 
It  is, therefore ,  des i rab le  to a im for a geomet ry  tha t  
wi l l  a l low re l a t i ve ly  high gas speeds w i t hou t  d e n -  
dri t ic  g rowth  appear ing .  

System geometry.--We have  confined ourse lves  
essen t ia l ly  to ho r i zon ta l  systems,  the  r ea son ing  be ing  
tha t  in  such a sys tem it is easier  to a r r a n g e  com-  
pa rab le  condi t ions  for  a la rge  n u m b e r  of wafers  
t h a n  in  a ve r t i ca l  system. For  the  gas flow ra tes  used 
in  this  work,  less t h a n  50 l i t e r s / m i n  t h r ough  a 65 
m m  tube,  the  Reyno lds  n u m b e r  is so smal l  (of the 
order  of 50) t ha t  s t r eam l ine  flow is to be expected.  
On the  o ther  hand ,  due  to the  t e m p e r a t u r e  differ-  
ences in  the  gas s t ream,  cons ide rab le  convec t ion  at 
r ight  angles  to the  d i rec t ion  of flow wi l l  t ake  place. 
This c i rcu la t ion  at  r igh t  angles  to the  flow di rec t ion  
is v e r y  des i rab le  to i n su re  c o m p a r a b l e  condi t ions  as 
far  as gas in  d i rec t  contac t  w i th  the  wafe rs  is con-  
ce rned  a long the  l e n g t h  of a long  carr ier .  Such  c i r -  
cu la t ion  is assisted by  de pa r t i ng  somewha t  f rom the  
hor izon ta l  posit ion.  F i g u r e  9 shows the  th ickness  for 
wafers  in  a typ ica l  r u n  for the  two condi t ions.  I t  can 
be seen t ha t  the  t i l ted  a r r a n g e m e n t  has f la t tened out  
g rad ien t s  v e r y  cons iderably .  The  sl ight  dip in  
g rowth  ra te  in  the  cen te r  of the  car r ie r  does no t  ap-  
pear  to be due  to an  area  effect in  the sense t ha t  it 
s t i l l  persis ts  if la rge  areas  in  this  v i c in i t y  are 
m a s k e d  by  oxidat ion,  b u t  is p r o b a b l y  due  to t h e r m a l  
effects in  the gas layer .  
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Fig. 9. Layer thickness vs.  slice position on tilted (A and C) and 
horizontal (B) boat. Conditions: temperature 1220~ H2 18 
liters/min; Sill4 38 cc/min; thickness measurements by infrared. 

T e m p e r a t u r e s  on the car r ie r  are u n i f o r m  w i t h i n  
be t t e r  t h a n  --5~ It has also been  found  tha t  
changes  in  the size of the  carr ier ,  e i ther  in  l eng th  or 
cross section, do affect deposi t ion  ra tes  somewhat .  
However ,  the effects are mino r ;  changes  in ra te  be -  
ing of the order  of 10-15%. S tudy  of dus t - f low p a t -  
t e rns  in  the tubes  has shown  that ,  once again,  this is 
l a rge ly  a f l ow-pa t t e rn  effect. 

Changes  in  tube  size have  s imi la r  effects, bu t  in 
this case, no t  only  the flow p a t t e r n  bu t  also the  t e m -  
p e r a t u r e  g rad ien t s  across the gas s t r eam are affected 
and  changes  are co r re spond ing ly  larger .  

The n u m b e r  of slices p resen t  on a boat  has no 
effect on deposi t ion ra te  as long as the t e m p e r a t u r e  
is kep t  constant .  

As migh t  be expected  f rom the l aye r  th ickness  
d i s t r i bu t ion  of wafers  w i t h i n  a g iven  run ,  the  d i s t r i -  
b u t i o n  of th ickness  w i t h i n  a wafe r  is ve ry  close i n -  
deed as shown  in  Fig. 10. These m e a s u r e m e n t s  were  
t aken  b y  angle  sec t ioning  and  s ta in ing ,  and  the  on ly  
th ing  tha t  can be conc luded  is tha t  the cont ro l  is wel l  
w i t h i n  the  accuracy  of the  m e a s u r e m e n t .  

Resistivity Cont ro l  

High-resistivity substrates.--The most  s t r a igh t -  
fo rward  s i tua t ion  as far  as doping layers  is con-  
ce rned  occurs whe re  subs t ra tes  of sufficiently h igh  
res is t iv i ty  are used such tha t  no con t r i bu t i on  of do-  
pan t  f rom the  subs t r a t e  is to be  expected.  In  this  
case, m e a s u r e m e n t  by  conven t iona l  f o u r - p o i n t  p robe  
t echn iques  is possible. This  is done mos t  easi ly w h e n  
the  subs t r a t e  is of the  opposite type  to tha t  of the  
deposi ted l aye r  in  which  case no correc t ion  is neces-  
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Fig. 10. Layer thickness (microns) vs.  position on slice. Growth 
rate 0.8 ~/min.  
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sary;  less easily,  bu t  still  qu i te  re l iab ly ,  w h e n  the  
layers  are of the  same type  and  a correc t ion  has to 
be made.  

F igu re  11 shows such a plot for N - t y p e  layers  on 
h igh - r e s i s t i v i t y  (200 o h m - c m )  P - t y p e  for a typ ica l  
set of g rowing  condit ions.  It  has been  found  tha t  
the  ex ten t  of these doping effects is t e m p e r a t u r e - d e -  
p e n d e n t  in  the sense tha t  at  h igher  t empera tu re s ,  
less dopan t  is i n t roduced  into the  film, p a r t i c u l a r l y  in  
the  case of phosphorus .  In  any  case, the  a m o u n t s  of 
dopan t  in t roduced  are far  less t h a n  the ra t io  p resen t  
in  the  gas phase (by  a factor  of the  order  of 103). I t  
is be l ieved  tha t  this is r e la ted  to evapora t ion  f rom 
the surface.  A f u r t h e r  ind ica t ion  in  this  d i rec t ion  
is ob ta ined  f rom the  fact tha t  the  deposits  on cold 
par t s  of the  appara tus ,  p a r t i c u l a r l y  towards  the  exit  
end, con ta in  m u c h  l a rge r  a m o u n t s  of doping ele-  
men t s  t h a n  the ep i tax ia l  layers .  

Low-resistivity substrates.--Method of resistivity 
measurement.--For the m e a s u r e m e n t  of res i s t iv i ty  
of l ayers  on l ow- re s i s t i v i t y  subs t ra tes  of the same 
type,  the m e a s u r e m e n t  of b r e a k d o w n  of surface 
po in t  contact  diodes due to B r o w n s o n  (10) has been  
chosen. Ca l ib ra t ion  plots for N and  P layers  us ing  
a chemica l ly  etched 3.5 mi l  wh i ske r  are shown in  
Fig. 12. 

In  order  to ob ta in  surfaces s imi la r  to those to be 
measured ,  N layers  on P subs t ra tes  p rev ious ly  meas -  
u r ed  by  f o u r - p o i n t  p robe  m e a s u r e m e n t  were  used 
for ca l ibra t ion .  The slices were  t r ea ted  w i th  h y d r o -  
fluoric acid jus t  before  m e a s u r e m e n t  and  ca re fu l ly  
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Fig. 12. Resistivity vs. voltage break dawn. O, Actual measure- 
ments on N-type, Vb ----: 73 ~/p; El, actual measurements on 
P-type, vb = 51~/p. 
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dried af ter  wash ing  wi th  wa t e r  and  solvents .  It  was  
found  tha t  n o r m a l  slices could no t  be used for cal i -  
b ra t ion ,  ev iden t ly  because  the pol i sh ing  p rocedure  
was  not  read i ly  usab le  on h igh - r e s i s t i v i t y  slices and  
the surfaces  were,  therefore ,  not  per fec t  enough  for 
this type  of m e a s u r e m e n t .  If the  l ayer  th ickness  is 
g rea te r  t h a n  the deple t ion  layer  width ,  the b r e a k -  
down m e a s u r e d  on a deposi ted l ayer  wi l l  be a di rect  
m e a s u r e m e n t  of res is t iv i ty .  F i g u r e l 3  shows plots for 
m a x i m u m  surface  b r e a k d o w n  vol tages  ob ta inab le  as 
a func t ion  of l ayer  th ickness  for typ ica l  app rox i ma t e  
fo rmulas  for N - t y p e  diodes. The  m a x i m u m  vol tages  
ac tua l ly  ob ta ined  for var ious  th icknesses  for such 
diodes is also ind ica ted  and  it can be seen tha t  
ag r eemen t  w i th  theory  is qui te  good. 

If the  layers  con ta in  g rad ien t s  in  the sense tha t  
res is t ivi t ies  n e a r  the  subs t ra te  are lower  t h a n  on the 
surface,  this  impl ies  tha t  the m e a s u r e d  res i s t iv i ty  is 
lower  t h a n  the  t rue  surface  r ead ing  and  also t ha t  the  
deple t ion  l ayer  wi l l  no t  pene t r a t e  to the interface.  

Grad i en t s  in layers  have  been  d e t e r m i n e d  by  us -  
ing the  same t echn ique  on angle  sections. 
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Fig. 14. Surface breakdown voltage of point contact diodes on 
wafers with different pretreatment (by 3-point probe). 
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Experiments  on resistivity control.--Figure 14 
shows a typica l  plot  ob ta ined  by  surface m e a s u r e -  
m e n t  of wafers  deposi ted on w i th  on ly  a br ie f  h y -  
drogen  prefire. It  can be seen tha t  the b r e a k d o w n  
vol tages  are lowest  a r o u n d  the edges of the  slices 
and  also tha t  the re  is a m a r k e d  g rad ien t  in  the di -  
rec t ion  of gas flow. This  effect could be a geometr ic  
one or it could be a flow effect. In  order  to answer  
this quest ion,  a s imi la r  r u n  was  car r ied  out  af ter  
outdi f fus ing the  wafers  for a t ime  at a t e m p e r a t u r e  
cons ide rab ly  h igher  t h a n  the  deposi t ion t e m p e r a -  
ture.  In  this case, the  edge effect has v i r t u a l l y  been  
e l im ina t ed  and  the flow effect is no longer  obse rv -  
able.  I t  is observed  that  these effects a re  m i n i m i z e d  
by  high deposi t ion rates.  As has  been  po in ted  out 
before,  however ,  deposi t ion  ra tes  are l imi ted  by  
cons idera t ions  r e l a t ing  to l aye r  perfect ion.  Even  be -  
fore dendr i t es  appear ,  the  per fec t ion  of the layers ,  
as judged  by  electr ical  m e a s u r e m e n t s  on diodes, is 
adverse ly  affected. 

In  order  to ga in  some f u r t h e r  ins igh t  in to  the  
m e c h a n i s m  invo lved  in  dopan t  t rans fe r ,  sections 
were  t a ke n  t h r o u g h  a n u m b e r  of typ ica l  slices. 
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F i g u r e  15 shows such sect ions  for  l a y e r s  of n o m i n a l l y  
the  s a m e  r e s i s t i v i t y  depos i t ed  on d i f f e ren t  subs t r a t e s ,  
in each  case  w i t h o u t  outdi f fus ion.  I t  is e v i d e n t  t h a t  
the  s u b s t r a t e - d o p i n g  effect d e p e n d s  on l a y e r  t h i c k -  
ness in an a lmos t  l i n e a r  m a n n e r ,  t he  s lope  of t he  
cu rve  d e p e n d i n g  on the  dop ing  l eve l  in t he  s u b -  
s t ra tes .  The  dop ing  effects in  l a y e r s  depos i t ed  on 
b o r o n - d o p e d  s u b s t r a t e s  a r e  v e r y  s i m i l a r  as s h o w n  
in Fig.  16. O t h e r  f indings  a re :  

1. The  effect is s o m e w h a t  less  m a r k e d  in  a n t i -  
m o n y  d o p e d  s u b s t r a t e s  t h a n  a r s e n i c - d o p e d  ones of 
t he  s ame  r e s i s t i v i ty .  

2. M a s k i n g  of the  b a c k  su r f ace  b y  f o r m a t i o n  of 
an  ox ide  f i lm does not  i nh ib i t  the  effect to a n y  
m a r k e d  ex ten t .  

3. M a s k i n g  b y  p r e - d e p o s i t i n g  h igh  r e s i s t i v i t y  
s i l icon on the  b a c k  of the  w a f e r  v e r y  c o n s i d e r a b l y  
cuts  d o w n  the  dop ing  effect on t h e  f ront .  

Discussion of Mechanism Involved 

As has  been  shown  in th is  sys t em,  t he  d e c o m -  
pos i t ion  r eac t i ons  bo th  for  s i l icon and  d o p a n t  a r e  i r -  
r eve r s ib l e .  The  on ly  poss ib l e  m e c h a n i s m s  of d o p a n t  
t r a n s f e r  are,  t he re fo re ,  e v a p o r a t i o n  w i t h  ou td i f fu -  
sion, su r f ace  d i f fus ion  coup led  w i t h  outd i f fus ion ,  
and  b u l k  diffusion.  B u l k  d i f fus ion has  been  s t ud i e d  
by  va r i ous  w o r k e r s  (11) and,  w h i l e  i t  accoun t s  for  
the  dop ing  prof i le  n e a r  t he  i n t e r f ace  ( w h i c h  w e  h a v e  
not  s t u d i e d  he re  in d e t a i l ) ,  i t  canno t  accoun t  for  t he  
prof i les  in the  m a i n  p a r t  of the  l aye r .  

A dec i s ion  b e t w e e n  the  two  o t h e r  poss ib l e  m e c h -  
an i sms  canno t  be  a r r i v e d  at  eas i ly .  F r o m  the  e x -  
p e r i m e n t s  c i ted  above ,  i t  is c lea r  t ha t  t he  b a c k  s u r -  
face  of the  w a f e r s  p l a y s  an i m p o r t a n t  pa r t ,  p a r t i c u -  
l a r l y  in v i e w  of t he  o b s e r v e d  edge  effects.  The  fac t  
t ha t  m a s k i n g  b y  o x i d a t i o n  does  not  e l i m i n a t e  these  
effects b u t  s i l icon m a s k i n g  does,  is no t  conc lus ive  as  
ox ide  at  the  r e l a t i v e l y  h igh  t e m p e r a t u r e s  i n v o l v e d  
he re  is k n o w n  no t  to be  an  ef fec t ive  b a r r i e r  to t he  
i n t e r c h a n g e  b e t w e e n  s i l icon and  the  gas  phase .  

W e  have  no q u a n t i t a t i v e  d a t a  on the  s u r f a c e - d i f -  
fus ion  coefficients on s i l icon at  th is  t ime .  Suff ic ient ly  
l a r g e  d i f fus ion coefficients to accoun t  for  t h e  o b -  
s e rved  effects,  h o w e v e r ,  m i g h t  be  e x p e c t e d  f r o m  the  
b u l k  d i f fus ion coefficients h a v i n g  r e g a r d  to t he  u s u a l  
r a t i o  of b u l k  to su r f ace  d i f fus ion coefficients.  

W h i c h e v e r  of the  two  m e c h a n i s m s  is r e s p o n s i b l e  
has,  h o w e v e r ,  to account  for  t he  f a l l i ng  off of t he  
dop ing  leve ls  w i t h  t ime  and  l a y e r  th ickness .  W e  
w o u l d  suggest ,  t e n t a t i v e l y ,  t h a t  th is  m a y  be  due  to 
the g r a d u a l  s i l icon m a s k i n g  t a k i n g  p l ace  a r o u n d  
the edges  w h e r e  s m a l l  a m o u n t s  of s i l icon a re  d e -  
posi ted .  If  th is  is cor rec t ,  i t  w o u l d  i nd i ca t e  t ha t  su r -  
face  d i f fus ion is a t  l e a s t  p a r t l y  r e spons ib le .  Such  
edge  m a s k i n g ,  w h i l e  i t  could  be e x p e c t e d  to cut  
down  su r f ace  diffusion,  d id  not  s i m i l a r l y  cut  down  
e v a p o r a t i o n  f rom the  b a c k  surface .  

Diode Character ist ics 

The  m a k i n g  of d i f fused  d iodes  on e p i t a x i a l  l a y e r s  
has  g r a d u a l l y  become  the  f inal  c r i t e r i on  for  j u d g i n g  
the  p e r f e c t i o n  of e p i t a x i a l  l aye r s .  The  m e a s u r e m e n t  
of some of the  p r o p e r t i e s  of such  diodes ,  such as 
p e a k  i nve r se  vo l tage ,  on ly  conf i rms i n f o r m a t i o n  on 
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r e s i s t i v i t y  and  r e s i s t i v i t y  g r a d i e n t s  w h i c h  u s u a l l y  
a l r e a d y  has  been  o b t a i n e d  b y  n o n d e s t r u c t i v e  m e t h -  
ods. The  l e a k a g e  c u r r e n t s  of d iodes  of  v a r i o u s  sizes, 
on the  o t h e r  hand ,  g ive  a good  i n d i c a t i o n  of t he  
n u m b e r  and  d i s t r i b u t i o n  of  a n y  defec t s  t h a t  m a y  be  
p resen t .  In  add i t ion ,  m e a s u r e m e n t  of f o r w a r d  c h a r -  
ac te r i s t i c s  and  pu l se  r e c o v e r y  m a y  be  used  as an in -  
d i ca t i on  of l i f e - t i m e .  

F i r s t  of al l ,  to cons ide r  r e v e r s e  cha rac te r i s t i c s ,  
Fig.  17 shows  a p lo t  of p e a k  i nve r se  v o l t a g e  vs. r e -  
s i s t iv i ty  for  N - t y p e  films. The  d r a w n  c u r v e  is t h a t  
due  to M c K a y  (12) for  s t ep  j u n c t i o n s  w h i c h  can  be  
e x p r e s s e d  as VB = 95p "~ for  t he  r e s i s t i v i t y  r a n g e  of 
in te res t .  The  m e a s u r e d  po in t s  i n d i c a t e  a c t u a l  r e su l t s  
o b t a i n e d  on v a r i o u s  l a y e r s  and  it can  be  seen t h a t  
t he  a g r e e m e n t  is qu i t e  r ea sonab l e .  I t  is a lso c lea r  t h a t  
if  e i t he r  the  di f fus ions  a r e  suf f ic ient ly  sha l l ow  to a p -  
p r o a c h  s tep  j u n c t i o n s  or, a l t e r n a t i v e l y ,  a l l o w a n c e  is 
m a d e  for  g r a d i e n t  (13) ,  a m o r e  p rec i se  m e a s u r e -  
m e n t  of  r e s i s t i v i t y  is o b t a i n e d  t h a n  b y  the  t h r e e -  
po in t  p r o b e  m e t h o d  as the  v o l t a g e  b r e a k d o w n  d e -  
pends  to a g r e a t e r  e x t e n t  on r e s i s t i v i t y  in t he  r a n g e  
cons ide red  here .  Also,  p r e m a t u r e  b r e a k d o w n  due  to 
su r face  effects is m u c h  less  l i k e l y  t h a n  w i t h  t he  
t h r e e - p o i n t  p robe .  

F i g u r e  18 shows  the  m e a n  l e a k a g e  c u r r e n t  and  
s p r e a d  t h e r e o f  for  d iodes  of v a r i o u s  sizes m a d e  f r o m  
a t y p i c a l  sl ice.  I t  can  be  seen  t h a t  t h e r e  is a v e r y  
def in i te  size effect,  no d o u b t  due  to t he  p r e s e n c e  of 
de fec t s  in t h e  l aye r s .  

Fig. 18. Leakage current of diffused diodes. Co, 2 x 1019 boron; 
pN, 6 ohm-cm; depth 6~; leakage measured at 100v. 
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We have  no q u a n t i t a t i v e  da ta  on l i f e t ime  at this  
t ime. However ,  ind ica t ions  are tha t  g rea te r  per fec-  
t ion,  as m e a s u r e d  by  reverse  character is t ics ,  goes 
toge ther  w i th  h ighe r  l i fet ime.  

F u r t h e r  progress  in  this  field wi l l  m a i n l y  have  to 
be d i rec ted  t oward  the  e l im ina t i on  of defects so as 
to make  ep i tax ia l  deposi t ion  (now tha t  adequa te  
th ickness  and  res i s t iv i ty  cont ro l  have  been  ob-  
t a ined )  usab le  for the  m a n u f a c t u r e  of l a r g e - a r e a  de-  
vices. 
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1/f Noise in Thin Films of Semiconductors 

K. M. Kiser 
Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Measurements  have been made of the 1/f noise produced by thin films of 
ind ium oxide on a gelatin substrate and of thin films of copper iodide on a 
polycarbonate substrate. Only the audiofrequency range was examined. For 
relat ively small  d-c currents  the noise power for the indium oxide films is 
strictly ~f-1. This proport ional i ty is preserved at the higher cur ren t  levels 
but anomalies appear in these spectra. The noise power decreases slightly 
with temperature  and increases somewhat  when  oxygen is removed. Moisture 
has li t t le effect on the 1/f noise. In  the case of the copper iodide films, the 
noise apparent ly  has two components, a f -1  component  detectable at low 
frequencies and high currents,  and a single t ime constant  component  
~[l ~- f-02T 2] --1 detectable at high frequencies and low currents.  

Semiconductors ,  v a c u u m  tubes,  po in t  contacts ,  a nd  
ce r ta in  t h i n  me ta l  films, w h e n  biased by  a d-c  vo l t -  
age, all  exh ib i t  a noise whose power  spec t rum,  E ( f ) ,  
var ies  i nve r se ly  wi th  the f requency ,  f, of the  f luc tu-  
ations. This noise, va r ious ly  cal led " l / f  noise," 
"excess noise, . . . .  flicker noise," or " c u r r e n t  noise"  
depend ing  on where  it is observed,  is c o m m o n l y  
i n t e r p r e t e d  as a f luc tua t ion  in the conduc t iv i ty  of 
the  mater ia l .  The phys ica l  o r ig in  of 1 / f  noise, in  
spite of the la rge  effort which  has been  devoted  to 
its s tudy,  is st i l l  a m a t t e r  of some dispute.  There  
does no t  appear  to be even  genera l  a g r e e m e n t  as to 
w h e t h e r  it is a surface p h e n o m e n o n  (1, 2) or a b u l k  
effect (3) except  pe rhaps  in  the  case of s ing le -  
c rys ta l  semiconduc tors  where  the m e c h a n i s m  is 
t hough t  to be one of surface  t r a p p i n g  of c u r r e n t  ca r -  
r iers  (2, 4).  W h a t e v e r  the  or igin  of 1 / f  noise, so far  
as has been  d e t e r m i n e d  expe r imen t a l l y ,  it ex tends  
over  the whole  r ange  of f requenc ies ;  it has been  ob-  
served f rom f requenc ies  as low as 2.5 x 10 -4 cps 
(5) up  to the highest  of f requenc ies  where  is be -  
comes lost in  the t h e r m a l  noise. 

Besides fo l lowing an  inverse  f r e q u e n c y  r e l a t i o n -  
ship, it has also been  obse rved  tha t  the  noise power ,  
E ( f l ) ,  whe re  fl is any  g iven  f requency ,  increases  
w i th  some power,  u sua l l y  the square ,  of the appl ied  
d-c  cu r ren t .  

W o r k i n g  wi th  p l a t i n u m  and  tungs ten ,  B e r n a m o n t  
(6) observed  1/ f  noise in  t h i n  vapor -depos i t ed  films. 
Though  he rea l ized tha t  these  films could not  s imply  

be t h in  sheets of the  p a r e n t  meta l ,  he was  u n a b l e  to 
account  for the 1/ f  f o rm of the  noise power  spec-  
t rum.  More recent ly ,  Borel  (7) made  ex tens ive  
m e a s u r e m e n t s  on t h in  films of s i lver  and  i n d i u m  
(res is tance  abou t  l0 s o h m s / s q u a r e )  which,  f rom 
e lec t ron  microscopic e x a m i n a t i o n  he k n e w  to have  a 
d i scon t inuous  s t ruc ture .  He observed  both  the  i n -  
verse  f r e que nc y  dependence  and  (at  leas t  for low 
cu r r en t s )  also the square  l aw d e p e n d e n c y  of E ( f l )  
on the  m e a n  cur ren t .  Borel  suggested tha t  the p a r -  
t i cu la te  s t ruc tu re  was  the source of the 1/ f  noise. 

It  is the  purpose  of this  pape r  to p resen t  some of 
the  noise character is t ics  of t h i n  i n d i u m  oxide (In203) 
and  copper  iodide (CuI)  films p r epa red  on po ly -  
mer ic  subs t ra tes  by  vapor  deposi t ion methods.  Both 
ma te r i a l s  are semiconduc to r s  a nd  so m a y  be ex-  
pected to exh ib i t  1 / f  noise on this  basis  alone.  The 
two films differ phys ica l ly  f rom each other,  h o w -  
ever.  Whereas  the  CuI  films are r e l a t i ve ly  th ick  and,  
so far  as can be ascer ta ined,  cont inuous ,  the  In208 
films are a p p a r e n t l y  ne i t he r  of these. E lec t ron  
microscopic and  e lec t ron  diffract ion e x a m i n a t i o n  
suggest  tha t  the  l a t t e r  films consist  of i n d i v i d u a l  
" i s lands"  of conductor .  If so, the  observed  noise m a y  
then  be associated wi th  an  in t e rpa r t i c l e  t u n n e l i n g  
of conduc t ion  e lec t rons  jus t  as is the case for the 
d i scon t inuous  me t a l  films. 

On the other  hand ,  the res i s tance  of these films is 
low, of the  order  of a few t h o u s a n d  ohms / squa re .  
This suggests tha t  the  In203 par t ic les  are rea l ly  in -  
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te rconnec ted  in  such a way  as to fo rm a t w o - d i -  
mens iona l  n e t w o r k  of conduc t ion  paths.  S imple  
(bu lk )  semiconduc to r  noise is o b t a i n a b l e  f rom this  
s t ruc ture ,  bu t  it is possible tha t  the s p e c t r u m  wil l  be 
more  complex  because  of ano the r  noise gene ra t i ng  
process. Osman  (8) has r ecen t l y  p re sen t ed  a case 
for 1/f  noise f rom semipar t i cu la t e  s t ruc tu res  based 
on the idea of smal l  vo lume  contacts  b e t w e e n  p a r -  
ticles w i th  a conductor  t r app ing  process occur r ing  
at the constr ic t ions.  T h u s  E ( f )  for the In208 films 
can have  con t r ibu t ions  f rom the b u l k  semiconduc-  
tor, f rom the point  contacts ,  and  even  f rom the  dis-  
cont inui t ies ,  jus t  as in  the  d i scon t inuous  me ta l  films. 
It  seems p robab le  tha t  a t w o - d i m e n s i o n a l  s t ruc tu re  
is at least  respons ib le  for the h igh conduc t iv i ty  of 
these films even  if it is not  the m a i n  source of the 
1/f  noise. 

Experimental Technique 

Fi lms  of In20~ were  p r e p a r e d  by  first vapor  de-  
posi t ing i n d i u m  me ta l  on ge la t in  subs t ra tes  a nd  in  
the presence  of smal l  quan t i t i e s  of oxygen  (oxygen  
pressures  of ~ 25t~). S u b s e q u e n t l y  these films were  
hea ted  for 4 hr  in  air  at 100~ This, it has been  ob-  
served,  increases  both  the conduc t iv i ty  and  the 
t r a n s p a r e n c y  of In203 films (9, 10). X - r a y  diffrac-  
t ion  m e a s u r e m e n t s  of the final films showed t h e m  
to be a lmost  en t i r e ly  In20~ wi th  on ly  smal l  q u a n t i -  
ties of i n d i u m  me ta l  r ema in ing .  T h e y  f u r t h e r  showed 
tha t  the  In203 was p resen t  p r i m a r i l y  in  the fo rm of 
m a n y  s ingle  crysta ls  r a n d o m l y  or ien ted  on the sub -  
strate.  Some e lec t ron  mic rographs  of the  deposits  
subs t an t i a t ed  this  and  also showed the  films to have  
a pa r t i cu l a t e  s t ruc tu re  w i th  the i n d i v i d u a l  " i s lands"  
of m a t e r i a l  consis t ing essent ia l ly  of at most  a few 
crys ta ls  of In208. One  of these films is shown  in  Fig. 
1. These films were  all  of the  order  of 100A to 150A 
thick. 

The copper  iodide film was ob t a ined  by  iodiding 
meta l l i c  copper  films which  had  been  vapor  de-  
posi ted on L e x a n  1 in  the presence  of oxygen  (oxygen  

1 A G e n e r a l  E l e c t r i c  t r a d e m a r k .  

Fig. 1. Indium oxide on gelatin: I00-150.~,. Magnification 
1 O0,O00X. 
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pressure  ~ 30#). Some of the proper t ies  of these 
films are discussed e l sewhere  (11).  The s t ruc tu re  of 
this film is no t  k n o w n  n e a r l y  as wel l  as tha t  of the 
In203 films. Ind i rec t  m e a s u r e m e n t s  ( l ight  i n t e r f e r -  
ence colors) place its th ickness  a r o u n d  1000A, so i t  
is r easonab le  to assume tha t  it was a con t inuous  film 
of po lyc rys ta l l ine  mater ia l .  E lec t ron  mic rographs  
made  of ca rbon  repl icates  of this  film wou ld  appear  
to suppor t  this  assumpt ion .  

Al l  noise m e a s u r e m e n t s  were  m a d e  us ing  the  
t w o - t e r m i n a l  method.  Whi le  this  a r r a n g e m e n t  is 
gene ra l l y  cons idered  to be in fe r ior  to the  f o u r - t e r -  
m i n a l  method,  it was  found  to be more  t h a n  ade-  
qua te  for p re sen t  purposes.  Each spec imen  tes ted 
was 1 cm long b e t w e e n  t e r m i n a l s  a nd  0.5 cm wide. 
The ends of the  spec imens  were  pa in t ed  w i th  s i lver  
to assure  the best  possible contact .  In  a few cases the 
s i lver  po in t  was omi t ted  for compar ison.  Except  for 
a more  e r ra t ic  behav ior ,  however ,  no i m p o r t a n t  d i f -  
fe rence  in  the noise power  spect ra  was  noted.  Be-  
yond  this, the  inf luence of the contacts  on the ob-  
served noise was  no t  de t e rmined .  

A d-c  bias vol tage  was appl ied  to the  film in  series 
wi th  a load res is tance  tha t  could be var ied  so as to 
change  the  c u r r e n t  pass ing  t h r ough  the  film. The  
vol tage  drop across the  fi lm was ampl i f ied  b y  a 
l inear ,  low-noise ,  a-c  amplif ier ,  the  ou tpu t  of which  
was  fed to a 4-cps  b a n d  pass wave  ana lyzer .  Only  
the  a u d i o f r e q u e n c y  r a nge  (20 to 16 kcps)  was ex -  
amined .  The  conduc to r  and  electrodes were  e n -  
closed in  glass and  the  enc losure  shock was  moun ted .  

The  b a c k g r o u n d  noise of the  c i rcui t  was  de te r -  
m i n e d  for each film by  shor t ing  the  film,, us ing  a 
piece of metal ,  a nd  also by  s u b s t i t u t i n g  for the  film 
a w i r e - w o u n d  resistor.  E ( f )  = 2.2 • 10 -14 v2-sec 
was  observed  for bo th  cases. This  b a c k g r o u n d  noise 
had  a flat f r e que nc y  s p e c t r u m  and,  except  at the 
highest  f requencies ,  was we l l  be low the  1/ f  noise 
level  of the films. Correct ions  were  made  on ly  at  the  
h ighe r  f requencies .  

Most of the  m e a s u r e m e n t s  p resen ted  here  pe r t a in  
to the IneO3 films in  room air  (27~ a nd  25% re l a -  
t ive  h u m i d i t y ) .  For  these, the noise m e a s u r e m e n t s  
were  made  at several  c u r r e n t  levels  at  27~ and  for 
one c u r r e n t  level,  at t e m p e r a t u r e s  r a n g i n g  f rom 
27 ~ to --196~ M e a s u r e m e n t s  also were  made  on 
these  films w h e n  they  were  placed in  a tmospheres  
of different  gases. 

In  the case of the copper iodide film, on ly  the first 
of the a b o v e - m e n t i o n e d  m e a s u r e m e n t s  were  made.  

Experimental Observations 
The spect ra l  dens i ty  of the noise  power ,  E ( f )  -- 

er2/Af is shown  in  Fig. 2 for one of the  In203 films of 
th ickness  ( n o m i n a l )  150A and  in  Fig. 3 for a copper 

iodide fi lm abou t  1000A thick,  ef 2 is the  m e a n  square  
va lue  of the  vol tage  f luc tua t ion  m e a s u r e d  at the  
noise f requency ,  f, and  con ta ined  in  the  i n t e r v a l  z~f, 
where  Af is the pass  b a n d  w i d t h  of the  wave  a n a -  
lyzer.  

The  s imple 1/ f  f o rm for the  spect ra  was ob ta ined  
for all  the  In203 films e x a m i n e d  so long as the  d-c  
c u r r e n t  was  kep t  low. W h e n  cu r r en t s  in  excess of 
abou t  103 t a m p  were  used, the  m e a s u r e d  spect ra  
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Fig. 2. Noise spectra for an indium oxide film 
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Fig. 3. Noise spectra for a copper iodide film 

st i l l  exh ib i t ed  a 1/f  form, bu t  here  some anomal ies  
appeared.  These are man i f e s t ed  in  the spectra  as 
" b u m p s "  or "jogs" in  the  o therwise  smooth ly  de-  
c reas ing  curves.  As ind ica ted  in Fig. 2, the  n u m b e r  
of these anomal ies  t ended  to increase  w i th  inc reas -  
ing cur ren t .  

Almos t  s imu l t aneous  w i th  the appea rance  of these 
anomal ies ,  the noise power  was  observed  to decrease 
wi th  add i t iona l  increases  in  cu r ren t ,  and  a large i n -  
crease in  c u r r e n t  beyond  the  peak  noise c u r r e n t  i n -  
v a r i a b l y  re su l t ed  in  the fa i lu re  of the conductor .  
The pa r t i cu l a r  In203 film f rom which  the da ta  of 
Fig. 2 were  t aken  fai led at 2400 ~amp, for example .  

For  one of the  CuI  films, as the m e a s u r e m e n t s  of 
Fig. 3 show, a 1 / f  fo rm for the noise was ob ta ined  
b u t  on ly  for f requenc ies  be low 103 cps. Above  103 
cps the  noise is more  n e a r l y  character is t ic  of a s ingle  
t ime  cons tan t  process as is ind ica ted  b y  the  gene ra l  
f la t ten ing  of the spectra.  The  same f la t ten ing  was  
observed  in  o ther  samples  of this conductor .  U n f o r -  
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Fig. 4. Noise-current characteristics for on indium oxide film 

t una te ly ,  the  m e a s u r e m e n t s  were  l imi ted  to the  
audio r ange  of f requenc ies  and  therefore  it was  not  
possible  to confirm this  as a g e n e r a t i o n - r e c o m b i n a -  
t ion  (GR)  process. In  order  to p rese rve  these films 
for subsequen t  me a su r e me n t s ,  the cu r ren t s  were  
kept  smal l  so as no t  to a l ter  the i r  p roper t ies  by  r e -  
sist ive heat ing.  No anomal ies  l ike those observed  in  
the In208 films were  observed here,  bu t  then,  the 
cu r ren t s  were  not  so high for these films. 

F igure  4 shows, for the IneO3 film of Fig. 2, a 
power  law re la t ionsh ip  b e t w e e n  the noise power,  
E ( f l ) ,  and  the m e a n  cur ren t ,  IDC 

E ( f l )  cc IDC n [1] 

w h e n  the cu r r en t s  are smal l  ( <  103 c a m p ) ,  fl is the  
noise f r e que nc y  at which  the  m e a s u r e m e n t s  were  
made.  The exponent ,  n, is c lear ly  not  cons tan t  bu t  
var ies  f rom abou t  6 at a noise f r e que nc y  of 20 cps to 
about  3 at 104 cps for this  film. Very  s imi la r  resul t s  
were  ob ta ined  wi th  other  films of i n d i u m  oxide. It  
was observed,  however ,  tha t  n depends  not  on ly  on 
the f requency ,  fl, bu t  also the pa r t i cu l a r  film, most  
p r o b a b l y  its s t ruc ture .  None of the films e x a m i n e d  
in  this w o r k  obeyed  the  IDC 2 l aw usua l l y  ob ta ined  
for 1 / f  noise a l though  they  t ended  to approach  this 
at the highest  f requenc ies  measured .  

In  the case of the  CuI  films (Fig. 5) the  IDC 2 law 
seems to have  been  obta ined ,  at least  for the lowest  
cur ren t s .  This  is so even  at the  h igh f requenc ies  
where  the  spec t rum devia tes  sha rp ly  f rom the  1/f  
form. Since E ( f , )  for GR noise  should v a r y  a s  IDC 2 

also, the  a g r e e m e n t  wi th  [1] for the h ighes t  f re -  
quencies  is t a k e n  to be evidence  tha t  the s ingle  t ime 
cons tan t  process is a GR process. 

Severa l  IneO3 films were  exposed sequen t i a l l y  to 
a tmospheres  of d i f ferent  gases where  the sequence  
was  f rom h u m i d  air  (45% re la t ive  h u m i d i t y )  where  
it had been  s tored pr ior  to m e a s u r e m e n t ,  to d ry  air  
for 6 hr, to d r y  N2 for 16 hr  and  f inal ly  back to 
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dry. 

h u m i d  a i r  again.  The  resul t s  of this opera t ion  are  
p resen ted  in  Fig. 6. As m a y  be seen f rom the  me a s -  
u r emen t s ,  r emova l  of wa t e r  vapor  had  l i t t le  effect 
on the  1 / f  noise. I t  did, however ,  in t roduce  an  
a n o m a l y  at a f r equency  of about  6 kcps. Remova l  of 
oxygen,  on  the  other  hand ,  r e su l t ed  in  a gene ra l  i n -  
crease in  E ( f ) ,  bu t  i n t roduced  no add i t iona l  a n o m -  
alies. 

F ina l ly ,  there  is p re sen ted  in  Fig. 7 the effect of 
t e m p e r a t u r e  upon  the  noise power.  A smal l  bu t  
s teady decrease w i th  decreas ing  t e m p e r a t u r e  is 
no ted  here.  Not all  of the change  in  E ( f )  can be a t -  
t r i bu ted  to a s imple  t e m p e r a t u r e  effect because  these 
data  were  not  ob ta ined  wi th  the  same cur ren t .  The 
c u r r e n t  t h rough  the  films decreased wi th  decreas ing  
t e m p e r a t u r e s  at least  pa r t i a l l y  because  the i r  t e m -  
p e r a t u r e  coefficient of res i s tance  is negat ive .  Ra the r  
t h a n  r e t u r n  the c u r r e n t  to its in i t i a l  va lue  eve ry  
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Fig. 7. Noise-temperature characteristics for an indium oxide 
film. �9 27~ <>, 0~ F-], - -78~ A ,  - -196~ 

t ime  the  t e m p e r a t u r e  was  lowered,  a nd  r i sk  an  i r -  
r evers ib le  change  in  the proper t ies  of the  film, the 
n e w  c u r r e n t  levels  were  accepted. However ,  since 
the changes  in  the  c u r r e n t  were  r e l a t i ve ly  small ,  
625 ~amp at 27~ to 582 /~amp at  - -196~ the  cor-  
rec t ions  are p r o b a b l y  small .  

Discussion 
Discussion of the  resul ts  for the CuI  films wi l l  be 

r e se rved  u n t i l  la ter ,  and  the  In203 films t a k e n  up 
first. 

The m e a s u r e m e n t s  are most  easi ly  exp la ined  if 
the In208 films have  a 2-D n e t w o r k  s t ruc ture ,  i.e, a 
q u a s i - c o n t i n u o u s  s t r uc t u r e  fo rmed  by  the  aggre -  
gates of the  deposit  al l  m a k i n g  poin t  contacts  w i th  
one ano the r  as suggested  by  O sma n  (8) .  The low 
resis tances,  the decrease  in  the  noise power  wi th  a 
decrease  in  t e m p e r a t u r e ,  and  even  the  pho tomic ro -  
graphs  showing  the " a p p a r e n t "  d i scon t inuous  s t ruc -  
t u r e  of these  films are  r ega rded  as ev idence  for this  
s t ruc ture .  

F r o m  the m e a s u r e m e n t s ,  some of which  are p r e -  
sented  in  Fig. 2, it is obse rved  tha t  E ( f )  fol lows ve ry  
closely the  power  law re l a t ionsh ip  

E ( f )  ---- Af  -m [2] 

wi th  m = 1.07 --+ 0.04 for r e a s o n a b l y  low d-c  c u r -  
rents .  This  va l ue  for m is in good a g r e e m e n t  wi th  
va lues  r epor ted  in  the l i t e r a t u r e  (3, 7, 12) and  so 
there  is l i t t le  doub t  t ha t  w h a t  is observed  can  be 
classed as 1 / f  noise. A t  the h igher  cur ren t s ,  ce r ta in  
anomal i e s  appear  in  the  spect ra  which  are difficult 
to expla in .  Bu t  even  at these h igh cur ren ts ,  the  
spect ra  seem bas ica l ly  to consist  of 1 / f  noise. 

If the anomal i e s  observed  in  the  spect ra  were  due 
to a G R - t y p e  p h e n o m e n a  t h e n  it  w ou l d  be expected 
tha t  the  m e a s u r e m e n t s  could be fitted by  an  equa -  
t ion  of the  fo rm 

E ( f )  : AIDC 2f -1  q_~BiIDC2 (1 -}- r~ 2~'i 2)-1 [3] 
i 

w he r e  ~ -- 2~rf and  vi - (2~rfi) -z ;  fl be ing  the  charac -  
ter is t ic  f requenCy of the  G R - p h e n o m e n o n ,  IDC the  
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d-c  c u r r e n t  t h rough  the  film, and  Bi a charac ter i s t ic  
constant .  Since this  canno t  be done it  seems u n l i k e l y  
tha t  the  anomal ies  are associated w i th  any  p h e n o m e -  
non  of this  na tu re .  The fact tha t  the  anomal ies  are  
observed  most  f r e q u e n t l y  at the  highest  c u r r e n t  
levels,  levels  nea r  which  the fi lm is k n o w n  to fai l  
by  res is t ive  hea t ing ,  suggests  tha t  they  are more  
l ike ly  associated wi th  localized fa i lures  in the film. 
For  smal l  cur ren ts ,  the noise m e a s u r e m e n t s  are a l -  
ways  reproducib le .  But  once the  anomal ies  appea r  
in  the spectra,  the  o r ig ina l  c u r r e n t  character is t ics  
can no longer  be rees tabl ished.  Very  s imi la r  " b u m p s "  
in  the spect ra  were  observed  by  v a n  Vliet  (13) and  
his co -worke r s  for the noise in severa l  types  of 
thermis tors .  

As was  po in ted  out  ear l ier ,  con t r ibu t ions  to the  
measu red  1/f  spectra  can be expected  f rom no less 
t h a n  three  sources in  these films: the  b u l k  mate r ia l ,  
smal l  v o l u m e  contacts,  and  in t e rpa r t i c l e  t u n n e l i n g  
processes. F r o m  theory  and  f rom e x p e r i m e n t  (w i th  
ve ry  few re l iab le  except ions)  all  th ree  noise sources 
show E ( f l )  cc IDC n wi th  n ~ 2. The large devia t ions  
f rom n = 2 for the  In203 films are no t  expla ined .  
Most p r o b a b l y  this is re la ted  to the semicon t inuous  
s t ruc ture ,  for in  the course of m a k i n g  the m e a s u r e -  
ments ,  it was observed  tha t  w h e n  the films were  
ben t  s l ight ly  concave or even  v i b r a t e d  (hence  the  
need  for shock m o u n t i n g )  the tota l  noise was en -  
hanced.  

F r o m  other  m e a s u r e m e n t s  (not  here  repor ted)  
the res is tance  of these  films is k n o w n  to be app re -  
c iably  h igher  w h e n  m e a s u r e d  in  mois t  a ir  or n i t r o -  
gen t h a n  w h e n  m e a s u r e d  u n d e r  dry  condi t ions  bu t  
on ly  s l ight ly  h igher  in  d ry  air  and  oxygen  t h a n  in  
d ry  n i t rogen .  Qui te  the reverse  appears  to be the  
case for the noise proper t ies  as m a y  be seen in Fig. 
6; mois tu re  has l i t t le  or no effect whi le  the  effect 
of r e m o v i n g  oxygen  is to increase  the noise. The i n -  
creased res i s t iv i ty  of the films in  the  presence  of 
mois tu re  is exp la ined  by  the swel l ing  of the ge la t in  
which  causes the n e t w o r k  s t ruc tu re  of the film to 
open. Ge la t in  has been  repor ted  as absorb ing  as 
much  as 20 to 30% by  weigh t  wa t e r  at n o r m a l  room 
t e m p e r a t u r e s  and  re la t ive  humid i t i e s  of 30 to 70% 
(14).  It  is surpr i s ing ,  however ,  tha t  such a change  
in  the d imens ions  of the film does not  also affect the  
noise. 

Oxygen  sorbed on the  films, e i ther  on the is lands  
of In203 or on the exposed subs t ra te  b e t w e e n  the  
is lands  seems to p lay  an  i m p o r t a n t  role in the 1/f  
noise gene ra t i ng  processes. W h e t h e r  this  be by  
car r ie r  in jec t ion  (or suppress ion)  or by  chemical  
modif icat ion of the film is no t  known .  M e a s u r e m e n t s  
by  Rupprech t  (10) show tha t  the conduc t iv i ty  of 
t h i n  In20~ films decrease sha rp ly  wi th  decreas ing  
oxygen  pressure  at  t e m p e r a t u r e s  of the order  of 
500~ and  h ighe r  bu t  is l i t t le  affected for t e m p e r a -  
tu res  be low about  100~ Thus  chemical  modif ica-  
t ions wou ld  seem not  to be i m p o r t a n t  here.  H o w -  
ever,  s ince 1/f  noise is sensi t ive  to smal l  va r i a t ions  
in  the n u m b e r  of charge  carr iers ,  it m a y  a lways  be 
a rgued  tha t  there  is s ignif icant  dissociat ion even  at 
room t empera tu re s .  W h a t e v e r  the  mechan i sm,  it is 
a r evers ib le  one for on r eadmiss ion  of air  a f ter  be -  
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ing in  n i t r ogen  (or u n d e r  v a c u u m )  the  or ig ina l  
noise and  res is tance  charac ter is t ics  are recovered.  

It  would  seem tha t  the above is ev idence  for the 
noise be ing  associated w i th  b u l k  semiconduc to r  
proper t ies  and  not  po in t  contacts  as p r ev ious ly  sug-  
gested. However ,  this  a p p a r e n t  conflict is resolved 
if it is t r ue  tha t  the noise in  s emicon t inuous  films is 
governed  l a rge ly  by  surface  t r a p p i n g  of c u r r e n t  
car r ie rs  at the smal l  vo lume  const r ic t ions  of the 
contacts.  

The CuI  films wi l l  now be discussed brief ly since 
on ly  a ve ry  l imi ted  a m o u n t  of i n f o r m a t i o n  was ob-  
ta ined.  

These films are cons ide rab ly  th icker  t h a n  the 
In203 films and  a lmost  c e r t a i n l y  possess a c o n t i n u -  
ous s t ruc ture .  It  is to be expected therefore  tha t  
they  wi l l  behave  l ike o ther  semiconduc tor  films, for 
example ,  l ike the P bS  films e x a m i n e d  by  Ba rbe r  
(15) and  by  L u m m i s  and  Pe t r i t z  (16).  A n d  indeed  
they  do. Fol lowing  the i r  procedure ,  the  da ta  of Fig. 
3 and  5 for the  CuI  fi lms can be fitted by  the  semi-  
empi r ica l  equa t ion  of Herzog and  v a n  der  Ziel  (17) 

E ( f )  = AI2f -~ + BI2[1 ~- (f/f0)2] -1 [4] 

ind ica t ing  tha t  the  noise spect ra  consists of a con-  
t r i b u t i o n  f rom 1/f  noise and  a con t r i bu t i on  f rom a 
s ingle  t ime cons tan t  p h e n o m e n o n ,  poss ib ly  G - R  
noise, f0 is the charac ter i s t ic  f r e que nc y  of this proc-  
ess. The la t te r  con t r ibu tes  to the  m e a s u r e d  spectra  
on ly  in the reg ion  of the highest  f requenc ies  meas -  
ured.  U n f o r t u n a t e l y ,  the  m e a s u r e m e n t s  could not  
be ex tended  beyond  the audio r ange  to p e r m i t  an  
accura te  d e t e r m i n a t i o n  of the charac ter i s t ic  r e l axa -  
t ion  t ime  To = (2~rf0) - ' .  T0 appears  to be of the order  
of severa l  h u n d r e d  to 1000 t~sec, however .  
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ABSTRACT 

Hai l  effect measurements  on semiconduct ing glasses from the systems, 
a r sen ic - t e l lu r ium- iod ine  and a r sen ic - t e l lu r ium-bromine ,  a re  repor ted .  The 
Hal l  field is l inear  in the dr i f t  field up to 4.6 v / c m  and in the  magnet ic  field 
up to 70 kilogauss.  The sign of the  Hal l  effect in these systems indicates  n - t y p e  
semiconductors  which  is in apparen t  contradic t ion wi th  the  sign of the  
thermoelec t r ic  effect which indicates  p - t y p e  conduct ivi ty .  The car r ie r  mo-  
bi l i t ies  are  of the order  of 0.05 cm2/volt-sec,  wi th  only smal l  t empe ra tu r e  
dependence.  

This  p a p e r  r e p o r t s  the  conduc t iv i ty ,  Ha l l  effect, 
and  m e a s u r i n g  t echn iques  on a g r o u p  of s e m i c o n -  
duc t i ng  glasses  f r o m  two n e w  sys t ems  f o u n d  b y  
P e a r s o n  and  N o r t h o v e r  (1) .  The  n e w  sys t ems  a r e  
A s - T e - I  and  A s - T e - B r .  

S tud i e s  of the  bas ic  p r o p e r t i e s  of g l a s sy  s e m i c o n -  
duc to r s  h a v e  been  qu i t e  l im i t ed ;  mos t  of t he  p u b -  
l i shed  w o r k  h a v i n g  come f rom K o l o m i e t s  and  co-  
w o r k e r s  (2) .  Conduc t ion  in c o m m o n  glasses  is u s u -  
a l ly  cons ide red  ionic. In  the  pa s t  f ew yea r s ,  h o w -  
ever ,  i no rgan i c  g lasses  have  been  f o u n d  showing  
e l ec t ron ic  conduc t ion  ( 1 , 3 ) .  A t r i a n g u l a r  p h a s e  
d i a g r a m  of one of these  sys tems ,  a r s e n i c - t e l l u r i u m -  
iodine,  is i l l u s t r a t e d  in Fig .  1. The  g l a s s - f o r m i n g  
r eg ion  is w i t h i n  the  i s l and  shown,  w h i l e  ou t s ide  th is  
r eg ion  the  sy s t em is a t  l eas t  p a r t i a l l y  c rys t a l l i ne .  
Rough  cons t an t  c o n d u c t i v i t y  cu rves  h a v e  been  
p lo t t ed  on this  i s land ,  and  these  show tha t  t he  e lec -  
t ron ic  conduc t ion  in  th is  s y s t e m  va r i e s  r o u g h l y  e x -  
p o n e n t i a l l y  w i th  iod ine  con ten t  f r o m  a p p r o x i m a t e l y  
10 -8 ( o h m - c m )  -1 at  l ow  iod ine  to a p p r o x i m a t e l y  
10 - s  ( o h m - c m ) - I  a t  t he  h ighes t  iod ine  c o n c e n t r a -  
t ion.  The  d a t a  po in t s  shown  r e p r e s e n t  compos i t ions  
of t he  s a m p l e s  s tud ied .  

P r e v i o u s  w o r k  on g la s sy  s e m i c o n d u c t o r s  has  
s h o w n  s imp le  e x p o n e n t i a l  d e p e n d e n c e  of  c o n d u c -  
t i v i t y  on r ec ip roca l  t e m p e r a t u r e  (2, 4) .  This  d e p e n d -  
ence was  conf i rmed  in t he  i n t r i n s i c  r eg ion  a b o v e  
r o o m  t e m p e r a t u r e  in t he  sys t ems  s tud ied .  A n  e x -  
a m p l e  of fou r  g lasses  showing  this  e x p o n e n t i a l  d e -  

* D e c e a s e d .  

"re 

,O-o~ ~ 

~" lO_ 7 

/ 
A S  ATOMIC % IODINE ~ I 

Fig. 1. Rough constant-conductivity contours in the system 
As-Te-I. 

p e n d e n c e  is shown  in Fig.  2. These  g lasses  w e r e  
c o m p o s e d  of 53 a tomic  p e r  cent  ( a / o )  As,  43 a / o  Te, 
and  4 a / o  of E l e m e n t  X, t he  X r e p r e s e n t i n g  e i t he r  I 
or  Br  in t he  h a l o g e n  sys tems ,  or  Se or  S in  the  p r e -  
v ious ly  r e p o r t e d  sys tems .  

In  i n t r i n s i c  g e r m a n i u m ,  a cons i s t en t  p i c t u r e  of t he  
v a r i a t i o n  of c o n d u c t i v i t y  w i t h  t e m p e r a t u r e  in the  
i n t r i n s i c  r eg ion  is o b t a i n e d  if t he  v a r i a t i o n  is 
a s c r i b e d  to c a r r i e r  d e n s i t y  changes .  A l t h o u g h  the  
g l a s sy  s emiconduc to r s  do no t  possess  the  e x t e n d e d  
l o n g - r a n g e  o r d e r i n g  f o u n d  in c rys ta l s ,  c u r r e n t  
theor ie s  on the  s t r u c t u r e  of g lass  p o s t u l a t e  t he  e x i s t -  
ence of s h o r t - r a n g e  o r d e r i n g  a m o n g  the  a toms.  
The re fo re ,  i t  is not  u n r e a s o n a b l e  to use  H a l l  effect 
and  c o n d u c t i v i t y  m e a s u r e m e n t s  as in c r y s t a l l i n e  
s e m i c o n d u c t o r s  to e x a m i n e  the  source  of t he  v a r i a -  
t ion of c o n d u c t i v i t y  w i th  t e m p e r a t u r e .  I t  shou ld  be 
noted ,  h o w e v e r ,  t ha t  in t he  g l a s sy  s e m i c o n d u c t o r s  
i t  is not ,  a t  p resen t ,  k n o w n  if  t he  Ha l l  m o b i l i t y  
equa l s  the  d r i f t  mob i l i t y .  

Uphoff  and  H e a l y  (4)  sugges t  t ha t  we l l  ove r  ha l f  
th is  v a r i a t i o n  of c o n d u c t i v i t y  in  the  g l a s sy  s e m i -  
conduc to r s  is k ine t i c  in or ig in ,  t h a t  is, a v a r i a t i o n  
of m o b i l i t y  w i t h  t e m p e r a t u r e .  They  s t a t ed  th is  o n l y  
t e n t a t i v e l y ,  h o w e v e r ,  s ince  t h e i r  Ha l l  m e a s u r e m e n t s  
w e r e  r e s t r i c t e d  to a s ing le  t e m p e r a t u r e .  

Experimental 
S a m p l e s  w e r e  p r e p a r e d  as fo l lows :  C y l i n d e r s  of 

the  g lasses  in  e v a c u a t e d  q u a r t z  v ia l s  w e r e  a i r  

60~ 30~ 

ATOMIC PEn C E N T  
53 4 3  0 4  

A S  - T e  - X 

"--. 

'~ I 
103 / /T  ~ K 

Fig. 2. Conductivity vs. I/temperature plot of four gloss systems 
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llIk 
Fig. 3. Sample "bridge" arrangement for Hall effect and con- 

ductivity measurements. 

quenched  f rom 700~ Wafers  were  cut f rom these 
cy l inders  us ing  e i ther  an  abras ive  whee l  or chemical  
etch saw and  were  l apped  to the  r equ i r ed  th ickness  
us ing  a fine abras ive .  Br idges  were  t hen  cut  f rom 
these wafers  us ing  a v i b r a t i n g  die. A p ic tu re  of a 
sample  b r idge  is shown  in  Fig. 3. Connec t ion  poin ts  
on the  br idges  were  covered wi th  evapora ted  gold 
to a th ickness  of a p p r o x i m a t e l y  5000A; fine copper  
wires  were  soldered to these points  us ing  g o l d - s a t u -  
r a ted  solder. The br idges  were  l igh t ly  sandb la s t ed  
to assure  u n i f o r m  surface  condit ion.  For  the  Ha l l  
effect measu remen t s ,  the  br idges  were  assembled  to 
t h e r m a l l y  r egu la ted  fixtures.  The b r idge  to be me a s -  
u r ed  was  suppor ted  in  a cryosta t  evacua ted  to ap -  
p r o x i m a t e l y  10 -3 m m  Hg for t h e r m a l  isola t ion f rom 
the  outside.  The  sample  w i t h i n  the  cryos ta t  was  
cen te red  in  an  A r t h u r  D. Li t t le  Inc. "Bi t te r  Type"  
solenoid magne t ,  mode l  n u m b e r  BS-3.  This m a g n e t  
developed up to 105,000 gauss in  a 21/8 in. d i ame te r  
th roa t  w i th  a field u n i f o r m i t y  of 1.2% w i t h i n  a 
cy l indr ica l  sect ion 1/2 in. in  rad ius  and  1/2 in. each 
side of center .  

The  equa t ion  below re la tes  Hal l  mob i l i t y  to the  
Hall ,  drif t ,  and  magne t i c  fields. 

EH VH/W 
- -  - -  - -  i 0  - s  # H H  [ 1 ]  

ED VD/L 

Not ing  Fig. 3 again,  EH is the  Hal l  field ( v / c m ) ,  VH 
is the  Hal l  vol tage  (v ) ,  W is the  d i s tance  b e t w e e n  
the  Hal l  a rms  (cm) ,  ED is the dr i f t  field ( v / c m ) ,  VD 
is the dr i f t  vol tage  (v ) ,  L is the d is tance  b e t w e e n  
the dr i f t  a rms  (cm) ,  H is the  magne t i c  field (gauss)  
p e r p e n d i c u l a r  to the c u r r e n t  in the  sample,  and  /~H 
is the  Hal l  mob i l i t y  (cm2/vo l t - sec ) .  In  the  sample  
"br idges"  const ructed,  W ~-- 0.15 cm and  L = 0.28 
cm. The  dr i f t  vol tage  was  m e a s u r e d  us ing  a L&N 
K-3  po ten t iomete r .  The Hal l  vo l tage  was m e a s u r e d  
us ing  a L&N stabi l ized d-c  microvol t  amplif ier ,  
mode l  n u m b e r  9835-A, and  a V a r i a n  recorder ,  
mode l  n u m b e r  G-10.  Because  the  br idges  were  no t  
per fec t ly  symmet r i ca l ,  an  a s y m m e t r y  vo l tage  de-  
ve loped across the Hal l  a rms  and  had  to be can -  
celled. This  was  accompl ished by  record ing  the  vo l t -  
age b e t w e e n  the  Hal l  a rms  whi le  the  magne t i c  field 
was reve r sed  in  polar i ty .  The  Hal l  vol tage  developed 
was, therefore ,  ha l f  the  difference b e t w e e n  the  two 
s t eady- s t a t e  values.  
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Fig. 4. Variation of Hall to drift field ratio with magnetic field 
in the system As-Te-I 53 43 04. 

Results 

In  us ing  these v e r y  large  magne t i c  fields, it  was 
ques t ioned  w h e t h e r  the  Hal l  effect m e a s u r e m e n t s  in 
the glass sys tems were  d e p e n d e n t  on the magne t i c  
field, since g e r m a n i u m  star ts  showing  such a de-  
pendence  a r o u n d  5 kilogauss.  F igu re  4 shows a plot  
of the  Ha l l  to dr i f t  field ra t io  vs. magne t i c  field on 
one of the A s - T e - I  glasses, composed of 53 a /o  a r -  
senic, 43 a /o  t e l l u r ium,  and  4 a / o  iodine.  Hal l  effect 
m e a s u r e m e n t s  were  t a k e n  at  magne t i c  fields up  to 
70 ki logauss.  The  e x p e r i m e n t a l  poin ts  lie on a 
s t ra igh t  l ine  pass ing  t h r ough  the origin,  ind ica t ing  
tha t  the  Hal l  mobi l i ty ,  #m is cons tan t  and  not  m a g -  
net ic  field d e p e n d e n t  up to 70 kilogauss.  E x p e r i m e n t s  
also showed tha t  ~H is i n d e p e n d e n t  of dr i f t  field 
po la r i ty  and  m a g n i t u d e  up to 4.6 v / c m .  

In  order  to d e t e r m i n e  the  t e m p e r a t u r e  d e p e n d -  
ence of the  Hal l  inabi l i t ies  in  these glasses, Hal l  
m e a s u r e m e n t s  were  made  at  va r ious  t e m p e r a t u r e s  
f rom room t e m p e r a t u r e  to 90~ F igu re  5 shows a 
compar i son  of the Hal l  mob i l i t y  and  the  electr ical  
conduc t iv i ty  vs. rec iprocal  t e m p e r a t u r e  on the  same 
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Fig. 5. Variation of conductivity (or) and Hall mobility (#H) with 
1/temperature in the system As-Ted 53 43 04. 
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A s - T e - I  compos i t i on  as above.  In  th is  c o m p o s i -  
t ion  the  H a l l  m o b i l i t y  on ly  changes  f r o m  a p p r o x i -  
m a t e l y  0.08 at  r o o m  t e m p e r a t u r e  to 0.12 cm2/vo l t  - 
sec a t  90~ In  o t h e r  compos i t i ons  of the  sys tems ,  
A s - T e - I  and  A s - T e - B r ,  Ha l l  mob i l i t i e s  v a r i e d  w i t h  
the  s a m e  s m a l l  t e m p e r a t u r e  d e p e n d e n c e ,  f r om a p -  
p r o x i m a t e l y  0.01 to 0.1 cm2/vo l t - sec .  The  c o m p o s i -  
t ion  p l o t t e d  and  also t he  o t h e r  compos i t i ons  s t u d i e d  
showed  t h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e i r  H a l l  
mob i l i t i e s  to be  on ly  a b o u t  15% t h a t  of t h e i r  con-  
duc t iv i t i e s ,  i n d i c a t i n g  t h a t  t he  v a r i a t i o n  of c o n d u c -  
t i v i t y  w i t h  t e m p e r a t u r e  is due  m a i n l y  to c a r r i e r  
d e n s i t y  change  and  on ly  s l i g h t l y  to m o b i l i t y  change .  

Discussion 
The  ind i ca t i on  as to the  source  of the  v a r i a t i o n  of 

c o n d u c t i v i t y  w i t h  t e m p e r a t u r e  in t he  glass  s y s t e ms  
is c o m p l i c a t e d  b y  the  fac t  t h a t  t he  s ign of t he  Ha l l  
effect i nd i ca t e s  t he  g lasses  s t ud i ed  a r e  n - t y p e  s e m i -  
conduc to r s  w h i l e  t he  s ign  of t he  t h e r m o e l e c t r i c  
effect, m e a s u r e d  a t  r o o m  t e m p e r a t u r e  w i t h  a t h e r -  
ma l  g r a d i e n t  of a f e w  degrees ,  i nd i ca t e s  t h e y  a r e  
p - t y p e .  Poss ib l e  causes  of th is  a n o m a l y ,  t a k e n  f r o m  
a d i scuss ion  b y  P e a r s o n  (5) ,  a r e  b r ie f ly :  

1. I f  t h e  s y s t e m  invo lves  two  ca r r i e r s ,  t he  H a l l  
and  t h e r m o e l e c t r i c  effects can  u n d e r g o  s ign  r e v e r -  
sals  as t he  t e m p e r a t u r e  var ies ,  but ,  in  gene ra l ,  t he  
two  effects w o u l d  not  c h a n g e  s ign  at  t he  s ame  t e m -  
p e r a t u r e  so t h a t  t h e r e  m i g h t  be  a r eg ion  w h e r e  t he  
two  effects h a v e  o p p o s i t e  signs.  

2. The  u s u a l  s e m i c o n d u c t o r  concepts  m a y  no t  
a p p l y  s ince  t he  s e m i c o n d u c t i n g  g lasses  l a c k  the  
p e r i o d i c i t y  of n o r m a l  c r y s t a l  l a t t i ces .  

3. The  conduc t ion  process  m a y  d e p e n d  on a " h o p -  
p i n g "  m e c h a n i s m  b e t w e e n  a toms ;  a n d  in  th i s  case  i t  
has  not,  a t  p resen t ,  been  r i g o r o u s l y  e s t a b l i s h e d  t h a t  
t he  Ha l l  and  t h e r m o e l e c t r i c  effects shou ld  h a v e  the  
s ame  sign. 

4. The  ex i s t ence  of a second  p h a s e  m i g h t  also a c -  
count  for  th is  s ign incons i s tency .  The  l i ke l i h ood  of 
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this  p a r t i c u l a r  p o s s i b i l i t y  has  been  d i scussed  b y  
P e a r s o n  (6) .  

The  i n v e s t i g a t i o n  is s t i l l  u n d e r w a y  to r e so lve  th is  
s i tua t ion ,  and  un t i l  th is  a p p a r e n t  c o n t r a d i c t i o n  is 
e xp l a ine d ,  the  d e d u c t i o n  t h a t  t he  v a r i a t i o n  of con-  
d u c t i v i t y  w i t h  t e m p e r a t u r e  in  t he  glass  sy s t ems  
s t ud i e d  is due  m a i n l y  to c a r r i e r  d e n s i t y  changes  
can  on ly  be  m a d e  t e n t a t i v e l y .  
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Correction 

In  the  p a p e r  b y  S. S c h u l d i n e r  and  C. H. P r e s b r e y  
" S h o r t - P u l s e  Techn iques ,  I. K i n e t i c s  of t he  T r i -  
i o d i d e / I o d i d e  Reac t ion  on a P l a t i n u m  E lec t rode  in 

N e u t r a l  So lu t ion , "  Vol. 111, No. 4, pp.  457-465, 1964, 
page  460, r i g h t - h a n d  co lumn,  second  p a r a g r a p h ,  
shou ld  r e a d  " T r a n s i e n t  E q u a t i o n s  (7, 8 ) . . . "  
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ABSTRACT 

The oxidation kinetics of zirconium were  determined in the tempera ture  
range 400~176 at subatmospheric  pressures for exposure  t imes of 650 hr  at 
400~ to 160 hr  at 600~ by a microbalance technique. F rom scale thickness 
measurements ,  it was shown that  at tempera tures  be tween  500~176 the 
amount  of oxygen in the meta l  varies  f rom 14 to 23% of the total  oxygen con- 
sumption respectively.  Fur the r  both the oxidation kinetics and the oxygen 
distr ibution be tween the meta l  and the oxide were  found to be independent  
of changes of oxygen pressure f rom 0.25 to 50 cm Hg. The kinetics were  fitted 
to a parabolic ra te  re la t ion after  an init ial  deviation. In the parabolic range, 
oxidation behavior  approximated  to a model  in which the oxidation ra te  was 
de termined  by oxygen diffusion in both the oxide and metal.  

Z i r c o n i u m  is one of those  f ew  meta l s  w h i c h  is ca-  
pab le  of d i sso lv ing  r e l a t i v e l y  l a rge  quan t i t i e s  of o x y -  
gen. W h e n  it is hea t ed  in this gas at e l e v a t e d  t e m -  
pe ra tu res ,  an oxide  l aye r  is bu i l t  up c o n c u r r e n t l y  
w i t h  the  e s t a b l i s h m e n t  of an  o x y g e n  concen t r a t i on  
g r ad i en t  in the  meta l .  In  any  s tudy  of the  r eac t ion  
of z i r con ium w i t h  oxygen ,  the re fo re ,  bo th  the  m e c h -  
an i sm of ox ide  scale g r o w t h  and diffusion of o x y g e n  
into  the  m e t a l  m u s t  be considered.  

The  k ine t ics  of the  oxidat ion ,  g iv ing  the  o v e r - a l l  
consumpt ion  of o x y g e n  w i t h  t ime,  h a v e  been  s tud ied  
e x t e n s i v e l y  o v e r  a l a rge  r ange  of t e m p e r a t u r e s  
(1 -9) .  Both  pa rabo l i c  and cubic equa t ions  h a v e  
been  used to express  the  k ine t i c  da ta  for  shor t  t e r m  
ox ida t ion  expe r imen t s .  H o w e v e r ,  t he r e  is l i t t l e  r e -  
po r t ed  w o r k  on the  long t e r m  ox ida t ion  b e h a v i o r  of 
z i r con ium at  i n t e r m e d i a t e  t e m p e r a t u r e s  (3, 5),  and 
it was  cons idered  tha t  e x t e n d e d  t ime  s tudies  m i g h t  
p r o v e  m o r e  f ru i t f u l  in the  e luc ida t ion  of the  k i -  
netics.  

Accord ing ly ,  the  p r e sen t  pape r  is devo t ed  to an in -  
ves t iga t ion  of the  ox ida t ion  k ine t ics  of z i r c o n i u m  in 
p u r e  o x y g e n  at t e m p e r a t u r e s  in the  r ange  400 ~ 
600~ for  per iods  up to s eve ra l  h u n d r e d  hours.  

Experimental 
The iod ide - re f ined  z i r c o n i u m  used  in this  s tudy  

was  99.92% p u r e  and  the  analys is  of the  m e t a l  is 
g iven  in Tab le  I. Spec imens  w e r e  cut  f r o m  0.030 in. 

Table I. Analysis of zirconium impurity content 

E l e m e n t  p . p . m .  E l e m e n t  p . p . m .  

A1 45 Mo 25 
B <0.2 N 21 
C 50 Ni < 10 
Cd <0.3 O 140 
Co <5 Pb <5 
Cr 44 Si <40 
Cu <25 Sn <i0 
Fe 218 Ti <20 
H 3.7 V <5 
Hf 68 W <25 
Mg <10 Zn <50 
Mn < i0 

shee t  to sizes of  2 x 1 and 1.5 x 1 cm. The  o x y g e n  
gas ( supp l ied  by Ma theson  Co. Ltd . )  was  l i s ted  as 
99.6 v o l u m e  per  cent  ( v / o )  pure .  It  was  f u r t h e r  
pur i f ied  by  passage  t h r o u g h  hea t ed  cupr ic  oxide,  
ascar i te ,  L inde  5A m o l e c u l a r  sieves,  and a t r ap  i m -  
m e r s e d  in solid ca rbon  d iox ide  to r e m o v e  t races  of 
hydrogen ,  w a t e r  vapor ,  ca rbon  monoxide ,  and ca r -  
bon dioxide.  

The  k ine t ic  e x p e r i m e n t s  w e r e  ca r r i ed  out us ing  a 
v a c u u m  m i c r o b a l a n c e  appa ra tu s  (10).  T w o  sepa ra te  
mic roba l ances  of sens i t iv i t i es  1.55 and 5.00 ~ g / d i v i -  
sion w e r e  found  necessa ry  to ensure  tha t  the  k i -  
net ics  could be  fo l lowed  for  long t imes  ove r  the  t e m -  
p e r a t u r e  r ange  u n d e r  cons idera t ion .  F u r n a c e  t e m -  
p e r a t u r e s  w e r e  con t ro l l ed  to --+1/2~ us ing  a t e m -  
p e r a t u r e  con t ro l l e r  w i t h  a p l a t i n u m  res i s t ance  t h e r -  
m o m e t e r  as the  sensing e lement .  P r io r  to ad-  
m i t t i n g  the  oxygen ,  a spec imen  was  sub jec t ed  to 
a v a c u u m  of 10 -6 m m  Hg for  a pe r iod  of 16 h r  at 
r o o m  t e m p e r a t u r e .  The  spec imen  was  s u b s e q u e n t l y  
hea t ed  to 650~ annea l ed  at this t e m p e r a t u r e  for  
1 hr  in a v a c u u m  of 10 -6 m m  Hg, and then  cooled 
to r eac t ion  t e m p e r a t u r e ,  w h e r e u p o n  o x y g e n  was  
admi t ted .  The  first r ead ings  w e r e  t aken  5 m i n  a f te r  
the  admiss ion  of oxygen .  

In  o rde r  tha t  the  m e t a l  su r face  p r e s e n t e d  to the  
ox id iz ing  gas was  r e p r e s e n t a t i v e  of the  b u l k  meta l ,  
it was  necessa ry  to ensure  tha t  the  d e f o r m a t i o n  in -  
e v i t a b l y  i n t roduced  into the  sur face  of the  m e t a l  
d u r i n g  spec imen  p r e p a r a t i o n  was  r e m o v e d  as fa r  as 
was  possible.  T w o  approaches  w e r e  e x a m i n e d  to 
this end, namely ,  a m e c h a n i c a l  and a chemica l  
polish.  

In  the  fo rmer ,  the  spec imen  was  ab raded  on SiC 
papers  f r o m  240 t h r o u g h  600 m e s h  gr i t  u n d e r  w a t e r  
and then  pol i shed  for  s eve ra l  hours  on a n a p p e d  
cloth, i m p r e g n a t e d  w i t h  8~ d i a m o n d  pas te  and lu -  
b r i ca ted  w i t h  kerosene .  D u r i n g  the  abras ion  de-  
f o r m a t i o n  is p r o d u c e d  in the  sur face  l aye r s  of 
the  m e t a l  to a cons ide rab le  depth.  Fo r  example ,  
f inishing w i t h  a 600 gr i t  pape r  this  amoun t s  to 15~ 
for  70:30 brass  (11) and 2.2~ for  s ta inless  s teel  
(12).  As ye t  no m e a s u r e m e n t s  of this  t ype  h a v e  
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been  m a d e  for z i r con ium and  so it was  necessa ry  to 
r emove  at  least  as m u c h  de fo rma t ion  as has b e e n  
detected on o ther  meta l s  and  alloys. S u b s e q u e n t  
d i amond  pol ishing has been  shown to r emove  this 
de fo rma t ion  in  the  case of the brass  and  the  s t a in -  
less steel, the pol i sh ing  ra te  decreas ing  as the  m e l t -  
ing po in t  of the m a t e r i a l  increases.  Since the  m e l t -  
ing  po in t  of z i r con ium is m u c h  h igher  t h a n  tha t  of 
e i ther  of the two al loys the po l i sh ing  ra te  would  
be expected  to be ve ry  low (13).  

The chemical  polish, which  consisted of a 2 ra in  
s w a b b i n g  at room t e m p e r a t u r e  w i th  an  H F / H N O 3 /  
dis t i l led H20 m i x t u r e  (10 :45:45)  was  preceded  by  
abras ion  to 2/0 e m e r y  u n d e r  p e t r o l e u m  ether.  D u r -  
ing this  polish a th ickness  of me ta l  es t imated  to be 
about  16-20/~ was dissolved which  means  tha t  the 
gross de fo rma t ion  f rom the abras ion  processes was  
removed.  

To e x a m i n e  the  va r i a t ions  in  ox ida t ion  behav io r  
shown  by  spec imens  p r epa red  by  the  two methods ,  
four  spec imens  were  polished,  two by  each me thod  
and  then  oxidized at 400~ in  oxygen  at a p ressure  
of 10 cm Hg for about  150 hr. P r io r  to ox ida t ion  one 
of each pa i r  was hea ted  at 650~ for 1 hr;  he re -  
af ter  this  t r e a t m e n t  is r e fe r red  to as an annea l .  Al l  
expe r imen t s  on the  effects of t e m p e r a t u r e  and  p r e s -  
sure  on ox ida t ion  k ine t ics  were  car r ied  out  w i th  the  
chemica l ly  pol ished a n n e a l e d  specimens.  

It  is possible  to ob ta in  an es t imate  of the a m o u n t  
of oxygen  in  the  me ta l  k n o w i n g  the  tota l  we igh t  
gain  of a spec imen  and  the th ickness  of the  oxide 
film. Meta l lographic  e x a m i n a t i o n s  were  made  of 
the oxide fo rmed  on the me ta l  d u r i n g  ox ida t ion  by  
sec t ioning  a few selected spec imens  m o u n t e d  in  
bakel i te .  The  meta l lograph ic  p r e p a r a t i o n  consisted 
of an abras ion  t h rough  240 to 600 mesh  SiC wet  
papers ,  a polish on an  8 and  a 1/~ d i amond  lap suc-  
cessively, and  a final polish on a S y n t r o n  v i b r a t o r y  
pol isher  us ing  a wa te r  s lu r ry  of 0.3~ T-A12Os on a 
Se lvy t  cloth. 

Results 

Surface preparation.--The kine t ic  curves,  which  
were  ob ta ined  for the  chemica l ly  pol ished and  
ab raded  specimens,  are  shown  in  Fig. 1. I t  is i m -  
med ia t e ly  ev iden t  tha t  the  chemica l ly  pol ished spec-  
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Fig. 2. Oxidation of zirconium at 400~176 in oxygen at 10 
cm Hg pressure. 

imens  oxidize to a lesser  ex ten t  t h a n  the  ab raded  
ones. F u r t h e r ,  there  is a m a r k e d  difference be tween  
the a n n e a l e d  and  u n a n n e a l e d  spec imens  p r epa red  by  
the  same method.  

In  both  methods  of spec imen  p r e p a r a t i o n  the  de-  
f o r ma t i on  m a y  be r emoved  sat isfactori ly ,  bu t  since 
the  chemical  pol ish me thod  was  v e r y  m u c h  more  
rap id  t h a n  the  ab ras ive  method,  it  was  chosen as 
the  s t anda rd  method.  The r ep roduc ib i l i t y  ob ta ined  
in  the k ine t ic  curves  us ing  chemica l ly  po l i shed /  
annea l ed  spec imens  as shown  in  Fig. 1 is w i t h i n  
+--5%. Thus,  if k ine t ic  r ep roduc ib i l i t y  be a c r i te r ion  
for a r ep re sen t a t i ve  surface,  all  o ther  e x p e r i m e n t a l  
condi t ions  be ing  the  same, t hen  the  me thod  adopted 
is sat isfactory.  

Effect o] temperature.--A series of z i r con ium 
specimens  was oxidized in  oxygen  at  a p ressure  of 
10 cm Hg of oxygen  at t e m p e r a t u r e  i n t e rva l s  of 50 ~ 
over  the  r ange  400~176 The ox ida t ion  per iod  
va r i ed  f rom 650 hr  at 400~ to 160 hr  at  600~ A 
f ami ly  of curves,  p lo t ted  as weight  ga in  in  ~ g / c m  2 
vs. t ime  in  hours,  is shown in  Fig. 2. The  r ep ro -  
duc ib i l i t y  of the  da ta  for 400 ~ 500 ~ and  600~ was 
abou t  --+5% in each case. At  all  t e m p e r a t u r e s  the  
k ine t ic  curves  show an  in i t i a l  rap id  ra t e  of ox ida-  
t ion  which  decreases con t inuous ly  w i th  t ime. 

2501- ' ' 
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l 1oo 

0 5 0  I 0 0  150 
T IME IN HOURS 

Fig. 1. Oxidation of zirconium at 400~ in oxygen at 10 cm Hg 
pressure. Curve A, abraded with anneal; Curve B, abraded without 
anneal; curve C, chemically polished with anneal; curve D, chem- 
ically polished without anneal. 
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Fig. 3. Lower curve, oxidation of zirconium at 600~ in oxygen at 
pressure of 0.25, 1, 10, and 50 cm Hg; upper curve, oxidation of 
zirconium at 600~ in oxygen, at x the pressure was reduced from 
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Effect of pressure.--To i nves t i ga t e  the  effect  of 
p r e s su re  change  on the  ox ida t ion  kinet ics ,  speci -  
mens  w e r e  ox id ized  at 600~ at p ressures  of 0.25, 
1, 10, and 50 cm for  150 hr.  The  k ine t ic  curves  ob-  
t a ined  are  shown  in Fig.  3. It  is ev iden t  tha t  w i t h i n  
the  e x p e r i m e n t a l  e r ror ,  the  o v e r - a l l  o x y g e n  con-  
sumpt ion  is unaf fec ted  by p re s su re  change  ove r  the  
r ange  cove red  by  this  inves t iga t ion .  To conf i rm 
this, a spec imen  was  oxid ized  at 600~ at a p res -  
sure  of 10 cm Hg for  27 h r  and then  the  p r e s su re  
was r educed  to 1 cm Hg and  the  ox ida t ion  k ine t ics  
w e r e  fo l lowed  for  a f u r t h e r  139 hr.  As  is shown  
in Fig. 3, the  cu rve  con t inues  w i t h o u t  a break .  

Metallographic examination.--The scale f o r m e d  
on the  spec imens  ox id ized  at all  t e m p e r a t u r e s  f r o m  
400~176  showed  the  cha rac te r i s t i c  d a r k  g r a y  
color  (2) and was  s t rong ly  a d h e r e n t  to the m e t a l  
core, e v e n  on cooling. Me ta l l og raph i c  e x a m i n a t i o n  
of the  sec t ioned  spec imens  in b r i g h t  field showed  
the  ox ide  on the  sur face  to be d a r k  g ray  in color  
and dense  (Fig.  4).  U n d e r  po la r ized  l igh t  the  ox ide  
was  obse rved  to be c o l u m n a r  in s t ruc ture .  Occa-  
s ional ly  a t h i c k e n i n g  of the  scale was  seen, u sua l l y  
in the  a rea  of a c rack  or bl is ter .  

The  edges  of the spec imens  ox id ized  at the  h ighe r  
t e m p e r a t u r e s  showed  a w h i t e  p ip ing  of oxide.  The  
p ip ing  consists  of t h i cke r  areas  of scale wh ich  h a v e  
c racked  and ex fo l i a t ed  f r o m  the  m e t a l / o x i d e  i n t e r -  
face (Fig.  5) ;  h e r e  this  i n t e r f ace  has become  qu i t e  
rounded ,  as was  found  by W a l l w o r k  and J e n k i n s  
(4) .  U n d e r  po la r ized  l igh t  the  ex fo l i a t ed  ox ide  was  

Fig. 4. Section showing oxide on specimen surface. Magnification 
X500. 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  May 1964 

Table II. Influence of pressure on the amount of oxygen 
in zirconium oxidized at 600~ 

P r e s s u r e ,  F i l m  % O x y g e n  
T i m e ,  h r  c m  H g  t h i c k n e s s ,  ~ i n  m e t a l  a 

123 0.25 10.3 18 _+ 8 
115 1.0 10.1 16 ___ 9 
156 10.0 11.1 23 ___ 7 
108 50.0 9.7 17 --+-_ 5 

~ D e t e r m i n e d  s  f i lm  t h i c k n e s s .  

cha rac t e r i s t i ca l ly  of a t w o - f o l d  na tu r e ;  the  ou te r  
pa r t  consis ted of a t r a n s l u c e n t  c o l u m n a r  layer ,  the  
th ickness  of w h i c h  was  of the  same o rde r  as the  
oxide  scale on flat surfaces,  wh i l e  the  inne r  oxide  
was  dense  and a p p a r e n t l y  s t ruc ture less .  

E x a m i n a t i o n  of the  spec imens  a f te r  ox ida t ion  
showed  tha t  w h i l e  the  spec imens  oxid ized  at p r e s -  
sures  of 1, 10, and 50 cm Hg w e r e  the  cha rac te r i s t i c  
d a r k  g ray  color, the  s ample  oxid ized  at the  lowes t  
p re s su re  of 0.25 cm H g  showed  i n t e r f e r e n c e  colors. 

The  ox ida t ion  k ine t ics  h a v e  been  shown  to be  in-  
sens i t ive  to l a rge  p r e s su re  changes.  In  o rde r  to 
show w h e t h e r  t he  o x y g e n  d i s t r ibu t ion  b e t w e e n  the  
oxide  and m e t a l  was  inf luenced  by  p res su re  change,  
m e t a l l o g r a p h i c  e x a m i n a t i o n s  w e r e  m a d e  of the  
spec imens  oxid ized  in the  p re s su re  r ange  0.25-50 
cm. These  resu l t s  a re  shown  in Tab le  II. W i t h i n  the  
e x p e r i m e n t a l  precis ion,  the  d i s t r ibu t ion  was  u n -  
affected by  pressure .  

These  m e a s u r e m e n t s  es tab l i sh  tha t  a p p r o x i m a t e l y  
20% of the  to ta l  o x y g e n  c o n s u m p t i o n  is p re sen t  in 
the  m e t a l  at 600~ Tha t  o x y g e n  diffuses into the  
m e t a l  to an app rec i ab l e  e x t e n t  e v e n  at  the  l o w e r  
t e m p e r a t u r e s  is i l l u s t r a t ed  in Tab le  III. A t  the  t e m -  
p e r a t u r e  of 500 ~ and 550~ it is shown tha t  the  
am oun t s  of o x y g e n  in the  m e t a l  core are  of the  
o rder  of 15%. The  difficult ies in  us ing the  m e t a l l o -  
g raph ic  t e c h n i q u e  for  m e a s u r i n g  scale th icknesses  
on spec imens  oxid ized  at 400~ lead  to a l a rge  e r -  
ror  in the  d e t e r m i n a t i o n  of the  a m o u n t  of oxygen  
in the  me ta l  (Tab le  I I I ) ,  bu t  the  m e a s u r e m e n t s  sug-  
gest  tha t  o x y g e n  is d i sso lved  in the  m e t a l  phase.  

Discussion 

T h e  p re sen t  s tudies  w e r e  ca r r i ed  out  to e x t e n d  
the  ex i s t ing  da ta  to l onge r  t imes  in the  t e m p e r a t u r e  
r ange  400~176 in o rder  to e luc ida te  m o r e  fu l ly  
the  ox ida t ion  mechan i sm.  In c o m m o n  w i t h  o the r  
inves t iga to r s  (1) who  h a v e  s tud ied  the  ox ida t ion  
b e h a v i o r  of z i r c o n i u m  in the  th in  scale region,  it 
has  been  found  difficult  to dec ide  the  type  of ox ida -  
t ion r a t e  r e l a t ionsh ip  be ing  fo l lowed.  G e n e r a l l y  the  

Table III. Influence of temperature on the amount of oxygen 
in zirconium oxidized at a pressure of 10 cm Hg 

F i l m  % O x y g e n  
T i m e ,  h r  T e m p e r a t u r e , ~  t h i c k n e s s , ~  i n  m e t a l  a 

Fig. 5. Section showing oxide at specimen edge. Magnification 
X500. 

644 400 1.2 2 9 •  
519 500 5.9 14___13 
377 550 9.1 16___8 
156 600 11.1 23___7 

a D e t e r m i n e d  s  f i lm  t h i c k n e s s .  
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Fig. 6. Oxidation of zirconium at 400~176 in oxygen at 10 
cm Hg pressure (in parabolic form). 
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Fig. 7. Variation of the parabolic rate constant with temperature 

indec i s ion  has  a r i s en  in connec t ion  w i t h  those  e x -  
p e r i m e n t s  c a r r i e d  out  ove r  r e l a t i v e l y  shor t  i n t e rva l s .  

A t  each  t e m p e r a t u r e  a f t e r  an i n i t i a l  d e v i a t i o n  it 
was  f o u n d  t ha t  the  d a t a  o b e y e d  the  p a r a b o l i c  r a t e  
equa t ion .  The  k ine t i c  d a t a  for  t he  t e m p e r a t u r e  
r a n g e  400~176 w e r e  p lo t t ed  in th is  f o r m  as the  
s q u a r e  of the  w e i g h t  ga in  vs. t i m e  (Fig .  6).  I t  is ev i -  
den t  t h a t  the  p e r i o d  of d e v i a t i o n  f rom p a r a b o l i c  b e -  
h a v i o r  dec reases  m a r k e d l y  w i t h  i nc r ea s ing  t e m p e r a -  
tu re ;  a t  400~ t h e  d e v i a t i o n  l a s t s  400 hr,  w h e r e a s  at  
600~ i t  is on ly  100 h r  in du ra t i on .  

F r o m  th is  d a t a  t he  p a r a b o l i c  cons tan t ,  Kp, for  
each  t e m p e r a t u r e  was  d e t e r m i n e d  f r o m  the  s lope of 
the  l ine  (us ing  l eas t  m e a n  s q u a r e s )  pass ing  t h r o u g h  
the  l a s t  t en  po in t s  on the  g raph .  The  va lue s  of Kp 
g iven  in Tab le  IV p l o t t e d  in  A r r h e n i u s  f o r m  as log 
Kp vs. 1 /T  a re  shown  in Fig .  7. T h e  s t r a i g h t  l ine  
t h r o u g h  the  po in t s  shows  the  ac t i va t i on  ene rgy ,  E, 
to be  31.9 k c a l / m o l e  w h i c h  is in good a g r e e m e n t  
w i t h  p r e v i o u s  va lue s  of 28.6 and  32.0 k c a l / m o l e  

Table IV. Experimental values of the parabolic rate constants 

T e m l ~ e r a t u r e ,  ~ K .  (1~g/cm e) e / h r  

400 8.37 X 10 
450 5.83 X 102 
500 1.65 X 103 
550 5.48 • 10 s 
600 2.33 X 104 
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(2, 14).  The  v a l u e  of t h e  p a r a b o l i c  r a t e  cons tan t ,  
g iven  b y  W a l l w o r k  et al. (9)  for  t he  o x i d a t i o n  of 
d i a m o n d  p o l i s h e d  z i r c o n i u m  a t  850~ for  200 h r  
also t ies on the  s ame  s t r a i g h t  l ine.  

The  o v e r - a l l  o x y g e n  c o n s u m p t i o n  was  una f fec ted  
b y  p r e s s u r e  change  at  600~ F u r t h e r m o r e ,  t he  f inal  
r a t e s  of ox ida t ion ,  as def ined  b y  d r a w i n g  the  bes t  
l ine  t h r o u g h  t h e  l a s t  five po in t s  on the  k i n e t i c  cu rves  
p l o t t e d  in t h e  p a r a b o l i c  f o rm  for  each  of t he  p r e s -  
sures ,  w e r e  w i t h i n  +--10% of each  o t h e r  and  s h o w e d  
no t r e n d  w i t h  c h a n g e  in  p re s su re .  Th is  b e h a v i o r  is 
cons i s t en t  w i t h  the  e s t a b l i s h e d  ox ide  m o d e l  for  
p a r a b o l i c  k ine t i c s  w h e r e  o x i d a t i o n  p roceeds  l a t t i c e  
d i f fus ion of o x y g e n  in t h e  n - t y p e  ox ide  b y  an ion  
vacanc ie s  (15) .  A c c o r d i n g l y ,  t he  c o n c e n t r a t i o n  g r a -  
d i en t  of o x y g e n  across  t he  ox ide  f i lm is no t  m a r k -  
e d l y  af fec ted  b y  o x y g e n  p re s su re ,  and  i t  is t h e r e -  
fore  r e a s o n a b l e  to a s sume  t h a t  t h e  d e g r e e  of o x y g e n  
so lu t ion  into  t he  m e t a l  w o u l d  be  una f fec t ed  ove r  
t he  i n v e s t i g a t e d  p r e s s u r e  range .  This  conc lus ion  is 
b o r n e  out  b y  t h e  r e su l t s  g iven  in  T a b l e  I I  w h e r e  t he  
p e r c e n t a g e  of o x y g e n  in t h e  m e t a l  w a s  a p p r o x i -  
m a t e l y  20% at  a l l  o x y g e n  p re s su res .  

The  d a r k  g r a y  ox ide  f o r m e d  d u r i n g  the  p a r a b o l i c  
s t age  of o x i d a t i o n  was  c o l u m n a r  and  a d h e r e n t  to 
the  m e t a l  sugges t ing  t h a t  i t  acts  as a d i f fus ion  b a r -  
r ie r .  A l t h o u g h  t h e r e  was  ev idence  for  ox ide  b r e a k -  
a w a y  at  t he  edges  of spec imens  (Fig .  5) ,  i ts  o v e r -  
a l l  c o n t r i b u t i o n  to t h e  k ine t i c s  b y  an  i nc rea se  in  
r e a c t i o n  a r e a  and  a loca l ized  d e c r e a s e  in t he  effect ive  
ox ide  d i f fus ion  t h i cknes s  was  f o u n d  to be  w i t h i n  
the  e x p e r i m e n t a l  e r ro r .  The  o x i d a t i o n  cu rves  
showed  no e v i d e n c e  of d i scon t inu i t i e s .  

The  de v i a t i ons  f r o m  p a r a b o l i c  o x i d a t i o n  m a y  be  
l a r g e l y  due  to a l a r g e  n u m b e r  of shor t  c i rcu i t  d i f fu-  
s ion p a t h s  in t he  i n i t i a l l y  f o r m e d  o x i d e  such as 
d i s loca t ion  p ipes  or  g r a i n  b o u n d a r i e s .  S m e l t z e r  et al. 
(17) have  a d v a n c e d  a s i m p l e  m o d e l  for  th i s  t y p e  
of o x i d a t i o n  w h e r e  the  d e n s i t y  of o x y g e n  s i tes  
in the  shor t  c i rcu i t  p a t h s  dec reases  b y  a first  o r d e r  
r a t e  m e c h a n i s m ;  the  ef fec t ive  d i f fus ion cons t an t  
for  o x y g e n  is t i m e  d e p e n d e n t ,  i ts  v a l u e  f ina l ly  be ing  
equa l  to t h a t  for  l a t t i c e  d i f fus ion  only .  This  b e i n g  
so, the  in i t i a l  r a t e  w o u l d  be  g r e a t e r  t h a n  p a r a b o l i c  
as  was  f o u n d  in t he  p r e s e n t  e x p e r i m e n t s .  A l t h o u g h  
the  d a t a  m a y  be  f i t ted  to the  d e r i v e d  equa t ion ,  
w h i c h  a p p r o x i m a t e s  to  a p a r a b o l i c  e q u a t i o n  for  long  
t imes ,  the  m o d e l  does no t  account  for  o x y g e n  so lu -  
t ion  in  t he  me ta l .  I t  is t h e r e f o r e  no t  f ea s ib l e  to 
a n a l y z e  t h e  d a t a  for  t e m p e r a t u r e s  in t he  r a n g e  
500~176 be c a use  15-20% of the  o x y g e n  c o n s u m e d  
is p r e s e n t  in t he  me ta l .  A l so  th is  e q u a t i o n  w a s  no t  
a d o p t e d  to  a n a l y z e  the  k ine t i c s  a t  400~ w h e r e  t he  
m a g n i t u d e s  of t he  r a t e s  w e r e  m a r k e d l y  d e p e n d e n t  
on su r face  p r e p a r a t i o n  (Fig .  1). A t  th is  t e m p e r -  
a t u r e  i t  was  not  poss ib l e  to d i s t i n g u i s h  b e t w e e n  the  
r e l a t i v e  a m o u n t s  of o x y g e n  p r e s e n t  in  t h e  o x i d e  
or  m e t a l  ( T a b l e  I I I ) .  

The  l i n e a r  A r r h e n i u s  p lo t  of t h e  p a r a b o l i c  con-  
s tants ,  the  neg l ig ib l e  effect of o x y g e n  p r e s s u r e  
c h a n g e  on the  o x i d a t i o n  k ine t ics ,  the  d e g r e e  of o x -  
y g e n  so lu t ion  in the  me ta l ,  the  o c c u r r e n c e  of c o m -  
pac t  ox ide  and  the  absence  of d i s con t inu i t i e s  in 
t he  o x i d a t i o n  cu rves  a l l  sugges t  t h a t  t he  m e c h a n i s m  



568 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a y  1964 

of parabol ic  ox ida t ion  r ema ins  the same over the  
inves t iga ted  t e m p e r a t u r e  range.  

In  the  p re sen t  s tudy  the re  was an  in i t i a l  dev ia t ion  
f rom parabol ic  behav io r  and  so this  type  of ox ida-  
t ion on ly  app rox ima te s  to the model  advanced  by  
W a g n e r  (16) for the  g rowth  of a superficial  reac-  
t ion  p roduc t  l aye r  and  c o n c u r r e n t  so lu t ion  of the 
diffusion r eac t an t  in  the subs t ra te ,  because  this  
model  requ i res  the ox ida t ion  kinet ics  to obey a 
parabol ic  equa t ion  f rom zero t ime. At  850~ how-  
ever,  the W a g n e r  model  was found  to be appl icable  
by  W a l l w o r k  et al. (9) for exposures  to 200 hr. 
Moreover ,  the va lue  of the  parabol ic  cons tan t  de-  
t e r m i n e d  by  these  inves t iga tors  was  found  to lie on 
the A r r h e n i u s  plot of this  i nves t iga t ion  (Fig. 7), 
which  suggests  tha t  the m e c h a n i s m  of parabol ic  
ox ida t ion  r ema ins  the same over  the t e m p e r a t u r e  
r ange  400~176 U n f o r t u n a t e l y ,  the re  are insuffi-  
c ient  da ta  ava i l ab le  at  the  lower  t e m p e r a t u r e s  to 
eva lua te  parabol ic  cons tan t s  f rom a cons idera t ion  
of a model  such as tha t  cons idered  by  W a l l w o r k  
et al. (9) .  

Severa l  inves t iga tors  have  i n t e rp r e t ed  the k ine t i c  
da ta  over  a s imi la r  t e m p e r a t u r e  r ange  for shor te r  
t imes  in  t e rms  of a cubic equa t ion  (1, 5, 7). W h e n  
the  p resen t  data  for the  chemica l ly  pol ished speci-  
mens  are p lo t ted  to this  equa t ion  as the  cube of 
the weigh t  gain  vs. t ime,  the  curves  are convex  to 
the t ime  axis. The k ine t i c  data  at 400~ for the 
ab raded  spec imens  show good a g r e e m e n t  to the  cu-  
bic equat ion.  This  behav io r  has also b e e n  repor ted  
by Charles  et al. (3) for the  ox ida t ion  kinet ics  of 
ab raded  z i r con ium at 350 ~ and  450~ At  p resen t  
the re  is no adequa te  model  to account  for cubic 
ox ida t ion  of z i rconium,  a l though  it has been  sug-  
gested tha t  such k ine t ics  m a y  be pa r t i a l l y  due  to 
oxygen  so lu t ion  in  the  me ta l  (7, 18). Consequen t ly ,  
it appears  more  appropr ia te ,  at leas t  for long ex -  
posures,  to r ep r e sen t  the ex tens ive  da ta  for the 
chemica l ly  pol ished spec imens  f rom this i nves t iga -  
t ion  in  t e rms  of a parabol ic  equa t ion  accoun t ing  for 
la t t ice  diffusion of oxygen  in  the oxide and  oxygen  
solut ion in  the metal .  

Conclusions 
The ox ida t ion  k ine t ics  for z i r con ium over the 

t e m p e r a t u r e  r ange  400~176 m a y  be descr ibed 
by  the  parabol ic  ra te  equa t ion  apar t  f rom the  
in i t i a l  devia t ion .  It  is suggested tha t  this  behav io r  
is associated wi th  bo th  diffusion of oxygen  in  the 
oxide and  oxygen  solut ion in to  the  metal .  The in i t i a l  
per iod of oxidat ion,  where  the ra te  was g rea te r  t h a n  
parabol ic ,  m a y  be due  to the  t ime  dependence  of 

the  effective diffusion cons tan t  of oxygen  in  the 
oxide. 

The  oxida t ion  kinet ics  at 600~ were  no t  affected 
by  change  of oxygen  pressure  f rom 0.25 to 50 cm 
Hg, and  the d i s t r i bu t ion  of oxygen  b e t w e e n  the 
oxide and  the me ta l  did no t  v a r y  over this  p ressure  
range.  The a m o u n t  of oxygen  p re sen t  in  the meta l  
over  the range  500~176 va r i ed  f rom 14-23% of 
the total  oxygen  consumpt ion  respect ively .  At  400~ 
the  d i s t r ibu t ion  of oxygen  b e t w e e n  the  oxide and  
the me ta l  could not  be r e l i ab ly  de te rmined .  
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ABSTRACT 

The phase  d iag ram and the densi t ies  for  the  ent i re  AgC1-AgeS sys tem have  
been de termined.  The emf's  for the  concentra t ion cell  

Ag  AgCl~xl~ AgC1 Ag  
- -  + 

AgeS(x2) 

have  been measured  up to 20 mole  % s i lver  sulfide, and in the t empe ra tu r e  
range  be tween  450 ~ and 700~ The resul ts  of the  emf measurements  indicate  
tha t  s i lver  chlor ide  is comple te ly  dissociated and forms ideal  solutions in di-  
lu te  solutions of s i lver  sulfide. Sl ight  posi t ive devia t ions  f rom idea l i ty  occur 
in more  concent ra ted  solutions. Calculat ions f rom the  phase  d iag ram sub-  
s tan t ia te  the  resul ts  of the emf measurements  and indicate  fu r the r  tha t  s i lver  
sulfide, on the s i lver  sulfide side of the  phase  diagrams,  behaves  l ike  an as-  
sociated liquid. The phase  d i ag ram shows a eutectic at  377~ and 35.6 mole  
% s i lver  sulfide, and  an incongruen t ly  mel t ing  compound at  about  50 mole  %. 
Molar  volumes  were  also ca lcula ted  f rom the  dens i ty  measurements  and ind i -  
cate nega t ive  devia t ions  f rom addi t iv i ty .  These  resul ts  are  in t e rp re t ed  in te rms 
of a g radua l  b r eakdown  of the  s t ruc ture  of associated s i lver  sulfide by  the 
addi t ion  of the  ionic s i lver  chloride.  

In  sp i t e  of t h e  i m p o r t a n c e  of  t h e  sulf ide ores,  
t h e r e  h a v e  been  v e r y  f ew  s y s t e m a t i c  i nves t i ga t i ons  
of t he  t h e r m o d y n a m i c  a n d  e l ec t r i c a l  p r o p e r t i e s  of 
m o l t e n  m e t a l  sulf ides  a n d  t h e i r  m i x t u r e s  w i t h  o t h e r  
sal ts .  

Su l f ides  for  w h i c h  the  e l e c t r i c a l  conduc t iv i t i e s  
have  been  m e a s u r e d  a r e  g e n e r a l l y  those  of  the  
t r a n s i t i o n  m e t a l s  and  a re  p r e d o m i n a n t l y  e l ec t ron ic  
conduc to r s  in the  m o l t e n  s ta te .  On m i x i n g  w i t h  t he  
c o r r e s p o n d i n g  m e t a l  ch lor ides ,  t he  c o n d u c t a n c e  
changes  f r o m  e lec t ron ic  to ionic,  and  i t  cou ld  be  
i n f e r r e d  t h a t  the  r e c o v e r y  of m e t a l s  b y  fu sed  sa l t  
e l ec t ro ly s i s  of sulf ide ores  m a y  b e c o m e  poss ib le .  

Thus,  p r e v i o u s  i n v e s t i g a t i o n s  (1 -3 )  h a v e  s h o w n  
t h a t  d i l u t e  so lu t ions  of l e ad  sulf ide  in  m o l t e n  l e a d  
ch lo r ide  a r e  ionic  conduc to r s  and  t h a t  d i r ec t  e l ec -  
t ro lys i s  of such m i x t u r e s  m a y  be ca r r i ed  ou t  a t  h igh  
c u r r e n t  efficiencies.  D e r g e  and  P o u n d  (4)  h a v e  
m e a s u r e d  the  e l ec t r i ca l  conduc t i v i t i e s  and  c u r r e n t  
efficiencies of cup rous  su l f i de - cup rous  c h l o r i d e  
m e l t s  a t  h igh  t e m p e r a t u r e s .  T h e y  found  the  e l e c t r i -  
cal  c o n d u c t i v i t y  dec rea se s  r a p i d l y  on the  a d d i t i o n  
of c u p r o u s  ch lo r ide  and  the  me l t s  become  p r e d o m -  
i n a n t l y  ionic conduc to r s  a t  a b o u t  50 mo le  % cup rous  
chlor ide .  

The  p r e s e n t  w o r k  was  u n d e r t a k e n  to i n v e s t i g a t e  
in  d e t a i l  t he  f ac to r s  a f fec t ing  the  t y p e  of  e l e c t r i c a l  
c o n d u c t a n c e  in m o l t e n  m i x t u r e s  of sulf ides a n d  
chlor ides ,  and  the  m e c h a n i s m  of the  process .  The  
s i lve r  c h l o r i d e - s i l v e r  sulf ide s y s t e m  was  chosen  b e -  
cause  of  i ts  r e l a t i v e  t h e r m a l  s t ab i l i t y ,  i t s  i ne r tne s s  
w i t h  r e s p e c t  to s i l ica  g lass  con ta ine r s ,  and  the  s to i -  
ch iome t r i c  compos i t i on  of t he  sulfide.  

P r e l i m i n a r y  e x p e r i m e n t s  h a v e  i n d i c a t e d  t ha t  the  
t y p e  of e l ec t r i ca l  c o n d u c t i v i t y  is c lose ly  r e l a t e d  to 
t he  s t r u c t u r e  of  t he  mel t s .  I t  was  t h e r e f o r e  dec ided  
to i n v e s t i g a t e  f irst  p r o p e r t i e s  g iv ing  some i nd i ca t i on  
of t he  s t r u c t u r e  of the  l i qu id  m i x t u r e s .  

This  p a p e r  e s t ab l i shes  t he  p h a s e  d i a g r a m  of the  
s y s t e m  and  p r e s e n t s  r e su l t s  on the  d e n s i t y  d e t e r -  
m i n a t i o n  of the  m o l t e n  m i x t u r e s  of s i lve r  c h l o r i d e -  
s i l ve r  sulf ide ove r  the  en t i r e  compos i t i on  range .  The  
t h e r m o d y n a m i c  p r o p e r t i e s  for  d i l u t e  so lu t ions  of 
s i lve r  sulf ide have  also been  d e t e r m i n e d  f r o m  emf  
m e a s u r e m e n t s .  E l e c t r i c a l  conduc t i v i t i e s  for  the  sys -  
t e m  ove r  the  e n t i r e  c o m p o s i t i o n  r a n g e  have  also 
been  m e a s u r e d  a n d  a r e  r e p o r t e d  in  a s e p a r a t e  p u b -  
l ica t ion .  

Experimental 
Preparation of materials.--Silver sulf ide  was  p r e -  

p a r e d  b y  p r e c i p i t a t i o n  f r o m  a bo i l ing  aqueous  so lu -  
t ion of  r e a g e n t  g r a d e  s i l v e r  n i t r a t e  b y  s o d i u m  s u l -  
fide. The  p r e c i p i t a t e  was  t h o r o u g h l y  w a s h e d  w i t h  
d i s t i l l ed  w a t e r  and  d r i ed  at  120~ The  p r o d u c t  was  
f u r t h e r  pur i f i ed  b y  t r e a t m e n t  in a d r y  m i x t u r e  of 
h y d r o g e n  sulf ide and  h y d r o g e n ,  a t  PHeS/PH2 ~- 11, 
a t  a b o u t  700~ S m a l l  a m o u n t s  of excess  su l fu r  
w e r e  t hen  r e m o v e d  f r o m  th i s  p r o d u c t  b y  h e a t i n g  to 
a b o u t  150~ u n d e r  vacuum.  

A n a l y s i s  of th is  p r o d u c t  b y  t i t r a t i o n  for  s i l ve r  
w i t h  t h i o c y a n a t e ,  and  b y  w e i g h t  loss on t h e r m a l  
decompos i t i on  in  air ,  gave  the  a n a l y t i c a l  f o r m u l a  
of  Agl.99S, or  AgeS, w i th in  the  e r r o r  of the  ana lys i s .  
These  r e su l t s  a r e  in a g r e e m e n t  w i t h  W a g n e r ' s  (5)  
o b s e r v a t i o n  t h a t  s t o i c h i o m e t r i c  s i l ve r  sulf ide m a y  be 
p r e p a r e d  at  t e m p e r a t u r e s  b e l o w  the  a to fl t r a n s f o r -  
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m a t i o n  t e m p e r a t u r e  which  occurs  at  178~ 
A n h y d r o u s  s i lver  chlor ide was  of ana ly t i ca l  grade  

and  was  f u r t h e r  dr ied  u n d e r  v a c u u m  at 300~ 
Apparatus.--Cryoscopic measurements.---The l i q -  

u idus  for the  AgC1-Ag2S sys t em was d e t e r m i n e d  
by  cooling curves  car r ied  out  in  a qua r t z  t ube  u n d e r  
a flow of d r i ed  pur i f ied  argon.  In  the  absence  of air ,  
silica glass was  found  to be an  exce l len t  m a t e r i a l  
for  con ta in ing  the melts .  The the rmocoup le  wel l  
was made  f rom th in  wa l l ed  quar tz  tub ing ,  and  the  
t u b i n g  was  col lapsed a r o u n d  the t he rmocoup le  head  
to in su re  good t h e r m a l  contact  w i th  the  melt .  Al l  
the rmocoup les  were  ca l ib ra ted  w i th  respect  to the  
me l t i ng  poin ts  of p u r e  t in,  zinc, and  silver.  The  
t e m p e r a t u r e  was read  at  20-sec in t e rva l s  on a po-  
t en t iomete r .  Cooling ra tes  were  a p p r o x i m a t e l y  l i n -  
ear  and  on the  s i lver  chlor ide  side of the  d i a g r a m  
showed a we l l -de f ined  pla teau.  Supercoo l ing  was  
gene ra l l y  less t h a n  I~  at a cooling ra te  of I ~  
per  min .  

The composi t ion  of the  me l t  in  the  t ube  could 
be changed  b y  add ing  pel le ts  of s i lver  chlor ide or 
s i lver  sulfide f rom a side a r m  feeding  tube  m a g -  
ne t i ca l ly  opera ted  f r o m  outs ide  the  cell. 
EMF measurements.--The t h e r m o d y n a m i c  p r o p e r -  
ties of s i lver  chlor ide in  d i lu te  solut ions  of s i lver  
sulfide up to 20 mole  % were  d e t e r m i n e d  by  me a s -  
u r i n g  the  revers ib le  po ten t i a l  of the  concen t r a t i on  
cell 

Ag AgCI(x1) IAgCI Ag 

-- 1 § Ag2S(x2) 

The cell was cons t ruc ted  f rom silica glass, the two 
elect rode c o m p a r t m e n t s  be ing  separa ted  by  an  as-  
bestos fiber sealed in  silica tub ing .  The composi t ion  
of the me l t  in  the  ind ica tor  ha l f -ce l l  c o m p a r t m e n t  
could be r ead i ly  changed  by  the add i t ion  of s i lver  
sulfide pel lets  f rom a side a rm  feeding  tube.  Al l  
m e a s u r e m e n t s  were  m a d e  u n d e r  an  a tmosphe re  of 
purif ied argon.  

The opera t ion  and  the  detai ls  of cons t ruc t ion  of 
s imi la r  cells have  been  descr ibed in  prev ious  p u b -  
l ica t ions  (6, 7). 
Density measurements.--The densi t ies  of the m o l t e n  
m i x t u r e  of AgC1-Ag2S over  the  en t i re  r ange  of com-  
posi t ions and  at  t e m p e r a t u r e s  b e t w e e n  450~176 
were  d e t e r m i n e d  by  the  a p p a r e n t  loss in  we igh t  
me thod  of a dens i ty  s inker  i m m e r s e d  in  the  melt .  
The appa ra tu s  used is shown  in  Fig. 1. 

The dens i ty  s inke r  was  made  by  seal ing a ~/4 in. 
d i ame te r  by  u in. long t u n g s t e n  rod u n d e r  v a c u u m  
in  silica glass tub ing .  A fine qua r t z  fiber of 0.15- 
0.20 m m  d i ame te r  was d r a w n  f rom one end of the  
s inke r  so tha t  surface  t ens ion  effects and  the vo l -  
u m e  of the  s t em were  negl ig ible .  The  s inker  was  
t h e n  suspended  f rom a quar tz  spr ing  ba lance ,  as 
shown  on Fig. 1. The  ex tens ion  of the  spr ing  could 
be read  to the  nea res t  m i l l i g r a m  wi th  a ca the tome-  
ter.  The s inker  was ca l ib ra ted  at room t e m p e r a t u r e  
in  a cons tan t  t e m p e r a t u r e  b a t h  con t a in ing  dis t i l led  
water .  By the  use  of the  glass pul ley ,  shown on the  
uppe r  pa r t  of the  appa ra tu s  in  Fig. 1, the  level  of 
the s inker  in  the  m e l t  could be ad jus t ed  and  the  
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Fig. 1. Density measurement apparatus 

en t i r e  s inker  and  spr ing  ba l ance  sys tem could be 
ra ised  out  of the  hot  zone of the fu rnace  w i thou t  
open ing  the cell. The cell was  v a c u u m  tight,  and  all  
m e a s u r e m e n t s  were  made  in  an  a tmosphere  of dr ied  
pur i f ied  argon.  I n  order  to ob t a in  r ep roduc ib le  
readings ,  it  was  found  necessary  to r emove  gas 
bubbles ,  which  were  i n v a r i a b l y  t r apped  ins ide  the 
viscous su lph ide  melts ,  by  evacua t ing  the  cell wi th  
the  s inke r  in  place. 

Results and Discussion 

Cryoscopic Measurements 
The e x p e r i m e n t a l l y  d e t e r m i n e d  l i qu idus  is shown  

in  Fig. 2. The accuracy  of the  poin ts  on the  s i lver  
chlor ide side of the  phase d i a g r a m  is be t t e r  t h a n  
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Fig. 2. Phase diagram of the AgCI-Ag2S system 
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-- 0.5~ Thus,  the  o b s e r v e d  m e l t i n g  po in t  of s i l ve r  
ch lo r ide  is 453.2~ as c o m p a r e d  w i t h  454.8~ 
quo t ed  b y  B r e w e r  (8 ) .  

On  the  s i lve r  sulf ide  side, t he  cool ing  cu rves  w e r e  
no t  as w e l l  def ined  due  to t he  s t eepness  of t he  l i q I  
u i d u s  and  the  g l a s sy  n a t u r e  of t he  l i qu id  m i x t u r e s .  
The  m e l t i n g  p o i n t  of p u r e  s i lve r  sulf ide cou ld  no t  
be  o b t a i n e d  a c c u r a t e l y  because  of excess ive  s u p e r -  
cooling.  F r o m  e l ec t r i ca l  c o n d u c t i v i t y  m e a s u r e m e n t s  
(9) ,  h o w e v e r ,  the  m e l t i n g  po in t  was  d e t e r m i n e d  as 
825 ~ • 5~ This  v a l u e  shou ld  be  c o m p a r e d  w i t h  
838 ~ • 2~ r e p o r t e d  b y  K r a c e k  (10) ,  842~ b y  
K u b a s c h e w s k i  and  E v a n s  (11) ,  and  810 ~ to 832~ 
r e p o r t e d  r e c e n t l y  f r o m  e l ec t r i c a l  c o n d u c t i v i t y  
m e a s u r e m e n t s  b y  V e l i k a n o v  (12) .  

The  s y s t e m  has  one eu tec t ic  t ha t  occurs  a t  377~ 
and  35.8 mo le  % s i lve r  sulfide.  A t  abou t  50 mo le  % 
t h e r e  is a p p a r e n t l y  a w e a k  i n c o n g r u e n t l y  m e l t i n g  
c o m p o u n d  of u n k n o w n  compos i t ion .  X i r a y  p a t t e r n s  
of m a t e r i a l  cooled f r o m  the  eu tec t i c  showed  no s ig -  
n i f icant  sh i f t  in t he  s i lve r  ch lo r ide  peaks ,  i n d i c a t -  
ing t ha t  sol id  so lub i l i t y  on the  s i l ve r  ch lo r ide  s ide  
of t he  d i a g r a m  is s l igh t  if  i t  occurs.  

I t  shou ld  be o b s e r v e d  t ha t  t he  c u r v a t u r e  of t he  
l i q u i d u s  on bo th  s ides  of the  d i a g r a m  is oppos i t e  to 
t h a t  o b s e r v e d  in a n o r m a l  sys tem.  

Phase diagram calculations.--On the  s i lve r  ch lo -  
r ide  s ide  of the  d i a g r a m ,  the  f r eez ing  po in t  d e p r e s -  
s ion m a y  be  c a l c u l a t e d  b y  the  c lass ica l  v a n ' t  Hoff 
e q u a t i o n  g iven  be low,  a s s u m i n g  t h a t  the  so lu t ions  
a r e  i dea l  and  t h e r e  is no sol id  so lub i l i ty .  

in  aAgc1 R TF [ 1 ] 

aAgCl is the  a c t i v i t y  of l i qu id  s i l ve r  ch lo r ide  at  t he  
l i q u i d u s  t e m p e r a t u r e  TF ( w i t h  r e spec t  to p u r e  s i lve r  
ch lo r ide  at  TL as the  s t a n d a r d  s t a t e ) .  TF is the  m e l t -  
ing  po in t  t e m p e r a t u r e  of p u r e  s i lve r  ch lor ide .  

The  t e m p e r a t u r e  d e p e n d e n c e  of t he  hea t  of fu -  
s ion (AHf) has  also been  neg l ec t ed  in th is  equa t ion ,  
as a n y  co r r ec t i on  for  the  ACp t e r m  shou ld  be  s m a l l  
c o m p a r e d  to the  u n c e r t a i n t y  in the  p u b l i s h e d  v a l u e  
of the  hea t  of fus ion  of s i lve r  ch lor ide ,  i.e., • 100 
cal. 

The  ca l cu l a t i on  of t h e r m o d y n a m i c  ac t iv i t i e s  in 
i dea l  ionic  m o l t e n  sa l t  so lu t ions  was  d e r i v e d  b y  
T e m k i n  as t he  p r o d u c t  of t he  i n d i v i d u a l  ionic  f r a c -  
t ions  and  a re  g iven  s i m p l y  as t he  f r ac t i on  of ions of 
s im i l a r  sign. Th is  s t a t i s t i ca l  m o d e l  imp l i e s  the  r a n -  
dom d i s t r i b u t i o n  of ca t ions  on ca t ion  si tes,  a n d  of 
an ions  on  an ion  si tes,  r e g a r d l e s s  of the  cha rge  of 
the  ions. 

F lood ,  F o r l a n d ,  and  G r o t h e i m  (13) modi f i ed  
T e m k i n ' s  m o d e l  to accoun t  for  a v a c a n c y  i n t r o d u c e d  
b y  a d i v a l e n t  ion  in t he  m o l t e n  sa l t  s t ruc tu re .  The  
t h e r m o d y n a m i c  a c t i v i t y  is t h e n  c a l c u l a t e d  as t he  
p r o d u c t  of t he  e q u i v a l e n t  ionic  f r ac t ions  for  an ions  
and  cat ions .  

Thus,  in a m i x t u r e  con t a in ing  nl  moles  AgC1, and  
ne mo les  Ag2S, t he  a c t i v i t y  of s i lve r  ch lo r ide  fo l -  
l owing  these  two  mode l s  is g iven  b y  e i t he r  of t he  
r e l a t i onsh ip s  
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Fig. i%. Comparison between the experimenlal and the calc,,lated 
liq,,id,,s on the silver chloride side of the phase diagram. 

(a)  in t e r m s  of the  ionic  f r ac t ions  

aAgc1 = NAg+ " Nc1- --  - -  XAgC1 [2] 
nl  ~ n 2  

(b)  in t e r m s  of  t he  e q u i v a l e n t  ionic f r ac t ions  

nl  
aAgcl = N'Ag+ " N ' c l -  - -  [3]  

nl  ~- 2n2 

I t  shou ld  be  n o t e d  t h a t  because  of the  ex i s t ence  
of a c o m m o n  cat ion,  T e m k i n ' s  a c t i v i t y  is n u m e r i -  
ca l ly  e q u a l l y  to the  c o n v e n t i o n a l  mo le  f r ac t i on  

(XAgc0. 
F i g u r e  3 shows  the  c o m p a r i s o n  b e t w e e n  the  e x -  

p e r i m e n t a l  and  the  c a l c u l a t e d  l iqu idus .  The  sol id  
l ine  is the  bes t  c u r v e  d r a w n  t h r o u g h  the  e x p e r i -  
m e n t a l  points .  A s t r a i g h t  l ine  has  been  d r a w n  f r o m  
0 to 8 mole  % s i lve r  sulf ide and  the  l i qu idus  t hen  
cu rves  off as shown.  The  d a s h e d  l ine  is the  t h e o r e t i -  
cal  l i q u i d u s  c a l c u l a t e d  us ing  T e m k i n ' s  model ,  a n d  
the  d o t t e d  l ine  t ha t  c a l c u l a t e d  us ing  the  e q u i v a l e n t  
f r ac t i on  model .  I t  is e v i d e n t  t ha t  T e m k i n ' s  m o d e l  
g ives  a good a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  da ta ,  
the  d e v i a t i o n  at  8 mo le  % be ing  less  t h a n  100 cal,  
c o m p a r e d  to t he  u n c e r t a i n t y  of •  cal  for  t he  
p u b l i s h e d  v a l u e  of t he  h e a t  of  fus ion  of  s i l ve r  ch lo -  
r ide .  The  conc lus ion  t ha t  t he  s imp le  T e m k i n  model ,  
r a t h e r  t h a n  the  e q u i v a l e n t  ionic  model ,  p r ed i c t s  t he  
co r rec t  a c t i v i t y  for  a s y s t e m  c on t a in ing  m o n o -  and  
d i v a l e n t  anions ,  is t he  s a m e  as t ha t  r e a c h e d  p r e v i -  
ous ly  b y  n u m e r o u s  i n v e s t i g a t o r s  (14-16)  for  sys -  
t ems  con ta in ing  m o n o -  and  d i v a l e n t  cat ions.  The  
r e su l t s  i nd i ca t e  t h a t  s i lve r  sulf ide is c o m p l e t e l y  d i s -  
soc ia ted  and  fo rms  e s sen t i a l l y  i dea l  m i x t u r e s  up  to 
8 mo le  %. D i v a l e n t  and  m o n o v a l e n t  an ions  a re  r a n -  
d o m l y  d i s t r i b u t e d  in a l l  an ion  pos i t ions  and  d i -  
v a l e n t  an ions  a r e  not  a s soc ia t ed  w i t h  a d d i t i o n a l  
vacanc ie s  in  t he  mel t .  

A b o v e  8 mo le  % s i lve r  sulfide,  t he  e x p e r i m e n t a l  
l i q u i d u s  c u r v e  l ies  h i g h e r  t h a n  t h a t  p r e d i c t e d  f r o m  
the o ry ,  i n d i c a t i n g  t ha t  pos i t i ve  d e v i a t i o n s  f r o m  
i d e a l i t y  a r e  occur r ing .  

On the  s i lve r  sulf ide s ide  of t he  phase  d i a g r a m ,  
t he  f r eez ing  p o i n t  de p re s s ion  of  Ag2S on a d d i t i o n  
of AgC1 m a y  b e  c a l c u l a t e d  aga in  f rom t h e  v a n ' t  Hoff 
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Fig. 4. Comparison between the experimental and the calculated 
liquidus on the silver sulfide side of the phase diagram. 

equa t ion ,  t he  p u b l i s h e d  v a l u e  of t he  h e a t  of fus ion  
of AgeS [2.7 k c a l / m o l e  ( 1 1 ) ] ,  and  the  o b s e r v e d  
m e l t i n g  p o i n t  of p u r e  s i lve r  sulfide.  A s s u m i n g  t h a t  
s i l ve r  sulf ide is fu l l y  ion ized  in  t h e  l i qu id  m i x t u r e s ,  
T e m k i n ' s  a c t i v i t y  m a y  be  used  to ca l cu l a t e  t he  t h e o -  
r e t i c a l  l iqu idus .  

F i g u r e  4 shows  the  r e s u l t  of th is  ca lcu la t ion .  I t  is 
e v i d e n t  t h a t  the  c a l c u l a t e d  l i q u i d u s  is a b o u t  40~ 
a b o v e  the  e x p e r i m e n t a l  curve ,  a t  95 mo le  % s i lve r  
sulfide. The  d i s c r e p a n c y  canno t  be  a s c r i b e d  to sol id  
so lub i l i ty ,  as sol id  so lub i l i t y  w o u l d  ra i se  f u r t h e r  t he  
t e m p e r a t u r e  of the  ca l cu l a t e  l ine.  F u r t h e r m o r e ,  a 
h i g h e r  v a l u e  for  t he  hea t  of  fus ion  (17) or  even  a 
h i g h e r  m e l t i n g  po in t  of s i lve r  sulf ide shou ld  also 
i nc rea se  th is  d i f ference .  

So l id  s i lve r  sulf ide m a y  be  d e s c r i b e d  in  t e r m s  of 
a r a t h e r  r i g id  cha in  n e t w o r k  of su l fu r  a toms  cova -  
l e n t l y  b o n d e d  w i t h  t he  h i g h l y  mob i l e  s i lve r  a toms  
in i n t e r s t i t i a l  pos i t ions  (18) .  The  low v a l u e  of the  
e n t r o p y  of fusion,  i.e. on ly  3.1 e.u., i nd i ca t e s  t h a t  
t he  sol id  s t r u c t u r e  does  no t  b r e a k  d o w n  c o m p l e t e l y  
on me l t ing ,  so t h a t  l i qu id  s i lve r  sulf ide shou ld  also 
be  d e s c r i b e d  as an  a s soc ia t ed  l iqu id .  I f  such w e r e  
the  case, t h e n  the  n u m b e r  of s t r u c t u r a l  un i t s  of  
s i l ve r  sulf ide w o u l d  be  less t h a n  t h a t  expec ted .  F u r -  
t he r  b r e a k d o w n  could  also be  e x p e c t e d  on a d d i t i o n  
of s i lve r  ch lor ide .  A n  e s t i m a t e  of t he  a v e r a g e  cha in  
l e n g t h  for  (Ag2S)n r e q u i r e d  to g ive  the  o b s e r v e d  
l i m i t i n g  f r eez ing  p o i n t  depress ion ,  740~ and  95 
mo le  % Ag2S, gave  the  a v e r a g e  v a l u e  for  n as a p -  
p r o x i m a t e l y  2.4. This  v a l u e  a p p e a r s  cons i s t en t  w i t h  
t he  v i e w  t h a t  s i l ve r  sulf ide b e h a v e s  as an  a s soc ia t ed  
l iquid .  

As  m o r e  s i lve r  ch lo r ide  is added ,  f u r t h e r  b r e a k -  
d o w n  shou ld  t a k e  place ,  the  a v e r a g e  cha in  l e n g t h  
shou ld  dec rease ,  and  as a resu l t ,  t he  h e a t  of fus ion  
of s i lve r  sulf ide shou ld  increase .  The  e x p e r i m e n t a l  
l i qu idus  w o u l d  t hen  a p p r o a c h  the  i dea l  l ine  c a l c u -  
l a t e d  us ing  T e m k i n ' s  ac t iv i t ies ,  as s h o w n  b y  t h e  
c o n v e r g i n g  curves  on Fig.  4 at  a b o u t  25 m o l e  % 
s i lve r  ch lor ide .  A t  even  h i g h e r  c o n c e n t r a t i o n s  of  
s i l ve r  ch lor ide ,  the  p r e s e n c e  of the  i n c o n g r u e n t l y  
m e l t i n g  c o m p o u n d  causes  t he  e x p e r i m e n t a l  l i q u i d u s  
to d e v i a t e  f u r t h e r  f r o m  the  idea l  l ine,  b u t  in  t h e  
oppos i t e  d i rec t ion .  

EMF Measurements  
The  r e v e r s i b l e  p o t e n t i a l s  for  the  c o n c e n t r a t i o n  cel l  

A g  AgClCxl) AgC1 A g  

Ag2SCx2) 

w e r e  m e a s u r e d  as  a f u n c t i o n  of t e m p e r a t u r e  and  
concen t ra t ion .  M e a s u r e m e n t  d u r i n g  an  i nc r ea s ing  
and  de c r e a s ing  t e m p e r a t u r e  cyc le  w e r e  in e x c e l l e n t  
a g r e e m e n t ,  and  t h e r e  was  no  s ign  of c o n t a m i n a t i o n  
of the  s i lve r  ch lo r ide  e l e c t r o d e  w i t h  s i lve r  sulf ide 
even  a f t e r  o p e r a t i n g  the  cel l  c o n t i n u o u s l y  for  a 
p e r i o d  of t h r e e  weeks .  

P o t e n t i a l s  a t  c o n c e n t r a t i o n s  h i g h e r  t h a n  30 mole  
% and  p a r t i c u l a r l y  at  t he  h i g h e r  t e m p e r a t u r e s ,  
cou ld  not  be m e a s u r e d  a c c u r a t e l y  be c a use  of w h a t  
was  s u b s e q u e n t l y  (9)  f o u n d  to be  excess ive  e lec -  
t ron ic  c o n d u c t i v i t y  in t he  mel t s .  Thus,  t he  d a s h e d  
l ine  in  Fig .  5 and  6 r e p r e s e n t s  t he  onse t  of e l ec -  
t ron ic  conduc t ion  as d e t e r m i n e d  b y  the  c o n d u c t i v i t y  
m e a s u r e m e n t s .  The  i n t e r p r e t a t i o n  of the  d a t a  b e -  
y o n d  th is  l i m i t  is ques t ionab le .  

On the  pas sage  of one e q u i v a l e n t  of e l ec t r i c i ty ,  
t he  spon t aneous  cel l  r e a c t i o n  m a y  be  r e a d i l y  d e -  
r i v e d  as  

AgCl(liq) -~ [ ( A g C l ) m  " (Ag2S)nJliq 
[ (AgC1)m+l  (Ag2S)n]liq [4]  

w h e r e  m and  n r e p r e s e n t  v e r y  l a r g e  n u m b e r s .  The  
f ree  e n e r g y  c h a n g e  for  th i s  r e a c t i o n  is b y  def in i t ion  
the  p a r t i a l  m o l a r  f ree  e n e r g y  of m i x i n g  of s i lve r  
ch lor ide ,  the  s t a n d a r d  s t a t e  be ing  also def ined  as 
p u r e  l i qu id  s i lve r  ch lo r ide  a t  t he  t e m p e r a t u r e  of 
the  e x p e r i m e n t s .  

The  equa t ion  for  t he  cel l  p o t e n t i a l  is, t h e r e f o r e  

2303 RT 
E log x3` [5 ] 

F 

w h e r e  x and  3' are ,  r e s p e c t i v e l y ,  t he  mo le  f r ac t ions  
and  the  a c t i v i t y  coefficient of s i l ve r  ch lor ide .  

The  l iqu id  j u n c t i o n  p o t e n t i a l  has  no t  b e e n  in -  
c l u d e d  in  Eq. [5]  as p r e v i o u s  m e a s u r e m e n t s  i n d i -  
ca t ed  t ha t  the  j u n c t i o n  p o t e n t i a l  b e t w e e n  two  me l t s  
h a v i n g  a c o m m o n  ion shou ld  be  n e g l i g i b l y  s m a l l  a t  
c lose compos i t ions .  Thus  i t  was  f o u n d  (7)  t ha t  
across  a fused  asbes tos  f iber  s e p a r a t i n g  the  e q u i -  
m o l a r  m i x t u r e  of p o t a s s i u m  and  s o d i u m  ch lo r ides  
and  a so lu t ion  of s i lve r  ch lo r ide  in the  s a m e  so lven t  
mel t ,  the  j u n c t i o n  p o t e n t i a l  van i shes  at  a l l  concen-  
t r a t i o n s  b e l o w  20 mo le  % of s i lve r  ch lo r ide  in so lu -  
t ion.  M u r g u l e s c u  and  S t e r n b e r g  (19) m e a s u r e d  the  
j u n c t i o n  po t e n t i a l s  b e t w e e n  p u r e  l i qu id  s i lve r  
ha l i de s  and  the  c o r r e s p o n d i n g  m i x t u r e s  w i t h  a lka l i  
ch lor ides ,  and  f o u n d  t h a t  in  a l l  cases  the  co r r ec t ions  
for  the  l iqu id  j u n c t i o n  p o t e n t i a l s  w e r e  less t h a n  1 
my.  The  same  conclus ion  was  also r e a c h e d  r e c e n t l y  
b y  L a i t y  (20) for  t he  j u n c t i o n  p o t e n t i a l  b e t w e e n  
m o l t e n  s i lve r  n i t r a t e  and  m i x t u r e s  of s i lve r  n i t r a t e  
and  p o t a s s i u m  n i t r a t e .  

I t  appea r s ,  t he re fo re ,  t h a t  t he  use  of the  s imple  
fo rm of Eq. [5]  for  c a l c u l a t i n g  the  ac t iv i t i e s  is j u s -  
t i f ied on the  bas i s  of i n d i r e c t  e x p e r i m e n t a l  ev idence .  

The  r e su l t s  of t he  p o t e n t i a l  m e a s u r e m e n t s  a re  
g iven  in Fig.  5. T h a t  r e l a t i v e l y  l a r g e  e n t r o p y  effects 
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Table I. Observed densities of molten AgCl-Ag2S mixtures 

(+) 

1.5 

1,4 

,.~ 

"wO 1. I 

k9 1.0 

- ~  0.8 

0,'/ 

0.6 

4O 

"~ .0" 

3 

1.00 0.90 0.80 

Mo le  F rac t ion  of S i l v e r  C h l o r i d e  

Fig. 5. EMF measurements of the cell: 

t AgCI (xl) I AgCl 

Ag2S (x2) 

450 *C ~ 500"C 
550gC 
600'C 

~" 650"C 

700eC 

750~ 

I I I I I I 
.o .9o .8o .70 

Mole Frac~:ion of Silver Chloride 

Fig. 6. Activity coefficients of silver chloride in AgCI-Ag2S 
mixtures. 

occur  in  t hese  m i x t u r e s  is i n d i c a t e d  b y  the  l a r g e  
t e m p e r a t u r e  d e p e n d e n c e  of t he  emf  va lues .  

The  a c t i v i t y  coefficients of s i lve r  ch lo r ide  have  
also b e e n  c a l c u l a t e d  and  a re  g i v e n  in  Fig .  6. I t  is 
e v i d e n t  t ha t  s i lve r  ch lo r ide  in t h e  p r e s e n c e  of s i lve r  
sulf ide shows  s l igh t  pos i t ive  d e v i a t i o n s  f r o m  i d e a l -  
i ty ,  up  to 10 mo le  % s i lve r  sulf ide  t h e  so lu t ions  a r e  
v e r y  n e a r l y  ideal ,  in c o m p l e t e  a g r e e m e n t  w i t h  the  
c a l c u l a t i o n  f r o m  the  p h a s e  d i a g r a m .  K l e p p a  (22) 
and  Togur i  et al. (21) have  also o b s e r v e d  pos i t i ve  
d e v i a t i o n s  f r o m  i d e a l i t y  in  m i x t u r e s  con t a i n ing  a 
c o m m o n  cat ion.  The  a c t i v i t y  coefficients  i nc rea se  
w i t h  i nc rea s ing  s i lve r  sulf ide con ten t  a n d  dec rease  
w i t h  i nc r ea s ing  t e m p e r a t u r e ;  t h e  so lu t ion  a p p r o a c h -  
ing  i d e a l i t y  at  t he  h i g h e r  t e m p e r a t u r e s .  The  s l i gh t ly  
pos i t ive  dev i a t i ons  f r o m  i d e a l i t y  a t  t he  l o w e r  t e m -  
p e r a t u r e  m a y  be  e x p l a i n e d  in  t e r m s  of  a c h a n g e  in  
con f igu ra t iona l  e n t r o p y  b e c a u s e  of a p r e f e r e n t i a l  
d i s t r i b u t i o n  of t he  ions p re sen t .  

A t  h igh  t e m p e r a t u r e s ,  r a n d o m  d i s t r i b u t i o n  p r e -  
vai ls ,  and  the  so lu t ions  b e c o m e  idea l .  In  a n y  case,  
such  s m a l l  pos i t i ve  d e v i a t i o n s  f r o m  i d e a l i t y  shou ld  
not  be  a s c r i b e d  to the  f o r m a t i o n  of c o m p l e x  spec ies  
in  t he  m e l t  ove r  t he  r a n g e  of c o n c e n t r a t i o n  i n v e s t i -  
ga ted .  

Densi ty  Measurements  
The  dens i t i e s  of t h e  m o l t e n  m i x t u r e s  of A g f S -  

AgC1 w e r e  m e a s u r e d  as func t ions  of t e m p e r a t u r e  at  

D e n s i t y  = a - b ( t ~  -- 500 )  
M o l e  f r a c t i o n  S t a n d a r d  T e m p e r a t u r e  
s i l v e r  s u l f i d e  a b X l 0  s d e v i a t i o n  r a n g e ,  ~  

0 4.832 0.87 0.0017 486-800 
5.70 4.984 0.85 0.0025 480-800 

20.37 5.396 0.87 0.002 480-800 
30.01 5.475 0.75 0.0017 500-800 
32.30 5.540 0.74 0.0027 500-800 
39.14 5.654 0.73 0.0013 500-800 
53.44 6.012 0.67 0.0028 650-950 
65.59 6.159 0.45 0.002 700-960 
78.31 6.407 0.55 0.003 700-960 
85.50 6.535 0.52 0.005 700-960 
97.98 7.439 2.6 0.016 860-960 

a n u m b e r  of  compos i t ions .  The  o b s e r v e d  dens i t i es  
w e r e  l i n e a r  f unc t i ons  of t e m p e r a t u r e  for  a l l  c o m p o -  
s i t ions  s tud ied .  L i n e a r  r e g r e s s i o n  of t he  o b s e r v e d  
dens i t i e s  as a func t ion  of t e m p e r a t u r e  y i e l d e d  the  
cons tan t s  a a n d  b to fit t he  e q u a t i o n  

d----a--b ( t - - 5 0 0 )  [62 

w h e r e  t he  t e m p e r a t u r e  is in  de g re e s  cen t ig rade .  
The  cons t an t s  and  t h e  c a l c u l a t e d  s t a n d a r d  d e v i a -  

t ions  a r e  s h o w n  in T a b l e  I. The  m e a s u r e d  dens i t i e s  
of p u r e  s i l ve r  c h l o r i d e  a r e  in e x c e l l e n t  a g r e e m e n t ,  
w i t h i n  0.05%, to t hose  r e p o r t e d  r e c e n t l y  b y  Spoone r  
and  W e t m o r e  (23) .  The  s t a n d a r d  d e v i a t i o n  shows  
the  s ca t t e r  of t h e  m e a s u r e d  d a t a  a b o u t  a s t r a i g h t  
l ine  a n d  does  no t  i nc lude  a b s o l u t e  e r ro r s  such as 
c a l i b r a t i o n  e r r o r s  and  the  effect of su r f ace  t ens ion  
on  the  fine q u a r t z  f ibers.  T h a t  such  e r r o r s  a r e  s m a l l  
is a p p a r e n t  f r o m  the  e x c e l l e n t  a g r e e m e n t  w i t h  W e t -  
m o r e ' s  da ta ,  and  the  s e l f - c o n s i s t e n c y  of t he  d a t a  on 
i n d e p e n d e n t  d e t e r m i n a t i o n s  (see  Fig .  7 at  30 and  
32 mo le  % s i l ve r  su l f ide ) .  

F r o m  t h e  m e a s u r e d  dens i t i es ,  t he  m o l a r  v o l u m e s  
of t he  me l t s  w e r e  c a l c u l a t e d  b y  d i v i d i n g  the  a v e r a g e  
m o l e c u l a r  w e i g h t  of t he  m i x t u r e s  b y  the  dens i ty .  
The  m o l a r  v o l u m e  i s o t h e r m s  p l o t t e d  as a func t ion  of 
compos i t i on  a r e  s h o w n  in  Fig .  7. 

? 39 / 

~ / / /  " 

57 0 / "  

/ ~.,'/,-~o~..~..~/ / 

3 

AqOcI Mole Pcrc~nJc o~ Silver Sulphide 

Fig. 7. Molar volumes of the AgCI-Ag2S system 
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For  composi t ions  close to s i lver  chloride,  the  i n -  
crease in  dens i ty  on inc reas ing  the  s i lver  su lphide  
concen t ra t ions  is tha t  wh ich  migh t  be expected  for 
an  ideal  ionic mix tu re .  The ionic rad ius  of the  su l -  
fu r  ion, 1.82A, is a lmost  the  same as tha t  of the  
chlor ide ion, 1.80A, so tha t  the  add i t ion  of com-  
p le te ly  ionized s i lver  sulfide to s i lver  ch lor ide  should 
increase  the  tota l  mo la r  vo lume  by  only  the v o l u m e  
of one g r a m  ion of s i lver  ions per  mole  of s i lver  su l -  
fide added. If there  are no changes  in  pack ing  effects 
in  the mel t s  on the add i t ion  of s i lver  sulfide, the  ap -  
p r o x i m a t e  increase  in  mola r  vo lume  on  the addi t ion  
of s i lver  sulfide, us ing  a ha rd  sphere  mode l  for the 
ca lcula t ion ,  wou ld  be tha t  shown  by  the  dashed l ine  
in  Fig. 7 for the  500~ isotherms.  I t  is ev iden t  tha t  
in  d i lu te  solut ions  of s i lver  sulfide, the  increase  in  
mola r  v o l u m e  wi th  inc reas ing  s i lver  sulfide concen-  
t r a t i on  is tha t  expected  for comple te ly  ionized s i lver  
sulfide. The dens i ty  m e a s u r e m e n t s  are t hen  in  good 
a g r e e m e n t  wi th  the  ca lcula t ions  f rom the phase  
d i a g r a m  in  ind ica t ing  tha t  in  d i lu te  solut ions  s i lver  
sulfide is comple te ly  ionized, and  tha t  an  add i t iona l  
vacancy  is not  i n t roduced  wi th  the d iva l en t  sulfide 
ion. 

The increase  in  mola r  vo lumes  of the mel t s  above 
the l ine  for app rox ima te  ionic ideal i ty ,  in  the com- 
posi t ion  r ange  20-50%, indicates  a t e n d e n c y  toward  
compound  fo rma t ion  in  the  mel t s  (24).  This  t e n d -  
ency  is co inc ident  w i th  the  i n c o n g r u e n t  m e l t i ng  
compound  shown  in  the  phase d iagram.  

P u r e  s i lver  sulfide has a la rge  mola r  vo lume  which  
decreases r ap id ly  on the add i t ion  of s i lver  chloride.  
Ca lcu la t ions  f rom the  phase  d i a g r a m  on the s i lver  
sulfide side of the sys tem have  a l r eady  ind ica ted  
tha t  m o l t e n  s i lver  sulfide behaves  l ike a n  associated 
l iquid,  w i th  a n e t w o r k  of cova len t ly  bonded  su l fu r  
a toms pers i s t ing  f rom the  solid. This  s t r u c t u r e  would  
be expected  to con ta in  a r e l a t ive ly  la rge  a m o u n t  of 
free vo lume,  and  hence  to have  a la rge  mola r  vo l -  
ume.  The  pa r t i a l  mo la r  vo lume  of s i lver  chloride,  
which  m a y  be d e t e r m i n e d  g raph ica l ly  by  the i n t e r -  
cept of a t a n g e n t  d r a w n  to a n y  of the  i so therms 
shown  in  Fig. 7, would  t h e n  be expected  to be a b -  
n o r m a l l y  small .  Thus  at 900~ the  ind ica ted  pa r t i a l  
mo la r  vo lume  of AgC1 is abou t  23 cc /mo le  as com-  
pa red  w i th  32 cc /mole  for pure  AgC1 at this  t e m -  
pe ra tu re .  

The rap id  decrease in  the mola r  v o l u m e  of the  
mel t s  on the add i t ion  of s i lver  chlor ide  indicates ,  in  
a g r e e m e n t  wi th  the phase  d i a g r a m  calculat ions ,  tha t  
the  la rge  s t r u c t u r a l  u n i t s  in  s i lver  sulfide are r ap id ly  
b r o k e n  up on the  add i t ion  of s i lver  chloride.  Be-  
t w e e n  55 and  85 mole  % si lver  sulfide, the mola r  
vo lumes  appear  to be essen t ia l ly  l i nea r  func t ions  of 
composi t ion,  i nd ica t ing  tha t  the pa r t i a l  mo la r  vo l -  
umes  for bo th  s i lver  chlor ide  and  s i lver  sulfide r e -  
m a i n  cons tan t  and  are addi t ive.  F u r t h e r m o r e ,  the 
pa r t i a l  mo la r  vo lumes  of s i lver  chlor ide in  this  area  
are a p p r o x i m a t e l y  those of pure  s i lver  chloride.  This  
suggests  t ha t  the  sulfide is no longe r  associated, so 
tha t  its pa r t i a l  mo la r  v o l u m e  should r ep re sen t  the 
vo lume  of the  m o n o m o l e c u l a r  l iqu id  s i lver  sulfide. 
I t  should be no ted  tha t  the  pa r t i a l  mo la r  vo lume  of 
s i lver  sulfide in  this a rea  is g rea te r  t h a n  on the  si l -  
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ver  chloride side of the sys tem because  of a possible 
lower  coord ina t ion  n u m b e r  a nd  the  r e su l t ing  l a rger  
a m o u n t  of free v o l u m e  in  the  melt .  

Conclusions 
The combined  resul ts  of the  phase d i a g r a m  cal-  

cula t ions ,  the  emf m e a s u r e m e n t s ,  and  of the  mola r  
vo lumes  of the mix tu res ,  ind ica te  the  fol lowing:  

Di lu te  solut ions of s i lver  sulfide in  s i lver  chlor ide 
are comple te ly  ionized and  fo rm ideal  solutions.  Ad-  
d i t iona l  vacancies  are not  i n t roduced  wi th  the added 
d iva l en t  su l fu r  anions.  

In  more  concen t r a t ed  solut ions,  s l ight  posi t ive  
devia t ions  f rom idea l i ty  occur at low t empera tu re s .  
The  devia t ions  can be accounted  for only  b y  e n t ropy  
effects due to a p r e f e r en t i a l  d i s t r i bu t i on  of the ions 
present .  As the  t e m p e r a t u r e  is increased,  the  solu-  
t ions t end  toward  ideal i ty .  

A n  i n c o n g r u e n t l y  me l t i ng  compound  appears  at 
abou t  50 mole % si lver  sulfide. P u r e  l iqu id  s i lver  
sulfide conta ins  large s t r u c t u r a l  un i t s  of cova len t ly  
bonded  su l fu r  atoms,  pers i s t ing  f rom the  solid. 
These  groups are r ap id ly  b r o k e n  up  on the  add i t ion  
of s i lver  chloride.  
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The Electrical Conductivity, and the Thermodynamic 
and Structural Properties of Molten AgCI-Ag S Mixtures 

II. Electrical Conductivities 

M. C. Be1! and S. N. Flengas 
Department of Metallurgical Engineering, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The specific conduct ivi t ies  of mol ten  s i lver  ch lor ide-s i lver  sulfide mix tures  
have  been  de t e rmined  over  the  ent i re  composi t ion range.  Pure  mol ten  s i lver  
sulfide is a good electronic conductor  hav ing  a specific conduct iv i ty  of 202 
o h m s - l - c m  -1, wi th  an almost  negl ig ible  t e m p e r a t u r e  dependence.  The  meas -  
u red  specific conduct iv i ty  of pure  mol ten  s i lver  chlor ide  is in ve ry  close agree -  
men t  wi th  previous  determinat ions .  Si lver  chlor ide  has a ve ry  low apparen t  
ac t ivat ion energy  for  conduction. By compar ison wi th  the  a lka l i  halides,  i t  is 
shown tha t  the  appa ren t  ac t ivat ion energy for conduct ion of un iva len t  salts  is 
inverse ly  propor t iona l  to the i r  la t t ice  energies.  Di lu te  solutions of s i lver  sul-  
fide in s i lver  chlor ide  are  ionic conductors.  The specific conduct iv i ty  in this  r e -  
gion decreases and the  appa ren t  ac t ivat ion energy for  conduct ion increases 
as the  concentra t ion of s i lver  sulfide is increased.  Above 20 mole  % si lver  
sulfide, the  conduct iv i ty  of the  mel ts  increases  r ap id ly  wi th  increas ing s i lver  
sulfide content  and increas ing tempera ture ,  as electronic conduct ion s tar ts  to 
occur. The ac t iva t ion  energy for electronic conduct ion in this  region is shown 
to be essent ia l ly  composi t ion and t empe ra tu r e  independent .  One per  cent  elec-  
t ronic conduct ion s tar ts  to occur at  about  14 mole  % s i lver  sulfide at  750~ 
and at  24.5 mole  % si lver  sulfide at  460~ Above  50 mole  % s i lver  sulfide the 
conduct iv i ty  increases  ve ry  rapid ly ,  and the t empe ra tu r e  dependence  of the 
conduct iv i ty  becomes negative.  S t ruc tu ra l  changes in these mel ts  appea r  to 
influence the  electronic conduct ion marked ly .  

The  e l ec t r i c a l  c o n d u c t i v i t y  of sol id  s i lve r  sulf ide 
has  been  w i d e l y  i n v e s t i g a t e d  (2, 3) .  I t  has  been  
s h o w n  t h a t  t he  c h a r a c t e r  of t h e  c o n d u c t i v i t y  
changes  f r o m  p r e d o m i n a n t l y  s e m i c o n d u c t i v e  to 
m e t a l l i c  a t  t e m p e r a t u r e s  a b o v e  178~ I t  is p e r h a p s  
of h i s t o r i c a l  i n t e r e s t  t h a t  s i l ve r  sulf ide w a s  the  first  
s e m i c o n d u c t i v e  m a t e r i a l  d i s c o v e r e d  b y  F a r a d a y  in 
1833. 

P u r e  l i q u i d  s i lve r  sulf ide is also a good e l ec t ron ic  
conduc to r  h a v i n g  a specific c o n d u c t i v i t y  of 202 mhos  
c m  -1 a t  850~ a b o u t  ha l f  t h a t  of m o l t e n  F e S  (4) ,  
and  a b o u t  t h r e e  t i m e s  t h a t  of m o l t e n  Cu2S (5) .  
On the  o t h e r  hand ,  m o l t e n  s i lve r  ch lo r ide  is an  
ionic conduc to r  h a v i n g  a specific c o n d u c t a n c e  of 
on ly  3.995 mhos  cm -~ at  500~ I t  shou ld  t h e r e f o r e  
be  e x p e c t e d  t h a t  m o l t e n  m i x t u r e s  of these  two  c o m -  
p o u n d s  w o u l d  e x h i b i t  b o t h  t y p e s  of conduc t iv i ty .  

I t  was  t h e  p u r p o s e  of th is  i n v e s t i g a t i o n  to s t u d y  
the  f ac to r s  af fec t ing  the  t y p e  of c o n d u c t a n c e  p r e -  
v a i l i n g  in  t hese  m i x t u r e s .  

I n  a p r e v i o u s  p u b l i c a t i o n  (1 ) ,  p r o p e r t i e s  g iv ing  
an  ins igh t  in to  t he  s t r u c t u r e  of t he  s i lve r  c h l o r i d e -  
s i lve r  sulf ide  m i x t u r e s ,  p h a s e  d i a g r a m ,  m o l a r  v o l -  

umes ,  and  a c t i v i t y  m e a s u r e m e n t s ,  w e r e  i nves t iga t ed .  
In  th is  p a p e r ,  t he  e l e c t r i c a l  conduc t i v i t i e s  w e r e  
m e a s u r e d  o v e r  t he  p e r m i s s i b l e  t e m p e r a t u r e  r a n g e  
for  a n u m b e r  of compos i t ions  across  the  p h a s e  d i -  
a g r a m .  The  r e su l t s  a r e  d i scussed  in  r e l a t i o n  to t he  
p r e v i o u s l y  m e a s u r e d  s t r u c t u r a l  p r o p e r t i e s  of t he  
sys t em.  

Experimental 
T h e  p r e p a r a t i o n  and  pur i f i ca t ion  of t h e  m a t e r i a l s  

used  in  th is  i n v e s t i g a t i o n  h a v e  been  d e s c r i b e d  in  a 
p r e v i o u s  pub l i ca t i on .  Br ief ly ,  t he  m a t e r i a l s  w e r e  a n -  
h y d r o u s  and  of  r e a g e n t  g rade ,  and  t h e  s i lve r  su l -  
fide was  s to i ch iome t r i c  w i t h i n  t h e  e r r o r  of ana lys i s .  

The  a - c  c o n d u c t i v i t y  b r i d g e  used  in t he  i n v e s t i g a -  
t ion  i n c o r p o r a t e d  b o t h  t he  bas ic  Jones  and  Joseph  
(6)  and  the  L u d e r  (7)  b r i d g e  des igns .  The  b r i d g e  
was  des igned  for  a c c u r a t e  m e a s u r e m e n t s  ove r  a 
w ide  r a n g e  of r e s i s t ances  and  f requenc ies .  L e e d s  
a n d  N o r t h r u p ,  697-C f r e q u e n c y  i n d e p e n d e n t ,  p a i r e d  
r a t i o  a rms ,  a l i ke  to 0.02%, of  10, 100, 1000, and  
10,000 ohms,  cou ld  be  p l u g g e d  into  t he  b r idge .  A 
L e e d s  and  N o r t h r u p  a - c  d e c a d e  r e s i s to r  (4755) h a v -  
ing 1000, 100, 10, 1, and  0.1 o h m  decades  was  used  as 
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the s t anda rd  resistor.  A 0.01 ohm decade was made  
f rom K a n t h a l  res i s tance  wi re  and  a decade switch.  
The power  supp ly  for the br idge  was  an  Eico s igna l  
gene ra to r  h a v i n g  a f r e q u e n c y  response  up  to 100 
kilocycles. A t h r ee - s t age  t r ans i s to r  ampl i f ier  h a v -  
ing an  ampl i f ica t ion  of abou t  2000 to 1 at  low i n -  
pu t  s ignals  was incorpora ted  in  the  b r idge  design. 
The  ampli f ier  p roved  to be qu i te  noise free in  op-  
erat ion.  A broad  b a n d  oscilloscope t u n e d  to the  i n -  
pu t  f requency ,  or a h a r m o n i c  of bo th  60 cycle a nd  
the i n p u t  f requency ,  was  used as the  n u l l  po in t  de-  
tector. The sens i t iv i ty  of the  br idge  was  0.1 ohm in  
10,000 ohms or 0.01 ohm in  100 ohms. No difference 
could be detec ted  b e t w e e n  us ing  the  Luder ,  or the  
Jones  and  Joseph sys tems of b a l a n c i n g  the  br idge,  
and  the Jones  and  Joseph sys tem was used as it 
r equ i r ed  less precise ba l anc ing  of the  W a g n e r  
ground.  

The conduc t iv i ty  cell used  in  the  i nves t iga t ion  is 
i l l u s t r a t ed  in  Fig. 1. The  cell was  a s imple  U - t u b e  
silica glass capi l lary .  Sil ica was found  to be an ex-  
ce l lent  con t a ine r  for these melts ,  p rov ided  oxygen  
was r igorous ly  exc luded  f rom the  cell, and  the  cells 
showed no s ign of a t tack  even  af ter  severa l  weeks  
of operat ion.  I t  was found  tha t  the  viscous mel t s  
wou ld  no t  r ead i ly  come to the same hydros ta t i c  
level  on e i ther  side of the U - t u b e  w h e n  the cap i l l a ry  
used was smal le r  t h a n  1.5 m m  ID. Therefore ,  the  
cap i l la ry  used in  the p resen t  i nves t iga t ion  was  2.5 
and  2.0 m m  ID and  cell cons tan t s  of abou t  400 and  
800 cm -1 were  obta ined.  Br igh t  p l a t i n u m  disk elec-  
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t rodes were  used on the s i lver  chlor ide side of the 
system. Since p l a t i n u m  dissolves in  m o l t e n  sulfides, 
t u n g s t e n  rod electrodes were  used and  found  to be 
qui te  s table  on the  s i lver  sulfide side of the  system. 
The electrodes were  fused to h e a v y  s i lver  wi res  
which  were  t a k e n  out  of the  cell  t h r ough  v a c u u m -  
t ight  s l id ing seals. The  res i s tance  of the  electrodes 
and  of the  leads were  m e a s u r e d  at  severa l  t e m p e r -  
atures,  and  app rop r i a t e  correct ions  were  applied.  
The en t i re  cell was i m m e r s e d  in  a mo l t en  t in  ba th  
covered wi th  ca rbon  and  m a i n t a i n e d  u n d e r  an  a rgon  
a tmosphere .  Wi th  the t in  bath ,  the  t e m p e r a t u r e  g ra -  
d ien t  over  the l eng th  of the  cell, a p p r o x i m a t e l y  6 
in., could easi ly be  ad jus ted  to less t h a n  V4~ and  
could r ead i ly  be m a i n t a i n e d  at  a cons tan t  t e m p e r -  
a tu re  d u r i n g  the t ime  r equ i r ed  for a reading.  

I t  was found  in  p r e l i m i n a r y  e xpe r i me n t s  tha t  the  
mel ts  did no t  wet  the  quar tz ,  and  bubb le s  fo rmed  
b e t w e e n  the me l t  and  the cell. I t  was  there fore  
found  necessary  to evacua te  the  cells l igh t ly  to ob-  
t a in  r ep roduc ib le  resis tances.  The  en t i re  cell as 
cons t ruc ted  was v a c u u m  t ight ,  and  was  a lways  
m a i n t a i n e d  u n d e r  a s l ight  posi t ive  p ressure  of dried,  
purif ied argon,  wh i l e  the  ac tua l  r ead ings  were  be ing  
taken.  Different  p ressures  of a rgon  could be  ap-  
pl ied to e i ther  side of the cell and  the  me l t  moved  
comple te ly  t h r ough  the  cap i l l a ry  to i n su re  tha t  no 
bubb l e s  we re  present .  This  opera t ion  was  repea ted  
for each m e a s u r e m e n t  to i n su re  tha t  the  correct  
read ings  were  obta ined.  The  cell had a s idea rm 
feeding  t u b e  m a g n e t i c a l l y  opera ted  f rom outside,  
so tha t  the composi t ion of the  me l t  could be changed  
wi thou t  open ing  the  cell by  add ing  pel lets  of e i ther  
s i lver  sulfide, or s i lver  chloride.  

The  conduc t iv i ty  cells w e r e  ca l ib ra ted  at room 
t e m p e r a t u r e  us ing  1 demal  KC1 solu t ion  for which  
the  conduc t iv i ty  is accura te ly  k n o w n  (8).  The  t e m -  
p e r a t u r e  of the  la rge  dis t i l led w a t e r  b a t h  used as 
a t he rmos ta t  could be m a i n t a i n e d  cons t an t  to 
0.001~ d u r i n g  the  t ime  r e q u i r e d  for ca l ibra t ion .  
The cells were  ca l ib ra ted  for d i f ferent  a m o u n t s  of 
solut ions  in  the  cells, and  di f ferent  a m o u n t s  of elec-  
t rode i m m e r s i o n  at each level  of solut ion.  The level  
of the  solut ions  in  the  cell was  r ead i ly  m e a s u r e d  
wi th  a ca the tomete r  by  lower ing  the  electrode as-  
s embly  u n t i l  e lect r ical  contact  was  es tab l i shed  
across the  cell. The cell cons t an t  was t hen  k n o w n  
regard less  of the  a m o u n t  of me l t  in  the  cell, or the  
a m o u n t  of e lectrode immers ion .  The  cap i l l a ry  ac- 
coun ted  for essen t ia l ly  al l  of the  cell  res is tance,  so 
tha t  the  total  va r i a t i on  for the  a m o u n t  of e lectrode 
i mme r s i on  and  level  of solut ions  in  the  cell was 
less t h a n  0.3% of the cell constant .  D u r i n g  ca l ib ra -  
t ion, the res is tances  were  m e a s u r e d  at  f r equenc ies  
f rom 2 to 12 ki locycles and  ex t rapo la ted  to inf ini te  
f requency .  The ex t r apo la t ion  to inf in i te  f r e quency  
was  gene ra l l y  less t h a n  1% of the  tota l  res i s tance  
w h e n  us ing  the  p l a t i n u m  disk electrodes,  and  
s l ight ly  more  w h e n  us ing  the  t u n g s t e n  rod e lec-  
trodes. 

Results and Discussion 
The res i s tance  of the  s i lver  ch lo r ide - s i lve r  sul -  

fide mel t s  was  m e a s u r e d  at  a n u m b e r  of concen-  
t r a t ions  over  the  en t i re  composi t ion range ,  as a 
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func t ion  of t e m p e r a t u r e .  The  r e s i s t ances  w e r e  r e -  
p r o d u c i b l e  to w i t h i n  0.2% over  pe r i ods  of s e v e r a l  
days  on i nc rea s ing  a n d  d e c r e a s i n g  the  t e m p e r a t u r e  
cycle.  A l a r g e  n u m b e r  of r ead ings ,  a b o u t  30, w e r e  
t a k e n  at  each  compos i t i on  so t h a t  a c c u r a t e  cu rves  
could  be  d r a w n  t h r o u g h  the  resu l t s .  T h e r e  was  no 
m e a s u r a b l e  change  in  t he  o b s e r v e d  r e s i s t ances  on 
c h a n g i n g  the  b r i d g e  f r e q u e n c y  f r o m  1 to 9 k i l o -  
cycles.  A l l  m e a s u r e m e n t s  w e r e  t h e r e f o r e  m a d e  a t  
3 k i locyc les .  

Ionic conduct ion. - -The m e a s u r e d  specific c o n d u c -  
t iv i t i e s  of t h e  m e l t s  on t h e  s i lve r  c h l o r i d e  s ide  of 
the  s y s t e m  up to t he  eu tec t ic  compos i t i on  a r e  shown  
in Fig.  2. H i g h e r  concen t r a t i ons  h a v e  conduc t iv i t i e s  
we l l  a b o v e  the  r a n g e  of th is  g raph .  

The  m e a s u r e d  conduc t iv i t i e s  for  p u r e  s i lve r  
ch lo r ide  a r e  2 .0-2.5% h i g h e r  t h a n  those  r e p o r t e d  b y  
H a r r a p  and  H e y m a n  (9) and  0.7% h i g h e r  t h a n  
those  r e p o r t e d  m o r e  r e c e n t l y  b y  Douce t  and  B i -  
z o u a r d  (10) .  O u r  v a l u e s  are,  h o w e v e r ,  in e x c e l l e n t  
a g r e e m e n t  w i t h  those  r e p o r t e d  b y  W e t m o r e  (11) ,  
be ing  on ly  0.15% h igher .  

I t  is e v i d e n t  f r o m  Fig.  2 t h a t  t h e  conduc t i v i t i e s  of 
the  m i x t u r e s ,  up  to 20 m o l e  % s i lve r  sulfide,  a r e  
l o w e r e d  b y  the  a d d i t i o n  of s i lve r  sulf ide,  p a r t i c u -  
l a r l y  at  t he  l o w e r  t e m p e r a t u r e s .  I t  was  s h o w n  in a 
p r e v i o u s  p u b l i c a t i o n  (1)  t ha t  s i l ve r  sulf ide  is c o m -  
p l e t e l y  ion ized  in th is  c o n c e n t r a t i o n  range .  D u k e  
has  s h o w n  tha t  s i l ve r  ions in  m o l t e n  s i lve r  ch lo r ide  
c a r r y  mos t  of t he  c u r r e n t  (12) ,  so t h a t  t h e  o b s e r v e d  
dec rease  in c o n d u c t i v i t y  shou ld  be  a t t r i b u t e d  to a 
l o w e r i n g  of t he  m o b i l i t y  of t he  s i l ve r  ions  due  to 
t h e  h i g h e r  cha rge  d e n s i t y  of t he  d i v a l e n t  su l fu r  ions. 

A b o v e  20 m o l e %  s i l ve r  sulfide,  as seen  in Fig.  2, 
t h e r e  is a v e r y  r a p i d  i nc rea se  in c o n d u c t i v i t y  w i t h  
t e m p e r a t u r e ,  and  conduc t iv i t i e s  m u c h  h i g h e r  t h a n  
t ha t  for  p u r e  s i lve r  ch lo r ide  a r e  obse rved .  This  i n -  
c rease  in  c o n d u c t i v i t y  is due  to e l ec t ron ic  c o n d u c -  
t ion,  as none  of the  ions  in  so lu t ion  could  h a v e  m o -  
b i l i t i e s  h igh  enough  to g ive  t h e  o b s e r v e d  c o n d u c -  
t iv i t ies .  

The  specific c o n d u c t i v i t y  for  those  compos i t ions  
h a v i n g  ionic  c o n d u c t i v i t i e s - - u p  to 9.95 mo le  % 
s i lve r  sulf ide  at  a l l  t e m p e r a t u r e s ,  and  the  l o w e r  t e m -  
p e r a t u r e  r eg ion  of t he  19.83 mo le  % c u r v e - - c o u l d  
be  e x a c t l y  fit to an  e q u a t i o n  of t h e  f o r m  

Kionic = a + b ( t -  400) - -  c ( t  - -  400) 2 [1]  
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Fig. 2. Specific conductivities of molten AgCI-Ag2S mixtures, on 
the silver chloride side of the composition range. 
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Table I. ionic conduction in AgCI-Ag2S melts. Kionic ~ -  a ~-  b 
(t - -  400) - -  c (t - -  400) 2 where t is the temperature in 

degrees centigrade 

M o l e  f r a c t i o n  
s i l v e r  s u l f i d e  a b • 1 0 2  c • 1 0 5  

0 3.580 0.4625 0.451 
2.70 3.390 0.4463 0.375 
5.00 3.309 0.4143 0.243 
9.95 2.975 0.450 0.205 

19.83 2.605 0.472 0.0 
29.67 2.39* 0.49* O* 
35.5 2.36* 0.49* O* 

* E x t r a p o l a t e d  v a l u e s .  

The  d e t e r m i n e d  v a l u e s  of t he  cons tan t s  a, b, and  c, 
a re  g iven  in T a b l e  I. The  coefficients for  Eq. [1]  
w e r e  t hen  e x t r a p o l a t e d  to g ive  t he  coefficients,  and  
t h e r e f o r e  t he  e x p e c t e d  ionic  conduc t i v i t i e s  for  t he  
29.7 and  35.5% compos i t ions .  The  e x t r a p o l a t e d  v a l -  
ues  a r e  qu i t e  c lose to the  a c t u a l  v a l u e s  o b s e r v e d  at  
l ow  t e m p e r a t u r e s  and  a r e  also i n c l u d e d  in  T a b l e  I. 
The  e l ec t ron ic  c o n d u c t i v i t y  occu r r i ng  a t  these  c o m -  
pos i t ions  is t he  d i f fe rence  b e t w e e n  the  c a l c u l a t e d  
and  o b s e r v e d  va lue s  a n d  w i l l  be  d i scussed  subse -  
quen t ly .  

F r o m  the  m e a s u r e d  specific conduc t i v i t i e s  and  the  
dens i t i e s  r e p o r t e d  p r e v i o u s l y  (1) ,  t he  e q u i v a l e n t  
conduc t iv i t i e s  in  t he  a r e a  of ionic  c o n d u c t a n c e  w e r e  
ca lcu la ted ,  and  p lo t s  of t he  l o g a r i t h m  of t he  e q u i v -  
a l en t  c o n d u c t i v i t y  vs. 1 /T~ w e r e  made .  As  was  
f o u n d  in o t h e r  a c c u r a t e  d e t e r m i n a t i o n s  (11, 15),  
none  of the  A r r h e n i u s  t y p e  p lo t s  w e r e  s t r a i g h t  l ines ,  
and  the  " a p p a r e n t  a c t i va t i on  ene rg i e s "  for  c o n d u c -  
t ion  w e r e  d e t e r m i n e d  at  specif ied t e m p e r a t u r e s .  The  
a p p a r e n t  a c t i v a t i o n  e n e r g y  for  s i lve r  ch lo r ide  is 
v e r y  low, and  changes  f r o m  1.35 at  500~ to 1.14 
kca l s  p e r  e q u i v a l e n t ,  a t  700 ~ 

A t  t he  p r e s e n t  t ime ,  t h e r e  is no c o m p r e h e n s i v e  
t h e o r y  for  ionic  conduc t ion  in m o l t e n  sal ts ,  and  
mos t  of t he  e m p i r i c a l  r e l a t i o n s h i p s  h a v e  been  d e -  
r i v e d  b y  a c o m p a r i s o n  of t he  conduc t i v i t i e s  of t h e  
a l k a l i  ha l ides .  I t  is t h e r e f o r e  i n s t r u c t i v e  to c o m p a r e  
t h e  p r o p e r t i e s  of s i lve r  c h l o r i d e  to t hose  of the  
a l k a l i  ha l ides .  A c o m p a r i s o n  of some of t h e  p r o p -  
e r t i e s  w h i c h  m i g h t  be  e x p e c t e d  to in f luence  the  con-  
duc t i v i t i e s  a r e  shown  in T a b l e  II. 

As  i t  is diff icult  to c o m p a r e  t he  e q u i v a l e n t  con-  
duc t i v i t i e s  a t  t h e  s a m e  t e m p e r a t u r e  b e c a u s e  of t he  
w i d e  r a n g e  of m e l t i n g  poin ts ,  T a b l e  II  shows  the  
e q u i v a l e n t  conduc t iv i t i e s  a t  the  a r b i t r a r y  " e q u i v -  
a l en t  t e m p e r a t u r e "  of 1.1 t imes  the  m e l t i n g  po in t  
in deg rees  K e l v i n  used  b y  V a n  A r t s d a l e n  (15) .  The  
c o n d u c t i v i t y  and  d e n s i t y  d a t a  for  t he  a l k a l i  ha l ides  
a r e  t a k e n  f r o m  the  v e r y  a c c u r a t e  w o r k  of Yaffe  and  
V a n  A r t s d a l e n  (15) .  F o r  m o r e  a c c u r a t e  va lues ,  the  
o r ig ina l  p a p e r  shou ld  be  r e f e r r e d  to. I t  is e v i d e n t  
f r o m  T a b l e  I I  t h a t  the  e q u i v a l e n t  c o n d u c t i v i t y  of 
s i lve r  ch lo r ide  a t  the  " e q u i v a l e n t  t e m p e r a t u r e "  is 
a b o u t  the  s a m e  as t h a t  of p o t a s s i u m  ch lo r ide  w h i c h  
has  a l a r g e r  ca t ion  rad ius ,  i n d i c a t i n g  t h a t  t he  e q u i v -  
a l en t  conduc t i v i t i e s  a r e  no t  in o r d e r  of t h e i r  ionic  
rad i i .  Ca u t i on  shou ld  be  e x e r c i s e d  in such  a con-  
c lus ion  h o w e v e r ,  be c a use  of t he  a r b i t r a r y  n a t u r e  of 
t he  e q u i v a l e n t  t e m p e r a t u r e ,  the  w i d e  d i f fe rences  
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Table II. Comparison of the electrical conductivities and associated properties of silver halides, and the alkali halides 

T ~  A p p a r e n t  A v e r a g e  Coeff .  C i n  
A A t  ~ = a c t i v a t i o n  t e m p e r a t u r e  t h e  a t t r a c t i v e  

TM.p. e n e r g y  f o r  d e p e n d e n c e  of C a t i o n  r a d i u s  L a t t i c e  e n e r g y  E x p a n s i v i t y  e n e r g y  t e r m  
= 1.1 c o n d u c t i o n  AH$ x los  ( so l id  s t a t e )  ( so l id  s t a t e )  V o l u m e  c h a n g e  x los  - - C . r  -~ (12) 

o h m s  -1 c m  ~ a t  8 = 1.1 k c a l  equiv.-X (13) (13) o n  m e l t i n g  (14) g ce-~ ( so l id  s t a t e )  
S a l t  e q u i v .  -1 k c a l / e q u i v ,  oC-~ c m x  l 0  s k c a l / m o l e  AV/Vs % ~ e r g / c m  o x los  ~ 

AgC1 121.9 1.29 --0.10 0.97 203 8.9 0.87 767 

LiC1 179.5 2.0 + 0.03 0.70 195 26.2 0.433 113 
NaC1 152 2.92 -{-0.14 1.00 180 25.0 0.543 180 
KC1 122.7 3.4 --0.25 1.33 164 17.3 0.583 452 
RbC1 100 4.4 --0.23 1.52 158 14.3 0.883 691 
CsC1 87 5.25 --0.47 1.70 145 10.5 1.065 1530 

AgBr (9) 100.5 1.20 - -  0.97 197 8.2 1.04 967 

LiBr 179.5 2.03 ~-0.15 0.70 185 24.3 0.6520 183 
NaBr 144.2 3.2 -I-0.14 1.00 172 22.4 0.8169 271 
KBr 107.8 3.7 --0.92 1.33 157 16.6 0.8253 605 
RbBr 85.5 4.2 -~0.72 1.52 152 13.5 1.0718 1330 
CaBr 72.5 5.6 --0.69 1.70 - -  - -  1.2234 2070 

in  me l t i ng  points ,  and  the u n c e r t a i n t y  of the  ionic 
rad i i  in  m o l t e n  salts. 

The a p p a r e n t  ac t iva t ion  ene rgy  for conduc t ion  is 
a r e l a t i ve ly  t e m p e r a t u r e  insens i t ive  proper ty ,  a nd  
there fore  offers a good basis  for compar i son  of the  
a lka l i  hal ides  w i th  s i lver  chloride.  I t  is ev iden t  
f rom Tab le  II  tha t  the  a p p a r e n t  ac t iva t ion  energies  
for conduc t ion  are not  re la ted  by  the ionic radii ,  
bu t  appear  to be i nve r se ly  p ropor t iona l  to the  
la t t ice  ene rgy  of the  salts. Tha t  such is the case 
for the  a lka l i  chlorides and  s i lver  chloride;  
and  for the  a lka l i  b romides  and  s i lver  bromide ,  is 
shown  in  Fig. 3. Such  a cor re la t ion  is qu i t e  r e a son -  
able,  as one wou ld  expect  the  t e m p e r a t u r e  d e p e n d -  
ence of the  e q u i v a l e n t  conduct iv i t ies  to be  i nve r se ly  
p ropor t iona l  to a t t r ac t ive  force field b e t w e e n  the  
ions in  the  melt .  Some of the devia t ions  f rom the  
s t ra igh t  l ines  in  Fig. 3, and  the difference b e t w e e n  
the chlorides and  b romides  m a y  be the  resu l t  of 
d i f ferent  changes  of la t t ice  energies  on mel t ing .  

I t  should be no ted  in  Table  II  tha t  the v o l u m e  
change  on me l t i ng  of the  a lkal i  hal ides  and  s i lver  
hal ides  decreases as the  po la r iza t ion  forces in  those 
salts increase.  This wou ld  indicate ,  as expected,  tha t  
the  salts w i th  more  de fo rmab le  ions can mel t  w i th  
the  i n t roduc t i on  of less free v o l u m e  into the  me l t  
s t ruc ture .  F u r t h e r m o r e ,  salts w i th  smal l  v o l u m e  

�9 ChLorides 

x Bromides 

_ _  L i i i i I 
140 150 160 170 180 190 200 210 

Lat~dce Energy - K cals./mo]r 

Fig. 3. Apparent activation energy of pure molten monovalent 
metal chlorides and bromides as a function of their lattice energies. 

changes  on me l t i ng  have  a l a rge r  e xpa ns i v i t y  in  the  
mo l t en  s tate  regard less  of the i r  radii .  

It  wou ld  also appear  f rom this  Tab le  t ha t  the 
average  t e m p e r a t u r e  coefficient of the hea t  of ac- 
t i va t ion  is posi t ive  for salts w i th  low po la r i zab i l i ty  
and  nega t ive  for salts h a v i n g  h igher  polar izabi l i t ies .  

A m u c h  more  de ta i led  knowledge  of the  forces 
ac t ing  in  mo l t en  salts is r e q u i r e d  for a be t t e r  u n d e r -  
s t and ing  of the conduc t iv i ty  in  ionic melts.  

The a p p a r e n t  ac t iva t ion  ene rgy  for e q u i v a l e n t  
conduc t ion  in m i x t u r e s  of s i lver  sulfide in  s i lver  
chlor ide are shown  in  Fig. 4. I t  is ev iden t  tha t  as 
d iva l en t  sulfide ion is added to the  m o n o v a l e n t  s i lver  
chloride melt ,  the  a p p a r e n t  ac t iva t ion  e n e r g y  for 
conduc t ion  increases  rapid ly .  This  increase  in  ac- 
t i va t ion  ene rgy  para l le l s  the  decrease  in  the  e q u i v -  
a len t  conduc t iv i ty  at low t empera tu re s .  This  i n -  
crease in  ac t iva t ion  energy,  and  the  posi t ive  t e m -  
p e r a t u r e  coefficient for ac t iva t ion  ene rgy  in  these 
mix tu res ,  are  cons is ten t  wi th  the  v iew tha t  the  mo-  
b i l i ty  of the s i lver  ions becomes res t r ic ted  b y  the 
presence  of the  d iva l en t  su l fu r  ions. 

Electronic conduction.--It was shown in  Fig. 2 
tha t  e lect ronic  conduc t ion  s ta r t ed  to occur in  the  
mel ts  at concen t ra t ions  above  20 mole % si lver  
sulfide. The  coefficients for Eq. [1] were  fit for the 
ionic r ange  of conduct iv i t ies ,  and  ex t r apo la t ed  to 
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Fig. 4. Apparent activation energy for ionic conduction in molten 
AgCI-Ag2S mixtures. 
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Fig. 5. Plot of the molar electronic conductance v s .  1/T 

give  t h e  e x p e c t e d  c o n t r i b u t i o n  due  to ionic  c onduc -  
t iv i t i e s  for  t h e  29.6 and  35.5 mole  % s i lve r  sulf ide 
compos i t ions .  The  e x t r a p o l a t e d  v a l u e s  for  t h e  co-  
efficients a r e  s h o w n  in T a b l e  I, and  g ive  va lues  
qu i t e  close to t he  o b s e r v e d  conduc t i v i t i e s  a t  low 
t e m p e r a t u r e s  (400~  The  d i f fe rence  b e t w e e n  the  
m e a s u r e d  conduc t i v i t i e s  and  the  e x p e c t e d  ionic 
c o n d u c t i v i t i e s  c a l c u l a t e d  f r o m  the  va lue s  in T a b l e  I, 
t hus  g ives  the  a m o u n t  of e l ec t ron ic  conduc t ion  oc-  
c u r r i n g  at  these  compos i t ions .  A t  h igh  t e m p e r a t u r e s  
t h e r e  is a l a rge  d i f fe rence  b e t w e e n  the  m e a s u r e d  
conduc t i v i t i e s  and  the  e x p e c t e d  ionic  conduc t iv i t i e s ,  
so t h a t  s m a l l  e r r o r s  in e x t r a p o l a t i o n  h a v e  l i t t l e  
effect on the  c a l c u l a t e d  a m o u n t  of e l ec t ron ic  con-  
duc t iv i t y .  The  specific e l ec t ron ic  c o n d u c t i v i t y  thus  
o b t a i n e d  was  t h e n  m u l t i p l i e d  b y  the  m o l a r  v o l u m e  
to g ive  the  m o l a r  e l ec t ron ic  conduc t i v i t y ,  and  e x -  
p ress  the  c o n d u c t i v i t y  p e r  un i t  n u m b e r  of su l fu r  
a toms  in the  mel t .  A p lo t  of the  l o g a r i t h m  of the  m o l a r  
e l ec t ron ic  conduc t i v i t y ,  thus  ca lcu la ted ,  is shown  
vs .  1 / T ~  in Fig.  5. 

I t  is e v i d e n t  t ha t  t he  e l ec t ron ic  c o n d u c t i v i t y  at  
these  compos i t ions  obeys  an  e q u a t i o n  of t he  f o r m  

Am (e l ec t ron i c )  ---- D �9 e -F /RT  [2]  

w h e r e  T is g iven  in deg rees  Ke lv in ,  and  t h a t  the  
" a p p a r e n t  a c t i va t i on  e n e r g y "  for  e l ec t ron ic  conduc -  
t ion  is a u n i q u e  v a l u e  ove r  a t e m p e r a t u r e  r a n g e  of 
3O0~ T h e  cu rves  m o r e o v e r  a r e  a lmos t  p a r a l l e l  for  
compos i t ions  b e t w e e n  20 and  36 mo le  % Ag2S, i n -  
d i ca t i ng  t h a t  the  a p p a r e n t  a c t i va t i on  e n e r g y  for  
e l ec t ron ic  conduc t ion  is e s s e n t i a l l y  compos i t i on  in -  
d e p e n d e n t  in th is  reg ion .  Va lues  of the  cons t an t s  
to  fit Eq. [2]  a r e  g iven  in T a b l e  III .  D i f f e ren t  e x -  
t r a p o l a t i o n s  for  t he  e x p e c t e d  ionic  conduc t i v i t i e s  
s h o w n  in T a b l e  I s t i l l  g ive  s t r a i g h t  l ine  p lo t s  w i th  
e s s e n t i a l l y  p a r a l l e l  s lopes,  and  va lue s  for  D and  F 
on ly  s l i gh t ly  d i f fe ren t  f r o m  those  s h o w n  in T a b l e  

Table III. Electronic conduction in AgCI-Ag~S mixtures 
Am (electronic) = D.e --F/RT 

M o l e  f r a c t i o n  
s i l v e r  s u l f i d e  l o g m  D F 

19.83 4.711 18,800 
29.67 5.099 15,000 
35.5 5.342 14,300 
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Mole PercenJc of Sdver Sulphide 

Fig. 6. Specific conductivity isotherms of molten AgCI-Ag2S 
mixtures on the silver chloride side of the composition range. 

III .  The  v a l u e s  for  the  19.83% compos i t i on  a re  less  
a c c u r a t e  t h a n  t h e  o the r  compos i t ions  be c a u se  of 
the  sma l l  a m o u n t  of e l ec t ron ic  conduc t ion .  The  onse t  
of e l ec t ron ic  c o n d u c t i v i t y  in these  m e l t s  can  bes t  
be  seen  in a p lo t  of the  c o n d u c t i v i t y  vs .  compos i t i on  
a t  v a r i o u s  t e m p e r a t u r e  i so the rms ,  as s h o w n  in Fig.  6. 

The  c o n d u c t i v i t y  i s o t h e r m s  d e c r e a s e  as t h e  d i -  
v a l e n t  su l fu r  ion l ower s  t he  ionic  m o b i l i t y  of the  
s i lve r  ions and  t h e n  t h e r e  is a v e r y  d r a m a t i c  i nc rea se  
as e l ec t ron ic  conduc t ion  s t a r t s  to occur.  The  v e r y  
r a p i d  i n c r e a s e  in  c o n d u c t i v i t y  w i t h  t e m p e r a t u r e  at  
t h e  h i g h e r  compos i t ions  is ev iden t .  The  a p p r o x i m a t e  
l ines  for  1 and  5% e lec t ron ic  conduc t ion  w e r e  i n -  
t e r p o l a t e d  f rom the  d a t a  g iven  in T a b l e  III ,  and  a re  
s h o w n  b y  the  d a s h e d  l ines.  I t  is e v i d e n t  t h a t  e l ec -  
t ron ic  c o n d u c t i v i t y  s t a r t s  to occur  at  s t e a d i l y  l o w e r  
sulf ide concen t r a t i ons  a t  h i g h e r  t e m p e r a t u r e s .  P r e -  
s u m a b l y  e l ec t ro ly s i s  of such m i x t u r e s  cou ld  be  c a r -  
r i ed  out  a t  h igh  c u r r e n t  efficiencies in  t h e  ionic  
regions .  

The  specific c o n d u c t i v i t y  a t  a n u m b e r  of  c o m p o -  
s i t ions  on the  s i lve r  sulf ide  s ide  of t he  s y s t e m  was  
also m e a s u r e d  as a func t ion  of t e m p e r a t u r e .  The  
r e su l t s  of these  m e a s u r e m e n t s  a r e  g iven  in Fig .  7. 

I t  is r e a d i l y  seen  t ha t  t h e  specific c o n d u c t i v i t y  of 
p u r e  m o l t e n  s i lve r  sulf ide is p r a c t i c a l l y  t e m p e r a t u r e  
i n d e p e n d e n t ,  c h a n g i n g  f r o m  202.5 at  840~ to 
201.5 mhos  cm -1 at  960~ 

A s m a l l  a m o u n t  of su l fu r  condensed  in  t he  u p p e r  
p a r t  of  t he  c o n d u c t i v i t y  ce l l  d u r i n g  t h e  m e a s u r e -  
m e n t s  on p u r e  s i lve r  sulfide.  H o w e v e r ,  th is  d id  no t  
h a v e  a n y  m e a s u r a b l e  effect on the  specific c o n d u c t -  
ance  of t h e  l iqu id ,  as the  m e a s u r e d  v a l u e  r e m a i n e d  
cons t an t  ove r  a 2 4 - h r  p e r i o d  at  t he  l o w e r  t e m p e r -  
a ture .  On the  a d d i t i o n  of s i lve r  ch lo r ide  to s i l ve r  
sulf ide  t he  de c ompos i t i on  p r e s s u r e  of su l fu r  a p -  
p a r e n t l y  dec reased ,  and  t h e r e  was  no s ign  of con-  
d e n s e d  su l fu r  in a n y  of t he  s u b s e q u e n t  r uns  w i t h  
the  m i x t u r e s .  A t  t e m p e r a t u r e s  b e l o w  830~ the  
c o n d u c t i v i t y  i n c r e a s e d  r a p i d l y  as t h e  m a t e r i a l  
c h a n g e d  i ts  s t a t e  f r o m  l i q u i d  to solid.  A t  t e m p e r -  
a t u r e s  b e l o w  815~ the  c o n d u c t i v i t y  of sol id  s i l -  
v e r  sulf ide r e a c h e d  a v a l u e  of a p p r o x i m a t e l y  700 
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Fig. 7. Specific conductivities of AgCI-Ag~S molten mixtures on 
the silver sulfide side of the composition range, 

mhos  cm -1, w h i c h  a p p e a r e d  to d e p e n d  on the  cool -  
ing  ra te .  These  f igures,  h o w e v e r ,  can  be  cons ide r e d  
to be  on ly  a p p r o x i m a t e ,  as t he  a p p a r a t u s  was  no t  
des igned  to t a k e  into  accoun t  s h r i n k a g e  effects w h i c h  
occur  in  the  sol id  s ta te .  These  v a l u e s  a r e  in  a g r e e -  
m e n t  w i t h  t he  conduc t i v i t i e s  of sol id  s i lve r  sulf ide 
r e p o r t e d  r e c e n t l y  b y  V e l i k a n o v  (16) ,  a l t h o u g h  the  
conduc t i v i t i e s  for  p u r e  l i qu id  s i lve r  sulf ide r e p o r t e d  
he re in  a r e  a b o u t  50% g r e a t e r  t h a n  those  m e a s u r e d  
b y  V e l i k a n o v  in a c a p i l l a r y  cel l  e q u i p p e d  w i t h  
g r a p h i t e  e lec t rodes .  

The  m o l a r  conduc t i v i t i e s  of the  me l t s  a r e  s h o w n  
in Fig.  8 for  the  e n t i r e  compos i t i on  range .  The  
l i qu idus  is also s u p e r i m p o s e d  in th is  d i a g r a m  for  
compar i son .  

The  m o l a r  c o n d u c t i v i t y  scale  h e r e  r a n g e s  f r o m  
0 to 10,000 mhos  p e r  m o l e  cm e. The  conduc t i v i t i e s  
t h a t  h a v e  p r e v i o u s l y  been  d e s c r i b e d  l ie  on the  flat  
po r t i on  of cu rves  b e l o w  50% s i lve r  sulf ide,  and  a re  
p r a c t i c a l l y  ins ign i f ican t  c o m p a r e d  to t he  d r a m a t i c  
i nc rease  w h i c h  occurs  on the  s i l ve r  sulf ide s ide  of 
t he  sys t em.  As  s i lve r  c h l o r i d e  is a d d e d  to t he  m o l t e n  
s i lve r  sulf ide,  t h e  c o n d u c t i v i t y  i nc reases  and  the  
t e m p e r a t u r e  d e p e n d e n c e  of t he  c o n d u c t i v i t y  inver t s .  
As  m o r e  s i lve r  c h l o r i d e  is added ,  t he  c o n d u c t i v i t y  
dec reases  r a p i d l y  un t i l  b e t w e e n  50 and  60%, a p -  
p r o x i m a t e l y  at  t he  pos i t i on  of t he  b r e a k  in t he  
p h a s e  d i a g r a m ,  t h e  t e m p e r a t u r e  d e p e n d e n c e  a g a i n  
r e v e r t s  to t h a t  o b s e r v e d  on the  s i l ve r  c h l o r i d e  s ide  
of t he  d i a g r a m .  

Proposed mechanism of electronic conduction.-- 
Because  of t he  absence  of long  r a n g e  o r d e r  in  t he  
l i qu id  s ta te ,  i t  seems  n e c e s s a r y  to a b a n d o n  the  b a n d  
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t h e o r y  for  e l ec t ron ic  conduc t ion  as such and  to  con-  
s ider  i n s t ead  a modi f i ed  f o r m  of the  r a n d o m  w a l k  
process  p r o p o s e d  b y  Rice  (17) for  t he  case  of m e t a l -  
m e t a l  sa l t  solut ions .  F o r  such  a m e c h a n i s m  w e  con-  
s ider  the  su l fu r  a toms  f r o m  s i l ve r  sulf ide  to act  as 
the  e l ec t ron  donors ,  t he  e l ec t rons  be ing  p r o d u c e d  b y  
t h e r m a l  e xc i t a t i on  as  in a n y  o t h e r  i n t r i n s i c  s e m i -  
conduc to r .  The  e lec t ron ic  m i g r a t i o n  wi l l  b e  a r a n -  
d o m  d i scon t inuous  cha rge  t r a n s f e r  b e t w e e n  the  su l -  
fu r  species  in t he  mel t .  The  o b s e r v e d  conduc t ion  
w o u l d  t h e n  d e p e n d  on  bo th  t h e  m o b i l i t y  and  a v a i l -  
a b i l i t y  of e l ec t rons  for  conduct ion .  

The  m o b i l i t y  of the  e l ec t rons  on the  s i lve r  sulf ide 
s ide  of the  s y s t e m  shou ld  be  p r i m a r i l y  d e p e n d e n t  
on the  c o n t i n u i t y  of the  su l fu r  n e t w o r k  in t he  mel t ,  
and  t h e  e x t e n t  of c o v a l e n c y  of t he  su l fu r  a toms.  The  
a v a i l a b i l i t y  of t he  conduc t ion  e l ec t rons  w i l l  d e p e n d  
on the  t e m p e r a t u r e ,  s ince t h e y  a r e  t h e r m a l l y  ac -  
t i v a t e d  e lec t rons ,  on the  c h a n g e  in t he  su l fu r  e lec -  
t r on  leve ls  w i t h  c h l o r i d e  ion subs t i t u t i on  in t he  mel t ,  
and  on the  c o n c e n t r a t i o n  of  su l fu r  spec ies  in t he  
mel t .  

The  specific c o n d u c t i v i t y  of p u r e  s i lve r  sulf ide  in 
t he  sol id  j u s t  b e l o w  the  m e l t i n g  po in t  is a b o u t  t h r e e  
t imes  t h a t  o b s e r v e d  for  l i qu id  s i lve r  sulf ide j u s t  
a b o v e  the  m e l t i n g  point .  This  a b r u p t  change  ref lects  
t he  b r e a k d o w n  of the  con t inuous  su l fu r  n e t w o r k  of 
the  so l id  s ta te .  

I t  is w e l l  k n o w n  t h a t  s i l ve r  sulf ide in t h e  sol id  
s t a t e  is an  in t r in s i c  s e m i c o n d u c t o r  h a v i n g  p r e d o m -  
i n a n t l y  n t y p e  conduc t ion  a b o v e  180~ w i t h  the  
su l fu r  ac t ing  as t he  e l e c t r o n  donors .  H i g h  t e m p e r -  
a t u r e  x - r a y  d a t a  show tha t  sol id  Ag2S is a n e t w o r k  
of c o v a l e n t l y  b o n d e d  su l fu r  w i t h  h i g h l y  mob i l e  
s i lve r  ions r a n d o m l y  d i s t r i b u t e d  in t he  a v a i l a b l e  
pos i t ions  (18) .  

As  s i lve r  ch lo r ide  is f irst  a d d e d  to t he  mel t ,  t he  
su l fu r  n e t w o r k  is b r o k e n  up  so t h a t  t h e  m o b i l i t y  
of t he  c onduc t i ng  e l ec t rons  wi l l  be  l owered .  The  
o b s e r v e d  inc rea se  in c o n d u c t i v i t y  in th is  r eg ion  
(95 mo le  % AgeS)  imp l i e s  t h a t  t he  a v a i l a b i l i t y  of 
conduc t ion  e l ec t rons  m u s t  h a v e  i nc r ea sed  w i t h  i n -  
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c reas ing  s i lve r  ch lo r ide  conten t ,  pos s ib ly  beca use  of 
a b r e a k i n g  d o w n  of t he  c o v a l e n t l y  b o n d e d  su l fu r  
chains ,  and  of t he  r e s u l t i n g  i n c r e a s e  in t he  e n e r g y  
leve ls  of t he  e l ec t rons  invo lved .  

P h a s e  d i a g r a m  ca l cu la t ions  and  d e n s i t y  m e a s u r e -  
m e n t s  (1)  have  a l r e a d y  i n d i c a t e d  t h a t  m o l t e n  s i lve r  
sulf ide  is an  a s soc ia t ed  l i qu id  h a v i n g  an  a v e r a g e  
cha in  l e n g t h  of a b o u t  2.4. As  s i lve r  ch lo r ide  is a d d e d  
to t he  sulfide,  th is  s t r u c t u r e  in t he  l i qu id  is f u r t h e r  
b r o k e n  up  and  the  sulf ide  a p p e a r s  to be  e s s e n t i a l l y  
m o n o m o l e c u l a r  b e t w e e n  55 and  80 mo le  % s i lve r  
sulfide.  The  m o b i l i t y  of e l ec t rons  in  th is  r eg ion  d e -  
c reases  as t h e  su l fu r  n e t w o r k  in  the  l i qu id  b r e a k s  
up,  as t he  a m o u n t  of sulf ide in  the  m e l t  dec reases ,  
and  as  t he  m e l t  becomes  m o r e  ionic.  T h e  a v a i l -  
a b i l i t y  of conduc t ion  e l ec t rons  also dec reases  as t he  
m e l t  becomes  m o r e  ionic,  and  as t h e  sulf ide con ten t  
decreases ,  so t ha t  the  c o n d u c t i v i t y  dec reases  r a p i d l y .  
The  fac t  t h a t  t he  c o n d u c t i v i t y  i nc reases  w i t h  d e -  
c r eas ing  t e m p e r a t u r e  in th is  r eg ion  is a t t r i b u t e d  to 
an  inc rease  in t he  e l ec t ron  m o b i l i t y  as the  m e l t s  
b e c o m e  m o r e  c o v a l e n t l y  b o n d e d  a t  the  l o w e r  t e m -  
p e r a t u r e s .  This  v i e w  is s u p p o r t e d  b y  the  fac t  t h a t  
the  t e m p e r a t u r e  d e p e n d e n c e  of the  c o n d u c t i v i t y  b e -  
comes less as the  c o n c e n t r a t i o n  of s i lve r  ch lo r ide  is 
i nc r ea sed  and  the  t e m p e r a t u r e  d e p e n d e n c e  i nve r t s  
w h e n  the  m e l t s  b e c o m e  p r e d o m i n a t e l y  ionic  on the  
s i lve r  ch lo r ide  s ide  of t he  sys tem.  

B e l o w  50 mo le  % s i lve r  sulfide,  t h e  m e l t s  become  
e s s e n t i a l l y  ionic.  The  e l ec t ron ic  c o m p o n e n t  of t he  
c o n d u c t i v i t y  h e r e  inc reases  w i t h  i nc rea s ing  t e m -  
p e r a t u r e  b e c a u s e  of t h e  i n c r e a s e d  t h e r m a l  a c t i va t i on  
of the  e l ec t rons  on the  su l fu r  ions. The  fac t  t h a t  the  
o b s e r v e d  " a p p a r e n t  a c t i va t i on  e n e r g y "  for  e l ec -  
t ron ic  conduc t ion  is e s sen t i a l l y  compos i t i on  and  
t e m p e r a t u r e  i n d e p e n d e n t  imp l i e s  t h a t  t he  e lec t ron ic  
conduc t i on  is con t ro l l ed  b y  a s ingle  r a t e  d e t e r m i n i n g  
process .  W h e t h e r  th is  p rocess  is t h e  e n e r g y  r e q u i r e d  
to r e m o v e  an  e l e c t r o n  f rom a su l fu r  ion or  t h e  e n -  
e r g y  r e q u i r e d  to m a k e  an  e l ec t ron  j u m p  b e t w e e n  
two  a d j a c e n t  su l fu r  ions, canno t  be  d e t e r m i n e d  f rom 
these  d a t a  a lone.  

T h e  s t r u c t u r e  of t he  m o l t e n  m i x t u r e s  is t hus  seen 
to p l a y  an  i m p o r t a n t  ro le  in  d e t e r m i n i n g  the  t y p e  
and  a m o u n t  of c o n d u c t i v i t y  in  t h e  sys t em.  

Summary 
The  specific conduc t i v i t i e s  of m o l t e n  s i lve r  ch lo -  

r i d e - s i l v e r  sulf ide m i x t u r e s  h a v e  been  a c c u r a t e l y  
d e t e r m i n e d .  

Mol t en  s i lve r  c h l o r i d e  has  a h igh  a p p a r e n t  ac t i -  
v a t i o n  e n e r g y  for  conduct ion .  By  c o m p a r i s o n  w i th  
t he  a l k a l i  ha l ides ,  t he  a p p a r e n t  a c t i v a t i o n  ene rg i e s  
for  conduc t ion  in m o n o v a l e n t  p u r e  sa l ts  h a v e  been  
shown  to be  i n v e r s e l y  p r o p o r t i o n a l  to the  l a t t i c e  en -  
e r g y  of t h e  sal ts .  

In  d i l u t e  so lu t ions  of s i lve r  sulf ide in s i lve r  ch lo -  
r ide ,  t he  me l t s  a r e  ionic conductors .  The  ionic con-  

P R O P E R T I E S  O F  AgC1-Ag2S  M I X T U R E S  581 

d u c t i v i t y  dec reases  and  the  a p p a r e n t  a c t i v a t i o n  e n -  
e r g y  for  conduc t ion  inc reases  as s i l ve r  sulf ide  is 
a d d e d  be c a use  of the  h i g h e r  cha rge  d e n s i t y  on the  
d i v a l e n t  su l fu r  ion. As  the  c o n c e n t r a t i o n  of s i lve r  
sulf ide is i n c r e a s e d  a b o v e  a b o u t  20 m o l e  % s i lve r  
sulfide,  s m a l l  a m o u n t s  of e l ec t ron ic  c o n d u c t i v i t y  
s t a r t  to occur  in t h e  me l t .  The  a m o u n t  of e l ec t ron ic  
c o n d u c t i v i t y  inc reases  w i t h  t e m p e r a t u r e  and  i n -  
c r eas ing  c o n c e n t r a t i o n  of s i lve r  sulfide.  The  a c t i v a -  
t ion  e n e r g y  for  e l ec t ron ic  c o n d u c t i v i t y  is t e m p e r a -  
t u r e  and  compos i t ion  i n d e p e n d e n t  in th is  reg ion .  

A b o v e  50 mo le  % s i l ve r  sulfide,  e l ec t ron ic  con-  
duc t ion  inc reases  v e r y  r a p i d l y ,  and  inc reases  w i t h  
i n c r e a s i n g  t e m p e r a t u r e .  Bo th  an  i n c r e a s e  in e l e c t r o n  
m o b i l i t y  and  a v a i l a b i l i t y  a r e  r e s p o n s i b l e  for  t he  
h igh  e l ec t ron ic  conduc t iv i t i e s .  S t r u c t u r a l  changes  in 
the  m e l t  a p p e a r  to in f luence  the  e l e c t r o n  m o b i l i t y  
m a r k e d l y  in  th i s  reg ion .  
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The 1010 ~ and 800~ Isothermal Sections in the System 
Na3AIFo-AI20 -SiO  

D. F. Weill 1 and W. S. Fyfe 
University of California, Berkeley, California 

ABSTRACT 

Isothermal sections at 1010 ~ and 800~ have been determined in  the sys- 
tem Na3A1F6-A12Os-SiO2 by the quenching technique. A determined solu- 
bil i ty of 13-15 weight  % for corundum in the Na3A1F6-A1203 system at 1010~ 
is in good agreement  with recent  revisions of that b inary  mel t ing  diagram. The 
steep na tu re  of the corundum l iquidus curve in the Na3A1F6-A1203 system is 
found to cont inue into the te rnary  system. Silica solubili ty which is less than 
5% in mol ten Na3A1F6 at 1010~ increases rapidly with addit ion of A1203 to the 
system and reaches a m a x i m u m  value of 69% at the invar ian t  point. The re-  
fractive indices of quenched glasses plot smoothly against composition and 
vary  from a max imum of 1.442 (at 17% Na3A1F6) to a m i n i m u m  of 1.422 (at 
50% Na3A1F6). Glasses r icher than  50% in Na~A1F6 were difficult to quench. 
No evidence was found for l iquid immiscibi l i ty or solid solution in the tern- 
perature  range studied. 

The  widesp read  use of mo l t en  cryol i te  as a so lvent  
for a l u m i n a  in  the  e lect rolyt ic  process for a l u m i n u m  
has p r o m p t e d  m u c h  in te res t  in  the l i qu idus  por t ion  
of the  NasA1F6-A120~ phase  d iagram.  A l though  some 
d i s ag reemen t  exists  in  the  pub l i shed  detai ls  of the 
b i n a r y  l i qu idus  curves,  the  r e l a t ive ly  la rge  so lubi l i ty  
of c o r u n d u m  is wel l  es tab l i shed  and  indica tes  the  
poss ibi l i ty  tha t  mo l t en  cryol i te  m a y  be a use fu l  
so lvent  of some equa l ly  " inso lub le"  re f rac tor ies  a nd  
silicates. As a f o u n d a t i o n  for the inves t iga t ion  of the  
solubi l i t ies  of some a l u m i n u m  silicates, the  phase  
re la t ions  c r y o l i t e - c o r u n d u m - s i l i c a - l i q u i d  in  the  
t e r n a r y  sys tem Na~A1F6-A1203-SiO2 were  s tud ied  by  
the  q u e n c h i n g  me thod  at 1010 ~ and  800~ 

Experimental 
N a t u r a l  cryol i te  f rom Iv ig tu t ,  Green land ,  was  

f reed f rom m i n o r  inc lus ions  of qua r t z  by  dens i ty  
separat ions .  Syn the t i c  c o r u n d u m  crys ta ls  f rom 
U n i o n  Carb ide  Corpora t ion ,  L inde  Division,  a nd  
clear  qua r t z  crys ta ls  f rom Hot Springs ,  Arkansas ,  
were  also used as p a r e n t  mater ia l .  Homogeneous  
powdered  m i x t u r e s  of appropr i a t e  composi t ions  
were  p repa red  f rom the 140-300 mesh  size fract ion.  
A p p r o x i m a t e l y  100 mg of m i x t u r e  were  sealed in  
p l a t i n u m  tubes  and  hea ted  in  a p l a t i n u m  resis tor  
furnace .  A dozen closely spaced holes dr i l led  in  a 
cy l indr ica l  steel  b lock were  used to hold the  samples  
in  an  effort to m i n i m i z e  t e m p e r a t u r e  gradients .  
These holes also served as wells  for a Pt-Pts~Rh13 
thermocouple .  The  r ep roduc ib i l i t y  of t e m p e r a t u r e  
read ings  b e t w e e n  the rmocoup le  posi t ions and  the 
occasional  ca l ib ra t ion  of the the rmocoup le  at the 
m e l t i n g  po in t  of r eagen t  g rade  NaC1 ind ica ted  an  
u n c e r t a i n t y  of _+2~ in  the  t empe ra tu r e .  The m a -  
jo r i ty  of r u n s  las ted 200-300 hr. The d u r a t i o n  on oc- 
cas ional  r u n s  was var ied  f rom 12 to 1000 hr  in  order  
to d e t e r m i n e  a n y  possible t ime  effect on the  resul ts .  
The charges were  f r e q u e n t l y  t u r n e d  end  over  end  
d u r i n g  a r u n  and  quenched  to room t e m p e r a t u r e  in  

1 P r e s e n t  add re s s :  U n i v e r s i t y  of Ca l i fo rn i a ,  L a  Jo l l a ,  C a l i f o r n i a .  

2-3 sec at the end  of the  run .  The  conten ts  were  
e x a m i n e d  wi th  a polar iz ing  microscope and  by  x - r a y  
diffraction.  Ref rac t ive  indices  were  m e a s u r e d  in  im-  
mers ion  media  at 0.002 in t e rva l s  us ing  the  Becke 
l ine  me thod  a nd  are be l i eved  to be accura te  to 
w i t h i n  _0.001. A sl ight  swe l l ing  of the sealed tubes  
was  no t iceab le  at the end  of each run .  The  m a x i m u m  
a m o u n t  of t r apped  gas, poss ib ly  i nc lud ing  some vo la -  
t i le fluorides such as SiF4 a nd  NaA1F4 which  migh t  
be deve loping  over  the  melt ,  was  es t imated  in  the 
fo l lowing way.  A l eng th  of p l a t i n u m  tub ing ,  sealed 
and  collapsed at one end, a nd  connec ted  to an  oxy-  
gen p ressure  t a n k  at the  o ther  end, was in t roduced  
into the  f u r na c e  at 1010~ The swel l ing  could be 
reproduced  r ap id ly  at ca. 1 a t m  gauge  pressure .  The 
average  ava i lab le  vo lume  w i t h i n  the tubes  d u r i n g  
the  r u n s  was 0.2 cc. A p p l y i n g  the ideal  gas l aw we 
conclude  tha t  the  a m o u n t  of t r apped  gas is too smal l  
( < 4  x 10 -6 moles)  to be  r e l e v a n t  in  the i n t e r p r e t a -  
t ion  of these resul ts .  There  is no doub t  also tha t  
t r apped  air  accounts  for a s ignif icant  po r t ion  of the 
gas present .  

Results 
The resul ts  of 86 r u n s  are shown in  Fig. 1 as 

t e r n a r y  phase  d i ag rams  at 1010 ~ and  800~ It 
should be po in ted  out  tha t  e q u i l i b r i u m  b e t w e e n  
l iqu id  and  the var ious  c rys ta l l ine  phases  ind ica ted  
(i.e., the  so lubi l i ty  of the  l a t t e r )  has not  been  posi-  
t ive ly  demons t ra ted .  In  this  connec t ion  two poin ts  
are to be  kept  in  mind .  Firs t ,  the e q u i l i b r i u m  has 
been  approached  f rom only  one d i rec t ion  (solids 
l iqu id)  so tha t  the poss ib i l i ty  exists  tha t  the solu-  
bi l i t ies  shown are s l ight ly  low. The  s i tua t ion  m a y  
be compared  to phase  d iagrams  d e t e r m i n e d  by  the  
cooling curve  me thod  w he r e  the  approach  to equ i -  
l i b r i u m  is f rom l iqu id  -~ solid a nd  w he r e  the  meas -  
u r ed  solubi l i t ies  m a y  be h igh  due  to the supe r -  
s a tu r a t i on  necessa ry  to nuc l ea t e  the c rys ta l l ine  
phases. Second, ex is t ing  t h e r m o d y n a m i c  data  [Rich-  
a rdson  et al. ( 1 ) ] ,  and  geologic ev idence  indica te  
tha t  c o r u n d u m  plus  silica are me ta s t ab l e  wi th  r e -  
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Fig. 1. Na:3AIF6-AI203-Si02 system at 1010~ and 800~ Com- 
positions in weight per cent. See text for explanation of dashed 
line in 1010~ section. C is corundum, CR cryolite, L liquid, Q 
quartz, T tridymite. 

spect  to t he  A12SiO5 p o l y m o r p h  s i l l i m a n i t e  as  w e l l  
as m u l l i t e  (3A1203.2SIO2) in  t he  t e m p e r a t u r e  r a n g e  
s tud ied .  I t  is bes t  to r e s e r v e  the  l a b e l  " e q u i l i b r i u m  
d i a g r a m "  for  those  sy s t ems  in w h i c h  r e v e r s i b i l i t y  
has  been  d e m o n s t r a t e d .  T h e r e  a r e  ind ica t ions ,  h o w -  
ever ,  t h a t  the  so lub i l i t i e s  of  c o r u n d u m  and  s i l ica  
have  been  c lose ly  a p p r o a c h e d  (i.e., t he  d i a g r a m s  in 
a l l  p r o b a b i l i t y  n e a r l y  r e p r e s e n t  m e t a s t a b l e  so l id -  
l i qu id  e q u i l i b r i u m ) .  In  a l l  r eg ions  of t h e  t e r n a r y  
s y s t e m  f o r m a t i o n  of t he  f luid p h a s e  is v e r y  rap id .  The  
b u l k  of t he  l i qu id  is f o r m e d  in a m a t t e r  of m i n u t e s  
and  no d e t e c t a b l e  c h a n g e  occurs  a f t e r  a f ew  hours .  
This  was  ver i f i ed  at  r e p r e s e n t a t i v e  compos i t i ons  
n e a r  t he  so lub i l i t y  cu rves  b y  v a r y i n g  t h e  d u r a t i o n  
of r uns  n e a r l y  two  o r d e r s  of m a g n i t u d e  f r o m  12 to 
1000 hr .  The  r e su l t s  a r e  i n d e p e n d e n t  of t i m e  w i t h i n  
t he  e x p e r i m e n t a l  e r ro r .  No s p o n t a n e o u s  n u c l e a t i o n  
of t h e  m o r e  s t ab le  a l u m i n u m  s i l i ca te  phase s  occurs  

f r o m  the  t e r n a r y  l iqu ids .  Th is  o b s e r v a t i o n  is con-  
s i s t en t  w i t h  t he  c u r r e n t  v iew,  F lood  and  K n a p p  (2)  
t h a t  f r ee  e n e r g y  d i f fe rences  b e t w e e n  the  c r y s t a l l i n e  
phases  in t he  A120~-SiO2 s y s t e m  a re  m u c h  s m a l l e r  
t h a n  s u g g e s t e d  b y  p u b l i s h e d  t h e r m o d y n a m i c  da ta .  

Q u a r t z  was  used  as t he  s i l i ca  source  for  a l l  runs ,  
b u t  as e x p e c t e d  t r i d y m i t e  was  iden t i f i ed  in  a l l  t he  
runs  q u e n c h e d  f r o m  1010~ The  c o n v e r s i o n  to t r i -  
d y m i t e  was  c o m p l e t e  in 300 h r  or  less  e x c e p t  in t h e  
s ix  r u n s  w h o s e  b u l k  compos i t ions  l ie  to t he  r i g h t  of 
the  d a s h e d  l ine  t h r o u g h  the  t r i d y m i t e  + l i qu id  field 
in Fig .  1. T h r e e  of t he  s ix  runs  a r e  in  t he  t r i d y m i t e  
+ c o r u n d u m  -t- l i qu id  field. The  s ix  runs  a r e  m a i n l y  
d i s t i n g u i s h e d  f r o m  o the r s  in  t he  t r i d y m i t e  s t a b i l i t y  
field b y  a r e d u c e d  c o n c e n t r a t i o n  of Na3A1F6 in t he  
c o - e x i s t i n g  l iqu id .  One of t h e  runs  in  t h e  t h r e e -  
p h a s e  field was  r e p e a t e d  for  a d u r a t i o n  of 600 h r  a t  
t h e  end  of w h i c h  some q u a r t z  was  s t i l l  p resen t .  I t  
seems  c l ea r  t h a t  in  th i s  s y s t e m  t h e  p h a s e  t r a n s -  
f o r m a t i o n  q u a r t z  -~ t r i d y m i t e  is g r e a t l y  f a c i l i t a t e d  
b y  the  p re sence  of a so lve n t  and  t ha t  t he  r a t e  of 
g r o w t h  of t r i d y m i t e  f r o m  the  so lven t  is qu i t e  sens i -  
t ive  to i ts  compos i t i on  (qu i t e  a p a r t  f r o m  SiO2 con-  
t en t  w h i c h  of course  is a t  t he  t r i d y m i t e  s a t u r a t i o n  
l e v e l ) .  This  m a y  be  due  to t he  g r e a t e r  v i scos i ty  of 
t h e  l iqu ids  r e s u l t i n g  f r o m  the  i nc rea se  in SiO2 and  
A120~ c o m p o n e n t s  or  m a y  be  connec t ed  w i t h  t he  
t o l e r a n c e  of t h e  t r i d y m i t e  l a t t i c e  for  Na  and  A1 " i m -  
p u r i t i e s "  as e m p h a s i z e d  b y  B u e r g e r  (3) .  The  en t i r e  
s i l ica  field at  1010~ is l a b e l e d  t r i d y m i t e  in Fig.  1, 
s ince  t he  d i f fe rence  in s o l u b i l i t y  b e t w e e n  q u a r t z  and  
t r i d y m i t e  is b e y o n d  the  a c c u r a c y  of t h e  d i a g r a m .  
This  is to be  e x p e c t e d  s ince  t he  f ree  e n e r g y  d i f fe r -  
ence  b e t w e e n  t h e  two  is v e r y  s l igh t  a t  th is  t e m p e r a -  
ture .  

A b o v e  560~ c ryo l i t e  occurs  in  a cubic,  h i g h -  
t e m p e r a t u r e  modi f i ca t ion  k n o w n  as f l - c ryo l i t e .  I t  
was  f o u n d  i m p o s s i b l e  to q u e n c h  th is  modi f ica t ion ,  
and  t h e  c ryo l i t e  iden t i f i ed  in  a l l  t he  q u e n c h e d  
cha rges  is the  monoc l in i c  a - c r y o l i t e .  None  of the  
c r y s t a l l i n e  phases  e x a m i n e d  showed  a n y  ind i ca t i on  
of t e r n a r y  or  b i n a r y  sol id  so lu t ion  d e t e c t a b l e  as 
v a r i a t i o n s  in  l a t t i c e  p a r a m e t e r s  or  r e f r a c t i v e  indices .  
F o s t e r  (4) and  Rol in  (5)  f o u n d  no e v i d e n c e  for  sol id  
so lu t ion  in the  b i n a r y  s y s t e m  Na3A1F6-A1203, and  
sol id  so lu t ion  of SiO2 in c o r u n d u m  and  A1203 in 
q u a r t z  a r e  k n o w n  to be  neg l ig ib l e .  T h e  poss ib l e  i m -  
p u r i t i e s  e n t e r i n g  the  t r i d y m i t e  s t r u c t u r e  d i scussed  
a b o v e  w o u l d  r e p r e s e n t  a v e r y  r e s t r i c t e d  sol id  so lu -  
t ion  e f fec t ive ly  ou t s ide  t he  t e r n a r y  s y s t e m  s tud i ed  
he re .  

The  e x a m i n a t i o n  of t he  q u e n c h e d  cha rges  is 
l a r g e l y  a m a t t e r  of de t ec t i ng  sma l l  a m o u n t s  of c r y s -  
t a l l i n e  phases  in a g l a s sy  m a t r i x .  The  p o l a r i z i n g  m i -  
c roscope  is m u c h  m o r e  sens i t i ve  for  th is  t a s k  t h a n  
t h e  x - r a y  d i f f rac t ion  t echn ique .  F o r  ins tance ,  as 
m u c h  as 2 - 3 %  c o r u n d u m  m a y  escape  de t ec t i on  b y  
the  x - r a y  d i f f r ac tome te r ,  w h e r e a s  a f r a c t i o n  of a 
p e r  cen t  can  eas i ly  be  d e t e c t e d  mic roscop ica l ly .  
F o s t e r  (6)  has  d r a w n  a t t e n t i o n  to t he  d a n g e r s  of 
r e l y i n g  e x c l u s i v e l y  on  x - r a y  de t ec t i on  of s m a l l  
a m o u n t s  of c o r u n d u m  in d e t e r m i n i n g  the  l i q u i d u s  
c u r v e  fo r  t h e  Na~AlF6-A120~ sys tem.  T h e r e  is some 
d i s a g r e e m e n t  in t he  l i t e r a t u r e  abou t  t h e  exac t  pos i -  
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t ion of the l iquidus in this system. Curves de te r -  
mined by  var ious  authors  are  assembled for com- 
par ison in Phi l l ips  et aL (7).  The differences are  due 
in pa r t  to the small  l a t en t  heat  of crys ta l l iza t ion  of 
corundum which is difficult to ident i fy  on cooling 
curves. Also, the effect of supercooling may  present  
difficulties. None of these problems is associated 
wi th  the present  method,  since al l  phases except  the 
l iquid are  in i t ia l ly  present .  In the usual  appl icat ion 
of the quenching method severa l  p r e l imina ry  fusions 
of the s ta r t ing  mix tures  are  usual ly  car r ied  out to 
insure a homogeneous composit ion in the charge. 
This was not done in the present  s tudy for two rea -  
sons. First ,  cryol i te  is uns table  at the t empera tu res  
requi red  to mel t  compositions re la t ive ly  r ich in 
a lumina  and silica. Second, in a system where  there  
is a possibi l i ty  tha t  the crys ta l l ine  phases may  nu-  
cleate wi th  difficulty, the use of glass charges may  
pa r t i a l l y  cancel wha tever  advantages  the quenching 
method has over the cooling curve method. The 
supersa tura t ion  necessary to nucleate  a crys ta l l ine  
phase  in a reasonable  t ime dur ing  a run  in the 
quenching method is a source of uncer ta in ty  ana-  
logous to the supercooling p rob lem in the cooling 
curve method. The unce r t a in ty  in the present  meas-  
u rements  are connected with  the approach to equi-  
l i b r ium f rom the unde r sa tu ra t ed  side, and the ac-  
curacy of the solubi l i ty  curves depends on the close- 
ness of the approach to the solubi l i ty  l imi t  in r e l a -  
t ive ly  long periods. Since it is much ha rde r  to ma in -  
ta in  a superhea ted  crys ta l  than  a supercooled l iq-  
uid, it  is not unreasonable  to assume tha t  the in-  
dicated solubil i t ies are not  far  f rom the l imi t ing 
values.  The posi t ion of the Na~A1F6-A1203 l iquidus 
de te rmined  here  (13-15% A1203 at 1010~ is in 
good agreement  wi th  Phi l l ips  et al. (7) who a r r ived  
at a figure of 14% A1203 using a method of v isual  
examina t ion  and Foster  (4),  13% A120~, by  a 
quenching method. Invest igat ions  using the cooling 
curve method all  give apprec iab ly  higher  values.  An 
examina t ion  of the corundum sa tura t ion  curves at 
800 ~ and 1010~ in Fig. 1 reveals  the steep na ture  of 
the corundum l iquidus surface in tha t  t empe ra tu r e  
interval .  Such a small  t empera tu re  dependence in 
corundum solubi l i ty  indicates  smal l  l a ten t  heats  
of crys ta l l iza t ion of corundum from the t e rna r y  l iq-  
uids. I t  seems l ike ly  therefore  that  the cooling curve 
method would prove inadequate  for de te rmin ing  
the corundum l iquidus surface in this t e rna ry  system 
for much the same reason it has been found insensi-  
t ive  in determining the corundum liquidus curve in 
the binary Na3AIF6-AI203 system. 

Liquids containing less than 50% Na3AIF6 were 
easily quenched to a clear, colorless glass. Figure 2 
is a plot of the refractive indices of the quenched 
glasses. The indices of glasses quenched from I010 ~ 
and 800~ plot consistently indicating that the 
structure is effectively frozen in the glass below 
800~ or that the effects on the refractive indices 
caused by the different thermal histories is too small 
for detection. The NasAIF6 rich glasses are not 
plotted since it was impossible to prevent some cryo- 
lite from forming during the quenching of these 
liquids. This did not interfere with the determination 

8~ \ \2~ 
/ \ Po CRYOLITE FORMS DURING \ 

/ \ ~ Q U E N C .  OF LIQUIDS WITH 

Na3AIF 6 20 40 60 80 AI203 

Fig. 2. Refractive indices (ND) of glasses in the Na3AIFs- 
AI203-SIO2 system. Compositions in weight per cent. 

of the cryol i te  field at  800~ since the coarser  c ryo-  
l i te  of the ini t ia l  m i x t u r e  was easi ly dis t inguishable  
under  the  microscope from the microcrys ta l l ine  
va r ie ty  which prec ip i ta ted  dur ing  the quenching 
period.  

Conclusions 
The re la t ive ly  low solubi l i ty  of silica ( < 5 % )  in 

the b ina ry  sys tem SiO2-Na3A1F6 is s t r ik ingly  in-  
creased by  the addi t ion of A1203 to the l iquid.  Rolin 
(8) has analyzed  the mel t ing  point  lower ing  of 
cryol i te  by  var ious  oxides using the extension of the 
regu la r  solution equat ion for fused salts due to Tem-  
kin (9).  While  the  s imple dissociat ion scheme to the 
cation and O = best  fits the phase  d iagrams for most 
of the oxides s tudied (e.g., Na20, MgO, CaO, ThO2, 
La203) the resul ts  for A1203 were  inconclusive. A 
solution of a lumina  in cryol i te  may  contain a lumi -  
hate as well  as oxyfluoride ions. A n y  proposed 
scheme for the s t ruc ture  of l iquids  in the Na3A1F6- 
A1203-SIO2 system wil l  have to account for the sharp 
increase in SiO~ concentra t ion along the SiO2 iso- 
ac t iv i ty  l ine represen ted  by  the silica sa tura t ion  
curve. 

The la rge  solubi l i ty  of silica and corundum at the 
invar ian t  points (69% SIO2-14% A1203 at 1010~ 
and 50% SIO2-17% A1208 at 800~ imply  subs tan-  
t ia l  solubil i t ies for the  a luminum silicates in this 
system. The res t r ic ted  field of l iquid at  800~ indi -  
cates that  the l iquidus surface does not ex tend much 
below this tempera ture .  There  are no indicat ions of 
l iquid immiscibi l i ty  in the t e m p e r a t u r e  range  s tud-  
ied. 
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ABSTRACT 

The hea t  contents and entropies  have  been der ived  as a funct ion of t e m p e r a -  
ture  for  ga l l ium arsenide  and the gaseous species which  exis t  in equi l ib r ium 
wi th  it, in the t e m p e r a t u r e  range  800~176 when  iodine or  hydrogen  chlo-  
r ide  and hydrogen  are  also present .  The impor tan t  gaseous species are  shown 
to be GaC13, GaIs, GaC1, GaI, HI, I2, I, HC1, As4, and H2. Under  cer ta in  condi-  
t ions the  species As2, AsC13, and Ga (liq.) may  also be present .  The f ree  energy  
changes for  react ions  among the above species a re  der ived.  They are  shown to 
be consistent  wi th  those i so thermal  equi l ib r ia  tha t  have  been d i rec t ly  measured.  
The f ree  energy changes are  used, together  wi th  the  conservat ion equat ions for  
nondeposi t ing components  (I, C1, H, and As in excess of the  s toichiometr ic  
Ga: A s :  1:1 ra t io)  to give the  pa r t i a l  pressures  of al l  the  impor t an t  species at  
any  t empe ra tu r e  in a t empe ra tu r e  g rad ien t  in a constant  p ressure  system. 
The resul ts  are  appl icable  to the  calculat ion of the  flux of ga l l ium arsenide  in 
open flow or closed tube  (diffusive t ranspor t )  systems, and  they  are  in good 
agreement  wi th  expe r imen ta l l y  measured  ra tes  of t r anspor t  in the  sys tem 
GaAs-H2-C12 in an open flow appara tus .  

Depos i t i on  f r o m  c h e m i c a l l y  r e a c t i n g  species  f rom 
the  v a p o r  p h a s e  offers p a r t i c u l a r  a d v a n t a g e s  in  t he  
p r e p a r a t i o n  of c r y s t a l l i n e  s t o i c h i o m e t r i c  s e m i c o n -  
duc t ing  c o m p o u n d s  w h i c h  canno t  r e a d i l y  be  ob -  
t a i n e d  b y  f r eez ing  a m e l t  because  of pe r i t e c t i c  d e -  
compos i t ion ,  i n c o n g r u e n t  me l t ing ,  or  the  need  to 
w o r k  at  e x c e s s i v e l y  h igh  t e m p e r a t u r e s  or  p re s su res .  
S ince  the  e x t e n s i v e  w o r k  on c h e m i c a l  t r a n s p o r t  r e -  
ac t ions  b y  Sch~fe r  (1)  a n d  the  o b s e r v a t i o n  b y  A n -  
t e l l  a n d  Effer  (2)  of t he  t r a n s p o r t  of g a l l i u m  a r s e n -  
ide  c o n t a i n e d  in  a sea l ed  tube ,  d o w n  a t e m p e r a t u r e  
g r a d i e n t  b y  r e a c t i o n  w i t h  iodine,  t he  a d o p t i o n  of 
such m e t h o d s  has  been  w i d e s p r e a d  bo th  for  the  
p r e p a r a t i o n  of g a l l i u m  a r s e n i d e  in  q u a n t i t y  and  for  
i ts  depos i t i on  in  t he  f o r m  of th in  films. The  a ims  of 
th is  p a p e r  a r e  to a n a l y z e  the  p h y s i c a l  c h e m i s t r y  of 
the  r eac t i ons  in t he  g a l l i u m - a r s e n i c - h a l o g e n - h y d r o -  
gen  sy s t ems  for  t he  t r a n s p o r t  of th is  c o m p o u n d  b y  
iod ine  or  ch lo r ine  and  to d e t e r m i n e  the  r a t e  of 
t r a n s p o r t  in  specific processes .  

Cons ide r  the  i dea l i zed  gas - so l id  r e a c t i o n  

A B ( s )  q- X ( g )  ~ A X ( g )  q- B ( g )  

occu r r ing  s i m u l t a n e o u s l y  a t  two  i n t e r c o n n e c t e d  
t e m p e r a t u r e  r eg ions  T1 and  T2. The  f ree  e n e r g y  
g r a d i e n t  b e t w e e n  the  two  t e m p e r a t u r e s  is a m e a s -  
u r e  of t he  d r i v i n g  force  for  t he  mass  t r a n s f e r  of 
sol id  A B  b e t w e e n  the  two  regions .  P r o v i d e d  none  

1 Present  address: Ministry of Aviation,  E1RDE, Wal tham Abbey,  
Essex, England.  

Present  address: Batte l le  Memoria l  Inst i tute ,  Columbus ,  Ohio. 

of t he  c h e m i c a l  r e ac t i ons  is r a t e - l i m i t i n g ,  the  r e -  
s i s tance  a ga in s t  w h i c h  th is  fo rce  is e x e r t e d  wi l l  d e -  
p e n d  on ly  on the  p a r t i c u l a r  flow m e c h a n i s m  b y  
w h i c h  t r a n s p o r t  occurs  (dif fusion,  l a m i n a r  or  t u r -  
b u l e n t  f low) .  The  p a r t i a l  p r e s s u r e  d i f fe rences  b e -  
t w e e n  T1 a n d  T2 of t he  gaseous  spec ies  invo lved ,  
c a l c u l a b l e  t h r o u g h  the  e q u i l i b r i u m  cons tan t s  f r o m  
the  f r ee  e n e r g y  changes  of  t he  r eac t ions  at  T1 and  
T2, m a y  t h e r e f o r e  be  used  in the  equa t i ons  wh ich  
def ine t he  f low process  to d e t e r m i n e  the  r a t e  of mass  
t r a n s f e r  of A B  b e t w e e n  T1 a n d  T2. 

Chemical Equilibria Involved in the Transport of 
Gallium Arsenide 

In  the  s y s t e m  g a l l i u m  a r sen ide ,  h y d r o g e n ,  iod ine  
w i t h i n  the  t e m p e r a t u r e  r a n g e  800~176  poss ib le  
s t ab l e  spec ies  a re :  G a A s  ( s ) ,  Ga  (1), GaI3 (g ) ,  G a I  (g ) ,  
H I ( g ) ,  I2 (g ) ,  I ( g ) ,  H2(g ) ,  A s 4 ( g ) ,  a n d  As2(g ) .  
The  spec ies  GaI2 (g )  and  A s I s ( g )  a r e  u n s t a b l e  in 
th is  t e m p e r a t u r e  range .  Ga(1)  and  As2(g)  a re  on ly  
i m p o r t a n t  a t  v e r y  low t o t a l  ( f r ee  and  c o m b i n e d )  
iod ine  p re s su re s .  Ca l cu l a t i ons  show t h a t  t h e y  m a y  
be n e g l e c t e d  in  d e t e r m i n i n g  the  t r a n s p o r t  e q u i l i b r i a  
in t he  t e m p e r a t u r e  r a n g e  he re  cons idered .  

In  the  case  of g a l l i u m  a r sen ide ,  h y d r o g e n ,  ch lo -  
r ine  sys tem,  in t he  s a m e  t e m p e r a t u r e  r ange ,  800 ~  
1200~ poss ib l e  s t ab le  spec ies  a re :  G a A s  ( s ) ,  Ga  (1), 
GaC13(g) ,  GaC12(g) ,  G a C l ( g ) ,  H C I ( g ) ,  C12(g), 
H2(g ) ,  A s4 (g ) ,  and  A s2 (g ) .  The  spec ies  AsCl~(g)  
is u n s t a b l e  and  a g a i n  Ga(1)  and  As2(g)  a r e  on ly  
i m p o r t a n t  a t  low to t a l  h a l o g e n  p re s su res .  C l ( g )  also 
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is u n i m p o r t a n t  and  m a y  be neglec ted  in  the t e m -  
p e r a t u r e  r ange  800~176 

B r e w e r  (3) has e s t ima ted  tha t  the  e q u i l i b r i u m  
G a C l ( g )  ~- GaC13(g) ~ 2GaCl (g )  is shif ted to the  
r igh t  w i th  inc reas ing  t empe ra tu r e .  We have  re -  
e x a m i n e d  the  vapor  dens i ty  data  of L a u b e n g a y e r  
and  S c h i r m e r  (4) and  of Ni lson  and  Pe t t e r s son  (5) 
and  conc luded  (6) tha t  the  concen t r a t i on  of 
GaC12(g) wi l l  be  r e l a t i ve ly  u n i m p o r t a n t  be low 
1200~ This species is neg lec ted  in  the p re sen t  
paper .  

The  fo l lowing  react ions,  in  which  X denotes  C1 or 
I, are  sufficient to descr ibe  the  equ i l ib r i a  b e t w e e n  
the species i nvo lved  in  the  t r an spo r t  of ga l l i um 
arsen ide  by  iodine  or ch lor ine  in  the  presence  of 
hydrogen ,  b e t w e e n  800 ~ and  1300~ 

GaX~(g)  ~ G a X ( g )  + X2(g)  [1] 

1 
2 G a X ( g )  + ~ - A s 4 ( g ) e ~ - - 2 G a A s ( s )  -~ X2(g)  [2] 

X2(g)  ~ 2X(g )  [3] 

H2(g)  § X2(g)  ~ 2 H X ( g )  [4] 

If no h y d r o g e n  is present ,  reac t ion  [4] is no t  i n -  
volved,  and  because  the p ressure  of f ree ha logen  is 
small ,  r eac t ion  [3] m a y  be omi t t ed  and  react ions  
[1] and  [2] rep laced  by  the  s ingle  reac t ion  

1 
2GaAs (s) ~- GaX3 ~ 3GaX ~- ~ -  As4 [5] 

Thermodynamic Data 
In  Table  I are  l is ted the va lues  of the  en tha lp ies  

and  ent ropies  of the species i nvo lved  as a func t ion  
of t e m p e r a t u r e .  All  s t a n d a r d  heats  of fo rma t ion  are  
based  on e x p e r i m e n t a l  da ta  in  the  l i t e ra tu re .  In  
those cases whe re  va lues  for H~ - -  H~ and  S~ --  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a y  I 9 6 4  

S~ were  no t  avai lable ,  es t imates  were  based on  
the va lues  of re la ted  compounds  in  Ke l ley ' s  compi la -  
t ion  (7)" Es t imates  of the va lues  for S~ for the 
g a l l i u m  hal ides  were  based on the  use of the  e m -  
p i r ica l  curves  of K u b a s c h e w s k i  a nd  Evans  (8) or 
on La t imer ' s  tables  (9) .  The  most  u n c e r t a i n  va lues  
are the  s t a n d a r d  heats  of f o r ma t i on  at 298~ of GaI  
and  GaAs,  for which  confl ict ing va lues  exist.  G u t -  
b ier ' s  (10) va lue  for H~ (GaAs)  is 5.2 kcal  more  
nega t ive  t h a n  tha t  of D r o w a r t  and  Goldf inger  (11).  
The fo rmer  has b e e n  used in  these  ca lcula t ions  be -  
cause it  is cons is tent  wi th  the  da ta  of S i lves t r i  and  
Lyons  (12) on the  GaAs-I2  equ i l i b r ium,  and  be -  
cause it  is also cons is tent  w i th  resul t s  on other  
I I I - V  compounds .  The heat  of dissociat ion of G a I ( g )  
is --91 kca l  f rom flame p h o t o m e t r y  work  of Bu le -  
wicz, Phi l l ips ,  and  Sugden  (13).  B a r r o w  (14) has 
r ev iewed  the ava i lab le  spectroscopic da ta  a nd  sug-  
gested --81 kcal. We have  chosen the  i n t e r m e d i a t e  
va lue  of --84 kcal.  This  is cons is ten t  w i t h i n  • 2 
kcal  wi th  both  the Ga(1) - I2  and  GaAs-I2  da ta  of 
Sy lves t r i  and  Lyons.  

The  s t anda rd  free ene rgy  changes  as a f u n c t i o n  
of t e m p e r a t u r e  for react ions  [1-4]  are ob ta ined  di -  
rec t ly  f rom the va lues  of Tab le  I and  are l is ted in  
Table  II. They  are  compared  wi th  the ava i l ab le  ex-  
p e r i m e n t a l  da ta  in  Table  III. 

The da ta  of Tables  I a nd  II show tha t  for reac-  
t ions  [1] and  [2] the equ i l i b r i a  are we l l  over  to 
the  lef t  so tha t  the  pa r t i a l  p ressures  of free ha logen  
wi l l  be smal l  (less t h a n  10 -12 a t m ) .  Cons ide r ing  the 

1 
reac t ion  2AsC13(g) ~ 3C12(g) ~ ~ -  As4(g) ,  for 

which  f rom the  da ta  of Tab le  I, AF%000 ~ +122.8 
kcal,  i t  m a y  be seen  tha t  AsC18(g) wi l l  be negl igible .  

Table I. 

Spec ie s  H~  k c a l  S~ (g) e,u, H~ (g) ca l  S~ (g) e,u. C o m m e n t s  a n d  r e f e r e n c e s  

GaAs (s) ~ --18.5 (s) --~ 15.6 (s) ~ 12.OT-- 21,600 (s) = 11.961nT-- 53.0 From mass spectrometry. Ref. 
+ 1.6 • 10-~T (10), (11). 

GaI8 (s) : --51.0 (s) ~ 48.7 20.0T --  34,100 19.501nT-- 22.6 H~ from calorimetry. Ref. 
(8). 

S~ from Latimer 's  tables. 
Ref. (9). 

GaC13 (s) ~ --125 79'.7 19.2T --  107,700 19.171nT --  29.3 H~ (s) from calorimetry. Ref. 
(8). 

S~ f r o m  K u b a s c h e w k s i  
and Evans empirical  plot. 
Ref. (8). 

GaI ~-10.5 61.0 8.9T ~-7,800 8.941nT-~ 1 0 . 0  Corresponds to --84 kcal for 
dissociation energy of GaI. 
Heat  of vaporization of Ga 
from ref. (10). 

GaC1 --16.2 56.4 8.9T --  19,000 8.931nT ~ 5.2 H~ from spectra. Ref. 
(14), (20), (21). 

I2 (s) ~ 0 62.2 8.9T W 12,200 8.941nT ~ 11.4 Ref. (21) and (22). 
C12 0 53.3 8.9T--2,700 8.851nT ~-2.6 Ref. (21) and (22). 
HI ~6.2 49.4 6.4T W 5,000 6.391nT W 14.1 Ref. (21) and (22). 
HC1 --22.0 44.6 6 .3T--  23,300 6.271nT ~ 9.9 Ref. (21) and (22). 
I ~25.5 43.2 4.8T ~ 24,200 4.801nT ~- 15.9 Ref. (21) and (22). 
H2 0 31.2 6 . 5 T -  1,600 6 .521nT-  5.3 Ref. (21) and (22). 
As4 -~34.5 75.0 19.8T-~ 28,300 19.841nT--38.6 Ref. (21) and (22). 
AsC13 --71.5 78.2 1 9 . 7 T -  77,700 19.721nT--34.2 Ref. (21) and (22). 

A l l  s t a n d a r d  h e a t s  of f o r m a t i o n  f r o m  e x p e r i m e n t a l  v a l u e s  i n  t h e  l i t e r a tu re .  
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Reac t ion  ~ F ~  (Iodine) eal  AF~ ( C h l o r i n e )  c a l  

[1] AF~ = --46.2T + 1.62TlnT + 54,100 
[2] AF~ = +100.5T -- 5.06TINT --  60,750 -- 3.2 X 10-3T 2 
[3] AF~ ---- --19.7T-- 0.66TINT + 36,200 
[4] AF~ ---- --24.7T + 2.68Tint  - -  600 

5F~ = --38.5T + 1.39TINT + 86,000 
AF~ = +99.7T -- 4.99TINT -- 22,050 --  3.2 X 10-aT 2 
AF~ = --10.7T --  2.2TlnT + 51,780 
AF~ = --25.5T + 2.83TlnT -- 42,300 

Table Ill. 

Chemica l  r eac t ion  F r o m  Table  I (kcal) E x p e r i m e n t a l  va lues  (kcal) 

a. GaI3(g) + 2Ga(1) ~-~ 3GaI(g)  AF1000 = --6.6 AFlo00 = --6.4. Ref. (12) 
AH1000 = +52.2 hill000 = +50.4. Ref. (12) 

1 AFloo0 = +17.5 AFloo0 = 19.4. Ref. (12) 
GaI3(g) q- 2GaAs(s) ~ 3GaI(g)  + -~-As4(g) AH1000 = +107.5 AH100o ~ +108.2. Ref. (12) 

1 AHlo00 = +27.6 AHlo0o = +28.9. Ref. (12) 
GaAs(s)  ~ Ga(1) + "T As4(g) AH1000 ---- +27.0. Ref. (10) 

AH1000---- +21.8. Ref. (11) 

b. 

C. 

Application to Vapor Transport Processes 
T r a n s p o r t  of ga l l i um arsen ide  in  the  GaAs-X2-H2 

systems m a y  be car r ied  out  in  severa l  ways.  In  an  
open  flow sys tem AsC13(g) or As4(g) m a y  be r e -  
acted wi th  G a X ( g ) ,  GaX3(g) ,  or Ga(1) w i th  or 
w i thou t  H2 be ing  p resen t ;  a l t e r n a t i v e l y  He p lus  X2 
or HX [or in  the case X = C1, AsC18(g)]  m a y  be 
flowed over  G a A s ( s )  so tha t  g a l l i u m  and  arsenic  
vapor  species are t a k e n  up into the  gas phase  and  
redeposi ted  d o w n s t r e a m  at a d i f ferent  ( lower)  t e m -  
pera tu re .  In  a closed t ube  sys tem in  a t e m p e r a t u r e  
grad ien t ,  ga l l i um arsen ide  at the  ho t te r  end  m a y  be 
t r anspo r t ed  to the cooler end if X2, X2 + H2, or HX 
are also pu t  into the  tube.  Al l  of these cases m a y  
be ana lyzed  w i t h i n  the  f r a m e w o r k  of the  theor ies  
developed in  this section. 

Open tube flow systems.--The changes  in  compo-  
s i t ion of the  gas f lowing along an  open tube  in  a 
t e m p e r a t u r e  g rad ien t  wi l l  depend,  in  the absence  
of t u r b u l e n t  flow, on the flow veloci ty,  the  diffusion 
coefficients of the species involved ,  and  on the  reac -  
t ion  ra te  constants .  If chemica l  e q u i l i b r i u m  exists  
at the  sol id-gas  interfaces ,  and  p rov ided  tha t  none  
of the gaseous react ions  is ra te  l imi t ing ,  the  sys tem 
corresponds  to a flow process w i th  s imu l t aneous  
diffusion. At  sufficiently h igh flow ra tes  the inf lu-  
ence of diffusion on the  t r an spo r t  process m a y  be 
ignored.  Al l  the cons t i tuen t s  in  the  vapor  phase  m a y  
be a s sumed  to move  at a u n i f o r m  ra te  equa l  to the 
o v e r - a l l  space velocity.  The effect on  the  ra te  of 
v a r y i n g  the  space veloci t ies  wi l l  r evea l  any  i n a d e -  
quacies  in  this  assumpt ion .  

There  is insuff icient  da ta  on the  k ine t ics  of the 
react ions  invo lved  in  the  process to d e t e r m i n e  
w h e t h e r  they  wi l l  l imi t  the t r a n s p o r t  of ga l l i um 
arsenide.  The equa t ions  are solved on the a s s u m p -  
t ion  tha t  reac t ion  ra tes  are not  l imi t ing ,  and  this  is 
tes ted by  compar i son  b e t w e e n  theory  and  exper i -  
ment .  

The  equa t ions  gove rn ing  the t r an spo r t  process in  
confo rmi ty  wi th  the  above res t r ic t ions  and  a s s u m p -  
t ions are:  

The e q u i l i b r i u m  equa t ions  

PGaXPX2 KI(T) [6] 
PGaX3 

P x 2  
K 2 ( T )  = [ 7 ]  

p 2 G a x  p l / 2 A s 4  

p 2  x 
Ks(T) = - - -  [8] 

P x 2  

penx 
K4(T) = - - -  [9] 

PH2 PX2 

the equa t ion  def ining the  tota l  pressure ,  i n d e p e n d -  
en t  of t e m p e r a t u r e  and  cons tan t  t h r o u g h o u t  the  
t ube  3 

P = PGaX3 + PGaX + PX2 + PX + PHX + PH2 + PAs4 
[10] 

and  the conse rva t ion  equa t ions  

Jx2RT 3 
S 2 

1 1 1 
PGaX3 + -~-PGaX + PX2 + -~-PX + ~--PHX 

[11] 

JH2RT 1 
- -  PH2 + " -~  PHX [ 1 2 ]  

JAsRT 

S 
-- 4pAs4-  (PGaX3 + PGaX) [13] 

In  these  equa t ions  the cons tan ts  KI(T) etc., are  
d e t e r m i n e d  t h r o u g h  the equa t i on  F~ = RTlnK(T) 
by  the  data  of Tab le  II;  PGaX3 etc., denote  the  pa r t i a l  
p ressures  ( a t m ) ,  S the  l i nea r  space ve loc i ty  ( c m /  
sec) ,  a nd  the  J ' s  denote  the  cons tan t  fluxes (mo les /  
sec cm 2) of to ta l  halogen,  hydrogen ,  and  arsenic  in  
excess of the  s to ichiometr ic  ra t io  Ga:  A s =  1: 1. These 
fluxes are  conserved  because  the  componen t s  which  
t hey  r ep re sen t  do not  exist,  f ree  or combined,  as 

For  a tube  of d i a m e t e r  of t h e  o r d e r  of one  cen t ime te r  no m e a s -  
u r a b l e  to ta l  p r e s su re  g r a d i e n t  w o u l d  be  sus ta ined  excep t  a t  ve ry  
low or  ve ry  h i g h  p r e s s u r e s .  T h e  t o t a l  p r e s s u r e  dif ference  b e t w e e n  
t h e  ends  of the  t ube  wil l  be  negl igible  as  c o m p a r e d  w i t h  t h e  to ta l  
p r e s s u r e  e x c e p t  f o r  n a r r o w  tubes .  
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condensed  phases  in  the  t e m p e r a t u r e  r a n g e  800 ~ - 
1200~ 4 

Equa t ions  [ 6 ] - [ 1 3 ] ,  in  wh ich  it migh t  be no ted  tha t  
the space veloci ty  S can be e l imina ted ,  s ince the  
flux rat ios  of the  conserved  componen t s  are con-  
s tant ,  canno t  be w r i t t e n  expl ic i t ly  as a f unc t i on  of 
a s ingle  var iab le .  A m i n i m i z a t i o n  p rocedure  was  
used based on a F ibonacc i  search (15),  in  wh ich  a 
m i n i m u m  was sought  in  the  difference of the pa r t i a l  
pressures  of arsenic  as g iven  b y  Eq. [7] and  [13],  
respect ively .  The resul t s  are descr ibed  in  the n e x t  
section. 

The flux of ga l l i um arsen ide  at a po in t  in  the  flow 
sys tem cor responding  to a t e m p e r a t u r e  T is g iven  
by  the  equa t i on  

S 
J G a A s  = ~ ( P G a X 3  + P G a X )  

or, e l i m i n a t i n g  S/RT by  the  use of Eq. [11] 

JGaAs PG~Xs + PGaX 

Jx2 3 1 1 1 
-~ p~x~ + -~ p~x + px. + -~ px + y p~x 

[14] 

The difference in  the  flux J o a A s ,  b e t w e e n  two t e m -  
pe ra tu re s  T1 and  T2, is a measu re  of the ga l l i um 
arsen ide  t r an spo r t ed  b e t w e e n  these t empera tu re s .  
Thus  if halogen,  hydrogen ,  and  excess arsenic  if 
p resen t  are  flowed over  solid GaAs  at  a source t e m -  
p e r a t u r e  T1, t h e n  the  ra te  tha t  GaAs wi l l  be  t r a n s -  
por ted  in  an  open tube  flow sys tem f rom the source 
to the subs t ra te  at a t e m p e r a t u r e  T2 wi l l  be g iven  
by  JGaAs(T1) --  JGaAs(T2) in  which  the  va lues  of 
JGaA~(T1) and  JGaAs(T2), defined by  Eq. [14],  are  
found  f rom the  solut ions  to Eq. [ 6 ] - [ 1 3 ]  appropr i a t e  
to the va lues  of the t empera tu re s ,  the  tota l  pressure ,  
and  the conserved  fluxes used. 

Values  for the ra t io  JGaAs/Jx2 are p lo t ted  aga ins t  
t e m p e r a t u r e  for the  sys tem GaAs-I2 in  Fig. 1, for 
the sys tem GaAs-I2-H2 in  Fig. 2, and  for the sys-  
t em GaAs-C12-H2 in  Fig. 3. 5 F l u x  rat ios  for the  sys-  

I f  t h e  f lux of  h a l o g e n  is so l o w  t h a t  less  g a l l i u m  is t r a n s f e r r e d  to 
t h e  v a p o r  p h a s e  f r o m  G a A s  t h a n  is e q u i v a l e n t  to  t h e  e s t a b l i s h m e n t  
of t h e  e q u i l i b r i u m  a r s e n i c  v a p o r  p r e s s u r e  o v e r  G a A s ,  g a l l i u m  in  
e x c e s s  of  t h e  s t o i c h i o m e t r i c  r a t i o  G a : A s  = 1:1 w i l l  be  p r e s e n t  a s  a 
c o n d e n s e d  p h a s e .  T h e  c a l c u l a t i o n s  o n l y  a p p l y  to  s t o i c h i o m e t r i c  
G a A s  as  t h e  so le  c o n d e n s e d  p h a s e .  
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Fig. 1. Temperature dependence of gallium arsenide-iodine flux 
ratios for different fixed total pressures. These curves are also 
applicable to the gallium arsenide-chloride system. 
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Fig. 2. Temperature dependence of gallium arsenide-lodine flux 
ratios for different iodine-hydrogen flux ratios. All  the curves are 
for a total pressure of 1 arm. 
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Fig. 3. Temperature dependence of gallium arsenide-chlorine 
flux ratios for different chlorine-hydrogen flux ratios. All  the 
curves are for a total pressure of 1 atm. 

tems GaAs-I2 a nd  GaAs-C12 are so s imi la r  tha t  the  
curves  for the l a t t e r  sys tem are not  given.  

Closed tube systems.--Sch~fer and  co -worke r s  
(16) have  p rov ided  two models  for the  t r a n spo r t  
mechan i sm.  (a)  Diffusive t r a n spo r t  appl icab le  at 
p ressures  less t h a n  about  1-10 a tm to ta l  pressure ,  
in  which  the fluxes of the  gaseous species are set 
equal to a diffusion coefficient multiplied by the 
gradient in the concentrations of these species. This 
treatment has been developed by Mandel and Lever 
(I 7-19) who considered transport occurring by both 
diffusion and convection in systems which would 
not sustain a total pressure gradient. Convection 
occurs in all pressure regions if the transport reac- 
tion involves a change in the number of gaseous 
molecules. (b) Transport predominantly by Poi- 
seuille flow applicable at pressures greater than 
about I-I0 aim, where the differences in over-all 
vapor densities between the two ends of the tube, at 
which chemical equilibrium is assumed to exist, 
create  a ne t  p ressure  g r ad i en t  down  which  t r a n s -  
port  occurs. 

O n l y  case (a)  is cons idered  for  sys tems whe re  
on ly  ga l l ium arsen ide  and  ha logen  a re  p resen t  and  

5 T h e  d a t a  of  F i g .  1-3 a n d  4-6 h a v e  b e e n  c a l c u l a t e d  f o r  s to i ch lo -  
m e t r i c  G a : A s  s y s t e m s .  A n o n s t o i e h i o m e t r i e  G a : A s  s y s t e m  i s  t r e a t e d  

i n  F i g .  8 a n d  i s  d i s c u s s e d  l a t e r .  
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the tota l  p ressure  can be a s sumed  u n i f o r m  t h r o u g h -  
out the tube.  Since be low 1200~ the  concen t r a -  
t ion  of f ree ha logen  m a y  be neglected,  the equ i l i b -  
r i u m  is d e t e r m i n e d  by  the single chemical  reac t ion  

1 
2GaAs + GaX8 ~ 3GaX + ~ -  As~ [5] 

for which  the e q u i l i b r i u m  cons tan t  is g iven  by  the 
rat io K1 (T ) /K2  (T) .  

The to ta l  p ressure  is u n i f o r m  t h r o u g h o u t  the  tube,  
and  the  a m o u n t  of ga l l i um arsen ide  t r anspo r t ed  
f rom the end  at the h igher  t e m p e r a t u r e ,  denoted  by 
Tb to the cooler end at T2 is g iven  (see A p p e n d i x )  
by  the equa t i on  

QGaAs  = D C x 2  - ~  3 

~- pGax3 + -~ P~aX ] T1 

PGaX3 -~- -~-  PGaX T2 
[15] 

where  T - :  (T1 + T2) /2  is the  m e a n  t e m p e r a t u r e .  

/~ is an  average  diffusion coefficient at the m e a n  

t e m p e r a t u r e  T of the di f ferent  gaseous species p re s -  
en t  for a to ta l  p ressure  equa l  to tha t  p resen t  in  the 
tube,  6 Cxe is the  to ta l  ha logen  concen t r a t i on  (mo les /  
cm3), a the cross-sec t ional  area  (cme),  and  l the 
t ube  l e n g t h  ( cm) .  

The  da ta  for the  case of an open  tube,  p lo t ted  in  
Fig. 1, are  appl icable  to Eq. [15] as m a y  be seen by  
compar ing  Eq. [14] and  [15], r e m e m b e r i n g  tha t  
pxe and  px are negl ig ible ,  and  PHX is zero in  the 

( 3  
p resen t  case. The va lues  for (PGax3-[-PGaX)/ -~- 

PG~8 + - ~ - P e a x  to be used in  Eq. [14] are  the 

va iues  of JaaAs/Jx2 Of Fig. 1 l y ing  on tha t  i sobar  for 

which,  at  T = (T~ + T2)/2, the  to ta l  p ressure  is 
app ropr i a t e  to the concen t r a t i on  of ha logen  p resen t  
in  the  tube.  Thus  suppose tha t  the t ube  conta ins  1.35 
• 10 .6  moles /cc  of iodine,  and  tha t  T, is 1100 ~ and  

T2 900~ hence,  T = 1000~ and  the  equ iva l en t  
p ressure  tha t  the iodine concen t r a t i on  wou ld  exer t  
at this t e m p e r a t u r e  is g iven  by  
3 1 

-~-  PGaI3 "~- -~ -  PGaI  = CI 2 RT = 1 . 3 5  • 1 0  . 6  

0.1 
X 82 • 103 = 

0.9 
4 

Inspec t ion  of Fig. 1 shows tha t  the  i sobar  for - -  P 
5 

3 
(PGa~3 + PGaI) = 0.1 cor responds  to this  va lu e  of - -  

2 
1 

PG~13 + -~-PGaI at 1000~ Hence  the  va lues  of (PG~x~ 

+ PG,x)/ "~'PG~x3-t-'~-PeaX to be used in  Eq. 

Gaseous  di f fus ion coefficients a r e  inve r se ly  p r o p o r t i o n a l  to t h e  
to ta l  p ressure ,  t he i r  dependence  on  concen t r a t i on  is s l ight  a n d  is 
here  neglec ted;  they  d e p e n d  on  t e m p e r a t u r e  a c c o r d i n g  to the  
equa t ion  

D = Do (T/To)  ~'.s [ref .  (1) ] 
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Fig. 4. Schematic drawing of furnace and transport tube 

[14] are g iven  b y  the  va lues  of JGaAs/JI2 at 900 ~ 
and  l l 0 0 ~  on this  isobar.  In  genera l  of course the 
va lue  of the  ha logen  concen t r a t i on  wi l l  no t  corre-  
spond  exac t ly  to a p a r t i c u l a r  i sobar  so tha t  it  wi l l  be 
necessa ry  to in t e rpo la t e  b e t w e e n  the di f ferent  curves.  

Experimental 
G a l l i u m  a r sen ide  was  t r a n s p o r t e d  in  an  open  flow 

sys tem at a tmospher i c  p ressure  f rom a source r e -  
gion and  deposi ted on a va r i e t y  of subs t ra tes  in  the  
appa ra tu s  show n  schemat ica l ly  in  Fig. 4. I t  con-  
sisted of a 27 m m  ID qua r t z  reac t ion  t ube  in  a 36 in. 
long five zone fu rnace  w i t h i n  which  the  source 
ga l l i um arsen ide  was con ta ined  in  a qua r t z  boat,  
located b e t w e e n  quar tz  baffles to p romote  t e m p e r a -  
tu re  u n i f o r m i t y  and  to m i n i m i z e  counterdi f fus ion.  
Deposi t ion  occur red  on subs t ra tes  held  on quar tz  
racks f u r t h e r  d o w n  the tube.  The rmocoup le  act i -  
va ted  t e m p e r a t u r e  cont ro l le rs  a l lowed a cons tan t  
t e m p e r a t u r e  to be es tab l i shed  along the source re -  
gion. 

The  ingoing  flux over  the ga l l i um arsen ide  source 
consis ted of h y d r o g e n  pur i f ied b y  m e a n s  of a pa l l a -  
d i u m  al loy diffusion t ube  (I. Bishop & C o m p a n y )  
and  vapor  species (HC1 a nd  As4) r e su l t ing  f rom the 
decomposi t ion  of a rsenic  t r ichlor ide.  The l a t t e r  was 
i n t roduced  into the h y d r o g e n  s t r eam f rom a t e m -  
p e r a t u r e  cont ro l led  s a tu ra to r  con t a in ing  l iqu id  a r -  
senic t r ichlor ide .  The c h l o r i n e / h y d r o g e n  flux rat ios  
in  the  i npu t  s t r e a m  were  d e t e r m i n e d  b y  chemical  
analysis .  The u p t a k e  of ga l l i um arsen ide  f rom the 
source was d e t e r m i n e d  f rom weigh t  loss m e a s u r e -  
ments .  

F low rates  employed  r a n g e d  mos t ly  f rom 60 to 
150 c m3 / mi n  (at  S T P ) .  These ra tes  cor respond to 
space veloci t ies  over  the  source of a p p r o x i m a t e l y  
0.5 to 1.0 cm/sec .  The space veloci t ies  over  the  ba f -  
fles we re  abou t  an order  of m a g n i t u d e  higher .  The 
t e m p e r a t u r e  at  the  ou tgo ing  baffle was  held  close 
to the  source t e m p e r a t u r e  to m i n i m i z e  coun te rd i f -  
fusion.  The  resul t s  are g iven  in  Tab le  IV. 

Discussion 
We res t r ic t  the  discussion to the  case of open flow 

systems.  F i g u r e  1 shows tha t  b y  inc reas ing  the  tota l  
pressure ,  one ex t ends  the r a nge  over  which  t r a n s -  
por t  takes  place to h igher  t empera tu re s .  The  effect 
of the  add i t ion  of h y d r o g e n  is shown in  Fig. 2. The 
curves  are no t  as steep as i n  the  absence  of h y d r o -  
gen, i.e., the  i n t e r c onve r s i on  of GaI3 a nd  GaI  ex-  
t ends  over  a m u c h  wide r  t e m p e r a t u r e  range .  F igu re  
2 also shows tha t  the  fo rma t ion  of ga l l i um arsen ide  
m a y  be b r ough t  abou t  w i t hou t  a t e m p e r a t u r e  g rad i -  
ent .  For  example  by  f lowing GaI3 a nd  a rsen ic  in  a 
tube  at 800~ and  add ing  a s t r e a m  of h y d r o g e n  to 
decrease  the tota l  iodine concen t r a t i on  to 1/200 of 
its o r ig ina l  va lue ,  n e a r l y  hal f  of the combined  gal-  
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Table IV. 1. 

M e a n  value 
T ~  Jc l s , / JHs  J G a A s / J c I  2 J O a A s / J C l  s 

1190 0.016 0.87 
1190 0.023 1.14 
1190 0.025 1.78 
1190 0.036 1.82 
1190 0.036 1.95 
1190 0.036 2.37 
1190 0.036 2.51 
1190 0.036 2.48 
1190 0.042 0.88 
1190 0.042 1.27 

1160 0.036 1.58 

1110 0.036 1.15 
1110 0.036 1.53 
1110 0.036 1.24 
1110 0.036 1.29 

1100 0.036 1.33 
1100 0.036 1.04 
1100 0.036 0.91 
1100 0.036 1.04 
1100 0.036 1.06 
1100 0.036 1.06 
1100 0.036 1.64 
1100 0.036 1.86 
1100 0.036 1.44 
1100 0.049 1.21 

1090 0.036 1.24 

1060 0.036 0.96 
1060 0.036 0.83 

1040 0.003 0.96 
1040 0.003 1.42 
1040 0.003 1.54 

1030 0.003 1.41 
1030 0.003 0.58 
1030 0.004 1.39 
1030 0.004 0.93 
1030 0.004 0.93 
1030 0.036 0.47 

960 0.003 0.47 
960 0.004 0.58 
960 0.004 0.94 
960 0.009 0.53 
960 0.036 0.30 

920 0.044 0.35 

t 

1.71 

1.58 

1.30 

1.26 

1.24 

0.89 

1.30 

,0.95 

l 0.56 

J 
0.35 

l i u m  in  the  gas phase  wi l l  be deposi ted as ga l l i um 
arsenide.  F igure  3 shows tha t  for the  case of GaAs-  
C12-H2 sys tem the curves  are even  less steep t h a n  
those of Fig. 2. 

If A is defined as 

(JGaAs/Jx2)T1- (JGaAs/Jx2)r2 = A [16] 

where  (JGa.~/Jxe),:l and  (JGaAs/Jx2)r2, g iven  by  Eq. 
[14] r ep resen t  the solut ions  to Eq. [ 6 ] - [ 1 3 ]  for the  
source and  deposi t ion  regions  T1 and  T2, t h e n  the 
ra t e  of t r a n s p o r t  b e t w e e n  these regions  is 

(JGaAs) TI -- (JGaAs)T2 = Jx2 A [17] 

The va lues  of A as func t ions  of p ressure  are p lo t -  
ted for the  GaAs-I2 sys t em in  Fig. 5 for th ree  pairs  
of t empera tu re s .  These  va lues  were  ob ta ined  by 
t ak ing  the  difference in  the o rd ina te s  for the  de-  

I l i ]  I I I , l l , z  I , , , , , , , 1  

GaAs- I  2 ( H 2 zero) 

0.8 

2~ 

0.4 

0,2 

5 x 10 -3 10 -2 10"1 
Total Pressure  l a t i n .  ) 

Fig. 5. Ratio of the rate of transport of gallium orsenide and 
iodine between two temperatures as o function of total pressure in 
the absence of hydrogen. These curves are also applicable to 
transport by chlorine. 
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Fig. 6. Ratio of the rate of transport of gallium arsenide and 
iodine between two temperatures at a total pressure of 1 arm 
as a function of the fraction of iodine in the total iodine-hydrogen 
flux. 

sired pairs  of t e m p e r a t u r e s  a long the  i n d i v i d u a l  
curves  of Fig. 1. The m a x i m a  in  the  curves  of A 
correspond to p ressure  regions  where  the best  u t i l -  
iza t ion of the t r a n s p o r t i n g  agen t  takes  place. These 
m a x i m a  lie in  r e l a t ive ly  n a r r o w  pressure  regions.  
At  lower  t e m p e r a t u r e s  it is advan tageous  to work  
at r e l a t ive ly  low pressures .  

A compar i son  b e t w e e n  Fig. 5 and  6 shows tha t  
w h e n  the h y d r o g e n  is p re sen t  the flux ra t io  of 
ga l l i um arsen ide  to iodine m a y  be g rea te r  or sma l l e r  
t h a n  in  the absence of hydrogen .  The fact tha t  d i lu -  
t ion  by  h y d r o g e n  m a y  increase  the  efficiency of the 
ha logen  in  the t r a n spo r t  of ga l l i um arsen ide  m a y  be 
seen by  compar ing  the va lues  of A for t r an spo r t  
b e t w e e n  1000 ~ and  900~ at 1 a tm tota l  p ressure  
in  the  presence  a nd  absence  of hydrogen .  Thus  • is 
0.03 in  the absence  of h y d r o g e n  u n d e r  these  condi -  
t ions (Fig. 5), whereas  it is 0.53 ( an  increase  of 
a lmost  20 fold) w h e n  the iodine  is d i lu t ed  100 f01d 
wi th  h y d r o g e n  (Fig. 6). Curves  ana logous  to those 
shown in  Fig. 6 for the GaAs-I2-H2 sys tem are 
d r a w n  in  Fig. 7 for the GaAs-C12-H~ system. 

F i g u r e  8 shows the effect of excess arsenic.  Even  
though  a r e l a t i ve ly  large excess arsenic  p ressure  is 
cons idered  in  this curve,  its inf luence  is seen to be 
not  v e r y  p ronounced .  At  h igh  rat ios  of ha logen  to 
hyd rogen  fluxes, the  effect of excess arsenic  on the 
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Fig. 7. Ratio of the rate of transport of gallium arsenide and 
chlorine between two temperatures at a total pressure of 1 arm 
as a function of the fraction of chlorine in the total chlorine- 
hydrogen flux. 
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Fig. 8. Temperature dependence of gallium arsenide-chlorine 
flux ratios showing the influence of added excess arsenic. The 
circles represent experimental values. 

g a l l i u m  a r s e n i d e / h a l o g e n  f l ux  r a t i o  h a s  b e e n  f o u n d  

to  b e  n e g l i g i b l e .  
T h e  c i r c l e s  i n  F ig .  8 d e n o t e  t h e  m e a n  v a l u e s  of  a l l  

t h e  m e a s u r e d  g a l l i u m  a r s e n i d e / t o t a l  h a l o g e n  f l u x  
r a t i o s  a t  t h e  s a m e  s o u r c e  t e m p e r a t u r e  ( s e e  s e c t i o n  
o n  E x p e r i m e n t a l ,  T a b l e  I V ) .  T h e  d o t t e d  c u r v e  i n  

t h i s  f i g u r e  w a s  c a l c u l a t e d  f o r  a r a t h e r  h i g h e r  JAs /  
JH2 r a t i o  t h a n  w a s  u s e d  e x p e r i m e n t a l l y .  T h e  e x p e r i -  
m e n t a l  r e s u l t s  s h o u l d  f a l l  i n  b e t w e e n  t h e  t w o  
c u r v e s  of  F ig .  8. T h e r e  is n o  e v i d e n c e  f r o m  F ig .  8 
a n d  f r o m  t h e  d a t a  of  T a b l e  I V  f o r  d e p a r t u r e s  f r o m  
the i d e a l i z e d  t r a n s p o r t  p r o c e s s  i n  w h i c h  c o u n t e r d i f -  
f u s i o n  a n d  u n d e r s a t u r a t i o n  a r e  a s s u m e d  to  b e  n e g l i -  
g i b l e .  A s  t h e  p r i m a r y  a i m  of  t h e  e x p e r i m e n t a l  w o r k  
w a s  to  s t u d y  t h e  e p i t a x y  of  t h e  d e p o s i t e d  f i lms ,  t h e  
f low r a t e s  w e r e  n o t  v a r i e d  o v e r  a s u f f i c i e n t l y  w i d e  
r a n g e  to  a l l o w  t h e  a n a l y s i s  of  t h e  i n f l u e n c e  of  f l ow  

r a t e s  o n  t h e  t r a n s p o r t  p r o c e s s .  
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A P P E N D I X  

Derivat ion of the  Equation for  the Dif fusive Transport  
of  Gal l ium Arsenide  in a Closed Tube 

C o n s i d e r  t h e  r e a c t i o n  

1 
2 G a A s  (s)  ~ GaX3 (g)  ~=~ 3 G a X  (g)  -t- - -  As4 (g)  [5] 

2 

o c c u r r i n g  a t  a c o n s t a n t  t e m p e r a t u r e  T in  a c losed  t ube .  
F o r  a s t o i c h i o m e t r i c  G a : A s ~ l :  1 r a t i o  w e  h a v e  

4pAs4 = pGaX3 -~- pGaX [18] 

a n d  a t o t a l  p r e s s u r e  P g i v e n  b y  

P =pAs4 ~- pGaX3 -b pGaX [19] 

T h e  s y s t e m  is b i v a r i a n t ,  a n d  t h e  t o t a l  p r e s s u r e  d e -  
p e n d s  on  b o t h  t h e  t e m p e r a t u r e  a n d  t h e  a m o u n t  of  
h a l o g e n  p r e s e n t .  I f  one  e n d  of t h e  t u b e  is s l o w l y  
h e a t e d  to T1 a n d  t h e  o t h e r  e n d  coo led  to T 2 s u c h  t h a t  
(T1 - t -T2 ) /2  = T, t h e  t o t a l  p r e s s u r e  w i l l  r e m a i n  i n -  
v a r i a n t  t h r o u g h o u t  t h e  t u b e .  G a l l i u m  a r s e n i d e  if  p r e s -  
e n t  a t  t h e  h o t  e n d  wi l l  r e a c t  a n d  b e  d e p o s i t e d  f r o m  
t h e  v a p o r  spec ies  a t  t h e  coo le r  e n d  a t  a s t e a d y  r a t e  
u n t i l  a l l  t h e  so l id  a t  t h e  h o t  e n d  h a d  d i s a p p e a r e d .  

T r a n s p o r t  of t h e  ga seous  spec ies  b e t w e e n  T, a n d  T2 
w i l l  o c c u r  b y  a c o m b i n a t i o n  of  d i f fus ion  a n d  flow. A 
n e t  f low in  one  d i r e c t i o n  occurs  b e c a u s e  t h e  r e a c t i o n  
i n v o l v e s  a c h a n g e  i n  t h e  n u m b e r  of  m o l e c u l e s  in  t h e  
gas  phase .  I f  t h e  b i n a r y  d i f fus ion  coeff ic ients  a m o n g  
t h e  spec ies  GaI3, GaI ,  a n d  As4 a r e  a s s u m e d  to b e  equa l ,  
t h e  g e n e r a l  e q u a t i o n s  of  t r a n s p o r t  in  a m u l t i c o m p o -  
n e n t  s y s t e m  (18) m a y  b e  r e d u c e d  to 

JpGaX3 D- dpGax3 
JGaX3 . . . .  ( m o l e s / s e c / c m  2) [20] 

P R T  dx  
a n d  

JpGax D dpcax 
JGaX = - -  [21] 

P RT dx  

fo r  t h e  u n i d i m e n s i o n a l  f luxes  of GaX3 a n d  G a X  m o l e -  
cu les  t h r o u g h  u n i t  c r o s s - s e c t i o n a l  a r e a  a t  a p o i n t  a l o n g  
t h e  t u b e  w h e r e  T = T. T h e  a l g e b r a i c  s u m  of t h e  f luxes  
of a l l  t h e  m o l e c u l a r  spec ies  e q u a l s  t h e  n e t  f lux  of a l l  
t h e  m o l e c u l e s  in  o n e  d i r e c t i o n  so t h a t  

J = JAs4 -~- JGax3 --~ JGaX 

T h e  f luxes  Jcax3 a n d  JGax d e p e n d  on  t h e  c o o r d i n a t e  
x b e c a u s e  t h e  spec ies  t h e y  r e p r e s e n t  a r e  i n t e r c o n v e r t -  
ib l e  a n d  t h e  c o n v e r s i o n  is t e m p e r a t u r e  d e p e n d e n t .  L e t  
ix2 a n d  jGa d e n o t e  t h e  e q u i v a l e n t  f luxes  of t o t a l  h a l o -  
g e n  a n d  g a l l i u m  e x p r e s s e d  as X2 a n d  G a  i n  m o l e s / s e c /  
c m  2, t h e n  

3 1 
ix2 ~ - -  JGax3 -~- - -  JGaX [22] 

2 2 

jGa = JGaxa ~- JGaX [23] 

C o m b i n i n g  Eq.  [ 2 0 ] - [ 2 3 ]  w e  can  w r i t e  

) - -  pGaX3 ~- - -  pGaX __ d pGax3 -~- - -  pGaX 
2 2 D \ 2  2 

ix2 = J 

a n d  

jGa = 

P R T  dx  
[24] 

D d(pGax3~POaX) pGaX3~-PGax J _ [25] 

P R-T dx 

S i n c e  t h e  t o t a l  h a l o g e n  is c o n s e r v e d  in  t h e  gas  
phase ,  ix2 is zero.  T h e r e f o r e  

d In  pGax3 --~ - -  pGaX 
D P  2 

J = _ _  [26] 
R T  dx 
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The el iminat ion of J between [25] and [26] leads to 
an expression for the flux of gall ium arsenide that  
can be integrated 

jGaAs -~- JGa 

- pGaX3 
RT 2 / dx 

(pGax3 § pGax)  

The equivalent  flux of gall ium equals the flux of 
gall ium arsenide because of the requi rements  of stoi- 
chiometry. In the steady state the equivalent  flux of 
gall ium enter ing the gas phase at the hot end equals 
the flux leaving the gas phase at the cooler end. Gal-  
l ium nei ther  enters nor leaves the gas phase at points 
in between so the jGa is independent  of x. 

In tegra t ing  between T1 where x = 0  and T2 where 
x = 1 gives 

QGaAs = a 3Ga = -I-]~Cx2 "T 3 1 

T pG~X3 + ~-  pG~X rl  

- -  3 1 

~ - / ~ x 3  + y pa~x r2 
[15] 

where a is the cross-sectional area, and cx2 ~ (3/2 
pGax3 § 1/2 pGax)/RT is the total concentrat ion of 
halogen in the tube. 
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Electrolytic Stibine Formation 
L. Tomlinson 

Chemistry Division, Atomic Energy Research Establishment, Harwell, Berkshire, England 

ABSTRACT 

The formation of st ibine dur ing  the electrolytic reduction of aqueous 
an t imony solutions has been investigated. Using a lead cathode, the rate of 
stibine formation is independent  of temperature,  current  density, and st i rr ing 
rate, but  increases as a direct funct ion of total current  and pH. St ibine is 
formed 1.8 times more rapidly from SbIII  than from SbV solutions (in 1N HC1). 
Cathode materials  are without  effect except mercury  and porous graphite 
which gave higher rates of st ibine formation. The process probably takes place 
in two main  stages: the deposition of an t imony metal;  the reduction of this 
metal  to stibine. When the an t imony concentrat ion is ~10-4M the cathode is 
well  covered with ant imony,  and the second stage is probably rate controlling. 
When the ant imony concentrat ion is ~10-4M the first stage is probably the 
slowest step. 

S t ib ine  (SbHs)  is evolved  at the  cathode d u r i n g  
the  electrolysis  of aqueous  a n t i m o n y  solut ions  at 
h igh  c u r r e n t  dens i ty  and  w h e n  e lect rolytes  con t a in -  
ing no a n t i m o n y  ions are e lec t rolyzed wi th  an  a n -  
t i m o n y  me ta l  cathode. A s tudy  of this  l a t t e r  me thod  
of s t ib ine  fo rma t ion  has been  repor ted  b y  Salzberg  
and  A n d r e a t c h  (1) .  These au thors  have  shown tha t  
the ra te  of s t ib ine  fo rma t ion  increases  w i th  inc reas -  
ing c u r r e n t  densi ty ,  at least  up  to 0.5 a m p / c m  -2 and  
conclude t ha t  s t ib ine  is fo rmed  f rom reduced  w a t e r  
molecules  r a t h e r  t h a n  f rom discharged  h y d r o x o n i u m  
ions. 

Ve ry  l i t t le  i n f o r m a t i o n  has been  pub l i shed  con-  
ce rn ing  the  fo rma t ion  of s t ib ine  d u r i n g  the  e lec t ro l -  

ysis of aqueous  a n t i m o n y  so lu t ions  at  i ne r t  elec- 
trodes. G r a n t  (2) has descr ibed  a su i t ab le  cell in  
which  to p repa re  the  hyd r i de  f rom a n t i m o n y  solu-  
t ions and  states tha t  lead cathodes  are to be p r e -  
fe r red  if high rates of stibine formation are to be 
achieved. However no experimental evidence is fur- 
nished to reinforce this statement. Reisman et al. 
(3) have shown briefly that stibine is also formed 
when platinum/iridium cathodes together with very 
high current densities (I0-i00 amp/cm -2) are em- 

ployed. 
In the present paper a wide survey of the influ- 

ences of many parameters on the electrolytic forma- 
tion of stibine from aqueous antimony solutions is 
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repor ted  for the first t ime. The  a im has b e e n  to e luc i -  
date the  broad  fea tu res  of the process r a t h e r  t h a n  
s tudy  in  deta i l  a smal l  e x p e r i m e n t a l  region.  In  this  
p r e l i m i n a r y  s tudy,  the  e lectrolysis  c u r r e n t  has been  
m a i n t a i n e d  constant ,  no a t t e m p t  be ing  made  to 
m e a s u r e  or control  the  cathode potent ia l .  

Experimental 
Apparatus and procedure.--A d i a p h r a g m  cell was  

used s imi la r  to tha t  devised b y  G r a n t  (2) bu t  some-  
wha t  smal ler .  The porous  porce la in  d i a p h r a g m  of 40 
ml  capaci ty  con ta ined  20 ml  of aqueous  a n t i m o n y  
solut ion.  E i the r  h y d r o g e n  or h e l i u m  was passed 
t h rough  the cell at 130 m l / m i n .  S u b s t i t u t i o n  of 
h e l i u m  for h y d r o g e n  had  no effect on the ra te  of s t i -  
b ine  fo rmat ion .  The gases passed f rom the  cell via 
a splash head  and  ca lc ium chloride d ry ing  t ube  to a 
silica decompos i t ion  t ube  hea ted  to 800~ The h y -  
dr ide  was  comple te ly  decomposed;  90% of the  a n -  
t i m o n y  fo rming  a m i r r o r  on the  t ube  wa l l  an d  10% 
pass ing on in  pa r t i cu l a t e  form to be caught  by  a s in -  
te red  glass filter. 

Af te r  severa l  p r e l i m i n a r y  expe r imen t s ,  it  was  
real ized tha t  the s t a n d a r d  electrode po ten t ia l s  of 
Sb(q-0 .212v)  and  Pb ( - -0 .126v )  (4) are such tha t  
e lec t rochemica l  d i sp lacement  of Sb I I I  b y  Pb  could 
occur, before  and  af ter  electrolysis ,  whi le  the  cathode 
is in  contact  w i th  the  solut ion.  The ra te  of this  elec-  
t rochemica l  r eac t ion  was  m e a s u r e d  in  our  cell u n d e r  
n o r m a l  condi t ions  at 23~ Af te r  a 10 -min  expe r i -  
m e n t  in  which  no c u r r e n t  was passed, the  electrode 
was r emoved  and  found  to be coated wi th  a loosely 
adhe ren t  b lack  deposi t  of an t imony ,  a m o u n t i n g  to 
9% of t ha t  o r ig ina l ly  p r e sen t  so lu t ion  (see Fig. 2). 
Fo l lowing  this  resu l t  the contact  t ime  b e t w e e n  solu-  
t ion  and  electrode was kept  to a m i n i m u m .  Before 
e lectrolysis  this  was 1 m i n  and  af ter  e lectrolysis  2 
min.  

In  a n o r m a l  electrolysis  run ,  air  was  swept  f rom 
the  sys tem for severa l  m i n u t e s  before  add ing  the  
a n t i m o n y  solu t ion  to the  cathode c o m p a r t m e n t  via 
a funne l .  Af t e r  electrolysis ,  the ca thode was qu ick ly  
r emoved  and  washed.  The a m o u n t s  of a n t i m o n y  re -  
m a i n i n g  in  so lu t ion  and  deposi ted on  the  electrode,  
silica tube,  and  s in te r  were  m e a s u r e d  so tha t  a mass  
ba lance  could be car r ied  out. A n  average  of 5% of 
the a n t i m o n y  was lost in  each expe r imen t ,  p r i m a r i l y  
by  diffusion into the  porce la in  d iaphragm.  

Electrodes.--A conical  lead cathode was made  by  
seal ing spectroscopical ly  pu re  lead rod (6.5 m m  
d i ame te r )  into a glass t ube  wi th  Ara ld i t e  resin.  The 
exposed a rea  of the electrode was  1.0 cm e. A second 
conical  lead cathode of surface  a rea  2.4 cm 2 was 
made  in  a s imi la r  w a y  us ing  rod of 11 m m  diameter .  
Other  electrodes (Pb,  Pt,  Pd, Au,  Ag, Bi, Cu, g r a p h -  
i te)  were  cut  out  f rom sheet  to give a to ta l  surface  
area  of 1 cm 2 (7 x 7 m m )  and  sealed in to  glass tubes  
w i th  Ara ld i te .  The copper  a m a l g a m  electrode was 
prepared ,  i m m e d i a t e l y  pr ior  to use, by  c lean ing  a 
sheet  copper  e lectrode w i th  d i lu te  n i t r i c  acid, w a s h -  
ing w i th  dis t i l led water ,  and  t h e n  p lac ing  in  c lean 
mercury .  The  m e r c u r y  was  found  to wet  o n l y  pa r t  
of the  e lect rode surface.  Howeve r  on rep lac ing  the  
pa r t i a l l y  coated e lect rode in  the  d i lu te  n i t r i c  acid, 

the m e r c u r y  spread  out  and  gave a thick,  u n i f o r m  
coating. The e lect rode was  f inal ly  washed  wi th  dis-  
t i l led  water .  A smal l  beake r  placed on the  bo t tom 
of the porous  pot and  con t a in ing  m e r c u r y  (surface  
area  1 cm 2) se rved  as a m e r c u r y  cathode. Elec t r ica l  
connec t ion  was  p rov ided  by  a wi re  sealed into a 
glass tube.  Both the conical  and  sheet  l ead  electrodes 
were  c leaned by  sc rap ing  wi th  a razor  b lade  to ex-  
pose a b r igh t  me t a l  surface.  Other  sheet  me t a l  elec- 
trodes,  except  si lver,  were  c leaned wi th  CC14, ace-  
tone, d i lu te  HC1, and  dis t i l led  water .  The s i lver  elec-  
t rode was  c leaned wi th  CC14, acetone,  and  dis t i l led 
water .  The g raph i te  (Pi le  grade  A) e lect rode was  
r u b b e d  wi th  fine e m e r y  cloth a nd  soaked in  wa te r  
before  use. 

Analysis.--The ra te  of s t ib ine  f o r ma t i on  was 
m e a s u r e d  by  a rad ioac t ive  t racer  method.  Tracer  
solut ions  were  p r epa red  as follows. Spect roscopi-  
cal ly  pu re  a n t i m o n y  me ta l  was  i r r ad i a t ed  in  a n u -  
clear  reac tor  to produce  124Sb (60 day ) .  The  me ta l  
was dissolved in  0.3 ml  hot  concen t r a t ed  H2SO4, d i -  
lu ted  and  reduced  to Sb I I I  w i th  SO2. Excess SO2 
was boi led off. Di lu te  HC1 and  inac t ive  Sb I I I  solu-  
t ion  (p repa red  f rom solid ana ly t i ca l  g rade  SbCI~) 
were  added to the la rges t  por t ion  of this  solut ion.  
A n o t h e r  por t ion  was oxidized to Sb V w i t h  C12, ex-  
cess C12 be ing  boi led off. A th i rd  por t ion  was d i lu ted  
w i th  1N H2SO4 to give a su l fur ic  acid t r ace r  so lu-  
tion. These solut ions  were  used for the  m a j o r  pa r t  of 
the  e x p e r i m e n t a l  work.  A smal l  n u m b e r  of exper i -  
me n t s  concerned  w i t h  the pH effect were,  however ,  
ca r r ied  out  wi th  t racer  so lu t ion  p r e p a r e d  f rom 
rad ioac t ive  SbCls dissolved in  5N HC1 suppl ied  by  
the Radiochemica l  Cent re ,  A m e r s h a m ,  Eng land .  This  
had  been  m a d e  by  d issolv ing i r rad ia ted ,  ana ly t i ca l  
g rade  Sb203 in  concen t ra t ed  HC1. Traces of Sb V in  
the  so lu t ion  were  r educed  to Sb III  w i th  SO2 and  the  
excess SOe boi led off. Sb I I I  t r ace r  solut ions  were  
then  p r epa red  as descr ibed previous ly .  

In  each e x p e r i m e n t  the fo l lowing quan t i t i e s  were  
measu red :  concen t r a t i on  of a n t i m o n y  ions before 
and  af ter  e lectrolysis ;  a m o u n t s  of a n t i m o n y  me ta l  
deposi ted on the  cathode,  sil ica tube,  and  sinter .  The 
tota l  of tha t  f ound  on the  sil ica t ube  a nd  s in te r  is 
equa l  to the a m o u n t  of SbH3 produced.  The be ta  ac-  
t i v i ty  of the solut ions  was d e t e r m i n e d  wi th  a 10 ml  
l iqu id  Geiger  coun te r  (20th C e n t u r y  Electronics ,  
Ltd.,  type  M6 or CV2145).  The l a t t e r  is a t u b u l a r  
coun te r  wi th  an  ou te r  a n n u l u s  to con ta in  the l iquid.  
Before coun t ing  the  solut ions  were  ad jus t ed  to a 
cons tan t  ac idi ty  (1N) .  The a n t i m o n y  me t a l  deposits 
were  dissolved at room t e m p e r a t u r e  in  4N HC1 con-  
t a i n i ng  a smal l  q u a n t i t y  of h y d r o g e n  peroxide.  The 
ac id i ty  of these solut ions  was  also ad jus t ed  to 1N 
before count ing .  

Results 
Lead electrode.--This electrode,  s ta ted  by  G r a n t  

(2) to be the most  efficient, was  used to s tudy  the 
effects of a la rge  n u m b e r  of p a r a m e t e r s  on the  ra te  
of s t ib ine  fo rmat ion .  E x p e r i m e n t s  were  car r ied  out  
wi th  a conical  lead electrode (surace  a rea  1 cm2), 
us ing  t race r  so lu t ion  p r epa red  f rom rad ioac t ive  Sb 
metal .  P r e l i m i n a r y  e x p e r i m e n t s  showed that ,  us ing  
the  same t race r  solut ion,  the  me thod  was qui te  r e -  
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Fig. 1. Effect of initial temperature (4,~, [Sb Ill] 4.1 x 10-4M, 
1N HCI). Open circle, 0~ dark box, 10~ open triangle, 23~ 
open box, 35~ dark circle, Sb on the cathode; - -  % Sb III 
converted to SbH3; . . . . . .  % Sb III deposited on the cathode. 

produc ib le ;  th ree  r u n s  wi th  2 0 - m i n  e lect rolys is  t imes  
resu l t ed  in  85, 84, and  88% convers ion  of the  a n -  
t i m o n y  in  so lu t ion  to s t ibine.  However ,  us ing  the 
t racer  so lu t ion  p r e p a r e d  f rom radioac t ive  SbC13 
lower  ra tes  of s t ib ine  fo rma t ion  were  observed  (Fig. 
3), bu t  these were  r ep roduc ib le  in  themselves .  

The pe rcen tage  convers ion  of the a n t i m o n y  ions 
in  so lu t ion  to SbH3 and  the pe rcen tage  deposi ted on 
the  cathode are  p lo t ted  or t abu la ted ,  in  Fig. 1 to 4 
and  Tables  I to III. F igu re  1 shows the effect of in i -  
t ia l  cell t e m p e r a t u r e .  Because of the cell res is tance  
of 3 ohms, the  t e m p e r a t u r e  rises by  a cons iderab le  
a m o u n t  d u r i n g  electrolysis.  Thus,  w h e n  4 am p  are 
passed for 20 min,  the  t e m p e r a t u r e  rises f rom 23 ~ to 
60~ A l t h o u g h  the s ta ted  t e m p e r a t u r e s  did not  r e -  
m a i n  cons tan t  d u r i n g  a run ,  expe r imen t s  which  s tar t  
at  0~ wi l l  opera te  d u r i n g  a fixed t ime period,  over  
a different  t e m p e r a t u r e  r a n g e  t h a n  those s t a r t ing  at 
35~ It is found  howeve r  tha t  the  in i t i a l  t e m p e r a -  
t u r e  has no effect on  the  y ie ld  of s t ib ine  af ter  a 
g iven  electrolysis  t ime  (Fig. 1), i nd ica t ing  tha t  the  
process has e i ther  a zero or ve ry  smal l  t e m p e r a t u r e  
coefficient. 

The q u a n t i t y  of a n t i m o n y  found  deposi ted on the  
electrode at  the  conclus ion  of an  e x p e r i m e n t  is also 
i n d e p e n d e n t  of t e m p e r a t u r e ,  bu t  var ies  w i th  t ime  
(Fig. 1). This  q u a n t i t y  is the sum of tha t  deposi ted 
by  electrolysis  and  by  e lec t rochemica l  d i sp l acemen t  
of lead, m i n u s  tha t  conver ted  into s t ibine.  The dis-  
p l acemen t  reac t ion  does no t  occur d u r i n g  e lec t ro ly-  
sis because  of the  appl ied  potent ia l .  I n  the  absence  
of electrolysis ,  9% of the  a n t i m o n y  in  so lu t ion  is de-  
posi ted on the  e lect rode b y  d i sp l acemen t  in 10 m i n  

Table I. Effect of current density on the rate of stibine formation 
at conical lead cathodes 

[Sb I I I ]  4.1 x 10-4M, 1N HCI, 23~ 3 min 4~, 

% Sb  I I I  i n i t i a l l y  in  s o l u t i o n  
S u r f a c e  a r e a  of 
e l e c t r o d e ,  c m  2 C o n v e r t e d  to  SbH3 D e p o s i t e d  o n  e l e c t r o d e  

1.0 30 6.4 
2.4 28 7.7 

May 1964 

Table II. Effects of Sb V and H2SO4 on the rate of stibine 
formation at a conical lead cathode, 1 cm 2 

23~ 3 min, 5A, [Sb] 4.1 x 10-4M 

% Sb  i n i t i a l l y  i n  s o l u t i o n  

C o n d i t i o n s  C o n v e r t e d  to  SbI-I~ D e p o s i t e d  on  e l e c t r o d e  

Sb III, 1N HC1 33 3.3 
Sb V, 1N HC1 18 1.4 
Sb III, 1N H2SO4 33 2.8 

Table III. Effect of electrode material on the rate of stibine 
formation at sheet electrodes, 1 cm 2 

23~ 3 min, 5A, [Sb I I I ]  4.1 x 10-4M 

% Sb  i n i t i a l l y  in  s o l u t i o n  

E l e c t r o d e  m a t e r i a l  Cony .  to  S b I ~  n e p .  on  e l e c t r o d e  

Pt  28 0.2 
Pb 29 2.9 
Bi 27 0.5 
Pd 26 0.2 
Au 26 0.3 
Ag 28 0.1 
Cu 29 3.2 
Cu/Hg 37 2.9 
Hg 53 0.4 
Graphite  37 0.2 
Graphite  31 1.6 
Graphite  42 0.5 

(see " A p p a r a t u s  and  P rocedu re"  and  Fig. 2). The 
ra te  of the  d i sp lacemen t  reac t ion  wi l l  depend  on the 
a n t i m o n y  concen t ra t ion ,  t e m p e r a t u r e ,  and  th ickness  
of the  a n t i m o n y  layer  on the  electrode.  I t  is t he re -  
fore imposs ib le  to es t imate  accura te ly  w h a t  a m o u n t  
of a n t i m o n y  is deposi ted on the electrode d u r i n g  the  
2 ra in  af ter  the end  of an  electrolysis  e x p e r i m e n t  
and  pr ior  to r e m o v a l  of the electrode f rom the  solu-  
t ion. However  it is u n l i k e l y  tha t  this  wi l l  exceed 2 % 
of the a n t i m o n y  in i t i a l ly  p r e se n t  in  so lu t ion  so tha t  
the genera l  shape of the  curve  for a n t i m o n y  p resen t  
on the e lect rode (Fig. 1) is p r o b a b l y  correct.  Dur ing  
the  first few m i n u t e s  of e lectrolysis  the  ra te  of depo-  
s i t ion of a n t i m o n y  is therefore  grea te r  t h a n  its ra te  
ef r e m o v a l  bu t  t he rea f t e r  the  a m o u n t  on the  elec-  
t rode  decreases s tead i ly  (Fig. 1). 

A large  increase  in  the ra te  of s t ib ine  fo rma t ion  
occurs as the c u r r e n t  is increased  (Fig. 2), conf i rm-  

! I I ! 
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Fig 2. Effect of current (23~ 10 rain, [Sb III] 4.1 x lO-4M,  
1N HCI); ~ | % $b III converted to SbH3; . . . . . . .  
e, % Sb III deposited on the cathode. 
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ing  the  s t a t e m e n t  of G r a n t  (2) .  The  po in t s  a t  zero 
c u r r e n t  r e p r e s e n t  t he  d i s p l a c e m e n t  of a n t i m o n y  b y  
lead.  K e e p i n g  the  c u r r e n t  cons t an t  a n d  r e d u c i n g  the  
c u r r e n t  d e n s i t y  b y  us ing  a conica l  e l e c t r o d e  of 
h i g h e r  su r f ace  a r e a  h a d  no effect on the  r a t e  of s t i -  
b ine  f o r m a t i o n  ( T a b l e  I ) .  T h u s  t he  r a t e  of s t ib ine  
f o r m a t i o n  is i n d e p e n d e n t  of c u r r e n t  d e n s i t y  bu t  
s t r o n g l y  d e p e n d e n t  on the  t o t a l  c u r r e n t  f low t h r o u g h  
the  cell .  

The  effect  of p H  is shown  in Fig .  3. A l t h o u g h  the  
r e su l t s  w i t h  t he  two  t r a c e r  p r e p a r a t i o n s  a r e  q u a n t i -  
t a t i v e l y  d i f fe ren t ,  t he  t r ends ,  bo th  as r e g a r d s  the  
r a t e  of s t i b ine  f o r m a t i o n  and  the  a m o u n t  of a n -  
t i m o n y  d e p o s i t e d  on the  e lec t rode ,  a r e  the  same.  The  
d i f fe rence  b e t w e e n  t h e  t r a c e r  p r e p a r a t i o n s  is pos -  
s ib ly  due  to i m p u r i t i e s  w h i c h  affect  bo th  t h e  r a t e  of 
a n t i m o n y  depos i t i on  a n d  s t i b ine  fo rma t ion .  The  l a t -  
t e r  is p r o b a b l y  con t ro l l ed  b y  the  h y d r o g e n  over  
po ten t i a l ,  a q u a n t i t y  w e l l  k n o w n  for  i ts s u s c e p t i b i l -  
i t y  to t r a c e  i m p u r i t i e s .  

By  c h a n g i n g  t h e  gas flow t h r o u g h  the  cel l  t he  r a t e  
of s t i r r i n g  of  t he  e l e c t r o l y t e  cou ld  be a l t e r ed .  I n -  
c r ea s ing  the  s t i r r i n g  r a t e  was  f o u n d  (Fig .  4) to have  
l i t t l e  effect  on the  y i e ld  of s t ib ine ,  b u t  i n c r e a s e d  the  
t h i ckness  of the  depos i t ed  a n t i m o n y .  The  effects of 
Sb  V and  a su l fu r i c  ac id  e l e c t r o l y t e  w e r e  also i n -  
v e s t i g a t e d  and  the  r e su l t s  a r e  s h o w n  in Tab le  II .  

A def in i te  dec rea se  in  the  r a t e  of s t ib ine  g e n e r a -  
t ion  occurs  w h e n  the  h i g h e r  o x i d a t i o n  s t a t e  of a n -  
t i m o n y  is used.  The  q u a n t i t y  of  a n t i m o n y  depos i t ed  
on the  e l ec t rode  is also less.  S u b s t i t u t i o n  of su l fu r i c  

for  h y d r o c h l o r i c  ac id  is f o u n d  to be  w i t h o u t  effect 
on the  process .  

Ef]ect of electrode materiaL--In v iew  of the  e l ec -  
t r o c h e m i c a l  d i s p l a c e m e n t  w h i c h  occurs  w h e n  a l e ad  
e l e c t r o d e  is p l a c e d  in  a n t i m o n y  so lu t ions ,  o t h e r  
m a t e r i a l s  whose  s t a n d a r d  e l e c t r o d e  p o t e n t i a l s  a r e  
such t ha t  a d i s p l a c e m e n t  r e a c t i o n  canno t  occur  
h a v e  been  i nve s t i ga t e d .  S h e e t  e l e c t rode s  w e r e  used  
in a l l  cases  ( e x c e p t  for  m e r c u r y )  and  the  r e su l t s  a r e  
s u m m a r i z e d  in  T a b l e  III .  A l l  the  e l ec t rodes  a p a r t  
f r o m  m e r c u r y ,  coppe r  a m a l g a m ,  and  g r a p h i t e  g ive  
the  s ame  y i e l d  of h y d r i d e  in sp i te  of t h e  l a rge  d i f -  
f e r ences  in h y d r o g e n  o v e r p o t e n t i a l  a t  t he  va r i ous  
m e t a l  surfaces .  A f t e r  e lec t ro lys i s ,  a l l  t he  e l ec t rodes  
a r e  coa ted  w i t h  a n t i m o n y  me ta l .  

Discussion 

A l t h o u g h  th is  w o r k  is a p r e l i m i n a r y  i n v e s t i g a t i o n  
of t he  f o r m a t i o n  of s t ib ine  d u r i n g  t h e  e l ec t ro lys i s  of 
aqueous  a n t i m o n y  solut ions ,  c e r t a i n  f e a t u r e s  of the  
p rocess  can  be  d i sce rned .  I t  w o u l d  a p p e a r  t ha t  two  
m a i n  s teps  a r e  i n v o l v e d  ( t he  depos i t i on  of a n t i m o n y  
b y  d i s p l a c e m e n t  of l e ad  is n e g l e c t e d  h e r e ) :  

1. Depos i t i on  of a n t i m o n y  on the  e l e c t r o d e  

Sb 3+ -}- 3e ~ Sb 

2. F o r m a t i o n  of s t ib ine  f r o m  d e p o s i t e d  a n t i m o n y  

Sb + H ~ S b H  

S b H  + H--> SbH2 

SbHe + H -~ SbH8 t 

4 0  

3O 

~_2o 

z_ 

o_~ Q I0 

I I I i I 

- , . o  - o . s  o + o . s  + , . o  
pH 

Fig. 3. Effect of pH (23~ 4~, 3 min, [Sb I I I ]  4.1 x 10-4M);  
e, solution prepared from radioactive Sb metal; e,  solution pre- 
pared from radioactive SbCI3 solution; % Sb III converted 
to SbH3; . . . . . .  % Sb III deposited on the cathode. 
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Fig. 4. Effect of stirring (23~ 4.~,, 3 min, [Sb II I]  4.1 x 10-4M,  
1N HCI); - -  e, % Sb III converted to SbHs; . . . . . . .  
e,  % Sb III deposited on the electrode. 

w h e r e  H r e p r e s e n t s  a h y d r o g e n  a t o m  f r o m  an  u n -  
specif ied source  ( d i s c h a r g e d  H~O +, r e d u c e d  H20,  or  
an  a d s o r b e d  H a t o m )  and  S b H  a n d  SbH2 a r e  su r f ace  
groups .  S t ep  1 shou ld  fo l low the  n o r m a l  e x p o n e n t i a l  
r a t e  l a w  for  t he  e l e c t ro ly t i c  depos i t i on  of m e t a l s  
(5) .  S t e p  2, on the  o t h e r  hand ,  m a y  be  e x p e c t e d  to 
fo l l ow  a l i n e a r  r a t e  l aw,  as f o u n d  b y  S a l z b e r g  and  
A n d r e a t c h  (1)  for  the  f o r m a t i o n  of s t ib ine  a t  an  
a n t i m o n y  ca thode ,  as long  as the  e l e c t r o d e  is c o m -  
p l e t e l y  c ove re d  w i t h  a n t i m o n y .  

In  the  r eg ion  f rom 0 to 70% c onve r s ion  of t he  a n -  
t i m o n y  ions  in  so lu t ion  to s t ib ine  (Fig .  1),  the  r a t e  
l a w  is a p p r o x i m a t e l y  l inea r .  In  th is  reg ion ,  the  e l ec -  
t r o d e  is w e l l  cove red  w i t h  a n t i m o n y  (Fig .  1) even  
w h e n  a n y  a n t i m o n y  d e p o s i t e d  b y  d i s p l a c e m e n t  a f t e r  
e l ec t ro lys i s  is t a k e n  into  account .  (To f o r m  a m o n o -  
l a y e r  of Sb,  2 x 10 - s  moles  a r e  needed .  In  p rac t i ce ,  
h o w e v e r ,  m a n y  t i m e s  m o r e  t h a n  th is  w i l l  be  r e -  
q u i r e d  to f o r m  an  ef fec t ive  coa t ing  as t he  d e p o s i t e d  
a n t i m o n y  is p o w d e r y  and  loose ly  cohe ren t . )  The  
v i r t u a l  a b se nc e  of a n y  effect of ca thode  m a t e r i a l  in 
th is  r e g i o n  ( T a b l e  I I I ) ,  a l t h o u g h  the  m a t e r i a l s  used  
h a v e  w i d e l y  d i f fe r ing  h y d r o g e n  ove r  po ten t i a l s ,  
a g a i n  i nd i ca t e s  t h a t  t he  coa t ing  of a n t i m o n y  is of  
suff icient  t h i cknes s  to p r e c l u d e  a n y  inf luence  of t he  
u n d e r l y i n g  me ta l .  F u r t h e r m o r e  the  effects of t e m -  
p e r a t u r e  (Fig .  1),  c u r r e n t  (F ig .  2) ,  a n d  p H  (Fig .  3) 
a r e  v e r y  s i m i l a r  to r e su l t s  o b t a i n e d  w i t h  an  a n -  
t i m o n y  m e t a l  c a thode  b y  S a l z b e r g  a n d  A n d r e a t c h  
(1 ) .  I t  is t h e r e f o r e  conc luded  t h a t  in th i s  r eg ion  the  
e l ec t rode  b e h a v e s  as an  a n t i m o n y  m e t a l  ca thode  a n d  
t h a t  s t ep  2 is t he  s low s tep  in t he  process .  S a l z b e r g  
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and  A n d r e a t c h  (1) exp la in  the effects of t e m p e r a -  
ture ,  cu r ren t ,  and  pH by  a s suming  tha t  the  h y d r o -  
gen ove rpo ten t i a l  is the  factor  which  controls  the  
ra te  of s t ib ine  fo rmat ion .  A s imi la r  e x p l a n a t i o n  
p r o b a b l y  holds in  the p re sen t  system. 

The  high ra te  of s t ib ine  fo rma t ion  at a m e r c u r y  
cathode (Tab le  III)  could there fore  be due to the  
h igh  h y d r o g e n  ove rpo ten t i a l  at a m e r c u r y  surface.  
This surface  wi l l  ac tua l ly  consist  of an  a n t i m o n y  
a m a l g a m  and  have  an  ove rpo ten t i a l  somewhere  be -  
t w e e n  the 0.9v for Sb and  the  1.4v for Hg (6) .  The 
h igher  ra te  of s t ib ine  fo rma t ion  also d e m a n d s  tha t  
the ra te  of deposi t ion of a n t i m o n y  be h igher  t h a n  on 
o ther  cathodes.  This one wou ld  expect,  since meta l s  
such as a n t i m o n y  which  fo rm a m a l g a m s  have  lower  
deposi t ion po ten t ia l s  on m e r c u r y  t h a n  on any  other  
e lectrode m a t e r i a l  (7) .  (The  high and  u n r e p r o d u c i -  
ble  yields  found  wi th  a g raph i te  e lectrode are p r ob -  
ab ly  associated wi th  the porous  n a t u r e  and  high 
surface  area  of this  ma te r i a l . )  

W h e n  more  t h a n  70% of the  a n t i m o n y  ions in  
so lu t ion  have  b e e n  conver t ed  into s t ib ine  (Fig. 1), 
the  ra te  of s t ib ine  fo rma t ion  decreases.  This is 
p r o b a b l y  due  to the  e lect rode no longer  be ing  com-  
p le te ly  covered wi th  a n t i m o n y  so tha t  the  process is 
now cont ro l led  by  step 1, the ra te  of a n t i m o n y  depo-  
si t ion.  The ra te  of th is  step wi l l  decrease  e x p o n e n -  
t i a l ly  wi th  t ime,  as the  Sb III  concen t r a t i on  falls 
(5) .  

The lower  ra te  of s t ib ine  fo rma t ion  f rom Sb V 
ions compared  to Sb I I I  ions (Tab le  I I )  is p r o b a b l y  
due  to the s lower  ra te  of Sb deposi t ion in  the  fo rmer  
case. This  is ind ica ted  b y  the  sma l l e r  a m o u n t  of a n -  
t i m o n y  found  on the cathode w h e n  an  Sb V solut ion 
is electrolyzed.  The condi t ion  of a n t i m o n y  ions in  

aqueous  solut ions  has been  descr ibed by  P i t m a n  
et al. (8) .  I t  appears  that ,  in  the  pH reg ion  used in  
the p resen t  work,  Sb I I I  wi l l  be p re sen t  in  solut ion 
a lmos t  en t i r e ly  as SbO § whi le  Sb V wi l l  be  p resen t  
as a p p r o x i m a t e l y  equa l  n u m b e r s  of SbO2 + and  
S b ( O H ) 6 -  ions. The ra te  of deposi t ion  f rom Sb III  
solut ions  would  therefore  be expected  to be h igher  
t h a n  f rom Sb V solut ions  s ince in  the  l a t t e r  case the 
concen t r a t i on  of posi t ive a n t i m o n y  ions is on ly  half  
of the  total  a n t i m o n y  concen t ra t ion .  
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ABSTRACT 

In the electrolysis of certain compounds, a l ternat ing currents  resul t  in 
some net  production of material .  This may occur because of the i rreversible 
decomposition of an electrolytically formed intermediate.  New mathemat ical  
derivations of the efficiency are outl ined for first and second order mechan-  
isms and for various wave shapes. It  is concluded that  the kinetic order may 
be determined using periodic cur ren t  of any wave shape. The efficiency for 
a first order reaction is independent  of cur ren t  density;  the characteristic of 
second order reactions is that  the efficiency will  be unchanged if the ratio 
(current  density) / (frequency) 2 is held constant. These generalizations are 
valid even when a complete mathemat ical  solution is unavai lable .  The re-  
lationship between the results of efficiency measurements  and studies of the 
Faradaic impedance is examined. 

In  recen t  years,  m u c h  progress  has b e e n  made  
in the s tudy  of e lec t rochemica l  mechan i sms .  This  is 
bo rne  out  by  De lahay ' s  comprehens ive  r ev i ew  (1).  
The cen t ra l  p r o b l e m  is the  d e t e r m i n a t i o n  of the  
ra te  of the  e lec t ron t r a n s f e r  react ion.  This  is of ten  
accompl ished u n d e r  condi t ions  g rea t ly  compl ica ted  
by diffusion and adsorption. In so far as the spe- 
cies immediately involved in electron transfer are 

concerned,  the m e c h a n i s m  wi l l  u s u a l l y  be first order.  
The concept  of reac t ion  order,  so p a r a m o u n t  i n  the 
s tudy  of homogeneous  kinet ics ,  becomes submerged .  
In  this paper,  the  poss ibi l i ty  of second order  reac-  
t ions is considered.  

Successful  t echn iques  have  b e e n  deve loped  for 
i nves t iga t ing  chemical  reac t ions  which  accompany  
the p r i m a r y  e lec t rochemical  step. A few r e p r e s e n t a -  



VoL.  111,  N o .  5 K I N E T I C  O R D E R  

r ive  cases  wi l l  be  c i t ed  because  of t h e i r  c lose r e l a -  
t ion  to  the  p r e s e n t  t r e a t m e n t .  A s  one e x a m p l e ,  a 
m e t a l  ion p r o d u c e d  b y  anod ic  o x i d a t i o n  m a y  go on 
to c o m p l e x  w i t h  a c e r t a i n  n u m b e r  of l igands .  The  
r e a c t i o n  o r d e r  in  t e r m s  of t he se  l i gands  m a y  t h e n  
be  found.  The  k ine t i c  b e h a v i o r  in such  cases  has  
been  cons ide red  b y  K e r n  (2) ,  and  in  a ser ies  of p a -  
pe r s  b y  G e r i s c h e r  (3 ) .  The  r e v e r s e  of t he  a b o v e  
process ,  t h a t  is, e l e c t r o d e p o s i t i o n  of a c o m p l e x e d  
m e t a l  ion, has  also been  cons ide red .  The  m a t h e -  
m a t i c a l  ana lys i s  has  been  e x t e n d e d  b y  Ma t suda ,  
D e l a h a y ,  a n d  K l e i n e r m a n  to i nc lude  c o m p l e x i n g  r e -  
ac t ions  w h i c h  a r e  i r r e v e r s i b l e  (4) .  This  s o m e t i m e s  
p e r m i t s  t he  d e t e r m i n a t i o n  of r a t e s  for  v e r y  fas t  
c h e m i c a l  r eac t ions  occu r r i ng  in  t he  d i f fus ion  l ayer .  
A n u m b e r  of t he se  h a v e  b e e n  i n v e s t i g a t e d  b y  K o r -  
y t a  and  c o - w o r k e r s  (5 ) .  T h e i r  t r e a t m e n t  is b a s e d  
on a m a t h e m a t i c a l  f o r m u l a t i o n  of t he  p r o b l e m  due  
to K o u t e c k y .  K o r y t a  has  cons ide r ed  t h e  l i m i t a t i o n s  
of such  m e t h o d s  for  d e t e r m i n i n g  the  r a t e s  of asso-  
c i a t ed  c h e m i c a l  r e ac t i ons  (6) .  One  i m p o r t a n t  con-  
c lus ion  is tha t ,  i dea l l y ,  t he  spec ies  i n v o l v e d  shou ld  
be  u n c h a r g e d .  

S q u a r e  w a v e  t e chn iques  h a v e  p l a y e d  an  i m p o r t a n t  
ro le  in  t he  e x p e r i m e n t a l  work .  This  s u b j e c t  has  also 
been  r e v i e w e d  b y  K o r y t a  (7) .  S m i t  a n d  W i j n e n  
have  b e e n  p a r t i c u l a r l y  success fu l  in  a p p l y i n g  s q u a r e  
w a v e  c u r r e n t s  and  v o l t a g e s  (8 ) .  F o r  e x a m p l e ,  t h e y  
w e r e  ab l e  to d e t e r m i n e  the  t r a n s f e r  coefficient  of 
t he  e l e c t r o n  t r a n s f e r  r e a c t i o n  b y  a m e t h o d  in w h i c h  
d i f fus ion does no t  i n t e r f e r e .  The  d imens ion l e s s  
t r a n s f e r  coefficient  is o b t a i n e d  f r o m  a p lo t  of two  
e x p e r i m e n t a l l y  o b t a i n e d  vo l tages .  D i m e n s i o n a l i t y  
p l a y s  an  i m p o r t a n t  p a r t  in t hese  me thods .  The  p a r -  
t i c u l a r  w a v e  s h a p e  u sed  m a y  no t  be  of concern ;  
m a t h e m a t i c a l  a n a l y s e s  a r e  s o m e t i m e s  o b t a i n e d  in  a 
f o rm  a p p l i c a b l e  to a n y  t i m e  f u n c t i o n  of t h e  c u r r e n t  
(9) .  O t h e r  a d v a n c e s  in  a n a l y t i c a l  m e t h o d s  con t inue  
to be  r e p o r t e d  (10, 11) .  

In  t he  fo rego ing  cases,  t he  k ine t i c s  a r e  f irst  o r d e r  
in the  i n i t i a l  p r o d u c t  of e lec t ro lys i s .  T h e r e  a r e  i m -  
p o r t a n t  excep t ions .  L e t  us a s s u m e  t h a t  an  u n s t a b l e  
o rgan ic  r a d i c a l  is fo rmed .  S u b s e q u e n t  d e c a y  wi l l  
o f t en  be  i r r eve r s i b l e .  T h e n  t h e  p r o b l e m  of i n t e r e s t  
is to d e t e r m i n e  w h e t h e r  d e c a y  is f irst  or  second  o r -  
der .  The  K o l b e  syn thes i s  fa l l s  in th is  ca t egory .  This  
c e n t u r y  o ld  r e a c t i o n  has  n e v e r  b e e n  a d e q u a t e l y  d e -  
scr ibed .  Ye t  i t  is i n v o l v e d  in  some r e c e n t  p r o b l e m s  
of p r a c t i c a l  in te res t .  T h e  e l e c t r o l y t i c  o x i d a t i o n  of 
m e t h a n o l ,  w i t h  i ts  i n t e r m e d i a t e  of f o r m i c  acid,  is 
r e l a t e d  to t h e  K o l b e  synthes i s .  W i t h i n  t he  p a s t  yea r ,  
i n f o r m a t i v e  p a p e r s  h a v e  been  p u b l i s h e d  b y  C o n w a y  
and  Dziec iuch  (12) ,  b y  B r e i t e r  (13) ,  and  b y  J u l i a r d  
and  Sha l i t  (14) .  C o n w a y  a n d  Dz iec iuch  e x p l i c i t l y  
cons ide r  t h e  p r o b l e m  of k ine t i c  o rder .  F o r  t he  p r o -  
t o t y p e  K o l b e  reac t ion ,  the  o x i d a t i o n  of f o r m i c  acid,  
t h e y  r e j e c t  a s econd  o r d e r  p a t h  a p r i o r .  T h e i r  r e a -  
soning  is b a s e d  on t h e  fac t  t h a t  no  p e r o x i d e s  a r e  
obse rved .  This  t h e y  cons ide r  t h e  n e c e s s a r y  r e su l t  
w h e n  two  HCOO-  r a d i c a l s  combine .  H o w e v e r ,  the  
r e a c t i o n  H C O O .  q- H C O O .  --> H C O O H  q- CO2 
shou ld  no t  be  ove r looked .  E x p e r i m e n t a l  ev idence  
w h i c h  t h e y  ci te  l a t e r  in  s u p p o r t  of a f irst  o r d e r  
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m e c h a n i s m  is c o m p l i c a t e d  b y  c o m p e t i t i v e  a d s o r p -  
t ion  p rocesses  w h i c h  also occur.  

In  th is  p a p e r ,  a d i f fe ren t  a p p r o a c h  to t he  p r o b l e m  
of d e t e r m i n i n g  k ine t i c  o r d e r  w i l l  b e  e x a m i n e d .  
Wi l son  and  L i p p i n c o t t  a p p l i e d  th is  m e t h o d  in a 
s t u d y  of t he  K o l b e  syn thes i s  p u b l i s h e d  in  1956 (15) .  
T h e y  e l e c t r o l y z e d  acet ic  and  p r o p i o n i c  ac ids  us ing  
an  a l t e r n a t i n g  squa re  w a v e  cu r ren t .  U n d e r  these  
condi t ions ,  some ne t  a m o u n t  of t h e  p r o d u c t s  is ob -  
t a ined ,  due  to t h e  i r r e v e r s i b l e  n a t u r e  of  t he  r e a c -  
t ions.  The  a m o u n t s  f a l l  off as h i g h e r  f r equenc i e s  
a r e  emp loyed .  Wi l son  a n d  L i p p i n c o t t  a t t e m p t e d  to 
e s t ab l i sh  the  k ine t i c  o r d e r  b y  s t u d y i n g  the  effect  
of f r e q u e n c y  on the  c u r r e n t  efficiency. T h e i r  con-  
c lus ions  a r e  ques t ionab le ,  h o w e v e r ,  due  p a r t l y  to 
t he  fo rm in w h i c h  t h e  eff iciency equa t i ons  w e r e  
de r ived .  

S ince  th is  is a p o t e n t i a l l y  use fu l  e x p e r i m e n t a l  a p -  
p roach ,  a m o r e  g e n e r a l  m a t h e m a t i c a l  m o d e l  wi l l  be  
deve loped .  C o m p l i c a t i n g  f ac to r s  such  as diffusion,  
adso rp t ion ,  and  doub le  l a y e r  c a p a c i t a n c e  wi l l  p u r -  
pose ly  be  ignored .  The  m o d e l s  used  in  o t h e r  w o r k  
a r e  a d m i t t e d l y  m o r e  soph i s t i ca ted .  H o w e v e r ,  t h e r e  
is an  a d v a n t a g e  to be  g a i n e d  b y  focus ing  a t t e n t i o n  
on the  k ine t i c  o rder .  C e r t a i n  bas ic  r e q u i r e m e n t s  of 
d i m e n s i o n a l i t y  w i l l  b e c o m e  ev iden t ,  a n d  these  m u s t  
s t i l l  a p p l y  w h e n  m o r e  c o m p l i c a t e d  mode l s  a r e  used.  

Electrolyses with Square Wave Currents 
The  p a p e r  of Wi l son  a n d  L i p p i n c o t t  (15) shou ld  

be  consu l t ed  for  e x p e r i m e n t a l  de ta i l s  in w h a t  fo l -  
lows.  

The  in i t i a l  e l e c t r o c h e m i c a l  r e a c t i o n  m a y  be  w r i t -  
t en  v e r y  g e n e r a l l y  as R -  -~ R .  + e. R -  is the  an ion  
of a c a r b o x y l i c  ac id  and  R .  is a c a r b o x y -  or  a h y -  
d r o c a r b o n  rad ica l .  In  t h e  l a t t e r  case, CO2 w o u l d  be  
one of t he  i m p l i e d  p roduc t s .  T h e r e  w o u l d  t h e n  fo l -  
low a r e a c t i o n  i n v o l v i n g  e i t he r  one or  two  of these  
rad ica l s .  In  t he  s q u a r e  w a v e  e lec t ro lys i s ,  o n l y  a 
f r ac t i on  of t h e  r a d i c a l s  i n i t i a l l y  p r o d u c e d  a r e  r e -  
c ove re d  on r e v e r s a l  of t h e  cu r ren t .  Those  w h i c h  
r eac t  c h e m i c a l l y  wi l l  f o r m  h y d r o c a r b o n s .  In  th i s  
case  t h e y  a r e  gaseous.  The  v o l u m e s  a r e  m e a s u r e d  
and  used  to ca l cu l a t e  a c u r r e n t  efficiency. 

F i r s t  O r d e r  C a s e  

F o l l o w i n g  the  t e r m i n o l o g y  of ref .  (15) ,  two  d i f -  
f e r e n t i a l  equa t i ons  a r e  set  d o w n  w h i c h  desc r ibe  t he  
k ine t i c s  d u r i n g  the  f irst  ha l f  of a cyc le  of  s q u a r e  
w a v e  c u r r e n t  

d [ R ] / d t  = 1 - -  k l [ R ]  [1]  
a n d  

d [ P ] / d t  : k l [ R ]  [2]  

[R]  is the  c o n c e n t r a t i o n  of r a d i c a l s  a t  t h e  sur face ,  
[ P ]  the  c o n c e n t r a t i o n  of p roduc t s ,  a n d  k l  t he  f irst  
o r d e r  r a t e  cons tan t .  The  c u r r e n t  dens i ty ,  I, is e x -  
p r e s s e d  in  cons i s t en t  uni t s ,  con t a in ing  w i t h i n  i t  t he  
F a r a d a y  cons tan t .  F o r  m a t h e m a t i c a l  conciseness  a 
c h a n g e  w i l l  be  m a d e  to two  n e w  v a r i a b l e s :  X = 
[ R ] / I  and  Y ---- [ P ] / I .  L a t e r  on, th is  w i l l  a lso he lp  
in  def in ing  t h e  c r i t i ca l  p a r a m e t e r s  g o v e r n i n g  the  e f -  
f iciency.  In  t he  n e w  form,  t h e  equa t i ons  a r e  

d X / d t  = 1 -  d Y / d t  [1A]  
and  

d Y / d t  = k i X  [2A]  
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For  squa re  w a v e  cur ren t ,  the  cycle t ime  wi l l  be  
g iven  by  l / f ,  where  f is the  f r equency  in  cycles per  
second. In  the  second half  of the  cycle, no n e w  r a d i -  
cals wi l l  be  produced.  A n y  r e m a i n i n g  wi l l  be de-  
stroyed.  

In  the  t r e a t m e n t  of ref. (15) the l a t t e r  ha l f -cyc le  
is comple te ly  ignored.  L imi t s  of i n t eg r a t i on  on the  
t ime  are therefore  set at  t z 0 and  t = ~/2]. This  
gives for X, which  is a measu re  of tha t  f rac t ion  of 
the  c u r r e n t  appea r ing  as radica ls  on the  sur face  

X = ( 1 / k l )  [1 --  e x p ( - - k l t )  ] [3] 

At  the  end  of the  ha l f -cyc le  

X ---- ( l / k 1 )  [1 - -  exp ( - - k l / 2 f )  ] [4] 

The  va lue  of Y, which  is a m e a s u r e  of the  p roduc t  
ob ta ined  per  u n i t  of c u r r e n t  d u r i n g  one cycle, is 
t h e n  ob ta ined  by  i n t e g r a t i n g  [1A] 

Y---- ( 1 / 2 ~ ) -  ( l / k 1 )  [ 1 -  e x p ( - - k l / 2 ~ ) ]  [5] 

The  efficiency m a y  then  be ob ta ined  by  d iv id ing  
Y b y  the  m a x i m u m  v a l u e  which  it can  reach.  This 
occurs w h e n  e i ther  kl is ve ry  large or the f r e q u e n c y  
is v e r y  low. U n d e r  these  condi t ions ,  Y = 1/2 S. The  
efficiency t h e n  is, on the  basis  of the  a s sumpt ions  
of (15) 1 

E ( 1 )  : 1 --  (2f/k1) [1 - - e x p ( - - k J 2 f )  ], or  

1 - - ( l / a )  [1 - -  e x p ( - - a ) ] ,  where  a ---- k l / 2  s [6] 

The  index  (1) ass igned to the  efficiency identif ies 
the  first order  case. 

Before going fu r the r ,  it wi l l  be necessa ry  to ex-  
amine  more  closely the foregoing assumpt ions .  It  
is seen that ,  by  the  end  of the first ha l f -cycle ,  the re  
r e m a i n  u n r e a c t e d  radicals.  Since we m u s t  assume 
tha t  the  in i t i a l  reac t ion  is a r eve r s ib l e  one, r eversa l  
of the  c u r r e n t  wi l l  commence  to r emove  radicals .  
However ,  they  wi l l  no t  be des t royed  i n s t a n t a n e -  
ously. Unless  some n e w  m e c h a n i s m  is b roug h t  into 
play,  they  wi l l  d i sappear  on ly  as fast  as the  reverse  
c u r r e n t  permi ts ,  and  beyond  that ,  on ly  by  f u r t he r  
f o rma t ion  of product .  This  is i l lus t ra ted  in  Fig. 1. 
The  dashed l ine  shows w h a t  the  surface  concen t r a -  
t ion  of radica ls  wou ld  be if t he re  were  no p roduc t  
format ion .  The concen t r a t i on  wi l l  e v e n t u a l l y  become 
zero, bu t  at  some t ime which  is g rea te r  t h a n  the 
t ime  of a ha l f -cycle .  This  n e w  t ime  should  be used 
as the  u p p e r  l imi t  of in tegra t ion .  

U n d e r  these  n e w  condi t ions ,  a more  genera l  ex-  
press ion  for the  efficiency m a y  be found.  In  the  sec- 
ond  hal f -cycle ,  the equa t ion  for X cor respond ing  to 
[1A] is 

d X / d t  = -  1 - -  d Y / d t  [7] 

Then,  comb in ing  [1A] and  [7] 

~(1/21) f r  ~x(I/2f)dX ~ x ( r )  
Y Y(i)  + Y(U) = j g t -  J i l t - - !  - . !  d X  

~ o  /2I - o - X(I /2I)  

o r  

Y = ( l / f )  - -  v [8] 

1 The re  a re  severa l  a l te rna te  w a y s  of a r r i v i n g  at  the  efficiency, all 
of which  g ive  the  s a m e  result .  The  express ion  g iven  by  ref.  (15), 
wh ich  is the i r  equat ion  [7], lacks  the  fac tor  2 associated w i t h  I. 
This  has  no bea r ing  on the i r  a r g u m e n t s  r e g a r d i n g  k ine t ic  order ,  
and would  m a k e  a difference only had  a va lue  been ass igned to k~. 
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Fig. 1. Concentration of radicals at an electrode surface as a 
function of time, shown in relation to a cycle of square wave current. 
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Fig. 2. Efficiencies for first and second order kinetics and for 
various wave shapes, as a function of frequency in dimensionless 
units. The units are, for E(f,1), 2f/kl; E(f,2), 2l/~/k21; E(co, 1), 
oJ/kl. 

since X (t  : r) : 0. The  efficiency is aga in  ob ta ined  
by  m u l t i p l y i n g  by  2f 

E ( f )  = 2(1--f~) = 1 - -  2 f ( T - - 1 / U f )  [9] 

Here the index f appended to E refers to the square 
wave case. The expression applies for any reaction 
order, it being the time v which is affected by the 
mechanism. In the first order case, ~ is easily found 
by integrating Eq. [7], the second expression for X, 
along with [2A]. This gives 

r - -  1 / 2 f  = ( 1 / k l )  In [ 2 - -  e x p ( - - k l / 2 f )  ] [10] 

S u b s t i t u t i n g  in  [9],  the revised  efficiency becomes 

E ( ] , I )  = 1 --  ( l / a )  i n  [ 2 - -  e x p ( - - a ) ]  [11] 

in  which  a = k l / 2 ~  as before.  
A plot  of this f u n c t i o n  is shown  as the  lower  curve  

in  Fig. 2. The  gene ra l  shape of the  curve  resembles  
v e r y  m u c h  tha t  of Eq. [6]. However ,  the associated 
va l ue  of kl is qu i te  different .  
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In  order  to eva lua t e  kl f rom e x p e r i m e n t a l  data,  
it  is first necessa ry  to ascer ta in  w h e t h e r  first order  
k ine t ics  r ea l l y  apply.  As shown  later ,  this  had  best  
not  be  done by  curve  fitting. The most  re l iab le  i n -  
d ica t ion  is tha t  the  efficiency is i n d e p e n d e n t  of cu r -  
r en t  densi ty .  T h e n  kl m a y  be found  by  d e t e r m i n i n g  
the f r e q u e n c y  f' for which  E(f ,1)  has a p resc r ibed  
value.  For  example ,  w h e n  a = 1, E = 0.510, so tha t  

ks = 2f' [12] 

I t  m a y  be that ,  because  of e x p e r i m e n t a l  i n t e r -  
ferences,  the  midd le  por t ion  of the  curve  is not  r e -  
l iab le  enough  to be used in  e v a l u a t i n g  kl. A n  a l t e r -  
na te  me thod  would  be to use the  slope. As can be 
seen f rom the  graph,  dE( f , 1 ) / d f  is r e a s o n a b l y  
s t ra igh t  in  the  ini t ia l ,  low f r e q u e n c y  range.  T a k i n g  
the de r iva t ive  of the  genera l  Eq. [9] 

d E ( f , 1 ) / d f  = --2 (~ + f d~/df) [13] 

For  the  first o rde r  case 

dT/df = -- i / f  2 [2 --  exp(--a) ] [14] 

Then in the limiting case 

k = --2(In2)/dE(L1)/df(O) [15] 

Second Order Case 

For the second order case, the differential equation 
replacing [2A] is 

d Y / d t  ~ k2I X 2 [ 16 ] 

This equat ion ,  toge ther  w i th  [1A],  m a y  be solved 
for the  first ha l f -cyc le  only,  to give an  efficiency 
cor respond ing  to tha t  ob ta ined  by  Wilson  and  L ip -  
p incot t  (15).  The resu l t  is 

E (2 )  = 1 -  (2f /~ /k~I)  t a n h  (~/k2I?af)  
o r  

1 --  ( l / b )  t a n h  b, where  b = ~ /k2I /2 f  [17] 

The express ion  g iven  in  ref. (15) was  in  series form, 
which  caused difficulties in  the  i n t e r p r e t a t i o n  of the  
resul ts .  In  any  case, the  i n t eg ra t i on  here  wi l l  aga in  
be car r ied  out  u n t i l  the  t ime  T w h e n  all  radica ls  
d isappear .  The  equa t ion  for the  second hal f  cycle is 

d X / d t  = --1 ~--k2IX 2 [ 18 ] 

Upon  i n t e g r a t i o n  this  gives 

= (1 /2f )  [1 + ( l / b )  t an  -~ t a n h  b] [19] 
so t ha t  

E(1r = 1 - -  ( 1 / b ) t a n  -~ t a n h  b [20] 

This  resul t s  i m m e d i a t e l y  f rom the  gene ra l  Eq. [9].  
E v a l u a t i o n  of the r a t e  cons tan t  k2 migh t  be  car r ied  
out  by  a n y  of the  me thods  suggested  before.  Using 
the de r iva t ive  the re la t ionsh ip  r equ i r ed  is 

d E ( f , 2 ) / d f ( 0 )  = - -  ~r/~/k2I [21] 

The efficiency curve  for the  second order  case is 
shown  in  Fig.  2, a long wi th  the  curve  for the  first 
order.  Both are  p lo t ted  in  comparable ,  d i m e n s i o n -  
less f r e q u e n c y  uni t s ,  (b)  and  (a)  respect ively .  The 
shapes of the  curves  a lone  do no t  d i s t ingu i sh  the  
first f rom the  second order.  The  logical  p rocedure  
appears  to be  to v a r y  the  c u r r e n t  dens i ty  over  a 
r ea sonab ly  wide  range .  In  the  second order  case, 
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an  inc rease  in  I should  improve  the  efficiency. 
D o u b l i n g  the  f r e q u e n c y  should  have  the  same effect 
as r educ ing  / by  a factor  of one - four th .  As wi l l  be 
shown,  this  c r i t e r ion  is i n d e p e n d e n t  of the  p a r t i c u -  
la r  wave  shape used. 

A n  express ion  has also been  ob ta ined  for the  
mixed  first a nd  second order  case. On ly  the r e -  
sul ts  are  given.  The va lue  of T to be used in  [9] is 

~-= (I/2f) -4- 

kl + d ctnh (d /4 f )  + 4 k 2 I / ( k l  - -  c) 
( l / c )  In  [22] 

kl A- d c t n h ( d / 4 f )  A- 4k2I / (k l  -t- c) 

where  c = ~ / k l  2 - -  4k2I a nd  d = ~ / k l  2 -4- 4keI. 

A n  a l t e r na t e  fo rm m a y  be obta ined,  which  gives 
a more  concise express ion  for E 
E(f ;1 ,2)  = 1 - -  

(4 f /c)c tnh-X[  (2kl A- d ) c t n h ( d / 4 f ) / c ]  [23] 

The  va lue  of the  slope of the  efficiency curve  is 

dE(f;1 ,2) /df (O)  = ~--(4/c) c tnh- l [  (2k~ -4- d) /c]  
[24] 

The efficiency re fe r red  to here  is the  tota l  effi- 
c iency of e lec t ron  ut i l iza t ion.  If the  two reac t ion  
pa ths  in  ques t ion  lead to different  products ,  the  
efficiency der ived  is ac tua l ly  the  to ta l  of two sep-  
a ra te  quant i t ies .  The m a t h e m a t i c a l  t ask  of s epa ra t -  
ing these two is a fo rmidab le  one. U n f o r t u n a t e l y ,  it 
m a y  be tha t  on ly  one p roduc t  is isolated in  the 
expe r imen t .  I t  is qui te  possible that ,  in  the  work  
of Wi lson  and  L ipp inco t t  (15),  more  t h a n  one  mech -  
a n i sm  is operat ive.  

Electrolyses with Sign Wave Currents 
For  a n u m b e r  of reasons,  one wou ld  l ike to have  

solut ions  for the  s ine w a v e  cases. The re  are cer-  
t a in  i mpe da nc e  m e a s u r e m e n t s ,  closely re la ted  to 
the  model  be ing  discussed, which  wou ld  o rd ina r i l y  
be  car r ied  ou t  wi th  sine w a v e  cur ren t .  

The  genera l  d i f ferent ia l  equa t ion  to be solved is 

d X / d t  = sin co t -  d Y / d t  [25] 

In  this  case, X is defined as X = [R]/,I', where  I" is 
the  ampl i tude ,  and  also, Y = [P] / r .  E q u a t i o n  [25] 
m a y  be i n t eg ra t ed  i m m e d i a t e l y  to give 

0 ---- (1/~0) ( 1 -  c o s a ~ - ) - - Y  [26] 

the  l imi t s  of i n t e g r a t i on  for X be ing  zero at bo th  
ex t remes .  Y is aga in  a m e a s u r e  of t ha t  f rac t ion  of 
the  c u r r e n t  going to fo rm product ,  in  a s ingle  cycle. 
If al l  of the  c u r r e n t  d u r i n g  the  first, posi t ive  hal f  
of the  cycle w e n t  into product ,  the  va lue  of Y would  
be 2/0.  Therefore ,  the  efficiency wi l l  be 

E(~o) ---- (1 /2 )  (1--cos~r)  
or  

1 --  (1/2) (I A- cos(o~) [27] 

This equation applies for any order. The symbol ~, 
which is the frequency in radians per second, is 
also used to label E for the sine wave case. 

First Order Case 
The first o rder  case is the  on ly  one for which  a 

comple te  so lu t ion  has been  obta ined,  and  this  so lu-  
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Table I. Numerical solutions 

3.59 0.950 0.484 
3.93, (5~/4) 0.854 0.975 
4.19, (4~/3) 0.750 1.50 
4.37 0.667 2.07 
4.71, (3~/2) 0.500 3.64 
5.05 0.333 7.13 
5.23, (5~/3) 0.250 9.83 
5.50, (7~/4) 0.147 18.64 

t ion  is an  impl ic i t  one. In  order  to find an  expres -  
sion for z, Eq. [25] is solved for X af te r  i n se r t ing  
k l X  for d Y / d t .  This  gives 

X =  (1 /~  ~ §  2) 
[k l s in  ~ t - - ~  cos ~ t § e x p ( - - k l t )  ] [28] 

W h e n  X reaches its second zero va lue ,  t = ~. By de-  
f ining aga in  a charac ter i s t ic  p a r a m e t e r  a' : k~/~,  
an impl ic i t  so lu t ion for r is ob ta ined  

a' s i n ~ r - -  cos~r  + exp ( - - a ' ~ r )  = 0 [29] 

It  wi l l  be not iced  that ,  j u s t  as in  Eq. [10],  the  m a g -  
n i t u d e  of the  c u r r e n t  dens i ty  does no t  en t e r  in to  the  
solut ion for r. Therefore ,  the  efficiency is also i n d e -  
p e n d e n t  of I'. 

Numer i ca l  solut ions  for E (r are  g iven  in  Tab le  
I. They  are  l i s ted in  t e rms  1/a' ,  or ~ / k l ,  which  m a y  
be r ega rded  as a d imens ion less  f r e q u e n c y  pa rame te r .  
The first pa r t  of the  curve  of E ( ~ , I )  vs.  ~ / k ,  has 
been  p lo t ted  in  Fig. 2, a long wi th  the  va lues  for 
E( f ,1 ) .  I t  wi l l  be  no ted  tha t  the  change  in  wave  
shape of the appl ied  c u r r e n t  has had  a m a r k e d  i n -  
f luence on the  shape of the  efficiency curve.  If the  
e x p e r i m e n t a l  wave  shape is d is tor ted  the  r a t e  con-  
s tants  eva lua t ed  m a y  be in  error .  For  the sine wave  
case, E at  the  0.5 level  is a t t a ined  w h e n  kl : ~/3.64;  
if the  f r e q u e n c y  is read  in  cycles per  second ins tead  
of radians ,  k~ ~ 1.73f. In  the square  wave  case, 
u n d e r  s imi la r  c i rcumstances ,  kl = 2.08f. In  o ther  
words, the  same efficiency m a y  be achieved at a 
somewha t  h igher  f r e q u e n c y  if s ine w a v e  c u r r e n t  
is used. 

The difference in  the  efficiency curve  is even  more  
p r o n o u n c e d  at low frequencies .  For  the  sine w a v e  
case, it is no longer  possible  to eva lua t e  the  ra te  
cons tan t  kl f rom the  der iva t ive ,  as in  [15]. By  i m -  
pl ici t  d i f fe ren t ia t ion  of [29],  it m a y  be shown tha t  
d E ( ~ , l ) / d ~ ( O )  : 0 .  However ,  there  is a usefu l  
a l t e rna t e  expression.  As co becomes small ,  or as kl~ 
takes  on l a rge  values ,  the  exponen t i a l  t e r m  in  Eq. 
[29] van i shes  fas ter  t h a n  the  sine te rm.  Over  a cer-  
t a in  region,  k l  ~ (~ c t n  ~r. Then,  f rom [27] 

k~ N ~ (E-0.5)  / x / E ( 1  - -  E) [30] 

This express ion  m a y  be used wi th  an  accuracy  b e t -  
t e r  t h a n  2.5% in  the  r ange  of E va lues  g rea te r  t h a n  
0.85. 

General Solutions Giving the Order with 
Any Wave Shape 

In  the  second order,  s ine wave  case, no t  even  an  
impl ic i t  so lu t ion  for T is avai lable .  However ,  t he re  
is a power fu l  gene ra l i za t ion  wh ich  al lows one to 
es tabl ish  the  k ine t ic  order.  Then ,  whi le  abso lu te  

va lues  for the  ra te  cons t an t  m a y  no t  be ob ta ined ,  
a n u m b e r  p ropor t iona l  to it  m a y  be  measured .  

In  the  genera l  second order  case, one m a y  a lways  
w r i t e  

g i R l ~ d r  = I ~" (~ t )  - -  k2[R] 2 [31] 

w he r e  F is some func t i on  def in ing the wave  shape. 
As long as it  is a periodic  func t ion ,  ~t  wi l l  appear  
as the i n d e p e n d e n t  var iab le .  Let  ~t  = s, a nd  let  
[R] be replaced  by  [R] : ( I / ~ ) Z .  T h e n  

d Z / d s  = F (s)  - -  (k2I/e~2)Z 2 [32] 

The  re la t ion  b e t w e e n  the  cons tan t  k2I /~  2, which  
wi l l  be  cal led b', and  the  q u a n t i t y  b defined in  Eq. 
[17],  is i m m e d i a t e l y  apparen t .  I t  is now  appropr i a t e  
to call  b' the  charac ter i s t ic  p a r a m e t e r  for the  case 
of second order  kinet ics .  Now, since Eq. [32] wi l l  
o rd ina r i l y  sat isfy  the  condi t ions  for ex is tance  of a 
solut ion,  a va lue  for s ----- ~r m a y  be obta ined ,  in  
theory.  This wi l l  be  done  by  i n t e g r a t i ng  w i t h  l imi t s  
of zero on Z at bo th  ext remes.  In  so doing,  the  v a r i -  
able  Z wi l l  be e l imina ted .  A solu t ion  for  s wil l  be  
ob ta ined  in  t e rms  of b" alone.  This  t e r m  embodies  
all  the e x p e r i m e n t a l  var iab les ,  which  wi l l  appear  
on ly  t h r ough  b'. In  the  me a n t i me ,  direct  i n t eg ra t i on  
of the equa t ion  in  a fo rm s imi la r  to [25] leads to 
the efficiency. This  equa t ion  wi l l  be  charac ter i s t ic  of 
the w a v e  shape used, bu t  wi l l  be  a f u n c t i o n  only  
of the  pa r t i cu l a r  va lue  of s at Z ---- 0. T h e n  it  is 
possible to s tate  tha t  

E ( 2 )  = ~ ( s )  = ~ ' ( b ' )  [33] 

This me a ns  that ,  b e y o n d  the  specific case of Eq. 
[20],  a l l  second order  k inet ics  wi l l  depend  on the 
c u r r e n t  dens i ty  I. Fu r the r ,  t he  efficiency wi l l  no t  be 
affected if bo th  I a nd  ~ are va r i ed  in  such a m a n -  
ne r  tha t  I/(o ~ r e m a i n s  cons tant .  

In  a s imi la r  way,  it  is possible  to a r r ive  at  the 
character is t ic  first order  pa r ame te r ,  a' = k l / ~ .  It  
is therefore  possible  to d i s t ingu i sh  b e t w e e n  first 
and  second order  k ine t ics  u s ing  a per iodic  c u r r e n t  
of a r b i t r a r y  wave  shape, w h e t h e r  or no t  the  equa -  
t ions can be in tegra ted .  

I t  wi l l  also be possible to find a r e l a t ive  va lue  of 
the ra te  constant ,  which  wi l l  be  re la ted  to the  ab -  
solute  va lue  by  a constant .  Some p a r t i c u l a r  va lue  
of the efficiency is chosen, say E = 0.5. If the  k ine t ics  
are  second order,  it  is t h e n  possible  to s ta te  tha t  

k'2 = Ck2 ~-~ eo'2/I [34] 

w he r e  ~' is the va l ue  of co at  E = 0.5. The  va lue  of 
C wi l l  be fixed for a n y  p a r t i c u l a r  w a v e  shape,  a l -  
though it m a y  be u n d e t e r m i n e d .  Such a r e l a t ive  
va lue  of the r a t e  cons tan t  is pe r fec t ly  adequa te  for 
d e t e r m i n i n g  the  t e m p e r a t u r e  dependence  a nd  f rom 
this the  ac t iva t ion  ene rgy  for the  r a t e - d e t e r m i n i n g  
step. 

The s imple  mode l  cons idered  here  wi l l  p r o b a b l y  
r equ i r e  some modif icat ion before  it  can be appl ied  
expe r imen ta l l y .  The  effects of diffusion and  adsorp-  
t ion  canno t  be  comple te ly  ignored.  For  example ,  in  
order  to in su re  an  ample  supp ly  of ions at  the  su r -  
face, one mus t  res t r ic t  the  c u r r e n t  dens i ty  to Iow 
values ,  or else use  a h igh f requency .  Otherwise ,  the  
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chronopo ten t iomet r i c  t r ans i t i on  t ime  wi l l  be ex-  
ceeded. Bu t  u n d e r  these condit ions,  the  c u r r e n t  lost  
in cha rg ing  and  d i scharg ing  the double  l ayer  ca-  
pac i tance  m a y  have  to be t a k e n  into account.  There  
is hope t ha t  these difficulties can  be overcome.  

Relationship to Faradaic Impedance Measurements 
A m e c h a n i s m  ana logous  to the  one  discussed here  

has been  ana lyzed  in  t e rms  of the Fa rada ic  i m p e d -  
ance (16).  G r a h a m e  appl ied  this  to the hyd rogen  
evo lu t ion  react ion,  in  which  there  may  be a second 
order  r e c o m b i n a t i o n  of h y d r o g e n  atoms (17).  Much 
p resen t  day  work  is based  on G r a h a m e ' s  approach,  
and  it wil l  be of in te res t  to compare  the  resul t s  ob -  
tained.  

The e x p e r i m e n t a l  condi t ions  imposed  w h e n  one 
studies the  Fa rada ic  impedance  differ cons ide rab ly  
f rom those used w h e n  m e a s u r i n g  the  efficiency. The  
pa r t  of the  impedance  which  is affected by the  e lec-  
t rochemica l  process is first separa ted  f rom such other  
inf luences as the double  layer  capaci tance.  This  
Fa rada ic  impedance  m a y  be r ep re sen t ed  as a series 
res is tance  and  capac i tance  (or its pa ra l l e l  c i rcui t  
e q u i v a l e n t ) .  There  is t h e n  a theore t ica l  r e l a t ion  be -  
tween  these componen t s  of the  impedance  and  the 
con t ro l l ing  ra te  constant .  

G r a h a m e  considers  the  second order  case in Sec- 
t ion I I I  of his paper.  He sets down  

dVo/dt ~ log + ag sin ~ t - -  kvo ~ [G50] 

In  this  equat ion ,  Vo is the  concen t r a t i on  of h y d r o g e n  
radicals  at the  surface,  io r epresen t s  a po la r iz ing  cu r -  
r en t  and  has some re la t ion  to the  c u r r e n t  dens i ty  
I' of the p resen t  paper .  2 The significance of g need  
not  concern  us here.  E q u a t i o n  [G50] m a y  t h e n  be 
compared  to Eq. [25] in  combina t ion  wi th  [16]. 
However ,  the m a g n i t u d e  of the s ine wave  c u r r e n t  ag 
sin (~t is res t r ic ted  to v e r y  smal l  values .  Electrolysis  
is to be car r ied  out  over  a l i nea r  por t ion  of the cu r -  
r e n t - - v o l t a g e  curve.  The  sine w a v e  c u r r e n t  t he re -  
fore con t r ibu te s  no th ing  to the  ne t  electrolysis .  This  
al lows ce r ta in  second order  t e rms  to be ignored,  and  
a complete  so lu t ion  of the  d i f ferent ia l  equa t ion  is 
possible. The  series res i s tance  Rs and  the  capaci tance  
Cs are  t h e n  found.  G r a h a m e  u l t i m a t e l y  a r r ives  at 
the i m p o r t a n t  d imens ion less  r e l a t ion  

RsCs~ = 2xfiok2/o~ [G61] 

in  which  k2 is inse r t ed  for kl, a n d  a factor  g has  been  

omit ted.  This is the  same as 2%/b', b' be ing  the  

"-' W h i l e  i t  is  t r u e  t h a t  t h e r e  is  n o  r e s u l t a n t  d - c  c u r r e n t  i n  t h e  s i t -  
u a t i o n  c o n s i d e r e d  p r e v i o u s l y ,  t h e r e  m a y  b e  a t  e a c h  i n d i v i d u a l  e l e c -  
t rode  a r e c t i f i c a t i o n  c u r r e n t  w h o s e  m a g n i t u d e  d e p e n d s  on  t h e  effi-  
c i ency .  I t  w i l l  a l so  d e p e n d  on  t h e  m a g n i t u d e  of I ' .  Of  cou r se ,  i n  a 
r e a l  case ,  s o m e  o t h e r  F a r a d a i c  p r o c e s s  w i l l  i n t e r v e n e  a f t e r  r is 
r e a c h e d .  
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charac ter i s t ic  second order  p a r a m e t e r  of the  pres -  
en t  paper .  

G r a h a m e  did not  bo ther  to show the  solut ion for 
cases of different  order,  bu t  this is easi ly  done. For  
first order  kinet ics ,  one ob ta ins  

Rs'Cs% = k i / ~  = a' [35] 

It  is a p p a r e n t  t ha t  these genera l iza t ions  r ega rd ing  
k ine t ic  order  app ly  to wide ly  di f fer ing fo rmula t ions  
of the k ine t ic  problem.  In  s imple  cases, a s t r a igh t -  
fo rward  d imens iona l  ana lys i s  m a y  be sufficient. The 
pa r t i cu l a r  wave  shape  used is of secondary  i m p o r -  
tance.  The exp lo ra t ion  of rad ica l  reac t ions  at the 
electrode surface  r e ma i ns  a cha l l eng ing  area  for ex-  
p e r i m e n t a l  inves t iga t ion . .There  are  of ten fo rmidab le  
m a t h e m a t i c a l  ba r r i e r s  to in t e rp re t a t ion .  It  is hoped 
that  some of these p rob lems  wi l l  soon be solved. 
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The Electrochemical Oxidation of Formic Acid on Platinum 

C. W. Fleischmann, G. K. Johnson, and A. T. Kuhn 
Leesona Moos Laboratories, Great  Neck,  New Y o r k  

ABSTRACT 

The anodic oxidation of formic acid has been investigated on p la t inum 
black electrodes in  5N sulfuric acid. The data presented per ta in  to the acti- 
vat ion controlled process under  approximately steady state conditions at four 
temperatures  between 25 ~ and 90~ Tafel plots appear to have significant 
slopes, and the correlation of these slopes with exper imenta l ly  measured 
electrode coverages supports the hypothesis of two distinct electrochemical 
oxidation mechanisms, advanced by other workers. 

The e lec t rochemica l  ox ida t ion  of formic  acid has 
been  s tud ied  by  m a n y  worker s  (1 -6) ,  the  most  re -  
cent  pape r  be ing  one by  Bre i te r  (7) who s tud ied  
electrode coverage and  c u r r e n t - v o l t a g e  re la t ionsh ips  
at a m b i e n t  t e m p e r a t u r e  w i th  b r igh t  p l a t i n u m  elec-  
trodes. I n  the p resen t  work,  coverage m e a s u r e m e n t s  
and  c u r r e n t - v o l t a g e  da ta  were  ob ta ined  at four  t e m -  
pera tures ,  25 ~ 45 ~ 70 ~ and  90~ us ing  p la t in ized  
p l a t i n u m  electrodes in  a 5N H2SO4-1M HCOOH so- 
lut ion.  

A l t h o u g h  perchlor ic  acid has f r e q u e n t l y  been  
used as an e lec t ro ly te  for such work,  it becomes 
an  oxidiz ing agent  at h igher  t empera tu re s .  Wi th  
su l fur ic  acid, this  effect is smal ler .  

The choice of concen t r a t i on  of formic  acid was  
based on the obse rva t ion  tha t  the  c u r r e n t  in  all  po-  
t en t i a l  regions  ceased to be d e p e n d e n t  on concen-  
t r a t i on  somewhere  b e t w e e n  0.5 and  1.0 mo l a r  on 
the type  of electrodes inves t iga ted  and  at  the h igh-  
est t e m p e r a t u r e s  employed.  This fact  was t a k e n  to 
ind ica te  the e s t ab l i shmen t  of ac t iva t ion ,  r a the r  t h a n  
d i f fus ion-cont ro l led  ra tes  of react ion.  This reg ion  of 
concen t r a t i on  is also tha t  r epor ted  by  Bre i t e r  (8) 
and  P a v e l a  (2) to be necessa ry  to achieve sa tu ra t ed  
coverage of p l a t i n u m  electrodes in  solut ions  of 
methanol .  It  m a y  be no ted  in  pass ing  tha t  the m a x i -  
m u m  c u r r e n t  densi t ies  ob t a inab le  in  these sys tems  
at  mode ra t e  concen t ra t ions  are cons ide rab ly  in  ex-  
cess of the  l imi t ing  cu r r en t s  p red ic ted  by  s teady  
state  diffusion ca lcula t ions  because  of the convec-  
t ive  s t i r r i ng  due to the evo lu t ion  of ca rbon  dioxide.  

In  v iew of Bre i te r ' s  s t a t emen t  (for  m e t h a n o l )  
tha t  e x t r e m e l y  smal l  a m o u n t s  of h y d r o g e n  were  ob-  
served on b r igh t  p l a t i n u m  electrodes at open cir-  
cuit,  whi le  s ignif icant  amoun t s  of h y d r o g e n  have  
been  m e a s u r e d  in  this  work,  the difference in  the 
type  of e lect rode is an  i m p o r t a n t  one. Schwabe  (9) 
and  others  have  m e a s u r e d  the ra te  of he te rogeneous  
decomposi t ion  of formic  acid, us ing  p l a t i n u m  black 
catalysts .  

Experimental 
Mater ia l s  and e l e c t r o d e s . - - R e a g e n t  grade  formic  

acid (98 Jr %, E a s t m a n )  and  su l fur ic  acid (Baker )  
were  used t h r o u g h o u t  the  work.  

P la t in i zed  p l a t i n u m  electrodes were  p repa red  
f rom 0.003 in. p l a t i n u m  sheet. The  p la t ing  so lu t ion  
was 1.7N HC1 con t a in ing  2.4 weigh t  per  cent  
P t  (as HfPtC16, Bishop)  and  a t race  of lead ace-  

tate. Deposi t ion  of the b lack  was car r ied  out  s i m u l -  
t aneous ly  on all  e lectrodes at 10 m a / c m  2 for 3 m i n  
fol lowed by  50 m a / c m  e for 2 min.  The r e su l t ing  
surfaces  were  smooth  and  u n i f o r m l y  black.  The 
geometr ic  area  of the  electrodes was 2 cm 2 for the 
work  at  room t e m p e r a t u r e  bu t  was  decreased for 
the work  at h igher  t e m p e r a t u r e s  in  order  to p rov ide  
cu r ren t s  w i t h i n  the l imi t a t ions  of the i n s t r u m e n t s .  

I n s t r u m e n t s  and m e t h o d s . - - T h e  cells were  of a 
modified H - t y p e  and  cons t ruc ted  en t i r e ly  of glass. 
A fine glass f r i t  separa ted  the anodic  and  cathodic 
compar tmen t s ,  and  the fo rmer  was fit ted wi th  a 
Lugg in  cap i l l a ry  l ead ing  to a separa te  re fe rence  
compar tmen t .  T e m p e r a t u r e s  were  m a i n t a i n e d  by 
i m m e r s i n g  the cells in  a cons t an t  t e m p e r a t u r e  ba th  
cont ro l led  w i t h i n  --+ 0.1~ Po ten t i a l s  were  set wi th  
a W e n k i n g  po ten t ios ta t  and  vol tages were  m e a s u r e d  
wi th  a F l uke  d i f ferent ia l  vo l tmeter .  Al l  po ten t ia l s  
quoted  have  been  corrected for ohmic drop b e t w e e n  
the  t e r m i n a l  of the po ten t ios ta t  and  the  w ork ing  
e lect rode surface;  these correct ions  were  de te r -  
m i n e d  osci l lographical ly  b y  the  ga lvanos ta t i c  pulse  
technique .  

C u r r e n t  m e a s u r e m e n t s  for the Tafel  plots were  
ge ne r a l l y  made  by  connec t ing  the  d i f ferent ia l  vo l t -  
me t e r  across a 1 ohm s t a n d a r d  resistor,  which  in  
t u r n  was  connec ted  to the e x t e r n a l  m e a s u r i n g  t e r -  
m ina l s  of the potent ios ta t .  D u r i n g  the coverage 
work,  m e a s u r e m e n t s  of c u r r e n t  f rom a r egu la t ed  
c u r r e n t  power  supp ly  were  m a d e  on a Sens i t ive  Re-  
search mi l l i ammete r .  

Es t imates  of surface  coverage  were  made  by  a 
ga lvanos ta t i c  me thod  p rev ious ly  descr ibed  by  Bre i te r  
(3) .  The  electrode coverage  w i th  h y d r o g e n  is meas -  
u r ed  in  the e lec t ro ly te  a lone  b y  obse rv ing  the  h y -  

d rogen  t r ans i t i on  t ime  on a cathodic cha rg ing  curve  

t a ke n  f rom about  -~ 600 inv.  The  q u a n t i t y  sQH, in  
m i l l i c o u l o m b s / c m  2, ob ta ined  in  this  w a y  is t a k e n  as 

an  a r b i t r a r y  s t a n d a r d  of fu l l  coverage.  In  the  p res -  
ence of the  organic  species, the electrode is held 

po ten t ios ta t i ca l ly  at  a selected po ten t i a l  for a de te r -  
m i n e d  per iod of t ime,  a f ter  which  the  po ten t ios ta t  

is d isconnected  by  me a ns  of a W e s t e r n  Electr ic  275A 

re lay  and  a cathodic ga lvanos ta t i c  pulse  is s i m u l -  
t aneous ly  applied.  The t r ans i t i on  t ime  for the depo-  

s i t ion of h y d r o g e n  is observed,  and  a q u a n t i t y  QH 
is de te rmined .  QH rep resen t s  the  ex ten t  of the  su r -  
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face unoccupied .  A total  f r ac t iona l  coverage is t hen  
defined by  (sQH --  QH)/sQH. 

Resul ts  ob ta ined  by  this  me thod  do not  agree w i th  
those ob ta ined  by  the me thod  of fast  anodic  sweeps, 
as Bre i t e r  (7) shows. As a measu re  of unc ove r e d  
sur face  area, r a t h e r  t h a n  area  on which  formic  acid 
m a y  be adsorbed,  the  me thod  appears  to be  valid.  

Reference electrodes and potential convention.-  
It  has b e e n  found  imposs ib le  to use calomel  elec- 
t rodes in  this sys tem because  of the adsorp t ion  of 
chloride ions on the anode even  w h e n  the re fe rence  
and  anode c o m p a r t m e n t s  are wel l  isolated f rom 
each other.  In  some of the  p re sen t  work,  a b u b b l i n g  
h y d r o g e n  electrode was used d i rec t ly  as the  r e fe r -  
ence;  in  o ther  cases a " d y n a m i c  h y d r o g e n  e lect rode"  
(10) (which  has been  ca l ib ra ted  aga ins t  a h y d r o g e n  
electrode)  was  employed.  The l a t t e r  is a s l ight ly  
ca thodica l ly  polar ized p l a t i n u m - b l a c k  electrode and  
has been  found  to be a s table  r e fe rence  for this  work  
at al l  t empera tu re s .  Diffusion of h y d r o g e n  f rom the 
re fe rence  to the anode d u r i n g  c u r r e n t - v o l t a g e  me a s -  
u r e m e n t s  was  p r e v e n t e d  by  the L u g g i n  cap i l l a ry  
and  an  asbestos fiber cap i l l a ry  on the  electrode as-  
s e m b l y  itself. In  addi t ion ,  the ano ly t e  was c o n t i n u -  
ously pu rged  wi th  h e l i u m  or n i t r ogen  at a slow ra te  
d u r i n g  all  exper iments ,  except  w h e n  m e a s u r e m e n t s  
were  ac tua l ly  taken.  

The poten t ia l s  in this  paper  are des igna ted  on the 
scale of the  b u b b l i n g  hyd rogen  electrode at 1 a tm 
tota l  p ressure  in the  same e lec t ro ly te  (5N HeSO4). 
This scale is r e fe r red  to as E*, and  po ten t ia l s  anodic  
to this  re fe rence  are des igna ted  as posit ive.  

Results 
Coverage ~r~easurements.--The resul t s  of m e a s u r e -  

men t s  of e lectrode coverage at four  t e m p e r a t u r e s  
are g iven  in  Fig. 3 and  4. Al l  of the  da ta  was  ob-  
t a ined  by  hold ing  the  ind ica ted  po ten t i a l  for 2 rain 
and  t h e n  app ly ing  the  cathodic pulse. H y d r o g e n  was 
evolved for 30 sec a t  the end  of the pulse;  t hen  the 
nex t  po ten t i a l  was set, and  the process repeated.  
The ga lvanos ta t i c  pulse  cu r r en t s  were  ad jus t ed  to 
give t r a n s i t i o n  t imes for  hyd rogen  deposi t ion  of a 
few mil l iseconds.  I t  is be l ieved  tha t  the  surface  con-  
cen t r a t i on  of chemisorbed  species is not  d i s tu rbed  
d u r i n g  such t imes.  The electrode used to ob ta in  the  
da ta  in  Fig. 3 and  4 had  a m a x i m u m  h y d r o g e n  
coverage (sQn)  in su l fur ic  acid a lone  of about  15 
m c o u l o m b / c m  2. The  pe rcen tage  of coverage ex -  
pressed on the ver t ica l  axes is based upon  the va lue  
of sQH d e t e r m i n e d  pr ior  to each expe r imen t .  

An  add i t iona l  cu rve  is shown in  Fig. 3 which  cor-  
responds  to the  m e a s u r e d  coverage m i n u s  tha t  por -  
t ion wh ich  was ident i f iable  as adsorbed h y d r o g e n  
by  means  of anodic  charg ing  curves  t aken  f]:om 
-F 100, 200, and  300 my.  This a m o u n t  of h y d r o g e n  is 
seen to cor respond to a large f rac t ion  of the  me a s -  
u red  coverage  at 25~ this  f rac t ion  decreases wi th  
inc reas ing  t e m p e r a t u r e ,  however ,  and  at  90~ ad-  
sorbed h y d r o g e n  accounted  for a m a x i m u m  (at  
0 m v )  of on ly  5% of the tota l  coverage.  The  accur -  
acy of the  coverage va lues  is e s t ima ted  as -+0.1. 

Current-voltage data and Tafel plots.--No loga-  
r i thmic  plots of c u r r e n t  at 25~ are presented ,  since 
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even  a close a p p r o x i m a t i o n  to the s t eady - s t a t e  at a 
large n u m b e r  of po ten t ia l s  is not  e x p e r i m e n t a l l y  
feasible.  Such  plots were  somet imes  cons t ruc ted  
f rom data  ob ta ined  by  slow sweep methods  and  
were  r ea sonab ly  l i nea r  over  the  first 1 to 2 decades 
of c u r r e n t  in the low po ten t i a l  region.  They  consis t -  
en t ly  exh ib i t ed  slopes of a p p r o x i m a t e l y  2RT/F, 
which  cor responds  to a one e lec t ron  t r ans f e r  mech-  
anism.  

The da ta  i l l u s t r a t ed  in  Fig. 1 at the  th ree  e levated  
t e m p e r a t u r e s  were  ob ta ined  by  hold ing  each po t en -  
t ia l  for 2 ra in  in  the anodic  direct ion.  Data  was also 
ob ta ined  in  the cathodic direct ion,  and  i t  was  no ted  
tha t  the  c u r r e n t  hys teres is  decreased progress ive ly  
as the  t e m p e r a t u r e  was  increased.  

At  45~ an  average  slope t h r ough  the  da ta  is abou t  
110 m y / d e c a d e ,  a l though  a sl ight  increase  in  slope 
appears  at a r o u n d  350 mv. This change  is also ex -  
h ib i t ed  by  the  da ta  at  70~ The s imples t  p ic tu re  is 
p r e sen t ed  at 90 ~ w he r e  bo th  anodic  and  cathodic 
slopes are qui te  l i nea r  over  more  t h a n  three  decades 
of cur ren t .  The  slope in  the  anodic  d i rec t ion  corre-  
sponds exac t ly  to RT/F at 90~ (72 m v / d e c a d e ) .  
Tafe l  slopes were  accura te  to --+5 my.  

In  Fig. 1 it  is also shown  tha t  a l im i t i ng  c u r r e n t  is 
reached in  all  th ree  curves  at abou t  500 mv.  This is 
be l ieved  to r ep re sen t  a l imi t a t i on  imposed  by  the 
ra te  of a p re -e l ec t rochemica l  step. The c u r r e n t  
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Fig. l .  Tafel plots of current due to the oxidation of HCOOH 
(2-min points) on platinum-black electrode of Fig. 3 and 4. Carves 
(a), (b), and (c) were taken in the anodic direction at 45 ~ 70 ~ 
and 90~ respectively. 
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Fig. 2. Behavior of current in Fig. 1 at 600 mv E* with time 
when the potential is approached from (a) less anodic potentials, 
and (b) more anodic potentials. 
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Fig. 3. Coverage of platinum-black electrode in IM HCOOH at 
25~ (2-min points) showing hysteresis in (a) anodic and (b) 
cathodic directions. Curve (c) is the anodic curve corrected for 
that part of the coverage identified as adsorbed hydrogen by anodic 
charging curves. 
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Fig. 4. Total coverage of electrode (2-min points, anodic direc- 
tion) at: (a) 45~ (b) 70~ and (c) 90~ 

p la t eau  did not  appear  to be shif ted by  s t i r r ing  or 
by  inc reas ing  concen t ra t ion  b e y o n d  1M HCOOH. A 
s imi la r  l im i t a t i on  was  observed po la rograph ica l ly  
at +500 m v  by Vasi l ' ev  and  Bagotski i  (11) ,  a nd  was  
ascr ibed to the fo rma t ion  of oxides. This  e x p l a n a -  
t ion, however ,  is con t r a ry  to m u c h  ev idence  tha t  no 
oxides are  fo rmed  at such poten t ia l s  on p l a t i n u m  in  
acidic electrolytes .  

The a p p a r e n t  ac t iva t ion  ene rgy  for such a p r e -  
e lec t rochemica l  step, as ca lcula ted  f rom the c u r r e n t  
da ta  of Fig. 1 at +500  mv,  is abou t  12 kcal.  

Approach to the s teady-s ta te . - -This  is shown in  
Fig. 2. I t  is seen tha t  u n d e r  cer ta in  condi t ions,  the 
c u r r e n t  at  a g iven po ten t i a l  wou ld  increase  wi th  
t ime. Not on ly  does this  show tha t  the  p h e n o m e n o n  
invo lved  is no t  conven t iona l  e lectrode "poisoning,"  
it also provides  s t rong evidence  for the exis tence  of 
two react ions,  compet ing  for a g iven  n u m b e r  of 
p l a t i n u m  sites. Theor ies  of this  k ind  have a l r eady  
been  advanced  by  G i l m a n  (12) for the e lec t ro-  
ox ida t ion  of CO. A f u r t h e r  r e l evance  of this  t heo ry  
wi l l  be seen in  the discussion section. The  approach 
to the s t eady- s t a t e  was  fas ter  at h igher  t e m p e r a -  
tures ;  its r ep roduc ib i l i t y  is impl ic i t  in  the r ep ro -  
duc ib i l i ty  of the  Tafel  slopes. S imi l a r  observa t ions  

and  deduct ions  have  been  made  for the e lec t ro-  
chemica l  ox ida t ion  of ace ty lene  (13).  

Discussion 

The da ta  p resen ted  in  this  paper  and  the  work  of 
Bre i te r  (7) and  G i l m a n  (13) all  po in t  to the  exis t -  
ence of two dis t inc t  m e c h a n i s m s  by  which  s imple  
organic  molecules  m a y  be e lec t rochemica l ly  oxi -  
dized. 

Bre i t e r  (7) has suggested two a l t e r na t i ve  mech -  
an i sms  for the ox ida t ion  of formic  acid. His first 
m e c h a n i s m  is 

HC00H~Ik = HC00H~I [i] 

HCOOHad = HCOO'ad + Had [2] 

HCOO'~d = CO2 ~ H + + e-- [3] 

Had : H + + e -  [4] 

Tha t  this  m e c h a n i s m  is the  p r e d o m i n a n t  one in  the 
low t e m p e r a t u r e  region,  is suppor ted  by  the  fo l low-  
ing facts tha t  emerge  f rom the  p resen t  work.  The 
coverage is large,  and  thus  po ten t i a l  i n d e p e n d e n t  in 
the region  u n d e r  cons idera t ion .  This coverage is 
k n o w n  to be m a i n l y  a species o ther  t h a n  hydrogen .  
The Tafe l  slope is RT/2F  as theo ry  wou ld  predict .  
All  these observa t ions  suppor t  Bre i te r ' s  con ten t ion  
tha t  the  h inde red  discharge  step is [3]. Bre i t e r  ad-  
vances  reasons for d i scoun t ing  the o ther  steps as 
ra te  de t e rmin ing .  

Recent  work  by  Gine r  (14) on the e lec t rochemi-  
cal ox ida t ion  of " reduced"  COe provides  f u r t he r  
support .  I t  is possible tha t  G ine r ' s  reduced  species 
and  the  adsorbed  radica l  in  [3] are ident ical .  Gi l -  
m a n  has a s imi la r  approach.  

The high t e m p e r a t u r e  e l ec t ro -ox ida t ion  const i -  
tu tes  a more  difficult p roblem.  Bre i t e r  pos tu la tes  a 
m e c h a n i s m  w h e r e b y  the formic  acid molecule  s t r ikes  
free electrode surface,  and  is i m m e d i a t e l y  oxidized. 
G i l m a n  has an  ana logous  mode l  for one of his two 
CO oxida t ion  mechanisms .  Ne i the r  au thor  considers  
this m e c h a n i s m  in  a ny  grea te r  detail .  A s imu l t aneous  
two e lec t ron t r ans fe r  is fel t  to be un l ike ly ,  a l though  
it would  give rise to the Tafel  slope of R T / F  ob-  
se rved  in  this work.  If this  is rejected,  one m u s t  r e -  
t u r n  to some concept  of adsorbed in te rmedia te .  
Though  the a s sumpt ion  of a T e m k i n  i so therm and  
ac t iva ted  adsorp t ion  wou ld  lead to slopes of R T / F  
at low coverages,  this  would  sti l l  leave u n e x p l a i n e d  
the behav io r  of the electrode in approach ing  its 
s teady state. The au thors  feel tha t  the possible ex-  
p l a na t i on  m a y  lie in  the v a r y i n g  o r ien ta t ions  in 
which  the formic acid molecule  m a y  be adsorbed on 
the  electrode. 
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ABSTRACT 

The polarization characteristics of an electrode are obtained by combin-  
ing the previously derived behavior of a single pore, with data on the pore 
size distr ibution and in terna l  surface area of the electrode. Application is 
made to a cell in which the electrodes are sandwiched against a central  porous 
electrolyte vehicle. The hydrogen electrode is made of nickel and NaOH is the 
electrolyte. The electrode pores are approximated by an idealized system of 
paral lel  cylinders. The total electrode current  is considered to be a sum of 
contr ibutions from each of the pores at the same polarization. Theoretically 
calculated curves are in moderately good agreement  with exper imental ly  de- 
termined curves except that they predict to<) much polarization at low cur-  
rents and too little polarization at high currents.  The dependence of the 
polarization curves on tempera ture  and surface area is in general  agreement  
with experiment.  

It  is cus tomary  to r ep resen t  a porous  hyd rogen  
gas diffusion electrode by  an  ideal ized mode l  in  
which  the  pores are cons idered  to be para l l e l  cy l i n -  
ders of var ious  rad i i  (1) .  The po la r iza t ion  charac -  
ter is t ics  of a s ingle  pore were  ob ta ined  ea r l i e r  (2) .  
The a im of the p re sen t  t r e a t m e n t  is to ob ta in  the 
po la r iza t ion  charac ter is t ics  of an  en t i re  e lectrode 
by  combin ing  the  resul t s  for a s ingle  pore w i th  da ta  
on the  pore size d i s t r i bu t ion  and  i n t e r n a l  surface 
a rea  of the  electrode.  This  me thod  is v e r y  s imi la r  to 
a me thod  used in  s tudies  of the flow of fluids t h r ough  
porous media.  In  those studies,  theore t ica l  va lues  
of the p e r m e a b i l i t y  of a porous  m a t e r i a l  are  ca lcu-  
la ted  by  combin ing  Poiseui l le ' s  l aw for the  flow of 
a l iqu id  t h rough  a cy l inder  wi th  the  pore size dis-  
t r i b u t i o n  of the  m a t e r i a l  (3) .  

Type of Cell 
The type  of e lec t rochemica l  cell cons idered  here  

is one in  which  a porous  n icke l  h y d r o g e n  anode  and  
a p l a t i n u m  oxygen  cathode are  sandwiched  aga ins t  
a cen t ra l  spacer  of sheet  asbestos. NaOH elec t ro ly te  
is added to this  system. This type  of cell is d ia -  
g r a m m e d  in  Fig. 1 and  has been  descr ibed p rev ious ly  
(4) .  E igh ty  per  cent  of the  void  v o l u m e  of the  i n -  
tact  asbestos fiber bund l e s  corresponds  to pores h a v -  
ing rad i i  less t h a n  0.006/~ (5) .  Less t h a n  3% of the  
pore v o l u m e  of the  e lect rode is in  the  r ange  be low 
0.01~. It  has been  found  tha t  w h e n  e lec t ro ly te  is 
added  to such a cell it  t ends  to concen t ra t e  in t he  

asbestos and  wi l l  resist  be ing  d r i v e n  out  by  pressure  
di f ferent ia ls  up  to 12 atm, and  g r a v i t y  forces g rea te r  
t h a n  10 G's  (4) .  E x p e r i m e n t a l  po la r i za t ion  curves  
for the h y d r o g e n  electrode were  ob t a ined  by  m e a s u r -  
ing the  po ten t ia l  b e t w e e n  the  h y d r o g e n  electrode 
and  a L u g g i n  cap i l la ry  (6) placed at the  in te r face  
b e t w e e n  the e lect rode and  the  asbestos. 

Nature of the Pores and the Electrolyte 
Distribution inside the Electrode 

The pore  s t r u c t u r e  in  an  electrode m a y  be most  
accura te ly  p ic tu red  as the  space b e t w e e n  m a n y  
s in te red  gra ins  of nickel .  As the s a tu r a t i on  of the  
electrode by  the  e lec t ro ly te  is increased,  the e lec t ro-  
ly te  p r e f e r en t i a l l y  occupies the  sharp  po in ted  re -  
gions at  the  poin ts  of contac t  b e t w e e n  g ranu le s  (7) ,  
r a the r  t h a n  flat or convex  regions,  and  fills smal l  
vacancies  b e t w e e n  (or w i t h i n )  the g ra ins  before  it 
fills l a rger  ones. The e lec t ro ly te  conf igura t ion  is 
rough ly  sketched as the  da rk  a n n u l a r  regions  in  

POROUS~ POROUS PLATINUM NICKEL OXYGEN HYDROGEN 
CATHODE ANODE 

Fig, 1. Electrochemical cell with a porous electrolyte vehicle 
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Fig. 2. Electrolyte configuration in a porous medium 
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Fig. 3. "Paral lel  type" model of a porous medium 

Fig.  2. The  asbes tos  s p a c e r  can  be  c o m p l e t e l y  s a t u -  
r a t e d  w i t h  e l e c t r o l y t e  wh i l e  t he  e l ec t rodes  a r e  on ly  
p a r t i a l l y  s a t u r a t e d ,  because  a w e t t i n g  e l e c t r o l y t e  
p r e f e r e n t i a l l y  en t e r s  t he  s m a l l e r  pores .  F u r t h e r  
a d d i t i o n  of e l e c t r o l y t e  ove r  and  a b o v e  t ha t  neces -  
s a r y  to c o m p l e t e l y  s a t u r a t e  the  asbes tos ,  fills suc -  
ces s ive ly  l a r g e r  c ap i l l a r i e s  in t he  e lec t rodes .  M e r -  
c u r y  (a  n o n w e t t i n g  l i qu id )  shows the  oppos i t e  b e -  
hav io r ,  w h i c h  is u t i l i zed  in t he  m e r c u r y  p o r o s i m e t e r  
m e t h o d  of d e t e r m i n i n g  the  po re  size d i s t r i b u t i o n  of 
po rous  e l ec t rodes  (8 ) .  

The  a c t u a l  po rous  s y s t e m  and  the  conf igura t ion  
of the  e l e c t r o l y t e  men i sc i  w i t h i n  i t  a r e  too c o m p l i -  
ca t ed  to t a k e  into  account  exac t ly .  F o r  t he  p u r p o s e  
of m a k i n g  ca lcu la t ions ,  a s imp le r ,  i dea l i zed  m o d e l  of 
the  porous  s y s t e m  is used.  The  " p a r a l l e l  t y p e "  m o d e l  
(9)  of a porous  s y s t e m  is ske t ched  in Fig.  3 for  an  
e l ec t rode  h a v i n g  the  s h a p e  of a r e c t a n g u l a r  p a r a l -  
l e lop iped .  A c c o r d i n g  to th is  model ,  t he  pores  a r e  as -  
s u m e d  to be  r i g h t  c i r c u l a r  c y l i n d e r s  of v a r i o u s  rad i i ,  
the  a x i a l  d i r ec t ions  of the  pores  a re  a s s u m e d  to be 
e q u a l l y  d i s t r i b u t e d  in each  of t he  t h r e e  spac ia l  d i -  
rec t ions ,  t h e y  pass  c o m p l e t e l y  t h r o u g h  the  e lec t rode ,  
and  t h e y  i n t e r s ec t  the  e x t e r n a l  su r f aces  of t he  e l ec -  
t r o d e  at  r i g h t  angles .  F o r  th is  model ,  t he  quan t i t y ,  
Cdr is def ined  as the  n u m b e r  of pores  h a v i n g  r a d i i  
b e t w e e n  r and  r -Jr dr, p e r  squa re  c e n t i m e t e r  of t he  
su r f ace  of t he  e lec t rode ,  w h i c h  the  po re s  in te rsec t .  
The  po re  size d i s t r i b u t i o n  func t ion ,  ~, can be  ca l -  
c u l a t e d  f r o m  t h e  v o l u m e  d i s t r i b u t i o n  func t ion ,  V ( r ) ,  
( t he  v o l u m e  of a l l  po res  h a v i n g  a r a d i u s  g r e a t e r  
t h a n  a g iven  va lue ,  r ) ,  as o b t a i n e d  f r o m  m e r c u r y  
p o r o s i m e t e r  m e a s u r e m e n t s  (8) 

- (dV/(~r) 
r  = [1]  

3~rr2Vs 

w h e r e  Vs is t he  t o t a l  e x t e r n a l  v o l u m e  of the  e l ec -  
t rode .  T y p i c a l  d i s t r i b u t i o n  func t ions  for  an  e l ec -  
t r o d e  m a d e  f r o m  s i n t e r e d  n i c k e l  p o w d e r  a r e  s h o w n  
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Fig. 4. Distribution functions for a typical nickel electrode of 
thickness 0.0711 cm and area 3.59 cm 2. 

in Fig.  4. In  o r d e r  to ob t a in  a b e t t e r  g r a p h i c a l  r e p r e -  
s e n t a t i o n  of th is  s t e e p l y  i nc l i ned  func t ion ,  log  r was  
p l o t t e d  i n s t e a d  of ~. 

W h e n  e l e c t r o l y t e  is a d d e d  to the  po rous  sys tem,  
the  s m a l l e r  pores  wi l l  be  f i l led up  to some m a x i m u m  
rad ius ,  rm. As an  a d d i t i o n a l  f e a t u r e  of t he  model ,  
po res  of r a d i u s  less  t h a n  rm a re  t a k e n  to be  m i c r o -  
pores  r e p r e s e n t i n g  i r r e g u l a r i t i e s  in t he  c y l i n d r i c a l  
su r f ace  of the  mac ropo re s ,  and  w h i c h  on ly  act  to i n -  
c rease  the  su r f ace  roughnes s  of those  pores .  P o r e s  of 
r ad i i  l a r g e r  t h a n  rm wi l l  be  w e t t e d  b y  a f i lm of e lec -  
t ro ly t e .  The  a c t u a l  shape  of t h e  w e t t i n g  f i lm is m o r e  
n e a r l y  r e p r e s e n t e d  b y  the  a n n u l a r  r eg ions  b e t w e e n  
the  g r a in s  of n i cke l  as shown  in Fig .  2. H o w e v e r ,  for  
the  p u r p o s e  of h a v i n g  a w o r k a b l e  i dea l i zed  model ,  
t he  f i lm wi l l  be  a s s u m e d  to be  of u n i f o r m  th ickness ,  
t, in a l l  p a r t s  of the  e lec t rode .  Bo th  rm and  t a r e  p r o -  
p o r t i o n a l  to t h e  d e g r e e  of s a t u r a t i o n  of t he  e l ec t rode  
b y  e l ec t ro ly t e ,  and  t h e y  can  be  v a r i e d  b y  add ing  
m o r e  or  less e l e c t r o l y t e  to t he  e lec t rode .  F o r  com-  
p le teness ,  t he  p o l a r i z a t i o n  shou ld  be  e v a l u a t e d  as a 
func t ion  of bo th  p a r a m e t e r s  rm and  t. The  fi lm t h i c k -  
ness,  t, can  t a k e  on va lue s  b e t w e e n  zero  and  rm. F o r  
s i m p l i c i t y  in t he  p r e s e n t  s tudy ,  ca l cu la t ions  w i l l  be  
p r e s e n t e d  on ly  for  t equa l  to i ts  m a x i m u m  va lue ,  r,,. 

The  po l a r i z a t i on  c h a r a c t e r i s t i c s  of a s ingle  po re  
h a v i n g  a u n i f o r m  th in  f i lm of e l e c t r o l y t e  w e r e  a n a -  
lyzed  in a p r e v i o u s  s t u d y  (2) .  A c c o r d i n g  to th is  
" e l e c t r o l y t e  f i lm" me c ha n i sm ,  the  r e a c t i o n  p roceeds  
b y  m e a n s  of the  s teps  i l l u s t r a t e d  in  Fig.  5. ( i )  H y -  
d r o g e n  f rom the  gas phase  d isso lves  in  t h e  o u t e r -  
most  l a y e r  of the  film. ( i i )  H y d r o g e n  diffuses  r a d i -  
a l l y  t h r o u g h  the  f i lm and  s o d i u m  h y d r o x i d e  moves  
a long  the  film to va r i ous  po in t s  a long  the  wal l .  ( i i i )  
The  h y d r o g e n  is a d s o r b e d  as a toms  on the  su r f ace  of 
t he  n i cke l  me ta l .  ( iv )  R e a c t i o n  of h y d r o g e n  and  h y -  

O NICKEL METAL i~t 
/ / / / 1 1 / / I / I / / / / I / I / / / 1 1 1 1  

NoOH ,SOLUTION I ,. 

NoOH Im ~H~. / 
I / / / / / / / / / / I / 2  H 2 ~ H / / / / / / /  1 

Fig. 5. "Electrolyte f i lm" mec~lOnlsm for reoctiorl in o single pore 
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droxide  ion occurs at poin ts  a long the wa l l  fo rming  
wa t e r  a n d  an  electron,  which  goes into the  metal .  A 
n u m e r i c a l  me thod  was  set up  for solving the  e qua -  
tions, wh ich  descr ibe this  mechan i sm,  on an  IBM 704 
computer .  In  this way,  the  c u r r e n t  p roduced  by  a 
s ingle  pore, J,  can be expressed as a func t ion  of the  
polar izat ion,  v- The pore  c u r r e n t  is also a func t i on  
of the rad ius  of the  pore,  r, the  l e n g t h  of the pore,  Iz, 
the  t empe ra tu r e ,  T, the concen t r a t i on  of NaOH in 
the b u l k  solut ion,  COIl-, the  p ressure  of hydrogen ,  P, 
the  surface  roughness  of the  wal ls  of the pore, s, and  
the th ickness  of the e lec t ro ly te  film adhe r ing  to the  
wal l  of  the  pore,  t. 

The  surface  roughness  ratio,  s, is eva lua ted  for a 
g iven  sample  of m a t e r i a l  as the  ra t io  of the  expe r i -  
m e n t a l l y  m e a s u r e d  surface  area, S, [ob ta ined  f rom 
the low t e m p e r a t u r e  n i t r ogen  adsorp t ion  me thod  
(10) ]  to the  area  of the  opera t ing  pores as ca lcu-  
lated f rom the  pore size d i s t r i bu t i on  f u n c t i o n  

s = S / A  [2] 
where  

A = 2~rlz f : J ( r ) r d r  

Calculation of the Current  Density and 
Comparison with Experiment 

The c u r r e n t  dens i ty  of an  electrode,  I (~ ) ,  at a 
polar izat ion,  v, is the  sum of cur ren ts ,  J(v,r)  which  
wou ld  be p roduced  at  this  va lue  of the  po la r iza t ion  
by  each of the  i n d i v i d u a l  pores of radius ,  r, in  1 cm 2 
of e lectrode ma te r i a l  

I(~) = f ~  J(~,r) r  [3] 

Pores  of rad ius  less t h a n  rm (or t) are  filled wi th  
e lec t ro ly te  and  are cons idered  inopera t ive  as far  as 
the "e lec t ro ly te  fi lm" m e c h a n i s m  is concerned.  How-  
ever,  they  do act to increase  the effective sur face  
area, S, of the  l a rger  pores and  act to increase  the  
pore  cu r ren t ,  J, and  there fore  also the  to ta l  e lec-  
t rode  cur ren t ,  I. 

I n  order  to compare  the  e x p e r i m e n t a l l y  observed  
polar iza t ion  curves  wi th  those which  wou ld  be ex -  
pected theore t i ca l ly  f rom the  same  electrode,  the  
compar i son  mus t  be m a d e  for the  same va lues  of the 
pa ramete r s ,  Ii, T, Coi l - ,  P, s, and  5. F o u r  di f ferent  
electrodes were  cut  f rom a sheet  of porous  n icke l  
which  had  the vo lume  d i s t r i bu t ion  func t ion  shown 
in  Fig. 4 and  were  opera ted  in  an  e lec t rochemical  
cell u n d e r  the  condi t ions  l is ted in  Tab le  I. The  ca l -  
cu la t ions  were  pe r fo rmed  on an  IBM 704 computer .  
To faci l i ta te  m a k i n g  the  calculat ions ,  the v o l u m e  
d i s t r i bu t ion  func t i on  f rom m e r c u r y  poros imete r  
data  were  curve  fitted as a rat io of a s ixth  order  
po lynomia l  in  r in  the n u m e r a t o r ,  and  a t h i rd  order  

z .6[ t A J < = 3 ~  / J 

r , ~ , ~ , ,~o , ;o . . ;  o 
CURRENT DENSITY  I (,rncL/crn. z) 

Fig. 6. Polarization curves as a function of film thickness 

.E 

�9 . .  (A )  

�9 T = 24~  

i i i i J i i i i 

.6 

~ . 2  T = 40 *C  

Z ~ , , , , I i I i I i I I L i i i 

0 

~) .4 (c) 

. 2  - - - - "  - -  T : EO~  

.6 

.4 ) 

. 2  - ~ -~  T :80 *C  

. . . . .  , , , 

40  80  120  160  200  24O 280  320  

CURRENT DENSITY  I (mov / cn~  2 )  

Fig. 7. Polarization curves as o function of temperature 

po lynomia l  in  r i n  the  denomina to r .  The  pore size 
d i s t r ibu t ion ,  r was  eva lua t ed  f rom Eq. [1],  by  d i f -  
f e r en t i a t i on  of the  cu rve  fitted v o l u m e  d i s t r i bu t ion  
funct ion .  The  p roduc t  t r  was  i n t eg ra t ed  n u m e r i c a l l y  
to ob ta in  the  sur face  roughness  ra t io  f rom Eq. [2].  
At  a po la r iza t ion  of 0.05v, the  pore  cu r ren t ,  J, was 
ca lcu la ted  for severa l  va lues  of the pore  radius ,  r, 
on an  IBM 704 compute r  us ing  the  me thod  descr ibed 
in  ref. (2) .  These  cu r r en t s  we re  curve  fit ted by  a 
fou r th  order  p o l y n o m i a l  in  r. The product ,  J~b, was 
i n t eg ra t ed  n u m e r i c a l l y  in  Eq. [3] to y ie ld  the elec-  
t rode  c u r r e n t  dens i ty  at  a po la r iza t ion  of 0.05v. The 
p rocedure  was repea ted  for po la r iza t ions  of 0.1, 0.15, 
0.20, etc., to y ie ld  a complete  po la r iza t ion  curve  for 
the electrode.  Calcu la t ions  were  pe r fo rmed  for 
th ree  va lues  of the  fi lm th ickness :  2, 3, and  4~. The 
r e su l t i ng  curves  are shown in  Fig. 6. The  curve  for 
t : 3/~ ( shown as a dashed cu rve )  is compared  wi th  
the  four  e x p e r i m e n t a l  curves  ( shown  b y  the  four  
fu l l  curves  and  e x p e r i m e n t a l  po in ts )  in  Fig. 7B. 

To d e t e r m i n e  how wel l  the  ca lcu la ted  curves  ac-  
count  for the  t e m p e r a t u r e  v a r i a t i o n  of the  po la r iza -  
t ion, the e x p e r i m e n t s  on the  four  e lectrodes  and  the 

Table I. Properties of low surface area electrodes 

Electrode thickness ( length of pores) 
Tempera ture  
Concentrat ion of NaOH 
Pressure of hydrogen 
Surface area of 1 cm 2 of the electrode 
Fi lm thickness 
2~/lft| (r) rdr 
Surface roughness ratio 

l l  

T 
COH-- 
P 
S 

t = 2  
60.3 

2.25 

t ~ 3  
52.7 

2.68 

0.0711 
313.16 

0.006 
1.544 

140 
t = 4  
43.3 

3.25 

a m  

~ 
moles/cm ~ 
atm 
cm2/cm 2 

cm2/cm 2 
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Fig. 8. Volume distribution functions for high surface area nickel 
electrodes of thickness 0.0711 cm. 
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Fig. 9. Polarization curves for high surface area electrodes 

ca lcula t ions  for t = 3~ were  repea ted  at t e m p e r a -  
tures  of 24 ~ 60 ~ and  80~ The resul t s  are shown 
in  Fig. 7A, 7C, and  7D. To d e t e r m i n e  how wel l  the 
ca lcula t ions  take  into account  the va r i a t ion  of the  
po la r iza t ion  wi th  a change  in  surface  roughness ,  
e x p e r i m e n t s  were  car r ied  out  on two samples  of 
porous n icke l  h a v i n g  ve ry  high i n t e r n a l  surface 
areas. The two samples  had  the v o l u m e  d i s t r i bu t ion  
func t ions  shown in Fig. 8 and  had the other  p r ope r -  
ties shown in  Tab le  II. Ca lcu la ted  and  observed 
curves  are shown in Fig. 9A and  9B. 

Discuss ion  

The ca lcu la ted  po la r iza t ion  curves  at  low cur -  
r en t s  are insens i t ive  to va r i a t i on  of the  film th i ck -  
ness. I nc reas ing  the  film th ickness  decreases the  
m a x i m u m  c u r r e n t  which  the e lect rode can del iver .  
The effective film th ickness  is re la ted  to the s a t u r a -  
t ion  of the  electrode by  electrolyte .  The s a tu r a t i on  
could no t  be d e t e r m i n e d  accura te ly  due to the neces-  
s i ty of bo l t i ng  the  par ts  of the  cell t igh t ly  together ;  
the r e su l t ing  compress ion  of the asbestos spacer i n -  
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Fig. 10. Contribution of different sized pores to the total current 
for a film thickness of 3/~ (full curves) and pore current as o 
function of radius (dashed curves). 

creased the s a t u r a t i o n  of the  e lect rode by  an u n -  
d e t e r m i n e d  amount .  By compar ing  the weigh t  of the  
electrode af ter  the  e x p e r i m e n t  wi th  the d ry  weight ,  
it was found  tha t  the s a tu r a t i on  was a lways  grea te r  
t h a n  one- th i rd .  

The  ca lcu la ted  curves  change  w i th  t e m p e r a t u r e  
in a p p r o x i m a t e l y  the same w a y  as the e x p e r i m e n t a l  
curves.  Prev ious ly ,  a f o r m u l a  was  der ived  for the 
l imi t ing  pore cur ren t ,  J,nax, w h e n  the diffusion of hy -  
drogen  th rough  the  film is the ra te  d e t e r m i n i n g  
process (2).  Using this  fo rmula ,  and  d i f fe ren t ia t ing  
Eq. [3] u n d e r  the  a s sumpt ion  tha t  t ( and  rm) are 
unaffec ted  by  the change  in t empera tu re ,  it can be 
shown tha t  the  m a x i m u m  c u r r e n t  for the  electrode 
changes  wi th  t e m p e r a t u r e s  in  the  same w a y  tha t  the 
pore c u r r e n t  does 

d In/max d In Jn,~x 

dT dT 
Figu re  10 shows J (dashed curves)  and  the in te -  

g r a nd  of Eq. [3],  54 ( ful l  curves)  as a func t ion  of 
and  r for a t e m p e r a t u r e  of 40~ and  a film th ick-  

ness of t = 3~. As the po la r iza t ion  is raised,  the 
m a x i m u m  in J<h changes  by  only  a smal l  amoun t ,  
f rom 5.2 to 5.5~. N ine ty  per  cent  of the  tota l  elec- 
t rode c u r r e n t  is p roduced  by  pores h a v i n g  a rad ius  
less t h a n  8.5~. F igu re  11 shows the product ,  J~h, at 
po lar iza t ions  of 0.2 and  0.3v, for film th icknesses  
of 2 and  4~. The  c u r r e n t  m a x i m u m  occurs at  f rom 
5.0 to 5.5~ for the  curves  and  is not  v e r y  sens i t ive  
to changes  in the  film th ickness  or polar izat ion.  To a 
ve ry  good approx imat ion ,  the  pore c u r r e n t  is a 
l i nea r  func t ion  of r. 

J ( v )  = - - a (~ )  + b ( v ) r  
where  a and  b are posi t ive cons tants  which  depend  
on 7. There fore  the  e lect rode cur ren t ,  f rom Eq. [3], 
is a p p r o x i m a t e l y  of the  form 

Table II. Properties of high surface area electrodes 

Sample shown in Fig. 9A Fig. 9B 

Electrode thickness ( length of pores) li 
Tempera ture  T 
Concentrat ion of NaOH COIl-- 
Pressure of hydrogen P 
Surface area of 1 cm 2 of the electrode S 
Fi lm thickness assumed t 
2~11f[r (r) rdr 
Surface roughness ratio s 

0.0711 0.0711 cm 
358.16 350.91 ~ 

0.006 0.006 moles/cm :~ 
1.544 1.544 atm 

820 2138 cm2/cm 2 
3 3 

36.8 33.08 cm2/cm 2 

22.3 64.7 
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PORE RAmUS r ( ;~)  

Fig. 11. Contribution of different sized pores to the total current 
for film thicknesses of 2 and 4#. 

b(~?) 
I(7 ) = - -a(~)N ~- - - A  

2~rll 

w h e r e  N = fff,~dr, is the  n u m b e r  of pores  of rad ius  

g r ea t e r  t h a n  rm. 

Ana lys i s  of the  " p a r a l l e l  t y p e "  mode l  of a h y d r o -  
gen gas diffusion e lec t rode  y i e ld s  po la r i za t ion  cu rves  
wh ich  are  in m o d e r a t e l y  good a g r e e m e n t  w i t h  the  
e x p e r i m e n t a l l y  d e t e r m i n e d  curves .  H o w e v e r ,  the  
fact  tha t  the  mode l  usua l ly  pred ic t s  too m u c h  
po la r i za t ion  at low cu r r en t s  and too l i t t l e  po la r i za -  
t ion n e a r  the  m a x i m u m  cu r r en t  is p r o b a b l y  due  to 
the idea l ized  n a t u r e  of the  model .  The  ac tua l  e lec-  
t r o ly t e  film is p r o b a b l y  m o r e  l ike  a s equence  of an-  
nu l a r  pools, such as those shown  in Fig. 2, r a t h e r  
than  a c i r cu l a r ly  cy l indr ica l  shel l  of u n i f o r m  
thickness .  These  regions  h a v e  a r a n g e  of th icknesses  
and are  connec ted  to each o ther  by n a r r o w  films or 
fissures of e lec t ro ly te .  Because  of these  n a r r o w  re -  
gions, and also because  of the  longer  to r tuous  l eng th  
of the  film, the  e lec t r i ca l  res i s tance  of the  fi lm is 
m u c h  l a r g e r  than  tha t  g iven  by the  u n i f o r m  th i ck -  
ness app rox ima t ion .  As a resu l t  the  p re sen t  t r e a t -  
m e n t  p r o b a b l y  u n d e r e s t i m a t e s  the  ra te  at wh ich  
the po la r iza t ion  decreases  f r o m  the  e l e c t r o l y t e  side 
to the  gas side of the  e lec t rode .  S imi la r ly ,  the  con-  
cen t r a t i on  po la r i za t ion  of N a O H  is p r o b a b l y  g r ea t e r  
than  tha t  g iven  by the  model .  The  area  enc i rc l ing  
such a n n u l a r  pools is m u c h  g r e a t e r  t han  the  area  
a round  a s ingle meniscus  in a cy l ind r i ca l  t ube  such 
as tha t  cons idered  in ref.  (1) .  The re fo re ,  the  " s u r -  
face dif fusion" m e c h a n i s m  m a y  account  for  a g r e a t e r  
p ropo r t i on  of the  c u r r e n t  t han  was  p r e v i o u s l y  es t i -  
m a t e d  for  a s ingle  men i scus  (2) .  

In the  model ,  a decrease  in the  m a x i m u m  c u r r e n t  
is associa ted  w i t h  an inc rease  in sa tu ra t ion  of the  
e lect rode.  Ac tua l  e x p e r i m e n t a l  cu rves  show v a r i -  
a t ions  in the  m a x i m u m  cur ren t ,  e v e n  t h o u g h  they  
are  m a d e  wi th  e lec t rodes  wh ich  h a v e  the  same vo l -  
u m e  d i s t r ibu t ion  func t ion  and sur face  area.  A l -  
t hough  only  rough  m e a s u r e m e n t s  could be  m a d e  on 
the sa tura t ion ,  it s eemed  u n l i k e l y  tha t  the  v a r i a t i o n  
in sa tu ra t ion  could h a v e  been  as g rea t  as tha t  wh ich  
wou ld  be r e q u i r e d  by the  mode l  in o rde r  to account  
for the  obse rved  va r i a t i on  in m a x i m u m  cur ren ts .  
The  v a r i a t i o n  in m a x i m u m  c u r r e n t  suggests  t ha t  the 
p a r t i c u l a r  conf igura t ion  of e l ec t ro ly t e  menisc i  
w i t h i n  the  pores  is also i m p o r t a n t  in d e t e r m i n i n g  the 
po la r i za t ion  behav io r .  I t  has been  shown tha t  at a 
g iven  cap i l l a ry  pressure ,  the  s a tu ra t i on  is not  a 
s imple  s ingle  v a l u e d  q u a n t i t y  (11),  bu t  m a y  h a v e  a 
r ange  of va lues  d e p e n d i n g  on the  m a n n e r  in wh ich  
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the  p a r t i c u l a r  deg ree  of s a tu ra t i on  was  formed.  
T h e r e f o r e  m a n y  d i f fe ren t  meniscus  conf igura t ions  
are  of equa l  (or n e a r l y  equa l )  s t ab i l i ty  ( f ree  en -  
e r g y ) .  Two  e lec t rodes  m a y  h a v e  the  same to ta l  
s a tu ra t ion  but  m a y  differ  in the  local  s a tu ra t ion  at  
a g i v e n  po in t  in the  e lec t rode .  A m o r e  ref ined mode l  
of the  porous  e lec t rode  w o u l d  p r o b a b l y  r e q u i r e  an 
analys is  of the  effect of de ta i l ed  e l ec t ro ly t e  con-  
f igurat ions.  

Manuscript  received Aug. 19, 1963; revised manu-  
script received Nov. 21, 1963. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section t3 be published in the December  1964 
JOURNAL. 
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LIST OF SYMBOLS 
r Pore radius. 
h Length  of pore. 
T Temperature .  
Coi l -  Concentrat ion of NaOH in the bulk solution. 
P Pressure  of hydrogen.  
s Surface roughness of the walls  of the pore. 
t Thickness of the e lect rolyte  film covering the 

walls of the pore. 
J Current  produced by a pore at a given polar iza-  

tion. 
J,~,~• Maximum current  which can be produced by a 

pore. 
o ( r )  The number  of pores having radii  between r 

and r ~ dr, per cm 2 of surface area is equal to 
r 

V(r )  Volume of all pores which have  a radius 
greater  than a given value, r. 

Vs Total ex terna l  vo lume of the electrode. 
rm Pore  radius below which all pores are filled 

with  electrolyte.  
I Current  density produced by an electrode at a 

given polarization. 
Ima• Maximum current  which can be produced by an 

electrode. 
S Total  in ternal  surface area in an electrode. 
N Number  of pores having a radius greater  than 

rm: N = f ~ d r  

A Internal  surface area of all pores of radius 
greater  than rm, assuming a surface roughness 
factor of one: A = 2nh(~ordr. 



The Effect of Metal Dissolution on the Rest Potential 
in the Palladium-Oxygen-Acid System 

James P. Hoare 
Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

The rest potential  of pal ladium electrodes in oxygen-saturated sulfuric 
acid solutions was studied as a funct ion of pH and the part ial  pressure of oxy-  
gen. In  the absence of anodic polarization, a rest potential  of 870 _ 10 mv is 
obtained which is a mixed potential,  and this system is referred to as a Pd /PdO 
electrode. After  anodic polarization but  in the absence of peroxide, a rest po- 
tent ial  of 1470 _+ 10 mv is obtained which is an equi l ibr ium meta l -meta l  oxide 
potential, and this system is referred to as a Pd/PdO2 electrode. With time, a 
Pd/PdO2 electrode is t ransformed to a Pd /PdO electrode because PdO2 is 
unstable  in acid solutions. In  a certain potential  region, Pd dissolves in acid 
solutions to form Pd + + ions which greatly influence the rest potential.  Evi-  
dence is presented which indicates that, of all the noble metals, possibly Pd 
is the only one for which the evolution of oxygen under  anodic polarization 
proceeds through an oxide mechanism. 

F r o m  t h e r m o d y n a m i c  cons idera t ions ,  an  ine r t  
e lectrode serves on ly  as a source or s ink  for elec-  
t rons  and  as the ca ta ly t ic  surface  on which  the elec-  
t rode processes m a y  proceed. Recent  w o r k  (1) i n -  
d icated tha t  a l t hough  p l a t i n u m  is s table  in  acid so lu-  
t ions (2) ,  it  is no t  i ne r t  to oxygen.  For  this reason,  
the  observed  rest  po ten t ia l s  in  the  P t -O~-ac id  sys-  
t em are mixed  potent ia ls ,  and  the revers ib le  oxygen  
po ten t i a l  canno t  be observed.  It  was shown  (3) tha t  
a p l a t i n u m  surface  m a y  be pass iva ted  in  n i t r ic  acid. 
Such  t r e a t m e n t  r ender s  the surface ine r t  to oxygen,  
and  a res t  po ten t i a l  of 1.225 • 10 m v  on the  n o r m a l  
h y d r o g e n  scale was  observed  in  o x y g e n - s a t u r a t e d  
su l fur ic  acid solut ion.  Poss ib ly  because  the oxygen  
layers  on gold (4) are poor e lectronic  conductors ,  
the r eve r s ib l e  oxygen  po ten t i a l  was not  observed  
(3). 

D u r i n g  these studies,  it seemed to be of in te res t  to 
consider  the  s i tua t ion  where  the nob le  meta l ,  u n -  
der  ce r ta in  c i rcumstances ,  wou ld  be s l ight ly  soluble  
in  the  electrolyte .  Vet te r  and  Be rnd t  (2) have  
shown  tha t  in ce r ta in  po ten t i a l  regions  p a l l a d i u m  is 
s l igh t ly  soluble  in  su l fur ic  acid solutions.  

The p resen t  i nves t iga t ion  was u n d e r t a k e n  to ob-  
serve  the  effects of the presence  of dissolved pa l -  
l a d i u m  on the  rest  po ten t i a l  in  the p a l l a d i u m - o x y -  
gen -ac id  system. 

Experimental  
Smal l  beads  (0.1 to 0.15 cm in  d i am)  were  mel ted  

at  the  end  of pu re  p a l l a d i u m  wire  (99.97% pure )  in  
an  oxygen  torch and  c leaned  by  hea t ing  whi te  hot 
in  a hyd rogen  flame fol lowed by  q u e n c h i n g  in  con-  
cen t r a t ed  n i t r ic  acid as descr ibed before  (1) .  Three  
Pd  beads  were  m o u n t e d  in  the r igh t  side and  an  
~ - P d - H  re fe rence  electrode (5) in  the  lef t  side of a 
c lean  dua l  Teflon cell in  a m a n n e r  p rev ious ly  de-  
scr ibed (1) .  The  t e m p e r a t u r e  at which  these expe r i -  
m e n t s  were  recorded was  25 ~ -- I~  As before  (1) ,  
al l  pur i f ica t ion  t echn iques  and  all cell and  elec-  
t rode  p r epa ra t i ons  were  car r ied  out. The  po ten t ia l  
was  m e a s u r e d  w i th  a G e n e r a l  Radio e lec t rometer ,  
Model  1230-A, which  has a va r i ab l e  i n p u t  i m p e d -  

ance, and  is r epor ted  w i th  respect  to the n o r m a l  
h y d r o g e n  electrode (NHE)  un less  o therwise  stated. 
The p u r i t y  of the  sys tem was checked by  polar iz ing  
the Pd  bead  wi th  an  e lect ronic  c u r r e n t  i n t e r r u p t e r  
w h e n  the sys tem was s a tu ra t ed  wi th  h y d r o g e n  and  
by observ ing  the  r e su l t ing  high pseudocapac i tance  
(6) .  

Results and Discussion 
Potent ia l - t ime behav ior . - -A f t er  a p a l l a d i u m  bead 

had  been  anodized at about  2v in  O2-sa tura ted  2N 
H2SO4 solut ion,  the  open -c i r cu i t  po ten t i a l  came to a 
va lue  of about  1470 • 10 m v  w i t h i n  a few minu tes .  
The sur face  of such a bead  appeared  m i r r o r - b r i g h t .  
Then,  this  po ten t i a l  began  to decay to lower  va lues  
af ter  about  2 hr. A posi t ive  test  for the presence  of 
peroxide  is ob ta ined  wi th  TiSO4 r eagen t  (7) .  It  was 
found  (1) tha t  the  presence  of pe rox ide  in te r fe res  
wi th  the  m e t a l - o x y g e n  sys t em u n d e r  s tudy  a nd  m a y  
be r emoved  by t r ea t i ng  the sys tem wi th  hydrogen .  
W h e n  a p a l l a d i u m  bead  at a po ten t i a l  of 1470 mv  
was t rea ted  wi th  hyd rogen  s t i r r ing ,  the  po ten t i a l  
fell  a long the curve  s imi lar  to tha t  shown in  Fig. 1. 
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Fig. 1. Plot of open-circuit potential of a previously anodized 
Pd bead as a function of time with H2-stirring. See text for details. 
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Zero  t ime  b e g a n  at  A w h e n  O2-s t i r r i ng  was  r e p l a c e d  
w i t h  H 2 - s t i r r i n g  (200 c c / m i n ) .  A p l a t e a u  in  the  
po t en t i a l ,  AB,  was  o b s e r v e d  a t  a b o u t  1400 m y  vs. 
a - P d - H  (1450 m v  vs. N H E )  fo l l owed  b y  ano the r ,  
CD, at  a b o u t  800 my.  A f t e r w a r d s ,  t he  p o t e n t i a l  d e -  
c a y e d  r a p i d l y  to a poin t ,  E, a t  a b o u t  200 m v  a n d  
f ina l ly  came  s lowly  to zero p o t e n t i a l  a t  F in  a b o u t  
an  hour .  The  two  p l a t e a u s  co r re spond ,  mos t  l i ke ly ,  
to the  r e d u c t i o n  of a h i g h e r  a n d  a l o w e r  oxide .  
S i m i l a r  p l a t e a u s  w e r e  o b s e r v e d  b y  V e t t e r  and  
B e r n d t  (2)  in t h e i r  s tud ies  of the  c h a r g i n g  cu rves  
o b t a i n e d  on Pd  e lec t rodes .  A t  the  p o i n t  E, a l l  ox ides  
w e r e  r e m o v e d ,  and  h y d r o g e n  b e g a n  to be  adso rbed .  
The  h y d r o g e n  t h e n  d i s so lved  in  t he  b u l k  m e t a l  to 
f o r m  a p a l l a d i u m - h y d r o g e n  a l l oy  (8 ) .  As  t h e  h y d r o -  
gen  con ten t  inc reased ,  the  a c t i v i t y  of t he  d i s so lved  
h y d r o g e n  inc reased ,  and  the  p o t e n t i a l  f e l l  t o w a r d  
the  p o t e n t i a l  (9)  of ~ - P d  (50 m v  vs. P t / H e  in t h e  
s ame  solu t ion;  zero  vo l t  vs. a - P d - H  in Fig .  1).  

A f t e r  t he  p o t e n t i a l  of t he  P d  b e a d  h a d  f a l l en  b e -  
low the  po in t  E, H e - s t i r r i n g  w a s  r e p l a c e d  w i t h  Os- 
s t i r r ing .  The  p o t e n t i a l  d id  no t  r i se  un t i l  a l l  t he  d i s -  
so lved  h y d r o g e n  h a d  been  ox id ized .  Then,  t he  po -  
t e n t i a l  rose  r a p i d l y  to a b o u t  600 m y  and  m o r e  
s l o w l y  t h e r e a f t e r ,  un t i l  a s t e a d y  v a l u e  of 870 --+ 10 
m v  was  r e a c h e d  in abou t  10 hr .  Such  an  e l ec t rode  
wi l l  be  r e f e r r e d  to as a P d / P d O  e lec t rode .  The  u p -  
pe r  p l a t e a u  v a l u e  could  no t  be  o b t a i n e d  w i t h o u t  
anod iz ing  the  b e a d  again .  Such  a b e a d  was  m i r r o r -  
b r igh t .  

Dependence ol  potential on partial pressure of 02. 
- - T h e  p a r t i a l  p r e s s u r e  of oxygen ,  Po2, was  v a r i e d  b y  
d i l u t i n g  the  o x y g e n  flow w i t h  n i t r o g e n  a n d  was  d e -  
t e r m i n e d  f rom the  r o t a m e t e r  r e a d i n g s  in the  m a n -  
ne r  d e s c r i b e d  be fo re  (1 ) .  A p lo t  of t he  p o t e n t i a l  as 
a func t ion  of the  l o g a r i t h m  of t he  Po2 is p r e s e n t e d  
in Fig .  2 for  t h r e e  d i f fe ren t  beads .  P a r a l l e l  l ines  
w i t h  a s lope  of 33 m v  m a y  b e  pa s sed  t h r o u g h  these  
points .  This  ind ica t e s  t ha t  a 2 - e l e c t r o n  process  is 
p o t e n t i a l - d e t e r m i n i n g .  

Dependence of potential on p H . - - T h e  p H  of the  
so lu t ions  was  v a r i e d  b y  d i l u t i n g  the  2N su l fu r i c  
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Table I. pH dependence of the potential of the Pd/PdO electrode 
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Fig. 2. Plot of rest potential of three different Pd/PdO electrodes 
as a function of the logarithm of the partial pressure of oxygen 
in atmospheres. 

P o t e n t i a l  P o t e n -  
P o t e n t i a l  of  vs.  t i a l  vs. 

S o l u t i o n  Pt/I-I2 vs .  ~ - P d - t t  N H E  
c o m p o s i t i o n  SCE (my) p i t  (rnv) A E / A p H  (my) 

2N H2SO4 --245 0 822 - -  869 
O.IN HeSO~ + 

2N Na2SO4 --335 1.5 905 56 862 

0.01N H2804 -5 
2N Na2SO4 --402 2.6 982 61 872 

ac id  w i t h  2N s o d i u m  su l f a t e  so lu t ion .  A t  t he  end  of 
a run ,  the  p o t e n t i a l  of a s a t u r a t e d  c a l o m e l  e l ec t rode  
( S C E )  vs. a P t / H 2  e l ec t rode  in the  s a m e  so lu t ion  
was  d e t e r m i n e d .  F r o m  these  d e t e r m i n a t i o n s ,  the  p H  
m a y  b e  found ,  and  the  r e c o r d e d  p o t e n t i a l s  m a y  be  
c o n v e r t e d  f r o m  the  a - P d - H  scale  to t he  N H E  scale.  
The  d a t a  for  a t y p i c a l  set  of r uns  a r e  p r e s e n t e d  in 
T a b l e  I. The  p o t e n t i a l  va lue s  r e c o r d e d  in  co lumn  
four  a r e  t h e  s t e a d y  v a l u e s  o b t a i n e d  in  t h e  O2- s t i r r ed  
so lu t ions  a f t e r  24-48 h r  h a d  passed .  

I t  is i n t e r e s t i n g  to no te  tha t ,  as t h e  p H  inc reases  
or  t he  h y d r o g e n  ion c o n c e n t r a t i o n  decreases ,  t he  
p o t e n t i a l  w i t h  r e spe c t  to a - P d - H  increases .  In  the  
f if th co lumn,  the  change  in p o t e n t i a l  p e r  un i t  change  
in p H  is g iven .  I t  is seen  t h a t  th is  v a l u e  is close to 
59 m y  w h i c h  ind ica t e s  t ha t  a o n e - e l e c t r o n  r e a c t i o n  
is invo lved .  These  two  o b s e r v a t i o n s  r e q u i r e  the  con-  
d i t ions  t h a t  t he  p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n  be  
i n d e p e n d e n t  of t he  pH and  t h a t  t he  AE/ApH v a l u e s  
ref lec t  the  d e p e n d e n c e  of t he  r e f e r e n c e  e l ec t rode  on 
p H  (9)  (one  e l ec t ron  t r a n s f e r r e d  for  each  H + ion 
i n v o l v e d ) .  The  l a s t  co lumn  shows  t h a t  t he  p o t e n t i a l  
vs. N H E  is i n d e p e n d e n t  of p H  and  has  a v a l u e  of 
a b o u t  870 my.  

Potential-determining reactions.--Using cons t an t  
c u r r e n t  c h a r g i n g  curves ,  s e v e r a l  i n v e s t i g a t o r s  (2, 
10, 11) f o u n d  t h a t  a m o n o l a y e r  of P d O  w a s  f o r m e d  
be fo re  o x y g e n  was  evo lved .  This  l a y e r  b e g a n  to 
f o r m  at  a b o u t  800 m v  w h i c h  c o r r e s p o n d s  to t he  p o -  
t e n t i a l  v a l u e  o b s e r v e d  at  t he  f irst  p l a t e a u  in  the  
c h a r g i n g  curves .  H ick l ing  and  V r j o s e k  (12) quo te  
a v a l u e  of 0.85v for  t he  e q u i l i b r i u m  p o t e n t i a l  of t he  
P d / P d O  couple  in N HeSO4 solut ion.  The  PdO,  in 
th is  case,  was  c h e m i c a l l y  p r e p a r e d .  These  v a l u e s  
a g r e e  q u i t e  w e l l  w i t h  the  v a l u e  of 870 +-- 10 m v  
f o u n d  for  the  res t  p o t e n t i a l  in O 2 - s a t u r a t e d  2N 
H2SO4. I t  is s t a t e d  b y  S i d g w i c k  (13) t h a t  P d O  m a y  
be  m a d e  b y  h e a t i n g  P d  in  a i r .  A p a l l a d i u m  wi r e  was  
c l e a ne d  in a He f lame and  q u e n c h e d  in HNOs. A f t e r  
a f inal  hea t i ng ,  t he  w i r e  was  a l l o w e d  to cool in air .  
F i n a l l y ,  t h e  m i r r o r - b r i g h t  w i r e  w a s  p l u n g e d  in to  
O 2 - s a t u r a t e d  2N HeSO4 so lu t ion  and  the  p o t e n t i a l  
r eco rded .  In i t i a l l y ,  t he  p o t e n t i a l  h a d  a v a l u e  of 
a b o u t  800 m v  w h i c h  c a m e  to a s t e a d y  v a l u e  of 860 
m v  in  7000 sec. These  o b s e r v a t i o n s  s e e m  to ind ica t e  
t h a t  t he  p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n  invo lves  the  
P d / P d O  coup le  

P d O  W 2H + -5 2e ~ P d  -5 H20 [1]  

w h e r e  P d O  and  H + r e p r e s e n t  t he  h y d r a t e d  species.  
The  s y m b o l  for  t he  o x y g e n  film, PdO,  was  used  i n -  
s t e a d  of P d - O  be c a use  t h e r e  seems  to be  some ev i -  
dence  t h a t  t he  f i lm is a m o n o l a y e r  of t r u e  ox ide  



612 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a y  1964 

r a the r  t h a n  an  adsorbed  l ayer  of oxygen  atoms. Also 
B l a c k b u r n  and  L i n g a n e  (14) have  a r r i ved  at s imi la r  
conclusions.  Since this  does not  exp la in  the  fact tha t  
the rest  po ten t i a l  depends  on the  pa r t i a l  p ressure  of 
oxygen,  a m e c h a n i s m  invo lv ing  a mixed  po ten t i a l  
(15) m a y  be considered.  If an  a t t empt  is made  to 
exp la in  the Po2 dependence  by  cons ider ing  the  rest  
po ten t i a l  to be a mixed  po ten t i a l  composed of Eq. 
[1] and  of the  O2/H20 reac t ion  

02 + 4H + -]- 4e ~ 2H20 [2] 

it is not  possible to exp la in  the fact tha t  the rest  
po ten t i a l  is i n d e p e n d e n t  of pH. Therefore ,  ne i the r  
of these reac t ions  can  be p o t e n t i a l - d e t e r m i n i n g ,  a l -  
though  they  m a y  be the  pa th  t h rough  which  the  Pd  
in i t i a l ly  becomes  covered w i th  a m o n o l a y e r  of PdO. 

Vet te r  and  B e r n d t  (2) have  m e a s u r e d  the ra te  of 
d isso lu t ion  of Pd  meta l  in  su l fur ic  acid solut ions  as 
a f unc t i on  of potent ia l .  They  find tha t  be low a po-  
t en t i a l  of 800 m v  Pd  is passive,  becomes t r a n s p a s -  
sive b e t w e e n  800 and  1150 m v  wi th  a m a x i m u m  ra te  
of d issolu t ion  of 0.8 ~ a / c m  2 at 900 mv,  is pass ive  
aga in  b e t w e e n  1150 and  1750 my,  and  becomes 
t r anspass ive  above 1800 mv.  The corrosion reac t ion  
is 

P d ~ P d  ++ -t- 2e [3] 

I t  is suggested tha t  the  fo l lowing sequence  of 
even t s  m a y  offer an e x p l a n a t i o n  cons is ten t  wi th  the 
ebserved  e x p e r i m e n t a l  data.  W h e n  a sample  of Pd 
is p lunged  in to  O2-sa tura ted  su l fur ic  acid, it is i n i -  
t i a l ly  passive, and  a m o n o l a y e r  of h y d r a t e d  PdO is 
fo rmed  on the surface,  most  l ike ly  t h rough  Eq. [1] 
and  [2]. Here  the  rest  po ten t i a l  could be d e t e r m i n e d  
by  Eq. [1]. The oxide l aye r  causes the po ten t i a l  to 
rise to the po in t  where  Pd becomes act ive  and,  at 
ce r ta in  act ive centers,  Pd goes into so lu t ion  accord-  
ing to Eq. [3]. Then  it m a y  be possible for the Pd + + 
ions in  the  i m m e d i a t e  v i c in i ty  of the  electrode to r e -  
act wi th  dissolved O2 molecules  in  so lu t ion  or ad -  
sorbed O2 molecules  on the electrode surface  to form 
adsorbed molecules  of PdO2 on the e lect rode surface  
according to the equa t ion  

02 + Pd  + + + 2e ~ PdO., [4] 

F r o m  the  es t imated  va lues  (16) for the  a F  of for-  
ma t ion  of the species in Eq. [4], this  reac t ion  is 
qui te  possible energet ica l ly .  

The  i n t e r ac t i on  of Eq. [3] and  Eq. [4] adds PdO2 
molecules  to the surface layers  of PdO, and  a po in t  
m a y  be reached  w h e n  the concen t r a t i on  of PdO2 in  
the  surface  layers  becomes so m u c h  grea te r  t h a n  
tha t  of PdO tha t  PdO~ becomes the  p o t e n t i a l - d e t e r -  
m i n i n g  en t i t y  on the surface.  At  this  point ,  a m i xe d  
po ten t i a l  could be set up  t h rough  Eq. [3] and  [4].  
The re la t ive  local cell c u r r e n t  densi t ies  for the two 
pa r t i a l  reac t ions  could be such tha t  the  po ten t i a l  of 
Eq. [3] wou ld  be polar ized to tha t  of Eq. [4] in  a 
m a n n e r  s imi la r  to tha t  shown  by  the d i ag ram in  Fig. 
2a of ref. 1. In  this way,  the  rest  po ten t i a l  wou ld  no 
longer  be d e t e r m i n e d  b y  Eq. [1] ,  bu t  by  Eq. [4].  

Wi th  Eq. [4] p o t e n t i a l - d e t e r m i n i n g ,  the exper i -  
m e n t a l  observat ions ,  (a)  tha t  the po ten t i a l  depends  
on the Poe, (b)  tha t  it is i n d e p e n d e n t  of pH, and  

(c) tha t  a 2 -e lec t ron  reac t ion  is indicated,  m a y  be 
adequa t e ly  expla ined .  

Suppor t i ng  ev idence  for these suggest ions  m a y  be 
found  in  the fo l lowing observat ions .  W h e n  a Pd  wire  
which  had been  hea ted  in  air  was  p l unge d  in to  2N 
H2SO4, the  po ten t i a l  was  in i t i a l ly  760 m v  vs .  ~ - P d - H  
and  came to a s teady va l ue  of 815 m v  vs.  a - P d - H  
w i t h i n  24 hr. However ,  w h e n  such a wi re  was 
p l unge d  in to  0.01N H2SO4 solut ion,  the  po ten t i a l  
was in i t i a l ly  770 m v  vs.  a - P d - H  b u t  t h e n  came to a 
s teady va lue  of 938 m v  vs.  ~ - P d - H .  Because the  in i -  
t ial  po ten t ia l s  vs.  ~ - P d - H  were  v i r t u a l l y  i n d e p e n d -  
ent  of pH, the P d / P d O  couple, Eq. [1], m a y  be po-  
t e n t i a l - d e t e r m i n i n g  in  this  region,  since the  pH de-  
pendence  is the same as tha t  of the  re fe rence  elec- 
t rode  (9) .  Then,  as the  po ten t i a l  rose and  the  corro-  
s ion process, Eq. [3],  became  impor t an t ,  the  po t en -  
t ial  vs.  ~ - P d - H  became d e p e n d e n t  on the  pH which  
ind ica ted  that ,  now, the PdO~/Pd  + + couple, Eq. [4], 
was p o t e n t i a l - d e t e r m i n i n g .  

A n o t h e r  b i t  of ev idence  in  suppor t  of this  p ic tu re  
is the  e x p e r i m e n t a l  fact that ,  if a P~I/PdO electrode 
which  had been  t rea ted  w i th  O2-s t i r r ing  for about  
an hour  was t r ea ted  wi th  H2-s t i r r ing  (200 c c / m i n ) ,  
it r equ i r ed  about  50 sec to reduce  the oxide. Yet, 
w h e n  a P d / P d O  electrode,  which  had been  t rea ted  
wi th  O2-s t i r r ing for over  24 hr, was t r ea ted  wi th  
H2-s t i r r ing  (200 c c / m i n ) ,  it r equ i r ed  about  300 sec 
to reduce  the oxide. This indica tes  tha t  the  n a t u r e  
ef the adsorbed oxygen  l aye r  changes  wi th  t ime. I t  
is suggested tha t  this  change  reflects the add i t ion  of 
PdO2 to the m o n o l a y e r  of PdO caused b y  the corro-  
sion of the Pd. 

Since a steady, t i m e - i n v a r i a n t  (over  48 hr )  po ten -  
t ial  was obta ined,  a s teady state  mus t  have  been  set 
up such tha t  the products  of the  local cell act ion were  
r emoved  as fast as they  were  formed.  F r o m  the 
po la r iza t ion  da ta  ob ta ined  by  Bu t l e r  and  Dreve r  
(11) and  Hickl ing  and  Vr josek  (12),  it was  shown 
that ,  in  the  presence  of acid, PdO2 is u n s t a b l e  and  
decomposes spon taneous ly  to PdO. Soon af ter  the 
p o t e n t i a l - d e t e r m i n i n g  concen t r a t i on  of PdO2 is set 
up in  the surface,  PdO2 spon taneous ly  decomposes 
to PdO as fast as it is formed.  The PdO layer  does 
not  bu i ld  up because  the back  reac t ion  of Eq. [1] 
becomes impor t an t ,  a nd  a s t eady  s ta te  is set up. In  
all  cases these electrodes were  m i r r o r - b r i g h t .  As 
ind ica ted  before (17) ,  these layers  p r o b a b l y  do not  
bu i ld  up much  beyond  a m o n o l a y e r  th ick  on open 
circuit .  

P o t e n t i a l  b e h a v i o r  w i t h  N 2 - s t i r r i n g . - - W h e n  02 -  

s t i r r ing  was  replaced  wi th  N2-s t i r r ing,  the  po ten t i a l  
of a P d / P d O  electrode fell  w i th  t ime. Af t e r  about  8 
hr  the po ten t ia l  became  r a t h e r  steady.  The po ten t i a l  
va lues  vs .  ~ - P d - H  are as follows: 742 m v  in  2N 
H2SO4, 750 m v  in  0.1N H2SO4, a nd  739 m v  in  0.01N 
H2SO4. These po ten t ia l s  are i n d e p e n d e n t  of pH and  
are nea r  the in i t i a l  po ten t i a l  va lues  observed w h e n  
a Pd  wire  tha t  had  been  hea ted  in  air  was  p lunged  
into o x y g e n - s a t u r a t e d  acid solutions.  Since the oxy-  
gen hal f  reac t ion  of a n y  m i x e d  po ten t i a l  wou ld  be 
suppressed  by  this  procedure ,  these observa t ions  
favor  a va lue  of 790 --+ 10 m v  for the s t a n d a r d  po-  
t en t i a l  of the  P d / P d O  couple, Eq. [1]. Such a va lue  
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w o u l d  be  in  b e t t e r  a g r e e m e n t  w i t h  H i c k l i n g  and  
V r j o s e k ' s  (12) e x p e r i m e n t a l  r e su l t s  (0.79v) t h a n  
the  v a l u e  (0.85v) t h e y  o b t a i n e d  f r o m  the  c h e m i c a l l y  
p r e p a r e d  P d / P d O  e lec t rode .  A f t e r  al l ,  the  c h e m i -  
ca l ly  p r e p a r e d  spec ies  m a y  no t  be  t he  s a m e  as t he  
e l e c t r o c h e m i c a l l y  p r e p a r e d  species.  Qu i t e  pos s ib ly  
t he  co r ros ion  reac t ion ,  Eq. [3] ,  a f fec ted  the  c h e m i -  
ca l ly  p r e p a r e d  P d / P d O  sys tem,  a n d  the  p o t e n t i a l  
was  r e a l l y  d e t e r m i n e d  b y  the  P d O 2 / P d  ++ couple ,  
Eq. [4] ,  r a t h e r  t h a n  the  P d / P d O  couple .  The  0.85-v 
v a l u e  is v e r y  close to t he  s t e a d y - s t a t e  r e s t  p o t e n t i a l  
v a l u e  p r e s e n t e d  in  t he  l as t  c o l u m n  of T a b l e  I w h i c h  
is cons ide r ed  to be  d e t e r m i n e d  b y  Eq. [4] .  

P d / P d O 2  e l e c t r o d e . - - I t  was  o b s e r v e d  b y  B u t l e r  
and  D r e v e r  (11) tha t ,  w i t h  c o n t i n u e d  anod iza t ion ,  a 
l a y e r  of PdOe s e v e r a l  mo lecu l e s  t h i c k  m a y  be  
fo rmed .  In  o r d e r  to s t u d y  th is  s y s t e m  in t he  absence  
of i n t e r f e r i n g  concen t r a t i ons  of p e r o x i d e  p r o d u c e d  
in the  a n o d i z a t i o n  process ,  t he  P d  b e a d s  w e r e  
anod ized  in  a c l ean  Teflon cell ,  and  the  so lu t ion  was  
p r e p a r e d  in a second  Teflon cel l  as d e s c r i b e d  for  the  
case of the  A u / A u 2 0 3  e l ec t rode  (4) .  In  th is  way ,  the  
anod ized  Pd  beads  w e r e  p l a c e d  in O2-sa tu ra ted ,  
p e r o x i d e - f r e e ,  2N H2S04 solut ion .  The  p o t e n t i a l  
came  to a s t e a d y  v a l u e  of 1470 --  10 m v  w i t h i n  2 or  
3 min  a n d  r e m a i n e d  s t e a d y  for  a p e r i o d  of 5 to 6 h r  
b e f o r e  d r i f t i n g  v e r y  s l o w l y  to less  nob le  va lues .  
Such  an  e l ec t rode  wi l l  be  r e f e r r e d  to as a P d / P d O e  
e lec t rode .  

I t  was  o b s e r v e d  t h a t  t he  1470-mv p o t e n t i a l  was  
i n d e p e n d e n t  of s t i r r i n g  and  of t he  p a r t i a l  p r e s s u r e  
of oxygen .  Also,  t he  p o t e n t i a l  vs.  a - P d - H  was  i n d e -  
p e n d e n t  of pH w h i c h  i n d i c a t e d  t h a t  for  each  H + ion 
i n v o l v e d  an  e l ec t ron  was  t r a n s f e r r e d  (9) .  Such  ob -  
s e rva t i ons  could  be e x p l a i n e d  if a r e a c t i o n  s im i l a r  
to the  fo l lowing  w e r e  p o t e n t i a l - d e t e r m i n i n g  

PdO2 -F 4H + -t- 4e ~ P d  -F 2H20 [5]  

E1 W a k k a d  and  E1 Din  (10) sugges t ed  t h a t  the  
couple  r e s p o n s i b l e  for  the  1470-mv p o t e n t i a l  was  
the  P d O e / P d O  couple  

PdO2 q- 2H + q- 2e ~ P d O  q- H20 [6]  

S ince  bo th  of these  oxides ,  a l t h o u g h  h y d r a t e d ,  a r e  
in t he  sol id  phase ,  one w o u l d  e x p e c t  the  p o t e n t i a l  to 
r e m a i n  cons t an t  as long as t he  t w o  sol id  phase s  a r e  
p resen t .  The  p o t e n t i a l  shou ld  change  r a t h e r  s h a r p l y  
if one of these  phases  shou ld  d i s a p p e a r .  I t  was  
shown  (11, 12) t ha t  PdO2 is u n s t a b l e  in ac id  so lu-  
t ions,  and  th is  fac t  is conf i rmed  b y  the  d a t a  p r e -  
s en t ed  in Fig.  3. Here ,  the  res t  p o t e n t i a l  of t h r e e  d i f -  
f e r en t  P d / P d O 2  e l ec t rodes  is p l o t t e d  as a func t ion  
of t ime.  F o r  a l l  t h r e e  e lec t rodes ,  t he  p o t e n t i a l  r e -  
m a i n e d  s t e a d y  at  1470 • 10 m v  for  5 or  6 h r  be fo re  
d e c a y i n g  to less nob le  va lues .  The  d i f fe rences  in  the  
r a t e  of d e c a y  for  the  t h r e e  cu rves  mos t  l i k e l y  r e p r e -  
sen t  d i f fe ren t  a m o u n t s  of PdO2 i n i t i a l l y  p r o d u c e d  b y  
v a r y i n g  cond i t ions  of t ime  a n d  c u r r e n t  d e n s i t y  d u r -  
ing the  f o r m i n g - a n o d i c  p r e p o l a r i z a t i o n .  I t  is to be 
no ted  t ha t  t he  r a t e  of d e c a y  of p o t e n t i a l  fa l l s  a long  
a smoo th  c u r v e  w h i c h  m a y  be  e x p l a i n e d  b e t t e r  b y  
the  concep t  of a m i x e d  po t en t i a l .  This  m a y  be  t r ue  
because  a m i x e d  p o t e n t i a l  cou ld  show a smooth  
t r a n s i t i o n  f rom one p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n  
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Fig. 3. Decay of open-circuit potential of three different Pd/Pd02 
electrodes with time. For explanation of dashed curve, see text. 

to ano the r ,  w h e r e a s  t he  P d O e / P d O - d e t e r m i n i n g  
concep t  shou ld  show a r a t h e r  s h a r p  k n e e  in the  p o -  
t e n t i a l - d e c a y  c u r v e  s i m i l a r  to the  d a s h e d  cu rve  in 
Fig.  3. 

I t  is p r o p o s e d  tha t ,  as soon as t he  anod ic  p o l a r i z -  
ing  c u r r e n t  w h i c h  p r o d u c e s  the  f i lm of PdO~ is 
b roken ,  c o n c e n t r a t i o n  of PdO bu i ld s  up  in  the  s u r -  
face  f i lm at  t he  e x p e n s e  of t he  s p o n t a n e o u s l y  d e -  
compos ing  PdO2. S ince  the  p o t e n t i a l  is cons t an t  o v e r  
a p e r i o d  of 5 to 6 hr ,  th is  de c ompos i t i on  p rocess  is 
mos t  l i k e l y  a c h e m i c a l  reac t ion .  A p o i n t  is r e a c h e d  
w h e n  the  PdO c o n c e n t r a t i o n  becomese  h igh  enough  
t ha t  t h e  P d / P d O  r e a c t i o n  becomes  i m p o r t a n t .  H e r e  
a m i x e d  p o t e n t i a l  is set  up.  As  the  r e l a t i v e  concen -  
t r a t i o n s  of PdO2 and  PdO change ,  the  r e l a t i v e  loca l  
cel l  c u r r e n t  dens i t i e s  change ,  and  the re fo re ,  t he  
p o l a r i z a t i o n  of the  c o m p o n e n t  r eac t i ons  changes .  As  
a resu l t ,  the  p o t e n t i a l  p roceeds  s m o o t h l y  f rom t h a t  
of the  P d / P d O 2  e l ec t rode  to t h a t  of t he  P d / P d O  
e lec t rode .Of  course ,  once the  loca l  cel l  is set  up  the  
loca l  cel l  c u r r e n t  acce l e r a t e s  the  decompos i t i on  of 
PdO2 and  the  r a t e  of t r a n s i t i o n  f r o m  the  PdO2 e l ec -  
t r o d e  to the  P d O  e l ec t rode  inc reases  as shown  b y  
the  cu rves  in Fig .  3. T h e  o v e r - a l l  loca l  cel l  r eac t i on  
is e q u i v a l e n t  to Eq. [6] ;  h o w e v e r ,  he r e  t he  m e c h a n -  
i sm is a loca l  cel l  i n s t e a d  of t he  e q u i l i b r i u m  m e t a l  
o x i d e - m e t a l  ox ide  s y s t e m  sugges t ed  b y  E1 W a k k a d  
and  E1 Din.  The re fo re ,  i t  is p r e f e r r e d  t h a t  the  1470- 
m v  p o t e n t i a l  be  a s soc ia t ed  w i t h  the  P d / P d O 2  couple ,  
Eq. [5] ,  r a t h e r  t h a n  the  P d O 2 / P d O  couple ,  Eq. [6] .  

Polar iza t ion  at low c ur re n t  d e n s i t i e s . - - T h e  Pd  
b e a d s  w e r e  c a t h o d i c a l l y  p o l a r i z e d  at  v e r y  low c u r -  
r en t  dens i t i e s  b y  v a r y i n g  the  i n p u t  i m p e d a n c e  of  t he  
e l e c t r o m e t e r  as de sc r ibed  be fo re  (1, 4) .  The  c a t h -  
odic p o l a r i z a t i o n  ( the  o p e n - c i r c u i t  po ten t i a l ,  Eoc, 
m i n u s  the  p o t e n t i a l  a t  the  g iven  a p p a r e n t  c u r r e n t  
dens i ty ,  E)  is p l o t t e d  as a func t ion  of t he  l o g a r i t h m  
of t he  a p p a r e n t  c u r r e n t  d e n s i t y  in Fig.  4. 

C u r v e  A is a p lo t  of t he  d a t a  for  a P d / P d O e  e lec -  
t r o d e  w i t h  Oe - s t i r r i ng  or  w i t h  N2-s t i r r ing .  In  e i t h e r  
case, t he  po in t s  could  be  r e p r o d u c e d  w i t h i n  • 5 m v  
going  up  or  d o w n  the  curve .  This  ind ica t e s  t ha t  
n e a r l y  a l l  of the  c u r r e n t  goes in to  t h e  f o r m a t i o n  or  
r e d u c t i o n  of  PdO2 at  these  v e r y  low c u r r e n t  dens i t ies .  
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Fig. 4. Cathodic polarization, Eoc-E, of various Pd electrodes 
at low current densities in 2N H2SO4 solution: V for Pd/PdO2 
electrode with O2-stirring; [ ]  for Pd/PdO2 electrode with N2- 
stirring; 0 for Pd/PdO electrode with 02-stirring; A for PdO 
electrode with N2-stirring. 

A p p a r e n t l y  an oxygen  reac t ion  is no t  involved ,  and  
so the  1470 • 10 -mv  po ten t i a l  is an  e q u i l i b r i u m  
m e t a l - m e t a l  oxide potent ia l .  The p o t e n t i a l - d e t e r -  
m i n i n g  reac t ion  is Eq. [5] w i t h  a s t a n d a r d  po ten t i a l  
of abou t  1470 my.  

This va lue  of 1470 m v  is somewha t  h igher  t h a n  
tha t  (1.29v) found  by  Hick l ing  and  Vr josek  (12) 
for the  chemica l ly  p r e p a r e d  Pd /PdO3  electrode. 
They  dr ied  the i r  PdO3 over  su l fur ic  acid, and  S idg-  
wick  (13) states tha t  PdO2 is s table  on ly  w h e n  h y -  
drated.  Again ,  this chemica l ly  p r epa red  oxide is 
most  l ike ly  not  the same as the  e lec t rochemica l ly  
p r epa red  oxides. The  low va lue  of 1.29v could be the 
mixed  po ten t i a l  r e su l t i ng  f rom the  p resence  of both  
PdO and  PdO3. This sugges t ion  is s t r e n g t h e n e d  by  
the  fact t ha t  they  found  a m i x t u r e  of the chemica l ly  
p r epa red  PdO and  PdO2 gave  n e a r l y  the same va lue  
as the  chemica l ly  p r epa red  PdO3 alone. E1 W a k k a d  
and  E1 Din,  Ve t te r  and  Bernd t ,  and  B l a c k b u r n  and  
L i n g a n e  show wel l  defined p la teaus  in  the  reg ion  of 
1470 m v  in  the i r  charg ing  curves,  bu t  Hick l ing  and  
Vr josek  show a ve ry  i l l  defined inflection.  This m a y  
be t rue  because  they  charged  the i r  e lectrodes  too 
fast. The effect of the  ra te  of charg ing  is d e m o n -  
s t ra ted  by  Vet te r  and  B e r n d t  (2) .  At  a h igh  cha rg -  
ing ra te  (h igh c u r r e n t  dens i t y ) ,  oxygen  evo lu t ion  is 
reached quickly ,  and  the i n t e r v e n i n g  p la teaus  are 
missed. 

I t  is i n t e re s t ing  to note  tha t  the po in t  at which  
oxygen  begins  to evolve on a cons tan t  c u r r e n t  
charg ing  curve  coincides w i th  the po in t  whe r e  the 
po ten t i a l  is 1470 m v  (2, 10, 14). The H3-reduc t ion  
da ta  p r e sen t ed  in  Fig. 1 and  the open -c i r cu i t  da ta  
in  Fig. 3 show tha t  a definite,  s table  po ten t i a l  exists  
at 1470 -- 10 m v  which  m a y  be associated wi th  the  
Pd /PdO2 e q u i l i b r i u m  ( the  1470-my po ten t i a l  is ob -  
t a ined  af ter  anodic  polar izat ion,  Fig. 3, and  af ter  
cathodic polar iza t ion,  Fig. 4).  The fact  tha t  the  po-  
tent ia l ,  at which  O2 evo lu t ion  begins ,  and  the equ i -  
l i b r i u m  Pd /PdO2  po ten t i a l  coincide, suggests  tha t  

oxygen  evo lu t ion  proceeds t h r o u g h  an  oxide mech -  
a n i sm  (18).  U nde r  s t eady-s ta te ,  anodic  po la r iza t ion  
PdO3 is fo rmed  f rom the  l ayer  of PdO as qu ick ly  as 
it is decomposed chemica l ly  to fo rm PdO and  O2 ac-  
cording to 

PdO3 ~ PdO + 1/2 O3 [7] 

This m a y  be w hy  a l ayer  of PdO2 does no t  bu i ld  up 
b e y o n d  a few molecules  th ick  (11) .  In  suppor t  of 
this  the  fo l lowing  is to be noted.  As shown  in  the  
charg ing  curves  ob ta ined  by Vet te r  and  B e r n d t  (2) 
at h igher  c u r r e n t  densi t ies ,  an  overvol tage  is ob-  
ta ined.  The  oxygen  evo lu t ion  p l a t e a u  becomes more  
noble  w i th  inc reas ing  c u r r e n t  dens i ty  ins tead  of a 
second p l a t eau  cor respond ing  to the ox ida t ion  of 
H20 to O3 appea r ing  as in  the  case for A u  (2) .  

C u r ve  B is the  po la r iza t ion  of a P d / P d O  electrode 
wi th  O3-st i r r ing.  The points  could be r ep roduced  
w i t h i n  • 5 m v  e i ther  going up  or d o w n  the  curve.  
W h e n  a P d / P d O  electrode was  polar ized in  N3- 
s t i r red  acid solut ion,  cu rve  C was  obta ined.  In  this  
case the  po la r iza t ion  for a g iven  c u r r e n t  dens i ty  is 
m u c h  higher ,  and  the points  could no t  be reproduced  
because  of the presence  of a la rge  hysteresis .  For  
P d / P d O  electrodes,  most  of the  c u r r e n t  goes into the 
r educ t ion  of oxygen  e i ther  by  Eq. [2] or Eq. [4]. 
W h e n  O2-s t i r r ing is rep laced  wi th  N2-s t i r r ing  at a 
g iven  c u r r e n t  densi ty ,  enough  act ive  ma te r i a l  is not  
p r e se n t  to suppor t  such a rate,  and  the  po ten t ia l  
moves  qu ick ly  t oward  the va lue  for the  r educ t ion  of 
h y d r o g e n  ion. 

The  fact  tha t  the  PdO layer  is easi ly  conver t ed  to 
a l ayer  of PdO2 wi th  anodic  po la r iza t ion  (11) i nd i -  
cates tha t  the  PdO layer  is not  as good an  e lect ronic  
conductor  as the oxygen  l ayer  on p l a t i num.  As com-  
pa red  to s imi la r  po la r iza t ion  curves  on P t  (1) ,  how-  
ever,  it seems tha t  p a l l a d i u m  is jus t  as good a ca ta-  
lyst  as p l a t i n u m  is for the r educ t ion  of oxygen.  I t  
m a y  be possible tha t  the oxides of p a l l a d i u m  are 
ve ry  good pe rox ide -decompos ing  catalysts .  Some 
evidence  for this  is found  in  the  fact tha t  a Pd /PdO2 
electrode can m a i n t a i n  a po ten t i a l  of 1470 m v  for 
over  an  hour  in  the  presence  of peroxide  as no ted  at 
the b e g i n n i n g  of this  discussion.  

Manuscript  received June  3, 1963. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1964 
JOURNAL. 
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ABSTRACT 

The reversible oxygen electrode has been set up on anodized p la t inum in 
u l t rapure  sulfuric acid solutions. The essential conditions for establishing the 
reversible oxygen electrode are described. It  is found that  the var iat ion of the 
electrode potential  with part ial  pressure follows the theoretical expression. 
At other stable potentials exhibited by the p l a t inum oxygen system the part ial  
pressure effects give variat ions not consistent with any theoretical formula. 
Decay curves on open circuit have been measured and a dependence on the 
oxygen part ial  pressure has been observed. In  u l t rapure  solutions the poten- 
tial decays after several hours to a l imit ing value of 1.1v corresponding to the 
P t -PtO2-Pt (OH)2 potential. When the solutions are impure  the l imit  is low- 
ered to about 0.84v which is the equi l ibr ium potential  of the P t O H - O H -  hy-  
drogen peroxide system. The gold-oxygen system also exhibits a number  of 
different oxide potentials, one of these is at 1.23v in normal  acid solution. The 
apparent  establ ishment  of the reversible oxygen electrode potential  on gold 
must  be viewed with caution as the overpotential  for the mixed reduction of 
gold oxide and oxygen can give rise to spurious Tafel lines. The oxygen par-  
tial pressure effect on gold electrodes does not follow the Nernst  equation. 
It therefore appears that the reversible oxygen electrode is not  set up on gold. 

A l t h o u g h  the revers ib le  po ten t i a l  of the  oxygen  
electrode can be ca lcula ted  theore t ica l ly  (1) ,  it has 
been found  e x t r e m e l y  difficult to set up a r eve r s ib l e  
oxygen  electrode.  One reason  is the  smal l  exchange  
c u r r e n t  of the reac t ion  es t imated  at about  10 - l ~  amp 
cm -2, which  makes  the  sys tem suscept ib le  to poison-  
ing by  impur i t i es .  The  o ther  difficulty is the  r ep ro -  
duc t ion  of a su i t ab ly  ca ta ly t ica l ly  act ive oxide su r -  
face on which the  reac t ion  can be made  to proceed 
wi thou t  in t e r f e rence  f rom spur ious  oxide potent ia ls .  
Bockris  and  Huq  (2) repor ted  the  a t t a i n m e n t  of the 
revers ib le  oxygen  e lect rode potent ia l ,  on oxidized 
p l a t i n u m  electrodes,  in  h igh ly  purif ied su l fur ic  acid 
solutions.  In  other  a t t empt s  (3) to set up  the  oxygen  
e lect rode repor ted  in  the  l i t e ra tu re ,  the  revers ib le  
po ten t i a l  has not  been  a t t a ined  e i ther  due to insuffi-  
c ient  so lut ion pur i f ica t ion  or due to the  lack of a 
su i t ab ly  act ive surface.  We repor t  here  the t echn ique  
of es tab l i sh ing  the revers ib le  oxygen  electrode on 
p l a t i n u m  and  the effects of the va r i a t i on  of pa r t i a l  
p ressure  of oxygen  on p l a t i n u m  and  gold electrodes.  

Exper imenta l  
Cel l . - -A s t a n d a r d  six electrode all  P y r e x  glass 

cell wi th  greaseless seals as shown  in  Fig. 1 was  used. 
Preparation o5 materials.--Sulfuric acid.--Acid 

red is t i l led  in  v a c u u m  was  found  to con ta in  r e l a t ive ly  
la rge  amoun t s  of dissolved su l fu r  dioxide. Hence  
ana ly t i ca l  r eagen t  grade  concen t ra t ed  acid was  used 
w i thou t  any  dis t i l la t ion.  

1 P r e s e n t  addres s :  C e n t r a l  E Ie c t roc he mic a l  Resea rch  Institute, 
K a r a i k u d i ,  Ind ia .  

Water.--Conductance w a t e r  (1 x 10 -7 mho c m - ' )  
was ref luxed in  all  P y r e x  glass st i l l  for abou t  2 hr  
in  a c u r r e n t  of pur i f ied oxygen.  It  was  t h e n  dis t i l led 
d i rec t ly  in to  the  cell. The in i t i a l  por t ions  were  used 
to wash  and  r inse  the  cell and  the final por t ions  used 
for so lu t ion  p repa ra t ion .  The conduc t iv i ty  of the  
so lu t ion  was  m e a s u r e d  w i t h  a conduc tance  b r idge  
and  su l fur ic  acid added un t i l  the des i red conduc-  
t i v i ty  was  a t ta ined .  
Oxygen . - -Tank  oxygen  was purif ied by  passage 
t h r ough  the fo l lowing t r a in :  Sil ica gel, p la t in ized  
asbestos at abou t  250~ copper  t u r n i n g s  at abou t  
250~ silica gel, soda l ime, sil ica gel, th ree  t raps  

~UIRE 
NATER 

Fig. 1. Electrolytic cell. EH, reference electrode; Ec, test elec- 
trode; EA, pre-electrolysis electrode; EE, conductance measure- 
ment electrode; L, Luggin capillary; W, waste tube; A, anodic com- 
partment. 
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con ta in ing  charcoal  at l iqu id  oxygen  t empera tu re ,  
and  an emp ty  t rap  also cooled to l iqu id  oxygen  
t empera tu re .  
Hel ium.- -The  same t r a i n  was  used to pu r i fy  the  
he l i um for expe r imen t s  on pa r t i a l  p ressure  effects. 
Hydrogen. - -The hydrogen  was  r equ i r ed  on ly  for the 
re fe rence  electrode and  was purif ied by  passage 
th rough  a s t a n d a r d  h y d r o g e n  pur i f ica t ion t ra in .  

Electrical instrumentation.--Polarization cur ren t s  
va ry ing  f rom 10 -3 to 10 -12 amp were  ob ta ined  f rom 
90v dry  b a t t e r y  by d ropp ing  the po ten t i a l  t h rough  
two 10K hel ipots  and  a va r i ab le  1M res is tance  in 
series. C u r r e n t s  were  m e a s u r e d  w i th  a Ke i th l ey  
410C mic romic roammete r .  Po ten t i a l s  were  measu red  
wi th  a Doran  va lve  po t en t i ome te r  sens i t ive  to _+1 
mv.  For  the pa r t i a l  p ressure  expe r imen t s  a Leeds 
& N o r t h r u p  K3 po ten t iome te r  wi th  an e lec t romete r  
amplif ier  sens i t ive  to 100 ~v as n u l l  detector,  was  
used. 

Preparation o5 electrodes.--The electrodes con-  
sisted of p l a t i n u m  or gold sheets (0.5 cm x 1.5 m)  
spot we lded  to a piece of p l a t i n u m  or gold wi re  
which  was p inch  sealed to the  electrode stem. The  
electrodes were  degreased and  a l lowed to soak in  
chromic su l fur ic  acid overn ight .  These were  washed  
tho rough ly  in conduc tance  wa t e r  and  anodica l ly  oxi -  
dized in  the  pur i f ica t ion  solut ion at a c u r r e n t  d e n -  
sity of 10-4-10 -2 amp  cm -2 for abou t  0.5-3.0 hr. 
They  were  t hen  ra ised above the level  of the so lu-  
t ion, into the oxygen  gas a tmosphere  in  the  cell, and  
r e m a i n e d  there  d u r i n g  f u r t h e r  solut ion pur i f ica t ion 
by  anodic  pre-e lec t ro lys is .  

Procedure.- -The cell was c leaned in chromic  su l -  
fur ic  acid fol lowed by  n i t r ic  su l fur ic  mix tu re .  It  
was t hen  washed  severa l  t imes  in  dis t i l led water ,  
r insed  w i th  conduc t iv i ty  water ,  and  set up in  posi-  
tion. The all glass br idges  f rom the gas supp ly  poin ts  
and  wa te r  d is t i l la t ion  uni t ,  etc., were  t hen  as-  
sembled.  The cell was r insed  by  d is t i l l ing  wa t e r  into 
it severa l  t imes  thus  wash ing  also the electrodes.  
Af te r  final d i s t i l l a t ion  the r equ i r ed  a m o u n t  of su l -  
fur ic  acid was added in  order  to a t t a in  the r equ i r ed  
s t r eng th  as shown by  the  conduct iv i ty .  

The electrodes were  now anodized,  ra ised above 
the solut ion,  and  anodic  p re -e lec t ro lys i s  was com-  
menced  on an  aux i l i a ry  electrode wi th  40 ma cor re -  
spond ing  to a c u r r e n t  dens i ty  of 10 -2 amp cm e. A 
conven t iona l  power  supp ly  was used for this pu rpose  
and  the  p re -e lec t ro lys i s  las ted 48 hr  wi th  s teady oxy-  
gen  bubb l ing .  

Partial pressure variation.--The r equ i r ed  pa r t i a l  
p ressure  of oxygen  was a t t a ined  by  m i x i n g  wi th  
h e l i u m  and  con t ro l l ing  the  composi t ion  wi th  the aid 
of ca l ib ra ted  flow meters .  The  p rocedure  used was  
to ob ta in  first the e q u i l i b r i u m  po ten t i a l  at a low 
pa r t i a l  pressure ,  e.g., 0.1 or 0.01 atm. W h e n  a s teady  
po ten t ia l  was a t ta ined ,  pu re  oxygen  was admi t t ed  
and  the po ten t ia l  changes  measu red  at f r equen t  in -  
tervals .  The difference of the  s teady state  va lues  was  
t aken  as the effect due  to a pa r t i a l  p ressure  change  
f rom 0.01 or 0.1 to 1 atm. This me thod  avoids hy -  
steresis effects in  respect  to the pa r t i a l  p ressure  
effect on the oxygen  concen t ra t ion  in  the  solution.  
Thus  if to an oxygen  sa tu ra t ed  solut ion a h e l i u m  

oxygen gas mixture at an oxygen partial pressure of 

0.i is bubbled, it takes several hours for the excess 
oxygen to be brought down to the equilibrium value. 
This was also confirmed by attempting to decrease 

the partial pressure and following the potential 

changes. It was found that it took over 20 hr for 
the potential to come down to the calculated value. 

Results and  Discussion 

Reversible oxygen electrode.--The use of the 
t echn ique  descr ibed above m a d e  it  possible to a t t a in  
the revers ib le  oxygen  po ten t i a l  on p l a t i n u m  elec- 
trodes, r ead i ly  and  wi th  sa t i s fac tory  reproduc ib i l i ty .  
The s teady po ten t i a l  was es tab l i shed  in  about  hal f  
an hour  af ter  which  it was cons tan t  for over  an 
hour.  The rea f t e r  the po ten t i a l  showed a t e n d e n c y  to 
decrease. Typica l  t ime  va r i a t ions  of the  po ten t i a l  are 
shown in Fig. 2. The l imi ts  of r ep roduc ib i l i t y  of the 
revers ib le  oxygen  po ten t i a l  on p l a t i n u m  in  n o r m a l  
su l fur ic  acid solut ions  s a tu ra t ed  wi th  p u r e  oxygen  
were  found  to be 1.23 _+ 0.02v. This resu l t  is in 
a g r e e me n t  wi th  the  t h e r m o d y n a m i c  va lue  of 1.229v. 
The l imi ts  of r ep roduc ib i l i t y  m u s t  be  cons idered  
sa t is factory  in v iew of the smal l  exchange  cu r r en t  
of the  system. 

Ef]ect of oxygen partial pressure.--The best  proof 
of the e s t ab l i shmen t  of the revers ib le  oxygen  elec- 
t rode is to show tha t  the sys tem responds  in the 
m a n n e r  predic ted  by  the  Nerns t  equa t ion  as appl ied 
to this system. W r i t i n g  the reac t ion  as 

02 + 4H + + 4 e -  = 2H20 [1] 

the Nerns t  express ion  for the po ten t i a l  as a f unc -  
t ion of pa r t i a l  p ressure  is 

E : Eo + (RT/4F)  In Po2 [2] 

Hence  a 15 mv  change  in po ten t i a l  is expected  for 
every  10 fold change  of pa r t i a l  pressure .  In  our  ex-  
pe r i me n t s  the pa r t i a l  pressures  used were  1.0, 0.1, 
and  0.01 arm, so tha t  15 and  30 m v  changes  in  po-  
t en t i a l  are expected  for a change  over  f rom u n i t y  to 
0.1 and  0.01, respect ively .  In  order  to es tab l i sh  tha t  
the p ressure  response  was the  same w h a t e v e r  the  di-  
rection,  e xpe r i me n t s  were  car r ied  out  wi th  inc reas -  
ing and  also wi th  decreas ing  pa r t i a l  pressures .  
Typica l  po ten t i a l  va r i a t ions  are shown in Fig. 3, 

I I  
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Fig. 2. Time variation of rest potential of oxygen electrode on 
~nodized platinum. Electrode pre-oxidation, 10 -~  amp/cm 2 1 hr; 
solution preelectrolysis, 10 - 2  amp/cm 2, 48 hr; Po2 ~ 1 arm. 
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Fig. 3. Effect of variation of partial pressure of oxygen on the 
rest potential of oxygen electrodes. 

a n d  the  r e su l t s  p r e s e n t e d  in  T a b l e  I. These  f igures  
a r e  in r e a s o n a b l e  a g r e e m e n t  w i t h  those  e x p e c t e d  
f r o m  t h e  N e r n s t  equa t ion ,  cons ide r ing  the  d i f f icul ty  
of m a i n t a i n i n g  s t e a d y  e q u i l i b r i u m  p o t e n t i a l s  w i t h  
r eac t ions  of s m a l l  io on sol id  subs t r a t e s .  

Potential decay c u r v e s . - - W h e n  p l a t i n u m  e lec -  
t rodes  p o l a r i z e d  a n o d i c a l l y  for  some  t ime  a t  10 -2 
a m p  c m  - 2  a r e  p u t  on open  c i rcui t ,  t he  p o t e n t i a l  
d rops  r a p i d l y  f r o m  a b o u t  1.9 to a b o u t  1.5v. The  s u b -  
s equen t  p o t e n t i a l  change  is s low and  dec reases  
g r a d u a l l y  to a b o u t  1.1v in  pur i f i ed  ac id  solut ions .  
The  s igni f icant  f e a t u r e  of such  d e c a y  cu rves  is t he  
p a r t i a l  p r e s s u r e  d e p e n d e n c e  a r o u n d  the  r e v e r s i b l e  
o x y g e n  po ten t i a l .  F i g u r e  4 shows  such d e c a y  cu rves  
at  o x y g e n  p a r t i a l  p r e s s u r e s  of 1.0, 0.1, and  0.01 a tm,  
r e s p e c t i v e l y .  The  p o t e n t i a l  s e p a r a t i o n s  a r e  16 m v  
and  13 m v  c o m p a r e d  to  t h e  t h e o r e t i c a l  v a l u e s  of 15m 
and  30 my,  a s s u m i n g  the  N e r n s t  e q u a t i o n  to  be  
a p p l i c a b l e  here .  

Partial pressure e~ect  at other potent ia ls . - -The 
p l a t i n u m - p l a t i n u m  o x i d e  s y s t e m  e x h i b i t s  m a n y  
p o t e n t i a l s  c o r r e s p o n d i n g  to d i f fe ren t  e l ec t rode  r e a c -  
t ions.  Of these  t he  1.1v p o t e n t i a l  o b s e r v e d  in  p u r e  
so lu t ions  c o r r e s p o n d s  to t he  r e a c t i o n  (4)  

Table I. Oxygen partial pressure effects 

Pressure range Potential change No. of  runs 

1 atm <--> 0.1 a tm 14 • 3 (my)  10 
1 a tm ~ 0.01 atm 25 ___ 4 (my)  6 

) 
w 

P = I  

/ 

/ 
I H R  "i 

T t M E  

Fig. 4. Decoy of potential on open circuit of oxygen electrodes at 
various oxygen partial pressures. 
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PtO2 -t- 2H + -t- 2 e -  ~- P t ( O H ) 2  [3]  

a n d  the  0.98v p o t e n t i a l  c o r r e s p o n d s  to  t h e  r e a c t i o n  
(5) 

P t ( O H ) s  -f- 2H § -b 2 e -  ~ P t  ~- 2H20 [4]  

The  0.84 p o t e n t i a l  is due  to  t he  p o t e n t i a l  d e t e r m i n -  
ing  r e a c t i o n  

P t ( O H )  -t- e -  ~ P t  § O H -  [5]  

This  l a t t e r  p o t e n t i a l  is o b t a i n e d  r e a d i l y  b y  the  a d d i -  
t ion  of h y d r o g e n  p e r o x i d e ,  a n d  as s h o w n  b y  Bockr i s  
a n d  Oldf ie ld  (6)  is o x y g e n  p a r t i a l  p r e s s u r e  i n d e -  
p e n d e n t ,  b u t  p H  de pe nde n t .  In  i m p u r e  so lu t ions  i t  
w a s  f o u n d  t h a t  t h e  p o t e n t i a l  d id  no t  s t ab i l i ze  a t  1.1v 
b u t  d r o p p e d  to 0.84v. This  is due  to t h e  o x i d a t i o n  of 
i m p u r i t i e s  a c c o m p a n i e d  b y  the  r e d u c t i o n  of o x y g e n  
in  a co r ros ion  l i ke  r e a c t i o n  (7 ) .  The  p r o d u c t  of o x y -  
gen  r e d u c t i o n  is h y d r o g e n  p e r o x i d e  (8, 9) w h i c h  
t h e n  sets  up  t h e  0.84v po ten t i a l .  I n  an  a t t e m p t  to  as -  
c e r t a i n  i f  a n y  p a r t i a l  p r e s s u r e  effect  was  e x h i b i t e d  
b y  t h e  1.1 a n d  0.98v po ten t i a l s ,  s i m i l a r  e x p e r i m e n t s  
w e r e  c a r r i e d  ou t  and  no s y s t e m a t i c  p a r t i a l  p r e s s u r e  
d e p e n d e n c e  was  obse rved .  The  e r r a t i c  and  l a r g e  
v a r i a t i o n s  a r e  due  to t he  a d s o r p t i o n  of o x y g e n  to 
va r i ous  e x t e n t s  b y  these  e lec t rodes .  S h o u l d  these  be  
even  m i x e d  p o t e n t i a l s  some  p a r t i a l  p r e s s u r e  d e p e n d -  
ence w o u l d  be  not iced .  W e  t h e r e f o r e  conc lude  t h a t  
t h e  p l a t i n u m  o x i d e  p o t e n t i a l s  c o r r e s p o n d i n g  to  1.1 
and  0.98v do no t  i nvo lve  m o l e c u l a r  oxygen .  

Conditions Sot establishing the reversible oxygen 
e lec trode. - -From t h e  above ,  i t  is e v i d e n t  t ha t  a 
r e v e r s i b l e  o x y g e n  e l e c t r o d e  can  be  set  up  on a 
p l a t i n u m  ox ide  sur face .  As  is to be  e x p e c t e d  w i t h  
c a t a l y t i c  sur faces ,  i t  is i m p o r t a n t  to o b t a i n  t h e  k i n d  
of su r f ace  on w h i c h  the  o x y g e n  e l e c t r o d e  r e a c t i o n  
can  p roc e e d  r e a d i l y .  The  e x c h a n g e  c u r r e n t  for  th is  
r e a c t i o n  is a b o u t  10 -1~ a m p  cm -2. H e n c e  the  e x -  
c h a n g e  c u r r e n t s  for  a l l  o t h e r  ox ide  r e a c t i o n s  shou ld  
be  s u p p r e s s e d  to b e l o w  th is  va lue ,  on ly  ther~ w i l l  t h e  
r e a c t i o n  a lone  be  p o t e n t i a l  con t ro l l ing .  I t  a p p e a r s  
n e c e s s a r y  to h a v e  a n o d i c a l l y  f o r m e d  ox ide  films. 
I t  was  a lso  f o u n d  e s sen t i a l  to l e t  t h e  ox ide  su r f ace  
be  e x p o s e d  to o x y g e n  gas  for  some t ime .  This  h a p -  
p e n e d  to be  t h e  t i m e  d u r i n g  w h i c h  the  so lu t ion  was  
p r e - e l e c t r o l y z e d .  The  neces s i t y  for  e x p o s u r e  to o x -  
y g e n  was  s h o w n  b y  p r e p a r i n g  two  e l ec t rodes  u n d e r  
i d e n t i c a l  cond i t ions  in t he  s a m e  cel l  and  solut ion.  
One  was  s u b m e r g e d  in  t he  solutior~ d u r i n g  p r e - e l e c -  
t ro lys i s ,  t h e  o t h e r  was  e x p o s e d  to t h e  o x y g e n  gas. 
The  p o t e n t i a l s  r e g i s t e r e d  b y  these  t w o  e l e c t rodes  
a r e  s h o w n  in Fig .  5. T h a t  w h i c h  was  s u b m e r g e d  
g ives  a s t e a d y  v a l u e  of 1.1v, w h i l e  t h e  o x y g e n  e x -  
posed  e l ec t rode  r e g i s t e r s  t he  r e v e r s i b l e  p o t e n t i a l  
s h o r t l y  a f t e r  i m m e r s i o n  in t h e  s a m e  e l ec t ro ly t e .  I t  
seems  l i k e l y  t h a t  t he  anod ic  ox ide  f i lm on p l a t i n u m  
is suff ic ient ly  po rous  or  p r e s e n t s  s i tes  s u i t a b l e  for  
the  a d s o r p t i o n  of o x y g e n  f r o m  the  gas  phase .  In  
con f i rma t ion  of th i s  v i e w  i t  m a y  b e  n o t e d  t h a t  t he  
a d s o r p t i o n  of  o x y g e n  b y  p l a t i n u m  o x i d e  to f o r m  
ox ides  of compos i t i on  PtO~ a n d  Pt204 in v a r y i n g  
ra t ios  h a v e  been  r e p o r t e d  (10) .  L i n g a n e  (11) has  
d e m o n s t r a t e d  t h a t  on ly  on a n o d i z e d  p l a t i n u m  of 
compos i t ion  P r o  -~ PtO2 in t h e  r a t i o  6:1 the  r e d u c -  
t ion  of m o l e c u l a r  o x y g e n  p roceeds  r e a d i l y .  The  
compos i t i ons  r e f e r r e d  to  m a y  be  r e g a r d e d  s i m p l y  as  
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Fig. 5. Effect of exposure to oxygen gas of anodized platinum 
electrodes. 

s to ich iometr ic  eq u i v a l e n t s  of adsorbed o x y g e n  on a 
p l a t i n u m  oxide  substrate.  The  corresponding ad-  

in a s ide react ion is exer t ing  potent ia l  control  in  
v e r y  smal l  quant i t i e s  ( less  than 10 - ~  m o l e s / l i t e r ) .  
W h e n  the  H202 concentrat ion  exceeds  10 -6  m o l e s /  
l i ter  the  potent ia l  is control led  b y  react ion [5]  and 
is 0 .84v as s h o w n  by  Bockris  and Oldfield. 

Experiments with gold electrodes.--Anodized gold 
e lectrodes  w e r e  also e x a m i n e d  as poss ib le  sub-  
strates for the  o x y g e n  e lectrode  reaction.  It was  
found  that  a var i e ty  of potent ia l s  in  the  range  1.34 
to 1.24v w e r e  obta ined depend ing  on the  current  
dens i ty  and durat ion  of  anodizat ion.  Cathodic  po-  
lar izat ion  of such e lectrodes  resu l ted  in plots  such 
as s h o w n  in Fig. 7. The  p r o x i m i t y  of the  revers ib le  
o x y g e n  potent ia l  to the  gold oxide  potent ia l  of  
1.236v can be m i s l e a d i n g  and the  cathodic  po lar iza -  
t ion  curves  are more  l i k e l y  to be  due  to the  reduc-  
t ion of gold ox ide  rather than  of o x y g e n  s ince  the  
rapid t ech n iq u e  was  used. It appears that  e x -  
posure  of pure gold e lectrodes  to o x y g e n  gas at 1 

sorption of  o x y g e n  f r o m  the  so lut ion  onto  the  s u b -  
merged  e lectrode w i l l  be dif fusion control led  and is 
probably  not  comparable  to the  rate of desorpt ion of 
the  oxygen .  The  decrease  of potent ia l  after about  
90 m i n  m a y  also be due  to this  loss  of o x y g e n  ac-  
t i v i t y  b y  desorption.  E x p e r i m e n t s  on the adsorption 
of o x y g e n  by  ox ide  are in progress  in these  labo-  
ratories and w i l l  be reported later. 

Cathodic polarization curves.--Attempts w e r e  
made  to obtain  the  cathodic  Tafe l  l ine  by  po lar iza -  
tion, but  s tart ing  f rom the  revers ib le  o x y g e n  po-  
tential .  It was  found  that  the  potent ia l s  w e r e  not  
s teady and did not  fa l l  on a smooth  l ine,  unt i l  a 
current  dens i ty  of about  10 -6  amp cm -2 wa s  reached 
( 1 2 - 1 7 ) .  Thereafter ,  a Tafe l  l ine  w i t h  gradient  about  
0.1 was  obta ined unt i l  the  o x y g e n  reduct ion  l i m i t -  
ing  current  was  reached.  On retracing the  po lar iza -  
t ion  curve  from h igh  current  dens i ty  to l o w  current  
dens i ty ,  potent ia l  p la teaus  as s h o w n  in Fig. 6, w e r e  
obtained.  Wi th  success ive  cyc les  the  potent ia l  p la -  
teau was  l o w e r e d  unt i l  it reached a l i mi t  of 0.84v, 
after  severa l  cycles .  This  l imi t  is also reached by 
the  addit ion of a f e w  drops of h y d r o g e n  peroxide.  
It therefore  appears l i k e l y  that  h y d r o g e n  perox ide  
produced as an in termedia te  in o x y g e n  reduct ion  or 
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Fig. 6. Cathodic polarization curves of reversible oxygen elec- 
trodes. 
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Fig. 7. Cathodic polarization curves of anodized gold electrodes 
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arm p res su re  resul t s  in  the fo rma t ion  of a gold 
oxide w i th  a s table  po ten t i a l  of 1.236v. Tha t  this  is 
not  the revers ib le  oxygen  po ten t i a l  is shown by  
Fig. 8 which  shows the effect of pa r t i a l  p ressure  
changes.  The  po ten t i a l  changes do not  fol low the 
Nerns t  equat ion.  I t  therefore  appears  u n l i k e l y  tha t  
a revers ib le  oxygen  electrode can be es tab l i shed  on 
gold or gold oxide substra tes .  
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The Mechanism of Hydrogen Evolution on Iron in Acid 
Solutions by Determination of Permeation Rates 
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ABSTRACT 

The permeat ion of electrolytic hydrogen in  Armco iron membranes  has 
been investigated by the electrochemical technique described elsewhere. In  
purified solutions it has been found that  the permeat ion rate  follows the equa-  
tions previously derived. This rate is inversely proport ional  to the thickness 
and to the surface coverage with atomic hydrogen ~. The intercept  of the 
plot of reciprocal of the permeat ion rate against  the thickness varies inversely 
as the coverage as also predicted by the equation. Anomalies in the thickness 
dependence often reported in the l i terature have been traced to the adsorption 
of impuri t ies  and to redeposited iron, which then l imit  the over-al l  permeat ion 
rate. The var iat ion of permeat ion with cathodic overpotential  has been deter-  
mined. It  is found that  at moderate  overpotentials d In e/d~ ~ F/4RT indicat-  
ing a slow discharge ra te -de te rmin ing  step followed by Tafel recombination.  At 
higher  overpotentials d In ~/d~l ~ O, indicat ing a constant  coverage brought  
about by a t ransi t ion to electrochemical desorption. In  confirmation of this 
mechanism attempts have been made to determine the pseudocapacitance of the 
electrode system by galvanostatic cathodic transients.  The results show the 
complete absence of pseudocapacity in acid solutions, thus proving that  dis- 
charge of hydrogen ions is the ra te -de te rmin ing  step. 

The d e t e r m i n a t i o n  of the  h y d r o g e n  evo lu t ion  
m e c h a n i s m  on i ron  electrodes is of more  t h a n  aca-  
demic in te res t  in  v iew of the prac t ica l  i m p o r t a n c e  
of this reac t ion  in  respect  to the  corrosion behav io r  
of iron.  Bockris  and  Koch (1) conc luded  f rom s tud -  
ies of the compara t ive  ra tes  of h y d r o g e n  and  deu -  
t e r i u m  evo lu t ion  on i ron  cathodes  tha t  the  r a t e -  
d e t e r m i n i n g  step was  slow discharge.  As has been  
shown  e lsewhere  d e t e r m i n a t i o n  of the degree  of 
coverage enables  the ident i f ica t ion of the  subse -  
quen t  steps (2, 3).  F r o m  the po in t  of v iew of me c h -  

1Presen t  address:  Centra l  Electrochemical  Research Institute,  
Karaikudi-3 ,  India.  

a n i sm  diagnosis  o~ly, it  is no t  necessa ry  to k n o w  
the absolu te  va lue  of the coverage,  b u t  on ly  its 
va r i a t i on  wi th  potent ia l .  Such i n f o r m a t i o n  can be 
r ead i ly  ob ta ined  f rom studies  of the  ra te  of p e r m e -  
ation. 

Experimental 
Permeation measurements .--Detai ls  of the cell 

and  a ux i l i a r y  appa ra tu s  used in  these e xpe r imen t s  
have  been  descr ibed  e l sewhere  (4) in  connec t ion  
wi th  p e r m e a t i o n  s tudies  on p a l l a d i u m  m e m b r a n e s ;  
on ly  the cell d i a g r a m  (Fig. 1) and  e lect r ical  c i rcui t  
(Fig. 2) are  g iven  here. F o r  these inves t iga t ions  
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J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

Fig. 1. Cell and pre-electrolysis vessel: A--Cathodic compart- 
ment of the pre-electrolysis cell. B--Anodic compartment of the 
pre-electrolysis cell. C, G--Saturated calomel electrodes. D, F I  
Auxiliary electrodes. E--Test electrode. 

FIG 2 

C~ / A  

T ~  ~VA 

Fig. 2. Electrical circuit: C~Cathodically polarized side of the 
test membrane. A--Anodically polarized side of the test membrane. 
Pc, PA--Auxiliary electrodes. Rc, RA--Reference electrodes. T m  
Electrical timer & coupled relay. 

Armco  i ron  sheets p r epa red  in  the  fo l lowing w a y  
were  used. Sheets  of va r ious  th ickness  were  de -  
greased in  benzene  and  hea ted  to 700~ in  an  a t -  
mosphere  of pu re  h y d r o g e n  and  a l lowed to annea l .  
The  m e m b r a n e s  were  t h e n  m o u n t e d  in  the  cell as 
descr ibed  e l sewhere  (4) .  The  anodic  c o m p a r t m e n t  
con ta ined  1N NaOH and,  to reduce  the  poss ib i l i ty  
of pass ivat ion,  this  side was  coated w i th  a t h in  elec-  
t rodeposi t  of pa l l ad ium.  This  t h in  coat ing did no t  
m a t e r i a l l y  affect the ra te  of p e r m e a t i o n  of a tomic  
h y d r o g e n  which  was ra te  cont ro l led  on ly  in  the  i ron  
m e m b r a n e  (5) .  

A t t e n t i o n  was paid  to pur i f ica t ion  of the  solut ion,  
and  p re -e lec t ro lys i s  was  car r ied  out  in  an  e x t e r n a l  
cell before  a d m i t t i n g  the  so lu t ion  in  to the  cell. In  
the  p e r m e a t i o n  studies,  the t r a n s i e n t s  were  r e -  
corded as descr ibed  ear l ie r  for  va r ious  cathodic 
po ten t ia l s  and  var ious  th icknesses  of the m e m b r a n e .  

Capacity determinations.--The capaci ty  of the 
i ron  electrode at va r ious  po ten t ia l s  was  measu red  
by  us ing  s ingle  sweep ga lvanos ta t i c  cathodic pulses.  
The electrode was polar ized  at a low cathodic c u r -  
r e n t  dens i ty  of abou t  10 -~ a m p / c m  -2 w i th  a s imple  
ga lvanos ta t i c  c i rcui t  cons is t ing  of two decade power  
resis tors  in  series and  a 120v d ry  ba t t e ry .  Across 
one decade box a fast  r ise t ime  m e r c u r y  re lay  was  
connec ted  so that ,  on closing the contacts,  the decade 
res is tance  box was  shorted.  Thus,  it  was  possible to 
ob ta in  a r ap id  change  of c u r r e n t  dens i ty  f rom a low 
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va l ue  to the  r e q u i r e d  h igh  va lue .  The  a t t e n d a n t  
change  in  po ten t i a l  m e a s u r e d  w i t h  respect  to calo-  
me l  re fe rence  e lect rode was  reg is te red  by  a T e k -  
t ron ix  535A oscilloscope w i t h  a type  D preampl i f ier .  
The  t race  was recorded  on Po la ro id  46-C fi lm wi th  
a T e k t r o n i x  C12 camera .  Ca lcu la t ions  were  made  
f rom t rac ings  on g r a ph  pa pe r  a t  a magni f i ca t ion  of 
4 per  cm of oscilloscope screen.  The e lec t ro ly te  so- 
lu t ions  used were  su l fur ic  acid, sod ium hydrox ide ,  
a nd  acetate  buffer  solut ions.  Al l  m e a s u r e m e n t s  were  
car r ied  out  at  room t e m p e r a t u r e  which  was  25 ~ -- 
2~ 

Results and Discussion 
Anomalies in the permeation.--A typ ica l  p e r m e a -  

t ion  t r a n s i e n t  is shown  in  Fig.  3. As shown  else-  
w h e r e  the  diffusion cons t an t  can  be ca lcu la ted  f rom 
this  cu rve  in  as m a n y  as five di f ferent  ways  (5, 6). 
Since the  i d e n t i t y  of the  diffusion cons tan t  D eva l -  
ua t ed  by  the var ious  me thods  has a l r eady  been  es- 
tabl i shed,  we  have  ca lcu la ted  D by  m e a s u r i n g  the  
t ime  t a k e n  for the  p e r m e a t i o n  to reach 0.6299 of its 
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Fig. 3. Typical permeation transient 
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Fig. 4. Plot of time lag versus L 2 for E = 1000 mV vs. $.C.E. 
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l imi t ing  value .  This  t ime  is the same as the  classical 
t ime  lag re la ted  to the  diffusion cons tan t  by  

T~ = 0.63 P| = T l a g  ~-~ L2/6D [i]  

where T~ = 0.63 P| is the time required for the 
permeation rate to attain 63% of the steady-state 
value and L is the thickness of the membrane. 

Hence a plot of Tp = 0.6299 P= vs. L 2 should be 
a straight line whatever the cathodic polarization 
conditions. Such a plot is shown in Fig. 4, and this 
linearity is the first proof of the constancy of the 
diffusion constant. A summary of these determina- 
tions for various thicknesses is presented in Table 
I. In the first place we may note that the diffusion 
constant is independent of thickness. Several in- 
vestigators have reported a variation of the diffu- 
sion constant with thickness when calculated ac- 
cording to the classical time lag method. Thus Pal- 
czewska and Ratajczyk (7) find that for diffusion 
from the gas phase the diffusion constant increases 
from about 3.8 X 10 -7 cm2/sec -1 for Armco iron 
membranes of thickness 0.02 cm to about 3.1 X 10 -6 
cm2/sec -1 for a thickness of 0.12 cm. They con- 
cluded that above a thickness of about 0.078 cm 
the diffusion constant is almost independent of 
thickness. It appears likely that this effect is due to 
the surface exerting a controlling influence on the 
diffusion. In our experiments in acid solutions we 
observed a black film of finely divided iron deposit- 
ing on the cathode if the solution was not ade- 
quately pre-electrolyzed and if the corrosive solu- 
tions were allowed to be in contact with the elec- 
trode without a cathodic protection current. When- 
ever such a film was formed the permeation current 
dropped to about 3 /m. Redeposited iron appears to 
be much less permeable to hydrogen as shown by 
Devanathan and Stachurski (8). Thus only mem- 
branes of sufficient thickness which have an over- 
all permeation rate much less than 3 #a will be 
unaffected by this film. All thinner membranes will 
show a constant permeation of 3 ~a whatever the 
thickness because this film controls the over-all rate 
of permeation. With careful purification and pre- 
electrolysis, complications due to surface control 
by this film can be avoided, and reliable permeation 
transients can be recorded. As shown elsewhere, the 
plot  of the  rec iprocal  of the  p e r m e a t i o n  ra te  aga ins t  
the th ickness  should be a s t ra igh t  l ine  (5, 6). In  

Table I. Diffusion coefficients measured for various thicknesses 

to, sec 
1 0  5 D ,  

L ,  c m  --  1 0 0 0  m y  - -  1 4 0 0  m y  c m 2 / s e c  

0.129 33.0 - -  8.4 
0.129 - -  33.7 8.2 
0.104 20.1 - -  8.9 
0.104 - -  21.0 8.6 
0.079 16.0 - -  6.5 
0.079 - -  12.4 8.4 
0.059 8.7 - -  6.6 
0.059 - -  7.0 8.3 
0.026 3.2 - -  3.5 
0.026 - -  2.6 4.3 
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F igu re  5 we show such a plot  for f i lm-f ree  iron.  The 
above resul t s  a nd  those ob ta ined  w i t h  p a l l a d i u m  
(4) show tha t  a t t e n t i on  m u s t  be paid  to r e m o v i n g  
films which  can  cont ro l  p e r m e a t i o n  w h e n  p re sen t  at 
the surface  (8) .  

I t  has been  shown  e l sewhere  t ha t  the  ra te  of 
p e r m e a t i o n  of h y d r o g e n  u n d e r  these e x p e r i m e n t a l  
condi t ions  should  fol low the  equa t ion  (5, 6) 

1/P = L kbs/D 8 ksb + 2/8 ksb [2] 

where  P is the  p e r m e a t i o n  ra te  t h r ough  a m e m b r a n e  
of th ickness  L a nd  diffusion cons tan t  D, a nd  ksb and  
kb~ are  the  ra te  cons tan t s  for  the  t r ans f e r  of a tomic 
h y d r o g e n  f rom the  me t a l  surface  to the  me t a l  bu lk  
and  vice versa. U n d e r  po ten t ios ta t ic  cont ro l  the 
coverage  of the  cathode w i th  h y d r o g e n  atoms ~ wi l l  
be constant .  Hence  at  cons t an t  7, Eq. [2] predic ts  a 
l i nea r  plot  for 1 / P  vs. L. The slope a nd  in te rcep t  
are bo th  d e p e n d e n t  on the  rec iprocal  of 8. Since in  
genera l  8 is l a rge r  the  h ighe r  the  ~ va lue ,  for h igh 
overpotent ia l s ,  bo th  the  g r ad i en t  a nd  the  in te rcep t  
should  be smal ler .  

Such  plots for i ron  in  an  acetate  buffer  of pH 3.6 
and  in  0.1N H2SO4 are g iven  in  Fig. 5 and  6, respec-  
t ively.  I t  is e v i de n t  tha t  the  pred ic t ions  of Eq. [2] 
are  bo rne  out, a nd  this  is the  first proof of the va l id -  
i ty  of the a s sumpt ions  used in  its de r iva t i on  (5, 6). 
One of these  is tha t  the  r a t e  cons tan t s  ksb and  kbs 
be la rge  compared  to the  diffusion constant .  F r o m  
these plots it is possible to eva lua te  kb~ since 8ksb is 
k n o w n  f rom the  in te rcep t  a nd  D is also k n o w n  in -  
dependen t ly .  The  order  of m a g n i t u d e  of kbs has 
b e e n  found  to be 10 -8 cm2/sec -1, wh ich  is l a rger  
t h a n  the  va l ue  of D. I t  wi l l  no t  be possible  to eva l -  
ua te  ksb u n t i l  the  absolu te  va lue  of 8 is ob ta ined  by  
i n d e p e n d e n t  methods.  

Mechanism of the hydrogen evolution reaction on 
i r o n . - - T h e  fo l lowing  stages are possible  for the 
h y d r o g e n  evo lu t ion  reac t ion  on iron. 
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Fig. 5. Plot of reciprocal of permeation rate against thickness for 
D calculated from slope (Fig. 4) 8.3 various potentials in acetate buffer of pH 3.6. 
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Fig. 6. Plot of reciprocal of permeation rate against thickness in 
0.1N sulfuric acid. 

Fe + H  + + e - - - > F e H  (A) 

Fel l  + Fel l  + -> 2Fe -}- H2 (B) 

F e H - F H  + + e - ~ F e + H 2  (C) 

In order to obtain information regarding mechan-  
isms, the results of the permeation plots shown in 
Fig. 5 and 6 were analyzed as follows. The slope of 
the 1 / P  vs .  L plot at constant v is according to [2] 
given by 

g = k b s / D  ksbO [3] 
Hence 

d In O/dv  = - -  d In g / d r  [4] 

and the slope in a plot of In g vs .  ~ o r  E(SCE) yields 
the negative of d i n  O/dn. This derivative has char-  
acteristic values for certain mechanism sequences. 

Thus if the reaction sequence involves the rate-  
determining slow discharge (A),  followed by rapid 
Tafel recombination (B), then in the steady state 
we have 

.-> 

i c =  kD ( 1 - - 0 )  exp ( - - a F v / R T )  = kTB 2 [5] 

When discharge is rate determining, 8 is usually 
small, and in the limit of small 0, we may write 
the approximate form 

0 = ( -kD/kT)  1/2 exp (-- a F v / 2 R T )  [6] 

Noting that a is 0.5, since the Tafel plot has a slope 
1 of 2 . 3 0 3 ( 2 R T / F ) ,  logarithmic differentiation of 
[6] yields 

d In O/d v = - -  F / 4 R T  [7] 

If the reaction sequence is the ra te-determining 
discharge (A) followed by fast electrochemical de- 
sorption (C) then for the steady state we have 
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Fig. 7. Plot of log g vs .  E ( S . C . E . )  for: 1. Acetate buffer pHa; 2. 
0.1N Sulfuric acid; 3.0.hN Sulfuric acid. 

.-> 

ic = kD (1 - - 0 )  exp  ( - - ~ F ~ / R T )  = 

kE e exp (-- a F ~ / R T )  [8] 
Hence 

___> _~ 

8 / ( 1 -  8) = k E / k D  = constant [9] 

That is 0 is potential independent, i .e. ,  

d In O/dv  ---- 0 [10] 

We show in Fig. 7 plots of log g v s .  E ( s c E )  for the 
various solutions. The curves consist of two linear 
sections. The first has a slope of about 0.36v -1 
compared to [ ( 2 . 3 0 3 ) 4 R T / F ]  -1  which is 0.42v -1, 
the second has zero slope. Hence in the above solu- 
tions the mechanism of the hydrogen evolution 
reaction must be slow discharge always; followed 
by Tafel recombination at low overpotentials and 
electrochemical desorption at high overpotentials. 

P s e u d o c a p a c i t y . - - W i t h  iron in acid solutions, the 
view that electrochemical desorption might be rate 
determining has also been suggested. Should this 
be the case then the preceding step (A) must be in 
equilibrium unless (A) is irreversible. In this case 
as shown by Bockris and Kita (9) a pseudocapacity 
should be observed. A typical transient used in 
evaluating the double layer capacity is shown in 
Fig. 8. The capacity in regions where the faradaic 
current is negligible is found to be about 40 ~F (see 

CATHODIC CURRENT 4 rnA/cm t 

J (IN Na2S04, INFeS04, H2SO4)pH 5.5 

~ ~ (raN H2S04) 

/ 

~ J I l i I 
[ 2 5 4 5 MILLISEC 

TiME 

Fig. 8. Cathodic charging transient for iron at the corrosion 
potential in acid solution and in ferrous solution. 
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Fig. 9. Plot of differential capacity at 80% of steady state 
potential vs. E(N.H.E.) for iron in acid solutions. (Capacities were 
calculated from galvanostatic transients for various current den- 
sities.) 

Fig.  9) .  These  va lue s  a r e  m u c h  too c lose  to the  
doub le  l a y e r  va lues ,  and  i t  is r e a s o n a b l e  to conc lude  
the  absence  of p s e u d o c a p a c i t y .  This  r e s u l t  also con-  
f i rms the  m e c h a n i s m s  sugges t ed  a l l  of w h i c h  i nvo lve  
d i s c h a r g e  as t h e  r a t e - d e t e r m i n i n g  step.  

The  h igh  c a p a c i t y  r e p o r t e d  for  i ron  in f e r r o u s  
su l f a t e  su l fu r i c  ac id  so lu t ions  a p p e a r s  to be  d e p e n d -  
en t  on the  ca thod ic  c u r r e n t  d e n s i t y  used.  Thus  as 
s h o w n  in T a b l e  I I  ( p a r t  A )  a t  l ow  c u r r e n t  dens i t i e s  
t he  c a p a c i t y  is a p p r o x i m a t e l y  t he  s ame  w h e t h e r  
f e r r o u s  ions  a r e  p r e s e n t  o r  not .  H o w e v e r ,  a t  h igh  
c u r r e n t  dens i t ies ,  in  f e r rous  ion  con ta in ing  so lu t ions  
only ,  an  i nc rea se  in c a p a c i t y  to a b o u t  200 #F is ob -  
s e r v e d  ( T a b l e  II ,  p a r t  B ) .  W h e n e v e r  such  h igh  c a -  
pac i t i e s  w e r e  e n c o u n t e r e d  the  i r on  ca thode  was  
f o u n d  to h a v e  a coa t ing  of an  i r on  e l ec t rodepos i t .  
A t  t he  s ame  ca thod ic  c u r r e n t  d e n s i t y  in f e r r o u s  ion 
f ree  so lu t ion  the  c a p a c i t y  was  s t i l l  a b o u t  30 #F. 
The re fo re ,  i t  a p p e a r s  p r o b a b l e  t h a t  t he  l a r g e  v a l u e s  
of p s e u d o c a p a c i t y  r e p o r t e d  a r e  due  to a h igh  f a r a -  
da ic  c o n t r i b u t i o n  w h e n e v e r  t he  c u r r e n t  d e n s i t y  is 
sufficient  for  f e r rous  ion  d i scha rge .  

Conclusions 
F r o m  the  a b o v e  i t  is c l ea r  t h a t  t he  m e c h a n i s m  of 

the  h y d r o g e n  evo lu t i on  r e a c t i o n  is r a t e - d e t e r m i n i n g  
d i s c h a r g e  fo l l owed  b y  Ta fe l  r e c o m b i n a t i o n  at  low 
o v e r p o t e n t i a l ,  and  e l e c t r o c h e m i c a l  d e s o r p t i o n  a t  h igh  

Table II. Double layer capacity (~F/cm 2) from the initial slopes 
of the galvanostatic transients 

(1N FeSO~, 1N Na2SO4) 
a d j u s t e d  w i t h  I-IaSO~ 

i, m a / c m  ~ 0.1N H2SO4 to  p H  3.5 

A 

B 

0.81 28 35 
1.6 27 30 
4.1 24 30 

8.1 25 69 
12.2 - -  104 
16.3 25 184 
32.5 27 158 

o v e r p o t e n t i a l  ( >  600 m v ) .  These  conc lus ions  a r e  
also in h a r m o n y  w i t h  t he  f indings  of F r u m k i n  (10) ,  
who  used  a q u a l i t a t i v e  m e t h o d  of e s t a b l i sh ing  the  
m e c h a n i s m .  ( B y  o b s e r v i n g  the  inc rease  or  dec rea se  
of o v e r p o t e n t i a l  a t  cons t an t  c u r r e n t  of one s ide  of 
an  i ron  m e m b r a n e ,  w h e n  a d d i t i o n a l  h y d r o g e n  p e r -  
m e a t e s  on c a t h o d i c a l l y  p o l a r i z i n g  the  oppos i t e  s ide.)  
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Manuscr ip t  received Nov. 2, 1962. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Sect ion to be  publ i shed  in the  December  1964 
JOURNAL. 
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Kinetics of the Aging of Anodic Oxide Film on Iron 

Norio Sato' and Morris Cohen 

Division o$ Applied Chemistry, National Research Council, Ottawa, Ontario, Canada 

In  a p rev ious  s tudy  (1) of the k ine t ics  of anodic  
oxide film g rowth  on i ron in  a n e u t r a l  solut ion,  it  
was  found  tha t  the  ra te  of t h i cken ing  of the  oxide 
at  cons tan t  po ten t i a l  var ies  wi th  the  fi lm th ickness  
in  accordance  w i t h  the  equa t i on  

i - - - - A e x p  ----B-- [1] 

whe re  QT is the  a m o u n t  of charge accumula t e d  in  
the  film and  A and  B are constants .  In  the process 
of anodic  ox ida t ion  there  is m o v e m e n t  of bo th  the 
i ron  and  oxygen  ions. If, af ter  an  oxide film has 
been  formed,  the  supp ly  of oxygen  ion is cut  off 
by  r e m o v i n g  the  so lu t ion  f rom the  e lect rolyt ic  cell, 
the  i ron  ion m a y  con t inue  to flow to a n e w  reac t ion  
zone to change  the composi t ion  of the  oxide. A pos-  
s ible  reac t ion  is 

Fe  + Fe203-~ 3Fe304 

There  is a l r e ady  some ev idence  for this  process for 
bo th  anodic oxide films (2) and  w i t h  films fo rmed  
by  d ry  ox ida t ion  (3) .  The purpose  of the  p resen t  
s t udy  was  to compare  the k ine t ics  of the  aging proc-  
ess wi th  those of the anodic  ox ida t ion  process. 

Experimental Procedure 
The methods  and  ma te r i a l s  used have  been  de-  

scr ibed (1 ) ;  the  spec imen  was  e lect ropol ished F e r -  
rovac  i ron  sheet  and  the so lu t ion  was  an  e q u i - v o l -  
u m e  m i x t u r e  of 0.15N boric  acid and  0.15N sodium 
bora te  (pH ---- 8.43). In  a recen t  s tudy  (4) the  
cathodic r educ t ion  of the anodic  oxide film on i ron  
in  the same so lu t ion  as above  has been  s tud ied  a nd  
the  r educ t ion  efficiency of the  i n n e r  "Fe304" l aye r  
of the  oxide fi lm at  the  second wave  of the ca th -  
odic r educ t ion  curve  has been  es t ima ted ;  the  effi- 
c iency was  in  the  r ange  41.1-43.1% wi th  an  ave rage  
of 42.0% for the  oxide film formed  in  the  p o t e n -  
t ia l  r ange  + 0 . 1 - + 0 . 8 v  re fe r red  to the  s a tu ra t ed  
calomel  e lect rode (SCE) .  This  was appl ied  here  as 
a conven i en t  me thod  to measu re  the th ickness  of 
t he  i n n e r  "Fe304" layer .  

Before  the  m e a s u r e m e n t  the a i r - f o r m e d  or pas -  
sive oxide film on the  spec imen  was  r emoved  by  
cathodic r educ t ion  at  10 /~a/cm 2, wh ich  was  fol-  
lowed b y  the  r e n e w a l  of the  solut ion.  The  spec imen  
then  was  anodica l ly  oxidized at a cons t an t  p o t e n -  
t ia l  of + 0.700v (SCE scale) at  25 ~ +_0.1~ for a 
per iod of 1 hr  to es tab l i sh  an  oxide film of defini te  

z P r e s e n t  a d d r e s s :  F a c u l t y  o s  Engineer ing ,  H o k k a t d o  Unive r s i ty ,  
Sapporo ,  J a p a n ,  

th ickness .  Af te r  the ox ida t ion  was  s topped by  r a p -  
id ly  pu l l i ng  the  so lu t ion  out, the  oxidized spec imen  
was kep t  in  the  cell at  the same t e m p e r a t u r e  in  a 
cons tan t  flow of pur i f ied n i t r o g e n  gas for different  
specified t imes  of aging before  be ing  i m m e r s e d  
aga in  in  the  solut ion.  S u b s e q u e n t  m e a s u r e m e n t  of 
the  cathodic r educ t ion  curve  shows the  change  in  
the th ickness  of the  i n n e r  "Fe304" l ayer  caused by  
the  aging.  

Results 
F i g u r e  1 shows the  change  in  the a m o u n t  of 

clharge Q2 associated wi th  the  second w a v e  of ca th-  
odic r educ t ion  curve  w i th  t ime  of aging.  F r o m  the 
da ta  the  m e a n  film th ickness  and  m e a n  ra te  of 
t h i cken ing  of the  i n n e r  "Fe304" l ayer  d u r i n g  speci-  
fied t ime  in t e rva l s  can  be ca lcu la ted  respec t ive ly  as 
fol lows 

i : 71(AQ2/• 

where i is the rate of thickening, Qz the mean thick- 
ness of "Fe304" layer expressed in terms of the 

amount of charge Q2 required to reduce it to metallic 
iron, and ~ the current efficiency in cathodic reduc- 
tion. The results of the calculation are plotted in a 
semilogarithmic fashion in Fig. 2. A straight line 
can be drawn to fit the calculated data with the 
equation 
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Fig. 1. Change in the amount of charge associated with the 
second wave of cathodic reduction curve during aging. 
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Fig. 2. Chonge in the rote of  growth of  the inner mognet i te layer 
with its thickness. 

w h e r e  A and  B a re  cons tan ts .  
The  r a t e  e q u a t i o n  thus  o b t a i n e d  f rom the  r e su l t  

is of the  s ame  f o r m  as Eq. [1] ,  a n d  c o n s e q u e n t l y  
one can  c o m p a r e  the  k ine t i c s  of  bo th  ag ing  and  
anodic  o x i d a t i o n  b y  c o m p a r i n g  the  v a l u e  of con-  
s t a n t  B of t he  r a t e  equa t ions .  F r o m  the  s lope  of 
the  s t r a i g h t  l ine  in Fig .  2 the  v a l u e  of B for  the  
ag ing  r e a c t i o n  is c a l c u l a t e d  to b e  

B = 0.055 m C / c m  2 [3]  

and  i t  is c o m p a r e d  w i t h  t he  v a l u e  of  B (B = 0.430 
m C / c m  2, 25~ o b t a i n e d  fo r  t h e  anod ic  o x i d a t i o n  
(1) .  I t  is seen  t h a t  the  v a l u e  of B for  t he  ag ing  
r e a c t i o n  is a b o u t  o n e - e i g h t h  of t h a t  for  t he  anodic  
ox ida t i on ;  in o t h e r  w o r d s  t he  dec rease  in t he  r a t e  
of m a g n e t i t e  l a y e r  t h i c k e n i n g  d u r i n g  the  ag ing  is 
abou t  e igh t  t i m e s  f a s t e r  t h a n  the  d e c r e a s e  in  t he  
r a t e  of  anod ic  ox ide  f i lm t h i c k e n i n g  d u r i n g  the  
p o t e n t i o s t a t i c  ox ida t ion .  

Discussion 
D u r i n g  ag ing  the  i n n e r  m a g n e t i t e  l a y e r  t h i c k e n s  

b y  a r e a c t i o n  b e t w e e n  t h e  u n d e r l y i n g  i r o n  and  the  
~/-Fe203 w h i c h  composes  t he  o u t e r  l a y e r  of  the  
ox ide  film. Consequen t ly ,  t he  o v e r - a l l  r e a c t i o n  of 
ag ing  is w r i t t e n  as  

Fe + 47-Fe2Os-~ 3 FesO4 [4] 

This reaction will be compared with the reaction of 
anodic oxidation which can be written as 
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2Fe + 3 O H -  --> T-Fe203 + 3I'I + + 6e [5]  

In  t he  s t r i c t  sense,  be c a use  of t he  d u p l e x  s t r u c t u r e  of 
t he  film, t he  r e a c t i o n  of anod ic  o x i d a t i o n  shou ld  be  
w r i t t e n  as  

2Fe  + n O H -  -~ F e O n  + n H  + + 2he 

b u t  t h e  v a l u e  of n c a l c u l a t e d  f r o m  the  compos i t ion  
of anodic  ox ide  f i lm is so close to 3 t h a t  for  t he  
p r e s e n t  p u r p o s e  one can  w r i t e  t he  anod ic  r e a c t i o n  
as Eq. [5] ;  d u r i n g  the  anod ic  o x i d a t i o n  the  r a t i o  
of t he  m a g n e t i t e  l a y e r  to t he  t o t a l  ox ide  fi lm was  
e s t i m a t e d  as 10~20% w h i c h  c o r r e s p o n d s  to 2.91,~ 
2.95 for  t he  v a l u e  of n (4 ) .  

S ince  the  r e a g e n t s  i n v o l v e d  in r e a c t i o n  [4]  a r e  
a l l  sol id  s ta te ,  t he  d r i v i n g  force  of the  r eac t i on  
shou ld  be  cons t an t  in t he  course  of aging.  In  the  
anodic  o x i d a t i o n  the  d r i v i n g  force  is also m a i n -  
t a i n e d  cons t an t  a t  cons t an t  e l ec t rode  po ten t i a l .  A c -  
co rd ing ly ,  i t  is r e a s o n a b l e  to c o m p a r e  the  r a t e  e q u a -  
t ion  of t he  r eac t i on  of ag ing  w i t h  t h a t  of  p o t e n t i o -  
s t a t i c  ox ida t ion .  The  r e su l t s  show t h a t  t he  r a t e  of 
m a g n e t i t e  l a y e r  t h i c k e n i n g  d u r i n g  the  ag ing  obeys  
a k ine t i c  e q u a t i o n  of  t he  s a m e  f o r m  as t h a t  of t he  
p o t e n t i o s t a t i c  g r o w t h  of anod ic  ox ide  b u t  the  con-  
s t an t  B in t h e  e q u a t i o n  dif fers  c o n s i d e r a b l y  in t he  
ag ing  and  anod ic  ox ida t ion .  

In  b o t h  anod ic  o x i d a t i o n  and  ag ing  t h e r e  is a 
flow of i r on  t h r o u g h  the  ox ide  to t he  s i te  of r e a c -  
t ion.  E q u a t i o n  [4]  shows  t h a t  d u r i n g  the  ag ing  the  
f low of 1 g - a t o m  of i ron  causes  t h e  t r a n s f e r  of 12 
g - a t o m  of o x y g e n  f rom t h e  ~/-ferr ic  ox ide  l a y e r  to 
t he  m a g n e t i t e  l aye r .  On the  o t h e r  hand ,  t he  flow of  
1 g - a t o m  of i r on  d u r i n g  the  anod ic  o x i d a t i o n  g ives  
r i se  to t he  i n t r o d u c t i o n  of 1.5 g - a t o m  of o x y g e n  
f r o m  the  so lu t i on  ( p r o b a b l y  f r o m  a d s o r b e d  O H -  
ion)  in to  t he  ox ide  film. In  t he  p r e v i o u s  p a p e r  (1)  
B was  r e l a t e d  to t he  r e - a r r a n g e m e n t  of i ron  and  
o x y g e n  in  t he  film. The  n u m b e r  of o x y g e n  ions r e -  
q u i r e d  to r e a r r a n g e  t h e m s e l v e s  p e r  g r a m  a t o m  of 
i ron  is e igh t  t i m e s  as l a r g e  in  the  case  of  the  ag ing  
e x p e r i m e n t  as in  t he  case  of t he  anod ic  ox ida t ion ,  
a n d  h e n c e  t h e  r a t e  of t he  r e a c t i o n  shou ld  be  one -  
e igh th  as fast .  This  is w h a t  is o b s e r v e d  e x p e r i -  
m e n t a l l y .  

Manuscr ip t  rece ived  May 7, 1963. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Sect ion to be pub l i shed  in  the  December  1964 
J O U R N A L .  
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Oxidation of Pyrolytic Carbon 1000 ~ to 1S00~ 
and Oxygen Pressures of 2 to 38 Torr 

E. A. Gulbransen, K. F. Andrew, and F. A. Brassart 
Physical Chemistry Department, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

In  a recen t  paper  (1) we  p resen ted  a s tudy  of the  
ox ida t ion  charac ter is t ics  of spectroscopic grade  
g raph i te  hav ing  a dens i ty  of 1.6. Below 800~ a 
chemical  cont ro l led  reac t ion  m e c h a n i s m  was found.  
Above  800~ the  reac t ion  was  l imi t ed  by  e i ther  
a chemical  cont ro l led  process or gas diffusion con-  
t ro l led  process. The t r a n s i t i o n  b e t w e e n  the two 
mechan i sms  depends  on the  pressure ,  sample  size, 
and  the  n a t u r e  of the  reac t ion  system. 

Py ro ly t i c  ca rbon  (2) ,  h a v i n g  a dens i ty  of abou t  
2.1, is a more  dense fo rm of ca rbon  t h a n  the  spec-  
troscopic grade  graphi tes  and  is h igh ly  anisotropic.  
Py ro ly t i c  ca rbon  is n e a r l y  i m p e r m e a b l e  to gases, 
and  its ox ida t ion  ra te  is said to be less t h a n  tha t  of 
spectroscopic grade  graphi tes  by  a factor  of 1/3 to 
1/10 (2).  Theore t i ca l ly  the  ox ida t ion  ra tes  should  
depend  on the  poros i ty  and  p e r m e a b i l i t y  if the  i n -  
t e r n a l  surfaces of the  g raph i t e  pa r t i c ipa te  in  the  
react ion.  This difference in  ox ida t ion  ra tes  should  
no t  exist  in the gas diffusion cont ro l led  reg ion  of 
oxidat ion.  

This  paper  shows tha t  pyro ly t ic  and  a spect ro-  
scopic grade  of g raph i te  oxidize w i th  n e a r l y  i de n -  
t ical  ra tes  in  the gas diffusion reg ion  of the ox ida-  
t ion  process. 

The pyro ly t ic  g raph i t e  has the fo l lowing  ana lyses  
in  par t s  per  mi l l ion :  N a i l 0 ,  K ~ 1 0 ,  L i~10 ,  B a ~ l ,  
S r ~ l ,  Cr~10 ,  Ca 2, Cu 2, A g ~ l ,  Co~10,  T i l l 0 ,  
Z n ~ 1 0 ,  S r~10 ,  Cd~10,  Mo<lO,  V~10 ,  AI~10,  
B i l l 0 ,  Nb~10 ,  W~100 ,  Si 2, M g ~ l ,  M n ~ 1 0 ,  Fe<10 ,  
Z r~10 ,  B ~ I ,  As~100.  F l a t  plates  of pyro ly t ic  car -  
bon  were  cut and  m a c h i n e d  into cy l inders  h a v i n g  
a weight  of 0.93g and  surface  areas of abou t  3.4 cm 2. 

The e x p e r i m e n t a l  me thod  was descr ibed in  an  
ear l ie r  paper  (1) .  

Results and discussion.--Weight l o s s - t ime  curves  
were  made  at 5 pressures  for t e m p e r a t u r e s  b e t w e e n  
1000 ~ and  1500~ Since  the  surface area  changed  
d u r i n g  react ion,  the  r a t e  of reac t ion  dw/d t  de-  
creased wi th  t ime.  To compare  the  ra tes  of ox ida-  
t ion, dw/dt  was eva lua t ed  at  t ime  t = 0 us ing  the  
di f ferent ia l  fo rm of Lag range ' s  i n t e rpo la t ion  for -  
m u l a  (3) .  

Table  I summar izes  the  ra te  da ta  for pyro ly t ic  
carbon.  The ra tes  of ox ida t ion  are g iven  in  un i t s  of 
g rams  of C or a toms of C reac t ing  per  cm2-sec. The  
da ta  show the  reac t ion  to be insens i t ive  to t e m -  
p e r a t u r e  b e t w e e n  1000 ~ to 1500~ The  effect of 

p ressure  on the ra t e  of ox ida t ion  is also small .  For  
the t e m p e r a t u r e  r a n g e  of 1000~176 the  data  
can be fit ted to the  equa t ion  

dw 
- -  K P  ~176 [1] 

dt 

Here  dw/dt  is the  rate,  P is the  p ressure  in  Torr,  
and  K is a constant .  

In  our  ear l ie r  pape r  (1) on the  ox ida t ion  of 
spectroscopic grade  of graphi te ,  we  devised an  e m -  
pi r ica l  equa t ion  to exp la in  the  ra tes  of ox ida t ion  
as a func t ion  of t e m p e r a t u r e  for the t e m p e r a t u r e  
region  800~176 A n  equa t ion  of the  same type  
can be used to exp la in  the  resu l t s  for pyro ly t ic  car-  
bon wi th  the  except ion  t ha t  the  cons tan t  1.86 x 
10 -6 m u s t  be mu l t i p l i ed  by  the  factor  r e l a t ing  the  
spec imen  surface a rea  6.3/3.3. The ra tes  of ox ida-  
t ion  in  the gas diffusion reg ion  of ox ida t ion  were  
inve r se ly  p ropor t iona l  to the  surface  a rea  (1) .  

The fo l lowing empi r ica l  equa t i on  exp la ins  the  
ra tes  of ox ida t ion  

dw 3600 
= 3.5 x 1 0  - 6  P 0"32-+0"1 e -  . I  [ 2 ]  

dt RT 

Here  dw/dt  is in  g/cm2-sec,  P is the  p ressure  in  

Table I. Summary of data, oxidation pyrolytic carbon 
S a m p l e  a r e a s ,  3.18-3.46 c m  ~, s a m p l e  w e i g h t  0.92-0.94g 

React ion  condit ions  Rates  of react ion 

Temp,  Pressure,  dw/d t  dW/dt 
~ Torr g /cm2-sec  a tom C/cm~-sec  log  dn'/dt 

1200 2 1.47 X 10 -6 7.38 X 1616 16.87 
1400 2 1.58 X 10 -6 7.93 X 1016 16.90 
1500 2 1.49 X 10 -6 7.48 X 1016 16.87 

1200 5 2.56 X 10 -6 1.29 X 1017 17.11 
1400 5 2.47 X 10 - s  1.24 X 1017 17.09 
1500 5 2.44 X 10 -6 1.22 X 1017 17.09 

1200 9.5 3.03 X 10 -6 1.52 X 1017 17.18 
1400 9.5 2.78 X 10 -6 1.40 X 1017 17.15 
1500 9.5 3.03 X 10 -6 1.52 X 1017 17.18 

1200 19 2.69 X 10 .-8 1.35 X 1017 17.13 
1400 19 3.69 X 10 -6 1.85 X 1017 17.27 
1500 19 3.17 X 10 -6 1.59 X 1017 17.20 

1000 38 3.17 X 10 -6 1.59 X 1017 17.20 
1200 38 3.50 X 10 -6 1.76 X 1017 17.25 
1400 38 3.47 X 10 - 6  1.74 X 1017 17.24 
1500 38 4.50 X 10 - 6  2.26 X 1017 17.35 
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Fig. I .  Log dn'/dt vs. 1/T,  ablation pyrolytic carbon, 38 Torr 
02, 1000~176 A-B, chem control graphite; B-C, extrapolated; 
area ACD diffusion controlled; G, kinetic theory; E, experimental' 
data 3.2 cm 2 samples; D, comparison data, graphite, 6.2 cm2; F, 
same but for 1.2 cm 2 samples. 

Torr, R is the gas constant, and T is the absolute 
temperature. 

Figure 1 shows a log dn'/dt vs. I/T graph of the 
data obtained at 38 Tort oxygen pressure together 
with our data obtained on spectroscopic grade of 
graphite. Line AB and its extension BC represents 
data obtained on spectroscopic grade of graphite 
for the chemical controlled region of oxidation. 
Line ABD was obtained using 6.0-6.3 cm 2 samples 
of spectroscopic grade of graphite. Line ABF was 
o b t a i n e d  us ing  1.2 cm 2 s a m p l e s  of spec t roscop ic  
g r a d e  of g raph i t e .  L ine  A B E  is t he  p r o j e c t e d  l ine  
for  t he  s a m e  m a t e r i a l  us ing  3.2 cm 2 samples .  The  
c i rc led  po in t s  r e p r e s e n t  the  e x p e r i m e n t a l  d a t a  for  
p y r o l y t i c  c a r b o n  us ing  3.3 cm ~ samples .  The  p y r o -  
ly t i c  c a r b o n  d a t a  a r e  in  e x c e l l e n t  a g r e e m e n t  w i t h  
t he  r e su l t s  p r e v i o u s l y  found  for  spec t roscop ic  g r a d e  
of g raph i t e .  

A log  d n ' / d t  vs .  1 / T  plo t  was  also m a d e  for  2 
To r r  p re s su re .  A s im i l a r  a g r e e m e n t  was  found  for  
the  two  sets  of o x i d a t i o n  da ta .  

L ine  G of Fig.  1 shows  the  c a l c u l a t e d  va lue s  of 
d n ' / d t  f r o m  k ine t i c  t h e o r y  a s s u m i n g  CO as t he  
r e a c t i o n  p roduc t .  

W e  i n t e r p r e t  Fig .  1 as  fo l lows :  two  d i f f e ren t  t y p e s  
of o x i d a t i o n  processes  ex i s t  (a )  chemica l  c on t ro l l ed  
o x i d a t i o n  and  (b)  gas  d i f fus ion  c o n t r o l l e d  o x i d a -  
t ion.  F o r  spec t roscop ic  g r a d e  of  carbon ,  t he  c h e m -  
ical  c on t ro l l e d  r eg ion  is l ine  A B C  and  the  gas d i f -  
fus ion  c on t ro l l e d  r eg ion  l ies  to t h e  r i g h t  of l ine  
ABC. F o r  p y r o l y t i c  ca rbon ,  t h e  c h e m i c a l  c on t ro l l ed  
r eg ion  of o x i d a t i o n  has  no t  been  d e t e r m i n e d .  The  
e x p e r i m e n t s  d i scussed  in th i s  p a p e r  in  T a b l e  I, 
Eq. [1] ,  and  Fig.  1 a r e  a l l  in t h e  gas d i f fus ion con-  
t r o l l e d  r eg ion  of ox ida t ion .  The  gas  di f fus ion con-  
t r o l l e d  r eg ions  a r e  c h a r a c t e r i z e d  b y  the  fo l lowing :  
( i )  a s m a l l  t e m p e r a t u r e  and  p r e s s u r e  d e p e n d e n c e  
and  ( i t )  t he  r a t e s  of o x i d a t i o n  d n ' / d ~  a re  d e p e n d e n t  
on su r f ace  a r ea  A b y  the  e q u a t i o n  

d n ' / d t  �9 A = k [3]  

W e  conc lude  t h a t  p y r o l y t i c  c a rbon  a n d  s p e c t r o -  
scopic g r a d e  of g r a p h i t e  ox id ize  w i t h  n e a r l y  i d e n -  
t i ca l  r a t e s  of o x i d a t i o n  at  t e m p e r a t u r e s  a b o v e  1000~ 
for  p r e s s u r e s  of 2-38 To r r  in s ta t ic  gas  a tmosphe re s .  
Due  to h i g h e r  d e n s i t y  ( less  p o r o s i t y ) ,  i t  is e x p e c t e d  
t ha t  p y r o l y t i c  g r a p h i t e  shou ld  ox id ize  a t  a l o w e r  
r a t e  u n d e r  cond i t ions  of c h e m i c a l  control .  These  
a r e  found  at  t e m p e r a t u r e s  b e l o w  800~ and  in h igh  
flow r e a c t i o n  cond i t ions  (4) .  

Manuscr ip t  rece ived  Dec. 11, 1963. 
Any  discussion of this paper  wi l l  appear  in a Dis-  

cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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Yellow and Red Emitting ZnS:Cu Phosphors 
M.  J. Presland, R. Marshal l ,  and J. Franks 

Research Laboratory, Associated Electrical Industries Limited, 

Harlow, Essex, England 

D u r i n g  an  i n v e s t i g a t i o n  of t he  effects of q u e n c h -  
ing  on the  s t r u c t u r a l ,  pho to  and  e l e c t r o l u m i n e s c e n t  
p r o p e r t i e s  of zinc sulf ide,  copper  a c t i v a t e d  p h o s -  
phors ,  a n e w  m e t h o d  for  p r e p a r i n g  i n t ense  y e l l o w  
and  r e d  e m i t t i n g  p h o s p h o r s  has  been  found.  

I f  a s l u r r y  p r e p a r e d  in  t he  n o r m a l  m a n n e r  is 
f i red in  an  a r g o n  of H2S a t m o s p h e r e  and  q u e n c h e d  
d i r e c t l y  f r o m  t h e  f i r ing t e m p e r a t u r e  in  a b a t h  of 
de ion ized  w a t e r ,  t hen  on s u b s e q u e n t  d r y i n g  a t  
r o o m  t e m p e r a t u r e  t h e  p h o s p h o r s  d i s p l a y  b r i g h t  r e d  

(UNCORRECTED FOR SPECTRAL RESPONSE)  
) YELLOW I L I J . ,  

3. 305  MINS, FIRED IN ARGON 
4. 1265 MINB. AT IOOO ~ 

>- TEMP. 2 5 0  ~  

GP, EE RED 

>,- BLUE 

"45 "50 "55 "60 "70 
WAVELENGTH (p> 

Fig. 1. Quenched ZnS:Cu:CI phosphors. Four types of emission: 
1, unannealed; 2, 60 min anneal; 3, 305 rain; 4, 1265 mln. Tem- 
perature 250~ Content 10 -3 Cu'10 -2  CI. Original powder fired 
in argon at 1000~ Uncorrected for spectral response. 

and  y e l l o w  p h o t o l u m i n e s c e n c e ,  a t  coppe r  concen -  
t r a t i o n s  in  t he  r a n g e  5.10 -4 to  10 -3 g . g - 1  ZnS.  The  
effect of c oa c t i va to r s  is on ly  of s e c o n d a r y  i m p o r -  
t ance  s ince  y e l l o w  a n d  r e d  emiss ions  occur  e q u a l l y  
w e l l  in Z n S : C u ,  Z n S : C u ,  C1, and  Z n S : C u ,  A1 p h o s -  
phors .  This  m e t h o d  differs  in  m a n y  r e spec t s  f rom 
those  d e s c r i b e d  p r e v i o u s l y  [ fo r  e x a m p l e  b y  F r o e -  
l ich  (1)  and  A v e n  and  P o t t e r  ( 2 ) ]  w h i c h  r e q u i r e  
t he  t o t a l  exc lus ion  of o x y g e n e o u s  and  ha logeneous  
impur i t i e s ,  and  the  p r e s e n c e  of a s u l f u r - r i c h  a t -  
m o s p h e r e  d u r i n g  fir ing.  In  a d d i t i o n  o the r  a u t h o r s  
(3, 4) have  sugges t ed  t h a t  t he  p r e s e n c e  of  h y d r o -  
gen  is e s sen t i a l  for  t he  p r o d u c t i o n  of t he  r e d  cen te r .  

W e  h a v e  also o b s e r v e d  t h a t  l o w  t e m p e r a t u r e  a n -  
n e a l i n g  causes  f irst  a c onve r s ion  of t he  y e l l o w  e m i s -  
s ion to r e d  a n d  t hen  subse que n t l y ,  c o m p l e t e  d e -  
s t ruc t ion  of t h e  r e d  emiss ion.  

F u r t h e r  a n n e a l i n g  causes  a r e v e r s i o n  to t he  m o r e  
usua l  b lue  and  g r e e n  emiss ions .  These  effects a re  
s h o w n  in Fig .  1. 

Manuscr ip t  rece ived  Apr i l  29, 1963. 

Any  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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Factors Affecting the Transport of Silver in Silver-Alkaline 
Batteries 

T. P. Dirkse and L. A. Vander Lugt 

Calvin Coffege, Grand Rapids, Michigan 

ABSTRACT 

A s tudy has been  made  of the  factors which  control  the  amount  of s i lver  
which  is in t roduced into the  e lec t ro ly te  dur ing  the opera t ion  of a s i lver -  

a l k a l i n e  ba t te ry .  Pa r t  of this  w o r k  was done wi th  the  use of rad ioac t ive  
s i lver  as a t racer .  S i lver  is in t roduced  into the  e lec t ro ly te  dur ing  al l  phases of 
the opera t ion  of a s i lve r -a lka l ine  ba t te ry .  However ,  i t  can be increased b y  
charging at  lower  cu r ren t  densi t ies  or  by  opera t ion  at  the  A g / A g 2 0  vol tage  
level.  A possible  mechanism for  the  e lect rolyt ic  fo rmat ion  of the  oxides  is 
also given. 

One  of t h e  d r a w b a c k s  to t he  m o r e  w i d e s p r e a d  use  
of s i l v e r - a l k a l i n e  b a t t e r i e s  is the  fac t  t h a t  the  s i l ve r  
ox ides  a r e  so lub le  in the  K O H  e lec t ro ly t e .  Because  
of this ,  s i l ve r  can  be  t r a n s f e r r e d  to  t he  n e g a t i v e  
p l a t e s  of t he  b a t t e r y  and  e v e n t u a l l y  cause  i n t e r n a l  
shor t ing .  This  t r a n s p o r t  of  s i l ve r  can  be, a n d  is, 
l e s sened  b y  t h e  use  of s epa ra to r s .  H o w e v e r ,  a f t e r  
b a t t e r i e s  have  b e e n  cyc led  for  some t i m e  t h e r e  a r e  
e x t e n s i v e  s i l v e r  depos i t s  on or  in  the  s epa ra to r s .  
These  too m a y  e v e n t u a l l y  l e ad  to i n t e r n a l  shor t ing .  
In  m a n y  ins tances  the  s epa ra to r s ,  in effect, d e l a y  the  
b u i l d i n g  up  of i n t e r n a l  shor t s  due  to s i lve r  suffi- 
c i en t ly  so t h a t  cel l  f a i l u r e  is t hen  due  to o the r  causes.  

A l a r g e  v a r i e t y  of p r o d u c t s  has  been  t e s t ed  and  
t r i e d  as s e p a r a t o r s  in  s i l v e r - a l k a l i n e  ba t t e r i e s .  C o m -  
b ina t i ons  h a v e  also been  t r ied ,  bu t  no c o m p l e t e l y  
s a t i s f a c t o r y  m a t e r i a l  has  been  found .  A c o m p l e t e l y  
s a t i s f a c t o r y  s e p a r a t o r  w o u l d  be  one which ,  in  a d d i -  
t ion  to o the r  cha rac te r i s t i c s ,  w o u l d  n e i t h e r  a c c u m u -  
l a t e  s i lve r  on or  w i t h i n  i t  nor  a l l o w  s i lve r  to diffuse 
t h r o u g h  it. I t  is no t  k n o w n ,  of course ,  w h e t h e r  such  a 
m a t e r i a l  can  be  p r o d u c e d .  

H o w e v e r ,  in t he  s ea r ch  for  such  a p r o d u c t  i t  m a y  
be  h e l p f u l  to l e a r n  m o r e  a b o u t  t he  m e a n s  b y  w h i c h  
s i lve r  is t r a n s p o r t e d  w i t h i n  a s i l v e r - a l k a l i n e  b a t -  
t e ry .  The  p u r p o s e  of th is  w o r k  was  to c a r r y  out  such 
a s tudy .  

In  s eek ing  to d e t e r m i n e  the  m e c h a n i s m  or  cond i -  
t ions  for  th is  s i l ve r  t r a n s p o r t ,  an  a t t e m p t  was  m a d e  
to a n s w e r  t w o  ques t ions :  ( a )  w h a t  effect does  t he  
pas sage  of c u r r e n t  or  t he  p r e s e n c e  of  a v o l t a g e  
g r a d i e n t  h a v e  on th i s  t r a n s p o r t ? ;  a n d  (b)  do some 
p a r t s  of a c h a r g e - d i s c h a r g e  cycle  c o n t r i b u t e  m o r e  
h e a v i l y  to th i s  t r a n s p o r t  t h a n  o t h e r  p a r t s ?  

Migration o~ silver.--The first  of these  ques t ions  
is r e l a t e d  to the  m i g r a t i o n  of t he  d i s so lved  s i lve r  
ions. I n  a s t r o n g l y  a l k a l i n e  so lu t ion  of the  k i n d  used  
as b a t t e r y  e l e c t r o l y t e  one  w o u l d  e x p e c t  t he  d i s -  
so lved  s i lve r  species  to be  an h y d r o x y l a t e d ,  n e g a -  
t i v e l y  c h a r g e d  ion, e.g., A g ( O H ) 2 - .  Such  an  ion 
w o u l d  m o v e  t o w a r d s  t he  pos i t ive  e l ec t rode  a n d  a w a y  
f r o m  the  n e g a t i v e  e l ec t rode  in t he  p r e s e n c e  of a 
v o l t a g e  g r ad i en t .  

S e v e r a l  di f f icul t ies  w e r e  e n c o u n t e r e d  in  s eek ing  to  
d e t e r m i n e  the  e x t e n t  of s i l ve r  m i g r a t i o n .  One of 

these  has  to  do w i t h  t he  e lec t rodes .  S i l v e r  e l e c t rodes  
w o u l d  i n t r o d u c e  s i l v e r  in to  t he  e l e c t r o l y t e  and  th is  
w o u l d  c ompl i c a t e  t he  i n t e r p r e t a t i o n  of t he  a n a l y t i c a l  
da ta .  I f  o the r  e l ec t rodes  w e r e  used  t h e y  could  r e a c t  
w i t h  the  d i s so lved  s i lve r  ox ides  and  also c ompl i ca t e  
t he  i n t e r p r e t a t i o n  of t he  resu l t s .  E l e c t rode s  a t  w h i c h  
gas is e v o l v e d  a re  to  be  a v o i d e d  b e c a u s e  they ,  in  
effect,  s t i r  t he  e l ec t ro ly t e .  

Experimental 
The  e x p e r i m e n t a l  a r r a n g e m e n t  f ina l ly  used  is 

s h o w n  s c h e m a t i c a l l y  in  Fig.  1. The  cel l  case  con-  
s i s ted  of t h r e e  c o m p a r t m e n t s  each  m a d e  of P l e x i g l a s  
a n d  s e p a r a t o r s  cou ld  be  c l a m p e d  b e t w e e n  the  c o m -  
p a r t m e n t s  to p r e v e n t  t he  f r ee  flow of  e l e c t r o l y t e  
f r o m  one c o m p a r t m e n t  to t he  o ther .  E lec t rodes ,  
40 x 50 x 2 ram,  cou ld  be  i n s e r t e d  in  spaces  D and  
E. T h e r e  was  a s m a l l  ho le  in t he  top  of each  c o m -  
p a r t m e n t  t h r o u g h  w h i c h  s a m p l e s  of e l e c t r o l y t e  cou ld  
be  w i t h d r a w n  fo r  ana lys i s .  

The  cel l  w a s  a s s e m b l e d  w i t h  two  l a y e r s  of m i c r o -  
po rous  p o l y e t h y l e n e  b e t w e e n  c o m p a r t m e n t s  C and  A 
and  b e t w e e n  C a n d  B. These  w e r e  squa re s  s e l ec t ed  
d i a g o n a l l y  f r o m  each  o t h e r  in a l a r g e r  s q u a r e  of 
the  m a t e r i a l .  This  was  done  to m i n i m i z e  the  effect 
of n o n u n i f o r m i t y  of the  p o l y e t h y l e n e  w i t h  r e sp ec t  to 
s i l ve r  diffusion.  The  a n o d e  w a s  s i n t e r e d  s i l ve r  a n d  
the  ca thode  was  a f u l l y  c h a r g e d  s i n t e r e d  s i l ve r  e lec -  
t rode .  Each  of these  was  w r a p p e d  in a l a y e r  of 
ce l lophane .  C e l l o p h a n e  r a p i d l y  p i cks  u p  p r a c t i c a l l y  
a l l  t he  s i lve r  d i s so lved  in  t he  e l ec t ro ly t e .  The re fo re ,  
i t  w o u l d  p i ck  up  a n y  s i lve r  i n t r o d u c e d  in to  t he  e l ec -  
t r o l y t e  b y  the  s i l ve r  e l ec t rodes  and  i t  w o u l d  p r e v e n t  

D 

A C B 

.-.. Oor, J' 

Fig. 1. Cell case used in silver migration study 
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such s i lver  f rom ge t t ing  into c o m p a r t m e n t s  A and  
B .  

I n  addi t ion ,  a l aye r  of po lye thy lene  was  wra ppe d  
a r o u n d  the  l aye r  of cel lophane.  This was  to m i n i -  
mize the  a m o u n t  of s i lver  p icked up  b y  the cel lo-  
phane  f rom c o m p a r t m e n t s  A and  B. 

The  cell was  assembled  in  a da rk  room and  kept  
the re  t h r o u g h o u t  the r u n  to e l imina t e  a n y  possible 
photo effects. A da rk  room safe l ight  was  t u r n e d  on 
br ief ly  on ly  w h e n  samples  of e lec t ro ly te  were  r e -  
moved  for  analysis .  50 ml  of 30% KOH was s a t u -  
r a ted  w i t h  Ag20, a l lowed to s t and  48 hr  in  the  dark ,  
and  t h e n  f i l tered t h r o u g h  a fine P y r e x  frit .  A smal l  
a m o u n t  of Ag ~1~ was  t h e n  added as a rad ioac t ive  
t racer .  This  so lu t ion  was  placed in  c o m p a r t m e n t  C. 
90 ml  of 30% K O H  was placed in  each of c o m p a r t -  
men t s  A and  B. At  i n t e rva l s  0.5 m l  samples  we re  
r emoved  f rom each c o m p a r t m e n t  and  counted  for 
g a m m a  emiss ion  in  a w e l l - t y p e  sc in t i l l a t ion  counter .  
The solut ions  in  A and  B were  s t i r red  for 1 m i n  by  
m e a n s  of the  magne t i c  s t i r r ing  bars  jus t  before  s a m -  
ples we re  removed.  The  cell was  kep t  on  open  c i r -  
cui t  for 24 h r  to es tabl ish  the  ex t en t  of diffusion and  
t h e n  a c u r r e n t  of 30 m a  was  passed for 31 hr. At  the 
end  of the  r u n  each m e m b r a n e  and  electrode was  
counted.  

Results  
The resul t s  are g iven  on Fig. 2 and  in  Tab le  I. The 

ce l lophane  l ayer  a r o u n d  the electrodes was b lack  
and  appeared  to have  b e e n  effective in  p ick ing  up 
the s i lver  i n t roduced  into the e lec t ro ly te  f rom the  
electrodes.  The  p o l y e t h y l e n e  cover ing  the  cel lo-  
p h a n e  was  on ly  s l ight ly  colored and  did pick up 
some silver.  The po lye thy l ene  layers  b e t w e e n  the 
c o m p a r t m e n t s  were  dark,  the  m e m b r a n e s  in  di rect  
contac t  w i th  the e lec t ro ly te  in  c o m p a r t m e n t  C h a v -  
ing  more  s i lver  on t h e m  t h a n  the o ther  layer .  The re  
was  l i t t le  difference in  s i lver  con ten t  of these po ly -  
e thy lene  layers  on  the anode  and  the  cathode side 
of the midd le  c o m p a r t m e n t .  The use of the  double  
layer ,  however ,  did no t  comple te ly  e l imina t e  the  
effect of the  n o n u n i f o r m i t y  of the mater ia l .  The 
diffusion in to  the  cathode c o m p a r t m e n t  was greater ,  
even  on open  circuit .  

counts/min. 
I ] [ I r open 

�9 .----open cir c u i t - - - - - ~  chorge ~circuit 

IO00 -- o 
o o 

8 0 0 ~  o o ~  �9 

6 0 0  

4 0 (  

I ] I [ F 
I0 20  30 4 0  50 

hours 

Fig. 2. Effect of current on transport of silver. Current is 30 mo; 
C), cathode compartment; e, anode compartment. 

Table I. Radioactivity of cell components 

Counts per minute 
C o m p o n e n t  A n o d e  s ide Cathode  s ide 

Electrode 40 930 
Cellophane 16,800 30,500 
Polyethylene around cellophane 12,700 33,900 
Polyethylene layer 1 38,100 41,000 
Polyethylene layer  2 (in direct 

contact with compar tment  C) 86,800 95,200 

The resul ts  on Fig. 2 ind ica te  tha t  the  passage of 
c u r r e n t  t h r ough  the  cell did no t  a l t e r  the  ra te  of 
diffusion of the  s i lver  f rom the  cen te r  compar t -  
ment .  This  diffusion, due to concen t ra t ion  gradients ,  
be ga n  as soon as the cell was  assembled.  The curves  
t h r ough  the e x p e r i m e n t a l  poin ts  are smooth and  
show no breaks.  Sl ight  i r r egu la r i t i e s  appea r  in  both  
anode and  cathode e lec t ro ly te  at  the same t ime  and  
to the  same extent ,  i nd ica t ing  tha t  these are exper i -  
m e n t a l  i r regular i t ies .  The electrolyte ,  m e m b r a n e s ,  
and  electrode on the cathode side all  have  h igher  
counts  t h a n  the  co r respond ing  componen t s  on the  
anode side. This  is due  to differences in  the  p e r m e -  
ab i l i ty  of the po lye thy l ene  layers  b e t w e e n  the  com-  
pa r tmen t s .  

U n d e r  the condi t ions  of the expe r imen t ,  the pass-  
age of c u r r e n t  did not  a l te r  the  t r a n spo r t  of s i lver  
into e i ther  anode or cathode c o m p a r t m e n t  and  this 
suggests  tha t  such t r a n s p o r t  is due p r i m a r i l y  to dif-  
fusion. A n y  t r a n s p o r t  due to m i g r a t i o n  is r e la t ive ly  
insignif icant .  This  seems reasonab le  w h e n  one con-  
siders po la rography  as an  analogy.  In  a s i l v e r - a l k a -  
l ine  b a t t e r y  the K O H  serves as the suppor t ing  elec- 
t ro ly te  which  suppresses  c u r r e n t  due to migra t ion .  

Effect of cycling on silver transport.--Two expe r i -  
m e n t a l  methods  were  used to s tudy  the effect of 
cycl ing on the s i lver  t r a n spo r t  in  a s i l v e r - a l k a l i n e  
ba t te ry .  

The  first me thod  used rad ioac t ive  s i lver  as a 
tracer.  The P lex ig las  cell used in  this work  is shown 
on Fig. 3 and  the  e x p e r i m e n t a l  set up  is shown  on 
Fig. 4. The electrodes were  10 x 20 mm.  The n e g a -  
t ive  electrode was  a s in te red  C d / C d O  and  was 
w r a p p e d  in  a double  l ayer  of po lye thy lene .  The sil-  
ver  electrode was  p repa red  b y  p la t ing  s i lver  on a fine 
mesh  expanded  n icke l  gr id  f rom a s i lver  cyan ide  
ba th  to which  had  been  added  some Ag ~~ Severa l  

O-~l~n gl i all, 
Cd-~ ' ' t~Ag 

side 

t o p  

Fig. 3. Cell case used in cycling studies with Ag T M  
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Fig. 4. Experimental arrangement for cycling studies with Ag T M  
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Fig. 6. Cell case used to determine the amount of silver intro- 
duced into the electrolyte during cycling. 

p r e l i m i n a r y  e x p e r i m e n t s  we re  first ca r r ied  out  to 
de t e rmine  a sa t i s fac tory  ra t io  of rad ioac t ive  to n o n -  
rad ioac t ive  s i lver  for this  run .  Af te r  the electrodes 
had been  sealed in  the  cell, abou t  20 m l  of 30% K O H  
were  added and  the  r e c t a n g u l a r  open ing  was  cov-  
ered w i th  a t igh t ly  s t re tched  piece of po lye thy l ene  
held  in  place by  an  O- r ing .  The  cell was  t h e n  
m o u n t e d  in  the Geiger  tube  hous ing  w i th  the  r e c t a n -  
gu la r  open ing  d i rec t ly  be low and  less t han  3 m m  
f rom the  Geiger  t ube  window.  The  cell was  charged  
at  0.4 m a  for 1.5 hr  and  t h e n  d ischarged  at  the same 
rate.  D u r i n g  this  cycle the  vol tage  was  a lways  tha t  
of the  A g 2 0 / A g / O H -  system. The  resul ts  are shown  
on Fig. 5. The  ver t i ca l  axis  measu res  the  change  in  
c o u n t s / m i n u t e  f rom tha t  which  was  ob ta ined  at  the 
s tar t  of the  exper imen t .  The e lec t ro ly te  was  no t  
s t i r red  or ag i ta ted  in  any  w a y  other  t h a n  by  con-  
vect ion and  this  accounts  for the  i r regu la r i t i e s  ob-  
served in  the coun t ing  rates.  Because  of this, on ly  a 
l imi ted  a m o u n t  of w o r k  was done w i th  this  t ech-  
n ique .  The resul ts ,  however l  show tha t  s i lver  is 
i n t roduced  into the  e lec t ro ly te  as soon as the  cha rg -  
ing process begins.  

The  o ther  approach  to this  p r o b l e m  i n v o l v e d  the  
use of a cell of the  type  shown  in  Fig. 6. The  two 
halves  are  c lamped  toge ther  b y  m e a n s  of four  
screws, washers ,  and  nuts ,  w i th  a m e m b r a n e  cover -  
ing the  hole in  the  one wa l l  of each ha l f  cell. Com-  
p a r t m e n t s  A and  B, 55 x 45 x 6 mm,  con ta in  the  
e lec t ro ly te  and  electrodes.  In  these r u n s  a s in te red  
s i lver  electrode,  a s in te red  C d / C d O  electrode,  and  

change 
in 
activity 

4OO~[_ t I I I I 

I 2 
h o u r s  

Fig. 5. Change in activity of the electrolyte during cycling on the 
Ag20/Ag level. 

30% K O H  were  used. The m e m b r a n e  in  all  cases 
was cel lophane.  This se rved  to pick up  prac t ica l ly  
all  the  s i lver  tha t  was  in t roduced  in to  the  e lec t ro-  
lyte.  The cell was  t hen  charged  and  d ischarged  u n -  
der  var ious  condi t ions,  a f ter  which  the ce l lophane  
was  removed ,  r in sed  in  d is t i l led  water ,  a nd  t r ea ted  
wi th  HNO3 to r e m o v e  the  si lver.  The a m o u n t  of 
s i lver  was d e t e r m i n e d  b y  po ten t iome t r i c  t i t r a t i on  
w i t h  K I  (1) .  

In  the  first set of r u n s  the  same s i lver  e lectrode 
was  used t h r o u g h o u t  and  the sequence  of events  
was:  ( i)  charged  for 666 m i n  at  20 m a  on ly  at  the  
A g 2 0 / A g  vol tage  level;  ( i i)  s tand  on  open  circui t  
for 24 hr;  (i i i)  charged for 1099 m i n  at 35 ma  on ly  
at  the  AgO/AgeO vol tage  level ;  ( iv)  s t and  on open 
circui t  for 30 hr ;  and  (v)  d ischarged at  50 ma  for 
902 min.  In  each of these f resh  e lec t ro ly te  and  a 
f resh ce l lophane  m e m b r a n e  were  used.  La t e r  a 
charged s i lver  e lectrode was  g iven  a t r ick le  charge 
at cons tan t  vol tage  for 24 hr. The  c u r r e n t  was  abou t  
6 ma  t h r o u g h o u t  this  charge.  

The resul ts  of all  these r u n s  are g iven  in  Tab le  II. 
F r o m  these it  appears  tha t  s i lver  is i n t roduced  in to  
the e lec t ro ly te  most  r e a d i l y  d u r i n g  the  e a r l y  stages 
of charge.  Cha rg ing  at  the  A g O / A g 2 0  vol tage  level  
or d i scharg ing  in t roduces  s i lver  in to  the  e lec t ro ly te  
at a lower  ra te  (see va lues  in  the  r igh t  h a n d  co lumn  
of Table  I I ) .  Appl icab le  a m o u n t s  of s i lver  get into 
the e lec t ro ly te  d u r i n g  open c i rcui t  in  the  charged 
state. However ,  more  is i n t roduced  f rom an AgO 
electrode t h a n  f rom an Ag20 electrode.  

A second series of r u n s  was  t hen  car r ied  out. The 
purpose  was  to inves t iga te  f u r t he r  the  effect of the 

Table II. Distribution of si{ver during various parts of 
charge-discharge cycle 

A g  content  per  
Cell  A g  c o n t e n t  u n i t  q u a n t i t y ,  
case  T r e a t m e n t  Q u a n t i t y  • 1044 g • 10+5 g 

1 Charge 13.3 a m p - m i n  5.44 4.1/amp-rain 
2 Stand 24 hr 4.20 1.7/hr 
3 Charge 38.5 amp-ra in  6.43 1.7/amp-rain 
4 Stand 30 hr  8.97 3/hr  
5 Discharge 45.1 a m p - m i n  10 2 .2/amp-min 
6 Charge 8.64 amp-ra in  1.15 1 .3/amp-min 
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Fig. 7. Amount of silver introduced into the electrolyte during 
charging; e, Ag/Ag20 level; % Ag20/AgO level. 

c h a r g i n g  vo l t age  l eve l  and  also t he  effect  of c u r r e n t  
d e n s i t y  on the  a m o u n t  of s i lve r  i n t r o d u c e d  in to  t he  
e l ec t ro ly t e .  S i l v e r - c a d m i u m  cel ls  w i t h  a c e l l opha ne  
s e p a r a t o r  w e r e  a s s e m b l e d  and  c h a r g e d  a t  d i f fe ren t  
c u r r e n t  r a t e s  a t  t he  A g / A g 2 0  and  A g 2 0 / A g O  v o l t a g e  
levels .  The  r e su l t s  a r e  s h o w n  on Fig.  7. These  r e su l t s  
show t h a t  t h e r e  is a c u r r e n t  d e n s i t y  effect.  The  c u r -  
r e n t  d e n s i t y  v a l u e s  a r e  c a l c u l a t e d  f r o m  t h e  e x t e r n a l  
d i mens ions  of t h e  s i l ve r  e l ec t rodes  and  the  a r e a  of 
b o t h  s ides  of  t he  p l a t e  w a s  inc luded .  As  the  c u r r e n t  
d e n s i t y  is l o w e r e d  the  a m o u n t  of s i lve r  i n t r o d u c e d  
p e r  a m p e r e - m i n u t e  of cha rge  inc reases  m a r k e d l y .  
One e x c e p t i o n  is t he  one  p o i n t  on Fig .  7 w h i c h  is 
d e s i g n a t e d  " t r i c k l e  cha rge . "  H o w e v e r ,  in th is  case  
t he  e l ec t rode  was  f u l l y  c h a r g e d  be fo re  t he  r u n  b e g a n  
w h e r e a s  w i t h  t he  o t h e r  po in t s  on the  AgO l eve l  
curve ,  t h e  e l ec t rode  was  c h a r g e d  on the  AgO v o l t a g e  
l eve l  a t  t he  c u r r e n t  d e n s i t y  ind ica ted .  

The  r e su l t s  on  Fig.  7 also p o i n t  ou t  t h a t  m o r e  
s i l ve r  is i n t r o d u c e d  into  the  e l e c t r o l y t e  b y  c h a r g i n g  
at  t he  lower ,  or  Ag20,  v o l t a g e  l eve l  t h a n  b y  c h a r g -  
ing  a t  t he  h i g h e r  vo l t age  level .  These  r e su l t s  sugges t  
t h a t  to m i n i m i z e  the  a m o u n t  of s i lve r  i n t r o d u c e d  
in to  t he  e l e c t r o l y t e  i t  w o u l d  be  b e t t e r  to cha rge  at  
h i g h e r  c u r r e n t  dens i t ies .  T h e r e  a p p e a r s  to  be  no r e -  
l a t i onsh ip  b e t w e e n  the  a m o u n t  of  s i lve r  i n t r o d u c e d  
into  t he  e l e c t r o l y t e  and  the  t i m e  a l l o w e d  for  c h a r g -  
ing, un less  c o m p a r i s o n s  a r e  m a d e  a t  a f ixed  c u r r e n t  
dens i ty .  W h e n  d i f fe ren t  c u r r e n t  dens i t i e s  w e r e  used ,  
t he  a m o u n t  of s i lve r  p e r  un i t  t i m e  f igure  v a r i e d  
r a n d o m l y .  

The  fac t  t h a t  less  s i l ve r  is i n t r o d u c e d  into  t he  
e l e c t r o l y t e  w h i l e  the  e l e c t r o d e  is c h a r g i n g  to A g O  
can  be  e x p l a i n e d  in t e r m s  of t he  i n s o l u b i l i t y  of  A g O  
in t he  a l k a l i n e  so lu t ion  (2) .  This  accounts  also for  t he  
s m a l l  a m o u n t  of s i lve r  i n t r o d u c e d  in to  t he  e l e c t r o -  
l y t e  d u r i n g  t r i c k l e  cha rg ing .  H o w e v e r ,  i t  shou ld  be  
n o t e d  t h a t  a f u l l y  c h a r g e d  s i lve r  e l e c t r o d e  (AGO) 

does  i n t r o d u c e  s i lve r  in to  t he  e l e c t r o l y t e  a t  a g r e a t e r  
r a t e  on open  c i rcu i t  t h a n  does  an  Ag20  e lec t rode .  

A n  a l t e r n a t i v e  e x p l a n a t i o n  w o u l d  a l l o w  for  a n  
a p p r e c i a b l e  so lub i l i t y  of AgO in t he  K O H  e l e c t r o -  
ly te .  I f  one  a s sume s  t h a t  t h e  s i l v e r  in  A g O  is in  t he  
d i v a l e n t  s t a t e  t h e n  the  c h a r g e  d e n s i t y  on t h e  s i lve r  
( ion)  in  A g O  is g r e a t e r  t h a n  in  Ag20.  This  w o u l d  
g ive  A g O  g r e a t e r  ac id  p r o p e r t i e s  t h a n  Ag20,  e.g., ref .  
(3) .  I f  th is  is so t h e n  AgO w o u l d  d i s so lve  or  r e a c t  
m o r e  r e a d i l y  w i t h  t he  K O H  so lu t ion  t h a n  w o u l d  
Ag20.  The  r e su l t  of th is  w o u l d  be  the  f o r m a t i o n  of a 
h y d r o x y l a t e d  ion p e r h a p s  A g ( O H ) 2 -  or  s o m e t h i n g  
s i m i l a r  s ince  the  AgO r e a d i l y  decomposes  in  the  
K O H  (2) .  

D u r i n g  c h a r g i n g  on the  A g O  vo l t a ge  l eve l  t he  p o -  
t e n t i a l  of t he  s i l ve r  e l e c t r o d e  is g r e a t e r  t h a n  i t  is 
w h e n  c h a r g i n g  a t  t he  A g 2 0  v o l t a g e  level .  Conse -  
quen t ly ,  t he  A g  ( O H ) 8 -  ions  a r e  less  l i k e l y  to  dif fuse  
a w a y  f r o m  the  s i lve r  e l e c t r o d e  d u r i n g  c h a r g i n g  a t  
t he  h i g h e r  p o t e n t i a l  of the  A g O  v o l t a g e  leve l .  This  
cou ld  also accoun t  for  t he  s m a l l  a m o u n t  of s i l v e r  i n -  
t r o d u c e d  in to  t he  e l e c t r o l y t e  d u r i n g  t r i c k l e  cha rg ing .  
This  a r g u m e n t  is also cons i s t en t  w i t h  t he  s lope  of 
the  l ines  in Fig.  7. I t  m a y  a p p e a r  to be at  v a r i a n c e  
w i t h  t he  e a r l i e r  conc lus ion  t h a t  t r a n s p o r t  of s i l ve r  is 
b y  diffusion.  H o w e v e r ,  the  p o t e n t i a l  of t he  s i lve r  
e l ec t rode  in  th is  case  is a t  l e a s t  250 m v  h i g h e r  t h a n  
t ha t  in t he  e a r l i e r  r u n s  and  th is  m a y  h a v e  modi f ied  
the  t r a n s p o r t  of s i l ve r  s o m e w h a t .  

I f  th is  e x p l a n a t i o n  is co r r ec t  t h e n  i t  m a y  also be 
poss ib le  t h a t  t he  f o r m a t i o n  of s i lve r  ox ides  t a k e s  
p lace  in  t he  so lu t ion  p h a s e  w i t h  t h e  ox ide  t h e n  be ing  
" p l a t e d "  on the  e lec t rode .  T h e  fo l l owing  could  r e p -  
r e sen t  such  a ser ies  of  r eac t i ons  

o r  

A g - ~ A g  + + e  [1]  

A g  + -t- 2 O H -  -~ A g ( O H ) 2 -  [2]  

2 A g ( O H ) 2 -  -~ Ag20  + 2 O H -  + H20 [3] 

A g ( O H ) 2 -  -> AgO + H20 + e [4]  

The  h i g h e r  the  p o t e n t i a l  on t h e  s i lve r  e l e c t r o d e  the  
m o r e  r e a d i l y  r e a c t i o n s  [3]  a n d  [4]  w o u l d  occu r  and  
the  less  s i lve r  w o u l d  be  p r e s e n t  as an  ion d i s so lved  
in t he  e l ec t ro ly te .  
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ABSTRACT 

The reaction between fluorine gas and copper metal  has been studied at 
450~ and pressures from 10 to 130 mm Hg. The react ion was pressure de- 
pendent  and followed the logarithmic law, y = K log (at + c) + C. The 
logarithmic rate  constant  K varied with pressure according to the equation 
log K ~ m log P-6.11439 where  m is equal  to 0.781. Analysis of the corrosion 
film yielded a F / C u  ratio of 1.11. A reaction mechanism is postulated, and from 
evidence presented fluorine is considered the migra t ing  species in the reaction. 

In  the  s tudy  of gas-sol id  reac t ions  the va r i ab les  
to cons ider  f rom a k ine t ic  po in t  of v iew are the 
effects tha t  t ime,  t empe ra tu r e ,  and  p ressure  have  on 
the ra t e  of react ion.  These va r i ab les  have  been  
s tudied  in  de ta i l  for the  reac t ions  of meta l s  w i th  
oxygen,  and  m a n y  mechan i sms  have  been  pos tu la ted  
to account  for the  da ta ;  however ,  v e r y  l i t t le  k ine t ic  
w o r k  has been  a t t emp ted  wi th  the  more  reac t ive  
fluorine.  The  reac t ion  of copper  foil and  f luorine gas 
has been  s tud ied  at a p ressure  of 200 m m  Hg and  
over  the t e m p e r a t u r e  range  of 427~176 The 
s imple  power  l aw y"--~ kt  was appl icab le  at  427 ~ 
and  482~ where  n was 1.15 and  1.62 and  k was  
1.7 x 10 -~ and  1.6 x 10 -2, respec t ive ly  (1) .  A f u r t h e r  
increase  in  the  t e m p e r a t u r e  r e su l t ed  not  on ly  in  an  
increase  in  the ra te  of reac t ion  bu t  also in  a change  
of r a t e  law. In  the t e m p e r a t u r e  r ange  538~176 
the logar i thmic  l aw y =  k' log (~/t  + k") was 
obeyed where  k' var i ed  f rom 1.2 to 1.5, and  k" was 
equa l  to 5. 

Other  s tudies  of m e t a l - g a s  reac t ions  have  repor ted  
both  p ressure  d e p e n d e n t  and  p ressure  i n d e p e n d e n t  
re la t ionships .  Hale  et al. (2) f ound  tha t  the  n i c ke l -  
f luorine reac t ion  was pressure  d e p e n d e n t  at  high 
t e m p e r a t u r e s  (594~176  and  pressures  f rom 76 
to 760 m m  Hg. Brown,  Crabtree ,  and  D u n c a n  (3) 
work ing  at  lower  t e m p e r a t u r e s  (100~176  and  
pressures  (6-60 m m  Hg) found  no p ressure  effect 
for the  reac t ion  b e t w e e n  copper  powder  and  fluorine.  
J a r r y  (4) us ing  rad io t race r  t echn iques  to s tudy  the  
m e c h a n i s m  of n icke l  f luor ina t ion  has repor ted  t ha t  
f luorine is the  m i g r a t i n g  species in  the  n i cke l - f luo -  
r ine  react ion.  

The object  of this  i nves t iga t ion  was to s tudy  the  
effect of p ressure  on the  reac t ion  of copper  and  
f luorine at 450~ and  suba tmosphe r i c  pressures  and  
to set up  a p r e l i m i n a r y  model  of the  mechan i sm.  

Apparatus 
Figu re  1 is a schemat ic  d i ag ram of the app a r a t u s  

used for the exper imen t s .  The en t i re  sys tem was P y -  
rex  glass except  for the  p ressure  p ickup  and  the  
connec t ion  be tween  the  sys tem and  the bot t le  of 
h i g h - p u r i t y  f luor ine (99.8%) which  consisted of 
copper t u b i n g  and  a Tef lon-packed  Swage lok  fit t ing. 
The cold t rap,  con ta in ing  m e t h y l  cyc lohexane  s lush 
( - -116~  was  used to r emove  any  h y d r o g e n  fluo- 
r ide  c o n t a m i n a n t  in  the  f luor ine gas. The f luor ine 

TION 1 

d 
PRESSURE I I  I 

rMERCURY \,STILL 
" ~ I A R G O N ,  NITROGEN 

FLUORINE 
CYLINDER 

MANOMETER WITH MATHESON 
FLUORINE VACUUM PUMPS REGULATOR #15F670 

Fig. 1. Apparatus used for study of copper-fluorine reactions 

was assayed by  the  m e r c u r y - r e f l u x  me thod  (5) .  The 
m e r c u r y  m a n o m e t e r  used to me a su r e  the  p ressure  
in  the  s torage b u l b  had  a pro tec t ive  l aye r  of f luoro-  
ca rbon  oil floated on top of the m e r c u r y  to p r e v e n t  
the  reac t ion  of m e r c u r y  and  fluorine.  Al l  stopcocks 
and  g r o u n d - g l a s s  jo in t s  were  l ub r i ca t ed  wi th  fluo- 
roca rbon  grease.  

The quar tz  reac t ion  t ube  was  hea ted  by  a n i -  
chrome w o u n d  furnace ,  and  its t e m p e r a t u r e  was  
cont ro l led  to • 1 7 6  The  p ressure  in  the  reac t ion  
zone was  m e a s u r e d  to •  m m  Hg b y  a s ta inless  
steel t r a n s d u c e r  connec ted  to the  sys tem by  a Mone l -  
to-glass  g r o u n d  joint .  U l t r a d r y  a rgon  of 99.995% 
p u r i t y  as pu rchased  was used as the p u r g i n g  gas. 

Procedure 
Before the sys tem was pu t  into use, it was  pass i -  

va ted  by  repea ted  p ressur i za t ion  w i th  fluorine,  fol-  
lowed by  p ro longed  evacuat ion .  As a resu l t  of these  
steps, the concen t r a t i on  of impur i t i e s  absorbed  on 
the  wal ls  was  reduced  to a neg l ig ib le  value .  For  
b l a n k  r u n s  the  p re s su re  changed  only  0.23 m m  Hg in  
7.5 hr, which  for this  s tudy  was ins ignif icant .  

H i g h - p u r i t y  copper  (oxygen  con ten t  less t h a n  
0.002% as d e t e r m i n e d  by  v a c u u m  fus ion)  was  used 
for the me t a l  specimens.  The spec imens  in  the form 
of 1.3 x 15.3 x 0.005 cm pla tes  were  c leaned  by  us ing  
(a) t r i ch loroe thane ,  (b)  20% n i t r i c  acid, and  (c) 
dis t i l led water ,  acetone,  a nd  alcohol r inses.  Al l  s a m -  
ples were  g iven  a s t a n d a r d  p rehea t  t r e a t m e n t  con-  
s is t ing of hea t ing  0.5 hr  at 538~ in  va c uum.  Af te r  
p r e t r e a t m e n t ,  the  fu rnace  was  ad jus t ed  to the ap-  
p ropr ia t e  t e m p e r a t u r e  and  f luor ine was  in t roduced  
to the  des i red pressure .  The  drop in  p re s su re  in  the  
sys t em of k n o w n  v o l u m e  was  a m e a s u r e  of the  f luo- 
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Fig. 2. Fluorination of copper 

r ine  consumed.  As f luor ine was consumed,  more  
f luorine was  added to the  reac t ion  sect ion to m a i n -  
t a in  the p ressure  w i t h i n  •  m m  Hg of the  in i t i a l  
va lue  for the  50-130 m m  r u n s  and  w i t h i n  •  m m  Hg 
for the  10 and  20 m m  runs .  The  r u n  was con t i nue d  
u n t i l  the consumpt ion  of f luorine had  decreased to a 
negl ig ib le  value.  F r o m  the i n c r e m e n t a l  p ressure  
drops and  the  ca l ib ra ted  v o l u m e  of the  system,  the  
a m o u n t  of f luor ine consumed  was  calculated.  At  the 
end  of each r u n  the  fu rnace  was  cooled to 38~ be -  
fore the  f luor ine was  p u m p e d  out  of the  sys tem 
th rough  the soda l ime  traps.  The sys t em was t hen  
b rough t  up  to a tmospher ic  p ressure  w i th  a rgon  a nd  
the  copper  p la te  was  r emoved  to a sample  ho lder  
u n d e r  f lowing a rgon  and  sealed for l a t e r  e x a m i n a -  
t ion. 

Results 

The da ta  ob ta ined  over  a p ressure  r ange  of 10-130 
m m  Hg at 450~ are shown  in  Fig. 2 where  y, the  
f luorine consumed  in  mi l l i l i t e r s  per  square  cen t i -  
m e t e r  of copper  surface,  is p lo t ted  as a func t ion  of 
t, the  t ime  in  minu tes .  The  two or more  r u n s  made  
at each p ressure  showed an  average  r ep roduc t i b i l i t y  
in  va lues  of y of 6%. In  Fig. 3 ( a )  the data  are  
p lo t ted  according to the  logar i thmic  equa t ion  y = K 
log (at + c) + C where  K is the loga r i thmic  reac -  
t ion  ra te  constant ,  a is t a k e n  as u n i t y  wi th  the di -  
mens ion  of rec iprocal  t ime,  and  c is t a k e n  as zero. 
These da ta  are r ep r e sen t ed  by  this express ion;  h o w -  
ever,  at h igher  p ressures  the  da ta  no longer  fit, and  
therefore  the m e c h a n i s m  mus t  be different.  Data  

z= 2 TE.PE TURE. 
O L U  
r - -O-  
o- o_ 482 ~8 
olU. 

/ E .0 0 REF. I 

t~>~ I ~ 2 7  D THIS WORK 

t I I ~ I 1 [ 1 1  I 
I0 20 40 60 I00 200 400 

TIME, t, MIN 

Fig. ](b).  Fluorination of copper, according to power law yn ~ kt 
at pressure of 200 mm Hg. 

t a ke n  at 200~ a nd  200 m m  Hg appear  to obey the 
same logar i thmic  law as the  low pressure  da ta  at 
450~ The corrosion ra te  of the copper  and  f luor ine 
as descr ibed  b y  the  a f o r e m e n t i o n e d  log l aw is t h e r e -  
fore inf luenced by  bo th  t e m p e r a t u r e  a nd  pressure .  
In  Fig. 3 ( b )  da ta  at 450~ a nd  200 m m  Hg are 
p lot ted  wi th  s imi la r  da ta  f rom ref. (1)  according  to 
the  power  law y" = kt, and  the  cons is tency  is qu i te  
good. 

The va r i a t i on  of the  ra te  cons tant ,  K, w i th  p res -  
sure  at 450~ is shown  in  the  log plot  of Fig. 4 
where  the ra te  cons tan t  is p lo t ted  as a f unc t i on  of the 
f luor ine p ressure  according  to the  equa t ion  log K = 
m log P-6.11439. The slope, m, is the order  of the 
reac t ion  wi th  respect  to the  f luor ine p ressure  and  
has the  va lue  of 0.781. 

A n  in te res t ing  even t  was  observed in  tha t  the 
corroded me ta l  spec imens  lost the i r  pass iv i ty  w h e n  
sub jec ted  to hea t  a nd  va c uum.  In  Fig. 5, at po in t  B, 
the f luor ine gas was  p u m p e d  out  of the reac t ion  sec- 
t ion  t o  0.1/~ p ressure  and  the  p u m p i n g  c on t i nued  for 
15 min.  The  reac t ion  sect ion was  t h e n  pressur ized  
w i th  f resh f luor ine to 10 r a m Hg. As seen in  Fig.  5, 
the reac t ion  s tar ts  anew.  The same logar i thmic  l aw 
also describes this  second reac t ion ;  however ,  the  
logar i thmic  ra te  constant ,  K, is s l ight ly  lower  for 
the  second react ion.  This same effect was  observed 
by  B r o w n  et al. (3) if the  p u m p i n g  was  con t inued  
for 4 days  at 100~ however ,  if the  t ime  of p u m p i n g  
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Fig. 3(a). Fluorination of copper, according to logarithmic law 
y ~ K log (at -}- c) -~- C. 
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Fig. 6. Effect of pressure on passivation period of copper at 450~ 

were  shor tened  to 16 hr  at the  same t e m p e r a t u r e ,  
they  observed  no effect. In  our  s tudies  therefore ,  
inc reas ing  the  t e m p e r a t u r e  by  a factor  of four  de-  
creased the  p u m p i n g  t ime  by  a factor  of abou t  400. 

T h e  t ime  it  takes  for the  ra te  of r eac t ion  at  450~  
to decrease  to a neg l ig ib le  va lue  (<10  -4 m l / c m  2- 
ra in)  is of in teres t .  This  t ime, which  could be cal led 
the pass iva t ion  period,  is a l i nea r  f unc t i on  of p re s -  
sure  ( s h o w n  in  Fig. 6) whe re  t, the  t ime  for the  ra te  
to decrease  to the  negl ig ib le  va lue  is p lo t ted  as a 
func t ion  of pressure .  I t  m u s t  be po in ted  ou t  tha t  
w h e n  the  reac t ion  reaches  the negl ig ib le  ra te  the  
logar i thmic  equa t i on  no longer  holds. 

Microscopic e x a m i n a t i o n  of the  corrosion film 
showed the  presence  of bo th  clear  and  red  crystals .  
The red crysta ls  are p r o b a b l y  CuF  and  the  colorless 
ones CuF2. The to ta l  corrosion film was  ana lyzed  
for copper and  f luor ine and  the  resu l t s  ind ica te  a 
F / C u  ra t io  of 1.11. U n f o r t u n a t e l y  because  of the  u n -  
s table  n a t u r e  of the  corrosion products ,  they  could 
no t  be pos i t ive ly  identif ied.  Most of the  films fo rmed  
at  450~ exfol ia ted  on cooling, and  e x a m i n a t i o n  of 
the me t a l  sur face  u n d e r n e a t h  revea led  m a n y  pits. 

Discussion 

In  se t t ing up a theore t ica l  mode l  to u n d e r s t a n d  
be t t e r  the m e c h a n i s m  of the  r eac t ion  b e t w e e n  gase-  
ous f luor ine  and  a copper  surface,  i t  can be a s sumed  
tha t  w h e n  the  gas is i n t roduced  the  reac t ion  starts.  
The first t h i n  fi lm of reac t ion  p roduc t  forms a b a r -  
r ier  b e t w e e n  the  two reac t ing  phases,  copper  and  
fluorine.  I n  order  for the  reac t ion  to cont inue ,  t he re -  
fore, it  becomes  necessa ry  for e i ther  one or the  o ther  
of the  phases  to mig ra t e  across this  ba r r i e r .  Based 
on ev idence  p re sen t ed  later ,  i t  can  be pos tu la ted  
tha t  the  reac t ion  inc ludes  a t  least  the  fo l lowing three  
steps: ( i)  f luorine is absorbed  on the  outer  surface;  
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(ii) fluorine migrates through the barrier layer; (iii) 
fluorine reacts with the copper. Initially, step (i) 
is predominant, but as soon as a film forms, step (ii) 
becomes rate controlling. The reaction in step (iii) is 
assumed to be very fast in comparison with the re- 
actions in the other steps, and thus would not con- 
tribute significantly to the over-all reaction rate. If 
the migration through the barrier layer were strictly 
a diffusion controlled process, the data could be de- 
scribed by a parabolic rate law. As shown in Fig. 
3(a), however, the data were best described by a 
logarithmic rate law, and therefore the reaction is 
not entirely diffusion controlled. Several theories 
based on various hypothetical rate-determining 
mechanisms have been put forward to explain the 
fact that under certain conditions the corrosion of 
metals obeys a logarithmic rate law (6). We have 
used the logarithmic rate equation as derived for 
the mechanism proposed by Vernon (7) who as- 
sumed that the reaction rate was dependent on the 
f rac t ion  of a toms p e n e t r a t i n g  the b a r r i e r  layer.  In  
add i t ion  we  have  assumed tha t  this  f rac t ion  is p res -  
sure  d e p e n d e n t  and  there fore  one wou ld  expect  the  
ra te  cons tan t  K to v a r y  w i th  the  pressure .  This  
mode l  is cons is ten t  wi th  the  da ta  w he r e  K was  found  
to v a r y  w i th  p ressure  according to the equa t ion  
log K = mlog P-6.11439. 

The loga r i thmic  equa t ion  is 

W - - - - K l o g  ( a t + e )  + C 

w he r e  W is the  we igh t  of corrosion p roduc t s  fo rmed  
and  t is the t ime.  c w o u l d  be u n i t y  a nd  C zero if the  
equa t i on  held  f rom the  onset  where  t ---- 0 a nd  W = 0; 
however ,  in  these  e x p e r i m e n t s  at  t = 0, W has some 
finite va lue  since a f inite t ime  is r e q u i r e d  for the  
reac t ion  c h a m b e r  to a t t a i n  test  pressure .  Thus  the  
equa t i on  does no t  hold at  t----0. C was ca lcula ted  
f rom the  da ta  in  Fig. 3 ( a )  a s suming  a and  c to be  
e q u a l  to 1 a nd  0, respect ively .  The va lues  of C and  
K are shown  in  Tab le  I. 

I t  is i n t e r e s t i ng  to specula te  on the  loca t ion  of the  
specific react ion.  Two possibi l i t ies  can  be considered:  
(A)  the  copper  can mig ra t e  t h r ough  the  b a r r i e r  
l ayer  and  react  at  the  f luor ide / f luor ine  in te r face  or 
(B) the  f luor ine can mig ra t e  t h r ough  the  ba r r i e r  
l ayer  a nd  reac t  at the f l u o r i d e / m e t a l  in terface .  Con-  
s ider  the fol lowing.  The w a y  in  which  the  reac t ion  
ra te  cons t an t  var ies  w i th  p ressure  in fe rs  at which  
in te r face  the  reac t ion  is t ak ing  place. For  example ,  
reac t ions  at the  gas -cor ros ion  l aye r  in te r face  u sua l l y  
are cont ro l led  by  dissociat ion of the  a t t ack ing  d i -  
a tomic gas and  man i fe s t  themse lves  in  a reac t ion  
ra te  cons tan t  tha t  is a f unc t i on  of the  square  root of 

Table I. Values of C and K 

K,  C, 
T e m p ,  ~  P r e s s u r e ,  m m  m l / c m 2 - m i n  m l / c m ~  

450 10 0.013 0.008 
450 20 0.025 --0.008 
450 50 0.037 --0.005 
450 60 0.063 --0.032 
450 100 0.089 0.008 
450 130 0.093 0.012 
200 200 0.083 --0.004 
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the  p ressure  (8) .  The e x p e r i m e n t a l  da ta  show tha t  
this  is no t  the  r e l a t ion  b e t w e e n  K and  P u n d e r  
these  test  condit ions.  Second,  it has b e e n  found  in  
our  ear l ie r  w o r k  (1) tha t  p r e t r e a t m e n t  of the  me t a l  
had  a la rge  effect on the  rate.  If the  reac t ion  were  
at  the  f luor ide / f luor ine  in terface ,  such a dras t ic  
effect on the  ra te  wou ld  no t  be expected  f rom the  
condi t ion  of the  me t a l  surface  alone. Last ,  mic ro -  
scopic e x a m i n a t i o n  of the  me ta l  surface  showed pits  
v is ib le  on the  me ta l  af ter  the corrosion film was r e -  
moved.  Since p i t t i ng  is no t  the resu l t  of an  in i t i a l  
a t t ack  of a gas on a meta l ,  bu t  r a t h e r  a localized 
a t tack  for a per iod of t ime,  pi t  f o rma t ion  could be 
favored  by  the  gas h a v i n g  direct  access to the metal .  
These points  the re fore  t end  to ind ica te  tha t  the r e -  
act ion was  car r ied  out on the  surface  of the metal .  
F r o m  these  da ta  and  f rom the work  of J a r r y  (4) 
s ta t ing  the  p r o b a b i l i t y  of f luor ine  diffusion,  f luor ine  
is cons idered  the  m i g r a t i n g  species in  the  copper  
f luor ine react ion,  and  the  reac t ion  is cons idered  to 
take  place at  the  f l uo r ide /me ta l  in ter face .  

Three  possible  ways  for the f luorine to get to the  
me t a l  wou ld  be (a) an ion  vacancy  migra t ion ,  (b)  
in t e r s t i t i a l  mig ra t ion ,  and  (c) g ra in  b o u n d a r y  m i -  
grat ion.  A t t ack  by  m i g r a t i o n  a long g ra in  bounda r i e s  
is common  on meta l s  at  h igh t e m p e r a t u r e  and  has 

been  show n  to be the w a y  f luor ine  reacts  w i th  n icke l  
(2) .  This, of course, is possible  also w i th  copper;  
however ,  the m e c h a n i s m  by  which  f luor ine migra tes  
t h rough  the  corrosion b a r r i e r  is st i l l  in  quest ion.  

Manuscript  received Ju ly  11, 1963; revised manu-  
script received Dec. 30, 1963. 

A ny  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 
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The Effect of Crystallographic Orientation on the Oxidation 
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ABSTRACT 

The formation of oxide on five low-index faces of E-tin has been invest i -  
gated in an at tempt to determine the influence of the crystallographic or ienta-  
tion of the t in  on the nucleation,  growth, and orientation of the oxide. Orienta-  
tion relationships between the metal  and the oxide were determined using 
x - r ay  and electron diffraction. The n u m b e r  and size of the oxide particles 
formed in  a given length of t ime under  s tandard conditions of tempera ture  
and oxygen pressure were measured using an electron microscope. Crystallo- 
graphic relationships were found to exist between the oxide and the metal;  
however, no simple over-al l  mechanism could be deduced that  would explain 
the differences observed in the n u m b e r  or size of the oxide particles formed 
on the various t in  crystal faces. Fur thermore ,  there appeared to be little cor- 
relat ion between the n u m b e r  of oxide platelets and the n u m b e r  of different 
oxide orientat ions formed on each t in  face. I t  is suggested that  favorably ori-  
ented screw dislocations tend to increase the n u m b e r  of oxide platelets formed 
on certain t in  faces. The exper imental  observations also indicate that  crystal 
lattice matching between the metal  and the oxide, in certain orientations, has 
an influence on the rate of oxidation. 

For  convenience ,  oxide films are  of ten  cons idered  
to be un i fo rm,  isotropic layers  tha t  cover  the  s u r -  
face of a me t a l  and  th i cken  wi th  t ime.  This  s impl i -  
fied concept  is usefu l  in  the de r iva t ion  of m a t h e -  
mat ica l  models  to exp la in  var ious  empi r i ca l  ra te  
laws bu t  of ten is no t  va l id  for the  ea r ly  stages of 
oxidat ion.  Opt ical  and  e lec t ron  microscopic s tudies  
have  shown tha t  the c rys ta l l ine  oxide is not  con-  
t i nuous  in  the  ea r ly  stages of ox ida t ion  ( 1 , 2 ) .  
B e n a r d  has suggested tha t  ox ida t ion  takes  place 

in  the fo l lowing sequence  (3 ) :  at  the b e g i n n i n g  of 
ox ida t ion  the  me t a l  is covered by  an  inv i s ib le  film, 
the th ickness  of which  increases  to a cr i t ical  va lue  
of severa l  tens  of angs t roms;  the  film con t inues  to 
fo rm and  tends  to accumula t e  a t  ce r ta in  c rys ta l l i -  
za t ion centers ;  t h e n  these nuc le i  grow l a t e r a l l y  un t i l  
t hey  cover  the en t i re  me t a l  surface.  The n u m b e r  and  
morpho logy  of these  oxide p la te le t s  are s t rong ly  i n -  
f luenced by  the c rys ta l lographic  o r i en t a t i on  of the 
me t a l  subs t ra te  (4, 5).  
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Fur the rmore ,  recent  l o w - e n e r g y  electron diffrac-  
t ion studies by  Germer  (6) have indicated tha t  even 
the ear l ies t  stages of the react ion of oxygen wi th  
meta ls  are  influenced by  the crystallographic or ien-  
ta t ion of the  substrate .  Germer  (7-9) and MacRae 
(10) have found tha t  the  adsorpt ion of oxygen on 
the (100) and (110) faces of nickel  progresses 
through the format ion of severa l  two-d imens iona l  
n i cke l -oxygen  s t ruc tures  corresponding to one- ten th  
to one monolayer  of adsorbed oxygen. The nickel  
atoms in the surface layers  of the "open" (110) 
nickel  face r ea r r anged  when exposed to oxygen. At  
e levated  t empera tu res  patches of c rys ta l l ine  NiO 
were  found. The or ienta t ion of the oxide grown on 
the c lose-packed (100)Ni face was the same as tha t  
of the subs t ra te  but  the or ienta t ion of the  oxide 
grown on the ( l l 0 ) N i  face appeared  to depend  on 
the two-d imens iona l  t rans i t ion  la t t ice  formed by  the 
oxygen- induced  r ea r r angemen t  of nickel  atoms at 
the ox ide -me ta l  interface.  

The effect of the  c rys ta l lographic  or ienta t ion  of 
the subs t ra te  on the number  and dis t r ibut ion  of 
oxide nuclei  have led to the suggestion tha t  the 
format ion of nuclei  in the ea r ly  stages of oxidat ion 
is assisted by  defects such as dislocations (11) and 
stacking faul ts  (12) in the meta l  substrate.  How-  
ever,  the number  of nuclei  has been observed to 
change with  oxygen pressure,  even though there  is 
no reason to expect  tha t  the  number  of c rys ta l lo -  
graphic  defects should change s imi la r ly  wi th  p res -  
sure. Young in t roduced pred ic tab le  numbers  of dis-  
locations into pure  copper crysta ls  and found no 
correla t ion between the number  of dislocations and 
the number  of oxide nuclei  (13). However ,  Hondros  
and Oudar  (14) have repor ted  that,  under  cer ta in  
conditions of t empera tu re  and low oxygen pressure,  
oxide nuclei  form more read i ly  at the sites of emerg -  
ing dislocations than  at  random sites on the surface 
of pure  copper. 

The present  authors  found, in a recent  s tudy of 
the oxidat ion of pure  t in (15, 16), that  c rys ta l l ine  
t in oxide p la te le ts  grow l a t e ra l ly  over  the surface of 
the meta l  f rom t in  gra in  boundar ies  and whee l -  
shaped s t ructures  t e rmed  "growth  centers."  The 
number  of growth  centers  and the ra te  of l a te ra l  
growth of the p la te le ts  var ied  f rom t in gra in  to t in 
grain.  The ra te  of oxide growth  normal  to the t in 
surface also appeared  to va ry  f rom t in gra in  to t in 
grain. Thus, the crys ta l lographic  or ienta t ion of the  
indiv idual  t in grains appeared  to influence all  vis ible  
phases of the oxida t ion  of po lycrys ta l l ine  t in foils. 

The number  of growth  centers  and t in oxide p l a t e -  
lets was essent ia l ly  independent  of oxygen pressure  
f rom 0.001 Torr  to 100 Torr  (16). Fur the rmore ,  the  
number  of pla te le ts  was of the same order  of magn i -  
tude as the number  of c rys ta l lographica l ly  shaped 
pits tha t  could be produced in the meta l  surface by  
etching. Thus, it  was suspected tha t  o r ien ta t ion-  
dependent  defects such as dislocations emerging in 
the surface of the tin, might  be effective as nuc lea-  
t ion sites for t in oxide. 

In  view of the appa ren t  influence of the  c rys ta l -  
lographic  or ienta t ion  of the t in  subs t ra te  on the va r i -  
ous stages of the oxidat ion of tin, a more de ta i led  

study of the formation of oxide on several low-index 
faces of tin single crystals was undertaken. The ex- 
perimental program consisted of determining the 
orientation relationships between the oxide and the 
metal, and determining the number and size of the 
oxide platelets formed on each of these crystallo- 
graphic faces under controlled conditions of time, 
temperature, and oxygen pressure. In addition, elec- 
tron-transparent tin films, prepared from previously 
oxidized foils, were examined by transmission elec- 
tron microscopy, in an effort to find lattice defects, 
such as dislocations, that might have been clearly 
associated wi th  t in oxide platelets .  

Experimental Procedure 
Preparation of tin single crystals.---The t in single 

crysta ls  used in this s tudy were  grown in horizontal  
graphi te  boats according to the method descr ibed by  
Chalmers  (17). The crys ta l lographic  or ientat ions 
were  control led by seeding melts  of 99.9999% tin 
wi th  small  t in single crysta ls  having the requi red  
orientat ions.  The Laue  x - r a y  back-ref lec t ion tech-  
nique (18) was used to check the or ienta t ion  of the 
t in single crystals  before the oxidat ion exper iments .  

The single crystals  of t in obta ined by  the Chalmers  
technique were  8-10 in. long, 3/4 in. wide,  and 1/16- 
1/4 in. thick. Since the vacuum microbalances  nor -  
ma l ly  used in the s tudy of oxidat ion kinet ics  cannot 
suppor t  samples weighing more  than  about  0.5g, an 
a t t empt  was made  to reduce the s ing le -c rys ta l  bars  
to s ing le -c rys ta l  foils 0.003-0.006 in. thick. The bars  
were  first p laned using a spa rk -cu t t ing  machine  
developed by  Metals  Research Ltd. and then elec-  
t ropol ished by  a method descr ibed in an ear l ie r  
paper  (15). St ra ins  were  accidental ly ,  but  unavoid-  
ably,  in t roduced in the t in dur ing  the p repara t ion  
and handl ing  of the s ing le -c rys ta l  foils. As a result ,  
the k inet ic  da ta  were  er ra t ic  and nonreproducible .  
Because of these difficulties, the microbalance  in-  
vest igat ion of s ing le -c rys ta l  foils was abandoned,  
and the emphasis  was placed on the s tudy of the 
effect of the c rys ta l lographic  or ienta t ion  of the  t in 
on the orientat ion,  nucleation,  and growth  of oxide 
on b u l k - t i n  single crystals  tha t  were  th ick enough to 
resis t  accidental  s t ruc tura l  damage.  

Preparation and examination oS tin oxide 1~lms.-- 
The s ing le -c rys ta l  bars  of t in  obta ined by the 
Chalmers  technique were  electropolished,  washed,  
dried,  and suspended ver t i ca l ly  in a vacuum sys-  
tem. Af te r  the system was evacuated  to a pressure  of 
10 -7 Tort ,  the bars  were  annealed at  200~ for 1 hr. 
The t empe ra tu r e  was then reduced and equi l ib ra ted  
at 190~ and oxygen was in t roduced at a pressure  
of 10 Torr. The free surface of each specimen ( the 
surface tha t  had not been in contact  wi th  the wal ls  
or bot tom of the boat  dur ing  t i n - c rys t a l  growth)  
was examined  by  l ight  microscopy and then the 
oxide films were  str ipped,  using the technique de-  
scr ibed in ear l ie r  papers  (15, 16). The oxide films 
were  mounted  on specimen suppor t  grids having 
ro ta t ional  or ienta t ion  reference marke r s  so tha t  the 
or iginal  or ienta t ion of the oxide  on the meta l  could 
be p rese rved  when the s t r ipped  oxide films were  
placed in an RCA-EMD electron diffraction unit.  
Since there  are  no lenses below the specimen in 
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th is  i n s t r u m e n t ,  t he  d i f f r ac t ion  p a t t e r n s  of the  o x i d e  
a r e  not  r o t a t e d  or  i nve r t ed ,  and  t h e i r  o r i e n t a t i o n  
can  be  r e l a t e d  d i r e c t l y  to t he  p r e v i o u s l y  d e t e r m i n e d  
o r i e n t a t i o n  of t he  t in  subs t r a t e .  I t  is e s t i m a t e d  t h a t  
t he  c o m b i n e d  e r r o r  in  t he  a l i g n m e n t  of t he  spec imen  
s u p p o r t  g r ids  was  no t  m o r e  t h a n  -----5 ~ 

S e v e r a l  e x t r a c t i o n  r ep l i ca s  w e r e  o b t a i n e d  f r o m  
each  t in  c r y s t a l  face. The  ox ide  p l a t e l e t s  on each  
g r id  w e r e  coun t ed  on the  v i e w i n g  sc reen  of an  e l ec -  
t r o n  microscope ,  and  t y p i c a l  p l a t e l e t s  f rom each  t in  
face  w e r e  p h o t o g r a p h e d .  

Electrothinning.--Lattice dis loca t ions  and  o t h e r  
i m p e r f e c t i o n s  in  m e t a l  c r y s t a l s  h a v e  b e e n  s t u d i e d  
e x t e n s i v e l y  us ing  t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  
(12, 19).  Th in  e l e c t r o n - t r a n s p a r e n t  t in  foi ls  (20) 
w e r e  p r e p a r e d  f r o m  p r e - o x i d i z e d  spec imens  of t in  
in  an  effor t  to f ind d i r ec t  ev idence  of  ox ide  n u c l e a -  
t ion  on e m e r g i n g  d i s loca t ions  and  o t h e r  c r y s t a l  d e -  
fects.  The  t in  foi ls  w e r e  t h i n n e d  to p r o v i d e  e l e c t r o n -  
t r a n s p a r e n t  a r ea s  us ing  an  e l e c t r o l y t e  of 80.7% 
g lac i a l  acet ic  ac id  a n d  19.3% p e r c h l o r i c  ac id  in an  
e l e c t r o p o l i s h i n g  mic roscope .  1 

Background for the interpretation of crystallo- 
graphic orientation relationships.--The m u t u a l  o r i -  
e n t a t i o n  r e l a t i o n s h i p s  b e t w e e n  ox ide  and  m e t a l  
c ry s t a l s  a r e  g e n e r a l l y  cons ide r ed  to have  i m p o r t a n t  
inf luences  on n u c l e a t i o n  and  o x i d a t i o n  ra tes .  V i s u a l  
a ids  in the  f o r m  of scale  m o d e l s  of t he  r e s p e c t i v e  
f l -Sn  a n d  a - S n O  c r y s t a l  l a t t i ces  w e r e  e m p l o y e d  in 
t he  p r e s e n t  s t u d y  to ass is t  in t he  i n t e r p r e t a t i o n  of 
t he  e x p e r i m e n t a l l y  d e t e r m i n e d  o r i e n t a t i o n  r e l a t i o n -  
sh ips  b e t w e e n  t h e  o x i d e  a n d  the  me ta l .  

Mode l s  of m e t a l l i c  t in  and  s t a n n o u s  ox ide  c r y s t a l s  
w e r e  b u i l t  to scale  b y  g lu ing  t o g e t h e r  p l a s t i c  ba l l s  
w i t h  d i a m e t e r s  p r o p o r t i o n a l  to t he  a tomic  and  ionic  
d i a m e t e r s  g iven  b y  P a u l i n g  (22) and  the  T in  R e -  
s ea r ch  I n s t i t u t e  (23) .  The  l a r g e  w h i t e  ba l l s  s h o w n  in 
the  f igures,  r e p r e s e n t  t he  t in  a toms  in the  f l -Sn  
c rys ta l ,  t he  g r a y  ba l l s  r e p r e s e n t  o x y g e n  (O =)  ions,  
and  the  s m a l l  w h i t e  ba l l s  r e p r e s e n t  t in  ( S n  ++)  ions 
in  the  a - S n O  c rys t a l .  The  r e spec t i ve  u n i t  ce l l  d i -  
mens ions  w e r e  o b t a i n e d  f r o m  the  A S T M  x - r a y  p o w -  
de r  d a t a  file. S ince  mos t  of t he  s ingle  c r y s t a l  su r f aces  
s t u d i e d  in  th is  w o r k  consis t  of m o r e  t h a n  one l a y e r  
of p a r t i a l l y  e x p o s e d  t in  a toms,  t he se  su r faces  a r e  
t e r m e d  " c r y s t a l  faces"  r a t h e r  t h a n  p l a n e s  and  a re  

x The Zeiss (Jena)  "E lypov i s t "  (21). 

Fig. 1. Plastic models of the (I00), (110), (101), (001), and 
(111) faces of ~-Sn. 

O sn 0 0 = 0 Sn++ 

.SSn ~SnO 

Fig. 2. Diagram of the unit cells of ~-Sn and ~-SnO 

iden t i f i ed  w i t h  t h e  Mi l l e r  ind ices  of the  r e s p e c t i v e  
p a r a l l e l  c r y s t a l l o g r a p h i c  p lanes .  Mode l s  of t he  t in  
faces  s t u d i e d  in th i s  w o r k  a r e  s h o w n  in Fig .  1. 

D i a g r a m s  of the  un i t  cel ls  of f l -Sn  a n d  a - S n O  a re  
s h o w n  in Fig.  2. T in  has  a t e t r a g o n a l  s t r u c t u r e  w i t h  
t in  a t o m s  in the  corners ,  b o d y  center ,  a n d  in  the  
(010) a n d  (100) p l a n e s  at  pos i t ions  ( ~ ,  0, 3~) and  
(0, � 89  J/4), r e spec t i ve ly .  These  {100} p l anes  a r e  the  
mos t  c lose ly  p a c k e d  p l a n e s  in  t he  t in  c rys ta l .  A l p h a  
s t a n n o u s  ox ide  also has  a t e t r a g o n a l  s t ruc tu re .  The  
o x y g e n  ions a r e  in  t he  co rne r s  of t he  un i t  ce l l  a n d  in  
t he  c e n t e r  of t he  (001) p lanes .  The  t i n  a t o m s  a re  
l oca t ed  in the  (010) and  (100) p l anes  a t  pos i t ions  
(~2, 0, 3/4) and  (0, 1/2, ~/4), r e s p e c t i v e l y .  

Results and Discussion 

Orientation Relationships Between the Oxide 
and the Metal After Short Periods of Oxidation 

The  m a j o r  o r i e n t a t i o n s  of t he  ox ide  o b s e r v e d  on 
the  (100) ,  (110) ,  (101) ,  (001) ,  and  (111) faces  of 

Table I. Major orientation relationships between tin and 
stannou~ oxide 

Crysta l  Paral le l  F r a c t i o n  of  
face  ~-Sn plane oxide in  th is  
subs t ra te  ~-SnO or ienta t ion Major  di rect ional  re la t ionships  

(100) (001) 0.57 [100]SnO _ 13 ~ [010]Sn 
[ll0]SnO___ 13 ~ [010]Sn 

(111) 0.21 [ l l 0 ] S n O  33 ~ [010]Sn 
[ l l 0 ] S n O  76 ~ [010]Sn 

(110) (001) 0.71 [ 0 1 0 ] S n O / /  [001]Sn 
(!11) 0.12 [ l l 0 ] S n O  10 ~ [001]Sn 

(101) (001) 0.33 [1-10]SnO//[01~0]Sn 
[110] SnO 28 ~ [010] Sn 

(111) 0.33 [1-10] SnO --10 ~ [010] Sn 

(311) 0.17 

(001) (111) 0.33 
(110) 0.33 
(113) 0.33 

(111) (111) 0.31 
(311) 0.23 

(102) 0.23 
(113) 0.12 

[ l l 0 ] S n O  + 8  ~ [010]Sn 
[011]SnO--13 ~ [0 i0]Sn 

[ l l 0 ] S n O  26 ~ [010]Sn 
[ l l 0 ] S n O  19 ~ [100]Sn 
[ l l 0 ] S n O / / [ 2 1 0 ] S n  
[ l l 0 ] S n O  42 ~ [210]Sn 

[ 0 1 1 ] S n O / / [ I 0 1 ] S n  
m 
[ 1 1 2 ] S N O / / [ 1 1 0 ] S n  
[ l l 2 ] S n O / / [ 1 0 1 ] S n  

[ 0 1 0 ] S n O / / [ 1 0 1 ] S n  
[ l l 0 ] S n O / / [ l l 0 ] S n  
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Table II. Atom spacings of fl-tin and ~-stannous oxide crystals 

A t o m  d i s t a n c e  
c e n t e r  to  C r y s t a l l o g r a p h i c  p l a n e s  

D i r e c t i o n  c e n t e r ,  A p a r a l l e l  to  l i s t ed  d i r e c t i o n s  

S n  to S n  
[001]Sn 3.182 (100) Sn, (110) Sn 
[100] Sn 5.831 (100) Sn, (101) Sn, 

(001) Sn 
[ 102] Sn 3.02, 9.066 (100) Sn 
[302]Sn 3.768, 11.304 (100) Sn 
[ l l l ] S n  4.420 (110) Sn, (101) Sn 
[110] Sn 8.246 (110) Sn, (001) Sn 
[101]Sn 6.643 (101) Sn, (111) Sn 
[112] Sn 10.416 (111) Sn 

O = to  O = 
[100] SnO 3.802 (001) SnO, (102) SnO 
[110] SnO 2.688 (001) SnO, (110) SnO, 

( l l 3 )SnO 
[001] SnO 4.836 (110) SnO, (100) SnO 
[201] SnO 9.012 (102) SnO, (100) SnO 
[101] SnO 6.152 (111) SnO 
[112] SnO 5.533 (111) SnO, (311) SnO 
[301]SnO 12.389 (113) SnO 
[332] SnO 9.403 (113) SnO 
[011]SnO 6.151 (100) SnO, (311) SnO 
[130]SnO 6.012 (001) SnO, (311)SNO 

O= to Sn++ to O: 
[021] SnO 2.253, 6.759 (100) SnO, (102) SnO 
[023] SnO 4.095, 20.475 (100) SnO 

Sn++ to Sn++ 
[112] SnO 3.616 (111) SnO 
[010] SnO 3.802 (100) SnO 

fl- t in in 300 min at 190~ and an oxygen pressure  of 
10 Torr  are given in Table I. A complete  descr ipt ion 
of the or ien ta t ion  of the oxide wi th  respect  to the  
meta l  can be given by  a s ta tement  of the c rys ta l lo-  
graphic plane in the oxide found para l l e l  to the 
pa r t i cu la r  t in face together  wi th  the re la t ionship  be -  
tween a c rys ta l lographic  direct ion in the  oxide and 
one in the metal.  Whereve r  possible in this discus-  
sion, the crys ta l lographic  direct ions chosen are the 
intersect ions (zone axes)  be tween  the c rys ta l lo-  
graphic planes  tha t  are para l l e l  to the  oxide meta l  
in terface  and easi ly identif ied low- index  planes in 
the oxide or the  metal .  In this way,  v isual iza t ion of 
the or ientat ions  of scale models of the oxide  on 
scale models of the five t in faces is faci l i tated.  The 
atom spacings in various direct ions of the t in and the 
oxide crys ta l  lat t ices are given in Table II. 

Fig. 3. Oxide platelet formed on (100)Sn face with (001)SnO,~ 
(100)Sn and [100]SnO 13 ~ from [010]Sn orientation. Inset shows 
oxide model on tin model in the same orientation. Magnification 
approximately 5000X. 

Fig. 4. Oxide platelet formed on (100)Sn face with (111)SnO~ 
(100)Sn and [110]SnO 33 ~ from [010]Sn orientation. Inset shows 
oxide and tin models in same relationship. Magnification approxi- 
mately 8000X. 

Oxide formed on the ( lO0)Sn face . - -The  oxide 
pla te le ts  fo rmed with  (001) or ientat ions were  
roughly  rec tangular ,  square  or t r i angu la r  in shape 
with  at least  one 90 ~ corner,  Fig. 3. The crys ta l  edges 
intersect ing at  90 ~ were  ei ther  para l le l  to [100]SnO 
or [ 110 ] SnO directions. 

The pla te le ts  in the (111) or ientat ions  were  usu-  
a l ly  t r i angu la r  or t rapezoidal  with edges in te rsec t -  
ing at angles of 64 ~ or 52 ~ to each other, Fig. 4. The 
edges intersect ing at  64 ~ were  para l l e l  to the 
[ l l 0 ] S n O  and [101]SnO directions, whi le  those in-  
tersect ing at  52 ~ were  para l l e l  to [101]SnO direc-  
tions. 

The (001) and (111) or iented lat t ice models of 
t in oxide could be fitted to the models of the (100) 
t in face, wi th  a min imum amount  of dis tor t ion in 
both lattices, in or ientat ions approx ima t ing  those 
expe r imen ta l ly  determined.  Perhaps  the  observed 
or ientat ions of oxide on this t in face can be ac-  
counted for on the basis of the  best fit of the  oxide 
lat t ice to the me ta l  lattice.  

Oxide formed on the (110)Sn ] ace . - -The  (001) 
or iented oxide crysta ls  formed on the (110) t in face 
all had  the same shape, tha t  is, "a r rowheads"  
formed by two t r iangles  jo ined along the i r  longest  
sides. These a r rowheads  a lways  pointed in the 
[001]Sn direction, Fig. 5. This res t r ic ted  crysta l  
habi t  makes  possible a deta i led analysis  of the 
growth  of oxide on the ( l l 0 ) S n  face. The dominant  
fea ture  of this face is a series of pa ra l l e l  t roughs in 
the ~ 0 0 1 ~  directions,  Fig. 1. I t  is ev ident  f rom the 
shape of the oxide p la te le ts  tha t  the oxide growth 
ra te  was highest  in the direct ion para l l e l  to these 
troughs,  tha t  is, the [010]SnO and [001]Sn di rec-  
tions. A second in teres t ing  fea ture  of the (110) t in 
face is tha t  the atoms in the para l l e l  <001>  ridges 
are  also l ined up para l l e l  to the ~111 ~ S n  directions. 
Thus, there  is a second series of shal low troughs or 
saddles be tween  atoms in the four ~ l l l ~ S n  di rec-  
tions. The angle  be t w e e n  the [001]Sn direct ion and 
the [111]Sn direct ion is 74 ~ The angle  be tween  the 
common side, tha t  is, the [ 0 1 0 ] S n O / / [ 0 0 1 ] S n  di rec-  
t ion and the short  side ( ~ [ 310 ] SnO  direct ion) ,  of 
e i ther  oxide t r iangle  in the a r rowhead  platelet ,  is 
also 74 ~ 
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Fig. 6. Model of the oxide and the tin in the (001) [010]Sn~ 
(110) [001]Sn orientational relationship demenstrating the severe 
strain involved in a direct fit ef the oxide to the metal. 

Fig. 5. Typical arrowhead-shaped oxide platelet formed on the 
(110) tin face in the (001) [010]SnO~ (110) [O01]Sn orienta- 
tional relationship. Magnification approximately 4500X. 

The (110) face  of t in  is v e r y  s i m i l a r  in s t r u c t u r e  
to the  (110) face  of n ickel .  U s i n g  l o w - e n e r g y  e lec -  
t r on  d i f f rac t ion ,  G e r m e r  (12) has  been  ab le  to show 
t h a t  the  m i g r a t i o n  of a toms  on the  (110) n i c k e l  
face  occurs  m a i n l y  in t he  d i r ec t ion  of t he  t r o u g h s  
b e t w e e n  p a r a l l e l  rows  of n i cke l  a toms.  Thus,  i t  is 
sugges t ed  t ha t  the  shape  of t he  ox ide  p l a t e l e t s  
f o r m e d  on the  (110) face  of t in  is caused  b y  r a p i d  
su r f ace  m i g r a t i o n  of a t o m s  a long the  t r oughs  in t he  
[001]Sn  d i r ec t ion  and  s lower  m i g r a t i o n  ove r  t he  

sadd les  in t he  [111] and  [1-11]Sn d i rec t ions .  The  
ox ide  p l a t e l e t s  a r e  abou t  s ix  t imes  as long in the  

[001 ]Sn  d i r ec t ion  as in  t h e  [111] a n d  [ l l l ] S n  d i -  
rec t ions .  The  ox ide  p l a t e l e t s  m a y  h a v e  n u c l e a t e d  at  
t he  e x t r e m e  r e a r  of t he  a r r o w h e a d ,  w h e r e  a 
< l l l > S n  v e c t o r  i n t e r s e c t e d  the  [001 ]Sn  vec tor ,  a n d  
t hen  g r o w n  fas t e s t  a long  the  [001] t r oughs  t o w a r d  
the  apex.  As  the  a p e x  a d v a n c e d ,  t he  shee ts  of o x i d e  
s p r e a d  l a t e r a l l y  a t  a s lower  r a t e  ove r  the  s add l e s  

in the  [111] and  [ l l l ] S n  d i rec t ions ,  to g ive  t hese  
o x i d e  p l a t e l e t s  t h e i r  d i s t i n c t i v e  a r r o w h e a d  shape .  

I f  t h e  su r f ace  of t he  ( 1 1 0 ) S n  c rys t a l s  w e r e  p e r -  
f ec t ly  o r i en ted ,  i t  is to  be  e x p e c t e d  t h a t  t h e  ox ide  
w o u l d  g row e q u a l l y  r a p i d l y  in t he  [001 ]Sn  and  

[001 ]Sn  d i rec t ion .  The  l a ck  of  a p p r e c i a b l e  ox ide  

g r o w t h  in t he  [00]-]Sn d i r ec t i on  is p r o b a b l y  caused  
b y  a s l igh t  m i s o r i e n t a t i o n  of t he  (110) face  of t he  
t in  s ingle  c ry s t a l  u sed  in  t hese  e x p e r i m e n t s .  This  

(110) t in  face  was  t i l t e d  a b o u t  1 ~ in t he  [001]Sn  d i -  
rec t ion .  Because  of th is  t i l t ,  a n e w  (110) p l a n e  was  
exposed  and  a step,  one t in  a t o m  high ,  was  f o r m e d  
e v e r y  182A, or  a f t e r  e v e r y  57 t in  a toms  in t h e  

[001 ]Sn  d i rec t ion .  Thus,  in  cross  sect ion,  the  su r f ace  
w o u l d  h a v e  a s t a i r  s tep  a p p e a r a n c e ,  w i t h  t he  t r e a d  
of each  s tep  57 t imes  as long  as t he  h e i g h t  of t he  r i s e r  
to the  n e x t  s tep,  and  w i t h  t he  s teps  f ac ing  in  t he  
[001] d i rec t ion .  This  se r ies  of w a l l s  i m p a r t s  an  
a n i s o t r o p y  to t he  sur face ,  h i n d e r i n g  a t o m  m i g r a t i o n  

in t h e  [00]-]Sn d i rec t ion .  V e r y  few,  if  any ,  of  t he se  
a tomic  s teps  r u n n i n g  p a r a l l e l  to the  [ l l 0 ] S n  d i r e c -  
t ions  in  t he  ( l l 0 ) S n  face  s e rve  as n u c l e a t i o n  si tes.  

T h e r e  w o u l d  b e  abou t  890 s teps  u n d e r  t he  s ingle  
ox ide  p ]a t e l e t  shown in Fig.  5. 

Sca le  mode l s  of t h e  a - S n O  c r y s t a l  in  t he  (001) 
o r i e n t a t i o n  wi l l  not  fit d i r e c t l y  to the  m o d e l  of the  
( l l 0 ) S n  face  in the  o b s e r v e d  o r i en t a t i ons  w i t h o u t  
s t r a in  a n d  d i s t o r t i o n  of t he  r e s p e c t i v e  la t t i ces .  The  
fit of t h e  o x y g e n  ions is r e a s o n a b l e  w h e n  t h e  d i s -  
t ance  b e t w e e n  the  t r oughs  is cons ide red ,  b u t  t h e r e  
is m i s m a t c h i n g  a long  the  t roughs ,  and  t h e  ( 1/2, 1/2, 0) 
o x y g e n  ions w o u l d  be  d i s p l a c e d  v e r t i c a l l y  f r o m  t h e i r  
n o r m a l  pos i t ions  in  t he  ( 0 0 1 ) S n O  p lane ,  Fig .  6. 
G e r m e r  (12) has  f o u n d  t h a t  t he  a d s o r p t i o n  of  o x y -  
gen,  even  at  r o o m  t e m p e r a t u r e ,  on a c lean  (110) 
n i cke l  face  p r o d u c e d  a r e a r r a n g e m e n t  of t he  su r face  
n i cke l  a toms.  H e  d e d u c e d  t h a t  the  f o r m a t i o n  of th is  
n e w  su r f ace  a r r a n g e m e n t  i n v o l v e d  a m i g r a t i o n  of 
n i cke l  a toms  a long  the  t r o u g h s  in  the  < 1 1 0 >  d i r e c -  
t ions.  The  n i cke l  ox ide  f o r m e d  on the  (110) face  
f i t ted th is  r e a r r a n g e d  n i c k e l - o x y g e n  t r a n s i t i o n  l a t -  
t ice  r a t h e r  t h a n  the  u n d e r l y i n g  (110) n i c k e l  la t t ice .  

In  v i ew  of the  s i m i l a r i t y  in  s t r u c t u r e  b e t w e e n  the  
l a t t i ce  of the  (110) n i cke l  f ace  and  t ha t  of t h e  (110) 
t in  face,  i t  seems  p r o b a b l e  t h a t  a s i m i l a r  o x y g e n -  
i n d u c e d  r e a r r a n g e m e n t  of t h e  su r f ace  a t o m s  occurs  
on the  (110) face  of t in .  Thus ,  i t  is sugges t ed  t h a t  
the  ox ide  in t he  o b s e r v e d  o r i en ta t ion ,  ( 0 0 1 ) S n O / /  
( l l 0 ) S n  and  [ 0 1 0 ] S n O / / [ 0 0 1 ] S n ,  fits an  i n t e r m e d i -  
ate,  t w o - d i m e n s i o n a l ,  o x y g e n - t i n  l a t t i c e  r a t h e r  t h a n  
the  t in  l a t t i ce  d i r e c t l y  as  e x p o s e d  in  t he  ( l l 0 ) S n  
face. U n f o r t u n a t e l y ,  a s t u d y  of the  a d s o r p t i o n  of 
o x y g e n  on t in  s ingle  c r y s t a l s  b y  l o w - e n e r g y  e l e c t r o n  
d i f f rac t ion  w o u l d  be  v e r y  difficult .  In  the  first  place,  
t he  low m e l t i n g  p o i n t  of t in  (231.9~ p r e c l u d e s  t h e  
a p p a r a t u s  b a k e o u t  n e c e s s a r y  to a ch i eve  t h e  u l t r a -  
h igh  v a c u u m  r e q u i r e d  b y  t h e  t echn ique .  F u r t h e r -  
more ,  t he  r e m o v a l  of r e s i d u a l  ox ide  f r o m  t h e  s u r -  
face  of the  t in,  w i t h o u t  i n t r o d u c i n g  s t r u c t u r a l  a l -  
t e r a t i o n  of t he  c rys ta l ,  w o u l d  be  n e a r l y  imposs ib le .  

Oxide formed o~ the (101) ]ace of t in . - -The  a tom 
a r r a n g e m e n t  in t he  ( 1 0 1 ) S n  face  is m o r e  c o m p l e x  
t h a n  t h a t  of e i t he r  t he  ( 1 0 0 ) S n  f ace  or  the  ( l l 0 ) S n  
face. This  face  consis ts  of two  l a y e r s  of  t in  a toms,  
one of w h i c h  is 0.8A h i g h e r  t h a n  the  o ther ,  F ig .  1. 
A l t e r n a t e  t in  a toms  in t he  < 0 1 0 > S n  d i r ec t ions  and  
at  90 ~ in the  ~ 1 0 1 >  d i rec t ions ,  l ie  a t  a l t e r n a t e  leve ls  
in t h e  two  l aye r s ,  b u t  a l l  a t o m s  in the  < 1 1 1 >  d i r e c -  
t ions  l ies  in a s ing le  l a y e r .  The  ox ide  c r y s t a l s  
f o r m e d  on the  ( 1 0 1 ) S n  f ace  w e r e  m o s t l y  i r r e g u l a r  
in  shape ,  so t h a t  i t  was  diff icult  to d i s ce rn  a c h a r -  
ac t e r i s t i c  s h a p e  for  each  t y p e  of ox ide  o r i en ta t ion .  
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Fig. 8. Model of the (113) plane of c~-SnO 

Fig. 7. Oxide platelet formed on the (101) face of tin. Super- 
imposed electron diffraction pattern shows that one of the edges 
of the oxide crystal is parallel to the [lO0]SnO direction. Mag- 
nification approximately 5000X. 

Oxide  c r y s t a l s  h a v i n g  edges  i n t e r s e c t i n g  at  90 ~ w e r e  
of t h e  ( 0 0 1 ) S n O  or i en ta t ions .  One of these  edges  
was  u s u a l l y  p a r a l l e l  to  a [100 ]SnO d i rec t ion ,  Fig.  7. 

Sca le  mode l s  of t he  ox ide  l a t t i c e  cou ld  b e  m a d e  to 
fit, w i t h  some d i s to r t ion ,  l a t t i c e  mode l s  of t h e  (101) 
face  of t he  f l - t in  c r y s t a l  for  t h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  o r ien ta t ions .  H o w e v e r ,  i t  is m o r e  l i k e l y  
t ha t  r e a r r a n g e m e n t  of  the  su r f ace  t in  a t o m s  t a k e s  
p l ace  on e x p o s u r e  to oxygen ,  and  t h a t  t he  o r i e n t a t i o n  
of t h e  ox ide  is d e t e r m i n e d  b y  the  s t r u c t u r e  of th i s  
i n t e r m e d i a t e  l aye r .  

Oxide formed o~ the (001) face of t i n . - - O x i d e  
w i t h  t he  ( 0 0 1 ) S n O  p l a n e  o r i e n t e d  p a r a l l e l  to  t he  
( 0 0 1 ) S n  p l a n e  was  n e v e r  found.  I f  a s imp le  be s t  fit 
m o d e l  is a s sumed ,  t h e n  the  c l o s e - p a c k e d  a t o m s  
p a r a l l e l  to t h e  ~ 1 1 0 >  d i r ec t i ons  in  t he  (111) and  
(110) p l a n e s  of ox ide  shou ld  fit in  t he  t r o u g h s  in  t he  
( 0 0 1 ) S n  face  p a r a l l e l  to t he  ~ 1 0 0 > S n  d i rec t ions .  
The  p a r a l l e l  shee ts  of o x y g e n  a t o m s  in t he  (001) 
p l a n e s  of t h e  ox ide  w o u l d  h a v e  a b o u t  t he  r i g h t  s p a c -  
ing to fit in  t he se  t roughs ,  if  e i t he r  t h e  ( l l l ) S n O  or  
( l l 0 ) S n O  p l anes  w e r e  p a r a l l e l  to t h e  (001) face  of 
t in .  As  is shown  in T a b l e  II ,  t he  ~ 1 1 0 ~  d i r ec t ions  
in  the  ( l l l ) S n O  c r y s t a l s  d i v e r g e d  f r o m  the  
~ 1 0 0 ~ S n  d i rec t ions  b y  21 ~ to 30 ~ and  t h e  ~ 1 1 0 ~  
d i r ec t ions  in  t he  ( l l 0 ) S n O  c r y s t a l s  d i v e r g e d  f r o m  
the  < 1 0 0 > S n  d i r ec t ions  b y  14 ~ to  24 ~ This  d i v e r -  
gence  is b e l i e v e d  to be  ev idence  of t he  r e a r r a n g e -  
m e n t  of t h e  su r f ace  t i n  a toms  in t h e  ( 0 0 1 ) S n  face.  
The  (111) and  (110) p l anes  of SnO p r o b a b l y  fit on 
top  of t he  t w o - d i m e n s i o n a l  t i n - o x y g e n  s t r u c t u r e  
t h a t  r e su l t s  f r o m  th is  r e a r r a n g e m e n t .  

T h e  l a t t i c e  of t h e  ( 0 0 1 ) S n  face  is even  m o r e  c o m -  
p l e x  t h a n  t h a t  of t h e  ( 1 0 1 ) S n  face,  Fig .  1, s ince  t he  
t i n  a t o m s  l ie  in fou r  l e v e l s - -  0.8A, 1.6A, a n d  2.4A 
a b o v e  the  l o w e s t  leve l .  Deep  t r o u g h s  l ie  p a r a l l e l  to 
one  of t he  ~ 1 0 0 ~  d i rec t ions .  T h e  r e m o v a l  of t h e  top  
l a y e r  of a toms  in t he  (001) face  w o u l d  c h a n g e  the  
d i r ec t i on  of t he  t r o u g h s  90 ~ . Th is  su r f ace  is m o r e  
c o m p l i c a t e d  t h a n  a n y  so f a r  i n v e s t i g a t e d  b y  G e r m e r .  
H o w e v e r ,  if  a d s o r p t i o n - i n d u c e d  r e a r r a n g e m e n t  of 
t in  a t o m s  occurs  on t h e  (110) face,  i t  p r o b a b l y  oc-  
curs  m o r e  eas i ly  on the  (001) face  of  t in,  s ince  a 
f o u r t h  of t he  t in  a t o m s  e x p o s e d  in  th is  face  h a v e  
t h r e e  miss ing  n e a r e s t  ne ighbor s .  

A b o u t  a t h i r d  of t h e  o x i d e  c r y s t a l s  f o u n d  w e r e  
f o r m e d  w i t h  t h e  (113)SNO p l a n e  p a r a l l e l  to t h e  
( 0 0 1 ) S n  face.  The  o x y g e n  a t o m s  in t he  (113) SnO 
p l a n e  l ie  in  c l o s e - p a c k e d  rows  in t he  [110] d i rec t ion .  
These  rows  a re  a b o u t  9.4A apa r t ,  F ig .  8. I n  v i e w  of 
t h e  g r e a t  d i s t a n c e  b e t w e e n  a t o m s  in t h e  [332] d i r e c -  
t ion,  i t  seems  u n l i k e l y  t h a t  t he  (113) p l a n e  of ox ide  
w o u l d  be  c o m p a t i b l e  w i t h  t he  ( 0 0 1 ) S n O  face.  H o w -  
ever ,  t he  ang le  b e t w e e n  the  ( l l 3 ) S n O  p l a n e  and  
t h e  ( 0 O l ) S n O  p l a n e  is 31 ~ and  the  ang le  b e t w e e n  
the  ( 0 0 1 ) S n  face  and  the  ( 1 0 1 ) S n  face  is 29 ~ The  
c r y s t a l l o g r a p h i c  d i r ec t i on  in  two  of  t he  ( l l 3 ) S n O  
d i f f rac t ion  p a t t e r n s  o b t a i n e d  f r o m  ox ide  s t r i p p e d  
f r o m  t h e  ( 0 0 1 ) S n  face  c o r r e s p o n d e d  e x a c t l y  w i t h  
o b s e r v e d  o r i e n t a t i o n s  of (001) ox ide  f o r m e d  on t h e  
( 1 0 1 ) S n  face.  The  t h i r d  ( l l 3 ) S n O  p a t t e r n  was  r o -  
t a t e d  45 ~ and  f a i l ed  to l i ne  up  w i t h  an  o b s e r v e d  o r i -  
e n t a t i o n  of (001)  ox ide  on (101) t in  b y  on ly  10 ~ A 
c o m b i n e d  e r r o r  of 10 ~ in  o r i e n t i n g  t h e  spec imen  
s u p p o r t  sc reens  on the  ox id i zed  t in  s ing le  c rys ta l s ,  
and  t h e n  in  p l a c i n g  these  g r ids  in  t h e  e l ec t ron  
d i f f rac t ion  uni t ,  is no t  un l i ke ly .  These  o b s e r v a t i o n s  
sugges t  t h a t  t he  (113) o r i e n t e d  o x i d e  m a y  h a v e  
f o r m e d  on face ts  p a r a l l e l  to t h e  (101) p l a n e s  of t in ,  
r a t h e r  t h a n  d i r e c t l y  on t h e  ( 0 0 1 ) S n  face;  t h e  o x i d e -  
m e t a l  i n t e r f a c e  p r o b a b l y  consis ts  of p a r a l l e l  s teps  
r i s ing  at  an  ang le  of a b o u t  29 ~ to t h e  ( 0 0 1 ) S n  face,  
such  as  a r e  s h o w n  in Fig .  9. Such  face t s  w e r e  no t  
f o u n d  in  r ep l i ca s  of  u n o x i d i z e d  t in  su r f aces  or  on the  
a r eas  b e t w e e n  the  p l a t e l e t s  on p a r t i a l l y  ox id i zed  t in  
sur faces .  

Oxide formed on the (111) face of t i n . - - T h e  t in  
a t o m s  in t h e  ( l l l ) S n  face  l ie  a t  f ou r  l eve l s  in a 

Fig. 9. Oxide platelet in situ on fl-Sn showing parallel steps at 
oxide-metal interface. Conditions: 220~ 10 Torr, 5 mln. Mag- 
nification approximately 25,000X. 
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Table III. Missing nearest neighbors in the low index faces of/~-tin 

~ - S n  
c r y s t a l  

f a c e  

N u m b e r  of  m i s s i n g  n e a r e s t  n e i g h b o r s  N u m b e r  
per s u r f a c e  a t o m  of  m i s s i n g  

nearest  
Top  Second  Third Fourth  ne ighbors  

l a y e r  layer  layer  layer  per  c m  ~ 

(100) 1 1.08 • 1015 
(110) 2 1.52 • 1015 
(101) 2 1 ~  1.72 • 1015 
(001) 3 1 1 1 1.76 • 1015 
(111) 3 2 2 1 1.87 • 1015 

m a n n e r  s im i l a r  to the  a t o m  l a y e r s  in  t he  (001) face,  
e x c e p t  t h a t  the  s t r u c t u r e  is m o r e  open  and  the  l eve l s  
a r e  f a r t h e r  apa r t ,  Fig .  1. The  g r e a t e s t  n u m b e r  of 
d i f fe ren t  ox ide  o r i en t a t i ons  was  f o u n d  on the  
( l l l ) S n  face,  as w o u l d  be  e x p e c t e d  in v i e w  of t h e  
c o m p l e x  n a t u r e  of t he  a t o m  a r r a n g e m e n t  in  the  
m e t a l  sur face .  The  (311) a n d  (102)  o r i e n t a t i o n s  of 
o x i d e  a p p e a r  to  be  u n i q u e  to t h e  ( l l I ) S n  face,  
w h e r e a s  t h e  (111) a n d  (113) o r i e n t a t i o n s  of  o x i d e  
a p p e a r  to be  t h e  r e s u l t  of f ace t i ng  of t he  t in  p a r a l -  
l e l  to t he  (101) Sn  and  (100) Sn p lanes ,  r e spec t i ve ly .  
Sca l e  m o d e l s  of bo th  t h e  (311) a n d  the  (102) p l a n e s  
of ox ide  fit a scale  m o d e l  of t he  (111) face  of t in  
f a i r l y  w e l l  for  t he  o b s e r v e d  o r i en ta t ions .  In  v i e w  of 
t he  c o m p l e x  n a t u r e  of t he  (111) t in  face,  i t  is b e -  
l i e v e d  t h a t  h e r e  aga in  an  i n t e r m e d i a t e ,  t w o - d i m e n -  
s ional ,  r e a r r a n g e d  t i n - o x y g e n  l a t t i ce  occurs  b e t w e e n  
the  t i n  and  the  oxide .  A n  i n t i m a t e  fit of the  ox ide  
l a t t i ce  d i r e c t l y  to  t he  m e t a l  su r f ace  w o u l d  r e q u i r e  
excess ive  s t r a in  and  d i s t o r t i on  of bo th  c r y s t a l  l a t -  
t ices.  

Stability o~ the Tin Faces 
The  r e l a t i v e  s t r u c t u r a l  c o m p l e x i t y  of c r y s t a l  s u r -  

faces  is r e l a t e d  to t he  n u m b e r  of n e a r e s t  n e i g h b o r s  
t h a t  a r e  m i s s ing  f r o m  the  exposed  su r f ace  a toms,  
T a b l e  III .  F u r t h e r m o r e ,  acco rd ing  to G e r m e r  (24) ,  
t h e  n u m b e r  of miss ing  n e a r e s t  n e i g h b o r s  p e r  un i t  
a r e a  is a m e a s u r e  of t h e  r e l a t i v e  s t a b i l i t y  of a s u r -  
face;  t he  g r e a t e r  th is  n u m b e r ,  the  m o r e  u n s t a b l e  is 
t he  sur face .  Thus ,  t he  (100) face  of t in  is t he  mos t  

s t ab le  and  the  (111) face  is t he  l ea s t  s t ab l e  of t he  
five o r i en t a t i ons  s t u d i e d  in  th is  work .  F a c e t i n g  to 
expose  m o r e  s t ab le  sur faces ,  a n d / o r  r e a r r a n g e m e n t  
of t h e  exposed  a toms,  a r e  m o r e  l i k e l y  to  occur  as t he  
n u m b e r  of miss ing  n e a r e s t  n e i g h b o r s  increases .  The  
n u m b e r  of d i f fe ren t  ox ide  o r i en t a t i ons  o b s e r v e d  on 
the  t i n  c r y s t a l  faces  t e n d e d  to i nc rea se  as t h e  s t a -  
b i l i t y  of these  faces  dec reased .  M i c r o g r a p h s  of t he  
ox ide  f o r m e d  on the  (100) ,  (110) ,  (101) ,  (001) ,  and  
(111) t in  faces  a r e  s h o w n  in Fig .  10. The  fine s t r u c -  
t u r e  in  t h e  ox ide  f o r m e d  on t h e  (001) and  (111) 
t in  faces  is b e l i e v e d  to be  e v i d e n c e  of face t ing .  

Orientation Relationships After 
Extended Periods of Oxidation 

The  o r i e n t a t i o n  r e l a t i o n s h i p s  b e t w e e n  the  t in  s u b -  
s t r a t e  and  the  ox ide  a r e  s t i l l  e v i d e n t  a f t e r  t he  s u r -  
face  of  t he  m e t a l  is c o m p l e t e l y  cove red  w i t h  c r y s t a l -  
l i ne  oxide .  E l e c t r o n  d i f f r ac t ion  p a t t e r n s  of t h e  ox ide  
f o r m e d  a t  190 ~ a n d  10 T o r r  fo r  7000-8500 m i n  on 
the  (100) ,  (110) ,  (101) ,  a n d  (001) faces  of t i n  con-  
s i s ted  of s t rong,  s i n g l e - c r y s t a l ,  ox ide  d i f f r ac t ion  
spots  s u p e r i m p o s e d  on the  d i f f r ac t ion  r i ngs  of r a n -  
d o m l y  o r i e n t e d  ox ide  c rys ta l s .  The  s ingle  c r y s t a l  
spots,  in t he  ma in ,  w e r e  m o r e  in t ense  and  s l i g h t l y  
e l o n g a t e d  s egmen t s  of t he  r a n d o m  d i f f rac t ion  r ings ,  
i n d i c a t i n g  t h a t  t h e  m a j o r i t y  of t he  ox ide  c r y s t a l s  
w i t h i n  t h e  d i f f r ac t ing  a r e a  w e r e  in e s s e n t i a l l y  t he  
s a m e  o r i en ta t ion .  

The  p r e f e r r e d  o r i e n t a t i o n  of ox ide  on the  (100) ,  
(110) ,  a n d  (101) t in  faces  cons i s ted  of t h e  (001) 
p l a n e  of o x i d e  p a r a l l e l  to  t h e  t in  sur face .  The  
t e n d e n c y  of t he  (001) ox ide  f o r m e d  on t h e  (110) t in  
face  to have  one specific o r i en ta t ion ,  [ 0 1 0 ] S n O  
p a r a l l e l  to  [001]Sn ,  was  s t i l l  ev iden t .  H o w e v e r ,  the  
ox ide  f o r m e d  on t h e  (100) t in  face  was  c o n s i d e r a b l y  
m o r e  r a n d o m l y  o r i e n t e d  t h a n  i t  h a d  b e e n  a f t e r  on ly  
300 m i n  of  ox ida t ion .  O x i d e  f i lms w i t h  ( l l 3 ) S n O ,  
( l l l ) S n O ,  or  ( 3 1 1 ) S n O  p l a n e s  p a r a l l e l  to t he  t in  
su r face  w e r e  f o u n d  to be  t h e  m a j o r  ox ide  o r i e n t a -  
t ions  on the  (001) t in  face.  

The  m o r p h o l o g y  of t h e  ox ide  also v a r i e d  w i t h  t he  
t in  su r f ace  o r i e n t a t i o n  in  t hese  t h i c k  films. F i g u r e  11 

Fig. 10. Oxide removed from the (110), (101), (100), (111), and 
(001) planes of tin after oxidation for 180 min at 190~ and 10 
Terr. 

Fig. 11. Composite electron micrograph of oxide films stripped 
from the (100), (101), (001), and (110) faces of tin after 7000 to 
8500 min at 190~ and 10 Torr. X15,000. A, (100)$n face oxide 
thickness 179A; B, (101)Sn face, oxide thickness 258A; C, (001)Sn 
face, oxide thickness 319.~; D, (110)Sn face, oxide thickness 356•. 
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Table IV. Oxide formed on tin single crystals in 300 min at 190~ and 10 Torr 
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E x p o s e d  face  
t in  s ing le  c ry s t a l  (hkl) 

T i n  s u r f a c e  area  
c o v e r e d  b y  

N u m b e r  e tch  N u m b e r  o x i d e  A v e r a g e  area  p e r  ox ide  p la t e l e t s ,  
p i t s  pe r  cm~ p l a t e l e t s  p e r  crn~ p la t e l e t ,  cm2 cm a SnO/cm~ S n  M a j o r  o x i d e  o r i e n t a t i o n s .  % (hkl) 

(001) 
(101) 
(110,) 
(100) 
(111) 

Bulk polycrystal  
Polycrystal l ine foil 

6-rai l- thick 

1.1 X 107 19.8 X 103 63.3 X 10 -8 125.3 X 10 -4  
3.3 X 106 18.3 X 103 24.5 X 10 -8 44.8 X 10 -4 
1.6 X l0 T 7.9 X 103 72.7 X 10 - s  57.4 X 10 -4 
1.2 X 107 3.3 X 103 43.7 • 10 - s  14.4 X 10 -4  
Uniformly  2.3 X 103 29.5 X 10 - s  6.8 X 10 -4 

etched 
1.2 X 105 20.6 X 10 - s  24.7 X 10 -8 
5.2 X 105 98.0 X 10 - s  51 X 10 -2 

33% (113), 33% (110), 33% (111) 
33% (OOl), 33% (111) 
71% (001), 12% (111) 
57% (001), 21% (111) 
31% (111), 23% (311), 23% (102), 

12% (113) 

is a composi te  of e lec t ron  mic rographs  of r e p r e -  
sen ta t ive  oxide films s t r ipped f rom the  (100),  (101),  
(001),  and  (110) faces of t i n  af ter  7000-8500 m i n  of 
ox ida t ion  at  190~ and  10 Torr.  The cavi t ies  (whi te  
a reas ) ,  t ha t  p rev ious ly  had  been  observed in  oxide 
films on  po lyc rys t a l l i ne  t in  (16) ,  also appeared  in  
the oxide fo rmed  on s ing l e - c rys t a l  faces. The size 
and  area  of the  cavit ies  appear  to depend  to some 
ex t en t  on the  o r i en ta t ion  of the  t in  subs t ra te .  The  
th ickes t  oxide was  fo rmed  on the (001) and  (110) 
t i n  faces. As is seen in  Fig. 11, t he r e  is a m a r k e d  
difference in  the  ave rage  size of the  cavit ies  in  the  
oxide fo rmed  on these  two t in  faces. The geometr ic  
o r i en t a t i on  ( and  shape)  of the  cavi t ies  does no t  ap -  
pea r  to depend  on the  t in  subs t ra te ,  s ince i t  var ies  
f rom oxide crys ta l  to oxide crystal ,  on t in  subs t r a t e  
of a s ingle  or ien ta t ion .  

The  g rowth  of cavit ies  in  the  oxide at t he  m e t a l -  
oxide in te r face  appears  to invo lve  surface diffusion 
on the  oxide, s ince t he  cavit ies,  once nuc lea ted ,  wi l l  
grow in  vacuum.  I t  is possible tha t  the  fo rma t i on  
of the  cavi t ies  is, in  par t ,  a m e a n s  of compensa t ing  
for the  periodic loss of reg i s t ry  b e t w e e n  the  oxide 
la t t ice  and  the  u n d e r l y i n g  me ta l  latt ice.  

Effect of Substrate O~ientatio~ on the 
Nucleation of Tin Oxide 

The n u m b e r s  of oxide p la te le t s  found  on the  five 
l o w - i n d e x  faces of f i -Sn  af ter  ox ida t ion  at 190~ a nd  
10 Tor r  oxygen  for 300 m i n  a re  g iven  in Tab l e  IV. 
The oxide p la te le t s  thus  fo rmed  were  la rge  enough  
to be counted  eas i ly  in  the e lec t ron  microscope b u t  
had not  ye t  g rown  toge ther  to fo rm a comple te  c rys-  
t a l l ine  film. A s s u m i n g  a o n e - t o - o n e  cor respondence  
b e t w e e n  oxide nuc le i  and  the oxide p la te le t s  g r ow n  
f rom oxide nuclei ,  these  n u m b e r s  r ep r e sen t  n u c l e -  
a t ion ra tes  at 300 rnin, u n d e r  the  e x p e r i m e n t a l  con-  
dit ions.  

A cor re la t ion  b e t w e e n  the  di f ferent  ra tes  of oxi-  
da t ion  of some crys ta l  faces of copper  and  the  n u m -  
ber  of e q u i v a l e n t  o r i en ta t ions  of oxide fo rmed  on 
these faces has b e e n  observed (25).  These di f ferent  
ox ida t ion  ra tes  are  be l ieved  to be re la ted  to the  
n u m b e r s  of oxide g ra ins  fo rmed  on  the  va r ious  cop- 
per  c rys ta l  faces. A s imi la r  cor re la t ion  b e t w e e n  the  
n u m b e r  of t i n  oxide crys ta ls  and  the  n u m b e r  of 
e q u i v a l e n t  o r i en ta t ions  of t i n  oxide on the l o w - i n d e x  
t in  faces was  no t  observed.  The  (001) p l ane  of oxide 
was fo rmed  pa ra l l e l  to the  (100),  (110),  and  (101) 
faces of t in.  F o u r  o r i en ta t ions  of (001) oxide were  
observed on the  ( 1 0 0 ) t i n  face, two on the  (101) 

face, and  one on  the  (110) face. As is shown  in  
Tab le  IV, the  n u m b e r  of t i n  oxide p la te le ts  was  
greates t  on the  (101) t in  face, i n t e r m e d i a t e  on the 
(110) face, a nd  leas t  on the  (100) face. 

The  (001) p l ane  is the  most  closely packed  p lane  
in  the  ~ - S n O  crystal .  Oxide  wi th  the  (001) p l ane  
o r ien ted  pa ra l l e l  to the  t in  surface  was  most  f i e -  
q u e n t l y  observed  for bo th  s ingle  crys ta ls  and  po ly -  
c rys ta l l ine  foils. Thus,  i t  appears  t ha t  the  p re fe r red  
o r i en ta t ion  of a - S n O  on  f l -Sn  consists of the  
(001 )SnO p l a n e  para l l e l  to the  o x i d e - m e t a l  i n t e r -  
face. The  f r e q u e n c y  of occur rence  of the  (001) oxide 
o r i en ta t ion  m a y  serve as an  index  of the  c rys ta l lo -  
g raphic  factors  tha t  inf luence  the  fo rma t ion  of oxide 
nuc le i  on t i n  s ingle  crystals.  On this  basis,  a g rea te r  
n u m b e r  of oxide p la te le t s  w ou l d  be expec ted  to fo rm 
on the ( l l 0 ) S n  face. This order,  in  fact, is observed  
for the  (100) and  (110) faces, b u t  it  canno t  be ex -  
t ended  to inc lude  the (001),  (101),  a nd  ( l l l ) S n  
faces. 

Severa l  e x p e r i m e n t a l  observa t ions  h a v e  led to the  
sugges t ion  t ha t  some of the  dis locat ions t ha t  i n t e r -  
sect the  t in  surface  m a y  serve as n u c l e a t i o n  sites for 
oxide:  (i) A n  increase  in  oxygen  p ressure  w i th  its 
a t t e n d a n t  increase  in  the  n u m b e r  of oxygen  a toms 
s t r ik ing  the me t a l  surface  did no t  p roduce  a corre-  
spond ing  increase  in  the  n u m b e r  of oxide part ic les ,  
as wou ld  be expected  if oxide n u c l e a t i o n  occurred  at  
r a n d o m  on the  me ta l  surface,  u n d e r  the  inf luence  of 
a surface  diffusion e q u i l i b r i u m  (16).  (it) The  n u m -  
ber  of oxide par t ic les  t ha t  fo rmed  on the  po lyc rys -  
t a l l ine  t in  (exc lus ive  of t i n  g ra in  bounda r i e s )  was  
h igher  t h a n  the  n u m b e r  fo rmed  on s ingle  crystals,  
Tab le  IV. Dislocat ions are k n o w n  to be  easier  to a n -  
nea l  out  of s ingle  crysta ls  t h a n  out  of po lyc rys t a l -  
l ine  mate r ia l .  ( i i i )  F e w e r  oxide crys ta ls  were  found  
on t in  single crys ta ls  tha t  were  r e l a t i ve ly  free of 
s t r uc tu r a l  damage  t h a n  were  found  on l ike faces of 
acc iden ta l ly  s t r a ined  s ingle  crystals .  A compar i son  
of the  n u m b e r  of oxide par t ic les  f ound  on s t r a ined  
a nd  u n s t r a i n e d  t in  s ingle  crys ta ls  is g iven  in  
Tab le  V. 

In  the  absence  of impur i t i es ,  the type  of dis loca-  
t ion  mos t  l ike ly  to act  as a n  oxide n u c l e a t i o n  site 
migh t  be  a perfect  screw emerg ing  p e r p e n d i c u l a r  to 
a surface,  s ince such a d is locat ion w ou l d  p rov ide  a 
step of m a x i m u m  he ight  on the  surface.  Because 
perfect  screw dis locat ions are, by  defini t ion,  p e r -  
fect ly  s t ra igh t  a nd  have  B ur ge r s  vectors  pa ra l l e l  to 
the i r  l ine  length ,  the  best  oxide nuc l ea t i on  sites 
a mong  emerg ing  screw dis locat ions should  be  on 
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Table V. Comparison of oxide formed on good and damaged tin single crystals 

June 1964 

A v e r a g e  a r e a  T i n  s u r f a c e  
N u m b e r  o x i d e  p e r  o x i d e  a r e a  c o v e r e d  

E x p o s e d  f a c e  (hkD p l a t e l e t s  p e r  e m  ~ p l a t e l e t ,  cm~ by  ox ide ,  cm ~ M a j o r  o x i d e  o r i e n t a t i o n s  

(100) Unst ra ined 3.3 • 103 43.7 X 10 - s  14.4 • 10 -4 
(100) Strained 12.7 X 103 47.0 • 10 -8 59.7 X 10 -4 
(111) Unst ra ined 2.3 X 103 29.5 X 10 -3 6.8 • 10 -4 

(111) Stra ined 7.9 • 103 45.3 >< 10 -8 35.8 X 10 -4 

57% (001), 21% (111) 
80% (001), 20% (111) 
31% (111), 23% (311), 23% (102), 

12%(113) 
60% (111), 20% (311), 20% (113) 

N o t e :  T h e  x - r a y  L a u e  p a t t e r n s  of t h e  d a m a g e d  c r y s t a l s  c o n s i s t e d  of  

those c rys ta l lographic  faces t ha t  a re  p e r p e n d i c u l a r  to 
the  Burge r s  vector  (b) .  Since the  s t r a in  e n e r g y  of 
a d is locat ion is p ropor t iona l  to b 2, a whole  dis loca-  
t ion  wi l l  have  a m i n i m u m  s t r a in  e n e r g y  w h e n  the  
va lue  of b cor responds  to the  smal les t  la t t ice  vector ,  
tha t  is, the  c lose-packed direct ion.  Therefore ,  the  
most  f avorab le  sites for oxide n u c l e a t i o n  on e m e r g -  
ing screw dis locat ions should occur on those t in  
faces t ha t  are  p e r p e n d i c u l a r  to the  c lose-packed  d i -  
rect ions.  

The  most  closely packed  direct ion,  and  also the  
most  common  slip direct ion,  in  the  t e t r agona l  f l -Sn  
la t t ice  is the  ~ 0 0 1 ~  direct ion.  The a t o m - c e n t e r - t o -  
a t o m - c e n t e r  d is tance  in  this  d i rec t ion  is 3.8A. The 
~ 0 0 1 ~  d i rec t ion  in tersec ts  the  (001) p l ane  at  an  
angle  of 90 ~ the  (101) p l ane  at 61 ~ and  the  ( l l l ) S n  
p l ane  at  52 ~ The  < 0 0 1 >  d i rec t ion  is pa ra l l e l  to the  
(110) and  (100 )Sn  planes.  Thus,  p u r e  screw dis-  
locat ions wi l l  show the  highest  g rowth  steps on the  
(001) face of t in,  smal le r  steps on the  (101) and  
(111) faces, and  no steps on the  (110) and  (100) 
faces. 

As is shown in  Table  IV, the grea tes t  n u m b e r s  of 
oxide p la te le t s  were  found  on the  (001) and  (101) 
p lanes  of t in,  and  the least  n u m b e r s  w e r e  found  on 
the  (110),  (100),  and  (111) planes.  Thus,  a qua l i -  
t a t ive  cor re la t ion  appears  to exist  b e t w e e n  the ex-  
pected ang le  of emergence  of perfect  screw dis loca-  
t ions in  the (001),  (101),  (110),  and  (100) faces 
of t i n  and  the  n u m b e r  of i n d i v i d u a l  oxide p la te le t s  
fo rmed  on these faces. However ,  the  n u m b e r  of 
oxide p la te le t s  found  on the (111) face of t i n  was 
m u c h  lower  t h a n  would  be expected f rom the above 
a rgumen t s .  

If the  f r equency  of occur rence  of oxide in  (001) 
o r i en ta t ions  and  the  angle  of emergence  of perfect  
screw dis locat ions in  each t in  face are added to-  
gether ,  an  in t e re s t ing  cor re la t ion  is ob ta ined  b e -  

Table VI. Prediction of the number of oxide nuclei on 
tin single crystal faces 

S u m  of  
d i s loca t ion  
e m e r g e n c e -  

S c r e w -  a n g l e  
E x p o s e d  A n g l e  d i s l o c a t i o n -  f r a c t i o n  a n d  O b s e r v e d  
f a c e  t i n  b e t w e e n  e m e r g e n c e  F r a c t i o n  f r a c t i o n  n u m b e r  
s i n g l e  < 0 0 1 >  a n g l e  i n  of o x i d e  o f  o x i d e  o x i d e  
c r y s t a l  a n d  f r a c h o n s  i n  (001) i n  (001) p l a t e l e t s  

(hk l )  (hk l )  of  90" o r i e n t a t i o n  o r i e n t a t i o n  p e r  crnU 

(001) 90 ~ 1.00 0.00 1.00 19.8 • 103 
(101) 61 ~ 0.68 ,0.33 1.01 18.3 • 103 
(110) 0 ~ 0.00 0.71 0.71 7.9 • 103 
(100) 0 ~ 0.00 0.57 0.57 3.3 • 103 
(111) 52 ~ 0.58 0.00 0.58 2.3 • 103 

t w o  sets  of  r e f l e c t i o n s  s e p a r a t e d  b y  a b o u t  1 ~ . 

t w e e n  these  sums a nd  the  n u m b e r s  of oxide p la te le t s  
ac tua l ly  found  on each t in  face, Table  VI. Thus,  it  
is suggested tha t  in  the  absence  of t w i n  a nd  g ra in  
boundar ies ,  t i n  oxide n u c l e a t i o n  ra tes  are  d e p e n d e n t  
on in t e rac t ions  b e t w e e n  the  c rys ta l  la t t ice  of the  t in  
and  the  pa ra l l e l  c rys ta l  la t t ice  of the  oxide, b u t  tha t  
these  t in  oxide nuc l ea t i on  ra tes  m a y  be modified by  
the  presence  of screw dis locat ions emerg ing  in  the 
t i n  surface.  

The  n u m b e r  of d is locat ions  to be  expected  in a 
wel l  a n n e a l e d  t in  s ingle  crys ta l  a p p a r e n t l y  has not  
been  repor ted  in  the  l i t e ra tu re ,  b u t  a n u m b e r  in  the 
order  of 106-108 dis locat ions per  square  cen t ime te r  is 
u sua l l y  quoted  for most  wel l  a n n e a l e d  metals .  The 
n u m b e r  of c rys ta l lographic  etch pits fo rmed  on most  
of the  t in  faces is of the order  of 106-107 per  cm 2, 
Tab le  IV. The n u m b e r  of oxide p la te le t s  f ound  on 
t in  s ingle  crysta ls  is two to th ree  orders  of m a g n i -  
tude  less t h a n  108. Thus,  it appears  tha t  on ly  a smal l  
f rac t ion  of the dis locat ions p re sen t  in  the  t in  could 
have  been  act ive as n u c l e a t i o n  sites for oxide. 

A n  effort was  m a d e  to find direct  ev idence  of t in  
oxide nuc lea ted  on emerg ing  screw dislocations.  
Spec imens  of oxidized t in  we re  e l ec t ro th inned  and  
e x a m i n e d  by  t r ansmis s ion  e lec t ron  microscopy,  bu t  
no t i n  c rys ta l  dis locat ions tha t  were  c lear ly  associ- 
a ted wi th  oxide nuc le i  could be b r ough t  in to  con-  
trast .  Since the images  of screw dis locat ions f avo r -  
ab ly  or iented  for oxide n u c l e a t i o n  wou ld  be smal l  
and  eas i ly  obscured  b y  the  r e l a t i ve ly  th ick  oxide 
platelets ,  the fa i lu re  to observe  dis locat ions associ-  
a ted w i th  oxide nuc le i  does no t  p rove  tha t  oxide 
nuc l ea t i on  canno t  take  place on some emerg ing  
screw dislocations.  

The a p p a r e n t  co r re la t ion  b e t w e e n  the n u m b e r  of 
oxide nuc le i  on some t in  c rys ta l  faces and  the  angle  of 
emergence  of screw dis locat ions is i n t e r e s t i ng  bu t  
inconclus ive .  I t  m i g h t  be  pos tu la ted  tha t  the  con-  
cen t r a t i on  of surface  i m p u r i t y  a toms is o r i en ta t ion  
dependen t ,  and  tha t  impur i t i es ,  r a t h e r  t h a n  dis-  
locations,  act as nuc l ea t ion  sites. On the  other  hand ,  
it can  be a rgued  tha t  the  impur i t i e s  in  the  t i n  r e n d e r  
ineffect ive as oxide  n u c l e a t i o n  sites a m a j o r i t y  of 
the dis locat ions e m e r g i n g  in  the  surface of the  t in  
s ingle  crystals .  

Significance of Growth Centers 
The func t i on  of the charac ter i s t ic  "g rowth  cen-  

ters"  in  the f o r ma t i on  of l a rge r  t in  oxide p la te le t s  
was discussed in  ear l ie r  papers  (16).  A bou t  t h r ee -  
four ths  of the oxide pla tes  t ha t  were  no t  nuc l ea t ed  
on the  g ra in  b o u n d a r i e s  of po lyc rys t a l l i ne  t in  foils 
were  associated w i th  g rowth  centers .  Two types  of 
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Fig. 12. Wheel-shaped and pyramidal growth centers formed on 
(001), (I01), and (111) tin faces. 

g r o w t h  cen te r s  w e r e  o b s e r v e d :  ( i)  w h e e l  or  s p i r a l -  
s h a p e d  centers ,  and  ( i t )  p y r a m i d a l  or  d i a m o n d -  
s h a p e d  centers ,  Fig.  12. 

In  c o n t r a s t  to t he  ox ide  f o r m e d  on p o l y c r y s t a l l i n e  
foils, mos t  of the  ox ide  p l a t e l e t s  f o r m e d  on t in  s ingle  
c rys t a l s  w e r e  id iomorph ic .  Less  t h a n  ha l f  of t he  
ox ide  p l a t e l e t s  w e r e  assoc ia ted  w i t h  g r o w t h  centers .  
No g r o w t h  cen te r s  f o r m e d  on the  (110) and  (100) 
faces  of b u l k  t in  s ingle  c rys ta l s .  The  shapes  of the  
g r o w t h  cen te r s  t h a t  f o r m e d  on the  o the r  faces  a p -  
p e a r e d  to d e p e n d  on the  e x p o s e d  c r y s t a l  s t r u c t u r e  
of the  t in.  P y r a m i d a l - s h a p e d  g r o w t h  cen te r s  f o r m e d  
on the  (101) ,  (111) ,  and  (001) t in  faces,  b u t  w h e e l -  
s h a p e d  g r o w t h  cen te r s  f o r m e d  o n l y  on the  (111) and  
(001) faces  of  b u l k  t in  s ingle  c rys ta l s .  

The  n u m b e r  of g r o w t h  cen te r s  a p p e a r e d  to d e p e n d  
on the  a m o u n t  of a cc iden t a l  s t r a in  p r e s e n t  in  t he  t in  
c rys ta l s .  F o r  e x a m p l e ,  g r o w t h  cen te r s  w e r e  f o r m e d  
on the  (110) and  (100) faces  of t h in  foi ls  p r e p a r e d  
f rom b u l k  t in  s ingle  c rys ta l s ,  a l t h o u g h  none  w e r e  
f o u n d  on these  s ame  faces  of the  b u l k  s ing le  c rys t a l s  
t hemse lves .  F u r t h e r m o r e ,  g r e a t e r  n u m b e r s  of 
g r o w t h  cen te r s  w e r e  f o r m e d  on the  (101) ,  (001) ,  
and  (111) faces  of s ingle  c r y s t a l  foi ls  t h a n  w e r e  
f o r m e d  on the  s ame  faces  of b u l k  s ingle  c rys ta l s .  
S ince  the  foi ls  w e r e  u n a v o i d a b l y  s t r a i n e d  d u r i n g  
p r e p a r a t i o n ,  i t  is su spec t ed  t h a t  the  l eve l  of acc i -  
d e n t a l  s t r a i n  was  m u c h  h i g h e r  in t he  t h in  foi ls  t h a n  
in t he  b u l k  s ing le  c rys ta l s .  I t  is a rgued ,  t he r e fo r e ,  
t ha t  the  t i n  ox ide  g r o w t h  cen te r s  a r e  r e l a t e d  to d i s -  
loca t ions  e m e r g i n g  f r o m  the  su r f ace  of the  t in.  S ince  
the  g r o w t h  cen te r s  a p p e a r  on ly  on t in  faces  in to  
w h i c h  p e r f e c t  s c r e w  d i s loca t ions  w o u l d  e m e r g e  a t  
angles  of 52-90 ~ i t  is sugges t ed  t ha t  the  g r o w t h  cen -  
t e r s  a r e  mos t  l i k e l y  a s soc ia t ed  w i t h  sc rew d i s lo -  
cat ions.  

Summary 
The  effects of t he  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of 

t he  s u b s t r a t e  on the  o r i en ta t ion ,  n u c l e a t i o n  and  
e a r l y  g r o w t h  of t in  ox ide  have  been  i n v e s t i g a t e d  
us ing  e l e c t r o n  a n d  x - r a y  d i f f rac t ion ,  and  e l e c t r o n  
mic roscopy .  Tin s ing le  c rys t a l s  w e r e  p r e p a r e d  f r o m  
99.9999% p u r e  t in  in  five o r i en t a t i ons :  (100) ,  (110) ,  
(101) ,  (001) ,  or (111) p l a n e  p a r a l l e l  to t he  sur face .  

E s t i m a t e s  of the  n u c l e a t i o n  a n d  e a r l y  g r o w t h  
r a t e s  of ox ide  on the  l o w - i n d e x  t in  faces  w e r e  o b -  
t a i n e d  b y  coun t ing  the  n u m b e r  and  m e a s u r i n g  the  

a r e a  of the  ox ide  c r y s t a l  p l a t e l e t s  s t r i p p e d  f r o m  
these  t in  faces,  a f t e r  o x i d a t i o n  for  300 m i n  a t  190~ 
and  an  o x y g e n  p r e s s u r e  of  10 Torr .  This  t r e a t m e n t  
p r o d u c e d  f r o m  103 to 104 c r y s t a l l i n e  ox ide  p l a t e l e t s  
p e r  s q u a r e  c e n t i m e t e r  of t i n  su r f ace  w i t h  a v e r a g e  
a r eas  p e r  p l a t e l e t  of f rom 2 x 10 - s  to 7 x 10 -8 cm 2 
d e p e n d i n g  on the  o r i e n t a t i o n  of the  t in.  

The  (001) p l a n e  of SnO was  p a r a l l e l  to the  o x i d e -  
m e t a l  i n t e r f ace  in ove r  ha l f  of  t he  ox ide  p l a t e l e t s  
f o r m e d  on the  (100) and  ( l l 0 ) S n  faces.  In  the  r e -  
m a i n d e r  of t he  ox ide  p la t e l e t s ,  the  (111) SnO p l a n e  
was  p a r a l l e l  to t he  in te r face .  O x i d e  in  t he  (001) a n d  
(111) o r i e n t a t i o n s  was  also f o r m e d  on t h e  ( 1 0 1 ) S n  
face. The  (001) ox ide  p l a n e  was  n e v e r  f o u n d  p a r a l -  
le l  to the  (001) and  (111) faces  of t he  t in  s ingle  
c rys ta l s .  In  gene ra l ,  the  n u m b e r  of  d i f fe ren t  ox ide  
o r i e n t a t i o n s  i n c r e a s e d  as t he  c r y s t a l l o g r a p h i c  c o m -  
p l e x i t y  of t he  l a t t i ce  p l a n e  in  t he  su r f ace  of the  t in  
inc reased .  Some  of t he  ox ide  p l a t e l e t s  f o r m e d  on 
the  t in  faces  u n d e r  i n v e s t i g a t i o n  h a d  d i s t i nc t i ve  
shapes  t h a t  cou ld  be  a s soc ia t ed  w i t h  t h e  o r i e n t a t i o n  
of the  ox ide  and  the  exposed  s t r u c t u r e  of the  s u b -  
s t ra te .  

M a n y  of the  o b s e r v e d  ox ide  o r i en t a t i ons  could  be  
e x p l a i n e d  b y  m a t c h i n g  mode l s  of t he  ox ide  c r y s t a l  
l a t t i c e  to m o d e l s  of the  t in  la t t ice .  H o w e v e r ,  i t  was  
a p p a r e n t  t h a t  i nc rea s ing  s t r a i n  and  d i s t o r t i on  w o u l d  
occur  in bo th  the  ox ide  and  the  m e t a l  l a t t i c e  as t he  
c o m p l e x i t y  of t he  p a r a l l e l  t in  and  o x i d e  l a t t i ce  
p l a n e s  inc reased .  In  v i e w  of t he  f indings  of  G e r m e r  
(9)  conce rn ing  the  o x y g e n - i n d u c e d  m e t a l - a t o m  r e a r -  
r a n g e m e n t  in  t he  (110) face  of n ickel ,  i t  is su spec t ed  
t h a t  t r a n s i t i o n  l a t t i ces  u s u a l l y  f o r m  b e t w e e n  the  
ox ide  and  the  t in.  Some  of t he  o r i en t a t i ons  of ox ide  
f o u n d  on the  m o r e  c o m p l e x  t in  faces  cou ld  bes t  be  
e x p l a i n e d  if  mic roscop ic  face ts  f o r m e d  in t he  m e t a l  
sur face ,  a t  c e r t a i n  ang les  to  these  faces,  expos ing  
some of t he  less c o m p l e x  t i n - l a t t i c e  p lanes .  

The  m a j o r  ox ide  o r i en t a t i ons  p e r s i s t e d  ove r  e x -  
t e n d e d  p e r i o d s  of  ox ida t ion ,  a l t h o u g h  the  e l ec t ron  
d i f f r ac t ion  p a t t e r n s  i n d i c a t e d  an  i n c r e a s e d  r a n d o m -  
ness  in the  o r i en t a t i ons  of the  oxide .  The  su r f ace  
of t in  s ing le  c rys t a l s  becomes  cove red  w i t h  ox ide  
m u c h  m o r e  s l o w l y  t h a n  do p o l y c r y s t a l l i n e  foils. This  
is b e l i e v e d  to be due  l a r g e l y  to the  s m a l l e r  n u m b e r  
of ox ide  nuc le i  t h a t  f o r m  on the  t in  s ingle  c rys ta l s .  

As  the  ox ide  c r y s t a l s  g r o w  t h i c k e r  on the  su r face  
of t he  s ing le  c rys ta l s ,  t h in  a r e a s  or  cav i t i e s  deve lop  
in the  oxide .  The  s h a p e  a n d  o r i e n t a t i o n s  of t he  
cav i t i es  f o r m e d  in t he  ox ide  g r o w n  on t in  s ingle  
c rys t a l s  a p p e a r  to  be  r e l a t e d  to t he  c r y s t a l  s t r u c t u r e  
of the  ox ide  r a t h e r  t h a n  to t he  s t r u c t u r e  of t he  e x -  
posed  t in  face.  I t  is sugges t ed  t h a t  t he  g r o w t h  of  t he  
cav i t i e s  is r e l a t e d  in p a r t  to the  p e r i o d i c  loss of r e g -  
i s t r y  b e t w e e n  the  m e t a l  and  ox ide  c r y s t a l  l a t t i ces .  

The  n u m b e r  of ox ide  p l a t e l e t s  f o r m e d  on some of 
t he  t in  faces  a p p e a r e d  to be  in f luenced  b y  d i r ec t  or  
i n d i r e c t  o x i d e - t o - m e t a l  l a t t i c e  ma tch ing .  T h e r e  was  
also a sugges t ion  t h a t  f a v o r a b l y  o r i e n t e d  sc rew d i s -  
loca t ions  e m e r g i n g  in t he  t in  su r f ace  m i g h t  s e rve  as 
n u c l e a t i o n  s i tes  a n d  t h a t  th i s  w o u l d  inc rease  the  
n u m b e r  of ox ide  p l a t e l e t s  f o r m e d  on some t in  c r y s -  
t a l  faces.  I t  a p p e a r s  t ha t  t in  ox ide  n u c l e a t i o n  r a t e s  
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are d e p e n d e n t  on the  geomet ry  of the subs t r a t e  bu t  
are modified by  the presence  of f avo rab ly  o r ien ted  
emerg ing  screw dislocations.  A compar i son  of the  
n u m b e r  of oxide p la te le t s  wi th  the  expected  n u m b e r  
of dislocations,  however ,  indica tes  tha t  at most  on ly  
one or two dis locat ions per  t h o u s a n d  could have  
served as oxide n u c l e a t i o n  sites. Direct  e l ec t ron -  
microscopic ev idence  of the  i n v o l v e m e n t  of dis loca-  
t ions was  no t  obta ined.  
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An Ellipsometer Investigation of Vapor 
Adsorption on Etched Silicon 

B. H. Claussen 
Standard Te~eco*nmunication Laboratories, Harlow, Essex, England 

A va r i e ty  of e x p e r i m e n t a l  t echn iques  are ava i l -  
able  for  the  s t udy  of adsorp t ion  on solid surfaces.  In  
most  cases, sens i t iv i ty  cons idera t ions  necess i ta te  the 
use of powdered  samples  in  order  to ob t a in  a suffi- 
c ien t ly  la rge  surface  area. However ,  it  is possible  to 

ABSTRACT 

Ellipsometer measurements  have been made of vapor adsorption on single 
crystal silicon etched in  HF/HNO~ mixtures.  Approximate equations, derived 
originally by Drude from the exact theory of reflection, have been used to 
evaluate film thicknesses. Adsorption isotherms have been plotted for water,  
some lower monohydric  alcohols, acetone, benzene, and hexane. The results 
confirm the feasibili ty of using an ell ipsometer for this type of measurement .  
In  the absence of fur ther  surface t rea tment  the amount  of adsorption is small, 
even at saturation. However, when  the etched surface is either treated with 
caustic soda solution or boiled successively in nitr ic acid and deionized water, 
adsorption is enhanced and smooth type II isotherms result. This behavior  is 
a t t r ibuted to the removal  of chemically bonded fluoride ions from the surface 
of the adsorbent. Monolayer thicknesses calculated from the exper imenta l  re-  
sults agree reasonably well  with those to be expected from the dimensions of 
the adsorbed molecules assuming the latter to have a part icular  or ientat ion on 
the surface. Anomalous results obtained on some samples are thought  to be 
due main ly  to the existence of localized areas of the surface on which ad- 
sorption is inhibited. 

d e t e r m i n e  the  th ickness  of adsorbed layers  on s in-  
gle c rys ta l  surfaces  f rom an  ana lys i s  of the  s ta te  of 
po la r iza t ion  of l ight  reflected f rom the surface  of 
the adsorbent .  This  p rocedure  has the  added a d v a n -  
tage tha t  high vacua  are no t  essential .  
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If  t he  inc iden t  l i g h t  b e a m  is p l a n e  p o l a r i z e d  w i t h  
i ts p l a n e  of  p o l a r i z a t i o n  i nc l i ned  a t  45 ~ to the  p l a n e  
of inc idence ,  t he  b e a m  wi l l  in  g e n e r a l  be  e l l i p t i c a l l y  
po la r i zed .  The  e l l i p t i c i t y  can  be  c h a r a c t e r i z e d  b y  the  
p h a s e  d i f fe rence  A and  the  a m p l i t u d e  r a t i o  t a n  r of 
two  p l a n e  w a v e  c o m p o n e n t s  v i b r a t i n g  p a r a l l e l  to 
and  p e r p e n d i c u l a r  to t he  p l a n e  of inc idence .  The  
p a r a m e t e r s  A and  ~ a r e  func t ions  of t he  a n g l e  of i n -  
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r epo r t ed .  The  p r o c e d u r e  u sed  is e s s e n t i a l l y  t ha t  d e -  
s c r i be d  b y  A r c h e r  (14)  in  his  s t u d y  of  t he  r a t e  of 
ox ide  g r o w t h  on s i l icon  and  g e r m a n i u m  u n d e r  n o r -  
m a l  a t m o s p h e r i c  condi t ions .  In  e v a l u a t i n g  ~ and  /3, 
A r c h e r  r e t a i n e d  t e r m s  mis s ing  in t he  o r i g i n a l  D r u d e  
equa t ions  w h i c h  s ign i f i can t ly  a l t e r  t he  v a l u e s  of t he  
coefficients for  semiconduc to r s ,  a and  fi a r e  then  g iven  
b y  the  exp re s s ions  1 

720 cos~ sin2r (hi2_ 1) f ( 1 
1'112 

- - - - a )  [ c o s 2 r  + sin2r ( a 2 - - a 1 2 ) ] - ~  - a12 t 

;t ( [cos2r  - a -4- sin2r (a 2 - -  a 1 2 ) ]  2 -}- a~ 2') 

360 sin 2~cos4s in24  (n12--  1) a l  - - - - a  (1-2  a s in~r  - -  [ cos2 r  a + sin2r (a 2 -  a12)] ~ 
n l  2 J 

X([eos2r - a q- sinZ~b (e ~- a12)] ~ -4- a l  ~) 

c idence,  t he  w a v e l e n g t h  of t he  l igh t ,  t he  op t i ca l  con-  
s t an t s  of the  subs t r a t e ,  and  the  t h i ckness  a n d  op t i ca l  
cons tan t s  of a n y  su r f ace  film. To d e t e r m i n e  the  
t h i ckness  of an  a d s o r b e d  l a y e r  f r o m  a m e a s u r e m e n t  
of A and  ~ a p p r o x i m a t e  equa t ions  d e r i v e d  f r o m  the  
e x a c t  t h e o r y  of re f lec t ion  h a v e  to be  e m p l o y e d .  
D r u d e  (1)  shows  t ha t  if t he  e x a c t  e q u a t i o n  is e x -  
p a n d e d  a n d  t e r m s  h i g h e r  t h a n  the  first  o r d e r  in 
t h i ckness  a r e  neg lec t ed ,  l i n e a r  r e l a t i ons  can  be  d e -  
r i v e d  b e t w e e n  bo th  • a n d  ~ and  f i lm th ickness .  

A = ~ - - - ~ L  

~ = ~  + ~L 

w h e r e  A a n d  ~ a r e  t h e  v a l u e s  of A a n d  ~ for  a f i lm 
f ree  sur face ,  L is the  f i lm th ickness ,  and  t h e  coeffi- 
c ien ts  a and  fl a r e  d e p e n d e n t  on the  op t ica l  cons tan t s  
of  f i lm and  subs t r a t e .  A s i m i l a r  a p p r o a c h  has  been  
used  b y  T r o n s t a d  (2)  w h i c h  e n a b l e d  h i m  to o b t a i n  
an  e x p l i c i t  exp re s s ion  for  t he  r e f r a c t i v e  i n d e x  of 
th in  t r a n s p a r e n t  film. O t h e r  m o r e  r i g o r o u s  m e t h o d s  
of d e t e r m i n i n g  the  t h i ckness  a n d  op t i ca l  cons tan t s  
of t h in  f i lms h a v e  been  d e v e l o p e d  b y  L u c y  (3) ,  
Vas i cek  (4 ) ,  P a r t o v i  (5) ,  and  B a r t e l l  and  C h u r c h i l l  
(6) .  These  h a v e  the  a d v a n t a g e  ove r  t he  D r u d e -  
T r o n s t a d  a p p r o x i m a t i o n s  in t h a t  a w i d e r  r a n g e  of 
f i lm th i ckness  can  be  s tud ied ,  b u t  for  f i lms of  100A 
or  less, l i t t l e  i nc rea se  in a c c u r a c y  can  be  g a i n e d  to 
c o m p e n s a t e  for  t he  s o m e w h a t  l abo r ious  c o m p u t a -  
t ions.  

A n u m b e r  of i nves t i ga t i ons  of a d s o r p t i o n  on sol id  
su r f aces  h a v e  been  c a r r i e d  out  u s ing  the  re f lec t ion  
t echn ique ,  n o t a b l y  b y  F r a z e r  (7)  ( w a t e r  and  m e t h y l  
a lcohol  on g l a s s ) ,  S i l v e r m a n  (8)  ( m e t h y l  a lcohol  on 
rock  s a l t ) ,  and  H e r s c h k o w i t s c h  (9)  (gas  so rp t ion  
on m e t a l s ) .  More  r ecen t l y ,  B a r t e l l  and  C h u r c h i l l  (6)  
d e t e r m i n e d  bo th  t he  t h i ckness  and  t h e  a d s o r p t i o n  
s p e c t r a  of m o l e c u l a r  f i lms a d s o r b e d  on to c h r o m i u m ,  
w h i l e  A r c h e r  (10)  has  r e p o r t e d  some v a p o r  a d -  
so rp t ion  m e a s u r e m e n t s  on si l icon.  In  add i t ion ,  
R o t h e n  and  H a n s o n  (11) ,  F a u c h e r ,  McManus ,  and  
T r u r n i t  (12) ,  and  Mer t ens ,  T h e r o u x ,  and  P l u m b  
(13) h a v e  a l l  s h o w n  a g r e e m e n t  b e t w e e n  th i cknesses  
c a l c u l a t e d  f rom the  D r u d e  a p p r o x i m a t i o n s  and  
k n o w n  th i cknesses  of a d s o r b e d  b a r i u m  s t e a r a t e  films. 

I n  th i s  p a p e r ,  t h e  r e su l t s  of an  i n v e s t i g a t i o n  of 
v a p o r  a d s o r p t i o n  on e t ched  s ing le  c r y s t a l  s i l icon a re  

w h e r e  r is the  ang le  of inc idence ,  ~ t he  w a v e l e n g t h  
of the  l ight ,  ni  the  r e f r a c t i v e  i n d e x  of t he  film, 
a ~ (n  2 - -  k 2 ) / ( n  2 + k2) 2 and  al  = 2 n k / ( n  2 + k2) 2. 
n and  k a r e  t he  r e a l  and  i m a g i n a r y  p a r t s  of the  

A 
c o m p l e x  r e f r a c t i v e  i n d e x  n = n - -  ik  of t he  ref lec t ing  
subs tance ,  k be ing  r e l a t e d  to t he  a b s o r p t i o n  coeffi- 
c ien t  b y  the  e q u a t i o n  a = 4k/A. 

Most  m e t a l s  and  s e m i c o n d u c t o r s  a r e  n o r m a l l y  
cove red  w i t h  a th in  ox ide  l a y e r  so t h a t  i t  is diff icult  
in p r a c t i c e  to ob t a in  a f i lm f ree  sur face .  H o w e v e r ,  
M e r t e n s  et  al. (13) h a v e  r e c e n t l y  d e m o n s t r a t e d  t h a t  
in a t h i cknes s  m e a s u r e m e n t ,  t he  p r e s e n c e  of  an  e x -  
t r a n e o u s  l a y e r  b e t w e e n  the  f i lm u n d e r  c ons ide r a t i on  
and  the  m e t a l  (or  s e m i c o n d u c t o r )  su r f ace  is s a t i s -  
f a c t o r i l y  a c c o u n t e d  for  b y  i ts  effect on the  a p p a r e n t  
op t i ca l  cons tan t s  of t he  subs t r a t e .  Thus ,  if  t he  s i l icon 
p lus  ox ide  is c ons ide r e d  as t he  s u b s t r a t e  for  the  a d -  
so rbed  film, t he  t h i cknes s  of t he  l a t t e r  m a y  be ca l -  
c u l a t e d  us ing  the  a p p a r e n t  op t i ca l  cons tan t s  of t he  
compos i t e  s u b s t r a t e  to e v a l u a t e  a a n d  ft. In  the  case  
of s i l icon,  t he  p r e s e n c e  of a th in  ox ide  l aye r ,  t h o u g h  

a l t e r i n g  the  a p p a r e n t  va lue s  of A and  ~, m a k e s  l i t t l e  
d i f fe rence  to the  m a g n i t u d e s  of a a n d  ft. This  a p -  
p r o a c h  is no t  v a l i d  w h e n  changes  in  the  ox ide  l a y e r  
t h i ckness  occur  d u r i n g  the  e x p e r i m e n t .  

Experimental Technique 
The  op t i ca l  m e a s u r e m e n t s  w e r e  c a r r i e d  out  on an  

e l l i p s o m e t e r  c o n s t r u c t e d  in  these  l a bo ra to r i e s .  The  
i n s t r u m e n t  i t se l f  and  the  m e t h o d  of m e a s u r e m e n t  
h a v e  been  d e s c r i b e d  in d e t a i l  in a p r e v i o u s  p a p e r  
(15) and  w i l l  no t  be  d i scussed  f u r t h e r .  H o w e v e r ,  
s ince  for  s i l icon ~ is > >  fl a n d  A can  be  d e t e r m i n e d  
w i t h  g r e a t e r  a c c u r a c y  t h a n  ~b, f i lm th i cknes se s  w e r e  
e v a l u a t e d  f r o m  a m e a s u r e m e n t  of t he  p o l a r i z e r  s e t -  
t ing,  P,  a t  ex t inc t ion .  W i t h  the  fas t  ax i s  of t he  
q u a r t e r  w a v e  p l a t e  in ~r/4 az imuth ,  P is r e l a t e d  to a 
by  the  e q u a t i o n  

t a n  a = s in  ~ cot  2P 

w h e r e  8 is the  a c t u a l  r e t a r d a t i o n  of t he  p l a t e  ( fo r  
t he  m e r c u r y  g r e e n  l ine  u sed  in t hese  e x p e r i m e n t s  

was  found  to be  83~ The  p o l a r i z e r  se t t ing  at  e x -  
t i nc t ion  can  be d e t e r m i n e d  w i t h  an  a c c u r a c y  of 
•  ~ 

1 T h e  a u t h o r  is i n d e b t e d  to  D r .  1~. J .  A r c h e r  f o r  p o i n t i n g  o u t  t h e  
m i s t a k e s  i n  t h e  e x p r e s s i o n s  f o r  ~ a n d  fl given  in r e f .  (14).  
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The adsorp t ion  e x p e r i m e n t s  were  car r ied  out  on 
( I I I )  slices P type  si l icon in  the res i s t iv i ty  r a nge  
1-100 ohm-cm.  The slices were  m e c h a n i c a l l y  pol -  
ished us ing  0.25/, a l u m i n a  as the f inal  ab ras ive  de-  
greased in  red is t i l l ed  ace tone  and  t h e n  e tched for 2 
ra in  in  a 1:5 m i x t u r e  of 40% hydrof luor ic  acid and  
concen t ra t ed  n i t r ic  acid. The m a j o r i t y  of spec imens  
were ,  in  addi t ion,  e i ther  boi led success ively  in  n i t r i c  
acid and  deionized wa t e r  or e tched for a f u r t h e r  10 
ra in  in  a 40% caustic soda solut ion.  A few m e a s u r e -  
m e n t s  were  also car r ied  out  on slices tha t  had  b e e n  
a n n e a l e d  for 30 m i n  at  1200~ in  h y d r o g e n  purif ied 
by  passage t h rough  a p a l l a d i u m  tube .  

Af te r  a final r inse  w i th  deionized w a t e r  and  b lo t -  
t ing  d ry  w i t h  tissue, the  slice be ing  s tud ied  was  
m o u n t e d  in  the  e l l ipsometer  and  the  sample  ho lder  
ad jus ted  u n t i l  the  l i g h t  b e a m  was cen te red  on the  
slice. A gas t igh t  cover ing  hav ing  s t r a in  free w i n -  
dows n o r m a l  to the  i nc iden t  and  reflected beams  was  
t h e n  placed over  the  sample  ho lder  and  a s t r eam of 
d ry  pur i f ied a rgon  passed t h rough  the  chambe r  at  
a ra te  of a p p r o x i m a t e l y  1 l i t e r / m i n .  The  gas flow 
was con t inued  for some 20 m i n  af ter  the  polar izer  
r ead ing  had  stabil ized.  As the  d ry  a rgon  con ta ined  
less t h a n  1 p p m  of wa t e r  it could t hen  be p r e s u m e d  
tha t  the  si l icon surface  was  free f rom phys i so rbed  
water .  

Vapor  was in t roduced  into the gas b y  pass ing  the  
a rgon  t h r o u g h  a t he rmos t a t ed  b u b b l e r  of the  l i qu id  
u n d e r  inves t iga t ion .  P r io r  to admiss ion  to the  c h a m -  
ber,  the s a tu r a t ed  a rgon  was mixed  wi th  pu re  argon,  
the final vapor  concen t r a t i on  be ing  d e t e r m i n e d  b y  
the re l a t ive  flow ra tes  of the  two gas s t reams.  The  
re la t ive  s a tu r a t i on  was  t hen  ca lcu la ted  f rom these  
flow rates  as m e a s u r e d  by  r o t a m e t e r  flow meters .  To 
p r e v e n t  f luc tuat ions  in  r e l a t ive  sa tu ra t ion ,  the s a m -  
ple c h a m b e r  was  enclosed in  an  air  t he rmos t a t  m a i n -  
t a ined  at the  same t e m p e r a t u r e  (27~ as tha t  of the  
bubb le r .  Wi th  this  a r r a n g e m e n t  r e l a t ive  sa tu ra t ions  
ca lcula ted  f rom the f lowmeter  read ings  were  f ound  
to agree  to w i t h i n  1-2 % wi th  those d e t e r m i n e d  f rom 
the weight  increase  of a su i tab le  absorben t .  

The l iquids  s tudied  inc luded  water ,  some lower  
m o n o h y d r i c  alcohols, acetone,  hexane ,  and  benzene .  
A t  each vapor  concen t ra t ion ,  opt ical  m e a s u r e m e n t  
were  s ta r t ed  1 m i n  a f te r  the  gas s t a r t ed  f lowing a nd  
were  cont inued ,  i n i t i a l l y  eve ry  2 min ,  and  t h e n  
eve ry  5 m i n  un t i l  e q u i l i b r i u m  was establ ished.  

Results 
Table  I gives the re f rac t ive  indices  of the  va r ious  

l iqu ids  s tudied  toge ther  w i th  the  appropr i a t e  va lues  

Table I. Refractive indices of liquids 

R e f r a c t i v e  
L i q u i d  i n d e x  ~ d e g r e e s / A  

Water  1.33 0.109 
Methanol  1.33 0.109 
Ethanol  1.36 0.114 
Iso-propanol  1.38 0.117 
n Butanol  1.40 0.120 
Acetone 1.36 0.114 
Hexane 1.37 (5) 0.116 
Benzene 1.50 0.134 

for the  coefficient ~. The angle  of inc idence  was  
chosen to be 61.26 ~ for reasons  of e x p e r i m e n t a l  con-  
venience .  Though  this  is somewha t  far  f rom the 
p r inc ipa l  angle,  r easonab le  sens i t iv i ty  can st i l l  be  
obta ined .  In  e s t ima t ing  ~ the  complex  re f rac t ive  i n -  
dex of si l icon was  t a k e n  to be 4.05 - -  0.03i (15, 16) 
and  the  re f rac t ive  i nde x  of the  adsorbed film was 
assumed to be the same as tha t  of the  b u l k  l iquid.  

The  a p p a r e n t  th ickness  of the  surface  oxide l ayer  
u sua l l y  lies in  the  range  10-25A, though  on some 
occasions m u c h  l a rge r  va lues  are ob ta ined  for the  
n i t r ic  acid t r ea ted  surface.  

Wa t e r  adsorp t ion  data  for the  var ious  types  of 
si l icon surface s tud ied  a re  p lo t ted  in  Fig. 1. Type  I I I  
adsorp t ion  i so therms  are ob ta ined  on the  acid etched 
surface  and  on the surface  r educed  in  h y d r o g e n  af ter  
etching.  In  bo th  cases the a m o u n t  of adsorp t ion  is 
small ,  even  at  sa tura t ion .  Af te r  boi l ing  in  n i t r ic  
acid and  deionized w a t e r  ( a n d  af ter  e tch ing  in  
caustic soda) the  a m o u n t  of adsorp t ion  increases  
m a r k e d l y  and  s shaped type  II i so therms  resul t .  A 
s imilar ,  though  less p r o n o u n c e d  e n h a n c e m e n t  is ob-  
served wi th  the  organic  vapors.  Typica l  da ta  for the 
n i t r i c  acid t r ea ted  sur face  are p lo t ted  in  Fig.  2, 3, 
and  4. Again,  smooth  type  II  i so therms  a re  ob ta ined  
a l though  n b u t a n o l  is an  except ion  in  tha t  the  ad-  
sorpt ion  appears  to monomolecu la r ,  i.e., the  da ta  
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Fig. 1. Effect of surface treatment on the adsorption of water 
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a p p r o x i m a t e  to a t y p e  I i so the rm.  T h e r e  does,  h o w -  
ever ,  a p p e a r  to be  a t e n d e n c y  for  the  a m o u n t  of 
a d s o r p t i o n  a t  s a t u r a t i o n  to d e c r e a s e  as t he  h y d r o -  
ca rbons  cha in  l e n g t h  of the  p r i m a r y  a lcoho l  i n -  
creases .  The  i so the rms ,  p a r t i c u l a r l y  in  t he  case of 
w a t e r  vapo r ,  a r e  no t  a l w a y s  r e v e r s i b l e ,  as  a h y s t e r e s i s  
loop (Fig .  1) can be  f o r m e d  b e t w e e n  the  a d s o r p t i o n  
and  d e s o r p t i o n  curves .  

The  t y p e  I I  i s o t h e r m  can  be  d e s c r i b e d  r e a s o n a b l y  
we l l  b y  the  B.E.T. e q u a t i o n  (17) ,  a t  l e a s t  ove r  t he  
P/Po r a n g e  0.05-0.35. The  l a t t e r  m a y  be  w r i t t e n  in  
t he  f o r m  

1 1 (C - -  1) 
- -  - -  +.  P/Po 

L ( P o / P - -  I )  LoC LoC 

w h e r e  L is t he  f i lm th i cknes s  at  a r e l a t i v e  s a t u r a t i o n  
P/Po, Lo is t he  t h i cknes s  of t h e  c o m p l e t e  m o n o l a y e r ,  
and  C = exp  (El -- EL) /kT .  E1 is the  hea t  of a d s o r p -  
t ion  of t he  first  l a y e r  and  EL is t he  l a t e n t  h e a t  of 

1 
condensa t i on  of t he  adso rba t e .  A p lo t  of 

L (Po/P  -- 1 ) 

aga in s t  P/Po shou ld  t h e n  g ive  a s t r a i g h t  l ine  f r o m  
w h i c h  i t  is poss ib le  to ca l cu l a t e  b o t h  Lo and  C. T y p i -  
cal  B.E.T. p lo t s  a r e  shown  in Fig.  5, t he  d a t a  m a r k e d  
on the  o t h e r  f igures  be ing  o b t a i n e d  f rom an  ana lys i s  
of t he  s t r a i g h t  l ine  p o r t i o n  of cu rves  of th is  type .  

/k n u m b e r  of m e a s u r e m e n t s  have  been  c a r r i e d  out  
w i t h  each  a dso rba t e ,  t he  m a j o r i t y  of w h i c h  g ive  
m o n o l a y e r  th i cknesses  t h a t  a g r e e  f a i r l y  we l l  w i t h  
those  to be  e x p e c t e d  f r o m  the  k n o w n  d imens ions  of 
t he  a d s o r b a t e  molecu les .  H o w e v e r ,  some of t he  
m o n o l a y e r  v a l u e s  o b t a i n e d  for  the  n i t r i c  ac id  t r e a t e d  
su r f ace  ( u s u a l l y  b e t w e e n  10 and  35% of t he  t o t a l )  
a r e  m u c h  less t h a n  the  e s t i m a t e d  th ickness .  This  
b e h a v i o r  is i l l u s t r a t e d  b y  the  t y p e  I I  w a t e r  v a p o r  
i s o t h e r m  p l o t t e d  in Fig .  6. Su r f aces  e t ched  in  caus t ic  
soda,  e i t he r  be fo re  or  a f t e r  t r e a t m e n t  w i t h  n i t r i c  
acid,  g ive  f a r  f e w e r  of these  a n o m a l o u s  resu l t s .  P o s -  
s ib le  r ea sons  for  th is  b e h a v i o r  a r e  d i scussed  in  t he  
n e x t  sect ion.  The  t y p e  IV i s o t h e r m  also p l o t t e d  in  
Fig.  6 occurs  on ly  r a r e l y  and  canno t  be  s a t i s f a c t o r i l y  
e x p l a i n e d .  

Discussion 
The  m a r k e d  d i f fe rence  in t he  a m o u n t  of w a t e r  

a d s o r b e d  a f t e r  t he  va r i ous  su r f a c e  t r e a t m e n t s  can  
be  a t t r i b u t e d  to d i f fe rences  in  bo th  t he  s t r u c t u r e  and  
compos i t i on  of t he  a d s o r b e n t  sur face .  A f t e r  e t ch ing  
in H F / H N O 3  m i x t u r e s ,  a s i l icon su r f ace  is n o r m a l l y  
c ove re d  w i t h  a th in  o x i d e  l aye r ,  u s u a l l y  less  t h a n  20A 
th ick ,  w h i c h  w o u l d  be  e x p e c t e d  to c on t a in  c h e m i -  
ca l ly  b o n d e d  f luor ide  and  h y d r o x y l  g roups .  This  
v i e w  is s u p p o r t e d  b y  the  w o r k  of B a i r d  (18) on the  
w a t e r  r e t e n t i o n  of s i l icon su r faces  t r e a t e d  w i t h  
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boiling w a t e r ,  hyd ro f luo r i c  acid,  and  n i t r i c  acid.  To 
e x p l a i n  his  resu l t s ,  he  p r o p o s e d  t h a t  t he  w a t e r  
t r e a t e d  su r f ace  is c h a r a c t e r i z e d  b y  h y d r o x y l  g roups  
and  o x y g e n  b r i d g e s  w i t h  some w a t e r  e n t r a p p e d  
w i t h i n  t he  oxide .  R ins ing  in  hydro f luo r i c  ac id  b r i n g s  
a b o u t  t h e  conve r s ion  of m a n y  of t he  h y d r o x y l  g roups  
to f luor ide  and  e x t e n s i v e  c h e m i s o r p t i o n  of t he  acid.  
The  r e s u l t i n g  su r f ace  can  be  p r e s u m e d  to be  v e r y  
s i m i l a r  to t he  H F / H N O 3  e tched  su r f ace  t h o u g h  the  
l a t t e r  is l i k e l y  to con t a in  less c h e m i s o r b e d  HF.  The  
l a c k  of w a t e r  a d s o r p t i o n  is a t t r i b u t e d  to the  e x t e n -  
s ive  h y d r o g e n  b o n d i n g  b e t w e e n  the  su r f ace  f luor ide  
a n d  h y d r o x y l  g roups .  B a i r d  sugges t s  t ha t  on h e a t i n g  
the  H F  t r e a t e d  s u r f a c e  in  n i t r i c  ac id  an  e x t e n s i v e l y  
cross  l i n k e d  ox ide  l a y e r  is p roduced .  This  is con-  
s i d e r e d  to be  f ree  f r o m  f luor ide  a n d  to con ta in  l i t t l e  
or  no e n t r a p p e d  w a t e r .  The  p r o p o r t i o n  of  h y d r o x y l  
g roups  on  the  su r f ace  d e p e n d s  on the  e x a c t  de t a i l s  of 
t h e  n i t r i c  ac id  t r e a t m e n t  a n d  is e n h a n c e d  b y  bo i l ing  
in  de ion ized  wa te r .  Such  a su r f ace  is h y d r o p h y l i c  
u n l i k e  t he  ac id  e t ched  sur face ,  a d s o r p t i o n  t a k i n g  
p l a c e  on the  o x y g e n  b r i d g e s  and  on the  h y d r o x y l  
g roups .  A su r f ace  e t ched  in caus t ic  soda  w o u l d  also 
be  e x p e c t e d  to be f r ee  f r o m  f luor ide  a n d  to t e r m i -  
n a t e  in h y d r o x y l  g roups ,  so t ha t  a g a i n  a d s o r p t i o n  
shou ld  occu r  r ead i ly .  On the  o t h e r  hand ,  a n n e a l i n g  
in h y d r o g e n ,  t h r o u g h  r e d u c i n g  the  ox ide  th ickness ,  
w i l l  no t  c o m p l e t e l y  r e m o v e  the  f luor ide ,  so t h a t  t he  
s u r f ace  r e m a i n s  h y d r o p h o b i c .  

The  smoo thness  of t he  t y p e  I I  i so the rms  and  the  
w a y  in w h i c h  t h e y  can  be  f i t ted  b y  the  B.E.T. e q u a -  
t ion  show t h a t  e l l i p s o m e t e r  s tud ies  of v a p o r  a d -  
so rp t ion  can  y i e l d  m e a n i n g f u l  resu l t s .  In  T a b l e  I I  
m o n o l a y e r  t h i cknes s  c a l c u l a t e d  f rom t h e  B.E.T. 
e q u a t i o n  a r e  c o m p a r e d  w i t h  those  e s t i m a t e d  f r o m  
x - r a y  d a t a  a s s u m i n g  a p a r t i c u l a r  o r i e n t a t i o n  for  t he  
a d s o r b a t e  molecu les .  Thus,  t he  p r i m a r y  a lcohols  a n d  
m e t h y l  ke tones  a re  cons ide red  to be  a n c h o r e d  to t he  
su r face  v i a  t h e i r  ac t ive  g r o u p  w i t h  t h e i r  h y d r o c a r b o n  
cha ins  v e r t i c a l  (19) .  The  a lcohol  t h i cknesses  g iven  
in the  t a b l e  a r e  c a l c u l a t e d  f rom the  m o l e c u l a r  vo l -  
u m e s  t a k i n g  the  cross  sec t iona l  a r e a  of t he  m o l e c u l e s  
in  t he  l i qu id  s t a t e  to be  21.5A% The  l a t t e r  f igure  was  
o b t a i n e d  f r o m  x - r a y  m e a s u r e m e n t s  on m e t h a n o l  
w h i c h  sugges t ed  t h a t  each  m e t h y l  g roup  is s u r -  
r o u n d e d  b y  s ix  o the r s  s e p a r a t e d  b y  r o u g h l y  5A (20) .  
A d s o r p t i o n  m e a s u r e m e n t s  on the  a c e t o n e / s i l i c a  sy s -  
t e m  ind i ca t e  a s im i l a r  a r e a  for  t he  ace tone  m o l e c u l e  
(21) .  In  c o n t r a s t  the  mo lecu le s  of bo th  benze ne  and  
the  long  cha in  h y d r o c a r b o n  h e x a n e  a r e  t h o u g h t  to 
l ie  flat  on  the  sur face ,  t he  quo t ed  f igures  be ing  the  
effect ive  th i cknesses  of the  mo lecu le s  in t he  sol id  
s t a t e  (22, 23).  

Table II. Monolayer thicknesses 

A d s o r b a t e  Expe r imen ta l ,  A Estimated, A 

W a t e r  3.0 3.1 
Methanol  3.6 3.2 
Ethanol  4.8 4.6 
I so-propanol  4.5 
n Butanol  6.9 7.1 
Acetone  5.0 (6.0) 
Hexane  3.7 3.8 
Benzene 4.5 4.6 

The  f igures in  t he  first  c o l u m n  of t he  t a b l e  a r e  
m e a n  va lue s  o b t a i n e d  f r o m  a n u m b e r  of m e a s u r e -  
m e n t s  w i t h  each  adso rba t e .  In  ca l cu l a t i ng  these  f ig- 
ures ,  m o n o l a y e r  t h i cknesses  t h a t  a r e  less  t h a n  ha l f  
the  m a x i m u m  r e c o r d e d  va lue ,  i.e., those  w h i c h  a re  
m u c h  less  t h a n  the  e s t i m a t e d  th i ckness ,  h a v e  been  
exc luded .  The  r e m a i n d e r  n o r m a l l y  l ie  w i t h i n  +_0.5A 
of  t h e  m e a n  f igure.  

I n spe c t i on  of t he  t a b l e  shows  t h a t  t he  m e a s u r e d  
and  e s t i m a t e d  th i cknesses  a r e  in  r e a s o n a b l e  a g r e e -  
m e n t  thus  conf i rming  the  p r o p o s e d  o r i e n t a t i o n s  of 
the  va r i ous  molecu les .  In  t he  case of ace tone ,  h o w -  
ever ,  t he  m e a s u r e d  t h i cknes s  is m u c h  less  t h a n  the  
e s t i m a t e d  va lue ,  be ing  c loser  to t he  va lue s  f o u n d  for  
e t h y l  and  i s o p r o p y l  a lcohols .  This  is not  u n e x p e c t e d  
if  these  mo lecu le s  a r e  i n d e e d  a n c h o r e d  to t he  su r f ace  
v i a  t h e i r  ac t ive  groups .  The  mos t  l i k e l y  e x p l a n a t i o n  
for  th is  d i s c r e p a n c y  is t h a t  the  a r e a  of an  ace tone  
m o l e c u l e  in t he  b u l k  l i qu id  is h i g h e r  t h a n  t h a t  in t he  
a d s o r b e d  s ta te .  

F o r  each  adso rba t e ,  t h e r e  is c o n s i d e r a b l e  v a r i a t i o n  
in t h e  va lue s  o b t a i n e d  for  t he  cons t an t  C and  hence  
the  h e a t  of a d s o r p t i o n  E. This  m u s t  be  a t t r i b u t e d  to 
d i f fe rences  in  t he  su r f a c e  p r o p e r t i e s  of t he  s i l icon r e -  
su l t i ng  f r o m  m i n o r  v a r i a t i o n s  in  the  e t ch ing  p r o -  
cedure .  H o w e v e r ,  some sor t  of p a t t e r n  can  be  d i s -  
c e rned  in t h a t  t he  h e a t  of a d s o r p t i o n  t ends  to be  
l o w e r  for  the  less  p o l a r  molecu les ,  i.e., be nz e n e  and  
hexane .  This  is no t  u n e x p e c t e d  s ince  El  is a m e a s u r e  
of the  d e g r e e  of a t t r a c t i o n  b e t w e e n  a d s o r b e n t  and  
adso rba t e .  M o r e o v e r  h y d r o g e n  b o n d i n g  w i l l  a lmos t  
c e r t a i n l y  occur  b e t w e e n  the  h y d r o x y l  g roups  of t he  
su r f ace  ox ide  l a y e r  and  t h e  ac t ive  g roups  of m o l e -  
cules  such  as w a t e r ,  ace tone ,  a n d  the  alcohol .  

As  m e n t i o n e d  in t he  p r e v i o u s  sect ion,  on qu i t e  a 
n u m b e r  of occas ions  t he  m o n o l a y e r  t h i cknes s  is 
f o u n d  to be  m u c h  s m a l l e r  t h a n  the  v a l u e  e s t i m a t e d  
f r o m  the  d imens ions  of t he  a d s o r b e d  molecule .  M o r e -  
over ,  A r c h e r ' s  (10)  r e su l t s  on e t ched  su r faces  r e -  
p e a t e d l y  gave  m o n o l a y e r  t h i cknesses  a t  l eas t  two  
t imes  s m a l l e r  t h a n  the  a p p r o p r i a t e  m o l e c u l a r  d i m e n -  
s ion un less  t he  s i l icon su r f ace  was  s p e c i a l l y  p r e -  
pa r ed .  T h e r e  a r e  a n u m b e r  of poss ib le  e x p l a n a t i o n s  
for  th is  b e h a v i o r :  

Failure of the optical theory for monomolecular 
f i lms . - -A n u m b e r  of i n v e s t i g a t o r s  c l a i m  to h a v e  
s h o w n  t h a t  the  D r u d e  equa t i ons  g ive  v a l i d  r e su l t s  
for  d i e l ec t r i c  f i lms t h a t  a r e  less t h a n  100A thick.  
H o w e v e r ,  t h e r e  is u s u a l l y  a l a r g e  d i s c r e p a n c y  b e -  
t w e e n  the  c a l c u l a t e d  r e f r a c t i v e  i n d e x  of  a th in  f i lm 
and  the  b u l k  r e f r a c t i v e  i n d e x  of t he  s a m e  m a t e r i a l .  
To e x p l a i n  th is  a n o m a l y  M e r t e n s  et at. (13) h a v e  r e -  
c e n t l y  sugges t ed  t h a t  an  a d s o r b i n g  r eg ion  ex is t s  a t  
t he  i n t e r f a c e  b e t w e e n  a m e t a l  and  d i e l ec t r i c  for  
w h i c h  exp l i c i t  a l l o w a n c e  shou ld  be  m a d e  in ca l cu -  
l a t i n g  the  t h i ckness  of v e r y  t h in  films. I t  is t h o u g h t  
t h a t  the  a b s o r p t i o n  r e su l t s  f r o m  t h e  e s t a b l i s h m e n t  of 
a space  cha rge  r e g i o n  w i t h i n  t he  film. I n  t he  case  of 
s i l icon the  r e f r a c t i v e  i n d e x  of a th in  su r f ace  f i lm 
canno t  be  e v a l u a t e d  d i r ec t ly ,  s ince  t he  changes  in 
a r e  u s u a l l y  too s m a l l  to be  m e a s u r e d .  N e ve r the l e s s ,  
a c o m p l e x  r e f r a c t i v e  i n d e x  cou ld  e x p l a i n  t he  l a ck  of  
a g r e e m e n t  b e t w e e n  t h e  t h i cknes s  of  t h e  o x i d e  l a y e r  
as m e a s u r e d  in  th is  l a b o r a t o r y  b y  e l l i p s o m e t r y  and  
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t ha t  i n d i c a t e d  b y  e l e c t r o n  d i f f r ac t ion  (24) .  W h e t h e r  
such an  a b s o r b i n g  r eg ion  w o u l d  ex i s t  a t  t he  i n t e r -  
face  b e t w e e n  t h e  h y d r a t e d  ox ide  a n d  an a d s o r b e d  
fi lm is open  to ques t ion .  I t  is d o u b t f u l  w h e t h e r  a h y -  
d r a t e d  ox ide  could  be  r e g a r d e d  as a pe r f ec t  d i e l ec t r i c  
and  c o n s e q u e n t l y  t he  space  cha rge  r eg ion  w o u l d  be  
u n l i k e l y  to e x t e n d  as f a r  as t he  su r f ace  of t he  ox ide  
l ayer .  Moreove r ,  w h e n  the  a d s o r b e d  f i lm is a n c h o r e d  
to t he  su r f ace  b y  v a n  de r  W a a l s  forces,  e.g., he xa ne ,  
no e l ec t r i c a l  doub le  l a y e r  can  be  fo rmed .  H o w e v e r ,  
t h e r e  does  a p p e a r  to be  a s l igh t  c o r r e l a t i o n  b e t w e e n  
the  m o n o l a y e r  t h i c k n e s s  of an  a d s o r b e d  w a t e r  f i lm 
a n d  the  a p p a r e n t  t h i cknes s  of t he  o x i d e  l aye r .  

Inapplicability o{ the B.E.T. equat ien.- -Though 
the  B.E.T. e q u a t i o n  is open  to m a n y  cr i t i c i sms ,  t h e r e  
is m u c h  ev idence  in  t he  l i t e r a t u r e  to show t h a t  i t  r e -  
p r o d u c e s  t he  e x p e r i m e n t a l  d a t a  w i t h  r e a s o n a b l e  ac -  
c u r a c y  ove r  t he  P/Po  r a n g e  0.05-0.35 a n d  g ives  
s a t i s f a c t o r y  va lue s  for  t he  m o n o l a y e r  capac i ty .  In  
t he  p r e s e n t  e x p e r i m e n t s  l i n e a r  B.E.T. p lo t s  h a v e  
n e a r l y  a l w a y s  been  o b t a i n e d  ove r  th is  p r e s s u r e  
range .  Moreove r ,  t he  i n a d e q u a c i e s  of t he  B.E.T. 
t h e o r y  canno t  accoun t  for  t he  v a r i a b l e  r e su l t s  o b -  
t a i n e d  w i t h  each  adso rba t e .  

Lack o{ surface smoothness.--In c a l c u l a t i n g  the  
t h i cknes s  of the  a d s o r b e d  f i lm i t  is u s u a l l y  a s s u m e d  
t h a t  t h e  effect  of su r f ace  i r r e g u l a r i t i e s ,  s m a l l  c o m -  
p a r e d  to the  a r e a  of the  l i gh t  beam,  can  be  a v e r a g e d  
out  (3 ) .  H o w e v e r ,  A r c h e r  (10)  has  w o r k e d  o u t  a 
q u a n t i t a t i v e  m o d e l  w h i c h  e x p l a i n s  t he  a n o m a l o u s  
r e su l t s  in t e r m s  of i r r e g u l a r i t i e s  c o m p a r a b l e  in  size 
to t h e  a d s o r b e d  molecu les .  H e  has  s h o w n  t h a t  on 
such  a sur face ,  the  e l l i p t i c i t y  change  for  f i lms of t he  
o r d e r  of  t he  m o n o l a y e r  t h i cknes s  wi l l  be  s m a l l e r  
t h a n  on a f lat  sur face .  C o n s e q u e n t l y  t he  m e a s u r e d  
t h i cknes s  w i l l  be  less  t h a n  the  t r u e  th ickness .  This  is 
due  to t he  c h a n g e  in  r e f r a c t i v e  i n d e x  of t he  su r f ace  
l a y e r  of t he  a d s o r b e n t  caused  b y  the  g r a d u a l  f i l l ing 
of the  dep re s s ions  in t he  su r f ace  b y  the  f i lm m a t e r i a l .  
S ince  l i t t l e  is k n o w n  a b o u t  su r f ace  r o u g h n e s s  on an  
a tomic  sca le  th is  e x p l a n a t i o n  m u s t  r e m a i n  a poss i -  
b i l i t y  in  t he  absence  of  ev idence  to t h e  c o n t r a r y .  

Nonuniform adsorption over the surbace.--The 
f i lm th i cknes s  d e t e r m i n e d  in  an  e l l i p s o m e t e r  e x p e r i -  
m e n t  is an  a v e r a g e  v a l u e  ove r  t he  a r e a  of t he  s u r -  
face  cove red  b y  t h e  l i gh t  beam.  I f  a d s o r p t i o n  is i n -  
h i b i t e d  on ce r t a i n  p a r t s  of  th is  a rea ,  t h e  ef fec t ive  r e -  
f r a c t i v e  i n d e x  of t he  a d s o r b e d  f i lm wi l l  be  less t h a n  
t ha t  of the  b u l k  m a t e r i a l  as a r e s u l t  of t he  p r e s e n c e  
of t h e  a i r  gaps.  Consequen t l y ,  t he  c a l c u l a t e d  t h i c k -  
ness  w i l l  be  s m a l l e r  t h a n  t h e  t r u e  va lue .  Such  b e -  
h a v i o r  cou ld  be  due  e i t h e r  to i n c o m p l e t e  r e m o v a l  of 
c h e m i c a l l y  b o n d e d  f luor ide  or  to  su r f ace  c o n t a m i n a -  
t ion.  T h a t  t he  c l ean l iness  of t he  su r f ace  is of p a r a -  
m o u n t  i m p o r t a n c e  is sugges t ed  b y  the  fo l lowing  fac ts :  
( i )  t r e a t m e n t  w i t h  caus t ic  soda  of a su r f ace  bo i l ed  
in  n i t r i c  ac id  can  r e s u l t  in  a m a r k e d  e n h a n c e m e n t  
of t he  m o n o l a y e r  t h i c k n e s s  w i t h  v i r t u a l l y  no change  
in  t he  t h i ckness  of t he  ox ide  l aye r ,  ( i t )  a h y d r o -  
p h y l i c  s i l icon  su r f ace  is g r a d u a l l y  c o n v e r t e d  to a 
h y d r o p h o b i c  su r f ace  on e x p o s u r e  to the  a t m o s p h e r e  
(25) ,  and  ( i i i )  r e p e a t e d  a d s o r p t i o n  cycl ing,  p a r t i c u -  
l a r l y  w i t h  i m p u r e  vapors ,  can  b r i n g  a p r o g r e s s i v e  
dec rease  in  t he  c a l c u l a t e d  m o n o l a y e r  th ickness .  

V A P O R  A D S O R P T I O N  O N  E T C H E D  S I L I C O N  651 

Since  i t  is diff icult  to account  for  t he  above  r e -  
su l t s  on the  bas i s  of a b s o r p t i o n  w i t h i n  t he  a d s o r b e d  
l aye r ,  or  in  t e r m s  of su r f a c e  roughness ,  i t  w o u l d  
s eem t h a t  t he  l as t  e x p l a n a t i o n  is mos t  l i k e l y  to be  
correc t .  

Conclusions 
A n  e l l i p s o m e t e r  i n v e s t i g a t i o n  has  been  m a d e  of 

v a p o r  a d s o r p t i o n  on s ing le  c r y s t a l  s i l icon e t ched  in 
H F / H N O ~  m i x t u r e s .  The  l iqu ids  s t u d i e d  inc lude  
w a t e r ,  some l o w e r  m o n o h y d r i c  a lcohols ,  ace tone ,  
benzene ,  a n d  hexane .  A p p r o x i m a t e  equa t ions  d e -  
r i v e d  o r i g i n a l l y  b y  D r u d e  (1)  a n d  modi f ied  b y  
A r c h e r  (14)  to a p p l y  to  s e m i c o n d u c t o r s  h a v e  b e e n  
used  to e v a l u a t e  f i lm th icknesses .  These  h a v e  t h e n  
been  p l o t t e d  a ga in s t  r e l a t i v e  s a tu r a t i on .  

I n  t he  a bse nc e  of f u r t h e r  t r e a t m e n t  t he  a m o u n t  of 
a b s o r p t i o n  is smal l ,  the  r e s u l t a n t  cu rves  a p p r o x i m a t -  
ing  to t y p e  I I I  i so the rms .  A f t e r  bo i l ing  in  n i t r i c  ac id  
and  de ion ized  w a t e r  and  a f t e r  t r e a t i n g  in  caus t ic  
soda  so lu t ion  the  a m o u n t  of a d s o r p t i o n  i n c r e a s e d  
m a r k e d l y  and  smoo th  t y p e  I I  i s o t h e r m s  g e n e r a l l y  
resu l t .  This  b e h a v i o r  is a t t r i b u t e d  to  t he  r e m o v a l  of 
c h e m i c a l l y  b o n d e d  f luor ide  f r o m  the  su r f a c e  o x i d e  
l aye r .  

The  t y p e  I I  i s o t h e r m s  can  be  f i t ted  r e a s o n a b l y  w e l l  
b y  the  B.E.T. equa t ion ,  a t  l e a s t  ove r  t he  P/Po  r a n g e  
0.05-0.35. M o n o l a y e r  t h i cknesses  c a l c u l a t e d  b y  
m e a n s  of t he  B.E.T. e q u a t i o n  a r e  in  q u i t e  good 
a g r e e m e n t  w i t h  those  e s t i m a t e d  f r o m  x - r a y  d a t a  a s -  
s u m i n g  a p a r t i c u l a r  o r i e n t a t i o n  for  t he  a d s o r b e d  
molecu les .  Thus  the  p r i m a r y  a lcohols  m u s t  be  a n -  
cho red  to  t he  su r f a c e  w i t h  t h e i r  h y d r o c a r b o n  cha ins  
ve r t i ca l ,  w h e r e a s  b o t h  be nz e ne  and  h e x a n e  a p p e a r  to 
l ie  f lat  on t h e  sur face .  These  r e su l t s  show tha t  use fu l  
i n f o r m a t i o n  can  be  o b t a i n e d  f rom an  e l l i p s o m e t e r  
i n v e s t i g a t i o n  of th is  type .  

On a n u m b e r  of occasions  m o n o l a y e r  t h i cknesses  
m u c h  less  t h a n  those  to be  e x p e c t e d  f r o m  the  size of 
t he  a d s o r b e d  mo lecu l e s  h a v e  been  ob ta ined .  These  
a r e  t h o u g h t  to be  due  m a i n l y  to t he  ex i s t ence  of 
l oca l i zed  a r e a s  of  t h e  su r f a c e  on w h i c h  v i r t u a l l y  no 
a d s o r p t i o n  t a k e s  place.  H o w e v e r ,  t he  p o s s i b i l i t y  of 
a d s o r p t i o n  w i t h i n  t he  a d s o r b e d  f i lm and  the  effects 
of su r f ace  r o u g h n e s s  on an  a tomic  sca le  canno t  be  
d i scoun ted .  
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The Very Rapid Oxidation of Aluminum at Room Temperature 
When in Contact with Mercuric Iodide 

David A. Jackson, Jr. 1 and Henry Leidheiser, Jr. 
Virginia Institute for Scientific Research, Richmond, Virginia 

ABSTRACT 

The rate of oxidation of a luminum,  contaminated with solid HgI2, in  moist 
air occurred l inear ly  with t ime in  the early stages of reaction. The rate of 
oxidation at 30~ increased with relat ive humidi ty  and was a ma x i mum at 
80-100% relat ive humidi ty .  The major i ty  of the reaction was with oxygen, 
but  a constant  amount  of reaction, 0.066 mg/cm2/min,  occurred with water  
vapor over the relat ive humidi ty  range 36-100%. The total reaction of a lumi-  
num at i00 % relat ive humidi ty  was equivalent  to 0.9 nag of a luminum/cm2/min .  
The reaction product exhibited no crystal l ine diffraction pa t te rn  when examined 
with electron or x - r ay  beams. The product  lost a negligible amount  of water  
when heated at 115~ bu t  lost an average of 34% by weight  when  heated at 
600~ Aging of the product  wi thout  dehydrat ion resulted in  the crystall iza- 
tion of the beta- t r ihydrate .  A n  explanat ion of the strong dependence of the 
rate on the relat ive humidi ty  was given, based on the supposition that  the 
electrical properties of any  oxide present  on the surface are a funct ion of the 
relat ive humidity.  

I t  is wel l  k n o w n  tha t  m e r c u r y  has a n  e x t r e m e l y  
dele ter ious  effect on a l u m i n u m  in  m a n y  e n v i r o n -  
ments .  For  example ,  the  corrosion of a l u m i n u m  in 
bo i l ing  2M HC1 con t a in ing  10 -4 to 10-ZM HgC12 is 
inc reased  100-fold over  tha t  i n  the absence  of m e r -  
cu ry  (1) .  Also, the  ra te  of ox ida t ion  of a l u m i n u m  is 
g rea t ly  inc reased  in  the  presence  of m e r c u r y  as can 
be r ead i ly  shown  b y  app ly ing  a drop of m e r c u r y  on 
an  a l u m i n u m  surface  and  scra tch ing  the  surface  in  
o rder  to aid in  p e n e t r a t i o n  of the oxide film. 

The purpose  of the  w o r k  repor ted  he re in  was  to 
m a k e  a q u a n t i t a t i v e  s tudy  of the  ox ida t ion  of a l u m i -  
n u m  in  the  presence  of m e r c u r y  and  t he r eby  to de-  
t e r m i n e  the  more  i m p o r t a n t  var iab les .  P r e l i m i n a r y  
expe r imen t s  ind ica ted  tha t  it  was  v e r y  difficult to 
ob ta in  r ep roduc ib le  resu l t s  w i th  meta l l i c  mercu ry ,  
p r e s u m a b l y  because  of the  i nab i l i t y  to p repa re  a r e -  
p roduc ib le  surface  whose oxide coat ing was  u n i -  
f o rmly  p e n e t r a t e d  by  mercu ry .  P r e l i m i n a r y  expe r i -  
men t s  w i t h  m a n y  m e r c u r y  salts spread  on the  su r -  
face ind ica ted  tha t  HgI2 was  a sa t i s fac tory  r e a c t a n t  
and  tha t  u n i f o r m  a t tack  was  ob ta ined  over  the  e n -  
t i re  sur face  w h e n  it  was  spread  in  a t h in  layer .  

1 Present  address, Research and De ve lop m e n t  Laboratory,  For t  
Belvotr ,  Virg in ia .  

Q u a n t i t a t i v e  e x p e r i m e n t s  we re  t h e n  confined to 
HgI~. 

Experimental Procedure 
I t  was  d e t e r m i n e d  ve ry  ea r ly  in  the  resea rch  tha t  

a l u m i n u m  in contact  wi th  HgI2 reac ted  w i th  bo th  
oxygen  and  w a t e r  vapor  w h e n  both  were  p re sen t  
in  the  a tmosphere .  The m a j o r  a m o u n t  of reac t ion  
l ead ing  to a p ressure  change  at  a l l  humid i t i e s  took 
place wi th  oxygen  as ind ica ted  by  the  fact tha t  there  
was a p ressure  decrease  in  a closed sys tem c o n t a i n -  
ing a i r  w h e n  the  w a t e r  vapor  concen t r a t i on  was 
m a i n t a i n e d  constant .  These observa t ions  led us to 
adopt  p ressure  change  in  a closed sys tem as the  
m e a s u r e d  p a r a m e t e r  for  fo l lowing  the  reac t ion  as 
a func t ion  of t ime.  Since the  reac t ion  w i th  oxygen  
consumes  3/4 mole  of oxygen  gas for eve ry  g r a m  
a tom of a l u m i n u m  a nd  the  r e p l a c e m e n t  reac t ion  
wi th  w a t e r  evolves  3 /2  mole  of hyd rogen  gas for  
eve ry  g r a m  a tom of a l u m i n u m ,  a smal l  f rac t ion  of 
the to ta l  r eac t ion  i nvo l v i ng  w a t e r  leads to a signifi-  
can t  e r ro r  in  assessing the  to ta l  a m o u n t  of reac t ion  
f rom pressure  decrease  only.  G r a v i m e t r i c  m e a s u r e -  
m e n t s  were  thus  car r ied  ou t  i n  separa te  e x p e r i m e n t s  
in  order  to d e t e r m i n e  the  re la t ionsh ip  b e t w e e n  p res -  
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Fig. 1. Apparatus used in quantitative studies of oxidation of 
aluminum in contact with Hgl2. 

sure  change  and  the  tota l  a m o u n t  of react ion.  Al l  
s tudies  were  car r ied  out  w i th  air. 

The reac t ion  appa ra tu s  (Fig. 1) consis ted of an  
insu la ted ,  d o u b l e - w a l l e d  copper c h a m b e r  whose i n -  
t e r io r  me t a l  surface  was  heav i ly  coated w i th  a flat 
b lack  pa in t .  The scaled chambe r  was  connec ted  to a 
m e r c u r y  cap i l l a ry  m a n o m e t e r  at  L and  to a be l lows-  
type  p ressure  gauge at  K. The chambe r  was  m a i n -  
t a ined  at cons tan t  t e m p e r a t u r e  b y  p a s s i n g  w a t e r  
f rom a cons t an t  t e m p e r a t u r e  ba th  b e t w e e n  the  
double  wal ls  of the  chamber .  T e m p e r a t u r e  m e a s u r e -  
men t s  were  made  by  m e a n s  of a t h e r m o m e t e r  pass -  
ing in to  the  chambe r  at N t h r o u g h  an  "O" r ing  
seal. 

The  cy l indr ica l  sample  was  inse r t ed  in  the plas t ic  
ho lder  G which  was  cemen ted  to the  hol low suppor t  
F t h r o u g h  which  wa t e r  at  cons tan t  t e m p e r a t u r e  
c o n t i n u o u s l y  circulated.  The sample  fits v e r y  t igh t ly  
in  the  holder  G so tha t  on ly  the  u p p e r  c i rcu la r  su r -  
face was  exposed to HgI2. The  base  of the  plas t ic  
holder  G was  m a c h i n e d  to a th ickness  of app rox i -  
m a t e l y  0.5 m m  so as to in t e r f e re  as l i t t le  as possible 
w i th  the t r ans f e r  of hea t  f rom the  spec imen  to the  
c o n s t a n t - t e m p e r a t u r e  w a t e r  c i r cu la t ing  t h r o u g h  F. 

The des i red r e l a t ive  h u m i d i t y  was  ob ta ined  by  
p lac ing  a sa tu ra t ed  salt  so lu t ion  in  the  plas t ic  t r ay  
T and  a l lowing  the  enclosed sys tem to reach  equ i -  
l i b r i u m  d u r i n g  a 3 0 - m i n  period. Both  t h e r m a l  and  
h u m i d i t y  e q u i l i b r i u m  were  fac i l i ta ted  by  the  use of 
a smal l  f an  X which  c o n t i n u a l l y  s t i r red  the  i n t e r n a l  
a tmosphere .  I t  was  a s sumed  tha t  r e la t ive  h u m i d i t y  
e q u i l i b r i u m  was achieved in these  e x p e r i m e n t s  be -  
cause of the  locat ion of the  f an  b lades  i m m e d i a t e l y  
above the  surface  of the salt  solut ion.  At  re la t ive  
humid i t i e s  less t h a n  100%, Octoi l -S  was  used  as a 
spacer  to cont ro l  the  i n t e r n a l  v o l u m e  of the  c h a m -  
ber  to 1000 cc. At  100% re l a t ive  humid i t y ,  w a t e r  
was used as the  spacer.  
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The  HgI2 was  u n i f o r m l y  d i s t r i bu t ed  over  the s a m -  
ple surface  by  pass ing it  t h r ough  a N y l on  sieve E by  
mot ion  of the  s ta inless  steel  rod C. A. m o v a b l e  shield 
D p r e v e n t e d  specks of the sal t  f rom coming  into con-  
tac t  w i t h  the  sample  p r io r  to the  des i red t ime.  

The  a l u m i n u m  samples  were  p r e p a r e d  f rom 
99.999% pure  ingot  ob ta ined  f rom Dr. Lee Craig  of 
the  Reyno lds  Metals  Company .  They  w e r e  m a c h i n e d  
in  the  shape of cyl inders ,  1.3 cm in  d iameter .  They  
were  degreased  in  e ther  a nd  were  heav i ly  e tched in  
2M HC1 i m m e d i a t e l y  pr ior  to in se r t ion  into the r e -  
act ion chamber .  The appea rance  of the  sample  d u r -  
ing the  reac t ion  was  observed  t h r ough  the  obse rva -  
t ion  por t  Q and  i l l u m i n a t i o n  was p rov ided  by  the  
b a t t e r y - o p e r a t e d  l amp  H. 

Exper imenta l  Results 

Rate measurements . - -The  ra te  curves,  as de te r -  
m i n e d  by  p ressure  change  uncor rec t ed  for w a t e r  
r e p l a c e m e n t  react ion,  we re  all  charac ter ized  by  a 
l i nea r  segment  in  the ea r ly  stages as shown by  the  
r ep re sen t a t i ve  curves  in  Fig. 2 and  3. A t  100% re l a -  
t ive  h u m i d i t y  and  30~ there  was an  i nduc t ion  
per iod  which  was  as long as 40 m i n  in  some i n -  
stances.  This  i nduc t i on  per iod decreased wi th  de-  
crease in  r e l a t ive  h u m i d i t y  a t  30~ a nd  was m u c h  
less at 40~ and  100% re la t ive  h u m i d i t y  t h a n  at 
30~ At  low re la t ive  humid i t i e s  the  l i nea r  ra tes  
were  no t  m a i n t a i n e d  for a long per iod  and  the  r e -  
ac t ion  essen t ia l ly  ceased af ter  100-200 min .  At  h igh  
re la t ive  humid i t i e s  the reac t ion  ra te  decreased as 
the  oxygen  in  the  sys tem approached  a low value.  
A compi la t ion  of all  the ra te  m e a s u r e m e n t s  is g iven  
in  Fig. 4 in  which  the  average  va lue  of the l i nea r  
ra te  is p lo t ted  as a f unc t i on  of the  r e l a t ive  humid i ty .  
The r a nge  of all  the  m e a s u r e m e n t s  at  a n y  one r e l a -  
t ive  h u m i d i t y  is denoted  b y  the  bar .  

At  h igh  re la t ive  humid i t i e s  (90-100%)  the oxide 
of ten grew as a c o n t i n u o u s ,  thick,  b l u e - w h i t e  col- 
u m n .  This c o l u m n  grew p e r p e n d i c u l a r l y  and  had  
sufficient s t r eng th  to l i f t  the  N y l on  sieve f rom its 
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Fig. 2. Oxidation of aluminum in air in the presence of Hgl2 at 
30 ~ and different relative humidities. 
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support .  At  low re la t ive  humid i t i e s  ( 2 0 - 5 0 % ) ,  the  
oxide consisted of shor t  fibers, somewha t  po w de r y  
and  pu re  wh i t e  in  color. At  i n t e r m e d i a t e  humid i t i e s  
and  at h igh  humid i t i e s  long r ibbons  of oxide  formed.  
Microscopic e x a m i n a t i o n  of the  po in t  of contact  be -  
t w e e n  the  a l u m i n u m  sample  and  a smal l  c rys ta l  of 
HgIe ind ica ted  tha t  meta l l i c  m e r c u r y  was  fo rmed  
and  tha t  it  r ap id ly  spread  over  a large a rea  f rom its 
po in t  of or igin.  Oxide fo rmed  u n i f o r m l y  over  the  
surface in  the  area covered by  the  sp read ing  m e r -  
cury.  

As s ta ted prev ious ly ,  it  was  k n o w n  tha t  a por t ion  
of the  tota l  ove r - a l l  reac t ion  invo lved  a r e p l a c e m e n t  
reac t ion  of wa t e r  w i th  a l u m i n u m .  The  me thod  used 
to d e t e r m i n e  the f rac t ion  of r eac t ion  w i th  oxygen  

and  wi th  wa te r  vapor  was  as follows. Three  to eight  
exper imen t s ,  separa te  f rom those s u m m a r i z e d  in  
Fig. 4, were  car r ied  out  a t  each of the fo l lowing  h u -  
midi t ies :  36, 58, 73, 81, 85, 93, a nd  100%. The cy l in -  
dr ica l  samples  of a l u m i n u m  were  r u b b e d  in  H g I  2 and  
were  i m m e d i a t e l y  p laced  in  a closed sys tem m a i n -  
t a ined  a t  the  des i red humid i ty .  The  p ressure  change  
d u r i n g  the  e x p e r i m e n t  was  m e a s u r e d  and  the 
a m o u n t  of a l u m i n u m  consumed  was  d e t e r m i n e d  
grav imet r icaUy.  Er rors  in  the  g rav ime t r i c  m e a s u r e -  
me n t s  r e su l t ing  f rom the  i na b i l i t y  to r e m o v e  the  
m e r c u r y  comple te ly  f rom the  surface  at  the end  of 
the  e x p e r i m e n t  were  m i n i m i z e d  b y  a l lowing  the  ex-  
p e r i m e n t  to r u n  for a sufficient l eng th  of t ime  tha t  
the  r e s idua l  m e r c u r y  r e p r e se n t e d  on ly  a sma l l  f r ac -  
t ion  of the  tota l  we igh t  loss of the  a l u m i n u m .  The  
p ressure  m e a s u r e m e n t s  s u m m a r i z e d  in  Fig. 4 were  
t hen  used to ca lcula te  the a m o u n t  of r eac t ion  wi th  
oxygen  and  the a m o u n t  of the  r e p l a c e m e n t  reac t ion  
w i th  water .  The resul t s  of these e x p e r i m e n t s  are 
s u m m a r i z e d  in  Fig. 5. 

Next ,  i t  appeared  of in te res t  to d e t e r m i n e  the  ra te  
of corrosion of a l u m i n u m  in  w a t e r  u n d e r  essen t ia l ly  
the  same condi t ions  of ama lgama t ion .  Samples  of 
a l u m i n u m  were  coated w i th  HgI2, the  iodide was 
washed  off in  a s t r e a m  of water ,  and  the  samples  
were  immersed  for 1-24 hr  i n  a 0.001M solu t ion  of 
HgCle m a i n t a i n e d  at 30 ~ The  ra te  of the reac t ion  
in  seven  e xpe r i me n t s  r a n g e d  f rom a low of 0.013 to 
a h igh  of 0.035 m g / c m ~ / m i n ,  w i t h  an  average  ra te  
of 0.020 m g / c m 2 / m i n .  Thus  the  ra te  of reac t ion  of 
a l u m i n u m  wi th  w a t e r  vapor  (0.066 m g / c m 2 / m i n )  
was no t  g rea t ly  d i f ferent  f rom the  ra te  of reac t ion  
wi th  l i qu id  water .  

Oxidation pvoduct.--X-ray diffract ion ana lys i s  of 
the p roduc t  i m m e d i a t e l y  af ter  p r e p a r a t i o n  indica ted ,  
by  the  absence of a di f f ract ion pa t t e rn ,  tha t  it  was  
amorphous .  This conf i rmed the  obse rva t ion  made  
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Fig. 5. Summary of the data showing the rote of reaction of 
aluminum with moist air as o function of relative humidity, i--f, 
Total corrosion rote; O, that portion of corrosion rote due to reac- 
tion with oxygen; e, that portion of corrosion rote due to replace- 
ment reaction with water. 



Vol. 111, No. 6 O X I D A T I O N  O F  A1 IN C O N T A C T  W I T H  HgI2 655 

previous ly  by  S t r aughan  (2) on the produc t  formed 
when mercu ry  contacted a single crys ta l  of a lu-  
minum. Subsequent ly ,  Heyn (3) noted tha t  no 
crys ta l l ine  pa t t e rn  was obtained,  using electron 
diffraction techniques,  on the product  formed on 
a luminum in the presence of mercury  under  room 
conditions. Lawless  (4) confirmed tha t  the  product  
formed in the presence of HgI2 at  100% re la t ive  
humid i ty  yields  no crys ta l l ine  electron diffraction 
pat tern .  

Exposure  of the oxide to 100% re la t ive  humid i ty  
at  room t empera tu re  for 10-21 days  resul ted  in the 
crys ta l l iza t ion  of beta-A120~-3H20. The ra te  of 
crys ta l l iza t ion of the t r i hyd ra t e  appeared  to be 
grea te r  for the product  formed at 40~ and 100% 
re la t ive  humid i ty  than at 30~ Simul taneous ly  wi th  
the crystal l izat ion,  the sample decreased grea t ly  in 
volume and it changed from its b lu i sh -whi te  t r ans -  
lucent  appearance  to an opaque whi te  color. 

Dehydra t ion  of the product  at 600~ for 3 hr  re -  
sul ted in a p roduc t  which y ie lded  no diffract ion pa t -  
tern. Rehydra t ion  of this dehydra t ed  product  by  
exposure  to 100% re la t ive  humid i ty  for 5-10 days  
resul ted  in the crys ta l l iza t ion of the be t a - t r i hyd ra t e .  
Dehydra t ion  of the  crys ta l l ine  hydra t e  formed by  
hydra t ion  of the dehydra ted ,  in i t ia l ly  formed, amor -  
phous oxide yie lded anhydrous  eta-A120~. The pa t -  
tern obta ined in this case was diffuse. 

Negligible  weight  losses were  obta ined when the 
oxidat ion product  was heated at 115~ for 1-10 hr. 
An es t imate  of the amount  of wa te r  in the product  
was obta ined by  de te rmining  the weight  loss when 
the sample  was hea ted  at 600~ for 3 hr. Analyses  
were  pe r fo rmed  on products  formed at  81 and 100% 
re la t ive  humid i ty  at 30~ and at  100% re la t ive  hu-  
mid i ty  at  40~ The weight  loss in eight samples 
ranged  f rom a low of 31.0% to a high of 38.9% wi th  
an average  loss of 33.7%. The difficulty in making  
accurate  measurements  of this type  is a resul t  of 
the fact  tha t  droplets  of mercury  and HgI2 are oc- 
casional ly  t r apped  in the oxide dur ing  growth.  This 
weight  loss suggests tha t  the approx imate  empir ica l  
composition of the product  is A120~.3H20 [or 
AI(OH)8] ,  in which the theore t ica l  wa te r  content 
is 34.6% by  weight .  

Discussion 
These exper iments  furnish addi t ional  convincing 

evidence for  the h ighly  react ive  na tu re  of a luminum 
when its oxide film no longer offers protection.  The 
ra te  of oxidat ion in air  at high re la t ive  humid i ty  
and 30~ for example,  was equiva lent  to the con- 
sumpt ion of 0.9 mg of a luminum/cm2/min .  The 
nonprotect ive  na tu re  of the react ion product  was 
emphasized by the fact  tha t  the ra te  of react ion 
was l inear  wi th  t ime as shown by exper iments  of 
the type  repor ted  in Fig. 2. L inear  rates  are often 
obtained wi th  systems in which the react ion p rod -  
uct develops faul ts  such as cracks or pores. 

At t empts  to furnish a quant i t a t ive  explana t ion  
for the  oxidat ion  behavior  are severe ly  l imi ted  by  
the inab i l i ty  to make  measurements  on or obser-  
vat ion of the a luminum surface dur ing  reaction. The 
changing na ture  of the surface dur ing react ion and 
the presence of the voluminous react ion product  

prec luded  s imultaneous ra te  measurements  and 
meaningful  e lectr ical  measurements ,  for example.  
It has been necessary,  therefore,  to a t t empt  an ex-  
p lana t ion  on the basis of measurements  on samples 
of other  types and on the basis of the electron 
microscope observat ions of Heyn  (3).  

The optical  microscope studies indicated that  the 
HgI2 rap id ly  reacts  wi th  a luminum and the resu l t -  
ing free mercu ry  spreads over  the surface from its 
point  of origin. 

It is conjectured that  the oxide film which forms 
on the mercu ry -con t amina t ed  a luminum surface is 
s imi lar  to tha t  which is formed dur ing anodic t r ea t -  
ment  (5) in which pores pene t ra te  the oxide nor -  
mal  to the meta l  surface. These pores have  been de-  
t e rmined  to be 100-300A in d iamete r  by  electron 
microscope observat ions (6).  I t  is fu r the r  conjec-  
tu red  tha t  the major  f ract ion of the total  oxidat ion 
of a luminum under  the condit ions used in these ex-  
per iments  is e lectrochemical  in na ture  wi th  meta l -  
lic a luminum losing electrons as the anodic reac-  
t ion and oxygen gaining electrons as the cathodic 
reaction. The ra te  under  a cer ta in  range  of exper i -  
menta l  conditions might  then be de te rmined  by the 
electr ical  p roper t ies  of the  oxide. Jason and Wood 
(5) and more recent ly  Stover  (7),  have found that  
the impedance  of anodical ly  formed oxide films is 
a function of the re la t ive  humid i ty  of the a tmos-  
phere  sur rounding the sample. Stover  found, for 
example ,  tha t  the impedance  at  60 cycles/sec of 
an a luminum sample  anodized wi th  an a l te rna t ing  
cur ren t  in 50% sulfuric acid at 90~ and 12 a m p / s q  
ft for 25 min was approx ima te ly  106 ohms at 0% 
re la t ive  humidi ty ,  105 ohms at 40% re la t ive  humid-  
ity, 104 ohms at  60% re la t ive  humidi ty ,  and app rox -  
imate ly  2 • 103 ohms at 100% re la t ive  humidi ty .  

Jason and Wood found tha t  the  equiva len t  pa ra l l e l  
resis tance decreased f rom the order  of l0 T ohms 
at 0% re la t ive  humid i ty  to app rox ima te ly  3 X 10 a 
ohms at  100% re la t ive  humid i ty  for films formed by  
anodizat ion in chromic acid, oxalic acid, and sul-  
furic acid. The equiva lent  pa ra l l e l  capaci tance in-  
creased f rom 5 • 102 to 2 • 10 a microfarads  at  0% 
re la t ive  humid i ty  to 5 • 105 microfarads  at  100% 
re la t ive  humid i ty  for samples anodized in the same 
three  electrolytes.  

If  the proper t ies  of the films present  on the sur -  
face in this s tudy and the films s tudied by  Jason 
and Wood are  similar ,  then it may  be said tha t  the  
electr ical  proper t ies  are s t rongly  a function of the 
re la t ive  humidi ty .  Fur ther ,  if the react ion is indeed 
electrochemical  in nature ,  it  is to be expected tha t  
the ra te  would be in t ima te ly  re la ted  to the electr ical  
proper t ies  of the  film. 

It  is proposed tha t  the passage of a luminum ions 
through the film occurs la rge ly  at pores whose d i -  
ameter  is of the order  of 100A. The electron mi -  
c rograph of Heyn  (3) c lear ly  shows tha t  the oxida-  
t ion product  is needle l ike in nature.  Transpor t  of 
a luminum ions through the pores appa ren t ly  oc- 
curs r ead i ly  and react ion wi th  oxygen and wa te r  
molecules appa ren t ly  occurs wi th in  the  pore or at  
the top surface. Transpor t  of a luminum ions through 
the film necessi tates  the t ranspor t  also of electrons. 
Their  r eady  t r anspor t  perhaps  occurs at  places 
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where  m e r c u r y  pene t r a t e s  t h rough  the film, bu t  
t hey  m a y  also move  t h rough  the fi lm at o ther  loca-  
tions. 

The  posi t ions of the  pores in  the  fi lm p r o b a b l y  
c o n t i n u a l l y  change  as the  a l u m i n u m  at the base 
of the pore is consumed.  T r a n s p o r t  of a l u m i n u m  
atoms at  the  base of the  pore  m a y  be fac i l i ta ted  by  
the presence  of m e r c u r y  and  b y  the h igh ly  exo-  
t he rmic  n a t u r e  of the  ox ida t ion  process. 

The role of wa t e r  in  the  reac t ion  is a ve ry  com-  
plex one. I t  is a p p a r e n t  t ha t  the  inf luence  of w a t e r  
on the ove r - a l l  ra te  of the  ox ida t ion  of a l u m i n u m  
is more  t h a n  s imply  an  effect on the  e lect r ical  p r op -  
er t ies  of the  fi lm since w a t e r  is an  i n t i m a t e  compo-  
n e n t  of the  r eac t ion  product .  Ve ry  l i t t le  of the  
incorpora ted  wa t e r  was  lost on hea t ing  at 115~ 
and  the composi t ion  of the  p roduc t  as d e t e r m i n e d  
by  d e h y d r a t i o n  at 600~ was  e q u i v a l e n t  to A1203. 
3H20 (A1 (OH) 8). Storage at  100 % re la t ive  h u m i d i t y  
led to c rys ta l l i za t ion  of the  t r ihydra te .  Wa te r  also 
was  invo lved  in  a di rect  chemical  r eac t ion  over  the 
en t i re  r ange  of r e l a t ive  h u m i d i t y  in  an  a m o u n t  
e q u i v a l e n t  to 0.066 mg of a l u m i n u m / c m 2 / m i n .  
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The Electrical Resistivity of Pyrolytic Beta Mn02 
J. S. Wiley 1 and H. T. Knight 

Rectifier-Capacitor Division, Fansteel Metallurgical Corporation, North Chicago, Illinois 

ABSTRACT 

In an invest igat ion of the role of MnO2 in  the "solid electrolytic" t an t a lum 
capacitor, a technique was developed to produce samples of pyrolytic ~-MnO 2 
which could be used for electrical resist ivity measurements  without  the 
necessity of gr inding and pressing into pellets. The samples were prepared by 
repeatedly filling a test tube with Mn(NO3)2 solution and pyrolyzing it. The 
residue of MnO2 in the tube was then used for resist ivity measurements .  The 
resistivity of such samples was approximately 0.1 ohm-cm which is two to 
three orders of magni tude  below previously reported values from MnO2 com- 
pacts. The effect of the addit ion of certain doping agents to the samples and 
the var ia t ion of resist ivity with tempera ture  was also studied. The only dopant  
of those studied which produced a lower resist ivity was a vanad ium-con ta in ing  
compound, ammonium vanadate.  Two activation energies for conduction were 
found over the tempera ture  range  of --55~176 The more recent ly published 
values for resist ivity and activation energies are summarized and compared 
with the present  work. 

The res i s t iv i ty  of fl-MnO2 has been  inves t iga ted  
by  severa l  expe r imen te r s .  Al l  r epor ted  va lues  have  
been  on po lyc rys t a l l i ne  mater ia l .  The  usua l  t ech-  
n ique  has b e e n  to g r ind  the  sample  to powder  a nd  
to compact  the  powder  to a pellet .  The  res i s t iv i ty  
of such pel le ts  has been  repor ted  to be f rom 10 to 
over  1000 o h m - c m  (1 -4 ) .  

In  an  inves t iga t ion  of the  role of MnO~ in  the 
"solid e lec t ro lyt ic"  t a n t a l u m  capaci tor  where  the  
oxide is used as a con tac t ing  agen t  b e t w e e n  the  
surface  of the  Ta205 dielectr ic  and  the  cathode,  
it was  found  tha t  such res i s t iv i ty  m e a s u r e m e n t s  
were  of ques t ionab le  va lue  since the  va lues  ob-  
t a ined  were  s t rong ly  d e p e n d e n t  on g r i n d i n g  and  
compact ion.  M e a s u r e m e n t s  made  d i rec t ly  on the  
MnO2 produced  f rom Mn(NO3)2 decomposi t ion  
w i thou t  g r i nd ing  and  compac t ing  were  found  to 

1 Presen t  address :  Texas  Ins t rumen t s ,  Inc.,  Dallas,  Texas.  

be somewha t  more  reproducib le ,  and  more  i m p o r -  
tant ,  it was  felt  t ha t  the resu l t s  were  more  m e a n -  
ing fu l  f rom a prac t ica l  s t a n d p o i n t  since the  MnO2 
in  a capaci tor  is u sua l l y  deposi ted in  this  m a n n e r .  

Experimental 

Sample preparatio~.--Samples of fl-MnO2 were  
p r epa red  b y  pyro lyz ing  A.C.S. r eagen t  grade  m a n -  
ganous  n i t r a t e  so lu t ion  (50%)  in  a P y r e x  tes t  tube.  
The res idue  in  the  bo t tom of the  t ube  was  moi s t ened  
wi th  the Mn(NO3)2 so lu t ion  a nd  aga in  hea ted  for 
a few minu tes .  This  process was  repea ted  a few 
t imes  and  then  the  sample  was  hea ted  for a longer  
per iod to in su re  comple t ion  of the  pyrolys is  reac-  
tion. The  tube  was  b r o k e n  and  pa ra l l e l ep iped  
samples  a p p r o x i m a t e l y  1 x 1 x 0.5 cm were  cut  
f rom the mass. 



Vol. 111, No. 6 

The  m a i n  b o d y  of t he  r e a c t i o n  p r o d u c t  was  con-  
f i rmed  to be  ~-MnO2 b y  x - r a y  d i f f r ac t ion  ana lys i s .  
S a m p l e s  h a d  dens i t i e s  in t he  r a n g e  of 3.6 to 4.0 
g / c m  3' w h i c h  r e p r e s e n t s  72-80% of t he  t h e o r e t i c a l  
dens i ty .  T h e  m a t e r i a l  was  s u r p r i s i n g l y  h a r d  ( K n o o p  
h a r d n e s s  of 835 to 1180) w h i c h  m a d e  i t  r e l a t i v e l y  
s imp le  to cut  s a m p l e s  of d e s i r e d  d imens ions .  

X-ray  and chemical analyses . - -X-ray di f f rac t ion  
p a t t e r n s  of  s a m p l e s  f r o m  the  r e s i d u e  in  t he  b o t t o m  
of t he  t u b e  showed  t h e m  to be  f l -MnOf.  T h e r e  was  
a l w a y s  a p o r t i o n  a t  t he  top  of t he  s a m p l e  w h i c h  
was  po rous  and  m o r e  f r ag i l e  t h a n  the  mass  at  t he  
bo t tom.  X - r a y  p a t t e r n s  s h o w e d  i t  to be  a m a n g a n e s e  
ox ide  w i t h  a p p a r e n t l y  s m a l l e r  p a r t i c l e  size t h a n  the  
bu lk .  Occas iona l l y  a -Mn203 was  d e t e c t e d  in th is  
u p p e r  por t ion .  M a t e r i a l  w i t h  s m a l l  p a r t i c l e  size 
is also o b s e r v e d  on  t h e  e x t e r i o r  of anodes  in t he  
m a n u f a c t u r e  of sol id  t a n t a l u m  capac i to rs .  

C h e m i c a l  a n a l y s e s  fo r  a v a i l a b l e  o x y g e n  and  to -  
t a l  m a n g a n e s e  w e r e  p e r f o r m e d .  A v a i l a b l e  o x y g e n  
was  d e t e r m i n e d  b y  t h e  f e r r o u s  su l f a t e  m e t h o d  as 
g iven  b y  K a t z  et al. and  to t a l  m a n g a n e s e  b y  an 
i n d i r e c t  m e t h o d  of S c h w a r t z e n b a c k  and  B i e d e r m a n n  
( 5 , 6 ) .  

The  p o r t i o n  of t he  s a m p l e  r e m a i n i n g  in  the  b o t -  
tom of the  t ube  was  f o u n d  to be  n e a r l y  s to ich i -  
ome t r i c  MnO2.0. T h e r e  was  some r e s i d u a l  m a t e r i a l  
in these  samples ,  w h i c h  if  i t  is a s s u m e d  to be  H20,  
a m o u n t e d  to abou t  0.04-0.09 m o l e / m o l e  of MnOf. 
T h e r e  was  a g e n e r a l  r e d u c t i o n  of s t o i c h i o m e t r y  in 
s amp le s  a long  the  s ides  of the  t u b e  a b o v e  the  m a i n  
v o l u m e  of MnOf. F o r  e x a m p l e ,  one s a m p l e  v a r i e d  
f rom 84.3% MnO2 to 97.0% MnO2 f r o m  the  top  of 
t he  t u b e  to a p o i n t  j u s t  a b o v e  the  m a i n  v o l u m e  of 
MnOf. 

Technique and results of resistivity measurements. 
- - S a m p l e s  for  e l e c t r i c a l  r e s i s t i v i t y  m e a s u r e m e n t s  
w e r e  cu t  f r o m  the  b u l k  m a t e r i a l  w h i c h  was  mos t  
n e a r l y  s to ich iomet r i c .  The  r e s i s t i v i t y  of t he  s a m p l e s  
was  m e a s u r e d  in a v a r i e t y  of w a y s  i n c l u d i n g  4-  
p robe ,  s ing le  p robe ,  and  v o l t m e t e r - a m m e t e r  m e t h -  
ods. 

Most  of the  s a m p l e s  w e r e  m e a s u r e d  in a s ingle  
p r o b e  dev ice  in  w h i c h  the  p a r a l l e l e p i p e d  s a m p l e s  
w e r e  p l a c e d  in  a j ig  and  two  oppos i t e  ends  w e r e  
p r e s s u r e  con t ae t ed  b y  i n d i u m  coa ted ,  c o p p e r  p la tes .  
C u r r e n t  was  pa s sed  t h r o u g h  the  s a m p l e  and  a p r o b e  
connec t ed  to a v o l t m e t e r  m e a s u r e d  the  vo l t ag e  p r o -  
file across  t he  MnO2 sample .  C u r r e n t  was  s u p p l i e d  
w i t h  a b a t t e r y  s u p p l y  and  vo l t age  m e a s u r e d  w i t h  a 
K e i t h l e y  E l e c t r o m e t e r ,  Mode l  610A. 

This  m e t h o d  e l i m i n a t e s  t he  p r o b l e m s  of con tac t  
r e s i s t ance  a n d  r e c t i f y i n g  contacts .  A four  p r o b e  
a p p a r a t u s  as d e s c r i b e d  b y  Va ldes  was  also used  
to m e a s u r e  ce r t a i n  s a m p l e s  (7) .  A t h i r d  m e t h o d  
was  a s imp le  v o l t m e t e r - a m m e t e r  me thod .  The  ends  
of  t he  s a m p l e s  w e r e  coa ted  w i t h  s i lve r  p a i n t  a n d  
copper  w i r e  l eads  w e r e  i m b e d d e d  in the  pa in t .  The  
p a i n t  was  b a k e d  dry ,  t h e r e b y  b o n d i n g  the  l e a d s  to 
the  sample .  A v o l t m e t e r - a m m e t e r  c i r cu i t  was  used  
to d e t e r m i n e  the  r e s i s t ance  of t h e  sample .  This  
m e t h o d  was  use fu l  on ly  on s a m p l e s  of r e l a t i v e l y  
h igh  res i s tance ,  s ince  t h e  con tac t  r e s i s t ance  b e -  
t w e e n  the  s i lve r  and  the  MnO 2 was  abou t  0.1 ohm. 
The  m e t h o d s  a l l  gave  v a l u e s  in good a g r e e m e n t .  
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Table I. Resistivity and density values of in situ Mn02 samples 

No. of  fill- R e s i s t i v i t y  ( o h m - c m )  A p p a r e n t  d e n s i t y  ( g J c c )  
i n g s  of  t e s t  
t u b e  w i t h  Standard Standard 
M n  (NO~) ~ A v e r a g e  d e v i a t i o n  A v e r a g e  deviat ion  

1 1.56 0.37 2.50 - -  
2 0.18 0.09 3.59 0.16 
3 0.14 0.03 3.92 0.18 

A A p p a r e n t  dens i ty  
p = K R - - ; K =  

L 5.03 

W i t h  the  s ing le  p r o b e  a n d  v o l t m e t e r - a m m e t e r  
m e a s u r e m e n t s ,  r e s i s t i v i t y  was  c o m p u t e d  f r o m  

K R A  
[1] 

P =  L 

w h e r e  p is r e s i s t i v i t y  in  o h m - c m ;  R s a m p l e  r e s i s t -  
ance;  A cross  sec t iona l  a r e a  of sample ,  cmf; L s a m -  
p le  length ,  cm; a n d  K co r r ec t i on  f ac to r  w h i c h  is 
a c t u a l l y  d e n s i t y / t h e o r e t i c a l  dens i ty .  

The  K in [1]  is u sed  in an  a t t e m p t  to co r rec t  for  
the  p o r o s i t y  of  t he  samples .  I t  d id  no t  g r e a t l y  a f fec t  
the  resu l t s ,  h o w e v e r ,  s ince  i ts  v a l u e  was  0.72-0.80 
in  a l l  cases.  T a b l e  I shows  the  r e s i s t i v i t y  v a l u e s  
o b t a i n e d  on  v a r i o u s  s a m p l e s  and  the  n u m b e r  of 
f i l l ings of t he  t es t  t ube  used .  

The  b igge s t  d r o p  in r e s i s t i v i t y  occurs  a f t e r  a 
second  f i l l ing of t he  t e s t  tube .  O t h e r  e x p e r i m e n t s  
showed  t h a t  f u r t h e r  f i l l ings b e y o n d  t h r e e  h a d  no 
s ign i f ican t  effect on  r e s i s t i v i t y  va lues ,  so mos t  s u b -  
s e que n t  m e a s u r e m e n t s  w e r e  m a d e  on s a m p l e s  w i t h  
t h r e e  f i l l ings.  T h e  n o n r e p r o d u c i b i l i t y  b e t w e e n  s a m -  
p les  f r o m  a g iven  n u m b e r  of  f i l l ings is p r o b a b l y  
due  to the  po rous  n a t u r e  of t he  samples .  

C e r t a i n  e x p e r i m e n t s  w e r e  done  in  o r d e r  to v a l i -  
d a t e  t he  t e c hn ique s  of m e a s u r e m e n t  and  to i n su re  
t ha t  t he  r e s i s t i v i t y  b e i n g  m e a s u r e d  w a s  r e a l l y  a 
p r o p e r t y  of t he  m a n g a n e s e  ox ide  r a t h e r  t h a n  an  
effect  of  su r f ace  t r e a t m e n t .  The  e x t e r n a l  su r f ace  
a r e a / v o l u m e  r a t i o  was  c h a n g e d  on i n d i v i d u a l  s a m -  
p les  b y  a f ac to r  of two  w i t h  no c o r r e s p o n d i n g  
change  in r e s i s t i v i ty .  This  i n d i c a t e d  t h a t  t h e r e  was  
no s igni f icant  effect  due  to t he  e x t e r n a l  surface .  

Effect of pyrolysis conditions on M n O 2 . - - T w o  
p a r a m e t e r s  w e r e  v a r i e d  in  a s t u d y  of  t h e  effect  of  
t he  cond i t ions  of p y r o l y s i s  on the  r e s u l t i n g  m a n -  
ganese  d iox ide ;  these  w e r e  ( i )  l e n g t h  of t ime ,  and  
( i i )  t e m p e r a t u r e  of py ro lys i s .  

The  o b j e c t  of  ( i )  a b o v e  w a s  to d e t e r m i n e  t h e  
l e n g t h  of t i m e  at  v a r i o u s  t e m p e r a t u r e s  n e c e s s a r y  
to r e a c h  a cons t an t  v a l u e  of r e s i s t i v i ty .  To do this ,  
two  p l a t i n u m  e l ec t rodes  w e r e  i n t r o d u c e d  into  t he  
Mn(NO3)2  so lu t ion  a n d  the  r e s i s t ance  of  the  so-  
lu t ion  d u r i n g  p y r o l y s i s  was  m o n i t o r e d  on a r e -  
s i s tance  b r idge .  As  the  Mn(NO3)2  decomposed ,  t he  
r e s i s t ance  c h a n g e d  as s h o w n  in Fig.  1. The  p o s t u l a t e  
is t h a t  sec t ion  A - B  of t he  c u r v e  r e p r e s e n t s  t he  r e -  
s i s tance  of t he  l i qu id  Mn(NO3)2  solut ion .  A f t e r  
p o i n t  B, e n o u g h  MnO2 is p r e s e n t  so t h a t  t he  con-  
duc t ion  is c on t ro l l e d  b y  the  e l ec t ron ic  c u r r e n t  in 
t he  MnO2 r a t h e r  t h a n  the  ionic  c u r r e n t  of t he  so-  
lu t ion .  Th is  r e su l t s  in  a s h a r p  d e c r e a s e  in  t he  r e -  
s i s tance  as seen  in  sec t ion  B-C.  A f t e r  p o i n t  C, t he  
r e s i s t ance  s l o w l y  inc reases  and  a p p r o a c h e s  a con-  
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Fig. i .  Variation of resistance of Mn(NO3)2-Mn02 at 250~ 

Table III, Doping of Mn02 samples 

Compound  introduced  

Concentrat ion  
(% m e t a l l i c  cat ions  

per  M n  atom)  

R e s i s t i v i t y  
( o h m - c m )  

A v e r a g e  v a l u e s  
(2-6 s a m p l e s  f o r  

each  concentrat ion)  

A1 (NOB) 2" 9H20 1.0 1.07 
0.1 0.20 

As205 1.0 0.15 
0.1 0.15 

(NH4) 6Mo7024 �9 4H20 1.0 0.10 
NH4- VO3 0.2 0.16 

0.1 0.02 
Cr (NO3) 3" 9H20 0.2 0.14 

0.1 0.17 

s t an t  v a l u e  as the  Mn(NOa)2  d e c o m p o s i t i o n  p r o -  
ceeds  to comple t ion .  

Most  s a m p l e s  w e r e  h e a t e d  a t  250~ for  a t  l e a s t  20 
h r  w h i c h  p r o d u c e d  s a m p l e s  h a v i n g  n e a r l y  c o n s t a n t  
r e s i s t i v i ty .  I t  was  f o u n d  t h a t  s a m p l e s  p y r o l y z e d  a t  
150 ~ and  400~ r e q u i r e d  a p p r o x i m a t e l y  50 a n d  8 
hr ,  r e spec t i ve ly ,  to r e a c h  a r e s i s t ance  p l a t eau .  Thus ,  
s u b s e q u e n t  s a m p l e s  p r e p a r e d  at  t he se  t e m p e r a t u r e s  
w e r e  h e a t e d  for  a t  l eas t  these  l e n g t h s  of t ime .  

A n o t h e r  a r e a  of i n t e r e s t  is t h e  effect  of p y r o l y s i s  
t e m p e r a t u r e  on the  r e s i s t i v i t y  of m a n g a n e s e  d i o x -  
ide.  A ser ies  of 10 s a m p l e s  was  p r e p a r e d  at  150 ~ 
250 ~ a n d  370~ for  a suff icient  t i m e  to come to 
cons t an t  v a l u e  of r e s i s t i v i ty ,  and  the  r o o m  t e m p e r -  
a t u r e  r e s i s t i v i t y  w a s  m e a s u r e d .  One  of t h e  s a m p l e s  
was  t h e n  h e a t e d  succes s ive ly  at  450 ~ , 500 ~ , 525 ~ , 
600 ~ a n d  650~ in o r d e r  to e x t e n d  the  r a n g e  of 
t e m p e r a t u r e .  T a b l e  I I  s u m m a r i z e s  these  resu l t s .  

T h e r e  is r e l a t i v e l y  l i t t l e  change  in t he  r e s i s t i v i t y  
u n t i l  the  t e m p e r a t u r e  r a n g e  of 370~176 is 
r eached .  A l a t e r  d i scuss ion  wi l l  c o m p a r e  th is  b e -  
h a v i o r  to t h e r m a l  decompos i t i on  e x p e r i m e n t s  b y  
B r e n e t  and  c o r r e l a t e  t he  compos i t i on  a n d  r e s i s t i v i t y  
changes .  

E~ect of added impurities.--In an effort  to change  
the  r e s i s t i v i t y  of t h e  MnO2 samples ,  c e r t a i n  c o m -  
p o u n d s  w e r e  a d d e d  to t h e  M n ( N O a ) 2  so lu t ion  and  
r e a c t e d  w i t h  i t  d u r i n g  the  py ro lys i s .  T a b l e  I I I  shows  
the  c o m p o u n d s  w i t h  t he  ca t ions  b e i n g  i n t r o d u c e d  
and  the  r e s i s t i v i t i e s  of  t h e  r e s u l t i n g  samples .  

G e n e r a l l y  if  as m u c h  as 1 a tomic  p e r  cen t  ( a / o )  
was  a d d e d  to t he  MnOe, t he  r e s u l t i n g  s a m p l e s  w e r e  
sof t  and  f r a g i l e  a n d  the  f l -MnO2 c r y s t a l  s t r u c t u r e  
was  d i s t u r b e d .  In  t he  case  of the  a l u m i n u m  dopan t ,  
h o w e v e r ,  the  s a m p l e s  con ta in ing  1 a / o  w e r e  s t i l l  
r e a s o n a b l y  ha rd .  

O n l y  the  0.1 a / o  v a n a d i u m  d o p a n t  p r o d u c e d  s a m -  
p le s  h a v i n g  r e s i s t i v i t i e s  out  of t he  r a n g e  of  u n -  

Table !1. Resistivity of Mn02 formed at various pyrolysis temperatures 

A v e r a g e  S t a n d a r d  
T e m p e r a t u r e ,  "C r e s i s t i v i t y  (ohm-cm)  d e v i a t i o n  ( o h m - c m )  

150 0.15 (10 samples)  
250 0.14 (10 samples)  
370 0.17 (10 samples)  
450 0.39 
500 1.20 
525 1.30 • 104 
600 3.60 • 105 
650 3.60 • 105 

0.03 
0.03 
0.04 

Table IV. Reported values for activation energy of 
conduction in Mn02 

T e m p e r a t u r e  
A u t h o r  range ,  ~ E (ev) 

Brene t  20-80 0.25-0.32 
Das 10-143 0.13-0.19" 
Bhide  and Damle  0-140 0.10-0.30 

(Observe  anom-  
aly  at  50~ 

Presen t  work  
Sample  A --55-!40 0.019 
(one tube  filling) 140-190 0.096 
Sample  B --55-115-130 0.022 
( three  tube fillings) 130-200 0.074 

* N a t u r a l  ores. 

d o p e d  s a m p l e s  w i t h o u t  s ign i f ican t  c r y s t a l l i n e  d i s -  
t u r b a n c e .  

Activation energy experiments.--A ser ies  of e x -  
p e r i m e n t s  was  done  w h e r e b y  the  v a r i a t i o n  of r e -  
s i s t i v i t y  w i t h  t e m p e r a t u r e  was  m e a s u r e d .  In  a l l  
cases,  the  d a t a  cou ld  be  f i t ted  to an  e x p r e s s i o n  of t he  
f o r m  p ---- C exp  E/KT, w h e r e  C is a cons tan t ,  E 
an  a c t i va t i on  ene rgy ,  K B o l t z m a n n ' s  cons tan t ,  and  
T the  a b s o l u t e  t e m p e r a t u r e  in  d e g r e e s  K e lv in .  The  
s a m p l e s  w e r e  m e a s u r e d  b y  p a i n t i n g  on con tac t s  as 
p r e v i o u s l y  d e s c r i b e d  and  us ing  a v o l t m e t e r - a m -  
m e t e r  t echn ique .  The  r e su l t s  a r e  con t a ined  in  T a b l e  
IV for  t w o  t y p i c a l  samples .  

S a m p l e  A was  a s i ng ly  p y r o l y z e d  s a m p l e  h a v i n g  
a d e n s i t y  of a p p r o x i m a t e l y  2.5 g / c c  a n d  s a m p l e  B 
was  a t r i p l y  p y r o l y z e d  s a m p l e  h a v i n g  a d e n s i t y  of 
a p p r o x i m a t e l y  4.0 g /cc .  The  u n d o p e d  s a m p l e s  e x -  
h ib i t  a change  of s lope in t he  r eg ion  of 115~176 
A l t h o u g h  the  s a m p l e s  A and  B di f fer  b y  a b o u t  an  
o r d e r  of m a g n i t u d e  in  t h e i r  a p p a r e n t  r e s i s t i v i t y ,  the  
a c t i v a t i o n  ene rg ie s  for  t he  two  s a mp le s  a r e  c o m -  
p a r a b l e  and  bo th  s a m p l e s  show a change  of s lope  
at  a b o u t  the  s ame  t e m p e r a t u r e .  

Discussion 

H u s t o n  po in t s  out  t h a t  t h e r e  a r e  a g r e a t  m a n y  
diff icul t ies  e n c o u n t e r e d  in o b t a i n i n g  m e a n i n g f u l  d a t a  
on p o l y c r y s t a l l i n e  s a m p l e s  (8) .  U n f o r t u n a t e l y ,  
m a n y  ma te r i a l s ,  f l-MnO2 inc luded ,  can  be  r e a d i l y  
o b t a i n e d  on ly  in such  a cond i t i on  a n d  one is thus  
l i m i t e d  to  m e a s u r e m e n t s  on such  samples .  

In  t he  case of t he  p r e s e n t  s tudy ,  the  u n c e r t a i n t y  
abou t  t he  inf luence  of t he  p o l y c r y s t a l l i n e  s t r u c t u r e  
of t he  MnOe was  s o m e w h a t  nega t ed ,  s ince  t he  i n -  
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Table Y. Reported resistivity values of fl-MnO~ 

A u t h o r  
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Form o~samples 

R e s i s t i v i t y  
( o h n l - c m )  
measured 

a t  r o o m  
t e m p e r a t u r e  

Sasaki and Kojima (1954) 350 
G1icksman and Moore- 33-77 

house (1956) 
Brenet (1959) 115 
Bhide and Damle (1960) 10-1000 
Present work (1961) 20-70 

~ l .0  

Pressed pellets 
Pressed pellets* 

Pressed pellets 
Pressed pellets** 
Pressed pellets 
In situ samples, 

single pyrolysis 
In situ samples, 

tr iple pyrolysis 
~0.14 

* Sample measured in press. 
* * N a t u r a l  o r e s  a n d  a r t i f i c i a l  f l -MnOe.  

terest  was in its re la t ion to solid e lectrolyt ic  ca-  
paci tors  where  it is found in po lycrys ta l l ine  form 
anyway.  Thus, a l though the proper t ies  repor ted  may  
not represent  exac t ly  the behavior  of a stoichio- 
metr ic  single crys ta l  of MnO2, it is felt  tha t  these 
samples are  s imilar  to the MnO2 in solid e lectrolyt ic  
capacitors.  Fur the rmore ,  due to the technique of 
prepara t ion ,  i t  is fel t  tha t  these in situ samples  
represent  the MnO2 in such capaci tors  to a far  
g rea te r  ex ten t  than do pressed pellets.  

Resistivity values.--Table V shows some of the 
more recent  values of res is t iv i ty  which have been 
reported.  The date  and form of the sample are 
also given. 

There are ra the r  large  var ia t ions  in these repor ted  
values of pressed samples. None of these, however ,  
approach the low value  of the in situ samples. The 
most obvious explana t ion  of the difference is tha t  
the in te rpar t ic le  bonding is much s t ronger  in the  
in situ samples as wi tnessed by  the hardness  and 
cohesion of these samples. The pressed samples,  on 
the other  hand, are quite fragile.  

Pyrolysis conditions.--Figure 2 shows the re -  
s is t ivi ty vs. pyrolysis  t empe ra tu r e  behav io r  which 
was given in Table II. Adjacen t  to this curve is 
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Fig. 2. Resistivity and thermal decomposition curves 

a the rma l  decomposit ion curve by  Brenet  which 
shows the composit ion changes over  the same range  
(9).  The O/Mn rat io  is p lo t ted  on the r ight  ordinate  
of the figure. 

The comparison of the  two curves is in teres t ing  
since they  show s imi lar  behavior ,  namely  constant  
values f rom 150 ~ to 370~176 then a rap id  rise. 
At  a range of 600~176 the curves again ap-  
proach a constant  value.  The res i s t iv i ty  curve 
changes at  a somewhat  lower  t empe ra tu r e  than  the 
the rmal  decomposit ion curve, but  this  is p robab ly  
expla inable  on the basis of the difference in equi-  
l i b r ium a t ta ined  in the two processes. The res i s t iv -  
i ty samples were  heated for app rox ima te ly  100 hr 
or unt i l  the res is t iv i ty  remained  constant.  Fur ther ,  
the res is t iv i ty  values  m a y  be somewhat  more sensi-  
t ive to composit ion changes than  the weight  changes 
r epor ted  by  Brenet .  

Chemical  analyses  by  the methods previous ly  
descr ibed showed that  the  Mn/O ra t io  was con- 
s tant  f rom pyrolys is  t empera tu res  of 150~176 
A change in the amount  of res idual  mater ia l ,  as- 
sumed to be water ,  of f rom 0.09 to 0.04 mole /mole  
of MnO2 was found with  these samples. X - r a y  dif -  
f ract ion analysis  showed only  fl-MnO2 from samples 
pyro lyzed  up to 400~ At  450~ and above, 
~-Mn203 shows up, and at  600~ nothing but  
~-Mn203 is present .  

Brenet  indicates  tha t  wa te r  or O H -  m a y  be lost 
f rom the samples above 350~ Our own analyses  
tend  to suppor t  this, thus some of the  ear l ies t  
changes in res is t iv i ty  above 370~ m a y  be due to 
loss of water .  Above 450 ~ the res is t iv i ty  change 
becomes more  rap id  and the presence of ~-MnO3 
is detected. The great  change in res is t iv i ty  be tween 
450 ~ and 600~ can be a t t r ibu ted  to the format ion 
of Mn203, a poor conductor.  The res i s t iv i ty  again 
becomes constant  at  a value  of 3.6 x 105 ohm-cm 
as the  constant  composit ion of Mn208 is at tained.  

Activation energy.---Values of act ivat ion energy 
for conduction repor ted  by  var ious  authors  or com- 
pu ted  from the i r  res i s t iv i ty  da ta  are shown in 
Table V. 

Again, the probable  difference be tween  pressed 
pel lets  and in situ samples is the difference in p a r -  
t icle bonding. Al though samples  A and B have dif -  
fe rent  resist ivi t ies,  thei r  ac t iva t ion  energies are  
nea r ly  the same. This indicates  tha t  the  par t ic le  
bonding and conduction mechanism are  ident ica l  
and the difference in apparen t  res i s t iv i ty  is due 
to the fa i lure  of the correct ion factor,  K, in Eq. 
[1] to adequa te ly  al low for the  sample poros i ty  in 
sample  A. In other  words,  the  less dense a sample 
is, the grea te r  is the er ror  in Eq. [1] due to lack of 
knowledge  of the equiva lent  sample  cross section 
or length.  

The change of slope at  115~176 is not  fu l ly  
understood.  I t  is t empt ing  to re fe r  to it  as an ex-  
t r ins ic - in t r ins ic  conduct ivi ty  t ransformat ion.  There 
are, however ,  other  possibil i t ies which must  be 
considered. One of these is tha t  the point  of the 
shift  represents  the fer roelect r ic  Curie point.  Bhide 
has repor ted  such behavior ,  except  at a lower t em-  
pe ra tu re  of about  50~ (4) .  
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A n o t h e r  p o s s i b i l i t y  is t h a t  a su r f ace  l a y e r  of 
a l o w e r  ox ide  of m a n g a n e s e  such  as Mn203 is 
f o r m e d  w h i c h  r e su l t s  in an  i n c r e a s e  in  the  ac -  
t i v a t i o n  ene rgy .  I t  is k n o w n  t h a t  on h e a t  t r e a t -  
men t ,  v a r i o u s  t y p e s  of  m a n g a n e s e  d iox ide  f o r m  a 
su r f ace  f i lm of  l o w e r  ox ide  (11) .  A t h i r d  pos s ib l e  
cause  is loss of w a t e r  f r o m  the  s a m p l e s  w h i c h  has  
been  r e p o r t e d  b y  S a s a k i  and  K o j i m a  (1) .  S ince  
the  ac t i va t i on  e n e r g y  cu rves  a re  r e v e r s i b l e  up  and  
d o w n  the  t e m p e r a t u r e  range ,  th is  seems  a l i k e l y  
cause.  The  Mn203 --> MnO~ t r a n s f o r m a t i o n  has  been  
r e p o r t e d  b y  Ot to  to be  qu i t e  s low,  t hus  i t  seems  
less  l i k e l y  to be  t he  cause  (12) .  

L a c k  of i n f o r m a t i o n  a b o u t  the  conduc t ion  m e c h -  
a n i s m  in MnO2 m a k e s  i t  diff icult  to i n t e r p r e t  ac -  
t i v a t i o n  e n e r g y  da ta .  Das  has  s h o w n  t h a t  in n a t u r -  
a l l y  occu r r i ng  ores,  t he  c a r r i e r  c o n c e n t r a t i o n  is 
4.3 x 10 TM p e r  cc (10) .  T h e r m o e l e c t r i c  and  H a l l  
cons t an t  m e a s u r e m e n t s  show tha t  t he  conduc t ion  is 
n - t y p e  w i t h  l ow m o b i l i t y  ca r r i e r s .  I t  s eems  obv ious  
t ha t  f u r t h e r  bas ic  s tud ies  i nc lud ing  s tud ies  of t he  
effect  of m e t a l  and  o x y g e n  de fec t s  a r e  n e c e s s a r y  
b e f o r e  a c o m p l e t e  m o d e l  of the  conduc t ion  p rocess  
can be  pos tu l a t ed .  The  i n f o r m a t i o n  ava i l ab l e ,  h o w -  
ever ,  i nd i ca t e s  t ha t  MnO2 is a n e a r l y  d e g e n e r a t e  
s emiconduc to r .  
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Phase Equilibria and Manganese-Activated Luminescence in 
Portions of the System Zn(PO3)2-Cd(PO3)2-Mg(PO3)2 

Jesse J. Brown and F. A. Hummel 
Department of Ceramic Technology, The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

The equi l ib r ium re la t ionships  in the  sys tem Zn(POs)2-Cd(PO~)~ were  
es tabl ished by  quenching and solid state exper iments .  At  810~ ~-Cd(PO3)2 
inver ted  to ~-Cd(PO3)2, which mel ted  congruent ly  at  896~ Smal l  regions of 
solid solut ion exist  at  the ex t remi t ies  of the  system, involving the low and 
high t empe ra tu r e  forms of Zn(POs)2  and Cd(PO3)2. The most  no tewor thy  
fea ture  of the system is the  large  region  of in te rmedia te  solid solut ion which 
ranges from 35 to 90 mole  % Cd(PO3)2 and has a d is tor ted  Mg(PO~)2 s t ruc-  
ture.  

Manganese -ac t iva ted  phosphors  were  p repa red  throughout  the system 
Zn(PO3)2-Cd(POs)2-Mg(POs)2  and the cathodoluminescence emission peak  
and br ightness  values  were  obtained.  The t e rna ry  system is dominated  by  a 
solid solution which has the  Mg(PO3)2 s tructure.  The phosphors  are  charac-  
ter ized by  two emission peaks  in the  ranges  5950-5590A and 6200-6420A. Cad-  
mium metaphospha te  increases  the  in tens i ty  of the  h igher  wave leng th  emis-  
sion whi le  Zn(PO3)2 and Mg(PO3)2-r ich  composit ions favor  the  lower  wave -  
length emission. 

This  is t he  second  of a se r ies  of p a p e r s  i n t e n d e d  
to e s t ab l i sh  the  phase  e q u i l i b r i a  r e l a t i o n s h i p s  a n d  
to i n v e s t i g a t e  and  i d e n t i f y  the  hos t  l a t t i ces  w h i c h  
a r e  r e s p o n s i b l e  for  l u m i n e s c e n c e  in a p o r t i o n  of 
the  s y s t e m  ZnO-CdO-PeO~.  A l t h o u g h  th i s  p a p e r  is 
p r i m a r i l y  conce rned  w i t h  p h a s e  r e l a t i o n s h i p s  a n d  
c a t h o d o l u m i n e s c e n c e  in t he  b i n a r y  s y s t e m  Zn (PO8)~- 
Cd(POs)2 ,  i t  also con ta ins  c a t h o d o l u m i n e s c e n c e  

d a t a  for  p r e p a r a t i o n s  t h r o u g h o u t  t he  t e r n a r y  sys -  
t e m  Zn  (POs)  2-Cd (PO~) 2-Mg (PO3) 2. 

The  p h a s e  r e l a t i o n s h i p s  a n d  c a t h o d o l u m i n e s c e n c e  
of phase s  in  t he  s y s t e m  Z n ( P O s ) 2 - M g ( P O s ) 2  have  
r e c e n t l y  b e e n  i n v e s t i g a t e d  b y  S a r v e r  and  H u m m e l  
(1 ) .  Two  p r e v i o u s  p a p e r s  b y  K a t n a c k  a n d  H u m m e l  
(2)  and  H u m m e l  and  K a t n a c k  (3)  have  d e a l t  w i th  
the  phase  r e l a t i o n s h i p s  in t he  s y s t e m  ZnO-P20~  a n d  



VoL 111, No. 6 S Y S T E M  Zn (PO3) ~-Cd (PO~) s-Mg (PO~) 661 

the emission character is t ics  of the manganese -ac -  
t iva ted  zinc phosphate  compounds under  cathode 
ray  excitat ion.  

Experimental Procedure 
Compositions used for determining phase rela- 

t ionships.--The equi l ib r ium rela t ionships  in the 
system Zn (PO3)2-Cd (POs)2 were  es tabl ished using 
the four teen compositions l is ted in Table II. The 
raw mater ia l s  used were  phosphor grade ZnO, 
MgCO3, MnCO3, and CdCOs, and C.P. grade ammo-  
n ium d ihydrogen  phosphate,  NH4H2PO4. The batch 
mater ia l s  for quench and DTA exper iments  were  
reacted in the solid state at 750~ for 24 hr, r e -  
mixed,  and reac ted  again at 750~ for 24 hr. Based 
on previous  exper ience  wi th  metaphospha te  com- 
pounds (1, 2), loss of PeO5 by vapor iza t ion  has 
been found to be small  under  these condit ions of 
prepara t ion .  

Port ions of each composit ion were  mel ted  in 
p la t inum crucibles for 15 rain be tween  1000 ~ and 
1200~ and the melts  were  air  quenched. The 
glasses were  crushed in a steel  mor ta r  and the 
--100 to +120 mesh size f rac t ion was used for 
index of re f rac t ion  measurements .  

Heat treatments and physical m e a s u r e m e n t s . -  
The melt ing,  quenching, solid state reactions,  phase 
identification, different ial  t he rma l  analysis,  and 
measurement  of emission spectra  were  carr ied  out 
as descr ibed prev ious ly  (4).  

X - r a y  diffraction da ta  were  obta ined using CuK~ 
(~ = 1.5418A) rad ia t ion  f rom a Norelco d i f f rac-  
tometer  opera t ing  at 40 kv  and 15 ma. Precise l a t -  
tice spacings were  obtained using silicon powder  
(ao = 5.4305A) as an in te rna l  s t andard  and a di f -  
f rac tometer  scanning ra te  of %~ min. Pe t ro -  
graphic  microscope de te rmina t ions  of re f rac t ive  
indices of glasses were  accurate  to --+0.003 using 
immers ion oils which had been ca l ibra ted  wi th  an 
Abb~ refractometer .  Cathodoluminescence spectra l  
d is t r ibut ions  were  de te rmined  on a demountable  
television tube using an electron beam wi th  a cur -  
rent  densi ty  of 1.0 # a m p / c m  ~ and an accelerat ing 
potent ia l  of 15 kv. 

Results and Discussion 
Cadmium metaphosphate .~I t  was de te rmined  by  

quench exper iments  tha t  Cd(POs)2 undergoes  a 
sluggish revers ib le  invers ion at 810~176 and melts  

- -  i i i i i i ] ~  i 

1.620 MPss phose b o u . d o r y - ~ _ -  2 1 9 0  
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1 . 520  boundary 
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Fig. 1. Index of refraction of metaphosphate glasses and d-values 
of MPss (750~ for reflection at 42~ 

congruent ly  at  896~176 Upon recrys ta l l iza t ion  an 
appa ren t ly  metas tab le  polyrnorphic  phase in i t ia l ly  
crystal l izes which r ap id ly  rever t s  to the s table po ly-  
morph  wi th  increasing t ime of heat  t rea tment .  The 
powder  x - r a y  diffraction da ta  for the  two stable 
cadmium metaphospha te  po lymorphs  are  shown in 
Table  III. 

Phase equilibrium relationships in the system 
Zn (PO3)2-Cd (PO3) 2.--The indices of ref rac t ion  and 
d-va lues  for the  reflection 1 at 42~ for composi-  
t ions in the Zn(PO3)2-Cd(PO3)2 sys tem are  t abu -  
la ted in Table  I and plot ted as funct ions of compo-  
sition in Fig. 1. These data  were  used extens ive ly  
to de te rmine  phase boundar ies  f rom many  of the 
quenches made in this system. The quench da ta  
shown in Table II  were  used to construct  the phase 
equi l ibr ia  re la t ionships  shown in Fig. 2. 

The phase d i a g r a m  is character ized by  a la rge  
in te rmedia te  solid solution series (MPss) extending 
f rom 35 to 90 mole % Cd(PO3)2, a smal l  region of 
fl-Zn (PO3) 2 solid solution which wil l  accept a m a x -  
imum of 10 mole % Cd(PO3)2 at  786~ a small  r e -  
gion of f l -Cd(POs)2 solid solution which wil l  ac-  
cept a m a x i m u m  of 5 mole % Zn(POs)2 at  840~ 
and van ish ing ly  small  regions of ~-Zn(POs)2  and 
a-Cd(PO3)e  solid solutions. Since the a to fl- 
Zn(POa)2 invers ion is i r revers ib le ,  i t  was impos-  
sible to accura te ly  de te rmine  the degree  to which 
this t r ans format ion  t empera tu re  was decreased by 

z The  M P s ,  p h a s e  (Fig.  1) a p p e a r s  to  h a v e  a s t r u c t u r e  of  l ow  
s y m m e t r y  (monoc l i n i c  or  t r i c l i n i c ) ,  c o n s e q u e n t l y  the reflection 
a t  42~ w a s  t he  highest angle re f lec t ion  s u i t a b l e  fo r  d - v a l u e  
m e a s u r e m e n t s .  

Table I. Refractive indices of glasses and d-values for the 
42~ reflection from the MPss phase in the system 

Zn(P08) 2-Cd ( P08)2 

Composition (mole %) 
Zn (PO3)s Cd (POs)2 Wn os glasses d (A) 

100 0 1.521 - -  
90 10 1.528 2.131 
80 20 1.533 2.132 
70 30 1.547 2.132 
60 40 1.557 2.135 
50 50 1.568 2.144 
40 60 1.577 2.152 
30 70 1.584 2.163 
20 80 1.591 2.174 
10 90 1.596 2.185 
0 100 1.603 - -  

9 0 0  

U 
800 

700 / 

~a-ZPss 
(I - ZPss + MPss 

Zn(P03)  2 2 0  

- -  - - ' +_5~= 

" . . k z P , , ' L ' o  - 

:Pss 786+-5~ - 

MPss + a - C P s s l  ~ 
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I 
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i 
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Fig. 2. Equilibrium relationships in the system Zn(PO3)2-Cd (P03)2 
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Table II. Quench data for the system Zn(PO3)2-Cd(P03)2 

Composition (mole %) 
No. Zn (POs)2 Cd (POs)s Temp (~ Time Phases* Remarks 

1 97 3 755 24 hr /~-ZPss 
857 60 min  /~-ZPss 
862 90 min  ~-ZPss -5 G 
866 60 rain ~-ZPss -5 G Trace ~-ZPss 

2 93 7 755 24 hr /~-ZPss -5 MPss 
3 90 10 755 24 hr  fl-ZPss -5 MPss 

783 35 min  /~-ZPss W MPss 
804 30 min  #S-ZPss -5 G Trace G 
821 30 min  ~-ZPss -5 G (18.5) 
832 30 min  ~-ZPss -5 G (12.0) 

4 80 20 622 72 hr  fl-ZPss -5 iVIPss -5 a-ZPss Nonequi l ibr ium 
665 1 wk fl-ZPss -5 MPss -5 ~-ZPss Nonequi l ibr ium 
787 30 rain ~-ZPss -5 G Trace G 
793 30 min  fl-ZPss -5 G (24.0) 
805 30 rain ~-ZPss -5 G (20.0) 
811 30 rain ~-ZPss -5 G Trace ~-ZPss 

5 70 30 756 17 hr  /~-ZPss -5 MPss (36.0) 
6 60 40 750 24 hr MPss 

794 45 min  MPss 
799 45 rain MPss (45.0) + G Trace G 
805 45 man MPss -5 G 
811 45 rain MPss -5 G (40.0) 

7 50 50 750 24 hr  MPss 
810 3V2 hr  MPss -5 G Trace G 

8 40 60 750 24 hr  MPss 
816 35 min  MPss (66.5) -{- G 
825 35 min  G 

9 30 70 750 24 hr MPss 
10 20 80 750 24 hr  MPss 

832 30 min  MPss 
835 30 rain MPss -5 G 
842 35 rain MPss -}- G (76.0) 

11 10 90 795 14 hr  MPss 
805 14 hr  MPss 
825 20 hr  MPss 
846 30 min  /~-CPss 4- G 
854 60 rain ;~-CPss -5 G 
862 60 min  ~-CPss -5 G 
881 60 rain G 

12 7 93 795 14 hr MPss -5 ~-CPss 
805 14 hr  MPss -}- ~-CPss 
816 25 hr  MPss -5 ~-CPss 
821 20 hr  MPss -5 ~-CPss 
825 20 hr  MPss -5 ~-CPss 
837 15 hr  MPss + ~-CPss 
842 30 min  MPss -5 ~-CPss 
858 30 min  ~-CPss -5 G 
861 30 min  ~-CPss -5 G 
870 45 min ~-CPss + G 
880 45 re_in fl-CPss + G Trace ~-CPss 
888 60 rain G 
902 60 rain G 

13 3 97 800 14 hr MPss -5 ~-CPss 
805 9 hr MPss + a-CPss 
807 24 hr MPss -5 ~-CPss 
633 30 min  ~-CPss 
840 7�89 hr ~-CPss 
847 30 rain /~-CPss 
855 30 rain ~-CPss 
871 60 min  ~-CPss -5 G Trace G 
890 60 rain ~-CPss -5 G Trace ~-CPss 

14 0 I00 805 12 hr ~-CP 
810 5 hr a-CP -5/9-CP Nonequilibrium 
817 2hr ~-CP -5 fl-CP Nonequilibrium 
830 I hr ~-CP -5 ~-CP Nonequilibriurn 
831 16 hr ~-CP 
852 12 hr  /~-CP 
886 1 hr  ~-CP 
894 1 hr ~-CP 
899 1 hr  G 

* G, glass; a-ZPss, a-Zn (POs)= solid solution; •-ZPss, ~-Zn (POs)~ solid solution; MPss, intermediate solid solution series with Mg (POs)2 
structure; a-CPs,, a-Cd(POs)2 solid solution; ]~-CPss, ~-Cd (PO3)s solid solution. 
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Table III. X-ray data for the system Zn(PO3)2-Cd(P03)2 

(Zno.eo, Cdo.4o) (Zno.4o, Cdo.eo) (Zno.~o, Cdo.~) (Zno.~o, Cdo.9o) 
Mg (POa)2a) (POs)a (POs)~ (POs)~ (POs)2 a-Cd (POs)~ B-Cd (POs)a 

d I/Io d I/Io d I/Io d I/Io d I/Io d I/Io d I/Io 

6.7 
6.1 10 6.3 

5.3 
4.6 45 4.6 
4.2 25 4.3 

3.83 
3.60 

3.51 15 3.47 
3.36 25 3.43 
3.21 45 3.24 
3.16 35 
2.99 100 3.05 100 
2.86 20 2.89 25 
2.72 5 2.75 - -  

2.68 5 
2.56 20 2.63 25 

2.53 10 
2.37 15 2.44 25 

2.36 
2.27 5 2.30 5 
2.24 5 2.23 10 

2.21 5 
2.18 10 2.19 10 
2.09 20 2.14 30 
1.940 5 1.989 10 

O t h e r  r e f l ec -  O t h e r  re f lec -  
t i ons  t i o n s  

20 6.7 20 6.7 20 
55 6.3 65 6.4 65 

5 5.3 10 5.3 5 
15 4.5 15 4.7 20 
70 4.3 80 4.4 65 
10 3.87 10 3.88 10 
20 3.63 15 3.66 20 
15 3.45 50 3.49 40 
45 
40 3.27 50 3.29 40 

3.07 100 3.10 100 
2.91 25 2.96 25 
2.76 5 2.77 5 
2.70 10 2.71 10 
2.65 25 2.68 25 
2.50 10 2.56 15 
2.45 30 2.48 30 
2.34 5 2.36 5 
2.33 10 2.34 10 
2.25 10 2.27 10 
2.23 5 2.23 10 
2.20 10 2.19 5 
2.15 30 2.17 20 
2.00 10 2.02 10 

O t h e r  r e f l ec -  O t h e r  r e f l ec -  
t i ons  t ions  

6.5 15 6.8 i00 5.6 50 
6.9 55 4.8 10 4.4 5 
5.4 5 3.92 100 3.69 60 
4.7 20 3.80 10 3.40 15 
4.4 50 3.55 80 3.36 10 
3.90 5 3.41 25 3.29 10O 
3.78 20 3.30 15 3.07 30 
3.52 35 3.20 25 2.80 15 

3.12 15 2.66 25 
3.30 35 3.07 10 2.61 25 

3.11 100 2.92 5 2.49 50 
2.94 25 2.84 20 2.37 10 
2.78 5 2.77 70 2.25 10 
2.73 10 2.46 70 2.16 10 
2.67 25 2.37 5 2.14 5 
2.56 10 2.33 10 2.]2 5 
2.49 25 2.32 10 2.05 15 
2.36 10 2.25 10 1.977 10 
2.30 10 2.21 10 1.925 15 
2.27 10 2.18 5 1.848 20 
2.24 10 2.17 5 1.834 10 
2.21 10 2.10 10 1.794 10 
2.18 20 2.06 10 1.787 5 
2.03 10 2.05 10 1.752 5 

O t h e r  r e f l ec -  O t h e r  re f lec -  O t h e r  r e f l ec -  
t i ons  t i ons  t i o n s  

t h e  a d d i t i o n  of  C d ( P O s ) 2 ,  t h e r e f o r e  t h i s  r e g i o n  of  
t h e  p h a s e  d i a g r a m  is s h o w n  b y  d a s h e d  l i nes .  

I n  T a b l e  I I I  t h e  x - r a y  d i f f r a c t i o n  p o w d e r  d a t a  
f o r  v a r i o u s  c o m p o s i t i o n s  i n  t h e  MPs~ s t a b i l i t y  r e g i o n  
a r e  c o m p a r e d  w i t h  t h a t  of  t h e  c o m p o u n d  M g  ( P O ~ )  2. 

I t  c a n  b e  s e e n  t h a t  t h e s e  s t r u c t u r e s  a r e  v e r y  s i m -  
i l a r .  S o m e  a d d i t i o n a l  w e a k  r e f l e c t i o n s  a r e  p r e s e n t  
i n  t h e  MPss  p a t t e r n s  w h i c h  m a y  i n d i c a t e  s t r u c t u r a l  
d i s t o r t i o n  as  a r e s u l t  of  r e p l a c i n g  NIg 2+ b y  t h e  l a r g e r  
C d  2+ ions .  

Table IV. Composition and cathodoluminescence emission data for phosphors in 
the system Zn(PO3)2-Cd (POs)2-Mg(P03) 2 

Composition (mole %) T e m p / T i m e  Brightness Peak  ~vavelength 
No. Zn (POa) ~ Cd (POs) ~ Mg (POa) 2 Mn (POs)2 (*C) / (h r )  Phase (ft-L) P r i m a r y  Secondary 

1 - -  - -  99.0 1.0 750/24 M P  7.8 6080 - -  
2 - -  9.9 89.1 1.0 750/24 1VIPss 7.9 5950 6180 
3 - -  19.8 79.2 1.0 750/24 MPss 10.3 5870 6160 
4 - -  29.7 69.3 1.0 750/24 MPss 23.3 5840 619'0 
5 - -  39.6 59.4 1.0 750/24 MPss 22.8 5800 6210 
6 - -  49.5 49.5 1.0 750/24 MPss 22.9 6330 5790 
7 - -  59.4 39.6 1.0 750/24 MPss 14.3 6350 5770 
8 - -  69.3 29.7 1.0 750/24 MPss  9.1 6390 5700 
9 - -  79.2 19.8 1.0 750/24 MPss 9.4 6380 5680 

10 - -  89.1 9.9 1.0 750/24 MPss 8.3 6410 5670 

11 - -  99.0 - -  1.0 800/24 a - C P  46.1 5580 - -  
12 - -  99.0 - -  1.0 835/10 ~ - C P  16.1 5850 - -  
13 99.0 - -  - -  1.0 600/96 a - Z P  12.9 6240 - -  
14 99.0 - -  - -  1.0 750/24 /~-ZP 19.1 5880 6300 
15 69.3 29.7 - -  1.0 750/24 ~-ZPss  + MPss 23.1 5820 6290 
16 59.4 39.6 - -  1.0 750/24 MPss 27.6 5800 6320 
17 49.5 49.5 - -  1.0 750/24 MPss 21.3 5780 6360 
18 39.6 59.4 - -  1.0 750/24 MPss  19.2 6360 5760 
19 29.7 69.3 - -  1.0 750/24 MPss 16.9 6400 5710 
20 19.8 79.2 - -  1.0 750/24 MPss 12.1 6410 5660 

21 9.9 89.1 - -  1.0 750/24 lVIPss 9.2 6420 5590 
22 9.9 9.9 79.2 1.0 750/24 MPss 10.2 5930 6190 
23 19.8 19.8 59.4 1.0 750/24 MPss 20.4 5870 6250 
24 9.9 29.7 59.4 1.0 750/24 MPss 25.9 5850 6220 
25 29.7 9.9 59.4 1.0 750/24 MPss 16.1 5930 6320 
26 29.7 29.7 39.6 1.0 750/24 MPss 30.8 5850 6230 
27 14.85 44.55 39.6 1.0 750/24 M'Pss 26.0 5790 6290 
28 44.55 14.85 39.6 1.0 750/24 1VIPss 27.9 5920 - -  
29 39.6 39.6 19.8 1.0 750/24 MPss 27.1 5750 6260 
30 19.8 59.4 19.8 1.0 750/24 MPss 23.7 6330 5690 
3I 59.4 19.8 19.8 1.0 75.0/24 MPss 32.3 5650 - -  
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I t  is i n t e r e s t i n g  to no te  t he  a n a l o g y  b e t w e e n  the  
Z n ( P O s ) z - C d ( P O ~ ) u  sys t em w h i c h  con ta ins  a l a r g e  
r eg ion  of an  i n t e r m e d i a t e  sol id  so lu t ion  phase  w i t h  
the  Mg(PO~)e  s t r u c t u r e  and  the  Zn.~(PO~)e- 
Cd~(PO~)2 s y s t e m  w h i c h  con ta ins  a s m a l l  r eg ion  of 
an  i n t e r m e d i a t e  sol id  so lu t ion  phase  w i th  t he  
Mg~ (PO~) 2 s t r u c t u r e  ( 4 ). 

Luminescence 
Tab le  IV con ta ins  t he  compos i t i ons  and  c a t h o d o -  

l uminescence  emiss ion  d a t a  for  the  t h i r t y - o n e  
p h o s p h o r s  p r e p a r e d  in  t h e  s y s t e m  Z n ( P O ~ ) e -  
Cd (PO~) e-Mg (PO~) e. A l l  p h o s p h o r s  w e r e  a c t i v a t e d  
w i t h  1.0 mo le  % Mn 2+ s u b s t i t u t e d  for  Z n  2+, Cd  e+, 
a n d / o r  Mg e+ a n d  h e a t  t r e a t e d  w i t h i n  t he  t e m p e r -  

I 0 0  

.= 8o 
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~ 6 0  

z ~ 4o 
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Fig. 3a. Cathodoluminescence emission curves of Zn(P03)~ and 
Cd(P03)2 polymorphs: 1, ~-Cd(P03)~; 2, /~-Cd(POa)~; 3, a- 
Zn(P03)~; 4, #-Zn(POa)~. 
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Fig. 3b. Cathodoluminescence emission curves of zinc-cadmium 
metaphosphate phosphors with Mg(P08)2 structure: 1, (Zno.7o, 
Cdo.3o) (PO3)a; 2, (Zno.5o, Cdo.5o) (PO~)~; 3, (Zno.~o, Cdo.7o) 
(P03)2; 4, (Zno.]o, Cdo.9o) 1P03)2. 
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Fig. 3c. Cathodoluminescence emission curves of magnesium-cad- 
mium metaphosphate phosphors with Mg(P03)2 structure: 1, (Mgo.9o, 
Cdo.lo) (P03)2; 2, (Mgo.70, Cdo.30) (P03)2; 3, (Mgo.5o, Cdo.5o) 
(PO3)~; 4, (Mgo.8o, Cdo.7o) (P03)~; 5, (Mgo.lo, Cdo.9o) (P03)2. 

a t u r e  s t a b i l i t y  r a n g e  for  t he  p h a s e  u n d e r  c o n s i d e r -  
at ion.  

The sys tem Zn(PO3)2-Cd(POs)e . - - - -The  s p e c t r a l  
e n e r g y  d i s t r i b u t i o n  (S.E.D.)  cu rves  for  t he  h igh  
(r•) and  low (a )  t e m p e r a t u r e  Z n ( P O s ) 2  and  
Cd(PO3)2  p o l y m o r p h s  a re  s h o w n  in Fig .  3a. a -  
Zn(PO~)2  has  a p e a k  emiss ion  a t  6240A a n d  a 
b r i g h t n e s s  of 12.9 f t - L ;  f i - Z n ( P O s ) 2  has  a p e a k  
emiss ion  a t  5880A and  p o s s i b l y  a s e c o n d a r y  e m i s -  
s ion a r o u n d  6300A w i t h  a t o t a l  b r i g h t n e s s  of 19.1 
f t -L .  a - C d ( P O 3 ) 2  is a v e r y  b r i g h t  p h o s p h o r  (46.1 
f t - L )  e m i t t i n g  a t  5580A w h i l e  f l - C d ( P O a ) e  emi t s  
a t  5850A w i t h  a m u c h  l o w e r  b r i g h t n e s s  of  16.1 f t -L .  

T h e  S.E.D. cu rves  for  f ou r  p h o s p h o r s  in  t he  M P ~  
s t a b i l i t y  r eg ion  a r e  s h o w n  in Fig .  3b. These  p h o s -  
pho r s  a r e  c h a r a c t e r i z e d  b y  t w o  emiss ion  p e a k s  in 
the  r a n g e s  6290-6420A and  5820-5590A whose  r e l -  
a t ive  i n t ens i t i e s  can  be  r e l a t e d  q u a l i t a t i v e l y  to the  
Z n ~ + / C d  2+ ra t io .  W h e n  t h e  Z n 2 + / C d  2+ r a t i o  is 
l a r g e r  t h a n  un i ty ,  the  l u m i n e s c e n c e  cen t e r  t h a t  
g ives  r i se  to t he  s h o r t e r  w a v e l e n g t h  emis s ion  is 
f avo red ,  w h e n  the  r a t i o  is less  t h a n  u n i t y  t h e  less  
ene rge t i c  cen te r  ( l o n g e r  w a v e l e n g t h )  p r e d o m i n a t e s ,  
and  w h e n  t h e r e  a r e  an  equa l  n u m b e r  of Zn  2+ a n d  
Cd e+ ions  p re sen t ,  bo th  cen te r s  a r e  e q u a l l y  act ive .  
In  Fig .  4a t he  p e a k  emiss ion  w a v e l e n g t h s  for  the  
M P ~  p h o s p h o r s  a r e  shown  as  a f u n c t i o n  of c o m p o -  
si t ion.  The  sol id  l ines  i n d i c a t e  t h e  p r i m a r y  emiss ion  
p e a k  and  the  d a s h e d  l ines  i nd i ca t e  t he  s e c o n d a r y  
emiss ion.  I t  can  be  seen  t h a t  t he  two  emiss ion  p e a k s  
t end  to conve rge  as the  s m a l l e r  Zn  e+ ion c o ncen -  
t r a t i o n  inc reases  ove r  t he  Cd ~+ concen t r a t ion .  

The sys t em C d ( P O s ) e - M g ( P O s ) e . - - O n  the  bas is  
of x - r a y  iden t i f i ca t ions  of t he  p h o s p h o r s  p r e p a r e d  
in th is  s y s t e m  i t  a p p e a r s  t h a t  Mg(PO3)2  w i l l  ac -  
cept  a t  l eas t  90 mo le  % Cd(PO3)2  in  sol id  solut ion.  
The  p h a s e  e q u i l i b r i a  conf igura t ion  for  th is  s y s t e m  
a p p e a r s  to be  s i m i l a r  to  t h a t  for  t he  s y s t e m  
Zn (PO3) 2-Mg (POs)  2 (1 ) .  

The  S.E.D. cu rves  for  five p h o s p h o r s  in  th i s  sys -  
t e m  w h i c h  have  the  Mg(PO~)2  s t r u c t u r e  a r e  s h o w n  
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Fig. 4a (top). Peak emission as function of composition for zinc- 
cadmium metaphosphate phosphors with Mg(P03)2 structure. 

Fig. 4b (bottom). Peak emission as function of composition for 
magnesium-cadmium metaphosphate phosphors with Mg(P08)2 
structure. 
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Fig. 5. Peak emission wavelengths of Zn(PO3)2-Cd(PO3)2- 
Mg(P03)2 phosphors. Phase relationships indicated are for 750~ 
isothermal plane. 

(*These compositions, previously reported by Sarver and Hummel 
( I ) ,  were heat treated at 850~ 

in Fig. 3c, and the peak wavelengths are plotted 
as a function of composition in Fig. 4b. From these 
two figures it can be seen that two luminescence 
centers are again active, their intensities are re-  
lated to the cation sizes, and they tend to converge 
to a single center at Mg(POs)2. 

The system Zn (PO3) 2-Cd (POs) 2-Mg (PO3) 2.--The 
peak emissions of the phosphors prepared in this 
system are shown in Fig. 5. For each composition 
the upper value is for the pr imary  emission peak 
and the lower value represents the secondary emis- 
sion peak. Also shown in this figure are the approx-  
imate phase boundaries on the 750~ isothermal 
plane as determined by x - r a y  identifications of the 
various phosphor preparations. 

These results show that (Zn,Mg)(PO3)2 phos- 
phors emit in a single emission band ranging from 
6000 to 6200A (1) and that adding moderate 
amounts of Cd(PO~)2 in solid solution tends to 
decrease the wavelength of this emission peak and 
introduces a weak secondary emission band. As 
the Cd(POs)e content reaches about 50 mole %, 
the two emission bands are equally intense and 
above 50 mole % Cd(POs)2 the higher wavelength 
emission predominates. The brightnesses of these 
phosphors are highest when the two emission bands 
are equally intense. High concentrations of Cd (PO3)2 
generally produce a decrease in brightness. 

In the present work, appreciable differences in 
both brightness and peak emission wavelength have 
been observed for Mg(PO3)2 and its solid solutions 
with Zn(PO~)2, when compared with the previous 
results of Sarver and Hummel  (1). These differ- 
ences are most probably accounted for by the 100~ 
difference in firing temperature,  since the meta-  

phosphates are known to be especially sensitive to 
time and temperature of heat treatment.  

Summary 
1. Cadmium metaphosphate has a reversible in- 

version at 810~ and melts congruently at 896~ 
The low temperature modification is a bright  (46.1 
f t -L)  manganese-act ivated cathodoluminescent 
phosphor emitting at 5580A and the high temper-  
ature polymorph emits at 5850A with a much lower 
intensity (16.1 f t -L) .  

2. The Zn(PO~)2-Cd(PO3)2 phase relationships 
are characterized by small regions of a-Zn(PO3)2, 
B-Zn(PO3)2, a-Cd(PO3)2, and fl-Cd(POs)2 solid 
solutions and a large intermediate solid solution 
series extending from 35 to 90 mole % Cd(PO~)2 
which has a distorted Mg(POs)2 structure. Man- 
ganese-activated cathodoluminescence phosphors in 
this MPss region have two emission peaks in the 
ranges 5820-5590A and 6290-5590A. The lower 
wavelength emission is favored by high Zn ~+ con- 
centrations and the higher wavelength emission is 
favored by high Cd 2+ concentrations. 

3. Mg(POs)2 will accept at least 90 mole % 
Cd(PO3)2 in solid solution. These phosphors emit 
in two overlapping bands with Cd(POs)2 favoring 
the higher wavelength emission and Mg(PO3)2 fa-  
voring the lower. 

4. The te rnary  system Zn(PO3)2-Cd(PO3)2- 
Mg(PO3)2 is composed predominately of a single 
Mg (PO~)2 solid solution region that disappears only 
in the neighborhood of the compounds Zn(PO~)2 
and Cd(POs)3. Manganese-activated cathodolu- 
minescent phosphors composed of Zn(PO3)2 and 
Mg(POs)~, and lying in the region of Mg(POs)2 
solid solution, have single emission peaks. As 
Cd(PO3)2 is added, the secondary emission in- 
creases in intensity and above 50 mole % Cd(POs)2 
it dominates the emission spectrum. 

Acknowledgment 
Emission data were obtained through cooperation 

of Marjorie Brines of the Chemical Products Plant, 
General Electric Co., Cleveland, Ohio. This investi- 
gation was made possible through the financial as- 
sistance of the International  Lead Zinc Research 
Organization. Contribution No. 63-16 from the Col- 
lege of Mineral Industries, The Pennsylvania State 
University, University Park, Pa. 

Manuscript received Aug. 21, 1963. 
Any discussion of this paper will appear in a Discus- 

sion Section to be published in the December 1964 JOURNAL. 
REFERENCES 

1. J. F. Sarver and F. A. Hummel, This Journal, 106, 
500 (1959). 

2. F. L. Katnack and F. A. Hummel, ibid., 105, 125 
(1958). 

3. F. A. Hummel and F. L. Katnack, ibid., 105, 528 
(1958). 

4. J. J. Brown and F. A. Hummel, ibid., 110, 1218 
(1963). 
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ABSTRACT 

A method of purifying cadmium sulfide by partial sublimation in a gas 
flow is described. Results of spectrographic and wet analysis are given. 

Cadmium sulfide can be p repa red  by  the vapor  
phase  react ion of hydrogen  sulfide or sulfur  wi th  
cadmium metal ,  or by  prec ip i ta t ion  f rom aqueous 
solution. The vapor  react ion leads to a product  
which m a y  be contamina ted  wi th  silicon and heavy  
meta ls  (1) chiefly f rom the in terac t ion  wi th  the 
react ion vessels, but  which is usua l ly  free f rom 
anion impuri t ies .  Cadmium sulfide which is p r e -  
pa red  by  this method tends to be less s toichiometr ic  
than tha t  formed by precipi ta t ion.  Deviat ions f rom 
s toichiometry  in the vapo r - r eac t ed  ma te r i a l  can 
often be detected by  chemical  analysis,  but  this  is 
not genera l ly  sufficiently sensit ive to detect  any 
deviat ion in p rec ip i ta ted  cadmium sulfide. 

Prec ip i ta ted  cadmium sulfide is the more easi ly  
produced and is usual ly  p r e p a r e d  by  the react ion of 
an aqueous cadmium salt  solution wi th  hydrogen 
sulfide, ammonium sulfide, or o rgano-su l fu r  com- 
pounds. In all three  cases two main  types  of con- 
taminants  are found. These are:  

1. Heavy  metals,  usua l ly  those which form in-  
soluble sulfides, especia l ly  Fe, Ni, Co, Ag, and Cu. 

2. Nonmetal  ions which formed the or iginal  sal t  
solution of the cadmium meta l  as wel l  as hydroxides ,  
sulfates,  sulfltes, etc., which may  be formed dur ing  
prec ip i ta t ion  or, more usually,  on oxidat ion  dur ing  
the dry ing  of the precipi ta te .  A th i rd  type  of i m p u r -  
i ty  may  arise f rom the absorpt ion of soluble sulfides 
dur ing  precipi ta t ion.  This is ve ry  typica l  when am-  
monium sulfide is used as the precipi tant .  

It thus becomes evident  that  p rec ip i ta ted  cad-  
mium sulfide requires  fu r the r  purification. Usually,  
a simple firing in argon removes a large  propor t ion  
of the nonmetal l ic  impuri t ies .  As zone refining 
would  prove exceedingly  difficult wi th  this  type  of 
compound, subl imat ion or crys ta l l iza t ion affords the 
only s imple method of purification. 

F low methods for the product ion of cadmium sul-  
fide are wel l  known and were  first developed by  
Frer ichs  in 1947 (2),  and la te r  improved by  va r i -  
ous authors  [e.g., Fochs (3) ] .  Al though it is evi-  
dent  tha t  one of the advantages  of the method is tha t  
purif icat ion does t ake  place dur ing a crys ta l  g row-  
ing run, the extent  of the purif icat ion has not p r e -  
viously  been assessed. The purpose  of the present  
work  was to de te rmine  the extent  of the purification, 
and it was found that  using two subl imat ion  runs 
ve ry  pure  ma te r i a l  could be produced.  

Experimental 
Commercia l  luminescent  grade cadmium sulfide 

prec ip i ta te  (ex. Derby  Luminescents  Ltd.)  was used 
as raw mater ia l .  The heavy  meta l  content  of this 

mate r ia l  is low, but  it  contains a considerable  
amount  of nonmeta l  impuri t ies .  The hal ide and sul-  
fate contents va ry  f rom about  0.1%-0.5%. The bulk  
of these ions is removed  by  one s imple firing in argon 
at 800~ which reduces the sulfa te  and chlor ide  con- 
tent  to be tween  60 and 200 ppm. The argon fired 
mate r ia l  is then used as s ta r t ing  mate r i a l  for the 
subl imat ion runs. 

The appara tus  used for pa r t i a l  subl imat ion is 
shown in Fig. 1 and is based on the appara tus  used 
by Fochs (3). The t empe ra tu r e  d is t r ibut ion  is also 
shown. 

To achieve the highest  pu r i ty  the fol lowing addi -  
t ional  steps are  taken:  

1. A subst ra te  of cadmium sulfide is first bui l t  up 
on the silica tube. This is done to prevent  any  con- 
taminat ion  due to diffusion of impur i t ies  out of the 
silica tube into the cadmium sulfide crystals ,  since it 
is known that  considerable  impur i t ies  st i l l  exist  in 
even the best type  of commercia l ly  avai lab le  silica. 
Diffusion of silicon into the  cadmium sulfide is 
the reby  also prevented .  

2. Only about half  of the cadmium sulfide in the 
charge is volat i l ized so tha t  the charge re ta ins  the 
less volat i le  impuri t ies .  

3. Recrys ta l l iza t ion runs are done as r ap id ly  as 
possible to p reven t  contaminat ion  with  less vola t i le  
const i tuents  and to encourage flushing of more vola-  
t i le  components.  

4. Only loosely a t tached crystals  are removed 
from the substrate.  

With  a charge of 20g the average  yield is be tween 
5 and 8g. In the p repara t ion  of about  150g only two 
tubes were  used. These tubes were  thoroughly  
cleaned only when the subs t ra te  began to flake off. 
Cleaning af ter  every  run  was de l ibe ra te ly  avoided 

11~ ~ ~ ' ~ ~  ~ "~~:" "; , - , -, 

........... ' ~ 1 7 6 1 7 6 1 7 6  
D I S T R  t B U T I O N  

'~176 i 
Fig. 1. Apparatus used for partial sublimation 
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I m p u r i t i e s  

C h l o r i d e ,  S u l f a t e ,  Z i n c )  C o p p e r ,  S i l v e r ,  
p p m  p p m  p p m  p p m  p p m  

Argon  fired raw ma te r i a l  150 

Crysta ls  f rom a first run  wi th  a clean tube 65 
Crysta ls  f rom a final run  before  cleaning tube 20 
Residue lef t  in boat  a f te r  a run  40 
Subs t ra te  t aken  af te r  a final run  80 
Samples  of a 150g stock of crysta ls  75 40 

76 20 
77 20 
78 20 

to p r e v e n t  t he  m i g r a t i o n  of i m p u r i t i e s  f r o m  the  
si l ica.  

De ta i l s  of  r e su l t s  o b t a i n e d  a r e  g iven  in  T a b l e  I. 
This  t a b l e  shows the  d i f fe rence  in compos i t i on  of an  
in i t i a l  r u n  and  a f inal  r u n  ( a f t e r  15 s u b l i m a t i o n s )  
and  also g ives  a c o m p a r i s o n  b e t w e e n  the  compos i t i on  
of r e s i d u e  a n d  subs t r a t e .  N u m b e r s  75, 76, 77, a n d  78 
r e p r e s e n t  f ou r  s a m p l e s  t a k e n  ou t  of a b o t t l e  con-  
t a i n i n g  some 150g of c a d m i u m  sulf ide p r e p a r e d  as 
desc r ibed .  S ince  the  c rys t a l s  o b t a i n e d  w e r e  not  
c rushed ,  some l a c k  of h o m o g e n e i t y  w a s  to be  e x -  
pec ted ,  b u t  th is  d id  no t  a p p r e c i a b l y  affect  resu l t s .  

To s t u d y  the  s e p a r a t i o n  of i m p u r i t i e s  d u r i n g  a 
p a r t i a l  s u b l i m a t i o n  r u n  the  a p p a r a t u s  s h o w n  in 
Fig .  2 was  set  up.  F o r  th is  r u n  the  c a d m i u m  sulf ide 
was  d e l i b e r a t e l y  d o p e d  w i t h  5 X 10 -3 g / g  of a r a n g e  
of impur i t i e s .  The  c a d m i u m  sulf ide in  each  sec t ion  
was  a n a l y z e d ,  and  some  t y p i c a l  a n a l y t i c a l  f igures  

Fig. 2. Apparatus for separating definite fractions of crystals and 
substrate. 
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Fig. 3. Approximate impurity distribution curves for Zn, Ag, 
and Cu, using a deliberately doped charge. 

200 200 7 <0.5  Traces of Fe, 
A1, Pb, and Si 

40 100 0.7 <0.5 
20 50 <0.5 <0.5 
20 320 0.9 <0.5 
20 180 <0.5 <0.5 
20 i00 <0.5 <0.5 
20 i00 <0.5 <0.5 
20 52 <0.5 <0.5 
20 180 <0.5 <0.5 

a re  shown  in Fig .  3. I t  is i n t e r e s t i n g  to note  t h a t  the  
m a i n  h e a v y  m e t a l  i m p u r i t i e s  t end  to a m i n i m u m  in 
t he  c r y s t a l  g r o w i n g  r eg ion  p r o v i d i n g  t h a t  cons t an t  
gas  flow cond i t ions  opera te .  W i t h  a v a r i a t i o n  in gas 
flow the  pos i t i on  of c r y s t a l  g r o w t h  and  i m p u r i t y  
prof i le  w i l l  v a r y .  

W h e n  n i t r o g e n  was  used  as the  c a r r i e r  gas  a 
d i f f e ren t  r a n g e  of  i m p u r i t i e s  was  o b t a i n e d  t h a n  w i t h  
a rgon  even  w i t h  a s i m i l a r  gas  flow (see  Tab le  I I ) .  
The  effect of c h a n g i n g  the  gas  a p p e a r s  ana logous  to 
c h a n g i n g  the  gas flow ra t e ;  t hus  the  c r y s t a l  g r o w i n g  
r eg ion  is d i s p l a c e d  w i t h  r e spe c t  to the  subs t r a t e .  A 
change  of c a r r i e r  gas f r o m  a r g o n  to n i t r o g e n  gave  a 
r e l a t i v e  d e c r e a s e  in t he  z inc  con ten t  and  an  i n c r e a s e  
in t he  coppe r  conten t .  This  w o u l d  be  e x p e c t e d  if  
c r y s t a l l i z a t i o n  t a k e s  p l ace  f u r t h e r  d o w n  the  tube .  

S ince  s u b l i m a t i o n  gave  such  p r o m i s i n g  r e su l t s  i t  
was  de c ide d  to  r e s u b l i m e  the  m a t e r i a l  p r o d u c e d  
a f t e r  one c rys t a l l i za t ion .  The  r e s u b l i m e d  m a t e r i a l  
on ly  con t a ined  t r aces  of z inc  and  ch lo r ide  ( b e l o w  
the  q u a n t i t a t i v e  de t ec t ion  l i m i t ) .  No o t h e r  i m p u r i -  
t ies  w e r e  de tec t ed .  

Discussion and Conclusions 

A n a l y t i c a l  r e su l t s  show t h a t  p a r t i a l  s u b l i m a t i o n  
or  c r y s t a l l i z a t i o n  in an  i n e r t  gas  f low is a v e r y  
effect ive  m e t h o d  of  p u r i f y i n g  c a d m i u m  sulfide.  This  
m a t e r i a l  g ives  cons i s t en t  r e su l t s  in t he  p r e p a r a t i o n  
of p h o t o c o n d u c t i n g  p o w d e r  a n d  is also used  as s t a r t -  
ing  m a t e r i a l  for  t he  p r e p a r a t i o n  of CdS c r y s t a l s  and  
th in  films. I t  is i n t e r e s t i n g  to no te  t h a t  t he  r e -  
s u b l i m e d  m a t e r i a l  shows  p h o n o n  s t r u c t u r e  t y p i c a l  of 
p u r e  CdS,  as r e p o r t e d  b y  M a r s h a l l  and  Fochs  (4) .  

I t  shou ld  be  e m p h a s i z e d  t h a t  two  aspec t s  of t he  
p u r i t y  a r e  s t i l l  in  doub t :  first,  t he  o x y g e n  conten t ,  
w h i c h  could  no t  r e a d i l y  be  assessed  b y  a n y  k n o w n  
m e t h o d  once  no su l f a t e  cou ld  be  d e t e c t e d ;  second,  
t he  d e g r e e  of  n o n s t o i c h i o m e t r y  w h i c h  can  o n l y  be  
d e t e c t e d  c h e m i c a l l y  i f  v e r y  la rge .  In  m a n y  p u b l i c a -  
t ions ,  h o w e v e r ,  no t  on ly  a r e  t hese  two  aspec t s  
o v e r l o o k e d  b u t  no a t t e m p t  is m a d e  a t  an  ana lys i s  of 
t he  an ion  p re sen t .  This  m u s t  t h r o w  v e r y  g r e a t  d o u b t  
on the  v a l i d i t y  of  t he  conclus ions  d r a w n  as to t he  

Table II. Range of impurities 

S a m p l e  H e a v y  m e t a l  i m p u r i t i e s  

CdS crys ta ls  sub l imed 
using argon gas Zn 100 ppm Cu <0.5 ppm 

CdS crysta ls  subl imed 
using n i t rogen gas Zn 25 ppm Cu 1.3 ppm 
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effect of cations on the electr ical  and optical  p rop -  
ert ies of the  mater ia l .  
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Copper-Activated Thorium Phosphate Phosphors 
William F. Schmid and Richard W. Mooney 

Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, Pennsylvania 

ABSTRACT 

Eight different copper-activated thorium phosphate phosphors were pre-  
pared, identified, and their fluorescence properties measured. The brightest 
phosphors, with their fluorescence maxima, are: Th3 (PO4)4:0.045 Cu, 440 nm 
and 540 nm; Th8 (PO4)4:0.48 Cu, 590 nm; Th2Cu(PO4)~, 59.0 nm; Th~Li(PO4)3: 
0.04 Cu, 455 nm; and Th2Ag(PO4)3: Cu, 565 rim. The copper concentration has a 
pronounced effect on the fluorescence color and phosphor composition. All the 
phosphors except Th2Ag(PO4)s:Cu have good temperature dependence. If 
the proper  coating technique is used, these phosphors are highly efficient in 
high pressure mercury vapor lamps. 

Copper -ac t iva ted  thor ium phosphates  were  first 
p repa red  and studied by  Ranby and Hobbs (1).  The 
present  work  was unde r t aken  to expand  upon thei r  
original  study,  to ident i fy  the specific chemical  com- 
pounds responsible  for fluorescence, and to measure  
the luminescent  proper t ies  of the phosphors.  

The invest igat ion of the thor ium phosphate  phos-  
phors  was fac i l i ta ted  by  a previous  sys temat ic  s tudy 
of the ThO2-P20~ system by Burdese and Bor lera  
(2).  They identified three  previous ly  repor ted  com- 
pounds; the metaphosphate ,  Th(POs)4, pyrophos-  
phate,  ThP20~, and orthophosphate,  Th~(PO4)4, as 
wel l  as two new phosphates;  thory l  pyrophos-  
phate,  (ThO)eP2OT, and thory l  or thophosphate ,  
(ThO) ~ (PO4) 2. 

Experimental Procedure 
The p repa ra t ion  of the copper -ac t iva ted  thor ium 

phosphate  phosphors fol lowed the genera l  p rocedure  
prescr ibed  by  Ranby  and Hobbs (1).  However ,  in 
order  to avoid any possible confusion, the specific 
p repa ra t ive  techniques are  described.  

The copper -ac t iva ted  phosphors were  p repa red  by  
d ry  bal l  mil l ing the s toichiometr ic  quant i t ies  of 
ThO2, (NH4) 2HPO4, and Cu (C2H302) 2" H20. L indsay  
Chemical  Company ThO2 (Code 112) was employed  
with  an average  par t ic le  size of 0.5-2~. A copper  
oxide could be subs t i tu ted  for the acetate.  Af te r  
mill ing,  the r aw  mix  was prefired at  800~ resu l t -  
ing in some fusion and the evolut ion of ammonia  
and steam. Af te r  mor tar ing ,  the mix  was ret i red be-  
tween 1000~176 depending on the phosphor  be -  
ing prepared .  This second firing formed the m a t r i x  
and produced a dul l  phosphor  having a greenish 
body color indicat ing the presence of some cupric  
ion. The phosphor  was again mor ta red ,  and then  
ret i red ( i000~176  and cooled in an a tmos-  
phere  of ni t rogen mixed  wi th  a 40 psi flow of 

steam. A br ight  phosphor  was produced wi th  almost  
no cupric ion body color. 

The final s team firing is the crucial  step in p re -  
par ing  a br ight  phosphor.  The phosphor  does not 
gain or lose weight  when fired in steam. I t  is a r e -  
vers ible  react ion so tha t  if the phosphor  is deadened 
by heat ing in air, it  can again  be regenera ted  to a 
br ight  phosphor  by  s team firing. S team and ni t rogen 
at 1000~176 appear  to act as a reducing a tmos-  
phere;  however ,  if a s t ronger  reducing a tmosphere  
of hydrogen  wi th  n i t rogen is used, the copper is r e -  
duced to e lementa l  copper and a poor phosphor  re -  
sults. 

The methods used to measure  fluorescence spectra  
(3) and t empera tu re  dependence  curves (4) have 
been descr ibed previously.  The x - r a y  diffraction 
data  were  obtained f rom diff ractometer  t races t aken  
on a Phi!ips Norelco uni t  using CuKa radiat ion.  The 
scanning ra te  was one degree 20/min, and the char t  
speed 2 in . /min.  

Aside f rom character iz ing the phosphors  by  thei r  
x - r a y  diffraction traces, the i r  composit ion was 
verified quant i ta t ive ly .  The percentage  of tho r ium 
and phosphorus was de te rmined  by  x - r a y  fluores- 
cence wi th  the phosphor  d i lu ted  in sodium bora te  
glass pel lets  containing sodium fluoride flux. The 
copper was de te rmined  color imetr ica l ly  as the b ro-  
mide complex. 

Results 
Thorium metapho~phate, Th (PO8) 4 . - -Thor ium 

metaphospha te  has the lowest  react ion t empe ra tu r e  
and is the first phosphate  to form when ThO2 and 
(NH4)2HPO4 are fired. In o rde r  to p repa re  pure  

metaphosphate ,  four  moles and a sl ight  excess of 
(NH4)2HPO4 were  added and fired in four separa te  
steps to p reven t  format ion  of a fused polyphosphate .  
The x - r a y  diffraction pa t t e rn  of the resul t ing  
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thor ium metaphospha te  was in good agreement  wi th  
the publ i shed  da ta  of Burdese and Bor lera  (2).  
However,  repea ted  a t tempts  in this l abora to ry  to 
p repa re  a copper -ac t iva ted  thor ium metaphospha te  
phosphor  were  unsuccessful.  

Thorium pyrophosphates, ThP~O~.--The copper-  
ac t iva ted  fl-ThP20~ phosphor  was p repa red  by  add-  
ing two moles of (NH~)eHPO~ in two firing steps. 
The amount  of ThO~ was a lways  less than  one mole 
and calcula ted so tha t  copper would subst i tu te  for  
the less than  stoichiometr ic  amount  of thorium. The 
r aw  mix  containing one mole of (NH4)2HPO4 was 
first fired at 800~ for 30 min  in air. Af te r  mil l ing 
and adding the second mole of phosphate,  it  was 
fired at  1200~ in air  for another  30 min. Af te r  
mor tar ing ,  the phosphor  was fired at 1150~ for 2 hr  
in a n i t rogen- s t eam atmosphere.  The x - r a y  diffrac-  
t ion da ta  of fl-ThP~O~ was in fair  agreement  wi th  
publ ished results  (2).  

At  ve ry  low act iva tor  concentrat ions (0.01 atom 
Cu /a tom Th) fl-ThPeO~ is inert.  An efficient phos-  
phor  is found over a r a the r  na r row range of Cu con- 
tent  (0.025-0.10 atom Cu /a tom Th) wi th  the b r igh t -  
est phosphor  obtained at  the upper  end of this range,  
but  stil l  only 50% as br ight  as the best  thor ium 
or thophosphate  phosphor.  If one a t tempts  to in-  
corporate  more than  0.1 mole of copper, the phos-  
phor becomes brown,  while  the or thophosphate  is 
stil l  an efficient wh i t e -bod ied  phosphor  wi th  twice 
this amount  of copper. 

The exci ta t ion and emission spectra  of the beta  
pyrophospha te  are found in Fig. I ( C ) .  As is the 
case for  most copper -ac t iva ted  thor ium phosphates,  
the exci ta t ion bands are very  broad so tha t  at best  

T H O R I U M  P H O S P H A T E  P H O S P H O R S  669 

one can state that  the m a x i m u m  exci ta t ion occurs 
in the region of 270 nanometers  (nm) .  The fluores- 
cence band extends  f rom 490 to 730 nm wi th  a 
m a x i m u m  emission at  590 nm (ye l low-orange ) .  

At tempts  to p repa re  the Cu-ac t iva ted  a-ThPeO~ 
by  rap id  quenching were  inva r i ab ly  unsuccessful,  
the produc t  a lways  ending up as fl-ThP2OT: Cu. A p -  
pa ren t ly  the presence of Cu stabil izes the  fl-ThP~O~ 
structure.  

Thorium o~thophosphates.--The procedure  for 
p repa r ing  the or thophosphate  phosphor,  Th3 (PO4)4: 
Cu, was the same as for  the be t a -py rophospha t e  
phosphor  except  for the changes in s to ichiometry  
wi th  the addi t ion of all  the (NH4)2HPO4 at the 
start .  The final s t eam-n i t rogen  firing was at 1200~ 
The x - r a y  diffract ion da ta  on our p repara t ion  agreed  
very  well  wi th  the da ta  repor ted  by  Ranby  and 
Hobbs (1) and less wel l  wi th  tha t  repor ted  by  
Burdese and Bor lera  (2).  

The concentrat ion of copper had a pronounced 
effect on the emission of the  or thophosphate  [Fig. 
I ( A ) ,  I ( B ) ,  2, and 3]. A blue phosphor  resul ted  
when the copper concentra t ion was as low as 0.002 
a tom Cu / a t om  Th. The m a x i m u m  blue emission oc- 
cur red  at  0.02 a tom C u / a t o m  Th (Fig. 2). Above the 
ra t io  of 0.02 atom Cu / a t om  Th, a ye l low-orange  
fluorescence band appeared  and the blue band 
r a p i d l y  d iminished in intensi ty.  

In Fig. 3, the ye l low-orange  fluorescent in tens i ty  
of two series (solid and dot ted l ines) of phosphor  

~/AVE LENGTH (%) IN nm 
700 600 500 450 400  350 300 Z75 250 230 

15 20  25  30X lO  3 35  40 
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Fig. 1. Excitation and emission spectra of copper-activated 
thorium phosphate phosphors: (A) The(P04)4:0.03 Cu; (B) Th3 
(PO4)4:03 Cu; and (C) Th2Cu(PO4)3, fl-ThP2OT:0.1 Cu, (ThO)~ 
(PO4)2:0.15 Cu. ~x and ;~F are the wavelengths in nanometers 
of excitation and fluorescence which apply respectively to the 
emission and excitation spectra. 
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Fig. 2. Effect of copper activator concentration on the blue 
fluorescence intensity of thorium orthophosphate [The(P04)4] 
excited by high-pressure mercury-vapor light. 
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p r e p a r a t i o n s  a r e  g r a p h e d .  A t  l o w e r  coppe r  c onc e n -  
t r a t i o n s  (0.02-0.2 Cu  a t o m / T h  a t o m )  t h e  p r o d u c t  
is m a i n l y  o r t h o p h o s p h a t e  a c t i v a t e d  b y  coppe r  s u b -  
s t i t u t e d  for  t h o r i u m .  I n  th i s  p a p e r ,  w h e r e v e r  a p h o s -  
p h o r  f o r m u l a  a p p e a r s  fo l l owed  b y  h igh  a c t i v a t o r  
concen t r a t ion ,  t he  cup rous  ions a r e  a s s u m e d  to s u b -  
s t i t u t e  for  the  m a j o r  cat ion.  The  m a x i m u m  b r i g h t -  
ness  for  th is  p h o s p h o r  is r e a c h e d  at  0.16 a t o m  C u /  
a t o m  Th. H o w e v e r ,  a t  th is  c o n c e n t r a t i o n  a n e w  c o m -  
pound ,  Th2Cu(PO4)3,  s t a r t s  to f o r m  as d e t e r m i n e d  
f r o m  the  x - r a y  d i f f r ac t ion  da ta .  The  r e g i o n  0.16-0.35 
Cu a t o m / T h  a t o m  con ta ins  a m i x t u r e  of Ths (PO4)4: 
Cu a n d  Th2Cu(PO4)s  as  i n d i c a t e d  b y  the  d a s h e d  
v e r t i c a l  l ines .  The  two  copper  ser ies  ( so l id  a n d  
d o t t e d  l i nes )  do no t  j o in  because  t he  compos i t i on  of 
t he  m i x e d  p h o s p h o r s  w e r e  no t  the  same.  Th8 (PO4)4: 
Cu is f o r m e d  in p r e f e r e n c e  to Th2Cu(PO4)3 if t he  
f inal  f i r ing t e m p e r a t u r e  is 1200 ~ w h e r e a s  
Th2Cu(PO4)3 is p r e f e r e n t i a l l y  f o r m e d  at  l l 0 0 ~  
A d i s c o n t i n u i t y  in the  f luorescence  b r i g h t n e s s  cu rve  
of Th2Cu(PO4)3 is o b s e r v e d  at  0.3 Cu a t o m / T h  a tom.  
The  b r i g h t e s t  p h o s p h o r  p r o d u c e d  a t  th is  C u / T h  r a t i o  
h a d  a compos i t i on  of 80% Th2Cu(PO4)3 and  20% 
Th3(PO4)4 :Cu  as e s t i m a t e d  f r o m  the  x - r a y  d i f -  
f r ac t i on  p a t t e r n .  The  n e w  c o m p o u n d  Th2Cu(PO4).~ 
was  o b t a i n e d  in  p u r e  f o r m  w i t h o u t  a n y  Ths(PO4)4  
w h e n  a s t o i ch iome t r i c  compos i t i on  was  r eached ,  and  
as seen  f r o m  Fig.  3, th i s  also gave  the  b r i g h t e s t  
emiss ion  for  p u r e  Th2Cu(PO4)3.  X - r a y  f luorescence  
ana lys i s  of t h o r i u m  and  p h o s p h o r u s  as w e l l  as w e t  

Table I. X-ray diffraction data of Th2M (P04)3 compounds 

Th~Cu (PO4) ~ Th2Ag (PO~) s Th~/qa (POOa Th~Li (PO4) 3 
d I d I d: I d I 

10.4 <5 
8.57 10 8.57 50 8.55 40 

6.4 30 6.34 40 6.35 100 6.30 100 
5.24 45 5.15 30 5.15 50 5.13 50 
4.83 40 4.81 45 4.81 40 4.78 30 
4.40 100 4.38 85 4.37 50 4.36 45 

4.28 25 4.27 45 4.27 35 
4.08 10 4.09 10 

30 4.00 30 3.99 20 4.00 
3.55 10 
3.52 60 
3.47 30 3.49 30 3.49 25 3.49 25 

3.41 20 
3.39 30 3.39 30 3.38 35 

3.32 10 3.28 5 
3.24 60 3.24 70 3.24 50 
3.19 35 3.19 50 3.19 50 
3.13 <5  

3.01 60 3.02 100 3.02 90 3.01 70 
2.91 25 2.88 5 2.88 15 2.86 10 
2.84 15 7 2.85 45 2.85 35 2.85 30 
2.83 35 
2.78 10 2.76 55 2.76 50 2.75 50 
2.73 5 2.71 I0 2.71 20 2.70 20 
2.61 10 2.62 I0 2.62 I0 
2.49 lO 
2.46 30 2.44 15 2.44 20 2.43 20 

2.40 I0 2.40 I0 2.39 lO 
2.35 5 2.35 5 2.34 5 

2.30 10 2.30 10 2.30 20 2.29 15 
2.23 15 2.25 <5  2.25 5 2.24 5 
2.20 5 2.19 <5"~ 2.18 20 2.17 20 
2.16 15 2.17 25 3 
2.14 10 2.15 30 2.14 30 2.14 20 
2.09 15 2.11 20 2.10 20 

c h e m i c a l  ana lys i s  of copper  conf i rmed  the  s to i -  
c h i o m e t r y  of t he  c o m p o u n d  Th2Cu(PO4)3.  I n f r a r e d  
a b s o r p t i o n  s p e c t r a  i n d i c a t e d  the  p r e s e n c e  of an  
o r t h o p h o s p h a t e  (PO4 -3)  g r o u p  (5 ) .  X - r a y  d a t a  on 
Th2Cu (PO4) a a r e  g i v e n  in  T a b l e  I. 

I t  is a p p a r e n t  f r o m  Fig.  2 t h a t  t he  b l u e - g r e e n  
emiss ion  of Th3 (PO4)4: Cu was  v e r y  r a p i d l y  c o ncen -  
t r a t i o n  quenched .  T h e  c h a r a c t e r i s t i c  y e l l o w - o r a n g e  
emiss ion  b a n d  (Fig .  3) i n c r e a s e d  r a p i d l y ,  b u t  also 
a p p e a r e d  to show m a r k e d  c o n c e n t r a t i o n  q u e n c h i n g  
a b o v e  0.16 a t o m  C u / a t o m  Th. The  p h o s p h o r  
Th2Cu(PO4)s  was,  h o w e v e r ,  eff icient  ove r  a w i d e  
a c t i v a t o r  c o n c e n t r a t i o n  r a n g e  as w o u l d  be  t y p i c a l  of 
a s t r u c t u r a l l y  s e l f - a c t i v a t e d  phospho r .  

The  b lue  emis s ion  of t h e  o r t h o p h o s p h a t e  w a s  r e -  
so lved  in to  two  b r o a d  bands ;  a m o r e  in t ense  b lue  
b a n d  w i t h  a m a x i m u m  at  440 nm, and  a w e a k e r  
g r e e n  b a n d  w i t h  a m a x i m u m  at  540 n m  [Fig .  1 ( A )  ]. 
T h e r e  was  some i n d i c a t i o n  tha t ,  as the  coppe r  con-  
c e n t r a t i o n  inc reased ,  t he  g r e e n  b a n d  i n t e n s i t y  d e -  
c r eased  f a s t e r  t h a n  the  b l u e  band .  H o w e v e r ,  th is  
was  diff icul t  to d e t e r m i n e  since,  as the  coppe r  con-  
c e n t r a t i o n  inc reased ,  a y e l l o w - o r a n g e  b a n d  a t  590 
n m  b e g a n  to a p p e a r  and  o v e r l a p p e d  t h e  g r e e n  b a n d  
[Fig.  1 ( B ) ] .  W i t h i n  t he  a c c u r a c y  of t he  s p e c t r o m -  
e ter ,  t h e  y e l l o w - o r a n g e  b a n d  of t h e  o r t h o p h o s p h a t e  
was  i d e n t i c a l  w i t h  t he  emis s ion  of s e v e r a l  o the r  
t h o r i u m  p h o s p h a t e s  [F ig .  1 ( C ) ] ,  and  the  e x c i t a t i o n  
g iv ing  r i se  to th is  f luorescence  was  also t he  same.  
The  e x c i t a t i o n  s p e c t r u m  g iv ing  r i se  to t he  b l u e  e m i s -  
s ion b a n d  was  w e l l  def ined  w i t h  a m a x i m u m  at  278 
nm. T h e r e  a p p e a r e d  to  be  m o r e  t h a n  one e xc i t a t i on  
b a n d  g iv ing  r i se  to t he  g r e e n  emiss ion ;  one a t  a b o u t  
300 n m  and  one a t  s h o r t e r  w a v e l e n g t h s  w h i c h  e x -  
c i ted  t he  g r e e n  b a n d  m o r e  e f fec t ive ly  t h a n  the  blue.  
The  e xc i t a t i on  a n d  emiss ion  spe c t r a  of the  
Th~Cu(PO4)3 p h o s p h o r  w e r e  t h e  s a m e  as for  
fl-ThP207:Cu and (ThO)3(PO4)2:Cu phosphors 
[Fig .  1 (C)  ]. 

Th2MI(PO4)3 :Cu  pho~pho~'s.--In the  p r e c e d i n g  
sect ion,  i t  was  s h o w n  t h a t  t he  mos t  efficient  of the  
C u - a c t i v a t e d  t h o r i u m  p h o s p h a t e  p h o s p h o r s  was  p r e -  
d o m i n a n t l y  Th2Cu(PO4)3.  R a n b y  and  H o b b s  (1)  
d e s c r i b e d  a t h o r i u m  p h o s p h a t e  p h o s p h o r  a c t i v a t e d  
b y  Cu in the  p r e s e n c e  of Li  a n d  one a c t i v a t e d  b y  Cu 
in t he  p re sence  of Ag.  I t  is p r o p o s e d  h e r e i n  t h a t  
bo th  of these  p h o s p h o r s  a n d  a t h i r d  one as y e t  u n -  
d e s c r i b e d  h a v e  t h e  c o m p o s i t i o n  Th2MI(PO4)~:Cu  
w h e r e  M x is a m o n o v a l e n t  ca t ion  of  G r o u p  I, specif i -  
ca l ly  Li,  Ag,  or  Na. The  x - r a y  d i f f r ac t ion  d a t a  of 
these  p h o s p h o r s  a r e  c o m p a r e d  to Th2Cu(PO4)3 in 
T a b l e  I. The  d a t a  on Th2Li (PO4)3 c o r r e s p o n d  a lmos t  
e x a c t l y  to those  g iven  b y  R a n b y  a n d  }tobbs.  I n  a d d i -  
t ion,  a m a r k e d  c o r r e s p o n d e n c e  b e t w e e n  Th2Li (PO4)3 
and  Th2Na(PO4)3 m a y  be  no ted .  The  c o m p o u n d  
Th2Ag (PO4) 3 has  e s s e n t i a l l y  t h e  s ame  d spac ings  as 
the  a l k a l i - m e t a l  modi f i ed  phospha te s ,  b u t  t he  i n -  
t ens i t i e s  differ.  The  c o m p o u n d  Th2Cu(PO4)s  dif fers  
in b o t h  d v a l u e s  and  i n t ens i t i e s  f r o m  t h e  o thers ,  a l -  
t h o u g h  t h e r e  a r e  s t i l l  s im i l a r i t i e s  in t h e  p a t t e r n s .  
The  s t r u c t u r e s  p r o b a b l y  b e a r  c o m m o n  c h a r a c t e r -  
is t ic  g roup ings ,  b u t  i t  is v e r y  u n l i k e l y  t h a t  t h e y  a r e  
a l l  i somorphous .  

These  p h o s p h o r s  w e r e  p r e p a r e d  in the  s ame  m a n -  
n e r  as the  p r e v i o u s l y  d e s c r i b e d  o r t h o p h o s p h a t e  
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Fig. 4. Excitation and emission spectra of copper-activated 
complex thorium phosphate phosphors: (A) Th2Li(PO4)3:0.02 Cu; 
(B) Th2Li(PO4)3:0.2 Cu; and (C) ThEAg(PO4)3:0.05 Cu'3.4 ThO2. 
kx and )~F are wavelengths in nanometers of excitation and 
fluorescence which apply respectively to the emission and excitation 
spectra. 

phosphors wi th  the second firing at  l l 00~  for 1 hr  
and a 1-hr  s t eam-n i t rogen  firing at  l l00~ The 
pures t  and most crys ta l l ine  compound was formed 
when stoichiometr ic  quant i t ies  were  employed.  
However,  an efficient, whi te  -bodied  ThEAg (PO4) ~: Cu 
phosphor was only p repa red  when a large  excess 
of ThO2 (3.4 mole excess ThOE/mole TheAg(POa)~: 
Cu) was used corresponding closely to the Ranby  
and Hobbs (1) formulat ion.  When the s toichiometr ic  
two moles of thoria  were  used, a dul l  phosphor  was 
formed due to the presence of grayish  mate r ia l .  

TheLi (POr  the copper concen- 
t ra t ion  of ThELi(PO4)a had  the same effect as 
wi th  Th3(POr However ,  unl ike  Th3(PO4)r 
ThELi(PO4)8:Cu at low copper concentrat ions has 
one emission band only [Fig. 4 ( A ) ] .  This blue  band  
(455 nm) is at a longer  wave leng th  than  the blue 
emission of the or thophosphate .  At  h igher  copper 
concentrat ions (0.1 a tom C u / a t o m  Th) ,  the ye l low-  
orange emission appears  [Fig. 4 (B) ] and compared to 
the or thophosphate  is also shif ted to a longer  wave -  
length (610 nm) .  The exci ta t ion giving rise to the 
blue emission s tar ts  at  about  345 nm, reaches a 
m a x i m u m  at 263 nm and drops off in the far  u l t r a -  
violet. The exci ta t ion of the ye l low-orange  emission 
star ts  at  410 nm and is continuous into the far  u l t r a -  
violet  wi th  several  poor ly  defined bands. 

Th~Na(PO~)~:Cu.--Th~Na(PO4)8:Cu is a much 
less efficient phosphor than Th~Li(PO4)3:Cu. It is 
almost nonluminescent and discolored when the cop- 
per concentration is as high as 0.i atom Cu/atom 
Th. It has two broad emission bands, one in the deep 
blue (430 nm) and a much weaker one in the red 
(650 nm). The red emission is excited by longer 
wavelength ultraviolet than the blue emission. 
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Fig. 5. Excitation spectra of copper-activated thorium silver 
orthophosphate, ThEAg(PO4)3:Cu'3.4 ThO~. Cu mole /Ag mole: 

�9 0.005; - - -, 0.016; , 0.064; . . . .  , 0.159. 

ThEAg (PO4) 3: Cu.--ThEAg (PO4) 3: Cu is the br ight  - 
est of all  the  t ho r ium phosphate  phosphors.  Wi th -  
out the  copper it  is compara t ive ly  nonluminescent ,  
but  only ve ry  small  concentrat ions of copper 
(0.01 a tom Cu/a torn  Th) are requ i red  to produce a 
br ight  yel low phosphor.  The br ightes t  phosphor  was 
obtained when the s ta r t ing  mater ia l s  were  in the 
propor t ion  5.36 mole ThOE, 3.0 mole (NH4)EHPO4, 
0.89 mole AgNO~, and 0.06-0.08 mole of cupric ace-  
tate.  Vary ing  the copper concentra t ion had  no effect 
on the emission wavelength.  As in the  case of 
Th2Li (PO4) ~ and Th2Na (PO4) 3, s i lver  shifts the cop- 
per  emission. This t ime the blue emission is shifted 
to the yel low (565 rim).  The exci ta t ion spec t rum of 
this phosphor,  unl ike  most  of the tho r ium phos-  
phates,  has wel l -def ined  m a x i m a  at 309 nm and 
274 nm. The exci ta t ion spect ra  of a series of 
Th~Ag (PO4)3" 3.4 ThO2 phosphors  wi th  va ry ing  cop- 
per  concentrat ion are  graphed  in Fig. 5. 

Thoryl phosphates.---The copper -ac t iva ted  thoryl  
or thophosphate ,  (ThO)3(PO4)2:Cu, phosphor  was 
p repa red  by  firing one mole of Th~ (POr and some- 
wha t  less than three  moles of ThOE, depending on 
the amount  of copper which would subst i tute  for 
thor ium,  and copper acetate  at 1250~ for 4 hr. The 
product  was then mor ta red  and n i t rogen- s t eam fired 
for 1 hr  at 1200~ X - r a y  diffraction da ta  on the 
produc t  agreed ve ry  wel l  wi th  those repor ted  by  
Burdese and Bor lera  (2).  Unl ike  the or thophosphate  
and l ike the pyrophosphate ,  the thory l  or thophos-  
phate  is nonluminescent  at low copper concentra-  
tions (0.01 a tom Cu / a t om  Th) .  As was the case for 
thor ium orthophosphate ,  when more than  0.1 atom 
Cu / a t om  Th was added,  Th2Cu(PO4)s s ta r ted  to 
form in apprec iable  amounts.  Thoryl  or thophos-  
phate  has the same exci ta t ion and emission spectra  
as Th3 (PO4) 4: Cu and ThECu (POr 8 [Fig. 1 (C) ]. 

Relative brightness of thoq'ium phosphate phos- 
phors.--The re la t ive  efficiencies of the phosphors 
prev ious ly  descr ibed are l is ted in Table II  wi th  data  
on CaE.6sZn0.~0(PO4)2:Sn included for comparison 
purposes.  The blue and orange fluorescence in ten-  
sities are not i n t e r - comparab le  because of the non- 
l inear i ty  of photomul t ip l ie r  response and differ-  
ences in the t ransmiss ion of filters. 

Temperature dependence.--As seen f rom Fig. 6, all  
the copper -ac t iva ted  thor ium phosphate  phosphors,  
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Table II. Relative efficiencies of phosphors 

Cu c o n c e n t r a -  
t i o n  g i v i n g  R e l a t i v e  F l u o r e s -  
b r i g h t e s t  HPIVfV * * c e n c e  
p h o s p h o r  p l a q u e  w a v e -  
( m o l e  C u /  b r i g h t n e s s *  l e n g t h  
m o l e  T h )  O r a n g e  B l u e  ( n m )  

Ca2.ssZn0.20 (PO4) 2: Sn - -  57 39 - -  
fl-ThP2OT: Cu 0.10 52 - -  590 
Th3 (PO4) 4: Cu 0.005 - -  135 440 

540 
Th3 (PO4) 4: Cu 0.16 68 27 590 
(ThO) 8 (PO4) 2: Cu - -  46 - -  590 
Th2Cu (PO4) 3 0.50 81 - -  590 
Th2Li (PO4) 3: Cu ~0.02 - -  84 455 
Th2Li (PO4) 3: Cu N0.1 - -  - -  455 

610 
Th2Ag (PO4) 3: Cu 0.04 137 - -  565 
80% Th2Cu (PO4) 3 0.30 100 - -  590 
20% Ths (PO4) 4 

* O r a n g e  p l a q u e  b r i g h t n e s s  w a s  o b t a i n e d  t h r o u g h  C o m i n g  No.  
3385 f i l t e r ,  b l u e  t h r o u g h  a C o m i n g  No.  5543 a n d  No.  3389 f i l t e r .  
P h o t o m e t e r  s e n s i t i v i t y  w a s  c o n s t a n t .  

** H P M V  = H i g h  p r e s s u r e  m e r c u r y  v a p o r .  

except  Th2Ag(PO4)~:Cu,  have  ve ry  good t e m p e r a -  
t u r e  dependence .  In  the  case of ThgAg(PO4)3:Cu,  
even  v e r y  smal l  a m o u n t s  of s i lver  p roduce  a phos-  
phor  which  has poor t e m p e r a t u r e  dependence .  L ike  
most  phosphor  t e m p e r a t u r e - d e p e n d e n c e  curves  in  
the l i t e ra ture ,  the ones in  Fig. 6 ind ica te  tha t  the  
phosphors  become more  efficient as the  t e m p e r a t u r e  
increases  above  room t empera tu r e .  The  increase  in  
b r igh tness  observed  in  Fig. 6 is due to (i) a b r o a d -  
en ing  of the emiss ion  b a n d  as the t e m p e r a t u r e  is 
raised,  and  (i i)  a shif t  towards  shor te r  w a v e l e n g t h s  
in  the d i rec t ion  of g rea te r  pho tomul t i p l i e r  sens i -  
t ivi ty.  S ince  the p l aque  tes ter  (4) ,  wh ich  was used 
to take  the  da ta  shown  in  Fig. 6, measu re s  the  i n t e -  
g ra ted  fluorescence, the  b r igh tness  increases  are  due 
to the  above effects. Spect ra  t aken  at va r ious  t e m -  
pe r a tu r e s  on the  spec t romete r  (3) show tha t  the  
m a x i m u m  fluorescence i n t ens i t y  ac tua l ly  decreases 
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Fig. 6. Effect of temperature on the fluorescence intensity of 
copper-activated thorium phosphate phosphors excited by high- 
pressure mercury-vapor light. Cal .65Zno.20 ( P 0 4 )  2 :Sn; 
- - - ,#-ThP207:C- ;  - - - - - ,  Ths(PO4)'4:Cu; . . . .  , Th~C- 
(P04)3; , ThsL i (P04)3:C- ;  . . . . . .  , Th2Ag 
(PO4)~:Cu. 
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wi th  an  increase  in  t empe ra tu r e .  This  m a y  wel l  be 
t rue  for phosphors  i n  genera l .  

EPR spectra.--Electron spin  resonance  spectra  
were  ob ta ined  for  the  va r ious  phosphors  at  77~ 
us ing  a V a r i a n  EP R Spec t romete r ,  i n  the  hope tha t  
they  m i g h t  give some ins igh t  in to  the  n a t u r e  of the  
l u m i n e s c e n t  centers .  Each  phosphor  ha d  cons ider -  
able  resonance  absorpt ion ,  b u t  on ly  in  a few cases 
were  the r e sonance  peaks c lear ly  resolved.  Because  
the ac tua l  c rys ta l  s t ruc tu re s  of these  phosphors  are 
u n k n o w n ,  no de ta i led  ana lyses  of the  spect ra  were  
possible. 

However ,  ce r t a in  gene ra l  commen t s  can be made.  
In  the case of t h o r i u m  or thophosphate ,  the  r e sonance  
peaks of Cu + + were  wel l  def ined w h e n  the re  was  a 
v is ib le  a m o u n t  of cupr ic  ion  present .  The  two sets 
of four  equa l ly  spaced peaks,  one set cen te red  
a r o u n d  2780 gauss and  the  o ther  abou t  3100 gauss, 
each set  h a v i n g  d i f fe rent  spacing,  were  s imi la r  to 
those repor ted  b y  Sands  (6) for Cu ++ in  glass. 
W h e n  this  phosphor  is r educed  fu r the r ,  the  same 
gene ra l  spec t ra l  shape  is r e t a ined ,  b u t  the  r e sonance  
peaks are  no longer  resolved.  

U na c t i va t e d  t h o r i u m  phosphates  showed no reso-  
na nc e  absorpt ion .  The  r e sonance  abso rp t ion  of the 
phosphors  m u s t  t h e n  be a t t r i b u t e d  to copper  or a 
reduced  state  of thor ium.  D iva l en t  a nd  e l e men ta l  
copper  are p a r a m a g n e t i c  and  produce  resonance ,  
whi le  m o n o v a l e n t  copper  has zero e lec t ron  spin  and  
is no t  de tec ted  by  EPR. Since f luorescence f rom 
copper  is n o r m a l l y  a t t r i b u t e d  to the  cuprous  state,  
the e lec t ron spin  r e sonance  m u s t  t h e n  resu l t  f rom 
smal l  a moun t s  of Cu + +, Cu ~ or less l ikely,  Th  +3. 

Lamp data.--When coppe r -ac t iva t ed  t h o r i u m  
phosphates  were  first tes ted  in  h i g h - p r e s s u r e  m e r -  
c u r y - v a p o r  lamps,  the  phosphor  was discolored in  
the  l a m p  coat ing process r e su l t i ng  in  reduced  b r i g h t -  
ness and  poor m a i n t e n a n c e .  However ,  w h e n  the 
coat ing procedure  was  changed  to inc lude  the  add i -  
t ion  of (NH4)2HPO4 as suggested  by  R a n b y  and  
Hobbs  (7) ,  the  phosphor  was  no longer  discolored 
and  the m a i n t e n a n c e  of the  l a mps  was exce l len t  as 
seen f rom Tab le  III.  

Discuss ion  

The luminescence  of coppe r - ac t i va t ed  t h o r i u m  
phosphates  has been  a t t r i b u t e d  to copper  in  a 
t h o r i u m  or thophospha te  [Th~(PO4)4] m a t r i x  or a 
modified o r thophospha te  la t t ice  u n d e r  special  con-  
d i t ions  (1) .  This  w o r k  has shown  tha t  copper  ac- 
t iva tes  m a n y  dif ferent  t h o r i u m  phosphate  com-  
pounds :  fl-ThP30~, Ths (PO4) 4, ( ThO ) 3 (PO4) 2, 

Table I I I .  Lamp performance data 

Phosphor 

(NHD ~IPO~ 

a d d e d  

L P W  f r o m  4 0 0 w  
H P M V  l a m p s  

0 H r  IO0 H r  500 H r  

Ca2.65Zno.20 (PO4) 2: Sn No 64 58 55 
~-ThP2OT: Cu No 57 53 - -  
~-ThP2OT: Cu Yes 43 44 - -  
Th3 (PO4) 4: Cu No 61 53 48* 
Th3 (PO4)4: Cu Yes 64 59 - -  
TheCu (POD 3 No 56 50 45* 
Th2Cu (PO4) 3 Yes 63 66 62 

* 300 h r .  
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Th2Cu(PO4)3, Th2Ag(PO4)8, Th2Li(PO4)8, and 
Th2Na(PO4)3. The las t  four  are  a new class of com- 
pounds with  the genera l  fo rmula  Th2M(PO~)s. As 
seen f rom the i r  x - r a y  diffraction da ta  (Table  I)  they  
may  wel l  have s imi lar  crys ta l  s t ruc ture  charac-  
teristics.  Wal l ro th  (8) has repor ted  the  p repa ra t ion  
of the double phosphates  Th2Na(PO~)s and 
Th2K(PO4)3. Ranby  and Hobbs (1) a t t r ibu te  the 
blue emission of copper to a s t ruc tura l  modification 
of the thor ium or thophosphate  la t t ice  caused by  
adding l i th ium or by increas ing the firing t e m p e r a -  
ture  to 1250~ They considered the possibi l i ty  tha t  
thei r  blue phosphor  might  be a thor ium l i th ium 
orthophosphate,  but  since the same x - r a y  pa t t e rn  
was obta ined when the phosphor  was fired at  1250~ 
in the absence of l i thium, they  discarded this hy -  
pothesis. We were  unable  to p repa re  a compound 
with  the x - r a y  diffraction spec t rum of Th2Li(PO4) 
(Table I) in the absence of l i thium. Only when a 
stoichiornetric amount  of l i th ium was used was a 
pure  compound prepared .  Therefore,  the change 
from blue to ye l low-orange  emission is a p rope r ty  of 
the copper ac t iva tor  concentra t ion and does not 
necessar i ly  resul t  f rom a change in s t ructure.  The 
blue emission of tho r ium phosphate  phosphors  is 
character is t ic  of low copper  concentra t ion (0.01 Cu 
a tom/Th  a tom) .  The except ion is ThzAg(PO4)a:Cu 
whose ye l low emission is independent  of copper  
concentrat ion.  

The ye l low-orange  emission of copper  wi th in  the 
thor ium phosphate  s tructures,  fl-ThP20~, Th3 (PO4) 4, 
(ThO)3(PO4)2, and Th2Cu(PO4)8 is not shif ted by  
the over -a l l  c rys ta l  s t ructure.  Al l  of these copper-  
ac t iva ted  phosphors have  the same ye l low-orange  
emission band thus indicat ing that  copper  is unpe r -  
tu rbed  by  its oxygen - tho r ium envi ronment  in these 
matrices.  In the case of the Th2M(PO4)~ compounds 
where  Cu + subst i tu tes  for Li+,  Na +, and Ag + in te r -  
actions occur be tween  Th 4+ and  M +. Thus, the  blue 
and, at  h igher  copper concentrat ions,  the ye l low-  
orange emission are  shif ted somewhat  depending on 
the monovalent  cat ion which makes  up the complex 
thor ium phosphate  salt. 

Spect ra l  reflectance measurements  on copper -ac -  
t iva ted  and unac t iva ted  thor ium phosphates  show 
that  about  30% of the 80-98% ul t rav io le t  l ight  
(254-309 nm)  absorbed is absorbed by  the host de-  
pending on the concentra t ion of copper present.  
Therefore,  most  of the remain ing  (50-68%) excit ing 
rad ia t ion  is absorbed by  copper. The unac t iva ted  
compounds Th2Ag(PO4)~ and Th2Li(PO4)3 absorb 
about  the  same amount  of u.v. l ight  as Th3(PO4)4 
from 254-365 nm, showing tha t  s i lver  and l i th ium 
are not sensitizers.  

In considering the possible re la t ionship  be tween  
ha l f -he igh t  band wid th  and t empe ra tu r e  depend-  
ence, Ranby  (1) and W a n m a k e r  (9) repor t  the i r  
results  in wave length  units  (A) .  In order  to corn- 

pare  the band wid th  of a blue  band  wi th  a red  
band, it  would be more meaningfu l  to use f requency 
units (cm -1) which are d i rec t ly  re la ted  to the en-  
ergy. If  this is done, then according to our  resul ts  
Th2Cu(PO4)3 has a band wid th  of 3000 cm -1, 
Th2Li(PO4)~:Cu 3100 cm -~, and Th2Ag(PO4)3:Cu 
3500 cm -1. The l a t t e r  phosphor  wi th  a somewhat  
l a rger  band wid th  has the poorest  t e m p e r a t u r e  de-  
pendence (Fig. 6). Thus, wi th in  a pa r t i cu la r  phos-  
phor  and s t ruc tura l  sys tem compar ing  b a n d - w i d t h  
and t empe ra tu r e  dependence may  be significant as 
suggested by  W a n m a k e r  (9).  Phosphors  of different  
systems cannot  be mean ingfu l ly  compared.  For  ex-  
ample,  magnes ium l i th ium ant imonates  (10) ac-  
t iva ted  by  U, or Mn, have na r row  bands (1600 
c m -  1), but  poor t empe ra tu r e  dependence.  

Ranby  and Hobbs (1) have  pointed out the close 
comparison be tween  the two copper emission bands  
of thor ium or thophosphate  wi th  the weaker  emis-  
sion bands of hexagonal  zinc sulfide. As seen from 
Fig. 1, all  three  copper bands were  observed in this 
invest igat ion:  b lue  (22,400 cm-1) ,  green (19,000 
cm-1) ,  and ye l low-orange  (16,900 cm-1) .  These 
compare  ve ry  closely to the  hexagonal  zinc sulfide 
peaks  at  22,400 cm -1, 19,250 cm -~, and 17,000 cm -~ 
(11). The main  green ZnS: Cu band is much weaker  
in the case of the tho r ium or thophosphate .  
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ABSTRACT 

Epi tax ia l  films of GaAs and GaP have been deposi ted on GaAs, GaP,  and 
Ge subst ra tes  by  a vapor  phase chemical  react ion technique.  The growth  
var iables ,  such as source t empera tu re ,  seed t empera tu re ,  crys ta l  or ientat ion,  
surface prepara t ion ,  and gas flow rate,  have been invest igated.  The op t imum 
condit ions for the  growth  of ep i tax ia l  films and the electr ical  character is t ics  of 
these films are  repor ted .  G a A s - G a P  junct ions  grown by a solution growth  
technique (TSM) are  abrupt ,  whereas  junct ions  grown by  the vapor  phase 
technique are  graded.  Deta i led  measurements  of the  I -V  character is t ics  and 
capaci tance of GaAs-Ge ,  GaAs-GaP ,  and G a P - G e  ab rup t  he terojunct ions  are  
in te rp re ted  in te rms of Anderson ' s  model.  K inks  in the I -V  character is t ic  are  
expla ined  by  discontinuit ies  in the  valence and conduct ion bands. 

C o n s i d e r a b l e  p r o g r e s s  has  been  m a d e  r e c e n t l y  in 
the  g r o w t h  of e p i t a x i a l  f i lms of I I I - V  c o m p o u n d s  
f r o m  the  v a p o r  phase .  A l l  t he  t e chn iques  r e p o r t e d  
to  d a t e  i nvo lve  the  c h e m i c a l  r e a c t i o n  of  a G r o u p  I I I  
h a l i d e  w i t h  a v o l a t i l e  G r o u p  V species ,  e i t he r  in  a 
c losed  t u b e  or  in an  open  t u b e  w i t h  con t inuous  flow. 
In  the  c losed  t u b e  t echn ique ,  t he  source  I I I - V  c o m -  
pound ,  or  i ts  cons t i tuen t s ,  is p l a c e d  w i t h  t he  a p -  
p r o p r i a t e  t r a n s f e r  r e a c t a n t  in  t he  r e a c t i o n  zone of 
the  f u r n a c e  c h a m b e r ,  and  the  seed  c r y s t a l  upon  
w h i c h  e p i t a x i a l  g r o w t h  occurs  is p l a c e d  in a l o w e r  
t e m p e r a t u r e  r eg ion  of  t he  fu rnace .  V a r i o u s  t r a n s f e r  
agen t s  h a v e  been  used  for  the  e p i t a x i a l  g r o w t h  of 
G a A s  and  GaP .  Moes t  a n d  S h u p p  (1)  used  e x c l u -  
s i ve ly  HC1 as t he  t r a n s f e r  agen t ;  H o l o n y a k  et a l . ( 2 )  
have  g r o w n  fi lms of t he se  c o m p o u n d s  w i t h  a h a l o -  
gen  or  m e t a l  h a l i d e  as t he  t r a n s f e r  agen t ;  L y o n s  a n d  
S i l v e s t r i  (3)  and  H a g e n l o c h e r  (4)  h a v e  r e p o r t e d  the  
g r o w t h  of G a A s  fi lms w i t h  iod ine  as t he  t r a n s f e r  
agent .  Because  of t h e  ease  of s e tup  a n d  the  f a s t  
g r o w t h  ra tes ,  t he  open  t u b e  con t inuous  flow m e t h o d  
has  been  e x t e n s i v e l y  i nves t iga t ed .  W i l l i a m s  a n d  
R u e h r w e i n  (5)  a n d  N e w m a n  and  G o l d s m i t h  (6)  
have  used  th is  m e t h o d  w i t h  an  HC1 t r a n s f e r  a g e n t  
and  a s y n t h e s i z e d  I I I - V  compound .  Ing  and  M i n d e n  
(7)  r e c e n t l y  d e s c r i b e d  the  use  of e l e m e n t a l  ga l l i um,  
arsenic ,  and  p h o s p h o r u s  as source  m a t e r i a l s ,  t o g e t h e r  
w i t h  HC1 t r a n s f e r  gas. F r o s c h  and  F o y  (8)  r e p o r t e d  
the  e v a p o r a t i o n  of G a A s  a n d  G a P  a t  e l e v a t e d  t e m -  
p e r a t u r e s  in a f low of h y d r o g e n  gas  a n d  t h e  s u b -  
s equen t  r e d e p o s i t i o n  of t he  c o m p o u n d  in t he  cooler  
zone of the  sys tem.  

Because  of t he se  a d v a n c e s  i t  is n o w  poss ib le  to 
p r e p a r e  h e t e r o j u n c t i o n s ,  i.e., j u n c t i o n s  b e t w e e n  two  
d i f fe ren t  s e m i c o n d u c t i n g  compounds .  I-Iolony~k et al. 
(2)  have  r e p o r t e d  the  p r e p a r a t i o n  a n d  some of t he  
e l e c t r i c a l  p r o p e r t i e s  of  G a A s - G e ,  G a A s x P l - x -  

GaAsyPl_y ,  and  G a P - G a A s  h e t e r o j u n c t i o n s .  Moes t  
and  S h u p p  (1)  and  Ing  a n d  M i n d e n  (7)  h a v e  d e -  
s c r ibed  the  p r e p a r a t i o n  of G a A s - G a P  a n d  G a A s - G e  
h e t e r o j u n c t i o n s .  V a n  R u y v e n  and  D e k k e r  (9)  r e -  
c e n t l y  d e s c r i b e d  the  p r e p a r a t i o n  of G e - G a P  j u n c -  
Zions. D e t a i l e d  a n a l y s e s  of t he  e l ec t r i ca l  p r o p e r t i e s  
of G a A s - G e  h e t e r o j u n c t i o n s  h a v e  been  m a d e  b y  
A n d e r s o n  (10) and  N a t h a n  and  M a r i n a c e  (11) .  
The  f o r m e r  a u t h o r  p roposes  a m o d e l  in w h i c h  the  
conduc t ion  and  va l e nc e  b a n d  edges  a t  t he  i n t e r -  
face  a r e  d i scon t inuous .  A v e n  and  G a r w a c k i  (12) 
h a v e  r e c e n t l y  p r o p o s e d  a b a n d  m o d e l  for  Z n T e - C d S  
junc t ions .  F r o m  t h e i r  e x p e r i m e n t a l  ev idence  t h e y  
conc luded  t h a t  these  j u n c t i o n s  possessed  a P S N  
s t r u c t u r e  (S is a h e a v i l y  c o m p e n s a t e d  r e g i o n )  w i t h  
leve ls  nea r ,  or  s l i g h t l y  above ,  t he  m i d d l e  of the  
b a n d  gap  of c a d m i u m  sulfide.  

This  p a p e r  desc r ibes  t he  g r o w t h  of e p i t a x i a l  
G a A s  and  G a P  f i lms and  the  h e t e r o j u n c t i o n s  w h i c h  
h a v e  been  f o r m e d  b e t w e e n  G a A s  a n d  G a P ,  G a A s  
and  Ge, a n d  G a P  and  Ge. 

Epitaxial  G a P  and G a A s  Fi lms  

E pi t a x i a l ,  s ingle  c r y s t a l  f i lms of G a A s  a n d  G a P  
have  been  depos i t ed  on v a r i o u s  s u b s t r a t e s  b y  HC1 
v a p o r  t r a n s p o r t  in  t he  open  t u b e  a r r a n g e m e n t  
shown  in  Fig .  1. 

The  r e a c t i o n  b e t w e e n  t h e  source  m a t e r i a l  a n d  
the  HC1 is g iven  b y  

Ga  -k xHCI -~  GaClx ~- 1/2xH2 [1] 

The  r e a c t i o n  in t he  depos i t i on  r eg ion  is 

3GaClx-~ ( 3 - - x ) G a  ~- xGaC13 [2] 

This  depos i t i on  r e a c t i o n  is p o s t u l a t e d  (5)  because  
l a r g e  qua n t i t i e s  of  GaC13 a n d  f r ee  As  a r e  f o u n d  

674 
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at  the  ex i t  sec t ions  of the  r e a c t i o n  tube .  The  t r a n s -  
fe r  m e c h a n i s m s  a re  o b v i o u s l y  d i f fe ren t  for  t he  two  
e l e m e n t s  invo lved .  The  m e t a l  G a  fo rms  l o w e r  
ha l i de s  w h i c h  u n d e r g o  a d i s p r o p o r t i o n a t i o n  r e a c t i o n  
on the  s u b s t r a t e  sur face ,  w h e r e a s  t he  a r sen i c  or  
phosphorus evaporates and is transported by the 
carrier gas to the seed crystal. 

The HCI was introduced into the system through 
s ta in less  s tee l  or  m o n e l  v a l v e s  and  was  pur i f i ed  
b y  pass ing  i t  t h r o u g h  a d r y  i c e - a c e t o n e  cold  t r ap .  
The  h y d r o g e n  was  pur i f i ed  b y  pa s s ing  i t  t h r o u g h  a 
Deoxo  1 un i t  ( p l a t i n i z e d  asbes tos )  to r e m o v e  o x y -  
gen,  and  t h e n  into a d r y i n g  t o w e r  to r e m o v e  w a t e r  
vapor .  Q u a r t z  was  t h e  on ly  m a t e r i a l ,  o t h e r  t h a n  
the  seed  and  source  m a t e r i a l s ,  w h i c h  was  used  in 
the  ho t  zone of t he  r e a c t i o n  c h a m b e r .  A l a r g e  
m u l t i p l e  t a p  f u r n a c e  was  used  in  t he  i n i t i a l  i n -  
v e s t i g a t i o n  of p rocess  v a r i a b l e s  ( t e m p e r a t u r e ,  t e m -  
p e r a t u r e  g r ad i en t ,  c r y s t a l  o r i en t a t i on ,  su r f ace  
p r e p a r a t i o n ,  and  gas  flow r a t e )  so t h a t  t h e  source  
and  seed  t e m p e r a t u r e s  could  be  v a r i e d  w i t h  ease.  
F o r  l a t e r  i nves t iga t ions ,  as d i scussed  be low,  t he  
t w o - z o n e  f u r n a c e  shown  in Fig .  1 was  u sed  to o b -  
t a in  l a r g e  area ,  pe r f ec t  ( low de fec t  d e n s i t y )  ep i -  
t a x i a l  films. 

The  fo l lowing  e x p e r i m e n t a l  p r o c e d u r e  was  used.  
The  source  and  seed  m a t e r i a l s  w e r e  e t c h e d  and  
the  o r i e n t a t i o n  of t he  seed  noted .  The  seed  c r y s t a l s  
w e r e  c a r e f u l l y  po l i shed  to a m i r r o r - l i k e  f inish (as  
d e s c r i b e d  b e l o w ) ,  and  the  source  and  seed  w e r e  
p l a c e d  in t he  q u a r t z  r e a c t i o n  c h a m b e r .  A f t e r  t he  
s y s t e m  was  p u r g e d  w i t h  he l ium,  h y d r o g e n  was  
pa s sed  t h r o u g h  i t  for  z~ hr .  W h i l e  t he  h y d r o g e n  was  
f lowing,  the  f u r n a c e  w a s  m o v e d  on i ts  t r a c k  u n t i l  
the  source  and  seed c r y s t a l s  w e r e  a t  t he  p r o p e r  
t e m p e r a t u r e s .  A t  th i s  t ime ,  t he  a p p r o p r i a t e  m i x t u r e  
of HC1 and  H2 was  pa s sed  in to  t he  r e a c t i o n  c h a m -  
ber .  A f t e r  t he  r e a c t i o n  per iod ,  t he  f u r n a c e  was  
q u i c k l y  m o v e d  a w a y  a n d  the  HC1 flow s topped .  
S m a l l  a m o u n t s  of p o w d e r e d  m a t e r i a l ,  w h i c h  could  
be  r e m o v e d  b y  u l t r a son i c  wash ing ,  w e r e  p r e s e n t  on 
the  su r f ace  of the  e p i t a x i a l  f i lms at  t he  end  of each  
run.  The  r e su l t s  of ove r  100 e x p e r i m e n t s  in w h i c h  
the  o p t i m u m  v a r i a b l e s  for  e p i t a x i a l  g r o w t h  of p e r -  
fect  G a A s  and  G a P  fi lms w e r e  d e t e r m i n e d  a re  
d i scussed  be low.  

Growth 05 G a A s  epitaxial f i~ms . - -The  source  t e m -  
p e r a t u r e ,  s u b s t r a t e  t e m p e r a t u r e ,  and  t e m p e r a t u r e  
d i f fe rence  b e t w e e n  the  seed  and  s u b s t r a t e  w e r e  f o u n d  
to be  c r i t i ca l  to t h e  e p i t a x i a l  g r o w t h  process .  W h e n  

1 Manufac tu red  by the  Enge lha rd  Indus t r ies ,  Inc.,  N e w a r k ,  New 
Sersey. 

Fig. 2a. (left) Large etch figures on upstream portion of GaAs 
epitaxial layer. Fig. 2b. (right) Micro-orange peel pattern on 
downstream portion of GaAs epitaxial layer; unetched. Magnifica- 
tion approximately 200X. 

t he  source  t e m p e r a t u r e  was  h i g h e r  t h a n  870~ the  
r a t e  of m a t e r i a l  t r a n s f e r  was  e x t r e m e l y  fast ,  and  v e r y  
a c c u r a t e  con t ro l  of t he  gas  flow r a t e  was  necessa ry .  I n  
gene ra l ,  t he  source  t e m p e r a t u r e  was  m a i n t a i n e d  a t  or  
b e l o w  870~ The  inf luence  of  t he  seed  t e m p e r a t u r e  
on the  p e r f e c t i o n  of t he  e p i t a x i a l  depos i t  can be  
seen in Fig.  2a a n d  2b, w h i c h  are ,  r e spec t i ve ly ,  
p h o t o m i c r o g r a p h s  of  t he  u p s t r e a m  a n d  d o w n s t r e a m  
p o r t i o n s  of t he  s a m e  e p i t a x i a l  G a A s  film. The  u p -  
s t r e a m  por t ion ,  w h i c h  was  at  a p p r o x i m a t e l y  800~ 
con ta ins  l a r g e  e tch  f igures  s i m i l a r  to t he  g r o w t h  
face ts  a p p a r e n t  on the  su r f ace  of a (111) o r i e n t e d  
G a A s  c r y s t a l  g r o w n  f r o m  solu t ion .  The  d o w n s t r e a m  
p o r t i o n  of t h e  c rys ta l ,  w h i c h  was  a t  750~ has  a 
f a i r l y  smoo th  e p i t a x i a l  deposi t ,  w h i c h  m a y  be d e -  
s c r ibed  as " m i c r o - o r a n g e  pee l . "  G l a n g  a n d  W a j d a  
(13) have  d e t e r m i n e d  for  s i l icon e p i t a x y  t h a t  th is  
t y p e  of t e x t u r e  defines a pe r f ec t  c r y s t a l  film. W h e n  
the  t e m p e r a t u r e  d i f fe rence  b e t w e e n  the  seed  and  
source  e x c e e d e d  150 ~ C, p o l y c r y s t a l l i n e  depos i t i on  oc-  
c u r r e d ;  e t ch ing  of the  seed  c r y s t a l  o c c u r r e d  w h e n  
the  g r a d i e n t  was  less  t h a n  75~ These  e x p e r i m e n t s  
i nd i ca t e  t ha t  t he  o p t i m u m  t e m p e r a t u r e s  for  ep i -  
t a x i a l  g r o w t h  a r e  a source  t e m p e r a t u r e  of  870~ 
and  seed  c r y s t a l  t e m p e r a t u r e  of 735~ These  t e m -  
p e r a t u r e s  w e r e  ea s i l y  o b t a i n a b l e  in t he  t w o - z o n e  
f u r n a c e  s h o w n  in Fig .  1. 

The  effect  of gas  f low r a t e  on c r y s t a l  g r o w t h  in 
this  s y s t e m  was  also s tud ied .  F l o w  ra t e s  of  3 ec/ 
m i n  for  HC1 and  35 c c / m i n  for  I-I2, and  the  o p -  
t i m u m  t e m p e r a t u r e  d i f fe rence  of 135~ y i e l d e d  
the  e p i t a x i a l  f i lm w i t h  a chev ron  su r f ace  p a t t e r n  
s h o w n  in Fig .  3. W i t h  t h e  l o w e r  flow r a t e s  of 
2 c c / m i n  for  HCI  and  30 c c / m i n  for  H2, t he  e p i t a x -  
ia l  f i lm s h o w n  in Fig .  4 was  fo rmed .  F a c e t e d  g r o w t h  
p r o b a b l y  r e su l t s  f r o m  the  s l ower  depos i t i on  ra te .  
S a t i s f a c t o r y  r e su l t s  w e r e  o b t a i n e d  w i t h  an  HC1 
flow r a t e  of 3 c c / m i n  and  an  He flow r a t e  of 35 c c /  
m i n  w h e n  the  seed  c r y s t a l  was  p r e p a r e d  as d e -  
s c r ibed  be low.  

The  depos i t i on  of smooth ,  h i g h l y  p e r f e c t  e p i t a x i a l  
f i lms r e q u i r e s  a po l i shed  s u b s t r a t e  sur face .  I n i t i a l l y ,  
the  p r e p a r a t i o n  of  h i g h l y  p o l i s h e d  G a A s  su r faces  
w a s  difficult .  M i r r o r - l i k e  f inishes cou ld  be  o b t a i n e d  
b y  m e c h a n i c a l  po l i sh ing ,  b u t  s t r a i n e d  su r f ace  l a y -  
ers  n o r m a l l y  p r e v e n t e d  t h e  depos i t i on  of smoo th  
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Fig. 3. Chevron type of epitaxial deposit, unetched. Magnification 
300X. 

Fig. 4. Faceted growth caused by extremely slow deposition rate, 
uaetched. Magnification approximately 200X. 

epi tax ia l  layers.  Of all  the common etches studied, 
aqua regia  produced the best  surfaces. P re fe ren t i a l  
etching, however,  occurred in this case. An intensive 
s tudy  of surface p repara t ion  indicated that  the etch 
descr ibed by  Fu l l e r  and All ison (14), i.e., an or -  
ganic l iquid sa tu ra ted  with  chlorine or bromine,  
yields smooth surfaces. For  GaAs the best  resul ts  
were  obtained with  an etch p repa red  by  bubbl ing  
chlorine gas s lowly th rough  me thy l  alcohol, wi th  
the specimen complete ly  immersed.  A reproduc-  
ible etching ra te  of app rox ima te ly  0.5 m i l s / m i n  at 
25 ~ was obtained with  solutions complete ly  
sa tu ra ted  with  gas. 

With  this surface p repara t ion  technique,  and the 
opt imum crys ta l  growth  pa ramete r s  (source t em-  
pe ra tu re  870~ seed t empera tu re  735~ HC1 flow 
ra te  3 cc/min,  and He flow ra te  25-35 cc /min )  
smooth, perfect  ep i tax ia l  layers  of GaAs were  de-  
posi ted on GaAs subst ra tes  in the two-zone  fu r -  
nace. Epi tax ia l  films 1 cm 2 in area  have been grown 
with  only one or two of the wr ink led  defects shown 
in Fig. 5. The ra te  of etching of the  source m a t e -  
r ia l  and the ra te  of c rys ta l  growth  were  h igh ly  
reproducible .  The average  ra te  of crys ta l  growth  
under  the op t imum conditions was 10 ~/hr .  Be-  
cause the ra te  of g rowth  was constant  wi th  t ime, 
ep i tax ia l  l ayers  wi th  desired thicknesses of 1-100~ 

Fig. 5. Smooth GaAs epitaxial film; films 1 cm 2 have been grown 
with only one or two of the wrinkled defects shown; unetched. 
Magnification approximately 200X. 

could be p repared  with  accuracies of --+10%. The 
ra te  of film growth  and the perfect ion of the film 
were  independent  of (111) c rys ta l  face polar i ty ,  as 
observed by Wil l iams and Ruehrwein  (5).  However ,  
the defects formed on the surface were  charac te r -  
istic of the specific crys ta l  face. Thickness va r i a -  
tions of less than  10% were  observed over  most of 
the subs t ra te  area.  

Electrical evaluation of GaAs epitaxia~ deposits. 
- - T h e  electr ical  proper t ies  of the deposi ted GaAs 
layers  were  eva lua ted  by measurements  of point  
contact  varac tor  diodes p repa red  f rom these layers.  
In all  cases, n - t y p e  GaAs was deposi ted on high 
conduct ivi ty  (0.0003 ohm-cm)  n - t y p e  GaAs. An 
al loyed ohmic contact  was made  to the n + side wi th  
an 80Au-20Sn alloy. The junct ion was p repa red  by 
pressing a 0.5 rail d iamete r  phosphor-bronze  point 
onto the epi tax ia l  layer,  and a s t andard  ceramic 
package was used to encapsula te  the diode. Capaci-  
tance measurements  made at  1 Mc are  given i~ 
Table I; the values  include both the capaci tance of 
the package (0.4 pf)  and the junction.  The high-  
f requency measurements  were  made  at  X-band .  
The bu i l t - in  potent ia l  ($) of all  the point  contact  
diodes tes ted was be tween 1 and 1.25v. The value  
of n in the re la t ion 

 o[ex ( = ~ - - ~ -  / - - 1 ]  [3] 

var ied  f rom approx ima te ly  1 to 2.05. 
The effect of the source ma te r i a l  res i s t iv i ty  on 

the ep i tax ia l  deposit  res i s t iv i ty  was de te rmined  
from measurements  of vol tage b reakdown  in these 
devices. GaAs ep i tax ia l  l aye rs  p r epa red  f rom 0.01 
ohm-cm source mate r ia l  exhib i ted  b reakdown  
voltages of 1-3v. These vol tages correspond to a 
l ayer  res is t iv i ty  of 0.0006-0.001 ohm-cm, app rox -  
imate ly  the  res i s t iv i ty  of the  in i t ia l  subs t ra te  ma te -  
rial.  When the source ma te r i a l  had  a specific re -  
s is t iv i ty  of 0.1 ohm-cm,  the  ep i tax ia l  l ayers  ex-  

Table I. Electrical properties of GaAs varactor diodes 

V S W R ,  s 
Vb, v @ Vf ,  v @ db @ k M c  @ 

E x p  10 ~a  3 m a  Co, P f  - - 0 . 4 v  2v  r  v n 

16 7.2 1.0 0.675 14.7 180 1.07 1.36 
19 5.2 1.08 0.818 10.2 120 1.02 1.5 
20 6.0 1.0 0.526 13.4 163 1.03 2.05 
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hibi ted  vol tage b reakdowns  of 6-10v. These values 
correspond to a res is t iv i ty  of app rox ima te ly  0.003- 
0.01 ohm-cm. With  1 ohm-cm source mater ia l ,  
b reakdowns  of 20-25v, corresponding to a l ayer  
res is t iv i ty  of app rox ima te ly  0.1 ohm-cm,  were  ob-  
tained.  

Al though the p i ck -up  of impuri t ies ,  e.g., silicon 
from the react ion tube and dopant  f rom the h i g h  
conduct ivi ty  substrate ,  may  be a factor  in the in-  
crease in conduct iv i ty  of the deposit ,  the cont r ibu-  
tion of these t ransfe r  processes should be small  
(car r ie rs  t r ans fe r red  must  be < 6 x 1016/cm 3 as 
given by  the car r ie r  concentra t ion of the  highest  
res is t iv i ty  l aye r )  and of constant  magni tude ,  i r -  
respect ive of the impur i t y  concentra t ion of the 
source mater ia l .  The expe r imen ta l  resul ts  t he re -  
fore indicate  tha t  dur ing the t r anspor t -depos i t ion  
process the source crys ta l  impur i t y  tends to segre-  
gate in the epi tax ia l  film r a the r  than becoming 
r andomly  d is t r ibu ted  throughout  the deposi t ion 
zone. 

GaAs pla te le ts  were  also deposi ted on go ld -p la ted  
Kovar  pins by  the ep i tax ia l  deposi t ion process. This 
device fabr ica t ion  process does not requi re  an al loy 
contact  to the GaAs because Au and GaAs form an 
ohmic contact  a t  the high deposi t ion tempera tures .  
Also, because there  is no GaAs substrate ,  the  series 
resistance of the device is low. Al though the con- 
tact  be tween  the GaAs and Au in this case was 
s l ight ly  resistive,  excel lent  va rac tor  diodes (fc = 
100 kMc a t - - 2 v )  were  obtained by  this technique.  

Epitaxial growth of GaP l~lms.--Epitaxial GaP 
films were  grown in a system s imi lar  to tha t  de-  
scribed by  Ing and Minden (7).  The t ranspor t  
process was the same as tha t  for GaAs growth.  
However ,  the synthesis  of GaP was accomplished 
d i rec t ly  in the react ion chamber  by  the passage of 
HC1 gas in an H2 s t ream over heated phosphorus 
and over  gal l ium at a h igher  t empera tu re .  The epi-  
t ax ia l  deposit  was obta ined  on a subs t ra te  c rys ta l  
which was a t  a lower  t empe ra tu r e  than  the ga l -  
lium. Because h igh -qua l i t y  GaP seed crystals  were  
not avai lable ,  GaAs (111) or iented seed crysta ls  
were  used in most GaP runs. A schematic  d iag ram 
of the expe r imen ta l  a r r angemen t  is shown in Fig. 
6. The source phosphorus  was a lways  a t  a t e m p e r -  
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ature  of app rox ima te ly  250~176 When  the seed 
and source crys ta l  t empera tu res  de te rmined  in the 
GaAs ep i tax ia l  film s tudy (Ga t empe ra tu r e  870~ 
and seed GaAs t empe ra tu r e  735~176 were  
used, fuzzy ye l low deposits  of GaP, which could be 
easi ly removed  by  an ul t rasonic  wash in acetone, 
were  found on the seed crystal .  A t  h igher  seed crys-  
tal  t empera tures ,  etching occurred. When the source 
Ga was kep t  at  970~ in an effort to increase the 
ra te  of GaP formation,  yel low GaP deposits again 
were  observed on the subs t ra te  crystal ;  however ,  
now red crys ta ls  of GaP were  observed in the 
hot te r  sections of the  furnace  at  app rox ima te ly  800 ~ 
850~ When the seed c rys ta l  was placed in this  
zone wi th  the source ma te r i a l  a t  950~ massive 
deposits of red GaP were  found on the subs t ra te  
crystal .  In some cases, GaP  layers  were  observed 
on the surface of the GaAs subs t ra te  under  po la r -  
ized light, even though the crys ta l  had shown a de-  
crease in weight.  This indicates  tha t  both etching 
and deposi t ion occurred s imultaneously.  Epi tax ia l  
deposits  f rom 2 to 150~ thick have  been grown on 
GaAs substrates.  The thicknesses were  de te rmined  
by  meta l lographic  angle lapping  techniques.  X - r a y  
analysis  indica ted  tha t  the deposits were  single 
c rys ta l  and had the same or ienta t ion as the sub-  
strate.  In all  cases, the GaP deposits appeared  gray  
under  o rd ina ry  light; under  polar ized light,  the 
red color of GaP could be seen. F igure  7 is a photo-  
micrograph  of GaP as it appeared  under  polar ized 
light. The deposi t  is approx ima te ly  150# thick, and 
is ex t r eme ly  faceted. 

The subst ra te  t empera tu re  was much more cri t ical  
for the format ion of ep i tax ia l  GaP layers  than for 
ep i tax ia l  GaAs growth.  The cri t ical  t empera tu re  for 
GaP single c rys ta l  ep i tax ia l  deposit ion is 800~177 
50C under  the exist ing furnace  conditions. Repro-  
ducible  rates  of GaP ep i tax ia l  growth  have been 
obtained with  this subs t ra te  t empera tu re ,  using 
ei ther  prev ious ly  synthesized GaP or e lementa l  
Ga and P as source mater ia ls .  GaP  ep i tax ia l  films 
are genera l ly  much more faceted than  GaAs epi-  
t ax ia l  films. For  the exper imen ta l  conditions studied, 
the ra te  of GaP crys ta l  g rowth  was app rox ima te ly  
15 # /h r .  
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Fig. 6. GaP epitaxial deposition set-up 
Fig. 7. Faceted surface of GaP deposit on GaAs, unetched, under 

polarized light. Magnification approximately 225X. 
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Table II. Electrical properties of GaP (on GaAs) varactor diodes 

June  1964 

~c~ 
Vb, V @ Vf, v @ kMc  @ 

S a m p l e  d e s c r i p t i o n  10/~a 3 m a  Co, P f  - -2v  r  v n 

Run No. 40 
Gap layer 1-6 

40-1 3.0 1.04 0.734 187 1.53 1.7 
40-2 2.8 0.93 0.518 132 1.58 3.3 
40-3 3.5 1.14 0.712 50 

Monsanto GaAs 
substrate 

M-1 2.6 1.13 0.610 90 12 
M-2 1.6 1.07 0.450 48 1.0 2.54 
M-3 1.5 0.95 0.492 0 1.0 

Run No. 41 7.5 2.75 0.522 0 1 .65 3.4 
GaP layer 20-50 

Run No. 42 3.75 2.3 0.714 0 1 .85 3.3 
GaP layer 40-100 

Electrical evaluation of GaP epitaxial f i lms.--  
Varactor  diodes s imi lar  to those used in the eva lua -  
t ion of the GaAs ep i tax ia l  ma te r i a l  were  p repa red  
f rom severa l  GaP ep i tax ia l  deposits on GaAs sub-  
strates. Data  f rom typica l  diodes are  given in Table 
II. 

Exper imen ta l  resul ts  indicate  tha t  high Q varac tor  
diodes can be made with  ep i tax ia l  GaP mater ia l .  
This is in direct  contradict ion to the predic t ions  of 
varac tor  theory  in which it is assumed tha t  mobi l i ty  
is the l imi t ing  factor  in the efficiency of varac tor  
diodes (15). The mobi l i ty  of the GaP films in this 
case was p robab ly  50-150 cm2/volt-sec.  As the 
thickness of the GaP ep i tax ia l  l aye r  increases, r 
increases f rom 1.5 to 1.85. If r is assumed to be an 
approx imate  measure  of the energy gap, there  is 
good correspondence be tween the values  for GaP 
and GaAs. (r ~ 1.0-1.3, Eg~aAs~ ~-- 1.39; CGaP 
1 .9 ,  Eg(GaP ) ~ 2.24). Therefore,  the space charge 
region of point  contact diodes p repa red  from thin  
ep i tax ia l  GaP layers  include both GaAs and GaP. 
The format ion of a g raded  region be tween  GaP and 
GaAs has a l ready  been repor ted  by  Holonyak et al. 
(2).  

Diodes p repa red  f rom the ma te r i a l  of runs  41 and 
42 (Table  II)  behaved  as microwave  loads, i.e., 
low VSWR, p robab ly  because of the  high series 
resistance, /~, of the th ick GaP layer .  The va l id i ty  
of the resul ts  obta ined f rom the ma te r i a l  p repa red  
in run  40 was checked by  measurements  made  on 
diodes constructed from the basic GaAs subs t ra te  
mate r ia l  (0.0007 ohm-cm) ,  as suppl ied by  the Mon-  
santo Chemical  Corporation.  These resul ts  confirm 
the contr ibut ion of the high resis tance GaP layer  to 
the microwave  proper t ies  of the device. Because all  
the devices p repa red  wi th  GaP were  square law 
devices, r could be accura te ly  determined.  

Hereto junctions 

Junctions be tween  opposi te ly  doped regions of a 
given semiconductor  have been s tudied extens ive ly  
and are well  understood.  However ,  junct ions be-  
tween two different mater ia l s  have not been s tudied 
to the same degree because it has been difficult to 
p repa re  we l l - behaved  junctions.  Junct ions  be tween  
diss imilar  mater ia l s  (he tero junct ions)  can now be 

Fig. 8a. (left) Open triangular defect on GaAs film deposited on 
Ge. Fig. 8b. (right) Junction between GaAs and Ge (angle lap 20 ~ 
etched in HNO3:H20. Magnification approximately 170X. 

read i ly  p repa red  by  epi tax ia l  growth  f rom the 
vapor  and f rom solution. The p repa ra t ion  and p rop-  
ert ies of GaAs-Ge,  GaP-Ge ,  and G a A s - G a P  he te ro-  
junct ions are discussed below. 

GaAs ( n ) - G e  (p +) heterojunctions.--Single crys-  
tal  ep i tax ia l  films of GaAs were  grown on Ge sub-  
s t rates  using the same exper imen ta l  a r rangement  
and the same deposit ion pa ramete r s  employed  for 
growing GaAs on GaAs. The Ge surface was p re -  
pa red  by  a chemical  pol ishing technique,  using an 
H20~:NaOH solution in conjunct ion wi th  a cotton 
pad soaked wi th  1~ alumina.  GaAs films p repa red  
on ge rmanium subst ra tes  were  ex t r eme ly  perfect .  
The defect  s t ruc tures  seen in Fig. 8a were  different  
f rom those observed when GaAs subst ra tes  were  
used. The open t r iangle  defect  is no rma l ly  found 
in ep i tax ia l  Ge or St, and corresponds to s tacking 
faul ts  in these mater ials .  Thus, not only the growth  
habit ,  but  also the na ture  of the epi tax ia l  GaAs 

Fig. 9. Faceted nature of GaP film deposited on Ge, unetched. 
Magnification approximately 65X. 
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Fig. 10a. (left) Polished cross section of GaP-Ge junction. Fig. 
10b. (right) Etched cross section of GaP-Ge junction showing 
transition region (20 ~ angle lap). Magnification approximately 
665X. 
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Fig. 1]. Schematic representation of TSM for growth of GaP- 
GaAs heterojunction. 

film is influenced by  the Ge substrate.  A cross sec- 
t ion of the GaAs -Ge  heterojunct ion,  shown in Fig. 
8b, demonst ra tes  the h igh ly  perfect  meta l lu rg ica l  
na ture  of the junction.  

G a P ( n )  on G e ( p + ) . - - S i n g l e  crys ta l  or iented 
GaP films h a v e  been deposi ted on ge rman ium by  
the HC1 vapor  t ranspor t  technique prev ious ly  de-  
scribed. In this case, the subs t ra te  t empera tu re  was 
again crit ical.  Deviat ions of --5~ from the desired 
tempera ture ,  800~ produced microcrys ta l l ine  ye l -  
low deposits of GaP. The surface of the GaP film 
deposi ted on Ge is shown in Fig. 9. As shown in the 
photomicrograph,  e longated py ramida l  facets cover 
the ent i re  surface. F igure  10a, a pol ished cross 
section of the G a P - G e  s t ructure ,  shows no evidence 
of imperfect ions  or diffusion at  the  junction.  When 
the s t ruc ture  was etched, however ,  a t rans i t ion  re -  
gion (possibly Ge in GaP)  could be observed,  as 
shown in Fig. 10b. The erra t ic  e lectr ical  cha rac te r -  
istics of these junctions,  which are  discussed below, 
are p robab ly  caused by  this 2 F th ick t rans i t ion  re -  
gion. 

GaAs (p)  -GaP  (n) . - -He te ro junc t ions  of G a P - G a A s  
have been produced by  ep i tax ia l  growth  f rom the 
vapor  phase of GaP on GaAs and by  a solution 
growth  technique (16). The surface of the vapor  
grown epi tax ia l  GaP deposit  on GaAs is shown in 
Fig. 7. These deposits were  ex t r eme ly  faceted,  the 
facet s t ruc ture  being main ly  of the  p y r a m i d a l  type.  
Because the res is t iv i ty  of the  GaP l aye r  was ex-  
t r eme ly  high ( app rox ima te ly  104 to 106 ohm-cm) ,  
devices could not be p repa red  easi ly from this ma te -  
rial.  

G a P - G a A s  heterojunct ions  which are discussed 
in this paper  were  p repa red  by  the TSM solution 
growth  technique (15). The p repara t ion  of these 
junct ions may  be easi ly descr ibed with  the aid of 
Fig. 11. In this case, l iquid ga l l ium was used as the 
solvent zone, GaP as the seed crystal ,  and GaAs 
as the source crys ta l  which is dissolved. Because 
of the var ia t ion  in solubi l i ty  of GaAs at  the upper  
and lower  l iqu id-so l id  interfaces,  the GaAs tends to 
dissolve at the  upper  interface and redeposi t  a t  the  
lower  interface.  In this  way,  ep i tax ia l  growth  of 
GaAs onto the GaP seed was obtained. No t rans i -  
t ion region was observed because the  ra te  of solu-  
t ion of GaP in Ga at  the exper imen ta l  t empe ra tu r e  
is ex t r eme ly  small  re la t ive  to the  ra te  of solution 

of GaAs at  the upper  interface.  Specifically, a t em-  
pe ra tu re  g rad ien t  of 170~ was placed across the  
ent i re  composite, the lower  GaP ( s o l i d ) - G a  l iquid 
interface being at  650~ The regrown GaAs was 
single crys ta l  and had the or ienta t ion  of the GaP 
seed crystal .  A Ge-doped  Ga l iquid zone y ie lded  
regrown GaAs tha t  was conduct iv i ty  p- type .  

Electrical Measurements  

The capaci ty  and cu r ren t -vo l t age  character is t ics  
of the heterojunct ions  have been measured.  Except  
for the junct ions made by  the deposi t ion of G a P ( n )  
on G a A s ( p )  by  vapor  t ranspor t ,  the  he te ro junc-  
tions had a square law dependence of capaci tance 
on the reverse  bias, indicat ing the abrup t  charac-  
te r  of the junctions.  The G a P - G a A s  vapor  deposi ted 
junct ions had  a cube law dependence of capaci tance 
on the bias voltage,  indicat ing tha t  these junct ions 
were  l inear ly  graded.  In general ,  the value  of the 
bu i l t - i n  potential ,  r was be tween  tha t  of the two 
const i tuent  semiconductors,  as shown in Table III. 
Results  obta ined for the var ious  heterojunct ions  are 
discussed below. 

G a A s ( n )  on G e ( p ) . - - I n  this  heterojunct ion,  
0.001 ohm-cm n - t y p e  GaAs was deposi ted on 0.002 
ohm-cm Ge. Ohmic contacts were  made to the GaAs 
with  an 80:20 A u : S n  a l loy and to the Ge with  an 
I n : A g  alloy. This device was encapsula ted  in a 
ceramic package.  The I -V  character is t ic  of this  
he te ro junc t ion  was s tudied as a funct ion of t e m p e r -  
ature.  In Fig. 12 the oscilloscope t races  of the for -  
ward  character is t ics  at  23 ~ 80 ~ and 150~ are 
given. The fo rward  currents  for a diode of this  
area  (0.2 cm 2) are h igher  than  those which would 
be expected for GaAs. The reverse  character is t ics  
indicate  tha t  the leakage  current  is de te rmined  by 
the Ge region of the junct ion (Fig. 13). At  100~ 

Table Ill. Value of 4, for various junctions 

Co 
c (v)  - -  

( i  - Vlr 

3unction r 
Ge(p +) on Ge(n)  0.60 
GaAs (p + ) on Ge (n) 0.78 
GaAs (p+) on GaAs (n) 1.0-1.3 
GaAs (p + ) on GaP (n) 1.5 
GaP (p+) on GaP (n) 1.9-2.0 
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Fig. 12. Forward characteristics of GaAs-Ge diode as a function 
of temperature. Vertical scale is 1 ma/division and horizontal scale, 
1/2  volt/division, a, 23~ b, 80~ c, 160~ 
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Fig. 13. Reverse characteristics of GaAs-Ge diode as a function 
of temperature. Vertical scale is 10 /~a/division and horizontal 
scale is 1/2 volt/division, a, 23~ b, 80~ c, 160~ 

the leakage  becomes excessive,  and  above 120~ 
whe re  the Ge becomes conduct ive ,  the reverse  
charac ter i s t ic  is comple te ly  lost. This  can be ex-  
p l a ined  by  the  t h e r m a l  gene ra t i on  of e l ec t ron -ho le  
pairs  in  Ge, as i l l u s t r a t ed  on  the ene rgy  b a n d  di -  
a g r a m  of this  j u n c t i o n  in  Fig.  14. 

F igu re  15 is a semilog plot  of c u r r e n t  vs .  vol tage  
for  a GaAs ( n ) - G e  (p)  he te ro junc t ion .  In i t i a l ly ,  the  
c u r r e n t  increases  e x p o n e n t i a l l y  accord ing  to Eq. 
[3] wi th  a va lue  of n = 2.6. A t  0.32v bias,  the  slope 
changes  to a va lue  of n = 1.4. Above  0.48v, the  
ohmic res i s tance  of the  sample  becomes  impor tan t �9  

If it is a s sumed  tha t  the  t r ans i t i on  to ohmic  be -  
hav io r  at a bias  of 0.48 occurs at  the  flat b a n d  pos i -  

rTHERMAL GENERATION 
~.~- -~,J f OF PArR 

Z~ EC = $ 0 " 5 4 ~ p  _ G~ Eg2 = o�9 

--/ ~J~-----{--FERMi ENERGY 
f + + + +  

N- A G ~ _ ~ v  = 0.14 eV 

Fig. 14. Energy band diagram of GoAs-Ge heterojunction 
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Fig. 15. Semilog plot of I-V characteristic for a GaAs(n)-Ge(p) 
heterojunction. 

tion, the  va lue  of d i s con t inu i ty  of the va lence  band ,  
• and  conduc t ion  band ,  AEc, can  be calculated.  
The ca lcula ted  va lues  AEv = 0.54 ev and  AEc = 
0.14 ev are in  good a g r e e m e n t  wi th  the  resul t s  of 
A n d e r s o n  (10).  However ,  the  capaci ty  da ta  y ie ld  
=1.02% so tha t  AE~ = 0.14 ev a nd  AEc -- 0.54 ev. A 
d i sc repancy  b e t w e e n  va lues  ca lcula ted  f rom the 
capaci ty  and  c u r r e n t - v o l t a g e  da ta  occurred  in  a 
n u m b e r  of cases. Possible  reasons  for this  are:  

1. In te rd i f fus ion  which  resul t s  in  a gradua l ,  
r a t h e r  t h a n  abrup t ,  t r a n s i t i o n  of the conduc t ion  
b a n d  f rom one m a t e r i a l  to the  other ;  

2. Charge  or surface  states, which  m a y  cause 
ene rgy  b a n d  b e n d i n g  in  the i m m e d i a t e  v i c in i t y  of 
the junc t ion .  

3. Dislocat ions or s t rains ,  which  m a y  complicate  
the ene rgy  b a n d  s t ruc ture .  For  example ,  dis locat ions 
tha t  pass t h rough  the j u n c t i o n  can reduce  the  po-  
t en t i a l  ba r r i e r  for c u r r e n t  flow. 

G a A s ( n )  o n  Ge ( n ) . - - B e c a u s e  the conduc t ion  and  
va lence  bands  in  GaAs and  Ge are at  d i f ferent  
levels,  it  is possible  to m a k e  a j u n c t i o n  b e t w e e n  
these two semiconduc tors  even  though  t h e y  are 
bo th  n - t y p e .  One such diode wh ich  was  tes ted had 
a reverse  c u r r e n t  of 10 #a at  - - 4 v  and  a fo rward  
c u r r e n t  of 1 ma  at  0.85v. Diodes of the  G a A s ( p )  
on G e ( p )  a nd  G a A s ( p )  on G e ( n )  conf igura t ions  ex-  
h ib i t ed  n o n r e p r o d u c i b l e  character is t ics .  
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Fig. 16. Typical I-V characteristic for GaP(n) on Ge(p) 
heterojunction. 
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Fig. 17. Semilogarithmic plot of current vs. voltage for a solution 
grown GaP-GaAs heterojunction. 

t r a n s p o r t  sys t em,  the  r e s u l t i n g  h e a v i l y  d o p e d  j u n c -  
t ions  had  a f o r w a r d  c u r r e n t  h i g h e r  b y  a f ac to r  of 
l0  s t h a n  the  o r i g i n a l  va lue .  Because  the  d iode  h a d  
a h igh  r e v e r s e  cu r r en t ,  no r e l i a b l e  c a p a c i t y  m e a s u r e -  
m e n t s  cou ld  be  made .  F r o m  the  c u r r e n t  v o l t a g e  
cha rac te r i s t i c ,  the  f lat  b a n d  pos i t i on  was  found  at  
a f o r w a r d  b ias  of 1.2v, and  the  s lope  in  Eq. [3]  for  
s m a l l  b ias  c o r r e s p o n d e d  to n = 2.1. 

G a P ( n )  on G a A s ( p ) . - - H e t e r o j u n c t i o n s  of G a P  on 
G a A s  m a d e  b y  v a p o r  t r a n s p o r t  and  b y  the  t r a v e l l i n g  
so lve n t  m e t h o d  of c r y s t a l  g r o w t h  (15)  w e r e  e v a l -  
ua ted .  In  t he  j u n c t i o n s  m a d e  b y  v a p o r  t r a n s p o r t ,  t he  
j u n c t i o n  c a p a c i t a n c e  h a d  a cube  l a w  d e p e n d e n c e  on 
vo l tage ,  c h a r a c t e r i s t i c  of  a l i n e a r l y  g r a d e d  junc t ion .  
A j u n c t i o n  of th is  t y p e  is e x p e c t e d  b e c a u s e  G a A s  
and  G a P  a re  m u t u a l l y  so luble ,  and  d i f fus ion  occurs  
r e a d i l y  at  t he  p r e p a r a t i o n  t e m p e r a t u r e s .  The  squa re  
l a w  d e p e n d e n c e  of c a p a c i t y  on b ias  v o l t a g e  o b -  
s e r v e d  in T S M - g r o w n  j u n c t i o n s  i n d i c a t e d  t h a t  
these  j u n c t i o n s  w e r e  a b r u p t .  F o r  bo th  junc t ions ,  t he  
s ame  g e n e r a l  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  w e r e  
obse rved ,  a l t h o u g h  the  k i n k s  w e r e  m o r e  p r o n o u n c e d  
in the  T S M  diode.  The  d iodes  c onduc t  a b o u t  10 #a 
at  7v r e v e r s e  bias.  A s e m i l o g a r i t h m i c  p lo t  of c u r -  
r en t  vs. v o l t a g e  for  a T S M  d iode  is g iven  in  Fig .  17, 
w h e r e  s e v e r a l  d i s t i nc t  k i n k s  can  b e  obse rved .  This  
c u r v e  m a y  be  d i v i d e d  in to  fou r  reg ions ,  in each  
of w h i c h  the  c u r r e n t  m a y  be  r o u g h l y  a p p r o x i m a t e d  
by  the  d iode  e q u a t i o n  w i t h  va r i ous  va lue s  of  n 
c h a r a c t e r i z i n g  the  s lope  (see  T a b l e  I V ) .  In  r eg ion  
( I )  the  c u r r e n t  is c a r r i e d  b y  e l ec t rons  f lowing across  
the  junc t ion .  As  the  v o l t a g e  is i nc rea sed ,  because  
of t he  d i s c o n t i n u i t y  of t he  c onduc t i on  band ,  t he  c u r -  
r e n t  does  no t  i nc rea se  as  r a p i d l y  ( r e g i o n  I I ) .  W i t h  
f u r t h e r  i nc rea se  in v o l t a g e  i n j e c t e d  c u r r e n t  becomes  
i m p o r t a n t  ( r e g ion  I I I ) .  F i n a l l y ,  the  ohmic  r e s i s t ance  
of t he  m a t e r i a l  l im i t s  t h e  cu r ren t .  

M e a s u r e m e n t s  w e r e  m a d e  a t  s e v e r a l  t e m p e r a -  
t u r e s  b e t w e e n  104 ~ and  - -195~ In  a l l  cases  the  
same  g e n e r a l  f o r m  for  t h e  c u r r e n t - v o l t a g e  cu rve  
was  obse rved .  S i m i l a r  b e h a v i o r  has  been  r e p o r t e d  
b y  A n d e r s o n  (10) for  a G a A s - G e  h e t e r o j u n c t i o n ,  
bu t  w i t h o u t  as c l e a r l y  a def ined  p l a t e a u  region .  

I f  i t  is a s s u m e d  t h a t  t h e  c a p a c i t y  occurs  m a i n l y  
in t he  G a P  s ide  of the  j u n c t i o n  reg ion ,  t he  n u m b e r  
of ca r r i e r s ,  N, can  be  e s t i m a t e d  f r o m  the  e xp re s s ion  

[ Nee ]t/2 
C [ 4 ]  

= ,  2 ( v  + 4) 

w h e r e  e is the  e l e c t r o n  cha rge ,  �9 is t he  d i e l ec t r i c  
cons tan t ,  V is t he  a p p l i e d  bias ,  and  <h is t he  b u i l t - i n  
po ten t i a l .  E q u a t i o n  [4]  y i e ld s  a v a l u e  for  N of  3 x 
10 t6 cm -3 at  r o o m  t e m p e r a t u r e .  The  pos i t i on  of t he  
F e r m i  ene rgy ,  EF, w i t h  r e s p e c t  to  t he  c onduc t i on  

G a P  (n )  on Ge ( p ) . - - I n i t i a l l y ,  d iodes  c o n s t r u c t e d  
of G a P  on Ge h a d  j unc t i ons  w i t h  v e r y  h igh  r e s i s t -  
ances.  A t y p i c a l  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  for  
a G a P ( n )  on G e ( p )  h e t e r o j u n c t i o n  is s h o w n  in Fig .  
17. The  c h a r a c t e r i s t i c  can  be  e x p l a i n e d  b y  the  as-  
s u m p t i o n  of a v e r y  h i g h  r e s i s t i v i t y  t r a n s i t i o n  r e -  
g ion b e t w e e n  the  two  semiconduc to r s .  W h e n  the  
h igh  r e s i s t i v i t y  of t he  t r a n s i t i o n  r eg ion  w a s  r e d u c e d  
b y  the  i n t r o d u c t i o n  of a n t i m o n y  into  t he  v a p o r  

Table IV. Values of n in the diode equation for different ranges 
of voltage in GaAs-GaP heterojunctions 

n I = Io e x p [  ( e v / n k T )  - -  1] 
T e m p ,  ~ 0 -0 .3v  0 .3 -0 .8v  0 ,8 -1 .2v  

104 1.7 15 1.9 
18 1.9 15 1.3 

--79 1.8 18 1.4 
--195 - -  44 3.8 
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Fig. 18. Derived energy band diagram for the GaAs-GaP junction 
at zero bias. 

band ,  E~, can  t h e n  be  c a l c u l a t e d  b y  the  exp re s s ion  

N ~ Nc e x p  [ (EF - -  E c ) / k T ]  [5]  

w h e r e  Nc is t h e  d e n s i t y  of s ta tes  in t he  conduc t ion  
band .  E q u a t i o n  [5]  y i e ld s  a v a l u e  for  (EF - -  Ec) of 
0.08 ev. This  is in  good a g r e e m e n t  w i t h  c o n d u c t i v i t y  
m e a s u r e m e n t s  w h i c h  g ive  0.07 ev fo r  t he  ac t i va t i on  
e n e r g y  in t he  GaP .  Because  t h e  v a l u e  of ~(1 .50 e v )  
d e t e r m i n e d  f r o m  the  c a p a c i t y  d a t a  or  c u r r e n t  d a t a  
g ives  t he  fiat  b a n d  pos i t ion ,  AEc and  AEv a re  e s t i -  
m a t e d  to be  0.22 and  0.66 ev, r e spec t i ve ly .  The  d e -  
r i v e d  e n e r g y  b a n d  d i a g r a m  for  t he  G a A s - G a P  
j u n c t i o n  a t  zero b ias  is s h o w n  in Fig .  18. 
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Anodic Oxide Films for Device Fabrication in Silicon 
I. The Controlled Incorporation of Phosphorus into Anodic Oxide Films on Silicon 

P. F. Schmidt and A. E. Owen 1 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The p repa ra t ion  of phosphorus  doped anodic oxide films on silicon is de-  
scribed. These oxide films can be used as phosphorus  diffusion sources dur ing  
heat  t rea tment .  The concent ra t ion  and d is t r ibut ion  of the phosphorus  in the 
ox ide /~ lm has been inves t iga ted  by  t r ace r  techniques,  the qua l i ty  of the  oxide  
film by  e lec t ron microscopy.  Oxide growth  in the  solutions and at the cur ren t  
densi t ies  inves t iga ted  occurs p r eponde ran t l y  by  cation migrat ion.  A novel  
method is descr ibed for  measur ing  the amount  of silicon conver ted  into oxide 
per  vol t  fo rming  voltage.  The  dens i ty  of the oxide can also be ca lcula ted  by  
this method.  

The  a n o d i z a t i o n  of s i l icon  differs  in c e r t a i n  r e -  
spec ts  f r o m  tha t  of me ta l s .  Bo th  the  f lux of ions 
f r o m  the  s i l icon  t o w a r d s  the  e l ec t ro ly t e ,  and  the  
e l ec t ron ic  c u r r e n t  f rom the  e l e c t r o l y t e  t o w a r d s  t h e  
si l icon,  due  to the  d i s c h a r g e  of anions ,  can  be  
b locked  b y  the  w ide  e n e r g y  gap  s e m i c o n d u c t o r  (1) .  

�9 Present  address: Depa r tmen t  of Glass Technology,  Univers i ty  
of Sheffield, England. 

The  s e m i c o n d u c t i n g  s u b s t r a t e  sugges t s  va r i ous  
dev ice  app l i ca t ions :  s i l icon d i o x i d e  f i lms as m a s k s  
a ga in s t  d i f fus ion f r o m  the  gas  phase ;  d o p e d  ox ide  
f i lms as  d i f fus ion  sources ;  dev i ce  p a s s i v a t i o n  b y  
m e a n s  of su i t ab l e  ox ide  films, etc. A l l  t he se  a p p l i -  
ca t ions  a r e  be ing  s t u d i e d  a t  these  L a b o r a t o r i e s .  
Techn iques  for  o b t a i n i n g  g e o m e t r y  con t ro l  ove r  
anodic  ox ide  f i lm g r o w t h  on n - t y p e  si l icon,  t he  use  
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of doped oxide film pa t te rns  as localized diffusion 
sources, the use of pure  SiO2 films for varac tor  
purposes (2),  and the incorporat ion of p - t y p e  dop-  
ants wi l l  be the subject  of fu r the r  communicat ions.  

In  this paper  ( P a r t  I)  the  incorpora t ion  of phos-  
phorus  into anodic oxide films on silicon is descr ibed 
and discussed. Of the la te r  publicat ions,  P a r t  II 
deals wi th  the diffusion of the phosphorus into 
the silicon for device purposes,  and Pa r t  I I I  wi l l  be 
devoted to a s tudy and analysis  of the diffusion 
profile of phosphorus  in silicon. The same or s im-  
i lar  concepts as developed here  for anodic oxide 
films on silicon apply  to anodic oxide films on a 
number  of other  semiconductors.  

General Considerations 
Incorpora t ion  of impur i t ies  into anodic oxide 

films, a process analogous to a l loy plat ing,  has re -  
ceived scant a t tent ion  in the  pas t  due to the  lack  
of prac t ica l  applicat ions.  In  the  p repa ra t ion  of 
e lectrolyt ic  capacitors,  for example ,  the tendency 
has been to make  the oxide film as pure  as possible. 
Nor has the  subject  a t t rac ted  much academic in-  
vest igat ion:  potent ia l  measurements  are almost  
worthless  in detect ing the presence of a second elec-  
t rode react ion due to the  cont inuously r is ing po ten-  
t ia l  dur ing  oxide growth.  

Incorpora t ion  of sulphate  ions into anodic oxide 
films grown on a luminum in di lute  su lphur ic  acid 
has been known for over  60 years  (3) ,  but  the p u r -  
pose of the sulphuric  acid ba th  has been the p ro-  
duct ion of thick,  porous oxide films ra the r  than  the 
incorpora t ion  of sulphur.  In  1958, Lewis  and  P lumb 
(4) made  a t racer  s tudy of thin, nonporous oxide 
films grown on a luminum in an aqueous solution of 
KH2PO4-K~HPO4 and showed tha t  the phosphorus 
was incorpora ted  into the oxide in a un i form manner  
independent  of thickness.  Incorpora t ion  of small  
quant i t ies  of boron into oxide films grown on a lu-  
minum in bora te  solution has recen t ly  been noted 
by  Berna rd  and Randal l  (5).e 

The present  work  received its impetus  f rom the 
considerat ion tha t  a dopant  content  of severa l  per  
cent in an anodic SiO2 film should be sufficient to 
use the film as a diffusion source. Such thin  oxide 
film sources would  have  severa l  po ten t ia l  advan -  
tages over o ther  diffusion sources p resen t ly  in use 
in the indus t ry :  

1. No problems  of un i fo rmi ty  of vapor  flow can 
occur, source and subs t ra te  being contiguous. This 
fact in i tself  should resul t  in be t te r  control  over  the 
diffusion process. 

2. Dopant  source and subs t ra te  are  a lways  at  the 
same tempera tu re ,  e l iminat ing  another  possible 
cause of error.  

3. The s t rength  of the dopant  source is dependent  
on the concentrat ion of the dopant  in the oxide film, 
and on the film thickness.  The thickness  of anodic 
oxide films can be regu la ted  by  the appl ied  forming 
vol tage to wi th in  a few Angs t rom units.  An  u n -  
usual  degree of control  should resu l t  since the  
dopant  content  in the oxide can be kep t  constant  
or can be var ied  in a control led fashion. 

a Recen t ly ,  L. L. G r u s s  a n d  W. 1Vfc~eill (Electrochem. Tech., 1, 
283 (1963) s t u d i e d  t he  i n c o r p o r a t i o n  of v a r i o u s  a n i o n s  i n to  (porous)  
ox ide  f i lms  on a v a r i e t y  of  me ta l s .  
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4. The oxide film contains such a minute  to ta l  
amount  of dopant  tha t  doped oxide pa t te rns  can be 
used as localized diffusion sources wi thout  masking 
of the res t  of the silicon surface by  means of a 
t he rma l ly  g rown th ick  oxide film. Thus another  
process step could be e l iminated  in the  manufac tu re  
of devices. 

5. The silicon is coated wi th  an oxide film at 
room tempera tu re ;  impur i t ies  or ig ina l ly  present  on 
the surface would be e i ther  dissolved away  or in-  
corpora ted  into the oxide film. Fas t  diffusing im-  
pur i t ies  l ike iron, copper, or gold thus should have 
no oppor tun i ty  to diffuse into the  silicon at  the 
beginning of the heat  t rea tment .  These impur i t ies  
are usual ly  undes i rab le  because they  lead  to soft 
b r eakdown  character is t ics  of p - n  junct ions  due to 
in terna l  field emission (6) and because they  can 
change the minor i ty  car r ie r  l i fe t ime in uncontrol led  
fashion. 

In order  to be incorpora ted  into an anodic oxide 
film, the pa r t i cu la r  impur i t y  must  occur in the 
anodizing solution as an anion. If other  anions, e.g., 
hyd roxy l  ions, are present  as well,  the react ion po-  
tent ia l  of the impur i t y  ion must  be low enough tha t  
its r a t e  of incorpora t ion  is not  too smal l  compared  
to tha t  of oxygen f rom other  sources. I t  is thus to 
be expected tha t  all  factors which affect the elec-  
t rochemical  ac t iv i ty  of the  impur i t y  anion wil l  also 
affect its r a te  of incorporat ion.  In addit ion,  specific 
effects due to the  affinity of the host  oxide la t t ice  
for the pa r t i cu la r  impur i ty  may  be important .  

S t r ik ing  evidence for the impor tance  of the host 
lat t ice,  or for  the  impor tance  of the  poten t ia l  d i s t r i -  
but ion across the ox ide / e l ec t ro ly t e  interface,  was 
provided  by  the fact tha t  anodizat ion in the same 
acidic phosphate  solution which incorporates  large  
amounts  of phosphorus  in the  anodic films on Ta, 
Zr, and Si, did not  lead to the incorpora t ion  of any 
phosphorus into the anodic oxide film on ger -  
manium,  even though anodizat ion proceeded read i ly  
and to high voltages.  

Elements  of Group V of the per iodic  sys tem are 
used as n - t y p e  dopants  in silicon, and the anions of 
these elements  are therefore  of special  interest .  Of 
the three  e lements  commonly  used as dopants,  P, 
Sb, and As, the la t te r  is r ead i ly  incorpora ted  into 
anodic SiO2 bu t  is l a rge ly  lost to the  surroundings  
dur ing hea t  t r ea tmen t  at  a tmospher ic  pressure  due 
to the vola t i l i ty  of the oxide. Al l  the work  repor ted  
here  was done wi th  phosphorus.  

Anodization Process 
Anodizing ~olution 

In order  to s tudy the incorporat ion of phosphorus 
into the oxide film, and its subsequent  diffusion into 
the silicon dur ing  heat  t rea tment ,  the  radioac t ive  
isotope p3~ has been used. p3e has a half  l ife of 
14.3 days, and is a pure  be ta -emi t t e r ,  m a x i m u m  en-  
e rgy  1.7 Mev. Non- t r ace r  solutions were  employed 
where  the informat ion desired could be obtained 
f rom the electr ical  measurements  on the silicon 
subsequent  to diffusion t rea tment .  

I t  was found tha t  heavy  incorpora t ion  of phos-  
phorus occurs f rom phosphoric  acid, the amount  in-  
corpora ted  depending on the P205:H20 rat io  of the 
solution. No incorpora t ion  occurs f rom aqueous so- 
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lu t ions  of t r i sod iumphospha te ;  oxide  g rowth  in  this  
m e d i u m  a p p a r e n t l y  proceeds by  reac t ion  wi th  h y -  
d roxy l  ions. E v e n  in  a lka l ine  solut ions  there  oc- 
curs s t rong adsorp t ion  of phospha te  ions on the 
surface of the  oxide, and  these ions canno t  be r e -  
moved  by  wash ing  only,  b u t  the  r ad ioac t iv i ty  dis-  
appears  comple te ly  by  isotopic exchange  u p o n  
anodiza t ion  to a s l ight ly  h igher  vol tage  in  a n o n -  
t racer  phospha te  solut ion.  

Anod iza t ion  for device purposes  should  be car -  
r ied out in  a m e d i u m  in  which  SiO2 is comple te ly  
inso lub le  in  order  to avoid pore fo rma t ion  in  the  
oxide. S t rong ly  acidic aqueous  solut ions  and  solu-  
t ions of phosphate  in  ce r ta in  organic  solvents  mee t  
this r e q u i r e m e n t .  The ac tua l  choice of the  anodiz -  
ing solut ion,  however ,  depends  also on the fact tha t  
process control  is m u c h  easier  wi th  oxide films in  
the  vis ib le  i n t e r f e r ence  range .  Both the  i n c r e m e n t  
of th ickness  per  vol t  f o rming  vol tage  ( abou t  5A/v ,  
depend ing  on  the  so lu t ion ) ,  and  the  re f rac t ive  i n -  
dex of the oxide [1.5 in  the vis ib le  for P205 doped 
SiO2 (7 ) ]  are ve ry  low on  silicon, and  the  m a x -  
i m u m  vol tage  ob ta inab le  in  concen t ra t ed  solut ions  
wi thou t  de te r io ra t ion  of oxide qua l i t y  is no t  suffi- 
c ient  to produce  even  the  first order  blue.  For  this  
reason  the work  descr ibed here has been  car r ied  
out  in  solut ions  of 15 vo lume  per  cent  ( v / o )  of p y -  
rophosphor ic  acid in  t e t r a h y d r o f u r f u r y l  alcohol, 
even  though  the  inv is ib le  films g rown  in  the u n -  
d i lu ted  acid con ta in  enough  phosphorus  to be  used 
as diffusion sources. 

As the work  progressed it became clear  tha t  even  
smal l  t races  of water ,  such as m igh t  be absorbed  
du r ing  anodiza t ion  in  a vessel  open to the  a tmos -  
phere,  have  a p ro found  effect on the a m o u n t  of phos-  
phorus  incorpora ted .  It  is therefore  necessa ry  to 
provide  for a d ry  a tmosphere  d u r i n g  anodiza t ion  
if the same solu t ion  is to be used for a p ro longed  
per iod  of t ime.  The  dependence  of phosphorus  i n -  
corpora ted  upon  the wa te r  conten t  in  the so lu t ion  
can be u t i l ized to produce  di f ferent  doping  levels, 
bu t  in genera l  it is more  conven i en t  to achieve the  
same end  by  the add i t ion  of other  o x y g e n - c o n t a i n -  
ing species, such as n i t r a t e  ions, to the  solut ion.  One 
of the l imi t a t ions  on the use of wa t e r  is the  de-  
t e r io ra t ion  of oxide qua l i t y  wi th  increas ing  w a t e r  
con ten t  of the  solut ion.  

the oxide film per  vol t  f o r m i n g  vol tage  increases  
not iceably ,  i nd ica t ing  the b e g i n n i n g  of poros i ty ;  t e m -  
pe ra tu res  h igher  t h a n  45~ were  therefore  avoided.  
A large area p l a t i n u m  foil served as the  c u r r e n t  
c a r ry ing  coun te r  electrode,  and  the  a pp r ox ima te  
po ten t i a l  of the  anode  was  read  b y  a p l a t i n u m  wire  
d ipp ing  into the  so lu t ion  and  connec ted  to a h igh 
i npu t  impedance  v a c u u m  tube  vo l tmete r .  The  po-  
t en t i a l  at  cons t an t  cur ren t ,  or the  c u r r e n t  at  con-  
s t an t  vol tage,  were  recorded as a func t ion  of t ime  
by  means  of a Moseley X - Y  recorder ,  mode l  38 
Autograph ,  and  were  found  to be ve ry  r ep roduc ib le  
f rom sample  to sample.  Anodiza t ions  were  u sua l l y  
car r ied  ou t  at  a cons tan t  c u r r e n t  dens i ty  in  the 
range  be t w e e n  3 and  5 m a / c m  2 ( cons t an t  c u r r e n t  
power  supp ly  model  C - 6 3 3 - A - M  by  Elec t ronic  
Measu remen t s  Company ,  Inc . ) .  W h e n  the  desired 
fo rming  vol tage  was reached,  the opera t ion  was  con-  
t i nued  at cons tan t  vol tage  for 30 min ,  this  be ing  
sufficient t ime  for the  leakage  c u r r e n t  to decay  to 
a smal l  va lue  and  to become prac t ica l ly  i n d e p e n d e n t  
of f u r t h e r  anodiza t ion  at  cons tan t  voltage.  A series 
of tests showed tha t  the  a m o u n t  of phosphorus  i n -  
corpora ted  into the oxide in  a g iven  f o r mi ng  solu-  
t ion  was i n d e p e n d e n t  of c u r r e n t  dens i ty  in  the  
r ange  be t w e e n  3 and  5 m a / c m  2. C u r r e n t  densi t ies  
be low 2.5 m a / c m  2 lead to poor oxide qua l i ty ,  and  

Experimental Conditions 

The p32 t race r  used in  these expe r imen t s  was ob-  
t a ined  f rom Nuclea r  of Chicago e i ther  in  the fo rm 
of P20.~ or of aqueous  phosphoric  acid. The P20~ was  
reac ted  wi th  an  accura t e ly  m e a s u r e d  q u a n t i t y  of 
water ,  and  the acid was dehyd ra t ed  by  heat ing ,  u n -  
t i l  the desired P2Os:H20 ra t io  was reached.  The 
ac t iv i ty  was e i ther  1 or 3 mi l l i cur ies  per  mil l imole .  
S t anda rds  were  p r epa red  in  the usua l  way  and  
compared  to a p82 s imula t ed  source ob ta ined  f rom 
Tracer labs ,  Inc. The anodiz ing  so lu t ion  was s tored 
in  a closed vessel  at al l  t imes  and  r e m a i n e d  usable  

for weeks.  

Anodiza t ions  were  in  gene ra l  car r ied  out  in  n o n -  
s t i r red  solut ions  at room t e m p e r a t u r e  or s l ight ly  
above room t empera tu r e .  At  65~ the  th ickness  of 

Fig. la (top) and lb (bottom). Nonporous, phosphorus-doped 
anodic SiO2 film. Magnification 62,000X. 
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c u r r e n t  dens i t i es  a b o v e  5 m a / c m  e w e r e  no t  used  
in o r d e r  to avo id  J o u l e  hea t i ng  of t he  solu t ion .  

Structure  ~nd Uni formity  of the Oxide 

I t  is d e s i r a b l e  t h a t  the  ox ide  f i lm shou ld  be  n o n -  
porous ,  r e g a r d l e s s  of i t s  f u r t h e r  use  as a d i f fus ion  
mask ,  d i f fus ion  source ,  or  e l ec t r i c  i n su la to r .  Pos -  
s ib le  p o r o s i t y  of t he  ox ide  f i lm has  been  checked  
b y  e l ec t ron  m i c r o g r a p h s  in  t r ansmis s ion ,  a f t e r  
s t r i p p i n g  of t he  ox ide  in  d r y  ch lo r ine  a t  800~ 
T h r e e  t y p e s  of f i lms w e r e  no ted :  c o m p l e t e l y  s t r u c -  
tu re les s  films, nonporous  even  a t  a magn i f i ca t ion  
of 62,000X (Fig .  1) ;  f i lms showing  r o u n d  spots  of 
i nc r ea sed  f i lm th ickness ,  s u r r o u n d e d  b y  a r i ng  of 
l e s s - t h a n - a v e r a g e  t h i cknes s  (Fig .  2) ;  and  f i lms 
showing  r o u n d  holes  of  t he  s a m e  size as t he  t h i c k -  
en ings  (Fig .  3) .  On some  spec imens  (c.f. Fig.  3) 
holes  and  t h i c k e n i n g s  can  be  seen  s ide  b y  side.  The  
f inal  l e a k a g e  c u r r e n t  d u r i n g  anod iza t ion ,  h o w e v e r ,  
is not  d r a s t i c a l l y  d i f fe ren t  fo r  t he  t h r e e  t y p e s  of  
fi lms d e s c r i b e d  ( b y  a f ac to r  of 2 -3 ) .  This  o b s e r v a -  
t ion p r o b a b l y  ru les  ou t  t he  p r e s e n c e  of a l a r g e  n u m -  
b e r  of a c t u a l  holes  d u r i n g  a n o d i z a t i o n  in  t he  f i lms 
shown  in Fig .  3. 

The  r a n d o m  d i s t r i b u t i o n  of t he  s t r u c t u r e s  sug -  
ges ted  t h a t  t h e y  m i g h t  be  caused  b y  b u b b l e s  a d -  

Fig. 2. Thickenings in anodic Si02 film, probably as a consequence 
of the adhesion of gas bubbles during anodization. Magnification 
7800X. 

Fig. 3. Same as Fig. 2, but showing thickenings and holes side 
by side. Magnification 2800X. 

A N O D I C  O X I D E  F I L M S  I N  S I L I C O N  685 

h e r i n g  to the  su r f ace  d u r i n g  anod iza t ion .  O b s e r v a -  
t ion of the  p o s t u l a t e d  b u b b l e s  ( d i a m e t e r  a f ew  
m i c r o n s )  p r o v e d  poss ib l e  u s ing  a h i g h  p o w e r  m i -  
croscope,  480X, t he  p l a n e  of t he  s i l icon su r face  
be ing  o r i e n t e d  at  45 ~ b o t h  w i t h  r e s p e c t  to t he  ax i s  
of the  mic roscope  and  t h e  d i r ec t i on  of t he  i nc iden t  
l ight .  The  b u b b l e s  w e r e  o b s e r v e d  in  so lu t ions  w i t h  
a s o m e w h a t  h i g h e r  w a t e r  con ten t ,  bu t  w e r e  a b s e n t  
in v e r y  " d r y "  solut ions .  

The  fo l lowing  e x p l a n a t i o n  is t h e r e f o r e  sugges t ed :  
the  c u r r e n t  eff iciency d u r i n g  ox ide  f o r m a t i o n  on 
s i l icon is a l w a y s  v e r y  low (1) ,  a b o u t  4 % ,  in  t he  
so lu t ion  e m p l o y e d  here .  Neve r the l e s s ,  no m a c r o -  
scopic  o x y g e n  b u b b l e s  a r e  v i s ib l e  a t  t he  Si  anode  
u n d e r  n o r m a l  condi t ions .  I t  m u s t  t h e r e f o r e  be  a s -  
s u m e d  tha t  mos t  of t he  cha rge  p a s s e d  se rves  to o x -  
id ize  t he  a lcohol ;  m o l e c u l a r  d i f fus ion  of o x y g e n  
in the  h igh  v i scos i ty  e l e c t r o l y t e  is u n l i k e l y  to e x -  
p l a i n  the  absence  of b u b b l e s  a t  t he  quo t ed  c u r r e n t  
dens i t ies .  Bo th  in the  p r e s e n c e  of w a t e r ,  and  in 
t he  p r e s e n c e  of dus t  pa r t i c l e s ,  etc.,  on  the  s i l icon 
sur face ,  t he  evo lu t i on  of o x y g e n  is i nc rea sed ,  r e s u l t -  
ing in  b u b b l e  f o rma t ion .  F o r  r ea sons  no t  i n v e s t i -  
g a t e d  f u r t h e r  t he  ox ide  t hen  g r o w s  t h i c k e r  u n d e r -  
n e a t h  the  b u b b l e  b u t  t h i n n e r  a r o u n d  the  bubb le .  
This  r e su l t s  in on ly  a s m a l l  i nc rease  of t he  l e a k a g e  
cur ren t .  D u r i n g  s u b s e q u e n t  e t ch ing  in ch lo r ine  a t  
h igh  t e m p e r a t u r e  the  m e c h a n i c a l l y  s t r a i n e d  o x i d e  
at  t he  p e r i p h e r y  of t he  t h i c k e n i n g s  c racks ;  e v o l u -  
t ion  of SIC14 gas  t hen  causes  the  w h o l e  s t r u c t u r e  
to d rop  out,  l e ad ing  to t he  holes  s h o w n  in Fig.  3. 

Thus  fo r  dev ice  f ab r i ca t ion ,  e s p e c i a l l y  for  s h a l -  
low dif fus ions  or  for  i n su l a t i on  purposes ,  i t  is ob -  
v ious ly  n e c e s s a r y  to obse rve  a h igh  d e g r e e  of c l e a n -  
l iness  d u r i n g  anod iza t ion ,  in k e e p i n g  w i t h  the  p r a c -  
t ices  e s t a b l i s h e d  in  the  e l e c t ro ly t i c  c a p a c i t o r  and  
s e m i c o n d u c t o r  indus t r i e s .  

Procedure for measuring the P ~  concentration 
in the ox ide . - -The  a c t i v i t y  can  be  m e a s u r e d  bo th  
in situ, b y  p l a c i n g  the  w a f e r  u n d e r n e a t h  the  w i n d o w  
of  a G e i g e r  t ube  ( T r a c e r l a b  Inc. T G C - 2  G e i g e r  tube ,  
N u c l e a r  of Chicago  Mode l  186 Decade  S c a l e r ) ,  o r  b y  
d i s so lv ing  the  ox ide  in  HF,  e v a p o r a t i n g  to d r y n e s s  
in  a su i t ab l e  t r ay ,  and  count ing .  Bo th  m e a s u r e m e n t s  
a r e  r e l a t i v e  because  of t he  g e o m e t r y  f ac to r  and  
m u s t  be  r e l a t e d  to t he  p32 s i m u l a t e d  source  b y  
m e a s u r i n g  u n d e r  cond i t ions  i den t i ca l  to those  of 
the  source.  The  e x p e r i m e n t s  w e r e  c a r r i e d  out  on 
b a r - s h a p e d  s amp le s  because  these  a r e  m o r e  con-  
v e n i e n t l y  a n o d i z e d  in  s t r o n g l y  r a d i o a c t i v e  so lu -  
t ions.  This  shape  of the  s amp le s  r e q u i r e s  t i g h t -  
f i t t ing  spec ia l  ho lde r s  in  o r d e r  to pos i t i on  the  
s a m p l e s  a l w a y s  in e x a c t l y  the  s ame  w a y  u n d e r  t he  
w i n d o w  of the  G e i g e r  tube .  In i t i a l l y ,  d i s so lu t ion  of 
the  ox ide  fi lm in HF,  fo l l owed  b y  e v a p o r a t i o n  to 
d r y n e s s  in a Teflon t r a y  was  used  as the  s t a n d a r d  
p rocedure .  L a t e r  i t  was  f o u n d  t h a t  t he  d a t a  f rom 
the  t r a y s  s ca t t e r  c o n s i d e r a b l y  m o r e  t h a n  the  d a t a  
f r o m  c a r e f u l l y  pos i t i oned  wafe r s ,  a n d  m e a s u r e m e n t s  
on the  w a f e r s  in situ w e r e  t h e r e f o r e  a d d e d  to t he  
r o u t i n e  p rocedure .  M e a s u r i n g  the  a c t i v i t y  in situ is 
a v e r y  c o n v e n i e n t  w a y  of  check ing  the  c o n s t a n c y  of 
p h o s p h o r u s  c o n c e n t r a t i o n  in the  ox ide  on d i f f e ren t  
w a f e r s  p r i o r  to diffusion.  
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P20~ distribution in the oxide f i lm.--Uniformity  
of t he  p h o s p h o r u s  d i s t r i b u t i o n  in  t he  d i r ec t i on  
p a r a l l e l  to t he  su r f ace  has  been  checked  b y  t h r e e  
i n d e p e n d e n t  m e t h o d s :  u n i f o r m i t y  of b l a c k e n i n g  of 
a n u c l e a r  t r a c k  e m u l s i o n  ( E a s t m a n - K o d a k  N T B - 2  
f i lm) b r o u g h t  in to  d i r e c t  con tac t  w i t h  t he  r a d i o -  
ac t ive  s a m p l e  ( e x p o s u r e  t i m e  70 h r ) ;  a c t i v i t y  f r o m  
d i f fe ren t  a r e a s  of a l a r g e  anod ized  w a f e r ;  a n d  p l a n -  
a r i t y  of p - n  j u n c t i o n s  p r o d u c e d  in  p - t y p e  s i l icon 
b y  di f fus ion f r o m  the  oxide .  A l l  of these  m e t h o d s  
i n d i c a t e d  c o m p l e t e  u n i f o r m i t y .  

The  poss ib l e  ex i s t ence  of a p h o s p h o r u s  g r a d i e n t  
p e r p e n d i c u l a r  to  t he  su r f ace  was  i n v e s t i g a t e d  b y  
s t e p w i s e  d i s so lu t ion  of t h e  ox ide  in  0.04N H F  k e p t  
a t  0~ a n d  m a g n e t i c a l l y  s t i r r ed .  The  i n t e r f e r e n c e  
colors  c h a n g e d  u n i f o r m l y  ove r  t he  w h o l e  su r f ace  
of the  sample ,  i n d i c a t i n g  u n i f o r m  d isso lu t ion .  Bo th  
the  a c t i v i t y  t r a n s f e r r e d  to t h e  solu t ion ,  and  the  ac -  
t i v i t y  r e m a i n i n g  on the  sample ,  w e r e  m e a s u r e d .  
O n l y  f i lms a b o v e  100 a n d  b e l o w  250v ( c o n s t a n t  
v o l t a g e )  w e r e  tes ted .  F o r  th i s  r a n g e  an  op t i ca l  
s tep  g a u g e  h a d  been  p r e p a r e d  b y  anod iz ing  a long  
s i l icon b a r  in  25v steps.  In  add i t ion ,  t he  t o t a l  a c -  
t i v i t y  i n c o r p o r a t e d  in to  t h e  f i lm ( i nc lud in g  f i lm 
th i cknesses  less  t h a n  100v) was  m e a s u r e d .  I t  was  
f o u n d  t ha t  t he  p h o s p h o r u s  c o n c e n t r a t i o n  b e t w e e n  
100 and  250v f o r m i n g  v o l t a g e  is cons tan t ,  e x c e p t  
for  a v e r y  th in  r eg ion  a t  t he  ou te r  su r f ace  of t h e  
oxide ,  w h e r e  i t  is s o m e w h a t  r educed .  The  s t r a i g h t  
p o r t i o n  of t h e  t o t a l  a c t i v i t y  vs. ox ide  t h i cknes s  
c u r v e  e x t r a p o l a t e s  a l m o s t  ( b u t  no t  qu i t e )  to t he  
or ig in ,  i n d i c a t i n g  t h a t  t he  p h o s p h o r u s  c o n c e n t r a t i o n  
is p r o b a b l y  also cons t an t  for  f i lm th i cknes se s  less  
t h a n  100v. F r o m  the  i n t e r c e p t  on the  absc i ssa  ( o x -  
ide  t h i c k n e s s ) ,  t he  t h i cknes s  of a p r e - e x i s t i n g  o x -  
ide  f i lm can  be  e s t i m a t e d  to be  a p p r o x i m a t e l y  50A 
(Fig .  4) .  The  d rop  in p h o s p h o r u s  c o n c e n t r a t i o n  at  
t he  o u t e r  su r f ace  of t he  anod ized  f i lm can  p r o b a b l y  
be a s c r i b e d  to t he  s o l u b i l i t y  of P205 in w a t e r  (or  
mos t  o rgan ic  so lven t s  as w e l l )  since,  a f t e r  a n o d i z a -  
t ion  in t r a c e r  so lu t ion ,  t h e  s a m p l e s  h a d  to be  r i n s e d  
w i t h  ho t  w a t e r  in  o r d e r  to r e m o v e  the  a d h e r i n g  
r a d i o a c t i v e  so lu t ion  comple t e ly .  Some  w a f e r s  w e r e  
a lso  anod ized  to  a s o m e w h a t  h i g h e r  v o l t a g e  in  n o n -  
t r a c e r  p h o s p h a t e  so lu t ion  w i t h o u t  a p r e c e d i n g  w a t e r  
r inse ;  t he  r e su l t s  w e r e  t he  s ame  in  bo th  cases.  I t  

?00 

600 

500 

"~ 400 
c 
E 

200 

I I 

- / 

- /  
/ i  i 

2OO 

i00 

I I 

/ 
/ 

I I I I I i I I / I  I 

I 
1400 

0 i I i t I I r i i I 
400 600 800 I000 1200 

Oxide Thickness in angstrom.units 

Fig. 4. Total p82 activity vs. oxide thickness. Film kept at 240v 
for 30 min. 

seems  t h a t  a so lub le  c o m p o n e n t  of a m i x e d  o x i d e  
f i lm can  be  l e a c he d  out  of a v e r y  t h in  su r f ace  l a y e r  
b y  a so lvent ,  or  can  be  r e p l a c e d  in th is  t h in  l a y e r  
b y  an  i so tope  of t he  s ame  species  d u r i n g  s u b s e -  
q u e n t  anod iza t ion .  A n a l o g o u s  r e su l t s  h a v e  been  
r e p o r t e d  for  the  a n o d i z a t i o n  of I n S b  in d i l u t e  p o -  
t a s s i u m  h y d r o x i d e  so lu t ion  (8 ) ,  r e s u l t i n g  in a d e -  
p l e t i on  of Sb  a t  t he  su r f ace  of t h e  oxide .  

The  h ighes t  p h o s p h o r u s  c on t e n t  o b s e r v e d  so fa r  
in anodic  SiO2 fi lms has  been  a p p r o x i m a t e l y  23 
w / o .  H o w e v e r ,  t he  w h o l e  r a n g e  b e t w e e n  0 and  23% 
is access ib le  b y  a j ud i c ious  choice  of the  e l ec t ro ly t e .  

Thickness~Voltage Increment  and Density 
of the Oxide 

The  t h i c k n e s s / v o l t a g e  i n c r e m e n t  for  e i t he r  con-  
s t an t  v o l t a g e  or  cons t an t  c u r r e n t  o p e r a t i o n  was  
e s t a b l i s h e d  b y  anod iz ing  an  o p t i c a l l y  flat  p - t p y e  
s i l icon w a f e r  a t  o r  to 250v, d i s so lv ing  a w a y  p a r t  of 
the  oxide ,  e v a p o r a t i n g  s i l ve r  ove r  the  s tep  thus  
fo rmed ,  and  m e a s u r i n g  the  s t ep  he igh t  b y  doub le  
b e a m  as we l l  as b y  m u l t i p l e  b e a m  i n t e r f e r o m e t r y .  
The  t h i c k n e s s / v o l t a g e  i n c r e m e n t  a t  cons t an t  v o l t -  
age  is a cons t an t  for  a g iven  so lu t ion  a n d  t e m p e r -  
a ture ,  w h e r e a s  t he  i n c r e m e n t  u n d e r  cons t an t  c u r r e n t  
o p e r a t i o n  d e p e n d s  also on  t h e  g e o m e t r y  of t he  
anod iza t i on  vessel ,  t he  r e s i s t i v i t y  of t he  solu t ion ,  
and  on the  c u r r e n t  d e n s i t y  e m p l o y e d ;  i t  is t h e r e -  
fo re  a cons t an t  on ly  if  t he  e x p e r i m e n t a l  cond i t ions  
a re  k e p t  cons tan t .  The  a v e r a g e  of s e v e r a l  m e a s u r e -  
m e n t s  was  5.81 A / v  -*5% for  cons t an t  v o l t a g e  
ope ra t ion ,  and  4.66 A / v  -*5%, for  cons t an t  c u r r e n t  
o p e r a t i o n  (3 m a / c m S ) .  

The  a m o u n t  of s i l icon c o n v e r t e d  to ox ide  p e r  
vol t  f o r m i n g  vo l t a ge  ( a t  cons t an t  v o l t a g e )  was  d e -  
t e r m i n e d  b y  m a s k i n g  the  su r f a c e  of  an  o p t i c a l l y  
flat  s i l icon w a f e r  w i t h  a th ick ,  t h e r m a l l y  g r o w n  
ox ide  film, e t ch ing  a p a t t e r n  of v e r y  fine l ines  
( l ine  w i d t h  less t h a n  2 m i l s )  b y  m e a n s  of p h o t o -  
res i s t  t echn iques ,  r e m o v i n g  the  res is t ,  and  s u b j e c t -  
ing the  s a m p l e  to a n o d i z a t i o n  a t  250v for  ~ hr .  A l l  
of t he  ox ide  was  t h e n  s t r i p p e d  in HF,  a n d  t h e  d e -  
p r e s s ion  in  t he  s i l icon p r o d u c e d  b y  the  a n o d i z a t i o n  
was  m e a s u r e d  b y  m u l t i p l e  b e a m  i n t e r f e r o m e t r y .  
Th is  d e p t h  was  f o u n d  to be  510 • 25A. ~ I t  w a s  no t  
poss ib l e  to d e t e r m i n e  in a s i m i l a r  f a sh ion  t h e  a m o u n t  
of s i l icon c o n v e r t e d  to ox ide  at  cons t an t  c u r r e n t  
ope ra t i on ,  because  the  c u r r e n t  d e n s i t y  in  t h e  fine 
l ine  p a t t e r n  e t ched  into  t he  t h e r m a l  ox ide  f i lm 
w o u l d  be  a c o m p l e t e l y  u n c o n t r o l l e d  q u a n t i t y .  I t  
is h o w e v e r  r e a s o n a b l e  to a s s u m e  t h a t  t he  dens i t i e s  
of ox ides  f o r m e d  u n d e r  cons t an t  v o l t a g e  a n d  u n d e r  
cons t an t  c u r r e n t  cond i t ions  do no t  d i f fer  b y  m o r e  
t h a n  a f ew  p e r  cent ;  no d i f fe rence  in  p e r c e n t a g e  of 
p h o s p h o r u s  i n c o r p o r a t e d  was ,  for  ins tance ,  no t ed  
for  cons t an t  v o l t a g e  or  for  cons t an t  c u r r e n t  o p e r a -  
t ion.  M a k i n g  the  a s s u m p t i o n  t h a t  the  d e n s i t y  of 
the  ox ide  is i n d e e d  i d e n t i c a l  u n d e r  the  two  sets  of 
condi t ions ,  one can  ca l cu l a t e  a d e p t h  " e t c h e d "  into  
the  s i l icon p e r  vo l t  f o r m i n g  v o l t a g e  a t  cons t an t  
c u r r e n t  f r o m  the  r a t i o  os ox ide  th i cknesses  q u o t e d  
above.  This  i n c r e m e n t  t u r n s  ou t  to be  1.64 A / v  
-*5%. 

2 ~.e., 2.04 A/v. 
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Table I. Silicon etching during anodization at constant current. 
Obtained from measurements of junction depth. 

No. of ano f l i z a ~ons  
S p e c i m e n  at  250v c o n s t a n t  

No. c u r r e n t  o n ~  ~Si  r e m o v e d  ~ S ~ 2 5 0 v  

39 1.87 0.0480 
1 90 3.50 0.0389 

129 5.37 0.0416 
70 2.82 0.0403 

2 90 4.08 0.0454 
160 6.90 0.0431 

70 2.96 0.0423 
4 30 1~5 0.0350 

100 4.00 0.0400 
70 2.74 0.0392 

6 10 0.51 0.0510 
80 3.25 0.0406 

A v e r a g e  S i / 250v  = 0.0420/~. S t a n d a r d  d e v i a t i o n  = - -10%. 

The  same  p a r a m e t e r  can  be  d e t e r m i n e d  b y  p e r i -  
odic a n g l e - l a p p i n g  and  j u n c t i o n  d e l i n e a t i o n  d u r i n g  
the  process  of m u l t i p l e  a n o d i z a t i o n  for  d i f fus ion  
prof i le  d e t e r m i n a t i o n  in t he  si l icon.  This  wi l l  be  d i s -  
cussed  in P a r t s  I I  and  I I I  of th is  ser ies .  

This  m u l t i p l e  anod i za t i on  p rocess  was  also c a r -  
r i ed  out  a t  a cons t an t  c u r r e n t  d e n s i t y  of 3 m a / c m  2 
m a i n l y  to avo id  the  t i m e  consuming  w a i t  for  t he  
d e c a y  of the  c u r r e n t  in the  cons t an t  vo l t age  o p e r a -  
t ion.  These  m e a s u r e m e n t s ,  w h i c h  a r e  s u m m a r i z e d  
in Tab le  I, show t h a t  the  " e t c h i n g "  d e p t h  p e r  250v 
at  cons t an t  c u r r e n t  is 420A --+-- 10% of s i l icon,  i.e., 
the  i n c r e m e n t  is 1.68 A / v  of s i l icon r e m o v e d .  This  
r e su l t  is in good a g r e e m e n t  w i t h  the  v a l u e  o b t a i n e d  
f r o m  the  op t i ca l  m e a s u r e m e n t s  quo ted  above ,  and  
in c o n j u n c t i o n  w i t h  t he  d i f fus ion prof i le  conf i rms 
t ha t  t he  p h y s i c a l  l oca t ion  of t he  p - n  j u n c t i o n  oc-  
curs  a t  t he  pos i t ion  of d e l i n e a t i o n  ( H F  s t a in ing  was  
used  in these  d e t e r m i n a t i o n s  of j u n c t i o n  d e p t h ) .  

K n o w i n g  the  t h i ckness  of t he  ox ide  f i lm p e r  vo l t  
f o r m i n g  vo l t age  f r o m  the  i n t e r f e r o m e t r i c  da ta ,  one 
can  ca l cu l a t e  the  d e n s i t y  of t he  ox ide  b y  c o n v e r t i n g  
the  a m o u n t  of s i l icon r e m o v e d  in to  s i l icon d iox ide  
p roduced .  This  c a l cu l a t i on  i nvo lves  t he  a s s u m p t i o n  
t ha t  the  ox ide  is f u l l y  s t o i ch iome t r i c  and  c o r r e s -  
ponds  to t he  m a x i m u m  v a l e n c y  of  t he  cat ion.  On 
m e t a l s  l i ke  Si  or  A1 th is  a s s u m p t i o n  is p r o b a b l y  
correc t .  D i v i d i n g  the  w e i g h t  of t he  ox ide  t hus  ca l -  
c u l a t ed  b y  the  v o l u m e  o c c u p i e d  y i e ld s  t he  d e n s i t y  
of t he  film. This  p r o c e d u r e  is pe rmi s s ib l e ,  h o w e v e r ,  
on ly  i f  no c o m p o n e n t  of the  e l e c t r o l y t e  o t h e r  t h a n  
o x y g e n  is i n c o r p o r a t e d  into t he  ox ide  film. In  t he  
p r e s e n t  case, h e a v y  i n c o r p o r a t i o n  of p h o s p h o r u s  is 
k n o w n  to occur.  This  p h o s p h o r u s  m a y  sa fe ly  be  as -  
s u m e d  to ex i s t  in  i ts h ighes t  va l ence  s ta te ,  i.e., as 
P20~. A s s u m i n g  t h a t  the  d e n s i t y  of P205 as i n c o r -  
p o r a t e d  into  the  anod ic  SiO2 f i lm is not  d r a s t i c a l l y  
d i f fe ren t  f r o m  the  d e n s i t y  of b u l k  P205, an a p p r o x i -  
m a t e  d e n s i t y  of the  p h o s p h o r u s  d o p e d  f i lm can  be  
ca l cu l a t ed  if the  p e r  cen t  p h o s p h o r u s  i n c o r p o r a t e d  is 
k n o w n  f r o m  the  t r a c e r  da ta .  C a l c u l a t i o n  of t he  ox ide  
d e n s i t y  f rom the  a b o v e  d a t a  w i t h o u t  t a k i n g  the  i n -  
c o r p o r a t i o n  of P20~ into  account  w o u l d  l e a d  to the  
v e r y  low v a l u e  of on ly  1.75 g / c m  3. The  so lu t ion  e m -  
p l o y e d  was  known ,  f r o m  t r a c e r  da ta ,  to i n c o r p o r a t e  
a p p r o x i m a t e l y  14 w / o  P205, w h i c h  m u s t  be  a d d e d  to 

t he  w e i g h t  of t he  SiO2. This  l eads  to an  e s t i m a t e d  
d e n s i t y  of a b o u t  2 g / c m  3 for  t he  ox ide  f i lm d o p e d  
w i t h  14 w / o  P205. A d e n s i t y  of a b o u t  2 g / c c  seems  
r e a s o n a b l e  in  v i e w  of t he  d e t e r m i n a t i o n  b y  A r c h e r  
(7)  of the  d e n s i t y  of anod ic  o x i d e  f i lms f o r m e d  on 
s i l icon in aqueous  b o r a t e  solut ion.  A r c h e r  o b t a i n e d  a 
v a l u e  of 1.82. I t  is, h o w e v e r ,  k n o w n  t h a t  ox ide  f i lms 
f o r m e d  on s i l icon  in aqueous  so lu t ion  a r e  less dense  
t h a n  f i lms f o r m e d  in  n o n a q u e o u s  solvents .  

Growth  mechanism.--Anodic  ox ide  f i lms on s i l icon 
a p p e a r  to g r o w  p r e p o n d e r a n t l y  b y  ca t ion  mig ra t i on .  
p~2 d o p e d  f i lms ( g r o w n  in t he  p y r o p h o s p h o r i c  a c i d -  
a lcohol  so lu t ion  to 150v),  w e r e  e n c a p s u l a t e d  in es -  
s e n t i a l l y  p u r e  SiO2 fi lms b y  s u b s e q u e n t  anod i za t i on  
to tw ice  t he  o r i g i n a l  f o r m i n g  vo l t a ge  in  a so lu t ion  of 
KNO3 in N, N - d i m e t h y l p r o p i o n a m i d e .  The  ox ide  was  
t h e n  p r o g r e s s i v e l y  d i s so lved  in  0.1N cold  HF,  m a g -  
n e t i c a l l y  s t i r r ed ,  t he  i n t e r f e r e n c e  colors  c h a n g i n g  in 
a u n i f o r m  m a n n e r .  O n l y  a v e r y  s m a l l  a m o u n t  of 
a c t i v i t y  was  f o u n d  in t he  so lu t ion  u n t i l  t he  o r ig ina l  
t h i cknes s  of t he  p82 d o p e d  f i lm h a d  been  a lmos t  
r e a c h e d  ( r e m a i n i n g  f i lm th i cknes s  e q u i v a l e n t  to 
abou t  170v).  The  same  e x p e r i m e n t ,  p e r f o r m e d  wi th  
n o n - t r a c e r  p h o s p h o r i c  ac id  so lu t ion  i n s t e a d  of the  N, 
N - d i m e t h y l p r o p i o n a m i d e  gave  e s s e n t i a l l y  t he  s ame  
resu l t .  I t  is no t  poss ib le  to dec ide  f r o m  the  d a t a  
w h e t h e r  t he  s m a l l  a m o u n t  of  a c t i v i t y  d e t e c t e d  in the  
H F  so lu t ions  of t he  o u t e r  p o r t i o n s  of t he  ox ide  s tems  
f r o m  loca l ized  d e e p e r  e t ch ing  in v e r y  s m a l l  pores ,  or  
is due  to some f r ac t i on  of t he  c u r r e n t  in the  ox ide  
b e i n g  c a r r i e d  b y  o x y g e n  ions d u r i n g  anod iza t i on  in 
the  e l e c t ro ly t e s  and  at  the  c u r r e n t  dens i t i e s  i n v e s t i -  
ga ted .  In  ou r  opinion,  i t  is n e c e s s a r y  to r e s t r i c t  s t a t e -  
m e n t s  a b o u t  t he  m e c h a n i s m  of ox ide  g r o w t h  ( b y  
ca t ion  or  an ion  m i g r a t i o n )  to t he  a c t u a l  sy s t em in -  
v e s t i g a t e d ;  w h e r e a s  t he  s u p p l y  of ca t ions  at  the  
m e t a l - o x i d e  i n t e r f a c e  is p r o b a b l y  m o r e  or  less  con-  
s t an t  for  a n y  anod iza t i on  of the  g iven  m e t a l  ( excep t  
in the  case of gross  v a r i a t i o n s  in  t he  c h e m i c a l  c o m -  
pos i t ion  of t he  ox ide  f o r m e d ) ,  i t  a p p e a r s  qu i t e  l i ke ly  
t ha t  the  s u p p l y  of o x y g e n  ions m a y  d e p e n d  d r a s t i -  
ca l ly  on the  p a r t i c u l a r  e l ec t ro ly t e ,  e spec i a l l y  i f  i t  
con ta ins  ionic  species  p r e f e r e n t i a l l y  a d s o r b e d  onto 
the  ox ide  su r f ace  d u r i n g  anod iza t ion .  The  d i s c r e p a n t  
r e su l t s  in the  l i t e r a t u r e  on the  m e c h a n i s m  of  ox ide  
g r o w t h  on, for  e x a m p l e ,  a l u m i n u m  or  t a n t a l u m  (9) 
a r e  qu i t e  l i k e l y  due  to d i f fe ren t  e x p e r i m e n t a l  con-  
d i t ions .  

The  fac t  t h a t  ox ide  g r o w t h  on s i l icon occurs  p r e -  
p o n d e r a n t l y  b y  ca t ion  g r o w t h  ( u n d e r  t he  g i v e n  con-  
d i t ions )  m a k e s  i t  poss ib l e  to e n c a p s u l a t e  d o p e d  
anodic  ox ide  fi lms in anodic  ox ide  f i lms cons i s t ing  
e s s e n t i a l l y  of p u r e  SiO2, and  to s u p p r e s s  o u t - d i f f u -  
s ion d u r i n g  h e a t  t r e a t m e n t ,  a t  l eas t  to some ex ten t .  

Conclusions 

P h o s p h o r u s - d o p e d  anod ic  ox ide  f i lms of good 
q u a l i t y  have  been  g r o w n  on s i l icon in  p y r o p h o s -  
phor i c  ac id  or  so lu t ions  of  th is  ac id  in t e t r a h y d r o f u r -  
f u r y l  a lcohol .  As  wi l l  be  d i scussed  in  P a r t  II ,  t hese  
d o p e d  anod ic  o x i d e  f i lms can  be  used  as di f fus ion 
sources  and  a p p e a r  to h a v e  ce r t a in  a d v a n t a g e s  ove r  
c o n v e n t i o n a l  d i f fus ion  sources .  

The  p h o s p h o r u s  a p p e a r s  to  be  u n i f o r m l y  d i s t r i b -  
u t e d  t h r o u g h o u t  the  oxide ,  bo th  p e r p e n d i c u l a r  to t he  
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surface, and la te ra l ly .  The th ickness /vo l tage  incre-  
ment  per  vol t  forming vol tage has been es tabl ished 
for  the e lect rolyte  used, and an optical  method has 
been used to es t imate  the oxide densi ty  in conjunc-  
t ion wi th  t r ace r  data.  Oxide growth  on silicon oc- 
cur red  by  cation migra t ion  in the e lectrolytes  and at  
the cur ren t  densi t ies  invest igated.  
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Rates of Formation of Thermal Oxides of Silicon 

H. C. Evitts, H. W. Cooper, and S. S. Flaschen 
Semiconductor Products Division, Motorola Inc., Phoenix, Arizona 

ABSTRACT 

Oxidation growth rates of SiO2 have been studied using as variables Si 
conductivity types, crystal  growing methods, and bulk resistivity. Rates were 
determined in closed systems of both dry O2 and steam over a temperature 
range of 800~176 The conclusion is drawn that  the only factors controlling 
oxide growth rate  were time, temperature,  and ambient. Results reported in-  
clude a study of the optical properties of the oxide films. 

Because of the increased impor tance  that  oxide 
films have in the diffusion masking  and surface 
pass ivat ion of p l ana r  silicon devices, it  is h ighly  
des i rable  to know wi th  precision the oxidat ion  ki-  
netics for silicon under  var ious  conditions of con- 
duct ion type,  res is t ivi ty ,  and ambien t  atmospheres.  

This work  was  a two- fo ld  one; first, to find be t te r  
ways  to measure  these oxide films, and second, to 
obtain more informat ion  about  the growth  ra te  as a 
funct ion of var ious  parameters .  

Experimental 
The method of measur ing  the grown silicon d i -  

oxide films began wi th  the usual  technique of r e -  
moving a section of the oxide wi th  HF, meta l l iz ing 
the ent i re  surface to obta in  a sharper ,  c learer  image, 
and placing the resul t ing  "s tep" into a monochro-  
matic  in ter ferometer .  Since most in te r fe rometers  do 
not have a sufficiently fine ret icle scale, and the 
read ing  is often one more  of guesswork than  of ac-  
curacy, the image was photographed  and then fu r -  
ther  magnified,  employing  a sui table  measur ing  
scale such as a wide-f ie ld  filar micrometer  eye-p iece  
on a l ow-powered  microscope. This procedure  a l -  
lows one to obtain accurate  readings  of the film 
thickness to wi th in  50A, and the reby  reduced the 
var iance in the  da ta  due to measur ing  errors.  

The in te r fe romete r  used throughout  the exper i -  
ment  was a Zeiss, employing  a monochromat ic  t ha l -  

l ium source wi th  a half  wave leng th  of 2675A. Some 
of the readings,  especial ly  those fal l ing near  some 
mul t ip le  of this figure, were  fu r the r  checked on a 
mul t ip le  beam in te r fe romete r  ut i l iz ing both tha l l ium 
and sodium sources (1, 2). 

The oxidat ion  sys tem used was a closed system, as 
shown in Fig. 1, consisting of a high t empe ra tu r e  
di f fus ion- type furnace,  wi th  all  of the accompanying 
glassware  constructed of h i g h - p u r i t y  quartz.  On the 
l e f t -hand  side of the  schematic  is the  ambien t  in t ro-  
duct ion area. For  our "d ry"  system, l ine O2 was 
passed through s tandard  dry ing  chambers,  and then 
th rough  a submicron filter to remove any contami-  
nat ing par t ic les  p icked up in the gas line or in the 

/--'MOISTURE TRAP /--'QUARTZ SAMPLE 
/ /CARRIER 

/ F MICRON FILTER / 

LINE FURNACE 
OXYGEN / ~  ~ W A T E R  

/ ~ .u J ?VERFLOW 
ULTRA_PURE ~ HEATER EXHAUST SYSTEM (STEAM 
DE:IONIZED WATER(STEAM SYSTEM) SYSTEM) 
WATER OR 

SILICONE OIL(DRY 0 2 SYSTEM) 

Fig. 1. Closed oxidation system 
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dry ing  columns,  and  hence,  in to  the  fu rnace  itself. 
At  the  exhaus t  end  of the  sys tem the  gas passes in to  
a t rap  of s i l icone oil, which  was chosen because  of 
its ve ry  low vapor  pressure .  

The a l t e rna t e  sys t em was for  s team. In  this  case, 
oxygen  was  no t  used, bu t  ins tead,  the  gene ra to r  was  
filled w i t h  u l t r a p u r e  water ,  and  the s t eam was  
passed t h rough  the fu rnace  t ube  to a wa te r - f i l l ed  
t rap.  S ince  the  a m o u n t  of wa t e r  vapor  fo rmed  by  
this  t r ap  is ins ign i f ican t  w h e n  compared  to the  
g rea te r  a m o u n t  of s t eam in t roduced  by the  g e n e r -  
ator, the  backfiow can aga in  be d is regarded.  A n  
overflow syphon  is used  here  to r emove  the con-  
densed s team, and  to keep the  l iqu id  level  constant .  
As can  be seen for bo th  of these methods ,  the  en t i r e  
sys tem is sealed f rom the outs ide  a tmosphere ,  i n -  
su r ing  a h igh degree  of pur i ty .  The  p ressure  ins ide  
the  fu rnace  is kep t  as n e a r  to 1 a tm  as possible 
by  m a i n t a i n i n g  as smal l  a l iqu id  head  as prac t ica l  in  
the  tubes  l ead ing  in to  the  exhaus t  t raps.  

The va r i ab les  s tud ied  were :  Two b u l k - c o n d u c t i o n  
types  (N or P ) ,  c rys ta l  f ab r i ca t ion  me thod  (e i ther  
Czochralski  or f loa t -zoned m a t e r i a l ) ,  and  b u l k  re -  
s is t ivi t ies  r a n g i n g  f rom a low va lue  of 0.01 cm for 
each of the  four  above combina t ions ,  1 cm of each, 
and  a h igh  va lue  of 100 cm of each, g iv ing  a to ta l  
of twe lve  wafers  in  each run .  Al l  of the  wafers  we re  
cut  on the  < 1 1 1 >  crys ta l  p lane,  w i th  final m e c h a n i -  
cal po l i sh ing  w i th  0.25~ L inde  compound  to a 
m i r r o r - l i k e ,  s c ra t ch - f ree  surface.  As stated,  the  
a m b i e n t  gases used were  clean, d ry  oxygen,  or  s t eam 
at a p ressure  of 760 m m  Hg, over  a t e m p e r a t u r e  
r ange  of 800~176 m a i n t a i n e d  at  -----I~ t h r o u g h -  
out  the  exper imen t s .  The pol ished wafers  were  
placed on a quar tz  boat,  e i ther  flat or on edge (ex-  
p e r i m e n t a l l y  the  pos i t ion ing  was  i m m a t e r i a l  to the  
g rowth  rate,  as long as the  fu rnace  was suff icient ly 
s table  and  the  t e m p e r a t u r e  wel l  control led . )  

Results 

After  a n u m b e r  of r u n s  at va r ious  t imes  and  t e m -  
pe ra tu re s  had  b e e n  completed,  the  data  was  s u b -  
jec ted to ex tens ive  s ta t is t ical  ana lys i s  to s tudy  the  
effects of the va r ious  var iab les ,  as wel l  as the i r  
in te rac t ions  w i th  each other.  The  conclus ion was  
that ,  w i t h i n  the l imi t s  of ou r  m e a s u r e m e n t s ,  ( i)  
the re  was  no difference s ta t i s t ica l ly  b e t w e e n  N a nd  P 
type  mate r i a l s ;  (it) the re  was  no  difference be -  
t w e e n  the  m a t e r i a l  g rown  by  e i ther  the  Czochra lski  
or the  f loat -zoned methods,  and  (i i i)  over  r a nge  
used, t he re  was  no difference due to res i s t iv i ty  e i ther  
( this  is p r o b a b l y  due  to the  fact  tha t  the  concen-  
t r a t ion  of phosphorous  or boron  impur i t i e s  at these 
res is t ivi t ies  is m u c h  less t h a n  0.01% and  the  la t t ice  
is sti l l  l a rge ly  d o m i n a t e d  by  Si r a the r  t h a n  phos-  
phorous  or bo ron  a toms) .  Therefore ,  it  was  decided 
tha t  it  was  no t  necessa ry  to use all  twe lve  wafers  
for each da ta  point ,  a l though  at leas t  four  wafe rs  
f rom each of the  r u n s  were  read  as a check on  ac-  
curacy  and  reproduc ib i l i ty .  

The  r e su l t i ng  da ta  poin ts  a f t e r  some seven ty - f ive  
r u n s  are  p lo t ted  in  Fig.  2 and  3. F i g u r e  2 is for  the  
d ry  oxygen  system.  The  scale is log-log,  w i th  t ime  
in  seconds vs. the  m e a s u r e d  th icknesses  for the  
var ious  t e m p e r a t u r e s  f rom 900 ~ to 1300~ The 
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Fig. 3. Thermal oxide thickness for <111~  silicon in steam 
at ] arm pressure. 

slope is v e r y  close to 0.5 above  l l 0 0 ~  Each  of the 
data  po in ts  p lo t ted  r ep resen t s  more  t h a n  30 i n t e r -  
fe romet r ic  readings ,  w i th  a m a j o r i t y  of the  r ead ings  
w i t h i n  •  of the  ave rage  value .  

F igu re  3 is a s imi la r  one for the  s t eam system. The  
slope of the  h igher  t e m p e r a t u r e  curves  aga in  has the  
va lue  of 0.5, whi le  the  slope has increased  to 0.8 for 
an  800~ s team a tmosphere .  

F r o m  the  e x p e r i m e n t a l  da ta  the  fo l lowing t h e r -  
ma l  ox ida t ion  g rowth  ra te  equa t ions  for closed sys-  
t ems  were  ca lcu la ted  for  T ~-- 1100~ < 1 1 1 >  si l icon 
surface  or ien ta t ion ,  and  1 a t m  of pressure .  

Steam: X 2 = 1.21 x 109 t exp (--0.8 q/kT) 

Dry  O2: X s = 3.53 x 109 t e xp  (--1.33 q/kT) 

w he r e  X is the  oxide fi lm th ickness  in  A n g s t r o m  
uni t s ,  t t ime  in  seconds, q e lec t ron  cha rge ,  k Bol tz-  
m a n n  constant ,  a n d  T t e m p e r a t u r e  in  degrees  Ke lv in .  

These  ac t iva t ion  energies ,  0.8 e lec t ron  vol t  (ev)  
for the  s t eam sys t em a nd  1.33 ev for the  d ry  oxygen,  
are  s o m e w h a t  lower  t h a n  those p r ev ious ly  pub l i shed  
by  Ata l l a  (3) b u t  agree closely w i th  Deal ' s  (4, 5) 
va lues  of 0.87 ev a nd  1.26 ev, respect ively .  
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Fig. 2. Thermal oxide thickness for ~111~  silicon in dry oxy- 
gen at 1 arm pressure. 



690 

Table I. Silicon dioxide interference color-thickness relationships 
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Color  Th ickness ,  A 

2750 4650 6500 
3000 4900 6850 
3300 5200 7200 
3700 5600 7500 
4000 6000 
4350 6250 

Gray 100 
Tan 300 
Brown 500 
Blue 800 
Violet 1000 
Blue 15.00 
Green 1850 
Yellow 2100 
Orange 2250 
Red 2500 

As f u r t h e r  conven ience  for the p roduc t ion  w o r k -  
ers who need  to r epea t  a ce r ta in  oxide g rowth  r u n  
af ter  run ,  whe re  the  accuracy  need  not  a lways  be 
w i t h i n  50A, a color vs.  th ickness  char t  was  con-  
s t ructed,  Tab le  I. 

Colors can  be observed  for oxide th icknesses  of 
wel l  over  l J/2 to 2~; however ,  the  colors beg in  to 
fade a t  a r o u n d  3/4~, or at  7500A thickness ,  and  a 
color char t  becomes of ques t ionab le  va lue  past  this 
l imit .  Since the colors are sufficiently in tense  up  to 
7500A, one  can use this  char t  for noncr i t i ca l  es t i -  
mates  w i th  accuracy  to 100A. 

Conclusions 
1. Of the  factors s tud ied  in  this  work,  the ra te  of 

oxide g rowth  on si l icon is cont ro l led  on ly  by  t ime,  
t empe ra tu r e ,  pressure ,  and  type  of gas p re sen t  in  the  
ox ida t ion  system. 

2. The proper t ies  of c rys ta l  fabr ica t ion ,  b u l k  r e -  
s is t ivi ty,  and  type,  and  a n y  in te rac t ions  thereof ,  
have  no signif icant  b e a r i n g  on the  oxide g rowth  
rates.  

3. The ac t iva t ion  energies  for s team and  d r y  oxy-  
gen sys tems are 0.8 ev and  1.33 ev, respect ively ,  at  
t e m p e r a t u r e  above l l 0 0 ~  
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ABSTRACT 

The rare  earth n iobate-calc ium molybdate  systems are one class of a n u m -  
ber of pseudobinary  systems which can be described by the general  formula  
(LnMI)x(CalVPI)l-xO4, where Ln  = t r ivalent  rare earth, Sc +3 and  y+3,  
M I = Nb +5, Ta +5, and M n ~ Mo +6, W +6. Calcium, fur thermore,  may be re -  
placed by Sr +2 and Ba +2. For some of these compositions, lattice parameters  
and in tens i ty  of fluorescent emission have been determined as a funct ion of x. 
Single crystals were grown by the Czochralski technique, and the dis tr ibut ion 
coefficients were determined for a number  of niobates in calcium molybdate.  
St imulated emission was obtained from a 3 in. long NdNbO4 doped CaMoO4 
crystal. 

The a d v e n t  of the  solid s tate  opt ical  maser ,  
real ized by  ruby ,  ca lc ium tungs ta te ,  and  ca lc ium 
fluoride doped wi th  r a re  earths,  has s t imu la t ed  con-  
s iderable  in te res t  and  ac t iv i ty  in  composi t ions  of the  
"scheel i te"  or re la ted  s t ruc tures .  Nassau  (1) r e -  
cen t ly  pub l i shed  a de ta i led  s tudy  on ca lc ium t u n g -  
state,  its Czochralski  c rys ta l  g rowth  character is t ics ,  
c rys ta l  per fec t ion  and  possibi l i t ies  for subs t i t u t i on  
both  in  the  A +2 and  B +6 sites of CaWO4. A l t h o u g h  
ra re  ea r th  ions can be in t roduced  into the  scheel i te  
la t t ice  w i thou t  a secondary  compensa t i ng  ion (c re -  
a t ing  a defect  l a t t i ce ) ,  va lence  compensa t ion  by  a 
second ion is gene ra l l y  prefe r red ,  since it  simplifies 
the f luorescent  emiss ion  spec t rum and  lowers  the  

th resho ld  for laser  action. The  most  c o m m o n l y  used 
scheme as ou t l ined  by  Nassau  (1) is the compensa -  
t ion  by  the  pai r  Ln+ ~ / N a  +1 for every  two Ca 2+ ions 
replaced.  A l though  the  s t r u c t u r a l  ma tch  for these  
ions is n e a r l y  perfect ,  there  are  p rob lems  wi th  so- 
d i u m  because  of its vo la t i l i ty  at  the h igh m e l t  t e m -  
pe ra tu re s  and  its r e l a t i ve ly  low d i s t r i b u t i o n  coeffi- 
cient.  The t h e r m o d y n a m i c a l l y  v e r y  s table  ABO4- 
type  ra re  ea r th  n ioba tes  a nd  t an t a l a t e s  should  be 
good doping agents  for mo lybda te s  and  tungs ta tes .  
In  a ve ry  recen t  paper ,  Nassau  (2) also descr ibed  
this type  of compensa t ion  for the  CaWO4/Nd +8, 
Nb + 5 system. The va lence  compensa t ion  here  is such 
tha t  for each Ca +~ be ing  rep laced  by  L n  +3 va lence  
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b a l a n c i n g  occurs  in  the  W +~ or  Mo +6 s i te  b y  i n t r o -  
duc ing  the  s ame  a m o u n t  of Nb +~ or  Ta  +5. C o n s i d e r -  
ing A h r e n s  (3)  r a d i i  for  Nb  +5 (0 .69A) ,  Ta  +5 
(0 ,68A) ,  W +6 (0 .62A) ,  Mo +~ (0 .62A) ,  Ca +2 (0.99) ,  
and  G d  +s (0.93) as t he  m i d d l e  r e p r e s e n t a t i v e  of 
the  l an thanons ,  i s o m o r p h o u s  s u b s t i t u t i o n s  shou ld  be  
poss ib le  ove r  c o n s i d e r a b l e  ranges .  The  r a r e  e a r t h  
n ioba t e s  and  t a n t a l a t e s  of t he  t y p e  LnNbO4 and  
LnTaO4 h a v e  been  r e c e n t l y  c h a r a c t e r i z e d  s t r u c -  
t u r a l l y  b y  K e l l e r  (4 ) ,  b u t  t h e i r  f luorescen t  p r o p -  
e r t i e s  w e r e  not  desc r ibed .  S ince  t h e y  f o r m e d  e n d -  
m e m b e r s  in t he  sol id  so lu t ions  of the  t y p e  
(LnNbO4)  ~ (CaWO4) 1-~, a l l  t he se  c o m p o u n d s  w e r e  
p r e p a r e d  and  t h e i r  l u m i n e s c e n t  p r o p e r t i e s  a r e  r e -  
po r t ed .  A l t h o u g h  o p t i c a l l y  i n t e r e s t i n g  species  w i t h  
the  p o s s i b i l i t y  of l a se r  ac t ion  could  on ly  be  e x p e c t e d  
in t he  r eg ion  of x f r o m  abou t  0.005 to 0.20, a t  l eas t  
in  some cases  compos i t ions  w i t h  a c o n s i d e r a b l e  
r a n g e  of x w e r e  p r e p a r e d  in o r d e r  to o b s e r v e  the  
t r an s i t i on  f rom ~he schee l i t e  to the  f e r g u s o n i t e  
s t ruc tu re .  

The  close s t r u c t u r a l  r e l a t i o n s h i p  b e t w e e n  these  
two  t y p e s  b e c a m e  a p p a r e n t  d u r i n g  a s t u d y  of com-  
p o u n d s  of t he  t y p e  LnTio.sW0.504, w h i c h  can bes t  be  
cons ide red  I V / V I  s u b s t i t u t e d  r a r e  e a r t h  n ioba t e s  or  
t a n t a l a t e s .  D e p e n d i n g  on the  ionic r a d i u s  of t he  
L n  +3 ion, these  compos i t i ons  c r y s t a l l i z e  e i t h e r  in  t he  
schee l i t e  or  in t he  f e rguson i t e  l a t t i ce .  Ro th  (5)  a l -  
r e a d y  p o i n t e d  out  t h a t  t he  monoc l in i c  GdNbO4 
t r a n s f o r m s  into  a t e t r a g o n a l  s t r u c t u r e  at  840~ and  
G i n g e r i c h  (6)  iden t i f i ed  th is  s t r u c t u r e  as the  schee -  
l i te  type ,  w h i c h  aga in  po in t s  to the  close s t r u c t u r a l  
r e l a t i o n s h i p  of these  two  la t t ices .  S ince  the  A - s i t e  in 
CaWO4 is 8 coord ina t ed ,  bu t  6 c o o r d i n a t e d  in the  
f e r g u s o n i t e  type ,  the  effect  of coo rd ina t i on  n u m b e r  
on the  pos i t i on  of t he  f luorescence  spec t r a  cou ld  also 
be  obse rved .  

Experimental 
Al l  cons t i t uen t  o x i d e s  used  in  th is  i n v e s t i g a t i o n  

w e r e  of the  bes t  c o m m e r c i a l l y  a v a i l a b l e  p u r i t y ,  u s u -  
a l l y  9 9 . 9 ~ %  pure ,  a n d  w e r e  no t  g i v e n  a n y  f u r t h e r  
pu r i f i ca t ion  t r e a t m e n t  p r i o r  to t he  reac t ions .  The  

C a M o O 4 - R A R E  E A R T H  N I O B A T E  S Y S T E M S  691 

r a r e  e a r t h  ox ides  w e r e  o b t a i n e d  f r o m  the  L i n d s a y  
C h e m i c a l  Divis ion ,  WO3 f r o m  S y l v a n i a  E l ec t r i c  
P r o d u c t s  Inc.,  MoO~ f r o m  Merck ,  CaCO3 was  " B a k e r  
a n a l y z e d , "  and  NbeO5 a n d  Ta205 w e r e  K a w e c k i  " h i -  
p u r i t y "  qua l i t y .  O n l y  Sc203 was  p r e p a r e d  f r o m  r e -  
s u b l i m e d  ScCl~, w h i c h  in  t u r n  was  o b t a i n e d  b y  
c h l o r i n a t i n g  t h o r t v e i t i t e  f r o m  N o r s k  F e l d s p a t .  W i t h  
the  e x c e p t i o n  of Ce, Pr ,  and  Tb, a l l  r a r e  e a r t h s  w e r e  
in t he  t e r v a l e n t  s ta te .  The  t r u e  s e squ iox ides  of Ce, 
Pr ,  and  Tb w e r e  o b t a i n e d  b y  h y d r o g e n  r e d u c t i o n  
at  1200~ and  a l l  s u b s e q u e n t  r eac t i ons  w i th  these  
ox ides  w e r e  c a r r i e d  out  u n d e r  pur i f i ed  argon.  Tb 
r e a d i l y  goes to t he  t e r v a l e n t  s t a t e  a t  h igh  t e m p e r a -  
tu re ,  even  in air ,  and  so t h e  a rgon  t r e a t m e n t  was  
l i m i t e d  to Ce and  P r  c o m p o u n d s  only .  

The  ox ide  c o m p o n e n t s  w e r e  w e i g h e d  to t he  n e a r -  
est  0.1 mg  acco rd ing  to t he  de s i r e d  s t o i c h i o m e t r y  
and  m i x i n g  was  ef fec ted b y  ba l l  m i l l i n g  in a m e -  
chan ica l  a g a t e  ba l l  m i l l  u n d e r  ace tone .  D u r i n g  a first  
f i r ing step,  t he  d r i e d  m i x t u r e s  w e r e  h e a t e d  to 1050~ 
in t he  case  of t he  tungs ta t e s ,  and  to 690~ in t he  
case of the  m o l y b d a t e s .  T h e  r e a c t i o n  p r o d u c t s  w e r e  
t h e n  aga in  w e t  ba l l  m i l l e d  and  p r e s s e d  in to  1 in. 
d iam.  pe l l e t s  u n d e r  20,000-40,000 psi .  These  pe l l e t s  
w e r e  t hen  r e t i r e d  at  1200~176 A f t e r  th is  p r o -  
cedure ,  h o m o g e n e o u s  r e a c t i o n  p r o d u c t s  w e r e  o b -  
t a i n e d  w h i c h  d id  not  g ive  a n y  x - r a y  p a t t e r n s  of t he  
cons t i t uen t  componen t s .  C h e m i c a l  ana lys i s  was  on ly  
c a r r i e d  out  in cases  w h e r e  t he  p r o c e d u r e  could  p o s -  
s ib ly  h a v e  caused  a c o n c e n t r a t i o n  sh i f t  of c o m p o -  
nents ,  as fo r  ins tance ,  d u r i n g  Czoeh ra l sk i  c r y s t a l  
pu l l ing .  This  t e c h n i q u e  w i l l  be  d e s c r i b e d  in a s e p -  
a r a t e  p a r a g r a p h .  Most  op t i ca l  and  e l e c t r i c a l  e x a m i -  
na t ions  w e r e  c a r r i e d  out  w i t h  p o l y c r y s t a l l i n e  p o w -  
ders .  The  w e i g h t  loss e x p e r i e n c e d  d u r i n g  the  d i f fe r -  
en t  f i r ing o p e r a t i o n s  was  a l w a y s  less t h a n  0.1-0.2% 
for  1-5g charges ,  a l l o w i n g  for  t he  loss of CO2. 

X-ray Study 
L a t t i c e  p a r a m e t e r s  w e r e  d e t e r m i n e d  on the  bas is  

of p o w d e r  d i f f rac t ion  p a t t e r n s  o b t a i n e d  w i t h  a 114.6 
m m  Ph i l i p s  camera .  A l l  s a m p l e s  w e r e  g r o u n d  to 
--325 mesh ,  s ea l ed  in 3 m m  L i n d e m a n n  glass  c a p i l -  

Table I. Lattice parameters of the Ln0.sNb0.sW0.504 series 

U n i t  ce l l  p, X - r a y ,  ~, l='ycn., 
C o m p o s i t i o n  a t ,  K ct ,  A v o l u m e ,  A3 c/a S p a c e  g r o u p  g . m l  -x g-m1-1 

Sco.sNb0.sWo.sCa0.504 Not formed:  mix tu re  of ScNbO4 and CaWO4 
Y0.sNb0.sWo.sCa0.504 5.202 11.180 302.540 2.149 I41/a 5.858 5.80 
La0.5Nb0.sW0.sCa0.504 5.320 11.455 324.204 2.153 I41/a  5.979 5.91 
Ceo.sNb0.sW0.sCa0.504 5.292 11.402 319.316 2.154 .I41/a 6.083 5.98 
Pro.sNbo.sWo.sCao.504 5.278 11.361 316.487 2.152 I41/a  6.146 6.13 
Nd0.sNb0.sW0.~Ca0.504 5.263 11.347 314.302 2.155 I41/a  6.224 6.17 
Sm0.sNb0.sW0.~Ca0.504 5.244 11.272 309.975 2.149 I41/a  6.376 6.31 
Euo.sNb0.sW0.sCa0.504 5.234 11.245 308.054 2.148 I41/a  6.434 6.29 
Gdo.~Nbo.s Wo.~Cao.504 5.225 11.224 306.422 2.148 I 41/ a 6.525 6.51 
Tbo.~Nb0.sW0.~Ca0.504 5.216 11.200 304.714 2.I47 I41/a  6.579 6.44 
Dy0.sNb0.sW0.~Ca0.504 5.208 11.186 303.400 2.148 I41/a  6.647 6.56 
Ho0.~Nb0.~W0.~Ca0.~O4 5.196 11.173 301.653 2.150 I41/a  6.713 6.68 
Ero.sNb0.sW0.sCa0.504 5.191 11.161 300.749 2.150 I41/a  6.758 6.63 
Tmo.sNbo.sW0.sCa0.504 5.24* 11.30 - -  - -  I41/a  ~ I 2 / a  
Yb0 .sNb0.sW0.~Ca0.504 5.24" 11.29 - -  - -  I41/a  ~ I 2 / a  
Lu0.sNb0.~W0.~Ca0.504 5.25 * 11.26 - -  ~ I41/a  -4- I 2 /  a 

* T h e s e  l a s t  t h r e e  s a m p l e s  of T a b l e  I w e r e  in  t h e  2 - p h a s e  r e g i o n  a n d  a lso  c o n t a i n e d  t h e  f o l l o w i n g  r n o n o c l i n i c  f r a c t i o n s ;  
T m :  a : 5 . 2 4 A ,  b : I 0 . 8 7 A ,  c = 5 . 1 2 5 A ,  f l  = 9 3 . 9 0  ~ 
Y b :  a = 5 . 2 3 A ,  b = 1 1 . 0 5 A ,  c = 5 . 0 8 A ,  /~ --~ 9 3 . 4 2  ~ 
L u :  a 5.20-&, b 10.90A, c 5 .05A,  fl ~ 93.32 ~ 
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]aries and  t h e n  exposed to copper  Ka r ad i a t i on  
(X = 1.5418A) at  25~ for 3-6 hr. The  read ings  were  
t aken  v i sua l l y  at  cons tan t  t e m p e r a t u r e  w i th  a Hi lger  
and  Wat t s  film m e a s u r i n g  ru le  w i t h  0.05 m m  v e r n i e r  
divisions.  Al l  films w e r e  cor rec ted  for f i lm s h r i n k -  
age. 

Or i en t a t i on  pa t t e rn s  of Czochralski  g rown  s ingle  
crysta ls  we re  ob ta ined  b y  the  Laue  back- re f lec t ion  
techn ique .  The  densi t ies  we re  d e t e r m i n e d  on  p o w -  
dered  spec imens  of --200 mesh,  by  we igh ing  1-2g 
samples  into a 5 ml  p y c n o m e t e r  and  d is t i l l ing  pu re  
CC14 onto the  c o m p o u n d  u n d e r  vacuum.  Whi le  the 
CC14 was  f rozen out  w i th  l i qu id  n i t rogen ,  it  was  
possible to p u m p  the  sys t em to 10 -5 m m  Hg or 
bet ter .  

Tab le  I summar i zes  the  s t r u c t u r a l  p a r a m e t e r s  to-  
ge ther  w i t h  the  x - r a y  and  p y c n o m e t r i c a l l y  de t e r -  
m i n e d  densi t ies  for the  (CaWO4) x (LnNbO4) 1-x sys-  
t e m  wi th  x ---- 0.5. 

Lat t ice  p a r a m e t e r s  were  also d e t e r m i n e d  for the  
co r respond ing  m o l y b d a t e  sys tems as we l l  as for bo th  
tungs ta t e s  and  molybda te s  in  solid so lu t ion  w i th  the 
r a re  ea r th  tan ta la tes .  The  s i tua t ion  is a lmost  i de n t i -  
cal w i th  t ha t  r ep re sen t ed  in  Table  I, except  tha t  the  
at p a r a m e t e r s  for the  mo lybda te s  are gene ra l l y  
s l igh t ly  smal ler ,  ct is s l igh t ly  la rger ,  and  the  u n i t  
cell vo lume  is s l igh t ly  smal ler .  I t  is also in t e re s t ing  
to note  tha t  the  t r a n s i t i o n  to the  fe rguson i te  type  
for  the  m o y b d a t e  solid solut ions  occurs b e t w e e n  t e r -  
b i u m  and  dyspros ium,  r a t h e r  t h a n  b e t w e e n  e r b i u m  
and  t h u l i u m  as it  does for the tungs ta tes .  I n  gen -  
eral,  the  t r ans i t i on  l ine  r u n s  f rom a p p r o x i m a t e l y  
x : 0.6 for the  l a n t h a n u m  compounds  to about  
x = 0.4 for the  l u t e t h i u m  compounds ,  w i th  the  
2-phase  reg ion  be ing  abou t  twice  as wide  for the 
L u  composi t ion  as it  is for the  La compounds .  A 
more  de ta i led  s tudy  of the  p a r a m e t e r s  as a f u n c -  
t ion  of x is g iven  in  Fig.  1 for the  EuNbO4/CaWO4 
system. F igu re  2 summar i zes  the same s i tua t ion  for 
the  YNbO4/CaWO4 system. In  e i ther  case, the la t t ice  
p a r a m e t e r s  of the  p u r e  monoc l in ic  end  m e m b e r s  
agree qui te  wel l  w i th  those d e t e r m i n e d  by  Ke l l e r  
(4) .  

Fluorescent  Propert ies 
The f luorescent  emiss ion  as a f unc t i on  of x for the  

di f ferent  sys tems was  d e t e r m i n e d  next .  Since gen -  
e ra l ly  a h igh  site symmet ry ,  tha t  is a g rea t  n u m b e r  
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of nea res t  ne ighbors ,  is a des i rab le  s i tua t ion  for 
efficient fluorescence, it  was to be expected tha t  the  
ra re  ea r th  in  the 6 coord ina ted  A site of the  fe r -  
gusoni te  wou ld  no t  be  as r ead i ly  exci ted  as in  the 8 
coord ina ted  A site of scheelite.  However ,  s ince no 
f luorescent  proper t ies  of the  r a re  ea r th  n ioba tes  and  
t an t a l a t e s  had  been  repor ted ,  these proper t ies  were  
s tud ied  both  u n d e r  3650A a nd  2537A exci ta t ion,  at 

Table II. Intensity and color of fluorescent emission of AB04 type rare earth niobates and tantalates 

F l u o r e s c e n c e  F l u o r e s c e n c e  F l u o r e s c e n c e  
co lor  u n d e r  3650A co lor  u n d e r  2537A color  u n d e r  3650A 

C o m p o u n d  e x c i t a t i o n  a t  25~ e x c i t a t i o n  a t  25~ e x c i t a t i o n  a t  - -196~ 

VNbO4 - -  S Blue white S Yellow 
LaNbO4 - -  S White  M Peach 
EuNbO4 W Purp le  W Purp le  W Red purple 
GdNbO4 - -  S Peach S Yellow 
ErNbO4 - -  - -  M Yellow 
TmNbO4 - -  S Blue white S Yellow 
ScTaO4 - -  ~ W White 
~ r a O 4  - -  S Blue white - -  
LaTaO4 - -  S Peach - -  
SmTaO4 - -  - -  - -  

EuTaO4 W Red purple  W Purp le  M Red 
GdTaO4 - -  S Peach M Peach 
D y T a O 4  - -  - -  - -  

T m T a 0 4  - -  W Blue - -  

LuTaO4 - -  W Blue white - -  

F l u o r e s c e n c e  
co lor  u n d e r  2537A 

e x c i t a t i o n  a t  -- 196~ 

S Blue white  
S Blue white  
W Red purple  
S Peach 
M White 
S Blue white  
M White 
S Blue white 
S White 
S Blue white  
S Red purple  
S White  
S Blue white  
W Blue white 
M Blue white 
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room t e m p e r a t u r e  and  at  l iqu id  n i t r o g e n  t e m p e r a -  3o~ 
ture .  These  resu l t s  are  s u m m a r i z e d  in  Table  II. The  
compounds  no t  l i s ted did no t  exh ib i t  a n y  f luores-  
cence u n d e r  the  condi t ions  stated.  The  prefixes W, 
M, and  S denote  v i s u a l l y  observed  weak,  m e d i u m ,  
and  s t rong  fluorescence. I t  is i n t e re s t ing  to no te  t ha t  2( 
composi t ions  such as the  Y, La, Gd, and  L u  com-  " 
pounds  were  found  to fluoresce, a l though  on the  
basis  of the  ref lectance spect ra  of the  co r respond ing  
ra re  ea r th  oxides, no abso rp t ion  is not iced  in  the  

J0 
region  of exci ta t ion.  This  indica tes  t ha t  p r o b a b l y  
the  NbO4 a -  or TaO43- an ionic  groups  absorb  a nd  
t r a n s f e r  the  e n e r g y  to the  r a re  ear ths ,  wh ich  in  t u r n  
emit .  

The qua l i t a t i ve ly  observed  f luorescence for the 
LnNbO4/CaWO4 sys tem at x = 0.5 is s u m m a r i z e d  
in  Tab le  III .  Here  aga in  the  compounds  wh ich  d id  no t  
l uminesce  are no t  l isted. I t  is i n t e re s t ing  to no te  
that ,  for ins tance ,  the  s a m a r i u m  compounds  did no t  
fluoresce at this  concen t ra t ion ,  whi le  at  lower  con-  
cen t ra t ions  i t  is one of the  mos t  i n t ense  emi t te rs ,  ~o 
f luorescing in  the  orange.  Obvious ly ,  this  is a case 
of concen t r a t i on  quench ing .  For  f u r t h e r  studies,  the  
fo l lowing ra re  ear ths  we re  selected as candida tes :  
Sm, Eu, Tb, and  Dy. Al l  of these fluoresce i n t e nse l y  so 
in  the  v is ib le  and  are r e l a t i ve ly  sharp  l ine  emit ters .  
The i n t ens i t y  of f luorescent  emiss ion was  first de t e r -  
m i n e d  as a f unc t i on  of the  ac t iva tor  concen t ra t ion .  
The coarse f luorescent  scans were  ob ta ined  in  a 
B e c k m a n n  D K  2 record ing  spec t romete r  w i t h  a ~o 
f luorescent  u l t r av io l e t  l amp  F 4 T 5 / B L  (GE des ig-  
n a t i o n ) .  The  detec tor  used  was  a 1 P28 RCA photo-  
m u l t i p l i e r  tube.  The more  ref ined spect ra  were  t a k e n  
f rom samples  exci ted b y  a f i l tered AH-3  m e r c u r y  
discharge  l amp  ( p r i m a r i l y  3650A rad ia t i on )  on a 
Leeds and  N o r t h r u p  0.5 me t e r  Ebe r t  m o u n t  g ra t ing  
spec t romete r  us ing  aga in  a 1 P28 pho tomu l t i p l i e r  de-  
tector.  F i g u r e  3 gives the  i n t e n s i t y  of f luorescent  
emiss ion  as a f u n c t i o n  of ac t iva tor  concen t r a t i on  
for the  DyNbO~/CaMoO4 sys tem and  Fig. 4 r e p r e -  
sents  the  same s i tua t ion  for the  TbNbO4/CaWO4 
system. The  fact  t ha t  the  o p t i m u m  doping  conc e n -  
t r a t i on  was  observed  to be lower  for the  mo lybda t e s  
t h a n  for the  t ungs t a t e s  was  gene ra l l y  t rue  also for 
all  o ther  systems.  Typ ica l  f luorescence spect ra  of 
composi t ions  in  the  v i c in i t y  of the  doping  o p t i m u m  
are g iven  in  Fig. 5 and  6 for a e u r o p i u m  and  t e r -  
b i u m  doped t u n g s t a t e  a t  room t e m p e r a t u r e  a nd  in  
Fig. 7 and  8 for dysp ros ium and  s a m a r i u m  both  at  
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Fig. 3. Intensity of fluorescent emission as n function of X for 
the (DyNbO4)x(CaMoO4)z-x system. 3650~, excitation. 
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Fig. 4. Intensity of fluorescent emission as a function of X for the 
(TbNbO4)x(CaWO4)l-x system. 3650-~ excitation. 

room t e m p e r a t u r e  and  l iqu id  n i t r ogen  t e m p e r a t u r e .  
The  first two spect ra  show ha l f  wid ths  of ce r ta in  
l ines  b e t w e e n  10 a n d  20A at  r oom t e m p e r a t u r e .  For  
the  l a t t e r  two spectra,  a s ignif icant  s h a r p e n i n g  of 
l ines  can  be observed  at  l iqu id  n i t r o g e n  t e m p e r a t u r e  
w i th  hal f  wid ths  of 2-3A. 

As far  as compar i son  of r e l a t ive  in tens i t i e s  is 
concerned,  the  t e r b i u m - d o p e d  compounds  were  ou t -  
s t and ing .  Tab le  IV lists the  in tens i t i es  in  a r b i t r a r y  
un i t s  for comparab le  condi t ions  in  va r ious  hosts and  

Table III. Color of fluorescent emission of the Lno.sNbo.5Wo.sCao.504 series 

F l u o r e s c e n c e  F l u o r e s c e n c e  F l u o r e s c e n c e  F l u o r e s c e n c e  
c o l o r  u n d e r  3 6 5 0 A  c o l o r  u n d e r  2 5 3 7 A  c o l o r  u n d e r  3 6 5 0 A  c o l o r  u n d e r  2537:% 

L n  e x c i t a t i o n  a t  2 5 " C  e x c i t a t i o n  a t  2 5 ~  e x c i t a t i o n  a t  - -  1 9 6 ~  e x c i t a t i o n  a t  - -  1 9 6 " C  

Sc - -  S White - -  S Yellow white  
Y - -  M Yellow white - -  S Green white 
La - -  M Yellow white W Blue S Green white 
P r  - -  S Green white - -  S Green whi te  
Eu - -  S Red S Red S Red 
Gd - -  S Yellow white W Orange S Green  whi te  
Tb - -  M Green W Yellow green S Green white  
Er - -  - -  M Yellow M Yellow white 
Tm W Rose S Yellow white lYl Orange S Green  White 
Yb - -  W Blue - -  M Blue white 
Lu - -  W Blue - -  W Blue white 
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Fig. 5. Fluorescent emission spectrum of (EuNb)o.2(CaW)o.sO4 at 
300~ 3650,~, excitation. 
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Fig. 6. Fluorescent emission spectrum of (TbNb)o.o4(CaW)o.9604 at 
300~ 3650~ excitation. 

wi th  both Nb +s and  Ta +s as compensa t ing  ions. The  
w a v e l e n g t h  of the most  in t ense  l ine  for  which  the  
compar i son  is made  is g iven  in  the last  co lumn.  Wi th  
the  except ion  of the  EuNbO4/CaWO4 case, we can 
see tha t  the  N b / M o  combina t ion  is gene ra l l y  the  
best, i nd ica t ing  tha t  i n t ens i t y  appears  to be a f unc -  
t ion  of the average  a tomic weight .  This  was f u r t he r  
suppor ted  by  expe r imen t s  us ing  SrMoO4, SrWO4, 
BaMoO4, and  BaWO4 as hosts for the  var ious  r a re  
ea r th  n ioba tes  and  tan ta la tes .  In  each case, a f u r t h e r  
r educ t ion  in  i n t ens i t y  of f luorescent  emiss ion  was  
ob ta ined  as the  a tomic weigh t  of the  host increased.  

Crystal  Growing Experiments 

The appa ra tu s  used for the  Czochralski  g rowth  of 
crys ta ls  is shown in  Fig. 9. I t  is v e r y  s imi la r  to the  
se tup descr ibed by  Nassau  (1) ;  the  p r inc ipa l  differ-  
ence is the ro ta t ion  of the  me l t  r a t h e r  t h a n  the  seed. 
As a power  source, a 25 kw Wes t inghouse  radio f re -  
q u e n c y  genera tor ,  450 kc / sec  was  used. A n  a u t o -  
mat ic  radio f r equency  vol tage  control ler ,  r egu l a t i ng  

Table IV. Comparison of maximum observed emission for Tb, Dy, 
Sm, Eu, and Er in different host lattices under identical 

test conditions 

H o s t  and compensat ing ion  

Wave 
Rare  length,  
ea r th  Mo/Nb Mo/Ta W/Nb W/Ta  m~ 

Tb 560 260 190 190 542 
Dy 360 240 150 40 565 
Sm 160 33 10 5 580 
Eu 64 40 110 27 610 
Er 85 65 37 31 548 
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Fig. 7. Fluorescent emission 
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(CaMo)o.g9404 at 300OK (top) and 77~ (bottom). 3650~ excita- 
tion. 
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Fig. 8. Fluorescent emission spectrum of (DyNb)o.oos(CaMo)o.99204 
at 300~ (top) and 77~ (bottom). 3650~ excitation, 
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Fig. 9. Apparatus used for Czochralski growth of crystals 

to ---+21/2 % was found  e x t r e m e l y  he lp fu l  in ob t a in ing  
be t t e r  u n i f o r m i t y  in  cross-sect ion of the s ingle  c rys-  
tals. The  ro ta t ion  ra te  of the  me l t  con t a ine r  was 
6-10 rpm,  pu l l i ng  rate,  ge ne r a l l y  1/2-1 in . / h r .  Melt  
t e m p e r a t u r e s  were  observed  v i sua l ly  w i th  an  opt ical  
pyromete r .  A n  occasional  check wi th  a P t / P t  13% 
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Rh the rmocoup le  ind ica ted  tha t  due to the  emiss iv i ty  
correct ion the  opt ical  m e a s u r e m e n t s  were  about  
40~ too low. In i t i a l  me l t  t e m p e r a t u r e  for m o l y b -  
dates  was  about  1480~ the tungs ta t e s  me l t ed  about  
100~ higher .  

F i r s t  seeds were  ob ta ined  f rom monoc rys t a l l i ne  
f rac t ions  of boules  g rown  on a Rh wire,  and  sub -  
sequen t  growths  were  exc lus ive ly  made  on seeds. 
Twofold  s y m m e t r y  of the Laue  back  reflect ion 
photographs  of the spon taneous ly  seeded crysta ls  in -  
dicated tha t  crys ta ls  g rew in  the a -ax i s  and  most  
subsequen t  crystals  were  o r ien ted  in  the  same di -  
rection,  a l though  it  was  possible by  cu t t ing  an  ap-  
p ropr ia t e  seed to grow crysta ls  in  the c-axis .  The  
cross-sect ion of these crysta ls  was  a lmost  r o u n d  as 
compared  to the e l l ipt ical  cross-sect ion of a -ax i s  
crystals.  

A l t h o u g h  some doped tungs t a t e s  were  grown,  
most  work  was  done on mo lybda t e s  since the  n ioba te  
doping gave a specific advantage .  I t  is k n o w n  (7) 
tha t  if CaMoO4 is g rown  by  i tself  it  t ends  to lose 
oxygen  and  t u r n  blue.  A l though  such a colored c rys-  
ta l  can be reoxidized u n d e r  pu re  oxygen  at about  
1300~ this is a r a t h e r  u n d e s i r a b l e  fea ture ,  one 
which  is no t  a p p a r e n t  w i th  CaWO4. If as l i t t le  as 1/z 
mole % of a ra re  ear th  n ioba te  (wi th  the  except ion  
of EuNbO4) is added to the CaMoO4 melt ,  it is 
s tabi l ized to the po in t  where  no oxygen  loss and  
hence  no colorat ion occurs. The most  s t r ik ing  ex -  
amples  are those wi th  i n h e r e n t l y  unco lored  ra re  
ear ths  such as Gd, Tb, Tin,  and  Yb which  give 
colorless, wa te rc l ea r  crysta ls  in  CaMoO4 as a host 
even  wi thou t  a n n e a l i n g  in  oxygen.  

In  pu l l i ng  undoped  CaMoO4 f rom mel ts  of com-  
merc ia l ly  ava i lab le  mater ia l ,  cons iderab le  difficulties 
were  exper ienced  wi th  cracking.  Even  doub le -  
pu l l ed  crystals ,  a l t hough  to a m u c h  lesser  degree,  
t ended  to crack. The  p rec ip i t a t ion  of CaMoO~ f rom 
a pur i f ied a m m o n i u m  m o l y b d a t e  so lu t ion  wi th  a 
pur i f ied ca lc ium n i t r a t e  solut ion gave an  exce l len t  
s t a r t ing  mater ia l .  The qua l i t y  of this  CaMoO4 was 
such tha t  even  on first pul l ing ,  c rack-f ree ,  sound  
crysta ls  of high optical  pe r fec t ion  were  obta ined .  
Ten  ca lc ium mo lybda t e  crysta ls  doped wi th  di f ferent  
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ra re  earths,  of a n  average  l e n g t h  of at leas t  2 in., were  
g r o w n  wi thou t  cracks, clouds or inc lus ions  of any  
kind.  F igures  10 and  11 give some typ ica l  ex-  
amples  of crystals .  F igu re  11 represen t s  the  r a the r  
i n t e r e s t i ng  case of EuNbO4/CaMoO4. This  is the  
on ly  example  where  v e r y  in t ense  deep red coloring 
of the  c rys ta l  af ter  g rowing  was observed.  The color 
here,  however ,  is no t  associated w i t h  a r educ t ion  of 
Mo +6, bu t  r a the r  wi th  oxygen  loss f rom Eu +~. 
B r a u e r  (8) has r ecen t l y  descr ibed a nove l  e u r o p i u m  
oxide, Eu304, which  is of deep red color. I t  is u n -  
doub ted ly  this  c o m b i n a t i o n  of Eu  +2 a nd  Eu +3 which  
gives the  same red color in  the  crystal .  The  effect of 
a n n e a l i n g  at  1300~ u n d e r  pure  oxygen  is seen in  
the lower  pic ture .  All  Eu  +2 is oxidized to Eu  +3 and  
the  red color disappears .  

Top and  bo t tom of each crys ta l  we re  cut  off w i th  a 
d i a m o n d  saw and  were  used for ana ly t i ca l  e v a l u a -  
t ion  and  d e t e r m i n a t i o n  of the d i s t r i b u t i o n  coeffi- 
cients.  The  ana ly t i ca l  p rocedure  was  an  x - r a y  fluo- 
rescence t echn ique  which  p rov ided  resu l t s  as seen 
for a smal l  n u m b e r  of typ ica l  crys ta ls  in  Tab le  V. 
Also l is ted are the  ca lcu la ted  d i s t r i bu t i on  coeffi- 
cients  of the  cor responding  ra re  ea r th  n iobates  in  
the  host. The  d i s t r i bu t i on  coefficient is g iven  by  the 
ra t io  Cs/CL, w he r e  Cs represen t s  the  concen t r a t i on  
of the  dopan t  in  the solid, CL tha t  in  the  l iquid.  It  
was  ca lcu la ted  according to P f a n n  (9) u n d e r  the 
assumption tha t  the s to ichiometr ic  ra t io  of L n : N b  
does no t  change  apprec iably ,  which  is n e a r l y  correct  
as seen f rom some rat io ca lcula t ions  of CaO:MoO3 
and  CaO:Nb205 on top and  bo t tom of severa l  c rys -  
tals. 

A few typica l  examples  of the an ion  to cat ion 
rat ios  ca lcula ted  f rom ana ly t i ca l  da ta  are g iven  in  
Table  VI. In  no case of the  e leven  examples  ex-  
a m i n e d  did the  CaO:MoO~ rat io  dev ia te  by  more  
t h a n  0.01 a nd  no genera l  t r e n d  for the  shift  of the  
Ln20~:Nb205 rat io could be detected.  In  seven cases 
the ra t io  w e n t  up, down  in four,  bu t  it a lways  ex-  

Table V. Analysis and distribution coefficients of some typical 
single crystals of the (LnNb04) x(CaMoO4)~-x series 

Ln K = C s / C L  % MoOs % CaO % Ln2Oa % Nb:O~ E % 

Fig. 10. Single crystal of CaMo04 

Pr 1.3 70.74 27.39 0.86 0.74 99'.73 
Nd 1.2 71.30 27.12 0.86 0.73 100.01 
Sm 1.2 71.35 27.76 0.61 0.53 I00.25 
Eu 1.4 70.99 27.32 0.92 0.77 100.00 
Gd 1.4 70.50 27.22 1.30 1.01 100.03 
Tb 1.4 70.88 27.93 0.80 0.66 100.27 
Dy 1.3 70.92 27.88 0.88 0.76 100.44 
Ho 1.4 70.48 27.75 1.05 0.81 1.00.09 
Er 1.3 70.70 27.72 1.09 0.88 100.39 
Tm 1.2 70.92 27.28 0.92 0.89 100.01 
Yb 1.2 70.07 27.75 1.04 0.87 99.73 

Table VI. Cation to anion ratios for several dopants in 
CaMo04 host 

Cat ion /an ion  rat io  CaO :MoO~ rat io  
Dopant  Top Bot tom Top Bot tom 

Fig. 11. Single crystal of (EuNb)o.ol(CaMo)0.9904-after growing 
(top) and after oxidizing (bottom). 

NdNbO4 1:1.05 1:1.16 1:1.00 1:0.99 
GdNbO4 1:1.05 1:1.09 1:0.99 1:0.99 
TbNbO4 1:1.09 1:1.13 1:0.99 1:0.99 
HoNbO4 1:1.09 1:1.07 1:0.99 1:0.99 
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Fig. 12. Spectral characteristics of o xenon orc ( - -  - -  ~ )  corn- 
pored with the reflectonce spectrum of (EuNb)o.ol(CoMo)0.9904 
(solid line). 

ceeded  the  n o m i n a l  1:1.00 ra t io ,  i n d i c a t i n g  t ha t  in 
o r d e r  to o b t a i n  t r ue  s t o i c h i o m e t r y  one  shou ld  s t a r t  
w i th  a Ln203:Nb205 ra t io  s l i g h t l y  r i ch  in r a r e  
ea r ths .  

N a s s a u  (2 ) ,  h o w e v e r ,  f o u n d  in a m o r e  re f ined  
s t u d y  t ha t  Nb  +5 and,  for  e x a m p l e ,  N d  +3 do s e g r e -  
ga t e  i n d i v i d u a l l y  b u t  t e n d  to a p p r o a c h  the  d e s i r a b l e  
1 : 1 ra t io .  

Evaluation of Crystals 

C r y s t a l s  of ove r  2 in. l e n g t h  w e r e  g r o u n d  to 
l a se r  speci f ica t ions  b y  A. M e l l e r  Co. F l u o r n o y  (10) 
r e a d i l y  a c h i e v e d  s t i m u l a t e d  emiss ion  f r o m  a rod  
d o p e d  w i t h  a b o u t  1 m o l e  % NdNbO4 and  o b s e r v e d  
a t h r e s h o l d  ~ 1 0  jou les  at  135~ and  a f luorescent  
l i f e t ime  of 159 /~sec; h a l f w i d t h  of t he  l a se r  l ine  
was  ~ 5 A .  

A l t h o u g h  the  x e n o n  flash l a m p  a v a i l a b l e  d id  no t  
a p p e a r  to be  the  bes t  source  of exc i t a t i on  (as can  be  
seen  f r o m  a c o m p a r i s o n  of the  a b s o r p t i o n  s p e c t r u m  
of Eu0.01Nb0.01Ca0.99Mo0.9904 in c o m p a r i s o n  w i t h  t h e  
s p e c t r a l  c h a r a c t e r i s t i c s  of a x e n o n  a rc  in Fig.  12) 
w e  a t t e m p t e d  to obse rve  l a se r  emiss ion  in the  v i s i -  
b le  f r o m  rods  d o p e d  w i t h  S m  +~, Tb+3, and  D y  +3, b u t  
even  a t  p u m p i n g  ene rg i e s  up  to 6400 jou le s  no l a se r  
ac t ion  was  obse rved .  

S tud i e s  w i t h  a l l  o the r  compos i t ions  e x p e c t e d  to 
have  l a se r  ac t ion  in  t h e  i n f r a r e d  a r e  s t i l l  in p rogres s .  

Miscel laneous Other  Data  and Discussion 

The  s t r u c t u r a l  c h a r a c t e r i z a t i o n  of t he  L n N b O 4 /  
CaMoO4 sys t ems  and  the  p r a c t i c a l  e v a l u a t i o n  in s in -  
gle  c r y s t a l s  i n d i c a t e d  t h a t  these  sy s t ems  a re  i dea l  
for  dop ing  m a t e r i a l s  of t he  schee l i t e  type .  The  h igh  
t h e r m a l  s t a b i l i t y  of the  r a r e  e a r t h  n ioba t e s  and  
t a n t a l a t e s  ( m e l t i n g  in excess  of 1700~ c o m b i n e d  
w i t h  a v e r y  f a v o r a b l e  d i s t r i b u t i o n  coefficient a re  
d e s i r a b l e  fac tors .  The  fac t  t h a t  d i s t r i b u t i o n  coeffi- 
c ien ts  a r e  a b o v e  1 ind ica t e s  t h a t  t he  m e l t  t e m p e r a -  
t u r e  of t h e  hos t  m a t e r i a l ,  CaMoO4, is a c t u a l l y  r a i s ed  
s o m e w h a t  and  the  c o n c e n t r a t i o n  Cs of t he  d o p a n t  in  
the  sol id  is a t  a l l  t i m e s  s l i g h t l y  h i g h e r  t h a n  the  
c o n c e n t r a t i o n  CL in t he  l iqu id .  This  l e a v e s  a v e r y  

s l igh t  c o n c e n t r a t i o n  g r a d i e n t  d e c r e a s i n g  f r o m  the  
top to t he  b o t t o m  of a s ingle  c rys ta l .  A l t h o u g h  
this  g r a d i e n t  is a p p a r e n t l y  no t  d e t r i m e n t a l  to 
l a se r  ac t ion  (as  t he  s t i m u l a t e d  emiss ion  s h o w e d  of 
Nd0.01Nb0.01Ca0.99Moo.9904) i t  w o u l d  be  d e s i r a b l e  to 
e l i m i n a t e  it. T h e r e  a r e  t h r e e  poss ib i l i t i e s :  ( i )  to 
zone l eve l  the  c r y s t a l  a f t e r  pu l l ing ,  ( i i )  to add  
p r e c a l c u l a t e d  a m o u n t s  of Nb205 and  Nd20~ d u r i n g  
pu l l ing ,  a n d  ( i i i )  to pu l l  a r e l a t i v e l y  s m a l l  c r y s t a l  
f r om a l a r g e  m e l t  r e se rvo i r .  I t  w o u l d  a p p e a r  t h a t  
so lu t ion  ( i i i )  is b y  f a r  the  s i m p l e s t  and  mos t  p r a c -  
t ical ,  if  i ndeed  a r ea l i s t i c  need  for  c o m p l e t e  h o m o -  
g e n e i t y  of t he  d o p a n t  in t he  c r y s t a l  exis ts .  

S ince  the  s ame  va l e nc e  c o m p e n s a t i o n  p r i n c i p l e  
w o u l d  a p p l y  for  r a r e  e a r t h  v a n a d a t e s  a n d  p h o s -  
pha t e s  ( t e t r a g o n a l  z i rcon  s t r u c t u r e )  as i t  d i d  for  
n ioba t e s  and  t a n t a l a t e s ,  i t  was  of i n t e r e s t  to see how 
ca l c ium m o l y b d a t e  could  be d o p e d  w i t h  t hese  c o m -  
pounds .  Suff icient  sol id  so lub i l i t y  was  f irst  e s t a b -  
l i shed  b y  x - r a y  s tudy .  A l t h o u g h  r a r e  e a r t h  v a n a -  
da tes  and  p h o s p h a t e s  p e r  se a r e  also qu i t e  t e m p e r a -  
t u r e  s t ab l e  (GdVO4 m e l t s  a t  ~ 1 7 5 0 ~  if  a d d e d  to 
CaMoO4, the  o x y g e n  loss  of t h a t  c o m p o u n d  was  
w o r s e  t h a n  if p u l l e d  b y  i tse l f ,  as j u d g e d  f r o m  the  
deep  b l u e - b l a c k  color.  D i s t r i b u t i o n  coefficients for  
bo th  t he  v a n a d a t e s  a n d  p h o s p h a t e s  w e r e  a lso  b e l o w  
1. This  w a s  a r a t h e r  s u r p r i s i n g  r e su l t  b u t  i t  i nd ica t e s  
tha t  r a r e  e a r t h  v a n a d a t e s  and  p h o s p h a t e s  show no 
a d v a n t a g e  ove r  n i o b a t e  doping ,  p a r t i c u l a r l y  s ince 
the  g r o w i n g  c ha ra c t e r i s t i c s  of  these  c rys t a l s  w e r e  
also m u c h  w o r s e  t h a n  for  n i o b a t e  d o p e d  ones. This  
cons t i tu t e s  ju s t  one o the r  f e a t u r e  in f a v o r  of the  
N b / M o  sys tem.  

E l e c t r i c a l  p r o p e r t i e s  w e r e  m o s t l y  m e a s u r e d  on 
hot  p r e s s e d  or  s i n t e r e d  pe l l e t s  and  i n d i c a t e d  t h a t  the  
r e s i s t iv i t i e s  g e n e r a l l y  r a n g e d  f r o m  1012-10 TM o h m - c m  
w i t h  d ie l ec t r i c  cons t an t s  b e t w e e n  7 and  12. A n  
i n t e r e s t i n g  f e a t u r e  is t he  fac t  t h a t  l u m i n e s c e n c e  d id  
not  q u e n c h  up  to 300~ w h i c h  m a y  sugges t  some 
h igh  t e m p e r a t u r e  a p p l i c a t i o n s  for  these  m a t e r i a l s  
as phosphors .  The  Eu  d o p e d  m o l y b d a t e  was  also 
found  to c a t h o d o l u m i n e s c e  in  t he  red.  

A l t h o u g h  it  is r ecogn ized  t h a t  t he  u l t i m a t e  c r i -  
t e r i on  for  l a se r  p e r f o r m a n c e  is t he  t h r e s h o l d  e n e r g y  
and  lowes t  t h r e s h o l d s  h a v e  been  r e p o r t e d  for  t u n g -  
s ta tes ,  i t  also a p p e a r s  t ha t  v e r y  l i t t l e  w o r k  has  ac -  
t u a l l y  b e e n  done  w i t h  CaMoO4. The  r e su l t s  r e p o r t e d  
he re  m a y  he lp  to s t i m u l a t e  some  n e w  i n t e r e s t  in th is  
m a t e r i a l  as a host .  
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ABSTRACT 

The re la t ive  pa r t i a l  mola l  free energy of ga l l ium and the ac t iv i ty  of gal-  
l ium in the  compound NiGa have been  obta ined  across the  homogene i ty  range  
of this phase  at  835 ~ and 900~ A solid state anion conductor  (CaO-s tabi l ized  
ZrO2) was used as the  e lec t ro ly te  in a high t e m p e r a t u r e  galvanic  cell. I t  was 
found that  the  the rmodynamic  proper t ies  of N iGa  change rap id ly  near  50 
a tom per  cent gal l ium. A br ief  rev iew is made  of the m e t a l / o x i d e  equi l ibr ia  
and  the f ree  energies  of the  two gal l ium oxides Ga203 and Ga20. 

D u r i n g  the  course  of i n v e s t i g a t i n g  (1)  an  o x y g e n -  
i n d u c e d  h a r d e n i n g  in t he  CsC1 s t r u c t u r e  c o m p o u n d  
NiGa,  i t  b e c a m e  d e s i r a b l e  to l e a r n  s o m e t h i n g  abou t  
the  v a r i a t i o n  of  g a l l i u m  a c t i v i t y  w i t h  g a l l i u m  con-  
c e n t r a t i o n  across  t he  h o m o g e n e i t y  r a n g e  of NiGa .  
A c c o r d i n g  to t he  p h a s e  d i a g r a m  g iven  b y  H a n s e n  
(2) ,  t he  i n t e r m e t a l l i c  c o m p o u n d  N i G a  has  a h o m o -  
g e n e i t y  r a n g e  of a b o u t  37-60 a t o m  p e r  cent  ( a / o )  
Ga  a t  900~ r a p i d l y  d e c r e a s i n g  to abou t  48-54 a / o  
Ga  a t  600~ and  be low.  

Experimental Procedure 
F i v e  a l loys  w e r e  used ,  con t a in ing  41, 49.6, 51.6, 

53.7, and  57 a / o  Ga.  The  first  and  las t  a l loys  w e r e  
not  ana lyzed ,  b u t  t he  compos i t i on  of the  o t h e r  t h r e e  
a l loys  a r e  the  r e su l t s  of  c h e m i c a l  ana lys i s .  E x p e r i -  
ence has  shown  t h a t  t he  i n t e n d e d  compos i t ion  was  
o r d i n a r i l y  a c h i e v e d  to w i t h i n  a b o u t  0.1% Ga. G a l -  
l i u m  of fou r  n ines  p u r i t y  and  c a r b o n y l  n i c k e l  w e r e  
m e l t e d  in a pur i f i ed  a r g o n  a t m o s p h e r e  in  an  i n d u c -  
t ion  f u r n a c e  and  100g cas t ings  w e r e  p o u r e d  into  
g r a p h i t e  mo lds  to y i e l d  b a r s  abou t  % in. x 3/4 in. x 5 
in. M e t a l l o g r a p h i c  e x a m i n a t i o n  showed  s ingle  phase  
a l loys  excep t  for  t h e  two  e x t r e m e  compos i t ions ,  
w h i c h  showed  two  phase s  in  t he  a s - c a s t  cond i t ion  
as p r e d i c t e d  b y  the  p h a s e  d i a g r a m  (2) .  H o w e v e r ,  a t  
the  two  t e m p e r a t u r e s  se lec ted  for  m a k i n g  a c t i v i t y  
m e a s u r e m e n t s ,  835~ and  950~ these  a l loys  a r e  
qu i t e  c lose to t he  p h a s e  b o u n d a r i e s .  F o r  t h e  p r e s e n t  
pu rpose ,  t he  p rec i se  pos i t i on  of t he  e x t r e m e  a l loys  
w i t h  r e s p e c t  to t he  p h a s e  b o u n d a r i e s  is no t  p a r t i c u -  
l a r l y  i m p o r t a n t ,  as long as these  compos i t ions  m a y  
be cons ide r ed  to a p p r o x i m a t e  t he  compos i t i ona l  
r a n g e  of  NiGa .  

A t  t he  sugges t ion  of P ro fe s so r  W a g n e r  (3 ) ,  i t  was  
dec ided  to use  the  sol id  s t a t e  g a l v a n i c  cel l  t e c h n i q u e  

in w h i c h  C a O - s t a b i l i z e d  ZrO2 is used  as a sol id  e l ec -  
t r o ly t e .  This  cel l  m a y  be  r e p r e s e n t e d  as fo l lows:  

( n e g a t i v e )  G a ( 1 )  + G a 2 0 3 ( s ) / Z r O 2 ( s ) / N i G a ( s )  
+ Ga203(s )  (pos i t i ve )  

This  is a sol id  s t a t e  cel l  w h e r e  one e l e c t r o d e  is a 
m i x t u r e  of p u r e  l i qu id  g a l l i u m  + sol id  Ga203, and  
the  o the r  e l e c t r o d e  is a m i x t u r e  of N i G a  a l loy  of 
some  d e s i r e d  compos i t i on  also m i x e d  w i t h  Ga203. 
L i q u i d  g a l l i u m  m e t a l  was  m i x e d  w i t h  an e q u a l  
v o l u m e  of Ga20~ p o w d e r  in a m o r t a r  and  pes t le ,  to 
m a k e  a stiff, d r y  pas te .  S i m i l a r  q u a n t i t i e s  of - -200 
mesh  N i G a  a l loy  p o w d e r  and  Ga203 w e r e  m i x e d  b y  
the  s ame  t echn ique .  A B4C m o r t a r  and  pes t l e  w e r e  
used  to avo id  c o n t a m i n a t i o n .  Bo th  t y p e s  of e l ec -  
t r o d e  m a t e r i a l  w e r e  p r e s s e d  into  t h in  ( ~ 5 0  ra i l )  
disks ,  1/2 in. in d i a m e t e r ,  w i t h  a s tee l  die, us ing  
enough  p r e s s u r e  to o b t a i n  p ieces  w h i c h  could  be  
h a n d l e d  w i t h o u t  excess ive  b r e a k a g e .  A G a / G a 2 0 3  
d i sk  and  a N i G a / G a 2 0 3  d i sk  l a id  on e i t he r  s ide of the  
ZrO2 e l e c t r o l y t e  d isk ,  of s im i l a r  size, c o m p r i s e d  the  
g a l v a n i c  cell .  The  ZrO2 ( C a O - s t a b i l i z e d  b y  a b o u t  
14 m o l e / %  CaO)  acts  as t he  e l e c t r o l y t e  s ince  ZrO2 is 
an  ox ide  w i t h  an ion  vacanc ie s  and  conduc t s  o n l y  
o x y g e n  anions .  I t  is a lmos t  a p u r e  ionic conduc tor .  
S ince  the  a c t i v i t y  of t he  Ga  in N i G a  is l o w e r  t h a n  
in t he  l i qu id  me ta l ,  t h e r e  is a t e n d e n c y  for  t ha t  in 
t he  Ga(1)  + Ga208 e l e c t r o d e  ( w h i c h  is n e g a t i v e )  to 
ionize  and  for  t r i v a l e n t  Ga  (or  G a  + + + )  in t he  
N i G a  + Ga203 e l ec t rode  to d i s c h a r g e  into  the  a l loy  
in an  effor t  to equa l i ze  t he  a c t i v i t y  in  t he  two  phases .  
T h e r e  is t h e r e f o r e  a t e n d e n c y  for  Ga  ca t ions  to pass  
f r o m  le f t  to r i g h t  as t he  cel l  is w r i t t e n  above.  H o w -  
ever ,  th is  canno t  occur  s ince  ZrO2 passes  on ly  anions.  
A c c o r d i n g l y ,  o x y g e n  an ions  t e n d  to pass  f r o m  r i g h t  
to left .  In  a c t u a l  p rac t i ce ,  t h e r e  is on ly  a v e r y  s m a l l  
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m o v e m e n t  of anions,  since the  cell is no t  a l lowed to 
de l ive r  power ,  bu t  is m e a s u r e d  in  a r evers ib le  m a n -  
ne r  by  a d-c  po ten t iomete r ,  which  ba lances  the  cell 's  
emf. 

The electrode reac t ions  can  be w r i t t e n  

cathode 
3 1 

( + )  Gar -~ - -  O ( i n z r o 2 )  ~ - -  Ga203 -t- 3e 
2 2 

anode 
1 3 

(--) 3e -i---~ Ga203 : Ga(D +-~ O'(inZrO2) 

Since the activity of Ga2Oa is unity, and is the same 
at both electrodes, and the activity of the migrating 
oxygen ion is the same also, on adding we get 

G a ( i n N i G a )  ~ Ga(1) 

This  is an  express ion  of equ i l i b r ium,  wh ich  is m a i n -  
t a ined  by  buck ing  out the difference in  ga l l i um ac-  
t i v i ty  by  means  of the  emf of the  po ten t iomete r .  

Hence  FGa = F ~  3FE since 3 e lec t rons  are r e -  
qu i r ed  in  the  electrode react ions  above,  whe r e  F = 
F a r a d a y  cons tan t  = 23,070 c a l / v  equ iva len t ,  E 

- -  o m e a s u r e d  emf in  volts. By definit ion,  F G ~ - - F  G~ = 

AFGa, where  AFGa iS the re la t ive  pa r t i a l  mola l  free 
ene rgy  of ga l l ium.  

I t  wi l l  be no ted  tha t  for this cell to produce  m e a n -  
ing fu l  resul ts ,  the two oxygen  pressures  fixed b y  
the two electrode equ i l ib r i a  no ted  above m u s t  no t  
be a l te red  by  some other  compet ing  process. There  
was  at  first some concern  about  the  possible  p res -  
ence of the  ga l l i um sub -ox ide  Ga20, and  hence  pe r -  
haps some a m b i g u i t y  abou t  es tab l i sh ing  correct  
oxygen  pressures  d e m a n d e d  by  the  equ i l ib r i a  ex-  
pected in  the cell. As it  t u r n e d  out, there  was  no 
difficulty f rom this source;  this topic wi l l  be ex -  
panded  in  a s u b s e q u e n t  section. 

Physica l ly ,  the cell as it f inal ly  evolved  was  as 
sketched in  Fig. 1. A n  a rgon  a tmosphere  pur i f ied 
by  z i r con ium chips at  850~ was  s lowly  passed 
th rough  the  cell to keep out  any  a tmospher ic  oxygen.  

Exper imenta l  Results 
In  most  cases the m e a s u r e d  cell vol tage  was qui te  

s table  for severa l  hours,  of ten not  v a r y i n g  more  t h a n  
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~OCK 

Fig. I. Solid electrolyte galvanic cell 

abou t  1 m v  over  a 3 -h r  in te rva l .  Cons tancy  to abou t  
2 m v  over  a 3 -h r  i n t e rva l  was  cons idered  to be evi -  
dence tha t  e q u i l i b r i u m  was p r o b a b l y  reached,  bu t  a 
va lue  was no t  accepted unless  a t e m p e r a t u r e  ex-  
curs ion  of 835~176 and  r e t u r n  r ep roduced  the  
same resu l t  at 835~ A r u n  u s u a l l y  las ted 2 to 3 
days, a n d  the r e a d i ng  in  the  m o r n i n g  was  u sua l l y  
fa i r ly  close to tha t  of the  p reced ing  evening ,  w i t h i n  
about  5 my.  E x p e r i m e n t s  were  made  us ing  severa l  
al loys aga ins t  pu re  ga l l ium,  a nd  by  us ing  one al loy 
aga ins t  another .  This  a l lowed a check on i n t e r n a l  
consis tency,  and  a compar i son  of the  re la t ive  mola l  
free ene rgy  of ga l l i um de r ived  f rom two dif ferent  
routes.  

Table  I summar i ze s  the data  ob t a ined  f rom the  
cells: the  emf va lues  which  were  m e a s u r e d  di -  
rect ly,  a nd  the free ene rgy  change  der ived  f rom 
the i r  values.  Cell  3 means  the  fo l lowing cell 

57 a/o Ga + Ga2OJZrO2/41 a/o Ga + Ga20~ 

The third column gives the free energy change for 
the cell as written. Hence, cell 3 gives the free en- 
ergy obtained in reversibly transferring one mole of 
gallium from an alloy of 57 a/o Ga to that of 41 a/o 
Ga where the quantities of each alloy are suffi- 
ciently large so that no detectable concentration 
difference results in either alloy. Cells 1 and 2 give 
directly the partial molal free energy of gallium in 
the 41 a/o Ga alloy and in the 57 a/o Ga alloy, re- 
spectively, referred to pure liquid gallium~ By sub- 
tracting from the emf at 835 ~ and 950~ of cell 1 
the corresponding emf values of cells 3, 4, 5, and 6, 
relative partial molal free energies of each alloy, 
referred to liquid gallium, may be obtained. These 

Table I. Electromotive force (emf) of the ceils, and free energy of 
cell reactions 

e m $  A F  c e l l  
C e l l  ( m v )  ( c a l / m o l e  G a )  

(1) 4 1 a / o G a v s .  
Ga 

835~ 157 --10,880 
950~ 168 --11,650 

(2) 57 a /o  Ga vs. Calculation of AF2 
Ga from cells 1 and 3 

835~ 37 --2,570 --2,360 A ( A F ) :  210 
950~ 36 --2,500 --2,170 A(AF) ~-- 330 

(3) 41 a/o Ga vs. 
57 a /o  Ga 

835~ 123 --8,530 
950~ 137 --9,500 

(4) 41 a/o Ga vs.  

49.6 a/o Ga 
835~ 5 --347 
950~ 23 --1,600 

(5) 41 a/o Ga vs.  

51.6 a/o Ga 
835~ 55 --3,810 
950~ 63 --4,480 

(6) 41 a/o Ga vs.  

53.7 a/o Ga 
835~ 62 --4,320 
950~ 76 --5,260 

(7) 53.7 a/o Ga vs. Calculation of AFT 
Ga from cells 1 and 6 

835~ 80 --5,550 --6,470 A(AF) = 1,020 
950~ 73 --5,070 --6,420 A(AF)---- 1,350 
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Table II. Partial molal free energy of gallium relative to pure 
liquid gallium, and gallium activity, at several compositions 

AEGa AFGa aoa aGa 
A/o Ga (835~ (950~ (835~ (950~ I-Iow obta ined  

41 --10,880 --11,650 0.00723 0.0083 41vs.  Ga 
49.6 --10,540 --10,100 0.0.0830 0.0158 41 vs. 49.6 
51.6 --7,060 --7,200 0.0406 0.0520 41 vs. 51.6 
53.7 --6,570 --6,420 0.0506 0.0715 41 vs. 53.7 
53.7 --5,550 --5,070 0.0860 0.124 53.7 vs. Ga 
57 --2,570 --2,500 0.312 0.358 57 vs. Ga 
57 --2,360 --2,180 0.342 0.408 41 vs. 57 

f igures  a r e  l i s t ed  in  Tab le  I I  in  co lumns  2 and  3, 
a long  w i t h  the  ac t iv i t i e s  of g a l l i u m  ca l cu l a t ed  f rom 

the  ~Fca va lue s  acco rd ing  to t he  r e l a t i o n s h i p  

AFGa ---- R T  i n  a G a  

The  ac t iv i t i e s  a r e  p l o t t e d  in Fig .  2 aga in s t  mole  
f r ac t ion  Ga  x 100 ( a / o  G a ) .  The  f i l led c i rc les  and  
s q u a r e s  r e f e r  to m e a s u r e m e n t s  m a d e  on a l loys  w h i c h  
w e r e  m e a s u r e d  w i t h  p u r e  l i qu id  g a l l i u m  as t he  o t h e r  
e lec t rode .  Hence ,  t he se  va lue s  a r e  m o r e  d i r e c t l y  ob -  
t a i n e d  and  p r e f e r r e d  va lues ,  as opposed  to t he  open  
po in t s  o b t a i n e d  in a less  d i r ec t  m a n n e r .  This  app l i e s  
also to Fig.  3, w h e r e  t he  r e l a t i v e  p a r t i a l  m o l a l  f ree  
ene rg i e s  a r e  p lo t t ed .  The  p r e f e r r e d  va lues  a r e  u n -  
d e r l i n e d  in  T a b l e  II. I t  w i l l  be  n o t e d  at  once t h a t  
the  a c t i v i t y  and  p a r t i a l  m o l a l  f r ee  e n e r g y  changes  
c o m p a r a t i v e l y  l i t t l e  f r o m  a b o u t  41 to 50 a / o  Ga,  b u t  
t h a t  a b o v e  this  c o n c e n t r a t i o n  these  quan t i t i e s  in -  
c rease  s h a r p l y .  

The  k i n d  of r e l a t i o n s h i p  b e t w e e n  a / o  Ga  and  ga l -  
l i u m  a c t i v i t y  s h o w n  in Fig.  2 w a s  p r e v i o u s l y  o b -  
s e r v e d  b y  K a c h i  (4)  and  b y  T r z e b i a t o w s k i  and  
T e r p i l o w s k i  (5)  in t he  case  of m a g n e s i u m  in AgMg,  
a n o t h e r  i n t e r m e t a l l i c  c o m p o u n d  of CsC1 s t ruc tu re .  

I t  wi l l  be  no ted  in  T a b l e  I I  t h a t  w h i l e  t he  f ree  
e n e r g y  d i s c r e p a n c y  for  t he  57 a / o  Ga  a l loy  ob-  
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Fig. 3. Partial molal free energy of gallium in NiGa at 835~ 
as a function of composition. 

s e r v e d  d i r e c t l y  and  i n d i r e c t l y  is f a i r l y  smal l ,  t h e r e  
is a l a r g e r  d i f fe rence  at  53.7 a / o  Ga. The  r eason  for  
t h e  l a r g e r  v a r i a t i o n  for  t he  l a s t  a l l oy  is not  c lear .  
I t  is poss ib le  t ha t  these  o b s e r v e d  v a r i a t i o n s  a r e  due  
to s l igh t  i n h o m o g e n e i t i e s  of c ompos i t i ona l  d i f f e r -  
ences in the  a l l oy  p o w d e r  used  to m a k e  the  e l ec -  
t rodes .  

In  s u m m a r y ,  i t  has  been  o b s e r v e d  t h a t  t h e r e  a r e  
s h a r p  changes  in  the  r e l a t i v e  p a r t i a l  m o l a l  f r ee  e n -  
e r g y  of ga l l i um,  and  hence  in  g a l l i u m  ac t iv i ty ,  w i t h  
i nc rea s ing  g a l l i u m  c o m m e n c i n g  a t  50 a / o  Ga. 

T h e r m o d y n a m i c s  of the  G a l l i u m  Oxides  

As n o t e d  above ,  i t  was  n e c e s s a r y  to e s t ab l i sh  tha t  
on ly  one ox ide  of g a l l i u m  (Ga203) was  i n v o l v e d  in 
the  cel l  equ i l i b r i a .  The  fo l lowing  is a b r i e f  s u m -  
m a r y  of the  m e t a l - o x i d e  e q u i l i b r i a  of t he  two  k n o w n  
g a l l i u m  ox ides  w h i c h  a r e  c o m p a r e d  h e r e  for  t he  
first  t ime  to th is  a u t h o r ' s  k n o w l e d g e .  

W h i l e  t he  t h e r m o d y n a m i c  p r o p e r t i e s  of GafO8 
h a v e  a p p a r e n t l y  been  f a i r l y  w e l l  e s t a b l i s h e d  fo r  some  
t ime,  t h e r e  has  been  some confus ion  r e g a r d i n g  Ga20  , 
t he  s u b - o x i d e .  F o r  e x a m p l e ,  Cough l in ' s  (6)  t ab l e s  
l i s t  GaeO as a sol id  only ,  w h i l e  m o r e  r ecen t  d a t a  
i nd i ca t e  t ha t  a t  t e m p e r a t u r e s  a b o v e  700~ at  leas t ,  
i t s  n o r m a l  s t a t e  is a gas. G l a s s n e r ' s  (7)  d a t a  shows  i t  
as a sol id  up  to abou t  1000~ or  s o m e w h a t  lower ,  
t h e n  as a gas  whose  f ree  e n e r g y  of f o r m a t i o n  is con-  
s t a n t  f r o m  1000 ~ to 2500~ at  t he  - -55  kca l  leve l .  

R e c e n t l y  C o c h r a n  a n d  F o s t e r  (8)  s t u d i e d  r e a c -  
t ions  in sy s t e ms  i n v o l v i n g  g a l l i u m  m e t a l  vapor ,  GafO 
and  o the r  s t ab l e  ox ides  such  as SiOf,  MgO, A1203, 
a n d  the  l ike .  In  t h e i r  p a p e r  t h e y  l i s t ed  f ree  e n e r g y  
func t ions  for  Ga20~(s)  a n d  G a 2 0 ( g ) .  C o m b i n i n g  
these  func t ions  w i t h  s im i l a r  ones p u b l i s h e d  b y  S t u l l  
a n d  S i n k e  for  Ga(1)  and  O f ( g )  one can  ca l cu l a t e  
the  f ree  e n e r g y  of  the  fo l lowing  two  r eac t i ons  as a 
func t ion  of t e m p e r a t u r e  

o / ~ e 3 5 . ~  t t 
40 50 8 

AIo Go 

Fig. 2. Activity of gallium in NiGa as a function of composition 

a n d  

1 
2Ga(1)  + - = - O f ( g )  = G a 2 0 ( g )  [1]  

z 

3 
2Ga(1)  -t- ~ -  O f ( g )  = GaeO3(s)  [2]  
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Fig. 4. Free energy of formation of Ga20 and Ga203 per gram 
atom of oxygen as a function of temperature. 

The  re su l t s  a r e  p l o t t e d  in  Fig.  4 for  AF~ a n d  
(AF~ SO t h a t  each  c o m p o u n d  is p u t  on a 
bas is  of equa l  o x y g e n  conten t .  The  r e su l t s  for  Ga203 
a g r e e  qu i t e  c lose ly  w i t h  t he  o lde r  (1954) t ab l e s  of 
C o u g h l i n  (6) .  H o w e v e r ,  t he  d a t a  for  G a 2 0 ( g )  a r e  
a p p a r e n t l y  n e w  and  a t  l e a s t  h a v e  the  a p p e a r a n c e  
of c r ed ib i l i t y .  F o r  e x a m p l e ,  the  n e g a t i v e  s lope  of 
AF ~ vs.  T for  Ga20  (g)  seems  co r rec t  s ince  a gaseous  
p r o d u c t  of h i g h e r  e n t r o p y  is be ing  fo rmed .  I t  is p a r -  
t i c u l a r l y  of i n t e r e s t  to  no te  t h a t  t he  f ree  e n e r g y  of 
f o r m a t i o n  p e r  a t o m  of o x y g e n  of Ga203 is c o n s i d e r -  
a b l y  m o r e  n e g a t i v e  t h a n  Ga20  in the  t e m p e r a t u r e  
r e g i o n  of i n t e r e s t  in  th is  w o r k ;  1000~ and  be low.  

F r a s c h  and  T h u r m o n d  (10) in  a r e c e n t  p a p e r  
e x a m i n e d  the  r e a c t i o n  

4 1 
- ~ G a ( 1 )  + -~-Ga2Oa(s)  = G a 2 0 ( g )  [3]  

and  m e a s u r e d  the  v a p o r  p r e s s u r e  of G a 2 0 ( g )  ove r  
the  t e m p e r a t u r e  r a n g e  1073~176 the  t e m p e r a -  
t u r e  r a n g e  of i n t e r e s t  in th is  work .  O v e r  th is  t e m -  
p e r a t u r e  r a n g e  the  p r e s s u r e  of Ga20  v a r i e d  f rom 
1.56 x 10 -4  a t m  to 9.90 x 10 -3 a tm,  r e spec t i ve ly .  If  
one ca lcu la t e s  the  s t a n d a r d  f ree  e n e r g y  of th is  r e -  
ac t ion  f r o m  th is  d a t a  one ob ta ins  -F1490 c a l / m o l e  
at  1200~ w h i l e  b y  c o m b i n a t i o n  of t he  two  e q u a -  
t ions  g iven  p r e v i o u s l y  one ob ta ins  ~-1400 c a l / m o l e ,  
v e r y  s a t i s f a c t o r y  a g r e e m e n t .  

S ince  Ga20  is a c o n d e n s a b l e  gas, in a n o n i s o t h e r -  
m a l  enc losu re  i t  w i l l  condense  in cold  p a r t s  of the  
s y s t e m  and  d i s p r o p o r t i o n a t e  b a c k  to Ga  and  Ga203. 
Hence  i ts  f o r m a t i o n  t e n d s  to r e m o v e  Ga20~ f r o m  t h e  
ho t  zone as Ga20.  The  i m p o r t a n t  c o n s i d e r a t i o n  for  
o p e r a t i o n  of  t he  g a l v a n i c  cel l  is t h a t  r e a c t i o n  [1]  
a b o v e  can  no t  compe t e  w i t h  r e a c t i o n  [2]  b e c a use  
Ga203 is m o r e  s table .  Ga20  can  be  fo rmed ,  h o w e v e r ,  
b y  r e a c t i o n  [3]  b u t  in  th i s  r e a c t i o n  o x y g e n  gas  is 
no t  i nvo lved ,  and  t h e r e f o r e  the  p r e s e n c e  of Ga20  
causes  no a m b i g u i t y  in  e s t ab l i sh ing  the  d e s i r e d  e lec -  
t r o d e  r eac t i ons  and  hence  o x y g e n  p re s su res .  D u r i n g  

cel l  o p e r a t i o n  t h e r e  was  v e r y  l i t t l e  ev idence  of r e -  
ac t ion  [3] ,  s ince  the  q u a r t z  cel l  enc losu re  showed  
on ly  t r aces  of a w h i t i s h  depos i t .  

A p p l i c a t i o n  of t he  p h a s e  r u l e  shows  t h a t  on f ixing 
t e m p e r a t u r e  t h e r e  a r e  zero deg rees  of f r e e d o m ,  
hence  a l l  phases  a r e  of f ixed compos i t ion  or  p r e s -  
sure,  i nc lud ing  oxygen .  

Summary 
The  a c t i v i t y  of g a l l i u m  r e f e r r e d  to p u r e  l i qu id  

g a l l i u m  has  been  d e t e r m i n e d  as a func t ion  of c o m -  
pos i t ion ,  across  t he  p h a s e  f ield of t he  c o m p o u n d  
NiGa,  a t  835 ~ and  950~ I t  has  been  found  t h a t  the  
a c t i v i t y  inc reases  s l o w l y  w i t h  compos i t ion  as the  
g a l l i u m  con ten t  r e a c he s  50 a /o ,  b u t  as t he  g a l l i u m  
con ten t  is i nc reased ,  t h e  a c t i v i t y  inc reases  v e r y  
r a p i d l y ,  ( a lmos t  d i s c o n t i n u o u s l y ) ,  to the  end  of t he  
h o m o g e n e i t y  range .  

A b r i e f  ou t l ine  of  t he  t h e r m o d y n a m i c  r e l a t i o n -  
sh ips  b e t w e e n  the  two  g a l l i u m  ox ides  is i n c l u d e d  
p r i m a r i l y  in jus t i f i ca t ion  of t he  m e t h o d  used  in  the  
g a l v a n i c  cel l  w h i c h  e m p l o y e d  the  oxygen ,  ga l l i um,  
Ga203 e q u i l i b r i u m .  
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ABSTRACT 

Per iod ica l ly  revers ing  the di rect ion of cur ren t  in an e lect rolyt ic  cell  has 
been shown to lead  to effective d ry ing  of hydrogen  fluoride because i t  causes 
extens ive  depolar izat ion.  Its obvious advan tage  is that ,  by  a l lowing a h igher  
average  cur ren t  to pass, the  t ime requ i red  for  d ry ing  is g rea t ly  shor tened and, 
thereby,  the  a t t ack  on the n icke l  e lect rode is reduced  marked ly .  The por t ion  
of the  cu r ren t  used for  n ickel  dissolution was never  grea te r  wi th  cur ren t  r e -  
versa l  than  in  the  convent ional  p rocedure  where  the  cur ren t  was not  pe r i -  
odical ly  reversed.  

The  use  of h y d r o g e n  f luor ide  as an  e l e c t r o l y t e  
o f t en  r e q u i r e s  t he  r e m o v a l  of w a t e r  to avo id  the  
f o r m a t i o n  of u n w a n t e d  o x y g e n - c o n t a i n i n g  c o m -  
p o u n d s  d u r i n g  e lec t ro lys i s .  In  add i t i on ,  t he  e l e c t r o -  
c h e m i c a l  r e a c t i v i t y  and  p r o p e r t i e s  of n o n a q u e o u s  
so lven t s  a r e  f r e q u e n t l y  qu i t e  d i f fe ren t  in  t he  p r e s -  
ence  of  even  s m a l l  a m o u n t s  of w a t e r .  M e t h o d s  for  
p r o d u c i n g  p u r e  d r y  h y d r o g e n  f luor ide  w h i c h  a r e  
d i scussed  b y  R u n n e r ,  Balog,  a n d  K i l p a t r i c k  (1 ) ,  a l l  
i nvo lve  e i t he r  p o t a s s i u m  h y d r o g e n  f luor ide  or  so-  
d i u m  h y d r o g e n  f luor ide  as an  i n t e r m e d i a t e .  These  
m e t h o d s  can  p r o d u c e  v e r y  d r y  p r o d u c t s  w h i c h  a r e  
c h a r a c t e r i z e d  b y  v e r y  low conduc t iv i t i e s  a p p r o a c h -  
ing  10 -6  o h m  -1 cm-1 ;  t he  v a l u e s  f irst  m e a s u r e d  in -  
v a r i a b l y  i nc rea se  to a b o u t  10 -4 o h m  - I  cm -1 w h e n  
the  p r o d u c t  is p e r m i t t e d  to s t a n d  for  a p e r i o d  of 
t ime.  The  e x t r e m e l y  p u r e  p r o d u c t  is no t  g e n e r a l l y  
n e e d e d  for  e l e c t r o s y n t h e t i c  w o r k  and,  in add i t ion ,  
r e q u i r e s  c o n s i d e r a b l e  t i m e  a n d  e q u i p m e n t  to p r e -  
pare .  These  m e t h o d s  are,  t he re fo re ,  no t  u s u a l l y  e m -  
p l o y e d  for  p r o d u c i n g  d r y  h y d r o g e n  f luor ide  p r i o r  
to c a r r y i n g  out  e l e c t r o s y n t h e t i c  e x p e r i m e n t s .  

S imons  (2)  s t a t es  t h a t  c o m m e r c i a l  h y d r o g e n  f luo-  
r ide  was  d r i e d  b y  pas s ing  a c u r r e n t  t h r o u g h  i t  un t i l  
f luor ine  was  evo lved .  W a t e r  was  r e m o v e d  as  o x y -  
gen,  o x y g e n  d i f luor ide ,  a n d  h y d r o g e n .  Th is  m e t h o d  
was  e m p l o y e d  b y  K o n g p r i c h a  and  Cl i f ford  (3)  who  
pas sed  c u r r e n t  u n t i l  t he  c o n d u c t i v i t y  was  l ow and  
the  cel l  gave  a cons t an t  b a c k  p o t e n t i a l  for  s e v e r a l  
hou r s  a f t e r  e l ec t ro ly s i s  w a s  s topped .  A l t h o u g h  this  
e l e c t r o l y t i c  d r y i n g  process  has  been  used  b y  o t h e r  
w o r k e r s  (4 ) ,  no f u r t h e r  de ta i l s  of e i t he r  p r o c e d u r e  
or of t h e  d r y i n g  eff iciency of t he  p rocess  h a v e  been  
f o u n d  in t he  l i t e r a t u r e .  

E x p e r i e n c e  w i t h  t he  e l e c t ro ly t i c  d r y i n g  process  
(2)  has  i n d i c a t e d  t h a t  h y d r o g e n  f luor ide  canno t  be  
d r i e d  s a t i s f a c t o r i l y  in  a r e a s o n a b l e  l e n g t h  of t ime,  
o v e r n i g h t  for  e x a m p l e ,  because  of s eve re  anod ic  
po la r i za t ion .  On  the  o t h e r  hand ,  if  t he  e l ec t rode  a r -  
r a n g e m e n t  p r o v i d e d  a v e r y  l a r g e  e l ec t rode  a r e a  
[ such  as  in  t he  S imons '  Cel l  ( 5 ) ]  in  c o m p a r i s o n  to 
the  a m o u n t  of h y d r o g e n  f luor ide  to be  d r i ed ,  t h e n  i t  
was  a p p a r e n t l y  poss ib le  to  pass  suff icient  a m o u n t s  
of c u r r e n t  a t  a l ow  a v e r a g e  c u r r e n t  d e n s i t y  to  d r y  
t he  h y d r o g e n  f luor ide  in one o r  two  days .  I t  shou ld  

be p o i n t e d  out  t h a t  th is  p rocess  is a c c o m p a n i e d  b y  
s eve re  anode  corros ion .  

The  re su l t s  of e x p e r i m e n t s  w h i c h  c o n t r a s t  the  
e f fec t iveness  of c o n v e n t i o n a l  e l e c t r o l y t i c  d r y i n g  of 
h y d r o g e n  f luor ide  (2)  w i t h  a n e w  p r o c e d u r e ,  d r y i n g  
b y  p e r i o d i c  c u r r e n t  r eve r sa l ,  w i l l  be  d iscussed.  

Experimental 
The  e l e c t ro ly t i c  cel l  (F ig .  1) c o n s t r u c t e d  a l m o s t  

e n t i r e l y  of w e l d e d  s ta in less  s tee l  sheet ,  was  d e -  
s igned  for  m a x i m u m  cool ing efficiency. R e f r i g e r a t e d  
m e t h a n o l  was  c i r c u l a t e d  t h r o u g h  a j a c k e t  t h a t  c o m -  
p l e t e l y  s u r r o u n d e d  the  cel l  e x c e p t  for  the  top.  The  
t e m p e r a t u r e  of t he  e l e c t r o l y t e  was  m o n i t o r e d  w i t h  
the  a id  of a c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  i n -  
s e r t e d  in to  a s ta in less  s tee l  w e l l  w h i c h  was  loca t ed  
b e t w e e n  the  e l ec t rodes  (Fig .  2) .  S u i t a b l e  f i t t ings  
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Fig. 1. Electrolytic cell (stainless steel welded) 
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were  p rov ided  for the  add i t ion  of l iqu id  h y d r o g e n  
fluoride (Matheson)  d i rec t ly  f rom the cy l inder .  A 
ref lux condenser ,  m a i n t a i n e d  at abou t  --18 ~ by  c i r -  
cu la t ing  methano l ,  r e t u r n e d  vapor ized  h y d r o g e n  
fluoride to the cell. 

The  sheet  n icke l  e lectrodes had  an  a rea  (one  side) 
of a p p r o x i m a t e l y  60 cm 2 exposed to the  e lec t ro ly te  
w h e n  the cell was filled w i th  250 ml  of l iqu id  h y d r o -  
gen fluoride; the  usefu l  capaci ty  of the cell was  f rom 
40 to 360 ml. The electrodes were  m o u n t e d  on n icke l  
rods, as shown.  These rods were  forced into short  
l eng ths  of K e l - F  rods wh ich  were,  in  t u rn ,  forced 
in to  the  cover of the cell. I n  each ins tance ,  the holes 
were  dr i l led  ve ry  s l ight ly  smal le r  t h a n  the d i ame te r  
of the  rod, p rov id ing  a v a c u u m - t i g h t  seal. 

Elec t r ica l  power  was  ob ta ined  f rom a K n i g h t  
Ba t t e ry  E l i m i n a t o r  (6) connec ted  in  series w i th  a 
c u r r e n t  r egu la to r  (7) .  The c i r c u i t  was  modified to 
p e r m i t  e lectrolyses to be conduc ted  at cons tan t  cu r -  
r e n t  over  a r ange  f r o m  0.001 to 15 amp.  Cur r en t ,  i n -  
pu t  voltage,  and  electrode po ten t i a l  r ead ings  were  
recorded  by  R u s t r a k  Model  A Recorders  connec ted  
w i th  the appropr i a t e  shun t s  and  m u l t i p l i e r  resistors.  
A t rans i s to r ized  au tomat ic  r eve r s ing  swi tch  p ro -  
v ided a m e a n s  for r eve r s ing  c u r r e n t  per iod ica l ly  to 
the  cell d u r i n g  r e v e r s e - c u r r e n t  dry ing .  A n  add i t iona l  
set of contacts  also reve r sed  connec t ions  to the  vo l t -  
age recorder .  A l though  the t rans i s tor ized  swi tch  was 
c o n t i n u o u s l y  ad jus t ab l e  to ob ta in  e i ther  equa l  or 
u n e q u a l  t ime  in t e rva l s  f rom 1 to 40 sec, a s imple  
mechan ica l  swi tch set to reverse  connect ions  abou t  
every  30 sec wou ld  have  been  sat isfactory.  

C u r r e n t  was  b rough t  into the electrodes t h rough  
the n icke l  suppor t  rods. Cell  vol tage  was  m e a s u r e d  
across the o ther  two n icke l  suppor t  rods, t h e r e b y  
v i r t ua l l y  e l i m i n a t i n g  any  errors  due to a h i g h - r e -  
s is tance connec t ion  to one of the electrodes.  Elec-  
t rode po ten t ia l s  were  m e a s u r e d  b e t w e e n  the elec-  
t rode  u n d e r  s tudy  and  a p l a t i n u m  wire  electrode 
w i th  a G e n e r a l  Radio 1230-A D.C. Ampli f ier  and  
E lec t romete r  or wi th  a t rans i s tor ized  e lec t romete r  
vo l tme te r  (8) .  The p l a t i n u m  electrode in the me a s -  
u r i n g  circuit ,  whe re  there  was  neg l ig ib le  c u r r e n t  
d ra in ,  func t ioned  sa t i s fac tor i ly  as a poised r e f e r -  
ence r a the r  t h a n  as a nonpo la r i zab le  re fe rence  elec-  
trode. 

Add i t i ona l  e x p e r i m e n t a l  and  p rocedu ra l  detai ls  
are  g iven  below. Detai ls  of the  opera t ing  condit ions,  
typ ica l  of those used for electrolysis ,  are  p resen ted  
in  Tables  I and  II. 

Ine r t  gas was used to d i lu te  the  gaseous products ,  
t h e r e b y  reduc ing  the sever i ty  of explosions which  
somet imes  occurred  d u r i n g  electrolysis.  A flow of 
abou t  50 c c / m i n  of h e l i u m  was found  to be adequate .  

The l iqu id  level  in  the  cell was found  by  us ing  a 
probe  made  f rom a piece of Monel  rod covered,  ex -  
cept  for the ends, wi th  a t h i n  K e l - F  sleeve (e lect r ica l  
spaghe t t i ) .  The  probe,  inse r t ed  in to  the  cell t h r ough  
a Teflon "O" r ing,  was lowered  s lowly u n t i l  it m a d e  
electr ical  contac t  wi th  the  e lec t ro ly te  as ind ica ted  
by  an  ohmmete r .  Since the  depth  to which  the  rod 
had  been  lowered  was p ropor t iona l  to e lec t rolyte  
level, not only could the quantity of electrolyte 
added be determined, but the loss of electrolyte dur- 
ing electrolysis as well. 

Table I. Details of electrolysis experiments, electrical data 
I n t e r n a l  c e l l  t e m p e r a t u r e  - -  8 ~ t o  - -  16~  

R u n  R e a c t a n t s  P o t e n t i a l s ,  v C u r r e n t ,  a m p  

Length v e r s a l  
o f  r u n ,  p e r i o d s ,  

h r  s e e  

1 HF-200 ml 8.0-~ 15.4 5.2--> 0.96 1.7 None 
2 HF-228 ml 8.0-~ 15.0 5.6--> 2.8 6.0 40 
3 HF-280 ml 9.6-~ 26.8 3.2-~ 0.28 20.5 30 
4a HF-216ml  10-~ 23** 6.0--> 0.60** 17.5 40 
4b HF:NH3* 5.3-> 4.8 0.75 2.0 None 

* M o l e  r a t i o  1 5 : 1 .  
** A t  e n d  o f  6 .0  h r .  

Table II. Details of results of electrolysis experiments 
N i c k e l  e l e c t r o d e s  c l e a n e d  w i t h  a b r a s i v e  p a p e r  b e f o r e  e a c h  r u n .  

R u n  

C u r r e n t  
e q u i v .  P r o d u c t s  

W e i g h t  l o s s ,  g o f  w t  P r i n -  C u r r e n t  
A n o d e *  C a t h o d e *  l o s s ,  a m p  c i p a l  T r a c e  r e v e r s a l  

1 0.574 0.016 0.32 OF2 CF4 No 
2 1.023 0.958 0.36 OF2 CF4,NOsF Yes 
3 1.045 0.870 0.086 Not determined Yes 
4a 1.735"* 1.371"* 0.16 Not determined Yes 
4b NF3 CF4 

* O r  e l e c t r o d e  n o r m a l l y  a c t i n g  a s  a n o d e  o r  c a t h o d e .  
** T o t a l  w e i g h t  l o s s  f o r  p a r t s  a a n d  b .  

Results and Discussion 

Accord ing  to B u r d o n  and  Ta t low (9),  the  d ry ing  
of h y d r o g e n  fluoride by  e lect rolys is  causes a r e d u c -  
t ion  in  c u r r e n t  u n t i l  the conduc t iv i ty  is a lmost  zero 
w h e n  complete  d ry ing  has occurred.  If it  is a s sumed  
tha t  the  c u r r e n t  m e a s u r e d  is p ropor t iona l  on ly  to the 
q u a n t i t y  of wa te r  in  the  system,  this  ampe rome t r i c  
m e a s u r e m e n t  is val id.  

Typica l  c u r r e n t  and  po ten t i a l  behav io r  mon i to red  
du r ing  the conven t iona l  e lect rolyt ic  d ry ing  process 
(wi thou t  c u r r e n t  r eve r sa l )  is shown in  Fig. 3. In  
this g raph  it can be seen tha t  the c u r r e n t  did fal l  
off as a func t ion  of d r y i n g  t ime.  However ,  the  r e -  
sumpt ion  of electrolysis  a f ter  b r e a k i n g  the  c i rcui t  
r esu l t ed  in  an  increased  cur ren t .  This  ind ica ted  tha t  
e lectrode effects, r a t h e r  t h a n  so lu t ion  conductance.  
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Fig. 3. Typical run, electrolytic drying of HF without current 
reversal. 
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Fig. 4a (top). Typical run, electrolytic drying of HF with current 
reversal. 

Fig. 4b (bottom). Typical run, electrolytic drying of HF with cur- 
rent reversal. 
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Fig. 4c. Typical run, electrolytic drying of HF with current 
reversal. Details of voltage curve at 0.6 hr. 

were  the  l i m i t i n g  f ac to r  in d e t e r m i n i n g  the  cel l  c u r -  
ren t .  The re fo re ,  a n y  s t r ic t  i n t e r p r e t a t i o n  w h i c h  r e -  
l a tes  c u r r e n t  to so lu t ion  conduc tance ,  i.e., q u a n t i t y  
of d i s so lved  w a t e r ,  is no t  v a l i d  u n d e r  these  con-  
di t ions .  In  s ix  s e p a r a t e  e x p e r i m e n t s  h y d r o g e n  f luo- 
r ide  was  d r i e d  in th is  m a n n e r  for  2 to 3 h r  p r i o r  to 
the  a d d i t i o n  of a m m o n i a .  S u b s e q u e n t  e l ec t ro ly s i s  of 
th is  s y s t e m  cons i s t en t l y  y i e l d e d  o x y g e n  d i f luor ide  as  
a p r o d u c t ,  i n d i c a t i n g  t h a t  w a t e r  r e m o v a l  was  i n -  
comple te .  O x y g e n  d i f luor ide  was  s t i l l  p r o d u c e d  d u r -  
ing  e l ec t ro lys i s  w h e n  the  a m m o n i a  was  p r e d r i e d  
ove r  sod ium.  

In  con t ras t ,  w h e n  the  h y d r o g e n  f luor ide  was  d r i e d  
us ing  p e r i o d i c a l l y  r e v e r s e d  cu r ren t ,  the  c u r r e n t  and  
po t en t i a l s  w e r e  u n c h a n g e d  w h e n  e l ec t ro lys i s  was  
r e s u m e d  a f t e r  a sho r t  t i m e  i n t e r v a l  (Fig .  4) .  Thus ,  
changes  in c u r r e n t  and  p o t e n t i a l  o b s e r v e d  p r e v i -  
ous ly  m u s t  h a v e  been  a func t ion  of so lu t ion  r e s i s t -  
ance.  

F u r t h e r  con f i rma t ion  of the  cause  of th i s  r e s i s t -  
ance  change  was  o b t a i n e d  f r o m  ana lys i s  of d i a g -  
nos t ic  tes t s  ( T a b l e  I I I ) .  E l e c t r o d e  p o t e n t i a l s  w e r e  
m e a s u r e d  at  the  end  of a r u n  b e t w e e n  the  p l a t i n u m  

Table III. Electrode potentials at end of typical runs 

Cell E E 
c o n f i g u r a t i o n *  A n o d e  C a t h o d e  

Convent ional  d ry ing  C RA 15 --0.9 
' i ]  ] 

Reverse  d ry ing  C RA 12 --17 

Reverse  d ry ing  A RC 27 --2.3 
l ~] 

* A i s  t h e  a n o d e ,  C t h e  ca thode ,  R t h e  p l a t i n u m  r e f e r e n c e  e lec -  
t rode .  P o t e n t i a l s  ( i n  v o l t s )  l i s t e d  w e r e  m e a s u r e d  w i t h  r e s p e c t  to 
r e f e r e n c e  e l e c t r o d e .  M e a s u r e d  a t  0 . 6 3  a m p .  

reference electrode and each of the nickel electrodes, 
observing the electrode configurations illustrated in 
Table III. The difference in anode as well as cath- 
ode potentials, as measured with both configura- 
tions, was caused by the IR drop in the solution. 
Based on previous results, it was reasonable to as- 
sume a real cathode potential of iv (with insignifi- 
cant IR contribution) and a total solution resistance 
of about 27 ohms was then calculated. Without any 
such assumption, however, the solution resistance 
calculated between the reference electrode and the 
nickel electrode, which is not in close proximity to 
it, was 25 ohms. On examination of the values ob- 
tained on conventional drying (Table III), it can be 
seen that there is a negligible contribution of solu- 
tion resistance to the electrode potential value as 
measured between the reference electrode and the 
nickel electrode which is not in proximity to it. 

While it is not justifiable to derive any value of 
specific conductivity from such resistance meas- 
urements, it is possible to correlate the observed 
high-solution resistance values with effectiveness of 
drying. Thus, when ammonia was added to hydrogen 
fluoride which was dried with the current reversal 
method, subsequent electrolysis did not yield oxygen 
difluoride or any oxygen-containing product (Run 
4b, Tables I and II), indicating that water removal 

was  e s s e n t i a l l y  comple te .  
The  d r y i n g  of h y d r o g e n  f luor ide  w i t h  c u r r e n t  r e -  

v e r s a l  is effect ive  be c a use  d u r i n g  e l ec t ro lys i s  i t  is 
poss ib l e  to pass  h i g h e r  a v e r a g e  c u r r e n t s  t h a n  d u r i n g  
c o n v e n t i o n a l  d r y i n g  processes .  The  v a r i a t i o n  of a p -  
p l i e d  p o t e n t i a l  d u r i n g  c u r r e n t  r e v e r s a l  is i l l u s t r a t e d  
in Fig.  4. I f  i t  can  be  a s s u m e d  tha t  t he  p o l a r i z a t i o n  
w h i c h  o c c u r r e d  d u r i n g  c o n v e n t i o n a l  d r y i n g  w a s  a 
r e s u l t  of t h e  onse t  of pa s s iv i t y ,  t h e n  i t  is poss ib l e  
tha t ,  b y  r e v e r s i n g  the  cu r r en t ,  t he  pa s s ive  f i lm was  
r e m o v e d  ca thod ica l ly ,  t h e r e b y  caus ing  gross  d e p o -  
l a r i za t ion .  C l e a r l y  th is  is no t  the  p rocess  w h i c h  oc-  
cu r red .  The  b u i l d u p  of p a s s i v i t y  is a s soc ia t ed  w i th  
m e t a l  d i s so lu t ion  ( to  f o r m  a pa s s ive  f i lm some m e t a l  
m u s t  d i s so lve )  so t h a t  the  pe r iod i c  d e s t r u c t i o n  and  
f o r m a t i o n  of a pas s ive  f i lm m u s t  be  a c c o m p a n i e d  b y  
an  a d d i t i o n a l  w e i g h t  loss. The  a v e r a g e  p o r t i o n  of  
t he  c u r r e n t  w h i c h  ass is ts  in t he  d i s so lu t ion  process ,  
c a l c u l a t e d  f r o m  w e i g h t  loss da ta ,  is n e v e r  s ignif i -  
c a n t l y  l a r g e r  for  t he  c u r r e n t  r e v e r s a l  p rocess  t h a n  
for  the  c o n v e n t i o n a l  p rocess  (Tab l e  I I ) .  The  d e -  
p o l a r i z a t i o n  o b s e r v e d  w i t h  the  c u r r e n t  r e v e r s a l  
p rocess  is no t  r e l a t e d  to t he  loss of a pas s ive  film, 
bu t  p r o b a b l y  r e s u l t e d  f r o m  the  o b v i a t i o n  of o the r  
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fo rms  of po l a r i za t ion ,  such  as c o n c e n t r a t i o n  p o -  
l a r i z a t i on  or  g a s - f i l m  po la r i za t ion .  

The  a d d i t i o n a l  c u r r e n t  w h i c h  passes  w i t h  t he  
c u r r e n t  r e v e r s a l  p rocess  is r e l a t e d  d i r e c t l y  to t he  
q u a n t i t y  of w a t e r  r e m o v e d  and  no t  to a n y  f u r t h e r  
m e t a l  d i sso lu t ion .  The  c u r r e n t  r e v e r s a l  t e c h n i q u e  
used  in cel ls  de s igned  spec i f i ca l ly  for  e l e c t r o s y n -  
thes is  p e r m i t s  m o r e  ef fec t ive  d r y i n g  in  s h o r t e r  t i m e  
pe r i ods  t h a n  the  c o n v e n t i o n a l  e l e c t ro ly t i c  p r o c e -  
dure ,  and  t he re fo re ,  r e su l t s  in c o n s i d e r a b l y  less  
m e t a l  consumpt ion .  
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Electrolysis in Anhydrous Hydrogen Fluoride 
II. The Hydrogen Fluoride-Nitrous Oxide System 

H. H. Rogers, S. Evans, and J. H. Johnson 

ABSTRACT 

The electrolysis  of n i t rous  oxide  solutions in anhydrous  hydrogen  fluoride 
has been shown to y ie ld  n i t rogen t r i f luoride consistently,  whi le  oxygen  d i -  
fluoride and n i t roxy  fluoride were  also p roduced  f requent ly .  Since n i t rosyl  
f luoride m a y  have been an in te rmedia te ,  the  e lectrolysis  of the  hydrogen  
f luor ide-n i t rosyl  f luoride sys tem was also invest igated.  The  resul ts  a re  con- 
sistent  wi th  a mechanism requ i r ing  the format ion  of fluorine at  the anode and 
ni t r ic  oxide  at the cathode. 

The  m e c h a n i s m  for  the  f o r m a t i o n  of p r o d u c t s  
d u r i n g  e l ec t ro ly s i s  of  n i t r o u s  o x i d e  in  a n h y d r o u s  
h y d r o g e n  f luor ide  is no t  c o m p l e t e l y  unde r s tood .  The  
p r o d u c t s  can  a r i se  f r o m  the  e l ec t ro ly s i s  of some  
e l ec t roac t i ve  spec ies  w h i c h  fo rms  on the  a d d i t i o n  
of n i t r ous  ox ide  to h y d r o g e n  f luor ide  o r  f r o m  the  
i n t e r a c t i o n  of e l e c t r o l y t i c a H y  g e n e r a t e d  f luor ine  
w i t h  some species  p r e s e n t  in  t he  sys tem.  The  p u r -  
pose  of th is  p a p e r  is to e l u c i d a t e  the  e l e c t r o c h e m -  
ica l  m e c h a n i s m  in the  h y d r o g e n  f l u o r i d e - n i t r o u s  o x -  
ide  s y s t e m  t h r o u g h  a s t u d y  of p o l a r i z a t i o n  c h a r -  
ac ter i s t ics .  

A n  e l e c t r o c h e m i c a l  s t u d y  was  c o n d u c t e d  in  t he  sy s -  
t ems :  h y d r o g e n  f l u o r i d e - s o d i u m  f luor ide ,  h y d r o g e n  
f l u o r i d e - s o d i u m  f l u o r i d e - n i t r o u s  ox ide ,  a n d  h y d r o -  
gen  f l u o r i d e - n i t r o s y l  f luoride.  S ince  n i t r o s y l  f luo-  
r i de  was  f o r m e d  (2)  on f luo r ina t ion  of  n i t r o u s  o x i d e  
w i t h  e l e m e n t a r y  f luor ine  a t  100~ ~ i t  was  
d e e m e d  w o r t h w h i l e  to d e t e r m i n e  if  n i t r o s y l  f luo-  
r i de  was  a n  i n t e r m e d i a t e  in  t he  e l e c t r o c h e m i c a l  
process .  N i t r o s y l  f luor ide  reac t s  w i t h  t he  h y d r o g e n  
f luor ide  e l e c t r o l y t e  to f o r m  v e r y  s t ab l e  c o m p l e x e s  
(3) .  

P o l a r i z a t i o n  cu rves  w e r e  d e t e r m i n e d  in  each  of  
t he  a b o v e  sy s t ems  w i t h  t he  o b j e c t i v e  of s eek ing  an  
i n t e r - r e l a t i o n s h i p  b e t w e e n  p o l a r i z a t i o n  p h e n o m e n a  
and  the  p r o d u c t s  f o r m e d  on e lec t ro lys i s .  

Experimental 
Apparatus . - -The e l e c t r o l y t i c  cel l  a n d  a s soc ia t ed  

e l ec t r i ca l  e q u i p m e n t  a r e  f u l l y  d e s c r i b e d  in t he  first  
p a p e r  (1)  in th is  ser ies .  In  add i t ion ,  a s t a in less  s tee l  
and  Teflon v a c u u m  l ine  was  used  to co l lec t  and  
s e p a r a t e  t he  p r o d u c t s  (F ig .  1) .  The  s y s t e m  was  also 
P r o v i d e d  w i t h  s t o r a ge  c y l i n d e r s  and  a d d i t i o n a l  
t r aps .  

Procedure.--Referring to F ig .  1, h y d r o g e n  f luor ide  

HF ABSORBER 
I" $,S, TUBE ~-%" 
12" LONG 

CONDENSER Z4" LONG 
TO UPPER (OUTER TUBE 4~3~," 
MANIFOLD 

STAINLESS STYLI 

STAINLESS 
STEEL 

(9 

TRAPS: FEP TEFLON J~2' 0 {), ~-" LD. 

ALL CONNECTIONS; SWAGELOK, AN, PIPE, OR 
SILVER SOLDERED 

VALVES; HOKE MONEt-, DIAPARAGM OR BELLOWS TYPE* 

Fig. l. Product handling equipment 
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(Matheson  Company ,  m i n i m u m  p u r i t y  99.9%) was 
added  to the  r e f r ige ra ted  cell as a l iqu id  d i rec t ly  
f rom the  cyl inder .  Sod ium fluoride (J. T. Bake r  
Company ,  Reagen t  G r a d e ) ,  w h e n  used as a conduc-  
t iv i ty  addi t ive ,  was  first dissolved in  a smal l  a m o u n t  
of h y d r o g e n  fluoride in  a po lye thy l ene  bot t le  and  
then  added  to the  e lect rolyt ic  cell by  m e a n s  of 
a "T" in  the  in le t  l ine.  W h e n  a n h y d r o u s  h y d r o g e n  
fluoride was  desired,  the e lec t ro ly te  was dr ied  ove r -  
n igh t  by  electrolysis  us ing  periodic c u r r e n t  r e -  
versa l  (1) .  The products  were  ident i f ied b y  i n -  
f ra red  analysis .  

Hydrogen fluoride-nitrous oxide syste~n.--The 
n i t rous  oxide (Matheson  Company ,  98.0% m i n i m u m  
p u r i t y )  was  added  t h rough  an  in le t  va lve  in  the  
cell cover;  the gas was  passed t h rough  the  cell and  
condenser ,  and  out  the bypass  va lve  to flush out  all  
the he l ium,  which  had  been  used to p r e v e n t  the  
en t r ance  of mois ture .  Af te r  the  bypass  va lve  was  
closed, the cell p ressure  was p e r m i t t e d  to rise to a 
m a x i m u m  of 85 psig of n i t rous  oxide. This  p ressure  
was m a i n t a i n e d  for about  one -ha l f  hour  to ensu re  
a s a tu ra t ed  so lu t ion  and  then  was reduced  to a t -  
mospher ic  p ressure  by  b leed ing  off the  excess 
n i t rous  oxide. A n y  n i t rous  oxide r e m a i n i n g  in  the  
cell gas space was  t h e n  pu rged  wi th  he l ium.  The  
absorber  (Fig. 1) r emoved  a n y  h y d r o g e n  fluoride 
which  passed t h rough  the ref lux condense r  d u r i n g  
electrolysis.  A flow of about  30 c c / m i n  of h e l i u m  
served to car ry  the  products  to the  F E P  Teflon t raps  
which  were  cooled by  l iqu id  n i t rogen .  The  products  
were  separa ted  f rom n i t rous  oxide by  n o r m a l  vac -  
u u m  l ine  t echn iques  and  were  ident if ied by  the i r  
i n f r a r e d  spectra.  

In  this  electrolysis ,  c u r r e n t  was  m a i n t a i n e d  con-  
s t an t  at specific poin ts  over  a r ange  of 0.5-8'.0 amp 
by a c u r r e n t  regula tor .  The cell vol tage  was  found  
to be b e t w e e n  5-8v  depend ing  on the  c u r r e n t  set-  
t ings, t empe ra tu r e ,  etc. Cell  t e m p e r a t u r e s  ( i n t e r -  
na l )  va r ied  b e t w e e n  --8 ~ to --22 ~ . The l eng th  of 
runs  var ied  f rom 1 to 3 hr. A porous  Teflon d iv ider  
(1 /16- in .  th ickness ,  Porous  Plas t ic  F i l t e r  C o m p a n y )  
was used in  about  ha l f  the  r u n s  to separa te  the  
anode and  cathode c o m p a r t m e n t s  in  the  l iqu id  phase  
only.  

Hydrogen fluoride-nitrosyl fluoride system.-- 
Elect rolyses  in  the  h y d r o g e n  f luor ide -n i t rosy l  fluo- 
r ide sys tem were  car r ied  out  in  s u b s t a n t i a l l y  the  
same m a n n e r  descr ibed  above. Since the  h y d r o g e n  
f luor ide -n i t rosy l  f luoride sys tem is a good e lect r ical  
conductor ,  a conduc t iv i ty  addi t ive  was  ne i t he r  
needed  nor  used. The n i t rosy l  f luoride p r e p a r e d  by  
the me thod  of Seel (3) ,  was  added  as a so lu t ion  in  
h y d r o g e n  fluoride. Add i t i ona l  detai ls  which  differ 
s igni f icant ly  f rom those descr ibed  u n d e r  the  h y -  
d rogen  f luo r ide -n i t rous  oxide sys tem are:  cell vo l t -  
age, 5-11v;  cell t e m p e r a t u r e ,  - -4  ~ to - -16~ mole  r a -  
tios, h y d r o g e n  fluoride to n i t rosy l  fluoride, 16:1 to 
35: 1. The porous  Teflon d iv ider  was  used in  all  ex-  
p e r i m e n t s  in  this  system. 

Results 
The system, hydrogen fluoride-nitrous ox ide . -  

The so lubi l i ty  of n i t rous  oxide (gas) in  h y d r o g e n  
fluoride ( l iqu id)  was  d e t e r m i n e d  as a pa r t  of this 

s tudy.  P re s su re  m e a s u r e m e n t s  in  this  sys tem 
showed tha t  the  so lubi l i ty  was  adequa te  for syn -  
thet ic  purposes,  a l though  it  was  a p p a r e n t  tha t  the 
products  of the  electrolysis  would  be c o n t a m i n a t e d  
w i th  n i t rous  oxide. H e n r y ' s  l aw cons tan t s  (mole  
f r a c t i o n / m m  Hg)  ca lcula ted  f rom the  e x p e r i m e n t a l  
data ,  are  7 x 10 -6 at --23 ~ and  5 x 10 -5 a t - - 7 8  ~ . 
The i so therms appeared  to fol low H e n r y ' s  l aw 
t h r o u g h o u t  the  r ange  considered,  i nd i ca t ing  a lack 
of reac t ion  b e t w e e n  solute  a nd  solvent .  This  po in t  
was pa r t i a l l y  conf i rmed by  rough  e lect r ical  con-  
duc t iv i ty  m e a s u r e m e n t s  which  showed tha t  an  i n -  
s ignif icant  increase  in  conduc t iv i ty  occurs wi th  the  
add i t ion  of n i t rous  oxide to h y d r o g e n  fluoride. 
Therefore ,  a conduc t iv i ty  add i t ive  ( sod ium or po-  
t a s s ium fluoride)  was used for all  e lectrolyses in  
the  h y d r o g e n  f luo r ide -n i t rous  oxide system. 

Electrochemistry of the Hydrogen Fluoride-Nitrous 
Oxide System 

Electrolysis  of the  h y d r o g e n  f luo r ide -n i t rous  ox-  
ide sys tem yie lded  n i t r o g e n  t r i f luor ide  consis tent ly .  
In  addi t ion,  e i ther  oxygen  dif luoride or n i t r o x y  
f luoride (NO,F)  or both  were  ge ne r a l l y  formed.  I t  
appeared  tha t  the  ra te  of f o r ma t i on  of these  l a t t e r  
p roducts  was grea tes t  d u r i n g  the  in i t i a l  por t ion  of 
the expe r imen t .  V a r y i ng  the  c u r r e n t  d u r i n g  elec-  
t rolysis  did no t  appear  to be s ignif icant  in  de t e r -  
m i n i n g  the  n a t u r e  of the products .  Yields,  based on 
cur ren t ,  of a typ ica l  e x p e r i m e n t  were :  n i t r ogen  t r i -  
fluoride, 2%;  oxygen  difluoride,  2%;  a nd  n i t r o x y  
fluoride, 1%. The anodic  we igh t  losses d u r i n g  the  
e lectrolyses  gene ra l ly  accounted  for 50-80% of 
the  cu r ren t .  S ince  the  h y d r o g e n  f luoride had  been  
thoroughly dried in two of the experiments in 
which oxygen-containing products appeared, it is 
apparent that they originated with the nitrous ox- 
ide. 

Anodic and cathodic polarization curves were de- 
termined with respect to a platinum reference elec- 
trode (i) in the hydrogen fluoride-potassium fluo- 
ride and hydrogen fluoride-sodium fluoride systems 
before and after the addition of nitrous oxide, as 
well as after the electrolysis was concluded. These 
curves were reproducible in general form but varied 
from run to run with respect to potential regimes. 
Since the applied potential for a given current 
density was highly reproducible in all experiments, 
it was concluded that the platinum electrode did 
not function effectively as a poised-type reference 
electrode in the hydrogen fluoride-sodium fluoride 
system. It did, however, clearly define at which elec- 
trode the phenomena occurred. 

The applied polarization curves were generally 
reproducible, and it was reasonable to concentrate 
on the lower portion of the curve to highlight the 
basic processes which occurred in this system. 
Linear plots of current density vs. applied poten- 
tial in the low current density regions (i.e., up to 
2 ma/cm a which corresponds to a current of 0.16 
amp) yielded a consistent value for the decomposi- 
tion voltage of dry hydrogen fluoride at nickel elec- 
trodes, namely, 3.9v (Fig. 2). A minimum current 
of 0.05 ma/cm 2 was chosen arbitrarily as that cor- 
responding to decomposition. The results were de- 
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r ived  f rom severa l  e x p e r i m e n t s  in  bo th  the h y d r o -  
gen f luo r ide - sod ium fluoride and  h y d r o g e n  f luor ide-  
po ta s s ium fluoride systems.  The shape and  po ten t i a l  
charac ter is t ics  of the  appl ied  po la r iza t ion  curves  
ob ta ined  af ter  the n i t rous  oxide was  added and,  
a f ter  the  electrolysis  e x p e r i m e n t  was concluded,  
were  v i r t u a l l y  i nd i s t i ngu i shab l e  f rom those ob-  
t a ined  in  the  absence  of n i t rous  oxide. 

Electrolysis in the hydrogen fluoride-nitrosyl 
fluoride system.--Electrolysis in  the h y d r o g e n  fluo- 
r i d e - n i t r o s y l  f luoride sys tem y ie lded  on ly  r educ t ion  
products  of the  NO + ion w i th  one except ion;  oxygen  
dif luoride and  n i t r o x y  fluoride were  products  of one 
e x p e r i m e n t  where  the  h y d r o g e n  fluoride had  been  
on ly  pa r t i a l l y  dried.  Not even  t races  of these com-  
pounds  were  found  in  those e x p e r i m e n t s  where  the  
h y d r o g e n  f luoride had  been  dr ied  us ing  periodic 
c u r r e n t  r eve r sa l  (1) .  

Accord ing  to Seel  (3) ,  the  electrolysis  of h y d r o -  
gen  f luor ide -n i t rosy l  f luoride solut ions  in  a cell 
con ta in ing  a d i aphragm,  which  was  capable  of sep-  
a ra t ing  the  gaseous products ,  should resu l t  in n i t r i c  
oxide and  f luorine as products .  

In  our  cell, where  no separa t ion  of the  gaseous 
products  was a t ta ined ,  the  spon taneous  reac t ion  of 
n i t r i c  oxide and  f luor ine to give n i t rosy l  f luoride 
would  be expected;  the  l a t t e r  would,  no doubt ,  dis-  
solve in  the  e lectrolyte .  The n i t r i c  oxide which  was  
found  as a p roduc t  was p r o b a b l y  a resu l t  of i n -  
sufficient f luorine ava i l ab le  f rom the anodic  reac -  
t i on  since a subs t an t i a l  pa r t  of the  c u r r e n t  was used 
for the d issolu t ion  of the n icke l  anode.  

The  synthes is  of n i t rous  oxide at the cathode is 
r ead i ly  expla ined .  It  wou ld  be expected tha t  the 
NO + ion would  reduce  d i rec t ly  to n i t r ic  oxide, a l -  
though,  w i th  a sufficiently h igh cathode potent ia l ,  
r educ t ion  to n i t rous  oxide could also occur.  The  
po la r iza t ion  curves  (Fig. 3) which  were  t ake n  be -  
fore the s tar t  of the  r u n  show c lear ly  tha t  a second 
reac t ion  took place at the cathode at cu r r en t s  over  
1 amp.  

Discussion 

Both the t h e r m a l  f luor ina t ion  (2) of n i t rous  ox-  
ide and  the electrolysis  of the h y d r o g e n  f luor ide-  
n i t rous  oxide sys tem resu l t ed  in  the fo rma t i on  of 
n i t r o g e n  tr i f luoride.  However ,  whi le  n i t rosy l  fluo- 
r ide was a p roduc t  of the  t h e r m a l  react ion,  o x y g e n  
dif luoride and  n i t r o x y  fluoride were  gene ra l ly  
fo rmed  as a resu l t  of the  electrolysis.  The  e lec t ro l -  
ysis of a h y d r o g e n  f luor ide -n i t rosy l  f luoride solu-  
t ion p roduced  ne i the r  oxygen  dif luoride nor  n i t r o x y  

/ 
- -  c , - " "  
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I - i  ~~ CURRENT, OAMPERES 

Fig. 3. Po lar iza t ion  curve H F - F N O  

f luoride (wi th  d r y  h y d r o g e n  f luor ide) .  I t  is, t he re -  
fore p robab le  tha t  the  f o r ma t i on  of oxygen  dif luo- 
r ide  and  n i t r o x y  fluoride in  the  electrolysis  of the  
h y d r o g e n  f luo r ide -n i t rous  oxide sys tem was no t  the  
resu l t  of f u r t he r  e lectrolysis  of a ny  n i t rosy l  f luoride 
o r ig ina l ly  formed as an  electrolysis  product .  

Represen ta t ive  po la r iza t ion  curves  for the  h y d r o -  
gen f luo r ide - sod ium fluoride sys tem wi th  and  w i t h -  
ou t  added  n i t rous  oxide are  shown  in  Fig. 2. The 
res idua l  c u r r e n t  p re sen t  before  the  so lu t ion  was 
e lec t ro ly t ica l ly  dr ied  was  due  to w a t e r  and  o ther  
impur i t i e s  in  the  h y d r o g e n  fluoride which  were  re -  
moved  by  e lect rolyt ic  d ry ing .  Such  behav io r  is 
typ ica l  of sys tems wi th  t race  impur i t i es .  Af te r  
d ry ing ,  the re  was  no r e s idua l  c u r r e n t  no ted  and  
the decomposi t ion  po ten t i a l  was found  to be re -  
producible .  

Since the  add i t ion  of n i t rous  oxide does no t  af -  
fect the  po la r iza t ion  charac ter is t ics  of the  cell, i t  
is r easonab le  to conclude tha t  the re  is a basic elec- 
t rochemica l  r eac t ion  which  is common to bo th  sys-  
tems,  namely ,  the  decomposi t ion  of h y d r o g e n  fluo- 
r ide  

2HF -~ H2 -t- F2 

The anodic  e lec t rochemical  reac t ion  common  to bo th  
sys tems appears  to be 

HF2-  - -  e -  -> H F  -t- F .  

I t  is proposed tha t  add i t iona l  react ions  were  a 
resu l t  of the c o m b i n a t i o n  of the e lec t ro ly t ica l ly  
gene ra t ed  "ac t ive"  f luorine w i th  n i t rous  oxide. 
Since the  concen t r a t i on  of p roduc t s  which  resu l ted  
f rom such a pos tu la ted  reac t ion  was found  to be 
low, most  of the  act ive  f luor ine e i ther  fo rmed  fluo- 
r ine  or d i rec t ly  a t t acked  the  n icke l  anode.  The cur -  
r en t  equ iva l en t  of the weigh t  loss d u r i n g  e lec t ro l -  
ysis of hyd rogen  f luo r ide -n i t rous  oxide sys tem is no t  
s igni f icant ly  di f ferent  f rom tha t  der ived  f rom elec- 
t rolysis  of h y d r o g e n  f luo r ide - sod ium fluoride. The  
b u l k  of the c u r r e n t  u t i l ized in  the e lectrolysis  in  the 
h y d r o g e n  f luor ide - sod ium fluoride sys tem can be 
re la ted  d i rec t ly  to the weigh t  loss at the  anode.  
Whi le  the anodic  d issolu t ion  process m i gh t  not  have  
been  a direct  e lec t rochemica l  react ion,  it can be 
re la ted  to the a m o u n t  of f luor ine genera ted ,  a s sum-  
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ing t ha t  the  n icke l  was d i rec t ly  a t tacked  by  the 
act ive fluorine.  

Acknowledgment 
The au thors  are i ndeb ted  to the Office of Nava l  

Research for the i r  generous  suppor t  of this  research  
u n d e r  Cont rac t  Nonr  1818(00).  

Manuscript  received Nov. 12, 1963. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1964 
JOURNAL. 

REFERENCES 

1. H. H. Rogers, S. Evans and J. H. Johnson, This Jour- 
nal, 111, 701 (1964). 

2. F. D. Marsh, U. S. Pat. 3,032,400 May 1, 1962. 
3. F. W. Seel, W. Birnkraut ,  and D. Werner ,  Ber. 95, 

1264 (1962). 

Hydrogen Evolution and Surface Oxidation of Nickel 
Electrodes in Alkaline Solution 
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ABSTRACT 

The electrochemical processes which occur on nickel electrodes in 4N KOH 
during a slow-speed anodic potential  sweep be tween --300 and ~-1500 mv 
were studied. Tafel plots for hydrogen evolution were determined unde r  differ- 
ent conditions, and the impedance was measured at 100 cps as a funct ion of 
potential. The results are interpreted in terms of the adsorbed species. I t  is 
confirmed that  hydrogen evolut ion between --300 and --100 mv is controlled 
by the discharge step of water molecules (Volmer reaction) and that  the 
coverage with electrochemically active hydrogen atoms is small  in this 
region. Prior  to the formation of Ni(OH)~ an adsorbed layer  of OH-radicals 
appears to be formed. 

Recen t ly  we s tud ied  the anodic  fo rma t ion  of 
N i ( O H ) e  and  NiOOH on dif ferent  c rys ta l  p lanes  of 
n ickel  and  po lyc rys t a l l i ne  n icke l  in  a lka l ine  so lu-  
t ion  (1) .  I t  was shown  tha t  the  fo rma t ion  of a 
surface  fi lm of hyd rox ide  depended  to some ex ten t  
on the crys ta l  s t ruc tu re  of nickel .  The reg ion  of 
special  in te res t  ex t ended  to anodic  po ten t ia l s  of 
abou t  800 m v  (wi th  respect  to a hyd rogen  electrode 
in  the  same so lu t ion) .  In  this reg ion  a few mo l e c u -  
lar  l ayers  of hyd rox ide  were  fo rmed  and  r e move d  
w i thou t  d ras t i ca l ly  affecting the u n d e r l y i n g  s t ruc -  
ture,  which  on f u r t h e r  ox ida t ion  was  s t rong ly  dis-  
ordered.  A more  de ta i led  s tudy  of the n icke l  elec-  
trode, e x t e n d i n g  f rom --300 m v  to about  1500 mv,  
appeared  des i rab le  in order  to ob ta in  i n f o r m a t i o n  
abou t  the  adsorbed  species and  react ions  which  
occur in  this  po ten t i a l  range.  E x p e r i m e n t a l  resul t s  
are here  p resen ted  and  i n t e r p r e t e d  in  t e rms  of ca th-  
odic h y d r o g e n  evolu t ion ,  h y d r o g e n  adsorpt ion ,  h y -  
droxide  adsorpt ion ,  and  n icke l  hyd rox ide  fo rmat ion .  

H y d r o g e n  evo lu t ion  and  adsorp t ion  have  been  ex -  
haus t i ve ly  s tud ied  and  discussed (2) ,  p r i m a r i l y  for 
m e r c u r y  and  p l a t i n u m  meta l s  bu t  also, among  other  
metals ,  for n ickel  in  a lka l ine  solut ion.  Lukovtsev ,  
Levina ,  and  F r u m k i n  (3) a t t r i b u t e d  the overvol tage  
to a h i n d e r e d  discharge step 

Ni ~ H20 -t- e -  = N i - H  -t- O H -  (Volmer  reac t ion)  
[1] 

except  possibly  in  the  most  d i lu te  a lka l ine  solu-  
t ion. They  suggested tha t  r eac t ion  [1] is fol lowed 
by  the  less h inde red  e lec t rochemica l  desorp t ion  

N i - - H + H 2 0 + e -  = N i W O H -  + H ~  
(Heyrovsky  reac t ion)  [2] 

The anodic  c u r r e n t - p o t e n t i a l  curves  showed a la rge  
increase  of po ten t i a l  w i th  cur ren t ,  as in  the case 
of a d i f fus ion- l imi ted  cur ren t .  These curves  were  
i n t e r p r e t e d  as r e su l t ing  f rom the  s imu l t aneous  ox-  
ida t ion  of mo lecu l a r  h y d r o g e n  ( reac t ion  [2] )  and  
of the n icke l  electrode.  La te r  F r u m k i n  (4) sug-  
gested tha t  r eac t ion  [1] is r a t e - d e t e r m i n i n g  on the 
g rea te r  pa r t  of the  surface,  bu t  tha t  on a smal l  pa r t  
of the surface  h y d r o g e n  evo lu t ion  is l imi t ed  by  
r e c o m b i n a t i o n  

N i - - H §  (Tafel  reac t ion)  [3] 

E v e n  on  those sites where  reac t ion  [1] is r a t e - d e -  
t e r m i n i n g  the  ra te  of r e mova l  of h y d r o g e n  atoms 
f rom the sur face  is not  inf in i te ly  great .  Bockris  and  
Po t t e r  (5) conf i rmed a r a t e - d e t e r m i n i n g  discharge 
step. D e v a n a t h a n  and  S e l v a r a t n a m  (6) d e t e r m i n e d  
the  h y d r o g e n  coverage,  8, e x p e r i m e n t a l l y  as a f u n c -  
t ion  of cathodic c u r r e n t  densi ty .  T h e y  a r r ived  at  a 
r a t e - d e t e r m i n i n g  Volmer  react ion,  fo l lowed b y  the  
less h i n d e r e d  reac t ion  [3] w i thou t  d i s t i ngu i sh ing  
di f ferent  sites on the  surface.  Makr ides  (7) r ecen t ly  
placed more  emphas is  on surface  states exis t ing  on 
n icke l  e lectrodes (at  least  in  0.1N NaOH solut ion)  
which  resu l t  f rom the p r e t r e a t m e n t  and  h is tory  of 
the  e]ectrode. He conc luded  tha t  the  discharge step 
is r a t e - d e t e r m i n i n g  only  on  surfaces in  an  " in i t i a l "  
state w i th  h igh affinity for h y d r o g e n  adsorpt ion.  
Anod ic -ca thod ic  cycl ing p roduced  a s teady  s ta te  
for which  the exchange  ra tes  of the discharge and  
combina t ion  steps were  abou t  equal ,  so tha t  there  
was  no s ingle  r a t e - d e t e r m i n i n g  step. 

Oxygen  evo lu t ion  on n icke l  electrodes in  a lka l ine  
so lu t ion  m a y  be accompanied  by  adsorp t ion  proc-  
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esses (of  i n t e r m e d i a t e  O H -  and  O2H- ,  and  of a tomic  
and  m o l e c u l a r  o x y g e n )  a n d  b y  the  f o r m a t i o n  of 
su r f ace  oxides .  This  has  been  d i scussed  w i t h  r e spe c t  
to  t h e  su r f ace  c o v e r a g e  on i n e r t  e l e c t rodes  b y  R u e t s -  
chi  and  c o - w o r k e r s  (8 ) .  The  p r e s e n c e  of o the r  a d -  
so rbed  species  d u r i n g  h y d r o g e n  evo lu t i on  has  been  
cons ide red  poss ib le  bu t  o t h e r w i s e  has  been  l a r g e l y  
ignored .  On an  ac t ive  e l ec t rode  of Ni  in a l k a l i n e  
solu t ion ,  because  of t he  c loseness  of  t he  e l ec t rode  
p o t e n t i a l  of N i ( O H ) 2  f o r m a t i o n  ( E ~  0.106v) to 
t ha t  of H2 evo lu t ion ,  i t  is f eas ib le  t ha t  some o v e r -  
l a p  m a y  ex i s t  of H and  OH adso rp t ion .  This  is t a k e n  
in to  c o n s i d e r a t i o n  in  t he  e v a l u a t i o n  of  the  p r e s e n t  
e x p e r i m e n t a l  resu l t s .  

S i m i l a r  i m p e d a n c e  m e a s u r e m e n t s  on s i n t e r e d  
n i cke l  e l ec t rodes  h a v e  also been  r e p o r t e d  b y  K a n d -  
ler ,  Roemer ,  and  H~us l e r  (9) .  

Experimental  
As in t he  p r e v i o u s  w o r k  (1)  c u r r e n t - p o t e n t i a l  

cu rves  w e r e  d e t e r m i n e d  b y  i m p r e s s i n g  p o t e n t i o -  
s t a t i c a l l y  a l i n e a r l y  i n c r e a s i n g  po ten t i a l .  The  p o -  
t e n t i a l  s w e e p  e x t e n d e d  f r o m  --300 to 1500 m v  
( p o t e n t i a l s  w e r e  m e a s u r e d  and  a re  g iven  aga in s t  a 
h y d r o g e n  e l ec t rode  in  t he  s ame  so lu t ion  as t he  t es t  
e l e c t r o d e ) .  The  p r e v i o u s  d - c  p r o c e d u r e s  w e r e  fo l -  
l o w e d  w i t h  t he  fo l lowing  excep t ions :  

A l o w e r  r a t e  of p o t e n t i a l  inc rease ,  5 m v / s e c ,  w a s  
used.  

The  n i cke l  e l ec t rodes  w e r e  m a i n t a i n e d  at  - -300 
m v  for  8 m i n  be fo re  a p p l y i n g  the  in i t i a l  as w e l l  as 
s u b s e q u e n t  sweeps  in  o r d e r  to r e m o v e  a n y  p r e v i -  
o u s l y  f o r m e d  oxide .  

E x p e r i m e n t s  w e r e  p e r f o r m e d  in so lu t ions  w h i c h  
w e r e  s a t u r a t e d  w i t h  h y d r o g e n  or  a rgon ,  r e s p e c -  
t ive ly ,  and  w e r e  s t i r r e d  b y  con t inuous  flow of t h e s e  
gases.  

In  a d d i t i o n  to the  c i r cu i t  used  in d - c  m e a s u r e -  
ments ,  Fig.  1 shows  s c h e m a t i c a l l y  t he  a - c  i n s t r u -  
m en t a t i on .  The  a d d e d  un i t s  G, S, a n d  A a r e  s h o w n  
in the  d a s h e d  box  of t he  figure.  A n  a - c  s igna l  of  
3 my,  g e n e r a t e d  b y  the  osc i l l a to r  G, is a d d e d  to the  
s igna l  f r o m  the  func t ion  gene ra to r ,  F .G.  Bo th  s ig -  

R i 2KO 

R z 200.~ 

R 3 200K~ 

R 4 2KIl 

R5 IOOQ 

Re O-IKQ 

R04 15 0 

t 

Fig. 1. Schematic circuit diagram: A, Tektronix type D plug-in 
unit in power supply used as pre-amplifier; G, Hewlett-Fackard 
oscillator, type 200CD; S, Solartron-Resolved component indicator, 
Model VP 250; O, Tektronix 502 double beam oscilloscope; FG, 
Exact Electronics Function Generator, type 250; P, Wenking poten- 
tiostat with connections for V, applied voltage; T, test electrode; 
R, reference electrode; C, counter electrode; EXT, output. 

rials across  R2 a re  a p p l i e d  to t he  tes t  e l e c t r o d e  b y  
a W e n k i n g  po t en t i o s t a t ,  P.  I t  was  f o u n d  t h a t  the  
p o t e n t i o s t a t  a p p l i e d  a - c  s igna l s  up  to 3000 cps w i t h -  
ou t  i n t r o d u c i n g  a n o t i c e a b l e  p h a s e  shif t .  The re fo re ,  
the  a - c  s igna l  across  (R2~-R4), i n s t e a d  of t h a t  b e -  
t w e e n  tes t  and  r e f e r e n c e  e lec t rodes ,  was  used  as 
a r e f e r e n c e  s igna l  of  the  a - c  v o l t a g e  for  t he  R e -  
so lved  C o m p o n e n t  Ind ica to r ,  S, Mode l  No. V P  250 
m a n u f a c t u r e d  b y  S o l a r t r o n  L a b o r a t o r y  I n s t r u m e n t s  
L td .  The  l a t t e r  a l lows  a d i r ec t  r e a d i n g  of t he  i n -  
phase  (ohmic )  and  o u t - o f  p h a s e  ( h e r e  c a p a c i t i v e )  
c ompone n t s  of t he  a - c  c u r r e n t  t h r o u g h  R6. The  
ampl i f ie r ,  A, w h i c h  was  used  w i t h  a g a i n  of 50 
and  does  not  i n t r o d u c e  a p h a s e  shif t ,  ampl i f ies  the  
a - c  v o l t a g e  across  R6. The  c i r cu i t  r e q u i r e s  a g r o u n d -  
f ree  i n p u t  for  th is  ampl i f ie r .  The  i nd i ca to r  is se-  
l ec t ive  w i t h  r e s p e c t  to t he  f r e q u e n c y  of t he  r e f -  
e rence  vo l tage .  The  osci l loscope,  O, r e g i s t e r s  t he  
a m p l i t u d e  of t he  a - c  c u r r e n t  f lowing t h r o u g h  the  
cel l  as a func t ion  of e l e c t r o d e  po ten t i a l .  

As  before ,  c u r r e n t - p o t e n t i a l  cu rves  w e r e  r e c o r d e d  
osc i l l og raph ica l ly .  Two osci l loscopes  w e r e  used  in  
pa ra l l e l .  The  i n p u t  r e s i s t a nc e  of  the  c o m b i n a t i o n  
was  5 megohms ,  us ing  a t t e n u a t o r  p robes .  On one 
scope, the  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  w e r e  r e -  
co rded  on an  e x p a n d e d  vo l t a ge  scale  in  t he  r eg ion  
- -300-150mv.  These  d a t a  w e r e  used  to cons t ruc t  
Tafe l  p lo t s  be c a use  i t  was  f o u n d  t h a t  in th is  p o t e n -  
t i a l  r a n g e  Tafe l  p lo t s  d id  no t  d e p e n d  on s w e e p  
ra te s  a t  r a t e s  less t h a n  10 m v / s e c .  The  o t h e r  osc i l -  
loscope  cove red  the  en t i r e  d - c  r a n g e  f r o m  - -300 to 
1500 my.  I ts  t r aces  e s t a b l i s h e d  the  q u a l i t a t i v e  n a -  
t u r e  of  t he  anod ic  r eac t i ons  and,  q u a n t i t a t i v e l y ,  t h e  
t h i ckness  of h y d r o x i d e  f i lms (1 ) .  

The  e l e c t r o l y t e  was  a so lu t ion  of 4N KOH.  In  a 
few e x p e r i m e n t s ,  i n t e n d e d  to t es t  t he  effect  of p H  
on the  c u r r e n t - p o t e n t i a l  curves ,  t he  a l k a l i  c oncen -  
t r a t i o n  was  v a r i e d  f r o m  0.001N to 1.0N N a O H  w i t h  
NaC104 a d d e d  as s u p p o r t i n g  e l ec t ro ly t e .  

Results 
D-c measurements . - -As  in  the  p r e v i o u s  s t u d y  

(1)  a d ra s t i c  change  of the  c u r r e n t - p o t e n t i a l  cu rves  
was  o b s e r v e d  b e t w e e n  the  f irst  p o t e n t i a l  sweep,  
on a f r e s h l y  po l i shed  sur face ,  and  s u b s e q u e n t  
sweeps .  The  change  in  the  e lec t rodes ,  p r e s u m a b l y  a 
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Fig. 2. Tafel plots for Ni electrodes with (100) plane in 4N KOH 
solution on second sweeps. Solution saturated with argon, o o %  
hydrogen, D[~I- I .  
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Fig. 4. Tote] plots for polycrystolline Ni electrode in 4N KOH 
after pretreatment with chromic acid: first sweep, eee; second 
sweep, o o o 

d i s o r d e r i n g  of t he  su r f ace  s t r uc tu r e ,  t ook  p l ace  b e -  
t w e e n  the  f irst  and  second  sweep.  

F i g u r e s  2, 3, a n d  4 a r e  s e m i l o g a r i t h m i c  c u r r e n t -  
p o t e n t i a l  p lo t s  w h i c h  w e r e  o b t a i n e d  for  d i f fe ren t  
n i cke l  e l e c t rodes  in  4N K O H  solut ions .  Ca thod ic  
c u r r e n t s  and  p o t e n t i a l s  a r e  p l o t t e d  n e g a t i v e l y .  
These  cu rves  w e r e  o b t a i n e d  b y  e n l a r g i n g  the  osc i l -  
l o g r a m s  p h o t o g r a p h i c a l l y  b y  a b o u t  3X and  t h e n  
t r a n s c r i b i n g  the  cu rves  p o i n t - b y - p o i n t  f r o m  the  
l i n e a r  to t he  semi log  plot .  The  e x p e r i m e n t a l  e r r o r  
of these  m e a s u r e m e n t s  was  ----_5%. 

W i t h i n  t he  l im i t s  of e x p e r i m e n t a l  e r r o r  t h e  n i cke l  
c r y s t a l  p l a n e s  (100) ,  (110) ,  and  (111) s h o w e d  the  
s ame  e l ec t rode  c h a r a c t e r i s t i c s  on " second"  sweeps .  
F i g u r e  2 is t he  T a f e l  p lo t  for  t he  (100) c r y s t a l  on 
second  sweeps  in a r g o n  and  h y d r o g e n - s a t u r a t e d  so-  
lu t ions .  No a p p r e c i a b l e  d i f fe rence  was  f o u n d  b e -  
t w e e n  these  e x p e r i m e n t s .  

F i g u r e  3 shows  d a t a  o b t a i n e d  on first  a n d  second  
sweeps  for  p o l y c r y s t a l l i n e  n i c k e l  e lec t rodes .  I n  a l l  
cases  t he  o v e r v o l t a g e s  and  the  Ta fe l  cons t an t  b, e.g., 
152 mv,  w e r e  a l w a y s  l a r g e r  on the  first  s w e e p  t h a n  
the  c o r r e s p o n d i n g  r e p r o d u c i b l e  v a l u e s  of  b a n d  of 
o v e r v o ] t a g e s  on l a t e r  sweeps .  F o r  l a t e r  sweeps ,  b 

w a s  89 to 93 m v  for  a l l  e l ec t rodes ;  the  e x c h a n g e  
c u r r e n t  d e n s i t y  was  a b o u t  10 ~ a / c m  2. 

In  t he  e x p e r i m e n t a l  p roc e du re ,  t he  e l ec t rodes  
w e r e  c h e m i c a l l y  po l i shed ,  w a she d ,  a n d  c a t h o d i c a l l y  
po la r i zed .  S ince  in  some in s t ances  o the r  w o r k e r s  
used  a ch romic  ac id  t r e a t m e n t  i n s t e a d  of t he  c h e m -  
ica l  pol ish,  e x p e r i m e n t s  w i t h  such  a p r o c e d u r e  w e r e  
also p e r f o r m e d .  Thus ,  Fig.  4 shows  the  Tafe l  p lo t s  
for  a p o l y c r y s t a l l i n e  n i c k e l  e l ec t rode  in a first  and  
second  sweep ,  for  w h i c h  c h e m i c a l  po l i sh ing  was  r e -  
p l a c e d  b y  c h romic  ac id  t r e a t m e n t .  The  p lo t  for  t he  
first  sweep  shows  a n o n l i n e a r i t y ,  r e s u l t i n g  p o s s i b l y  
f r o m  a n o t h e r  ca thod ic  r e a c t i o n  i n t r o d u c e d  b y  
c h r o m a t e  ions. The  second  sweep  g ives  t he  u s u a l  
Ta fe l  s lope  b u t  t he  c u r r e n t  dens i t i e s  a r e  r e d u c e d  
b y  n e a r l y  an  o r d e r  of m a g n i t u d e ,  c o m p a r e d  to c h e m -  
i ca l ly  po l i shed  e l ec t rodes  d u r i n g  the  second  sweep,  
i nd i c a t i ng  the  p a s s i v a t i n g  effect of t he  ch romic  
ac id  t r e a t m e n t .  

The  two  cu rves  of Fig .  2 show the  s ame  b e h a v i o r  
d u r i n g  the  second  s w e e p  in so lu t ions  s a t u r a t e d  w i t h  
e i t he r  A r  or  He. L ikewise ,  t h e r e  is no d i f fe rence  
due  to the  d i f f e ren t  s a t u r a t e d  so lu t ions  in  t he  anod ic  
b e h a v i o r  of  t h e  n i cke l  e lec t rodes ,  for  w h i c h  Fig.  5 is 
an  e x a m p l e .  Th is  f igure  shows  t r a c e s  of t he  I - U  
cu rves  d u r i n g  the  f irst  and  second  sweeps  on a (110) 
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Fig. 5. Current-potentiM curves for single potential sweeps at 
5 mv/sec on (110) crystal in 4N KOH saturated with Ar or H2 as 
indicated. 
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c r y s t a l  p l a n e  in w h i c h  the  changes  b e t w e e n  suc-  
cess ive  sweeps  can  be  not iced .  The  loca t ion  of t he  
peak ,  a t t r i b u t a b l e  to t he  f o r m a t i o n  of N i ( O H ) e ,  
di f fers  f rom t h a t  g iven  in  ref .  (1) .  This  is due  to 
t he  s l ower  s w e e p  r a t e  (5 m v / s e c  vs .  110 m v / s e c )  
and  to the  h i g h e r  c o n c e n t r a t i o n  of t he  e l e c t r o l y t e  
(4N vs .  0.2N K O H )  in t he  p r e s e n t  e x p e r i m e n t s .  

The  effect of c h a n g i n g  p H  is g iven  in  Fig.  6, w h i c h  
shows  in i t i a l  ( " f i r s t "  s w e e p )  osc i l l og raph ic  c u r r e n t -  
p o t e n t i a l  t r aces  on a p o l y c r y s t a l l i n e  n i cke l  e l ec t rode  
in 5M NaC104, w i t h  d i f fe ren t  a d d i t i o n s  of  NaOH.  
The  h y d r o x i d e  c o n c e n t r a t i o n  was  v a r i e d  b y  a f ac to r  
of 1000 w i t h o u t  af fec t ing  the  loca t ion  of the  p e a k  
of n i cke l  h y d r o x i d e  fo rma t ion .  S ince  in each  case  
the  po t en t i a l s  w e r e  m e a s u r e d  aga in s t  a h y d r o g e n  
e l e c t r o d e  in t he  s a m e  so lu t ion  as t he  n i cke l  e l ec -  
t rode ,  t h e r e  was,  t he re fo re ,  an  ef fec t ive  c h a n g e  in 
p o t e n t i a l  of a b o u t  59 m v  on the  p o t e n t i a l  scale,  as 
e x p e c t e d  for  the  N i ( O H ) ~  fo rma t ion .  

A - c  m e a s u r e m e n t s . - - M o s t  of t he  a - c  m e a s u r e -  
m e n t s  w e r e  m a d e  w i t h  p o l y c r y s t a l l i n e  e l ec t rodes  
because  t he  b e h a v i o r  of t he  d i f fe ren t  p l anes  is v e r y  
s i m i l a r  for  second  sweeps .  The  va lue s  of Cp and  
( 1 /Rp) ,  c a l c u l a t e d  f r o m  d i r ec t  r ead ings ,  a t  50 m v  
i n t e r v a l s  of t he  d - c  sweep ,  on the  r e so lved  c o m p o -  
nen t  i nd i ca to r  a r e  shown  in Fig.  7 and  8 for  a rgon  
s t i r r ing .  These  m e a s u r e m e n t s ,  r e s u l t i n g  f rom the  
s u p e r p o s i t i o n  of a 3 m y  p e a k - t o - p e a k  a - c  vo l t a ge  
on the  d - c  vo l t age  h a v e  an  e x p e r i m e n t a l  a c c u r a c y  
of - -5%.  S ince  the  d i f fe rence  in t he  a - c  c h a r a c t e r -  
is t ics  b e t w e e n  the  f irst  a n d  l a t e r  sweeps  is less  
d r a s t i c  t h a n  in  d - c  m e a s u r e m e n t s  the  m o r e  g r a d u a l  
changes  a r e  i l l u s t r a t e d  b y  showing  the  first,  sec-  
ond,  and  t h i r d  sweeps .  W i t h i n  the  e x p e r i m e n t a l  
l imi t s ,  the  s ame  resu l t s  w e r e  o b t a i n e d  w i t h  h y d r o -  
gen  s t i r r ing .  T h e y  are ,  t he re fo re ,  no t  s h o w n  s e p -  
a r a t e l y .  

The  po in t  b y  po in t  p lo t s  of Fig .  7 and  8 show 
ca l cu l a t ed  va lue s  w h i c h  m a y  obscure  some of the  

t 
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Fig. 7. Capacity, Cp, as a function of potential for polycrystalline 
Ni electrode in 4N KOH saturated with At, measured at 100 cps; 
o, first sweep; [-], second sweep; ~ ,  third sweep. 
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Fig. 8. Parallel conductance (I /Rp) as a function of potential 
for polycrystalline Ni electrode in 4N KOH solution saturated with 
Ar, measured at 100 cps; o, first sweep; I~, second sweep; ,'k, third 
sweep. 

f iner  s t r u c t u r e  in t he  ca thod ic  region .  Tha t  th i s  is 
not  a se r ious  p r o b l e m  is shown  in Fig.  9, w h i c h  is 
the  con t inuous  r e c o r d i n g  of  t he  a m p l i t u d e  of the  
a - c  cu r ren t ,  ia.c., c o r r e s p o n d i n g  to the  t h i r d  s w e e p  
of F ig .  7. Q u a l i t a t i v e l y ,  these  cu rves  g ive  t he  s a m e  
i n f o r m a t i o n  as Fig.  7 a n d  8. The  con t inuous  osc i l -  
loscope  t r ace  of ia.c. is v e r y  u se fu l  in  l oca t i ng  p e a k s  
of the  Cp and  (1 /Rp)  curves .  

Discussion 

I t  was  the  p u r p o s e  of th is  s t u d y  to e l u c i d a t e  the  
i n t e r m e d i a t e  s teps  in  the  anod ic  f o r m a t i o n  of 
N i ( O H ) 2  on n icke l  and  to ga in  some u n d e r s t a n d -  
ing  of the  su r f ace  changes  t h a t  t a k e  p lace  on c a t h -  
odic r e d u c t i o n  of a f r e s h l y  p r e p a r e d  and  o x i d i z e d  
n icke l  e lec t rode .  This  e l e c t r o d e  is v e r y  s ens i t i ve  to 
i ts  t r e a t m e n t  p r i o r  to o x i d a t i o n  (7 ) .  Consequen t ly ,  
the  e l ec t rode  h a d  to be  s t ud i e d  b y  s t a r t i n g  the  po -  
t e n t i a l  sweeps  a t  ca thod ic  p o t e n t i a l  of - -300 my,  
w h e r e  w e  e x p e c t e d  t ha t  the  ox ide  o r  h y d r o x i d e  
w o u l d  be  r e m o v e d  ca thod ica l ly .  

D - c  m e a s u r e m e n t s . - - T h e  c u r r e n t - p o t e n t i a l  cu rves  
o b t a i n e d  f r o m  d - c  m e a s u r e m e n t s ,  Fig.  3 t h r o u g h  5, 
p o i n t  out  the  m a r k e d  d i f fe rence  b e t w e e n  the  first  
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Fig. 9. Alternating current, ia,c., as a function of potential for 
polycrystalline Ni electrode in 4N KOH solution, at 100 cps. This 
is the third sweep, corresponding to impedance data of Fig. 7 and 8. 



Vol .  111, No.  6 Ha EVOLUTION OF NICKEL ELECTRODES 711 

and  s u b s e q u e n t  po ten t i a l  sweeps on n icke l  elec-  
trodes. This behav io r  was p rev ious ly  found  for 
anodic  ox ida t ion  (1) and  is now also shown  for 
cathodic h y d r o g e n  evolut ion.  

P rac t i ca l ly  the same c u r r e n t - p o t e n t i a l  curves  
were  ob ta ined  for solut ions s t i r red  wi th  h y d r o g e n  
or wi th  argon.  This means  tha t  the  steep rise of 
po ten t i a l  w i th  c u r r e n t  at po ten t ia l s  b e t w e e n  0 and  
q-120 m v  canno t  be a t t r i b u t e d  to an  anodic  l im i t i ng  
c u r r e n t  dens i ty  of the  Tafel  reac t ion  (3) .  This  was 
concluded ear l ie r  (3) on the  basis  of s imi la r  ex-  
per iments .  A n  es t imate  based on the  e x p e r i m e n t a l  
precis ion of our  m e a s u r e m e n t s  in  the  v i c in i t y  of 
zero ove rpo ten t i a l  leads to a c o n t r i b u t i o n  of less 
t h a n  1 # a / c m  u of the anodiza t ion  of molecu la r  h y -  
drogen  to the ne t  anodic  c u r r e n t  densi ty .  The p res -  
ent  va lue  of the  Tafel  constant ,  b ~ 9 0  mv,  for hy -  
d rogen  evolut ion ,  corresponds  to those repor ted  by  
other  workers  (3, 4, 10). The p re sen t  exchange  
c u r r e n t  dens i ty  io~10 ~ a / c m  2, ex t r apo la t ed  f rom 
the cathodic Tafel  plot, is smal le r  t h a n  tha t  found  
by  D e v a n a t h a n  and  S e l v a r a t n a m  (6) ,  it  is abou t  
the same as tha t  of Makr ides  (7) ,  and  it is l a rger  
t han  the  va lues  g iven  by  Bockris  and  Po t te r  (5) ,  
and  by  Lukov t s ev  et  al. (3) Our  d-c  m e a s u r e m e n t s ,  
i.e., the m a g n i t u d e s  of the Tafe l  slope and  exchange  
cur ren t ,  and  the  r e l a t i ve ly  smal l  va lues  of the ca- 
pac i ty  Cp b e t w e e n  --300 and  --100 m v  in  Fig. 6 
suggest  tha t  reac t ion  [1] is the  r a t e - d e t e r m i n i n g  
step in  this  po ten t i a l  range,  in  a g r e e m e n t  w i th  the 
a b o v e - m e n t i o n e d  conclusions  of others.  

The  pH dependence  of the  peak  potent ia l ,  shown 
to be abou t  59 m y / d e c a d e  of hyd rox ide  concen t r a -  
tion, is in  ag r eemen t  wi th  the reac t ion  

Ni q- 2 O H -  ~-- N i (OH)2  q- 2e -  [4] 

It is l ike ly  tha t  this reac t ion  inc ludes  the anodic  
fo rma t ion  of an  adsorbed  layer  of h y d r o x y l  radicals  
as a first step. Ev idence  for this reac t ion  wi l l  also 
be adduced  f rom a-c  measu remen t s .  

The  a b n o r m a l l y  h igh  Tafe l  slope of the  first sweep 
corresponds  to a s imi la r  obse rva t ion  of the  increase  
of h y d r o g e n  overvo l tage  on i ron electrodes in  a l -  
ka l ine  solutions,  which  F r u m k i n  (4) a t t r i b u t e d  to 
the presence  of oxide on the i ron  electrode.  By 
analogy,  our  resul t s  d u r i n g  first sweeps migh t  be 
i n t e rp r e t ed  as be ing  due to the  inf luence  of some 
oxide r e m a i n i n g  f rom the  chemica l  pol i sh ing  of 
the electrodes.  Such  traces of oxide m a y  not  be 
r emoved  by  e lec t rochemica l  r educ t ion  (12).  

In  a compar i son  wi th  our  p rev ious  d-c  m e a s u r e -  
men t s  (1) ,  it  should  be no ted  tha t  in  the  p resen t  
expe r imen t s  a ve ry  slow ra te  of po ten t i a l  sweep 
(5 m v / s e c )  was chosen in  o rder  to be able  to make  
d i r e c t - r e a d i n g  a-c  m e a s u r e m e n t s .  This  p rocedure  
resul ts  in  accura te  a -c  data,  bu t  the slow sweep 
ra te  in t roduces  compl ica t ions  in  d-c  m e a s u r e m e n t s  
due to possible side react ions,  which  were  absen t  
at the fas ter  sweep ra te  of 110 m v / s e c  used p re -  
viously.  

A - c  m e a s u r e m e n t s . - - W i t h  r ega rd  to the a-c  
measu remen t s ,  inspec t ion  of the Cp-U curve  of Fig. 
7 shows a m i n i m u m  of 22 ~ F / c m  2 in  the  reg ion  of 
q-600 to q-800 mv.  This Cp va lue  can  be ident i f ied 
as the double  l ayer  capacity.  Since it  does no t  i n -  
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Fig. 10. Schematic capacitance-potential diagram in the low 
potential region for idealized Hi electrode in KOH. 

crease on successive sweeps, it is concluded tha t  
the  e x p e r i m e n t a l  p rocedure  did no t  increase  the 
surface  area. The h igher  Cp va lues  at more  anodic  
a nd  cathodic po ten t ia l s  are faradaic  pseudoca-  
paci tances  due to electrode react ions.  The anodic  
pa r t  rises s teeply  to va lues  of 500 to 550 # F / c m  2 
at 1450 m v  cor responding  to the  fo rma t ion  of the  
h igher  oxide, NiOOH. The  region  of lower  po ten t i a l  
is of g rea te r  in te res t  because  di f ferent  adsorp t ion  
processes and  the fo rma t ion  of N i ( O H ) 2  take  place 
there.  There  are th ree  d is t inc t  events  which  occur 
b e t w e e n - - 3 0 0  m y  and  -I-300 m v  and  which  cause 
an  increase  in  C, wi th  m a x i m a  at a p p r o x i m a t e l y  
--100, q-100, and  q-200 my.  The exact  locat ions of 
these peaks  in  the Cp vs.  U curves  depend  on the  
e x p e r i m e n t a l  condi t ions,  especial ly  the  ra te  at which  
the po ten t ios ta t i ca l ly  cont ro l led  vol tage  is var ied.  
Since the reac t ions  l ead ing  to the  capaci ty  peaks  
over lap  each o ther  to some extent ,  this  obscures  the  
r e p r e s e n t a t i o n  of Cp as a func t ion  of U. The region  
of low po ten t i a l  in  Fig. 7 can be schemat ica l ly  d r a w n  
as in  Fig. 10 where  the solid l ine,  r e p r e s e n t i n g  Cp, is 
the sum of th ree  processes. These are  d r a w n  a rb i -  
t r a r i l y  except  for process III, which  wi l l  be i den t i -  
fied as the  fo rma t ion  of Ni (OH)2,  and  is therefore  
assumed  to s tar t  closely to the t h e r m o d y n a m i c  
s t a n d a r d  po ten t i a l  of 106 mv.  Processes I and  II  are  
a t t r i b u t e d  by  us to e lec t rochemica l  f o r ma t i on  and  
r e mova l  of adsorbed layers  of h y d r o g e n  atoms and  
h y d r o x y l  radicals .  

F r u m k i n  (4) has i n t e rp re t ed  m e a s u r e m e n t s  of 
h y d r o g e n  overvol tages  on n icke l  in  a lka l ine  solut ions  
(3) as ind ica t ing  the ex is tence  of sites wi th  di f ferent  
free e n e r g y  of ac t iva t ion  for the  reac t ions  [1] to 
[3]. Pas t  and  Jofa (11) in  work  on the same sys tem 
have  conc luded  f rom capaci ty  da ta  tha t  the e lec t ro-  
chemica l ly  active,  i.e., r e l a t i ve ly  w e a k l y  bonded ,  
h y d r o g e n  a toms covered only  a smal l  f rac t ion  of the  
tota l  surface.  W h e t h e r  or not  the  r e m a i n i n g  surface  
was covered wi th  s t rong ly  bonded  h y d r o g e n  could 
no t  be de t e rmined .  More recent ly ,  D e v a n a t h a n  and  
S e l v a r a t n a m  (6) have  q u a n t i t a t i v e l y  d e t e r m i n e d  
the  f rac t iona l  coverage  of the  Ni e lectrode by  h y d r o -  
gen atoms. They  assumed tha t  on ly  one hydrogen  
species was  p re sen t  and  tha t  this was the  e lec t ro-  
chemica l ly  act ive  one. 

Process II  can e i ther  b e  caused by  a V o l m e r - t y p e  
reac t ion  i nvo l v i ng  s t rong ly  b o u n d  H atoms, or more  
l ikely,  by  a reac t ion  b e t w e e n  O H -  and  adsorbed  OH. 
The e x p e r i m e n t a l  da ta  in Fig. 6 offer some evidence  
in  favor  of OH adsorpt ion.  The smal l  h u m p  which  
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a p p e a r s  b e f o r e  the  l a r g e  p e a k  of N i ( O H ) 2  f o r m a t i o n  
d i s a p p e a r s  g r a d u a l l y  w i t h  dec r ea s ing  c o n c e n t r a t i o n  
of O H - .  T h e  l a t t e r  p o s s i b i l i t y  is no t  t a k e n  into  a c -  
count  b y  D e v a n a t h a n  a n d  S e l v a r a t n a m ,  and  m a k e s  
t h e i r  c a l c u l a t e d  f r a c t i o n a l  su r f ace  c o v e r a g e  (0.045 
to 0.386 w i t h  o v e r v o l t a g e s  f r o m  --10 to --186 m v )  
doub t fu l .  

R e a c t i o n  I I I  and  i ts  c o r r e s p o n d i n g  p e a k  in t he  Cp-U 
c u r v e  is c l e a r l y  due  to the  f o r m a t i o n  of  N i (OH)2 .  
This  p rocess  can  be  e s t i m a t e d  to l e a d  to a t h i cknes s  
of two  m o l e c u l a r  l a y e r s  on the  bas is  of the  d - c  c u r -  
r e n t - v o l t a g e  m e a s u r e m e n t s  of  F ig .  5. 

C o m p a r i s o n  of t he  (1 /Rp)  vs.  U curve  of Fig .  8 
w i t h  the  C~ vs.  U curves  of  Fig .  7 shows  i t  q u a l i t a -  
t i v e l y  to be  t he  same,  e x c e p t  a t  - -300 m v  w h e r e  
t h e r e  is an  a d d i t i o n a l  p e a k  in  t he  (1 /Rp)  curve .  Th i s  
is due  to a c o n t r i b u t i o n  to t he  i m p e d a n c e  t e r m  b y  
the  i nc rea se  of t he  ohmic  c o m p o n e n t  of p rocess  I 
a t  l a r g e  ove rvo l t ages .  O the rwi se ,  t he  c o r r e s p o n d -  
ence  of  t he  b e h a v i o r  of p s e u d o c a p a c i t a n c e  a n d  
p s e u d o c o n d u c t a n c e  (1 /Rp)  conf i rms  t h a t  a t  t he  f r e -  
q u e n c y  of 100 cps, chosen  for  these  e x p e r i m e n t s ,  no 
e x t r a n e o u s  e l ec t rode  p rocesses  occur  w h i c h  w o u l d  
obscure  p rocesses  d i scussed  above .  

In  conclus ion,  t he  e l e c t r o d e  processes  d i scussed  
a b o v e  can  be  i n t e r p r e t e d  as success ive  s teps  of 
ca thod ic  h y d r o g e n  evo lu t ion ,  anod ic  f o r m a t i o n  of 
a d s o r b e d  h y d r o x i d e  (or  anod ic  o x i d a t i o n  of a d s o r b e d  
h y d r o g e n ) ,  and  N i ( O H ) 2  in t he  fo l lowing  a p p r o x i -  
m a t e  p o t e n t i a l  r a n g e s :  

--300 to --100 my:  h y d r o g e n  evo lu t i on  i n v o l v i n g  
w e a k l y  b o n d e d  H a toms  w i t h  t he  r a t e - d e t e r m i n i n g  
s tep :  

Ni+H20+e- =Ni--H+OH- [I] 

--100 m v  up:  E l e c t r o c h e m i c a l  a d s o r p t i o n  of h y -  
d r o x i d e :  

Ni + OH- = Ni--OH + e- [5] 

This may be accompanied or even may be replaced 
by oxidation of firmly adsorbed H atoms: 

Ni--H+OH- =Ni+H20+e- [i'] 

+100  m v  up :  F o r m a t i o n  of Ni  (OH)2:  

Ni  + 2 O H -  ---- N i ( O H ) 2  + 2 e -  [4]  

w h e r e  r e a c t i o n  [1 ' ]  is t he  r e v e r s e  of r e a c t i o n  [1] .  

Manuscr ip t  rece ived  Aug. 4, 1963; rev ised  m a n u -  
script  received Nov. 30, 1963. This paper  was presented  
at the  New York  Meeting, Sept. 30-Oct. 3, 1963. 

Any  discussion of this  paper  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the  December  1964 
JOURNAL. 
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ABSTRACT 

The prac t icab i l i ty  of a d i rec t  cu r ren t  technique for  de te rmina t ion  of fused 
salt  specific conduct iv i ty  has been demonst ra ted .  S imple  conduct iv i ty  cell  de -  
sign and electr ical  circuits  minimized  many  of the  problems  associated wi th  
a l t e rna t ing  cur ren t  techniques.  Expe r imen ta l l y  de te rmined  cell  constants  
were  ve ry  nea r ly  those ca lculable  f rom cell geometry.  The direct  cur ren t  
conduct ivi t ies  of LiNO3, NaNO3, KNOs, and the i r  b ina ry  mix tures  were  de t e r -  
mined. The resul ts  were  in agreement  wi th  publ i shed  a l t e rna t ing  cu r ren t  
values, where  avai lable .  

The  h igh  specific c o n d u c t i v i t y  of mos t  fu sed  sa l t  
sy s t ems  compl i ca t e s  t h e  u s u a l  a l t e r n a t i n g  c u r r e n t  
( a - c )  m e a s u r e m e n t  t echn iques .  In  o r d e r  to ach ieve  
suff ic ient ly  h igh  to t a l  r e s i s t ance  in t he  c o n d u c t i v i t y  
cell ,  i t  is n e c e s s a r y  to r e s o r t  e i t he r  to a v e r y  long  
c u r r e n t  p a t h  or  to  a s m a l l  d i a m e t e r  cell .  S ince  t e m -  
p e r a t u r e  con t ro l  is diff icult  for  a l a r g e  cell ,  g lass  

1 Present  address: Depar tmen t  of Chemistry,  U.S. Air  F o r c e  A c a d -  
e m y ,  Colorado 

s P r e s e n t  a d d r e s s :  DeDartment  of Chemistry ,  Agr icul tura l  a n d  
Mechanical  College of Texas,  College Station, Texas .  

cap i l l a r i e s ,  f i l led w i t h  fused  sal t ,  t y p i c a l l y  a r e  used .  
Glass  i t se l f  be c ome s  r e l a t i v e l y  c onduc t i ve  a t  h i g h  
t e m p e r a t u r e s  a n d  m a y  i n t r o d u c e  s igni f icant  e r r o r  in 
c o n d u c t i v i t y  m e a s u r e m e n t s .  Th is  is e spec i a l l y  t r u e  
for  d i p p i n g  cells.  F u r t h e r m o r e ,  a n y  a t t a c k  of the  
cel l  w a l l  b y  a m e l t  w i l l  i n t r o d u c e  a g r e a t e r  e r r o r  
if a s m a l l  d i a m e t e r  cel l  is u sed  t h a n  if a l a r g e r  cel l  
is e m p l o y e d .  

D i r ec t  c u r r e n t  ( d - c )  c o n d u c t i v i t y  m e a s u r e m e n t  
t e chn iques  p e r m i t  one  to a v o i d  t h e  use  of c a p i l l a r y  
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tubes  and  a l l ow the  use  of qu i t e  s imp le  e l ec t r i ca l  
c i rcui ts .  On the  o t h e r  hand ,  two  p o t e n t i a l l y  se r ious  
p r o b l e m s  exis t .  C o n v e n i e n t l y  p r e p a r e d  and  used  r e -  
v e r s i b l e  e l ec t rodes  m u s t  be  a v a i l a b l e  to m e a s u r e  
vo l t age  d rop  in t he  c o n d u c t i v i t y  cell .  Such  e lec -  
t rodes  a r e  not  n e c e s s a r i l y  eas i ly  dev i s ed  for  use  in 
fused  sa l t  sys tems .  F u r t h e r m o r e ,  the  cel l  des ign  
m u s t  be  such t h a t  no s ign i f ican t  p o t e n t i a l  g r a d i e n t  
a p p e a r s  across  t he  su r face  of t he  p r o b e  e lec t rodes ,  
or  an  a p p a r e n t  cel l  c u r r e n t  d e p e n d e n c e  of conduc -  
t i v i t y  w i l l  be  obse rved .  

A f e w  s tud ies  of  aqueous  so lu t ion  d - c  c o n d u c t i v -  
i t ies  h a v e  been  p e r f o r m e d .  G u n n i n g  a n d  G o r d o n  (1) 
r e v i e w e d  the  e a r l i e r  l i t e r a t u r e  and  gave  a g e n e r a l  
d i scuss ion  of the  p r o b l e m s  as soc ia t ed  w i t h  p r o b e  
e l ec t rode  des ign.  I t  a p p e a r s  qu i t e  c l ea r  t h a t  a t  
l eas t  for  so lu t ions  of h i g h l y  d i s soc ia ted ,  n o n h y d r o -  
l y z e d  sal ts ,  d - c  conduc t i v i t i e s  a r e  no t  s e n s i b l y  d i f -  
f e r e n t  f r o m  a - c  conduc t iv i t i e s .  

V e r y  l i t t l e  w o r k  has  b e e n  p e r f o r m e d  on fused  sa l t  
d - c  conduc t iv i t i e s .  G r a n t h a m  a n d  Yos im (2)  have  
c o m p a r e d  a - c  and  d - c  conduc t i v i t i e s  of v a r i o u s  B i -  
BiI8 me l t s  and  f o u n d  a g r e e m e n t  to w i t h i n  0.1%. 
T h e y  used  a c a p i l l a r y  cell  w i t h  b a r e  t u n g s t e n  e lec -  
t rodes .  The  mos t  r e c e n t  w o r k  o t h e r  t h a n  t h a t  of 
G r a n t h a m  and  Yosim,  was  done  b y  P o i n c a r 6  (3)  
in 1890. His r e su l t s  showed  c o n s i d e r a b l e  s ca t t e r  and  
w e r e  o f t en  in  se r ious  d i s a g r e e m e n t  w i t h  a - c  va lue s  
w h i c h  have  been  p u b l i s h e d  since. 

The  sy s t ems  chosen  in  th is  r e s e a r c h  to d e m o n -  
s t r a t e  t he  u t i l i t y  of t he  d - c  t e c h n i q u e  in  fused  sa l t s  
w e r e  LiNO3, NaNO3, KNO3, and  b i n a r y  m i x t u r e s  of 
t he se  sal ts .  A l t e r n a t i n g  c u r r e n t  c o n d u c t i v i t i e s  of 
mos t  of these  sy s t ems  a re  w e l l  k n o w n  and  wi l l  be  
c o m p a r e d  b e l o w  w i t h  the  f indings  of t he  p r e s e n t  
work .  

Exper imenta l  

Materials and equipment.--"Baker a n a l y z e d "  r e -  
a g e n t  AgNO3 and  F i s h e r  ce r t i f i ed  r e a g e n t  KC1 w e r e  
used  w i t h o u t  f u r t h e r  pur i f ica t ion .  " B a k e r  a n a l y z e d "  
r e a g e n t  LiNO3, NaNO~, and  KNO3 w e r e  t r e a t e d  in 
the  f o l l o w i n g  m a n n e r :  The  d r i e d  sa l t s  w e r e  we ighed ,  
m i x e d  if  a p p r o p r i a t e ,  t h e n  me l t ed ,  and  a l l o w e d  to 
sta~ad m o l t e n  for  12 to 24 hr .  To i n su re  good mix ing ,  
the  b i n a r y  n i t r a t e  m e l t s  w e r e  t h o r o u g h l y  s t i r r e d  for  
a t  l eas t  1 h r  w h i l e  mol t en .  Each  m e l t  was  f i l t e red  
t h r o u g h  a m e d i u m  or  fine p o r o s i t y  s ea l ing  t u b e  and  
a l l owed  to cool in  s m a l l  p o r c e l a i n  c ruc ib les .  The  
r e s u l t i n g  sa l t  pe l l e t s  w e r e  s t o r ed  in  a Mg(C104)2-  
c h a r g e d  des i cca to r  b e f o r e  use.  

C o n d u c t i v i t y  w a t e r  for  t he  KC1 s t a n d a r d i z i n g  so-  
l u t i on  was  p r e p a r e d  b y  pass ing  t a p  d i s t i l l ed  w a t e r  
t h r o u g h  a B a r n s t e a d  " B a n t a m "  d e m i n e r a l i z e r  co l -  
umn.  

A 12-in.  M a r s h a l l  t u b e  fu rnace ,  m o u n t e d  v e r t i -  
ca l ly ,  was  used  to h e a t  the  c o n d u c t i v i t y  cells.  The  
f u r n a c e  was  p r o v i d e d  w i t h  e igh t  t ap s  on t h e  h e a t e r  
w ind ing ,  across  w h i c h  shun t s  cou ld  be  p l a c e d  to 
m a i n t a i n  a n y  d e s i r e d  t e m p e r a t u r e  g r a d i e n t  a long  
the  axis  of the  f u r n a c e  cav i ty .  N e a r  280~ the  
g r a d i e n t  ac ross  t he  v o l t a g e  d r o p  r eg ion  of t he  con-  
d u c t i v i t y  cel l  was  0.2 ~ . This  g r a d i e n t  i n c r e a s e d  to 
1.6 ~ at  a f u r n a c e  t e m p e r a t u r e  n e a r  415 ~ F u r n a c e  
t e m p e r a t u r e  was  m a i n t a i n e d  b y  a Br i s to l  con t ro l l e r .  
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Fig. 1. Typical conductivity cell. A, 5 mm ID dual thermocouple 
well; B, 3 mm ID thermacouple well; C, 5 mm ID electrode access 
port; D, 29/42 standard taper on 17 mm ID central tube; E, 8 mm 
ID side-arms; F, 13 mm ID tube; G, H, thermocoup[e locations; I, 
1 mm diam holes leading to side-arms. 

A n y  g iven  cel l  t e m p e r a t u r e  was  he ld  cons t an t  to 
w i t h i n  less  t h a n  a degree .  

A t y p i c a l  P y r e x  c o n d u c t i v i t y  cel l  is s h o w n  in Fig .  
1. D i r ec t  c u r r e n t  was  p a s s e d  t h r o u g h  the  m a i n  
c h a n n e l  of  tt~e U - t u b e  a n d  the  v o l t a g e  d rop  b e -  
t w e e n  po in t s  I was  m e a s u r e d  b y  r e f e r e n c e  e lec -  
t r o d e s  in  t he  s ide  a rms .  The  c u r r e n t - s u p p l y i n g  
e l ec t rodes  w e r e  p l a t i n u m  w i r e  hel ices .  P r o v i s i o n  
was  m a d e  for  t he  i m m e r s i o n  of f ou r  t h e r m o c o u p l e s  
in t he  mel t .  One t h e r m o c o u p l e  (a t  po in t  H )  l e d  to 
the  c o n t r o l l e r  a n d  the  o t h e r  t h r e e  (a t  po in t s  G)  
w e r e  used  to  d e t e r m i n e  sa l t  t e m p e r a t u r e  in  t h e  
v o l t a g e  d rop  reg ion .  

Cel l  cons tan t s  w e r e  d e t e r m i n e d  at  25.00 • 0.02 ~ 
f r o m  the  d - c  c o n d u c t i v i t y  of 1 - d e m a l  KC1, p r e p a r e d  
acco rd ing  to t he  spec i f ica t ions  of Jones  and  B r a d -  
s h a w  (4) .  B e c k m a n  Mode l  39270 ca lome l  e l ec t rodes  
w e r e  used  in  t he  s i d e - a r m s  to m e a s u r e  t he  v o l t a g e  
drop .  Cel l  cons t an t s  w e r e  c o r r e c t e d  for  t h e  t h e r m a l  
e x p a n s i o n  of P y r e x .  

S i l v e r - s i l v e r  n i t r a t e  e l ec t rodes  w e r e  used  in t he  
s ide  a r m s  to r e g i s t e r  t he  p o t e n t i a l s  d e v e l o p e d  a.cross 
t h e  vo l t a ge  d rop  r e g i o n  in  a l l  e x p e r i m e n t s  on 
fused  sal ts .  These  e l ec t rodes  cons i s t ed  of s m a l l  
P y r e x  tubes ,  open  at  t he  t o p  and  t e r m i n a t i n g  in 
t h i n - w a l l e d  b u b b l e s  t h r o u g h  w h i c h  e l ec t r i ca l  con-  
t ac t  to the  m e l t  w a s  a t t a ined .  The  e l ec t rodes  w e r e  
p a r t i a l l y  f i l led w i t h  a so lu t ion  10% b y  w e i g h t  
AgNO~ in e q u i m o l a r  NaNO3-KNO3.  S i l v e r  w i r e s  
d i p p e d  in to  t he  s i lve r  n i t r a t e  so lu t ions  and  e x -  
t e n d e d  out  t he  tops  of t he  tubes .  S i m i l a r  e l ec t rodes  
h a v e  been  d e s c r i b e d  b y  I n m a n  (5) .  

The  p r i n c i p a l  f e a t u r e s  of t he  e l ec t r i ca l  c i r cu i t s  
e m p l o y e d  a r e  s h o w n  in Fig .  2. D i r e c t  c u r r e n t  was  
d r a w n  f r o m  a 12v s t o r a ge  b a t t e r y  b a n k  or  f r o m  a 
cons t an t  c u r r e n t  source.  C u r r e n t  con t ro l  dev ices  a r e  
not  s h o w n  in t he  figure.  C u r r e n t  was  s u p p l i e d  to 
t he  c o n d u c t i v i t y  cel ls  t h r o u g h  a G r a y  I n s t r u m e n t  
C o m p a n y  c a l i b r a t e d  10.003 o h m  p rec i s i on  res i s tor .  
The  500 a n d  25 ohm v a r i a b l e  r e s i s to r s  ( B e c k m a n  
H e l i p o t s )  c o n s t i t u t e d  a p o t e n t i o m e t e r  c i r cu i t  fo r  
m e a s u r i n g  vo l t a ge  d rop  across  the  10.003 ohm r e -  
s is tor .  In  p rac t i ce ,  c u r r e n t  w a s  a d j u s t e d  such t h a t  
for  a g iven  t t e l i p o t  se t t ing ,  d e p r e s s i o n  of t he  t a p  
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Fig. 2. Electrical circuits. A, Polarity switch; B, calibrate/operate 
switch; C, current range switch. 

switches caused no deflection in  a Leeds and  N o r t h -  
r up  Type  2420-A ga lvanomete r .  

A g iven  Hel ipot  se t t ing p rov ided  for two c u r r e n t  
values,  selected by  the  " c u r r e n t  r ange  switch."  The 
Helipots  could be set for any  des i red cell c u r r e n t  
by ca l ib ra t ion  wi th  a Leeds and  N o r t h r u p  K- 3  po-  
t en t iomete r .  Such ca l ib ra t ion  was  accompl ished by  
app rop r i a t e ly  pos i t ion ing  the  "po la r i ty  swi tch"  a nd  
the " o p e r a t e / c a l i b r a t e  switch."  W h e n  a Leeds a nd  
N o r t h r u p  Type  2430-A g a l v a n o m e t e r  ( a t t ached  to 
the K-3  po t en t iome te r )  showed no deflection, the  
n u m b e r  of mi l l ivol t s  to which  the K-3  p o t e n t i o m e -  
ter  was set d iv ided  by 10.003 was  n u m e r i c a l l y  equa l  
to the n u m b e r  of m i l l i ampe re s  of cell c u r r e n t  for 
which  tha t  g iven  Hel ipot  se t t ing  was  adjus ted .  

The two lower  gangs of the  "po la r i ty  swi tch"  
connected  the  s i d e - a r m  electrodes to the  K-3  p o t e n -  
t iometer .  Elec t rode po la r i ty  was au toma t i ca l l y  
changed  as cell c u r r e n t  po la r i t y  was  changed.  P r o -  
vis ion was also made  for m e a s u r i n g  the  po ten t i a l  
difference b e t w e e n  the s i d e - a r m  electrodes w h e n  
no c u r r e n t  was  f lowing t h rough  the  cell. Such a 
provis ion  m a d e  possible  a c o n v e n i e n t  check on 
pola r iza t ion  and  on the  e v e n t u a l  de t e r io ra t ion  of 
the s i d e - a r m  electrodes.  

Procedure.--Fused salt  and  1 -dema l  KC1 con-  
duct iv i t ies  were  m e a s u r e d  in  ve ry  n e a r l y  the same 
m a n n e r .  The  conduc t iv i ty  cell was charged  wi th  the  
l iqu id  u n d e r  s tudy  and  the  probe  and  w o r k i n g  
electrodes inser ted.  Once t h e r m a l  e q u i l i b r i u m  was 
reached  conduc t iv i ty  m e a s u r e m e n t s  were  com-  
menced.  C u r r e n t  was passed t h rough  the  cell in  one 
d i rec t ion  and  the  po ten t i a l  difference b e t w e e n  the  
s i d e - a r m  electrodes was  recorded.  T h e n  the  cell 
c u r r e n t  was reversed  and  the new  po ten t i a l  differ-  
ence  was noted.  The probe  electrode po t en t i a l  d i f -  
fe rence  at  zero c u r r e n t  was  m e a s u r e d  before  and  
af ter  each of these two operat ions .  The  cycle was  
repea ted  at  some new  cell c u r r e n t  value .  Because  
two ga lvanome te r s  and  po ten t iomet r i c  c i rcui ts  we re  
ava i l ab le  (see Fig. 2), it was possible to d e t e r m i n e  
c u r r e n t  and  cell vol tage  drop s imul t aneous ly .  

A t  any  g iven  cell c u r r e n t  value ,  the m e a s u r e d  
po ten t i a l  differences were  ave raged  for f o rwa r d  and  
reverse  cur ren t .  If this  ave rage  did no t  agree wi th  
the average  of the po ten t i a l  differences as cor-  
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rected for z e r o - c u r r e n t  voltage,  the  data  were  dis-  
carded.  

In  the case of fused sal t  me a su r e me n t s ,  the  en t i re  
sequence  of vol tage  m e a s u r i n g  steps was  repea ted  
at each n e w  fu rnace  t e m p e r a t u r e  set t ing.  Normal ly ,  
the  first conduc t iv i ty  m e a s u r e m e n t s  were  made  jus t  
above the  me l t i ng  po in t  of the  sal t  be ing  inves t i -  
gated, and  fu rnace  t e m p e r a t u r e  was increased  in  
steps un t i l  e i ther  the electrodes fai led or the  salt 
began  to decompose.  In  some cases, however ,  f u r -  
nace  t e m p e r a t u r e  was  changed  in  r a n d o m  order,  or 
was  reset  to some p rev ious ly  used  t empe ra tu r e .  
Observed  conduct iv i t ies  did no t  appear  to depend  
on the order  of t e m p e r a t u r e  set t ings.  

The  cell c u r r e n t  po t e n t i ome t e r  c i rcui t  was  cal i -  
b ra t ed  at sufficiently f r e q u e n t  i n t e rva l s  to in su re  
c on t i nua l l y  accura te  cell c u r r e n t  de t e rmina t ion .  

Al l  of the  opera t ions  r equ i r ed  for d e t e r m i n i n g  
each fused salt  conduc t iv i ty  va l ue  were  car r ied  out 
as r ap id ly  as possible to min imize  the effects of any  
t h e r m a l  cycl ing in  the  furnace .  The m i n i m u m  t ime  
necessary  was  abou t  4 rain. 

Results and Discussion 

Conductivity cell performance.--As G u n n i n g  and  
Gordon  have  po in ted  out (1) ,  it is essent ia l  to con-  
s ider  two i m p o r t a n t  p rob l ems  w h e n  p l a n n i n g  a d-c  
conduc t iv i ty  exper imen t .  It  is necessa ry  first of all  
tha t  the probe  electrodes be revers ib le ,  or at least  
not  s igni f icant ly  polar ized by  the act of m e a s u r i n g  
the vol tage  b e t w e e n  them.  The calomel  (for  1 -de-  
ma l  KC1) and  s i l ve r - s i l ve r  n i t r a t e  (for fused sal ts)  
e lectrodes employed  in  this  work  behaved  v e r y  
sa t i s fac tor i ly  and  gave no reason  to suspect  e r ror  to 
be i n t roduced  t h r ough  po la r iza t ion  or lack of r e -  
vers ib i l i ty .  

The  most  ser ious shor tcomings  of the s i lver  elec- 
t rodes were  the i r  l imi t ed  use fu l  t e m p e r a t u r e  r ange  
and  the i r  sens i t iv i ty  to me l t  composit ion.  At  t e m -  
pe ra tu re s  be low 300 ~ the  P y r e x  bubb le s  became 
sufficiently nonc onduc t i ve  to r e n d e r  the g a l v a n o -  
met r i c  n u l l - p o i n t  difficult to d e t e r m i n e  accura te ly .  
As migh t  be expected,  this s luggish response  was  
most  p r o n o u n c e d  at  h igh  mole  f rac t ions  of KNO3. 
At  t e m p e r a t u r e s  in  excess of 400 ~ , the  s i lver  elec-  
t rodes did no t  work  wel l  in  LiNO3-r ich  melts.  

The second p r o b l e m  po in ted  out  by  G u n n i n g  and  
Gordon  is concerned  wi th  e lect rode geometry .  To 
e l imina t e  a ny  a p p a r e n t  c u r r e n t  d e p e n d e n c y  of spe-  
cific conduct iv i ty ,  the  re fe rence  electrodes idea l ly  
should  be v a n i s h i n g l y  smal l  in  the  d i me ns i on  p a r a l -  
lel to the flow of cell cur ren t .  The U - t u b e  holes 
which  led  to the  s ide -a rms  were  made  as smal l  as 
was prac t icab le  (1 m m  d i a m e t e r ) .  I t  is r easonab le  
to assume tha t  the po ten t i a l  difference b e t w e e n  the 
hole  sites wou ld  be equa l  to tha t  seen in  the  s ide-  
a rms  at  the  ac tua l  e lectrode locations.  In  a ny  event ,  
a n y  vol tage  developed w i t h i n  the  s i de - a r ms  would  
cancel  as cell c u r r e n t  was  reversed.  

As evidence  of the  successful  e l i m i na t i on  of cell 
c u r r e n t  effects, specific conduc t iv i t i es  did no t  change  
w i t h i n  e x p e r i m e n t a l  e r ror  as the  c u r r e n t  was 
changed  40-fold in  the fused sal t  e xpe r i me n t s  and  
16-fold in  the KC1 exper imen t s .  I t  does not  appear  
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t ha t  the  cell  des ign of Ives  and S w a r o o p a  (6) ,  who  
c i r c u m v e n t e d  the  p r o b l e m  of r e f e r e n c e  e lec t rode  
g e o m e t r y  in ano the r  way,  w o u l d  be a m e n a b l e  to h igh  
t e m p e r a t u r e  fused  sal t  work .  

The  cell  cons tants  w e r e  w i t h i n  about  5% of the  
va lues  wh ich  w e r e  ca lcu lab le  f r o m  cell  geomet ry .  

D - C  C O N D U C T I V I T Y  O F  M O L T E N  N I T R A T E S  

Table I. Experimental values of specific conductivity of 
LiNO3, NaNO3, KNO3, and their binary mixtures 

M e W  K, M e W  g,  
c o m p o s i t i o n ,  T e m p e r -  o h m - 1  c o m p o s i t i o n ,  T e m p e r -  o h m  -1 

mole % ature, oC cm -1 mole % ature, ~ cm-~ 

100 LiNO3 284.2 0.9676 25.05 LiNO~ 278.5 0.8651 
284.2 0.9696 74.%NaNO3 278.5 0.8660 
321.8 1.1756 30.0.8 0.9763 
321.8 1.1786 300.8 0.9777 
359.0 1.3880 327.2 1.096 
359.0 1.3884 327.2 1.099 

348.8 1.199 
100NaNO3 330.5 1.089 349.2 1.203 

330.5 1.090 375.2 1.319 
349.0 1.168 375.3 1.320 
349.0 1.175 398.6 1.422 
398.6 1.382 398.8 1.422 
398.6 1.383 421.8 1.516 
444.5 1.558 421.8 1.516 
444.5 1.562 

50.04 LiNO3 
100KNO~ 354.0 0.6785 49.96NaNO3 

354.0 0.6789 
374.8 0.7442 
374.8 0.7470 
398.2 0.8181 
398.6 0.8190 
422.2 0.8882 
422.2 0.8894 

74.60 LiNO3 285.8 0.9563 24.85 NaNO~ 
25.30 NaNO~ 286.2 0.9576 75.15 KNO3 

319.5 1.130 
319.5 1.133 
358.5 1.330 
359.0 1.329 
397.8 1.53 

23.31 LiNO3 
76.69 KNO3 

50.12 LiNO3 
49.8s KNO~ 

278.5 0.5139 
279.6 0.5236 
302.6 0.5974 
302.6 0.5977 
325.8 0.6761 
326.0 0.6772 
350.2 0.7616 
350.6 0.7626 
374.2 0.8398 
374.2 0.8419 
396.8 0.9172 
397.2 0.9180 
421.0 0.9951 
421.2 0.9949 

285.5 
286.9 
312.0 
312.7 
345.0 
345.1 
381.5 
381.5 
427.2 

290.2 
290.2 
330.2 
330.2 
370.2 
370.8 

0.6445 
0.6489 
0.7419 
0.7440 
O.8685 
0.8688 
1.0048 
1.0048 
1.18 

0.8025 
0.8034 
0.9838 
0.9866 
1.155 
1.154 

50.31 NaNO3 
49.69 KNO~ 

75.09 NaNO3 
24.91 KNO~ 

283.8 0.9097 
283.8 0.9175 
303.6 1.0171 
303.6 1.0185 
331.5 1.1472 
331.5 1.1560 
355.1 1.2642 
355.1 1.2645 
394.2 1.4443 
394.2 1.4465 
280.0 0.5125 
280.0 0.5128 
302.6 0.5929 
302.6 0.5930 
326.0 0.6741 
326.2 0.6749 
352.0 0.7624 
352.2 0.7620 
376.8 0.8429 
377.0 0.8435 
399.0 0.9159 
399.0 0.9165 
420.8 0.9836 
421.0 0.9841 

280.8 
282.2 
325.5 
326.2 
375.8 
375.8 
398.8 
399.0 
422.2 
423.2 

301.8 
302.1 
302.1 
302.8 
348.8 
348.8 
398.8 
398.8 

0.5989 
0.6014 
0.7730 
0.7746 
0.9555 
0.9556 
1.038 
1.039 
1.117 
1.118 

0.7923 
0.7957 
0.7971 
0.7957 
0.9909 
0.9977 
1.187 
1.190 74.80 LiNO3 

25.20 KNO~ 

715 

Table II. Specific conductivity equations for LiNO3, NaNO3, 
KNO3, and their binary melts 

K = a + b t  + c t  ~ o h m  -z  c m  -z  

R o o t  m e a n  
M e l t  s q u a r e  T e m p  

c o m p o s i t i o n ,  d e v i a t i o n  r a n g e ,  
m o l e %  a b • 10 8 c • 10 6 o h m - l c m - 1  ~  

100 LiNO3 --0.4424 4.4524 -51.8027 0.001 285-360 
100 NaNO3 --0.8007 6.9089 --3.5949 0.002 330-445 
100KNO3 --0.8241 5.2218 -:2.7583 0.0008 355-425 

25.05LiNO3 --0.7763 6.7915 --3.2169 0.001 280-420 
74.95 NaNO3 

50.04 LiNO~ --0.6253 5.9456 --1.7573 0.004 280-395 
49.96 NaNO~ 

74.60 LiNO3 --0.7441 6.5804 --2.2173 0.001 285-400 
25.30 NaNO3 

23.31 LiNO3 --0.5769 4.2578 --1.2446 0.002 280-420 
76.69 KNO3 

50.12 LiNO~ --0.4578 3.9418 --0.2828 0.001 285-430 
49.88 KNO3 

74.00LiNO3 --0.8902 6.9590 --3.8750 0.002 290-370 
25.20 KNO3 

24.85NaNOa --0.6391 4.6240 --1.8254 0.0006 280-420 
75.15 KNO3 

50.31NaNO3 --0.7358 5.4550 --2.5391 0.002 280-425 
49.69 KNO3 

75.09 NaNO3 --0.9017 6.8016 --3.9159 0.002 300-400 
24.91 KNO3 

Cons ide r ing  the  diff iculty of prec ise  m e a s u r e m e n t  
of t he  ins ide  d i a m e t e r  of the  U- tubes ,  such close 
a g r e e m e n t  is p o w e r f u l  e v i d e n c e  tha t  the  m e t h o d  of 
d -c  conduc t iv i t y  d e t e r m i n a t i o n  is va l id .  

Fused salt conductivities.--The resu l t s  ob ta ined  
for  d -c  specific conduc t iv i t i e s  of a lka l i  m e t a l  n i t r a t e s  
a re  g iven  in Tab l e  I and a re  s u m m a r i z e d  in t he  f o r m  
of e m p i r i c a l  equa t ions  in Tab le  II. These  equa t ions  

1.8 I I I I I I I 1 I I 

1.7 

L6 

1,5 

1,4 

1.3 

L2 

~ LO 

~2 
0.9 

0.8 

LiN  

a7  

f I I 
0"67-60 ZSO 500 ~20 

/ I I I I I I 
340 560 D O  400 420 440 460 480 
TEMPERATURE, ~ 

Fig. 3. Specific conductivities of LiNO3, NaNO3, and KNO~. 
o, This work; e, Jaeger and Kapma (7); A,  Doucet and Bizouard, 
calculated from their equation (8); V ,  Doucet and Bizouard (9); 
A,  Protsenko and Popovskaya (10); V ,  Murgulescu and Zuca (11); 
[~, Goodwin and Mailey (12); Ig, Polyakov (13); -Jr-, Kriiger and 
Weisgerber (14); X ,  Sandonnini (15). 
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Fig. 4. Equivalent conductivities of binary melts at 350~ 

r ep re sen t  the  observed  poin ts  w i t h i n  e x p e r i m e n t a l  
error ,  as ind ica ted  in  the  root  m e a n  squa re  dev ia t ion  
column.  The t e m p e r a t u r e  ranges  ind ica ted  are  those 
w i t h i n  which  the  da ta  we re  obta ined.  

The  p r e sen t  resul t s  are  compared  to va lues  of spe-  
cific conduc t iv i ty  ob ta ined  b y  other  worke r s  (al l  of 
w h o m  used a -c  t echn iques )  in  Fig. 3. On ly  the  curves  
for the  pu re  salts  a re  shown.  I t  is ev iden t  tha t  the re  
is cons iderab le  d i s ag reemen t  among  va r ious  l a b o r a -  
tories,  especia l ly  conce rn ing  the  conduc t iv i ty  of 
NaNO3. The  p re sen t  resul t s  agree qu i t e  closely w i th  
the  more  r ecen t l y  m e a s u r e d  a-c  values .  The  d-c  da ta  
show less sca t te r  t h a n  o ther  worke r s  have  been  able  
to a t t a i n  w i t h  a -c  techniques .  S imi la r  a g r e e m e n t  
was  no ted  for those b i n a r y  mel t s  for wh ich  l i t e r a -  
t u r e  va lues  were  avai lable .  

I t  is w o r t h w h i l e  to show some typ ica l  e q u i v a l e n t  
conduc t iv i ty  i so therms  for the  th ree  b i n a r y  systems,  
i n a s m u c h  as t hey  have  not  been  pub l i shed  e l sewhere  
in  a s ingle  paper .  F igu re  4 shows 350 ~ isotherms.  

Dens i ty  da ta  of Murgu le scu  a nd  Zuca  (11) and  M u r -  
gulescu  and  Volanschi  (16) we re  used to ca lcula te  
e q u i v a l e n t  conduct iv i t ies .  Of pa r t i cu l a r  in te res t  are  
the  s t rong  dev ia t ions  of e q u i v a l e n t  conduc t iv i ty  
f rom add i t iv i ty  (dashed  l ines  in  Fig. 4).  The dev ia -  
t ion  is most  p ronounced  for the  LiNO~-KNO~ iso- 
the rm,  w he r e  the  cat ionic  r ad ius  difference is g r ea t -  
est. I n  the  case of LiNO3-NaNO8 melts ,  al l  m i x t u r e s  
ac tua l ly  are less conduc t ive  t h a n  e i ther  pu re  salt. 

Manuscript  received June  25, 1963. This work was 
performed in the Ames Laboratory of the U. S. Atomic 
Energy Commission, Contr ibut ion No. 1321. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December 1964 
J O U R N A L .  
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II. KCI-LiCI 
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ABSTRACT 

Di rec t - cu r r en t  measurements  were  used to de te rmine  the e lect r ica l  con- 
duc t iv i ty  of the  fused potass ium ch lo r ide - l i th ium chlor ide  system. Specific 
conduct iv i ty  was de te rmined  for  the  pu re  salts  and five of the i r  mix tures  as 
a funct ion of t empera ture .  In  al l  cases, the specific conduct iv i ty  increased wi th  
t empera tu re .  Agreemen t  wi th  o ther  worke r s  on the  specific conduct iv i ty  of 
KC1 was excellent .  The addi t ion of wa te r  to d ry  l i th ium chlor ide  was found 
to lower  the  specific conduct iv i ty  at  a given tempera ture .  The equiva lent  
conduct iv i ty  and a p p a r e n t  ac t iva t ion  energy  of ionic migra t ion  were  com- 
pu ted  using the dens i ty  da ta  of o ther  workers .  

The  d e t e r m i n a t i o n  of t he  e l e c t r i c a l  c o n d u c t i v i t y  
of LiC1 p r e s e n t s  m a n y  p r o b l e m s  w h i c h  can  be  s h o w n  
b y  the  l a r g e  v a r i a t i o n  of v a l u e s  o b t a i n e d  b y  s e v e r a l  
w o r k e r s  (1 -5 ) .  The  h igh  specific c o n d u c t i v i t y  a n d  
g r e a t  aff ini ty  l o r  w a t e r  m a k e  a - c  m e a s u r e m e n t s  
s o m e w h a t  u n r e l i a b l e  s ince  c a p i l l a r y  t u b e s  m u s t  be  
used  to o b t a i n  t he  h igh  r e s i s t ance  n e e d e d  in  t h e  con-  
d u c t i v i t y  cell .  

The  p u r p o s e  of th is  w o r k  was  to d e t e r m i n e  
w h e t h e r  m o r e  r e l i a b l e  v a l u e s  of e l e c t r i c a l  c o n d u c -  
t i v i t y  cou ld  be  o b t a i n e d  for  LiC1 a n d  some  of i ts  
m i x t u r e s  and  to d e m o n s t r a t e  t he  u t i l i t y  of t he  d - c  
m e t h o d  d e s c r i b e d  b y  K i n g  a n d  D u k e  (6)  a t  h i g h e r  
t e m p e r a t u r e s .  

The  s y s t e m  (KC1-LiC1) was  chosen  for  th is  work .  
P r e v i o u s  w o r k  has  been  done  on th is  s y s t e m  b y  Van  
A r t s d a l e n  a n d  Yaffe  (1)  a n d  K a r p a c h e v ,  S t r o m b e r g ,  
and  P o d c h a i n o v a  (6 ) ,  b u t  i t  was  t h o u g h t  w o r t h y  of 
r e inves t i ga t i on .  T h e  specific c o n d u c t i v i t y  of KC1 
seems  to be  w e l l  e n o u g h  k n o w n  (1-3,  7 -9)  to  c o m -  
p a r e  the  a - c  and  d - c  me thods .  

Exper imenta l  
T h e  f u r n a c e  se tup ,  e l ec t r i ca l  c i rcui ts ,  a n d  m e t h o d  

of o p e r a t i o n  used  in th is  w o r k  a r e  d e s c r i b e d  in  a 
p r e v i o u s  p a p e r  b y  K i n g  a n d  D u k e  (5 ) .  C o n d u c t i v i t y  
cel ls  m a d e  of fused  s i l ica  (Fig .  1) w e r e  also of a d e -  
s ign  s i m i l a r  to the i r s .  The  v o l t a g e  d r o p  across  t he  
I R - r e g i o n  F (see  Fig .  1) was  m e a s u r e d  us ing  two  
A g / A g C 1  r e f e r e n c e  e l ec t rodes  l o c a t e d  in  t u b e s  A. 
These  e l ec t rodes  cons i s t ed  of a s i lve r  w i r e  i m m e r s e d  
in  a m i x t u r e  of a l k a l i  m e t a l  ch lo r ides  w i t h  a s m a l l  
a m o u n t  of s i lve r  ch lo r ide  added .  This  m e l t  was  e n -  
c losed in a V y c o r  t u b e  in  w h i c h  a s m a l l  t h in  b u b b l e  
had  b e e n  b l o w n  in one  end.  The  e l ec t rode  m e l t s  con-  
s i s ted  of two  m i x t u r e s .  T h e  first,  u sed  for  t h e  l o w e r -  
m e l t i n g  sa l t  m i x t u r e s ,  was  m a d e  up  of 35 mo le  % 
LiC1, 52 mo le  % KC1, 10 mo le  % NaC1, and  3 mo le  
% AgC1. The  second,  u sed  fo r  t he  h i g h e r  m e l t i n g  
sa l t  m i x t u r e s ,  cons i s ted  of 48 m o l e  % NaC1, 49 mo le  
% KC1, a n d  3 m o l e  % AgC1. 

T h e  cel l  cons tan t s  w e r e  c a l c u l a t e d  us ing  1 - d e m a l  
KC1 acco rd ing  to Jones  and  B r a d s h a w  (10) .  R e d e -  

1 P r e s e n t  a d d r e s s :  A g r i c u l t u r a l  a n d  M e c h a n i c a l  C o l l e g e  of T e x a s ,  
C o l l e g e  Sta%ion, T e x a s .  

6 c m  

28em 
m 

B 

C 

I 

LI 
FI 

~ c  

Fig. 1. Typical conductivity cell: A, 10 mm sidearms; B, 13 mm 
current arms; C, 6 mm tubing; D, 2 mm capillaries; E, thermo- 
couple locations; F, IR region. 

t e r m i n a t i o n  of  t h e  ce l l  c o n s t a n t  a f t e r  8 h r  in  con tac t  
w i t h  p u r e  LiC1 s h o w e d  a change  of on ly  0.04%. 

B a k e r  a n a l y z e d  LiC1 and  KC1 w e r e  used  in  th is  
w o r k .  The  p u r e  sa l t s  w e r e  d r i e d  a t  450~ for  36 h r  
in a v a c u u m  a p p a r a t u s  connec t ed  to a d r y  ice ba th .  
S a m p l e s  t r e a t e d  in  t h e  s a m e  m a n n e r  for  24 hr ,  
we ighed ,  t h e n  r e h e a t e d  in  t h e  v a c u u m  a p p a r a t u s  for  
an  a d d i t i o n a l  12 h r  s h o w e d  a loss in  w e i g h t  of on ly  
O.OO8%. 

Results 
The  specific c o n d u c t i v i t y  of  the  p u r e  sa l t s  and  five 

of t h e i r  m i x t u r e s  was  d e t e r m i n e d  at  s e v e r a l  t e m p e r a -  
tu res .  These  d a t a  a r e  g iven  in  T a b l e  I. E q u a t i o n s  of 
these  cu rves  of K vs.  t w e r e  c o m p u t e d  b y  the  m e t h o d  
of l e a s t  squa re s  and  a r e  g iven  in  T a b l e  II .  The  
a g r e e m e n t  b e t w e e n  th i s  w o r k  a n d  o t h e r  p u b l i c a t i o n s  
done  s ince  1945 for  KC1 (Fig .  2) i nd i ca t e s  t h a t  the  
d - c  m e t h o d  of d e t e r m i n i n g  e l e c t r i c a l  c o n d u c t i v i t y  is 
f ea s ib l e  a t  h i g h e r  t e m p e r a t u r e s  also. 
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Table I. Experimental values of specific conductivity of KCI, LiCI, 
and their binary mixtures 

Table II. Specific conductivity equations as a function of 
temperature for (K-Li) C! mixtures 

Compo- Specific 
sition, conduc- 
mole tivity, 

% K C 1  T e m p ,  ~  m h o / c m  

Compo- Specific Composi- Standard 
sition, conduc- tion, mole ~ = a + bt + ctS, deviation, Temp. 
mole tivity, % KCI mho/cm mho/cm range, ~ 

% KCI Temp, ~ mho/em 

100 787.2 2.1932 6.03.2 2.420s 
803.2 2.2406 650.0 2.6358 
803.5 2.2414 686.0 2.7847 
812.5 2.2629 686.2 2.7882 
818.8 2.2808 29.64 463.0 2.0320 
819.0 2.2825 463.5 2.0421 
822.8 2.2871 474.5 2.1704 
837.0 2.3269 485.8 2.2612 
851.5 2.3586 486.0 2.2641 
860.8 2.3783 493.0 2.3071 
864.8 2.3966 506.5 2.3947 
883.6 2.4141 507.0 2.3970 

80.04 731.5 2.163s 507.8 2.3894 
732.0 2.1642 509.2 2.3917 
747.4 2.213~ 528.2 2.5099 
750.5 2.2164 529.0 2.5119 
769.2 2.2760 529.8 2.5121 
769.5 2.2783 555.0 2.6503 
790.2 2.3459 555.2 2.656o 
790.8 2.3440 573.8 2.7620 
791.2 2.3466 593.0 2.8673 
792.5 2.3402 29.64 593.2 2.8682 
818.8 2.4153 615.5 2.9767 
819.5 2.4202 616~ 2.9809 
820.0 2.4231 640.8 3.1004 

59.5~ 605.6 1.9264 641.4 3.1043 
605.6 1.9269 18.23 528.2 3.2001 
616.6 1.980s 528.6 3.2099 
616.6 1.9786 549.6 3.3443 
629.2 2.033s 550.2 3.3569 
629.5 2.0347 570.2 3.4697 
640.0 2.0822 571.0 3.4787 
656.0 2.1500 593.2 3.5954 
656.2 2.1502 614.8 3.7146 
676.2 2.2300 615.0 3.7173 
676.5 2.2317 637.6 3.8393 
703.2 2.3347 637.8 3.84,07 
704.2 2.3360 655.8 3.9431 
724.5 2.410o 675.0 4.0309 

59.55 724.8 2.4122 0.00 627.0 5.9516 
749.2 2.4951 628.8 5.9492 
749.2 2.4951 644.5 6,0424 
789.5 2.6236 644.8 6.0479 
789.8 2.6280 653.8 6.1015 

41.20 429.8 1.4259 659.2 6.1355 
450.0 1.5719 663.5 6.157s 
470.5 1.6903 671.5 6.1892 
470.7 1.6925 671.5 6.1781 
491.2 1.8180 692.2 6.3031 
510.2 1.9279 692.8 6.2935 
510.5 1.9271 706.8 6.34% 
529.5 2.0352 709.4 6.391~ 
530.0 2.0386 713.0 6.3875 
547.8 2.1364 713.2 6.390s 
548.0 2.1440 728.8 6.4659 
578.5 2.298a 728.8 6.448s 
578.5 2.3010 746.0 6.523~ 

The  dependence  of specific conduc t iv i ty  on t e m -  
p e r a t u r e  for LiC1 (Fig. 3) differs by  as m u c h  as 
3.0% f rom other  pub l ica t ions ;  however ,  except  for 
the w o r k  of Bli tz and  K l e m m  (4),  the  re la t ive  shape 
of the  curves  are  a p p r o x i m a t e l y  the  same. Both V a n  
A r t s d a l e n  and  Yaffe (1) and  E d w a r d s  et aL (2) 
m e n t i o n  t ha t  cons iderab le  a t tack  occurred  on the i r  
cells whi le  the  m e a s u r e m e n t s  were  be ing  made.  
Whi le  Van  A r t s d a l e n  and  Yaffe were  able  to ob ta in  

100.00 --3,3855 1.1358 --0.5419 0.004 790-880 
80.04 --1.7849 0.7590 ~0.3000 0.003 730-820 
59.55 --2.4172 0.9780 --0.4300 0.001 600-790 
41.20 --2.3427 1.0969 --0.5,091 0.003 430-690 
29.64 --1.7588 1.0407 --0.4406 0.006 460-640 
18.23 --2.0370 1.3324 --0.6433 0.004 530-680 
0.00 1.0262 1.0356 --3.9786 0.009 630-750 

va lues  over  a cons iderab le  t e m p e r a t u r e  range ,  Ed-  
wards  et al. ob ta ined  poin ts  at  th ree  di f ferent  t e m -  
pe ra tu res  on ly  w i th  the  cell res i s tance  chang ing  
rapidly .  Bli tz a nd  K l e m m  (4) a nd  Bloom et al. (3) 
make  no m e n t i o n  of a ny  a t tack  on the i r  cells, and  
none  was observed in  this  work.  

Over  a per iod of 2 hr, the  add i t ion  of 5 x 10 -2 
moles of wa te r  to 30g of LiC1 changed  the  cell con-  
s t an t  by  2.7%, and  the  specific conduc t iv i ty  was 

/ 

Fig. 2. Specific conductivity vs. temperature for pure KCI: ~ o ~ ,  
this work; e, data from Van Artsdalen and Yaffe (1); /% data from 
Doucet and Bizouard (7); Ig, data from Lee and Pearson (8); 
-f-, data from Huber et al. (9); ~ ,  data from Edwards et al. (2); 
[~, equations from Bloom et al. (3).  

e e c  , , ~ j , , , ~ ,  , , , i , ~ - -  

6~c  

e.4c 

~ c  

5.~c 

5.~c 

~ c  
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TEmPERAtUrE.  " r  

Fig. 3. Specific conductivity vs. temperature for pure LiCI; 
~ o _ _ ,  this work; o, data from Van Artsdalen and Yaffe (1); 
A ,  data from Edwards et al. (2); I-1, equation from Bloom et al. ( 3 ) ;  
•  data from Blitz and Klemm (4). 
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Fig. 4. Equivalent conductivity at 800~ and activation energy 
v s .  composition for the KCI-LiC[ system. 

lowered  b y  about  3.3%, which  is a g rea te r  differ-  
ence t h a n  tha t  observed  by  the  var ious  workers .  A 
very  smal l  a m o u n t  of wa t e r  wi l l  cause bo th  a t t ack  
on the  cell and  lower  specific conduct iv i ty .  

The specific conduc t iv i ty  vs. composi t ion  at 800~ 
is compared  w i th  those va lues  ob ta ined  by  Van  
A r t s d a l e n  and  Yaffe (1) in  Fig. 4. The  pe rcen t  d i f -  
fe rence  in  the two curves  increases  s teadi ly  f rom 
0.2 to 6.4% th rough  the composi t ion  r ange  100% 
KC1 to the  29.64 mole  % KCI mix tu re ,  respect ive ly ,  
t h e n  decreases to a 2.2% difference for 100% LiC1. 
A smooth  curve  can  be d r a w n  t h r o u g h  the  va lues  de-  
t e r m i n e d  in  this work ;  however ,  the re  appears  to be 
a b reak  in  the i r  curve  b e t w e e n  the  29.64 and  41.20 
mole  % KC1 mix tu res .  

The dens i ty  equa t ions  2 of V a n  A r t s d a l e n  and  
Yaffe were  u s e d  to compute  the  e q u i v a l e n t  conduc-  
t iv i ty  by  means  of the  equa t ion  

r e  
A = - - - -  

p 

where  K is the specific conduc t iv i ty  in  m h o / c m ,  e is 
the  m e a n  e q u i v a l e n t  weight ,  and  p is the  dens i ty  of 
the  me l t  in  g /cm.  

The  average  or a p p a r e n t  ac t iva t ion  e n e r g y  of 
ionic m ig ra t i on  was  ca lcu la ted  for each m i x t u r e  
over  the  t e m p e r a t u r e  r ange  covered  in  this  work.  
The equa t ion  (12) 

h = Fe -A/RT 

2 T h e  v a ] u e  1 .9597  w a s  s u b s t i t u t e d  f o r  t h e  c o n s t a n t  a f o r  t h e  
8 0 . 0 4  m o l e  % m i x t u r e  [ s e e  r e f .  ( 1 1 ) ] .  
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was  used, w he r e  A is the  ac t iva t ion  ene rgy  of ionic 
migra t ion ,  F is a cons t an t  k n o w n  as the  f r e quency  
factor,  and  A is the e q u i v a l e n t  conduct iv i ty .  The 
s t a n d a r d  dev ia t ion  of the log A vs. 1 / T  plot  was  
abou t  0.0005 f rom l i nea r  for all  mel ts  if the  va lues  
n e a r  the me l t i ng  points  were  omit ted.  This  smal l  
dev ia t ion  sti l l  p roduced  a p robab le  e r ror  of • 70 cal 
in  the  a p p a r e n t  ac t iva t ion  energy.  

The e q u i v a l e n t  conduc t iv i ty  vs. composi t ion  plot  
at 800~ (Fig. 4) shows a m i n i m u m  s imi la r  to tha t  
observed  by  V a n  A r t s d a l e n  and  Yaffe at the  80 mole  
% KC1 mix tu re .  The ac t iva t ion  ene rgy  of ionic 
m i g r a t i on  (Fig.  4) shows a m a x i m u m  n e a r  the  equ i -  
mo l a r  m i x t u r e  a l though  the re  is some over lap  in 
possible va lues  due  to p robab le  error.  The m a x i m u m  
dev ia t ion  f rom the  ideal  A curve,  which  would  be 
ob ta ined  if the e q u i v a l e n t  conduct iv i t ies  were  ad-  
di t ive,  is n e a r  the  45 mole  % KC1 mix tu re .  
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ABSTRACT 

Simple, sensitive reference electrodes are described for use in direct current  
measurement  of fused salt conductivity.  They consist of silver wires dipping 
into a very  dilute solution of Ag + in the salt under  investigation. The t e rnary  
eutectic of LiNOs, NaNO3, and KNO3 was chosen to demonstrate  the technique. 
Specific conductivity of the system was measured from 134 ~ to 384~ 

The p rac t i cab i l i ty  of a direct  c u r r e n t  t e chn ique  
for the m e a s u r e m e n t  of fused sal t  e lectr ic  conduc -  
t i v i ty  has been  d e m o n s t r a t e d  p rev ious ly  (1, 2). In  
those studies,  glass bubb le -enc losed ,  r evers ib le  
A g ~  + electrodes were  used to m e a s u r e  the vo l t -  
age -d rop  across a k n o w n  region  of the  conduc t iv i ty  
cell. Wi th  p rope r  select ion of so lvent  and  type  of 
glass, such electrodes a p p a r e n t l y  can  be used up  to 
the me l t i ng  t e m p e r a t u r e  of silver.  However ,  r e a son -  
ab ly  s t u r d y  P y r e x  bubb le s  become suff icient ly n o n -  
conduct ive  be low abou t  300 ~ to m a k e  accura te  n u l l -  
po in t  d e t e r m i n a t i o n  difficult even  wi th  a sens i t ive  
g a l v a n o m e t e r  (1) .  Kus t  (3) successful ly  used 
A g ~  + glass electrodes in  NaNO3-KNO~ eutect ic  
at 235~ he employed  an  e l ec t romete r  for n u l l - p o i n t  
detect ion.  His exper ience ,  and  ours at  200 ~ indicates  
tha t  g lass -encased  electrodes can be used w i th  an  
e lec t romete r  p rov id ing  the sys tem is wel l  sh ie lded 
f rom s t r ay  electr ic  fields. 

At  best,  glass electrodes are e x t r e m e l y  i n c o n v e n -  
ien t  for low t e m p e r a t u r e  work.  This  pape r  describes 
a t e chn ique  in  which  the  glass m e m b r a n e  is e l imi -  
na t ed  by  s imply  i m m e r s i n g  s i lver  wires  into a v e r y  
d i lu te  solut ion of AgNO~ in the salt  whose conduc-  
t i v i t y  is to be measured .  The fused salt  sys tem 
chosen for s tudy  is the LiNOa-NaNOs-KNOa t e r n a r y  
eutect ic  (mole  f rac t ions :  0.3753, 0.1628, 0.4619, r e -  
spec t ive ly) ,  me l t i ng  be low 120 ~ (4) .  The  electr ic  
conduc t iv i ty  of the  sys tem has no t  been  repor ted  
p rev ious ly ;  therefore  m e a s u r e m e n t s  were  made  
f rom n e a r  the me l t i ng  po in t  to 385 ~ and  are r e -  
por ted  below.  

Experimental 
T r e a t m e n t  of chemicals ,  des ign  and  ca l ib ra t ion  of 

the  conduc t iv i ty  cells, des ign  of the  di rect  c u r r e n t  
e lectr ical  circuits,  and  the  me thod  of opera t ion  have  
been  descr ibed  p rev ious ly  (1, 2). 

Each s i d e - a r m  elect rode was  an  8 -cm l eng th  of 
1 /16- in .  d i ame te r  s i lver  wi re  ( H a n d y  and  Harmon ,  
99.99+ % Ag) .  The  electrodes were  i m m e r s e d  in  the  
me l t  to a depth  of abou t  1 cm. The o ther  end  of 
each wire  was  a t tached  to a p l a t i n u m  lead e x t e n d i n g  
out  of the s ide -a rm.  

Results and Discussion 
C o n d u c t i v i t y  m e a s u r e m e n t s  were  m a d e  on t e r n a r y  

eutect ic  so lu t ion  to wh ich  no AgNO3 was added,  a nd  

1 P r e s e n t  address: Department of Chemistry, U.S.  A i r  Fo rce  Aca -  
d e m y ,  Colorado .  

z P r e s e n t  addres s :  D e p a r t m e n t  of  C h e m i s t r y ,  Texas  A & M U n i -  
v e r s i t y ,  Co l l ege  S t a t i on ,  Texas .  

on solut ions  which  were  0.12, 0.0056, and  0.00014 
mola l  in  AgNO3. In  all  four  ins tances ,  the  s i lver  
wi re  electrodes were  e x t r e m e l y  sens i t ive  to the 
vol tage  drop across the  cell. 

As expected,  a h igh and  v a r i a b l e  zero-cel l  c u r r e n t  
vol tage  exis ted  b e t w e e n  the  electrodes i m m e r s e d  in  
the mel t  to which  no AgNO3 was added. Upon  s t and -  
ing (1 to 2 days)  the  z e r o - c u r r e n t  vol tage  s tabi l ized 
cons iderably .  E v e n  t h e n  the electrodes were  not  use -  
ful, for they  were  easi ly  polar ized  w h e n  search ing  
for the ga l va nome t r i c  n u l l - p o i n t .  A smal l  and  ex-  
t r e m e l y  s table  zero-ce l l  c u r r e n t  vol tage  was  es tab-  
l ished i m m e d i a t e l y  in  0.12M AgNO3, and  the  elec- 
t rodes showed no evidence  of polar iza t ion.  Elec-  
t rodes immersed  in  0.0056M AgNO~ stabi l ized in  a 
few m i n u t e s  and  in  0.00014M AgNOs, in  a few 
hours.  The electrodes showed some t e n d e n c y  to be -  
come polar ized in  the  l a t t e r  case. 

The conduc t iv i ty  da ta  recorded  in  Tab le  I were  
t a ke n  on a so lu t ion  0.0056M in AgNO~. This  concen-  
t r a t i on  was h igh enough  to give stable,  nonpo la r i zed  
electrodes,  ye t  low enough  to in t roduce  no signifi-  
cant  e r ro r  in conduc t iv i ty  by  v i r t u e  of the  con t r i -  
bu t ion  of AgNO3 itself. The  specific conduct iv i t i es  of 
AgNO3 in  LiNO~ (5) and  in  KNOB (5, 6) solut ions  
are n e a r l y  addi t ive .  One  m a y  assume add i t iv i ty  also 
to occur in  AgNO3-LiNOs-NaNO3-KNO~ mel ts ;  
0.0056M AgNO3 wil l  lead  to a conduc t iv i ty  va lue  
which  is too high by  0.00015 -1 cm -1 at 250~ This  
a s sumpt ion  was  checked by  m e a s u r i n g  the  specific 
conduc t iv i ty  of 0.0056M AgNO3 in  an  e qu i mo la r  

Table I. Specific conductivity of LiNO3-NaNO3-KN03 eutectic 

Temp, ~ ohIn-lcm -I Temp, ~ ohrn-lcm -I Temp, ~ ohm-lcm -~ 

133.9 0.10733 230.8 0.43086 
133.9 0.10736 230.9 0.43148 
134.0 0.10773 230.9 0.43162 
134.1 0.10811 231.0 0.43188 
159.9 0.17896 260.5 0.54696 
160.0 0.17897 260.6 0.54748 
160.0 0.17901 260.6 0.54742 
160.0 0.17902 286.4 0.64657 
185.2 0.26237 286.6 0.64759 
185.3 0.26291 286.7 0.64763 
185.5 0.26346 309.8 0.73977 
195.5 0.29854 309.9 0.73966 
195.6 0.29908 310.0 0.74008 
213.8 0.36685 333.9 0.83170 
213.8 0.36697 333.9 0.83182 
214.0 0.36799 333.9 0.83189 
214.0 0.36825 

357.1 0.91948 
357.1 0.92000 
357.2 0.92037 
383.9 1.01708 
384.0 1.01726 
384.1 1.01793 
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Table II. Empirical equations for specific conductivity of ternary 
eutectic 

K = a + b t  + c t e  + d t  s , o h r a - l c m - 1  
Root m e a n  

square  
devia t ion ,  T e m p  

b • I0 ~ c • 10 6 d • 10 s o h m  icm-1 range ,  ~ 

--0.23879 -}-2.0767 -I-3.5295 - -  0.0038 134-310 
--0.67884 -}-5.2450 --2.1545 - -  0.0003 285-385 
--0.06512 --0.49491 15.670 --1.8356 0.0016 134-385 

KNO3-NaNO~ m i x t u r e  and  found  to be correct  
w i t h i n  e x p e r i m e n t a l  error .  Resul ts  were  corrected 
for the t h e r m a l  expans ion  of Pyrex .  

A plot  of specific conduc t iv i ty  vs. t e m p e r a t u r e  
gives an  S - shaped  curve,  concave u p w a r d  at low 
t e m p e r a t u r e s  and  s l ight ly  concave d o w n w a r d  at 
high t empera tu re s .  The data  were  d iv ided  into two 
over l app ing  t e m p e r a t u r e  regions  and  are r ep re sen t ed  
by  empi r i ca l  equat ions ,  g iven  in  Tab le  II. The  e q u a -  
t ions were  ob ta ined  by  the  me thod  of least  squares .  
A n  IBM-7074 compute r  was  used  to ob ta in  the cubic  
equat ion .  

F igu re  1 is a plot  of log K vs. rec iprocal  t e m p e r a -  
ture.  

Manuscript  received Sept. 9, 1963. Contr ibut ion No. 
1371. Work was performed in the Ames Laboratory of 
the U. S. Atomic Energy Commission. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the December 1964 
JOURNAL.  

0.( 

- 0  

- 0 2  

I i i L 

-0 .3  

-04 

-0.~ 

- 0 ~  

-0.7 

~ 

-I ( 

1.5 I / 
mPKNmO.) ~ 

I 216 119 2 0  2.1 2 2  2 3  2 4  2 5  

I L I I I [ I 

mpLiNO 3 
aNO 3 

Fig. 1. Plot of log ~ vs .  reciprocal temperature 

REFERENCES 
1. L. A. King and F. R. Duke, This Journal, 111, 712 

(1964). 
2. C. L. Bissell and F. R. Duke, ibid., 111, 717 (1964). 
3. R. N. Kust,  Pr ivate  communication.  
4. " In terna t ional  Critical Tables," Vol. 4, p. 83, Mc- 

Graw-Hi l l  Book Co., New York (1928). 
5. H. C. Cowen and H. J. Axon, Trans. Faraday Soc., 

52, 242 (1956). 
6. F. R. Duke and R. A. Fleming,  This Journal, 1{}5, 412 

(1958). 

The Electrochemical Oxidation of Ethylene: 
An Experimental Study 

Mino Green, 1 Jan Weber ,  2 and Vera  Drazic ~ 
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ABSTRACT 

Both steady state and time dependent  current -vol tage  curves of the anodic 
oxidation of e thylene were studied at the electrode P t ( P t ) I 1M NaOH, C2H4 
(diss.), conditions for obtaining the Tafel slope, found to be approximately 
2RT/F, were established. Ethylene  part ial  pressure had no measurable  effect 
on the steady state current -vol tage  curve in  the Tafel region. The P t  electrode 
was found to become "passivated" at about 0v (NHE). Time dependent  
studies showed that  the electrode became continuously less active. Exper iments  
were carried out in a closed cell ar rangement ,  where ethylene consumed at 
the anode and coulombs passed could be measured simultaneously.  Within  
exper imental  error, one mole of ethylene was found to involve the passage of 
twelve Faradays,  showing that  e thylene is totally oxidized. An  analysis of the 
exper imental  data in  terms of single electron t ransfer  steps, l imit ing surface 
coverage and Tafel t ransfer  coefficients of ~1/2 leads to the conclusion that  
the O H -  discharge most l ikely plays the dominant  role in the rate de termining  
step. 

The inves t iga t ion  repor ted  in  this  paper  was  
u n d e r t a k e n  because  of the  p re sen t  s t rong in te res t  in  
fuel  cells. The re  is a rea l  need  for the  d e v e l o p m e n t  

1 P r e s e n t  address :  Zeni th  Radio Research  Corporat ion (U.K.) 
Ltd., S tanmore ,  Middlesex,  England.  

e Presen t  address :  Po la rograph ie  Ins t i tu te  CSAV, Opletalova,  
Ceskoslovenska.  

P r e s e n t  a d d r e s s :  Technoloski  Fakul te t ,  Un ive rz i t e t  U Geogradu ,  
Ka r n ee i j ev a ,  Beograd.  

of e x p e r i m e n t a l  t echn iques  for inves t iga t ing  e lec t ro-  
chemica l  react ions  of possible fuel  cell use and  for 
u n d e r s t a n d i n g  the  m e c h a n i s m  of the  react ion.  P r e -  
vious  s tudies  (1-3)  of the  e lec t rochemica l  ox ida t ion  
of e thy lene  have  not  been  p r i m a r i l y  d i rec ted  toward  
d e t e r m i n i n g  those p a r a m e t e r s  of the reac t ion  which  
are use fu l  in  d iagnos ing  mechan i sm.  
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Fig. 1. Schematic arrangement of the electrolysis cell (without 
pre-electzolysis attachment). 

Exper imental  

The electrode inves t iga ted  was P t ( P t )  IIM NaOH, 
C2H4 (dissolved) .  The c u r r e n t - v o l t a g e  cha rac te r -  
istics of the electrode were  d e t e r m i n e d  as a f unc t i on  
of t e m p e r a t u r e  and  e thy lene  pressure .  The ove r - a l l  
s to ich iomet ry  of the  electrode reac t ion  was also 
de te rmined .  

Polarization Parameters 

Electrolysis cel l . - -The cu r r en t  vol tage  cha rac t e r -  
istics for the  anodic  ox ida t ion  of e thy lene  were  
d e t e r m i n e d  in  the k i n d  of cell shown on Fig. 1. The 
cell was cons t ruc ted  of P y r e x  glass and  consisted of 
th ree  basic uni ts .  In  the  anode c o m p a r t m e n t ,  A, 
provis ion  was made  for i n t roduc ing  e thy lene  gas and  
also for t he rmos t a t i ng  the c o m p a r t m e n t  by  connec t -  
ing a mercury-in-glass contact thermometer, T, with 
a power source supplying the heating mantel 
wrapped around the compartment. The anode com- 
partment was separated from the cathode compart- 
ment, C, by means of a ground glass stop-cock, B, 
and a coarse glass fritted disk, F. B and F were in- 
troduced into the system in order to prevent trans- 
port of hydrogen to the anode. The cathode D, was 
contained in a glass tube terminated by a coarse 
fritted disk, E. Nitrogen was bubbled through C, to 
further reduce the steady state concentration of hy- 
drogen in C. The saturated calomel reference elec- 
trode RE, was connected to A, via a stop-cock and a 
Luggin capillary. 

Pre-electrolysis a t t a c h m e n t - - T h e  inf luence of 
impur i t i e s  (over  and  above tha t  occur r ing  by  glass 
d issolu t ion)  on the anodic  reac t ion  was  s tudied  by  
m e a s u r i n g  the v o l t a g e - c u r r e n t  character is t ics  of the 
electrode as a func t ion  of successively grea te r  " p u -  
r i f icat ion" of the electrolyte .  The cell shown in Fig. 
1 was p rov ided  wi th  a p re -e lec t ro lys i s  a t t a c h m e n t  
such as shown in  Fig. 2. 

The contact  t he rmomete r ,  T, (Fig. 1) was dis-  
carded w h e n  the a t t a c h m e n t  was used:  s teady t e m -  
p e r a t u r e  be ing  m a i n t a i n e d  by  outs ide !he rmos ta t ing .  
The a t t a c h m e n t  shown in  Fig. 2 consisted of th ree  P t  
gauze electrodes:  electrode,  An,  was the w o r k i n g  
anode,  e lectrode X was the p re -e lec t ro lys i s  anode 

Fig. 2. Pre-electrolysis attachment for anode compartment of 
electrolysis cell. 

and  electrode Y was used as the  p re -e lec t ro lys i s  
cathode. Each electrode was  a t tached  to a g r o u n d -  
glass s l id ing jo in t  so tha t  it could be i m m e r s e d  in  
so lu t ion  or w i t h d r a w n  in to  the gas space above the  
l iquid.  The procedure  used was  first to ca r ry  out  
p re -e lec t ro lys i s  w i th  X anodic  and  e lect rode D (of 
Fig. 1) cathodic. X was t h e n  w i t h d r a w n  f rom solu-  
t ion  and  Y was immersed  and  made  cathodic (wi th  
respect  to D).  D u r i n g  the pre-e lec t ro lys i s ,  pu re  N2 
was con t inuous ly  b u b b l e d  t h r ough  the so lu t ion  in  
order  to keep the  solut ion concen t r a t i on  of oxygen  or 
hyd rogen  as low as possible. X was then  w i t h d r a w n ,  
N2 was then  replaced by  C2H4 and  f inal ly  the w o r k -  
ing electrode, An,  was immersed  in  solut ion.  

D u r i n g  the course of this  work  H. W r o b l o w a  ( in  
our  labora tor ies )  car r ied  out  a series of e xpe r imen t s  
in  a Teflon cell, and  ob ta ined  the same Tafe l  slopes 
for e thy lene  ox ida t ion  and  the same p o t e n t i a l - t i m e  
dependences .  

Electrode preparat ion.- -The anode ( and  ca thode)  
was a p l a t i n u m  gauze, 0.1 m m  wire  thickness ,  52 
mesh  size, coated wi th  p l a t i n u m  black.  The p la t in i z -  
ing procedure  was as follows: The gauze was c leaned  
in  hot a q u a - r e g i a  for severa l  m i n u t e s  and  then  
washed  in dis t i l led water .  The p l a t i n u m  electrode 
was  t hen  p la t in ized  at a c u r r e n t  dens i ty  of 0.05 a m p -  
cm -2 ( a ppa r e n t  a rea)  for a per iod of 3 min .  The 
counte r  electrode in  this  p l a t in i z ing  p rocedure  was  
also p l a t i num.  The composi t ion  of the p la t ing  solu-  
t ion was 3% ( w / w )  p la t in ic  chlor ide and  0.02% 
( w / w )  lead acetate  dissolved in  0.1M HC1. D u r i n g  
electrolysis  the  t e m p e r a t u r e  of the solut ion,  which  
was r ap id ly  s t i r red,  rose to ~50~  The weigh t  of the  
p l a t i n u m  deposit  was ~ 2  mg cm -2. The electrode 
was f inal ly  washed  in  dis t i l led water .  Electrodes,  
both  p l a n a r  and  cyl indr ica l ,  of var ious  sizes were  
used, r a ng i ng  f rom 20 to 120 cm e. The p la t in ized  
electrode ( w he n  employed  as an  anode)  was act i -  
va ted  jus t  pr ior  to use by  an  e lec t rochemica l  pu l s ing  
technique .  The electrode was cycled f rom anodic  to 
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cathodic, going from oxygen evolution to hydrogen 
evolution, the cycle was carried out about three 
times and always terminated on the cathodic part 
of the cycle. The electrolyte was 1M H2SO4 and the 
electrolysis was carried out at a current density of 
0.i amp-cm -2 (apparent area). 

This activation process was carried out at the 
start of each run. It was found to give highly repro- 
ducible results, obviating the necessity for a freshly 
platinized electrode before each run. 

Gases.--The ethylene used in these experiments 
was C. P. grade supplied by the Matheson Corpora- 
tion. The gas analysis was: 99.4% C2H4, 0.5% C2H~, 
and 0.1% CH4. Any traces of 02 and H4 were re- 
moved by passing the gas through Im long columns 
of active copper powder and active copper oxide 
powder at 210~ It was found that this purifica- 
tion procedure was not necessary and for later runs 
was discarded. 

Nitrogen gas was 99.996% pure and further 
purification (cf. above) was found to be unneces- 
sary. 

Ethylene partia~ pressure.--In most  of the  r u n s  
car r ied  ou t  in  the  work  repor ted  here  the p ressure  
of e thy lene  above the e lec t ro ly te  was 1 atm. H o w -  
ever,  it was somet imes  des i red to f ind the effect of 
lower  so lu t ion  concen t ra t ions  of e thy lene  on the 
electrode process. Lower  solut ion concen t ra t ions  of 
e thy lene  were  affected by  m i x i n g  e thy lene  w i th  n i -  
t rogen  and  pass ing the  gas m i x t u r e  t h rough  the elec-  
t ro ly te  at a to ta l  p ressure  of 1 arm. The e thy lene  and  
n i t r ogen  were  me te red  by  means  of su i t ab ly  cal i -  
b r a t ed  f lowmeters  and  in  this  w a y  the  e thy lene  
par t i a l  p ressure  could be cont ro l led  f rom 10 -2 to 
1 atm. 

Electrolyte.--The wate r  used in  p r e p a r i n g  the 
sodium hydrox ide  solut ions  was  conduc t iv i ty  w a t e r  
p repa red  by  d is t i l la t ion  and  h a v i n g  a specific r e -  
s i s t iv i ty  in  excess of 2 x l0  s ohm-cm.  The sod ium 
hydrox ide  used was C.P. grade  ma te r i a l  (Baker ,  
ana lyzed ) .  

Electrical aecessories.--Current-voltage curves  
for the anodic  ox ida t ion  of e thy lene  were  s tud ied  
us ing  potent ios ta t ic  and  ga lvanos ta t i c  methods.  A 
" W e n k i n g "  electronic  po ten t ios ta t  was used. The 
po ten t ios ta t  had  a m a x i m u m  c u r r e n t  ou tpu t  of 200 
ma, its i n t e r n a l  res is tance  was 0.01 ohm and  the re -  
sponse t ime  of the po ten t ios ta t  was 2 x 10 6 sec. The 
ga lvanos ta t i c  c i rcui t  consisted of the  usua l  h igh 
voltage,  s tabi l ized d-c  power  supp ly  connec ted  in  
series to a large va r i ab l e  resis tance.  The  anode po-  
t en t i a l  was  measu red  us ing  a d-c  v a c u u m  tube  vo l t -  
me te r  (abou t  107 ohm i n p u t  impedance ) .  The  cur -  
r en t  t ime  and  v o l t a g e - t i m e  va r i a t ions  were  recorded  
on mechan i ca l  recorders  of about  1 sec response  
t ime.  

Co uIometric Apparatus 
The appa ra tu s  shown  in  Fig. 3, was  m a d e  in  order  

to d e t e r m i n e  the  a m o u n t  of e thy lene  consumed  d u r -  
ing electrolysis  by  a k n o w n  a m o u n t  of electr ici ty.  

The cell, cons t ruc ted  f rom P y r e x  glass, consis ted 
bas ica l ly  of th ree  chambers ;  an  anode  chamber ,  A, 
w i th  gas bure t te ,  B; a cathode chamber ,  C; and,  
reservoi r  R. L iqu id  was  c i rcu la ted  in  the  anode  
chambe r  by  means  of a m a g n e t i c a l l y  opera ted  cen-  
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Fig. 3. Apparatus for the coulometric examination of the electro- 
chemical oxidation of ethylene. 

trifugal pump, P. The electrolyte was initially all 
contained in the reservoir R. While in R the electro- 
lyte was saturated, via stopcock, $2, with ethylene 
gas at room temperature and at about 1 arm pres- 
sure. At the same time the rest of the apparatus was 
swept clear of air and filled with ethylene gas. The 
stopcock $I was then opened, and the ethylene satu- 
rated sodium hydroxide solution allowed to fill 
compartments A and C. Compartment A was filled 
to about one third of the way up the burette B, 
leaving about 25 ml of ethylene in the gas space. 
The pressure of ethylene in B was the prevailing 
atmospheric pressure plus the hydrostatic pressure 
of the solution corresponding to the difference in 
liquid levels between compartments B and R. The 
liquid level difference between B and side arm D 
was measured after opening stopcock S3. At this 
point the volume of ethylene gas in B was noted. 
With the liquid and the gas in A and B isolated 
from the rest of the system, the anode compart- 
ment was brought to 70~ and the pump P turned 
on. Electrolysis was started, there being adequate 
electrical conductivity across the closed but wetted 
stopcock $4. The anode An, in A, was a platinum 
gauze cylinder prepared as indicated above. The 
electrolysis was carried out galvanostatieally and 
the potential of An was mechanically recorded. 
About every 15 rain during the electrolysis, the 
stopcock $I was opened for a short time to admit 
ethylene saturated electrolyte to A in order to com- 
pensate for the decrease in the volume of gaseous 
ethylene in B. At the end of several hours of elec- 
trolysis, noting the number of coulombs passed, the 
anode compartment was allowed to cool to room 
temperature. The stopcock $I was then opened and 
the amount of ethylene in B determined as indicated 
at the beginning of this description. 

Results 
Steady-state current-voltage curves.--The resul t s  

of ex tens ive  pre-e]ec t ro lys i s  on the c u r r e n t - v o l t a g e  
behav io r  were  l a rge ly  negat ive .  As a l r eady  m e n -  
t ioned  s tudies  car r ied  out  by  W r o b l o w a  (4) in  an  
a l l -Tef lon  cell fa i led to show a ny  s ignif icant  effect on 
the  k ine t ic  character is t ics  of the  e lect rode due to 
the  d issolu t ion  of glass. The o n l y  inf luence  of p u r l -  
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Fig. 4. Dependence of the "Tafel" slope on the degree of 
approach to steady state. Time passed from the beginning of the 
electrolysis: (1): 5 rain; (2): 10 min; (3): 30 min; (4): 60 min; 
(5): 120 min. Potentiostatic circuit used. Electrode area 40 cm 2 
(geom.). Temperature, 70~ Ethylene pressure, 1 arm. Potentials 
given in NHE scale, current densities in amp-cm 2 (geom. area). 

fication no ted  was tha t  the  Tafel  r ange  of the  c u r -  
r e n t - v o l t a g e  curve  was  ex t ended  to somewha t  lower  
cur rents .  M e a s u r e m e n t s  of the  e lect rode ove rpo t en -  
t ia l  were  found  to be t ime  dependen t ,  approach ing ,  
af ter  some t ime,  a s teady  state. S teady  state  is 
a r b i t r a r i l y  defined as tha t  va lue  of po ten t i a l  ( w h e n  
us ing a ga lvanos ta t i c  a r r a n g e m e n t )  wh ich  changes  
less t h a n  10 m v / h r ,  or tha t  va lue  of c u r r e n t  ( w h e n  
us ing  a potent ios ta t ic  a r r a n g e m e n t )  which  changes  
less t h a n  1 0 % / h r .  

The ove rpo ten t i a l  of the  anode,  P t  (P t )  JlM NaOH, 
1 a tm C2H4 (70~ obeys the Tafe l  r e l a t ion  over  
the range  of p o t e n t i a l - - 4 0 0  m v  to 0 mv  [ n o r m a l  
hyd rogen  electrode scale ( N H E ) ] .  F igure  4 shows 
the  s teady state  c u r r e n t - v o l t a g e  curve  as we l l  as 
c u r r e n t - v o l t a g e  curves  t aken  at  i n t e rva l s  ( t ime  
m e a s u r e d  f rom s tar t  of e lectrolysis)  before s teady 
state  (see Fig. 10). Curve  1 was  obta ined,  us ing  a 
potent ios ta t ic  a r r a n g e m e n t ,  by  p lo t t ing  the 5 m i n  
points  f rom a series of c u r r e n t - t i m e  curves.  Curves  
2, 3, and  4 cor respond to the 10, 30, and  60 m i n  
points ,  respect ively ,  and  curve  5 corresponds  to 
s teady state  ob ta ined  af ter  2 hr. Iden t i ca l  (i.e., +_10 
m v )  resul t s  (Fig. 4, cu rve  5) for the  l i nea r  pa r t  of 
the  Tafel  cu rve  were  ob ta ined  f rom s teady  state  ga l -  
vanos ta t ic  measu remen t s .  I t  can be seen tha t  the  
Tafel  slope goes f rom 300 m v  (per  decade)  to 155 
my.  I t  is to be  no ted  t ha t  once the  c u r r e n t - t i m e  
curve  (i-t) or v o l t a g e - t i m e  curve  (E-t) has reached  
the condi t ion  re fe r red  to as s teady state,  tha t  the  
Tafel  slope does no t  change  so long as the set of i 
(or E) poin ts  are va lues  t aken  for the same corre-  
spond ing  va lue  of t. Thus  on Fig. 4, curves  4 (t = 
60 m i n )  and  5 ( t  = 120 m i n )  give essen t ia l ly  the 
same Tafel  slope, a l though  the ex t rapo la ted  ex-  
change  c u r r e n t  wou ld  be different .  I n  e lec t rochemi-  
cal processes 300 m v  is not  a r a t iona l  slope, whereas  
155 my,  wh ich  cor responds  to abou t  (2.303) 2 
RT/F ( in  the  l imi t  of - - 2 0 % ) ,  is a common,  eas i ly  
exp la ined  va lue  in  electrode kinetics.  The a r g u m e n t  
jus t  advanced  is t a k e n  as jus t i f ica t ion for our  selec-  
t ion  of the s teady  state  as a condi t ion  wi th  m e a n i n g  
for mechanis t i c  analysis .  

Rest potential and lower limit of Ta[el curve.--At 
70~ in  the  absence  of e thy lene  and  wi th  a f resh ly  
ac t iva ted  electrode,  the rest  po ten t i a l  of the e lect rode 
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Fig. 5. Decay of the open circuit potential after passivation of 
the electrode. Electrode kept potentiostatically at -I-0.2v (NHE) 
for 5 min, at time t ~ 0 the potentiostatic circuit was interrupted. 
Electrode area, 25 cm 2 (geom.). Temperature, 70~ Ethylene 
pressure, 1 arm. 
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Fig. 6. Effect of pre-electrolysis on the slope of the Tafel curve. 
Curve 1, without pre-electrolysis; curve 2, after pre-electrolysis. 
Galvanostatic circuit, steady state conditions. Pre-eleetrolysis: 8 
hr cathodically, 8 hr anodically, at current density 3 ma-cm 2 (geom. 
area). Other conditiens as for Fig. 4. 

was + 50  m v  (NHE) ,  on i n t r oduc i ng  e thy lene  the  
electrode r ap id ly  ( < 1  m i n )  achieved a rest  po t en -  
t ial  o f - - 5 6 0  m v  (NHE) .  If the  electrode was not  
f resh ly  act ivated,  the  t ime  r equ i r ed  to r e spond  to the 
i n t roduc t i on  of e thy l ene  was  longer ,  ~ 5  min .  If the  
e lect rode is kep t  po ten t ios ta t i ca l ly  at a po ten t ia l  
cor responding  to electrode pass iva t ion ,  i.e., at +240  
m v  (NHE) ,  and  s u b s e q u e n t l y  a l lowed to decay to 
the open -c i r cu i t  potent ia l ,  it is found  tha t  the  process 
is slow as shown in  Fig. 5. If the same is repea ted ,  bu t  
wi th  n i t rogen ,  r a the r  t h a n  e thy lene ,  t hen  the re  is no 
s ignif icant  drop in  po ten t i a l  w h e n  the c i rcui t  is 
opened.  

P re -e lec t ro lys i s  did not  affect the va lue  of the  rest  
potent ia l ,  bu t  it  did affect the shape of the c u r r e n t -  
vol tage  curve  in  the  v i c in i ty  of the rest  potent ia l .  
This  is shown on Fig. 6. 

The t e m p e r a t u r e  of the so lu t ion  is i m p o r t a n t  in  
d e t e r m i n i n g  the  ra te  at which  the  rest  po ten t i a l  is 
es tab l i shed  w h e n  e thy lene  is f resh ly  i n t rodueed  into 
the  anode c o m p a r t m e n t ,  the  t ime  necessary  to es tab-  
l ish the po ten t i a l  inc reas ing  w i th  decreas ing  t e m -  
pe ra tu re .  At  room t e m p e r a t u r e  e thy lene  had  no in -  
f luence on the po ten t i a l  of the  electrode. 

Upper limit o~ the Tafel curve.--Depending on ex-  
p e r i m e n t a l  condi t ions ,  there  is one of two reasons  
for an  uppe r  l imi t  to the Tafe l  slope. The most  im-  
p o r t a n t  cause for the  l imi t  is tha t  at abou t  0 m v  
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Fig. 7a. Upper limit of the Tafel curve-passivation of the elec- 
trode. Potentiostatic circuit, steady state conditions. Electrode 
area, 25 cm 2 (geom.). Other conditions as for Fig. 4. 
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Fig. 7b. Upper limit of the Tafel slope-diffusion control. Ethylene 
pressure 0.05 arm, other conditions as for Fig. 7a. 

( N H E )  the  p l a t i n u m  e l ec t rode  pa s s iva t e s :  th is  is 
s h o w n  on the  p o t e n t i o s t a t i c  v o l t a g e - c u r r e n t  curves ,  
Fig.  7a. The  o t h e r  cause  for  an  u p p e r  l i m i t  is a l i m -  
i t ing  c u r r e n t  a s soc ia t ed  w i t h  t r a n s p o r t  of e t h y l e n e  
to t he  e lec t rode .  In  the  l a t t e r  case the  l i m i t i n g  c u r -  
r en t  is d e p e n d e n t  on s t i r r i n g  a n d  p a r t i a l  p r e s s u r e  of 
e t h y l e n e  (see  Fig .  7b) .  

Ethylene pressure.-- T h e r e  is no  s igni f icant  inf lu-  
ence of e t h y l e n e  p a r t i a l  p r e s s u r e  on the  v a l u e  of t he  
Ta fe l  s lope  or  on the  e x t r a p o l a t e d  e x c h a n g e  c u r r e n t :  
th is  is s h o w n  on Fig.  7b and  Fig.  8. F i g u r e  8 shows  
the  effect of cyc l ing  the  e t h y l e n e  p a r t i a l  p r e s s u r e  
b e t w e e n  1/10 and  1 arm. I t  can  be  seen t h a t  t he  
t r a n s i e n t  effect of c h a n g i n g  p r e s s u r e  f rom 1/10 to  1 
a t m  dec reases  w i t h  t i m e ;  f u r t h e r m o r e  t h e r e  is no 
t r a n s i e n t  effect on go ing  f r o m  t h e  h i g h e r  to t h e  
l o w e r  p res su re .  

Temperature ef]ect.--The t e m p e r a t u r e  d e p e n d -  
ence of t he  c u r r e n t  was  s t u d i e d  u n d e r  p o t e n t i o s t a t i c  
cond i t ions  at  E = - - 1 6 0  m v  ( N H E ) .  F i g u r e  9 shows  
the  d e p e n d e n c e  of s t e a d y  s t a t e  c u r r e n t  ( a f t e r  2 h r )  
on t e m p e r a t u r e .  

Time effects.--A t y p i c a l  i - t  c u r v e  ( t a k e n  u n d e r  
p o t e n t i o s t a t i c  cond i t ions )  is s h o w n  in Fig .  10. The  
c u r v e  was  o b t a i n e d  w h e n  the  e lec t rode ,  w h i c h  had  
been  exposed  to e thy l ene ,  and  was  a t  t he  r e s t  p o -  
t en t ia l ,  was  s u d d e n l y  p o l a r i z e d  to  a m o r e  pos i t i ve  
po ten t i a l .  The  in i t i a l  cu r r en t ,  up  to N1 min ,  is due  
to c a p a c i t a t i v e  cha rg ing ,  a n d  the  r e m a i n d e r  of the  
c u r v e  is a s soc ia t ed  w i t h  t he  F a r a d a i c  p a r t  of t he  

i 
(mA) ,N2 O.latm CzH 4 

_ _  I 
| 

I atrn C 2 ~ ' ~ O . I o t m ~ H 4 ~ , ~  Io t rnC~? OI at rn C~H 4 

2 
J 

4 5 
t (hours) 

Fig. 8. Pressure dependence of the current. Potentiostatic circuit, 
E ~ --260 mv (NHE). Electrode, 40 cm 2 (geom. area). Tempera- 
ture, 70~ Pressure of ethylene cycled between 0.1 and 1 atm. 
Total current given in ma. 
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Fig. 9. Temperature dependence of the current. Potentiostatic cir- 
cuit, E ~ --160 my (NHE). Steady state conditions. Temperature 
in range, 70~176 Other conditions as for Fig. 7a. 

I I I 
J 2 3 
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Fig. 10. Current-time curve. Potentiostatic circuit, E ~ --160 
my (NHE). Other conditions as for Fig. 4. Total current given in 
m e .  

e l e c t r o c h e m i c a l  reac t ion .  T h e r e  is no s i m p l e  m a t h e -  
m a t i c a l  func t ion  w h i c h  a c c u r a t e l y  de sc r ibe s  t he  c u r -  
r e n t  decay ,  h o w e v e r  a m o d e r a t e  r a n g e  of t he  c u r v e  
( a p p r o x i m a t e l y  10-200 m i n )  can  be  d e s c r i b e d  as a 
p a r a b o l a .  

The  d e c a y  cu rves  d e p e n d  on the  p r e v i o u s  h i s t o r y  
of t he  e l ec t rode  in  t he  fo l lowing  way .  I f  t he  e l ec -  
t rode ,  w i t h  e t h y l e n e  in  solu t ion ,  is f i rs t  p o l a r i z e d  at  
a h igh  p o t e n t i a l  ( m o r e  p o s i t i v e ) ,  i.e., j u s t  b e l o w  the  
p a s s i v a t i n g  p o t e n t i a l  and  m a i n t a i n e d  u n t i l  s t e a d y  
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Fig. 11. Transient from higher to lower over-voltage. Potentio- 
static circuit, potentials E1 ~ --160 mv and E2 = --260 my 
(NHE). Other conditions as for Fig. 10. 
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Fig. 12. Transient from lower to higher over-voltage. Potentia- 
static circuit, potentials E1 ~ --260 my and E2 ~ --160 mv 
(NHE). Other conditions as for Fig. 10. 

s ta te  is reached,  t hen  as the  po ten t i a l  is r educed  
s tep-wise  at long in te rva ls ,  a series of i - t  curves  
wi l l  be ob ta ined  as shown in  Fig. 11. However  if the  
e lect rode is first polar ized at a low po ten t i a l  and  the 
po ten t ia l  ra ised in  a series of steps t hen  a curve  as 
shown on Fig. 12 results .  

W h e n  the electrode is b rough t  first to the pass i -  
va t ion  po ten t i a l  and  then  po ten t ios ta t i ca l ly  r e t u r n e d  
to a more  nega t ive  potent ia l ,  the e lect rode is com-  
p le te ly  reac t iva ted ,  i.e., the in i t i a l  cu r ren t ,  in  an  
i - t  plot, is h igh and  is ident ica l  in  behav io r  wi th  
the  curve  shown  on Fig.  10. 

It  was s ta ted above tha t  on ly  the in i t i a l  pa r t  of 
an  i - t  cu rve  is to be associated wi th  capac i ta t ive  
charging.  This  was d e m o n s t r a t e d  in  the  fo l lowing 
way.  The  electrode was  m a i n t a i n e d  at  --160 m v  
(NHE)  in  a n i t r ogen  a tmosphere  t h e r e b y  charg ing  
the double  layer .  W h e n  the cu r r en t  was steady,  i.e., 
charg ing  was complete,  e thy lene  was b u b b l e d  into 
the system, and  the i- t  decay curve  recorded.  If ac- 
count  is t a k e n  of the  t ime  r equ i r ed  to sa tu ra t e  the  
so lu t ion  ( ~ 5  ra in)  t hen  it  is found  tha t  the  i - t  curve  
is here  the  same as the  i - t  cu rve  ob ta ined  s t a r t i ng  
wi th  e thylene .  This bears  out  the po in t  tha t  the long 
t ime pa r t  of the  decay process is Faradaic .  

Coulometric measuremen t s . - -The  resul t s  of four  
coulometr ic  m e a s u r e m e n t s  are g iven  in  Tab le  I. I t  
can be seen tha t  the resul t s  are, w i t h i n  the expe r i -  
m e n t a l  e r ror  of --+5%, e q u i v a l e n t  to the  r a t i ona l  
va lue  of 12 e lect rons  per  e thy lene  molecule.  This  
points  to comple te  ox ida t ion  of e thylene .  A rough  
conf i rmat ion  of this resu l t  was ob ta ined  by  t i t r a t i ng  
the  ca rbona te  fo rmed  as a resu l t  of the ox ida t ion  of 

Table I. Stoichiometry of the anodic oxidation of ethylene. 
Ethylene consumed vs .  coulombs passed 

Exper iment  run  n u m -  
ber 1 2 3 4 

Potent ial  [mv(NHE) ] --160 --110 --80 --60 
Amount  of C2H4 con- 

sumed [millimoles] 0.63 1.08 1.24 1.20 
Coulombs passed 816 1260 1464 1360 
Number  of Faradays 

per mole C2H4 13.5 12.1 12.2 11.8 

the e thylene .  Three  i n d e p e n d e n t  r u n s  gave the  rat io 
of moles of ca rbona te  in  so lu t ion  to moles of e thy l -  
ene  consumed  as 2.2, 2.4, and  2.3. The expected va lue  
is 2, howeve r  it is difficult, to keep a concen t ra t ed  
sodium hydrox ide  solut ion free of carbonate .  

Discussion 
Exper imental  Results 

One of the objects  of this i nves t iga t ion  was to de-  
t e r m i n e  those s teady  state  p a r a m e t e r s  of the elec- 
t rochemica l  ox ida t ion  of e thy lene  i m p o r t a n t  to 
mechan i s t i c  analysis .  In  this connec t ion  there  are 
three  resul t s  of impor tance .  (a)  The ove r - a l l  s toi-  
ch iomet ry  of the  anodic  reac t ion  can be r ep resen ted  
by  the  equa t ion  

C2H4 + 16O H -  ~ 2CO3 = + 10H20 -t- 12e-  [1] 

(b)  The  Tafel  slope is essen t ia l ly  2RT/F.  (c) The ef-  
fect of e thy lene  p re s su re  is zero, i:e., (~ In i /0  In 

Pc2~4)~ = 0. 
It  is clear f rom the  e x p e r i m e n t a l  resul ts  tha t  the 

e thy lene  electrode is a lways  far  more  posi t ive t han  
the hypothe t ica l  revers ib le  e thy l ene  electrode [cal-  
cu la ted  (5) to be --0.85v] .  The rest  po ten t i a l  of 
--0.56v found  in  this  inves t iga t ion  can be under s tood  
in  t e rms  of two compet ing  e lec t rochemica l  react ions.  
The two react ions  are the anodic  process g iven  in 
Eq. [1] and  the cathodic process. 

C2H4 ~- 2HuO + 2e -  -> C~H6 -t- 2 O H -  [2] 

The s t anda rd  t h e r m o d y n a m i c  revers ib le  po ten t i a l  
for reac t ion  [2] is --0.31v. There  is ample  expe r i -  
m e n t a l  ev idence  for the occur rence  of this  reac t ion  
(6) .  

If the Tafel  slope for the  anodic  reac t ion  is ex-  
t r apo la ted  to --0.85v the r e su l t ing  a p p a r e n t  ex-  
change  c u r r e n t  (us ing  the geomet r ica l  a rea)  of the 
electrode is 5 x 10 -9 a m p - c m  -2. In  order  to ob ta in  
the rea l  exchange  c u r r e n t  it is necessa ry  to k n o w  the 
roughness  factor, B, of the  p la t in ized  electrode.  
Var ious  va lues  of B have  b e e n  de t e rmined .  Thus  
compar ing  the ra tes  of e thy lene  ox ida t ion  on p la t i -  
n ized p l a t i n u m  and  b r igh t  p l a t i n u m  gave ~100.  
Capac i ta t ive  charg ing  gave B ~-, 200, and  adsorp t ion  
of C I4 labe l led  th iou rea  gave B ~ 250. B is t h e n  
rough ly  be t w e e n  100 and  300 g iv ing  a t r ue  io of 
about  5 x 10 -12 a m p - c m  -2 to 10 -12 a m p - c m  -2. 

Reactiou Kinetics 

The deta i led  m e c h a n i s m  of the e lec t rochemica l  
ox ida t ion  of e thy lene  is obv ious ly  most  complex,  
and  it is no t  the object  of this  d iscuss ion to pos tu la te  
specific complete  sets of reac t ion  sequences.  Here  we 
are concerned  wi th  t h e  e x a m i n a t i o n  of simplif ied 
s teady state  reac t ion  sequences  wi th  a v iew to the 
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i n t e r p r e t a t i o n  of the  e x p e r i m e n t a l  da ta  of the anodic  
e thy l ene  reac t ion  in  t e rms  of the  concept  of the  r a t e  
d e t e r m i n i n g  step. 

A s s u m p t i o n s . - - W h e n  cons ider ing  electrode proc-  
esses the fo l lowing s impl i fy ing  as sumpt ions  are 
made  (7, 8). 

No m u l t i - e l e c t r o n  t r ans fe r  processes are admi t t ed  
as possible in  a s ingle  step. The f rac t iona l  coverage 
of the electrode (or tha t  pa r t  of the  electrode act ive  
in  e lectrolysis)  wi th  reac t ing  species is e i ther  t a k e n  
to be l imi t ing  low, less t h a n  1/10 coverage,  or else 
the coverage tends  to 1 in  one species only,  all  o ther  
species hav ing  negl ig ib le  low coverages.  Al l  steps 
are t a k e n  to be ac t iva t ion  control led,  i.e., the re  is no 
l im i t a t i on  due to diffusion. The  e lec t rochemica l  
t r ans fe r  coefficient, a, is t aken  to be u 

In  the  k ine t ics  of s implif ied open  reac t ion  se- 
quences  each step in  the reac t ion  is t a k e n  to be s im-  
ple and  first order  wi th  respect  to the i n t e r m e d i a t e  
species. Al l  steps pr ior  to the  ra te  d e t e r m i n i n g  step 
(r.d.s.) are  t r ea ted  in  equ i l i b r ium.  Steps af ter  the 
r.d.s, need  not  be in  e q u i l i b r i u m  bu t  the fo rward  
pa th  of these s u b s e q u e n t  steps m u s t  be fast  com-  
pa red  w i th  the  r.d.s. 

The  e thy lene  reac t ion . - -The  Tafe l  s l ope . - -The  
Tafel  slope for the anodic  ox ida t ion  of e thy lene  
was found  to be essen t ia l ly  2RT/F .  F r o m  an  a n a l -  
ysis of open cha in  reac t ion  sequences  (8) the fo l low-  
ing possibi l i t ies  for a slope of 2 R T / F  exist. 

(a)  For  low surface  coverage,  the  first e lec t ron  
t r ans fe r  step could be the  r.d.s., e.g. 

C2H4 ~ C2H4 (adsorbed)  ( fast)  
C2H4--> C2H4 + + e -  (s low) 

(b)  For  bo th  low and  high coverage,  ra te  de te r -  
m i n i n g  O H -  discharge can give b = 2 R T / F ,  e.g. 

O H -  --> OH. + e -  (s low) 
C2H4 ~ C2H4 (adsorbed)  ( fast)  
C2H4 + OH- ~ CfH4OH" (fast)  

(c) For  h igh coverage of the  i n t e r m e d i a t e  in  the  
fo rward  step of an  e lec t ron  t r ans f e r  r.d.s., which  
m a y  be any  stage in  the sequence,  we ob ta in  
b : 2RT /F .  

Since the reac t ion  veloci ty  was found  to be inde -  
p e n d e n t  of e thy l ene  pressure ,  it  is c lear  tha t  reac-  
t ion scheme (a) ,  above,  cannot  app ly  to our  sys-  
tem. Reac t ion  schemes (b)  and  (c) wi l l  show no de-  
pendence  on e thy lene  p ressure  in  the  s teady  state  
and  are therefore  bo th  admissible .  F u r t h e r  a na l -  
ysis of the reac t ion  m e c h a n i s m  requ i res  tha t  we ap-  
peal  to other  fea tures  of the e x p e r i m e n t a l  s tudy  of 
the  anodic  ox ida t ion  of e thylene .  
Passivatio~ o.~ the  e l ec t rode . - -The  pass iva t ion  of 
the electrode at posi t ive  po ten t ia l s  has been  no ted  in  
prev ious  papers  (9-11) .  This p h e n o m e n o n  is a t t r i b -  
u ted  to the  fo rma t ion  of an  oxide l aye r  on wh ich  the  
ra te  of e thy lene  ox ida t ion  is ins ign i f ican t ly  low. The  
onset  of the fo rma t ion  of an  oxide film on p l a t i n u m  
at 0v (NHE)  in  a lka l ine  so lu t ion  is suppor t ed  by  
var ious  s tudies  ( 12 - 15). 

The fo rma t ion  of an  oxide fi lm in  a lka l ine  so lu-  
t ion is t a k e n  as s t rong ev idence  for occur rence  O H -  
discharge.  Thus,  it  is pos tu la ted  tha t  w h e n  the  su r -  
face concen t r a t i on  of h y d r o x y l  radica ls  achieves  a 

suff icient ly h igh surface  concen t r a t i on  so tha t  the r e -  
act ion 

2M-OH ~ 2M-O ~- HeO 

can occur, on ly  t hen  does oxide fo rma t ion  commence .  
Since the re  is ev idence  for ex tens ive  O H -  discharge 
nea r  0v (NHE)  it  seems reasonab le  to assume tha t  
O H -  discharge  also occurs at more  nega t ive  po t en -  
tials.  

T i m e  e f]ects . - -The deac t iva t ion  and  r eac t iva t ion  of 
p l a t i n u m  electrodes r epor ted  above can only  be u n -  
derstood in  t e rms  of h igh surface  coverage of or-  
ganic  i n t e r m e d i a t e  species. F u r t h e r m o r e  recent  ex -  
pe r i me n t s  (16) car r ied  out on the  e lec t rochemica l  
ox ida t ion  of C14-ethylene at p l a t i n u m  electrodes in  
a lka l ine  so lu t ion  at  70~ have  shown  tha t  decreas-  
ing ac t iv i ty  of the  electrode is associated wi th  i n -  
c reas ing  e lect rode coverage w i th  C14-containing m a -  
te r ia l  and  tha t  ac t iva t ion  of the e lect rode is asso- 
ciated w i th  r e mova l  of C14-containing species. The 
high in i t i a l  ac t iv i ty  of the e lect rode m a y  pe rhaps  be 
associated w i th  the  dissociat ive chemisorp t ion  of 
e thy lene  according to the  scheme ( 17-19) 

C2H4 -> P t - - C H - - C H - - P t  + 2H --  P t  
/ \ 

Pt  Pt  

w h e r e u p o n  the  h y d r o g e n  fo rmed  wi l l  be r ap id ly  

% / 
oxidized. However ,  the C H - - C H  f r a g m e n t  wou ld  

/ % 

be less suscept ib le  to ox ida t ion  a nd  since its sur face  
concen t ra t ion  wou ld  bu i ld  up  in  t ime, it  m a y  lead to 
decreas ing  surface  act ivi ty ,  and  a change  in  mech -  
anism.  

In  Fig. 12 it  was shown tha t  on going f rom more  
nega t ive  to more  posi t ive  potent ia ls ,  t ha t  the c u r r e n t  
increased  to a s teady state  value,  r a the r  t h a n  de-  
creased. W h e n  we couple this  obse rva t ion  wi th  the 
obse rva t ion  tha t  the cor responding  increase  in po-  
t en t i a l  is associated w i th  a decrease  in  surface cov-  
erage  in  ca rbon  con t a in ing  species (C~4-work) (16) ,  
we conclude tha t  scheme (c) above is un l ike ly .  This  
is so since scheme (c) requ i res  tha t  the  reac t ion  
veloci ty  be a l i nea r  f unc t i on  of the surface  coverage 
of the organic  species wh ich  appears  in  the  r.d.s. 

It  should be no ted  here  tha t  8 ~ 1 need  not  corre-  
spond to the use of every  p l a t i n u m  sur face  atom. Thus  
if a t w o - p o i n t  a t t a c h m e n t  process is i nvo lved  in  the  
chemisorp t ion  of an  organic  molecule  the  m a x i m u m  
surface  coverage wi l l  be  about  92% (20).  For  fou r -  
po in t  a t t a c h m e n t  the  n u m b e r  of holes in  a comple ted  
mono l a ye r  wi l l  be even  g rea te r  t h a n  8%. If surface  
s t ra in  is i nvo lved  in  the  conf igura t ion  of the ad-  
sorbed species there  m a y  only  be ce r ta in  geomet r i -  
cal ly  favored  sites which  wi l l  accommodate  two-  
po in t  surface  a t t a c h m e n t  (21, 22). This  could lead 
to s a tu r a t i on  surface  coverages,  i.e., t~ --> 1, which  
corresponds  to ac tua l  surface  coverages which  are 
m u c h  below a monolayer ,  based on a count  of p l a t i -  
n u m  surface  atoms. This  is in  fact a no t he r  way  of 
s t a t ing  the concept  of act ive centers .  

We have  po in ted  out  tha t  "high"  electrode cov-  
erage wi th  organic  species is l ikely,  bu t  tha t  direct  
e lec t ron  t r ans f e r  f rom such species in  the ra te  de-  
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t e r m i n i n g  step seems to be excluded.  We are lef t  
wi th  scheme (b ) .  Thus,  as p rev ious ly  po in ted  out, 
ra te  d e t e r m i n i n g  h y d r o x y l  d ischarge should  lead to 
a Tafel  slope of 2RT/F,  and  no e thy lene  p ressure  de-  
pendence ,  at the ex t r eme  condi t ions  of i n t e r m e d i a t e  
species coverage.  F u r t h e r m o r e  the  connec t ion  of the  
t r a n s i e n t  behav io r  wi th  coverage of C14-carbon 
species, m e n t i o n e d  above,  can be unde r s tood  w h e n  
it  is real ized tha t  this  p h e n o m e n a  ( shown in  Fig.  12) 
occurs on ly  at abou t  --150 m v  (i.e., about  --150 m v  
f rom pass iva t ion  po ten t i a l ) .  Here  O H -  discharge  
becomes comparab le  in  ra te  to the ra te  of bu i ld  of 
ox id izab ly  organic  species, whence  the  reac t ion  of 
OH radicals  wi th  the organic  ma te r i a l  on the elec-  
t rode resul ts  in  a decrease in  organic  species surface  
concen t ra t ion ,  and  a co r respond ing  increase  in  area  
ava i lab le  for O H -  discharge.  The resu l t  of more  ex-  
tens ive  O H -  discharge leads f inal ly  to surface  oxide 
fo rma t ion  and  pass ivat ion ,  as discussed above.  

It  should be no ted  tha t  whi le  the above conc lu-  
sions are cons is tent  wi th  the data,  m u c h  more  e lab-  
ora te  e x p e r i m e n t a l  work  is r equ i r ed  to prove  the  
complete  t r u t h  of our  conclusions.  
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The Relative Electrocatalytic Activity of Noble Metals 
in the Oxidation of Ethylene 

Harald Dahms 1 and John O'M. Bockris 

The Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

A comparat ive study of the anodic oxidation of ethylene on five noble 
metal electrodes (Au, Ir, Pd, Pt, Rh) in 1M sulfuric acid at 80~ is reported. 
Complete oxidation of ethylene to CO2 was observed on Pt, Ir, and Rh. On Au 
and Pd practically no CO2 could be detected and the main  products of the 
reaction were aldehydes and acetone. The Tafel slopes as well as pH 
and pressure effects are also found to be different for the two groups of metals. 
The order of chemical react ivi ty in the two groups of metal  catalysts is P t  
Rh ~ Ir  and Pd ~ Au. 

There  has b e e n  a recen t  surge of s tudies  on the  
e l ec t ro -ox ida t ion  of hyd roca rbons  because  of t he i r  
possible use in  e lec t rochemica l  ene rgy  convers ion  
(1) .  Since most  of these inves t iga t ions  concerned  
more  or less technologica l  aspects, the  resul t s  are  
u sua l ly  too complex  to a l low electrode k ine t ic  a n a l -  
ysis. The more  f u n d a m e n t a l  aspects of a few organic  

1 P r e s e n t  a d d r e s s :  T h o m a s  J .  W a t s o n  R e s e a r c h  C e n t e r ,  I n t e r n a -  
t i o n a l  B u s i n e s s  M a c h i n e s  C o r p o r a t i o n ,  Y o r k t o w n  H e i g h t s ,  N e w  Y o r k .  

systems have  been  s tudied  (2 -8) ,  bu t  a lmost  exc lu -  
s ively on p l a t i num.  On ly  a few a t t empts  have  been  

made  to s tudy  the role of the  me t a l  in  organic  elec-  

t r o - o x i d a t i o n  (2) .  Hi ther to ,  insuff icient  da ta  have  
exis ted to fo rm the  basis  of some first concepts  of 
ca ta ly t ic  ac t iv i ty  and  its dependence  on the  me ta l  
for e lec t ro-oxida t ion .  A p a r a l l e l i s m  of the  r e l e v a n t  

cons idera t ions  to catalysis  at  the me t a l - ga s  i n t e r -  
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Fig. 1. Cell for pre-treatment of metals ond electrode kinetic 
studies. F, electric furnace; A, stopcock; R, reference electrode; 
E, working electrode; H, hydrogen electrode used as counter elec- 
trode. 

face  (9)  canno t  be  e x p e c t e d  to be  close. The  e lec t r i c  
field across  the  r e a c t i o n  zone and  the  s t r u c t u r e  of 
t he  d o u b l e  l a y e r  a r e  fac to rs  in e l e c t r o c a t a l y s i s  w h i c h  
do not  h a v e  ana logues  at  the  m e t a l - g a s  in te r face .  
F u r t h e r m o r e ,  r e a c t i o n  p r o d u c t s  f r o m  the  so lven t  
(e.g., m e t a l  ox ides  in aqueous  so lu t ions )  can  t a k e  

p a r t  in the  r e a c t i o n  sequence .  
Here ,  a s t u d y  of the  e l e c t r o - o x i d a t i o n  of e t h y l e n e  

on b r i g h t  nob le  m e t a l  e l ec t rodes  (Au,  Ir ,  Pd ,  Pt ,  Rh)  
in aqueous  su l fu r i c  ac id  so lu t ions  is r e p o r t e d .  

Experimental 
CelL--The  cel l  is s h o w n  in Fig .  1. Cel l s  of th is  

t y p e  h a v e  been  used  e x t e n s i v e l y  in e l ec t rode  k ine t i c  
s tud ies  of i no rgan i c  sys t ems  (10) ,  b u t  r a r e l y  in 
e l e c t r o - o x i d a t i o n .  The  e l ec t rode  E can  be  t r e a t e d  in 
the  f u r n a c e  F in an  i n e r t  a t m o s p h e r e  and  can  t hen  
be  i n t r o d u c e d  into the  cel l  t h r o u g h  s topcock  A 
w i t h o u t  con tac t ing  air .  The  c o m p a r t m e n t  con t a in ing  
the  coun t e r  e l ec t rode  ( p l a t i n i z e d  p l a t i n u m  g a u z e /  
H~) is s e p a r a t e d  b y  a s topcock.  In  o r d e r  to avo id  a n y  
d i f fus ion  of h y d r o g e n  into  o t h e r  p a r t s  of t he  cell ,  the  
e l ec t rode  is s e p a r a t e d  b y  a f r i t t e d  glass  ove r  w h i c h  
n i t r o g e n  is pa s sed  con t inuous ly .  The  t e m p e r a t u r e  in 
the  c o m p a r t m e n t  of t he  w o r k i n g  e l ec t rode  is con-  
t r o l l e d  b y  a con tac t  t h e r m o m e t e r  a t  80 ~ --+ I ~  in 
connec t ion  w i t h  an  e lec t r i c  h e a t i n g  t a p e  w o u n d  
a r o u n d  the  cell .  The  p o t e n t i a l  of t h e  w o r k i n g  e lec -  
t r o d e  is m e a s u r e d  aga in s t  a s a t u r a t e d  c a l o m e l  e l ec -  
t r o d e  in a n o t h e r  c o m p a r t m e n t  s e p a r a t e d  b y  a s top -  

cock. The  r e f e r e n c e  e l ec t rode  was  k e p t  a t  r o o m  t e m -  
p e r a t u r e .  2 

Circuit . --The p o t e n t i a l  w a s  a p p l i e d  f r o m  a l e a d  
ac id  b a t t e r y  ove r  a p o t e n t i o m e t e r  b e t w e e n  the  w o r k -  
ing e l ec t rode  E and  the  h y d r o g e n  c o u n t e r  e l ec t rode  
H. The  r e l a t i v e  r e s i s t ances  of t h e  p o t e n t i a l  d i v i d e r  
and  the  c i r cu i t  c o n t a i n i n g  the  cel l  a l l o w e d  th is  a r -  
r a n g e m e n t  to  a p p l y  a c o n s t a n t  p o t e n t i a l  b e t w e e n  
c a thode  and  anode .  The  l a r g e  r e l a t i v e  a r e a  of c a t h -  
ode  to a n o d e  m a d e  t h e  a r r a n g e m e n t  t h a t  of a p o t e n -  
t i o s t a t  for  t he  anode.  The  c i rcu i t  c o n t a i n e d  an e lec -  
t ron ic  m i c r o a m m e t e r  ( v o l t a g e  d rop  across  the  i n -  
s t r u m e n t  <1  m v ) .  A r e c o r d e r  w a s  a t t a c h e d  to  t h e  
m i c r o a m m e t e r .  A h igh  i m p e d a n c e  v a c u u m - t u b e  
m i l l i v o l t m e t e r  was  used  to m e a s u r e  t he  p o t e n t i a l  
b e t w e e n  t h e  w o r k i n g  a n o d e  a n d  t h e  c a l o m e l  r e f e r -  
ence  e lec t rode .  

The  c i r c u i t r y  for  r e c o r d i n g  g a l v a n o s t a t i c  t r a n s i -  
en t s  on an  osc i l loscope  ( d e t e r m i n a t i o n  of t he  ox ide  
cove rage )  has  been  d e s c r i b e d  (14, 15).  

Electrodes.--These w e r e  wi re s  of  0.5 m m  d i a m -  
e t e r  s ea l ed  into  glass  ( s l ip  j o in t s )  e x p o s i n g  a geo-  
m e t r i c  a r e a  of 1 cm 2. The  p u r i t y  was  b e t t e r  t h a n  
99.9% for  a l l  me ta l s .  

The  e l ec t rodes  w e r e  p r e - t r e a t e d  in two  w a y s :  
( A )  T h e  e l ec t rodes  w e r e  i n t r o d u c e d  in to  the  f u r -  

nace  and  h e a t e d  in  a p r e - p u r i f i e d  n i t r o g e n  a t m o s -  
p h e r e  for  1 h r  to a t e m p e r a t u r e  c o r r e s p o n d i n g  to one 
ha l f  oi  t h e i r  m e l t i n g  po in t s  ( in  deg rees  K e lv in ,  e.g., 
A u  400~ P t  750~ e tc . ) .  The  e l ec t rodes  w e r e  
cooled  d o w n  in the  f u r n a c e  to r o o m  t e m p e r a t u r e  
w i t h i n  20-30 min.  T h e y  w e r e  t h e n  l o w e r e d  t h r o u g h  
the  s topcock  and  i m m e r s e d  into  the  so lu t ion  u n d e r  a 
g iven  po t en t i a l .  

(B)  The  e l ec t rodes  w e r e  d i p p e d  in to  a c l ean ing  
so lu t ion  of  c o n c e n t r a t e d  H2SO4 and  n i t r i c  ac id  (1: 1) 

f o r  a b o u t  30 sec. T h e y  w e r e  t h e n  b r o u g h t  in to  con-  
t ac t  w i t h  c o n d u c t i v i t y  w a t e r  for  s e v e r a l  minu te s .  
The  e l ec t rodes  w e r e  t h e n  i n t r o d u c e d  into  the  cel l  
and  p o l a r i z e d  up  to h y d r o g e n  e v o l u t i o n  for  5 ra in  to 
r e d u c e  t h e  ox ides  ( e x c e p t  for  P d  w h i c h  was  k e p t  a t  
a p o t e n t i a l  of 4- 159 m v  a g a i n s t  t he  h y d r o g e n  e lec -  
t r o d e ) .  The  e l ec t rodes  w e r e  t h e n  b r o u g h t  to 4- 0.4v 
( h y d r o g e n  sca le ) .  The  h y d r o g e n  was  s w e p t  out  w i t h  
N2 b e f o r e  s t a r t i n g  m e a s u r e m e n t s .  

Solution preparation.--Solutions w e r e  p r e p a r e d  
f r o m  c o n d u c t i v i t y  w a t e r  and  A.R. c o n c e n t r a t e d  su l -  
fu r i c  acid.  P r e - p u r i f i e d  n i t r o g e n  was  p a s s e d  t h r o u g h  
the  so lu t ion  to  sweep  out  o t h e r  d i s so lved  gases.  
E t h y l e n e  gas  was  t hen  pa s sed  t h r o u g h  the  so lu t ion  
and  b u b b l e d  t h r o u g h o u t  t he  e x p e r i m e n t .  T h e  e t h y l -  
ene  h a d  a m i n i m u m  p u r i t y  of 99.5% (ana ly s i s  of the  
i m p u r i t i e s  i n d i c a t e d  e thane ,  p r o p a n e ,  p r o p y l e n e ,  
bu t a ne ,  b u t y l e n e ,  no h y d r o g e n ) ?  L o w e r  c o n c e n t r a -  
t ions  of e t h y l e n e  w e r e  o b t a i n e d  b y  m i x i n g  i t  w i t h  

2 A l l  p o t e n t i a l  v a l u e s  b e l o w  are  g i v e n  a g a i n s t  t he  s t a n d a r d  h y -  
d r o g e n  e l ec t rode  a t  80~ i.e., t h e  t e m p e r a t u r e  o f  t he  w o r k i n g  
e lec t rode .  The re fo re ,  t h e  p o t e n t i a l  E' m e a s u r e d  b e t w e e n  the  w o r k -  
i ng  e l ec t rode  (80 ~ and  t he  s a t u r a t e d  ca lome l  e lec t rode  (+0 .245  a t  
25~ h a d  to  be  co r rec ted  b y  t h e  t e m p e r a t u r e  coeff ic ient  of t he  
s t a n d a r d  h y d r o g e n  e lec t rode  g i v e n  b y  de B e t h u n e  et  al. (11) as 
d V / d t  = + 0.87 m v / d e g r e e .  M e a s u r e m e n t s  of  F a l e s  and  M u d g e  (12) 
show t h a t  t h i s  g r a d i e n t  i s  a p p r o x i m a t e l y  cons t an t  w i t h  t e m p e r -  
a tu re .  Hence,  t h e  po ten t i a l ,  E, a g a i n s t  the  s t a n d a r d  h y d r o g e n  elec-  
t rode  a t  80~ is  g i v e n  b y  

E = E '  +0.245 -- 0.049 

L i q u i d  j u n c t i o n  a n d  P e l t i e r  p o t e n t i a l s  a r e  i n s i g n i f i c a n t  (13). 

P u r i f i c a t i o n  of  t he  so lu t i on  b y  p r e - e l ec t ro ly s i s  h a d  no  effect  on 
io a n d  t he  Tafe l  s lope (7). 
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pre -pur i f i ed  n i t r ogen  in  cont ro l led  p ropor t ions  and  
us ing  ca l ib ra ted  f iowmeters.  

Procedure . - -Measurements  of the reaction rate as 
a funct ion of poCential, pH, and e thylene concentra- 
t i on . - -The  elect rode ( p r e - t r e a t m e n t ,  see above)  was  
i m m e r s e d  in  su l fur ic  acid wi th  p re -pur i f i ed  n i t r ogen  
pass ing  t h rough  the system. The res idua l  cu r r en t s  
due to impur i t i e s  and  corrosion on Pd  (17) were  
recorded.  Then,  e t h y l e n e  was passed t h rough  the  
solut ion whi le  the electrode was kept  at a po ten t i a l  
jus t  less t h a n  tha t  at which  apprec iab le  oxide for-  
m a t i o n  commenced  (see below. These po ten t ia l s  
were :  for Pt,  + 850 mVNHE, AU, + 950 mVNHE, Pd  + 
700 mVNHE, Ir  and  Rh, + 600 mVNHE). Afte r  a l low-  
ing t ime  for the  e thy lene  concen t r a t i on  to reach the 
e q u i l i b r i u m  v a l u e  (ca. 30 ra in)  the m e a s u r e m e n t s  
were  s tar ted.  The po ten t i a l  was changed  s tepwise  
and  the c u r r e n t  was  recorded at  each s teady p o t e n -  
tial. Af t e r  some 15 sec, the  va r i a t i on  of c u r r e n t  w i th  
t ime  in  the n e x t  20 rain was <10%.  The c r i te r ion  for 
s teady state  was tha t  the  same  cu r r en t s  were  ob-  
t a ined  --+10% w h e n  the p o t e n t i a l - c u r r e n t  r e l a t ion  
was recorded wi th  decreas ing  and  inc reas ing  elec-  
t rode po ten t i a l  (see Fig. 2). 
Determinat ion 05 the over-al l  reaction.--Electrodes 
of l a rge r  areas  we re  needed  in  order  to detect  and  
to d e t e r m i n e  the  reac t ion  products  quan t i t a t i ve ly .  
For  Au, Pt,  and  Pd  b r igh t  me ta l  sheets and  gauzes 
could be used (areas  40-500 cm2). For  Ir  and  Rh, 
sufficient cu r r en t s  (5-40 ma)  could be ob ta ined  only  
if the  electrode surfaces  consisted of b lack  e lec t ro-  
deposits  (high surface roughness ) .  

A cons tan t  c u r r e n t  was  passed t h rough  the cell 
w i th  the po ten t i a l  of the  e lect rode h a v i n g  a va l ue  
tha t  was a lways  on the l i nea r  pa r t  of the  corre-  
spond ing  Tafe l  plot  (see be low) .  E t h y l e n e  was con-  
s t an t ly  b u b b l e d  t h rough  the cell. The ou tcoming  
gases were  passed at first t h rough  a t r ap  filled wi th  
s a tu ra t ed  b a r i u m  hydrox ide  solut ion.  The  ca rbon  
dioxide  wh ich  was  p roduced  in  a ce r ta in  t ime  at 
cons tan t  c u r r e n t  was  d e t e r m i n e d  by  t i t r a t ion  wi th  
0.05M HC1. Approp r i a t e  p recau t ions  to exclude  ex -  
t r aneous  COz were  taken.  For  ano the r  per iod  of t ime  
the reac t ion  products  were  collected in  a t r ap  cooled 
at - -80~ and  then  ana lyzed  by  a gas ch roma to -  
graph.  Af te r  the  r u n  a sample  of the  e lect rolyt ic  
so lu t ion  was also gas ch roma tog raph i ca l l y  analyzed.  

Results 

The over-al l  react ion . - -The  ana ly t i ca l  resul ts  are 
g iven  in  Tab le  I. 
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Fig. 2. Current-potential dependence of the electrode Au/1M 
H2SO4, ethylene (80~ e, Decreasing the potential, value meas- 
ured after 15 sec; A ,  increasing the potential, value measured after 
15 sec; o, decreasing the potential, value measured after 3 min; 
/% decreasing the potential, value measured after 3 rain. 
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Fig. 3. Current-potential dependence of the electrode Au/1N 
Na2SO4, x, M H2SO4, ethylene (80~ V1, x ~ 2M; �9 x = 1M; 
x = 0.6M, e, x = 0.1M. 

Even  though the  accuracy  of the CO2 d e t e r m i n a -  
t ion for Ir  and  Rh was  on ly  • 20%, the convers ion  
can be  cons idered  to be q u a n t i t a t i v e  s ince no o ther  
reac t ion  p roduc t  could be detected.  Hence,  the over -  
all  r eac t ion  for i r i d i u m  and  r h o d i u m  is iden t ica l  to 
tha t  g iven  for p l a t i n u m  (7) as 

C~H4 + 4H20--> 2COz + 12H + + 12e [1] 

The  m a i n  reac t ion  products  on  Au  and  Pd  are a lde-  
hydes  and  ketones.  Thus,  the  average  n u m b e r  of 
t r a n s f e r r e d  e lect rons  per  e thy lene  molecule  is about  
n = 2 .  

The reaction rate as a funct ion of potential, pH, 
and e thylene concentra t ion . - -Gold . - -The  c u r r e n t -  

Table I. Reaction products of the electro-oxidation of ethylene 
( IM H2SO4, 80~ 

C o n v e r s i o n  R e a c t i o n  p r o d u c t s  i n  R e a c t i o n  p r o d u c t s  in  
to  CO~ gas  p h a s e  o t h e r  t h a n  COs e l ec t ro ly t e  s o l u t i o n  

Pt 
Ir  
Rh 
Au 
Pd 

Complete* - -  - -  
Complete% - -  - -  
Completer - -  - -  

<5% Acetaldehyde, acetone, propionaldehyde Propionaldehyde,  acetone, acetaldehyde 
<5% Acetaldehyde, propionaldehyde Propionaldehyde,  acetone, acetaldehyde 

* G i v e n  in  ref.  (7) fo r  p l a t i n i z e d  p l a t i n u m  (accuracy  ~ 1 % ) ;  th~ r e su l t  was  conf i rmed  on  b r i g h t  p l a t i n u m .  
t A c c u r a c y  •  
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Fig. 4. Current-partial pressure of ethylene on A u / I M  H2SO4, 
ethylene (80~ at constant potential EH ~ ~-0.900v. 

po ten t i a l  r e l a t ion  is g iven  in  fo rm of a Tafel  plot 
(Fig. 2). Note tha t  the m e a s u r e m e n t s  at Pethylene 
0.l a tm  were  recorded  in  the l im i t i ng  c u r r e n t  region.  
The two points  at the  lowest  c u r r e n t  densi t ies  are 
outs ide this region.  

The  cu r r en t  shows no  apprec iab le  change  w i th  the 
hyd rogen  ion concen t r a t i on  in  the  Tafel  reg ion  (Fig. 
3). The  c u r r e n t  is g iven  as a f u n c t i o n  of the  pa r t i a l  
p ressure  of e thy lene  in  the  so lu t ion  at cons tan t  po-  
t en t i a l  in  Fig. 4. 

Palladium.--Tafel plots at d i f ferent  h y d r o g e n  ion 
concen t ra t ions  are g iven  in  Fig. 5. The h y d r o g e n  ion 
concen t ra t ion  has no inf luence  in  the  Tafe l  region.  
The  c u r r e n t  as a f unc t i on  of the  e thy lene  pa r t i a l  
p ressure  is p lot ted  in  Fig. 6. 

Platinum.--Tafel plots in  acid concen t ra t ions  
f rom 0.01M to 1.0M are  g iven  in  Fig. 7. 
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Fig. 5. Current-potential dependence of the electrode Pd/1N 
Na2S04, x, M H2SO4, ethylene (80~ o x ~ 1M, decreasing 
the potential; A ,  x ~ 1M, increasing the potential; e, x ~ 2M; 
& , x  ~ 0.1M. 
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Fig. 6. Current-partial pressure of ethylene on Pd/1M H2SO4, 
ethylene (80~ at constant potential EH ~ -t- 0.830v. 
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Fig. 7, Current-potent ia l  dependence of the electrode P t / 1 N  
No2S04, x, M H2S04, ethylene ( 8 0 ~  o,  x ~ O.01M; z~, x 
0 . 1 M ; . ,  x ~ I . 0 M .  
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Fig. 8. Current-potent ia l  dependence of the electrode I r / ] N  
Na2S04, x,  M H2SO4, ethylene (80~ o,  x ~ 0.01M; A ,  x 
0 .1M;  e, x ~ 1.0M; x, x ~ 1.0M (smooth electrode).  

Iridium.--Because of the  low c u r r e n t  densit ies,  
m e a s u r e m e n t s  on smooth electrodes could be car r ied  
out  only  at high anodic  potent ia ls .  The m e a s u r e -  
me n t s  were  t h e n  ex tended  to lower  po ten t ia l s  us ing  
b lack  i r i d i u m  surfaces.  By compar ing  the cu r ren t s  
ob ta ined  on smooth  and  b l ack  electrodes at the same 
(h igh)  anodic  potent ia l ,  the  effective sur face  area  
of the b lack  e lect rode could be obta ined .  The cur -  
r en t  densi t ies  g iven  in  Fig. 8 cor respond to those at  
smooth electrodes.  

Rhodium.--The t echn ique  used here  was  the  same 
as tha t  appl ied  to i r i d i um (Fig. 9).  
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Fig. 9. Current-potent ia l  dependence of the electrode R h / ] N  
Na2S04, x, M H2S04, ethylene (80=C) ;  o ,  x ~ O.O|M; A ,  x 
O.1M; * ,  x = 1.OM. 
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Table II. Effect of surface pre-treatment on reaction rate 

A - e l e c t r o d e s  B - e l e c t r o d e s  

i (p~a/cm e) T a f e l  s lope  ( m v )  i ( ~ a / e m  ~) T a f e l  s lope  ( m v )  

Au* 270 80 540 70 
Pd t  84 130 99 125 
Pt$ 18.6 170 26.5 170 

* A u  a t  E l i  = 1000 m v ,  1M t-IeSO~ (80~  1 a t m  e t h y l e n e .  
P d  a t  E n  = 850 m v ,  1M HeSO~ (80~  1 a t m  e t h y l e n e .  
P t  a t  EH = 700 my ,  0 .1M I-IeSO~, 1N NafSO~ (80~  1 a t m  

e t h y l e n e .  

Table III. Calculated maximal oxygen coverages 

C h a r g e  
Q fo r  m o n o -  

C h a r g e  f o r  R,  l a y e r  p e r  
m o n o l a y e r  R o u g h -  a p p a r e n t  c m  '~ 

M o l a r  S u r f a c e  p e r  cm ~ h e s s  Q . R  
v o l u m e ,  cm~ a t o m s  p e r  c m  ~ ~ c o u l o m b  ~factor* s e o u l o m b  

Pt 9.12 1.63.1015 523 1.2 630 
Pd 8.77 1.67.1015 534 2.0 1060 
Rh 8.27 1.74.1015 557 1.5 840 
Ir 8.57 1.70-1015 544 1.5 810 
Au 10.20 1.53.1015 490 1.2 590 

* O b t a i n e d  f r o m  g a l v a n o s t a t i c  c h a r g i n g  c u r v e s  t a k i n g  t h e  e lec -  
t r o d e  c a p a c i t y  C = 16 p, F d / c m  2 f o r  R = 1. 

React ion rates as a func t ion  of the p r e - t r e a t m e n t  
of the e lec t rode . - -The  in f luence  of the  p r e - t r e a t -  
m e n t  (A and  B see above)  was s tud ied  on the  
me ta l s  tha t  showed a sufficiently h igh c u r r e n t  d e n -  
s i ty  to work  on smooth  electrodes of 1 cm 2. The re -  
sul ts  are shown  in  Tab le  II. 

The oxygen  coverage . - -The  a m o u n t  of charge  r e -  
qu i r ed  to r educe  the oxide (Fig. 10) was  conver ted  
into coverage  by  us ing  the  m a x i m a l  coverages ob-  
t a ined  in  Tab le  III. The n u m b e r  of me t a l  a toms l y -  
ing at the surface is ca lcu la ted  f rom the  mola r  vo l -  
ume.  A s s u m i n g  one a tom of oxygen  per  surface  
a tom of m e t a l  we ob t a in  the  charge  for f o r mi ng  
or r educ ing  a monolayer .  This  va lue  has to be m u l t i -  
p l ied by  the  roughness  factor  ( d e t e r m i n e d  f rom 
cha rg ing  curves ) .  

The coverages g iven  in  Fig. 11 are  ob ta ined  by  re -  
f e r r ing  the  e x p e r i m e n t a l l y  d e t e r m i n e d  va lues  to the  
m a x i m a l  charges ca lcu la ted  in  Table  III.  The cal-  
cu la t ion  of the  coverages involves  two assumpt ions :  
(A) The r educ t ion  of oxygen  is complete.  I t  has 
been  shown,  however ,  on a n u m b e r  of meta l s  tha t  
the charge qa r equ i r ed  to fo rm an  oxygen  l aye r  d i f -  
fers f rom the  charge r e q u i r e d  to reduce  this  l a ye r  
qc (qa > qc) (16, 17). (B) The  ra t io  o x y g e n : s u r f a c e  
a tom = 1: 1. In  ce r t a in  cases, however ,  this  ra t io  
was  found  to be different .  These cons idera t ions  do 
not  affect essent ia l ly  the  re la t ion  b e t w e e n  oxygen  
coverage  and  the  ra te  of the  e thy lene  reac t ion  which  
is cons idered  below. 

Discussion 

General  Considerations 

T h e r m o d y n a m i c s  of the reac t ion . - -  The equ i l ib -  
r i u m  po ten t i a l  can be eas i ly  ca lcula ted  f rom the  
t h e r m o d y n a m i c  data  of the reac t ion  products  (18).  
For  reac t ion  [1] this  va lue  is found  to be  Eo = 0.08 
at 80~ (hyd rogen  scale) .  
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Fig. 10. Charge required for cathodic reduction of oxide on Au, 
Pt, Ir, Pd, Rh in dependence of potential. Solution: 1M H2S04, N2 
atmosphere (R = roughness factor). 
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Fig. 11. Oxygen coverage in terms of ~ calculated from Fig. 10 

The rest  po ten t i a l  of the  sys t em M e / e t h y l e n e  ap-  
pears  to be a m i xe d  po ten t i a l  (6, 8). 

The  "'chemical" rate co~s tan t . - -The  ra te  of an  
ac t i va t i on -con t ro l l ed  reac t ion  at  an  e lect rode is 
g iven  by  (19) 

i = n F k c e x p  - R T  [2] 

if t he re  is no po ten t i a l  drop in  the diffuse double  
layer  and  the  ra te  of the  back  reac t ion  is neg l ig ib le ;  
(n  is the  n u m b e r  of electrons,  F Fa raday ,  k ra te  
constant ,  ~ t r ans f e r  coefficient, A~ po ten t i a l  of elec-  
t rode  aga ins t  s t a n d a r d  h y d r o g e n  electrode,  CM elec-  
t ron ic  work  f u n c t i o n  in  ev, a cons t an t ) .  

In  order  to b r i ng  out  the  "chemica l"  ca ta ly t ic  ac-  
t iv i ty  of the  di f ferent  meta l s  we have  to e l imina t e  
the  inf luence  of the  appl ied  electr ical  field. The elec- 
t r ica l  field across the  in te r face  can be w r i t t e n  as 
(20) 

~ = ~ + ~• [3]  
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where  A~ is po ten t i a l  difference aga ins t  s t a n d a r d  
electrode (e.g., h y d r o g e n  e lec t rode) ,  A~ po ten t i a l  
difference due to excess charges of meta l ,  A X p o t e n -  
t ia l  difference due to o r i en t a t i on  of dipoles. 

I t  appears  use fu l  to define the  "chemica l"  r a t e  as 
the reac t ion  ra te  at A~ = 0, i.e., at  the  po t en t i a l  of 
zero charge  A~ = A~p.~ .... As can be  seen f rom Eq. 
[3],  the  po ten t i a l  of zero charge  conta ins  a dipole 
term.  This t e r m  can  be due to (a) the  o r i en t a t i on  of 
wa t e r  dipoles at  the  in ter face ,  and  (b)  the  adsorp-  
t ion  of the  r eac t an t  and  of i n t e r m e d i a t e  reac t ion  
products  on the electrode.  The  o r i en ta t ion  of the  
wa te r  dipoles appears  no t  to differ at  the  po ten t i a l  
of zero charge  g rea t ly  f rom m e t a l  to meta l ,  s ince 
F r u m k i n  (21) found  the  app rox ima te  r e l a t ion  

r  - -  ~M2 = A~~ ' - -  A~~ [ 4 ]  

where  CM is e lec t ronic  w o r k  func t ion ,  A~~ po ten t i a l  
of zero charge.  

The  change  of the  A x po ten t i a l  w i th  adsorp t ion  of 
the r eac t an t  and  of the i n t e rmed ia t e s  can be es t i -  
ma t ed  f rom the  change  of the  po ten t i a l  of zero 
charge on m e r c u r y  w i th  the adsorp t ion  of n e u t r a l  
(22) and  charged  (23) organic  species: Typ ica l  v a l -  
ues of this  shift  for fu l l  coverage  of the  electrode 
wi th  n e u t r a l  species are 0.1-0.2v. Charged  species 
could cause h igher  shifts,  if p r e sen t  at  sufficient con-  
cen t ra t ions  (e.g., 0 > 0.1), wh ich  is i m p r o b a b l e  in  
the p re sen t  system. Hence,  the dipole t e r m  in  Eq. 
[4] could cause a n  e r ro r  of 0.1-0.2v, which  wou ld  
lead to a m a x i m a l  change  of one power  of t en  in  the  
"chemica l"  ra te  cons t an t  of Eq. [3] (a a s sumed  = 
o.5). 

The def ini t ion of the  "chemica l"  r a t e  at A~ ---- 0 
m a y  be cons idered  as ind ica t ive  ( w i t h i n  these 
l imi t s )  of the  reac t ion  ra te  on the  var ious  surfaces 
free f rom double  l aye r  effects. 

The  factors d e t e r m i n i n g  the  "chemica l"  ra te  con-  
s tan t  at the in te r face  m e t a l / g a s  (24, 25) are wel l  
known ,  e.g., t hey  concern:  (a) geometr ic  factors 
which  affect the ac t iva t ion  ene rgy  of r eac tan t s  (26, 
27);  (b)  the  e lect ronic  work  funct ion ,  which  affects 
the heat  of adsorp t ion  (28) ;  (c) the  d - b a n d  s t ruc -  
tu re  inf luences  the  heat  of adsorp t ion  (e.g., in  the  
adsorp t ion  of h y d r o g e n  and  e thy lene )  (29).  

For  catalysis  at the  me t a l - e l ec t ro ly t e  in terface ,  
one has  to take  in to  account  these  factors,  r e m e m -  
be r ing  tha t  they  can act bo th  on  the  solute  r eac t an t  

i 

and  also on the so lvent  r eac tan t ;  for example ,  oxides 
wi l l  be fo rmed  and  m a y  pa r t i c ipa te  e i ther  direct ly,  
or as inhib i tors ,  in  d e t e r m i n i n g  the  ra te  of the r e -  
action.  

The effect of the applied field.---A change  of the  
field across the  double  l aye r  wi l l  h a v e  m a i n l y  two 
effects: I t  wi l l  (a)  change  the  ra te  .of a n y  reac t ion  
step i n v o l v i n g  charge t ransfer ,  and  (b)  change  the  
adsorp t ion  ene rgy  of the reac tants ,  i.e., v a r y  the i r  
concen t r a t i on  in  the  reac t ion  zone. 

The surface  concen t r a t i on  of the  organic  r eac t an t  
depends  on the  appl ied  electr ic  field. Ana logous  to 
the  adsorp t ion  on m e r c u r y  (22),  it  has been  found  
tha t  the re  is a po ten t i a l  r a nge  of 0.2-0.4v on both  
sides of the  po ten t i a l  of zero charge,  w he r e  the re  is 
s ignif icant  adsorp t ion  at the  in te r face  (30, 31). 
Roughly ,  the  a d s o r p t i o n - p o t e n t i a l  r e l a t ion  is p a r a -  
bolic. Genera l ly ,  there  is a r e l a t i on  b e t w e e n  the po-  
t en t i a l  of zero charge and the potential of maximal 
adsorption [cf. adsorption on gold electrodes (30) 

and other metals (31)], but exceptions occur on 

certain metals (31). 
In summary, the catalytic activity on an electrode 

is a resultant of the effects of the chemical rate con- 

stants and the double layer field effects, the degree 

of the effect of which is a function of the transfer 
coefficient, ~. Hence, a low chemical rate constant 

on one metal can be compensated by a higher a on 

another. 

Application to Present Reaction 
Pheno~eno.logicul.--(i) The o v e r - a l l  react ion.  

The  products  of the ove r - a l l  reac t ion  are  g iven  in  
Tab le  IV. 

(if) The  "chemica l"  ra te  constants .  These  are 
g iven  in  Ta b l e  IV. The po ten t ia l s  of zero charge on 
which  the ca lcula t ions  a re  based were  d e t e r m i n e d  
e x p e r i m e n t a l l y  on ly  for P t  (32, 33), A u  (34, 35), and  
Pd  (33).  The cor respond ing  va lues  for I r  and  Rh 
were  ca lcu la ted  f rom the  empi r ica l  r e l a t ion  (21) 
b e t w e e n  e lect ronic  work  func t ions  and  po ten t i a l  of 
zero charge.  

(i i i)  The effect of the appl ied  field. The inf luence 
of the appl ied  field on the reac t ion  ra te  is g iven  in  
Table  IV. 

( iv)  The  effect of p r e - t r e a t m e n t .  The  two m e t h -  
ods of p r e - t r e a t m e n t  of the  electrode do no t  cause 
essent ia l  differences in  the  reac t ion  ra tes  (Tab le  I I ) .  

Table IV. Ethylene oxidation and characteristic properties of the metals 

React ion  
product  

p H  Tafel  slope 
" C h e m i c a l "  d e p e n d e n c e (  dE  ) La t t i ce  

r eac t ion  ra t e  / d E k  - -  parameter  
a t  p.z.c.,* ~ d - ~ - )  2.3dlogi ~ ,  Q[~-], 
a m p / c m  ~ ~ m v  f r o m  ref .  (36) 

Po ten t i a l  of 
zero c h a r g e  

h y d r o g e n  scale  

n e a t  of 
V a c a n t  d sub l ima t ion  
orb i ta ls  Ls, kca l  

pe r  a tom,  mole-L 
f r o m  f r o m  

ref .  (37) ref.  (25) 

Pla t inum CO2 
I r id ium CO2 
Rhodium CO2 
Gold No CO2, alde- 

hydes 
Pa l lad ium No CO2, alde- 

hydes 

1 X 10 -7 70 160 c.f.c. 3.914 
1 X 10 -11 75 132 c.f.c. 3.823 
5 X 10 - n  70 155 c.f.c. 3.794 
1 X 10 -11 0 72 c.f.c. 4.070 

7 X 10 - l ~  0 .80-110 c.f.c. 3.879 

+0.30 (32, 33) 0.55 135 
+0.05 _____ 0.1t 1.5 165 

0.05 __--4- 0.1t 1.5 138 
+0.30 (34, 35) 0 84 

+0.25 (33) 0.55 91 

* Po ten t i a l  of zero charge  ( fo rmer ly :  e .c .m.) .  
t Ca lcu la t ed  Eq. [4] us ing  e lectronic  w o r k  funct ions  (36). 
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Fig. ]2. Comparison of oxide coverage ond Tafel lines of onodic 
ethylene oxidation in 1.0M H2S04 on Rh, Ir, Pd, Pt, Au. 

The  s l igh t  (up  to two  fo ld)  change  in r a t e  cons tan t s  
( b u t  no t  in  m e c h a n i s m )  is p r o b a b l y  due  to r o u g h -  
ness  f ac to r  effects.  

(v)  Effect  of ox ide  c o v e r a g e  on t h e  r e a c t i o n  ra te .  
The  ox ide  cove rage  affects the  r e a c t i o n  r a t e  for  a l l  
m e t a l s  in the  s ame  w a y :  The  e l e c t r o d e  p o t e n t i a l  a t  
w h i c h  t h e  ox ide  c o v e r a g e  exceeds  a v a l u e  of a b o u t  
0.1-0.2 (Fig :  11) c o r r e s p o n d s  to  t he  p o t e n t i a l  (F ig .  
12) a t  w h i c h  t h e  T a f e l  l i ne  goes in to  a l i m i t i n g  
region .  T h e  fact  t ha t  an  ox ide  c o v e r a g e  of 0.1-0.2 
causes  a c u r r e n t  d e c r e a s e  b y  a f ac to r  of 2 ( c o m -  
p a r e d  to the  e x t r a p o l a t e d  Tafe l  l ine )  can be r e l a t e d  
to:  ( a )  G e o m e t r i c  f ac to r s  in the  c o m p e t i t i v e  a d -  
so rp t ion  of ox ide  and  the  o rgan ic  species.  S ince  
C2H4 needs  a fou r  po in t  a t t a c h m e n t  to t he  su r face  
t h e  b lock ing  effect of sma l l  ox ide  cove rages  wi l l  be  
g r e a t  (24) .  (b )  The  X p o t e n t i a l  set  up  b y  the  oxide .  
The  d ipo le  p o t e n t i a l  due  to the  ox ide  c o v e r a g e  wi l l  
d e c r e a s e  the  c h a r g e  on t h e  m e t a l  and,  hence,  l o w e r  
t h e  r e a c t i o n  ra te .  

Mechanistic considerations.--Since t he  c o m p l e t e  
o x i d a t i o n  of e t h y l e n e  i nvo lves  the  t r a n s f e r  of 12 
e l ec t rons  c o n s i d e r a b l e  f u r t h e r  w o r k  is n e e d e d  to es-  
t a b l i s h  t h e  m e c h a n i s m  w i t h  ce r t a i n ty .  In  v i e w  of 
th is  s i tua t ion ,  i t  shou ld  be  no ted  t h a t  our  d i scuss ion  
of t he  f ac to r s  d e t e r m i n i n g  t h e  r e a c t i o n  r a t e s  app l i e s  
to t h e  s a m e  g e n e r a l  t y p e  of r e a c t i o n  s equence  r e p r e -  
s en ted  b y  the  m e c h a n i s m  g iven  be low.  
Comparison of metals . - -The  m e t a l s  ( T a b l e  IV)  fa l l  
in to  two  g roups  of e l e c t r o c a t a l y t i c  a c t i v i t y :  G r o u p  I 
(Pt ,  Ir ,  Rh)  ox id i zes  t he  r e a c t a n t  q u a n t i t a t i v e l y  to 
CO2, shows a p p r o x i m a t e l y  a n  i den t i ca l  Tafe l  s lope  
(135-160 m v ) ,  and  has  t h e  s a m e  p H  d e p e n d -  
ence ( ~  70 m v / p H ) i .  G r o u p  I I  (Au,  P d )  r e v e a l s  i n -  
c o m p l e t e  ox ida t ion ,  has  l o w e r  Ta fe l  s lopes,  and  no 
p H  dependence .  F u r t h e r m o r e ,  t he  " c h e m i c a l "  r a t e  
cons tan t s  of t he  G r o u p  I (P t ,  Ir ,  Rh)  m e t a l s  t e n d  to 
be  h igher .  

The  hea t s  of s u b l i m a t i o n  show a c l ea r  d i f fe rence  
for  t he  m e t a l s  Pt ,  Ir ,  Rh;  and  Au,  Pd ,  r e spec t i ve ly .  
A c c o r d i n g  to P a u l i n g ' s  equa t ion ,  the  b o n d  s t r e n g t h  
for  a p a r t i a l l y  cova l en t  b o n d  of the  m e t a l  w i t h  an  
o rgan ic  spec ies  is 

1 
D ( o r g - M )  = ~ -  { D ( M - M )  + D ( o r g - o r g ) }  -]- 

23.06 (Xorg--  XM) 2 [6]  

w h e r e  D is b o n d  ene rg ie s  b e t w e e n  the  r e s p e c t i v e  
species  in  k c a l / m o l e ,  X the  e l e c t r o n e g a t i v i t i e s  of the  
b o n d  in P a u l i n g  uni ts .  Thus,  for  a g i v e n  o rgan ic  
spec ies  t he  bond  s t r e n g t h  w i t h  m e t a l s  of G r o u p  I 
(Pt ,  Rh, I r )  is h i g h e r  b y  a b o u t  20 kca l  t h a n  the  bond  
s t r e n g t h  w i t h  m e t a l s  of G r o u p  I I  (Au,  P d ) .  

The  e l e c t r o n e g a t i v i t i e s  of  t he  m e t a l s  (39)  (Pd  
2.0, Rh  2.1, I r  2.1, P t  2.1, A u  2.3) v a r y  b y  0.3 uni ts .  
T a k i n g  the  e l e c t r o n e g a t i v i t y  of the  o rgan ic  spec ies  
as  2.5 [ v a l u e  for  C (38) ] t he  e l e c t r o n e g a t i v i t y  t e r m  
changes  b y  less  t h a n  5 k c a l / m o l e  for  t he  m e t a l s  e x -  
amined .  Thus  t h e  bond  s t r e n g t h  b e t w e e n  m e t a l s  of 
G r o u p  I and  m e t a l s  of G r o u p  I I  differs  b y  a b o u t  20 
-+ 5 k c a l / m o l e .  Conse que n t l y ,  t he  b o n d  m e t a l - o r g a n i c  
i n t e r m e d i a t e  can  be  b r o k e n  m o r e  eas i ly  w i t h  the  
Au,  P d  me ta l s :  an  i n c o m p l e t e  o x i d a t i o n  w o u l d  
t h e r e f o r e  be  feas ib le ,  because  i n t e r m e d i a t e  o x i d a t i o n  
p r o d u c t s  have  a h i g h e r  r a t e  of  desorp t ion .  
Gold and palladium.--Considering t he  effect of 
e t h y l e n e  p a r t i a l  p r e s s u r e  on  the  r e a c t i o n  r a t e  (Fig .  
4, 6) and  the  c u r r e n t  p o t e n t i a l  d e p e n d e n c e  in the  
Tafe l  l ine  r eg ion  (Fig .  2, 5) the  r eac t i on  scheme 
can  be  g iven  b y  

k 1 k 2 rds 
Asol  ~ h a d s  ~ X l  -]- e ;  X l  -[- B --> . . . . .  C [7]  

k--  1 k- -2  k3 

w h e r e  Asol, haas, B r e p r e s e n t  s t ab l e  c h e m i c a l  spec ies  
in t h e  so lu t ion  ( e x c l u d i n g  ions  f r o m  w a t e r )  and  on 
the  e lec t rode ,  Xl  r e p r e s e n t s  an  i n t e r m e d i a t e .  The  
c u r r e n t  can  be  w r i t t e n  as 4 

KlPE 
i = nFk8 �9 Ke e VF/RT [8]  

1 -[- K l P E  

w h e r e  n is t h e  n u m b e r  of t r a n s f e r r e d  e lec t rons ,  
K1 = k f f k - 1 ,  K2 = k 2 / k - e ,  PE is p r e s s u r e  of e t h y l -  
ene, V e l e c t r o d e  po ten t i a l .  

This  scheme g ives  r i se  to a b - v a l u e  in  t he  Ta fe l  
e q u a t i o n  of RT/F,  i ts  zero p H  effect  and  ( q u a l i t a -  
t i ve ly ,  d e p e n d i n g  on t h e  i s o t h e r m  a p p l i e d )  t he  p r e s -  
su re  d e p e n d e n c e  e x p e r i m e n t a l l y  o b s e r v e d  (Fig .  4, 6; 
T a b l e  I V ) .  To sugges t  a specific s cheme  is m a d e  d i f -  
f icult  b y  the  fac t  t h a t  the  r e a c t i o n  goes to a t  l eas t  
t h r e e  p roduc t s ,  the  d o m i n a n t  of w h i c h  a r e  a l d e -  
hydes .  I t  is diff icult  to f ind a r e a c t i o n  sequence  
w h i c h  is cons i s t en t  w i t h  t he  fac ts  of T a b l e  IV. The  
fo l lowing  t y p e  of m e c h a n i s m  obeys  th is  c r i t e r ion ,  
t h o u g h  i t  i nvo lves  t he  a s s u m p t i o n  of a C2H4 + i n t e r -  
med ia t e .  E v i d e n c e  t h a t  r e ac t i ons  w i t h  th is  r a d i c a l  
could  be  s low ar i ses  f rom i ts  s t a b i l i z a t i on  b y  s o l v a -  
t ion.  

k 1 

C2H4sol  ~-~ C2 H4 ad s  
k--1 

k2 
Cell4 ~ CeH4~as + + e 

k 2 

k 3 
C2H4ads + -t- H20 -~ C~H4OHads ~- H + 

r.d.s. 

k4 
C 2 H 4 O H a d s  --> C 2 H 4 0  ~- H + 3v e 

fast 

This expression implicit ly assumes a L a n g m u i r  isotherm wi th  
one-point  a t tachment ,  whereas  CzHa is probably adsorbed wi th  
four-point  a t tachment .  However ,  no qual i ta t ive differences result  
in the in terpreta t ion of the pressure  effect. 
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Then,  t he  r e l a t i v e l y  g r e a t e r  c h e m i c a l  r a t e  c6n-  
s t an t  on Pd  r a t h e r  t h a n  A u  m a y  be  r o u g h l y  i n t e r -  
p r e t e d  so: In  t h e  r a t e - d e t e r m i n i n g  reac t ion ,  t he  
hea t s  of a c t i v a t i o n  w i l l  be  d e t e r m i n e d  p r i m a r i l y  b y  
the  h e a t s  of a d s o r p t i o n  of C2H4 + a n d  C2H4OH, as 
also b y  the  t h e r m i o n i c  w o r k  func t ion  of t he  me ta l .  
O the r  f ac to r s  w h i c h  d e t e r m i n e  the  h e a t  of a c t i v a t i o n  
at  t he  p o t e n t i a l  of zero cha rge  are ,  for  e x a m p l e ,  t he  
hea t  of h y d r a t i o n  of t he  p r o t o n  and  o the r  f ac to r s  
which  a r e  i n d e p e n d e n t  of the  ca ta lys t .  V e r y  
rough ly ,  one can n o w  suppose  t h a t  the  h e a t  of a d -  
so rp t ion  of Cell4 + and  t h a t  of CH~CHO do not  d i f fer  
g r e a t l y ;  for  t h e y  w i l l  be  m a d e  up  m o s t l y  of t he  
ene rg ies  of two  M - C  bonds .  Thus,  t he  m a j o r  d i f f e r -  
ence res ides  in  the  w o r k  func t ion :  t he  f a s t e r  r e a c -  
t ion wi l l  occur  in  the  m e t a l  w h i c h  has  t he  h i g h e r  
work  func t ion ,  and  the  e x p e c t e d  r a t i o  of c h e m i c a l  
cate  cons t an t s  w i l l  be  

ipd  
- -  e (r162 

iAu 

The w o r k  func t ion  d a t a  for  P d  and  A u  a re  s c a t t e r e d  
(36) .  The  mos t  p r o b a b l e  a re :  P d  4.9; A u  4.7. I f  these  
va lue s  a r e  accep ted ,  t he  d i f fe rence  in  r a t e s  a g r e e s  
f a i r l y  w i t h  t h a t  o b s e r v e d  (exp t . :  ipd/iAu ~ 70; 
t h e o r e t :  ipd/iAu--~ 103). 

S i m i l a r  r e m a r k s  w o u l d  a p p l y  to a n y  m e c h a n i s m  
of the  o x i d a t i o n  of e t h y l e n e  in w h i c h  a s t ab le  c h e m -  
ical  spec ies  is in e q u i l i b r i u m  w i t h  an  u n s t a b l e  one 
t h r o u g h  a c h a r g e  t r a n s f e r  r eac t ion ;  and  t h e r e a f t e r  
the  u n s t a b l e  species  goes to  a s t a b l e  one b y  a c h e m i -  
cal  (no ne t  cha rge  t r a n s f e r )  r eac t ion .  
P l a t i n u m ,  i r i d i u m ,  r h o d i u m . - - F o r  p l a t i n u m  a s u b -  
s t a n t i a l  s t u d y  of t he  m e c h a n i s m  of e t h y l e n e  o x i d a -  
t ion has  b e e n  m a d e  b y  W e b e r  and  G r e e n  (6)  ( a l k a -  
l ine  so lu t ion)  and  W r o b l o w a ,  P i e r s m a ,  and  Bockr i s  
(7) ( a l k a l i n e  and  ac id  so lu t ions ) .  S i n c e  Ta fe l  s lope,  
p H  dependence ,  and  r e a c t i o n  p r o d u c t s  on I r  and  Rh 
a re  i d e n t i c a l  to those  on P t  ( T a b l e  I V ) ,  these  con-  
s i de r a t i ons  a p p l y  to these  m e t a l s  as wel l .  

R a t e - d e t e r m i n i n g  w a t e r  d i s c h a r g e  is d e d u c e d  for  
t he  w h o l e  p H  r a n g e  (7) .  A l l  f o l l owing  r eac t i ons  a r e  
in e q u i l i b r i u m  and  do not  affect  t h e  o v e r - a l l  r e a c -  
t ion  ra te .  Hence,  t h e  r e l a t i v e  c a t a l y t i c  p o w e r  d e -  
pends  on fac to rs  w h i c h  d e t e r m i n e  the  r a t e  of 

H e O ~  OH,d~ q- H + + e [9]  

Of these ,  t he  w o r k  func t ion  and  the  hea t  of a d s o r p -  
t ion  of r e a c t a n t  and  p r o d u c t  d e p e n d  on t h e  ca t a lys t .  

I t  is diff icult  to m a k e  an  e s t i m a t e  conce rn ing  the  
d i f fe rence  in the  hea t  of a d s o r p t i o n  of H~O and  OH 
on t h e s e  me ta l s .  OH is c h e m i s o r b e d  (40) .  I f  w a t e r  is 
c h e m i s o r b e d  (41, 42) ,  t hen  the  b o n d i n g  is l i k e l y  to 
be b e t w e e e n  the  m e t a l  and  the  two  o rb i t a l s  of o x y -  
gen,  i.e., t h e r e  is l i k e l y  to be  c o n s i d e r a b l e  c o m p e n -  
sa t ion  of a n y  d i f f e rence  as bo th  M - O H  ( in  t he  f inal  
s t a t e )  and  M-OH2 ( in  t h e  in i t i a l  s t a t e )  w o u l d  
c h a n g e  in  t he  s a m e  d i rec t ion .  Hence ,  t he  r e l a t i v e  
c a t a l y t i c  p o w e r  is l a r g e l y  in t e r m s  of w o r k  func t ion ,  
i.e. 

kchem, Pt - -  -- e (r CRh~F/RT [ 10 ] 
kchem. Rh 

A n  ana logous  r e l a t i o n  w i l l  ho ld  for  Ir .  The  w o r k  
func t ion  d a t a  a r e  f a i r l y  s p r e a d  out. T a k i n g  the  mos t  
p r o b a b l e  v a l u e  for  P t  (5.3 ev)  and  Rh  (4.9-5.1 ev)  
and  I r  (4.9-5.0 ev)  one ob ta ins  f r o m  Eq. [ I 0 ]  
kchem, Pt -~- 103 kchem, Rh "~  103 kchem, Ir- The  e x p e r i -  
m e n t a l  va lue s  g ive  a f ac to r  of kchem, Pt ~ 2"10 ~ 
kchem, Rh ~ 104 kchem. Ir- 

C o n c l u s i o n s . - - I n  s u m m a r y ,  the  m o d e l  a r i s ing  f rom 
h e r e  is t ha t  on nob le  m e t a l  e l e c t r o c a t a l y s t s  t h e r e  is 
a p o t e n t i a l  r a n g e  in  w h i c h  C2H4 is a d s o r b e d  and  i ts  
r a t e  in t he  s u b s e q u e n t  r e a c t i o n  d e p e n d s  p r i m a r i l y  
on the  r e l a t i o n  of t he  p o t e n t i a l  for  t he  a d s o r p t i o n  
r a n g e  to t h e  t h e r m o d y n a m i c  r e v e r s i b l e  p o t e n t i a l  for  
a g iven  reac t ion .  I f  two  poss ib i l i t i e s  a r e  nea r ,  e.g., 
C2H4 --* CO2 a n d  C~H4 ~ CH~CHO, then ,  w h i c h  oc-  
curs  d e p e n d s  on the  r e l a t i v e  b i n d i n g  of t h e  i n t e r -  
m e d i a t e  r ad i ca l s :  t he  s m a l l e r  th i s  is, t he  less  l i k e l y  
the  r e a c t i o n  is to go to comple t ion .  The  f inal  p r o d -  
uct ,  a n d  p a t h  of r e a c t i o n  h a v i n g  b e e n  e s t a b l i s h e d  
b y  the  f ac to r s  me n t i one d ,  t he  " c h e m i c a l "  (or  zero 
field s t a n d a r d i z e d )  r a t e  cons t an t  is a f fec ted  b y  one 
or  two  r e l a t i v e l y  s i m p l e  p r o p e r t i e s  such  as w o r k  
func t ion  or  h e a t  of a d s o r p t i o n  of r e a c t a n t  and  p r o d -  
uct. F o r  the  e l e c t r o c a t a l y s t s  s t ud i e d  here ,  these  a p -  
p r o a c h e s  a r e  cons i s t en t  w i t h  t h e  facts .  

Summary 
The  e l ec t rode  k ine t i c s  of the  o x i d a t i o n  of e t h y l e n e  

has  been  e x a m i n e d  w i t h  spec ia l  r e f e r e n c e  to i ts d e -  
p e n d e n c e  on the  e l e c t r o c a t a l y s t  used.  Aspec t s  e x -  
p e r i m e n t a l l y  d e t e r m i n e d  w e r e  t he  d e p e n d e n c e  of 
the  c u r r e n t  on po t en t i a l ,  p H  and  e t h y l e n e  p a r t i a l  
p r e s s u r e  for  t he  ca t a ly s t s  Au,  Ir ,  Pd,  Pt ,  and  Rh 
in su l fu r i c  ac id  solu t ions .  

The  e x p e r i m e n t a l  r e su l t s  s h o w e d  the  ca t a ly s t s  Pt ,  
Rh, I r  to cause  one  p a t h  to occur  ( f inal  p r o d u c t :  
CO2) w h i l e  on P d  and  A u  a n o t h e r  t a k e s  p l ace  (f inal  
p r o d u c t :  a l d e h y d e s ) .  When ,  w i t h i n  t hese  groups ,  t he  
r e l a t i v e  r a t e s  a r e  e x p r e s s e d  so t h a t  t he  effect of t he  
i n t e r r a c i a l  e lec t r i c  field is e l i m i n a t e d ,  t he  sequence  
is 

P t ~ R h ~ I r ;  P d ~ A u  

A n  i m p o r t a n t  f ac to r  w h i c h  d e t e r m i n e s  e l e c t r o c a t a l -  
ys is  is t h e  co inc idence  of  t h e  p o t e n t i a l  r a n g e  ( g e n e r -  
a l l y  0.2-0.4v) in  w h i c h  a d s o r p t i o n  occurs  and  the  
t h e r m o d y n a m i c a l l y  c a l c u l a t e d  p o t e n t i a l  for  a g iven  
o v e r - a l l  r eac t ion .  Di f fe rences  b e t w e e n  ca t a ly s i s  a t  
t he  m e t a l / g a s  i n t e r f a c e  and  t h e  m e t a l / e l e c t r o l y t e  
so lu t ion  i n t e r f a c e  conce rn  the  p o t e n t i a l  d e p e n d e n c e  
of t he  c o n c e n t r a t i o n  of r e a c t a n t s  on the  e lec t rode ,  
the  fac t  t h a t  a so lven t  is a l w a y s  p r e s e n t  w h i c h  of ten  
p a r t i c i p a t e s  in t he  reac t ion ,  a n d  the  a c c e l e r a t i n g  e f -  
fect  of t he  i n t e r r a c i a l  e lec t r i c  field. Specif ic  i n t e r p r e -  
t a t ions  e vo lve d  f r o m  the  p r e s e n t  d a t a  i nd ica t e  t h a t  
the  r e l a t i v e  r a t e  cons t an t s  a m o n g  the  two  g roups  
(Pt ,  Rh, I r ;  Pd ,  A u )  d e p e n d  l a r g e l y  on the  r e l a t i v e  
w o r k  func t ion .  The  ve loc i t y  at  w h i c h  the  o x i d a t i o n  
r e a c t i o n  can occur  is l i m i t e d  p r i m a r i l y  b y  a c o m p e t -  
ing  o x i d e  f o r m i n g  reac t ion ,  w h i c h  be c ome s  a p p r e c i -  
ab le  a t  h i g h e r  anod ic  p o t e n t i a l s  in  t he  o r d e r  Rh, 
I r  ~ P t ;  P d  ~ Au.  

Manuscr ip t  rece ived  June  27, 1963; rev ised  m a n u -  
scr ipt  received Dec. 9, 1963. 
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Any  discussion of this pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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Adsorption of n-Decylamine on Solid Metal Electrodes 

J. O'M. Bockris and D. A. J. Swinkels 1 
The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The adsorption from solution of n-decylamine on five metals has been 
measured using a new method, which consists of adsorbing radioactively 
labeled organic compounds on a metal tape electrode and measuring the re- 
sulting radioactivity from the tape. After calibration of the counters and deter- 
mination of the roughness factor of the tapes by the B.E.T. method using kryp- 
ton, the amount adsorbed per actual square centimeter is calculated. The 
coverage has been determined as a function of potential and bulk concentration, 
and the free energy of adsorption has been calculated for each system. A con- 
sideration of thermodynamic cycles for water and for the organic absorbate 
leads to a relationship between the free energy of adsorption and the solubility 
and vapor pressure of the organic compound. The adsorption arises largely 
from metal-adsorbate dispersion interaction differences between water and the 
organic. These vary little with the metal. The potential dependence arises 
primarily from the field dependence of the metal-water interaction. 

A k n o w l e d g e  of t he  a d s o r p t i o n  of o rgan ic  c o m -  
pounds  at  the  e l e c t r o d e - s o l u t i o n  i n t e r f ace  is n e e d e d  
for  the  u n d e r s t a n d i n g  of  o rgan ic  e l e c t r o d e  r eac t i ons  
and  of the  i n h i b i t i v e  ac t ion  of o rgan ic  c o m p o u n d s  

1Present address :  All ison Div is ion  of Genera l  Motors Corpora-  
tion, Dept.  8897, Indianapol i s  8, Indiana .  

on corros ion.  H o w e v e r ,  t he  m e t h o d s  of m e a s u r i n g  

adso rp t ion ,  w h i c h  have  been  d e v e l o p e d  for  m e r c u r y ,  

c anno t  be  a p p l i e d  to sol id  meta l s .  D e t e r m i n a t i o n  of 
a d s o r p t i o n  f rom su r f a c e  t ens ion  m e a s u r e m e n t s  is not  
poss ib le  for  sol id  me ta l s ,  w h i l e  c a p a c i t y  m e a s u r e -  
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m e n t s  (1, 2) a r e  l i m i t e d  to a sma l l  p o t e n t i a l  r ange .  
Because  of  the  s m a l l  a m o u n t s  of m a t e r i a l  i n v o l v e d  in 
a d s o r p t i o n  ( ~ 1 0  -1~ m o l e s / c m  2) m e a s u r e m e n t s  of 
the  d e c r e a s e  in  c o n c e n t r a t i o n  in  t he  so lu t ion  (3)  a r e  
inaccura t e ,  e x c e p t  for  t he  mos t  d i l u t e  solut ions.  

The  s m a l l  q u a n t i t i e s  of a d s o r b a t e  i n v o l v e d  sug -  
ges t  t he  use  of r a d i o a c t i v e l y  l a b e l e d  compounds .  The  
a d s o r p t i o n  of s e v e r a l  o rgan ic  c o m p o u n d s  on gold  
has  been  m e a s u r e d  as a func t ion  of p o t e n t i a l  and  
c oncen t r a t i on  b y  us ing  C-14 and  S-35 l a b e l e d  o r -  
ganic  c o m p o u n d s  and  m e a s u r i n g  the  f i - r a d i a t i o n  
t h r o u g h  the  th in  ( ~ 2 # )  gold foi l  e l ec t rode  (4, 5) .  
Most  c o m m o n  m e t a l s  canno t  be  o b t a i n e d  in  the  fo rm 
of such  th in  foils, and  s ince t he  p e n e t r a t i n g  p o w e r  
of the  f i - r ay s  is no t  sufficient  to pass  t h r o u g h  t h i c k e r  
m e t a l  foils,  a n o t h e r  m e t h o d  has  been  deve loped .  

Exper imenta l  

The  p r e s e n t  m e t h o d  consis ts  of a d s o r b i n g  a r a d i o -  
a c t i v e l y  l a b e l e d  o rgan ic  c o m p o u n d  on a m e t a l  t a p e  
e lec t rode .  W h e n  e q u i l i b r i u m  has  been  r eached ,  the  
t ape  is w i t h d r a w n  f rom the  so lu t ion  t h r o u g h  a 
n a r r o w  s l i t  in  such a w a y  t ha t  v e r y  l i t t l e  so lu t ion  
adhe re s  to the  t ape  ( ~ 1 # ) .  The  to t a l  r a d i o a c t i v i t y  
f rom the  t a p e  is t hen  m e a s u r e d  b y  p l ac ing  p r o p o r -  
t i ona l  coun te r s  on bo th  sides of the  tape ,  which ,  a f t e r  
co r r ec t i on  for  t he  a d h e r i n g  solut ion,  g ives  t he  
a m o u n t  a d s o r b e d  p e r  g e o m e t r i c a l  s q u a r e  c e n t i m e t e r .  
The  a p p a r a t u s  used  and  c a l i b r a t i o n  p r o c e d u r e s  a r e  
de sc r ibed  in de t a i l  e l s e w h e r e  (6, 7).  

The  m e t a l s  i n v e s t i g a t e d  a r e  Ni, Fe,  Cu, Pb ,  and  
Pt. The tapes used were 0.5 in. wide and 0.002 in. 
thick. These dimensions were determined by con- 
siderations of strength and flexibility. A lead tape of 
these dimensions does not have sufficient tensile 
strength, while a platinum tape is costly. In these 
cases, the metals are clad onto a nickel base to give 
a compound tape of the same dimensions. 

C-14 labeled n-decylamine-HCl, as received from 
the supplier, was dissolved in distilled water. All 
solutions were made up from this stock solution by 
dilution with NaCIO4 electrolyte and adjustment 
of the pH. 

One modification was made to the method in that 
foil was rolled onto both sides of the metal tape im- 
mediately after it came out of the adsorption bath. 
This was found necessary to prevent evaporation of 
volatile organic compounds, which would otherwise 
contaminate the counters over a period of several 
hours. Mylar foil, 1.5 in. wide, from supply rolls on 
either side of the tape, was pressed onto the tape by 
spring loaded glass rollers. The presence of the foil 
reduced the counter efficiency about 25 % by adsorp- 
tion of radiation in the foil. It also prevented the 
measurement of the thickness of the liquid film. But, 
since its thickness was found to be constant at i 
--+0.5t~. and since the correction for the radiation 
from this film was found to be small at the concen- 
trations used, its accurate measurement was not re- 
quired (6). 

Accuracy.--The observed scatter of the data for a 
given potential and bulk concentration varies from 
i0 to 25% with the highest scatter occurring on iron. 
A detailed consideration of the sources of error 
shows (6) that the variation in roughness along a 
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Fig. 1. Adsorption of n-decylamine on nickel from 0.gN NaCIO4, 
pH 12. Open circle with dot, 7.5 x 10-5M n-decylamine; open tri- 
angle with dot, 5.0 x 10-5M n-decylamine; open square with dot, 
2.5 x 10-5M n-decylamine; ~ ,  1.0 x 10-5M n-decylamine; dark 
circle, 0.5 x 10-5M n-decylamine. 
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Fig. 2. Adsorption of n-decylamine of iron from 0.gN NaCIO4, pH 
12. Open circle with dot, 1.0 x 10-4M n-decylamine; open triangle 
with dot, 1.5 x 10-5M n-decylomine; open square with dot, 5.0 x 
10-5M n-decylamine; n L, 2.5 x 10-5M n-decylamine; clark circle, 
1.0 x ] 0 - 5 M  n-decylamine. 

t ape  is the  l a r g e s t  con t r ibu t ion .  O t h e r  sources  of 
r a n d o m  e r ro r s  a re :  coun t ing  e r ro rs ,  v a r i a t i o n s  in 
t h i ckness  of the  l i qu id  l a y e r  on the  tapes ,  and  IR 
d rop  in t h e  s l i ts  caus ing  loss of  p o t e n t i a l  control .  

The  abso lu t e  a c c u r a c y  of the  d a t a  is c o n s i d e r a b l y  
less [-----65% ref.  (1)  ] t he  m a i n  sources  of e r r o r  be ing  
the  a c t i v i t y  of the  r a d i o t r a c e r  (___15%) and  the  t r u e  
su r f ace  a r e a  (-----20%). 

Results 

The  a d s o r p t i o n  of n - d e c y l a m i n e  on Ni,  Fe,  Cu, Pb,  
and  P t  f r o m  0.9N NaC104, 0.1N N a O H  so lu t ion  con-  
t a i n ing  va r i ous  a m o u n t s  of n - d e c y l a m i n e  a r e  shown 
in Fig.  1-5. The  v a l u e  of t he  a m o u n t  a d s o r b e d  (F) 
is t he  a v e r a g e  o f  4 to 6 s e p a r a t e  m e a s u r e m e n t s .  The  
c o v e r a g e  8 was  c a l c u l a t e d  in each  case  us ing  the  
roughnes s  fac to rs  d e t e r m i n e d  b y  the  B.E.T. m e t h o d  
( T a b l e  I)  and  r ~  = 7.9 x 10 -1~ m o l e s / c m  2. The  

Table I. Quantities relevant to the adsorption of n-decylamine 
on solid metals from 0.9N NaCIO4, 0.1N NaOH solution 

A G %  a t  E m  (~ --+ 0 ) ,  
R o u g h n e s s  f a c t o r  E m  (8 ~ 0 ) ,  v k c a l / m o l e  

Ni 1.32 --0.7 --6.8 
Fe 1.77 --0.7 --6.6 
Cu 1.38 --0.9 --7.3 
Pb 1.95 --1.0 --6.2 
Pt  1.22 --0.4 --7.4 
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va lue  of rm used is tha t  found  for long h y d r o c a r b o n  
chains  by  surface  ba l ance  m e a s u r e m e n t s  at the  l iq -  
u i d - a i r  in te r face  (8) .  The  po ten t i a l  range ,  in  which  
adsorp t ion  m e a s u r e m e n t s  could be car r ied  out, 
va r ied  w i th  the metal .  I t  is l imi ted  on  the cathodic 
side by  h y d r o g e n  b u b b l e  fo rmat ion ,  which  in te r fe res  

10- 

6- 

i 6 -  -0.6 

/ j -  . 

o .... ~ . . . . . . .  o'o i - 200  -300  - 4 0 0  -500  -600  -700 - 8 0 0  - 9 0 0  ~1 O - I  OO 

POTENTIAL OF COPPER IN mV (N.H.E) 

Fig. 3. Adsorption of n-decylamine on copper from 0.9N NaCIO4, 
pH 12. Open circle with dot, 7.0 x ] 0 - 5 M  n-decylomine; open 
triangle with dot, 5.0 x 10-'5M n-decylomine; open square with 
dot, 2.5 x 10-5M n-decylamine; + ,  1.0 x 10 5M n-decylnmine; 
dark circle, 0.5 x 10 -5M n-decylamine. 
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Fig. 4. Adsorption of n-decylamine on lead from ]N  NaCIO4, 
pH 12. Open circle with dot, 9 x 10-5M n-decylamine; open tri- 
angle with dot, 6 x 10-5M n-decylamine; open square with dot, 
4 x ] 0 -SM n-decylomine; -~-, 2 x 10-5M n-decylamine; open circle 
with dot, ] x 10-5M n-decylamine. 
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Fig..5. Adsorption of n-decylomine on platinum from 0.9N 
NaCIO4, pH 12. Open circle with dot, 1.0 x 10 -4M n-decylamine; 
open triangle with dot, 8.0 x 10-5M n-decylomine; open square with 
dot, 6.0 x 10-5M n-decylamine; --~-, 4.0 x 10-5M n-decylamine.: 
dark circle, 2.0 x 10-5M n-decylamine; X, 1.0 x 10-5M n- 
decylamine. 
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F;g. 6. Adsorption isotherms for n-decylamine 

wi th  the diffusion of adsorba te  to the  in ter face ,  whi le  
on the  anodic  side it  is l imi ted  by  me ta l  d issolu t ion  
or oxide format ion .  

Adsorp t ion  f rom acid solut ions  con ta in ing  10 -4 
m o l e s / l i t e r  of n - d e c y l a m i n e  was also m e a s u r e d  for 
each meta l ,  bu t  the  coverage was  a lways  less t h a n  
10 %. Since the  n - d e c y l a m r n o n i u m  ion is m u c h  more  
soluble  t h a n  the  a mi ne  molecule ,  its adso rbab i l i t y  is 
m u c h  less. 

The  po ten t i a l  of m a x i m u m  adsorp t ion  (Era) in  
Fig. 1-5, ex t r apo la t ed  to zero coverage  to e l imina t e  
a ny  •  due  to the adsorbate ,  is d e t e r m i n e d  
by  the m e t a l - w a t e r  in te rac t ions ,  and  wi l l  be t r ea ted  
in  de ta i l  e l sewhere  (9) .  

I so the rms  at  the  po ten t i a l  of m a x i m u m  adsorp t ion  
are shown in  Fig. 6. A l im i t i ng  coverage less t h a n  a 
m o n o l a y e r  is approached  in  each case except  on 
p l a t i n u m ,  where  m u l t i l a y e r  fo rma t ion  occurs, 

The  shift  in  the adsorp t ion  m a x i m u m  to more  
nega t ive  po ten t ia l s  as 8 ~  1 indicates  tha t  a m o n a -  
l aye r  of n - d e c y l a m i n e  molecules  w i t h  the  a m i n e  
group  towards  the me t a l  is first formed.  A second 
l ayer  t h e n  adsorbs more  eas i ly  on the hydrophob ic  
surface  formed b y  all  the h y d r o c a r b o n  chains  ex-  
t e nd i ng  into solut ion.  

Discussion 

Free energy 05 adsorption.--The adsorp t ion  of an  
organic  subs tance  at  the m e t a l - s o l u t i o n  in te r face  
m a y  be w r i t t e n  

Org (sol) + nH20  (ads)  ~- Org (ads)  + nil20 (sol) 
[1] 

where  n is a ssumed  to be i n d e p e n d e n t  o f  coverage 
or charge on the  electrode.  The  s t a n d a r d  free ene rgy  
for the  above process r e fe r r ed  to u n i t  mole  f rac-  
t ion of organic  or w a t e r  in  so lu t ion  and  on the su r -  
face is 

(Xo~g.,~) (Xnw.,oO 
AG~ --- --RT i n  [2] 

( X n w , a d s )  ( X o r g , s o l )  

For d i lu te  solut ions  Xw,~ol = 1 a nd  Xorg,sol ~ Corg/55.4. 
On the surface 

I~org 
Z o r g , a d s  [ 3  ] 

F o r g  - -  F w  

where Forg and  Fw are the  n u m b e r  of moles of organic  
m a t e r i a l  and  water ,  respect ive ly ,  per  u n i t  area.  Us-  
ing F o r g  = 0 1 ~ m a x , o r g  and  F m a x , w  ~ ?Z Fmax,org we have  

~ m a x ,  o r g  0 
X o r g , a d s  

er . . . . .  rg + ( 1 - -  8) n r  . . . . . . .  g ~ + n (1 - -  8) 
[ 4 ]  
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S i m i l a r l y  n ( 1 - -  0) x~,.d~ - [5] 
0 + n ( 1  - -  0 )  

I n t r o d u c i n g  Eq. [4]  and  [5]  in to  Eq. [2]  w e  o b t a i n  

AG% = --2.3 R T  log ]- 
55.4 0 

L Co~g (1 - -  0) n 
{0 + n ( 1 - 0 ) }  '~-1 ] 

n n J [6]  

The  c o r r e s p o n d i n g  i s o t h e r m  is 

0 {0 + n ( 1 - -  0)} ~ - I  Corg e x p (  - A G ~  ) 
R T  ] 

[7] 
(1 - -0)  ~ n" 55.4 

W h e n  n = 1, Eq. [7]  r educes  to t he  f a m i l i a r  L a n g -  
m u i r  equa t ion .  

The  s t a n d a r d  f ree  e n e r g y  of a d s o r p t i o n  a t  t he  a d -  
so rp t ion  m a x i m u m  e x t r a p o l a t e d  to zero  c o v e r a g e  for  
each  s y s t e m  is g iven  in Tab le  I. 

In  t h e  case  of coppe r  t he  c o v e r a g e  becomes  suffi-  
c i en t ly  h igh  so t h a t  l a t e r a l  i n t e r a c t i o n s  become  s ig -  
nif icant .  The  a p p a r e n t  s t a n d a r d  f ree  e n e r g y  of  a d -  
so rp t ion  c a l c u l a t e d  us ing  Eq. [6]  t h e n  va r i e s  w i t h  
c o v e r a g e  as s h o w n  in Fig .  7. 

C o m p o n e n t s  o f  t h e  s t a n d a r d  :free e n e r g y  o:f ad -  
s o r p t i o n . - - A d s o r p t i o n  f r o m  so lu t ion  is in f luenced  b y  
s e v e r a l  i n t e r ac t i ons  b e t w e e n  the  me ta l ,  t he  o rgan ic  
c o m p o u n d  and  t h e  w a t e r  b o t h  on t h e  su r f ace  a n d  in 
the  bu lk .  To discuss  these  t h e r m o d y n a m i c a l l y  w e  
wi l l  cons ide r  two  cycles ,  one for  t he  o rgan ic  c o m -  
p o u n d  and  one for  the  w a t e r .  

T h e r m o d y n a m i c  cycle  for  w a t e r  

v a p o r  at  ~. l iqu id  w a t e r  

po(w) 1 I AG'~0 
- - aGp  (W) 

solut ion,  conc 
v a p o r  at  1 a t m  of org. = Corg 

--~Gv(W) ~ /G~(w) 
a d s o r b e d  w a t e r  a t  r 

AGs(w)  = AGp(w)  + AGv(w)  [8]  
F o r  w a t e r  

- 7 -  + 

- 9 -  

o 
- I o -  

dl d.2 dz d4 d5 d6 6a d8 d~ ~:o 
COVERAGE O 

Fig. 7. AG% for n-decylomine on copper as a function of cov- 
erage. X, --1000 my; open circle with dot, --900 my; open square 
with dot, - -800  my; open triangle with dot, - -700  my; -t-, - -600  
mY. 
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w h e r e  AG~(w) = f ree  e n e r g y  of a d s o r p t i o n  of w a t e r  
f r o m  solu t ion;  AGv(w)  = f ree  e n e r g y  of a d s o r p t i o n  
of w a t e r  f r o m  the  v a p o r  phase  a t  1 a tm;  AGp(w)  = 
- - R T  In p o ( w ) ;  w h e r e  po(W) ----- v a p o r  p r e s s u r e  of 
w a t e r  a t  the  t e m p e r a t u r e  T. 

T h e r m o d y n a m i c  cyc le  for  the  o rgan ic  m a t e r i a l  a t  
the  t e m p e r a t u r e  T 

v a p o r  at  po (o rg )  

T --AGp(org) 
vapor at i atm 

I - - •  

a d s o r b e d  o rgan ic  
m a t e r i a l  a t  r <: 

hG~(org)  

p u r e  l i qu id  or  sol id  

1 
s a t u r a t e d  so lu t ion  

I AGd ( ) org 

solution at conc Corg 

F o r  t he  o rgan ic  c o m p o u n d  

AGs(org)  = - - A G d ( O r g )  + AGv(org)  -+- AGv(org)  [9]  

w h e r e  AGs(o rg )  = f ree  e n e r g y  of a d s o r p t i o n  of the  
o rgan ic  c o m p o u n d  f r o m  so lu t ion  a t  t he  concen -  
t r a t i o n  Corg and  c o v e r a g e  r ;  AGd(Org) = f r ee  e n e r g y  
of d i l u t i on  = RT In  Corg/Cs; Cs = s a t u r a t i o n  concert-  
t r a t i o n  of o rgan ic ;  AGp(org )  = - - R T  In p o ( o r g ) ;  
po (o rg )  = v a p o r  p r e s s u r e  of the  p u r e  o rgan ic  m a -  
t e r i a l  a t  t e m p e r a t u r e  T;  AGv(org)  = f ree  e n e r g y  of 
a d s o r p t i o n  of t he  o rga n i c  c o m p o u n d  f r o m  the  v a p o r  
phase  at  1 a tm.  

The  s t a n d a r d  f ree  e n e r g y  of a d s o r p t i o n  f rom 
so lu t ion  (AG%) def ined  ea r l i e r ,  w h i c h  is r e a l l y  t he  
f ree  e n e r g y  of r e p l a c e m e n t  of w a t e r  a t  the  in te r face ,  
is t h e n  

AG~ = AG~ - -  n ~ G ~  [10] 

Us ing  the  s t a n d a r d  s t a t e  of un i t  m o l e  f r ac t ion  of 
o rga n i c  m a t e r i a l  or  w a t e r  a t  the  i n t e r f a c e  and  in 
solut ion,  w e  h a v e  

AG~ = --AG% (o rg )  + AG~ (o rg )  
--  n A G ~  + AG~ - -  n A G % ( w )  [11] 

Cs Po(o rg )  
= --  R T  in  - -  - -  R T  In 

55.4 po~(W) 
+ AG%(org )  - -  n A G % ( w )  [12] 

T h e  f irst  two  t e r m s  of Eq. [12]  do no t  change  w i t h  
the  m e t a l  and  hence  m a k e  the  s ame  c o n t r i b u t i o n  to 
AG% for  a l l  me ta l s .  E q u a t i o n  [12] also shows  t ha t  a t  
a g iven  c o n c e n t r a t i o n  the  a m o u n t  of a d s o r p t i o n  in -  
c reases  as t he  s o l u b i l i t y  (C~) of t he  a d s o r b a t e  d e -  
c reases  (10) .  

F o r  t h e  a d s o r p t i o n  o f  n - d e c y l a m i n e  at  25~ 
C~ = 5 x  10 -4 m o l e s / l i t e r  (11) and  p o ( o r g ) =  0.18 
m m  (12) and  p o ( w )  = 23.8 ram. 
Hence  

AG% = --6.80 + 2.74 + AG~ - -  nAG~ [13]  

Thus,  a b o u t  ha l f  of the  f r ee  e n e r g y  of a d s o r p t i o n  
(cf. Tab le  I)  f r o m  so lu t ion  is due  to t he  e scap ing  
t e n d e n c y  f r o m  so lu t ion  in t he  p r e s e n t  case  and  the  
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r e m a i n d e r  ar ises  f r o m  in te rac t ions  w i t h  the  m e t a l  
(AG~ 

D i s p e r s i o n  i n t e r a c t i o n  b e t w e e n  w a t e r  and  me ta l s .  
- - T h e  m a g n i t u d e  of AG~ and its r e l a t i v e l y  con-  
s t an t  v a l u e  for  d i f fe ren t  me ta l s  sugges t  t ha t  on ly  
phys ica l  forces  are  i n v o l v e d  in the  adsorp t ion  p roc -  
ess. The  d i spers ion  i n t e r ac t i on  b e t w e e n  an adsorbed  
molecu le  and a l a rge  p lane  m e t a l  su r face  is (13) 

~rNC 
VDisp  ~ 6R ~ [14] 

w h e r e  N is the  n u m b e r  of m e t a l  a toms per  cm3; R 
the  d is tance  b e t w e e n  the  cen te r  of the  mo lecu l e  and 
the  sur face  of the  me ta l ;  C a cons tan t  for  the  sys tem.  
Var ious  express ions  for  C h a v e  been  g iven  (14) 
of wh ich  the  fo l lowing  seems the  mos t  use fu l  

~ I  ~ 2  
C = 6 mc 2 [15] 

w h e r e  m is the  mass  of the  e l ec t ron  = 9.11 x 10-28g; 
c is the  ve loc i ty  of l igh t  = 3 x 10 l~ c m / s e c ;  al, a2 
are  the  po la r i zab i l i t y  of w a t e r  and meta l ,  r e spec -  
t ive ly ;  Xl, x2 are  the  d i a m a g n e t i c  suscep t ib i l i ty  of 
w a t e r  and meta l .  E x p e r i m e n t a l  d e t e r m i n a t i o n s  of 

and x are  not  ava i l ab le  for  most  meta ls .  P i e ro t t i  
and Ha l sey  (14) h a v e  ca lcu la ted  a for  copper  and 
i ron  f r o m  the  r e f r a c t i v e  indices  of these  meta ls .  
H o w e v e r ,  since t h e y  used r e f r a c t i v e  indices  d e t e r -  
m i n e d  at d i f fe ren t  w a v e l e n g t h s  for  the  two  meta ls ,  
and since the  r e f r a c t i v e  i ndex  of a m e t a l  va r i e s  
g r ea t l y  w i t h  w a v e l e n g t h ,  t he  po la r izab i l i t i e s  so ob-  
t a ined  cannot  be compared .  

Since  the  mo la r  r e f r ac t i on  of conduc tors  is ap-  
p r o x i m a t e l y  equa l  to the  mo la r  v o l u m e  we  h a v e  

3Ro 3Vm 
[16] 

4~N 41rN 

w h e r e  Ro is the  mo la r  r e f r a c t i v i t y ;  Vm the  m o l a r  
vo lume .  Va lues  of ~ ca lcu la ted  in this w a y  are  
l i s ted  in Tab le  II. M e r c u r y  is inc luded,  since its 
po la r i zab i l i t y  has been  m e a s u r e d  (15) and was  
found  to be 5.05 x 10 -24 cc. This is 14% less t han  the  
va lue  ca l cu la t ed  f r o m  Eq. [16]. Al l  ca lcu la ted  v a l -  
ues of ~ are therefore reduced by 14%, to give the 
corrected values in column 2, which are used in 
the dispersion calculation. The atomic diamagnetic 
susceptibility of the metals was calculated from 

- - e 2 a o  1/2 

- -  ~ n ~  [ 1 7 ]  
X 4 mc 2 

w h e r e  e and m are  the  e lec t ron ic  cha rge  and mass, 
r e spec t ive ly ,  ao is Bohr  radius ,  and n the  n u m b e r  of 
e lec t rons  in the  atom. 

A g r e e m e n t  b e t w e e n  x ( ca l c )  and m e a s u r e d  va lues  
(16) is f a i r  for  m e r c u r y  and  lead. Iron,  n ickel ,  and 
p l a t i n u m  are  pa r am agne t i c ,  and the  m e a s u r e d  v a l u e  
for  copper  is l ow  because  of the  p re sence  of some 
p a r a m a g n e t i s m  (14).  Us ing  a ( c o r r )  and x (ca l c )  
for  each m e t a l  and the  m e a s u r e d  va lues  of a and x 
for  w a t e r  t he  cons tan t  C was  ca lcu la ted  for  each 
system.  Using  Eq.  [14] w i t h  R = 1.5A the  d i spe r -  
sion in t e r ac t ion  b e t w e e n  w a t e r  and the  va r ious  
me ta l s  was  ca lcula ted .  The  va lues  found  v a r y  l i t t le  
among  the  metals .  This  agrees  we l l  w i t h  the  r a t h e r  
cons tan t  va lue  of AG% found  for  the  d i f fe ren t  m e t -  
als. The  m a g n i t u d e  of UDisp is v e r y  d e p e n d e n t  on 
the va lue  of R and hence  m a y  be as m u c h  as 50% 
in er ror ,  but  this w o u l d  not  affect  the  r e l a t i v e  m a g -  
n i tude  a m o n g  the  me ta l s  unless  R va r i e s  w i t h  the  
meta l .  

Dispers ion  in t e rac t ions  b e t w e e n  adsorbed  organic  
molecu les  and the  m e t a l  subs t r a t e  can also be cal -  
culated.  The  va lues  for  d i f fe ren t  me ta l s  wi l l  v a r y  
in the  same p ropor t ions  as for  wa te r ,  bu t  w i l l  be 
s o m e w h a t  la rger ,  since the  po la r i zab i l i t y  of the  
organic  molecu le  is g r e a t e r  t han  tha t  of wa te r .  
Hence  a ne t  hea t  of adsorpt ion ,  w h i c h  va r i e s  w i th  
the  po la r i zab i l i t y  of the  m e t a l  results .  H o w e v e r ,  
s ince n - d e c y l a m i n e  molecu les  are  not  spher ical ,  the  
d ispers ion  ca lcu la t ion  becomes  m o r e  com plex  (cf. 
n e x t  sec t ion) .  

L a t e r a l  a t t r a c t i o n . - - W h e n  t h e r e  is l a t e r a l  a t -  
t r ac t ion  b e t w e e n  adsorbed  o rgan ic  molecu le s  the  
f ree  e n e r g y  of adsorp t ion  becomes  m o r e  n e g a t i v e  
w i t h  inc reased  coverage .  This  is c l ea r ly  the  case 
on copper  (Fig. 7).  

The  w a y  in w h i c h  the  l a t e r a l  i n t e r ac t ion  var ies  
w i t h  cove rage  depends  not  only  on the  type  of in -  
t e r ac t ion  ( ion-d ipo le ,  d ipo le -d ipo le ,  or d i spers ion)  
bu t  also on the  type  of adsorp t ion  ( local ized  or  n o n -  
loca l ized) .  In  the  case of loca l ized  adsorp t ion  the  
d i s tance  b e t w e e n  the  sites on the  subs t r a t e  is f ixed 
and i n v a r i a n t  w i t h  coverage ,  w h i l e  the  occupancy  
of the  sites va r i e s  l i nea r ly  as the  coverage .  Hence  
(17),  for  loca l ized  adsorp t ion  the  l a t e r a l  i n t e r a c -  
t ion  var ies  l i n e a r l y  w i t h  coverage .  

F o r  non loca l ized  adsorp t ion  the  d i s tance  b e t w e e n  
adsorbed  molecu les  can v a r y  con t inuous ly  and  spe-  
cif ical ly var ies  i n v e r s e l y  as the  squa re  root  of  the  
coverage .  If  the  in t e rac t ion  po ten t i a l  is of the  f o r m  
U = B / r  ~ t hen  U va r i e s  as ~ /2  and hence,  the  v a r i a -  
t ion in l a t e r a l  i n t e r ac t ion  w i t h  cove rage  depends  on 
the  type  of in te rac t ion .  In  genera l ,  for  an i n t e r a c -  

Table II. Quantities relevant to the dispersion interaction between water and various metals 

UD,sp in 
(calc) in  cmS e~ (corr) in  cm 3 X (calc) in  c.g.s. X (meas.)  in  c.g.s. C (Eq. [15]) k c a l / m o l e  

Ni 
Fe 
Cu 
Pb 
Pt  
Hg 
H20 

2.62 X 10 -24 2.25 X 10 -24 --1.68 X 10 -s9 - -  7.97 >< 10 -59 16.2 
2.82 X 10 -24 2.42 X 10 -24 --1.68 X 10 -2D - -  8.16 X 10 -59 15.4 
2.83 X 10 -24 2.43 X 10 -24 --1.78 X 10 -29 --0.87 X 10 -29 8.51 X 10 -59 16.0 
7.24 X 10 -24 6.23 X 10 - ~  --4.80 X 10 -29 --4.17 X 10 -29 22.53 X 10 -59 16.6 
3.61 • 10 -24 3.10 X 10 -24 --3.30 X 10 -29 - -  13.77 X 10 -59 20.3 
5.87 X 10-24 5.05 X 10 -24 --4.27 X 10 -29 --5.61 X 10 -29 19.48 X 10 .-59 17.7 

1.45 • 10 -24 - -  --2.16 X 10 -29 - -  - -  
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Table Ill. Z 1/r~ n for various systems 

n-DECYLAMINE ADSORPTION ON ELECTRODES 741 

n = 6 n =  3 ( j ' q ' )  n = 3  ( t $ )  

4.64 7.8 2.68 
Square array ~ 

R 6 R ~ R 8 
6.42 9.24 4.5 

Hexagonal array 
R 6 R 3 R 8 

* R is t he  d i s t ance  b e t w e e n  n e a r e s t  n e i g h b o r s  a t  f u l l  coverage .  

t ion e n e r g y  of the  fo rm B / r  '~ we have  (6) for local-  
ized adsorp t ion  

/ z = B 0  [18] 
i = l  r i  n 

and for nonloca l ized  adsorp t ion  

/~ = B ~/2 [19] 
\ 4 i = l  T i  n 

where /~  is the chemica l  po ten t i a l  due to l a t e r a l  i n -  
t e rac t ion ;  r~ the  d is tance  b e t w e e n  a g iven  molecu le  
and  the  i ' th  ne ighbor  at ful l  coverage.  The s u m m a -  
t ion is over  all  o ther  molecules  in  the p l ane  bu t  
converges  r ap id ly  w h e n  n > 2. The s u m m a t i o n s  were  
eva lua t ed  for  n : 6 (d i spers ion)  and  n : 3 (d ipo le -  
dipole)  for square  and  hexagona l  a r rays  u n t i l  the  
t e rms  became less t h a n  1% of the first term.  In  the  
case of n : 3 bo th  pa ra l l e l  and  a n t i - p a r a l l e l  a r r ays  
were  considered.  The resul t s  are shown in  Tab le  III. 

The la te ra l  i n t e rac t ions  in  the  sys tem n - d e c y l -  
amine  on copper can now be ca lcu la ted  on the  basis  
of four  models :  

la .  Localized adsorpt ion,  n - d e c y l a m i n e  molecules  
rigid. 

The n - d e c y l a m i n e  molecules  are t r ea ted  as r igid  
rods, p e r p e n d i c u l a r  to the surface  wi th  the  a mi ne  

N-- DECYLAMINE 
MODEL FOR DISPERSION 

CALCULATION 

H 
h,/tH 
"C 

C / 
\C  

C( 

C \  

H 
H&=,~ 
C,,,! 

\C 
C / 

C / 

u HN 

MODEL FOR DIPOLE-DIPOLE INTERACTION OF RIGID MOLECULES 

group towards  the so lu t ion  a nd  the dipole pa ra l l e l  
to the surface  (Fig. 8).2 

To ca lcula te  the  l a t e ra l  i n t e r ac t i on  due  to d i sper -  
s ion forces, we m u s t  ca lcula te  the difference in  the  
d ispers ion  i n t e r ac t i on  b e t w e e n  two n - d e c y l a m i n e  
molecules  a nd  b e t w e e n  a n - d e c y l a m i n e  molecule  and  
a v o l u m e  of w a t e r  equa l  to the  second n - d e c y l a m i n e  
molecule .  Since it is the  h y d r o c a r b o n  cha in  tha t  is 
m a i n l y  concerned  in  the  d ispers ive  in te rac t ion ,  the  
po la r i zab i l i ty  (a) and  mola r  vo lume  (Vm) used for 
n - d e c y l a m i n e  are t a k e n  as those of n - d e c a n e  (18).  
The po la r i zab i l i ty  is ca lcu la ted  f rom the  re f rac t ive  
index  of n - d e c a n e  ( n  ~ 1.41). 

3Vm (n 2 - -  1) 
a (org)  ~ = 19.2 x 10 -24 cc [20] 

4~rN (n  2 q- 2) 

The d ispers ion  in t e rac t ion  b e t w e e n  two spher ica l  
molecules  in  a m e d i u m  of dielectr ic  cons tan t  E is 
g iven  by  

--3hz,/ala2 
UDisp = [ 21 ] 

4er 6 

Since the  n - d e c y l a m i n e  molecule  is a long cyl inder ,  
we wi l l  d ivide  it into four  a p p r o x i m a t e l y  spher ica l  
un i t s  and  sum the  in t e rac t ions  b e t w e e n  each u n i t  
in  one molecule  and  the  four  un i t s  of the  o ther  
molecu le  (cf. Fig. 8). The po la r i zab i l i ty  of each 
u n i t  of the  organic  molecule  is t h e n  ~'(org)----  
a ( o r g ) / 4  = 4.8 x 10 -24 cc. For  a v o l u m e  of wa te r  
equa l  to one of these un i t s  we  have  

V~ ( n - d e e a n e )  
a ' ( w )  = x a ( w )  ~ 3.94 x 10-24ec 

4Vm (wa te r )  
[22] 

Thus  

U D i s p  

HH 
",J~',C,..C\ fix 

C.., C~ 

MODEL FOR DIPOLE PAIRS FORMED BY NON RIGID MOLECULES 

Fig. 8. Models for lateral interaction calculations between n- 
decylamine molecules. 

--3hv 
- -  i ~ ' (o rg )  {a ' (org)  

4e 

2 • 1 
- [ 2 3 ]  

t ~  1 j :  1 Tij 6 

where  r~ is the  d i s tance  b e t w e e n  the  i ' t h  u n i t  of one 
molecule  and  the  j ' t h  u n i t  of the  o ther  (Fig. 8) ;  v~ 
the charac ter i s t ic  f r e q u e n c y  for the electrons,  which  
bo th  for s a t u r a t e d  hyd roca rbons  a nd  for w a t e r  is 
abou t  3 x 1015 sec-1;  h P l a n c k ' s  cons tan t ;  and  

~ n2= ~-- 1.9. 
A s s u m i n g  a hexagona l  a r r a y  of adsorbed  mole -  

cules the  d i s tance  b e t w e e n  nea res t  ne ighbors  at full  
coverage is 4.9A. 
Hence  

r~ = ~ / (4 .9 )  2 q- ( l i  --  j] x 3.66) 2 [24] 

Us ing  these va lues  we find UDis, ~ --0.19 k c a l / m o l e  
and  

/~Disp = 6.42 8 UDi~p : --1.22 0 k c a l / m o l e  [25] 

To calcula te  VDipole w e  have  
__p2  

UDi, -- - -  [26] 
Er 3 

w he r e  the  d ie lec t r ic  cons tan t  e var ies  w i th  coverage.  
At  low coverage the  dipoles are  separa ted  by  wa t e r  
molecules  abou t  15A f rom the  e lect rode surface,  

Thi s  m o d e l  is  chosen  because  of  t he  l a ck  of  v a r i a t i o n  of  t he  
p o t e n t i a l  of t he  m a x i m u m  of  a d s o r p t i o n  w i t h  coverage ,  i.e., zero 
AX due  to  t he  o rgan i c  molecu le ,  
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where  the dielectr ic  cons tan t  is tha t  of b u l k  w a t e r  
(e ~ 80), whi le  at fu l l  coverage the dipoles are sep-  
a ra ted  by  organic  molecules  (e = 2). A s s u m i n g  a 
l i nea r  combina t ion  of these at i n t e r m e d i a t e  cover -  
ages, we have  

E = 8 0 - -  780 [27] 
Hence  

--1.088 
jtLDip ~ 46UDip - -  k c a l / m o l e  [28] 

8 0 -  780 

The  tota l  change  in  free ene rgy  of adsorp t ion  w i th  
coverage is equa l  to #Disp -4- #Dip ( cu rve  l a  on Fig.  7).  

lb .  Nonlocal ized  adsorpt ion,  n - d e c y l a m i n e  mole -  
cules rigid. 

In  this  case: 

I~Disp = 6.42 ( - - ~  ) O3 UDisp = --2.4403 kcal/mole 

[29] 
[ n -4- 2 '~ --1.3503/2 

~Dip = 4.5 | ~ X T  / ]  83/2 UDip = 80 - -  788 k c a l / m o l e  

[30] 

The curve  m a r k e d  ( l b )  in  Fig. 7 corresponds  to 
this model .  

2. Nonr ig id  molecules.  

A long h y d r o c a r b o n  cha in  can gene ra l l y  b e n d  and  
twis t  in  all  direct ions.  The fu l ly  s t re tched  n - d e c y l -  
amine  molecule  is about  16A long. Hence,  if the 
average  h y d r o c a r b o n  cha in  bends  t h rough  90 ~ in 
the midd le  of the chain,  t hen  the  dipoles of two 
molecules  can pai r  up even  at 10% coverage ( a v e r -  
age d is tance  b e t w e e n  adsorbed molecules  14.5A). 
At  h igher  coverages,  the  h y d r o c a r b o n  cha in  needs  
to b e n d  less and  less, un t i l  at  fu l l  coverage  the s i tua -  
t ion  is a lmost  the same as for r ig id  molecules .  At  
low coverages the molecules  can take  up m a n y  
o r ien ta t ions  in  which  no dipole pa i r  is formed,  bu t  
since an t i pa r a l l e l  dipoles a t t rac t  pa i r ing  is favored.  
I t  is difficult to ca lcula te  exac t ly  the  p robab i l i t y  of 
pa i r  f o rma t ion  at a g iven  coverage.  We wi l l  assume 

t h a t  the f rac t ion  of adsorbed molecules  fo rming  
pairs  is p ropor t iona l  to 0 and  tha t  at  fu l l  coverage 
all  molecules  are pa i red  up. The  a t t r ac t ive  force 
b e t w e e n  two a n t i - p a r a l l e l  dipoles  3A apa r t  is 
~--g2/r 3, i.e., U = 1.05 kca l /mole .  Hence  ]~Dippairs = 
8U = 1.058 kca l /mole .  

To a first a p p r o x i m a t i o n  the  fo rming  of pairs  does 
no t  change  the in t e rac t ion  b e t w e e n  a g iven  dipole 
and  the  r e m a i n d e r  of the  dipoles or the d ispers ion  
in te rac t ion .  The con t r i bu t i on  due to pa i r ing  is t h e r e -  
fore added to the change  in  free ene rgy  ca lcula ted  
for models  l a  and  l b  to give the  curves  2a and  2b in  
Fig. 7. 

The a g r e e m e n t  wi th  e x p e r i m e n t  is best  for model  
2b, i.e., nonloca l ized  adsorp t ion  and  non r ig id  mole -  
cules. 

Summary 
The adsorp t ion  of n - d e c y l a m i n e  f rom a lka l ine  

solut ion on a n u m b e r  of solid meta l s  has been  me a s -  
u r ed  as a func t ion  of concen t r a t i on  in  so lu t ion  and  
electrode potent ia l .  The a m o u n t  adsorbed  was con-  
s ide rab ly  less t h a n  a m o n o l a y e r  on Fe, Ni, and  Pb.  
No s ignif icant  change  in  ~G% w i t h  coverage  at a 
g iven  po ten t i a l  was observed  on these meta l s  i nd i -  
ca t ing  no l a te ra l  in te rac t ions  at these  low coverages.  

Essen t i a l ly  a m o n o l a y e r  of n - d e c y l a m i n e  was  ad-  
sorbed on copper at the h igher  concent ra t ions .  AG~ 
in  this  case became  more  nega t ive  w i th  increased  
coverage  especial ly  at  9 > 0.5 ind ica t ing  l a te ra l  
a t t r ac t ion  be t w e e n  adsorbed molecules.  This  was 
ca lcula ted  on the basis  of four  models.  Best  agree -  
m e n t  wi th  e x p e r i m e n t  was ob t a ined  a s suming  n o n -  
localized adsorp t ion  and  non r ig id  molecules  a l low-  
ing the  fo rma t ion  of dipole  pairs.  

The absence of a ny  shift  of the po t en t i a l  of 
m a x i m u m  adsorp t ion  w i th  coverage  on Cu, Ni, and  
Pb  indicates  tha t  the  ne t  dipole m o m e n t  of the or -  
ganic  l ayer  is zero and  hence  n - d e c y l a m i n e  is 
though t  to adsorb w i th  the  polar  a mi ne  group  to-  
wards  the  solut ion.  However ,  on p l a t i n u m ,  where  
m u l t i l a y e r  fo rma t ion  occurs, the  first l aye r  adsorbs  
wi th  the  a mi ne  group  towards  the me ta l  and  the 
second l ayer  w i th  the  a mi ne  group towards  the solu-  
t ion  (cf. Fig. 5). 

On  i ron the a mi ne  also adsorbs  w i th  the  NH2- 
group to the  me ta l  as ind ica ted  by  the  la rge  shift  of 
the adsorp t ion  m a x i m u m  to more  nega t ive  p o t e n -  
tials, bu t  no m u l t i l a y e r  f o r ma t i on  occurs, s ince at 
the m a x i m u m  concen t r a t i on  used, the first l aye r  is 
less t han  hal f  formed.  The  reason  for  the  s t rong 
p re fe rence  of the a mi ne  group  for i ron is no t  clear. 
The free ene rgy  of adsorp t ion  on i ron  is the same 
as for the other  metals ,  so tha t  s t rong c h e m i b o n d i n g  
is un l ike ly .  By cons ider ing  a t h e r m o d y n a m i c  cycle 
for w a t e r  and  the  organic  adsorba te  a r e la t ionsh ip  
be t w e e n  the free ene rgy  of adsorp t ion  and  the solu-  
b i l i ty  and  vapor  p ressure  of the  organic  adsorba te  is 
der ived,  showing  tha t  the lower  the so lubi l i ty  the 
h igher  the adso rbab i l i t y  of an  organic  compound.  
The r e m a i n i n g  pa r t  of the free ene rgy  of adsorp t ion  
arises f rom in te rac t ions  of organic  and  w a t e r  wi th  
the  metal .  

The m a g n i t u d e  of AG% and  its r e l a t i ve ly  con-  
s t an t  va lue  for the  di f ferent  meta l s  is cons is ten t  
wi th  the model,  tha t  the  ene rgy  of adsorp t ion  arises 
f rom the difference in  d ispers ion  forces of the  or-  
ganic  and  the w a t e r  molecule ,  which  var ies  l i t t le  
wi th  the  meta l  (Tab le  I I ) .  The dependence  of the 
adsorp t ion  on po ten t i a l  arises l a rge ly  f rom the  
m e t a l - w a t e r  in te rac t ions  (9) .  
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Adsorption of Naphthalene on Solid Metal Electrodes 
J. O ' M .  Bockris, M .  Green, and D. A. J. Swinkels 1 

The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The adsorption of naphtha lene  on Fe, Ni, Cu, Pt  from aqueous solution has 
been measured using a recent ly  developed radio- t racer  technique. The sur-  
face area of the metals was determined by the B.E.T. method using krypton.  The 
amount  adsorbed was found as a funct ion of potential  and concentrat ion in 
solution. The results are discussed in terms of a "competit ion with water" 
model of the electrode-solution interface, in which water  molecules are treated 
as simple dipoles perpendicular  to the metal. The same t rea tment  applies to the 
adsorption of decylamine on the metals stated. The free energy of adsorption is 
calculated for each system and is related to the free energy of solution and 
the metal -adsorbate  dispersion interactions. Evidence for n-bonding,  part icu-  
lar ly  between naphthalene  and p la t inum is given. 

A new  r a d i o - t r a c e r  me thod  for m e a s u r i n g  the  ad-  
sorpt ion  of organic  compounds  at solid me t a l  elec- 
t rodes has r ecen t ly  been  developed (1, 2) and  the 
adsorp t ion  of n - d e c y l a m i n e  on  severa l  meta l s  has 
been  inves t iga ted  (3) .  B l o m g r e n  et al. (4) have  
found,  tha t  on mercu ry ,  a romat ic  c~mpounds  are ad -  
sorbed more  r ead i ly  t h a n  the cor responding  a l iphat ic  
compounds .  

In  the  p resen t  work  the  adsorp t ion  of n a p h t h a l e n e  
on Ni, Fe, Cu, and  P t  f rom acid and  a lka l ine  solu-  
t ions has been  measured .  

Experimental  
The p resen t  me thod  consists of adsorb ing  a C-14 

labeled  organic  compound  on a me ta l  tape  electrode,  
which,  a f ter  e q u i l i b r i u m  is reached,  is w i t h d r a w n  
f rom the solut ion in  such a w a y  tha t  ve ry  l i t t le  so lu-  
t ion  adheres  to the tape. The  me thod  is descr ibed in  
detai l  e l sewhere  (2) .  

C-14 labe led  n a p h t h a l e n e  was  dissolved as r e -  
ceived f rom the supp l ie r  in  dis t i l led wa t e r  to give 
a 2 x 10 -4 mola r  stock so lu t ion  f rom which  all  
o ther  solut ions were  made  up  by  add i t ion  of elec- 
t ro ly te  and  di lu t ion.  

The me ta l  tapes were  vapor  degreased w i th  t r i -  
ch lo re thy lene  before  inse r t ion  into the appara tus .  
I m m e d i a t e l y  before  going into the  adsorp t ion  cell 
each sect ion of the  tape  was g iven  anodic  and  
cathodic t r e a t m e n t  to produce  a clean, oxide free 
surface  for adsorpt ion.  

Results 
The adsorp t ion  of n a p h t h a l e n e  on Ni, Fe, Cu, and  

Pt  f rom IN NaC104 solu t ion  con ta in ing  var ious  

1 P r e s e n t  a d d r e s s :  A l l i s o n  D i v i s i o n  of G e n e r a l  M o t o r s  Corp . ,  
D e p t .  8897,  I n d i a n a p o l i s  6, I n d i a n a .  

o.7- 

~v 
=~ o,6- ,o, 

, 0,5-  

0,4- 

i 0.3- 

z 
0.2- 

o.I- 

o -~;o -4;0 -5;0 -c~o -70'0 -~o -9;0 -,o;o 
POTENTIAL OF NICKEL ELECTRODE IN inV. (N.N,[.) 

Fig. 1. Adsorption of naphthalene on nickel from IN NaCIO4, 
pH 12. o, 7.5 x 10-5M Naphthalene; A ,  5.6 x I 0 -5M naphthalene; 
I~, 3.8 x 10-5M naphthalene; -I-, 1.9 x 10-5M naphthalene; e, 
0.8 x 10-~M naphthalene. 

a m o u n t s  o f  n a p h t h a l e n e  are  s h o w n  i n  F ig .  1 to  5. 
The va lue  of the  a m o u n t  adsorbed ( r )  is the  ave r -  
age of two to eight  separa te  me a su r e me n t s .  The 
coverage 8 was ca lcula ted  in  each case us ing  the  
roughness  factors  d e t e r m i n e d  b y  the  B.E.T. me thod  
(Tab le  I) and  r m = 3.26 x 10 -1~ m o l e s / c m  2 for n a p h -  

Table I. Quantities relevant to the adsorption of naphthalene on 
solid metals from 1N NaCIO4 solution 

R o u g h n e s s  Emax 
M e t a l  f a c t o r  z .ch .p . ,  v R e f e r e n c e s  ( ~ 0 ) , v  

Ni 1.32 --0.47 _+ 0.05 (5-9) --0.8 
Fe 1.77 --0.5 _+ 0.1 (5-7, I0-12, 19) --0.7 
Cu 1.38 --0.2 + 0.2 (6, 8, 13-15) --0.9 

- -0 . i  
Pt (Acid) 1.22 -I-0.3 _+ 0.1 (6, 13, 16-20) q-0.1 
Pt  (Alk) 1.22 --0.4 _ 0.1 (6) --0.4 
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Fig. 2. Adsorption of naphthalene on iron from 0.9N NaCIO4, 
0.1N NaOH. o, 10-4M Naphthalene; A ,  7.5 x ] 0 - 5 M  naphthalene; 
E], 5 x ] 0 - 5 M  naphthalene; -~-, 2.5 x 10-5M naphthalene. 

4 
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POTENTIAL OF COPPER ELECTRODE IN inV. (N.HE,) 

Fig. 3. Adsorption of naphthalene on copper from 1N NaCIO4. 
e ] 0 -4M Naphthalene; ~ ,  7.5 x 10-5M naphthalene; I-7, 5.0 x 
10-5M naphthalene; -~-, 2.5 x ] 0 -sM naphthalene. 
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POTENT}AL OF PLATINUM iN mY. (N.H.E 1 

Fig. 4. Adsorption of naphthalene on platinum from 0.gN NaCIO4, 
0.1N NaOH. o, 10-4M Naphthalene; A ,  5 x 10-5M naphthalene; 
[ ] ,  1 x 10-5M naphthalene; + ,  5 x 10-aM naphthalene; e, 2.5 x 
10 6M naphthalene. 

t ha l ene  ly ing  flat and  rm = 8.9 x 10 -1~ m o l e s / c m  2 
for n a p h t h a l e n e  s t and ing  up  at  the in terface .  

The po ten t i a l  r ange  in  which  adsorp t ion  m e a s u r e -  
men t s  could be car r ied  out  va r i ed  for the  metals .  I t  
is l imi t ed  on the cathodic side by  h y d r o g e n  b u b b l e  
format ion ,  which  in te r fe res  wi th  the diffusion of ad-  

i O.R A 

'~ 0.6 O 

'o 

0.4 

0.2 

POTENTIAL OF PLATINUM ELECTRODE IN inV. (N,H,E.) 

Fig. 5. Adsorption of naphthalene on platinum from 0.gN NaCI04, 
0.1N HCI04. o, 10-4M Naphthalene; A ,  5 x I 0 - 5 M  naphthalene; 
El, 1.25 x 10-5M naphthalene; -f-, 5 x 10-6M naphthalene; e, 
2.5 x 10-6M naphthalene. 

sorbate  to the in terface ,  whi le  on the anodic  side it  is 
l imi ted  by  meta l  d issolu t ion  or oxide format ion .  Be-  
cause of h y d r o g e n  evolut ion ,  adsorp t ion  f rom acid 
solut ion (pH = 1) on Fe, Ni, and  Cu could on ly  be 
m e a s u r e d  to about  --400 my.  The coverage  in  these 
sys tems was  less t h a n  10% in  the po ten t i a l  r ange  
ava i l ab le  at  the  h ighes t  concen t r a t i on  of n a p h t h a -  
lene  used (10-4M) .  

A clear m a x i m u m  is observed  in  the  adsorp t ion  
curves  in  Fig. 1-5. On p l a t i n u m  this po ten t i a l  of 
m a x i m u m  adsorp t ion  (Emax) var ies  w i th  coverage,  
ind ica t ing  a •  due to the  adsorbed layer  
(see d iscuss ion) .  Values  of Emax ex t r apo la t ed  t ~ zero 
coverage are l is ted in  Table  I toge ther  w i th  the  zero 
charge po ten t ia l s  (z.ch.p.) of the  systems.  I t  should  
be s t ressed tha t  the  va lues  of Emax(~ "-> 0) are ap-  
p r o x i m a t e l y  the same as those found  in  the case of 
n - d e c y l a m i n e  adsorp t ion  on these  meta l s  (3) .  Ad-  
sorpt ion  i so therms  at  the  po ten t i a l  of m a x i m u m  ad-  
sorpt ion are shown in  Fig. 6. 

Discussion 

Zero charge potentials.--Antropov and  Bane r j ee  
(5) have  suggested that ,  w h e n  two meta l s  are at  the 
same po ten t ia l  wi th  respect  to the i r  z.ch.p., the i r  
charges  and  condi t ions  of phys ica l  adsorp t ion  are the 
same. We wi l l  r e t a i n  the first a ssumpt ion ,  b u t  mus t  
discard the  second on the  basis  of the  da ta  in  Tab le  I 
at  least  for u n c h a r g e d  organic  molecules.  

The z.ch.p, were  ob ta ined  by  ave rag ing  the  most  
re l iab le  va lues  found  in  the  l i t e r a tu r e  and  correc t -  
ing t h e m  for specific adsorp t ion  of the  pe rch lo ra te  

I o 

u> 2- 

:E 

z 

L+ I- 
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--r~ / +  
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Fig. 6. Adsorption isotherms for naphthalene 
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ions, a s suming  this  to be the same as on m e r c u r y  
(21).  2 The e r ror  l imi t s  of the  z.ch.p, in  Tab le  I are  
es t imated  on the basis  of de ta i led  cons idera t ion  of Hence  
the  da ta  (1) .  In  the  case of p l a t i n u m  the  z.ch.p. 
changes  wi th  the  pH of the so lu t ion  (6) .  The two 
va lues  g iven  in  Table  I cor respond to pH ~ 1 and  13. 
The adsorp t ion  m a x i m u m  is found  to change  wi th  
pH by  about  the  same amount ,  sugges t ing  a r e l a -  
t ionsh ip  b e t w e e n  the z.ch.p, and  Emax(,8 -+0), which  
however ,  is not  a cons tan t  for all  meta l s  as suggested  
by  A n t r o p o v  (5) .  

Model  of the in terSace . - -Bockr is  et al. (23) have  
rev iewed  models  for the adsorp t ion  of organic  com-  
pounds  at the  m e r c u r y - s o l u t i o n  in te r face  and  sug-  
gested a "compet i t ion  wi th  wa te r "  model ,  in  wh ich  
wa te r  molecules  are t r ea ted  as s imple  dipoles pe r -  
pend i cu l a r  to the  metal ,  the  f rac t ion  of dipoles in  
each o r i en ta t ion  depend ing  on the  charge on the  
meta l  and  the  n o n c h a r g e - d e p e n d e n t  b i n d i n g  forces 
in  both  or ienta t ions .  We wi l l  ex t end  this mode l  to 
solid metals .  

Consider  a m e t a l - s o l u t i o n  in te r face  w i th  N~ w a t e r  
molecules  in  the "up"  o r i en t a t i on  (oxygen  towards  
so lu t ion)  each hav ing  an  ene rgy  E# and  N$ in  the  
"down"  o r i en ta t ion  (oxygen  towards  me ta l )  each 
h a v i n g  an  ene rgy  E$. The to ta l  n u m b e r  of w a t e r  
molecules  (NT) at the in te r face  m a y  change  wi th  

the i r  average  ene rgy  at the  surface (E) bu t  wi l l  be  

a m a x i m u m  w h e n  E is a m i n i m u m .  W e  then  have  

E~ = E~ c + ~X -- REc [1] 

E$ : E$ c -  ~X  + REc [2] 

where  ~ is the dipole m o m e n t  of water ,  X the  field 
at the  interface,  R equals  ( N $ - - N ~ ) / N T ,  E is the 
l a te ra l  i n t e rac t ion  b e t w e e n  two wa t e r  molecules ,  c 
the coord ina t ion  n u m b e r ,  and  E c the  noncha r ge  de-  
p e n d e n t  pa r t  of the b i n d i n g  energy.  

The average  ene rgy  E of wa te r  at the in te r face  is 

1~ = N~E~ + NSE$ [3] 

lVW 

At the po ten t i a l  of m i n i m u m  b i n d i n g  ene rgy  of the 
wa t e r  

0 E  0 N T  
- - - -  0 and  - - - - 0  [4] 

OX OX 

Differen t ia t ing  E wi th  respect  to the  field X and  
us ing  ONT/OX = 0 we find 

OF, 1 { OE~" ON'~ 
-- 0 = ~ N~ + E $ -  

OX NT ~ OX 

+ N$ OE$ ON$ 
- -  + E $  [53 

OX OX / 

From.  Eq. [1] and  [2] we have  

OEt OE$ 
- -  - -  [ 6 ]  

OX OX Ni 
Fe 

and  f rom [4] Cu 
Pt 

�9 D e t a i l e d  d i s c u s s i o n  of  t h e  v a r i o u s  m e a s u r e m e n t s  of  z .ch.p ,  is H g  
g i v e n  in  re f .  (1) .  T h e  a s s u m p t i o n  of  s i m i l a r  speci f ic  a d s o r p t i o n  on  
al l  m e t a l s  is j u s t i f i e d  i f  spec i f ic  a d s o r p t i o n  is  d u e  to n o n - c o v a l e n t  
f o r c e s  (22).  T h e  c o r r e c t i o n  f o r  speci f ic  a d s o r p t i o n  of  p e r c h l o r a t e  
ions  c o n s i s t e d  of  a s h i f t  of  - -0 .08v,  s i nce  t h e  E.C.M.  of  m e r c u r y  is 
s h i f t e d  b y  t h i s  a m o u n t  (21).  

ADSORPTION OF NAPHTHALENE 745 

ON~ ON$ 
[7] 

OX OX 

0E _ 0 -- (Nt  -- g$ )  - ~ -  + (Et  - -  E$) - - ~  
OX r 

[8] 

M a t h e m a t i c a l l y  speak ing  Eq. [8] has an  inf ini te  
n u m b e r  of solutions.  However ,  a cons idera t ion  of the  
phys ica l  m e a n i n g  of the  t e rms  on the  r igh t  h a n d  
side of Eq. [8] shows tha t  bo th  t e rms  m u s t  have  the  
same sign. To add up  to zero, each t e r m  m u s t  t he re -  
fore be equa l  to zero. Since Et  and  Nt  change  m o n o -  
ton ica l ly  w i t h  the  field X,  OE~/OX ~ 0 a nd  ONI/OX 

0 and  hence  the on ly  phys ica l ly  possible so lu t ion  
is ( E T - - E $ )  = ( N t - - N $ )  = O or E t = E $  and  
N~ = N$. Since no as sumpt ions  r e ga r d i ng  the  n a t u r e  
of E c, E or the  tota l  n u m b e r  of w a t e r  molecules  at  
the in te r face  were  made,  the  deduct ion ,  tha t  at the 
po ten t i a l  of m i n i m u m  b i n d i n g  of w a t e r  [i.e., at  
E . . . .  (8-~ 0 ) ] ,  N~ = N$, and  hence  R = 0, is genera l  
for all  metals .  

C o m b i n i n g  Eq. [1] and  [2] we  have  at a ny  po t en -  
t ia l  

E~" --  E$ = AE c T 2/~X -- 2REc [9] 

where  AE c ---- Ect - -  Ec$. At  the  adsorp t ion  m a x i m u m :  
E t - - E $ =  0 a n d R =  0. 

. ' .  A E  c = - - 2 # X m  [10] 

On mercu ry ,  Xm can be found  f rom the  charge on 
the electrode (qm) since Xm ~ 4~rqm/E, w h e r e  E is 
the  po ten t i a l  w i th  respect  to the  z.ch.p, bu t  on solid 
metals ,  we can only  es t imate  Xm (and  hence  AE c) 
f rom the difference b e t w e e n  E~ax and  the  z.ch.p, for 
each me t a l  b y  a s suming  tha t  the  charge on the  m e t -  
als is the same for all  me ta l s  at the  same po ten t i a l  
wi th  respect  to the i r  own  z.ch.p. (1) .  The  va lues  of 
qm and  AE ~ so ca lcu la ted  are shown in  Tab le  II. 

The  va lues  of qm and  AE c for m e r c u r y  have  been  
inc luded  for compar ison.  The va lue  for p l a t i n u m  is 
the average  for acid a nd  a lka l ine  solutions.  

Origin of AEC.--Bockris et al. (23) suggested tha t  
on m e r c u r y  AE c m a y  be due  to a difference in  the 
image  in t e rac t ion  in  the  two or ien ta t ions ,  f avor ing  
the case in  which  the  oxygen  a tom is towards  the  
meta l ,  s ince the  dipole is t h e n  0.05-0.1A closer to the  
metal .  This  would,  however ,  no t  v a r y  m u c h  wi th  the 
me t a l  and  could n e v e r  a m o u n t  to 4.2 kcal  since the 
r equ i r ed  a s y m m e t r y  would  be too great .  For  a dipole 
p e r p e n d i c u l a r  to the  surface  

Table II. Quantities relevant to the adsorption of water and 
naphthalene on various metals* 

A G a  o 
q.~,, AE e, (See  Eq. [16] ) ,  

Em - E~ r v ~ c o u l o m b / c m  ~ k c a l / m o l e  k c a l / m o l e  

--0.33 --6 2 --6.0 
--0.2 --3.6 1.2 --7.0 
--0.7 --12.7 4.2 --7.0 
--0.I --1.8 0.6 --8.4 

- -  - - 2 . 0  0 . 7  - -  

* C o l u m n s  1-3 a l so  a p p l y  to  t h e  a d s o r p t i o n  of  n - d e c y l a m i n e  on  
t h e s e  m e t a l s  (3) .  
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~ 2  

U i m a g  e = - -  [ 1 1  ] 
8r 3 

whe re  # is the dipole moment ,  and  r the d is tance  
f rom the cen te r  of the  dipole to the  conductor .  The  
difference for the  two o r i en ta t ions  is t h e n  

# 2 ( .  1 1 ) 3~ 2d 
A V i m a g  e - -  __ ~_~ 

8 (r  + d) 3 (v d) 3 4r 4 

[12] 

where  d is the  a s y m m e t r y  of the  dipole. For  
d = 0.05A, r =  1.4A, # = 1.87 Debye,  this  gives: 
AUim~g~ ~ 0.5 kca l /mole .  3 Thus,  to ob ta in  a differ-  
ence of 4.2 kcal  f rom this source wou ld  r equ i re  an  
a s y m m e t r y  of a lmost  0.5A, which  is u n l i k e l y  in the 
wa t e r  molecule.  

A n o t h e r  factor  which  may  con t r ibu t e  to 5E r is 
the  d ispers ion  in t e rac t ion  be tween  the  wa t e r  mo le -  
cule  and  the  me ta l  adso rben t  (3) .  Since the  lone  
pa i r  e lect rons  of the oxygen  atoms can get closer to 
the me ta l  t h a n  the bond  e lect rons  in  the OH-bond ,  
the d ispers ion  forces wi l l  be grea te r  for the case 
of oxygen  towards  the surface.  Since the  d ispers ion  
in t e rac t ion  b e t w e e n  an  adsorbed molecule  and  a 
p lane  surface is g iven  by  (3) 

~NC 
U di~p -- - -  [ 13 ] 

6r 3 

where  N is the n u m b e r  of atoms per  cubic cen t i -  
me te r  of adsorbent ,  C a cons tan t  for each system,  
which  depends  m a i n l y  on the po la r izab i l i ty  of w a t e r  
and  the me ta l  [see ref. ( 3 ) ] ,  and  r the d is tance  
f rom the cen te r  of the  adsorbed molecules  to the  
surface.  The difference for the  two o r i en ta t ions  is 
then  

~NC [ 1  1 ]  
~ U a i ~ , - - ~  (r =d )  ~ ( r - - d )  8 

--irNCd -=6d UDisp 
r 4 r 

[14] 

where  d is the a s y m m e t r y  pa rame te r ,  i.e., the elec- 
t rons  on the average,  are a d is tance  2d fu r t he r  f rom 
the  metal ,  w h e n  the H - a t o m s  are towards  the meta l ,  
t h a n  w h e n  the  oxygen  a tom is towards  the metal .  
Us ing  2d = 0.05A and  UDI~, b e t w e e n  wa t e r  and  the 
meta l s  ca lcu la ted  e lsewhere  (1, 3) we find • 
1.62 k c a l / m o l e  (Ni ) :  1.54 k c a l / m o l e  ( F e ) ;  1.60 
k c a l / m o l e  (Cu)  ; 2 03 k c a l / m o l e  (P t )  ; and  1.77 kca ] /  
mole (Hg) .  

Thus  • is of the r igh t  order  of m a g n i t u d e  to 
exp la in  • c bu t  does no t  v a r y  sufficiently wi th  the 
meta l s  (see the va r i a t i on  of the AE c t e r m  wi th  the 
metal ,  Tab le  I ) .  

If the a m o u n t  of a s y m m e t r y  in the wa te r  mole -  
cule var ies  w i th  the metal ,  t hen  both  ~Ul,,~e and  
AUDI~p wi l l  change  cor respondingly .  This m a y  occur 
as a resu l t  of the  sur face  dipole of the  meta l .  Since 
the posi t ive and  nega t i ve  charge  centers  at the su r -  
face of a me ta l  do not  in genera l  coincide, the i r  
exists  at the  surface a reg ion  of s t rong electr ic  field, 

8 B o c k r i s  e t  al .  (23)  o b t a i n e d  0.9 k c a l / m o l e - 1  f o r  t h e  s a m e  d i s -  
p l a c e m e n t  o w i n g  t o  t h e  u s e  o f  ~ / 4 r S  i n  p l a c e  o f  E q .  [ 1 1 ] .  

which  is the surface dipole (24).  This  m a y  increase  
or decrease the a s y m m e t r y  in  the wa te r  molecule  
depend ing  on the  d i rec t ion  and  m a g n i t u d e  of the 
field. If the a s y m m e t r y  of the  charge d i s t r i bu t ion  of 
w a t e r  in  the  absence  of a field is a ssumed  to be 
0.05A, t h e n  the va lue  of AE r for i ron  and  n icke l  in -  
dicates a negl ig ib le  surface  dipole for these metals .  
It is t hen  necessary  to assume a surface dipole wi th  
the posi t ive end  towards  the me ta l  for copper  (25),  
since this would  increase  the  a s y m m e t r y  and  hence  
• c, whi le  a surface  field w i th  the  nega t ive  end 
towards  the meta l  for p l a t i n u m  and  m e r c u r y  wou ld  
reduce  the a s y m m e t r y  and  AE c. S i na nog l u  and  Pi tzer  
have suggested tha t  the surface  field m a y  be ob-  
t a ined  f rom a v i r i a l  t r e a t m e n t  of the adsorp t ion  of 
ine r t  gases (26),  bu t  no ca lcu la t ions  were  made.  The 
above cons idera t ion  cannot  be made  more  q u a n t i t a -  
t ive at this  stage because  of the  lack of da ta  on the 
surface  dipoles of meta l s  (24, 25). 

N a p h t h a l e n e  at the  i n t e r f a c e . - - F i g u r e  6 shows the 
a m o u n t  of n a p h t h a l e n e  adsorbed at the po ten t i a l  of 
m a x i m u m  adsorp t ion  as a func t ion  of the  concen-  
t r a t ion  in  solut ion.  Except  for the case of copper,  
the coverage  a lways  r e m a i n s  be low I~m for n a p h t h a -  
lene  adsorbed para l l e l  to the sur face  and  approaches  
a l imi t ing  coverage on p l a t i num.  Hence,  n a p h t h a l e n e  
p r o b a b l y  adsorbs  pa ra l l e l  to the  me ta l  surface on Fe, 
Ni, a nd  Pt. 

On copper  the  i so the rm is l i nea r  up to the m a x i -  
m u m  concen t r a t i on  inves t iga ted  and  at the highest  
concen t ra t ion  exceeds rm for flat adsorpt ion.  This in -  
dicates e i ther  flat adsorp t ion  w i th  m u l t i l a y e r  f o r m a -  
t ion or p e r p e n d i c u l a r  adsorpt ion,  i.e., the  p l ane  of 
the n a p h t h a l e n e  molecu le  at r igh t  angles  to the su r -  
face. The fo rmer  is u n l i k e l y  since the m a x i m u m  con-  
cen t r a t i on  used was wel l  be low the s a tu ra t ion  con-  
cen t r a t i on  of n a p h t h a l e n e  and  no m u l t i l a y e r  f o r m a -  
t ion  was  observed on the other  meta l s  at the same 
concent ra t ion .  

The area  occupied by  a n a p h t h a l e n e  molecule  pe r -  
pend i cu l a r  to the  surface  depends  somewha t  on 
w h e t h e r  one or bo th  r ings  are in  contact  wi th  the 
surface.  A s s u m i n g  tha t  both  p e r p e n d i c u l a r  o r i en ta -  
t ions occur, the area  per  molecule  is abou t  17A 2 
and  hence Fm in this  case is 9.8 x 10 - l ~  moles / cmL 
The coverage ~ at  the  highest  concen t r a t i on  ( I 0 - 4 M )  
is t h e n  0.37 and  a l i nea r  i so therm up  to this  cover-  
age is reasonable .  

The adsorp t ion  peak  for n a p h t h a l e n e  on copper 
also differs f rom other  meta l s  in  tha t  it covers a 
m u c h  smal le r  po ten t i a l  range.  Bockris  et al. (23) 
showed that  sharp  peaks  can be expected w h e n  the 
l a te ra l  i n t e rac t ion  b e t w e e n  the  adsorbed wa te r  
molecules  is small.  This  m a y  be the  case here  due to 
the fact tha t  n a p h t h a l e n e  molecules  adsorb s t and ing  
up. Thus  the  H - b o n d i n g  of the adsorbed wa te r  wi th  
wa te r  in  the second layers  out  f rom the e lect rode is 
d i s rup ted  and  the ene rgy  of adsorp t ion  of wa t e r  
decreased inc reas ing ly  as the  m a x i m u m  of adsorp-  
t ion  is approached.  This  decrease  adds to tha t  be ing  
caused by  the electrode field and, hence,  the  ad-  
sorpt ion peak  sharpens .  

S h i f t  in  the  adsorpt ion m a x i m u m . - - A  cons ider -  
able  change  in  tbe  po ten t i a l  of m a x i m u m  adsorp t ion  
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wi th  coverage of n a p h t h a l e n e  is observed  only  in  
the  case of p l a t i num.  A ve ry  smal l  change  in  the 
same d i rec t ion  is observed  on nickel .  S ince  the  
m a x i m u m  coverage on n icke l  was  less t h a n  0.2, on ly  
the shift  on p l a t i n u m  is t r ea ted  quan t i t a t i ve ly .  

Since the  adsorp t ion  m a x i m u m  on p l a t i n u m  occurs 
close to the  zero charge potent ia l ,  the field in  the  
double  l ayer  is smal l  and  hence  the  shift  canno t  be 
due to an  induced  dipole in  the n a p h t h a l e n e .  Hence,  
some degree  of e lec t ron  exchange  b e t w e e n  the 
~-orb i ta l s  of n a p h t h a l e n e  and  the  p l a t i n u m  is sug-  
gested. To exp la in  the  observed  shift  in  the  ad-  
sorp t ion  m a x i m u m ,  the  bond  m u s t  have  a dipole  
m o m e n t  wi th  its nega t ive  end  towards  the  solut ion,  
i.e., the me ta l  becomes more  posi t ive  wi th  respect  
to the so lu t ion  as the  coverage increases.  The dipole 
m o m e n t  per  molecule  can be ca lcula ted  f rom the 
observed  shift  which  is 0.5 and  0.2v in  going f rom 

~ 0 to ~ = 1 in  acid and  a lka l ine  so lu t ion  respec-  
t ively.  The  dipole m o m e n t  is found  us ing  AX = 
(4vn~)/E, where  n is the  n u m b e r  of dipoles cm -2 
which,  a s suming  5 bonds  per  n a p h t h a l e n e  molecule  
is 5 x 3.26 x 10 -1~ x 6.023 x 1023; ~ ~-- n2| for n a p h -  
t ha l ene  = 2.3. The dipole m o m e n t  of each bond  is 
t hen  0.31 and  0.12 Debye  in  acid and  a lka l ine  solu-  
t ions respect ively .  A smal le r  a m o u n t  of ~r-bonding 
m a y  occur on n icke l  bu t  no t  on copper.  S u h r m a n n  
et al. (27) observed  tha t  the  res i s tance  of t h in  
evapora ted  films of Ni, Fe, and  P t  increased  w h e n  
benzene  was  a l lowed to adsorb on t h e m  ind ica t ing  a 
r emova l  of e lect rons  f rom the me ta l  (cf. Di rec t ion  of 
dipole observed  in  this  work )  whi le  no such effect 
was observed  on gold and  copper. 

Free energy  el  adsorp t ion . - -The  adsorp t ion  of an 
organic  subs tance  f rom an  aqueous  solut ion m a y  be 
w r i t t e n  as the fo l lowing process 

Org(so l . )  ~ - n H 2 0 ( a d s ) ~ O r g ( a d s )  4 - n H 2 0 ( s o l )  
where  n is a size factor  equa l  to the  n u m b e r  of wa te r  
molecules  displaced by  one organic  molecule .  The 
e q u i l i b r i u m  cons tan t  for the above process r e fe r red  
to u n i t  mole  f rac t ion  of organic  or wa te r  in  so lu t ion  
and  on the  surface  is 

(Xo,,dD (X%,,o~) 
n = [15] 

(Xnw.ads) (X .... I) 

Hence,  one obta ins  for the s t a n d a r d  free ene rgy  of 
adsorp t ion  

[ 55.40 {O-t-n(1--O)} "-~ ] 
• ~  C o ( l - - 6 ) "  n ~ 

[16] 

where  the  mole f rac t ions  have  been  expressed  in 
t e rms  of concen t r a t i on  and  coverage 6 (1, 3). 

Us ing  Eq. [16] w i th  n = 6 for n a p h t h a l e n e  ad-  
sorbed flat on the  surface  and  n = 2 in  the  p e r p e n -  
d icu la r  case, the s t a n d a r d  free energies  of adsorp t ion  
were  ca lcu la ted  for all  systems. The va lue  at the  po-  
t en t i a l  of m a x i m u m  adsorp t ion  is g iven  in  Tab le  II, 
where  the  va lue  for p l a t i n u m  is the  average  of the  
va lues  in  acid and  a lka l ine  solut ions (8.6 and  8.2 
k c a l / m o l e  r e spec t ive ly ) .  

On Fe, Ni, and  Cu, AGa ~ as ca lcu la ted  f rom Eq. 
[16] is i n d e p e n d e n t  of coverage ind ica t ing  tha t  l a t -  
eral  in te rac t ions  are negl ig ib le  in  these  cases. 
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Fig. 7. Free energy of adsorption (AGa ~ of naphthalene on 
platin-m from 0.9N NaClO4, 0.iN HCI04, sel"tion in kcal/mele. 
o 2.5 x 10-6M Naphthalene; A, 5.0 x ]0-6M naphthalene; E], 
1.25 x 10-5M naphthalene; -I-, 5.0 x 10-5M naphthalene; X, 1.0 
x I 0 - 4 M  naphthalene. 

A n  a p p a r e n t  dependence  of AGa ~ on coverage or 
b u l k  concen t r a t i on  is observed  on  p l a t i n u m ,  pa r t i c -  
u l a r l y  f rom acid so lu t ion  (Fig. 7):  However ,  the  
free ene rgy  should be ca lcula ted  at cons tan t  charge 
on the electrode,  since the average  ene rgy  of the  
wa te r  dipoles at the in te r face  depends  on charge.  
W h e n  the adsorp t ion  process does no t  change  the po-  
t en t i a l  s igni f icant ly  (no shift  in  adsorp t ion  m a x i -  
m u m )  then  the charge var ies  l i n e a r l y  w i th  po ten t i a l  
(21) and  hence  AGa ~ w h e n  plot ted  on a po ten t ia l  
scale, should  st i l l  be i n d e p e n d e n t  of coverage in  the 
absence  of l a t e ra l  in te rac t ions .  

On p l a t i n u m  a s ignif icant  shift  in  the  adsorp t ion  
m a x i m u m  wi th  coverage is observed and  hence  a 
s imi la r  shift  occurs in  the  free ene rgy  curves  plot ted  
on a po ten t i a l  scale (Fig. 7). The curves  can be pu t  
on an a pp r ox i ma t e  charge scale by  sh i f t ing  t h e m  
along the po ten t i a l  scale u n t i l  the m i n i m a  coincide, 
which  reduces  the a p p a r e n t  concen t r a t i on  d e p e n d -  
ence at a g iven  po ten t i a l  to less t h a n  1 kcal,  which  is 
the e x p e r i m e n t a l  scat ter  observed  in  all  cases. 

Summary 
The adsorpt ion  of n a p h t h a l e n e  on Fe, Ni, Cu, and  

P t  electrodes f rom acid and  a lka l ine  solut ions  has 
been  d e t e r m i n e d  as a func t ion  of po ten t i a l  and  con-  
cen t r a t ion  us ing  a r a d i o - t r a c e r  technique .  

A po ten t i a l  of m a x i m u m  adsorp t ion  was observed,  
which  was  a lways  more  nega t ive  t h a n  the zero 
charge po ten t i a l  of the system. 

The  dependence  of the  adsorp t ion  on po ten t i a l  
arises f rom the field d e p e n d e n t  m e t a l - w a t e r  dipole 
in te rac t ion .  The difference b e t w e e n  the  po ten t i a l  of 
m a x i m u m  adsorp t ion  ex t r apo la t ed  to zero coverage 
and  the z.ch.p, was  i n t e r p r e t e d  on the  basis  of this 
model  as the  difference in  the  b i n d i n g  ene rgy  of a 
wa te r  molecule  in two or ien ta t ions ,  f avor ing  the  
o r i en ta t ion  wi th  the  oxygen  a tom towards  the metal .  
The dispersion interaction of water with the metal 
is greater in this orientation, since the electrons of 
water are then closer to the metal. Values of AUDisp 
calculated on this basis are of the right order of 
magnitude. This asymmetry of water may vary with 
the metal, since qualitatively the surface field of the 
metal may increase or decrease the water distortion. 
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Shifts  in  the  po ten t i a l  of m a x i m u m  adsorp t ion  
wi th  coverage,  p a r t i c u l a r l y  on p l a t i n u m ,  ind ica te  
some ~r-bonding of n a p h t h a l e n e  w i th  tha t  metal .  
N a p h t h a l e n e  adsorbs  pa ra l l e l  to the  surface on P t  
(close to m a x i m u m  coverage for tha t  o r i en ta t ion )  
and  p r o b a b l y  on Ni and  Fe  bu t  m u s t  adsorb pe r -  
pend i cu l a r  to the  surface  on Cu, since coverages of 
more  t han  a m o n o l a y e r  m u s t  o therwise  be assumed.  

The free ene rgy  of adsorp t ion  of n a p h t h a l e n e  was 
ca lcula ted  for each system. It was  found  to be 
rough ly  cons tan t  for all  me ta l s  bu t  wi th  a s l ight ly  
h igher  va lue  for  p l a t i num.  This suggests  tha t  the 
a m o u n t  of adsorp t ion  is d e t e r m i n e d  m a i n l y  by  the 
difference b e t w e e n  the  d ispers ive  in t e rac t ion  w i th  
the  me ta l  of organic  and  wa te r  (3) ,  w i th  some 
~r-bonding on p l a t i num.  

No signif icant  l a t e ra l  i n t e rac t ions  b e t w e e n  ad-  
sorbed molecules  were  observed.  
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Technical Notes 

Solid Solubility and Amphoteric Behavior 
of Tin in Solution Grown Gallium Phosphide 

F. A. Trumbore, M. Kowalchik, H. G. White, R. A. Logan, and C. L. Luke 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

The amphote r i c  behav io r  of group IV impur i t i e s  
in  I I I -V  compounds  has been  s tudied  by  a n u m b e r  
of authors ,  p a r t i c u l a r l y  for the impur i t i e s  g e r m a -  
n i u m  and  sil icon in  ga l l i um arsen ide  (1-5) .  In  the  
p re sen t  pape r  we consider  the case of t in  in ga l l i um 
phosphide  where  the  t in  m a y  subs t i tu te  on e i ther  a 
ga l l ium site or a phosphorus  site, thus  act ing as a 
donor  or an  acceptor,  respect ively .  Specifically, a 
t h e r m a l  g r ad i en t  t e chn ique  has been  used  to grow 
ga l l i um phosphide  crysta ls  f rom mel ts  of composi -  
t ions  ly ing  a long the  p s e u d o b i n a r y  S n - G a P  l iqu idus  

curve  in  the r ange  f rom abou t  784 ~ to 1085~ 
Chemica l  analyses  a nd  surface  ba r r i e r  capac i tance  
da ta  ind ica te  solid solubi l i t ies  of 1-2 x 10 TM a t o m s /  
cc and  (ND//VA) rat ios  of b e t w e e n  2 and  3 for t in  
in  ga l l i um phosphide  u n d e r  the  p resen t  g rowth  con-  
dit ions.  The d i s t r i bu t i on  coefficient of t in  in  ga l l ium 
phosphide  increases  w i th  t e m p e r a t u r e  in  a m a n n e r  
s imi la r  to tha t  observed  for t in  in  silicon. 

Experimental 
The method  and  p rocedure  used for the  g rowth  of 

the crysta ls  i nvo lved  the  sealed t ube  t h e r m a l  g ra -  
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d ien t  t e chn ique  used p r ev ious ly  (6) for the  g rowth  
of t i n - d o p e d  g e r m a n i u m  and  silicon. The  ga l l i um 
phosphide  source m a t e r i a l  was  boa t  g rown  or float- 
ing zone m a t e r i a l  ob ta ined  e i ther  f rom Merck  or 
from L. Derick of these Laboratories. In the four 
experimental runs the thermal gradients were typi- 
cally on the order of 2~176 and growth times 
ranged from 4 to 7 weeks. Large grained samples, of 
the order of a cubic centimeter in volume, were 
obtained. 

Surface barrier capacitance measurements were 
carried out on these samples using a technique de- 
scribed previously (7). By comparison with Hall 
effect measurements as a function of temperature, 
this method has been shown (7) to be an accurate 
and relatively simple way to determine the net 
impurity concentration (ND--NA) over the range of 
values encountered here. In order to check the pos- 
sibility that either precipitation of tin or redistribu- 
tion of tin on the gallium and phosphorus sites was 
present, one sample was heated to about 1000~ 
and quenched in the manner described previously 
(8) for germanium. No change in (N~--NA) was 
observed. 

The samples were analyzed chemically for the 
total tin concentration. Prior to analysis the sam- 
ples were crushed and digested in hot conc HCI to 
remove any occluded tin. [Previous work (9) on 
aluminum and gallium in germanium, where a di- 
rect check b e t w e e n  e lect r ical  and  chemical  data  
was possible, indica tes  t ha t  w i th  appropr i a t e  care 
the effect of occluded i m p u r i t y  can  be e l im ina t ed  
in  crysta ls  g rown  b y  the  t h e r m a l  g rad ien t  method . ]  
The  ana ly t i ca l  p rocedure  invo lved  so lu t ion  of the  
powdered  ga l l i um phosphide  in  a H20-HNOs-H2SO~ 
(2: 1: 1) m ix tu re ,  r emova l  of the  HNOa by  evapora -  
t ion to whi te  fumes  and  p rec ip i t a t ion  of the  t in  
as the sulfide w i th  added  copper  as co-prec ip i tan t .  
The a m o u n t  of t in  was  t h e n  d e t e r m i n e d  b y  the  
pho tomet r i c  pheny l f luorone  me thod  (10).  In  these 
analyses  pa r t i cu l a r  care was  t a k e n  to ca r ry  out  the 
sulfide p rec ip i t a t ion  f r o m  a s t rong  acid so lu t ion  and  
to develop the colored pheny l f luorone  complex  at 
a sufficiently low pH to p r e v e n t  i n t e r f e r ence  by  
traces of ga l l i um or copper. 

Results and Discussion 

In  the  i n t e r p r e t a t i o n  of the chemical  and  capaci-  
t ance  data,  it is a s sumed  tha t  e lec t r ica l ly  act ive i m-  
pur i t i es  or imper fec t ions  o ther  t h a n  t in  are p resen t  
in neg l ig ib le  amoun t s  I and,  fo l lowing  W h e l a n  et al. 
(2) ,  tha t  the  t in  a toms are r a n d o m l y  d i s t r ibu ted  on 
the ga l l i um and  phosphorus  sites. Thus,  (N~--NA) 
is a ssumed  to be the excess of t in  a toms on ga l l i um 
sites over  those on phosphorus  sites and  (ND+NA) 
is a s sumed  to be equa l  to the to ta l  t i n  concent ra t ion .  
The resul t s  of the photomet r ic  (ND+NA) a nd  the 
capaci tance  (ND--NA) m e a s u r e m e n t s  (a l l  samples  
were  n - t y p e )  are  s u m m a r i z e d  in  Tab le  I a long wi th  
the g rowth  t e m p e r a t u r e s  and  ca lcula ted  va lues  of 
ND/NA. The accuracy  of the chemical  ana lyses  is 
be l ieved  to be be t t e r  t h a n  ___10% of the to ta l  t in  

1 Q u a l i t a t i v e  spec t roscopic  ana ly se s  i n d i c a t e d  s i l i con  to  be  the  
m a j o r  c o n t a m i n a n t  i n  t he se  crys ta ls ,  as expec t ed  f r o m  the  fac t  t h a t  
the  c rys ta l s  w e r e  g r o w n  in  s i l i ca  tubes .  Q u a n t i t a t i v e  p h o t o m e t r i c  
ana ly se s  i n d i c a t e d  a s i l i con  c o n c e n t r a t i o n  of  l e ss  t h a n  H I  X 10~ 
a toms /cc ,  the  l imit  o f  s e n s i t i v i t y  o f  t h e  m e t h o d .  

Table I. Summary of capacitance and chemical data* 

(ND ~ /irA) (ND + NA) 
Temp. ~ (capacitance) (chemical) ND/NA 

784 • t0 (6.3 + 3.1) X 10 TM 1.22 X 1019 3.~ 
950 _ 10 6.2 X 10 TM 1.34 >< 1019 2.7 

1070 • 15 (6.3 + 0.25) X 10 is 1.59 X 10 TM 2.s 
1085 _ 20 (8.6 _+ 1.6) X 10 TM 1.63 X 1019 3.2 

* A l l  c o n c e n t r a t i o n s  a re  a t o m s / c c .  

concent ra t ion .  The unc e r t a i n t i e s  quoted  in  Tab le  I 
for (ND--NA) are  the  m e a n  dev ia t ions  of a n u m b e r  
of m e a s u r e m e n t s  on tha t  sample  (except  for the 
crys ta l  g rowth  at  950~ on wh ich  on ly  one meas -  
u r e m e n t  was m a d e ) .  The  r e l a t i ve ly  la rge  scat ter  
in  some of the  caPaci tance  da ta  is p r o b a b l y  due to 
local inhomogene i t i e s  i n  the  samples  such as oc- 
clusions or cracks r a the r  t h a n  ac tua l  concen t ra t ion  
f luctuat ions.  2 

By c ombi n i ng  the  resul t s  of the chemica l  ana lyses  
w i th  R u b e n s t e i n ' s  da ta  (11) for the  p s e u d o b i n a r y  
S n - G a P  l iqu idus  curve,  we  m a y  calcula te  the  v a r i a -  
t ion  of the d i s t r i bu t i on  coefficient, k, for t i n  in  ga l -  
l i u m  phosphide  as a f unc t i on  of t e m p e r a t u r e  a long 
this  l iqu idus  curve.  (Here  k is defined as k = x S / x  L 
where  x s and  x L are  the  a tom f rac t ions  of t i n  in  the  
solidus and  l i qu idus  alloys, r e spec t ive ly ) .  The usua l  
log k vs. 1 /T  plot  is shown  in  Fig. 1. I t  is seen tha t  
k rises wi th  t e m p e r a t u r e  in  a n o n l i n e a r  fashion  
s imi la r  to the  behav io r  observed  for  t in  in  s i l icon 
(6) ,  which  has n e a r l y  the same la t t ice  cons tan t  as 
ga l l i um phosphide  and  also mel t s  b e t w e e n  1400 ~ 
and  1500~ In  fact, in  the  t e m p e r a t u r e  r ange  
s tudied,  the  solid so lub i l i ty  of t i n  in  ga l l i um phos-  
phide  is on ly  abou t  a factor  of th ree  lower  t h a n  the 
so lub i l i ty  in  silicon. 

The  ques t ion  n a t u r a l l y  arises as to w h e t h e r  or 
no t  the  d i s t r i bu t i on  coefficients ob ta ined  here cor-  
r espond  to e q u i l i b r i u m  values .  The presence  of la rge  

2 I t  is  of i n t e r e s t  t h a t  t h e  s a m p l e  g r o w n  a t  1O7O~ w a s  p a r t  of a 
r u n  c o n t a i n i n g  f o u r  o t h e r  c rys t a l s  g r o w n  f r o m  g a l l i u m - r i c h  so lu -  
t ions .  D u p l i c a t e  capac i t ance  m e a s u r e m e n t s  on each  of  t he se  c rys-  
ta l s  ag reed  to  w i t h i n  b e t t e r  t h a n  +__5-10% a n d  t h e  op t i c a l  q u a l i t y  of 
t h i s  g r o u p  of  c ry s t a l s  a p p e a r e d  s i g n i f i c a n t l y  b e t t e r  t h a n  fo r  t h e  
o the r  c rys t a l s  l i s t ed  i n  Tab le  I .  Thus ,  the  v a l u e  of  (ND -- /VA) for  
t h e  1070~ c ry s t a l  i n  Tab le  I is  c o n s i d e r e d  to  be p a r t i c u l a r l y  
re l i ab le .  

10-E 

~9 

8 

a~ 
10_3 

E, 

, ~ S ~  

Fig. 1. Comparison of log k vs. i /T  plots for the Sn-GoP and 
Sn-Si systems. The experimental points are calculated from the 
data in Table I and Rubenstein's liquidus data from ref. (11). The 
Sn-Si plot is from ref. (6). 
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face t  effects (12) in  I I I - V  c o m p o u n d s  is w e l l  known .  
H o w e v e r ,  as d i scussed  b y  Banus  and  Ga tos  (13) 
for  i n d i u m  a n t i m o n i d e ,  t h e r e  is a dec rea se  in t he  
m a g n i t u d e  of the  face t  effect w i t h  i nc r ea s ing  i m -  
p u r i t y  concen t r a t ion .  A s im i l a r  effect  in  g e r m a n i u m  
is i m p l i e d  b y  t h e  f a i l u r e  to obse rve  a face t  effect  in 
c ry s t a l s  g r o w n  f r o m  me l t s  d o p e d  v e r y  h e a v i l y  w i t h  
a n t i m o n y  (14) .  The  a s s u m p t i o n  of e q u i l i b r i u m  
g r o w t h  cond i t ions  is, t he re fo re ,  t h o u g h t  to be  r e a -  
sonab le  in t he  absence  of d a t a  to t he  c o n t r a r y .  

The  c a l c u l a t e d  va lue s  of (ND/NA) of b e t w e e n  2 
and  3 ind ica t e  a s t r ong  p r e f e r e n c e  of t he  t in  for  t he  
g a l l i u m  site.  This  is cons i s t en t  w i t h  t he  b e t t e r  m a t c h  
b e t w e e n  the  g a l l i u m  a n d  t in  t e t r a h e d r a l  r a d i i  as 
c o m p a r e d  to t he  p h o s p h o r u s  a n d  t in  r a d i i  (15) .  
The  s c a t t e r  in  t he  c a p a c i t a n c e  d a t a  is suff icient  to 
obscure  a n y  t r e n d  in  (ND/NA) w i t h  t e m p e r a t u r e  or  
m e l t  compos i t ion .  F u r t h e r  e x p e r i m e n t s  a r e  in p r o g -  
ress  to o b t a i n  such d a t a  for  t in  as w e l l  as for  o t h e r  
g r o u p  IV i m p u r i t i e s  in g a l l i u m  phosph ide .  

Manuscr ip t  rece ived  May  16, 1963; rev ised  m a n u -  
script  received Jan.  13, 1964. 

A n y  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1964 
J O U R N A L .  
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Growth of (Gaxln _x)As Single Crystals 
by Vapor Phase Reaction 

Richard Sirrine 

Lincoln Laboratory, 1 Massachusetts Institute of Technology, Lexington, Massachusetts 

The  e p i t a x i a l  g r o w t h  of s ing le  c r y s t a l  I I I - V  c o m -  
p o u n d s  b y  the  ha logen  d i s p r o p o r t i o n a t i o n  m e c h -  
a n i s m  in b o t h  open and  c losed sys t ems  has  been  r e -  
p o r t e d  b y  a n u m b e r  of peop l e  (1 -4 ) .  The  n o n s e e d e d  
g r o w t h  of p o l y c r y s t a l s  has  been  d i scussed  b y  H o l o n -  
y a k  and  c o - w o r k e r s  (5 ) .  This  no te  dea l s  w i t h  
the  n o n s e e d e d  g r o w t h  of s ingle  m i x e d  c r y s t a l s  
( G a x I n l - x ) A s  g r o w n  b y  the  ha logen  v a p o r  t r a n s -  
po r t  m e c h a n i s m  in a c losed  sys tem.  

T h e r e  is c o n s i d e r a b l e  a d v a n t a g e  to g r o w i n g  
m i x e d  s ing le  c rys t a l s  in the  c losed  t ube  process .  The  
m a t e r i a l  can  be  h o m o g e n i z e d  b y  t r a n s p o r t i n g  s e v -  
e r a l  t imes  be fo re  t he  f inal  c r y s t a l  is g rown.  The  
c r y s t a l  g r o w s  w i th  la rge ,  a t o m i c a l l y  flat  faces,  
wh ich  a r e  su i t ab l e  for  i n j ec t ion  l a se r  f a b r i c a t i o n  
w i t h o u t  po l i sh ing .  

C r y s t a l s  g r o w n  b y  th is  m e t h o d  w i t h o u t  spec ia l  
p r e c a u t i o n s  n u c l e a t e  at  a n u m b e r  of p laces  on the  
q u a r t z  w a l l  and  g r o w  i n w a r d ,  e v e n t u a l l y  f o r m i n g  a 
sol id  p o l y c r y s t a l l i n e  ingot .  In  o r d e r  to g r o w  s ing le  
c rys t a l s  w i t h o u t  a seed  the  in i t i a l  n u c l e a t i o n  m u s t  
be  con t ro l l ed  and  the  e n v i r o n m e n t  m u s t  be  such 
t h a t  the  c r y s t a l  g r o w s  out  t o w a r d  the  q u a r t z  wal l .  
The  s teps  n e c e s s a r y  to h a v e  th is  h a p p e n  are :  

1. In  o r d e r  to k e e p  the  a r e a  of i n i t i a l  n u c l e a t i o n  
smal l ,  the  r e a c t i o n  vesse l  is d r a w n  d o w n  to a p o i n t  

1 O p e r a t e d  w i t h  s u p p o r t  f r o m  t h e  U.S.  A i r  Force .  

which  is connec t ed  to a h e a t  s ink.  In  d r a w i n g  the  
qua r t z  t u b e  to a point ,  t he  w a l l  is t h i n n e d  d o w n  
to r e d u c e  the  t h e r m a l  conduc t ion  a long  the  wal l .  

2. In  o r d e r  to keep  the  r e a c t i o n  as close to e q u i -  
l i b r i u m  as poss ib le  b u t  s t i l l  m a i n t a i n  t r a n s p o r t ,  the  
r eac t i on  vesse l  is p l a c e d  in  a t e m p e r a t u r e  g r a d i e n t  
such t ha t  the  t i p  is on ly  10~176 b e l o w  the  source  
t e m p e r a t u r e .  W i t h  such  a s m a l l  t e m p e r a t u r e  d i f -  
fe rence ,  i t  is v e r y  n e c e s s a r y  t ha t  t he  f u r n a c e  have  
a u n i f o r m  t e m p e r a t u r e  in a p l a n e  p e r p e n d i c u l a r  to 
the  axis  of the  r e a c t i o n  vessel .  This  is a c c o m p l i s h e d  
in t he  f u r n a c e  b y  c e n t e r i n g  a s m a l l  d i a m e t e r  M u l -  
l i te  t u b e  on the  ax i s  of  t he  f u r n a c e  and  se l ec t ing  the  
q u a r t z  t u b i n g  such t h a t  a snug fit ex i s t s  b e t w e e n  the  
r e a c t i o n  vesse l  and  t h e  i n n e r  w a l l  of the  Mul l i t e  
tube .  

3. In  o r d e r  to k e e p  the  p a r t i a l  p r e s s u r e  of the  
n o r m a l  h a l i d e  m u c h  l a r g e r  t h a n  the  p a r t i a l  p r e s s u r e  
of t he  subha l ide ,  t he  source  t e m p e r a t u r e  is chosen  
such t ha t  the  n o r m a l  h a l i d e  is t he  d o m i n a n t  m e m -  
ber ,  and  a r e l a t i v e l y  l a rge  a m o u n t  of ch lo r ine  is 
used.  

The  g e n e r a l  p r o c e d u r e  is as fo l lows :  t he  de s i r ed  
a m o u n t s  of G a A s  a n d  InAs,  u n d o p e d  p o l y c r y s t a l l i n e  
m a t e r i a l ,  a r e  p l a c e d  in a r e a c t i o n  vesse l  such  as 
shown  in Fig.  l a  a long  w i t h  a f ew  m i l l i g r a m s  of As  
and  a dopan t ,  u s u a l l y  Se. The  vesse l  is connec t ed  to 
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Fig. 1. (a) Reaction vessel and (b) temperature profile of furnace. 
The reaction vessel is positioned for growing single crystals. 

Fig. 2. Photograph of (Gao.951no.os)As single crystal inside re- 
action vessel. 

a v a c u u m  s y s t e m  a n d  p u m p e d  d o w n  to approxi--  
m a t e l y  10 -6 Torr ,  b a c k  f i l led w i t h  C12, and  sea led  
off. As  s h o w n  in the  f igure  foi l  ( s i l ve r  or  p l a t i n u m )  
is w r a p p e d  a r o u n d  the  q u a r t z  cane.  The  vesse l  is 
p l a c e d  in a f u r n a c e  w i t h  a prof i le  as s h o w n  in 
Fig.  lb .  

F i g u r e  2 shows  a c r y s t a l  (Ga0.95In0.05)As, g r o w n  
acco rd ing  to the  a b o v e  discuss ion.  The  c rys t a l ,  
w h i c h  was  loose ly  b o n d e d  to t he  qua r t z ,  has  been  
m o v e d  b a c k  f r o m  the  t ip  b y  gen t l e  t app ing .  The  
c r y s t a l  was  p h o t o g r a p h e d  w h i l e  s t i l l  in t he  q u a r t z  
vesse l  and  the  spots  seen  on the  top  face  a r e  ac -  
t u a l l y  on the  quar tz .  This  c r y s t a l  r e q u i r e d  115 h r  

Fig. 3. Photograph of an "as grown" (Gao.971no.o3)As crystal 

for  g rowth .  F i g u r e  3 shows a n o t h e r  c r y s t a l  
(Ga0.97In0.03)As g r o w n  in a d i f fe ren t  f u r n a c e  in  a 
72 -h r  pe r iod .  The  p h o t o g r a p h  is an  "as  g r o w n "  p i c -  
t u r e  of  the  c r y s t a l  and  d e m o n s t r a t e s  h o w  the  c r y s t a l  
g r o w s  out  t o w a r d  the  q u a r t z  wal l .  The  top  face, one 
j u s t  l i ke  i t  on the  o t h e r  s ide  of the  c rys t a l ,  and  the  
end  face  a r e  a l l  (111) faces.  The  fas t  g r o w i n g  d i -  
r ec t ion  is in t he  (111) p lane ,  and  the  s low g r o w i n g  
d i r ec t i on  is the  < 1 1 1 >  d i rec t ion .  The  c r y s t a l  g rows  
" u p "  the  t e m p e r a t u r e  prof i le  u n t i l  the  t h e r m a l  con-  
duc t ion  is i n a d e q u a t e  to m a i n t a i n  a sufficient  t e m -  
p e r a t u r e  d i f fe rence  for  depos i t i on  on the  h i g h - t e m -  
p e r a t u r e  s ide  b u t  con t inues  to g r o w  in t h i ckness  
u n t i l  the  source  m a t e r i a l  is exhaus t ed .  The  l ine  on 
the  top  face  also a p p e a r s  on the  o the r  s ide  and  i n d i -  
ca tes  t h a t  t he  c r y s t a l  is t w i n n e d .  

These  compos i t ions  w e r e  chosen  in  t he  sea rch  for  
i n j e c t i o n  l a se r s  a t  8800A, a w a v e l e n g t h  d e s i r e d  to 
p u m p  a N d  +8 C a F  laser .  A s ingle  c r y s t a l  of 
(Ga0.20In0.s0)As has  been  g r o w n  w h i c h  p r o d u c e d  
c o h e r e n t  l i gh t  a t  2.4#. 

Manuscr ip t  received Dec. 12, 1963. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ ished in the December  1964 
JOURNAL. 
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Photorectifiers with Agar Gel Contacts 
Karen E. Plain and Richard H. Bube 

Department of Materials Science, StanSord University, Stanford, California 

S e v e r a l  d i f fe ren t  t y p e s  of pho to rec t i f i e r s  h a v e  
been  d e s c r i b e d  in r e c e n t  yea r s .  Reyno lds ,  Greene ,  
and  A n t e s  (1)  de sc r ibe  a p h o t o d i o d e  cons i s t ing  of 
a h i g h - c o n d u c t i v i t y  CdS c r y s t a l  w i t h  one ohmic  in -  
d i u m  e l ec t rode  and  one r e c t i f y i n g  d i f fused  coppe r  
e lec t rode .  P h o t o e x c i t a t i o n  of the  r e c t i f y i n g  j u n c -  
t ion  dec reases  t he  r e v e r s e  r e s i s t ance  of the  cell ,  
and  rec t i f i ca t ion  r a t io s  of the  o r d e r  of 20 or  m o r e  
a re  o b t a i n e d  for  low vo l t ages ;  the  o p e r a t i n g  r a n g e  

of such  a cel l  is for  a p p l i e d  vo l t ages  less  t h a n  abou t  
2v. A r a d i c a l l y  d i f fe ren t  t y p e  of pho to rec t i f i e r  is 
d e s c r i b e d  b y  v a n  S a n t e n  and  D i e m e r  (2)  us ing  a 
CdS p h o t o c o n d u c t i n g  p o w d e r  d i s p e r s e d  in  a d i e l ec -  
t r ic  (3) .  This  t y p e  of pho to rec t i f i e r  is effect ive  on ly  
for  a l t e r n a t i n g  and  not  for  d i r ec t  cu r r en t s ,  and  has  
an  o p e r a t i n g  r a n g e  in t he  h u n d r e d s  of vol ts .  This  
no te  desc r ibes  a n o t h e r  t y p e  of pho to rec t i f i e r  e m -  
p loy ing  pho tosens i t i ve  s ing le  c rys t a l s  of CdS  or  
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Fig. 1. Current vs. voltage characteristics of CdS single crystal 
with ohmic indium electrode and blocking agar gel electrode, in 
the dark and for illumination by microscope lamp. Voltage positive 
means indium electrode negative. 
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Fig. 2. Current vs. voltage characteristics of GaAs single crystal 
with ohmic indium electrode and blocking agar gel electrode, in 
the dark and for illumination by microscope lamp. Voltage positive 
means indium electrode negative. 

GaAs, and  an  e lect rolyt ic  agar  gel b locking  con-  
tact. Such a sys tem is capable  of g iv ing  rect i f icat ion 
rat ios  of 20 to 50 or higher ,  wi th  pho tocu r ren t s  in  
the fo rward  d i rec t ion  of tens  or even  h u n d r e d s  of 
mi l l i amps ,  over  an opera t ing  r ange  of at least  20v. 

Wi l l i ams  (4) has m a d e  ex tens ive  use of an  e lec-  
t ro ly t ic  KC1 aqueous  solut ion as a b locking  contac t  
and  has also discussed the photochemica l  processes 
in  the  Becquere l  effect i nvo lv ing  such contacts  (5) .  
The photorect if iers  descr ibed in this note  were  con-  
s t ruc ted  wi th  one me l t ed  i n d i u m  ohmic contact ,  and  
wi th  a b lock ing  contact  consis t ing of a stiff agar  
gel, 4% agar  in  0.1M KC1, which  has e lect r ical  
proper t ies  s imi la r  to those of a KC1 solution.  

Table I. Photorectifier cell characteristics 

F o r w a r d  resis tance,  Reverse  resis tance,  
ohms ohms 

D a r k  L igh t  D a r k  L i g h t  

CdS 10 s 200 10 s 104 
GaAs 2000 70 2000 2000 

Typica l  curves  for an  n - t y p e  CdS s ingle  crys ta l  
are  g iven  in  Fig. i and  for an n - t y p e  GaAs  s ingle  
crys ta l  in  Fig. 2, for opera t ion  at room t e m p e r a t u r e  
in  the da rk  and  u n d e r  a microscope lamp.  F o r w a r d  
and  reverse  res is tances  of these two cells, m e a n i n g -  
ful  quan t i t i e s  for appl ied  vol tages g rea te r  t h a n  
abou t  2v, are s u m m a r i z e d  in  Tab le  I. 

The CdS crys ta l  shows a d a r k - t o - l i g h t  res is tance  
ra t io  in  the  fo rward  d i rec t ion  of a lmost  106 and  a 
rect i f icat ion ra t io  of about  50. U n f o r t u n a t e l y  a 
photochemica l  reac t ion  in  the  fo rward  d i rec t ion  (5) 
causes decomposi t ion  of the  CdS crystal .  The  GaAs 
crys ta l  was somewha t  more  conduc t ing  in  the dark,  
bu t  sti l l  shows a rect i f icat ion ra t io  of abou t  30. No 
photochemica l  r eac t ion  in  the  fo rward  d i rec t ion  (5) 
occurs for the  GaAs,  and  its opera t ion  is unaf fec ted  
by  the  passage of t ime. These va lues  r ep re sen t  t y p -  
ical easi ly  ob ta ined  m a g n i t u d e s  and  should  not  be 
cons t rued  to be the resu l t  of a n y  ex tens ive  a t t emp t  
to opt imize pa ramete r s .  

The po la r i ty  of the appl ied  vol tage  for the  for-  
w a r d  di rec t ion in  these cells is for the ohmic i n -  
d i u m  electrode nega t ive ,  cons is ten t  wi th  the model  
of a pho toconduc tor  wi th  h igh  gain  d e p e n d i n g  on 
the ab i l i ty  of the cathode to r ep len i sh  e lect rons  
d r a w n  out at the anode. In  the  reverse  d i rec t ion  
a nd  n e a r  zero appl ied  voltage,  the photovol ta ic  
effects descr ibed by  Wi l l i ams  are s ignif icant  (5) .  

A c k n o w l e d g m e n t  
Crys ta l s  used in  this  s t udy  were  ava i lab le  t h rough  

the cour tesy  of the  RCA Labora tor ies .  

Manuscript  received Jan. 1, 1964. Work sponsored 
par t ia l ly  by the National  Science Foundat ion  for one 
author (K.E.P.) and by the Advanced Projects Re- 
search Agency of the Defense Depar tment  through the 
Center for Materials Research at Stanford University.  

A ny  discussion of this paper will appear in  a Discus- 
sion Section to be published in the December 1964 
JOURNAL.  
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The Hall Effect-Seebeck Effect Sign Anomaly 
in Semiconducting Glasses 

A. David Pearson 
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P e c k  and  D e w a l d  (1)  have  r e p o r t e d  H a l l  effect 
and  c o n d u c t i v i t y  d a t a  on s e m i c o n d u c t i n g  g lasses  
f rom the  s y s t e m  a r s e n i c - t e l l u r i u m - i o d i n e .  A m o n g  
the  r e su l t s  t h a t  t h e y  n o t e d  was  t h a t  a l l  t h e  s a m p l e s  
tes ted ,  r e g a r d l e s s  of  c h e m i c a l  compos i t ion ,  s h o w e d  
n - t y p e  s e m i c o n d u c t i v i t y .  H o w e v e r ,  s u b s e q u e n t  S e e -  
beck  effect  m e a s u r e m e n t s  on s a m p l e s  of the  s ame  
compos i t ions  i n d i c a t e d  t ha t  t h e y  w e r e  p - t y p e  s e m i -  
conduc tors .  S i m i l a r  a n o m a l i e s  b e t w e e n  the  s ign  of 
t he  H a l l  effect  a n d  S e e b e c k  effect  in s e m i c o n d u c t i n g  
g lasses  h a v e  been  n o t e d  b y  K o l o m i e t s  and  N a z a r o v a  
(2)  on m a t e r i a l s  f r o m  the  s y s t e m  a r s e n i c - t e l l u r i u m -  
s e l e n i u m - t h a l l i u m ,  and  b y  Uphoff  and  H e a l y  (3)  
on g lasses  f r o m  the  s y s t e m  a r s e n i c - t e l l u r i u m - s e l e n -  
ium.  The  w o r k  r e p o r t e d  he re  was  u n d e r t a k e n  in an  
a t t e m p t  to d i scove r  the  source  of th is  a n o m a l y ,  a 
n e c e s s a r y  p r o c e d u r e  be fo re  a n y  i n t e r p r e t a t i o n s  
cou ld  be  m a d e  b a s e d  on H a l l  effect or  S e e b e c k  effect  
d a t a  in  t hese  glasses .  

T h e r e  a r e  s e v e r a l  poss ib le  sources  for  an  a n o m a l y  
such as d e s c r i b e d  above .  One w o u l d  be  a two  c a r -  
r i e r  s emiconduc to r ,  s ince  the  b a n d  t h e o r y  on ly  d e -  
m a n d s  t h a t  t he  s igns  of t he  H a l l  and  S e e b e c k  effects 
be  t he  s a m e  for  a one  c a r r i e r  sys tem.  A n o t h e r  p o s -  
s i b i l i t y  is tha t ,  s ince  t he  c a r r i e r  mob i l i t i e s  a r e  so 
low in these  m a t e r i a l s  [ P e c k  and  D e w a l d  (1)  r e p o r t  
a f ew  p a r t s  x 10 -2 c m 2 / v o l t - s e c ] ,  t he  conduc t ion  
p rocess  m a y  be  c a r r i e d  out  b y  m e a n s  of a h o p p i n g  
m e c h a n i s m  in w h i c h  the  m e a n  f r ee  p a t h  of t he  
cha rge  c a r r i e r s  is c o m p a r a b l e  to t he  i n t e r a t o m i c  d i s -  
t a n c e  in  t he  m a t e r i a l .  This  sor t  of p rocess  is no t  y e t  
we l l  enough  u n d e r s t o o d  to be  ab le  to say  w i t h  ce r -  
t a i n t y  w h e t h e r  or  not  t he  s igns  of the  Ha l l  effect 
and  S e e b e c k  effect  shou ld  be  t he  same.  A t h i r d  p o s -  
s i b i l i t y  is t h a t  t h e  b a n d  t h e o r y  does not  a p p l y  to 
the  s e m i c o n d u c t i n g  g lasses  at  al l .  T h e y  l a c k  the  
o r d e r e d  c r y s t a l l i n e  l a t t i ce  on w h i c h  the  b a n d  t h e o r y  
is based .  T h e r e  is a f o u r t h  poss ib i l i t y ,  w h i c h  i t  was  
fe l t  shou ld  be  i n v e s t i g a t e d  be fo re  se r ious  c o n s i d e r a -  
t ion  of t he  p r e v i o u s l y  m e n t i o n e d  ones.  This  is t he  
effect of second phases .  Wolfe ,  W e r n i c k ,  and  Haszko  
(4)  have  f o u n d  an  a n o m a l o u s  H a l l  effect and  S e e -  
beck  effect in  s i lve r  a n t i m o n y  t e l lu r ide ,  w h i c h  
t u r n e d  ou t  to be  due  to the  p r e s e n c e  of a second  
phase  cons i s t ing  of s i lve r  t e l l u r ide .  

Seebeck efJect investigation.--A ser ies  of a r s e n i c -  
t e l l u r i u m - i o d i n e  s e m i c o n d u c t i n g  glasses  in sea l ed  
fused  s i l ica  a m p o u l e s  was  q u e n c h e d  f rom 600~ 

to r o o m  t e m p e r a t u r e .  The  S e e b e c k  coefficients of 
the  s a m p l e s  thus  o b t a i n e d  w e r e  m e a s u r e d  at  r oom 
t e m p e r a t u r e  a n d  r a n g e d  f r o m  + 9 4 0  to +1200  t , v / ~  
d e p e n d i n g  on  compos i t ion .  The  ease  of dev i t r i f i c a -  
t ion  of these  g lasses  h a d  a l r e a d y  been  n o t e d  a n d  r e -  
p o r t e d  on s a m p l e s  w h i c h  h a d  been  h e l d  a l i t t l e  a b o v e  
t h e i r  so f t en ing  t e m p e r a t u r e s  (5) .  So the  p o s s i b i l i t y  
e x i s t e d  t ha t  s a m p l e s  he ld  at  s o m e w h a t  h i g h e r  t e m -  
p e r a t u r e s  m i g h t  con ta in  c rys t a l s  even  t h o u g h  no t  
r e a d i l y  v is ib le .  A second  ser ies  of g lasses  h a v i n g  
the  s ame  compos i t ions  as the  first  w e r e  t h e r e f o r e  
e q u i l i b r a t e d  a t  400~ a n d  q u e n c h e d  to r o o m  t e m -  
pe ra tu r e .  Two  of these  s a m p l e s  a p p e a r e d  c r y s t a l l i n e  
even  to t he  n a k e d  eye  w h i l e  the  res t  a p p e a r e d  glassy .  
S e e b e c k  coefficients of the  g l a s sy  s a m p l e s  had  d e -  
c r eased  s o m e w h a t  f r o m  t h e i r  o r ig ina l  va lues ,  w h i l e  
t he  coefficients of the  two  g ros s ly  c r y s t a l l i n e  s a m -  
p les  h a d  d r o p p e d  to less  t h a n  10 # v / ~  a l t h o u g h  
t h e y  w e r e  s t i l l  pos i t ive .  The  e l ec t r i ca l  r e s i s t iv i t i e s  
of these  two  s a mp le s  had  also d r o p p e d  b y  s e v e r a l  
o rde r s  of m a g n i t u d e .  These  d a t a  a re  cons i s t en t  w i t h  
an  n - t y p e  c r y s t a l l i n e  p h a s e  p r e c i p i t a t i n g  f rom a p -  
t y p e  s e m i c o n d u c t i n g  g la s sy  m a t r i x .  

P r e v i o u s  x - r a y  d i f f r ac t ion  i nves t i ga t i ons  of d e -  
v i t r i f i ed  g lasses  f r o m  th is  s y s t e m  have  s h o w n  the  
p r e s e n c e  of a r sen ic  a n d  a r sen ic  t e l l u r i d e  in the  
c r y s t a l l i n e  p h a s e  (5) .  P r e s u m a b l y  these  c rys t a l s  
w o u l d  not  be  pure ,  b u t  w o u l d  con ta in  excess  a r -  
senic,  t e l l u r i u m ,  or  iodine.  A r s e n i c  t e l l u r i d e  d o p e d  
w i t h  iod ine  or  t e l l u r i u m  has  a l r e a d y  been  r e p o r t e d  
to be  n - t y p e  (6) .  These  two  compos i t ions ,  a long  
w i t h  t he  o t h e r  t h r e e  poss ib le  second phases ,  t h a t  
is a r sen ic  d o p e d  w i t h  t e l l u r i u m  or  iodine ,  ( in  1% 
excesses ) ,  a n d  a r sen i c  t e l l u r i d e  d o p e d  w i th  1% 
excess  a r sen ic  w e r e  t h e r e f o r e  p r e p a r e d  s e p a r a t e l y  
and  e x a m i n e d  w i t h  ho t  and  cold  p robes .  N - t y p e  
c o n d u c t i v i t y  r eg ions  w e r e  d e t e c t e d  in the  a r sen ic  
t e l l u r i d e  d o p e d  w i t h  excess  a r sen ic  or  t e l l u r i um.  
A r s e n i c  t e l l u r i d e  doped  w i t h  excess  arsenic ,  t e l -  
l u r i um,  or  iod ine  w o u l d  t h e r e f o r e  a p p e a r  to be  a 
r e a s o n a b l e  pos s ib i l i t y  for  t he  second  phase ,  if such 
is the  cause  of the  Ha l l  e f f e c t - S e e b e c k  effect  a n o m -  
a ly .  

P r e v i o u s  e x a m i n a t i o n  of po l i shed  and  e t ched  s u r -  
faces  of s e m i c o n d u c t i n g  g lasses  f r o m  the  s y s t e m  
a r s e n i c - t e l l u r i u m - i o d i n e  b y  m e a n s  of o r d i n a r y  l a b -  
o r a t o r y  mic roscopes  h a d  no t  r e v e a l e d  a n y  i n h o m o -  
gene i t i e s  in  t he  samples .  I t  was  t h e r e f o r e  dec ided  to 
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Fig. 1. Electron micrograph of As-Te-I glass (4 a/o I), polished 
and etched surface, two-step replica technique. 

Fig. 3. Electron micrograph of TI2SeAs2Te3 glass, fresh fracture 
surface, direct replica technique. 

Fig. 2. Electron micrograph of As-Te-I glass (20 a/o I), polished 
and etched surface, two-step replica technique. 

c a r r y  out  an  e l ec t ron  mic roscope  i n v e s t i g a t i o n  of 
t he se  ma te r i a l s .  F i g u r e  1 shows  an  e l ec t ron  m i c r o -  
g r a p h  of a p o l i s h e d  a n d  e t ched  s a m p l e  of a g lass  
cons i s t ing  of 43 a tomic  p e r  cen t  ( a / o )  a rsenic ,  4 a / o  
iodine,  t he  r e m a i n d e r  be ing  t e l l u r i um.  The  m a t e r i a l  
w a s  o r i g i n a l l y  q u e n c h e d  f r o m  600~ to r o o m  t e m -  
p e r a t u r e .  T h a t  t he  glass  is not  u n i f o r m  is i m m e d i -  
a t e l y  a p p a r e n t .  The  l a r g e  s t r u c t u r e  is t h o u g h t  to be  
an  e tch  p a t t e r n  and  no t  to r e p r e s e n t  i n h o m o g e n e i t y .  
The  s m a l l  i r r e g u l a r i t i e s  a r e  t h o u g h t  to be  c r y s t a l -  
l i tes .  F i g u r e  2 shows  an  e l ec t ron  m i c r o g r a p h  of a 
s im i l a r  s e m i c o n d u c t i n g  glass  con ta in ing  a h i g h e r  
c o n c e n t r a t i o n  of iod ine  (20 a / o ) .  He re  the  i r r e g u -  
l a r i t y  of t he  m a t e r i a l  is even  m o r e  a p p a r e n t .  The  
w h i t e  p a r t i c l e s  a r e  b e l i e v e d  to be  c ry s t a l l i t e s  w h i c h  
have  been  r i p p e d  out  of t he  su r f ace  of  the  s a m p l e  
b y  the  co l lod ion  used  to m a k e  the  rep l ica .  S ince  the  
a n o m a l y  r e p o r t e d  b y  K o l o m i e t s  and  N a z a r o v a  (2)  
and  Uphoff  and  H e a l y  (3)  was  so s t r i k i n g l y  s i m i l a r  
to the  one be ing  d i scussed  here ,  i t  was  e s sen t i a l  to 
check  on t h e i r  compos i t ions  to see w h e t h e r  t he  p r o -  
posed  e x p l a n a t i o n  could  a p p l y  to t h e i r  resu l t s .  F i g -  
u r e  3 shows  an  e l ec t ron  m i c r o g r a p h  of a f r e sh  f r a c -  
t u r e  su r f ace  of the  glass  of compos i t ion  TI2SeAs2Te3 
r e p o r t e d  on b y  K o l o m i e t s  and  N a z a r o v a  (2) ,  m a d e  
b y  a d i r ec t  r e p l i c a  t echn ique .  A second  p h a s e  w i t h i n  
t he  g l a s sy  m a t r i x  can be  seen  c lea r ly .  S i m i l a r l y ,  
Fig.  4 shows  an  e l ec t ron  m i c r o g r a p h  of a f r a c t u r e  
su r face  of t he  Asl0SeTele glass  s t u d i e d  b y  Uphoff  

Fig. 4. Electron micrograph of AsloSeTe12 glass, fresh fracture 
surface, two-step replica technique. 

and  H e a l y  (3)  m a d e  b y  a t w o - s t e p  r e p l i c a  t e c h -  
n ique.  A g a i n  the  second  p h a s e  is c l e a r l y  ev iden t .  

Discussion.--The r e su l t s  d e s c r i b e d  h e r e  a r e  con-  
s i s t en t  w i t h  t he  p i c t u r e  of a p - t y p e  g l a s sy  m a t r i x  
f r o m  w h i c h  a s m a l l  a m o u n t  of a n - t y p e  c r y s t a l l i n e  
p h a s e  has  p r e c i p i t a t e d .  In  a S e e b e c k  effect m e a s u r e -  
men t ,  the  l ow t h e r m a l  c o n d u c t i v i t y  of t h e  glass  
causes  i t  to s u p p o r t  t h e  t e m p e r a t u r e  g r a d i e n t  and  
thus  g ive  a pos i t i ve  resu l t .  In  a H a i l  effect m e a s u r e -  
m e n t  t he  r e l a t i v e l y  h igh  c a r r i e r  m o b i l i t y  of the  
c r y s t a l l i n e  p h a s e  causes  i t  to d o m i n a t e  ove r  the  
g l a s sy  m a t r i x  t hus  g iv ing  an  n - t y p e  resu l t .  I t  m u s t  
be  p o i n t e d  out  t h a t  the  r e su l t s  a r e  on ly  cons i s t en t  
w i t h  th is  p i c tu r e  a n d  do no t  conc lus ive ly  p r o v e  it. 
Conc lus ive  p roo f  wi l l  h a v e  to a w a i t  t he  pos i t i ve  
iden t i f i ca t ion  of the  second  phase ,  and  ca lcu la t ions  
b a s e d  on a k n o w l e d g e  of i ts  c a r r i e r  mob i l i t i e s  and  
S e e b e c k  coefficients f i t t ing  in  w i t h  t h e  o b s e r v e d  
re su l t s  on the  t w o - p h a s e  ma te r i a l s .  In  t h e m e a n t i m e ,  
the  fac t  t h a t  two  phases  h a v e  been  seen  in a l l  the  
s e m i c o n d u c t i n g  g lasses  i n v e s t i g a t e d  in th is  s t u d y  
shou ld  g ive  p a u s e  to w o r k e r s  a t t e m p t i n g  to i n t e r -  
p r e t  the  r e su l t s  of  e l ec t r i ca l  and  H a l l  effect m e a s -  
u r e m e n t s  on these  ma te r i a l s .  
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Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1964 
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Stresses in Anodic Films 
D. A. Vermilyea (pp. 345-346, Vol. 110, No. 4) 

E. M. Field and D. R. Holmes :  1 The  discuss ion by  
B r a d h u r s t  and  Leach  2 and  by  Evans  a of Ve rmi lyea ' s  
paper  r e m i n d s  us of some ca lcula t ions  we m a d e  and  
some cor respondence  we had  wi th  Dr. P r i ng l e  on 
the  subjec t  of his paper  "A Radio t racer  S t u d y  of 
Anodic  Oxida t ion"  by  Davies,  P r ing le ,  Graha m,  and  
Brown.  4 These ca lcula t ions  were  p r o b a b l y  an  over -  
s impl i f icat ion in  v iew of the  m a n y  u n c e r t a i n t i e s  
abou t  the composi t ion and  s t ruc tu re  of the  corro-  
s ion products  fo rmed  d u r i n g  the anodic  ox ida t ion  
of a l u m i n u m  u n d e r  v a r y i n g  condit ions.  We showed 
tha t  if the ionic coun te r  cu r r en t s  respons ib le  for the 
g rowth  of nonporous  7-A120~ are such as to give an  
i n n e r  s t ress - f ree  fi lm g rown  wi th  zero v o l u m e  
change (as in  the case of the  magne t i t e  films on 
mi ld  steel s tudied  by  Po t t e r  and  M a n n  5 and  A da ms  
etal .  6) t h e n  28% of the  a l u m i n u m  consumed  m u s t  
pass ou twards  t h rough  the  fi lm to regions  b e y o n d  
the or ig ina l  me ta l  surface,  e i ther  going into so lu t ion  
or reac t ing  to lay  down  A1203 outs ide the  o r ig ina l  
surface.  If the  film formed  is porous  t hen  the  pe r -  
cen tage  of a l u m i n u m  pass ing ou twards  m u s t  be 
grea te r  (for  e x a m p l e  for  a fi lm of dens i ty  3.1 i n -  
s tead of the  theore t ica l  3.66, 40% of the a l u m i n u m  
would  have  to pass o u t w a r d s ) .  These ca lcula ted  
va lues  lie w i t h i n  the  r a n g e  of va lues  observed  by  
P r i n g l e  et al., 4,7 for ox ida t ion  at  va r ious  c u r r e n t  
densi t ies ,  the  lower  va lues  be ing  associated w i th  

1 C e n t r a l  E l ec t r i c i t y  R e s e a r c h  Labs. ,  L e a t h e r h e a d ,  E n g l a n d .  

a D. H. B r a d h u r s t  a n d  J .  S. LI.  Leach ,  This Journal, l lO,  D i scus -  
s ion  Sect ion ,  1289 (1983). 

s U. R. Evans ,  'This Journal,  119, D i scuss ion  Sec t ion ,  1290 (1963). 
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5 E. C. P o t t e r  a n d  G. M. W. Mann ,  p. 417, 1st I n t e r n a t i o n a l  Con-  
gress  Met .  Co r ros ion  1961, B u t t e r w o r t h ' s  (1962); a lso p a p e r  p r e -  
s en ted  a t  t he  2rid I n t e r n a t i o n a l  Congress  1963. 

6 A. M. A d a m s ,  E. M. F ie ld ,  D. R. Holmes ,  a n d  R. C. S t an l ey ,  
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lower  c u r r e n t  densit ies.  B r a d h u r s t  and  Leach, s,9 have  
s u p p l e m e n t e d  this  i n f o r m a t i o n  by  showing  tha t  the  
stresses in  anod ica l ly  fo rmed  a l u m i n u m  oxide films 
m a y  change  f rom compress ive  to tens i le  as the c u r -  
r e n t  dens i ty  is increased.  I t  wou ld  be in t e re s t ing  if 
the e x p e r i m e n t s  in  the  two labora to r ies  could be 
combined,  to de t e r mi ne  the  va l ue  of o u t w a r d  coun -  
t e r c u r r e n t  at wh ich  the  stresses in  the  oxide film 
change  f rom compress ive  to tensi le ,  so tha t  the 
va lue  pred ic ted  by  the s imple  f o r m u l a  g iven  be low 
for g rowth  at zero v o l u m e  change  could be checked. 

For  s t ress - f ree  g rowth  of oxide a t  poros i ty  p 
(defined as the  vo lume  f rac t ion  of voids)  we  sug-  
gest the  pe rcen tage  of me t a l  pass ing  o u t w a r d s  wi l l  
be g iven  by:  

[ 1  nZo Vm (1-- p ) ] 
ZmVo 

1 0 0 1 1  npoMm(1--p)  ] 
pmMo 

where  V,~ is the u n i t  cell vo lume  of the  me t a l  
Zm is the  n u m b e r  of f o r mu l a  un i t s  per  u n i t  

cell of me ta l  
pm is the  theore t ica l  me ta l  dens i ty  

Mm is the  mass of a me ta l  a tom 

Vo, Zo, po are cor responding  quan t i t i e s  for the oxide, 
Mo is the  mass  of an  oxide f o r m u l a  un i t ,  n is the  
n u m b e r  of me t a l  a toms in  an  oxide f o r m u l a  uni t .  

I t  is i n t e re s t ing  to no te  tha t  the  concept  of ionic 
c o u n t e r c u r r e n t s  g iv ing  r ise to s t r ess - f ree  g rowth  
was also proposed by  Czerski  and  F r a n k  19 in  the i r  
paper  on  the  ox ida t ion  of nickel ,  before  the  more  
wide ly  k n o w n  i n d e p e n d e n t  suggest ion by  Po t te r  
a nd  Mann .  5 

Conductivity and Thermoelectric Potential 
Measurements on Perylene: Metal Halide Complexes 

M. S. Frant and R. Eiss (pp. 769-772, Vol. 110, No. 7) 
L. I. Bogus lavsky  and A. V. V a n n i k o v n :  In  F r a n t  and  
Eiss 's paper  12 it  was  found  in  the  inves t iga t ion  of 
complexes  of p e r y l e n e  w i t h  va r ious  me t a l  hal ides  
tha t  the  va l ue  of ~ro ca lcula ted  f rom the  f o rmu la  

lo L. Czerski  and F. F r a n k ,  Arch.  Gornic twa i Hutnic twa,  I n ,  43 
(1955). 

11 I n s t i t u t e  of E l e c t r o c h e m i s t r y ,  A c a d e m y  of Sciences ,  U.S.S.R.  

12 M. S. F r a n t  and  R. Eiss,  This Journal,  110, 769 (1963). 
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Table I 

~o, AE,* O'o. ~, AEu, 
Sample ohm-1 cm-1 e .v .  ohm-1 em -1 ohm~l cm -1 e.v. 

I 620~ 1.10 - s  0.55 5.10 -4 4.10 -4 - -  
I 420~ 1.10 -9 0.64 3.10 -4 5.10 -4 0.09 
I** 420~ I 4.10 -4 0.02 6.10 -4 4.10 -4 
I** 420~ II 3.10 -7 0.38 5.10 -4 4.10 -4 - -  

II 500~ 9.10 -2 0.03 0.6 0.7 0.01 
III  350~ 4.10 -6 0.2 9.10 -4 2.10 -4 0.06 

Table I I  

Samples A~b, v. ~r~o, ohm-1 cm-1 AE,* e.v. 

1 360~ 0.51 1.10 -11 0.8 
I 510~ 0.19 1.10 -9 0.65 
1 650~ 0.13 7.10-8 0.50 
1 720~ 0 5.10 -5 0.30 

* Calculated from the formula. 
** Samples differ in their iodine content. 

t i v i t y  ac t iva t ion  energ ies  m e a s u r e d  at  a h igh  f r e -  
q u e n c y  in the  r eg ion  of t he  p l a t e a u  a re  m u c h  sma l l e r  
t han  those  ob ta ined  w i t h  d i rec t  cur ren t .  The  same 
conclus ion m a y  be  d r a w n  f r o m  the  com pa r i s on  of 
the  d i f ferences  in the  w o r k  func t ion  of the  samples  
( I ) ,  w i t h  o ther  e lec t r ic  charac te r i s t i c s  p r e s e n t e d  in 
Tab le  II, the  change  in t he  w o r k  func t ion  be ing  
r e f e r r e d  to the  s ample  ob ta ined  at 720~ w h i c h  
has a m i n i m u m  w o r k  funct ion .  S i m i l a r  dependences  
h a v e  b e e n  ob ta ined  for  the  films of a p o l y m e r i c  
c o m p l e x  f o r m e d  by  t e t r a c y a n e t h y l e n e  w i t h  some 
me ta l s  TM. On the  basis  of these  resul ts ,  w e  m a y  d r a w  
the  conclus ion tha t  the  c o n d u c t i v i t y  m e c h a n i s m  of 
the  subs tances  in ques t ion  is d e t e r m i n e d  a p p a r e n t l y  
by  the  ca r r i e r  t r a n s f e r  f r o m  one reg ion  of p o l y c o n -  
j u g a t i o n  to ano the r  and  by  the  c o n d u c t i v i t y  w i t h i n  
these  regions  cha rac t e r i zed  by  an ac t i va t i on  e n e r g y  
close to zero. 

o- ~ o" o e -AE/2KT h a r d l y  depends  on the  n a t u r e  of the  

complex ,  a l t hough  the  c o n d u c t i v i t y  and  the  a c t i v a -  
t ion  e n e r g y  change  wide ly .  In this  connect ion ,  i t  
w o u l d  be  of i n t e re s t  to c o m p a r e  these  resu l t s  w i t h  
the  da ta  ob ta ined  in the  i n v e s t i g a t i o n  o v e r  a w i d e  
f r e q u e n c y  r a n g e  of c o n d u c t i v i t y  and ac t i va t i on  e n -  
e rgy  of p o l y e t h y l e n e  modif ied  by  i r r ad i a t i on  and  
hea t  t r e a t m e n t  (I)  14, 15 and of p o l y m e r i c  complexes  
f o r m e d  by t e t r a c y a n e t h y l e n e  w i t h  some m e t a l s  TM. 

P l o t t e d  in t h e  l o g a r i t h m i c  scale, t he  c o n d u c t i v i t y -  
f r e q u e n c y  d e p e n d e n c e  is in the  shape  of a de scend -  
ing c u r v e  h a v i n g  a sect ion i n d e p e n d e n t  of f r e -  
quency .  Gene ra l l y ,  such a p l a t eau  on the  c u r v e  is 
obse rved  at a f r e q u e n c y  of some tens  of megacyc l e s  
and depends  on the  p r ev ious  t r e a t m e n t  of the  m a -  
ter ia l .  On the  basis of a mode l  of he t e rogenous  
s t ruc tu re ,  p roposed  in ref.  13, the  p a r a m e t e r s  of r e -  
gions of con t inuous  con juga t ion  should  be those  of 
t he  p la teau .  In  tha t  case, t he  va lues  of O-o ca lcu la ted  
f r o m  the  d i rec t  c u r r e n t  m e a s u r e m e n t s  and those  of 
~. m e a s u r e d  at  h igh  f r e q u e n c y  w i t h i n  the  p l a t e a u  
should  coincide.  In Tab le  I a re  l i s ted  the  resu l t s  of 
t hese  m e a s u r e m e n t s  for  p o l y t e t r a c y a n e t h y l e n e  ( I I ) ,  
for  the  p o l y m e r i c  comp lex  f o r m e d  by  t e t r a c y a n e t h y -  
l ene  w i t h  s i lve r  ( I I I )  and for  (I)  o b t a i n e d  at  d i f fe r -  
en t  t e m p e r a t u r e s  in the  p re sence  of iod ine  addi t ions  
and  in the i r  absence.  The  t ab le  shows that ,  jus t  as 
in the  case of complexes  wi th  pe ry lene ,  va r ious  
t r e a t m e n t s  h a r d l y  affect the  regions  of  con t inuous  
po lycon juga t ion ,  bu t  t h e y  m a i n l y  change  the  p r o b -  
ab i l i ty  of t r a n s f e r  of ca r r i e r s  f r o m  one  r eg ion  to 
another .  This  p r o b a b i l i t y  also depends  on the  p r e s -  
ence of some addi t ives ,  such as iodine.  As it  should  
be expec ted ,  ~r o and  ~r, do not  d e p e n d  on the  iod ine  
con ten t  in the  sample ,  w h e r e a s  ~20 and AE change  
grea t ly .  In  the  case of subs tances  s tud ied  t h e r e  e x -  
ists a m a r k e d  ac t i va t i on  e n e r g y  of the  ca r r i e r  t r a n s -  
fe r  f r o m  one  reg ion  to a n o t h e r  s ince the  conduc -  

~3 L. I. Boguslavsky and L. S. Stilbans, Doklady Akad. Nauk 
S.S.S.R., 147, 1114 (1962). 

1~ N. A. Bach e$ al., Doklady Akad. Nauk S.S.S.R., 144, 135 (1962). 

15 A. V. Vannikov, Doklady Akad. Nauk S.S.S.R., 152. 905 (1963). 

M. S. F r a n t  17 a n d  R.  E i s s :  W e  a r e  p l e a s e d  to h a v e  
conf i rmat ion  of our  f inding by  B o g u s l a v s k y  and 
V a n n i k o v  of a lack  of v a r i a b i l i t y  of ~o w i t h i n  a ser ies  
of r e l a t ed  complexes .  We n o w  suspect  t h a t  ih is  
p h e n o m e n a  m a y  be  m u c h  m o r e  g e n e r a l l y  app l i -  
cable  than  has b e e n  p r e v i o u s l y  real ized.  

The Influence of the Environment on the Corrosion of 
Zirconium and Its Alloys in High-Temperature Steam 

J. N. Wanklyn, C. F. Britton, D. R. Silvester, and N. J. M. Wilkins 
(pp. 856-866, Vol. 110, No. 8) 

H. Spindler tS:  In  r e spec t  to t he  authors ,  obse rva t ions  
on the  p re s su re  d e p e n d e n c e  of s t eam corros ion  of 
some z i r con ium al loys  (see Tab l e  I of t he i r  p a p e r )  
we  mus t  note  t h a t  the  s ta ted  b e h a v i o r  seems  to be  
no gene ra l  rule.  As  shown  by own  e x p e r i m e n t s  
pub l i shed  p r e v i o u s l y  19, z i r c o n i u m - n i o b i u m  al loys  
w i t h  low n i o b i u m  con ten t  in the  r ange  f r o m  0.5 to 
2.0 w e i g h t  per  cent  ( w / o )  cor rodes  m u c h  fas t e r  in 
s t eam of 400~ at 1 a t m  t h a n  t h e y  do at 120 arm 
( i . e . , ~  1650 psi) .  The  ra t io  b e t w e e n  w e i g h t  ga in  at  1 
a t m  to w e i g h t  ga in  at  120 a rm is n e a r  1.8; i n d e p e n -  
den t  f r o m  n i o b i u m  conten t  in the  r ange  s tud ied  and 
f r o m  t h e r m a l  and w o r k i n g  h i s to ry  of t he  alloy. 
In l ine  w i t h  the  au tho r s '  concept ions  we  m u s t  t h e r e -  
fore  suggest  a p ronounced  effect  of n i o b i u m  on the  
film proper t ies ,  p a r t i c u l a r l y  its poros i ty ,  of the  cor -  
ros ion p roduc t  l a y e r  on the  al loys s tudied.  

$. N .  W a n k l y n ,  C. F.  B r i t t o n ,  D .  R.  S i l v e s t e r ,  a n d  
N. J .  M. Wi lk ins :  We  c e r t a i n l y  ag ree  tha t  an  inc rease  
of ox ida t ion  r a t e  w i t h  s t eam p re s su re  (e .g . ,  our  
Tab le  I) is not  un ive r sa l .  Indeed ,  our  capac i ty  m e a s -  
u r e m e n t s  for Z i r ca loy  2 (Fig.  5) ind ica te  t ha t  less 
porous  films are  f o r m e d  at  h igh  p re s su re  t h a n  at 
l ow  pressure .  The  inf luence  of this  " c o m p e n s a t i o n  
effect"  on w e i g h t  gains  is e i the r  to p roduce  s imi la r  
va lues  at the  two  p ressures  (Fig.  3) or even,  as w i t h  

16 L. I, Boguslavsky, Zhur. Fiz. Khim., In press. 

17present address: Prototech Incorporated, Cambridge, Massa- 
chusetts. 

is Zentralinstitut ffir Kernphysik Rossendorf der Deutsehen Aka- 
demie der Wissenschaften zu Berlin, Bereich Werstoffe un Fest- 
korper. 

lg~. Rauschenbaeh and H. Spindler, Kernenevgie, 7, 19 (1964). 
(In German.) 
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Dr. Sp ind le r ' s  Z r - N b  alloys, h igher  we igh t  gains  
at the lower  p ressure  (Fig. 4). These effects m i gh t  
poss ib ly  be  ra t iona l ized  by  d i s t ingu i sh ing  al loys 
con ta in ing  a lmost  inso lub le  addi t ions ,  e.g., Cu a nd  
Fe, f rom those con ta in ing  Sn  or Nb which  are  ap-  
p rec iab ly  soluble  in  the  mat r ix .  A l t e r n a t i v e l y ,  a 
d i s t inc t ion  migh t  be based on the va lence  of the  
fore ign ions p re sen t  in  the  ZrO2 film (Cu, Fe v a l -  
ence < 4, Sn, Nb va lence  ~ 4). 

F ina l ly ,  it is of in te res t  to note  tha t  some recen t  
expe r imen t s  w i th  una l l oyed  h a f n i u m  in  s t eam at 
500~ have  shown m a r k e d l y  h igher  we igh t  ga ins  at  
1 a rm t h a n  at  1000 psi  (e.g., 685 and  50 r a g / d i n  2 
respec t ive ly  at  21 days ) ,  wi th  appropr i a t e  differ-  
ences in  capaci ty  values .  

D I S C U S S I O N  S E C T I O N  757 

M. A. V. Devanathan 21, Z. Stachurski, and W. Beck22: 
Detai ls  of the  m e t h o d  have  been  descr ibed 23.24 

The idea of u s i ng  a po ten t ios ta t  is to s tudy  the  
ra te  of reac t ion  at  a cons tan t  potent ia l .  Hence  there  
is no ques t ion  of a change  in  the  po ten t i a l  at the  
anodic  side of the  m e m b r a n e .  

Reference  to figures wi l l  show tha t  all  p e r m e a t i o n  
cu r r en t s  have  b e e n  expressed  in  # a / c m  2. Hence  the  
ques t ion  of h igh ma  p e r m e a t i o n  cu r ren t s  does no t  
arise. 

Regard ing  the other  comments ,  r e fe rence  to the  
p rev ious  two papers  wi l l  m a k e  clear  the  need  for 
a n n e a l i n g  t r e a t m e n t ,  e lec t rolyt ic  charg ing ,  etc. 

A Technique for the Evaluation of Hydrogen 
Embrittlement Characteristics of Electroplating 

Baths 

M. A. V. Devanathan, Z. Stachurski, and W. Beck (pp. 886-890, 
Vol. 110, No. 8) 

G. Dubpernel l2~ The  au thors  have  p resen ted  an  i n -  
t e res t ing  new  t echn ique  for record ing  h y d r o g e n  
p e r m e a t i o n  t h rough  t h i n  me ta l  m e m b r a n e s .  H o w -  
ever,  the  me thod  is not  descr ibed in  ve ry  grea t  de-  
tail. It  wou ld  appear  tha t  w h a t  is ac tua l ly  recorded  
is the resu l t  of the  change  in  po ten t i a l  of the  anode  
side of the m e m b r a n e .  The h igher  va lues  of p e r m e a -  
t ion of 10 to 16 m a / c m  2 are h igher  t h a n  the  cathode 
c u r r e n t  dens i ty  of 8.1 m a / c m  2 which  was  used. S ince  
c a d m i u m  p la t ing  f rom cyanide  ba ths  is n o r m a l l y  
over  90% efficient this  on ly  leaves  less t h a n  1 
m a / c m  2 for h y d r o g e n  evolut ion.  W h a t  t h e n  is the 
m e a n i n g  of pe rmea t ions  over  10 ma/cm~? 

The diffusion of a tomic h y d r o g e n  t h rou gh  the  
m e m b r a n e  is accepted as an ac tua l  fact  r a t h e r  t h a n  
a theory.  If the presence  of a tomic h y d r o g e n  has 
been  demons t r a t ed  by  anyone  it migh t  be  wel l  to 
give the reference.  

The p r e t r e a t m e n t  of the m e m b r a n e s  is no t  de-  
scr ibed in  m u c h  detai l ,  no r  the  need  therefore .  I t  is 
no t  c lear  how the  a n n e a l i n g  of Armco  i ron  in  h y d r o -  
gen at 600~ for 2 hr  can be replaced  by  cathodic 
t r e a t m e n t  in  0.1N H2SO~ at 10 m a / c m  2 for 6 h r  w i th  
high s t r eng th  steel. L ikewise  it is no t  clear  how 
these  t r e a t m e n t s  can be compared  and  w h a t  is the  
n a t u r e  of the  need  for them.  It wou ld  be of in te res t  to 
k n o w  the loss in  we igh t  and  decrease in  th ickness  
of the h igh s t r eng th  steel m e m b r a n e  af ter  acid 
t r ea tmen t .  

Severa l  m i n o r  or typograph ica l  er rors  were  noted.  
The m e a n i n g  of the  express ion  "SCS" on page 887 
is not  given.  On Fig. 6, "seconds x 108'' wou l d  be 
be t t e r  expressed as "103 seconds".  Curve  1 in  Fig. 3 
does not  seem to show an in i t i a l  s igmoid shaped  rise. 
Reference  to the c a d m i u m  ba r r i e r  in  curves  2 and  
3 in  Fig. 3 wou ld  seem to be in  error .  The re fe rence  
to the  i ron  l aye r  in  curve  5, Fig. 6 should obvious ly  
be to curve  6 in  Fig. 5. 

2o M & T  Chemicals  Incorporated,  Detroit  Research Lab . ,  1700 E a s t  
N i n e  Mi le  Road ,  D e t r o i t  20, M i c h i g a n .  

Oxidation of Molybdenum, 550~ to 1700~ 

E. A. Gulbransen, K. F. Andrew, and F. A. Brassart (pp. 952-959, 
Vol. 110, No. 9) 

D. R. Schryer 25: The  conclus ions  d r a w n  by  the  a u t h -  
ors as the  resu l t  of tests  made  in  a stat ic e n v i r o n -  
m e n t  are essen t ia l ly  in  a g r e e me n t  w i th  those p r e -  
sented  by  Modiset te  and  Sch rye r  26 based u p o n  the i r  
work  wi th  f lowing gases, tha t  is, t ha t  the  ra te  of 
ox ida t ion  of m o l y b d e n u m  can be e i ther  chemica l ly  
cont ro l led  or diffusion cont ro l led  de pe nd i ng  upon  a 
n u m b e r  of e n v i r o n m e n t a l  pa ramete r s .  However ,  
G u l b r a n s e n  et al., do not  m a k e  it  c lear  w h y  this  
should be. I should  l ike to p resen t  a p i c tu re  of the  
ox ida t ion  of ma te r i a l s  tha t  fo rm vola t i le  oxides 
which,  a l though  ve ry  simple,  is, I bel ieve,  bo th  
accura te  and  i l l umina t ing .  

At  t e m p e r a t u r e s  at  which  the  vo la t i l i za t ion  of its 
oxide is complete,  such a ma te r i a l  is v u l n e r a b l e  to 
di rect  a t tack  by  gaseous oxygen.  In  such a case oxi -  
da t ion  m a y  proceed so r a p i d l y  as to impose a ser ious 
d r a i n  on the  oxygen  supp ly  ad jacen t  to the reac t -  
ing  surface.  Thus  the ra te  of diffusion of f resh  
quan t i t i e s  of oxygen  to the  surface  becomes i m p o r -  
tant .  If the  ra te  of diffusion of oxygen  is ve ry  
rap id  compared  wi th  the chemical  reac t ion  rate ,  
the  concen t r a t i on  of oxygen  ad jacen t  to the  surface  
wi l l  no t  be s igni f icant ly  decreased a nd  the  reac t ion  
wi l l  be chemica l ly  control led.  Over  w h a t e v e r  t e m -  
p e r a t u r e  r a nge  the  chemica l  cont ro l  holds the  ob-  
served reac t ion  ra te  wi l l  increase  e x p o n e n t i a l l y  w i th  
inc reas ing  t empe ra tu r e .  

However ,  if the ra te  of diffusion of oxygen  to the  
surface is v e r y  slow compared  wi th  the  chemical  
reac t ion  rate,  the  concen t r a t i on  of oxygen  at the  
surface wil l  be severe ly  deple ted  and  the  reac t ion  
wi l l  be diffusion control led.  The observed  reac t ion  
ra te  wi l l  be r e l a t i ve ly  insens i t ive  to t e m p e r a t u r e  at  
t e m p e r a t u r e s  w he r e  diffusion cont ro l  applies.  

~ P r e s e n t  a d d r e s s :  C e n t r a l  E l e c t r o c h e m i c a l  R e s e a r c h  I n s t i t u t e ,  
K a r a l k u d i - 3 ,  M a d r a s ,  I n d i a .  

P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  t h e  N a v y ,  Off ice  of  N a v a l  R e -  
s e a r c h ,  B r a n c h  Office,  L o n d o n ,  N a v y  100, B o x  39, F .P .O. ,  N e w  
Y o r k ,  N e w  Y o r k .  

M. A.  V.  D e v a n a t h a n  a n d  Z. S t a c h u r s k i ,  Th i s  Journal ,  111, 619 
(1964).  

e4 Pror of  t h e  R o y a l  Soc.,  A., 270, 90 (1962). 

N a t i o n a l  A e r o n a u t i c s  and Space  Adminis trat ion ,  L a n g l e y  R e -  
s e a r c h  C e n t e r ,  L a n g l e y  S t a t i on ,  H a m p t o n ,  V i r g i n i a .  

J .  L.  M o d i s e t t e  a n d  n .  R .  S c h r y e r ,  " A n  I n v e s t i g a t i o n  of  the  
Role  of  G a s e o u s  D i f f u s i o n  in  t h e  O x i d a t i o n  of  a M e t a l  F o r m i n g  a 
Vo la t i l e  O x i d e , "  N A S A  T N  D-222,  March 1960. 
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Depend ing  u p o n  the  k inet ics  of the  reac t ion  a nd  
the  exis t ing  e n v i r o n m e n t a l  condit ions,  the  t r a n s i -  
t ion  b e t w e e n  chemical  and  diffusion cont ro l  m a y  be 
g radua l  or fa i r ly  ab rup t .  W h e r e v e r  a s ignif icant  
t r ans i t i on  reg ion  exists,  the  observed  ox ida t ion  ra te  
wi l l  increase  in  some fash ion  w i t h  inc reas ing  t e m -  
pe ra tu re .  

I n  m u c h  of the  foregoing the  word  " t r an spo r t "  
m a y  be subs t i tu t ed  for the  word  "diffusion," since 
in  the most  gene ra l  case t r a n s p o r t  processes o ther  
t h a n  molecu la r  diffusion m a y  be i nvo lved  (e.g., 
convec t ion  or t u r b u l e n c e ) .  It  is this  fact, perhaps ,  
tha t  is the  reason for the  s t a t emen t  made  by  G u l -  
b r a n s e n  et al., tha t  "s imple  diffusion of oxygen  
t h rough  a s t a g n a n t  l aye r  as proposed by  Modiset te  
and  Sch rye r  is not  adequate . "  

I t  should  be noted,  however ,  tha t  in  m a n y  cases, 
bo th  stat ic and  dynamic ,  mo lecu l a r  diffusion across 
some concen t r a t i on  g rad ien t  is t he  p r e d o m i n a n t  
t r an spo r t  process. One such case is the ox ida t ion  of 
spec imens  in  a f lowing gas s t r eam u n d e r  condi t ions  
such tha t  l a m i n a r  a e rodynamic  and  concen t r a t i on  
b o u n d a r y  layers  are es tabl ished.  This  is the  spe-  
cific case t r ea ted  by  Modiset te  and  Schrye r  26. The  
exce l len t  a g r e e m e n t  b e t w e e n  the e x p e r i m e n t a l  and  
theore t ica l  resul t s  p r e sen t ed  in  the i r  paper  is ev i -  
dence of the  app l icab i l i ty  of the concept  of diffusion 
control  to the ox ida t ion  of m o l y b d e n u m  in f lowing 
gas s t reams.  

One f u r t h e r  c o m m e n t  on the  paper  p r e sen t ed  by  
G u l b r a n s e n  et at., is in  order.  The  equa t ion  for the  
ra te  of ox ida t ion  w h e n  mobi le  abso rp t ion  is the  r a t e  
cont ro l l ing  process 

kT h 
V ~ C g  - -  e e / k T  

h (21rmkT) 1/2 

can be r educed  qui te  easi ly  to 

CgV 
V ~ e - e / k T  

4 

since V, the  average  veloci ty  of the oxygen  mole -  

- ( 8 k T y / 2  
cules, is g iven  in  k ine t i c  theo ry  27 by  V = ~ . 

CgV 
The  t e r m  has a v e r y  s imple  i n t e r p r e t a t i o n ;  it  

4 
is the  ra te  of coll ision of the  oxygen  molecules  w i th  
the  me ta l  surface  27. Since e -~/kT is the  f rac t ion  of 
the  oxygen  molecules  at  t e m p e r a t u r e  T, which  have  
k ine t ic  energies  equa l  to or g rea te r  t h a n  E, the  ra te  
equa t ion  for mobi le  absorp t ion  can be seen to be 
iden t ica l  to tha t  de r ived  f rom s imple  coll is ion t he -  
ory. This  equat ion ,  inc iden ta l ly ,  is inc luded  in  the  
theore t ica l  t r e a t m e n t  p resen ted  by  Modiset te  and  
Schrye r  26. I t  is i m p o r t a n t  to real ize tha t  if the t e r m  
Cg is t a k e n  as the concen t ra t ion  of oxygen  jus t  ad-  
j acen t  to the  surface  this  equa t ion  appl ies  to all  c i r -  
cumstances ,  i nc lud ing  t r a n s p o r t  control .  However ,  
if C~ is t a k e n  as the  free s t r eam or rese rvo i r  con-  
cen t r a t i on  of oxygen  the  equa t ion  applies  on ly  to 
the  l im i t i ng  case of chemical  control.  

UZEarl  H.  K e n n a r d ,  " K i n e t i c  T h e o r y  of  G a s e s , "  M c G r a w - H i l l  
B o o k  Co., N e w  Y o r k ,  1938. 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u n e  1964 

E. A. Gulbransen, K. F. Andrew,  and F. A. Brassart: 
We have  a t t e mp t e d  in  our  pape r  to s tudy  the  ox ida-  
t ion behav io r  of m o l y b d e n u m  over  the t e m p e r a t u r e  
r ange  of 550~ to 1700~ I n  the  t e m p e r a t u r e  r ange  
of 700~ to n e a r l y  1400~ we have  d e m o n s t r a t e d  
tha t  the  reac t ion  was u n d e r  chemical  cont ro l  w i th  
one ac t iva t ion  energy.  We have  also de l inea ted  the  
exact  condi t ions  for our  e x p e r i m e n t a l  sys tem where  
diffusion or t r a n spo r t  of oxygen  to the reac t ion  i n -  
ter face  becomes ra te  control l ing.  We have  also d e m -  
ons t ra ted  the  ma j o r  inf luence  of spec imen  size and  
sys tem geomet ry  on  the  observed  ra tes  of react ion.  
To our knowledge  this  has no t  p rev ious ly  been  
done by  anyone ,  i nc lud ing  the  discusser.  

Above  1400~ at  76 Tor r  pressure ,  we have  found  
the  reac t ion  to be l imi ted  by  diffusion or t r a n s p o r t  
of gas to the surface  for spec imens  of 0.12 cm 2 area. 
For  reac t ion  ra tes  of 1019 atoms per  cm2-sec of 
m o l y b d e n u m  reac t ing  in  our  system,  we pos tu la te  
the model  of oxygen  diffusion t h r ough  a s t a g n a n t  
l ayer  of reac t ion  products  to be far  too simple.  Due 
to the large heat  of r eac t ion  and  v o l u m e  changes  
associated wi th  the  f o r ma t i on  of (MoO~)s, the  reac -  
t ion  zone is not  s t a g n a n t  bu t  v e r y  t u r b u l e n t .  The 
exis tence  of the  r e l a t ion  of sur face  area  of sample  
x ra te  of reac t ion  per  cm 2 equals  a cons tant ,  on ly  
d e p e n d e n t  u p o n  the  p ressure  and  reac t ion  system, 
e l imina tes  the model  proposed by  the  discusser.  

We have  t r ea ted  the  k ine t ics  of surface  reac t ions  
where  vola t i le  reac t ion  products  are fo rmed  since 
19522s us ing  the ac t iva ted  complex  theory  of su r -  
face react ions.  We  feel for most  surface  reac t ions  
this  approach  is a more  gene ra l  one  t h a n  t ha t  p ro -  
posed in  the discusser 's  paper  since the  severa l  
processes r equ i r ed  for chemical  reac t ion  a re  t r ea ted  
sepa ra t e ly  and  the  specific ba r r i e r s  for reac t ion  
identified.  

We have  not  ye t  b e e n  bold  enough  nor  do we have  
a ve ry  good ins igh t  into the  t r e a t m e n t  of the  d i f -  
fus ion  cont ro l led  reg ion  of chemica l  react ion.  We do 
state  empha t i ca l ly  tha t  p re sen t  t r e a t m e n t s  are  i n -  
adequate .  

D. Schryer :  I have  no cr i t ic ism of e i ther  the  t ech-  
n i q u e  or the  resu l t s  p r e sen t ed  by  G u l b r a n s e n  et al., 
and  I did not  m e a n  to i m p l y  a n y t h i n g  to the c o n t r a r y  
in  m y  or ig ina l  discussion.  I do feel, however ,  tha t  
ce r ta in  p e r t i n e n t  commen t s  in  ampl i f ica t ion  of the i r  
p r e sen t a t i on  were,  and  are, in  order.  

In  addi t ion,  I feel  t ha t  the i r  s t a t e m e n t  tha t  
"s imple  diffusion of oxygen  t h r ough  a s t a g n a n t  l aye r  
as proposed by  Modiset te  and  Schrye r  is no t  ade-  
qua te"  should be clarified. In  m y  or ig ina l  discussion I 
suggested tha t  pe rhaps  the  au thors  m e r e l y  m e a n t  
tha t  the  theore t ica l  t r e a t m e n t  p resen ted  by  Modi-  
set te and  Schryer  ~6 was no t  genera l  enough  to be 
appl icable  to m a n y  e x p e r i m e n t a l  s i t u a t i o n s - - i n c l u d -  
ing the a u t h o r s ' - - w i t h  wh ich  con ten t ion  I r ead i ly  
agree. If this is the  case I t h i n k  the  au thors  should  
s tate  so u n a m b i g u o u s l y .  In  v iew of the i r  r ep ly  to m y  
first le t ter ,  however ,  i n  p a r t i c u l a r  the  las t  sen tence  
in  the i r  reply,  I a m  now  forced to w o n d e r  w h e t h e r  
the au thors  are cha l l eng ing  the  app l icab i l i ty  of the  
theore t ica l  t r e a t m e n t  in  ques t ion  even  to the p a r -  

~s E.  A. G u l b r a n s e n  a n d  K .  F.  A n d r e w ,  Ind. Eng. Chem.,  44, 1034 
(1952) .  
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t icu la r  e x p e r i m e n t a l  t echn ique  and  condi t ions  u t i -  
l ized by  Modiset te  and  Schrye r  26. If this  is the case 
the reasons  for such a con t en t i on  should  be p resen ted  
in  sufficient deta i l  to a l low in t e re s t ed  readers  to 
eva lua te  the conflict ing posi t ions for themselves ,  and  
any  e x p e r i m e n t a l  da ta  r e fe r red  to in  such a case 
should ce r t a in ly  be t aken  u n d e r  cont ro l led  flow con-  
di t ions  of a type  to which  the theory  should apply.  

A l t h o u g h  the specific theore t ica l  t r e a t m e n t  p r e -  
sented  by  Modiset te  and  Schryer  26 was i n t e n d e d  to 
be s t r ic t ly  appl icab le  on ly  to r a the r  res t r ic ted  expe r i -  
m e n t a l  condi t ions,  the  s imple  p ic tu re  p resen ted  in  
m y  first d iscussion has a m u c h  b roade r  appl icabi l i ty .  
In  the i r  r ep ly  G u l b r a n s e n  et al., s ta te  tha t  " the  ex is -  
tence of the relation of surface area times rate of 
reaction per cm 2 equals a constant, only dependent 
upon the pressure and reaction system, eliminates 
the model proposed by the discusser." On the con- 
trary I feel that this relation is entirely compatible 
with the general picture I presented. In the paper 
u n d e r  discussion G u l b r a n s e n  et al., state  t ha t  " the  
re l a t ion  of area  A and  d n / d t  b reaks  down  as d n / d t  
approaches  ( d n / d t ) c . "  In  other  words  the p roduc t  
of the area  and  the ox ida t ion  ra te  per  u n i t  a r e a - -  
the  to ta l  ox ida t ion  r a t e - - i s  a cons t an t  on ly  w h e n  
the  observed  oxida t ion  rate,  d n / d t ,  is no t i ceab ly  less 
t h a n  the  in t r ins ic  chemical  r eac t ion  rate,  ( dn / d t ) c .  
Accord ing  to the  model  in quest ion,  in  this case the  
ox ida t ion  ra te  is t r a n s p o r t  control led,  tha t  is the 
tota l  ox ida t ion  ra te  is l imi ted  to the  ra te  at which  
fresh quan t i t i e s  of oxygen  can be t r an spo r t e d  to 
the reac t ion  surface.  Thus  the tota l  ox ida t ion  ra te  
is fixed and  the  ra te  per  u n i t  a rea  should v a r y  i n -  
ve rse ly  wi th  the area,  as observed.  Also since the  
reac t ion  is t r an spo r t  cont ro l led  the  observed  oxi-  
da t ion  ra te  should be r e l a t i ve ly  i n d e p e n d e n t  of 
t e m p e r a t u r e  bu t  d e p e n d e n t  u p o n  p ressure  and  the  
reac t ion  system. 

F ina l ly ,  I wou ld  l ike  to m a k e  clear  tha t  I have  no 
qua r r e l  w i th  the au thors '  use  of absolu te  reac t ion  
ra te  theo ry  in  the i r  studies.  This  theo ry  is a d m i t -  
t ed ly  a m u c h  more  genera l  approach  to chemical  
kinet ics  t h a n  is s imple  col l is ion theory.  N e v e r t h e -  
less, the fact remains that in the case of the high- 
temperature oxidation of molybdenum both ap- 
proaches yield the same equation, a fact which 
might not be obvious from the form of the equation 
used by the authors. As pointed out in my original 
discussion this equation is included in the theoreti- 
cal treatment presented by Modisette and Schryer 26. 

E. A. Gulbransen, K. F. Andrew,  and F. A. Brassart: 
The m e c h a n i s m  of gas diffusion of oxygen  t h r ough  
a s t a g n a n t  l ayer  of reac t ion  p roduc t s  we feel  was  
conceived without adequate information as to the 
order of magnitude of rates of reaction, gas move- 
ment, volume changes, and heat evolved during re- 
action. The range of rates of reaction under dis- 
cussion are of the order of I0 is to 1019 atoms of 
Mo/cm2-sec.  1028 a toms of Mo/cm2-sec  corresponds  
to an ab la t ion  ra te  of abou t  10 -3 c m / m i n ,  wh i l e  10 I9 
a toms of Mo/cm2-sec  cor responds  to 10 -2 c m / m i n .  
The cor respond ing  hea t  ra tes  are of the  order  of 1/5 
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to 2 calories per  cm2-sec. Large  v o l u m e  changes  also 
occur in  the  f o r ma t i on  of the  t r i m e r  (M008)8 f rom 
m o l y b d e n u m  a nd  oxygen.  These  condi t ions  are no t  
those we wou ld  associate w i th  a s t a g n a n t  layer .  

The s imple  p i c tu re  proposed by  Modiset te  and  
Schrye r  26 impl ies  t ha t  the  ra te  of reac t ion  should  
be i n d e p e n d e n t  of surface  area,  a l l  o ther  factors  r e -  
m a i n i n g  constant .  We have  no t  found  this  to be  t r u e  
for our  m e a s u r e m e n t s  in  the  r a nge  of 10 is to 1019 
a toms of Mo/cm2-sec.  We canno t  s ta te  t ha t  this  
surface  area  r a t e  r e l a t ionsh ip  also holds for the  con-  
d i t ions  used b y  Modiset te  and  Sch rye r  26. E v e r y t h i n g  
appears  to be s imi la r  except  for the pressure ,  flow, 
the  reac t ion  sys tem and  the  p resence  of i ne r t  gases. 
The  abso lu te  va lues  of t he  ra tes  of react ion,  the  
hea t  effects and  the  v o l u m e  changes  associated w i th  
the  reac t ion  are  in  the  same range.  

To decide the  r ange  of app l ica t ion  of the  s imple  
p ic tu re  it  is essent ia l  to s tudy  the  effect of t e m p e r -  
a ture ,  pressure ,  flow, a nd  sur face  area.  We propose 
to make  such e x p e r i m e n t s  since the  ae rodynamic i s t ' s  
p ic tu re  of fast  chemical  react ions  in  the  gas diffusion 
reg ion  as we see it  needs  clarification.  

D. E. Rosner and H. D. Allendorf2~: Whi le  it  is ev i -  
den t  tha t  m a n y  ear l ie r  s tudies  of the  h igh t e m p e r a -  
t u r e  ox ida t ion  k ine t ics  of m o l y b d e n u m  were  car r ied  
out  u n d e r  condi t ions  in  which  gaseous diffusion p ro -  
cesses accounted  in  pa r t  for the  observed  rates,  t r ue  
k ine t ic  data  are  now ava i lab le  f rom severa l  
sources 3~ T a k e n  together  wi th  work  in  progress  
at this  l a b o r a t o r y  33,44 as wel l  as the  pape r  u n d e r  dis-  
cussion, an  i n t e r e s t i ng  and  r a the r  complex  p ic ture  
of the  ox ida t ion  k ine t ics  begins  to emerge.  In  the  
l ight  of this  r ecen t  ev idence  we would  l ike  to bo th  
comment ,  a nd  solicit  f u r t h e r  comment ,  u p o n  the 
m e c h a n i s m  of this  reac t ion  and  some of its imp l i -  
cations.  

A common  a s sumpt ion  in  me ta l  ox ida t ion  work  
is tha t  in  the  "chemica l ly  cont ro l led"  r eg ime  the 
l i nea r  ra te  of ox ida t ion  at a g iven  surface  t e m p e r a -  
t u r e  depends only on the oxygen partial pressure in 
the immediate vicinity of the gas/solid interface. We 
are convinced this is not the case for high tempera- 
ture molybdenum in Oz-containing mixtures, the to- 
tal pressure itself being important. Thus, the oxygen 
pressure can be varied in two distinct ways, and the 
apparent kinetic order should not be influenced by 
the choice made. Gulbransen et. aL, vary the total 

A e r o C h e m  R e s e a r c h  L a b o r a t o r i e s ,  I n c o r p o r a t e d ,  (a s u b s i d i a r y  
of P f a u d l e r  P e r m u t i t  Inc . )  P r l n c e t o n ,  N e w  J e r s e y .  

~0 M a t e r i a l s  R e s e a r c h  S t a f f  " H i g h  T e m p e r a t u r e  O x i d a t i o n  of  
M o l y b d e n u m  U n d e r  H i g h - A l t i t u d e  C o n d i t i o n s , "  N o r t h  A m e r i c a n  
A v l a t i o n  I n c o r p o r a t e d ,  Mis s i l e  D e v e l o p m e n t  D i v i s i o n ;  R e p o r t  A L -  
2617, Sep t .  I ,  1957; A S T I A  A D  147 889. 

31 j .  B e r k o w i t z ,  " K i n e t i c s  of  O x i d a t i o n  i n  t h e  M o - S i  S y s t e m , "  
A e r o n a u t i c a l  S y s t e m s  D i v i s i o n  ( W r i g h t - P a t t e r s o n  A i r  F o r c e  B a s e )  
R e p o r t  A S D  T D R  62-203, P a r t  i ,  M a y  1962; A S T I A  A n  278-826. 

a~ j .  B. B e r k o w i t z - M a t t u c k ,  A.  B u c h l e r ,  J .  L .  E n g e l k e ,  a n d  
S. N.  G o l d s t e i n ,  J. C h e m .  P h y s . ,  89, 2722 (1963).  

�9 ~s D.  E. R a s h e r ,  a n d  I-I. D.  A l l e n d o r f ,  " K i n e t i c  a n d  A e r o d y n a m i c  
Aspec t s  of t h e  O x i d a t i o n  of  M e t a l s  b y  P a r t i a l l y  D i s s o c i a t e d  O x y -  
g e n , "  P r o p u l s i o n  D i v i s i o n ,  Air  Force  Office of  Sc i en t i f i c  :Research ,  
C o n t r a c t  A F  49 (638)-1195.  
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t icu la r  e x p e r i m e n t a l  t echn ique  and  condi t ions  u t i -  
l ized by  Modiset te  and  Schrye r  26. If this  is the case 
the reasons  for such a con t en t i on  should  be p resen ted  
in  sufficient deta i l  to a l low in t e re s t ed  readers  to 
eva lua te  the conflict ing posi t ions for themselves ,  and  
any  e x p e r i m e n t a l  da ta  r e fe r red  to in  such a case 
should ce r t a in ly  be t aken  u n d e r  cont ro l led  flow con-  
di t ions  of a type  to which  the theory  should apply.  

A l t h o u g h  the specific theore t ica l  t r e a t m e n t  p r e -  
sented  by  Modiset te  and  Schryer  26 was i n t e n d e d  to 
be s t r ic t ly  appl icab le  on ly  to r a the r  res t r ic ted  expe r i -  
m e n t a l  condi t ions,  the  s imple  p ic tu re  p resen ted  in  
m y  first d iscussion has a m u c h  b roade r  appl icabi l i ty .  
In  the i r  r ep ly  G u l b r a n s e n  et al., s ta te  tha t  " the  ex is -  
tence of the relation of surface area times rate of 
reaction per cm 2 equals a constant, only dependent 
upon the pressure and reaction system, eliminates 
the model proposed by the discusser." On the con- 
trary I feel that this relation is entirely compatible 
with the general picture I presented. In the paper 
u n d e r  discussion G u l b r a n s e n  et al., state  t ha t  " the  
re l a t ion  of area  A and  d n / d t  b reaks  down  as d n / d t  
approaches  ( d n / d t ) c . "  In  other  words  the p roduc t  
of the area  and  the ox ida t ion  ra te  per  u n i t  a r e a - -  
the  to ta l  ox ida t ion  r a t e - - i s  a cons t an t  on ly  w h e n  
the  observed  oxida t ion  rate,  d n / d t ,  is no t i ceab ly  less 
t h a n  the  in t r ins ic  chemical  r eac t ion  rate,  ( dn / d t ) c .  
Accord ing  to the  model  in quest ion,  in  this case the  
ox ida t ion  ra te  is t r a n s p o r t  control led,  tha t  is the 
tota l  ox ida t ion  ra te  is l imi ted  to the  ra te  at which  
fresh quan t i t i e s  of oxygen  can be t r an spo r t e d  to 
the reac t ion  surface.  Thus  the tota l  ox ida t ion  ra te  
is fixed and  the  ra te  per  u n i t  a rea  should v a r y  i n -  
ve rse ly  wi th  the area,  as observed.  Also since the  
reac t ion  is t r an spo r t  cont ro l led  the  observed  oxi-  
da t ion  ra te  should be r e l a t i ve ly  i n d e p e n d e n t  of 
t e m p e r a t u r e  bu t  d e p e n d e n t  u p o n  p ressure  and  the  
reac t ion  system. 

F ina l ly ,  I wou ld  l ike  to m a k e  clear  tha t  I have  no 
qua r r e l  w i th  the au thors '  use  of absolu te  reac t ion  
ra te  theo ry  in  the i r  studies.  This  theo ry  is a d m i t -  
t ed ly  a m u c h  more  genera l  approach  to chemical  
kinet ics  t h a n  is s imple  col l is ion theory.  N e v e r t h e -  
less, the fact remains that in the case of the high- 
temperature oxidation of molybdenum both ap- 
proaches yield the same equation, a fact which 
might not be obvious from the form of the equation 
used by the authors. As pointed out in my original 
discussion this equation is included in the theoreti- 
cal treatment presented by Modisette and Schryer 26. 

E. A. Gulbransen, K. F. Andrew,  and F. A. Brassart: 
The m e c h a n i s m  of gas diffusion of oxygen  t h r ough  
a s t a g n a n t  l ayer  of reac t ion  p roduc t s  we feel  was  
conceived without adequate information as to the 
order of magnitude of rates of reaction, gas move- 
ment, volume changes, and heat evolved during re- 
action. The range of rates of reaction under dis- 
cussion are of the order of I0 is to 1019 atoms of 
Mo/cm2-sec.  1028 a toms of Mo/cm2-sec  corresponds  
to an ab la t ion  ra te  of abou t  10 -3 c m / m i n ,  wh i l e  10 I9 
a toms of Mo/cm2-sec  cor responds  to 10 -2 c m / m i n .  
The cor respond ing  hea t  ra tes  are of the  order  of 1/5 
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to 2 calories per  cm2-sec. Large  v o l u m e  changes  also 
occur in  the  f o r ma t i on  of the  t r i m e r  (M008)8 f rom 
m o l y b d e n u m  a nd  oxygen.  These  condi t ions  are no t  
those we wou ld  associate w i th  a s t a g n a n t  layer .  

The s imple  p i c tu re  proposed by  Modiset te  and  
Schrye r  26 impl ies  t ha t  the  ra te  of reac t ion  should  
be i n d e p e n d e n t  of surface  area,  a l l  o ther  factors  r e -  
m a i n i n g  constant .  We have  no t  found  this  to be  t r u e  
for our  m e a s u r e m e n t s  in  the  r a nge  of 10 is to 1019 
a toms of Mo/cm2-sec.  We canno t  s ta te  t ha t  this  
surface  area  r a t e  r e l a t ionsh ip  also holds for the  con-  
d i t ions  used b y  Modiset te  and  Sch rye r  26. E v e r y t h i n g  
appears  to be s imi la r  except  for the pressure ,  flow, 
the  reac t ion  sys tem and  the  p resence  of i ne r t  gases. 
The  abso lu te  va lues  of t he  ra tes  of react ion,  the  
hea t  effects and  the  v o l u m e  changes  associated w i th  
the  reac t ion  are  in  the  same range.  

To decide the  r ange  of app l ica t ion  of the  s imple  
p ic tu re  it  is essent ia l  to s tudy  the  effect of t e m p e r -  
a ture ,  pressure ,  flow, a nd  sur face  area.  We propose 
to make  such e x p e r i m e n t s  since the  ae rodynamic i s t ' s  
p ic tu re  of fast  chemical  react ions  in  the  gas diffusion 
reg ion  as we see it  needs  clarification.  

D. E. Rosner and H. D. Allendorf2~: Whi le  it  is ev i -  
den t  tha t  m a n y  ear l ie r  s tudies  of the  h igh t e m p e r a -  
t u r e  ox ida t ion  k ine t ics  of m o l y b d e n u m  were  car r ied  
out  u n d e r  condi t ions  in  which  gaseous diffusion p ro -  
cesses accounted  in  pa r t  for the  observed  rates,  t r ue  
k ine t ic  data  are  now ava i lab le  f rom severa l  
sources 3~ T a k e n  together  wi th  work  in  progress  
at this  l a b o r a t o r y  33,44 as wel l  as the  pape r  u n d e r  dis-  
cussion, an  i n t e r e s t i ng  and  r a the r  complex  p ic ture  
of the  ox ida t ion  k ine t ics  begins  to emerge.  In  the  
l ight  of this  r ecen t  ev idence  we would  l ike  to bo th  
comment ,  a nd  solicit  f u r t h e r  comment ,  u p o n  the 
m e c h a n i s m  of this  reac t ion  and  some of its imp l i -  
cations.  

A common  a s sumpt ion  in  me ta l  ox ida t ion  work  
is tha t  in  the  "chemica l ly  cont ro l led"  r eg ime  the 
l i nea r  ra te  of ox ida t ion  at a g iven  surface  t e m p e r a -  
t u r e  depends only on the oxygen partial pressure in 
the immediate vicinity of the gas/solid interface. We 
are convinced this is not the case for high tempera- 
ture molybdenum in Oz-containing mixtures, the to- 
tal pressure itself being important. Thus, the oxygen 
pressure can be varied in two distinct ways, and the 
apparent kinetic order should not be influenced by 
the choice made. Gulbransen et. aL, vary the total 

A e r o C h e m  R e s e a r c h  L a b o r a t o r i e s ,  I n c o r p o r a t e d ,  (a s u b s i d i a r y  
of P f a u d l e r  P e r m u t i t  Inc . )  P r l n c e t o n ,  N e w  J e r s e y .  

~0 M a t e r i a l s  R e s e a r c h  S t a f f  " H i g h  T e m p e r a t u r e  O x i d a t i o n  of  
M o l y b d e n u m  U n d e r  H i g h - A l t i t u d e  C o n d i t i o n s , "  N o r t h  A m e r i c a n  
A v l a t i o n  I n c o r p o r a t e d ,  Mis s i l e  D e v e l o p m e n t  D i v i s i o n ;  R e p o r t  A L -  
2617, Sep t .  I ,  1957; A S T I A  A D  147 889. 

31 j .  B e r k o w i t z ,  " K i n e t i c s  of  O x i d a t i o n  i n  t h e  M o - S i  S y s t e m , "  
A e r o n a u t i c a l  S y s t e m s  D i v i s i o n  ( W r i g h t - P a t t e r s o n  A i r  F o r c e  B a s e )  
R e p o r t  A S D  T D R  62-203, P a r t  i ,  M a y  1962; A S T I A  A n  278-826. 

a~ j .  B. B e r k o w i t z - M a t t u c k ,  A.  B u c h l e r ,  J .  L .  E n g e l k e ,  a n d  
S. N.  G o l d s t e i n ,  J. C h e m .  P h y s . ,  89, 2722 (1963).  

�9 ~s D.  E. R a s h e r ,  a n d  I-I. D.  A l l e n d o r f ,  " K i n e t i c  a n d  A e r o d y n a m i c  
Aspec t s  of t h e  O x i d a t i o n  of  M e t a l s  b y  P a r t i a l l y  D i s s o c i a t e d  O x y -  
g e n , "  P r o p u l s i o n  D i v i s i o n ,  Air  Force  Office of  Sc i en t i f i c  :Research ,  
C o n t r a c t  A F  49 (638)-1195.  
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pressure  of pu re  02 and  repor t  an  order  of 1.5 at  a 
surface  t e m p e r a t u r e  of 1073~ ( the order  at  1473~ 
was  not  repor ted  bu t  f rom the a p p a r e n t  order  ob-  
t a ined  at 1873~ the  t rue  order,  i.e., in  the  absence  
of a di f fusional  effect, m u s t  be v e r y  small ,  pe rhaps  
nea r  zero).  In  f tnt .  30, the  p ressure  level  of air  was  
va r i ed  f rom 2 x 10 -2 to 760 Tor r  and  the  k ine t ic  
order  was repor ted  to be 0.62 at a surface  t e m p e r a -  
tu re  of 1413~ On the  o ther  hand ,  the  oxygen  p res -  
sure  can be va r i ed  by  v a r y i n g  the  composi t ion  of 
O2-conta in ing  m i x t u r e s  at  cons tan t  to ta l  pressure .  In  
this  way,  Berkowi tz  ~1 obta ins  a k ine t ic  order  of 0.87 
at  a sur face  t e m p e r a t u r e  of 1297 ~ for p a r t i a l  p re s -  
sures  b e t w e e n  2.1 and  9.65 Torr .  H e l i u m / o x y g e n  
m i x t u r e s  were  used, p r e s u m a b l y  at a to ta l  p re s su re  
of 760 Torr.  Whi le  the a p p a r e n t l y  d i sc repan t  da ta  
of f tnt .  30 and  31, which  over lap  in  oxygen  pa r t i a l  
pressure ,  are  sugges t ive  of the  effect we wish  to 
emphas ize  here,  differences in  t e chn ique  a n d  s u r -  
face t e m p e r a t u r e  p rec lude  a f irm conclus ion  ( the  
work  of f tn t .  30 at  1413~ is based  on the  r educ t ion  
in  e lec t r ica l ly  hea ted  f i l ament  d i ame te r  at unspec i -  
fied air  flow rates,  whereas ,  in  the  work  of f tnt .  31 at 
1297~ the  reac t ion  ra te  is fol lowed by  m o n i t o r i n g  
the consumpt ion  of 02) .  Owing  to these  differences 
we have  s tud ied  the  order  of the  reac t ion  us ing  the 
t e chn ique  of f tnt .  30 and,  at cons tan t  surface  t e m -  
pe ra tu re ,  ob ta ined  the  order  of reac t ion  in  the  1 Torr  
region,  first v a r y i n g  Po2 by  v a r y i n g  the tota l  p res -  
sure  of h e l i u m / o x y g e n  m i x t u r e s  of fixed composi t ion  
and  then  v a r y i n g  the  composi t ion  of bo th  N2/O2 and  
He/O2 m i x t u r e s  of fixed to ta l  pressure .  At  a f i l ament  
t e m p e r a t u r e  of 1400~ the  k ine t i c  o rder  was  f ound  
to be 0.62 w i th  respect  to to ta l  p ressure  in  the  first 
case, and  0.9 wi th  respect  to oxygen  mole f rac t ion  
in  the second case ( regard less  of the  iden t i t y  of the  
car r ie r  gas) .  These data,  which  on the  basis  of the  
absence of flow ra te  and  car r ie r  gas effects, are  free 
of di f fusional  l imi ta t ions ,  demons t r a t e  an  in t r ins ic  
role of to ta l  p ressure  level  in  the  kinet ics ,  qu i te  
apar t  f rom its inf luence  on the 02 pa r t i a l  pressure .  
The  wr i t e r s  wou ld  there fore  be in te res ted  in  l e a r n -  
ing  w h e t h e r  a s imi la r  effect has been  observed  in  
the  resea rch  p r o g r a m  l ead ing  to the  pape r  u n d e r  
discussion.  For  example ,  would  the  r eac t ion  o rder  
at 1073~ be 1.5 if al l  of the  e x p e r i m e n t s  we re  car -  
r ied out  at  76 Tor r  bu t  in  the presence  of v a r y i n g  
a m o u n t s  of a d i luen t?  Tha t  the  t r u e  k ine t ic  o rder  
is not  i n d e p e n d e n t  of surface  t e m p e r a t u r e  seems 
su rp r i s ing  in  v iew of the  ac t iva t ion  ene rgy  resul t s  
discussed below. A t e m p e r a t u r e  d e p e n d e n t  order  is 
also impl ic i t  in  the  mass  spec t romete r  da ta  of f tnt .  
32 bu t  at m u c h  h igher  surface t e m p e r a t u r e s  (1500 ~ 
-2100~  

Wi th  r ega rd  to the  t e m p e r a t u r e  dependence  of the  
ox ida t ion  rate ,  it is of in te res t  to compare  the  r e -  
sul ts  of G u l b r a n s e n  et al., wi th  other  recen t  w o r k  in  

the  d i f fus ion- f ree  regime.  Pe rhaps  the most  m e a n -  

ing fu l  compar i sons  can  be made  on the  basis  of an  
ox ida t ion  p r o b a b i l i t y  ~, defined here  as the  ra t io  of 

the  flux Z(Mo) of m o l y b d e n u m  a toms ( regard less  of 
the i r  chemica l  state of aggrega t ion)  a w a y  f rom the  

surface,  to the  coll ision flux Zo2 of oxygen  molecules  

wi th  the  surface 34. This  has  been  done in  Fig. 1, 
which  inc ludes  some u n p u b l i s h e d  resul t s  ob ta ined  
at this l abora to ry ,  in  add i t ion  to resul t s  computed  
f rom da ta  of f tnt .  31, 32, 35, and  36. Three  n o t e w o r -  
thy  fea tures  here  are:  (i) in  the  t e m p e r a t u r e  r ange  
be low abou t  1450~ and  wi th  the  excep t ion  of the  
data  of f tnt .  36, there  is c ompa r a t i ve l y  good agree-  
m e n t  on ac t iva t ion  energy,  w i th  most  va lues  fa l l ing  
b e t w e e n  20 and  23 k c a l / m o l e ;  (ii) at  a ny  g iven  
surface t empe ra tu r e ,  the m a g n i t u d e  of e depends  
no t i ceab ly  on both  pa r t i a l  a nd  to ta l  p ressure  as a n -  
t ic ipa ted  by  the  discuss ion of the p rev ious  p a r a -  
graph37; and,  ( i i i )  depa r tu r e s  f rom s imple  A r r h e n i u s  
behav io r  take  place, p a r t i c u l a r l y  a t  t e m p e r a t u r e s  
above about  1450~ This  l a t t e r  effect has  also been  
observed  in our  exper imen t s .  Indeed,  the  data  of 
f tnt .  32 reveals  the  ex is tence  of m a x i m a  in  the  oxi-  
da t ion  p robab i l i t y  at surface  t e m p e r a t u r e s  of the 
order  of 1900~ and  above.  

For  a n u m b e r  of reasons  we  have  b e e n  in te res ted  
in  the effect of oxygen  a toms on the  ra te  of m o l y b -  
d e n u m  oxida t ion  3~ and  have  been  ca r ry ing  out  ex-  
pe r i me n t s  in  which  h e l i u m / o x y g e n  or a r g o n / o x y g e n  
m i x t u r e s  are sub jec ted  to a m i c r ow a ve  discharge  
before  pass ing over  e lec t r ica l ly  hea ted  f i laments .  
A pa r t  f rom the i r  in t r ins ic  in teres t ,  the resu l t s  wou ld  
appear  to be  of r e l e va nc e  here  s ince a ny  pos tu -  
l a t ed  m e c h a n i s m  of m o l y b d e n u m  oxida t ion  in  02, 
if correct,  should  predic t  the  effect of subs t i t u t i ng  
O-a toms  for 02 molecules  in  the  gas phase.  I n  the  
d i f fus ion-f ree  regime,  at  1 Torr  to ta l  pressure ,  and  
for comparab le  coll is ion fluxes of O and  02, we have  
found  tha t  the  ox ida t ion  p r oba b i l i t y  w i th  O-a.toms 
is two orders  of m a g n i t u d e  h igher  t h a n  w i th  02 at  
a surface  t e m p e r a t u r e  of about  1200~ This  en -  
h a n c e m e n t  ra t io  decreases wi th  increased  surface  
t e m p e r a t u r e  since the  O - a t o m  oxida t ion  reac t ion  
has an  ac t iva t ion  ene rgy  of on ly  about  5 k c a l / m o l e  
in  this  t e m p e r a t u r e  range.  I t  appears  l ike ly  f rom 
the da ta  ob ta ined  thus  far  tha t  the two  p r o b a b i l i -  
ties become comparab le  at  some t e m p e r a t u r e  wel l  
below the  m e l t i n g  po in t  of m o l y b d e n u m .  In  t he  l igh t  
of these  obse rva t ions  it  is by  no  m e a n s  c lear  how 
the  m e c h a n i s m  proposed by  G u l b r a n s e n  et aL, (viz.,  
mobi le  adsorp t ion  of O2 on a m o n o l a y e r  of oxygen  
ada toms)  can p rope r ly  account  for: (i) the  s igni-  
f icant depa r tu re s  f rom s imple  f i r s t -order  k ine t ics  
discussed aboveaS; and, (i i)  the  la rge  effect of dis-  

~4 C o m p u t e d  u s i n g  s i m p l e  k i n e t i c  t h e o r y  ( H e r t z - K n u d s e n  equa -  
t ion)  and based  on t he  o x y g e n  p a r t i a l  p r e s s u r e  i n  t h e  feed  gas. 
S ince  t he  ac tua l  o x y g e n  p a r t i a l  p r e s s u r e  a t  t he  g a s / s o l i d  i n t e r f a c e  
m a y  be s l i g h t l y  l o w e r  t h a n  th is ,  a p a r t  f r o m  the  effects of  su r f ace  
r o u g h n e s s  t he  r e s u l t i n g  p r o b a b i l i t y  a l w a y s  r e p r e s e n t s  a l o w e r  b o u n d  
to t h e  t r u e  p r o b a b i l i t y .  The  Oe c o n s u m p t i o n  da t a  of f tn t .  31 we re  
c o n v e r t e d  to  o x i d a t i o n  p r o b a b i l i t i e s  b y  a s s u m i n g  t he  d o m i n a n t  r e -  
ac t ion  p r o d u c t  to  be  (MoOs)x. 

J .  L.  Modi se t t e  and  D. R. Schrye r ,  Planetary and Space Science, 
3, 31 (1961). 

~6J. W. S e m m e l ,  J r . ,  " H i g h  T e m p e r a t u r e  O x i d a t i o n  of M o l y b -  
d e n u m , "  " H i g h  T e m p e r a t u r e  M a t e r i a l s , "  R. F.  H e h e m a n n  and  
G. M. A u l t ,  Edi tors ,  p. 510, J o h n  W i l e y  & Sons,  Inc. ,  N e w  York ,  
(1959). 

~v I n  v i e w  of  t h e  i m p l i c a t i o n  of  G u l b r a n s e n  et aL, t h a t  t h e  re -  
ac t ion  o rde r  is  s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t  i n  t he  r a n g e  1073 ~ 
1873~ i t  seems  r e m a r k a b l e  t h a t  c u r v e s  a, e, g, w h i c h  p e r t a i n  to  
w i d e l y  d i f f e ren t  p a r t i a l  a n d  to t a l  p r e s su re s  (c[. Fig .  1) ,  s h o u l d  d is -  
p l a y  s i m i l a r  s lopes  on t he  A r r h e n i n s  d i ag ram.  Th i s  aspec t  w o u l d  
a p p e a r  to  b e a r  f u r t h e r  i n v e s t i g a t i o n .  

as I n t e r e s t i n g l y  enough ,  our  O - a t o m  a t t a c k  da t a  r e v e a l  s i m p l e  
f i r s t -o rde r  k ine t i c s  a t  1400~ o v e r  t he  r a n g e  of p r e s su re s  i n v e s t i -  
g a t e d  t h u s  fa r  (1 ~ p  ~ 5  Tor t ;  2 • 10-8 ~ p o  ~ 5  • 10 -~Tor r ) .  
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sociat ion on the  ra te  of ox ida t ion  of m o l y b d e n u m  at  
i n t e r m e d i a t e  t empera tu re s .  I t  should  be added  tha t  
a s imi la r  s i tua t ion  a p p a r e n t l y  exis ts  in  the  case of 
the  ox ida t ion  of p l a t i n u m ,  viz., the  pos tu la ted  m e c h -  
an i sm  39 for ox ida t ion  in  O2 seems to us to be i n c o n -  
s is tent  w i t h  the  observed  effect of gas phase  dissoci-  
a t ion  on the  reac t ion  p robab i l i t y  40 over  the  t e m p e r a -  
t u r e  r a n g e  in  which  the  oxide is volat i le .  Clar i f ica-  
t ion  of these  mechan i s t i c  difficulties wou ld  be most  
welcome,  and  most  useful .  ~4 

F ina l ly ,  add i t iona l  words  of cau t ion  m a y  be in  
order  conce rn ing  the  t r a n s i t i o n  r eg ime  inves t iga ted  
in  pa r t  of G u l b r a n s e n  et al., (Class 3 to Class 4 t r a n -  
s i t ion)  and  p rev ious  worke r s  3s, 36. In  v i ew  of the 
complex i ty  of the  t r u e  k ine t ics  of m o l y b d e n u m  oxi-  
da t ion  in  O2-conta in ing  mix tu res ,  any  a t t e m p t  to 
ex t rac t  the k inet ics  f r o m  m e a s u r e m e n t s  made  in  
the presence  of a d i f fus ional  l imi ta t ion ,  as typif ied 
by  the  work  of f tn t .  35, is f r augh t  w i th  danger .  For  
example ,  the  da ta  r educ t ion  p rocedure  adopted  in  
f tnt .  35 ev iden t l y  fails to adequa t e ly  account  for the 
effects of: ( i)  n o n u n i t y  r eac t ion  order ;  ( i t)  low 
Reynolds  n u m b e r  and  high in te r rac ia l  mass veloci ty  
w i th  the i r  consequen t  inf luence  on the  oxygen  mass  
t r ans f e r  coefficient; (iii) m o l y b d e n u m  oxides and  
the i r  po lymers  [e.g., (MoO8)3] as they  inf luence  the  
effective F ick  diffusion coefficient for 02 t h r o u g h  the  
gas m i x t u r e  s u r r o u n d i n g  the  specimen.  For  these  
reasons,  if none  other,  the  resu l t s  shown  in  Fig.  1, 
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Fig. 1. Arrhenius plot on molybdenum oxidation possibilities 

C u r v e  Source  po~ (Torr)  p (Torr) M e d i u m  

a Present  work 3.0 X 10 -2 1.0 X 10 ~ He/O2 
b ftnt.  32 0.61 X 10 -8 0.61 • 10 -3 02 
c ftnt. 32 1.82 X 10 -3 1.82 X 10 -3 O2 
d ftnt. 35 1.59 X 102 0.76 X 103 air 
e Gulbransen  0.76 X 102 0.76 X 102 O8 

et al. 
f ftnt.  38 1.59 X 102 0.76 X 103 air 
g ftnt.  31 1.6 • 106 0.76 • 103 He/O~ 

s~ G. C. F r y b u r g  and  H. M. Pe t ru s ,  This Journal, 108, 496 (1961). 

43 G.  C. F r y b u r g ,  J. Chem. Phys. ,  24, 175 (1956). 
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curve  d wou ld  appea r  to be  sub jec t  to l a rge  sys te-  
mat ic  errors.  The theory  of s imple  sur face  react ions  
in  the  t r a n s i t i o n  r eg ime  w i t h  convec t ive  flow has 
r ecen t ly  been  t r ea t ed  41, 42 and  r ev i ewed  43 b y  one of 
us. It  is a l r eady  clear  tha t  a cons iderab le  a m o u n t  of 
work  wi l l  have  to be  done before  all  of the  i m p o r t a n t  
subt le t ies  of a reac t ion  such as m o l y b d e n u m  oxida-  
t ion  can be app rop r i a t e ly  incorpora ted  into the  
theory.  This  is especia l ly  t r ue  if accura te  k ine t ics  
are to be i n f e r r ed  f rom da ta  ob ta ined  in  the  p res -  
ence of a n o n - n e g l i g i b l e  diffusion l imi ta t ion .  

E. A. Gulbransen, K. F. Andrew, and F. A. Brassart: 
Rosner  and  A l l e ndo r f  have  po in ted  ou t  t ha t  the  p a r -  
t ia l  p ressure  of oxygen  is no t  the  on ly  factor  ~n de-  
t e r m i n i n g  the  ra t e  of ox ida t ion  at a g iven  t e m p e r a -  
ture .  We wou ld  l ike  to ampl i fy  this  s t a tement .  The 
effect of oxygen  pa r t i a l  p re s su re  and  ine r t  gas p re s -  
sure  on  the k ine t ics  of ox ida t ion  depends  upon  the 
n a t u r e  of the  ra te  of con t ro l l ing  mechan i sm,  i.e., 
chemical  cont ro l  or gas diffusion control .  No one ra te  
equa t ion  can  exp la in  these two types  of ox ida t ion  
mechanisms .  P r o v i d i n g  sufficient gas flow is ava i l -  
able  to r emove  the  vola t i le  p roducts  of oxidat ion,  the  
oxygen  pa r t i a l  p ressure  is the  i m p o r t a n t  va r i ab l e  at  
a g iven  t empe ra tu r e .  W i t h  insuff icient  gas flow the  
reac t ion  k ine t ics  are a complex  func t ion  of oxygen  
pa r t i a l  pressure ,  d i luents ,  spec imen  size, reac t ion  
system, and  t e m p e r a t u r e  gradients .  Our  Table  III  
i l lus t ra tes  this  po in t  nicely.  The da ta  at 800~ is for 
the chemical  cont ro l led  region.  Here  the  ra te  of oxi-  
da t ion  fo l lowed the  1.5 power  of pressure .  At  1600~ 
the da ta  are for the gas diffusion cont ro l led  region.  
Here  the  ra te  of ox ida t ion  fol lowed the  0.14 power  of 
the pressure .  

The  role of gas d i luen t s  was  no t  s tud ied  in  our  
paper .  Again ,  the  effect w ou l d  depend  u p o n  the  p a r -  
t i cu la r  reg ion  of oxidat ion .  We have  not  ana lyzed  
this  p r o b l e m  in  detai l .  More work  is needed  to de-  
t e r m i n e  the  order  of the  k ine t ics  of m o l y b d e n u m  
oxidat ion.  Both  p ressure  and  flow m u s t  be  cons id-  
ered in  i n t e r p r e t a t i o n  of the  expe r imen t s .  

Rosner  and  A l l e ndo r f  have  proposed the  use of 
the  ox ida t ion  p r oba b i l i t y  to re la te  the  var ious  ex-  
p e r i m e n t a l  resul ts .  This  is a usefu l  un i t .  We pre fe r  
to express  ra tes  of ox ida t ion  in  a toms of m o l y b -  
d e n u m  per  cm2-sec. Heats  of ac t iva t ion  can be  ca l -  
cu la ted  d i rec t ly  f rom log ra te  versus  1 / T  plots of the  
data.. We also agree tha t  compar i son  of ra tes  of oxi -  
da t ion  w i th  col l is ion theory  is ve ry  use fu l  a nd  en -  
l igh ten ing .  

These discussers  have  ques t ioned  our  suggested 
m e c h a n i s m  of mobi le  adsorp t ion  of oxygen  on two 
g rounds  (i) the d e p a r t u r e  f rom first order  k ine t ics  
and  (it) the  la rge  effect of dissociation. In  
defense,  we wou ld  po in t  out  tha t  the  p ressure  de-  

~1 D. E. Rosner ,  A.I .Ch .E .J . ,  9, 321 (1963) 

D. E. Rosner ,  Chem. Eng. Sci., 19, 1 (1964). 

4~ D. E. R0sner ,  A I A A  J. ,  2, 593 {1964). 

4~ A m e c h a n i s m  c o n s i s t e n t  w i t h  t h e  o b s e r v e d  r a t e s  of oxidat ion  
i n  p a r t i a l l y  d i s soc i a t ed  o x y g e n  is sugges ted  i n :  D. E. R o s n e r  and 
H. D. A l l e n d o r f ,  A e r o C h e m  TP-84,  F e b r u a r y  1964; J. Chem. Phys.,  
40, {June  1964). 
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pendence  has no t  b e e n  a d e q u a t e l y  s tud ied  u n d e r  
es tab l i shed  condi t ions  of p ressure  and  flow. The  
800~ data  of Table  III  are  the on ly  da ta  which  can 
be used in  our  studies.  Here  a p1.5 l aw was found.  
More work  m u s t  be done to t ie this  po in t  down.  Dis-  
sociat ion of oxygen  molecules  to a toms should have  
a ma jo r  inf luence on the adsorp t ion  of oxygen  on 
the  me ta l  surface.  We do not  see how this  p h e n -  
o m e n o n  ru les  out  the suggested mechan i sm.  

The au thors  agree w i th  Rosner  and  Al l endor f  
conce rn ing  ox ida t ion  s tudies  in  the  gas diffusion 
region  of ox ida t ion  and  the  t r ans i t i on  zone b e t w e e n  
gas diffusion and  chemical  cont ro l led  oxidat ion.  In  
fact, we wou ld  go fu r t he r  and  say tha t  s tudies  in  the  
gas diffusion region  are on ly  usefu l  for the  p a r t i c u -  
lar  sys tem u n d e r  considera t ion.  Few  genera l i za t ions  
can  be m a d e  f rom such studies.  

Ion Exchange Membrane Properties~Their Effect on 
the Development of the Dual Membrane Fuel Cells 

R. M. Lurie, C. Berger, and H. Viklund (pp. 1173-1176, Vol. 110, 
No. 12) 

P. V. Popat45: In  the th ree  yea rs  since Lur i e  et aL, 
o r ig ina l ly  wro te  the i r  paper ,  r a the r  s ignif icant  ad -  
vances  have  been  m a d e  in  i o n - e x c h a n g e  m e m b r a n e  
fuel  cell technology.  As a resu l t  of progress  made  in  
the areas of i o n - e x c h a n g e  m e m b r a n e  synthesis ,  e lec-  
t rode technology  and  e n g i n e e r i n g  design of the fuel  
cell ba t te ry ,  the technology  of fuel  cells wi th  s ingle  
i o n - e x c h a n g e  m e m b r a n e s  has reached  the stage 
where  all  of the  d i sadvan tages  l is ted by  Lur i e  et al., 
have  been  subs t an t i a l l y  e l imina ted ,  whi le  the ad -  
van tages  of the solid e lec t ro ly te  fuel  cell over  the  
dua l  m e m b r a n e  and  l iqu id  e lec t ro ly te  types  have  
been  re ta ined .  These advan tages  inc lude  capab i l i ty  
of opera t ion  in  zero G, no e lec t ro ly te  leakage,  low 
specific weight  and  volume,  no ionic concen t r a t i on  
polar izat ion,  ease of hea t  and  mass t r ans f e r  cont ro l  
wi th  a m i n i m u m  of a u x i l i a r y  e q u i p m e n t  and  p r o v e n  
safety, r e l i ab i l i ty  and  long life of the  fuel  cell. 

One could also a rgue  the  grea te r  mer i t s  of the  
p resen t  day  m e m b r a n e  and  electrode s t ruc tu res  as 
opposed to those m e n t i o n e d  in  the  paper .  In  the  fi- 
na l  analysis ,  however ,  the  re l iab i l i ty ,  safety, ope ra -  
t iona l  charac ter i s t ics  and  life of a m u l t i - c e l l  b a t t e r y  
are  d e t e r m i n e d  by  de l ibe ra t e ly  incorpora ted  safety 
provis ions  and  by  an  eng inee r i ng  design which  p ro -  
vides an  efficient means  for t e m p e r a t u r e  s tab i l i ty  
and  u n i f o r m i t y  and  for r emova l  of p roduc t  water .  

Werner  Glass4% In  the  th ree  years  since Lur ie  et aL, 
or ig ina l ly  wro te  the i r  paper ,  s ignif icant  eng inee r ing  
advances  have  been  m a d e  in  d u a l - m e m b r a n e  fuel  
cell technology.  The  p e r f o r m a n c e  "pred ic ted"  in  the  
paper  has been  far  surpassed:  res is tances  be low 2 
o h m - c m  2 per  cell are  ob ta ined  in  p resen t  ba t te r ies  as 

compared  to the  t hen  ac tua l  5.5 o h m - c m  2 a nd  p re -  
dicted 4.7 o h m - c m  2. The  safe ty  and  long life i n h e r -  
en t ly  associated wi th  the DMFC design has been  
ma i n t a i ne d .  The high degree  of r ep roduc ib i l i t y  a t -  
t a i nab l e  wi th  dua l  m e m b r a n e  fuel  cells has been  
recognized by  others,  e.g., G e n e r a l  Electr ic ' s  Space 
Sciences Labo ra to ry  47, who have  chosen the  DMFC 
for the i r  fuel  cell work.  

Heat Treatment of Anodic Oxide Films on Tantalum, 
The Effect on Dielectric Properties 

D. M. Smyth, G. A. Shim, and T. B. Tripp (pp. 1264-1276, 

Vol. 110, No.12) 

G. J. Korinek48: We were  also in te res ted  in  the ef-  
fect of hea t ing  on the  dielectr ic  p roper t ies  of anodic  
oxide films on t a n t a l u m .  Our  e x p e r i m e n t a l  resul ts  
agree in  genera l  wi th  those of S m y t h  et al. Our  ex-  
p e r i m e n t s  were  pe r fo rmed  on c leaned and  v a c u u m  
a n n e a l e d  Ta wire.  We found  tha t  the  r ep roduc ib i l i t y  
wi th  the wires  was be t t e r  t h a n  wi th  the  foil, bu t  
qua l i t a t i ve ly  the resul t s  on the  wires  and  on the  foil 
were  the  same. 

It  is our  con ten t ion  tha t  by  i n t e r p r e t i n g  the i r  re -  
sul ts  S m y t h  et al., should have  cons idered  the  pos-  
s ib i l i ty  of c rea t ing  mechan i ca l  defects such as 
cracks, microfissures and  the  l ike,  in  the anodic  films 
d u r i n g  the  heat  t r e a tmen t .  These mechan ica l  flaws 
would  of course be "healed  out"  d u r i n g  s u b s e q u e n t  
reanodiza t ion  and  they  could also exp la in  the  s t rong 
f r e que nc y  and  bias  dependence  of bo th  the capaci-  
tance  and  ESR values .  

F u r t h e r m o r e  the la rge  scat ter  of e x p e r i m e n t a l  
resul ts  as re fe r red  to by  S m y t h  wou ld  po in t  in  this 
direct ion.  

If S my t h ' s  p i c tu re  is correct  in  its p resen t  form 
one would  expect  tha t  a pe rcen tage  increase  in  
capaci tance  observed  on spec imens  anodized  at 
lower  vol tage should  be h igher  t h a n  those anodized 
to h igher  vol tage  because  the  a m o u n t  by  which  the 
th ickness  of the  effective dielectr ic  l aye r  decreases  
should  be m a i n l y  a func t i on  of t ime  and  t e m p e r a -  
tu re  (be ing  a diffusion process)  and  fa i r ly  i n sens i -  
t ive to the  to ta l  th ickness  of the  oxide layer.  F r o m  
the resul t s  in  Fig. 1 one can see tha t  this  is no t  the 
ease; the  change  in  capac i tance  on hea t ing  is essen-  
t i a l ly  the  same for all  anodiz ing  vol tages  shown and  
var ies  be t w e e n  5-10% de pe nd i ng  on f requency .  

Fig. 2 shows an  effect on capaci tance  of ar t i f ic ial ly  
i n t roduced  mechan ica l  d a m a g e  to the  film (ba re ly  
vis ib le  scratches ~ 0.2 m m  long ) .  The s imi l a r i t y  be -  
t w e e n  its capac i tance  f r e q u e n c y  dependence  to 
those of hea ted  spec imens  is s t r ik ing.  

Where  the m e c h a n i c a l l y  damaged  film differs 
f rom the heat  t r ea ted  ones is in  its ab i l i ty  to r e a n o -  
dize. As can  be seen by  r eanod iza t ion  to its o r ig ina l  
vo l tage  the  capaci tance  va lue  r e t u r n s  to its or ig ina l  
va lue ;  in  the ease of the  hea t  t r ea t ed  spec imen  tha t  
is not  the  ease. A pa r t  of capac i tance  change  is not  
r e move d  on reanodiza t ion .  This  is in  a g r e e m e n t  

45Fuel Cell Labora tory ,  Di rec t  Energy  Convers ion  Operat ion,  
Genera l  Electric Company.  West  Lynn,  Massachuset ts .  4v j .  j .  Konikoff ,  et aL, Aerospace Medicine,  34, 1129 (1963). 

46 Ionics,  Incorpora ted ,  Cambr idge ,  Massachuset ts .  ~s D e p a r t m e n t  of Rare  Metals,  CIBA Limi ted ,  Basle, Switzer land.  
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Fig. 1. Change in capacitance due to heating 
of Ta wires anodized to different voltages: e, be- 
fore heating; o after heating (30 min at 400~ 
in air). 
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Fig. 2. Influence of mechanical damage on the 
capacitance of anodized Ta wires. Anodization 
voltage 75v: A ,  before mechanical damage; Ig, 
one scratch ~ 0.2 mm long, hardly visible; �9 
two stratches ~ 0.2 mm long, hardly visible; 
0, several scratches ,~ 0.2 mm long, hardly 
visible; X ,  reanodized at 75v for 1 hr. 

with  the resul ts  of S m y t h  et al. I t  is suggested tha t  
it is this i r r evers ib le  pa r t  of capac i tance  increase  
which  is the  resu l t  of a possible oxygen  diffusion 
f rom the oxide l ayer  into the metal .  

This  sugges t ion  is in  a g r e e m e n t  w i th  resul t s  in  
Fig. 3, which  shows the capaci tance  va lues  as a 
f unc t i on  of the  f r equency  on s u b s e q u e n t  he a t i ng  
and  reanodiza t ion .  We can observe  tha t  the  increase  
of the capaci tance  depends  on the ra te  of hea t ing .  
The wires  which  were  s lowly hea ted  have  s l ight ly  
mi lder  dependence  on f r e q u e n c y  and  the  i r r eve r s i -  
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Fig. 3. Influence of the rate of heating on the 
capacitance of anodized Ta wires: X before 
heating; A after heating, (a) 30 min at 400~ 
in air; �9 after heating, (b) 30 min at 400~ in 
air plus 30 min heating-up and 30 min cooling- 
off time; o reanodized far 1 hr after heating, 
(a); �9 reanodized for 1 hr after heating, (b). 

ble change  in  capaci tance  is g rea te r  t h a n  by  the fast  
hea ted  ones. 

We also found  tha t  by  increas ing  the hea t ing  t ime  
f rom 10 m i n  to 1 hr  the i r r eve r s ib le  change  in  the 
capaci tance  increased  by  a factor  of abou t  2. 

This agrees w i th  resul ts  of S m y t h  et al., shown in  
Fig. 5 where  the  % • (pe rcen tage  increase  of 
capaci tance ,  r e l a t ive  to the  reanodized  capaci tance)  
due  to heat  t r e a t m e n t  in  air  decreases w i th  the  hea t -  
ing t ime. 

This  p h e n o m e n o n  wou ld  be expected  w h e n  the  
con t r i bu t i on  to the  capaci tance  change  f rom the m e -  
chanica l  defects s tayed a p p r o x i m a t e l y  cons tan t  or 
was  even  h igher  for shor t  hea t ing  t imes  due  to the 
shock effect and  the  c o n t r i b u t i o n  f rom the diffusion 
of oxygen  into the  me t a l  increased  w i th  the hea t -  
ing t ime. 

It  is also k n o w n  tha t  in  the so-cal led  solid elec-  
t ro ly te  capacitor ,  based on Ta-Ta2Os-MnO2 sys-  
tem, the sc in t i l l a t ion  vo l tage  decreases  a nd  leakage  
c u r r e n t  increases  af ter  one or more  py ro lys i s  more  
s t rong ly  t h a n  one would  expect  f rom a smal l  de-  
crease in the  th ickness  of the  effective dielectr ic  
l aye r  as ind ica ted  by  the  change  in  capaci tance.  

The resul t s  p resen ted  are pa r t  of w o r k  which  wi l l  
be published in detail, but they indicate that some 
of the conclusions in Smyth's paper should be re- 

examined. 
We thank Dr. W. Scheller for helpful discussion 

and Mr. A. Henz for his assistance with the experi- 

ments. 

D. M. Smyth,  G. A. Sh im,  and T. B. Tripp: We did 
not  exclude  the  poss ibi l i ty  tha t  mechan i ca l  defects 
could con t r i bu t e  to the dielectr ic  p roper t ies  of hea t -  
t rea ted ,  anodized t a n t a l u m .  On the basis  of the ex-  
p e r i m e n t a l  evidence,  however ,  we did conclude 
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t h a t  such  con t r i bu t i ons  a r e  neg l ig ib le .  W e  r e t a i n  
t h a t  opinion.  

K o r i n e k  has  p o i n t e d  ou t  t h a t  d e l i b e r a t e  d a m a g e  
to an  anod ic  ox ide  f i lm causes  an  i nc rea se  in  c a p a c i -  
tance ,  and  p r o d u c e s  a f r e q u e n c y  d e p e n d e n c e  of 
c a p a c i t a n c e  w h i c h  is q u a l i t a t i v e l y  s i m i l a r  to t h a t  of 
t he  Ta-Ta205  s y s t e m  a f t e r  h e a t - t r e a t m e n t  in air .  
This  is c e r t a i n l y  t r u e ;  h o w e v e r ,  t h e r e  a r e  m a j o r  
d i f fe rences  in  t he  b e h a v i o r  of h e a t - t r e a t e d  s a m p l e s  
as c o m p a r e d  w i t h  s c r a t c h e d  samples .  P e r h a p s  t h e  
mos t  se r ious  d i s c r e p a n c y  is t he  effect of a s m a l l  DC 
b ias  (Ta  pos i t i ve )  on the  ser ies  c a p a c i t a n c e  and  
ser ies  res i s t ance .  The  effect on h e a t - t r e a t e d  s a m p l e s  
is r e v e r s i b l e  a n d  r e p r o d u c i b l e  for  b i a ses  up  to a 
t h i r d  of the  f o r m a t i o n  vo l tage .  On the  o the r  hand ,  
t he  a p p l i c a t i o n  of even  a one vo l t  b ias  for  a few 
m i n u t e s  to a s c r a t c h e d  75v fi lm causes  p e r m a n e n t  
loss of a l a r g e  f r a c t i o n  of t he  c a p a c i t a n c e  i nc rea se  
w h i c h  r e s u l t e d  f r o m  the  damage .  The  b r i e f  a p p l i c a -  
t ion  of a 20v b ias  comple t e ly ,  and  p e r m a n e n t l y ,  r e -  
moves  t he  c a p a c i t a n c e  increase .  

K o r i n e k  has  m i s i n t e r p r e t e d  the  consequences  of 
ou r  p i c t u r e  of t h e  h e a t - t r e a t m e n t  p rocess  on the  i n -  
c rease  of capac i t ance .  I t  a p p e a r s  t h a t  d u r i n g  h e a t -  
t r e a t m e n t  t he  compos i t i ons  of t he  ox ide  at  t he  T a -  
Ta205 and  Ta2Os-a i r  i n t e r f aces  r a p i d l y  r e a c h  e q u i -  
l i b r i u m ,  and  an  a p p r o p r i a t e  compos i t i on  g r a d i e n t  
t h e n  ex t ends  across  the  film. F u r t h e r  hea t ing ,  or  r e -  
h e a t i n g  u n d e r  t h e  s a m e  condi t ions ,  w i l l  not  change  
th is  g r a d i e n t  s ign i f ican t ly .  Moreover ,  s ince  t he  c o m -  
pos i t ions  at  the  b o u n d a r i e s  a r e  thus  f ixed,  the  g r a d i -  
en t  w i l l  d e c r e a s e  w i t h  i nc r ea s ing  ox ide  th i ckness  
( a n o d i z a t i o n  v o l t a g e )  such  t h a t  t he  p e r c e n t a g e  in -  
c rease  of c a p a c i t a n c e  due  to h e a t - t r e a t m e n t  wi l l  be 
i n d e p e n d e n t  of ox ide  th ickness .  This  is in  a g r e e m e n t  
w i t h  t he  e x p e r i m e n t a l  r e su l t s  excep t  for  anod i za t i on  
vo l t ages  of  less  t h a n  50v; b e l o w  th is  t h e  p e r c e n t a g e  
i n c r e a s e  becomes  g r a d u a l l y  s m a l l e r  as the  f i lms b e -  
come th inne r .  

T h e  f o l l o w i n g  po in t s  of b e h a v i o r  of h e a t - t r e a t e d ,  
anod ized  t a n t a l u m  a r e  p r e s e n t e d  as be ing  cons i s t en t  
w i t h  our  hypo thes i s ,  b u t  i ncons i s t en t  w i t h  a m o d e l  
based  on m e c h a n i c a l  d a m a g e :  

1. The  effect  of DC b ias  on the  d i e l ec t r i c  b e h a v i o r ,  
as d e s c r i b e d  above.  

2. F o r  s a m p l e s  of v a r i o u s  types ;  e.g. wire ,  foil,  
a n d  s in te red ,  po rous  pe l l e t s ;  h e a t - t r e a t m e n t  in  a i r  
a t  400 ~ causes  a c a p a c i t a n c e  inc rease  of abou t  18%. 
I t  s eems  u n l i k e l y  t h a t  the  a m o u n t  of m e c h a n i c a l  
d a m a g e  w o u l d  b e  so r e p r o d u c i b l e .  

3. The  c a p a c i t a n c e  is i n d e p e n d e n t  of the  conduc -  
t i v i t y  of  t he  m e a s u r i n g  e l ec t ro ly t e .  The  c a p a c i t a n c e  
of d a m a g e d  f i lms shows  a p r o n o u n c e d  d e p e n d e n c e  49. 

4. M e a s u r e m e n t s  of h e a t - t r e a t e d  s a m p l e s  m a d e  
w i t h  s m a l l  a r e a  m e t a l l i c  c o u n t e r e l e c t r o d e s  ( e v a p o -  

~9 L. Young ,  Trans. Faraday Soc., 55, 842 (1959). 
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r a t e d  gold  or  e l ec t ro less  n i c k e l  w i t h  a r e a  a b o u t  0.02 
cm 2) gave  r e su l t s  w h i c h  w e r e  in  good a g r e e m e n t  
w i t h  our  s t a n d a r d  18 cm 2 s a m p l e s  m e a s u r e d  in  40% 
H2SO4. This  w o u l d  r e q u i r e  a v e r y  u n i f o r m  d i s t r i b u -  
t ion  of m e c h a n i c a l  da ma ge .  

5. The  c h a r a c t e r i s t i c  t e m p e r a t u r e  d e p e n d e n c e  of 
c a p a c i t a n c e  is not  eas i ly  e x p l a i n e d  b y  m e c h a n i c a l  
da ma ge .  

6. The  t e m p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  
has  t he  s a m e  f e a t u r e s  w h e n  the  m e a s u r e m e n t  is 
m a d e  in  an  a t m o s p h e r e  of d r y  n i t r o g e n  w i t h  a 
c o u n t e r e l e c t r o d e  of co l lo ida l  g r a p h i t e  cove red  w i t h  
s i lve r  p a i n t  r a t h e r  t h a n  in  t h e  u s u a l  c o u n t e r e l e c -  
t r o d e  of H2SO4. 

7. The  specific effect of p a r t i a l  r e a n o d i z a t i o n  on 
the  t e m p e r a t u r e  d e p e n d e n c e  of  capac i t ance ,  as d i s -  
cussed  in de t a i l  in  t he  second  p a p e r  of th is  ser ies ,  is 
no t  cons i s t en t  w i t h  t he  h e a l i n g  of m e c h a n i c a l  d a m -  
age.  

8. The  c o m p l e t e  r e a n o d i z a t i o n  of h e a t - t r e a t e d  
s a mp le s  t a k e s  s e v e r a l  hou r s  at  t he  o r ig ina l  a n o d i z a -  
t ion  vo l t age ,  w h e r e a s  s c r a t c h e d  s a m p l e s  a r e  r e s t o r e d  
to t h e i r  o r ig ina l  cond i t ion  w i t h i n  a few m i n u t e s  at  
much  l o w e r  vo l tage .  

9. The  effect of a s m a l l  DC bias  on t h e  t e m p e r a -  
t u r e  d e p e n d e n c e  of c a p a c i t a n c e  is not  r e a d i l y  e x -  
p l a i n e d  b y  m e c h a n i c a l  da ma ge .  

The  fo l lowing  po in t s  a r e  also p e r t i n e n t :  

10. W h e n  the  h e a t - t r e a t m e n t  is done  in  v a c u u m  
or  h y d r o g e n  5~ t h e  ox ide  no l o n g e r  func t ions  as a 
d ie lec t r ic ,  i.e., i t  becomes  conduc t ing  t h r o u g h o u t .  
The  h e a t i n g  a t m o s p h e r e  shou ld  no t  h a v e  m u c h  e f -  
fect  on m e c h a n i c a l  da ma ge .  

11. The  effect of d i e l ec t r i c  p r o p e r t i e s  is r e v e r s i b l y  
d e p e n d e n t  on the  a m b i e n t  o x y g e n  p r e s s u r e  d u r i n g  
h e a t - t r e a t m e n t .  

12. Even  s t r o n g e r  effects a r e  o b s e r v e d  w i t h  the  
Nb-Nb20~ sys tem,  w h e r e a s  no ana logous  b e h a v i o r  is 
e x h i b i t e d  b y  anod ized  a l u m i n u m .  N i o b i u m  is a good 
so lven t  for  oxygen ,  a n d  Nb20~ is k n o w n  to be  m o r e  
r e a d i l y  r e d u c e d  t h a n  TaeO551. O x y g e n  is no t  s ign i -  
f i can t ly  so lub le  in a l u m i n u m  a n d  A1208 is e x t r e m e l y  
diff icult  to  reduce .  

13. The  capac i t ance  of a f r e s h l y  s c r a t ched  s a m p l e  
d r i f t s  d o w n w a r d  for  hours  u n t i l  as m u c h  as ha l f  of 
t h e  o r ig ina l  c a p a c i t a n c e  i n c r e a s e  has  d i s a p p e a r e d .  
The  c a p a c i t a n c e  of  a h e a t - t r e a t e d  s a m p l e  is s t ab le  
w i t h i n  m i n u t e s  a f t e r  r e m o v a l  f r o m  the  oven.  

14. F o r  a g iven  i nc rea se  in capac i t ance ,  t he  i n -  
c rease  in ser ies  r e s i s t ance  of a h e a t - t r e a t e d  s a m p l e  is 
s e v e r a l  t imes  l a r g e r  t h a n  t h a t  of a s c r a t ched  sample .  

F u r t h e r  s u p p o r t i n g  ev idence  wi l l  be  p r e s e n t e d  in 
f u t u r e  pub l i ca t ions .  

~o D. A. V e r m i l y e a ,  Acta  Met., 5, 113 (1957). 

~1 p .  Ko~stad, This Journal, 1{}9, 776, (1962). 



Morphology of PbO  in the Positive Plates of Lead Acid Cells 
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ABSTRACT 

Severa l  p repara t ions  of PbO2 including posi t ive act ive ma te r i a l  f rom lead  
an t imony and lead calcium cells were  examined  by  e lect ron microscopy.  The 
morphology  of the  par t ic les  is be l ieved  to have  a bear ing  on posi t ive pas te  
re ten t ion  and pla te  pe r fo rmance  in the  l ead  acid cell. The anodic coat ing of 
PbO2 formed on pure  lead sheet  in H2SO4 was found to be pr i smat ic  when  first 
formed,  bu t  lost  its pr i smat ic  charac ter  on pro longed  anodizat ion and on 
cycling. 

The  p r i m a r y  c o m p o n e n t  of t he  pos i t i ve  p l a t e  in 
the  f u l l y  c h a r g e d  l e ad  ac id  cel l  is PbO2. This  m a t e -  
r i a l  ex is t s  in two  p o l y m o r p h i c  forms,  the  l o w - t e m -  
p e r a t u r e  .a f o r m  is o r t h o r h o m b i c ,  and  the  h i g h - t e m -  
p e r a t u r e  fl f o r m  is t e t r a g o n a l  ( 1 -3 ) .  Bo th  phases  
have  been  o b s e r v e d  in  t he  pos i t i ve  p l a t e  ac t ive  m a -  
t e r i a l  of  the  b a t t e r y  and  in  anodic  cor ros ion  p r o d u c t s  
on l e a d  (4 -7 ) .  The  cor ros ion  p roduc t s ,  t he  su r f aces  
of b a t t e r y  p la tes ,  and  e l ec t rodepos i t s  of PbO~ have  
been  e x a m i n e d  b y  e l ec t ron  m i c r o s c o p y  (7 -11 ) .  

M i n e r a l  depos i t s  of PbO2, p l a t t n e r i t e ,  do not  c o m -  
m o n l y  e x h i b i t  w e l l - d e v e l o p e d  c rys ta l s ,  b u t  occur  
in  n o d u l a r  masses  (12) .  S y n t h e t i c  fl PbO2 c r y s t a l -  
l ized  b y  h y d r o t h e r m a l  t r e a t m e n t  exh ib i t s  a m o r -  
p h o l o g y  c h a r a c t e r i s t i c  of i ts r u t i l e  s t r u c t u r e  t y p e  
(13) ;  h o w e v e r ,  mos t  s y n t h e t i c  PbO2 p r e p a r a t i o n s  
do no t  g ive  c r y s t a l s  l a r g e  enough  to be  d e s c r i b e d  b y  
op t ica l  me thods .  

The  l e a d  ca l c ium s to rage  b a t t e r y  was  d e v e l o p e d  
for  float se rv ice  in t he  t e l e p h o n e  s y s t e m  (14, 15) 
and  has  p r o v e d  s a t i s f a c t o r y  in such  ins ta l l a t ions .  
In  r e c e n t  y e a r s  t he  l e ad  ca l c ium cel l  has  been  used  
on s u b m a r i n e s  in float  service ,  bu t  m a n y  f a i l u r e s  
w e r e  e x p e r i e n c e d  in t he  e a r l y  ins ta l l a t ions .  As  p a r t  
of an  i n v e s t i g a t i o n  of th is  p r o b l e m ,  t he  pos i t ive  
p l a t e s  w e r e  e x a m i n e d  b y  e l ec t ron  mic roscopy .  The  
m a j o r  d i f fe rence  b e t w e e n  fa i l ing  and  success fu l  
cells  was  found  to be  a s t a r t l i n g  c o n t r a s t  in m o r -  
p h o l o g y  of t he  p a r t i c l e s  of PbO2 in t he  pos i t ives  
(16) .  I t  is g e n e r a l l y  a g r e e d  t h a t  t he  s t r e n g t h  of 
p a r t i c u l a t e  c o n g l o m e r a t e s  is i m p a r t e d  b y  the  m o r -  
p h o l o g y  of t he  s e v e r a l  species  p resen t .  F o r  e x a m p l e ,  
S l i epcev ich ,  G i lda r t ,  and  K a t z  (17) d i scuss ing  
P o r t l a n d  C e m e n t  concre te  s ta te  t h a t  " . . . t h e  s t r e n g t h  
of the  concre te  is a t t r i b u t a b l e  to an  a b u n d a n c e  of 
c ry s t a l s  in the  f o r m  of spl ines ,  need le s  a n d  f i lms 
m a t t e d  t o g e t h e r  and  b o n d e d  t o g e t h e r  b y  the  a m o r -  
phous  mass . "  In  a g r e e m e n t  w i t h  th is  p i c tu r i za t i on ,  
pos i t ive  b a t t e r y  p l a t e s  t h a t  con ta in  m o s t l y  n o n -  
desc r ip t  p e b b l e - l i k e  n o d u l a r  PbO2 p a r t i c l e s  w e r e  
found  to sof ten  and  fail .  On the  o the r  hand ,  p l a t e s  
m a d e  up  of PbO2 p a r t i c l e s  t h a t  w e r e  p r i s m a t i c  
need le s  w i t h  m a n y  b ranches ,  pos s ib ly  t w i n n e d ,  
m a i n t a i n e d  c a p a c i t y  and  r e t a i n e d  a f i rm t e x t u r e .  

A s t a k h o v ,  K i se l eva ,  and  K a b a n o v  (11) e x a m i n e d  
e l ec t ro ly t i c  depos i t s  of t he  two  p o l y m o r p h s  of PbO2 
b y  e l ec t ron  m i c r o s c o p y  and  i n d i c a t e d  t h a t  t h e r e  was  
a r e l a t i o n  b e t w e e n  m e c h a n i c a l  s t r e n g t h  and  m o r -  

p h o l o g y  of t he  c rys t a l s  in t he  e l ec t rode ;  t h e y  f u r -  
t he r  sugges t ed  t h a t  the  same  cons ide ra t i ons  w o u l d  
a p p l y  to t he  s t a b i l i t y  of b a t t e r y  p la tes .  

F o r  th is  i nve s t i ga t i on  c o m m e r c i a l  b a t t e r y  p l a t e s  
f rom s e v e r a l  m a n u f a c t u r e r s  in bo th  l e a d  a n t i m o n y  
and  l ead  c a l c ium cells  w e r e  e x a m i n e d  b y  e lec t ron  
mic roscopy .  C o n s i d e r a b l e  v a r i a t i o n  was  found  in 
the  p a r t i c l e  m o r p h o l o g y .  

Experimental 
C a r b o n  r ep l i ca s  (18) w e r e  p r e p a r e d  of  the  spec i -  

mens  of PbO2, and,  a f t e r  r e m o v a l  of t he  PbO2 b y  
so lu t ion  in d i lu t e  HNO~ con ta in ing  H202, t he  r ep l i ca s  
w e r e  e x a m i n e d  in an  R C A  E M U - 2 B  e l ec t ron  m i c r o -  
scope. 

P a r t i c u l a t e  spec imens  of PbOe w e r e  d i s p e r s e d  b y  
f loat ing on w a t e r  in a c ry s t a l l i z i ng  d i sh  and  p i c k e d  
up  on p a r l o d i o n  fi lms s u p p o r t e d  on s p e c i m e n  sc reens  
of the  e l ec t ron  microscope .  The  c a r b o n  r ep l i ca s  
w e r e  depos i t ed  b y  v a c u u m  e va po ra t i on .  A f t e r  r e p -  
l ica t ion ,  the  p a r l o d i o n  s u p p o r t i n g  f i lm was  d i s so lved  
in ace tone  b y  f looding the  s a m p l e  r e s t i ng  on a fo lded  
p iece  of f i l ter  p a p e r  f r o m  w h i c h  the  sc reens  w e r e  
t h e n  g e n t l y  l i f t ed  w i t h  fine tweezers .  The  ca rbon  
r e p l i c a  w o u l d  t e n d  to be  c e m e n t e d  to t he  sc reen  
m e s h  b y  a n y  r e s i d u a l  so f t ened  pa r lod ion .  The  spec -  
i m e n  was  t hen  t ouc he d  to c l ean  b lo t t i ng  p a p e r  and  
d r o p p e d  onto the  su r face  of the  ac id  H202 solut ion.  
F o l l o w i n g  so lu t ion  of t he  PbO2, a m a t t e r  of a m i n -  
u t e  or  two,  the  spec imen  was  t r a n s f e r r e d  to a s u r -  
face  of d i s t i l l ed  wa te r .  A f t e r  r ins ing ,  i t  was  t r a n s -  
f e r r e d  to b l o t t i n g  p a p e r  or onto  a peg  for  a i r  d ry ing .  

The  ac t ive  m a t e r i a l  f r om the  b a t t e r y  p l a t e s  and  
a cyc led  s p e c i m e n  of l e ad  shee t  w e r e  e x t r a c t e d  w i t h  
s a t u r a t e d  a m m o n i u m  a c e t a t e  so lu t ion  in o r d e r  to 
ob t a in  d i spe r s i on  of the  PbO2 into  d i sc re t e  pa r t i c l e s .  
Ac id  e x t r a c t i o n  of Pb~O4 also gave  a r e s i d u e  of 
PbO2 t h a t  was  e x a m i n e d .  The  e x t r a c t e d  m a t e r i a l  
was  d i s p e r s e d  b y  p l ac ing  a d rop  of the  r u n  on s l u r r y  
on the  su r face  of d i s t i l l ed  w a t e r  in  a c ry s t a l l i z i ng  
d i sh  w h e r e  the  pa r t i c l e s  w o u l d  float ou t  across  the  
sur face ,  and  these  w e r e  t hen  m o u n t e d  for  r e p l i c a -  
t ion  as d e s c r i b e d  above.  

A n o d i z e d  l e ad  shee t  was  r e p l i c a t e d  d i r e c t l y  a f t e r  
b l o t t i n g  d ry .  The  su r face  was  scored  into  s m a l l  
squares ,  and  the  s a m p l e  was  g e n t l y  l o w e r e d  into  
d i l u t e  acet ic  ac id  con ta in ing  H202. C a r b o n  f i lms 
f loated f ree  on the  su r f ace  and  w e r e  t r a n s f e r r e d  to 
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d i s t i l l ed  w a t e r  for  r ins ing .  The  f i lms w e r e  t h e n  
p i cked  up  on spec imen  screens  of the  e l ec t ron  
mic roscope  and  a i r  dr ied .  

Results and  Discussion 

Anodic corrosion product on pure lead.---Earlier 
s tud ies  b y  e l ec t ron  d i f f rac t ion  (19) showed  t h a t  t he  
in i t i a l  depos i t i on  of PbOe on p u r e  l e ad  b y  a n o d i z a -  
t ion  in H2SO4 was  p r e f e r e n t i a l l y  o r i e n t e d ,  and  t h a t  
on f u r t h e r  anod iza t ion  the  depos i t  h a d  r a n d o m  or i -  
en ta t ion .  The  in i t i a l  depos i t ,  Fig.  1, a p p e a r s  to be  
e n t i r e l y  p r i sma t i c ,  and  c lus te r s  of c ry s t a l l i t e s  of 
s im i l a r  o r i e n t a t i o n  a r e  c l e a r l y  d i sce rn ib le .  This  is 
the  k i n d  of depos i t  t h a t  is too th in  to g ive  x - r a y  
d i f f rac t ion  pa t t e rn s ,  b u t  s t rong  e l ec t ron  d i f f rac t ion  
p a t t e r n s  a r e  r eg i s t e red .  The  a r eas  of s i m i l a r l y  o r i -  
en t ed  c ry s t a l l i t e s  conf i rm the  e l ec t ron  d i f f rac t ion  
obse rva t i ons  of p r e f e r r e d  o r i e n t a t i o n  r e p o r t e d  in 
the  e a r l i e r  s tudies .  W h e n  t h e  depos i t  was  t h i c k e n e d  
b y  p r o l o n g e d  anod iza t ion ,  t he  coa t ing  b e g a n  to spa l l  
f r om the  surface .  The  e l ec t ron  m i c r o g r a p h ,  Fig .  2. 
of the  anodic  s a m p l e  at  th is  s t age  sugges t s  t ha t  t h e r e  
is a t o t a l  loss in p r i s m a t i c  cha rac t e r ,  and  also shows  
the  f laky  n a t u r e  of the  coat ing .  A coa t i ng  of th is  t y p e  
g ives  a p o l y c r y s t a l l i n e  d i f f rac t ion  p a t t e r n .  As  the  
s p e c i m e n  was  cycled ,  the  coa t ing  c o n t i n u e d  to shed,  
and  i t  has  been  shown  b y  F e i t k n e c h t  and  G a u m a n n  
(7-8) t ha t  the  su r face  becomes  cove red  w i t h  n o d u l a r  
concre t ions  of PbO2. The  i n d i v i d u a l  pa r t i c l e s  a r e  

Fig. 1. Pure lead sheet anodized in H2S04 for 68 hr. This thin 
coating of Pb02 is prismatic and appears to exhibit definite areas 
of preferred orientation of the crystallites. 

Fig. 2. Pure lead sheet anodized in H2S04 for 1464 hr. The in- 
dividual crystallites of thinner films (Fig. 1) have disappeared, and 
the coating is flaking away from the surface. 
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Fig. 3. Particles of Pb02 isolated from a sheet of pure lead cycled 
8 times in H2S04. The individual particles are difficult to disperse 
and tend to clump together; however, they appear to be approxi- 
mately 0. I~ in diameter, and to be spheroidal. These particles are 
believed to be obtained by conversion from PbS04 and, unless bound 
by mechanical or chemical forces, readily detach themselves from 
the electrode surface. 

s u b m i c r o n  size and  a p p e a r  to be  sphe ro ida l .  F i g u r e  
3 shows a ca rbon  r ep l i c a  of such p a r t i c l e s  i so la ted  
f rom the  su r face  of t he  cyc led  spec imen .  These  p a r -  
t ic les  a r e  r a t h e r  u n i f o r m  in size and  a p p e a r  to be  
a p p r o x i m a t e l y  0.1~ in d i a m e t e r .  This  is in t he  s ame  
r a n g e  o b s e r v e d  b y  F e i t k n e c h t  and  G a u m a n n  and  
B u r b a n k  (8, 20) ;  h o w e v e r ,  on the  bas is  of x - r a y  
l ine  b r o a d e n i n g ,  F e i t k n e c h t  (7)  e s t i m a t e d  t h e  p a r -  
t ic les  to be  abou t  100A. I t  is diff icult  to o b t a i n  good 
d i spe r s ion  of such fine m a t e r i a l  b y  the  t e chn iques  
used  in th is  w o r k ;  h o w e v e r ,  these  c e r t a i n l y  l ie  
w i t h i n  the  co l lo ida l  r ange .  I t  is these  p a r t i c l e s  t ha t  
f o rm  a r e d d i s h  c loud  in t he  e l e c t r o l y t e  n e a r  the  
e l ec t rode  su r face  if  gas  evo lu t i on  is v igo rous  enough ,  
and  in t u r n  g ive  r i se  to l e a d  t r ee s  as t h e y  c i r cu l a t e  
in the  cel l  and  come into  con tac t  w i t h  t he  n e g a t i v e  
e lec t rode .  As  the  anodic  coa t ing  bu i l d s  up,  i t  t ends  
to lose e l ec t r i ca l  con tac t  w i t h  the  l ead  su r f ace  and  
c o n t i n u i t y  b e t w e e n  i n d i v i d u a l  pa r t i c l e s .  In  P l a n t 6  
p l a t e  f o r m a t i o n  it is n e c e s s a r y  to r e t a i n  t he  PbO2 
pa r t i c l e s  in a mass  on the  su r face  in o r d e r  to ge t  
a d e q u a t e  c a p a c i t y  f rom the  p la tes .  F e i t k n e c h t ' s  
e l e c t r o n  m i c r o g r a p h s  t a k e n  d u r i n g  s e l f - d i s c h a r g e  
show tha t  p r i s m a t i c  su l f a t e  c ry s t a l s  g r o w  d u r i n g  
o p e n - c i r c u i t  s tand .  In  a s t u d y  of l ead  ca l c ium cells  
(16)  i t  was  shown  t h a t  even  in p a s t e d  p l a t e s  w h e n  
the  ac t ive  m a t e r i a l  is composed  of n o n d e s c r i p t  n o d -  
u l a r  PbO2 pa r t i c l e s ,  t he  p l a t e s  w o u l d  not  g ive  s a t i s -  
f a c t o r y  c a p a c i t y  un t i l  suff icient  p r i s m a t i c  PbSO4 
had  been  f o r m e d  to b i n d  t h e  mass  toge the r .  P l an t~  
in 1887 (21) d e s c r i b e d  s i m i l a r  b e h a v i o r  thus :  "A 
s i n g u l a r  p h e n o m e n o n  f r e q u e n t l y  o b s e r v e d  wi th  
s e c o n d a r y  l e a d  cel ls :  i t  is found  t h a t  i m m e d i a t e l y  
a f t e r  charg ing ,  the  b a t t e r y  w i l l  not  pass  enough  
c u r r e n t  to hea t  a p l a t i n u m  wi re ,  b u t  a f t e r  s t a n d i n g  
on o p e n - c i r c u i t  for  a b o u t  24 hour s  i t  w i l l  h e a t  the  
s a m e  w i r e  to i ncandescence . "  H e  a t t r i b u t e d  th i s  to 
a f i lm of gas, bu t  i t  a p p e a r s  f r o m  the  e l ec t ron  m i c r o -  
scopic i nves t i ga t i ons  t ha t  d u r i n g  the  24 h r  s t and  
sufficient  su l f a t e  c r y s t a l l i z e d  to cemen t  t he  pa r t i c l e s  
in to  a conduc t ing  mass .  

Battery  p la tes . - -The  pos i t i ve  ac t ive  m a t e r i a l  
f r om c o m m e r c i a l  b a t t e r y  p l a t e s  shows a w ide  v a r i -  
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ety of par t ic le  morphology vary ing  from complex 
pr ismat ic  crystals  to nodular  forms. Some commer-  
cial plates  appear  to be en t i re ly  pr i smat ic  in na -  
ture  whi le  others  are en t i re ly  nondescr ipt  nodu la r  
formations.  St i l l  others contain clusters of wel l -  
developed pr ismat ic  crystals  in a ma t r ix  of non-  
descr ipt  mater ia l .  These formations are i l lus t ra ted  
in the electron micrographs  shown in Fig. 4-8. It 
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Fig. 7. A large cluster of prismatic crystals showing many side 
arms illustrating the interlocking believed to be associated with 
morphology of this type which is believed to impart mechanical 
strength to the positive paste. 

Fig. 4. Positive active material from lead calcium cells showing 
almost entirely prismatic crystallization. Plates composed of these 
particles remained firm and retained capacity in shallow cycling 
tests. 

Fig. 5. Positive active material from lead calcium cells showing 
predominantly noduYar crystallization. Plates composed of these 
particles softened and failed after a few weeks of shallow cycle 
testing. 

Fig. 6. Positive active material from a lead antimony cell. Massive 
prismatic conglomerates were characteristic of the active material 
in this sample. 

Fig. 8. Particles of positive active material showing an inter- 
mediate development of prismatic character. These particles retain 
some prismatic form, but are not characterized by intricate branch- 
ing and would not be expected to impart mechanical strength to the 
active mass. 

has been shown in an ear l ie r  s tudy (16) tha t  plates  
containing la rge  amounts  of pr i smat ic  ma te r i a l  
main ta ined  capaci ty  whereas  plates  comprised 
ma in ly  of nondescr ipt  par t ic les  suffered drast ic  
capaci ty  loss and fai led because of softening of the 
active mass. If the plates  containing nondescr ipt  
par t ic les  were  opera ted  in such a way  as to re ta in  
pr ismat ic  sulfate crystals  in the active mater ia l ,  
sa t isfactory per formance  could be obtained f rom 
them. It  is apparen t  that  morphology of the  par t ic les  
p lays  a significant role in the re tent ion  of the posi-  
t ive active ma te r i a l  in the lead acid cell. 

Miscellaneous preparations.--Reagent grade PbO2 
was also examined  as a ma t t e r  of curiosi ty,  and the 
sample avai lab le  at this Labora to ry  showed a mix -  
ture  of pr i smat ic  and nondescr ipt  par t ic les  Fig. 9. 
The growth  habi t  of the pr ismat ic  crysta ls  was di f -  
ferent  from that exhibited by the prismatic battery 
samples. 

If Pb304 is extracted with acids that react with 
the divalent lead, PbO2 is deposited. The lattice of 
Pb304 contains both di- and tetravalent lead, and 
the residue of PbO2 is formed by deposition from 
solution. This material is not contained as such in 
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Fig. 9a. Particles of reagent grade Pb02. Prismatic crystals 
showing a growth habit different from those contained in the 
active material of the cells illustrated in Fig. 4, 6, and 7. 

Fig. 9b. Particles of reagent grade Pb02. Mixture of nodular and 
prismatic forms. This type of material formed the bulk of the 
sample. 

Fig. 10. Pb02 obtained by extraction of Pb304. The smallest in- 
dividuals appear to be spheroidal, and the large particles may be 
conglomerates of these small units. There appears to be no tendency 
toward prismatic development. 

t he  Pb304 la t t i ce .  F i g u r e  10 is an  e l e c t r o n  m i c r o -  
g r a p h  of t he  PbO2 r e s i d u e  o b t a i n e d  f r o m  e x t r a c t i n g  
Pb304 and  shows  a l a ck  of we l l  d e v e l o p e d  c rys ta l s .  

The  i n d i v i d u a l  p a r t i c l e s  a r e  v e r y  smal l ,  and  no p r i s -  
m a t i c  fo rms  w e r e  obse rved .  

I t  is conc luded  t h a t  t he  m o r p h o l o g y  of b a t t e r y  ac -  
t ive  m a t e r i a l s  m a y  be  c o r r e l a t e d  w i t h  the  p e r f o r m -  
ance  of the  p l a t e s  a t  l eas t  u n d e r  c e r t a i n  condi t ions .  
Op t i ca l  mic roscop ic  e x a m i n a t i o n  of  t he  ac t ive  m a -  
t e r i a l s  (22) has  also shown  v a r i a t i o n s  in  s t r u c t u r e  
of a d i f fe ren t  o r d e r  of m a g n i t u d e .  These  s tud ies  sug -  
ges t  t ha t  i m p r o v e m e n t s  in b a t t e r y  p e r f o r m a n c e  m a y  
be  e x p e c t e d  to r e s u l t  f r o m  such e x a m i n a t i o n s  of 
s t r u c t u r e s  and  p h y s i c a l  m e c h a n i s m s  of ope ra t ion .  I t  
is h o p e d  t ha t  th is  s t u d y  wi l l  s e rve  to s t i m u l a t e  f u r -  
t he r  i n v e s t i g a t i o n s  of p a s t e  m o r p h o l o g y  a n d  i ts  r e -  
l a t ion  to e l e c t r o c h e m i c a l  and  m e c h a n i c a l  p r o p e r t i e s  
of b a t t e r y  ac t ive  ma te r i a l s .  

Manuscr ip t  rece ived  Jan.  28, 1964. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 

REFERENCES 
1. A. I. Zaslavskii ,  Yu. D. Kondrashov,  and S. S. Tol-  

kachev,  Doklady Akad. Nauk. S.S.S.R., 75, 559 
(1950). 

2. A. I. Zaslavski i  and S. S. Talkachev,  J. Phys. Chem. 
USSR, 26, 743 (1952). 

3. W. B. White,  F. Dachil le,  and R. Roy, Am. Ceram. 
Soc. J., 44, 170 (1961). 

4. H. Bode and E. Voss, Z. Elektrochem., 60, 1053 
(1956). 

5. P. Ruetschi  and B. D. Cahan, This Journal, 1{}4, 406 
(1957). 

6. J. Burbank,  ibid., 106, 369 (1959). 
7. W. Fei tknecht ,  Z. Elektrochem., 62, 795 (1958). 
8. W. Fe i tknech t  and  A. Gaumann,  J. Chim. Phys., 49, 

135 (1952). 
9. J. E. Buskirk,  P. D. Boyd, and V. V. Smith,  Paper  

presented  at  the  Elec t rochemical  Society Meeting, 
Houston, Texas,  October  1960 (Extended  A b -  
s t ract  19). 

10. D. Spahrbier ,  Thesis: Zum e lekt rochemischen  Ver -  
ha l ten  der  B le id ioxyde lek t roden  Technischen 
Hochschule,  S tu t tgar t ,  1960. 

11. I. I. Astakhov,  I. G. Kiseleva,  and B. N. Kabanov,  
Doklady Akad. Nauk. S.S.S.R., 126, 1041 (1959). 

12. C. Palache,  H. Berman,  and C. Fronde l ,  "Dana 's  
System of Mineralogy,"  Vol. 1, p. 581, John Wi ley  
& Sons, Inc., New York  (1944). 

13. H. R. Davidson, Am. Min., 26, 18 (1941). 
14. H. E. Har ing  and U. B. Thomas, Trans. Electro- 

chem. Soc., 68, 293 (1935). 
15. U. B. Thomas, F. T. Fors ter ,  and H. E. Haring,  ibid., 

92, 313 (1947). 
16. J. Burbank,  Batter ies ,  Proceedings  of the  3rd In-  

te rna t iona l  Symposium,  Bournemouth,  England,  
October  1962, p. 43. 

17. C. M. Sliepcevich,  L. Gi ldar t ,  and  D. L. Katz,  Ind. 
Eng. Chem., Ind. ~d., 35, 1178 (1943). 

18. D. E. Bradley,  Brit. J. Appl. Phys., 5, 65, 96 (1954). 
19. J. Burbank,  This Journal, 1{}3, 87 (1956). 
20. J. Burbank,  ibid., 1@4, 693 (1957). 
21. G. Plant~, R6cherches sur L'Electr ici t6,  L ib ra r i e  de 

A. Fourneau,  Par i s  1879, p. 72 ft. 
22. A. C. Simon and E. L. Jones, This Journal, 1{}9, 760 

(1962). 



Thermogalvanic Cells with Silver Iodide as a Solid Electrolyte 

J. L. Weininger 

Research Laboratory, General Electric Company, Schenectady, Ne w  York  

ABSTRACT 

Experiments  with the thermocells Ag /~ -AgI /Ag  and I2/~-AgI/I2 are de- 
scribed and compared with theory. The combinat ion of the solid electrolyte, 
~-AgI, with iodine gas diffusion electrodes gives the iodine cell a figure of 
meri t  of 1 x 10 -3 deg -~ and a theoretical efficiency of 5.1%. In  operation of 
this cell, iodine gas is evolved at the cold electrode and consumed at the hot 
electrode. These electrode reactions are reversible. In  the si lver cell, compli-  
cations are introduced by the formation of sitver dendrites at the cathode. 

T h e r m o g a l v a n i c  cells, " thermocel l s"  for short,  are  
n o n i s o t h e r m a l  cells u sua l l y  w i th  iden t ica l  elec-  
t rodes in  contact  w i t h  an  electrolyte.  A difference in  
t e m p e r a t u r e  of the  two electrodes produces  an  emf 
( t he rmopo ten t i a l )  which  causes a ga lvan ic  c u r r e n t  
to flow. The t e m p e r a t u r e  coefficient of the  t h e r m o -  
po ten t i a l  is the  " the rmoelec t r i c  power"  of the  elec-  
t ro ly t ic  cell ana logous  to the  the rmoe lec t r i c  power  
of e lec t ronic  t h e r m a l  conver te rs .  

Thermocel l s  wi th  solid e lec t rolytes  were  first 
s tudied  by  Re inho ld  (1, 2) who was  p r i m a r i l y  in -  
te res ted  in  the i r  t h e r m o d y n a m i c  aspects. W a g n e r  
(3) e labora ted  on the  theory  and  s tudied  the i n t e r -  
r e l a t ion  of the t h e r m o g a l v a n i c  effect w i t h  o ther  
heat  effects. More recen t  inves t iga t ions  are due to 
Hol tan  (4, 5). A ve ry  recen t  and  comprehens ive  
rev iew is due  to Agar  (6) .  

A m o n g  solid e lect rolytes  s i lver  hal ides  have  the 
larges t  ionic conduct ivi t ies .  Over  the past  years  
t hey  have  been  s tudied  in  this L a b o r a t o r y  as elec- 
t ro ly tes  for ga lvan ic  cells (7, 8) as wel l  as for t h e r -  
mocells.  A l p h a - s i l v e r  iodide, a s table  fo rm of AgI 
in  the t e m p e r a t u r e  r ange  146~ ~ is p a r t i c u l a r l y  
su i tab le  for use in  thermocel ls .  This  report ,  t he re -  
fore, deals with thermocells containing ~-AgI as the 
electrolyte. Two types of thermocells are consid- 
ered. In the "silver cell" the electrodes are silver 
(Ag/~-AgI/Ag) ; in the "iodine cell" iodine gas dif- 
fusion electrodes are used (I2/~-AgI/12). Both cells 
are discussed, but more emphasis is placed on the 

iodine cell which  is t hough t  to have  more  promise  
of p rac t ica l  appl ica t ion.  

M e c h a n i s m . - - T h e  m e c h a n i s m s  of the  p resen t  
thermocel l s  are shown in  Tab le  I. F o r  the  s i lver  
cell, the  m e c h a n i s m  was p roved  by  Reinhold ;  the  
p re sen t  work  e x p e r i m e n t a l l y  verifies the  m e c h a n -  
i sm of the  iodine  cell. The l a t t e r  is also the  subjec t  
of a recent  p a t e n t  (9).  The  the rmoelec t r i c  power  of 
the iodine cell and the dependence of this important 
parameter on the iodine vapor pressure were first 

reported by Wagener (I0). 

Silver Thermocell--Ag/ a-Agl / Ag 
Cell co n s t ruc t ion . - -Three  cell types  shown  in  

Fig. 1 were  used. 
Cell  I consists of two s i lver  electrodes,  2 m m  

thick,  which  sandwich  the  AgI  electrolyte.  The 
lower  electrode (anode)  is heated.  The e lect rolyte  
is a disk 4 m m  thick  and  5.07 cm 2 in  a rea ) ,  con-  
t a ined  in  a P y r e x  spacer to p r e v e n t  deformat ion .  

In  Ceil II  the cathode (colder  e lect rode)  is a s i l -  
ver  cup which  is m a i n t a i n e d  above the  t r a n s f o r m a -  
t ion  t e m p e r a t u r e  of a - A g I  (146~ AgI  is mel ted  
and  solidified in  the cathode u n d e r  an  ine r t  a tmos-  
phe re  to es tab l i sh  the  e lectrolyte .  The  anode (ho t te r  
e lect rode)  is a block of s i lver  at the  end  of the t ip 
of a so lder ing  iron. 

Cell  I I I  has the same electrodes and  hea t ing  a r -  
r a n g e m e n t  bu t  the e lec t ro ly te  is a porous  ceramic  
disk ( a l u m i n a )  i m p r e g n a t e d  w i th  AgI. The porous 

Table I. Mechanism of thermocells 

Silver thermocell  Iodine thermocell  

Anode: 

Electrolyte: 
Cathode: 

Net change per 

Faraday  electricity: 

�9 Ag /a -AgI /Ag  Q 
cold hot 
at T at T -~ AT 

Temperature :  T -~ AT 
Reaction: Ag-~ Ag + + e -  

Ag + moves from hot to cold electrode. 
Temperature :  T 
Reaction: Ag + + e - - >  Ag 

transport  of 1 mole of silver from hot 
to cold electrode. 

�9 I2 (Me) ~-AgI/I2 (Me) G 
hot cold 
at T ~- AT at T 
where Me ~ iner t  electrode 
T 
I---> 1/212 + e -  
(or, AgI --> VzI2 -~ Ag + ~ e - )  

P~2 increases 
Ag + moves from cold to hot electrode. 
T -~ AT 
~/212 -~- e -  --> I- 
(or, Ag + ~- ~/212 ~- e -  --> AgI) .  

PI2 decreases 
t ransport  of ~/2 mole of iodine from 
cold to hot electrode. 
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Fig. 2. Thermopotential-current curves for silver thermocell I 

m a t r i x  was  used in  an  a t t e m p t  to overcome d e n -  
dr i te  format ion .  

Resul ts . - -The expe r imen t s  confirmed the k n o w n  
mechan i sm,  i.e., tha t  t r a n s p o r t  of s i lver  takes  place 
f rom the hot  to the cold electrode,  w i th  the  fo rmer  
as the  nega t i ve  pole. 

The t h e r m o p o t e n t i a l - c u r r e n t  curves  ob ta ined  
wi th  Cell  I are shown  in  Fig. 2. The p e r t i n e n t  da ta  
of the  two plots are:  

AT = 114~ Thot ~ 397 ~ Tcold-~ 283 ~ ~E/AT 
0.60 m v / d e g ,  slope = 1.33 ohms 

aT  ~ 226~ Th ~ 382 ~ Tc = 156 ~ AE/AT 
= 0.56 m v / d e g ,  slope = 1.57 ohms. 

Wi th  the  g iven  geomet ry  the  i n t e r n a l  res i s tance  
should have  b e e n  0.056 ohm. Thus,  the  m e a s u r e d  
va lues  ind ica ted  on ly  abou t  4% effective contact .  
In  ano the r  e x p e r i m e n t  at AT = 85 ~ an  open cell 
vol tage  of 46 m v  was measured .  On pass ing  a to ta l  
of 290 coulombs in  the  e x t e r n a l  circuit ,  the anode  
had  lost  an  a m o u n t  of Ag e q u i v a l e n t  to 373 cou-  
lombs,  which  was no t  deposi ted on the  cathode.  
Thus,  a 22% loss of Ag f rom the anode  and  a lmost  
cons tan t  cathode weigh t  were  evidence  of an i r r e -  
ve rs ib le  change.  This  was exp la ined  by  the  appe a r -  
ance  of cell I at the  end  of the  expe r imen t ,  which  
is i l lus t ra ted  schemat ica l ly  in  Fig. 3. The anode was 

[ + f f j ~ e g ~ , ~  Ag CATHODE 

' r  ~'~ A9 I ELECTROLYTE 

Ag DENDRITES 

A9 GRANULES SOLUTION OF Ag IN Ag I 

rrr ~ ~ A~ A~ODE 

Fig. 3. Dendrite formation in operation of silver thermocell 

etched in  spots ( I I I ) ,  i nd ica t ing  i r r e gu l a r  d issolu-  
t ion  of s i lver  ions. These fo rmed  dendr i t e s  at the 
cathode (I)  ins tead  of depos i t ing  on the electrode.  
S i lver  g ra ins  ex t ended  also f rom the cathode into 
the  e lec t ro ly te  ( I I ) .  

Be t te r  s h o r t - t e r m  p e r f o r m a n c e  was ob ta ined  
wi th . ce l l  II  because  of its t i gh te r  cons t ruc t ion  and  
closer e lect rode spacing,  bu t  dendr i t e  f o r ma t i on  be-  
came an  even  more  serious problem.  At  • = 414 ~ 
--150 = 264~ by  shor t ing  the cell t h r o u g h  the  
0.011 ohm range  of an  a m m e t e r  a c u r r e n t  of 500 ma  
was  obta ined.  Dendr i t e s  were  first seen 8 ra in  af ter  
the s tar t  of the  e x p e r i m e n t  and  af ter  53 rain the 
cell became i n t e r n a l l y  shorted.  As the  c u r r e n t  
s lowly decreased,  a to ta l  passage of abou t  1000 
coulombs was es t imated .  

Wi th  the  cons t ruc t ion  of cell III,  dendr i t e  f o r m a -  
t ion was slowed down,  bu t  some po la r iza t ion  oc- 
cur red  so tha t  the  l i fe t ime of the  cell was  increased  
by a factor  of 20 whereas  the  res i s tance  of the  cell 
increased  by  a factor  of 5. 

These e xpe r i me n t s  indica te  tha t  dendr i t e  f o r m a -  
t ion  and  the  lack of depos i t ion  of s i lver  at the  
cathode are  fo rmidab l e  obstacles  to the  p roper  
f unc t i on i ng  of the  s i lver  thermocel l .  To ob ta in  
l a rger  c u r r e n t  product ion ,  c o m m e n s u r a t e  w i th  the 
large conduc t iv i ty  of the  e lectrolyte ,  wou ld  r equ i r e  
homogeneous  deposi t ion and  m i g r a t i o n  of the car-  
r i e r - i o n  (Ag +). In  the  iodine  thermocel l ,  a d i f ferent  
set of e x p e r i m e n t a l  difficulties are encoun te red .  

Iod ine  Thermocell--12/ a-Agl /12 
Both the iodine and  s i lver  thermocel l s  have  the 

same e lec t ro ly te  w i th  its h igh ly  des i rab le  ionic 
conduc t iv i ty  (p = 0.38 o h m - c m  at 500 ~ 0.47 o h m -  
cm at 350 ~ (11, 12). They  differ, however ,  in  t ha t  
the  ca r r i e r - i on  (Ag +) moves  in  opposite d i rec t ions  
wi th  respect  to the  t e m p e r a t u r e  gradient .  Hence,  
the ne t  t r a n spo r t  of mate r ia l ,  iodine and  silver,  r e -  
spect ively,  is in  opposite direct ions.  This is i l lus -  
t r a t ed  in  Table  I, which  also shows tha t  in  the  
iodine cell the iodine p ressure  is increased  at  the 
cold electrode (anode)  and  decreased at  the  hot 
e lectrode (ca thode) .  

Cell construction.--Two m a i n  p rob lems  in  the  
design of the  iodine cell are the  use of gas diffusion 
electrodes,  and  the  con t rac t ion  of the  room t e m -  
p e r a t u r e  form of AgI  on hea t ing  and  at  the t r an s i -  
t ion  po in t  B-AgI--> ~-AgI.  

Most meta l s  reac t  wi th  iodine  at e leva ted  t e m -  
pera tu res .  However ,  for p r e l i m i n a r y  e xpe r imen t s  
p l a t i n u m  and  t a n t a l u m  were  chosen as electrodes 
because  they  had  p roved  to be sa t is factory  for the 



Vol. 111, No. 7 THERMOCELLS WITH AgI AS ELECTROLYTE 771 

Table II. Performance of the iodine cell 

I n t e r n a l  
E x p e r i -  Th T,. AT A E / A T ,  resistance, 

m e n t  N o .  ~  ~  ~  AE, m v  m v / d e g  o h m s  

1 342 262 80 95 1.19 79 
2 340 184 156 208 1.33 67* 
3 498 218 280 347 1.24 91" * 
4 335 165 170 232 1.36 61 

�9 A t  c u r r e n t  ~ 0 . 6  m a .  
�9 * A t  c u r r e n t  ~ 1  rna .  

Fig. 4. Iodine thermocell 

HI LI 

Fig. 5. Detail of iodine thermocell 

iodine electrode in  the ga lvan ic  cell Ie /a -AgI /Ag  
(8).  La te r  on, porous ca rbon  was  found  to be a 
p re fe rab le  electrode mater ia l .  Hence  the electrodes 
were  p repa red  f rom " U l t r a - p u r i t y "  g raph i te  rods, 
suppl ied  by  the Un i t ed  Carbon  Produc t s  Company .  
These electrodes had  a poros i ty  of 27% and  a res is -  
t iv i ty  of 8 x 10 -4 ohm-cm.  

Below the t e m p e r a t u r e  of t r a n s f o r m a t i o n  of fl- 
AgI  to a -AgI  at 145.80~ (12) and  d u r i n g  this  
t r a n s f o r m a t i o n  the e lect rolyte  contrac ts  on heat ing.  
Thus,  the cell m u s t  accommodate  con t rac t ion  and  
expans ion  of the electrolyte,  on hea t ing  and  cooling, 
w i thou t  e i ther  losing contact  b e t w e e n  electrode and  
electrolyte ,  or p u t t i n g  u n d u e  s t ra in  on the  elec-  
t rodes and  the i r  supports .  This  p resen t s  a p rob l e m 
of cell des ign tha t  was solved by  m o u n t i n g  the  cell 
on glass suppor ts  w i t h i n  the P y r e x  hous ing  which 
con ta ined  glass bel lows.  The cell is shown  in  the 
pho tog raph  of Fig. 4. Detai ls  of the  cell are  sketched 
in  Fig. 5. The e lec t ro ly te  is a disk of AgI,  14 turn 
in  d i a m e t e r  and  3 m m  thick. The  electrodes,  wi th  
the  same d iame te r  and  a th ickness  of 6 mm,  con ta in  
smal l  d o u b l y  w o u n d  spira l  hea te rs  (Hz and  He) 
made  of 0.010 in. p l a t i n u m  wires,  which  were  i n -  
su la ted  wi th  a t h in  l aye r  of AleOz. These hea te rs  
we re  covered w i th  graphi te  p lugs  (e.g., CI').  The 
the rmocoup le  leads  (TC1 and  TC2) were  also i n -  
su la ted  and  the  electr ic  leads (L1 and  L2) were  
p ressure - f i t t ed  in to  the  g raph i te  blocks. The two 
electrodes were  iden t ica l  except  tha t  on  one there  
was a shoulder  to provide  a t e m p o r a r y  wa l l  (not  
shown)  for me l t i ng  the  AgI  u n d e r  an  ine r t  a tmos-  
phere.  For  operat ion,  iodine crys ta ls  were  placed 
in  the hous ing  and  the  cell was  evacua ted  and  

closed. At  room t e m p e r a t u r e  an  iodine vapor  pres -  
sure  of a p p r o x i m a t e l y  0.3 m m  Hg was t hen  es tab-  
l ished. 

Results .--Table II summar i zes  the  t h e r m o p o t e n -  
t i o n - c u r r e n t  curves  shown in  Fig. 6. W i t h i n  the ex-  
p e r i m e n t a l  e r ror  the  t e m p e r a t u r e  coefficient of the  
the rmopoten t i a l ,  the " the rmoelec t r i c  power"  of the  
cell, is in  a g r e e m e n t  w i th  va lues  ca lcu la ted  f rom 
t he r modyna mi c s .  This  is discussed below.  The  i n -  
t e r n a l  res i s tance  of the cell, 70 --+ 10 ohms, depends  
on the effective contact  area  of the  in ter faces  be-  
t w e e n  the  ine r t  electrode,  the  e lectrolyte ,  and  the  
gas. 

A n  i m p o r t a n t  charac ter i s t ic  of the  iodine t h e r -  
mocel l  is the advance  of the  solid e lec t ro ly te  into 
the pores of the hot  electrode.  The  coulombic  ( cu r -  
r e n t - d e l i v e r i n g )  capaci ty  of the cell, therefore ,  wi l l  
be l imi ted  by  the  geomet ry  of the  electrodes,  bu t  
r eve r s ing  the  t e m p e r a t u r e  g rad ien t  wi l l  r e n e w  the 
capaci ty  of the  cell. A test  of this capaci ty  is shown 
in  Fig. 7. The cell was  d ischarged  t h r ough  an ex-  
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Fig. 6. Thermopotentia]-current curves for iodine cell 
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Fig. 7. Coulombic capacity of iodine cell; cell on 100 ohm load; 
capacity 8.5 coulombs. 



772 

0.E 

05 

0.4 

02 

0.2 

~ .-OA 

-02 

-0.3 

_OA I 

-0.5 

-0.6 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

LOWERED HEATING RATE 

Fig. 8. Current output of iodine thermocell on reversal of tem- 
perature gradient. 

t e r n a l  res i s tance  of 100 ohms (AT = 150 ~ Th = 
361 ~ Tr = 211 ~ open cell po ten t i a l  = 204 mv,  •  
AT = 1.36 m v / d e g ) .  The test  was  t e r m i n a t e d  
w h e n  the c u r r e n t  d ropped  to 0.5 ma,  s l ight ly  more  
t h a n  one -ha l f  its o r ig ina l  value.  A tota l  of 8.5 
coulombs was  obta ined.  

Response to a change  in  the  t e m p e r a t u r e  g rad ien t  
seemed to be ins t an taneous .  A n  i l l u s t r a t ion  of this  
is the  r eve r sa l  of c u r r e n t  on r eve r s ing  the t e m p e r a -  
t u r e  g rad ien t  of the cell at the  end  of the  above life 
test. This  is shown in  Fig. 8. At  t ime  zero the hea t -  
ing of the hot electrode was  d i scon t inued  and  the  
t e m p e r a t u r e  of the o ther  e lectrode was  increased.  
The change  f rom posi t ive to nega t ive  cu r r en t  p ro -  
ceeded smoothly,  and  the ind ica ted  change  of the  
slope of the  curve  was  due  to l ower ing  the hea t ing  
cu r r en t  of the n e w l y  "hot"  electrode. This  change  
in cell ou tpu t  was ins t an taneous .  

The mot ion  of the e lec t ro ly te  was  observed as a 
r egu la r ly  a d v a n c i n g  f ron t  of AgI  at the outside of 
the hot ca rbon  electrode. Likewise,  it receded on 
r eve r s ing  the t h e r m a l  gradient .  In  fact, the data  of 
Fig. 6 were  ob ta ined  on c u r r e n t  r eve r sa l  af ter  ex -  
haus t ing  the  cell in the reverse  direct ion.  The few 
steps in  the  c u r r e n t - t i m e  curve  of Fig. 7 are be -  
l ieved to be rea l  and  due  to b lockage  of some of the 
e lectrode 's  pores. 

Inc reas ing  the  iodine p ressure  by  ra i s ing  the  
t e m p e r a t u r e  of the whole  a s sembly  did not  improve  
the  cell pe r fo rmance .  This i m p r o v e m e n t  wou ld  be 
expected if the diffusion of iodine in the electrodes 
were  enhanced  by  r educ ing  the  pressure  at the  
anode w h e r e  iodine is formed,  and  by  increas ing  
the  pressure  at the cathode, where  iodine is con-  
sumed.  In  the  p resen t  cell, however ,  the  anode and  
cathode were  in  one gaseous e n v i r o n m e n t  in  which  
the iodine pressure  was  equal ized by  convect ion.  

W h e n  the  cell in one of its d ischarge  cycles was  
n e a r l y  exhaus ted ,  an  in t e re s t ing  c u r r e n t  osci l la t ion 
was  observed.  The c u r r e n t  showed i r r egu l a r  bu t  
periodic f luctuat ions.  This  p h e n o m e n o n  is no t  ye t  
unders tood ,  bu t  it m igh t  be t raced  to the  b r e a k d o w n  
of the e l e c t r o d e / e l e c t r o l y t e / v a p o r  in terface .  For  
example ,  the  complete  coverage of the  ine r t  e lec-  
t rode by  the electrolyte ,  or the i nab i l i t y  of the d i f -  
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fus ing  gas to reach the site of the electrode reac t ion  
could account  for these  oscil lations.  

S u m m a r i z i n g  the  e x p e r i m e n t a l  resul ts :  
1. The the rmoelec t r i c  power  of 1.2 to 1.4 m v / d e g  

has been  e x p e r i m e n t a l l y  es tab l i shed  for the  iodine 
cell. 

2. The  electrode reac t ions  are v e r y  fast. 
3. Reversa l  of the  sign of the po ten t i a l  (hence  

c u r r e n t )  on r eve r s ing  the t e m p e r a t u r e  g r ad i en t  is 
i n s t an taneous .  

4. The i n t e r n a l  res is tance  of the  p resen t  cell, ap-  
p r o x i m a t e l y  70 ohms, is large.  A perfect  t h r ee -  
phase in te r face  w i th  the  p re sen t  des ign  wou ld  give 
a cell res is tance  of 0.11 ohm. Such  a 700-fold i m -  
p r o v e m e n t  in  cell pe r f o r ma nc e  m a y  not  be  real ized 
due to the  specific n a t u r e  of a gas diffusion elec-  
trode. However ,  this  e x p e r i m e n t a l  fact poin ts  up 
the  area  in  which  f u r t he r  w o r k  should be pursued .  

Discussion 

Recent ly ,  Eu le r  (13) has discussed the p resen t  
iodine thermoce l l  and  has cons idered  it as one of 
severa l  p romis ing  u n c o n v e n t i o n a l  t h e r m a l  conve r t -  
ers. In  compar ing  it wi th  o ther  conver ters ,  the ad-  
van tages  of the  thermoce l l  are  its bas ica l ly  s imple  
cons t ruc t ion  and  its r e a s o n a b l y  la rge  power  output .  
These advan tages  are due to the  c ombi na t i on  of the 
solid e lec t rolyte  wi th  iodine gas as the e l ec t rok ine t -  
ical ly  act ive species. As w i th  o ther  t h e r m a l  con-  
ver te rs  the d i sadvan tage  of the  the rmoce l l  is its 
i n h e r e n t l y  low efficiency of conve r t i ng  t h e r m a l  into 
e lectr ical  energy.  In  the fo l lowing discussion, before  
dea l ing  wi th  the t h e r m a l  efficiency of the  cell, the 
e x p e r i m e n t a l l y  ob ta ined  the rmoelec t r i c  power  of 
the iodine cell is compared  w i th  t ha t  ca lcula ted  
f rom t h e r m o d y n a m i c  considerat ions .  The  efficiency 
of the thermoce l l  and  its appl ica t ions  are t h e n  con-  
s idered ( inc lud ing  the heat  i npu t  into the  t h e r m o -  
cell in re la t ion  to solar  ene rgy  convers ion) .  

Evaluation of the thermoelectric  power  of the io- 
dine cel l . l - -The t h e r m o d y n a m i c  eva lua t ion  of the 
the rmoelec t r i c  po ten t i a l  is compl ica ted  by  the  Jr- 
r eve r s ib i l i ty  of the  n o n i s o t h e r m a l  system. In  t e rms  
of e n t r opy  changes homogeneous  t r anspo r t  proc-  
esses and  he te rogeneous  effects a t  the  phase  b o u n d -  
aries (e lectrodes)  m u s t  be considered.  F r o m  a m o d -  
e rn  v i ewpo in t  of ionic conductance ,  the  homogene -  
ous po ten t ia l  difference, which  is due to the  t e m -  
p e r a t u r e  gradient ,  is g iven  in t e rms  of heats  of 
t r a n spo r t  for in t e r s t i t i a l  ions (14).  The he t e rogene -  
ous effects inc lude  contact  po ten t i a l  differences at  
the  electrodes as wel l  as the  he te rogeneous  cell 
react ions.  F o r t u n a t e l y ,  in the  cell con ta in ing  ~-AgI  
as the electrolyte ,  the cell r eac t ion  overshadows all  
the o ther  con t r i bu t ions  to the  ove r - a l l  e n t r o p y  of 
the  process so tha t  for a first a p p r o x i m a t i o n  the 
G i b b s - H e l m h o l t z  equa t ion  m a y  be applied.  P r e -  
s u m a b l y  this is due to smal l  m a g n i t u d e  of the 
t r a n spo r t  en t ropies  in  the a l r eady  disordered  cat i -  
onic lat t ice and  due to the smal l  m a g n i t u d e  of the 
contact  potent ia ls .  

i A n  e x c e l l e n t  c o m p r e h e n s i v e  r e v i e w  of  t h e r m o g a l v a n i c  cel ls ,  
p a r t i c u l a r l y  of  t h e i r  t h e o r e t i c a l  a spec t s ,  h a s  b e e n  p u b l i s h e d  r e -  
c e n t l y  (6) .  T h e  a u t h o r  s t a t e s  t h a t  t h e  f i g u r e  of m e r i t  f o r  so l id  
e l e c t r o l y t e s  is less  t h a n  0.5 • 1 0 ~  d e g  -1. H o w e v e r ,  f o r  A g I  t h e  
f i gu re  of m e r i t  is a b o u t  1 • 1O -~. 



Vol. 111, No. 7 THERMOCELLS WITH Agl AS ELECTROLYTE 

Table III. Variation of thermoelectric power of iodine 
cell with temperature 

Temperature Cp ST -- S~s ~ 1/2S Ie dE~tiT. 
~ C ~ cal/deg mole mv/deg 

550 823 9.06 9.15 35.5 41.54" 
500 773 9.05 8.60 34.7 1.50 
400 673 9.03 7.32 34.6 1.49 
300 573 9.01 5.85 33.8 1.46 
200 473 9.00 4.14 33.0 1.43 
150 423 8.99 3.15 32.5 1.41 

* By convention a plus sign of the thermoelectric power corre- 
sponds to a pomtive current, at the cold interface, flowing in a di -  
rec t ion  from the electrode to the electrolyte. 

Table IV. Comparison of experimental and calculated 
thermoelectric power 

M e a n  Thermoelectric power 
Experiment No. temperature, ~ Experimental Calculated 

4 523 1.36 1.45 
2 535 1.33 1.45 
1 574 1.19 1.46 
3 631 1.24 1.48 

Fo l lowing  Hol t an  (4) for  the  cell  r eac t ion  

I -  = 1/212 + e -  

we  can ca lcu la te  the  t h e r m o p o t e n t i a l  

AE/AT = --AS/nF = -- (1/2F) SI2 

For  smal l  t e m p e r a t u r e  g rad ien t s  th is  has  been  
shown to g ive  good a g r e e m e n t  for  t he  cells  C12/ 
PbClffC12, C12/AgC1/C12, and B r 2 / A g B r / B r 2  (5) .  
For  the  iodine  cel l  I2 /AgI / I2  the  r a n g e  of app l i ca -  
b i l i ty  of the  equa t i on  should  be e v e n  l a r g e r  because  
of the  g r e a t e r  ease of t r a n s p o r t  in the  solid e lec-  

t ro ly te .  
The  en t ropy  of iodine  gas at 25~ is g i v e n  by  

Eas tman ,  (15) SI2 (29soK) = 61.8 e.u., and  the  hea t  
capac i ty  is g iven  by  K e l l e y  (16) 

Cp ~ 8.94 -b 0.14 • 10-3T - -  0.17 • 10 -5 T -2 

f r o m  w h i c h  we  ob ta in  the  t h e r m o e l e c t r i c  p o w e r  for 
the  iodine  cell  as shown  in Tab le  III.  

In  Tab le  IV the  e x p e r i m e n t a l  and ca l cu l a t ed  v a l -  
ues of t he  t h e r m o e l e c t r i c  p o w e r  are  c o m p a r e d  at 
the  m e a n  t e m p e r a t u r e s  at  w h i c h  the  cell  was  ope r -  
ated.  A l t h o u g h  t h e r e  is cons ide rab le  e x p e r i m e n t a l  
e r ro r  in d e t e r m i n i n g  the  t h e r m o e l e c t r i c  p o w e r  it  is 
seen tha t  the  dev i a t i on  of the  e x p e r i m e n t a l  f r o m  
the  t heo re t i c a l  v a l u e  becomes  l a r g e r  at h ighe r  t e m -  
pe ra tu res .  This  m a y  reflect  the  e x t e n t  to w h i c h  the  
above  s imp l i fy ing  a s sumpt ion  in the  ca lcu la t ion  of 
•  w e r e  val id .  

Efficiency of iodine thermocell .--Analogous to 
e lec t ron ic  t h e r m o e l e c t r i c  c o n v e r t e r s  the  efficiency 
of e l ec t ro ly t i c  t h e r m o c e l l s  depends  on the  t h e r m o -  
e lec t r ic  p o w e r  of the  cell, .a, in v o l t s / d e g r e e  ( above  
deno ted  by AE/AT),  the  e l ec t r i ca l  res i s t iv i ty ,  p, in 
o h m - c m ,  and the  t h e r m a l  conduc t iv i ty ,  k, in w a t t s /  
c e n t i m e t e r - d e g r e e .  These  quan t i t i e s  are  a ccu ra t e ly  
k n o w n  for  the  iodine  cell  excep t  for  the  t h e r m a l  
conduc t iv i t y  of a - A g I ,  w h i c h  is e s t ima ted  to be  k 
= 0.004 w / c m  deg. A t  500 ~ and 350~ p = 0.38 
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and 0.47 o h m - c m ,  r e spec t ive ly .  W i t h  a = 1.3 m v /  
deg a f igure of mer i t ,  Z = a2/pk of 1.1 x 10 -3 at 500 ~ 
and 0.9 x 10 -a at 350 ~ is obta ined.  2 This  compares  
f a v o r a b l y  w i t h  the  best  s emiconduc t ing  e lements .  A 
change  of the  cell  g e o m e t r y  w o u l d  affect  absolu te  
va lues  of p o w e r  ou tpu t  and hea t  losses, bu t  w o u l d  
not  change  the  efficiency. This  is i l l u s t r a t ed  by  a 
r e l a t ion  due  to Te lkes  (17) 

1 
Eff iciency = • 100 (%) 

2Th 4kp 

Th --  Tc 10 -6 a 2 (Th --  To) 

w h e r e  k, p, and a h a v e  the  same  m e a n i n g  as before ,  
bu t  a is exp re s sed  in m i l l i v o l t / d e g r e e ,  and  Th and  
Tc are  the  t e m p e r a t u r e s  of the  hot  and cold side of 
the  cell, r e spec t ive ly ,  in degrees  K. T h e  efficiency 
def ined by  this  equa t i on  is t he  p e r c e n t a g e  of the  
m a x i m u m  p o w e r  o u t p u t  r e l a t i v e  to the  hea t  i npu t  
at the  hot  e l ec t rode  or  junc t ion .  The  first t e r m  in 
the  d e n o m i n a t o r  is a Ca rno t  h e a t  t e r m ;  the  second 
t e r m  r e sembles  the  above  f igure  of mer i t .  Fo r  t he  
iodine  cell, a t  a m e a n  t e m p e r a t u r e  of 350~ and  a 
t e m p e r a t u r e  g r ad i en t  of 300 ~ this  eff iciency is 5.1%. 

Applications of thermocel ls . --The efficiency of 5.1 
r ep re sen t s  the  t heo re t i c a l  l im i t  of the  h e a t  wh ich  
can be  c o n v e r t e d  into e lec t r i ca l  e n e r g y  by the  
iodine  cell  at  a r e a sonab l e  m e a n  t e m p e r a t u r e  and 
t e m p e r a t u r e  grad ien t .  I t  a ssumes  t h a t  h e a t  is con-  
duc ted  only  f r o m  the  hot  to t he  cold e lec t rode  
t h r o u g h  the  sol id e l ec t ro ly t e  w i t h o u t  any  hea t  losses 
excep t  those  due  to t h e  cel l  reac t ion .  In  p rac t i ce  
the  ope ra t i ng  t e m p e r a t u r e s  of the  cells  con ta in ing  
the  A g I  e l ec t ro ly t e  a re  suff icient ly l ow so tha t  r a d i -  
a t ion effects can  be  neg lec ted .  Losses by  conduc t ion  
in the  mechanical suppor t s  of  t he  e lec t rodes ,  and 
by convec t ion  of the  iodine  gas, mus t  be  min imized .  
At  bes t  an  ac tua l  efficiency of a f e w  per  cent  w i l l  
be  ach ieved .  Thus,  the  app l i ca t ion  of t he rmoce l l s  is 
l im i t ed  to the  conver s ion  of was te  heat ,  and possi -  
b ly  to solar  e n e r g y  convers ion .  

In  connec t ion  w i t h  solar  e n e r g y  convers ion ,  the  
solar  i n t ens i ty  mus t  be  inc reased  by  a fac tor  of 10 
in o rder  to inc rease  the  hea t  i npu t  in to  the  t h e r m o -  
cell. Fo r  m a x i m u m  cel l  ou tpu t  this  can be shown  
to be  necessa ry  by  m a t c h i n g  the  v a l u e  of solar  in -  
t ens i ty  w i t h  the  g e o m e t r i c a l  r e q u i r e m e n t s  and 
t h e r m a l  p rope r t i e s  of the  A g I  e lec t ro ly te .  I t  fo l lows  
tha t  for  conve r s ion  of solar  ene rgy ,  in  add i t ion  to 
the  so lu t ion  of des ign p r o b l e m s  of the  the rmoce l l ,  
p rov i s ion  mus t  be  m a d e  for  a focus ing  device.  F u r -  
t h e r m o r e ,  for  con t inuous  ope ra t ion  of t he  iodine  
cell, means  of  r e v e r s i n g  the  t e m p e r a t u r e  g r a d i e n t  
mus t  also be  found.  
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have to b e  c h a n g e d  accordingly. 
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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The Effect of Abrasion on the Specific 

Surface Area of Metals and Glass 

R. J. Adams, H. I_. Weisbecker, and W. J. McDonald 
Minnesota Mining & Manufacturing Company, St. Paul, Minnesota 

ABSTRACT 

The surface areas of polished and abraded surfaces have been investigated 
using adsorption from solution of carbon-14 tagged acetic acid, stearic acid, 
and N-ethyl-N-perfluoroSctanesulfonylglycine.  Adsorption rates, isotherms, 
heats of adsorption, and desorption characteristics are given for the un ique  
acetic acid system. The effects of abrasion conditions on the surface area of 
steel have been investigated in detail. Specific surface areas ranging from two up 
to ten were obtained for various abrasive speeds, loads, and minera l  types, and 
comparable surface areas were obtained for abraded surfaces of glass. Meas- 
ured areas decreased with increased adsorbate chain length and with increased 
abrasion temperature.  Accordingly, a possible mechanism for abrasion of steel 
is suggested which involves formation of microcracks. At the higher localized 
temperatures,  more of these surface fissures may become sealed due to surface 
flow or reaction with oxygen. 

Deta i led  s tudies  of the  processes of abras ion  and  
pol ishing of meta l s  are i m p o r t a n t  for severa l  r e a -  
sons. Aside f rom surface  finish and  lub r i ca t ion  con-  
s iderat ions ,  the new  surfaces  gene ra t ed  m a y  have  
u n i q u e  chemical  proper t ies  and  m a y  inf luence b u l k  
tens i le  and  fa t igue  character is t ics .  I n f o r m a t i o n  has 
been  con t r i bu t ed  by  m a n y  inves t iga tors  [a pa r t i a l  
l i s t ing is g iven  ( 1 - 6 ) ] ;  however ,  m a n y  ques t ions  
r e m a i n  u n a n s w e r e d .  Samue l s  (7) has ou t l ined  the 
most  p e r t i n e n t  of these. 

P r o m i n e n t  among  these p rob lems  is the  ques t ion  
of the de ta i led  mic ros t ruc tu re  of the  so-cal led "de-  
formed layer"  fo rmed  by  the abras ive  act ion (1) 
and  the effect of va r ious  ab ras ion  p a r a m e t e r s  on 
this s t ruc ture .  One purpose  of this  work  was  to 
inves t iga te  the  n a t u r e  of ab raded  me ta l  surfaces 
wi th  respect  to the i r  specific surface  a rea  1 a nd  
s tudy  the effect of ab ras ion  condi t ions  on this area.  
It was hoped tha t  this  s tudy  wou ld  afford an  i n -  

�9 " S p e c i f i c  s u r f a c e  a r e a "  f o r  p l a n a r  sol ids  is de f i ned  as t h e  r a t i o  
of t h e  t r u e  s u r f a c e  a r e a  (as a p p r o x i m a t e d  by  t h e  a d s o r p t i o n  m e a s -  
u r e m e n t )  to  t h e  g ross  g e o m e t r i c  a r e a  ( p l a n a r  a r e a  of t h e  s a m p l e ) .  
S o m e  a u t h o r s  h a v e  r e f e r r e d  to  t h i s  q u a n t i t y  as t h e  " r o u g h n e s s  
f a c t o r "  to a v o i d  c o n f u s i o n  w i t h  t h e  speci f ic  s u r f a c e  a r e a  of p o w -  
d e r s  ( r e p o r t e d  i n  s q u a r e  m e t e r s  p e r  g r a m ) ;  h o w e v e r  "we r e g a r d  
t h i s  t e r m  as  m i s l e a d i n g .  I n  t h i s  w o r k ,  t h e  s y m b o l  Rs h a s  b e e n  
a d o p t e d  to r e p r e s e n t  t h e  spec i f ic  s u r f a c e  a r e a .  

sight into the m e c h a n i s m  of ab ras ion  and  s t ruc tu re  
of the  de fo rmed  layer .  

Work  has appeared  conce rn ing  the  effect of su r -  
face area on the chemical  r eac t iv i ty  of me ta l  su r -  
faces as regards  the p h e n o m e n a  of oxidat ion,  cor-  
rosion, and  adhesion.  Some of these  s tudies  have  
concerned  ab raded  surfaces (8 ,9 ) .  However ,  d i f -  
f iculty in  m e a s u r i n g  a nd  i n t e r p r e t i n g  m e a s u r e m e n t s  
of surface  area has been  a factor  in  the common  
neglec t  of this q u a n t i t y  in s tudies  conce rn ing  su r -  
face reac t iv i ty .  A n o t h e r  purpose  of this s tudy  was  
to provide  de ta i led  re fe rence  da ta  conce rn ing  su r -  
faces gene ra t ed  by  abras ion.  

Adsorp t ion  f rom solut ion of ca rbon-14  tagged 
organic  acids was used to es t imate  the surface  area. 
This me thod  was  chosen because  of its e x p e r i m e n t a l  
s impl ic i ty ,  exce l len t  sens i t iv i ty ,  and  because  ad -  
sorpt ion p h e n o m e n a  at l i q u i d - a b r a d e d  me ta l  i n t e r -  
faces are of in te res t  per se. Severa l  inves t iga tors  
have  eva lua ted  the  mer i t s  of so lu t ion  adsorp t ion  of 
tagged acids and  o ther  adsorba tes  for  the m e a s u r e -  
m e n t  of surface area  (9-12) .  In  genera l ,  resul t s  for 
powders  and  p l a n a r  me t a l  surfaces  us ing  so lu t ion  
adsorp t ion  t echn iques  have  show n  good a g r e e m e n t  
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wi th  va lue s  found  b y  gas a d s o r p t i o n  a n d  o the r  i n -  
d e p e n d e n t  m e t h o d s  (13-16) .  

T h r e e  a d s o r b a t e s  w e r e  used  in th is  w o r k ;  acet ic  
acid,  N - e t h y l - N - p e r f l u o r o b c t a n e s u l f o n y l g l y c i n e  e and  
s t ea r i c  acid,  each  t a g g e d  w i t h  c a r b o n - 1 4  in t he  c a r -  
b o x y l  g roup .  This  p e r m i t s  an  e v a l u a t i o n  of the  ef -  
fect  of a d s o r b a t e  cha in  l e n g t h  on the  m e a s u r e d  su r -  
face  area ,  s ince  t he  cha in  l eng th s  a r e  in t he  r a t i o  
1 :6 :9 .  The  a d s o r p t i o n  of s t ea r i c  ac id  on p o w d e r s  
and  p l a n a r  m e t a l  su r f aces  has  been  we l l  c h a r a c t e r -  
ized (12, 14).  Resu l t s  for  ace t ic  ac id  a d s o r b e d  on 
p l a n a r  m e t a l  su r faces  a r e  of i n t e r e s t  since,  to our  
k n o w l e d g e ,  th is  s y s t e m  has  no t  been  p r e v i o u s l y  in -  
ves t iga t ed .  Ace t i c  ac id  m i g h t  be  e x p e c t e d  to g ive  
a b e t t e r  fit to m i c r o - i r r e g u l a r i t i e s  t h a n  the  long  
cha in  ac ids  w h i c h  a r e  c o m m o n l y  used.  T h e  g lyc ine  
d e r i v a t i v e  was  also chosen  to p e r m i t  c o m p a r i s o n  of 
these  r e su l t s  w i t h  those  of R y a n  et al. (11) and  to 
e v a l u a t e  the  effect  of m o l e c u l a r  c r o s s - s e c t i o n a l  a rea .  
C y c l o h e x a n e  was  chosen  as t he  so lven t  b a s e d  on 
low o x y g e n  so lub i l i t y  and  the  r e su l t s  of S m i t h  et al. 
(10) who  found  u n i f o r m  m o n o l a y e r  c o v e r a g e  us ing  
this  solvent .  

I t  shou ld  be  p o i n t e d  ou t  t h a t  su r f ace  a r e a s  m e a s -  
u r e d  b y  a d s o r p t i o n  f r o m  so lu t ion  shou ld  be con-  
s i de r ed  as r e l a t i v e  v a l u e s  due  to r e s o l u t i o n  and  the  
a s s u m p t i o n s  i n v o l v i n g  a d s o r b a t e  m o l e c u l a r  a r e a  
and  su r face  cove rage  w h i c h  a r e  n e e d e d  to ca l cu l a t e  
the  su r f ace  area .  F o r  an  exce l l en t  d i scuss ion  of t he  
p r o b l e m s  i n v o l v e d  in su r f ace  a r e a  m e a s u r e m e n t s ,  
the  r e a d e r  is r e f e r r e d  to a book  b y  A d a m s o n  (17) .  

This  s t u d y  of su r face  a r e a  inc ludes  a d e t a i l e d  
d e s c r i p t i o n  of t he  effect  of such  v a r i a b l e s  as speed ,  
load,  and  a b r a s i v e  p a r t i c l e  size. These  quan t i t i e s  
have  u s u a l l y  been  neg l ec t ed  in e a r l i e r  work .  

Exper imental  

Materials.--Acetic acid  and  s tea r ic  ac id  t a g g e d  
w i t h  c a r b o n - 1 4  in  the  c a r b o x y l  pos i t ion  w e r e  o b -  
t a i n e d  f rom N e w  E n g l a n d  N u c l e a r  Corpora t ion .  
C a r b o n - 1 4  t a g g e d  N - e t h y l - N - p e r f l u o r o b c t a n e s u l -  
f o n y l g l y c i n e  was  o b t a i n e d  f r o m  R y a n  et  al. (11) 
who h a v e  d e s c r i b e d  its p r e p a r a t i o n  in a p r e v i o u s  
pape r .  E a s t m a n  K o d a k  w h i t e - l a b e l  g r a d e  s t ea r i c  
ac id  and  f r a c t i o n a l l y  d i s t i l l ed  M e r c k  r e a g e n t  g r a d e  
g l ac i a l  ace t ic  ac id  (b.p.  116.5 ~ +- 0.2~ w e r e  used  
to d i l u t e  t he  t a g g e d  acet ic  and  s tea r ic  acids.  The  
specific a c t i v i t y  of the  a d s o r b a t e s  was  d e t e r m i n e d  by  
coun t ing  in f in i t e ly  th in  s amp le s  in a w i n d o w l e s s  
Q - g a s  coun te r  coup led  w i t h  a N u c l e a r  Chicago  
Mode l  186 scaler .  

S t o c k  so lu t ions  of the  ac ids  w e r e  p r e p a r e d  us ing  
c y c l o h e x a n e  e x c l u s i v e l y  as t he  solvent .  These  so lu -  
t ions  (0.2N acet ic  acid,  0.02N s tea r ic  acid,  and  s a t u -  
r a t e d  g lyc ine  d e r i v a t i v e )  w e r e  d i l u t ed  to ob t a in  
the  w o r k i n g  so lu t ions  used  in th is  s tudy .  

M a t h e s o n  t echn i ca l  g r a d e  c y c l o h e x a n e  was  d i s -  
t i l led ,  r u n  t h r o u g h  a c o l u m n  of a c t i v a t e d  a l u m i n a  
and  s i l ica  gel, and  f ina l ly  r e d i s t i l l e d  in a f r a c t i o n a t -  
ing  co lumn.  The  p r o d u c t  d id  not  s p r e a d  w h e n  p l aced  
on c l ean  acidic,  basic ,  and  n e u t r a l  w a t e r  surfaces .  

T h i s  c o m p o u n d  is  t h e  f l u o r o c a r b o n  ac id ,  CsFI~SO2N (C~H,~) 
CH2C*OOH.  I n  al l  s u b s e q u e n t  r e f e r e n c e s ,  t h e  c o m p o u n d  is r e f e r r e d  
to  as  t h e  " g l y c i n e  d e r i v a t i v e . "  
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Fig. 1. Photomicrograph of "Scotch-Brite" brand abrasive ma- 
terial showing mineral particles embedded in binder globules which 
are dispersed throughout a nonwoven nylon web. 

The  so lven t  w a s  s to red  in a i r - t i g h t  bo t t l e s  c o n t a i n -  
ing  s o d i u m  c h u n k s  u n t i l  used  in a d s o r p t i o n  runs .  

Disks  of m e c h a n i c a l l y  po l i shed  p l a t i n u m  and  fire 
po l i shed  Corn ing  No. 7740 P y r e x  glass  w e r e  used  
in th is  s tudy .  The  s tee l  s a m p l e s  used  w e r e  cut  f r o m  
low c a r b o n  c o l d - r o l l e d  1020 s tee l  rod  o b t a i n e d  f r o m  
B e t h l e h e m  Stee l  C o m p a n y .  C i r c u l a r  samples ,  1 in. 
in d i a m e t e r  b y  1/s in. th ick ,  w e r e  c a r e f u l l y  m a c h i n e d  
f rom these  ba r s  so as to o b t a i n  r e l a t i v e l y  smooth  
sur faces .  The  s amp le s  w e r e  d e g r e a s e d  in benzene  
and  r i n s e d  w i t h  ace tone  p r i o r  to  t h e  a b r a s i v e  t r e a t -  
ments .  A n a l y s i s  b y  emiss ion  s p e c t r o s c o p y  y i e l d e d  
the  fo l lowing  m i n o r  cons t i t uen t  concen t r a t i ons  in 
t he  s tee l :  Mn, 1.0%; Cr,  0 .1%; Ni,  0 .3%;Si ,  0 .2%; 
C, 0.25%; P, 0 .01%; and  S, 0.02%. 

Two d i s t i nc t l y  d i f fe ren t  a b r a s i v e  m a t e r i a l s  w e r e  
used;  r e s i n b o n d  coa ted  a b r a s i v e  d i sks  and  a l ow 
d e n s i t y  a b r a s i v e  p r o d u c t  cons i s t ing  of a n o n w o v e n  
w e b  of n y l o n  f ibers  b o n d e d  w i t h  a r e l a t i v e l y  h a r d  
r i g i d  b i n d e r  con ta in ing  m i n e r a l  pa r t i c l e s .  A p h o t o -  
m i c r o g r a p h  of th is  m a t e r i a l  is shown  in  Fig.  1. This  
l a t t e r  m a t e r i a l  is sold u n d e r  the  n a m e ,  " S c o t c h -  
B r i t e "  L o w  Dens i t y  A b r a s i v e  p roduc t .  ~ In  the  r e -  
m a i n d e r  of the  p a p e r  th is  p r o d u c t  w i l l  be  r e f e r r e d  
to as " low d e n s i t y  a b r a s i v e . "  

Procedure.--Three su r f ace  t r e a t m e n t s  w e r e  used ;  
h e a t  p r e t r e a t m e n t  a t  500~ in a He  a t m o s p h e r e ,  
a b r a s i o n  in  air ,  and  a b r a s i o n  u n d e r  solvent .  The  
first  me thod ,  t h e  hea t  p r e t r e a t m e n t  p r o c e d u r e ,  was  
the  s ame  as t h a t  used  b y  R y a n  et al. (11) of th is  
l a b o r a t o r y .  The  second m e t h o d  i n v o l v e d  ho ld ing  
the  s a m p l e  aga in s t  the  a b r a d i n g  tool  in  a i r  for  2 
min,  f o l l owed  b y  i m m e r s i o n  in a d s o r b a t e  solut ion.  
A d e l a y  of less  t h a n  1 sec occu r r ed  d u r i n g  the  t r a n s -  
fe r  f r o m  t h e  a b r a d i n g  tool  to  t he  a d s o r b a t e  so lu -  
t ion.  The  t h i r d  m e t h o d  cons i s ted  of a b r a d i n g  up  to 
fou r  s amp le s  u n d e r  so lven t  for  2 m i n  w i t h  cons t an t  
l oad  condi t ions  fo l lowed  b y  r a p i d  t r a n s f e r  to t he  
a d s o r b a t e  so lu t ion  so t h a t  the  sur faces  d id  not  d ry .  
S e v e r a l  e x p e r i m e n t s  w e r e  c a r r i e d  out  w i t h  t a g g e d  
a d s o r b a t e  in the  a b r a d i n g  solut ion.  No d e t e c t a b l e  
d i f fe rences  in m e a s u r e d  su r f ace  a r e a  w e r e  o b s e r v e d  
b e t w e e n  these  e x p e r i m e n t s  and  the  ones  i nvo lv ing  
t r a n s f e r  to a d s o r b a t e  so lu t ion .  

3 R e g i s t e r e d  t r a d e  m a r k  of  t h e  M i n n e s o t a  M i n i n g  & M a n u f a c t u r -  
i n g  C o m p a n y ,  St.  P a u l ,  M i n n e s o t a .  (See  U.S.  P ~ t e n t  2,958,593 a s -  
s i g n e d  to M i n n e s o t a  M i n i n g  & M a n u f a c t u r i n g  C o m p a n y ,  w h i c h  de -  
s c r i b e s  in  d e t a i l  t h i s  t y p e  of  l o w - d e n s i t y  a b r a s i v e  p r o d u c t . )  
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A typica l  e x p e r i m e n t  invo lved  p r e t r e a t m e n t  of 
the  sample  by  one of these t echn iques  and  i m m e r -  
sion in  the  adsorba te  so lu t ion  for a p r e d e t e r m i n e d  
t ime.  The solut ions  were  kept  at 29.0 ~ -- 0.1~ and  
were  s t i r red  f rom t ime to t ime  d u r i n g  the  adsorp-  
tion. Adsorba te  concen t ra t ions  were  checked by  
rad iochemica l  assay and  fresh solut ions  were  p re -  
pa red  w h e n  these concen t ra t ions  dev ia ted  more  t h a n  
3% f rom the  desired value .  The samples  were  r e -  
moved  and  qu ick ly  b lo t ted  dry  w i th  abso rben t  t i s -  
sues l eav ing  on ly  adsorbed  acid on the  surface.  The 
re l i ab i l i ty  of this  p rocedure  was  checked for sev-  
era l  samples  by  i m m e r s i o n  in  the  adsorba te  so lu-  
t ion, b lo t t ing ,  and  coun t ing  fol lowed by  r e i m m e r -  
sion, b lo t t ing ,  and  count ing .  The two count  ra tes  
agreed  to w i t h i n  0.5% for all  samples.  Smi th  and  
McGil l  (10) also observed  this  exce l len t  r ep ro -  
duc ib i l i ty  and  both  the i r  resul ts  and  this work  
agree wi th  R y a n  et al. (11) who used olephobic  
surfaces.  

The samples  were  m o u n t e d  in  brass  holders  which  
m a s k e d  al l  b u t  a 2.45 cm ~ c i rcu la r  a rea  of the  s u r -  
face and  were  counted  in  a windowless  Q-gas  
counte r  long enough  to ob ta in  less t h a n  1% s t a n d -  
ard  dev ia t ion  in  the  count  rate.  

Specific surface areas were  ca lcula ted  f rom the 
i so therm p la t eau  count  ra te  us ing  the  adsorba te  
cross-sec t ional  area,  specific ac t iv i ty  of adsorbate ,  
coun te r  efficiency, and  the gross sample  area  (2.45 
cm2). The  adsorba te  molecu la r  areas have  been  de-  
t e r m i n e d  by  others  f rom film ba lance  data  on l iquid  
subs t ra tes .  The  va lues  used were  20.5A 2 (18, 19) 
for acetic and  stearic  acids and  63A 2 for the g lyc ine  
de r iva t ive  (11).  The accuracy  of these va lues  was  
verif ied by  area  m e a s u r e m e n t s  on k n o w n  smooth 
surfaces.  Al l  th ree  adsorba tes  gave specific surface  
areas of n e a r  u n i t y  on pol ished glass surfaces w h e n  
these molecu la r  areas  were  used. The counte r  ge-  
ome t ry  factor  was 50% as d e t e r m i n e d  by  us ing  a 
s t anda rd  ca rbon-14  source. The backsca t t e r  factors 
were  checked wi th  a s t a n d a r d  source and  agreed  
w i th  va lues  in  the l i t e r a tu re  (20).  Au to rad iog raphs  
for all  th ree  adsorbates  at var ious  adsorp t ion  t imes  
were  p r epa red  by  m o u n t i n g  samples  c o n t a i n i n g  ac-  
t iv i ty  on E a s t m a n  Kodak  "No Screen"  au to rad io -  
g raph  plates.  These were  stored in  boxes con t a in -  
ing d ry ing  agent  to m i n i m i z e  loss of adsorbed  acetic 
acid due to exchange  wi th  a tmospher ic  mois ture .  

Results 

Adsorptio.n ra tes . - -The  ra tes  of adsorp t ion  as a 
f unc t i on  of adsorba te  concen t r a t i on  for acetic acid 
on steel ab raded  wi th  CA-A-180  4 are shown in  Fig. 
2. S imi la r  ra tes  were  observed  for 0.001N stear ic  
acid and  3.0 x 10-6N glyc ine  der iva t ive .  Adsorp t ion  
ra tes  for P y r e x  glass were  s l ight ly  h igher  t h a n  those 
for steel and  n e a r l y  twice this ra te  was observed  
for heat  p re t r ea t ed  p l a t i n u m .  

4 Th i s  n o t a t i o n  d e s i g n a t e s  t he  t ype  of a b r a s i v e  too l  used.  The  f i rs t  
t wo  l e t t e r s  i nd i ca t e  t h e  t y p e  of  tool ;  CA m e a n s  coa ted  a b r a s i v e  
d isks ,  SB m e a n s  " S c o t c h - B r i t e "  :Brand L o w  D e n s i t y  a b r a s i v e  (de- 
sc r ibed  in  e x p e r i m e n t a l  s ec t ion ) .  The  second l e t t e r  de s igna t e s  t he  
t y p e  of a b r a s i v e  m i n e r a l ;  A m e a n s  AleO2 a nd  S m e a n s  SiC. The  l as t  
s y m b o l  re fe rs  to t he  a b r a s i v e  m i n e r a l  p a r t i c l e  size; VF,  Meal., and  
C r e f e r r i n g  to  Very  F i n e  (avg.  size 40~),  M e d i u m  (avg.  size 134~) 
a n d  Coarse  (avg. size 240H.) grades ,  r e s p e c t i v e l y ;  t h i s  n o t a t i o n  is 
used  for  " S c o t c h - B r i t e "  B r a n d  a b r a s i v e s  only.  I n  t h e  case of c o a t e d  
abras ives ,  t he  n u m b e r  re fe rs  to  the  p a r t i c l e  size; g r a d e  80 is  244~, 
g r a d e  180 is 94~ a n d  g r a d e  320 is 33~. 
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Fig. 2. Adsorption-time curves for acetic acid on abraded cold 
rolled steel, Samples abraded in air at 59 fps with CA-A-]80 tool. 
Cyclohexane was the solvent, geometric sample area was 2.45 cm 2 
and the temperature was 29.0~ X, 0.004N; o, 0.002N; A ,  0.001N; 
VI, 0.00025N. 
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Fig. 3. Adsorption isotherm for acetic acid on abraded cold-rolled 
steel. Data in Fig. 2, together with additional data, were used to 
construct this isotherm; temperature 29.0~ 

Isotherm type . - - I so therms  were  cons t ruc ted  f rom 
the ra te  data  by  p lo t t ing  the  e q u i l i b r i u m  va lue  of 
adsorp t ion  as a func t ion  of adsorba te  concen t ra t ion .  
The isotherms obta ined ,  one of which  appears  in  
Fig. 3, are  of the  v a r i e t y  classified as "Type  r '  by  
B r u n a u e r  (21) and  can be i n t e r p r e t e d  as i nd ica t -  
ing fo rma t ion  of a m o n o l a y e r  wi th  no f u r t h e r  ad-  
sorpt ion un t i l  h igher  adsorba te  concen t ra t ions  are 
reached.  I so therms  of this type  were  ob ta ined  for 
all  th ree  adsorbates  on cold rol led steel, p l a t i num,  
and  glass. The increase  in  adsorp t ion  at h igher  con-  
cen t ra t ions  is p r o b a b l y  due to m u l t i l a y e r  fo rma t ion  
and  occurs at lower  concen t ra t ions  ( re la t ive  to a 
saturated solution) for acetic acid t h a n  for stearic 
acid or the glycine derivative. This may reflect the 
fact that acetic acid forms a much thinner mono- 
layer film compared with the long chain stearic 
acid and glycine derivative molecules, so that long 
range surface forces (i.e., electrostatic dipole forces, 
etc.) induce formation of multilayers more easily 
than would be expected for the long chain ad- 
sorbates. The concentration ranges in which plateau 
adsorption occurred for stearic acid and the glycine 
derivative were I0-4-I0-2M and 2-4 x 10-6M, re- 
spectively. 

The isotherms were found to fit the Langmuir 
adsorption equation (22) rather nicely. A typical 
result appears in Fig. 4. In general, good agreement 
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Fig. 4. A typical fit of the isotherm data of Fig. 3 to the Langmuir 
equation C/(x/m)  = I/ab -I- C/a,  where C is adsorbate concen- 
tration, x/m is the number of moles of adsorbed acid per unit 
geometric surface area, a and b are constants. Rslope = 2.3; 
R p l a t e a u  of  i s o t h e r m  ~ 2.4. 

in t rue  surface area  calcula ted f rom the slope of the 
Langmui r  plot  and f rom the isotherm p la teau  value  
was obtained.  

Heat of adsorption.--Heats of adsorpt ion were  
calculated f rom the t empe ra tu r e  dependence of the 
pa rame te r  "b" in the Langmui r  equat ion (23). The 
resul ts  (Table  I) reveal  excel lent  agreement  be-  
tween acetic and stearic acids independent  of the 
measured  surface roughness.  This s t rongly  suggests 
s imi lar  adsorpt ion mechanisms independent  of the 
abras ive  t r ea tmen t  for these two acids. The glycine 
der iva t ive  y ie lded higher  values for the heat  of ad-  
sorpt ion (4 kca l /mo le  h igher ) .  This quite p robab ly  
reflects the fact  tha t  there  are two possible adsorp-  
tion sites for this molecule, the  carboxyl  group and 
the t e r t i a ry  ni t rogen atom. All  of the values are 
definitely in the v ic in i ty  of that  expected for chemi-  
sorption. 

Reversibility o~ adsorption.--Data were taken  on 
desorpt ion of acetic acid, s tearic acid, and the glycine 
der iva t ive  f rom steel  by  pure  cyclohexane.  A d -  
sorpt ion revers ib i l i ty  was exhib i ted  by  all  t h r ee  ad-  
sorbates;  60% of the adsorbed acetic acid was re -  
moved at  infini tely long desorpt ion time, 52% for 
stearic acid, and 29% for the glycine der ivat ive .  
Since the heats  of adsorpt ion indicated chemisorp-  
t ion for these adsorbates,  appa ren t ly  the chemisorp-  
tion products  have sufficient solubi l i ty  in cyclo-  
hexane to expla in  the desorption. Bordeaux  and 
Hacke rman  (12) found pa r t i a l l y  revers ib le  and 
pa r t i a l l y  i r revers ib le  adsorpt ion for stearic acid on 
iron. Fu r the r  work  including solution analysis  for 
metal  content  is needed to c lar i fy  the  adsorpt ion 

Table I. Heats of adsorption for abraded steel 

S B - S - V F  u n d e r  
S B - A - M e d .  i n  a i r  s o l v e n t  2 .2  f p s ,  

A d s o r b a t e  59  f p s ,  k c a l / m o l e  k c a l / m o l e  

Acetic acid 14.0 (4.1) a 14.3 (7.5) 
Glycine derivative 17.6 (2.5) 18.0 (4.4) 
Stearic acid 14.1 (2.0) 

= M e a s u r e d  s p e c i f i c  s u r f a c e  a r e a s  a r e  g i v e n  i n  p a r e n t h e s e s .  D u t o l i -  
c a t e  r u n s  i n d i c a t e d  a n  e r r o r  o f  •  k c a l / m o l e .  
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Fig. 5. Graph illustrating the "decay effect" for acetic acid ad- 
sorbed on cold-rolled steel. Abraded samples containing adsorbed 
radioactive acetic acid were counted at various intervals during 
exposure to three different atmospheres; dry O2, ambient air, and 
moist He. 

mechanism. We were  unsuccessful  in a t tempts  to 
obta in  I, R. spectra  of the adsorbed f i lm  by using 
the "At tenua ted  Total  Reflectance" technique (24), 
due to the minute  quan t i ty  of adsorbate  on the sam-  
ples. 

Decay effect ]for acetic ac /d . - -The  amount  of ad-  
sorbed acetic acid (p resumab ly  as a meta l  acetate)  
on a surface was found to decrease on exposure  to 
the a tmosphere  (Fig. 5), no such loss being ob-  
served for s tear ic  acid or the glycine der ivat ive .  
This decay effect was not observed when the sam-  
ples were  kept  in d ry  hel ium or in d ry  O2 but  
s torage in moist  he l ium accentuated the effect. One 
l ike ly  explana t ion  is that  a tmospher ic  mois ture  hy-  
drolyzes the chemisorpt ion product  to y ie ld  free 
acetic acid. The ra te  of loss in a i r  was slow enough 
to easi ly  pe rmi t  sample handl ing wi th  negl igible  
loss. 

Surface area measurements.--Experimental r e -  
sults on surface areas are t abu la ted  in terms of 
specific surface area  (Rs) in Tables II-V.  All  single 
values represent  the average of two or more runs 
and reproduc ib i l i ty  of ___10% or bet ter .  Surface 
areas of polished p l a t inum and glass surfaces, p re -  
v iously  shown to be smooth (11), were  measured  
wi th  acetic acid. Specific surface areas  close to 
un i ty  (0.8-1.1) resul ted,  suppor t ing the va l id i ty  of 
the monolayer  assumption and the value  used for 
the acetic acid molecular  area. 

Table  II presents  the da ta  on glass. Note tha t  pol -  
ished glass gives values of Rs near  uni ty  for all three  
adsorbates  but  tha t  abraded  samples give la rger  
values,  the increase being accentuated by  the use 
of shor ter  chain length  adsorbates.  

Table III  presents  da ta  on the effect of abras ion 
in air  on the surface area  of cold rol led steel. The 
effect of speed, mineral ,  abras ive  type,  and adsorbate  
are invest igated.  The fol lowing general izat ions  may  
be d rawn f rom the da ta :  

1. Decreases in abras ive  speed a lways  resul t  in 
increases in specific surface area  (Rs). 
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Table II. Specific surface areas for polished and abraded Pyrex glass Table IV. Specific surface area (Rs) on abrasion in solvent 

A d s o r b a t e  A d s o r b a t e  

S t e a r i e  Too l  Ace t i c  ac id  G l y c i n e  d e r i v a t i v e  S tea r i c  ac id  
P r e t r e a t m e n t  Ace t i c  ac id  G l y c i n e  tier. ac id  

Polished,  hea ted  in 
purif ied He 0.7- i . I  b 0.8-1.1 0.9 

A b r a d e d  a under  cy-  
c lohexane 8.1 4.8 2.3 

Abraded  a in air  7.5 4.6 2.2 

a A b r a d e d  s amp le s  t r e a t e d  w i t h  CA-A-180  2.2 fps  for  10 m i n  @ 
2 ps i  load.  

b The  r a n g e  r e p o r t e d  r e p r e s e n t s  t he  resu l t s  of  t w e l v e  samples .  
S i n g l e  v a l u e s  a re  a v e r a g e s  of  two  or m o r e  runs  w i t h  a ___10% 
r e p r o d u c i b i l i t y .  

CA-A-80 4.7 3.4 2.2 
CA-S-80  6.2 4.4 2.8 
CA-A-180 5.2 3.2 1.8 
CA-S-180 5.9 4.6 2.6 
CA-A-320 5.2 3.3 1.9 
CA-S-320 5.8 4.4 2.7 
S B - A - V F  5.4 3.3 2.2 
S B - S - V F  7.5 4.4 3.3 

S p e e d :  2.2 fps ,  load:  1 psi ,  co ld  r o l l e d  s teel  samples .  O b s e r v e d  
e r ro r  w a s  _-~10% or  b e t t e r  ~or two  or  m o r e  runs .  

Table III. Specific surface area (Rs) on abrasion in air Table V. Effect of speed on specific surface area (Rs) 

A d s o r b a t e  

Ace t i c  G l y c i n e  S t e a r i c  
Tool  ac id  d e r i v a t i v e  ac id  

Speed  

Tool  0.39 fps  0.88 fps  2.2 fps  59 fp s  

Tool speed: 59 fps 
CA-A-80  2.2 2.0 1.7 
CA-A-180 2.4 2.6 2.0 
CA-A-320 2.3 2.0 1.5 
S B - A - V F  3.8 3.1 1.9 
S B - S - V F  5.9 4.5 2.0 

Tool speed: 2.2 fps 
CA-A-180 3.5 2.9 2.2 
CA-S-180 3.7 3.0 2.0 
S B - A - V F  4.7 3.3 1.9 
S B - S - V F  6.5 4.9 2.0 

Cold  r o l l e d  s tee l  s a m p l e s ,  1 ps i  load. Va lues  s h o w n  are  a v e r a g e s  
of  a t  leas t  two  r u n s  w i t h  a •  r e p r o d u c i b i l i t y .  

2. SiC m i n e r a l  p r o d u c e s  l a r g e r  v a l u e s  of Rs t h a n  
A1203. 

3. Low d e n s i t y  a b r a s i v e s  p r o d u c e  l a r g e r  v a l u e s  
of Rs t h a n  coa ted  a b r a s i v e s  u n d e r  i d e n t i c a l  cond i -  
t ions.  

4. I nc reases  in  m e a s u r e d  su r f ace  a r e a  a r e  a c -  
c e n t u a t e d  b y  the  use  of shor t  cha in  l e n g t h  a d -  
sorba tes .  

Tab le  IV cons ide rs  the  effect of a b r a s i o n  in so l -  
vent .  G e n e r a l i z a t i o n s  2-4,  no t ed  above ,  a r e  seen  
to ho ld  w i t h o u t  excep t ion ,  and  a n o t h e r  m a y  be  
added :  

5. A b r a s i o n  in  so lven t  y i e ld s  l a r g e r  v a l u e s  of Rs 
t h a n  a b r a s i o n  in  air .  

Tab le  V cons iders  a m o r e  d e t a i l e d  i n v e s t i g a t i o n  
of the  effect of speed  u t i l i z ing  ace t ic  acid.  G e n e r a l -  
iza t ions  1-3, n o t e d  above ,  a r e  seen  to hold ,  a g a i n  
w i t h o u t  excep t ion .  

E x p e r i m e n t s  on the  effect of l oad  s h o w e d  the  r e -  
su l t s  to be  i n sens i t i ve  to the  effect of l oad  ove r  t he  
r a n g e  0.25-4.0 psi. Gr i t  size e x e r t e d  neg l i g ib l e  i n -  
f luence on Rs w i t h  coa ted  ab ras ives ,  b u t  c oa r s e r  
g r i t s  gave  l a r g e r  va lue s  w i t h  low d e n s i t y  ab ras ives .  

Discussion 

Topographical model o~ abraded sur~aces.--Pro- 
f i l ome te r  con tou r  t r aces  and  op t i ca l  mic roscop ic  
e x a m i n a t i o n  ( r e so lu t i on  n e a r  w a v e l e n g t h  of v i s ib l e  
l i gh t )  w e r e  c a r r i e d  out  for  a l l  a b r a s i o n  t r e a t m e n t s  
s tud ied .  Specif ic  su r face  a r eas  e s t i m a t e d  f r o m  these  
o b s e r v a t i o n s  d id  not  exceed  1.7, even  for  r a t h e r  

Abras ion  in air  
CA-A-180 4.1 3.8 3.5 
CA-S-180 4.3 3.9 3.7 
S B - A - V F  6.0 5.3 4.7 

Abras ion  under  
cyclohexane  

CA-A-180 5.5 5.4 5.2 
CA-S-180 6.8 6.3 5.9 
S B - S - V F  10.1 9.4 7.5 
S B - A - V F  7.7 6.5 5.4 

2.4 
2.7 
3.8 

Adsorba t e ,  acet ic  acid;  load,  1 ps i ;  co ld  ro l l ed  s tee l  samples .  Ob-  
s e r v e d  e r r o r  was  •  or b e t t e r  fo r  two  or m o r e  runs .  

coarse  g r a i n e d  ab ras ives .  O t h e r  i n v e s t i g a t o r s  have  
also f o u n d  l o w  va lues  for  a b r a d e d  and  s a n d b l a s t e d  
m e t a l  su r faces  (25, 26) .  In  v i e w  of t he  d a t a  f o u n d  
in th is  s t u d y  ( R s = 2 - 1 0 )  and  o t h e r  w o r k  (9, 12) 
the  su r faces  m u s t  con ta in  n u m e r o u s  m i c r o - i r r e g u -  
l a r i t i e s  w h i c h  a r e  u n r e s o l v e d  b y  op t i ca l  mic roscopy .  
I t  is diff icult  to obse rve  m i c r o - i r r e g u l a r i t y  r e l i e f  on 
the  su r f a c e  of a b r a d e d  m e t a l s  b y  s t a n d a r d  e l e c t r o n  
m i c r o s c o p y  t echn iques ,  h o w e v e r  w o r k  is p r e s e n t l y  
u n d e r w a y  t o w a r d  t h a t  end.  

P l u m b  (27) has  p o i n t e d  ou t  t h a t  l a rge  su r f ace  
a r e a s  can  be  a c h i e v e d  c o n c e p t u a l l y  b y  s u p e r i m p o s -  
ing  s m a l l  a spe r i t i e s  on  l a r g e  ones a d - i n f i n i t u m .  The  
a u tho r s  not iced ,  h o w e v e r ,  t h a t  t he  p r e s e n t  d a t a  sug -  
ges t s  an  i n t e r e s t i n g  a l t e r n a t e  poss ib i l i ty ,  n a m e l y  
t h a t  a s igni f icant  p o r t i o n  of t he  su r f ace  a r e a  of 
a b r a d e d  s tee l  is c o n t r i b u t e d  b y  the  p r e s e n c e  of 
m i c r o c r a c k s  w h i c h  m a y  be  g e n e r a t e d  d u r i n g  a b r a -  
sion. 

This  conc lus ion  is c o r r o b o r a t e d  b y  the  fo l lowing  
obse rva t ions .  F i r s t ,  a b r a d e d  glass ,  w h i c h  is k n o w n  
to con ta in  Gri f f i th  m i c r o c r a c k s  (28) ,  y i e l d e d  h igh  
r o u g h n e s s  fac to rs  ( ~ 8  for  ace t ic  ac id)  a n d  succes -  
s ive ly  l o w e r  va lue s  as t he  a d s o r b a t e  cha in  l e n g t h  
i nc r ea sed  ( T a b l e  I I ) .  The  cha in  l e n g t h  effect  can  
obv ious ly  be r a t i o n a l i z e d  in t e r m s  of s t e r i c  h i n d r a n c e  
a n d / o r  i n c r e a s e d  t e n d e n c y  for  " b r i d g i n g "  s m a l l  
su r f ace  f issures w i t h  i n c r e a s i n g  cha in  l eng th .  G r i f -  
fi th c racks  on glass  have  been  shown,  b y  i n d i r e c t  
means ,  to be  as deep  as  t he  d e e p e s t  g r i n d i n g  p i t s ,  
y e t  v e r y  n a r r o w  a t  t he  su r f a c e  ( less t h a n  50A) and  
could  w e l l  y i e l d  t r u e  a r e a s  s e v e r a l  t imes  l a r g e r  
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than the geometric  area. They are far  too small  for 
observat ion by opt ical  microscopy and, as yet,  have 
defied observat ion  by  electron microscopy. When 
steel  was ab raded  under  cer ta in  conditions, the  
measured  surface areas  and chain length  effect 
were  s t r ik ing ly  s imi lar  to ab raded  glass (Table  III  
and IV).  

Second, the effect of abras ion conditions on the 
surface area  of steel  (and the chain length  effect) 
are nicely expla ined  by  the microcrack  hypothesis .  

These effects may  be s ta ted as follows: The spe-  
cific surface area  is increased by lower ing the speed 
of abrasion,  by  abrad ing  in cyclohexane r a the r  than 
air, by using low dens i ty  abras ives  ra the r  than  
coated abras ives  or by  using SiC ra the r  than  AI20~. 

Each of these condit ions have the effect of lower -  
ing the abrasion tempera ture .  Reduct ion in abras ive  
speed at constant  load results  in lower  power  con- 
sumption and reduced t empera tu re .  The presence 
of a solvent  a tmosphere  wil l  cer ta in ly  resul t  in 
reduced tempera ture .  Stock removal  and heat  gen-  
e ra ted  by  coated abras ives  is severa l  t imes grea te r  
than  for the unique,  flexible low densi ty  abrasive.  
The l a t t e r  product  exhibi ts  an abras ive  action not 
unl ike  sandblas t ing  since the flexible web construc-  
tion al lows f reedom of motion of the abras ive  grains,  
resul t ing in lower  stock remova l  and a more shal-  
low cut. 

Retent ion of a microcrack  type  of surface topog-  
r aphy  would  be especial ly  sensit ive to the surface 
tempera ture .  These fissures would p ropaga te  under  
the influence of tensi le  stresses at the immedia te  
side and r ea r  areas of the abras ive  grain as it  t r a v -  
erses the surface. However ,  at h igher  abras ion t em-  
pera tures ,  the cracks would  be expected to reseal  
[ localized abras ion t empera tu re s  may  wel l  equal  
the mel t ing point  of steel (29)]  ei ther  by plast ic  
flow or by  augmented  oxidat ion.  Thus, there  would 
be more re tent ion  of microcracks  under  condit ions 
of low abrasion t empera tu re ,  resul t ing  in h igher  
surface area  and a more  d ramat ic  adsorbate  chain 
length effect. 

Abras ion  in solvent  has the effect of excluding 
air as well  as lowering the t empera tu re  and both 
effects would tend to increase the surface area. An 
exper imen t  designed to separa te  these effects is 
depic ted  in Fig. 6. Samples  were  p repa red  by  ab ra -  
sion in both air  and solvent,  and subsequent ly  ex-  
posed to l abora to ry  air  pr ior  to immers ion  in the 
adsorbate  solution. A rap id  decrease in the amount  
adsorbed was observed dur ing the first 2 rain of 
exposure  to air, reaching a constant  value  which 
remained  stable for at least  24 hr. However ,  this 
value  is st i l l  s ignif icantly h igher  for samples  ab raded  
in solvent  than  for those ab raded  in air, indicat ing 
a pe rmanen t  increase in surface area  for abras ion 
in solvent. The ini t ia l  drop is p robab ly  due to ox ida-  
t ion since the  in i t ia l  r a te  is ve ry  rapid ;  this  conclu- 
sion is confirmed by  solvent  abras ion and exposure  
to helium. 

The surpr is ing  but  unmis takab le  difference be-  
tween SiC and Al~O3 may  also be expl icable  in te rms 
of t empera tu re .  Silicon carbide is a much be t t e r  
the rmal  conductor than  a luminum oxide and this 
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Fig. 6. Effect of exposure of abraded steel surfaces to various 
atmospheres. Samples abraded with SB-S-VF at 2.2 fps and 1 psi 
load were exposed to the media labeled on the curves. After various 
times they were placed in 0.004N tagged acetic acid solutions. 
When adsorption equilibrium had been attained, they were with- 
drawn, quickly dried, and counted. A ,  Solvent abraded---exposed in 
cyclohexane; o, solvent abraded---exposed in air; e, air abraded-- 
exposed in air. 

would resul t  in h igher  in terface  t empera tu res  wi th  
A1203. The ra te  of wea r  of SiC on ferrous metals  
has been repor ted  to be h igher  than  tha t  obta ined 
with AleOs (30). This may  indicate  tha t  a s t ronger  
me ta l - ab ra s ive  in teract ion occurs for SiC than  for 
A1208, thus producing more severe tears.  

One might  not expect  format ion of such fissures 
on the surface of mater ia l s  as duct i le  as metals.  
However ,  the s t ruc ture  and exact  physical  na ture  
of the  "deformed l ayer"  (1) immedia te ly  under ly ing  
the oxide film on abraded  surfaces are  not wel l  
known. In te res t ing ly  enough, Atk inson  (2) recent ly  
observed tears  caused by  polishing steel  surfaces. 
The over -a l l  dimensions of these tears  are not  far  
f rom the es t imated  dimensions of the proposed 
microcracks.  

In order  to ra t ional ize  the da ta  at  va ry ing  ad-  
sorbate  chain length  and the specific surface areas 
obtained,  these cracks would have to be of the  order  
of 50-150A wide and app rox ima te ly  one to several  
microns in length a n d / o r  depth  depending on the 
number  of cracks per  uni t  apparen t  area. If the 
fissures were, say, 5~ deep and 5~ long, there  would 
have to be about  107 c racks /cm 2 to obtain Rs values 
in the v ic in i ty  of 5. This es t imat ion  assumes tha t  
the wal ls  of the cracks are smooth and tha t  the sur -  
face area  cont r ibuted  by  the cracks is super imposed 
on a surface of specific surface area  equal  to two. 
Ernsberger  (28) observed app rox ima te ly  105 micro-  
c r acks / cm 2 on the surface of unab raded  glazing 
qua l i ty  p la te  glass. 

Adsorption method.--It should be noted tha t  the 
surface area  measurement  used in this work  is 
p red ica ted  on the monolayer  assumption.  For  this 
reason, the authors  would l ike to close by  r e - e x a m -  
ining the evidence which supports  this  assumption 
and contradicts  other  assumptions which might  be 
advanced.  

A l t e rna te  possibi l i t ies  might  include: (a)  mul t i -  
molecular  l aye r  formation;  (b)  re tent ion  of ad-  
sorbate  solution in mic ro - i r r egu la r i t i e s  on the sur -  
face; (c) amount  of adsorpt ion influenced more by  
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c h e m i c a l  r e a c t i v i t y  of a b r a d e d  su r f ace  (e.g., con-  
t inuous  r e a c t i o n  b e t w e e n  a d s o r b a t e  and  m e t a l  o x -  
ide )  t h a n  b y  t r u e  su r f ace  area .  

As  m e n t i o n e d  p r e v i o u s l y ,  t he  o b s e r v e d  i s o t h e r m s  
fit the  L a n g m u i r  e q u a t i o n  and  e x h i b i t  d i sc re t e  p l a -  
t eaus  w i t h  t he  t y p i c a l  r i se  at  h i g h e r  concen t ra t ions .  
This  w o u l d  s eem to r u l e  out  m u l t i l a y e r  f o rma t ion ,  
p a r t i c u l a r l y  in  v i e w  of t he  m e a s u r e d  specific s u r -  
face  a r e a s  of u n i t y  on su r f aces  e x p e c t e d  to be  
smooth .  The  e x c e l l e n t  r e p r o d u c i b i l i t y  of the  b l o t -  
t ing  p r o c e d u r e  has  been  men t ioned ,  and  one can  
also cons ide r  how u n l i k e l y  i t  w o u l d  be  t h a t  such  
cons i s t en t  a b r a s i o n  effects  could  b e  m e a s u r e d  if 
r e t e n t i o n  of  l i qu id  on the  su r f ace  w a s  a fac tor ,  t he  
cha in  l e n g t h  effect w o u l d  be p a r t i c u l a r l y  i n e x -  
p l i c a b l e  f r o m  such a po in t  of v iew.  

Tab le  I shows  t h a t  the  hea t  of a d s o r p t i o n  is 
s i m i l a r  for  a l l  t h r e e  a d s o r b a t e s  i n d e p e n d e n t  of the  
m e a s u r e d  su r f ace  a rea .  This  d i s cou rages  a r g u m e n t s  
b a s e d  on a s s u m e d  d i f fe rence  in  c h e m i s t r y  of t he  
su r f ace  as d e s c r i b e d  in  (c)  above.  

I t  a p p e a r s  a t  p r e s e n t  t h a t  t h e  mos t  cons i s t en t  a r -  
g u m e n t  is t h a t  s a t u r a t e d  m o n o l a y e r s  a r e  f o r m e d  
and  t ha t  the  e q u i l i b r i u m  a m o u n t  a d s o r b e d  at  " p l a -  
t e a u "  c o n c e n t r a t i o n s  is an  a p p r o x i m a t i o n  of the  
t r ue  s u r f a c e  area .  F u r t h e r m o r e ,  t he  r e su l t s  i n d e e d  
show t h a t  h i g h e r  r e so lu t i on  is a c h i e v e d  w i t h  ace t ic  
ac id  t h a n  w i t h  c o m m o n l y  u sed  long  cha in  a d -  
sorba tes .  

A u t o r a d i o g r a p h s  p r e p a r e d  for  s tee l  s a m p l e s  
a b r a d e d  in a i r  ( for  w h i c h  l o w e r  Rs va lue s  w e r e  
found )  s h o w e d  u n i f o r m  a d s o r b a t e  coverage ,  i n d e -  
p e n d e n t  of a d s o r p t i o n  t ime,  w i t h i n  t h e  r e l a t i v e l y  
gross  l imi t s  of r e s o l u t i o n  of th is  me thod .  S a m p l e s  
for  w h i c h  h i g h e r  su r f ace  a r eas  w e r e  ob ta ined ,  r e -  
v e a l e d  c o n c e n t r a t i o n  of a d s o r b a t e  a long  the  a b r a -  
s ive  s c ra t ch  p a t t e r n .  This  is cons i s t en t  w i t h  the  
m i c r o c r a c k  p o s t u l a t i o n  .s ince these  f issures  w o u l d  
be c o n c e n t r a t e d  n e a r  t he  gross  a b r a s i v e  scra tches .  

The  t e n t a t i v e  h y p o t h e s i s  of the  p r o d u c t i o n  of 
m i c r o c r a c k s  in  g r i n d i n g  m e t a l s  is sufficient  to e x -  
p l a i n  ou r  r e su l t s  to  da te .  This  i n v e s t i g a t i o n  is be ing  
e x t e n d e d  to a t t e m p t  d i r ec t  o b s e r v a t i o n  of the  p o s t u -  
l a t e d  m i c r o c r a c k s  b y  e l ec t ron  mic roscopy .  D o u b l e  
l a y e r  c a p a c i t y  m e a s u r e m e n t s  a r e  also p l a n n e d  in 
an  a t t e m p t  to ob t a in  i n d e p e n d e n t  c o r r e l a t i o n  w i t h  
t h e  p r e s e n t  su r f ace  a r e a  da ta .  
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ABSTRACT 

The corrosion of u ran ium,  zirconium, and  an u ran ium-z i r con ium al loy was  
s tudied as a funct ion of potent ia l  in some a lka l ine  solutions. The behavior  of 
z i rconium was found to be in qual i ta t ive  agreement  wi th  resul ts  p re -  
v iously  obta ined in more  acid solutions. The in t e rp re t a t ion  of the  da ta  for 
u r an ium and the a l loy involved  assumptions  concerning changes in the  na tu re  
of the  pro tec t ive  oxide l aye r  associated wi th  changes in the  fo rmat ion  potential .  
Such differences are  not  shown on the pH-po ten t i a l  d i ag ram genera l ly  accepted 
for  the  u r a n i u m - w a t e r  system and a new d iag ram has been  derived.  Elec-  
t ron  diffraction measurements  were  employed  in an a t t empt  to ver i fy  the  
present  in terpre ta t ion .  

The  h i g h - t e m p e r a t u r e  aqueous  cor ros ion  of u r a -  
n i u m  and  z i r c o n i u m  has  been  the  ob jec t  of s e v e r a l  
d e t a i l e d  s tud ies  ( 1 - 5 ) .  The  e a r l y  w o r k  a s c r i b e d  i n -  
c reases  in  the  co r ros ion  r a t e  as w e l l  as t he  p h y s i c a l  
d a m a g e  to t he  a c c u m u l a t i o n  in  t h e  m e t a l  of t he  
c o r r o s i o n - p r o d u c t  h y d r o g e n  f o r m e d  d u r i n g  t h e  r e -  
ac t ion  which ,  in t h e  absence  of oxygen ,  has  t he  
g e n e r a l  f o r m  

xM + yH~O = MxOy ~ yH2 

A l t h o u g h  it  a p p e a r s  to be  c l e a r l y  e s t a b l i s h e d  t h a t  
h y d r o g e n  is a c t i ve  in  t h e  co r ros ion  a t t ack ,  t h e r e  is 
some d i s a g r e e m e n t  as to t he  p rec i se  n a t u r e  of i ts  
role .  

I t  w a s  s h o w n  r e c e n t l y  (1)  t h a t  t h e  co r ros ion  r a t e  
of u r a n i u m ,  u r a n i u m - 5  w e i g h t  p e r  cen t  ( w / o )  z i r -  
conium,  and  z i r con ium,  c a t h o d i c a l l y  p o l a r i z e d  in  a 
s l i gh t ly  ac idic  so lu t ion  at  t e m p e r a t u r e s  b e l o w  
100~ was  s i m p l y  r e l a t e d  to t he  h y d r o g e n  a c t i v i t y  
a t  the  o x i d e - e l e c t r o l y t e  i n t e r f a c e  ove r  a w i d e  r a n g e  
of po t en t i a l .  The  co r ros ion  r a t e  w a s  f o u n d  to i n -  
c rease  w i t h  i nc r ea s ing  ca thodic  p o l a r i z a t i o n  i n d i -  
ca t ing  t h a t  t he  effect  of t he  p o t e n t i a l  on t h e  k i n e t -  
ics w a s  g r e a t e r  t h a n  i ts  effect  in  d e c r e a s i n g  t h e  
t h e r m o d y n a m i c  d r i v i n g  force.  This  b e h a v i o r  was  
i n t e r p r e t e d  as r e s u l t i n g  f r o m  the  d i s so lu t ion  of 
h y d r o g e n  in t he  ox ide  l e a d i n g  to changes ,  w i t h i n  
the  film, of an  e l ec t r i c a l  n a t u r e  ( caus ing  i n c r e a s e d  
ionic d i f fus ion r a t e s )  r a t h e r  t h a n  m e c h a n i c a l  f a i lu re .  

The  p r e s e n t  p a p e r  de sc r ibe s  t h e  r e su l t s  of co r -  
ros ion  r a t e  m e a s u r e m e n t s  on u r a n i u m ,  u r a n i u m - 1 0  
w / o  z i r con ium,  and  z i r c o n i u m  in a l k a l i n e  solu t ions ,  
w i t h  p a r t i c u l a r  r e f e r e n c e  to t he  effect  of ca thod ic  
po la r i za t ion .  I t  is s h o w n  tha t ,  a l t h o u g h  the  b e h a v i o r  
a t  h igh  v a l u e s  of p H  m a y  be  e x p l a i n e d  in t he  s ame  
g e n e r a l  t e r m s  as  t he  co r ros ion  in  ac id ic  so lu t ion ,  
the  r e l a t i o n s h i p s  w i t h  p o t e n t i a l  (i.e., h y d r o g e n  ac -  
t i v i t y )  a r e  m u c h  m o r e  c o m p l e x  for  u r a n i u m  and  
the  a l loy.  

Experimental 
The  e x p e r i m e n t a l  m e t h o d  w h i c h  has  b e e n  d e -  

s c r i bed  p r e v i o u s l y  (1, 6, 7) p e r m i t s  m e a s u r e m e n t  
w i t h o u t  r e m o v a l  of t h e  s p e c i m e n  f r o m  the  t es t  e n -  

v i r o n m e n t .  The  t e c h n i q u e  invo lves  t he  con t inuous  
m e a s u r e m e n t  of t he  i n t e n s i t y  of l i gh t  re f lec ted  f r o m  
t h e  su r f a c e  of t h e  co r rod ing  spec imen .  M o n o c h r o -  
m a t i c  l i gh t  can  be  used  g iv ing  i n t e r f e r e n c e  effects 
s u p e r i m p o s e d  on  an  a b s o r p t i o n  c u r v e  w h i l e  w h i t e  
l i gh t  g ives  a b s o r p t i o n  effects  only .  

To d e r i v e  a b s o l u t e  v a l u e s  of ox ide  t h i cknes s  r e -  
qu i r e s  a k n o w l e d g e  of e i t he r  t he  r e f r a c t i v e  i n d e x  
or  t h e  a b s o r p t i o n  coefficient  of t h e  o x i d e  d e p e n d i n g  
on the  m e t h o d  used.  O v e r  t he  r a n g e  of t h i cknes s  
w h e r e  bo th  m e t h o d s  can  be  app l i ed ,  t he  r a t io  of 
t h e  r e f r a c t i v e  i n d e x  to t h e  a b s o r p t i o n  coefficient  
a p p e a r s  to be  cons t an t  (1) .  As  t h e s e  two  p a r a m e -  
t e r s  d e p e n d  on d i f fe ren t  p h y s i c a l  p r o p e r t i e s  i t  seems  
l i k e l y  t h a t  t h e y  a r e  i n d e p e n d e n t l y  cons tan t .  H o w -  
ever ,  the  e x a c t  m a g n i t u d e  of e i t he r  is open  to 
doub t ,  and  in  consequence  the  a m o u n t  of o x i d a t i o n  
is g i v e n  in  t e r m s  of r e l a t i v e  o x i d e  t h i cknes s  r a t h e r  
t h a n  in a b s o l u t e  uni ts .  

I n  the  p r e s e n t  i n s t ance  the  w h i t e  l i gh t  m e t h o d  
has  been  used  w h i c h  p e r m i t s  m e a s u r e m e n t s  of 
t h i c k e r  ox ide  f i lms due  to t he  g r e a t e r  i n t e n s i t y  
ava i l ab l e .  

The  t e s t  so lu t ions  w e r e  p r e p a r e d  b y  d i s so lv ing  
A N A L A R  r e a g e n t s  in d i s t i l l ed  w a t e r  and  w e r e  con-  
s t i t u t e d  as fo l lows :  

p H  9.7 so lu t ion  

p H  11.6 so lu t ion  

p H  13 so lu t ion  

0.2N Na2CO3 + 0.2N NaHCO3 

0.1N Na2COs 

0.1N N a O H  or  0.1N K O H  

O x y g e n - f r e e  n i t r o g e n  was  c o n t i n u o u s l y  b u b b l e d  
t h r o u g h  t h e  so lu t ions  be fo re  and  d u r i n g  use  to r e -  
m o v e  d i s so lved  oxygen .  

The  m a r k e d  cor ros ion  r e s i s t ance  of z i r c o n i u m  
n e c e s s i t a t e d  m a k i n g  the  m e a s u r e m e n t s  a t  h i g h e r  
t e m p e r a t u r e s  (90~  A d d i t i o n a l  f e a t u r e s  w e r e  i n -  
c o r p o r a t e d  in t he  t es t  cel l  to p r o v i d e  a t e m p e r a t u r e  
con t ro l  a c c u r a t e  to w i t h i n  • I~  

Of t he  m a t e r i a l s  e x a m i n e d ,  t he  h igh  p u r i t y  z i r -  
c o n i u m  was  s u p p l i e d  b y  A.E.R.E.  1 ( i m p u r i t y  a n a l -  
ys is :  O, 125 p p m ;  C, 50 p p m ;  N, 170 p p m ;  H, 24 
p p m ) .  No h e a t  t r e a t m e n t  was  g i v e n  b e f o r e  e x a m i n -  

1 A t o m i c  E n e r g y  R e s e a r c h  E s t a b l i s h m e n t ,  H a r w e l l ,  E n g l a n d .  
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Fig. 1. Corrosion of zirconium, 02-reduced O.1N KOH solution, 
90~ 

ation. The uranium was supplied by A.E.R.E. and 
certified as 99.95% pure ( impuri ty analysis: O, 40 
ppm; N, 10 ppm; C, 30 ppm; Si, 8 ppm; Fe, varia-  
ble 10-90 ppm; A1, 3 ppm).  It was not subjected to 
a prel iminary heat treatment.  The alloy, prepared 

1'C i I i r 

F-.~Ov 

~ A = §   .o,v 
.J 

~c ' ~o ' l&O 
TIME IN MINUTES. 

Fig. 20. Corrosion of uranium, O2-reduced 0.2N Na2CO3 -I- 0.2N 
NaHCO3 solution, room temperoture. 
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Fig. 2b. Corrosion of uranium, O2-reduced 0 . 2 N  N a 2 C O 3  -~- 0 . 2 N  
NaHCOo solution, room temperoture. 
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from 99.95% pure uranium and low hafnium 99.9% 
pure zirconium (Van Arkel) ,  was supplied in the 
arc-cast condition. Before testing, it was homogen-  
ized (by annealing in vacuo) at 1000~ for seven 
days and then water-quenched.  The methods used 
for mounting the specimen and preparation of the 
surface have been described previously (1, 6). 

Results 

Figure 1 illustrates the corrosion of zirconium in 
pH 9.7 solution at 90~ The method of plotting 
enables calculation of the kinetics of film growth 
from the slope of the curves. The chief points of 
interest are given below: 

(I).  The corrosion rate increases with increasing 
cathodic polarization. 

(II) .  A transition from less rapid to more rapid 
kinetics is easily distinguishable for two values of 
potential (EnA -~ --0.2v, --0.3v), 2 and appears to 
take place at an approximately constant film thick- 
ness. 

( III) .  The growth law governing the early stages 
of corrosion may be expressed by y2.5 _-- kt where, 
y is the oxide thickness, k is a constant, and t is 
time. 

Figures 2a and 2b show the corrosion behavior of 
pure uranium in pH 9.7 solution. The following ob- 
servations are of interest: 

(I).  At and above EHA ---- 0V (Fig. 2a), the cor- 
rosion rate is either parabolic or parabolic changing 
to an approximately linear law. The corrosion rate 
increases with increasing cathodic polarization. 

(II) .  Between --0.2v and --0.5v EHA (Fig. 2b), 
the corrosion rate initially approximates to a linear 
law and changes in time to a complex law (accer- 
erating rate) .  In this potential range, the rate de- 
creases with increasing cathodic polarization. 

( III) .  Below --0.5v EHA (Fig. 2b), there is a ten- 
dency for the initial corrosion to approximate more 
closely to the linear law. The rate increases with 
increasing cathodic polarization. 

The corrosion of uranium-10 w/o  zirconium in 
pH 9.7 solution is illustrated in Fig. 3a and 3b. It 
can be seen that the results indicate a continuation 
of the trends established for the pure metal with, 
however, two significant differences: 

(I) .  The over-al l  corrosion rate of the alloy is 
lower. 

(II) .  The changes in the corrosion process of the 
alloy occur at more negative potentials, i.e., first, 
between --0.2v and - -0 .3v  EHA (instead of between 
0v and- -0 .2v  EHA) and, second (apparently)  below 
--0.TV EHA (instead of between --0.5v and --0.6v 
EHA). 

The corrosion behavior of pure uranium in pH 
]1.6 solution bears a marked resemblance to the 
behavior in pH 9.7 solution. Figures 4a and 4b show 
that the changes in corrosion process occur at ap- 
proximately the same hydrogen activity potentials 
(EHA), although the over-all  corrosion rate is 
higher in the more alkaline solution. 

The corrosion of uranium and the alloy in pH 13 
solution has not been investigated in detail. How- 

2 EHA = E ~  + 0 . 0 5 9 1  p H  w h e r e  E ~  i s  t h e  p o t e n t i a l  w i t h  r e s p e c t  
t o  t h e  n o r m a l  h y d r o g e n  s c a l e .  
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Fig. 3a. Corrosion of uranium-10 w/o zirconium, O2-reduced 0.2N 
Na2CO3 -I- 0.2N NaHCOs solution, room temperature. 
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Fig. 3b. Corrosion of uranium-10 w/o zirconium, O2-reduced 0.2N 
Na2CO3 -~- 0.2N NaHCO3 solution, room temperature. 

ever, the measurements  which were  made (Fig. 5) 
show the same type  of complex behavior  observed 
in other a lkal ine  solutions. Again,  it  is clear  tha t  
the ove r -a l l  corrosion r a t e  at  any given potent ia l  
is increased by g rea te r  a lka l in i ty  and decreased by  
alloying.  

Discussion 
A comparison of the  present  resul ts  wi th  our 

ear l ie r  observat ions  in pH 5.4 solutions shows tha t  
while the character is t ics  of the corrosion of z i r -  
conium remain  v i r t ua l ly  unaffected by the change 
in envi ronment  those of u ran ium and its al loys are 
significantly al tered.  The resul ts  obta ined for  the 
two meta l  systems wil l  be discussed separa te ly  for 
the sake of s implici ty.  

Zirconium.--The low corrosion ra te  of z i rconium 
in the t empe ra tu r e  range to which this expe r imen-  
ta l  technique is res t r ic ted  makes  it difficult to cause 
a change f rom protec t ive  to nonprotec t ive  kinet ics  
wi th in  a reasonable  length  of t ime. Nevertheless ,  by  
cathodical ly  polar iz ing the specimens it has been 
possible to show at 90~ (at  least, in two instances)  
a kinet ic  sequence which is normal ly  associated with  
very  much higher  tempera tures .  The increase in 
corrosion rates  which accompanies cathodic po la r i -  
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Fig. 4a. Corrosion of uranium, O2-reduced 0.|N Na2CO3 solu- 
tion, room temperature. 
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Fig. 4b. Corrosion of uranium, O2-reduced 0.1N Na2CO3 solu- 
tion, room temperature. 

zation may  be re la ted  to an increase in electronic 
conduct ivi ty  of the  cor ros ion-product  oxide af ter  
the model  prev ious ly  proposed (1) to account for 
s imi lar  resul ts  obta ined wi th  uranium.  If, as is 
thought  to be the  case (8),  the oxide formed on 
z i rconium is an anion-def ic ient  n - t y p e  semicon- 
ductor,  then the addi t ion of a posi t ively  charged 
ion such as H + is l ike ly  to cause the type  of effect 
we have  observed.  
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Fig. 5. Corrosion of uranium and uranium-]0 w/o Zirconium, 
O2-reduced 0.]N NoaH solution, room temperature. 
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I t  shou ld  be  p o i n t e d  out,  h o w e v e r ,  t h a t  in the  in i -  
t i a l  s t ages  of co r ros ion  (up  to 200 or  300 m i n ) ,  
w h e n  the  ox ide  f i lm is s t i l l  v e r y  th in ,  t he  s e n s i t i v i t y  
of the  e q u i p m e n t  was  no t  a l w a y s  sufficient  to a l l ow 
a c c u r a t e  m e a s u r e m e n t ,  and  in some cases  t he  e x -  
p e r i m e n t a l  s ca t t e r  was  cons ide rab le .  In  t he  se r ies  
of m e a s u r e m e n t s  i l l u s t r a t e d  in Fig.  1, th is  s ca t t e r  
was  p a r t i c u l a r l y  m a r k e d  for  t he  t es t  c a r r i e d  out  a t  
E H A  ~ --0.4% and  i t  was  diff icult  to o b t a i n  a r e a -  
sonab le  s t r a i g h t - l i n e  fit for  t he  p e r i o d  of p r o t e c t i v e  
g rowth .  I t  is i n t e re s t ing ,  h o w e v e r ,  t h a t  in  the  cases  
w h e r e  two  w e l l - d e f i n e d  g r o w t h  l a w s  can  be  seen,  
t he  t r a n s i t i o n  f r o m  one to t he  o t h e r  a p p e a r s  to  t a k e  
p l ace  a t  a p p r o x i m a t e l y  t h e  s a m e  f i lm th ickness .  
This  o b s e r v a t i o n  m a y  b e  c o m p a r e d  w i t h  s im i l a r  o b -  
s e rva t i ons  m a d e  b y  us  on u r a n i u m  in ac idic  so lu t ion  
f rom w h i c h  i t  was  conc luded  t h a t  c a t h o d i c a l l y  i n -  
d u c e d  h y d r o g e n  a p p e a r s  to c h a n g e  t h e  co r ros ion  
r a t e  w i t h o u t  a l t e r i n g  t h e  p r o t e c t i v e  t h i ckness  of 
t he  o x i d e  (1, 9) .  

The  k ine t i c s  of ox ide  g r o w t h  b e a r  a m a r k e d  r e -  
s e m b l a n c e  bo th  in a l k a l i n e  and  ac id  solu t ions ,  a l -  
t h o u g h  tes t s  in  t h e  l a t t e r  w e r e  no t  c a r r i e d  out  for  
l ong  enough  to o b t a i n  a t r ans i t i on .  The  p o w e r  of 2.5 
for  t he  p r o t e c t i v e  g r o w t h  l a w  in p H  13 so lu t ion  
ag rees  r e a s o n a b l y  w i t h  the  e x p o n e n t  2.66 f o u n d  b y  
us  in ac id  solu t ion ,  a n d  bo th  va lue s  c o m p a r e  f a v o r -  
a b l y  w i t h  t he  o b s e r v a t i o n s  of o t h e r  w o r k e r s  a t  
h i g h e r  t e m p e r a t u r e s  (8, 1O). The  s o m e w h a t  h i g h e r  
o v e r - a l l  r a t e s  in a l k a l i n e  so lu t ion  a r e  diff icult  to 
e x p l a i n  f r o m  the  p r e s e n t  resu l t s .  Cor iou  and  co-  
a u tho r s  (11) h a v e  p o i n t e d  out  f r o m  w o r k  on Z i r c a -  
l oy  t ha t  such  inc reases  m a y  be  on ly  in  p a r t  due  to 
t h e  effect of pH, and  t h a t  t he  ox ides  f o r m e d  in 
a l k a l i n e  so lu t ions  r e q u i r e  f u r t h e r  s tudy .  

Uranium and uranium-lO w / o  zirconium.--The 
di f fe rence  b e t w e e n  t h e  cor ros ion  b e h a v i o r  of u r a -  
n i u m  in a l k a l i n e  so lu t ions  and  in  p H  5.4 so lu t ion  
has  been  c l e a r l y  e s t ab l i shed .  Brief ly ,  the  p r e s e n t  
r e su l t s  show ( i )  t h a t  ox ide  g r o w t h  in  a l k a l i n e  so lu -  
t ions  is, in m a n y  cases,  g o v e r n e d  b y  c o m p l e x  l aws ,  
and  ( i i )  t h a t  t h e  d i r ec t  r e l a t i o n s h i p  b e t w e e n  co r -  
ros ion  r a t e  a n d  a p p l i e d  p o t e n t i a l  f o u n d  in ac id ic  
e n v i r o n m e n t s  is no  l o n g e r  a p p a r e n t .  I n  add i t ion ,  
v i sua l  o b s e r v a t i o n s  of s p e c i m e n s  t e s t ed  in  a l k a l i n e  
so lu t ions  h a v e  shown  t h a t  t he  cor ros ion  f i lms a r e  
g e n e r a l l y  d u l l e r  and  less  c o m p a c t  t h a n  t h e i r  c o u n -  
t e r p a r t s  in ac idic  (pH 5.4) solut ion.  

W h i l e  i t  seems  l i k e l y  t ha t  such  d i f fe rences  in 
b e h a v i o r  a n d  a p p e a r a n c e  shou ld  c o r r e s p o n d  to a 
d i f ference,  ei ther '  in s t r u c t u r e  or  in compos i t ion ,  
b e t w e e n  the  cor ros ion  f i lms f o r m e d  in t he  two  e n -  
v i r o n m e n t s ,  t he  ex i s t ence  of two  d i s t i nc t  spec ies  is 
not  i n d i c a t e d  b y  t h e  d a t a  p r e s e n t e d  b y  P o u r b a i x  
and  c o - w o r k e r s  (12). F i g u r e  6 shows  the  p H - p o t e n -  
t i a l  d i a g r a m  d e r i v e d  b y  these  i nves t i ga to r s ,  f r o m  
t h e r m o d y n a m i c  da ta ,  for  the  u r a n i u m - w a t e r  sys -  
tem.  This  f igure  has  been  r e c a l c u l a t e d  f rom the  
o r ig ina l  on the  bas is  of h y d r o g e n  a c t i v i t y  p o t e n t i a l s  
to con fo rm to the  m e t h o d  a d o p t e d  in th is  p a p e r  for  
t h e  p l o t t i n g  of resu l t s .  Here ,  t h e  sole spec ies  con-  
s i de r ed  s t a b l e  in t he  p H - p o t e n t i a l  r a n g e  of i n t e r e s t  
( p H  5.4 to p H  13 and  -b0.2v to - -0 .7v  EHA) is g iven  
as UO2. Neve r the l e s s ,  s ince  t he  d i a g r a m  has  been  

EUA = E H § 0"05gl pH. 
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Fig. 6. pH-potential diagram for U - H 2 0  system (after Pourbaix) 

d e r i v e d  for  e q u i l i b r i u m  condi t ions ,  i t  is pos s ib l e  t h a t  
d u r i n g  processes  of h igh  i r r e v e r s i b i l i t y  such  as a r e  
e n c o u n t e r e d  d u r i n g  the  co r ros ion  of u r a n i u m ,  t he  
conf igura t ion  m a y  be  s ign i f i can t ly  a l t e r ed .  As  one 
e x a m p l e  of th is  t y p e  of effect,  i t  is w o r t h  no t i ng  
tha t ,  a l t h o u g h  F e O  is t h e r m o d y n a m i c a l l y  u n s t a -  
b le  w i t h  r e spe c t  to F e  a n d  Fe804, b e l o w  570~ a 
l a y e r  of FeO has  b e e n  f o u n d  d u r i n g  the  o x i d a t i o n  
of i r on  a t  t e m p e r a t u r e s  as l o w  as 400~ (12) .  Of 
m o r e  specific i n t e r e s t  to t h e  p r e s e n t  w o r k  is an  ob -  
s e r v a t i o n  m a d e  in  t he  e a r l y  s tages  of th i s  i n v e s t i g a -  
t ion t h a t  r a p i d  f i lm g r o w t h  occurs  on u r a n i u m  in 
v e r y  ac id  so lu t ions  (0.1N HC1, p H  1) w h e r e  ac -  
co rd ing  to t h e  t h e r m o d y n a m i c  d a t a  no sol id  p h a s e  
shou ld  be  s tab le .  

T h e r e  is, m o r e o v e r ,  some ev idence  w h i c h  sugges t s  
t h a t  t he  d a t a  f r o m  w h i c h  the  P o u r b a i x  d i a g r a m  for  
u r a n i u m - w a t e r  is d e r i v e d  a re  i n c o m p l e t e  a n d  m i g h t  
no t  p e r m i t  a c o m p r e h e n s i v e  r e p r e s e n t a t i o n  of the  
sys tem.  F i r s t ,  bo th  W a b e r  (13)  and  K a t z  a n d  R a b -  
i n o w i t c h  (14) h a v e  o b s e r v e d  and  c o m m e n t e d  on 
the  poss ib le  f o r m a t i o n  of t he  h y d r o x i d e  U ( O H ) 4  
i n s t e a d  of  UO2 in aqueous  co r ros ion  f i lms on u r a -  
n ium.  P o u r b a i x ,  h imse l f ,  is no t  e m p h a t i c  in  d e n y i n g  
the  o c c u r r e n c e  of  th i s  p h a s e  b u t  p r e f e r s  t he  a l t e r n -  
a t ive  choice for  his  d i a g r a m .  Second,  some  va lues  
for  t he  f r ee  e n e r g y  of f o r m a t i o n  used  in c a l c u l a t i n g  
the  P o u r b a i x  d i a g r a m  a r e  3 - 4 %  l o w e r  t h a n  v a l u e s  
r e p o r t e d  b y  L a t i m e r  (15) .  This  is a n o t i c e a b l e  d i s -  
a g r e e m e n t  in v i e w  of the  fac t  t h a t  a r e l a t i v e l y  s m a l l  
d i f fe rence  in f ree  e n e r g y  can  h a v e  c o n s i d e r a b l e  e f -  
fect  on the  p o t e n t i a l  a t  w h i c h  a g i v e n  species  is 
s tab le .  F i n a l l y ,  W i l l a r d s o n ,  Moody,  and  G o e r i n g  
(16) h a v e  s h o w n  t h a t  t h e  o x i d a t i o n  of UO2 to 
h i g h e r  ox ides  is a c c o m p a n i e d  b y  changes  in  t y p e  of 
s e m i c o n d u c t i v i t y  caused  b y  d e v i a t i o n s  f r o m  s to ich -  
i o m e t r y ,  and  h a v e  iden t i f i ed  two  s t a b l e  ox ide  phases  
U409 a n d  UsO7 of O / U  r a t i o  i n t e r m e d i a t e  to  UO2 
and  U~Os. C a p a c i t y  m e a s u r e m e n t s  on u r a n i u m  e lec -  
t r o d e s  in  aqueous  so lu t ions  h a v e  also b e e n  i n t e r -  
p r e t e d  (17, 18) as  show ing  the  f o r m a t i o n  of h i g h e r  
ox ides  d u r i n g  cor ros ion ,  a l t h o u g h  i t  was  diff icult  
f r o m  t h e  r e su l t s  to  a s c e r t a i n  changes  in s e m i c o n d u c -  
t iv i ty .  F r o m  the  p r e s e n t  p o i n t  of v iew,  t he  omiss ion  
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of the in t e rmed ia te  oxides f rom the d iag ram is 
serious since measurements  in this inves t igat ion 
have been conducted wi th in  the  potent ia l  range  in 
which these species are  most l ike ly  to be stable. 

In v iew of these shortcomings and others  which 
may  arise when the convent ional  pH-po ten t i a l  d ia -  
g ram is appl ied  to nonequi l ib r ium conditions, i t  is 
not unreasonab le  to reconst ruct  r e l evan t  port ions 
to fit the  present  results.  I t  should be stressed, 
however ,  tha t  the  resul t ing d iag ram may  be more 
in the na ture  of a metas tab le  equi l ib r ium d iag ram 
ra the r  than  a subs t i tu te  for tha t  proposed by  Pour -  
ba ix  (2) and his colleagues. 

F igure  7 i l lus t ra tes  the differences be tween  the 
corrosion t rends  of u r an ium in pH 5.4 solution and 
in a lka l ine  solutions. A hypothe t ica l  demarca t ion  
has been  shown at  pH 7. The r a t e  in pH 5.4 solu-  
t ion increases cont inuously wi th  decreasing poten-  
tial,  whereas  two t ransi t ions  are  found in a lka l ine  
solutions. 

As pointed out ear l ie r  in the  discussion, an in-  
crease in corrosion ra te  wi th  increasing cathodic 
polar izat ion suggests tha t  the oxide forming is an 
n - t y p e  semiconductor.  Conversely,  a decrease  in 
ra te  under  s imi lar  c i rcumstances would indicate  
the format ion  of a p - t y p e  oxide. Hence, the cor-  
rosion behavior  of u ran ium in a lkal ine  solutions 
may  be ascr ibed to changes in the semiconduct iv i ty  
of the cor ros ion-product  f rom n-  to p-  to n - t y p e  as 
the potent ia l  is decreased.  It should be stressed, 
however ,  tha t  the absence of parabol ic  g rowth  at  
cer ta in  potent ia ls  in high pH solutions does not 
necessar i ly  imply  the absence of a diffusion process. 
Instead,  as the ove r -a l l  corrosion r a t e  in these solu-  
tions is considerably  higher  than  in pH 5.4 solution, 
it  is be l ieved tha t  the  per iod dur ing  which the d i f -  
fus ion-control l ing film is growing is too short  to 
al low detect ion by  the measur ing  ins t rument .  The 
over -a l l  corrosion ra te  is defined as the amount  of 
corrosion occurr ing in a given length  of t ime and 
the use of this  p a r a m e t e r  becomes necessary  in 
instances where  it is difficult to define the  corrosion 
ra te  in te rms of the constants of the growth  laws. 

785 

Changes in conduct iv i ty  mechanism of the  type  
descr ibed above could arise from the format ion  of 
nonstoichiometr ic  phases dur ing corrosion in a lka -  
l ine solutions. With in  the domain  of s tab i l ty  of a 
given species, the oxygen- r i ch  region (posit ive,  in 
te rms of po ten t ia l )  wiI1 tend  to be p - t y p e  whi le  
oxygen deficiency wil l  resul t  in n - t y p e  semicon- 
duct iv i ty  (e.g., UO2+x ~ p - type ,  U4Og-x ~ n- type ,  
U~Os+x ~ p - t y p e ) .  Note, tha t  since the exact  poten-  
tials at which the changes in mechanism occur a re  
not known from the results,  a divis0n has been 
made  in Fig. 7 at  the a rb i t r a r i l y  chosen values --0.1v 
EHA and --0.7v EHA. These two potent ials ,  hence, 
bound the domain of s tabi l i ty  of one species while  
immedia te ly  below lies the oxygen- r i ch  region of 
a s table  compound of lesser O /U  ra t io  and imme-  
d ia te ly  above is the oxygen-def ic ient  region of the 
next  phase. The fact tha t  the t ransi t ions  in the cor-  
rosion process of u ran ium-10  w / o  zirconium occur 
at more negat ive  potent ia ls  can be ascr ibed to the  
difference be tween the free energies of format ion  
of pure  oxides and those of the mixed  oxides which 
resul t  f rom the corrosion of the alloy. 

F igure  8 shows the pH potent ia l  d i ag ram con- 
s t ructed to fit the presen t  results.  The ma jo r  differ-  
ences be tween  this figure and the d iag ram due to 
Pourba ix  and co-workers  are l is ted below: 

1. The in te rmedia te  oxide phases U409 and U~O~ 
have been shown as occurr ing wi th in  the potent ia l  
boundar ies  --0.1v EHA and --0.7v EHA and q-0.45v 
EHA and --0.1v EHA, respect ively,  and the hydrox ide  
U(OH)4 has been chosen in preference  to UO2 as 
the lowest  oxidized phase of uranium.  The complete 
sequence of solid phases is, therefore,  U - U ( O H ) 4 -  
U4Og-U8OT-U3Os-UO3. A considerat ion of the free 
energies of format ion  showed tha t  the values  de te r -  
mined theore t ica l ly  f rom this pa r t i cu la r  sequence 
gave the best  approx imat ions  to the  avai lab le  data,  
and differed by  only 3-4% from those quoted by  
Pourba ix  and co-workers .  Values used by  Pourba ix  
are compared with  the reca lcula ted  values in 
Table I. 

"2~ l uo, 

�9 / o  

i ~ 

-121- \ \ 

- 2 . o  u 

pH 

Fig. 8. pH-potential diagram for U-H20 system (modified version) 
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Table I. Free energy of formation of solid species 

Pourbaix  values,  Calculated values,  
kca l /g  mole kcal /g  mole 

U(OH)4  --351.6 --351.6 
U~O9 --1041.9 
U807 --796.7 
U3Os --804 --833 
UO3 --273 --273 

Table II. Free energy of formation of ionic species 

Pourbaix  values,  Calculated values,  
kca l /g  mole kca l /g  mole 

U 3+ --124.4 --131.1 
U 4 + - -  138.4 - -  145.1 
UOH 3 + --193.5 --200.2 
UO 2 + --236.4 --243.1 

2. The  ionic  a c t i v i t y  l ines  of t he  P o u r b a i x  d i a -  
g r a m  ( m a r k e d  A to G in Fig.  6) h a v e  been  sh i f t ed  
2 p H  uni t s  to t he  r igh t .  This  p e r m i t s  the  d i f f e r -  
ences  b e t w e e n  the  co r ros ion  b e h a v i o r  of u r a n i u m  
in ac id  and  a l k a l i n e  so lu t ions  to be  a s c r i b e d  to t h e  
e x i s t e n c e  of d i f f e ren t  spec ies  in t he  two  e n v i r o n -  
ments .  The  f r ee  ene rg ie s  of f o r m a t i o n  for  t he  ionic 
spec ies  r e c a l c u l a t e d  a f t e r  t he  sh i f t  a r e  aga in  f o u n d  
to differ  on ly  s l i g h t l y  f r o m  the  v a l u e s  g iven  b y  
P o u r b a i x .  T a b l e  II  shows  the  va lue s  a d o p t e d  b y  
P o u r b a i x  c o m p a r e d  w i t h  the  n e w  ones used  in 
F ig .  8. 

Electron di~raction.--An a t t e m p t  was  m a d e  to 
v e r i f y  t he  t h e o r e t i c a l  p H - p o t e n t i a l  d i a g r a m  b y  
e l e c t r o n  d i f f rac t ion  m e a s u r e m e n t s .  S p e c i m e n s  of 
u r a n i u m  w e r e  c o r r o d e d  at  s e v e r a l  v a l u e s  of p o t e n -  
t i a l  b e t w e e n  + 0 . 8 v  EHA a n d  - - l v  EHA in bo th  p H  5.4 
so lu t ion  and  in a l k a l i n e  solu t ions ,  w a s h e d  in e t h e r  
a n d  benzene ,  a n d  t r a n s f e r r e d  to  a H i t a c h i  H U  11 
e l ec t ron  mic ro scope  w h i c h  i n c o r p o r a t e d  a spec ia l  
a t t a c h m e n t  for  g l anc ing  a n g l e  d i f f rac t ion .  The  d i f -  
f r a c t i o n  c h a m b e r  was  p r o v i d e d  w i t h  a v a c u u m  sea l  
w h i c h  i so la ted  i t  f r o m  the  r e s t  of t he  mic roscope  and  
e n a b l e d  the  spec imens  to be  u n d e r  h igh  v a c u u m  
w i t h i n  a b o u t  5 min  of r e m o v a l  f r o m  the  co r ros ion  
cell .  Th is  p r e v e n t e d  se r ious  a t m o s p h e r i c  o x i d a t i o n  
of t he  s p e c i m e n  be fo re  i t  could  be  p h o t o g r a p h e d .  
Bes t  r e su l t s  w e r e  o b t a i n e d  w i t h  a 50 k v  e l ec t ron  
b e a m .  

The  d i f f r ac t ion  p a t t e r n s  w e r e  c a l i b r a t e d  a g a i n s t  
a g r a p h i t e  d110 r i n g  o b t a i n e d  b y  t r a n s m i s s i o n  us ing  
i d e n t i c a l  m ic roscope  se t t ings .  The  r e su l t s  a r e  s u m -  
m a r i z e d  in  Fig.  9 ( the  r e f e r e n c e  n u m b e r s  i nd i ca t e  
t he  sources  w h e r e  t h e  l a t t i c e  p a r a m e t e r s  of t he  
r e l e v a n t  ox ides  w e r e  f o u n d ) .  

The  p a t t e r n s  o b t a i n e d  f r o m  spec imens  c o r r o d e d  
in p H  5.4 so lu t ion  w e r e  s imp le  to i den t i fy ,  and  
showed  t h a t  t h e  co r ros ion  p r o d u c t  f o r m e d  a t  a l l  
va lue s  of p o t e n t i a l  was  UO2. Cor ros ion  in a l k a l i n e  
so lu t ions  gave  some diffuse p a t t e r n s  w i t h  w i d e  
r i n g s  and  these  were ,  consequen t l y ,  diff icult  to 
m e a s u r e  and  i n t e r p r e t .  T h e  p a t t e r n  fo r  U~O7, 
h o w e v e r ,  was  c l e a r l y  iden t i f i ab l e  as w e r e  s e v e r a l  
U8Os l ines  in t he  ox ide  f o r m e d  at  -t-0.5v EHA and  
~ - 0 . 8 V  EHA.  The  p a t t e r n  o b t a i n e d  f r o m  the  t es t  a t  

�9 1'0 - -  

u~ 
h 

J 

o UO= (22) 

o UO= 

o UO= 

0 MULTIPHASE OXIDE ? 
UaO a LINES PRESENT. 

o MULTIPHASE OXIDE ? 
U=08 LINES PRESENT (22) 

O MULTIPHASE OXIDE ? 
U30-/UNES PRESENT. 

o ~,o~ (21) 

0 RESEMBLES UO;! 
COULD BE U4Og (13)(20) 

-1"O o U O  z o U(OH) 4 ?(13)(19) - -  

pH ~ 4  ALKAL INE SOLUTIONS 

Fig. 9. Identification of uranium oxides by electron diffraction 

- - l v  EttA c lose ly  r e s e m b l e d  t h a t  of UO2, b u t  the  
r ings  w e r e  v e r y  diffuse.  On the  bas is  of x - r a y  work ,  
th is  is b e l i e v e d  b y  some w o r k e r s  (13, 19) to i n d i -  
ca t e  the  p r e s e n c e  of the  h y d r o x i d e  U (O H )4 .  

Conclusions 
I t  is e s t a b l i s h e d  f r o m  the  r e su l t s  t ha t  t he  c o r r o -  

s ion of u r a n i u m  a n d  t h e  u r a n i u m - z i r c o n i u m  a l loy  
in a l k a l i n e  so lu t ions  dif fers  s ign i f i can t ly  f r o m  the  
co r ros ion  in  p H  5.4 so lu t ion ,  and  th is  d i f fe rence  in 
b e h a v i o r  is a s c r i b e d  to t he  f o r m a t i o n  of ox ides  
o the r  t h a n  UO2 in  so lu t ions  of h igh  pH. The  co r -  
ros ion  r a t e  of z i r c o n i u m  in a l k a l i n e  so lu t ions  is 
s o m e w h a t  h i g h e r  t h a n  in p H  5.4 b u t  t h e  m e c h a n -  
i sm a p p e a r s  to r e m a i n  v i r t u a l l y  u n a l t e r e d .  Z i r -  
con ium ions a r e  k n o w n  to d i s p l a y  a u n i q u e  v a l -  
ency  and  ox ides  h i g h e r  t h a n  ZrO2 do no t  n o r m a l l y  
exis t .  

E l e c t r o n  d i f f rac t ion  m e a s u r e m e n t s  w h i l e  f a i l i ng  
to e s t ab l i sh  a c c u r a t e l y  t h e  s t a b i l i t y  r a n g e s  of the  
v a r i o u s  ox ide  phase s  shown  in t he  n e w l y  con-  
s t r u c t e d  p H - p o t e n t i a l  d i a g r a m  for  u r a n i u m  gave  
s u p p o r t i n g  ev idence  fo r  t h e i r  ex i s t ence .  The  e l ec -  
t ron  d i f f rac t ion  r e su l t s  a g r e e d  w i t h  the  co r ros ion  
r a t e  r e su l t s  to t h e  e x t e n t  of i n d i c a t i n g  c l e a r l y  the  
m a r k e d  d i f fe rence  b e t w e e n  the  co r ros ion  p r o d u c t s  
in the  two  t y p e s  of e n v i r o n m e n t .  

A l t h o u g h  t h e  r e v e r s a l s  in  t he  cor ros ion  r a t e  of 
u r a n i u m  and  the  a l l oy  a s soc i a t ed  w i t h  ca thod ic  
p o l a r i z a t i o n  in  a l k a l i n e  so lu t ions  r e q u i r e  a d i f f e ren t  
and  m o r e  c o m p l e x  e x p l a n a t i o n  t h a n  does  t he  s imple  
b e h a v i o r  found  in ac idic  solu t ions ,  t he  p r o p o s e d  
m e c h a n i s m  of o x i d e  g r o w t h  r e m a i n s  t h e  same.  
These  r e su l t s  l end  f u r t h e r  s u p p o r t  to the  sugges t ion  
t h a t  a r e l a t i o n s h i p  ex is t s  b e t w e e n  the  e l ec t ron ic  
c o n d u c t i v i t y  of t he  oxide ,  i ts  h y d r o g e n  conten t ,  
and  the  cor ros ion  ra te .  
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and H. A. Fisch 
Lamp Metals and Components Department, General Electric Company, Cleveland, Ohio 

ABSTRACT 

H e a t - t r e a t m e n t  was shown to increase  the  ra te  of corrosion of Zr -2Sn-2Nb 
over that  of the  annea led  condition,  but  the  ra te  of hydrogen  p ickup as a 
funct ion of to ta l  corrosion was found to be r e l a t ive ly  insensi t ive  to hea t  t r e a t -  
ment.  The effects of hea t  t r ea tmen t  have  been  ana lyzed  in terms of changes 
in: (i) a l loy consti tution,  (ii) composi t ion of microconst i tuents ,  and (iii) the  
me ta l  t ex tu re  and oxide orientat ion.  Stereoscopic examina t ion  of oxide-f i lm 
surfaces by  electron microscopy revea led  cracking  both at  gra in  boundar ies  and 
at  interfaces  be tween  phases.  Extens ive  and ab rup t  changes in film topography,  
which also were  sites of film cracking,  were  observed.  

A 2 a tomic  p e r  cen t  ( a / o )  t i n - 2  a / o  n i o b i u m  a l -  
l oy  of z i r c o n i u m  in t he  a n n e a l e d  cond i t ion  has  b e e n  
s h o w n  (1) to h a v e  m e c h a n i c a l  p r o p e r t i e s  s u p e r i o r  
to  those  of Z i r c a l o y - 2  and  a cor ros ion  r e s i s t a nc e  
on ly  s l i g h t l y  i n f e r i o r  to t h a t  of Z i r c a l o y - 2 .  A d d i -  
t i ona l  co r ros ion  s tud ies  w e r e  w a r r a n t e d  b y  th i s  
e x c e l l e n t  c o m b i n a t i o n  of p rope r t i e s .  The  a l l oy  is 
su scep t i b l e  to h e a t - t r e a t m e n t  w i t h  f u r t h e r  i m -  
p r o v e m e n t  of i t s  m e c h a n i c a l  p r o p e r t i e s .  Th is  p a p e r  
p r e s e n t s  t he  r e su l t s  of a p r o g r a m  to e v a l u a t e  the  
cor ros ion  b e h a v i o r  and  h y d r o g e n  a b s o r p t i o n  of t he  
a n n e a l e d  a l loy  a n d  to  d e t e r m i n e  the  effects of h e a t -  
t r e a t m e n t  on co r ros ion  res i s t ance .  

Experimental Procedure 
Sample preparat ion.- -Two,  10-1b ingo t s  w e r e  

p r e p a r e d  b y  c o n s u m a b l e  a r c  m e l t i n g  in  v a c u u m  in a 
c o p p e r - c o o l e d  c ruc ib le .  Ingo t s  w e r e  r e m e l t e d  t h r e e  
t imes  to o b t a i n  h o m o g e n e i t y .  Ingo t  A (see  Tab le  I )  
was  used  to p r o v i d e  spec imens  for  t he  i n v e s t i g a t i o n  
of t he  a n n e a l e d  a l loy.  Ingo t  B p r o v i d e d  spec imens  
for  the  h e a t - t r e a t m e n t  s tudies .  

I n g o t  A was  j a c k e t e d  w i t h  c o p p e r  a n d  I n g o t  B 
w i t h  m i l d  s tee l  be fo re  b e i n g  e x t r u d e d  a t  800~ The  
e x t r u s i o n  r e d u c e d  the  ingots  f r o m  the  o r ig ina l  3- in .  
d i a m e t e r  to s/4-in, rod.  These  e x t r u d e d  rods  w e r e  
c o l d - r o l l e d  into  65 -mi l  s t r ips  (3 passes  w i t h  i n t e r -  
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Table I. Chemical analysis of Zr-2Sn-2Nb ingots 

I ngo t  A Ingo t  B 
Weight  pe r  cent  

(w/o) a /o  w / o  a /o  

Tin 2.58 1.97 2.53 1.94 
Niobium 1.97 1.93 1.94 1.90 
Hydrogen 0.0022 0.20 0.0040 0.36 
Nitrogen 0.0049 0.032 0.0110 0.072 
Oxygen 0.1560 0.89 0.1000 0.57 
Carbon - -  - -  0.030 0.23 

Zirconium Balance Balance 

med ia te  annea l s )  and  cut in to  b l a n k s  which  were  
v a c u u m - a n n e a l e d  at  775~ for 1/z hr  and  fas t -  
cooled ( 8 0 ~  Corrosion coupons  app rox i -  
m a t e l y  lx l /2- in ,  were  m a c h i n e d  f rom these b l a n k s  
so tha t  each spec imen  had  four  m a c h i n e d  edges and  
two as - ro l led  surfaces.  

Corrosion testing.--The coupons  were  degreased,  
p i c k l e d  in  HNO3-HF-H20 ,  and  corrosion tes ted in 
wa t e r  at  316 ~ and  360~ and  in  s t eam at  400 ~ , 
440 ~ and  482~ in  stat ic  au toc laves  of 347 s ta inless  
opera ted  at  1500 psi. Deionized deoxygena ted  w a t e r  
was used in  all  tests. T w e n t y  coupons were  placed 
in  an  au toc lave  for each t e m p e r a t u r e  condi t ion.  At  
the end  of each i n c r e m e n t a l  exposure ,  one coupon 
was  r emoved  and  cut  in to  six pieces. H y d r o g e n  
analys is  by  v a c u u m  fus ion  and  me ta l log raph ic  a nd  
x - r a y  e x a m i n a t i o n s  for hyd r ide  p rec ip i t a t ion  were  
pe r fo rmed  on  separa te  pieces of the  coupon.  The 
r e m a i n i n g  coupons  were  lef t  in  the  au toc lave  for 
longer  exposures .  

Heat treatment.--The b l a n k s  f rom Ingot  B were  
h e a t - t r e a t e d  by  sea l ing  them,  a long wi th  z i r con ium 
tu rn ings ,  in  qua r t z  capsules  u n d e r  1/3 a tm  of argon.  
Ge t t e r ing  of the a tmosphe re  was pe r fo rmed  before  
hea t  t r e a t m e n t  by  h e a t i n g  the t u r n i n g s  at  one end  
of the capsule  for severa l  minu tes .  Quench ing  was 
pe r fo rmed  by  b r e a k i n g  the capsule  u n d e r  w a t e r  
af ter  the  des i red t ime  at  t e m p e r a t u r e .  Coupons  
were  m a c h i n e d  f rom these  b l a n k s  and  corrosion 
tes ted in  360~ wa t e r  and  400~ steam. 

X-ray dif]raction.--The oxide films on the cou-  
pons f rom Ingot  B were  e x a m i n e d  in  a h i g h - a n g l e  
d i f f rac tometer  wi th  f i l tered copper rad ia t ion .  A 
sample  sp inne r  was  employed  to ro ta te  the sample  
abou t  an  axis p e r p e n d i c u l a r  to the  ro l led  surface of 
the strip.  

Electron microscopy.--Oxide fi lm surfaces  were  
e x a m i n e d  by  e lec t ron  microscopy us ing  two- s t age  

5000 -- 

i j ~  i i ~ ~  I 482~ 
S 

e �9 440~C o ~ i o o 0  

x 
500 /0" �9 ~ ee 40OoC ":.: v . . z . /  

}o  

1 S l0 50 IOO 

Time, Days 

Fig. 1. Corrosion and hydrogen pickup kinetics of annealed 
samples. Open symbols, oxygen; closed symbols, hydrogen. 

repl icat ion.  Replicas  were  p r epa red  by  p ress ing  
rep l ica t ing  tape f i rmly aga ins t  the  surface,  s t r ip -  
p ing off the tape, shadowing  the  tape  wi th  chro-  
m i u m  at  an  ob l ique  angle  a nd  f inal ly  shadowing  
wi th  ca rbon  n o r m a l  to the  sur face  of the  tape. The 
ca rbon  surface was coated w i th  mo l t en  wax  to 
p r e v e n t  b r e a k u p  of the  repl ica,  and  the rep l i ca t ing  
tape  was  dissolved in  acetone.  The  w a x  was  dis-  
solved subsequen t ly ,  a nd  the  repl icas  we re  washed  
thoroughly .  Stereo pa i r s  were  t a k e n  of al l  mic ro -  
graphs  and  s u b s e q u e n t l y  s tud ied  wi th  the  aid of a 
stereoscope to d e t e r m i n e  the  exact  topographica l  
n a t u r e  of the  oxide surfaces.  

Results 

Corrosion and Hydrogen Absorption of 
Annealed Sample.s 

The effect of t e m p e r a t u r e  on  corrosion weigh t  
ga in  and  associated h y d r o g e n  absorp t ion  for an -  
nea l ed  samples  is show n  in  Tab le  II and  in  Fig. 1. 
As is charac ter i s t ic  for m a n y  z i r c o n i u m - b a s e  alloys, 
the  corrosion weigh t  gain  behav io r  fol lows a quas i -  
cubic  r a t e  l aw in  the  in i t i a l  p r e t r a n s i t i o n  region,  
and  a rough ly  l i n e a r  ra te  in  the  p o s t - t r a n s i t i o n  
region.  On a log- log  g raph  the  t r ans i t i on  po in t  is 
a r b i t r a r i l y  t a ke n  to be the in t e r sec t ion  of the  l ines 
r e p r e s e n t i n g  the two ra te  l a w  periods.  The ac tua l  
t r ans i t i on  is g r a dua l  r a the r  t h a n  abrup t .  The  slopes 
of the  p r e t r a n s i t i o n  curves  va r i ed  b e t w e e n  0.26 and  
0.30 wi th  no a p p a r e n t  r e l a t ionsh ip  to exposure  t e m -  
pera tu re .  Pos t t r ans i t i on  slopes r anged  b e t w e e n  1.01 
a nd  1.08 and  increased  w i th  inc reas ing  exposure  
t empe ra tu r e .  These  slopes are the  exponents ,  n, in  

Table II. Effect of temperature on corrosion and hydrogen pickup behavior on annealed alloy 

(70-Day exposure data) 

O x y g e n  H y d r o g e n  p ickup  
w e i g h t  gain,  P e r  cent  of Weigh t  gain,  H : O  w e i g h t  

Temp,  ~ Med ium rag/rim2 ppm,  It2 theore t ica l  r ag /d in  ~ ga in  rat io  

316 Water  21.5 0 0 0 0 
360 Water  81.0 16 6.3 0.6 0.0074 
400* Steam (302)* (94)* (10.3)* (4.0)* (0.013)* 
440 Steam 879 260 9.7 11 0.011 
482 Steam 2585 601 27 8.4 0.010 

* 84-Day data.  
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Table Ill. Summary of rate law exponents 

S a m p l e  h i s t o r y  

E x p o n e n t  ~rom:  
AW = k ~  

E x p o s u r e  P r e t r a n -  P o s t t r a n -  
t e m p ,  ~ s i t i o n  s i t i on  

Annealed  775~ ~/4 hr  316 0.26 - -  
Annealed  775~ V4 hr 360 0.28 1.01 
Annea led  775~ ~/4 hr  400 0.30 1.02 
Annealed  775~ 1/4 hr  442 0.29 1.08 
Annea led  775~ 1/4 hr 482 0.29 1.08 
Annealed.800~ 24 hr 360 0.25 1.00 
Annea led  800~ 24 hr  400 - -  1.06 
Annea led  950~ 24 hr, fu r -  

nace-cooled 360 - -  0.73 
Annealed  950~ 24 hr, fu r -  

nace-cooled 400 - -  0.74 
Annea led  950aC 24 hr, water -  

quenched 360 - -  0.78 
Annealed  950~ 24 hr, water -  

quenched 400 - -  0.83 
Annealed  950~ 24 hr, water -  

quenched, tempered 24 hr 
at 600~ 360 - -  0.84 

Annealed  950~ 24 hr, water -  
quenched, tempered 24 hr 
at 600~ 400 - -  1.09 

Hot-rol led then cold-rolled 
30 % 360 0.26 0.94 

Hot-rol led then cold-rolled 
30% 400 - -  0.89 
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Fig. 3 Relationship between absorbed hydrogen and oxygen weight 
gains. 

Test temperature, ~ 

316 360 400 440 482 

Annealed alloys 
Pretransition V open Oblong 
Posttransition �9 �9 [] �9 solid oblong 

Heat-treated alloys 

the  equa t i on  AW ---- kt  ~, in  which  AW is the  weigh t  
gain  in  m g / d m  2 and  t is the  exposure  t ime  in  days. 
I n d i v i d u a l  va lues  for these slopes are  g iven  in  Tab le  
III. 

D u r i n g  the  corrosion react ion,  h y d r o g e n  is l i b e r -  
a ted according  to the  fo l lowing  reac t ion  

Zr  + 2H20--> ZrO2 + 2H~ 

A por t ion  of this  h y d r o g e n  is t a k e n  up  by  the  meta l ,  
the r e m a i n d e r  is re leased  to the  e n v i r o n m e n t .  The 
h y d r o g e n  p ickup  of the  a n n e a l e d  a l loy is shown  in  
Tab le  II  and  Fig. 1, 2, and  3. F i g u r e  1 shows tha t  
h y d r o g e n  absorp t ion  k ine t ics  closely fol low the 
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Fig. 2. Relationship between absorbed hydrogen and oxygen weight 
gains. 

Test temperature, ~ 
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Annealed alloys posttransition �9 �9 [] �9 solid oblong 
Heat-treated alloys -I- X 

weight  change  kinet ics .  The  absorbed  h y d r o g e n  va l -  
ues in  par t s  per  mi l l ion  g iven  in  Tab le  II  are  the 
differences b e t w e e n  in i t i a l  a nd  final  values .  Since 
the  h y d r o g e n  ana lyses  were  on ly  accura te  to -- 5 
ppm, spec imens  w i th  h y d r o g e n  absorp t ion  va lues  
be low 5 p p m  m a y  be cons idered  as h a v i n g  absorbed  
no hydrogen .  

F igures  2 a nd  3 show tha t  the  ra t io  of h y d r o g e n  
we igh t  ga in  to oxygen  weigh t  ga in  of 0.013 is n e a r l y  
cons t an t  over  the  t e m p e r a t u r e  r a nge  inves t iga ted  
a n d  tha t  the re  is no  difference b e t w e e n  p ickup  in  
the  p r e t r a n s i t i o n  and  pos t t r ans i t i on  regions  of (he 
we igh t  ga in  curve.  This is in  con t ras t  to the  obser -  
va t ions  of Cox (2) who found,  for Z i rca loy-2  and  
o ther  z i r con ium alloys, t ha t  the  curve  for h y d r o g e n  
absorp t ion  could be d iv ided  in to  th ree  regions  each 
hav ing  dif ferent  ratios.  

Ef]ect o~ Heat -Trea tment  on Corrosio~ Resistance 
and Hydrogen Absorptio~ 

Tota l  we igh t  ga in  curves  for h e a t ' t r e a t e d  coupons 
exposed in  360~ w a t e r  a nd  400~ s t eam are  g iven  
in  Fig. 4 a nd  5. Al l  h e a t - t r e a t e d  coupons,  wi th  one 
except ion,  p roduced  comparab le  corrosion weigh t  
ga ins  af ter  100 days in  360~ water .  A spec imen  
which  had  been  w a t e r - q u e n c h e d  f rom 950~ ex-  
h ib i t ed  weigh t  gains  two or t h ree  t imes  g rea te r  
t h a n  the  others.  T e m p e r i n g  of the  q u e n c h e d  s t ruc -  
t u r e  for 100 hr  at  500 ~ 600 ~ or 700~ resu l ted  in  
we igh t  gains  comparab le  to those of bo th  the  fu l ly  
a n n e a l e d  a nd  co ld -worked  samples.  The same gen -  
e ra l  behav io r  was  observed  in  400~ steam. The 
a s - q u e n c h e d  sample  aga in  showed g rea te r  we igh t  
ga ins  t h a n  the  others.  

The  increase  in  we igh t  ga in  w i th  t ime  of the  
quenched  samples  did no t  fol low the  quas i - cub ic  to 
l i nea r  t r a n s i t i o n  behav io r  observed wi th  the a n -  



790 

1000 - -  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

500 - -  

p l  

",,f ~" f 
c 100 

"~  50 

1~ , , , I,,,,l , , , I,,,,I 
5 1 0  $ O  100 

Time, Days 

Fig. 4. Effect of heat treatment on 360~ water corrosion. I I ,  
950~ 24 hr, water quenched; A ,  950~ 24 hr, furnace-cooled; 
0 ,  hot rolled and cold rolled ( ~ 3 0 % ) ;  e, 950~ 24 hr, water- 
quenched, tempered at 600~ 100 hr; o, annealed at 800~ 24 
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1000 

5 0 0  

19o 
0 
.E 

�9 ~ 50 

,t 

4" 

10 I i .  t i i i i l l  I , , , , , , 1 1  
5 10 SO 100 

Time, Days 

Fig. 5. Effect of heat treatment on 400~ steam corrosion. I I ,  
950~ 24 hr, water-quenched; A ,  950~ 24 hr, furnace-cooled; 
O, hot roiled and cold rolled (~30%) ;  e, 950~ 24 hr, water- 
quenched, tempered at 600~ 100 hr; o annealed at 800~ 24 
hr, furnace-cooled. 

nea led  specimens.  In  360~ water ,  the spec imen  
quenched  f rom 950~ showed a con t inuous ly  i n -  
c reas ing  slope which  reached  a l i m i t i n g  v a l u e  of 
0.78. This  value ,  whi le  no t  co r respond ing  to a n y  of 
the  exponen t s  for k n o w n  ra te  laws,  m a y  be t a k e n  as 
the e q u i v a l e n t  of the  pos t t r ans i t i on  l i n e a r  r a t e  ob-  
se rved  for the  a n n e a l e d  specimens.  Both the cold-  
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rol led and  8 0 0 ~  samples  showed an  i n i -  
t ia l  quar t ic ,  r a t h e r  t h a n  cubic,  t ime  re la t ionsh ip  
fo l lowed by  a t r ans i t i on  to a l i n e a r  t ime  r e l a t i on -  
ship. 

The  same gene ra l  behav io r  was  observed  i n  400~ 
steam, bu t  the  in i t i a l  slopes could no t  be  de te rmined .  
For  the  co ld- ro l led  and  8 0 0 ~  spec imens  
the  slopes reached  l im i t i ng  va lues  of 0.89 a nd  1.06, 
respect ively .  The  samples  wh ich  were  f u r n a c e -  
cooled f rom 950~ showed a corrosion ra te  slope of 
0.74 a nd  the samples  w a t e r - q u e n c h e d  f rom 950~ 
showed a corrosion ra te  slope of 0.83. These  data  
are s u m m a r i z e d  in  Tab le  III.  

The  coupons were  ana lyzed  for h y d r o g e n  p ickup  
af ter  corrosion tests  we re  completed.  These  resul ts  
are g iven  in  Tab le  IV. The per  cent  of theore t i ca l ly  
ava i l ab le  h y d r o g e n  which  was  absorbed  by  the  
h e a t - t r e a t e d  samples  and  the  ra t io  of absorbed  h y -  
d rogen  to oxygen  were  gene ra l l y  h igher  t h a n  those 
for the fu l ly  a n n e a l e d  alloy. The  m e d i a n  ra t io  for 
the  h e a t - t r e a t e d  alloys, 0.015, was  h igher  by  a s ta-  
t i s t ica l ly  s ignif icant  a m o u n t  t h a n  the  va lue  0.013 ob-  
served for the  a n n e a l e d  alloys. 

Oxide Film Orientation 
Monocl inic  ZrOe films were  observed  on all  s am-  

ples inves t iga ted  in  this  work.  A l t h o u g h  the  film 
s t ruc tu res  were  iden t ica l  on  all  alloys, differences 
in  r e l a t ive  in tens i t i es  of va r ious  ZrO2 reflect ions are 
ev idence  of d i f fe rent  film tex tures .  Diffract ion pa t -  
t e rns  of severa l  samples  are  g iven  in  Tab le  V, for 
bo th  films and  subs t ra tes .  

Accord ing  to Chir igos and  Thomas  (3) the  m o n o -  
clinic oxide on Zi rca loy-2  is o r i en ted  w i th  the  (111) 
p lanes  pa ra l l e l  w i th  the  (0001) p lanes  of the  meta l ;  
because  of the s imi l a r i ty  of Z i rca loy-2  and  Z r - 2 S n -  
2Nb, a s imi la r  r e la t ionsh ip  of o x i d e - t o - m e t a l  is to 
be expected for the  l a t t e r  alloy. The (111) oxide 
reflections on the a n n e a l e d  and  co ld- ro l led  samples  
were  the  s t ronges t  as shown  in  Table  V. The s t rong-  
est ref lect ion f rom the  subs t r a t e  was  for the (0002) 
p lanes  (second order  basa l  p l ane  ref lect ion) .  Ev i -  
den t ly  the  oxide and  me t a l  bo th  have  the o r i e n t a -  
t ions  observed  by  Chirigos and  Thomas.  However ,  
the w a t e r - q u e n c h e d  samples  showed weak  basa l  

Table IV. Effect of heat treatment on corrosion and hydrogen pickup behavior 

(98 Day exposure data) 

Cor ros ion  r e su l t s  H y d r o g e n  p i c k u p  
H e a t - t r e a t m e n t  Cor ros ion  O x y g e n  w e i g h t  W e i g h t  ga in ,  P e r  cen t  of  

c o n d i t i o n s  ga in ,  r a g / d i n  2 p p m  H2 m g / d m 2  t h e o r e t i c a l  H : O  Ra t io  

Annealed  800~ F.C.(a) 360~ water  112 33 1.3 9.6 0.012 
Annea led  800~ F.C. 400~ steam 346 103 4.0 9.8 0.011 
Betatized 950~ F.C. 360~ water  139 40 1.8 10.2 0.013 
Betatized 950~ F.C. 400~ steam 495 150 6.7 10.9 0.014 
Betatized 950~ A.C. (b) 360~ water  136 45 2.0 11.8 0.015 
Betatized 950~ A.C. 400eC steam 471 150 6.7 11.5 0.014 
Betatized 950~ W.Q.(c) 400~ steam 900 310 13.6 12.2 0.015 
Betatized 950~ W.Q. -~ 100 hr 500~ 360~ water  132 71 3.1 18.9 0.023 
Betatized 950~ W.Q. % 100 hr 500~ 400~ steam 634 232 10.0 12.7 0.016 
Betatized 950~ W.Q. -~ 100 hr 700~ 360~ water  146 46 2.0 11.1 0.014 
Betatized 950~ W.Q. + 100 hr  700~ 400~ steam 551 155 7.0 10.1 0.013 
Hot-rol led + 30% cold-work 360~ water  117 40 1.7 11.9 0.015 
Hot-rol led + 30% cold-work 400~ steam 357 122 5.4 12.2 0.015 

(a~ F.C., f u rnace - coo l e d ;  (b) A.C.,  a i r -coo led ;  (e~ W.Q., w a t e r - q u e n c h e d .  
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Table Y. Relative intensities of x-ray patterns of uncorroded metal and of corrosion films 
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P h a s e  (hkl)  

Base  m e t a l  

C o r r o s i o n  tes ts  

360~ W a t e r  

W a t e r -  
W a t e r -  A n n e a l e d  W a t e r -  q u e n c h e d  

A n n e a l e d  q u e n c h e d  A n n e a l e d  and  quenched & 600~ 
800*C f r o m  950~ 8000C co ld - ro l l ed  f r o m  950~ t e m p e r i n g  

400~ S t e a m  

W a t e r -  
A n n e a l e d  W a t e r -  q u e n c h e d  

A n n e a l e d  a n d  q u e n c h e d  & 600~ 
800~ co ld - ro l l ed  f r o m  9500C t e m p e r i n g  

ZrO2 (111) - -  - -  100 100 8 14 
~Zr  (100) 0 30 0 0 0 0 
ZrO2 (002) - -  - -  75 100 100 100 
~Zr  (002) 100 10 0 0 0 0 
Z r 0 2  (200) - -  - -  50 60 0 0 
Z r 0 2  (102) - -  - -  40 65 55 38 
aZr  (101) 15 15 0 0 0 0 
ZrO2 (211) - -  - -  20 18 0 0 
ZrO2 (215) - -  - -  20 20 25 20 
aZr  (102) 45 15 0 0 0 5 
ZrO2 (220) - -  - -  10 0 8 0 
Z r 0 2  (013) - -  - -  55 50 20 20 
aZr  (110) 8 100 0 0 0 50 
ZrO2 (13]-) - -  - -  10 18 8 10 
Z r 0 2  (113) - -  - -  25 25 2 5 
aZ r  (103) 100 60 45 25 0 15 
~Zr  (200) 0 5 0 0 0 0 
aZ r  (112) 15 5 0 0 0 5 
a Z r  (201) 0 0 0 0 0 0 
ZrO2 2 0 c u = 7 1 . 2  - -  - -  25 40 50 28 
~Zr  (004) 30 0 15 0 0 0 
aZ r  (202) 0 0 0 0 0 0 
a Z r  (104) 30 5 15 0 0 0 
~Zr  (203) 0 0 0 0 0 0 
Z r 0 2  2 0 c a = 9 2 . 6  - -  - -  12 0 0 0 
~Zr  (210) 0 10 0 0 0 0 
aZ r  (211) 0 10 0 0 0 0 
aZ r  (114) 30 50 0 10 0 15 
aZr  (212) 0 0 0 0 0 0 
ZrO2 2 ~ c u = 1 0 6  0 0 25 10 0 0 

p l a n e  r e f l e c t i o n s ,  t h e  s t r o n g e s t  x - r a y  p e a k  b e i n g  

t h e  (112"0) r e f l e c t i o n .  T h e  o x i d e  o n  t h e  q u e n c h e d  
s a m p l e  w a s  o r i e n t e d  w i t h  t h e  ( 0 0 1 )  p l a n e s  p a r a l l e l  

to  t h e  ( 1 1 2 0 )  p l a n e s  of  t h e  q u e n c h e d  m e t a l .  T h e  

( 2 0 0 ) ,  ( 2 1 1 ) ,  ( 0 1 3 ) ,  a n d  ( 1 1 3 )  o x i d e  r e f l e c t i o n s  o n  
t h e  a n n e a l e d  s a m p l e s  w e r e  s t r o n g  b u t  w e r e  n o n -  
e x i s t e n t  o r  w e a k  o n  q u e n c h e d  s a m p l e s .  

100 100 12 36 
0 0 0 0 

86 100 100 100 
0 0 0 0 
0 0 0 0 

55 50 55 50 
0 0 0 0 

18 20 2 10 
32 20 23 15 

0 0 0 0 
13 5 6 0 
75 70 23 36 

0 0 0 0 
23 20 10 18 
32 30 4 12 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

45 50 40 43 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 10 0 12 
0 0 0 0 
0 0 0 0 

Fig. 6. Structure of annealed alley, 24 hr at 800~ and furnace- 
cooled. Corroded 112 days in 360~ water, a (upper), Alloy sub- 
strate; b (lower), Stereo pair of oxide film surface (negative 
replica). Magnification approximately 3000X. 

Fig. 7. Structure of 950~ annealed, furnace-cooled alloy. Cor- 
roded 100 days in 360~ water, a (upper), Alloy substrate; left, 
magnification approximately 250X; right, approximately 3000X. b 
(lower), stereo pair of oxide film surface (negative replicas); 
Magnification approximately 3000X. 

Topography and Morphology of Oxide Films 

T h e  t o p o g r a p h i c a l  f e a t u r e s  of  t h e  o x i d e  f i lms  a n d  
t h e  r e l a t i o n s h i p  of  t h e  f i lm s t r u c t u r e  to  t h e  m e t a l  
s u b s t r a t e  s t r u c t u r e  w e r e  e a s i l y  d i s c e r n i b l e  i n  s t e r e o  
p a i r s  of  e l e c t r o n  m i c r o g r a p h s .  F o u r  s t e r e o  p a i r s  
w h i c h  w e r e  p a r t i c u l a r l y  i n f o r m a t i v e  a r e  s h o w n  i n  
F ig .  6, 7, 8, a n d  9, a n d  m a y  b e  v i e w e d  b y  t h e  r e a d e r  

w i t h  a s t e r e o s c o p e .  
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Fig. 8. Structure of quenched and tempered alloys, a (upper), 
Alloy substrate, quenched from 950~ and tempered 100 hr at 
500~ corroded 100 days in 360~ water; magnification, left, 
250X; right, 3000X. b (lower), Stereo pair of oxide film surface 
(negative replicas). History same as a. 3000X. 

Fig. 8c. Alloy substrate, quenched from 950~ and tempered 100 
hr at 600~ corroded 100 days in 360~ water. Notice larger 
precipitate size and more advanced stages of martensite break 
down compared to a; left, 375X; right, 3000X. 

Fig. 9. Structure of hot-rolled plus cold-rolled alloy, corroded 
100 days in 360~ water, a (upper), Alloy substrate, 6000X. b 
(lower), stereo pair of oxide film surface (negative replicas). Mag- 
nification approximately 3000)(. 

Fig. 10. Martensitic substrate structure, water-quenched from 
I000~ No primary alpha present, solution temperature was above 
fl/fl -[- ~ transus. Magnification approximately 250X. 

A l t h o u g h  m a c r o s c o p i c  e x a m i n a t i o n  of t he  f i lms 
i n d i c a t e d  t h a t  t h e y  w e r e  c r a c k - f r e e  and  p r o t e c t i v e ,  
the  e l ec t ron  m i c r o g r a p h s  de f in i t e ly  e s t a b l i s h e d  t h a t  
m a n y  c r acks  w e r e  p re sen t .  The  c r acks  g e n e r a l l y  a p -  
p e a r e d  at  i n t e r f ace s  such as g r a i n  b o u n d a r i e s  or  
the  i n t e r f aces  b e t w e e n  two  phases .  A n  e x a m p l e  of 
a g r a i n  b o u n d a r y  c r a c k  m a y  be  seen  in  Fig .  6, and  
an e x a m p l e  of c racks  b e t w e e n  two  phase s  m a y  be  
seen in  Fig .  7. F i g u r e  7 also shows  a c r a c k  w h i c h  
f o r m e d  e n t i r e l y  w i t h i n  a p r i m a r y  a l p h a  gra in .  N u -  
m e r o u s  i n t e r f a c i a l  c racks  f o r m e d  in the  c o l d - r o l l e d  
sample ,  Fig .  9. The  q u e n c h e d  a l loys  w e r e  m a r t e n -  
sitic,  cons i s t ing  of a s u r f a c e - r o u g h e n e d ,  ac i cu l a r  
s t r u c t u r e  shown in Fig.  10. Much  of t he  m a r t e n s i t i c  
s t r u c t u r e  d id  not  a p p e a r  in t h e  o x i d e  f i lms ( such  as 
in Fig.  8) i nd i ca t i ng  the  ox ide  f i lm m a s k s  ou t  the  
s t r u c t u r e  of the  s u b s t r a t e  r e a d i l y .  

I t  shou ld  be  e m p h a s i z e d  t h a t  t h e r e  a r e  d i f fe rences  
in  t he  t o p o g r a p h y  of t he  f i lms w h i c h  c a n n o t  be  seen 
r e a d i l y  w i t h o u t  a s te reoscope .  F o r  e x a m p l e ,  the  
c r a c k e d  p a t c h  in Fig .  8 i s  a r a i s e d  m o u n d  in t he  
r e p l i c a  ( su r f ace  dep re s s ion  on t h e  ox ide  su r f ace )  
w h i c h  p r o b a b l y  r e s u l t e d  f r o m  a h i g h e r  co r ros ion  
r a t e  in th is  reg ion .  A n o t h e r  e x a m p l e  of su r f ace  d e -  
p res s ions  in the  ox ide  m a y  b e  f o u n d  in t h e  n e g a t i v e  
s t e reo  p a i r  in Fig.  7 ( t he  m o t t l e d  r eg ion  j u s t  b e l o w  
the  cen t e r  of t he  m i c r o g r a p h ) .  This  m o t t l e d  r eg ion  
on the  ox ide  is s u r r o u n d e d  b y  a p r o t r u d i n g  r idge ,  
at  the  b o t t o m  of w h i c h  ex i s t s  a c r a c k  ( the  b l ack ,  
f a n - l i k e  s t r u c t u r e ) .  In  mos t  ins tances ,  t h e  ox ide  
f i lms w e r e  c r a c k e d  w h e r e  t h e  t o p o g r a p h y  c h a n g e d  
~ b r u p t l y .  

A l l  s t e reo  p a i r s  r e v e a l e d  a s ign i f ican t  a m o u n t  
of s u r f a c e  p o r o s i t y  as e v i d e n c e d  b y  s m a l l  p r o t r u d -  
ing  w h i s k e r s  in  t h e  rep l icas .  The  d e p t h  of t he se  
pores  could  be  e s t i m a t e d  f r o m  t h e  he igh t  of t he  
wh i ske r s .  I t  is no t  k n o w n  w h e t h e r  t h e  p la s t i c  
r e p l i c a t i n g  t a p e  c o m p l e t e l y  f i l led t he  pores  or 
w h e t h e r  a l l  of the  t a p e  was  e x t r a c t e d  f r o m  the  
pores  d u r i n g  r e m o v a l  of t he  tape .  The  i m p o r t a n c e  
and  n a t u r e  of these  f e a t u r e s  w a r r a n t s  f u r t h e r  
work .  

Discussion 

Rate Laws 

V a r i o u s  h e a t - t r e a t m e n t s  e f fec ted  a p p r e c i a b l e  d i f -  
f e rences  in  t h e  cor ros ion  b e h a v i o r  of the  a l loys ,  b u t  
i t  is diff icult  to a n a l y z e  these  d i f fe rences  in  t e r m s  of 
t h e  u s u a l  r a t e  laws .  I t  a p p e a r s  t h a t  m a n y  of t he  s a m -  
p les  i n i t i a l l y  c o r r o d e d  in  a c c o r d a n c e  w i t h  some  f r a c -  
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t i o n a l - p o w e r - e x p o n e n t  r a t e  l aw,  w h i c h  is i n d i c a t i v e  
of some t y p e  of d i f f u s i o n - c o n t r o l l e d  process .  E v e n -  
t u a l l y  a l l  of t he  s a m p l e s  e x h i b i t e d  a t r a n s i t i o n  to 
corrosion in accordance with a more rapid rate law 
having higher values of the exponent. The higher 
values of the exponent are characteristic of a linear 
rate law in cases where n ~ i, but the intermediate 
values, between 0.5 for a parabolic rate law and 
unity for a linear rate law, are puzzling. It is pos- 
sible that a combination of rate laws is applicable 
because only a portion of the film area is protective 
(in which region a diffusion-controlled process 
takes place), while the remaining area of the sam- 
ple is corroding according to a linear rate law. The 
fact that cracks in the film were observed rather 
extensively gives support to this idea. Further, the 
presence of porosity over certain areas, see Fig. 9, 
may allow those areas to corrode linearly, although 
it is not known if the porosity is deep enough to al- 
low the reactants direct access to each other. 

It is still doubtful that values of the exponent, n, 
obtained from log-log plots of weight gain vs. time 
are meaningful in view of Wanklyn's work (4) on 
individual grains of zirconium. Wanklyn has studied 
the formation of interference films by noticing color 
changes on numerous individual zirconium grains 
and has found a wide variety of rate laws for the 
grains. In addition to differences in over-all thick- 
ness, Wanklyn observed the formation of large 
"pustules" on grains which had the thinnest oxide 
films. Grains which oxidized rapidly appeared to 
form uniform thick films, whereas the more resist- 
ant grains eventually exhibited the highly localized 
attack in the form of pustules. Rate laws cannot be 
assigned with certainty to the oxidation of poly- 
crystalline metals when the single grains exhibit 
such a wide variation in behavior. 

Alloy Constitution 

The  d i f f e rence  in co r ros ion  b e h a v i o r  as a f fec ted  
by  h e a t - t r e a t m e n t  can be  a n a l y z e d  in t e r m s  of the  
r e l a t i v e  cor ros ion  r a t e s  of the  d i f fe ren t  phases .  L e t  
us  cons ide r  how the  cons t i t u t ion  of the  a l loys  can 
be  c h a n g e d  b y  h e a t  t r e a t m e n t .  

The  cons t i t u t ion  of t he  a l loy  at  t he  q u e n c h i n g  
t e m p e r a t u r e ,  950~ was  a ~ fl even  t h o u g h  the  iso-  
t h e r m a l  sec t ions  of h i g h - p u r i t y  a l loys  i nd i ca t e  t h a t  
the  a l loy  shou ld  be e n t i r e l y  w i t h i n  the  b e t a  r eg ion  
(5) .  The  p r i m a r y  a l p h a  was  s t ab i l i z ed  b y  the  p r e s -  
ence of 1000 p p m  oxygen ,  t hus  r e s u l t i n g  in p a r t i -  
t i on ing  of the  n i o b i u m  to t he  b e t a  phase  and  of t he  
t in  and  o x y g e n  to t he  a l p h a  phase .  Q u e n c h i n g  r e -  
su l t ed  in s u p e r s a t u r a t i o n  of t h e  p r i m a r y  a l p h a  and  
the  t r a n s f o r m a t i o n  of t he  b e t a  m a r t e n s i t i c a l l y  to a 
d i s t o r t e d  a l p h a  h a v i n g  a so lu te  con ten t  in excess  of 
t ha t  shown in the  e q u i l i b r i u m  d i a g r a m  (5) .  The  
s t ruc tu re ,  t he re fo re ,  cons i s ted  of two  a l p h a - p h a s e s  
of d i f f e ren t  compos i t i on :  p r i m a r y  a l p h a  w i t h  ~ 1 
a / o  Nb  and  ~ 7 a / o  Sn, and  a l p h a  p r i m e  w i t h  ~ 1-2 
a / o  Nb  and  ~ 1-2 a / o  Sn. 1 T h e  cor ros ion  r a t e  of 
t he  p r i m a r y  a l p h a  w o u l d  be  h i g h e r  t h a n  t h a t  of t he  

1 T h e s e  c o m p o s i t i o n s  w e r e  e s t i m a t e d  f r o m  a v a i l a b l e  t e r n a r y  i s o -  
t h e r m s  a n d  u n p u b l i s h e d  r e s e a r c h  o a  t h e  e f f ec t  o f  o x y g e n  on  t h e  
c o n s t i t u t i o n  o~ Z r - S n - N b  a l l o y s .  

a l p h a  p r i m e  due  to the  h i g h e r  t in  con ten t  of t he  
fo rme r .  

T e m p e r i n g  of the  q u e n c h e d  s t r u c t u r e  i m p r o v e d  
t h e  cor ros ion  r e s i s t ance  c o n s i d e r a b l y .  Th is  effect is 
r e l a t e d  to the  r e j e c t i o n  of a p r e c i p i t a t e  f r o m  the  
m a r t e n s i t i c  a l p h a  (see  Fig .  8a and  c) .  T e m p e r i n g  at  
500~ p r o d u c e d  a v e r y  fine p r e c i p i t a t e ;  t e m p e r i n g  
at  600~ p r o d u c e d  a m u c h  coa r se r  p r e c ip i t a t e .  The  
p r i m a r y  a l p h a  p h a s e  was  vo id  of p r e c i p i t a t e  w h e t h e r  
t e m p e r i n g  was  p e r f o r m e d  at  500 ~ or  600~ This  is 
r a t h e r  s u r p r i s i n g  in v i ew  of t he  h igh  t in  con ten t  of 
the  p r i m a r y  a l p h a  w h i c h  was  c o n s i d e r a b l y  h i g h e r  
t h a n  t h e  so lub i l i t y  l imi t s  a t  e i t he r  t e m p e r i n g  t e m -  
p e r a t u r e .  I t  was  e x p e c t e d  t h a t  r e j e c t i o n  of Zr4Sn 
w o u l d  occur  in the  p r i m a r y  a lpha ,  b u t  e l ec t ron  
mic ro sc opy  f a i l e d  to r e v e a l  a n y  p r ec ip i t a t i on .  O p t i -  
cal  m i c r o g r a p h s  of t he  c o r r o d e d  samples ,  Fig.  8a 
and  c, show t h e  h y d r i d e s  o b s e r v e d  in t he  m a r t e n -  
s i t ic  m a t r i x  of q u e n c h e d  a l loys  as we l l  as t e m p e r e d  
a l loys .  The  h y d r i d e s  d id  not  f o rm  in t he  p r i m a r y  
a l p h a  phase ,  and  w h e n  g r o w i n g  in t he  m a r t e n s i t i c  
p h a s e  a p p a r e n t l y  w e r e  s t oppe d  on  r e a c h i n g  the  
p r i m a r y  a l p h a  pa r t i c l e s .  

A n n e a l i n g  a t  800~ also was  p e r f o r m e d  w i t h i n  
t he  ~ ~- fl reg ion ,  b u t  t h e  compos i t ion  of the  two  
phase s  w a s  m a r k e d l y  d i f fe ren t  f r o m  t h a t  of t he  a l loy  
q u e n c h e d  f r o m  950~ The  t in  con ten t  of t he  p r i m -  
a r y  a l p h a  was  lower ,  and  the  n i o b i u m  con ten t  of 
t he  b e t a - p h a s e  was  h i g h e r  t h a n  the  s a m p l e  q u e n c h e d  
f r o m  950~ If  the  n i o b i u m  con ten t  of the  b e t a -  
phase is high, transformation may be expected dur- 
ing cooling (6). According to the only isothermal 
sections available for high purity alloys (5), beta 
should decompose into three phases, a -~ flf -~Zr4Sn; 
the final beta, fir, having a composition presently 
unknown but different from the original beta. The 
deeomposition products of the high-temperature 
beta are seen in Fig. 6a as small polyphase regions. 
The fact that the samples annealed at 800~ were 
polyphase and also showed the most resistance to 
corrosion gives strong support to the supposition 
that the corrosion resistance of all the phases is 
nearly identical. 

The good corrosion resistance of the cold-worked 
sample may be attributed to its similarity in struc- 
ture to that of the sample annealed at 800~ The 
cold-worked structure is elongated slightly by the 
rolling, but otherwise is very similar with respect 
to microconstituents. 

Heat-treatment has been observed to have a 
strong influence on corrosion resistance in Zr-Nb 
binary alloys (7, 8), primarily due to gross changes 
in the composition of microconstituents. Klepfer 
(7) and Richter and Tverberg (8) showed that heat 
treatment in the ~ ~- B region for binary Zr-Nb al- 
loys resulted in corrosion rates much higher than 
the corrosion rates for material annealed in the 
region below the monotectoid temperature. In the 
latter material an alpha-zirconium phase containing 
about 1% Nb is in equilibrium with a body-cen- 
tered cubic phase of about 90% Nb-10% Zr; both 
phases have excellent corrosion resistance. Heating 
in the a W B region produces an alpha phase which 
is very similar to that formed below the monotec- 
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to ld  t e m p e r a t u r e ,  bu t  the  b o d y - c e n t e r e d  cubic  phase  
in e q u i l i b r i u m  w i t h  the  a l p h a  con ta ins  b e t w e e n  
zero  and  ~ 20% Nb, d e p e n d i n g  on the  t e m p e r a t u r e .  
K l e p f e r  showed  tha t  as the  a n n e a l i n g  t e m p e r a t u r e  
w i t h i n  the  ~ + fl r eg ion  inc reased ,  t he  n i o b i u m  con-  
t en t  of t he  b e t a - p h a s e  dec reased .  R i c h t e r  and  T v e r -  
be rg  showed  a s im i l a r  b e h a v i o r  for  t e r n a r y  Z r - N b -  
Sn a l loys  for  t in  con ten t s  of up  to 1%. I t  has  been  
s h o w n  (1, 5, 7, 8) t ha t  t he  co r ros ion  r e s i s t ance  
of f i - z i r con ium dec reases  w i t h  i nc r ea s ing  n iob ium,  
and  thus  the  o v e r - a l l  co r ros ion  r e s i s t ance  of the  
t w o - p h a s e  a l l oy  dec reases  as the  a m o u n t  of the  
b e t a - p h a s e  inc reases  a n d / o r  as i ts  n i o b i u m  con ten t  
increases .  

Changes in Oxide and Metal Orientations 

A n o t h e r  f ac to r  w h i c h  m a y  be p a r t l y  r e s p o n s i b l e  
for  the  d i f fe ren t  co r ros ion  b e h a v i o r s  a f t e r  h e a t  
t r e a t m e n t  could  be the  changes  no ted  in o r i e n t a -  
t ions  of bo th  ox ide  and  me ta l .  The  a n i s o t r o p y  of 
co r ros ion  (9)  w o u l d  m a n i f e s t  i t se l f  in  d i f f e ren t  cor -  
ros ion  k ine t i c s  as t he  t e x t u r e  of t h e  s u b s t r a t e  
changed .  L ikewi se ,  a c h a n g e  in ox ide  o r i e n t a t i o n  
m i g h t  be  e x p e c t e d  to a l t e r  bo th  the  r a t e  of o x y g e n  
di f fus ion t h r o u g h  the  ox ide  and  t h e  r a t e  of g r o w t h  
of the  oxide .  A l t h o u g h  no ev idence  ex is t s  for  an i so -  
t r o p y  of o x y g e n  di f fus ion in z i r con ia  (10) ,  i t  is r e a -  
s onab l e  to expec t  d i f fus ion a n i s o t r o p y  in l o w - s y m -  
m e t r y  s t r u c t u r e s  as exempl i f i ed  b y  se l f -d i f fus ion  in 
b i s m u t h  (11) .  

In  th is  s tudy ,  t he  s t r o n g  (1120) t e x t u r e  of t he  
q u e n c h e d  s amp le s  and  the  s t rong  (0001) t e x t u r e  of 
the  a n n e a l e d  s a m p l e s  a r e  the  p r i n c i p a l  t e x t u r e  d i f -  
fe rences .  B ibb  and  F a s c i a  (9)  have  shown  tha t  m e t a l  
o r i e n t a t i o n  s ign i f i can t ly  affects t he  cor ros ion  r a t e  
ef s ingle  c r y s t a l s  of z i rcon ium,  some of t he i r  d a t a  
a r e  s u m m a r i z e d  in T a b l e  VI. A l t h o u g h  Bibb  a n d  
F a s c i a  f o u n d  t h a t  t h e  w e i g h t  ga ins  in a g iven  t i m e  

of (0001) and  (1120) faces  w e r e  s imi la r ,  a sh i f t  in 

o r i e n t a t i o n  f r o m  the  (1120) f ace  of less  t h a n  16 ~ 

g ives  an  o r i e n t a t i o n  of (2131) ,  t he  c r y s t a l  face  
w h i c h  t h e y  found  to h a v e  t h e  poores t  cor ros ion  r e -  
s is tance.  

Po l e  f igures  w e r e  no t  r u n  on the  Z r - S n - N b  s a m -  
ples,  b u t  the  fact  t ha t  m e d i u m  in t ens i t i e s  of t he  

(1013) and  (1124) ref lec t ions  w e r e  o b s e r v e d  in t he  
q u e n c h e d  s a m p l e  ind ica t e s  t ha t  th is  s a m p l e  d id  not  

h a v e  a p e r f e c t  (1120) t e x t u r e  and  p r o b a b l y  was  

close to t he  (2131) t ex tu re .  The  (2131) ref lec t ion  
for  the  q u e n c h e d  s a m p l e s  had  a r e l a t i v e  i n t e n s i t y  

Table VI. Anisotropy of zirconium single crystal corrosion in 
360~ water (9) 

W e i g h t  ga in ,  
r a g / d i n  ~ T i m e  to 

Crys t a I  face a f t e r  100 days  t r a n s i t i o n ,  days  

(0001) 22 170 
(10~4) 23 115 
(10]1) 26 130 
(2131) 41 130 
(2130) 16.5 3o0 
(11~0) 25 155 
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of 10, b u t  th is  re f lec t ion  was  no t  d e t e c t e d  in the  a n -  
n e a l e d  samples .  A d d i t i o n a l  ev idence  s u p p o r t i n g  a 

(2131) t e x t u r e  of t he  q u e n c h e d  s a m p l e s  m a y  be ob-  
t a i n e d  b y  cons ide r ing  the  r e l a t i v e  in tens i t i e s  of the  
l o w - m u l t i p l i c i t y  p l anes  of z i r c o n i u m  p o w d e r ,  e.g., 

(21-~1)--6 for  p o w d e r  vs. 10 for  t he  q u e n c h e d  s a m -  

ple ;  ( 1 1 2 4 ) - - 3  for  p o w d e r  vs. 50 for  the  q u e n c h e d  
sample .  

The  q u e n c h e d  s a m p l e s  showed  a w e i g h t  ga in  at  a 
r a t e  a b o u t  two  t imes  t ha t  of the  a n n e a l e d  samples ,  
w h i c h  is q u a n t i t a t i v e l y  s i m i l a r  to the  r a t i o  o b s e r v e d  

b y  Bibb  and  F a s c i a  for  the  (2131) and  (0001) c r y s -  
l a l  face  t ex tu re s .  

Hydrogen Pickup 

rl:he r e l a t i v e  i n s e n s i t i v i t y  of h y d r o g e n  p i c k u p  r a t e  
w i t h  r e spec t  to h e a t  t r e a t m e n t  and  compos i t ion  has  
been  no ted  in  b i n a r y  Z r - N b  a l loys  b y  K l e p f e r  (7) .  
R ich t e r  and  T v e r b e r g  (8) also s t ud i e d  b i n a r y  Z r -  
Nb a l loys  and  o b s e r v e d  s l igh t  d i f fe rences  in  h y d r o -  
gen  p i c k u p  ra tes ,  b u t  no c l e a r  c o r r e l a t i o n  b e t w e e n  
p i c k u p  and  hea t  t r e a t m e n t  or  b e t w e e n  p i c k u p  and  
compos i t i on  could  be  e s t ab l i shed .  R i c h t e r  and  T v e r -  
be rg  i n v e s t i g a t e d  s e v e r a l  t e r n a r y  Z r - N b - S n  a l loys  
and  found  t ha t  va r i ous  a l loys  s u b j e c t e d  to d i f fe ren t  
hea t  t r e a t m e n t s  p i c k e d  up  h y d r o g e n  at  a b o u t  the  
s a m e  r a t e  as t h a t  w h i c h  K l e p f e r  o b s e r v e d  in  the  
b i n a r y  Z r - N b  a l loys  and  as t ha t  o b s e r v e d  in th is  
s t u d y  on Z r - 2 S n - 2 N b .  

The  loca t ion  of h y d r i d e s  (see  Fig.  8) is s o m e w h a t  
puzzl ing .  T h e r e  a p p e a r s  to be  no h y d r i d e  in t he  
p r i m a r y  a l p h a  phase .  The  b e t a  p h a s e  S is an  e q u i -  
l i b r i u m  phase  at  360~ the  co r ros ion  tes t  t e m p e r a -  
ture ,  and  if b e t a  w e r e  p re sen t ,  one w o u l d  expec t  
t ha t  t he  h y d r o g e n  w o u l d  loca te  p r e f e r e n t i a l l y  in 
th is  p h a s e  due  to a h i g h e r  s o l u b i l i t y  t h a n  in  a lpha .  
H o w e v e r ,  t he  h igh  t e m p e r a t u r e  b e t a  t r a n s f o r m e d  
to m a r t e n s i t e  d u r i n g  the  quench ,  a n d  no  ev idence  
of b e t a  was  found  b y  x - r a y  d i f f rac t ion  a f t e r  e x p o s -  
u r e  at  360~ for  100 days .  I t  w o u l d  thus  a p p e a r  
t ha t  t in  r e s t r i c t s  t he  so lub i l i t y  of h y d r o g e n  in a l p h a  
z i rcon ium,  w h e r e a s  n i o b i u m  inc reases  the  s o l u b i l -  
i ty .  If  i t  is a s s u m e d  tha t  t he  h y d r o g e n  was  so lub le  
at  the  t es t  t e m p e r a t u r e ,  t h e n  p r e c i p i t a t i o n  shou ld  
occur  d u r i n g  cool ing to r o o m  t e m p e r a t u r e .  

No c lea r  e x p l a n a t i o n  of h y d r o g e n  p i c k u p  in z i r -  
con ium a l loys  con ta in ing  n i o b i u m  has  t hus  fa r  
been  given.  F o r t u n a t e l y ,  t he  r a t e  of p i c k u p  is low in 
t hese  a l loys ,  and  thus ,  if good cor ros ion  r e s i s t ance  
can be  ach ieved ,  t he  a m o u n t  of h y d r o g e n  a b s o r b e d  
wi l l  be  low and  i n t e g r i t y  of m e c h a n i c a l  p r o p e r t i e s  
can  be  m a i n t a i n e d .  

Manuscr ip t  received Aug. 30, 1963. This paper  was 
presented  at the  New York Meeting, Sept. 29-Oct. 3, 
1963. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1965 JOURNAL. 
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The Trivalency of Gallium Ions Formed 
during the Dissolution of the Metal in Acids 
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Department of Metallurgical Engineering, 

University o] Missouri School of Mines and Metallurgy, Rolla, Missouri 

ABSTRACT 

Gal l ium dissolves very slowly in dilute acids such as HC1, H2804, and 
HC104. The rate can be substant ia l ly  accelerated if the metal  is connected with 
a Pt  electrode in the same solution. From the volume of the hydrogen de- 
veloped the valency of 3 is calculated for the Ga ions going into solution. The 
same ionic charge is obtained from coulometric measurements  using a Ga 
amalgam as an anode. This is in contradict ion with the valency of one re-  
cently reported in the l i terature.  However, microscopic observations revealed 
that the valency of one is only apparent,  because Ga ~ disintegrates par t ia l ly  
while going into solution anodically. The diameter  of the smallest  observable 
Ga particles is less than 7 x 10 -5 ram. If the solution is not  cooled the forma-  
tion of large metall ic spheres is observed. Disintegrat ion explains the devia- 
tion from Faraday 's  law, and the presence of the small  par t ic les- - the  reducing 
abil i ty of the electrolyte. The postulation of Ga ions of lower valency is 
therefore, not necessary. 

One of the basic p rob lems  in  corrosion and  anodic  
d issolu t ion  of meta l s  is the va l ency  or charge of 
ions w i th  which  the  l a t t e r  go into solut ion.  The re  
are inves t iga t ions  which  seem to prove  that ,  for 
ins tance,  Be, Mg, and  Zn, u n d e r  ce r ta in  condi t ions,  
m a y  go in to  so lu t ion  in  the fo rm of m o n o v a l e n t  
ions and  then  i m m e d i a t e l y  react  w i th  the  e lec t ro-  
ly te  or an  oxidizer  if present .  Thus,  the  ex is tence  of 
lower  va l ency  ions cannot  be  p roved  direct ly ,  bu t  
the dev ia t ion  f rom F a r a d a y ' s  l aw in  the sense tha t  
more  me ta l  w e n t  into so lu t ion  t h a n  calculated,  
poin ts  i nd i r ec t ly  t o w a r d  the  anodic  f o rma t i on  of 
lower  va l ency  ions. 

Such  observa t ions  were  also m a d e  on ga l l i um 
anodes  (1) :  more  Ga w e n t  into so lu t ion  t h a n  re -  
qu i r ed  by  F a r a d a y ' s  l aw and  the ano ly te  showed 
some reduc ing  abi l i ty .  It  was  concluded tha t  in  the  
in i t i a l  s tage of d isso lu t ion  m o n o v a l e n t  ga l l i um ions 
were  e jected by  the  anode.  The exis tence  of such 
ions was  der ived  (2) f rom expe r imen t s  in which  
Ga was dissolved in  concen t ra t ed  HC104, w h e r e b y  
this was a s sumed  to be (pa r t i a l l y )  reduced  to C1- 

4Ga + + 8H + + C104- --> 4Ga s+ + C1- § 4H20 
[1] 

A second poss ibi l i ty  tha t  the act ive  hydrogen ,  de-  
ve loped d u r i n g  the d issolu t ion  react ion,  migh t  act 
as a r educ ing  agent  was  not  cons idered  

C104- + 8H--> C1- + 4H20 [2] 

The a im of the p resen t  c o n t r i b u t i o n  is to p rove  tha t  
Ga ~ does go into solut ion in  the  fo rm of Ga  s+, and  
tha t  the dev ia t ion  f rom F a r a d a y ' s  l aw and  the  r e -  
duc ing  ab i l i ty  of the ano ly t e  are due to pa r t i a l  dis-  
i n t e g r a t i on  of the  Ga anode  into v e r y  fine par t ic les  
which  m a y  act as a r educ ing  agent .  The  exper i -  
m e n t a l  p rocedure  is as follows: (i) col lect ing and  
m e a s u r i n g  the v o l u m e  of hyd rogen  evolved  f rom 
the  me ta l  d issolv ing in acids provides  conf i rmat ion  
of 

Ga + 3H + --> Ga s+ + 1.5I-I2 [3] 

(it) d e t e r m i n i n g  the  va l ency  of G a - i o n s  going in to  
solut ion f rom a G a - a m a l g a m  elect rode by  m e a s u r -  
ing the  n u m b e r  of coulombs,  a nd  (ii i)  e x a m i n i n g  
the so lvent  for ve ry  fine meta l l i c  par t ic les  which  
m a y  be expel led  f rom the Ga anode  wh i l e  the  c u r -  
r en t  is flowing. 

The Trivalency ]rom the H2-Volume Developed 

U n f o r t u n a t e l y ,  pu re  Ga me ta l  dissolves so s lowly 
in acids such as HC1, H2SO4, and  HC104, even  w h e n  
they  are hot  a nd  concen t ra ted ,  t ha t  it  was  impos-  
sible to collect sufficient a m o u n t s  of h y d r o g e n  to 
es tab l i sh  the  s to ich iomet ry  of reac t ion  [3].  The dis-  
so lut ion ra tes  of Ga a m a l g a m s  were  even  lower.  
Therefore ,  it  was necessa ry  to accelerate  the  ve loc-  
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Fig. I. Device for dissolving the Ga of the amalgam A by im- 
mersion into HCI, H2SO4, or HCIO4. B, Pt cylinder and connection' 
with A. 

i ty  of the react ion.  This was achieved by  connec t ing  
the Ga a m a l g a m  wi th  a cy l indr ica l  p la t in ized  p l a t i -  
n u m  elec t rode as a cathode (Fig. 1). Since this  
cathode has a low h y d r o g e n  overpotent ia l ,  the  gas 
can read i ly  develop on it, whi le  Ga is going in to  
so lu t ion  anodical ly .  

Abou t  0.13g of ga l l i um (99.9% pu re )  were  
weighed  precise ly  and  d ropped  in to  some Hg; Ga 
a m a l g a m  was formed (3) .  T h e n  this  a m a l g a m  was 
connec ted  w i th  the hol low p l a t i n u m  cy l inde r  and  
the  couple was  i m m e r s e d  in  the  acid, he ld  in  a 
flask. The conten ts  were  p rehea t ed  to a t e m p e r a t u r e  
of 37~176  in  a cons tan t  t e m p e r a t u r e  wa t e r  ba th  
and  sa tu ra t ed  wi th  hyd rogen  (4) .  Reac t ion  [3] 
s t a r t ed  a t  once. The  gas was  collected above w a t e r  
in  a bure t t e ,  us ing  a l eve l ing  bulb .  

V o l u m e - t i m e  curves  were  d r a w n  to d e t e r m i n e  
the end  of the  d issolu t ion  react ion,  wh ich  r equ i r ed  
3-6 hr. The va l ency  of Ga ions was  ca lcula ted  f rom 
the  weigh t  of Ga dissolved and  the  v o l u m e  of h y -  
d rogen  developed.  The resul t s  are s u m m a r i z e d  in  
Tab le  I. 

Table I. Valency of Ga ions going into solution anodically 
(from a Ga-amalgam anode) 

Acid Normal i ty  Valency Average 

H2SO4 4.2 3.02 
4.0 2.98 
7.2 2.98 
7.2 2.93 
8.6 2.97 

6.1 3.01 
6.1 2.88 
6.1 2.96 
6.1 2.94 
6.1 3.01 
6.1 2.90 

9.2 2.79 
9.2 2.77 
4.6 2.90 
8.3 2.96 
8.3 2.98 
8.3 2.91 

2.976 

2.950 

2.884 

HC1 

HCI04 

July 1964 

Cons ider ing  tha t  there  is st i l l  some h y d r o g e n  loss 
d u r i n g  the 3-6 h r  of col lect ion of the  gas, it be -  
comes clear  f rom the  va l ency  n u m b e r s  of Tab le  I 
tha t  Ga  goes into so lu t ion  as a t r i v a l e n t  ion, Ga  3+. 
Besides, no C1 could be detec ted  in  the solut ions  of 
HC104 af ter  the d isso lu t ion  of Ga was  completed,  
which  indica tes  aga in  tha t  Ga  + was  no t  fo rmed  
d u r i n g  the e xpe r i me n t s  and  tha t  there  were  no re -  
duc t ion  react ions  according to [2].  

Never theless ,  the  objec t ion  can be  ra ised  tha t  r e -  
act ion [3] m a y  proceed in  two steps, according  to 
Dav idson  and  J i r ik  (1) 

Ga -t- H + ---> Ga  + + 0.5H2 [4] 
and  

Ga + § 2H + ---> -b Ga  ~+ ~- H~ [5] 

As the sum of reac t ions  [4] a nd  [5] is equa l  to re -  
act ion [3], Table  I is no proof for the in i t i a l  m o n o -  
va l ency  of Ga ions;  it  shows o n l y  tha t  the  s table  
va l e nc y  of Ga- ions  is 3. 

However ,  the re  are  the  fo l lowing  object ions  
aga ins t  Eq. [4] and,  as a consequence ,  aga ins t  [5] :  
(i) The presence  of Ga + could no t  be p roved  in 
the  solut ion,  and  therefore ,  it  was p rev ious ly  as- 
sume d  that Ga + ions have only a very short life- 
time (i); (if) in the experiments as shown by Fig. 
I, there was no reduction of CIO4-, (hence there 
were no Ga + ions (2), although a reaction similar 
to [5] could also proceed), and (iii) it was shown 
by James and Stoner (5) that in the case of Zn- 
amalgam only Zn 2+ ions were formed during anodic 
dissolution. This might be also true with gallium 
(no expulsion of lower valency Ga ions). 

The Trivalency of Ga Ions from 
Coulometric Measurements 

As Ga  electrodes are difficult to h a n d l e  a nd  m a y  
easi ly  me l t  (me l t i ng  po in t  29.8~ ano the r  a r -  
r a n g e m e n t  t h a n  descr ibed p rev ious ly  (5) was  used 
for the  coulometr ic  proof of t r i v a l e n c y  of Ga ions 
expel led  by  ga l l i um ama lgam.  F igure  2 exp la ins  the  
method.  A precise ly  weighed  piece of Ga (about  
0.015-0.028g) was  dropped  in to  m e r c u r y  he ld  in  
the  beake r  and  covered w i t h  an  acidic so lu t ion  as 

C-- 

! 
A 

M A  

I~D~ 

Fig. 2. Number of coulombs delivered by a certain amount of 
Ga: A, Ga-amalgam; B, platinized Pt electrode; MA, precise milli- 
ammeter; D, variable resistance. 
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Fig. 3. Current delivered by the cell, Fig. 2, vs. time. Acid 
0.5N HCIO4; shaded area: 69.5 amp sec (coulombs) : 0.0167g Go. 

shown in  Fig .  2. T h e n  a connec t ion  was made  wi th  
the p l a t i n u m  electrode t h rough  a m i l l i amme t e r .  
I m m e d i a t e l y  Ga  w e n t  into so lu t ion  and  h y d r o g e n  
was developed on the  Pt  cathode. The a m o u n t  of 
c u r r e n t  was  p lo t ted  aga ins t  the  t ime  as shown  in  
Fig. 3. The  e x p e r i m e n t  was con t i nued  un t i l  the  cu r -  
r e n t  d ropped  to zero on the  m i l l i a m m e t e r .  The  m i l -  
l i ampe re  m i n u t e s  were  d e t e r m i n e d  f rom the  shaded 
area  of Fig. 3 by  three  methods :  b y  we igh ing  the  
paper  of the  shaded area, by  direct  c o u n t i n g  of the 
squa re  mi l l ime te r s  of tha t  area,  and  by  a p l an ime te r .  
Al l  th ree  methods  gave resul t s  in  good a g r e e m e n t  
wi th  each other.  Then  the m i l l i a m p e r e - m i n u t e s  
were  conver ted  in to  coulombs  and  the a m o u n t  of 
Ga  p re sen t  in  the m e r c u r y  was ca lcula ted  a s suming  
t r i v a l e n c y  of Ga - ions  (Eq. [3 ] ) .  The resul t s  are 
s u m m a r i z e d  in  Tab le  II. This  t ab l e  shows c lear ly  
tha t  Ga  is going into so lu t ion  solely as a t r i v a l e n t  
ion. If  the  ou tpu t  va lues  are s l igh t ly  lower  t h a n  
the a m o u n t  of Ga weighed  in, t h e n  the difference 
is easi ly  exp la ined :  s l ight  fo rma t ion  of H2-bubbles  

Table II. Check of trivalency of Ga ions going anodically into 
solution from Ga amalgam 

I n p u t  of Coulombs  O u t p u t  of Diff. 
Acid  Ga,  g d r a w n  Ga,  g ~ in % 
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w a s  observed on the  surface  of the ama lgam,  except  
in  perchlor ic  acid, and  some ox ida t ion  migh t  also 
have  occurred,  as the work  was  done in  presence  of 
air. Thus,  v e r y  sl ight  a m o u n t s  of Ga  w e n t  into 
solut ion outs ide  the  c i rcui t  shown  in  Fig. 2. Besides, 
the  differences ob ta ined  are n e a r l y  a lways  w i t h i n  
the  l imi t s  of error .  

F i n a l l y  the re  is no reason  to assume tha t  Ga  
f rom a compact  piece would  go d i f fe ren t ly  into so- 
lu t ion ,  e.g., wi th  a lower  t h a n  3 va lency ,  as com-  
pa r e d  wi th  the  ama lgam.  

In  order  to check the correctness  of the  q u a n t i t a -  
t ive  d e t e r m i n a t i o n  of act ive meta l s  dissolved in  
m e r c u r y  by  the  coulometr ic  me thod  (Fig. 2 and  
Tab le  I I ) ,  e x p e r i m e n t s  wi th  zinc were  made:  the 
differences b e t w e e n  the i npu t  and  ou tpu t  va lues  
were  even  smal ler ,  they  r a r e ly  exceeded 0.5 %. 

Disintegration of Gallium 

If ga l l i um goes into so lu t ion  in  acids solely as a 
t r i va l e n t  ion, t h e n  why,  us ing  compact  Ga as an  
anode,  is more  Ga dissolved t h a n  ca lcu la ted  f rom 
F a r a d a y ' s  l aw (1, 2)?  The answer  is a s imple  one:  
pa r t i a l  d i s in t eg ra t i on  of the  anode  into ve ry  fine 
par t ic les  (6-10) .  Weigh t  loss is caused not  on ly  be -  
cause of fa radaic  cur ren t ,  bu t  also because  of the  
d ropout  of s ingle  Ga par t ic les  (11).  If al l  the  
weight  loss is a t t r i b u t e d  to the faradaic  cur ren t ,  a 
lower  ca lcu la ted  va l e nc y  t h a n  3 for the Ga  ions go- 
ing  in to  so lu t ion  follows au tomat ica l ly .  

The pa r t i a l  d i s in t eg ra t ion  of Ga anodes  whi le  
the c u r r e n t  was  f lowing was  p roved  as follows: a 
Ga  anode  was  m a d e  by  press ing  meta l l i c  Ga into 
a hole dr i l l ed  in  P lex ig lass  and  h a v i n g  a Pt  lead 
(Fig. 4).  The  anode  was cooled down  and  immersed  
in  cooled H~SO4. As soon as the  c i rcui t  was  closed a 
s t r eam of g ray i sh  par t ic les  ( somet imes  i n t e r r u p t e d  
by  g ray i sh  flakes) s ta r ted  to drop f rom the  anode 
to the  bo t tom of the  beaker .  The par t ic les  were  de-  
can ted  wi th  dis t i l led  water ,  dried,  and  observed 
u n d e r  the microscope.  U n d e r  high magni f ica t ion  
(oil i m m e r s i o n )  aggregates  of ve ry  smal l  par t ic les  
could be seen. They  were  meta l l i c  because  of the i r  
meta l l i c  lus te r  (see Fig. 5). The par t ic les  were  
no t  held toge ther  by  a sur face  oxide film as in  the 

1.8N H2S04 0.0082 33.8 0.0081 --1.2 
1.8N H2SO4 0.0170 69.4 0.0167 --1.7 
1.8N H2SO4 0.0296 119.0 0.0287 --3.4 
1.857 H~SO4 0.0156 63.7 0.0153 --1.9 
1.SN H2SO4 0.0194 80.8 0.0194 0 

A = --1.6 

0.9N H2SO4 0.0169 70.5 0.0169 0 
0.9N H2SO4 0.0284 115.0 0.0278 --2.1 
0.9N H2SO4 0.0093 37.6 0.0091 --2.1 

• = --1.4 

0.45N H2SO4 0.0154 62.1 0.0149 --3.2 
0.45N H2SO4 0.0176 70.4 0.0169 --4.0 
0.45N H2SO4 0.0131 53.0 0.0128 --2.3 

A ~ - - 3 . 2  

0.5N HC104 0.0137 57.6 0.0138 -+-0.7 
0.55/HC104 0.0091 36.0 0.0087 --2.2 
0.5N HC104 0.0207 86.5 0.0208 %0.5 
0.557 HC104 0.0166 69.5 0.0167 -}-0.6 
0.557 HC104 0.0206 84.0 0.0203 --1.4 

A - -  - - 0 . 3  

+ C 

M A  

Fig. 4. Arrangement for observation of disintegration of a Ga 
anode A; B, cathode of Pt; electrolyte-0.5N H2SO4; current den- 
sity 850 ma cm-2; C, battery; MA, milliammeter, 
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Fig. 5. Metallic Ga particles formed because of the partial 
disintegration of the Ga anode. Conditions: see Fig. 4. Magnifica- 
tion 1430X. 

case of Mg (9, 10);  they  appeared  separa te ly ,  bu t  
easi ly  s tuck together  to fo rm par t i c le  aggregates .  
The  d i ame te r  of the  smal les t  v is ib le  par t ic les  was  
be low 7 x 10 -5 m m  in d iameter .  If the  anodic  dis-  
so lu t ion  was  pe r fo rmed  wi thou t  cooling, Ga  spheres  
could f r e q u e n t l y  be observed.  They  were  recog-  
n ized  by  the i r  l a rger  size, spher ica l  shape,  an d  high 
meta l l i c  lus ter .  X - r a y  p ic tures  of the par t ic les  were  
no t  taken,  because  there  was no doub t  as to the i r  
meta l l i c  na tu re .  

Discussion and Conclusions 
Tables  I and  II show tha t  3 - v a l e n t  Ga - ions  are 

produced  in  acidic solut ions  and  tha t  Ga - ions  f rom 
G a - a m a l g a m  go into solut ion as t r i v a l e n t  ions. F u r -  
the rmore ,  there  is no reason to assume tha t  G a - i ons  
f rom a compact  piece of the  me ta l  wi l l  be  expe l led  
w i th  a charge lower  t h a n  3. Whi le  the  me ta l  is dis-  
solving,  it undergoes  a pa r t i a l  d i s in t eg ra t ion  into 
fine and  ve ry  fine part icles.  This, of course, causes a 
dev ia t ion  f rom F a r a d a y ' s  law, if the me ta l  is dis-  
solved anodical ly .  The  meta l l i c  par t ic les ,  h a v i n g  a 
la rge  specific surface,  and  an  act ive po ten t i a l  (12) 
m a y  act in  the  presence  of oxidizers  as reducers  
d i rec t ly  or t h rough  the act ive h y d r o g e n  developed 
on the i r  surface.  Thus,  the  C104- ion m a y  be p a r -  
t i a l ly  reduced  to C1 (Eq. [ 2 ] ) .  In  the  e x p e r i m e n t s  
of Fig. 1 (also Tab le  I) no C1- ions could be found  
af ter  the  comple t ion  of the  d issolu t ion  process, be -  
cause the h y d r o g e n  was developed on the  p la t in ized  
P t  e lectrode which  has a low hyd rogen  ove rpo t en -  
t ial ,  inefficient  in  r educ t ion  processes, as molecu la r  
hyd rogen  is produced.  

D i s in t eg ra t ion  of Ga  anodes  was  observed  at  high 
c u r r e n t  densit ies.  There  st i l l  ma y  be a ques t ion  as 
to w h e t h e r  d i s in teg ra t ion  also occurs at low cu r -  
r en t  densities.  This  should h a p p e n  because  of the 
fo l lowing reasons:  an  anode  is r a r e ly  a t tacked  
even ly  th roughout ,  especia l ly  at  low c u r r e n t  dens i -  
ties; it  wi l l  go into solut ion,  as f r e q u e n t l y  observed,  
at p r e f e r en t i a l  places ( fo rma t ion  of etch pi ts)  and,  
therefore ,  at h igh local c u r r e n t  densit ies.  Thus,  if 
d i s in teg ra t ion  occurs, it wi l l  occur at these places. 
So it  m a y  be a s sumed  tha t  d i s in t eg ra t ion  is to a 
cer ta in  degree  p ropor t iona l  to the  c u r r e n t  densi ty .  

There  is sti l l  a poss ib i l i ty  tha t  the  3 e lec t rons  of 
each Ga a tom going in to  so lu t ion  migh t  not  be re -  
leased s i m u l t a n e o u s l y  bu t  success ively  on the  su r -  
face of the  me t a l  or of the  amalgam.  However ,  at 
p resen t  we have  no e x p e r i m e n t a l  me a ns  to inves t i -  
gate  this  possibi l i ty.  The ques t ion  as to w h e t h e r  a 
Ga + is fo rmed  first and  t h e n  i m m e d i a t e l y  the  Ga 3+ 
by  f u r t he r  re lease of two electrons,  is therefore ,  
useless.  
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Distributed Network Analysis of Porous Electrode Capacitors 
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ABSTRACT 

Assuming parameters  dis tr ibuted in a homogeneous anode of p lanar  or 
cylindrical  type, equations are given from which, with the aid of an analog 
computer, expressions are derived for equivalent  series capacitance C, re-  
sistance (ESR) R, and for loss factor. Results are presented as families of 
curves, with the loss angle of the dielectric as a parameter,  showing the de- 
crease of C and R with frequency. The cathode has als0 a de te rminant  influence 
on the characteristics. 

In  most  capaci tors  w i th  localized cons tan ts  and  
r e l a t ive ly  s imple  geometry ,  the e q u i v a l e n t  i mpe -  
dance  is easi ly de te rmined .  Elec t ro ly t ic  capaci tors  
are a class apar t ,  especial ly  those in  which  the  
anode is a porous sintered mass with a useful area 
of a few tenths square meter per cubic centimeter. 
Such capacitors have a capacitance distributed in- 
side the porous mass; the useful area has been 
coated with a very thin skin of dielectric, and the 
over-all capacitance results from the integration of 
the extremely small capacitances of the elementary 
areas facing the conducting material which impreg- 
nates the anode. A characteristic common to all 
capacitors of this type is the decrease of the ap- 
parent capacitance with frequency as well as the 
increase of the loss angle that may reach and even 
exceed 7r/4. Before attempting any calculation, it 
will be realized that the current, which passes be- 
tween the porous metal and the conducting material 
filling its pores, by capacity effect, generates an 
energy in the dielectric skin by dielectric losses, as 
well as in the conducting material by the Joule 
effect; these phenomena determine the loss factor. 
At the higher frequencies, the resistance in the 
pores is shunted by the surrounding capacitance of 
the elementary capacitors; the effect of this low- 
pass filter is to prevent the current from entering 
the anode, resulting in a drop of the over-all capaci- 

, A n ode~___~_m e/a / ~  ~ 

Fig. 1. Artist's conception of a cross section through a porous 
anode (current lines contained in the figure plane). 

Fig. 2. Equivalent electrical network 

tance,  which  t ends  to become localized n e a r  the 
e x t e r n a l  sur face  of the  anode (cf. Fig. 1 a nd  2). 

Ca lcu la t ions  wi l l  be m a d e  of the  a p p a r e n t  ca-  
pac i tance  and  ESR, as wel l  as the loss factor  of the  
capacitors,  t ak ing  in to  cons idera t ion  charac ter i s t ic  
p a r a m e t e r s  whose n a t u r e  and  n u m b e r  have  been  
suggested by  e x p e r i m e n t a l  da ta  and  by  reasoning .  

Af te r  e x a m i n a t i o n  of the complex  anode impe -  
dance,  the cathode (1) wi l l  be cons idered  briefly,  pe r -  
m i t t i n g  an  eva lua t i on  of the ove r - a l l  impedance  of 
a porous  electrode capacitor.  

Setting up the Anode Equations (2, 3) 

We shal l  consider  a porous  anode as a homogene -  
ous m e d i u m  at the  scale of the  a p p a r e n t  d imens ions  
wi th  d i s t r ibu ted  capaci tance,  which  wi l l  hencefor th  
be re fe r red  to as n o m i n a l  or specific capaci tance,  
expressed in  farads  per  cubic cen t imeter .  The anode 
core is the porous  me ta l  mass  r e l a t i ve ly  inf in i te ly  
conduct ing :  the  cathode sys tem is the  i m p r e g n a n t ,  
charac ter ized  by  its finite conduc t iv i ty  X tha t  ap -  
pears  in  the  pores, mu l t i p l i ed  by  a factor  p re la ted  
to the  s tate  of d iv is ion  of the  med ium.  The  n o m i n a l  
capaci tance  per  u n i t  vo lume  wi l l  be  des igna ted  by  
K. A s s u m i n g  an  a p p a r e n t  in t r ins ic  loss factor  8 of 
the dielectr ic  due, as wi l l  be seen later ,  pa r t i a l l y  to 
its n a t u r e  and  pa r t i a l l y  to an  ESR d i s t r i bu t ed  be -  
t w e e n  the i m p r e g n a n t  and  the i n su l a t i ng  skin  i t -  
self, K wil l  be a complex  q u a n t i t y  g iven  by  

K = Ko(1-- jS)  ( 1 + 8  2) -1 ~ Ko(1-- jS)  [1] 

if 8 is smal l  enough;  Ko decreases  s lowly  wi th  a n g u -  
lar  f r e que nc y  fol lowing an  a pp r ox i ma t e  law 

Ko = K1 ~-2~/~ [2] 

tha t  is not  the  au thor ' s  subject ,  and  thus  wil l  not  
be  discussed (4, 5). 

Let  us consider  (c5. Fig. 3) a ce r t a in  " cu r r en t  
t ube"  whose shape is r e la ted  to the macroscopic  
anode geometry ,  and  in  this  tube  an  e l e m e n t a r y  
v o l u m e  dV b e t w e e n  two equ ipo ten t i a l  surfaces,  
m a r k e d  off by  the i r  abscissae x and  x+dx t a k e n  
along a c u r r e n t  l ine.  The n o m i n a l  capaci tance  of 
dV is 

dC1 = (OC1/Ox)dx = KdV = K(OV/Ox)dx [3] 

a nd  the  res is tance  b e t w e e n  the two surfaces  ( in  the 
i m p r e g n a n t )  

dR1 = (OR1/Ox)dx = (dx/PX) (OV/Ox) -1 [4] 

799 
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Rnodes  
p l a n a r  c~t/indrical 

Fig. 3. Principal anodes structures investigated by using the 
corresponding dependence of ~V/~x on x, 

Let Z ( x ) = R ( x ) - - j / ~ C ( x )  be the  impedance  
b e t w e e n  the  anode and  the  p lane  x > Xo in  the  
case tha t  no c u r r e n t  would  flow b e y o n d  this p l ane  
in  the anode core, i.e., cons ider ing  x as the  outer  
surface  of the  porous anode.  W h e n  inc reas ing  the 
th ickness  by  dx, the impedance  of the  new  s t ruc-  
t u r e  becomes Z + d Z ,  w h e r e  

( Z  -~ d Z ) - I  = ( Z  + d R 1 ) - 1  + j~dC1 

f rom which  
d Z  : dR1 - -  jZ2~dC1 [5] 

d R  = dR~ -- 2 ( R / C ) d C 1  [6] 

d ( 1 / C ~ )  = ~ ( R  ~ - -  1/C2o~ 2) dC1 [7] 

This is where  the macroscopic  geomet ry  of the 
anode  comes in;  it decides the shape of the  c u r -  
r en t  tubes  and  the express ion  for OV/Ox.  Two m a i n  
s t ruc tu res  are me t  wi th  in  pract ice:  the  so-cal led  
" p l a n a r "  one in  which  the  cu r r en t  l ines are n o r m a l  
to a re fe rence  equ ipo ten t i a l  plane,  and  the so-ca l led  
"cy l indr ica l "  one in which  these l ines are n o r m a l  to 
a re fe rence  equ ipo ten t i a l  cy l inder ;  the la t te r  is by  
far  the most  common  type.  For  p l a n a r  anodes and  
a tube  of u n i t  section;  OV/Ox  = 1; for cy l indr ica l  
anodes  and  a " tube"  con ta ined  b e t w e e n  two cross-  
sect ional  p lanes  one u n i t  apart ,  OV/Ox  = 27rx. T a k -  
ing into cons idera t ion  the basic equa t ions  [3] and  
[4],  the sys tem [6] and  [7] becomes,  for p l a n a r  
types 

[8] 

[9] 

d R / d x  = 1 /p •  - -  2 K R / C  

d C / d x  = (1 - -  R2C2~2) K 

xo ~ 0 

and  for cy l indr ica l  types  

I d R / d x  = ( 2 ~ p x x )  - 1 - - 4 ~ K x R / C  [ 10 ] 

d C / d x  = (1 - -  R 2 C ~  2) 2 ~ K x  [11] 

Xo~  0 

W h e n  x - ~  xo, i .e. ,  w h e n  the  porous m a t e r i a l  l aye r  
tends  to be inf in i te ly  thin ,  ESR tends  to zero, l ike 
capaci tance,  the o v e r - a l l  loss factor  of the anode  
r ema in ing .  The  var iab]e  wiI1 be n o r m e d  us ing  

Z = K~ox2 /2px  [ 12] 

Combined  wi th  an  appropr i a t e  n o r m  for R and  C, 
a set of d i f ferent ia l  equa t ions  is ob ta ined  f rom [8] 

1 

f f l - - - - [  / 

0 
I 3 ,5 7 r 

Fig. 4. Auxiliary function G(P) 

f 

1 3 5 7 P 

Fig. 5. Auxiliary function ~(p) 

and  [9] (or [10] and  [11])  which  conta ins  on ly  one 
i n d e p e n d e n t  va r i ab l e  :Z i nc lud ing  both  size d e p e n d -  
ence, x, and  f r e q u e n c y  dependence ,  ~. A n  appro -  
pr ia te  n o r m  for R and  C is ob ta ined  w h e n  d iv id ing  
by  the l im i t i ng  va lues  for :~ ~ 0, i .e. ,  by the " in i t i a l  
va lues"  Ci and  R~. One  has, for p l a n a r  types  

C~ ~ K x ,  R~ = x / 3 p x  [13] [14] 

for cy l indr ica l  types  

Ci -~- ~ K x 2 C ,  Ri  = ~ / 4 ~ p x  [15] [16] 

wi th  the a ux i l i a r y  func t ions  of the ra t io  p (cf. Fig. 
4 and  5) 

C = 1 - -  1 / p  2 [17] 

~ =  1 / 2 - - ( p 2 - - 1 ) - 1 4 -  2 L n p ( p 2 - - 1 ) - 2  [18] 

The n o r m e d  va lues  of C and  R are 

27c = C / K x ,  }~R = 3 p x R / x  [19] [20] 

for p l a n a r  types  and  

27c = C / ~ K x ~ G ,  ~R  = 4 ~ P x R / ~  [21] [22] 

for cy l indr ica l  types. It  is r e m a r k a b l e  tha t  ESR of 
the cy l indr ica l  anodes  r e ma i ns  c ons t a n t ,w ha t eve r  be 
:Z ( low) ,  e i ther  the rad ius  x or the f r equency  ~ be 
low; on the  o ther  hand ,  x r e m a i n i n g  cons tant ,  w h e n  
p-~ 1, capac i tance  and  ESR of the th in  l ayer  are 
g iven  by  the simplif ied fo rmulas  

Ci : 2r  - 1) [23] 

Ri  = (p - -  1 ) / 6 ~ P X  [24] 

and  w h e n  p = ~ (no solid cen t ra l  core) 

Ci = ~ K x  2 [25] 

R~ = 1 / 8 ~ p x  [26] 

I n v a r i a n t  C u r v e s  ]or  A n o d e s  

Al though  m a t h e m a t i c a l  solut ions  m a y  be der ived  
for the  above di f ferent ia l  systems,  the au tho r  p r e -  
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fe r red  us ing  an A N A L A C  analog  compute r  which  
gave i n v a r i a n t  curves  (~z, ~ )  and  whose in te res t  be -  
comes ev iden t  in  the case of cy l indr ica l  anodes  for 
which  ma thema t i c s  yie ld  ve ry  compl ica ted  func t ions  
of Bessel 's  funct ions .  Logar i thmic  coordinates  are 
ex tens ive ly  and  a d v a n t a g e o u s l y  employed  for these  
k inds  of problems,  and  we shal l  now e x a m i n e  
asympto t ic  solut ions  for ~C --> 0 and  ~ ~ ~.  
For  p l a n a r  t ypes ,  l ike Z = R --  j / C ~  

F = 6 p x Z / x  = 2 ~ Z R -  3j/X~ZC [27] 
wi th  

Z = Ko~x2(1 --  j ~ ) / 2 p x ( 1  q- ~ )  

= ~ ' ( 1 - - j 8 ) / ( 1 + 8  e) [28] 

For  smal l  va lues  of ~ ( " in i t i a l  r a n g e " ) ,  ~z c = ~ZR = 1. 

F = 2 --  3 j / ~  = 2~ZR'-- 3 j / ~ $ c '  = 2 + 3 8 / ~ '  --  3 j / ~ '  

ESR is r ep resen ted  by  

~za' = 1 q- 3~/2~ '  [29] 

and  capaci tance  by  
~Zc'= 1 [30] 

t an  h = R C ~  = ( 2 / 3 ) ~ ' ~ R ' $ C '  = 2Z ' / 3  + 8 [31] 

In  this range,  capac i tance  is constant ,  ESR decreases 
l ike ~C '-~, whi le  loss factor  increases  l i n e a r l y  wi th  X' 
f rom its in i t i a l  va lue  ~. 

For  h igh va lues  of ~ '  ( " e x t r e m e  r ange" )  

~ZR = 3/2k/~,  Yc : I/~/)C [32] 

F = 3(1 -- j) [ ( I  § 6e) (I -- jS)~']  -we 
Putting 

T~ [(1 + 8~) w2 + ~]z/s 

t hen  

Whence  
F = 3(T~ - -  j / T ~ ) / ~ / ~ '  

~ZR' = 3 T ~ / 2 ~ / ~ ' ,  ~ZC' = To/x~C" [37] 

t an  ~ = T~ e 
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[33] 

[34] 

[35] 

[36] 

[38] 

[39] 

Those fo rmulas  become,  w h e n  8 is v e r y  smal l  

T~ ~ 1 + 8/2 [40] 

~ZR' = 3(1 + 8 / 2 ) / 2 ~ / Z ' ,  ~ZC' = (1 -f- ~ / 2 ) / ~ / ~ '  

[41] [42] 

t an  • = 1 -k 8 [43] 

The "capaci tance  cr i t ical  po in t "  is i m p o r t a n t  in 
practice,  and  defined, equa t i ng  ~Zc' values  der ived  
f rom Eq. [30] and  [38] 

~Cc' ~- T~ ~ [44] 

S imi la r ly ,  "ESR cri t ical  po in t "  m igh t  be defined 
equa t i ng  ~ZR' va lues  de r ived  f rom Eq. [29] and  [37]. 
It  is s ignif icant  on ly  w h e n  ~ is negl igible ,  t hen  

ZR '  = 9T~2/4 ~ 9(1 + ~) /4  [45] 

F o r  cy l i ndr i ca l  t y p e s ,  l ike  Z = R --  j / C ~  

F = 4 ~ p x Z  = ~ Z R -  2 j / G ~ Z c  

= ~ $ R '  --  2 j / G Z ' ~ c '  [46] 

For  low va lues  of Z,  fo l lowing the  same compu-  
ta t ion  process, 

~ZR'= 1 § 2 8 / G ~ C ' ,  ~zc'= 1 [47] [48] 

t a n  A = (1 /2)  (~GX'YR'~zc  ') = ~ G Z ' / 2  + 8 [49] 

For  h igh va lues  of ~ ,  where  

~zR : 1 / ~ / ~ ,  ~7c = 2 / G ~ v ~  [50] [51] 

~zR,= T o / ~ r  7 c ' =  2T~/G~c/Z ' [52] [53] 

t a n  A = T~ 2 [54] 

The capaci tance  cri t ical  po in t  is defined by  

~ ' =  4T~e/G s [55] 

F igures  6, 7, and  8 show the  th ree  i n v a r i a n t  
famil ies  of curves,  d e p e n d i n g  on the  p a r a m e t e r  g. 
for p l a n a r  anodes. F igures  9, 10, and  11 are d r a w n  
as regards  cy l indr ica l  types  wi th  p = 8 (as an ex-  
a mp l e ) .  

These curves  r ep re sen t  va r i a t i on  of R,  C, and  
t an  A wi th  f r e q u e n c y  ~, this va r i ab le  be ing  d i rec t ly  
p ropor t iona l  to ~ ' ,  fo l lowing  Eq. [28]. The cr i t ical  
po in t  is charac ter ized  by  the "cr i t ical  f r equency"  ~c, 
which  is an  uppe r  prac t ica l  l imi t  for u t i l i za t ion  of 
the anode;  above a f r e que nc y  a p p r o x i m a t e l y  5 ~c, 
capac i tance  and  ESR decrease l ike co -we. For  p l a n a r  
types, X' is s imply  the ra t io  ~ / ( ~ c ) o ,  and  for cy l in -  

-1 0 Zog,~ I 

Fig. 6. Invariant family of curves (log 7c', log Z ' )  for planar 
anodes (8 as the parameter) (extreme asymptote in dotted line). 

\ 

-1 0 ~ a '  

Fig. 7. Invariant family of curves (log 7~ ' ,  log ~ ' )  for planar 
anodes (8 as the parameter). 

i:anA 

o 

-~ o Iog~" "/ 

Fig. 8. Invariant family of curves (log tan A, log Z ' )  for planar 
anodes (8 as the parameter). 
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Fig. 9. Invariant family of curves (log ~Zc', log z~') for cylindrical 
anodes (~ as the parameter) (p = 8) (extreme asymptote in dotted 
line). 

-.5 
0 1 1 ~ $ '  

Fig. 10. Invariant family of curves (log ~R ' ,  log Z ' )  for cylindrical 
anodes 13 as the parameter) (p = 8). 

! 

t ~ 3 t ~  

i 

0 1 t~j~$ 

Fig. 11. Invariant family of curves (log tan A, log ~(:') for 
cylindrical anodes (3 as the parameter) (p = 8). 

dr ica l  ones, it is s imi l a r ly  ( 4 / G 2 ) [ ~ / ( ~ c ) o ] ,  (~c)o 
be ing  the cr i t ical  f r equency  for a n i l  3. E x p e r i m e n -  
t a l ly  one m a y  observe  a slope of the curve  (LnC,  
Ln~)  different  f rom zero in  the in i t i a l  range ,  and  
h igher  t h a n  0.5 in the ex t r eme  one, depend ing  on 
Eq. [2],  or possibly,  ano the r  phys ica l  law. 

Theore t ica l  Compar i son  of Planar  and 
Cyl indrical  Anodes  

Before m a k i n g  any  f u r t h e r  a s sumpt ions  it seems 
w o r t h w h i l e  compar ing  p l a n a r  and  cy l indr ica l  anodes  
wi th  resul ts  a l r eady  ob ta ined ;  this compar i son  wi l l  
m a k e  sense w h e n  made  in  respect  to two anodes  
w i th  the same usefu l  v o l u m e  and  the same l imi t  
capaci tance.  H a v i n g  first used anodes  of u n i t  cross 
section or u n i t  length ,  it wi l l  now be necessary  to 
take  into cons idera t ion  the  a rea  of cross sect ion a or 
l eng th  I of the  cy l inder ;  the in i t i a l  capaci tances  are 
t hen  respec t ive ly  Kaxv  and  vKxc21G, the  indices p 
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and  c be ing  appl ied  to the va lues  of x to d i s t ingu ish  
the th ickness  x v f rom the e x t e r n a l  rad ius  xc, i.e. 

~xc2lG = ax v [56] 

F u r t h e r  on these indices  wi l l  des igna te  the  m a g n i -  
tudes  r e l a t ive  to the  anodes  of each of the  two types.  
A ne w  as sumpt ion  wi l l  be added, i.e., the equa l i t y  of 
the loss factors 3. 

U n d e r  these condi t ions,  the  series res is tances  in 
the in i t ia l  range,  essen t ia l ly  laid down by  3, are 
necessar i ly  the same. If 3 is small ,  there  is an  i n t e r -  
media te  range  where  R --~ (Ri)o, and  where  

Rp/Rc ~-- ( G / 3 ~ )  (2~xcl /a)  2 = 4xp2/3C~Xc 2 [57] 

( t h roughou t  this range,  the capaci tances  are still  
equal  and  cons tan t ) .  The  ra t io  

( ~cp ) o~ (~c~) o = (GXc/2Xv) 2 

= Ca/4~rxpl = (a/2~x~l) 2 [58] 

compares  pract ica l  uppe r  u t i l i za t ion  l imits .  

In  the "ex t r eme  range ,"  where  on ly  the  a p p a r e n t  
ex t e rna l  areas come are considered,  the fo l lowing 
equa t ion  is va l id  for all  va lues  of 3. 

R , / R c  = Cc/Cp = 2~xcl/a = 2xp/Gxc = 2 (~lxv/Ga)1/2 
[59] 

Appl ica t ions  w i t h  S u p p l e m e n t a r y  Hypothes i s  

The express ions  der ived  for the  e q u i v a l e n t  series 
res is tance and  capac i tance  con ta in  the p a r a m e t e r  3, 
which  ma y  be a func t ion  of f r equency ;  it consists of 
an  inhe ren t ,  quas i  f r e que nc y  i n d e p e n d e n t  va lue  31 
of the dielectr ic  ( and  of the in te r face  d i e l ec t r i c - im-  
p r e g n a n t )  and  of a f r e que nc y  d e p e n d e n t  loss a r i s ing  
f rom the  series res i s tance  of the  i m p r e g n a n t  in  pores 
e x t e nd i ng  essen t ia l ly  p e r p e n d i c u l a r  to the d i rec t ion  
x; thus  

3 = 31 + ~Ko/aX = 31+ 2PX' /a  2 =  31 + 2 p X ' / q  [60] 

q (or a)  is a ne w  aux i l i a ry  p a r a m e t e r ;  q is d i m e n -  
sionless l ike p. A more  thorough  analys is  of the 
effects would  take  into account  the fact that ,  s t r ict ly,  
the ne w  series res is tance  is dep th  d e p e n d e n t  and  
thus  f r equency  dependen t ;  bu t  we shal l  a ssume the 
cr i t ical  f requenc ies  of the  na r r ow e s t  pores are 
pushed  back  beyond  the  usua l  f requencies .  

We shall  now show how to ut i l ize  the computa t ions  
and  famil ies  of curves  g iven  in  the prev ious  section, 
t ak ing  due account  of the i n t roduc t i on  of n e w  pa -  
rameters .  Ins t ead  of be ing  constant ,  3 is l i nea r ly  i n -  
creas ing wi th  X', according to Eq. [60]. A n d  so, the 
i n v a r i a n t  plots a l r eady  made  are sti l l  usab le  as 
charts  for ob ta in ing  the n e w  i n v a r i a n t  curves  (Yc', 
X ' ) ,  (YR', ~: ') ,  and  ( t an  h, X ' )  a r i s ing  f rom our  ad -  
d i t iona l  assumpt ions .  We shal l  suppose the  new  
p a r a m e t e r  q is a lways  h igh enough  to assure  8 < < <  
1, w h a t e v e r  X' in  a usua l  range ,  since va lues  of 31 
are lower  t h a n  1% for Ta2Os. 

S imple  ca lcula t ions  lead to the  fo l lowing resul ts .  
Plane anodes - - In i t ia l  r ange  

~Zc'= 1, Y~' = 1 § 3 p / q  + 331/2~' [61] [62] 

t a n A  : 31 + 2 ( 1 / 3  + p/q) •"  [63] 

E x t r e m e  range  

~7c.' = (1 + 8 1 / 2 ) / ~ / ~ '  + p ~ / X / q ,  
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~za' = 3 / 2 [ ( 1  + 8 1 / 2 ) / ~ / X '  + PN/X'/q] [64] [65] 

t an  A = 1 + 81 + 2pX'/q [66] 

Cylindrical anodes--Initial r ange  

Yc '= 1, 7R'= 1 + 4p/G~q + 281/G~X' [67] [68] 

t a n •  : 31 + (~G/2 + 2p/q)X'  [69] 

E x t r e m e  r ange  

~Yc' : ( l / G )  [ (2 + ~ I ) / ~ / X '  + 2p~c/X'/q, 

Y R ' =  ( 1 / ~ ) [ ( 1  + $ 1 / 2 ) / ~ / X ' + p - k / Z ' / q ]  [70] [71] 

t an  • = 1 + 3, + 2pX'/q [72] 

As a gene ra l  rule,  in  the  in i t i a l  range,  capac i tance  
is not  affected by  3 var ia t ions ,  bu t  t an  • increases  
jus t  a l i t t le  more  rap id ly ;  in  the  ex t r eme  range ,  de-  
creas ing of capac i tance  is c o u n t e r - b a l a n c e d  by  an  

inc reas ing  t e r m  (~ /X ' ) ,  whereas  t an  A follows a 
l i nea r  growth.  Loss factor  depends  m a i n l y  on the  
dielectr ic  qua l i t y  ~1 at low frequencies ,  and  on the  
anode poros i ty  (p/q)  at h igh f requenc ies  (6) .  

Role of the Cathode 
All  the computa t ions  made  so far  have  on ly  in -  

t roduced  the  impedance  b e t w e e n  an  or ig in  equ ipo-  
t en t i a l  at the a p p a r e n t  ex t e rna l  surface  of the  anode,  
bu t  a conduc t ing  mass is necessa r i ly  inse r ted  b e t w e e n  
the anode  and  the cathode:  it is a l ayer  of graphi te ,  
as in  t a n t a l u m  or n i o b i u m  capaci tors  of the  so-ca l led  
"solid type,"  or a l ayer  of e lectrolyte ,  as in  those of 
the so-cal led " l iqu id"  type.  This  layer ,  m a i n l y  in  the 
l a t t e r  case, in t roduces  an add i t iona l  res is tance,  r, 
which  can be t a k e n  as fixed at all  f requencies .  The 
cathode is an e lect rode which  is r e l a t ive ly  com-  
pa rab le  to the  anode,  w i th  its own  capaci tance,  r e -  
sistance, and  loss factor;  these p a r a m e t e r s  v a r y  in a 
h igh ly  complex  m a n n e r  w i th  f r equency  if, in  a 
l iquid  e lectrolyte ,  the cathode is porous,  in  order  to 
increase  its surface area  and  to lower  its impedance .  
In  all  cases a porous  cathode can be cons idered  as a 
t h in  l ayer  of a m a t e r i a l  w i th  e lect r ical  p a r a m e t e r s  
d i s t r ibu ted  t h roughou t  its mass and  deposi ted on a 
suppor t  which  const i tu tes  the last  equ ipo ten t i a l  su r -  
face to be  considered.  Phys ica l ly ,  capac i tance  is 
shun ted  by  a v e r y  low resis tance,  wha t  is e q u i v a l e n t  
to a ve ry  h igh capaci tance  wi th  an  ESR, bo th  v a r y -  
ing w i th  f requency .  The e q u i v a l e n t  e lect r ical  d ia -  
g r a m  of a complete  capaci tor  is therefore  as follows 
(Fig. 12). 

We migh t  t ry  to ex t end  to the  e lect rolyt ic  cathode 
the conclus ions  of our  prev ious  calculat ions .  
Roughly ,  the  capaci tance  per  u n i t  smooth area  F i n -  
creases w i th  the  e lec t ro ly te  concen t ra t ion ,  and,  at 
the h igh concen t ra t ions  used in porous electrodes 
capacitors,  it goes t h rough  a m a x i m u m  w h e n  the  
vol tage  b e t w e e n  the  electrode and  the so lu t ion  is 
zero; it decreases w i th  f r e q u e n c y  at a nega t ive  
power  wi th  an  absolu te  va lue  decreas ing  w i th  h igher  
concen t r a t i on  ( abou t  --0.1 to - -0 .3) .  For  a-c  vo l t -  
ages, the  on ly  ones we are concerned  with,  a po la r i -  
za t ion series res i s tance  II appears ,  as i nve r se ly  p ro -  
por t iona l  to f requency .  U n f o r t u n a t e l y ,  a compara -  
t ive e x a m i n a t i o n  of the curves  (II,~) and  (r ,~) 

+--ll .vv l-- _ 
C R r I~ I" 

Fig. 12. Equivalent electrical diagrams of a complete capacitor 
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Fig. 13. Typical variations with o of the different elements of 
the impedance of a liquid electrolyte capacitor with a smooth 
cathode. 

re la t ive  to smooth cathodes w i t h  local ized cons tan ts  
and  to porous cathodes w i th  d i s t r ibu ted  cons tan ts  
has so far  fa i led to yie ld  an  e x p l a n a t i o n  in  t e rms  of 
the cr i ter ia  a l r eady  adopted.  In  fact, for porous 
electrodes,  II and  r decrease  a p p r o x i m a t e l y  l ike  
~-1z3; coat ing a smooth  s i lver  cathode w i th  a porous  
s i lver  l ayer  d ipped in 40 ~ Be su l fur ic  acid m a y  d i -  
vide IT by  a factor  of abou t  100 and  m u l t i p l y  r by  
the same factor. 

I t  is t h e n  easy to see the  de t e r io ra t ing  effect of a 
smooth  cathode w i th  a capaci tance  of the  same order  
of m a g n i t u d e  as C in  the  in i t i a l  r ange :  the  r e s u l t a n t  
capac i t ance  of the  capaci tor  is halved.  The  cathode 
capaci tance  decreases whereas  the anode capaci tance  
h a r d l y  varies ,  so tha t  the ne t  capac i tance  decreases. 
These effects are  i l l u s t r a t ed  in  Fig. 13, d r a w n  some-  
w h a t  a rb i t r a r i l y :  in  the  e x t r e me  r a nge  it shows the  
ove r - a l l  capac i tance  decreases more  s lowly t h a n  C; 
the ove r - a l l  ESR is cons iderab le  r ega rd ing  R in  the 
in i t i a l  r ange ;  the  two res is tances  t h e n  t end  to come 
together ,  bu t  at ve ry  h igh f requenc ies  the  res i s tance  
r causes the  curves  to diverge.  Wi th  the  same as- 
sumpt ions ,  subs t i t u t i ng  a porous cathode fo r  a 
smooth  one b r ings  about  a ga in  of r such tha t  the r e -  
su l t an t  capaci tance  is p rac t i ca l ly  equa l  to C. The 
o v e r - a l l  ESR, shown in  Fig. 14, is h a r d l y  h igher  t h a n  
R in  the in i t i a l  range,  b u t  i n  the  e x t r e me  r ange  
both  curves  are necessa r i ly  aga in  d ive rgen t ;  w h a t -  
ever  be the uppe r  va l id i ty  r ange  of our  hypothesis ,  at  
the h igher  f requencies ,  r t h e n  domina tes  and  the  
ove r - a l l  ESR is no t  d e p e n d e n t  on the  n a t u r e  of the  
cathode. 

Conclusion 

R e t u r n i n g  to an  idea t ha t  arose d u r i n g  the  first 
phys ica l  and  technologica l  inves t iga t ions  on porous  
anode  t a n t a l u m  capacitors,  we have  a t t empted ,  w i th  
the co l labora t ion  of the A N A L A C  Ana log  C o m p u t i n g  
Center ,  to exp la in  the d y n a m i c  behav io r  of e lec t ro-  
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Fig. 14. Typical variations with m of the different real elements 

of the impedance of a liquid electrolyte capacitor with a porous 
layer cathode. 

V ( x )  

a c 1 / ~ x  

lyt ic  capacitors  wi th  l iqu id  or solid semiconduc tor  
K 

i m p r e g n a n t .  We have  t r ied  to find the  cause of ob-  
served va r i a t ions  of capac i tance  and  loss factor  w i th  
f r equency  and  var ious  character is t ic  pa ramete r s ,  Ko 
more  wi th  r ega rd  to the  "geometr ic"  p h e n o m e n a  due x 
to the low-pass  filter ac t ion of porous  anodes,  t h a n  
the deeper  phys ica l  p h e n o m e n a  which  affect the a R 1 / ~ x  

p a r a m e t e r s  themselves .  We have  shown how r e l a -  [ ~R1 ~V ~-1 
t ive ly  s imple  famil ies  of curves  a l low the t r e a t m e n t  P = ~ - ~ x  x - - ~ x  / 
of p l a n a r  and  cy l indr ica l  capacitors.  These c o m p u t a -  5 
t ions should  assist in  the  i n t e rp r e t a t i ons  of the ex -  
p e r i m e n t a l  resul ts .  Using this  tool and  u n d e r  l ight  so q 
projected,  the  au thor  con templa tes  soon pub l i sh ing  T~ 
as a whole  e x p e r i m e n t a l  resul t s  as wel l  on l iqu id  81 
e lec t ro ly te  capaci tors  as on semiconduc tor  ones; he 

Z = R - -  j / C m  pre fe r red  not  to m a k e  heavy  the  p re sen t  paper  and  
to set aside the repor ted  pub l i ca t i on  so as to show ~o 
how s tudy  of an electric wave  p ropaga t ion  t h r ough  tanA = R C ~  
a porous  anode permi t s  to find aga in  the  theore t ica l  
p reced ing  resul ts .  

A c k n o w l e d g m e n t  

For  this  work,  done u n d e r  cont rac t  MWDP F 61 ~ '  
MWP A 59, c o n c e r n i n g  genera l  inves t iga t ions  on ca- Ri, Ci 
paci tors  p r epa red  by  anodic  ox ida t ion  and  p r e f e r -  R:c, C a  
en t i a l ly  wi th  a solid impregnan t ,  we have  en joyed  
the aid of Dr. Kleefs t ra ,  who made  e x p e r i m e n t a l  (Ri)o 
s tudies  of the proper t ies  of e lec t rolyt ic  capaci tors  in YR = R / R i  
the very low frequency range, and of Dr. Apter, who 
adapted the problem to the machine after the pre- 
liminary work  of the  la te  Dr. Ricou. Our  s incere  %ZR' 
t hanks  are due to these eng ineers  for the  f u n d a -  y~ = C/C~ 
m e n t a l  role they  have  played.  

Manuscript  received Dec. 4, 1962; revised m a n u -  %zj 
script received Nov. 1, 1963. 

F 
Any  discussion of this paper will appear in a Discus- 

sion Section to be published in the June  1965 JOURNAL. ~)(~R', ~(~c' 
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SYMBOLS 
Cross-sectional area of a p lanar  
anode 
Length of a cylindrical  anode 
Space coordinate (radial  coor- 
dinate for cylindrical  anode) ;  
also denoting space coordinate 
of outer position of porous 
anode 
Space coordinate for solid 
anode core 
X / X o  
Form factors for cylindrical  
anodes defined by Eq. [17] and 
[18] and represented in  Fig. 4 
and 5 
Volume within  the surface, 
X ~ e o n s t .  
Series equivalent  capacitance 
per un i t  length of the porous 
anode 
Complex equivalent  series ca- 
pacitance of the anode per 
uni t  volume 
Real part  of K 
Specific conductivi ty in the 
pores ( impregnant  conduc- 
t ivity) 
Effective resistance per uni t  
length of the pores 
A form factor characterizing 
porosity 
Effective loss factor of the di- 
electric 
Another  form factor charac- 
terizing porosity 
Funct ion  defined by Eq. [33] 
An intr insic loss factor of the 
dielectric for the pore free case 
Impedance between anode core 
xo and external  surface x 
Angula r  f requency 
Apparent  loss factor of an 
anode or of a whole capacitor 
A dimensionless coordinate 
combining position, frequency, 
specific capacitance, and con- 
ductivi ty defined by Eq. [12] 
Real part  of ~.1 
Asymptotic values for R, C, for 
Z '  ~ 0 ("init ial  range")  
Asymptotic values for R, C, for 
X' -~ ~ ("extreme range") 
Asymptotic value for R in the 
init ial  range for 5 = 0 
A dimensionless coordinate, es- 
sent ial ly represent ing R, and 
being a function of 
The same one, function of X', 
(real) 1 
A dimensionless coordinate, 
essentially represent ing C, and 
being a function of 
The same one, funct ion of ~ ' ,  
(real) 1 
A dimensionless coordinate, 
essentially represent ing Z 
Dimensionless abscissae at 
which Rcc = Re and Ccc = C~, 
respectively (critical points) 
Corresponding values of angu-  
lar f requency (critical fre-  
quency) 
Resistance of the s t ructure  out-  
side of x (cathode-anode in ter -  
val)  
Cathode polarization equiva-  
lent  series capacitance 
Cathode polarization equiva-  
lent  series resistance 

1 Note: W h e n  c o n s i d e r i n g  c a p a c i t a n c e  as  c o m p l e x ,  o r  i m p e r f e c t ,  
w e  u s e  ~ and. ~7 c o o r d i n a t e s ;  w h e n  c o n s i d e r i n g  i t  as  p e r f e c t  a n d  

i n c o r p o r a t i n g  i ts  i m a g i n a r y  p a r t  in  ESR,  w e  u s e  ~ '  a n d  ~7' coor -  
d i n a t e s .  
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ABSTRACT 

The t ravel l ing solvent method of crystal growth has been successfully 
adapted to the growth of --SIC single crystals, using pure chromium as the 
solvent. Since mol ten chromium does not  wet  chemically cleaned SiC in a un i -  
form and reproducible manner ,  a prewet t ing procedure was developed which 
involves a heat t rea tment  of the SiC at 1200~176 in vacua at 10-9-10 -1~ 
Torr, followed immediate ly  by the evaporat ion of a thin (104A) film of pure 
chromium onto the clean surfaces. The chromium solvent zones were passed 
under  the influence of a tempera ture  gradient  in a simple r. f. furnace;  the 
average specimen tempera ture  was 1750~ Subsequent  metal lographic and 
x - r ay  examinat ion revealed that good crystal growth had occurred. Growth 
rates of the order of 0.75 mm hr -1 were obtained under  the above conditions. 
p -n  junct ions prepared by deposition, from chromium solution, of one con- 
ductivi ty type onto the opposite type were assembled into diode structures. 
Junct ion  capacitance varies with bias in  accordance with a V ~ 1/C 2 law, in -  
dicating an abrupt  (step) junction.  The forward I -V characteristics are un ique  
for SiC devices in that  the forward voltage drop is 1.2-1.5v compared to 2-5v 
reported for previous diodes at comparable cur ren t  densities. The slope of the 
forward biased characteristics was found to be e/2.4kT. Considerable leakage 
is observed (under  reverse bias) ; the peak inverse voltage, which ranges from 
6-15v, is much lower than expected from the resist ivity of the bulk  material .  
This low voltage breakdown is tenta t ively  discussed in  terms of a peculiar 
dislocation structure in the region of the p - n  junction.  The over-al l  rect ifying 
properties of the devices prepared by TSM persist up to at least 540~ 

Si l icon carbide,  a h igh ly  r e f r ac to ry  semiconduc-  
tor, occurs in  two ma jo r  c rys ta l lograph ic  modif ica-  
tions. The so-cal led  h i g h - t e m p e r a t u r e ,  a -modi f i ca -  
t ion  has a hexagona l  s t r uc tu r e  wh ich  is mos t  con-  
v e n i e n t l y  descr ibed as a d is tor ted  wur t z i t e  s t ruc ture .  
Depend ing  on the  polytype,  of wh ich  a g rea t  n u m -  
ber  exist ,  the  ene rgy  gap (1-3)  is 2.7-3.2 ev. The 
fl (cubic)  modificat ion,  which  is u sua l l y  fo rmed  
below 2000~ has an  ene rgy  gap of 2.3 ev (3) .  

The combina t i on  of h igh ene rgy  gap and  re f rac -  
tor iness  [decomposi t ion  (4) occurs at ca. 2800~ 
makes  a -S iC  po ten t i a l l y  ve ry  usefu l  for h i g h - t e m -  
p e r a t u r e  semiconduc to r  devices. However ,  device 
deve lopmen t  has been  h a m p e r e d  by  the difficulties 
encoun t e r ed  in  the  p r e p a r a t i o n  of h i g h - q u a l i t y  
s ingle  crys ta ls  and  p - n  junc t ions .  

a -S iC  p - n  j unc t i ons  have  been  p repa red  by  
g rowth  f rom the  vapor  phase (5 -7 ) ,  by  the  s t a n d -  
ard  semiconduc to r  t echn iques  of a l loy ing  and  diffu-  
sion (8, 9),  and  d u r i n g  g rowth  f rom solu t ion  (10).  
This  paper  describes an  improved  vers ion  of the  
l a t t e r  t echnique ,  the  t r a v e l l i n g  so lvent  me thod  of 
c rys ta l  g rowth  (TSM) (11, 12). 

TSM is based both  on the t e m p e r a t u r e  g r ad i en t  
zone me l t i ng  t echn ique  of P f a n n  (13) and  also a 
v a r i a n t  thereof  (14) in  which  an  a l u m i n u m - r i c h  
zone is passed t h rough  si l icon u n d e r  the  inf luence  
of a t e m p e r a t u r e  g r ad i en t  to y ie ld  a la rge  area p - n  
junc t ion .  H e r g e n r o t h e r  (10) appl ied  a s imi lar  t ech-  
n ique  to the  g rowth  of ~-SiC p - n  junc t ions ,  u s ing  a 
c h r o m i u m - r i c h  solvent .  Modificat ions and  i m p r o v e -  
men t s  of these t echn iques  have  been  made  in  this  
l abo ra to ry  for the crys ta l  g rowth  of c o m p o u n d  
semiconductors .  In  the  pa r t i cu l a r  case of SiC, s t r i n -  

gent surface preparation of a-SiC insures uniform 
and ready wetting by the solvent and effects a con- 
siderable improvement in the basic technique. 

Experimental 
Principle  of  the  m e t h o d . - - I n  the  app l ica t ion  of 

TSM, a t e m p e r a t u r e  g r ad i en t  is impressed  across 
a t h i n  so lvent  zone sandwiched  b e t w e e n  two pieces 
of the solid to be grown.  In i t i a l ly  d isso lu t ion  occurs 
at bo th  so lven t - so l id  interfaces .  However ,  s ince the  
e q u i l i b r i u m  so lubi l i ty  is g rea te r  at the hot te r  i n -  
terface,  a concen t r a t i on  g r ad i en t  is es tab l i shed  and  
solute diffuses across the l iqu id  zone and  prec ip i -  
ta tes  onto the  cooler seed crystal .  The process m a y  
there fore  be d iv ided  in to  severa l  stages, i.e., w e t -  
t ing  of the  solid by  the so lvent ;  d issolu t ion  at both  
in ter faces ;  e s t ab l i shmen t  of the  concen t ra t ion  
g rad ien t ;  a nd  f ina l ly  p rec ip i t a t ion  of the  solute  on 
the  seed crystal .  I r respec t ive  of which  stage is ra te  
de t e rmin ing ,  the re  is theore t i ca l ly  no dependence  of 
the  g rowth  ra te  on the zone thickness .  The  d r iv ing  
force for passage of the  so lvent  zone is p rov ided  
solely by  the  concen t r a t i on  g r ad i en t  which  is a 
func t ion  of bo th  the t e m p e r a t u r e  g r ad i en t  and also 
the  slope of the  l iqu idus  at the  pa r t i cu l a r  t e m p e r a -  
tu re  ( ave rage  zone t e m p e r a t u r e )  of growth.  

Selec t ion of a su i tab le  so lvent  is based  on the  
cr i te r ia  tha t  it  should r ead i ly  we t  the  solid in  ques -  
t ion, and  exh ib i t  inc reas ing  e q u i l i b r i u m  solute con-  
t en t  wi th  inc reas ing  t e m p e r a t u r e ,  i.e., the  slope o~ 
the  l iqu idus  in  the  p a r t i c u l a r  sys tem should  be pos-  
itive. The so lvent  should  p r e f e r a b l y  have  a lower  
me l t i ng  po in t  t h a n  tha t  of the  solute,  exh ib i t  low 
vapor  p ressure  at  the  t e m p e r a t u r e  of growth,  and  
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possess neg l ig ib le  solid solubi l i ty .  The  final f ea tu re  
is des i rab le  f rom the  v i ewpo in t  of the phys ica l  
p roper t ies  of the f inal  c rys ta l  and  is p a r t i c u l a r l y  
significant for semiconductors. 

Practical cons idera t ions . - -TSM depends  on a d i f -  
fe rence  in  so lubi l i ty  at  the hot  and  cool so l id - l iqu id  
interfaces .  In  pr inciple ,  therefore ,  any  alloy sys tem 
exh ib i t i ng  a l iqu idus  of posi t ive slope should  favor  
zone movemen t .  The l iqu idus  slope d s / d T  is g iven 
by:  

ds F 

dT dT 
D �9 - -  

dx  

where  F is the  flux t h r o u g h  the  so lvent  zone, D the  
diffusion coefficient, and  d T / d x  the  t e m p e r a t u r e  
gradient .  If we consider  an  acceptable  g rowth  ra te  
of 0.125 m m / h r ,  a l iqu id  me ta l  diffusion coefficient 
of 10 -4 cm2/sec, and  a t e m p e r a t u r e  g r ad i en t  across 
the  so lvent  zone of 1 0 ~  which  is a r easonab le  
est imate,  then :  

ds 1.25 X 3.2 X 10 -2 
= 10-~ 

dT -- 10 -4 X 3.6 X l0  s • 102 

i.e., express ing  S as a pe rcen tage  solubi l i ty ,  it  is r e -  
qu i red  tha t  ds /dT  > 0.1 at g rowth  t empe ra tu r e .  

The so lvent  zone mus t  be sufficiently th ick  to p ro -  
v ide  s table  in te r faces  w i th  the  solid over  the  en t i re  
contac t ing  surfaces,  whi le  its m a x i m u m  th ickness  
is chosen to enab le  some solid ma te r i a l  to be p re sen t  
always.  The  p a r t i c u l a r  e x p e r i m e n t a l  a r r a n g e m e n t  
used in  the  p resen t  w o r k  p rec luded  the use of sol-  
v e n t  zones th icker  t h a n  0.35 m m  since bo th  convec-  
t ion  cu r ren t s  and  r.f. s t i r r i ng  t ended  to des t roy  the 
t e m p e r a t u r e  g rad ien t  in  th icker  zones. 

The  c rys ta l  g rowth  e x p e r i m e n t s  discussed in  this  
paper  were  pe r fo rmed  wi th  c h r o m i u m  as the  sol-  
vent .  We have  es tab l i shed  a t en t a t i ve  cons t i t u t iona l  
d i ag ram of the  Cr -S iC  al loy sys tem in  the  reg ion  of 
in te res t  (Fig. 1). The eutect ic  which  occurs at abou t  
1600~ is advan t ageous  since i t  pe rmi t s  c rys ta l  
g rowth  wel l  be low the  me l t i ng  po in t  of ch romium.  
At  the  me l t i ng  point ,  the  vapor  p re s su re  of chro-  
m i u m  is h igh and  wou ld  cause serious e x p e r i m e n t a l  
difficulties. 

Sil icon and  p l a t i n u m  were  in i t i a l ly  used as sol-  
vents ,  bu t  we re  d iscarded since the  l iqu idus  slopes 

/ 
/ 

/ 

~ 1900" C LIQUID . /~ ' /  

'~ ID + SiC 
LIQUID V 

u.I ~ 16OO~ = 
~- SOLID 

~ _  Cr +S iC  

(LIMITED SOLID SOLUBILITY) 

0 ~ 2~) 

Wt% SiC 

Fig. I. Tentative constitutional diagram of chrem;um-r;ch end 
of Cr-SiC system. 
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in  both  sys tems are a p p a r e n t l y  too steep to provide  
g rowth  ra tes  of prac t ica l  significance. 

Spec imen  preparat ion . - - In i t ia l  efforts of c rys ta l  
g rowth  were  h i n d e r e d  by  difficulties e n c o u n t e r e d  in  
the  we t t i ng  of SiC surfaces  w i th  ch romium.  This 
resu l ted  in  er ra t ic  zone m o v e m e n t .  Good w e t t i n g  
was achieved w h e n  the  si l icon carb ide  surfaces 
were  c leaned by  the fo l lowing  procedure .  Af te r  the  
spec imens  were  m a c h i n e d  to a su i tab le  size and  
shape, they  were  hea ted  by  e lec t ron  b o m b a r d m e n t  
to abou t  1300~ in  a v a c u u m  of 10 -~  to 10 -1~ m m  
Hg. The i m m e d i a t e  v i sua l  r esu l t  of the v a c u u m  heat  
t r e a t m e n t  was  a g rea t ly  e n h a n c e d  reflect ivi ty.  A 
th in  film of c h r o m i u m  was t h e n  evapora ted  f rom a 
hea ted  t u n g s t e n  f i l ament  onto the  spec imens  in the 
same appara tus .  Al l  e x p e r i m e n t s  were  pe r fo rmed  
u t i l i z ing  (0001) c rys ta l lographic  surfaces.  Good ad-  
hes ion b e t w e e n  the  evapora ted  films and  the si l icon 
carb ide  surfaces was obta ined ,  as ind ica ted  by  the 
lack of b l i s t e r ing  or pee l ing  of the  films w h e n  they  
were  hea ted  to 1300~ The appa ra tu s  used in  this  
phase  of the  work  is shown  in  Fig. 2. 

Crystal  growth  and p - n  junc t ion  fabr ica t ion . - -  
Pai rs  of c h r o m i u m - c o a t e d  spec imens  were  assembled  
in "sandwiches ,"  wi th  c h r o m i u m  slices of 0.1-0.3 
m m  th ick  b e t w e e n  the  coated surfaces.  This  as-  
s embly  was hea ted  in  an  a rgon  a tmosphere ,  ins ide  
the appa ra tu s  shown  in  Fig. 3. T h e  uppe r  surface  of 
the  sandwich  was  cooled by  n a t u r a l  r ad ia t ion ;  the  
m a x i m u m  spec imen  t e m p e r a t u r e  observed wi th  an 
optical  p y r o m e t e r  was  abou t  1750~ SiC spec imens  

ELECTRON BEAM F%LAMENT 

I f 1 /I ~ ~ ~ CHROMIUM EVAPORATOR COIL 

TO PUMPS 

Fig. 2. Schematic of vacuum system with electron beam heating 
and chromium evaporation facilities. 

SPECIMEN {SANGWICH}~ 
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i r  
~ A R G O N  INLET 

SILICA TUBE 

~ ~ I  RF COIL 
GRAPHITE~ 

ARGON OUTLE1 ~ 
i 

/ 
BASE PLATE - ~ "  

Fig. 3. Assembly for TSM crystal growth of SiC 
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Table I. Physical properties 

Conduc t iv i ty  Hal l  coefflcmnt,  Resis t ivi ty ,  Mobih ty ,  
t y p e  cm,~,/coul oh rn -cm cm~/vol t -sec 

p 57 9.0 6.3 
n 2-35 0.4-4.0 83-107 
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of di f ferent  th icknesses  were  used, and  the t ime  re -  
qu i red  for complete  t r ave r se  of the c h r o m i u m  zone 
was recorded.  The d i rec t ion  of g rowth  was a lways  
in  the  "c" direct ion.  

p - n  j unc t i ons  m a y  be fabr ica ted  r ead i ly  by  TSM. 
The i n t roduc t i on  of dopants  into the  so lvent  du r ing  
crys ta l  g rowth  makes  possible the deposi t ion  of 
e i ther  conduc t iv i ty  type. As a test  of feas ib i l i ty  we 
took advan t age  of the fact tha t  n i t r ogen  is a s t rong 
n - t y p e  dopan t  in  SiC and  added a smal l  q u a n t i t y  of 
N2 to the a rgon  a tmosphere  d u r i n g  g rowth  of a p -  
type  SiC crystal .  The r e s u l t a n t  c rys ta l  was subse-  
q u e n t l y  e x a m i n e d  meta l lograph ica l ly .  

Tab le  I lists some phys ica l  p roper t ies  of bo th  p -  
and  n - t y p e  SiC crys ta ls  ob ta ined  f rom Nor ton  Com-  
pany.  The n - t y p e  ma te r i a l  is g reen  and  t r a n s p a r e n t ,  
whi le  p - t y p e  is da rk  b lue  and  also t r a n s p a r e n t .  Us-  
ing the  p rocedures  ou t l i ned  above,  p - t y p e  SiC has 
been  deposi ted onto n - t y p e  seeds and  vice versa. 
p - n  j unc t i ons  were  thus  fabr ica ted  us ing  this  p a r -  
t i a l ly  charac ter ized  m a t e r i a l  w i thou t  add i t iona l  
dop ing  d u r i n g  c rys ta l  growth.  

Contacting procedures.--Contacts of pu re  p l a t i -  
n u m  were  eva lua t ed  for use as ohmic contacts  to 
p - n  junc t ions .  Whi le  exh ib i t ing  an  exce l len t  l i nea r  
c u r r e n t - v o l t a g e  re la t ionship ,  they  possessed ve ry  
high resis tances.  Accord ing ly  the  use of p l a t i n u m  
was d i scont inued .  

A n  al loy of 99:1 A u - T a  doped wi th  e i ther  a l u m i -  
n u m  or a n t i m o n y  was s u b s e q u e n t l y  eva lua t ed  for 
con tac t ing  to p-  and  n - t y p e  mate r ia l ,  respect ively .  
G o l d - t a n t a l u m  alloys have  been  used both  by  Wes t -  
inghouse  C o m p a n y  (15) and  also by  Phi l ips  Re-  
search Labora to r ies  (16).  T a n t a l u m  addi t ions  aid 
in the  we t t i ng  of gold to SiC. Qui te  exce l len t  ohmic 
contacts  were  ob ta ined  w h e n  the  al loy was hea ted  
in  contact  wi th  the  SiC in an  r.f. f u rnace  to 1150~ 
for a few minutes .  

Results and Discussion 

F i g u r e  4a is a pho tomic rog raph  of a g r o u n d  and  
polished crosssection th rough  a typ ica l  SiC speci-  
m e n  af ter  zone passing.  The  a r rows  ind ica te  the  i n i -  
t ial  pos i t ion  of the c h r o m i u m  layer ;  exce l len t  re -  
g rowth  is observed.  F igures  4b and  4c, which  show 
x - r a y  back  reflect ion photographs  of the  seed and  
r eg rown  mater ia l ,  respect ively ,  demons t r a t e  tha t  
t rue  c rys ta l l ine  p ropaga t ion  of the  seed has oc- 
curred.  These resul t s  c lear ly  d e m o n s t r a t e  tha t  the  
surface  c lean ing  p rocedure  is adequa te  to a l low 
we t t i ng  of the  SiC by  the  ch romium.  (There  was 
no difficulty in  we t t i ng  at  C r - C r  in ter faces . )  The  
high v a c u u m  hea t  t r e a t m e n t  was  in i t i a l ly  u n d e r -  
t aken  on the  basis  tha t  a film of SiO2 existed on the  
SiC and  p r e v e n t e d  wet t ing .  U n d e r  high v a c u u m  
hea t ing  such a film wou ld  be r emoved  by  dissocia-  
t ion  to SiO, which  is volat i le .  Since the  a -S iC s t ruc -  

Fig. 4. Photomicrograph of cross section with corresponding 
x-ray patterns of TSM grown SiC crystal. 

t u re  consists of a l t e rna t e  layers  of si l icon and  ca rbon  
atoms t e t r a h e d r a l l y  bound  to the i r  ne ighbors ,  only  
one sur face  of a SiC crys ta l  is l ike ly  to be coated 
w i th  a con t inuous  SiOe film; the opposite surface 
t e r m i n a t e s  in  a l ayer  of ca rbon  atoms. This  surface  
"po la r i ty"  m a y  be observed read i ly  by  e tching  SiC 
pla te le ts ;  d is t inc t  differences in  sur face  s t ruc tu re  
become c lear ly  apparen t .  

A second poss ibi l i ty  is tha t  adsorbed  gas on the 
SiC p reven t s  wet t ing .  However ,  unless  the  p a r t i c u -  
la r  species is s t rong ly  chemisorbed,  it appears  u n -  
l ike ly  tha t  it wou ld  p r e v e n t  we t t i ng  by  chromium.  
The exact  n a t u r e  of the  in te r face  b e t w e e n  chro-  
m i u m  and  " u n t r e a t e d "  SiC is therefore  sti l l  u n r e -  
solved. 

Of cons iderab le  in te res t  is t he  fact  tha t  a -S iC  
(hexagona l )  m a y  be g r ow n  f rom c h r o m i u m - r i c h  
so lu t ion  at t e m p e r a t u r e s  wel l  be low the  fl/a " t r a n -  
s i t ion"  t e m p e r a t u r e  of abou t  2000~ This  so-cal led  
t r ans i t i on  in SiC is not  a t r u e  al lotropic,  so l id-s ta te  
t rans i t ion .  In  genera l ,  e x p e r i m e n t a l  ev idence  has 
d e m o n s t r a t e d  tha t  p r e p a r a t i o n  of SiC at t e m p e r a -  
tu res  be low about  2000~ produces  the  cubic mod i -  
fication whi le  the  hexagona l  form resul ts ,  u sua l ly  
f rom vapor  phase growth,  above 2000~ The t r a n -  
s i t ion is no t  sharp,  and  a wide  r a nge  of hexagona l  
po ly types  m a y  be produced.  T h e r m a l  cycl ing th rough  
2000~ does no t  cause a c rys t a l l og raph ic - type  
change.  It  appears  tha t  in  the presence  of an  a -S iC 
seed and  the  pa r t i cu l a r  e x p e r i m e n t a l  condi t ions  of 
TSM the hexagona l  modif ica t ion m a y  be g rown be -  
low 2000~ F r o m  the  m e a s u r e m e n t s  of the t ime  
t a k e n  for passage of c h r o m i u m - r i c h  so lvent  t h rough  
var ious  th icknesses  of SiC a g rowth  ra te  of ~ 0.75 
m m / h r  was deduced.  F igu re  5 summar i zes  the  da ta  
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which  refer  to a spec imen  t e m p e r a t u r e  of 1750~ 
F igu re  6 shows a pho tomic rograph  of a cross sec- 

t ion  t h rough  the  crys ta l  doped wi th  n i t r o g e n  d u r i n g  
growth.  I t  is c lear  tha t  the  qui te  flat, u n i f o r m  j u n c -  
t ions m a y  be p r epa red  by  TSM, a l though  at p resen t  
we mus t  resor t  to o v e r - c o m p e n s a t i o n  to inf luence 
conduc t iv i ty  type.  The  j u n c t i o n  shown  in  Fig. 6 was  
de l inea ted  by  e lect rolyt ic  e tching  in  hydrof luor ic  
acid at room t e m p e r a t u r e  for 30 sec. 

Using m a t e r i a l  of the  type  re fe r red  to in  Table  I, 
severa l  crysta ls  of 10 m m  diameter ,  2-3 m m  thick,  
and  con t a in ing  a s ingle  p - n  j u n c t i o n  have  been  p re -  
pared.  A die cut  f rom one such crys ta l  is shown  in 
Fig. 7. This  spec imen  measu res  3 x 3 x 2 ram. The  
d a r k e r  colored p - t y p e  m a t e r i a l  r e m a i n e d  t r a n s p a r -  
en t  af ter  the  c h r o m i u m  solvent  zone had  passed 
t h rough  it. 

Severa l  dice were  cut  f rom the j u n c t i o n - b e a r i n g  
crys ta l  and  p rov ided  wi th  A u - T a  ohmic contacts  in  
the  m a n n e r  p rev ious ly  described.  The j u n c t i o n  
areas of the  f inished e x p e r i m e n t a l  diode s t ruc tu res  
we re  about  5 m m  2. A typ ica l  oscilloscope t race  of 
the  room t e m p e r a t u r e  v o l t a g e - c u r r e n t  cha rac te r -  

istics of si l icon carb ide  diodes is shown in  Fig. 8. Of 
pa r t i cu l a r  in te res t  is the fo rward  charac ter i s t ic  in  
which  t u r n o v e r  occurs at abou t  1.3v. This  va lue  is 
cons ide rab ly  lower  t h a n  t ha t  p rev ious ly  observed  in  
si l icon carb ide  (17),  bu t  of the  order  expected  for 
this mater ia l .  F i g u r e  9 i l lus t ra tes  the resu l t s  ob-  
t a ined  f rom p o i n t - b y - p o i n t  m e a s u r e m e n t s  in  the 
fo rward  direct ion.  The fo rward  charac ter is t ics  m a y  
be r ep re sen t ed  by  the empi r i ca l  r e la t ionsh ip  

eV 
I = A e x p  nkT (1) 

Fig. 7. View of die cut from typical TSM crystal. Magnification 
8X. 
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Fig. 5. Time-distance relationship for SiC crystal growth for 
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Fig. 6. Photomicrograph of cross section through SiC crystal 
showing junction produced by nitrogen doping during growth; 
electrolytically etched in HF solution. Magnification 250X. 

Fig. 8. Oscilloscope trace of room temperature characteristic of 
SiC p-n junction diode; vertical axis 5 ma/cm; horizontal axis 2 
Y / C m .  
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where  V is the  appl ied  voltage,  and A is the  diffu- 
sion current .  The quan t i ty  n is de te rmined  f rom the 
slope of the curve in Fig. 9 to be 2.4. Values of n of 
this  order  have  been observed in silicon carbide 
diodes made  f rom vapor  grown junct ions (2).  Such 
high values  may  resul t  f rom the re la t ive ly  high 
impur i ty  content of p resen t ly  avai lab le  mater ia l .  To 
some extent ,  however,  a high va lue  of n reflects the 
na ture  of the junction,  which in the case of SiC, f re -  
quent ly  contains a thin semi- insula t ing  region be-  
tween the p and n sides. The physical  ex tent  of 
such a l aye r  wil l  be s t rongly  influenced by  the t em-  
pe ra tu re  of growth.  In addi t ion to affecting the 
value  of n, the  presence of a semi- insu la t ing  region 
will  be reflected in the  fo rward  vol tage drop. In 
fact, a cont r ibu tory  factor  to the re la t ive ly  low 
F.V.D. observed on many  of our diodes (c.f., 1.3v) 
would appear  to resul t  f rom the t empe ra tu r e  o f  
crys ta l  growth  being several  hundred  degrees lower  
than tha t  for vapor  grown junctions.  

Considerable  informat ion  regard ing  the na tu re  of 
p -n  junct ions is obta inable  f rom the var ia t ion  of 
junct ion capacitance with appl ied  voltage. The theo-  
re t ical  dependence  is given by the re la t ion 

Co 
Cv : [2] (l--g 

where  C,, is the junct ion capaci tance at a bias vol t -  
age V. Co is the junct ion capaci tance at  zero basis, 
4, is the "bu i l t - in"  junct ion potent ial ,  and x is 1/2 
for an ab rup t  junct ion  and 1/3 for a diffuse june-  
tion. Very careful  measurements  on TSM-grown  
silicon carbide  junctions,  Fig. 10, have y ie lded  the 
re la t ionship:  

1 
V c c -  [3] 

C 2 

Ext rapo la t ion  to infinite capaci tance yields  the 
value  of r which, in an ideal  p - n  junction,  can be 
identified as tha t  vol tage  which produces  a flat band  
condit ion across the junction.  The va lue  of 2.1v 
shown in Fig. 10 is reasonable  for  a -SiC.  For  a s im- 
ple p - n  junct ion r cannot  exceed the fundamenta l  
energy gap of the pa r t i cu la r  semiconductor,  but,  
wi th  the presence of a semi- insu la t ing  region be-  
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tween  the p and n sides, Eq. [2] is inappl icab le  and 
4, has no rea l  significance; ex t rapo la t ion  of 1/C ~ vs. 
V plots yields voltages,  corresponding to infinite 
capaci tance which are ve ry  la rge  and cer ta in ly  
grea ter  than the band  gap. This is unders tandable ,  
since, in a t rue  p - n  junct ion s tructure,  the capaci-  
tance is p rovided  by  the space charge region which 
var ies  wi th  bias, whereas  the  capaci tance of the 
semi- insula t ing  region wil l  be essent ia l ly  independ-  
ent  of bias. Severa l  diodes have exhib i ted  la rge  ap-  
pa ren t  values of 4,. A deta i led  discussion of junct ion 
s t ruc ture  and proper t ies  in re la t ion to growth  pa -  
r amete r s  wil l  be publ ished elsewhere.  

The t empera tu re  dependence of the  diode char -  
acter is t ics  is i l lus t ra ted  in Fig. 11, 12, and 13, which 
show oscilloscope traces for a typica l  junct ion at 
30 ~ 320 ~ and 540~ respect ively.  The fo rward  

Fig. 11. Variation of SiC rectifier characteristics with tempera- 
ture; vertical axis 5 ma/cm; horizontal axis 2 v/cm. 

Fig. 12. (same as above) 

Fig. 13. (same as above) 
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c h a r a c t e r i s t i c  i m p r o v e s  c o n t i n u o u s l y  as the  t e m -  
p e r a t u r e  increases .  The  r e v e r s e  c h a r a c t e r i s t i c  b e -  
gins  to " so f t en"  on ly  a t  t e m p e r a t u r e s  a b o v e  500~ 
Even  at  r o o m  t e m p e r a t u r e ,  the  r e v e r s e  c h a r a c t e r -  
is t ic  of  these  dev ices  is s m a l l e r  t h a n  expec t ed ;  t y p i -  
cal  v a l u e s  of p e a k  i n v e r s e  vo l t age  r a n g e  f r o m  6v to 
a b o u t  15v. The  low p e a k  i nve r se  vo l t ages  of T S M -  
p r e p a r e d  d iodes  m a y  be  the  r e s u l t  of i n a d e q u a t e  
su r f ace  t r e a t m e n t  of the  a s s e m b l e d  s t r u c t u r e ,  i.e., 
h igh  su r f ace  l eakage .  H o w e v e r ,  r e p e a t e d  e t ch ing  
and  w a s h i n g  t r e a t m e n t s  p r o d u c e d  l i t t l e  or  no i m -  
p r o v e m e n t .  

M e t a l l o g r a p h i c  e x a m i n a t i o n  of d iode  s t r u c t u r e s  
i n d i c a t e d  t ha t  if, d u r i n g  a l l o y i n g  of contac ts ,  the  
go ld  a l l o y  f lowed d o w n  the  s ides  of  a s p e c i m e n  and  
thus  came  in to  con tac t  w i t h  t he  edges  of the  j u n c -  
t ion  reg ion ,  deep  p e n e t r a t i o n  of t he  j u n c t i o n  b y  a 
th in  f i lm of go ld  o c c u r r e d  in t imes  of the  o r d e r  of 
m i n u t e s  only .  I t  is r e c a l l e d  t h a t  in  t hese  s t r u c t u r e s  
the  j u n c t i o n  r eg ion  co inc ides  w i t h  the  in i t i a l  p l a n e  
of  c ry s t a l l i z a t i on .  This  p l a n e  is b e l i e v e d  to con ta in  
a n e t w o r k  of sc rew d i s loca t ions  w h i c h  a l lows  the  
r e m a r k a b l y  r a p i d  p e n e t r a t i o n  of gold.  TSM g r o w n  
c rys t a l s  of o the r  sol ids  have  r e v e a l e d  i n t e r e s t i n g  
and  u n i q u e  d i s loca t ion  conf igura t ions  (1'8) in t he  
s ame  g e n e r a l  region.  The  p re sence  of such a d i s lo -  
ca t ion  n e t w o r k  in t he  v i c i n i t y  of t h e  j u n c t i o n  cou ld  
e x p l a i n  t he  r a t h e r  h igh  r e v e r s e  l e a k a g e  obse rved .  

Summary 
I t  has  been  shown  tha t  TSM is a s imp le  t e c h n i q u e  

for  g r o w i n g  r e l a t i v e l y  l a r g e  c rys t a l s  of s i l icon c a r -  
b ide  a n d  of f o r m i n g  p - n  j u n c t i o n s  d u r i n g  c r y s t a l  
g rowth .  Success fu l  a p p l i c a t i o n  of the  m e t h o d  r e -  
qu i r e s  t h a t  SiC su r faces  be  r i g o r o u s l y  clean.  U n i -  
f o r m  w e t t i n g  b y  c h r o m i u m  is a p r e r e q u i s i t e  for  
successfu l  zone pa s sage  and  occurs  on ly  on u l t r a -  
c l ean  SiC. The  r e g r o w n  m a t e r i a l  is a -S iC ,  even  
t h o u g h  the  g r o w t h  p rocess  is p e r f o r m e d  we l l  b e l o w  
the  f l / a  " t r a n s i t i o n "  t e m p e r a t u r e  of abou t  2000~ 
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Measurement of the Resistivity of Epitaxial Vapor 
Grown Films of Silicon by an Infrared Technique 

T. G. R. Rawlins 
Northern Electric Research and Development Laboratories, Ottawa, Ontario, Canada 

ABSTRACT 

An in f ra red  ref lect ivi ty technique is out l ined whereby  the ref lect ivi ty  m a y  
be cor re la ted  wi th  d-c  res is t iv i ty  of thin vapor  deposi ted ep i tax ia l  silicon 
layers.  The theory  under ly ing  the method is out l ined and ca lcula ted  curves  for 
different  planes of polar iza t ion  are  given. Exper imenta l  resul ts  are  descr ibed 
for  a range of res is t iv i t ies  be tween  0.03-60 ohm-cm.  Limita t ions  of the  equip-  
ment  used are  discussed and the va l id i ty  of the  method  examined.  

I t  is we l l  k n o w n  tha t  d i f fused  t r a n s i s t o r s  f a b r i -  
ca t ed  f r o m  e p i t a x i a l  s i l icon (s i l icon h a v i n g  a th in  
l i g h t l y  d o p e d  l a y e r  g r o w n  on top  of a h e a v i l y  d o p e d  
s ingle  c r y s t a l  s u b s t r a t e )  h a v e  v a s t l y  i m p r o v e d  
cha rac t e r i s t i c s  ove r  t r a n s i s t o r s  f a b r i c a t e d  f r o m  con-  
ven t iona l  m a t e r i a l  (1) .  In  o r d e r  to p r o d u c e  t r a n s i s -  

tors  of con t ro l l ed  p r o p e r t i e s ,  i t  is n e c e s s a r y  to m e a s -  
u r e  the  t h i ckness  and  the  r e s i s t i v i t y  of t he  l ayers .  
A n o n d e s t r u c t i v e  i n f r a r e d  i n t e r f e r e n c e  m e t h o d  for  
the  m e a s u r e m e n t  of t h i ckness  has  been  p r o p o s e d  b y  
S p i t z e r  and  T a n n e n b a u m  (2)  and  e n l a r g e d  upon  b y  
A l b e r t  and  Combs  (3 ) .  
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A va r i e ty  of methods  have  been  t r ied  for meas -  
u r e m e n t  of res is t iv i ty ,  most  of these have  been  elec-  
t r ica l  methods  e i ther  d i rect  or indirect .  One method ,  
tha t  has been  used ex tens ive ly ,  has  been  to f ab r i -  
cate sha l low j u n c t i o n  diodes on the surface  and  ca l -  
cula te  res i s t iv i ty  f rom the capac i t ance -vo l t age  
charac ter is t ics  [see for example  (4 ) ] .  This  me thod  
is, however ,  des t ruc t ive  and  compara t i ve ly  t i m e -  
consuming .  Other  methods  in  the  case of silicon, 
which  are nondes t ruc t ive ,  re ly  on the  proper t ies  of 
va r ious  types  of contacts  (5) .  These contacts  do not  
u sua l l y  have  r ep roduc ib le  propert ies .  In  m a n y  i n -  
s tances these methods  are no t  v e r y  prac t ica l  and  
are  l imi t ed  in  res i s t iv i ty  range.  

I t  was wi th  these m a n y  shor t - comings  in  m i n d  
tha t  an  i n f r a r ed  me thod  was sought.  The i n f r a r e d  
me thod  is also c o n v e n i e n t  in  tha t  th ickness  and  r e -  
s i s t iv i ty  m a y  be m e a s u r e d  on the same i n s t r u m e n t .  

In  pr inc ip le ,  high f r equency  res i s t iv i ty  ( a s sumed  
p ropor t iona l  to d-c  res i s t iv i ty )  m a y  be found  f rom 
the opt ical  cons tants  n and  k. Thus  any  me thod  of 
m e a s u r e m e n t  which  leads to va lues  for  n and  k m a y  
be used, since the  complex  re f rac t ive  index  is g iven  
by  

N = n - - i k  

and  f rom Maxwel l ' s  equa t ions  

N ~ = e~  - -  i 41r~o ' /~  

where  �9 is the  pe rmi t t i v i t y ,  ~ pe rmeab i l i t y ,  ~r con-  
duc t iv i ty  (h igh  f r e q u e n c y ) ,  a n d  ~ ---- 2~r x f requency .  

Conven t iona l ly ,  ref lect ivi ty  m a y  be  used  to find n 
and  k (6, 7). However ,  the case of ep i tax ia l  s i l icon 
ref lect ivi ty  is d i f ferent  in  tha t  i n t e r f e rence  f r inges  
are obta ined,  which  somewha t  compl ica te  the  s i tua -  
tion, and  a di f ferent  express ion  for the  ref iect iv i ty  
f rom a l ayer  is ob ta ined  (8).  In  a n y  case it becomes 
imprac t i cab le  to m e a s u r e  res i s t iv i ty  in  this  w a y  for, 
apa r t  f rom the above  factors,  it is found  tha t  for 
the  r ange  of resis t ivi t ies ,  which  are u sua l l y  of i n -  
terest  for ep i tax ia l  l ayers  (0.1 o h m - c m  - 100 o h m -  
cm) ,  n is essent ia l ly  cons tan t  and  k is e x t r e m e l y  
smal l  (9) .  In  the case of conven t iona l  ref lect iv i ty  
m e a s u r e m e n t s  for r e a s o n a b l y  accura te  resul t s  , it is 
necessary  tha t  k =~ 0.2, i . e . ,  s ignif icant  absorp t ion  
(6, 7). I t  therefore  becomes necessa ry  to " m a g n i f y "  
the ve ry  smal l  va lues  of k (10 -4 - -  10 -1)  in  order  
to be  able  to use ref lect ion spect ra  for d i f fe ren t ia t -  
ing b e t w e e n  layers  of d i f ferent  resis t ivi t ies .  In  add i -  
t ion, such a me thod  mus t  only  a l low p e n e t r a t i o n  of 
the  inc iden t  r ad ia t ion  into the  topmost  reg ion  of 
the deposi ted layer .  In  fact these r e q u i r e m e n t s  are 
met  in  the  me thod  of a t t e n u a t e d  tota l  reflect ion due 
to F a h r e n f o r t  (10) and  F a h r e n f o r t  and  Visser  (11).  
The essent ia ls  of this  me thod  are such tha t  r a d i a -  
t ion is a l lowed to t r ave l  in  a dense  m e d i u m  towards  
a b o u n d a r y  b e t w e e n  this  m e d i u m  and  one which  is 
less dense. The l a t t e r  m e d i u m  is the  sample  of i m -  
med ia t e  in teres t ,  h a v i n g  a f inite (bu t  u sua l l y  smal l )  
va lue  of k. The ang le  of inc idence  of the r ad ia t ion  
on the b o u n d a r y  is a r r a n g e d  such tha t  it is s l ight ly  
grea te r  t h a n  the cr i t ical  angle.  The ref lect ivi ty  is 
t hen  no longer  100% bu t  depends  qu i te  m a r k e d l y  
on the va lue  of k for the  sample  [see (10, 11)] .  This  
impl ies  a t r ans f e r  of ene rgy  in to  the  second med ium.  

Some of this  ene rgy  is absorbed,  according to the  
va l ue  of k and  the  p a r t i c u l a r  wave leng th .  

Theory  

A n  ou t l ine  of the  theory,  wh ich  is appropr i a t e  to 
the use of the  method  for res i s t iv i ty  m e a s u r e m e n t ,  
wi l l  be g iven  below. 

The F re sne l  coefficients m a y  be ob ta ined  by  ap-  
p ly ing  the b o u n d a r y  condi t ions  for r ad i a t i on  inc i -  
den t  on an  in te r face  b e t w e e n  dense and  less dense 
m e d i a  [c.f. (12) ] .  

These express ions  give the  rat ios  of the  ampl i -  
tudes  of the reflected or t r a n s m i t t e d  electr ic  vectors  
for bo th  p lanes  of po la r iza t ion  of the  inc iden t  elec- 
t r ic  vector.  Ana logous  express ions  m a y  be  ob ta ined  
for the magne t i c  vectors.  

Also 
No sin r = N1 sin r (Sne l l ' s  l aw)  [1] 

No ---- no 
N 1  = n l  - -  i k z  

(S ince  N1 is complex,  it  is a p p a r e n t  f rom [1] tha t  
~hl m u s t  be complex.)  

Us ing  the F r e sne l  equat ions ,  Snel l ' s  l aw and  t h e  
def ini t ion of the  P o y n t i n g  vector,  we m a y  ob ta in  
equa t ions  for the ref lect iv i ty  for the  two p lanes  of 
polar izat ion,  i . e . ,  for po la r iza t ion  p e r p e n d i c u l a r  to 
the p l ane  of inc idence  

R~ = [ (no cos r --  x)  2 + y 2 ] / [  (no cos r + x)  2 + y2] 

w he r e  x and  y are p a r a m e t e r s  g iven  by  

x - -  i y  = [ ( n  - -  i k )  ~ - -  no 2 s in 2 r lz2 

A s imi la r  express ion  m a y  be ob ta ined  for the  other  
p l ane  of polar izat ion.  W h e n  var ious  appropr ia te  
va lues  of no, nz, kl, and  r are  subs t i tu t ed  in  the  r e -  
f lect ivi ty equat ions ,  resul t s  such as those shown in  
Fig. 1 and  2 are  obta ined.  F r o m  these graphs  it m a y  
be seen that ,  w h e n  the  second m e d i u m  has a finite 
non -ze ro  va l ue  of ex t inc t ion  coefficient for angles  
of inc idence  g rea te r  t han  the cr i t ical  angle,  defined 

REFLECTIVITY R$ 
1.0 

0.~ 

G! 

O~ 

~ a  

~5  

G4 

/ /  

b 
f" �9 J 

/ 
~ r 

J 
/ 

i ! ! g  ! ' : ; i | |  

ANBLE ~FINQO(NCE 

Fig. 1. Calculated reflectivity vs. angle of incidence curves for 
polarization perpendicular to the plane of incidence and various 
values of k: no = 4.02 (germanium), nl = 3.42 (silicon). 
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Hence,  be t t e r  contact  should  be  achieved.  This  r e -  
qu i r emen t ,  therefore ,  suggests  tha t  a condens ing  
sys tem be used. A f u r t h e r  factor,  sugges t ing  the  
necess i ty  for a condens ing  system,  is tha t  it is con-  
v e n i e n t  to have  the  same a m o u n t  of e n e r g y  i nc iden t  
on every  sample.  This m e a n s  t ha t  the  b e a m  should  
be condensed  sufficiently so tha t  the  whole  of the  
b e a m  wil l  fal l  on the  smal les t  a nd  mos t  i r r egu l a r  
samples,  w i thou t  a n y  por t ion  of it  be ing  lost, i . e . ,  

sampl ing  area  is m a i n t a i n e d  constant .  
In  order  to ensu re  tha t  the  a n g u l a r  accuracy  and  

r ep roduc ib i l i t y  are m a i n t a i n e d ,  a pa ra l l e l  b e a m  
should  fal l  on the  sample.  

Most of these r e q u i r e m e n t s  a re  satisfied by  a 
commerc ia l ly  ava i l ab le  m i c r o - a t t e n u a t e d  to ta l  r e -  

Fig. 2. Re-plotted version of Fig. 1, showing reflectivity vs. k for 
different angles of incidence. 

as s in  -1 ( n J n o ) ,  the ref iect iv i ty  var ies  according to 
the va lue  of k. This is also t rue  for angles  of inc i -  
dence less t h a n  the  cr i t ical  angle.  However ,  in  this 
case, the difference in  ref lect ivi ty  for a g iven  change  
in  k ve ry  r ap id ly  becomes m u c h  less (see Fig. 2). 
I t  is ev iden t  f rom the  graphs  tha t  the  difference is 
grea tes t  at, or s l ight ly  above the cr i t ical  angle.  

Now according to e lec t romagne t ic  theo ry  

( n  - -  i k  ) 2 ~ elz - -  i 47rlzo'/~ 
o r  

n 2 - k  2 = e ~ - ~  ( a s s u m e ~ =  1) 
n k  ~ 2~r~r/~ = ( f ly  

Hence  n and  k are  d e p e n d e n t  on ~r. Also e x p e r i m e n -  
t a l ly  (9) it  is found  tha t  at  a g iven  w a v e l e n g t h  the  
absorp t ion  coefficient increases  w i th  inc reas ing  ca r -  
r ie r  concen t ra t ion ,  i . e . ,  since absorp t ion  coefficient 
o~ = 4~r k / X ,  ref lect iv i ty  m u s t  v a r y  wi th  car r ie r  con-  
cent ra t ion .  [For  a more  complete  theore t ica l  t r e a t -  
ment ,  see ref. 13.] 

Exper imenta l  
As the re f rac t ive  index  of s i l icon is ( n o m i n a l l y )  

3.42 - -  i k  (14) it  is necessa ry  to pick ano the r  semi -  
conductor ,  n a m e l y  g e r m a n i u m ,  n ~ 4.02, as the  
opt ical ly  denser  m e d i u m  (14).  Since bo th  inc iden t  
b e a m  and  reflected b e a m  should  be  a t t e n u a t e d  as 
l i t t l e  as possible,  it  is p r e f e r ab l e  t ha t  the  g e r m a -  
n i u m  should  have  smal l  absorpt ion,  i . e . ,  i n t r in s i c  
g e r m a n i u m  so tha t  l i t t le  or no i m p u r i t y  absorp t ion  
occurs and  only  tha t  due  to la t t ice  v ib r a t i ons  is s ig-  
nificant.  

F u r t h e r ,  it  is a p p a r e n t  f rom the  ana lys i s  (13) 
tha t  the two media  mus t  be in  i n t i m a t e  contact  in  
order  to give the  best  resul ts ,  i . e . ,  there  should be 
no  i n t e r m e d i a t e  air  space. In  pract ice  this  is diffi- 
cul t  to achieve.  However ,  va r ious  mic rowa ve  ex-  
pe r imen t s  (15) show tha t  the  effect wi l l  st i l l  occur 
even  w h e n  the re  is subs t an t i a l  separa t ion .  However ,  
it is ev iden t  tha t  the re la t ive  difference m a y  be ex-  
pected to be  cons ide rab ly  reduced.  Due  to this  fact, 
and  to the  fact  t ha t  the  sur face  of v a p o r - g r o w n  
ma te r i a l  is not  per fec t ly  flat, it is more  c o n v e n i e n t  
to be ab le  to inves t iga te  a r e l a t ive ly  smal l  po r t ion  
of the  tota l  area,  since the  va r i a t i on  in  flatness m a y  
be expected  to be less over  the  m o r e  res t r i c ted  area.  

f iectance uni t .  1 
A schemat ic  of the  opt ical  sys tem of this  u n i t  is 

show n  in  Fig. 3 a nd  4. A condens ing  sys tem is used 
to b r i ng  the  b e a m  to a focus j u s t  before  the  g e r m a -  
n i u m  hemicy l inder .  The  cy l indr i ca l  surface  ref rac ts  
the  r ad i a t i on  such tha t  a pa ra l l e l  b e a m  falls on the  
sample  [c.f., F a h r e n f o r t  (10) ] .  The  size of the  s a m -  
ple is a p p r o x i m a t e l y  1 x 6 mm,  i . e . ,  the  b e a m  is con-  
densed  to this  a pp r ox i ma t e  size. The m a i n  d r a w -  
back  is tha t  the a n g u l a r  accuracy  is not  as adequa te  
as des i rab le  [see (11) ] .  I t  is also necessary  for the 
g e r m a n i u m  h e m i c y l i n d e r  to be  ve ry  accura te  and  
free f rom surface defects on the  pol ished surfaces 
in  order  to p r e v e n t  abe r r a t i ons  a nd  scat ter ing.  

Results and  Conclusions 
Some typica l  ref lectance curves,  us ing  r a n d o m  

polar iza t ion ,  for a v a r i e t y  of ep i tax ia l  v a p o r - d e -  

1 C o n n e c t i c u t  I n s t r u m e n t  C o r p . ,  W i l t o n ,  C o n n .  

Fig. 3. Optical system of the micro-attenuated total reflectance 
unit. 

~ G E R M A N I U M  / HE.,CYL,NOE  

Fig. 4. Enlarged portion of Fig. 2 showing the sample and 
germanium hemicylinder. 
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pos i t ed  s l ices a r e  s h o w n  in Fig.  5 and  6. In  Fig .  5, 
w h i c h  is a t r a c ing  of a n u m b e r  of curves ,  t he  ref lec-  
t i on  un i t  w a s  p l a c e d  in the  s a m p l e  b e a m  of a B e c k -  
m a n  I.R. 5A Rock  Sa l t  S p e c t r o p h o t o m e t e r .  A b e a m  
a t t e n u a t o r  was  used  in the  r e f e r e n c e  b e a m  in o r d e r  
to i nc rea se  t he  r e l a t i v e  t r ansmis s ion .  U s u a l l y  t he  
ac tua l  t r a n s m i s s i o n  in  t he  s a m p l e  b e a m  w a s  a p -  
p r o x i m a t e l y  15-30%,  w h i c h  c o m p a r e s  r e a s o n a b l y  
we l l  w i t h  the  50-55% o b s e r v e d  w i t h  an  a l u m i n i z e d  
m i r r o r  s u b s t i t u t e d  for  h e m i c y l i n d e r  p r i s m  and  s a m -  
ple,  i.e., the  s a m p l e  etc. m u s t  cause  some sca t t e r ing ,  
abso rp t ion ,  and  re f lec t ion  losses.  Also  e v i d e n t  in t he  
s p e c t r a  a r e  a t m o s p h e r i c  a b s o r p t i o n  bands ,  due  to 
t he  l onge r  s a m p l e  b e a m  p a t h  l eng th .  T h e  l a y e r  r e -  
s i s t iv i t i e s  w e r e  m e a s u r e d  b y  m e a n s  of t he  d iode  
capac i t ance  t e c h n i q u e  [c.f. (4)  ]. 

F i g u r e  6 shows  f u r t h e r  t r ac ings ,  in  th i s  case  t he  
cu rves  w e r e  r u n  on a P e r k i n - E l m e r  M o d e l  21 
S p e c t r o p h o t o m e t e r  u n d e r  e x a c t l y  t he  same  cond i -  
t ions,  e x c e p t  t h a t  scale  e x p a n s i o n  as we l l  as b e a m  

a t t e n u a t i o n  was  used.  As  be fo re  t h e  s a m p l e  r e s i s -  
t iv i t i e s  w e r e  m e a s u r e d  b y  m e a n s  of t he  d iode  ca -  
p a c i t a n c e - v o l t a g e  t echn ique .  F i g u r e s  5 and  6 a r e  
u n f o r t u n a t e l y  no t  d i r e c t l y  c o m p a r a b l e  d u e  to the  
scale  e x p a n s i o n  and  b e a m  a t t e n u a t i o n  used;  i t  
shou ld  be e m p h a s i z e d  t ha t  t he  o r d i n a t e  is r e l a t i v e  
re f lec t iv i ty .  

I t  is, t he r e fo re ,  a p p a r e n t  t h a t  the  m e t h o d  is sound,  
a l t h o u g h  the  d i f fe rence  in r e f l ec t iv i ty  is no t  as g r e a t  
as t h a t  w h i c h  m i g h t  be  p r e d i c t e d  f r o m  a b s o r p t i o n  
m e a s u r e m e n t s  a n d  t h e  a b o v e  c a l c u l a t e d  curves .  

F u r t h e r  e x p e r i m e n t a l  w o r k  is r e q u i r e d ,  bo th  to 
i m p r o v e  and  ref ine t h e  t echn ique ,  and  to g ive  a 
b e t t e r  i dea  of r e p r o d u c i b i l i t y  and  accuracy .  F i r s t ,  
as n o t e d  above ,  t he  r e f l ec t iv i ty  o b s e r v e d  does no t  
a g r e e  w i t h  t h a t  p r e d i c t e d  f r o m  the  t he o ry .  I t  is fe l t  
t h a t  t he  e x p l a n a t i o n  for  th is  l ies  first  in  t he  l a ck  of 
a n g u l a r  a c c u r a c y  i n h e r e n t  in  the  uni t .  I ndeed ,  f rom 
th is  r e spec t  as we l l  as o thers ,  such as conven ience  
of l oa d ing  t h e  sample ,  i t  m a y  be  be s t  to des ign  an 
i n s t r u m e n t  for t he  specific purpose ,  p r o b a b l y  w i t h  a 
f ixed angle ,  as i t  ha s  been  f o u n d  q u i t e  diff icult  to 
m a i n t a i n  t he  ang le  c o n s t a n t  w h e n  s a m p l e s  a re  
changed .  Second  i t  is f e l t  t ha t  the  g e r m a n i u m  h e m i -  
c y l i n d e r  m a y  no t  be  suff ic ient ly  a d e q u a t e  for  t he  
p u r p o s e  of t h e  m e a s u r e m e n t .  I t  is qu i t e  l i k e l y  t h a t  
t he  g e r m a n i u m  is insuf f ic ien t ly  p u r e  ( t he  r e s i s t i v i t y  
was  on ly  close to in t r in s i c  r e s i s t i v i t y )  a n d  is, t h e r e -  
fore ,  abso rb ing .  A n y  a b s o r p t i o n  w i l l  cause  a loss in 
re f lec ted  ene rgy .  I t  is also l i k e l y  t h a t  t h e  g e o m e t r i -  
cal  s h a p e  is i naccu ra t e .  A n y  v a r i a t i o n  in c u r v a t u r e  
wi l l  change  the  r e f r a c t i n g  p o w e r  of t he  surface ,  so 
t h a t  the  b e a m  w i l l  no t  be  p a r a l l e l  w h e n  i t  is inc i -  
den t  on the  sample .  This  in t u r n  w i l l  cause  f u r t h e r  
loss in ene rgy .  A f t e r  t he  b l a n k  has  b e e n  mach ined ,  
i t  is n e c e s s a r y  to po l i sh  it. This  m a y  i n t r o d u c e  f u r -  
the r  sources  of e n e r g y  loss  due  to sca t t e r ing ,  as we l l  
as change  in  d ime ns ions  or  f latness.  In  add i t ion ,  if 
t he  s a m p l e  i t se l f  is no t  flat, o r  has  a poo r  sur face ,  or  
is no t  in con tac t  w i t h  t he  g e r m a n i u m ,  a d d i t i o n a l  
e n e r g y  wi l l  be  lost .  

Thus,  i t  seems  l i k e l y  t h a t  t he  a b o v e - n o t e d  m e c h -  
an i sms  accoun t  for  a n y  d i sc repanc ie s .  I t  shou ld  be  
n o t e d  tha t ,  in  a n y  case, l imi t s  shou ld  b e  set  on the  
r a n g e  of r e s i s t i v i t i e s  w h i c h  m a y  be  m e a s u r e d ;  t he  
l i m i t a t i o n  b e i n g  the  a c t u a l  v a l u e  of k. F r o m  the  
t h e o r e t i c a l  cu rves  i t  m a y  b e  e x p e c t e d  t h a t  k = 10 -4 
is t he  l owes t  p r a c t i c a l  v a l u e  u n d e r  mos t  c i r c u m -  
s tances .  This  co r r e sponds  to a p p r o x i m a t e l y  10 o h m -  
cm a t  10~ fo r  n - t y p e  m a t e r i a l  (9) .  The  h igh  l i m i t  
of k m a y  b e  set  b y  the  a b i l i t y  to d i s t i n g u i s h  m a t e -  
r i a l s  of d i f fe ren t  v a l u e s  of k. In  p r a c t i c e  t he  l o w e r  
l i m i t  enab le s  one to cove r  t he  w h o l e  c o n v e n t i o n a l  
r a n g e  of  r e s i s t iv i t i e s ,  f r o m  a p p r o x i m a t e l y  0.001 
o h m - c m  u p w a r d s ,  cons i s t en t  on ly  w i t h  b e i n g  ab le  
to r e s o l v e  suff ic ient ly  s m a l l  changes  in r e l a t i v e  r e -  
f lect ivi ty .  

I t  is diff icult  a t  th i s  s t age  to  g ive  a n y  e x a c t  i dea  
of p rec i s ion  d u e  to  diff icul t ies  a l r e a d y  noted ,  h o w -  
e v e r  i t  m a y  be  s t a t ed  tha t ,  p r o v i d e d  g r e a t  ca re  is 
t a k e n  to m a i n t a i n  a cons t an t  angle ,  a s a m p l e  m a y  
be  r e m o v e d  a n d  r e p l a c e d  to g ive  r e l a t i v e  r e f l ec t iv i -  
t ies  c o n s t a n t  to w i t h i n  a f ew  p e r  cent .  As  d i scussed  
a b o v e  the  a c c u r a c y  is p r i m a r i l y  l i m i t e d  b y  t h e  un i t  
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i tself ,  a l t h o u g h  the  roughnes s  of t he  s a m p l e  also 
c o n t r i b u t e s  as does  t he  s a m p l e  area .  

A f u r t h e r  p o i n t  shou ld  be  m a d e  c lea r  w i t h  r e f e r -  
ence  to  t he  p r a c t i c a l i t y  of t he  m e t h o d  for  m e a s u r i n g  
r e s i s t iv i t i e s  in  th in  l aye r s .  I t  is obv ious  t h a t  for  t he  
e p i t a x i a l  s i l icon to affect  the  re f lec t iv i ty ,  t h e r e  m u s t  
be p e n e t r a t i o n  into  it. As e p i t a x i a l  l a y e r s  a re  u su -  
a l l y  on ly  a b o u t  10~ th ick ,  i t  is v a l i d  to ques t ion  
w h e t h e r  the  s u b s t r a t e  w i l l  have  a n y  effect on the  
m e a s u r e m e n t .  I t  w i l l  become  c lea r  f r o m  the  t h e o r y  
(13) t h a t  the  p e n e t r a t i o n  is less t h a n  a w a v e l e n g t h .  
Thus ,  a su i t ab l e  w a v e l e n g t h  m a y  be  chosen  b e t w e e n  
t h e  e n e r g y  gap  a b s o r p t i o n  r e g i o n  and  the  r eg ion  of 
h igh  l a t t i c e  a b s o r p t i o n  ( in  g e r m a n i u m )  such t h a t  
p e n e t r a t i o n  is no p r o b l e m .  In  p r a c t i c e  no di f f icul ty  
is encoun t e r ed ,  for  i n t e r f e r e n c e  f r inges  w o u l d  be  
o b s e r v e d  on s cann ing  the  w h o l e  s p e c t r u m  if t he  
p e n e t r a t i o n  w e r e  subs t an t i a l .  

F i n a l l y  i t  shou ld  be  e m p h a s i z e d  t h a t  the  m e t h o d  
g ives  on ly  t he  r e s i s t i v i t y  of the  su r f ace  l ayer .  
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Preparation of GaAsxPl_  by Vapor Phase Reaction 
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ABSTRACT 

A method  for producing  ep i tax ia l  GaAsxPI -x  ut i l iz ing an open tube flowing 
a tmosphere  system is presented.  The var ious  al loy composit ions are syn the -  
sized and deposi ted by  using AsC13, PC13, H2, and Ga as the ini t ia l  reactants .  
The comple te  range  of G a A s x P l - x  composit ions has been p repa red  by va ry ing  
the mole  ra t io  PC13 and AsC13 in t roduced  into the  reactor  gas s t ream. Expe r i -  
menta l  condit ions r equ i red  for achieving good ep i tax ia l  g rowth  of these m a -  
ter ia ls  on ~ 1 1 1 ~  or iented  GaAs subst ra tes  are  discussed. 

P r e p a r a t i o n  of I I I - V  s e m i c o n d u c t o r s  b y  v a p o r  
phase  r e a c t i o n  was  first  r e p o r t e d  b y  A n t e l l  and  Effer  
(1) .  L a t e r  L y o n s  a n d  S i l v e s t r i  (2)  d e m o n s t r a t e d  
e p i t a x i a l  G a A s  g r o w t h  f r o m  a vapor .  O the r s  h a v e  
c o n t i n u e d  th is  w o r k  in open  and  c losed  sy s t ems  us ing  
v o l a t i l e  ha l ides  and  ox ides  as  t r a n s p o r t  med ia .  

G e r s h e n z o n  and  M i k u l y a k  (3)  p r e p a r e d  G a P  b y  
r eac t i on  of g a l l i u m  s u b o x i d e  w i t h  p h o s p h o r u s  in t he  
v a p o r  phase .  A v a r i e t y  of o x y g e n  c o m p o u n d s  w e r e  
also fo rmed ,  and  the  G a P  was  t h o u g h t  to be  d o p e d  
w i t h  oxygen .  O x y g e n  was  l a t e r  shown  to cause  a 
deep  donor  l eve l  (4) (0.4 ev)  in GaP .  

P i zza re l lo  (5)  p r e p a r e d  sol id  so lu t ions  of G a P  in 
G a A s  b y  t r a n s p o r t i n g  a m i x t u r e  of G a A s  and  G a P  
w i t h  iod ine  in a c losed  sys tem.  The  depos i t s  w e r e  
no t  ep i t ax i a l ,  b u t  t he  e n t i r e  compos i t i on  r a n g e  was  
s y n t h e s i z e d  a n d  iden t i f i ed  f r o m  x - r a y  p o w d e r  d i f -  
f r ac t i on  pa t t e rn s .  V a r i a t i o n  in b a n d  gap  as  a f u n c -  

1 IBM. C o m p o n e n t s  D i v i s i o n ,  P o u g h k e e p s i e ,  N e w  York .  

t ion of compos i t i on  was  m e a s u r e d .  Also,  l a t t i c e  p a -  
r a m e t e r  v a r i a t i o n  was  f o u n d  to obey  V e g a r d ' s  l aw.  

H a l o g e n  d o p i n g  e x p e r i m e n t s  b y  A n t e l l  (6)  h a v e  
shown  tha t  ch lo r ine  and  iod ine  do not  b e h a v e  as 
donors  or  accep to r s  in InAs,  GaP ,  and  p r e s u m a b l y  
o t h e r  I I IoV semiconduc to r s .  F o r  th i s  r ea son  h a l o g e n  
v a p o r  t r a n s p o r t  sy s t e ms  seem b e t t e r  t h a n  o x y g e n  
sys t ems  for  I I I - V  s e m i c o n d u c t o r  v a p o r  g rowth .  A 
v a r i e t y  of h a l i d e  sources  has  been  used  in  c losed  
s y s t e m  e x p e r i m e n t s  (7 ) ,  b u t  open  t ube  e x p e r i m e n t s  
h a v e  used  p r i m a r i l y  HC1. Open  sys t ems  offer con-  
s i d e r a b l e  f l ex ib i l i t y  c o m p a r e d  to c losed  sys tems ,  b u t  
HC1 is diff icult  to o b t a i n  in h igh  p u r i t y  and  is eas i ly  
c o n t a m i n a t e d  t h r o u g h  r e a c t i o n  w i t h  m e t a l  v a l v e s  
and  flow me te r s .  

Th is  p a p e r  desc r ibes  t he  v a p o r  phase  r e a c t i o n  of 
Ga and  G a A s  w i t h  AsC13 and  PC13 in an  open  sys -  
t e m  to f o r m  e p i t a x i a l  G a A s x P l - x  depos i t s  on G a A s  
subs t ra t e s .  This  t e c h n i q u e  has  s e v e r a l  a d v a n t a g e s  
over  e a r l i e r  open t u b e  sys tems .  H i g h - p u r i t y  AsC13 
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and  PC13 can be p r e p a r e d  by  l abo ra to ry  d i s t i l l a t ion  
and  can serve as a p u r e  arsenic  and  phosphorus  
source as wel l  as a ha logen  source. The vapor  p res -  
sures of AsCI~ and  PC18 are  h igh enough  so tha t  they  
can be t r an spo r t ed  as gases by  d i sp lacement  f rom 
a bubb le r ,  thus  avo id ing  contact  w i th  the  usua l  me ta l  
par ts  necessa ry  in  HC1 systems.  Also, the  ra t io  of 
arsenic  to phosphorus  i n t roduced  in to  the  sys tem can 
be va r i ed  d u r i n g  g rowth  a l lowing  graded  composi -  
t ion s t ruc tu res  to be g rown  in  a s ingle  operat ion.  

Experimental  
Figure  1 shows the  e x p e r i m e n t a l  appara tus .  H y -  

drogen,  purif ied by  Pd  diffusion, is me te red  in to  the  
sys tem th rough  four  flow meters .  Two are  connec ted  
to AsC13 and  PC13 b u b b l e r s  wh i l e  a t h i rd  controls  
f u r t h e r  d i lu t ion  of the  displaced AsC13 and  PC18 
vapors.  The  d i lu ted  vapors  t h e n  pass over  Ga or 
GaAs feed m a t e r i a l  2 at  an e leva ted  t empe ra tu r e ,  
and  the  reac t ion  products  are f u r t h e r  d i lu ted  wi th  
hyd rogen  f rom the four th  flow meter .  These gaseous 
products  are  swept  t h rough  a decreas ing  t e m p e r a -  
tu re  g rad ien t  to the  cooler end  of the  reac t ion  tube  
where  they  combine  to deposit  GaAsxPl -x  on a GaAs  
seed. Both  m e c h a n i c a l l y  and  chemica l ly  pol ished 
(111) o r ien ted  seeds have  been  used w i th  equa l  

S u c c e s s .  

Typica l  opera t ing  condi t ions  are:  feed m a t e r i a l  
t empera tu re ,  900~176 seed t empe ra tu r e ,  775 ~ 
820~ AsCI~ b u b b l e r  flow rate,  10-100 cmS/min ;  
PC13 b u b b l e r  flow rate,  1-10 cm3/min ;  d i lu t ion  h y -  
d rogen  flow rates,  20-200 cmS/min.  

The  chemical  composi t ions  of the  GaAsxPl -~  de-  
posits were  ident i f ied p r i m a r i l y  by  x - r a y  diffraction.  
Since no composi t ion  difference was  seen in  
GaAsxPI-x  deposi ted on a seed and  on ad jacen t  
wal ls  of the  reac t ion  tube ,  most  of the x - r a y  m e a s -  
u r e m e n t s  were  done f rom powder  pa t t e rn s  of m a -  
te r ia l  ad j acen t  to the seed. A few wet  chemica l  
m e a s u r e m e n t s  we re  m a d e  and  were  found  to be 
w i t h i n  4% of the  x - r a y  values.  

J u n c t i o n  e lec t ro luminescence  was  used as an  i n -  
direct  m e a s u r e m e n t  of composit ion.  Zinc  was  d i f -  
fused in to  severa l  n - t y p e  deposi ts  of d i f ferent  com-  
posi t ions to form p - n  junc t ions .  The  l ight  emi t t ed  on 

8 T h e  Ga w a s  s ix  n i n e s  g r a d e  p u r i t y  a n d  t he  G a A s  w a s  p r e p a r e d  
i n i t i a l l y  f r o m  f ive n i n e s  g r a d e  p u r i t y  G a  a n d  As. The  AsC13 and  
PCI~ w e r e  d i s t i l l ed  r e a g e n t  g r a d e  ma te r i a l s .  

O F  G a A s x P I - ~  815 

fo rward  bias had  a w a v e l e n g t h  which  cor responded 
to an ene rgy  t r ans i t i on  a p p r o x i m a t e l y  equa l  to the  
ene rgy  gap of the composi t ion  involved .  

T r a n s p o r t  p roper t ies  were  m e a s u r e d  for two com-  
posi t ions of GaAS~Pl-x.  A 100/~ th ick  deposit  of 
GaAs0.gP0.1 was  g r ow n  us ing  n ~  1015 cm -3 8 GaAs 
as feed mater ia l .  The  seed was  l apped  away  and  the  
deposit  was  cut  in to  a 1.0 x 0.2 cm r e c t a n g u l a r  
bar .  Direct  c u r r e n t  Hal l  effect and  res i s t iv i ty  meas -  
u r e m e n t s  showed n = 1.4 x 1017 cm -8 and  ~H = 1.2 
x 10 ~ cm2/vo l t - sec  at  r oom t empera tu r e .  This  mo-  
b i l i ty  is be low w h a t  m i g h t  be expected  for this  
composi t ion and  doping  level.  I t  was l a t e r  discov-  
ered tha t  the  PC13 used in  this  p r e p a r a t i o n  was  con-  
t a m i n a t e d  w i th  POC13. 

A deposi t  of GaAs0.6P0.4 was  g rown  on a h igh re -  
s i s t iv i ty  ( p - - 1 0  6 o h m - c m )  seed u s i n g  n - ~ 1 0  TM 

c m - 8  3 GaAs as feed mate r ia l .  Hal l  effect a nd  re -  
s i s t iv i ty  m e a s u r e m e n t s  showed n = 3.0 x 10 TM cm -~ 
and  tzn = 1.8 X 10 8 em2/vol t -sec .  These va lues  seem 
reasonab le  for this  composit ion.  

Crys t a l l i ne  charac ter is t ics  of the G a A s x P l - z  have  
been  e x a m i n e d  by  s t a in ing  t echn iques  and  mic ro -  
scopic observa t ion .  X - r a y  t echn iques  were  used to 
measu re  the  o r i en ta t ion  of the  deposit. Deposi t  t h i ck -  
ness was opt ica l ly  m e a s u r e d  on a c leaved or angle  
lapped  edge. No s t a in ing  was  necessary  here  be -  
cause the  deposi t  is a d i f ferent  color f rom the  seed. 
Composi t ions  h a v i n g  phosphorus  g rea te r  t h a n  
GaAs0~sP0.~s are  t r a n s p a r e n t  v a r y i n g  f rom da rk  red 
to g reen i sh -ye l low.  

Results and Discussion 

The complete  composi t ion  r a nge  of GaAsxPl -x  
has been  g rown  ep i t ax ia l ly  on GaAs. The two i m -  
po r t a n t  va r i ab les  t ha t  cont ro l  the  p roduc t  com-  
posi t ion  are the  composi t ion  of the  feed m a t e r i a l  and  
the  ra t io  of AsCI~ to PC18 in t roduced  in to  the  sys-  
tem. The  composi t ion  of the deposi t  was  not  de-  
p e n d e n t  on the  t e m p e r a t u r e  of the  feed m a t e r i a l  for  
the  t e m p e r a t u r e  r a nge  inves t iga ted  (900~176  
F igu re  2 shows the  effect of the mole  ra t io  of AsCI~ 
to PC18 in t roduced  into the  sys tem on the  deposit  
composi t ion  for bo th  Ga and  GaAs feed mater ia l .  

8 The  ca r r i e r  c o n c e n t r a t i o n  of the  f e e d  m a t e r i a l s  is  p r e s e n t e d  as an  
o rde r  of m a g n i t u d e  n u m b e r  e s t i m a t e d  f r o m  r e s i s t i v i t y  a n d  e m i s s i o n  
s p e c t r o g r a p h i c  data .  
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Fig. 2. GoAsxPt-x deposit composition as a function of AsCI3 
and PCI3 gas phase compositions. 
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The complete  composit ion range has been syn the-  
sized using Ga feed mater ia l ;  however ,  GaAs0.8~P0.83 
was the highest  phosphorus  composit ion produced  
using GaAs as a feed mater ia l .  This informat ion 
can be used to give some insight  into the  na tu re  of 
the chemis t ry  involved.  The l i t e r a tu re  genera l ly  
agrees tha t  a react ion be tween  Ga and a hal ide  
source wi l l  form mono- ,  di- ,  and t r i -ha l ides .  The 
d i -ha l ide  is thought  to be a loosely associated 
Ga (GaC14) complex and does not exist  in the gaseous 
state. The ga l l ium feed da ta  in Fig. 2 have  shown 
tha t  the composit ion of GaAs~Pl-x  formed is roughly  
propor t iona l  to the  mole  ra t io  of arsenic to phos-  
phorus  present  in the  system. The GaAs feed da ta  in 
Fig. 2 have  shown tha t  the react ion be tween  PC13 
and GaAs produces GaAs0.6~P0.33. This indicates tha t  
the  rat io  of arsenic to phosphorus  present  in the de-  
posit ion zone must  be 2 to 1. Equat ion [ 1 ] 

4GaAs -}- 2PC]8~ 3GaC1 -~ GaC13 -~ As4 W ~/~P4 [1] 

gives such a ratio. Knowing  that  under  these t e m -  
pe ra tu re  condit ions 3 moles of GaC1 are  formed for  
every  mole of GaC13 we can propose the fol lowing 
over -a l l  series of reactions.  

4GaAs + 2[nAsC13 ~ (1 --  n)PC13] ->3GaC1 

-]- GaC13 -F As4 + 2 As4 + 4 

3GaC1--> 2Ga -t- GaC]3 [3] 

[ 4  1 - - n  p 4 ]  ..~ 6GaAsxPl-x  6Ga ~- As4 + 2 As4 + 4 

[4] 

where  x : (2 + n ) / 3 .  F i r s t  the GaAs reacts  wi th  the 
AsC13 and PCI~ (Eq. [2 ] ) .  In the decreasing t em-  
pe ra tu re  gradient  the  GaC1 dispropor t ionates  (Eq. 
[3])  forming ga l l ium which is then able to react  
(Eq. [4])  wi th  the arsenic and phosphorus which 
are ava i lab le  in the gas phase. 

The react ion shown in Eq. [2] is complicated by  
the fact  tha t  AsCls and PC13 are reduced by h y d r o -  
gen at e levated  tempera tures .  This means that  whi le  
the  over -a l l  react ion proposed in Eq. [2] is correct  
the mechanism may  involve HC1 as an in termedia te .  

The react ions wi th  ga l l ium feed mate r i a l  a re  
s imi lar  to the  ga l l ium arsenide feed mate r i a l  reac-  

8 3 5  e z 5  
6 0  I 

5 0  --  

~_ 40 -- 

~ ~o 

I0 - -  

SUBSTRATE TEMP. "C  
815 8 0 5  795  7 8 5  7 7 5  7 5 5  

I I I I I 

�9 GAS FLOW --.--- ,m,- - -  

/ !  _ 
/ \  

I 

I 
I 

. . -~  I I I I I 
I" 2" 3" 4" S" 6" 7" 

DISTANCE INTO D E P O S I T I O N  Z O N E  ( I N C H E S }  

Fig. 3. Deposition rate as a function of position of substrate in 
deposition zone and temperature. 

tions except  that ,  in the former,  AsC]~ is the only 
arsenic source. 

The deposit  growth ra te  has not  been extens ive ly  
invest igated as such, but  the  fol lowing t rends  have  
been established. The two p r i m a r y  growth  ra te  
var iables  are the  AsC18 and PC18 flow rates  and the 
posit ion of the  seed in the t empera tu re  gradient .  

The normal  ranges  of flow ra tes  of He sa tura ted  
wi th  AsCI~ and PC13 vapor  f rom the bubblers  are  
10-100 cm3/min and 1-10 cm3/min, respect ively.  
(Vapor  pressure  of PCI~ is app rox ima te ly  ten t imes 
higher  than tha t  of AsCI~.) In general ,  increased flow 
ra tes  give increased growth  rate.  Very  high flow 
rates, however,  tend to etch the seed, and no de-  
posit ion occurs. This is because the H2 sa tu ra ted  
with  AsCls and PCls flow past  the feed mate r i a l  too 
r ap id ly  to react  complete ly  and are subsequent ly  
reduced to produce HC1 as a by-produc t .  The tIC1 
then etches the GaAs seed at a ra te  h igher  than  the 
growth  can occur. 

F igure  3 shows the deposi t ion rates  dur ing a 4.5 
hr  g r o w t h  with  PC13 and AsC13 vapor  flow ra tes  of 
4 and 20 cm3/min, respect ively .  The ga l l ium feed 
mate r ia l  t empe ra tu r e  was 950~ Six GaAs seeds 
were  placed at 1-in. in terva ls  in the cooler end of 
the  reac tor  and the t empe ra tu r e  gradient  was ad-  
jus ted  to 10~ No deposit  grew on the hot test  
seed. On the second seed the deposi t ion r a t e  was 
3.3 ~/hr ,  and no deposit  occurred on the adjacent  
suppor t ing quar tz  shelf. This indicates tha t  the 
growth process is surface cata lyzed at  this point  in 
the  reactor.  On the nex t  seed a growth  ra te  of 50 
~ /hr  was obtained,  and a ve ry  th ick deposit  was 
formed on the sur rounding  quartz.  The process here  
is p robab ly  a combinat ion of surface catalysis  and 
condensation of a supersa tu ra ted  vapor  species. On 
the next  three  seeds the deposi t ion ra te  var ied  f rom 
17 to 11 ~ /h r  wi th  a modera te  deposit  on the quartz.  
This is a combinat ion of surface catalysis  and nor-  
mal condensat ion f rom the vapor.  

Values presented  in Fig. 3 show a typica l  deposi-  
t ion ra te  gradient .  The curve can be shif ted to the  
left  by  rais ing the feed mate r i a l  t empera tu re ,  but  
this tends to e l imina te  the  region in which growth 
is by  surface catalysis  only. 

Epi tax ia l  growth  is easi ly  achieved in the surface 
cata lyzed region, but  the r a t e  is too slow for p rac -  
t ical  use. Epi tax ia l  growth  in the region of rap id  
deposit ion is possible  but  unpredic table .  The most  
reproducible ,  prac t ica l  growth  is achieved in the 

Table I. Physical characteristics of deposits produced at 
various substrate temperatures 

R u n  S e e d  t e m p e r -  
No.  a t u r e ,  ~ R e s u l t  

7 650 
8 675 
9 725 

11 775 
29 790 
38 830 
37 850 
63 790-->600 

"Powdery" deposit 
Very fine grain polycrystall ine 
Large grain polycrystall ine 
Single-epitaxial,  rough surface 
Single-epitaxial,  smooth surface 
Single-epitaxial,  slow growth rate 
Seed etched, no deposit 
Single-epitaxial,  slightly rough surface 
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region  i m m e d i a t e l y  b e y o n d  the  rap id  deposi t ion 
zone. In i t ia l ly ,  on ly  abou t  30% of the  deposits  g r o w n  
in  this  reg ion  were  epi taxial .  Later ,  by  b e g i n n i n g  
the g rowth  at 840~ and  s lowly  l o w e r i n g  the  seed 
t e m p e r a t u r e  to 790~ abou t  80% of the  deposits  
were  epi taxial .  

The  series of r u n s  shown in  Tab le  I was  m a d e  to 
es tabl ish  the  t e m p e r a t u r e  condi t ions  for ep i t ax ia l ly  
deposi t ing  GaAs067P0.8~ on a GaAs subs t ra te .  In  each 
r u n  GaAs was used as a feed ma te r i a l  at 915~ and  
the  subs t ra tes  we re  placed in  the  deposi t ion zone 
about  1.5 in. past  the  reg ion  of r ap id  deposit ion.  Ep i -  
t ax ia l  g rowth  was  achieved w h e n  the  subs t ra te  
t e m p e r a t u r e  was  b e t w e e n  775 ~ and  830~ W i t h  the  
gas concen t r a t i on  and  flow condi t ions  used,  vapor  
e tching  was not iced at  the  h ighe r  t e m p e r a t u r e ,  and  
n o n e p i t a x i a l  deposits were  observed for lower  t e m -  
pera tures .  

The evidence  tha t  our  ep i tax ia l  y ie ld  was  i n -  
creased f rom 30 to 80% by  star t ing '  g rowth  at 840~ 
and  s lowly lower ing  the  seed t e m p e r a t u r e  to 790~ 
suggested tha t  in i t i a l  n u c l e a t i o n  was  a cr i t ical  phase  
of growth.  SeveraI  runs ,  s imi la r  to r u n  63 in  Tab le  I, 
were  m a d e  in  which  the  t e m p e r a t u r e  was  s u b s t a n -  
t i a l ly  lowered  in  severa l  steps af ter  an  in i t i a l  per iod  
of 790~ growth.  It  was es tabl i shed tha t  the  deposit  
can r e m a i n  ep i tax ia l  and  s ingle  c rys ta l l ine  as low 
as 600~ Below this  t e m p e r a t u r e  arsenic  begins  to 

condense  in  the  deposi t ion  zone m a k i n g  f u r t he r  
g rowth  difficult. 
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Epitaxial Growth of Gallium Arsenide on Germanium Substrates 

1. The Relationship between Fault Formation in 

Gallium Arsenide Films and the Surface of Their Germanium Substrate 

T. Gabor* 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Morphological and etching studies on films of gal l ium arsenide deposited 
on germanium substrates have revealed twin  planes, grains, and stacking faults. 
The evidence suggests that  these defects are related to the faceting of the sub-  
strafe and to the presence of oxide films. 

The deposition of gallium arsenide films on low 
index planes of germanium substrates has been de- 
scribed (i-4), and recently films altogether free of 
stacking faults have been grown (5). We have 
found it much more difficult to avoid the formation 
of fau l t s  in  films g r o w n  on ~111} surfaces of ge r -  
m a n i u m  t h a n  in  films g rown  on ga l l i um arsen ide  
subs t ra tes .  The  a im of the  w o r k  descr ibed  in  this  
c o m m u n i c a t i o n  was  to e x a m i n e  the  causes of f au l t  
f o rma t ion  w h e n  g e r m a n i u m  was used as subst ra te .  

Experimental 
Flow sys tem. - -A  s t r eam of h y d r o g e n  con ta in ing  

arsenic  t r ich lor ide  was passed over  ga l l i um a r s e n -  
ide in  an  open tube.  The r e su l t ing  gas m i x t u r e  t h e n  
flowed over  g e r m a n i u m  subs t ra tes  in  a lower  t e m -  
p e r a t u r e  region.  The subs t ra tes  were  ly ing  hor izon-  
ta l ly  on semicy l indr i ca l  holders  so tha t  some g rowth  

* P r e s e n t  a d d r e s s :  B a t t e l l e  M e m o r i a l  I n s t i t u t e ,  C o l u m b u s ,  O h i o  

took place even  on the sides tha t  were  facing d o w n -  
wards.  The e x p e r i m e n t a l  condit ions,  the  chemical  
equi l ibr ia ,  and  t r a n spo r t  t ak ing  place in  this  sys tem 
have  p rev ious ly  been  descr ibed (6) .  

Substrates and outgassing.--{ 111 } wafers  cut  f rom 
Czoch ra l sk i -g rown  crysta ls  and  g e r m a n i u m  webs  
were  used as subs t ra tes .  The  l a t t e r  a re  g r own  b y  
pulling two dendrites from the melt, the material 
connecting the dendrites being pulled up by surface 
tension (7, 8). Various procedures were used for the 
cleaning of the crystals. The Czochralski-crystals 
were etched in CP4 while the webs were sometimes 
etched in CP4 at other times in aqueous HF. In most 
cases after etching the crystals were rinsed in water 
then in redistilled methanol. The second distillation 
of the methanol was performed in a quartz appara- 
tus. The solvent was blown off the crystals with a 
stream of ultrapure hydrogen. A similar technique 
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was also used w i th  doub le -d i s t i l l ed  water .  On a few 
occasions, especial ly  w h e n  no CP4 e tch ing  was pe r -  
formed,  the subs t ra tes  were  washed  wi th  a n o n -  
ionic surface act ive agent ,  "S t e roxAJ  ''1 (2.5 cc/  
l i t e r ) ,  in  an  u l t r ason ic  ba th  fo l lowed by  th ree  
washes  wi th  dis t i l led water .  In  st i l l  o ther  cases t r i -  
ch lo roe thy lene  was used for c leaning.  

Before deposi t ion,  the  subs t ra tes  were  hea ted  at  
h igh t e m p e r a t u r e s  (_--< 650~ for per iods  up to 20 
m i n  in a s t r eam of hydrogen .  In  some e x p e r i m e n t s  
the  fu rnace  was  hea ted  to the deposi t ion t e m p e r a -  
ture ,  and  the arsenic  t r ich lor ide  was added to the  
s t r eam of hyd rogen  before  the subs t ra tes  were  
b rough t  into the deposi t ion  region.  

Contamination of substrates wi th  an~imony. - -A  
s t r eam of h y d r o g e n  was  passed over  a n t i m o n y  (55 
mg)  at 400~ and  then  over  the subs t ra tes  at 250~ 
for 10 min.  The d i rec t ion  of the  flow of gas was  t hen  
reversed,  and  the  deposi t ion  zone was  hea ted  in  a 
s t r eam of h y d r o g e n  to 610~ and  kep t  the re  for 5 
m i n  before  s t a r t ing  the  g rowth  expe r imen t .  This  
t r e a t m e n t  was shown (9) to deposit  1014 --  1015 at. 
S b / c m  e Ge. 

Results 

Etching of cross sections of gallium arsenide hlms. 
- - O n  e tch ing  {211} cross sections of ga l l i um arsen ide  
films wi th  a so lu t ion  of K~Fe (CN)6 (2) : H20 (25) 
: KOH (3) ,  two different  types  of areas we re  de l ine -  
ated. One etched r ap id ly  and  gave a rough  da rk  
b r o w n  looking surface  af ter  on ly  30 sec. The o ther  
e tched more  s lowly  and  took longer  (2-3 m i n )  be -  
fore it  appeared  da rk  at  magni f ica t ions  up  to 200X 
and  showed etch pits at 500X. 

The e tch ing  studies  revea led  the  fo l lowing de-  
fects: 

1. T w i n  p lanes  in  the  g e r m a n i u m  subs t ra te  ex-  
t ended  into the  ga l l i um arsen ide  film wi th  u n -  
changed  spacing.  F igu re  1 shows a typ ica l  d i f fe ren-  
t i a l ly  e tched (211) sect ion of the  g rowth  on the  edge 
of a g e r m a n i u m  crystal .  The l a t t e r  con ta ined  t w i n  
p lanes  ly ing  in  (111~ p lanes  pe rpend i cu l a r  to the  
p l ane  of the  picture.  (The  p ic ture  was  t aken  wi th  
the  ga l l i um arsen ide  deposit  in focus; the g e r m a -  
n i u m  subs t r a t e  has e tched more  s lowly  and  was  
s l ight ly  out of focus so tha t  only  two of its th ree  

l T h e  a u t h o r  t h a n k s  M o n s a n t o  C h e m i c a l  C o m p a n y  fo r  t h e  s u p p l y  
of t h e  s u r f a c e  a c t i v e  a g e n t .  

July 1964 

Fig. 2. Etched cross section of GaAs film grown on (111~ Ge 
substrate. Arrows indicate misoriented areas. 

t w i n  p lanes  can be seen.)  The < 1 1 0 >  traces  of the 
twins  in  the  ga l l i um arsen ide  deposit  separa te  da rk  
and  l igh t  e tched areas. S imi la r  l ines  sepa ra t ing  da rk  
f rom l ight  areas also or ig ina te  at edges where  
macroscopic  faces of the  g e r m a n i u m  subs t r a t e  meet .  
Other  e tched {211} cross sect ions showed the  same 
phe nome non .  

2. Etched cross sections of the  g rowth  on the 
{111} p lanes  showed grains.  F i g u r e  2 shows a cross 
section af ter  a 10-sec etch (wi th  long e tching  the 
roughness  of the  in te r face  could not  be seen because  
of the  rap id  d isso lu t ion  of the  ga l l i um arsen ide  de-  
posit  and  the  a t tack  of the  e t chan t  on the side of the 
exposed g e r m a n i u m ) .  On longer  e tching  and  for 
cross sections cut  in  a (110} p lane ,  the  g ra ins  re -  
m a i n e d  the  same color as the  s u r r o u n d i n g  growth,  
whereas  in  (211} cross sections they  were  of the  op-  
posite type  to the g rowth  s u r r o u n d i n g  them:  they  
etched r ap id ly  and  became da rk  whereas  the  su r -  
r o u n d i n g  g rowth  e tched s lowly  and  vice versa.  In  
g rowth  occur r ing  at the  edge of (111) g e r m a n i u m  
wafers  (Fig. 1) a nd  also in  g rowth  on (111} p lanes  
w h e n  the sys tem was ba d l y  c o n t a m i n a t e d  2 gra ins  
were  found  not  on ly  at the  in te r face  bu t  also 
t h roughou t  the deposit.  

3. Lines  p ropaga t ing  in  the  inc l ined  {111} p lanes  
away  f rom the subs t r a t e  were  seen. These were  
ne ve r  found  to de l inea te  d a r k  and  l ight  areas. 

Morphological s tudies . - - Informat ion abou t  the 
ea r ly  stages of g rowth  was de r ived  f rom the  e x a m i -  
na t ion  of g rowth  is lands  tha t  were  found  in  some 
cases where  g rowth  was  slow. Most of these is lands  
were  t r igonal .  I n  v e r y  few cases, p r o b a b l y  due to 

2 F o r  e x a m p l e  w h e n  a l a r g e  a m o u n t  of  z inc  c h l o r i d e  w a s  u s e d  as  
t h e  t r a n s p o r t i n g  a g e n t  i n  a s e a l e d  t u b e .  

Fig. 1. ~211} section of GaAs grown on Ge. Twins contained in 
the latter propagate through the epitaxial film. Changes in 
polarity across the twins are shown by the differential etch. 

Fig. 3. Circular and triangular growth islands of GaAs observed 
on the downward facing plane of a (111~ Ge crystal. 
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Fig. 4. Interference microgroph showing growth steps on the 
{111} plane where faults propagating in the three inclined {111} 
planes reach the surface. 

some i m p u r i t y  p r e v e n t i n g  ep i tax ia l  growth,  they  
were  circular .  F i g u r e  3 shows a r a re  case where  
both  were  present .  The t r iangles  showed i n t e r f e r -  
ence colors sugges t ing  g rowth  of on ly  a few t h o u -  
sand  angs t roms  thickness .  The apices of some of 

these t r i ang les  po in t  in  the  [211] whereas  others  in  

the [2-11] direct ion.  
S tack ing  faul t s  were  fo rmed  on both  the Czo- 

chra lsk i  crysta ls  and  on the webs,  and  n o n e  of the  
c lean ing  procedures  (see E x p e r i m e n t a l  sect ion)  r e -  
su l ted  in  the i r  e l imina t ion .  The in te r sec t ion  of the 
faul ts  wi th  the {111} surface of the  films was  vis ib le  
w i thou t  e tching  because  g rowth  is fas ter  a long one 
side of the faul t  t h a n  a long the other.  F igu re  4 
shows an  in t e r f e rence  mic rog raph  of the surface  of 
a th ick  film in which  the faul ts  have  in t e rac ted  w i th  
each other  as has been  descr ibed for the case of 
s tacking  faul t s  in  si l icon films by  Booker  and  S t ick-  
ler (10).  

F i lms  g rown  on subs t ra tes  tha t  had  not  been  ou t -  
gassed also showed faults .  G r o w t h  is lands  ob t a ined  
on such subs t ra tes  had  a fea thered  s t ruc tu re  (Fig. 
5), and  films g rown  on t h e m  did not  show the  we l l -  
defined l ines  of the s tacking  faul t s  tha t  were  ob-  
ta ined  on outgassed samples  bu t  ins tead  showed a 
diffuse s t ruc tu re  (Fig. 6). 

De l ibe ra t e ly  c o n t a m i n a t e d  subs t ra tes  y ie lded  u n -  
usua l  g rowth  s t ruc tures .  For  example ,  w h e n  the  
subs t ra te  was  c o n t a m i n a t e d  wi th  an t imony ,  a la rge  
n u m b e r  of whiskers  and  r o u n d  hil ls  l ike the  one in  
Fig. 7 were  found  on the  subs t r a t e  tha t  was nea res t  
to the  source reg ion  (h ighes t  t e m p e r a t u r e ) .  This  

Fig. 5. Growth islands of GaAs showing feathered structure ob- 
tained on the downwards facing plane of an oxide-contaminated 
{111} Ge crystal. 

Fig. 6. Faults on surface of GaAs film grown on oxide-contami- 
nated {111} Ge substrate. 

Fig. 7. GaAs growth structure obtained on Sb-contaminated 
{111 } surface of Ge crystal. 

hil l  showed the  in t e rac t ion  of g rowth  steps f rom a 
d o m i n a n t  dis locat ion wi th  those f rom smal l  i m p e r -  
fect dislocations.  I n  the  same expe r imen t ,  i n d i v i d u a l  
t r igona l  g rowth  is lands  reached  a he ight  of 18~ on 
the crys ta l  fu r thes t  away  f rom the  source region,  
whereas  in  the  absence  of a n t i m o n y  they  did not  
g row h igher  t h a n  3-4~. 

Discussion 

In  ga l l i um arsenide ,  on one side of a t w i n  p l ane  
it is the ga l l i um atoms,  on the  other  side the arsenic  
a toms tha t  in  a {211} cross section have  two b r o k e n  
bonds,  the o ther  type  of a tom hav ing  only  one. The 
obse rva t ion  tha t  the  t w i n  p lanes  in  the  subs t ra te  
p ropaga te  t h r ough  the g rowing  film and  are r e -  
vea led  af ter  e tching  as l ines  separa t ing  da rk  f rom 
l ight  areas (Fig. 1) suggests  tha t  the  etch d i s t in -  
guishes  b e t w e e n  the  two possible types  of polar i ty .  

The two ver t i ca l  l ines  in  Fig. 1 tha t  separa te  da rk  
f rom l ight  areas  and  or ig ina te  where  macroscopic  
faces on the edge of the  crys ta l  meet  m u s t  s imi la r ly  
be in te r sec t ions  of t w i n  p lanes  wi th  the  {211} cross 
section. A possible  e x p l a n a t i o n  for the i r  f o rma t ion  
m a y  be the deposi t ion  of the  same type  of a tom on 
both  faces. For  example ,  if the  first l aye r  tha t  de-  
posits on a macroscopic  {111} p lane  of g e r m a n i u m  
consists of a rsenic  atoms, then,  on a {111} facet tha t  
forms an  angle  of 70 ~ w i th  it, the first l aye r  m u s t  
consist  of ga l l i um atoms, or vice versa,  o therwise  
mi sma tch  wi l l  occur at  the  edge. 3 Due to the  differ-  
ence in  r eac t iv i ty  b e t w e e n  the  ga l l i um and  arsenic  
a toms (11),  the  first l aye r  on all  facets wi l l  consist  
of en t i r e ly  ga l l i um or a rsenic  atoms. Thus,  depend -  

s This was first pointed out by A. I. Bennett. 
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ing  on the  o r i e n t a t i o n s  of a d j a c e n t  facets ,  t h e r e  is a 
p r o b a b i l i t y  tha t ,  if  n u c l e a t i o n  s t a r t s  i n d e p e n d e n t l y  
on bo th  facets ,  the  f i lm wi l l  not  be  ab l e  to g r o w  to -  
g e t h e r  w i t h o u t  the  f o r m a t i o n  of a fau l t .  If  the  two  
g ra in s  jo in  a long  a {111} p lane ,  t he  b o u n d a r y  b e -  
t w e e n  t h e m  wi l l  be  a t w i n  p lane .  

F a c e t s  of a tomic  d imens ions  m u s t  be  p r e s e n t  on  
a n y  subs t r a t e .  H o w e v e r ,  these  face ts  m a y  no t  be  
l a r g e  enough  to a l l ow i n d e p e n d e n t  nuc l ea t i ons  to 
t a k e  place .  F a c e t i n g  on a mac roscop i c  scale  m a y  
h o w e v e r  occur  d u r i n g  the  ou tgas s ing  of the  s u b -  
s t r a t e s  (12) .  4 

A n  a d d i t i o n a l  cause  of f ace t ing  m a y  be  the  d e p o -  
s i t ion  of g a l l i u m  and  the  absence  of sufficient  
a m o u n t s  of a r sen i c  to  f o r m  g a l l i u m  a r s e n i d e  a t  t he  
b e g i n n i n g  of t he  e x p e r i m e n t .  W h e n  ou tgass ing  is 
p e r f o r m e d  at  h igh  t e m p e r a t u r e s  for  p r o l o n g e d  p e r -  
iods, the  source  g a l l i u m  a r s e n i d e  m u s t  lose cons id -  
e r a b l e  a m o u n t s  of a rsenic ,  r e s u l t i n g  in  a g a l l i u m  
r i ch  m i x t u r e  w h e n  the  c a r r i e r  gas is i n t roduced .  The  
f o r m a t i o n  of a t h in  film, or  of mic roscop ic  i s l ands  of 
ga l l i um,  on the  su r f ace  of the  s u b s t r a t e s  a t  600 ~ 
700~ wi l l  r e s u l t  in m e l t s  con t a in ing  25-35% Ge 
(13) .  T h e  d i s so lu t ion  of g e r m a n i u m  shou ld  cause  
t he  f o r m a t i o n  of f a ce t ed  p i t s  (14) .  

The  d e g r e e  of m i s o r i e n t a t i o n  in t he  g r o w i n g  fi lm 
a p p e a r e d  to be  r e l a t e d  to t he  roughnes s  of t he  s u b -  
s t ra te ,  and  i t  d e c r e a s e d  w i t h  the  d i s t ance  f r o m  the  
in te r face .  This  m e a n s  t h a t  g r o w t h  w i t h  one t y p e  of 
p o l a r i t y  was  f avored .  On  e tch ing  the  su r f ace  of a 
f i lm ( ~  100~ t h i c k )  as d e s c r i b e d  b y  Ga tos  and  
L a v i n e  (11) ,  w e l l - d e v e l o p e d  t r i a n g u l a r  pi ts ,  a l l  h a v -  

ing  an a p e x  p o i n t i n g  in t he  [211] d i rec t ion ,  w e r e  
ob ta ined .  Th is  sugges t s  t h a t  u n d e r  t he  e x p e r i m e n t a l  
cond i t ions  t ha t  w e r e  used  in  th is  work ,  the  o u t e r -  
mos t  l a y e r  cons i s t ed  of g a l l i u m  a toms.  

The  f au l t s  p r o p a g a t i n g  in t he  t h r e e  {111} p l anes  
i nc l i ned  to t he  i n t e r f ace  w e r e  s im i l a r  to t he  s t a c k i n g  
f au l t s  t h a t  h a v e  b e e n  d e s c r i b e d  in f i lms of g e r m a -  
n i u m  (15, 16) and  s i l icon (17, 18).  A poss ib le  e x -  
p l a n a t i o n  for  t he  v a r y i n g  g r o w t h  r a t e s  on the  two  
sides  of each  f a u l t  m a y  be  t h e  fo l lowing :  The  
g r o w t h  m a y  t a k e  p l ace  b y  the  p r o p a g a t i o n  of t w o -  
d i m e n s i o n a l  nuc le i  p a r a l l e l  to t he  sur face .  W h e n  
such a l a y e r  r eaches  t he  i n t e r sec t i on  of  a f au l t  w i t h  
t he  sur face ,  i ts  p r o p a g a t i o n  m a y  be  p r e v e n t e d  due  
to the  s t a c k i n g  o r d e r  b e i n g  d i f fe ren t  on the  two  
s ides  of t he  fau l t .  The  n u m b e r  of l a y e r s  r e a c h i n g  
the  f a u l t  m a y  be  d i f fe ren t  on the  two  sides  be c a use  
i t  m u s t  d e p e n d  on the  p r o b a b i l i t y  of nuc l ea t i ons  

4 l~ote a d d e d  in  p roof :  a m e t h o d  of p r e p a r i n g  smooth ,  e t ched  
~ e r m a n i u m  s u b s t r a t e s  has  r ecen t ly  been  desc r ibed  [J.  A. A m i c k ,  
RCA Rev. ,  24, 555 (1963)].  

o c c u r r i n g  on d i f f e ren t  sides.  These  n u c l e a t i o n  p r o b -  
ab i l i t i e s  wi l l  t h e m s e l v e s  d e p e n d  on the  d i s t r i b u t i o n  
of o the r  fau l t s .  

The  g r o w t h  on a {111} s u b s t r a t e  of t r i a n g l e s  w i t h  

an  a p e x  po in t i ng  in  the  [211] d i r ec t i on  (F ig .  3) 
m u s t  have  i n v o l v e d  the  f o r m a t i o n  of a fau l t .  W e  do 
not  k n o w  w h e t h e r  th is  was  caused  b y  m i s m a t c h e d  
g r o w t h  on face ts  or  b y  i m p u r i t i e s .  In  t he  case  of 
Fig.  5, i t  was  e v i d e n t l y  the  ox ide  c o n t a m i n a t i o n  t ha t  
caused  the  g r o w t h  i s l ands  to h a v e  the  f e a t h e r e d  
s t r u c t u r e  and  some of t h e m  to be  mi so r i en t ed .  
G r o w t h  i s l ands  p o i n t i n g  in oppos i t e  d i r ec t ions  can -  
not  g r o w  into  an  u n f a u l t e d  l a y e r  and  m u s t  r e su l t  
e i t he r  in  t h e  f o r m a t i o n  of s t a c k i n g  f au l t s  or  of 
g r a in s  t h a t  a r e  m i s o r i e n t e d  r e l a t i v e  to each  o the r  
(Fig .  2) .  
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Epitaxial Growth of Gallium Arsenide on Germanium Substrates 
II. Deterioration of the/111} Surface of Germanium at 570~176 
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ABSTRACT 

It has been shown that  on heat ing germanium crystals in hydrogen or in 
vacuum at temperatures  570~176 deteriorat ion of the 111 planes takes place. 
Tempera ture  gradients and adsorbed impuri t ies  are the probable causes of the 
deterioration. Impuri t ies  cause the formation of etch- and growth-s t ructures  
which in  their absence would be unstable.  

W h e n  p r e p a r i n g  devices f rom g e r m a n i u m ,  one 
of ten has to hea t  the  crys ta ls  to h igh t empera tu re s .  
For  example ,  in  the  ep i tax ia l  deposi t ion of g e r m a -  
n i u m  or ga l l i um arsen ide  on g e r m a n i u m  subs t ra tes ,  
the l a t t e r  are exposed to h igh t e m p e r a t u r e s  d u r i n g  
outgassing,  w h e n  impur i t i es ,  especial ly  oxides, are  
r emoved  f rom the  surface.  This  w o r k  was  u n d e r -  
t a k e n  to e x a m i n e  whe the r  the smoothness  of the  
g e r m a n i u m  surface  can be p rese rved  u n d e r  such 
condit ions.  The effect of any  de te r io ra t ion  on the 
c rys ta l lographic  qua l i t y  of ga l l i um arsen ide  films is 
descr ibed in  P a r t  I (1) of this  series. 

Experimental 
The crys ta ls  and  the  pur i f ica t ion  p rocedures  have  

been  descr ibed in  P a r t  I. Detai ls  of the  heat  t r e a t -  
men t s  are g iven  below. N u m b e r s  w i t h i n  the  same 
b racke t  m e a n  tha t  these figures r ep re sen t  d i f ferent  
areas of the same sample.  The crysta ls  were  hea ted :  

A. Wi th  con t inuous  pumping ,  Fig. [4, 7, 9]. 
B. In  sealed quar tz  tubes  

a. In  v a c u u m ,  Fig. [1, 2, 3], [10],  [11].  
b. In  hydrogen ,  Fig. [8]. 

C. In  open flow sys tems in  hydrogen ,  Fig. [5, 6]. 
Specific detai ls  are g iven  in  Tab le  I. 

The qua r t z  used for the  sealed t ube  expe r i me n t s  
was c leaned in aqua  regia.  The  tubes  had  an  ap-  
p rox ima te  vo lume  of 20 cc. The  weight  changes  in  
n e a r l y  all  of the e x p e r i m e n t s  were  w i t h i n  the  ex-  
p e r i m e n t a l  e r ror  of ___0.2 rag. The  two {111} faces of 
the  wafers  had  a to ta l  a rea  of abou t  1 cm 2, compared  

t P r e s e n t  address :  B a t t e l l e  M e m o r i a l  I n s t i t u t e ,  C o l u m b u s ,  Ohio.  

Table I. Details 

E v a c u a t i o n  of t u b e  H e a t  t r e a t m e n t  

T e m p ,  P ressu re ,  T e m p ,  P re s su re ,  
Fig.  ~ H r  m m  Hg ~ Hr  m m  H g  

4, 7, 9 820 15 2 ~< 10 -7 
1, 2, 3,* a 500 2 3 X 10 -6 570 8 
10 500 3 1 X 10 -6 720 20 
11 500 3.5 2 X 10 -6 680 16 
8,*b 500 2 3 X 10 -6 570 8 150(H2) 
5, 6,* c 680 17 760 (H2) 

* Hea ted  in  a t e m p e r a t u r e  g r a d i e n t :  a, t h e  s a m p l e  a t  t h e  h i g h e s t  
t e m p e r a t u r e  was  a t  780~ h, t h e  s a m p l e  a t  t he  h i g h e s t  t e m p e r a t u r e  
was  a t  780~ and  t h a t  s a m p l e  los t  1.0 m g  w e i g h t ;  e, t h e  s a m p l e  a t  
the  h i g h e s t  t e m p e r a t u r e  w a s  a t  700~ ( " u p s t r e a m " ) .  
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to which  figure the  area of the  edges m a y  be n e -  
glected. 

Observations 

Some face t ing  was  observed  on n e a r l y  al l  samples  
tha t  were  hea t - t r ea t ed .  The smoothness  of the su r -  
face was  best  p re se rved  w h e n  the  las t  wash  before  
h e a t - t r e a t m e n t  was  pe r f o r me d  wi th  double  dis t i l led 
water ,  and  the  l a t t e r  was b l o w n  off the  sur face  by  
a s t r eam of hydrogen .  The degree of de te r io ra t ion  
increased  wi th  inc reas ing  t e m p e r a t u r e  a nd  wi th  i n -  
creas ing t e m p e r a t u r e  gradient .  In  case of exper i -  
me n t s  tha t  we re  pe r f o r me d  in  an  a tmosphere  of h y -  
drogen,  the  r o u g h e n i n g  of the  surface was  the leas t  
p r e v a l e n t  w h e n  the  h y d r o g e n  was pur i f ied  by  dif-  
fus ion  t h r ough  a p a l l a d i u m  al loy tube.  

On n e a r l y  all  samples,  e i ther  some t e t r a h e d r a l  pits 
or g rowth  t r i ang les  were  observed.  In  add i t ion  to 
these m a n y  u n e x p e c t e d  s t ruc tu res  were  found.  Some 
of these  are descr ibed be low:  

1. S i m u l t a n e o u s  fo rma t ion  of pi ts  a nd  h i l l o c k s . -  
F igu re  1 shows hi l locks on a g e r m a n i u m  crystal .  The  
b lack  dots are whiskers .  They  most  l ike ly  consist  of 
e i ther  g e r m a n i u m  or of si l icon dioxide, the  l a t t e r  
o r ig ina t ing  f rom the quar tz  tube,  a l though  the  com- 
posi t ion  of the  whiskers  could not  be  es tab l i shed  
f rom an  e lec t ron  diffract ion pa t t e rn .  F igu re  2 shows 
a repl ica  of the  crystal ,  shadowed  at  a n  ang le  of 30 ~ 
to the  spec imen  plane.  A cross section of the  s t ruc -  
tu re  shown at  the top of Fig. 2 is d r a w n  in  Fig. 3. The 

Fig. 1. Growth triangle and whiskers 
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Fig. 5. Simultaneous formation of pits and hillocks 

Fig. 2. Shadowed replica of part of Fig. 1 

J Specimen Surface % 

s o ow Dark ~-, ^ ,~ ^ 

Shadow Replica Dark 

0 . 6 ~  

Fig. 3. Cross section of growth structure shown on top of Fig. 2 Fig. 6. Growth triangles pointing in opposite directions 

Fig. 4. Etch pit 

v e r t i c a l  d imens ions  g iven  in  th is  f igure  a r e  a p p r o x i -  
mate .  T h e y  w e r e  e s t i m a t e d  f rom the  w i d t h  of the  
d a r k  and  l i gh t  l ines  at  t h e  edge  of the  s t ruc tu re .  The  
l i gh t  l ines  r e p r e s e n t  a r eas  t h a t  w e r e  in t he  s h a d o w  
of p r o t r u s i o n s  on the  r ep l i ca .  F i g u r e  2 shows  t h a t  
t he  h i l locks  a r e  s u r r o u n d e d  b y  channe l s  and  t ha t  
t h e r e  a r e  s m a l l  p i t s  on top  of t he  h i l locks .  

On a n o t h e r  c rys ta l ,  the  e l ec t ron  m i c r o g r a p h  of t he  
s h a d o w e d  r e p l i c a  showed  tha t  sma l l  h i l locks  w e r e  
f o r m e d  a t  t h e  b o t t o m  of the  pi ts .  This  is i l l u s t r a t e d  
in Fig.  4. A f u r t h e r  e x a m p l e  of s i m u l t a n e o u s  p i t  and  
h i l lock  f o r m a t i o n  is s h o w n  in Fig .  5. The  l a r g e  

Fig. 7. Etch pit 

t r u n c a t e d  t r i a n g l e s  a r e  g r o w t h  areas .  F i v e  or  s ix 
c i r cu l a r  g r o w t h  s t r u c t u r e s  can  also be  seen.  

2. G r o w t h  t r i a n g l e s  p o i n t i n g  in  d i f f e ren t  d i r e c -  
t i o n s . - - F i g u r e  6 shows a n o t h e r  a r e a  of t he  same  
c r y s t a l  used  in Fig.  5. This  p i c t u r e  was  a g a i n  t a k e n  
us ing  s ide  i l l u m i n a t i o n  in o r d e r  to show t h a t  a l l  the  
t r i a n g l e s  a r e  g r o w t h  s t ruc tu re s .  

3. F a c e t s  w i t h  o r i e n t a t i o n s  o the r  t h a n  { l l l } . - - I n  
these  e x p e r i m e n t s ,  face t s  o t h e r  t h a n  {111} w e r e  
found  bo th  in p i t s  a n d  in h i l locks .  F i g u r e  7 shows  
the  r e p l i c a  of an  e tch  pi t ,  a n d  Fig.  8 shows  {100} 
faces  on some of t h e  g r o w t h  p y r a m i d s .  

4. O the r  s t r u c t u r e s . - - - E x a m p l e s  of o t h e r  u n e x -  
p e c t e d  s t r u c t u r e s  a r e  g iven  here .  F i g u r e  9 shows  the  
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Fig. 10. Rough surface 

Fig. 8. Growth structures; some of the (100) faces are shown 
by arrows. 

Fig. 9. Circular pattern 

r ep l i c a  of a c i r c u l a r  p a t t e r n ,  w h i l e  Fig .  10 shows  
the  r ep l i c a  of a r o u g h  s t r u c t u r e  t h a t  was  o b t a i n e d  
even  t h o u g h  the  t e m p e r a t u r e  d u r i n g  the  h e a t  t r e a t -  
m e n t  was  n e a r l y  un i fo rm.  F i g u r e  11 shows  a s t r u c -  
t u r e  t h a t  was  of ten  encoun t e r ed .  This  consis ts  of 
l ines  r u n n i n g  in  ~ 1 1 0 ~  d i rec t ions .  Due  to t he  s m a l l  
d i f fe rence  in  h e i g h t  of t he  l ines  i t  cou ld  no t  be  
p r o v e d  u n e q u i v o c a l l y ,  b u t  i t  is t h o u g h t  t h a t  t h e y  a re  
depress ions .  T h e y  h a v e  an  a p p e a r a n c e  s i m i l a r  to the  
" Y - e t c h  f igures"  f o u n d  in e v a p o r a t e d  e p i t a x i a l  f i lms 
of g e r m a n i u m  b y  Courvo i s i e r  et al. (2) .  

H e a t  t r e a t m e n t  a t  t e m p e r a t u r e s  close to 850~ 
of ten  r e s u l t e d  in t he  f o r m a t i o n  of w o r m l i k e  s t r u c -  
t u r e s  (3 ) .  

Discussion 

W h i l e  th is  w o r k  was  in p rogres s ,  Ga tos  and  L a v i n e  
(3)  d e s c r i b e d  the  d e t e r i o r a t i o n  of g e r m a n i u m  su r -  
faces  on h e a t  t r e a t m e n t .  T h e y  e x a m i n e d  .one c r y s t a l  
a t  a t ime ,  t h e r e b y  e l i m i n a t i n g  the  c o m p l i c a t i n g  
p h e n o m e n o n  of t r a n s p o r t  of m a t e r i a l  f r om one c r y s -  
t a l  to t he  other .  O u r  w o r k  was  d i r e c t e d  t o w a r d s  t he  
e x a m i n a t i o n  of d e t e r i o r a t i o n  e n c o u n t e r e d  d u r i n g  
dev ice  f a b r i c a t i o n  in  gene ra l ,  w i t h  spec ia l  e m p h a s i s  
on d e t e r i o r a t i o n  t a k i n g  p l ace  in e p i t a x i a l  g r o w t h  
e x p e r i m e n t s .  The re fo re ,  ( a )  in mos t  cases  s e v e r a l  
s a m p l e s  w e r e  used,  and  these  w e r e  s p r e a d  out  a long  
the  t ube ;  (b )  t he  effect of t e m p e r a t u r e  g r a d i e n t s  
was  also e x a m i n e d ;  (c)  w h e n  w o r k i n g  u n d e r  v a c -  
uum,  t he  p r e s s u r e s  in  mos t  cases  w e r e  a b o v e  10 -6 
m m  Hg. 

In  o r d e r  to m a k e  the  d e t e r i o r a t i o n  of t h e  su r f aces  
eas ie r  to  observe ,  t h e  p e r i o d  of h e a t  t r e a t m e n t  g iven  

Fig. 11. Lines in ~ 1 1 0 ~  directions 

to s a m p l e s  in  th i s  w o r k  w a s  l o n g e r  t h a n  t h a t  to  
w h i c h  t h e y  w o u l d  h a v e  been  e x p o s e d  d u r i n g  dev ice  
p r e p a r a t i o n .  H o w e v e r ,  d e t e r i o r a t i o n  to a l e s se r  d e -  
g ree  m u s t  occur  ove r  s h o r t e r  per iods .  S i m i l a r l y ,  t he  
t e m p e r a t u r e  g r a d i e n t s  w e r e  l a r g e r  t h a n  those  u s u -  
a l l y  e n c o u n t e r e d  (see  n e x t  p a r a g r a p h ) .  

W h e n  s e v e r a l  c r y s t a l s  a r e  used  in  t h e  s a m e  e x -  
p e r i m e n t ,  i t  is diff icult  to a s s u r e  t h a t  no t e m p e r a t u r e  
g r a d i e n t  occurs  e i t h e r  d u r i n g  the  h e a t i n g  up  of t he  
f u r n a c e  or  d u r i n g  the  a c t u a l  dev ice  p r e p a r a t i o n .  
Also,  in e x p e r i m e n t s  de s igned  to e x a m i n e  the  effect 
of depos i t i on  t e m p e r a t u r e  on e p i t a x i a l  g rowth ,  one 
m a y  be  t e m p t e d  to  p l a c e  a se r ies  of s u b s t r a t e s  a long  
a t e m p e r a t u r e  g rad i en t .  E v e n  w h e n  a g r a d i e n t  is no t  
e s t a b l i s h e d  on pu rpose ,  t he  gases,  m o s t l y  f lowing 
f r o m  the  d i r e c t i o n  of a h o t t e r  sou rce  reg ion ,  w i l l  
e s t ab l i sh  a g r a d i e n t  a long  the  cooler  depos i t i on  r e -  
gion. U n d e r  such  condi t ions ,  m a t e r i a l  m a y  be  t r a n s -  
p o r t e d  f r o m  one s a m p l e  to a n o t h e r  t h r o u g h  t h e  
v a p o r  p h a s e  and  also a long  the  i n d i v i d u a l  samples ,  
bo th  b y  su r f ace  d i f fus ion and  b y  t r a n s p o r t  in  t he  gas  
phase .  1 In  a d d i t i o n  to t he  r e m o v a l  and  depos i t i on  of 
c o m p l e t e  e p i t a x i a l  l aye r s ,  t he  f o r m a t i o n  of t e t r a -  
h e d r a l  p i t s  w i t h  faces  cons i s t ing  of i nc l ined  {111} 

p l anes  and  h a v i n g  an  a p e x  p o i n t i n g  in  t h e  [211] d i -  
rec t ion ,  and  t h e  depos i t i on  of g r o w t h  t r i a n g l e s  w i t h  

an  a p e x  p o i n t i n g  in  t he  [211] d i r ec t i on  is to be  e x -  
pec t ed  (4) .  

The  f o r m a t i o n  of m i s o r i e n t e d  g r o w t h  i s l ands  l i ke  

the  t r i a n g l e s  h a v i n g  an  a p e x  p o i n t i n g  in the  [211 ] d i -  

I T h e  o b s e r v a t i o n  t h a t ,  w h e n  h y d r o g e n  w a s  u s e d ,  the  de ter i -  
ora t ion  of t h e  s u r f a c e  w a s  a f u n c t i o n  of  t h e  p u r i t y  of t h e  g a s  s u g -  
g e s t e d  t h a t  t r a c e s  of  o x y g e n  m a y  p l a y  a m a j o r  r o l e  i n  t h e  t r a n s p o r t  
of  g e r m a n i u m .  
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r ec t ion  (Fig .  6) was  p r o b a b l y  caused  b y  t h e  p r e s -  
ence of a d s o r b e d  i m p u r i t i e s  (4) .  S i m i l a r l y ,  i t  is 
p r o b a b l y  i m p u r i t i e s  t ha t  caused  t h e  f o r m a t i o n  of 
t he  o the r  u n e x p e c t e d  s t ruc tu re s .  E v e n  t h o u g h  a c r y s -  
t a l  p l a n e  m a y  b r e a k  u p  in to  a h i l l  and  v a l l e y  s t r u c -  
t u r e  if t he  t o t a l  su r f ace  f r ee  e n e r g y  of t he  r e s u l t a n t  
s t r u c t u r e  is l o w e r  t h a n  t h a t  of t h e  o r ig ina l  p l a n e  
(5, 6) ,  in  case of c l ean  g e r m a n i u m  surfaces ,  the  { 111} 
p l a n e  is t he  c losest  p a c k e d  a n d  shou ld  t h e r e f o r e  h a v e  
the  l owes t  specific su r f ace  f r ee  ene rgy ,  Ys. 

A ce r t a i n  a m o u n t  of i m p u r i t i e s  m u s t  be  p r e s e n t  
on a n y  s e m i c o n d u c t o r  su r f ace  t h a t  w a s  in  con tac t  
w i t h  solvents .  R e v e r s i b l e  a n d  i r r e v e r s i b l e  e l e c t r o -  
c h e m i c a l  depos i t i on  is to b e  e x p e c t e d  (7) .  In  a d d i -  
t ion,  t he  c o m p l e t e  r e m o v a l  of t he  so lven t  is un l i ke ly ,  
even  w h e n  the  so lven t  is b l o w n  off t he  su r f ace  of 
the  c rys t a l ;  d u r i n g  d ry ing ,  t he  n o n v o l a t i l e  i m p u r i -  
t ies  e d i s so lved  in the  so lven t  w i l l  depos i t  on the  s u r -  
face.  The  effect  of i m p u r i t i e s  on 7s has  been  shown  
for  some o the r  sys t ems  (9 -11 ) .  E v e n  t h o u g h  the  con-  
c e n t r a t i o n  of i m p u r i t i e s  m a y  be  less  t h a n  w h a t  can  
be  d e t e c t e d  b y  s tud ies  of a d s o r p t i o n  of o x y g e n  on 
g e r m a n i u m  (12) ,  t h e y  m a y  suff ic ient ly  change  7s to 
cause  d e t e r i o r a t i o n  of t h e  sur face .  In  t he  p r e s e n t  
w o r k  the  effect of i m p u r i t i e s  is mos t  e v i d e n t  in  t he  
a p p e a r a n c e  of p l a n e s  o t h e r  t h a n  { 111 } a n d  also in  t h e  
c i r c u l a r  s t r u c t u r e s  3 s h o w n  in Fig.  9. The  l a t t e r  w e r e  
p r o b a b l y  caused  b y  i m p u r i t i e s  depos i t ed  b y  t h e  so l -  
vent .  

Due  to t he  r e l a t i v e l y  s m a l l  w e i g h t  changes ,  in  
mos t  cases  i t  was  no t  poss ib le  to  d i f f e r en t i a t e  b e -  
t w e e n  the  effect of f low to or  f r o m  the  v a p o r  p h a s e  
a n d  t ha t  of su r f ace  diffusion.  Thus  t h r e e  d i f fe ren t  
e x p l a n a t i o n s  m a y  be  g iven  for  the  f o r m a t i o n  of t h e  
s t r u c t u r e s  s h o w n  in Fig .  1-3. The  g rooves  a r o u n d  
the  h i l locks  m a y  h a v e  b e e n  caused  b y  depos i t i on  of 
an  e p i t a x i a l  film, th is  f i lm no t  be ing  ab l e  to g r o w  
a r o u n d  and  l i n k  up  w i t h  the  f a s t e r  g r o w i n g  areas .  
Or,  if g e r m a n i u m  was  los t  to t he  gas  phase ,  t he  top  
of the  h i l locks  m a y  c o r r e s p o n d  to t h e  o r ig ina l  s u r -  
face,  p e r h a p s  the  loss of g e r m a n i u m  t h e r e  b e i n g  r e -  
t a r d e d  b y  the  p r e s e n c e  of a d s o r b e d  i m p u r i t i e s  [a  
s i m i l a r  p h e n o m e n o n  was  d e s c r i b e d  b y  R h e a d  and  
M y k u r a  (14) ;  t h e y  f o u n d  t h a t  w h e n  a s i lve r  c r y s t a l  

2 I n  case  of  o r g a n i c  so lven t s ,  s u c h  as m e t h a n o l ,  o x i d a t i o n  a n d  
p o l y m e r i z a t i o n  r e a c t i o n s  c a n  l e a d  to  t h e  f o r m a t i o n  of  n o n v o l a t i l e  
r e s i d u e s  (8) .  

A s i m i l a r  p h e n o m e n o n  w a s  f o u n d  by  H a l e  (13) on  t h e r m a l  
e t c h i n g  of s i l i con .  

was  hea t ed ,  p y r a m i d s  w i t h  s h a l l o w  grooves  a r o u n d  
t h e m  w e r e  f o r m e d  due  to the  loss of m e t a l ) .  F i n a l l y ,  
the  s t r uc tu r e s  m a y  have  been  f o r m e d  b y  su r f ace  
diffusion.  The  l a t t e r  e x p l a n a t i o n  m a y  also ho ld  in  
case of Fig.  4. A l t e r n a t i v e l y ,  in  th is  case  t he  g r o w t h  
at  t he  b o t t o m  of t he  p i t s  m a y  h a v e  t a k e n  p l ace  b y  
depos i t i on  d u r i n g  the  cool ing of t he  fu rnace .  

Ga tos  and  L a v i n e  d id  no t  f ind a n y  d e t e r i o r a t i o n  
b e l o w  690~ In  th is  work ,  d e t e r i o r a t i o n  o c c u r r e d  
even  at  570~ This  d i s c r e p a n c y  was  p r o b a b l y  
caused  b y  t r a n s p o r t  due  to a t h e r m a l  g r ad i en t ,  and  
also b y  the  p re sence  of i m p u r i t i e s  t h a t  w e r e  l i b e r -  
a t ed  f r o m  the  q u a r t z  d u r i n g  s e a l i ng  off w h e n  the  
e x p e r i m e n t s  w e r e  p e r f o r m e d  in c losed  tubes .  
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Epitaxial Growth of Gallium Arsenide on Germanium Substrates 
Iil. Deposition on High Index Planes and on Curved Surfaces 

T.  Gabor  1 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

When depositing gall ium arsenide on low index planes of ge rmanium from 
the vapor phase by halogen transport ,  stacking faults are readi ly formed. Fi lms 
free of these faults were obtained when  planes that  were at an angle of a few 
degrees with a {111} face or curved surfaces were  used as substrates. It  is sug- 
gested that  fast propagation of steps along the surface caused the formation 
of new stacking faults parallel  to the existing ones, thereby completing loops 
and prevent ing  the propagation of the faults. The rate of growth was much 
faster on curved surfaces than over the {111} planes. 

The  fo rma t ion  of s tack ing  faul ts  in  ep i tax ia l  films 
of ga l l i um arsen ide  g rown  on low index  p lanes  of 
g e r m a n i u m  subs t ra tes  has b e e n  descr ibed in  P a r t  I 
of this  series (1) .  E v e n  though  it is des i rab le  to p r e -  
ven t  the fo rma t ion  of faults ,  a me thod  tha t  wou ld  
p r e v e n t  the  p ropaga t ion  of those faul t s  tha t  are 
fo rmed  m a y  also be of interest .  Such a me thod  was  
found  in  the  use of h igh  index  p lanes  and  of curved  
surfaces of g e r m a n i u m  as subst ra tes .  

Exper imental  

The subs t ra tes  were  h igh index  p lanes  p r epa red  
f rom Czoch ra l sk i -g rown  crystals ,  a s - g r o w n  ger -  
m a n i u m  webs  (1) ( the  areas  connec t ing  the  flat 
cen t r a l  pa r t  of these  crys ta ls  w i th  the  dendr i tes ,  the  
so-cal led  "fillet reg ions"  are c u r v e d ) ,  and  bo th  {111} 
Czochralski  crys ta ls  and  webs  w i th  a c u r v a t u r e  es- 
t ab l i shed  over  pa r t  of the  surface.  

Wafers  were  cut  f rom a Czochralski  ingot  at  10 ~ to 
a {111} p l ane  in  a < 2 1 1 >  direct ion,  and  were  t hen  
lapped,  polished,  and  etched. Subs t ra tes  5 ~ and  1 ~ 
off the (111} p lane  were  ob ta ined  by  ang l e - l app ing ,  
pol ishing,  and  etching.  

�9 Severa l  me thods  w e r e  used for the  p r e p a r a t i o n  of 
concave  surfaces.  For  examp le  a "Kodak  Photo  Re-  
sist" pa t t e rn ,  consis t ing of a series of channe l s  sepa-  
r a t i ng  square  areas  was  e tched in to  a (111} Czoch- 
ra lski  crystal .  The  e tching  so lu t ion  consis ted of 
H F [ 1 ]  : H202[1] : H20[4] .  Depress ions  were  also 
p repa red  by  a je t  e tching  t echn ique  (2) .  A l t e r n a -  
t ively,  a Czochralski  wafe r  was  pressed aga ins t  a 
r o t a t i ng  steel rod, and  s lurr ies  of l app ing  and  
pol i sh ing  powders  were  applied.  In  a few cases, 
convex  surfaces  were  also prepared .  Webs  were  
touched wi th  needles  tha t  were  p rev ious ly  i m m e r s e d  
into a so lu t ion  of wax,  or small ,  7 mi l  d i ame te r  me ta l  
spheres coated w i th  wax  were  made  to adhere  by  
short  hea t ing .  Af t e r  e tching,  a p ro t rus ion  r e m a i n e d  
where  the  surface was  covered w i th  wax  or w i th  
the  sphere.  

Deta i ls  of the  depos i t ion  e x p e r i m e n t s  i n v o l v i n g  
arsenic  t r ich lor ide  as the  t r a n s p o r t i n g  agent  in  a n  
open flow sys tem have  been  descr ibed  (1, 3).  In  one 
e x p e r i m e n t  w i th  a web  subs t ra te ,  zinc chlor ide was  
used as the  t r a n s p o r t i n g  agen t  in  a sealed tube .  

1Present  address: Battel le  Memoria l  Institute,  Columbus, Ohio. 

Fig. 1. Growth on substrate 10 ~ off {111} plane. The long axis 
of triangles are in ~211 > direction. 

Results 

G a l l i u m  a r sen ide  films free of s tack ing  faul t s  
could easi ly be  g r o w n  on high index  p lanes  and  on 
cu rved  surfaces of g e r m a n i u m ,  even  u n d e r  condi -  
t ions such tha t  deposi t ion on  {111} p lanes  gave ex -  
t r e m e l y  poor films. 

W h e n  us ing  p l a n a r  subst ra tes ,  even  though  s tack-  
ing faul ts  were  absent ,  t r i a n g u l a r  pi ts  formed.  
G r o w t h  on a subs t r a t e  tha t  was cut  at 10 ~ to a {111} 
p lane  in  a < 2 1 1 >  d i rec t ion  is shown in  Fig. 1. The 
pi ts  po in t  in  a < 2 1 1 >  direct ion,  a nd  the i r  shor t  side 
is at the  same leve l  as the s u r r o u n d i n g  g rowth  whi le  
the  apex is lower.  Deposi t ion  on a p l a ne  5 ~ off the  

Fig. 2. Squares show {111 } planes of a Czochralski crystal. Smooth 
growth of GaAs on the edges of squares took place over sloping 
sides of channels that were etched into the crystal. 
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Fig. 3. Cross section through a channel and the surrounding areas 
of the sample shown in Fig. 2. Practically no growth took place over 
the {111} planes. Light colored band is cross section of nickel 
coating. Dark area inside channel is probably due to deposition of 
pelycrystalline nickel. 

Fig. 5. Cross section in {211} plane of sample shown in Fig. 4. 
Light area shows the fillet region of web, darker area with the 
striations the GoAs film. 

Fig. 4. Smooth area shows growth over curved fillet region of 
web. Poor growth shown in lower half of picture occurred over the 
{111} plane. 

{ 111 } gave  s i m i l a r  resu l t s ,  wh i l e  s t a c k i n g  f au l t s  w e r e  
p r e s e n t  w h e n  a s u b s t r a t e  1 ~ off t he  {111} p l a n e  was  
used.  

On ly  a few e x a m p l e s  can  be  g iven  of g r o w t h  on 
c u r v e d  subs t r a t e s .  W h e n  channe l s  w e r e  e t ched  into  
a c rys ta l ,  smoo th  g r o w t h  was  o b t a i n e d  on the  s lop ing  
sides,  w h i l e  t h e r e  was  p r a c t i c a l l y  no g r o w t h  ove r  
t h e  s q u a r e  {111} a r e a s  (Fig .  2) .  A cross  sec t ion  ove r  
a channe l  a n d  ove r  t he  s u r r o u n d i n g  s q u a r e  a r e a s  is 
s h o w n  in Fig .  3. 

F i g u r e  4 shows  g r o w t h  ove r  t he  t r a n s i t i o n  a r e a  
b e t w e e n  the  {111} p l a n e  of a w e b  and  the  c u r v e d  
fi l let  reg ion .  The  e x t r e m e l y  poor  g r o w t h  ove r  t h e  
f o r m e r  was  caused  b y  a l a r g e  a m o u n t  of zinc ch lo -  
r i de  h a v i n g  been  used  for  t r a n s p o r t  in  a sea l ed  tube .  
The  po l i shed  a n d  e t ched  (K3Fe (CN)  6 [ 2 ] : H20 [ 25 ] 
: K O H [ 3 ] ;  40 sec)  cross  sec t ion  in  a {211} p l a n e  is 
s h o w n  in Fig .  5. The  a r e a  b e l o w  the  c u r v e d  l ine  is 
t h e  f i l le t  reg ion .  The  s t r i a t i ons  in t he  g a l l i u m  a r -  
sen ide  m a y  h a v e  been  caused  b y  i m p u r i t y  s e g r e g a -  
t ion.  The  f ew  s t ack ing  f au l t s  t ha t  cou ld  be  r e v e a l e d  
d id  no t  o r i g i n a t e  as u s u a l  a t  t he  G e - G a A s  in te r face ,  
bu t  in an  a r e a  w h e r e  t he  g r o w i n g  f i lm has  a l r e a d y  
e s t a b l i s h e d  a c r y s t a l l o g r a p h i c  p lane .  The  s ame  e tch  
r e v e a l e d  a h i g h l y  m i s o r i e n t e d  g r o w t h  [ p r e s e n c e  of 
g r a i n s  (1)  t h r o u g h o u t  t h e  w h o l e  f i lm]  ove r  t he  
{111} areas .  The  t h i c k n e s s  of  t he  f i lm ove r  t he  
{111} a reas  was  less  t h a n  ha l f  of t h a t  ove r  t he  
c u r v e d  reg ion .  

Fig. 6. Growth over protrusion on substrate 

G r o w t h  o b t a i n e d  ove r  a c o n v e x  a r e a  is shown  in 
Fig.  6. 

Discussion 

I t  has  p r e v i o u s l y  been  s h o w n  (4) t h a t  t he  c r y s t a l -  
l o g r a p h i c  p e r f e c t i o n  of e p i t a x i a l  g e r m a n i u m  fi lms 
g r o w n  on g e r m a n i u m  s u b s t r a t e s  was  i m p r o v e d  w h e n  
t h e  s u b s t r a t e s  w e r e  cut  a t  an  ang le  of a f ew  deg rees  
w i t h  t h e  {111} p lane .  H igh  i n d e x  p l anes  a n d  c u r v e d  
s u b s t r a t e s  bo th  h a v e  su r f aces  w h i c h  a r e  composed  
of an  in f in i t e s ima l  n u m b e r  of a tomic  steps.  One 
w o u l d  expec t  depos i t i on  a t  t he se  s teps  to be  e n -  
e r g e t i c a l l y  f avo red ,  caus ing  these  s teps  to "f low" 
a long  the  sur face .  

I t  has  been  sugges t ed  (1)  t h a t  i n d e p e n d e n t  n u c l e -  
a t ions  m a y  be  r e q u i r e d  for  g r o w t h  on the  two  sides  
of a f au l t ;  t hus  t he  p r o p a g a t i o n  of a s tep  p a r a l l e l  to 
t h e  su r face  m a y  be  p r e v e n t e d  a long  the  i n t e r sec t ions  
of s t a c k i n g  f au l t s  w i t h  t he  sur face .  I f  t he  r a t e  of 
g r o w t h  p a r a l l e l  to t he  su r f ace  is inc reased ,  as  m u s t  
be  t he  case  w h e n  the  su r f ace  consis ts  of an  inf in i -  
t e s i m a l  n u m b e r  of s teps,  t h e r e  m i g h t  no t  be  sufficient 
t i m e  for  i n d e p e n d e n t  n u c l e a t i o n s  to t a k e  p lace ,  so 
t h a t  the  a r e a s  h a v i n g  t h e  w r o n g  s t a c k i n g  o r d e r  m a y  
be  o v e r g r o w n  b y  the  f i lm w i t h o u t  the  l a t t e r  c h a n g -  
ing  i ts  s t a c k i n g  order .  This  c o r r e s p o n d s  to t he  fo r -  
m a t i o n  of i n t r i n s i c  f au l t s  p a r a l l e l  to ex t r i n s i c  
f au l t s  t h a t  m a y  be  p r e s e n t  and  v ice  versa .  F i g u r e  7 
shows  t h a t  a loop is t hus  c r e a t e d  and  the  p r o p a g a -  
t ion  of t he  f a u l t  is p r e v e n t e d .  

The  f o r m a t i o n  of p i t s  in  f i lms g r o w n  on h igh  i n d e x  
p l anes  m a y  be  caused  b y  t h e  i n a b i l i t y  of t he  ad-  
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Fig. 7. Intrinsic fault generated due to fast sidewise growth of 
C-layer (2nd from top). Propagation of fault is prevented by loop 
formation. 

v a n c i n g  s teps  to o v e r g r o w  a l l  a r e a s  w h e r e  t h e r e  is 
an  obs t ac l e  to  g rowth .  Once a d i f f e rence  in  l e v e l  is 
e s t a b l i s h e d  b e t w e e n  the  f i lm and  the  a r e a  c o n t a i n i n g  
the  fau l t ,  t h e  o v e r g r o w t h  b y  success ive  s teps  shou ld  
be  a l w a y s  less  l i ke ly .  The  b o t t o m  of t he  p i t  t h e n  
e s t ab l i shes  t he  e n e r g e t i c a l l y  f a v o r a b l e  { 111 } sur face .  
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W e  can  on ly  s p e c u l a t e  on  the  r e a s o n  for  t he  p r e s -  
ence  of p i t s  w h e n  h igh  i n d e x  p l anes  w e r e  used  as 
s u b s t r a t e s  a n d  for  t h e i r  absence  in  f i lms g r o w n  on 
c u r v e d  sur faces .  The  f o r m a t i o n  of p i t s  m a y  be  r e -  
l a t e d  to t he  r e l a t i v e  pos i t ions  of t he  f a v o r e d  g r o w t h  
d i r ec t i on  a n d  the  d i r ec t i on  of t he  s teps .  
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A n y  discussion of this  pape r  wi l l  appea r  in a Discus-  
sion Sect ion to be publ ished in the  June  1965 JOURNAL. 
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The Oxidation Kinetics of Zirconium Diboride and 
Zirconium Carbide at High Temperatures 

A. K. Kuriakose I and J. L. Margrave 1 

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 

ABSTRACT 

Kinet ic  studies have  been made  of the  oxidat ion  of z i rconium dibor ide  at  
945~176 and of z i rconium carb ide  at  554~176 The ZrB2-O2 reac t ion  
is parabol ic  th roughout  the  t empe ra tu r e  range  studied, whereas  the  ZrC-O2 
reac t ion  is l inear .  In  the  fo rmer  case ZrO2, together  wi th  a mol ten  l aye r  of 
boron oxide, is fo rmed which  protects  aga ins t  fu r the r  d i rec t  a t t ack  of oxygen 
on the  ZrB2, whi le  in the  lat ter ,  a r a the r  porous film of z i rconium oxide is 
fo rmed  which is not  protect ive.  The ra te  of ox ida t ion  of ZrB2 is d i rec t ly  p ro -  
por t iona l  to the  oxygen pa r t i a l  p ressure  be tween  102 and 744 ram. 

Because  of t h e  v e r y  r e f r a c t o r y  n a t u r e ,  ha rdnes s ,  
and  h i g h  t ens i l e  s t r eng ths ,  in gene ra l ,  of t he  bor ides ,  
ca rb ides ,  a n d  n i t r i d e s  of the  t r a n s i t i o n  me ta l s ,  t h e y  
a r e  p r o m i s i n g  m a t e r i a l s  in m a n y  h i g h - t e m p e r a t u r e  
app l i ca t ions .  A k n o w l e d g e  of t h e  o x i d a t i o n  k ine t i c s  
of t he se  m a t e r i a l s  is e s sen t i a l  for  such uses,  and  
hence  the  p r e s e n t  i n v e s t i g a t i o n  of t he  h i g h - t e m p e r -  
a t u r e  o x i d a t i o n  k ine t i c s  for  z i r c o n i u m  d i b o r i d e  and  
z i r c o n i u m  c a r b i d e  was  u n d e r t a k e n .  

The  o x i d a t i o n  of ZrB2 has  b e e n  s t u d i e d  b y  B r o w n  
(1) ,  B e r k o w i t z  (2 ) ,  a n d  Mee r son  et al. (3) .  Brown ,  
w o r k i n g  a t  a t m o s p h e r i c  p r e s s u r e  in t he  t e m p e r a t u r e  
r a n g e  649~176 o b s e r v e d  a m i n i m u m  r a t e  of 
o x i d a t i o n  a r o u n d  1000~ an  a c c e l e r a t e d  r a t e  in p u r e  
o x y g e n  c o m p a r e d  to d r y  air ,  and  a m u c h  h i g h e r  r a t e  
in mois t  a i r  t h a n  in d r y  air .  B e r k o w i t z  f o u n d  a 
p a r a b o l i c  r a t e  l a w  to be  f o l l o w e d  a f t e r  t h e  f irst  40 
m i n  of o x i d a t i o n  a t  an  o x y g e n  p a r t i a l  p r e s s u r e  
a r o u n d  10 Torr ,  b e t w e e n  1200 ~ a n d  1530~ B r o w n  

1 Present  address: Department  of  Chemistry,  Rice Universi ty ,  
Houston,  Texas .  

used  po rous  c o m p a c t s  of t he  d ibo r ide ,  a n d  t h e r e  w e r e  
u n c e r t a i n t i e s  in  t h e  su r f a c e  a reas ,  w h e r e a s  B e r -  
k o w i t z  u sed  e l e c t r o n - b e a m  m e l t e d  s a m p l e s  of h igh  
pu r i t y .  M e e r son  et al., f r o m  m e t a l l o g r a p h i c  e x a m i -  
n a t i o n  of t h e  scales  f o r m e d  on ZrB~ on o x i d a t i o n  in  
a i r  a t  1000~ sugges t ed  t h e  p r e s e n c e  of  Z r O  cove red  
b y  m o l t e n  B20~ d u r i n g  the  i n i t i a l  s t ages  of t he  r e a c -  
t ion.  A c c o r d i n g  to them,  as o x i d a t i o n  proceeds ,  B2Oa 
s l o w l y  e v a p o r a t e s  a n d  oxygen ,  w h i l e  d i f fus ing  
t h r o u g h  ZrO,  r eac t s  w i t h  i t  to  f o r m  ZrOe in a b o u t  
10-20 hr.  B e r k o w i t z ,  h o w e v e r ,  f o u n d  on ly  ZrO~ and  
no  ev idence  for  t he  p re sence  of Z rO  in t h e  o x i d a t i o n  
p roduc t .  T h e  r e s i s t ance  of ZrB2 to sca le  f o r m a t i o n  
w a s  i n v e s t i g a t e d  also b y  M a r k e v i c h  a n d  M a r k o v -  

sk i t  (4 ) .  

V e r y  r ecen t l y ,  Ba r t l e t t ,  W a d s w o r t h ,  and  C u t l e r  
(5)  r e p o r t e d  an  i n v e s t i g a t i o n  of  t h e  k ine t i c s  of o x i -  
d a t i o n  of Z r C  p o w d e r  in t h e  t e m p e r a t u r e  r eg ion  
450~176 a n d  B e r k o w i t z  (2, 6) t h e  o x i d a t i o n  k i -  
ne t ics  of  a z o n e - r e f i n e d  Z r C  a t  853~176 W a t t ,  
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Fig. 1. Schematic diagram of the apparatus used for studying high 
temperature oxidation kinetics, a (left) Diagram of gas-flow system. 
b (right) Combustion furnace and accessories. 

Crockett ,  and  Hal l  (7) ,  Thie lke  (8) ,  and  Hinnf ibe r  
and  Rfidiger (9) have  also made  some m e a s u r e -  
m e n t s  on the  ox ida t ion  of ZrC. 

This inves t iga t ion  covers the t e m p e r a t u r e  ranges  
554~176 for ZrC and  945~176 for ZrB2, at 
oxygen  pressures  up to 744 m m  Hg. The progress  of 
reac t ion  was der ived  by  observ ing  d i rec t ly  the 
weight  ga ined  by  the  samples  wi th  t ime.  E lec t ron -  
b e a m  mel t ed  samples  of bo th  ZrB2 and  ZrC were  
used. Only  spec imens  which  did not  have  any  ap-  
p a r e n t  cracks were  ut i l ized.  

Apparatus  and Experimental  Procedure 

A schemat ic  d i ag ram of the  gas-f low sys tem and  
the  appa ra tu s  is g iven  in  Fig. la.  F igu re  l b  p resen t s  
a de ta i led  v i ew  of the  combus t ion  f u r n a c e  and  ac-  
cessories. The mul l i t e  combus t ion  tube,  A, (15 in. 
long and  11/2 in. d iam)  is m o u n t e d  ve r t i ca l ly  and  
hea ted  by  two concentr ic  fu rnace  wind ings ,  C, 
of K a n t h a l  wire.  The i n n e r  w i n d i n g  is on the m u l l i t e  
itself. P y r e x  tubes  wi th  s t anda rd  g round -g l a s s  jo in t s  
a re  sealed on to the  mu l l i t e  t ube  at both  ends. A n  
in le t  tube,  J, for the r eac t ing  gas, and  a ch romel -  
a lume l  thermocouple ,  F, are  a t tached  f rom the bo t -  
tom, and  two outlets  are  p rov ided  at the  top, one 
for evacua t ing  the sys tem and  the o ther  for v e n t i n g  
the  gases to the  hood. A hel ica l  qua r t z  spr ing,  D, 
ca l ib ra ted  for load vs. ex tens ion  is suspended  v e r -  
t ica l ly  as shown  in  the figure and  the  sample  to be 
e x a m i n e d  is a t t ached  to the lower  hook of the spr ing  
b y  means  of 0.007 in. n ickel  w i r e  and  a piece of 
qua r t z  fiber, E, so tha t  the  sample,  S, is on ly  abou t  
1 cm above the  t he rmocoup le  bead.  The  p r o x i m i t y  
of the  sample  to the  the rmocoup le  insures  accura te  
t e m p e r a t u r e  m e a s u r e m e n t  of the  sample.  The t e m -  
p e r a t u r e  of the  hea t i ng  fu rnace  is r egu la t ed  to  
•176  W h e n  the  ex tens ion  of the spr ing  is m e a s u r e d  
by  means  of a ca the tometer ,  a change  in  we igh t  of 
0.2 mg can  be de t e rmined ,  and  w i t h  the  r e l a t i ve ly  
low sens i t iv i ty  of the  spr ing  no v ib ra t ions  were  
caused by  the  gas-f low th rough  the  system.  

Al l  the e x p e r i m e n t s  were  done at  a to ta l  p ressure  
of 740 ---+ 5 mm,  and  var ious  pa r t i a l  p ressures  of O2 
were  ob ta ined  by  m i x i n g  it w i th  purif ied h e l i u m  gas. 
The  sample  was in i t i a l ly  hea ted  in  an  a tmosphere  

of h e l i u m  to the  desired t e m p e r a t u r e  a nd  the  zero 
r ead ing  on the ca the tomete r  t a k e n  aga ins t  a fixed 
po in t  ( end)  on the  suspens ion  wire.  The  sys tem was 
t hen  evacuated ,  02 gas was  s u d d e n l y  admi t ted ,  and  
the flow ra te  s lowly  adjus ted .  The t ime  w h e n  oxy-  
gen  was  in t roduced  was  t a k e n  as zero. The read ings  
of the  ca the tomete r  at su i t ab le  in t e rva l s  of t ime  
were  recorded and  each r u n  was  con t inued  u n t i l  a 
sufficient n u m b e r  of points  was  ob ta ined  to es tab l i sh  
the k inet ics  of the  process. 

The  z i r con ium d ibor ide  used  had  a composi t ion 
ZrB195 wi th  1.7% of Hf a nd  a ca rbon  con ten t  of 
abou t  200 ppm.  Ci rcu la r  pieces of the  m a t e r i a l  
we igh ing  about  0.5-0.8g were  cut  f rom z o n e - m e l t e d  
cy l indr ica l  ba r  and  pol ished by  g r ind ing  wi th  fine 
abras ive  powder .  A n y  smal l  cracks on the  sample  
were  vis ib le  and  the  cracked port ions,  if any,  were  
r e move d  by  b r e a k i n g  t h e m  off. The  spec imens  were  
t hen  t ho rough ly  washed  wi th  w a t e r  and  dr ied  in  air. 
The areas  of the samples  were  ca lcula ted  f rom the  
m e a s u r e d  d imens ions  to the nea re s t  1 m m  2. A s imi la r  
p rocedure  was used for the z i r con ium carb ide  s am-  
ples. The  e l e c t r o n - b e a m  me l t ed  ZrC was  9 9 . 5 + %  
pure  wi th  t race  impur i t i es .  

The oxide films on the  oxidized samples  of ZrB2 
were  r emoved  by  mic rosand  blas t ing .  The  same 
piece could be repol i shed  by  g r ind ing  a ga i n  and,  
thus,  could be used severa l  t imes.  This  method,  ap-  
pa ren t ly ,  did not  affect the n a t u r e  of the  subs t ra te  
mater ia l ,  and  ident ica l  ra tes  of ox ida t ion  w i t h i n  
e x p e r i m e n t a l  e r ror  were  observed  (cf. sect ion on 
p r e r u n  t r e a t m e n t ) .  In  the  case of ZrC, separa te  
pieces were  used for each run .  

Results and Discussion 
Oxidation of Zirconium Diboride 

F r o m  the ex tens ion  of the  spr ing  at  va r ious  i n -  
t e rva ls  of t ime, the weigh t  gains  of the  sample  in  
mi l l i g r ams  per  square  cen t ime te r  at  the respect ive  
t ime  in t e rva l s  were  eva lua ted .  The s t ra igh t  l ines  
which  were  ob ta ined  by  p lo t t ing  (weigh t  g a i n /  
square  cen t ime te r )  2 vs. t ime  (Fig. 2) show tha t  the  
ox ida t ion  of ZrB2 follows a parabo l ic  r a t e  law. Rate  

3O 

~ o  
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0 20 

256 "C 

1166"C 

1056 "C 

9 6 2 " C  

time, min 

Fig. 2. Parabolic plot for the oxidation of ZrB2 in pure oxygen 
at 945%1256~ Oxygen pressure, 1 atm. 
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Table I. Parabolic rate constants for the oxidation of ZrB2 at 
1056~ after various prerun treatments 

P a r a b o l i c  
r a t e  c o n s t a n t ,  

P r e r u n  t r e a t m e n t  ( m g / c m ~ ) ~ / m i n  

Preheated for ~ hr at the tempera ture  0.2368 
of the exper iment  

Oxidized sample repolished and no pre-  0.2459 
heat ing 

Fresh sample with no preheat ing 0.3000 

Table II. Parabolic rate constants with various flow rates of 02 
in the oxidation of ZrB2 at 1056~ 

oz5 

o fa 

} o~,c 

o o~ 

p0e,  mm Hg 

Fig. 4. Effect of 02 partial pressure on the oxidation of ZrBf. 
Temperature, 1056~ 

F l o w  r a t e ,  R a t e  c o n s t a n t ,  k~,, 
m l / m i n  ( m g / c m ~ )  ~ / m i n  

20 0.2206 
50 0.2612 

100 0.2459 

cons tan ts  were  ob ta ined  f rom the  slopes of the  
s t ra igh t  l ines.  

Prerun t r e a t m e n t - - T h e  p r e r u n  t r e a t m e n t  was  
var ied  in  a few r u n s  and  the parabol ic  ra te  cons tan t s  
ob ta ined  in  each case are recorded in  Table  I. These 
data  indica te  tha t  there  is no s ignif icant  change  in  
the ra te  of ox ida t ion  of ZrB2 w h e n  the  sample  is 
p rehea ted  or w h e n  the  oxidized m a t e r i a l  is r e -  
pol ished and  used w i thou t  p rehea t ing ,  a l though  
w h e n  a f resh piece is used wi thou t  p rehea t ing ,  the  
ra te  cons t an t  is higher .  Hence,  in  all  the other  r u n s  
the  fresh sample  was  e i ther  p r e h e a t e d  for 1/~ h r  or 
the  oxidized surface was repol ished and  used w i th  no 
prehea t ing .  For  ZrC, the sample  was  p rehea t ed  for 
1/2 hr  for each run .  

Flow rates . - -Runs  were  done w i th  O2 flow ra tes  of 
100, 50, and  20 m l / m i n ,  at 1056~ in  order  to de te r -  
m i n e  the  effect of flow ra te  on the  react ion,  and  the  
ra te  cons tan ts  (parabo l ic )  ob ta ined  in these cases 
are repor ted  in Table  II. It  is ev iden t  f rom this  t ab le  
t ha t  the  ra te  of ox ida t ion  of ZrB2 is i n d e p e n d e n t  
of the  flow ra te  of O2 in  the  sys tem in  the  r ange  
studied,  w i t h i n  e x p e r i m e n t a l  error .  

Effect of oxygen  partial pressure.--Figure 3 p re -  
sents  the parabolic plot of the results oblained at 
various 02 partial pressures (102-744 mm of mer- 
cury, mixed with helium gas) for the oxidation of 

io 

v 

i 

t i m e ,  rain 

Fig. 3. Parabolic plot for the oxidation of ZrB2 at various oxygen 
partial pressures. Temperature, I056~ 

ZrB2 at 1056~ The oxida t ion  ra te  increases  wi th  i n -  
creas ing pa r t i a l  p ressure  of O2, and  the increase  in  
the parabol ic  ra te  cons tan t  is d i rec t ly  p ropor t iona l  
to the  pa r t i a l  p ressure  of O~ as ind ica ted  by  Fig.  4 
which is a plot of the rate constants against the par- 
tial pressure. 

Effect of t empera ture . - - In  order  to ob ta in  the  ac-  
t i va t ion  ene rgy  for the  reac t ion  b e t w e e n  ZrB2 and  
O2, expe r imen t s  were  car r ied  out at  va r ious  t e m -  
pe ra tu re s  r a n g i n g  f rom 945 ~ to 1256~ at a p ressure  
of 740 • 5 m m  and  an O2 flow ra te  of 100 • 5 m l /  
rain. The parabol ic  ra te  cons tan ts  ca lcu la ted  in  each 
case are l is ted in  Table  III. The A r r h e n i u s  plot  of 
the resul ts  is l i nea r  wi th  an  ac t iva t ion  ene rgy  of 
19.8 • 1.0 kca l /mole ,  ca lcu la ted  by  a l e a s t - s q u a r e  
method.  Because of the vo la t i l i ty  of boron  oxide, 
one would  expect  the ra te  cons tan t  to fal l  off in  the  
log k vs. 1 /T  plot  at  h igher  t empera tu re s .  This  is 
a p p a r e n t l y  no t  the  case, possibly,  because  the loss 
in weight  by  evapora t ion  of B203 is compensa ted  for 
by  an increased  ox ida t ion  due to less th ickness  in  
the  pro tec t ive  oxide film. The ac t iva t ion  ene rgy  of 
19.8 kcal  is in  cont ras t  to the  va lue  66 kcal  ob ta ined  
by  Berkowitz ,  a l though  the ra t e  cons tan ts  in  bo th  
this  i nves t iga t ion  and  hers  at about  1256~ were  in  
exce l len t  a g r e e m e n t  (10).  The  v a r i a t i o n  in  the  act i -  
va t ion  ene rgy  m u s t  arise because  of a change  in  the 
m e c h a n i s m  of oxidat ion.  This po in t  is f u r t he r  con-  
f irmed by  the  recen t  i nves t iga t ion  of Berkowi tz  (11) 
who ob ta ined  an  ac t iva t ion  ene rgy  of 25 • 6 k c a l /  
mole in  the t e m p e r a t u r e  r a n g e  be low 1400~ for the 
oxidation of ZrB2. The oxidation product was x-ray 
analyzed and was found to contain zirconium di- 
oxide. The ethyl borate test showed the presence of 
boron oxide in the scales. 

Table Ill. Parabolic rate constants for the oxidation of ZrB2 
at various temperatures 

02 Pressure, 740 • 5 mm; flow rate, 100 ml/min 

P a r a b o l i c  r a t e  c o n s t a n t ,  
T e m p e r a t u r e ,  ~  ( m g / c m Z )  e / m i n  

945 0.1019 
962 0.1190 
975 0.1435 
998 0.1653 

1056 0.2459 
1056 0.2368 
1166 0.3899 
1256 0.5625 

AE~ = 19 .8  • 1.0 k c . a l / m o l ~  
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Presence of water  vapor in the oxygen  gas.--In 
one of the  exper imen t s ,  oxygen  was  b u b b l e d  t h r o u g h  
dis t i l led wa t e r  and  passed into the  combus t ion  t ube  
con t a in ing  ZrB2 at  1056~ to s tudy  the  effect of 
mois t  oxygen  on the  react ion.  A parabol ic  reac t ion  
ra te  was observed  and  the  ra te  cons tan t  in  this  r u n  
[0.20 ( m g / c m 2 ) 2 / m i n ]  was  ident ical ,  w i t h i n  ex -  
p e r i m e n t a l  e r ro r  w i th  tha t  for d ry  oxygen  u n d e r  
s imi la r  condi t ions  [0.24 ( m g / c m 2 ) 2 / m i n ] .  The 
sl ight  decrease in  the  ra te  migh t  be a t t r i b u t e d  to: 
( i)  a r educ t ion  in  the  pa r t i a l  p ressure  of oxygen  
f rom 744 to 719 m m  due to the  p resence  of w a t e r  
vapor ,  and  (ii) the  f o rma t ion  of bor ic  acid wh ich  is 
more  vola t i le  t han  B203, which  wou ld  cause a f u r -  
t he r  decrease  in  the  observed  ra te  of we igh t  gain. 
G l i s t en ing  wh i t e  crys ta ls  of boric  acid were  ob-  
served on the  cooler par ts  of the  combus t ion  tube.  
I t  was  f u r t h e r  not iced,  u n l i k e  in  o ther  cases, t ha t  the  
ZrB2 became  ve ry  b r i t t l e  a f ter  be ing  exposed to 
mois t  oxygen.  I t  should  be m e n t i o n e d  tha t  B r o w n  
(1) r epor ted  a g rea te r  ra te  in  mois t  a i r  t h a n  in  d ry  
air. 

Oxidation of Zirconium Carbide 
Z i r c o n i u m  carbide  is more  suscept ib le  to oxi -  

da t ion  t h a n  z i r con ium dibor ide  and  at  lower  t e m -  
pera tu res .  Pieces of z i r con ium carb ide  were  found  
to b r eak  up  i m m e d i a t e l y  in  contac t  w i th  O2 at 
1000~ or even  lower.  Berkowi tz  (12) also has 
observed  the  same p h e n o m e n o n .  Gang l e r  (13) 
found  excessive ox ida t ion  of ZrC in  air  at 980~ 
and  Watt ,  Crockett ,  and  Hal l  (6) ,  r ap id  ox ida-  
t ion  in  a i r  a t  800~ In  order  to find a w o r k a b l e  
t e m p e r a t u r e  r ange  for s t u d y i n g  the  ox ida t ion  k i -  
netics,  a piece of ZrC was hea ted  s lowly  f rom room 
t e m p e r a t u r e  in  an  a tmosphe re  of oxygen.  The s a m -  
ple began  to c r u m b l e  at  abou t  700~ and  b roke  up  
into severa l  pieces at  abou t  850~ so tha t  the m a x i -  
m u m  w o r k a b l e  t e m p e r a t u r e  was  abou t  650~ E v e n  
at this  t e m p e r a t u r e ,  samples  s ta r ted  c r u m b l i n g  af ter  
abou t  an  hou r  of oxidat ion.  A porous  film of z i r -  
c o n i u m  oxide ( ident i f ied by  x - r a y  d i f f rac t ion)  was  
fo rmed  on the  sample.  The  resul t s  of the  successful  
r u n s  at  554~176 are p resen ted  g raph ica l ly  in  
Fig. 5. I t  is c lear  tha t  the  reac t ion  follows a l i nea r  
ra te  l aw at  740 ----_ 5 m m  pressure  of O2 and  a flow 
ra te  of 100 ___ 5 m l / m i n .  The l i nea r  ra te  cons tan ts  at 
va r ious  t e m p e r a t u r e s  are g iven  in  Tab le  IV. The ac-  
t i va t ion  e n e r g y  ca lcula ted  in  this  case f rom the  A r -  
r hen iu s  plot  is 16.7 _+ 1.7 kca l /mole .  This  ac t iva t ion  
ene rgy  is l ower  t h a n  the  45.7 k c a l / m o l e  r epor ted  by  

~ z o  
e 

=" '~ min '" ,oo ,~o 

Fig. 5. Linear plot for the oxidation of ZrC at various tempera- 
tures. 02 pressure, 740 _ 5 mm; 02 flow rate, 100 ml/min. 

Table IV. Rate constants for the ZrC-02 reaction at various 
temperatures 

Oxygen pressure, 740 _ 5 mm 

L i n e a r  r a t e  c o n s t a n t ,  
T e m p e r a t u r e ,  ~  kl ,  m g / c m ~ / m i n  

554 0.01371 
571 0.01818 
607 0.02320 
634 0.03153 
652 0.04444 
AEa = 16.7 • 1.7 k c a l / m o l c  

Bar t l e t t  et al. (5) f rom the i r  s tudy  of the  ox ida t ion  
ra te  of powdered  ZrC over  the  r a nge  450~176 
Bar t l e t t  (14),  in  his thesis, notes  tha t  the t e m p e r a -  
t u r e - d e p e n d e n c e  above  580~ is no t i ceab ly  lower  so 
tha t  a change  in  reac t ion  m e c h a n i s m  is aga in  im-  
plied. One migh t  suspect  t ha t  the  spa l l ing  off of 
flakes of ZrC or ZrO2 as ox ida t ion  occurs could cause 
an  a p p a r e n t l y  slow react ion,  bu t  this wou ld  have  
been  detected by  the  sens i t ive  ba l ance  used unless  
the par t ic les  are e x t r e m e l y  small .  A n  a l t e rna t i ve  
sugges t ion  is tha t  a d i f fus ion-con t ro l l ed  ox ida t ion  
process t h r ough  a pro tec t ive  Z r - O - C  film p r e d o m i -  
na tes  at low t e m p e r a t u r e s  whi le  a l i n e a r  process 
which  produces  a porous  ZrO2 and  gaseous CO2 
takes  over  in  the  r ange  above  580~ 

Conclusions 

The oxida t ion  of z i r con ium diboride,  b e t w e e n  the 
t e m p e r a t u r e s  945 ~ a nd  1256~ follows a parabo l ic  
ra te  l a w  over  the  first hour  of oxidat ion.  The  oxida-  
t ion products  seem to be the  oxides of Zr  a nd  boron,  
wi th  the  bo ron  oxide p resen t  as a mo l t en  l aye r  on 
the surface.  P a r t  of the  bo ron  oxide s lowly  va -  
porizes at high t e m p e r a t u r e s  as ind ica ted  by  a wh i t e  
deposit  on the cooler par t s  of the  combus t ion  t ube  
af ter  severa l  runs .  Var i a t ions  in  flow ra te  of Oxygen 
in  the  e x p e r i m e n t a l  sys tem f rom 20-100 m l / m i n  
have  prac t ica l ly  no effect on the  ra te  of ox ida t ion  
(at  1056~ bu t  a d i rect  dependence  on the  pa r t i a l  
p ressure  of 02 (mixed  wi th  h e l i u m )  was  observed.  
The A r r h e n i u s  plot  of the ra te  cons tants  for the  oxi-  
da t ion  of ZrB2 b e t w e e n  945 ~ and  1256~ is l i nea r  
and  gives an ac t iva t ion  ene rgy  of 19.8 kca l /mo le .  

The  ox ida t ion  of z i r con ium carb ide  follows a 
l i nea r  r a t e  law at 554~176 and  at h igher  te rn-  
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Fig. 6. Arrhenius plot for ZrC-02 reaction. 02 pressure, 1 atm 
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peratures ,  a des t ruct ive  oxidat ion of the ma te r i a l  
takes place in pure  O2. The act ivat ion energy  for the 
oxidat ion of ZrC based on da ta  at  554~176 is 
16.7 kca l /mole .  
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ABSTRACT 

The "oxygen"  adsorpt ion  on po lycrys ta l l ine  Au  in 1N HC104 was s tudied be-  
tween 0.4 and 1.43v vs. SCE at 5 ~ 25 ~ and 50~ using cathodic galvanosta t ic  
s t r ipping and rap id  single pulse different ia l  capaci ty  measurements .  A potent ia l  
a r res t  at  0.5v is ascr ibed  to surface A u - O H  a n d / o r  Au-O  formation,  a p l a t eau  
at  1.0v to surface oxida t ion  to Au203, p robab ly  occurr ing  in patches.  The ap -  
pea rance  of a m a x i m u m  in the dif ferent ia l  capac i ty -po ten t i a l  curve  dur ing  the 
adsorpt ion  process is expla ined  on the basis of an addi t ional  capacity,  Cads, of 
the inner  double  l aye r  due to the  presence of the  charges of the (specifically) 
adsorbed species. I t  is shown that  Cads should be propor t iona l  to the slope of a 
plot  of amount  adsorbed  vs. potential .  The model  proves sa t i s fac tory  for  sur -  
face "Au-OH"  bu i ld -up  to 1/3 of a monolayer ,  and on decomposi t ion f rom a 
monolayer .  

A d s o r p t i o n  and  de so rp t i on  p rocesses  on m e t a l  
e l ec t rodes  a r e  f r e q u e n t l y  a c c o m p a n i e d  b y  a l a r g e  
m a x i m u m  in the  c a p a c i t y - p o t e n t i a l  c u r v e  (1) .  I t  was  
shown  b y  L o r e n z  (2)  t h a t  t he  c a p a c i t y  m a x i m u m  
dec reases  w i t h  i nc rea s ing  m e a s u r i n g  f r e q u e n c y  b u t  
does  not  d i s a p p e a r  even  at  700 kc. A t  such f r e -  
quenc ies  the  c a p a c i t y  can  r e a s o n a b l y  be a s s u m e d  to 
be  f ree  of f a r a d a i c  effects and  to r e p r e s e n t  t he  c a -  
p a c i t y  of the  ionic doub le  l a y e r  only .  

In  p r e v i o u s  p a p e r s  (3 ,4 )  the  e l ec t r i ca l  doub le  
l a y e r  ( ed l )  d i f f e ren t i a l  capac i t i e s  of go ld  in HC104 
w e r e  r e p o r t e d  as a func t ion  of po t en t i a l .  A r a p i d  
s ing le  pu l se  t e c h n i q u e  (5)  was  used  to e x c l u d e  the  
inf luence  of t h e  f a r a d a i c  i m p e d a n c e .  The  zero p o i n t  
of cha rge  was  d e t e r m i n e d  to be close to 0.0v on the  
s a t u r a t e d  ca lome l  e l ec t rode  (SCE)  scale  ( i n c l u d i n g  
a s a t u r a t e d  KC1-HC104 j u n c t i o n  p o t e n t i a l )  (4, 6) .  A 
n u m b e r  of m a x i m a  in the  c a p a c i t y - p o t e n t i a l  cu rve  
w e r e  a t t r i b u t e d  to h y d r o g e n  adso rp t ion ,  some s p e -  
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Fig. 1. Electrode assembly 

cific C104-  adso rp t ion ,  and  to t he  a d s o r p t i o n  of an  
u n k n o w n ,  o x y g e n - c o n t a i n i n g  species.  

A n  a t t e m p t  to e x p l a i n  the  b e h a v i o r  of the  c a p a c i t y  
of t he  ionic doub le  l a y e r  on the  bas is  of a change  in 
d i e l ec t r i c  cons t an t  due  to t h e  a d s o r b e d  spec ies  was  
m a d e  b y  D e v a n a t h a n  (7) .  In  t he  p r e s e n t  i n v e s t i g a -  
t ion the  a p p e a r a n c e  of a c a p a c i t y  m a x i m u m  on a d -  
so rp t ion  (or  d e s o r p t i o n )  is a t t r i b u t e d  to the  p re sence  
of t he  cha rge  of the  ( p o l a r i z e d  or  c h a r g e d )  a d s o r b e d  
species  in the  i n n e r  doub le  l aye r .  

The  g o l d - " a d s o r b e d  o x y g e n "  s y s t e m  was  chosen  
because  of the  ease  w i t h  w h i c h  bo th  the  a m o u n t  a d -  
so rbed  (or  d e s o r b e d )  and  the  ed l  c a p a c i t y  can  be  
m e a s u r e d ,  t hus  m a k i n g  poss ib l e  a r e a d y  c o m p a r i s o n  
b e t w e e n  the  two  quan t i t i e s .  

Experimental 
The  e l ec t rodes  w e r e  p o l y c r y s t a l l i n e  m i n t  go ld  p u r -  

chased  f rom E n g e l h a r d  Indus t r i e s ,  Inc.,  N e w a r k ,  
New Je r sey .  Rods  w e r e  p r e s s u r e - s e a l e d  in to  K e l - F ,  
cut  to expose  a c ro s s - s ec t i on  of 0.086 cm 2 a p p a r e n t  
a rea ,  and  j o i n e d  to a P y r e x  glass  h o l d e r  us ing  a 
Teflon washer ,  b r a s s  rod,  and  n u t  (Fig .  1).  Be fo re  
each  e x p e r i m e n t ,  t he  e l ec t rodes  w e r e  a b r a d e d  w i t h  
4 /0  e m e r y  pape r ,  w a s h e d  w i t h  d i s t i l l ed  w a t e r ,  d e -  
g r e a se d  w i t h  ace tone  in a Soxh le t ,  and  w a s h e d  w i t h  
c o n d u c t i v i t y  w a t e r .  

C o n d u c t i v i t y  w a t e r  was  p r e p a r e d  b y  r e d i s t i l l i n g  
t ap  d i s t i l l ed  w a t e r  f r o m  an  a l k a l i n e  p e r m a n g a n a t e  
so lu t ion  in a P y r e x  st i l l ,  f o l l owed  b y  d i s t i l l a t i on  in a 
H e r a e u s  t w o - s t a g e  q u a r t z  st i l l .  The  e l ec t ro ly t e ,  1N 
HC104 in a l l  cases,  was  p r e p a r e d  f r o m  70% r e a g e n t  
g r a d e  HC104 b y  a p p r o p r i a t e  d i l u t i on  w i t h  c onduc -  
t i v i t y  w a t e r .  Be fo re  each  r u n  i t  was  pu r i f i ed  b y  
p r e - e l e c t r o l y s i s  b e t w e e n  P t  e l e c t rode s  w i t h  a m i n i -  
m u m  of 35 c o u l o m b s / m l ,  and  degas sed  b y  pas s ing  a 
s t e a d y  s t r e a m  of G r a d e  A H e l i u m  for  a t  l e a s t  12 hr.  

The  al l  P y r e x  cel l  con ta ined ,  in a d d i t i o n  to t he  A u  
e lec t rode ,  a c y l i n d r i c a l  p l a t i n i z e d  P t  w i r e  gauze  as 
coun te r  e lec t rode ,  and  two  SCE's ,  t he  l a t t e r  b e i n g  
connec t ed  to t h e  m a i n  c o m p a r t m e n t  b y  closed,  u n -  
g r e a s e d  s topcocks  and  cap i l l a r i e s .  The  cel l  h a d  a 
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Fig. 2. Circuit diagram. TI:, test electrode; CE, counter elec- 

trode; SCE, saturated calomel electrode; EM, Keithley 610A elec- 
trometer; POT, Sensitive Research Instr. Corp. PV potentiometer; 
SC, Tektronix $35A oscilloscope; G, gate; R1, R2, series resistor; 
S1, S2, switch. A stripping c-rye is Being taken. 

w a t e r  j a c k e t  and  was  t h e r m o s t a t e d  a t  5 ~ 25 ~ and  
50~ to •176  w i t h  a Colora  U l t r a  T h e r m o s t a t .  

The  tes t  e l ec t rodes  w e r e  p o l a r i z e d  w i t h  a H i c k l i n g  
p o t e n t i o s t a t  (8 ) .  In  t h e  low c u r r e n t  d e n s i t y  r eg ion  
(i  ~ 0.1 #a, +0 .2  to + 1 . 4 3 v )  the  p o t e n t i o s t a t  d id  not  
g ive  s a t i s f a c t o r y  r e su l t s  and  was  r e p l a c e d  b y  a 
S e n s i t i v e  R e s e a r c h  I n s t r u m e n t  Corp.  Mode l  P V  po-  
t e n t i o m e t e r  a p p l i e d  b e t w e e n  t e s t  e l ec t rode  and  a SCE. 
The  p o t e n t i a l  was  m o n i t o r e d  w i t h  a K e i t h l e y  610A 
e l e c t r o m e t e r  ( i n p u t  i m p e d a n c e  1014 ohms)  a p p l i e d  
b e t w e e n  tes t  e l ec t rode  and  the  second  SCE. The  p o -  
t en t i a l s  a r e  r e p o r t e d  w i t h  r e spec t  to SCE a t  25 ~ 

F o r  t he  edl  d i f f e r en t i a l  c a p a c i t y  m e a s u r e m e n t s  a 
r a p i d  s ingle  pu l se  t e c h n i q u e  was  used,  as d e s c r i b e d  
e l s e w h e r e  (5) .  The  m e t h o d  e s s e n t i a l l y  consis ts  of 
m e a s u r i n g  the  s lope of t h e  p o t e n t i a l - t i m e  cu rve  of 
t he  tes t  e l ec t rode  at  the  onset ,  or  a t ime  v e r y  close to 
it, of a fas t  r ise,  r e c t a n g u l a r  c u r r e n t  pulse .  The  p o -  
t e n t i a l - t i m e  cu rves  w e r e  d i s p l a y e d  on a T e k t r o n i x  
T y p e  535A osci l loscope,  o p e r a t e d  on "s ing le  sweep , "  
w i th  a T y p e  D p reamp l i f i e r ,  and  connec t ed  b e t w e e n  
tes t  and  coun te r  e l ec t rode  (Fig .  2) .  The  t r aces  w e r e  
p h o t o g r a p h e d  w i t h  a T e k t r o n i x  T y p e  C-12 P o l a r o i d  
camera .  A p p r o x i m a t e l y  + 3 0 v  a p p e a r  at  t he  ga te  of 
the  osc i l loscope for  the  d u r a t i o n  of t he  push  b u t t o n  
t r i g g e r e d  sweep.  The  c u r r e n t  pulse ,  of a l e n g t h  up  
to 50 ~sec, was  t a k e n  f r o m  th is  ga t e  a n d  d r o p p e d  
t h r o u g h  a su i t ab l e  r e s i s t o r  to g ive  617 #a. I n  t he  i n -  
v e s t i g a t e d  p o t e n t i a l  r a n g e  (0.4 to 1.4v) the  p o t e n -  
t i a l - t i m e  c u r v e  was  a s t r a i g h t  l ine  ove r  a t  l e a s t  t h e  
first  40 ~sec, i n d i c a t i n g  t h e  absence  of a f a r a d a i c  i m -  
p e d a n c e  d u r i n g  th is  per iod .  The  de s i r ed  s lope  could  
be  m e a s u r e d  abou t  1 ~sec a f t e r  t he  onse t  of the  
pulse .  The  m e a s u r e m e n t  thus  c o r r e s p o n d s  to an  a - c  
d e t e r m i n a t i o n  w i t h  a ba se  f r e q u e n c y  of m o r e  t h a n  
500 kc and  r e p r e s e n t s  t he  d i f f e r en t i a l  c a p a c i t y  of 
t he  ionic  doub le  l a y e r  only .  The  a c c u r a c y  of t he  
m e a s u r e m e n t  is l i m i t e d  b y  the  n o n - l i n e a r i t y  of t he  
osc i l loscope ampl i f i e r s  to •  %. 

The  c o v e r a g e  w i t h  o x y g e n - c o n t a i n i n g  a d s o r b e d  
species  was  d e t e r m i n e d  b y  cons t an t  c u r r e n t  ca thod ic  
s t r ipp ing .  F o r  th is  p u r p o s e  the  osc i l loscope  was  con-  
nec t ed  b e t w e e n  tes t  e l e c t r o d e  and  SCE, and  the  ga te  
of the  osci l loscope,  t h r o u g h  a se r ies  res i s tor ,  b e t w e e n  
tes t  and  coun te r  e l ec t rode  (Fig .  2) .  The  p o t e n t i a l  of 
t he  t es t  e l ec t rode  was  set  to t he  d e s i r e d  va lue .  The  
p o t e n t i o m e t e r  was  t h e n  s w i t c h e d  off and  the  osc i l lo -  

scope t r i g g e r e d  s i m u l t a n e o u s l y .  A l l  s t r i p p i n g  was  
done  w i t h  121 ~a. The  low i n p u t  i m p e d a n c e  of t he  
osc i l loscope  (1 m e g o h m )  causes  an  iR d rop  of 30 m v  
at  1.4v to a p p e a r  b e t w e e n  tes t  e l ec t rode  and  SCE (as  
m e a s u r e d  w i t h  t he  K e i t h l e y ) .  A c o r r e s p o n d i n g  co r -  
r ec t ion  was  a p p l i e d  to a l l  po t e n t i a l s  r e p o r t e d .  

R e p r o d u c i b l e  r e su l t s  w e r e  o b t a i n e d  on ly  a f t e r  r e -  
p e a t e d  anod ic  and  ca thod ic  cyc l ing  to t h e  h ighes t  
anodic  p o t e n t i a l  used  in th is  s t u d y  ( + 1 . 4 3 v )  and  to 
--0.5v. This  p r e t r e a t m e n t  p r e s u m a b l y  r e m o v e s  ox i -  
d i z a b l e  and  r e d u c e a b l e  i m p u r i t i e s  f r o m  the  e l ec t rode  
su r f ace  (9 ) .  I t  also seems  to i n t r o d u c e  r o u g h e n i n g  of 
t he  su r f ace  u n t i l  a cons t an t  s t a t e  is r eached .  A f t e r  
cyc l ing ,  c a p a c i t y  d a t a  w e r e  t aken ,  b e g i n n i n g  a t  a b o u t  
+ 0 . 4 v  t h r o u g h  + l . 4 v  and  b a c k  to  t he  s t a r t i n g  poin t .  
The  p o t e n t i a l  was  c h a n g e d  in s teps  of 100 m v  e v e r y  
10 rain,  excep t  in t he  v i c i n i t y  of t he  m a x i m u m  w h e r e  
the  s teps  w e r e  50 m v  only.  The  c a p a c i t y  r e a ches  a 
cons t an t  v a l u e  a f t e r  2-5 m i n  and  does  no t  change  
ove r  a p e r i o d  of up  to 1 hr .  S t r i p p i n g  cu rves  w e r e  
t h e n  t a k e n  in s teps  of  a p p r o x i m a t e l y  100 my,  s t a r t -  
ing  f rom ca thod ic  p o t e n t i a l s  t h r o u g h  +1 .43v ,  a l l o w -  
ing 10 ra in  at  each  p o t e n t i a l  for  t he  a d s o r p t i o n  to 
come to a s t e a d y  s ta te .  The  p o t e n t i a l  was  t hen  set  
to + 1.43v for  10 min,  c h a n g e d  to a less  anod ic  p o t e n -  
t ia l ,  and  a s t r i p p i n g  cu rve  t a k e n  f r o m  t h e r e  10 min  
l a t e r .  This  p r o c e d u r e  was  r e p e a t e d  for  success ive ly  
less  anodic  po ten t i a l s ,  a l w a y s  a l l o w i n g  the  e l ec t rode  
to come to a s t e a d y  s t a t e  a t  + 1.43v first.  

A l l  d a t a  r e p o r t e d  a re  r e f e r r e d  to the  e s t i m a t e d  
t r ue  su r f ace  area .  F r o m  f r e s h l y  p r e p a r e d  e l ec t rode  
to f r e s h l y  p r e p a r e d  e l ec t rode  the  r e p r o d u c i b i l i t y  of 
the  c a p a c i t y  d a t a  was  --+15%. This  was  a t t r i b u t e d  to 
diff icul t ies  in r e p r o d u c i n g  a def in i te  r oughnes s  fac tor .  
The  c a p a c i t y  cu rves  w e r e  n o r m a l i z e d  to an ( a r b i -  
t r a r y )  c a p a c i t y  of 16 ~ f / c m  2 at  t he  c a p a c i t y  m i n i -  
m u m  jus t  be fo re  the  r i se  to the  anod ic  a d s o r p t i o n  
m a x i m u m .  The  p r o c e d u r e  was  t a n t a m o u n t  to us ing  a 
roughnes s  f ac to r  v a r y i n g  b e t w e e n  2.1 and  2.5. The  
r e p r o d u c i b i l i t y  of t he  c a p a c i t y  d a t a  was  t hen  -+5%. 
The  s t r i pp ing  d a t a  w e r e  r e p r o d u c i b l e  to -+10% as 
c a l c u l a t e d  w i t h  an  a v e r a g e  roughness  f ac to r  of 2.3. 

Results 

Figure 3a shows the coverage wi th "oxygen- 
c o n t a i n i n g "  spec ies  o b t a i n e d  on a A u  e l ec t rode  in 
1N HC104 at  t h r e e  d i f fe ren t  t e m p e r a t u r e s .  A d s o r p -  
t ion  s t a r t s  a t  a r o u n d  0.5v and  inc reases  up  to 1.43v 
w i t h o u t  any  ind i ca t i on  of r e a c h i n g  a c o n s t a n t  m a g -  
n i tude .  A v e r a g e  va lue s  a t  1.43v a r e  1440, 1200, and  
1100 ~ c o u l o m b / c m  2 for  5 ~ 25 ~ and  50~ r e s p e c -  
t ive ly .  The  a d s o r p t i o n  is h i g h l y  i r r e v e r s i b l e  and  th is  
can  be seen in  Fig .  3b w h i c h  shows  the  r e s i d u a l  cov-  
e r a g e  a f t e r  ho ld ing  the  p o t e n t i a l  at  1.43v, and  t h e n  
at  t he  anod ic  s t a r t i n g  p o t e n t i a l  for  10 min  each.  De-  
so rp t ion  of t he  a d s o r b e d  species  occurs  in two  v e r y  
p r o n o u n c e d  s teps  at  a b o u t  1.0 and  0.5v. 

The  cha rge  i n v o l v e d  in the  s tep  a t  1.0v can  be  
s e p a r a t e d  f r o m  t h e  cha rge  i n v o l v e d  in t he  s tep  a t  
0.5v on the  bas is  of the  osc i l loscope t r aces  o b t a i n e d  
d u r i n g  ca thod ic  s t r i pp ing ,  bo th  for  a d s o r p t i o n  ( i n -  
c r e a s i n g  p o t e n t i a l s )  and  for  d e s o r p t i o n  ( d e c r e a s i n g  
p o t e n t i a l s ) .  The  d u r a t i o n  of the  p l a t e a u  at  1.0v was  
t a k e n  f rom t h e  b e g i n n i n g  of t he  t r a c e  to  t he  i n -  
f lect ion po in t  fo l l owing  t h e  p o t e n t i a l  a r r e s t ;  of the  
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Fig. 3. "Oxygen" coverage as a function of potential. Au in 
1N HCIO4. 5~  ; 25~  - -  �9 - - ;  50~ . a. For in- 
creasing potentials; b, for decreasing potentials after steady state 
at  1.43v. 

plateau at 0.5v from the inflection point before to the 
inflection point after the arrest. The potential rise 
to the plateau took less than 0.05 sec in most cases, 
the error involved in this procedure is therefore 
small, but may account par t ly  for the reproducibili ty 
being •  only. 

The results are shown in Fig. 4. Adsorption starts 
at approximately 0.5 and 1.0v respectively and 
shows no tendency to level off even at 1.43v (except 
perhaps at 5~ in Fig. 4a). The irreversibility al- 
ready evident in Fig. 3 is again visible in Fig. 4. A 
pronounced negative temperature  coefficient be- 
comes apparent for the plateau at 1.0v, whereas the 
coverage causing the plateau at 0.5v increases with 
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Fig. 4. "Oxygen" coverage as a function of potential. Au in 1N 
HCIO4. 5~  ; 25~  - -  �9 - - ;  50~ - -  - -  - - .  a, Plateau at 
0.5v; b, plateau at 1.0v; both for increasing and decreasing po- 
tentials. 
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Fig. 5. Differential capacity as a function of increasing and de- 
creasing potentials. Au in 1N HCIO4. 5~  ; 25~  - -  " - - ;  
50~ - -  __ __ 

temperature. The potential plateaus on the oscillo- 
scope traces (not shown) are displaced by about 100 
mv to more cathodic values as compared to the cor- 
responding drops in coverage shown in Fig. 3 and 4. 
This is due to overvoltage caused by the relatively 
high stripping current  (121 ~a, ~550 #a/cm2). 

Comparison of the adsorption-desorption behavior 
outlined above with the capacity data shown in 
Fig. 5 reveals that the onset of adsorption (increas- 
ing potentials) at about 0.5v closely corresponds to 
the beginning of the rise of the capacity to the ad- 
sorption maximum. The desorption step (decreasing 
potentials) at 0.5v causes a sharp drop in capacity, 
whereas desorption at 1.0v seems to have little or 
no influence on the capacity-potential  behavior. 
After desorption is completed, at about 0.4v, the ca- 
pacity returns to approximately the values en- 
countered before adsorption. This indicates that  the 
adsorption-desorption process leaves the surface es- 
sentially unaltered after a constant roughness factor 
has been achieved by cathodic-anodic cycling. 

The influence of temperature  on the capacity is 
quite pronounced, the maximum being 38.2 ~f /cm s 
at 50~ and 28.3 ~f /cm 2 at 5~ With increasing 
temperature  the potential at which the maximum oc- 
curs shifts to less noble values, the maximum be- 
coming sharper at the same time. The irreversibility 
in the adsorption-desorption behavior finds its ex- 
pression in the capacity hysteresis. The desorption 
peaks (Fig. 5, decreasing potentials) are at poten- 
tials at least 300 mv more cathodic than the ad-  
sorption peaks (Fig. 5, increasing potentials).  

D i s c u s s i o n  

Adsovption-desorption behavior.--The gold-"ad-  
sorbed oxygen" system has been studied repeatedly 
(10). It is generally assumed that a Au-O layer  is 
formed first which is later converted to Au208 with 
time and at more anodic potentials (11-14). It  is 
then surprising that on cathodic decay only one po- 
tential arrest is reported (11, 12, 14, 15). One would 



Vol. 111, No. 7 O X Y G E N  A D S O R P T I O N  A N D  C A P A C I T I E S  835 

r a t h e r  expec t  two  p l a t eaus ,  and  th i s  was  i n d e e d  
found  here .  

I f  t he  m o d e l  o u t l i n e d  a b o v e  is cor rec t ,  t he  a d -  
so rp t ion  s t ep  b e g i n n i n g  a t  0.by a n d  caus ing ,  on d e -  
sorp t ion ,  t he  p l a t e a u  a t  0.bv (Fig .  4a)  m a y  be  a s -  
soc ia ted  w i t h  t he  f o r m a t i o n  of A u - O ,  or  some 
s i mi l a r  o x y g e n - c o n t a i n i n g  species,  on t h e  sur face .  
P e r h a p s  t he  a s s u m p t i o n  of a spec ies  A u - O H  (12) ,  
f o r m e d  b y  o x i d a t i o n  of a n  a d s o r b e d  w a t e r  d ipole ,  is 
m o r e  r e a s o n a b l e  s ince  i t  r e q u i r e s  t he  t r a n s f e r  of 
on ly  one  e lec t ron .  The  f o r m a t i o n  of A u - O  a n d / o r  
A u - O H  is in a g r e e m e n t  w i t h  t he  s m a l l  pos i t i ve  t e m -  
p e r a t u r e  coefficient  o b s e r v e d  for  th is  s tep,  and  w i t h  
the  s t rong  inf luence  on  the  c a p a c i t y  b e h a v i o r  ( see  
b e l o w ) ,  w h i c h  w o u l d  bo th  be  e x p e c t e d  for  c h e m i -  
s o r p t i o n - t y p e  adso rp t ion .  

The  a m o u n t  of " A u - O H "  f o r m e d  on t h e  su r f a c e  
does no t  r e a c h  s a t u r a t i o n  even  a t  1.43v, a l t h o u g h  the  
o b s e r v e d  v a l u e  of 950 # c o u l o m b / c m  2 a t  50~ is 
h i g h e r  t h a n  w h a t  is n o r m a l l y  cons ide red  to be  a 
m o n o l a y e r  on t h e  bas is  of one e l e c t r o n  p e r  su r f ace  
a t o m  of A u  ( ~ 5 0 0  # c o u l o m b / c m 2 ) ,  even  if  a l a r g e  
e r r o r  was  m a d e  in  e s t i m a t i n g  the  r o u g h n e s s  fac tor .  
I t  is i n t e r e s t i n g  to no te  t h a t  t he  d e s o r p t i o n  b e h a v i o r  
a f t e r  s t e a d y  s t a t e  a t  1.43v (Fig .  4a)  shows  a g r a d u a l  
r e d u c t i o n  of t he  a m o u n t  of " A u - O H "  p resen t ,  un t i l ,  
a t  a p p r o x i m a t e l y  0.65v, a b o u t  one m o n o l a y e r  is l e f t  
w h i c h  is t h e n  r e m o v e d  w i t h i n  100 m v  or  so. A d -  
so rbed  OH r a d i c a l s  in  excess  of one m o n o l a y e r  m a y  
be  c o n v e r t e d  to  a d s o r b e d  ( a t o m i c )  oxygen ,  m a y  
f o r m  m u l t i l a y e r s ,  a n d / o r  m a y  be  a d s o r b e d  on ox i -  
d ized  p o r t i o n s  of t he  A u  surface .  

I t  shou ld  be  p o i n t e d  out  t h a t  t he  p o s s i b i l i t y  of the  
p l a t e a u  at  0.by be ing  caused  b y  a d s o r p t i o n  of H~O2 
could  b e  m a d e  h i g h l y  un l i ke ly ,  b u t  cou ld  no t  be  e x -  
c luded  a l l  toge the r .  H202 m a y  be  f o r m e d  d u r i n g  p r e -  
e lec t ro lys i s ,  d u r i n g  a n o d i c - c a t h o d i c  cycl ing,  a n d  
d u r i n g  t h e  n o r m a l  p o l a r i z a t i o n  p r o c e d u r e s  used  d u r -  
ing  a run .  Omiss ion  of p r e - e l e c t r o l y s i s  and  cyc l ing  
s t i l l  g a v e  p l a t e a u s  a t  0.by, a l t h o u g h  of r a t h e r  i r r e -  
p r o d u c i b l e  length .  Also,  k e e p i n g  the  e l e c t r o l y t e  a t  
50~ for  s eve ra l  hou r s  shou ld  r e m o v e  mos t  of t h e  
H202 e v e n t u a l l y  p r e s e n t  and  shou ld  l e ad  to  a d e -  
c rease  in t he  a m o u n t  adso rbed ,  w h e r e a s  an  i n c r e a s e  
was  a c t u a l l y  found.  

The  a d s o r p t i o n  s tep  b e g i n n i n g  at  1.0v can  be  
iden t i f i ed  w i t h  ox ide  fo rma t ion ,  e.g., b y  f u r t h e r  ox i -  
da t i on  of " A u - O H "  to Au2Os. The  l a t t e r  is m o r e  
diff icult  to fo rm  at  h i g h e r  t e m p e r a t u r e s  (16) ,  conse -  
q u e n t l y  a n e g a t i v e  t e m p e r a t u r e  coefficient  for  th is  
a d s o r p t i o n  s tep  w o u l d  be  e x p e c t e d  a n d  is found.  The  
a s s u m p t i o n  f inds f u r t h e r  s u p p o r t  in  t h e  o b s e r v a t i o n  
t ha t  a v i s ib le  ox ide  f i lm can  b e  f o r m e d  on the  e l ec -  
t r o d e  b y  k e e p i n g  the  p o t e n t i a l  a t  1.4v for  24 hr .  The  
m a x i m u m  v a l u e  of 760 # c o u l o m b / c m  2 o b s e r v e d  at  
5~ a n d  1.43v is too s m a l l  to account  even  for  a 
m o n o l a y e r  of Au203. The  o x i d a t i o n  seems  to occur  
in  p a t c h e s  (17) ,  l e a v i n g  a c o n s i d e r a b l e  p a r t  of t h e  
su r face  cove red  w i t h  OH r a d i c a l s  on ly .  

The  o x i d a t i o n - r e d u c t i o n - p o t e n t i a l  b e h a v i o r  of t he  
su r f ace -Au tO3  r e s e m b l e s  c lose ly  t h a t  of the  a d s o r b e d  
species  f o u n d  b y  L a i t i n e n  and  Chao (12) .  These  a u -  
t ho r s  d id  no t  r e p o r t  t he  p r e s e n c e  of a second  a d -  
sorba te .  H o w e v e r ,  as can  be  seen  f r o m  t h e i r  Fig .  3, 

no t  a l l  t he  " o x y g e n "  a d s o r b e d  is r e m o v e d  at  t he  
p l a t e a u  at  1.0v, t he  t o t a l  c o v e r a g e  no t  b e i n g  r e d u c e d  
to ze ro  u n t i l  a t  a b o u t  0.4v. 

Di]Ierential capacity--theoreticaL--The t h e o r y  of  
t he  ed l  on m e t a l s  was  o r i g i n a l l y  d e v e l o p e d  for  
i d e a l l y  p o l a r i z a b l e  e l ec t rodes  (1) .  I t  is g e n e r a l l y  
a s s u m e d  to ho ld  for  i n t e r m e d i a t e  cases  also,  a v i e w -  
p o i n t  w h i c h  w i l l  be  a d o p t e d  here .  

T h e  d i f f e r en t i a l  c a p a c i t y  of the  ed l  is def ined  as 
t he  d e r i v a t i v e  of the  ( e l ec t ron i c )  c h a r g e  on the  
m e t a l  w i t h  r e spe c t  to p o t e n t i a l  (1) .  Because  of t h e  
e l e c t r o n e u t r a l i t y  r e q u i r e m e n t ,  t he  c h a r g e  on the  
m e t a l  m u s t  be  e q u a l  and  oppos i t e  in  s ign  to the  sum 
of t h e  excess  cha rges  of t he  an ions  a n d  ca t ions  on the  
so lu t ion  s ide  of the  in te r face .  In  t h e  p o t e n t i a l  r eg ion  
in  w h i c h  an  a d s o r p t i o n  (or  d e s o r p t i o n )  p rocess  oc-  
curs,  t h e  s u m  of t h e s e  excess  cha rges ,  c ons ide r ed  as  
a f u n c t i o n  of po t e n t i a l ,  u n d e r g o e s  a change ,  as does  
t he  cha rge  on t h e  me ta l ,  and  w i t h  i t  t he  ed l  capac i ty .  
I t  m a y  be  e x p e c t e d  t h a t  t h e  c a p a c i t y  g ives  a s t r ong  
i nd i c a t i on  of an  a d s o r p t i o n  p rocess  on ly  for  spec ies  
e n t e r i n g  the  i n n e r  doub le  l a y e r  (specif ic  a d s o r p t i o n ) ,  
t he  c a p a c i t y  of t he  o u t e r  d o u b l e  l a y e r  b e i n g  v e r y  
l a r g e  and  h a v i n g  l i t t l e  inf luence  on the  t o t a l  c a p a c i t y  
of t he  ser ies  combina t ion .  

The  d i f f e r en t i a l  c a p a c i t y  is a func t ion  of t he  d i -  
e l ec t r i c  c o n s t a n t  in t h e  i n n e r  d o u b l e  l a y e r  r eg ion  
and  of t he  (e f fec t ive)  d i s t a n c e  b e t w e e n  m e t a l  s u r -  
face  and  i n n e r  H e l m h o l t z  p lane .  I t  w i l l  be  a s s u m e d  
in th i s  d i scuss ion  t h a t  bo th  t h e s e  p a r a m e t e r s  a r e  
c o n s t a n t  d u r i n g  t h e  a d s o r p t i o n  p rocess  [ see  h o w -  
e v e r  ( 7 ) ] .  This  is e q u i v a l e n t  to a s s u m i n g  t h a t  the  
a d s o r b a t e  has  t he  s ame  p o l a r  c h a r a c t e r  a n d  effect ive  
p h y s i c a l  size as t h e  w a t e r  d ipo les  r ep l aced .  A l t h o u g h  
th is  a s s u m p t i o n  is open to deba t e ,  h e r e  i t  is p e r h a p s  
no t  an  u n r e a s o n a b l e  one. W i t h  t h e  a d s o r b e d  w a t e r  
d i p o l e  a l r e a d y  d i s t o r t e d  to g ive  a d i e l ec t r i c  cons t an t  
of ~ < 10 (7 ) ,  due  to t he  p r e s e n c e  of t he  w a t e r - m e t a l  
bond,  the  p r o t o n ( s )  m i s s ing  in su r f ace  A u - O  a n d / o r  
A u - O H  shou ld  no t  accoun t  for  a c o n s i d e r a b l e  a d d i -  
t i ona l  change  in  ~. 

F o r  an  a d s o r p t i o n  process ,  the  d i f f e r en t i a l  ca -  
p a c i t y  can  be  w r i t t e n  as 

C = d ( q  + k'q') /dE 
= Co 2C Cads [1]  

w h e r e  q r e p r e s e n t s  t he  cha rge  on the  m e t a l  in t he  
absence  of an  a d s o r p t i o n  (or  d e s o r p t i o n )  step,  q' t he  
inc rease  in  cha rge  in t he  i n n e r  doub le  l a y e r  due  to 
adso rp t i on ,  a n d  k' t he  f r a c t i o n  of t h e  c h a r g e  q' t h a t  
is r e f lec ted  as an  i n c r e a s e  in  cha rge  on the  me ta l ,  t he  
f r ac t i on  1 -  k' be ing  c o m p e n s a t e d  for  b y  a ne t  i n -  
c rease  of o p p o s i t e  cha rges  in  t he  o u t e r  d o u b l e  l aye r .  
Co is t he  d i f f e r en t i a l  c a p a c i t y  in t he  absence  of a d -  
sorp t ion ,  Cads t h e  inc rease  in c a p a c i t y  due  to t he  a d -  
so rp t ion  process  

Cads ~--- k '  ( d q ' / d E )  [2]  

The  c h a r g e  in  t h e  i n n e r  d o u b l e  l a y e r  due  to a d -  
sorp t ion ,  q', is no t  eas i ly  access ib le  to  m e a s u r e m e n t .  
W h a t  can  be  m e a s u r e d  f r e q u e n t l y  is t h e  charge ,  qaas, 
n e c e s s a r y  to r educe ,  or  oxidize ,  the  a d s o r b e d  species.  
I f  t h e  i n t e r a c t i o n  b e t w e e n  a d s o r b e d  mo lecu l e s  is 



836 JOURNAL OF THE ELECTROCHEMICAL SOCIETY July 1964 

negligible  (for small  coverage) ,  q' is a fraction, k", 
of  qads 

q' = k"qads [ 3 ]  
so tha t  

wi th  

Cad~ = k (dq~dJdE) [4] 

k = k 'k"  

The dimensionless  quan t i ty  k is t aken  as a con- 
stant, independent  of potential ,  a l though this is 
p robab ly  a first approx imat ion  only. I t  contains k' 
which converts  the charge q' to the ensuing increase 
in charge on the metal.  The coefficient k' will  depend 
on the electrode mater ia l ,  the state of the  electrode 
surface, and the bond establ ished be tween surface 
and adsorbate.  A de te rmina t ion  of k' requires  de-  
ta i led  knowledge  of the components of charge of the 
edl which is avai lable  for some mercu ry  systems 
(18), but  not for solid electrodes at  the present  time. 

One might  assume that  for adsorpt ion steps ac- 
companied by a charge t ransfer ,  qads, the  magni tude  
of the charge present  in the inner  double layer ,  q', 
and with  it k' depends on the na ture  of the adsorbed 
species, tha t  is whether  they  can be considered a 
charged species, of type  M + ~ ,  or a neu t ra l  ent i ty ,  
such as Mads. Fu r the r  discussion of k' and k" must 
awai t  a more deta i led knowledge  of the state of the 
adsorbed species and the adsorpt ive  bonds. 

According to Eq. [4], Cads is p ropor t iona l  to the 
slope of a plot of qads vs. potent ia l  and wil l  go 
through a max imum dur ing the adsorpt ion (or de -  
sorpt ion)  step. For  symmetr ical ,  S - shaped  q~d~ vs. 
potent ia l  curves, the capaci ty  m a x i m u m  wil l  be es- 
tabl ished at a potent ia l  corresponding to ~/2 of the 
final coverage. In potent ia l  regions where  ma x i m um  
adsorpt ion has been reached,  the capaci ty  re turns  to 
Co, or to a new, fa i r ly  constant value,  consistent 
wi th  the geometr ical  re la t ionships  and the die lec-  
tr ic constant  of the ful ly  covered (or uncovered)  
surface (2, 19). This behavior  is represen ted  sche- 
mat ica l ly  in Fig. 6. An average value  for k can be 
obtained if Co stays constant  in the potent ia l  range  
involved.  

The model  out l ined above explains  the presence 
and posi t ion of max ima  in po ten t ia l -d i f fe ren t ia l  ca-  
pac i ty  curves caused by  adsorpt ion and desorpt ion 
processes. It is assumed tha t  the  dielectr ic  constant  
in the inner  double l ayer  does not  change signifi- 
cant ly  in the region of the capaci ty  maxima,  and 
that  the change in capaci ty  is brought  about  by  the 
presence of addi t ional  charged or d ipo la r  species in 
the inner  double layer .  

Differential  c a p a c i t y - - e x p e r i m e n t a L - - T h e  capac-  
i ty da ta  for 25~ repor ted  here  are in ve ry  good 
agreement  wi th  values previous ly  found on (100) 
and (110) single crysta l  electrodes for this  t e m p e r a -  
tu re  (3).  They do not agree wi th  resul ts  ob ta ined  
for polycrys ta l l ine  electrodes (4),  where  the re la t ive  
height  of the anodic adsorpt ion peaks  was consider-  
ab ly  smaller.  This d iscrepancy is the  resul t  of the  
anodic and cathodic cycling used as p r e t r ea tme n t  in 
the present  work. The small  amount  of oxidat ion 
and redeposi t ion caused by  the cycling procedure  
leads to an increase in roughness factor, as judged  

o 

< 

C a cl s " x ~ f  - -  ~'\\ /.,,,,,,...---'7~ 

/ / ' \  
/ /  ', 

/---"// \'~7- 
Co ~ Co 

POTENTIAL ~' 

Fig. 6. Expected behavior of the capacity-potential function during 
an adsorption process. Co, differential capacity before and after 
the adsorption step; Cads, additional capacity due to adsorption; 
qads, charge equivalent of amount adsorbed. 

f rom the genera l  increase in capacity,  and also 
seems to lead to a surface more susceptible to ad-  
sorption, as judged  from the re la t ive  height  of the 
adsorpt ion  maximum.  The l a t t e r  phenomena could 
be caused for example  by re -depos i t ion  onto p re -  
fe r red  crys ta l  faces leading to a p r e f e r r e d  surface 
or ienta t ion (12). No x - r a y  analysis  was per formed  
with the electrodes used in the present  work. 

Al though the capacit ies  measured  tended  to de-  
crease with t empera ture ,  much over lapp ing  was 
caused by the i r reproduc ib i l i ty  of the roughness 
factor. Normal iza t ion of the capaci ty  da ta  to 16/~f/ 
cm 2 at the min imum just  before  the rise to the 
anodic adsorpt ion m a x i m u m  (Fig. 5) al lows com- 
parison of the capac i ty -adsorp t ion  (or desorpt ion)  
behavior  at the var ious  t empera tu res  used here. The 
16 # f / cm ~ chosen is a reasonable  value  for a meta l  
surface free of adsorbed species (1).  

The capac i ty -po ten t ia l  behavior  dur ing  an adsorp-  
tion step out l ined above can be expected to hold for 
the format ion of a surface A u - O H  and /o r  Au-O,  tha t  
is, a chemisorbed species. It wi l l  not hold for surface 
oxidat ion to Au203. Moreover,  the model  is not ex-  
pected to hold for adsorpt ion  exceeding a monolayer .  
Comparison of Fig. 4 wi th  Fig. 5 shows tha t  the ca-  
paci ty  max ima  are in the vic ini ty  of beginning Au2Os 
format ion  ra the r  than  at  potent ia ls  wi th  an "OH" 
coverage of about 250 ~coulomb/cm 2 (1/2 mono-  
l aye r ) .  In ter ference  of A u - O H  mul t i l aye r  bui ldup 
a n d / o r  Au-O formation,  and surface oxidat ion can-  
not be excluded.  Metal  oxide surfaces have an edl ca-  
pac i ty  considerably  lower  than  "free"  me ta l  surfaces 
(20). The appearance  of oxide patches,  growing in 
area  wi th  potent ia l  would in i tself  lead to a capaci ty  
maximum.  The decrease  in height  of the  m a x i m u m  
with  t empera tu re  is brought  about  by a cor respond-  
ing increase in oxidat ion to Au203. 

S imi la r  in terference can be expected for the de -  
sorpt ion step shown in Fig. 4 and 5. Here,  coming 
from higher  potentials ,  the r ise in capaci ty  is caused 
by a gradua l  conversion of a low capaci ty  oxide into 
a high capaci ty  "Au-OH"  wi th  s imultaneous de-  
sorption of excess A u - O H  a n d / o r  Au-O. However ,  
the capaci ty  m a x i m u m  is posi t ioned at or  near  a 
res idual  coverage with  ~/z of a monolayer .  There-  
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Fig. 7a. Formation of surface "Au-OH." Points calculated with 
Eq. [1] and [4];  Co = 16,/~f/cm 2, k = 2.5 x 10 -3 .  
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Fig. 7b. Decomposition of surface "Au-OH." Points calculated 
as in Fig. 7a. 

fore ,  t h e  c a p a c i t y - a d s o r p t i o n  m o d e l  shou ld  ho ld  for  
d e s o r p t i o n  of " A u - O H "  f r o m  the  m o n o l a y e r  leve l .  

In  Fig.  7 e x p e r i m e n t a l  c o v e r a g e  d a t a  a r e  c o m -  
p a r e d  w i t h  va lue s  c a l c u l a t e d  f r o m  the  i n t e g r a t e d  
f o r m  of Eq. [1]  and  [4]  w i t h  Co = 16 p f / c m  2 a n d  k = 
2.5 x 10 -3. As  expec t ed ,  t h e  a d s o r p t i o n  s tep  is d e -  
s c r ibed  s a t i s f a c t o r i l y  on ly  to a b o u t  1/3 of a m o n o -  
l aye r ,  w h e r e a s  t he  de so rp t i on  f r o m  a m o n o l a y e r  is 
r e p r e s e n t e d  r e a s o n a b l y  wel l .  

S u m m a r y  

The  a m o u n t  of " o x y g e n "  a d s o r b e d  on A u  in 1N 
HC104 was  s t ud i ed  b e t w e e n  0.40 and  1.43v vs. SCE 
a t  5 ~ 25 ~ and  50~ a n d  c o m p a r e d  w i t h  t h e  d i f f e r -  
e n t i a l  c a p a c i t y  of  t h e  ionic  d o u b l e  l a y e r .  C o v e r a g e  
d a t a  w e r e  o b t a i n e d  f r o m  ca thod ic  g a l v a n o s t a t i c  
s t r i p p i n g  curves ;  a r a p i d  s ing le  pu l se  t e c h n i q u e  was  
used  to m e a s u r e  t he  capac i ty .  

The  s t r i p p i n g  cu rves  show two p o t e n t i a l  p l a t eaus ,  
a t  0.5v a n d  at  1.0v. The  a r r e s t  a t  0.5v is a t t r i b u t e d  to 
su r f ace  A u - O H  a n d / o r  A u - O  f o r m a t i o n  on the  
bas is  of a s m a l l  p o s i t i v e  t e m p e r a t u r e  coefficient,  e x -  
pec t ed  for  chemiso rp t ion ,  a n d  a p r o n o u n c e d  inf lu-  
ence  on the  capac i ty ,  e x p e c t e d  for  a d s o r p t i o n  p r o c -  
esses i n v o l v i n g  the  i n n e r  doub le  l aye r .  F o r  th is  
species,  t h e  c o v e r a g e  of 950 # c o u l o m b / c m  2 m e a s u r e d  
at  1.43v and  50~ exceeds  m o n o l a y e r  c o v e r a g e  as 

c a l c u l a t e d  for  t he  t r a n s i t i o n  of one e l ec t ron  p e r  
su r f a c e  a t o m  of A u  ( ~ 5 0 0  ~ c o u l o m b / c m S ) .  This  is 
e x p l a i n e d  b y  m u l t i l a y e r  b u i l d u p  or  conve r s ion  of 
A u - O H  to A u - O .  The  a r r e s t  a t  1.0v is caused  b y  s u r -  
face  o x i d a t i o n  to  Au203, as j u d g e d  f r o m  a negat ive '  
t e m p e r a t u r e  coefficient  of fo rma t ion .  The  o x i d a -  
t ion  r eaches  760 ~ c o u l o m b / c m  2 at  1.43v a n d  5~ and  
p r o b a b l y  occurs  in pa tches .  

The  d i f f e r en t i a l  c a p a c i t y  exh ib i t s  a m a x i m u m  in 
t he  " o x y g e n "  adso rP t ion  region .  The  a p p e a r a n c e  of 
such a m a x i m u m  d u r i n g  a (specif ic)  a d s o r p t i o n  
process  is e x p l a i n e d  on the  bas i s  of an  a d d i t i o n a l  ca -  
pac i ty ,  Cads, of t he  i n n e r  doub le  l aye r ,  due  to t he  
p r e s e n c e  of t he  cha rges  of the  a d s o r b e d  spec ies ,  a t  
cons t an t  d i e l ec t r i c  cons tan t .  I t  is s h o w n  t h a t  Cads 
shou ld  be  p r o p o r t i o n a l  to t he  s lope of a p lo t  of 
" a m o u n t  a d s o r b e d "  vs. po ten t i a l .  The  c a p a c i t y - a d -  
so rp t ion  m o d e l  is t e s t ed  for  " A u - O H "  a d s o r p t i o n  
and  deso rp t ion .  A v a l u e  of k ~ 2.5 x 10 -3  for  t he  
p r o p o r t i o n a l i t y  cons t an t  g ives  s a t i s f a c t o r y  r e su l t s  
for  a d s o r p t i o n  up  to 1/3 of a m o n o l a y e r ,  and  for  d e -  
so rp t ion  f r o m  a m o n o l a y e r ,  wh ich  is t he  r a n g e  for  
w h i c h  the  m o d e l  is e x p e c t e d  to hold.  

Manuscr ip t  rece ived  Aug. 4, 1963; rev ised  manusc r ip t  
received March 2, 1964. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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Electrodialytic Demineralization Using Permselective Membranes 
I. Energy Consumption and Production Rate 

W. G. B. Mandersloot 
Chemical Engineering Group, South  Afr ican Council for  Scientific and Industrial  Research, Pretoria, South  Afr ica 

ABSTRACT 

Equations were derived for the energy consumption and production rate in 
electrodialytic demineralization, based on a simple empirical relation between 
the apparent  compartment pair resistance and the electrolyte concentration in 
the desalting stream. The equations are independent of the compartment di- 
mensions parallel  to the membranes and of flow velocity. Special attention is 
given to the detrimental  effect of water  transport  and an "over-al l  efficiency" 
is introduced which covers the nonideality of the membranes, salt diffusion, 
and water  transport. The equations are compared with experimental  results. 

The pr incip le  of e lec t rodia lyt ic  deminera l iza t ion  
(1, 2) using ion-select ive  membranes  in a mul t i -  
compar tment  appara tus  (Fig. 1) in which flow dis-  
tu rb ing  devices (2, 3) are  placed in the compar t -  
ments  to combat  concentrat ion polar izat ion (4-6) 
finds increasing technical  applicat ion.  A number  of 
t r anspor t  processes occur s imul taneously  in the 
membranes  (Fig. 2), of which only counter ion 
t r anspor t  br ings  about  the  desired effect. These 
t ranspor t  processes occur in a medium in which the 
concentrat ions of counterions and fixed ions are usu-  
a l ly  in the range  of 1-6M; a good deal  of in terac t ion  
must  therefore  occur. 

The op t imum compar tmen t  thickness,  a r r ived  at  
th rough  a ba lance  of e lectr ical  resis tance and hy -  
draul ic  resistance,  is approx ima te ly  1 mm. The elec-  
t ro ly te  concentra t ion in the  br ine  should be high to 
achieve a low resis tance of the compar tment  pair ,  
but  l imi ta t ions  are set by  (a)  the presence of p r e -  
c ipi ta te  forming ions; (b)  the  fact tha t  the concen- 
t ra t ion  difference across the membranes  consti tutes 

Fig. 1. Membrane arrangement in a membrane stack for elec- 
trodialytic water demineralization. The cation and anion selective 
membranes are indicated by - -  and 4 ,  respectively. 

- -  . t -  

Counter-ion r , / - / §  t~  
= N a + ( + H 2  0 ) transport.  ~.L ~ ,'2~1 = 

Co-ion 
- C L - ( + H = O }  transport.  Na+(+H=O)  - 

NaCL(+H=O)  : Diffusion. = i N a C L ( + H =  

/ 
- -  Ha 0 Osmosis. H20 - -~  

I 
Brine. Diotysote. Br ine 

Fig. 2. Transport processes occurring simultaneously through the 
membranes. 

0) 

the dr iv ing  force for most of the de t r imen ta l  proc-  
esses indicated in Fig. 2; (c) e lectr ical  l eakage  
through the br ine  stream. 

In the design of e lec t rodia lyt ic  deminera l iza t ion  
plants  the cost of membrane  surface area  ( approx i -  
ma te ly  inverse ly  p ropor t iona l  to the appl ied  electr ic 
potent ia l  gradient )  and the cost of electr ical  energy 
consumed (approx ima te ly  propor t iona l  to this  g rad i -  
ent)  should be ba lanced to a r r ive  at an economic 
optimum. Relat ions be tween these  two va r i ab le  cost-  
de te rmin ing  factors and the ini t ia l  and final di -  
a lysa te  concentrat ions  are  therefore  required.  They 
are der ived  f rom the re la t ion  be tween  compar tment  
pa i r  resis tance and the d ia lysa te  concentrat ion.  For  
smal l  deminera l iza t ion  ranges  the  average  compar t -  
ment  pa i r  resis tance can be de te rmined  (7, 8) or 
calculated f rom the resis tances of the component  
par ts  (9).  The l a t t e r  method requires  an es t imate  of 
the effect of tha t  pa r t  of concentrat ion polar izat ion 
which cannot be e l iminated  and  of the screening 
effect of spacer mater ia l s  and membrane  potent ia ls  
should be taken  into account as well.  A measu re -  
ment  of the apparen t  resis tance of the complete  as-  
sembly is, of course, much more accurate.  We the re -  
fore decided on a method appl icable  to la rge  desa l t -  
ing ranges as well,  in which  the re la t ion be tween  
compar tment  pa i r  resis tance and d ia lysa te  concen- 
t ra t ion  is de te rmined  in a l abo ra to ry  size e lec t ro-  
dialysis  appara tus  wi th  components  ident ica l  to 
those used in a technical  ins ta l la t ion (except  d imen-  
sions pa ra l l e l  to the  m e m b r a n e s ) .  

Mathematical Description of the Process 

When serious concentra t ion polar iza t ion  is 
avoided by  using an appropr ia t e  flow veloci ty  in the 
compar tments  the apparen t  e lectr ical  res is tance of a 
uni t  surface area  of a compar tmen t  pa i r  is a l inear  
function of the reciprocal  of the  e lect rolyte  con- 
cent ra t ion  in the d ia lysa te  

r = a -l- b / C  [ 1 ]  

In a given compar tmen t  pa i r  assembly a and b are 
dependent  on the t empera tu re  and composit ion of 
the electrolyte,  and the re la t ion  is va l id  for the 
range of C for which e lec t rodia lyt ic  deminera l iza t ion  

838 



Vol.  111, No.  7 

is usual ly  considered (0.01 < C < 0.6), p rovided  no 
la rge  var ia t ion  in the  br ine  concentra t ion occurs. 
When, as usual,  a constant  vol tage per  compar tment  
pa i r  is appl ied  

i = E1 (a + b / C )  [2] 

The salt  t r anspor t  j per  square cent imeter  of m e m -  
brane  pa i r  is then 

j = 4 ' E / r ( a  + b / C )  [3] 

and the ra te  at which salt  is removed from the di-  
a lysate  is 

dN/dt = --jA = --4"AE/F (a + b/C) 

At any t ime 

and therefore  

N = VC 

E L E C T R O D I A L Y T I C  D E M I N E R A L I Z A T I O N  839 

[4] 

[5] 

dN = VdC -F CdV [6] 

If it  is assumed tha t  for each gram equivalent  of salt  
removed from the d ia lysa te  the volume of the d i -  
a lysate  changes by  H l i ter  and tha t  this figure in-  
cludes osmotic wa te r  t ranspor t ,  then 

dV = UdN [7] 

and a ma te r i a l  balance gives: 

V = VT(1 -- H C T ) / ( 1 -  HC) [8] 

Combining Eq. [4], [6] , [  7], and [8] and tak ing  
( 1  - -  HC) 2 = 1 -  2HC, the concentra t ion change in 
the d ia lysa te  can be descr ibed by  

dC/d t  = --4'AE (1 -- 2 H C ) / F V T  (1 - -  HCT) (a + b / C )  
[9] 

After  in tegra t ion  (assuming 4' to be constant)  the 
product ion ra te  of the process is given by  

V r / T  = 2 4 ' A E H / F  ( 1 -- HCT) (a 
In[ (1 - -  2 H C T ) / ( 1  -- 2HCo) ] 

+ 2 b H l n [ C o ( 1  - -  2 H C T ) / C T ( 1 - -  2HCo)] [10] 

and the energy consumption per  l i ter  of product  of 
concentrat ion CT obtained through the in tegra t ion  

W' = AE fT  ~ i d t / Y T  [11] 

is 
W' = EF ( 1 - -  HCT) In [ (1 - -  2HCT) / (1 - -  2HCo) ] /24 'H  

[12] 

It  should be noted tha t  a and b do not appear  in 
Eq. [12] 

Simplil~cation Using "'Over-all Efficiency" 

The coulomb efficiency 4' incorpora ted  the non-  
idea l i ty  of the membranes ,  the effect of diffusional 
salt  t ransfer ,  and the effect of the small  amount  of 
usual ly  unavoidable  in te r s t r eam leakage.  We may,  
however,  replace  4' by  the ove r -a l l  efficiency 4, 
which incorporates  in addi t ion the  effect of wa te r  
t ransfer .  Equat ion [9] then changes to 

dC/d t  = - - 4  A E / F V r  (a + b / C )  [9a] 

the product ion ra te  is then  given by  

V T / T  = 4 A E / F ( C o  -- CT) (a + b/Cm . . . .  ) [10a] 

and the energy consumption per  l i ter  of product  of 
concentra t ion CT by  

W' = EF(Co -- CT) /4  [12a] 
The slope of this  l inear  re la t ion be tween  W' and CT 
(i.e., the energy consumption per  g ram equivalent  
removed per  l i t e r )  is 

W" = - - E F / 4  [13a] 

and the energy consumption per  vol t  per  compar t -  
ment  pa i r  and per  g ram equivalent  removed per 
l i ter  is 

W • F / 4  [14a] 

Equat ion [14a] can be expressed in more prac t ica l  
units  by  

W -- 2.68 • 10-2/4 k w h / g - e q u i v ,  vol t  [15a] 

In the Amer ican  l i t e ra tu re  on electrodialysis  re f -  
erence is often made to a quant i ty  cal led the Power  
Index,  which is the energy consumption per  uni t  
volume over the product ion ra te  per  uni t  area  

Power  Index  ---- F2( Co - CT)2(a -~- b/C1, mean)/42 
[16a] 

Ef]ect of W a t e r  Transport  

The de t r imen ta l  effect of wate r  t r anspor t  on the 
efficiency of the process can be shown by combining 
Eq. [11] and [ l l a ]  

4/4' = (1 ,-- 2HC)1 . . . . .  / ( 1  - -  HCr)  [17a] 

A graphica l  i l lus t ra t ion  of Eq. [17a] for var ious  
values of H and Co and for CT----0.01 (dr ink ing  
wa te r )  is given in Fig. 3. Values for H < 0.2 are not 
indicated as this value  corresponds wi th  the p r i m a r y  
hydra t ion  of the ions. F igure  3 c lear ly  indicates  that  
the over -a l l  efficiency of e lec t rodia lyt ic  deminer -  
al izat ion can never  be high when solutions of near  
sea wa te r  concentrat ion are deminera l ized  to a 
d r ink ing  wa te r  level.  

t . 0  r 
|Co = .05 

�9 .15 

0-8 

0'7 l 
0.1 0,2 0.3 0"4 0-5 0"6 0-7 

H ( [ ,g -eq  -t)  

Fig. 3. The ratio ~/~ ' ,  for various values of H and Co, when 
CT = 0.01; Eq. [17a]. 
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A v e r a g e  C u r r e n t  Dens i t y  

In  e lec t rodia ly t ic  demine ra l i z a t i on  it is of ten re -  
qu i r ed  to consider  the  effect of one d ia lysa te  pass 
t h rough  the  appa ra tus ;  in  some technica l  instaLla- 
t ions  a pass l eng th  of up to severa l  ya rds  is used. 
The  e x t e r n a l l y  measu red  tota l  c u r r e n t  can be ex-  

pressed only  as an  average  cu r r en t  dens i ty~ .  Mak ing  
the r easonab le  a s sumpt ion  tha t  each c o m p a r t m e n t  is 

at one electr ic  po ten t ia l  over its whole  a r e a , T c a n  be 
re la ted  to the ingoing  and  outgoing d ia lysa te  con-  
cent ra t ions .  If it takes  the  d ia lysa te  T sec to com-  
plete  one pass, t h e n  

i :  fT  ~ i d t / T  [18] 

By combin ing  Eq. [2],  [9a] ,  and  [10a] we ob ta in  

i : E / ( a  + b/C] . . . . . . .  ) [19a]  

and  thi  s equa t ion  can be used to predic t  the elec- 
t r ic  c u r r e n t  in  a technica l  in s t a l l a t ion  f rom flow ra te  
and  a l abo ra to ry  m e a s u r e m e n t  of a and  b. 

Opt imi za t ion  o] Cost 

To opt imize the  cost of the process, the  costs of 
c o m p a r t m e n t  surface  a rea  and  power  consumpt i on  
mus t  be  ba l anced  (12, 13), and  Eq. [10a] and  [12a],  
or the i r  more  in t r i ca te  equ iva len t s ,  m a y  be used to 
d e t e r m i n e  the  o p t i m u m  E wi th  respect  to cost 
( r a the r  t h a n  an o p t i m u m  average  c u r r e n t  dens i ty ) .  
The  cost of ins ta l led  c o m p a r t m e n t  pa i r  area  per  l i te r  
of p roduc t  can be expressed as 

SA = q F ( C o - -  CT) (a + b/Cln mean)/~E [20a] 

and  the ene rgy  cost per  l i te r  of p roduc t  by  

Sw, = pEF ( Co --  CT) / ~  [21a] 

if a l lowance  is made  in  the  factor  p for rec t i fy ing  
losses and  also for the r equ i r ed  p u m p  energy.  The  
tota l  cost S, va r i ab le  wi th  E is 

S : SA + Sw, [22] 

and  the o p t i m u m  E can be ob ta ined  f rom d S / d E  = o 

Eopti . . . .  : [ q ( a  + b/C1 . . . . . .  )/p]0.5 [23a] 

I t  m a y  occur t ha t  ]~optimum is h igher  t h a n  the m a x i -  
m u m  a l lowable  va lue  for E wi th  respect  to concen-  
t r a t i on  po la r iza t ion  and  scaling. 

Exper imental  

The e lect rodia lys is  mul t i ce l l  was composed of 21 
K l inge r i t  t gaskets,  0.08 cm thick, wi th  a cen t ra l  cu t -  
away  section 16 x 8 cm f o r m i n g  11 b r i ne  and  10 di -  
a lysa te  c o m p a r t m e n t s  w i t h  a surface  a rea  of 128 
cm 2 each. The  m e m b r a n e  a l t e r n a t i n g  wi th  the  gas-  
kets were  suppor ted  across this area  by  cor ruga ted  
per fora ted  spacers,  the cor ruga t ions  m a k i n g  an angle  
of 22 o wi th  the  ver t ica l  long  axis  of the  compar tmen t s .  
The assembly  was  c l amped  be tween  Pe r spex  2 plates  
backed  by  steel  plates,  and  a g raph i te  cathode and  a 
p la t in ized  t i t a n i u m  anode  s were  placed e i ther  in  or 
ad jacen t  to the  Pe r spex  plates.  L iqu id  flow was u p -  
wards  in  all  compar tmen t s ,  a mul t i s lo t  feeding  and  
w i t h d r a w a l  sys tem be ing  used (Fig. 4).  The con-  

1 K l i n g e r i t ,  c o m p r e s s e d  a s b e s t o s  s t e a m  j o i n t i n g ,  K l i n g e r  & Co. ,  
E n g l a n d .  

P e r s p e x ,  L u c i t e ,  P l e x i g l a s s .  

I m p e r i a l  C h e m i c a l  Industr ie s .  

dui ts  fo rmed  by  cor respond ing  holes in  gaskets  and  
m e m b r a n e s  were  i n t e r connec t ed  in  one of the  P e r -  
spex p la tes  on which  e x t e r n a l  connec t ions  were  sup-  
plied. A flow d i a g r a m  is g iven  in  Fig. 5. The ba tch  
of d ia lysa te  was con ta ined  in  a 10 1 asp i ra tor  w i th  a 
ca l ib ra ted  glass on top and  all  l iqu ids  were  p u m p e d  
wi th  nonme t a l l i c  pumps .  The  b y - p a s s  in  the  d ia lysa te  
sys tem a l lowed quick  m i x i n g  in  the  aspirator .  A 
b r a n c h  of this by - pa s s  con ta ined  a conduc t iv i ty  cell. 4 
All  l ines  r e t u r n i n g  to the  ca l ib ra ted  glass w i th  which  
the d ia lysa te  v o l u m e  was m e a s u r e d  ended  in  a l eng th  
of glass tub ing ,  the  lower  end  of which  was  placed 
on the meniscus  w h e n  a v o l u m e  read ing  was taken.  

The b r i ne  and  electrode r inse  sys tems were  
thermos ta ted ,  which  sufficed also to keep the  d ia ly-  
sate at the r equ i r ed  t empe ra tu r e ,  al l  flows be ing  
m e a s u r e d  wi th  ro tameters .  5 The  di rect  c u r r e n t  was  

R a d i o m e t e r ,  K o p e n h a g e n ,  t y p e  C D M 2 c  w i t h  c e l l  CDC114 .  

~, F i s c h e r  & P o r t e r ,  f l o w r a t o r s .  

50 / 50 
25 110110,�9 25 ' 15 
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Fig. 4. Gasket to form dialysate compartments (and brine com- 
partments by turning 180~ sizes in ram. 
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Fig. 5. Flow diagram of experimental set-up. The compartments 
marked "x" have a calomel probe electrode inserted. 
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CURRENTS CURRENTS I I I I 

VTVM 

Fig.  6. Wiring diagram 

ob ta ined  f r o m  a s e l en ium rect i f ier ;  6 a w i r i n g  d ia -  
g r a m  is g i v e n  in  Fig.  6. The  m e m b r a n e  pack  vo l t age  
was  m e a s u r e d  w i t h  p robe  e lec t rodes  in se r t ed  in  the  
first and last  b r ine  c o m p a r t m e n t s .  Best  resu l t s  w e r e  
ob ta ined  w i t h  ca lomel  e lec t rodes  connec ted  to a 
v a c u u m  tube  vo l tme t e r .  7 The  ca lomel  e lec t rodes  
w e r e  put  u n d e r  an air  p res su re  s l igh t ly  e x c e e d i n g  
the  p r e s su re  in  t he  b r ine  c o m p a r t m e n t s .  

The  desa l t ing  e x p e r i m e n t s  w e r e  usua l ly  ca r r i ed  
out by se lec t ing  a t e m p e r a t u r e ,  b r ine  concen t ra t ion ,  
and in i t ia l  d i a lysa t e  concen t r a t ion  and composi t ion.  
By  app ly ing  a cons tan t  e lec t r ic  po ten t i a l  as m e a s -  
u r e d  on the  p robe  e lec t rodes  the  ba tch  of d ia lysa te  
was desa l t ed  t ak ing  f r e q u e n t  vo lume ,  conduc t iv i t y  
and c u r r e n t  readings .  The  l iqu id  flows w e r e  kep t  at 
10 c m / s e c  in b r ine  and d ia lysa te  c o m p a r t m e n t s  and 
14 c m / s e c  in  the  e lec t rode  c o m p a r t m e n t s .  W h e n  
m i x e d  e l ec t ro ly te s  w e r e  used i n t e r m e d i a t e  samples  
of the  d ia lysa te  w e r e  t a k e n  to d e t e r m i n e  i n d i v i d u a l  
ion concent ra t ions .  

Sa l t  diffusion ra tes  in the  m e m b r a n e  pack  w e r e  
d e t e r m i n e d  in a cu r ren t l e s s  e x p e r i m e n t  w i t h  the  d i -  

6 S t a n d a r d  T e l e p h o n e s  a n d  Cab les ,  T y p e  22JE293.  

7 M a r c o n i  I n s t r u m e n t s ,  M o d e l  TF1300.  
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a lysa te  concen t r a t i on  at  a p p r o x i m a t e l y  0.01N. On a 
n u m b e r  of s ingle  m e m b r a n e s  diffusion ra tes  w e r e  
m e a s u r e d  s epa ra t e ly  in a smal l  s t i r r ed  diffusion cell  
p laced  in a t h e r m o s t a t  at 25~ The  low c o n c e n t r a -  
t ion was  aga in  0.01N. 

Results and Discussion 

Resistance.--The v a l i d i t y  of Eq. [2] is d e m o n s t r a t e d  
in Fig.  7 and 8, in w h i c h  for  t h r e e  cons tan t  vo l t ages  
per  c o m p a r t m e n t  pa i r  1/i is p lo t t ed  aga ins t  1/C. The  
l i nea r  re la t ions  hold  ove r  l a rge  concen t r a t i on  ranges .  
Va lues  for  a and b d e r i v e d  f r o m  Fig. 7 and a n u m -  
ber  of s imi la r  p lo ts  a re  inc luded  in Tab le  I. The  
sp read  in the  va lues  for  a and b for  each  ser ies  of 
e x p e r i m e n t s  ( ce r t a in  m e m b r a n e  pair ,  t e m p e r a t u r e ,  
b r i ne  concent ra t ion ,  and  e l ec t ro ly t e  compos i t ion)  
i l lus t ra tes  the  poor  r e p r o d u c i b i l i t y  of m e m b r a n e  
pack  res is tance ,  a fact  we l l  k n o w n  to w o r k e r s  in this  
field. The  app l i ca t ion  of  the  i n d i v i d u a l  va lues  for  a 
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Fig. 7. Reciprocal of the current density vs. reciprocal of the 
concentration in the dialysate. T.N.O.-A60 and C60 s membranes at 
25~ �9 0.50v;/% 0.76v; I-I, 1.00v. 

Table I. Production rates (10 -6  1 sec -1  cm -2  volt -1)  calculated according to Eq. [ lOa],  the effect of water transport 

calculated according to Eq. [17a], and experimental values 

C a t i o n  A n i o n  ~/~" VT/ATE 
s e l e c t i v e  s e l e c t i v e  Eq .  Eq .  T e m p ,  E x p e -  

m e m b r a n e  m e m b r a n e  Co C r  E a b ~ @' H [17a]  O b s e r v e d  [10a]  O b s e r v e d  B ~ r i m e n t  

3129B-569 3129B-969 

C-60 s A-60 s 

C-60 s TAle 
C-2011 A-2011 

C-60 s A-608 

0.152 0 .012 0.50 11 2.2 0.805 0.835 0 .45  0 . 9 3  0.96 1.17 1.17 1.0 35 1 
0.146 0 .010  0.75 13 1.6 0.805 0.870 0 .35  0 . 9 5  0.93 1.40 1.41 1.0 35 2 
0.167 0 .010 1.00 12 1.5 0.805 0.850 0 .32  0 . 9 4  0.95 1.39 1.27 1.0 35 3 
0.163 0 .010  0.50 14 2.1 0.825 0.858 0 .35 0 . 9 4  0.9'6 1.08 1.00 0.5 35 4 
0.154 0 .010  0.75 12 2.0 0.825 0.862 0 .30  0 . 9 5  0.96 1.22 1.16 0.5 35 5 
0.100 0 .005 0.70 32 2.1 0.947 1.000 0 .36 0 . 9 6  0.95 1,07 1.09 0.25 20 6 
0.100 0.005 1.00 20 2.4 0.947 0.979 0 .36  0 . 9 6  0.97 1.08 1.03 0.25 20 7 
0.i00 0 .005  1.40 20 2.4 0.947 0.946 0 .36  0.96 1.00 1.09 0 . 9 9  0.25 20 8 
0.i00 0 .005 0.50 12 2.2 0.880 0.918 0 .44  0 . 9 5  0.96 1.19 1.11 0.25 25 9 
0.i00 0 .005  0.76 12 2.1 0.880 0.931 0 .41  0 . 9 6  0.95 1.20 1.18 0.25 25 I0 
0.I00 0 .005 1.00 12 2.2 0.880 0.901 0 .41  0 . 9 6  0.98 1.16 1.11 0.25 25 11 
0.100 0.005 0.50 14 1.3 0.853 0.851 0.50 0.95 1.00 1.65 1.57 0.25 30 12 
0.100 0.005 1.00 10 1.6 0.853 0.897 0.45 0.95 0.95 1.54 1.46 0.25 30 13 
0.050 0.003 0.80 0.840 0.844 0.44 0.98 0.99 - -  1.46 0.25 20 14 
0.050 0.003 0.80 0.840 0.856 0.51 0.97 0.98 - -  1.72 0.25 20 15 
0.250* 0.020 0.40 18 1.4 0.83 0.903 0.39 0.89 0.92 - -  1.29 0.50 30 16 
0.250* 0.020 0.80 16 1.1 0.83 0.867 0.35 0.91 0.96 - -  1.24 0.50 30 17 
0.250* 0.020 0.40 11 1.8 0.86 0.927 0.46 0.87 0.87 - -  1.53 0.50 30 18 
0.250* 0.020 0.80 12 1.2 0.79 0.854 0.39 0.89 0.89 - -  1.33 0.50 30 19 
0.250* 0.020 1.00 7 1.9 0.73 0.850 0.40 0.88 0.86 1.17 1.26 0.50 30 20 

* I n i t i a l l y  e q u a l  equivalents of CaC12 and N a C L  

s C e n t r a l  T e c h n i c a l  I n s t i t u t e ,  T .N .O .  ( N e t h e r l a n d s )  ; c o m m e r c i a l l y  
a v a i l a b l e  a t  A M F i o n  A60 and C60 m e m b r a n e s  f r o m  t h e  A m e r i c a n  
Machine and Foundry C o m p a n y .  

9 A m e r i c a n  M a c h i n e  a n d  F o u n d r y  C o m p a n y .  

lo A s a h i  C h e m i c a l  I n d u s t r y  Co.  

n T h e  P e r m u t i t  Co. L t d .  

S o u t h  A f r i c a n  C.S . I .R .  
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Fig. 8. Reciprocal of the current density vs .  reciprocal of the con- 
centration in the dialysate. A.M.F. 3129-B-56 and 969 membranes 
at 35~ �9 0.50v; ,% 0.7Sv; I~, 1.00v. 

and  b in  the der ived  equa t ions  led to good agree-  
m e n t  wi th  e x p e r i m e n t a l  values.  
Salt  dif]usion.--In Eq. [3] it  was  assumed  tha t  the  
coulomb efficiency ~' is constant .  For  most  p rac t ica l  
cases this  is an  acceptable  a p p r o x i m a t i o n  for the 
ca lcu la t ion  of p roduc t ion  ra te  and  ene rgy  con-  
sumpt ion .  However ,  a check should a lways  be made  
so tha t  even  at the  end  of the desa l t ing  r ange  the  
back  diffusion of salt  f rom b r ine  to d ia lysa te  r e m a i n s  
acceptable  in  compar i son  wi th  the c u r r e n t  densi ty .  
Prac t ica l  sal t  diffusion ra tes  ( i nc lud ing  a smal l  
a m o u n t  of l eakage)  f rom b r ine  towards  an  0.01N di-  
a lysate  appear  to be p ropor t iona l  to the b r i ne  con-  
cen t ra t ion ,  as i l l u s t r a t ed  in  Fig. 9. 

The resul ts  of diffusion m e a s u r e m e n t s  on s ingle  
m e m b r a n e s  are shown  in  Fig. 10 for a n u m b e r  of 
an ion  and  cat ion select ive m e m b r a n e s .  F r o m  a s im-  
ple " D o n n a n  e q u i l i b r i u m "  (14) it would  be expected  
tha t  the diffusion ra tes  increase  w i t h  the second 
power  of the  high concen t r a t i on  on one side of the  
m e m b r a n e ,  as the a m o u n t  of sorbed e lec t ro ly te  in  
the  m e m b r a n e  is t hen  p ropor t iona l  to the square  of 
the e x t e r n a l  concent ra t ion .  The ac tua l  power,  how-  
ever,  var ies  b e t w e e n  1.13 and  1.54 for the  va r ious  
m e m b r a n e s .  G lueckau f  and  Wat t s  (15) a t t r i b u t e d  the 
dev ia t ion  f rom 2 to he te rogene i ty  in  the c ross l ink ing  
of the resin,  for which  ev idence  was also ob ta ined  
f rom electrolyte  u p t a k e  data.  The  i n t e r ac t i on  of 
e lec t rolyte  diffusion and  the s i m u l t a n e o u s l y  occur-  
r ing  osmosis in  the  opposite d i rec t ion  is the sub jec t  
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Fig. 9. Salt diffusion rate through a membrane pair at two 
brine concentrations; dialysate concentration approximately 0.01N; 
35~ A.M.F. 3129-B 9 membranes. 
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Fig. 10. Sodium chloride diffusion rate through a number of ion 
selective membranes; 0.01N NaCI solution on one side. 

of a c u r r e n t  i nves t iga t ion  in  this  l a b o r a t o r y  (16).  
I t  should be no ted  tha t  the  slopes for the  da ta  on 
the mechan i ca l l y  he te rogeneous  P e r m a p l e x  m e m -  
b ranes  in  Fig. 10 ind ica te  ]ower  powers  t h a n  for the 
m a j o r i t y  of the "homogeneous"  m e m b r a n e s .  
Water  t ranspor t . - -A  check on Eq. [8] is p r e sen t ed  in  
Tab le  II;  the e x p e r i m e n t a l  da ta  we re  t a k e n  f rom ex-  
p e r i m e n t  20. 

Production ra te . - -The  produc t ion  ra tes  ca lcula ted  
according to Eq. [10] and  [10a] are compared  in  

Table II. Calculated and experimental values 
for the dialysate volume; H ~ 0.4 

C V ,  o b s e r v e d  V ,  E q . [ 8 ]  

0.25 12.81 12.82 
0.20 12.53 12.56 
0.15 12.28 12.30 
0.10 12.02 12.03 
0.05 11.77 11.80 
0.02 11.63 11.64 
0.01 11.60 < > 11.60 
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Table III. Production rates (10-61 sec-lcm -2  volt -1)  
calculated according to the derived equations, and 

experimental values 

C~ 
VT/AET 

Eq. [1O] Eq. [1Oa] O b s e r v e d  

0.20 10.09 9.72 9.76 
0.15 4.69 4.51 4.91 
0.10 2.82 2.69 2.89 
0.05 1.78 1.72 1.84 
0.02 1.26 1.19 1.26 
0.01 1.04 0.96 1.04 

Table IV. Energy consumption (kwh/m 3) calculated according 
to Eq. [12] and [12b], and experimental values 

W', k w h / m S  
Eq. [12b] and  

CT Eq. [12] e x p e r i m e n t a l  

0.20 1.83 1.80 
0.15 3.58 3.61 
0.10 5.30 5.48 
0.05 7.05 7.34 
0.02 8.11 8.45 
0.01 8.46 8.75 

T a b l e  I I I  w i t h  e x p e r i m e n t a l  va lue s  f r o m  e x p e r i m e n t  
20. The  fo l lowing  v a l u e s  for  the  cons tan t s  w e r e  used  
in the  ca l cu l a t i ons :  a, 7; b, 1.92; H, 0.4; E, 1.0; A, 
1280; B, 0.5; @', 0.85; @, 0.73; F, 96,500; Co, 0.25. C a l -  
c u l a t e d  and  e x p e r i m e n t a l  va lue s  a r e  in good a g r e e -  
ment ,  even  w h e n  the  mos t  s impl i f i ed  Eq. [10a]  is 
used.  C o m p a r i s o n  of e x p e r i m e n t a l  and  ca l c u l a t e d  
p r o d u c t i o n  r a t e s  on a n u m b e r  of c o m p l e t e  d e s a l t i n g  
e x p e r i m e n t s  is i nc luded  in  Tab le  I. The  o b s e r v e d  
va lue s  for  @/@' in Tab le  I can  also be  c o m p a r e d  w i t h  
va lue s  in  Fig.  3. 
Energy Consumption.--The e n e r g y  c o n s u m p t i o n  ca l -  
c u l a t ed  acco rd ing  to Eq. [12] a n d  [12a]  and  e x p e r i -  
m e n t a l  v a l u e s  o b t a i n e d  f r o m  e x p e r i m e n t  20 a r e  c o m -  
p a r e d  in T a b l e  IV. The  cons tan t s  u sed  w e r e  the  s a m e  
as for  Table  III .  As  the  concept  of " o v e r - a l l  effi- 
c i ency"  o r i g i n a t e d  in  e n e r g y  c o n s u m p t i o n  da ta ,  
va lue s  c a l c u l a t e d  acco rd ing  to Eq. [12a]  and  the  e x -  
p e r i m e n t a l  v a l u e s  in Tab le  IV a re  the  same.  A 
s e p a r a t e  check  of t he  v a l i d i t y  of Eq. [12a]  can  be  
f o u n d  in a p lo t  of e n e r g y  c o n s u m p t i o n  p e r  v o l u m e  of 
d i a l y s a t e  vs. t he  e l e c t r o l y t e  c o n c e n t r a t i o n  in  t he  d i -  
a lysa te .  Such  p lo ts  a r e  s h o w n  in Fig .  11 fo r  a n u m -  
be r  of e x p e r i m e n t s  on m i x e d  NaC1/CaC12 solut ions .  
L i n e a r  r e l a t i ons  w e r e  o b t a i n e d  and  the  s lopes  of 
t he se  r e l a t i o n s  h a v e  been  p l o t t e d  vs. E in  Fig.  12. 
A g a i n  l i nea r  r e l a t i ons  w e r e  o b t a i n e d  showing  the  
v a l i d i t y  of Eq. [13a] .  In  Fig .  12 the  l ine  for  @ ---- 1 is 
also i n d i c a t e d  and  @ is n o w  the  r a t i o  of t he  s lopes  of 
th is  l ine  and  of an  e x p e r i m e n t a l  l ine.  
Power Index . - - In  Eq. [16a]  i t  has  been  s h o w n  tha t  
the  P o w e r  I n d e x  is a c o m p l i c a t e d  func t ion  of Co. 
L i n e a r  p lo t s  of log P.I.  vs. log Co. w i t h  a s lope  of 
1.86 h a v e  been  r e p o r t e d  (17) for  d e s a l t i n g  to d r i n k -  
ing w a t e r  c o n c e n t r a t i o n  (CT = 0.01) f rom 0.04 < Co 

0.6. I t  can  be  s h o w n  t h a t  such l i n e a r  r e l a t i o n s  co r -  
r e s p o n d  to r a t h e r  l a rge  va lue s  for  t he  bas ic  r e s i s t -  
ance of t he  c o m p a r t m e n t  pa i r .  

Conclusion 
The  use of t he  concep t  of " o v e r - a l l  eff ic iency" a l -  

lows a m a t h e m a t i c a l  d e s c r i p t i o n  of t he  process  w i t h  
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Fig. 11. Energy consumption per unit volume vs.  dialysate con- 
centration. 
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Fig. 12. Energy consumption per gram equivalent vs. compart- 

mental voltage. 

r e l a t i v e l y  s imp le  equa t ions  w h i c h  a re  in good a g r e e -  
m e n t  w i t h  e x p e r i m e n t a l  r e su l t s  and  w h i c h  can  be  
u s e d  for  t he  p r e d i c t i o n  of t h e  o p e r a t i o n  of l a r g e  
sca le  e q u i p m e n t  f r o m  l a b o r a t o r y  c o m p a r t m e n t  p a i r  
d - c  r e s i s t ance  m e a s u r e m e n t s  because  t he  equa t ions  
a r e  i n d e p e n d e n t  of the  c o m p a r t m e n t  d i m e n s i o n s  
p a r a l l e l  to t h e  m e m b r a n e s .  The  equa t i ons  can  also be  
used  for  the  o p t i m i z a t i o n  of E w i t h  r e spe c t  to cost. 
The  " o v e r - a l l  eff ic iency" i n c o r p o r a t e s  t he  effect of 
w a t e r  t r a n s p o r t ,  w h i c h  is an  i m p o r t a n t  d e t r i m e n t a l  
f ac to r  in e l e c t r o d i a l y t i c  d e m i n e r a l i z a t i o n  w h e n  o the r  
t h a n  sho r t  b r a c k i s h  d e s a l t i n g  ranges ,  u s ing  r e a s o n -  
a b l y  h igh  c u r r e n t  dens i t ies ,  a r e  cons ide red .  
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SYMBOLS 
r Resistance of 1 cm ~ of compar tment  pair, ohm- 

cm 2 
a Constant  (a = r at  C = ~ ) ,  ohm-cm 2 
b Proport ional i ty  factor, ohm-cm 2, g-eq. 1 - I  
C Electrolyte concentrat ion in dialysate, g-eq. 1-1 

i Current  density, amp cm -2 
E Electric potential  gradient  per compar tment  pair, 

volt  
j2 Effective salt t ranspor t  ra te  per cm~, g-eq. sec -1, 

em 2 
r Coulomb efficiency 
F 96,500, coul. g-eq. -1 
N Total number  of g-eq. in  the batch of dialysate, 

g-eq. 
t Time, s e c  
A Available total compar tment  pair  area, cm 2 
V Volume of the batch of dialysate, l i ter 
H Water  t ranspor t  factor, 1.g-eq. -1 
T Time required  to desalt  f rom Co to CT, s e c  
W" Energy consumption per l i ter  of product,  wat t  

sec 1-1 
Over-a l l  efficiency 

~W" Energy consumption per g-eq. (removed per 
l i ter) ,  wat t  sec g-eq. -1 

W Energy consumption per  g-eq. ( removed per 
l i ter) and per volt  applied on each compar tment  
pair, amp sec g-eq. -1 

i- Average cur ren t  density, amp cm-~ 
q (Depreciation) cost of 1 cm ~ of compar tment  

pair, per sec, $. cm -2, sec -1 
p Cost of energy, $. Watt  -1, sec -1 
S Cost per l i ter  of product, $. 1-1 
B Electrolyte concentrat ion in  brine, g-eq. 1-1 
D Salt diffusion rate through a membrane  pair, 

g-eq. cm -2, s e c  - 1  
Subscripts o and T refer to t ---- o and t = T, respec- 
tively. 
Subscript  "ln mean"  indicates the logarithmic mean  of 
the values at t = o and at t = T. 

Theoretical Calculations of the Separation Factors in the 
Hydrogen Evolution Reaction for the Slow Discharge Mechanism 

John O'M. Bockris and S. Srinivasan 
The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

Theoretical calculations of the electrolytic separat ion factors (S) for the 
slow discharge mechanism were carried out following the lines of earl ier  cal-  
culations by Horiuti  et al. Previous calculations neglected the effect on S of 
(i) the step following the discharge step, (ii) the real stretching f requency 
of the t ransi t ion state, and (iii) t unne l ing  corrections. The present ly  calculated 
S values differ from previous results main ly  due to the inclusion of the real 
stretching f requency of the t ransi t ion state. The H-T separation factors are 
more useful  than the H-D separation factors in de termining  the mechanism. 

Ca lcu la t ions  of e lec t rolyt ic  separa t ion  factors for 
the slow discharge  m e c h a n i s m  have  been  car r ied  out  
by  Kei i  and  Kode ra  (1) ( H / D  sepa ra t ion  fac tors ) ,  
C o n w a y  (2) ( H / D  sepa ra t ion  fac tors ) ,  and  by  
Kodera  and  Sai to (3) ( H / T  separa t ion  fac tors) .  The  
Japanese  au thors  based the i r  ca lcula t ions  on those 
of ear l ie r  ca lcu la t ions  of Hor iu t i  et al. (4-6)  for  
o ther  mechanisms .  C o n w a y  car r ied  out his ca lcu la -  
t ions  for va r ious  mechan i sms  of the  evo lu t ion  reac -  
t ions, a s suming  tha t  the  isotopic effects were  r e l a t ed  
in  pa r t  to the  difference of heats  of ac t iva t ion  meas -  
u r ed  w i th  respect  to the  zero po in t  e n e r g y  levels  for 
the  isotopic r eac tan t s  and  products ,  as t r ea ted  by  
Bockris  (7) .  In  f u r t h e r  papers  (8, 9) a p p r o x i m a t e  
es t imates  of isotope effects on the  e n e r g y  of the 
t r ans i t i on  s tate  were  m a d e  in  ca lcula t ions  of the  
rat io of the  h y d r o g e n  and  d e u t e r i u m  exchange  cu r -  

rents .  The rat ios  of exchange  cu r ren t s  on var ious  
meta l s  were  m e a s u r e d  e x p e r i m e n t a l l y  b y  C o n w a y  
(8) and  discussed in  t e rms  of ca lcu la ted  separa t ion  
factors for the  va r ious  mechan i sms .  

There  are two i m p o r t a n t  differences in  these  ap-  
proaches.  The first p resen ts  a difference in  the model  
of the ac t iva ted  complex.  Hor iu t i ' s  ca lcu la t ions  fo l -  
low the  Eyr ing  t r e a t m e n t  (10) in  which  the  t r an s i -  
t ion  s ta te  complex  is cons idered  as a s table  molecule  
h a v i n g  its own v ib ra t i ona l  f requencies .  Hence,  d i f -  
ferences  of zero po in t  energies  of the isotopic ac t i -  
va ted  complexes  m a k e  an  i m p o r t a n t  con t r i bu t i on  to 
the sepa ra t ion  factor.  

Conway ' s  ca lcu la t ions  i mp l y  tha t  the  t r a n s i t i o n  
s tate  complex  is t r ans i en t ,  i.e., it is sufficiently short  
l ived  so tha t  v i b r a t i o n a l  f requenc ies  of the  ac t iva ted  
complex  do not  affect the  ac t iva t ion  energy,  wh ich  is 
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hence  m e a s u r e d  f r o m  the  zero po in t  e n e r g y  of the  
in i t i a l  s t a t e  to t he  i n t e r sec t i on  p o i n t  of t he  Morse  
curves .  

A second  d i f fe rence  is one of conven ience .  In  Con-  
w a y ' s  ca lcu la t ions ,  t he  r a t io  of concen t r a t i ons  of 
i sotopic  spec ies  in  t he  in i t i a l  s t a t e  is c a l c u l a t e d  f r o m  
t h e o r e t i c a l  cons ide ra t i ons  of e q u i l i b r i u m  in solu t ion .  
In  H o r i u t i ' s  ca l cu la t ions  i t  is poss ib le  to avo id  these  
cons ide ra t i ons  b y  i n t r o d u c i n g  an  e x p e r i m e n t a l  e q u i -  
l i b r i u m  cons t an t  b e t w e e n  isotopic  species  in so lu t ion  
and  c o r r e s p o n d i n g  mo lecu l e s  in  the  gas  phase .  This  
l a t t e r  f e a t u r e  of the  H o r i u t i  a p p r o a c h  a p p e a r s  p r e f -  
e r a b l e  to t ha t  of C o n w a y ' s  because  i t  r educ e s  u n -  
c e r t a i n t i e s  in c a l c u l a t i n g  p a r t i t i o n  func t ions  of spe -  
cies in  so lu t ion .  

In  bo th  t r e a t m e n t s ,  t he  inf luence  of the  e l e c t r o -  
c h e m i c a l  d e s o r p t i o n  s tep  on the  s e p a r a t i o n  f ac to r  for  
a s low d i s c h a r g e  m e c h a n i s m  was  neg lec ted .  T u n n e l -  
ing  effects,  w h i c h  w e r e  first  p o i n t e d  out  b y  B a w n  
and  O g d e n  (11) w e r e  also no t  cons ide red  in  e i t h e r  
t r e a t m e n t .  H o w e v e r ,  C o n w a y  ( I 2 )  h a d  p r e v i o u s l y  
conc luded  t ha t  a p p r e c i a b l e  t u n n e l i n g  w o u l d  l e a d  to 
a h igh  d e p e n d e n c e  of S on p o t e n t i a l  and  to a n o m a -  
lous Ta fe l  s lopes  w h i c h  a re  not  o b s e r v e d  e x p e r i -  
m e n t a l l y .  Neve r the l e s s ,  i t  is the  a u t h o r s '  op in ion  t h a t  
ca l cu la t ions  shou ld  inc lude  t u n n e l i n g  cor rec t ions ,  if 
poss ib le ,  s ince  these  a r e  c e r t a i n l y  i m p o r t a n t  in  h y -  
d r o g e n  a t o m  and  ion t r a n s f e r  r eac t ions  (13) .  In  t he  
ca l cu l a t i on  of t he  r a t i o  of  ac t iv i t i e s  of i so topic  oxo -  
n i u m  ions  (aH30+/aH2DO+), C o n w a y  a s s u m e d  i n c o r -  
r e c t l y  the  e q u a l i t y  of t he  d e u t e r o n  aff ini ty  of w a t e r  
and  the  p r o t o n  aff ini ty  of HDO. The  s lopes  of Morse  
cu rves  for  H +-OH2 a n d  D +-OH2 w e r e  also c a l c u l a t e d  
to be  d i f f e ren t  and  hence  to c o n t r i b u t e  to t he  i so tope  
effect. This  d i f fe rence  a rose  b e c a u s e  the  o b s e r v e d  
v i b r a t i o n  f r equenc i e s  of the  O - H  and  O - D  bonds  
w e r e  r e l a t e d  to "a"  va lue s  of t he  Morse  equa t i ons  
us ing  the  u s u a l  a p p r o x i m a t e  a s s u m p t i o n  (13, 14) 
t h a t  t he  H + - O H 2  i n t e r a c t i o n  could  be  t r e a t e d  b y  an  
ana logous  f o r m u l a  r e l e v a n t  to t h a t  for  a d i a t o m i c  
molecu le .  In  o r d e r  to f ac i l i t a t e  m a n y  ca l cu la t ions  in  
i so tope  effect  work ,  such an  a p p r o x i m a t i o n  is usefu l .  
H o w e v e r ,  i t s  a p p l i c a t i o n  to ca l cu l a t e  d i f fe ren t  " a "  
va lue s  for  the  Morse  curves ,  imp l i e s  t ha t  t h e  p o t e n -  
t i a l  e n e r g y  d i s t ance  func t ions  for  t he  s t r e t c h i n g  of 
bonds  e x h i b i t s  i so tope  effects.  This  is no t  cons i s t en t  
w i t h  t he  u s u a l  op in ion  w h i c h  is b a s e d  on the  con-  
s i d e r a t i o n  t h a t  in  the  S c h r o e d i n g e r  e q u a t i o n  set  up  
in  a d i scuss ion  of t he  bond,  t he  r e l e v a n t  mass  is the  
r e d u c e d  mass  of t he  e l e c t r o n  a n d  the  nucleus ,  i.e., 
inf luence  of n u c l e a r  mass  is s m a l l  (16) .  

K e i i  and  K o d e r a  a n d  also K o d e r a  and  Sa i to  h a v e  
not  i n c l u d e d  the  i so tope  effect due  to the  r e a l  
s t r e t ch ing  f r e q u e n c y  of the  a c t i v a t e d  c o m p l e x  
HeO . . . .  H . . . .  M. [The  HeO m o l e c u l e  is t r e a t e d  as a 
p s e u d o  a t o m  as in  p r e v i o u s  w o r k  (14 ) . ]  T h e y  also 
used  263 kca l  mo le  - I  ( s o l v a t i o n  e n e r g y  of a p r o t o n )  
as the  d i s soc ia t ion  e n e r g y  of t he  H +-OH2. I t  is m o r e  
a p p r o p r i a t e  to use  t he  p r o t o n  aff ini ty  of w a t e r .  This  
change  shou ld  also affect  the  Morse  cons t an t  of  t he  
H + - O H 2  molecu le .  In  t he  p r e s e n t  ca lcu la t ions ,  t he  
E y r i n g  a s s u m p t i o n  r e g a r d i n g  t h e  t r a n s i t i o n  s t a t e  
c o m p l e x  (cf. C o n w a y ' s  t r a n s i e n t  a s s u m p t i o n )  has  
been  used  l a r g e l y  on g r o u n d s  of  t he  g r e a t e r  con-  

s i s t ency  of the  r e s u l t a n t  ca l cu la t ions  w i t h  e x p e r i -  
ment .  F u r t h e r ,  t he  eas i e r  w a y  of c a l cu l a t i ng  ionic  
c o n c e n t r a t i o n  r a t io s  in  so lu t ion  and  t h e i r  p a r t i t i o n  
func t ion  ra t ios  was  used.  The  l a t t e r  m e t h o d  is, h o w -  
ever ,  m o r e  c o m p l e x  t h a n  t h a t  of C o n w a y  due  to 
diff icul t ies  of e v a l u a t i n g  p o t e n t i a l  e n e r g y  su r faces  
of t he  t r a n s i t i o n  s t a t e  c o m p l e x  for  c a l cu l a t i ng  v i b r a -  
t i ona l  f requenc ies .  

Present Calculations 
Discharge Fol lowed  by Recombina t ion  

Express ion  fo~ separat ion ]ac tor . - -The  H / D  s e p a -  
r a t i o n  f ac to r  (SD) is g iven  b y  

CH CH ) 

w h e r e  (CH/CD)g and  (CH/CD)s a re  the  ra t ios  of 
a tomic  concen t r a t i ons  of H to D in t he  gas  and  
solut ion ,  r e spec t i ve ly .  U n d e r  the  cond i t ion  t ha t  
aH2o,1 ~ aHDO,1 ( w h e r e  aHeo,1 and  anDo,1 a r e  the  ac -  
t i v i t i e s  of H20 and  HDO in so lu t ion)  Eq. [1]  r educes  
to  

I t  m a y  ea s i l y  be  s h o w n  (17) 1 t ha t  bo th  for  the  ease  
in  w h i c h  the  r e c o m b i n a t i o n  s tep  is t r e a t e d  as in 
e q u i l i b r i u m  or  no t  so t r e a t e d  t ha t  

g iLD 

w h e r e  il,H and  il.D a re  the  d i s cha rge  c u r r e n t s  for  the  
i sotopic  r eac t i ons  

H30 + W eo -l- M--> M H  + HeO [4]  

H2DO + -~ eo ~- M--> MD -~ t teO [5]  

r e spe c t i ve ly ,  

il ,n a n d  il,D a re  g iven  b y  

il, H • k l , H a H 3 0 +  (1 - - O H - -  OD) e -t~VF/RT [ 6 ]  

~I,D = k l , D  aH2DO+ ( I _ _ ~ H _ _ S D ) e _ 6 V F / R T  [7]  
3 

w h e r e  kloH and  kl,D a re  t he  r e s p e c t i v e  r a t e  cons tan ts ,  
w h e n  the  m e t a l - s o l u t i o n  p o t e n t i a l  d i f fe rence  (V) is 
zero;  aH3o+ and  aH2DO+ a re  t he  ac t iv i t i e s  of the  H30 + 
and  HeDO + ions a t  the  doub le  l ayer .  The  fac to r  
( 1 / 3 )  in Eq. [7]  ar ises ,  s ince  i t  is a s s u m e d  tha t  on ly  
one ou t  of t h r e e  HeDO + molecu le s  is s u i t a b l y  o r i -  
e n t e d  for  D + d i scharge .  D i v i d i n g  Eq. [6]  b y  Eq. [7] ,  
w e  h a v e  

i l.H k l,H a Hso + 
. . . .  [8] 

il,D k I , D  aH2DO + 

3 

E x p r e s s i n g  the  r a t i o  k,,H/k,.D in  t e r m s  of t he  
s t a n d a r d  c h e m i c a l  po t e n t i a l s  of the  a c t i v a t e d  and  

1 Equat ion [3] follows f rom the  equation 
CH 2 (i2,~ -- i-2,H) + (i2,D -- i-2,D) 

CD (i2,D - i-2,D) 
and the  use of the  s ta t ionary state hypothesis  for the in te rme-  
diates, i.e., adsorbed atomic hydrogen  vnd deuter ium.  
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ini t ial  states and rat io  of the tunnel ing factors 
( r l ,a / r l .D) z ior  the isotopic reactions,  we have 

--y, ~  
H 

e 

--l.t ~  
D 

e 

-- P-H2DO + ~  
e 

--~ ~  
H3 0 7- 

e 

aH3o + 

a 
- -  H2DO + 
3 

[9] 

--~ ~  --~ IRT 
H H2DO + 

r~,n e e 
[ i0]  

F1.D - -~  ~ --p. + / R T  
D H30 

e e 

$1,H F1,H 

il,D F1,D 

The la t te r  Eq. [10] is obtained using the re la t ions 

/xn3o+ = gH30+ ~ § R T l n  aH3o+ [11] 

aH2DO+ 
[12] ~H2DO+ = g H 2 D O + ~  i n  

gH~O+ and ~H2DO+ are the chemical  potent ia ls  of 
the HaO + ion and the H2DO + ion (wi th  D + or iented 
sui tably  for its discharge)  at the double  l ayer  re -  
spectively.  

the fol lowing steps which Considering 
equi l ib r ium 

HsO + B ~ H30 + 

H2DO+B ~ H20 -- D + 

are  in 

[13] 

[14] 

[15] 

[ 1 6 ]  

we have 

~H30 + B ~ ~H30 + 

]~H2DO+B ~ ~H2DO+ 

B refers  to the bulk  of the solution. 
In addit ion,  the fol lowing equi l ibr ium react ions 

may be considered 

HaO+B q- HDOI ~ H2DO+B q- H2OI [17] 

H2OI + HDOg ~ HDOI + H~Og [18] 

We may  thus wr i te  

- -~  /RT  
HDOg 

e 

--p. + /RT 
H2DO B 

e 

--I~ /RT 
H20g 

e 

[19] 
--I~ + /RT  

H30 B 
e 

The suffixes 1 and g refer  to the l iquid and gaseous 
phase, respect ively.  

Using Eq. [15], [16], [18], and [19], Eq. [10] may  
be rewr i t t en  as 

--I~ ~ --I~ /RT 
H HDOg 

il,H F1,H e e 
- -  = - -  [ 2 0 ]  

il,D F1,D --u O~/RT --I~ /RT 
D H2Og 

e e 

We also have the re la t ions 

[21] ]XH o#  = - -  R T  ] n  fn# 

~H2Og - -  - -  RT in fH2Og -4- RT In att2Og [22] 

and 
]~r - -  - -  RT in fHDOg -]- RT in  aHDOg [23 ] 

Hence, the equat ion for (il,H/il,D) may  be ex-  
pressed in another  form 

il,H F1,H fH # fHDOg aH2Og 
- -  - -  - -  [ 2 4 ]  

iLo F1.D ~D # fH2Og aHDOg 

With Eq. [2], [3], and [24], SD is expressed as 

1 F1.H ]H # JHDOg 
S D . . . . . .  K D  [25] 

2 F~,D ~D ~ ~H2Og 

where  KD is the equ i l ib r ium constant  for react ion 
[18]. 

S imi lar ly ,  the H / T  separa t ion  factor (ST) is given 
by 

1 F1,H fH # fHDOg 
ST KT [26] 

2 I~l,W fW =2~ fH2Og 

where  KT is the equi l ib r ium constant  for the re-  
action 

H201 § HTOg ~ HTOI + H2Og [27] 

Numerical calculations of separation factors (SD 
and Sw).--Equil ibrium constant (KD or Kw). - -The  
equi l ib r ium constant,  KD, was measured  over a wide 
range of t empera tu res  by Ikus ima and Azakami  
(18). Its value  at 25~ is 1.07. This value  differs by 
only 2% from tha t  of Hor iu t i  and Okamoto (19). 

Sepal l  and Mason (20) have measured  KT at t em-  
pera tures  ranging f rom 0 ~ to 90 ~ Its va lue  at  25~ 
is 1.093. The resul ts  of these workers  are in complete 
agreement  wi th  tha t  of Brown (21). 
Partition function ratio of isotopic water  molecules 
in gas phase (fHDOg//fH2Og a n d  fHWOg//]H2Og).--Whe 
par t i t ion  function r a t i o  (]HDOg/fH2Og) is given by 

fHDO~__  O-H2______~O ( m H D O ~  3/2 (IAIBIc)HDO 1/2 

fH2Og O'HDO ~" ] m H 2 0  ( IAIBIc )  H201/2 

8 
II sinh (h~i/2kT) n2o 

[28] 
3 
II sinh (hri /2kT) ~DO 

A similar  expression may be wr i t t en  for the  rat io  
(fHWOg/fH2Og). Using the spectroscopic data  of Bene-  
dict, Gailer ,  and P lye r  (22), ]I~DOg/fn2og is 59.16 
at 25 ~ and tha t  of L ibby  (23), fHTOg//]H2Og is 289.54. 
Together  wi th  KD and KT, given in the  previous  

The quantum mechanical rate constant, (kq) is related to the 
classical rate constant (ke) by the relation k,, = F~-e, where F is 
the tunneling correction to the classical rate. 

subsection, we have  

1 fHDOg 
- - K D - -  - -31.68 [29] 
2 fH2Og 

1 ]HTOg 
- - K ~ - - - -  158.23 [30] 
2 /H2Og 

Partition function ratio of isotopic activated com- 
plexes ( f H ~ / f D  - f  and f H ~ / f W  ~A) . - -Comple te  par t i t ion  
function r a t i o . - - I t  may  be assumed that  the act i-  
va ted  complex, H20 . . . .  H . . . .  M (or its isotopes) is 
analogous to a l inear  t r ia tomic  molecule, as has 
been done previous ly  by  Parsons  and Bockris  (14). 
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The pa r t i t i on  func t ion  ra t io  of the  isotopic ac t iva ted  
complexes  is g iven  b y  

f H:/= f t,H:/: f r,tt # f V,H v-z- 
- = - -  [ 3 1 ]  
]r ~- f t ,  D ~A ~fr,D =~ fV,D =~ 

where  ft#, ]r #, a n d / % #  r ep re sen t  the  t r ans la t iona l ,  
ro ta t ional ,  and  v i b r a t i o n a l  con t r ibu t ions ,  respec-  
t ively,  of the  ind ica ted  isotopes. 

T rans l a t i ona l  pa r t i t i on  func t ion  r a t i o . - - T h e  ac-  
t iva ted  complex m a y  be rega rded  as immobi le .  
Unde r  these condit ions,  the  t r an s l a t i ona l  pa r t i t i on  
func t ion  ra t io  is un i ty .  E v e n  if the  t r a n s l a t i o n a l  m o -  
t ion were  t r ea ted  as restr ic ted,  no isotope effect 
arises, since the heavy  me ta l  a tom forms a pa r t  of 
the isotopic ac t iva ted  complexes.  

Rota t iona l  pa r t i t i on  func t ion  r a t i o . - - A  smal l  iso-  
tope effect exists  due  to the  res t r ic ted  ro ta t ion  of the  
isotopic ac t iva ted  complexes  abou t  the  two axis 
t h rough  the center  of g rav i ty  of the  ac t iva ted  com- 
plex and  m u t u a l l y  p e r p e n d i c u l a r  to the axis of the 
molecule.  The pa r t i t i on  func t i on  ra t io  due to this  
res t r ic ted  ro ta t ion  is expressed  as 

]r,H~ s inh 2 hvD/2kT 
- -  - -  [ 3 2 ]  

fr ,  D ~ s inh  ~ hvH/2kT 

Since the  observed v i b r a t i o n a l  f requenc ies  are 
smal l  (e.g., for wa te r  600 cm -1 at room t e m p e r a -  
t u r e ) ,  and  are i nve r se ly  p ropor t iona l  to the  square  
roots of the cor responding  m o m e n t s  of ine r t i a  

fr, H # IH # 
- -  - -  [ 3 3 ]  

fr,O ~ ID ~ 

where  IH # and  ID # are the m o m e n t s  of ine r t i a  of the 
H and  D ac t iva ted  complexes,  respect ive ly ,  about  an 
axis, p e r p e n d i c u l a r  to the  axis of the  molecule  and  
th rough  the i r  respect ive  centers  of gravit ies .  The 
ca lcula ted  ro t a t iona l  pa r t i t i on  func t i on  rat ios are 

froH ~ 
- -  -- 0.983 [34] 

fl',D # 

Simi l a r ly  

- -  -- 0.962 [35] 
fr,T ~ 

Vibrational partition function ratios.--For a linear 
triatomic molecule, there are four degrees of vi- 
brational freedom. Since one of these is imaginary 
for the activated complex, three frequencies are to be 
considered in calculating the vibrational partition 
function ratio of the isotopic activated complexes 
(7), which is given by 

fV,H # s inh (hvD/2kT)  s s inh 2 (hvD/2 kT)  b 
- -  - -  [ 3 6 ]  
fV,D# sinh (hvH/2kT)  s s inh ~ ( h ~ i / 2 k T )  b 

The suffixes, s and  b s t and  for s t re tch ing  and 
b e n d i n g  f requencies ,  respect ively .  

The b e n d i n g  f r e q u e n c y  (v) of a l i nea r  t r i a tomic  
molecule ,  XYZ, is g iven  by  (24) 

k - -  4~r2v 2 

[ 122 -I- (11-i- /2) 2 ] 1 /12 + - k, [37] 
~12122 mz mx my 

S E P A R A T I O N  F A C T O R S  I N  H E V O L U T I O N  847 

w he r e  ll and  12 are the dis tances  of X and  Z f rom the  
cen t ra l  a tom Y; rex, my, a nd  m~ are the masses  of 
the  a toms X, Y, and  Z, respect ive ly ,  a nd  k~ is the 
b e n d i n g  force constant .  I n  the  case u n d e r  cons ide r -  
at ion,  X = M, Y = H, D, or T, and  Z = H20. 

A s s u m i n g  tha t  force cons tan ts  are i n v a r i a n t  upon  
isotopic subs t i t u t i on  and  also tha t  m ~ > >  my and  
m~ > >  my, it  fol lows f rom Eq. [37] tha t  

- -  [ 3 8 ]  

PH 

and  
PT __ / m H  ) 2 / 2  
vH ~ / [39] 

G e n e r a l l y  b e n d i n g  f requenc ies  are smal l  (<600 
c m - ~ ) .  We m a y  hence  assume tha t  

s inh  ~ (hvD/2kT) b VD = m~ 1 
- - -  - [ 4 0 ]  

s inh 2 (hvH/2kT)b VH ~ mD 2 

s inh 2 (hvw/2kT)  b l~W 2 mH 1 
. . . .  [ 4 1 ]  

s inh  2 (hvH/2kT)b vH 2 mT 3 

as has been  done b y  Me lande r  (16) 

For  the ca lcu la t ion  of the s t re tch ing  v i b r a t i ona l  
f requencies ,  it  is necessa ry  to know the force con-  
s tants  of the respec t ive  bonds  in  the ac t iva ted  com- 
plex  (Fig. 1). The  po ten t i a l  ene rgy  of the sys tem 
can t h e n  be expressed  as a f unc t i on  of d i sp lacements  
f rom the  saddle  po in t  by  the  equa t ion  

1 1 
V = Vo + - ~  k u  (r l  --  r ~ )  2 + ~ -  k22 (r2 --  r2r 2 

3 - k 1 2  ( r ~ - - r l ~ ) ( r 2 - - r 2  ~) [42] 

where  k n  is the  force cons tan t  for the  s t re tch ing  
of the  bond  b e t w e e n  the  w a t e r  molecule  and  H + 
ion, k2e tha t  for the  s t re tch ing  of the bond  b e t w e e n  
the  h y d r o g e n  and  me ta l  atoms, and  kle is a coupl ing  
constant .  The k ine t ic  ene rgy  of the sys tem is g iven  
by  

1 1 1 
T = -~ mlih 2 + -~ mer2 e 3- -~ m3~32 [43] 

where  ml,  ~r~2, and  m~ are the  masses  of the w a t e r  
molecule ,  hydrogen ,  and  me t a l  atoms, respect ively .  

Us ing  Lagrange ' s  equa t ion  of mot ion,  it can t hen  
be shown tha t  the  s t re tch ing  f requenc ies  are g iven  
by  the  equa t ion  

X 2 --  k - -  3-  k n  -}- -]- k22 --  k12 
ml m2 / , m2 

ms + ms + ms 
+ ( k n  k22 --  k122) = 0 [44] 

mlm2~.~ 

r 3 

�9 o - - o  

H20 H M 
m, m2 m3 

Fig. 1. Activated complex for slow discharge mechanism 
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w h e r e  
X = 4~rzv ~ [45] 

As  p o i n t e d  ou t  ea r l i e r ,  one of t he se  f r equenc i e s  is 
i m a g i n a r y  for  the  a c t i v a t e d  complex .  A n  abso lu t e  
ca l cu l a t i on  of t he  p a r t i t i o n  func t ion  ra t io  of the  iso-  
topic  a c t i v a t e d  complexes ,  due  to t he  r e a l  s t r e t c h ing  
f r equenc ie s  p r e s e n t s  a n u m b e r  of diff icult ies .  Two  
of t he  a p p r o x i m a t e  m e t h o d s  used  wi l l  be d e s c r i b e d  
in  t he  fo l l owing  subsec t ions .  

Me thod  1, Case of l ow  r ea l  s t r e t ch ing  f requenc ies .  
- - -Acco rd ing  to  W e s t h e i m e r  (25) ,  if the  i m a g i n a r y  
f r e q u e n c y  be  t a k e n  as zero,  (one  v i b r a t i o n  becomes  
t r a n s l a t i o n  a long  r e a c t i o n  p a t h ) ,  t he  l a s t  t e r m  in 
Eq. [44] can be  set  e q u a l  to zero. 

�9 " .  k l l  k 2 2  = klz 2 [46] 

U n d e r  these  condi t ions ,  the  r ea l  f r e q u e n c y  of  the  
a c t i v a t e d  c o m p l e x  is g iven  b y  

k l l  k~2 k l l  + k 2 2 -  2k12 
X : 4~2~ 2 = ~ + + [47] 

m I m ~  m 2  

Using  Eq. [46] ,  Eq. [47] becomes  

k a a  k 2 2  kla -t- k 2 2 -  2~/kaake2 
X = 4v2v 2 ~-- q- - -  q [48]  

"D'bl TTb3 m 2  

If  we  now m a k e  the  a s s u m p t i o n  t ha t  ml  > >  m~2, 
m3 ~ >  ms, and  kl l  > >  k22, Eq. [48] r educes  to 

k l l  -4- k 2 2 -  2 ~ / k l l k 2 2  
,k ---~ 47r2~ 2 = [49] 

m 2  

I t  is c l ea r  f rom Eq. [49]  t ha t  t he  r a t i o  of v i b r a -  
t i ona l  f r equenc ie s  for  t he  H to D (or  H to T)  a c t i -  
v a t e d  c o m p l e x e s  is e q u a l  to the  r a t i o  of t he  s q u a r e  
roo ts  of t he  masses  of t he  D to H (or  T to I-I) a toms.  
F u r t h e r ,  if  w e  a s s u m e  t h a t  these  f r e q u e n c i e s  a r e  
smal l ,  the  v i b r a t i o n a l  p a r t i t i o n  func t ion  ra t io  of the  
H to D (or  H to T)  a c t i v a t e d  complexes  is e q u a l  to 
the  r a t i o  of the  c o r r e s p o n d i n g  f r equenc ies .  Thus  

fV.H ~ mu I/~ 1 
. . . . .  [50] 

:fv,D ~ mD '/2 V 2  

JV,H -'f" TfbH 1/2 1 
. . . . .  _ [51] 

fV,T ~ m T  1/2 ~/3 

Us ing  Eq. [34],  [35] ,  [40] ,  and  [41] ,  t he  c o m -  
p l e t e  p a r t i t i o n  func t ion  r a t i o  is 

= 0.3479 [52] 
yD-'~ 

- -  = 0.1851 [53]  

The  use of th is  m e t h o d  for  the  ca l cu l a t i on  of the  
v i b r a t i o n a l  p a r t i t i o n  func t ion  r a t i o  g ives  an u p p e r  
I imi t  for  t he  s e p a r a t i o n  fac tors .  

M e t h o d  2, Case of m o d e r a t e  or  h igh  f requenc ies ,  
the  m e t h o d  of E y r i n g  et al. ( 1 0 ) . - - I n  th is  me thod ,  
the  p o t e n t i a l  e n e r g y  of  t he  l i n e a r  t h r e e  a t o m  sys -  
t e m  (Fig .  i ,  HeO is t r e a t e d  as a s ingle  a t o m )  is g iven  
b y  the  H e f t i e r - L o n d o n  express ion ,  viz.  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1964 

1 
V = K,2 + K28 + K31--  y { ( J ~ 2 - - J 2 D  2 

-]1/2 

+ ( J2s - - J31 )  2 + ( J31- - J l~)2}  J [54]  

w h e r e  K ' s  a re  t he  cou lombic  and  J ' s  t he  e x c h a n g e  
c on t r i bu t i ons  to t he  t o t a l  ene rg ie s  for  i n t e r ac t i ons  
b e t w e e n  HeO a n d  H +, H and  M, and  M and  HeO. 3 As  
in t he  m e t h o d  of E y r i n g  et  al., t he  r e f e r e n c e  s ta te  for  
the  e n e r g y  was  t a k e n  as t h a t  of the  s e p a r a t e d  a toms  
H20  + H + M and  Morse  func t ions  w e r e  used  to e x -  
p ress  v a r i a t i o n  of p o t e n t i a l  e n e r g y  w i t h  d is tance .  

The  p o t e n t i a l  e n e r g y  of t he  i n i t i a l  s ta te  H20 - -  H + 
~- eo.M -~- M, e x p r e s s e d  as a func t ion  of  the  d i s t a n c e  
b e t w e e n  H + ion  and  H20 m o l e c u l e  ( p se udo  a t o m )  
can  t hen  be  o b t a i n e d  b y  cons ide r ing  the  fo l lowing  
B o r n - H a b e r  cyc le  (14) 

H + H 2 0 + M - - ) H + + H ~ O + M + e  I [55] 

H + + H20 + e + M--) Ha O+ -~ eM -}- M D12--~b [56] 

A d d i n g  

H + H 2 0 + M ~ H 3 0 + + e M + M  Vie [57] 

�9 ". V12 = Kle + J12 = I + D I ~ - -  (~ [ 5 8 ]  

w h e r e  I is the  ion iza t ion  e n e r g y  of t he  H a tom,  r 
is t he  e lec t ron ic  w o r k  func t ion  of  the  me ta l ,  Die is 
the  e n e r g y  of the  H+-OH2  i n t e r a c t i o n  as a func t ion  
of the  i n t e r n u c l e a r  d i s t ance  and  is g iven  b y  

Dae = D120[1 - -  e - a ( r l - r l ~  ]2 _ L [59] 

L is the  hea t  of so lva t ion  of a p r o t o n  and  Die ~ is the  
p r o t o n  aff ini ty  of w a t e r .  

S i m i l a r l y ,  t h e  p o t e n t i a l  e n e r g y  of  t he  f inal  s t a t e  
M H  + HeO, e x p r e s s e d  as a func t ion  of t he  d i s -  
t ance  b e t w e e n  the  M and  H a toms,  is o b t a i n e d  b y  
cons ide r ing  the  r e a c t i o n  

H -}- M + H 2 0 ~  M H  + H20 D23 [60] 

w h e r e  

D 2 3  ~ D 2 3 o [ e - 2 a z ( r 2 - r 2  ~ - - 2 e - a ( r 2 - r 2  ~  ] 

: V 2 ~ = K 2 3 + J 2 3  [61]  

S ince  the  m e t a l  a t om a n d  w a t e r  m o l e c u l e  a re  
r e l a t i v e l y  fa r  a p a r t  for  a l l  v a l u e s  of r l  a n d  ra, and  
also b e c a u s e  t h e  i n t e r a c t i o n  b e t w e e n  M and  .HeO is 
c o n s i d e r a b l y  less  t h a n  b e t w e e n  H and  M or  H + and  
HeO, the  M - H 2 0  i n t e r a c t i o n  was  t a k e n  as zero  for  
a l l  d i s t ances  of s epa ra t ion ,  i.e. 

V~I = K31 + J3a = 0 [62]  

As  in t he  m e t h o d  of  E y r i n g  et  al., a c e r t a i n  p e r -  
cen t age  of each  of t he  ene rg ie s  V~e, V~3, and  Va~ was  
a s s u m e d  to be  cou lombic  a n d  the  ba l a nc e  exchange ,  
for  a l l  d i s t ances  of s epa ra t i on .  Thus ,  t he  t o t a l  e n -  

a I n  a n o r m a l  c h e m i c a l  r e a c t i o n  of  t h e  t y p e  A + B C  -~ A B  + C, 
w h e r e  A,  B a n d  C a r e  a t o m s ,  a l l  a t o m s  m a i n t a i n  t h e  s a m e  e lec-  
t r o n i c  s t a t e  t h r o u g h o u t  t h e  r e a c t i o n  p a t h .  I n  our case ,  i t  is  n e c e s -  
s a r y  to t r e a t  t h e  c e n t r a l  p a r t i c l e  a s  a n  ion  f o r  i n t e r a c t i o n  w i t h  
w a t e r  a n d  as  an  a t o m  f o r  i n t e r a c t i o n  w i t h  M, s ince  t h e  i n i t i a l  s t a t e  
of  t h e  d i s c h a r g e  s t ep  is H 2 0  -- I-I+ + M + eo,M a n d  t h e  f ina l  s t a t e  
is  M -- I-I + H~O. A l t h o u g h  n o t  s t r i c t l y  co r rec t ,  t h e  a p p r o x i m a t i o n  
m a y  be  c o n s i d e r e d  as  s a t i s f a c t o r y ,  s i nce  f o r  s m a l l  d i s p l a c e m e n t s  
f r o m  t h e  e q u i l i b r i u m  p o s i t i o n  of  t h e  I-I+ a n d  I-I~O, t h e  i n t e r a c t i o n  
e n e r g y  is  m a i n l y  t h a t  of  H+-OH~, w h i l e  t h e  IVI-H i n t e r a c t i o n  e n e r g y  
is s m a l l  a n d  v i c e  v e r s a  f o r  t h e  c a s e  of  s m a l l  d i s p l a c e m e n t s  of  t h e  
K f r o m  t h e  M - H  e q u i l i b r i u m  pos i t ion .  I n  t h e  a c t i v a t e d  s t a te ,  t h e  c e n -  
t r a l  a t o m  m a y  be  c o n s i d e r e d  as  p a r t l y  n e u t r a l i z e d ,  s i n c e  in  t h e  
i n i t i a l  s t a t e  i t  is  t o t a l l y  ionic ,  w h e r e a s  i n  t h e  f ina l  s t a t e  i t  is 
a n  a t o m .  
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Table I. Physlcal constants used in calculation of potentia~ 
energy of system for slow discharge mechanism 

S E P A R A T I O N  F A C T O R S  I N  H E V O L U T I O N  849 

Dm~ D ~ o  I L r r l ~  ~'2 c a t  a~ 

187 57 313 263 104 1.05 1.74 1.375 1.20 
kcal �9 mole -1 A A -1 

ergy of the  sys tem HeO . . . .  H . . . .  M was calculated,  
us ing  Eq. [54], as a func t ion  of r l  and  re. 

Al l  ca lcu la t ions  were  car r ied  out  w i th  M = Hg. 
The cons tan ts  used in  the ca lcu la t ion  of V12 and  V23 
wi th  the  aid of Eq. [58],  [59], and  [61] are g iven  
in  Tab le  I and  were  ob ta ined  f rom the paper  of P a r -  
sons a n d  Bockris  (14) except  for Die ~ and  al. Pa rsons  
and  Bockris  used the  figure of 263 kcat  mole  -~ 
for Die ~ which  is the  heat  of solvat ion of a proton.  
D~2 ~ represen ts  the dissociat ion ene rgy  of the 
HeO-H + into HeO and  H + and  the  more  appropr ia te  
figure is the p ro ton  affinity for wa t e r  (187 kcal  
m o l e - l ) .  Due  to this  change  in  D12 ~ al is also al tered.  

Three  ca lcula t ions  were  car r ied  out  v a r y i n g  the 
pe rcen tage  coulombic  energies,  p~ and  pe, in  V~2 
and  Ves, respect ively .  In  the  first ca lcula t ion,  pl and  
pe were  t aken  as 20%. The ene rgy  V, g iven  by  Eq. 
[54] was ca lcula ted  as a func t ion  of the va r i ab le  
dis tances  r~ and  re, us ing  an  I.B.M. 7090 computer .  
F r o m  the  tab le  of va lues  of V as a f unc t i on  of rl  
and  re, the  reac t ion  pa th  and  saddle  po in t  were  de-  
t e rmined .  I t  was  found  tha t  r l  ~ = 1.05A and  r2 ~ = 
3.40A. This ca lcu la t ion  also showed tha t  the classical 
ac t iva t ion  ene rgy  exc lud ing  zero po in t  energies  is 
2 kcal  m o l e - L  The force cons tants  k,1, k22, and  k12, 
appea r ing  in  Eq. [42] were  t hen  ca lcula ted  by  e v a l u -  
a t ing  the  second der iva t ives  of V (Eq. [54] )  at  the 
saddle point .  The coupl ing  constant ,  kle, is zero for 
the p resen t  model  since the  in t e rac t ion  b e t w e e n  M 
and  HeO was ignored.  The s t re tch ing  v i b r a t i o n a l  
f requencies ,  ca lcu la ted  us ing  Eq. [44], for the iso- 
topic ac t iva ted  complexes  (H, D, and  T) in  this 

Table II. Force constant (k's), stretching vibrational frequencies 
(CO's), partition function ratios (fH~/fD~- and fH~-/fT~) of 

isotopic activated complexes for the slow discharge mechanism 

C a l c u l a t i o n  n u m b e r  

P a r a m e t e r  1 2 3 

pl (%) 20 5 39 
p2 (%) 20 5 3 
r l~  (A.) 1.05 1.05 1.05 
re~ (A) 3.40 2.92 3.30 
E~ (kcal mole -1) 2 6 4 
kll (kcal mole-1 A-2)  688.6 635.1 654.8 
k22 (kcal mole-1  A-2)  --3.9 --12.7 --10.6 
km (kcal mole -1 A -a)  0 0 0 
(OH (cm -1) 2906 2773 2820 
COD (cm -1) 2110 2015 2048 
COT (cm -1) 1763 1686 1714 
COH~ (cm ~1) 52 i 90 i 84 i 
COD~ (cm -x) 50 i 88 i 83 i 
COT~ (cm -1) 50 i 89 i 81 i 
sinh (hvD/2kT)  s 

0.1465 0.1605 0.1552 
sinh (hvH/2kT)  s 
sinh (hvT /2kT)  s 

0.0633 0.0725 0.0672 
sinh (hvH/2kT)  s 
(fn#/fD#) 10 e 7.207 7.897 7.636 
(fH#/:fW#) 102 2.030 2.325 2.155 

case and  the  s u b s e q u e n t  two ca lcula t ions  are g iven  
in  Table  II. 

I n  the second calcula t ion,  the pe rcen tage  cou lom-  
bic ene rgy  used for each in t e rac t ion  was  reduced  to 
5% since the first ca lcu la t ion  gave too smal l  an  ac-  
t i va t ion  energy.  The  ac t iva t ion  ene rgy  increased  to 
6 kcal  mole  -1 in  this  case. This  ca lcu la t ion  and  the  
subsequen t  one were  also car r ied  out  to check any  
va r i a t i on  in  the v i b r a t i ona l  pa r t i t i on  func t i on  rat io 
(due  to s t re tch ing)  of the  isotopic ac t iva ted  com-  
plexes.  

In  the last  ca lcula t ion,  the pe rcen tage  coulombic  
ene rgy  for  the  O - H  + bond  was  t a ke n  as 39% and  3% 
for the H g - H  bond.  These figures were  ob ta ined  
f rom the  re la t ionsh ip  b e t w e e n  percen tage  ionic cha r -  
acter  of a bond  and  the difference in  e l ec t ronega t iv i -  
ties of the a toms f o r mi ng  the  bond  (26).  

The resul t s  of all  th ree  calculat ions ,  i nc lud ing  
pa r t i t i on  f u n c t i o n  rat ios  of the  isotopic ac t iva ted  
complexes  are  g iven  in  Tab le  II. pl and  p2 are the  
pe rcen tage  coulombic  energies  of the  O - H  + and  
H - H g  bonds  respect ively ,  r l~  and  re~ are the  
O - H  ~ and  H g - H  i n t e r n u c l e a r  d is tances  respec-  
t ive ly  in  the ac t iva ted  complex,  E~ is the ac t iva t ion  

s inh ( h ~ D / 2 k T )  s s inh  ( h v T / 2 k T )  s 
ene rgy  and  

s inh (hvH/2kT) s s inh ( h v H / 2 k T )  s 
the pa r t i t i on  func t i on  rat ios of the isotopic act i -  
va ted  complexes  due to the real  s t re tch ing  f re -  
quencies .  

Tab le  II reveals  tha t  the va r i a t i on  in  pe rcen tage  
coulombic  e n e r g y  has l i t t le  inf luence  on the rea l  
v i b r a t i o n a l  f requenc ies  (~OH, ~D, (OW) Of the ac t iva ted  
complexes.  Fu r the r ,  the  ca lcula ted  ac t iva t ion  e n e r -  
gies are cons ide rab ly  less t h a n  the  e x p e r i m e n t a l l y  
observed values.  This d i sc repancy  is p r o b a b l y  due to 
the neglec t  of the  H 2 0 - H g  in t e rac t ion  in  the  ca lcu-  
l a t ion  of V. The rea l  f r e q u e n c y  for the H ac t iva ted  
complex  is of  the order  of the  f r e q u e n c y  of the  bond  
O - H  +, which  is the  h ighes t  possible va lue .  This  h igh  
va lue  m a y  be expected,  since it is found  tha t  in  the  
ac t iva ted  complex  the  O - H  bond  is no t  s t re tched  
f rom the e q u i l i b r i u m  va lue  in  H 2 0 - H  + in  a n y  of 
the calculat ions .  Thus,  the pa r t i t i on  func t i on  ratios,  
fI t#/fD :26 and  fH:Y6/fW =fi, in  Table  II, m a y  be cons idered  
as the  lower  l imi ts  for these  ratios.  
T u n n e l i n g  f a c t o r  rat ios  (I~I,H/rl,D and  rl,./r~,T).-- 
The t u n n e l i n g  factor  ra t ios  depend  on potent ia l .  The 
ca lcula t ions  of Chr i s tov  (27) refer  to the  revers ib le  
potent ia l .  The  H / T  sepa ra t ion  factors  on Hg were  
d e t e r m i n e d  (28) at a c u r r e n t  dens i ty  of 10 -3 amp 
cm -2. Hence  the t u n n e l i n g  factor  ra t ios  are now cal -  
cu la ted  at  the  b a r r i e r  he igh t  co r respond ing  to this  
c u r r e n t  dens i ty .  The  ove rpo ten t i a l  (7) at this  c u r -  
r e n t  dens i ty  is abou t  lv .  The ac t iva t ion  ene rgy  (E#)  
m a y  be ob ta ined  by  us ing  the  re l a t ion  

E#  = Eo ~ --/~q [63] 

w he r e  Eo # is the  ac t iva t ion  ene rgy  at  the  revers ib le  
po ten t ia l  and  fl is the s y m m e t r y  factor.  

Us ing  Eo# = 21.5 kcal  mole -1 and  fi = l/z, E#  ---- 10 
kcal  mole -1. 

Two p ro ton  (or isotopic ions)  t r ans f e r  d is tances  
are  possible,  de pe nd i ng  on the model  chosen. If it  is 
a ssumed  t h a t  the  p ro ton  t r ans f e r  takes  place f rom 
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a h y d r o x o n i u m  ion spec i f ica l ly  a d s o r b e d  on the  e l ec -  
t rode ,  the  p r o t o n  t r a n s f e r  d i s t ance  is 1.15A. The  
o t h e r  poss ib le  p r o t o n  t r a n s f e r  d i s t ance  fo l lows  f r o m  
the  m o d e l  of Bockr i s ,  D e v a n a t h a n ,  and  Mi i l l e r  (29) ,  
w h e r e  a l a y e r  of w a t e r  molecu les  is a s s u m e d  b e -  
t w e e n  the  e l ec t rode  su r f ace  and  the  H e l m h o l t z  p lane .  
In  th is  case, t he  p r o t o n  t r a n s f e r  d i s t ance  is 2.86A. 
This  d i s t ance  c o r r e s p o n d s  to the  w i d t h  of the  e q u i v -  
a l en t  E c k a r t  b a r r i e r  (4 .75A) used  b y  Chr i s tov  a t  
the  r e v e r s i b l e  po t en t i a l .  

T u n n e l i n g  f ac to r s  w e r e  o b t a i n e d  b o t h  for  t he  s y m -  
m e t r i c a l  E c k a r t  and  p a r a b o l i c  ba r r i e r s .  In  t he  f o r m e r  
case, t h e y  w e r e  o b t a i n e d  f r o m  the  t u n n e l i n g  fac to rs  
t a b u l a t e d  as a func t ion  of t he  b a r r i e r  he igh t  and  
f r e q u e n c y  at  the  top  of the  b a r r i e r  [ w h i c h  can 
eas i ly  be  r e l a t e d  to the  b a r r i e r  he igh t  and  w i d t h  
(17) ] b y  J o h n s t o n  and  R a p p  (30) .  In  the  l a t t e r  case, 
the  m e t h o d  of Be l l  (31)  was  fo l lowed ,  a s s u m i n g  in 
th is  c a l c u l a t i o n  the  s a m e  b a r r i e r  h e i g h t  a n d  c u r v a -  
t u r e  at  t he  top  of t he  b a r r i e r  as t he  e q u i v a l e n t  E c k a r t  
b a r r i e r .  

F o r  the  s m a l l e r  p r o t o n  t r a n s f e r  d i s tance ,  the  t u n -  
ne l i ng  f ac to r  ra t ios ,  FI,H/FI,D and  F1,H/F1,T, for  a 
s y m m e t r i c a l  E c k a r t  b a r r i e r  a r e  4.8 and  8.4, r e s p e c -  
t ive ly .  The  c o r r e s p o n d i n g  va lue s  for  a p a r a b o l i c  
b a r r i e r  a re  14 and  33. I t  has  been  po in t ed  out  e a r l i e r  
t ha t  w h e n  the  d e g r e e  of t u n n e l i n g  is h igh ,  t he  use  
of the  p a r a b o l i c  b a r r i e r  o v e r e s t i m a t e s  t he  t u n n e l i n g  
fac to r  ra t ios .  

F o r  the  h i g h e r  p r o t o n  t r a n s f e r  d i s tance ,  the  t u n -  
ne l ing  fac to r  ra t ios ,  rl,H/F1,D and  F1.H/F1,T a re  1.24 
and  1.35, r e spec t i ve ly ,  for  a s y m m e t r i c a l  E c k a r t  
b a r r i e r .  These  va lue s  a r e  in e x c e l l e n t  a g r e e m e n t  
w i t h  the  c o r r e s p o n d i n g  r a t io s  of 1.25 and  1.34 o b -  
t a i n e d  for  a p a r a b o l i c  b a r r i e r .  

Separation factors.--Separation factors excluding 
tunneling corrections (SD ~ and S T ~ ) . - - E x c l u d i n g  
t u n n e l i n g  cor rec t ions ,  t he  s e p a r a t i o n  fac to rs  4 w e r e  
c a l c u l a t e d  for  the  two  m e t h o d s  of o b t a i n i n g  v i b r a -  
t i ona l  p a r t i t i o n  func t ion  ra t ios  due  to the  r e a l  
s t r e t c h i n g  f r equenc i e s  (cases  of low and  m o d e r a t e /  
h igh  r ea l  f r e q u e n c i e s ) .  F o r  th is  pu rpose ,  the  Eq. 
[25],  [26] ,  [29] ,  [30] ,  [52] ,  [53]  a n d  d a t a  in  T a b l e  
II  w e r e  m a d e  use of. The  s e p a r a t i o n  f ac to r s  a re  
t a b u l a t e d  in T a b l e  III .  The  first  m e t h o d  ( low r ea l  
s t r e t c h i n g  f r equenc i e s )  g ives  an  u p p e r  l imi t  w h e r e a s  
the  second  ( m o d e r a t e  or  h igh  f r e q u e n c i e s - - E y r i n g ' s  
m e t h o d )  a l o w e r  l imi t  for  t he  s e p a r a t i o n  fac tor .  The  
va lue s  o b t a i n e d  b y  the  l a t t e r  me thod ,  w i t h  v a r i -  
a t ion  of p e r c e n t a g e  cou lombic  and  e x c h a n g e  ene rg i e s  
a r e  cons i s t en t  to w i t h i n  10%. 

The  v a l u e s  of SD ~ and  ST *, c a l c u l a t e d  here ,  a r e  
s ign i f i can t ly  d i f fe ren t  f rom the  e a r l i e r  va lue s  of 
K e i i  and  K o d e r a  (1)  for  SD ~ of 12-14, and  of K o d e r a  
and  Sa i to  (3)  for  S'T * of 33-37, m a i n l y  beca use  of 
t he  inc lus ion  of the  i so tope  effect due  to the  r ea l  
s t r e t c h i n g  f r e q u e n c y  in t he  p r e s e n t  work .  
Separation factors including tunneling corrections. 
- - T a b l e  I I I  shows  t ha t  if  w e  use 2IE ~ 1.90A (2IE is 
t he  w i d t h  of t he  e q u i v a l e n t  E c k a r t  b a r r i e r ,  c o r r e -  

I n c l u m o n  of a n h a r m o n i e i t y  cor rec t ions  in  the  p a r h t i o n  f u n c t i o n  
ra t ios  of (a) i so topm w a t e r  m o l e c u l e s  i n  the  gas phase  and  (b) iso- 
top ic  a c t i v a t e d  complexes  has  an  effect  of  less t h a n  10% on t he  
s e p a r a t i o n  factors .  The  a u t h o r s  w i s h  to  t h a n k  one of the  r e v i e w e r s  
fo r  p o i n t i n g  ou t  t he  effect  of a n h a r m o m c i t y  co r rec t ions  on t he  
f o r m e r  p a r t i t i o n  f u n c t i o n  ra t io .  

Table III. Separation factors for the slow discharge fast 
recombination mechanism 

M e t h o d s  of c a l c u l a t i o n  of 
# # # # 

f~  /]D or  f a  / f r  
M e t h o d  2 - - M o d e r a t e  o r  h i g h  

S e p a r a t i o n  fac to r s  r ea l  s t r e t c h i n g  f r e q u e n c y  
e x c l u d i n g  (S*) or Ca lcu-  Ca lcu -  Ca lcu-  

i n c l u d i n g  t u n n e l i n g  M e t h o d  l a t i o n  l a t i o n  l a t i o n  
cor rec t ions  (S) 1 I 2 3 

SD* 11.0 2.3 2.5 2.4 
ST* 29.3 3.2 3.7 3.4 
SD(2IE = 1.90A) 53.0 11.1 12.0 11.6 
SD(2/E ~ 4.75A) 13.6 2.9 3.1 3.0 
ST (2IE ~ 1.90_s 245.2 26.8 31.0 28.5 
ST (2/E ~ 4.75A) 39.6 4.3 5.0 4.6 

spond ing  to a p r o t o n  t r a n s f e r  d i s t ance  of 1.15A),  t he  
s e p a r a t i o n  fac tors  o b t a i n e d  i n c l u d i n g  t u n n e l i n g  co r -  
rec t ions  for  bo th  m e t h o d s  of ca l cu l a t i on  of p a r t i t i o n  
func t ion  ra t ios  of a c t i v a t e d  complexes ,  a re  c o n s i d e r -  
a b l y  h i g h e r  t h a n  the  e x p e r i m e n t a l  s e p a r a t i o n  f ac -  
tors .  F o r  2IE = 4.75A, w i t h  t he  second  m e t h o d  of 
ca l cu la t ion  of v i b r a t i o n a l  p a r t i t i o n  func t ion  r a t io s  
due  to the  r ea l  s t r e t c h i n g  f r equenc ies ,  SD a n d  ST 
a re  in the  r eg ion  of e x p e r i m e n t a l l y  d e t e r m i n e d  s ep -  
a r a t i o n  factors .  

I t  m a y  also be  a d d e d  t ha t  w i t h  2lE = 4.75A the  
s e p a r a t i o n  fac tors ,  o b t a i n e d  for  t he  case of low r ea l  
s t r e t c h i n g  f r equenc i e s  of the  isotopic  a c t i v a t e d  
complexes ,  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  the  e x p e r i -  
m e n t a l l y  o b s e r v e d  s e p a r a t i o n  f ac to r s  ( even  for  the  
case of the  l i n k e d  d i s c h a r g e - e l e c t r o c h e m i c a l  d e -  
so rp t ion  m e c h a n i s m ,  as seen  b e l o w ) .  W e  m a y  thus  
conc lude  t ha t  the  a p p r o x i m a t e  m e t h o d  ( fo r  low 
rea l  s t r e t c h ing  f r e q u e n c i e s )  is no t  v a l i d  in our  case. 

Discharge followed by electrochemical deso~ption 
at low and intermediate overpotentials.--Expression 
for separation factor.--The d i s c h a r g e  s teps  [4]  and  
[5]  a r e  fo l lowed  b y  

H30  + + e o + M H ~ H 2 + H 2 0 + M  [64] 

H30 + + eo + MD--> HD + H20 + M [65] 

H2DO + + eo + M H ~  HD -t- H20 + M [66] 

I t  fo l lows  f rom Eq. [1]  and  [2]  t h a t  SD is g iven  
b y  

CH 2 aHDO1 
S D  : " - -  [ 6 7 ]  

CHD aH201 

for  t he  cond i t ion  t h a t  ( C H ) s > >  (CD)s " CHJCnD is 
the  r a t i o  of concen t r a t i ons  of t he  e l e c t ro ly t i c  gases  
Hz to HD. S ince  the  e l e c t r o c h e m i c a l  d e s o r p t i o n  s t eps  
m a y  be  cons ide red  to be  in e q u i l i b r i u m  a t  l ow  and  
i n t e r m e d i a t e  ove rpo t e n t i a l s ,  w h e n  the  d i s c h a r g e  
s tep  is r a t e - d e t e r m i n i n g ,  w e  h a v e  f rom Eq. [64] and  
[66] the  fo l l owing  e q u i l i b r i u m  

H~O + + HD ~ H2DO + + H2 [68] 

In  a d d i t i o n  to th is  e q u i l i b r i u m  reac t ion ,  w e  also 
h a v e  the  e q u i l i b r i u m  r eac t i ons  [13] ,  [14] ,  and  [17] ,  
f r om w h i c h  i t  fo l lows  t h a t  

H201 + HD ~ HDO1 -}- H2 [69] 

The  ra t io ,  CH2/CHD , m a y  n o w  be  e x p r e s s e d  as 

e l l 2  aH201 
- -  K H D  �9 . - -  [ 7 0 ]  

CHD aHDOI 



Vol. I l l ,  No. 7 S E P A R A T I O N  F A C T O R S  I N  H E V O L U T I O N  

where  KHD is the equi l ibr ium constant for reaction 
[69]. Use of Eq. [70] in [67] gives the interest ing 
result  

SD = KHD [71] 

and similar ly we have 

ST = KHT  [72] 

w h e r e  KHT is the equi l ibr ium constant  for the re -  
action 

H20~ + HT ~-- HTO1 -t- H2 [ 7 3 ]  

Numerical values of separation factors (SD and 
Sw).- -The equi l ibr ium constants KHD and KHT are  
3.8 [Farkas  and Farkas  (32)]  and 6.2 [Libby (33)] ,  
respectively,  at room tempera ture .  The calculated 
and exper imenta l  results of these equil ibrium con- 
stants are in excellent  agreement .  Thus, for the case 
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k3,D,H ~D 
- -  + 

1 
- -  aH2DO + 

k3,H,D 3 
[82] 

k3,H2 OH ks,H2 aH30 + 

I t  is now necessary to evaluate  the ratio ~D/~H. 

Using the s ta t ionary  state hypothesis  for 8H and 8D, 
we have  

kl,H aH30+ (1 -- OH --  0D) -- k3,H2 aH30+ 0H 
1 

- -  k3,H,D -2-- aH2DO + 0it = 0 
[5  

[83] 

and 
1 

kl,D-~- aH2DO+ (1 --OH -- ~D) --  k3,D,H aH30+ 0D = 0 

[84] 

Solving the simultaneous Eq. [83] and [84] for 
0H and 0D, 

0D 

0H 

1 1 1 
k3,H2 aH30+ kl,D ~ aH2DO+ + ka,H~D --~- aH2DO+ kl,D-2- an2DO+ 

6 

kl,H aH30+ k3.D,H aH30+ 
[85] 

of the slow discharge mechanism followed by  the 
fast  electrochemical  desorption step, with the la t ter  
t reated as in equil ibrium, the H / D  and H / T  separa-  
tion factors are equal  to these values at room t e m -  
perature .  

Discharge fol lowed by electrochemical desorption 
of high overpotentials.--Expression ]or separation 
factor .--At  high overpotent ia ls  the reverse  currents  
of the electrochemical  desorption steps may  be neg-  
lected. During electrolysis, the ratio (CH/CD)g  is 
hence given by  

C(---~--D ) g= 2i3"H2 -~ iS'HDia,nD [74] 

where  i3,H2 and i3,HD are  the par t ia l  currents  for He 
and HD evolution, respectively.  Since (CH)s>>  
(CD)s, i3,H2 > >  i3,HD and Eq. [74] reduces to 

c(__c_D_D)/ 2i3,H2i3,HD [75] 

Using Eq. [2] and [75], we have  

aHDOI i8,H2 
S D = - -  [76] 

all201 i3,HD 

i3,HD is composed of two fur ther  par t ia l  currents,  
since there  are two paths [65] and [66] for HD 
evolution. We may,  therefore,  wri te  

i3,HD = i3,D,H ~- i3,H,D [77] 

where  i3,D,H and i3,H,D are the par t ia l  currents  accord- 
ing to paths [65] and [66] respectively.  The electro-  
chemical desorption currents  may  be expressed as 

i3,H2 --~ k3,H2 aH30+ OH e -•VF/RT [78] 

i3,D,H = k3,D,H aH30+ ~D e--[3VF/RT [79] 

a 
i3,H,D = k3,H,D --~ HzDO + 0H e -~vF/RT [80] 

i3,HD i3,D,H "~ i3,H,D 
- -  - -  [ 8 1 ]  

i8,H2 i3,H2 

The second t e rm  in the numera to r  on the r ight  hand 
side of Eq. [85] is ve ry  small  compared  to the first, 
since 

aH3o+ > >  aH2DO+ [86] 

and 
k3,H2 > k3,H,D [87] 

Equation [85], thus reduces to 

1 
3 aH2DO + 

OD kS,H2 kl,D 

OH kl,H k3,D,H aH3o + 

Using Eq. [88] in [82], we have  

1 

iSoHD k3,HD ~-  aH2DO + kl,D 

i8,H2 k3,H2 aHsO + kl,H aHsO + 

It  follows f rom Eq. [76] and [89] tha t  

aH3o + 

1 
y aH2DO + 

aHDOI 
SD 

aH201 

where  

__1 ( ka,H,D ~- k--~,H/kl'D] 
3 aH2DO + k3,H2 

1 1 

SD, E1 2SD,1 

[88] 

and 

[89] 

[90] 

[91] 

It  may  be noted that  Eq. [92] is also obtained 
f rom Eq. [2], [3], [6], and [7] and is numer ica l ly  

k3,H2 aH30 + aHDO1 
- -  - [ 9 3 ]  

SD,E1 k3,H,D 1 aH201 
~-  aH2DO + 

1 kl,H aH30+ aHDO1 
SD,1 = - - - -  [92] 

2 kl,D 1 aH2Ol 
~-  aH2DO + 
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Table IV. Separation factors for the slow discharge fast 
electrochemical desorption mechanism at high overpotentials 

July  1964 

Calculation (27) 
No. for $ 9 , ~  1 

or  ST,E 1 

Percentage  coulombic energy (p) 
Separation factors 

exc luding tunnel ing corrections 
Separat ion factors 

including tunnel ing corrections 

p.M-H pH*-OH 2 pH-1t SD,I* SD,EI'* SD* SD,1 SD,E 1 SD 

3 100 100 100 2.4 11.8 3.4 3.0 13.0 4.1 
4 20 20 15 2.4 14.9 3.6 3.0 16.4 4.4 

ST,I* ST,~I* ST* ST ,I ST,E l ST 

3 160 100 100 
4 20 20 15 

3.4 27.9 5.4 4.6 29.5 7.0 
3.4 34.1 5.7 4.6 39.5 7.5 

e q u a l  to t he  s e p a r a t i o n  f ac to r  w o r k e d  out  in  an  
e a r l i e r  subsec t ion .  I t  is also shown in a s e p a r a t e  
p a p e r  (33) t ha t  SD,E1 is p seudo  s e p a r a t i o n  fac to r  for  
the  e l e c t rochemica l  d e s o r p t i o n  s tep  acco rd ing  to 
p a t h s  [64]  and  [66] only .  

Numerical calculation of separation ]actors.-- 
Separation factors excluding tunneling corrections 
(SD* and S w * ) . - - W i t h  t he  a v e r a g e  of the  SD,I* v a l -  
ues,  2.4, us ing  the  second  m e t h o d  for  the  ca l cu l a t i on  
of the  p a r t i t i o n  func t ion  r a t i o  of the  i sotopic  ac t i -  
v a t e d  c o m p l e x e s  due  to t he  r ea l  s t r e t ch ing  f r e -  
quenc ies  ( e a r l i e r  subsec t ion )  and  the  v a l u e  of SD,E1 "x" 

(11.8) a s s u m i n g  a 100% cou lombic  e n e r g y  for  a l l  
i n t e rac t ions ,  Eq. [91] shows  t ha t  SD* is 3.4. A s i m i -  
l a r  ca lcu la t ion ,  u s ing  ST,1 * =  3.4 and  ST,E1 * = 25.5 
g ives  a v a l u e  of 5.4 for  ST* at  25~ 

A s s u m i n g  at  20% cou lombic  e n e r g y  for  the  
H + - O H e  and  also for  t he  M - H  in t e r ac t i ons  and  a 
15% cou lombic  e n e r g y  for  the  H - H  in t e rac t ion ,  in 
t he  ca l cu l a t i on  of SD,E1 ~e and  ST,El*, t h e i r  r e s p e c t i v e  
va lue s  a r e  14.9 and  34.1. W i t h  these  va lue s  and  the  
va lue s  used  e a r l i e r  for  SD,I* and  ST,l*, SD* and  ST* 
a re  3.6 and  5.7, r e spec t i ve ly .  
Separation factors including tunneling corrections 
(SD and S T ) . - -  These  va lue s  a r e  s u m m a r i z e d  in 
T a b l e  IV a long  w i t h  the  c o r r e s p o n d i n g  S* va lues .  

Conclusions 
I t  m a y  be seen f rom T a b l e  V tha t  t he  s e p a r a t i o n  

f ac to r  for  a s low d i s cha rge  m e c h a n i s m  d e p e n d s  on 
the  d e s o r p t i o n  s tep  as wel l .  F o r  a de so rp t i on  s tep  b y  
the  c o m b i n a t i o n  of a d s o r b e d  h y d r o g e n  a toms,  t he  
s e p a r a t i o n  fac to r  is so le ly  d e t e r m i n e d  b y  the  r a t i o  
of r a t e  cons tan t s  for  the  d i s c h a r g e  step.  F o r  a d e -  

Table V. Theoretical separation factors for the slow 
discharge mechanism 

Separat ion Separat ion 
factors factors 

excluding including 
tunnel ing  tunnel ing  
corrections corrections 

Mechanism SD* ST* SD ST 

Slow d i scharge- fas t  recombina t ion  2.4 3.4 3.0 4.6 
Slow d ischarge- fas t  e lec t rochem-  

ical 3.8 6.2 3.8 6.2 
L inked  d i scharge-e lec t rochemica l  
(i) Coulombic energy--100% for 

a l l  in teract ions  3.4 5.4 4.1 7.0 
(it) Coulombic ene rgy- -20% for 

M-H and H+-Ott2 ,  15% for 
H-H interact ions  3.6 5.7 4.4 7.5 

s o r p t i o n  b y  the  e l e c t r o c h e m i c a l  m e c h a n i s m  t h e  s e p a -  
r a t i o n  fac to rs  d e p e n d  on w h e t h e r  th is  s t ep  is t r e a t e d  
as in e q u i l i b r i u m  or  not  in e q u i l i b r i u m .  In  the  
f o r m e r  case, the  s e p a r a t i o n  fac to rs  (S'D and  ST) b e -  
come the  r e s p e c t i v e  e q u i l i b r i u m  cons tan t s  of the  
H2/HDO1 and  H2/HTOI i n t e r c h a n g e  reac t ions .  In  
the  l a t t e r  case, the  s e p a r a t i o n  fac tors  a r e  t he  same  
as for  a coup led  d i s c h a r g e - e l e c t r o c h e m i c a l  d e s o r p -  
t ion me c ha n i sm .  

The  H / D  s e p a r a t i o n  fac tors  a r e  not  suff ic ient ly  
s e p a r a t e d  to be of v a l u e  in d e t e r m i n i n g  the  de -  
so rp t ion  step.  The  H / T  s e p a r a t i o n  fac to rs  m a y  be 
use fu l  for  th is  purpose .  

A s low d i s c h a r g e - f a s t  e l e c t r o c h e m i c a l  de so rp t i on  
m e c h a n i s m  canno t  be  d i s t i n g u i s h e d  f rom a f a s t  d i s -  
c h a r g e - s l o w  e l e c t r o c h e m i c a l  de so rp t i on  m e c h a n i s m  
[as seen in a s u b s e q u e n t  p a p e r  ( 3 3 ) ]  a t  h igh  o v e r -  
po t e n t i a l s  w h e n  t h e  r e v e r s e  c u r r e n t s  of t he  d i s c h a r g e  
and  e l e c t r o c h e m i c a l  de so rp t i on  s teps  m a y  be  n e g -  
l ec t ed  in c o m p a r i s o n  to t h e i r  f o r w a r d  cu r r en t s .  The  
on ly  w a y  of d i s t i n g u i s h i n g  b e t w e e n  these  two  m e c h -  
an i sms  is b y  a d e t e r m i n a t i o n  of deg ree  of c o v e r a g e  
(0) of a tomic  h y d r o g e n  on the  e l ec t rode  s ince  0-~ 0 
for  a s low d i s c h a r g e  m e c h a n i s m  a n d  0-~ 1 for  a s low 
e l e c t r o c h e m i c a l  d e s o r p t i o n  m e c h a n i s m .  

The  t u n n e l i n g  co r rec t ions  m a y  be  s o m e w h a t  o v e r -  
e s t ima t e d .  In  th is  case, t he  H / T  s e p a r a t i o n  fac to rs  
for  the  t h r e e  cases  a r e  n e a r l y  equal .  5 T h e r e  a r e  two  
poss ib le  w a y s  of e x a m i n i n g  the  t u n n e l  effect  ( i )  
inf luence  of p o t e n t i a l  on the  s e p a r a t i o n  fac to rs  [cf., 
Conw a y ,  ref .  ( 1 1 ) ] ,  and  ( i t )  inf luence  of t e m p e r a -  
t u r e  on the  s e p a r a t i o n  fac to r  a t  cons t an t  po ten t i a l .  
A s s u m i n g  no change  of m e c h a n i s m ,  w i t h  v a r i a t i o n  
of  po ten t i a l ,  t h e r e  shou ld  be  no change  of s e p a r a t i o n  
f ac to r  w i th  c u r r e n t  d e n s i t y  if t he  de so rp t i on  s tep  
is t he  e l e c t r o c h e m i c a l  d e s o r p t i o n  m e c h a n i s m  and  is 
t r e a t e d  as in e q u i l i b r i u m .  The  o the r  m e c h a n i s m s  
wi l l  be  af fec ted s ince  t he  t u n n e l i n g  f ac to r s  change  
w i t h  po ten t i a l .  T e m p e r a t u r e  effect  of S w i l l  a lso 
d i s t i ngu i sh  the  s low d i s c h a r g e - f a s t  e l e c t r o c h e m i c a l  
d e s o r p t i o n  m e c h a n i s m  ( w i t h  the  l a t t e r  t r e a t e d  as in 
e q u i l i b r i u m )  f r o m  the  o thers .  
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Theoretical Calculations of the Separation Factors in the 
Hydrogen Evolution Reaction for the Slow Electrochemical 

Desorption Mechanism 
John O'M. Bockris and S. Srinivasan 

The Electrochemistry Laboratory, The University o~ Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

Separa t ion  factors  (S) for  the  slow e lec t rochemical  desorpt ion  mechan i sm 
at  low and in te rmed ia te  overpotent ia l s  a re  ca lcula ted  for  Ni. The S va lues  a re  
d is t inc t ly  separa ted  f rom those for  a l l  o ther  mechanisms.  The resul ts  a re  con-  
s is tent  wi th  var ia t ion  of percen tage  coulombic ene rgy  of a l l  interact ions.  The 
separa t ion  factor  me thod  alone cannot  be used to d is t inguish  be tween  e i ther  of 
the  r a t e - d e t e r m i n i n g  steps in a l inked  discharge  e lec t rochemical  desorpt ion 
mechanism.  A knowledge  of the  degree  of coverage  is also requi red .  

Ca lcu la t ions  of e l e c t ro ly t i c  s e p a r a t i o n  fac to rs  a r e  
of v a l u e  in e x a m i n a t i o n  of m e c h a n i s m  of h y d r o g e n  
evo lu t i on  and  a r e  d i scussed  e l s e w h e r e  (1 ) .  Of the  
m e c h a n i s m s  cogent  in  th is  d iscuss ion ,  t he  e l e c t r o -  
c h e m i c a l  d e s o r p t i o n  m e c h a n i s m  is one  of i m p o r t a n c e .  
The  t h e o r e t i c a l  va lues ,  a s soc ia t ed  w i t h  th is  m e c h a n -  
ism, a r e  c a l c u l a t e d  in  th is  pape r .  

In  p r e v i o u s  ca lcu la t ions  of the  s e p a r a t i o n  f ac to r  
for  th i s  m e c h a n i s m  (2) ,  t he  r a t e  of on ly  one of  the  
two  p a t h s  for  HD evo lu t i on  

HsO + + eo q- MD-> HD + HeO + M [la] 

H2DO + eo q- MH-+ HD + H20 + M [ib] 

was compared with the rate of Ha evolution accord- 

ing to 
H30 + - } - e o + M H - > H 2 + H 2 0 + M  [2] 

T h a t  HI)  e v o l u t i o n  could  occur  b y  the  two  p a r a l l e l  
p a t h s  [ l a ]  a n d  [ l b ]  was  cons ide red  b y  the  a u t h o r  of 
t he  p r e v i o u s  p a p e r ,  who  conc luded  h o w e v e r  t ha t  HD 
e v o l u t i o n  b y  s tep  [ l b ]  w o u l d  l e a d  to s e p a r a t i o n  f ac -  
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tors less than unity, which is in conflict with experi-  
mental  observations. Since the total quanti ty of HD 
in the electrolytic gas is evolved according to the two 
parallel paths, it is necessary to compare the rates 
of both paths simultaneously with the rate of path 
[2]. Fur ther  refinements on the previous calculations 
are possible through inclusion of the zero point en- 
ergy differences of the isotopic activated complexes 
(which were assumed sufficiently short lived that 
their vibrational frequencies do not contribute to 
the activation energy),  and of tunneling corrections 
[as there is still some question as to the conditions 
under which these contribute significantly to the 
separation factors (3, 4) ]. 

For mechanisms involving adsorbed species in the 
rate determining step, the ratio of adsorbed atomic 
hydrogen to deuterium (0n/SD) is a part icularly im- 
portant  quantity. In the previous separation factor 
calculations, this ratio was worked out for a s teady- 
state situation, allowing for isotopic differences of 
free energies of activation in the forward and back- 
ward directions of the discharge step. The result of 
assuming that 0H/~D is approximately equal to the 
ratio of activities of the isotopic ions HsO + and 
H2DO + was also considered. Since an isotope effect 
exists in the pr imary discharge step, this latter as- 
sumption is not correct. 

Present Calculations 
Slow Electrochemical Desorption at Low and 

Intermediate  Overpotentials 

Expression ]or separation ]actor.--Under these 
conditions, the discharge steps may be considered to 
be in equilibrium. They are represented by 

HsO + + eo + M ~ MH + H20 [3] 

H2DO + + eo + M~-- MD + H20 [4] 

and are followed by [1], [2] and 

HsO + + eo + MH-~ H2 + H20 + M [5] 

If an2ot > >  aHDO1, the separation factor is given by 

1 ( C ~ )  aHDol 
SD = - ~  g aH201 

[6] 

where (CH/CD)g is the ratio of atomic concentrations 
of H to D in the electrolytic gas. During electrolysis, 
(CH/CD) g may be expressed as 

( C_~D ) = 2iS,H2 "~ i8,HD [7] 

g ~3,HD 

where iS,He is the electrochemical desorption current 
according to path [5] and is,HD is the total current  
for HD evolution according to the two parallel paths 
[1] and [2]. Since i3,H2 > >  i8,HD, SD is given by 

aHDOI i3,H2 
s~ = - - - -  [8] 

aH2ol i3,HD 

The currents is,H2 and iS,HD may be represented as 

is,He = ks,n2 anso+ aMH e -BVF/RT [9] 

i3,HD : iS,H,D "~ i3,D,H [10] 
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a 
i3,H~D = kS,H,D--~- H2DO + aMH e -~vF/RT [11] 

iS,D,H = ka,D,H aH30+ alViD e -~vF/RT [12]  

iS,D,H and ia,n,D are the partial currents according 
to paths [1] and [2], respectively; k's are the re-  
spective rate constants; aMn and aMD are the activi- 
ties of the adsorbed hydrogen and deuter ium atoms 
respectively, on the surface; and V is the metal 
solution potential difference. 

It follows from Eq. [9] to [12] that 

iS,HD i3,H,D -~ iS,D,H 

i3,H2 i3,H2 

1 
kS~H,D --~- aH2DO + kS,D,H 

-~-. , 
kS,H2 aH30 + ~8,H2 

[13] 

FH fH,D # fHsO + 

rI) fH2 # JH2DO + 

r H ~CD,H# + - -  
I~D 5H2 ~/~ 

--gH30 +/RT 
FH fH,D :2~ e 

_ _  . 

F D fH2 ?~ -~ +/RT 
H2DO 

e 

aMD 

aMH 

1 
aH2DO + 

3 

all30 + 

fMH aMH 

fMD aMD 

[14] 

[15] 

and 

where 

iS,HD ( YH,D# + fD,H~ ] FH 

i3,H2 \ ]H27~ ]H2 r / FD 

It follows from Eq. [8] and [17] that 

S D = - - F H  InDOg KD [ :f~'D# + J~D'n# ] -1 [18] 
FD fH2Og k fH2 # fH2 # 

Equation [18] may also be expressed in the form 

1 1 1 
- -  - - + ~  [19] 

SD SD,E1 SD,E2 

--p. /RT 
H2Og 

e 

-I~ /RT 
HDOg 

e 
[17] 

SD,E1 ~ " - -  
rH ]H2 # :fHDOg KD [20] 
FD ~H,D # fH20g 

SD,E2 ~ -  
I~H fH2 ~ fHDOg KD [21] 
FD fD,H # fH20g 

r, Y, ~ with the appropriate suffices are the tunnel-  
ing factor, partit ion function, and chemical potential, 
respectively, of the indicated isotopes. 

By considering the equilibrium reactions [3] and 
[4] and also between the isotopic oxonium ions and 
water  molecules in the liquid phase and then in the 
gaseous phase (5), Eq. [16] may be writ ten as 

- a  /RT 
MH 

r H )CD,H# e 
+ - -  [16] 

r D fH2:2~- --p. /RT 
MD 

e 
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<--V~-2--> <--V2-3-~ 
M . . . . . . . . . . . .  H . . . . . . . . . . . .  14 r . . . . . . . . . . . .  OI-I2 
1 2 3 4 
< V1-3 > < V~4 > 

Fig. 1. Activated complex for slow electrochemical desorption 
mechanism. 

KD is t he  e q u i l i b r i u m  cons t an t  for  the  r e a c t i o n  

H201 -~ HDOg ~-- HfOg -t- HDO1 [22] 

The  H / T  s e p a r a t i o n  f ac to r  for  t he  fas t  d i s c h a r g e -  
s low e l e c t r o c h e m i c a l  d e s o r p t i o n  m e c h a n i s m  a t  low 
and  i n t e r m e d i a t e  o v e r p o t e n t i a l s  is g iven  b y  an  e x -  
p ress ion ,  s i m i l a r  to [19] .  

Numerical  Calculations of ~eparation Factors 

Product oI equil ibrium constant (KD or  KT) and 
partition ]unction ratio of isotopic water  molecules 
in the gas phase (]HDOg/]gfOg o r  /HWOg/fH2Og).--In a 
p r e v i o u s  p a p e r  (3 ) ,  i t  was  shown  

fHDOg 
KD �9 - -  - -  63 .36  [23] 

fH2Og 

K T  . fHWOg _ 3 1 6 . 4 8  [24] 
]H20g 

Partit ion ]unction ratios of isotopic activated com- 
plexes (]H,D=J-/fH2 ~ ,  fH,T:~4=/]H2:2(:, ID,H~/fH2 =fl, and 
fW,H~/fH2 r  m a y  be  a s s u m e d  t h a t  t he  a c t i v a t e d  
c o m p l e x  has  a conf igura t ion  in  w h i c h  the  cen t e r s  of 
the  m e t a l  a tom,  h y d r o g e n  a tom,  p a r t i a l l y  n e u t r a l i z e d  
h y d r o g e n  ion and  w a t e r  m o l e c u l e  a r e  co l l inear ,  as 
s h o w n  in Fig .  1. 

F o r  t he  ca l cu l a t i on  of ]H,D:2-L//IH2 :'~-, i so topic  s u b s t i -  
t u t ion  occurs  a t  p o s i t i o n  3 in  Fig .  1, w h e r e a s  for  
c a l cu l a t i ng  fD,H:J=/]H2 =fi, i so topic  subs t i t u t i on  is a t  
pos i t ion  2. The  a c t i v a t e d  c o m p l e x e s  m a y  be  r e g a r d e d  
as immob i l e ,  u n d e r  w h i c h  cond i t ions  t h e i r  t r a n s l a -  
t i ona l  p a r t i t i o n  func t ion  r a t i o  is un i ty .  The  c o n t r i -  
bu t i on  to t he  i so tope  effect  due  to r e s t r i c t e d  r o t a t i o n  
abou t  t he  two  axes ,  m u t u a l l y  p e r p e n d i c u l a r  to t he  
axis  of t he  m o l e c u l e  is ins igni f icant ,  due  to t he  h e a v y  
end  a toms.  Thus,  t he  p a r t i t i o n  func t ion  ra t ios  of t he  
i sotopic  a c t i v a t e d  c o m p l e x e s  r e d u c e  to 

5 
]H2 ~ IIi s inh  (hvi /2kT) H.D 

- -  - -  [ 2 5 ]  

]H,D:2-4 5 
1] i s inh  (h~,/2kT) H2 
5 

fH2 ~ H i s inh  (h , i /2kT)  D.H 
[26] 

~D,H=2~ - -  5 
Hi s inh  (hvl /2kT) He 

To d e t e r m i n e  the  coo rd ina t e s  of the  cen t r a l  a toms  
(or  i ts  i so topes )  in t he  a c t i v a t e d  complex ,  the  p o t e n -  
t i a l  e n e r g y  of t he  s y s t e m  (V)  was  t r e a t e d  as a f ou r  
a t o m  p r o b l e m  (6) .  V is g iven  b y  

V ~ Kl2 § Kf~ q- K~4 -~ Kl~ 

- - ~ { ( ~ - B ) 2 + ( B - ~ , ) ~ + ( ~ , - ~ )  ~} [27] 

w h e r e  
= J12 ~- J34 [28] 

fl =: Jl~ [29] 

T = J23 [ 3 0 ]  
and  

Vij = Kij -~- J,j [ 31 ] 

acco rd ing  to t he  H e i t l e r - L o n d o n  me thod .  V u is the  
p o t e n t i a l  e n e r g y  due  to i n t e r a c t i o n s  b e t w e e n  a toms  
i and  j w i t h  v a r y i n g  i n t e r n u c l e a r  d i s t ance ;  Kij and  
J,j a r e  t he  r e s p e c t i v e  cou lombic  and  e x c h a n g e  con-  
t r i b u t i o n s  to the  to ta l  ene rgy .  

The  M-HeO and  H - H z O  i n t e r a c t i o n s  w e r e  n e g -  
l ec ted  s ince  t h e i r  r e s p e c t i v e  i n t e r n u c l e a r  d i s t ances  
a r e  r e l a t i v e l y  f a r  a p a r t  and  also be c a use  these  i n t e r -  
ac t ions  a r e  c o n s i d e r a b l y  less t h a n  the  o the r s  w h e r e  
s t rong  c h e m i c a l  b o n d i n g  exis ts .  

As  in t he  m e t h o d  of E y r i n g  et al., t he  r e f e r e n c e  
s t a t e  for  t he  e n e r g y  was  t a k e n  as t h a t  of t he  s e p a -  
r a t e d  a toms  2H + M + HeO [HeO is t r e a t e d  as a 
p seudo  a t o m  ( 7 ) ] .  The  s u m  of the  energ ies ,  (V12 + 
V34), r e p r e s e n t  the  p o t e n t i a l  e n e r g y  of t he  in t i a l  
s ta te  as a f u n c t i o n  of  t he  M - H  and  H + - O H e  d i s -  
tances .  F o r  th is  ca lcu la t ion ,  the  r e s p e c t i v e  Morse  
func t ions  w e r e  used.  

The  p o t e n t i a l  e n e r g y  (Vie + V34) was  e x p r e s s e d  
as a func t ion  of t he  d i s t ance  b e t w e e n  the  H + ion 
(pos i t ion  1) a n d  H20 m o l e c u l e  and  also b e t w e e n  the  
m e t a l  a t o m  and  H a t o m  (pos i t ion  2) b y  c o n s i d e r -  
ing the  fo l l owing  B o r n - H a b e r  cycles  (8) .  

2H + HeO + M--> H+ + HeO + M + H + eo ( I )  [32]  
H + + H f O + H + M W e o  

-> Ha O+ ~- eM ~- H + M (D12--  4) [33] 

H3 0 +  -~ eM "~- H ~- M--> H 3 0  + -[- eM ~- M H  (D34) [34] 

A d d i n g  

2H + H20 + M--> H30  + + eM ~- M H  (Vie + V34) [35] 

V12 + V~4 = I + D12 - -  ~ -}- D34 [36] 
w i t h  

D12 = D12~ - -  e-a l f ( r l f - r12~ 2 ' -  ILl [37] 
and  

D34 ---- Va4 
Dg4O[e-2a34(rg4-r34 ~ - -  2e-a34(r34-r34 ~ [38] 

L a n d  D12 ~ a r e  t he  h e a t  of so lva t ion  of a p r o t o n  
and  the  p r o t o n  aff ini ty  for  a w a t e r  m o l e c u l e  in the  
gas  phase ,  r e spe c t i ve ly ,  as used  in  t he  s low d i s -  
c h a r g e  m e c h a n i s m  ca lcu la t ions  (5) .  Vea is t he  e n -  
e r g y  of the  f inal  s ta te ,  Ha, as a func t ion  of the  H - H  
d i s t ance  and  is g iven  b y  the  Morse  func t ion  of t he  
f inal  s ta te .  I n  t h e  a bse nc e  of spec t roscop ic  d a t a  for  
t he  M - H  + in t e r ac t i on ,  t he  Morse  f u n c t i o n  of M - H  
was  used  for  t he  V13 ene rgy .  (Spec t ro scop ic  d a t a  for  
H g - H  and  H g - H  + a re  p r a c t i c a l l y  t he  same . )  As  in 
t he  s low d i s c h a r g e  m e c h a n i s m  ca lcu la t ion ,  the  h y -  
d r o g e n  ion is a s s u m e d  to be  an  ion, w h e r e  i n t e r -  
ac t ions  w i t h  t he  w a t e r  m o l e c u l e  a r e  conce rned  and  
as an  a t o m  for  i n t e r a c t i o n  w i t h  the  o t h e r  h y d r o g e n  
a toms.  H o w e v e r ,  t he  e n e r g y  of t he  e l e c t r o n  has  been  
accoun ted  for  t h r o u g h  the  chosen  r e f e r e n c e  s ta te .  
F u r t h e r ,  w h e n  the  h y d r o g e n  ion is suff ic ient ly  s e p a -  
r a t e d  f r o m  the  w a t e r  molecu le ,  t he  H + - O H e  i n t e r -  
ac t ion  is s m a l l  and  the  H - H  e n e r g y  is p r e d o m i n a n t  
and  i t  is l i k e l y  t h a t  in th is  pos i t ion  the  h y d r o g e n  
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Table I. Physical constants in calculation of potential 
energy of system (V) 

I n t e r a c t i o n  

P a r a m e t e r  H-H N i - H  H+-0H~ 

D ~ kcal  mole -~  109.52 60.00 187.00 
a A -1 1.94 1.60 1.375 
re A 0.74 1.48 1.05 

ion is fu l ly  neu t ra l i zed .  Thus,  the  a s sumpt ion  is not  
se r ious ly  in er ror .  

As in  the  s low r e c o m b i n a t i o n  m e c h a n i s m  ca l cu l a -  
t ion (9) ,  t he  m e t a l  a t o m  was  cons ide red  as fixed. 
In  addi t ion,  the  pos i t ion  of the  w a t e r  molecu le ,  w i t h  
respec t  to the  m e t a l  a tom,  was  also cons idered  to be 
f ixed for  purposes  of s impl i fy ing  the  ca lcu la t ion  of 
v i b r a t i o n a l  f requenc ies .  The  e r ro r  i n v o l v e d  in the  
ca lcu la t ion  of  the  v i b r a t i o n a l  f r equenc ies ,  due  to the  
l a t t e r  assumpt ion ,  is smal l  since the  w a t e r  mo lecu l e  
is h e a v y  c o m p a r e d  to the  h y d r o g e n  or d e u t e r i u m  
a toms and  also because  the  mot ion  of the  w a t e r  
mo lecu l e  is r e s t r i c t ed  due  to h y d r o g e n  bond ing  w i t h  
s u r r o u n d i n g  w a t e r  molecules .  

The  po ten t i a l  e n e r g y  of  the  sys t em was  t h e n  ca l -  
cu la ted  as a func t ion  of the  coord ina tes  of the  two  
h y d r o g e n  a toms  w i t h  respec t  to the  m e t a l  a tom using 
a compute r .  F o u r  ca lcu la t ions  w e r e  ca r r i ed  out for  
nickel .  The  constants ,  used  in the  ca lcu la t ion  of V, 
a re  shown in Tab le  I. In the  first  two  calcula t ions ,  an 
Ni -HeO dis tance  of  3.5A was  used, as in the  ca l cu -  
la t ion  of C o n w a y  and Bockr i s  (8) .  No saddle  point  
was  ob ta ined  w h e n  the  to ta l  e n e r g y  was  a s sumed  to 
be 100%coulombic  for  a l l  i n t e rac t ions  nor  for  the  
case of 20% cou lombic  e n e r g y  for  the  N i -H ,  H + - O H e  
in te rac t ions  and 15% coulombic  for  the  H - H  i n t e r -  
action. The  resu l t s  of these  two  ca lcu la t ions  i nd i -  
cate  t ha t  the  e l e c t rochemica l  desorp t ion  m e c h a n i s m  
can t ake  p lace  r ead i l y  for  the  a s sumed  d is tance  be -  
t w e e n  the  Ni  a t o m  and  w a t e r  molecule .  

In  the  t h i r d  and  f o u r t h  calcula t ions ,  the  d i s tance  
b e t w e e n  t h e  Ni  a t o m  and w a t e r  mo lecu l e  was  t aken  
as 5.4A. This  d i s tance  fo l lows  f r o m  the  mode l  of the  
double  l aye r  accord ing  to Bockris ,  D e v a n a t h a n ,  and 
Mii l le r  (10) in  w h i c h  a l a y e r  of w a t e r  mo lecu le s  
separa tes  the  m e t a l  su r face  f r o m  the  first l aye r  of 
ions. In the  t h i rd  ca lcula t ion ,  the  to ta l  e n e r g y  of the  
sys t em was  a s sumed  to be coulombic.  In  the  four th  
ca lcu la t ion  20% of the  H+-OH~,  N i - H  in t e rac t ions  
and  15% of the  H - H  in te rac t ions  w e r e  a s sumed  to be 
coulombic .  Sadd le  points  w e r e  ob ta ined  in the  two  
calcula t ions .  L e t  the  coord ina tes  of the  H a tom (po-  
s i t ion 2) and H ion (pos i t ion  3) at the  saddle  poin t  
be  (xo,D,D) and  (yo,O,O). (The  axis  of the  ac t iva t ed  
c omplex  is the  x axis,  the  y and the  z axis  a re  the  
two  axes  m u t u a l l y  p e r p e n d i c u l a r  to the  x ax is ) .  

The  p o t e n t i a l  e n e r g y  in  the  ne ighbo rhood  of the  
saddle  po in t  m a y  be e x p a n d e d  by  a Tay lo r  ser ies  
and is g i v e n  by  

1 
V = Vo + -- ~:~ a ~ ( x  -- Xo) ~ 

2 x 

+ ax~(X-- Xo) (~ - -  ~o) + a~y~? + az~Z~ [39] 

Since  the  a c t i v a t e d  com plex  is l inear ,  the  o ther  
cross t e r m s  vanish.  The  t e r m s  axx . . . .  a~ w e r e  ob-  
t a ined  by  a d e t e r m i n a t i o n  of the  co r r e spond ing  sec-  
ond d e r i v a t i v e s  ( O ~ V / a x  2 . . . .  O~V/OzO~) of the  po-  
t en t i a l  func t ion  at  t he  saddle  point .  T h e y  w e r e  t h e n  
used in the  secular  equa t ions  

ax~ - -  4miX, a ~  : 0 [40] 
a~,  a ~ - -  4m2~ 

a y y  - -  4miX, a ~  
a~ ,  a~, - -  4m2~, : 0 [41] 

a~z - -  4talk, a~  
az~, a ~ -  4 m ~  : 0 [42] 

w h e r e  k : 4~r2~ 2, m~ and m2 are  the  masses  of  h y d r o -  
gen  (or  its i sotopes)  a t  posi t ions  2 and 3, r e s pec -  
t ive ly .  One  of the  f r equenc ie s  is imag ina ry .  The  
bend ing  f r equenc i e s  are  doub ly  d e g e n e r a t e  due  to 
the cy l indr ica l  s y m m e t r y  of the  po ten t i a l  func t ion  
a round  the  saddle  point .  The  resu l t s  of the  two  
ca lcu la t ions  inc lud ing  pa r t i t i on  func t ion  ra t ios  of the  
ac t i va t ed  c o m p l e x e s  are  s u m m a r i z e d  in  Tab l e  II. 

The  f o u r t h  ca lcu la t ion  g a v e  an ac t i va t i on  e n e r g y  
( E r  cons ide rab ly  h ighe r  t h a n  the  third.  The  e x -  
p e r i m e n t a l l y  o b s e r v e d  E r  for  the  h y d r o g e n  e v o l u -  
t ion r eac t ion  on Ni in  acid solu t ions  (11) is 7 kca l  
mole  - '  and  this  f igure  is also m u c h  less t h a n  the  

Table II. Force constants (a's) vibrational frequencies (co's) 
partition function ratios (fH2~/fH,D~, etc.) of isotopic activated 

complexes for the slow electrochemical desorption mechanism 

P e r c e n t a g e  c o u l o m b i e  e n e r g y  f o r  
N i - H ,  H + - O H e  a n d  H - H  i n t e r a c t i o n s  

(p) a n d  c a l c u l a t i o n  n u m b e r  
i n  p a r e n t h e s e s  

p N i - H  = 
p N I - H  ~ pH+-OH 2 ~ pH+-OH~ = 20  

Parameter p~_~ = 100 3 pH-~ = 15 4 

r12~/~.* 2.40 2.74 
r23r A* 1.88 1.58 
r34~/~* 1.12 1.08 
E r  kcal  mole - l *  21.1 50.8 
axx kcal  mole -1 A -2 --109.52 --191.39 
ayy kcal  mole -1 A -2  39.47 22.94 
azz kcal  mole -1 A -2 39.47 22.94 
a$~ kcal  mole -1 A -2 448.84 298.18 
a , ,  kcal mole -1 A -2 61.10 27.96 
a~ kcal  mole -1 A -2  61.10 27.96 
ax~ kcal  mole  -1 A -2 70.84 152.68 
ay~ kcal  mole -1  A -2 --22.07 --14.65 
az~ kcal  mole  -1 A -2 --22.07 --14.65 
~o for Ni - - - H - - - H a 588i, 1156, 468, 829i, 999, 343, 

- - - OH2 (cm -1) 274, 468, 274 176,  343, 176 
co f o r N i - - - H - - - D  r 584i, 823, 387, 806i, 726,295, 

- - - OH2 (am -1) 234, 387, 234 145, 295, 145 
co f o r N i - - - D - - - H r  418i, 1151,440, 600i, 975,310, 

- - - OH2 (cm -1) 206, 440, 206 137,  310, 137 
co f o r N i - - - H - - - T e  571i, 675, 366, 794i, 596,286, 

- - - OH2 (cm -1) 202, 366, 202 124, 286, 124 
c o f o r N i - - - T - - - H  e 341i, 1149,433, 496i, 964,301, 

- - - OH2 (cm -1) 171, 433, 171 116,  301, 116 
fH2~/fH,D~ 0.1864 0.2359 
fH2~/fD,H=~ 0.4411 0.4411 
fH2~/fH,T# 0.08048 0.1077 
fH2~/fW,Hr 0.2828 0.2845 

* r l2  , r~s a n d  vs4 a r e  t h e  N i - H ,  H - H  a n d  H - O H 2  i n t e r -  

nuclear distances in the activated complex; E is the activation 
energy. 
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S e p a r a t i o n  f a c t o r s  S e p a r a t i o n  f a c t o r s  
C a l c u l a t i o n  P e r c e n t a g e  c o u l o m b i c  e n e r g y  (p) S e x c l u d i n g  t u n n e l i n g  c o r r e c t i o n s  i n c l u d i n g  t u n n e l i n g  c o r r e c t i o n s  

No.  pN i - H  pH+-OH2 pH-H SD, El* SD,E2* SD = SD,E l SD,B 2 SD 

3 100 100 100 11.8 27.9 8.3 13.0 30.7 9.1 
4 20 20 15 14.9 27.9 9.7 16.4 30.7 10.7 

:-~T, ]~1 * ST, E2* ~T * ST, E 1 ~'T, E 2 ST 

3 100 100 100 27.9 89.5 19.8 29.5 103.8 23.0 
4 20 20 15 34.1 90.0 24.7 39.5 104.4 28.7 

value obta ined in the th i rd  calculation.  The p a r t i -  
t ion funct ion rat ios in the  two calculat ions are, how-  
ever, not significantly different. The value obtained 
in the th i rd  calculat ion is p re fe rab le  since E~ in this  
calculat ion is closer to the exper imenta l  ac t ivat ion 
energy. I t  may  be expected tha t  the  correct  p a r t i -  
t ion function rat ios of the ac t iva ted  complexes may  
be s l ight ly  less than the values  of calculat ion 3. The 
isotope effect is g rea te r  when  the isotopic subs t i tu -  
t ion is a t  posit ion 2 r a the r  than posit ion 3 (see 
Fig. 1). 

Tunneling ]actor ratios (I~It/I~D and FH/I~T).--The 
tunnel ing factor  rat ios  were  obtained for hydrogen  
ion or atom (or its isotopes) t ransfe r  distances of 
2.13A [5 .40- -  (1.48 + 1.05 -t- 0.74)]. Calculat ions 
for both  parabol ic  and Eckar t  ba r r i e r s  (5, 12) were  
in good agreement .  FH/rD is 1.09 for a parabol ic  and 
1.10 for an Eckar t  bar r ie r ,  the corresponding r~/ rw 
ratios being 1.13 and 1.16, respect ively.  

Separation Factors 

Separation iactors excluding tunneling corrections 
(SD* and Sw*). - -Using Eq. [19] to [21], [23], [24] 
and the da ta  in Table II, SD* and ST* were  calculated 
and are given in Table III. The values  obtained in 
calculat ion 3 are closer to the correct  values,  since 
the act ivat ion energy  obta ined  in this  calculat ion is 
closer to the exper imenta l  act ivat ion energy than  
that  of calculat ion 4. 

Separation 5actors including tunneling corrections 
(SD and ST).---The separa t ion  factors including t un -  
neling corrections are also given in Table III.  I t  is 
probable  tha t  the tunnel ing  factors are somewhat  
overes t imated  in v iew of the low ba r r i e r  height  at  
an overpoten t ia l  of 0.4v on Ni and thus the sepa ra -  
t ion factors, excluding tunnel ing  correct ions are  the  
p re fe r red  values  for  this  mechanism. 

Table IV. Separation factors for the slow electrochemical 
desorption mechanism at all overpotentials 

S e p a r a t i o n  S e p a r a t i o n  
f a c t o r s  f a c t o r s  

P e r c e n t a g e  e x c l u d i n g  including 
c o u l o m b i c  t u n n e l i n g  t u n n e l i n g  
e n e r g y  (p) c o r r e c t i o n s  correct ions 

O v e r p o t e n t i a l  
r e g i o n  pNS-H pPI+-OH 2 pvi-Pi SD* ST* SD ST 

Low and inter-  
mediate 100 100 100 8.3 19.8 9.1 23.0 

Low and inter-  
mediate 20 20 15 9.7 24 .7  10.7 28.7 

High 100 100 100 3.4 5.4 4.1 7.0 
High 20 20 15 3.6 5.7 4.4 7.5 

Slow Electrochemical Desorption Mechanism at 
High Overpotentials 

Expression for separation factor.--At high over-  
potent ials ,  the  reverse  currents  of the discharge 
steps 3 and 4 m a y  be neglected.  The separa t ion  fac-  
tor  expression for this case was worked  out p rev i -  
ously (5) as 

1 1 1 
- -  - - - -  + [ 4 3 ]  

SD 2SD.1 SD,E1 

where  SD1 is the separa t ion  factor  expression for the 
discharge step and is given by  

1 ]H r JHDOg 
S D , 1  = - ~ -  " f D  r ]H2Og " K D  [44] 

This equation holds for a l inked  d i scharge-e lec t ro -  
chemical  desorpt ion mechanism. However,  at high 
overpotent ia ls ,  if the coverage of the e lectrode with  
adsorbed atomic hydrogen  (8) is low, the mechanism 
is ra te  de te rmined  by  the discharge step, whereas  if 
8 is high, the e lect rochemical  desorpt ion step is r a t e -  
determining.  Equat ion [43] was obta ined in the 
genera l  case but  holds equa l ly  wel l  for the  two 
special  cases of low and high degree of coverage, the 
de te rmina t ion  of which dist inguishes the a l te rna te  
r a t e -de t e rmin ing  steps. 

Numerical values ef separation 5actors.--The nu-  
mer ica l  values of separa t ion  factors were  worked  
out  prev ious ly  and are given in Table IV, along wi th  
the S values for the slow electrochemical  desorpt ion 
mechanism at low and in te rmedia te  overpotent ia ls .  

Conclusions 
At low and in te rmedia te  overpotent ia ls ,  when the 

discharge step can be t r ea ted  as in equi l ibr ium,  the 
ca lcula ted  S values  are d is t inc t ly  separa ted  from the 
corresponding values  for  all  other  mechanisms.  

The theore t ica l  separa t ion  factors, using a 100% 
coulombic energy  for all  interact ions,  are closer to 
the  t rue  S values,  since the  exper imenta l  act ivat ion 
energy is closer to the calcula ted act ivat ion energy 
for this case than  for the case where  the coulombic 
energy  is t aken  at 20% for the Ni -H and H+-OH2 
bonds and 15% for the H - H  bond. It is not possible 
to reduce the  calcula ted values  any fur ther ,  since 
the separa t ion  factors in both the p resen t ly  cal -  
cula ted  cases are not  much different  even though the 
ca lcula ted  act ivat ion energies differ by  as much as 
30 kca l  mole - I .  

At  high overpotent ia ls  the separa t ion  factor  is 
given by  that  for a l inked d ischarge-e lec t rochemica l  
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desorp t ion  mechan i sm.  Thus,  the  separa t ion  factor  
me thod  canno t  be used to d i s t ingu i sh  b e t w e e n  a 
r a t e - d e t e r m i n i n g  d ischarge  and  a r a t e - d e t e r m i n i n g  
e lec t rochemica l  desorp t ion  m e c h a n i s m  at  high over -  
potent ia ls .  The on ly  w a y  of d i s t ingu i sh ing  b e t w e e n  
these  two m e c h a n i s m s  is by  a d e t e r m i n a t i o n  of the  
degree of coverage of adsorbed h y d r o g e n  on the  
electrode,  since the coverage is low for a s low dis-  
charge m e c h a n i s m  and  is h igh for a slow elec- 
t rochemica l  desorp t ion  mechan i sm.  

Some aspects of separation factor ca lcu la t ions . -  
I t  m a y  be though t  tha t  there  are inaccurac ies  in  such 
ca lcula t ions  [ref. (5, 9) and  this pape r ] .  The s ta t i s -  
t ical  mechan i ca l  t r e a t m e n t  of reac t ion  ra tes  is qu i te  
sat isfactory.  The on ly  doub t  arises in  the ca lcu la t ion  
of v ib r a t i ona l  f requenc ies  of t r ans i t i on  s tate  which  
is vital .  Defects  of ca lcu la t ion  are those of the  semi -  
empi r i ca l  me thod  of E y r i n g  et al. The H e f t i e r - L o n -  
don t r e a t m e n t  for H bonds  is used in  the p re sen t  ca l -  
cula t ions  as well .  The  inaccuracies  of the ca lcu la -  
t ions are m u c h  less t h a n  is thought ,  as has been  
shown  b y  a va r i a t i on  of pa rame te r s :  metal ,  M- M 
distance,  pe rcen tage  coulombic  energy.  In  an y  case, 
m a n y  defects are p re sen t  in  absolu te  ca lcu la t ion  of 
reac t ion  rates,  t hey  are p a r t i c u l a r l y  usefu l  in con-  
j u n c t i o n  wi th  isotope effects (3) .  

The separa t ion  factors for the slow e lec t rochemi-  
cal desorp t ion  m e c h a n i s m  at low and  i n t e r m e d i a t e  
overpo ten t ia l s  and  the slow discharge  m e c h a n i s m  
are d i s t inc t ly  separated,  m a i n l y  due to the h igh rea l  
s t re tch ing  f requenc ies  i n  the ac t iva ted  complex  of 
the slow discharge  step. Thus,  the  separa t ion  factor  
me thod  has p roved  usefu l  in  d i s t i ngu i sh ing  b e t w e e n  
these two m e c h a n i s m s  on a n u m b e r  of meta l s  (1) in  
which  cases other  methods  (e.g., s to ichiometr ic  
n u m b e r s ,  va r i a t i on  of degree  of coverage wi th  po-  
t en t i a l )  are  inapp l i cab le  (12).  

Theoretical Calculations of the Separation Factors in the 
Hydrogen Evolution Reaction for the Slow 

Recombination Mechanism 
John O'M. Bockris and S. Srinivasan 

The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The theoretical calculations of H/D and H / T  separat ion factors have been 
carried out on the metals Ni and Pt, following the l ines of earlier calculations 
by Okamoto et al. The effect of var ia t ions  in  the me ta l -me ta l  in te rnuc lear  dis-  
tances and the coulombic exchange energy ratio on the separat ion factor was 
small. Tunne l ing  corrections were also made. The calculated H / T  separation 
factor on Pt  is in agreement  with the exper imenta l ly  determined value. The 
theoretically predicted separation factors for a slow molecular  hydrogen dif-  
fusion mechanism are not  dist inctly separated from the values for a slow re-  
combinat ion mechanism. Separat ion factor determinat ions on the p la t inum 
group of metals or the tempera ture  coefficients of separation factors on these 
metals should be useful  to dist inguish be tween the two mechanisms. 

Ear l i e r  ca lcu la t ions  (1-3)  of the  separa t ion  fac-  P t  surfaces were  used. Recent  ove rpo ten t i a l  meas -  
tors for the  slow r e c o m b i n a t i o n  m e c h a n i s m  are con-  u r e m e n t s  in  Ni (4) showed tha t  the  most  closely 
t rad ic tory .  In  the  o r ig ina l  ca lcu la t ions  (1, 2),  the  packed  p l ane  has the  smal les t  overvol tage  a nd  it  is 
longer  of the  two possible M-M dis tances  for Ni and  hence  more  appropr i a t e  to use the  closer M- M dis-  
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tances in the de te rmina t ion  of the coordinates  af the 
saddle point  and the v ibra t iona l  frequencies of the 
ac t iva ted  s tate  therefrom.  Wigner ' s  tunnel ing cor-  
rect ion was also used and this is appl icable  only for 
ve ry  smal l  degrees of tunneling.  Since hydrogen  or 
its isotopes are the masses involved in the reaction,  
la rger  tunnel ing correct ions are  to be expected.  

Considerat ions in the most recent  calculat ions of 
the zero point  energy differences of the isotopic ac-  
t iva ted  complexes and of the concentra t ion rat io  of 
adsorbed atomic hydrogen  to deu te r ium have been 
discussed in the previous paper  of this series (5).  

Present Calculations 
Exp~'essior for Separatio~ Factor 

Under  the conditions tha t  as2ol > >  anDol, the H /D 
separa t ion  factor  is given by 

1 ( CH )g attDO1 [1]  

where  (CH/CD)g is the  rat io  of atomic concentrat ions  
of H to D in the e lectrolyt ic  gas; aHeol and aHDOI are 
the act ivi t ies  of HeO and HDO in solution. 

During electrolysis,  the rat io  (CI~/CD)g is given by  

( C_~_D ) 2i~,-~-iHD [2] 

g /liD 

where  iK2 and iHD are the recombinat ion  currents  for 
the isotopic react ions 

2MH ~ 2M + Ha [3] 
and 

MH + MD --> 2M + HD [4] 

respect ively.  Since ii~2 > >  iHD, we have 

iH 2 aHDO1 
S D  = [5] 

iHD aH201 

using Eq. [1] and [2]. The currents  in2 and iHD may  
be expressed as 

in2 = kH2 aMH 2 [6] 

iHD = kHD aMH aMD [7]  

where  kH2 and kHD are  the respect ive recombinat ion  
ra te  constants for the  isotopic reactions,  aMH and aMp 
are the activi t ies of H and D atoms adsorbed on the 
electrode. 

Dividing Eq. [6] by  [7],  we have 

iH 2 kH2 aMH 
. . . .  [8] 

iHD kHD aMD 

Express ing the ra te  constants in terms of s ta t is t ical  
mechanical  functions, we have 

ill2 rH fH # fMD aMri 
- -  - -  - -  [ 9 ]  

iHD rD fD ~ fMH aMD 

where  I~H/I~D is the  rat io  of the tunnel ing factors for 
the isotopic reactions,  fIt#/fD ~ is the rat io  of p a r t i -  
t ion functions of the isotopic ac t iva ted  complexes 
and fMD//fMH is the  rat io  of par t i t ion  functions of an 
MD molecule  to an MH molecule. 

The reference state, used in the  definition of p a r -  
t i t ion functions for isotopic species, is the min ima 
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of potent ia l  energy curves and not  the zero point  
energy  level.  

If f, a, /~ are the  pa r t i t ion  function, act ivi ty,  and 
chemical  potent ia l  of a species respect ively,  then 
]/a = e -u/RT. Thus, Eq. [9] becomes 

in2 ri-i fH ~ e - ~ M D / R T  
. . . .  [ 1 0 ]  
iHD FD f D  # e - u M I I / R T  

The discharge steps 

H30 + + eo + M ~ MH + H20 [11] 

H2DO + + eo + M ~-MD + H20 [12] 

may  be considered to be in equ i l ib r ium when the r e -  
combinat ion step is r a t e -de te rmin ing .  Hence, 

--ItMD/RT --ItH2DO +/RT 
e e 

/ R T  -- It •  
ItMH H30 T 

e e 

It  was shown in an ear l ie r  paper  (6) tha t  

-- It + / R T  --It /RT 
H2DO HDOg 

e e 

--It / R T  
H30 + 

e 

--St / R T  
H2Og 

e 

Using Eq. [5], [10], [13], and [14], we have 

[13] 

[14] 

rH fH ~ ]HDOg 
. . . .  KD [16] 

FD fD :# fH2Og 

where  fHDOg/fH2Og is the par t i t ion  function rat io of 
the isotopic wa te r  molecules in the gas phase and KD 
is the  equi l ib r ium constant  of the react ion 

H201 + HDOg ~ H2Og + HDO1 [17] 

The suffixes 1 and g s tand for the l iquid and gas 
phase, respect ively.  

The H / T  separa t ion  factor  is given by  a s imilar  
expression. 

Numerical Calculation of Separation Factors 

Product of equilibrium constant (KD or KT) and 
partition function ratio of isotopic water  molecules 
in the gas phase (fHDOg/fHeOg OV ]HWOg/fH2Og).--In a 
previous paper  (6) it was shown tha t  

]HDOg 
KD " - -  - -  63.36 [18] 

fH2Og 

fHT0g 
KT �9 - -  - -  316.48 [19] 

]H2Og 

Partition function ratio of isotopic activated com- 
plexes (fH=2~/fD ~ Oq" ]H#//fw #)  . - - A t  low coverages,  in-  
teract ions be tween  adsorbed hydrogen  atoms may  be 
neglected.  The ac t iva ted  complex may  be regarded  as 
p l ana r  and also to have a p lane of s y m m e t r y  through 
the r ight  bisector  of the l ine joining the two meta l  

--It / R T  
HDOg 

aHDOI rH fH # e 
SD : - -  [15] 

aH201 r D fD :2~ -- ~t / R T  
H20g 

e 
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Fig. 1. Activated complex for slow recombination mechanism 

atoms and  p e r p e n d i c u l a r  to the p l ane  of the  mo l e -  
cule  (1, 7). 

In  the  ac t iva ted  state,  the h y d r o g e n  a toms m a y  
be cons idered  to be immobi le .  The t r a n s l a t i o n a l  and  
ro ta t iona l  pa r t i t i on  func t i on  ra t io  are un i ty ,  apar t  
f rom a s y m m e t r y  factor  and  hence  

5 
fI--I # O" D II [ s inh  (hv.,/2kT) ] D  

- -  = - -  [ 2 0 ]  
5 

fD~= (rH I I [ s i n h ( h v i / 2 k T )  ] n  

The ac t iva ted  complex  has five rea l  f requencies .  

To d e t e r m i n e  the coord ina tes  of the  H a toms (or  
its isotopes) in the ac t iva ted  complex,  the  po ten t i a l  
ene rgy  of the sys tem was t rea ted  as a four  e lec t ron  
problem,  cf. Ey r ing  et  al. (8) .  The po ten t i a l  ene rgy  
of the sys tem (V) is g iven  by  

V ~ Kab + K12 + Kal + Kb2 -'{- Ka2 + Kbl 

-- ~ - { ( - - - f l ) 2 +  (fl--T)~+ (T--a)  2} [21] 

with 

a ~--- Jab + J]2 [22] 

fl ---- Jal + Jb2 [23] 

T ~-~ Ja2 + Jbl [24] 

where  K's  are the coulombic  and  J ' s  the  exchange  
con t r ibu t ions  to the tota l  energies  of in te rac t ions  
M-M, H - H  and  M-H (see Fig. 1). 

As in  the me thod  of Eyr ing ,  a ce r ta in  pe rcen tage  
of each in t e rac t ion  was  a s sumed  to be coulombic  for 
all  d is tances  of separa t ion .  

Three  ca lcula t ions  were  car r ied  out, two on nickel  
and  one on p l a t i num.  The  constants ,  used in  the  ca l -  
cu la t ion  of V, are  g iven  in  Tab le  I. I n  the  first ca l -  
cu la t ion  on Ni, the  phys ica l  cons tan t s  used  are  the  
same as in  the  ca lcu la t ion  of Okamoto  et  al. (1) .  In  
the  second ca l cu la t ion  on Ni and  the  one on Pt ,  the  
shor te r  of the  two possible  M-M dis tances  was used. 

As in  prev ious  w o r k  (1, 7) a fixed d is tance  was 
assumed b e t w e e n  the two me ta l  a toms in  all  ca lcu la -  

Ju ly  1964 

t ions. This  a s s u m p t i o n  m a y  be cons idered  as val id ,  
s ince the  me ta l  a toms are  m u c h  heav ie r  t h a n  the 
hyd rogen  atoms a nd  thus  the  h y d r o g e n  a toms only  
move  in  the f o r m a t i o n  of the  ac t iva ted  complex.  The 
po t en t i a l  ene rgy  of the  sys t em (V) was  t h e n  ex -  
pressed as a f unc t i on  of two coordinates ,  the  d is tance  
b e t w e e n  the two h y d r o g e n  a toms (2y) a nd  tha t  be -  
t w e e n  the  centers  of the  two me t a l  a toms and  the  
two t t  a toms (x ) ,  in  keep ing  wi th  the  a s sumpt ion  
tha t  the ac t iva ted  complex  is symmet r i ca l .  V was 
ca lcula ted  as a f unc t i on  of x a nd  y on a compute r  
and  f rom the t ab le  of these V values ,  the  coordina tes  
of the saddle  po in t  where  de te rmined .  

Fo l lowing  the t r e a t m e n t  of Okamoto  et  al. (1) let  
the coordinates  of the H a toms in  a ny  a r b i t r a r y  posi-  
t ion  be (xl,  Yl, Zl) a nd  (x2, Y2, z2). [The  OZ axis  is 
p e r p e n d i c u l a r  to the  p lane  of the  paper  t h r ough  O; 
Fig. 1]. I n t r o d u c i n g  a change  of coordinates  to s im-  
p l i fy  the subsequen t  t r e a t m e n t ,  we have  

X ~- 

y 

Z 

Xl  ~- X2 Xl  - -  X2 

2 2 

Yl + Y2 Y l -  Y2 
7=- 

2 2 

Z l  "~- Z2 Z l  -- Z2 ~= 
2 2 

At the saddle  point ,  x ---- Xo, y = yo, and  z ---- ~----- ~? 
= ~ = 0. The po ten t i a l  e n e r g y  in  the ne ighborhood  
of the saddle  po in t  m a y  be expanded  by  a Tay lo r  
series and  is g iven  b y  

1!: 
V ---- Vo + ~ a ~ x ( X - - X o )  2 

2 x 

-~- a x y ( X -  Xo) ( y - -  Yo) + a~, SV [25] 

Due to the s y m m e t r y  of the  ac t iva ted  complex,  
the  o ther  cross t e rms  are zero. T h e  t e rms  ax~ . . . .  a~, 
were  ob ta ined  b y  a d e t e r m i n a t i o n  of the  co r re spond-  
ing second de r iva t ives  (OV2/Ox 2 . . . .  02V/O$ 07) of 
the  express ion  [21] at  the  saddle  point .  

axx . . . .  a~, were  used in  the  secular  equa t ions  

axx( m l  + me)  - -  4mlmeX,  a~  ( m l  - -  me),  
axy(ml + m 2 ) ,  a ~ , ( ~ l  - -  me) 

axx(mi - -  m2), a ~ ( m l  + m~)  - -  4mi ' t~h,  
a x y ( ' ~ l - - m e ) ,  a~, ( m,1 + me)  

~ 0  
axy(ml + me),  a~n ( / 1  - -  ~ 2 ) ,  

ayy( m l  + m e )  '-- 4mlm2k, a~, ( m l -  'm,2) 

axy(ml '-- me),  a~n(ml  + m e ) ,  
ayy('tTbl -- '~2),  a~v(ml + ?;qr - -  4mlmeX [26] 

azz (ml  + '/T/,2) - -  4ml't~2k, a~ ('D'k 1 - -  'D'b2) = 0 

a ~ ( m l -  m2), a~ (m,1 + "m,2) - -  4mim2~  [27] 

Table I. Physical constants used in calculation of potential energy of system for slow recombination mechanism 

I n t e r a c t i o n  and  ca lcu la t ion  n u m b e r  

H - H  N i - N i  N i - H  P t - P t  F t - H  

P a r a m e t e r  1 2 a n d  3 1 2 1 2 3 3 

D ~ kcal mole- i 109.10 109'.52 20.60 20.00 60 74.24 21.55 65.52 
a A-1  1.95 1.94 - -  - -  1.60 1.45 - -  1.63 
re A 0.74 0.74 3.52 2.49 1.48 1.48 2.77 1.62 
p i i  14 37 30 24 20 40 27 
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P a r a m e t e r  

Metal ,  d~-,~ a n d  c a l c u l a t i o n  n u m b e r  i n  p a r e n t h e s i s  

Ni,  dN~-~l = 3.52A 1 Ni,  d ~ - ~  = 2.49A 2 P t ,  d e t - l ' t  = 2.77A 3 

Xo A* 1.06 1.74 1.48 
yo A* 0.69 0.39 0.63 
E~ kcal  m o l e - 1 .  14.2 36.0 15.8 
axx kcal  m o l e - i  A - 2  232.75 --57.55 400.06 
ayy kca l  mole  -1 A -2 --155.09 546.65 --393.58 
azz kcal  mole  -1 A -2  0.96 0.23 1.61 
a~  kcal  mole  -1 A -2  276.66 138.69 452.19 
a ~  kca l  mole  -1 A -2 267.09 26.65 131.79 
a~ kcal  mole  -~ A -2  38.38 124.02 41.33 
axy kca l  mole  -1 A -2  --193.09 194.41 --101.33 
a ~  kcal  mole  -1 A -2 ~221.30 36.23 --179.70 
r cm -~ 1170i, 1696, 1355, 818i, 1876, 933, 1539i, 1762, 1551, 

543, 473, 75. 305, 850, 36. 547, 491, 91. 
O~HD~ cm -1 998i, 1554, 1049, 690i, 1635, 776, 1322i, 1663, 1166, 

446, 406, 62. 249, 737, 30. 448, 426, 79. 
(DHT ~ c m  - 1  924i, 1531, 879, 627i, 1553, 692, 1232i, 1653, 963, 

390, 387, 53. 216, 695, 26. 391, 392, 68. 
fn~/fD~ 0.1715 0.187 0.1550 
fn~/fw~ 0.07153 0.0827 0.05934 

* Xo a n d  2yo are  t he  d i s t a n c e s  of  t h e  l ine  j o i n i n g  t he  2 h y d r o g e n  a t o m s  f r o m  the  l i ne  

the  2 h y d r o g e n  a t o m s  i n  t he  a c t i v a t e d  c o m p l e x ;  E is t he  a c t i v a t i o n  ene rgy .  

j o i n i n g  t he  2M a t o m s  and  t h e  d i s t ance  b e t w e e n  

w h e r e  k = 4~v  2. Of t he  s ix  f r equenc ies ,  one is i m a g -  
ina ry ,  c o r r e s p o n d i n g  to m o t i o n  a long  the  r e a c t i o n  
coord ina te .  

The  r e su l t s  of a l l  t h r e e  ca lcu la t ions ,  i nc lud ing  
p a r t i t i o n  func t ion  r a t i o s  of t he  a c t i v a t e d  complexes ,  
a r e  g i v e n  in  T a b l e  II .  T h e  f irst  c a l c u l a t i o n  on n i c k e l  
g ives  v a l u e s  of p a r t i t i o n  func t ion  r a t io s  of a c t i v a t e d  
c o m p l e x e s  l o w e r  t h a n  the  c o r r e s p o n d i n g  v a l u e s  
of  H o r i u t i  e t  al. (1, 2) ,  a l t h o u g h  the  s a m e  i n p u t  
p a r a m e t e r s  w e r e  used  in  bo th  ca lcu la t ions .  The  d i s -  
c r e p a n c y  is p r o b a b l y  due  to an  i n a c c u r a t e  l oca t i on  
of t he  s a d d l e  p o i n t  in  t he  e a r l i e r  w o r k .  F u r t h e r ,  t he  
ca l cu l a t i on  of the  fo rce  cons tan t ,  axx, a p p e a r s  to be  
i n e x a c t  s ince  a n e g a t i v e  v a l u e  is r e p o r t e d ,  t h o u g h  
i t  is c l e a r l y  pos i t ive ,  as i n d i c a t e d  in  t he  c o r r e s p o n d -  
ing  e n e r g y  map .  The  p r o c e d u r e  of c a l cu l a t i ng  the  
fo rce  cons tan t s  in t h e  p r e s e n t  w o r k  (viz.,  b y  e v a l u -  
a t i ng  the  c o r r e s p o n d i n g  second  d e r i v a t i v e s  a t  t he  
s a d d l e  p o i n t )  m a y  also be  t h o u g h t  to  be  m o r e  ac -  
c u r a t e  t h a n  t h a t  c a r r i e d  out  b y  H o r i u t i  et al. (viz. ,  
f r o m  p o t e n t i a l  e n e r g y  m a p s ) .  

fa#/~D ~ and  ~n#/fw#, o b t a i n e d  in  t he  second  ca l -  
cu l a t i on  on Ni, w i t h  v a r i a t i o n  of N i - N i  d i s tance ,  
cou lombic  e x c h a n g e  e n e r g y  r a t i o  and  Morse  con-  
s tan ts ,  a r e  in  r e a s o n a b l e  a g r e e m e n t  w i t h  t he  co r -  
r e s p o n d i n g  va lue s  of t he  f irst  ca lcu la t ion .  

fH~/]D =2~ and  fH=2~/fW =2~ on  P t  a r e  also l o w e r  t h a n  
the  v a l u e s  o b t a i n e d  b y  H o r i u t i  a n d  N a k a m u r a  (2 ) .  
I n  a d d i t i o n  to t he  a b o v e  poss ib le  e x p l a n a t i o n s ,  th i s  
d i s c r e p a n c y  m a y  be  due  to t he  d i f f e ren t  P t - P t  d i s -  
t ances  u sed  (2.77A in th is  w o r k  and  3.92A in t h e  
f o r m e r  w o r k ) .  

Tunneting ]actor ratios.---The t u n n e l i n g  f ac to r  
r a t ios  on Ni  w e r e  o b t a i n e d  for  a h y d r o g e n  a t o m  
t r a n s f e r  d i s t ance  of 2.48A (3.52-0.74)  in  t he  f i rs t  
c a l cu l a t i on  and  1.75A (2.49-0.74) in  t h e  second  
ca lcu la t ion .  Be l l ' s  m e t h o d  of c a l cu l a t i on  for  a p a r a -  
bol ic  b a r r i e r  (9) .  [ w h i c h  g ives  good a g r e e m e n t  w i t h  
ca l cu la t ions  for  an  E c k a r t  b a r r i e r ,  w h e n  the  t u n -  

ne l i ng  co r rec t ions  a r e  s m a l l  ( 1 0 ) ]  was  used.  This  
m e t h o d  of c a l cu l a t i ng  t u n n e l i n g  co r r ec t ions  was  
first  a p p l i e d  to t he  s e p a r a t i o n  f ac to r  p r o b l e m  by  
B a w n  and  O g d e n  (10) ,  a n d  m o r e  r e c e n t l y  b y  Con-  
w a y  (11) .  

The  h e i g h t  of t he  b a r r i e r ,  E~, a t  ~ ~ 0.4v was  
c a l c u l a t e d  as  2.4 k c a l  mo le  -z ,  u s ing  e q u a t i o n  

E r  = Eo ~ -  ~ F  [28] 

w i t h  fl ~ 1/2  a n d  Eo # = 7 k c a l  mo le  -1 (13) .  The  
r a t io s  r n / r D  a r e  1.07 a n d  1.15 acco rd ing  to t he  first  
and  second  ca lcu la t ions ,  r e spe c t i ve ly .  The  c o r r e s -  
p o n d i n g  va lue s  of rH/rw a re  1.09 a n d  1.20, r e s p e c -  
t ive ly .  

F o r  Pt ,  a h y d r o g e n  a t o m  t r a n s f e r  d i s t a n c e  of 
2.03A (2.77-0.74) was  used.  E ~  c a l c u l a t e d  at  ~7 ---- 
0.05v, us ing  Eq. [28]  w i t h  fl = 2.0 a n d  Eo ~ = 5.2 
kca l  m o l e - *  (14) is 2.9 k c a l  mo le  -1. rH/FD is 1.13 
and  FH/FT is 1.18. 

I t  is p r o b a b l e  t h a t  t h e s e  t u n n e l i n g  f ac to r s  a r e  
o v e r e s t i m a t e d  in  v i e w  of t he  fac t  t h a t  t he  b a r r i e r  
he igh t s  a r e  smal l .  

Separation factors.--Separation factors excluding 
t u n n e l i n g  co r r ec t ions  (SD ~ and S T ~ ) . - - U s i n g  Eq. 
[18] ,  [19] ,  and  the  p a r t i t i o n  func t ion  ra t ios  in  
T a b l e  II ,  SD ~ a n d  STY, 1 a r i s ing  in  t h e  t h r e e  c a l c u -  
l a t ions  a r e  g iven  in  T a b l e  III .  T h o u g h  the  H / D  
s e p a r a t i o n  f ac to r s  differ  b y  a b o u t  10%, w h e r e a s  t he  
H / T  s e p a r a t i o n  f ac to r s  d i f fer  b y  a b o u t  16% in t he  
two  ca l cu la t ions  and  b o t h  sets  of r e su l t s  a r e  s o m e -  
w h a t  h i g h e r  t h a n  the  r e su l t s  on Pt ,  w e  m a y  con -  
c lude  t h a t  the  s e p a r a t i o n  f ac to r s  do not  s ign i f i can t ly  
d e p e n d  on t h e  me ta l ,  t he  i n t e r a t o m i c  d i s t ances  a n d  
the  c o u l o m b i c - e x c h a n g e  e n e r g y  ra t ios ,  b u t  t h e y  d e -  

1 I n c l u s i o n  of a n h a r m o n i c i t y  co r r ec t ions  in  t h e  p a r t i t i o n  f u n c -  
t i o n  r a t io s  of (a) i so top ic  w a t e r  m o l e c u l e s  i n  t h e  ga s  p h a s e  a n d  
(b) i so top ic  a c t i v a t e d  c o m p l e x e s  ha s  a n  effect  of  l e s s  t h a n  10% on  

t h e  s e p a r a t i o n  fac tors .  The  a u t h o r s  w i s h  to  t h a n k  o n e  o f  t h e  re -  
v i e w e r s  fo r  p o i n t i n g  out  t h e  e f fect  o f  a n h a r ~ o n i c i t y  corr ec t i o n s  
on  t h e  f o r m e r  p a r t i t i o n  f u n c t i o n  rat io .  
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Table III. Separation factors for the slow recombination mechanism 

Separation factors 
excluding (S*) 

o r  including 
tunneling (S) 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1964 

Metal and calculation number  

Ni 1 Ni 2 Pt  3 

SD* 5.4 5.9 4.9 
ST* 11.3 13.1 9.4 
SD 5.8 6.4 5.5 
ST 13.0 15.7 11.1 

pend  m a i n l y  on t h e  m e c h a n i s m .  Of t he  two  r e su l t s  
on Ni, for  bo th  H / D  a n d  H / T  s e p a r a t i o n  fac tors ,  t he  
l o w e r  va lue s  a r e  p r e f e r a b l e  s ince  for  a N i - N i  d i s -  
t ance  of 3.52A, the  a c t i v a t i o n  e n e r g y  is c o n s i d e r -  
a b l y  l o w e r  t h a n  for  t he  N i - N i  d i s t ance  of 2.49A. 
This  r e su l t  was  also r e p o r t e d  b y  O k a m o t o  et al. (1) 
b u t  is c o n t r a r y  to t he  conclus ions  r e a c h e d  b y  P i -  
on te l l i  et al. f r o m  o v e r p o t e n t i a l  m e a s u r e m e n t s  on 
Ni s ingle  c rys ta l s .  The  p r e s e n t  ca l cu la t ions  on P t  
also y i e ld  c o n s i d e r a b l y  l o w e r  S v a l u e s  t h a n  those  of  
H o r i u t i  and  N a k a m u r a  (SD = 7.2, ST = 16.1 w i t h  
no t u n n e l i n g  c o r r e c t i o n s ) .  F r o m  the  r e su l t s  on Ni  
for  the  two  i n t e r a t o m i c  d is tances ,  w e  m a y  e x p e c t  
s t i l l  l o w e r  va lue s  on P t  for  a P t - P t  d i s t ance  of 
3.92A as used  b y  H o r i u t i  et aL 

Separation factors including tunneling corrections 
(SD and S w ) . - - T h e  s e p a r a t i o n  fac tors ,  i n c l u d i n g  
t u n n e l i n g  co r rec t ions  a r e  also g iven  in Tab le  III .  
Ca l cu l a t i ons  1 and  3 g ive  r e su l t s  in r e a s o n a b l e  
a g r e e m e n t  w i t h  each  other .  The  r e su l t s  of c a l c u -  
l a t i o n  2 a r e  s o m e w h a t  h ighe r .  Due  to a h i g h e r  a c t i -  
v a t i o n  e n e r g y  for  a N i - N i  d i s t ance  of 2.49A, as c o m -  
p a r e d  w i t h  3.52A, w e  m a y  conc lude  t h a t  t he  s e p a r a -  
t ion  f ac to r  on p o l y c r y s t a l l i n e  n i cke l  is m o r e  l i k e l y  
to c o r r e s p o n d  to the  v a l u e  o b t a i n e d  in  the  first  
c a l cu l a t i on  for  a s low r e c o m b i n a t i o n  m e c h a n i s m .  

Conclusion 

Due  to the  h i g h e r  c a l c u l a t e d  ac t i va t i on  e n e r g y  
for  a N i - N i  d i s t a n c e  of  2.49A t h a n  t h a t  for  3.52A, 
i t  is p r o b a b l e  t ha t  mos t  of the  r e a c t i o n  t a k e s  p l ace  
on two  a d j a c e n t  Ni  a t o m s  3.52A a p a r t  for  a s low 
r e c o m b i n a t i o n  m e c h a n i s m .  

On  Pt ,  i t  is p r o b a b l e  t h a t  t he  r e a c t i o n  t a k e s  p l a c e  
on 2Pt  a toms  3.92A apa r t ,  b u t  s ince  t he  c a l c u l a t e d  
a c t i v a t i o n  e n e r g y  for  a P t - P t  d i s t ance  of 2.77A is 
i t se l f  f a i r l y  low, S v a l u e s  for  the  h i g h e r  P t - P t  d i s -  
t a n c e  a r e  no t  l i k e l y  to  be  m u c h  d i f fe ren t ,  a l t h o u g h  
t h e y  m a y  be  s o m e w h a t  l o w e r  ( s ince  t h e r e  was  a 
dec rea se  in  S w i t h  d e c r e a s e  of a c t i va t i on  e n e r g y  
on Ni ) .  

In  some e x p e r i m e n t a l  d e t e r m i n a t i o n s  of  H / T  
s e p a r a t i o n  fac to rs  (ST),  an  i nc rea s ing  t r e n d  or  a 
s m a l l  s ca t t e r  was  o b s e r v e d  w i t h  each  success ive  
m e a s u r e m e n t  (15) .  This  v a r i a t i o n  in ST was  p r o b a -  
b l y  due  to c e r t a i n  p r e f e r r e d  s i tes  b e i n g  u sed  up.  

The  v a l u e s  of ST for  the  r e c o m b i n a t i o n  m e c h a n i s m  
a r e  d i s t i n c t l y  s e p a r a t e d  f rom ST for  a s low d i s -  
cha rge  or  for  a coup led  d i s c h a r g e - e l e c t r o c h e m i c a l  
d e s o r p t i o n  m e c h a n i s m .  SD v a l u e s  for  a s low r e c o m -  
b i n a t i o n  and  coup led  d i s c h a r g e - e l e c t r o c h e m i c a l  d e -  
so rp t ion  m e c h a n i s m  a re  no t  m a r k e d l y  s e p a r a t e d .  

The  H / D  s e p a r a t i o n  f ac to r  for  a s low m o l e c u l a r  
h y d r o g e n  d i f fus ion  m e c h a n i s m  is 

( $ t D )  1/2 
SD ~-~ K D  " - - ~ H -  [29]  

w h e r e  KD is t he  e q u i l i b r i u m  cons t an t  for  r e a c t i o n  

HD -t- H20 ~ H2 ~- HDO [30] 

and  ~H or  JLt D is t he  r e d u c e d  mass  of an  H2 or  HD and  
H20 molecu le s  (15) .  The  H / T  s e p a r a t i o n  f ac to r  is 
g iven  b y  a s i m i l a r  expres s ion .  W i t h  KD as 3.8 
(16) and  KT as 6.2 (17) ,  SD and  ST a re  4.5 and  8.2, 
r e spec t ive ly .  U n f o r t u n a t e l y ,  these  v a l u e s  a r e  not  
d i s t i n c t l y  s e p a r a t e d  f r o m  t h e  c o r r e s p o n d i n g  v a l u e s  
for  t h e  s low r e c o m b i n a t i o n  m e c h a n i s m  on p l a t i n u m .  
I t  is on the  p l a t i n u m  g r o u p  of m e t a l s  t h a t  th i s  
m e c h a n i s m  was  p roposed .  H o w e v e r ,  for  a slow. 
r e c o m b i n a t i o n  m e c h a n i s m ,  t h e r e  shou ld  be  a s l igh t  
d e p e n d e n c e  of S on t h e  me ta l ,  w h e r e a s  for  a d i f fu-  
s ion m e c h a n i s m ,  t h e r e  shou ld  be  no d e p e n d e n c e  of 
S on the  me ta l .  Thus ,  f r o m  the  e x p e r i m e n t a l  S 
va lue s  on  the  p l a t i n u m  g r o u p  of me ta l s ,  w e  m a y  be  
ab le  to d i s t i n g u i s h  the  two  m e c h a n i s m s .  The  t e m -  
p e r a t u r e  coefficient of t he  s e p a r a t i o n  f ac to r s  shou ld  
also p r o v e  use fu l  in  d i s t i n g u i s h i n g  b e t w e e n  a s low 
r e c o m b i n a t i o n  a n d  s low m o l e c u l a r  h y d r o g e n  d i f -  
fus ion  me c ha n i sm .  
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ABSTRACT 

The increas ing in te res t  in hydroca rbon  oxidat ion  react ions  connected wi th  
the  deve lopment  of e lect rochemical  energy  conversion makes  the  invest igat ion 
of the  influence of the re la t ions  be tween  s t ruc tu re  of the  oxidized compound 
and the mechanism of the reac t ion  of p r i m a r y  importance.  The  s tudy of ox ida -  
t ion react ions  of severa l  olefins has been r epor t ed  elsewhere.  This p a p e r  is 
concerned wi th  the  mechanism of ace ty lene  oxidat ion.  

Experimental 
Cell and apparatus.--The e l e c t r o l y t i c  cel l  a n d  

e l ec t r i c a l  a p p a r a t u s  w e r e  s im i l a r  to t h a t  d e s c r i b e d  
p r e v i o u s l y  (1, 2) un le s s  o t h e r w i s e  s ta ted .  T h e  t e s t  
e l e c t r o d e  was  a p l a n a r  r e c t a n g l e  of p l a t i n i z e d  52 
m e s h  p l a t i n u m  gauze  of g e o m e t r i c  a r e a  11.7 cm 2. 
The  a u x i l i a r y  e l e c t r o d e  ( c a t h o d e )  was  of s im i l a r  
p l a t i n i z e d  gauze  (47 cm2).  The  p r o c e d u r e  for  p l a t -  
in iza t ion  a n d  a c t i v a t i o n  of t h e  e l ec t rodes  has  b e e n  
r e p o r t e d  (1, 2) .  The  r e f e r e n c e  e l ec t rodes  w e r e  s a t u -  
r a t e d  ca lome l  for  a l k a l i n e  and  1N m e r c u r y - m e r c u -  
rous  su l f a t e  for  ac id  solut ions .  

Coulombic e~ficiency.--Acid solution.--This w a s  
m e a s u r e d  g a l v a n o s t a t i c a l l y  in a t h r e e  c o m p a r t m e n t  
cel l  w i t h  c losed  s topcocks  b e t w e e n  t h e  c o m p a r t -  
ments .  The  eff luent  gases  f r o m  t h e  anod ic  c o m p a r t -  
m e n t  w e r e  pa s sed  t h r o u g h  an  a b s o r b e r  con t a in ing  
b a r i u m  h y d r o x i d e  solut ion .  F o r  a m e a s u r e m e n t ,  300 
m l  of s a t u r a t e d  so lu t ion  ( ~  30g B a ( O H ) 2 / l i t e r )  
w e r e  i n i t i a l l y  f i l t e red  in to  t he  a b s o r b e r ;  50 ml  w e r e  
w i t h d r a w n  and  t i t r a t e d  w i t h  0.200N HC1 us ing  p h e -  
n o l p h t h a l e i n  ind ica to r .  P r e c a u t i o n s  w e r e  t a k e n  so 
t h a t  a i r  d id  no t  con tac t  t h e  solu t ions .  A l l  con t a ine r s  
w e r e  n i t r o g e n - f l u s h e d ,  and  n i t r o g e n  was  used  to 
pass  t he  so lu t ions  f r o m  one c o n t a i n e r  to  ano the r .  

T h e  cel l  was  first  o p e r a t e d  for  a sufficient  l e n g t h  
of t ime  at  cons t an t  c u r r e n t  to s a t u r a t e  the  a n o l y t e  
w i t h  c a r b o n  d iox ide .  D u r i n g  th i s  t ime ,  t h e  gases  
w e r e  v e n t e d  to t h e  a t m o s p h e r e  v i a  a t h r e e - w a y  
s topcock  and  a b u b b l e r .  I m m e d i a t e l y  fo l lowing ,  the  
gases  w e r e  d i v e r t e d  t h r o u g h  t h e  abso rbe r .  A low 
flow r a t e  of gases  ( ~  5 cm ~ m i n  -1 a t  S T P )  a n d  glass  
b e a d  p a c k i n g  in  t he  a b s o r b e r  w e r e  used  to  inc rease  
t he  g a s - l i q u i d  contact .  ( A  second  a b s o r b e r  i n d i c a t e d  
no c a r b o n  d iox ide  w a s  pas s ing  out  of  t he  f irst . )  

A f t e r  t he  ca rbon  d i o x i d e  h a d  b e e n  co l lec ted  for  
t he  d e s i r e d  l e n g t h  of t i m e  (ce l l  a l w a y s  o p e r a t e d  at  
t h e  o r i g i n a l  cons t an t  c u r r e n t ) ,  t h e  a b s o r b e r  w a s  
d i s connec t ed  f r o m  the  cell .  A n o t h e r  50 m l  s a m p l e  
was  w i t h d r a w n  and  t i t r a t e d  as d e s c r i b e d  above .  

G F••GH K 

_ Hg 

.B 

IN 

I J 

I Acethy lene ,  

Fig. |. Diagram of apparatus for measurement of coulombic 
efficiency in alkaline solution. A, anode compartment; B, gas 
buret; C, leveling bulb; D, circulation pump; E, water jacket; F, 
three-way stopcock; G, thermometer; H, thermoregulator; I, heater; 
J, stirrer; K, gas inlet; L, Luggin capillary; M, anode; N, cathode; 
P, water cooled condenser. 

S e p a r a t e  e x p e r i m e n t s  i n d i c a t e d  t h a t  t he  b a r i u m  
h y d r o x i d e  could  b e  t i t r a t e d  a c c u r a t e l y  in  the  p r e s -  
ence of b a r i u m  ca rbona t e .  
Alkaline so~ution.--A d i a g r a m  of t he  a p p a r a t u s  is 
s h o w n  in Fig.  1. The  change  in  v o l u m e  of gaseous  
a c e t y l e n e  c o n t a i n e d  in a c losed  anodic  c o m p a r t m e n t  
A a b o v e  the  a n o l y t e  is m e a s u r e d  a t  c o n s t a n t  p r e s -  
su re  w i t h  a m e r c u r y - f i l l e d  b u r e t  B and  l eve l ing  
b u l b  C w h i c h  a r e  i n t e g r a l  p a r t s  of t h e  c o m p a r t -  
men t .  The  c a r b o n  d iox ide  p r o d u c e d  d u r i n g  the  ox i -  
d a t i o n  is a b s o r b e d  b y  t h e  a l k a l i n e  ano ly te .  A smal l  
m a g n e t i c a l l y  d r i v e n  glass  c e n t r i f u g a l  p u m p  D c i r -  
cu la tes  t h e  a n o l y t e  caus ing  i t  to flow d o w n  co lumn 
E ( a p p r o x i m a t e l y  12 in. in  l e n g t h ) .  Th is  g ives  a 
suff icient  g a s - l i q u i d  con tac t  a r e a  to k e e p  the  a n o l y t e  
s a t u r a t e d  w i t h  ace ty l ene .  
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When mak ing  a consumption determinat ion,  the  
cell was filled wi th  e lect rolyte  and the c i rculat ion 
pump D star ted.  The mercu ry  level  in the  bure t  
was ra ised near  to the t h r e e - w a y  stopcock F and 
ni t rogen vigorously  bubbled  through the anode and 
cathode compar tments  to r emove  oxygen f rom the 
cell. Af te r  about  1 hr  of bubbl ing,  the  n i t rogen 
passing through the anode compar tmen t  was s top-  
ped and acetylene flow started.  This was continued 
for 1 to 2 hr  to sa tura te  the anolyte  and replace  the 
other gases in the compar tmen t  wi th  acetylene.  
Next,  stopcock F was tu rned  so as to connect the 
gas bure t  to the anode compar tmen t  and the m e r -  
cury displaced by acetylene unt i l  the desired 
amount  was contained in the buret .  The system was 
a l lowed to equi l ibrate ,  the b u r e t  reading  noted,  and 
the current  s ta r ted  at a value  to keep the potent ia l  
wi th in  the l inear  Tafel  region. The run  was cont in-  
ued (wi th  f requent  ad jus tmen t  of the  leve l ing  bu lb)  
unt i l  a desired volume of acetylene had been con- 
sumed. 

Reagents.--Sulfuric acid, "Baker  Ana lyzed"  re -  
agent;  sodium sulfate,  "Fisher  Certif ied" reagent ;  
sodium hydroxide ,  "Baker  Ana lyzed"  reagent ;  
acetylene,  Ai r  Reduction Company,  purif ied ( >  
99.5% pur i ty ,  impur i t ies  l a rge ly  wa te r  and n i t ro -  
gen) ;  ni trogen,  Matheson, prepur i f ied  (99.996% 
p u r i t y ) ;  wa te r -d i s t i l l ed ;  gas mix tures  of acetylene 
and prepuri f ied ni t rogen were  suppl ied in cyl inders  
and analyzed by Matheson. 

Resu l ts  

Rest potentiats .--All  potent ia ls  are  given on the 
normal  hydrogen  scale (e~ ---- 0 at  80~ The cor-  
rect ion for the reference electrode being at  room 
t empera tu re  was made as descr ibed previous ly  (2).  

Oxygen was removed from the e lec t ro ly te  by vig-  
orously passing ni t rogen through the anode and 
cathode compar tments  for 1 to 2 hr. Acety lene  (or 
the mix tures  wi th  n i t rogen)  was then passed 
through the anolyte  at a ra te  of 90 cm 8 ( S T P ) / m i n .  
The rest  potent ia ls  were  found to be - -  0.58 in 1N 
NaOH and -}- 0.26v in 1N H2SO4. These values  were  
a t ta ined  almost  immedia te ly  af ter  admi t t ing  the 
acetylene and remained  constant  for  periods of 1-2 
hr. For  more  prolonged periods,  the potent ia ls  
s lowly became more posit ive.  The rest  potent ia ls  
var ied  by  60-70 mv per  uni t  pH (Table  I)  and were  
independent  of the pa r t i a l  pressure  of ace ty lene  in 
the range  10 -4 to 1 atm. 

Coulombic efficiency.--Acid solut ion.--The amount  
of e lect r ic i ty  q per  mole of COs produced dur ing  
the t ime t by  current  i is 

2Vs it q-~ 
N Va (Vo -- Ve) 

Table I. Rest potentials far acetylene at 80~ 

PH Vrest, V 

12.6 --0.58 
11.9 --0.45 
8.7 --0.36 
1.2 +0.19 
0.3 +0.26 

where  Vs is the volume of samples t i t ra ted ,  ml; Va 
the volume of ba r ium hydrox ide  solution in ab-  
sorber,  ml; Vo the volume of hydrochlor ic  acid for 
in i t ia l  t i t ra t ion,  ml; Ve the volume of hydrochlor ic  
acid for  final t i t ra t ion ,  ml; and  N the concentra t ion 
of hydrochlor ic  acid, mole /ml .  

For  acetylene oxidat ion in 1N H2SO4 (in the  Tafel 
reg ion) ,  it was found tha t  (4.8 ----- 0.2) x 105 coulombs 
of e lect r ic i ty  was produced per  mole of CO2 as com- 
pared  with  the theoret ica l  value  of 4.82 x l0  s cou- 
lombs according to the equat ion:  C~H~ + 4tteO --> 

2CO2 + 10H + H- 1Oe. 
Alkaline solut ion.--The amount  of e lect r ic i ty  q p ro -  
duced per  mole of acetylene consumed was d i rec t ly  
calcula ted by the formula  

22,400 it q - -  
~Vcorr 

where AVcorr is the volume of ace ty lene  consumed 
corrected to s tandard  t empe ra tu r e  and pressure.  

For  acetylene oxidat ion in IN NaOH, the F a r a -  
daic equivalence was found to be (9.1 ----- 0.5) x 105 
coulombs per  mole of acetylene,  as compared  with  
the theoret ica l  value  of 9.65 x 105 coulombs. The 
er ror  in this de te rmina t ion  is much higher  than in 
the first method;  it  is connected with  the  measure -  
ment  of the volume and correct ion for the wate r  
vapor  pressure  ( the presence of the t empera tu re  
grad ien t  be tween A and B, Fig. 2) and amounts  to 
about  5 %. 
Analysis of e lectrolyte . --An analysis  ~ was made of 
the IN NaOH anolyte  to de te rmine  the presence of 
any organic substances tha t  might  be the products  
of branching reactions.  Previous  to the analysis  an 
anodic oxidat ion of acety lene  was carr ied  out for 
approx ima te ly  100 hr in the electrolyte.  

An  u l t rav io le t  spect rum of the e lect rolyte  showed 
no significant absorption,  indica t ing  no conjugated 
unsaturat ion,  such as might  be suspected for po ly-  
merizat ion reactions.  

In f ra red  spectrograms of samples obtained by  ex-  
t rac t ing port ions of the  e lec t ro ly te  wi th  benzene, 

1 Analysis performed by Sadtler Research Laboratories, Philadel- 
phia, Pennsylvania. 

+IO 

+08 ~ 

+0.6 E 
{volts) 
NHS 

+0.4 ~ 

+(12 

0 

- 0 ~  t 7 
)(%~ K)-" IO -3 IO -2 

i (amp.cm "z ) 

Fig. 2. Current-potential relation (PA ~ 1 otm) as a function 
of pH ~ curve 1, 0.3; curve 2, 1.2; curve 3, 8.7; curve 4, 11.9; 
curve 5, 12.6. 
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ethyl  ether ,  and  n - h e x a n e  revea led  no th ing  o ther  
t h a n  sodium carbonate .  

Wa te r  was  r e m o v e d  f rom a sample  neu t r a l i z e d  
w i th  hydroch lor ic  acid. The  sample  was t h e n  ex-  
t rac ted  wi th  a n h y d r o u s  e thy l  alcohol.  No organic  
res idue  could be demons t ra ted .  

Curren t -po ten t ia l  re la t ion . - -These  w e r e  de t e r -  
m i n e d  both  ga lvanos ta t i ca l ly  and  poten t ios ta t ica l ly .  
A l i nea r  Tafe l  r eg ion  was  found  at  po ten t ia l s  450- 
500 m y  more  posi t ive t h a n  the  res t  po ten t ia l s  (Fig. 
2). This  region  ex t ended  over  abou t  one and  a half  
decades of c u r r e n t  and  had  a slope of 65-75 m v /  
decade. Below the  l i n e a r  reg ion  the  c u r r e n t  was 
qui te  smal l  and  n e a r l y  i n d e p e n d e n t  of potent ia l .  
Above  the l i nea r  reg ion  the  slope increased  rap id ly ,  
wi th  pass iva t ion  (2) occur r ing  at po ten t ia l s  V = 
0.2v and  1.0v for 1N NaOH and  1N H2SO4, respec-  
t ively.  Reproduc ib i l i t y  of the  c u r r e n t  va lues  at  con-  
s t an t  po ten t i a l  was w i t h i n  10%. 

Time  effects and electrode ac t i va t ion . - -The  v a r i -  
a t ion  of c u r r e n t  w i th  t ime  depended  on the e lec-  
t rode po ten t i a l  as r e l a t ed  to the  l i nea r  Tafe l  region.  
At  po ten t ia l s  be low the  l i nea r  region,  the  c u r r e n t  
decreased s teadi ly  wi th  t ime  and  reached  a quas i -  
s teady  s ta te  on ly  a f te r  severa l  hours  at a cons tan t  
potent ia l .  In  the lower  sect ion of the  l i nea r  region,  
the c u r r e n t  increased  w i th  t ime  reach ing  a s teady 
va lue  in  30-90 min.  (The  t ime  necessary  to reach 
the  s teady state decreased as the  po ten t i a l  i n -  
creased.)  In  the uppe r  pa r t  of this  region,  s teady 
cu r r en t s  w e r e  a t t a ined  a lmost  immedia t e ly .  At  po-  
t en t i a l s  st i l l  h igher  b y  abou t  200 my,  a pass iva t ion  
region  was found,  b u t  no  cons is ten t  behav io r  noted.  
The  e lect rode migh t  pass iva te  i m m e d i a t e l y  on 
swi tch ing  the  po ten t i a l  to this  reg ion  or it m igh t  
f unc t i on  qui te  n o r m a l l y  for per iods up  to 45 m i n  
before  s u d d e n l y  pass iva t ing .  The electrode could 
be r e - a c t i v a t e d  by  i n t e r r u p t i n g  the  c u r r e n t  and  a l -  
l owing  the  rest  po ten t i a l  to be  re -es tab l i shed .  This 
n o r m a l l y  r equ i r ed  1-2 hr. (At  po ten t ia l s  be low the 
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i 
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iff = 

I0 "l I I 
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Fig. ] .  Cur ren t - tempera ture  relat ion as a funct ion of  potent ia l :  
1, 0.790v, 1N H2SO4; 2, 0.740v, ]N  H2SO~; 3, 0.005v, | N  NoaH;  4, 
0.055v, | N NoaH. 

OF A C E T Y L E N E  ON Pt 

Table II. Activation energies for the anodic oxidation of 
acetylene on platinized platinum electrodes 
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P o t e n t i a l  A c t i v a t i o n  e n e r g y  
E l e c t r o l y t e  (V) ,  v (E~) ,  k c a l  m o l e  -~ 

1N H2SO4 0.790 21.2 
1N I-I2S O4 0.740 22.4 
1N NaOH --0.005 25.4 
1N NaOH --0.055 26.7 

pass iva t ion  region,  the  rest  po ten t i a l  was  r e - e s t a b -  
l i shed r ap id ly  af ter  open ing  the  circui t . )  Once a 
s teady c u r r e n t  was a t t a ined  in  the l i n e a r  Tafe l  r e -  
gion, it r e m a i n e d  cons tan t  w i th  a lmost  no pe rcep t i -  
ble  change  for per iods in  excess of 24 hr .  

pH e f]ec t . - -The  effect of pH at cons tan t  ionic 
s t r eng th  is shown in  Fig. 2. A l i nea r  Tafe l  region  
w i th  the  same slope (b -= 70 m v )  was  f ound  in  each 
case over  a p p r o x i m a t e l y  the  same c u r r e n t  range.  
The only  effect was  tha t  the  l ines  were  shif ted in  
the  posi t ive d i rec t ion  a long the  po ten t i a l  axis as 
the pH decreased,  ( d V / d p H ) i  N --  50 mv.  

Tempera ture  e f ]ec t . - -The  effect of t e m p e r a t u r e  
on c u r r e n t  was  m e a s u r e d  po ten t ios ta t i ca l ly  in  bo th  
1N NaOH and  1N H2SO4 solu t ions  at  po ten t i a l s  
w i t h i n  the l i nea r  TafeI  region.  Resul ts  are  shown in 
Fig. 3. Ac t iva t ion  energies  were  ca lcula ted  and  are 
shown in Tab le  II. The shift  in  ac t iva t ion  ene rgy  
wi th  po ten t i a l  is ~ - -  25 k c a l / v o l t  as compared  wi th  
the  theore t ica l  va lue  d ( E A ) / d V  = aF = --  23.06 
k c a l / v  for a = 1. 

F r o m  the  above va lues  the  hea t  of ac t iva t ion  a t  
revers ib le  po ten t i a l  was ca lcu la ted  EAter = EA(n) + 
nF = 42 kcal  mole  -~ for acidic, a nd  48 kcal  mole  -1 
for a lka l ine  solutions.  

Pressure e Ee c t . - - Ac e t y l e ne  of a g iven  pa r t i a l  
p ressure  (mixed  wi th  prepur i f ied  n i t r oge n )  was  
passed t h r ough  the  cell. The electrode was  held  at  
cons tan t  po t en t i a l  and,  a f te r  a s t eady  s ta te  had  been  
obta ined ,  the p r e s su re  was  changed  to ano the r  
value .  The  i -p  curves  thus  a t t a ined  in  1N sul fur ic  
acid are shown  in  Fig. 4. For  ace ty lene  pressures  
b e t w e e n  0.04 and  1.0 a t m  it can be seen tha t  the  
c u r r e n t  increases  i nve r se ly  wi th  pressure .  The Tafe l  
l ines  at  va r ious  pressures  are  l a t e r a l l y  shif ted h a y -  

,2! 
& 

i,,Io 4 s ~ - - ~ . . . . . . . .  
(amp cm -z ) 

6 D 

3 
2 

I I I 
C OD4 0.1 0 . 4  

PCzH~ (atm) 

Fig. 4. Current-pressure relation (1N H2S04) as a function of po- 
tentiah curve 1, 0.775v; curve 2, 0.750v; curve 3, 0.725v. 
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Fig. 5. Current-pressure relation ( I N  NaOH)  as a function of 
potential: curve 1, 0.005v; curve 2, 0.030v; curve 3, 0.055v. 

ing a p p r o x i m a t e l y  the  same slope bu t  d i f ferent  i n -  
tercepts .  A t  pressures  lower  t h a n  0.04 a tm,  l i m i t i n g  
cu r r en t s  ( inf luenced  by  the  ra t e  of s t i r r ing)  are 
observed  at  ve ry  low c u r r e n t  densit ies,  and  no Tafe l  
l ines  could be obta ined.  The  pressure  effect in  1N 
NaOH is shown  in  Fig.  5. The  effect was  s imi la r  b u t  
more  p r o n o u n c e d  t h a n  in  su l fur ic  acid. 

Discussion 

Adsorp t ion  o~ A c e t y l e n e  

In  a r ecen t  paper  (2) adsorp t ion  of e t h y l e n e  f rom 
aqueous  solut ions  u n d e r  anodic  condi t ions  had been  
discussed. The  adsorp t ion  i so therm was f o r m u l a t e d  
a s  

#E 
( l__SE)  4 = K~E CE 

whe re  8E is the  f rac t iona l  coverage  by  e thy lene ,  CE 
the  concen t r a t i on  of e thy l ene  (mole  c m - ~ ) .  The 
order  of m a g n i t u d e  of KeE es t imated  by  two i nde -  
p e n d e n t  methods  give a r ange  of 106-10 s cm ~ 
mole  -1. No da ta  are ava i l ab le  which  wou ld  a l low 
an  i n d e p e n d e n t  eva lua t i on  of the i so therm cons tan t  
Kc for ace ty lene  adsorp t ion  on P t  f rom solution.  
The  ev idence  f rom the  gas phase  (4) shows tha t  the 
hea t  of adsorp t ion  of ace ty lene  is i n d e p e n d e n t  of 
coverage.  T a k i n g  this  in to  account ,  as wel l  as the  
fact tha t  the coverage  of ace ty lene  is p r o b a b l y  even  
higher  t h a n  tha t  of e thy lene  (4) ,  which  in  t u r n  is 
a l r eady  high (2) ,  L a n g m u i r  condi t ions  are assumed.  
A v e r y  rough  es t ima t ion  of Ke can t h e n  be made  on 
the fo l lowing  basis. 

The most  p robab le  mode  of ace ty lene  adsorp t ion  is 

H H 
] ] 

C2H2 (g) ---> C----C 
I I 
P t  P t  

The  ev idence  f rom the  gas phase adsorp t ion  sug-  
gests tha t  ace ty lene  forms an  immob i l e  l aye r  (4) by  
m e a n s  of cova len t  bonds  w i th  d - b a n d  e lec t rons  (5) .  
S ince  one P t  a tom m a y  supp ly  0.5 of d -e lec t rons ,  
one molecule  of ace ty lene  requ i res  4 ad jacen t  su r -  
face sites to adsorb.  Thus,  the  adsorp t ion  i so the rm 
is of the  same type  as in  the  case of e thy lene ,  i.e., 

8A 
-- Keg CA = KpA p [1 ] 

(1 --SA) 4 

The  s imi l a r i ty  of the  e thy len ic  and  ace ty lenic  r a d i -  
cals a l lows one to assume ana logous  adsorp t ion  be-  
hav io r  of the  two hyd roca rbons  and  to ca lcula te  
rough ly  the va lue  of KcA ~ Ke  -~G~ w h e r e  AGA ~ 
is the  s t a n d a r d  free ene rgy  of adsorp t ion  of ace ty l -  
ene, and  the  K va lue  inc ludes  ene rgy  changes  con-  
nec ted  wi th  the  d i sp l acemen t  of water .  The free 
ene rgy  of adsorp t ion  of e t h y l e n e  a nd  ace ty lene  wi l l  
differ b y  a va l ue  which  consists  of the  fo l lowing 
con t r ibu t ions :  

1. The  difference connec ted  w i th  the  e n e r g y  of 
b r e a k i n g  one C - - C  bond  in  a doub le  a nd  a t r ip le  
bond.  The  va lues  of energ ies  r epor t ed  in  the  l i t e r a -  
t u r e  (6-8)  differ; the  best  e s t imate  of • = ~Gc=e 
--  zxGr c = 6 kcals  mole  -1 seems to be t ha t  g iven  

by  Bond  (4) .  
2. The  difference in  free energies  of adsorp t ion  

due to di f ferent  adso rba t e - so lu t i on  in terac t ions .  
This difference m a y  be rough ly  es t imated  (9) as 

A G 2  = . A G ~  ' - -  A G ~  ~ R T  In a ~ / a A  

o A o w he r e  AG sE and  G SA are  the  s t a n d a r d  free en -  
ergies of solut ion of e t h y l e n e  a n d  acetylene,  respec-  
t ively,  a nd  aE a n d  aA are  the  act iv i t ies  of s a tu ra t ed  
solut ions  at 1 a rm pa r t i a l  p ressure  of the respect ive  
hydrocarbons .  A s s u m i n g  ac t iv i ty  coefficients to be 1 
and  i n t r oduc i ng  CE ~-- 0.1 CA, 2 AG2 ~ ' --1.6 kcal,  thus  
KCA : K c E  e AGI+aG2/RT = 5.5-108 to 5 . 5 . 1 0  TM cm 3 mole -1 
and  the  l imi ts  of the  co r respond ing  KpA va lues  are 
104-106 a t m  -1 (KpA is the  adsorp t ion  cons t an t  for 
i so the rm re la t ing  coverage  to pa r t i a l  p ressure  of 
ace ty l ene ) .  

React ion Mechan i sm 

General  n a t u r e . - - ( A )  The efficiency of CO2 p ro -  
duc t ion  is 100 ----- 1% in  acid a nd  95 --+ 5% in  a lka l ine  
solutions.  Thus,  it  is a s sumed  tha t  no b r a n c h i n g  
l ead ing  to products  other  t h a n  COe and  w a t e r  (or 
p ro tons )  occurs to an  apprec iab le  extent .  The re -  
sul ts  of u l t r av io l e t  and  i n f r a r ed  spectroscopy of the 
ano ly te  conf i rm this  resul t .  However ,  a b r a n c h i n g  
reac t ion  occur r ing  wi th  < 1% of the  to ta l  c u r r e n t  
canno t  be  exc luded  by  these m e a s u r e m e n t s  even  in  
acid solut ion.  

(B)  The  h igh  va l ue  of the  hea t  of ac t iva t ion  Ea 
--~ 40 kca l  mole  -1 p rec ludes  t e r m i n a l  desorp t ion  of 
CO2 as a r a t e - d e t e r m i n i n g  step (1) .  

(C) The  observed  Tafe l  slopes, b = 0.065 - -  
0.075v (Fig. 2) are  cons is ten t  w i t h  the  v a l u e  of b 
= 2.3 R T / F .  For  a consecut ive  sequence  of reac-  
t ions, such as m u s t  exist  in  ace ty lene  ox ida t ion  to 
CO2, the  slope b = 2.3 R T / F  m u s t  be  associated 
u n d e r  L a n g m u i r  condi t ions  w i t h  a chemica l  r eac t ion  
fo l lowing the first charge  t rans fe r ,  or fo l lowing  any  
l a t e r  charge t r ans f e r  in  which  the  r e a c t a n t  is at 
ful l  coverage as can easi ly be shown by  a t r e a t m e n t  
of the  consecut ive  reac t ion  k ine t ics  in  the  usua l  
w a y  (10).  For  the  l a t t e r  case, however ,  no p ressure  
effect could be expected.  Thus,  the  va lue  of b = 2.3 
R T / F ,  toge ther  w i th  the  fact tha t  d i /dp  ~ O, fix the  

D a t a  w e r e  n o t  a v a i l a b l e  f o r  d e t e r m i n i n g  t h e  r a t i o  of cE/e~ di- 
rec t ly  fo r  I N  H2SO4 a t  80~ The  v a l u e  C~/CA ~ 0.1 is fo r  t he  r a t i o  
of t he  so lub i l i t i e s  of  t h e  gases  in  w a t e r  a t  89~ Da ta  a v a i l a b l e  a t  
l o w e r  t e m p e r a t u r e s  i n d i c a t e d  t h e  s o l u b i l i t i e s  of each  gas  in  1N 
HeSO~ to  be  a b o u t  80% of t h e i r  r e s p e c t i v e  v a l u e s  i n  wa te r .  
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loca t ion  of t h e  r .d.s,  as one of  t h e  c h e m i c a l  r e a c -  
t ions  b e t w e e n  the  first  and  the  second  c h a r g e  t r a n s -  
fer .  

(D)  The  n e g a t i v e  p r e s s u r e  effect,  d i / d p  < 0, 
shows  t h a t  t he  r.d.s,  m u s t  i nc lude  a s u b s t a n c e  o t h e r  
t h a n  the  a d s o r b i n g  ace ty l ene ,  or  a r a d i c a l  d e r i v e d  
f r o m  ace ty l ene .  

Reac t ion  sequence  and reac t ion  r a t e . - - T h e  r e -  
q u i r e m e n t s  l i s t ed  a b o v e  a l low one to f o r m u l a t e  t he  
r e a c t i o n  p a t h  u p  to t h e  r.d.s. ,  a n d  t h e  n a t u r e  of t h e  
l a t t e r .  

The  subs t ance  o t h e r  t h a n  ace ty l ene ,  or  a r a d i c a l  
d e r i v e d  t h e r e f r o m  and  a d s o r b e d  on the  sur face ,  
m a y  be  on ly  O H -  or  OH rad ica l .  S ince  a l l  k ine t i c  
p a r a m e t e r s  a r e  t h e  s a m e  in  ac id ic  and  a l k a l i n e  so lu -  
t ions,  t he  s ame  m e c h a n i s m  m a y  be  a s s u m e d  for  
both .  This  po in t s  to t he  OH r a d i c a l  be ing  the  e n t i t y  
in  ques t ion .  This  in  t u r n  ( in  ac id ic  so lu t ions )  m a y  
a r i s e  on ly  f r o m  w a t e r  d i s c h a r g e  (2 ) .  Thus  the  
cha rge  t r a n s f e r  p r e c e d i n g  t h e  r.d.s,  is a s s u m e d  to 
be  w a t e r  d i s cha rge :  

H20--+ OH + H + + e  [ 2 ]  

The  r a t e - d e t e r m i n i n g  c h e m i c a l  r e a c t i o n  i nvo lves  
a p a r t  f r o m  OH e i t he r  a d s o r b e d  ace ty l ene ,  or  a r a d i -  
cal  d e r i v e d  t h e r e f r o m ,  in a c h e m i c a l  r eac t ion .  ( A n y  
d i s soc ia t ion  in to  H a t o m s  w o u l d  i nvo lve  ion iza t ion  

in to  H + + e a n d  c o n t r i b u t e  to  t h e  T a f e l  s lope . )  
Thus,  t he  r a d i c a l  d e r i v e d  f r o m  a c e t y l e n e  can  be  
on ly  CH or  an  a d d i t i o n  p r o d u c t  i n v o l v i n g  a c e t y l e n e  
and  w a t e r .  

The  a d s o r p t i o n  of a c e t y l e n e  fo l l owed  b y  sp l i t t ing ,  
i.e., 

H H H H 

I I I I 
C=C---> 2 C: or  2 C .  [3]  

I t l II 
P t  P t  P t  P t  

w o u l d  r e q u i r e  a d d i t i o n a l  e n e r g y  connec t ed  w i th  
b r e a k i n g  of t h e  doub le  b o n d  of a b o u t  146 kca l  
m o l e  - I .  E v e n  if each  c a r b o n  a t o m  w e r e  to  f o r m  not  
one, b u t  two  cova l en t  bonds  w i t h  Pt ,  t he  e x t r a  e n -  
e r g y  n e e d e d  w o u l d  be  a b o u t  80 k c a l  mole -1 .  3 T h e r e -  
fore,  the  p o s s i b i l i t y  of CH be ing  the  r a d i c a l  seems  
un l i ke ly .  

I t  is imposs ib l e  to d i s t i ngu i sh  w h e t h e r  t he  r a d i c a l  
in  ques t i on  is a d s o r b e d  a c e t y l e n e  or  a p r o d u c t  of 
w a t e r  a d d i t i o n  s ince  bo th  w o u l d  g ive  s im i l a r  k ine t i c  
p a r a m e t e r s .  A b s e n c e  of p o l y m e r i z a t i o n  p r o d u c t s  
and  of a c e t a l d e h y d e  in  the  e l e c t r o l y t e  i nd i ca t e  t h e r e  
is no h y d r o l y s i s  in  solu t ion .  Thus,  t he  r a d i c a l  is a s -  
s u m e d  to b e  a d s o r b e d  ace ty lene .  

The  r e a c t i o n  p a t h  m a y  be  n o w  f o r m u l a t e d  as 

C 2 H 2  = C2I--I 2 ( ads )  

H20 = OH ( a d s )  + H + + e, or  

[4] 

) [5a] 
) 
) [55] O H -  = OH ( a d s )  + e 

T h e  e n e r g y  of C - P t  b o n d  w a s  c a l c u l a t e d  as:  

Eo-Pt = 1 /2 (Ec -c  + Ept-Pt )  - -  23.06(Xc - -  XPt)  ~ 

w h e r e  X = e l e c t r o n e g a t i v i t y  v a l u e ,  Eo-o = 83 kca l  m o l e  -x, Ep t -P t  
= 20.3 kca l  mo le - l ,  Xo = 2.5, XPt  = 2.2 (6).  

O F  A C E T Y L E N E  O N  P t  

T a b l e  I l l .  C o m p a r i s o n  o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  
kinetic parameters 
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K i n e t i c  p a r a m e t e r  T h e o r e t i c a l  v a l u e  E x p e r i m e n t a l  v a l u e  
Ta fe l  s lope  2.3 R T / F  = 70 m v  65-75 m v  (Fig.  2) 

pH dependence,  ( D log i 
assuming OA -~ \~pH /y= I 0.8* 

f ( p H )  at con- ( DD~H ) 
s tant  ionic = --70 mv --50 mv (Fig. 2) 
s t rengths  

( Dlog io ~ ~ 0  (See below, 
- - ~ - - 1  = 0 "Exchange cur -  

ren t" )  

/ 8 1 o g i \  
* The  coeff ic ient  \ ~ , ~  / ( ~"~-~"~--~ I v  was  o b t a i n e d  by e x t r a p o l a t i n g  t he  

Ta fe l  ] ines (Fig.  2) so t h a t  t he  c u r r e n t  cou ld  be  o b t a i n e d  a t  t he  
s ame  p o t e n t i a l  fo r  v a r i o u s  p H  va lues ,  a n d  by  p l o t t i n g  l og  i v s .  p H  
(Fig.  6 ) .  

r.d.s.  
C~H2(ads)  + OH (ads )  > C2H~OH, or  [6]  

C~I" + H20 
H20  

C 2 H = O H . . .  > 2CO2 + 9H + + 9e 

F r o m  the  q u a s i - e q u i l i b r i u m  in r e a c t i o n  [5]  

0o]~ = K5 ( 1 -  tiT) an+ -1 eVV/~T 

w h e r e  K5 r e p r e s e n t s  e i t h e r  Ksa aR2o for  5a or  Ks ,  
K w  AH2O for  5b, a n d  K w  is t he  ion iza t ion  cons t an t  
of w a t e r .  

T h e  c o v e r a g e  of OH r a d i c a l s  is v e r y  l o w  (11) and  
t h e  c o v e r a g e  of a l l  o t h e r  i n t e r m e d i a t e s  m a y  be  n e -  
g l ec t ed  in  c o m p a r i s o n  w i t h  OA, s ince  t h e y  occur  in 
t he  r e a c t i o n  sequence  a f t e r  t he  r a t e - d e t e r m i n i n g  
s tep,  a n d  a r e  n o t  in  e q u i l i b r i u m  b e c a u s e  of t he  con-  
s t a n t  r e m o v a l  of t h e  f inal  p roduc t ,  CO2. Thus  the  
t o t a l  c o v e r a g e  OT m a y  be  a p p r o x i m a t e d  as ,OT ~-- OA. 

The  r a t e  of anod ic  o x i d a t i o n  of a c e t y l e n e  m a y  
then  be  e x p r e s s e d  as  

i =  nFK5 k6 an+ - z  6A ( 1 - - S A )  e FV/RT [ 7 ]  

See  T a b l e  I for  a c o m p a r i s o n  of t h e o r e t i c a l  and  
e x p e r i m e n t a l  k ine t i c  p a r a m e t e r s .  

Pressure  d e p e n d e n c e . - - T h e  d e p e n d e n c e  of t he  
s t e a d y - s t a t e  r e a c t i o n  r a t e  on  t h e  a c e t y l e n e  p r e s s u r e  
(Fig .  4 and  5) can  be  s t a t ed  in  t e r m s  of t he  coeffi- 
c i en t  Z - (ai /o  log  P ) .  The  v a l u e s  of Z a r e  g iven  in  
Fig .  7. T h e y  d e p e n d  on po ten t i a l ,  d log' Z / d V  b e i n g  

7 

5 

5 

log i 

1 

- I  

-3  

-5  
I I ] r I 1 I 

0 2 4 6 8 I0 12 
pH 

Fig. 6. Dependence of current on pH at constant potential 
V ---- 0.40Y. 
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g i v e n  p r e s s u r e  m a y  b e  read .  I n s e r t i n g  those  v a l u e s  
in to  Eq. [7]  and  c a l i b r a t i n g  t h e  t e r m  k a - l H  + e Fv/RT 

for  one v a l u e  of c u r r e n t  for  p~ ---- 1 a tm,  t he  t h e o -  
r e t i c a l  i - -  log p cu rves  for  3 p o t e n t i a l  v a l u e s  w e r e  
o b t a i n e d  (Fig .  7, c u r v e  1, Kp ~ 104 a t m - 1 ;  c u r v e  2, 
Kp = l0  s a t m - 1 ) .  T h e  e x p e r i m e n t a l  r e su l t s  o b t a i n e d  
in  1N H2SO4 for  t h e s e  p o t e n t i a l s  a r e  a lso  s h o w n  in 
Fig .  8. I t  m a y  b e  seen  t h a t  a b e t t e r  fit w o u l d  be  ob -  
t a i n e d  fo r  s o m e w h a t  l o w e r  K ,  v a l u e s  t h a n  104 
a t m  -1. H o w e v e r  in  v i e w  of t he  v e r y  r o u g h  c a l c u l a -  
t ion  of Kp, t he  a g r e e m e n t  is c ons ide r e d  sa t i s f ac to ry .  

The  t h e o r y  also y i e ld s  t h e  coefficient  d log  Z / d V  
as F/2 .3  R T  ~ 14 v -~ in  f a i r  a g r e e m e n t  w i t h  t he  
e x p e r i m e n t a l  v a l u e  of 13.5 v -1. 

F o r  1N N a O H  so lu t ion  the  change  of c u r r e n t  w i t h  
p r e s s u r e  a t  cons t an t  p o t e n t i a l  is a b o u t  2-3 t imes  
h i g h e r  t h a n  t h a t  p r e d i c t e d  b y  theo ry .  V a r i a t i o n  of 
K ,  to va lue s  c o n s i d e r a b l y  ou t s ide  those  d e d u c e d  
e a r l i e r  does  no t  cove r  t he  o b s e r v e d  d i s c r e pa nc y .  The  
coefficient  d l o g Z / d V  (Fig .  7) a n d  a l l  o the r  k ine t i c  
p a r a m e t e r s  a r e  in a g r e e m e n t  w i t h  t he  s u g g e s t e d  
m e c h a n i s m .  This  s t r o n g l y  po in t s  to  a s i m i l a r  m e c h -  
a n i s m  for  the  o x i d a t i o n  r e a c t i o n  in bo th  ac id ic  and  
a l k a l i n e  solu t ions ,  b u t  w i t h  a d i f fe ren t  t y p e  of a d -  
s o r p t i o n  i so the rm,  in t h a t  t h e  a m o u n t  of s i tes  oc-  
cup i ed  b y  one  a d s o r b e d  a c e t y l e n i c  r a d i c a l  in  a l k a -  
l ine  so lu t ion  w o u l d  b e  less  t h a n  in  ac idic  solu t ion ,  

s ince  t h e  v a l u e  of d l o g p  v v 

w o u l d  t h e n  b e  h ighe r .  Two  e x p l a n a t i o n s  of th i s  pos -  
s ib le  d i f fe rence  in  s u r f a c e  o c c u p a n c y  b y  a c e t y l e n e  
in  H2SO4 and  N a O H  so lu t ions  m a y  b e  sugges t ed :  

1. In  NaOH,  a r e a r r a n g e m e n t  occurs ,  so t h a t  t he  

H H 
\ / 

H H C 
a d s o r b e d  spec ies  a r e  C = C a n d / o r  II 

I I c 
P t  P t  I 

P t  

e q u a l  to ~ 13.5 v -1, as  c a l c u l a t e d  f r o m  Fig .  7. 
Q u a l i t a t i v e l y ,  two  t y p e s  of e x p l a n a t i o n  m a y  be  

cons ide red  for  t h e  i n v e r s e  p r e s s u r e  effect :  ( i )  I t  
cou ld  be  due  to i nc r ea s ing  a d s o r p t i o n  of a poison,  
e i t he r  p r e s e n t  in the  C2H2, or  p r o d u c e d  b y  a s ide  
b r a n c h i n g  r e a c t i o n  of c u r r e n t  eff iciency too low to 
be  d e t e c t e d  b y  t h e  m e t h o d s  e m p l o y e d .  A p o l y m e r i -  
za t ion  of a r e a c t a n t  or  p r o d u c t  m i g h t  also l e a d  
q u a l i t a t i v e l y  to t he  effects obse rved .  H o w e v e r ,  th i s  
e x p l a n a t i o n  is no t  cons i s t en t  w i t h  a n u m b e r  of 
facts ,  as  d i scussed  e l s e w h e r e  (12) .  ( i i )  A c e t e y l e n e  
b locks  p a r t l y  the  a r e a  a v a i l a b l e  for  r eac t ion .  A d e -  
t a i l e d  t r e a t m e n t  of such  effects,  in  t e r m s  of p o i s o n -  
ing,  a n d  h y d r o c a r b o n  a d s o r p t i o n  mode l ,  is p u b l i s h e d  
e l s e w h e r e  (12) .  I t  is s h o w n  h e r e  t h a t  t h e  o b s e r v a -  
t ions  a r e  cons i s t en t  w i t h  t h e  t y p e  ( i i )  m o d e l  ac -  
co rd ing  to t he  m e c h a n i s m  s u g g e s t e d  in  Eq.  [7] .  

To c o m p a r e  t he  e x p e r i m e n t a l  d a t a  w i t h  t he  t h e o -  
r e t i c a l  d e p e n d e n c e  of c u r r e n t  on  p r e s s u r e  at  v a r i o u s  
po ten t i a l s ,  t h e  c a l c u l a t e d  l i m i t s  of Kp _~ 104 - -  108 
a t m  -1 (cf. sec t ion  on A d s o r p t i o n  of  A c e t y l e n e  
a b o v e ) ,  w e r e  i n s e r t e d  in  Eq.  [1] .  B y  p l o t t i n g  t h e  
t e r m  8 ( 1 ~ 8 )  vs.  p, t he  v a l u e s  of  8 ( 1 - - 8 )  a t  a n y  

g i v i n g  r i s e  to a d e c r e a s e d  o c c u p a n c y  p e r  1 a c e t -  
y l e n i c  r ad ica l .  

2. A c e t y l e n e  does  no t  f o r m  c o v a l e n t  b o n d s  w i t h  
d - e l e c t r o n s  as a s s u m e d  above ,  and  on t h e  bas i s  of 
s t e r i c  cons ide ra t i ons  i t  w i l l  occupy  on ly  two  a d j a -  
cen t  si tes.  In  I-I2SO4, h o w e v e r ,  a d s o r p t i o n  occurs  
a long  w i t h  h y d r a t i o n ,  a c c o r d i n g  to  t h e  e q u a t i o n  

C2H2 (g)  d- H20 ~ CH2 = C H O H  

a n d  t h e  r e s u l t i n g  r a d i c a l  occupies  an  a r e a  c o v e r i n g  
a p p r o x i m a t e l y  fou r  su r f ace  si tes.  

B e h a v i o f  at  po ten t ia l s  a b o v e  Ta fe l  re :g ion . - -Ace t -  
y l e n e  b e h a v e s  h e r e  s i m i l a r l y  to  e t h y l e n e ,  a n d  d i f fu-  
s ion l i m i t i n g  c u r r e n t s  a r e  o b s e r v e d  for  PA ~- 0.4. At  
h i g h e r  p r e s s u r e s  t h e  p o t e n t i a l  of a b o u t  d- l v ,  w h e r e  
t h e  c u r r e n t  r a p i d l y  dec rea se s  to n e g l i g i b l e  v a l u e  is 
r e a c h e d  e a r l i e r  t h a n  t h e  l i m i t i n g  c u r r e n t  va lue .  The  
o b s e r v e d  p a s s i v a t i o n  of t he  e l ec t rode  h a d  b e e n  in -  
t e r p r e t e d  e l s e w h e r e  (2)  in t e r m s  of a c c u m u l a t i o n  
of su r f a c e  ox ide  r e s u l t i n g  f r o m  the  r e a c t i o n  b e t w e e n  
t h e  OH r a d i c a l s  w h i c h  at  t h e  a b o v e  p o t e n t i a l  b e -  
comes  suff ic ient ly  fast .  T h e  r e s u l t i n g  ox ide  is u n a b l e  
to o x i d i z e  t h e  h y d r o c a r b o n .  



Vol. 111, No. 7 E L E C T R O O X I D A T I O N  O F  A C E T Y L E N E  O N  P t  869 

Exchange current . - -From t he  t h e r m o d y n a m i c  
da ta ,  t he  s t a n d a r d  r e v e r s i b l e  p o t e n t i a l  of t he  C2H2/ 
CO2 coup le  is 

LxG%5 - -  •S ~ (80 - -  25) 
E~ = ---- - -  0.0503v 

10F 

T a k i n g  in to  accoun t  t he  s o l u b i l i t y  of c a rbon  d iox ide  
[cf. ref .  ( 1 ) ]  and  t h e  a c t u a l  v a l u e  of p H, t h e  r e -  
v e r s i b l e  p o t e n t i a l  a t  1 a t m  a c e t y l e n e  p a r t i a l  p r e s -  
su re  is 

- -  0.11v in 1N HeSO4 (pH = 0.3) 
a n d - -  0 . 97v in  1N N a O H  (pH = 12.6) 

solut ions.  The  e x c h a n g e  c u r r e n t s  o b t a i n e d  b y  e x -  
t r a p o l a t i o n  of t he  Ta fe l  l ines  to t hose  p o t e n t i a l  v a l -  
ues  a r e  

4.5 x 10 -18 a n d  6.6 x 10 - i s  a m p  c m  -2 ( g e o m . ) ,  
r e spec t i ve ly .  The  m o d e l  p r o p o s e d  ind ica t e s  e q u a l i t y  
of io in  ac id  and  a l k a l i n e  so lu t ions  (cf. T a b l e  I I I ) .  

Rest potent ials . --The res t  p o t e n t i a l  o b s e r v e d  on 
P t  in p r e s e n c e  of a c e t y l e n e  in  so lu t ion  is a b o u t  350 
m y  m o r e  pos i t i ve  t h a n  the  r e v e r s i b l e  po t en t i a l ,  fo r  
the  a c e t y l e n e  o x i d a t i o n  to  CO2. S i m i l a r  d i f fe rences  
b e t w e e n  the  r e s t  and  r e v e r s i b l e  po t en t i a l s  have  
been  r e p o r t e d  for  o t h e r  h y d r o c a r b o n s  (1 -3 ) .  

I t  is of i n t e r e s t  to cons ide r  the  poss ib le  n a t u r e  of 
th i s  po ten t i a l .  The  p r i n c i p a l  fac ts  w i t h  w h i c h  an  
i n t e r p r e t a t i o n  m u s t  be  cons i s t en t  a r e  the  fo l lowing :  
1, I t  is l i n e a r l y  d e p e n d e n t  on pH:  dE/dpH ~ -  2.3 
RT/F .  2, I t  is i n d e p e n d e n t  of t he  n a t u r e  of t he  h y -  
d r o c a r b o n  used.  3, T h e  p a r t i a l  p r e s s u r e  of h y d r o -  
c a r b o n  has  no effect.  4, T h e  p o t e n t i a l  c o n c e r n e d  d i f -  
fe rs  l i t t l e  f r o m  t h a t  w h i c h  ex is t s  in  t h e  n i t r o g e n  
s a t u r a t e d  so lu t ion  be fo re  the  i ng re s s  of t h e  h y d r o -  
carbon .  T h e  a v e r a g e  effect of a d d i n g  the  h y d r o c a r -  
bon  is to  m a k e  the  r e s t  p o t e n t i a l  a t  t he  zero  c u r r e n t  
flow m o r e  n e g a t i v e  b y  a p p r o x i m a t e l y  20 mv.  5, 
Pu r i f i ca t i on  of t h e  so lu t ion  has  no effect.  6, T e m -  
p e r a t u r e  coefficient  dE/dT  < O. 7, S t i r r i n g  has  no  
effect. 

P o s s i b l e  i n t e r p r e t a t i o n s  of th i s  p o t e n t i a l  a r e :  
1. I t  m a y  be  a m i x e d  p o t e n t i a l  se t  up  b e t w e e n  the  

r e d u c t i o n  of o x y g e n  to  w a t e r  on  h y d r o g e n  p e r o x i d e  
and  the  o x i d a t i o n  of t h e  h y d r o c a r b o n  to CO2. This  
t h e o r y  w o u l d  a g r e e  w i t h  the  s ign  of t h e  d e p e n d e n c e  
of res t  p o t e n t i a l  on p H  and  w i t h  t he  l a ck  of effects of 
h y d r o c a r b o n  p r e s s u r e  and  t e m p e r a t u r e  coefficient.  
H o w e v e r ,  i t  is u n l i k e l y  t h a t  t he  n a t u r e  of t h e  h y d r o -  
c a r b o n  w o u l d  t h e n  h a v e  a s m a l l  effect,  b ecause  a c e t -  
y l e n e  a n d  e thy l ene ,  a t  leas t ,  h a v e  v e r y  l a r g e l y  d i f -  
f e r e n t  e x c h a n g e  c u r r e n t  va lues .  C o r r e s p o n d i n g l y ,  
for  t he  o x y g e n  c o n c e n t r a t i o n  p re sen t ,  i t  can  be  
shown  t h a t  t he  p o t e n t i a l  w o u l d  be  s t i r r i n g  d e p e n d -  
ent.  

2. I t  m a y  b e  a m i x e d  p o t e n t i a l  b e t w e e n  the  ox i -  
d a t i o n  of t he  u n s a t u r a t e d  h y d r o c a r b o n  to  CO2 and  
its r e d u c t i o n  to t h e  c o r r e s p o n d i n g  s a t u r a t e d  h y d r o -  
carbon .  This  t h e o r y  m i g h t  be  cons i s t en t  w i t h  t he  a b -  
sence  of p a r t i a l  p r e s s u r e  effects in t h e  h y d r o c a r b o n  
and  s t i r r ing .  A l t h o u g h  n e i t h e r  t h e  e x c h a n g e  c u r r e n t  
dens i t i e s  n o r  Ta fe l  s lopes  for  t h e  r e d u c t i o n  of t he  
h y d r o c a r b o n s  a r e  k n o w n ,  c o n s i d e r a t i o n  of  a m i x e d  
p o t e n t i a l  d i a g r a m  shows  t h a t  a m i x e d  p o t e n t i a l  a t  
the  cons t an t  v a l u e  obse rved ,  i n d e p e n d e n t  of  the  

n a t u r e  of t he  h y d r o c a r b o n ,  w o u l d  r e q u i r e  c e r t a i n  
u n l i k e l y  d i f fe rences  b e t w e e n  t h e  T a f e l  s lopes  a n d  
e x c h a n g e  c u r r e n t  dens i t i e s  in  t h e  r e d u c t i o n  of e t h y -  
l e n e  a n d  ace ty l ene .  F u r t h e r m o r e ,  t h e  s m a l l  c h a n g e  
b r o u g h t  a b o u t  u p o n  t h e  i n t r o d u c t i o n  of t h e  h y d r o -  
c a r b o n  in to  t he  n i t r o g e n - s a t u r a t e d  so lu t ion  m a k e s  
th is  t h e o r y  un l i ke ly .  

3. A n o t h e r  p o s s i b i l i t y  is t h e  i n t e r f e r e n c e  of t he  
e t h y l e n e  o x i d a t i o n  r e a c t i o n  b y  some r e d o x  process  
connec t ed  w i t h  t he  p r e s e n c e  of i m p u r i t i e s .  This  
s eems  u n l i k e l y ,  h o w e v e r ,  b e c a u s e  of t h e  f ac t  t h a t  
ca l cu la t ions  show t h a t  t he  i m p u r i t i e s  h a v e  to be  
p r e s e n t  a t  a c o n c e n t r a t i o n  h a v i n g  a n  o r d e r  of  m a g -  
n i t u d e  of 10 -5  m o l e s / l i t e r .  I f  t he  r e s t  p o t e n t i a l  a t  
zero  c u r r e n t  f low is to be  i n d e p e n d e n t  of s t i r r ing ,  
th is  is an  i m p r o b a b l y  h igh  c o n c e n t r a t i o n  of i m p u r i -  
t ies  to  h a v e  p re sen t .  A c o n s t a n t  v a l u e  i n d e p e n d e n t  
of pu r i f i c a t i on  is a lso  a s t r ong  p o i n t  a g a i n s t  th i s  
v iew.  

4. Las t ,  i t  is pos s ib l e  to  r e g a r d  the  p o t e n t i a l  as 
t h a t  c o r r e s p o n d i n g  to t he  r e v e r s i b l e  e q u i l i b r i u m  of 
w a t e r  w i t h  h y d r o x y l  r a d i c a l s  a c c o r d i n g  to t h e  r e -  
ac t ion  H20 ~ OH" + H + + eo- .  A r e a c t i o n  s i m i l a r  
to th is  has  b e e n  d i scussed  b y  Bockr i s  and  Oldf ie ld  
(13) .  A t t e m p t s  to  c a l c u l a t e  t h e  p o t e n t i a l  u t i l i z ing  
a P t O H  bond ,  g ives  va lue s  w h i c h  a r e  a p p r o x i m a t e l y  
0.5v too high.  H o w e v e r ,  such  ca l cu la t ions  a r e  u n -  
ce r t a in .  The  t h e o r y  w o u l d  b e  cons i s t en t  w i t h  t he  
absence  of s t i r r i n g  effects  a n d  w i t h  t h e  n e g a t i v e  
t e m p e r a t u r e  coefficient  of t he  r e v e r s i b l e  po ten t i a l .  
I t  m igh t ,  h o w e v e r ,  be  t h o u g h t  t h a t  t he  i n t r o d u c t i o n  
of t h e  h y d r o c a r b o n  w o u l d  p l a y  a l a r g e  effect,  f o r  i t  
w o u l d  p r e s u m a b l y  r e d u c e  the  c o n c e n t r a t i o n  of h y -  
d r o x y l  r ad ica l s ,  on w h i c h  t h e  p o t e n t i a l  ( a c c o rd ing  
to th i s  v i e w )  w o u l d  be  l i n e a r l y  d e p e n d e n t .  

A t  t he  p r e s e n t  t i m e  i t  is no t  p o s s i b l e  to  e l u c i d a t e  
t h e  m e c h a n i s m  of th is  r e s t  po t en t i a l ,  b u t  t he  a b o v e  
r e m a r k s  m a y  s e r v e  as a b e g i n n i n g  to  such  work .  

Effect of the Triple Bond 
The  m e c h a n i s m s  p r o p o s e d  for  olefin o x i d a t i o n  i n -  

vo lves  a r a t e - d e t e r m i n i n g  w a t e r  d i s c h a r g e  reac t ion ,  
w h e r e a s  t h a t  for  a c e t y l e n e  i n v o l v e s  a r a t e  d e t e r -  
m i n i n g  r e a c t i o n  b e t w e e n  a d s o r b e d  a c e t y l e n e  a n d  
OH rad ica l s .  T h a t  t he  sy s t e ms  h a v e  a d i f f e rence  in  
m e c h a n i s m s  a r i ses  p r o b a b l y  f r o m  a h i g h e r  v a l u e  of 
t he  h e a t  of a d s o r p t i o n  of a c e t y l e n e  as  c o m p a r e d  to  
t h a t  of  e t h y l e n e  as a r e s u l t  of t h e  t r i p l e  b o n d  in t h e  
f o r m e r  (4 ) .  

F o r  t h e  case  of e thy l ene ,  t h e  specif ic  r a t e  of t h e  
r e a c t i o n  

H H 

I I 
H - - C - - C - - H + O H - ~ R - - O H ,  or  R ' +  H20 

I I 
P t  P t  

is h i g h e r  t h a n  t h a t  of w a t e r  d i scha rge ,  w h e r e a s  for  
ace ty l ene ,  t he  specific r a t e  of t h e  r e a c t i o n  

H H 

I I 
C = C + O H - - >  R" - -  OH, or  R "  + H20 

I I 
P t  P t  
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is less t h a n  tha t  of w a t e r  discharge.  This  resul t s  in  
a change  of the  Tafe l  slope f rom 2RT/F  to R T / F  
and  a r educed  io value .  

Summary 
The ace ty lene  ox ida t ion  reac t ion  on p la t in ized  

p l a t i n u m  has been  s tud ied  at  80~ in  solut ions  of 
H2SO4 + Na2SO4 and  NaOH of cons t an t  ionic 
s t rength .  Reac t ion  ra tes  we re  m e a s u r e d  as a f u n c -  
t ion  of po ten t ia l ,  pH, and  pa r t i a l  p re s su re  of ace ty -  
lene. Coulombic  efficiency was  d e t e r m i n e d  by  me a s -  
u r e m e n t s  of CO2 p roduc t i on  in  acidic solut ions  and  
of C2H2 consumpt ion  in  a lka l ine  solut ions.  A n  i m -  
p roved  a p p a r a t u s  for c o n s u m p t i o n  m e a s u r e m e n t s  is 
described.  

The  fo l lowing  p a r a m e t e r s  have  been  found  

OV 70 my,  ~ 0.8, 
010g i  p OpH v 

0 log io ~ Oi ( <o 

0 log .0 v ~ 13.5V_ 1 

aV 

Coulombic  efficiency is 100 • 1% in  acidic a nd  95 
• 5% in  a lka l ine  solut ions,  io ~ 10 - i s  amp cm -2 
for bo th  solutions.  The  hea t  of ac t iva t ion  at the  r e -  
vers ib le  potent ia l ,  A/-/~ ~ 42 kcal  mole  -1 in  acidic 
and  _~ 46 kcal  mole  -1 in  a lka l ine  solut ions.  At  V ----- 
IV in  1N I-I2SO4 "-" 0.3V in  1N NaOH, "pass iva t ion"  
due  to oxide fo rma t ion  occurs. 

The reac t ion  m e c h a n i s m  in  the  Tafe l  r ang e  was 
i n t e rp r e t ed  in  t e rms  of the  fo l lowing  sequence  

C2H2 ~ C2H2 (ads)  
H 2 O c - O H  (ads)  + H  + + e  

r . d . s .  

C2H4 (ads)  + OH (ads)  > . . .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1964 

over  the  en t i re  pH range  inves t iga ted  (pH = 0.3 --  
12.6). The inve r se  p ressure  effect observed could 
also be q u a n t i t a t i v e l y  accounted  for in  t e rms  of the  
suggested mechan i sm.  
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Technical Notes @ 
Growth Twins and Branching of Electrodeposited 

Copper Dendrites 
Fielding Ogburn 

National Bureau of Standards, Washington, D. C. 

I t  is no t  u n u s u a l  to see e lect rodeposi ted  dendr i t es  
or t rees  which  are b r a n c h e d  in  one p l ane  only. Tha t  
is, a l l  the b r anches  and  the  m a i n  s ta lk  lie in the 
same plane,  the  whole  dendr i t e  be ing  flat. Such 
dendr i t e s  of lead, t in,  and  copper were  descr ibed by  
W r a n g l e n  (1) ,  b u t  he  gave no e x p l a n a t i o n  for the  
g rowth  be ing  res t r ic ted  to one plane.  F r o m  c rys ta l -  
lographic  cons idera t ions  one wou ld  no t  p red ic t  this  
res t r ic ted  g rowth  if the  dendr i t e  we re  a s ingle  c rys -  
tal. B r a n c h i n g  would  be expected to appear  also 

in  other  p lanes  pass ing  t h r ough  the m a i n  stalk.  
Faus t  and  Johns  (2) repor ted  t w i n n i n g  bounda r i e s  

in  e lec t rodeposi ted  dendr i t e s  of a l u m i n u m ,  copper,  
gold, lead, and  silver.  They  showed tha t  t w i n n i n g  
can p lay  a d o m i n a n t  role in  the  e lect rolyt ic  g rowth  
of dendr i t e s  a nd  cite re fe rences  showing  the  same 
d o m i n a n t  role for g rowth  o ther  t h a n  electrolyt ic .  
The t w i n n i n g  b o u n d a r y  provides  a r e - e n t r a n t  
groove, and  this  groove m a y  be s e l f - p e r p e t u a t i n g  if 
two or more  t w i n  p lanes  occur  close together .  
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Cons idera t ion  of these two pieces of i n f o r m a t i o n  
leads to the  proposal  tha t  b r a n c h i n g  in  one p l ane  
on ly  is d i rec t ly  re la ted  to the occurrence  of g rowth  
twins  and  tha t  at  least  one t w i n n i n g  b o u n d a r y  ex -  
tends  t h r o u g h o u t  the  dendr i t e  and  is pa ra l l e l  to the 
p lane  of the  dendr i te .  The r eason ing  is that ,  if the 
t w i n n i n g  b o u n d a r y  faci l i ta tes  the  g rowth  of the 
deposit  by  p rov id ing  a r e - e n t r a n t  groove, t h e n  the 
dendr i t e  should  grow fastest  at or close to the  
r e - e n t r a n t  groove. G r o w t h  at a d is tance  f rom the 
groove wou ld  proceed more  s lowly or no t  at all. 
Thus,  a p la te le t  wou ld  fo rm wi th  the t w i n n i n g  
b o u n d a r y  sandwiched  b e t w e e n  two t h i n  l ayers  of 
metal .  W i t h i n  the  p l a n e  of the dendr i te ,  the  ra te  of 
g rowth  would  be d i f ferent  in  di f ferent  c rys ta l -  
lographic  direct ions,  and  one wou ld  expect  the  
usua l  dendr i t i c  pa t t e rn .  The ne t  effect is to produce  
a f e r n - l i k e  shape w i t h  a t w i n n i n g  b o u n d a r y  e x t e n d -  
ing t h r o u g h o u t  the  s ta lk  and  each of its b ranches .  

To test  this  hypothesis ,  copper  dendr i t e s  were  se- 
lected which  were  b r a n c h e d  in  one p l ane  on ly  and  
e x a m i n e d  me ta l log raph ica l ly  and  by  x - r a y  diffrac-  
tion. These dendr i t e s  had  been  g rown  in  a solut ion 
of 2g of cuprous  chloride,  15g of sod ium chloride,  
and  1 ml  of concen t ra t ed  hydroch lor ic  acid in  80 ml  
of d is t i l led  water .  Al l  the  chemicals  were  r eagen t  
grade.  The deposi t ion  was car r ied  out po ten t io -  
s ta t ica l ly  w i th  150 m v  b e t w e e n  the  cathode deposit  
and  a re fe rence  electrode.  The l a t t e r  was a copper 
wi re  in  a L u g g i n  cap i l l a ry  w i th  the  t ip of the capi l -  
l a ry  w i t h i n  5 m m  of the  cathode.  The ra te  of 
g rowth  of the dend r i t e  is e s t ima ted  to have  been  
about  1 m m / h r  or less j u d g i n g  f rom ra te  m e a s u r e -  
men t s  made  u n d e r  s imi la r  condit ions.  The dendr i t e s  
were  free to grow in  all  direct ions.  

F igu re  1 shows an  x - r a y  Laue  t r ansmis s ion  di f -  
f rac t ion  p a t t e r n  t a k e n  of a copper  dendr i t e  1 or 2 
m m  long wi th  severa l  b ranches ,  al l  in  one plane.  
The p lane  c o m m o n  to the  s ta lk  and  its b ranches  was 
n o r m a l  to the x - r a y  b e a m  in  each case. The p a t t e r n  
shows a sixfold s y m m e t r y  which  is character is t ic  
of di f f ract ion p a t t e r n s  of t w i n n e d  f ace -cen te red  
cubic meta l s  for wh ich  the (111) t w i n n i n g  p l ane  is 
n o r m a l  to the  x - r a y  beam.  The six Laue  spots n e a r -  
est the  cen te r  of the  p a t t e r n  are 311 reflections. 

Fig. 1. L.aue transmission pattern of copper dendrite. X-ray beam 
perpendicular to plane of dendrite. 
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Fig. 2. Section through dendrite of Fig. 1 showing boundary 
between growth twins; etchant, ammonium hydroxide with hydrogen 
peroxide. 

Fig. 3. Section through dendrite showing boundary between growth 
twins which extends through branches and main stalk. Section is 
perpendicular to branches and oblique to stalk. Polarized light; 
etchant, ammonium hydroxide with hydrogen peroxide. 

The dend r i t e  was  m o u n t e d  in  plastic,  sectioned,  
polished,  and  e tched wi th  a so lu t ion  of d i lu te  a m -  
m o n i u m  hydrox ide  and  h y d r o g e n  peroxide.  F igure  
2 shows an  e tched sect ion of the  m a i n  stalk. It  
shows w h a t  appears  to be the  b o u n d a r y  be tween  
a pai r  of crys ta ls  i n  t w i n  o r i en ta t ion  and  the p l ane  
of the  t w i n n i n g  b o u n d a r y  is essen t ia l ly  pa ra l l e l  to 
the b ranches  of the  dendr i te .  

F igu re  3 shows a s imi la r  section of a second d e n -  
dr i te  g rown  s i m u l t a n e o u s l y  w i th  the dendr i t e  of 
Fig. 1 and  2. This  sect ion passes t h r o u g h  the m a i n  
s ta lk  and  the  b r anches  a nd  is essen t ia l ly  p e r p e n -  
d icu la r  to the  branches .  Here  aga in  it  appears  tha t  a 
t w i n n i n g  b o u n d a r y  ex tends  t h r o u g h o u t  the  d e n -  
dri te,  b u t  w i t h  a s l ight  d i sp lacement .  Successive sec- 
t ions showed tha t  the  d i sp lacemen t  d isappears  as 
the  sect ion approaches  the  j unc t ions  of the  b ranches  
wi th  the  stalk.  

To summar ize ,  x - r a y  dif f ract ion and  m e t a l -  
lographic  e x a m i n a t i o n s  of copper dendr i t e s  which  
are b r a n c h e d  in  one p l ane  on ly  show t h e m  to be 
t w i n n e d  wi th  the  t w i n n i n g  b o u n d a r y  e x t e n d i n g  the 
l eng th  of the  s ta lks  and  branches .  This appears  to 
be an  example  of a g rowth  t w i n  and  one which  ex-  
erts  a subs t a n t i a l  inf luence  on the  g rowth  of the 
dendr i te .  This  is to be compared  w i th  the a p p a r e n t  
inf luence of g rowth  tw ins  in  po lyc rys t a l l i ne  e lec t ro-  
deposits  of copper  (3) .  
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Evidence for Oxidation Growth at the Oxide-Silicon Interface 
from Controlled Etch Studies 

W .  A. Pliskin and R. P. Gnal l  

Components Laboratory, International Business Machines Corporation, Poughkeepsie, New York  

The purpose  of this pape r  is to show how a d i lu te  
select ive etch can  be used in  the  s t udy  of va r ious  
glass and  oxide film systems.  We shal l  show, as an  
example ,  the  deta i ls  for on ly  one specific app l ica -  
t ion, in  p a r t i c u l a r  its usefu lness  for the  s tudy  of 
si l icon oxidat ion.  L igenza  and  Spi tzer  have  shown  
by  i n f r a r ed  spectroscopy us ing  isotopic oxygen  that ,  
w i th  h igh p ressure  steam, the  ox ida t ion  occurs at  
the s i l icon-s i l icon  dioxide in te r face  (1) .  The con-  
t ro l led  etch t echn ique  descr ibed  here,  is a s imple r  
me thod  of showing  tha t  ox ida t ion  occurs at the  
s i l icon-s i l icon  dioxide in te r face  wi th  bo th  a tmos -  
pher ic  s team and  d ry  oxygen  oxidat ion.  This  t ech-  
n ique  depends  on the ab i l i ty  of the  select ive etch, 
consis t ing of 15 par t s  hydrof luor ic  acid ( 4 9 % ) ,  10 
par t s  n i t r i c  acid ( 7 0 % ) ,  and  300 par t s  water ,  to 
etch var ious  type  glass and  mixed  oxide layers  m u c h  
more  r ap id ly  t h a n  sil icon dioxide. The  se lect ive  n a -  
tu re  of this etch, r e fe r red  to as P etch, is shown in  
Fig. 1. A si l icon dioxide film was exposed to a phos-  
phorus  diffusion process to fo rm a mixed  SiO2 + 
PeO5 layer  on  top of a pu re  si l icon dioxide  l aye r  as 
shown  on the left.  The  fi lm th icknesses  1 were  m e a s -  
u r ed  af ter  e tching  for var ious  t imes  w i th  P etch 
and  p lo t ted  as shown on the right.  The film th i ck -  
ness m e a s u r e m e n t s  were  accura te  to tens  of A n g -  
stroms.  

I t  is thus  seen tha t  the  etch ra te  is m u c h  fas ter  
for the  SiO2 -t- P~O5 layer  t h a n  for pu re  SIO2, and  
the  d e m a r c a t i o n  is c lear ly  visible.  S imi la r  resul t s  
have  b e e n  observed  wi th  var ious  type  glasses on 
si l icon dioxide, and  this  t e chn ique  has been  used  

t T h i c k n e s s e s  w e r e  m e a s u r e d  w i t h  Vamfo ,  a n  i n t e r f e r e n c e  m i c r o -  
scope  d e v e l o p e d  fo r  accura te ,  n o n d e s t r u c t i v e ,  f i lm t h i c k n e s s  m e a s -  
u r e m e n t s .  (2).  

/ - ~ c  

, 
Si 0 2 + P~ 0 S ~ ~C 

DIOXIDE 2 N( 

SILICON d 

~ --S~O /,/SEC 

Ie .~/SEC 

~'o ,Go .~o 260 
ETC. T,ME (SECSI 

Fig. 1. Etch rates after exposure of an Si02 film to phosphorus 
diffusion. 

Table I. Etch rates (~/sec) for P205-Si02 and Si02 (23~ 

P2Os-SiO~ l a y e r  SiO~ 
Th ickness ,  P e tch ,  N H ~ - H F ,  P e tch,  NI -~F- t tF ,  

A A / s e e  A / s e c  A / s e c  A / s e c  

After phosphorus 
diffusion 

A 2960 570 270 1.8 9.5 
B 1940 390 110 __ m 

C 1310 220 - -  - -  9.0 
After  reoxidation 

(steam at 970~ 
A 3930 35.1 33.2 1.7 9.0 
B 2460 27.6 - -  1.8 - -  
C 1860 18.3 28.5 1.8 10.3 

for s t u d y i n g  the  p e n e t r a t i o n  of glass films and  
glazes in to  u n d e r l y i n g  si l icon dioxide films. (3) .  

Etch  da ta  for phosphosi l ica te  films fo rmed  on 
sil icon dioxide af ter  exposure  to di f ferent  phos-  
phorus  diffusion condi t ions  e is shown in  Tab le  I, 
where  we have  compared  the  etch ra te  of P etch 
wi th  tha t  of an  a m m o n i u m  fluoride buffer  etch. 8 
For  the purpose  of de l i nea t i on  of films, the  etch 
ra te  rat io b e t w e e n  the phosphosi l ica te  l ayer  and  
the  si l icon dioxide l a ye r  should  be as la rge  as pos-  
sible. For  P etch, this  ra t io  is 100 to 300 af ter  the  
phosphorus  diffusion, whereas ,  w i th  the  N H4F-HF  
buffered solut ions,  it  is on ly  abou t  10 to 30, about  
one order  of m a g n i t u d e  less. Af te r  reoxida t ion ,  the 
ra t io  for P etch is abou t  10-20 and  for NH4F-HF 
it is on ly  3-4. Thus  it is seen t ha t  the  P etch is 
much  be t t e r  for de l inea t ion  t h a n  is the  a m m o n i u m  
fluoride buffer  etch. 

Tab le  I also shows the  th icknesses  of the  phos -  
phosi l icate  l aye r  on SiO2 before  a nd  af ter  r eox ida -  
tion. This l aye r  increases  in  th ickness  d u r i n g  r e -  
ox ida t ion  due to f u r t h e r  p e n e t r a t i o n  of the  P205 
into the SIO2, thus  d i l u t i ng  the  concen t r a t i on  of 
P205 and  decreas ing  the  etch rate.  At  the  same t ime,  
a smal l  q u a n t i t y  of P20~ outdiffuses r e su l t ing  in  a 
s l ight ly  s lower  etch ra te  w i t h i n  a few h u n d r e d  A n g -  
s t roms of the  ou te r  surface.  

Evidence  tha t  the  ox ida t ion  occurs a t  the  ox ide-  
si l icon in te r face  is g iven  in  Fig. 2. Af te r  the  phos-  
phorus  diffusion, the  phosphosi l ica te  l ayer  ex t ended  

The  p h o s p h o r u s  di f fus ion  p r o c e s s  u s e d  P~O5 in n i t r o g e n  carr ier  
gas a t  e i t h e r  1050 ~ or  l l 0 0 ~  f or  v a r i o u s  t imes .  

3 The  bu f fe r  e tch  cons i s t s  of  one  par t  hydrof luor ic  ac id  to  ten  
pa r t s  of a m m o n i u m  f luor ide  so lu t ion  w h i c h  was  m a d e  b y  m i x -  
i ng  1 lb  of NH~F w i t h  680 ee w a t e r .  
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Fig. 2. P etch rate before and after steam oxidation 
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to the  s i l icon as s h o w n  b y  the  l o w e r  f i lm t h i c k n e s s -  
e tch  t ime  plot .  The  w a f e r  was  t h e n  ox id i zed  in  
s t e a m  at  a t m o s p h e r i c  p r e s s u r e  for  90 min  at  970~ 
If  the  d i f fus ing  spec ies  w e r e  si l icon,  t hen  Si a t o m s  
w o u l d  diffuse out  t h r o u g h  the  SiO2 4- PeO5 l a y e r  to 
f o r m  the  SiO2 l a y e r  on the  o u t e r  surface .  A n  e tch  
r a t e  p lo t  of such  a f i lm shou ld  show a s low e tch  
r a t e  a t  t he  su r f ace  and  a f a s t e r  e tch  r a t e  n e a r  the  
o x i d e - s i l i c o n  in te r face .  On the  o t h e r  hand ,  if t he  
d i f fus ing  species  w e r e  the  ox id i z ing  spec ies  d i f fus -  
ing  t h r o u g h  the  phosphos i l i c a t e  l aye r ,  t h e n  the  n e w  
ox ide  w o u l d  f o r m  at  t he  o x i d e - s i l i c o n  i n t e r f a c e  a n d  
the  phosphos i l i c a t e  l a y e r  w o u l d  be  at  t he  o u t e r  s u r -  
face.  The  e tch  r a t e  p lo t  w o u l d  t h e n  show a fas t  
e tch  r a t e  fo l l owed  b y  a s l o w e r  e tch  r a t e  c o r r e s p o n d -  
ing  to t ha t  of s i l icon d iox ide .  As  s h o w n  in Fig.  2, 
th is  is e x a c t l y  w h a t  is obse rved .  I t  is conc luded  t h a t  
in  s t e a m  at  a t m o s p h e r i c  p r e s s u r e  the  ox ide  fo rms  
at  the  o x i d e - s i l i c o n  i n t e r f a c e  in a g r e e m e n t  w i t h  
the  i n f r a r e d  isotopic  s tud ies  of h igh  p r e s s u r e  s t e a m  
o x i d a t i o n  c a r r i e d  out  b y  L i g e n z a  and  Spi tzer .  

S ince  in  d r y  o x y g e n  the  o x i d a t i o n  ra t e s  a re  m u c h  
s lower ,  g r e a t e r  p r e c a u t i o n s  a r e  necessa ry .  These  p r e -  
cau t ions  consis t  of l i m i t i n g  the  p h o s p h o r u s  conc e n -  
t r a t i o n  and  th i ckness  of the  phosphos i l i c a t e  l aye r .  
This  was  a c c o m p l i s h e d  b y  e x p o s i n g  a 1900/i  SiO~ 
f i lm (on a 0.9 o h m - c m  P - t y p e  w a f e r )  to a d i f fus ion  
cond i t ion  w h i c h  l i m i t e d  the  p h o s p h o s i l i c a t e  l a y e r  
above  ~ 100A of t he  s i l icon surface .  The  f i lm t h i c k -  
ness  a f t e r  t he  p h o s p h o r u s  d i f fus ion was  2380A. The  
w a f e r  was  t hen  s u b j e c t e d  to d r y  n i t r o g e n  at  970~ 
for  90 min.  The  e tch  r a t e  of th is  f i lm was  f o u n d  
to be  100A/sec ,  and  i t  e x t e n d e d  to t he  b a r e  s i l icon 
as shown  b y  t h e r m a l  p r o b e  and  i n f r a r e d  c a r r i e r  a b -  
sorp t ion .  S ince  th is  l a y e r  w o u l d  be too t h i c k  for  

v 
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~ B E F O R E  REOXIDATION 
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Fig. 3. P etch rate before and after dry oxygen oxidation 

the  s u b s e q u e n t  r e o x i d a t i o n  e x p e r i m e n t ,  mos t  of the  
phosphos i l i c a t e  l a y e r  was  r e m o v e d  b y  e t ch ing  for  
16.8 sec in P etch,  l e a v i n g  a 620A phosphos i l i c a t e  
f i lm as s h o w n  in Fig.  3. The  w a f e r  was  ox id i zed  in  
d r y  o x y g e n  at  a t m o s p h e r i c  p r e s s u r e  at  970~ for  
90 min.  The  u p p e r  p lo t  was  o b t a i n e d  b y  e tch ing  for  
va r i ous  t imes  w i t h  P e t ch3  I t  shows  the  p h o s p h o -  
s i l i ca te  l a y e r  on top  of a 700A SiO2 l a y e r  thus  
v e r i f y i n g  the  h y p o t h e s i s  t ha t  d r y  o x y g e n  o x i d a t i o n  
also occurs  at  the  o x i d e - s i l i c o n  in te r face .  S i m i l a r  
r e su l t s  w e r e  o b t a i n e d  w i t h  va r i ous  phosphos i l i c a t e  
l a y e r s  and  a bo ros i l i c a t e  l a y e r  con ta in ing  a p p r o x -  
i m a t e l y  10% B203. 

In  conclus ion,  these  r e su l t s  show h o w  a d i l u t e  
se lec t ive  e tch  can  be  used  in  the  s t u d y  of f i lm sys -  
t ems  and,  p a r t i c u l a r l y ,  b y  s imple  t echn iques  show 
tha t  in t h e r m a l l y  ox id i zed  s i l icon b y  a t m o s p h e r i c  
s t e a m  or  d r y  oxyge n ,  o x i d a t i o n  occurs  at  t he  o x i d e -  
s i l icon in te r face .  
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A l t h o u g h  ca l c ium o r t h o v a n a d a t e  Ca~ ( V O 4 )  2 has  
been  k n o w n  since 1925, w h e n  T a m m a n n  (1)  ob -  
t a i n e d  i t  b y  s o l i d - s t a t e  r eac t i on  b e t w e e n  CaO and  
V205, t h e r e  is no p u b l i c a t i o n  on i ts  s t ruc tu re .  One  
r ea son  for  th is  m a y  be  t ha t  Ca3(VO4)2 is i s o m o r p h i c  
w i th  n e i t h e r  the  c o r r e s p o n d i n g  p h o s p h a t e  nor  w i t h  

t he  v a n a d a t e s  of s t r o n t i u m  and  b a r i u m .  The re fo re ,  
t he  l a t t i ce  p a r a m e t e r s  cou ld  not  r e a d i l y  be  d e r i v e d  
f r o m  p o w d e r  p a t t e r n s  and  r e q u i r e d  the  a v a i l a b i l i t y  
of l a r g e  s ingle  c rys ta l s .  

We  h a v e  g r o w n  s ingle  c rys t a l s  of Ca3(V04)2  up  
to 10 cm long and  1.25 cm in d i a m e t e r  b y  the  Czo-  



874 JOURNAL OF THE ELECTROCHEMICAL SOCIETY Ju ly  1964 

c h r a l s k i  (2)  t echn ique ,  e m p l o y i n g  a 25 k w  W e s t i n g -  
house  r a d i o - f r e q u e n c y  gene ra to r ,  450 kc / sec .  A n  
a u t o m a t i c  r a d i o - f r e q u e n c y  vo l t age  con t ro l l e r ,  r e g u -  
l a t i n g  to 2.5%, was  used  in c o n j u n c t i o n  w i t h  t he  
gene ra to r .  The  m e l t  was  con t a ined  in a 60% P t - 4 0 %  
R h  c r u c i b l e  and  the  t e m p e r a t u r e  o b s e r v e d  w i t h  an  
op t i ca l  p y r o m e t e r .  The  a p p a r e n t  m e l t i n g  po in t  was  
1430~ A n  occas iona l  check  w i t h  a P t / P t  13% Rh  
t h e r m o c o u p l e  i n d i c a t e d  t h a t  t he  op t i ca l  m e a s u r e -  
m e n t  was  a b o u t  40~ too low;  hence,  t he  t r u e  m e l t -  
ing  p o i n t  is a b o u t  1470 ~ . 

The  s t a r t i n g  m a t e r i a l  was  o b t a i n e d  b y  i n t e r a c t i n g  
CaCO3 w i t h  Ca2V2OT, w h i c h  had  been  p r e p a r e d  b y  
p r e c i p i t a t i o n  f r o m  pur i f i ed  so lu t ions  of ca l c ium n i -  
t r a t e  and  a m m o n i u m  m e t a v a n a d a t e .  W h i l e  Ca2V20~ 
is a d i s t inc t  l e m o n - y e l l o w  color,  Caa(VO4)2 in  t he  
p o l y c r y s t a l l i n e  s t a t e  is p r a c t i c a l l y  colorless .  The  
p u l l e d  s ingle  c rys t a l s  a l w a y s  h a d  a v e r y  l i gh t  
o r a n g e - y e l l o w  color,  w h i c h  thus  f a r  has  no t  been  
a s soc ia t ed  w i t h  a n y  specific i m p u r i t y .  Spec t ro scop i c  
as w e l l  as x - r a y  f luorescence  ana lys i s ,  in c o m p a r i s o n  
w i t h  a "g lass  c l ea r "  s a m p l e  of CaMoO4, i n d i c a t e d  
on ly  such  e l e m e n t s  as S r  a n d  Ba p r e s e n t  in  g r e a t e r  
q u a n t i t i e s  t h a n  in the  a b s o l u t e l y  color less  CalVioO4. 
X - r a y  f luorescence  ana lys i s  gave :  CaO, 48.20% 
V205--~ 52.05% (calc . :  CaO, 48.05; V205, 51.95) for  
t he  compos i t i on  of a g r o w n  c rys ta l .  

W e  suspec t ,  t he re fo re ,  t h a t  the  VO4 -a  g roup  m a y  
i n d e e d  be  s l i g h t l y  co lo red  i n t r i n s i ca l l y .  In  v i e w  of 
t he  dec r ea s ing  i n t e n s i t y  of color  of t he  n e i g h b o r i n g  
i soe lec t r i c  an ion  g roups ,  MnO4 -1 and  CrO4 -2, th is  
conc lus ion  a p p e a r s  qu i t e  r ea sonab le .  

X - r a y  e x a m i n a t i o n  b y  osc i l l a t ion  and  W e i s s e n b e r g  
m e t h o d s  of a sec t ion  cut  f r o m  a 1O cm c r y s t a l  gave  

the  fo l lowing  p a r a m e t e r s :  ao = 8.35A; bo = I0 .77A; 
Co-----7.00A; f l z  95.0 ~ The  mos t  p r o b a b l e  space  
g r o u p  is C~h C 2/c.  The  x - r a y  d e n s i t y  is 3.55 

g .m1-1 ,  w h i c h  checks  c lose ly  w i t h  t he  p y c n o m e t r i -  
ca l ly  d e t e r m i n e d  d e n s i t y  of 3.49 g.  m1-1. 

P u r e  Ca3(VO4)2 does  no t  f luoresce at  r o o m  t e m -  
p e r a t u r e  in  e i t he r  2537 or  3660A u l t r a v i o l e t  r a d i a -  
t ion.  H o w e v e r ,  w h e n  i r r a d i a t e d  at  - -196~ y e l l o w  
f luorescence  is obse rved .  

S ince  the  ionic  r a d i u s  of Ca +2 is a b o u t  t he  
s ame  as t he  a v e r a g e  of t h e  t r i v a l e n t  r a r e  ear ths ,  
t he  l a t t e r  can be  r e a d i l y  i n t r o d u c e d  in the  l a t t i ce  
of Ca3(VO4)2 if  e l e c t r o n e u t r a l i t y  is r e s t o r e d  b y  
c o m p e n s a t i o n  w i t h  N a  +~ as in  t he  t y p i c a l  c o m p o u n d  
Lnx+SNax+lCas-2x(VO4)2 or  w i t h  Ti +4 as in  a c o m -  
p o u n d  of t he  g e n e r a l  t y p e  Ln2xCa3-2x(Vl-xTixO4)2. 

S tud i e s  of t he  f luorescen t  emiss ion  of v a r i o u s  r a r e  
e a r t h  ions in Ca3(VO4)2 w i l l  be  the  sub j e c t  of a fu -  
t u r e  and  m o r e  d e t a i l e d  pub l i ca t i on .  A n  in tense  
f luorescence  emiss ion  at  1.063~ is o b s e r v e d  a t  
- -196~ f r o m  N d  8+ d o p e d  Ca3(VO4)2 w h e n  s o d i u m  
c o m p e n s a t i o n  is used.  The  emiss ion  l ines  a r e  n a r -  
r o w e r  and  f e w e r  in n u m b e r  t h a n  those  o b s e r v e d  for  
n e o d y m i u m  in CaWO4 and  CaMoO4. E x p e r i m e n t s  to 
p r o d u c e  l a se r  q u a l i t y  c r y s t a l s  of Caa (VO4)2 a r e  now 
u n d e r  way .  

Manuscr ip t  rece ived  March 28, 1964. 

A n y  discussion of this pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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The Preparation of Semi-Insulating Gallium Arsenide 
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The  p r e p a r a t i o n  of h igh  r e s i s t i v i t y  or  s e m i - i n -  
su l a t i ng  1 G a A s  has  been  r e p o r t e d  b y  s e v e r a l  l a b o -  
r a t o r i e s  us ing  a v a r i e t y  of m e t h o d s  (1 -12 ) .  F o r  e x -  
amp le ,  i t  has  been  p r e p a r e d  b y  c o m p e n s a t i o n  in -  
vo lv ing  copper  diffusion,  b y  a d d i t i o n  of oxygen ,  
b y  e x t e n s i v e  pur i f i ca t ion ,  t h a t  is, b y  v e r t i c a l  zoning,  
and  b y  dop ing  w i t h  i ron,  cobal t ,  o r  n ickel .  These  
me thods ,  h o w e v e r ,  h a v e  no t  been  a m e n a b l e  to t he  
p r e p a r a t i o n  of m a t e r i a l  w i t h  r e s i s t i v i t y  as h igh  as 
106 o h m - c m  b y  c r y s t a l  p u l l i n g  t echn iques .  A t t e m p t s  
to pu l l  s ing le  c ry s t a l  s e m i - i n s u l a t i n g  G a A s  b y  o x -  
y g e n  dop ing  a t  th is  l a b o r a t o r y  have  not  been  e n -  
t i r e l y  success fu l  m a i n l y  due  to the  f o r m a t i o n  of o x -  
ides  on the  m e l t  sur face .  

z T h e  t e r m  " s e m i - i n s u l a t i n g "  w a s  f i r s t  u s e d  by  A l l e n  (2) to d e -  
s c r i b e  m a t e r i a l s  w h o s e  res i s t iv i t i e s  are  so h i g h  t h a t  t h e  t e r m  " s e m i -  
c o n d u c t o r "  s e e m s  i n a p p r o p r i a t e .  F o r  a m o r e  p r e c i s e  d e f i n i t i o n ,  w e  
p r o p o s e  f o r  t h e  p u r p o s e  of t h i s  p a p e r  to de f ine  as " s e m i - i n s u l a t i n g , "  
m a t e r i a l  w h o s e  r e s i s t i v i t y  l i e s  i n  t h e  r a n g e  10~-10~ o h m - c m .  T h i s  
r a n g e  is t h e  u p p e r  h a l f  of  t h e  lO-4-10ze o h m - c m  a r b i t r a r y  l i m i t s  b e -  
t w e e n  c o n d u c t o r s  a n d  insu la tors  s u g g e s t e d  by  S p e a k e  (13 ) .  

Experimental Results 
Our  e x p e r i m e n t s  have  s h o w n  tha t  s e m i - i n s u l a t i n g  

G a A s  w i t h  room t e m p e r a t u r e  r e s i s t i v i t y  a t  l0  s o h m -  
c m  can  b e  p u l l e d  cons i s t en t ly  b y  dop ing  w i t h  c h r o m -  
ium.  The  m i n i m u m  a m o u n t  of c h r o m i u m  r e q u i r e d  
is t ha t  c o n c e n t r a t i o n  w h i c h  j u s t  exceeds  t he  con-  
c e n t r a t i o n  of the  u sua l  r e s i d u a l  n - t y p e  i m p u r i t i e s  
such as su l fur ,  t e l l u r i u m ,  or  si l icon.  O n l y  on one 
occasion was  low r e s i s t i v i t y  m a t e r i a l  o b t a i n e d  a f t e r  
the  i n t r o d u c t i o n  of c h r o m i u m .  This  c r y s t a l  was  
g r o w n  be fo re  an  effect ive  s e g r e g a t i o n  coefficient for  
c h r o m i u m  had  been  m e a s u r e d  and  was  s h o w n  b y  
s p e c t r o g r a p h i c  a n a l y s i s  to  con ta in  a h i g h e r  t h a n  
n o r m a l  s i l icon content .  S u b s e q u e n t  c ry s t a l s  w e r e  
g r o w n  w i t h  c h r o m i u m  con ten t s  on the  o r d e r  of a 
few p a r t s  p e r  m i l l i on  or  less and  have  a l l  been  of 

the  s e m i - i n s u l a t i n g  v a r i e t y .  
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Table I. Properties of chromium-doped GaAs at 300~ Table II. Cr 51 in GaAs crystal 217 (300~ 
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Type  RH/p 
Cr By By Cr content  RE (em2/ p 

ana lys i s  RH RH/p I-Iall t he r -  (cm-~) (cm3/coulomb) v-sec)  (ohm-em)  
(ppm (cma/ (cm2/ p coeffi- ma l  

Crysta l  by wt) coulomb) v-sec)  (ohm-cm) cient  probe 

3-37 
3-41 0.4 2.8 • 102 
3-42 0.2-0.5 8.8 X 101~ 
3-44 0.4 3.5 • 1011 
3-45* 0.4-0.5 3.0 X l0 s 

4.0 • 1011 
555-215 1.8 3.2 • 1011 
555-216 3.5 2.9 • 1012 

3-50 360-400 1.3 • 101o 

0.2-0.3 1.2 • 1011 1130 1.06 X l0 s n p 
2120 1.34 ><10 -1 n n 

256 3.43 X 108 n p 
630 5.61 X 10 s n p 
- -  3.30 • l0 s n n 

1120 2.84 X l0 s n p 
693 4.17 X l0 s n p 
614 2.15 X 10 s n p 

* Crys ta l  3-45 inhomogeneous .  Two values  for  Hall  coefficient are  
m e a s u r e m e n t s  a t  each end of sample .  

The crys ta ls  were  al l  pu l l ed  on the (111) d i rec-  
t ion f rom mel ts  compounded  in  the crys ta l  pul ler .  
The detai ls  of this appa ra tu s  and  its m a n i p u l a t i o n  
have  been  descr ibed p rev ious ly  (14).  The ch romium,  
in  pe l le t  form, was  added d i rec t ly  to the g a l l i um 
which  was  con ta ined  in  an  a l u m i n a  crucible  su r -  
r o u n d e d  by  a S iC-coa ted  g raph i t e  susceptor.  The 
p u r i t y  of the ga l l i um was 99.9999% whi le  the  a r -  
senic was an  e q u i v a l e n t  grade  m a d e  at Texas  I n s t r u -  
ments .  The tota l  charge  weigh t  was  abou t  90g 
which  inc luded  abou t  10% excess of a rsenic  over  
the s to ichiometr ic  quan t i ty .  The c h r o m i u m  con ten t  
of each charge  was  b e t w e e n  100 and  200 rag. 

The m a t e r i a l  was  c o m p o u n d e d  s lowly  over  a 
per iod  of abou t  1 hr. Crys ta ls  were  pu l l ed  at  a 
w i t h d r a w a l  ra te  of 1.5 i n . / h r  w i th  a ro ta t ion  speed 
of 25 rpm.  The crys ta ls  t end  to grow in  w h a t  is ap -  
p r o x i m a t e l y  a t e t r a h e d r a l  shape and  up  to abou t  
75% of the  charge weigh t  can  be pul led .  The  c rys -  
tals were  cooled s lowly  to room t e m p e r a t u r e  and  
the i r  surface  which  was  b r igh t  and  sh iny  was  a p -  
p a r e n t l y  oxide free. Crys ta ls  g r o w n  u n d e r  these 
same condi t ions  b u t  w i thou t  add i t ion  of c h r o m i u m  
have  cons i s ten t ly  been  low res i s t iv i ty  n - t y p e  w i th  
excess car r ie r  concen t ra t ions  in  the  low 1016 cm -3 
range.  

Some da ta  t a k e n  f rom a series of c h r o m i u m - d o p e d  
crysta ls  are shown in  Tab le  I. The c h r o m i u m  con-  
t en t  was  ob ta ined  by  emiss ion  spect rographic  a n a l -  
ysis. Wi th  the  except ion  of c rys ta l  3-41, r e f e r r ed  to 
ear l ier ,  al l  of the crysta ls  are s emi - in su l a t i ng .  It  
is i n t e re s t ing  to note  tha t  whi le  s ign of the  Hal l  
coefficient indica tes  n - t y p e  m a t e r i a l  in  eve ry  case, 
the s ign of the  the rmoe lec t r i c  power  d e t e r m i n e d  by  
e l ec t romete r  m e a s u r e m e n t  indicates  p - t y p e  m a t e -  
r ia l  in  all  cases bu t  one. The  same resu l t  was  ob-  
t a ined  whe the r  contact  was m a d e  d i rec t ly  to the  
sample  or by  me l t i ng  i n d i u m  dots on the sample  su r -  
face at  abou t  375 ~ S imi l a r  m e a s u r e m e n t s  on semi -  
i n su l a t i ng  samples  which  were  no t  doped wi th  
c h r o m i u m  have  cons i s t en t ly  checked n - t y p e  by  
thermoelec t r i c  power  in  ag r eemen t  w i th  the s ign 
of the  Hal l  coefficient. The  difference in  conduc t ion  
type  as m e a s u r e d  by  Hal l  coefficient and  t h e r m o -  
electric power  for the c h r o m i u m - d o p e d  samples  
would  o rd ina r i l y  be expected  to occur on ly  w h e n  
the hole and  e lec t ron  concen t ra t ions  are n e a r l y  

Slice No. 5 1.03 X 1017 9.7 X 1011 1920 5.1 X l0 s 
Slice No. 5 1.56 • I0 I~ 1.5 X 1011 395 3.8 X l0 s 

equal ,  bu t  due to the  large mob i l i t y  difference be -  
t w e e n  holes and  e lect rons  in  GaAs there  is a w ide r  
r ange  of hole a nd  e lec t ron  concen t ra t ions  over  which  
this effect can occur, since the mob i l i t y  ra t io  en te rs  
as the  square  in  d e t e r m i n i n g  the  s ign of the  Hal l  
coefficient. In  a g r e e m e n t  w i th  this  possible  e x p l a n a -  
t ion  we do find tha t  the Ha l l  mobi l i t i es  are gene ra l l y  
low as wou ld  be p red ic ted  f rom this  model .  A n o t h e r  
possible  e x p l a n a t i o n  for  this  anoma lous  behav io r  
of conduc t ion  type  wou ld  be the  exis tence  of smal l  
n - t y p e  regions  in  the  p r e d o m i n a n t l y  p - t y p e  samples  
which  inf luence  the  s ign of the Hal l  coefficient due 
to the  g rea te r  mob i l i t y  of electrons.  This  seems u n -  
l ikely,  however ,  in  v iew of the  u n i f o r m  d i s t r i bu t ion  
of c h r o m i u m  as show n  by  the au torad iograms .  

In  order  to m e a s u r e  the  effective segrega t ion  co- 
efficient and  the  u n i f o r m i t y  of d i s t r i bu t i on  of 
c h r o m i u m  across the d iameter ,  c rys ta l  217 was  
g r ow n  w i t h  the  add i t ion  of 211 mg of Cr 51 enr i ched  
c h r o m i u m  in  abou t  83g of mate r ia l .  A p p r o x i m a t e l y  
hal f  of the  to ta l  m e l t  was  pul led.  The crys ta l  was 
cut  p e r p e n d i c u l a r  to the  g rowth  d i rec t ion  into 17 
slices, n u m b e r e d  f rom top to bo t tom,  a nd  the  
c h r o m i u m  con ten t  of each slice was counted.  Data  
f rom two slices n e a r  the  top and  bo t tom of the  
c rys ta l  are  shown  in  Table  II. A ga i n  the  res i s t iv i ty  
is in  the  l0  s o h m - c m  r a n g e  whi le  the  c h r o m i u m  
con ten t  var ies  by  a factor  of abou t  1.5 b e t w e e n  
these  two slices r e p r e s e n t i n g  to ta l  f rac t ions  solidified 
of 0.03 a nd  0.37, respect ive ly .  A u t o r a d i o g r a m s  of 
two of the  slices in  this  c rys ta l  show tha t  the  d is -  
t r i b u t i o n  of c h r o m i u m  across the d i a m e t e r  of this  
p a r t i c u l a r  c rys ta l  was  v e r y  u n i f o r m  wi th  no ev -  
idence  of " face t ing"  effects. A plot  of log C/Co vs. 
log ( l - X ) ,  w he r e  C a nd  Co re fe r  to the  c h r o m i u m  
concen t r a t i on  in  each slice a nd  the  in i t i a l  me l t  
r espec t ive ly  and  X is the  f rac t ion  solidified, y ie lds  
an  "effective segrega t ion  coefficient" of 6.4 x 10 -4. 

I n  one ins tance  a l a rge r  a m o u n t  of c h r o m i u m  
(about  1.5g) was  added  to the  me l t  to d e t e r m i n e  
w h e t h e r  the  e lectr ical  p roper t ies  would  be  affected. 
The  r e su l t ing  crystal ,  3-50, had  e lect r ical  p roper t ies  
s imi la r  to those con ta in ing  a p a r t  per  mi l l i on  or less 
c h r o m i u m  al though,  as shown  in  Tab le  I, this  c rys-  
ta l  con ta ined  at  least  400 p p m  chromium.  This  h igh  
c h r o m i u m  concen t r a t i on  is difficult to reconci le  w i th  
such a smal l  segrega t ion  coefficient and  therefore  
suggests  the  p resence  of a second phase.  In  this  
case the spec t rographic  analys is  was  checked and  
subs t a n t i a t e d  by  we t  chemica l  analysis .  Meta l -  
lographic  e x a m i n a t i o n  of a section of this  c rys ta l  
disclosed the  presence  of smal l  inclusions ,  meta l l i c  
in  appearance ,  wh ich  we be l ieve  are prec ip i ta tes  of 
c h r o m i u m  or a c h r o m i u m  compound.  A t t e m p t s  to 
confirm the i r  i den t i t y  w i th  e lec t ron  dif f ract ion t ech-  
n iques  have  no t  ye t  been  successful.  S i mi l a r  m e t a l -  
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lographic  e x a m i n a t i o n s  of crysta ls  whose c h r o m i u m  
con ten t  are in  the low par t  per  mi l l ion  range  showed 
no evidence  of these  precipi ta tes .  

Discussion 
C h r o m i u m  doping  is a c o n v e n i e n t  and  v e r y  r e l i -  

able  me thod  for p roduc ing  s e m i - i n s u l a t i n g  GaAs. 
Whi le  we canno t  as ye t  w i t h  c e r t a i n ty  iden t i fy  the  
m e c h a n i s m  by  which  this  occurs, we  can ru le  out  
some of the possible exp lana t ions .  

If c h r o m i u m  in t roduced  a deep donor  level  one 
should sti l l  observe  low res is t iv i ty  n - t y p e  mate r ia l ,  
s ince these crysta ls  wou ld  have  been  low res i s t iv -  
i ty  n - t y p e  w i thou t  add ing  chromium.  Thus  the  
fact tha t  c h r o m i u m  a lways  produces  s e m i - i n s u l a t -  
ing m a t e r i a l  is an  ind ica t ion  tha t  it  e i ther  in t roduces  
an  acceptor  or reduces  the donor  concen t r a t i on  
enough  to expose a deep level.  To test  this  h y -  
pothesis fu r the r ,  c rys ta l  3-59 was  g rown  doped w i t h  
both  t e l l u r i u m  and  ch romium.  Sufficient t e l l u r i u m  
was added to the charge to produce  a c rys ta l  whose 
excess n - t y p e  car r ie r  concen t r a t i on  should r ange  
f rom 10 TM cm -3 to 1017 cm -3. The correct  mel t  con-  
cen t r a t i on  had  b e e n  d e t e r m i n e d  f rom m a n y  prev ious  
t e l l u r i u m - d o p e d  crystals.  A n  a m o u n t  of c h r o m i u m  
ca lcu la ted  to exceed the  t e l l u r i u m  concen t r a t i on  at 
the  first to freeze po r t i on  of the  crys ta l  was  also 
added. Most of the  r e su l t i ng  crys ta l  was aga in  semi -  
insu la t ing ,  and  the  e lect r ical  da ta  shown in  Table  
I I I  ind ica te  l i t t le  if a n y  difference b e t w e e n  this  
c rys ta l  and  those g r o w n  doped only  wi th  ch romium.  
Near  the  ve ry  bot tom, this  c rys ta l  a b r u p t l y  changed  
to low res i s t iv i ty  n - t y p e ,  p r e s u m a b l y  whe r e  the  
t e l l u r i u m  concen t r a t i on  exceeded the c h r o m i u m  
concen t r a t i on  as a resu l t  of the  l imi t ed  so lubi l i ty  
of the la t ter .  S imi la r  a t t empt s  to coun te r  dope wi th  
a sha l low acceptor,  for example ,  m a n g a n e s e  or zinc, 
in  mel ts  con ta in ing  c h r o m i u m  have  not  p roduced  
s e m i - i n s u l a t i n g  m a t e r i a l  (Table  I I I ) ,  a l though  a n a l -  
ysis of the  crysta ls  shows tha t  c h r o m i u m  was p re s -  
ent  in  a m o u n t s  in  excess over  o ther  impur i t i es .  The 
hole concen t ra t ions  in  the p - t y p e  ma te r i a l s  ob-  
t a ined  were  somewha t  lower  t h a n  expected.  This 
effect, poss ib ly  the resu l t  of complex  fo rma t i on  i n -  
vo lv ing  chromium,  is u n d e r  inves t iga t ion  and  wi l l  
be the sub jec t  of a n o t h e r  paper .  

The re  are at  least  th ree  o ther  possible  e x p l a n a -  
t ions for the role of c h r o m i u m  in  GaAs which  should 
be considered.  

1. Chromium,  by  get ter ing ,  reduces  the concen-  
t r a t i on  of sha l low donors  to expose an  exis t ing  
deep donor  level  w h e n  ND ~ NA and  NDD ~ ( N A - - N D ) .  

2. C h r o m i u m  is a r e l a t i ve ly  sha l low acceptor  
which  compensa tes  the shal low donors  to expose an  
exis t ing  deep donor  leve l  w h e n  N A ~ ND and  NDD 

(NA--ND). 

Table III. Properties of Cr-doped GaAs counter-doped with 
Te and Mn, at 300~ 

Crys- Analysis RH (cmS/ Fti~/p p 1/:RHe 
tal  (ppm by wt) coulomb) (cm~/v-sec) (ohm-cm) (cm -3) 

3-59 5Cr, 2Te* 6.5 X 1011 1.7 X 103 3.9 X l0 s 
3-60 8Cr, lMn 6.5 X 108 1.6 X 102 4.1 X 101 9.6 X 1014 

* Te and Cr content of crystals 3-59 determined by solids mass 
spectrographic analysis. 

3. C h r o m i u m  in t roduces  a deep acceptor,  (NAA) 
possibly  in  c o m b i n a t i o n  w i th  a defect  or other  im-  
p u r i t y  which  is r evea led  w h e n  NAA > (ND--NA) 
p rov ided  tha t  N D  ~ NA. 

At  this  t ime  we feel  the  ev idence  weighs  aga ins t  
a ge t te r ing  act ion such as has b e e n  ascr ibed to t a n -  
t a l u m  in  the  g rowth  of h igh  res i s t iv i ty  A1Sb by  
Shaw and  McKel l  (15),  for example .  The  evidence  
they  got for this m e c h a n i s m  was a lower ing  of the 
hole concen t r a t i on  accompanied  by  an  increase  in  
mob i l i t y  wi th  the add i t ion  of t a n t a l u m ,  ind ica t ing  
r e mova l  of sca t te r ing  centers  r a the r  t h a n  c ompen -  
sation.  In  our  case the mobi l i t ies  in  the  c h r o m i u m -  
doped s e m i - i n s u l a t i n g  GaAs are m u c h  lower  t h a n  
expected,  and  in  the low res i s t iv i ty  n - t y p e  crys ta l  
(3-41)  which  did con ta in  some c h r o m i u m  the  mo-  
b i l i ty  was 2100 cm2/v-sec,  also a r a the r  low va lue  
for pu l led  crysta ls  wi th  this  car r ie r  concent ra t ion .  

The  n e x t  two exp l ana t i ons  i nvo l v i ng  c h r o m i u m  as 
an  acceptor  are somewha t  more  plausible .  If c h r o m -  
i um were  a r e l a t ive ly  sha l low acceptor  it  wou ld  ac tu -  
a l ly  be a secondary  cause of s e m i - i n s u l a t i n g  mate r ia l ,  
the  p r i m a r y  cause be ing  a deep level  a l r eady  pres -  
ent.  In  suppor t  of this  e x p l a n a t i o n  is the fact  tha t  
plots of log res i s t iv i ty  vs. rec iprocal  t e m p e r a t u r e  for 
severa l  samples  of c h r o m i u m  doped m a t e r i a l  show 
slopes cor responding  to energies  r a n g i n g  f rom 0.73 
to 0.80 e lec t ron volts.  This  is r e m a r k a b l y  close to 
tha t  r epor ted  for s e m i - i n s u l a t i n g  GaAs which  con-  
t a ined  no c h r o m i u m  (4, 5). However ,  ca lcu la t ions  
have  shown  tha t  if the  deep level  a l r eady  p resen t  
is a donor ,  ch romium,  as a sha l low acceptor  mus t  
compensa te  the  donors  p resen t  r a the r  exact ly .  Since 
we expect  some va r i a t i on  in  bo th  shal low and  deep 
donor  concent ra t ions ,  it seems u n l i k e l y  tha t  we 
wou ld  ob ta in  such cons is ten t  resul ts ,  un less  some 
au tomat ic  compensa t ion  m e c h a n i s m  as discussed by  
A l l e n  (2) were  operat ive.  

C h r o m i u m  as a deep acceptor  would  not  r equ i re  
such close compensa t ion  a nd  perhaps  is a more  
s t r a igh t fo rward  exp lana t ion .  A deep level  is cer-  
t a in ly  p resen t  and  c h r o m i u m  behaves  as if it  were  
an acceptor. The exact  loca t ion  of the c h r o m i u m  
level  however  is sti l l  u n c e r t a i n  and  wi l l  r equ i r e  
f u r t he r  inves t iga t ion ,  possibly  luminescence ,  pho to-  
conduct iv i ty ,  and  i n f r a r e d  absorp t ion  m e a s u r e m e n t s .  

Regardless  of the  exact  n a t u r e  of the  m e c h a n i s m  
involved,  the p r e p a r a t i o n  of s e m i - i n s u l a t i n g  GaAs 
by  c h r o m i u m  doping has severa l  advan tages :  

1. The doping can be car r ied  out  easi ly  in  ver t ica l  
c rys ta l  pu l l ing  e q u i p m e n t  and  thus  provides  a 
source of large s ingle  crysta ls  of cont ro l led  o r i e n t a -  
t ion. 

2. U n d e r  reasonab le  p recau t ions  which  m a i n t a i n  
pur i ty ,  the  doping concen t r a t i on  which  achieves 
s e m i - i n s u l a t i n g  ma te r i a l  is not  a r ea l ly  cr i t ical  
factor, it  be ing  necessary  on ly  to exceed the  con-  
c e n t r a t i o n  of the usua l  r es idua l  n - t y p e  impur i t ies .  
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L a y e r s  of  s i l icon w i t h  c r y s t a l l i t e s  up  to 0.3 x 0.7 
cm w e r e  p r e p a r e d  on g r a p h i t e  b y  a zone m e l t i n g  
t echn ique .  V a p o r  depos i t i on  of s i l icon on fo r e ign  
s u b s t r a t e s  b y  a c h e m i c a l  decompos i t i on  r e a c t i o n  
(1, 2) y i e ld s  l a y e r s  w i t h  v e r y  s m a l l  c r y s t a l l i t e s  
r a n g i n g  f r o m  2 to 200~ across  (Fig .  1).  S u b s t a n t i a l  
i nc reases  in t he  size of t he  c r y s t a l l i t e s  (F ig .  2) can  
be  r e a l i z e d  b y  pass ing  a m o l t e n  zone  t h r o u g h  t h e  
depos i t ed  l a y e r  and  effect ing a con t ro l l ed  r e c r y s -  
t a l l i z a t i on  in  the  l aye r .  The  zone  m e l t i n g  is ac -  
c o m p l i s h e d  us ing  a 2.5 k w  r.f. g e n e r a t o r  as p o w e r  
source,  a n d  the  m e l t i n g  s tep  is c a r r i e d  out  in  a rgon.  
A l t h o u g h  the  in i t i a l  depos i t i on  s tep  can  be  c a r r i e d  
ou t  w i t h  v i r t u a l l y  a n y  g raph i t e ,  t h e  m e l t i n g  s tep  
w a s  m u c h  m o r e  c r i t i ca l  in  th is  r e g a r d .  A v a r i e t y  of 
g r a p h i t e s  w e r e  t e s t ed  a n d  f o u n d  w a n t i n g ,  due  to 
p e n e t r a t i o n  of the  m o l t e n  s i l icon into  the  s u b s t r a t e  
w h i c h  p r o d u c e d  f r a c t i o n i n g  of the  suppor t .  A g r a p h -  
i te  1 w i t h  a sc le roscope  h a r d n e s s  of 72 and  m o d e r a t e  

I Un*ted Carbon-UT I. 

density (1.65) was found to react with molten sil- 
icon at the graphite surface forming a SiC film. 
Residual silicon remained on the surface forming a 

semiconductor layer. 
All graphites tested produced silicon layers with 

varying acceptor (p-type) levels undoubtedly due 
to group III impurities in the graphite. To produce 
uniformly and heavily n-doped layers the graphite 
slabs were pretreated with P205 in methylcello- 
solve. Employing this technique, layers could be 
produced with the following characteristics: n-type, 
1-2 ohm-cm resistivity, ~ ~ 190 cm ~ v -I sec -I and 
r = 0.5-1 ~sec. The very low mobility presumably 
arises from the general imperfection and contam- 

ination of the layers. 

Preparation o~ Devices 

Mesa diodes.--To t he  p o l y c r y s t a l l i n e  s i l icon l a y e r  
was  a p p l i e d  a so lu t ion  of B2Oa in ce l loso lve  ( 5 0 % ) ,  
and  the  l a y e r  was  i n s e r t e d  into  a q u a r t z  d i f fus ion 

Fig. 1. Photomicrograph of surface of vapor deposited silicon Fig. 2. Photomicrograph of zone melted silicon layer showing 
layer on graphite. Magnification. enlarged crystallites. Magnification. 
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appara tus .  The  assembly  was  pu rged  wi th  N2 for  
15 rain, closed off, and  inse r ted  into a Globa r  f u r -  
nace set to 1523~ Diffusion was  con t inued  for 17 
hr. The a s sembly  was r emoved  f rom the fu rnace  
and  a l lowed to cool to room t e m p e r a t u r e .  

The l aye r  was  t r ea ted  wi th  hydrof luor ic  acid for 
30 to 60 sec to r emove  a n e u t r a l  g lass - l ike  fi lm 
which  forms d u r i n g  the diffusion operat ion.  Fo l -  
lowing  this  opera t ion  the  si l icon was  t h e r m a l l y  
p robed  and  was  found  to be s t rong ly  p - type ,  d e m -  
ons t r a t i ng  tha t  boron  diffusion had  occurred.  The 
f resh ly  etched surface  was  covered w i th  1-2 m m  
dots of an  acid r e s i s t an t  wax  (Apiezon  W) dissolved 
in  to luene,  and  the l aye r  was exposed to an  IR hea t  
l amp to dr ive  off the  so lvent  l eav ing  the d ry  wax.  
The  assembly  was etched in  modified CP-4  (5HNO3 
: 3HF : 3HOAc) for 1 to 2 ra in  and  i m m e d i a t e l y  
quenched  in  dis t i l led water .  The wax  was r e move d  
f rom the  etch p roduced  mesa  w i th  to luene,  and  the  
l aye r  was  f inal ly  washed  wi th  dis t i l led  w a t e r  a nd  
air  dried. Reverse  character is t ics  were  m e a s u r e d  
d y n a m i c a l l y  us ing  an  oscilloscope. The mesas  ex -  
h ib i ted  PIV 's  r a n g i n g  f rom 40 to 90v wi th  l eakage  
cu r ren t s  as low as 100/m. In  the  fo rwa rd  d i rec t ion  
mesas  2 m m  in d i ame te r  (0.03 cm ~) were  found  to 
pass 1.2 amp at  1v. This  wou ld  be  e q u i v a l e n t  to 

30 a m p / c m  2 at  lv .  
The mesa  area was  found  to affect c r i t ica l ly  the 

reverse  character is t ics  of the diode. F igure  3 is a 
plot  of reverse  c u r r e n t  ( l eakage)  vs. area  for four  
mesas  formed on one l aye r  of po lyc rys t a l l i ne  s i l -  
icon. Leakage  c u r r e n t  va r i ed  f rom 150 ~a for a mesa  
of 0.0075 cm 2 to 600 /~a at 0.05 cm 2. Mesas l a rge r  
t h a n  0.05 cm 2 gave p rogress ive ly  poorer  reverse  
character is t ics ,  and  at an  area of 0.2 cm 2 rect if ica-  
t ion was v i r t u a l l y  e l imina ted .  

Photovoltaic cel ls . - -The si l icon on g raph i te  piece 
was  placed in  a qua r t z  appa ra tu s  which  was  e v a c u -  
a ted to 1 m m  Hg pressure .  Gaseous  BC]3 was  i n t r o -  
duced into the  sys tem pressure  of 150 m m  Hg, and  
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Fig. 4. Voltages and currents of photovoltaic diodes at various loads 

the sealed a m p u l e  was  in se r t ed  into a Globa r  f u r -  
nace  held  at  1323~ The  diffusion was  con t inued  
for 5 hr. Fo l lowing  the  diffusion the a s sembly  was  
r e move d  f rom the  fu rnace  a nd  a l lowed to cool 
n a t u r a l l y  to room t empera tu re .  The piece was  cut  
into severa l  1 cm ~ sections, and  the  edges were  
ab ra ided  and  etched ( C P - 4 )  to avoid s h o r t - c i r c u i t -  
ing of the  p - l a y e r  to the  g raph i te  contact .  Edge 
contacts  were  p rov ided  to the p - l a y e r  by  chemica l ly  
p la t ing  n ickel  s t r ips  on the  uppe r  surface  t ak ing  
care to leave  the larges t  po r t ion  of the l ayer  free 
for i l l umina t ion .  

Leads were  t h e n  p rov ided  f rom the photovol ta ic  
cell to a Tr ip le t t  m u l t i m e t e r  (Model  630-NA)  and  
var ious  resis tors  were  inse r t ed  in  the c i rcui t  in  
pa ra l l e l  w i th  the  cell to enab le  one to e x a m i n e  the  
pe r f o r ma nc e  of the  cells u n d e r  different  load ing  con-  
dit ions.  F igure  4 shows the  resul ts  ob ta ined  wi th  
3 po lyc rys ta l l ine  cells a nd  a s t a n d a r d  s ingle  c rys-  
ta l  cell  (N9% efficient) .  The  c u r r e n t - v o l t a g e  cha r -  
acterist ics  we re  d e t e r m i n e d  at 100, 50, 30, 15, and  
10 ohms res is tance  u n d e r  iden t ica l  i l l u m i n a t i o n  con-  
d i t ions  (100 wa t t  l amp m o u n t e d  12 cm f rom the  
cel l ) .  Refe r r ing  to Fig. 4, it  can  be seen t ha t  the  
power  ou tpu t  ( IxV)  of the  po lyc rys t a l l i ne  cells 
most  closely approaches  the  s ingle  c rys ta l  cell at  
h igh loads (100-50 ohms)  and  the rea f t e r  falls off 
v e r y  rapidly .  The  m a x i m u m  power  ou tpu t  var ies  
for each cell i l l u s t r a t ed  in  Fig.  4 fa l l ing  at  a r o u n d  
15 ohms for cell No. 69B (6.5 m w / c m  2) a nd  a pp rox -  
i ma t e l y  at 30 ohms  for cell  No. 77A (3.1 m w / c m 2 ) .  
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As an  ad junc t  to the  deve lopmen t  of ep i tax ia l  
p rog rams  several  inves t iga tors  have  repor ted  u p o n  
the k ine t ics  of the  h y d r o g e n  r educ t ion  of SIC14 
(1-4)  and  SiC13H (5, 6). In  all  of these s tudies  flow- 
type  sys tems of one or more  designs were  used 
and,  wi th  the  excep t ion  of B y l a n d e r ' s  work,  no d i -  
rect  s tudy  was made  of the e tching  react ion.  

S i ( s )  + SiC14(g) = 2SiC12(g) [1] 

Sch~fer (7) has s tud ied  the  SiC14-Si sys tem to 
d e t e r m i n e  the  e q u i l i b r i u m  cons tan t  as a f unc t i on  
of t e m p e r a t u r e  by  means  of a m a n o m e t r i c  method.  
F r o m  his e q u i l i b r i u m  expe r imen t s  Sch~fer con-  
c luded tha t  the  on ly  i m p o r t a n t  gaseous species in  
e q u i l i b r i u m  wi th  solid si l icon were  SIC14 and  SIC12 
over  the t e m p e r a t u r e  r ange  1125~176 No s tudy  
of the e q u i l i b r i u m  of the  SiC14-H2-Si system, i.e., 
the h y d r o g e n  r educ t ion  of SIC14 

SiC14(g) + 2H2(g) ---- S i ( s )  + 4HCI(g)  [2] 

has ever  been  repor ted.  However ,  sufficient t h e r m o -  
d y n a m i c  da ta  are  ava i l ab le  to ca lcula te  e q u i l i b r i u m  
constants .  

In  the i r  s tudies  T h e u e r e r  (1) and  S t e i n m a i e r  (4) 
have  shown  that ,  as the  ra t io  of SiC14/He increases,  
the ra te  of deposi t ion increases  to a m a x i m u m  and  
then  decreases u n t i l  the ra te  ac tua l ly  becomes n e g a -  
tive. Cons ider ing  the work  of Sch~ifer it is r ea son -  
able  to assume tha t  the  observed  deposi t ion rates  
are  ac tua l ly  the  ne t  ra te  for two compe t ing  reac t ions  
[1] and  [2].  Such  a s i tua t ion  wou ld  exp la in  the 
observed  m a x i m u m  and  final nega t ive  rate,  a l -  
t hough  no  a t t emp t  has been  made  to mod i fy  the  
r educ t ion  da ta  in  these terms.  

Second, because  of the  n a t u r e  of flow sys tems the 
resul ts  of these inves t iga t ions  can  only  be i n t e r r e -  
la ted by  means  of a sys tem var iab le .  He inecke  and  
Ing (8) in  the i r  s tudy  of the  e tch ing  rates  of ger -  
m a n i u m  by  e l emen ta l  iodine found  tha t  they  could 
not  get r ep roduc ib le  k ine t ic  da ta  us ing  an  a tmos -  
pher ic  flow type  reactor.  As a resu l t  they  resor ted  
to a l o w - p r e s s u r e  sys tem f rom which  they  ob ta ined  
" t rue  k ine t ic  data ."  

S imi la r  resul ts  were  ob ta ined  in  this l abo ra to ry  
in  some in i t i a l  exper imen t s .  Us ing  h e l i u m  as a car-  
r ier  gas for the  SIC]4 an  ac t iva t ion  ene rgy  of ~ 5  
kcal  was  ob ta ined  which  ind ica ted  tha t  a mass 
t r an spo r t  p h e n o m e n o n  was the r a t e - c o n t r o l l i n g  step. 
F u r t h e r m o r e ,  it was observed tha t  the  etch rate  
was s igni f icant ly  affected by  the wafe r  o r i en ta t ion  
in  the reactor .  There fore  in  order  to inves t iga te  the 
SiC14-SiClsH-I-I2 k ine t ics  sys temat ica l ly ,  a l o w - p r e s -  
sure  stat ic  sys tem was devised to avoid the  p r ob -  

t P r e s e n t  a d d r e s s :  A i r t r o n ,  D i v i s i o n  of  L i t t o n  I n d u s t r i e s ,  Mor-  
r i s  P l a in s ,  N e w  Je r s ey .  

e P r e s e n t  a d d r e s s :  M e r c k  S h a r p  & D o h m e  Resea rch  Labora to r i e s ,  
D i v i s i o n  o f  Merck  & C o m p a n y ,  Inc,  
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siCI4 ~ FURNACE 

Fig. 1. Low pressure static system opparatus used to study 
SiCI4-Si kinetics. 

lems and  va r i ab les  associated wi th  f low- type  r e -  
actors. Cons ide r ing  al l  possible reac t ions  which  
could be s tudied  the  s imples t  react ion,  [1],  was  
used as a s t a r t ing  point ,  and  it is the  k inet ics  
of this  reac t ion  which  are repor ted  in  this paper.  

Experimental 
The appa ra tu s  as shown in  Fig. 1 was cons t ruc ted  

f rom P y r e x  glass wi th  the except ion  of the  reac -  
tor  i tself  which  was  made  of quar tz .  The p u m p i n g  
stage consisted of a fore pump,  diffusion pump,  and  
l iqu id  n i t rogen-coo led  trap.  The the rmocoup le  and  
ion gauges were  NRC types  501 and  518, respec-  
t ively.  The fu rnace  was cons t ruc ted  f rom an A l u n -  
d u m  core a nd  h e a v y  Nich rome  wind ing .  The t e m -  
p e r a t u r e  was  m e a s u r e d  w i th  a P t - P t :  13% Rh t h e r -  
mocouple  seated in  a wel l  w i t h i n  the reactor  and  
wi th  a L&N po ten t iome te r  for r ead ing  the  emf. In  
se t t ing  up the  reac tor  the the rmocoup le  was posi-  
t ioned  opposite the  cen te r  of the wafer .  

In  opera t ion  si l icon wafers  which  had  been  me-  
chan ica l ly  lapped  wi th  600 mesh  a l u m i n u m  oxide 
were  chemica l ly  pol ished wi th  CP-4  e tchant ,  
washed,  r insed  wi th  absolu te  me thano l ,  and  dr ied  
in  the reactor  u n d e r  vacuum.  The wafers  were  8 
mils  th ick  a nd  20 m m  in d iameter ,  h a v i n g  a 1 m m  
hole jus t  off cen te r  for suspension.  In  this  series 
on ly  < 1 1 1 >  • 1/2 ~ o r ien ted  wafers  were  used, and  
they  were  p - type ,  89-116 ohm-cm.  The wafe r  was  
suspended  f rom ca l ib ra ted  quar tz  spr ing  ( Worden  
La bo r a t o r y )  b y  me a ns  of a th in  qua r t z  fiber. The 
spr ings  had sensi t iv i t ies  of 5-7 m g / m m .  The sys tem 
was evacua ted  to ca. 2 x 10 -4 Tor r  and  then  0.5 
a t m  of h i g h - p u r i t y  d ry  hyd rogen  was admi t t ed  to 
the reac tor  chamber .  The  fu rnace  was  t h e n  ra ised 
and  the  wafe r  hea ted  in  the h y d r o g e n  a tmosphere  
for 1 hr. The sys tem was evacua ted  aga in  to 2 x 10 -4 
Torr.  SIC14 was t hen  admi t t ed  to a p ressure  of 30- 
260 Torr ,  a nd  the  spr ing  d i sp lacemen t  was  measu red  
by  me a ns  of a ca the tomete r  as a func t ion  of t ime. 
Two sets of e xpe r i me n t s  were  per formed,  one to 
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d e t e r m i n e  the p ressure  d e p e n d e n c y  at  a pa r t i cu l a r  
t e m p e r a t u r e  and  the  o ther  to d e t e r m i n e  the t e m -  
p e r a t u r e  d e p e n d e n c y  at a pa r t i cu l a r  pressure.  

Since the uppe r  pa r t  of the  reac tor  is m u c h  colder, 
the  reverse  reac t ion  

2SiCl2(g) = SiCl4(g) -F S t ( s )  [3] 

takes  place in  the  cooler por t ions  jus t  above the 
furnace .  By means  of reac t ion  [3] SIC14 is c o n t i n u -  
ously  be ing  gene ra t ed  and  can migra te  to the si l icon 
surface aga in  to be reac ted  wi th  it. As a conse-  
quence  of these react ions  [1] and  [3] the reactor  
operates  u n d e r  s t e ady - s t a t e  condit ions.  The slope 
of the  l ine  of a plot  of weight  loss vs .  t ime  is the 
ra te  for tha t  SIC14 pressure  and  t empe ra tu r e .  For  
most  of the r u n s  on ly  5-10% of the  tota l  wafe r  
weight  was consumed  wi th  no r educ t ion  in  wafe r  
d i ame te r  be ing  noted.  

Discussion 
Unlike the decomposition reaction of SiCl4, where 

the question has been raised as to whether or not 
the reaction occurs on or just near the silicon sur- 
face, the etching reaction must involve the silicon 
surface. The SIC14 pressure dependence for this 

reaction can be written most simply as follows 

R = K p "  [4] 

where  R is the  rate,  K a constant ,  p the SIC14 pres -  
sure  in  the system, and  n is the  pseudoreac t ion  
order.  

F igure  2 shows a log log 'plot of the  p ressure  vs .  

ra te  data  f rom which  the  slope of the l ine  or n has 
been  d e t e r m i n e d  to be one-ha l f .  The equa t ion  de-  
r ived  f rom the data  is 

R = 1.41 x 1017 p0.49 (T = l l l 0 ~  [5] 

where  R is expressed as a t . / cm 2 sec and  p is in  
a tmospheres .  

A n  i n t e r p r e t a t i o n  of the  observed  resul t s  is tha t  
the  surface is pa r t i a l l y  covered by  adsorbed  r eac t an t  
molecules  since the va lue  of n is one-ha l f .  For  a zero 
order  react ion,  one which  is p ressure  i ndependen t ,  
n would  thus  equa l  zero ind ica t ing  complete  s u r -  
face coverage by  adsorbed  r eac t an t  molecules .  The 
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other  case which  migh t  have  been  an t i c ipa ted  is 
tha t  the  surface wou ld  be ba re  or sparse ly  covered 
by  r eac t an t  molecules,  in  wh ich  case the  reac t ion  
would  be expecte  d to de mons t r a t e  a first o r d e r - t y p e  
p ressure  dependency ,  a nd  the  va l ue  of n w ou ld  be 
one. Thus,  the  conclusion,  based on an  i n t e r m e d i a t e  
va lue  of n, m u s t  be tha t  the  surface  is pa r t i a l l y  
covered by  adsorbed  molecules .  This  va l ue  of n 
should t hen  v a r y  wi th  t e m p e r a t u r e  a nd  approach  
one at  h igher  t e m p e r a t u r e s  w he r e  adsorp t ion  de-  
creases and  converse ly  approach  zero at lower  
reac t ion  t empera tu res .  A n  a l t e r na t e  i n t e r p r e t a t i o n  
of the  resul ts  rests  in  the poss ib i l i ty  tha t  the r e -  
act ion products ,  SIC12 molecules ,  m a y  be invo lved  
in  the  r a t e - d e t e r m i n i n g  step. In  this  case the  re -  
act ion is r e t a rded  by  the  adsorbed  products  s t rong ly  
held  on the  surface.  

The  genera l  ra te  equa t i on  which  m a y  t h e n  be 
w r i t t e n  is 

Preactant 
R = K  [6] 

Pproduct 

If it is a ssumed  tha t  e q u i l i b r i u m  condi t ions  are 
approached  n e a r  the surface  of the wafer ,  t h e n  the 
e q u i l i b r i u m  express ion  

Psicl2 2 
K = ~ [ 7 ]  

Psic14 

ma y  be solved for Psicl2 a nd  this  q u a n t i t y  subs t i -  
tu ted  in the ra te  equa t ion  to give the fo l lowing 
ra te  express ion  

R = K '  Psictt 1/2 [8] 

This a l t e rna t e  approach  is in  exce l len t  a g r e e m e n t  
wi th  the obse rved  r a t e - p r e s s u r e  dependency .  

The a s sumpt ion  of nea r  e q u i l i b r i u m  a t t a i n m e n t  
close to the surface  is not  u n r e a s o n a b l e  w h e n  it is 
cons idered  tha t  the sys tem is a stat ic type  in  which  
the products  m u s t  diffuse or be convected to  the 
cold regions  r a t h e r  t h a n  be swept  away  by  fresh 
un r e a c t e d  gases. 
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Fig. 2 Log rate vs .  log Psic14 plot for etching study at 1110~ Fig. 3. Arrhenius plot of rate data at Psic]4 ~ 112 Torr; rate = 
rate = 1.41 • 1017 p0A9; T ~ 110~ 10 ~-s e -49,100/Rr. 
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F i g u r e  3 shows  the  r a t e  vs. 1 /T  r e l a t i o n s h i p  f rom 
w h i c h  an  ac t i va t i on  e n e r g y  of  49 k c a l  was  c a l c u -  
l a t ed  for  t h e  reac t ion .  

E q u a t i o n  [9]  was  ca l cu l a t ed  b y  the  l eas t  m e a n  
s q u a r e  m e t h o d  to r e p r e s e n t  t he  d a t a  

R = 3.16 x 1024 e -49100/RT [9]  

The  ac t i va t i on  e n e r g y  of 49 kca l  w h e n  v i e w e d  in ac -  
c o r d a n c e  w i t h  h e t e r o g e n e o u s  r a t e  t h e o r y  is in a g r e e -  
m e n t  w i t h  e i t he r  of t he  p r o p o s e d  m e c h a n i s m s .  H o w -  
ever ,  for  a c h e m i c a l  r e a c t i o n  con t ro l l ed  m e c h a n i s m  
this  a c t i v a t i o n  e n e r g y  is on the  h igh  s ide  (8 -10 ) ,  
w h e r e a s  a d e s o r p t i o n  con t ro l l ed  m e c h a n i s m  w o u l d  
be e x p e c t e d  to h a v e  an  ac t i va t i on  e n e r g y  in th is  
r a n g e  (10) .  

U n f o r t u n a t e l y  t h e r e  is not  sufficient m o l e c u l a r  
cons t an t  d a t a  in the  l i t e r a t u r e  for  SiC12 to a l l ow a 
t h e o r e t i c a l  ca l cu l a t i on  to be  m a d e  for  e i t h e r  of t he  
mechan i sms .  

Manuscr ip t  rece ived  Dec. 20, 1963; rev ised  m a n u -  
scr ipt  rece ived  Jan.  24, 1964. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1965 JOURNAL. 

O F  S Y S T E M  St-SiC14 881 

REFERENCES 
1. H. C. Theuerer ,  This Journal, 108, 649 (1961). 
2. S. K. Tung, "The Influence of Process Pa rame te r s  

on the Growth  of Epi tax ia l  Silicon," in "Meta l -  
lu rgy  of Semiconductor  Materials ,  Meta l lurg ica l  
Society Conferences," J. B. Schroeder ,  Editor,  15, 
pp. 87-102, Interscience Publ ishers ,  New York  
(1961). 

3. E. G. Bylander ,  This Journal, 109, 1171 (1962). 
4. W. Ste inmaier ,  Philips Research Repts., 18, 75 

(1963). 
5. J. M. Char ig  and B. A. Joyce,  This Journal, 1{}9, 957 

(1962). 
6. R. Glang  and E. S. Wajda ,  "Sta tus  of Vapor  Growth  

in Semiconductor  Technology,"  in "Meta l lu rgy  of 
Semiconductor  Materials ,  Meta l lurg ica l  Society 
Conferences," J. B. Schroeder ,  Editor ,  15, pp. 
22-47, In tersc ience Publ ishers ,  New York  (1961). 

7. H. Sch~fer and J. Nickl,  Z. anorg, allgem. Chem., 
274, 250 (1953). 

8. W. J. Heinecke  and S. Ing, Jr. ,  J. Appl. Phys., 32, 
1498 (1961). 

9. J. I. Carasso and I. Stelzer,  J. Chem. Soc., 1797 
(1960). 

10. E. A. Moelwyn-Hughes ,  "Physica l  Chemis t ry ,"  2nd 
ed., pp. 1186-1199, Pe rgamon  Press,  New York  
(1961). 

Epitaxial Growth of Silicon Carbide 
R. W. Brander 

Central Research Laboratories, The General Electric Company Limited, 

Hirst Research Centre, Wembley, England 

Sing le  c r y s t a l  s i l icon c a r b i d e  is n o r m a l l y  g r o w n  
b y  the  v a p o r  phase  s u b l i m a t i o n  t echn ique ,  dev i sed  
b y  L e l y  (1) .  This  r e q u i r e s  t he  use  of v e r y  h igh  t e m -  
pe r a tu r e s ,  u s u a l l y  2500~ and  a cav i ty ,  a t  l eas t  
p a r t i a l l y  closed,  in o r d e r  to r e t a i n  s i l icon vapo r .  
E l a b o r a t e  h e a t  sh ie lds  and  a c c u r a t e l y  des igned  
h e a t e r s  a r e  r e q u i r e d  to ob t a in  t he  close con t ro l  of 
t e m p e r a t u r e  g r a d i e n t  n e c e s s a r y  for  the  g r o w t h  of 
flat p l a t e l e t s  of s ingle  p o l y t y p e .  

S i l i con  c a r b i d e  consis ts  of l a y e r s  of t e t r a h e d r a l l y  
b o n d e d  s i l icon a n d  c a r b o n  a toms,  s t a cked  in such 
a w a y  as to g ive  cubic,  r h o m b o h e d r a l ,  a n d / o r  h e x -  
agona l  s y m m e t r y .  The  c - d i m e n s i o n  of the  h e x a g o n a l  
un i t  cel l  in the  v a r i o u s  p o l y t y p e s  d e p e n d s  on the  
exac t  n u m b e r  of l a y e r s  n e c e s s a r y  for  the  a r r a n g e -  
m e n t  to r e p e a t  i t se l f .  

In  o r d e r  to o b t a i n  good  q u a l i t y  g r o w t h  i t  is e s -  
sen t i a l  to con t ro l  t he  f u r n a c e  cond i t ions  so as to 
p r o d u c e  on ly  a s l igh t  s u p e r s a t u r a t i o n  of  the  a m -  
bient ,  t hus  a l l o w i n g  the  m a t e r i a l  s t r i k i n g  the  s u r -  
face  to m i g r a t e  to l a t t i c e  s i tes  r a t h e r  t h a n  nuc l ea t e  
to f o r m  n e w  crys ta l s .  Too low a d e g r e e  of s a t u r a -  
t ion w i l l  a l l ow  the  c r y s t a l  su r f ace  to decompose .  
W i t h  a b i n a r y  c o m p o u n d  it  is also n e c e s s a r y  to p r o -  
v ide  the  co r rec t  q u a n t i t i e s  of t he  two  e lements .  A n  
excess ive  q u a n t i t y  of one spec ies  se t t l ing  on the  
su r face  wi l l  t e n d  to r e su l t  in the  f o r m a t i o n  of i n -  
c lus ions  in  t he  g r o w n  l aye r .  

The  n e c e s s a r y  v a p o r s  can  be  p r o d u c e d  e i the r  b y  
d e c o m p o s i n g  s i l icon ca rb ide ,  or  b y  c r a c k i n g  com-  
pounds  such as SIC14 and  CC14, or  b y  v a p o r i z i n g  the  
e l e m e n t s  s i l icon and  carbon .  The  first  m e n t i o n e d  

m e t h o d  r e s e m b l e s  c lose ly  the  v a p o r  phase  g r o w t h  
t e c h n i q u e  of L e l y  and  has  been  used  b y  H e r g e n -  
r o t h e r  et al. (2) .  I t  d id  no t  offer suff ic ient ly  v a r i -  
ab le  cond i t ions  for  the  p r e s e n t  e x p e r i m e n t s .  The  sec-  
ond m e t h o d  is s im i l a r  to t h a t  u sed  in the  g r o w t h  
of  f i - s i l icon  c a r b i d e  or  in s i l icon e p i t a x y  and  a p -  
p e a r s  to r e q u i r e  the  p re sence  of h y d r o g e n .  The  t h i r d  
m e t h o d  is s i m p l e r  to use  a n d  mos t  v a r i a b l e s  can  be  
a l t e r e d  i n d e p e n d e n t l y ,  hence  th is  t e c h n i q u e  was  
e m p l o y e d .  

Material Preparation 

H e x a g o n a l  s i l icon c a r b i d e  c rys t a l s  g r o w n  b y  the  
v a p o r  p h a s e  t e c h n i q u e  w e r e  used  t h r o u g h o u t  th is  
work .  The  c rys t a l s  w e r e  e i t h e r  o b t a i n e d  f rom the  
N o r t o n  Co., A r e n d a l  Co., or  w e r e  g r o w n  in th is  
L a b o r a t o r y  (3)  b y  a t e c h n i q u e  s im i l a r  to t ha t  d e -  
s c r i be d  b y  L e l y  (1) .  Bo th  flat  p a r a l l e l  s ided  p l a t e -  
le t s  and  b u l k y  c rys t a l s  w i t h  one t e r r a c e d  face  w e r e  
used.  L a p p i n g ,  po l i sh ing ,  and  e t ch ing  w e r e  c a r r i e d  
out  as r e q u i r e d .  

The  s t r u c t u r e  of s i l icon c a r b i d e  ~esul ts  in oppos i t e  
{0001} c r y s t a l  faces  be ing  t e r m i n a t e d  in d i f fe ren t  
a tomic  l ayers .  I t  has  been  o b s e r v e d  b y  F a u s t  (4)  
and  o the r s  t h a t  these  oppos i t e  faces  e tch  d i f fe ren t ly ,  
one face  e x h i b i t i n g  h e x a g o n a l  p i t s  w h i l e  the  o the r  
becomes  " w o r m y . "  In  th is  w o r k  the  c ry s t a l  face  
w h i c h  exh ib i t s  t he  h e x a g o n a l  p i t s  w i l l  be  r e f e r r e d  
to  as  t h e  "p"  face,  and  o t h e r  as t he  "q"  face. The  
g r o w t h  on bo th  {0001} faces  was  s t u d i e d  and  the  
effect  of s u b s t r a t e  q u a l i t y  on the  p e r f e c t i o n  of 
g r o w t h  e x a m i n e d .  Su r f aces  w i t h  v a r i o u s  deg rees  of 
f la tness  w e r e  o b t a i n e d  b y  e i t h e r  l a p p i n g  w i t h  800 
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Fig. 1. Schematic diagram of furnace 

Norbide,  pol i sh ing  w i th  1200 a l u m i n a  or 1~ d iamond ,  
or chemica l ly  e tching  in  50% K O H / K N O 3  or NaOH. 
The  u n t r e a t e d  surfaces of flat p la te le t s  g rown  by  
the vapor  phase t echn ique  were  also e x a m i n e d  as 
substra tes .  Al l  subs t ra tes  were  chemica l ly  c leaned  
before use to r emove  oxide, etc. 

Crys ta l  po ly type  and  per fec t ion  were  d e t e r m i n e d  
pr ior  to g rowth  by  x - r a y  t echn iques  and  by  e tch ing  
to ascer ta in  the  etch pi t  densi ty .  The l a t t e r  was  car -  
r ied  out by  e tching  in  e i ther  NaOH, Na2CO3 or 
bo rax  at  t e m p e r a t u r e s  in  the r ange  800~176 
Two types  of hexagona l  p i t  can be observed,  fiat 
bo t tomed  pi ts  due  to macroscopic  imper fec t ions  at 
the  surface,  and  t ape r ing  pi ts  which  occur where  
dis locat ions in tersec t  the  surface  (5) .  The  densi t ies  
of these u n t r u n c a t e d  pits found  on  our  seed crysta ls  
va r i ed  f rom 10 to l0  s per  cm 2. The  g rown  layers  
were  s imi l a r ly  inves t iga ted  for perfect ion.  

Growing Technique 

The fu rnace  (Fig. 1) consisted of a long g raph i t e  
t u b e  of a/4 in. bore  and  12 in. long hea ted  by  the  
passage of a h igh cur ren t .  The crys ta l  subs t ra te  was  
s i tua ted  in  or nea r  the  hot tes t  p a r t  of the tube,  the  
t e m p e r a t u r e  of which  could be va r i ed  up  to 2700~ 
The crys ta l  surface was  a l lowed to rad ia te  f ree ly  
to the  ends  or to the  wal l s  of the  tube .  The  si l icon 
source was con ta ined  in  a boat  of h igh dens i ty  
g raph i te  s i tua ted  in  the  cooler pa r t  of the t ube  in 
a pos i t ion  which  could be cont ro l led  e x t e r n a l l y  bu t  
was  of ten fixed pr ior  to the  run .  The  vapor  p ressure  
of Si in  the  t ube  could thus  be cont ro l led  w i t h i n  
the r ange  10-4-10 - I  m m  Hg. 

Carbon  vapor  was suppl ied  f rom the wal ls  of the  
t ube  and  the  necessa ry  vapor  p ressure  above the  
spec imen  cont ro l led  by  ad jus t i ng  the  posi t ion of 
the  spec imen  and  the  m a x i m u m  t e m p e r a t u r e  of the  
tube.  Ca rbon  vapor  pressures  in  the  r ange  10-e-10 -2 
m m  Hg could be ob ta ined  in  the  absence  of silicon. 
The vapors  were  car r ied  over  the  spec imen  in  a 
s t r eam of a rgon  at a r a t e  of 0.05 to 1 l i t e r s / m i n .  The 
degree  of s u p e r s a t u r a t i o n  above the  c rys ta l  was  
r egu la t ed  e i ther  by  inc reas ing  the t ube  and  source 
t e m p e r a t u r e s  or by  a l t e r ing  the  posi t ion and  t e m -  
p e r a t u r e  of the  subs t ra te .  The exact  n a t u r e  of the  
molecu la r  species t r an spo r t ed  was no t  de te rmined ,  
b u t  it  is most  l ike ly  to consist  of SiC2 and  Si2C and  
Si (6) .  

The  crys ta l  subs t ra tes  were  m o u n t e d  in  a h igh  
dens i ty  g raph i t e  holder  in  such a m a n n e r  as to ex -  
pose on ly  one face to the  vapors.  In  this  w a y  the 

g rowth  on i n d i v i d u a l  faces could be inves t iga ted  
w i t hou t  a n y  inf luence  f rom the  o ther  face e i ther  
d u r i n g  the  r u n  or in  s u b s e q u e n t  m e a s u r e m e n t s .  

A n u m b e r  of e x p e r i m e n t s  were  pe r f o r med  in  
which  one s ingle  crys ta l  was  b r o k e n  in  two and  
t h e n  m o u n t e d  in  such a w a y  tha t  the  same c rys t a l -  
lographic  face was t u r n e d  towards  the gas flow and  
a w a y  f rom it. 

A s imi la r  a r r a n g e m e n t  was  also employed  in  or -  
der  to ascer ta in  the  g rowth  ra tes  on di f ferent  c rys-  
ta l  faces. In  this  case the  c rys ta l  was  b r o k e n  and  
then  m o u n t e d  so t ha t  opposite c rys ta l lographic  faces 
were  fac ing  the same d i rec t ion  wi th  respect  to the 
gas flow. 

Results 

In i t i a l  g rowth  r u n s  ind ica ted  tha t  it  was  necessary  
to have  the t e m p e r a t u r e  of the  ca rbon  source abou t  
600~176 h igher  t h a n  tha t  of the si l icon source 
in  order  to p r e v e n t  the  f o r ma t i on  of si l icon globules  
on the  g rowing  surface  a nd  sil icon inc lus ions  in  
the g r ow n  layer .  It  would  appear  f rom pub l i shed  
vapor  pressure  data  tha t  this  t e m p e r a t u r e  difference 
ensures  a p p r o x i m a t e l y  equa l  vapor  pressures  f rom 
the  two sources. 

Growth rates.--The ra te  of g rowth  of s i l icon car -  
bide l ayers  was f ound  to v a r y  w i th  the o r i en ta t ion  
of the  crys ta l  in  the  furnace .  Fas tes t  g rowth  was  
observed w h e n  the  gas s t r eam was d i rec ted  onto the  
crys ta l  face. The ra te  of g rowth  fell  off r ap id ly  
as the  c rys ta l  was  ro ta ted  towards  the t u b e  wa l l  
and  was  a p p r o x i m a t e l y  1 /5 th  of the fastest  ra te  
w h e n  the  crys ta l  face was  pa ra l l e l  to the d i rec t ion  
of flow. G r o w t h  on the face shie lded f rom the gas 
s t ream was s lower  still, be ing  about  1 /10th  tha t  
of the  fastest  rate.  

G r o w t h  ra te  could be easi ly  va r i ed  by  a l t e r ing  
the var ious  p a r a m e t e r s  of the sys tem a nd  ra tes  
f rom 0.05 to 5 /~/min were  examined .  G r o w t h  of 
5 # / m i n  was  achieved wi th  the subs t ra te  at  a t e m -  
p e r a t u r e  of 2200~ facing a gas flow of 500 cc /min ,  
wi th  si l icon a nd  ca rbon  source t e m p e r a t u r e  of 1800 ~ 
and  2500~ respect ively .  In  this  case the  vapor  
pressures  of the two e lements  wou ld  be of the  order  
of 10 -3 m m  Hg. It  was  found  tha t  su i tab le  r e d u c -  
t ion  of the  va r ious  t e m p e r a t u r e s  a nd  flow ra te  could 
produce  a n y  des i red  g rowth  ra te  be low this  value .  
The above t e m p e r a t u r e s  were  m e a s u r e d  opt ical ly  
and  have  not  been  corrected for emiss ivi ty .  

Fig. 2. Interference patterns on SiC epitaxial layer (slow growth 
rate). Magnification approximately 20)(. 
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s e r v a b l e  r a n d o m  s t a c k i n g  d i so rde r .  F o r  g r o w t h  t e m -  
p e r a t u r e s  above  1900~ the  p o l y t y p e  was  a l w a y s  
i den t i ca l  to t h a t  of t h e  seed c r y s t a l  for  t he  p o l y t y p e s  
i nves t iga t ed ,  n a m e l y  4H, 6H, 15R, 33R, and  51R. The  
p o l y t y p e  of l a y e r s  g r o w n  a t  l o w e r  t e m p e r a t u r e s  was  
not  so eas i ly  r e p r o d u c e d  and  a f ew  l a y e r s  of d i f fe ren t  
p o l y t y p e  to t he  seed w e r e  obse rved .  In  a l l  cases  
the  l a y e r s  w e r e  f o u n d  to be  s ing le  c rys t a l s  ove r  the  
w h o l e  a r e a  of t he  seed.  

Fig. 3. Growth features on SiC epitaxial layer (fast growth rate). 
Magnification approximately 50X. 

The above  g r o w t h  r a t e s  w e r e  m e a s u r e d  on the  p 
c r y s t a l  face.  The  r a t e  g r o w t h  on the  oppos i t e  {0001} 
face  was  also e x a m i n e d  and  th is  was  found  to be 
a p p r o x i m a t e l y  ha l f  t h a t  of the  g r o w t h  r a t e  on the  
p face  u n d e r  i d e n t i c a l  cond i t ions  of  g r o w t h  a n d  
s u b s t r a t e  p r e p a r a t i o n .  This  fas t  g r o w i n g  face  has  
also been  o b s e r v e d  to e tch  f a s t e r  t h a n  face  q (7) .  

Quality of g r e w t h . - - E x a m i n a t i o n  of t h e  g r o w n  
l a y e r s  u n d e r  a p o l a r i z i n g  microscope ,  magn i f i ca t ion  
500X, s h o w e d  t h a t  t he  t h r e e  smoo th  s u b s t r a t e s  o b -  
t a i n e d  w i t h  po l i shed ,  e tched ,  or  u n t r e a t e d  p l a t e l e t s  
p r o d u c e d  l a y e r s  of s im i l a r  a p p e a r a n c e  w h e n  g r o w n  
u n d e r  s im i l a r  condi t ions .  A t  r a t e s  of 0.5 ~ / m i n  or  
less i t  was  f o u n d  poss ib le  to g row l a y e r s  on s h e l t e r e d  
c r y s t a l  faces  w h i c h  w e r e  flat  to b e t t e r  t h a n  1000A 
over  an a r e a  of a few squa re  m i l l i m e t e r s  (Fig .  2) .  
Some  a reas  had  an i r r e g u l a r  s t e p p e d  s t r u c t u r e  of 
the  t y p e  shown  in Fig .  2b. F a s t e r  g r o w t h  ra tes ,  e x -  
posu re  to the  d i r ec t  gas  s t r e am,  or  a r o u g h  s u b -  
s t r a t e  sur face ,  r e s u l t e d  in  u n e v e n  g rowth ,  an  e x -  
t r e m e  e x a m p l e  of w h i c h  is s h o w n  in Fig.  3. H e r e  
the  su r f ace  is c o m p o s e d  of "h i l l s "  r a n g i n g  up  to 
0.3 m m  across  and  10~ h igh .  

The  q u a l i t y  of  g r o w t h  was  also i n v e s t i g a t e d  b y  
e t ch  p i t  s tudies .  O b s e r v a t i o n s  s h o w e d  tha t  l a y e r s  of 
t he  t y p e  s h o w n  in Fig.  3 h a d  e x t r e m e l y  l a r g e  d i s -  
loca t ion  dens i t i es  c o m p a r e d  w i t h  t h a t  of t he  o r i g i n a l  
c r y s t a l  and  o f t en  e x c e e d e d  103/cm 2. The  s l owly  
g r o w n  flat l a y e r s  s h o w e d  a p p r e c i a b l y  f e w e r  e tch  
pi ts ,  t he  d e n s i t y  be ing  of t he  s a m e  order ,  or  s l i gh t ly  
g r e a t e r  t h a n  t h a t  on the  seed.  

X - r a y  e x a m i n a t i o n  of the  g r o w n  l a y e r s  showed  
tha t  t h e y  w e r e  of a s ingle  p o l y t y p e  w i t h o u t  a n y  ob -  

Conclusions 
The  e x p e r i m e n t s  d e s c r i b e d  in th is  p a p e r  show 

tha t  good q u a l i t y  s ingle  c ry s t a l  l a y e r s  can be  g r o w n  
on s i l icon c a r b i d e  seeds  b y  a s imple  v a p o r  phase  
t e c h n i q u e  w i t h o u t  t he  need  to ob t a in  p u r e  p o l y c r y s -  
t a l l i n e  s i l icon c a r b i d e  s t a r t i n g  charges ,  or  t he  neces -  
s i ty  of c r a c k i n g  v o l a t i l e  compounds .  

Good  q u a l i t y  g r o w t h  can  be  ach i eved  a t  r a t e s  of  
0.5 ~ / m i n  as long  as the  v a p o r  s t r e a m  does  not  i m -  
p inge  on the  g r o w i n g  face.  W i t h  an  i m p i n g i n g  v a -  
por  s t r e a m  ra t e s  of less t h a n  0.1 ~ / m i n  a r e  neces -  
s a r y  to p r o d u c e  r e l a t i v e l y  smoo th  sur faces .  

L a y e r s  g r o w n  a b o v e  1900~ show p e r f e c t  p o l y -  
t y p e  r e p r o d u c t i o n  of t he  subs t r a t e .  B e l o w  th is  t e m -  
p e r a t u r e  the  p o l y t y p i s m  is o f t en  d i f f e ren t  to t h a t  
of the  seed,  and  if t he  t e m p e r a t u r e  is suff ic ient ly  
low p o l y c r y s t a l l i n e  cubic  m a t e r i a l  m a y  nuc lea t e .  
S ince  the  v a r i o u s  c r y s t a l l o g r a p h i c  modi f i ca t ions  a r e  
k n o w n  to h a v e  d i f fe ren t  e n e r g y  gaps,  t h e i r  con t ro l l ed  
g r o w t h  could  be  used  as a m e t h o d  of p r o d u c i n g  
h e t e r o j u n c t i o n s .  

I t  was  also o b s e r v e d  d u r i n g  these  e x p e r i m e n t s  
t h a t  oppos i t e  {0001} faces  g row at  a m a r k e d l y  d i f -  
f e r e n t  r a t e  u n d e r  i den t i ca l  cond i t ions  of p r e p a r a -  
t ion and  g rowth .  I n  th is  case  the  h e x a g o n a l  p i t t e d  
face,  w h i c h  e tches  f a s t e s t  in m o l t e n  K O H / K N O ~ ,  
was  t h e  fas t  g r o w i n g  face.  

Manuscr ip t  rece ived  Aug. 12, 1963. 

A n y  discussion o~ this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1965 JOURNAL. 
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Ta20  Films Formed with Nonsteady Potentials 
D. A. Vermilyea 

Research Laboratory, Genera~ E~ectric Company, Schenectady, New York  

This  no te  r epo r t s  two  cha rac t e r i s t i c s  of anod ic  
Ta20~ f i lms f o r m e d  w i t h  n o n s t e a d y  p o t e n t i a l  and  
an  o b s e r v a t i o n  of a n e w  t y p e  of f i lm f o r m e d  w i t h  
a l t e r n a t i n g  po ten t i a l .  The  first  c h a r a c t e r i s t i c  of  f i lms 
f o r m e d  w i t h  n o n s t e a d y  p o t e n t i a l  is o b s e r v e d  for  
fi lms f o r m e d  b y  a p p l y i n g  e i t he r  an  a l t e r n a t i n g  

v o l t a g e  or  a p u l s a t i n g  d i r ec t  vo l t age  to a cel l  con-  
t a i n i n g  p l a t i n u m  and  t a n t a l u m  e l ec t rodes  i m m e r s e d  
in a n y  of s e v e r a l  aqueous  solut ions.  Such  f i lms a r e  
t h i n n e r  for  a g iven  p e a k  f o r m a t i o n  v o l t a g e  t h a n  
fi lms f o r m e d  at  a s t e a d y  v o l t a g e  equa l  to t he  p e a k  
vo l tage .  F o r  e x a m p l e ,  f i lms w e r e  f o r m e d  b y  a p p l y -  
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ing  h a l f - w a v e  rec t i f ied  60 cycle  a l t e r n a t i n g  vo l t age  
to a cel l  s h u n t e d  b y  a r e s i s t ance  w h i c h  r e d u c e d  the  
p o t e n t i a l  to ze ro  b e t w e e n  pulses .  The  f o r m a t i o n  f ield 
( v o l t a g e  a p p l i e d  2 m i n )  was  0.077 v / A ,  w h i l e  the  
c o r r e s p o n d i n g  v a l u e  for  fi lms f o r m e d  2 min  a t  a 
s t e a d y  vo l t age  was  0.0625 v / A .  I f  t he  p u l s a t i n g  
p o t e n t i a l  was  a p p l i e d  fo r  1 h r  t h e  f ield was  0.0726 
v/A,  w h i l e  fo r  s t e a d y  v o l t a g e  i t  was  0.053 v / A .  The  
p l a t i n u m  p o t e n t i a l  m e a s u r e d  a g a i n s t  t he  s a t u r a t e d  
ca lome l  e l ec t rode  was  + 0 . 3 v  and  d id  not  change  
w i t h  e i t he r  t he  p u l s a t i n g  or  s t e a d y  po ten t i a l .  W i t h  
an  a l t e r n a t i n g  v o l t a g e  of 10v m a x i m u m  the  f ield 
was  a b o u t  0.08 v / A .  F i l m s  f o r m e d  b y  one t y p e  of 
p o t e n t i a l  ( fo r  i n s t ance  p u l s a t i n g )  to one t h i cknes s  
and  t h e n  f o r m e d  f u r t h e r  w i t h  t he  o t h e r  t y p e  of 
p o t e n t i a l  ( fo r  i n s t ance  s t e a d y )  h a d  a f o r m a t i o n  
field c h a r a c t e r i s t i c  of t he  f inal  t y p e  of po ten t i a l .  

The  second  c h a r a c t e r i s t i c  is t h a t  f i lms f o r m e d  w i t h  
n o n s t e a d y  p o t e n t i a l  d i s so lve  m o r e  s l o w l y  in  h y d r o -  
f luoric acid.  F o r  e x a m p l e  f i lms f o r m e d  w i t h  e i t he r  
p u l s a t i n g  d i r e c t  p o t e n t i a l  or  a l t e r n a t i n g  p o t e n t i a l  
d i s so lved  in  50% H F  a t  abou t  12.5 A / s e c .  F i l m s  
f o r m e d  one w a y  and  t h e n  a n o t h e r  s h o w e d  d i s so lu -  
t ion  at  a r a t e  c h a r a c t e r i s t i c  of t he  f inal  t y p e  of f o r -  
ma t ion .  

Bo th  of these  cha rac t e r i s t i c s ,  s l ower  a t t a c k  b y  
H F  and  the  r e q u i r e m e n t  of a h i g h e r  field for  ion 
mot ion ,  a r e  c h a r a c t e r i s t i c  of f i lms w h i c h  h a v e  b e e n  
a n n e a l e d  a f t e r  f o r m a t i o n  (1, 2).  Such  a n n e a l i n g  
occurs  even  at  r o o m  t e m p e r a t u r e  and  is a c c e l e r a t e d  
b y  a p p l i e d  fields s m a l l e r  t h a n  those  r e q u i r e d  for  
ion  mot ion .  I t  is sugges t ed  t h a t  f i lms f o r m e d  w i t h  
n o n s t e a d y  p o t e n t i a l  a r e  a n n e a l e d  d u r i n g  the  p o r -  
t ions  of  each  cycle  w h e n  the  field is w i t h i n  t he  
r a n g e  of 100-75% of the  m a x i m u m  field. 

W h e n  a l t e r n a t i n g  po t en t i a l s  a r e  a p p l i e d  in  c e r t a i n  
so lu t ions  a n e w  t y p e  of f i lm is fo rmed .  The  so lu -  
t ions  in  w h i c h  th is  p h e n o m e n o n  occurs  a r e  those  
con t a in ing  a Ika l i  ions  a t  f a i r l y  h igh  concen t ra t ions .  
F o r  e x a m p l e ,  w i t h  a 1M l i t h i u m  ch lo r ide  so lu t ion  
and  an  a l t e r n a t i n g  p o t e n t i a l  of 10v m a x i m u m  (20v 
p e a k  to p e a k )  the  f i lm f o r m e d  on a 1/4xl in. t a n -  
t a l u m  coupon  showed  s e v e r a l  o r d e r s  of i n t e r f e r e n c e  
colors  i nd i ca t i ng  t h i cknes se s  v a r y i n g  f rom 1000A 
to 3500A (a t  10v a f i lm f o r m e d  a t  cons t an t  v o l t a g e  
was  ~ 1 6 0 A  t h i c k ) .  The  f igure  shows  a b l a c k - a n d -  
w h i t e  p h o t o g r a p h  of t he  spec imen ;  the  colors  i n d i -  
ca ted  a t h i c k e r  f i lm a t  t he  edges  w h e r e  the  c u r r e n t  
d e n s i t y  was  h ighes t .  Indeed ,  a h igh  c u r r e n t  d e n s i t y  
f avor s  t he  effect, for  in  t e n t h  m o l a r  so lu t ions  the  
effect was  g r e a t l y  r educed .  S i m i l a r  effects occur  
w i t h  l i t h i u m  so lu t ions  con ta in ing  o t h e r  an ions  and  
is s o m e w h a t  m o r e  p r o n o u n c e d  in  t he  o r d e r  N O 3 - <  

Fig. 1. Tantalum oxide film formed with an alternating po- 
tential of lOY maximum. 

C l - < C 1 0 4 - ,  pos s ib ly  because  of d i f fe rences  in t he  
conduc t iv i t i e s  of  the  v a r i o u s  solu t ions .  G r e a t e r  d i f -  
f e r ences  ex i s t  a m o n g  the  a l k a l i  ca t ions ,  t h e  effect 
i nc r ea s ing  in  t he  o r d e r  R b + , ~ K + < N a + < L i  +. In  
NH4C1, KCH~COO p lus  0.5M CH~COOH, MgfSO4, 
(CfHs)4NC1, and  in  so lu t ions  of L i  + or  K + a t  p H  

~0 .5  the  effect  is absen t .  A p p a r e n t l y  a cond i t i on  
for  the  occu r r ence  of  th is  p h e n o m e n o n  is the  d e -  
v e l o p m e n t  of a h igh  p H  at  t he  e l ec t rode  su r f ace  
d u r i n g  the  p o r t i o n  of the  cyc le  w h e n  t a n t a l u m  is 
nega t ive .  In  so lu t ions  con t a in ing  buf fe rs  (NH4 +, 
acet ic  ac id)  or  in  so lu t ions  in  w h i c h  h igh  p H  canno t  
be  r e a c h e d  because  of p r e c i p i t a t i o n  of a h y d r o x i d e  
(Mg ++)  or ion  d e c o m p o s i t i o n  [(C~Hs)4N +] t he  
effect is absen t .  The  c a p a c i t a n c e  of bo th  t he  m u l t i -  
co lo red  fi lms a n d  those  f o r m e d  in bu f f e r ed  so lu -  
t ions  is the  s a m e  a n d  c o r r e s p o n d s  to a f i lm abou t  
160A thick.  These  m u l t i c o l o r e d  fi lms d i sso lve  c o m -  
p l e t e l y  on i m m e r s i o n  for  2 sec in 50% HF.  U n d e r n e a t h  
the  m u l t i c o l o r e d  f i lm is a t h in  f i lm w h i c h  e tches  a t  
t he  12.5 A / s e c  c h a r a c t e r i s t i c  of f i lms f o r m e d  w i t h  
p u l s a t i n g  po ten t i a l .  No such m u l t i c o l o r e d  f i lms w e r e  
f o r m e d  d u r i n g  p u l s a t i n g  d i r ec t  p o t e n t i a l  f o rma t ion .  

P r o b a b l y  the  anod ic  o x i d a t i o n  in the  v e r y  h igh  
p H  so lu t ion  at  t he  su r f ace  i m m e d i a t e l y  fo l lowing  
the  ha l f  cyc le  in  w h i c h  the  t a n t a l u m  is n e g a t i v e  
fo rms  so lub le  t a n t a l a t e s  (3 ) .  As  the  p H  fa l l s  these  
t a n t a l a t e s  w o u l d  h y d r o l y z e  to g ive  Ta205 w h i c h  
w o u l d  p r e c i p i t a t e  on the  e lec t rode .  Such  Ta205 
w o u l d  p r o b a b l y  be  ge l a t i nous  or  po rous  a n d  is 
e v i d e n t l y  an  e l ec t r i ca l  conduc to r  r a t h e r  t h a n  a d i -  
e lect r ic .  The  p r o p e r t i e s  of these  m u l t i c o l o r e d  fi lms 
r e s e m b l e  s t r o n g l y  those  of f i lms f o r m e d  d u r i n g  i l -  
l u m i n a t i o n  w i t h  u l t r a v i o l e t  l igh t  (4) .  

Manuscr ip t  rece ived  Dec. 11, 1963. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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Orientation of Stacking Faults and Dislocation Etch Pits 

in  -SiC 
W. K. Liebmann 

IBM-Laboratories, Boeblingen, Germany 

SiC crystal l izes in several  modifications which 
exhibi t  e i ther  hexagonal ,  rhombohedra l ,  or cubic 
crysta l  symmetry .  Al l  crysta l  modifications are 
ident ical  wi th  respect  to thei r  neares t  neighbor  a r -  
r angement  and differ only wi th  respect  to the  s tack-  
ing sequence of S iC- t e t r ahed ra  in the direct ion of 
the hexagonal  crys ta l  axis (1).  Ep i tax ia l  growth  
of one SiC modification on another  along a plane 
normal  to the hexagonal  axis is thus possible wi th -  
out the incorporat ion of too many  lat t ice defects 
at the interface.  

In the p repara t ion  of SiC-single  crysta ls  by  the 
Lely  method (2) it is often found tha t  hexagonal  
a-SiC crystals  possess a thin epi tax ia l  coating of 
cubic fi-SiC. Fused salt  etching (3) and subse-  
quent  optical  microscopy have revealed  mark ings  in 

Fig. i. Stacking fault triangle in fl-SiC. Thickness of the epitaxial 
layer: 10~; etched with NaNO2 -I- 10% Na202 at 500~ for 10 min. 

these cubic layers  which are reminiscent  of the 
stacking faul ts  in ep i tax ia l  Si (4, 5), and which will  
consequent ly  be called s tacking faults  below. F igure  
1 shows an example  of such a s tacking faul t  t r iangle  
on a {111} fl-SiC surface. Al l  closed s tacking faul t  
t r iangles  on a specific c rys ta l  a re  of the same size, in-  
dicat ing tha t  the stacking faul ts  nucleate  at  the sam-  
ple depth,  ev iden t ly  at the a-f i - interface.  Aside from 
stacking faul t  t r iangles  s t ra ight  l ine segments are 
found, as shown, e.g., at A in Fig. 2. These segments 
p robab ly  correspond to two ve ry  closely spaced 
ex t r ins ic - in t r ins ic  s tacking faul t  pai rs  as found by 
Finch et al. (4) in ep i tax ia l  St. 

Tr iangu la r  dislocation etch pits are formed at the 
corners of the stacking faul t  t r iangles  and at the t e r -  
minat ion points of the s t ra ight  s tacking faul t  seg-  
ments, mark ing  the intersect ion points be tween  the 
connecting s t a i r - rod  dislocations and the {111} ob-  
servat ion plane. F igure  3 demonst ra tes  that  both ex-  
tr insic and intr insic s tacking faults  are possible. 
The two in terac t ing  s tacking faul ts  do not annihi la te  
along thei r  junction,  but  form a new faul t  t e r m i n a t -  
ing on both sides wi th  dislocations. 

It is in teres t ing to note that  the or ienta t ion of the 
stacking faul t  t r iangles  and the t r i angu la r  disloca-  
t ion etchpits  is reversed,  even though both intersect  
wi th  the (111) observat ion plane along <110> di -  
reactions. This means tha t  e i ther  the stacking faul ts  
or the side faces of the dislocation etch pits do not 
consist of {111) planes. 

In the zincblende s tructure,  the lowest  energy 
plane which can lead to a s tacking faul t  or an etch 
pi t  of opposite or ientat ion from a (111) fault  is 
the {311} plane. There are three  sets of (311) planes  

Fig. 2. Straight line stacking fault segment at A Fig. 3. Two interacting stacking fault triangles 
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Table I. Possible orientations of etch pits and stacking faults 

E t c h  p i t  S t a c k i n g  f a u l t  h/a  F o r  s t a c k i n g  
o r m n t a t i o n  o r i e n t a t i o n  f a u l t  p y r a m i d s  

A {311} 29 ~ p lane  {111} 0.81 
B {311} 79 ~ p lane  {111} 0.81 
C {111} {311} 29 ~ plane 0.16 
D {111} {311} 79 ~ p lane  1.6 

i n t e r s e c t i n g  w i t h  the  {111} o b s e r v a t i o n  p l a n e  w i t h  
i n t e r sec t i on  ang les  equa l  to 29 ~ 30', 58 ~ 31', a n d  
79 ~ 59'. Out  of these  t h r e e  sets  of p l anes  on ly  the  29 ~ 
30' and  the  79 ~ 59' p l a n e s  a r e  i nc l i ned  oppos i t e  to 
the  c o r r e s p o n d i n g  {111} p l a n e  and  can thus  f o r m  
e tch  p i t s  or  s t a c k i n g  f au l t s  of the  oppos i t e  o r i e n t a -  
t ion.  O n l y  these  two  p l anes  i n t e r sec t  w i t h  the  {111} 
p l a n e  a long  a < 1 1 0 >  d i rec t ion ,  w h i l e  a p y r a m i d a l  
de fec t  f o r m e d  b y  t h r e e  58 ~ p l anes  w o u l d  be  s l i g h t l y  
m i s o r i e n t e d  w i t h  r e spec t  to a {111} defect .  

A s s u m i n g  t ha t  the  {311} p l a n e  is i n v o l v e d  in  t he  
f o r m a t i o n  of t he  o b s e r v e d  defects ,  t he  conf igura t ions  
l i s t ed  in T a b l e  I a re  poss ib le .  The  s t a c k i n g  f a u l t  
o r i en t a t i ons  can  be  ea s i l y  t e s t ed  b y  c o m p u t i n g  the  
a l t i t u d e  "h"  of the  v a r i o u s  poss ib le  s t ack ing  f a u l t  
p y r a m i d s  f r o m  t h e i r  a l t i t u d e  to base  ra t io ,  h/a,  
and  c o m p a r i n g  i t  to t he  t h i cknes s  of t he  e p i t a x i a l  
f l -S iC layer .  The  va lues  for  (h /a)  a re  also l i s t ed  
in Tab le  I, and  i t  can  be  seen t ha t  t h e y  a r e  suffi- 
c i en t l y  d i f f e ren t  to use  th is  m e t h o d  of d i f f e r e n t i a -  
t ion.  The  th i ckness  of the  e p i t a x i a l  l a y e r s  was  m e a s -  
u r e d  b y  ang le  l a p p i n g  and  s u b s e q u e n t  e tching ,  and  
in a l l  cases  v e r y  close a g r e e m e n t  b e t w e e n  the  h/a  
r a t i o  for  a {111} s t ack ing  f a u l t  p y r a m i d  and  the  
m e a s u r e d  l a y e r  t h i ckness  was  ob ta ined .  This  e s t a b -  
l i shes  t ha t  t he  s t a c k i n g  f au l t  p l anes  a r e  p a r a l l e l  to 
{111}, e l i m i n a t i n g  poss ib i l i t i e s  C and  D. B w o u l d  
l e a d  to a v e r y  s teep  e t ch  pi t ,  w i t h  a d e p t h  to s ide  
l e n g t h  ra t io  of 1.6, if t he  e tch  p i t  s ides  a r e  not  t e r -  
raced .  A, on the  o t h e r  hand ,  w o u l d  l e a d  to a v e r y  
sha l low e tch  pi t ,  w i t h  a d e p t h  of s ide  l e n g t h  r a t i o  of 
0.16. This  r a t io  is a c t u a l l y  found  w h e n  m e a s u r i n g  
the  d e p t h  of t he  e tch  p i t s  b y  focuss ing  a l igh t  m i c r o -  
scope to t h e i r  edge  and  to t h e i r  bo t tom.  This  i n -  
d ica tes  t h a t  t h e  e tch  p i t s  a r e  a c t u a l l y  f o r m e d  b y  
t h r e e  29 ~ {311} p lanes ,  even  t h o u g h  e l ec t ron  m i -  
c roscope  e x a m i n a t i o n s  wi l l  h a v e  to e s t ab l i sh  w h e t h e r  
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the  e tch  p i t  s ide a c t u a l l y  c o r r e s p o n d s  to a l a t t i ce  
p l a n e  or  w h e t h e r  i t  is t e r r a c e d .  

The  f o r m a t i o n  of e tch  p i t s  i nvo lv ing  {311} p l anes  
can  be  u n d e r s t o o d  if  one  uses  t h e  s a m e  c r i t e r i a  for  
the  e t ch ing  p rocess  w h i c h  S a n g s t e r  (6)  d e v e l o p e d  
to d e t e r m i n e  the  mos t  f a v o r a b l e  g r o w t h  d i rec t ion .  
F o l l o w i n g  his  a r g u m e n t s ,  t he  g r e a t e s t  e t ch ing  r a t e  
wi l l  not  occur  in c r y s t a l l o g r a p h i c  d i r ec t ions  n o r m a l  
to t he  mos t  s t ab le  p lane ,  b u t  in d i r ec t ions  n o r m a l  
to p l anes  w h e r e  t he  r e m o v a l  of i n d i v i d u a l  a toms  
wi l l  no t  a l t e r  the  ne t  n u m b e r  of " d a n g l i n g "  cova l en t  
bonds,  so t h a t  t he  f o r m a t i o n  of t he  first  hole  in  a 
pe r f ec t  c r y s t a l l o g r a p h i c  p l a n e  w i l l  not  r e p r e s e n t  a 
se r ious  ene rge t i c  p r o b l e m .  In  t he  z incb l ende  l a t t i ce  
the  {311} p l a n e  is t h e  l owes t  e n e r g y  p l a n e  w h e r e  
this  cond i t ion  is sat isf ied.  

I t  is i n t e r e s t i n g  to no te  t ha t  also in s i l icon t h e r m a l  
e t ch ing  in v a c u u m  p r o d u c e s  t r i a n g u l a r  e t chp i t s  
w h i c h  a r e  r o t a t e d  180 ~ w i t h  r e spe c t  to t he  o r i e n t a -  
t ion of s t ack ing  f au l t  t r i a n g l e s  (7) .  I t  t hus  a p p e a r s  
tha t  t he  {311} p l a n e  is of s i m i l a r  i m p o r t a n c e  in e l e -  
m e n t a l  s e m i c o n d u c t o r s  and  t h a t  also t he  f o r m a t i o n  
of e t chp i t s  on the  {111} p l a n e s  of I I I - V  c o m p o u n d s  
shou ld  r ece ive  f u r t h e r  a t t en t ion .  
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The Effect of Orientation on the Electrical Properties 
of Epitaxiai Gallium Arsenide 

Forrest V. Williams 

Central Research Department, Monsanto Chemical Company, St. Louis, Missouri 

The  an i so t rop i c  s e g r e g a t i o n  of i m p u r i t i e s  in s e m i -  
conduc to r s  has  b e e n  w e l l  e s t ab l i shed .  A d e p e n d e n c e  
of the  s e g r e g a t i o n  coefficient  on o r i e n t a t i o n  has  
been  r e p o r t e d  for  g e r m a n i u m  b y  H a l l  (1)  and  b y  
Dikhoff  (2 ) ,  for  i n d i u m  a n t i m o n i d e  b y  H u l m e  and  
M u l l i n  (3) ,  and  for  g a l l i u m  a n t i m o n i d e  b y  H a l l  (4)  
and  b y  W i l l a r d s o n  (5 ) .  A p p a r e n t l y ,  t he  effect is 
g e n e r a l  for  the  I I I - V  c o m p o u n d s  and  has  been  r e -  

p o r t e d  for  a v a r i e t y  of so lu tes  in the  case  of i n -  
d i u m  a n t i m o n i d e  (6)  and  g e r m a n i u m  (2 ) .  In  the  
above  c i ted  e x a m p l e s  t he  s e g r e g a t i o n  be ing  r e f e r r e d  
to is for  the  case of a s o l i d - l i q u i d  i n t e r f ace ;  t ha t  is, 
a c r y s t a l  g r o w i n g  in con tac t  w i th  i ts mel t .  In  the  
p r e s e n t  p a p e r  a r e  r e p o r t e d  some  d a t a  w h i c h  i n d i -  
ca te  an i so t rop ic  s e g r e g a t i o n  of i m p u r i t i e s  a t  a so l id -  
v a p o r  in te r face .  
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Briefly,  ep i t ax i a l  l ayers  of  g a l l i u m  a r sen ide  w e r e  
depos i ted  on seed c rys ta l s  of g a l l i u m  a r sen ide  o r i -  
en ted  on <i00>, <I i0>,  < I l l > A ,  and < I I I > B  
planes. (The < I I I > B  plane terminates with arsenic 
atoms.) An open tube system using hydrogen chlo- 
ride as a transporting agent was employed. This 
method has been described in detail (7). The epi- 
taxial layers were doped by either the use of doped 
gallium arsenide as a source or the use of a separate 
reservoir of the doping element in the vapor trans- 
port system. The chemically polished seed crystals 
were undoped, high resistivity (>108 ohm-cm) ma- 
terial which permitted the electrical properties of the 
epitaxial layer to be determined directly since the 
resistivities of the epitaxial layers were many fac- 
tors smaller than the resistivity of the substrate. 
Wherever possible, seeds with different orientations 
were cut from the same high resistivity ingot. To 
e l i m i n a t e  the  effect  of  s l ight  r u n  to r u n  va r i a t i ons  
in flow rates ,  g r o w t h  ra tes ,  and o the r  va r i ab les ,  s u b -  
s t ra tes  w i t h  at least  two  d i f fe ren t  o r i en ta t ions  w e r e  
p resen t  in al l  e x p e r i m e n t s ;  four  d i f fe ren t  o r i e n t a -  
t ions w e r e  p resen t  in some expe r imen t s .  

Some  r e p r e s e n t a t i v e  da ta  w h i c h  h a v e  been  ob-  
t a ined  are  s u m m a r i z e d  in Tab le  I. Only  ne t  ca r r i e r  
concen t ra t ions  are  r e p o r t e d  in th is  table ,  bu t  the  
same  di f ferences  are  no ted  for  the  o the r  e l ec t r i ca l  
proper t ies .  This  is shown  for  two  e x p e r i m e n t s  in 
Tab le  II. The  r e l a t i v e  g r o w t h  ra tes  of ep i t ax i a l  
l ayers  on the  fou r  o r i en t a t i ons  s tud ied  are  s h o w n  in 
Tab le  III. Compar i son  of the  g r o w t h  ra tes  w i t h  the  
da ta  of T a b l e  I ind ica tes  no r e l a t i on  b e t w e e n  p u r i t y  
and the  g r o w t h  r a t e  of  the  e p i t a x i a l  layer .  Thus,  
c o m p a r a b l e  ca r r i e r  l eve l s  a re  ob ta ined  on ep i t ax i a l  
l aye r s  g r o w n  on < 1 0 0 >  and < 1 1 0 >  o r i en ted  sub-  
s t ra tes  wh i l e  the  g r o w t h  ra tes  differ  by  a fac to r  
of about  seven.  On the  o the r  hand,  w i d e l y  d i f fe ren t  
ca r r i e r  l eve l s  are  ob ta ined  on ep i t ax ia l  l aye r s  g r o w n  
on < l l l > B  and < 1 1 0 >  o r i en ted  subs t ra tes  w h i c h  

E L E C T R I C A L  P R O P E R T I E S  O F  G a A s  

Table Ill. Relative growth rates of epitaxial GaAs on 
different orientations 

Table I. Net carrier concentration of epitaxial GaAs as a 
function of substrate orientation 

C a r r i e r  conc ,  a t . / c c  

Run Dopant <II0> <III>A <I00> <III>B 

1 None* 9.6 X 1015 1.8 X 10 TM 4.2 X 1016 2.7 X 10 iv 
2 None* 3.0 X 10 TM 3.4 X 1017 
3 S 3.7 X 10 TM 5.8 X 1018 
4 Sn 3.0 X 10 TM 7.6 X 10 ls 
5 Zn 9.0 X 1017 2.2 X 10 TM 1.5 X 10 TM 5.8 X 1017 
6 Zn 7.3 X 10 TM 3.2 X 10 ls 
7 Te 4.6 • 10 TM 3.7 X 1016 9.0 X 10 TM 6.7 X 1017 
8 Te 1.4 X 10 TM 1.1 X 1019 
9 Se 3.6 X 1017 2.2 X 101~ 1.6 X 10 TM 

* U n d o p e d  r u n s  g a v e  n - t y p e  e p i t a x i a l  l a y e r s .  

Table II. Effect of substrate orientation on electrical properties 
of epitaxial GoAs 

R u n  O r i e n t a t i o n  • ~ p 

10 <100> 2.3 X 1016 4420 0.062 
<III>B 1.7 X 1017 3310 0.011 

11 <i00> 2.7 X 1017 3090 0.008 
<111>B 1.5 X 10 TM 1660 0.002 

887 

O r i e n t a t i o n  G r o w t h  r a t e  

<i00> 1.0 
<I I I>A 0.9 
<II0> 0.14 
<III>B 0.10 

h a v e  n e a r l y  e q u i v a l e n t  g r o w t h  rates.  Clear ly ,  the  
e lec t r i ca l  p rope r t i e s  ob ta ined  on ep i t ax i a l  l aye r s  are  
g o v e r n e d  by  the  c rys ta l  o r i en t a t i on  of the  subs t ra te .  

The  fo l lowing  conclus ions  are  ev iden t  f r o m  the  

da ta  of Tab le  I. 
1. The re  is a m a r k e d  d i f fe rence  in e l ec t r i ca l  p r o p -  

e r t ies  of ep i t ax i a l  l ayers  g r o w n  on < 11 I > B  o r i en ted  
subs t ra tes  and l aye r s  g r o w n  on the  o the r  t h r ee  o r i -  
enta t ions ,  < 1 0 0 > ,  < 1 1 0 > ,  and  < l l l > A .  

2. In  the  case of n - t y p e  doped  layers ,  t he  dop ing  
l eve l  is m u c h  h i g h e r  in l aye r s  g r o w n  on < l l l > B  
o r i e n t e d  subst ra tes .  

3. In  the  case of p - t y p e  doped layers ,  the  doping  
l eve l  is l o w e r  in l aye r s  g r o w n  on < l l l > B  o r i en ted  
subs t ra tes  t h a n  those g r o w n  on the  o the r  t h r ee  
or ien ta t ions .  F u r t h e r ,  the  m a g n i t u d e  of the  d i f fe r -  
ences  b e t w e e n  the  o r i en ta t ions  is sma l l e r  in the  case 
of p - t y p e  dopants .  

4. Fo r  n - t y p e  doped layers ,  the  d i f fe rence  in dop-  
ing l eve l s  on < 111 > B  and < 100> o r i en ted  subs t ra tes  
decreases  in the  o rde r  Te > Se > Sn > S. 

These  conclus ions  are  m o r e  a p p a r e n t  f r o m  the  
da ta  p r e s e n t e d  in Tab le  IV w h i c h  show the  ra t io  of 
the carrier levels obtained in the four orientations as 
a function of dopant. Actually, this ratio can be 
viewed as the ratio of the segregation coefficients of 
the various impurities between the solid and vapor 
phase. 

There are some striking similarities between the 
effects described here and those which have been re- 
ported for anisotropic segregation in the solid-melt 
systems referred to initially. These similarities are 
illustrated in Table V, in which some data are com- 
pared for the anisotropic segregation of impurities 
in crystals of InSb and GaSb grown from the melt 
and crystals of GaAs grown epitaxially from the 
vapor (data from Table IV). Anisotropie segregation 
of tellurium in a melt grown crystal of GaAs has 
been recently reported (Ii). The ratio of the segre- 
gation coefficient in the <lll> facet to the segrega- 

Table IV. Ratio of carrier concentrations on different orientations 
as a function of dopant 

<IlI>B <III>B <III>B 

D o p a n t  <I00> <III>A <II0> 

None 11.0 (6) 15 (1) 28 (1) 
Zn 0.43 (7) 0.20 (1) 0.49 (2) 
Te 7.4 (8) ~20 (3) ~--15 (1) 
Se 6.3 (3) - -  4.4 (1) 
Sn 2.3 (2) - -  - -  
S 1.4 (2) - -  - -  

N u m b e r ~  i n  p a r e n t h e s e s  r e f e r  t o  t h e  n u m b e r  of  e x p e r i m e n t a l  
runs. 
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Table V. Comparison of anisotropic segregation of impurities in 
crystals grown from the melt and from the vapor 

Impurity 

k < l l l > B A / < l O 0 >  

InSb (melt) GaSh (melt) GaAs (vapor) 

Zn 1.3 0.4 
S 3.1 1.4 
Sn 3.9 2.3 
Se 5.4, 6.1, 5.7 1.5 6.3 
Te 6.1, 8.9, 5.9 2.0 7.4 

InSb, ref. (6); GaSb, ref. (5); GaAs, Table IV, this p a p e r .  

t ion  coefficient  "on the  s u r r o u n d i n g  m a t e r i a l "  was  
2.6. 

S e v e r a l  theor ie s  h a v e  been  p o s t u l a t e d  to accoun t  
for  the  o r i e n t a t i o n  d e p e n d e n c e  of s e g r e g a t i o n  coeffi- 
cients .  Or ig ina l l y ,  H a l l  (1)  p o s t u l a t e d  t ha t  t he  i n -  
c o r p o r a t i o n  of  i m p u r i t i e s  in to  t h e  c r y s t a l  d e p e n d e d  
on specific a d s o r p t i o n  of t he  i m p u r i t i e s  a t  the  d i f fe r -  
en t  g r o w t h  in te r faces .  O the r s  (6, 8) h a v e  a t t e m p t e d  
to r a t i o n a l i z e  t he  effect b y  cons ide r a t i on  of t he  d e -  
t a i l ed  m e c h a n i s m  of the  g r o w t h  p rocess  for  t h e  
d i f fe ren t  o r i en ta t ions .  B u r t o n  et al. (9)  have  p r o -  
posed  a t r a n s p o r t  t h e o r y  to accoun t  for  t he  v a r i a t i o n  
of s e g r e g a t i o n  coefficient  w i t h  g r o w t h  r a t e  a n d  o r i -  
en ta t ion .  A n  i m p u r i t y  d i f fus ion l a y e r  a t  the  g r o w t h  
i n t e r f ace  is p o s t u l a t e d  in th is  t heo ry .  The  s e g r e g a t i o n  
coefficient  is a func t ion  of the  t h i ckness  of th is  d i f fu-  
s ion l aye r .  S ince  the  t h i cknes s  of  t he  i m p u r i t y  d i f fu -  
s ion l a y e r  is also a func t ion  of s t i r r ing ,  th is  t h e o r y  
has  p r o v e d  use fu l  in e x p l a i n i n g  the  v a r i a t i o n  of 
s e g r e g a t i o n  coefficients w i t h  s t i r r ing .  This  t he o ry ,  
h o w e v e r ,  has  di f f icul ty  accoun t ing  for  the  v a r i a t i o n  
of s e g r e g a t i o n  coefficient w i t h  o r i en ta t ion .  A d e p e n d -  
ence  of t he  i m p u r i t y  d i f fus ion l a y e r  on o r i e n t a t i o n  is 
t h e n  invoked .  

Gatos  (10) has  p o i n t e d  out  t h a t  a d s o r p t i o n  p h e -  
n o m e n a  a lone  can  account  for  the  a n i s o t r o p y  of s eg -  
r e g a t i o n  coefficients.  The  r e su l t s  of the  e x p e r i m e n t s  
r e p o r t e d  in t he  p r e s e n t  p a p e r  s u p p o r t  the  o r ig ina l  
a d s o r p t i o n  t h e o r y  of Ha l l  (1) .  The  s ame  g e n e r a l  
f e a t u r e s  of t he  p h e n o m e n o n  in t he  s o l i d - m e l t  i n t e r -  
face  s y s t e m  a re  o b s e r v e d  in the  s o l i d - v a p o r  i n t e r f a c e  
sys tem,  w h e r e  t r a n s p o r t  p rocesses  in t he  v a p o r  
should  be  neg l ig ib le .  

Of p a r t i c u l a r  i n t e r e s t  a r e  t he  cases of t he  s e g r e -  
ga t ion  of g a l l i u m  in g e r m a n i u m  a n d  zinc  in  g a l l i u m  
a r sen ide .  Dikhoff  (2)  f o u n d  t h a t  g a l l i u m  is i nco r -  
p o r a t e d  less r e a d i l y  on the  < 1 1 1 >  p l anes  of g e r m a -  
n i u m  t h a n  the  o the r  p lanes .  As  i n d i c a t e d  e a r l i e r  in  
th is  p a p e r ,  zinc is less  r e a d i l y  i n c o r p o r a t e d  in to  t he  
< l l l > B  p l a n e  of g a l l i u m  a r s e n i d e  t h a n  the  o the r  
o r i en ta t ions .  These  a r e  t he  on ly  r e p o r t e d  e x a m p l e s  
of r a t io s  of  the  s e g r e g a t i o n  coefficient  on the  < 1 1 1 >  
to < 1 0 0 >  o r i e n t a t i o n  less  t h a n  un i ty .  H o w e v e r ,  
t h e r e  is no need,  in the  a d s o r p t i o n  t he o ry ,  to p o s t u -  
l a t e  t h a t  p r e f e r e n t i a l  a d s o r p t i o n  is e x h i b i t e d  b y  the  
< l l l > B  p l a n e s  for  a l l  impur i t i e s .  I t  is r e a s o n a b l e  
to a s sume  tha t  o the r  e x a m p l e s  wi l l  be  d i s c o ve red  
w h i c h  d i s p l a y  b e h a v i o r  s i m i l a r  to zinc a n d  ga l l ium.  

The  re su l t s  of th is  p a p e r  i m p l y  t ha t  m o r e  p u r e  
G a A s  could  be  p r e p a r e d  b y  the  Czochra l sk i  t e c h -  
n i q u e  i f  t he  seed  c r y s t a l  w e r e  o r i e n t e d  in t he  < 1 0 0 >  
or ~ 1 1 0 >  d i rec t ion .  This  r e s u l t  has  b e e n  conf i rmed  
for  t he  case of < 1 1 0 ~  o r i e n t e d  seeds  in  th is  l a b o r a -  
to ry .  

Manuscr ip t  rece ived  Feb.  10, 1964. This paper  was 
presented  at  the  Toronto Meeting, May  3-7, 1964. 

A n y  discussion of this paper  wi l l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1965 JOURNAL. 
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A Thermal Probe for Segregation Detection 
J. H. Westbrook, A. U. Seybolt, and A. J. Peat 

Research Laboratory, General Electric Company, Schenectady, New York  

P h y s i c a l  p r o p e r t y  m e a s u r e m e n t  t e chn iques  w h i c h  
wi l l  p e r m i t  de t ec t i on  of c o m p o s i t i o n a l  v a r i a t i o n  
ove r  m i c r o n  d i s t ances  a r e  s t i l l  f ew  in n u m b e r .  S o m e  
success has  been  ach i eved  r e c e n t l y  in  t he  a p p l i c a -  
t ion  of m i c r o h a r d n e s s  m e a s u r e m e n t s  for  t h e  d e t e c -  
t ion  of g r a i n  b o u n d a r y  s e g r e g a t i o n  of so lu te  e l e -  
m e n t s  in  a v a r i e t y  of base  m a t e r i a l s  ( 1 -5 ) .  A l i m i -  
t a t i on  of th is  m e t h o d  is t h a t  for  mos t  m a t e r i a l s  the  
h a r d n e s s  i n d e n t a t i o n  i t se l f  is of t h e  o r d e r  of 5-50~ 
d i a m e t e r  a n d  the  r e g i o n  s t r a i n e d  b y  the  i n d e n t e r  a 
m u l t i p l e  of 2-3 t imes  this .  T h e r m a l  emf  p r o b e s  

h a v e  some t imes  been  sugges t ed  for  so r t ing  of u n -  
k n o w n  sa mp le s  (6 ) ,  m e a s u r e m e n t  of d i f fus ion g r a d -  
ien ts  (7 ) ,  or  iden t i f i ca t ion  of inc lus ions  (8) .  In  the  
l a t t e r  case s e v e r a l  f e a t u r e s  w e r e  p r o v i d e d  b y  the  
a u tho r s  to f ac i l i t a t e  the  m e a s u r e m e n t  and  a d a p t  i t  
to p r o b l e m s  r e q u i r i n g  h igh  r e so lu t ion :  an e l e c t r o -  
l y t i c a l l y  s h a r p e n e d  t u n g s t e n  p r o b e  t ip,  use  of a 
m i c r o h a r d n e s s  t e s t e r  for  a p p l y i n g  the  p r o b e  to the  
s ample ,  and  h e a t i n g  one l eg  of t h e  t he rmoc o up l e ,  
i.e., the  p r o b e  i tself ,  r a t h e r  t h a n  the  t es t  sample .  
The  p r e s e n t  a r t i c l e  r e p o r t s  t he  a d a p t a t i o n  of th is  
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Fig. 1. Schematic drawing of thermal emf probe and associated 
equipment. 

t e chn ique  to the  de tec t ion  of g ra in  b o u n d a r y  segre-  
gation.  

F igu re  1 shows a schemat ic  d r a w i n g  of the  test  
e q u i p m e n t  and  the  deta i l  of the  probe  itself. The 
probe  was fo rmed  by  e lec t ro ly t ica l ly  e tch ing  a 0.020 
in. W wi re  in  a NaOH b a t h  (9, 10). The  wi re  was  
in su la t ed  wi th  a w o v e n  glass sleeve, and  this  as-  
s embly  was  placed in  a me ta l  t u b e  for r ig id  support .  
The hea te r  was a 0.010 in. d i ame te r  Nichrome wire  
w o u n d  a r o u n d  the  lower  section of the  i n su l a t ed  
probe.  This sect ion of the  p robe  was t h e n  coated 
wi th  Saue re i sen  cemen t  to hold the hea te r  in  place 
and  to in su la t e  the  heater .  The  comple te  a s sembly  
was t h e n  m o u n t e d  on a K e n t r o n  Microhardness  
Tester  in  place of the  u sua l  d i amond  inden te r .  Con-  
nec t ions  b e t w e e n  probe  and  sample  and  m e a s u r i n g  
po t en t iome te r  we re  i ron  the rmocoup le  wire.  A 
smal l  Var iac  p rov ided  va r i ab l e  power  to the n i -  
chrome hea t ing  e lement .  

Bicrystals ,  or coa r se -g ra ined  polycrys ta ls ,  of sev-  
eral  i n t e rme ta l l i c  compounds  (NiGa,  NiA1, and  
AgMg) c o n t a i n i n g  dissolved oxygen  and  d i lu te  a l -  
loys of lead and  of n icke l  were  examined .  Sample  
surfaces were  p r epa red  me ta l log raph ica l ly  wi th  a 
chemical  polish or an  electropol ish as the  f inal  
t r e a tmen t .  In  a typica l  e x p e r i m e n t  a b ic rys ta l  of 
the compound  NiGa, k n o w n  to con ta in  g ra in  b o u n d -  
a ry  segregated  oxygen  (3) ,  was  used as the tes t  
sample.  A few p r e l i m i n a r y  e x p e r i m e n t s  es tab l i shed  
tha t  su i tab le  e x p e r i m e n t a l  condi t ions  were  of the 
order  of 10# probe  t ip d iameter ,  10g load on probe  
tip, and  5-20v on the  heater .  At  hea te r  vol tages  of 
this order  negl ig ib le  hea t i ng  of the  sample  surface  
occurs s ince the  probe  t e m p e r a t u r e  is e s t ima ted  to 
be less t h a n  200~ and  fu r the rmore ,  the  contact  
b e t w e e n  the probe  and  spec imen  is on ly  a few m i -  
crons d iameter .  The  sample  and  the  the rmoelec t r i c  
c i rcui t  we re  pro tec ted  f rom draf ts  by  p lex i -g la s s  
shields. 

Typica l  e x p e r i m e n t a l  resul t s  are shown  in  Fig. 
2a, which  also p resen t s  a ha rdness  profile for the  
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Fig. 2. Comparison of thermal emf and microhardness profiles 
at grain boundaries in (a) (top) NiGa (52 a/o Ca) containing 
oxygen and (b) (bottom) zone-refined lead with 34.8 at. ppm tin. 

same specimen.  The t h e r m a l  emf  is observed  to fal l  
about  25% in  the  v ic in i ty  of the  g r a i n  bounda ry .  
The  w i d t h  of the  affected reg ion  is somewha t  
smal le r  t h a n  tha t  deduced  f rom the  ha rdness  meas -  
u r emen t s ,  as would  be expected f rom the  grea te r  
reso lv ing  power  of the finer probe.  F igu re  3 shows 
tha t  the  m e a n  t h e r m a l  emf  increases  in  a r egu la r  
m a n n e r  as the  hea te r  vo l tage  is increased,  whi le  
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Fig. 3. Effect of temperature (heater voltage) on absolute and 
relative thermal emf in an oxygen contaminated grain boundary 
in NiGa containing 52 a/a Ga. 
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the  r e l a t i v e  change  in  t h e r m a l  emf,  g r a i n  vs. g r a i n  
b o u n d a r y ,  dec reases  on ly  s l igh t ly .  

S ince  the  a m o u n t  and  d i s t r i b u t i o n  of g r a i n  
b o u n d a r y  s e g r e g a t e d  o x y g e n  in t he  i n t e r m e t a l l i c  
c o m p o u n d  s a m p l e s  a r e  no t  k n o w n ,  f u r t h e r  e x p e r i -  
m e n t s  w e r e  c a r r i e d  ou t  on  b i c r y s t a l s  of z o n e - r e -  
f ined lead ,  some  of w h i c h  c o n t a i n e d  s u b s t i t u t i o n a l  
so lu t e  in  p a r t s  p e r  m i l l i o n  concen t ra t ions .  The  zone -  
re f ined  l e a d  b i c r y s t a l s  w i t h  no a d d e d  so lu te  h a d  
p r e v i o u s l y  been  d e m o n s t r a t e d  to h a v e  e x t r e m e l y  
mob i l e  g r a i n  b o u n d a r i e s  whose  m i c r o h a r d n e s s  was  
t he  s ame  as  t ha t  of t h e  con t iguous  c rys ta l s .  I t  is, 
t he r e fo re ,  i n f e r r e d  t h a t  i m p u r i t y  s e g r e g a t i o n  in 
these  s a m p l e s  is v e r y  s l ight .  T h e r m a l  p r o b e  t r a -  
ve r ses  across  such  a g r a i n  b o u n d a r y  g a v e  an  e m f  con-  
s t a n t  to w i t h i n  -----5 ~v. On t h e  o t h e r  h a n d  s i m i l a r  
t r a v e r s e s  across  a b i c r y s t a l  of  t h e  s a m e  z o n e - r e -  
f ined l e a d  to w h i c h  a b o u t  35 a t o m  p p m  Sn h a d  been  
a d d e d  e x h i b i t e d  s h a r p  m i n i m a  in t h e r m a l  emf  
( a b o u t  60 ~v change )  a n d  s h a r p  m a x i m a  in m i c r o -  
h a r d n e s s  as s h o w n  in  Fig .  2b. 

P r e v i o u s  i n v e s t i g a t i o n s  (2 -5 )  h a v e  s h o w n  t h a t  
q u e n c h i n g  f r o m  a h igh  t e m p e r a t u r e  e l i m i n a t e s  t h e  
g r a i n  b o u n d a r y  h a r d n e s s  peak ,  a n d  f r o m  th i s  i t  is 
i n f e r r e d  t h a t  t he  loca l  g r a d i e n t  in  t h e  h a r d e n i n g  
a g e n t  is r e m o v e d  a t  t h e  h igh  t e m p e r a t u r e .  A c c o r d -  
i n g l y  p a i r s  of s a m p l e s  of the  i n t e r m e t a l l i c  c o m -  
p o u n d s  N i G a  a n d  NiA1 con t a in ing  o x y g e n  a t  g r a i n  
b o u n d a r i e s  w e r e  bo th  q u e n c h e d  a n d  s lowly  cooled  
f r o m  h igh  t e m p e r a t u r e .  C o m p a r i s o n  of t h e r m a l  
p r o b e  t r a v e r s e s  s h o w e d  t h a t  for  q u e n c h e d  spec imens  
the  t h e r m a l  emf  was  low a n d  e s s e n t i a l l y  c o n s t a n t  
ove r  t he  l e n g t h  of t he  t r a v e r s e  w h e r e a s  s l o w l y  
cooled  spec imens  s h o w e d  a h i g h e r  l e v e l  of t h e r m a l  
emf  t o g e t h e r  w i t h  a s h a r p l y  cusped  m i n i m u m  at  
the  g r a i n  b o u n d a r y .  

A p e c u l i a r i t y  of t he  t ime  d e p e n d e n c e  of t h e r m a l  
emf  was  o b s e r v e d  in  t he  tests .  U p o n  in i t i a l  con tac t  
of  t he  p r o b e  w i t h  t h e  s p e c i m e n  su r f ace  a c e r t a i n  
p o t e n t i a l  cou ld  be  m e a s u r e d  a lmos t  i n s t a n t a n e o u s l y .  
This  p o t e n t i a l  w o u l d  t h e n  d r i f t  s l o w l y  h i g h e r  for  
m a n y  seconds  u n t i l  a s t e a d y - s t a t e  emf  was  r e a c h e d  
of t h e  o r d e r  of 15-20% a b o v e  the  i n i t i a l  va lue .  I n  
s u r v e y s  in  w h i c h  bo th  t he  in i t i a l  a n d  s t e a d y - s t a t e  
emf  w e r e  r e c o r d e d  as a func t ion  of d i s t a n c e  f r o m  
the  g r a i n  b o u n d a r y ,  p a r a l l e l  cu rves  w e r e  o b t a i n e d  
w i t h  b o t h  emf  p a r a m e t e r s  e x h i b i t i n g  m i n i m a  at  t h e  
g r a i n  b o u n d a r y .  

C o n t i n u e d  e x p e r i e n c e  w i t h  th is  t e s t i ng  t e c h n i q u e  
d isc losed  some  difficult ies.  F i r s t ,  in  a t t e m p t s  to ca l i -  
b r a t e  t h e  t h e r m a l  emf  w i t h  compos i t i on  in  a ser ies  
of  h o m o g e n e o u s  spec imens ,  no r e g u l a r  c o r r e l a t i o n  
was  ob ta ined .  N e x t  i t  was  f o u n d  t h a t  even  on a 
s ing le  s p e c i m e n  the  l eve l  of t h e r m a l  emf  was  sens i -  
t i v e l y  d e p e n d e n t  on the  m e t h o d  of p r e p a r a t i o n  of 
t h e  surface ,  on the  t i m e  of e x p o s u r e  to r o o m  t e m -  
p e r a t u r e  a i r  fo l l owing  po l i sh ing ,  and  on t h e  l oad  
a p p l i e d  to t he  p robe .  A l t h o u g h  the  r e g u l a r  d e c r e a s e  
o b s e r v e d  in  r o o m  t e m p e r a t u r e  t h e r m a l  e m f  w i t h  
t i m e  of e x p o s u r e  to a i r  a t  r o o m  t e m p e r a t u r e  ( P b )  
or  e l e v a t e d  t e m p e r a t u r e  (NiA1) sugges t s  t h a t  ox ide  
f i lm th i cknes s  is of c r i t i ca l  i m p o r t a n c e ,  a t t e m p t s  to 
s t a n d a r d i z e  t hese  cond i t ions  for  c a l i b r a t i o n  p u r p o s e s  
w e r e  no t  n o t a b l y  successful .  N o n e t h e l e s s  t r a v e r s e s  
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Fig. 4. Section through a grain boundary region showing 
schematically a composition change at the grain boundary, with- 
out (a) and with (b} oxide film formation. 

on z one - r e f i ne d  l e a d  or  q u e n c h e d  i n t e r m e t a l l i c s  con-  
t a i n i n g  o x y g e n  a l w a y s  s h o w e d  cons t an t  emf  across  
g r a i n  b o u n d a r i e s  a n d  s l o w l y  cooled  spec imens  con-  
t a i n i n g  so lu tes  a l w a y s  s h o w e d  g r a i n  b o u n d a r y  
m i n i m a  in e m f - d i s t a n c e  curves .  

A l t h o u g h  t h e  s y s t e m  is a d m i t t e d l y  c o m p l e x  and  
the  e x p e r i m e n t s  i n a d e q u a t e  to i d e n t i f y  u n a m b i g u -  
ous ly  t h e  o p e r a t i v e  m e c h a n i s m ,  an  a t t e m p t  w i l l  be  
m a d e  a t  l eas t  to de sc r ibe  t h e  p h y s i c a l  p rocesses  con-  
t r i b u t i n g  to t he  o b s e r v e d  resu l t s .  F o r  s i m p l i c i t y  as -  
sume  t h a t  t he  s a m p l e  in  t he  r eg ion  of a g r a i n  
b o u n d a r y  is a s a n d w i c h  as  in  F ig .  4a, w h e r e i n  a 
l a y e r  of m a t e r i a l  B a t  t h e  g r a i n  b o u n d a r y  has  one 
set  of  p h y s i c a l  and  c h e m i c a l  p r o p e r t i e s  and  the  con-  
t iguous  g r a i n  v o l u m e s  A and  A '  a n o t h e r  set  of p h y -  
s ica l  a n d  c h e m i c a l  p rope r t i e s .  A t h e r m a l  p robe ,  P,  
t r a v e r s i n g  such a r e g i o n  p e r p e n d i c u l a r  to t h e  g ra in  
b o u n d a r i e s  shou ld  t hen  d e v e l o p  an  emf  w h i c h  for  a 
n u m b e r  of r easons  is d e p e n d e n t  on  i ts  pos i t ion .  

F i r s t ,  th is  emf  is p r i m a r i l y  t he  S e e b e c k  effect  
w h i c h  wi l l  d e p e n d  on the  t e m p e r a t u r e  d i f f e rence  AT 
b e t w e e n  p r o b e  and  s a m p l e  and  on t h e  t h e r m o e l e c -  
t r i c  c ha r a c t e r i s t i c s  of t he  m a t e r i a l s  in t h e  c i rcui t .  
The  t e m p e r a t u r e  d i f fe rence  for  a g iven  p o w e r  a p -  
p l i ed  to  t he  p r o b e  h e a t e r  w i l l  d e p e n d  on t h e  t h e r m a l  
d i f fus iv i ty  or  c o n d u c t i v i t y  and  the  su r f ace  hea t  
t r a n s f e r  coefficient.  S ince  bo th  these  f ac to r s  a n d  the  
t h e r m o e l e c t r i c  c h a r a c t e r i s t i c s  a r e  e x p e c t e d  to v a r y ,  
A as  a g a i n s t  B, t he  o v e r - a l l  S e e b e c k  emf  wi l l  be  e x -  
pec t ed  to v a r y  as t h e  p r o b e  t r a v e r s e s  t he  A B A '  
sandwich .  

S ince  the  t h e r m a l  c o n d u c t i v i t y  of t h e  p r e s u m a b l y  
m o r e  h i g h l y  a l l o y e d  m a t e r i a l ,  B, w o u l d  b e  e x p e c t e d  
to be  l o w e r  t h a n  t h a t  of A, a h i g h e r  AT a n d  hence  a 
h i g h e r  s t e a d y - s t a t e  emf  is to be  e x p e c t e d  at  t he  
g r a i n  b o u n d a r y  f r o m  th is  v a r i a b l e  a lone.  The  fac t  
t ha t  on ly  m i n i m a  a re  o b s e r v e d  ind ica t e s  e i t h e r  (a )  
t ha t  cases  a r e  c o m p a r a t i v e l y  r a r e  fo r  w h i c h  the  
v a r i a t i o n  in  t h e r m o e l e c t r i c  coefficient does  no t  m o r e  
t han  c o m p e n s a t e  fo r  t h e  effects of t he  v a r i a t i o n  in 
t h e r m a l  conduc t i v i t y ,  or  (b )  t h a t  some  o t h e r  d o m i -  
n a t i n g  fac to r  en t e r s  in. One such  p o s s i b i l i t y  is t ha t  
in  Fig.  4b, w h i c h  i l l u s t r a t e s  s c h e m a t i c a l l y  t h e  fo r -  
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mar ion  of oxide films of var ious  th ickness  depend ing  
on the  chemical  character is t ics  of the  subs t ra tes  A 
and  B. If B oxidizes fas ter  t h a n  A, the film th ickness  
at B wi l l  be g rea te r  t h a n  at A and,  in  accordance 
wi th  the above observa t ions  on progress ive ly  oxi-  
dized surfaces,  the r e s u l t a n t  t h e r m a l  emf f rom the 
p robe  less at  B t h a n  at A. The slow increase  in  emf 
fo l lowing in i t i a l  contact  of the  probe  migh t  resu l t  
f rom local  bu i ld  up of surface oxide abou t  the  t ip 
cf the hot  p robe  i n su l a t i ng  it and  ra i s ing  the  effec- 
t ive  AT. The model  of a d i f fe rent ia l  film th ickness  
d o m i n a t i n g  the  ne t  t h e r m a l  emf is also cons is ten t  
w i th  the  observed  difficulties in  reproduc ib i l i ty ,  
ca l ib ra t ion ,  and  de ter iora t ion .  

A l t h o u g h  it is obvious  tha t  m u c h  f u r t h e r  work  
wil l  be  r equ i r ed  to es tabl ish  the  detai ls  of the  mech-  
anism,  the  t echn ique  is a t t r ac t ive  for severa l  r ea -  
sons. These reasons  inc lude :  the  fact tha t  the  me a s -  
u r e m e n t  depends  on a di f ferent  group of proper t ies  
t h a n  those of o ther  g ra in  b o u n d a r y  probe  methods,  

the improved  resolut ion,  and  the  poss ib i l i ty  of au to -  
ma t ed  profile d isp lay  on an x - y  recorder .  

Manuscript  received Dec. 31, 1963. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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ABSTRACT 

Concentra t ion cells exhib i t ing  glass m e m b r a n e  potent ia ls  have  been measured  
for the AgBr-NaBr ,  AgC1-KC1, and AgC1-CsC1 systems. I t  is shown tha t  cat -  
ions f rom the mel t  diffuse into the glass and tha t  sodium ion impur i t ies  in KC1 
and CsC1 may  t ranspor t  a la rge  pa r t  of the  current .  The poss ibi l i ty  of 
anion t r anspor t  th rough  glass is suggested.  

A l t h o u g h  the  l i t e r a t u r e  on  glass  m e m b r a n e  p o t e n -  
t i a l s  in aqueous  sy s t ems  is v e r y  l a r g e  (1 ) ,  v i r t u a l l y  
n o t h i n g  has  been  p u b l i s h e d  on th is  sub j ec t  in m o l t e n  
sa l t  sys tems .  S e v e r a l  d i f fe rences  to be  e x p e c t e d  b e -  
t w e e n  the  b e h a v i o r  of glass  m e m b r a n e s  in  aqueous  
so lu t ions  and  in m o l t e n  sa l ts  a r e  w o r t h  not ing .  In  
the  m o l t e n  sa l t  t h e r e  is no m o l e c u l a r  so lvent ,  and  
t h e r e f o r e  t he  ionic  c o n c e n t r a t i o n s  a r e  e x t r e m e l y  
high.  W h e n  a glass  is i m m e r s e d  in an  aqueous  e l ec -  
t r o l y t e  on ly  i ts  su r f ace  l a y e r s  a r e  in e q u i l i b r i u m  w i t h  
the  so lu t ion  (2) .  A t  t he  h igh  t e m p e r a t u r e s  u s u a l l y  
e m p l o y e d  for  m o l t e n  sa l t  s tudies ,  g lasses  a r e  con-  
s i d e r a b l y  m o r e  p e r m e a b l e  to ions, a n d  i t  is to be  e x -  
pec t ed  t h a t  t h e  glass  wi l l  come to e q u i l i b r i u m  w i t h  
the  m e l t  a t  some a p p r o x i m a t e l y  u n i f o r m  ionic  con-  
c e n t r a t i o n  in  t he  glass.  [ F o r  e x a m p l e ,  i t  has  r e c e n t l y  
been  shown  (3) t h a t  even  an ions  can  m i g r a t e  
t h r o u g h  fused  s i l ica  u n d e r  an  a p p l i e d  p o t e n t i a l . ]  
This  does  no t  imply ,  h o w e v e r ,  t h a t  t he  r e l a t i v e  ionic 
compos i t i on  of t he  glass  wi l l  be  t he  s ame  as in  t he  
m e l t  w h e n  e q u i l i b r i u m  is r eached .  Thus ,  sod ium 
ions diffuse p r e f e r e n t i a l l y  to p o t a s s i u m  ions in to  t he  
glass  f rom a KNO~-NaNO3 m e l t  con t a in ing  on ly  1% 
NaNO3 (4) .  

S tud i e s  (5)  of t h e  c o n c e n t r a t i o n  cel l  

Pb]PbC12, MC1 (Xl) Ig lass]PbC12,  MC1 (X2) ]Pb  

w h e r e  M = Na, K,  Li,  showed  t h a t  w h e n  M ---- N a  and  
the  glass  i n i t i a l l y  con t a ined  a c o n s i d e r a b l e  p r o p o r -  
t ion  of Na20  a l l  the  cha rge  was  t r a n s p o r t e d  across  
the  glass  b y  sod ium;  w h e n  KC1 was  a d d e d  no 
change  in p o t e n t i a l  was  obse rved ,  i n d i c a t i n g  t h a t  
p o t a s s i u m  ion d id  not  p e n e t r a t e  in to  t he  N a  glass.  
H o w e v e r ,  w i t h  a K glass  and  KC1 in t he  m e l t  the  
p o t e n t i a l  v a r i e d  w i t h  m e l t  compos i t i on  a l t h o u g h  the  
s lope  was  less  t h a n  e x p e c t e d  on the  bas is  of p o t a s -  
s ium t r a n s p o r t  a lone.  

Recen t  s tud ies  (6 ,7 )  on s im i l a r  c o n c e n t r a t i o n  
cel ls  in t he  AgC1-NaC1 s y s t e m  a re  g e n e r a l l y  con-  
s i s ten t  w i t h  the  a b o v e  f indings,  a l t h o u g h  the  g lasses  
used  i n i t i a l l y  con t a ined  v i r t u a l l y  no ( ~ 0 . 0 4 % )  a l -  
ka l i  m e t a l  ions. In  t r e a t i n g  the  m e m b r a n e  r eg ion  
q u a n t i t a t i v e l y  a modi f i ca t ion  of l i q u i d  j u n c t i o n  
t h e o r y  was  successful .  

In  a s imple  l i qu id  j u n c t i o n  t h e r e  a r e  no phase  
b o u n d a r i e s  and  the  so lu t ion  compos i t i on  changes  
s m o o t h l y  and  c o n t i n u o u s l y  f r o m  c o m p a r t m e n t  A to 

B. The  g e n e r a l  e x p r e s s i o n  for  the  l i qu id  j u n c t i o n  
p o t e n t i a l  is 

ti 
Ej : ( - -RT /F)  jB ~ zi dl  hal [1]  

w h e r e  the  t~'s a r e  the  t r a n s p o r t  n u m b e r s  of t he  ions 
t r a n s p o r t e d  across  t h e  j u n c t i o n  and  the  ai 's  a r e  t he  
c o r r e s p o n d i n g  ac t iv i t ies .  In  a m o l t e n  sa l t ,  e.g., in a 
so lu t ion  of two  sa l t s  w i t h  a c o m m o n  anion ,  the  ca t ion  
compos i t i on  changes  c o n t i n u o u s l y  f r o m  A to B in 
t he  j u n c t i o n  and  t h e r e f o r e  the  s u m m a t i o n  canno t  be  
t a k e n  ou t s ide  t h e  i n t e g r a l  sign. H o w e v e r ,  i t  has  been  
found  for  a n u m b e r  of n e a r l y  idea l  so lu t ions  (8, 9) 
(a~ = Xi, t h e  mo le  f r a c t i o n )  t h a t  Ej--~ 0, and  tha t  
t h e r e f o r e  tl : Xi (7, 9, 10).  

W h e n  the  l i qu id  j u n c t i o n  is r e p l a c e d  b y  a glass  
m e m b r a n e  i t  is r e a s o n a b l e  to suppose  t h a t  t h e  l a t t e r  
con t ro l s  ion  t r a n s p o r t  so t h a t  tl becomes  l a r g e l y  i n -  
d e p e n d e n t  of m e l t  compos i t i on  a n d  can  be  t a k e n  
ou t s ide  the  i n t e g r a l  sign. W e  thus  suppose  t h a t  
w h e n  p u r e  s i l ica  is e q u i l i b r a t e d  w i t h  t he  m e l t  a l l  
p o t e n t i a l - d e t e r m i n i n g  ions  m i g r a t e  in to  t h e  glass,  
bu t  t he  f r ac t i on  of the  c h a r g e  c a r r i e d  t h r o u g h  it  d e -  
p e n d s  not  on ly  on m e l t  compos i t i on  b u t  on some 
o t h e r  p a r a m e t e r ,  such as  ion size. Thus  the  ion ac -  
t iv i t i e s  in t he  glass  need  no t  be  k n o w n  s ince  the  two  
g l a s s - m e l t  i n t e r r a c i a l  p o t e n t i a l s  a r e  of equa l  m a g n i -  
t u d e  and  oppos i t e  sign. 

The  a b o v e  m o d e l  m a y  be r e g a r d e d  as a h y p o t h e s i s  
to be  t e s t ed  e x p e r i m e n t a l l y .  F o r  e x a m p l e ,  in t he  cel l  
r e p o r t e d  p r e v i o u s l y  (7)  

( A )  A g l A g C I ( X I ) ,  N a C I ( 1  - -  X I ) ] g l a s s l A g C l ( X e ) ,  
NaC1 (1 - -  X 2 ) l a g  

Ecen : EN . . . .  t Jr  EM : R T / F [  (1 - - t a g +  ) 
In (Xe/X1) -- tNa+ in ( I - - X 2 ) / ( 1  - -  X1) ]  [2]  

w h e r e  ac t iv i t i e s  h a v e  been  r e p l a c e d  b y  mole  f r a c -  
t ions  because  of t he  AgC1-NaC1 s y s t e m  d e v i a t e s  on ly  
s l i g h t l y  f r o m  i d e a l i t y  (11, 12),  and  the  a c t i v i t y  co-  
efficient  r a t i o  as i t  w o u l d  a p p e a r  in Eq. [2]  is n e a r l y  
un i ty .  A s s u m i n g  cha rge  t r a n s p o r t  b y  ca t ions  on ly  
( tNa+ -Jr t a g +  = 1 ) ,  Eq. [2]  t h e n  becomes  

Ecell = tNa+ ( R T / F )  
i n  [ ( X 2 / X 1 ) ]  [ (1  - - X 1 ) / ( 1 - - X ~ ) ]  [3]  

E q u a t i o n  [3]  was  f o u n d  to a p p l y  ove r  t h e  en t i r e  
r a n g e  of sa l t  compos i t i on  in bo th  t he  AgC1-NaC1 
s y s t e m  w i t h  V y c o r  and  fused  s i l ica  glass  (7)  a n d  to 
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the  A g C I - ( I : I  NaC1-KC1) s y s t e m  and  S u p r e m a x  
glass  (6) .  In  these  sy s t ems  s o d i u m  ca r r i e s  95% of 
the  c u r r e n t  t h r o u g h  the  glass ,  s i l ve r  5%.  The  u s e -  
fu lness  of Eq. [3]  l ies  in the  fac t  t h a t  i t  can  be  
a p p l i e d  to r e f e r e n c e  e l ec t rodes  for  s o d i u m - c o n t a i n -  
ing  me l t s  even  w h e n  n o t h i n g  is k n o w n  of t he  d e -  
t a i l ed  cha rge  t r a n s p o r t  m e c h a n i s m  in the  glass  i t -  
self,  a s i t ua t ion  not  u n l i k e  t h a t  for  glass  e l ec t rodes  in 
aqueous  solut ion .  In  add i t ion ,  the  a p p l i c a b i l i t y  of  
the  e q u a t i o n  p r o v i d e s  an  e x p e r i m e n t a l  tes t  w h i c h  
t h e o r e t i c a l  mode l s  for  m e m b r a n e  b e h a v i o r  m u s t  
sa t i s fy .  

In  the  p r e s e n t  w o r k  w e  e x a m i n e  the  a p p l i c a b i l i t y  
of Eq. [3] ,  and  the  m o d e l  on w h i c h  it is based ,  to t he  
AgC1-KC1 and  AgC1-CsC1 sys tems .  If  the  g lass  con-  
t a ins  on ly  s o d i u m  ions, e i t he r  p r e s e n t  i n i t i a l l y  or  
c a r r i e d  into  i t  b y  d i f fus ion f rom KCI  or  CsC1 w h e r e  
i t  is p r e s e n t  as i m p u r i t y ,  one m i g h t  e x p e c t  t h a t  Eq. 
[3]  w i l l  no l onge r  a p p l y  when ,  for  e x a m p l e ,  p o t a s -  
s i u m  is s u b s t i t u t e d  for  sod ium in t he  me l t ,  and  
( 1 -  X)  r e p r e s e n t s  KC1 r a t h e r  t h a n  NaC1. On the  
o the r  hand ,  if  the  glass  is m e r e l y  an  open  S i - O  n e t -  
w o r k  t h r o u g h  w h i c h  ions m a y  m i g r a t e  and  in w h i c h  
a cons t an t  p o t a s s i u m  ion c o n c e n t r a t i o n  is set  up  Eq. 
[3]  w o u l d  app ly .  The  s i t ua t i on  m a y  be  m o r e  c o m -  
p l i c a t e d  if  t he  glass  acts  as a s ieve  w h i c h  p e r m i t s  
ions  to pass  m o r e  or  less  eas i ly  on the  bas i s  of size, 
each  ion c a r r y i n g  some of cu r ren t .  F o r  e x a m p l e ,  Na + 
is s m a l l e r  t h a n  A g  + ( P a u l i n g  r a d i i  of 0.95 and  1.25A, 
r e s p e c t i v e l y )  and  N a  + ca r r i e s  mos t  of t he  cu r r en t .  
The re fo re ,  i t  is poss ib le  t h a t  sod ium ions  c a r r y  a 
l a r g e  f r ac t ion  of the  cu r r en t ,  t h o u g h  p r e s e n t  on ly  as 
i m p u r i t y ,  in  m e l t s  of p o t a s s i u m  ( r g +  = 1.33A) or  
ces ium (rcs+ = 1.69A) sal ts ,  w h e r e a s  no c o r r e s p o n d -  
i ng  t e r m  for  sod ium a p p e a r s  in Eq. [3] .  In  v i e w  of 
the  fact  t ha t  L i t t l e w o o d  (6)  h a d  o b s e r v e d  the  s ame  
a l k a l i  m e t a l  t r a n s p o r t  n u m b e r  in t he  A g C I - ( I :  1 
NaC1-KC1) s y s t e m  as a p p l i e d  to t h e  AgC1-NaC1 
sys t em i t  s eemed  of i n t e r e s t  to c a r r y  out  s i m i l a r  
m e a s u r e m e n t s  w i th  v a r y i n g  KCI-NaC1 ra t ios .  In  t he  
p r e s e n t  w o r k  we  r e p o r t  on m e a s u r e m e n t s  w i t h  KCI :  
NaC1 mo le  r a t io s  of 12.4, 19, and  49. In  add i t ion ,  t he  
A g B r - N a B r  s y s t e m  was  i n v e s t i g a t e d  to see if a 
change  of an ion  affects  the  ca t ion  t r a n s p o r t .  
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Fig. 1. Emf for the cell Ag l AgBr(X1), NaSr(l-X1) ] Vycor glass 
I AgBr(X2), NaBr(I-X2) I Ag. XI = 0.I0. X2 values are shown to 
the left of the respective curves. 
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Experimental  

P r o c e d u r e s  w e r e  those  r e p o r t e d  p r e v i o u s l y  (7 ) .  
R e a g e n t  g r a d e  NaBr ,  KC1, a n d  CsC1 w e r e  d r i e d  at  
500 ~ u n d e r  va c uum.  I t  was  no ted  t h a t  cel ls  c o n t a i n -  
ing  KC1 a n d  CsCI took  c o n s i d e r a b l y  longer ,  2 or  3 
hr,  t h a n  those  w i t h  NaC1, be fo re  t he  e m f - t e m p e r a -  
t u r e  cu rves  b e c a m e  r e p r o d u c i b l e .  Some  cel ls  c o n t a i n -  
ing bo th  NaC1 and  KC1 e x h i b i t e d  r a p i d  and  l a r g e  
( s e v e r a l  h u n d r e d  m i l l i v o l t )  f luc tua t ions  in emf.  
S ince  th is  p h e n o m e n o n  o c c u r r e d  a t  r a n d o m ,  i.e., of 
two  cells  w i t h  the  s a m e  m e l t  compos i t i on  one m i g h t  
e x h i b i t  t he  f luc tua t ions  w h i l e  t he  o t h e r  was  qu i t e  
s t eady ,  i t  m a y  be  a s soc ia t ed  w i t h  mic roscop ic  de fec t s  
in t h e  glass.  R e p r o d u c i b i l i t y  of emf  v a l u e s  for  
KC1-NaC1 cells  was  also s o m e w h a t  p o o r e r  (--+5 m v )  
t h a n  in t he  o thers .  

Results 

E M F  d a t a  for  cel ls  B, C, D, and  E a re  shown,  r e -  
spec t ive ly ,  in Fig.  1, 2, 3, and  4. 

(B)  A g / A g B r  (X1),  
N a B r  (1 - -  X 1 ) / V y c o r  g l a s s / A g B r  (X2),  

N a B r  (1 - -  X 2 ) / A g  
(C)  A g / A g C I  (X1),  

KC1 (1 - -  X 1 ) / V y c o r  g l a s s /AgC1  (X2) ,  
KC1 ( 1 - -  X 2 ) / A g  

(D)  A g / A g C 1  (X1),  
CsC1 ( 1 - -  X 1 ) / V y c o r  g l a s s /AgC1  (X2),  

CsC1 (1 - -  X 2 ) / A g  
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Fig. 3. Ernf for the cell Ag ! AgCI(XI) ,  CsCI(I-XI)  [Vycor gloss [ 
AgCI(X2), CsCI(]-X2) I Ag. X1 = 0.10. X2 values ere shown to the 
left of the respective curves. 
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(E)  A g / A g C 1  (0.100) n K C l :  
NaC1 ( 0 . 9 0 0 ) / V y c o r  g l a s s /AgC1  ( X ) ,  

n K C h  NaCI (1  - -  X ) / A g  

for  each  v a l u e  of n in  (E)  t he  s a m e  four  v a l u e s  of 
X w e r e  used :  0.30, 0.70, 0.85, and  0.95. O n l y  for  
n = 49 is t he  t e m p e r a t u r e  coefficient  a p p r e c i a b l e .  
The  ana logous  AgC1-NaC1 and  AgC1-KC1 s ys t e ms  
show on ly  a v e r y  s m a l l  t e m p e r a t u r e  coefficient.  In  
gene ra l ,  s ince  t r a n s p o r t  n u m b e r s  a r e  n e a r l y  t e m -  
p e r a t u r e - i n d e p e n d e n t  the  cel l  emf  w o u l d  be  e x -  
p e c t e d  to v a r y  l i n e a r l y  w i t h  t he  t e m p e r a t u r e .  D e v i -  
a t ions  f r o m  th is  b e h a v i o r  a r e  mos t  p r o b a b l y  p r o -  
duced  b y  the  t e m p e r a t u r e  d e p e n d e n c e  of ionic  
mobi l i t i e s .  

Discussion 

F o r  a l l  of the  sy s t ems  the  a c t i v i t y  coefficient  r a t i o  
is n e a r l y  u n i t y  (11-14)  a n d  ac t iv i t i e s  can  be  r e -  
p l a c e d  b y  m o l e  f rac t ions .  If ,  as  be fore ,  w e  a s sume  
cha rge  t r a n s p o r t  b y  ca t ions  on ly  and  c o n c e n t r a t i o n -  
i n d e p e n d e n t  t r a n s p o r t  n u m b e r s  in t he  glass  

Ecen=  t+ ( R T / F )  ln [ (X2)(X1) ( l - - X 1 )  ] ( 1  X2) [4]  

w h e r e  t he  X ' s  r e p r e s e n t  t he  mo le  f r ac t i ons  of the  
sa l t s  (or  t he  ca t ion  f r a c t i o n s ) .  As  i n d i c a t e d  in cel ls  
( B ) - ( D ) ,  X1 ~ 0.100 and  Xe = X, XKCl + Xsacl  = 
1 - - X  in cel l  (E ) .  t+ is t he  t r a n s p o r t  n u m b e r  of 
the  a l k a l i  m e t a l  cat ion.  F i g u r e  5 is a p lo t  of t he  log 
t e r m  of Eq. [4]  vs. Ecel] a t  850 ~ for  t he  fou r  s y s t e ms  
w i t h  one a l k a l i  m e t a l  cat ion.  F o r  t he  AgC1-NaC1 and  
A g B r - N a B r  sys t ems  n e a r l y  t he  s ame  s t r a i g h t  l ine  
t h r o u g h  t h e  o r ig in  resu l t s ,  s h o w i n g  tha t ,  as e x -  
pec ted ,  a change  in an ion  does no t  affect  t he  r e l a t i v e  
ca t ion  t r a n s p o r t  n u m b e r .  A l e a s t - s q u a r e  ca l cu l a t i on  
y ie lds  for  tNa+ 0.93 in  t he  b r o m i d e ,  and  0.95 in the  
ch lo r ide  sys tem.  

The  cu rves  for  t he  AgC1-KC1 and  AgCI-CsC1 sys -  
t ems  a r e  qu i t e  d i f ferent .  T h e y  a re  no t  l i n e a r  ove r  
the  e n t i r e  r a n g e  of compos i t i on  and  a p p a r e n t l y  do 
not  e x t r a p o l a t e  to t h e  or ig in .  I t  fo l lows  t h a t  t+ c a n -  
not  be  cons t an t  as i m p l i e d  in t he  d e r i v a t i o n  of Eq. 
[4] .  S ince  the  AgC1-NaC1 and  A g B r - N a B r  p lo ts  a r e  
l i n e a r  and  pass  t h r o u g h  the  o r ig in  t he  s ame  v a l u e  
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AgCI- KCI; � 9  AgCI-CsCI. 

Of t+ ~ tNa+ is o b t a i n e d  f r o m  the  s lope  of t he  p lo t  
or  b y  a p p l y i n g  Eq.  [4]  to each  po in t  on it. 

If  t+ is c a l c u l a t e d  for  cel ls  (C)  and  (D)  f rom the  
i n d i v i d u a l  po in t s  t he  r e su l t s  shown  in T a b l e  I a r e  
ob ta ined .  

The  r e su l t s  a r e  in c o m p l e t e  c o n t r a s t  to t he  
A g + - N a  + sys t ems  for  w h i c h  a s ingle  v a l u e  of t+ < 1 
is app l i cab le .  Moreove r ,  t he  mos t  u n r e a s o n a b l e  
v a l u e s  of t+ occur  w h e n  the  a s s u m p t i o n s  m a d e  in t he  
d e r i v a t i o n  of  Eq. [4]  shou ld  ho ld  best ,  i.e., at  m o r e  
n e a r l y  equa l  compos i t ions  of the  two  sides.  These  
ca lcu la t ions  i m p l y  t h a t  the  a l k a l i  m e t a l  ion compos i -  
t i on  v a r i a b l e s  in  Eq. [4]  do no t  a p p l y  in  a n y  s imple  
w a y  to KC1 a n d  CsC1. Two  poss ib i l i t i e s  a re  sug-  
ges t ed :  If  t he  l a r g e r  ca t ions  do no t  pass  t h r o u g h  the  
glass  a t  al l ,  s od ium ion i m p u r i t i e s  in  t h e  sa l ts  m a y  
b e c a m e  p o t e n t i a l  d e t e r m i n i n g ;  a l t e r n a t i v e l y ,  these  
i m p u r i t y  ions c a r r y  a s u b s t a n t i a l  f r ac t i on  of the  
cu r ren t ,  the  l a r g e r  ions c a r r y i n g  some of i t  also. To 
e x p l o r e  t he  first  p o s s i b i l i t y  we  ca l cu l a t e  t he  sod ium 
ion r a t i o  to be  e x p e c t e d  f r o m  t h e  m e a s u r e d  emf,  a s -  
s u m i n g  no t r a n s p o r t  b y  K + a n d  Cs + ( T a b l e  I I ) .  

Q u a l i t a t i v e l y  t he  r e su l t s  a r e  in a r e a s o n a b l e  d i -  
rec t ion ,  i.e., as t he  compos i t i on  of t he  two  so lu t ions  
a p p r o a c h e s  e q u a l i t y  t he  Na  + ion c o n c e n t r a t i o n  r a t io s  
in the  m e m b r a n e  do l ikewise ,  the  h i g h e r  c o n c e n t r a -  
t ion  a l w a y s  occu r r i ng  a t  t he  a l k a l i  h a l i d e  r ich  end.  
I f  t he  r e su l t s  of, for  e x a m p l e ,  cel l  C a r e  to be  a c -  

Table I. Formal alkali metal ion transport numbers calculated 
from Eq. [4] (X1 ~ 0.100) .850 ~ 

X2 E ( c e l l  C ) ,  v E ( c e l l  D ) ,  v t K  + t C s  + 

0.99 0.560 0.445 0.86 0.68 
0.95 0.500 0.382 1.00 0.77 
0.85 0.455 0.320 1.20 0.85 
0.70 0.355 0.290 1.19 0.99 
0.50 0.300 0.265 1.42 1.25 
0.30 - -  0.210 - -  1.61 
0.18 0.160 0150 2.43 2.28 
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Table II. Sodium ion concentration ratios calculated for cells 
C and D from Eq. [4] 
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(XNa+)I/XNa+)2, (XNa+)l/XNa+)2, 
X'Z cei l  C ce l l  D 

0.99 46.2 13.0 
0.95 24.6 6.8 
0.85 17..0 3.9 
0.70 6.8 3.4 
0.50 5.3 3.6 
0.30 - -  3.3 
0.18 3.2 2.9 

coun ted  for by  both  sod ium and  po tas s ium ion t r a n s -  
port ,  we wr i t e  ins tead  of Eq. [4],  ( cons ider ing  NaC1 
on both  sides at sufficiently low concen t r a t i on  so t ha t  
XK+ = (1 --  XAg+ ) on both  sides of the  cell)  

Ecen = R T / F  [ (1 - -  tAg+) in  
X___~2 

X1 

X ' ( 1 - -  X2) | 
- -  tK+ In J [5] 

- -  t N a +  X 1' (1 - -  X 1 )  

where  the p r i m e d  quan t i t i e s  refer  to Na +. X2" a nd  
X1' were  d e t e r m i n e d  by  flame p h o t o m e t r y  for 
X2=0.99 and  X~ = 0.10, and  found  to be 0.73 x 10 -4 
and  1.1 x 10 -4, respect ive ly .  Equa t i on  [5] is t h e n  an  
equa t ion  in  th ree  u n k n o w n s :  tag+, tNa+, t K+. A d d i -  
t iona l  re la t ions  are p rov ided  by  the  def ini t ion t + = 1 
and  by  the  a s sumpt ion  tha t  tag+ is p r o b a b l y  no t  
a l te red  s igni f icant ly  f rom its va lue  of 0.05 in  the  
AgC1-NaC1 system. The resul t s  of this  ca lcu la t ion  
a r e :  tNa § = 0.155, tK+ = 0 . 7 9 5 .  This  iS at leas t  
p lausible ,  and  suggests  ( w i t h i n  the  l imi t a t ions  of the 
p resen t  mode l )  tha t  even  w h e n  p resen t  in e x t r e m e l y  
low concen t ra t ions  sod ium carr ies  an  apprec iab le  
pa r t  of the cat ionic charge t h rough  the  glass. Since 
sod ium is app rec i ab ly  sma l l e r  t h a n  all  the o ther  
cat ions  s tud ied  so far,  it  seems r ea sonab le  to con-  
c lude tha t  for a g iven  set of ions in  the  me l t  ionic 
size l a rge ly  de t e rmines  re la t ive  ion t r a n s p o r t  
t h rough  the  molecu la r  s t ruc tu re  of the  glass. SiO2 
consists of a t h r e e - d i m e n s i o n a l  n e t w o r k  of cova-  
l e n t l y  bonded  s i l i con -oxygen  r ings  whose cen te r  is 
l a rge  enough  to accommodate  the  passage of smal l  
ions. It  seems reasonab le  to expect  tha t  the smal les t  
ions in  a me l t  would  pass most  easi ly  t h rough  the  
glass. 

The resul t s  of cell E m a y  be used  to ga in  some 
i n f o r m a t i o n  on re la t ive  p o t a s s i u m / s o d i u m  t ranspor t .  
For  n = XKcl/XNaCl va lues  of 12.4 and  19, plots of 
Eq. [4],  (cf. Fig.  6), whe re  t+ = tK+ + tNa+ , lie on 
the AgC1-NaC1 r a t h e r  t h a n  on the  AgC1-KC1 line.  
However ,  for n = 49, i.e., 2% NaC1, there  appears  to 
be a shift  t oward  the la t ter .  This  suggests  that ,  as 
the  sod ium concen t r a t i on  in  the me l t  becomes low, 
po tas s ium ion begins  to t r an spo r t  some of the  cu r -  
rent .  S imi l a r  conclus ions  were  also reached  by  
Lengye l  and  S a m m t  (5) f rom the i r  m e a s u r e m e n t s  
in  the  PbC12-KC1 sys tem and  po tass ium glasses. 

The  resul t s  on cells A - D  ind ica te  t ha t  Eq. [4] m u s t  
be appl ied  caut iously ,  p a r t i c u l a r l y  in  the  design of 
re fe rence  electrodes (7) ; i.e., one should  no t  assume 
a priori t ha t  the  ions wh ich  are de l ibe ra te ly  added 
to a cell are  necessa r i ly  the  ions to which  the  X's  
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apply.  Thus,  it  is possible t ha t  an  ion wh ich  does 
not  expl ic i t ly  appea r  as a cell cons t i tuen t  b u t  is 
p resen t  as an impur i t y ,  e.g., sodium, is po ten t i a l  
d e t e r m i n i n g  because  it  t r anspor t s  a la rge  f rac t ion  
of the  c u r r e n t  across the  m e m b r a n e .  Such behav io r  
was p rev ious ly  (7) observed  in  the  AgC1-NaC1 sys-  
t e m  w he r e  the s o d i u m - i o n  i m p u r i t y  in  r e a g e n t -  
grade  AgCI(XNa+ ~ 10 -4)  is sufficient to provide  for 
Na + t r a n spo r t  across the  glass m e m b r a n e .  

In  the  p reced ing  discussion,  as wel l  as in  p rev ious  
s tudies  of the AgC1-NaC1 (7) and  A g C I - ( N a C I  -t- 
KC1) (6) sys tems it  was  a s sumed  tha t  no charge  is 
t r anspo r t ed  by  anions.  The a s s u m p t i o n  was  made  
because,  w h e n  the an ion  ac t iv i ty  is equa l  on  both  
sides of the  cell, the  t e r m  d l n a -  = 0 and  thus  does 
not  appear  in  the  equa t i on  for the  cell po ten t i a l  

E = ( R T / F )  [ ln  X2/X1 -- ~ti dlnai]  [6] 

i.e., the  t e r m  in  t -  does no t  appea r  expl ic i t ly .  H o w -  
ever,  it  does not  fol low tha t  t -  is necessar i ly  zero. 
Indeed,  r ecen t  e x p e r i m e n t s  (3) have  p rov ided  direct  
ev idence  for a n i on  t r a n s p o r t  t h r o u g h  fused silica. 
For  sys tems con t a in ing  only  one an ion  t -  m a y  be 
made  to appear  expl ic i t ly  by  subs t i t u t i ng  

~ A g +  -[- ~:Na+ "-}- t - -  ~ 1 
i.e. 

1 --  tAg+ = tNa+ + t-- [7] 

into Eq. [2].  This  gives 

E = ( R T / F )  [t+ in  (X2 /X1)  (1 - -  X ~ ) /  

( 1 - - X ~ )  + t -  In ( X 2 / X I ) ]  [8] 

E q u a t i o n  [8] is an  equa t ion  in  two u n k n o w n s ,  t+ 
and  t - ,  which  can be eva lua t ed  f rom m e a s u r e m e n t s  
of at  leas t  two cells. If  the t r a n s p o r t  n u m b e r s  are 
i n d e p e n d e n t  of composi t ion,  as assumed  in  the  de r i -  
va t ion ,  t hey  wi l l  show a smal l  s t a n d a r d  dev ia t ion  in  
a p a r t i c u l a r  system. 
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Al l  the  data  for the  AgC1-NaC1 and  A g B r - N a B r  
sys tems are  indeed  wel l  fitted by  s ingle  va lues  of t+ 
and  t -  as fol lows 

tN~+ t -  tag+ 

AgC1-NaC1 0.985 --0.036 0.051 
AgBr-NaBr  0.995 --0.236 0.241 

These resul ts ,  which  suggest  cat ionic  ha l ide  com-  
plexes, do no t  appear  ve ry  r ea sonab le  since these  
ent i t ies  are ve ry  la rge  compared  wi th  po tas s ium 
and  ces ium ions and  thus  wou ld  no t  be expected  to 
pass t h rough  the glass. They  m a y  be ar t i facts  of the 
calcula t ion.  S tudies  on an ion  concen t r a t i on  ceils now  
in  progress  on the  AgC1-AgBr  sys tem should  shed 
more  l igh t  on the  ques t ion  of an ion  t r an spo r t  
t h r o u g h  glass. 

A t  a n y  rate,  al l  of the  resul t s  ob ta ined  so far  for 
s i lver  ha l i de - a lka l i  me ta l  ha l ide  sys tems ind ica te  
tha t  most  of the charge is t r a n s p o r t e d  t h r o u g h  the  
glass by  a l k a l i - m e t a l  cations. A l t h o u g h  the  p re sen t  
work  does no t  ru ie  out t r an spo r t  by  such ions o ther  
t h a n  sod ium it s t rong ly  suggests  t ha t  sod ium is far  
more  effective in  t r a n s p o r t i n g  charge  t h a n  o ther  
ions, even  w h e n  p re sen t  in  ve ry  low concen t ra t ion .  
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Kinetics of the Anodic Dissolution of Nickel in 
Sulfuric Acid Solutions 

Norio Sato and Go Okamoto 
Division oy Applied Chemistry, Faculty ,of Engineering, Hokkaido University, Sapporo, Japan 

ABSTRACT 

A kinetic study was made on the anodic dissolution of nickel in sulfuric  acid 
solutions ranging in  pH from O to 3. Rapid polarization and steady-state  polar i-  
zation techniques were used. The anodic polarization curve was found to 
change in  appearance with t ime of polarization; the Tafel constant  changed 
from its ini t ial  value of 0.5 to a s teady-state  value of 2. Increasing the pH of 
the solution shifted the anodic polarization curve in  the direction of less 
noble potential,  and the dissolution rate at constant  potent ial  therefore increased 
with the increase of O H -  ion concentration. The pH dependence of the dis- 
solution rate was estimated to be (~ log i/8 pH)E = 1 in the case of both rapid 
polarization and steady-state  polarization. 

Results analyzed in terms of electrochemical kinetics suggest the following 
consecutive steps for the anodic dissolution reaction: (a) Ni -F O H -  -> NiOH 
(ads) -t- e; (b) NiOH (ads) -~ NiOH + + e; (c) NiOH + --> Ni 2+ -F O H - .  The 
ra te -de te rmin ing  step changes from step (a) to step (c) as NiOH + ion concen- 
t ra t ion increases in the vicini ty of the surface. The rate of anodic dissolution is 
controlled also by the amount  of O H -  ion involved in a reaction cycle con- 
sisting of steps (a),  (b),  and (c). 

The  anodic  reac t ion  of n icke l  is an  e l ec t rochem-  
ical react ion,  and  its ove r - a l l  reac t ion  is u sua l l y  
w r i t t e n  as 

Ni-> Ni 2+ + 2e 

The ra te  of the r eac t ion  depends  on  the electrode 
po ten t i a l  of nickel ,  and  the  r e l a t ionsh ip  b e t w e e n  the  
two can be ob ta ined  by  the  po la r iza t ion  of a n i cke l  
electrode.  In  po la r iz ing  nickel ,  however ,  the  po-  
l a r i za t ion  state of ten var ies  w i th  t ime,  r e su l t i ng  

in  a hys teres is  of the  po la r iza t ion  curve.  This was  
first no ted  b y  FSrs te r  and  Krf iger  (1) over  t h i r t y  
years  ago, and  the rea f t e r  was  also f ound  for i ron  
(2, 3, 4) a nd  cobal t  (5) .  The  factors  con t ro l l ing  the  
ra te  of reac t ion  a nd  its t ime  va r i a t i on  have  been  i n -  
ves t iga ted  b y  m a n y  worke r s  (3, 4, 6). The re  is as 
yet  no c o m m o n l y  accepted m e c h a n i s m  of anodic  dis-  
so lu t ion  for nickel .  In  this  i nves t iga t ion  the  po la r iza -  
t ion curve,  its va r i a t i on  w i th  t ime,  a nd  the  effect of 
pH were  measured ,  and  the  resul t s  are discussed in  
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t e r m s  of e l e c t r o c h e m i c a l  k ine t i c s  l e a d i n g  to  a m e c h -  
a n i s m  for  anod ic  d i s so lu t ion  in ac id  solu t ion .  

E x p e r i m e n t a l  

S p e c i m e n s  of  n i c k e l  shee t s  of 15 x 10 x 5 m m  
( ~ 6  cm 2) w i t h  s m a l l  h a n d l e s  w e r e  m a d e  f r o m  e lec-  
t r o l y t i c  n i cke l  m e l t e d  in  vacuum.  A f t e r  a n n e a l i n g  
at  800~ for  10 min  each  spec imen  was  po l i shed  
w i t h  4 /0  e m e r y  pape r .  The  s m a l l  h a n d l e  was  w e l d e d  
to a p l a t i n u m  l e a d  and  w a s  sea l ed  in to  a glass  t u b e  
w i t h  an  e p o x y  res in  (Ep i l i t e  No. 500) w h i c h  r e -  
q u i r e d  no h e a t - t r e a t m e n t  to ha rden .  O n l y  a s m a l l  
s u r f a c e  a r e a  of t h e  e p o x y  res in ,  less t h a n  0.1 cm 2, was  
e x p o s e d  to avo id  c o n t a m i n a t i o n  of t he  solu t ion .  T h e  
s p e c i m e n  was  t hen  d e g r e a s e d  b y  s w a b b i n g  w i t h  p u r e  
benzene  and  was  e t ched  w i t h  an  e q u i v o l u m e  m i x t u r e  
of c o n c e n t r a t e d  H2SO4 and  HNO3 for  a b o u t  1 m i n  
fo l l owed  b y  w a s h i n g  w i t h  a j e t  s t r e a m  of d i s t i l l ed  
wa te r .  The  spec t roscop ic  a n a l y s i s  of t h e  spec imen  
gave  the  fo l l owing  compos i t ion :  Co 0.28%, C r ( - - ) ,  
AI 0.04, Mg(--), Mn 0.03, Ca(W), Zn(+) ,  Ag(--), 
Cu(+) ,  Sn(--), Pb(--),  Fe (+ ) ,  Ni balance, where 
the sign (-F), refers to detectable elements and (--) 
refers to undetectable elements. Carbon and sulfur 
contents expected from the composition of the origi- 
nal electrolytic nickel are about 0.01% and 0.001%, 
respectively. 

Solutions of various pH values up to 3 with a 
constant sulfate ion concentration of 0.5 mole/liter 
were used as the test solutions. They were prepared 
from redistilled water, A. R. grade sulfuric acid, and 
sodium sulfate. 

The electrolytic cell was an air-tight container of 
hard glass with a capacity of about 500 ml; it had 
compartments for the specimen and for an auxiliary 
platinum electrode. A sintered glass filter was pro- 
vided to connect the two compartments in order to 
avoid diffusion of hydrogen gas from the platinum 
cathode to the surface of the specimen. Dissolved 
oxygen and other impurities in solution were care- 
fully removed by pre-electrolysis with a platinum 
cathode of I0 cm 2 in the specimen compartment for 
several hours at a current density of 5 ma/cm 2 and 
b y  b u b b l i n g  p u r e  n i t r o g e n  gas (O~ < 0 .001%) for  
one  d a y  b e f o r e  t h e  e x p e r i m e n t s .  A l l  t h e  e x p e r i m e n t s  
w e r e  p e r f o r m e d  in s ta t ic  so lu t ions  s a t u r a t e d  w i t h  
p u r e  n i t r o g e n  gas  a t  t e m p e r a t u r e s  of 25 ~ and  40~ 

A r a p i d  m e t h o d  (4)  was  used  to o b t a i n  p o l a r i z a -  
t ion  curves  w i t h o u t  c h a n g i n g  the  o r ig ina l  su r f ace  
condi t ions .  In  th is  m e t h o d  the  p o l a r i z a t i o n  c u r v e  is 
r a p i d l y  d e t e r m i n e d  b y  a p p l y i n g  a success ive  s t e p -  
wise  change  of c u r r e n t  a t  c e r t a i n  f ixed  shor t  t i m e  
i n t e r v a l s  us ing  an  osc i l lograph .  The  u s u a l  t y p e  of 
g a l v a n o s t a t  and  e l ec t ron ic  p o t e n t i o s t a t  w e r e  u sed  
for  m e a s u r e m e n t s  of (a )  s t e a d y - s t a t e  p o l a r i z a t i o n  
curves ,  (b )  t i m e  v a r i a t i o n  of p o l a r i z a t i o n  po t en t i a l ,  
and  (c)  t i m e  v a r i a t i o n  of anodic  cu r ren t .  The  p o -  
t e n t i o s t a t  h a d  a c u r r e n t  c a p a c i t y  of 150 ma ;  t he  
r e sponse  t i m e  for  p o t e n t i a l  v a r i a t i o n  was  a b o u t  10 -2 
sec /v .  

T h e  p o t e n t i a l  of t he  s p e c i m e n  was  m e a s u r e d  w i t h  
r e f e r e n c e  to a s a t u r a t e d  ca lome l  e l ec t rode  us ing  a 
fine p o i n t e d  t ip  L u g g i n  c a p i l l a r y  p l aced  at  abou t  0.05 
cm f r o m  the  s p e c i m e n  surface .  The  p o t e n t i a l  was  
c o n v e r t e d  to t he  s t a n d a r d  h y d r o g e n  scale.  

Resul ts  

In  Fig .  1 the  anod ic  p o l a r i z a t i o n  cu rves  of n i cke l  
in  a s ta t ic  so lu t ion  of 1N H2SO4 a t  40~ ( o b t a i n e d  b y  
the  r a p i d  m e t h o d )  is c o m p a r e d  to t h a t  o b t a i n e d  b y  
the  s t e a d y - s t a t e  me thod .  In  t h e  r a p i d  m e t h o d  a 
s t epwise  inc rease  of t he  c u r r e n t  was  m a d e  in a shor t  
t i m e  (1 sec) ,  and  the  p o t e n t i a l  a t  each  c u r r e n t  was  
m e a s u r e d  abou t  0.2 sec a f t e r  c h a n g i n g  the  c u r r e n t ;  
th is  was  l ong  e n o u g h  for  c h a r g i n g  the  e l e c t r o c h e m -  
ical  doub le  l a y e r  a t  each  v a l u e  of cu r ren t .  The  
s t e a d y - s t a t e  p o l a r i z a t i o n  was  u s u a l l y  a t t a i n e d  abou t  
30 min  a f t e r  a p p l y i n g  the  anod ic  cu r ren t .  In  the  
p r e s e n t  e x p e r i m e n t s  t h e  anodic  c u r r e n t  of n i c k e l  is 
e q u i v a l e n t  to  t h e  d i s so lu t ion  c u r r e n t  of n i c k e l  b e -  
cause  of t he  absence  of h y d r o g e n  and  o x y g e n  gases  
in t he  solut ion.  

I n  c o m p a r i n g  the  two  cu rves  i t  is to be  u n d e r s t o o d  
t h a t  in g a l v a n o s t a t i c  p o l a r i z a t i o n  the  p o t e n t i a l  
changes  w i t h  t i m e  in two  d i f f e ren t  ways .  One is the  
change  t o w a r d  the  nob le  p o t e n t i a l  in  the  r e l a t i v e l y  

- 2  g U/ J 
- 4  

/ / .Tdsy= 2t.ote method 

i q ~ q 
+ 0 . 0 5  +0 .10  +0.15 + 0 . 2 0  + 0 . 2 5  "~0.~0 

E ( vo l t  ) 

Fig. 1. Anodic polarization curves of nickel obtained by means 
of rapid polarization and steady-state polarization. Electrolyte, RT(c3lni~ 
1N H2SO4 saturated with N2; 40~ T = - Tafel 
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Fig. 3. Time variation of anodic dissolution current of nickel 
during potentiostatic polarization at a relatively noble potential 
of 4- 0.25v. Electrolyte, 1N H2SO4 saturated with N2; 25~ E 
= 4- 0.25v. 
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Fig. 4. Effect of pH on the rapid anodic polarization curve of 
nickel. Electrolyte, solutions of 0.5M SO42-/1 saturated with 
N2; 40~ 

S l o p e  o f  
p H  T a f e l  l i n e ,  4 0 ~  T a f e l  c o n s t a n t  

0.SM SO,~-/1 " -- - - 0  log i ~r = - - - - ,  

0.45 0.098 0.633 
0.091 0.682 
0.100 0.621 
0.109 0.570 

1.10 0.092 0.674 
0.099 0.627 

1.73 0.096 0.646 
0.110 0..564 

2.75 0.130 0.477 
0.120 0.517 

low c u r r e n t  region,  and  the  o ther  t oward  the  less 
noble  d i rec t ion  in  the  h igh c u r r e n t  region.  A n  ex-  
ample  of the  l a t t e r  is shown  in  Fig. 2. In  po t en t io -  
stat ic polar iza t ion ,  cor respondingly ,  the  change  of 
anodic  c u r r e n t  w i th  t ime  is observed.  F igu re  3 
shows the increase  in  anodic  c u r r e n t  w i th  t ime  
d u r i n g  the po ten t ios ta t ic  po la r i za t ion  at  a r e l a t i ve ly  
noble  potent ia l .  I n  the  tess nob le  po ten t i a l  region,  
conversely ,  the  anodic  c u r r e n t  decreases wi th  t ime. 

In  Fig. 1 the rap id  po la r iza t ion  curve  is seen to 
fit the  Tafe l  r e l a t ion  (E = a 4- b log i) over  a wide  
r ange  of c u r r e n t  densi ty .  This Tafe l  l ine  moves  
wi th  cons tan t  slope t oward  the  less noble  po ten t i a l  
wi th  inc reas ing  pH of the  so lu t ion  as shown in  Fig. 
4. The  slope of these Tafe l  l ines  and  the  co r re spond-  
ing  Tafe l  constant ,  as is seen in  Tab le  I, are  a lmost  
i n d e p e n d e n t  of pH, and  the  m e a n  va lues  for the  two 
are respec t ive ly  as fol lows 

899 

b~. = (aEr/a log i)40oc = 0.105v [1] 

R T  
�9 r - -  ~ ( a l n i / a E , - )  = 0.60 [2] 

The pH dependence  of the po la r iza t ion  po ten t i a l  at 
cons tan t  anodic  c u r r e n t  can be ob ta ined  f rom the 
curves  in  Fig. 4. F i g u r e  5 gives a n u m e r i c a l  va lue  of 
the  pH dependence  

(OEr /apH)  1 ma/cm2 : 0.105v [3] 

This va lue  should  be i n d e p e n d e n t  of the  anodic  cu r -  
r en t  because  of the  pa ra l l e l  shift  of the  po la r iza t ion  
curve  in  Fig. 4. Accordingly ,  the  effect of pH on the  
anodic  c u r r e n t  at cons tan t  po ten t i a l  can be es t imated  
by  combina t ion  of Eq. [1] a nd  [3]. Thus  

kr = (a log i / a p H ) E T  = 1 [4] 

F igure  6 shows the s t eady- s t a t e  anodic  po la r iza-  
t ion  curves  of n ickel  in  solut ions of th ree  different  
pH values.  I t  is seen tha t  the curve  obeys the Tafe l  
r e l a t ion  on ly  in  a r e l a t ive ly  n a r r o w  r a nge  of c u r r e n t  
dens i ty  which  depends  on the  pH of the solut ion.  The 
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Fig. 5. Effect of pH on the rapid polarization potential of nickel 
at constant anodic current, derived from the curves of Fig. 4. i 
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Fig. 6. Effect of pH on the steady-state anodic polarization 
curve of nickel. Electrolyte, solutions of 0.5M SO42-/1 saturated 
with N2; 40~ 

s lope  is n e a r l y  i n d e p e n d e n t  of p H  and  is c lose to 
0.03v c o r r e s p o n d i n g  to a Tafe l  cons t an t  of 2; 

RT 
r s - -  ~- (Oln i /OEs)  ~ 2  [5]  

By  c o m b i n i n g  bo th  v a l u e s  of the  s lope  of t he  Ta fe l  
l ine  and  the  p H  d e p e n d e n c e  of t he  s t e a d y  p o l a r i z a -  
t ion  p o t e n t i a l  a t  cons t an t  anodic  c u r r e n t  shown  in 
Fig .  7, t he  effect of p H  on the  s t e a d y  anod ic  c u r r e n t  
a t  cons t an t  p o t e n t i a l  is o b t a i n e d  for  t he  p o t e n t i a l  
r a n g e  w h e r e  t he  Tafe l  r e l a t i o n  is e s t a b l i s h e d  

Xs = (a log  i/OpH)Es ~ 1 [6]  

Discussion 

Mechanism of anodic dissolution by rapid polari- 
zat ion.--I f  t he  anodic  d i s so lu t ion  of n i c k e l  is a s ing le  
s tep  r e a c t i o n  r e p r e s e n t e d  b y  Ni  ~ Ni  2+ + 2e, no 
effect  of p H  on the  anodic  p o l a r i z a t i o n  cu rve  shou ld  
be  obse rved .  This,  h o w e v e r ,  does no t  a g r e e  w i t h  t he  
r e su l t s  d e s c r i b e d  above .  

To e x p l a i n  t h e  resu l t s ,  a r e a c t i o n  i n v o l v i n g  O H -  
ion is a s s u m e d  for  t he  anod ic  d i s so lu t ion  of n ickel ,  
t h a t  is 

Ni -F O H -  -* NiOH + + 2e [7]  

w h e r e  N iOH + is a c o m p l e x  ion w h i c h  has  been  as -  
c e r t a i n e d  b y  s e v e r a l  w o r k e r s  (7) .  A c c o r d i n g  to e l ec -  
t r o c h e m i c a l  k ine t i c s  (8 ) ,  t he  r a t e  of th is  r e a c t i o n  can  
be  d e r i v e d  if t he  r a t e - d e t e r m i n i n g  s tep  is e s t a b -  
l i shed .  Thus ,  i f  th i s  r e a c t i o n  is a s ing le  s tep  r eac t ion ,  
t he  r a t e  w o u l d  b e  g iven  b y  

i = k ' [ O H - ]  exp  {2aEF/RT} [8]  

w h e r e  k' is a cons tan t ,  [ O H - ]  the  c o n c e n t r a t i o n  of 
O H -  ion, and  a t he  s y m m e t r y  f ac to r  of t he  step.  

F r o m  the  s t a n d p o i n t  of k ine t ics ,  r e a c t i o n  [7]  m a y  
be  d i v i d e d  in to  two  e l e m e n t a r y  consecu t ive  s teps  

Ni  + O H -  --> N i O H  ( a d s )  -F e (a )  
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Fig. 7. Effect of pH on the steady-state polarization potential of 
nickel at constant anodic current. The current region is that 
where the Tafel relation was established (Fig. 6). i ~ 1 ma/cm2; 

( 0 E ( s )  ) 1 ma/cm2 = 0.036v. 
OpH 

NiOH (ads )  --> N iOH + § e (b)  

w h e r e  N iOH (ads )  is an  a c t i v a t e d  c o m p l e x  a d s o r b e d  
on the  n i cke l  sur face .  By  a p p l y i n g  the  k ine t i c s  of 
consecu t ive  r eac t i ons  (8 ) ,  t h e  r a t e  e q u a t i o n  of t he  
o v e r - a l l  r e a c t i o n  can  be  d e r i v e d  for  bo th  eases  of 
the  r a t e - d e t e r m i n i n g  s tep  (a )  and  (b ) .  Thus ,  for  
s t ep  ( a ) ,  t he  r a t e  of the  o v e r - a l l  r e a c t i o n  is g iven  
b y  

i = ka [ O H - ]  exp  {aEF/RT} [9]  

w h e r e  ka is a cons t an t  and  a t he  s y m m e t r y  f ac to r  of 
s tep  ( a ) .  

If  s t ep  (b )  is r a t e  d e t e r m i n i n g ,  t h e  d e r i v a t i o n  of 
t he  r a t e  equa t ion  for  t h e  o v e r - a l l  r e a c t i o n  r e su l t s  in 
two  d i f fe ren t  ones d e p e n d i n g  on w h e t h e r  XNiOH, the  
su r face  cove rage  of N iOH ( a d s ) ,  is m u c h  s m a l l e r  
t h a n  its m a x i m u m  v a l u e  or  is n e a r l y  equa l  to the  
m a x i m u m  va lue .  The  r a t e  of s t ep  (b )  is 

ib = kb [ N i O H ( a d s ) ]  exp  {~EF/RT} [10] 

w h e r e  kb is a cons tan t ,  a t he  s y m m e t r y  fac tor ,  and  
[ N i O H  (ads )  ] is t he  c o n c e n t r a t i o n  of N iOH ( a d s )  on 
the  surface .  I f  X N i O H  : K [ N i O H  (ads )  ], t h e n  

ib = k'b Xsion exp  {aEF/RT} [11] 

w h e r e  k'b = Kkb. Since  s tep  (a )  can  be  r e g a r d e d  as 
in q u a s i - e q u i l i b r i u m  

[ N i O H  ( a d s ) ]  = K a [ O H - ]  exp  {EF/RT}  [12] 

w h e r e  Ka is a cons tan t .  E q u a t i o n  [12] is v a l i d  on ly  
w h e n  XNIOn < <  1. S u b s t i t u t i o n  of Eq. [12]  in to  Eq. 
[10]  or  [11] g ives  t he  r a t e  of the  o v e r - a l l  r e a c t i o n  

i = k b K ~ [ O H - ]  exp  {(1 + a)  E F / R T )  [13] 

W h e n  xNion-* 1, Eq. [13] is no l o n g e r  va l id ,  and  the  
r a t e  is s i m p l y  g iven  f r o m  Eq. [ 11 ]. Thus  

i = k'b exp  {aEF/RT} [14] 

F r o m  Eq. [8] ,  [13] ,  and  [14] t he  Tafe l  cons t an t  
and  p H  d e p e n d e n c e  of t he  r e a c t i o n  r a t e  can  be  ca l -  
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culated for each reaction mechanism; these are 
tabulated in Table If. In calculating the Tafel con- 
stant from the above rate equations, the symmetry 
factor a of the rate-determining step was assumed 
to be approximately 0.5. 

Since in the rapid measurement of polarization 
no change of the surface conditions including the 
OH- ion concentration in the vicinity is expected to 
occur, the rate-determining step can be inferred 
from the comparison between the rapid polarization 
curve and the rate equation derived theoretically 
for each reaction mechanism. It is seen that the 
Tafel constant ~r and the pH dependence ~r obtained 
from the rapid polarization curve are both in agree- 
ment with those calculated for rate-determining 
step (a). This leads to the conclusion that under the 
constant surface conditions the anodic dissolution 
proceeds aeccording to the consecutive steps (a) and 
(b) in which step (a) is the rate-controlling one. 

Mechanism of steady anodic dissolution.--The 
complex  ion NiOH + p roduced  by anodic  d issolu t ion  
tends  to dissociate  to Ni 2+ and O H -  ions in acid 
solut ion by v i r t u e  of the  v a l u e  of the  dissocia t ion 
cons tant :  K c =  [ N i O H + ] / [ N i 2 + ] [ O H - ]  ~ 10 5 (7) .  

N iOH + --> Ni 2+ + O H -  (c) 

This d issocia t ion m a y  occur  in a solut ion l aye r  ad -  
j acent  to the  sur face  w i t h  the  r a t e  g iven  by  

ic = 2kcF [N iOH + ] 

w h e r e  kc is the  r a t e  constant .  If  the  r a t e  of dis-  
solut ion is m u c h  sma l l e r  t han  the  sur face  r eac t ion  
(a)  + (b ) ,  the  concen t r a t ion  of N i O t I  + ion in the  
so lu t ion  l a y e r  increases  w i t h  t i m e  up to the  e q u i -  
l i b r i u m  concen t r a t i on  for  the  su r face  reac t ion  wh ich  
is g iven  by 

[N iOH + ] ---- K(a)+(b) [ O H - ]  exp {2EF/RT} 

w h e r e  K(a)+(b) is a constant .  The  anodic  d issolu t ion  
ra te  for  the  r a t e - d e t e r m i n i n g  r eac t ion  (c) t hen  is 
g iven  as 

i = 2kcK(a)+(b) [ O H - ]  exp {2EF/RT} [15] 

F u r t h e r m o r e ,  if the  diffusion of Ni 2§ ion p roduced  
by dissocia t ion (c) is con t ro l l ing  the  anodic  d isso lu-  
t ion rate,  the  ra te  equa t ion  of the  o v e r - a l l  anodic  
d issolu t ion  is w r i t t e n  as fol lows,  a s suming  the  a t -  
t a i n m e n t  of q u a s i - e q u i l i b r i u m  for  the  sur face  r e a c -  
t ion (a)  + (b) and dissocia t ion  (c) 

i = 2 F ( D N i 2 + / ~ N i 2 +  ) (K(a)+ (b)/Kc) exp  {2EF/RT} 
[16] 

w h e r e  DNi2+ is the  diffusion coefficient of Ni 2+ ion, 
$N~2+ the  th ickness  of diffusion layer .  T h e  Ta fe l  con-  
s tan t  z and pH d e p e n d e n c e  k for the  t w o  cases of Eq. 
[15] and [16] are  shown  in Tab le  II. 

A l t h o u g h  the  concen t r a t ion  of N i O H  + ion in the  
solut ion l a y e r  jus t  over  the  sur face  increases  w i t h  
t ime,  the  concen t r a t i on  of O H -  ion m a y  not  change  
dur ing  the  anodic  po la r i za t ion  by v i r t u e  of the  rap id  
diffusion of O H -  ion. A cons tan t  O / I -  ion concen-  
t r a t ion  at the  sur face  m a y  be a t t a ined  in the  solut ion 
of r e l a t i v e l y  l a rge  concen t r a t i on  of O H -  ion or in 
the  r e l a t i v e l y  smal l  c u r r e n t  dens i ty  region.  If  th is  

Table II. Tafel constant and pH dependence of anodic 
dissolution of nickel. These are derived theoretically for the 

various possible reaction steps listed, assuming the 
symmetry factor a = 0.5 

R e a c t i o n  s t ep  

DH 
T a f e l  c o n s l a n t  d e p e n d e n c y  RT(Olni) (Ologi) 

/ 

Ni--> Ni 2+ + 2e 1 0 
Ni + OH---> NiOH + + 2e l 1 

(a) Ni + O H -  ~ NiOH (ads) 
+ e 0.5 1 

(b) NiOH (ads) ~ NiOH + 
+ e, XNiOH ~ 0* 1.5 1 

XNiO~ ~ 1 0.5 0 
(c) NiOH + ~ Ni 2+ -/- O H -  2 1 

Ni 2+ diffusion 2 0 

* XNiOH d e s i g n a t e s  t h e  f r a c t i o n  of s u r f a c e  c o v e r e d  w i t h  N i O H  
( a d s ) .  

condi t ion  is satisfied in the  reg ions  w h e r e  the  Tafe l  
r e l a t ion  was  ob ta ined  by s t e a d y - s t a t e  po la r iza t ion ,  
one can compare ,  for  the  purpose  of i n f e r r i n g  the  
r a t e - d e t e r m i n i n g  step, the  Tafe l  cons tants  r and pH 
dependence  ~ e v a l u a t e d  f r o m  the  s teady  Tafe l  l ines  
w i t h  those ca lcu la ted  t heo re t i c a l l y  as shown in 
Tab le  II. The  conclus ion is tha t  the  r a t e - d e t e r m i n i n g  
step of anodic  d issolu t ion  at  the  s teady  s ta te  is the  
d issocia t ion  of N iOH + ion in the  so lu t ion  l aye r  a t -  
t ached  to the  surface.  

Role of O H -  ion.--From the  above  discussion it 
appears  tha t  the  decrease  of anodic  c u r r e n t  obse rved  
at a r e l a t i v e l y  less noble  po ten t i a l  (or the  m o v e m e n t  
of po la r i za t ion  po ten t i a l  t o w a r d  the  m o r e  nob le  po-  
t en t i a l  at  a r e l a t i v e l y  smal l  anodic  c u r r e n t )  is caused 
by the increase of NiOII + ion concentration in the 
vicinity of the surface. This increase results in 
switching over of the rate-determining step from the 
surface reaction to the dissociation reaction of 
NiOH + ion. The observed increase of anodic current 
at noble potential (or the movement of potential 
toward the less noble potential at large anodic cur- 
rent), however, cannot be explained only by the 
alternation of the rate-determining step. To explain 
this a particular role of OH- ion must be taken into 

account. 
In the consecutive steps of anodic dissolution, one 

can see a reaction cycle of the OH- ion that consists 
of steps (a ) ,  (b ) ,  and (c) (Fig.  8). The  O H -  ion in 
this r eac t ion  cycle  is cons idered  to act  as a ca r r i e r  
(or a ca ta ly t i c  agen t )  t ha t  causes n icke l  ion to be 
t r a n s f e r r e d  f r o m  the  me ta l l i c  phase  to the  solution.  
The  r a t e  of n i cke l  dissolut ion,  then,  is e q u i v a l e n t  to 
the  r a t e  of the  r eac t ion  cycle  w i t h  respec t  to O H -  
ion. The  r a t e  can be g iven  as fol lows,  no m a t t e r  
w h e t h e r  s tep (a)  or (c) is d e t e r m i n i n g  the  r a t e  

i = 2 k r [ O H - ] o  exp  {~EF/RT} [17] 

w h e r e  [ O H - ] o  denotes  the  O H -  ion concen t r a t ion  
in a solut ion l aye r  ad jacen t  to the  sur face  and both  
k and r a re  cons tants  c losely  r e l a t ed  to the  r a t e -  
d e t e r m i n i n g  step. This  equa t i on  suggests  that ,  even  
if no a l t e rna t i on  of the  r a t e - d e t e r m i n i n g  step occurs,  
the  po la r i za t ion  c u r v e  should  change  w i t h  lapse of 
t ime  w h e n  the  O H -  ion concen t r a t i on  at the  sur face  
changes  d u r i n g  anodic  dissolut ion.  
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�9 N i O H  + 

. N i  =+ 

Fig. 8. Reaction cycle with regard to O H -  ion at the surface 
of nickel, a, Ni -I- O H -  -> NiOH(ads) -I- e; b, NiOH(ads) --> 
NiOH + -}- e; c, NiOH + --> Ni 2+ -I- O H - .  

Since the H + ion is the m a i n  ca r r i e r  of ionic cu r -  
r en t  in  acid solut ion,  the  concen t r a t i on  of the  H + 
ion in  the v ic in i ty  of the  surface of anodica l ly  dis-  
so lv ing  meta l s  t ends  to decrease w i th  lapse of t ime  
(9) .  The concen t ra t ion  g rad ien t  due to the  d e p a r t u r e  
of H + ion f rom the  sur face  t hen  gives rise to the 
back  diffusion of H + ion aga ins t  the m i g r a t i o n  
caused by  the electric field. The t ime  va r i a t i on  of 
the  H + ion concen t r a t i on  at the surface  at cons tan t  
ionic c u r r e n t  of the  H + ion can be der ived  theo-  
re t ica l ly  u n d e r  the a s sumpt ion  of l i nea r  diffusion 
of H + ion (10).  The  resu l t  of the  de r iva t ion  is the  
equa t ion  

A[H+]  = [ H + ] ~ - -  [ H + ] ~  2inH~+ V t [18] 
$ 

F ~rD H + 

where  11,H+ is the t r a n s p o r t  n u m b e r  of H + ion, DH+ 
the  diffusion coefficient, [H + ]= the  concen t r a t i on  of 
H + ion in  the  d i s tan t  solut ion.  C o m b i n a t i o n  of Eq. 
[17] and  [18] gives the  fo l lowing equa t ion  for the  
change  of the  po la r iza t ion  po ten t i a l  wi th  t ime  at 
cons tan t  anodic  c u r r e n t  

R T l n ( 1 - - V  t ) 
E = A  + r E  - T o  [19] 

A = TF 2kFKw 

to = F~/=DH+ [OH-]| 

where  to is the  t ime  r equ i r ed  to a t t a in  a concen t r a -  
t ion  of H + ion negl ig ib le  at the  surface  compared  
wi th  tha t  in  the  bu lk  of solut ion.  

The plot  of E vs. log (1 --  k/t/to) was  made  based  
on the  e x p e r i m e n t a l  resul t s  shown in  Fig. 2, and  
two s t ra igh t  l ines  were  ob ta ined  as is shown  in  
Fig. 9. 

In  this  ca lcu la t ion  the  t ime  to was t aken  to be 
300 sec, at which  the  po ten t i a l  r eached  a lmos t  the  
s t a t i ona ry  value.  The  da ta  ob ta ined  l a te r  t h a n  0.6 to 
were  exc luded  because  of this  approx imat ion .  I t  is 
seen tha t  the  two s t ra igh t  l ines in te rsec t  each other  
at 20 sec. This means  tha t  the  Tafe l  cons tan t  changes  
a r o u n d  20 sec and  hence  so does the  m e c h a n i s m  of 

f ( sec ] 
0 I0 20 60 90 180 

+0.25 , , 
\ 

+0.22 ~2",- 0 . 4  

~ 
" ~  ~ " ~  ~z = 2.19 

\ R T  t,F[7~-o ) ~ ~  E = A + - .~ - In (  I -  

o 
> +0.2 I 

bJ 

+0.20 

+o.,9 -c;., -0'2 -ds -o'4 -o'5 -o'o -0:7 
log [ I - ~ ) ,  to = 300 sec 

Fig. 9. Relationship between the polarization potential and log 
(1 - -  ~/t/to) during galvanostatic polarization. The relationship 
was calculated from the curve of Fig. 2 using to ~ 300 sec. 1N 
H2S04; 25~ i = 2.32 ma/cm 2. 

anodic dissolut ion.  The Tafel  cons tan ts  ca lcu la ted  
f rom the  slopes of these s t r a igh t  l ines  are 

rl : 0.4 ( t  < 20 sec) 
r2 : 2.19 (t > 20 sec) 

The Tafel  cons tan t  rl is v e r y  close to tha t  ob ta ined  
f rom the rap id  po la r iza t ion  curve,  so tha t  step (a) 
de t e rmines  the  r a t e  of ove r - a l l  r eac t ion  in  the  in i t i a l  
per iod  of t ime.  On  the  o ther  hand ,  r2 is close to tha t  
ob ta ined  f rom the s t eady- s t a t e  po la r iza t ion  curve,  
sugges t ing  tha t  the  dissociat ion reac t ion  (c) is r a t e -  
d e t e r m i n i n g  in  the  l a t e r  per iod  of t ime. 

The fact tha t  two Tafe l  cons tan ts  ins tead  of one 

are ob ta ined  f rom the E - - l o g  ( 1 - - \ / t / t o )  cu rve  
demons t r a t e s  tha t  not  on ly  the concen t r a t i on  of O H -  
ion bu t  also tha t  of NiOH + ion is increased  wi th  the  
t ime  of polar izat ion.  The increase  in  concen t r a t i on  
of NiOH + ion at  the  surface,  as m e n t i o n e d  in  the  
foregoing section, f inal ly  resul t s  in  the  a l t e r n a t i o n  
of the r a t e - d e t e r m i n i n g  step in  anodic  dissolut ion.  

The role of O H -  ion anodic  d issolu t ion  m a y  be 
ga thered  also f rom the  e x p e r i m e n t a l  r esu l t  of the 
potent ios ta t ic  po la r iza t ion  shown in  Fig. 4. If the  i n -  
crease of anodic  c u r r e n t  d u r i n g  potent ios ta t ic  po-  
l a r i za t ion  is due  m a i n l y  to  the increase  of O H -  ion 
at the surface,  t h e n  ( i 8 - - i ) ,  the change  of anodic  
c u r r e n t  re la t ive  to a s t a t i ona ry  va lue  i8, should  be 
p ropor t iona l  to the concen t r a t i on  g rad ien t  of H + ion 
at the surface  (10).  Since the  concen t r a t i on  g rad ien t  
at the  surface  is g iven  by  (10) 

( d [ H + ] x ) x _ .  ~ - - [ H + ] =  [20] 

dx k/IrD H + t 

a l i nea r  r e la t ionsh ip  is to be real ized b e t w e e n  ( i~- - i )  

a nd  1/k/ t .  A check on the  va l id i ty  of the above  i n -  
fe rence  was made  based  on the e x p e r i m e n t a l  resu l t  
shown in  Fig. 4. F igu re  10 shows the  plot  of log 
(i~ --  i) aga ins t  log t. A s t ra igh t  l ine  wi th  a slope of 
--0.5 [i.e., a l i nea r  r e l a t ion  b e t w e e n  ( is-- i)  and  

1 /k / t ]  is seen d u r i n g  the potent ios ta t ic  polar iza t ion,  
except  in  the  in i t i a l  per iod  of t ime  in  which  the  r a t e -  
d e t e r m i n i n g  step seems to be al tered.  

It  is emphas ized  f rom the  above that ,  a l though  
there  are  o ther  factors to be t a k e n  in to  account  in  
the anodic  d issolu t ion  such as the  n a t u r e  of act ive 
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Fig. 10. Relationship between (is - -  i) and time t during 

potentiostatic polarization. The relationship was calculated tram 
the curve in Fig. 3 using a final anodic current of 15 ma/cm 2 for 
is. 1N HsSO4; 25~ E = -I-0.25v. 

si tes and  a d s o r p t i o n  s t a t e  on the  sur face ,  O H -  ion 
is e s sen t i a l  to t he  t r a n s f e r  of n i cke l  ion f r o m  the  
m e t a l  p h a s e  to  t he  solu t ion .  The  ro le  of O H -  ion is 
to b r i n g  t h e  m e t a l  ion f r o m  the  m e t a l  p h a s e  in to  t he  
aqueous  so lu t ion  b y  p r o d u c i n g  a c o m p l e x  m e t a l  ion 
as an  i n t e r m e d i a t e  w h i c h  m a y  r e d u c e  the  a c t i v a t i o n  
e n e r g y  of anod ic  d isso lu t ion .  Some  o the r  an ions  such 
as ha logen  ions m a y  also h a v e  the  s a m e  func t ion  in 
t he  anod ic  d i s so lu t ion  of me ta l s .  A c c o r d i n g l y ,  in 
s t u d y i n g  the  m e c h a n i s m  of anodic  d i s so lu t ion  i t  
seems to be  of f u n d a m e n t a l  i m p o r t a n c e  to k n o w  
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what kind of complex ion is formed preferentially 

during dissolution. 

Manuscript received Oct. 30, 1963; revised manu- 
script received March 16, 1964. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1965 JOURNAL. 
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Growth Kinetics of Discontinuous Thermal Oxide 
Films; Aluminum 

R. W. B a r t l e t t  

Research Laboratory, Philco Corporation, Newpor t  Beach, California 

ABSTRACT 

A theory of the growth kinetics of discontinuous oxide films is formulated 
by coupling two dimensional phase transformation theory with the linear and 
parabolic rate equations in the manner of Evans. Various specific models can 
be constructed to conform with the kinetic data and oxide morphology of a 
particular system, and the theoretical weight change curves can be plotted 
using tables of the incomplete F-function. Depending on the specific model and 
rate constants used, the theory provides for the following anomalous phenom- 
ena often observed in oxidation studies: psuedo-logarithmic weight vs. time 
curves including those with knees too sharp to fit a true logarithmic plot; 
greater oxide accumulation than can be explained by thin film theories for 
logarithmic oxidation; an increase in the apparent rate of oxidation with time 
and sigmoidal weight change vs. time curves. An application of this method 
to the oxidat ion  of a luminum is included.  

The  r a t e s  of m a n y  h e t e r o g e n e o u s  o x i d a t i o n  r e a c -  
t ions  a r e  con t ro l l ed  b y  (a)  c h e m i c a l  r eac t ion ,  i n -  
c lud ing  a d s o r p t i o n  at  t he  g a s - s o l i d  in t e r face ,  or  (b)  
s t e a d y  s t a t e  d i f fus ion  of one r e a c t a n t  species  t h r o u g h  
a condensed  phase  ox ide  p roduc t .  These  r e s p e c t i v e  

p rocesses  a r e  d e s c r i b e d  b y  the  fo l lowing  i s o t h e r m a l  
r a t e  equa t ions  

d ( m / A )  
- -  klcg [ 1 ] 

dt 
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d ( m / A )  
- -  kpt --1/2 [2] 

dt 

which  in  the i r  i n t eg ra t ed  forms prov ide  l i nea r  or 
parabol ic  plots of the  we igh t  change  wi th  t ime,  r e -  
spect ively.  In  these  equat ions ,  m is the  mass  change,  
A is the  sur face  area  which  is a s sumed  constant ,  t 
is t ime, cg is the gas concen t r a t i on  at the  surface,  
and  k is the  appropr i a t e  l i nea r  or parabol ic  ra te  
cons tan t  des igna ted  by  the  subscript .  

Most of the  r e m a i n i n g  oxida t ion  react ions  tha t  
have  been  s tudied  are descr ibed as obey ing  loga r i t h -  
mic, inverse  logar i thmic ,  or asympto t ic  behav io r  
wi th  respect  to a plot  of the  weigh t  change  per  
u n i t  a rea  of surface  (m/Ao)  vs. t ime.  Each of these 
l a t t e r  phenomeno log ica l  laws descr ibes  a rap id  i n i -  
t ia l  r a t e  of ox ida t ion  fol lowed by  a sharp  and  p e r -  
m a n e n t  ra te  decrease. Exp lana t i ons  of this  behav io r  
have  been  founded  on models  which  accelera te  
diffusion th rough  t h i n  oxide films w i t h o u t  affect ing 
th ick  films. Q u a n t u m  mechan ica l  t u n n e l i n g  (1) a nd  
theor ies  based on an  accumula t i on  of charge  at or 
n e a r  one of the oxide in ter faces  are well  k n o w n  
(2-4) .  Al l  of these theor ies  tac i t ly  assume a con-  
t i nuous  oxide film of u n i f o r m  th ickness  and  difficul- 
ties are  of ten encoun t e r ed  in  app ly ing  them.  Firs t ,  
this  type  of ra te  behav io r  has been  observed  at oxide 
th icknesses  grea te r  t h a n  the t h in  film theories  can 
account  for. Second, the knee  in  the  r a t e  curve  of ten 
has a more  p r o n o u n c e d  c u r v a t u r e  t h a n  can be fitted 
by  any  of the  t h in  film theories.  Third ,  e lec t ron  
mic rographs  of t h in  oxide films of ten  have  show n  
tha t  the i r  th ickness  is no t  u n i f o r m  and  the i r  s t ruc -  
t u r e  is no t  homogeneous .  G r o w t h  mounds ,  discrete  
oxide part icles ,  a p p a r e n t  smal l  crystals ,  and  w h i s k -  
ers have  been  observed  in  m a n y  systems, a nd  the  
role of the  oxide morpho logy  in  ox ida t ion  has b e e n  
considered  qua l i t a t i ve ly  by  F i schmeis te r  (5) .  

Der iva t ions  of express ions  for l a t e r a l  g rowth  of 
two  d imens iona l  films f rom n u c l e a t i n g  sites have  
been  g iven  by  Evans  (6) ,  Johnson  and  Mehl  (7) ,  
and  Melv in  (8) ,  and  Evans  briefly discussed l a t e r a l  
g rowth  as a compl ica t ing  factor  in film th ickening .  
The  purpose  of this paper  is to p resen t  a more  de-  
ta i led  discussion of the  k ine t ics  of ox ida t ion  r e su l t -  
ing w h e n  the l i nea r  or parabol ic  ra te  processes are  
occur r ing  s i m u l t a n e o u s l y  wi th  l a t e r a l  growth,  or 
shr inkage ,  of the ava i l ab le  surface or reac t ion  p r od -  
uc t  r e su l t ing  f rom these processes and  to apply  this  
t r e a t m e n t  to the ox ida t ion  of a l u m i n u m .  

Theory 
The fo l lowing re la t ions  have  been  shown to gov-  

e rn  the l a te ra l  g rowth  of i s lands  of two d imens i ona l  
films b e g i n n i n g  at n u c l e a t i n g  sites (6-8) .  The area  
covered by  the  e x p a n d i n g  film A1 and  the  unc ove r e d  
a rea  A2 are g iven  in  t e rms  of the tota l  sur face  
area  Ao 

A 1 - - - - A o [ 1 - - e x p ( - - b t n ) ]  w h e n t =  0, A1---- 0 [3] 

A~ = Ao e x p ( - - b t  n) w h e n  t = 0, A~ = Ao [4] 

The va lue  of n is d e t e r m i n e d  by  the  t ime  d e p e n d -  
ence of the  nuc l ea t i on  f requency .  W h e n  the  n u c l e a -  
t ion f r e q u e n c y  is constant ,  n = 3; w h e n  the nuc le i  
dens i ty  is fixed at t = 0 and  thereaf te r ,  n---- 2; w h e n  

the  nuc l ea t ion  f r e que nc y  decreases w i th  t ime,  
2 < n < 3 and  w h e n  the  nuc l ea t i on  f r e que ncy  i n -  
creases wi th  t ime,  n > 3. 

W h e n  an  oxide film is s i m u l t a n e o u s l y  e x p a n d i n g  
l a t e r a l l y  on the  sur face  a nd  g rowing  n o r m a l  to the  
surface  at a r a t e  cont ro l led  by  the  phase  b o u n d a r y  
reac t ion  the  combined  ra te  equa t ion  is 

d ( m / A o )  
- -  klCg [1 - -  exp (--bt  n) ] [5] 

dt 

However ,  w h e n  the  ra te  of oxide g rowth  n o r m a l  to 
the  surface  is cont ro l led  by  a diffusion process, the 
combined  ra te  equa t i on  for an  e x p a n d i n g  oxide film 
is not  as simple.  The ra te  wi l l  v a r y  de pe nd ing  on 
the th ickness  of the  oxide diffusion b a r r i e r  which  
has accumula ted ,  and  this  is d e p e n d e n t  on t ime  of 
coverage at the po in t  in  quest ion.  Consequen t ly ,  
f u r t h e r  discussion of l a t e r a l  g rowth  coupled wi th  
diffusion wi l l  be omit ted.  

More t h a n  one oxide phase,  w i th  or w i thou t  
iden t ica l  chemical  composi t ion,  m a y  fo rm on differ-  
ent  areas  of the  surface  s i m u l t a n e o u s l y  and  grow at  
d i f ferent  rates.  A n  example  is nuc l ea t i on  and  g rowth  
of a c rys ta l l ine  oxide phase  w i t h i n  an  amorphous  
oxide ma t r ix .  I n  this  case, l a t e ra l  g rowth  of the  
c rys ta l l ine  oxide wi l l  cause a r educ t ion  in  the  ava i l -  
able  area  for ox ida t ion  by  the  amorphous  process, 
e i ther  by  an  amorphous  to c rys ta l l ine  phase t r a n s -  
f o r ma t i on  or phys ica l  coverage of the amorphous  
l ayer  by  the  c rys ta l l ine  oxide. I n  this  s i tua t ion ,  the  
accumula t i on  of oxide by  the  amorphous  process is 
descr ibed  by  one of the  fo l lowing  ra te  equat ions ,  de_ 
p e n d i n g  on w h e t h e r  the  g rowth  ra te  in  the  d i rec t ion  
n o r m a l  to the surface  is cont ro l led  by a phase  b o u n d -  
a ry  reac t ion  or a diffusion process, respect ively .  
S ince  film sh r inkage  is involved ,  Eq. [4] can be sub -  
s t i tu ted  d i rec t ly  in  Eq. [2].  

d ( m / A o )  
-- klCgX o exp (--bt  n) [6] 

dt 

d ( m / A o )  
kpXo exp ( - - b t  ~) t -1/2 [7] 

dt 

where  Xo is the  in i t i a l  f rac t ion  of the  tota l  a rea  Ao 
covered wi th  the  con t r ac t ing  oxide film. In  Eq. [5]  
t h r ough  [7] on ly  the accumula t i on  of oxide (or r e -  
mova l  of me ta l )  t h r ough  the  respect ive  p r i m a r y  
ox ida t ion  processes are  described.  It  should be no ted  
tha t  a l though  changes  in  the  ava i l ab le  sur face  area  
due to a l lotropic  or phase t r a n s f o r m a t i o n s  are ac-  
coun ted  for, no credi t  is g iven  for the  t r ans f e r  of 
mass of one oxide a l lo t rope to ano the r  by  the  phase 
t r ans fo rma t ions .  

Combina t ions  of e x p a n d i n g  and  con t rac t ing  film 
behav io r  m a y  occur;  e.g., n u c l e a t i o n  a nd  expans ion  
of a porous  me ta s t ab l e  ~ phase  m a y  precede subse-  
q u e n t  nuc l ea t i on  and  expans ion  of a to ta l ly  i m -  
perv ious  fl phase  wi th in ,  a nd  e v e n t u a l l y  consuming ,  
the  me ta s t ab l e  a phase. In  the  first ins tance ,  because  
of poros i ty  the  g rowth  ra te  n o r m a l  to the  surface  
wi l l  be  cont ro l led  by  a reac t ion  at  the o x i d e / m e t a l  
phase b o u n d a r y  descr ibed  by  Eq. [5],  bu t  w h e n  the  
effects of the fl phase  g rowth  are inc luded,  the mass  
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change  f rom the  phase  b o u n d a r y  process is de-  
scr ibed by  the  fo l lowing ra te  equa t ion  

d ( m / A o )  
klCg [ 1 -  e x p ( - - b a  t TM) ] exp(b~ the) [8] 

dt 

The so lu t ion  of Eq. [5] t h rough  [8] and  others  of 
this  type  requ i res  e v a l u a t i o n  of the  appropr i a t e  
l i nea r  and  parabol ic  in tegrals .  For  the  l i nea r  case, 
in teg ra l s  of the  fo rm fo t exp ( - -b t  n) dt  m u s t  be  e v a l u -  

ated. These  can be solved f rom tables  of the  i n c o m -  
plete  r - f u n c t i o n  (9) since 

1 
f o  exp (--Dr n) dt nbl/----- ~ F 1 /n  [9] 

and  
1 

f toeXp( - -b tn)d t  -- nb~/----- J ( r  1 / n ) [ I ( 1 / n ,  btn)] [10] 

where  I is the ra t io  of incomple te  to comple te  
F- func t ion .  

The  appropr i a t e  fo rm of the in t eg ra l  and  its so lu-  
t ion for the parabol ic  process are s imi la r  

1 
ft~ exp ( - -b t  n) t -1/2 dt  -- nb(1/~-----~ ) ( r  ~/2n) [I ( 1/2n, bt ~) ] 

[11] 

If more  t h a n  one ra te  con t ro l l ing  process is occur-  
r ing  s imul t aneous ly ,  the  ra te  d e t e r m i n e d  by  the  
usua l  e x p e r i m e n t a l  methods  wi l l  be  the  sum of the  
ra tes  for each of these processes. A n  ox ida t ion  mode l  
mus t  be const ructed,  u s ing  equa t ions  of the  type  
described,  to conform wi th  the  chemis t ry ,  k ine t ic  
data,  and  morpho logy  of the  oxide film. Thus ,  a com-  
plete  ana lys i s  of any  sys tem wi th  condensed  phase  
oxides r equ i r ed  the  use of e lec t ron microscopy,  e lec-  
t ron  or x - r a y  diffract ion or o ther  su i t ab le  methods  
for i den t i fy ing  the s t ruc tu re  of the oxide film. 

Const ruc t ion  and Results of  G e n e r a l  Mode ls  
Before proceeding  to a specific appl ica t ion,  it  is 

w o r t h w h i l e  to cons t ruc t  two gene ra l  models  and  
plot  the  ne t  we igh t  vs. t ime  curves  for a r b i t r a r i l y  
ass igned va lues  of the  ra te  constants .  This  is done to 
i l lus t ra te  the types  of ox ida t ion  curves  tha t  can r e -  
sult. 

Logar i thmic  ox idat ion  c u r v e s . - - T h e  first cu rve  in  
Fig. 1 is the resu l t  w h e n  a l i nea r  ra te  process wi th  
in i t i a l  AI = Ao is fo l lowed by  nuc l ea t i on  of a second 
phase wi th  a neg l ig ib le  g rowth  ra te  n o r m a l  to the  
surface.  In  this ins tance  it is a ssumed  tha t  the  
nuc le i  are located at fixed poin ts  such as surface  
imper fec t ions ;  i.e., n = 2. Thus,  f rom Eq. [6] 

d ( m / A o )  
-- k1% exp ( - -b t  2) [12] 

dt 
and  

klcg ( r l / 2 )  
m / A o  -- [I  (u bt2)] [13] 

2bl/2 

The second curve  of Fig. 1 is based on an  in i t i a l ly  
parabol ic  process fol lowed by  the same phase change  
sequence.  The  cons tan ts  of Fig. 1 are  k~cg = 1, 
kp = 0.2, and  b = 2.5 x 10 -5 ( in  a r b i t r a r y  un i t s  of 
t -e)  for bo th  curves.  The curves  are s imi la r  to t he  
" logar i thmic"  t ype  of we igh t  change  curve  observed  
for m a n y  metals .  

905 
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; ~  INEAR PROCESS / 
l~O I I I I 1  
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TTTirT-  II.;  IIII 1 I 10 100 1000 10,CQO 
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Fig. 1. Log plots of model oxidation curves resulting from a 
phase transformation in the oxide film limiting the available area 
for significant continued oxidation, Eq. [6] and [7] ,  resulting 
in pseudo-logarithmic type oxidation curves. 

SigmoidaI  ox idat ion  c u r v e s . - - L a t e r a l  expans ion  of  
a l i nea r  process oxide s t a r t ing  at surface defect  n u -  
clei (n  = 2) a nd  a s u b s e q u e n t  phase  t r a n s f o r m a t i o n  
or o rder ing  w i t h  a neg l ig ib ly  slow ra te  process is 
shown in  curves  2, 3, and  4 of Fig. 2. These  curves  
are based on the  i n t eg ra t ed  fo rm of Eq. [8] 

k1% ( r l / 2 )  [18] k l c g ( r l / 2 )  [I~+~] 
m / A o  = [14] 

2be '/2 2(b~ + be) ~/2 

wi th  the same ra te  cons tan ts  used for Fig. 1. The  
sh r inkage  cons tant ,  b e is 2.5 x 10 -5, whi le  the  ex -  
pa ns i on  constant ,  b~, is va r i ed  as shown.  D u r i n g  the  
oxide expans ion  per iod  the  logar i thmic  plots of Fig. 
2 p rov ide  slopes g rea te r  t h a n  one. This  me a ns  tha t  a 
r a t e  increase  w i th  t ime  or concave  u p w a r d  oxida t ion  
curve  wi l l  be observed  u n d e r  these condi t ions  on a 
l i nea r  plot of the  data.  This  type  of ox ida t ion  be -  
hav ior  has been  observed  (10) and  canno t  be  ex -  
p la ined  by  a ny  of the  con t inuous  film theor ies  of 
oxidat ion.  Curves  2, 3, and  4 of Fig. 2 a re  s igmoidal  
ox ida t ion  curves.  This is be t t e r  i l lus t ra ted  by  l inea r  
plots of these curves, which are shown in Fig. 3. Sev- 
eral cases of sigmoidal oxidation curves have also 

been observed (II). 

O x i d a t i o n  of A l u m i n u m  
The k ine t ics  of the  dry  ox ida t ion  of a l u m i n u m  

above  350~ can be s u m m a r i z e d  as follows. The ra te  
be low abou t  450~ is parabol ic  (12-14) .  A bove  this  
t empe ra tu r e ,  the  r a t e  is a p p r o x i m a t e l y  l i n e a r  d u r i n g  
an  in i t i a l  per iod and  t h e n  d imin i shes  sha rp ly  ( 1 2 -  

1000 

10 111 = 2.5x I0 "$, b a : 0 A 2 : Ao , ' [ :  

I I 0 OO I CO0 I O , C O ~  TIME 
Fig. 2. Log plots of model oxidation curves similar to those of 

Fig. 1 with lateral expansion of the oxide film preceding phase 
transformation, Eq. [8],  resulting in sigmoidal oxidation curves, 
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Fig. 3. Linear plots of model oxidation curves, Eq. [8] and Fig. 
2, showing sigmoidal oxidation curves. 
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15). The  m a g n i t u d e  of t h e  r a t e s  and  po in t s  of inf lec-  
t i on  for  t he  h igh  t e m p e r a t u r e  o x i d a t i o n  cu rves  v a r y  
c o n s i d e r a b l y  w i t h  su r f ace  t r e a t m e n t .  S a m p l e s  p o l -  
i shed  w i th  000 m e t a l l o g r a p h i c  p a p e r  show a w e i g h t  
ga in  of 30-40 /~g/cm ~ be fo re  l e v e l i n g  off. C h e m i c a l  
po l i sh ing  r educes  th is  l eve l  b y  an  o r d e r  of m a g n i t u d e  
(15) .  This  d i f fe rence  is a t t r i b u t e d  to d i f f e rences  in 
su r f ace  roughness .  O the rwi se ,  t he  k ine t i c  d a t a  a r e  
r e a s o n a b l y  cons i s t en t  in f o r m  and  m a g n i t u d e .  No 
v a r i a t i o n  in  ox ide  f i lm c h e m i s t r y  f r o m  AleO8 has  
been  r e p o r t e d ,  a l t h o u g h  the  e x a c t  s t o i c h i o m e t r y  has  
not  been  d e t e r m i n e d .  

The  m o r p h o l o g i c a l  i n f o r m a t i o n  is s u m m a r i z e d  as 
fo l lows.  A l l  of t he  ox ide  is a m o r p h o u s  b e l o w  a b o u t  
450~ A b o v e  th is  t e m p e r a t u r e ,  g a m m a  a l u m i n a  
(16) or  e ta  a l u m i n a  (17) a r e  d e t e c t e d  b y  x - r a y  d i f -  
f rac t ion ,  and  sma l l  c r y s t a l s  a r e  o b s e r v e d  in t he  
a m o r p h o u s  m a t r i x  us ing  e l ec t ron  mic roscopy .  T h e y  
a re  o r i e n t e d  in a m a n n e r  c h a r a c t e r i s t i c  of t h e  s u b -  
s t r a t e  g r a i n  w h i c h  sugges t s  an  e p i t a x i a l  r e l a t i o n  w i t h  
the  m e t a l  (16) .  T h e r e  is l i t t l e  d o u b t  t h a t  t he  d e c o r a -  
t ions  seen w i t h  the  e l e c t r o n  mic roscope  a r e  g a m m a  
or  e ta  a lumina .  These  fo rms  of a l u m i n a  a r e  s t r u c -  
t u r a l l y  s imi la r .  The  f o r m e r  is a de fec t  sp ine l  s t r u c -  
ture ,  A121 1/2032, and  the  l a t t e r  is cubic.  I t  a p p e a r s  
l i k e l y  t h a t  t h e s e  c r y s t a l l i n e  fo rms  of a l u m i n a  n u c l e -  
a te  and  g r o w  l a t e r a l l y  and  t ha t  t he  r a t e  of o x i d a t i o n  
a s soc ia t ed  w i t h  t h e m  i n i t i a l l y  fo l lows  a l i n e a r  b e -  
hav io r .  S u b s e q u e n t  p h a s e  t r a n s f o r m a t i o n s  or  s i n t e r -  
ing  m a y  d r a s t i c a l l y  l o w e r  t he  d i f fus ion r a t e  w i t h i n  
these  c rys t a l s  in  c o n f o r m a n c e  w i t h  t he  o b s e r v e d  r a t e  
curves .  Bo th  g a m m a  and  e ta  a l u m i n a  a r e  k n o w n  to 
u n d e r g o  s e v e r a l  t i m e  and  t e m p e r a t u r e  d e p e n d e n t  
phase  t r a n s f o r m a t i o n s ,  end ing  in  a l p h a  a lumina .  In  
r ecen t  s tud ies  b y  D o h e r t y  and  Dav i s  (18) ,  vo ids  
h a v e  been  o b s e r v e d  b e t w e e n  t h e  c r y s t a l  and  s u b -  
s t r a t e .  Th is  p e c u l i a r  effect  p r o v i d e s  an  a l t e r n a t e  
e x p l a n a t i o n  for  t he  a p p a r e n t  cessa t ion  of c r y s t a l  
g rowth .  

The  k ine t i c  d a t a  of Coch ran  and  S l e p p y  (15) at  50 
T o r t  of d r y  o x y g e n  a r e  t h e  mos t  e x t e n s i v e  in  t e r m s  
of t he  t i m e  and  t e m p e r a t u r e  span.  U n f o r t u n a t e l y ,  no  
d a t a  b e l o w  450~ w e r e  acqu i red .  In  th i s  r ange ,  G u l -  
b r a n s e n  a n d  W y s o n g ' s  d e t e r m i n a t i o n  of the  p a r a -  
bol ic  r a t e  cons t an t  kp was  used  (12) .  

T h e  fo l l owing  m o d e l  in c o n f o r m a n c e  w i t h  t he  
m o r p h o l o g i c a l  d a t a  was  p o s t u l a t e d  a n d  p u t  to t he  t es t  

of Coc h ra n  and  S l e p p y ' s  da ta .  A t  a l l  t e m p e r a t u r e s  
an  a m o r p h o u s  o x i d e  is f o r m e d  b y  a s low di f fus ion  
con t ro l l ed  m e c h a n i s m .  A t  u n d e t e r m i n e d  n u c l e a t i o n  
s i tes  a t  t he  m e t a l  sur face ,  n - ~  2, g r o w t h  of g a m m a  
a l u m i n a  sp r e a ds  l a t e r a l l y  and  o u t w a r d  f r o m  the  
su r face  at  a l i n e a r  ra te .  S u b s e q u e n t l y ,  a second  p h a s e  
t r a n s f o r m a t i o n  in  t he  g a m m a  to a l p h a  ser ies  or  vo id  
f o r m a t i o n  occurs,  w i t h  l a t e r a l  g r o w t h  f r o m  n u c l e a t -  
ing si tes,  and  the  o x i d a t i o n  r a t e  a t  t h e  c r y s t a l  b e -  
comes  n e g l i g i b l y  slow. The  t r e a t m e n t  is i den t i ca l  to 
t h a t  of Eq. [14]  a n d  Fig.  2. H o w e v e r ,  for  ease  of ca l -  
cu l a t i on  a s o m e w h a t  s impl i f i ed  t r e a t m e n t  was  m a d e  
in w h i c h  the  n u c l e a t i o n  and  e x p a n s i o n  of t h e  l i n e a r  
ox ide  was  neg l ec t ed  and  t h e  g a m m a  c r y s t a l l i t e s  w e r e  
a s s u m e d  to i n i t i a l l y  cover  a s m a l l  b u t  f ini te  f r a c t i o n  
of the  su r face  area .  On this  bas i s  t h e  p e r t u r b a t i o n  of 
the  w e i g h t  c o n t r i b u t i o n  of t h e  p a r a b o l i c  p rocess  
g o v e r n i n g  the  g r o w t h  r a t e  of the  a m o r p h o u s  m a t r i x  
f i lm f r o m  tha t  of a s t r a i g h t  l i ne  s lope  of 1/2 on a 
l o g a r i t h m i c  p lo t  is neg l ig ib le .  The  r e s u l t i n g  a p p r o x i -  
m a t e  r a t e  e q u a t i o n  is 

d(m/Ao) 
- -  klcgXo exp  ( - - b t  2) + k ,  t 1/2 [16] 

dt 

a n d  the  m o d e l  is s h o w n  s c h e m a t i c a l l y  in  Fig .  4. G u l -  
b r a n s e n  and  W y s o n g ' s  i n t e g r a t e d  v a l u e  for  kp was  
m u l t i p l i e d  b y  (0.1) 2 to accoun t  for  t he  t e n f o l d  d e -  
c rease  in effect ive  su r face  a r e a  w h e n  the  s p e c i m e n  
is c h e m i c a l l y  p o l i s h e d  r a t h e r  t h a n  m e c h a n i c a l l y  
po l i shed  (15) .  On this  bas i s  t he  v a l u e  of kp to be  
used  in  Eq. [16] for  c o m p a r i s o n  w i t h  Coc h ran  and  
S l e p p y ' s  e x p e r i m e n t a l  d a t a  is 
kp ~-- (0.1) 2 1.2 x 10 -7  

exp  RT [g2 c m - 4  m i n - 1 ]  [17] 

C o m p a r i s o n s  of t he  r e su l t s  f r o m  Eq. [16]  w i t h  t he  
e x p e r i m e n t a l  r e su l t s  a r e  s h o w n  in  Fig .  5a-f .  The  
po in t s  in  the  i s o t h e r m s  of Fig.  5 r e p r e s e n t  t he  e x -  
p e r i m e n t a l  da ta .  T h e y  w e r e  se l ec t ed  r a n d o m l y  f r o m  
the  p u b l i s h e d  curves .  The  v a l u e s  of t he  p r o d u c t  of 
t i m e  i n d e p e n d e n t  cons tan ts ,  k~%Xo, w e r e  o b t a i n e d  
f r o m  the  i n t e r c e p t s  of the  i n i t i a l  p a r t  of t h e  e x p e r i -  
m e n t a l  d a t a  of Fig.  5 or  f r o m  the  i n t e r c e p t s  .of a 
t a n g e n t  to the  loci  of d a t a  po in t s  h a v i n g  a s lope  of 
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Fig. 4. Model for thermal oxidation of aluminum 
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Fig. 5(a)-(f) .  Oxidation of aluminum by growth of (i) amorphous AI203 matrix (parabolic) and (ii) gamma AI203 crystallites (linear) with 
a subsequent cessation of crystal growth by a phase transformation or void formation, Eq. [16], points experimental, solid lines theoretical 
s u m .  

one. In Fig. 5 this t e rm is abbrev ia ted  as KL. The 
shr inkage  constant,  b, was de te rmined  f rom the 
value  of m / A o  at the end of the oxidat ion  run and 
the re la t ion 

( m / A o )  I _ k l c g X o r l / 2  [18] 

I t : ~ 2b 1/2 

The curves of Fig. 5 represent  the fit of Eq. [16] us-  
ing these values  for (k l%Xo)  and b and Eq. [17] for 

kp. The agreement  be tween  calculated and exper i -  
menta l  oxidat ion  curves is reasonably  good but  could 
be improved  by  the neglected la te ra l  expansion te rm 
in the crys ta l  growth  ra te  equation. This ref inement  
would account for the s igmoidal  curves observed at  
in te rmedia te  tempera tures ,  500 ~ and 475 ~ of Fig. 5. 
An Arrhen ius  plot  of the exper imen ta l  l inear  ra te  
constants,  KL, is shown in Fig. 6. The conformance to 
expected Ar rhen ius  behavior  is good, y ie ld ing  an ac-  
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Fig. 6. Arrhenius plot of the lineor rote constant (intercepts of 
Fig. 5) for the oxidation of aluminum. E(exp) ~ kcal/mole. 

t i va t ion  ene rgy  of 44 kca l /mole .  A more  in t e re s t ing  
aspect is t he  ex t rapo la ted  va lue  of the  l i nea r  r a t e  
cons tant ,  KL, at 400~ The  l i nea r  pa r t  of the ox ida-  
t ion  curve  r e su l t i ng  f rom this  va lue  of KL is p lo t ted  
in Fig. 5f wi th  the co r respond ing  parabol ic  con t r i -  
bu t ion .  It  is seen tha t  the  parabol ic  c o n t r i b u t i o n  is 
l a rger  out to beyond  10,000 min.  U n d e r  these condi -  
tions, the l i nea r  ra te  is neg l ig ib le  compared  to the  
parabol ic  rate.  This  difference wi l l  become more  
p ronounced  wi th  decreas ing  t empera tu res .  Thus,  the 
observed t r ans i t i on  f rom s imple  parabol ic  behav io r  
be low 450~ to p seudo- loga r i t hmic  ox ida t ion  above 
450~ is accounted  for by  the  model.  

Summary 
W h e n  the  l i nea r  and  parabol ic  ra te  laws are 

coupled wi th  the theory  of l a te ra l  g rowth  of a two 
d imens iona l  fi lm and  appl ied  to d i scon t inuous  oxide 

A u g u s t  1964 

films, the  r e su l t ing  oxide g rowth  ra te  equa t ions  can 
exp la in  s igmoidal  ox ida t ion  curves  and  logar i thmic  
ox ida t ion  curves  for th ick  films. This approach  also 
can fit the p seudo - loga r i t hmic  ox ida t ion  curves  of 
a l u m i n u m  and  account  for the pa r a bo l i c - l oga r i t hmic  
t r ans i t i on  t e m p e r a t u r e  in  the  t h e r m a l  ox ida t ion  of 
this metal .  
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High-Temperature Oxidation 
I. A Thermal Conductivity Method for Oxidation Measurements 

Joan B. Berkowi t z -Mat tuck  

Arthur D. Little, Inc., Cambridge, Massachusetts 

ABSTRACT 

An apparatus employing a thermal  conductivity bridge to compare the 
oxygen concentrat ion in a gas stream before and after reaction with an in-  
ductively heated metall ic pellet is described. The measurements  are cont inu-  
ous and sensitive to rates of oxygen consumption of 10 -8 g/rain. The method 
has been used to study oxidation of silicides, borides, carbides and pure metals 
in the range 900~176 Results reported here on the oxidation of copper at 
temperatures  around 1000~ are in reasonable agreement  with results obtained 
by more conventional  methods in other laboratories, and with the Wagner  
theory of parabolic reactions. 

The oxida t ion  of meta l l i c  conductors  is c o n v e n -  
i en t ly  s tud ied  by  us ing  a t h e r m a l  conduc t iv i ty  cell, 
of the  type  employed  in  vapor  phase  ch roma tog -  
raphy,  to compare  the  oxygen  concen t r a t i on  in  a gas 
s t r eam before  and  af ter  reac t ion  (1, 2). The t ech-  

n ique  is p a r t i c u l a r l y  w e l l - su i t e d  for inves t iga t ions  at 
h igh t e m p e r a t u r e s  (900~176  since it is com-  
pa t ib le  w i th  i nduc t i on  hea t ing  and  permi t s  d i rec t  and  
con t inuous  m e a s u r e m e n t  of ox ida t ion  ra tes  at low 
oxygen  pressures  w i th  a sens i t iv i ty  of abou t  10 -6 
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Fig. 1. Apparatus for oxidation rate measurements. A Metallic 
sample, B refractory oxide support rods, C aluminum holder, D 
positioning screw, E silver-plated copper concentrator, F r.f. coils, 
G purification train, H Dibutylphthalate flow meter, J,J' liquid 
nitrogen traps, K heated CuO, L,L' reference and sampling sides 
of the thermal conductivity cell. 

g / m i n .  This paper  repor ts  resul t s  on the ox ida t ion  of 
copper ob ta ined  by  this method.  These  resul t s  are in  
good a g r e e m e n t  wi th  those ob ta ined  in o ther  l abo ra -  
tories by  c o n v e n t i o n a l  m a n o m e t r i c  or con t inuous  
we igh ing  techniques .  In  subsequen t  papers  s tudies  
of the  ox ida t ion  of r e f r ac to ry  silicides, borides,  and  
carbides  at t e m p e r a t u r e s  up to 2100~ wi l l  be r e -  
ported.  

Exper imental  

Apparatus.--A schemat ic  d i a g r a m  of the  a p p a r a -  
tus  is shown in  Fig. 1. Samples  are m a c h i n e d  in  the 
form of cyl inders ,  0.8 cm in  d i ame te r  and  0.3 cm in  
height ,  and  are m o u n t e d  by  poin t  contact  on th ree  
a l u m i n a  or thor ia  rods, 3 cm in  length .  These in  t u r n  
are fas tened  wi th  gold wi re  to an a l u m i n u m  holder.  
A screw at the bo t tom of the holder  pe rmi t s  the  
op t imiza t ion  of the  posi t ion of the pel le t  w i th  respect  
to the  concen t ra to r  and  r.f. coils of a S y l v a n i a  5 kw 
induc t ion  uni t .  The m o u n t e d  pel le t  is enclosed in  a 
cons tan t  p ressure  flow sys tem cons t ruc ted  en t i r e ly  of 
Pyrex ,  except  for a shor t  l eng th  of quar tz  t u b i n g  in  
the i m m e d i a t e  ne ighborhood  of the  sample.  

The flow sys tem is of conven t iona l  design. H e l i u m  
carr ie r  gas flows t h rough  a pur i f ica t ion  t r a i n  of m a g -  
n e s i u m  perchlora te ,  Ascari te ,  Drier i te ,  and  glass 
wool. F low ra te  is m e a s u r e d  w i th  a d ibu ty l  ph tha l a t e  
cap i l l a ry  flow me te r  f lanked by  l iqu id  n i t r ogen  traps.  
Oxygen  is i n t roduced  into the  h e l i u m  s t r eam at 
pa r t i a l  pressures  up  to 20 Torr  by  a l lowing  the  he-  
l i u m  to flow th rough  heated  CuO. The h e l i u m - o x y -  
gen m i x t u r e  passes t h rough  a D r y - I c e - a c e t o n e  t rap  
and  en te rs  the  re fe rence  side of a t h e r m a l  con-  
duc t iv i ty  cell. The s t r eam t h e n  flows t h rough  a sec- 
ond cold t r ap  and  over  the i nduc t i ve ly  hea ted  sample  
pel le t  where  a por t ion  of the oxygen  is r emove d  by  
chemical  react ion.  The gas s t ream,  deple ted  in  oxy-  
gen, flows th rough  ano the r  cold t rap,  en te rs  the  s am-  
p l ing  side of the  t h e r m a l  conduc t iv i ty  cell, and  is 
u l t i m a t e l y  v e n t e d  to the a tmosphere .  The two sides 
of the  t h e r m a l  conduc t iv i ty  cell are  connec ted  in  a 
Whea t s tone  br idge  circuit ,  the  ou tpu t  of which  is r e -  
corded and  is p ropor t iona l  to the ra te  of change  of 
the difference in  oxygen  concen t r a t i on  in  the  two 
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Fig. 2. Recorder tracing for a single calibration point (solid 
lines). Points were calibrated from Eq. [1] .  

sides, or equ iva l en t ly ,  to the  ra te  of oxygen  con-  
sumpt ion  by  the  hea ted  sample.  The a rea  u n d e r  the  
e x p e r i m e n t a l  curve  f rom t i m e  zero to t ime  t is p ro -  
por t iona l  to the  tota l  oxygen  consumed  in  t ime  t. 

Calibration.---In order  to ca l ib ra te  the  cell, meas -  
u red  slugs of oxygen  are i n t roduced  in to  the h e l i u m  
s t r eam by  me a ns  of m a n o m e t r i c  device (3) .  A t y p i -  
cal recorder  t r ac ing  for a s ingle  ca l ib ra t ion  is shown  
in  Fig. 2. The  first peak  occurs as the  oxygen  slug 
passes t h rough  the  re fe rence  side of the  t h e r m a l  con-  
duc t iv i ty  cell, whi le  the  s amp l ing  side is filled w i th  
pure  he l ium.  The  first peak  decl ines  and  a reverse  
peak  is observed  w h e n  the  re fe rence  side is once 
more  filled w i th  pu re  h e l i u m  and  the  oxygen  s lug 
passes t h r ough  the  sampl ing  side. The  area  u n d e r  
e i ther  peak  is p ropor t iona l  to the  tota l  mass  of oxy -  
gen  tha t  was  in t roduced .  F r o m  the  a rea  ca l ib ra t ion  
factor  d e t e r m i n e d  in  this  m a n n e r  a nd  f rom the meas -  
u r ed  recorder  speed, s ignal  he igh t  can be re la ted  to 
r a t e  of change  of oxygen  concen t r a t i on  in  the s a m -  
p l ing  cell for cons tan t  concen t r a t i on  in  the r e fe r -  
ence cell (see be low) .  

F i g u r e  3 gives a ca l ib ra t ion  curve  ob ta ined  wi th  a 
B u r r e l l  340-148 t h e r m a l  conduc t iv i ty  cell opera ted  
f rom a 6v s torage b a t t e r y  w i th  a c u r r e n t  of 300 m a  
and  a h e l i u m  flow ra te  of 95 m l / m i n }  The  response  
of the cell is l i nea r  for the  en t i re  concen t r a t i on  r ange  
used in  this  work.  For  the condi t ions  described,  a 

x G o w - M a c  h o t  w i r e  a n d  t h e r m i s t o r  c e l l s  h a v e  a l s o  b e e n  u s e d  
s u c c e s s f u l l y .  

Z6,00C 

24 ,00C 

~E m . ooc  

i z , o o (  

6 , o 0 (  

~o  ~ o  ~ o  a o  io~) t z o o  { ~ c ~  
MASS OF OXY~ = 

Fig. 3. Calibration curve for the thermal conductivity cell; 
measured area on the recorder tracing vs. total mass of oxygen 
introduced. 
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s ignal  of 1 m v  corresponds  to an ox ida t ion  ra te  of 
1.3 x 10 4 g / ra in .  The ca l ib ra t ion  factor  for a g iven  
set of condi t ions  is r ep roduc ib le  to --+4%. Separa te  
ca l ib ra t ions  are r equ i r ed  for each flow ra te  and  cu r -  
r en t  set t ing.  Sens i t iv i ty  is a p p r o x i m a t e l y  p ropor -  
t iona l  to the  square  of the cu r r en t  and  the reciprocal  
of the  flow rate.  

P r o c e d u r e . - - A  sample  is polished,  c leaned,  me a s -  
u red  wi th  a micromete r ,  we ighed  and  m o u n t e d  in  
posi t ion eccent r ica l ly  in the quar tz  tube,  close to the 
concen t ra to r  slit, wi th  its uppe r  sur face  s l ight ly  
h igher  t h a n  the  top of the  concent ra tor .  W i t h  carefu l  
posi t ioning,  surface  t e m p e r a t u r e s  of the  i n d u c t i v e l y  
hea ted  spec imens  are  u n i f o r m  to -+5~ The  sys tem 
is p u m p e d  d o w n  to a l eak  ra te  of less t h a n  5 # /h r ,  
and  flow of pu re  h e l i u m  is s tar ted.  The  r.f. power  
supp ly  is t u r n e d  on and  the  sample  pel le t  is degassed 
at a t e m p e r a t u r e  s l ight ly  h igher  t h a n  tha t  p l a n n e d  
for the ox ida t ion  run .  The degass ing is mon i t o r e d  
wi th  the t h e r m a l  conduc t iv i ty  br idge  and  t e r m i n a t e d  
w h e n  the s ignal  f rom the  br idge  drops to zero. The  
sample  is reweighed,  r emeasured ,  and  replaced.  A 
s t r eam of h e l i u m  and  oxygen  is p e r m i t t e d  to flow 
th rough  the  system, and  w h e n  the b r idge  s ignal  is 
s teady,  the  sample  is r ap id ly  b rough t  to t empe ra tu r e .  
If ox ida t ion  occurs, an  u n b a l a n c e  is observed in the 
br idge  ind ica t ive  of the  ra te  of oxygen  p i ck - up  by  
the sample.  At  the end of a run ,  the  sample  is 
cooled r ap id ly  to room t e m p e r a t u r e ,  weighed,  and  
measured .  The highest  t e m p e r a t u r e  at which  this  
appa ra tu s  has been  used so far  was the ox ida t ion  of 
HfC at 2100~ 

Analysis of the Flow System 
A n  oxygen  slug in t roduced  in to  the  flow sys tem 

spreads as a resu l t  of diffusion and  of the rad ia l  
ve loci ty  d i s t r i bu t ion  in the tub ing .  Each of the peaks  
of the ca l ib ra t ion  curve  in Fig. 2 can be fitted ap -  
p r o x i m a t e l y  by  a logar i thmic  n o r m a l  d i s t r i bu t ion  
func t ion  of the fo rm 

0.286 Co (ti ..... - -  t i )  

ci(t - ti) - exp 
~/27r tl . . . .  (t  - ti) 

F (t - -  ti) 
- -  (ti ..... --  t) in  (ti . . . .  --  ti) 

- -  12.2 t~ m~x /24.5 t~ ..... [1] 

where  Co is the  k n o w n  to ta l  mass of oxygen  i n t r o -  
duced into the  flow system, t is a r u n n i n g  t ime co- 
ord ina te ,  tl is the  t ime  of appea rance  of a s ignal  at 
posi t ion i for an  oxygen  slug in t roduced  at t ime  zero, 
t~ m~ is the  t ime  of m a x i m u m  oxygen  concen t r a t i on  
at  posi t ion i. The  p a r a m e t e r s  tl and  t~ m a x  were  me a s -  
u r ed  in  a series of e x p e r i m e n t s  in  which  pulses  of 
v a r y i n g  oxygen  concen t r a t i on  were  i n t roduced  into 
the  flow system. For  the  first cell (i = 0), to ~65  see, 
to max ~ 120 see; for the second cell (i = 2), t2 = 380 
see, t2 max = 532 see. Po in t s  ca lcu la ted  f rom [1] w i th  
these  va lues  of the  p a r a m e t e r s  are super imposed  
on the  e x p e r i m e n t a l  curves  in  Fig. 2. It  is not  pos-  
sible to der ive  the  observed  peak  shapes f rom s imple  
theore t ica l  considera t ions .  Axia l  diffusion a long the  
s t r eam produces  concen t ra t ion  curves  which  are 
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symmet r i c  abou t  the m a x i m u m ;  the  a s sumpt ion  of 
s imple  l a m i n a r  flow a lone  predic ts  a spread which  is 
ve ry  m u c h  grea te r  t h a n  tha t  observed.  

D u r i n g  an  ox ida t ion  run ,  le t  no be the concen t r a -  
t ion  of oxygen  in  the re fe rence  side of the  t h e r m a l  
conduc t iv i ty  cell, n2 the  ra te  of a r r i va l  of oxygen  gas 
at the detector  cell, and  A (t)  the  ra te  of oxygen  con-  
s u m p t i o n  by  the  sample  pellet .  The un r e a c t e d  oxy -  
gen m a y  be looked on as a con t inuous  series of i n -  
f in i tes imal  pulses  emi t t ed  f rom the sample  reg ion  
in to  the flowing s t ream.  A pulse  of a m p l i t u d e  
n ( t )  = no -- A ( t )  t ha t  leaves  the v ic in i ty  of the 
pel le t  at  t ime  t wi l l  be  spread  by  the  flow and  by  
diffusion, so tha t  its concen t r a t i on  at  the de tec tor  is 
g iven  b y  an  equa t i on  of the form [1]. The  ne t  ra te  
of a r r iva l  of oxygen  at the detector  cell wi l l  be  the  
sum of con t r ibu t ions  f rom all  pulses  tha t  have  left  
the pel le t  reg ion  f rom the t ime  w h e n  the e x p e r i m e n t  
s ta r ted  to t ime  of detec t ion t 

~t  - r  n( t ' )  ( t d  m a x  - -  T )  

n2( t )  = '=0 ~ ) w t  d . . . .  (t  --  t ' - - , )  
exp 

( t - -~-- t ' )  
-- (ta ma~-- r) In  (td . . . .  - -  ~') 

2 

--  12.2 td m a x  /24.5 td m a x  dt' [2] 

where  r is the  m i n i m u m  t r ave l  t ime  of a pulse  f rom 
pel le t  to detector,  g iven  by  the  quo t i en t  of d i s tance  
and  l inea r  flow veloci ty,  (T ~ 240 sec) and  td m a x  is 
eva lua ted  at the  detector  ( t d m a x  ~ 370 sec).  I t  is 
conven i en t  to a pp r ox i ma t e  the  i n t e g r a n d  in  [2] by  
a square  pulse  of a m p l i t u d e  n ( t ' ) / 4  (tl/e) a and  d u r a -  
t ion  A(tl /e)d where  A(tl /e)  = ( t i l e - - t ' l / e ) .  The t imes 
t,/e a nd  t'l/e at which  the  concen t r a t i on  at a ny  post-  
t ion  is 1/e  of the m a x i m u m ,  are g iven  by  

+ 5 x/ti max 
in  tl/e = t- i n  (ti m a x  - -  ti) [3] 

(ti max - -  ti) 

- -5x/ t i  max 
In t'l/e = + In (ti max --  t) [4] 

( t i  m a x  - -  t i )  

With  this approx imat ion ,  a nd  wi th  the  subs t i t u t i on  
y = t - - t ' - - ,  in  [2],  the observed  s ignal  ( n o - - n 2 )  
should be equa l  to 

1 ~(t'l/e)d 
n o - - n 2 ~  A(tl/e)d J(tl/e)d A ( t - - ~ - - y )  dy [5] 

If A ( t - - r  --  y)  can  be expressed  b y  a Tay lo r ' s  series 
in y, t hen  

no --  n~ ~ A (t --  ~) + 
A(n) (t 

[(tl/~)~ " + 1 -  (t'~/~)~ ~+1] [6] 

where  A ( " ) ( t - - ~ )  denotes  the n t h  de r iva t ion  of 
A ( t -  ~) wi th  respect  to ( t - - r ) .  Thus,  if the  s u m -  
m a t i o n  in  [6] is small ,  the s ignal  at the detector  wi l l  
be p ropor t iona l  to the ra te  of ox ida t ion  of the  s am-  
ple r e t a rded  by  the  t ime  r. 

If the sample  oxidizes according to a s imple  ra te  
law, [6] can be used to es t imate  the  m a g n i t u d e  of 
the e x p e r i m e n t a l  e r ror  in  the  detector  signal.  If  oxi -  
da t ion  is l inear ,  A (t)  is i n d e p e n d e n t  of t ime, and  the 
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correct  ox ida t ion  ra te  should be observed.  If ox ida -  
t ion is parabol ic ,  A ( t ) =  kp/t 1/2 where  k ,  is the  
parabol ic  r a t e  cons tant ,  and  the  e r ror  wi l l  be  less 
t h a n  1% of the  s ignal  at t imes  ( t - - ~ ) > 7  min.  
S imi la r  resul ts  are ob ta ined  if the  ra te  equa t i on  is 
logar i thmic .  Thus,  w i th  the except ion  of the  first 10 
rain for the  flow ra tes  employed  in  this work,  the  
observed  s teady state  ra tes  wi l l  be equa l  to the  t rue  
ra tes  and  are  essen t ia l ly  unaf fec ted  b y  the phys ica l  
separa t ion  b e t w e e n  reac t ion  zone and  detector.  

Oxidat ion of Copper 
The  lack of precise ox ida t ion  m e a s u r e m e n t s  on 

s imply  behaved,  wel l  charac te r ized  sys tems above  
1000~ makes  a de ta i led  q u a n t i t a t i v e  compar i son  of 
our  resul ts  wi th  those of other  workers  difficult. 
Copper  was  selected as the  most  sa t i s fac tory  s t a n d -  
ard  mate r ia l .  The oxida t ion  of copper was s tud ied  
by  F e i t k n e c h t  (4) at 1020~ and  7.6 Torr ,  by  Gr i i ne -  
wald  and  W a g n e r  (5) at 1000~ at p ressures  be -  
t w e e n  0.23 and  63 Torr ,  and  by  Baur ,  Bridges,  a nd  
Fassel l  (6) b e t w e e n  900 ~ and  1000~ at oxygen  p a r -  
t ia l  p ressures  of 5-95 Torr.  

We have  made  m e a s u r e m e n t s  w i th  the  t h e r m a l  
conduc t iv i ty  appa ra tu s  at t e m p e r a t u r e s  b e t w e e n  
977 ~ and  1044~ and  oxygen  pressures  b e t w e e n  1.7 
and  10 Torr.  The  expe r imen t s  were  car r ied  out  wi th  
copper pel lets  m a c h i n e d  f rom 99.999 q -coppe r  rod 
suppl ied  by  A m e r i c a n  Sme l t i ng  and  Ref in ing Co., 
South  Plainf ield,  N. Y., and  c leaned in  acetone and  
dis t i l led  wa te r  p r io r  to degass ing as descr ibed  
ear l ier .  

The  data  ob ta ined  by  us and  in  the  o ther  th ree  
inves t iga t ions  are p lo t ted  in  Fig. 4 as to ta l  o x y g e n  
consumpt ion  or ne t  we igh t  gain  per  u n i t  a rea  
(am~A) vs. t ime,  and  in  Fig. 5 as (am~A) 2 vs. t ime.  
There  is good a g r e e m e n t  b e t w e e n  our  resul t s  at  
1044~ and  7.6 Torr  and  Fe i t knech t ' s  at  1020~ a nd  
10 Torr ;  our  resul ts  at 990~ and  10 Torr  and  B a u r  
et al. (6) at 1000~ and  10 Torr ;  and  our resul t s  
at 977~ and  3.0 Tor r  and  G r i i n e w a l d  and  W a g n e r  
(5) at a h igher  t e m p e r a t u r e ,  1000~ and  low pres -  
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Fig. 4. Total oxygen consumption vs. time for copper, results of 
four investigations. 
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Fig. 5. Parabolic plot for the oxidation of copper, data of Fig. 4 

sure,  0.23 Torr .  Resul ts  f rom two labora tor ies  at 1.7 
Torr  are  in  d i sagreement .  Cons ide r ing  tha t  the  ave r -  
age prec is ion  of resul t s  f rom a g iven  l a b o r a t o r y  is 
-+10%, and  tha t  er rors  can be expected in  the  meas -  
u r e m e n t  of we igh t  change  or oxygen  consumpt ion ,  in  
the  d e t e r m i n a t i o n  of zero t ime,  and  in  the m e a s u r e -  
m e n t  of t e m p e r a t u r e  and  pressure ,  a g r e e m e n t  among  
the  four  groups  is good. Discrepancies  are la rges t  
at  the  lower  oxygen  pressures .  However ,  the da ta  
suppor t  the conclus ion tha t  the r a t e  of ox ida t ion  of 
copper increases  wi th  bo th  inc reas ing  t e m p e r a t u r e  
and  inc reas ing  pressure .  Al l  of the  da ta  can be fitted 
to a parabol ic  ra te  equa t ion  af ter  t imes  tha t  v a r y  
b e t w e e n  10 a nd  60 rain, depend ing  u p o n  the  t e m -  
p e r a t u r e  and  pressure ,  w h e n  a l ayer  of Cu20(c )  
400,000-900,000A th ick  has been  bu i l t  up  on the  
surface  of the  copper.  

It  has been  po in ted  out  (5) tha t  in  the  ox ida t ion  
of copper,  both  in te r face  and  diffusion react ions  are 
i m p o r t a n t  u n t i l  a ve ry  th ick  l aye r  of Cu20 has 
formed.  In  order  to ex t rac t  the  dif fusional  ra te  con-  
s t an t  f rom e x p e r i m e n t a l  we igh t  change  or oxygen  
c onsumpt i on  data,  it is c u s t oma r y  to fit the  data  to a 
r e l a t ion  of the  fo rm 

\ d / q - ~ - k - - - ~ - / = t  [7] 

The parabol ic  ra te  cons tan t  is t hen  ca lcu la ted  as the  
reciprocal  of the  slope of a plot  of t / (Am/A)  vs. 
(Am~A). The ra te  cons tan ts  ob ta ined  in  this w a y  
f rom the  p resen t  resul t s  are compared  wi th  those of 
Gr f inewa ld  a nd  W a g n e r  (5) and  B a u r  et al. (6) in  
Tab le  I. The  tab le  also gives parabol ic  ra te  cons tan ts  
ca lcu la ted  f rom the  theore t ica l  Eq. [8] (8-10)  

( kT ) [p 1/s 
k p = 2 a  ~ cro t i  (02/X)--pl /S(Oe/O)] [8] 

In  [8],  a is the  v o l u m e  of CueO per  copper  ion, (to 
is the  e lectr ical  conduc t iv i ty  of CueO at  an  oxygen  
pressure  of 1 atm,  ti is the t r a n s f e r e n c e  n u m b e r  of 
cat ions in  CueO at  the  e x p e r i m e n t a l  t e m p e r a t u r e ,  
p ( O e / X )  is the  a m b i e n t  oxygen  pressure ,  p(02/0)  
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Table I. Values of the parabolic rate constant, kp (mg2/cm4-hr) 

R e f e r e n c e  T, ~ Poe, m m  

JOURNAL OF THE ELECTROCHEMICAL SOCIETY August 1964 

~p~ c~]etl-  
l a t ed  f r o m  

= t~ ~ . - ~ - ~  l a t ed  f r o m  
c o n d u c t i v -  

I t y  d a t a  

(4) 1020 7.6 - -  132 
This work 1044 10.0 159 145 
(5) 1000 11.0 178 134 
(5) 1000 1.71 123 94 
This work 990 10.0 123 127 
(6) 1000 10.0 143 131 
(6) 950 10.0 81 102 
This work 977 3.0 105 84 
This work 990 1.7 132 80 
(5) 1000 0.23 79 63 

is the oxygen  pressure  ca lcula ted  f rom the equ i l i b -  
r i u m  2Cu + 1/202 = Cu20 at the absolu te  t e m p e r a -  
t u r e  T, k is the  B o l t z m a n n  constant ,  and  e is the  
charge of the  electron.  Conduc t iv i ty  va lues  for the  
ca lcula t ions  were  t a k e n  f rom Dfinwald  and  W a g n e r  
(11) ; o ther  va lues  in  the l i t e r a tu r e  are as m u c h  as a 
factor  of two h igher  (12).  The t r a n s f e r e n c e  n u m b e r  
of Cu + in  Cu20 at 1000~ was  found  to be b e t w e e n  
4 and  5 x 10 -4 (10) ; the  lower  va lue  was  used here  
in  ca lcu la t ing  kp. In  v iew of the  unce r t a in t i e s  in  the  
e lectr ical  p roper t ies  of C u 2 0 ( c ) ,  the  va lues  of kp 
migh t  be as m u c h  as a factor  of two h igher  t h a n  
those g iven  in  the  las t  c o l u m n  of the table.  

I t  is seen t ha t  the  resul t s  of the  p re sen t  i nves t i -  
ga t ion  are in  good a g r e e m e n t  bo th  wi th  p rev ious ly  
pub l i shed  resul t s  ob ta ined  by  conven t iona l  we igh t  
change  t echn iques  and  wi th  the pred ic ted  ra te  con-  
s tants  of Wagner .  
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Effect of Surface Preparation on 
Cracking and Structure of Chromium Deposits 

David W. Hardesty 
Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

Convent ional  bright  chromium deposits (0.02-0.05 rail thick) on buffed 
nickel plates often develop a direct ionally oriented crack pa t te rn  which may 
adversely affect appearance and corrosion resistance. This cracking was found 
to occur by interact ion of polishing-induced,  directional residual  stress in a 
surface layer of the nickel with isotropic in terna l  stress of the chromium 
deposit. Removal of the s tress-containing layer  by electropolishing or stress 
relief by anneal ing el iminates this cracking. Similar  cracking can occur in 
bright  n icke l -chromium composites plated on polished steel. Chromium de- 
posits on electropolished nickel are apparent ly  strongly epitaxial. Observed 
variat ions in  appearance, porosity, and corrosion behavior  of deposits on in -  
dividual  grains of wrought  nickel correspond to similar variat ions symmetr i -  
cally distr ibuted in chromium plated on spherical nickel single crystal. The 
significance of these observations is discussed. 

The use, efficacy, and  e lec t rochemis t ry  of mic ro -  
cracked c h r o m i u m  in  con t ro l l ing  corrosion of cop- 
p e r - n i c k e l - c h r o m i u m  pla ted  coat ings for decora t ive  
au tomobi l e  t r i m  have  been  discussed by a n u m b e r  of 

au thors  (1-6) .  This  type  of c rack ing  [Type  M in 
L indsay ' s  (2) classif ication] is descr ibed by  Lovel l  
(1) as " . . .  a fine n e t w o r k  of cracks e x t end ing  
t h r ough  the c h r o m i u m  and  inv i s ib le  to the u n a i d e d  
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Fig. 1. Example of Type Y crack pattern in chromium plated in 
half-box on buffed nickel panel. 

eye  . . .," and  is a t t r i b u t e d  to r e l i e f  of the  h igh  i n -  
t e r n a l  ( t ens i l e )  s t ress  of e l e c t r o d e p o s i t e d  c h r o m i u m  
(7) .  I t  has  been  the  sub jec t  of n u m e r o u s  i n v e s t i g a -  
t ions [see  r e f e r ences  c i ted  b y  F r y  (10) for  e x -  
a m p l e s ] .  

Not  a l l  c r a c k e d  depos i t s  a r e  e q u a l l y  ef fec t ive  in 
cor ros ion  con t ro l  as some fo rms  of c r a c k i n g  a d -  
v e r s e l y  affect  a p p e a r a n c e  and  r e s i s t ance  to bas is  
m e t a l  corros ion.  One such u n d e s i r a b l e  deposi t ,  i l l u s -  
t r a t e d  in Fig .  1, has  a s y s t e m  of i r r e g u l a r l y  spaced,  
p a r a l l e l  c r acks  [ T y p e  Y in L i n d s a y ' s  (2)  c lass i f i -  
ca t ion]  w h i c h  w e r e  f o u n d  to occur  cons i s t en t ly  in 
c h r o m i u m  p l a t e d  u n i f o r m l y  on buf fed  n i cke l  pane l s .  
V i r t u a l l y  i nv i s ib l e  in  f r e s h l y - p l a t e d  c h r o m i u m ,  
these  c racks  a p p e a r  i n i t i a l l y  at  t h i cknes se s  of 0.025- 
0.030 mil ,  1 b e c o m e  m o r e  c lose ly  spaced,  g r a d u a l l y  
change  to T y p e  YM, and  e v e n t u a l l y  to T y p e  M 
( m i c r o c r a c k e d )  e x c l u s i v e l y  as t he  c h r o m i u m  t h i c k -  
ness  is i n c r e a s e d  a b o v e  0.050-0.060 mil .  I t  has  been  
r e p o r t e d  (1, 2) t h a t  T y p e  Y c r a c k i n g  is p a r t i c u l a r l y  
u n r e l i a b l e  in cor ros ion  control .  S ince  these  c racks  
some t imes  a p p e a r  in  depos i t s  w h i c h  a r e  m a i n l y  
the  efficacious T y p e  M m i c r o c r a c k i n g ,  i t  s e e m e d  d e -  
s i r ab l e  to l e a r n  w h y  T y p e  Y c r a c k i n g  deve lops  so 
t ha t  s teps  could  be  t a k e n  for  i ts  e l imina t ion .  

The  r a n d o m  d i r ec t ions  and  spac ings  of T y p e  M 
cracks  in  c h r o m i u m  ind i ca t e  t h a t  t he se  occur  w h e n  
i so t rop ic  i n t e r n a l  s t resses  exceed  the  t ens i l e  s t r e n g t h  
of the  deposi t .  A l t h o u g h  c r a c k i n g  s im i l a r  to T y p e  Y 
has  been  o b s e r v e d  p r e v i o u s l y  in c h r o m i u m  depos i t s  
up  to 0.050 mi l  t h i c k  (1, 2, 11, 24-26) ,  i t  a p p e a r s  t h a i  
no se r ious  a t t e m p t  has  eve r  been  m a d e  to e x p l a i n  
t h e i r  o r ig in  o the r  t h a n  b y  v a g u e  a t t r i b u t i o n s  to 
" s t ress . "  In  t h e  absence  of e x t e r n a l l y  a p p l i e d  
s t resses ,  an i so t rop i c  s t ress  d i s t r i b u t i o n  in  t he  d e -  
pos i t  a p p e a r s  to be  the  mos t  l i k e l y  e x p l a n a t i o n  of 
the  d i r e c t i o n a l i t y  of T y p e  Y c rack ing .  T h e  o r ig in  
of such a s t ress  d i s t r i b u t i o n  is, h o w e v e r ,  obscure .  
S ince  these  c racks  a r e  qu i t e  o f ten  v e r y  diff icult  to 
de tec t  p r i o r  to cor ros ion ,  i t  was  suspec t ed  t h a t  t h e y  
m a y  r e s u l t  f r om a spec ia l  t y p e  of s t r e s s - c o r r o s i o n  
c rack ing .  

T h e r e  a r e  a v a i l a b l e  at  ]eas t  t h r e e  poss ib l e  h y -  
po theses  w h i c h  m a y  account  for  t h e  occu r r ence  of  
T y p e  Y c rack ing .  The  first  of these  a s sumes  the  
p r e s e n c e  of the  s ame  i so t rop ic  s t resses  w h i c h  accoun t  
for  T y p e  M c r a c k i n g  and  t h a t  t he  depos i t  is s t i l l  
e s s e n t i a l l y  cont inuous .  Thus,  a t  depos i t  t h i cknes se s  

1 1 r a i l  = 0 . 0 0 1  i n .  
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Fig. 2. Effect of "throwing power" on chromium distribution on 
surface asperities. 

w h e r e  T y p e  Y c r a c k i n g  is mos t  p r e v a l e n t ,  t he  i n t e r -  
na l  s t ress  ac t ing  t h r o u g h  t h e  s t i l l  con t inuous  depos i t  
( in  a m a n n e r  ana logous  to s t resses  i n d u c e d  b y  t h e r -  
m a l  c o n t r a c t i o n  of a b i - m e t a l  shee t )  is r e s o l v e d  
v e c t o r i a l l y  in to  p r i n c i p a l  s t resses  ac t ing  in  def ini te  
d i rec t ions ,  d e p e n d e n t  on the  d imens ions  of the  p l a t e d  
area .  On a 3 x 4 in. a rea ,  these  p r i n c i p a l  s t resses  
w o u l d  be  a long  the  d iagona l s ,  a t  ang les  of 37 ~ to 
t he  l onge r  s ides  of the  r ec t ang le ,  and  c r a c k i n g  w o u l d  
t h e n  occur  p e r p e n d i c u l a r  to t h e  d i a g o n a l s  a t  53 ~ 
angles .  The  c racks  of Fig.  1 a r e  a t  an  a n g l e  of 65-70 ~ 
in on ly  f a i r  a g r e e m e n t  w i t h  p r e d i c t i o n  if  o the r  f ac -  
tors  a r e  no t  ope ra t ive .  I f  d i m e n s i o n a l  s t ress  r e s o l u -  
t ion  does c o n t r i b u t e  to the  o b s e r v e d  o r i e n t a t i o ns  of 
c rack ing ,  t h e n  a l t e r i n g  p l a t e d  a r e a  d ime ns ions  w o u l d  
r e su l t  in c o n c o m i t a n t  a l t e r a t i o n  of c r a c k  pa t t e rn s .  

A second  e x p l a n a t i o n  of t he  o r i e n t a t i o n  of T y p e  Y 
c r a c k i n g  cons ide rs  t he  effect of a n o n u n i f o r m  c h r o -  
m i u m  th i cknes s  on su r f ace  a spe r i t i e s  as  shown 
s c h e m a t i c a l l y  in Fig.  2, w h i c h  r e p r e s e n t s  loca l  t h i c k -  
ness  v a r i a t i o n s  on po l i shed  or  buffed  sur faces .  In  th is  
event ,  a s s u m i n g  s t ress  p r o p o r t i o n a l  to loca l  c h r o -  
m i u m  th ickness ,  m a x i m u m  s t ress  w o u l d  b e  in the  
d i r ec t i on  of buff ing;  c racks ,  then ,  w o u l d  be  e x p e c t e d  
a t  r i g h t  angles  to th is  d i rec t ion .  The  ang le  b e t w e e n  
c r a c k  d i r ec t ion  e x p e c t e d  a n d  t h a t  obse rved ,  abou t  
20 ~ , pos s ib ly  a r i ses  f rom sc ra t ches  a n g l e d  abou t  20 ~ 
f r o m  the  buff ing  d i r ec t ion  due  to s p r e a d i n g  of t he  
buf f ing  h e a d  u n d e r  p re s su re .  In  a n y  event ,  buff ing  
a portion of a panel in another direction, for ex- 
ample, at right angles to the original direction, 
would result in a radical change in crack direction, 
as reported but not explained by Blum, Barrows, 
and Brenner (ii). These directional effects would 
be expected to be independent of the method of 
abrasion. Chromium plated on an absolutely smooth 
surface or on one free of asperities would not be 
expected to display directional or Type Y cracking. 
Such a surface could be approximated by metal- 
lographic polishing or by electropolishing. 

The third possible explanation of Type Y cracking 
involves interaction of stresses in the chromium de- 
posit with residual stresses in the basis metal. This 
hypothesis was developed only after the two pre- 
vious ones had been considered and partially tested 
with inconclusive or negative results. Cracking very 
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s imi la r  to Type  Y f r e q u e n t l y  has been  observed on 
sha rp ly  cu rved  surfaces of b u m p e r s  and  other  
s t ampings  in  p a t t e r n s  which  suggested tha t  r es idua l  
stresses in  the  basis  me ta l  were  affect ing the c rack-  
ing  of the p la ted  coatings.  S a f r a n e k  (12),  in  expo-  
sures of "bend - s t r e s sed"  p la ted  spec imens  to corro-  
sion, ob ta ined  s imi la r ly  spaced cracks o r ien ted  pe r -  
pend i cu l a r  to the  appl ied  stress. However ,  the pane ls  
used in  the  p resen t  w o r k  are sheared  f rom steel  sheets 
p la ted  w i t h  n icke l  and  then  buffed. There  is, t h e r e -  
fore, no obvious  source of de fo rma t ion  to induce  
stresses, except  at the  sheared  edges. These stresses 
would  ex tend  f rom the edge only  a d is tance  com-  
p a r a b l e  to the pane l  thickness .  Because of the p la t ing  
p rocedure  used to ob ta in  u n i f o r m  c h r o m i u m  deposi t  
th ickness ,  these  areas are not  p la ted  and  the re  is, 
therefore ,  no o p p o r t u n i t y  for i n t e r ac t i on  of basis  
me t a l -depos i t  stresses. Thus,  it was  conc luded  tha t  
some other  source of stresses was  respons ib le  for the  
appea rance  of Type  Y cracking.  

As r e m a r k e d  above,  it was suspected tha t  Type  Y 
c rack ing  migh t  develop as the  resu l t  of a special  case 
of s t ress -cor ros ion  c rack ing  of the  c h r o m i u m  deposit.  
D u r i n g  a su rvey  of the  p e r t i n e n t  l i t e ra tu re ,  a pos-  
sible source of d i rec t iona l  r es idua l  stresses in  the 
basis  me t a l  was  suggested by  Nie lsen  (13) who ob-  
t a ined  crack pa t t e rn s  w i th  m a n y  of the  cha rac t e r -  
istics of Type  Y cracking  of c h r o m i u m  in  a s tudy  of 
effects of ab ras ion  on s t ress -cor ros ion  c rack ing  of 
aus ten i t i c  s ta inless  steel. These cracks were  a t t r i b -  
u ted  to tens i le  stresses induced  in  a surface  l a ye r  of 
the meta l  by  de fo rma t ion  associated w i th  the cu t t ing  
act ion of i n d i v i d u a l  ab ras ive  grains.  

Samue l s  (14) has shown  tha t  all  buffing, pol ishing,  
and  ab ras ion  occur by  a cu t t ing  act ion of the a b r a -  
sive part ic les ,  and  tha t  on ly  the  m a g n i t u d e  of the  
effect var ies  wi th  the  size of the  cu t t ing  part icle .  
There  is avai lable ,  therefore ,  a r ea sonab le  e x p l a n a -  
t ion  for the  p resence  in  buffed n icke l  of d i rec t iona l  
r es idua l  tens i le  stress which  m a y  in t e rac t  w i t h  the 
i n t e r n a l  tens i le  stress of c h r o m i u m  deposi ted the reon  
to account  for the occur rence  of the  observed  Type  Y 
cracking.  The c rack ing  d i rec t ions  thus  observed are 
cons is ten t  w i th  the  d i rec t ion  of buff ing  scratches.  
If c h r o m i u m  were  p la ted  on surfaces  free of such 
res idua l  stresses, t hen  Type  Y c rack ing  should not  
occur. Such surfaces could be p r e p a r e d  by  e lec t ro-  
po l i sh ing  off the s t r e s s - con t a in ing  l ayer  or b y  ap-  
p ropr i a t e  s t ress - re l ie f  annea l ing .  Compar i son  of r e -  
sul ts  ob ta ined  by  these  two procedures  wou ld  also 
pe rmi t  e v a l u a t i o n  of the  effect of surface  profile on 
the c rack ing  mechan i sm.  

In  order  to d e t e r m i n e  which  one of the  th ree  h y -  
potheses is p r i m a r i l y  respons ib le  for the  occur rence  
of Type  Y cracking,  l a b o r a t o r y  w o r k  was  u n d e r t a k e n  
to test  the above postulates .  I n t e r ac t i on  of stresses of 
b r igh t  n icke l  and  c h r o m i u m  deposi ts  on pol ished 
steel was  also explored  as a m a t t e r  of more  c u r r e n t  
in te res t ,  s ince the re  is l i t t le  p re sen t  commerc ia l  use  
of buffed nickel .  

Experimental Procedures 
All  c h r o m i u m  p la t ing  was  done  in  a " c o n v e n -  

t iona l"  b r igh t  p l a t ing  b a t h  c o n t a i n i n g  32 oz /ga l  
(240 g / l )  CrO3 and  0.32 oz /ga l  (2.4 g / l )  H2SO4. Ba th  

Fig. 3. Nickel bar specimen potted in epoxy resin. Electropolished 
and chromium plated. Magnification approximately 3X. 

t e m p e r a t u r e  was  cont ro l led  at 110 ~ --+ 3~ C u r r e n t  
densi t ies  of 1.0 and  1.5 a m p / i n .  2 (144 a nd  216 a m p /  
ft 2) were  used to ob ta in  0.040-rail  th ick  c h r o m i u m  
deposits. In  the  case of 3- in.  wide  panels ,  a ha l f -  
box was used to in su re  u n i f o r m  deposit  th ickness  
(8) .  Other  spec imens  of l a rge  g ra ined  w r o u g h t  
n icke l  ba r  stock were  pot ted in  an  epoxy res in  2 cast -  
ing (see Fig. 3) to faci l i ta te  h a n d l i n g  and  to insu la te  
all  bu t  one face. Elect r ical  contact  was m a d e  wi th  
a No. 6 screw th rough  a t apped  hole  in  the  side of 
the  cast ing.  No a t t e m p t  was  m a d e  to cont ro l  c u r -  
r en t  d i s t r i bu t ion  on these pot ted  samples,  since the 
deposit  was ser ious ly  n o n u n i f o r m  in  th ickness  only  
on the  r i m  of the  p la ted  face. 

Nickel  e lec t ropol ish ing was  done in  a phosphor ic -  
su l fu r i c -ch romic  acid ba th  (15) at room t e m p e r a -  
ture,  u s i ng  c u r r e n t  densi t ies  of 2.2 to 2.5 a m p / i n .  2. 
The  ba th  composi t ion  is 65 % H3PO4, 15 % H2SO4, 6 % 
CRO~ [weigh t  per  cent  ( w / o )  of a nhyd r ous  acids] ,  
ba lance  water .  Sa t i s fac tory  pol i sh ing  is ob ta ined  
wi th  the  ba th  specific g r a v i t y  above 1.70. 

The panels  used were  e i ther  pu rchased  3 x 4 in. 
p r e - p l a t e d  pane ls  w i th  1.0 mi l  of buffed Wat t s  n icke l  
(5, 8) or buffed 3 x 4 in. pane l s  cut  f rom 0.040-in. 
thick, high purity (99.9%), annealed nickel sheet. 

Crack patterns were examined using a conven- 
tional metallographic microscope. Surface profile 
information and chromium thickness measurements 
were obtained by interference microscopy (16). 
Where deemed advisable, photomicrographs were 
made. Cracks were emphasized in some cases by 
partially stripping the chromium anodically (at 6v) 
in 5% potassium dichromate solution. 

Additional buffing of panels was done by normal 
techniques of commercial hand buffing. Polishing of 
the mounted small samples was done with conven- 
tional metallographic equipment and techniques. 

Experimental Results 
EI[ect of di~r~ensions o~ plated area on crack pat- 

t ern . - -Buf fed  3 x 4 in. pane l s  were  used. Areas  of 
3 x 3 in. and  3 x 2 in. were  p la ted  by  ad jus t i ng  the  
h a l f - b o x  (8) posi t ion so tha t  on ly  the r equ i r ed  area  

~Bake l i t e  Resin  ERL 2774, 100 par ts ;  ha rdene r  ZZL 0812, 22.5 
pa r t s  by weight .  
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was i m m e r s e d  in the  p l a t i ng  bath .  One pane l  was  
cut to a 3 x 3 in. square ,  and  ano the r  to a 3 x 2 in. 
r ec tang le  before  p la t ing  for compar i son  wi th  de-  
posits of s imi la r  d imens ions  on 3 x 4 in. panels .  

Type  Y cracking,  o r i en ted  as in  Fig. 1, was  found  
in the deposits on all  panels .  The d i rec t ion  was not  
affected by  d imens ions .  

Effect of variations in microprofile on c r a c k i n g . -  
Verification oS dependence 05 crack direction on 
buffing direct ion.--The buffed 3 x 4 in. pane ls  were  
used. Some were  buffed at r igh t  angles  to the  or igi -  
na l  buff ing direct ion.  On others,  a p p r o x i m a t e l y  half  
of the  pane l  area  was  buffed at  r igh t  angles  to the 
or ig ina l  buff ing  direct ion.  The pane ls  we re  t hen  
c h r o m i u m  pla ted.  

In  bo th  cases, Type  Y cracking  a p p r o x i m a t e l y  pe r -  
pend i cu l a r  (wi th  the  n o r m a l  20 ~ a n g u l a r  spread)  to 
the las t  buff ing  d i rec t ion  was  obta ined.  On the  sec- 
ond group of panels ,  cracks could, in  some ins tances ,  
be fo l lowed t h rough  a p p r o x i m a t e l y  90 ~ bends  across 
the b o u n d a r y  zone b e t w e e n  buf f ing  direct ions.  
Effect of large scratches (size and direction) on 
crack pat terns . - -On buffed n icke l  panels ,  a steel 
p h o n o g r a p h  needle  was  used to scribe a n u m b e r  of 
pa ra l l e l  grooves (1 /8  in. apar t )  in  the  d i rec t ion  of 
buffing,  at 90 ~ to, and  at 45 ~ to this  direct ion.  On a n -  
o ther  pane l ,  the  same p a t t e r n s  were  scr ibed in  1 in. 
square  patches  so tha t  all  pa t t e rn s  were  on the same 
basis metal .  The pane ls  were  t h e n  c h r o m i u m  plated.  

Crack  pa t t e rn s  of v a r y i n g  complex i ty  were  ob-  
ta ined.  Where  grooves were  pa ra l l e l  to the  buff ing 
direct ion,  Type  Y cracks were  found  at r igh t  angles  
to the grooves and  buff ing direct ion.  The only  effect 
no ted  was tha t  cracks crossed the  scr ibed grooves 
at ve ry  n e a r l y  90 ~ angles  whi le  the usua l  70 ~ 
a n g u l a r i t y  was found  in  the  or ig ina l  buffed areas.  
Near  grooves p e r p e n d i c u l a r  to the buff ing direct ion,  
c rack ing  was more  complex.  Some cracks p e r p e n -  
d icu la r  to e i ther  the  grooves or the  buff ing  d i rec t ion  
appea red  to cross each other.  Others  could be found  
which  crossed a groove pe rpend icu l a r ly ,  t hen  ben t  
t h rough  about  90 ~ to cross buff ing scratches.  The 
ove r - a l l  effect was  tha t  of a ve ry  coarse Type  M 
cracking.  Near  the  grooves scr ibed at  a 45 ~ angle  to 
the buff ing  direct ion,  Type  Y cracks p e r p e n d i c u l a r  to 
the grooves p r e d o m i n a t e d  bu t  were  mixed  wi th  s imi-  
lar  bu t  fewer  cracks p e r p e n d i c u l a r  to the more  
p r o m i n e n t  scratches.  The same cracking  pa t t e rn s  
were  no ted  on the  pane l  con t a in ing  patches  of all  the 
groove angles.  

Effect on crack pat tern of abrasion wi th  grits oJ 
many  s izes . - -Examinat ion of buffed n icke l  surfaces 
w i th  the  aid of an  in t e r f e r ence  microscope showed 
the surface  con tour  to be  a v e r y  fine (5-40 #in. deep)  
sawtooth  profile. To d e t e r m i n e  if the  p e a k - t o - v a l l e y  
depth  of this  profile had  any  effect on Type  Y c rack-  
ing of ch romium,  po t ted  n icke l  spec imens  ( m o u n t e d  
as descr ibed  above)  were  u n i d i r e c t i o n a l l y  pol ished 
on w a t e r - l u b r i c a t e d  si l icon carb ide  gri ts  (AB G r i n d -  
ing Paper ,  Bueh le r  1469 SW) and  t h e n  c h r o m i u m  
plated.  Gr i t  sizes used were  240, 320, 400, and  600. 
Profiles, by  i n t e r f e rome t ry ,  we re  found  to be s imi la r  
to those of buffed n icke l  surfaces except  for depths.  
Su rp r i s ing ly ,  it appeared  tha t  most  of the  grooves 

Fig. 4. Type Y cracking in chromium plated on nickel polished 
with 320-grit silicon carbide paper. Magnification approximately 
100X. 

Fig. 5. Type Y cracking in chromium plated on nickel polished 
on 400-grit silicon carbide paper. Magnification approximately 
IOOX. 

were  on ly  0.01 to 0.02 rail  deep;  a few grooves 
r anged  up to 0.1 mi l  in  depth.  The n u m b e r  and  d i -  
mens ions  of the  l a t t e r  seemed to depend  on the gr i t  
size and  "age" of the paper  used. W h e n  c h r o m i u m  
was p la ted  on these ab raded  surfaces,  Type  u c rack-  
ing occurred as i l lus t ra ted  in  Fig. 4 and  5. 

To comple te  the s tudy  of effect of scratch or 
groove size on c h r o m i u m  cracking,  these specimens  
were  also u n i d i r e c t i o n a l l y  pol ished on me ta l l o -  
g raphic  po l i sh ing  wheels  ( laps) .  A canvas  cloth 
(Bueh le r  AB 1592) was  used wi th  a suspens ion  of 
po l i sh ing  a l u m i n a  No. 1 (Bueh le r  AB 1550), and  a 
" K i t t e n - e a r "  cloth (Bueh le r  AB 1598) wi th  a l u m i n a  
No. 2 suspens ion  (Bueh le r  AB 1551). Cracking,  as 
i l l u s t r a t ed  in  Fig.  6 and  7, was obta ined.  These  
cracks are more  i r r e gu l a r  in  spacing a nd  d i rec t ion  
t h a n  those on buffed or  gr i t  pol ished surfaces.  Con-  
v e n t i o n a l  (nond i r ec t i ona l )  pol i sh ing  of the  speci-  
m e n s  p r io r  to c h r o m i u m  p la t ing  resu l t ed  in  an  ap -  
p a r e n t  Type  M crack pa t t e rn .  On closer e x a m i n a t i o n  
of the  deposit,  i n d i v i d u a l  cracks were  found  to cross 
the  more  p r o m i n e n t  scratches at r igh t  angles,  and  to 
be i n d e p e n d e n t  of superf icial  scratches.  
Effect on crack pattern of electropolishing.--Init ial  
t r ia ls  wi th  e lec t ropol i sh ing  were  made  on the  buffed, 
n icke l  p la ted  panels .  A b o u t  0.08-0.1 mi l  (of the  
1.00 rail  th ick  n icke l  p la te )  had  to be r emoved  to 
ob l i t e ra te  all  t races  of scratches left  b y  the  buffing.  
The  r e su l t i ng  b r igh t l y  ref lect ing surface had  a 
smooth ly  u n d u l a t i n g  con tour  m a r r e d  by  cons iderab le  
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Fig. 6. Type Y cracking in chromium plated an nickel polished on 
canvas lap using Buehler No. 1 alumina. Magnification approxi- 
mately 100X. 

Fig. 8. Appearance of chromium deposit on electropolished rolled 
nickel (same material as the specimen shown in Fig. 3). Magnifica- 
tion approximately 100X. 

Fig. 7. Type Y cracking in chromium plated on nickel polished 
on "Kitten-ear" cloth lap using Buehler No. 2 alumina. Magnifica- 
tion approximately 100X. 

p i t t ing .  On c h r o m i u m  p l a t i n g  s a m p l e s  w h i c h  had  
been  suff ic ient ly  e l ec t ropo l i shed ,  no T y p e  Y c r a c k i n g  
was  obse rved .  T y p e  M c r a c k i n g  d id  occur  w h e n  the  
c h r o m i u m  depos i t  t h i ckness  was  i n c r e a s e d  to a b o u t  
0.06-0.08 mil .  R e p r o d u c i b i l i t y  and  q u a l i t y  of t he  
su r face  was  v e r y  poor  w h e n  buffed,  p l a t e d  n i c k e l  
was  e l ec t ropo l i shed .  I t  was  f o u n d  t h a t  e q u i v a l e n t  
c r a c k i n g  r e su l t s  w e r e  o b t a i n e d  w i t h  w r o u g h t  n i cke l  
on w h i c h  su r f aces  w e r e  of b e t t e r  q u a l i t y  and  m o r e  
r e p r o d u c i b l e .  M o u n t e d  b a r  s tock  spec imens  w e r e  
t h e r e f o r e  used  for  f u r t h e r  work .  As  expec ted ,  i t  was  
f o u n d  t h a t  t he  e l e c t r o p o l i s h i n g  t ime  r e q u i r e d  to 
e l i m i n a t e  a l l  t r aces  of s h a r p  scra tches ,  i.e., to r o u n d  
out  t he  grooves ,  was  a p p r o x i m a t e l y  p r o p o r t i o n a l  to 
t he  g r i t  size used  in  po l i sh ing .  In  gene ra l ,  u n d u l a t i n g  
or  r i p p l e d  prof i les  of v a r y i n g  pe r iod i c i t y ,  r o u g h l y  
c o m p a r a b l e  to those  of t he  g r i t  po l i shed  sur face ,  w e r e  
ob ta ined .  S t a r t l i n g l y ,  c h r o m i u m  p l a t e d  on the  b r i g h t  
su r f ace  of e l e c t r o p o l i s h e d  n i cke l  ( w i t h  no v i s ib le  
g r a i n  s t r u c t u r e )  h a d  the  a p p e a r a n c e  of a po l i shed  
and  e t ched  su r face  p r e p a r e d  for  m e t a l l o g r a p h i c  e x -  
amina t ion .  F i g u r e  3 shows  th is  effect  v e r y  we l l  and  
Fig.  8 is a p h o t o m i c r o g r a p h  of th is  c h r o m i u m .  F o r  
compar i son ,  Fig.  9 shows  the  a p p e a r a n c e  of the  
s p e c i m e n  m e t a l l o g r a p h i c a l l y  po l i shed  and  e tched.  

Effect of annealing on crack pat tern. - - I t  was  con-  
s ide red  t ha t  T y p e  u c r a c k i n g  was  p r e v e n t e d  on 
e l e c t r o p o l i s h e d  n i c k e l  b y  r e m o v a l  of t he  a b r a s i o n -  
d e f o r m e d  su r f ace  l a y e r  con t a in ing  d i r e c t i o n a l  r e -  
s i dua l  s t resses  w h i c h  i n t e r a c t  w i t h  the  depos i t  

Fig. 9. Appearance of the surface of rolled nickel after metal- 
Iographic polishing and etching (Marble's reagent). Magnification 
approximately 100X. 

i n t e r n a l  s t ress  to p r o d u c e  o r i e n t e d  c rack ing .  In  o r d e r  
to d e t e r m i n e  t h a t  r e m o v a l  of the  s t r a i n e d  l a y e r  and  
not  the  change  in  su r face  con tou r  was  t he  effect ive  
ope ra t i on ,  buf fed  0.040 in. t h i c k  w r o u g h t ,  h igh  
p u r i t y  n i cke l  p a n e l s  (2 x 3 in.)  w e r e  s u b j e c t e d  to 
a " s t ress  equa l i z ing"  a n n e a l  (17) (2 h r  a t  500~ in 
an  a l l - g l a s s  a p p a r a t u s  at  a p r e s s u r e  of 0.5 x 10 -5 m m  
Hg) .  Su r f ace  con tou r  was  u n c h a n g e d  and,  a f t e r  
c h r o m i u m  p la t ing ,  no T y p e  Y c r a c k i n g  was  o b s e r v e d  
in t he  b r i g h t  deposi t .  

Cracking of chromium plated on bright nickel 
deposits .--The r e su l t s  of t h e  w o r k  d e s c r i b e d  a b o v e  
i n d i c a t e d  tha t ,  s ince  d i r e c t i o n a l  r e s i d u a l  t ens i l e  
s t resses  in  a su r f ace  l a y e r  of m e c h a n i c a l l y  po l i shed  
n i cke l  had  c o n s i d e r a b l e  inf luence  on c h r o m i u m  
crack ing ,  i t  was  in o r d e r  to e x p l o r e  t he  effect of h igh  
i n t e r n a l l y  s t r e s sed  b r i g h t  n i c k e l  p l a t e  as  a base  for  
c h r o m i u m  deposi ts .  B r i g h t  n i cke l  was  t h e r e f o r e  
p l a t e d  on 0.010 in. t h i c k  buf fed  b r a s s  and  on 0.090 in. 
t h i c k  flat  po l i shed  b u m p e r  s tock  pane ls .  Because  of 
c o n t a m i n a t i o n  d u r i n g  p r e v i o u s  use,  the  p r o p r i e t a r y  
b r i g h t  p l a t i n g  b a t h  y i e l d e d  depos i t s  w i th  tens i le  
s t ress  of abou t  54,000 psi  [as  d e t e r m i n e d  b y  the  r ig id  
flat  s t r i p  m e t h o d  ( 1 8 ) ] ,  so h igh  t h a t  i m p r o p e r  c l e a n -  
ing  of t h e  bas is  m e t a l  was  r e v e a l e d  b y  s p o n t a n e o u s  
pee l ing  of the  n i cke l  p la te .  On p r o p e r l y  c l e aned  s a m -  
ples,  no c racks  w e r e  v i s ib le  in t he  a d h e r e n t  n i cke l  
depos i t s  even  w h e n  v i e w e d  u n d e r  a mic roscope .  

The  th in  b r a s s  pane l s  b e c a m e  concave  t o w a r d  the  
p l a t e d  s ide  d u r i n g  n i cke l  p l a t i n g  and  d e v e l o p e d  an 
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oval or e l l ipt ical  crack pa t t e rn  af ter  chromium p l a t -  
ing, p r e sumab ly  the resul t  of the stress d is t r ibut ion  
in the nickel  deposit.  The steel bumper  stock panels,  
when br igh t  nickel  and chromium plated,  developed 
Type Y cracks pe rpend icu la r  to the  di rect ion of flat 
pol ishing of the  steel, ve ry  s imilar  in deta i l  to the 
pa t te rns  in chromium pla ted  on ab raded  nickel. Only 
on steel  which had been subjected to a 1-min elec-  
t ropol ish (in the same bath  used for e lectropol ishing 
nickel)  was adhesion of the  nickel  complete ly  sat is-  
factory.  There was no significant change in surface 
contour. On convent ional ly  cleaned steel, the p la te  
could be peeled off, af ter  chromium plat ing,  by  p r y -  
ing up with  a needle  at  the read i ly  vis ible  cracks. As 
this suggested cracking through the nickel  to the 
steel, an electropol ished and p la ted  panel  wi th  vis i -  
ble cracks was immersed  in a s l ight ly  acid (pH 3.00) 
potass ium bromide  (1M) solution containing 1 g/1 
o-phenanthro l ine .  Posi t ive  indicat ion of iron (p ink  
colorat ion) appeared  at the  cracks almost  ins tan-  
taneously,  and upon making  the panel  anodic (at  
1.0v against  P t ) ,  a strong r e d - p i n k  color appeared  
immedia te ly  at the  cracks. This was taken  as proof 
that  cracking through the nickel  had  indeed oc- 
curred.  

Properties of chromium deposited on electropol- 
ished n icke l . - -The  "meta l lographic  etch" effect ob-  
ta ined by  p la t ing  chromium on l a rge -g ra ined  
wrought  nickel  was bel ieved to be due to var ia t ions  
in t ex tu re  of the chromium on the ind iv idua l  grains  
of nickel  (see Fig. 8). I t  suggested tha t  deposit  
porosi ty  might  be re la ted  to s t ructure ,  and tha t  cor-  
rosion behavior  would  be s imi la r ly  affected. An 
electropol ished specimen of nickel  was chromium 
pla ted  to a thickness of 0.020 mil  and  then, to r evea l  
porosity,  copper p la ted  at 0.2v for 2 min in an acid 
copper ba th  (11). Discrete nodules and l ines of cop- 
per  were  found on the surface as i l lus t ra ted  in Fig. 
10. Af te r  sketching the pa t t e rn  of copper nodules  
found an a large  grain,  the  copper  was removed  by  
scrubbing wi th  a cotton swab and a suspension of 
magnes ium oxide. The specimen was then  made  
anodic (1.0v against  P t )  in an acid potass ium bro-  
mide  solution for 5 rain. Af te r  examining  the same 
area  and finding no apparen t  change in appearance ,  

Fig. 10. Structure dependent porosity revealed by copper de- 
posit on chromium plated on electropolished nickel. Magnification 
approximately IOOX. 
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the chromium was anodical ly  dissolved in 5% po-  
tass ium dichromate.  Under  the microscope, a series 
of p lane- face ted ,  r e m a r k a b l y  regu la r  pi ts  were  
found which corresponded to the locat ion of copper 
nodules.  In ind iv idua l  grains,  the pi ts  va r i ed  in size 
but  had  s imi lar  shapes which  were,  var ious ly  t r i -  
angular  based pyramida l ,  square  based, or f la t -bo t -  
tomed boat  shaped. 

Properties of chromium deposited on other metals. 
- - B e c a u s e  of the  s t r ik ing effects obta ined with  chro-  
mium pla ted  on electropol ished nickel,  t r ia ls  were  
made by  p la t ing  on electropol ished Monel, Inconel, 
and copper. Results  of such pla t ing dupl ica ted  those 
obta ined on nickel.  Copper p la t ing  of the  samples 
af ter  chromium pla t ing  resul ted  in copper nodules 
and l ines d i s t r ibu ted  much as on s imi la r ly  t rea ted  
nickel.  

Chromium plated on spherical nickel  single crys-  
t a I . - - T h e  var ia t ion  of chromium deposi t  surface 
charac te r  appeared  to be re la ted  to s t ruc tura l  va r i -  
ations on ind iv idua l  grains  of nickel  and other  me t -  
als and suggested a high degree of epi taxy.  To ex-  
plore this, a spher ical  nickel  single c rys ta l  s was 
electropol ished and chromium plated.  With  th in  
chromium deposits  (p la ted  2 min  at  a nominal  1 asi) ,  
the p la te  seemed to be br igh t  and smooth when the 
sphere was examined  in diffuse light.  In the  beam 
of a flashlight, however ,  squares,  t r iangles ,  and n a r -  
row rectangles  could be seen. With  th icker  deposits 
(5-10 min) ,  r egu la r  b r igh t  and dull  areas  could be 
seen on the sphere.  Again,  these could be more 
eas i ly  seen when examined  in a f lashlight  beam. Ex-  
aminat ion  of the  sphere surface wi th  a microscope, 
using a 2-circle goniometer ,  established,  f rom sym-  
m e t r y  relat ionships,  tha t  b r igh t  smooth squares of 
chromium were  found at  posit ions corresponding to 
cube faces; br ight ,  r egu la r ly  l ined t r iangles  at  octa-  
hedra l  faces; and dull,  nodular ,  roughly  c i rcular  
patches  at  dodecahedra l  faces. Be tween  these figures, 
a r egu la r  l ine a r r a y  of chromium nodules was found. 
Copper deposi t ion indica ted  po re - f r ee  chromium in 
the cube-face  squares,  l ines of pores in the  octa-  
hedra l  face t r iangles ,  r andomly  sca t te red  pores in 
dodecahedra l  face circles, and regu la r  l ines of pores  
on the r ema inde r  of the sphere  surface. Anodica l ly  
corroding the chromium pla ted  sphere in acidified 
potass ium bromide  or sodium chloride solutions 
showed the va r i e ty  and regu la r i ty  of pi t  shapes at 
r egu la r ly  repea ted  areas  on the sphere as had  been 
observed in ind iv idua l  grains  of po lycrys ta l l ine  
nickel.  With  st i l l  heav ie r  deposits of chromium, 
Type M cracking occurred which was r ead i ly  ob-  
served only on the br igh t  surfaces at cube face and 
oc tahedra l  face positions; the nodules  character is t ic  
of th ick chromium deposits tended to obscure the 
crack pa t t e rn  in the  in te rmedia te  areas. 

Discussion of Results 
The exper imen ta l  resul ts  are la rge ly  s e l f - exp l ana -  

to ry  in tha t  two of the  basic hypotheses  tes ted  have  
been re jec ted  and the th i rd  accepted as valid.  I n t e r -  
action of deposit  tensi le  stress wi th  d i rec t ional  t en-  
sile stress in the  subs t ra te  provides  the  most sat is-  

3 P u r c h a s e d  in  t h i s  f o r m  f r o m  V i r g i n i a  I n s t i t u t e  f o r  S c i e n t i f i c  
Research ,  R ichmond ,  Virgin ia .  
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f a c t o r y  e x p l a n a t i o n  of t he  occur rence ,  o r i en t a t i on ,  
a n d  d i r ec t ion  of T y p e  Y c racks  in  c h r o m i u m  p l a t e d  
on a b r a d e d  or  buffed  n ickel .  

These  f indings  also p e r m i t  s p e c u l a t i o n  a b o u t  r e -  
l a t e d  m a t t e r s  such  as  m a g n i t u d e  of p o l i s h i n g - i n -  
d u c e d  s t resses ,  effect of a b r a s i v e  size on s t resses ,  
effect of  s t resses  on u n d e r l y i n g  e l ec t rodepos i t s ,  bas is  
m e t a l  f inishing,  and  the  s t r u c t u r e  of t he  c h r o m i u m  
depos i t .  

The  m a g n i t u d e  of t he  t ens i l e  s t ress  in t he  u p p e r -  
mos t  l a y e r  of buf fed  n i cke l  can  be  e s t i m a t e d  if  t he  
fo l lowing  a s s u m p t i o n s  a r e  m a d e :  ( i )  S t r e s ses  of 
base  and  depos i t  a r e  add i t ive .  ( i i )  S t r e s s  of u n -  
c r a c k e d  depos i t  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to 
th ickness .  ( i i i )  C r a c k i n g  occurs  w h e n  i n t e r n a l  s t ress  
equa l s  or  exceeds  t h e  t ens i l e  s t r e n g t h  of t he  depos i t .  

B r e n n e r  (19) found ,  in c h r o m i u m  depos i t s  p l a t e d  
a t  s im i l a r  condi t ions ,  a m a x i m u m  s t ress  of a b o u t  
80,000 psi. F r o m  th i s  and  the  p r o p e r t i e s  of h e a t  
t r e a t e d  depos i t s ,  he  sugges t ed  80,000 psi  as the  a p -  
p r o x i m a t e  u l t i m a t e  t ens i l e  s t r e n g t h  of an  u n c r a c k e d  
c h r o m i u m  depos i t .  I t  was  found  in th is  i n v e s t i g a t i o n  
t h a t  w h e n  0.08-0.1 m i l  of buffed  n i c k e l  was  r e m o v e d  
b y  e l ec t ropo l i sh ing ,  o r  w h e n  buf fed  n i c k e l  was  a n -  
nea led ,  d i r e c t i o n a l l y  o r i e n t e d  c r a c k i n g  of c h r o m i u m  
depos i t s  d id  no t  occur.  F r o m  this ,  i t  is conc luded  t h a t  
s igni f icant  s t resses  a r e  p r e s e n t  on ly  in the  su r f a c e  
l aye r ,  and  s ince  d i r e c t i o n a l l y  o r i e n t e d  c h r o m i u m  
c r a c k i n g  occurs  at  depos i t  t h i cknesses  a b o u t  ha l f  
t h a t  in w h i c h  the  n o n o r i e n t e d  c r a c k i n g  is f irst  o b -  
s e r v e d  on e l e c t r o p o l i s h e d  n ickel ,  i t  is p r e s u m e d  t h a t  
ha l f  t h e  f r a c t u r i n g  s t ress  a r i ses  in  t h e  n i c k e l  s u b -  
s t ra te .  A t  a c h r o m i u m  th i cknes s  of 0.025 mil ,  t he  
t o t a l  s t ress  r e q u i r e d  to f r a c t u r e  a 1 in. w ide  sec-  
t ion  w o u l d  b e  a b o u t  2 lb.  The  a v e r a g e  un i t  s t ress  in  a 
0.1 mi l  t h i c k  su r f ace  l a y e r  of  n ickel ,  then ,  m u s t  be  
a b o u t  10,000 psi,  o r  in  an  0 .08-mi l  l aye r ,  12,500 psi.  
This  v a l u e  is c o m p a r a b l e  to t he  15,000 ps i  t ens i l e  
s t ress  f o u n d  b y  Nob le  (20) n e a r  t he  su r f ace  of 
" a b u s i v e l y "  a b r a d e d  s tee l  and  v e r y  d i f fe ren t  f r o m  
the  15,000-25,000 psi  c o m p r e s s i v e  s t ress  i n d u c e d  b y  
n o r m a l  po l i sh ing  and  buf f ing  p rocedu re s .  ( H o w e v e r ,  
his m e t h o d  d id  no t  de t ec t  s t resses  in l a y e r s  as th in  
as 0.1 mi l . )  A m e a s u r e m e n t  of s t ress  in buffed  n i cke l  
(21) b y  a n  x - r a y  m e t h o d  gave  v a l u e s  of 3000-6000 
ps i  c o m p r e s s i o n  but ,  aga in ,  th i s  is an  a v e r a g e  s t ress  
in a l a y e r  c o n s i d e r a b l y  t h i c k e r  t h a n  0.1 m i l  and  
p r o b a b l y  r e su l t s  f r o m  t h e  c o m p r e s s i v e  d e f o r m a t i o n  
o b s e r v e d  b y  S a m u e l s  (14)  b e n e a t h  a b r a d e d  m e t a l  
sur faces .  P e r h a p s  a m o r e  sens i t ive  m e t h o d  could  
de t ec t  t ens i l e  s t resses  in  such  th in  l aye r s ,  b u t  i t  a p -  
p e a r s  t h a t  c h r o m i u m  p l a t i n g  a n d  c r a c k i n g  a f ford  at  
l e a s t  a r o u g h  e s t i m a t e  of such  s t resses .  

The  c r a c k  spac ing ,  and  the  c h r o m i u m  depos i t  
t h i ckness  at  w h i c h  c r a c k i n g  is first  obse rved ,  a p p e a r s  
to be  i n v e r s e l y  p r o p o r t i o n a l  to t he  size of SiC g r i t  
u sed  to  a b r a d e  n i cke l  sur faces ,  sugges t i ng  t h a t  
s t resses  a r e  h i g h e r  in t h e  r o u g h e r  su r f ace  p r o d u c e d  
b y  a b r a s i o n  on 240 g r i t  t h a n  on a su r f ace  a b r a d e d  
on 600 gri t .  T h e  r e d u c e d  c r a c k  f r e q u e n c y  in c h r o -  
m i u m  p l a t e d  on su r faces  p r o d u c e d  b y  m e t a l l o g r a p h i c  
po l i sh ing  p r o b a b l y  s ignif ies  a l o w e r  s t ress  l eve l  in a 
v e r y  th in  l aye r ,  w i t h  p o s s i b l y  some inf luence  f rom 
s t r e s s - c o n c e n t r a t i n g  fac tors ,  such as f a i l u r e  of t he  
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c h r o m i u m  to cover  a n o n m e t a l l i c  i nc lus ion  in t he  
ba se  (see  Fig.  7).  

The  a b o v e  specu la t i ons  a r e  of p o t e n t i a l  v a l u e  in 
u n d e r s t a n d i n g  the  b e h a v i o r  of b r i t t l e  e l e c t r o d e -  
pos i t e d  c h r o m i u m  and  s eem also to  be  s u b s t a n t i a l l y  
co r rec t  in  accoun t ing  for  the  d i r e c t i o n a l i t y  of c r a c k -  
ing  of b r i t t l e ,  t e n s i l e l y  s t r e s sed  b r i g h t  n i c k e l  on 
po l i shed  s tee l  w h e n  p l a t e d  w i t h  c h r o m i u m .  T h e  t e n -  
si le s t ress  i n d u c e d  b y  t h e  r e l a t i v e l y  coarse  "f lat  
po l i sh ing"  of t he  s tee l  p lus  t he  i n t e r n a l  s t ress  of the  
b r i g h t  n i cke l  depos i t  w e r e  no t  a p p a r e n t l y  e n o u g h  
to cause  c r a c k i n g  as v i s ib le  c r a c k i n g  o c c u r r e d  on ly  
w h e n  the  h igh  s t ress  of c h r o m i u m  was  added .  S ince  
b r i g h t  n i cke l  w i t h  s t ress  as h igh  as 54,000 psi  
t y p i c a l l y  is v e r y  b r i t t l e  and  has  u l t i m a t e  t ens i l e  
s t r e n g t h s  ove r  150,000 psi  (18) ,  a c o n s i d e r a b l e  t o t a l  
s t ress  m u s t  be r e q u i r e d  to c r a c k  th is  b r i t t l e  deposi t .  
C h r o m i u m ,  at  t h e  t h i cknes s  used ,  can  p r o v i d e  such 
h igh  s t r ess  as s h o w n  b y  B r e n n e r  (9)  a n d  b y  S t a r e c k  
(7)  w h o  f o u n d  m a x i m u m  s t resses  ( sp i r a l  c o n t r a c -  
t o m e t e r  m e t h o d )  of 80,000 and  150,000 psi,  r e s p e c -  
t i ve ly .  A s s u m i n g  t h a t  t he  c h r o m i u m  c r a c k e d  and  
p r o d u c e d  a no tch  in t h e  su r f a c e  of t he  n i c k e l  w h i c h  
ac t ed  as a s t ress  r i se r ,  t h e  n i c k e l  t h e n  p r o b a b l y  
c r a c k e d  v e r y  r a p i d l y  w i t h o u t  y i e l d i n g  as do  o the r  
b r i t t l e ,  n o t c h - s e n s i t i v e  m a t e r i a l s .  These  r e su l t s  and  
h y p o t h e s e s  i n d i c a t e  t h a t  t h e  p r o b l e m s  of e l e c t r o d e -  
pos i t  s t ress  con t ro l  and  bas i s  m e t a l  su r f a c e  f inish r e -  
qu i r e  f u r t h e r  s t u d y  if  for  no o t h e r  r e a s o n  t h a n  to  
conf i rm the  ex i s t ence  of t h e i r  i n t e r ac t i on .  

The  a p p a r e n t  e p i t a x y  e x h i b i t e d  b y  c h r o m i u m  
p l a t e d  on  s t r e s s - f r e e  n i c k e l  sugges t s  t h a t  " b r i g h t "  
c h r o m i u m  is b r i g h t  no t  be c a use  of i n h e r e n t l y  s m a l l  
g r a i n  size (22) or  de c ompos i t i on  of u n s t a b l e  h y -  
d r i d e s  of c h r o m i u m  (23) b u t  because  t he  c h r o m i u m  
depos i t s  e p i t a x i a l l y  on the  e x t r e m e l y  s m a l l  g r a in s  
in  buf fed  n i cke l  or  in  b r i g h t  n i c k e l  p la te .  The  r e su l t s  
of p l a t i n g  on a s p h e r i c a l  n i c k e l  s ing le  c r y s t a l  m i g h t  
p e r h a p s  h a v e  been  p r e d i c t e d  f r o m  the  w o r k  of R e d d y  
and  W i l m a n  (27) e x c e p t  t h a t  t h e y  r e p o r t e d  no such 
t e x t u r a l  effects in  c h r o m i u m  p l a t e d  on coppe r  s ingle  
c r y s t a l  faces.  W o r k  is u n d e r  w a y  on p l a t i n g  of 
c h r o m i u m  on n i c k e l  s ing le  c rys t a l s  which ,  i t  is 
hoped,  w i l l  p e r m i t  a b e t t e r  u n d e r s t a n d i n g  of t he  
depos i t i on  of c h r o m i u m  on n i c k e l  (and ,  p e r h a p s ,  of 
o t h e r  b a s e - d e p o s i t  c o m b i n a t i o n s )  a n d  w h i c h  m a y  
c o n t r i b u t e  to an  u n d e r s t a n d i n g  of t h e  ro l e  of s t resses  
in g r o w t h  and  c r a c k i n g  of e l ec t rodepos i t s .  

Manuscr ip t  rece ived  May 13, 1963; rev ised  m a n u -  
script  received March  13, 1964. This pape r  was p r e -  
sented at  the  New York  Meeting,  Sept.  29-Oct. 3, 1963. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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A Three-Point Probe Method for Electrical 
Characterization of Epitaxial Films 

John Brownson 1 

Microwave Associates, Incorporated, Burlington, Massachusetts 

ABSTRACT 

A th ree -po in t  p robe  has been devised which  makes  possible  simple,  r ap id  
measurements  of res is t iv i ty  and conduct iv i ty  type  of ep i tax ia l  s i l icon films. 
The probe  in contact  wi th  a sil icon c rys ta l  is effectively a po in t -con tac t  diode 
wi th  ohmic base  te rminat ion .  The  ex t e rna l  c i rcu i t ry  measures  this  "diode 's"  
V- I  character is t ics .  Its peak  inverse  vol tage  is a p red ic tab le  funct ion of r e -  
s is t ivi ty  and hence res is t iv i ty  is de te rmined  f rom this parameter .  The advan -  
tage of the probe is tha t  special  p repa ra t ion  of rec t i fy ing  and nonrec t i fy ing  
contacts  is not  necessary.  The design, cal ibrat ion,  and opera t ion  of the  probe  
are  discussed in addi t ion to some expe r imen ta l  resul ts  such as res is t iv i ty  as a 
funct ion of locat ion wi th in  the  reac tor  and a r e l a t ive ly  s imple  method  for  
measu remen t  of res is t iv i ty  g rad ien t  in the  film. F ina l ly ,  the  method ' s  l imi t a -  
t ions in measur ing  thin, high res is t iv i ty  films are  descr ibed and capabi l i ty  
l imits  defined. 

F o r  m e a s u r e m e n t  of  r e s i s t i v i t y  of e p i t a x i a l  f i lms 
t h e r e  h a v e  been  two  c o m m o n l y  used  me thods .  The  
first  m e t h o d  is to  p rocess  a h igh  r e s i s t i v i t y  con t ro l  
s l ice  of oppos i t e  c o n d u c t i v i t y  t y p e  a long  w i t h  a lo t  of 
s u b s t r a t e s  to  be  e v a l u a t e d  (1) .  S ince  the  f i lm on the  
con t ro l  s l ice  is of t he  oppos i t e  c o n d u c t i v i t y  t y p e  f r o m  
t h e  s l ice  i tself ,  t he  f i lm is e f fec t ive ly  i so l a t ed  b y  a 
p - n  j u n c t i o n  and  d i r e c t  f o u r - p o i n t  p r o b e  m e a s u r e -  
m e n t s  a r e  poss ib le .  T h e  m a i n  d i s a d v a n t a g e  of th i s  
m e t h o d  is t h a t  t he  f i lm on the  con t ro l  s l ice can  be  
a p p r e c i a b l y  less  d o p e d  t h a n  the  f i lms on t h e  o t h e r  
s u b s t r a t e s  due  to a l a c k  of p r o x i m i t y  to h e a v i l y  
d o p e d  s u b s t r a t e  sources .  A n o t h e r  d i s a d v a n t a g e  of 
the  m e t h o d  is t ha t  i t  is i n h e r e n t l y  a s a m p l i n g  p r o -  
c edu re  w i t h  100% inspec t ion  imposs ib le .  

The  second  m e t h o d  c o m m o n l y  used  for  m e a s u r e -  
m e n t  of  r e s i s t i v i t y  of e p i t a x i a l  f i lms is to  f a b r i c a t e  
d iodes  f r o m  a s a m p l e  of t he  m a t e r i a l  to be  e v a l u a t e d  
and  to m e a s u r e  the  c a p a c i t a n c e  p e r  un i t  a r e a  f r o m  
w h i c h  the  f i lm r e s i s t i v i t y  m a y  b e  c a l c u l a t e d  (2 ) .  The  
d i s a d v a n t a g e s  of th i s  m e t h o d  a r e  t h a t  i t  r e q u i r e s  
r e l a t i v e l y  e l a b o r a t e  t e chn iques  a n d  e q u i p m e n t ,  t he  
m e t h o d  is cos t ly  and  t i m e  consuming ,  a n d  is also i n -  
h e r e n t l y  a s a m p l i n g  p r o c e d u r e .  

1Present  address: D e p a r t m e n t  of  Electrical  Engineer ing,  Massa-  
chusetts  Inst i tute of  Technology,  Cambridge,  Massachusetts .  

A w a r e  of t he se  d i s a d v a n t a g e s ,  w e  h a v e  sough t  a 
m e t h o d  w h i c h  w o u l d  p r o v i d e  r e a s o n a b l y  a c c u r a t e  
r e su l t s  and  y e t  r e q u i r e  r e l a t i v e l y  s imp le  t e c hn iques  
and  e q u i p m e n t .  A c c o r d i n g l y ,  t h e  b r e a k d o w n  v o l t a g e  
of w h i s k e r  con tac t s  on s i l icon has  been  i n v e s t i g a t e d  
to d e t e r m i n e  w h e t h e r  a p r e d i c t a b l e  d e p e n d e n c e  on 
r e s i s t i v i t y  exis ts .  I n i t i a l l y ,  a t w o - p o i n t  p r o b e  w i t h  a 
c o n v e n t i o n a l  c u r v e  t r a c e r  w a s  used  for  th i s  pu rpose .  
The  second  p o i n t  u sed  to c o m p l e t e  t h e  c i r cu i t  d id  not  
p r o v i d e  an  a d e q u a t e  ohmic  contact ,  and  s ince  i t  con-  
t r i b u t e d  a p p r e c i a b l e  IR drop ,  t he  a c c u r a c y  of a p -  
p a r e n t  b r e a k d o w n  v o l t a g e  m e a s u r e m e n t s  was  q u e s -  
t ionab le .  The  p r o b l e m  was  so lved  s i m p l y  b y  a d d i n g  
a t h i r d  po in t  to t h e  p r o b e  as shown  in Fig .  1. The  
t h i r d  poin t ,  a t  w h i c h  the  o u t p u t  vo l t a ge  is n o w  d e -  
tec ted ,  ca r r i e s  n e g l i g i b l e  c u r r e n t  and  t hus  c o n t r i b -  
u tes  n e g l i g i b l e  I R  d r o p  to  t h e  ou tpu t .  P r o b e  spac ing  
has  no a p p r e c i a b l e  effect  on the  d i s p l a y  w h i c h  r e p -  
r e s e n t s  the  E - I  c h a r a c t e r i s t i c  a s soc ia t ed  w i t h  t he  
w h i s k e r  con tac t  only .  A 3.5 mi l  b l u n t  t u n g s t e n  w i r e  
was  used  for  t he  w h i s k e r  and  20 mi l  b l u n t  D u m e t  
w i r e  for  t he  o t h e r  p r o b e  points .  The  t u n g s t e n  
w h i s k e r  is a s t a n d a r d  d iode  p a r t  a n d  r e a d i l y  r e p l a c e -  
able .  The  p r o b e  o u t p u t  i m p e d a n c e  is t y p i c a l l y  20-100 
k i l o h m s ;  t h e  9 m e g o h m  m u l t i p l i e r  r e s i s t o r  r e d u c e s  to  
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Fig. 2. Three-point probe calibration curve for homogeneous 
n-type silicon. 

neg l i g ib l e  p r o p o r t i o n s  t he  l o a d i n g  effect  of t he  osc i l -  
loscope  inpu t .  

Cal ibra t ion  
In  o r d e r  to d e t e r m i n e  the  r e l a t i o n s h i p  b e t w e e n  

w h i s k e r  b r e a k d o w n  v o l t a g e  and  r e s i s t i v i t y ,  a tes t  
g r o u p  was  p r e p a r e d  cons i s t ing  of 36 s a m p l e s  of 
h o m o g e n e o u s  n - t y p e  s i l i con  cove r ing  t h e  r e s i s t i v i t y  
r a n g e  0.2-4 o h m - c m .  The  r e s i s t i v i t y  of each  s a m p l e  
was  m e a s u r e d  s e v e r a l  t i m e s  us ing  a f o u r - p o i n t  p r o b e  
and  the  a v e r a g e  v a l u e  r eco rded .  Two  s a m p l e s  w e r e  
e l i m i n a t e d  due  to r e s i s t i v i t y  i n h o m o g e n e i t y .  The  
b r e a k d o w n  v o l t a g e  for  each  s a m p l e  was  m e a s u r e d  
s e v e r a l  t imes  us ing  the  t h r e e - p o i n t  p r o b e  a n d  the  
a v e r a g e  v a l u e  r eco rded .  F i g u r e  2 shows  a s ca t t e r  
d i a g r a m  of t he  e x p e r i m e n t a l  resu l t s .  C o r r e l a t i o n  
w i t h  t he  i n d i c a t e d  l ine  of r eg r e s s ion  is suff ic ient ly  
good t h a t  a u se fu l  d e t e r m i n a t i o n  of r e s i s t i v i t y  is 
poss ib le .  

S e v e r a l  g e n e r a l  c h a r a c t e r i s t i c s  for  w h i s k e r  b r e a k -  
d o w n  h a v e  been  o b s e r v e d  and  shou ld  be  men t ioned .  
F i r s t ,  b r e a k d o w n  v o l t a g e  d o w n  to a b o u t  15v m a y  be  
def ined  b y  the  p e a k  v a l u e  p r e c e d i n g  a n e g a t i v e  r e -  
s i s tance  r e g i o n  in  t he  E - I  cha rac t e r i s t i c .  This  f e a t u r e  
m a k e s  i t  u n n e c e s s a r y  to spec i fy  an  a r b i t r a r y  v a l u e  of 
c u r r e n t  for  t he  b r e a k d o w n  v o l t a g e  m e a s u r e m e n t .  
L e a k a g e  c u r r e n t  up  to b r e a k d o w n  v o l t a g e  is t y p i -  
ca l l y  5-20 ma.  Second ,  f i lm su r faces  m u s t  be  f r ee  of 
c h e m i c a l  c o n t a m i n a t i o n  in o r d e r  to  m a k e  r e l i a b l e  

August 1964 

m e a s u r e m e n t s .  J i t t e r ,  " d o g - l e g "  b r e a k d o w n ,  a n d  i n -  
s t a b i l i t y  a r e  c h a r a c t e r i s t i c  of such  c o n t a m i n a t i o n .  
Sl ices  i m m e d i a t e l y  a f t e r  depos i t i on  a r e  n o r m a l l y  
qu i t e  c lean  and  s u i t a b l e  for  m e a s u r e m e n t .  W h e n  in -  
d i ca t ions  of c o n t a m i n a t i o n  h a v e  b e e n  obse rved ,  
w a t e r  a n d  a m m o n i a  w a s h e s  h a v e  been  success fu l ly  
used  to  ach ieve  r e p r o d u c i b l e  resu l t s .  Th i rd ,  l e a k a g e  
c u r r e n t  i nc reases  a p p r e c i a b l y  w i t h  i n c r e a s e d  w h i s k e r  
p r e s s u r e  and  a p p a r e n t  b r e a k d o w n  v o l t a g e  dec rea se s  
m o d e r a t e l y .  O u r  m e a s u r e m e n t s  a r e  b a s e d  on  a m i n i -  
m u m  p r e s s u r e  touch  contac t .  F o u r t h ,  b r e a k d o w n  
v o l t a g e  m e a s u r e m e n t  r e p r o d u c i b i l i t y  is  no t  good 
enough  for  a s ing le  m e a s u r e m e n t  to c h a r a c t e r i z e  a 
s p e c i m e n  accu ra t e ly .  W e  n o r m a l l y  m a k e  s e v e r a l  
m e a s u r e m e n t s  and  a v e r a g e  them.  I f  a se r ies  of m e a s -  
u r e m e n t s  is m a d e  on a spec imen ,  t y p i c a l l y  75% of 
t he  i n d i v i d u a l  m e a s u r e m e n t  a r e  w i t h i n  10% of t h e  
m e a n  va lue .  F i f th ,  t h e  c l ean l iness  a n d  p e r h a p s  t he  
m e c h a n i c a l  u n i f o r m i t y  of t h e  p o i n t  t i p  s eem to h a v e  
an  effect. W h e n  in  doub t ,  one shou ld  r e p l a c e  t he  
t u n g s t e n  wh i ske r .  S ix th ,  b r e a k d o w n  v o l t a g e  i n -  
c reases  w i t h  i n c r e a s e d  t e m p e r a t u r e .  In  o r d e r  to 
m i n i m i z e  E - I  hea t ing ,  we  use  m i n i m u m  p o i n t  p r e s -  
sure.  Seven th ,  b r e a k d o w n  v o l t a g e  dec reases  w i t h  i n -  
c r ea sed  po in t  d i a m e t e r .  Consequen t l y ,  a t h r e e - p o i n t  
p r o b e  m u s t  be  e m p i r i c a l l y  c a l i b r a t e d .  

Us ing  the  l ea s t  squa re s  me thod ,  t he  l ine  of r e -  
g re s s ion  for  t he  c a l i b r a t i o n  d a t a  was  f o u n d  to be  
V~ = 73p ~ This  l i ne  p e r t a i n s  to  r e su l t s  o b t a i n e d  
b e f o r e  t h e  9 m e g o h m  r e s i s t o r  w a s  a d d e d  to t h e  t e s t  
c i rcui t .  S u b s e q u e n t  m e a s u r e m e n t s  i n d i c a t e  t h a t  w i t h  
m i n i m u m  c i rcu i t  load ing ,  t he  e x p o n e n t  m a y  be  as  
h igh  as  0.56 or  0.57. 

The  m e d i a n  d e v i a t i o n  f r o m  the  l ine  of r eg r e s s ion  
in Fig .  2 is less  t h a n  10%, and  th is  is cons ide r ed  the  
a c c u r a c y  c a p a b i l i t y  for  t he  t echn ique .  

Some Typica l  E- I  Character is t ics  
F i g u r e  3 is an  o sc i l l og raph  of E - I  c h a r a c t e r i s t i c s  

us ing  the  c u r v e  t r a c e r  e q u i p m e n t  p r e v i o u s l y  d e -  
scr ibed .  I t  is a d o u b l e  e x p o s u r e  c o m p a r i n g  t h e  c h a r -  
ac te r i s t i c s  of t he  s ame  n - t y p e  e p i t a x i a l  s i l icon spec i -  
m e n  us ing  first  a t w o - p o i n t  p r o b e  and  t h e n  a t h r e e -  
p o i n t  p r o b e  for  m e a s u r e m e n t .  C a l i b r a t i o n  is 10 m a  
p e r  d iv i s ion  v e r t i c a l  and  20v p e r  d iv i s ion  hor izon ta l .  
The  d i f fe rence  b e t w e e n  the  two  f o r w a r d  c h a r a c t e r -  
is t ics  in t he  second  q u a d r a n t  is qu i t e  s t r ik ing .  T h e r e  
is less  d i f fe rence  b e t w e e n  the  r e v e r s e  c h a r a c t e r i s t i c s  

Fig. 3. Two-point vs. three-point probe 
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Fig. 4. Family of curves for different film resistivities 

Fig. 5. N-type vs. p-type 

in  t h e  f o u r t h  q u a d r a n t .  A p p a r e n t  b r e a k d o w n  v o l t -  
age  us ing  the  t w o - p o i n t  p r o b e  is c h a r a c t e r i s t i c a l l y  
g r e a t e r  t h a n  t h a t  u s ing  t h e  t h r e e - p o i n t  p robe ,  b u t  
t h e  i n c r e m e n t  d e p e n d s  on g e o m e t r y ,  p r e s su re ,  and  
o t h e r  va r i ab l e s .  

F i g u r e  4 is m u l t i p l e - e x p o s u r e  o s c i l l o g r a p h  c o m -  
p a r i n g  E - I  c h a r a c t e r i s t i c s  of s e v e r a l  n - t y p e  e p i t a x i a l  
s i l icon spec imens  of v a r i o u s  res i s t iv i t i e s .  The  v e r y  
l o w  r e v e r s e  v o l t a g e  s p e c i m e n  is a s u b s t r a t e  w i t h  no 
e p i t a x i a l  film. C a l i b r a t i o n  is 10 m a  p e r  d iv i s ion  v e r -  
t i ca l  and  20v p e r  d iv i s ion  h o r i z o n t a l  w i t h  t h e  o r ig in  
d i s p l a c e d  t h r e e  d iv i s ions  to t he  l e f t  of center .  

F i g u r e  5 is a d o u b l e  e x p o s u r e  o sc i l l og raph  c o m -  
p a r i n g  E - I  c h a r a c t e r i s t i c s  of n - t y p e  and  p - t y p e  films. 
The  second  q u a d r a n t  con ta ins  t he  f o r w a r d  c h a r a c t e r -  
is t ic  of t he  n - t y p e  s p e c i m e n  and  the  f o u r t h  q u a d r a n t  
t he  f o r w a r d  c h a r a c t e r i s t i c  of t h e  p - t y p e  spec imen .  
The  oppos i te ,  of course ,  is t r u e  of t he  r e v e r s e  c h a r -  
ac te r i s t ics .  C a l i b r a t i o n  is 10 m a  p e r  d iv i s ion  v e r t i c a l  
and  10v p e r  d iv i s ion  hor izon ta l .  T h e r e  is c o m p l e t e l y  
u n a m b i g u o u s  c o n d u c t i v i t y - t y p e  i n d i c a t i o n  d o w n  to 
m i c r o n  th ick ,  l ow  r e s i s t i v i t y  f i lms us ing  t h e  t h r e e -  
p o i n t  p robe .  

W h e n  r e l a t i v e l y  t h i n  f i lms a r e  m e a s u r e d  us ing  t h e  
t h r e e - p o i n t  p robe ,  i r r e v e r s i b l e ,  d e s t r u c t i v e  b r e a k -  
d o w n  occurs  a t  t he  r e g i o n  u n d e r  t he  w h i s k e r .  F o r  
fi lms as t h i n  as 0.3 rail ,  th i s  occu r r ence  is no t  u n u s u a l ,  
a n d  for  those  0.1 m i l  a n d  less  i t  is cha rac t e r i s t i c .  Th is  
p h e n o m e n o n  u n d o u b t e d l y  o r i g ina t e s  in  exces s ive  
p o w e r  d i s s ipa t i on  a t  t he  w h i s k e r  contact .  A v e r y  

Fig. 6. Irreversible breakdown 

s m a l l  d i s co lo red  spo t  on the  f i lm su r f ace  can  occa -  
s i ona l ly  be  seen  u n d e r  magn i f i c a t i on  w h e r e  d e s t r u c -  
t i ve  b r e a k d o w n  has  occu r red .  F i g u r e  6 is m u l t i p l e  
e x p o s u r e  o sc i l l og raph  showing  p r o g r e s s i v e  d e s t r u c -  
t ive  b r e a k d o w n  of a p - t y p e  f i lm 0.1 m i l  th ick .  Ca l i -  
b r a t i o n  is 5 m a  p e r  d iv i s ion  v e r t i c a l  and  5v p e r  d i v i -  
s ion horizontal. The localized shorts produced by 
this destructive breakdown would affect only a 
very small fraction of the number of devices fab- 
ricated on an epitaxial slice if the individual device 
area is small. 

Y ~  vs. Locat ion  in the  Reactor  
F i g u r e  7 shows  t h r e e - p o i n t  p r o b e  b r e a k d o w n  v o l t -  

age  as  a f u n c t i o n  of l oca t ion  in  t h e  r e a c t o r  for  a d e -  
pos i t i on  r u n  in  an  e a r l y  m o d e l  h o r i z o n t a l  sys tem.  
T h e  l a r g e  3/4 r o u n d  sl ices a r e  h igh  r e s i s t i v i t y  p - t y p e  
sl ices,  a n d  the  s m a l l  3/4 r o u n d  d i sks  on top  a r e  l o w  
r e s i s t i v i t y  n - t y p e  subs t r a t e s .  The  f i lms on each  a re  
n - t y p e .  In  gene ra l ,  t he  b r e a k d o w n  v o l t a g e s  on t h e  
p - t y p e  sl ices t e n d  to b e  a p p r e c i a b l y  h i g h e r  t h a n  
those  on the  a d j a c e n t  n - t y p e  s u b s t r a t e s  s h o w i n g  t h a t  
the  f i lm on t h e  s u b s t r a t e s  is d o p e d  a p p r e c i a b l y  m o r e  
t h a n  on t h e  h igh  r e s i s t i v i t y  slices.  Also,  t he  b r e a k -  
d o w n  vo l t ages  g e n e r a l l y  t e n d  to d e c r e a s e  d o w n -  
s t r e a m  i n d i c a t i n g  c u m u l a t i v e  doping .  

Resistivity G r a d i e n t  M e a s u r e m e n t  

The  r e s i s t i v i t y  g r a d i e n t  in e p i t a x i a l  f i lms m a y  be  
m e a s u r e d ,  u s ing  t h e  t h r e e - p o i n t  p robe ,  as fo l lows :  
(a )  m e a s u r e  f i lm th i cknes s  u s ing  the  i n f r a r e d  i n t e r -  
f e r e n c e  t e c h n i q u e  (3)  ; ( b )  b e v e l  l ap  t h e  s p e c i m e n  a t  
a s m a l l  angle ,  s ay  2~ (c)  m e a s u r e  w h i s k e r  b r e a k -  
d o w n  v o l t a g e  d o w n  the  b e v e l  su r f ace  as a func t ion  

GAS FLOW 

Fig. 7. Breakdown voltage as a function of location in the reactor 
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Fig. 9. Comparison of films on adjacent n-t- and p substrates 

of l a te ra l  d isp lacement  f rom the intersect ion of the 
bevel  p lane  and the film surface; (d)  convert  b r e a k -  
down vol tage to res is t iv i ty  if desi red and convert  
a r b i t r a r y  la te ra l  d isplacement  units  to thickness 
units. F igure  8 is the  plot  of a typica l  profile. An 
abrup t  change of slope at  some point  near  the sub-  
s t ra te  is characteris t ic .  There is some unce r t a in ty  in 
the measurements  close to the in ter face  due to the  
problem of resolving small  d isplacements  wi th  a 
re la t ive ly  large  d iamete r  whisker  and also due to 
the possibi l i ty  of punch- th rough  as discussed in the  
Appendix .  

F igure  9 compares  the gradients  in the films 
formed on adjacent  high res is t iv i ty  p - t y p e  and low 
res is t iv i ty  n - t y p e  substrates.  The films on each are  
n- type .  The profiles show tha t  the doping level  at the 
surface of the sampl ing  slice is apprec iab ly  lower  
than  for the n + substrate.  This d i spar i ty  be tween  the 
film on the sampl ing slice and tha t  on the n + slice 
is character is t ic  of all  samples we have measured.  

In general ,  for an n on p control  slice, res i s t iv i ty  
values de te rmined  wi th  the  t h ree -po in t  probe are  
consis tent ly  grea te r  than  those resul t ing  from four -  
point  probe measurements .  Three -po in t  probe re -  
s is t iv i ty  values  range f rom 120% to 200% of four -  
point values  wi th  140% the typical  ratio. The four -  
point  probe  measures  reciprocal  average  conduc-  
t iv i ty  f rom surface to junct ion according to the l aw 

' ' ' ' 

20 40 60 BO 
p Avg = 

]XX~oO- Ix) dx 

The th ree -po in t  probe, on the  other  hand, measures  
res is t iv i ty  only in the region occupied by  the dep le -  

August 1964 

t ion l aye r  at  b reakdown voltage.  The wid th  of this 
region depends on the res is t iv i ty  and the res i s t iv i ty  
grad ien t  in the film and in many  pract ica l  cases is ap-  
prec iab ly  less than  the over -a l l  film thickness.  The 
re la t ive ly  heav i ly  doped ma te r i a l  of in i t ia l  deposi t ion 
reduces the  over -a l l  average  res is t iv i ty  measured  by  
the four -po in t  probe whereas  this  ma te r i a l  no rmal ly  
does not affect the t h ree -po in t  probe measurement .  
Thus, the d i spar i ty  in the resul ts  obta ined f rom the 
two measurement  methods  can be expla ined.  A n -  
other  cont r ibu t ing  factor  may  be poor isolat ion be-  
tween the film and the subs t ra te  in the four -po in t  
probe measurement ;  the more current  shunted 
through the substrate ,  the  lower  wi l l  be the  ap-  
pa ren t  resis t ivi ty.  

Probe VB vs. Device PIV 
We have found a th ree -po in t  probe b reakdown  

voltage charac ter iza t ion  of ep i tax ia l  films to be 
qui te  useful. A prac t ica l  example  is i l lus t ra ted  in 
Fig. 10 and 11 which compare finished device PIV's  
wi th  th ree -po in t  probe measurements  made  on the 
slices pr ior  to device fabr icat ion.  For  deep diffusions, 
PIV's  corre la te  wi th  VB's but  are  genera l ly  mode r -  
a te ly  greater .  For  shal low diffusions, there  is also 
corre la t ion but  PIV's  tend to be somewhat  less than 
th ree -po in t  p robe  voltages. A re l iab le  p red ic tab i l i ty  
of finished device PIV has been achieved. 

Conclusions 
The th ree -po in t  probe method character izes  ep i -  

t ax ia l  films wi thout  some of the d isadvantages  of 
the other  methods.  In  a product ion  si tuation,  large  
quant i t ies  of ma te r i a l  may  be quickly  and inexpen-  
s ively evaluated.  Sampl ing  and des t ruct ive  tes t ing 
are  not necessary. Rela t ive ly  s imple equipment  and 
procedures  are used. A re l iab le  de te rmina t ion  of 
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Fig. 10. Correlation of VB with device PIV for deep diffusions 
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Fig. 11. Correlation of VB with device PIV for shallow diffusions 
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conduc t i v i t y  type  is obta ined.  A l t h o u g h  the  t h r e e -  
poin t  p robe  does not  g ive  a comple t e  e v a l u a t i o n  of 
the  layer ,  the  i n f o r m a t i o n  it  g ives  is g e n e r a l l y  
m o r e  r e l e v a n t  for  dev ice  f ab r i ca t i on  t h a n  t h a t  ob-  
t a ined  f r o m  a f o u r - p o i n t  p robe  shee t  r e s i s t ance  
m e a s u r e m e n t  on an n on p cont ro l  slice. 

10' 

A c k n o w l e d g m e n t  
T h e  a u t h o r  wishes  to a c k n o w l e d g e  he lp  f r o m  s e v -  

e ra l  co l leagues  at M i c r o w a v e  Associates ,  Inc., in 
p a r t i c u l a r  A r t h u r  Uhl i r ,  Jr . ,  who  sugges ted  add ing  
a t h i rd  po in t  to a t w o - p o i n t  probe ,  and E d w a r d  G o r -  
don, who  p e r f o r m e d  the  m a t h e m a t i c a l  analysis .  
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Manuscript  rece ived  Dec. 31, 1963; revised manu-  
script received March 16, 1964. This paper  was p re -  
sented at the Los Angeles  Meeting, May 6-10, 1962. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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A P P E N D I X  
Limitations of the three-point probe.--If Poisson's 

equat ion is solved for an abrupt  p -n  junct ion and 
planar  boundary conditions apply, the fol lowing wel l -  
known relat ionship may  be der ived 

W 2 
V 

2e~p 

where  V is the applied potent ial  in volts, W the de-  
plet ion layer  width  in centimeters,  ~ the permi t t iv i ty  of 
the mater ia l  in farads per  cent imeter ,  ~ the major i ty  
car r ie r  conduction mobil i ty  in vol t  seconds per  cm 2, 
and p the resis t ivi ty in ohm-cent imeters .  It  is reason-  
able to assume that  this relat ionship also holds for the 
th ree-poin t  probe because (a) the distr ibution of f ree  
charge is sharply discontinuous at the whisker  contact 
and (b) the contact  d iameter  (~3.5 mils) is large com- 
pared to the deplet ion layer  widths considered here. 

Whenever  the film thickness is equal  to or greater  
than the deplet ion layer  width  at b reakdown voltage, 
the probe sees the equiva len t  of an infinitely thick sam-  
ple and the cal ibrat ion curve  in Fig. 2 should be ap-  
plicable. 

However ,  when the film is th inner  than the deplet ion 
layer  would  be in a homogeneous sample, a special 
boundary condition is imposed, and it is be l ieved the 
calibration curve  does not apply. Under  this condition, 
the deplet ion layer  below a biased whisker  contact 
extends through the ent ire  film thickness at a t e rmina l  
vol tage less than b reakdown vol tage (4). In such a case, 
with increasing te rminal  voltage, the deplet ion layer  
wid th  would  increase negl igibly due to the low re -  
sistivity of the substrate. O n  the other  hand, the field 
strength in the depletion layer  would  increase at a 
greater  rate  than would  be the case if the resis t ivi ty 
were  uniform. Therefore,  the crit ical  field s t rength and 
hence breakdown vol tage are reached at a lower  t e r -  
mina l  vol tage than would  be the case if  no resis t ivi ty  
discontinuity existed. 

For  a given constant film thickness, as resis t ivi ty is 
increased beyond tha t  at which this punch- th rough  
phenomenon 2 begins to occur, the probe b reakdown 
voltage in theory should change re la t ive ly  s lowly due 
to accompanying changes in the electric field intensi ty 
distr ibution in the depletion region. Thus, the hy-  
pothesis is proposed that  the breakdown vol tage 
(VB = 73p~ for which  the deplet ion layer  wid th  just  
equals the film thickness, represents  a practical  l imit,  
Vmax, for th ree-poin t  probe voltages for a given film 
thickness. For  such films, and for those of yet  h igher  
resistivity,  b reakdown vol tage is V'max and should be 
a funct ion of thickness only. For  a given film thick-  
ness, af ter  a cer ta in  pmin i s  exceeded, VB becomes es-  
sential ly constant and loses its funct ional  dependence 
on p. The pmin, a function of thickness only, is that  r e -  
sistivity for which the deplet ion layer  width  at b reak-  
down vol tage just  equals the film thickness. 

~ T h i s  p u n c h - t h r o u g h  p h e n o m e n o n  is  a c o m p l e t e l y  r e v e r s i b l e  
b r e a k d o w n  process  a n d  s h o u l d  n o t  be  confused w i t h  t h e  irrevers-  
ible, d e s t r u c t i v e  b r e a k d o w n  p r e v i o u s l y  d i scussed .  

Fig. 13. Thickness vs. p, ND, VB 

The funct ional  relat ionships for Vmax and pmin may  
be readi ly  der ived by applying the boundary  conditions 
of the hypothesis to the equations a l ready described. 
They are 

17.5T 0.6s 
Ynlax  - -  (2~)  0.34 

T 1.32 
pmin 

17.5 (2e~) 0.66 

where  T is the film thickness in centimeters.  The n u m -  
ber  17.5 has dimensions of vol t  ~ (ohm-cm)-0.34 

To invest igate  this hypothesisi a series of exper i -  
menta l  epitaxial  runs was made for which the reactants  
were  undoped, and all possible care was taken to avoid 
extraneous contamination.  The samples were  care-  
ful ly  measured  for thickness and th ree -po in t  probe 
breakdown voltage. The resul t ing values are plotted on 
Fig. 12. Also plot ted in Fig. 12 is the Vmax ~ V(T) 
funct ion of the hypothesis.  Over  near ly  a tenfold  range 
of thickness, exper imenta l  results  conform st r ikingly to 
the theoret ical  prediction. The resis t ivi ty of several  of 
the samples was measured using the differential  ca- 
pacitance method  (5), and in each case the resis t ivi ty 
was many  t i m e s  higher  than would be predicted using 
the cal ibrat ion curve  of Fig. 2. 

It is thus ten ta t ive ly  concluded that  the hypothesis  is 
correct  and that  the functions re la t ing Vmax and pmin to 
film thickness are probably  useful  approximations.  

In Fig. 12, the region above the curve  is a domain in 
which th ree-poin t  probe measurements  cannot occur. 
For  films of p ~ pmin, the results wi l l  plot along the 
curve  and for films of p < pmin, the results wil l  plot  be-  
low the curve. Wheneve r  a sample plots significantly 
below the curve  it is an indication that  the cal ibrat ion 
curve  of Fig. 2 is valid. Wheneve r  a sample plots close 
to the curve  in Fig. 12, i t  is an indication that  the th ree -  
point probe vol tage may not be a measure  of film 
resistivity. 

F igure  13 has been prepared  for convenience in 
analyzing an epi taxia l  sample. Whenever  the sample 
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plots in the unshaded port ion of the graph, the three 
scales p, ND, and VB are equivalent.  Whenever  the sam-  
ple is in the shaded forbidden region or along the 
curve, the scales are not  equivalent.  
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Correlation of Electrical Measurements with Chemical 
Analysis in Zinc- and Cadmium-Diffused GaAs 

J. Black 
General Telephone ~ Electronics Laboratories, Inc., Bayside, New York  

ABSTRACT 

Hall  effect and resist ivity measurements  of zinc-diffused and cadmium-  
diffused GaAs are compared wi th  chemical determinat ions  of the diffusant 
concentrat ion in the samples. The form of the diffusion profile in the diffused 
layer  was varied from near  l inear  through a complementary  error funct ion 
profile to a discont inuous- type concent ra t ion-dependent  diffusant distribution. 
The results show that, unl ike  sheet resis tance-type measurements ,  Hall  effect 
measurements  are a rel iable means of directly de termining  the average diffus- 
ant  concentrat ion regardless of the form of the penetra t ion profile or the var ia-  
t ion of mobil i ty  in the diffused layer. Free  carrier  concentrat ions calculated 
from Hall  effect measurements  were accurate wi th in  •  of the chemically 
determined diffusant concentrat ion over a range of acceptor concentrat ions 
from greater  than 1020/cm 3 to 1OlS/cm 3 in GaAs. 

N u m e r o u s  papers  pub l i shed  over  the  las t  few 
years  (1-5)  descr ibe  methods  for cor re la t ing  sheet  
conduc tance  (or sheet  res i s tance)  m e a s u r e m e n t s  
w i th  dopan t  concen t ra t ions  in  diffused semi -  
conductor  layers .  M e a s u r e m e n t s  of this  k i n d  are i m -  
po r t an t  in  e v a l u a t i n g  device f ab r i ca t ion  procedures .  
In  genera l ,  however ,  c o n d u c t a n c e - t y p e  m e a s u r e -  
m e n t s  r equ i r e  tha t  the  dependence  of mob i l i t y  on the  
free ca r r i e r  concen t r a t i on  and  the  form of the  diffu-  
s ion profile be k n o w n  to i n t e r p r e t  the  m e a s u r e m e n t  
accura t e ly  in  t e rms  of the  average  di f fusant  concen-  
t ra t ion .  If the  mob i l i t y  of the charge  car r ie rs  is af -  
fected b y  compensa t ing  impur i t i e s  or if the  fo rm of 
the  diffusion profile is no t  known ,  t h e n  serious errors  
are  i n t roduced  in  all  of the  methods  m e n t i o n e d  
above. On the  o ther  hand ,  the Hal l  effect is m u c h  
less sens i t ive  to va r i a t i ons  in  m o b i l i t y  t h a n  is the  
res i s t iv i ty  and  hence  is i n h e r e n t l y  more  accura te  as 
a means  of d e t e r m i n i n g  the  free car r ie r  c o n c e n t r a -  
t ion.  

Recent ly ,  m e a s u r e m e n t s  of the  Ha l l  effect have  
been  used to d e t e r m i n e  the  ave rage  d i f fusant  con-  
cen t r a t i on  and  the  surface  concen t r a t i on  in  diffused 
si l icon wafers  (6, 7). These inves t iga t ions ,  however ,  
cons idered  only  the  case of a c o m p l e m e n t a r y  e r ro r  
f unc t i on  (erfc)  type  of diffusion profile in  the  d i f -  
fused layer .  

The  purpose  of this  pape r  is to p resen t  the resu l t s  
of m e a s u r e m e n t s  of the  average  Hal l  effect in  z inc-  
and  cadmium-d i f fu sed  GaAs wafers  i n  which  var ious  
types  of concen t r a t i on  profiles i n c l u d i n g  erfc profiles 
we re  p roduced  in  the  diffused layer .  The accuracy  
of the  Hal l -ef fec t  m e a s u r e m e n t  was  checked d i rec t ly  
by  chemical  d e t e r m i n a t i o n  of the  d i f fusant  concen-  

t r a t ion  in  the samples.  It  is shown  tha t  the  fo rm of 
the  diffusion profile in  a diffused l aye r  has l i t t le  
effect on the  accuracy  of the  average  Hal l  effect 
m e a s u r e d  and  tha t  the free ca r r i e r  c onc e n t r a t i on  cal-  
cu la ted  f rom the  Hal l  effect m e a s u r e m e n t  is accura te  
w i t h i n  -----20% over  an  acceptor  concen t r a t i on  r ange  
f rom grea te r  t h a n  10e~ 3 to 101S/cm 8 in  GaAs.  A l -  
t hough  al l  of the  m e a s u r e m e n t s  r epor ted  h e r e i n  were  
pe r fo rmed  on samples  w i th  p +-p  diffused s t ruc tu re s  
r a t h e r  t h a n  the  u sua l  p - n  j u n c t i o n  conf igura t ion  it is 
shown  tha t  the  m e a s u r e m e n t s  can be made  as wel l  on 
samples  con ta in ing  p - n  junc t ions .  

Experimental Methods 
Slices of n - t y p e  s ing l e - c rys t a l  GaAs of low f l e e -  

car r ie r  concen t r a t i on  (n  < 5 • 1016/cm ~) were  
g r o u n d  a nd  lapped  on both  faces to a sur face  finish 
of abou t  1~ and  were  t h e n  l i gh t ly  e tched in  N a O H -  
H202 solut ion.  Af te r  g r i n d i n g  a nd  etching,  the  faces 
of the  slices were  pa ra l l e l  to w i t h i n  2% of the i r  
thickness .  Groups  of th ree  or more  slices of the  same 
th ickness  ( w i t h i n  2 % ) ,  a long wi th  severa l  g rams  of 
f inely powdered  GaAs a nd  a we ighed  q u a n t i t y  of 
p u r e  zinc or pu re  cadmium,  were  encapsu la t ed  in  
evacua ted  quar tz  tubes.  D u r i n g  evacua t ion ,  the  cap-  
sule  and  its conten ts  were  outgassed by  he a t i ng  to 
severa l  h u n d r e d  degrees  cen t ig rade  seve ra l  t imes  
u n t i l  the hea t ing  p roduced  no f u r t h e r  increase  in  
pressure .  The capsules  were  sealed off at  10 -6 m m  
Hg pressure .  

The  GaAs slices, the  GaAs powder ,  and  the  diffus-  
an t  we re  a r r a n g e d  so tha t  the  d i f fusant  was  t r a n s -  
por ted  b y  the va po r  only.  The  reg ion  of the  capsule  
con t a in ing  the  d i f fusant  was  a lways  the  coolest 
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p a r t  of t he  capsu le ,  ( a b o u t  5~ cooler  t h a n  the  t e m -  
p e r a t u r e  of t he  G a A s  d u r i n g  d i f fus ion)  w h i c h  in -  
s u r e d  t h a t  t h e  d i f fusan t  w o u l d  not  condense  on the  
G a A s  to cause  a l l o y i n g  or  m e l t i n g  of t he  samples .  
Be fo re  diffusion,  each  g roup  of e n c a p s u l a t e d  s a m p l e s  
was  g iven  a p r e l i m i n a r y  h e a t i n g  w h i c h  was  2 h r  
a t  900~ for  zinc a n d  4 h r  a t  1000~ for  c a d m i u m .  
I n  p r e l i m i n a r y  tes t s  in  w h i c h  th i s  w a s  no t  done ,  con -  
s i d e r a b l e  su r f ace  a l l o y i n g  and  p a r t i a l  m e l t i n g  of the  
s a m p l e s  o c c u r r e d  d u r i n g  the  i n i t i a l  s tages  of d i f fu-  
sion. A p p a r e n t l y  t h e  G a A s  p o w d e r  a b s o r b e d  a l a r g e  
f r ac t i on  of t he  d o p a n t  d u r i n g  the  p r e h e a t  pe r iod ,  a n d  
this  s e r v e d  to supp re s s  su r f ace  a l l o y i n g  and  p a r t i a l  
m e l t i n g  of t he  sl ices a t  t he  s u b s e q u e n t  h i g h e r  d i f fu -  
s ion t e m p e r a t u r e .  I m m e d i a t e l y  a f t e r  th is  p r e t r e a t -  
ment ,  t he  t e m p e r a t u r e  was  i n c r e a s e d  to  the  d i f fus ion  
t e m p e r a t u r e .  The  t e m p e r a t u r e  fo r  z inc  d i f fus ion  w a s  
1175~ for  c a d m i u m  dif fus ion i t  was  1200~ To 
p r e v e n t  c o n d e n s a t i o n  of d o p a n t  v a p o r s  on the  G a A s  
sl ices or  on the  p o w d e r  d u r i n g  cool ing f r o m  the  d i f -  
fus ion  t e m p e r a t u r e ,  t h e  capsu le  was  cooled  so t h a t  
t h e  r e g i o n  con t a in ing  t h e  G a A s  was  a l w a y s  h o t t e r  
t h a n  t h e  res t  of  t he  capsu le .  W h e n  the  c a p s u l e  h a d  
cooled  to a b o u t  600~ i t  was  q u e n c h e d  in to  w a t e r .  
The  w h o l e  cool ing and  q u e n c h i n g  p r o c e d u r e  r e q u i r e d  
no m o r e  t h a n  3 min .  

The finely powdered GaAs served to minimize 
surface decomposition of the slices by supplying 
most of the arsenic required to fill the free volume 
of the capsule. Since the powdered GaAs was at the 
same temperature as the GaAs slices, exactly the 
right partial pressure of arsenic was maintained. In 
addition, because the powder particle size was small 
( less  t h a n  0.001 in. d i a m e t e r )  c o m p a r e d  to the  d i f fu -  
s ion dep th ,  t he  c o n c e n t r a t i o n  of d o p a n t  d i f fused  in to  
t he  p o w d e r  was  a good m e a s u r e  of t he  su r f ace  con-  
c e n t r a t i o n  of t h e  d o p a n t  in  t he  d i f fused  slices.  S ince  
t h e  sizes, shapes ,  and  o r ig ins  of t he  p r e p a r e d  s l ices  
w e r e  t he  s ame  and  s ince  a l l  s l ices in  a n y  d i f fus ion  
r u n  w e r e  d i f fused  u n d e r  i den t i ca l  cond i t ions  i t  was  
a s s u m e d  t h a t  a n y  s l ice  f r o m  a g iven  d i f fus ion  r u n  
was  an  e x a c t  d u p l i c a t e  of a n y  o the r  sl ice in  t h a t  run .  
Thus ,  i n c r e m e n t a l  g r i n d i n g  o p e r a t i o n s  a n d  c h e m i c a l  
ana lys i s  cou ld  be  c a r r i e d  out  on  d i f f e ren t  s l ices  w i t h  
the  r e su l t s  be ing  r e g a r d e d  as d e r i v e d  f r o m  one slice.  
A f t e r  t he  capsu le  was  c r a c k e d  open  and  the  d i f fused  
w a f e r s  w e r e  r ecove red ,  b a r - s h a p e d  H a l l  s a m p l e s  
w e r e  cut  f rom one of  t h e  d i f fused  slices.  A n o t h e r  of 
t h e  d i f fused  sl ices h a d  m e a s u r e d  a n d  e q u a l  i n c r e -  
m e n t s  r e m o v e d  f r o m  bo th  faces  b y  ca r e fu l  g r ind ing .  
The  p o w d e r e d  G a A s ,  t he  r e m a i n d e r  of t he  d i f fused  
s l ice  f r o m  w h i c h  t h e  Ha l t  s a m p l e s  w e r e  cut ,  a n d  t h e  
r e m a i n d e r  of t he  g r o u n d  sl ice w e r e  a n a l y z e d  b y  a 
spec t roscop ic  t e c h n i q u e  w h i c h  was  a c c u r a t e  w i t h i n  
----_20%. The  a v e r a g e  d i f fusan t  c o n c e n t r a t i o n  in  t he  
l a y e r  r e m o v e d  b y  g r i n d i n g  was  t h e n  c a l c u l a t e d  a l g e -  
b r a i c a l l y  f rom the  c h e m i c a l  a n a l y s e s  and  t h e  t h i c k -  
ness  of  t he  d i f fused  s a m p l e  be fo re  and  a f t e r  g r ind ing .  
The  ana lys i s  d a t a  w e r e  used  to p lo t  an  a p p r o x i m a t e  
concen t r a t i on  prof i le  for  each  d i f fus ion  run ,  as  
s h o w n  in Fig .  1. 

A l t h o u g h  al l  s a m p l e s  w e r e  n - t y p e  of l ow  f r e e -  
c a r r i e r  c o n c e n t r a t i o n  b e f o r e  diffusion,  t he  u n d e r l y -  
ing  l a y e r s  in  t he  d i f fused  sl ices,  i.e., t hose  r eg ions  

Fig. 1. Method of determining the approximate concentration 
profile in diffused samples. The open circle is the diffusant con- 
centration in the diffused powder. The shaded regions denote the 
average diffusant concentration in the surface layer removed by 
grinding (0-4x10 - ~  cm) and in the remainder of the ground 
sample (4-28x10 -~  cm). The profile line is drawn to cut the shaded 
regions so that A1 ~ A, and B1 ~ B. The sample is actually 
diffused equally from both faces, but since the diffused sample is 
symmetrical we need only represent the region from one face to 
�89 the sample thickness to describe the concentration profile. 

w h i c h  w e r e  e s s e n t i a l l y  f r ee  of d i f fusant ,  w e r e  con-  
v e r t e d  to p - t y p e  d u r i n g  diffusion.  This  w a s  e s t a b -  
l i shed  b y  m o n i t o r i n g  t h e  c o n d u c t i v i t y  t y p e  w i t h  a 
t h e r m o e l e c t r i c  "ho t  po in t "  p r o b e  as t he  s a m p l e  w a s  
g r o u n d  to V2 th i cknes s  to r e m o v e  one of  t h e  d i f fused  
l aye r s .  These  p - t y p e  c e n t r a l  r eg ions  s h o w e d  a u n i -  
f o r m  r e s i s t i v i t y  of abou t  1 o h m - c m  w h i c h  is e q u i v a -  
l en t  to  an  accep to r  c o n c e n t r a t i o n  of a b o u t  1017/cm ~ 
in GaAs .  Spec t ro scop i c  ana lys i s  r e v e a l e d  t h a t  s e v e r a l  
p a r t s  p e r  m i l l i o n  of  c o p p e r  w e r e  p i c k e d  u p  d u r i n g  
s a m p l e  p r e p a r a t i o n  a n d / o r  d i f fus ion t r e a t m e n t s .  This  
c o n t a m i n a t i o n  was  sufficient  to cause  t he  conve r s ion  
f r o m  n -  to p - t y p e ,  bu t  i ts  effect  on t h e  a v e r a g e  H a l l  
coefficient  w a s  n e g l e c t e d  in  v i e w  of t h e  m u c h  l a r g e r  
a v e r a g e  Zn and  Cd c o n c e n t r a t i o n s  p r e s e n t  in  t hese  
d i f fused  slices.  S ince  the  e n t i r e  d i f fused  s l ice  was  of 
t he  s ame  c o n d u c t i v i t y  type ,  t he  t o t a l  t h i cknes s  of 
t he  Ha l l  s a m p l e  was  used  to ca l cu l a t e  t he  H a l l  co-  
eff icient  and  r e s i s t i v i t y .  

C u r r e n t  con tac t s  w e r e  f o r m e d  b y  p l a t i n g  the  ends  
of t h e  H a l l  s a m p l e  b a r s  w i t h  r h o d i u m .  H a l l  and  r e -  
s i s t i v i t y  con tac t s  w e r e  f o r m e d  b y  a l l o y i n g  p u r e  i n -  
d i u m  sphe re s  onto t h e  s a m p l e s  u s i n g  a g r a p h i t e  j ig  
to m a i n t a i n  good  a l i g n m e n t  of t h e  sphe re s  d u r i n g  
a l loy ing .  A ske tch  of t he  p r e p a r e d  H a l l  s a m p l e  is 
shown  in Fig .  2. The  H a l l  effect  was  m e a s u r e d  b y  the  

Fig. 2. Sketch of prepared Hall sample. The shaded regions near 
the surface represent the diffused layers. 
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u s u a l  d - c  t e c h n i q u e  a t  m a g n e t i c  field s t r e n g t h s  of 
4500 gauss ,  and  the  f r e e - c a r r i e r  c o n c e n t r a t i o n  was  
c a l c u l a t e d  f r o m  the  r e l a t i o n  n ~ 1/RHe. T h e  m e a s -  
u r e d  H a l l  effect  on t h e  two  sets of H a l l  p r o b e s  on 
each  s a m p l e  a g r e e d  w i t h i n  10%, w h i l e  t he  r e s i s t i v i t y  
m e a s u r e d  on t h e  r e s i s t ance  p r o b e s  a g r e e d  w i t h i n  5 %. 

Exper imental  Results and Discussion 

The  effect of i n h o m o g e n e i t i e s  a n d  g r a d i e n t s  in  t h e  
c a r r i e r  c o n c e n t r a t i o n  on the  Ha l l  effect  h a v e  been  in -  
v e s t i g a t e d  b o t h  t h e o r e t i c a l l y  (8-11)  a n d  e x p e r i -  
m e n t a l l y  (9 -11)  in  r e c e n t  yea r s .  These  i n v e s t i g a -  
t ions  cons ide r ed  the  g e n e r a l  case  of t he  m a g n e t i c  
field d e p e n d e n c e  of g a l v a n o m a g n e t i c  effects in a 
s e m i c o n d u c t o r  s a m p l e  as af fec ted b y  g r a d i e n t s  in t he  
c a r r i e r  concen t r a t ion .  Essen t i a l ly ,  for  a g iven  a v e r -  
age  f ree  c a r r i e r  concen t r a t i on ,  g r a d i e n t s  in t h e  c a r -  
r i e r  c o n c e n t r a t i o n  can  cause  t he  m e a s u r e d  H a l l  co-  
eff icient  to  be  f a r  l a r g e r  t h a n  in a h o m o g e n e o u s  s a m -  
ple.  Thus  the  c a l c u l a t e d  a v e r a g e  f r ee  c a r r i e r  con-  
c e n t r a t i o n  in  a n o n u n i f o r m  s a m p l e  can  be  s ignif i -  
c a n t l y  l o w e r  t h a n  t h e  t r u e  a v e r a g e  c a r r i e r  concen -  
t r a t ion .  In  p a r t i c u l a r ,  t he  t h e o r y  was  w e l l  d e v e l o p e d  
for  g r a d i e n t s  in  t he  c a r r i e r  c o n c e n t r a t i o n  a long  the  
d i r ec t ion  of c u r r e n t  flow. In  th is  i nves t i ga t i on ,  h o w -  
ever ,  the  g r a d i e n t  in  t h e  c a r r i e r  c o n c e n t r a t i o n  is 
p e r p e n d i c u l a r  to t he  d i r ec t i on  of c u r r e n t  flow. T h e o -  
r e t i c a l  cons ide ra t i ons  b y  Ba te  and  Bee r  (9)  i nd i ca t e  
t h a t  g r a d i e n t s  of t he  l a t t e r  k ind  shou ld  have  l i t t l e  
or  no inf luence  on the  Ha l l  effect. In  a n y  case if  t he  
p h e n o m e n a  d e s c r i b e d  a b o v e  a re  of a n y  consequence  
w e  wi l l  o b s e r v e  a m e a s u r a b l e  c h a n g e  in t he  H a l l  co-  
eff icient  as t h e  m a g n e t i c  field is i nc reased .  I t  w a s  
d e t e r m i n e d  t h a t  t he  Ha l l  coefficient  d id  not  v a r y  b y  
m o r e  t h a n  --+5% ( w h i c h  was  the  p rec i s ion  of t he  
H a l l  m e a s u r e m e n t )  w i t h  m a g n e t i c  field ove r  a r a n g e  
of field s t r e n g t h  f rom 4500 to 6500 gauss  in t h e  s a m -  
ples  r e p o r t e d  on here in .  

T h e  use  of  t he  s imp le  r e l a t i o n  n ---- 1/RHe to c a l -  
cu l a t e  t h e  a v e r a g e  f r e e - c a r r i e r  c o n c e n t r a t i o n  in a 
d i f fused  l a y e r  imp l i e s  t h a t  the  a v e r a g e  Ha l l  coeffi- 
c ien t  m e a s u r e d  is i n d e p e n d e n t  of t h e  c a r r i e r  m o -  
b i l i ty .  T u f t e  (6)  p o i n t e d  th is  out  r e c e n t l y  b y  c a l c u -  
l a t ions  w h i c h  s h o w e d  t h a t  the  a v e r a g e  Ha l l  coeffi- 
c ien t  m e a s u r e d  in  d i f fused  s i l icon  w a f e r s  is d e -  
p e n d e n t  on t h e  mob i l i t y ,  b u t  on ly  w e a k l y  so, ove r  
t h e  r a n g e  of  dop ing  f r o m  1021/cm 3 to 1016/cm 8. A s -  
s u m i n g  a m o b i l i t y  i n d e p e n d e n t  Ha l l  effect,  Tu f t e  ca l -  
c u l a t e d  t h e  a v e r a g e  f r e e - c a r r i e r  c o n c e n t r a t i o n  to be  
in  e r r o r  b y  a b o u t  - - 5 0 % ,  at  the  most ,  in the  r eg ion  
f r o m  102~ to 1017/cm 3 w h e r e  t he  c a r r i e r  m o b i l -  
i t ies  in  Si  w e r e  v a r y i n g  mos t  r a p i d l y  w i t h  t he  c a r r i e r  
concen t ra t ion .  The  e x p e r i m e n t a l  d a t a  o b t a i n e d  in 
ou r  i n v e s t i g a t i o n  shows  t h a t  t he  s i m p l i f y i n g  a s s u m p -  
t ion  of a m o b i l i t y  i n d e p e n d e n t  Ha l l  coefficient  i n t r o -  
duces  an  e r r o r  of less t h a n  - - 5 0 %  in t h e  c a l c u l a t e d  
f r e e - c a r r i e r  c o n c e n t r a t i o n  ove r  a dop ing  r a n g e  f r o m  
g r e a t e r  t h a n  1020/cm 3 to 10 'S /cm 3 in  p - t y p e  d i f fused  
l a y e r s  in  GaAs .  

By  v a r i a t i o n  of t he  s l ice  th ickness ,  t he  d i f fusant ,  
and  the  d i f fus ion schedule ,  s e v e r a l  t y p e s  of d i f fusan t  
c o n c e n t r a t i o n  prof i les  w e r e  p r o d u c e d  in t he  samples .  
The  t y p e  of p e n e t r a t i o n  prof i le  p r e s e n t  in each  s a m -  
p l e  was  d e t e r m i n e d  f r o m  c h e m i c a l  ana lys i s ,  as 

0 
DISTANCE 

(o) 

0 
DISTANCE 

(c) 

---~j 
DISTANCE 

(b) 

_J 

0 - ~ ' j  
DISTANCE 

(d) 

Fig. 3. The four types of concentration-penetration profiles 
produced in the diffused samples. See text for a description of 
each. The boundary j represents the limit of the diffused region 
which is sampled; j corresponds to the midplane in our samples, 
but would correspond to the p-n junction in a diode structure. 

s h o w n  in Fig .  1, f r o m  e l ec t r i ca l  m e a s u r e m e n t s  w i t h  
success ive  r e m o v a l  of t h in  l a y e r s  b y  ca re fu l  g r i nd ing ,  
f r om e x a m i n a t i o n  of po l i shed  a n d  e t ched  t r a n s v e r s e  
sec t ions  u n d e r  t h e  mic roscope ,  and  f r o m  the  p u b -  
l i shed  r e su l t s  of o t h e r  i n v e s t i g a t i o n s  (12, 13) of the  
d i f fus ion of zinc and  c a d m i u m  in to  GaAs .  T h e r e  w e r e  
e s s e n t i a l l y  fou r  d i f fe ren t  k i n d s  of p e n e t r a t i o n  p r o -  
files r e p r e s e n t e d  in  t he  d i f fused  l a y e r s  of ou r  s a m -  
p les :  ( a )  a c o n c e n t r a t i o n - d e p e n d e n t  d i f fus ion p r o -  
file s u p e r i m p o s e d  on a l o w - l e v e l  b a c k g r o u n d  of  t h e  
s ame  c o n d u c t i v i t y  t y p e ;  (b )  a c o m p l e m e n t a r y  e r r o r  
func t ion  prof i le ;  (c) a c o m p l e m e n t a r y  e r r o r  func t ion  
d i f fus ion prof i le  s u p e r i m p o s e d  on a l o w - l e v e l  b a c k -  
g r o u n d  of t he  s ame  c o n d u c t i v i t y  t ype ;  (d )  a n e a r  
l i n e a r  d i f fus ion  prof i le  of t he  t y p e  p r o d u c e d  b y  d i f fu-  
s ion in to  a th in  s lab  a t  c o n s t a n t  su r f ace  c o n c e n t r a -  
t ion  w h e r e  t he  d i f fus ion  d e p t h  is of t he  o r d e r  .of the  
s lab  th i ckness  for  t he  g r e a t e r  p a r t  of t he  d i f fus ion 
per iod .  These  prof i les  a r e  i l l u s t r a t e d  in  Fig .  3. Di f fu -  
s ion prof i les  of t y p e  (d)  cou ld  be  p r o d u c e d  b y  
p r o l o n g e d  di f fus ion of e i t h e r  zinc or  c a d m i u m  in to  
GaAs .  Dif fus ion prof i les  of t y p e  (a)  w e r e  p r o d u c e d  
b y  l i m i t e d  d i f fus ion of zinc in to  G a A s  a t  cons t an t  
s u r f a c e  c o n c e n t r a t i o n  g r e a t e r  t h a n  1019/cm 3, w h i l e  
prof i les  of t y p e s  (b)  and  (c)  w e r e  p r o d u c e d  b y  d i f -  
fus ion  of c a d m i u m  into  GaAs .  The  d i s t inc t  d i f fe rence  
in t he  f o r m  of t y p e  (a)  a n d  (b )  prof i les  cou ld  be  

Fig. 4. Photomicrograph of etched p+-p boundary in zinc diffused 
GaAs. Etched with HNO3-AgNO~-HF solution. The black region 
is the mounting material. Magnification 100X. 
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Table I. Chemical analysis and Hall effect data for zinc diffused GaAs 

C h e m i c a l  a n a l y s i s  Hal l  ef fect  R a t i o  of  

S a m p l e  Ns ,  c m  -8. No, c m ~ *  t ,  c m *  N ,  c m  -8.  -NH, c m ~ *  N H / N  

33 (d) 2.3 X 1020 4 X 1019 0.071 7.4 X 1019 8.3 X 1019 1.12 
31 (d) 1.5 X 1020 7 X 1019 0.059 1.O X 1020 1.0 X 1020 1.00 
36 (d) 1.5 X 1020 5 X 1019 0.054 8.5 X 1019 7.8 X 1019 0.92 
35 (d) 1.5 X 1020 3 X 1019 0.061 7.1 X 1019 6.4 X 1019 0.90 
32 (a) 1.3 X 1020 <1 X 1019 0.079 4.3 X 1019 4.2 X 1019 0.98 

* N s  i s  t h e  s u r f a c e  c o n c e n t r a t i o n ,  Ne  i s  t h e  c o n c e n t r a t i o n  a t  '/2 t h e  s a m p l e  t h i c k n e s s  e s t i m a t e d  f r o m  t h e  a p p r o x i m a t e  c o n c e n i x a t i o n  p rof i l e ,  
t i s  t h e  t h i c k n e s s  of  t h e  s a m p l e ,  N is  t h e  a v e r a g e  z inc  c o n c e n t r a t i o n ,  NH is  t h e  a v e r a g e  f r e e  c a r r i e r  c o n c e n t r a t i o n  d e t e r m i r t e d  f r o m  H a i l  e f -  
f e c t  m e a s u r e m e n t s .  

Table II. Chemical analysis and Hall effect data for cadmium diffused GaAs 

C h e m i c a l  a n a l y s i s  H a l l  e f fec t  R a t i o  of  

S a m p l e  Ns ,  cm-S Nc,  c m  -~ t ,  c m  N,  c m  -8 NH, c m  -~ NH/17 

9A (b) 4.0 X 1019 <1 X 1018 0.037 5.6 X 10 is 6.9 X I0 is 1.23 
5D (d) 3.5 X 1019 1.3 X 1019 0.016 1.6 X 1019 1.9X 1019 1.19 
3C (d) 2.3 X 10 '19 9 X 1018 0.015 1.7 X 1019 1.5 X 10 '19 0.88 
9C (b) 1.5 X 1019 ~1 X 1018 0'.035 4.9 X 1018 4.3 X 1018 0.88 
8C (c) 1.3 X 1019 <1 X 10 is 0.062 2.5 X 1018 2.3 X 10 is 0.92 

Ns,  No, t ,  N ,  a n d  N~I are  de f ined  i n  t h e  c a p t i o n  o f  T a b l e  I .  

seen in  pol ished and  e tched  t r a n s v e r s e  sections of d i f -  
fused samples.  F i g u r e  4 shows a pho tomic rog raph  of 
a z inc-d i f fused  wa fe r  (c~ ~ 2 X 102~ s) in  wh ich  
a sharp  p + - p  diffusion f ron t  is visible.  Chemica l  
ana lys i s  of such samples  indica tes  tha t  this  p + - p  
b o u n d a r y  occurs a t  a zinc concen t r a t i on  of about  
1 X 1019/cm 3 which  cor responds  wel l  w i th  the  con-  
cen t r a t i on  tha t  m a r k s  the  charac ter i s t ic  knee  in  the  
p e n e t r a t i o n  profile of heav i ly  z inc-di f fused  GaAs 
(12).  This  is a reg ion  of a sharp  g r ad i en t  in  the  zinc 
concen t r a t i on  which  is the  p robab le  cause of the  ap-  
pea rance  of a we l l -de f ined  j u n c t i o n  on  etching.  No 
sharp  p + - p  diffusion f ron t  is v is ib le  in  c a d m i u m -  
diffused samples  at  the  highest  concen t ra t ions  a t -  
t a i n a b l e  (c~ ---- 5 X 1019 a t . /cmS).  

The  cor re la t ion  b e t w e e n  f r ee - ca r r i e r  concen t r a -  
t ion  and  chemica l  ana lys i s  for the  diffused samples  
is shown in  Tables  I and  II. The  surface  c o n c e n t r a -  
t ion, the concen t r a t i on  at the  m i d - p l a n e  of the 
sample  (Nr es t ima ted  f rom the  concen t r a t i on  p ro -  
file, and  the  th ickness  of the  sample  are i nc luded  in  
the  tab les  to ind ica te  the  concen t r a t i on  g r ad i en t  in  
each sample.  The  le t te rs  af ter  each sample  ind ica te  
the  type  of diffusion profile. The  a g r e e m e n t  b e t w e e n  
the  f r e e - c a r r i e r  concen t r a t i on  and  the  chemical  
analys is  is, for every  sample,  w i t h i n  the  l imi t s  of 
e x p e r i m e n t a l  e r ror  over  the  en t i r e  r ange  of doping 

covered by  the two dif fusants  which  shows tha t  the  
use  of the  s imple  r e l a t ion  n ---- 1 /R~e does no t  i n t r o -  
duce a serious e r ror  in  the  ca lcu la t ion  of the ave r -  
age f r ee - ca r r i e r  concen t r a t i on  in  these samples.  The  
good a g r e e m e n t  b e t w e e n  the  average  f r ee - ca r r i e r  
concen t r a t i on  and  the chemica l  ana lys i s  da ta  i n d i -  
cates tha t  the  h igher  surface  concen t ra t ions  l is ted in  
Tab le  I a nd  Tab le  II are  lower  l imi t s  of the  solid 
so lubi l i ty  of the  dopan t  at the  g iven  diffusion t e m -  
pera tu re ,  in  accord w i t h  o ther  m e a s u r e m e n t s  (12, 
13). 

To d e t e r m i n e  w h e t h e r  the  s y m m e t r y  of the d i f -  
fused sample,  i.e., w h e t h e r  diffused into one face or 
s i m u l t a n e o u s l y  into bo th  faces, could have  an  effect 
on the  accuracy  of the  e lect r ical  m e a s u r e m e n t s ,  sev-  
eral  samples  we re  g r o u n d  to r e m o v e  comple te ly  
one of the  diffused p - l aye r s .  The  resu l t s  of e lect r ical  
m e a s u r e m e n t s  and  chemica l  ana lyses  for these s a m -  
ples are g iven  in  Tab le  III.  The a g r e e m e n t  b e t w e e n  
chemica l  ana lys i s  a nd  f r e e - c a r r i e r  concen t r a t i on  
confirms tha t  the s y m m e t r y  of the diffused wafe r  has 
l i t t le  effect on the  accuracy  of the  Ha l l  effect meas -  
u r e m e n t .  I t  was  no ted  tha t  the  contac t  a rea  of the  
a l loyed i n d i u m  spheres  used to m e a s u r e  the Hal l  
effect and  res i s t iv i ty  vol tages  did no t  a lways  cover  
the  en t i re  th ickness  of the  diffused sample.  I n  fact 
some samples  showed tha t  on ly  a smal l  por t ion  of 

Table III. Chemical analysis and Hall effect data for diffused GaAs 

C h e m i c a l  a n a l y s i s  H a l l  e f fec t  

S a m p l e  I : ) i f fusant  Ns ,  c m  -~ No, c m  -s t ,  c m  N ,  cm-~ N ~ ,  c m ~  

R a t i o  of  

N H / N  

8A 0.066 4.9 X 10 is 3.8 X 101s 
8B* (c) Cd 2.5 X 1019 <1 X 10 is 0.034 3.8 X 1018 3.9 X 101s 
40A 0.065 5.2 X 1019 5.4 X 1019 
40B* (d) Zn 8.5 X 1019 2 X 1019 0.030 5.7 X 1019 6.0 X 1019 
39A 0.066 1.05 X 1020 8.5 X 10 '19 
39B* (d) Zn 1.2 X 1020 4 X 1019 0.034 9.9 X 1019 8.7 X 1019 

0.78 
1.03 
1.04 
1.05 
0.81 
0.88 

S t a r r e d  s a m p l e s  (*) h a v e  h a d  one  d i f f u s e d  l a y e r  r e m o v e d  b y  g r i n d i n g .  Ns ,  17c, t, N,, and  N-~ a r e  de f ined  in t h e  c a p t i o n  of  T a b l e  I .  
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Fig. 5. Average resistivity v s .  average free carrier concentration 
for diffused samples. The solid line represents the resistivity normally 
measured in GaAs melt-doped with zinc or cadmium; �9 cadmium 
diffused; ~ ,  zinc diffused. 

one of  the  d i f fused  l a y e r s  was  con t ac t ed  b y  the  i n -  
d i u m  spheres .  This  m a d e  l i t t l e  d i f f e rence  in t he  ac -  
c u r a c y  of the  m e a s u r e m e n t s ,  e i ther .  Thus  the  e x a c t  
p l a c e m e n t  of t he  H a l l  a n d  r e s i s t i v i t y  p r o b e s  is no t  
c r i t ica l ,  w h i c h  c o n s i d e r a b l y  s impl i f ies  t he  t a s k  of 
m a k i n g  s a t i s f a c t o r y  con tac t s  to s a m p l e s  of th is  type .  

F i g u r e  5 shows  the  c o r r e l a t i o n  o b t a i n e d  b e t w e e n  
the  a v e r a g e  f r e e - c a r r i e r  c o n c e n t r a t i o n  and  the  a v e r -  
age r e s i s t i v i ty .  The  sol id  l ine  was  f i t ted  to m e a s u r e -  
m e n t s  of t he  r e s i s t i v i t y  and  f r e e - c a r r i e r  c o n c e n t r a -  
t ion  of m a n y  m e l t - d o p e d  s a m p l e s  ( c a d m i u m - d o p e d  
and  z i n c - d o p e d )  t a k e n  f r o m  p u b l i s h e d  d a t a  and  was  
a s s u m e d  to r e p r e s e n t  t he  r e s i s t i v i t y  one could  e x p e c t  
f r o m  u n c o m p e n s a t e d  u n i f o r m l y  d o p e d  s ing le  c r y s -  
tals .  Now,  d e p e n d i n g  on the  f o r m  of t he  d i f fusan t  
profi le ,  t h e  m o b i l i t y  v a r i a t i o n  w i t h  f r e e - c a r r i e r  con -  
c e n t r a t i o n  a n d  t h e  a v e r a g e  f r e e - c a r r i e r  c o n c e n t r a -  
t ion  in t he  d i f fused  l a y e r ,  t h e  a v e r a g e  r e s i s t i v i t y  (or  
a v e r a g e  c o n d u c t i v i t y )  of t he  l a y e r  m a y  no t  be  an  
a c c u r a t e  m e a s u r e  of t he  a v e r a g e  f r e e - c a r r i e r  con-  
c e n t r a t i o n  (1 -7 ) .  In  o r d e r  to d e t e r m i n e  a c c u r a t e l y  
t he  a v e r a g e  f r e e - c a r r i e r  c o n c e n t r a t i o n  (d i f fusan t  
c o n c e n t r a t i o n )  f rom the  a v e r a g e  r e s i s t i v i t y  w e  r e -  
qu i r e  a c c u r a t e  d a t a  r e g a r d i n g  the  v a r i a t i o n  of m o -  
b i l i t y  w i t h  f r e e - c a r r i e r  c o n c e n t r a t i o n  for  t h e  s a m p l e  
be ing  m e a s u r e d  as we l l  as an  a c c u r a t e  m a t h e m a t i c a l  
d e s c r i p t i o n  of t he  f o r m  of t he  d i f fusan t  c o n c e n t r a t i o n  
profi le .  O n l y  w h e n  the  m o b i l i t y  is k n o w n  and  is 
e s s e n t i a l l y  i n v a r i a n t  ove r  t h e  r a n g e  of f r e e - c a r r i e r  
c o n c e n t r a t i o n  p r e s e n t  w i l l  t he  a v e r a g e  r e s i s t i v i t y  be  
use fu l  as a r e a s o n a b l y  a c c u r a t e  d i r ec t  m e a s u r e  of t he  
a v e r a g e  f r e e - c a r r i e r  c o n c e n t r a t i o n  in  a d i f fused  s a m -  
ple.  The  c o r r e l a t i o n  b e t w e e n  the  a v e r a g e  r e s i s t i v i t y  
and  the  a v e r a g e  f r e e - c a r r i e r  c o n c e n t r a t i o n  s h o w n  in 
Fig .  5 is, for  a l l  z inc d i f fused  s a m p l e s  and  for  s e v e r a l  
c a d m i u m  di f fused  samples ,  w e l l  d e s c r i b e d  b y  the  
so l id  l ine.  This  shows  t h a t  ove r  the  r a n g e  of a c c e p t o r  
c o n c e n t r a t i o n  p r e s e n t  in these  s amp le s  t he  m o b i l i t y  
does  not  v a r y  enough  to cause  se r ious  d e v i a t i o n  in 
t he  a v e r a g e  r e s i s t iv i ty .  F o r  mos t  of t he  c a d m i u m  d i f -  

fused  samples ,  h o w e v e r ,  i t  is e v i d e n t  t h a t  the  a v e r -  
age r e s i s t i v i t y  is not  a good d i r ec t  m e a s u r e  of t he  
a v e r a g e  f r e e - c a r r i e r  concen t r a t i on .  In  t h e s e  s a m p l e s  
i t  is n e c e s s a r y  to t a k e  into  accoun t  t he  o t h e r  f ac to r s  
m e n t i o n e d  a b o v e  to c o r r e c t l y  i n t e r p r e t  t he  r e s i s t i v i t y  
m e a s u r e m e n t s .  On the  o t h e r  h a n d  the  H a l l  effect  
d a t a  can be  d i r e c t l y  i n t e r p r e t e d  in  t e r m s  of the  
a v e r a g e  f r e e - c a r r i e r  c o n c e n t r a t i o n  for  a n y  of  the  
c a d m i u m  dif fused s a mp le s  as w e l l  as for  t he  zinc 
d i f fused samples  t h r o u g h  the  s imp le  1/RHe r e l a t ion .  

A l t h o u g h  a l l  of the  m e a s u r e m e n t s  d e s c r i b e d  
h e r e i n  w e r e  p e r f o r m e d  on s a m p l e s  w i t h  a d i f fused  
p + - p  conf igura t ion ,  s a m p l e s  w i t h  a d i f fused  p - n  
j u n c t i o n  s t r u c t u r e  can  be  m e a s u r e d  j u s t  as effec-  
t ive ly .  The  e s sen t i a l  d i f fe rence  b e t w e e n  t h e  two  
t y p e s  of s a mp le s  is t h a t  in t he  p + - p  s a m p l e s  t he  c u r -  
r e n t  flow a long  the  l e n g t h  of t he  s a m p l e  is r e s t r i c t e d  
b y  fou r  i n su l a t i ng  s a m p l e - a i r  i n t e r f aces  w h i l e  in 
the  p - n  j u n c t i o n  s a m p l e s  t h e  c u r r e n t  flow is r e -  
s t r i c t ed  b y  t h r e e  i n s u l a t i n g  s a m p l e - a i r  i n t e r f aces  
and  an  i n su l a t i ng  p - n  junc t ion .  The  m a i n  d i f f icul ty  
in m e a s u r i n g  d i f fused  l a y e r s  w h e r e  a p - n  j u n c t i o n  
is f o r m e d  b y  the  d i f fus ion l ies  in m a k i n g  e l ec t r i ca l  
con tac t s  to t he  d i f fused  r eg ion  w i t h o u t  s h o r t i n g  
across  the  p - n  junc t ion .  This  can  u s u a l l y  be  a c c o m -  
p l i shed  b y  us ing  a l loy  dots  d o p e d  to t he  s ame  con-  
d u c t i v i t y  t y p e  as t he  d i f fused  l a y e r  so t h a t  i f  t he  dots  
s p r e a d  across  t h e  p - n  j u n c t i o n  d u r i n g  the  a l l o y i n g  
process ,  b lock ing  or  r e c t i f y i n g  con tac t s  w i l l  be  
f o r m e d  t h a t  w i l l  e f fec t ive ly  p r e v e n t  s h o r t i n g  of the  
p - n  junc t ion .  Of course  the  t h i c k n e s s  of  the  d i f fused  
l a y e r  (i.e., the  d e p t h  of t he  p - n  j u n c t i o n )  m u s t  also 
be  m e a s u r e d  to ca l cu l a t e  t h e  co r r ec t  Ha l l  effect  in 
the  l aye r .  
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Evaluation of Passivated Integrated Circuits 
Using the Scanning Electron Microscope 

T. E. Everhart, 10. C. Wells, 2 and R. K. Matta 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

By examining passivated silicon integrated circuits in the scanning electron 
microscope, the surface contours of p-n junctions have been mapped, potential 
drops across integrated resistors have been observed, and physical character-  
istics of the oxide surface, evaporated leads, and bonded gold wires have 
been determined. Typical faults discovered by this method of testing include 
poor registration, improperly masked diffusions, harmful  and nonharmful 
surface scratches, poor evaporated interconnections, and defective passivation 
oxide layers. Most junctions in a 40 rail square integrated circuit can be deline- 
ated with 1~ resolution in approximately 1 rain by this technique. 

In many  p r e s e n t - d a y  applications,  in tegra ted  
semiconductor  circuits  fabr ica ted  on a single wafer  
of silicon are  replac ing circuits made  by  connecting 
discrete electr ical  components  together.  The in te-  
gra ted  circuit  is inherent ly  smal ler  and l ighter  
than the discrete component  circuit,  and it is po-  
ten t ia l ly  cheaper  and more rel iable.  However ,  its 
successful manufac tu re  requires  exact ing control  of 
many  successive process steps; this  control  becomes 
more difficult as the size of in tegra ted  circuits de-  
creases. Mask reg is t ra t ion  and surface s t ruc ture  on 
in tegra ted  circuits are eva lua ted  dur ing and af ter  
fabr ica t ion  by  l ight -microscope  observation.  Elec-  
t r ical  test ing of the in tegra ted  circuit  is car r ied  out 
by apply ing  voltages or currents  at  cer ta in  of the 
ex te rna l  leads and observing the resul t ing vol tages 
or currents  at the r ema inde r  of these leads. This 
test ing de termines  whe ther  or not the  circuit  meets  
its design specifications; it  does not de te rmine  why  a 
given circuit  (or ent i re  product ion run  of circuits)  
is faulty.  Measurements  at in te rna l  circuit  nodes to 
help de te rmine  why  a circuit  is fau l ty  requi re  tha t  
e lectr ical  contact  be made wi th  need le - l ike  probes. 
As in tegra ted  circuits  become smaller ,  probe  meas-  
u rements  become more tedious and t ime consuming, 
and the p robab i l i ty  tha t  the probe  wil l  mechanica l ly  
damage the circuit  surface increases. 

The use of the scanning electron microscope to 
detect  r eve r se -b ia sed  p - n  junct ions in ge rmanium 
and ga l l ium phosphide  was demons t ra ted  severa l  
years  ago (1-3) .  This technique has now been ex-  
tended to pass ivated  in tegra ted  circuits. By apply ing  
appropr ia t e  potent ia ls  to an in tegra ted  circuit  while  
it is being examined  in the scanning electron micro-  
scope the surface contours of p - n  junct ions have 
been evaluated,  potent ia l  drops across in tegra ted  re -  
sistors have been observed,  surface invers ion layers  
have been detected,  and the physical  appearance  of 
the oxide surface, evapora ted  leads,  and bonded 
gold wires  has been determined.  In some cases it has 
been possible to de te rmine  junct ion contours wi thout  

1 P e r m a n e n t  address: D e p a r t m e n t  of Electr ical  Eng inee r ing ,  l /n i -  
ve r s i ty  of Cal i fornia ,  Be rke l ey  4, Cal i fornia .  

Present  address: CBS Laboratories ,  S tamford,  Connect icut .  

ex te rna l ly  appl ied  potentials .  In these cases, it  is be-  
l ieved tha t  the  contact  potent ia l  drop which exists 
at  p - n  junct ions has been detected.  

The theory  and operat ion of the scanning electron 
microscope has been descr ibed in deta i l  p rev ious ly  
(3-6) .  A rev iew paper  (7) has pointed out the 
great  depth  of field possible wi th  this  ins t rument  
and has descr ibed how vol tage contras t  be tween two 
areas  at different  potent ia ls  is achieved. The work  
descr ibed below differs f rom most prev ious ly  r e -  
por ted  work  in tha t  the  angle be tween  the electron 
beam and the specimen normal  has genera l ly  been 
about  15 ~ instead of 60 ~ . This geomet ry  minimizes 
image foreshor tening and sti l l  y ie lds  excel lent  con- 
t ras t  be tween  sample areas  at  different  potentials .  
An accelerat ing vol tage of e i ther  10 or 16 kv  has 
been used for this work,  and the electron probe  
d iamete r  has genera l ly  ranged  be tween  0.2 and 0.8#. 
A pressure  of 10 -8 Torr  was no rma l ly  obtained in 
the vacuum system used, which was provided  wi th  a 
l iquid ni t rogen t rap,  and was back-f i l led  wi th  d ry  
ni t rogen before  opening it to a tmospher ic  pressure.  

I t  is wor th  emphasizing tha t  the power  diss ipated 
at the  sample is ex t r eme ly  small,  ranging  f rom sev-  
era l  nanowat ts  to severa l  microwat ts .  The peak  
power  densi ty  can be high because the  cur ren t  is 
focused into a ve ry  small  spot, but  the average  power  
dens i ty  at  the sample is quite small  because this spot 
is cont inual ly  scanned over  the sample surface. In 
practice,  no not iceable  heat ing of the sample  has 
been observed.  Nei ther  do the bombard ing  electrons 
damage the crys ta l  s t ruc ture  of the sample,  since 
the i r  energy is far  below the threshold  value  re -  
qui red to produce lat t ice defects (8).  I t  should, how-  
ever,  be pointed out tha t  the complete  range of 
effects of the electron bombardmen t  on the oxide-  
silicon sys tem are not at present  fu l ly  understood,  
and it may  prove that  these have a ha rmfu l  effect 
on pass ivated  t ransis tors .  

Interpretation of Scanning Electron Micrographs 
The geometr ica l  in te rpre ta t ion  of scanning elec-  

t ron micrographs  has been summar ized  by  Smith  
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and Oat ley  (6);  the contrast  caused by  potent ia l  
differences be tween two adjacent  areas  of a semicon- 
ductor  surface has been discussed by  Everhar t ,  
Wells, and Oat ley  (3).  The present  paper  deals a l -  
most  exclus ively  wi th  pass iva ted  silicon devices; the 
silicon surface of these devices is covered wi th  a 
pass ivat ing l aye r  which may  range f rom a few hun-  
dred  to several  thousand angs t rom units  in thickness.  
Under  scanning electron microscope examinat ion,  
the surface of this insula tor  assumes ve ry  nea r ly  the 
same potent ia l  as the semiconductor  surface which it 
protects,  and fur thermore ,  this  potent ia l  of the oxide 
surface is observed to be ve ry  stable. This re la t ion-  
ship be tween the semiconductor  potent ia l  and tha t  of 
the oxide surface is bel ieved due to e l ec t ron -beam-  
induced conduct ivi ty  (9-11) .  Energet ic  p r i m a r y  
electrons genera te  hole-e lec t ron  pai rs  in the oxide 
as wel l  as in the silicon beneath  it; these carr iers  are  
free to move through the insula tor  unt i l  they  recom-  
bine or are t rapped.  In par t icular ,  if an electr ic field 
exists  be tween  the surface of the insula tor  and the 
semiconductor - insu la tor  interface,  the carr iers  gen-  
e ra ted  by  the p r i m a r y  beam wil l  move to neut ra l ize  
this field. This e l ec t ron -beam- induced  conduct ivi ty  
depends on many  parameters ,  including the electron 
probe accelerat ing vol tage and current ,  the probe 
diameter ,  the ra te -of -scan ,  the t rap  densi ty  in the 
oxide and at  the oxide-semiconductor  interface,  and 
the mobil i t ies  of electrons and holes in the oxide. 
While  it  is beyond the scope of this paper  to discuss 
this complex subject  in more detail ,  it should be 
noted tha t  to date  all exper imenta l  observat ions and 
p re l im ina ry  ana ly t ica l  calculat ions suppor t  this ex -  
p lanat ion  of electrostat ic  s tabi l izat ion of the oxide 
surface by  e l ec t ron -beam- induced  conduct ivi ty.  

In evaluat ing  pass iva ted  in tegra ted  circuits, it  is 
of ten des i rable  to compare scanning electron micro-  
graphs  of a given area  taken  under  different  bias 
conditions. Such a pa i r  of comparison micrographs  is 

shown in Fig. 1. The equiva lent  lumped  analog of 
this in tegra ted  circuit  is shown for reference in Fig. 
2. The zero bias micrograph  of Fig. 1 (a) should be 
compared  to the micrograph  of Fig. l ( b ) ,  in which 
the col lector-base  junct ion and two of the three  
emi t t e r -base  junct ions have been reverse  biased. 
Note tha t  subs tant ia l  contrast  is obta ined be tween 
areas  whose potent ia ls  differ by  only 2v. Isolat ion 
junct ions not shown in the equivalent  circuit  of Fig. 
2 are also apparen t  in Fig. 1 (b ) ;  one such junct ion 
surrounds the three  t rans is tor  region, isolat ing it 
f rom the r ema inde r  of the silicon wafer ,  and another  
such junct ion s imi la r ly  isolates the collector res is-  
tor. 

Low magnificat ion micrographs  may  be used to 
de te rmine  areas of surface damage  or defect ive 
fabricat ion.  These areas may  then be examined  at  
higher  magnification. Two such areas  of in teres t  are 
immedia te ly  obvious from Fig. 1 (b) .  The first is a 
b lack spot on the resis tor  of base lead one (top a r -  
row) ,  and the second is an i r r egu la r i ty  in the col- 
lec tor- isola t ion junct ion at the lower  l e f t -hand  side 
of the micrograph  (bot tom a r row) .  The base resis tor  
area is shown enlarged  in Fig. 3 (a ) .  The base-  
emi t te r  junct ion has been fo rward  biased, tu rn ing  on 
the t ransistor ,  and producing a subs tant ia l  po ten t ia l  
drop across the collector resistor,  which appears  
shaded. The isolation region sur rounding the base 
resistor  is also apparen t  in Fig. 3 (a ) ,  as is the da rk  
area of apparen t  surface damage.  The lower  l e f t -  
hand quadran t  of Fig. 3 (a)  is somewhat  da rke r  than 
the rest  of the micrograph;  this  shading is caused 
by contaminat ion resul t ing f rom previous  scans of 
the da rkened  area by  the electron beam. The i r r egu-  
lar  col lector- isolat ion junct ion is magnified con- 
s iderab ly  in Fig. 3 (b)  and seems re la ted  to surface 
damage evident  in this micrograph.  L i gh t - mic ro -  
scope examinat ion  of this a rea  indicated tha t  the 
damage or iginated in the silicon wafer  and ex tended  
through the t he rma l ly  grown oxide to the device 
surface. 

Referr ing  again to Fig. 1, note tha t  the junct ions 
which are c lear ly  del ineated  by  reverse  bias in Fig. 
1 (b)  are also fa in t ly  observable  in Fig. 1 (a ) .  This is 
pa r t i cu l a r ly  t rue  of the isolation junctions.  This 
contrast  is observed even when the junct ions are 
ex te rna l ly  shor t -c i rcu i ted  and is therefore  a t t r i b -  
uted to the diffusion vol tage which exists across the 

Fig. I .  Scanning electron micrographs of experimental DCTL 
NOR gate "A," illustrating voltage contrast between areas at dif- 
ferent potentials. (a) (right) zero bias; (b) (left) applied bias, 
V1 ~ V3 ~ - - 2 v ,  V4 ~ V5 ~ Ov, V7 ~ Vs ~ 2v. 

5 o - - - v~  

8 
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Fig. 2. Equivalent lumped-element circuit of DCT/ NOR gate 

Fig. 3. Scanning electron micrographs of experimental DCTL 
NOR gate "A." (a) (left) Base-emitter junction forward-biased 
and voltage drop across the collector resistor: V1 ~ Vs ~ lv, 
V4 ~ V~ ~Ov, V7 ~ 0.2v, Vs ~ 5v; (b) (right) an imperfection 
in the collector-isolation junction, V1 ~ V~ ~ --2v, V4 ~ V5 

Or, Vs ~ 5v. 
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junc t ion .  S i m i l a r  r e su l t s  have  been  o b t a i n e d  for  
o p e n - c i r c u i t e d  junc t ions ,  showing  t h a t  u n d e r  some 
condi t ions  at  l eas t  i t  is poss ib le  to d e t e r m i n e  j u n c -  
t ion  pos i t i on  w i t h o u t  h a v i n g  l eads  a t t a c h e d  to bo th  
s ides  of  t he  junc t ion .  Thus  th is  t e c h n i q u e  is p o t e n -  
t i a l l y  use fu l  for  dev i ce  in spec t ion  a t  i n t e r m e d i a t e  
s tages  of i n t e g r a t e d  c i r cu i t  f ab r i ca t i on ,  so long  as a 
r e f e r e n c e  p o t e n t i a l  ( n o r m a l l y  g r o u n d )  is connec t ed  
to at  l eas t  one r e g i o n  of the  wafe r .  

The  m i c r o g r a p h s  d i scussed  thus  f a r  i l l u s t r a t e  t h a t  
pos i t ive  a r eas  a p p e a r  d a r k e r  and  n e g a t i v e  a r eas  
a p p e a r  l i g h t e r  t h a n  a r eas  w h i c h  a r e  g rounded .  This  
conc lus ion  ho lds  for  a l l  m i c r o g r a p h s  d i scussed  in  th is  
pape r ,  a n d  is a consequence  of t he  p a r t i c u l a r  geo -  
m e t r i c a l  a r r a n g e m e n t  of t he  sample ,  col lec tor ,  and  
o t h e r  e l ec t rodes  in the  s p e c i m e n  c h a m b e r  of t h e  
s cann ing  e l ec t ron  microscope .  F o r  a d i f fe ren t  g e o m -  
e t ry ,  a d i f fe ren t  r e l a t i o n s h i p  b e t w e e n  the  a p p l i e d  
vo l t age  a n d  the  a p p a r e n t  b r i g h t n e s s  m i g h t  be  o b -  
t a i n e d  (12) .  

C h a r g i n g  of i n s u l a t i n g  fo re ign  pa r t i c l e s  is o f t en  
o b s e r v e d  in t he  s cann ing  e l ec t ron  mic roscope ;  such  
a p a r t i c l e  is o b s e r v a b l e  n e a r  t he  top  of t he  m i c r o -  
g r a p h s  in  Fig .  1 [see  a r r o w  in Fig .  1 ( a ) ] .  This  p a r -  
t ic le  a p p e a r s  v e r y  b r i g h t  w i t h  a d a r k  h o r i z o n t a l  
zone on e i t h e r  s ide  of it, i n d i c a t i n g  t h a t  i t  has  been  
c h a r g e d  n e g a t i v e l y  b y  the  e l e c t r o n  beam.  I n  a l l  
t he  m i c r o g r a p h s  shown  in th is  p a p e r ,  t he  b e a m  was  
s w e p t  r a p i d l y  f r o m  le f t  to r i g h t  d u r i n g  a s ing le  s low 
scan  f r o m  top  to bo t tom.  This  p a r t i c l e  d id  no t  c h a r g e  
n e g a t i v e l y  un t i l  t he  b e a m  first  r e a c h e d  i t  on the  s low 
d o w n w a r d  scan. On s u b s e q u e n t  h o r i z o n t a l  scans,  t he  
b e a m  s t r u c k  the  pa r t i c l e ,  c h a r g i n g  i t  to a n e g a t i v e  
vo l t age  w h i c h  was  l a r g e  enough  to def lect  s e c o n d a r y  
e l ec t rons  g e n e r a t e d  on e i t h e r  s ide  of i t  a w a y  f r o m  
the  col lec tor .  T h e  p a r t i c l e  i t se l f  a p p e a r s  b r i g h t  b e -  
cause  t he  s e c o n d a r y  e l ec t rons  f r o m  i t  w e r e  e i t h e r  
a t t r a c t e d  to t he  pos i t i ve  col lec tor ,  or  to t he  f inal  lens,  
w h e r e  t h e y  g e n e r a t e d  a d d i t i o n a l  s e c o n d a r y  e l ec t rons  
w h i c h  w e r e  in t u r n  a t t r a c t e d  to the  col lec tor .  A f t e r  
the  e l ec t ron  b e a m  p a s s e d  b e l o w  the  pa r t i c l e ,  i t  d i s -  
c h a r g e d  and  p r o d u c e d  no a d d i t i o n a l  effect of t he  
m i c r o g r a p h .  A d d i t i o n a l  e x a m p l e s  of th is  p h e n o m e n a  
wi l l  be  o b s e r v e d  in  s u b s e q u e n t  m i c r o g r a p h s .  

Evaluat ion of  Passivated In tegra ted  Circuits 

S e v e r a l  i n t e g r a t e d  c i r cu i t s  w h i c h  h a v e  b e e n  e x -  
a m i n e d  in t he  s cann ing  e l ec t ron  mic roscope  w i l l  n o w  
be d iscussed .  The  e v a l u a t i o n  of t he se  c i rcu i t s  w i l l  be  
based  on the  i n t e r p r e t a t i o n  of v o l t a g e  c o n t r a s t  p r e -  
s en t ed  in  t he  p r e c e d i n g  sect ion.  A second  e x p e r i -  
m e n t a l  DCTL NOR ga t e  is s h o w n  in Fig .  4. The  
t r a n s i s t o r  r e g i o n  of Fig.  4 ( a )  is t u r n e d  on; i.e., t he  
b a s e - e m i t t e r  j u n c t i o n  is f o r w a r d  b iased ,  t u r n i n g  on  
the  t r a n s i s t o r  to s a t u r a t i o n ,  w h i c h  forces  c u r r e n t  
t h r o u g h  t h e  co l l ec to r  res i s tor ,  a n d  r e d u c e s  t he  co l -  
l ec to r  v o l t a g e  to n e a r l y  zero. Note  t h a t  no p o t e n t i a l  
change  is o b s e r v a b l e  a t  t he  b a s e - c o l l e c t o r  j u n c t i o n  
of Fig .  4 ( a ) ,  w h i l e  a v e r y  d i s t i nc t  p o t e n t i a l  c h a n g e  
is o b s e r v a b l e  at  the  j u n c t i o n  in  Fig.  4 ( b ) ,  w h e r e  t he  
t r a n s i s t o r  is t u r n e d  off; i.e., t he  b a s e - e m i t t e r  j u n c -  
t ion  is r e v e r s e  b iased .  I t  is poss ib l e  to d e t e r m i n e  
f r o m  Fig.  4 ( a )  and  4 ( b )  t h a t  t he  base  r e s i s to r  is 
p - t y p e  si l icon,  s u r r o u n d e d  b y  a t h in  shel l  of n - t y p e  
m a t e r i a l .  S i m i l a r l y ,  t he  n - p - n  t r a n s i s t o r  is e m b e d d e d  

Fig. 4. Scanning electron micrographs of experimental DCTL 
NOR gate "B." Leads are numbered as in Fig. 1. (a) (top left) 
Base-emitter junction forward biased; V1 ~ V3 ~ lv, V4 z V5 

Or, Vs ~ 3v; (b) (top right) base-emitter junction reverse 
biased; V1 ~ Va ~ --2v, other voltages as in (a); (c) (bottom 
left) higher magnification at zero bias; (d) higher magnification 
biased as (b). 

in  a p - t y p e  reg ion .  Two sc ra t ches  a r e  v i s ib le  on the  
su r f ace  of th is  dev ice  [see  a r r o w s  in Fig.  4 ( a ) J ;  the  
first  c rosses  t h e  base  lead,  as is c l e a r l y  s h o w n  in Fig .  
4 ( b ) ,  and  the  second  l ies  a long  the  e v a p o r a t e d  
a l u m i n u m  l e a d  to t he  ba se  res i s tor .  N e i t h e r  of these  
s c ra t ches  s e e m  to h a r m  t h e  dev ice  p e r f o r m a n c e ;  
h o w e v e r  t h e y  a r e  i m p e r f e c t i o n s  w h i c h  p r o b a b l y  
shou ld  be  avo ided  w h e n  s t r i v i n g  for  m a x i m u m  i n -  
h e r e n t  dev ice  r e l i ab i l i t y .  

H i g h e r  magn i f i c a t i on  c o m p a r i s o n  m i c r o g r a p h s  of 
a n o t h e r  a r e a  of t h e  s a m e  dev ice  a r e  s h o w n  in Fig.  
4 (c)  and  4 ( d ) .  The  b a s e - e m i t t e r  j u n c t i o n  [see  a r r o w  
in Fig .  4 ( d ) ]  l ies  u n d e r n e a t h  t he  ox ide  l a y e r  w h i c h  
m a s k e d  the  p h o s p h o r u s  e m i t t e r  diffusion.  This  
t r a n s v e r s e  d i s p l a c e m e n t  of t he  j u n c t i o n  f rom the  
edge  of t he  ox ide  m a s k  is due  to l a t e r a l  i m p u r i t y  
diffusion.  I f  the  r a t i o  of l a t e r a l  j u n c t i o n  pos i t i on  
to j u n c t i o n  d e p t h  is known ,  j u n c t i o n  d e p t h  can be  
m e a s u r e d  b y  this  t echn ique .  The  a b r u p t  changes  in  
ox ide  th i ckness  at  t he  e m i t t e r - b a s e  j u n c t i o n  and  a t  
the  n + co l lec to r  d i f fus ion b o u n d a r y  [see  a r r o w s  on 
Fig.  4 ( c ) ]  a r e  a n o t h e r  i n t e r e s t i n g  f e a t u r e  of t he se  
m i c r o g r a p h s .  These  a b r u p t  changes  in ox ide  t h i c k -  
ness  shou ld  be c o n t r a s t e d  w i t h  t he  m o r e  n o r m a l  
g r a d u a l  changes  w h i c h  a r e  e v i d e n t  a t  t he  c i rc led  
b a s e - c o l l e c t o r  junc t ion .  F i g u r e  5 shows  w h y  a b r u p t  
changes  in o x i d e  t h i cknes s  u n d e r n e a t h  e v a p o r a t e d  
a l u m i n u m  l eads  shou ld  be  avo ided .  A t h i c k e r  a l u m i -  
n u m  l e a d  m u s t  be  e v a p o r a t e d  ove r  an  a b r u p t  s tep  to 
m a i n t a i n  e l ec t r i ca l  con t inu i ty ;  even  t h e n  the  c ross -  
s ec t iona l  a r e a  of t he  l e ad  is g r e a t l y  r e d u c e d  at  t he  
s tep,  w h i c h  becomes  a p o t e n t i a l  " h o t - s p o t "  a n d  m a y  
dec rease  t he  dev ice  r e l i ab i l i t y .  Conve r se ly ,  a t h i n -  
ne r  e v a p o r a t e d  a l u m i n u m  l e a d  m a y  be  used  ove r  a 
g r a d u a l  change  in ox ide  t h i cknes s  w i t h  a m u c h  
l o w e r  p r o b a b i l i t y  of f a i lu re .  
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Fig. 5. Sketch of passivating oxide thickness steps which are 
(a) abrupt and (b) gradual. 

Fig. 7. Fan-in diodes of commercial NAND gate integrated 
circuit, showing potential contrast due to 2.5 ma forward bias cur- 
rent (top left) and Sv reverse bias (top right) contrasted with 
zero applied current and voltage (bottom half of micrograph). 

Fig. 6. A broken lead detected by potential contrast 

A n  obvious  b r e a k  in an  e v a p o r a t e d  a l u m i n u m  l ead  
f o u n d  t h r o u g h  v o l t a g e  c o n t r a s t  is s h o w n  in Fig .  6. 
This  de fec t  was  no t  d e t e c t e d  d u r i n g  a p r e l i m i n a r y  
l i g h t - m i c r o s c o p e  e x a m i n a t i o n  of th i s  device ,  a l -  
t h o u g h  i t  was  o b s e r v a b l e  in  t he  l igh t  mic roscope  
a f t e r  i t  h a d  been  f o u n d  in t he  s cann ing  e l e c t r o n  m i -  
croscope.  The  d a m a g e  a p p a r e n t  on th is  s a m p l e  was  
caused  b y  m e c h a n i c a l  p robes  used  to p r o v i d e  e l ec -  
t r i c a l  con tac t s  for  t e s t i ng  purposes .  A n o t h e r  a r e a  of 
th is  s ame  i n t e g r a t e d  c i rcu i t  is s h o w n  in Fig .  7. The  
l e f t - h a n d  d iode  ( D - l )  of th is  N A N D  ga te  was  f o r -  
w a r d  b iased ,  and  the  r i g h t - h a n d  d iode  ( D - 2 )  was  
r e v e r s e  b iased ,  for  ha l f  of t he  s ing le  s low v e r t i c a l  
scan  used  in  r e c o r d i n g  th is  m i c r o g r a p h .  The  b ias  
was  off w h i l e  t he  b o t t o m  ha l f  of t he  m i c r o g r a p h  was  
r eco rded .  The  c o n t r a s t  b e t w e e n  the  top  and  b o t t o m  
ha lves  of bo th  D-1 and  D-2  is qu i t e  no t i ceab le ,  w h i l e  
s w i t c h i n g  off t he  b ias  p r o d u c e d  v i r t u a l l y  no c o n t r a s t  
on the  ze ro  p o t e n t i a l  su r f ace  s e p a r a t i n g  the  two  d i -  
ode areas .  I t  can  be  seen  t h a t  w h e n  d iode  D-1 is f o r -  
w a r d  b iased ,  i t  a p p e a r s  l i g h t e r  t h a n  w h e n  no b ias  is 
app l i ed .  This  e x a m p l e  i l l u s t r a t e s  h o w  the  p r e s e n c e  
of p o t e n t i a l s  can  be  d e t e c t e d  b y  c o m p a r i n g  two  d i f -  
f e r e n t l y  b i a s e d  a r e a s  of t he  s a m e  m i c r o g r a p h .  

The  m i n i m u m  d e t e c t a b l e  p o t e n t i a l  d rop  across  a 
p - n  j u n c t i o n  has  been  d i scussed  p r e v i o u s l y  (3) .  F i g -  
u r e  8 shows  four  c o m p a r i s o n  m i c r o g r a p h s  of t he  
s ame  t r a n s i s t o r  w i t h  the  c o l l e c t o r - b a s e  j u n c t i o n  r e -  

Fig. 8. Scanning electron micrographs of the transistor region 
of an integrated NAND gate. Collector base junction reverse biased: 
(a) (top left) 2v, (b) (top right) lv, (c) (bottom left) 0.25v, and 
(d) (bottom right) 0v. 

v e r s e  b i a s e d  b y  two,  one, o n e - q u a r t e r ,  a n d  zero 
vol ts ,  r e spec t i ve ly .  The  a p p l i e d  b ias  was  t he  on ly  
p a r a m e t e r  c h a n g e d  b e t w e e n  these  consecu t ive  m i -  
c rographs .  These  m i c r o g r a p h s  d e m o n s t r a t e  t h a t  p o -  
t e n t i a l  changes  as s m a l l  as o n e - q u a r t e r  of a vo l t  
can  be  d e t e c t e d  on p a s s i v a t e d  i n t e g r a t e d  c i rcui ts .  

M i c r o g r a p h s  of a c o m m e r c i a l  i n t e g r a t e d  c i r cu i t  
a re  shown  in Fig.  9. Va r ious  b i a ses  w e r e  a p p l i e d  to 
t he  dev ice  t e r m i n a l s  to d e t e r m i n e  the  q u a l i t y  of t he  
j u n c t i o n  contours ,  as in Fig.  9 ( a ) .  F i g u r e  9 (b)  shows  
a 2v d rop  across  t h e  l a r g e  r e s i s t o r  in th i s  i n t e g r a t e d  
c i rcui t .  The  m a s k  r e g i s t r a t i o n ,  ox ide  sur face ,  a n d  
the  j u n c t i o n  con tou r s  a l l  a p p e a r  to be of h igh  q u a l -  
i ty  in th is  device .  

F i g u r e  9 (c )  shows  the  t r a n s i s t o r  r eg ion  of th is  
c i rcu i t  a t  a h i g h e r  magni f i ca t ion .  Note  t h a t  t he  two  
ox ide  th i ckness  s teps  c rossed  b y  the  e m i t t e r  l e a d  
(see  a r r o w s )  a r e  qu i t e  g r a d u a l ,  and  the  e v a p o r a t e d  
l e ad  i t se l f  a p p e a r s  qu i t e  smoo th  a t  these  poin ts .  The  
fo re ign  p a r t i c l e s  l oca t ed  on the  base  ( r i g h t - h a n d )  
l e a d  in Fig.  9 ( c )  do no t  a p p e a r  to a d v e r s e l y  affect  
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Fig. 10. Scanning electron micrographs of production DCTL NOR 
gate. (a) (left) V1 ~ V3 ~ --2v, V4 ~ V5 ~ V8 ~ Ov, V7 

4v;(b) (right) higher magnification of (a). 

Fig. 9. Scanning electron micrographs of a commercial integrated 
circuit. (a) (top left) V1 z 0.75v, V2 ,3 ,4 ,8  ~ 4v, V4 ~ --2v, 
V6 ~ Ov; (b) (top right) V4 ~ 2v, all other pins grounded; (c) 
(bottom left) V1 ~ 2v, V2 ~ !.5v, V4 ~ --6.7v; (d) (bottom 
right) photovoltage micrograph V2 ~ video signal, beam voltage 

20 kv. 

its performance.  In Fig. 9 (d) ,  the photovol tage gen-  
e ra ted  by  the scanning electron beam was used as 
the video signal  which modula tes  the CRT intensi ty.  
To obtain this micrograph,  the normal  secondary  
electron video signal was disconnected f rom the 
video amplifier  input,  and the t rans is tor  collector 
( l e f t -hand)  lead of Fig. 9(c)  was connected in its 
place. The col lector- isolat ion junct ion sur rounding  
the t rans is tor  area  is c lear ly  del ineated,  even when 
it lies beneath  the evapora ted  a luminum leads. The 
base region appears  much br igh te r  in this micro-  
g raph  than  the emi t te r  region; this is p robab ly  due 
to photot rans is tor  action, wi th  the electron beam re -  
placing l ight  as the in i t ia t ing energy source. The 
br ightness  in this photovol tage mic rograph  corre-  
sponds to the energy  diss ipated by the electron beam 
in or near  the  deplet ion l aye r  sur rounding the col-  
lector  region of the semiconductor  (or  in the base r e -  
gion as noted above) .  P r i m a r y  electrons lose more 
of the i r  ene rgy  pene t ra t ing  both the  a luminum leads 
and the pass ivat ing  oxide layer  than  they  lose pene-  
t ra t ing  the oxide layer  alone. This is the reason tha t  
the photovol tage is d iminished where  the col lector-  
isolat ion junct ion lies undernea th  the a luminum 
leads. The foreign par t ic les  on the base lead, which 
are s i lhouet ted against  the br ight  collector isolation 
junction,  have also absorbed energy f rom the p r i -  
ma ry  beam. 

The micrographs  of in tegra ted  circuits chosen as 
examples  up to this point  have all  shown major  or 
minor  defects which have been detected in the scan-  
ning electron microscope. Not all  in tegra ted  circuits 
examined  to date  have had such imperfect ions.  A 
produc t ion- l ine  DCTL NOR gate wi th  no appa ren t  
blemishes is shown in Fig. 10. The masking,  reg is -  
t rat ion,  and junct ion profiles of this  device appear  
to be of high quali ty.  

Fig. 11. Pinhole diffusion in experimental sample detected by 
scanning electron microscopy. Reverse bias, 2.4v. 

Figure  11 shows an exper imen ta l  p lanar  device 
fabr ica ted  such tha t  the p - n  junct ion is formed some 
6 or 7~ f rom the edge of the masking  silicon dioxide. 
The boron diffusion ( l ight)  into the n - t y p e  base ma-  
ter ia l  (da rk )  has proceeded not only in the un -  
masked  area, but  also th rough  pinholes which are 
apparen t  in the masking  oxide. One such pinhole 
diffusion is made  ve ry  obvious when a reverse  bias 
of a few volts is appl ied  across the junction.  This 
micrograph  shows tha t  the p - t y p e  region due to this 
pa r t i cu la r  pinhole diffusion must  be connected to 
the main  p - t y p e  region benea th  the surface, since 
these two regions do not seem to be connected at the 
surface. S imi la r  p - t y p e  regions formed at  other 
pinholes are not obvious because they  are  isolated 
f rom the  appl ied  bias by  the n - t y p e  mate r i a l  which 
surrounds  them. 

M a x i m u m  In format ion  per Micrograph  

When eva lua t ing  la rge  quant i t ies  of in tegra ted  
circuits,  the evalua t ion  t ime per  device should be 
minimized.  This implies tha t  for scanning electron 
microscope evaluat ion  the informat ion per  micro-  
g raph  should be maximized.  Ideal ly ,  an in tegra ted  
circuit  should be complete ly  eva lua ted  with  one 
micrograph.  A photovol tage  micrograph  of a com- 
merc ia l  in tegra ted  circuit  is shown in Fig. 12 (a) .  A 
micrograph  obta ined by  mixing  the secondary  elec-  
t ron video signal  wi th  the photovol tage is shown in 
Fig. 12(b) .  In this  micrograph  the surface s t ruc-  
ture  informat ion  carr ied  by  the secondary  electron 
video signal is super imposed on the informat ion in 
depth  3 carr ied  by  the photovol tage video signal, in-  
creasing the informat ion content  of the micrograph.  
Note tha t  the base collector junct ion of this device 
(see a r row)  depar ts  f rom its in tended contour along 

S The  h o l e - e l e c t r o n  pa i r s  w h i c h  p r o d u c e  t he  p h o t o v o t t a g e  a re  
g e n e r a t e d  i n  t h e  b u l k  m a t e r i a l  to the  penetrat ion depth of  
the pr imary electrons.  
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Fig. 12. Scanning electron micrographs of an imperfect transistor 
in a commercial integrated circuit, illustrating the increase in 
micrograph information content obtained by mixing the electron- 
beam-induced photovoltage with the secondary electron video 
signal. (a) (left) Photovoltage micrograph; (b) (right) photovoltage 
mixed with the video signal (no bias). 

the  oxide mask.  F i g u r e  13(a)  shows a lower  m a g -  
ni f icat ion mic rog raph  of this  device ob ta ined  by  m i x -  
ing the photovol tage  f rom two t r ans i s to r  base leads  
w i th  the  secondary  e lec t ron  video signal ,  and  Fig. 
13(b)  shows the  increase  in  i n f o r m a t i o n  con ten t  
which  resul t s  f rom b ias ing  the  collector posi t ive.  
Not on ly  are the b a s e - e m i t t e r  and  base collector 
j unc t ions  de l ineated ,  bu t  the j unc t i ons  s u r r o u n d i n g  
the collector and  res is tor  regions are also depicted.  
A semic i rcu la r  d e p a r t u r e  f rom the expected  col-  
l ec to r - i so la t ion  j u n c t i o n  is not iceable  in  Fig. 13(b)  
(see a r r o w ) ;  this  e r ror  p r o b a b l y  has l i t t le  effect on  
the  device pe r fo rmance .  The s u b s t a n d a r d  base  col-  
lector  j u n c t i o n  no ted  above,  however ,  migh t  wel l  
lead  to r educed  re l iabi l i ty .  The  same device is show n  
in  Fig. 13(c) af ter  a few hours  e lec t ron  b o m b a r d -  
m e n t  of the  s u b - s t a n d a r d  j u n c t i o n  area. The r e s u l t -  
ing c o n t a m i n a t i o n  has a p p a r e n t l y  lowered  the  sec-  
o n d a r y  emiss ion  coefficient of this  area;  however ,  
this  a m o u n t  of c o n t a m i n a t i o n  cannot  be  detec ted  

Fig. 13. Scanning electron micrographs of the commercial in- 
tegrated circuit of Fig. 11, illustrating high information content 
and contamination effects. (a) (top left) Base photovoltage mixed 
with normal video signal, zero applied bias; (b) (top right) base 
photovoltage mixed with normal video signal, Vc ~ 4v; (c) (bottom) 
normal micrograph (no photovoltage), showing contamination of 
the imperfect transistor region after excessive electron beam 
bombardment, V c  ~ Sv. 

Fig. 14. Scanning electron micrographs of a commercial inte- 
grated circuit similar to that of Fig. 12 and 13. (a) (left) Vm 
photovoltage, V c  ~ lv, V R  ~ 3v; (b) (right) enlarged view of 
(a), Vc ~ 2v, V~ ~ 5v. 

by l igh t -microscope  examina t ion .  C o n t a m i n a t i o n  
effects are discussed f u r t h e r  below. 

A s imi la r  commerc ia l  device  eva lua t ed  by  m i x i n g  
the  photovol tage  w i th  the  secondary  e lec t ron  video 
s ignal  is shown in  Fig. 14 (a ) .  Not on ly  are  al l  j u n c -  
t ions on the device de l inea ted  in  this micrograph ,  
bu t  also the 2v drop across the  collector res is tor  is 
c lear ly  visible.  A p p r o x i m a t e l y  1 m i n  is r equ i r ed  to 
scan such a mic rog raph  af ter  the  e lec t ron  b e a m  has 
been  focused for best  resolut ion.  S u b s t a n d a r d  areas  
observed in  the  low magni f ica t ion  micrograph ,  such 
as the  devia t ions  in  the  i so la t ion  j unc t i ons  (see a r -  
row) ,  can be inspec ted  at a h igher  magnif ica t ion,  as 
in  Fig. 14 (b) .  

If this  t e chn ique  proves  feasible  for p r o d u c t i o n -  
l ine  qua l i t y  control ,  a l a rge  n u m b e r  of i n t eg ra t ed  
c i rcui ts  could be loaded in to  the  spec imen  c h a m b e r  
at one t ime  for ba tch  eva lua t ion ,  or a l t e rna t ive ly ,  
they  could be fed con t inuous ly  into the  spec imen  
c ha mbe r  t h r ough  d i f fe ren t ia l ly  p u m p e d  v a c u u m  
locks (13).  Using an  a u t oma t i c a l l y  focused beam,  a 
s ingle  low-magn i f i ca t ion  mic rog raph  s imi la r  to Fig. 
14(a)  could be ob ta ined  of each device in  less t h a n  
1 min.  These mic rographs  could be e x a m i n e d  by  a 
t r a ined  person,  and  thus  devices could be sor ted on 
the basis of this  eva lua t ion .  This  sor t ing could possi-  
b ly  be au toma ted  by  compar ing  the video s ignals  
f rom the device u n d e r  test  w i th  a mas t e r  video sig- 
na l  ob ta ined  f r o m  an  ideal  device, and  s tored on 
magne t i c  tape. 

C o n t a m i n a t i o n  Effects 

The effects of c o n t a m i n a t i o n  have  been  po in ted  
out  in  severa l  of the mic rographs  discussed above. 
The secondary  emiss ion  coefficient of the  c o n t a m i -  
na t ed  area is ge ne r a l l y  reduced;  thus  c o n t a m i n a t e d  
areas of a sample  surface  appear  shaded in  s cann ing  
e lec t ron  micrographs .  To ob t a in  a m e a s u r e  of the  
effects of c o n t a m i n a t i o n  on device pe r fo rmance ,  the  
reverse  c u r r e n t  of the  e m i t t e r - b a s e  j unc t i ons  of the  
DCTL NOR gate shown  in  Fig. 10 were  m e a s u r e d  as 
a func t ion  of appl ied  vol tage  before  the  device  was  
inser ted  into the  scann ing  e lec t ron  microscope,  and  
aga in  af ter  n o r m a l  eva lua t ion .  The resul t s  of these 
tests are shown  as the  bo t tom two curves  of Fig. 15. 

The  device was  t hen  r e in se r t ed  into the  mic ro -  
scope, a nd  only  one t r ans i s to r  reg ion  was  b o m b a r d e d  
i n t e ns i ve l y  for a few hours.  A he a vy  l aye r  of con-  
t a m i n a t i o n  s imi la r  to tha t  shown  in  Fig. 13 (c) was 
observed  to bu i ld  up d u r i n g  this  t ime.  Fo l lowing  this  
b o m b a r d m e n t ,  the  same reverse  c u r r e n t  m e a s u r e -  
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Fig. 15. Base-emitter reverse current vs .  applied voltage before 
electron beam bombardment, after normal bombardment and after 
excessive bombardment. 

ments were performed on the bombarded transistor, 
and on the control transistor which received very 
little, if any, additional bombardment. The results 
of these measurements are shown as the top two 
curves of Fig. 15. If the data of the bottom curve 
are subtracted from the data of the top curve, and 
the resulting data points are plotted vs. reverse 
bias, a linear graph is obtained. This graph indi- 
cates that the contamination layer is equivalent to a 
1.5 gigaohm resistor shunting the emitter-base diode. 

In this instance, contamination due to excessive 
bombardment has increased the emitter-base re- 
verse-bias current by approximately one order of 
magnitude. It is not known at this time how this 
contamination will affect device reliability. How- 
ever, it does seem important to understand the 
m e c h a n i s m  of c o n t a m i n a t i o n  f o r m a t i o n  and,  if  pos -  
s ible ,  to dev i se  a m e a n s  of e l i m i n a t i n g  c o n t a m i n a -  
t ion  i tself .  

S p e c i m e n  c o n t a m i n a t i o n  in t he  e l ec t ron  m i c r o -  
scope has  been  s t ud i ed  for  s e v e r a l  y e a r s  (14-17) .  
Brief ly ,  h y d r o c a r b o n  molecu le s  f o u n d  in d i f fus ion  
p u m p  oil,  O - r i n g  seals ,  etc.,  m a y  be  a d s o r b e d  b y  the  
s p e c i m e n  surface .  The  b o m b a r d i n g  e l ec t rons  p o l y -  
mer i ze  t hese  molecu les ,  and  s u b s e q u e n t  b o m b a r d -  
m e n t  p r o b a b l y  ca rbon izes  t he  po lymer s .  H i l l i e r  (14) 
s ta tes  t h a t  the  c o n t a m i n a t i o n  is p r i m a r i l y  a m o r p h o u s  
carbon.  A n  ana lys i s  b y  C h r i s t y  (18)  i nd i ca t e s  t h a t  
u n d e r  the  condi t ions  p e r t a i n i n g  to t he  s cann ing  
e l ec t ron  microscope ,  the  r a t e  of c o n t a m i n a t i o n  is 
p r o p o r t i o n a l  to t he  p a r t i a l  p r e s s u r e  of the  c o n t a m i -  
n a t i n g  molecules .  L e i s e g a n g  (16) and  H e i d e  (17) 
have  d e m o n s t r a t e d  t h a t  th is  c a r b o n  c o n t a m i n a t i o n  
can be r e m o v e d  d u r i n g  e l ec t ron  b o m b a r d m e n t  if t he  
s p e c i m e n  is s u r r o u n d e d  b y  a suff ic ient ly  cold sur face ,  
or  if  c e r t a i n  gases  a r e  a d m i t t e d  in to  t he  v a c u u m  
c h a m b e r .  H e i d e  (17) has  p o s t u l a t e d  t h a t  e l e c t r o n -  
b e a m - i n d u c e d  c h e m i c a l  r e ac t i ons  p r o d u c i n g  gaseous  
p r o d u c t s  a r e  r e s p o n s i b l e  for  c a rbon  r e m o v a l .  He  also 
showed  tha t ,  if  t he  s p e c i m e n  is s u r r o u n d e d  b y  a 
su r f ace  cooled  b e l o w  --130~ the  r a t e  of c o n t a m i n a -  
t ion  is d e c r e a s e d  b y  two  or  t h r e e  o r d e r s  of m a g n i -  
tude ,  to an  e s s e n t i a l l y  neg l ig ib l e  va lue .  Thus  t h e r e  is 
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e v e r y  r e a s o n  to b e l i e v e  t ha t  c o n t a m i n a t i o n  caused  b y  
s cann ing  e l ec t ron  mic roscope  e v a l u a t i o n  of i n t e -  
g r a t e d  c i rcu i t s  can  be  g r e a t l y  r e d u c e d  and  p r o b a b l y  
v i r t u a l l y  e l i m i n a t e d .  

Conclusions 

A nove l  m e t h o d  of p a s s i v a t e d  i n t e g r a t e d  c i rcu i t  
e v a l u a t i o n  has  been  desc r ibed ,  w h i c h  c o m p l e m e n t s  
n o r m a l  e l e c t r i c a l  t e s t ing  of  t he  e x t e r n a l  dev i ce  c h a r -  
ac ter i s t ics .  Not  on ly  have  the  p h y s i c a l  c h a r a c t e r i s t i c s  
of dev ice  su r f aces  been  i m a g e d  w i t h  h igh  r e so lu t i on  
and  g r e a t  d e p t h  of field, bu t  also t he  r e l a t i v e  p o t e n -  
t i a l s  b e t w e e n  d i f fe ren t  po in t s  on dev ice  su r f aces  have  
been  d e t e r m i n e d .  I t  has  also been  d e m o n s t r a t e d  t ha t  
b y  m i x i n g  the  p h o t o v o l t a g e  g e n e r a t e d  b y  the  e l ec -  
t r o n  b e a m  w i t h  t he  s e c o n d a r y  e l ec t ron  v ideo  s ig -  
nal ,  a h igh  i n f o r m a t i o n  con ten t  p e r  m i c r o g r a p h  can 
be  ob ta ined .  
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ABSTRACT 

Tan ta lum and n iobium films have been examined with respect to their 
superconducting properties. The films were deposited both by sput ter ing in 
a high vacuum station and by electron beam evaporat ion in  an u l t ra  high 
vacuum system. The t ransi t ion temperatures  of sputtered films are lower 
than the respective values of the pure bu lk  metals presumably  due to in te r -  
stitial impurities.  Reactively sput tered TaC, TaN, and NbN films were found 
to be superconducting, bu t  no superconduct ing t ransi t ion was found for Ta2N 
films. Bulk Ta2N and TaN have no superconduct ing t ransi t ion down to 1.5~ 
and the appearance of a t ransi t ion in  the TaN film is probably related to a new 
fcc crystal s t ructure of the TaN films. Electron beam evaporated t an ta lum 
and n iobium films of a few thousand angstrom thickness have superconducting 
t ransi t ion temperatures  of 4.3 ~ and 9.1~ respectively, which are comparable 
to those of the pure  bu lk  metals  of 4.5 ~ and 9.5~ The purest  evaporated 
t an ta lum and n iobium films, however,  show critical fields which are an order 
of magni tude  higher than bulk  values, probably due to imperfections and 
strain. 

Severa l  a t t empts  have  been  made  to deposit  t a n t a -  
l u m  and  n i o b i u m  films w i th  supe rconduc t ing  t r a n s i -  
t ion  t e m p e r a t u r e s  close to those repor ted  for p u r e  
samples  of the b u l k  metals .  It  is wel l  k n o w n  tha t  
films of these  meta l s  react  wi th  r e s idua l  gases d u r i n g  
deposi t ion and  tha t  the i r  supe rconduc t i ng  proper t ies  
are v e r y  sens i t ive  to n o n m e t a l l i c  impur i t i e s  l ike 
oxygen,  n i t rogen ,  and  carbon.  Thus  grea t  care is 
necessa ry  to avoid c o n t a m i n a t i o n  by  in te r s t i t i a l  i m -  
pur i t ies .  A n  ear ly  s tudy  (1) of evapora ted  and  
spu t t e red  films of bo th  meta l s  ind ica ted  a sys temat ic  
decrease of t r ans i t i on  t e m p e r a t u r e  w i th  decreas ing  
thickness .  G e n e r a l l y  lower  va lues  for  the  t r ans i t i on  
t e m p e r a t u r e s  were  observed  in the  case of spu t t e red  
films compared  to evapora ted  ones, bu t  no e x p l a n a -  
t ion  was offered for the  differences.  T a n t a l u m  films 
w i th  cr i t ical  t e m p e r a t u r e s  on ly  s l ight ly  lower  t h a n  
the  va lues  repor ted  for  pu re  b u l k  t a n t a l u m  have  
been  evapora ted  at e x t r e m e l y  low pressures  (2) .  
S u p e r c o n d u c t i n g  n i o b i u m  films have  b e e n  deposi ted 
a t  h igh ra tes  b y  a v a c u u m  arc process (3) ,  and  re -  
cen t ly  the  me thod  of a s y m m e t r i c  a-c  spu t t e r i ng  has 
d e m o n s t r a t e d  the  fo rma t ion  of t a n t a l u m  and  n io -  
b i u m  films w i th  supe rconduc t ing  proper t ies  (4) .  One 
of the  most  successful  me thod  so far  devised for 
p roduc ing  v e r y  pu re  t a n t a l u m  and  n i o b i u m  films 
w i th  b u l k  t r a n s i t i o n  t e m p e r a t u r e s  has been  tha t  of 
"ge t te r  spu t t e r i ng"  (5) .  By v a r y i n g  the  subs t r a t e  
t e m p e r a t u r e  d u r i n g  deposit ion,  it  was  shown (6) 
that ,  if the  t e m p e r a t u r e  is lowered,  the  t r ans i t i on  
t e m p e r a t u r e  decreases and  the  cr i t ical  field increases.  
The  resu l t  t ha t  even  the  th ickes t  films show h igher  

cr i t ical  fields t h a n  the  b u l k  meta l s  has been  i n t e r -  
p re t ed  in  t e rms  of the  ve ry  smal l  g ra in  size p roduced  
by  spu t t e r ing  films at subs t r a t e  t e m p e r a t u r e s  as h igh 
as 1400~ The me thod  of "ge t te r  evapora t ion"  in  
c omb i na t i on  w i th  subs t ra te  t e m p e r a t u r e s  in  excess 
of 500~ has also been  successful ly  appl ied  for the  
f o r ma t i on  of v e r y  pu re  t a n t a l u m ,  n iob ium,  and  va -  
n a d i u m  films w i th  b u l k  t r a n s i t i o n  t e m p e r a t u r e  (7) .  

Our  inves t iga t ion  was u n d e r t a k e n  in  the  hope tha t  
the  supe rconduc t ing  proper t ies  could p rov ide  a tool 
for s t udy ing  the  factors ( impur i t i es ,  defects)  which  
affect room t e m p e r a t u r e  res is t iv i ty .  To this  end,  we 
have  inves t iga ted  the  va r i a t i on  of the  cr i t ical  t e m -  
p e r a t u r e  w i th  n o r m a l  state res i s t iv i ty  for evapora ted  
and  spu t t e red  t a n t a l u m  and  n i o b i u m  films. The  p u r -  
est t a n t a l u m  and  n i o b i u m  films have  also been  s tud -  
ied w i th  respect  to the i r  cr i t ica l  field behavior .  I n  
addi t ion,  films of t a n t a l u m  a nd  n i o b i u m  compounds  
fo rmed  by  spu t t e r ing  in  a rgon  wi th  smal l  addi t ions  
of a reac t ive  gas were  e x a m i n e d  wi th  respect  to the i r  
superconduc t iv i ty .  

Experimental 
Preparation of films.--Due to the  h igh me l t i ng  

t e m p e r a t u r e s  of t a n t a l u m  a nd  n i o b i u m  the evapor -  
a ted films were  deposi ted by  hea t ing  pu re  samples  of 
the b u l k  meta l s  w i th  a h igh ene rgy  e lec t ron  beam.  
This  t e c hn i que  al lows one to v a r y  the deposi t ion  ra te  
f rom a few angs t roms  per  second to severa l  h u n d r e d  
angs t roms  per  second. F igu re  1 shows the  a l l - m e t a l  
sys tem (cons t ruc ted  by  the  NRC Corpora t ion)  in  
which  the  i n t e r ac t i on  of o rgan ic  vapors  f rom the  oil 
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Fig. 1. Electron beam evaporator: (A) 1st cold trap; (B) Meissner 
trap; (C) bake-out furnace; (D) electron source; (E) focusing 
solenoid; (F) substrate; (G) copper post; (H) shutter; (I) radia- 
tion shield; (J) high conductance ionization gauge; (K) double 
pumped system to minimize leaks from feedthroughs to base plate. 

diffusion p u m p  wi th  the  me ta l  vapor  has been  m i n i -  
mized by  add ing  a Meissner  t rap.  This  l i qu id  n i t r o -  
ge~ cooled t r ap  consists  of a coil of 12 m m  d i a m e t e r  
copper t u b i n g  w i t h i n  2.5 cm of the  i n n e r  wal ls  of the  
bel l  jar .  A r educ t ion  of outgass ing  f rom bel l  j a r  and  
f ixtures ins ide  the v a c u u m  chamber  d u r i n g  evapo ra -  
t ion  f rom the  m o l t e n  t a n t a l u m  sample  can be accom-  
pl ished by  p r e b a k i n g  at  400~ The  Vi ton  O - r i n g s  at 
the  base of the  bel l  j a r  are wa t e r  cooled d u r i n g  the  
bake -ou t .  The  u l t i m a t e  l imi t  in  v a c u u m  af ter  the  
b a k e - o u t  cycle w i t h  l iqu id  n i t r o g e n  be ing  fed into 
bo th  cold t raps  is in  the  10 -9 Tor r  range ,  whi le  d u r -  
ing evapora t i on  at a ra te  of about  30 A/sec  a v a c u u m  
of <2 x 10 -6 Torr  can be  ma in t a ined .  The rat io of 
me ta l  a toms to gaseous molecules  i m p i n g i n g  on the  
subs t r a t e  is of the  order  of 10 to 1. The  p ressure  be -  
fore and  d u r i n g  evapora t ion  was  m e a s u r e d  w i th  an  
NRC open ended  ion iza t ion  gauge located above the  
base plate,  about  25 cm f rom the  evapora t i on  source. 
However ,  the p ressure  m a y  be lower  at the subs t ra te  
t h a n  a t  the  gauge due to the  ge t t e r i ng  act ion of the  
evaporant .  

The e lec t ron  source for m e l t i n g  and  evapora t i ng  
samples  of the  des i red me ta l  is of the  se l f -acce le ra ted  
type  and  is located on top of the  bel l  jar .  I ts  ou tpu t  
can be con t inuous ly  va r i ed  up  to 150 m a  at  20 kv. 
The focusing solenoid outs ide the  bel l  j a r  a l lows the  
focal spot of abou t  0.2 cm in  d i ame te r  to be  posi-  
t ioned a n y  place w i t h i n  an  a rea  of 5 cm 2. A 2.5 cm 
d i ame te r  cy l inde r  was  used as a holder  for the  s am-  
ple to be evapora ted .  I t  was  made  of copper  so as to 
have  a la rge  t h e r m a l  conduct iv i ty .  A hel ical  coil of 
copper  t u b i n g  soldered to the  copper cy l inde r  a nd  
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cooled by  f lowing wa te r  p r even t s  a l loy ing  b e t w e e n  
the  copper  and  the  m o l t e n  sample,  e.g., t a n t a l u m  or 
n iob ium.  The  subs t ra tes  are  a t tached  to a 10 x 10 cm 
s ta inless  steel  p la te  which  has a p l a t i n u m  w o u n d  
quar tz  hea te r  e l e me n t  on its back  side. A dis tance  of 
10 cm was used b e t w e e n  source and  subs t ra te .  A 
shield b e t w e e n  vapor  source a nd  subs t r a t e  was  op-  
e ra ted  through a rotary seal from the outside of the 
vacuum system. This permitted the establishment of 
equilibrium conditions before evaporating onto the 

substrate. 

The sputtered films were deposited in a d-c argon 
glow discharge at a pressure of about 2 x l0 -2 Torr 
and a rate of 2 A/sec. The residual gas pressure be- 
fore sputtering was about 5 x 10 -6 Torr. The com- 
mercial bell jar type vacuum station used for the 
sputtering operation has been described previously 
(8). It was also shown that compounds between 
these metals and carbon or nitrogen can be produced 
while adding relatively small quantities of methane 
or nitrogen to the argon atmosphere (0.1-0.5 % of the 

argon pressure). 

Substrates.--All films were deposited on polished 
fused quartz substrates heated to 400~ since un- 
heated substrates frequently resulted in poor ad- 
herence of the tantalum films to the substrate for 
thicknesses larger than 2000/k. The quartz sub- 
strates, 3.75 x 7.5 cm, had nine fired gold termina- 
tions on each longitudinal side. Nine film strips, 
2 x 0.125 cm, were deposited simultaneously through 
a stainless steel mask. Film thickness, necessary for 
evaluating the electrical resistivity, was determined 
with a stylus method (9) which has an accuracy of 
abou t  --+5% for film th icknesses  b e t w e e n  1000 and  
5000A. 

Cryogenic measurements.--All of the  supe rcon -  
duc t ing  t r ans i t i ons  were  m e a s u r e d  res is t ively ,  Tr 
be ing  defined as tha t  t e m p e r a t u r e  at which  the r e -  
s is tance is ha l f  its n o r m a l  value .  M e a s u r e m e n t s  be -  
low 4.2~ were  made  wi th  the  sample  d i rec t ly  in  
the  h e l i u m  bath,  and  the  t e m p e r a t u r e  was  meas -  
u r e d  by  the vapor  pressure .  The  t e m p e r a t u r e  control  
was about  0.001 ~ and  the t e m p e r a t u r e  was  k n o w n  
to abou t  0.01~ Above  4.2~ m e a s u r e m e n t s  were  
m a d e  in  a t e m p e r a t u r e  cont ro l led  chamber .  Here  the  
t e m p e r a t u r e  was cont ro l led  to 0.01~ and  spat ia l  
t e m p e r a t u r e  va r i a t ions  w i t h i n  the  c h a m b e r  were  no 
l a rger  t h a n  0.01~ Above  4.2~ the  t e m p e r a t u r e  
was  m e a s u r e d  wi th  a commerc ia l  ca l ib ra ted  ge r -  
m a n i u m  res is tance  t h e r m o m e t e r  1 whose  accuracy  
was  be t t e r  t h a n  0.1 ~  in  the  reg ion  be low 10~ 

The  cr i t ical  magne t i c  field was  f o u n d  to be a 
func t i on  of the  angle  b e t w e e n  the  magne t i c  field and  
the  fi lm (10).  In  fact, for a fi lm in  the  midd le  of a 
t r ans i t ion ,  the  res i s tance  had  a fa i r ly  sharp  m i n i m u m  
as this  angle  w e n t  t h r o u g h  zero (whi le  the  t e m p e r a -  
t u r e  was  held  cons t an t ) .  Therefore ,  al l  m e a s u r e -  
me n t s  r epor ted  here  were  made  wi th  the  magne t i c  
field pa ra l l e l  to the  film. This  max imizes  the  ob-  

served He. The  m a g n e t i c  fields were  ob ta ined  wi th  a 
supe r c onduc t i ng  solenoid,  and  the  field was  pa ra l l e l  

to the  m e a s u r i n g  cur ren t .  

1 T e x a s  I n s t r u m e n t s  t y p e  RT104 .  
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T e m p e r a t u r e  d e r i v -  
a t i v e  of  the  
r e s i s t i v i t y  

dp F i l m  
R e s i s t i v i t y  - -  [10 -8 o h m - c m / ~  t h i c k n e s s  

p~S~K[10 -6 o h m - c m ]  dT t, A. 

C r i t i c a l  
t e m p  

To, ~  

T r a n s i t i o n  
w i d t h  
AT, ~  

Pure  bulk  Ta 

Evapora ted  Ta 

Spu t te red  Ta 
Pure  bu lk  Nb 
Evapora ted  Nb 
Evapora ted  Nb 
Evapora ted  Nb 
Evapora ted  Nb 
Evapora ted  Nb 
Evapora ted  Nb 
(cold subs t ra te)  
Evapora ted  Nb 
Spu t te red  Nb 

L 

13.7# 5.05 oo 4.48* 
19.2 5.77 2500 
21.2 6.11 3460 4.30 
21.2 6.07 1100 4.19 
52.2 5.39 1400 3.25 
14.6## 5.42 ~ 9.46" * 
16.9 5.45 6000 9.11 
19.1 5.47 1800 
21.6 5.86 2050 8.81 
24.2 6.31 760 
25.4 6.18 420 8.12 
25.7 6.50 3200 8.64 

28.2 6.45 340 
62.4 6.87 1800 

0.002 

0.07 
0.15 

0.04 

0.07 

0.21 
0.09 

6.70 0.70 

# R e f .  (9); # # r e f .  (1O); * r e f .  (18); * * r e f .  (14). 

Exper imenta l  Results 

Evaporated and sputtered tantalum and niobium 
films.--Data a re  p r e s e n t e d  in  T a b l e  I for  f i lms b e -  
t w e e n  340 and  6000A th ick .  T h e y  ind i ca t e  t h a t  t he  
r o o m  t e m p e r a t u r e  r e s i s t i v i t y  of t he  e v a p o r a t e d  t a n -  
t a l u m  a n d  n i o b i u m  f i lms r anges  f r o m  1.2 to  2.0 pb, 
w h e r e  Pb is the  b u l k  r e s i s t iv i ty .  The  s p u t t e r e d  f i lms 
have  va lue s  w h i c h  a r e  c o n s i d e r a b l y  h i g h e r  ( a b o u t  
4 Pb). E l e c t r o n  d i f f rac t ion  ana lys i s  of t he  s p u t t e r e d  
fi lms r e v e a l e d  t ha t  t h e y  s t i l l  h a v e  the  s t r u c t u r e  of 
t he  b u l k  m a t e r i a l  w i t h  no o the r  phase  de t ec t ab l e .  

The  t e m p e r a t u r e  d e r i v a t i v e  of t he  r e s i s t i v i t y  
dp/dT, is t a k e n  f r o m  the  r a n g e  in  w h i c h  the  r e s i s -  
t i v i t y  is l i n e a r l y  d e p e n d e n t  on t e m p e r a t u r e  (78 ~ 
300~  I t  is i n t e r e s t i n g  to no te  t ha t  g e n e r a l l y  dp/dT 
a p p e a r s  to go up  w i t h  i nc r ea s ing  r e s i s t i v i ty .  T h e  in -  
c rease  for  dp/dT is p a r t i c u l a r l y  n o t i c e a b l e  for  t he  
n i o b i u m  films, bo th  e v a p o r a t e d  and  spu t t e r ed .  This  
v a r i a t i o n  is s o m e w h a t  u n e x p e c t e d  fo r  t he  e v a p o r a t e d  
n i o b i u m  and  t a n t a l u m  films. M a t t h i e s s e n ' s  r u l e  
shou ld  ho ld  f a i r l y  w e l l  in  th is  r e s i s t i v i t y  range ,  a n d  
i t  shou ld  not  m a k e  a n y  d i f fe rence  w h e t h e r  t h e  
l a r g e r  r e s i s t i v i t y  v a l u e s  of t he  e v a p o r a t e d  f i lms 
a r e  caused  b y  i n t e r s t i t i a l  impur i t i e s ,  s t ra in ,  o r  c r y s -  
t a l l i ne  i m p e r f e c t i o n s  (13) .  H o w e v e r ,  a l t h o u g h  i t  does  
no t  s e e m  l ike ly ,  t he  p o s s i b i l i t y  canno t  be  r u l e d  ou t  
t h a t  some of th is  v a r i a t i o n  in dp/dT m a y  be  due  to 
t h e  p u r e l y  g e o m e t r i c a l  effects  due  to cav i t i e s  f o r m e d  
d u r i n g  depos i t ion .  

The  c r i t i ca l  t e m p e r a t u r e  of t he  t a n t a l u m  and  n io -  
b i u m  films dec reases  w i t h  i nc rea s ing  r e s i s t i v i t y  and  
in  g e n e r a l  t he  t r a n s i t i o n  w i d t h  AT becomes  b r o a d e r  
( T a b l e  I ) .  This  is r e a s o n a b l e  if  t he  l a r g e r  va lue s  
for  the  r e s i s t i v i t y  a r e  a s s u m e d  to be  caused  b y  a 
h i g h e r  con ten t  of impur i t i e s .  I t  has  been  s h o w n  b y  
a n u m b e r  of  au tho r s  t h a t  dop ing  of b u l k  t a n t a l u m  
(14, 15) and  n i o b i u m  (16) w i t h  i n t e r s t i t i a l  i m p u r i -  
t ies  l eads  to l o w e r  c r i t i ca l  t e m p e r a t u r e s  and  b r o a d e r  
t r a n s i t i o n  wid ths .  U s u a l l y  t he  r e s i s t ance  ra t io ,  
F ~ R300oK--RN/RN, is u sed  as a m e a s u r e  of t h e  
p u r i t y ,  w h e r e  RN is t h e  n o r m a l  r e s i s t ance  of t h e  s a m -  
p le  j u s t  a b o v e  the  t r a n s i t i o n  to t he  s u p e r c o n d u c t i n g  
s ta te .  

The  ra t io  1 ~ is u sed  as a m e a s u r e  of p u r i t y  and  
" p e r f e c t n e s s "  of  t h e  s a m p l e  be c a use  i t  is p r o p o r t i o n a l  
to the  l o w - t e m p e r a t u r e  e l e c t r o n  m e a n  f r ee  pa th .  
This  is on ly  s t r i c t l y  t rue ,  h o w e v e r ,  in s a m p l e s  w h e r e  
M a t t h i e s s e n ' s  r u l e  holds ,  b u t  even  in t he  p r e s e n t  
films, i t  is a f a i r  a p p r o x i m a t i o n .  The  c r y s t a l l i t e  size 
in t hese  fi lms was  f o u n d  to be  s m a l l e r  t h a n  the  t h i c k -  
ness.  Thus  the  e l ec t ron  m e a n  f ree  p a t h  in t hese  f i lms 
is no t  l i m i t e d  b y  su r f ace  s c a t t e r i ng  b u t  r a t h e r  b y  
g r a i n  b o u n d a r y  or  i m p u r i t y  sca t t e r ing ,  j u s t  as in a 
b u l k  s a m p l e  of e q u i v a l e n t  g r a i n  size, p u r i t y ,  and  
de fec t  concen t r a t ion .  

In  Fig.  2 and  3 t he  c r i t i ca l  t e m p e r a t u r e s  Tc of t he  
p r e s e n t  f i lms a r e  p lo t t e d  as a func t ion  of l / F ,  and  
the  r e su l t s  a r e  c o m p a r e d  to s tud ies  of b u l k  t a n t a l u m  
and  n i o b i u m  con ta in ing  i n t e r s t i t i a l  i m p u r i t i e s  (15, 
16).  The  s lopes  of  t he  d a t a  for  t he  e v a p o r a t e d  t a n t a -  
l u m  and  n i o b i u m  fi lms a g r e e  qu i t e  w e l l  w i t h  va lue s  
r e p o r t e d  on b u l k  t a n t a l u m  d o p e d  w i t h  s m a l l  
a m o u n t s  of n i t r o g e n  (15) a n d  n i o b i u m  d o p e d  w i t h  
o x y g e n  (16) sugges t i ng  t h a t  in t he  e v a p o r a t e d  f i lms 
the  m e a n  f ree  p a t h  is l i m i t e d  b y  i n t e r s t i t i a l  i m -  
pur i t i e s .  F o r  t he  s p u t t e r e d  t a n t a l u m  and  n i o b i u m  
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fi lms Tc is l a r g e r  t h a n  w o u l d  h a v e  been  e x p e c t e d  
f rom the  d a t a  on b u l k  samples .  

Bo th  p and  r ref lect  t he  b u l k  p r o p e r t i e s  of t he  
films, w h i l e  s u p e r c o n d u c t i v i t y ,  w h e n  m e a s u r e d  r e -  
s i s t ive ly ,  can  be  caused  b y  on ly  a s m a l l  f r a c t i o n  of 
the  sample .  The  b u l k  p rope r t i e s ,  p and  F, of t he  
s p u t t e r e d  fi lms i m p l y  a h i g h e r  i m p u r i t y  and  de fec t  
c o n c e n t r a t i o n  t h a n  w o u l d  be suspec t ed  f r o m  the  Tc 
v a l u e  (Fig .  2 and  3).  This  r e s u l t  sugges t s  a n o n u n i -  
fo rm d i s t r i b u t i o n  of the  c o n t a m i n a n t s  and  i m p e r f e c -  
t ions  in t h e  s p u t t e r e d  films. T h e r e  is some p r e l i m i -  
n a r y  ev idence  f r o m  the  r e s i s t i ve  p r o p e r t i e s  of n io -  
b i u m  and  t a n t a l u m  fi lms t h a t  as t he  s p u t t e r i n g  p r o -  
ceeds less i m p u r i t i e s  a r e  a v a i l a b l e  for  reac t ion .  

A n o t h e r  poss ib l e  i n t e r p r e t a t i o n  of t he se  d a t a  can  
be  e x p r e s s e d  in t e r m s  of t he  two  c o n t r i b u t i o n s  to 
l / r ;  g r a i n  b o u n d a r i e s  and  impur i t i e s .  Bo th  c o n t r i -  
bu t ions  dep re s s  Tc (6, 15, 16),  b u t  t he  m a g n i t u d e  of 
t he  two  effects m a y  be  qu i t e  d i f ferent .  Thus  in t he  
s p u t t e r e d  films, w h e r e  a m a j o r  f r ac t i on  of 1 /F  p r o b -  
a b l y  comes  f rom g r a i n  b o u n d a r i e s ,  t he  T~ dep re s s ion  
could  be  c o n s i d e r a b l y  less t h a n  is e x p e c t e d  f r o m  d a t a  
on T~ dep re s s ion  due  to impur i t i e s .  Bu t  in the  e v a p -  
o r a t e d  films, t he  g r a i n  size is c o n s i d e r a b l y  l a rge r ,  
and  p e r h a p s  g r a i n  b o u n d a r y  s ca t t e r i ng  m a k e s  on ly  
a s m a l l  c o n t r i b u t i o n  to 1/F. This  r ea son ing  is con-  
s i s ten t  w i t h  the  fac t  t h a t  for  our  s p u t t e r e d  films, if 
a l l  of 1 / r  w e r e  due  to n i t r o g e n  or  o x y g e n  doping ,  for  
e x a m p l e ,  w e  w o u l d  h a v e  e x c e e d e d  the  s o l u b i l i t y  
l im i t s  (16) ,  and  a n o t h e r  phase  w o u l d  have  been  d e -  
t ec tab le .  Thus,  w h e r e a s  the  T~ of t he  e v a p o r a t e d  
f i lms can be  e x p l a i n e d  in  t e r m s  of i m p u r i t y  s c a t t e r -  
ing  a lone,  t he  s p u t t e r e d  f i lms cannot .  

The  r e s i s t ance  of  e v a p o r a t e d  t a n t a l u m  and  n io -  
b i u m  fi lms w i t h  t he  h ighes t  t r a n s i t i o n  t e m p e r a t u r e  
has  been  m e a s u r e d  as a f u n c t i o n  of m a g n e t i c  f ield 
at  cons t an t  t e m p e r a t u r e .  H~ is a r b i t r a r i l y  def ined  as 
t h a t  f ield w h i c h  r e s to re s  50% of t he  n o r m a l  r e s i s t -  
ance,  and  i t  is p l o t t e d  as a func t ion  of t e m p e r a t u r e  
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on Fig.  4 and  5. Also  shown  a re  the  fields r e q u i r e d  
to r e s to re  10% and  90% of t he  n o r m a l  res i s tance .  
F i g u r e s  4 a n d  5 show t h a t  even  the  p u r e s t  e v a p o r a t e d  
n i o b i u m  and  t a n t a l u m  films h a v e  c r i t i ca l  f ields w h e n  
l i n e a r l y  e x t r a p o l a t e d  to a b s o l u t e  zero,  w h i c h  a r e  an  
o r d e r  of m a g n i t u d e  or  m o r e  h i g h e r  t h a n  those  r e -  
p o r t e d  for  t he  p u r e  b u l k  m e t a l s  (18, 19).  The  m e a s -  
u r i n g  c u r r e n t  d e n s i t y  was  t he  s ame  as the  one 
used  for  t he  d e t e r m i n a t i o n  of t he  c r i t i ca l  t e m p e r a -  
t u r e  w i t h o u t  m a g n e t i c  field (200 a m p / c m 2 ) .  T h e r e  
a r e  some d i f fe rences  to be  no ted  b e t w e e n  the  cu rves  
for  t a n t a l u m  and  n iob ium.  The  t r a n s i t i o n  of the  
t a n t a l u m  f i lm r e m a i n s  v e r y  s h a r p  d o w n  to 3.2~ 
w h i l e  the  t r a n s i t i o n  of t he  n i o b i u m  fi lm becomes  
less s h a r p  at  v e r y  s m a l l  fields. H o w e v e r ,  b e l o w  3 ~  
the  r e s i s t ance  t r a n s i t i o n  for  t he  t a n t a l u m  fi lms b e -  
.gins to broaden, especially for the region R/RN > 0.5 
until the normal state resistance is restored. This 
behavior is in qualitative agreement with data ob- 
tained on extremely pure bulk tantalum (19). It 
seems likely that broadening of the resistance transi- 
tion will also occur for niobium films at higher mag- 
netic fields which, unfortunately, were not available 
for the present study. 
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I t  has  p r e v i o u s l y  been  found  t h a t  t in  f i lms w h i c h  
have  been  e v a p o r a t e d  t h r o u g h  m e c h a n i c a l  m a s k s  
h a v e  s lop ing  edges,  r e s u l t i n g  in  b r o a d e r  r e s i s t ance  
t r a n s i t i o n s  and  h i g h e r  c r i t i ca l  f ields t h a n  those  f o u n d  
for  fi lms w i t h  s h a r p  edges  (20) .  This  effect was  
e v i d e n t  in  t he  p r e s e n t  f i lms also. The re fo re ,  w e  
t r i m m e d  the  edges  of t he  fi lms a w a y  w i t h  a spec ia l  
r u l i n g  engine .  F o r  compar i son ,  in Fig.  6 the  c r i t i ca l  
f ield of an u n t r i m m e d  n i o b i u m  fi lm is p l o t t e d  as a 
func t ion  of t e m p e r a t u r e .  A l t h o u g h  the  c r i t i ca l  t e m -  
p e r a t u r e  at  zero  field is i den t i ca l  w i t h  t h e  v a l u e  for  
the  t r i m m e d  n i o b i u m  f i lm (Fig .  5) t he  c r i t i ca l  field 
r i ses  f a s t e r  w i t h  dec r ea s ing  t e m p e r a t u r e  and  the  
r e s i s t ance  t r a n s i t i o n s  b e c o m e  much  b r o a d e r .  

F i g u r e  7a shows  the  r e s i s t ance  t r a n s i t i o n s  of the  
p u r e s t  t a n t a l u m  fi lm (edges  t r i m m e d )  as a func t ion  
of t he  m e a s u r i n g  c u r r e n t  for  T = 1.98~ A t  th is  
t e m p e r a t u r e  t he  t r a n s i t i o n  cu rves  w e r e  c o m p l e t e l y  
r e v e r s i b l e  up  to 20,000 a m p / c m  2. The  g e n e r a l  b e -  
h a v i o r  w a s  qu i t e  s i m i l a r  to t h a t  r e p o r t e d  for  cold  
ro l l ed  a l loys  of t r a n s i t i o n  m e t a l s  (21) .  Tha t  is, a t  
low c u r r e n t  dens i t i e s  ( < 1 0 0  a m p / c m  2) t he  c r i t i ca l  
field, He(j), a p p e a r s  to be  i n d e p e n d e n t  of t he  m e a s -  
u r i n g  cu r ren t ,  w h i l e  above  1000 a m p / c m  2 the  c r i t i ca l  
f ield beg ins  to d e c r e a s e  s l o w l y  (7 ) .  The  s igni f icance  
of these  and  the  fo l lowing  r e su l t s  w i t h  r e s p e c t  to 
s u p e r c o n d u c t i n g  f i l aments  w i l l  be  d i scussed  la te r .  

S e v e r a l  He(j) curves ,  (no t  s h o w n  h e r e )  a b o v e  the  
~,-point of l i qu id  he l ium,  2.2~ h a d  the  s a m e  g e n -  
e r a l  shape  as t h a t  of t he  cu rve  p r e s e n t e d  in Fig .  7b. 
H o w e v e r ,  J o u l e  h e a t i n g  of t he  s a m p l e  a f t e r  s w i t c h -  
ing to t he  n o r m a l  s t a t e  was  o b s e r v e d  a t  t e m p e r a t u r e s  
a b o v e  the  ~,-point for  c u r r e n t  dens i t i e s  >5000 a m p /  
cm e. This  caused  the  s a m p l e  to a s s u m e  t e m p e r a t u r e s  
h i g h e r  t h a n  the  h e l i u m  b a t h  a f t e r  t he  s a m p l e  was  
s w i t c h e d  no rma l .  The  h e a t i n g  r e s u l t e d  in d i s c o n t i n u -  
ous ly  sha rp  t r a n s i t i o n s  on i nc rea s ing  H, and  i n s t a -  
b i l i t y  and  hys t e r e s i s  on de c r e a s ing  H. F i g u r e  8a 
g ives  t r a n s i t i o n  cu rves  for  t h e  t a n t a l u m  fi lm be fo re  
i ts edges  h a d  b e e n  r e m o v e d .  F o r  v e r y  s m a l l  c u r r e n t  
dens i t i e s  the  t r a n s i t i o n  is f a i r l y  sha rp ,  and  Hc is 
qu i t e  l a r g e  ( a b o u t  7H~b c o m p a r e d  to 3H~b for  the  
t r i m m e d  f i lm) .  F o r  the  r a n g e  20-2000 a m p / c m  2, 
b r o a d  t r a n s i t i o n s  w e r e  ob ta ined ,  b u t  the  s ame  " u p p e r  
p o i n t "  can be  o b s e r v e d  for  a l l  t h r e e  curves .  F o r  
20,000 a m p / c m  2 and  more ,  th is  s a m p l e  also shows 
sharp ,  u n s t a b l e  t r a n s i t i o n s  on i nc r e a s ing  the  m a g -  
ne t ic  field due  to J o u l e  hea t ing ,  and  i n s t a b i l i t y  and  
hys t e r e s i s  on d e c r e a s i n g  H. The  He va lues  a b o v e  c u r -  
r en t  dens i t i es  of 2000 a m p / c m  2 a r e  c o m p a r a b l e  to 
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those m e a s u r e d  for the  t r i m m e d  films at 3.89~ 
(Fig. 8b) .  

Since magne t i c  fields H > 6.5 k Oe were  no t  a v a i l -  
able, a s tudy  of the  cr i t ical  field vs. the  m e a s u r i n g  
c u r r e n t  for the  pu re s t  n i o b i u m  film be low 6.6~ was  
no t  possible. 

Reactively  sputtered compounds of tantalum and 
niobium.--During the  spu t t e r ing  process in  an  a rgon  
a tmosphere ,  impur i t i e s  can be incorpora ted  into r e -  
f rac to ry  me ta l  films. This effect has been  u t i l i zed  in  
a de l ibe ra te  m a n n e r  for p roduc ing  t a n t a l u m  and  
n i o b i u m  compounds  w i t h  ca rbon  or n i t rogen .  This  is 
done by  i n t roduc ing  smal l  quan t i t i e s  of m e t h a n e  or 
n i t r ogen  in to  the ine r t  gas glow discharge.  The  r e -  
sults  on the  res is t ive  and  s t r u c t u r a l  p roper t ies  of 
these compounds  have  been  repor ted  e l sewhere  (8) .  
S t r u c t u r a l  e x a m i n a t i o n  of t a n t a l u m  films spu t t e red  
in  a pa r t i a l  m e t h a n e  a tmosphe re  ind ica ted  on ly  one 
t a n t a l u m  carbide,  TaC, above the  so lub i l i ty  l imi t  of 
ca rbon  in  t a n t a l u m .  The  t a n t a l u m  carbide  fi lm has  
a sodium chlor ide s t ruc tu re  which  is iden t ica l  w i th  
tha t  r epor ted  for the b u l k  m a t e r i a l  (22).  The  b u l k  
TaC has a wide  homogene i ty  r ange  ( f rom 36.7 to 
47.6 a /o  [a tomic  per  c e n t ] )  r e su l t i ng  in  a s t rong de-  
pendence  of the  supe rconduc t i ng  t r ans i t i on  t e m p e r a -  
t u r e  u p o n  the  ca rbon  concen t ra t ion .  Cri t ical  t e m -  
pe ra tu res  f rom 1.5 to 9.5~ have  b e e n  repor ted  p re -  
v ious ly  for the b u l k  ma te r i a l  (23).  The resul t s  in  
Table  II ind ica te  t ha t  a 990A spu t t e red  t a n t a l u m  
carbide  film has a Tc of 5.09~ ind ica t ing  tha t  the  
ca rbon  concen t r a t i on  in  the  film is p r o b a b l y  wel l  be -  
low the  s to ichiometr ic  composit ion.  

E lec t ron  diffract ion ana lys i s  of t a n t a l u m  films 
spu t t e red  in  a pa r t i a l  n i t r o g e n  a tmosphere  r evea led  
tha t  wi th  increas ing  n i t r o g e n  concen t r a t i on  two 
s table  compounds  of t a n t a l u m  and  n i t r ogen  were  
formed.  The hexagona l  s t ruc tu re  of the Ta2N film is 
ident ica l  w i th  tha t  fo rmed  for b u l k  Ta2N (24).  The 
sodium chloride s t r uc tu r e  of the  h igher  n i t r i de  film 
differs f rom tha t  p rev ious ly  descr ibed  for b u l k  TaN 
(25).  However ,  this  s t ruc tu re  is c o m m o n  for com-  
pounds  of t r a n s i t i o n  meta l s  and  n i t r ogen  (26).  Bu lk  
hexagona l  Ta2N and  TaN were  found  to be n o n -  
supe rconduc t ing  down  to 1.5~ (27, 28). The  same 
resu l t  was  ob ta ined  for the  spu t t e red  Ta2N films 
(Tab le  I I ) ,  which  showed no supe rconduc t i v i t y  
above 1.2~ The  TaN films revea led  a behav io r  d i f -  
f e ren t  f rom tha t  of b u l k  TaN, as ind ica ted  in  Tab le  
II. They  became supe rconduc t i ng  wi th  a cr i t ical  
t e m p e r a t u r e  of about  4.84~ This va lue  is suffi- 

Table II. Superconducting transition temperatures of tantalum 
compounds 

F i l m  C r i t i c a l  R e s i s t i v i t y ,  
t h i c k n e s s ,  t e m p e r a t u r e ,  p2~sox • 106 

S a m p l e  t [ A] Tc [ ~  o h m - c m  

Bulk TaC ~ 9.5-1.5 30.0-170 
Sputtered TaC 947 5.09 177.5 
Bulk Ta2N ~ No s.c. - -  
Sputtered Ta2N 1200 No s.c. 245* 
Bulk TaN (h.c.p.) ~ No s.c. - -  
Sputtered TaN (f.c.c.) 1200 4.84 245* 

* The  e l ec t r i ca l  r e s i s t i v i t y  of s p u t t e r e d  Ta~l~ a n d  TaN f i lms  was  
f o u n d  to  be  i d e n t i c a l  w i t h i n  10% (6). 

THIN FILMS OF Nb, Ta 941 

ciently close to the critical temperature of pure 
tantalum to suspect that the superconductivity of the 
TaN film might be caused by a small amount of 
tantalum. This is not very likely since the electron 

diffraction analysis of this sample did not indicate 
a second phase, and if there were a small amount of 
another phase present, one would expect nonsuper- 
conducting Ta2N rather than tantalum. The broad- 
ness of the transition suggests that the TaN films are 
rather impure or have a nitrogen content, similar to 
the TaC film, that is below the stoichiometric com- 
position. The fact that the sputtered TaN shows 
superconductivity while the bulk material does not 
is probably related to the difference in structure 
found for the two materials, a behavior which has 
also been found for bulk NbN (29). Preliminary re- 
sults indicate that niobium nitride films sputtered in 
a partial nitrogen atmosphere have the NaCl-type 
structure of NbN Ill and not that of the hexagonal 
modification of NbN I (29). The sputtered NbN films 
become superconducting in the range between 6 ~ 
and 9~ depending on the partial nitrogen pressure 
during sputtering. The values for Tc are somewhat 
lower than those reported for bulk NbN III (30-33), 
but lower values have also been reported for NbN 
Ill with nitrogen deficiency (34). 

Discussion and Conclusions 

It has been found that tantalum and niobium films 
can be obtained which have critical temperatures 
comparable to values reported for pure samples of 
the bulk metals (Table I), without reducing the 
vacuum in the evaporator during deposition to a 
very low value. It seems to be sufficient to keep a 
favorable balance between the residual gas pressure 
and the deposition rate. Due to the bake-out of the 
electron beam evaporator the residual gas pressure 
during evaporation was at least one order of magni- 
tude lower than in conventional vacuum stations 
(35). It appears from the higher resistivity and the 
lower critical temperatures observed for thinner 
evaporated films that in spite of the use of a shutter 
for establishing equilibrium conditions the films be- 
low 1000A have a higher impurity and defect con- 
tent or smaller grain size than thicker films. There 
is preliminary evidence that the purity of the evapo- 
rated tantalum and niobium films depends strongly 
on the deposition rate. Higher deposition rates than 
have been used for the present experiments might 
well result in purer films for the thickness range 
below 1000A if the residual pressure can be kept low 
enough. Due to the slightly higher residual gas pres- 
sure during sputtering and the much slower rate of 
deposition the sputtered niobium and tantalum films 
show values for resistivity and critical temperature 
which are, respectively, much higher and much 
lower than those observed on samples of the bulk 

metals. 

A compar i son  of the  p re sen t  Tc vs. 1 / r  curves  wi th  
da ta  r epor ted  for samples  of the  b u l k  meta l s  (doped 
wi th  smal l  quan t i t i e s  of gaseous impur i t i e s )  shown 
in  Fig. 2 and  3 indica tes  tha t  even  the  pu res t  evapo-  
ra ted  films con ta in  a concen t r a t i on  of in t e r s t i t i a l  
impur i t i e s  of the  order  of 0.5 a/o.  These  impur i t i e s  
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and  imper fec t ions  appear  to be i nhomogeneous ly  d is -  
t r i b u t e d  in  these films since they  seem to b r e a k  up 
the  samples  into a n e t w o r k  of supe rconduc t i n g  fi la-  
men t s  which  pers is t  at magne t i c  fields m u c h  h igher  
t h a n  the  b u l k  cr i t ical  field (Fig. 4 and  5).  Such a be -  
havior  is in  ag r eemen t  w i th  resul t s  found  on i m p u r e  
samples  of b u l k  t a n t a l u m  and  n i o b i u m  (14, 16). Bu t  
it should  be no ted  tha t  w h e n  1/1~ is as large as it  is 
for the  p resen t  films, supe rconduc t ing  f i laments  can 
be ene rge t i ca l ly  f avorab le  even  wi thou t  pos tu la t ing  
inhomogene i t i e s  (36).  

I t  is no t  c lear  at  p r e sen t  how the  f i laments  form 
and  where  they  are located. I t  can be said, however ,  
tha t  for an  u n t r i m m e d  film at low c u r r e n t  densi t ies  
and  large  magne t i c  fields, the  f i laments  are in  the 
ex t r eme  edges (see Fig. 5, 6, and  8b) .  A l though  the  
cr i t ical  field was not  m e a s u r e d  as a func t ion  of the 
c u r r e n t  dens i ty  for the n i o b i u m  films, the  resu l t s  
descr ibed  in  Fig. 5 and  6 for the  pu res t  n i o b i u m  
film before  and  af ter  t r i m m i n g  indica te  tha t  the  
edges are  respons ib le  for the  h igher  va lues  of 
dH~/dT in  the  u n t r i m m e d  film, at j ~ 200 a m p / c m  2. 
At  cu r r en t  densi t ies  j > 1000 a m p / c m  2 the  t a n t a l u m  
film wi th  u n t r i m m e d  edges shows va lues  for the 
cr i t ical  field which  are abou t  the same as the ones 
observed  on the  t r i m m e d  film. This  indica tes  a s a t u -  
ra t ion  of the f i laments  a long the edges of the  u n -  
t r i m m e d  film. Above  1000 a m p / c m  2 bo th  types  of 
films seem to ca r ry  the supe rconduc t ing  c u r r e n t  by  
the  f i l amen ta ry  n e t w o r k  in  the  in ter ior .  W h e n  the 
c u r r e n t  dens i ty  is ra ised by  four  orders  of m a g n i -  
tude  the cr i t ical  field for the t r i m m e d  t a n t a l u m  film 
decreases by  only  15% at 1.98~ as wel l  as at 
3.89~ Such a behav io r  suggests  e i ther  a h igh  
f i lament  dens i ty  or u n i f o r m  cr i t ical  fields for the 
f i laments .  The broad  res i s tance  t r ans i t i ons  (Fig. 7a) 
even  for low cu r r en t  densit ies,  however ,  wou ld  i n -  
dicate  a r a t h e r  b road  d i s t r i bu t ion  of cr i t ical  fields 
for the f i laments  in  the evapora ted  t a n t a l u m  film. I t  
is ev iden t  tha t  cons ide rab ly  more  w o r k  on pu re  
t a n t a l u m  and  n i o b i u m  films is needed  before  the  
ques t ion  abou t  the o r ig in  of the  f i laments  can  be 
answered  sat isfactori ly.  
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ABSTRACT 

Rare earth elements, neodymium, gadolinium, samarium, cerium, erbium, 
and yt terbium, in compounds and alloys with Group V elements arsenic and 
an t imony and Group VI elements se lenium and te l lur ium have been studied. 
The properties discussed include carrier concentrat ion and carrier mobility, 
electrical and thermal  conductivity,  and thermoelectric power as functions of 
tempera ture  and composition. Several  suggested applications uti l izing these 
materials  are presented. 

The resul t s  of a p rev ious  exp lo ra to ry  inves t iga t ion  
of the  proper t ies  of r a r e  ea r th  i n t e rme ta l l i c  com-  
pounds  ind ica ted  tha t  ce r ta in  of the  compounds  were  
semiconductors  or were  ma te r i a l s  which  possessed 
in te res t ing  and  po t en t i a l l y  use fu l  e lect r ical  p r op -  
ert ies (1) .  The s tudy  of the e lect r ical  proper t ies  of 
r a re  ea r th  i n t e rme ta l l i c  compounds  has b e e n  con-  
t i n u e d  wi th  the specific object ive  be ing  to inves t i -  
gate, sys temat ica l ly ,  the  e lect r ical  p roper t i es  of i n -  
t e rme ta l l i c  compounds  fo rmed  b e t w e e n  the  ra re  
ea r th  e l ements  and  the  e l emen t s  of chemical  Groups  
VA or VIA (arsenic ,  an t imony ,  se len ium,  and  t e l l u -  
r i u m ) .  I t  is i n t e n d e d  t h a t  the  basic  i n f o r m a t i o n  ob-  
t a ined  in  this  i nves t iga t ion  wi l l  m a k e  possible the  
u l t i m a t e  d e v e l o p m e n t  of usefu l  so l id-s ta te  e lect ronic  
devices based on these  mater ia l s .  

Cons ide r ing  tha t  there  are 14 ra re  ea r th  ele-  
ments ,  tha t  i n f o r m a t i o n  ob ta ined  in  the ea r ly  work  
po in ted  to the exis tence  of severa l  compounds  in  
each of the  systems,  and  tha t  at least  four  meta l lo id  
species are involved,  the  n u m b e r  of possible  com-  
pounds  in  the  sys tems u n d e r  cons idera t ion  is seen  to 
be e x t r e m e l y  large.  To u n d e r t a k e  inves t iga t ion  of all  
of the compounds  wou ld  cons t i tu te  a p roh ib i t i ve ly  
large task. Therefore ,  a sys temat ic  su rvey  p r o g r a m  
cal l ing for s tudy  of selected, r ep re sen t a t i ve  com-  
pounds  was  u n d e r t a k e n .  Ava i l ab l e  i n f o r m a t i o n  on 
the chemis t ry  of the  r a re  ea r th  e lements  was  u t i l ized 
in  the  select ion of r e p r e s e n t a t i v e  compounds  for 
s tudy  as is r evea led  in  the  discussion to follow. Since 
in  the in i t i a l  exp lo ra to ry  s tudy  (1) ,  the  more  i n t e r -  
es t ing electr ical  proper t ies  were  observed  for the 
selenides  and  te l lur ides ,  in i t i a l  and  ma jo r  por t ions  
of this  i nves t iga t ion  were  devoted  to s tudy  of these 
compounds  and  the i r  alloys. 

Pertinent Rare-Earth Chemistry 
In  discussions of the  chemis t ry  of the ra re  ear th  

e lements ,  the  s imi l a r i t y  of the i r  behav io r  and  the 
p r e d o m i n a n c e  of the  t r ipos i t ive  ox ida t ion  state are 
of ten stressed, thus  c rea t ing  popu la r  misconcept ions .  
As shown  in  Tab le  I, o ther  i m p o r t a n t  ox ida t ion  
s ta tes  also are observed  for a n u m b e r  of the  e le-  
ments .  Convers ion  to the  diposi t ive  or t e t rapos i t ive  
s tate  is, in  fact, u t i l ized  in  effecting the  chemical  

Table I. Oxidation states and electronic configurations of 
rare earth elements 

K n o w n  Cor responding  
oxida t ion  4f electronic 

Element  s ta tes  configurat ions  

La 3 4f ~ 
Ce 3-4 4fl-4f ~ 
Pr  3-4 4f2-4f 1 
Nd 3 4f 3 
(Pm) 3 4f 4 
Sm 2-3 4f 6 4f 5 
Eu 2-3 4fT-4f 6 
Gd 3 4f 7 
Tb 3-4 4fs-4f 7 
Dy 3 4f 9 
Ho 3 4f 1~ 
Er 3 4f 11 
Tm 2-3 4f13-4f 12 
Yb 2-3 4f14-4f 13 
Lu 3 4f 14 

separa t ion  of some e lements  f rom ( n a t u r a l l y  occur-  
r i ng )  mix tu res .  Hence  it is a p p a r e n t  t ha t  severa l  
types  of chemica l  behav io r  of the r a re  ea r th  e le-  
m e n t s  m u s t  be cons idered  if one is to s tudy  r e p r e -  
sen ta t ive  r a re  ea r th  mater ia l s .  

A m o n g  the t r ipos i t ive  ions, h igh s tab i l i ty  is as-  
sociated w i t h  the  e lectronic  conf igura t ions  of the  
La 8+, Gd 3+, and  Lu  ~ + ions in  which  the 4f levels  are 
empty ,  half- f i l led,  and  filled, respect ively .  The di -  
posi t ive  and  t e t rapos i t ive  ox ida t ion  states of the  
ne ighbor ing  ra re  ea r th  e l ements  (Tab le  I) appear  to 
arise as a resu l t  of approach  to, or ach ievemen t s  of, 
the  s iable  4f ~ 4f 7, and  4f 14 configurat ions.  A m o n g  
these, the disposi t ive states of s a ma r i um,  eu rop ium,  
and  y t t e r b i u m ,  and  the  t e t rapos i t ive  s ta te  of ce r ium 
are the more  i m p o r t a n t ;  the  cor responding  states of 
t hu l i um,  p r a se odymi um,  and  t e r b i u m  appear  to be  
less s table  and  are observed  on ly  u n d e r  special  con-  
dit ions.  

W i t h i n  a g iven  class of compounds ,  it is r easonab le  
to expect  t ha t  d i f ferent  charac ter is t ics  wi l l  be ob-  
t a ined  as the  chemical  n a t u r e  of the  r a re  ea r th  e le-  
m e n t  changes.  Accordingly ,  r a re  ear th  e l ements  were  
selected f rom the  th ree  types  noted.  Neodymium,  
gado l in ium,  and  e r b i u m  were  chosen as r e p r e s e n t a -  
t ives of the  " r egu la r "  ra re  ea r th  e l ements  which  ex -  
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hib i t  on ly  the t r ipos i t ive  ox ida t ion  state.  S a m a r i u m  
and  y t t e r b i u m  were  selected for s tudy  as r e p r e s e n t a -  
t ives  of the  e l ements  which  exh ib i t  bo th  diposi t ive  
and  t r ipos i t ive  states. Compounds  of ce r ium were  
also p r epa red  and  s tud ied  since this  e l emen t  ex-  
hibi ts  bo th  the  t r ipos i t ive  and  t e t rapos i t ive  states. 

A n o t h e r  factor  which  one migh t  expect  to w a r -  
r a n t  cons idera t ion  is the  possible effect of the  l a n -  
t han ide  cont rac t ion .  The  decrease in  a tomic  and  ionic 
radi i  wi th  progress ion  t h rough  the  ra re  ear th  series 
ce r t a in ly  produces  an  effect on proper t ies  of the e le-  
men t s  and  compounds .  However ,  resu l t s  ind ica te  
this to be of secondary  impor t ance  among  the  effects 
and  p h e n o m e n a  no ted  and  discussed. 

Experimental Procedures 
C o m p o u n d  synthes is  which  has been  descr ibed  

p rev ious ly  in  deta i l  (1-3)  was accompl ished by  
means  of so l id -vapor  reac t ion  b e t w e e n  t u r n i n g s  or 
filings of the  ra re  ear th  meta l s  and  the  des i red m e t a l -  
loid e l ements  in vapor  form. The  g r a n u l a r  mater ia l s ,  
so prepared ,  were  s u b s e q u e n t l y  me l t ed  and  d i rec-  
t iona l ly  crys ta l l ized in  t a n t a l u m  conta iners .  In  the  
case of the  r a re  ear th  arsenides ,  this  was  no t  possible,  
however ,  because  of the h igh me l t i ng  points  e n -  
countered .  Bu lk  spec imens  of these l a t t e r  compounds  
were  p r epa red  by  powder  me ta l l u rg i ca l  techniques ,  
i.e., by press ing  (100,000 psi)  and  s in t e r ing  (2000 ~ 
2500~ 1/2-1 h r )  the  g r a n u l a r  mate r ia l .  S ing le  c rys -  
ta l  spec imens  of the r a re  ear th  monose len ides  a nd  
mono te l lu r ides  were  ob ta ined  by  the  d i rec t iona l  
f reezing technique .  Spec imens  of r a re  ea r th  se lenides  
and  te l lu r ides  w i th  composi t ions  in  the  r ange  M3X4 
to MfX3 were  po lycrys ta l l ine ,  con ta in ing  crys ta l l i tes  
wi th  m i n i m u m  d imens ions  of about  0.4 cm. 

In  genera l ,  the  s t anda rd  grades of r a re  ear th  m e t -  
als r ead i ly  ava i lab le  f rom commerc ia l  sources were  
ut i l ized.  In  severa l  cases, however ,  some f u r t h e r  
pur i f ica t ion  of the  meta l s  was  accomplished.  

As can be seen in  Tab le  II, where  da ta  on sup -  
p l iers '  typ ica l  ana lyses  and  ana lyses  of the  specific 
lots of meta l s  u t i l ized are t abu la t ed ,  p u r i t y  of the  
s t a n d a r d  grade  of ra re  ea r th  meta l s  is low (99 + % ) ,  

r e la t ive  to the usua l  s t anda rds  for e lect ronic  m a -  
terials .  In  meta l s  as reac t ive  as the  r a re  earths,  one 
migh t  t end  to be conce rned  first abou t  the  concen -  
t r a t ions  of oxygen  and  other  gaseous impur i t i es .  I t  
can be no ted  t ha t  oxygen  concen t ra t ions  are, i n -  
deed, high. However ,  the concen t ra t ions  of severa l  
of the meta l l i c  impur i t i e s  (e.g., t a n t a l u m ,  calcium, 
iron, and  copper)  also are high,  be ing  in  aggregate  
of comparab le  m a g n i t u d e  on an a tom f rac t ion  basis. 
Thus,  the impor t ance  of oxygen  as an  i m p u r i t y  in  
the compounds  m a y  not  surpass  tha t  of the meta l l ic  
impur i t ies .  

As is shown in  the first th ree  en t r ies  in Tab le  III, 
s ignif icant  pur i f ica t ion  of s a m a r i u m  me t a l  was 
achieved by  v a c u u m  dis t i l l ing  the  me ta l  and  con-  
dens ing  the p roduc t  at a t e m p e r a t u r e  be low its m e l t -  
ing point .  Concen t ra t ions  of the meta l l i c  impur i t i e s  
calcium, magnes ium,  and  m o l y b d e n u m  were  sha rp ly  
reduced  by  the process. However ,  no difference was 
detected b e t w e e n  the e lectr ical  p roper t ies  of SmAs 
p r e p a r e d  f rom the  as - rece ived  me ta l  and  tha t  p r e -  
pared  f rom the pur i f ied metal .  On the o ther  hand,  
differences were  no ted  b e t w e e n  the e lect r ical  p rop -  
ert ies  of NdfTe3 spec imens  p r epa red  f rom dif ferent  
lots of n e o d y m i u m  meta l :  N d - I  and  N d - I I  (see 
Table  I I I ) .  The spec imens  p r e p a r e d  f rom N d - I  me ta l  
were  cons i s t en t ly  p - type ,  p r e s u m a b l y  because  of the 
ca lc ium a n d / o r  t a n t a l u m  present ,  whereas  the speci-  
mens  con ta in ing  N d - I I  me t a l  we re  cons i s ten t ly  
n - t ype .  

The se len ium,  t e l l u r i um,  arsenic,  and  a n t i m o n y  
used to synthes ize  the  compounds  were  of h igher  
p u r i t y  (at  least  99.99 + %)  t h a n  the  ra re  ea r th  m e t -  
als. The c o n t r i b u t i o n  of charge carr iers  f rom these 
sources is, therefore ,  be l ieved  to be negl ig ib le  wi th  
respect  to (i) those f rom impur i t i e s  p resen t  in  ra re  
ea r th  e lements ,  (it) those f rom impur i t i e s  i n t ro -  
duced in the  course of syn thes i s  of the  compounds ,  
and  (ii i)  those ar i s ing  as resul t s  of dev ia t ions  f rom 
s toichiometry .  

Elec t r ica l  m e a s u r e m e n t s  were  made  on spec imens  
cut  or c leaved f rom the var ious  ingots.  P a r a l l e l e -  
p ipeds  were  shaped by  l app ing  the  spec imens  wi th  

Table II. Typical analyses of rare earth metals (a) 

I m p u r i t y  concen t r a t i ons ,  p p m ,  i n  i n d i c a t e d  m e t a l  

I m p u r i t y  
e l e m e n t  Ce Nd Sm Gd Er Yb 

Ta ~1000 800-1000 100-1000 ~300 N2200 .--1000 
Ca 200-500 200-500 100-1000 ~100 i000-2000 100-1000 
Mg 300-1000 ~i00 i0-i0,000 - -  - -  ~100 
Fe 300-3000 200-500 ~300 ~1000 - -  N300 
Ni - -  ~-,100 N200 ~1000 ,-~1000 400-1000 
Cu - -  ~2000 ~I00 ~i00 - -  I0 
A1 - -  ~500 NI00 - -  - -  - -  
Si - -  ~i00 ~100 ~I00 - -  - -  
Other rare 
earth ele- 
ments ~1000 ~250 200-1000 ~700 ~2000 (Tm) ~i000 

02 500-2000 1000-2000 500-2500 1000'-2800 ~1200 - -  
N2 50 - -  - -  20 - -  - -  
Total 3350-8500 5250-7050 1700-6400 (b) 4300-6100 7400-8400 2900-4400 

(a) Resu l t s  d e r i v e d  f r o m  s u p p l i e r ' s  t y p i c a l  ana ly se s  a nd  ana ly se s  of specific lo ts  u t i l i z e d  are  g iven .  R a n g e s  of i m p u r i t y  c o n c e n t r a t i o n s  
g i v e n  reflect  v a r i a t i o n  of v a l u e s  f r o m  s a m p l e  to  sample ,  lo t  to lot ,  a n d  s u p p l i e r  to  s u p p l i e r  for  t he  sub j ec t  me ta l .  Me ta l s  we re  o b t a i n e d  
f r o m  L i n d s a y  C h e m i c a l  D i v i s i o n  of A m e r i c a n  P o t a s h  a n d  C h e m i c a l  Corpo ra t ion ,  M i c h i g a n  C h e m i c a l  Corpo ra t ion ,  N u c l e a r  C o r p o r a t i o n  of 
Amer ica ,  a n d  K l e b e r  Labora to r i e s .  

(b) E x c l u d i n g  m a g n e s i u m .  
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I m p u r i t y  e l e m e n t s  d e t e c t e d ,  p p m  b y  w e i g h t  

T o t a l  
M a t e r i a l  Ca M g  Si  N i  F e  M n  Cu  A1 02 M o  T a  d e t e c t e d  

Sm, as-received 500 ~10,000 5 - -  5 20 10 <10 - -  2000 ,~104 .~12,000 (a) 
Sin, distilled, condensed as 

l iquid 10 5 10 - -  10 50 100 <10 - -  20 <105 205 (a) 
Sm, redistilled, condensed 

as solid 10 10 10 - -  20 10 50 10 - -  10 ~104 130 (a) 
Nd-I  300 - -  500 - -  - -  - -  1000 - -  800 2600 
Nd-II  ND (b) - -  500 - -  - -  - -  1000 - -  ND ~1700 

(a) E x c l u d i n g  t a n t a l u m .  
(b> N D ,  n o t  de t ec t ed ,  < 1 0 0  p p m .  

600-gr i t  SiC paper .  Both the  cu t t ing  and  l app ing  
were  done in  a d ry  s ta te  since the  compounds ,  in  
general ,  t end  to hydrolyze .  Ohmic  contacts  were  
made  by  app ly ing  i n d i u m  solder w i th  an  u l t r ason ic  
tool. 

The appa ra tu s  used for h i g h - t e m p e r a t u r e  (to 
1300~ res i s t iv i ty  and  Seebeck  coefficient m e a s u r e -  
men t s  u t i l ized  sp r ing - loaded  pressure  contacts.  The 
spec imens  were  held be tween  p l a t i n u m  end  plates  
which  served as s a m p l e - c u r r e n t  contacts.  P l a t i n u m -  
p l a t i n u m  10% r h o d i u m  thermocouples ,  or C h r o m e l -  
A l u m e l  thermocouples ,  were  u t i l ized  as c u r r e n t  
leads and  to d e t e r m i n e  t e m p e r a t u r e s  at  the  ends  of 
the specimens.  Po in t  contacts  of p l a t i n u m  or Chro-  
reel were  pressed aga ins t  a face of the  spec imen  for 
r e s i s t i v i ty -vo l t age  measu remen t s .  Al l  h i g h - t e m p e r a -  
tu re  e leetr ieal  m e a s u r e m e n t s  were  made  in  v a e u u m  
at r es idua l  pressures  in  the  r ange  1 x 10 -5 to 1 x 10 -4 
m m  Hg. This  was found  to be necessa ry  in  an  ea r ly  
stage of the  s tudy  of the  se lenides  and  te l lur ides .  At  
pressures  grea te r  t h a n  --10 -4 m m  Hg, i r r eve r s ib l e  
changes  in  e lectr ical  p roper t ies  of specimens,  p r e -  
s u m a b l y  resu l t ing  f rom oxida t ion  of the mater ia l s ,  
were  observed  to occur. At  pressures  less t h a n  ~10  -4 
m m  Hg, r ep roduc ib le  resul t s  were  obta ined.  

Experimental Results and Discussion 

Selenides and tel lurides.--Temperature-composi-  
t ion  re la t ionsh ips  and  crys ta l  s t ruc tu res  (2 -5) ,  de-  
t e r m i n e d  in  connec t ion  wi th  s tudies  of e lectr ical  
proper t ies  of r a re  ea r th  selenides  and  te l lur ides ,  i n -  
dicate t ha t  four  b i n a r y  c rys ta l l ine  phases  p r o b a b l y  
exist  in  each of the  systems. This  is in  gene ra l  agree -  
m e n t  w i th  the  w o r k  of others  (6-10) .  There  are the  
compounds  of the  Types  MX, MX,2, and  MX4, a nd  the  
M~X4-M2X3 type,  wh ich  is a single,  c rys ta l l ine  phase  
pers i s t ing  t h rough  the  ind ica ted  composi t ion  range.  
The resul t s  of r a t h e r  ex tens ive  w o r k  w i th  the  Gd-Te ,  
Nd-Te ,  Gd-Se ,  Nd-Se ,  Ce-Te,  and  Ce-Se  sys tems i n -  
dicate tha t  the four  phases  exist  in  the  sys tems con-  
t a i n ing  these  ra re  ea r th  e l ements  wh ich  r ead i ly  ex-  
h ib i t  the  h igher  ( t r ipos i t ive  and  t e t rapos i t ive )  oxi -  
da t ion  states. Ev idence  of possible dev ia t ion  f rom 
this  gene ra l  p ic tu re  is the  no ted  (3, 4) a p p a r e n t  i n -  
s tab i l i ty  of the h igher  selenides  and  te l lu r ides  
(M2X3) of the r a re  ea r th  e lements ,  s a m a r i u m  and  
y t t e r b i u m ,  which  exh ib i t  a h igh ly  s table  d ipos i t ive  
ox ida t ion  state and  therefore  m a y  not  r ead i ly  as-  
sume the  higher ,  ox ida t ion  states. S imi l a r  behav io r  
has been  noted  also in  the case of the  n o r m a l l y  t r i -  

posi t ive  e l emen t  e rb ium.  Rou t ine  a t t empt s  to p r e -  
pare  the M2X3 compounds  of s amar ium,  y t t e r b i u m ,  
and  e r b i u m  ge ne r a l l y  have  y ie lded  po lyphase  speci-  
mens  in  which  the  m a j o r  phase  is the  fcc MX com-  
pound.  

In  the m a j o r i t y  of the  systems,  on ly  two of the 
four  c rys ta l l ine  phases have  been  s tud ied  i n t e n -  
sively.  These are the  MX compounds  and  the  M3X4- 
M2X3 phases,  which  exh ib i t  good t h e r m a l  s tab i l i ty  
and  can  be crys ta l l ized  f rom the mel t ,  and  thus  
r ead i ly  can be p r e p a r e d  and  studied.  I n  contras t ,  i t  
is found  tha t  the  h igher  selenides  and  te l lu r ides  
(MX2 and  MX4) evolve s e l e n i u m  and  t e l l u r i u m  w h e n  

heated,  at t e m p e r a t u r e s  wel l  be low the i r  me l t i ng  
points .  Because  of this  poor t h e r m a l  s tabi l i ty ,  these  
compounds  have  been  p r epa red  in  a tmospheres  of 
meta l lo id  vapors,  a nd  s tudies  of these ma te r i a l s  have  
been  res t r ic ted  to the  l o w - t e m p e r a t u r e  (be low 
~ 4 0 0 ~  range.  

Monoselenides and monotellurides (Nd, Gd, Er, 
Sm, and  Y b ) . - - T h e  monose len ides  a nd  m o n o t e l l u -  
r ides of the  r a re  ear th  e l emen t s  cons t i tu te  a f ami ly  
of r e f r ac to ry  mater ia l s ,  the  m e m b e r s  of which  pos-  
sess a va r i e t y  of e lect r ical  p roper t ies  (3) .  I t  is seen 
tha t  the  compounds  all  c rys ta l l ize  in  a fcc, NaC1 
s t ruc tu re  a nd  have  me l t i ng  poin ts  i n  the  r ange  
1700~176 

I n  t e rms  of the i r  e lectr ical  proper t ies ,  these  m a -  
ter ia ls  fa l l  into two genera l  classes: one class which  
wi l l  be r e fe r red  to as type  II  consists of compounds  
of r a r e  ea r th  e lements  which  n o r m a l l y  exh ib i t  a 
s tab le  diposi t ive  ox ida t ion  state, such as s a m a r i u m  
and  y t t e r b i u m ;  the  o the r  class wh ich  wi l l  be r e -  
f e r red  to as type  I I I  inc ludes  compounds  of r a re  
ea r th  e l ements  which  n o r m a l l y  exhib i t  a t r ipos i t ive  
ox ida t ion  state, such as n e o d y m i u m ,  gado l in ium,  
and  e rb ium.  The type  II  compounds  exh ib i t  r e l a t ive ly  
h igh  res is t iv i t ies  (>100 o h m - c m ) ,  l a rge  nega t ive  
t e m p e r a t u r e  coefficients of res i s tance  (nega t ive  
TCR) ,  and  have  low r o o m - t e m p e r a t u r e  f r e e - c a r r i e r  
concen t ra t ions  (1015-10~7/cm~). The  type  I I I  com-  
pounds  exh ib i t  v e r y  low res is t iv i t ies  (10 -5 to 10 -4 
o h m - c m ) ,  posi t ive  TCR's,  and  appea r  to be degen -  
e ra te  semiconductors ,  or  me ta l l i c  in  na t u r e .  

F igu re  1 shows the  t e m p e r a t u r e  dependence  of 
the e lectr ical  res i s t iv i ty  of va r ious  SmSe  specimens.  
This  m a t e r i a l  is charac ter ized  as n - t y p e  w i th  room-  
t e m p e r a t u r e  res i s t iv i ty  of abou t  2000 o h m - c m  and  
ca r r i e r  concen t r a t i on  of abou t  10~5/cmS. A l though  
samples  h a v i n g  res is t iv i t ies  which  devia te  f rom the  
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Fig. 1. Resistivity as a function of temperature for n-type SmSe 
samples: �9 sample 70; /% sample 75; El, sample 72; ~ ,  sample 
15A; ~ ,  sample 1SB; X, sample 55. 
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Fig. 2. Resistivity as a function of temperature for p-type 
specimens of YbTe and YbSe: [] ,  YbTe-3; �9 YbSe-i6B; A ,  
YbSe-16A. 

more  typ ica l  va lues  in  the l o w - t e m p e r a t u r e  r a nge  
can be prepared ,  (e.g., spec imens  15B and  55 in  
Fig. 1) the  differences u sua l l y  can be ra t iona l ized  
by  po in t ing  up  obvious addi t ions  of impur i t i e s  or 
defects (e.g., by  dev ia t ion  f rom s to ich iomet ry)  in  
subs t an t i a l  amounts .  S ing l e - c ry s t a l  spec imens  ex -  
h ib i t  e lectr ical  proper t ies  not  m a t e r i a l l y  di f ferent  
f rom those of po lyc rys t a l l i ne  specimens.  

Hal l  da ta  also ind ica te  la rge  t e m p e r a t u r e  de -  
pendences  sugges t ing  a conduc t ion  m e c h a n i s m  i n -  
vo lv ing  the  t h e r m a l  ac t iva t ion  of charge  carr iers .  
The fact tha t  the  h i g h - t e m p e r a t u r e  e lectr ical  p r op -  
ert ies  are the same for so m a n y  samples  p r epa red  
u n d e r  a va r i e t y  of condi t ions  (e.g., wi th  bo th  purif ied 
and  as - rece ived  samar ium,  wi th  both excesses and  
deficiencies of s amar ium,  and  wi th  addi t ions  of 
chemical  impur i t i e s )  suggests  tha t  the observed 
conduc t iv i ty  charac ter is t ics  m a y  be in t r ins ic  to the 
mater ia l .  Magnet ic  suscept ib i l i ty  s tudies  (10) sug-  
gest that ,  for the  compounds  con ta in ing  diposi t ive  
me ta l  ions, the th i rd  va lence  e lect rons  are h igh ly  
localized in  4f levels. S a m a r i u m  in  SmSe a p p a r e n t l y  
shows a + 2  oxida t ion  state  because  the  th i rd  n o r -  
ma l l y  ava i lab le  va lence  e lec t ron  tends  to reside in  a 
4f level  in  an  a t t empt  to achieve a s table  ha l f - f i l led  
4f 7 conf igura t ion  (see Table  I) .  Hence,  the ac t iva t ion  
ene rgy  for conduc t ion  g iv ing  rise to pae ~ ev/kT m a y  
be associated wi th  an  e lec t ron  t r ans i t i on  f rom a 4f 
level  to a 5d or 6s conduc t ion  b a n d  as suggested by  
McClure  (11) for the r a re  ear th  monosulf ides.  If 
classical semiconduc tor  theory  is applied,  the for -  
b idden  ene rgy  gap, E~, is ca lcula ted  to be about  0.72 
ev for SmSe, as d e t e r m i n e d  f rom the l imi t ing  slope 
in Fig. 1. However ,  an  in t r ins ic  conduc t ion  m e c h a n -  
ism other  t h a n  n o r m a l  ac t iva t ion  f rom a va lence  
b a n d  to a conduc t ion  b a n d  m a y  be operable .  

In  cont ras t  to the n - t y p e  SmSe, the  monose len ides  
and  mono te l lu r ides  of y t t e r b i u m  have  exh ib i ted  hole 
conduc t ion  p r e s u m a b l y  as a resu l t  of the presence  of 
p - t y p e  impur i t i e s  or la t t ice  defects b e h a v i n g  as ac-  

ceptor sites. F igu re  2 shows the  t e m p e r a t u r e  d e p e n d -  
ence of res i s t iv i ty  for p - t y p e  YbSe and  YbTe speci-  
mens.  The  two YbSe spec imens  have  ca r r i e r  concen -  
t r a t ions  on the order  of 4 x 101~ per  cm 3, w i th  the  
hole mobi l i t ies  be ing  on the  order  of 0.3 cm2/vol t  - 
sec. Ac t iva t i on  energies  of 0.17 and  0.3 ev can  be cal-  
cu la ted  f rom the  da ta  (p~e O.17/kT a nd  ,ooe.e 0"3/kT) in  
the r ange  300~176  for YbSe  spec imen 16B and  
YbTe spec imen  3, respect ively ,  aga in  a s suming  tha t  
classical semiconduc tor  theo ry  is appl icable .  At  
h igher  t empera tu re s ,  the  da ta  ind ica te  the  poss ib i l i ty  
of approach  to an  i n t r i n s i c - c o n d u c t i o n  r ange ;  h o w -  
ever,  a slope is no t  wel l  defined, and  the spec imen  is 
sti l l  p - t y p e  at l 1 3 0 ~  (as d e t e r m i n e d  f rom the  sign 
of the  the rmoelec t r i c  pow e r ) .  

In  the case of the  Type  III  compounds ,  such as 
NdSe and  the mono te l l u r ide s  of Nd, Gd, a nd  Er, the 
above descr ibed e lec t ron  t r a n s i t i o n  f rom a 4f level  to 
a conduc t ing  state appears  to occur r ead i ly  at all  
t e m p e r a t u r e s  above 4~ It is no ted  tha t  these  ra re  
ea r th  e l ements  n o r m a l l y  exh ib i t  on ly  the  + 3  ox ida -  
t ion state. In  cont ras t  wi th  the  Type  IT compounds ,  
these Type  III  compounds  exh ib i t  low r o o m - t e m -  
p e r a t u r e  resis t ivi t ies ,  in  the  10 -5 to 10 -4 o h m - c m  
range,  and  posi t ive t e m p e r a t u r e  coefficients of r e -  
sistance,  as is shown  for the  n e o d y m i u m ,  gado l in ium,  
and  e r b i u m  compounds  in  Tab le  IV and  for GdTe  in  
Fig. 3. Also car r ie r  concen t ra t ions  in  these mater ia l s ,  
which  are all  n - t y p e ,  are a p p a r e n t l y  v e r y  large;  es- 
t imates  of the concen t ra t ions  fal l  i n  the  r ange  1021 
to 1022 per  cm s. The  source of these  carr iers  is be -  
l ieved to be the excess va lence  e lect rons  c on t r i bu t ed  
by  the  some 2 x 1022 ra re  ea r th  a toms per  cm 3 in  the  
lattice.  

As has been  noted,  the Type  II ra re  ea r th  m o n o -  
selenides  and  mono te l l u r ide s  exh ib i t  l a rge  TCRs, 
coupled wi th  good h i g h - t e m p e r a t u r e  s tabi l i ty .  In  
addi t ion,  as seen in  the  p r e p a r a t i o n  of SmSe,  p rop -  
ert ies can be reproduced  read i ly  w i thou t  close con-  
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Table IV. Room-temperature electrical properties of selenides and tellurides 

H a l l  coeffi- C a r r i e r  Seebeck  (a> 
S y n t h e t i c  R e s i s t i v i t y ,  c ient ,  RI~, H a l l  m o b i l i t y ,  concen t r a t i on ,  coefficient ,  

c o m p o s i t i o n  p, o h m - c m  c m 3 / c o u l o m b  ~, cmS/v-sec  n, cm -~ a, ~ v / ~  

Ce2Se3 3.3 X 10 -3 --0.01 3.7 5.3 X 1020 --57 
Ce2Te8 145 --315 - -  - -  - -  
Gd3Se4 1.1 X 10 -3 Negat ive  - -  - -  --14 
Gd2Se3 1.3 X 10 -3 Negat ive  - -  - -  --7 
Nd3Te4 3.5 X 10 -4 Negative - -  - -  --20 
Gd~Te4 4.6 X 10 -4 Negat ive  - -  - -  - -  
Er~Te4 2.8 X 10 -4 Negat ive  - -  - -  - -  
Nd2Te3 0.31 +1.15 5 4.2 X 1018 +180 
Nd2Te3 1.2 X 10 -3 --0.008 6 8 X I0 ~~ --30 
Nd2Te3 22 Negat ive  - -  - -  --260 
Gd2Te3 1.9 X 10 -2 +0.34 18 1.9 X 1019 +190 
Gd2Te3 1.5 X 10 -2 +0.16 11 4 X 1019 +160 
Gd2Te3 2.0 >< 10 -3 --0.11 55 5.7 X 1019 ~L8 O 
Gd2Te3 8.1 X 10 -8 --0.3 40 2 X 1019 --60 
GdTe2 (mel t -  

grown) 5.5 X 10 -2 Posi t ive - -  - -  - -  
GdTe2 (vapor-  

grown) 1.79 + 2  1.3 2.7 >/ 1018 
CeSe2 292.0 Posi t ive 0.4 5 X 1018 +90 

(a) Seebeck  coeff icient  v a l u e s  we re  d e t e r m i n e d  a t  t e m p e r a t u r e s  20~176 a b o v e  r o o m  t e m p e r a t u r e .  

t ro l  ove r  p r e p a r a t i o n  methods .  Thus,  these  m a t e r i a l s  
a re  of in t e res t  as the  ac t i ve  m a t e r i a l s  of  t h e r m i s t o r s  
and r e l a t ed  devices .  P o t e n t i a l  dev ice  appl icat ions ,  
the  p rope r t i e s  of a l loys  of T y p e  II w i t h  the  T y p e  I I I  
compounds ,  and the  e lec t r i ca l  conduc t ion  process  in 
the  al loys h a v e  b e e n  discussed p r e v i o u s l y  (12) .  

M3X4-M2X~ selenides and tellurides (Nd, Gd, and 
Ce) . - - R a r e  e a r t h  se len ide  and t e l l u r ide  compos i t ions  
r ang ing  f r o m  MsX4 to M2Xs, in w h i c h  the  r a r e  ea r th  
e l e m e n t  is one n o r m a l l y  exh ib i t i ng  a s table  + 3  o x i -  
da t ion  state,  h a v e  b e e n  obse rved  to h a v e  good 
t h e r m a l  s tab i l i ty  and to c rys ta l l i ze  in e i the r  a bcc 
t h o r i u m  phosph ide  s t r u c t u r e  or  an o r t h o r h o m b i c  
s t ruc ture .  The  l o w e r  a tomic  n u m b e r  r a r e  e a r t h  e l e -  
men t s  f o r m  phases  w h i c h  exh ib i t  the  ThsP4- type  
s t ruc ture .  For  e l emen t s  of h i g h e r  a tomic  n u m b e r  
than  about  60 ( n e o d y m i u m ) ,  the  t e l lu r ides  assume 
the  l ower  s y m m e t r y  s t ruc tu re .  The  se lenides  of r a r e  
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Fig. 3. Resistivity as a function of temperature for various 
nominal Gd-Te and Nd-Te compositions. 

ea r th  e l emen t s  h e a v i e r  t han  g a d o l i n i u m  a p p a r e n t l y  
c rys ta l l i ze  in  t he  o r t h o r h o m b i c  s t ruc tu re .  De ta i l s  of 
obse rva t ions  on this  sub jec t  h a v e  been  g iven  in ora l  
p r e sen t a t i on  e l s e w h e r e  (4) .  

F i g u r e  3 shows the  t e m p e r a t u r e  d e p e n d e n c e  of 
r e s i s t iv i ty  for  Gd2Te3 and GdsTe4 composi t ions  wh ich  
c rys ta l l i ze  in the  o r t h o r h o m b i c  s t ruc tu re .  F o r  the  2-3 
compos i t ion  bo th  p -  and  n - t y p e  conduc t ion  a re  ob-  
s e rved  w i t h  ca r r i e r  concen t ra t ions  in the  r a n g e  
1 x 1019 to 6 x 1019/cm 8. The  top c u r v e  of Fig.  3 is for  
a spec imen  w h i c h  is p - t y p e  at low t e m p e r a t u r e s  and 
crosses o v e r  to n - t y p e  at abou t  900~ as d e t e r m i n e d  
by  the  sign of the  t h e r m o e l e c t r i c  power .  This  sample  
was  s ingle  phase  ( the  o r t h o r h o m b i c  s t r u c t u r e )  m a -  
ter ia l ,  wh ich  by chemica l  ana lys is  was  found  to con-  
ta in  ~0.9  w / o  excess t e l l u r i um .  A b o v e  900~ the  
n e g a t i v e  t e m p e r a t u r e  coefficient of r e s i s t iv i ty  sug-  
gests the  onse t  of in t r ins ic  conduc t ion  w i t h  
p oc eO.7/2k T, for  kT  expres sed  in e l ec t ron  volts.  

W i thou t  except ion ,  spec imens  of the  3-4 compos i -  
t ion  are  n - t y p e  w i t h  f ree  e l ec t ron  concen t r a t ions  in 
the  r ange  102~ to 1022/cm 3 and  RH~r va lues  < 1 cm2/  

vo l t - sec .  I t  is no ted  tha t  i f  the  r a re  e a r t h  e l emen t s  
are  p re sen t  as t r i v a l e n t  ions, it is poss ible  t ha t  each 
m o l e c u l a r  un i t  could con t r i bu t e  a f r ee  conduc t ion  
e lec t ron .  A t  100% ioniza t ion  of the  r a r e  ea r th  e l e -  
ments ,  abou t  4 to 8 x 1021 e l e c t r o n s / c m  3 w o u l d  be 

ava i l ab l e  for  conduct ion.  

As is shown in Fig. 3 and  Tab le  IV ( in  w h i c h  the  
p rope r t i e s  of r e p r e s e n t a t i v e  spec imens  a re  g i v e n ) ,  
co r r e spond ing  composi t ions  con ta in ing  n e o d y m i u m  
or o the r  r a r e  e a r t h  e l emen t s  exh ib i t  p rope r t i e s  
wh ich  a re  g e n e r a l l y  s imi l a r  to those  of t he  gado -  
l i n i u m  compounds .  

I t  is w o r t h y  of  no te  tha t  the  M2X3 composi t ions  
exh ib i t  r a t h e r  typ ica l  s emiconduc t ing  proper t ies ,  
be ing  ob t a inab l e  as bo th  n -  and p - t y p e  m a t e r i a l s  
and possessing h i g h e r  res i s t iv i t i es  and  h i g h e r  ca r r i e r  
mobi l i t ies ,  and,  in the  case of Gd2Te8 a t  least ,  s h o w -  
ing the  a p p a r e n t  onset  of in t r ins ic  conduc t ion  at  
h i g h e r  t e m p e r a t u r e s .  On the  o ther  hand,  for  the  
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M3X4 composit ions,  no ind ica t ion  of a t h e r m a l l y  ac-  
t iva ted  conduc t ion  process has been  ob ta ined  f rom 
res i s t iv i ty  da ta  t a k e n  as a f unc t i on  of t e m p e r a t u r e  in  
the r ange  77~176 re l i ab le  Hal l  da ta  could no t  
be ob ta ined  at  the  gene ra l l y  h igh car r ie r  concen t r a -  
t ions. Both  the  res i s t iv i ty  and  Seebeck coefficient for 
these ma te r i a l s  show a t e m p e r a t u r e  dependence  t ha t  
appears  s imi la r  to tha t  of a metal .  

The compounds  which  crysta l l ize  in the Th3P4 
s t ruc tu re  m a k e  up  a f ami ly  of mater ia l s ,  m e m b e r s  of 
which  are of in te res t  as the rmoe lec t r i c  ma te r i a l s  for 
power  genera tors  opera ted  at h igh  t empera tu re s .  
The Th3P4 s t ruc tu re  is b o d y - c e n t e r e d - c u b i c  w i th  28 
at. per  u n i t  cell. The MeX3 composi t ions  are cons id-  
ered to have  a defect  Th3P4 s t ruc tu re  w i th  16 an ions  
per  u n i t  cell and  10 2/3 ra re  ea r th  a toms per  u n i t  
cell d i s t r i bu t ed  at  r a n d o m  over  12 e q u i v a l e n t  sites. 
As add i t iona l  r a re  ea r th  a toms are added, these  
vacan t  sites are p rogress ive ly  filled u n t i l  the M3X4 
composi t ion  is a t ta ined ,  cor responding  to all  sites 
filled. 

At  the  2-3 composi t ion,  fo rmal  charge ba lance  
p reva i l s  if the  r a re  ea r th  e l emen t  assumes  a t r i -  
posi t ive state. At  the 3-4 composit ion,  as m a n y  as 4 
excess va lence  e lect rons  are ava i l ab le  per  u n i t  cell, 
or a p p r o x i m a t e l y  6 x 1021 e l e c t r o n s / c m  3. 

One m a y  ad jus t  the car r ie r  concen t ra t ion ,  wi th  
a co r respond ing  change  in  the vacancy  c o n c e n t r a -  
t ion, by  chang ing  the composi t ion  of the  compound  
in  the r ange  M3X 4 to M2X3. Hence,  the  va lues  of 
electr ical  res i s t iv i ty  and  Seebeck coefficient m a y  be 
ad jus ted  to opt imize the the rmoe lec t r i c  figure of 
mer i t  Z = a2/Kp, where  a is the Seebeck coefficient 
and  K is the  t h e r m a l  conduc t iv i ty .  The ca r r i e r  con-  
cen t r a t i on  also m a y  be adjus ted ,  w i thou t  a change  
in  the vacancy  concent ra t ion ,  by  rep lac ing  ra re  
ea r th  e l ements  wi th  d i v a l e n t  a lka l ine  ea r th  e le -  
ments ,  such as b a r i u m  or s t ron t ium.  

The r ange  of composi t ions  of in te res t  is shown in  
Fig. 4, us ing  the C e - S r - S e  sys tem as an  i l lus t ra t ion .  
In  ana lyz ing  series of spec imens  at  poin ts  a long the  
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Table V. Thermoelectric data for representative rare earth 
compounds and alloys 

1.2 
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X ~  

Fig. 4. Boundary conditions of interest for rare-earth compound 
and alloy compositions. 

K(a), 
S y n t h e t i c  cr w a t t /  Z T  

c o m p o s i t i o n  T,  ~  p, o h m - c m  / ~ v / d e g  c m - d e g  (es t . )  

Ce2.72Se4 298 8.0 • 10 -8 0.024 

Ce2.4Sr0.6Se4 298 1.1 • 10 -8 --48 0.021 
1300 4.0 • 10 -3 --200' 0.015 0.9 

Ce2.sBa0.sSe4 298 8.0 • 10 -4 --35 0.024 
1300 1.7 • 1.0 -3 --140 0.026 0.6 

Ce2.sSr0.sTe4 298 1.1 • 10 .-3 --40 0.020 
1300 4.0 X 10 -3 --210 0.0,15 1.0 

Nd2.76Te4 298 1.4 • 10 -3 --40 0.014 
1300 7.5 • 10 -8 --240 0.009 1.1 

(~) T h e r m a l  c o n d u c t i v i t y ,  K, a t  1 3 0 0 ~  ~ a s  c a l c u l a t e d  a s  K = ~e lee  

-~- Kph, w h e r e  Kelec = L T / p ,  L : - -  - -  Kph ( a t  1 3 0 0 ~  = - -  Kph 
3 e ' 2 

( a t  298~ a n d  Z T  = a~r/~p. 

two bold- face  l ines  s t a r t ing  w i th  the 3-4 composi t ion  
and  progress ive ly  rep lac ing  c e r i u m  atoms wi th  va -  
cancies or s t r o n t i u m  atoms, e lect r ical  res i s t iv i ty  and  
Seebeck coefficient of the  spec imens  increase  in  a 
r egu la r  m a n n e r .  This  suggests  tha t  car r ie r  concen-  
t r a t i on  decreases as the  r a re  ea r th  a toms are  r e -  
placed or as the concen t r a t i on  of excess va lence  elec-  
t rons  is decreased.  I n  the l imi t ed  n u m b e r  of cases in  
which  Hal l  effect could be measured ,  car r ie r  concen-  
t r a t ions  g iven  by  1/RHe were  in  fair  a g r e e m e n t  wi th  
the ca lcu la ted  n u m b e r  of excess va lence  electrons.  
The most  i n t e re s t ing  composi t ions  for the rmoe lec t r i c  
appl ica t ions  have  been  found  in  the regions of i n t e r -  
sect ion of the  c ross -ha tched  reg ion  w i t h  the  two 
bo ld - face  lines. Ac tua l ly ,  i n t e re s t ing  composi t ions  
would  be expected also w i t h i n  the  c ross -ha tched  r e -  
gion in wh ich  the  n o r m a l l y  v a c a n t  sites of the  2-3 
composi t ion  are filled on ly  pa r t i a l l y  w i th  r a re  ear th  
and  a lka l ine  ea r th  atoms. 

Tab le  V shows the rmoe lec t r i c  da ta  at  298 ~ and  
1300~ for r ep re sen t a t i ve  composi t ions.  The  h igh -  
t e m p e r a t u r e  t h e r m a l  conduct iv i t i es  were  es t imated  
by  cons ider ing  (i)  m e a s u r e d  electr ical  res is t ivi t ies ,  
(it) the W i e d e m a n n - F r a n z  re la t ionship ,  ( i i i )  the 
m e a s u r e d  r o o m - t e m p e r a t u r e  t h e r m a l  conduct iv i t ies ,  
and  ( iv)  h i g h - t e m p e r a t u r e  la t t ice  t h e r m a l  conduc-  
t iv i t ies  deduced f rom observed  t r ends  in  this  p a r a m -  
eter  for CeS-CeeS3 composi t ions  (10) .  Es t imates  ob-  
t a ined  in  this m a n n e r  are be l i eved  to be conse rva -  
tive. In  v iew of the fact  tha t  no serious a t t e m p t  has 
yet  b e e n  made  to opt imize  the  m a t e r i a l  composi -  
tions, it is encou rag ing  tha t  ZT va lues  g rea te r  t h a n  
u n i t y  at  1000~ have  been  a t ta ined .  H i g h - t e m p e r a -  
tu re  figures of m e r i t  of this  m a g n i t u d e  are rare.  
Other  s imi la r  work  repor ted  (13, 14) has b e e n  l imi ted  
to sulfides of r a re  ear ths  w i t h  s t r o n t i u m  or b a r i u m  
doping,  and  es t ima ted  ZT va lues  of u n i t y  have  b e e n  
ob ta ined  wi th  ce r ta in  composi t ions.  I t  has been  ob-  
served tha t  p r e v e n t i o n  of sur face  ox ida t ion  a nd  ap-  
p l ica t ion  of contacts  are more  ser ious p rob l ems  wi th  
the  r a re  ear th  sulfides t h a n  w i th  the  t e l lu r ides  or 
selenides.  

Polyselenides and polyteIlurides.--Although com-  
pounds  of the  type  MX2 and  MX4 t end  to dissociate 
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Table VI. Observed electrical properties of NdAs, GdAs, 
SmAs, and NdSb 

C a r r i e r  
S y n -  Rests-  con-  

t h e t i c  T e m p e r -  t i v i t y ,  M o b i l -  c e n t r a -  S e e b e c k  
S a m -  corn- a tu re ,  p, 1 O - a  i ty, /~,  t ion ,  n, coeff icient ,  

pie  p o s i t i o n  T, ~  o h m - c m  cm~/v-sec  1020 cm -s ce, ~ v / d e g  

42R NdAs 310 0.21 76 4.0 --22 
97 0.12 130 4.2 --8 

42RA NdAs 309 0.155 87 4.7 --9 
102 0.054 270 4.3 --2 

29R NdAs 304 0.142 86 5.2 --11 
106 0.087 140 5.2 --4 

46R NdAs 300 0.15 30 12 --3 

30R GdAs 305 0.12 70 8.0 --13 
110 0.076 90 8.6 --6 

44R SmAs 306 0.19 50 6 --5 
104 0.13 70 7 --2 

47R NdSb 300 0.,076 40 20 
130 0.045 70 20 

at  m o d e r a t e  t e m p e r a t u r e s ,  spec imens  of GdTe2, 
GdTe4 ,and CeSe2 h a v e  been  p r e p a r e d  b y  c r y s t a l l i z a -  
t ion of m e l t s  u n d e r  a t m o s p h e r e s  of t he  m e t a l l o i d  
vapor .  The  GdTe4, so p r e p a r e d ,  was  in the  f o r m  of 
l ea f l e t s  e m b e d d e d  in a m a t r i x  of l o w e r  t e l lu r ides ,  
and  on ly  c r y s t a l  s t r u c t u r e  s tud ies  on this  m a t e r i a l  
w e r e  u n d e r t a k e n .  H o w e v e r ,  p o l y c r y s t a l l i n e  spec i -  
mens  of  GdTe2 and  CeSe2, l a r g e  enough  to p e r m i t  
e l ec t r i ca l  p r o p e r t y  m e a s u r e m e n t s ,  w e r e  syn thes ized .  
In  add i t ion ,  s izab le  s ing le  c r y s t a l s  of GdTe2 w e r e  
p r e p a r e d  b y  a v a p o r  g r o w t h  m e t h o d  in w h i c h  h a l o -  
gens  w e r e  u t i l i zed  to p r o m o t e  t r a n s p o r t  t h r o u g h  the  
v a p o r  phase .  

The  o b s e r v e d  e l ec t r i ca l  p r o p e r t i e s  ( l o w e r  p o r t i o n  
of T a b l e  IV)  i nd i ca t e  t h a t  these  c o m p o u n d s  a l w a y s  
exh ib i t  p - t y p e  conduc t ion ,  w i t h  r e s i s t i v i t i e s  b e i n g  
h igher ,  S e e b e c k  coefficient  g e n e r a l l y  l o w e r  t h a n  
those  of t he  p - t y p e  spec imens  of t he  M2X~ c o m -  
pounds .  The  r e su l t s  for  CeSe2 show a c o m b i n a t i o n  of 
h igh  r e s i s t i v i t y ,  n e g a t i v e  TCR, low c a r r i e r  c onc e n -  
t r a t ion ,  and  low c a r r i e r  mob i l i t y ,  sugges t ing  s i m i -  
l a r i t y  to t he  s a m a r i u m  and  y t t e r b i u m  m o n o s e l e n i d e s  
in  w h i c h  ionic  va l ences  a r e  ba lanced .  In  con t ras t ,  r e -  
s i s t i v i t y  of t h e  d i t e l l u r i d e  of  the  n o r m a l l y  t r i v a l e n t  
g a d o l i n i u m  is low, w h i l e  c a r r i e r  c o n c e n t r a t i o n  is 
h igh  and  the  TCR is pos i t ive .  I t  is t h e r e f o r e  sugges t ed  
t h a t  ionic  va l ences  m a y  be  b a l a n c e d  in  CeSe2, and  
t h a t  an  a p p r e c i a b l e  f r ac t i on  of the  c e r i u m  is p r e s e n t  
in t he  + 4  s ta te .  

Arsenides and antimonides (Nd,  Sm, and G d ) . -  
The  r a r e  e a r t h  e l e m e n t s  fo rm  b i n a r y  c o m p o u n d s  
w i t h  t he  e l e m e n t s  of c h e m i c a l  G r o u p  V, a r sen ic  and  
a n t i m o n y ,  w h i c h  con ta in  n o m i n a l l y  e q u i a t o m i c  p o r -  
t ions  of t he  e l e m e n t s  and  w h i c h  c r y s t a l l i z e  in t he  fcc 
NaC1 s t ruc tu re .  E l ec t r i ca l  p r o p e r t i e s  of r e p r e s e n t a -  
t ive  spec imens  of the  c o m p o u n d s  a r e  shown  in Tab le  
VI. A l l  s p e c i m e n s  m e a s u r e d  h a v e  been  n - t y p e .  I f  
c a r r i e r  concen t r a t i ons  a r e  c a l c u l a t e d  us ing  the  s i m -  
p le  1/RHe re l a t ion ,  w h e r e  RH is t he  Ha l l  coefficient  
and  e the  c h a r g e  on an e lec t ron ,  l a rge  f r e e - e l e c t r o n  
concen t r a t i ons  in the  r a n g e  4 x 1020 to 2 x 1021/cm 3 
a r e  ob ta ined .  Neve r the l e s s ,  the  e l e c t r o n  mob i l i t i e s  
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d e t e r m i n e d  f rom RHcr, w h e r e  ~ is the  e l ec t r i ca l  con-  
duc t i v i t y ,  a re  seen  to be r e l a t i v e l y  la rge .  

The  e l ec t r i ca l  p r o p e r t i e s  of S m A s  p r e p a r e d  us ing  
pur i f i ed  s a m a r i u m  w e r e  f o u n d  to be  s u b s t a n t i a l l y  t he  
s a m e  as  for  S m A s  p r e p a r e d  w i t h  a s - r e c e i v e d  s a -  
m a r i u m  meta l .  Thus,  i t  a p p e a r s  t h a t  i m p u r i t i e s  in i -  
t i a l l y  p r e s e n t  in  t he  c o m m e r c i a l  r a r e  e a r t h  m e t a l s  
a r e  no t  c o n t r i b u t i n g  a s igni f icant  p o r t i o n  of t he  f ree  
ca r r i e r s .  One  can  m a k e  the  s ame  s t a t e m e n t  ( w i t h  
even  g r e a t e r  c e r t a i n t y )  a b o u t  t he  s t a r t i n g  a r sen ic  
used  in t he  p r e p a r a t i o n s .  H o w e v e r ,  these  c o m p o u n d s  
a r e  p r e p a r e d  u n d e r  e x t r e m e l y  seve re  cond i t ions  
(e.g., at  t e m p e r a t u r e s  n e a r  2500~ and  i t  is d i s -  
t i n c t l y  poss ib le  t h a t  e l e c t r i c a l l y  ac t ive  i m p u r i t i e s  
a r e  i n t r o d u c e d  f rom c o m p o n e n t s  of the  s y s t e m  in the  
course  of the  h i g h - t e m p e r a t u r e  p r e p a r a t i o n .  

S p e c t r o g r a p h i c  ana lys i s  of a S m A s  s p e c i m e n  r e -  
v e a l e d  the  p r e s e n c e  of s ign i f ican t  l eve ls  of si l icon,  
t a n t a l u m ,  a n d  coppe r :  c o n c e n t r a t i o n s  of  2000, 2000, 
and  400 p p m  ( a t o m i c ) ,  r e spe c t i ve ly ,  ( c o m p a r e d  w i t h  
a p p r o x i m a t e l y  130, 400, and  60 ppm,  r e spec t i ve ly ,  in 
the  s t a r t i n g  m a t e r i a l s ) .  I f  the  s i l icon and  t a n t a l u m  
act  as donor  impur i t i e s ,  t he  c o n c e n t r a t i o n  of each  
e l e m e n t  could  account  for  abou t  1 x 10 e~ e l e c t r o n s /  
cm ~, w h i c h  is s t i l l  s o m e w h a t  s m a l l e r  t h a n  the  m e a s -  
u r e d  c a r r i e r  c o n c e n t r a t i o n  of th is  p a r t i c u l a r  s a m p l e  
(n ~ 8 x 10e~ The  source  of t a n t a l u m  is no 
d o u b t  t he  t a n t a l u m  tube  w h i c h  ho lds  t he  S m A s  
charge .  The  source  of s i l icon and  copper  m a y  be  the  
quartz" e n v e l o p e  used  in the  p r e p a r a t i o n .  The  ca rbon  
and  o x y g e n  concen t r a t i ons  in th is  s a m p l e  h a v e  not  
been  d e t e r m i n e d .  H o w e v e r ,  i t  a p p e a r s  t h a t  one  m u s t  
look  a t  o t h e r  poss ib i l i t i e s  in  a d d i t i o n  to c h e m i c a l  i m -  
p u r i t i e s  for  t he  o r ig in  of t he  h igh  f r e e - e l e c t r o n  con-  
cen t ra t ions .  

The  r e su l t s  of c h e m i c a l  ana lys i s  of s e v e r a l  N d A s  
spec imens  i nd i ca t e  t h a t  t he  spec imens  t e n d  to be 
a r sen i c  deficient .  F o r  e x a m p l e ,  ana lys i s  of S p e c i m e n  
42RA, w h i c h  was  p r e p a r e d  w i t h  excess  a r sen i c  and  
s u b s e q u e n t l y  s i n t e r e d  in a r sen i c  v a p o r  at  1 a t m  of 
p re s su re ,  gave  a compos i t i on  of NdAs0.994. S p e c i m e n  
46R a p p a r e n t l y  los t  a r sen ic  in  p r e p a r a t i o n ,  going 
f rom a s y n t h e t i c  compos i t i on  of NdAs0.97 to a final  
compos i t ion  of  NdAs0.96. C a r r i e r  concen t r a t i ons  ob -  
t a i n e d  f rom the  e l ec t r i ca l  m e a s u r e m e n t s  on the  two 
spec imens  ( see  T a b l e  VI )  ref lec t  t h e  d i f fe rences  
b e t w e e n  compos i t i ons  of t he  samples ,  sugges t ing  l a t -  
t ice  de fec t s  as one poss ib le  source  of t he  h igh  c a r -  
r i e r  concen t ra t ions .  E v e n  up  to t e m p e r a t u r e s  of 
1200~ no i n d i c a t i o n  is o b t a i n e d  f rom H a l l  effect 
m e a s u r e m e n t s  to sugges t  an  i nc rea se  in c a r r i e r s  due  
to a t h e r m a l l y  a c t i v a t e d  process ,  for  e x a m p l e ,  across  
a f o r b i d d e n  b a n d  gap.  H o w e v e r ,  w i t h  such l a rge  
f r e e - c a r r i e r  concen t r a t i ons  a l r e a d y  p re sen t ,  th is  is 
not  su rp r i s ing .  

F i g u r e  5 shows  the  t e m p e r a t u r e  d e p e n d e n c e  of 
RHr for  these  m a t e r i a l s .  The  l a rge  concen t r a t i ons  of 
c h a r g e d  c a r r i e r s  p r e s e n t  sugges t s  the  poss ib i l i t y  of 
l a r g e  c o n c e n t r a t i o n s  of i o n i z e d  s c a t t e r i n g  cen te r s  
w h i c h  w o u l d  s u p p r e s s  t h e  m o b i l i t y  of e l ec t rons  in 
these  ma te r i a l s .  H o w e v e r ,  us ing  the  s imp le  r e l a t i o n  
RH~ for  mob i l i t y ,  one sees t h a t  th is  is no t  the  case. 
R e l a t i v e l y  h igh  mob i l i t i e s  a r e  ob ta ined ,  be ing  on the  
o r d e r  of 100 c m 2 / v o l t - s e c  for  t he  a r s en ides  a t  r oom 
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Fig. 5. Hall mobility as a function of temperature for n-type 
NdAs ( . . . .  ), GdAs (�9 and NdSb (A) .  

t e m p e r a t u r e ,  w i t h  a t e m p e r a t u r e  d e p e n d e n c e  s u g -  
ges t ing  t h a t  a l a t t i c e  s ca t t e r i ng  m e c h a n i s m  d o m i -  
na tes .  

W o r k  has  been  r e p o r t e d  (15) on the  r a r e  e a r t h  
n i t r i d e s  i n d i c a t i n g  op t i ca l  b a n d  gaps  in these  m a t e -  
r i a l s  of a b o u t  2 ev. Hence ,  as th is  c lass  of  r a r e  e a r t h  
compounds ,  w h i c h  inc ludes  t h e  n i t r ides ,  p h o s -  
ph ides ,  a r sen ides ,  and  a n t i m o n i d e s  is deve loped ,  i n -  
t e r e s t i n g  r e f r a c t o r y  e l ec t ron ic  m a t e r i a l s  for  ac t ive  
dev ice  e l e m e n t s  m a y  be  fo r thcoming .  

Summary  

Ut i l i za t ion  of r e p r e s e n t a t i v e  r a r e  e a r t h  e l e m e n t s  
to fo rm c o m p o u n d s  a n d  a l loys  w i t h  t he  G r o u p  V A  
and  G r o u p  V I A  e l e m e n t s  has  p r o v i d e d  m a t e r i a l s  for  
w h i c h  e l ec t r i ca l  c h a r a c t e r i s t i c s  r a n g e  f rom those  of 
h i g h - r e s i s t i v i t y  s e m i c o n d u c t o r s  to those  of m e t a l l i k e  
conduc tors ,  and  w h i c h  e x h i b i t  e l ec t ron ic  t r a n s p o r t  
p r o p e r t i e s  of bo th  p r a c t i c a l  and  t h e o r e t i c a l  i n t e re s t .  
I t  has  been  f o u n d  t ha t  w i t h i n  a s ingle  sys tem,  MXn, 
of v a r i a b l e  s e l e n i u m  or  t e l l u r i u m  conten t ,  a se -  
quence  of c o m p o u n d s  can  be  fo rmed ,  possess ing  a 
wide  r a n g e  of p rope r t i e s .  In  some r a n g e s  of c o m p o s i -  
t ion,  t he  t r a n s i t i o n  f r o m  one t y p e  of conduc t ion  p r o c -  
ess to a n o t h e r  a p p e a r s  to be  g r a d u a l ,  t hus  p r e s e n t i n g  
the  o p p o r t u n i t y  for  s t u d y  of s u b t l e  d i f fe rences  b e -  
t w e e n  the  ex t r emes .  W h e n  the  changes  in  c o n d u c -  
t i v i t y  m e c h a n i s m  a re  a c c o m p a n i e d  b y  change  in 
s t r uc tu r e ,  t he  o p p o r t u n i t y  exi ts ,  w i t h i n  a s ingle  
b i n a r y  sys tem,  for  a s t u d y  of t he  effects of changes  
in  l a t t i ce  spac ing ,  bond ing ,  a n d  o t h e r  c r y s t a l l i n e  
e n v i r o n m e n t a l  fac tors ,  on the  t r a n s p o r t  p r o p e r t i e s  of 
a solid.  Compl i ca t i ons  r e s u l t i n g  f r o m  c h a n g i n g  
chemica l  spec ies  a r e  avo ided .  Thus ,  t he se  a r e  a t t r a c -  
t ive  sy s t ems  for  s t u d y i n g  i n t e r r e l a t i o n s  b e t w e e n  
c r y s t a l  s t ruc tu re s ,  b a n d  s t ruc tu re s ,  a n d  t r a n s p o r t  
m e c h a n i s m s .  

A l t h o u g h  e l ec t ron ic  g r a d e  r a r e  e a r t h  m e t a l s  a r e  
not  y e t  a v a i l a b l e  a n d  p r o b l e m s  connec t ed  w i t h  con-  
t r o l  of s t o i c h i o m e t r y  r ema in ,  the  e v e n t u a l  u t i l i z a t i on  
of r a r e  e a r t h  c o m p o u n d s  and  a l loys  in  e l ec t ron ic  a p -  

p l i ca t ions  is de f in i t e ly  ind ica ted .  The  G r o u p  V A  
compounds  a p p e a r  to be a class of r e f r a c t o r y ,  m o d e r -  
a t e l y  h i g h - m o b i l i t y  s e m i c o n d u c t o r s  of p o t e n t i a l  i n -  
t e r e s t  for  ac t ive  dev ice  componen t s .  The  MsX4 to 
M2X3 r a r e  e a r t h  se l en ides  a n d  t e l l u r i d e s  show d is -  
t i nc t  p r o m i s e  as t h e r m o e l e c t r i c  m a t e r i a l s  fo r  
p o w e r  g e n e r a t i o n  u t i l i z ing  h i g h - t e m p e r a t u r e  
sources ,  and  the  h i g h - r e s i s t i v i t y  m o n o s e l e n i d e s  and  
m o n o t e l l u r i d e s  m a y  be  u se fu l  in  t h e r m i s t o r s  and  r e -  
l a t e d  devices .  
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ABSTRACT 

The ranges of solid solution of Ga2Te3 and Ga2Se3 in GaSb at 500~ have 
been determined by anneal ing  powdered samples to equi l ibr ium and measur ing  
lattice parameters  by x - r ay  methods. For the GaaTea alloys, periods of an-  
neal ing of up to 12 months were required to give equi l ibr ium conditions. The 
limits of solid solution at 500~ were found to be 36 mole % for Ga2Te3 and 10 
mole % for Ga2Se3. Measurements  of room tempera ture  optical energy gap and 
Hall  coefficient have been made for alloys containing up to 5 mole % chalco- 
genide. Star t ing with p- type  GaSb, the alloys become n - type  wi th  addition 
of very  small  amounts  of chalcogenide, and values of electron concentrat ion of 
up to 4 x 1017/cc and 2 x 1020/cc were found for te l lur ide and selenide alloys, 
respectively. Corresponding min ima  in the values of Eg due to compensation 
were observed. The nonstoichiometry at low concentrat ions of chalcogenide 
which results in  these values is discussed and the results compared with those 
for GaSb heavily doped with te l lur ium and selenium. 

A n u m b e r  of al loy sys tems fo rmed  f rom AH~B v 
compounds  and  A2mB3 w compounds  of defect  zinc 
b l ende  s t ruc tu re  have  been  inves t iga ted  (1-6) .  The 
r ange  of solid so lu t ion  of the A2mB8 v1 compound  in  
the  AInB v is ve ry  di f ferent  for the  va r ious  al loy 
systems,  bu t  in  all  cases e lectr ical  m e a s u r e m e n t s  
show tha t  at low A2mB3 vI con ten t  the  solid so lu t ion  
is nons to ich iometr ic ,  w i th  a loss of some la t t ice  v a -  
cancies. This  al lows some of the B w atoms in  the  B 
subla t t i ce  to act as donors,  and  hence  the  m a t e r i a l  
becomes n - t y p e  wi th  v e r y  h igh ca r r i e r  c o n c e n t r a -  
t ion. The resul t s  u n d e r  these  condi t ions  are of i n t e r -  
est for compar i son  wi th  those ob ta ined  w h e n  the  
AIIIB v compound  is v e r y  heav i ly  doped wi th  the B vI 
e lement ,  the  difference f rom the  mass  act ion v iew 
po in t  be ing  the  add i t iona l  A m a toms inc luded  in  the 
A2mB8 vI compound  (7) .  In  addi t ion ,  in  m a n y  cases 
the  va r i a t i on  w i th  composi t ion  of var ious  p a r a m -  
eters such as car r ie r  concen t ra t ion ,  opt ical  e n e r g y  
gap, etc., can, by  means  of ex t rapo la t ion ,  give usefu l  
da ta  on the  AraB v compound  concerned  (8) .  

A n u m b e r  of papers  (9-11)  have  cons idered  the  
effects of doping GaSb  wi th  s e l en ium and  t e l l u r i um,  
bu t  no work  has been  repor ted  on the  cor responding  
al loy sys tems  GaSb-Ga2Se3 and  GaSb-Ga2Te3. 

Preparation of Alloys and Methods of Measurement 
In  all  cases, the  compounds  were  p r epa red  d i rec t ly  

f rom the  e l emen t s  and  then  the  alloys p roduced  by  
me l t i ng  toge ther  u n d e r  v a c u u m  the  appropr i a t e  
weights  of the  compounds  requ i red .  The g a l l i u m  a nd  
a n t i m o n y  used for the  p r e p a r a t i o n  of GaSb  were  
each of 99.999% pur i ty .  In  the case of the  se lenide  
and  t e l lu r ide  99.99% pure  e l ements  were  used, the  
se l en ium and  t e l l u r i u m  be ing  pur i f ied fu r t he r  before  
use by  repea ted  sub l ima t ion .  

The al loys were  in i t i a l ly  quenched  f rom the  me l t  
and  samples  x - r a y e d  by  s t a n d a r d  powder  t echn iques  

1 P r e s e n t  address:  P h y s i c s  D e p a r t m e n t ,  U n i v e r s i t y  of O t t a w a ,  
O t t a w a ,  C a n a d a .  

2 P r e s e n t  a d d r e s s :  I B M  R e s e a r c h  L a b o r a t o r y ,  Z u r i c h ,  S w i t z e r l a n d .  

us ing  9 cm cameras  and  copper  Ka  rad ia t ion .  Al l  a l -  
loys were  t hen  a n n e a l e d  at  500~ u n t i l  e q u i l i b r i u m  
condi t ions  at tha t  t e m p e r a t u r e  were  obta ined.  The  
t imes  of a n n e a l i n g  r equ i r ed  to give e q u i l i b r i u m  were  
d e t e r m i n e d  by  x - r a y i n g  r ep re sen t a t i ve  samples  af ter  
var ious  t imes  and  no t ing  w h e n  the l ines  ob ta ined  
were  sharp  and  unaffec ted  by  f u r t h e r  annea l ing .  
Lat t ice  p a r a m e t e r  va lues  for the  e q u i l i b r i u m  con-  
di t ions  were  t h e n  de te rmined .  

For  the al loys which  showed s ingle  phase  zinc 
b l ende  behavior ,  e lectr ical  and  optical  m e a s u r e m e n t s  
were  made  on po lyc rys t a l l i ne  samples.  For  this  p u r -  
pose al loys were  made  up  a nd  a n n e a l e d  as above.  In  
order  to e l imina t e  b low holes, etc., in  the final ingots  
of these  samples,  the m o l t e n  al loy was rough ly  
cen t r i fuged  u n t i l  i t  had  solidified. For  each alloy, 
m e a s u r e m e n t s  were  made  at room t e m p e r a t u r e  of 
the  Ha l l  coefficient a nd  optical  ene rgy  gap. The  
methods  used were  the same as those descr ibed  p re -  
v ious ly  for s imi la r  al loys (4) .  

Results 
X-ray data.--For the  Ga~Te~ alloys, va r ious  s am-  

ples con ta in ing  up to 60 mole  % Ga2Te3 3 were  i n -  
vest igated.  Some of the  al loys were  in i t i a l ly  a n -  
nea led  at 700~ bu t  those wi th  Ga2Te~ con ten t  
g rea te r  t h a n  10 mole  % were  found  to have  mel ted,  
i nd ica t ing  the  p robab le  presence  of a eutect ic  or 
per i tect ic  hor izon ta l  at  a t e m p e r a t u r e  lower  t h a n  
700~ A n n e a l e d  at  500~ the  al loys of h igher  
Ga2Te3 con ten t  r equ i r ed  v e r y  long a n n e a l i n g  t imes  
to a t t a in  equ i l i b r ium,  the  x - r a y  photographs  at 
shor ter  t imes  showing  b l u r r e d  l ines charac ter i s t ic  of 
a n o n e q u i l i b r i u m  condi t ion.  Af te r  4 m o n t h s  a n -  
nea l ing ,  al loys ou t  to 20 mole  % Ga2Te3 showed 
a s ingle  phase  condi t ion,  bu t  the  30 a nd  35 mole 
% al loys r e q u i r e d  f u r t h e r  annea l i ng ,  a nd  the  35 
mole  % al loy was  found  to be s ingle  phase  a f te r  

a I n  c a l c u l a t i n g  m o l e  % in  s y s t e m s  composed  of  one  A I I I B  ~ c o m -  
p o u n d  a n d  one  A211IB3 w c o m p o u n d ,  t h e  m o l e c u l e s  h a v e  b e e n  t a k e n  
a s  A~IIIB3 v a n d A e I I I B a  vI, i . e . ,  t h e  p e r c e n t a g e  is s t r i c t l y  t h e  p e r c e n t -  
a g e  of  BY a n d  BVZ a t o m s  on  t h e  B s u b l a t t i e e .  
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Fig. 1. Variation of zinc blende phase lattice parameter ao with 
composition for GaSb-Ga2Te3 alloys. 

more  t h a n  12 m o n t h s  at 500~ Alloys  of Ga2Te~ 
con ten t  l a rger  t h a n  this  were  found  to be two 
phase and  a t t a ined  an  e q u i l i b r i u m  condi t ion  more  
rapid ly .  

The va r i a t i on  of la t t ice  p a r a m e t e r  of the  zinc 
b l ende  type  phase as a f unc t i on  of composi t ion  is 
shown in  Fig. 1. It  is seen tha t  at 500~ the r ange  
of s ingle  phase  solid so lu t ion  ex tends  to 36 mole  % 
Ga2Te3. 

The al loys of Ga2Se3 were  t rea ted  in  a s imi la r  
way,  bu t  in  this  case the r ange  of solid so lu t ion  could 
no t  be d e t e r m i n e d  f rom lat t ice  p a r a m e t e r  da ta  be -  
cause the  va r i a t i on  of la t t ice  p a r a m e t e r  wi th  a l loy 
composi t ion  was  too small .  Hence  the d i sappea r ing  
phase  t echn ique  was used. In  this  system,  equ i l i b -  
r i u m  could be a t t a ined  wi th  one or two weeks  a n -  
nea l ing  at 500~ Alloys  of 10 mole % or less Ga2Se~ 
then  appeared  s ingle  phase,  whi le  for al loys con-  
t a i n ing  20 mole  % or more  the  e q u i l i b r i u m  second 
phase  was  c lear ly  visible.  Al loys  con ta in ing  12, 14, 
16, and  18 mole  % Ga2Se3, respect ively ,  were  a n -  
nea led  to e q u i l i b r i u m  and  x - r ayed .  One of the  
s t ronger  l ines  of the  second phase was  close to the  
422 l ine  of the zinc b l e n d e  s t ruc ture ,  and  for each 
a l loy the  ra t io  of i n t e n s i t y  of these two l ines  was  
d e t e r m i n e d  wi th  a Hi lger  & Wat t s  compara to r  mic ro -  
photometer .  The g raph  of i n t ens i t y  ra t io  aga ins t  
composi t ion is shown  in  Fig. 2 and  ex t r apo la t ion  
of the i n t e n s i t y  ra t io  to zero indicates  a l imi t  to the 
s ingle  phase  solid so lu t ion  of b e t w e e n  10.0 and  10.5 
mole  % Ga2Ses. 

Electrical data.--Values of Hal l  coefficient RH 
were  d e t e r m i n e d  at  va r ious  composi t ions  up  to 2 

0"4 

j z 

�9 / J 
0.2 

0.1 / 

0 
10 12 14 16 18 

b40L % Ga2Se 3 

Fig. 2. Variation of intensity ratio for second phase line and 
422 line of zinc blende phase as function of composition in 
GaSb-Ga2Se8 alloys. 

mole  % for the  Ga2Se3 alloys and  5 mole  % GaTe3. 
The electr ical  da ta  was  l imi t ed  to this  r ange  of com-  
posi t ion  because  (a) the  m a i n  in te res t  in  the  elec-  
t r ica l  w o r k  was  the  modif ica t ion of the  behav io r  of 
GaSb  and  (b)  the  e lectr ical  m e a s u r e m e n t s  are  more  
sens i t ive  t h a n  the  optical  w o r k  to the  presence  of 
segregat ions,  etc., and  so the  composi t ions  i nves t i -  
gated were  kept  to a r ange  in  which  good single 
phase  behav io r  wou ld  be expected  f rom cons ide ra -  
t ion  of x - r a y  data,  etc. Since the GaSb  was  in i t i a l ly  
p - t y p e  and  the  effect of add ing  Ga2X3 (he rea f t e r  X 
wi l l  be used to ind ica te  gene ra l  resul t s  for bo th  Te 
and  Se) was to dope the m a t e r i a l  n - t ype ,  m a n y  of 
the al loys showed mi xe d  conduct ion ,  and  so the  
va lue  o f  R~ could no t  d i rec t ly  give a va l ue  for 
car r ie r  concen t ra t ion .  Also, the va r i a t i on  of e lec t r i -  
cal pa r ame te r s  w i th  t e m p e r a t u r e  would  be ve ry  
difficult to i n t e r p r e t  since in t r in s i c  behav io r  wou ld  
not  be reached even  at  the m e l t i n g  point .  The  va r i -  
a t ion  of room t e m p e r a t u r e  va lues  of RH w i t h  com-  
posi t ion  for bo th  a l loy sys tems is shown in  Fig. 3. 
The two curves  are s imi la r  in  gene ra l  form, b u t  
show m a r k e d  differences in  detail .  In  the  case of the 
se lenide  alloys, the  va lue  of RH changes  f rom posi-  
t ive  to nega t ive  at  0.1 mole  % Ga2Se3, and  the  n u m -  
ber  of conduc t ion  e lect rons  con t inues  to increase  
r ap id ly  wi th  Ga2Se3 con ten t  so tha t  R~ shows a 
sharp  m i n i m u m  at abou t  0.2 mole  % Ga2Se3 a nd  then  
reapproaches  zero g iv ing  a va lue  of 0.098 cm3/cou - 
lomb at 1 mole % Ga2Se3 and  0.026 cm3/coulomb at 2 
mole  % Ga2Se3. If at  these va lues  we can  assume 
RH : 1/ne, this gives an  e lec t ron  concen t r a t i on  n of 
2 x 102~ for the  2 mole  % alloy. In  the  case of 
the  t e l lu r ide  alloys, RH changes  s ign w i t h  the  add i -  
t ion of on ly  0.05 mole  % GaeTes, bu t  t hen  the  ra te  
of increase  in n u m b e r  of conduc t ion  e lec t rons  be -  
comes smal l  and  the  curve  f lat tens out  at a va lue  
of RH cor responding  to 4 x 1017 e lec t rons/cc .  

Optical data.--Values of opt ical  ene rgy  gap Eg were  
d e t e r m i n e d  by  t r ansmis s ion  m e a s u r e m e n t s  in  bo th  
sys tems for al loys up  to 10 mole  % Ga2X3. The s a m -  
ples used in  the  work  had  th icknesses  in  the r ange  
100-200/~, a nd  va lues  of f rac t iona l  t r ansmis s ion  I/Io 
were  d e t e r m i n e d  as a f unc t i on  of w a v e l e n g t h  as 
shown in  Fig. 4. Values  of Eg were  d e t e r m i n e d  as 
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Fig. 3. Variation of Hall coefficient RH with composition for 
GaSb-Ga2X3; e, X is Se; �9 X is Te. 
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Fig. 5. Variation of optical energy gap Eg with composition for 
GaSb-Ga2X3 alloys: e, X is Se; �9 X is Te. 

descr ibed p rev ious ly  (4) .  The va r i a t i on  of Eg 
wi th  composi t ion for the  two sys tems is shown  
in  Fig. 5. Aga in  the  resul t s  for the  two sys tems 
are gene ra l l y  s imi lar ,  b u t  differ in  detai l .  The  
add i t ion  of the  cha lcogenide  in  each case causes 
the  observed  va lue  of Eg to fal l  i n i t i a l ly  f rom tha t  
for GaSb  and  t h e n  to r ise again,  bu t  whi le  the  
m i n i m u m  for the  t e l lu r ides  is 0.68 ev, a fa l l  of on ly  
0.04 ev f rom the  GaSb  value,  the  m i n i m u m  for the 
se lenides  is m u c h  lower,  be ing  less t h a n  0.62 ev. 

Discussion 
The difference in  r ange  of solid so lu t ion  for the 

se lenide  and  t e l lu r ide  al loys is s imi la r  to tha t  for the  
co r respond ing  i n d i u m  compounds  w h e r e  the solid 
so lu t ion  of In2Se~ in  I n S b  is v e r y  l imited.  This is 
despi te  the  fact t ha t  the  r e p l a c e m e n t  of a n t i m o n y  by  
s e l en ium in  both  i n d i u m  and  ga l l i um alloys causes 
ve ry  l i t t le  change  in  the  la t t ice  pa rame te r ,  so tha t  
la t t ice s t r a in  would  no t  appear  to be a m a j o r  factor  
l im i t i ng  solid solut ion.  
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In  discussing the above electr ical  and  optical  data,  
it is of in te res t  to summa r i z e  first the resul ts  ob-  
t a ined  for h e a v y  doping of GaSb  wi th  s e l e n i u m  or 
t e l l u r i u m  (9-11) .  The exact  i n t e r p r e t a t i o n  of RH is 
difficult here,  in  tha t  for ma te r i a l s  w i th  large elec-  
t ron  dens i ty  at  room t e m p e r a t u r e  there  wi l l  be elec-  
t rons  in  bo th  (000) and  ~ 1 1 1 ~  conduc t ion  b a n d  
m i n i m a  and  these  have  di f ferent  effective masses. 
Never the less  a compar i son  of the  resul t s  for addi -  
t ion  of s e l e n i u m  or t e l l u r i u m  is possible  and  also 
the resul t s  for the  add i t ion  of Ga2Se~ a nd  Ga2Te3. 
S t rauss  (10) observed  di f ferent  behav io r  for t e l -  
l u r i u m - d o p e d  and  s e l e n i u m - d o p e d  m a t e r i a l  and  a t -  
t r i b u t e d  this  to i m p u r i t y  b a n d  conduct ion.  Bate  (11) 
has shown tha t  the appropr i a t e  donor  level  for sele-  
n i u m  in  GaSb  is associated w i th  ~ 1 1 1 ~  m i n i m a ,  be -  
ing in  ene rgy  be low these m i n i m a  bu t  above (000) 
m i n i m u m .  He also suggests  tha t  t e l l u r i u m  gives a 
s imi la r  donor  level  n e a r e r  in  ene rgy  to the ~ 1 1 1 ~  
min ima .  Thus  w h e n  these levels  are b r oa de ned  into 
i m p u r i t y  bands ,  even  if t hey  do not  over lap  the  con-  
duc t ion  b a n d  at  the ~ 1 1 1 ~  min ima ,  they  wi l l  be at 
energies  equa l  to or g rea te r  t h a n  those of the (000) 
m i n i m u m ,  and  e lect rons  can be t r a n s f e r r e d  f rom the 
i m p u r i t y  b a n d  at the  (000) va l l ey  by  p h o n o n  coll i-  
sion. 

Hal l  and  Racet te  (9) showed tha t  the mob i l i t y  of 
car r ie rs  in  GaSb  doped wi th  s e l en ium or t e l l u r i u m  
dropped  r a p i d l y  for ca r r i e r  concen t ra t ions  grea te r  
t h a n  n = 4 x 101S/cc for t e l l u r i u m  doping and  n = 1.5 
x 101S/cc for se len ium.  They  also showed tha t  an  
eightfold increase  in  the  t e l l u r i u m  con ten t  of th:e 
me l t  beyond  this  l imi t  caused the  va lue  of n to i n -  
crease by  a factor  of 1.3 only,  and  tha t  for bo th  
s e l en ium and  t e l l u r ium,  crys ta l l i tes  of a second 
phase were  observed  in  the heav i ly  doped GaSb  
crystals .  Thus  the  l imi t ing  car r ie r  concen t ra t ions  
observed  due  to s e l e n i u m  and  t e l l u r i u m  doping  
would  be of the  order  2 x 101S/cc and  5 x 101S/cc, 
respect ively .  

In  cons ider ing  the resul t s  for the Ga2Se8 and  
Ga2Te8 alloys, da ta  for these al loys m u s t  be con-  
s idered in  t e rms  of the  behav io r  shown to occur in  
the case of s imi la r  A III BV=A~ III X3 VI al loys (3-6) .  
Thus  at v e r y  low concen t ra t ions  of the  chalcogenide,  
p rac t ica l ly  no la t t ice  vacancies  occur in  the m a t e -  
rial ,  and  the  effect is v e r y  s imi la r  to the  doping of 
the  A Hz B v compound  wi th  X. H ow e ve r  as the 
concen t r a t i on  of AeX3 increases,  vacancies  occur in 
the  latt ice,  a nd  we have  a t r ans i t i on  t o w a r d  a n o r -  
ma l  al loy behav io r  b e t w e e n  two compounds  A HI 
B V a nd  A2 HI X3 vI. The  concen t r a t i on  of A2X3 at 
which  this  t r a n s i t i o n  occurs and  the  ra te  at which  
vacancies  are  inc luded  in  the  la t t ice  are, of course, 
the  factors which  v a r y  f rom sys tem to system.  E v e n  
in  the  case of A m B v compounds  doped heav i ly  w i th  
X, it  appears  p robab le  tha t  la t t ice  vacancies  t end  
to develop on the  A subla t t i ce  as the concen t ra t ion  
of X is increased.  

In  the r a nge  of composi t ion  of the  Ga2Se3 and  
Ga2Tes alloys cons idered  above,  the appea rance  of 
a second phase is no t  a factor  since the  x - r a y  data  
show tha t  the  al loys r e m a i n  s ingle  phase  to com-  
posi t ions we l l  beyond  the  l imi t  of the  e lectr ical  
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measu remen t s .  Here  the  l im i t i ng  factor  on the ef-  
fect ive n u m b e r  of s e l e n i u m  (or t e l l u r i u m )  donors  
is the  occur rence  of compensa t ing  la t t ice  vacancies  
(7) .  Cons ide r ing  first the alloys wi th  v e r y  low cha l -  
cogen concen t ra t ion ,  here  the n u m b e r  of la t t ice  
vacancies  fo rmed  is l ike ly  to be  small ,  a l though  
prev ious  m e a s u r e m e n t s  w i th  the co r respond ing  i n -  
d i u m  alloys (4) showed tha t  at 0.1 mole  % In2Te~ 
a p p r o x i m a t e l y  half  of the s to ichiometr ic  n u m b e r  
of la t t ice  vacancies  do occur. For  the resul t s  shown 
here,  the ra te  of change  of RH can  be t ake n  as a 
measu re  of the  r e l a t ive  n u m b e r  of la t t ice  vacancies  
produced  by  add i t ion  of GafX~, a s s u m i n g  the  ion-  
iza t ion ene rgy  of the  donors  to be  zero. Wi th  the  
selenide,  0.1 mole  % mus t  be added before  the ac-  
ceptor  concen t r a t i on  in  GaSb  is compensa ted ,  
whereas  wi th  the t e l lu r ide  on ly  0.05 mole  % is 
requi red .  Thus  at these low concent ra t ions ,  more  
la t t ice  vacancies  ( and  hence  effect ively fewer  do-  
nors )  are  occur r ing  in  the  se lenide  a l loy t h a n  in  the 
te l lur ide .  As f u r t h e r  chalcogenide  is added,  h o w -  
ever,  the behav io r  changes.  Beyond  0.2 to 0.3 mole 
% GafTe3, the n u m b e r  of conduc t ion  e lect rons  ( and  
hence  of t e l l u r i u m  donors)  changes  v e r y  l i t t le  wi th  
composit ion,  the  RH cu rve  leve l l ing  out  at a va l ue  
cor responding  to 4 x 101~ e lec t rons/cc .  Thus  it  
would  appear  tha t  in  this  range,  f u r t h e r  add i t ion  
of Ga2Te3 produces  a s to ichiometr ic  n u m b e r  of l a t -  
t ice vacancies .  In  contras t ,  w i th  the  se lenide  al loys 
the RH va lues  show tha t  the  n u m b e r  of conduc t ion  
e lect rons  con t inues  to increase  r ap id ly  wi th  add i -  
t ion  of Ga2Se8 and  is sti l l  r i s ing  at 2 mole  % 
GafSe8 whe re  n ~ 2 x 10e~ Thus  even  wi th  
this  a m o u n t  of GafSe3 added, the s to ichiometr ic  
n u m b e r  of vacanc ies  are  not  be ing  inc luded  in  the  
latt ice.  This i nab i l i t y  to r e t a i n  the  s to ichiometr ic  
n u m b e r  of la t t ice  vacancies  could be an  i m p o r t a n t  
factor  in  d e t e r m i n i n g  the  l imi t ed  r ange  of solid 
solut ion of GafSe3 in  GaSb  and  s imi l a r ly  of InfSe3 
in  InSb.  

The fo rma t ion  of la t t ice  vacancies  m a y  also be an  
i m p o r t a n t  factor  in  cons ider ing  the  va lues  for l i m -  
i t ing  ca r r i e r  concen t ra t ions  in  GaSb  doped wi th  
s e l en ium or t e l lu r ium.  The l imi t  to the  effective 
n u m b e r  of donors  m a y  be e i ther  the  fo rma t ion  of 
a second phase, as observed  by  Hal l  and  Racette ,  
or the occur rence  of la t t ice  vacancies  as ind ica ted  
above. Thus  the  smal le r  n u m b e r  of car r ie rs  ob ta ined  
by  s e l en ium add i t ion  is cons is ten t  w i th  the sugges-  
t ion  above tha t  the t e n d e n c y  for la t t ice  va c a nc y  
fo rma t ion  is l imi ted  in  the  s e l en ium case, and  hence  
wi thou t  ex t ra  ga l l i um be ing  ava i l ab le  to ba l ance  
the  added s e l en ium in  the  zinc b l ende  lat t ice,  the 
s e l e n i u m  is lost to a second phase even  at  r e l a t i ve ly  
smal l  concent ra t ions .  I n  the  case of t e l l u r i u m  a d -  
di t ion,  la t t ice  vacanc ies  can  fo rm in  the  ga l l i um 
sub la t t i ce  to ba lance  the  ex t ra  t e l l u r i u m  content ,  
and  resul t s  n e a r e r  to those for GafTe3 alloys can be 
ob ta ined .  

The  va r i a t i on  of Eg for the  GafSe3 and  GafTe3 
alloys is cons is ten t  w i th  the  e lectr ical  da ta  discussed 

above. As has been  shown by  S te rn  and  Dixon  (12) 
for InAs,  the observed  b a n d  gap m a y  be reduced  
by  the presence  of la rge  n u m b e r s  of donors  and  
acceptors,  this effect be ing  associated wi th  the  for -  
ma t ion  of i m p u r i t y  bands .  C o m p a r i n g  the GafSe3 and  
GafTe3 alloys, the  in i t i a l  donor  levels  are  lower  
in  ene rgy  in  the  fo rmer  case, and  also m a n y  more  
s e l e n i u m  atoms act as donors  as compared  wi th  
t e l l u r ium.  Hence  a b roade r  i m p u r i t y  b a n d  wi l l  be  
produced  in  the se lenide  t h a n  the  t e l lu r ide  a nd  wi l l  
ex t end  f u r t he r  into the  b a n d  gap of GaSb.  U n d e r  
the  condi t ions  here  the  onset  of absorp t ion  wi l l  cor-  
respond to t r ans i t ions  f rom va lence  b a n d  (or accep-  
tor i m p u r i t y  b a n d )  to the bo t tom of the  donor  im-  
p u r i t y  b a n d  and  hence  the  fal l  in  Eg should  be con-  
s ide rab ly  g rea te r  for GafSe~ alloys t h a n  GafTe8 
alloys, as in  fact  observed.  The s u b s e q u e n t  rise 
in  Eg is due to a gene ra l  inc rease  in  the  b a n d  spac-  
ings as the  add i t ion  of GafX3 modifies the  genera l  
fo rm of the  GaSb  bands .  This  increase  in  b a n d  spac-  
ing was  also observed  for GafSe3 al loys by  m e a s u r e -  
m e n t  of the ref lect ion s p e c t r u m  of the 10 mole  % 
GafSe8 al loy us ing  the  me thod  descr ibed p rev ious ly  
(13).  The  E1 peak  of the  ref lec t iv i ty  spec t rum,  which  
corresponds  to a X8 "~Xl t r ans i t i on  b e t w e e n  va lence  
and  conduc t ion  bands  was  found  to occur at an  
ene rgy  about  0.08 ev h igher  t h a n  the  va l ue  for 
GaSb  itself. 
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ABSTRACT 

The react ions be tween  a luminum dissolved in NaF-A1Fj-A120~ mel ts  and 
CO2, CO, and CO2/CO mix tu res  have  been s tudied by bubbl ing  known  amounts  
of gas through the mel ts  fo l lowed by  gas analysis.  The resul ts  c lear ly  show 
tha t  CO2 is r educed  not  only  to CO, as commonly  assumed, but  a pa r t  of the  CO 
is fu r the r  reduced  to carbon. The ex ten t  of both  react ions is s t rongly  dependent  
on the NaF/A1F3 ra t io  and decreases  wi th  increas ing A1F3 content  over  the  
whole  range  inves t iga ted  (NaF/AIF3  molar  ra t io  f rom 97/3 to 62/38). Publ i shed  
da ta  indicate  tha t  the solubi l i ty  of a luminum in these mel ts  increases wi th  
increas ing A1F3 content  when NaF/A1F~ < 75/25 (c ryo l i t e ) ;  hence, i t  is sug-  
gested tha t  pa r t  of the  dissolved meta l  in these mel ts  is p resen t  in a state 
which is nonreac t ive  to CO2/CO. The ra te  of reduct ion of CO2 to CO increases 
m a r k e d l y  wi th  t empera ture ,  whi le  the ra te  of the  subsequent  reduc t ion  to 
carbon decreases slightly.  When  the inlet  gas is CO ins tead of CO2, the  f ract ion 
of gas reduced  to carbon is 7.7% as compared  to 0.8% wi th  CO2 (a t  cryol i te  
composition, t = 1000~ 

The  a n o d e  gas  f r o m  i n d u s t r i a l  a l u m i n u m  cel ls  
consis ts  of CO2 t o g e t h e r  w i t h  as m u c h  as 30 -50% 
CO. I t  is cons ide r ed  t h a t  mos t  of t he  CO is f o r m e d  
b y  a r e a c t i o n  b e t w e e n  CO2 evo lved  a t  the  a n o d e  a n d  
d i s so lved  m e t a l  in t he  mel t ,  a n d  t h a t  th is  r e a c t i o n  
is r e s p o n s i b l e  for  t h e  loss in  c u r r e n t  eff iciency in  the  
a l u m i n u m  e lec t ro lys i s  (1, 2) .  The  r e a c t i o n  m a y  t e n -  
t a t i v e l y  be  w r i t t e n  

A l l  + 3/2CO2--> 1/2A1203 + 3 /2CO [1]  

The  d i s so lved  me ta l ,  h e r e  d e n o t e d  Air, mos t  l i k e l y  
consis ts  of s u b v a l e n t  ions  l i k e  A1 + and  Na~ + (as  
f r ee  ions  or  in  assoc ia t ions )  ( 3 - 5 ) ,  b u t  t he  pos s ib i l -  
i ty  of u n c h a r g e d  m e t a l  a toms  or  even  a co l lo ida l  
d i spe r s ion  of m e t a l  in t h e  m e l t  (6)  c anno t  be  e n -  
t i r e l y  r e j ec t ed .  ( F o r  s imp l i c i t y ,  AI~ is r e g a r d e d  as 
u n c h a r g e d  in t he  equa t ions . )  The  v a p o r  a b o v e  such  
me l t s  con ta ins  sod ium (7, 8) (as  m e t a l  or  as s u b -  
h a l i d e ) ,  so the  d i s so lved  m e t a l  s eems  to consis t  
p a r t l y  of sod ium.  

The  con ten t  of d i s so lved  m e t a l  in c r y o l i t e - a l u m i n a  
m e l t  a t  a b o u t  1000~ has  been  m e a s u r e d  b y  t h r e e  
w o r k e r s  (5, 7, 2) ,  a l l  of w h o m  found  a m e t a l  con-  
t en t  c o r r e s p o n d i n g  to a b o u t  0.10 w e i g h t  p e r  cen t  
( w / o )  A1 in  t h e  mel t .  O t h e r  m e a s u r e m e n t s  (5, 2) 
i nd i ca t e  t h a t  t he  s o l u b i l i t y  i nc reases  w i t h  e i t h e r  
h i g h e r  or  l o w e r  r a t io s  of N a F / A 1 F j ,  t hus  e x h i b i t i n g  
a m i n i m u m  a r o u n d  the  c r y o l i t e  compos i t ion .  The  
so lub i l i t y  also inc reases  w i t h  i n c r e a s i n g  A1203 con-  
t en t  (9)  and  w i t h  t e m p e r a t u r e  (2) .  

The  d i s so lved  m e t a l  is f o r m e d  a t  t he  i n t e r f a c e  b e -  
t w e e n  m e t a l  and  e l e c t r o l y t e  and  is t r a n s p o r t e d  u p -  
w a r d s  ( b y  d i f fus ion and  convec t ion )  to t he  v i c i n i t y  
of the  a n o d e  w h e r e  r e a c t i o n  [1]  t a k e s  place.  I t  has  
also been  sugges t ed  t h a t  COs is d i s so lved  in  t h e  

1 P resen t  address :  D e p a r t m e n t  of Metal lurgical  Engineer ing ,  Un i -  
ve r s i ty  of  Toronto,  Toronto,  C a n a d a .  
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e l e c t r o l y t e  and  t r a n s p o r t e d  t o w a r d s  t h e  ca thode  
but ,  s ince  t h e  s o l u b i l i t y  of CO2 in c r y o l i t e  m e l t  is 
v e r y  low (7) ,  th is  m e c h a n i s m  shou ld  be  of m i n o r  
i m p o r t a n c e  only .  

The  e q u i l i b r i u m  for  r e a c t i o n  [1]  ( w i t h  A1cD in 
p l a c e  of AID is s t r o n g l y  d i sp l aced  to  t h e  r i g h t  
(AG~ = - -  86 k c a l ) ,  so i t  is e v i d e n t  t h a t  t he  e x -  

t en t  of r e d u c t i o n  of t he  CO2 b y  the  d i s so lved  m e t a l  
is con t ro l l ed  b y  k ine t i c  effects.  

R e a c t i o n  [1]  can  be  s t u d i e d  b y  b u b b l i n g  CO2 
t h r o u g h  a c r y o l i t e  m e l t  in con tac t  w i t h  a l u m i n u m ,  
w i t h  s u b s e q u e n t  gas  ana lys i s ,  as  done  b y  S c h a d i n g e r  
(10) and  A r s e t h  (11) ,  w h e r e a s  R e v a z y a n  (12) 
p a s s e d  the  CO2 ove r  the  su r f ace  of the  m e l t  only.  

R e v a z y a n ' s  r e su l t s  in p a r t i c u l a r  show t h a t  t h e  
a m o u n t  of gas  r e d u c e d  p e r  un i t  t i m e  does  no t  d e -  
p e n d  on gas  in le t  r a t e  or  d i s t ance  f r o m  the  m e t a l  
su r f ace  to t he  r e a c t i o n  zone, b u t  r a t h e r  d e p e n d s  on 
t h e  a l u m i n u m  a c t i v i t y  in  t he  me ta l .  Th is  a u t h o r  
conc ludes  t h a t  t he  d e g r e e  of r e a c t i o n  is c on t ro l l ed  
b y  the  r a t e  of d i s so lu t ion  of t h e  me ta l .  

The  r eac t i ons  

A l l  + 3/4CO2 --> 1/2A1203 + 3 /4C [2]  
a n d / o r  

A l l  + 3 /2CO->  A12Os + 3 /2C [3]  

have  no t  r e c e i v e d  m u c h  a t t en t ion .  B e l j a j e v  (2)  
m e n t i o n s  t h a t  r e d u c t i o n  of  COe to  c a r b o n  m a y  t a k e  
p l ace  in  o v e r h e a t e d  i n d u s t r i a l  cells.  S c h a d i n g e r  
(10) t r i e d  to s t u d y  th is  r e a c t i o n  b y  t h e  p r e v i o u s l y  
d e s c r i b e d  b u b b l i n g  m e t h o d  w i t h  CO as i n l e t  gas. A l -  
t h o u g h  his  c u r v e  seems  to i nd i ca t e  a s l igh t  r e d u c -  
t ion  of  CO, he  r e j e c t s  t he  poss ib i l i ty .  

The  p u r p o s e  of t he  p r e s e n t  i n v e s t i g a t i o n  was  to 
s t u d y  in  m o r e  de t a i l  t h e  r e a c t i o n s  w h i c h  occur  b e -  
t w e e n  CO2 a n d  CO and  d i s so lved  a l u m i n u m  in  N a F -  
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Fig. 1. Apparatus for investigation of the reactivity of dissolved 
aluminum. A, Gasometer; B, levelling battle with mercury; C, gear 
llft; D, drying agent (Dehydrite); E, overflow; F, valve; G, rotameter, 
H, Pythagoras tube (500 x 41 x 35 mm); I, Kanthal furnace; J, inlet 
for N2; K, boron nitride crucible; L, copper "anode"; M, aluminum; 
O, absorption bulbs with Dehydrite; P, absorption bulbs with 
Ascarite ~- Dehydrite; Q, to suction pump; R, overflow. 

AIFa-A1203 melts,  in  pa r t i cu l a r  the poss ibi l i ty  of 
r educ t ion  to carbon.  

Experimental  

The appa ra tu s  is shown in  Fig. 1. T a n k  CO2 was 
purif ied and  led into a gasometer  A (vo lume  1164 
ml ) .  In  some p r e l i m i n a r y  expe r imen t s  an  aqueous  
so lu t ion  of NafSO4 + HfSO4 [Kobe ' s  l iqu id  (13) ]  
s a tu ra t ed  wi th  CO2, was used as c o n t a i n i n g  l iqu id  
in  the gasometer .  Wi th  this  solut ion,  sufficient ac-  
curacy  was  no t  ob ta ined ,  however ,  so it  was  r e -  
placed by  mercury .  The mel t  was  con ta ined  in  a 
boron  n i t r i de  c ruc ib le  K (32 x 25 x 100 m m )  placed 
in  a Py thagoras  tube  H. The t ube  was  hea ted  in  a 
K a n t h a l  f u rnace  I, which  was  connec ted  to an  on/of f  
t e m p e r a t u r e  r egu la to r  ( m i l l i v o l t - m e t e r - c o n t r o l l e r ) .  
CO2, a n d / o r  CO, f rom the  gasometer  was  b u b b l e d  
th rough  the me l t  f rom a copper tube  w i th  an  " a node -  
l ike"  copper  p la te  L (d i am 20 m m )  at the end. The  
d is tance  to the  a l u m i n u m  meta l  surface  was  25 mm.  
Pur i f ied  n i t rogen ,  act ing as car r ie r  gas, was led in to  
the  Py thagoras  t ube  above the crucible.  

The effluent gas passed to the gas absorp t ion  uni t .  
Traces  of HF  were  absorbed  by  NaF  at  105~ (14).  
H20 and  CO2 were  absorbed  in the  absorp t ion  bu l b s  
O and  P, filled wi th  Dehydr i t e  and  Ascar i te  + De-  
hydr i te ,  respect ively .  H2 and  CO were  oxidized to 
H20 and  COe by  copper  oxide at 300~ fol lowed by  
a second set of absorp t ion  bulbs .  A suct ion p u m p  Q 
was appl ied  at the  out le t  in  order  to keep a tmos -  
pher ic  p ressure  in  the Py thagoras  tube.  

The  gas veloci ty  was m a i n t a i n e d  at 11 ml  N TP  
per  minu te .  This  ra te  cor responds  to the  ra te  of CO2 
evo lu t ion  f rom a ca rbon  anode of the same size as 
the  copper  p la te  d u r i n g  electrolysis  at  a c u r r e n t  
dens i ty  of 1 a m p / c m  2 ( a s suming  the anode gas to 
be pure  CO2). Before and  af ter  each run,  n i t r o g e n  
was b u b b l e d  th rough  the  mel t  in  order  to p r e v e n t  
the b u b b l i n g  device f rom becoming  blocked.  

The A120~ con ten t  in  the me l t  was  kept  at 4 
w/o ,  except  in  the s t rong ty  basic  mel t s  where  it  
had  to b e  lower  because  of the  l imi t ed  so lub i l i ty  of 
A120~ in  these melts .  The  ra t io  NaF/A1F~ in  the  
me l t  was cont ro l led  by  py ro t i t r a t i on  (15).  

A u g u s t  1964  

The a m o u n t  of in le t  gas f rom the  gasometer  could 
easi ly  be calculated,  and  the  a m o u n t  of effluent gas 
could be d e t e r m i n e d  by we igh ing  the absorp t ion  
bu lbs  before and  af ter  each run .  F r o m  these  da ta  
t h e  a m o u n t  of gas reduced  to ca rbon  was  e va lua t ed  
by me a ns  of the  fo l lowing re la t ion  

nco2(in) ~ nco2(out) ~- ~tCO(out) -~- ~c 

where  n denotes  the n u m b e r  of moles of the respec-  
t ive  species. Us ing  this  express ion  the  d e t e r m i n a -  
t ion  of nc, i .e.,  the  a m o u n t  of ca rbon  formed,  was 
ve ry  sens i t ive  to errors  in  the  m e a s u r e d  a m o u n t s  
of gas. B l a nk  r u n s  wi th  an  e mp t y  cruc ib le  or a c ru -  
cible  wi th  m o l t e n  e lec t ro ly te  free of meta l ,  how-  
ever,  gave a r ep roduc ib i l i t y  which  ind ica ted  tha t  
the me thod  should  be of adequa te  accuracy  for this 
purpose.  A smal l  b l a n k  correc t ion  (deficit  in gas 
out)  was  found  and  has been  appl ied  to the meas -  
ured  amounts .  (This  d i sc repancy  m a y  be due in  pa r t  
to a s l ight  i naccu racy  in  the  vo lume  ca l ib ra t ion  of 
the  gasometer ,  and  in  pa r t  to impur i t i e s  in  the t a n k  
gas.) 

The  ex t en t  of reac t ion  w i th  the  dissolved a l u m i -  
n u m  m a y  be expressed  as 

1/2 (nco -t- 2nc)/'B-COf(in) ~ 1 / 2 n o / n c o f ( i , )  

where  no denotes  the  n u m b e r  of g r a m  atoms of oxy-  
gen which  is t r ans f e r r ed  f rom the  gas molecules  to 
the melt .  The q u a n t i t y  ?h:)/2nco2(in) m a y  be t a k e n  to 
express  the " tota l  r eac t iv i ty"  of dissolved a l u m i n u m  
u n d e r  the g iven  e x p e r i m e n t a l  condit ions.  S ince  the  
gas r a t e  is constant ,  this  q u a n t i t y  can eas i ly  be  con-  
ve r t ed  to a m o u n t  of oxygen  t r a n s f e r r e d  (or a m o u n t  
of reac ted  a l u m i n u m )  per  u n i t  t ime.  

In  the  fol lowing,  the  a m o u n t s  of the  di f ferent  
species wi l l  for s impl ic i ty  be expressed  as per  cent  
of the in le t  gas amoun t ,  i .e.  
n c o / n c o f ( i n )  �9 100 : % CO; n c / n e o f ( i , )  �9 100 = % C 

n o / n c o f ( i n )  " 100 = 1/2 (% CO § 2% C) 

In  addi t ion  to CO2 and  CO the  effluent gas u s u a l l y  
con ta ined  HeO and  H2 o r ig ina t i ng  f rom the  in i t i a l  
wa te r  con ten t  in  the  melt .  As these gases a lways  
occurred in  ve ry  smal l  amounts ,  they  are of m i n o r  
in te res t  i n  this  con tex t  a nd  are the re fore  omi t t ed  
in  the  p r e sen t a t i on  of the  resul ts .  

Resu]ts 
In  p r e l i m i n a r y  e x p e r i m e n t s  wi th  Kobe ' s  l iqu id  

(13) in  the gasometer ,  the  t e m p e r a t u r e  dependence  
of the reac t ions  at t he  cryol i te  composi t ion  was 
measured .  Whi le  these  e xpe r i me n t s  were  insuffi-  
c ien t ly  accura te  to assess the  a m o u n t  of ca rbon  
formed,  they  gave adequa te  i n f o r m a t i o n  abou t  the  
r educ t ion  of CO2 to CO. The  resul t s  are p resen ted  in  
Fig. 2. It  is ev iden t  tha t  % CO increases  r a the r  
r ap id ly  wi th  inc reas ing  t e m p e r a t u r e .  

Al l  o ther  e x p e r i m e n t s  were  made  wi th  m e r c u r y  
in  the gasometer .  F igure  3 shows the  t e m p e r a t u r e  
dependence  m e a s u r e d  in  a basic  mel t ,  mo la r  ra t io  
NaF/AIF3  = 91/9. Here, % CO is m a r k e d l y  la rger  
t h a n  in  the case of cryoli te ,  and  cons iderab le  
a m o u n t s  of ca rbon  are formed.  

F igu re  4 shows the  resul t s  of runs  wi th  the  mola r  
ra t io  NaF/A1F3 v a r y i n g  f rom 97/3 to 62,'38 at  
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Fig. 2. Per cent CO as function of temperature. Cryolite, inlet 
gas C02. 
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Fig. 3. Reactivity as function of temperature. NaE/AIF3 = 91/9, 
inlet gas C02. 
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Fig. 4. Reactivity as function of NaF/AIF3 ratio (mole per cent 
AIF3), t = 1000oC, inlet gas C02. 

1000~ In  p a r t i c u l a r  % C fa l l s  off r a p i d l y  w i t h  
i nc r ea s ing  A1F3 conten t .  A t  the  l o w e s t  A1F3 con-  
t en t  % C is even  g r e a t e r  t h a n  % CO. Some  of t he  
r e su l t s  for  compos i t ions  n e a r  t h a t  of  c ryo l i t e  a re  
also g iven  in  T a b l e  I. 

In  m e l t s  in  th is  compos i t i on  r ange ,  t he  f r a c t i o n  of 
the  gas  w h i c h  is r e d u c e d  to c a r b o n  e x h i b i t s  a f a i r l y  
cons t an t  and  low va lue .  

Tha t  th is  i n d i r e c t l y  m e a s u r e d  q u a n t i t y ,  % C, 
r e a l l y  was  due  to f o r m a t i o n  of  ca rbon ,  was  p r o v e d  
b y  e x a m i n a t i o n  of s a m p l e s  f r o m  the  mel t .  In  such 

Table I. Per cent of inlet C02 reduced to carbon at different 
compositions of the melt, t = 1000~ 

Mole % A1Fa 17 20.8 23.5 25.0 26.7 34.5 
(cryol i te)  

% C 5.9 1.5 0.8 0.8 0.8 0.6 

s a mp le s  b l a c k  f l a k e - l i k e  pa r t i c l e s  cou ld  be  o b s e r v e d  
u n d e r  a b i n o c u l a r  microscope .  The  p r e s e n c e  of c a r -  
bon  was  e s t a b l i s h e d  b y  s u b j e c t i n g  s a m p l e s  of the  
m e l t  to s t a n d a r d  ca rbon  ana lys i s  b y  c ombus t i on  
in oxyge n .  ( A f t e r  m a k i n g  b l a n k  cor rec t ions ,  t he  
ana lys i s  i n d i c a t e d  a ca rbon  con ten t  in t he  c ryo l i t e  
s a m p l e s  of a b o u t  0.2% of t he  s a m p l e  we igh t .  Th is  
is too h igh  to r e p r e s e n t  t he  a v e r a g e  c a r b o n  con ten t  
of t he  mel t ,  s ince  the  s a m p l e s  w e r e  t a k e n  f rom the  
top  of t he  m e l t  w h e r e  t he  ca rbon  wi l l  a c c u m u l a t e . )  
This  c a r b o n  could  h a r d l y  have  a n y  o t h e r  o r ig in  
t h a n  COe r e d u c e d  b y  t h e  d i s so lved  a l u m i n u m .  
T r e a t i n g  t h e  s a m p l e s  w i t h  ho t  w a t e r  gave  no i n d i -  
ca t ion  of a l u m i n u m  carb ide .  

The  v a r y i n g  inf luence  of some e x p e r i m e n t a l  con-  
d i t ions  was  e x a m i n e d  us ing  the  c ryo l i t e  compos i t i on  
at  1000~ The  d i s t ance  b e t w e e n  the  m e t a l  su r f ace  
and  t h e  b u b b l i n g  dev ice  was  i n c r e a s e d  f r o m  2.5 cm 
to 3.5 cm. This  caused  on ly  a s l igh t  dec rea se  in % 
CO and  % C. By  i nc r e a s ing  the  i n l e t  gas  ra te ,  % 
CO and  %C dec reased ,  b u t  t he  a m o u n t  r e d u c e d  
p e r  un i t  t ime  was  n e a r l y  cons tan t ,  i n c r e a s ing  on ly  
s l igh t ly ,  as w o u l d  be  expec t ed .  

W h e n  CO2 is t he  in le t  gas, t he  r eac t i ons  

A l r +  3/2CO~--> 1/2A1~O3 + 3 /2CO [1]  

AI~ + CO2(CO) --> 1/2AleO3 + C [2, 3] 

w i l l  " c o m p e t e  fo r"  t he  a l u m i n u m  fog and,  e x c e p t  
in  s t r o n g l y  bas ic  mel t s ,  r e a c t i o n  [1]  w i l l  p r e d o m -  
ina te ,  as is e v i d e n t  f r o m  Fig.  4. In  o r d e r  to s t u d y  
r e a c t i o n  [3]  s e p a r a t e l y ,  some e x p e r i m e n t s  w e r e  
c a r r i e d  out  w i th  CO as i n l e t  gas.  

In  Fig.  5 

% C = n c / n c o ( i n )  " 100 = (rico(in) - -  n c o ( o u t ) ) /  

r i C O ( i n )  " 100 

is p lo t t e d  v s .  t e m p e r a t u r e  for  a c ryo l i t e  mel t .  A t  
1000~ %C----7 .7  as c o m p a r e d  to 0.8 w i t h  CO2 
as  in le t  gas.  The  " to t a l  r e a c t i v i t y , "  h o w e v e r ,  is 
s o m e w h a t  l o w e r  w i t h  CO t h a n  w i t h  CO2. 

12, 

1 
o 10 

8 

4 
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I I i 
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Fig. 5. Per cent of inlet gas reduced to carbon as function of 
temperature. Cryolite, inlet gas CO. 
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Table II. Reaction between CO and dissolved aluminum in Table III. Reaction between C02/C0 mixtures and dissolved 
NaF-AIF3-AI203 melts, t ~ 1000~ aluminum in cryolite melts, t ~ 1000~ 

Mole % A1F~ % CO2 % CO % C Inlet  gas Effluent gas 
% COs % CO % COs % CO % C 

35 0.8 95.2 4.0 
25 (cryol i te)  0.4 94.3 5.3 

Us ing  an  ac id  mel t ,  m o l a r  r a t i o  N a F / A I F 3  
65/35,  t he  r e su l t s  p r e s e n t e d  in  T a b l e  I I  w e r e  o b -  
t a ined .  A g a i n  in  th is  case, t he  " t o t a l  r e a c t i v i t y "  
dec reases  w i t h  i nc r ea s ing  A1F3 content .  The  s m a l l  
con ten t  of CO2 in the  eff luent  gas  is mos t  l i k e l y  due  
to r e d u c t i o n  of  copper  ox ide  on t h e  coppe r  tube .  

In  Tab le  I I I  a r e  p r e s e n t e d  the  r e su l t s  o b t a i n e d  
w i t h  CO2/CO m i x t u r e s  as in le t  gas. In  Fig.  6, % C 
is p l o t t e d  as func t ion  of t he  CO con ten t  of the  
i n l e t  gas. I t  is seen  t h a t  % C inc reases  n e a r l y  l i -  
n e a r l y  w i t h  the  p a r t i a l  p r e s s u r e  of CO, a l t h o u g h  
the  po in t  a t  50% CO l ies  s o m e w h a t  a b o v e  the  
s t r a i g h t  l ine.  

Discussion 

The  r e su l t s  p r e s e n t e d  in Fig.  6 s t r o n g l y  ind ica t e  
t h a t  t he  r e d u c t i o n  of CO2 to c a r b o n  p roceeds  in 
two  s teps ,  viz.,  r e a c t i o n  [1]  and  t hen  r e a c t i o n  
[3] .  This,  of course ,  is also w h a t  w o u l d  be  expec t ed .  

F r o m  Fig.  3 i t  is seen  t h a t  t he  i m p o r t a n c e  of r e -  
ac t ion  [1]  i nc reases  r e l a t i v e  to t h a t  of r e a c t i o n  [3]  
w h e n  the  t e m p e r a t u r e  increases .  This  t r e n d  is e x -  
p e c t e d  f r o m  e q u i l i b r i u m  cons ide ra t ions .  I t  is, h o w -  
ever ,  in d i s a g r e e m e n t  w i t h  t he  s t a t e m e n t  of B e l -  
j a j e v  (2) ,  t h a t  t he  r e d u c t i o n  of CO2 to ca rbon  w o u l d  
occur  in  o v e r h e a t e d  cel ls  only .  

As  s h o w n  in Fig.  4, bo th  % CO and  % C fa l l  off 
w i t h  i nc r ea s ing  A1F3 con ten t  in t he  mel t ,  first  r a p -  
i d ly  and  t h e n  m o r e  s l owly  as the  c r y o l i t e  c o m p o -  
s i t ion  is passed .  The  l a t t e r  fac t  is r a t h e r  s u r p r i s i n g  
w h e n  c o m p a r e d  to m e a s u r e m e n t s  of t he  a l u m i n u m  
losses b y  e v a p o r a t i o n  f r o m  N a F - A I F 3  m e l t s  in con -  
t ac t  w i t h  a l u m i n u m  m a d e  b y  L o s h k i n  (2 ) ,  M a s h o -  
ve t s  and  S v o b o d a  (5 ) ,  and  Ske i  (8) .  These  m e a s -  
u r e m e n t s  s h o w e d  i nc r ea s ing  a l u m i n u m  losses  w h e n  
the  AIF3 con t en t  was  i n c r e a s e d  a b o v e  the  c r y o l i t e  
compos i t ion .  L i k e w i s e  M a s h o v e t s  (5)  f o u n d  t h a t  
t he  con ten t  of d i s so lved  m e t a l  in t he  m e l t s  i n -  
c r ea sed  w i t h  i n c r e a s i n g  A1F~ con ten t  in  t hese  mel t s .  

I I i I 

7 
~ 6 

/ /  

4 / /  
, / / /  

2 

I I I I 
CO 2 0  4 0  6 0  8 0  CO 

CO 
% ~-%+co 

Fig. 6. Per cent of inlet gas reduced to carbon as function of 
per cent CO in inlet gas. Cryolite, t ~ 1000~ 

100 0 85.5 13.7 0.8 
80 20 64.58 33.18 2.24 
50 50 32.68 61.8 5.52 

0 100 0.75 91.5 7.75 

The  a p p a r e n t  i ncons i s t ency  b e t w e e n  these  o b -  
s e rva t i ons  and  those  p r e s e n t e d  he re  can  h a r d l y  be  
e x p l a i n e d  in a n y  o t h e r  w a y  t h a n  b y  a s s u m i n g  t h a t  
the  d i s so lved  a l u m i n u m  in t he  A1F3-r ich  r eg ion  is 
p a r t l y  p r e s e n t  in  a s t a t e  w h i c h  is n o n r e a c t i v e  to 
CO2/CO. The  fo l l owing  h y p o t h e t i c a l  e q u a t i o n  e x -  
p res ses  an  e q u i l i b r i u m  b e t w e e n  a l u m i n u m  and  so-  
d i u m  in the  d i s so lved  m e t a l :  

A1 + -t- 4Na + ~-A13 + ~- 2Na2 + [4]  

acco rd ing  to w h i c h  the  r a t i o  Na2+/A1 + va r i e s  w i t h  
the  NaF/A1F~ ra t io .  I f  c ons t i t ue n t s  con t a in ing  m o n -  
o v a l e n t  a l u m i n u m  a r e  v o l a t i l e  so t h a t  t h e y  cause  
m e t a l  losses,  b u t  n o n r e a c t i v e  to CO2/CO, th is  m a y  
cons t i t u t e  an  e x p l a n a t i o n .  

As  s t a t ed  p r ev ious ly ,  t he  r e a c t i o n  b e t w e e n  CO2 
and  d i s so lved  a l u m i n u m  seem to be  g o v e r n e d  b y  
the  r a t e  of  d i s so lu t ion  of a l u m i n u m  in t he  m e l t  (12) ,  
a t  l e a s t  a t  the  in le t  gas  r a t e s  t h a t  have  been  a p -  
p l ied .  On this  a s s u m p t i o n  the  r a t e  of d i s so lu t ion  
m a y  be  c a l c u l a t e d  f r o m  t h e  p r e s e n t  r e su l t s  for  
the  " t o t a l  r e a c t i v i t y . "  F o r  c r y o l i t e  a t  1000~ the  
c a l c u l a t e d  r a t e  is 0.25 m g  A1/cm2-min ,  w h i c h  in -  
c reases  to  a b o u t  0.38 m g  A 1 / c m 2 . m i n  a t  1040~ 
in the  s a m e  mel t ,  w h i l e  i t  is 2.35 m g  A1 /cm 2 . ra in  at  
1000~ in t he  m e l t  of m o l a r  r a t i o  N a F / A I F ~  ~ 97/3.  
In  add i t ion ,  if n o n r e a c t i v e  b u t  vo l a t i l e  s u b v a l e n t  
c o m p o n e n t s  a r e  p r e s e n t  as s u g g e s t e d  above ,  t h e  t r ue  
n u m b e r s  wi l l  be  h ighe r .  

The  n u m e r i c a l  va lue s  o b t a i n e d  in  s tud ies  of k i -  
net ic  p h e n o m e n a  w i l l  u s u a l l y  d e p e n d  s o m e w h a t  on 
e x p e r i m e n t a l  condi t ions .  The  neg l ig ib l e  v a r i a t i o n s  
o b t a i n e d  in  t hese  e x p e r i m e n t s  b y  v a r y i n g  t h e  ga s -  
m e t a l  d i s t ance  a n d  the  gas  r a t e ,  howeve r ,  sugges t  
a r e l i a b i l i t y  of t he  r e su l t s  on  w h i c h  g e n e r a l  con-  
c lus ions  can  be  s a f e l y  based .  

C o m p a r e d  to i n d u s t r i a l  e l ec t ro lys i s ,  t he  d e g r e e  
of r e a c t i o n  b e t w e e n  CO2 and  d i s so lved  a l u m i n u m  
seems  to be  m u c h  l o w e r  in t he  p r e s e n t  case. A p -  
p l y i n g  the  P e a r s o n  and  W a d d i n g t o n  f o r m u l a  for  
e l e c t ro ly t i c  cel ls  (1)  

= 50 ~- 1/2 % CO2 ( ~  1 0 0 - -  1/2 % CO) 

a c u r r e n t  eff iciency of say  87% w o u l d  g ive  26% 
CO as c o m p a r e d  to a b o u t  12.5% as f o u n d  in the  
p r e s e n t  e x p e r i m e n t s .  Then  t h e  r a t e  of so lu t ion  of 
m e t a l  also shou ld  be  p r o p o r t i o n a t e l y  l a rge r .  I n  i n -  
d u s t r i a l  cells,  convec t ion  m u s t  be  a s s u m e d  to have  
g r e a t  inf luence  on  the  r a t e  of so lu t ion  and  t r a n s -  
p o r t  of d i s so lved  a l u m i n u m  in the  e l ec t ro ly t e .  S e c -  
ond,  a p a r t i a l  d i s c h a r g e  of ca t ions  (e.g., A1 s+ -t- 
2e -~ A1 +) at  t h e  ca thode  m a y  speed  up  t h e  r a t e  
of so lu t ion .  
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In  conclus ion,  the  r e su l t s  c l e a r l y  show t h a t  CO2 
can be  r e d u c e d  to CO and  f u r t h e r  to ca rbon  b y  d i s -  
so lved  a l u m i n u m  in NaF-A1F~ mel t s .  The  l a t t e r  
r e a c t i o n  is s h o w n  to be  s t r o n g l y  d e p e n d e n t  on the  
NaF/A1F3  ra t io ,  and  also to occur  to a c e r t a i n  e x -  
t en t  in  me l t s  of compos i t ions  s i m i l a r  to the  e l e c t r o -  
l y t e  in i n d u s t r i a l  a l u m i n u m  cells.  The  f indings  
t h e r e f o r e  shou ld  be a p p l i c a b l e  to the  s t u d y  of 
s e c o n d a r y  r eac t i ons  of the  anode  gas  d u r i n g  e lec -  
t ro lys i s .  This  wi l l  be d e m o n s t r a t e d  in a s u b s e q u e n t  
pape r .  

Manuscr ip t  rece ived  March 7, 1963. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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On the Anode Gas Reactions in Aluminum Electrolysis, II 

Jomar Thonstad 1 

Institute of Metallurgy and Institute of Inorganic Chemistry, 
The Technical University of Norway, Trondheim, Norway 

ABSTRACT 

The anode react ion and re la ted  secondary  react ions in a luminum e lec t ro l -  
ysis have  been s tudied in a smal l  l abo ra to ry  cell  whe re  the  total  amounts  of 
anode gas could be analyzed.  The p r i m a r y  anode produc t  is found to be CO2, 
at  leas t  a t  cu r ren t  densi t ies  above about  0.05 a m p / c m  s. Assuming  tha t  CO2 
is fo rmed wi th  100% cur ren t  efficiency, a gas vo lume deficit of about  4% is 
ac tua l ly  observed.  This deficit increases  wi th  increas ing  NaF/A1F3 ra t io  in the  
e lec t ro ly te  and wi th  decreas ing in te rpo la r  distance, and i t  is most  l ike ly  due 
to a reduct ion  of CO2 to carbon by  dissolved a luminum in the  electrolyte .  At  
no rma l  cur ren t  densit ies CO2 does not  reac t  wi th  the  anode carbon to form 
CO. It  can, however ,  react  wi th  the  "carbon f roth"  formed by  dis in tegra t ion  
of the  anode. A reac t ion  be tween  COs and the anode carbon is found to occur 
only at  ve ry  low cur ren t  densit ies,  be low 0.1-0.05 a m p / c m  2. A s imple  theory  
for the  mechanism of the  anode react ion is proposed.  

The  p r i m a r y  e l e c t r o c h e m i c a l  r e a c t i o n  in a l u -  
m i n u m  e lec t ro lys i s  can  be  one of t he  fo l lowing :  

A1203+ 3 / 2 C ~  2A] -p 3/2CO~ [1]  E1000oc = 1.16v (1)  

AlsO3 + 3C-~ 2A1 + 3CO [2]  E1000oc ---- 1.01v (1)  

U n d e r  e q u i l i b r i u m  cond i t ions  at  t he  anode ,  t he  p r i -  
m a r y  p r o d u c t  w o u l d  be  a b o u t  99% CO (1) .  E q u i -  
l i b r i u m  is not  ach ieved ,  h o w e v e r ,  s ince k ine t i c  e f -  
fects  e v i d e n t l y  have  g r e a t  inf luence,  as i n d i c a t e d  
b y  the  r a t h e r  h igh  anod ic  o v e r v o l t a g e  w h i c h  occurs  
a t  n o r m a l  c u r r e n t  dens i t ies .  

P e a r s o n  and  W a d d i n g t o n  (2)  have  f o u n d  t h a t  t he  
anode  ca rbon  c o n s u m p t i o n  in a l a b o r a t o r y  cel l  is 
on ly  s l i g h t l y  h i g h e r  t h a n  the  t h e o r e t i c a l  a m o u n t  for  
p r i m a r y  COs fo rma t ion .  S e v e r a l  w o r k e r s  ( 3 - 6 ) ,  
who  have  m e a s u r e d  the  anode  p o t e n t i a l  in v a r i o u s  
ways ,  also s u p p o r t  t he  i dea  t h a t  CO2 is the  p r i m a r y  
anode  p roduc t .  A t  l ow  c u r r e n t  dens i t ies ,  h o w e v e r ,  

1 P resen t  address :  D e p a r t m e n t  of Meta l lurgica l  Engineer ing ,  Uni -  
vers i ty  of Toronto,  Toronto,  Canada.  

o t h e r  w o r k e r s  (7 -9 )  c l a i m  t h a t  CO is also a p r i m a r y  
p roduc t .  A n t i p i n  (7)  has  sugges t ed  t h a t  a t  c u r r e n t  
dens i t i e s  b e l o w  0.1 a m p / c m  2 on ly  CO is f o r m e d  a t  
t he  anode ,  f r o m  0.1 to 0.3 a m p / c m  2 an  e q u i -  
m o l a r  m i x t u r e  of CO a n d  CO2 is fo rmed ,  w h i l e  
a b o v e  0.3 a m p / c m  2 the  a n o d e  p r o d u c t  is p r e d o m -  
i n a n t l y  CO2. 

The  t h e o r y  of c o m b u s t i o n  of c a r b o n  in a i r  i n -  
vo lves  t he  f o r m a t i o n  of an  i n t e r m e d i a t e  C - O  c o m -  
p l e x  on t h e  c a r b o n  su r f a c e  (10, 11).  I f  th i s  concep t  
is a p p l i e d  to the  n o r m a l  a n o d e  r e a c t i o n  in a l u m i n u m  
e lec t ro lys i s ,  t he  p rocess  can  be  s c h e m a t i c a l l y  d i -  
v i d e d  in t h e  fo l lowing  consecu t ive  s teps :  

1. D i s c h a r g e  of o x y g e n :  OS-(in ~omplex~ -> O + 2 e -  
2. C h e m i s o r p t i o n  of O: O + C -~ CxO 
3. Conve r s ion  of CxO: 2CxO "-> CO2(ads.) "~ C 
4. D e s o r p t i o n  of COs: CO2(ads.)--> CO2(g) 

R e m p e l  a n d  K h o d a k  (3)  a n d  S t e r n  and  Ho lmes  
(4)  a s s u m e  t h a t  s tep  3 is t he  r a t e  d e t e r m i n i n g  r e -  
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ac t ion  r e s p o n s i b l e  for  the  ove rvo l t age ,  w h i l e  W e l c h  
and  R i c h a r d s  (6) a s sume  t h a t  s teps  1 and  2, i.e., 
the  t r a n s f e r  of ions t h r o u g h  the  d o u b l e  l a y e r  a n d  
f o r m a t i o n  of t he  CxO complex ,  a r e  r a t e  d e t e r m i n i n g .  

The  mos t  i m p o r t a n t  s e c o n d a r y  r e a c t i o n  is t he  so-  
ca l l ed  b a c k  r e a c t i o n  b e t w e e n  d i s so lved  a l u m i n u m  
in t he  e l ec t ro ly t e ,  h e r e  d e n o t e d  Al l  and  CO2 f r o m  
the  anode;  viz. 

AI~ + 3/2CO2-~ I/2A1203 + 3/2CO [3] 

In Part I of this paper (12) it is shown that part 
of the CO from reaction [3] may be further re- 
duced to carbon 

Alf + 3/2CO-~ I/2Al203 ~- 3/2C [4] 

These two reactions [3] and [4] are the principal 
causes for the loss in current efficiency during alu- 
minum electrolysis. 

Another possible secondary reaction is the so- 
called Boudouard reaction 

CO2 -P C -~ 2CO [5] 

This equilibrium is strongly displaced to the right 
at 950~176 but it is known to be a slow reac- 
tion. The carbon reactant may be anode carbon or 
carbon particles floating in the melt, the so-called 
"carbon froth," formed by disintegration of the an- 
ode. In the former case, the result is equivalent to 
primary formation of CO at the anode. 

Whether reaction [5] occurs in aluminum cells 
or not has long been a matter of dispute. Pruvot 
(13) assumes that it is prevented by electrostatic 
repulsion between the anode and CO2 gas bubbles, 
and also that a suspension of solid particles in a 
melt, like the "carbon froth," is nonreactive to 
gases. In a recent work, Revezyan (14) claims that 
CO2 can react with the "carbon froth" but not with 
the anode, because the latter is positively charged 
and therefore lacks free valency electrons for the 
formation of CO. 

From reactions [I], [2], and [5] it is obvious that 
primary as well as secondary formation of CO (by 
reaction with carbon) produces twice the volume 
of anode gas as in the case of CO2. Reaction [3] 
which is another source of CO does not, on the 
other hand, affect the gas volume. This fact gives 
a means of determining by laboratory experiments 
whether CO in the anode gas is formed by reac- 
tion with carbon or with dissolved aluminum. 

In the present investigation the quantity and 
composition of the anode gas has been measured 
for different current densities. On the basis of 
these data, the nature of the primary anode reaction 
is discussed as well as different possible secondary 
reactions, especially the Boudouard reaction. 

Exper imental  
The laboratory cell is shown in Fig. i. A sintered 

alumina tube G, 60 mm ID, is placed in a graphite 
crucible H, the bottom of which constitutes the elec- 
trical contact for the aluminum cathode L. 

The anode K (50 mm diam) which is entirely 
immersed in the melt, is threaded to a tube of stain- 
less steel B, which also serves as protection tube 

Fig. 1. Experimental electrolytic cell. A, Thermocouple; B, stain- 
less steel tube; C, copper tube; D, rubber insulator, E, steel lid; 
F, heat resistant steel crucible; G, alumina tube; H, graphite 
crucible; I, N2-carrier gas inlet; J, alumina tube; K, anode; L, 
aluminum cathode. 

for  t he  t h e r m o c o u p l e  A. This  t u b e  is enc losed  in a 
coppe r  tube ,  and  n i t r o g e n  is i n t r o d u c e d  b e t w e e n  the  
two  tubes .  The  p a r t  w h i c h  d ips  in to  t he  m e l t  is 
p r o t e c t e d  b y  a t u b e  of s i n t e r e d  a l u m i n a  J and  the  
i n t e r v e n i n g  space  is p a c k e d  w i t h  a l u n d u m .  Because  
of t he  h igh  t h e r m a l  c o n d u c t i v i t y  of t h e  tubes ,  th is  
a r r a n g e m e n t  acts  as a f rozen  sea l  p r e v e n t i n g  e lec -  
t r o l y t i c  a t t a c k  on the  m e t a l  tubes .  The  c ruc ib l e  
is heated in a Kanthal furnace connected to an 
on/off temperature controller. 

The effluent gas proceeds to a gas analyzing unit 
similar to that described in Part I (12) for deter- 
mination of the amounts of CO2, CO, H20, and H2. 

The most important part of this apparatus is the 
anode. Most carbonaceous materials, including 
graphite, tend to disintegrate to a certain extent 
during electrolysis. If the "carbon froth" thus 
formed reacts with the anode gas, an extra reactant 
is introduced which will severely complicate the in- 
terpretation of the results. 

The disintegration of the anodes is assumed to 
be due to selective oxidation of the most reactive 
constituents of the anode (15). In the case of indus- 
trial materials, the coke originating from the tar/ 
pitch binder is usually more reactive than the ag- 
gregate coke. In the present case this problem was 
solved by Elektrokemisk A/S who produced small 
anodes using a pitch coke aggregate which was pre- 
calcined at only 500~ Under these conditions the 
aggregate and the binder form a homogenous struc- 
ture during the baking. While these anodes were 
rather porous, they proved to be nondisintegrating 
in these experiments. 

When not otherwise stated, the electrolyte con- 
sisted of cryolite saturated with alumina, and the 
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i n t e r p o l a r  d i s t ance  was  5 cm. The  t e m p e r a t u r e  was  
k e p t  a t  1000~ d u r i n g  e lec t ro lys i s .  In  runs  at  n o r m a l  
c u r r e n t  dens i t ies ,  0.4-1.0 a m p / c m  ~, 20 a m p - h r  w e r e  
pa s sed  t h r o u g h  the  cell .  B y  m e a n s  of a copper  cou l -  
o m e t e r  the  a m o u n t  of c u r r e n t  cou ld  be  d e t e r m i n e d  
w i t h  an  a c c u r a c y  of --+ 0.1% (16) .  The  n u m b e r  of 
moles  of p r i m a r y  CO2 at  100% f a r a d a y  y ie ld ,  d e -  
no t ed  npr.co2, t hen  could  be  eas i ly  ca lcu la ted .  The  
a m o u n t s  of eff luent  gas a b s o r b e d  in t he  gas  a n a l y z -  
ing uni t ,  nco2 and  nco, a r e  p r e s e n t e d  in  p e r  cent  of 
th is  n u m b e r ,  as fo l lows :  

% CO2 ~ ncoJnpr.co2 �9 100 

% CO ~ nco/npr.CO2 " 100 

w h e r e  n deno tes  t he  n u m b e r  of moles  of the  r e -  
spec t ive  species.  As  in P a r t  I (12) ,  t he  s m a l l  con-  
t en t s  of H~O and  H2 a re  d i s r e g a r d e d  in p r e s e n t i n g  
the  resu l t s .  Cu rves  for  % CO a r e  o m i t t e d  in  t he  
d i ag rams ,  b u t  t h e y  can  be  o b t a i n e d  b y  sub t r ac t i on .  

Results and  Discussion 

F i g u r e  2 i l l u s t r a t e s  t he  r e su l t s  for  e l ec t ro lys i s  
w i t h  n o n d i s i n t e g r a t i n g  anodes  at  t h r e e  d i f fe ren t  
c u r r e n t  dens i t ies ,  cove r ing  the  r a n g e  a p p l i e d  in 
i n d u s t r i a l  cells.  In  these  runs  less  eff luent  gas  was  
f o u n d  t h a n  the  t h e o r e t i c a l  a m o u n t  c a l c u l a t e d  as 
p r i m a r y  CO2 (npr.co2). This  defici t  is e x p r e s s e d  b y  
cu rve  C in Fig.  2, w h e r e  

% C  ~ n p r . c 0 2  - -  ( r i c o  2 -~- nco)/npr.co2 " 1000 ---- 

n c / n p r . C O 2  �9 1 0 0 0  

The  r ea son  for  t he  gas  defici t  w i l l  be  d i scussed  l a te r .  

F r o m  these  r e su l t s  i t  can  be  conc luded  t h a t  CO2 
is t he  anode  p r o d u c t  a t  n o r m a l  c u r r e n t  dens i t i e s  
and  t h a t  n e i t h e r  r e a c t i o n  [2]  nor  [5]  has  o c c u r r e d  
to a n y  m e a s u r a b l e  ex ten t ,  s ince  these  r eac t i ons  
w o u l d  g ive  a gas  excess .  The  CO con ten t  ( %  CO 
100 - -  % CO2 - -  % C) t h e n  m u s t  be  w h o l l y  due  to 
r e a c t i o n  [3] .  

The  s lope  of t he  CO2 cu rve  r e v e a l s  t h a t  % CO 
dec reases  w i t h  i nc r ea s ing  c u r r e n t  dens i ty .  This  fac t  
accounts  for  the  w e l l - k n o w n  inc rea se  in c u r r e n t  
eff iciency w i t h  i nc r ea s ing  c u r r e n t  dens i ty .  The  e x -  
t en t  of r e a c t i o n  [3]  p e r  un i t  t i m e  d e p e n d s  on the  
a m o u n t  of d i s so lved  a l u m i n u m  t r a n s p o r t e d  to t he  
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Fig. 2. % CO~ and gas deficit (%C) as function of current 
density in electrolysis with non-disintegrating anodes. Cryolite, 
t ~ 1000~ 

vicinity of the anode, which in the ideal case should 
be constant and independent of current density, i.e., 
% CO should be inversely proportional to the cur- 
rent density. In the present experiments the amount 
of CO formed per unit time seemed to increase 
slightly with increasing current density. This may 
be ascribed to the influence of gas evolution on 
convection in the electrolyte, which may facilitate 
the formation and/or transport of dissolved alu- 

minum. 
In order to test Antipin's theory (7) that CO 

and CO/CO2 mixtures are the primary anode prod- 
uct at low current densities, some runs were made 
with current densities from 0.05 to 0.4 amp/cm 2. 
At the lowest current densities the surprising ob- 
servation was made that much less gas than the- 
oretical (n~r.CO2) was evolved. This must be due 
to the influence of the dissolved aluminum, which 
either reduces most of the anode gas to carbon, or 
is directly oxidized anodically (e.g., A1 + -> A1 ~+ 

+ 2e) .  
This  d i s t u r b i n g  effect of d i s so lved  a l u m i n u m ,  

w h i c h  o c c u r r e d  at  low c u r r e n t  dens i t i e s  w h e r e  the  
anode  gas  e v o l u t i o n  is s low,  was  d i m i n i s h e d  b y  u s -  
ing a ca thode  cons i s t ing  of a l i qu id  s i l v e r - c o p p e r  
a l l oy  (40 A g - 6 0  Cu)  con ta in ing  on ly  a b o u t  1 w e i g h t  
p e r  cent  ( w / o )  A1. W i t h  th is  a l loy,  w h e r e  t he  
a l u m i n u m  a c t i v i t y  is v e r y  low,  t he  inf luence  of 
b a c k  r eac t i ons  [3]  and  [4]  shou ld  be  r e d u c e d  to 
a t o l e r a b l e  degree .  [ J u d g i n g  f r o m  a v a i l a b l e  d a t a  
(1)  for  the  b i n a r y  sy s t e ms  Ag-A1,  Cu-A1,  and  
C u - A g  a s l igh t  n e g a t i v e  d e v i a t i o n  f r o m  i d e a l i t y  
w o u l d  be  e x p e c t e d . ]  

The  r e su l t s  o b t a i n e d  w h e n  this  ca thode  was  used,  
a re  p r e s e n t e d  in Tab le  I. A m i n o r  excess  of gas 
occu r r ed  at  0.1 a m p / c m  ~. A t  a l l  o t h e r  c u r r e n t  d e n -  
s i t ies  t he  gas  a m o u n t s  a r e  qu i t e  cons i s t en t  w i t h  t he  
t h e o r y  of  100% p r i m a r y  CO2, t he  r e su l t s  a t  h i g h e r  
c u r r e n t  dens i t i e s  show ing  t h e  p r e v i o u s l y  m e n t i o n e d  
gas  deficit .  The  p o t e n t i a l  a t  the  two  lowes t  c u r r e n t  
dens i t i e s  was  l o w e r  t h a n  the  r e v e r s i b l e  d e c o m p o s i -  
t ion  p o t e n t i a l  for  r e a c t i o n  [1] ,  owing  to t he  d e -  
p o l a r i z a t i o n  caused  b y  the  l o w - a c t i v i t y  a l u m i n u m  
ca thode .  A p p r o x i m a t e  ca l cu la t ions  show t h a t  a 
r a t h e r  s teep  c o n c e n t r a t i o n  g r a d i e n t  w i l l  be  set  up  
on the  ca thode  su r f ace  a t  h i g h e r  c u r r e n t  dens i t ies .  
A t  0.4 and  0.7 a m p / c m  2 the  a l l oy  t h e r e f o r e  a p -  
p r o a c h e s  t he  b e h a v i o r  of  a p u r e  a l u m i n u m  ca thode ,  
as i n d i c a t e d  b y  t h e  po t e n t i a l s  and  the  gas  ana lys i s .  

The  p r e v i o u s  conclus ion  t h a t  t he  a n o d e  p r o d u c t  
is CO2 a t  n o r m a l  c u r r e n t  dens i t i e s  can now be e x -  
t e n d e d  also to l o w e r  c u r r e n t  dens i t i e s  of abou t  0.05 
a m p / c m  2. 

The  Gas Deficit 

As shown  in Fig .  2, the  gas  deficit ,  e x p r e s s e d  as 
p e r  cent  C, has  a f a i r l y  cons t an t  v a l u e  of abou t  

Table I. Electrolysis with an Ag-Cu-AI cathode, t ~ 100O~ 

Curren t  densi ty  0.05 0.1 0.2 0.4 0.7 
Potent ia l  (v - IR)  1.04 1.05 1.37 1.45 1.55 
A m p e r e - h o u r s  0.66 1.05 2.78 16.53 10.19 
% CO2 15.9 41.3 56.0 79.8 82.0 
% CO 84.1 64.2 41.6 17.1 15.3 
% C (gas deficit) 0 --5.5 3.1 2.7 2.4 
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40%,  a l t h o u g h  t h e r e  is c o n s i d e r a b l e  s c a t t e r i n g  of 
t he  points ,  e spec i a l l y  a t  0.7 a m p / c m  2. B l a n k  r u n s  
e x c l u d e d  the  p o s s i b i l i t y  of  f a u l t y  e x p e r i m e n t a l  
t echn ique ,  so t h e  r e a s o n  m u s t  be sough t  a m o n g  t h e  
f o l l o w i n g  poss ib i l i t i e s :  I. E l ec t ron i c  conduc t i v i t y .  
II.  A n o d e  p r o d u c t s  o t h e r  t h a n  COn (CF4, F2).  I II .  
" C h e m i c a l  sho r t  c i rcu i t , "  ( a )  b y  the  d i s so lved  a l u -  
m i n u m  (e.g., A1 + -~ A18+ 4- 2e) ,  (b )  b y  o t h e r  m u l -  
t i v a l e n t  ions ( i m p u r i t i e s  l ike  Fe,  V ) .  IV. S e c o n d a r y  
r e a c t i o n  

Al l  + 3/2CO--> 1/2A1208 + 3 /2C [4]  

V. S o l u b i l i t y  of COn in t he  mel t .  
The  p h e n o m e n a  I - I I I  affect  t he  y i e l d  of p r i m a r y  

COn, w h i l e  I V - V  d e s c r i b e  s e c o n d a r y  effects,  each  
of w h i c h  wi l l  be  d i scussed  be low:  

I. In  some a l k a l i  m e t a l - h a l o g e n  sa l t  sy s t ems  e lec -  
t r on i c  c o n d u c t i v i t y  has  b e e n  o b s e r v e d  (17) ,  b u t  in  
t he  a l u m i n u m - c r y o l i t e  s y s t e m  w h e r e  the  m e t a l  so lu -  
b i l i t y  is v e r y  low [0.1 w / o  A1 ( 1 8 ) ] ,  such  a m e c h -  
a n i s m  seems  v e r y  un l i ke ly .  

II.  D i s c h a r g e  of t he  s t r o n g l y  e l e c t r o n e g a t i v e  f luo-  
r i d e  an ion  is mos t  u n l i k e l y  in me l t s  s a t u r a t e d  w i t h  
AlnO3. A mass  s p e c t r o g r a p h i c  ana lys i s  of anode  
gas f rom i n d u s t r i a l  cel ls  (19)  r e v e a l e d  no f luor ine  
or  c a r b o n - f l u o r i n e  c o m p o u n d s  in t he  anode  gas  d u r -  
ing  n o r m a l  e lec t ro lys i s .  

I I I ( a ) .  As  a l r e a d y  sugges ted ,  anodic  o x i d a t i o n  of 
s u b v a l e n t  ions  m a y  occur  at  l ow  c u r r e n t  dens i t ies .  
Because  of t he  low s o l u b i l i t y  of  a l u m i n u m  in the  
e l ec t ro ly t e ,  th i s  r e a c t i o n  m u s t  have  a low l i m i t i n g  
c u r r e n t  dens i ty .  W h e n  th is  is exceeded ,  t he  n o r m a l  
o x y g e n  d i s c h a r g e  w i t h  s u b s e q u e n t  CO2 f o r m a t i o n  
shou ld  s ta r t ,  and  d i s so lved  m e t a l  w o u l d  be  con-  
s u m e d  b y  r eac t ions  [3]  and  [4]  be fo re  r e a c h i n g  the  
anode.  

I I I ( b ) .  Most  ca t ion ic  i m p u r i t i e s  w i l l  be  r e d u c e d  to 
m e t a l  or  be  vo l a t i l i z ed  as f luorides .  

IV. In  P a r t  I (12) r e a c t i o n  [4]  is shown  to t a k e  
p l ace  w h e n  CO2 is b u b b l e d  t h r o u g h  the  m e l t  w i t h -  
ou t  e lec t ro lys i s .  

V. The  s o l u b i l i t y  of CO2 in the  m e l t  w i l l  not  h a v e  
a n y  inf luence  w h e n  s e v e r a l  r uns  a r e  m a d e  in  ser ies ,  
a n d  the  so lub i l i t y  is in a n y  case v e r y  low (18) .  

S u m m i n g  up,  t he  t o t a l  r e d u c t i o n  of CO2 to c a r -  
bon  ( IV)  m u s t  be  r e g a r d e d  as t he  mos t  r e a s o n a b l e  
e x p l a n a t i o n  for  the  gas  deficit ,  a l t h o u g h  a d i r ec t  
anodic  o x i d a t i o n  of d i s so lved  a l u m i n u m  canno t  be  
r u l e d  out.  

In  an  a t t e m p t  to cas t  m o r e  l igh t  on th is  p r o b l e m ,  
t he  d e p e n d e n c e  of t he  gas  defici t  on the  fo l lowing  
v a r i a b l e s  was  i n v e s t i g a t e d :  ( i )  D u r a t i o n  of e l ec -  
t ro lys i s ,  ( i i )  a l u m i n u m  a c t i v i t y  of ca thode  me ta l ,  
( i i i )  i n t e r p o l a r  d i s tance ,  and  ( iv )  t h e  N a F / A 1 F 3 -  
ra t io .  

( i )  The  r e su l t s  for  t h r e e  s h o r t - t i m e  e x p e r i m e n t s  
a r e  g iven  in Tab le  II. The  first  two  e x p e r i m e n t s  

Table II. Results for short-time experiments, t ~ lO00eC 

% Gas deficit 
Arnp/cra~ Amp-hr % C02 % CO (% C) 

1.0 6.75 80.2 19.6 0.2 ( =  3 ml)  
1.0 10.50 79.2 20.6 0.2 ( =  4, ml)  
1.0 10.23 80.0 15.7 4.3 
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w e r e  r u n  in ser ies ,  and  the  r e su l t s  show v e r y  good 
a g r e e m e n t  w i t h  t he  t h e o r e t i c a l  npr.con, t he  d e v i a -  
t ion  be ing  w i t h i n  t he  l imi t s  of e r ro r .  T h e  l a s t  e x -  
p e r i m e n t  shows  t h e  " n o r m a l "  deficit .  T h e s e  r e su l t s  
i nd ica t e  t h a t  t he  r e a c t i o n  w h i c h  causes  t he  gas  
defici t  m u s t  be  i n i t i a t e d  in some  way ,  a n d  t h a t  th is  
does no t  a l w a y s  ha ppe n .  Such  an  e x p l a n a t i o n  is 
r e a s o n a b l e  for  r e a c t i o n  [4]  w h i c h  r e q u i r e s  some  sor t  
of nuc l eus  for  t he  f o r m a t i o n  of carbon .  

( i i )  E x p e r i m e n t s  w i t h  Cu-A1 and  C u - A g - A 1  c a t h -  
odes  w i t h  v a r y i n g  a l u m i n u m  con ten t  gave  s o m e w h a t  
confus ing  resu l t s ,  a l t h o u g h  the  g e n e r a l  t r e n d  was  
an  i nc rea se  in % CO and  %C w i t h  i nc r e a s ing  a l u -  
m i n u m  content .  In  these  r u n s  t he  p r e v i o u s l y  m e n -  
t i oned  c o n c e n t r a t i o n  g r a d i e n t  of a l u m i n u m  on the  
ca thode  m a y  h a v e  d i s t u r b e d  the  resu l t s .  

( i i i )  B y  d i m i n i s h i n g  t h e  i n t e r p o l a r  d i s t ance  
f rom 5 to 2.5 cm, t he  r e su l t s  p r e s e n t e d  in  Fig .  3 
w e r e  ob ta ined .  The  cu rves  for  5 c m  a re  t a k e n  f rom 
Fig.  2. The  d i a g r a m  shows t ha t  bo th  % CO and  
% C a re  h i g h e r  w h e n  the  i n t e r p o l a r  d i s t a n c e  is d i m i n -  
ished.  This  effect m u s t  be due  to g r e a t e r  t r a n s p o r t  
of d i s so lved  a l u m i n u m  t o w a r d  the  a n o d e  because  
of i n c r e a s e d  convec t ion .  

( iv )  W h e n  the  NaF /A1F3  r a t i o  was  va r i ed ,  the  
r e su l t s  p r e s e n t e d  in  Fig .  4 and  Fig.  5 w e r e  ob ta ined .  
F o r  the  c ryo l i t e  compos i t i on  (25% A1F~) the  r e -  
su l t s  a r e  t a k e n  f r o m  Fig.  2. The  gas  defici t  (F ig .  5) 
dec reases  v e r y  r a p i d l y  w i t h  i nc r e a s ing  AIF3 conten t ,  
be ing  close to zero  in AIF~ r ich  mel t .  

100 ) 
L 

80  

U 
6O 

(9 

2C 

I I I 

o _ ~ . . , _ l ~ Z ~  C02 5 c m  

\ C O  2 2,5  c m  

C 2,5 cm 
o 

C 5 c m  

J I [ 

o o,4 o,7 1,o A/c  

Fig. 3. Electrolysis with different interpelar distances. Non- 
disintegrating anodes, Cryolite, t = 1000~ 
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The  r e su l t s  bo th  for  % CO and  % C a re  cons i s t -  
en t  w i t h  t he  f indings  in  P a r t  I (12) .  The  e x t e n t  of 
t he  b a c k  r eac t ions  [3]  and  [4]  is e v i d e n t l y  less  in 
an  A1F3 r ich  m e l t  t h a n  in  c ryo l i t e .  The  r e su l t s  seem 
to s u p p o r t  t he  a s s u m p t i o n  t h a t  r e a c t i o n  [4] ,  i.e. the  
r e d u c t i o n  of CO to ca rbon ,  is r e s p o n s i b l e  for  t he  gas 
deficit .  

Curren t  e ~ c i e n c y . - - I n  an a t t e m p t  to m e a s u r e  t he  
ca thod ic  c u r r e n t  eff iciency t h e  ca thode  was  m a d e  up  
of an  A1-Cu a l loy  w i t h  10 w / o  Cu, w h e r e b y  the  i n -  
c rease  in  a l u m i n u m  con ten t  d u r i n g  e l ec t ro lys i s  could  
be  d e t e r m i n e d  b y  coppe r  ana lys i s .  Due  to s e v e r a l  
e x p e r i m e n t a l  diff icul t ies  invo lved ,  r a t h e r  few r e l i -  
ab l e  r e su l t s  w e r e  ob ta ined .  F u r t h e r m o r e  t h e  r e l a -  
t i v e l y  w ide  l imi t s  of e r r o r  p r e v e n t e d  s t r i c t  con-  
t ro l  of t he  r e l a t i o n s h i p  b e t w e e n  t h e  e x t e n t  of  t he  
b a c k  r eac t i ons  [3]  and  [4]  and  the  c u r r e n t  efficiency, 
such con t ro l  be ing  the  a i m  of these  m e a s u r e m e n t s .  
The  few re su l t s  ob ta ined ,  h o w e v e r ,  i n d i c a t e d  a 
f a i r l y  good  a g r e e m e n t  b e t w e e n  the  m e t a l  losses  ca l -  
c u l a t e d  f rom r eac t i ons  [3]  and  [4]  a n d  the  m e a s u r e d  
losses.  

React ion b e t w e e n  CO2 and Carbon 

In  t he  fo rego ing  i t  is conc luded  t h a t  COs is the  
p r i m a r y  anode  p r o d u c t  a l t h o u g h  CO is t h e r m o d y -  
n a m i c a l l y  p r e f e r r e d .  The  l a t t e r  fac t  is also e x p r e s s e d  
b y  the  B o u d o u a r d  e q u i l i b r i u m  [5] w h i c h  g ives  
CO2/CO ~ 1/99 a t  a b o u t  1000~ One m i g h t  t h e r e -  
fo re  e x p e c t  t ha t  t he  p r i m a r y  CO2 m i g h t  r e a c t  c h e m i -  
ca l ly  w i t h  t he  a n o d e  or  w i t h  " c a r b o n  f r o t h "  t h a t  
m i g h t  be  p r e s e n t  in t he  mel t .  J u d g i n g  f r o m  the  gas  
amoun t s ,  th is  has  e v i d e n t l y  no t  o c c u r r e d  to  a n y  
m e a s u r a b l e  e x t e n t  w i t h  t he  n o n - d i s i n t e g r a t i n g  
anodes .  

W i t h  g r a p h i t e  anodes ,  w h i c h  d i s i n t e g r a t e  s o m e -  
w h a t  d u r i n g  e lec t ro lys i s ,  an  excess  of gas  was  ac -  
t u a l l y  obse rved .  S ince  anodes  m a d e  of g r a p h i t e  a r e  
less  r e a c t i v e  t h a n  t h e  n o n - d i s i n t e g r a t i n g  t y p e  ( t he  
anod ic  o v e r v o l t a g e  was  found  to be  m a r k e d l y  h i g h e r  
on g r a p h i t e  a n o d e s ) ,  i t  s eems  r e a s o n a b l e  to a s s u m e  
t h a t  t he  gas  l e a v i n g  the  g r a p h i t e  a n o d e  is CO2, and  
t h a t  r e a c t i o n  [5]  occurs  on ly  w i t h  t he  " c a r b o n  f ro th . "  

T h e r e  w i l l  now be  two  d i f fe ren t  sources  of CO 

2 /3Al l  + CO2--> 1/3A12Os + COl [6]  

C + CO2--> 2COc [7]  

In  t he  fo l l owing  eva lua t i on ,  CO f r o m  the  two  r e -  
ac t ions  a r e  d e s i g n a t e d  b y  subsc r ip t s  f a n d  c, as i n -  
d i c a t e d  above ,  w h e r e b y  

ncof -~ nCOc = rico 

ncof -F 1/2ncoc -{- nco2 = npr.co2 

E l i m i n a t i n g  ncof, the  fo l l owing  e x p r e s s i o n  is o b -  
t a i n e d  

ncoo = 2 (nco2 + rico) - -  nvr.co2 
and  

% COr = ncoc/npr.cos �9 1O0 

This  ca l cu l a t i on  of  ncoc is o n l y  a p p r o x i m a t e ,  as t h e  
inf luence  of r e a c t i o n  [4]  on the  gas  a m o u n t  is no t  
t a k e n  in to  account .  W h e n  gas  excess  occurs ,  the  
d e g r e e  of th is  r e a c t i o n  canno t  be  d e t e r m i n e d .  I t  
mus t ,  h o w e v e r ,  be  e x p e c t e d  to occur  to t he  s ame  e x -  
t en t  as  found  p r e v i o u s l y ,  i.e., % C = 4%.  The  two  
r eac t i ons  shou ld  not  in f luence  each  o ther ,  as [4]  
mos t  l i k e l y  occurs  j u s t  b e n e a t h  t he  anode  and  [5]  
m o s t l y  occurs  n e a r  the  su r f a c e  of  t he  me l t ,  w h e r e  
t he  " c a rbon  f r o t h "  is concen t r a t ed .  The  t r u e  va lues  
for  CO~ shou ld  t hen  be  8% l a r g e r  a n d  for  COf 8% 
l o w e r  t h a n  g iven  b y  the  e xp re s s ion  above .  

Results and Discussion, Graph i te  Anodes 

The  r e su l t s  for  g r a p h i t e  anodes  a r e  g iven  in Fig .  
6. In  o r d e r  to m a k e  the  r e su l t s  c o m p a r a b l e  w i t h  those  
for  n o n - d i s i n t e g r a t i n g  anodes  

% COs + ~'2% COc = (nco2 + 1/2ncoc)npr.COs �9 100 
is p lo t t ed .  In  a d d i t i o n  

% CO2 = nco2/(nco~ + rico) �9 100 

is p lo t t ed .  % COc dec reases  w i t h  i nc r e a s ing  c u r r e n t  
dens i ty ,  b u t  t he  a m o u n t  f o r m e d  p e r  un i t  t ime  is 
f a i r l y  cons tan t .  This  is w h a t  w o u l d  be  expec ted ,  
s ince  [5]  is k n o w n  to be  a s low reac t ion .  S i m i l a r  
r e su l t s  w e r e  o b t a i n e d  w i t h  anodes  of t he  s ame  t y p e  
as p r e b a k e d  anodes  used  in i n d u s t r i a l  cells,  b u t  
t h e s e  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a n o t h e r  and  
less  a c c u r a t e  a p p a r a t u s  and  wi l l  no t  be  r e p o r t e d  
here .  

S ince  the  f o r m a t i o n  of COc s e e m e d  to be  caused  
b y  a r e a c t i o n  w i t h  " c a r b o n  f ro th , "  a r t i f i c ia l  " c a r b o n  
f r o t h "  was  a d d e d  to the  m e l t  in some runs  w i t h  
n o n - d i s i n t e g r a t i n g  anodes .  I t  was  p r e p a r e d  b y  
c rush ing  a n d  g r i n d i n g  p ieces  of t he  anode  m a t e r i a l ,  
and  a d d e d  to t he  m e l t  in t he  fo l lowing  p r o p o r t i o n s :  

10C 

c~ 8c 
U 

6O 

U 

4O 

20 

I I I 

0 0,4 0,7 1,0 

o co.a .�89 COc 
�9 Co,~ 
| COc 

A//c~ - 

Fig. 6. Electrolysis with graphite anodes. Cryolite, t = 1000~ 
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Fig. 7. Electrolysis with non-disintegrating anodes when added' 
"artificial carbon froth." Cryolite, t ~ 1000~ 

1.5g, 10-22 mesh ;  1.5g, 100-22 mesh ;  0.5g, --100 
mesh.  

As  shown  in Fig.  7, the  B o u d o u a r d  r e a c t i o n  also 
o c c u r r e d  in  th is  case, % COc be ing  even  l a r g e r  t h a n  
w i t h  g r a p h i t e  anodes .  These  r e su l t s  m a k e  i t  c l ea r  
t h a t  COe can  r e a c t  w i t h  t h e  " c a r b o n  f r o t h "  b u t  no t  
w i t h  t he  a n o d e  i tself ,  a t  l eas t  not  a t  n o r m a l  c u r r e n t  
dens i t ies .  F u r t h e r  s u p p o r t  for  th is  conc lus ion  is 
g i v e n  b y  r e su l t s  o b t a i n e d  b y  b u b b l i n g  CO2 u n d e r  t he  
anode  d u r i n g  e lec t ro lys i s .  

Addition of CO2 during electrolysis.--Tank CO2 
was  d e l i v e r e d  f rom the  g a s o m e t e r  d e s c r i b e d  in P a r t  
I (12) ,  and  b u b b l e d  u n d e r  the  a n o d e  f r o m  an a l u -  
m i n a  t u b e  w h i c h  pa s sed  t h r o u g h  the  m i d d l e  of  t he  
anode .  The  gas  r a t e  was  k e p t  a t  35 ml  N P T / m i n .  In  
o r d e r  to d i m i n i s h  the  r e a c t i o n  b e t w e e n  CO2 and  
d i s so lved  a l u m i n u m ,  the  p r e v i o u s l y  m e n t i o n e d  A g -  
Cu-A1 a l loy  was  used  as  ca thode .  

In  o r d e r  to see if the  r e a c t i v i t y  of the  anode  w o u l d  
h a v e  a n y  inf luence,  two  t y p e s  of n o n - d i s i n t e g r a t i n g  
anodes  w e r e  used,  one w i t h  an a d d i t i o n  of 0.6% 
H3BOa and  the  o t h e r  w i t h  0.6% Na2CO3. The  f o r m e r  
a d d i t i o n  is k n o w n  to m a k e  ca rbonaceous  m a t e r i a l s  
less  r e a c t i v e  (a t  l eas t  b y  combus t i on  in a i r ) ,  w h i l e  
the  l a t t e r  acts  in the  oppos i t e  d i r ec t ion  (20) .  In  n o r -  
m a l  e l ec t ro lys i s  these  add i t i ons  h a d  no m e a s u r a b l e  
inf luence  on the  resu l t s .  

The  a m o u n t  of in le t  gas  and  the  gas  f o r m e d  in 
e l ec t ro lys i s  cou ld  eas i ly  be  ca l cu la t ed ,  and  COc 
e v a l u a t e d  b y  the  s ame  exp re s s ions  as  used  above .  

O n l y  the  r e su l t s  for  COc a re  of  i n t e r e s t  in  th is  
con tex t ,  and  these  a r e  s h o w n  in Fig.  8. A t  zero c u r -  
r e n t  d e n s i t y  t he  a n o d e  w i t h  H3BO~ a d d i t i o n  gave  
26.2% COc. A p p l y i n g  a c u r r e n t  d e n s i t y  of 0.00125 
a m p / c m  2 a v e r y  s l igh t  dec rease ,  25.3% COc, was  o b -  
se rved ,  b u t  th i s  d e c r e a s e  is w i t h i n  t h e  l im i t s  of e r ro r .  
The  cu rve  fa l l s  off v e r y  r a p i d l y  w i t h  i nc r e a s ing  
c u r r e n t  dens i ty ,  r e a c h i n g  zero b e t w e e n  0.05 and  0.1 
a m p / c m  2. C u r v e  II,  r e p r e s e n t i n g  the  m o r e  r e a c t i v e  
a n o d e  ( w i t h  Na2CO~), s t a r t s  a t  a m u c h  h i g h e r  va lue ,  
a b o u t  50% COc, b u t  has  a s i m i l a r  slope,  t h o u g h  a l -  
w a y s  l y i n g  a b o v e  the  o ther .  

On t h e  d i a g r a m  the  cu rves  cross  the  absc i ssa  g iv ing  
n e g a t i v e  v a l u e s  for  CO~ at  h i g h e r  c u r r e n t  dens i t ies .  
The  n e g a t i v e  v a l u e s  h a v e  no  p h y s i c a l  m e a n i n g  r e -  
f e r r e d  to r e a c t i o n  [5] ,  b u t  s i m p l y  i nd i ca t e  t h a t  a gas  
defici t  occurs  due  to r e a c t i o n  [4]  and  t h a t  r e a c t i o n  
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Fig. 8. Dependence of the Boudouard reaction on the anode 
current density when additional CO2 is bubbled under the anode. 
Non-disintegrating anodes: I, with 0.6% H~BO3; II, with 0.6% 
Na2CO3. Cryolite, t = 1000~ 

[5]  has  ceased.  In  the  r a n g e  0.05-0.1 a m p / c m  2 the  
two r eac t ions  o v e r l a p  in t he  ca lcu la t ion ,  and  thus  
p r e v e n t  an  exac t  d e t e r m i n a t i o n  of the  m a x i m u m  
c u r r e n t  d e n s i t y  a t  w h i c h  r e a c t i o n  [5]  can  occur .  
(This  m a x i m u m  c u r r e n t  d e n s i t y  m a y  even  l ie  a 
l i t t l e  b e l o w  0.05 a m p / c m  2, as t he  sma l l  a m o u n t s  of 
COc o b t a i n e d  a t  th is  c u r r e n t  d e n s i t y  m i g h t  have  
been  f o r m e d  at  the  s ides  of t he  anode  w h e r e  the  c u r -  
r en t  d e n s i t y  wi l l  be  l o w e r  t h a n  u n d e r n e a t h . )  

Besides ,  the  m a x i m u m  c u r r e n t  d e n s i t y  e v i d e n t l y  
is s o m e w h a t  d e p e n d e n t  on the  r e a c t i v i t y  of t he  
anode,  as i n d i c a t e d  in Fig.  8. In  a n y  case, h o w e v e r ,  
the  r e su l t s  c l e a r l y  show t h a t  i t  is f a r  b e l o w  t h e  c u r -  
r en t  dens i t i e s  a p p l i e d  in i n d u s t r i a l  cel ls  (0.6-1.0 
a m p / c m 2 ) ,  p r o v i n g  t h a t  CO2 canno t  r eac t  w i t h  the  
anode  u n d e r  these  c i r cums tances .  

W i t h  t h e  p r e s e n t  e x p e r i m e n t a l  t e c h n i q u e  i t  is no t  
poss ib le  to i d e n t i f y  t he  p r i m a r y  anode  p r o d u c t  a t  
v e r y  low c u r r e n t  dens i t i e s  a t  w h i c h  the  B o u d o u a r d  
r e a c t i o n  m a y  occur  at  the  anode .  This  is because  
p r i m a r y  CO2 could  r e a c t  w i t h  t he  anode  in a sec-  
o n d a r y  r eac t i on  and  also b e c a u s e  of t he  i n t e r f e r i n g  
r eac t ions  w i t h  d i s so lved  a l u m i n u m .  

React ion  M e c h a n i s m  

The  anode  r e a c t i o n  d u r i n g  e l ec t ro ly s i s  seems  to 
b lock  the  anode  su r f ace  in some way ,  p r e v e n t i n g  the  
B o u d o u a r d  reac t ion .  A r e a s o n a b l e  e x p l a n a t i o n  for  
th is  effect m a y  be  f o u n d  b y  e x a m i n i n g  the  t h e o r y  of 
the  m e c h a n i s m s  for  such reac t ions .  

Bo th  the  p r i m a r y  a n o d e  r e a c t i o n  and  the  B o u -  
d o u a r d  r e a c t i o n  m u s t  be  a s s u m e d  to p roc e e d  w i t h  
c h e m i s o r b e d  C-O complexes  as an  i n t e r m e d i a t e  s tep  
(3, 4, 10, 11).  The  two  r eac t i ons  wi l l  t hen  c ompe t e  
for  t he  ac t ive  s i tes  on  the  a n o d e  c a r b o n  sur face .  A t  
a c e r t a i n  c u r r e n t  d e n s i t y  t he  su r face  m a y  be so oc-  
cup ied  w i t h  C-O c o m p l e x e s  f r o m  o x y g e n  depos i t i on  
t ha t  t h e r e  wi l l  be  no f ree  s i tes  l e f t  w h e r e  t he  B o u -  
d o u a r d  r e a c t i o n  m a y  occur .  Or  in  o the r  words ,  the  
c onc e n t r a t i on  of  c h e m i s o r b e d  o x y g e n  becomes  so 
h igh  t h a t  f o r m a t i o n  of CO2 is p r e f e r r e d .  

This  t h e o r y  wi l l  be e x t e n d e d  be low,  cons ide r ing  
the  n a t u r e  of the  complexes .  I t  s eems  to g ive  a b e t t e r  
e x p l a n a t i o n  t h a n  t h e  t h e o r y  of R e v a z y a n  (14) ,  a c -  
co rd ing  to  w h i c h  the  pos i t i ve  c h a r g e  of the  anode  is 
the  r ea son  for  i ts  n o n - r e a c t i v i t y  to CO2. The  l a t t e r  
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theory does not explain the results presented in 
Fig. 8, since the positive charge of the anode is 
nearly the same at 0.00125 a m p / c m  2 and at 0.1 
amp /cm 2. 

In the present state of knowledge of the com- 
bustion of carbon, it is impossible to work out a de- 
tailed theory for the mechanism of the anode reac-  
tion in a luminum electrolysis. Furthermore,  there is 
at least one major  difference between combustion 
of carbon in air and during electrolysis, since in the 
latter case oxygen reaches the carbon surface as 
single oxygen atoms and not as molecules. 

The chemisorption of oxygen will preferably oc- 
cur on active sites in the carbon network, i.e., at 
edges, holes, pores, and dislocations, where the car-  
bon atoms will have free valences. In electrolysis at 
higher current densities the reaction may occur not 
only on active sites but  it may  spread over the 
whole surface. In  that  case the free conductivity 
7r-electrons may  contribute to the bonding. 

O 

Bonds like ~ C - - O ,  > C  / X C \ ,  / and possibly 

~ C - - O - - O  For example a single may occur. 

O 

k / C /  ~ C <  surface compound may be rather 
stable, no t  allowing CO(g) to be formed, but when 
also a neighbor site is occupied in the same way, 

\ 0  O /  
.. x, \ / , '4 ,  

giving C \ C C x ,  a cleavage of the re-  
/ - - I -  - /  " 

maining C-C bond may occur as indicated with 
dotted lines, CO2(g) being formed. 

The Boudouard reaction will involve chemosorp- 
tion of CO2 as 

O--C--O 
/ \ 

/C C\ or 

with subsequent breaking of C-O bonds and forma- 
tion of COr Because of the already existing C--~O 
bonds in CO2, the formation of such complexes must 
be assumed to be less stable than the C-O complexes 
formed by discharge of oxygen atoms. The former 
then should be completely expelled if oxygen is 
produced at a sufficient rate, i.e., if the current  den-  
sity is high enough. In this connection the impor-  
tant factor must be the rate of transition of the 
complex, since this will determine at which rate 
oxygen has to be discharged in order to prevent  the 
formation of CO. The rate determining step should 
then be the conversion of the C-O complex, i.e, 
2CxO--> CO2 4-C. It is difficult to decide from this 
reasoning, if this also is the case at higher current  
densities. 

Conclusion 
The results obtained in this work may be summed 

up as follows: 

I. The pr imary anode product  is COe, at least at 
current  densities above 0.05-0.1 amp/cm 2. At normal  
current densities CO2 seems to be formed with 100% 
anodic current efficiency. 

II. Some of the CO2 reacts with dissolved alumi-  
num whereby CO and also a small amount  of free 
carbon is formed. 

III. At  current  densities above 0.05-0.1 amp/cm 2, 
CO2 cannot react with the anode to form CO. It will, 
however, react with "carbon froth" that might be 
present in the bath. 

IV. The extent of the reactions mentioned above 
cannot be measured independently by simple means, 
and it is therefore impossible to set up an exact 
formula relating anode gas composition with ca- 
thodic current efficiency. 
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Desalination of Sodium Halide Electrolytes 
by a Differential Redox Method 

E. I. Onsfo t t  

Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico 

ABSTRACT 

A method  of dif ferent ia l  desa l ina t ion  of e lec t ro ly tes  which  uti l izes e lec t ro-  
chemical  mass  t r anspor t  is described.  Sodium chlor ide  a n d / o r  sodium bromide  
e lec t ro ly te  conta ining dissolved chlor ine  or b romine  is e lec t ro lyzed be tween  
closely spaced pa ra l l e l  porous carbon electrodes wi th  the  e lec t ro ly te  flowing 
through  the pores of the e lectrodes to separa te  the  e lectrolysis  products .  No 
membrane  or ba r r i e r  be tween  the electrodes is used. At  the  anode, ha l ide  is 
oxidized to halogen (or o ther  oxidat ion  products )  and a ha l ide  deple t ion  region 
is es tabl ished;  at  the  cathode, dissolved ha logen is r educed  to halide,  thus 
producing  an enr ichment  region. As a resul t  of the  ha l ide  ion concentra t ion 
grad ien t  c rea ted  by  electrolysis ,  sodium ion migra tes  f rom the anode region 
to the  cathode region.  Desal ina t ion  takes  place  in the flowing anoly te  s t ream 
and salt  enr ichment  occurs in the  flowing ca tholy te  s t ream. The e lec t ro lys is  
can be d r iven  un id i rec t iona l ly  in s teady  state,  since no phase  change in the  
heterogeneous  e lec t rode  react ions  is effected. Elect r ica l  ene rgy  requ i rements  
are  low and indicate  tha t  near  revers ib le  behavior  is possible  wi th  Br2-NaBr 
electrolytes .  The method  seems to be promis ing  for fu r the r  s tudy for possible 
appl ica t ion  in prac t ica l  sal ine wa te r  conversion processes. 

L i t t l e  r e s e a r c h  has  been  done  on e l e c t r o c h e m i c a l  
m e t h o d s  of d e s a l i n a t i o n  e x c e p t  for  e l e c t r o d i a l y s i s  
w i t h  ion se l ec t ive  m e m b r a n e s  (1) .  B l a i r  and  M u r p h y  
(2)  h a v e  d e s c r i b e d  r e c e n t l y  an  e l e c t r o c h e m i c a l  
" a d s o r p t i o n "  m e t h o d  of d e s a l i n a t i o n  w h i c h  u t i l i zes  
c a r b o n  e l ec t rodes .  

E l e c t r o l y s i s  of s a l ine  w a t e r s  to  r e d u c e  t h e  sa l t  
con ten t  has  been  a p r o j e c t  of some in t e re s t ,  and  a 
f ew  d e s a l i n a t i o n  dev ices  h a v e  b e e n  d e v e l o p e d  (3 ) .  
H o w e v e r ,  m e t h o d s  u t i l i z ing  t h e s e  dev ices  a l l  h a v e  
suf fe red  f r o m  v e r y  h igh  e n e r g y  consumpt ion .  

O u r  m a i n  p u r p o s e s  in  th is  p a p e r  a r e  to d e m o n -  
s t r a t e  t he  f e a s i b i l i t y  of d e s a l i n a t i o n  of e l e c t r o l y t e s  
b y  a n e w  e l e c t r o c h e m i c a l  mass  t r a n s p o r t  m e t h o d  
a n d  to show t h a t  specific e l e c t r o d e  r eac t i ons  can  be  
u t i l i zed  to l o w e r  e l ec t r i ca l  e n e r g y  r e q u i r e m e n t s .  

In  a l e t t e r  to F a r a d a y  in  1839, D a n i e l l  (4)  d e -  
s c r i bed  some  of his  e x p e r i m e n t s  in  w h i c h  e l e c t r o -  
c h e m i c a l  mass  t r a n s p o r t  p h e n o m e n a  in aque ous  
e l e c t r o l y t e s  w e r e  obse rved .  Dan i e l l  u sed  a t h r e e -  
c o m p a r t m e n t  cel l  w i t h  two  b l a d d e r  d i a p h r a g m s  
s e p a r a t i n g  the  e lec t rodes .  H i t t o r f  (5)  e v i d e n t l y  w a s  
t he  f irst  to s t u d y  m a s s  t r a n s p o r t  in  a cel l  w i t h o u t  a 
d i a p h r a g m  or  b a r r i e r  i n t e r p o s e d  b e t w e e n  the  e l ec -  
t rodes .  He  e l e c t r o l y z e d  s i lve r  n i t r a t e  e l e c t r o l y t e s  
b e t w e e n  s i l ve r  e l ec t rodes  and  f o u n d  t h a t  t h e  a n o l y t e  
a c c u m u l a t e d  s i lve r  n i t r a t e  and  the  c a t h o l y t e  los t  
s i l ve r  n i t r a t e .  In  H i t t o r f s  e x p e r i m e n t ,  s i l ve r  was  
ox id i zed  a t  t h e  anode  and  s i lve r  ion  was  r e d u c e d  a t  
t h e  ca thode ,  t hus  c r e a t i n g  a c o n c e n t r a t i o n  g r a d i e n t  
for  s i lve r  ion b y  e n r i c h m e n t - d e p l e t i o n  a t  t h e  e l ec -  
t rodes .  To c o m p e n s a t e  for  t h e  u n i d i r e c t i o n a l  s t e a d y -  
s t a t e  c h a r g e  t r a n s f e r ,  i t  w a s  n e c e s s a r y  t h a t  some  
n i t r a t e  ion  m i g r a t e  f r o m  the  ca thode  r eg ion  to  t he  
a n o d e  reg ion .  

W i t h  d i f fe ren t  e l ec t rode  reac t ions ,  W a s h b u r n  (6)  
d e m o n s t r a t e d  an  oppos i t e  effect  of the  a n o d e  c o m -  
p a r t m e n t  b e c o m i n g  d e p l e t e d  of d i s so lved  sa l t  on 
e l ec t ro ly s i s  of s o d i u m  ch lo r ide  e l e c t r o l y t e s  b e t w e e n  
s i l v e r - s i l v e r  c h l o r i d e  e lec t rodes .  In  W a s h b u r n ' s  e x -  
p e r i m e n t s  c h l o r i d e  ion was  r e m o v e d  a t  t he  anode  
and  g e n e r a t e d  a t  t h e  ca thode ,  and  m i g r a t i o n  of 
s o d i u m  ion f r o m  the  a n o d e  c o m p a r t m e n t  to  the  
ca thode  c o m p a r t m e n t  r e s u l t e d  f r o m  t h e  c r e a t i o n  of 
t h e  c h l o r i d e  ion g rad ien t .  M u r p h y  (7)  d e m o n s t r a t e d  
some p r a c t i c a l  a spec t s  of d e s a l i n a t i o n  of s o d i u m  
c h l o r i d e  e l e c t r o l y t e s  w i t h  s i l v e r - s i l v e r  ch lo r ide  
e lec t rodes .  

S o m e  of  ou r  e a r l y  e x p e r i m e n t s  w e r e  done  on 
e l ec t ro ly s i s  of s o d i u m  c h l o r i d e  e l e c t r o l y t e s  b e t w e e n  
c lose ly  spaced  porous  g r a p h i t e  e l ec t rodes  w i t h  the  
e l e c t r o l y t e  fo rced  t h r o u g h  t h e  pores  in  t h e  e l ec -  
t r o d e s  to p r e v e n t  m i x i n g  of t h e  a n o l y t e  and  c a t h o -  
l y t e  p roduc t s .  I t  was  soon r e a l i z e d  t h a t  a ca thod ic  
d e p o l a r i z e r  ( o x i d a n t )  cou ld  be  a d d e d  to  t h e  e lec -  
t r o l y t e  to l o w e r  t h e  d r i v i n g  v o l t a g e  and  t hus  d i m i n -  
ish t h e  e n e r g y  r e q u i r e m e n t .  D i s so lved  ch lo r ine  was  
an  obv ious  choice  b e c a u s e  of  t he  c h l o r i d e  c on t en t  of 
n a t u r a l l y  occu r r i ng  sa l ine  w a t e r s .  F o r t u n a t e l y ,  t h e  
use  of a d i s so lved  o x i d a n t  such  as c h l o r i n e  or  b r o -  
mine ,  w i t h  m u l t i p l e  o x i d a t i o n  s t a tes  in  aqueous  
solut ion ,  p r o v i d e s  a m e t h o d  of u n i d i r e c t i o n a l  s t e a d y -  
s t a t e  h e t e r o g e n e o u s  d e s a l i n a t i o n  w i t h o u t  p h a s e  
t r a n s f e r  w i t h  no n e t  c o n s u m p t i o n  of t he  o x i d a n t  
( for  t h e  i dea l  case ) .  

Success fu l  execu t ion  of t h e  r e d o x  m e t h o d  d e -  
s c r ibed  in  th i s  p a p e r  e v i d e n t l y  d e p e n d s  on a t  l e a s t  
t h r e e  f u n d a m e n t a l  r e q u i r e m e n t s .  These  a re :  ( i )  
p rov i s ion  of two  s e p a r a t e d  b u t  c lose ly  pos i t i oned  
i n e r t  su r faces  for  t r a n s f e r  of t h e  e l ec t r i ca l  e n e r g y  
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to t he  e l e c t r o l y t e  r e ac t an t s ,  ( i t )  a m e t h o d  of s e p a -  
r a t i n g  t h e  a n o d e  and  ca thode  r e a c t i o n  p roduc t s ,  a n d  
( i i i )  a so lub le  e n e r g y  t r a n s f e r  a g e n t  c a p a b l e  of 
ex i s t i ng  in  a t  l e a s t  two  o x i d a t i o n  s ta tes .  

Exper imental  

F e e d  so lu t ions  w e r e  m a d e  b y  d i s so lv ing  t h e  a p -  
p r o p r i a t e  r e a g e n t  g r a d e  chemica l s  in  d i s t i l l ed  w a t e r .  
C h l o r i n e  was  a d d e d  b y  b u b b l i n g  t h r o u g h  d i s t i l l ed  
w a t e r  p r i o r  to f inal  d i lu t ion .  Ch lo r ine  c o n c e n t r a t i o n  
was  d e t e r m i n e d  b y  so lven t  w e i g h t  d i f f e rence  be fo re  
and  a f t e r  d i sso lv ing .  P o l y e t h y l e n e  c o n t a i n e r s  a n d  
t u b i n g  w e r e  used  for  bo th  ch lo r ine  and  b r o m i n e  
so lu t ions ;  some co lo ra t i on  due  to b r o m i n a t i o n  w a s  
noted .  So lu t ions  con t a in ing  a h igh  c o n c e n t r a t i o n  of 
b r o m i n e  w e r e  m a d e  u p  in  g lass  bo t t l e s  to a v o i d  
loca l i zed  b r o m i n a t i o n  of p o l y e t h y l e n e .  Use  of T y g o n  
t u b i n g  was  l i m i t e d  to sho r t  j o i n t  connec t ions  to 
m i n i m i z e  r a p i d  r e a c t i o n  w i t h  ch lo r ine  ( h y p o c h l o -  
r i t e )  a n d  b r o m i n e .  

Power  s u p p l y . - - A  p o w e r  s u p p l y  o p e r a t i n g  f r o m  t h e  
a - c  l i ne  was  m a d e  w i t h  a 2.5v f i l amen t  t r a n s f o r m e r ,  
s i l icon d iode  b r i d g e  and  4000 ~f e l e c t r o l y t i c  f i l te r  
capac i to r .  The  d - c  o u t p u t  was  con t ro l l ed  w i t h  a 
m a n u a l l y  o p e r a t e d  v a r i a b l e  vo l t age  t r a n s f o r m e r  
( " V a r i a c " )  connec t ed  to t h e  i n p u t  t r a n s f o r m e r .  
C o n v e n t i o n a l  d - c  m e t e r s  w e r e  used.  
Pewer  measurements . - -Curren ts  b e l o w  120 m a  
w e r e  g e n e r a l l y  m e a s u r e d  w i t h  a W e s t o n  M o d e l  430 
m i c r o m m e t e r  w i t h  a p r ec i s i on  c a l i b r a t e d  s t e p p e d  
s h u n t  w i t h  a m a x i m u m  a t t e n u a t i o n  r a t i o  of 4000. 
E r r o r s  in  th is  i n s t r u m e n t  w e r e  < 0 . 7 %  for  a l l  r a n g e s  
at  m a x i m u m  deflect ion.  C u r r e n t s  l a r g e r  t h a n  120 m a  
w e r e  m e a s u r e d  w i t h  c o n v e n t i o n a l  m e t e r s  w i t h  s p e -  
cified e r r o r  of < 2 % .  

D r i v i n g  vo l t ages  w e r e  m e a s u r e d  at  t h e  cel l  t e r -  
m i n a l s  w i t h  an  E l e c t r o - I n s t r u m e n t s  Mode l  3500 
d ig i t a l  v o l t m e t e r  w h i c h  is specif ied to m e a s u r e  w i t h  
an  a c c u r a c y  of 0.01% or  0.1 m v  a t  a n  i n p u t  i m p e d -  
ance  of 1000 m e g o h m s  w h e n  m e a s u r i n g  ~10v .  This  
i n s t r u m e n t  has  f e a t u r e s  of a u t o m a t i c  r a n g i n g  and  
po l a r i t y ,  a - c  f i l ter ,  and  a r e sponse  t i m e  of a f ew  
seconds.  A c c u r a c y  of t h e  i n s t r u m e n t  was  f r e q u e n t l y  
checked  w i t h  Wes ton  s t a n d a r d  cel ls  and  f o u n d  to be  

Fig. 1. Porous carbon cell with 5x20x1 cm electrodes spaced 0.3 cm 
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cons i s t en t ly  b e t t e r  t h a n  1 my.  P r e c i s i o n  was  f o u n d  
to be  0.1 m v  at  v a l u e s  less  t h a n  10v. 
Porous carbo~ cel l . - -The cel l  u sed  for  mos t  of the  
d a t a  co l lec t ion  is i l l u s t r a t e d  i n  Fig .  1. E l ec t rodes  
w e r e  cut  f r o m  N a t i o n a l  C a r b o n  Co. g r a d e  60 porous  
c a r b o n  w h i c h  has  a specif ied p o r o s i t y  of 50%. Size  
of t he  e l ec t rodes  was  5 x 2 0 x l  em, and  s p a c i n g  was  
a p p r o x i m a t e l y  3 mm.  E l e c t r i c a l  connec t ion  to each  
e l ec t rode  was  m a d e  b y  p re s s  f i t t ing  a 0.64 c m  d i a m  
t y p e  A U C  g r a p h i t e  r o d  m a n u f a c t u r e d  b y  N a t i o n a l  
C a r b o n  Co. The  e l ec t rodes  w e r e  sea l ed  a t  t he  edges  
in  p o l y m e t h y l m e t h a c r y l a t e  p l a s t i c  w i t h  an  a d h e s i v e  
m a d e  f r o m  th is  p l a s t i c  and  ch lo ro fo rm.  P o l y e t h y l -  
ene  in l e t  a n d  ou t l e t  t ubes  w e r e  sea l ed  in  t h e  cel l  
w i t h  an  e p o x y  res in .  S p a c i n g  b e t w e e n  t h e  b a c k  s ide  
of each  e l ec t rode  and  t h e  e x t e r i o r  cel l  w a l l  was  
a b o u t  2 mm.  

The  cel l  u sed  in o b t a i n i n g  c u r r e n t - v o l t a g e  cu rves  
and  s t e a d y - s t a t e  c u r r e n t - v o l t a g e  d a t a  was  modi f ied  
to m i n i m i z e  i n h e r e n t  ohmic  r e s i s t ance  b y  connec t -  
ing a nonporous  g r a p h i t e  r o d  to t he  top  of each  
e l e c t r o d e  in  t he  long  d imens ion .  The  r e s i s t ance  of 
each  e l e c t r o d e  p r i o r  to cel l  a s s e m b l y  was  m e a s u r e d  
to be  N0.03 ohm.  

In  d e s a l i n a t i o n  e x p e r i m e n t s  t h e  cel l  was  o p e r a t e d  
w i t h  t h e  feed  c o u n t e r c u r r e n t  to the  fo rce  of g r a v i t y  
a n d  flow r a t e s  w e r e  con t ro l l ed  at  t he  a n o d e  and  
c a t h o d e  ou t l e t s  w i t h  a p i n c h  c l a m p  on a s h o r t  l e n g t h  
of " T y g o n "  tub ing .  T h e  e l e c t r o l y t e  f eed  l e v e l  w a s  
con t ro l l ed  m a n u a l l y  a t  a b o u t  40 cm h i g h e r  t h a n  the  
i n l e t  leve l .  

E x p e r i m e n t s  in  w h i c h  d a t a  for  Fig .  2 t h r o u g h  8 
w e r e  co l lec ted  w e r e  done  w i t h  the  e l e c t r o l y t e  also 
fed  c o u n t e r c u r r e n t  to t he  fo rce  of g r a v i t y ,  b u t  ano -  
l y t e  and  c a t h o l y t e  flow ra t e s  w e r e  c o n t r o l l e d  w i t h  a 
d u a l  ac t ing  p e r i s t a l t i c  p u m p  a t  t he  out le t s .  I n  t hese  
e x p e r i m e n t s  a f ew  c e n t i m e t e r s  pos i t i ve  p r e s s u r e  
head  was  m a i n t a i n e d .  W i t h  C12-NaC1 s t e a d y - s t a t e  
e lec t ro lyses ,  the  evo lved  gas  was  v e n t e d  f r e q u e n t l y  
to p r e v e n t  gas b locks  b e t w e e n  e l ec t rode  faces.  

A t y p i c a l  e x p e r i m e n t  was  done  as fo l lows :  A f t e r  
a d j u s t i n g  the  d e s i r e d  c u r r e n t  w i t h  t he  Var i ac ,  the  
flow ra t e s  of a n o l y t e  and  c a t h o l y t e  w e r e  ad ju s t ed .  
On d e s a l i n a t i o n  runs ,  s t e a d y  s t a t e  o p e r a t i o n  was  
c o n t i n u e d  for  15 m i n  to an  hou r  p r i o r  to co l lec t ing  
a n o l y t e  and  c a t h o l y t e  samples .  F l o w  ra t e s  w e r e  
a v e r a g e d  ove r  t he  en t i r e  co l lec t ion  t i m e  i n t e rva l ,  
a n d  s o m e t i m e s  m i n o r  a d j u s t m e n t s  in  f low a t  anode  
a n d / o r  c a thode  w e r e  m a d e  to r e s t o r e  t h e  s t a r t i n g  
p o w e r  i n p u t  leve l .  I m m e d i a t e l y  a f t e r  a r u n  w a s  c o m -  
p le t ed ,  f eed  s a m p l e s  f r o m  the  r e s e r v o i r  w e r e  t a k e n  
for  c o m p a r i s o n  w i t h  a n o l y t e  and  c a t h o l y t e  samples .  
Salt  ana lyses .~Sa l t  con ten t  of e l e c t r o l y t e  was  d e -  
t e r m i n e d  b y  w e i g h i n g  the  r e s i d u e  a f t e r  e v a p o r a t i n g  
e l e c t r o l y t e  s a m p l e s  on a s t e a m  p la te ,  t hen  q u a n t i t a -  
t i ve  t r a n s f e r  to t a r e d  q u a r t z  b e a k e r s ,  e v a p o r a t i o n  
aga in ,  and  ign i t i on  fo r  a b o u t  3 h r  a t  550~ E l e c -  
t r o l y t e  samples ,  w h i c h  w e r e  w e i g h e d  on a lYiettler 
b a l a n c e  w i t h  a p rec i s ion  of 100 mg, w e r e  l a r g e  
e n o u g h  so t h a t  p r ec i s i on  of t h e  d a t a  for  t he  c o m -  
p l e t e  p r o c e d u r e  cons i s t en t l y  was  b e t t e r  t h a n  0.05%. 
F o r  each  r u n  d u p l i c a t e  a n d  s o m e t i m e s  t r i p l i c a t e  
s amp le s  of feed,  a n o l y t e  and  c a t h o l y t e  w e r e  a n a -  
lyzed.  In  d e t e r m i n a t i o n  of c h l o r i d e - b r o m i d e  m i x -  
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tures ,  the  b romide  was  conver t ed  to chlor ide  w i t h  
ch lor ine  w a t e r  p r ior  to the  f inal  evapora t i on  in  the  
t a r ed  qua r t z  beakers .  I g n i t i o n  of samples  was  neces -  
sa ry  to e l i m i n a t e  smal l  amoun t s  of organic  m a t e r i a l  
p icked up  f rom the  t u b i n g  and  feed e lec t ro ly te  r e se r -  
voir.  

E x p e r i m e n t s  were  done in  an  air  cond i t ioned  l a b -  
o ra to ry  at  21.8 +_0.2 ~ and  r e l a t ive  h u m i d i t y  of abou t  
50%. Before m a k i n g  we igh ings  the  ign i ted  samples  
a n d / o r  qua r t z  beakers  were  a l lowed to equ i l i b ra t e  
wi th  the  a tmosphere  in  the  l a b o r a t o r y  for at  leas t  
1 hr. P rec i s ion  of t a r i ng  was  cons i s t en t ly  be t t e r  t h a n  
0.2 mg, and  prec is ion  of the  Met t l e r  ba l ance  was  
be t t e r  t h a n  0.05 rag. C o n s e q u e n t l y  the  d i f fe rent ia l  
d e m i n e r a l i z a t i o n  da ta  can  be r ega rded  to be accura te  
to be t t e r  t h a n  1 mg, if t r ue  s teady  state  e lec t ro ly te  
samples  we re  obta ined .  

Results 
E a r l y  e x p e r i m e n t s  we re  done w i t h  C12-NaC1 elec-  

t ro ly tes  and  porous  g raph i t e  electrodes.  These e x -  
pe r imen t s ,  wh ich  were  mos t ly  exp lo ra to ry  in  na tu re ,  
d e m o n s t r a t e d  conc lus ive ly  tha t  desa l ina t ion  was  
effected in  the  ano ly te  and  tha t  NaC1 e n r i c h m e n t  
took place in  the  catholyte .  F low ra tes  were  u n s a t i s -  
fac tory;  thus  no da ta  are p resen ted  for e x p e r i m e n t s  
w i th  g raph i te  electrodes.  

Porous carbon cell.---Operating condi t ions  a nd  
da ta  on  e lect rolyses  w i t h  C12-NaC1 e lec t ro ly tes  are  
g iven  in  Tables  I and  II. A n u m b e r  des igna t ion  for 

Table I. Porous carbon cell operating conditions 

1~o. 

Electrolyte  F low rate,  r a l / m i n  
f e e d ,  C u r r e n t ,  Driv ing  

m o l a r t t y  m a  v o l t a g e ,  m y  Anolyte C a t h o l y t e  

1 0.062 C12 8.3 56 2.11 2.02 
0.05 NaCI 

2 0.060 C12 17.1 113 5.47 5.30 
0.05 NaCI 

3 0.062 C12 52.1 256 1.81 1.85 
0.050 NaC1 

4 0.062 C12 270 540 4.85* 4.96 
0.050 NaC1 

5 0.013 Br2 13.9 27.5 2.08 2.00 
0.050 NaBr 

6 0.013 Br2 54 104 3.44 5.38 
0.050 NaBr 

7 0.013 Br2 265 370 10.0 11.4 
0.050 NaBr 

8 0.013 Br2 270 291 41.0 42.4 
0.050 NaBr 

9 0.0026 Br2 133 608 58.5 77.8 
0.010 NaBr 

10 0.066 Br2 275 142 2.23 1.99 
0.50 NaBr 

11 0.061 Br2 118 226 5.97 5.45 
0.067 NaCI 

12 0.061 Br2 135 186 20.3 13.8 
0.067 NaC1 

13 0.032 Br2 88 190 10.9 9.44 
0.050 NaC1 

14 0.032 Br2 113 185 22.8 23.1 
0.050 NaCl 

15 0.0079Br2 86 247 9.60 10.1 
0.050 NaC1 

16 0.0079 Br2 88 188 38.9 35.9 
0.050 NaC1 

* Ce l l  v e n t e d  i n t e r m i t t e n t l y  to  r e m o v e  g a s  f o r m e d  a t  anode.  
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Table II. Porous carbon cell desalination and Faraday 
efficiency data 

F a r a d a y  
efficiency, % S a l t  

Sa l t  c o n t e n t ,  p p m  n e p l e -  d e p l e t i o n  
t i o n  C a t h -  i n  a n o l y t e ,  

No.  F e e d  A n o l y t e  C a t h o l y t e  r a t i o*  Anode  ode m g  

1 2 9 4 0  2 9 1 0  2 9 2 6  0.982 13 21 8.9 
2 2 8 7 5  2 8 5 7  2 9 0 3  0.984 15 25 13.6 
3 2 9 2 4  2 7 7 5  3 1 0 1  0.895 14 17 67.5 
4 2 9 5 1  2 6 7 2  3 2 6 0  0.820 14 16 148.7 

5 5 1 1 1  4 9 2 0  5 2 5 9  0.936 35 33 75.1 
6 5 1 0 5  4 7 5 0  5350  0.888 35 37 170.4 
7 5 0 7 1  4 4 2 0  5 6 4 8  0.783 38 39 293.0 
8 5071 4912 5242 0.937 38 43 143.6 
9 1020 961 1062 0.905 40 38 111~ 

1O 48590 45850 51390 0.892 34 32 363.4 

11 3902 3668 4189 0.876 33 36 112~ 
12 3902 3822 4097 0.933 33 50 40.5 
13 2946 2835 3064 0.925 38 35 60.4 
14 2946 2878 3012 0.956 38 37 31.0 
15 2945 2813 3068 0'.917 41 40 63.3 
16 2945 2915 2979 0.979 37 38 23.3 

* A n o l y t e / c a t h o l y t e  s a l t  r a t io .  

expe r imen t s  is used to a l low cor re la t ion  of the  data  
in  the  two tables.  The cell is i l l u s t r a t ed  in  Fig. 1. 

Resul ts  ob ta ined  w i t h  Bru-NaBr  e lec t ro ly tes  are  
g iven  in  Tables  I and  II, en t r i es  5-10. These  da ta  
show the  i m p r o v e m e n t  i n  the  F a r a d a y  efficiency. 
A no l y t e  deple t ion  is abou t  equa l  to ca tho ly te  en -  
r i chment .  

The F a r a d a y  c u r r e n t  efficiencies we re  compu ted  
in  the  same w a y  tha t  ca t ion  t r ans f e r ence  n u m b e r s  
are  computed  f rom t r a n s f e r e n c e  exper imen t s .  The  
va lues  for the F a r a d a y  efficiency are qu i te  close to 
va lues  for the ca t ion  t r ans f e r ence  n u m b e r s  for NaC1 
elect rolytes  as d e t e r m i n e d  by  the  Hi t to r f  me thod  
(6) .  

The b r o m i d e - b r o m i d e  couple  in  NaC1 e lec t ro ly tes  
was also inves t iga ted .  Data  are g iven  in  Tables  I and  
II, en t r ies  11-16. F a r a d a y  efficiencies are  no t  s ignif i -  
c an t ly  di f ferent  f rom those computed  for sod ium 
b r omi de  electrolytes .  

C u r r e n t - v o l t a g e  data,  except  for  s t eady- s t a t e  op-  
era t ion,  were  t a k e n  wi th  as l i t t le  concen t r a t i on  po-  
l a r i za t ion  as possible. Tha t  is, vol tage  a nd  c u r r e n t  
va lues  were  recorded  as soon as the  v o l t m e t e r  
reached  a n u l l  read ing ,  u s u a l l y  abou t  3 sec. I m -  
m e d i a t e l y  t h e n  the  power  to the  cell was  i n t e r r u p t e d  
pr ior  to c o n t i n u a t i o n  of da ta  tak ing .  Data  on the 
effect of e lec t ro ly te  composi t ion  for th ree  redox  
couples are p lo t ted  in  Fig. 2-7. 

The  Br2-NaBr  sys t em seemed  to b e h a v e  a lmost  
ideal ly ,  bu t  po la r i za t ion  a n d  s t agna t i on  effects were  
observed wi th  bo th  the  Br2-NaC1 couple a nd  the  
Cle-NaC1 couple. Even  af ter  2 or 3 sec e lectrolysis  
t imes  po ten t ia l s  of severa l  mi l l ivo l t s  m a g n i t u d e  
were  bu i l t  up. These  po ten t i a l s  d id  no t  decay for 
severa l  m i n u t e s  a nd  somet imes  for hours  due  to s tag-  
n a n t  pockets  in  the  porous  electrodes.  The scat ter  
of the  da ta  and  c u r v a t u r e  of the  plots at low i n p u t  
ene rgy  levels  is d i rec t ly  a t t r i b u t a b l e  to the  ga lvan ic  
ac t ion  of s tored chemica l  e n e r g y  due  to pr ior  e n e r g y  
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Table III. Porous carbon cell desalination rate and energy data 

No.  

Experimental Computed Irreversible 
electrical reversible e l ec tr i ca l  

Elec- Desalination work work work 
trolysis r a t e  

time, rain millirnoles/hr Joules/millimole 

1 220 0.042 40 5.05 35 
2 150 0.093 74 5.04 69 
3 250 0.46 173 5.61 167 
4 110 1.39 387 5.95 381 

5 240 0.18 7.5 5.29 2.2 
6 140 0.71 28 5.55 22.5 
7 45 3.80 93 6.18 87 
8 22 3.80 74 5.28 69 
9 32 3.20 144 5.45 139 

10 60 3.35 42 5.53 36.5 

11 80 1.44 67 5.52 61 
12 25 1.66 54 5.30 49 
13 50 1.24 48 5.35 43 
14 20 1.59 47 5.19 42 
15 50 1.30 59 5.39 54 
16 20 1.20 50 5.07 45 

i n p u t  inc rement s .  To m i n i m i z e  ga lvan ic  ( fue l  cell)  
effects, the  low e n e r g y  da ta  w e r e  t a k e n  first. 

Data  on the  effect of flow rates  on s t eady - s t a t e  
opera t ion  are  p lo t ted  in  Fig. 8. These da ta  show 
qui te  c lear ly  tha t  po la r i za t ion  vol tages  are  d i m i n -  
ished b y  h igher  flow rates.  

S t e a d y - s t a t e  d i f fe rent ia l  desa l ina t ion  ra te  va lues  
and  ene rgy  va lues  computed  f rom da ta  in  Tables  
I and  II  are  l i s ted in  Tab le  III. 

In te rpre ta t ion  of  Results 

The F a r a d a y  efficiency da ta  show tha t  the  mass  
t r an spo r t  p h e n o m e n a  observed  here  are the  same 
genera l  p h e n o m e n a  tha t  have  b e e n  observed  in  
o ther  t r a n s f e r e n c e  expe r imen t s .  

In  the  Br2-NaBr  sys tem the  anode  reac t ion  u n -  
doub t ed ly  is ox ida t ion  of b romide  ion to b romine ,  
and  the  cathode reac t ion  is r educ t i on  of dissolved 
b r o m i n e  to b romide  ion. No phys ica l  m a n i f e s t a t i o n  
of a n y  o ther  r eac t ion  at  e i ther  e lect rode was  ob-  
served.  

F u n d a m e n t a l l y ,  the  c u r r e n t  t h r o u g h  the  cell is a 
measu re  of the ra te  of charge t r ans f e r  at the  elec-  

I o o o  i h , J J ~ + ~  ~ + ~ L , + , I  l J i r 

(t) I oo  

2~ 

Io  

i i I T r l f l J o  I I r r l l l l  f i T I I 
IOO iooo 

D R I V I N G  P O T F N T I A I . ,  M I I L I V O L T S  

Fig. 2. Effect of Br2 concentration with constant NaBr concentra- 
tion and controlled electrolyte flow rates. The line is drawn with 
a slope of 1.00. 0.05M NoBr electrolyte. Anolyte flow rate 
8.4-8.6 ml/min; catholyte flow rate 8.9-9.2. A ,  0.0094M Br2; [ ] ,  
0.019M Br2; o, 0.038M~: Br2; O, 0.060M Br2; A ,  0.075M Br2. 
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trodes.  F igu re  2 shows tha t  for Br2-NaBr  elec-  
t rolytes ,  the  r a t e  of charge  t r ans f e r  is d i rec t ly  p ro -  
po r t iona l  to the  d r iv ing  vol tage.  The  reac t ion  is 
thus  first o rde r  w i th  respect  to d r i v i n g  vol tage  
since log- log p lo t t ing  should  give a slope of one 
for a first o rde r  reac t ion  (8) .  Ohms  l a w  is obeyed.  
However ,  the  Br2 concen t r a t i on  does no t  a l te r  a p -  
p rec iab ly  the  e n e r g y  r e q u i r e m e n t  for e lectrolysis  
a nd  shows tha t  charge  t r a n s f e r  is no t  l im i t ed  by  the  
Br2 concen t ra t ion .  This  is a zero o rder  effect and  is 
typ ica l  of he te rogeneous  reac t ion  w h e r e i n  a species 
is p r e sen t  in  such la rge  a m o u n t s  tha t  on ly  a f rac -  
t ion  of i t  is needed  to sus t a in  the  react ion.  

F i g u r e  3 shows tha t  the  N a B r  concen t r a t i on  has 
a la rge  effect on the  charge t r ans f e r  react ion.  Thus,  
the res i s tance  to the  d r i v i ng  vol tage  is r e la ted  to 
the  m o v e m e n t  of ions in  the  electrolyte .  Such  an  
effect is expected  f rom wel l  k n o w n  conduc t iv i ty  and  
diffusion exper imen t s .  

F igures  4 and  5 show tha t  the  b e h a v i o r  of Br~- 
NaC1 is qu i te  s imi la r  to the  behav io r  of Br2-NaBr,  
so the  electrode reac t ions  m u s t  be  p r e d o m i n a n t l y  

~ooo + + i J__ 

gr; IOO 

I r i 
IO IOO IOOO 

M I L L I V O L T S  

Fig. 3. Effect of NaBr concentration with constant Br2 concen- 
tration and controlled flow rates. The lines ore drawn with slopes 
of 1.00. 0.038M Br2. Anolyte flow rate 8.1-8.4 ml/min; catholyte 
flow rate 9.1-9.2. A ,  0.50M NaBr; e, 0.05M NaBr; I I ,  0.01M NoBr. 
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Fig. 4. Effect of Br2 concentration with constant NoCI concen- 
trafion and controlled flow rotes. The line is drown with the 
same coordinntes as the line in Fig. 2. 0.05M NoCI. Anolyte flow 
rote 7.8-8.6 ml/min; catholyte flow rate 8.6-9.2. e, 0.0094M Br2; 
F-I, 0.019M Br2; �9 0.038M Br2; A ,  0.075M Br2; A ,  0.075M Br2. 
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Fig. 5. Effect of NaCI concentration with constant Br2 concen- 
tration and controlled flow rotes. Lines are drawn with the some 
coordinates as those in Fig. 3. 0.038M Br2. Anolyte flow rote 
8.3-8.6 ml/min; catholyte flow rote 9.0-9.1. A ,  0.50M NaCI; �9 
0.05M NaCI; i-I, 0.0|M NoCI. 
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Fig. 6. Effect of CI2 concentration with constant NaCI concen- 
tration and controlled flow rotes. The line is drawn with the some 
coordinates as the line in Fig. 2. 0.05M NaCI. Anolyte flow rote 
6.8-8.1 ml/min; catholyte flow rate 8.1-8.8. & ,  0.0092M CI2; O, 
0.015M CI2; III. O.018Mi CI2; I-1, O.030M CI2; e, 0.037M CI2; 
A ,  O.OSgM CI2. 

the same. Evident ly  the supply  of b romide  ion for 
anodic oxidat ion comes f rom the ch lo r ide -bromine  
equi l ib r ium 

1/2Br2 + C1- ~ 1/2C12 W B r -  

This react ion must  be ve ry  fast  to supply  sufficient 
b romide  ion so tha t  the  dr iv ing vol tage is only about  
a factor  of two grea te r  than  when Br2-NaBr is 
electrolyzed.  No gas oxidat ion products  were  ob-  
served, but  the format ion of b romate  cannot be 
ruled out. In fact, the h igher  polar iza t ion  potent ia l  
r equ i red  at  low e lec t ro ly te  flow rates,  shown in Fig. 
8, p robab ly  is due p r i m a r i l y  to the bu i ld -up  of 
b romate  ion in the anolyte.  

The CI2-NaC1 system is complicated by  react ion 
of chlorine wi th  wa te r  to form hypochlor i te .  Data  
in Fig. 6 and 7 could not be taken  fast  enough to 
e l imina te  polar iza t ion  effects and thus do not r e p r e -  
sent the ideal ized min imum energy input.  The de-  
pendence of dr iv ing  poten t ia l  on chlorine concert- 

moo . . . . . . . .  1 . . . . . . . .  t /  ' ~  
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Fig. 7. Effect of NoCI concentration with high CI2 concentration 
and controlled flow rates. The lines are drawn with slopes of 
1.00 and have the some coordinates as those in Fig. 3. Anolyte 
flow rote 8.0-9.0 ml/min; cotholyte flow rote 7.4-9.1. �9 e: 0.50M 
NaCI, 0.045/,4 CI2 (sot'd); I-I, 0.05M NaCI, 0.059M CI2; A,  0.0|M 
NaCI, 0.045M CI2; & ,  0.0]M NaCI, 0.059M CI2. 
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Fig. 8. Effect of flow rates on driving potential required to 
sustain steady-state current. Ten minutes or longer was allowed 
for steady-state operation. AnoJyte catholyte flow rate ratios were 
0.9-1.0. 0.038M Br2. Jk, 0.05M NaCI 200 ma; I I ,  0.05M NaCI 100 
ma; e, 0.05M NaCI 50 ma; A ,  0.05M NaBr 200 ma; I~, O.05M 
NaBr 100 ma; �9 0.05M NaBr 50 ma. 

t ra t ion  shows tha t  the charge t ransfe r  process is 
l imi ted  to some extent  by  the  concentrat ion of ox-  
idant  (s) and /o r  r e duc t a n t ( s ) .  Conduct iv i ty  in 
0.5M NaC1 containing C12 is considerably  less than  
in 0.5M NaC1 or 0.5M NaBr  containing bromine.  

With  C]2-NaC] there  is considerable  gas evolut ion 
f rom the anode (undoubted ly  oxygen) .  Convective 
mixing of the electrolysis  products  by  the gas evo- 
lut ion p robab ly  accounts for the lower  F a r a d a y  
efficiencies and the d iscrepancy be tween anode and 
cathode F a r a d a y  efficiencies observed.  

The s t eady-s t a t e  da ta  in Fig. 8 show tha t  at high 
e lect rolyte  flow ra tes  the energy  requi red  to elec-  
t rolyze Br2-NaCI is about  twice as grea t  as re -  
quired to electrolyze Br2-NaBr to get the same de-  
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sa l i na t i on  r a t e  w i t h  0.05M e l e c t r o l y t e  sa l t  c onc e n -  
t r a t ions .  Suff ic ient  s t e a d y - s t a t e  d a t a  a re  no t  a v a i l -  
ab le  for  c o m p a r i s o n  a t  o the r  e l e c t r o l y t e  sa l t  con-  
cen t ra t ions .  

A n  i n t e r e s t i n g  consequence  of e l e c t r o c h e m i c a l  r e -  
ac t ion  and  p o l a r i z a t i o n  is d e m o n s t r a t e d  b y  d a t a  in 
T a b l e  III .  E x p e r i m e n t s  13, 15, and  16 w e r e  done  at  
a b o u t  t h e  s a m e  c u r r e n t ;  thus,  w i t h  t he  s ame  F a r a d a y  
efficiency p r e v a i l i n g ,  the  d e s a l i n a t i o n  r a t e s  shou ld  be  
the  s ame  in a l l  t h r e e  e x p e r i m e n t s .  H o w e v e r ,  t he  
b r o m i n e  c o n c e n t r a t i o n  fo r  e x p e r i m e n t s  13 and  15 
was  a b o u t  a f ac to r  4 d i f ferent ,  b u t  f low r a t e s  w e r e  
c o m p a r a b l e .  To c o m p e n s a t e  for  t he  concen t r a t i on  
def ic iency,  a h i g h e r  d r i v i n g  v o l t a g e  was  r e q u i r e d  
for  t h e  l o w e r  concen t r a t ion .  E x p e r i m e n t s  13 a n d  16 
show t h a t  t he  effect of t he  f ac to r  of 4 in b r o m i n e  
c o n c e n t r a t i o n  could  be  c o m p e n s a t e d  b y  f lowing 4 
t imes  as  m u c h  e l e c t r o l y t e  p e r  un i t  t i m e  s ince  t h e  
e n e r g y  r e q u i r e m e n t s  w e r e  a b o u t  t he  s ame  in bo th  
e x p e r i m e n t s .  

Temperature eI~ects.--When e l ec t r i ca l  e n e r g y  is 
p u m p e d  in to  an  e l e c t r o c h e m i c a l  sys tem,  on ly  w h e n  
the  e n e r g y  is r e v e r s i b l y  abso rbed ,  as in  o x i d a t i o n -  
r educ t ion ,  can the  p rocess  be  done  i s o t h e r m a l l y .  
O t h e r w i s e  t h e r e  wi l l  be  loca l i zed  J o u l e  h e a t i n g  a t  
the  e n e r g y  t r a n s f e r  su r f aces  ( e l e c t r o d e s ) .  The  effect 
of J o u l e  h e a t i n g  is b a r e l y  p e r c e p t i b l e  in t he  Br2- 
N a B r  sys tem,  bu t  s o m e w h a t  m o r e  p r o m i n e n t  in t he  
Br2-NaC1 and  C12-NaC1 sys tems .  W i t h  i n c r e a s i n g  
e n e r g y  i npu t s  the  r a t e  of cha rge  t r a n s f e r  i nc reases  
e x p o n e n t i a l l y  w i t h  v o l t a g e  r a t h e r  t h a n  l i n e a r l y  
as s h o w n  b y  the  i nc rea se  in  s lopes  of t he  u p p e r  
po r t i on  of the  d a t a  plots ,  e spec i a l l y  in Fig .  4 and  
6. This  effect can  l og i ca l l y  be  a t t r i b u t e d  to  an  i n -  
c rease  in  c o n c e n t r a t i o n  of o x i d a n t  a n d / o r  r e d u c t a n t  
due  to an  inc rease  in t e m p e r a t u r e  in  t h e  h e t e r o -  
geneous  r e a c t i o n  zones.  

Energy requirements.--For th is  r e d o x  m e t h o d  the  
i m p o r t a n t  e n e r g y  r e q u i r e m e n t  is t he  e l e c t r i c a l  en -  
e rgy .  Thus ,  i t  is of i n t e r e s t  to c o m p a r e  t he  e x p e r i -  
m e n t a l  va lue s  of  e l ec t r i ca l  e n e r g y  for  d e s a l i n a t i o n  
(Tab l e  I I I )  to the  m i n i m u m  e n e r g y  r e q u i r e m e n t  
as c o m p u t e d  for  t he  i dea l  t h e r m o d y n a m i c  p r o c -  
ess. 

The  concep t  of " e q u i l i b r i u m "  s e p a r a t i o n  p r o c -  
esses has  been  used  s o m e w h a t  i n d i s c r i m i n a t e l y  to 
d e s c r i b e  w h a t  is m e a n t  as " r e v e r s i b l e "  s e p a r a t i o n  
processes  (9, 10).  A n  e q u i l i b r i u m  process  is neces -  
s a r i l y  done  i s o t h e r m a l l y  w i t h  no ne t  mass  t r a n s -  
por t ;  thus ,  t h e r e  can  be  no use fu l  d e s a l i n a t i o n  done  
and  no f r ee  e n e r g y  change  resu l t s .  By  con t ras t ,  a 
d i f f e r en t i a l  r e v e r s i b l e  p rocess  can  be  u t i l i z ed  to do 
use fu l  d e s a l i n a t i o n  a t  l ow  r a t e s  a n d  a f ree  e n e r g y  
change  is neces sa ry .  The  m i n i m u m  w o r k  to  do t h e  
d e s a l i n a t i o n  r e v e r s i b l y  is e x a c t l y  t he  f r ee  e n e r g y  
change  for  t he  p rocess  at  t he  specif ied t e m p e r a t u r e .  

In  d i scuss ing  h e a t  of so lu t ion ,  P i t z e r  a n d  B r e w e r  
(11) d i s t i n g u i s h  the  d i f fe rence  b e t w e e n  t h e  i n -  
t e g r a l  h e a t  of so lu t ion  and  the  d i f f e r en t i a l  h e a t  of 
so lu t ion .  H e r e  also a d i s t i nc t ion  m u s t  be  m a d e  b e -  
t w e e n  t h e  i n t e g r a l  f r ee  e n e r g y  change  fo r  t h e  
c o m p l e t e  s e p a r a t i o n  a n d  the  d i f f e r en t i a l  f ree  e n -  
e r g y  change  for  d e p l e t i o n  of a so lu t ion  of specif ied 
compos i t ion .  
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C o n s i d e r  t he  r eac t i on :  

N a C l ( c r y s t a l s )  Jr 55.5 H20 ( l i q u i d )  
1M NaC1 so lu t ion  

If  t he  r e a c t i o n  is c o m p l e t e l y  r e v e r s e d  to t he  lef t ,  
t h e n  1 mo le  of  sa l t  is o b t a i n e d  and  a y i e l d  of 55.5 
moles  of w a t e r  is ob t a ined .  The  e n e r g y  r e q u i r e d  
can  be  c o m p u t e d  f r o m  the  s t a n d a r d  f ree  e n e r g y  
changes  as def ined  for  t he  c o m p o n e n t s  and  the  so lu -  
t ion.  F r o m  L a t i m e r  (12) t he  f ree  e n e r g y  change  on 
d i s so lv ing  NaC1 acco rd ing  to  t he  a b o v e  r e a c t i o n  is 
--2134 c a l / m o l e  at  25 ~ The  v a l u e  of  8.93 J o u l e s /  
m i l l i m o l e  r e p r e s e n t s  t he  m i n i m u m  w o r k  t h a t  m u s t  
be  done  for  t he  i n t e g r a l  p rocess  of  s e p a r a t i n g  1 
m i l l i m o l e  of sa l t  c ry s t a l s  f r o m  0.0555 moles  of w a t e r .  

F o r  a d i f f e r e n t i a l  d e s a l i n a t i o n  p rocess  t he  m i n i -  
m u m  e n e r g y  r e q u i r e m e n t  can  be  c o m p u t e d  f r o m  
the  p a r t i a l  m o l a l  f r ee  e n e r g y  change .  

The  to t a l  f ree  e n e r g y  of so lu t ion  of NaC1 in 1000g 
of w a t e r  is g iven  b y  (13) 

F - - F  ~ 
- -  M~b Jr 2.303M log M~,----- 

2RT 

w h e r e  M is t he  NaC1 mo la l i t y ,  ~b is t he  osmot ic  co-  
efficient,  a n d  ~,--+ is t he  a c t i v i t y  coefficient.  A s s u m e  
an  idea l  p rocess  w h e r e i n  a m i l l i m o l e  of NaC1 is r e -  
m o v e d  r e v e r s i b l y  f rom a v e r y  l a r g e  r e s e r v o i r  of  
0.05M NaC1 e l ec t ro ly t e .  The  d e s a l i n a t i o n  e n e r g y  is 
t he  w o r k  of r e m o v i n g  the  NaC1 f r o m  the  r e s e r v o i r  
to a second so lu t ion  of t he  s ame  m o l a l i t y  as t he  
d e s a l i n a t e d  solut ion.  B y  se t t ing  ~ and  7 •  e q u a l  to 
un i ty ,  t he  f r ee  e n e r g y  change  a t  25 ~ is c o m p u t e d  to 
be  4.96 J o u l e s / m i l l i m o l e .  

F o r  N a B r  the  d i f f e r en t i a l  d e s a l i n a t i o n  e n e r g y  r e -  
q u i r e m e n t  shou ld  be  t he  s ame  as for  NaC1, a g a i n  
a s s u m i n g  idea l  so lu t ion  behav io r .  

B y  a d i f fe ren t  p r o c e d u r e  t he  d e s a l i n a t i o n  e n e r g y  
can  be  c o m p u t e d  f r o m  v a p o r  p r e s s u r e  da ta .  The  
m i n i m u m  e n e r g y  r e q u i r e d  to v a p o r i z e  1 mo le  of 
w a t e r  f rom an  inf in i te  r e s e r v o i r  of NaC1 so lu t ion  
a n d  condense  i t  r e v e r s i b l y  as p u r e  w a t e r  i s - - R T  In 
p/pO w h e r e  p is t he  v a p o r  p r e s s u r e  of w a t e r  over  t he  
NaC1 so lu t ion  and  pO is t h e  v a p o r  p r e s s u r e  of w a t e r  
o v e r  p u r e  so lve n t  w a t e r .  The  e n e r g y  of d e s a l i n a t i o n  
can  be  c o m p u t e d  b y  cons ide r ing  the  a m o u n t  of w a t e r  
t h a t  m u s t  be  t r a n s p o r t e d  in the  p rocess  to o b t a i n  
d i f f e r en t i a l  e n r i c h m e n t  of NaC1 in t he  r e m a i n i n g  i n -  
f ini te  r e s e r v o i r  of NaC1 solut ion .  F o r  0.1M NaC1 
p/p~ is 0.99671 a t  25 ~ (14) a n d  the  e n e r g y  r e q u i r e -  
m e n t  is 8.163 J o u l e s / m o l e  of w a t e r  t r a n s p o r t e d .  To 
o b t a i n  e n r i c h m e n t  of 1 mo le  of NaC1 in t he  inf ini te  
r e s e r v o i r  r e q u i r e s  t h a t  10 k g  of  w a t e r  be  v a p o r i z e d  
and  condensed .  Thus,  fo r  1 m i l l i m o l e  e n r i c h m e n t ,  t he  
e n e r g y  r e q u i r e d  is 8.163 x 0.555 o r  4.53 J o u l e s /  
m i l l i m o l e  (15) of NaC1 d e p l e t i o n  in t he  p u r e  p r o d u c t  
w a t e r .  By  a s i m i l a r  p r o c e d u r e  t he  r e q u i r e m e n t  for  
d e s a l i n a t i o n  of 0.5MNaC1 was  c o m p u t e d  to be  4.54 
J o u l e s / m i l l i m o l e .  This  p rocess  is not  t he  s ame  as t he  
d i f f e r en t i a l  p rocess  d e s c r i b e d  above  s ince  t h e  p r o d -  
uc t  e l e c t r o l y t e  is c o m p l e t e l y  s t r i p p e d  of sal t .  

T h e  f ree  e n e r g y  e q u a t i o n  a b o v e  can  be  u sed  to 
c o m p u t e  t he  a d d i t i o n a l  e n e r g y  n e c e s s a r y  to d e s a l i -  
n a t e  a ga in s t  a c o n c e n t r a t i o n  ( c h e m i c a l  p o t e n t i a l )  
g r ad i en t ,  b u t  c o n c e n t r a t i o n  cel l  d a t a  can  be  used  d i -  
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r e c t l y  a n d  the  c o m p l i c a t i o n  of a c t i v i t y  coefficients is 
a v o i d e d  and  the  p rocesses  a r e  m o r e  u n d e r s t a n d a b l e  
in t e r m s  of t he  mass  t r ans f e r .  

Two  t y p e s  of ce l ls  w i l l  be  cons ide red .  One  t y p e  
r e q u i r i n g  p h a s e  t r a n s f e r  of bo th  s o d i u m  and  ch lo -  
r ine  is 

A g / A g C 1 / N a C 1  (M1) / Na(ng) /NaC1 ( M 2 ) / A g C 1 / A g  
[1]  

The  emf  of th i s  cel l  is e x a c t l y  t h e  s a m e  as t he  e x -  
t e r n a l  e l ec t ro s t a t i c  p o t e n t i a l  w h i c h  m u s t  be  a p p l i e d  
to  t he  e l e c t rodes  to e s t ab l i sh  e l e c t r o c h e m i c a l  e q u i -  
l i b r i u m  and  p r e v e n t  n e t  mass  t r a n s p o r t  b e t w e e n  
phases .  This  is a cond i t i on  of zero  ne t  cha rge  t r a n s -  
fe r  t h r o u g h  the  cell .  In  o r d e r  to  ge t  desa l ina t ion ,  a 
p o t e n t i a l  i n f i n i t e s i m a l l y  l a r g e r  t h a n  t h e  cel l  e m f  
m u s t  be  a p p l i e d  to cause  c h a r g e  t r a n s f e r  and  m a s s  
t r a n s p o r t .  

The  to t a l  r e v e r s i b l e  e n e r g y  r e q u i r e d  to d e s a l i n a t e  
aga in s t  a c h e m i c a l  p o t e n t i a l  g r a d i e n t  ( n e g l e c t i n g  the  
effect  of t he  osmot ic  coeff icient)  w h e r e  t he  e l e c t r o d e  
r eac t i ons  h a v e  u n i t y  F a r a d a y  eff ic iency is t h e  e l e c -  
t r i c a l  w o r k  done  aga in s t  t he  c o n c e n t r a t i o n  g r a d i e n t  
p lus  t he  w o r k  of r e m o v i n g  1 m i l l i m o l e  of  NaC1 f r o m  
the  anode  c o m p a r t m e n t  

( C e l l [ 1 ] e m f  x 96,494) + 2 R T  
AFd 1 = , J o u l e s / m i l l i m o l e  
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I t  shou ld  be  e m p h a s i z e d  t h a t  t h e  e n e r g y  e x p e n d e d  
in  o v e r c o m i n g  the  cel l  emf  is no t  i r r e v e r s i b l e ,  s ince  
th is  e n e r g y  is s t o r ed  as  c h e m i c a l  e n e r g y  in  t he  e n -  
r i c h e d  e l e c t r o l y t e  in  t he  ca thode  c o m p a r t m e n t  a n d  
can  be  e x t r a c t e d  b y  o p e r a t i n g  the  cel l  as a p r i m a r y  
cell .  By  such o p e r a t i o n  t h e  o r ig ina l  se t  of cond i t ions  
be fo re  d e s a l i n a t i o n  is r e s t o r e d  fo r  t h e  i dea l  case. 

The  second  t y p e  of cel l  to  be  cons ide r ed  is one  
w i t h  a l i qu id  junc t ion ,  w h i c h  is t h e  s a m e  g e n e r a l  
t y p e  of cel l  e m p l o y e d  in t he  e x p e r i m e n t s  d e s c r i b e d  
in th is  p a p e r ,  e x c e p t  t h a t  t he  e l e c t r o d e  r e a c t i o n s  
a r e  d i f ferent .  

Ag/AgC1/NaCI(M1) / /NaCI(M2) /AgC1/Ag [2]  

I n  cel l  [2]  c h l o r i n e  u n d e r g o e s  p h a s e  t r a n s f e r  b u t  
s o d i u m  does  not .  

The  F a r a d a y  eff iciency of cel l  [2]  is no t  un i ty ,  b u t  
is g iven  b y  t h e  H i t t o r f  ca t ion  t r a n s f e r e n c e  n u m b e r ,  
t +. Consequen t ly ,  m o r e  c h a r g e  m u s t  be  t r a n s f e r r e d  
p e r  mo le  to c o m p e n s a t e  for  t he  ineff iciency.  The  f r ee  
e n e r g y  of d e s a l i n a t i o n  is 

C e l l [ 2 ]  emf "~ 
t + x96 ,494)  +2RT 

aFd 2 = J o u l e s / m i l l i m o l e  
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In  Tab le  I V  are  va lues  of  r eve rs i b l e  e n e r g y  of  d e -  
sa l i na t i on  c o m p u t e d  f r o m  cel l  d a t a  in  the  l i t e r a t u r e  
and  f r o m  t r a n s f e r e n c e  n u m b e r s  d e t e r m i n e d  b y  the  
H i t t o r f  a n d  m o v i n g  b o u n d a r y  me thods .  These  d a t a  
for  cel l  [1]  a n d  cel l  [2]  show t h a t  t h e  r e v e r s i b l e  
e n e r g y  of d e s a l i n a t i o n  is t he  s ame  w h e n  the  NaC1 
c o n c e n t r a t i o n  g r a d i e n t s  in t h e  d i f f e ren t  cel ls  a r e  
iden t i ca l .  

I t  can  be  conc luded  t h a t  t h e  m i n i m u m  e n e r g y  r e -  
q u i r e d  to d r i v e  t he  d e s a l i n a t i o n  r e a c t i o n  aga in s t  a 
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Table IV. Computed reversible energy of desalination at 25 ~ 
for cell [ I ]  and cell [2] 

D e p l e t i o n  F a r a d a y  AFa, 
ratio effi- J o u l e s /  

Cel l  /I,/1 M~ M~/M~ Cel l  e m f ,  m v  e i e n c y  m i U i m o l e  

1 0.0500 0.0500 1.000 Inf ini tes imal  > 0 < 1  4.96 
1 0.0500 0.1000 0.500 32.5 is 1.000 8.10 
1 0.1000 0.5000 0.200 75.8 TM 1.000 12.27 
2 0.04992 0.05994 0.833 3.3717 0.388 a 5.70 
2 0.04985 0.09987 0.499 12.7217 0.386 a 8.14 
2 0.04985 0.09987 0.499 12.7217 0.366 b 8.31 
2 0.01002 0.04974 0.201 30.2217 0.388 a 12.48 

a M o v i n g  b o u n d a r y  m e t h o d ,  r e f .  18. 
b H i t t o r f  m e t h o d  for 1.25M NaC1, r e f .  6. 

c h e m i c a l  p o t e n t i a l  g r a d i e n t  is t he  s a m e  w h e t h e r  
bo th  an ion  a n d  ca t ion  m a k e  the  p h a s e  t r a n s f e r  or  
w h e t h e r  on ly  t he  an ion  m a k e s  a phase  t r a n s f e r .  
W h e n  Br2 is u sed  as  t he  e n e r g y  t r a n s f e r  agen t ,  no 
phase  t r a n s f e r  is r e q u i r e d .  P r o p e r  d a t a  a r e  no t  
a v a i l a b l e  a t  th i s  t i m e  to e x t e n d  the  h y p o t h e s i s  to 
t h e s e  t y p e s  of e l e c t r o d e  r eac t ions ,  b u t  t h e r e  is no 
r e a s o n  to b e l i e v e  t h a t  t he  r e v e r s i b l e  e n e r g y  r e q u i r e -  
m e n t  w o u l d  differ  a p p r e c i a b l y .  

A d d i t i o n a l  e n e r g y  is r e q u i r e d  to  d r i v e  t h e  d e s a l i -  
n a t i o n  r eac t i ons  a t  f ini te  r a t e s ,  a n d  e v i d e n t l y  th i s  
a d d i t i o n a l  e n e r g y  m a n i f e s t s  i t se l f  as J o u l e  h e a t i n g  
(o r  cool ing)  a t  t h e  e l e c t r o d e  sur faces .  This  e n e r g y  
can  be  c ons ide r e d  to  b e  i r r e v e r s i b l e ,  s ince  i t  is no t  
i m m e d i a t e l y  a v a i l a b l e  to t h e  d e s a l i n a t i o n  m e c h a n -  
isms.  D a t a  in T a b l e  I I I  show t h a t  mos t  of  t he  e n e r g y  
r e q u i r e d  for  d e s a l i n a t i o n  is i r r e v e r s i b l y  los t  e x c e p t  
a t  l o w  d e s a l i n a t i o n  ra tes .  

F i g u r e  2 shows  t h a t  for  B r 2 - N a B r  the  r a t e  of 
d e s a l i n a t i o n  is a f irst  o r d e r  func t ion  of t h e  d r i v i n g  
vo l t a ge  w h e n  the  d e s a l i n a t i o n  c h e m i c a l  p o t e n t i a l  
g r a d i e n t  is e s s e n t i a l l y  zero.  W h e t h e r  t h e  F a r a d a y  
eff iciency is l o w e r  a t  v e r y  l o w  d r i v i n g  v o l t a g e s  r e -  
m a i n s  to b e  p roved .  A n  a p p r o a c h  to r e v e r s i b i l i t y  is 
d e m o n s t r a t e d .  

T h e r e  is no t  m u c h  hope  t h a t  an  e n e r g y  t r a n s f e r  
a g e n t  b e t t e r  t h a n  b r o m i n e  w i l l  be  found ,  s ince  t he  
r e su l t s  w i t h  b r o m i n e  show t h a t  t he  r a t e  of  d e s a l i -  
n a t i o n  is l i m i t e d  b y  the  ionic  cha rge  s e p a r a t i o n  
processes  r a t h e r  t h a n  b y  the  h e t e r o g e n e o u s  cha rge  
t r a n s f e r  e l e c t r o d e  reac t ions .  O t h e r  o x i d a n t s  such  as 
oxygen ,  h y d r o g e n  p e r o x i d e ,  a n d  n i t r o g e n  ox ides  
shou ld  w o r k  as e n e r g y  t r a n s f e r  agen t s  a t  one  or  b o t h  
e lec t rodes ,  b u t  p r o b a b l y  w i t h  r e d u c e d  e n e r g y  effi- 
c i ency  c o m p a r e d  to b r o m i n e .  
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A P P E N D I X  
Prac t ica l  aspec ts . - -These  first resul ts  show some in-  

te res t ing  possibi l i t ies  wi th  respec t  to prac t ica l  sal ine 
wa te r  conversion.  A number  of ten ta t ive  conclusions 
can be d rawn:  

1. An  approach  to the  idea l  different ia l  process  is 
demonst ra ted .  

2. The  process can be done under  ambien t  conditions.  
3. High flow ra tes  at  low pressure  drops can be 

uti l ized. 
4. Unid i rec t iona l  s t eady-s t a t e  opera t ion  is possible. 
5. No membranes  or exotic mate r ia l s  a re  needed. 
6. Phase  t r ans fe r  of sal t  is not  requi red ,  bu t  cyclic 

phase t rans fe r  of b romine  is requ i red  for  s t eady-s ta te  
different ia l  desal inat ion.  

7. Higher  desa l ina t ion  ra tes  are  possible wi th  h igher  
salt  concentrat ions  wi thout  an energy  pena l ty  or need 
for  l a rge r  electrodes.  

8. The ra te  of desa l ina t ion  is ' p ropor t iona l  to the  
cur ren t  input,  and the ra te  of desa l ina t ion  should also 
be p ropor t iona l  to the  e lec t rode  volume.  Thus a choice 
can be made  be tween  power  input  and p l an t  size. 

9. Bromine  is present  in sea wa te r  in significant con- 
centra t ions  and it is easi ly  ext rac ted;  thus i t  is r ead i ly  
avai lable .  

10. Bromine  behaves  idea l ly  as the energy  t rans fe r  
agent,  and i t  can be eas i ly  pu rged  f rom anoly te  solu-  
tions for  recycle  to a l low a fixed inven to ry  for p lan t  
operat ion.  

Electrical Conductivity of the Melts in the System 
Na fllF-AI O  -NaCI 

K. Matiasovsky 
CSA V, Institute of Inorganic Chemistry, Slevak Academy of Sciences, Bratislava, CSSR 

M. Malinovsky and S. Ordzovensky 
Department ol Inorganic Technology of the Slovak Technical University, Bratislava, CSSR 

ABSTRACT 

The specific conduct ivi t ies  of cryol i te  and of mel ts  of the  systems Na3A1F6- 
A1203, Na~A1F6-NaC1, and Na3A1F6-A1203-NaC1 have  been measured  at  high 
concentra t ions  of cryoli te .  I t  has been  p roved  tha t  the  specific conduct iv i ty  de -  
creases wi th  increas ing  concent ra t ion  of A1203 in the  mel t  composition. F u r t h e r  
it  has been  found tha t  the  addi t ion  of NaC1 increases  the  specific conduct iv i ty  
of cryol i te  and  of the  sys tem Na3A1F6-A1203 as well .  Wi th  r ega rd  to the 
technology of a luminum product ion  i t  is most  impor t an t  tha t  the  influence 
of NaC1 is most  pronounced  at  low concentra t ions  of NaC1 and at  h igher  
concentrat ions  of a lumina.  

E l e c t r o l y t e s  used  n o w a d a y s  in  t he  p r o d u c t i o n  of 
a l u m i n u m  do no t  d i f fer  m u c h  f r o m  those  used  
s e v e n t y  y e a r s  ago. A c t u a l l y  t h e y  a r e  m e l t s  of t h e  
t e r n a r y  s y s t e m  Na3A1F6-A1F3-A1203, or  of t he  q u a r -  
t e r n a r y  s y s t e m  Na3A1F6-A1Fa-A1203-CaF2. In  o r d e r  
to i m p r o v e  t h e  p h y s i c o - c h e m i c a l  p r o p e r t i e s  of t h e  
e l ec t ro ly t e ,  d i f f e ren t  a d d i t i v e s  w e r e  used.  The  s u b -  
s t ance  t h a t  is to be  u sed  as an  a d d i t i v e  to t he  e l ec -  
t r o l y t e  m u s t  c o m p l y  w i t h  ce r t a i n  r e q u i r e m e n t s ,  such  
as: i t  m u s t  be  r e s i s t a n t  to  hea t  u n d e r  t he  cond i t ions  
of e lec t ro lys i s ,  i t  m u s t  no t  con ta in  ca t ions  w i t h  l o w e r  
p r e c i p i t a t i o n  p o t e n t i a l  t h a n  a l u m i n u m ,  a n d  f ina l ly  
i t  m u s t  i m p r o v e  those  p h y s i c o - c h e m i c a l  p r o p e r t i e s  

of t he  e l e c t r o l y t e  w h i c h  e n h a n c e  the  economics  of 
e lec t ro lys i s .  A n  idea l  a d d i t i o n  shou ld  l o w e r  t he  t e m -  
p e r a t u r e  of t he  p r i m a r y  c ry s t a l l i z a t i on ,  t he  d e n s i t y  
a n d  the  v i scos i ty  of the  e l e c t r o l y t e  a n d  inc rease  
its e l ec t r i ca l  conduc t i v i t y ,  etc. F r o m  th i s  po in t  of 
v i e w  t h e  inf luence  of  d i f fe ren t  add i t i ve s ,  e spec i a l l y  
of  f luorides ,  ch lor ides ,  a n d  ox ides  of a l k a l i  m e t a l s  
and  a l k a l i  e a r t h s  has  been  s tud ied .  

S o d i u m  ch lo r ide  is one of these  subs tances ,  which ,  
a f t e r  p r e l i m i n a r y  e x p e r i m e n t s ,  seems  to fulf i l l  mos t  
of the  a b o v e  m e n t i o n e d  r e q u i r e m e n t s .  The  a d d i t i o n  
of NaC1 to t he  s y s t e m  Na3A1F~-A1203 l o w e r s  t h e  
t e m p e r a t u r e  of p r i m a r y  c r y s t a l l i z a t i o n  (1, 2) ,  t he  
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d e n s i t y  (3, 4) ,  and  the  v i scos i ty  (3)  of  t he se  mel t s .  
A c c o r d i n g  to B e l y a e v  (3 ) ,  t he  specific c o n d u c t i v i t y  
of t he  c r y o l i t e  is i n c r e a s e d  too. The  e l ec t r i c a l  con-  
d u c t i v i t y  is i m p o r t a n t  f r o m  the  p r a c t i c a l  as w e l l  as  
f r o m  the  t h e o r e t i c a l  p o i n t  of  v iew.  The  i n c r e a s e  of  
t h e  conduc t ance  inf luences  d i r e c t l y  t h e  in t ens i f i ca -  
t ion  of t he  p r o d u c t i o n  (5 ) ,  and,  on the  o t h e r  hand ,  
r e s e a r c h  on e l ec t r i c a l  c o n d u c t a n c e  can  he lp  in s t u d -  
ies of the  s t r u c t u r e  of mel t s .  

The  m e a s u r e m e n t s  of e l ec t r i ca l  c o n d u c t i v i t y  of 
f luor ide  m e l t s  a r e  r a t h e r  difficult ;  for  th i s  r ea son  
t h e r e  is w i d e  d i s c r e p a n c y  in  c o n d u c t i v i t y  d a t a  of the  
c ryo l i t e ,  and  of m u l t i c o m p o n e n t  sys t ems  of c r y o l i t e -  
base  mel t s ,  as r e c o r d e d  b y  v a r i o u s  a u t h o r s  (5, 
12-17) .  

The  p r e s e n t  w o r k  is c o n c e r n e d  w i t h  t he  m e a s u r e -  
m e n t  of t he  specific c o n d u c t i v i t y  of t he  b i n a r y  sy s -  
t ems  Na3A1F6-A1203, Na3A1F6-NaC1 and  of the  t e r -  
n a r y  s y s t e m  Na3AIF6-AI203-NaC1 chief ly  w i t h  h igh  
c o n c e n t r a t i o n  of c ryo l i t e ,  as t he se  a r e  mos t  i m p o r -  
t a n t  for  a l u m i n u m  p roduc t i on .  To check  the  m e a s -  
u r e d  va lues ,  the  specific c o n d u c t i v i t y  of c r y o l i t e  was  
m e a s u r e d  aga in  as a func t ion  of t e m p e r a t u r e  (7 ) .  

Exper imental  
Materials .--The s a m p l e s  w e r e  p r e p a r e d  w i t h  

a l p h a - a l u m i n a  con t a in ing  99% A120~, and  w i t h  r e -  
a g e n t  g r a d e  NaC1. Cryo l i t e ,  whose  specific c o n d u c -  
t i v i t y  w a s  d e t e r m i n e d  as a func t ion  of t e m p e r a t u r e ,  
was  used  for  the  m e a s u r e m e n t s  of t he  specific con-  
d u c t i v i t y  of  b i n a r y  m e l t s  Na3A1Fe-A1203 and  
Na3A1F6-NaC1. C r y o l i t e  was  p r e p a r e d  b y  fus ing  t h e  
r e a g e n t  g r a d e  N a F  a n d  v a c u u m  s u b l i m e d  a l u m i n u m  
f luor ide  con t a in ing  99.5% A1F3; N a F  a n d  A1F3 w e r e  
m i x e d  in  s t o i c h i o m e t r i c  ra t io .  I t  has  been  f o u n d  
b y  p y r o h y d r o l y t i c  m e t h o d s  (6)  t h a t  t he  c ryo l i t e  con -  
t a i n e d  54.0% F. The  m e l t i n g  po in t  w a s  1005 ~ ----- 2~ 
C r y o l i t e  u sed  for  m e a s u r e m e n t s  of  specific c o n d u c -  
t i v i t y  of m o l t e n  NasAIF6-A1203-NaC1 has  been  p r e -  
p a r e d  f r o m  r e a g e n t  g r a d e  N a F  and  a n h y d r o u s  A1F3 
con t a in ing  65.9% F, w h i c h  is e q u i v a l e n t  to 97.2% 
A1Fs. A l u m i n a  was  p r e s e n t  as i m p u r i t y .  In  t he  p r e -  
p a r e d  c r y o l i t e  t h e r e  was  53.4% F, t he  m e l t i n g  p o i n t  
was  1001 ~ -m-_ 2~ 

Method.--For c o n d u c t i v i t y  m e a s u r e m e n t s  a m o d i -  
fied T h o m p s o n  b r i d g e  spec i a l l y  d e v e l o p e d  fo r  th i s  
p u r p o s e  h a s  b e e n  used  ( ref .  7, F ig .  1).  W i t h  th i s  a p -  
p a r a t u s  r a p i d  b a l a n c i n g  of t he  b r i d g e  could  be  a t -  
t a i n e d  as i t  d e p e n d e d  on ly  on one v a r i a b l e ,  and  con -  
s e q u e n t l y  one m e a s u r e m e n t  d id  no t  l a s t  m o r e  t h a n  
30 sec. C u r r e n t  of 0.1 a m p  a n d  f r e q u e n c y  of 5 k c / s e c  
was  used.  

P l a t i n u m  e l ec t rodes  of i d e n t i c a l  shape  w e r e  u sed  
as in  p r e v i o u s  w o r k  (11) .  The  cel l  cons t an t  of t he  
r e s i s t ance  cel l  was  d e t e r m i n e d  b y  m e a n s  of m o l t e n  
KNOB, NaC1, a n d  Na2SO4 whose  e l ec t r i c a l  c o n d u c -  
t i v i t y  has  been  d e t e r m i n e d  w i t h  s a t i s f a c t o r y  a c -  
c u r a c y  (8 -10 ) .  On  t h e  bas i s  of m e a s u r e m e n t s  p e r -  
f o r m e d  ove r  a w i d e  r a n g e  of t e m p e r a t u r e s ,  t he  c a -  
p a c i t y  of t h e  ce l l  has  been  f o u n d  to be  0.423 -m-_ 0.005 
cm-1 .  

The  cool ing r a t e  of t h e  f u r n a c e  was  a b o u t  I ~  
min .  S ince  a d e t e r m i n a t i o n  could  be  m a d e  in  30 sec, 
i t  was  no t  n e c e s s a r y  to p r o v i d e  the  f u r n a c e  w i t h  a 
t h e r m o s t a t ,  and  i t  was  poss ib le  to w o r k  w h i l e  t he  
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m e l t  was  cool ing,  b e c a u s e  t he  c h a n g e  of d e n s i t y  and  
0.5~ d rop  in  t e m p e r a t u r e  d u r i n g  one m e a s u r e -  
m e n t  w e r e  neg l ig ib le .  

A P t - R h / P t  (10% Rh)  t h e r m o c o u p l e ,  c a l i b r a t e d  
a t  t he  m e l t i n g  po in t s  of  KC1 (770 .3~ NaC1 
(800.4~ NaeSO4 (884.7~ K2SO4 (1069~ and  
the  eu tec t ic  Na2SO4-NaC1 (627~ was  used.  

Accuracy.---The a c c u r a c y  of each  m e a s u r e m e n t  
was  -----1%. 

The  i so the rms  of t he  specific c o n d u c t i v i t y  of t he  
m e l t  compos i t ions  u n d e r  i n v e s t i g a t i o n  w e r e  con-  
s t r u c t e d  b y  m e a n s  of s e v e r a l  va lue s  w h i c h  h a d  b e e n  
i n t e r p o l a t e d  on t h e  c o n d u c t i v i t y  p o l y t h e r m s  of p e r -  
t i n e n t  samples .  One m a y  a s s u m e  t h a t  t he  e r r o r  in  
m e a s u r e m e n t  is s m a l l e r  t h a n  the  a b o v e  va lue .  F o u r  
p a r a l l e l  m e a s u r e m e n t s  w e r e  p e r f o r m e d  to d e t e r -  
m ine  the  specific c o n d u c t i v i t y  of c ryo l i t e  as a f u n c -  
t ion  of  t e m p e r a t u r e  (Fig .  1).  S ing le  v a l u e s  d i f fe red  
f r o m  t h e  a r i t h m e t i c  m e a n  v a l u e  m a x i m u m  b y  0.9%. 

The  a c c u r a c y  of t e m p e r a t u r e  m e a s u r e m e n t s  was  
_ 2 ~  

Results 
The  va lues  of specific c o n d u c t i v i t y  of c ryo l i t e  

m e a s u r e d  in t he  course  of ou r  i nves t i ga t i ons  (Fig .  1) 
a r e  in  good accord  w i t h  p r e v i o u s  w o r k  (11-13)  and  
a re  s l i g h t l y  h i g h e r  t h a n  those  of A b r a m o v  (5) .  The  
v a l u e  at  1000~ h a d  to be  e x t r a p o l a t e d ,  be c a use  the  
m e l t i n g  po in t  of t he  c r y o l i t e  u sed  was  1005 ~ --  2~ 
The  good a g r e e m e n t  w i t h  p r e v i o u s  w o r k  g ives  con-  
f idence in  t he  m e t h o d  used.  D a t a  r e p o r t e d  in ref .  
(14-17)  seem to be  e r r o n e o u s  to a h igh  degree .  The  
e r r o r s  in  these  m e a s u r e m e n t s  can  be  a t t r i b u t e d ,  
a p a r t  f r o m  t h e  causes  p o i n t e d  ou t  b y  A b r a m o v  (5) ,  
to t he  fac t  t h a t  t he  a u t h o r s  m e a s u r e d  no t  on ly  t he  
ohmic  r e s i s t ance  of the  mel t ,  b u t  also t he  i m p e d a n c e  
p a r t  or  a l l  of the  m e a s u r i n g  c i rcui t .  

A n a l o g o u s  conclus ions  a r e  v a l i d  as r e g a r d s  t he  
r e c o r d e d  va lue s  of specific c o n d u c t i v i t y  of m e l t e d  
Na3A1F6-AI203 (Fig .  2) ; t he se  d a t a  a r e  in  r e l a t i v e l y  
good a g r e e m e n t  w i t h  some (5, 13) b u t  d i f fer  f u n d a -  
m e n t a l l y  f r o m  o the r s  (14-17) .  The  d e c r e a s e  of  e l ec -  
t r i c a l  c o n d u c t i v i t y  w h i l e  t h e  c o n c e n t r a t i o n  of a l u -  
m i n a  is b e i n g  r a i s e d  m a y  be  caused  b y  a r e l a t i v e  
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Fig. 1. Specific conductivity of cryolite vs. temperature. �9 This 
investigation; V ,  Batasev (15); I-1, Yim and Feinleib (13); A,  
Edwards et al., (12); e, Abramov et al. (5); I I ,  Vajna (17); -~, 
Belyaev (3); A ,  Arndt and Kalass (14). 
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Fig. 2. Specific conductivity of melts of the system Na3AIF6-AI203 
at 1000~ �9 This investigation; V ,  Batasev (15); F-I, Yim and 
Feinleib (13); e, Abramov et al. (5); I ,  Vajna (17); + ,  Belyaev 
(16); A ,  Arndt and Kolass (14). 

dec rease  of the  c o n c e n t r a t i o n  of N a  + ions, w h i c h  
acco rd ing  to F r a n k  a n d  F o s t e r  (18) c o n t r i b u t e  con-  
s i d e r a b l y  to t he  c o n d u c t i v i t y  of c ryo l i t e  me l t s  
(tNa+ ~-~ 0.99).  The  i nc rea se  in a c t i v i t y  of N a  + ions  
due  to t he  i nc rea se  of s o d i u m  ch lo r ide  in  m e l t s  of  
NaaA1F6-NaC1 inc reases  the  specific c o n d u c t i v i t y  
(Fig .  3) .  The  specific c o n d u c t i v i t y  of t h e  me l t s  
of th is  s y s t e m  a re  h i g h e r  t h a n  w o u l d  be  e x -  
p e c t e d  f r o m  t h e  p e r t i n e n t  a d d i t i v e  v a l u e s  (11) .  I t  
is poss ib l e  to see  on t h e  p lo t  t h a t  t he  inf luence  of 
NaC1 is r e l a t i v e l y  m u c h  m o r e  p r o n o u n c e d  a t  low 
c o n c e n t r a t i o n s  of s o d i u m  chlor ide .  A b o v e  20% NaC1, 
the  specific c o n d u c t i v i t y  of t he  m e l t  i nc reases  v e r y  
s lowly .  I t  can  b e  a s s u m e d  t h a t  NaC1 is c o m p l e t e l y  
d i s soc i a t ed  a t  l ow  concen t r a t i ons  and  t h e  i nc rea se  
in  specific c o n d u c t i v i t y  is caused  b y  Na  + ca t ions  as 
w e l l  as  b y  the  r a t h e r  mob i l e  C1- anions.  The  n u m -  
b e r  of f r ee  Na  + and  C1- ions, h o w e v e r ,  is no t  be ing  
i n c r e a s e d  p r o p o r t i o n a l l y  w i t h  t he  i nc r ea s ing  conc e n -  
t r a t i o n  of NaC1. This  is p r o b a b l y  caused  b y  the  
f o r m a t i o n  of a s soc ia t ed  ions, e.g., of t he  t y p e  Na2C1 +, 
N a C 1 F - ,  Na2F +, or  e v e n t u a l l y  of c o m p l e x  f luoro-  
c h l o r i n e - a l u m i n u m  ions. 

The  r e c o r d e d  v a l u e s  of the  specific c o n d u c t i v i t y  of 
th is  s y s t e m  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  r e p o r t e d  
b y  B e l y a e v  (3)  and  the  c h a r a c t e r  of t he  d e p e n d e n c e  

3,26 

2,96 
i 

2,8O 

5 10 15 20 
wt. % NaC/ 

Fig. 3. Polytherms of specific conductivity of melts of the sys- 
tem Na3AIF6-NaCI. 

NaC/ 

I% 5 1o t5 20 
w~ ~A~Q 

Fig. 4. Specific conductivity of melts of the system Na3AIF6- 
AI203-NoCI at 1000~ 

K ~ f(CNaC1) as f o u n d  in the  p r e s e n t  w o r k  is f u n d a -  
m e n t a l l y  d i f fe ren t  too. 

The  d i a g r a m  of the  specific c o n d u c t i v i t y  of t h e  
s y s t e m  Na3A1F6-A1203-NaC1 at  1000~ (Fig .  4) is 
l i m i t e d  b y  the  i s o t h e r m s  of t he  l i q u i d u s  a t  1000~ 
a n d  b y  the  t h r e s h o l d  c o n c e n t r a t i o n  20% NaC1. The  
specific c o n d u c t i v i t y  is in f luenced  b y  the  c o n c e n t r a -  
t ion  of  Na  + ions in t he  mel t .  A n  inc rea se  in  t he  con-  
c e n t r a t i o n  of A1203 causes  a r e l a t i v e  d e c r e a s e  of N a  + 
ions  in t h e  un i t  v o l u m e  and  c o n s e q u e n t l y  the  d e -  
c rease  of t he  conduc t i v i t y .  On the  o t h e r  hand ,  if  
NaC1 is added ,  t he  c o n c e n t r a t i o n  of N a  + ions i n -  
c reases  and  owing  to th is  t he  c o n d u c t i v i t y  of  the  
m e l t  i nc reases  too. S i m i l a r l y  as in t he  b i n a r y  s y s t e m  
Na3A1F0-NaC1, t he  inf luence  of NaC1 is mos t  p r o -  
nounc e d  a t  low concen t r a t i ons ,  up  to 5 %, a n d  a t  th is  
c o n c e n t r a t i o n  i t  is r e l a t i v e l y  g r e a t e r  a t  h i g h e r  con-  
c e n t r a t i o n s  of A1203. W i t h  r e g a r d  to t he  fac t  t h a t  so-  
d i u m  chlor ide ,  l i ke  mos t  add i t ives ,  l o w e r s  t he  so lu -  
b i l i t y  of a l u m i n a  in  t he  e l ec t ro ly t e ,  viz. ,  t he  l i q u i d u s  
of t he  s y s t e m  Na3A1F6-A1203-NaC1 (1, 2) ,  i t  is v e r y  
a d v a n t a g e o u s  f r o m  the  t e c hno log i c a l  p o i n t  of v i e w  
t h a t  the  r e l a t i v e  i nc rea se  of specific c o n d u c t i v i t y  
can  be  a t t a i n e d  a t  r e l a t i v e l y  l ow concen t r a t i ons  of 
NaC1. 

Manuscr ip t  rece ived  J u l y  16, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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The Oxidation of Aluminum by Carbon Dioxide 
in the Presence of Cryolitic Electrolyte 

Sigbjorn Gjerstad and B. J. Welch 1 
Reduction Research Division, Reynolds Metals Company, Sheffield, Alabama 

ABSTRACT 

The oxidat ion  of a luminum by carbon d ioxide  in the two l aye r  l iquid  sys-  
tem cryol i t ic  m e l t / m o l t e n  a luminum has been inves t iga ted  in the  t e m p e r a t u r e  
range  965~176 Velocit ies of the  oxidat ion  reac t ion  at  980~ are  compared  
for  var ia t ions  in oxygen  potent ia l ,  dep th  of e lectrolyte ,  the  the rmodynamic  
act iv i ty  of a luminum,  and mass t rans fe r  conditions.  The comparison of the  
resul ts  show tha t  the  r a t e - d e t e r m i n i n g  step for  the  oxidat ion  reac t ion  is the  
mass  t rans fe r  of the dissolved meta l  f rom the  m e l t / m e t a l  in terface  to the  
me l t / ga s  interface.  

I n c r e a s i n g  a p p l i c a t i o n  of a n o d e  gas  ana lys i s  as a 
t e c h n i q u e  for  i n s t a n t a n e o u s  d e t e r m i n a t i o n  of c u r -  
r e n t  eff iciency for  m e t a l  p r o d u c t i o n  in  an  a l u m i n a  
r e d u c t i o n  cel l  (1)  has  focused  a t t e n t i o n  on the  r e -  
ac t ions  t h a t  c o n t r i b u t e  to t h e  r e d u c e d  m e t a l  p r o d u c -  
t ion.  W h i l e  t h e r e  h a v e  b e e n  m a n y  d i f f e ren t  r eac t i ons  
p o s t u l a t e d  for  t he  m e t a l  loss (2 ) ,  i t  is g e n e r a l l y  
a c c e p t e d  t h a t  r e a c t i o n  b e t w e e n  c a r b o n  d iox ide  and  
a l u m i n u m  d i s so lved  or  s u s p e n d e d  in t he  e l e c t r o l y t e  
is t he  mos t  i m p o r t a n t  m e t a l  c o n s u m i n g  reac t ion .  I n -  
deed ,  a l l  t he  equa t ions  (3, 4) d e r i v e d  to c o r r e l a t e  
anode  gas  compos i t i on  w i t h  c u r r e n t  eff iciency h a v e  
a s s u m e d  t h a t  t h e  r e a c t i o n  

3CO2 ~ 2A1 ~ A120~ + 3CO ( A )  

accoun t  fo r  a l l  t he  m e t a l  loss. This  a s s u m p t i o n  is 
s u p p o r t e d  ( a l t h o u g h  not  v a l i d a t e d )  b y  l o n g - t e r m  
m e t a l  a n d  a l u m i n a  i n v e n t o r i e s  w h i c h  i n v a r i a b l y  
show tha t  m o r e  t h a n  99% of the  m e t a l  in a l u m i n a  is 
r e c o v e r e d  (5 ) .  This  c o r r e l a t i o n  shows  t h a t  mos t  of 
t he  m e t a l  los t  is r e o x i d i z e d  and  r e t u r n s  to  t h e  r e -  
duc t i on  cel l  as a l u m i n a  or  a l u m i n u m  d e r i v a t i v e s .  

W h i l e  t he  m e c h a n i s m  of t he  r e a c t i o n  b e t w e e n  CO2 
a n d  a l u m i n u m  d i s so lved  in  c ryo l i t e  has  r e c e i v e d  
a t t e n t i o n  ea r l i e r ,  none  of t he  i n d e p e n d e n t  sets  of r e -  
su l t s  (6, 7) h a v e  been  in  a g r e e m e n t .  A b r a m o v  et al. 
(6)  o b s e r v e d  a d e p e n d e n c e  on d e p t h  of e l e c t r o l y t e  
us ing  a m e t a l  loss  t e c h n i q u e  to s t u d y  the  m e c h a n i s m  
of the  reac t ion .  R e v a z y a n  (7)  c r i t i c i zed  these  r e su l t s  
because  of t he  e r ro r s  i n v o l v e d  in A b r a m o v ' s  t e c h -  
n ique  for  m e a s u r i n g  t h e  r a t e  of r eac t ion .  Us ing  a gas  
ana lys i s  t echn ique ,  R e v a z y a n  r e - i n v e s t i g a t e d  the  
m e c h a n i s m  of o x i d a t i o n  of A1 d i s so lved  in  the  c r y o -  
l i t ic  mel t .  His  r e su l t s  l ed  h i m  to t he  conc lus ion  t h a t  
the  v e l o c i t y  of so lva t ion  of A1 b y  the  e l e c t r o l y t e  is 
t he  r a t e - d e t e r m i n i n g  s tep  in  the  o x i d a t i o n  reac t ion .  
H o w e v e r ,  G r j o t h e i m ,  Hegge lund ,  K r o h n ,  and  M o t z -  

�9 P r e s e n t  a d d r e s s :  S c h o o l  o f  C h e m i c a l  T e c h n o l o g y ,  T h e  U n i -  
v e r s i t y  of  N e w  S o u t h  Wales ,  K e n s i n g t o n ,  N .S .W. ,  A u s t r a l i a .  

f e ld t  (8)  have  r i g h t f u l l y  c l a i m e d  t h a t  t h e r e  m i g h t  
be o t h e r  m e c h a n i s m s ,  s ince  F o r l a n d ,  S t o r e g r a v e n ,  
and  U r n e s  (9)  and  also H a u p i n  (10) h a v e  s h o w n  
tha t  t h e r e  is an  a p p r e c i a b l e  s o l u b i l i t y  of COe in t he  
c ryo l i t i c  e l ec t ro ly t e .  T h e  e x p e r i m e n t a l  t e c h n i q u e  
used  b y  R e v a z y a n  (7)  is a lso  s u b j e c t  to c r i t i c i sm 
s ince  the  m e t h o d  he  e m p l o y e d  to d e t e r m i n e  t h e  r a t e  
of m e t a l  loss was  to m e a s u r e  t he  t o t a l  a m o u n t  r e a c t e d  
in a g iven  t ime  for  reac t ion .  S u c h  a m e t h o d  does  not  
a l l ow for  e i t he r  p r e s a t u r a t i o n  of t he  e l e c t r o l y t e  w i t h  
t he  m e t a l  or  t he  case  w h e r e  t he  two  l i qu ids  have  
h a d  no t i m e  to e q u i l i b r a t e  at  al l .  The re fo re ,  one 
can  also be  skep t i ca l  of t h e  m e c h a n i s m  p r o p o s e d  b y  
Revazyan .  

This  d o u b t  is also s u p p o r t e d  b y  r e su l t s  of P r u v o t  
(11) ,  and  also of  N o z a k i  a n d  M i y a n c h i  (12) .  The  
o b s e r v e d  inc rea se  in  c u r r e n t  eff iciency w i t h  a n o d e  to 
ca thode  d i s t ance  (11) in o p e r a t i n g  r e d u c t i o n  cel ls  
is m o r e  cons i s t en t  w i t h  t he  r a t e - d e t e r m i n i n g  s tep  
be ing  mass  t r a n s f e r  t h a n  R e v a z y a n ' s  p r o p o s e d  r a t e  
of so lu t ion .  N o z a k i  a n d  M i y a n c h i  (12)  a n a l y z e d  
e l e c t r o l y t e  l a y e r s  b e t w e e n  the  a n o d e  a n d  the  c a t h -  
ode in  a r e d u c t i o n  cel l  t h a t  h a d  been  s u d d e n l y  c losed  
down.  T h e y  f o u n d  t h a t  t h e  c o n c e n t r a t i o n  of f ree  
m e t a l  n e a r  the  a n o d e  was  zero,  b u t  t he  c o n c e n t r a -  
t ion  g r a d u a l l y  i n c r e a s e d  to a m a x i m u m  v a l u e  at  t he  
c a t h o d e - m e l t  i n t e r face .  Because  of t he  r e s u l t i n g  in -  
h e r e n t  u n c e r t a i n t y  a b o u t  t he  m e c h a n i s m  of t h e  r e -  
o x i d a t i o n  r e a c t i o n  in a l u m i n u m  r e d u c t i o n  cel ls  a r e -  
i nve s t i ga t i on  of  t h e  m e c h a n i s m  is w a r r a n t e d .  The  
r e su l t s  of our  r e - i n v e s t i g a t i o n  a r e  r e p o r t e d  in  th is  
pape r .  

Experimental 
The  m e t h o d  e m p l o y e d  to s t u d y  the  r a t e  of  t h e  r e -  

ac t ion  in th is  s t u d y  was  to m e a s u r e  t he  c h a n g e  in 
compos i t i on  of c a r b o n  d iox ide  t h a t  h a d  been  passed ,  
a t  a c o n t r o l l e d  flow ra te ,  ove r  a conf ined su r f ace  
a r e a  of r e a c t i n g  mel t .  The  des ign  of  t he  a p p a r a t u s  
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GAS IN 

'11 GAS OUT 

Fig. 1. Schematic view of reaction assembly. (a) Boron nitride 
hood; (B) alumina gas inlet tube; (C) alumina gas outlet tube; 
(D) graphite lid. 

c o n s t r u c t e d  was  b a s e d  on t h a t  u sed  b y  R e v a z y a n  
(7) ,  b u t  in  th is  case t he  a p p a r a t u s  was  c o n s t r u c t e d  
of fu sed  r e c r y s t a l l i z e d  a l u m i n a  a n d  b o r o n  n i t r i d e  to 
m i n i m i z e  s ide  r e a c t i o n s  w i t h  t h e  COs. W h i l e  t h e  
b o r o n  n i t r i d e  u n d e r g o e s  a r e a c t i o n  t h a t  also y i e l d s  
CO, th is  r e a c t i o n  is s low,  and  i t  can  be  c o m p e n s a t e d  
for  as t he  e x a c t  v e l o c i t y  of i t  can  be  s i m u l t a n e o u s l y  
d e t e r m i n e d  f r o m  the  n i t r o g e n  ana lys i s .  The  m e l t -  
con t a in ing  c r u c i b l e  w a s  also of BN. The  p e r t i n e n t  
po r t i ons  of the  a p p a r a t u s  a r e  i l l u s t r a t e d  in F ig .  1. 
The  b o r o n  n i t r i d e  hood  ( A )  conf ined the  r e a c t i n g  
c a r b o n  d i o x i d e  to a f ixed  su r f ace  a r e a  of e l ec t ro ly t e .  
The  a l u m i n a  t u b e  (B)  used  to b r i n g  the  gas  to t he  
r e a c t i n g  zone was  pos i t i oned  so t h a t  i ts  orif ice was  
1 cm a b o v e  the  su r f ace  of t he  e l ec t ro ly t e .  The  gas  
e m e r g i n g  f r o m  the  r e a c t i o n  zone p a s s e d  t h r o u g h  an  
i m p e r v i o u s  t u b e  (C)  l a r g e r  than ,  b u t  concen t r i c  
wi th ,  t he  gas in le t  tube .  This  ou t l e t  t u b e  was  s ea l ed  
to t he  b o r o n  n i t r i d e  hood  w i t h  a l u m i n a  cement .  
F l u c t u a t i o n s  in  t h e  m e l t  l eve l  ( due  to occas iona l  
p r e s s u r e  d i f f e ren t i a l s  b e t w e e n  the  r e a c t i n g  zone  and  
the  f u r n a c e  c h a m b e r )  w e r e  m i n i m i z e d  b y  t h e  d a m p -  
ing  effect  i n d u c e d  b y  h a v i n g  the  b o t t o m  of t h e  hood  
a g a i n s t  t h e  b o t t o m  of t he  c ruc ib le ,  and  also b y  the  
c lose  f i t t ing  g r a p h i t e  l i d  ( D ) .  A n  a t m o s p h e r e  of a r -  
gon w a s  m a i n t a i n e d  in  t h e  s e a l e d  Incone l  f u r n a c e  
t u b e  a t  a l l  t imes .  

A v e r t i c a l  t u b e  K a n t h a l  r e s i s t ance  f u r n a c e  was  
used  to  h e a t  t he  a p p a r a t u s .  T h e  t h e r m a l  g r a d i e n t  of 
th is  f u r n a c e  was  a d j u s t e d  so t h a t  t he  m e l t  su r f a c e  
was  2 ~ 1 7 6  h o t t e r  t h a n  the  m e t a l  p a d  a t  t he  b o t t o m  
of t he  c ruc ib le .  T e m p e r a t u r e  con t ro l  was  m a i n -  
t a i n e d  b y  a K e l v i n  H u g h e s  M a r k  IV p r o p o r t i o n a l  
ac t ion  c o n t r o l l e r  and  was  b e t t e r  t h a n  • 1 7 6  d u r i n g  
a run .  

The  r e a c t i n g  gas  f low r a t e s  w e r e  bo th  c o n t r o l l e d  
a n d  m e a s u r e d  b y  c a l i b r a t e d  F i s h e r  a n d  P o r t e r  R o t a -  
m e t e r  f low mete r s .  A Loenco  15B gas  c h r o m a t o g r a p h  
was  u sed  to  a n a l y z e  t h e  r e a c t i n g  gas  compos i t ions .  
The  c h r o m a t o g r a m s  w e r e  r e c o r d e d  w i t h  a L&N 

A Z A R  S p e e d o m a x  G R e c o r d e r  f i t ted  w i t h  a Disc I n -  
s t r u m e n t  C o m p a n y  i n t e g r a t o r .  The  m a t e r i a l s  u sed  
for  t he  e l e c t r o l y t e  w e r e  N a t u r a l  G r e e n l a n d  c ryo l i t e ,  
A.R. g r a d e  c a l c ium f luor ide  a n d  a l u m i n a ,  and  C.P. 
a l u m i n u m  f luor ide .  A l l  w e r e  used  w i t h o u t  f u r t h e r  
pur i f ica t ion .  A n  e l e c t r o l y t e  compos i t i on  of 7.5 w / o  
( w e i g h t  p e r  cen t )  A120~; 7.5 w / o  CaF2 w i t h  t he  
b a l a n c e  b e i n g  N a F  a n d  A1Fa in t h e  w e i g h t  r a t i o  
of 1.45 to  1 was  used  for  a l l  m e a s u r e m e n t s  in  th i s  
s tudy .  The  CO2 was  a n a l y z e d  M a t h i e s o n  g r a d e  c y l i n -  
d e r  gas. 

Pro cedure.--The r e q u i r e d  w e i g h t s  of e l e c t r o l y t e  
a n d  a l u m i n u m  w e r e  p l a c e d  in t he  c ruc ib l e  a n d  t h e  
a p p a r a t u s  a s s e m b l e d  in  t he  f u r n a c e  in  a m a n n e r  
s i m i l a r  to t h a t  r e p r e s e n t e d  in  Fig.  1. The  n e c e s s a r y  
w e igh t s  of t he  a l u m i n u m  a n d  also of  t he  p r e m i x e d  
and  p r e f u s e d  e l e c t r o l y t e  w e r e  d e t e r m i n e d  for  t he  
r e q u i r e d  d e p t h s  of each.  F o r  mos t  of t he  m e a s u r e -  
m e n t s  a 2 cm d e p t h  of  e l e c t r o l y t e  (95.7g)  and  1 cm 
of m e t a l  (52.4g) w e r e  used .  

The  f u r n a c e  was  t h e n  h e a t e d  to t he  r e q u i r e d  
t e m p e r a t u r e ,  a n d  w h e n  the  m e t a l  and  e l e c t r o l y t e  
w e r e  m o l t e n  the  c ruc ib l e  was  r a i s e d  u n t i l  i ts  base  
was  a ga in s t  t he  l o w e r  end  of t he  b o r o n  n i t r i d e  hood.  
D u r i n g  th i s  p r o c e d u r e ,  an  i n e r t  a t m o s p h e r e  was  
m a i n t a i n e d  w i t h i n  t he  f u r n a c e  and  a p p a r a t u s .  

A t  t h e r m a l  e q u i l i b r i u m  the  r e a c t i o n  was  s t a r t e d  
b y  f lowing c a r b o n  d iox ide  t h r o u g h  the  r e a c t i o n  zone. 
S a m p l e s  of t h e  off gas  w e r e  c h r o m a t o g r a p h e d  a t  five 
m i n u t e  i n t e rva l s .  A n  i n t e g r a l  gas  s a m p l i n g  v a l v e  
was  used  to s a m p l e  t he  gas  f r o m  i ts  s t r e a m  and  i n -  
t r o d u c e  the  s a m p l e  to the  c h r o m a t o g r a p h i c  co lumns .  

F o r  a g iven  se t  of cond i t ions  r e a c t i o n  r a t e  m e a s -  
u r e m e n t s  (as  g i v e n  b y  off gas  compos i t i ons )  w e r e  
c o n t i n u e d  u n t i l  a cons t an t  r a t e  was  o b s e r v e d  ove r  
at  l eas t  a 3 0 - m i n  per iod .  

Results 
A t  cons t an t  t e m p e r a t u r e  a n d  e l e c t r o l y t e  dep th ,  

m e a s u r e m e n t s  w e r e  m a d e  for  t he  d e t e r m i n a t i o n  of 
r e a c t i o n  v e l o c i t y  w h e n  t h e  CO2 flow ra te ,  i t s  p a r t i a l  
p r e s su re ,  t he  t h e r m o d y n a m i c  a c t i v i t y  of t he  a l u m i -  
num,  and  t h e  t i m e  of con tac t  b e t w e e n  m e t a l  a n d  
e l e c t r o l y t e  w e r e  each  i n d e p e n d e n t l y  va r i e d .  A n  e x -  
p e r i m e n t  was  a lso  c o n d u c t e d  w h e r e  t h e  t h e r m a l  
g r a d i e n t  was  r e v e r s e d  to i n t r o d u c e  d i f f e ren t  mass  
t r a n s f e r  condi t ions .  The  effect  of t he  d e p t h  of t he  
e l e c t r o l y t e  b e t w e e n  the  m e t a l  a n d  r e a c t i n g  gas  
was  a lso  s tud ied .  Resu l t s  w e r e  a lso  o b t a i n e d  for  t h e  
r e a c t i o n  v e l o c i t y  a t  d i f f e ren t  t e m p e r a t u r e s  b e t w e e n  
969 ~ a n d  1049~ 

CO2 flo~o rate and partial pressure.--For t he se  
s tud ies  an  e l e c t r o l y t e  d e p t h  of 2.0 cm w a s  m a i n -  
t a i n e d  ove r  a 1 c m  d e p t h  of m o l t e n  a l u m i n u m .  The  
p a r t i a l  p r e s s u r e  of CO2 was  v a r i e d  b y  us ing  gas  
m i x t u r e s .  P r e m i x e d  c y l i n d e r s  of COs and  CO (of 
k n o w n  compos i t i on )  w e r e  used  for  th i s  purpose .  
Ra t e  m e a s u r e m e n t s  w e r e  m a d e  a t  f ou r  d i f fe ren t  
flow ra t e s  and  t h r e e  d i f f e ren t  p a r t i a l  p r e s s u r e s  of  
CO2. The  e x p e r i m e n t a l  r e su l t s  a r e  s u m m a r i z e d  in  
T a b l e  I. 

Effect of reduced aluminum activity.--Since cop-  
p e r  a l loys  w i t h  a l u m i n u m  b u t  does  no t  d i s so lve  
in t h e  c ryo l i t i c  e l e c t r o l y t e  or  r e a c t  w i t h  i t  (13) ,  use  
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Table I. Velocity of the reaction between C02 and dissolved 
aluminum as a function of CO~ flow rate and its partial pressure 
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Table II. Velocity of the reaction between C02 and dissolved 
aluminum at 980~ as a function of time, and time of contact 

between aluminum and electrolyte 

CO~ f low r a t e ,  R e a c t i o n  r a t e ,  
CO2 p r e s s u r e ,  m o l e s  CO~/min ,  m o l e s  CO2 c m ~  min-1 ,  

a r m  x 10 ~ T e m p ,  ~  x 10 6 
V e l o c i t y  of r e a c t i o n ,  

T i m e  of c o n t a c t  T i m e  of  r e a c t i o n  m o l e  CO~ c m  -~ min-~,  
b e f o r e  r e a c t i o n ,  r a i n  a t  m e a s u r e m e n t ,  r a i n  • 10 e 

1.00 0.665 980 7.47 
1.00 1.052 980 7.75 0 10 3.13 
1.00 1.763 976 7.58 0 50 3.60 
1.00 2.741 978 7.64 0 100 7.00 
0.54 0.424 980 7.10 0 200 7.11 
0.28 0.277 1005 8.23 0 250 2.51 

40 5 9.0 
80 5 12.5 

was  made  of copper  a l u m i n u m  al loy  to reduce  the  300 5 88.6 
t h e r m o d y n a m i c  ac t iv i ty  of the  a l u m i n u m .  Measu re -  
men t s  were  m a d e  wi th  a 50 mole  % A1 alloy, and  
the  resul t s  compared  w i th  those ob ta ined  for pu re  
a l u m i n u m .  The  vo lumes  of e lec t ro ly te  and  me t a l  
used were  the  same as for the  above studies.  Three  
separa te  m e a s u r e m e n t s  were  made  at  980~ for the  
50 mole  % A1 alloy. The  ve loc i ty  of reac t ion  of CO2 
wi th  the dissolved a l u m i n u m  (or r eac t ing  species) 
was found  to be 4.40 • 1.5 x 10 -8 moles  COe cm -2 
m i n  -1, as compared  to 7.60 -- 0.64 x 10 -8 moles CO~ 
c m  - 2  m i n  -1 for pu re  a l u m i n u m .  

Effect of time of contact between metal and bath. 
- - T h e  veloci ty  of the  reac t ion  b e t w e e n  COe and  
dissolved a l u m i n u m  was m e a s u r e d  as a func t ion  of 
t ime  for al l  exper iments .  A typ ica l  plot  of the  m e a s -  
u r ed  reac t ion  veloci ty  vs. t ime  is g iven  in  Fig. 2. In  
t ha t  e x p e r i m e n t  there  was  a lapse  of a p p r o x i m a t e l y  
120 ra in  b e t w e e n  me l t i ng  the  e lec t ro ly te  and  i m -  
press ing  the  CO2. The  fo rm of the  curve  indica tes  
a defini te  dependence  on t ime.  To s tudy  this  va r i ab l e  
f u r t h e r  reac t ion  velocit ies were  m e a s u r e d  as a f u n c -  
t ion  of t ime  af ter  var ious  t imes  of contact ,  b e t w e e n  
mel t  and  me ta l  before  the  reac t ing  gas was  i m -  
pressed. These resul t s  are  t a b u l a t e d  in  Tab le  II. Al l  
the  resu l t s  r epor t ed  in  this  t ab le  were  m e a s u r e d  at  
980 ~ _ 5 ~  

Effect of thermal convection.--The veloci ty  of the  
r eac t ion  as a f unc t i on  of t ime  w h e n  the re  is t h e r m a l  
convec t ion  w i t h i n  the e lec t ro ly te  is compared  w i th  
the  curve  ob ta ined  in  the  absence  of t h e r m a l  con-  
vec t ion  bu t  o therwise  u n d e r  the same condi t ions  in  
Fig. 3. T h e r m a l  convec t ion  was in t roduced  to the  
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Fig. 2. Velocity of oxidation of dissolved aluminum vs .  time at 
980~ for 2 cm of electrolyte between pure metal and gas phases. 

appara tus  by  a l t e r ing  the f u r na c e  t h e r m a l  g r ad i en t  
so tha t  the  surface  of the  me l t  was  10~ colder  t h a n  
tha t  at  the  m e l t - m e t a l  in terface .  D u r i n g  e xpe r i -  
m e n t a t i o n  the  t e m p e r a t u r e  of the  m e l t - m e t a l  i n t e r -  
face was m a i n t a i n e d  the  same as the  p rev ious  ex-  
per iments .  

Effect of depth of electrolyte.--Experiments were  
car r ied  out w i th  me l t  l aye r  he ights  of 1, 2 and  4 cm 
of e lec t ro ly te  whi le  all  o ther  va r i ab les  were  m a i n -  
t a ined  constant .  E q u i l i b r i u m  velocit ies m e a s u r e d  
are r ep resen ted  in  Fig. 4. 

Temperature dependence of reaction ve loc i ty . -  
React ion  velocit ies were  m e a s u r e d  at d i f ferent  t e m -  
pe ra tu res  in  the  range  969~176 Resul ts  ob-  
t a ined  for a 2 cm e lec t ro ly te  dep th  are i l l u s t r a t ed  in  
Fig. 5. 

Discussion 
The resul ts  ob ta ined  in  this  s tudy  show tha t  the  

veloci ty  of the reac t ion  is i n d e p e n d e n t  of the  flow 
ra te  and  pa r t i a l  p ressure  of CO2 bu t  d e p e n d e n t  on  
the t h e r m o d y n a m i c  ac t iv i ty  of a l u m i n u m .  Therefore ,  
if the  reac t ing  ca rbon  dioxide is dissolved in  the  
e lectrolyte ,  its ra te  of so lu t ion  is no t  ra te  d e t e r m i n -  
ing, and  the  ra te  of r eac t ion  is d e p e n d e n t  on the  
concen t r a t i on  of dissolved a l u m i n u m  at the  r eac t ion  
zone. F r o m  this, the  ra te  of reac t ion  could be con-  
t ro l led  by  the ra te  of so lu t ion  of the dissolved a lu -  
m i n u m  or reac t ing  species, the  mass  t r ans f e r  of the 
r educ ing  species f rom the me t a l - e l e c t r o l y t e  i n t e r -  
face to the reac t ion  zone, or its s a tu r a t i on  solubi l i ty .  
The las t  poss ibi l i ty  can be re jec ted  because  of the  
observed  dependence  of ve loc i ty  of reac t ion  on the  

%~x- 5 0 ~  I i 

-6 3O 
E 

~ 20 
rc- 

g 

i I p I i i I 

0 
0 0 

0 (~ 0 

o ~  ~ ,~ ~, ~- ,~ ,~ 
g 
n~ I0 20 50 40 SO 60 70 80 90 I00 I10 

T I M E  IN M I N U T E S  

Fig. 3. Reaction rate as a function of time for different mass 
transfer conditions, e, Mass transfer by diffusion only; �9 thermal 
convection in melt. 
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Fig. 4. Variation in steady-state reaction rate with depth of 
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Fig. 5. Steady-state reaction rate vs. temperature for a 2 cm 
melt layer separating the pure aluminum and the C02. 

t ime  of con tac t  b e t w e e n  m e t a l  and  m o l t e n  e l e c t r o -  
ly te .  S i m i l a r l y ,  i t  can  be  seen  t h a t  t he  r a t e  of r e a c -  
t ion  is con t ro l l ed  b y  mass  t r a n s f e r  of the  r e d u c i n g  
species  f r o m  the  m e l t - m e t a l  i n t e r f a c e  to t he  r e a c t i o n  
zone. This  is cons i s t en t  w i t h  b o t h  d e p e n d e n c e  of r e -  
ac t ion  v e l o c i t y  on the  h e i g h t  of  e l e c t r o l y t e  and  also 
t he  i n c r e a s e d  r e a c t i o n  r a t e  w h e n  t h e r e  is t h e r m a l  
convec t ion  in  t h e  a p p a r a t u s .  I n  t h e  l a t t e r  case, t he  
s t e a d y - s t a t e  r e a c t i o n  v e l o c i t y  i n c r e a s e d  f r o m  7.6 x 
10 -6 mo les  CO2 cm -2 m i n  -1 to 33 x 10 -6 moles  CO2 
cm -2 ra in  -1 as a r e s u l t  of t he  t h e r m a l  convec t ion  
i n t r o d u c e d  b y  h a v i n g  a 10~ t e m p e r a t u r e  g r ad i en t .  

The  o b s e r v e d  r a t e - d e t e r m i n i n g  s t ep  is in  d i s -  
a g r e e m e n t  w i t h  t he  m e c h a n i s m  b y  R e v a z y a n  (7 ) ,  
b u t  is cons i s t en t  w i t h  r e su l t s  of A b r a m o v  et  al.  a n d  
s u p p o r t e d  b y  the  w o r k  of Nozak i  a n d  M i y a n c h i  (12)  
and  also of P r u v o t  (11) .  

F r o m  these  r e su l t s  t he  m e c h a n i s m  of t he  r e a c t i o n  
wi l l  i nvo lve  the  fo l l owing  s teps :  ( a )  so lva t ion  of 
t he  m e t a l  b y  the  me l t ,  o r  r e a c t i o n  of m e t a l  w i t h  m e l t  
( f a s t ) ;  (b )  t r a n s f e r  of t he  d i s so lved  me ta l ,  or  r e -  
ac t ing  species,  f r o m  the  m e l t - m e t a l  i n t e r f a c e  to, or  
n e a r  t he  m e l t - g a s  i n t e r f a c e  ( r a t e - d e t e r m i n i n g  
s t e p ) ;  (c)  r e a c t i o n  w i t h  t he  gas  or  d i s so lved  gas  
( f a s t ) ;  ( d )  i f  t h e  o x i d i z e d  spec ies  is o t h e r  t h a n  
a l u m i n u m ,  t h e n  w e  w o u l d  h a v e  a d i s p r o p o r t i o n a t i n g  
r e a c t i o n  b e t w e e n  the  m e l t  and  the  o x i d a t i o n  p r o d -  
uct.  

T h e r e  s t i l l  ex i s t s  some u n c e r t a i n t y  a b o u t  t h e  f irst  
s tep  of t h e  m e c h a n i s m ,  i .e.,  t he  so lva t ion  of t he  
a l u m i n u m  b y  the  c ryo l i t i c  mel t .  I t  has  been  p r o -  

posed  t h a t  a l u m i n u m  disso lves  e i t he r  as a pyroso l ,  or  
i t  u n d e r g o e s  t h e r m o d y n a m i c  r e a c t i o n  w i t h  t he  e l ec -  
t r o l y t e  to f o r m  a n e w  species  ( such  as m o n o v a l e n t  
a l u m i n u m  ions  or  s o d i u m ) .  The  l a t t e r  p o s s i b i l i t y  is 
f a v o r e d  b y  m e a s u r e m e n t s  of c u r r e n t  eff iciency as a 
f u n c t i o n  of e l e c t r o l y t e  compos i t i on  (14) and  also 
R e v a z y a n ' s  d e t e r m i n a t i o n  of the  r e l a t i v e  e x t e n t s  of 
r e a c t i o n  b e t w e e n  CO 2 a n d  the  r e a c t i n g  spec ies  w h e n  
the  a l u m i n u m  f luor ide  con ten t  of t he  e l e c t r o l y t e  is 
v a r i e d  (7 ) .  In  each  s tudy ,  a d e p e n d e n c e  on e lec -  
t r o l y t e  compos i t i on  was  obse rved .  

S ince  the  mass  t r a n s f e r  in  th is  e x p e r i m e n t a l  s t u d y  
is b y  diffusion,  t he  ve loc i t y  of the  r e a c t i o n  be ing  
s t u d i e d  can  be  c o r r e l a t e d  w i t h  the  c o n c e n t r a t i o n  of 
t he  r e a c t i n g  spec ies  at  t he  m e l t - m e t a l  i n t e r f ace  ( b y  
F i c k s  l a w s  of d i f fus ion) .  The re fo re ,  f r o m  this ,  t he  
o b s e r v e d  d e p e n d e n c e  on e l e c t r o l y t e  (7, 14),  and  a p -  
p l y i n g  t h e  l a w  of  mass  act ion,  a r g u m e n t s  can  be  
f o r w a r d e d  to s u p p o r t  t he  c h e m i c a l  r e a c t i o n  (or  
s u b v a l e n t  c o m p o u n d )  t he o ry .  W h i l e  one can  w r i t e  
n u m e r o u s  poss ib le  r eac t ions  b e t w e e n  the  m e l t  a n d  
me ta l ,  the  fo l lowing  two  a re  t he  mos t  f a v o r e d  
t h e r m o d y n a m i c a l l y  at  t he  r e a c t i o n  t e m p e r a t u r e  

A1 q- N a F  ~ A1F + Na,  AG = 21 kca l s  (B)  

2A1 -t- A1Fs ~ 3A1F, AG = 19 kca l s  (C)  

In  sp i te  of  t he  sma l l  e q u i l i b r i u m  cons tan t s  t ha t  
t he se  r eac t i ons  w o u l d  h a v e  t h e r e  is some e x p e r i -  
m e n t a l  ev idence  to s u p p o r t  them.  H a u p i n  (10) and  
also S c h a d i n g e r  (15)  a n a l y z e d  condensa t e s  f o u n d  
a b o v e  m o l t e n  c ryo l i t e  and  a l u m i n u m  in an  i n e r t  a t -  
mosphe re .  In  bo th  inves t iga t ions ,  s o d i u m  and  a l u -  
m i n u m  w e r e  de tec t ed ,  t he  a m o u n t  of  a l u m i n u m  b e -  
ing in  excess  of t h a t  e x p e c t e d  f r o m  n o r m a l  v a p o r  
losses.  The  c r y o l i t e  d i s soc ia t ion  m e c h a n i s m  p r o p o s e d  
b y  F r a n k  and  F o s t e r  (16) ,  t he  a b o v e  obse rva t ions ,  
and  the  o b s e r v e d  dec rease  in ve loc i t y  of r eac t i on  
b e t w e e n  CO2 a n d  t h e  r e a c t i n g  species  b y  i nc rea s ing  
the  a l u m i n u m  f luor ide  con ten t  of t he  e l e c t r o l y t e  
(7, 13) a l l  i nd i ca t e  t h a t  r e a c t i o n  (B)  r a t h e r  t h a n  
(C)  is t he  p r e v a l e n t  one for  t he  so lva t i on  of a l u m i -  
num.  As  a r e s u l t  t h e r e  a r e  two  o x i d i z a b l e  spec ies  
a n d  t h e  m e a s u r e d  r e a c t i o n  ve loc i t i e s  a r e  for  o x i d a -  
t ion  of  bo th  species.  F o r m u l a t i n g  the  r e a c t i o n  m e c h -  
a n i s m s  acco rd ing  to r e a c t i o n  (B)  and  the  s teps  of 
t h e  r e a c t i o n  w e  h a v e  

A1(11) + NaF(12) ~ Na(i2) + AIF(12) ( F a s t )  

t hence  
D i f f u s i o n  

Na(12 at 11/12 interface) > Na(12 at  12/gas interface) 

(Slow) 
A t  m e l t / g a s  i n t e r f a c e  

2Na(12) + CO2 ~ Na20(]2) + CO ( F a s t )  

followed by 

3Na20 + 2AIF  ~ A1208 + 2NaF  + 4Na 

A l t e r n a t e l y ,  if  ve loc i t y  of o x i d a t i o n  of  A1 + is g r e a t e r  
t h a n  for  sod ium,  t he  t h i r d  s tep  could  be  

3A1F(12) -I- 3CO2 ~ A1203(12) --I- 3CO q- A1F3(12) 
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fo l l owed  b y  
A1Fs(~2) -}- 2Na(12) ~ 2NaF(12) -{- A1F(12) 

Bes ides  these ,  s e v e r a l  o t h e r  poss ib i l i t i e s  cou ld  be  
f o r m u l a t e d ,  b u t  a l l  equa t i ons  w o u l d  fo l low the  s a m e  
p a t t e r n ,  and  t h e  s low s tep  w o u l d  be  g o v e r n e d  b y  the  
mass  t r a n s f e r  of d i s so lved  r e d u c i n g  species .  

No a t t e m p t  has  b e e n  m a d e  to c a l c u l a t e  t he  a c t i v a -  
t ion  e n e r g y  for  t he  r a t e - d e t e r m i n i n g  s tep  f r o m  the  
t e m p e r a t u r e  d e p e n d e n c e  s tud ies  (Fig .  5 of r e s u l t s ) .  
This  is because  the  s o l u b i l i t y  of t he  a l u m i n u m ,  b y  
r e a c t i o n  w i t h  t he  e l e c t ro ly t e ,  w i l l  be  s t r o n g l y  t e m -  
p e r a t u r e  d e p e n d e n t ,  and  t h e r e f o r e  w e  h a v e  t w o  
v a r i a b l e s  ef fec t ing  t h e  v e l o c i t y  of reac t ion .  A n y  
a c t i va t i on  e n e r g y  d e r i v e d  u n d e r  t hese  cond i t ions  
w o u l d  be  fa l lac ious .  

The  v a r i a t i o n  of r e a c t i o n  ve loc i t y  w i t h  t i m e  as 
i l l u s t r a t e d  in  Fig .  2 shows  t h r e e  d i s t i nc t  zones.  T h e  
first  t w o  zones,  h igh  r e a c t i o n  v e l o c i t y  due  to p r e -  
s a t u r a t i o n  of e l ec t ro ly t e ,  f o l l o w e d  b y  a cons t an t  r e -  
ac t ion  v e l o c i t y  due  to s t e a d y - s t a t e  condi t ions ,  a r e  
r e a d i l y  unde r s tood ,  b u t  t h e  s u b s e q u e n t  s low d e -  
c rease  in  r e a c t i o n  v e l o c i t y  w a r r a n t s  f u r t h e r  c o m -  
ment .  F r o m  o b s e r v a t i o n s  of e l e c t r o l y t e  and  a p -  
p a r a t u s  i m m e d i a t e l y  a f t e r  e x p e r i m e n t a l  m e a s u r e -  
ments ,  i t  was  conc luded  t h a t  the  d e c r e a s e  in r e a c t i o n  
v e l o c i t y  a f t e r  r e a c h i n g  s t e a d y - s t a t e  cond i t ions  w a s  
due  to a b u i l d - u p  of a l u m i n a  at  t he  m e l t - g a s  i n t e r -  
face.  In  e x p e r i m e n t s  w h e r e  th i s  d e c r e a s e  w a s  o b -  
se rved ,  t he  su r f ace  of t he  m e l t  a p p e a r e d  to h a v e  u n -  
d i s so lved  pa r t i c l e s ,  w h i l e  in e x p e r i m e n t s  w h e r e  
t h e r e  was  c o n s i d e r a b l e  reac t ion ,  a h igh  a l u m i n a  
con t en t  c rus t  f o r m e d  ins ide  t he  r e a c t i o n  hood  in  t h e  
zone of t he  e l e c t r o l y t e  sur face .  
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Studies on Alternating Current Electrolysis 
V. Double Layer Resistance and Electrode Area as Factors in Electrode Kinetics 

Donald D. Bump 1 and A. Edward Remick 
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ABSTRACT 

Impedance measurements  were made on an a-c electrolytic cell composed of 
p la t inum electrodes in poised aqueous solutions of ferrocyanide and ferr icyanide 
containing potassium sulfate as support ing electrolyte. Empirical  equations were 
developed for the polarization resistance and capacitance of the support ing elec- 
trolyte as funct ions of frequency, expressing each as the sum of f requency-de-  
pendent  and f requency- independen t  terms. The f requency-dependence  of the 
polarization resistance proved it to be nonfaradaic  in origin and hence probably 
a double- layer  resistance. The f requency- independent  term of the capacitance 
equat ion was shown to be al tered by addit ion of the ferrocyanide-ferr icyanide 
system, contrary to the assumption usual ly  made. This fact was employed in 
al ter ing the Bockris-Conway "v-method" of separat ing the faradaic and double-  
layer admittances. This altered method proved to be more satisfactory than 
the "classical method." The Bockris-Conway theory of the double- layer  ad- 
mit tance was shown to be in accord with the exper imental  data in  certain 
regards, but  the value of the re laxat ion t ime calculated from these data was 
found to be of a different order of magni tude  than that to be expected from 
the theory. An equation for the calculation of the rate constant  for electron 
t ransfer  at an electrode, without  the necessity of knowing the electrode area, 
was derived. Values of rate constants calculated from this equation compared 
favorably with those of Randles and Somerton. Measurements made on a series 
of solutions of different depolarizer concentrat ions but  constant  ionic s trength 
gave evidence that  depolarizer adsorption is a dis turbing influence only in 
solutions of concentrat ions less than 0.005N. 

It is i m p o r t a n t  to fashion  an  adequa te  e q u i v a l e n t  
c i rcui t  for an  a l t e r n a t i n g  c u r r e n t  e lect rolyt ic  cell 
in  order  tha t  the  fa rada ic  p a r a m e t e r s  can be ca lcu-  
lated.  G r a h a m e  (1) has p resen ted  equ iva l en t  c i r -  
cuits for severa l  "classes" of compounds .  These c i r -  
cuits seem to be sa t i s fac tory  in  the  absence  of spe-  
cific adsorp t ion  w h e n  a d ropp ing  m e r c u r y  e lect rode 
is used. 

The  use of a solid m e a s u r i n g  electrode in t roduces  
complicat ions.  A double  l ayer  res is tance  (Rd) is i n -  
t roduced  and  d ispers ion  of bo th  Rd and  Cd ( the  
double  l aye r  capac i tance)  is observed  (1-11) .  The 
m a g n i t u d e s  of Rd and  the two dispers ions  are grea te r  
for rough  t h a n  for smooth surfaces  (2, 3). Cd has 
been  repor ted  as d e p e n d e n t  on (12) and,  to a first 
approx imat ion ,  i n d e p e n d e n t  of (8) the shape of the  
solid electrode.  In  order  to r ep resen t  these  obse rva -  
t ions in  t e rms  of the  equ iva l en t  circuit ,  the  doub l e -  
l ayer  b r a n c h  was  modified by  Bockris  and  C o n w a y  
(5) b y  s h u n t i n g  Cd wi th  a resis tance,  Rd. 

A n o t h e r  compl ica t ion  ar i s ing  w i th  solid electrodes 
is the  occur rence  of the w e l l - k n o w n  res is tance  po-  
lar iza t ion.  G r a h a m e ' s  e q u i v a l e n t  c i rcui t  was  m o d i -  
fied to take  this  factor  in to  account  by  Remick  and  
McCormick  (13),  who added an  "elect rode l ayer  r e -  
s is tance" (RL) in  series wi th  the  e lect rolyt ic  r e -  
s is tance (RT). I t  has been  found  r ecen t ly  tha t  n o n -  
u n i f o r m i t y  of the  electr ic  field b e t w e e n  the  elec-  

1 P r e s e n t  add re s s :  I n s t i t u t e  of P a p e r  C h e m i s t r y ,  A p p l e t o n ,  Wis -  
consin .  

t rodes in t roduces  a spur ious  res i s tance  which  ap -  
pears  to be added  to RT (14).  It  m a y  be tha t  this  
factor  con t r i bu t ed  to RL. F o r t u n a t e l y ,  the usua l  
me thod  for m e a s u r i n g  RT wi l l  in  r ea l i ty  give 
RT -~ RL so tha t  they  are sub t r ac t ed  together ,  a n d  
separa te  m e a s u r e m e n t s  of the two need  not  be  made.  
In  this paper ,  therefore ,  the  va lues  of RT are to be 
under s tood  as i nc lud ing  those of RL, if any.  

The obvious  sequel  to the  e s t a b l i shme n t  of the  
e q u i v a l e n t  c i rcui t  is the  e s t a b l i shme n t  of the m a t h e -  
ma t i ca l  t heo ry  of each of the  c i rcui t  e lements .  This  
p r ob l e m seems to have  been  solved for the  fa rada ic  
b r a n c h  of the  c i rcui t  for the  s imple  m e c h a n i s m  
consis t ing m e r e l y  of a b id i rec t iona l  e lec t ron  t r a n s -  
fer  step in  the  absence of specific adsorp t ion  (1).2 
It  wou ld  be b e y o n d  the  scope of this  paper  to s u m -  
mar ize  the  progress  m a d e  in  dea l ing  wi th  other  
mechanisms .  The cor respond ing  p r ob l e m for the  
d o u b l e - l a y e r  b r a n c h  of the  c i rcui t  has been  re -  
v iewed  f r e q u e n t l y  in  r ecen t  years  (6, 12, 15). The 
most  recent  c o n t r i b u t i o n  to this p r ob l e m has been  
made  by  Bockris  et al. (16, 5). They  advance  the 
theory  t ha t  the  r e l a x a t i o n  t ime  of w a t e r  dipoles ad -  
sorbed on an  e lect rode approaches  t ha t  of ice and  
hence  falls w i t h i n  the  f r e que nc y  range  of m e a s u r e -  
ment .  The resu l t  is tha t  these dipoles do not  r e -  
spond fu l ly  to the  a l t e r n a t i n g  po ten t i a l  and  give 
rise to a f r e q u e n c y - d e p e n d e n t  phase d is tor t ion  
which  can be ana layzed  into capaci t ive  and  res is t ive  

See ref .  (1) fo r  a s u m m a r y  of e a r l i e r  w o r k  done  on  t h i s  p rob l em.  
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componen t s  (Rd and  C~), bo th  f r e q u e n c y  dependen t .  
This  theory  wi l l  be discussed more  fu l ly  in  the Dis-  
cussion Section.  

I t  is a w e l l - k n o w n  fact tha t  the  accura te  de t e r -  
m i n a t i o n  of k ine t ic  p a r a m e t e r s  of reac t ions  at  e lec-  
t rodes demands  an  accura te  d e t e r m i n a t i o n  of the 
t r u e  e lect rode area. We wi l l  show in  this  repor t  how 
electrode area  can  be e l i m i n a t e d  f rom such ca lcu la -  
tions. We wi l l  also descr ibe work  done to test  the 
use of the  B o c k r i s - C o n w a y  e q u i v a l e n t  c i rcui t  a nd  
the  adequacy  of the i r  t heo ry  of the  d o u b l e - l a y e r  r e -  
sistance.  

Experimental 
Electrolytic cell .--An elect rolyt ic  b e a k e r  fitted 

w i th  a r u b b e r  s topper  served as the cell. The elec-  
t rodes  were  sealed in to  glass t u b i n g  so tha t  o n l y  one 
face of each came in  contac t  wi th  the  solut ion.  T h e y  
were  c i rcu la r  p l a t i n u m  disks 0.7 cm in  d iamete r ,  
each suppor ted  ve r t i ca l ly  and  r igidly.  They  were  
pa ra l l e l  to each o ther  1.4 cm apart .  Pur i f ied  n i t r o g e n  
gas was  passed t h rough  the  so lu t ion  in  the  cell. 

Cleaning electrodes.--The electrodes were  c leaned  
by  a modif icat ion of the  me thod  p rev ious ly  used 
(13).  They  were  made  a l t e r n a t e l y  anodic  and  ca-  
thodic in  an  aqueous  so lu t ion  of po tass ium h y -  
droxide,  po ta s s ium cyanide ,  and  po t a s s ium carbonate .  
A c u r r e n t  of 1 amp passed th rough  the  cell for 15 
m i n  in  each direct ion.  T h e n  the  c u r r e n t  was  r e -  
duced  to 0.6 amp for 10 m i n  in  each direct ion.  This  
r educ t ion  of c u r r e n t  and  t ime  was  con t inued  over  a 
2 - h r  period,  a f te r  which  the  e lectrodes  were  t ied to -  
ge ther  and  made  cathodic w i th  respect  to a th i rd  
p l a t i n u m  electrode.  A c u r r e n t  of 0.1 amp was t h e n  
passed t h r o u g h  the cell for 10 min.  The  en t i re  cell 
a s sembly  was t hen  washed  three  t imes  w i th  dis t i l led  
wa t e r  and  twice w i t h  conduc t iv i ty  water .  I t  was  
t hen  filled w i th  conduc t iv i ty  wa te r  and  a l lowed to 
soak for at least  30 hr. The  cell was  t h e n  r insed  wi th  
the  e x p e r i m e n t a l  solut ion,  filled, a l lowed to s t and  
for an  hour ,  r insed  again,  and  f inal ly  filled for the  
test. 

Chemicals and solutions.---Potassium su l fa te ,  po-  
t a s s ium fer rocyanide ,  and  po tas s ium fe r r i cyan ide  of 
A.C.S. specif icat ion stock were  recrys ta l l i zed  f rom 
water .  

Ni t rogen  for pu rg ing  the solut ions  was  p u r i -  
fied by  pass ing  o i l - p u m p e d  n i t r ogen  over hot 
copper,  t h e n  t h r o u g h  a concen t ra t ed  so lu t ion  of so- 
d i u m  hydroxide ,  and  f inal ly  t h rough  a wash  bot t le  
con t a in ing  the  sample  to be  tested. 

Temperature.--All e x p e r i m e n t s  were  car r ied  out  
in  a wa t e r  b a t h  at a t e m p e r a t u r e  of 30.5 ~ • 0.05 ~ 

Measuring bridge.--The br idge  is shown in  Fig. 1. 
The ra t io  a rms  were  fo rmed  by  two 1000 ohm 
(+--_0.25%) a-c  resistors,  R1 and  Rf, i n t e r c h a n g e a b l e  
t h r o u g h  swi tch  $1. The resis tor  Rp (a series combi -  
na t i on  of a Gene ra l  Radio C o m p a n y  types  4132-K 
and  510 A A  decade resistors,  o v e r - a l l  accuracy  
•  and  the  capaci tor  Cp (a pa ra l l e l  c o m b i n a -  
t ion  of a G e n e r a l  Radio type  219 M decade, 1.110 ~f, 
a ca l ib ra ted  C o r n e l l - D u l i l i e r  decade, 10 #f in  1 ~f 
steps, and  a ca l ib ra ted  L&N air  capaci tor  h a v i n g  a 
con t inuous  r ange  d o w n  f rom 0.001 ~f) cons t i tu ted  
the  b a l a n c i n g  arm.  

Fig. 1. Electrical circuit for impedance bridge and associated 
apparatus. 

Balance  was observed  by  a D u m o n t  type  304 H 
cathode ray  oscilloscope (C.R.O.).  This  was  isolated 
f rom the br idge  w i th  a G e n e r a l  Radio type  578-B 
shie lded t r a n s f o r m e r  (T1). T2 was  a G e n e r a l  Radio 
type  941-A toro ida l  t r ans fo rmer .  The ove r - a l l  vo l t -  
age ampl i f ica t ion by  T1 and  Te was  64 to 1. A v a r i -  
able  capaci tor  connec ted  across the  i n p u t  of the 
C.R.O. was  t u n e d  to r e sonance  wi th  the  b r idge  f r e -  
q u e n c y  be low 3000 cps in  order  to cut  down  on the  
ha rmonics  induced  by  n o n l i n e a r i t y  in  the  cell. 

The  a-c  source was a J ackson  model  652 audio 
f r e q u e n c y  osci l lator  d r iv ing  a p u s h - p u l l  amplif ier .  

A subs t i t u t i on  t echn ique  was  used. Swi tch  Se 
made  it possible to subs t i tu t e  a d u m m y  for the  elec-  
t ro ly t ic  cell. The  d u m m y  components ,  Rp a nd  Cp, 
were  respec t ive ly  a G e n e r a l  Radio type  602-J  dec-  
ade res is tance  box and  type  219-M decade capacitor .  

The  po ten t ia l  across the cell at ba lance  was  m a i n -  
t a ined  a t  20 m v  as read  on a Ba l l en t i ne  mode l  300 
e lec t ronic  vo l tme te r  (VTVM),  which  was  connec ted  
across the ba lance  a r m  at  ba lance .  This  r ead ing  
wou ld  be the same as t hough  the  VTVM had  been  
connec ted  across the  cell, a nd  it : h a ppe ne d  to be 
more  conven ien t  to make  the connec t ion  across the  
ba lance  arm.  

The br idge  was checked aga ins t  the pa ra l l e l  com-  
b i n a t i o n  of a 100 ohm s t a n d a r d  resis tor  ( type  500-D) 
and  a 0.2 ~F s t a n d a r d  capaci tor  ( type  505-V) ,  bo th  
m a n u f a c t u r e d  by  the  G e n e r a l  Radio Company .  The 
b r idge  r ep roduced  the  s t anda rds  to w i t h i n  0.01 
ohm and  0.0003 ~F f rom 150 to 6000 cps. At  10,000 
cps r ep roduc t ion  was  0.05 ohm and  0.002 #F. 

Square wave circuit.--As a m a t t e r  of i nc iden ta l  
in teres t ,  we wished  to devise  an  osci l lographic  
squa re  wave  me thod  for m e a s u r i n g  the  e lect rolyt ic  
resis tance,  R~,. The  c i rcui t  used is shown  in  Fig. 2. 
The  square  wave  gene ra to r  was  a D u m o n t  e lect ronic  
switch,  model  185-A. R~ was  an  80,000 ohm, 3 - w a t t  
resistor,  C1 a 10 #F capacitor ,  and  Rc a G ene ra l  
Radio type  602-J  res i s tance  box. The  s ignal  t races  
on the  oscilloscope screen  were  pho tographed  w i t h  a 
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Fig. 2. Square wave circuit 

D u m o n t  osci l lographic camera .  These t races  were  
f rom the  cell w h e n  the  swi tch  $2 was in  the  up posi-  
t ion  and  f rom the  ca l ib ra t ing  res i s tance  R~ w h e n  
in  the  d o w n  posit ion.  Le t t i ng  De rep resen t  the  l eng th  
of the  ve r t i ca l  t race  (i.e., the  inv i s ib le  pa r t  of i t)  
w h e n  the  swi tch  is in  the  down  posi t ion,  and  Dx the  
l eng th  for the  up posi t ion,  RT can be ca lcu la ted  f rom 
the  equa t ion  

RT = (Dx/Dc)Rc 

Experimental  data.--Bridge m e a s u r e m e n t s  of Rp 
wi th  p la t in ized  electrodes and  of Rp and  Cp wi th  
smooth p l a t i n u m  electrodes were  made  on a series 
of aqueous  solut ions  con t a in ing  po tass ium sul fa te  as 
suppor t ing  e lec t ro ly te  and  equ imo la r  concen t ra t ions  
of po ta s s ium fe r rocyan ide  and  po tass ium fe r r i cy -  
an ide  as depolar izer .  Al l  solut ions  were  of the  same 
tota l  ionic s t rength ,  viz., 0.3402 mole / l i t e r .  The deci-  
sion to hold the  ionic s t r eng th  constant ,  despi te  the  
d i sapprova l  of Brei ter ,  K l e i n e r m a n ,  and  De lahay  
(17),  was d ic ta ted  by  the  e x p e r i m e n t a l  resu l t s  of 
Remick  and  McCormick  (13) who found  that ,  at  a 
g iven  f r e q u e n c y  and  t e m p e r a t u r e ,  the faradaic  ca-  
pac i tance  of a poised solut ion is a f unc t i on  of the  
ionic s t r eng th  of the solut ion,  per se, and  the de-  
po la r izer  concen t ra t ion ,  C. Since we wished  to s t udy  
the  effect of v a r y i n g  C, it  was  necessa ry  to hold the  
ionic s t r eng th  constant .  Rep re sen t a t i ve  resul t s  are 
g iven  in  Tab le  I and  II. The concen t ra t ions  the re  
l is ted are the  equa l  concen t ra t ions  of f e r r i cyan ide  
and  fe r rocyanide .  The  res i s tance  va lues  in  Table  I 
have  b e e n  conver ted  in to  the i r  series equ iva len t s .  
All  m e a s u r e m e n t s  were  made  at a cell po ten t i a l  
( rms)  of 0.020v. This  va lue  was  chosen because  it 
was  h igh  enough  to give good br idge  sensi t iv i ty ,  low 
enough  to m i n i m i z e  sufficiently the second h a r m o n i c  
dis tor t ion,  and  because  m e a s u r e m e n t s  on  0.005N and  
0.001N solut ions at  f requenc ies  of 300, 1000, and  
4000 cps showed no difference in  the  ba lance  poin ts  
of the b r idge  w h e n  the  po ten t i a l  was va r i ed  f rom 
0.005 to 0.100v. 

Table I. Dispersion of series resistance, Rs, at platinized 
platinum electrodes 

F r e q u e n c y  i n  c p s  

S o l u t i o n  200 500 1000 3000 

o h m  o h m  o h m  o h m  

K2SO~ only 42.40 42.19 42.14 42.02 
0.0001N 42.64 42.29 42.18 42.16 
0.0005N 42.87 42.64 42.48 42.40 
0.001N 43.18 42.92 42.84 42.77 
0.005N 46.06 45.84 45.82 45.72 

Table II. Bridge data with smooth platinum electrodes 

Rs*, Xs*  = 1/~C8", 
S o l u t i o n  F req ,  cps R~, o h m s  C~, ~ o h m s  o h m s  

K2804 only 150 137.5 10.56 
200 98.8 8.40 
250 80.0 6.68 
300 70.2 5.43 
350 64.0 4.52 
400 59.4 3.76 
500 54.2 2.70 
600 51.30 2.04 
800 47.95 1.27 

1000 46.24 0.856 
1500 44.51 0.415 
2000 43.69 0.248 
2500 43.26 0.158 
300'0 43.00 0.1123 
3500 42.88 0.0840 
4000 42.79 0.0650 
5000 42.68 0'.0413 
6000 42.60 0.0277 
8000 42.40 0.0137 

10,000 42.25 0.0064 
0.005N 150 51.46 1.53 3.21 1.875 

200 50.88 1.18 3.00 1.72 
250 50.52 0.781 2.84 1.315 
300 50.24 0.635 2.75 1.23 
350 49.99 0.527 2.665 1.145 
400 49.79 0.446 2.64 1.145 
500 49.42 0.348 2.465 0.985 
,600 49.10 0.282 2.375 0.93 
800 48.70 0.204 2.29 0.84 

1000 48.36 0.158 2.21 0.79 
1500 47.80 0.097 2.105 0.625 
2000 47.42 0.0667 1.97 0.55 
2500 47.16 0.0481 1.855 0.385 
3000 46.93 0.0367 1.73 0.38 
3500 46.77 0.0294 1.69 0.335 
4000 46.66 0.0194 1.615 0.29 
5000 46.50 0.0194 1.495 0.15 

The va lues  of the  faradaic  series res i s tance  (R~ ~) 
and  reac tance  (X~ ~) l i s ted in  Table  II  were  ca lcu-  
la ted  f rom the d i rec t ly  m e a s u r e d  values ,  Rp and  Cp, 
by  the  s t a n d a r d  methods  of c i rcui t  ana lys i s  fo l low-  
ing the  steps ind ica ted  d i a g r a ma t i c a l l y  in  Fig. 3. 
Step 4 invo lves  a change  f rom p a r a m e t e r s  for the  
whole  cell to those for  hal f  of the  cell. The  detai ls  
of ca lcu la t ion  b e y o n d  step 4 wi l l  be g iven  la ter .  RT 
for each so lu t ion  was  o b t a i n e d  by  ex t r apo la t ion  of 
plots of R~ vs. ~-1/2 to inf in i te  f requency .  RT values  
are l is ted in  Tab le  III. Also l i s ted in  Tab le  III  are  the  
square  wave  data.  

Discussion 
A m o n g  the  methods  which  have  been  used for 

separa t ion  of the  componen ts  of the  double  l ayer  

_~ _ , , ,~_~_  z~ 
R 5 'G 5 

Rp C e WHOLE CELL _ ~  
--',,,"~,--",~I-:_ ~ -~vv~--II- 

R T R a GS R A C$ r 
c~ Rp . ~  HALF CELL 

Cp 

o % % 

Fig. 3. Diagram of steps required to calculate Faradaic parameters 
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Table III. Values of RT 

M e t h o d :  B r i d g e  S q u a r e  w a v e  S q u a r e  w a v e  
E l e c t r o d e s :  P l a t i n i z e d ,  P l a t i n i z e d ,  S m o o t h ,  

S o l u t i o n  o h m  o h m  o h m  

K2SO4 only 41.98 41.6 42.0 
0.0001N 42.05 42.5 42.1 
0.0005 42.35 42.9 41.8 
0.001 42.72 42.9 42.8 
0.005 45.68 45.7 45.3 
0.010 49.38 - -  - -  

f rom the rest  of the c i rcui t  are  the fo l lowing three.  
1. The "classical  me thod"  (5) .  Rd is nonex i s t en t ,  

and  Cd is f r e q u e n c y - i n d e p e n d e n t .  Capac i tance  me a s -  
u r e m e n t s  are made  at var ious  f requenc ies  on the 
suppor t ing  e lec t ro ly te  a lone and  ex t r apo la t ed  to i n -  
finite f requency .  The ex t rapo la ted  va lue  is t a k e n  as 
Cd. This ex t r apo la t ion  is m e a n t  to e l imina t e  the i n -  
f luence of ex t r aneous  faradaic  processes. The Cd 
va lue  thus  ob ta ined  is a ssumed  to be u n c h a n g e d  by  
the addi t ion  of depolar izers  to the suppor t ing  e lec-  
t rolyte .  

2. Rd is nonex i s t en t ,  and  Cd is e i ther  f r e q u e n c y -  
d e p e n d e n t  or it is f r e q u e n c y - i n d e p e n d e n t  and  ac-  
compan ied  by  a pseudocapac i tance  ar i s ing  f rom an  
ex t r aneous  faradaic  process associated wi th  the sup -  
por t ing  electrolyte .  This  pa r t i cu l a r  pseudocapac i -  
t ance  is a ssumed  to pers is t  u n c h a n g e d  af ter  depo-  
la r izer  is added to the suppor t ing  e lect rolyte  as is 
also the d o u b l e - l a y e r  capaci tance.  The ove r - a l l  ca-  
pac i tance  of the suppor t ing  e lec t ro ly te  a lone is 
measu red  as a func t ion  of the f r equency  and  its 
va lue  at each f r equency  is sub t rac t ed  f rom Cp e ( the 
e q u i v a l e n t  pa ra l l e l  capac i tance  of the electrode 
l ayer )  m e a s u r e d  at the  same f r e q u e n c y  for the de-  
polar izer  solut ion (13).  

3. The % Method" (5) .  The e q u i v a l e n t  c i rcui t  
used is tha t  p ic tu red  in  Fig. 3. Both Rd and  Cd exist  
and  are f r equency  dependen t .  T h e y  are ca lcula ted  
f rom m e a s u r e m e n t s  on the  suppor t ing  e lec t ro ly te  
a lone at a n u m b e r  of f requencies ,  and  it is a ssumed  
tha t  add i t ion  of depolar izer  to the  suppor t ing  elec-  
t ro ly te  has no effect on these values.  Each va lue  is 
va l id  on ly  at a g iven  f requency .  

The first method,  a l though  u sua l l y  re l iab le  for 
m e r c u r y  electrodes,  was re jec ted  by  Bockris  and  
C o n w a y  (5) because  they  observed  tha t  the  res is t -  
ance and  capaci tance  of the copper - su l fu r i c  acid 
in te r face  showed dispers ion  u n d e r  condi t ions  where  
a fa rada ic  process is v e r y  u n l i k e l y  and  also because  
plots of Rs ~ and  C~ ~ (ob ta ined  wi th  copper e lec-  
t rodes in  a su l fur ic  acid solut ion of cupric  su l fa te)  
aga ins t  ~-1/2 were  def ini te ly  more  l i nea r  w h e n  the  
th i rd  me thod  was  used  ins tead  of the  first. These dis-  
pers ion  da ta  appear  to be of the  Ev-control ,  Ev-dis-  
pers ion  type  3 and  were  car r ied  out  at f requenc ies  

We h e r e  use  a s y s t e m  of  n o m e n c l a t u r e  p r e v i o u s l y  i n t r o d u c e d  
(10) a n d  e x p a n d e d  b y  one  of us.  " X - c o n t r o l ,  Y - d i s p e r s i o n "  m e a n s  
t h a t  t h e  e l e c t r o c h e m i c a l  p a r a m e t e r  X w a s  " c o n t r o l l e d "  ( h e l d  " c o n -  
s t a n t " )  w h i l e  m a k i n g  t h e  m e a s u r e m e n t s  a t  a n y  one  f r e q u e n c y  a n d  
t h a t  u w a s  h e l d  c o n s t a n t  w h e n  t h e  f r e q u e n c y  w a s  c h a n g e d .  X a n d  
u m a y  be  E,  I, Q, e tc . ,  { r e s p e c t i v e l y ,  m e a n i n g  v o l t a g e ,  c u r r e n t  a n d  
t h e  n u m b e r  of c o u l o m b s  p e r  h a l f  cyc le ,  e t c . ) .  S u b s c r i p t s  m a y  b e  
u s e d  to s p e c i f y  e x a c t l y  t h e  p a r t  of  t h e  e q u i v a l e n t  c i r c u i t  i n v o l v e d .  
T h u s  t h e  s u b s c r i p t s  c, d, }r e tc . ,  r e f e r ,  r e s p e c t i v e l y ,  to t h e  w h o l e  
ce l l ,  t h e  d o u b l e  l a y e r  b r a n c h  o r  t h e  b r a n c h  t h r o u g h  w h i c h  o n l y  
f a r a d a i c  c u r r e n t  f lows,  e tc .  S y m b o l s  m a y  a l so  be  p r i n t e d  o v e r  X o r  

u  t h u s :  l w o u l d  m e a n  a s i n u s o i d a l  c u r r e n t  of c o n s t a n t  a m p l i t u d e ,  

a n d  l w o u l d  m e a n  d i r e c t  c u r r e n t .  

not  exceeding  1000 cps. The m a t h e m a t i c a l  theory  of 
the faradaic  a d m i t t a n c e  on which  this  l i nea r  dis-  

pers ion  re la t ionsh ip  is based (1) assumes Es-disper-  

sion wi th  Es-control  and, if d.c. is super imposed ,  

Es-control  also. 
Sa t i s fac tory  l i nea r  d ispers ion  curves  also ob ta in  

w h e n  the  da ta  of Remick  and  McCormick  (13) are 
plot ted.  These da ta  were  ob ta ined  us ing  p l a t i n u m  
electrodes wi th  the f e r r o c y a n i d e - f e r r i c y a n i d e  sys-  
t e m  in  aqueous  po tass ium sulfa te  solut ion;  the  sec- 
ond me thod  of ca lcu la t ion  was employed  and  the  

m e a s u r e m e n t s  were  of the  Iv-control ,  Qe-dispers ion 
type.  Randles  and  Somer ton  (18) also ob ta ined  l i -  
nea r  d ispers ion  curves  for this  same sys tem e mp loy -  
ing a me thod  closely s imi la r  to the  first method.  

The examples  jus t  quoted  seem to suggest  tha t  any  
of these th ree  methods  m a y  be used to separa te  
the faradaic  p a r a m e t e r s  f rom the cell da ta  a l though  
admi t t ed ly  the work  of Bockris  and  C o n w a y  i n -  
volved more  e labora te  p recau t ions  t h a n  were  em-  
p loyed by  the  others  a nd  hence  deserves  more  con-  
s iderat ion.  F r o m  the i r  observat ions ,  the  first me thod  
is suspect.  However ,  it should  be po in ted  out  tha t  
the  cyan ide  e lect rode "c lean ing"  process used in  our  
l abo ra to ry  a p p a r e n t l y  leaves the electrodes r ep ro -  
duc ib ly  "d i r ty"  and  p r o b a b l y  buffered aga ins t  t race  
impur i t ies .  U n d e r  these condi t ions,  it is doub t fu l  
tha t  p re -e lec t ro lys i s  would  be of a ny  value ,  and  in  
a ny  even t  only  the po tas s ium sulfa te  so lu t ion  could 
be preelect rolyzed.  It  is no doub t  t rue  tha t  exceed-  
ing ly  grea t  p u r i t y  of mater ia l s ,  a l though  necessary  
if the object ive  is the  absolu te  va lues  of ra te  con-  
stants ,  is not  necessa ry  to es tab l i sh  basic laws. This 
is bo rne  out  by  the  la rge  n u m b e r  of such m e a s u r e -  
me n t s  t ha t  y ie ld  the theore t ica l  l inea r  r e l a t ion  be -  
t w e e n  the faradaic  p a r a m e t e r s  and  ~-1/2. 

Wi th  these ideas in  mind ,  le t  us t u r n  to the m a t h e -  
mat ica l  analys is  of our  da ta  wi th  the idea of tes t ing  
the  B o c k r i s - C o n w a y  theory  and  e q u i v a l e n t  circuit .  

In  the d e t e r m i n a t i o n  of the e lect rolyt ic  res is tance,  
RT, we employed  the  s t anda rd  procedure  of p l a t i n i z -  
ing the electrodes.  The da ta  in  Table  I show a sl ight  
dispersion,  however ,  p r o b a b l y  ind ica t ing  tha t  the 
faradaic  impedance  was no t  comple te ly  e l imina ted .  
This res is tance  da ta  was there fore  p lot ted  vs. ~-1/2 
and  ex t rapo la ted  to inf ini te  f r equency  to give the  
" t rue"  va lues  of RT l is ted in  Table  I I I  u n d e r  
"Br idge"  method.  

The va lues  of Rs ob ta ined  by  the square  wave  
me thod  would  be expected to be free of fa radaic  i n -  
f luence since the ver t i ca l  pa r t  of the square  wave  
pa th  corresponds  n e a r l y  to inf ini te  f requency .  Thus  
these Rs va lues  should cor respond to RT. C o m p a r i -  
son of the va lues  in  Tab le  III  indica tes  tha t  this is 
t r ue  w i t h i n  the  l imi t  of e r ro r  i n h e r e n t  in  the oscil lo- 
graphic  read ings  whose u n c e r t a i n t y  ranges  f rom 
about  --+0.2 ohm for the most  d i lu te  so lu t ion  up to 
about  -+0.4 ohm for the most  concent ra ted .  This  test  
was made  m e r e l y  to assure  ourselves  tha t  the  oscil-  
loscopic me thod  (which  wou ld  be the  on ly  one ap-  
p l icable  if d i s tor ted  waves  were  be ing  s tud ied)  is 
re l iable .  I t  is to be expected,  as observed,  tha t  p l a t i -  
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Fig. 4. Plot of log Rp e against log eo for supporting electrolyte alone 

niza t ion  of electrodes is w i thou t  effect w h e n  the  
square  wave  me thod  is used. 

The va lues  of R T  l is ted in Tab le  III  are  s u b -  
t rac ted  in  the  th i rd  step of Fig. 3. The  four th  step is 
pe r fo rmed  by  the s t a n d a r d  method.  I t  was  found  
tha t  a plot  of log o~ vs .  log Rp e for the suppor t ing  
e lec t ro ly te  (Fig. 4) is l i nea r  up  to 4000 cps. The e m -  
pi r ica l  equa t ion  for this  r e l a t ionsh ip  was  found  to be 

log Rp e = 5.775 --  1.104 log ~ [1] 

Note f rom Eq. [1] tha t  the  log- log plot  for the  sup-  
por t ing  e lec t ro ly te  has a slope of --1.104. I t  can  
r ead i ly  be shown f rom G r a h a m e ' s  equa t ions  for the 
faradaic  admi t t ance  (1) together  w i th  a-c  c i rcui t  
theory  tha t  if Rp ~ were  faradaic  in  na tu re ,  said 
slope wou ld  be --0.5. I t  is therefore  ev iden t  tha t  Rp e 

for the  suppor t ing  e lect rolyte  is at  least  l a rge ly  
non fa rada i c  in  character .  If it be  assumed  tha t  no 
faradaic  process is he re  involved ,  Rp~= Rp ~ in  
Eq. [1]. 

A s e m i - e m p i r i c a l  equat ion ,  whose de r iva t ion  wi l l  
be descr ibed later ,  m a y  be w r i t t e n  as follows for the  
capaci tance  of the  suppor t ing  e lec t ro ly te  at  low 
f requenc ies  

Cp ~ = Cd = 39.0 -- 1.624 0}0.208 [2] 

In  all  th ree  of the methods  cons idered  above for 
the separa t ion  of the var ious  c i rcui t  e lements ,  it was  
tac i t ly  a s sumed  tha t  the  depolar izer  has no effect on 
the d o u b l e - l a y e r  pa ramete r s .  We doub ted  the  cor-  
rectness  of this a s sumpt ion  and  decided to test  it. 
Since Cd is f r e q u e n c y - d e p e n d e n t ,  we do not  see how 
we could d e t e r m i n e  its dependence  on depolar izer  
concen t r a t i on  because  it  would  have  to be separa ted  
f rom the  coexis t ing Cp ~, which  is also f r e q u e n c y - d e -  
penden t .  We may,  however ,  assume tha t  on ly  the 
f r e q u e n c y - i n d e p e n d e n t  pa r t  of Cd ( v i z . ,  Cd ~ is a 
func t ion  of the  depolar izer  concen t ra t ion .  E q u a t i o n  
[2],  now appl ied  to the  depolar izer  solut ion,  t h e r e -  
fore becomes 

Cd = Cd ~ - -  1.624 0}0.~0s 

F u r t h e r m o r e ,  since Cp e for the  depolar izer  so lu t ion  
is compounded  of Cp ~ and  Cd, we m a y  wr i t e  

Table IV. Frequency-independent portion of double-layer capacity 
(Ca ~ as function of depolarizer concentration 

S o l u t i o n  C~z o i n  ,~f  

K2SO4 39.0 
0.0001N 36.5 
0.0005 34.0 
0.001 32.8 
0.005 49.1 
0.01 60.0 

Cp e q- 1.624 0}0.208 : Cp* -t- Cd ~ [3] 

The q u a n t i t y  (Cp e -}-1.624 co ~176 can be p lo t ted  
aga ins t  co -1/2 and  ex t rapo la ted  to inf ini te  f r e quency  
where  Cp * is zero. The ex t r apo la t ed  va l ue  is Ca ~ 

The va lues  so ob ta ined  are  l is ted in  Tab le  IV. E q u a -  
t ion  [3] can now  be solved for Cp *. Rp ~ can be ca l -  
cuIa ted f rom the equa t ion  

l / R ,  ~ = l / R ,  e - -  l / R ,  a [4] 

af ter  ge t t ing  R ,  a f rom Eq. [1]. Rp ~ and  C~ ~ can be 
conver ted  into the i r  series equ iva len t s ,  Rs ~: and  Cs ~, 
by  the usua l  me thod  (step 7). The va lues  of Rs ~ 
and  Xs ~ l is ted in  Table  II  were  ob ta ined  by  this  
method,  which  we wil l  call  the  fou r th  method.  I t  is 
obvious ly  based on the  B o c k r i s - C o n w a y  circui t  and  
is a s l ight  modif icat ion of the th i rd  method.  Plots  of 
Rs  ~ a nd  X s  ~ ( the  e q u i v a l e n t  series capaci t ive  r e -  
ac tance of the  faradaic  b r a n c h )  aga ins t  0) - 1 / 2  are 
pa ra l l e l  and  show the fo l lowing points  of in te res t :  
(A)  Using the  four th  me thod  and  the da ta  for the  
0.005N solution,  a plot  of R~ ~ v s .  0}-1/2 is l i nea r  up 
to ca. 2000 cps compared  to ca. 1500 cps w h e n  the  
first me thod  is used. 4 This test  is based on the  u n i -  
ve r sa l ly  accepted equa t ion  of G r a h a m e  (1) 

Rs* = ~ q- ~/\/0} [5a]  

(B) S imi la r  plots for Xs ~ are l i nea r  up  to ca. 1500 
cps for bo th  methods .  (C) For  the 0.010N solut ion,  
s imi la r  plots for bo th  Rs ~ a nd  Xs ~ ca lcu la ted  by  the  
four th  me thod  only  are l i nea r  up to ca. 1000 cps 
( the  m a x i m u m  f r e que nc y  used by  Bockris  and  Con-  
w a y ) .  

Observa t ions  (A)  and  (B) indica te  on ly  a sl ight  
a dva n t a ge  for the  fou r th  me thod  over the  first one. 
O bse r va t i on  (C) indica tes  con t inued  concordance  
wi th  the  theory  of the  faradaic  admi t t ance  at  con-  
cen t ra t ions  g rea te r  t h a n  0.005N. This concordance  
was no t  found  in  the  more  d i lu te  solut ions  for which  
the res is tance  and  reac tance  curves  crossed. The  
l i nea r  por t ions  of these curves  c lear ly  ind ica ted  
grea te r  slopes for the  reac tance  curves  for the  two 
most  d i lu te  solutions.  Ma t suda  (19) has s ta ted tha t  
this would  occur if specific adsorp t ion  of the r e -  
ac t ing  ions occurs at the  electrode surface.  This had  
been  observed  p rev ious ly  by  L a i t i n e n  and  Randles  
(20) and  by  Rand les  and  Somer ton  (18) for ce r ta in  
o ther  redox systems.  It  appears  tha t  at low concen-  
t r a t ions  specific adsorp t ion  in te r fe res  wi th  the f a r a -  
daic i mpe da nc e  whereas ,  at  high concent ra t ions ,  
n o r m a l  faradaic  impedance  masks  the  specific ad -  
sorption.  

The  e x t r a p o l a t e d  v a l u e  of the  d o u b l e  l aye r  capac i t y  u sed  in  the  
f i rs t  m e t h o d  was  f o u n d  to  b e  34.0 #F.  
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The above compar i son  of methods  did not  neces-  
sar i ly  invo lve  any  theory  of the  d o u b l e - l a y e r  res is t -  
ance. Let  us now t u r n  to the theory  of Bockris  and  
C o n w a y  (5) .  The i r  Eq. [11] m a y  be w r i t t e n  in  
t e rms  of our  symbol  Rv a as 

Rp~ - -  a~c----~ L ~  + j-----T [5 ]  

in  which  we have  corrected an obvious  m i s p r i n t  in  
the i r  equa t ion  by  r ep lac ing  the i r  z by  ~'. The symbols  
have  the  fo l lowing m e a n i n g :  Ae is the  difference be -  
tween  the dielectr ic  cons t an t  at  ve ry  smal l  and  
v e r y  large  f requencies ,  Co is a constant ,  z' is the  
m e a n  r e l axa t i on  t ime  for the  ro t a t ion  of wa t e r  d i -  
poles adsorbed  on the  electrode surface,  and  fl is 
used in  place of the empi r ica l  factor  a, i n t roduced  
by  Cole and  Cole (21),  which  p r e s u m a b l y  corrects  
for the d i s t r i bu t i on  of r e l a x a t i o n  t imes.  Algebra ic  
m a n i p u l a t i o n  t r ans fo rms  Eq. [5] in to  

~.'(/3--I) 
logRp d = ( f l - -  2) logr + l o g - - ~ - / ~ -  [1 + (,~,)2-2~] 

[ 6 ]  

It  is a p p a r e n t  tha t  as long as (~ , )2 -2~  < <  1, log R,  a 
should be a l i nea r  f u n c t i o n  of log ~ w i th  a slope of 
fl --2. F igu re  4 shows tha t  such a plot  is l i nea r  up 
to 4000 cps, thus  sa t i s fy ing  this  pa r t i cu l a r  r e q u i r e -  
m e n t  of the theory.  The slope of the  l i nea r  por t ion  
of this curve  corresponds  to a va lue  of 0.896 for fl, 
thus  fulf i l l ing the r e q u i r e m e n t  tha t  0 < fl < 1. 

The B o c k r i s - C o n w a y  theory  also leads to the i r  
Eq. [10],  viz. 

c J  = [7 ]  
1 +(r 2 - 2 B  

where  C J  is the  f r e q u e n c y - d e p e n d e n t  pa ra l l e l  com-  
ponen t  of Cd. I t  appears  f rom Eq. [7] tha t  w h e n  
(~r ')  2-2z < <  1, a plot  of C J  (or of Cd) aga ins t  ~2-2~ 
should  be l inear .  Using the va lue  of fl de r ived  f rom 
our  res i s tance  measu remen t s ,  a plot  of C J  aga ins t  
~0.20s was  found  to be l i nea r  up to 4000 cps in  accord 
w i th  the  theory.  Equa t i on  [2] is the  s e m i - e m p i r i c a l  
equa t ion  der ived  f rom this plot. 

Bockris  and  C o n w a y  used a successive a p p r o x i m a -  
t ion  p rocedure  for e v a l u a t i n g  r f rom Eq. [5].  This  
q u a n t i t y  can be more  r ead i ly  ob ta ined  f rom Eq. [8] 
which  we der ived  by  m u l t i p l y i n g  Rp d f rom Eq. [5] 
by  C J  f rom Eq. [7].  

Rp a C J  = ~ - / 3  ~'(1 --  fl) [8] 

Equa t i on  [8] predic ts  t ha t  a plot  of ~-0.s96 aga ins t  
Rv a Cd ~ should  be l i nea r  wi th  an  in te rcep t  of zero 
and  a slope of r Such  a plot  is shown in  Fig. 5 
for the suppor t ing  e lec t ro ly te  alone. 

We took Ca 5 = 3 9 . 0 - - C v  e (cf., Eq. [2 ] ) .  The slope 
is 0.92 cor respond ing  to a va lue  of 0.45 sec for ~'. 
Thus,  despi te  the  fact tha t  the  curve  is l i nea r  as de-  
m a n d e d  by  theory,  the  ca lcula ted  va lue  of the  r e -  
l axa t i on  t ime  is of a dec idedly  d i f ferent  order  of 
m a g n i t u d e  t h a n  tha t  of ice, wh ich  is 2 x 10 -5 sec 
at --1 ~ (26) and  must ,  of course, be even  smal le r  at 
25 ~ Our  h igh va lue  for 7' is not  of i tself  i ncons i s t en t  
w i th  the  B o c k r i s - C o n w a y  theory  if we recognize 
tha t  a n y  slow process wh ich  affects the  po la r iza t ion  

~ 

x 
% 
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Fig. 5. Plot of 103 Rp d Cdf (in sec) against 103 (0 -0.896 (in 
sec o.s06) for supporting electrolyte alone. 

of the  dielectr ic  wou ld  y ie ld  equa t ions  of the  same 
form. The  slow process w ou l d  m e r e l y  be one w i th  
a l a rger  r e l axa t i on  t ime  t h a n  the process of adsorb -  
ing a nd  desorb ing  wa te r  dipoles. In  this  r e l a t ion  it  
m i g h t  be wel l  to r e m e m b e r  tha t  Cole and  Cole (21) 
expressed misg iv ings  as to the i r  own  i n t e r p r e t a t i o n  
of the i r  empi r ica l  equa t i on  in  t e rms  of a d i s t r i bu t i on  
of r e l axa t ion  t imes and  suggested  " tha t  a more  gen -  
era l  f u n d a m e n t a l  m e c h a n i s m  or process mus t  be i n -  
volved."  

It  is not  imposs ib le  tha t  adsorp t ion  of some im-  
p u r i t y  on the electrode surface  is respons ib le  for our  
su rp r i s ing ly  low va lue  of ~'. If so, it is not  w i thou t  
in teres t  tha t  such adsorp t ion  gives rise to a doub le -  
l ayer  res is tance  tha t  is a d e q u a t e l y  descr ibed  by  the  
equa t ions  of Bockris  and  C o n w a y  and  there fore  m a y  
be ca lcula ted  and  separa ted  f rom the cell impedance  
in the  ca lcula t ion  of the fa rada ic  impedance .  The 
e x p e r i m e n t a l  basis  for this  asser t ion  is in  the  ade-  
quacy  of the fou r th  me thod  as descr ibed above. 

Bockris  and  C o n w a y  (22) po in ted  out  t ha t  " the  
phys ica l  or igin  of the  double  l ayer  res i s tance  is in  
the  ine r t i a  of the adsorbed dipoles in  the i r  response  
to the a l t e r n a t i n g  c u r r e n t  field" and  emphas ized  
tha t  this  ine r t i a  to o r i en t a t i on  po la r iza t ion  is on ly  
observed at  f requenc ies  h igher  t h a n  the r e l axa t ion  
f requency .  I t  should,  perhaps ,  be  po in ted  out  tha t  
the res is tance  so crea ted  acts l ike a series res is t -  
ance, increasing with the frequency. They chose, 
however, to use the equivalent parallel resistance 
which decreases as the frequency is raised. Further- 
more, since a distribution of relaxation times is 
postulated, it certainly does not follow that the 
series resistance is zero below the mean relaxation 
frequency (i/z'). Thus we found, as Bockris and 
Conway did also, that the series resistance is greater 
than zero at frequencies well below I000 cps. For 
Boekris and Conway, this means well below their 
mean relaxation frequency; for us, it means some- 
what above. In their work and to a lesser degree in 
ours, the  m e a s u r e d  va lues  of ~' l ay  wel l  outs ide the  
r a nge  over  which  e x p e r i m e n t s  were  per formed .  I t  
should  also be  m e n t i o n e d  tha t  our  h igh va lue  of ~' 
involves  the  difficulty tha t  it is no t  t r u e  tha t  
(~r') ~176 < <  1 over  the  l i nea r  por t ions  of the  curves  
as r equ i r ed  by  Eq. [6] and  [7].  This  theore t ica l  de-  
ficiency need  not,  however ,  p r e v e n t  us f rom us ing  the 
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equa t ions  as empi r ica l  ones, which  r a t h e r  sa t i s fac-  
tor i ly  descr ibe the  proper t ies  of the d o u b l e - l a y e r  
res i s tance  and  capaci tance  at f r equenc ies  be low 
4000 cps, as was  done  wi th  the  fou r th  method.  

A w e l l - k n o w n  difficulty which  arises in  the ca l -  
cu la t ion  of " a p p a r e n t  ra te  cons tan ts"  (kh) for e lec-  
t rode  reac t ions  is the  u n c e r t a i n t y  in  the t r u e  elec-  
t rode  a rea  (A) .  I t  occurred  to us tha t  this  difficulty 
could be easi ly c i r c u m v e n t e d  as follows. Rand les  
(23) has g iven  the  fo l lowing two equa t ions  

R T  
/9 = [9] 

n2F2khA C~ 

~? = "~/2~n2F2A Ci ~/Do + X / ~  [10] 

where  Do and  Dr are, respect ively ,  the  diffusion 
coefficients of the ox idan t  and  r educ tan t ,  and  Ci is 
the geometr ic  m e a n  of the  depolar izer  c o n c e n t r a -  
t ions. Values  of t? and  v m a y  be ob ta ined  g raph ica l ly  
by  the  usua l  method,  emp loy ing  Eq. [5a] .  If now  
we d iv ide  Eq. [10] by  Eq. [9],  we get the equa t ion  

"rl/~ = ( k h / ~ )  (Do -1/2 "q- D, .-1/2) [11] 

which  is i n d e p e n d e n t  of the electrode area and  the 
n u m b e r  of e lec t rons  (n )  i nvo lved  in  the  e l ec t ron -  
t r ans f e r  step. Equa t i on  [11 ] can obv ious ly  be solved 
for kh. 

This me thod  of ca lcu la t ing  kh suffers f rom the  dis-  
advan t age  tha t  accura te  va lues  for the  diffusion 
coefficients mus t  be known .  In  us ing  it w i th  our  data,  
we have  employed  as a r ea sonab ly  good app rox i -  
m a t i o n  the  diffusion coefficients ob ta ined  in  0.1M 
KC1 solut ion at 25 ~ by  Macero and  Rulfs  (24) :  
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Fig. 6. Plot of the rate constant, kh, (in cm/see) against con- 
centration of depolarizer (in males/l) .  

0.11 cm/sec.  A l though  at first t hough t  one wou ld  
expect  the i r  cons tan ts  to be h igher  t h a n  ours be -  
cause t hey  used the  a p p a r e n t  ins tead  of the  t rue  
e lect rode area, it  mus t  also be rea l ized tha t  our  con-  
s tants  are too large  because  we used diffusion co- 
efficients d e t e r m i n e d  in  a so lu t ion  of lower  ionic 
s t r eng th  t h a n  tha t  of our  solut ion.  

Manuscript  received Jan. 27, 1964. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 

Do ~ 0.836 x 10 .5  and  Dr = 0.687 x 10 .5  cm2/sec. 
Table  V shows the va lues  of kh ca lcu la ted  f rom Eq. 
[ 11 ] toge the r  w i th  the  va lues  of t? and  ~ d e t e r m i n e d  
graphica l ly .  The  th ree  most  d i lu te  solut ions  are i n -  
c luded a l though  they  gave er ra t ic  resul ts ,  as m e n -  
t ioned  above,  p r o b a b l y  owing to adsorpt ion.  5 In  all  
cases, the  l inear  par t s  of the  res is t ive  d ispers ion  
curves  were  used to eva lua te  0 and  7. 

F igu re  6 shows a plot  of ku aga ins t  the  depolar izer  
concen t r a t i on  and  indica tes  c lea r ly  t ha t  the  a n o m a -  
lous v a r i a t i o n  of kh w i t h  concen t r a t i on  dies ou t  as 
the concen t r a t i on  increases.  I t  is i n t e r e s t i ng  to com-  
pare  the  l imi t ing  va lue  of our  r a t e  constant ,  viz . ,  
0.14-0.15 cm/sec  (a t  30.5 ~ w i t h  those d e t e r m i n e d  
by  Rand le s  and  S o m e r t o n  (18),  viz . ,  0.13 in  0.5M 
K2SO4 and  0.09 in  M KC1, bo th  at 20 ~ They  gave 
the va lue  of 4 k c a l / m o l e  as the  ac t iva t ion  energy,  
f rom which  one can  ca lcula te  the  cor responding  
va lues  of the i r  ra te  cons tan ts  at  30.5 ~ to be  0.16 a nd  

5 F o r  a p o s s i b l y  r e l a t e d  e x p l a n a t i o n ,  see P a r s o n s  (25). 

Table V. Rate constants calculated from Eq. [11 ] ; Ionic 
strength ~ 0.3402 

Conc.  0, o h m  ~?, o h m / s e c l / s  k~, c m / s e c  - ~  

0.010N 0.51 13 0.15 
0.005 1.60 49.6 0.19 
0.001 2.22 226 0.62 
0.0005 1.67 280 1.03 
0.0001 2.84 789 1.71 

SYMBOLS 
C depolarizer concentration, moles/1. 
Ca capacity of the electrical double layer  at one 

electrode, #F. 
Cat f requency-dependent  part  of double- layer  ca- 

pacity, #F. 
Ca o f requency- independent  par t  of double- layer  ca- 

pacity, t,F. 
Cdi equivalent  series capacitance of the Warburg  

impedance (i.e., the diffusional capacitance),  t~F. 
Ci the geometric mean  of the concentrat ions of Ox 

and Red. 
Co a constant  in Eq. [2]. 
Cp equivalent  paral lel  capacitance of cell, ttF. 
Cpe equivalent  paral lel  capacitance of electrode layer, 

#F. 
Cp* equivalent  paral lel  capacitance of faradaic branch 

at one electrode, t,F. 
Cs equivalent  series capacitance of cell, #F. 
Cs* equivalent  series capacitance of faradaic branch, 

ttF. 
Do diffusion coefficient of oxidant, cm ~ sec -1. 
Dr diffusion coefficient of reductant ,  cm 2 sec -1. 
Rdi equivalent  series resistance of the Warburg  im-  

pedance (i.e., diffusional resistance),  ohms. 
Rpa equivalent  paral lel  resistance of the electrical 

double layer  at one electrode, ohms. 
RL electrode layer  resistance, ohms. 
Rp equivalent  paral le l  resistance of cell, ohms. 
Rp e equivalent  paral lel  resistance of electrode layer, 

ohms. 
Rp* equivalent  paral lel  resistance of faradaic branch 

at one electrode, ohms. 
Rs equivalent  series resistance of cell, ohms. 
Rs* equivalent  series resistance of faradaic branch.  
RT electrolytic resistance of cell, ohms. 
R~ the f requency-dependent  part  of Rs, ohms. 
T temperature ,  ~ 
Xdi 1~Cairo 
Xs* 1/Cs*r 

the factor of Cole and Cole, Eq. [2]. 
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~ difference be tween dielectric constant  at very  
small  and very large frequencies. 

~1 slope of the curve of Rs* vs. r -1/2. 
0 transfer  resistance. 

ionic strength. 
�9 ' mean  relaxat ion t ime of adsorbed water  dipoles. 
co f requency of a l te rnat ing  current  in  radians/sec.  
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On the Mixed Potentials Observed 
in the Iridium-Oxygen-Acid System 

James P. Hoare 
Research Laboratories, General  Motors Corporation, Warren,  Michigan 

ABSTRACT 

The rest potential  of an Ir bead in O2-saturated 2N H2SO4 acid was studied 
as a funct ion of the part ial  pressure of oxygen, pH, and the history of prepa-  
rat ion of the test electrode. Two electrode systems are distinguished. The 
I r / I r - O  system consists of an adsorbed monolayer  of oxygen atoms, and the 
rest potential,  1020 -+- 15 my, is a mixed potential. The Ir/IrO2 system con- 
sists of an adsorbed monolayer  of oxide, IrO2, and the rest potential,  940 • 10 
my, is a meta l -meta l  oxide potential. The adsorbed films are near ly  reversibly 
formed or reduced. A discussion of the mechanisms of mixed potentials is in-  
cluded. 

Ear l i e r  s tudies  of the rest  po ten t i a l  of noble  me t a l  
e lectrodes  in  o x y g e n - s a t u r a t e d  acid so lu t ion  (1-4)  
ind ica te  tha t  these meta l s  are  no t  t r u l y  ine r t  to this  
e lectrolyte .  As a resul t ,  films of adsorbed  oxygen  
abou t  a m o n o l a y e r  th ick  (5) are  fo rmed  on the  
me ta l  surface.  Since these l ayers  appea r  to be  i n -  
comple te  (1 -4) ,  a m ixed  po ten t i a l  (6) is observed  
ins tead  of the revers ib le  oxygen  potent ia l .  In  cer-  
t a in  cases whe re  it  is a ssumed  tha t  the  oxygen  film 
is complete  (7) ,  the revers ib le  oxygen  po ten t i a l  was  
observed.  

There  is ev idence  in  the  l i t e r a t u r e  (8) f rom po-  
l a r iza t ion  m e a s u r e m e n t s  us ing  a t r i a n g u l a r - p u l s e  
(9) t e chn ique  tha t  the  adsorbed  oxygen  layers  on 
i r i d i u m  are  r eve r s ib ly  fo rmed  and  reduced,  because  
the ox ida t ion  peak  appears  at  abou t  the  same po-  

t en t i a l  as the r educ t ion  peak.  A n  inves t iga t ion  of 
the res t  po ten t ia l s  of such a sys tem seemed i n t e r -  
esting, and  a p r e sen t a t i on  of such m e a s u r e m e n t s  on 
the I r - O - a c i d  sys tem is g iven  in  this  report .  

Experimental 
The test  e lectrodes were  in  the fo rm of smal l  

beads (0.1-0.15 cm in  d i ame te r )  mel ted  at the  end 
of i r i d i u m  wires  (99.9-t-% p u r e ) .  Three  of these 
beads, as checks, were  c leaned and  m o u n t e d  in  a 
p r epa red  dua l  Teflon cell as descr ibed b e f o r e ( I - 4 ) .  
The  poten t ia l s  were  m e a s u r e d  agains t  an  a - P d - H  
re fe rence  electrode (10) a nd  repor ted  aga ins t  the 
n o r m a l  h y d r o g e n  electrode (NHE)  un less  s ta ted 
otherwise.  Al l  m e a s u r e m e n t s  we re  carr ied  out  a t  a 
t e m p e r a t u r e  of 25 ~ • 1~ The resul t s  were  ob-  
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t a ined  f rom the da ta  recorded on 26 di f ferent  I r -  
bead electrodes on which  the  po ten t i a l  was  de te r -  
m i n e d  wi th  • 1 my.  

Results and Discussion 
Potent ial- t ime behavior . - -Af ter  the  I r  bead  had  

been  anodized at  1.8v, the c i rcui t  was  b r o k e n  a nd  
the open-c i r cu i t  po ten t i a l  fol lowed as a f unc t i on  of 
t ime. In  o x y g e n - s t i r r e d  acid solut ion,  the po ten t i a l  
fell  to a m i n i m u m  va lue  of 800 m v  in  5 hr. Now, 
o x y g e n - s t i r r i n g  was replaced  wi th  H2 s t i r r ing  for 
15 m i n  to des t roy all  peroxides  fo rmed  d u r i n g  the  
p re -e lec t ro lys i s  procedure .  The po ten t i a l  came to 
the h y d r o g e n  po ten t i a l  (--50 m v  wi th  respect  to 
a - P d - H )  w i t h i n  300 sec. W h e n  the  sys tem was s t i r -  
red  wi th  oxygen  again,  the  po ten t i a l  rose qu ick ly  
(w i th in  200 sec) to abou t  850 m v  and  came to a 
s teady  va lue  of 1020 -+ 15 m v  1 w i t h i n  abou t  10 hr. 
If the  sys tem was  aga in  s t i r red  w i th  hydrogen ,  it  
r equ i r ed  less t h a n  200 sec for the  po t en t i a l  to reach 
the h y d r o g e n  potent ia l .  

The fact tha t  the sys tem responded  so qu ick ly  
(w i th in  200 sec) to changes  f rom an  oxid iz ing  to a 
r educ ing  a tmosphere ,  and  the  reverse,  agrees qui te  
wel l  wi th  BSld and  Bre i te r ' s  (8) observa t ions  tha t  
the adsorbed oxygen  layers  are fo rmed  and  reduced  
r ap id ly  and  easi ly on Ir. 

Potential as a function of the partial pressure of 
oxygen . - -The  pa r t i a l  p ressure  of oxygen,  Re2, was 
var ied  in  the  same way  as descr ibed  before  (1) by  
d i lu t ing  the  02 wi th  N2. The  po ten t i a l  of an ano -  
dized Ir  bead  before  the  t r e a t m e n t  w i th  h y d r o g e n  
was  i n d e p e n d e n t  of Po2- However ,  af ter  t r e a t m e n t  
wi th  hydrogen ,  the  po ten t i a l  was  d e p e n d e n t  on Po~ 
w h e n  the  sys tem was aga in  s t i r red  w i th  oxygen.  
Typica l  e x p e r i m e n t a l  resul t s  of th ree  such elec-  
t rodes are  p resen ted  in  Fig. 1. The Poe dependence  
was d e t e r m i n e d  on two of the electrodes (curves  A 
and  B) abou t  an  hou r  af ter  02 s t i r r ing  had  b e g u n  

1 T h e  s p r e a d  i n  potential, . ~ 1 5  m y ,  r e p r e s e n t s  t h e  d i f f e r e n c e  i n  
s t e a d y - s t a t e  p o t e n t i a l  v a l u e s  ( v i r t u a l l y  - ~ 0 v  o v e r  a n  8 - 2 4 - h r  p e r i o d )  
o b s e r v e d  f r o m  o n e  e l e c t r o d e  t o  a n o t h e r  a n d  i s  m e a n t  t o  i n c l u d e  
e l e c t r o d e s  e x h i b i t i n g  t h e  l o w e s t  a n d  t h e  h i g h e s t  s t e a d y - s t a t e  v a l u e s .  
S i m i l a r  n o t a t i o n  w a s  u s e d  i n  r e f .  ( 1 ) - ( 4 ) .  
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and  on one (curve  C) af ter  the s teady state  had been  
reached.  

It  is i n t e re s t ing  to note  the  ve ry  low va lues  of the  
slope of these curves,  which,  t a ke n  at face value,  
wou ld  r e qu i r e  a p o t e n t i a l - d e t e r m i n i n g  reac t ion  in -  
vo lv ing  f rom 6 to 12 electrons.  Such a mechan i sm,  
of course, canno t  be t a ke n  seriously,  and  some other  
e x p l a n a t i o n  m u s t  be sought.  Since s imi la r  res t  po-  
t en t i a l s  in  the  noble  m e t a l - o x y g e n  sys tems (1-4)  
could be i n t e r p r e t e d  in  t e rms  of a m i xe d  po ten t i a l  
i n v o l v i n g  the O2/H20 reac t ion  

02 + 4H + + 4e ,~  2H20 [1] 

and  some m e t a l - o x y g e n  react ion,  it wi l l  be assumed  
tha t  these observed  mixed  poten t ia l s  m a y  be ex-  
p la ined  by  a local  cell m e c h a n i s m  composed of the 
OffH20 reac t ion  and  the  I r / I r - O  reac t ion  

I r - O  + 2H + + 2e ~ I r  + H20 [2] 

Here, the symbol ,  I r -O,  r epresen t s  a h y d r a t e d  
m o n o l a y e r  of adsorbed oxygen  atoms, and  the sys-  
t em wi l l  be r e fe r red  to as the  I r / I r - O  electrode.  

Now, the  la rge  va lues  ob ta ined  for n,  the  n u m b e r  
of e lec t rons  t r a n s f e r r e d  in  the  ove r -a l l  po t en t i a l -  
d e t e r m i n i n g  react ion,  m a y  be unde r s tood  in  te rms  
of the local  cell po la r iza t ion  curves.  A sketch of 
such curves  for th ree  d i f ferent  cases is shown in  
Fig. 2 as a plot  of the observed local  cell potent ia l ,  
E, aga ins t  the  tota l  local  cell cur ren t ,  I. Since the  
areas of the me ta l  surface,  on which  the  anodic  and  
cathodic ha l f - r eac t i ons  m a y  occur, m a y  be differ-  
ent ,  the  c u r r e n t  densi t ies  for the anodic  a nd  ca th-  
odic ha l f - r eac t i ons  m a y  also be different .  Therefore ,  
two ha l f - r eac t i ons  wi th  the  same io m a y  be po la r -  
ized to di f ferent  ex ten t s  for a g iven  va lue  of the  
local cell cur ren t ,  I. W h e r e  the  two ha l f -ce l l  po la r -  
iza t ion curves  in te rsec t  is the  s t eady- s t a t e  m ixed  
po ten t i a l  and  the local cell cur ren t .  

The s i tua t ion  depic ted  in  Fig. 2a m a y  be exempl i -  
fied by  the  P t / P t - O  electrode.  Curve  A is the  po la r -  
izat ion curve  for the O2/H20 react ion,  Eq. [1],  and  
curve  B is tha t  for the P t / P t - O  reac t ion  

P t - O  + 2H + + 2e ~ P t  + H20 [3] 

L Curves  A1, A2, and  A8 a re  the  po la r iza t ion  curves  of 

F 
-I.0 

Fig. 1. A plot of the open-circuit potential as a function of the 
log of the partial pressure of oxygen in atmospheres. 

~ APt ~ Rh Ir i 

AAa A C -----------= A, 
E 

C 0 ~ 
I I I 

(a) (b) (c) 

Fig. 2. A sketch of the polarization curves for the half-reactions 
which determine the mixed potential in the (a) Pt/Pt-O system, 
(b) Rh/Rh208 system, and (c) Ir/Ir-O system. The A-curves are 
those for the 02/H20 reaction for decreasing values of Po2; the 
B-curve, the Pt/Pt-O reaction; the C-curve, the Rh/Rh203 reaction; 
and the D-curve, the Ir/Ir-O reaction. The mixed potential is the 
point of intersection of the curves; the Eo value, the point of in- 
tersection of curves and the E-axis. I is the total local cell current. 
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Eq. [1]  for  d i f f e ren t  v a l u e s  of Po2 less  t h a n  un i t y .  
S ince  the  n u m b e r  of b a r e  p l a t i n u m  s i tes  is r e l a -  
t i v e l y  l ow (7) ,  t he  c u r r e n t  d e n s i t y  at  these  s i tes  is 
r e l a t i v e l y  high.  I t  a lso m a y  be  t h a t  t he  io for  Eq. 
[1]  is l a r g e r  t h a n  the  io for  Eq. [3] .  T h e s e  c o n d i -  
t ions  w o u l d  cause  Eq. [3]  to be  p o l a r i z e d  s t r o n g l y  
w i t h  m u c h  less  p o l a r i z a t i o n  of Eq. [1] .  F r o m  Fig.  2a, 
i t  is seen  t h a t  t h e  d i f fe rence  of p o t e n t i a l  b e t w e e n  
the  m i x e d  p o t e n t i a l s  a t  d i f fe ren t  Po2 v a l u e s  (po in t s  
of i n t e r s ec t i on  of t h e  B - c u r v e  w i t h  t he  A - c u r v e s )  
is a b o u t  t h e  s a m e  as t h a t  b e t w e e n  the  Eo po t e n t i a l s  
a t  d i f fe ren t  Po2 va lue s  for  the  A - c u r v e s  (po in t s  of 
i n t e r s ec t i on  of t h e  A - c u r v e s  w i t h  t he  E - a x i s ) .  Then ,  
t he  m i x e d  p o t e n t i a l  is c o n t r o l l e d  b y  the  O2/H20 r e -  
act ion,  and  a v a l u e  of 4 for  n m a y  be  o b s e r v e d  (1 ) .  

The  o the r  e x t r e m e  case  is d e s c r i b e d  b y  Fig.  2b 
and  the  Rh/RheO3 e l e c t r o d e  (3)  is r e p r e s e n t a t i v e  of 
th is  s i tua t ion .  I t  a p p e a r s  t h a t  the  O2/HeO r e a c t i o n  
is e s t a b l i s h e d  w i t h  d i f f icu l ty  on the  Rh/RheO~ s u r -  
face. The re fo re ,  the  io for  t he  0 2 / H 2 0  r e a c t i o n  on 
a Rh208 su r f ace  is qu i t e  low,  and  the  A - c u r v e s  in  
Fig.  2b w o u l d  be  s t r o n g l y  p o l a r i z e d  at  q u i t e  l ow  
loca l  c u r r e n t  dens i t ies .  C u r v e  C of Fig .  2b r e p r e -  
sents  the  p o l a r i z a t i o n  c u r v e  for  t he  Rh /Rh203  r e -  
ac t ion  

Rh203 + 6H + + 6 e , ~  2Rh + 3H20 [4]  

w h i c h  has  a r e l a t i v e l y  m u c h  h i g h e r  to. 
In th is  case, the  m i x e d  p o t e n t i a l  w o u l d  be  d e t e r -  

m i n e d  b y  Eq. [4] .  S ince  th is  r e a c t i o n  is i n d e p e n d e n t  
of Poe, t he  C - c u r v e  w o u l d  no t  v a r y  w i t h  Po2. The  
A - c u r v e s  cut  the  C - c u r v e  at  a b o u t  the  s ame  p o -  
t en t ia l ,  and  the  m i x e d  p o t e n t i a l  is i n d e p e n d e n t  of 
Poe, as conf i rmed  b y  e x p e r i m e n t  (3) .  

These  two  cases  d e m o n s t r a t e  t he  b e h a v i o r  of t he  
m i x e d  p o t e n t i a l  w i t h  changes  in Poe (a)  w h e n  the  
P o e - i n d e p e n d e n t  h a l f - r e a c t i o n  is s t r o n g l y  p o l a r i z e d  
( P t  case ) ,  and  (b)  w h e n  the  P o e - d e p e n d e n t  h a l f -  
r e a c t i o n  is s t r o n g l y  p o l a r i z e d  (Rh case ) .  

The  i n t e r m e d i a t e  case  w h e r e  b o t h  h a l f - r e a c t i o n s  
a r e  m o d e r a t e l y  p o l a r i z e d  is exempl i f i ed  b y  the  
i r i d i u m - o x y g e n  s y s t e m  as shown in Fig .  2c. H e r e  
t he  A - c u r v e s  i n t e r sec t  t h e  D - c u r v e  in such a w a y  
t h a t  t he  d i f fe rences  in t h e  va lue s  of  t h e  m i x e d  p o -  
t e n t i a l  for  d i f fe ren t  va lue s  of Poe a r e  less  t h a n  those  
of the  Eo p o t e n t i a l s  for  t he se  va lue s  of Poe. A l -  
t h o u g h  t h e  r e s t  p o t e n t i a l  ( m i x e d  p o t e n t i a l )  is a 
func t ion  of Poe, t he  v a l u e  of n e s t i m a t e d  f r o m  the  
o b s e r v e d  p o t e n t i a l  m e a s u r e m e n t s  wi l l  be  too l a r g e  
s ince  t he  change  in p o t e n t i a l  for  a g iven  change  in  
Poe is too low. In  th is  way ,  one m a y  reconc i l e  t he  
e x p e r i m e n t a l  d a t a  w i t h  the  sugges t ion  t h a t  a f o u r -  
e l e c t r o n  r e a c t i o n  is i n v o l v e d  in t h e  o v e r - a l l  p o t e n -  
t i a l - d e t e r m i n i n g  m e c h a n i s m .  

S ince  bo th  h a l f - r e a c t i o n s  in t he  I r -Oz  s y s t e m  a r e  
po la r i zed ,  t h e  o b s e r v e d  v a l u e  for  •  Po2 m a y  
v a r y  as t he  shape  of t h e  p o l a r i z a t i o n  c u r v e  va r i e s  
which ,  in tu rn ,  m a y  d e p e n d  on the  r e l a t i v e  anod ic  
and  ca thod ic  loca l  c u r r e n t  dens i t ies .  This  effect  is 
re f lec ted  in the  change  in s lope of t he  cu rves  in 
Fig.  1 w i t h  t i m e  because  t h e  s t r u c t u r e  of t h e  s u r -  
face  is c o n t i n u a l l y  c h a n g i n g  un t i l  the  s t e a d y  s t a t e  
is r eached .  W h e n e v e r  t h e  m i x e d  p o t e n t i a l  is con-  
t r o l l ed  b y  m o r e  t h a n  one reac t ion ,  as s h o w n  in Fig'. 
2c, r e p r o d u c i b l e  p o t e n t i a l - p a r t i a l  p r e s s u r e  m e a s -  

u r e m e n t s  canno t  be  o b t a i n e d  u n t i l  t he  s t e a d y  s t a t e  
is r eached .  

W h e n  the  I r / I r - O  s y s t e m  was  s t i r r e d  w i t h  p u r i -  
fied n i t r o g e n  for  a b o u t  24 hr ,  the  p o t e n t i a l  h a d  come 
to a s t e a d y  v a l u e  of 870 --+ 20 my.  I t  is sugges t ed  
t ha t  t h e  s t a n d a r d  p o t e n t i a l  for  t he  I r / I r - O  reac t ion ,  
Eq. [2] ,  is in the  n e i g h b o r h o o d  of 870 my.  

Potent ia l  as a func t ion  oS p H . - - T h e  p H  of  t he  so -  
l u t i on  was  v a r i e d  b y  d i l u t i n g  the  2hr H2SO4 w i t h  
2N Na2SO4 in o r d e r  to keep  the  ionic  s t r e n g t h  con-  
s tant .  The  p H  was  d e t e r m i n e d  at  t h e  end  of t he  r u n  
b y  m e a s u r i n g  t h e  p o t e n t i a l  d i f fe rence  b e t w e e n  a 
s a t u r a t e d  ca lome l  e l e c t r o d e  and  a P t / H 2  e l ec t rode  
in  t h e  s ame  solut ion .  I t  was  f o u n d  t h a t  t h e  res t  
p o t e n t i a l  w i t h  r e spe c t  to a - P d - H  was  i n d e p e n d e n t  
of p.H in a l l  cases. This  m e a n s  t h a t  the  p o t e n t i a l -  
d e t e r m i n i n g  r eac t i ons  v a r i e d  w i t h  t he  h y d r o g e n  ion 
c o n c e n t r a t i o n  in t he  s ame  w a y  as the  r e a c t i o n  for  
t he  a - P d - H  e l e c t r o d e  did,  i.e., for  each  e l ec t ron  
t r a n s f e r r e d ,  a h y d r o g e n  ion was  i n v o l v e d  (11) .  
E q u a t i o n s  [1]  and  [2]  sa t i s fy  th is  r e q u i r e m e n t .  

The  I r / I r O 2  e l ec t rode . - -To  s t u d y  the  f i lm p r o -  
duced  on I r  b y  anod iza t i on  w i t h o u t  p e r o x i d e s  i n -  
t e r f e r i ng ,  a t e c h n i q u e  us ing  two  cells  w a s  u sed  (3, 
7). The  e l ec t rode  was  anod ized  in one  cel l  a n d  the  
so lu t ion  p r e p a r e d  in t h e  second.  Then  the  e l ec t rode  
was  t r a n s f e r r e d  to the  second  cel l  to be  s t ud i ed  in  
Oe - sa tu r a t ed ,  p e r o x i d e - f r e e  2N H2SO4 solut ion .  

In i t i a l l y ,  t h e  p o t e n t i a l  was  in  t he  v i c i n i t y  of 1300 
my.  This  p o t e n t i a l  d e c a y e d  s l o w l y  so t h a t  a t  t he  end  
of abou t  24 h r  a s t e a d y  p o t e n t i a l  of abou t  940 ---- 10 
m v  was  ob ta ined .  This  p o t e n t i a l  w i t h  r e s p e c t  to 
a - P d - H  was  i n d e p e n d e n t  of b o t h  Po2 and  pH.  

A c c o r d i n g  to  S i d g w i c k  (12) ,  t he  on ly  s t ab l e  o x i d e  
f o r m e d  b y  i r i d i u m  is IrO2, a n d  th is  can  be  m a d e  b y  
h e a t i n g  I r  in air .  A n  I r  w i r e  was  c l e a ne d  in t he  
s ame  w a y  as t h e  I r  b e a d  and  h e a t e d  w h i t e  hot  in a 
H2 flame. A f t e r  t he  w i r e  h a d  cooled d o w n  in  air ,  i t  
was  p l u n g e d  into  o x y g e n - s a t u r a t e d ,  p e r o x i d e - f r e e  
2N H2SO4. The  p o t e n t i a l  c a m e  to a s t e a d y  v a l u e  of 
935 • 5 m v  w i t h i n  a b o u t  4 hr .  

These  o b s e r v e d  p o t e n t i a l  v a l u e s  a r e  v e r y  close to 
t h a t  r e p o r t e d  b y  L a t i m e r  (13)  fo r  t he  s t a n d a r d  p o -  
t e n t i a l  of t he  I r / I r O e  couple  

IrO2 + 4H + + 4 e r  I r  + 2H20 [5] 

E q u a t i o n  [5]  ag rees  w i t h  t he  Poe and  p H  o b s e r v a -  
t ions.  The re fo re ,  i t  is sugges t ed  t h a t  the  r e s t  p o t e n -  
t i a l  in t he  I r / I r O e  s y s t e m  is no t  a m i x e d  p o t e n t i a l  
b u t  a m e t a l - m e t a l  ox ide  p o t e n t i a l  d e t e r m i n e d  b y  
Eq. [5]  w i th  a s t a n d a r d  p o t e n t i a l  n e a r  930 my .  

B Sld and  B r e i t e r  (8)  o b s e r v e d  tha t ,  a f t e r  a m o n o -  
l a y e r  of a d s o r b e d  o x y g e n  was  fo rmed ,  t he  f i lm 
c o n t i n u e d  to g r o w  for  a sho r t  t i m e  w i t h  c o n t i n u e d  
anod iza t ion .  I t  a p p e a r s  t h a t  a m o n o l a y e r  of a d -  
so rbed  o x y g e n  is f o r m e d  on the  i r i d i u m  su r f ace  first  
and  is t h e n  c o n v e r t e d  to a th in  f i lm of  IrO2 no t  
m u c h  t h i c k e r  t h a n  a m o n o l a y e r  w i t h  c o n t i n u e d  
anod iza t i on  (14) .  S ince  th i s  f i lm of IrO2 is a good 
e l ec t ron ic  conduc to r ,  t he  f i lm ceases  to  g r o w  and  
the  c u r r e n t  goes in to  an  o x y g e n  evo lu t ion  reac t ion .  
This  is s u p p o r t e d  b y  the  o b s e r v a t i o n  t h a t  t h e  a p -  
p e a r a n c e  of an  i r i d i u m  b e a d  does  no t  change  w i t h  
t i m e  and  r e m a i n s  b r i g h t  w h i l e  i t  is anod ized  at  a 
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po ten t i a l  where  oxygen  is be ing  evolved (about  
1.5v). 

A film of IrO2 seems to be somewha t  u n s t a b l e  in  
acid so lu t ion  because  the po ten t i a l  of an  I r / I rO2 
elect rode dr i f ts  f rom the  s t eady- s t a t e  va lue  af ter  
about  48 hr, af ter  which  the po ten t i a l  is no  longer  
i n d e p e n d e n t  of Poe. A p p a r e n t l y  an  I r / I rOe  electrode 
is conver t ed  to an  I r / I r - O  electrode w i th  long 
s t and ing  in  H2SO4 solut ion.  If  the  Eo for Eq. [5] is 
930 m v  and  tha t  for Eq. [2],  870 my,  one would  
expect  such a t r ans fo rma t ion .  

W h e n  an  I r / I rO2 electrode,  which  had  been  made  
e i ther  by  anodiza t ion  or by  hea t i ng  in  air, was 
t rea ted  wi th  H2-s t i r r ing,  it was found  tha t  the  h y -  
d rogen  po t en t i a l  was ob ta ined  w i t h i n  150-200 sec. 
A p p a r e n t l y ,  not  on ly  the film of I r - O  bu t  also tha t  
of IrOe is easi ly  fo rmed  or reduced  as no ted  by  BSld 
and  Bre i t e r  (8) .  

Polarization at low current densit ies.--As de-  
scr ibed before  (1, 2), the beads  were  cathodized at 
ve ry  low c u r r e n t  densi t ies  by  chang ing  the  va r i ab l e  
i npu t  i m p e d a n c e  of the  model  1230-A G e n e r a l  
Radio Elec t rometer .  A plot  of the  po la r iza t ion  (dif -  
fe rence  b e t w e e n  the  open -c i r cu i t  potent ia l ,  Eoc, and  
the potent ia l ,  E, at a g iven  c u r r e n t  dens i ty )  as a 
f unc t i on  of the l oga r i t hm of the  es t imated  a p p a r e n t  
cu r r en t  dens i ty  is g iven  in  Fig. 3. The pola r iza t ion  
of the  I r / I r - O  sys tem wi th  o x y g e n - s t i r r i n g  is shown 
by  curve  A wi th  N2 s t i r r ing  b y  curve  B. Cu rv e  C is 
a plot  of the  po la r i za t ion  of the  I r / I rO2  electrode 
wi th  Oe s t i r r i ng  and  curve  D, tha t  w i th  N2 s t i r r ing .  
Each poin t  r epresen t s  the average  of at least  5 i n -  
d e p e n d e n t  observat ions .  

The  fact tha t  the two sets of curves  are pa ra l l e l  
ind ica tes  tha t  the  same k ine t ic  process is occur r ing  
on the  I r -O  and  the IrOe surface.  Data  ob ta ined  
wi th  O2 s t i r r ing ,  bu t  not  w i th  Ne s t i r r ing ,  y ie ld  a 
Ta fe l - l i ke  curve  which  suggests  tha t  most  of the 
cu r r en t  goes into the r educ t ion  of oxygen.  The fact 
tha t  the  N2 s t i r red  curves  devia te  f rom the  Oe s t i r -  
red  curves  at about  the  same po ten t i a l  suggests  tha t  
the r a t e - d e t e r m i n i n g  step is the same on the  I r /  
I r -O  electrode as on the  I r / I rO2 electrode.  I t  is i n -  

6OO 1 I I I IB 

LOG APPARENT CURRENT DENSITY (ma/cm2) 

Fig. 3. Polarization data for the Ir/ Ir-O and Ir/ Ir02 systems 
with 02 or N2 stirring. See text for details. 

t e res t ing  to note  f rom a compar i son  of the  two sets 
of curves  tha t  the  I r / I rO2 sys tem appears  to be 
more  h igh ly  polar ized t h a n  the  I r / I r - O  sys tem for 
a g iven  a p p a r e n t  c u r r e n t  densi ty ,  wh ich  means  tha t  
the r a t e - d e t e r m i n i n g  step is more  g rea t ly  h i n d e r e d  
in  the IrO2 case. This behav io r  is opposi te  to w h a t  
is observed  in  the  Pt-O2 sys tem (1) w h e r e  the  
po la r iza t ion  is lowered  by  the  presence  of PtOe in  
the Pt-O layer. Sufficient data to identify the nature 
of the rate-determining step are not presented here. 

From these studies on noble metals, it appears 
that their behavior is alike in that all of them ini- 
tially form a very thin layer (about a monolayer 
thick) of adsorbed oxygen atoms in a potential 
range from 800 to i000 my. In this region, the ob- 
served rest potentials seem to be mixed potentials. 
With anodic polarization to higher potentials, defi- 
nite oxides may be formed and a metal-metal oxide 
equilibrium system may be observed in certain 
cases such as the  Au /Au203  (2) ,  P d / P dO 2  (4),  and  
I r / I rOe  electrodes,  bu t  are not  indef in i t e ly  s table  
in  acid solutions.  

U n d e r  o r d i n a r y  c i rcumstances ,  however ,  anodic  
po la r iza t ion  does not  conver t  the  P t - O  layer  to a 
PtO2 l aye r  complete ly ,  a nd  only  mi xe d  poten t ia l s  
are observed in  the  case of p l a t i n u m  (1).  Also, Rh 
does not  seem to form a t rue  oxide of Rh~O3 wi th  
anodic  polar iza t ion,  bu t  ra ther ,  a sur face  al loy of 
Rh and  O a toms dissolved in  one a no t he r  (3) .  
Again,  on ly  mi xe d  po ten t i a l s  are  observed.  S ince  
the  mono laye r s  of adsorbed oxygen  on P t  and  Rh 
are good e lect ronic  conductors  and  since t rue  m e t a l -  
me ta l  oxide electrode sys tems are  no t  fo rmed  on  
these  metals ,  this  m a y  be a reason  w h y  it is gen -  
e ra l ly  k n o w n  tha t  P t  and  Rh are in t e re s t ing  ca t -  
alysts  for oxygen  react ions.  Yet, as it is wel l  k n o w n  
fur the r ,  P t  surpasses  all  o ther  pu re  meta l s  as a 
ma te r i a l  for oxygen  electrodes in  acid solut ion.  
This  m a y  be t raced  to the  obse rva t ion  tha t  Rh is a 
m u c h  poorer  ca ta lys t  for the decomposi t ion  of p e r -  
oxides t h a n  P t  (3) .  
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Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 

REFERENCES 
1. J. P. Hoare, This Journal, 109, 858 (1962). 
2. J. P. Hoare, ibid., l l0 ,  245 (1963). 
3. J. P. Hoare, ibid., 111, 232 (1964). 
4. J. P. Hoare, ibid., 111, 610 (1964). 
5. K. J. Vetter, "Elektrochemische Kinetik," p. 502, 

Springer  Verlag, Berl in (1961). 
6. C. Wagner  and W. Traud, Z. Elektrochem., 44, 391 

(1938). 
7. J. P. Hoare, This Journal, 110, 1019 (1963). 
8. W. BSld and M. Breiter, Electrochim. Acta, 5, 169 

(1961). 
9. F. Will  and C. A. Knorr ,  Z. Elektrochem., 64, 258 

(1960). 
10. D. J. G. Ives and G. J. Janz, "Reference Electrodes," 

p. 112, Academic Press, New York (1961); J. P. 
Hoare, G. M. Eng. J., 9 [1], 14 (1962). 



992 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A u g u s t  1964 

11. S. Schuldiner,  G. W. Castellan, and J. P. Hoare, 
J. Chem. Phys., 28, 16 (1958). 

12. N. V. Sidgwick, "Chemical Elements and Their  
Compounds," p. 1533, Oxford Press (1950). 

13. W. H. Latimer, "Oxidation Potentials," p. 218, 
Prentice-Hall ,  New York (1952). 

14. J. A. V. Butler and G. Drever, Trans. Faraday Soc., 
32, 427 (1936). 

A Study of Adsorption and Oxidation of Carbon Monoxide on 
Platinum Using Constant Current Pulses 

Theodore B. Warner 1 and Sigmund Schuldiner 
U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Using single anodic cons tan t -cur ren t  pulses, the steady-state concentra-  
tion of carbon monoxide already adsorbed on the surface of a bright  Pt  elec- 
trode in 1M H2SO4 and the addit ional amount  of CO adsorbed dur ing the appli-  
cation of the pulse has been determined.  At potentials of 0.3-0.4v (NHE), sur-  
face coverage of one molecule of CO per surface Pt  atom was observed at very 
low CO part ial  pressures; for CO part ial  pressures up to 1 atm the coverage 
increased to about 1.06 CO molecules per Pt  atom, indicating that addit ional 
CO physically adsorbs on the base chemisorbed layer. At 1.0-1.3v the rate of 
adsorption of CO was slower than  the rate of diffusion (25~ and indirect  
evidence suggests that  CO is not adsorbed at potentials above 1.3v. The mech-  
anism of oxidation of CO appears to be an electrochemical oxidation of water  
to form chemisorbed oxygen atoms, which then rapidly react with chemisorbed 
CO to form CO2. 

The a m o u n t  of CO tha t  is adsorbed  on P t  has 
been  s tudied  in  the past  u n d e r  v a r y i n g  condi t ions.  
Most ev idence  is indi rec t ,  and  resul t s  are  s t rong ly  
d e p e n d e n t  on the  subs t ra te .  In  the  gas phase  ev i -  
dence has been  found  for one-s i t e  (1) ,  two-s i t e  
(2a) ,  and  mixed  (2b)  adsorpt ion.  G i l m a n  (3-5)  
has s tudied  the  adsorp t ion  and  ox ida t ion  of CO on 
a P t  wi re  in  aqueous  solut ions  us ing  a potent ios ta t ic  
method.  He concluded tha t  t he re  was  ev idence  of 
mixed  l i nea r  and  b r idged  adsorpt ion.  

The purpose  of the p resen t  work  was  (a)  to de-  
t e r m i n e  the ex ten t  of e q u i l i b r i u m  surface  coverage 
of a b r igh t  P t  e lectrode as a func t ion  of pa r t i a l  p res -  
sure  of CO in  aqueous  acidic solut ion,  (b)  to s tudy  
the m e c h a n i s m  of ox ida t ion  of such adsorbed CO, 
and  (c) to d e t e r m i n e  if the  r a t e  of t r ans f e r  of CO 
f rom solution,  d u r i n g  anodic  charging,  to an  e lec-  
t rode  pa r t i a l l y  covered wi th  CO was d i f fus ion-  or 
adsorp t ion-con t ro l l ed .  

Experimental 
The cell, electrodes,  h e l i u m  and  h y d r o g e n  pur i f i -  

ca t ion systems, and  genera l  me thod  have  been  de -  
scr ibed e lsewhere  (6, 7). The cell con ta ined  a P t  
(99.99%) bead  work ing  electrode (6) ,  a 90% P t -  
10% Rh gauze electrode (6) ,  an  L&N m i n i a t u r e  
glass r e fe rence  e lect rode (6) ,  a p a l l a d i u m  tube  elec-  
t rode  (7, 8),  and  a 5 cm long p l a t i n u m  wire  e lec-  
t rode (99.99%, 0.064 cm d i ame te r )  not  p rev ious ly  
described,  that ,  l ike the others,  was  m o u n t e d  in  
Teflon and  inser ted  into the cell t h rough  a glass 
nipple.  P l a t i n u m  bead  electrodes wi th  t rue  areas of 
0.177 and  0.289 cm ~ were  used. T rue  areas were  de-  
fined us ing  the  me thod  p rev ious ly  repor ted  (7, 9), 
which  is based on a d e t e r m i n a t i o n  of the  n u m b e r  of 
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oxygen  atoms deposi ted on the  surface  as a m o n o -  
l ayer  d u r i n g  anodic  ox ida t ion  of water .  

The  e lect rolyte  was  1M HeSO4 ( t r ip ly  dis t i l led 
wa te r )  m a i n t a i n e d  at 25 ~ -- I~  The  e lec t ro ly te  
was  p re -e l ec t ro lyzed  per iodica l ly ,  whi le  be ing  s t i r -  
red wi th  e i ther  he l i um or hydrogen ,  by  m a k i n g  the  
P t  bead a nd  gauze electrodes anodic  (about  100 ma)  
re la t ive  to the Pt  wire.  At  the  end  of the  p r e - e l ec -  
t rolysis  per iod (24-48 hr )  the  P t  wi re  e lec t rode  was 
r emoved  f rom the  cell (w i thou t  d i sconnec t ing  the  
c u r r e n t ) ,  d ipped into concen t ra t ed  n i t r ic  acid, t hen  
heated  wh i t e  hot in  a h y d r o g e n  flame and  replaced  
in the cell. The solut ion was s t i r red  wi th  hyd rogen  
un t i l  the po ten t i a l  b e t w e e n  all  pairs  of p l a t i n u m  
electrodes was equa l  to zero. At  the same t ime  the 
glass electrode was ca l ib ra ted  aga ins t  a P t /H2  elec-  
t rode (NHE)  (--0.660 _+ 0.002v). The h y d r o g e n  flow 
was t hen  replaced  wi th  he l ium.  

Af t e r  purif icat ion,  the  so lu t ion  was s t i r red  con-  
t i n u o u s l y  wi th  e i ther  h e l i u m  or an  appropr i a t e  gas 
m i x t u r e  c o n t a i n i n g  CO; a v e r y  slow s t i r r ing  ra te  
was m a i n t a i n e d  d u r i n g  app l ica t ion  of charg ing  
pulses,  except  in  the e x p e r i m e n t s  on ra te  of diffu-  
sion of CO. Pr io r  to each po la r i za t ion  pulse,  res t  
po ten t ia l s  (vs. the glass re fe rence  electrode)  of all  
the electrodes were  d e t e r m i n e d  wi th  K e i t h l e y  603 
Elec t rometer .  Af te r  the  e lectrodes  had  a t t a ined  the 
rest  potent ia l ,  t hey  were  a l lowed to r e m a i n  exposed 
to the  C O - c o n t a i n i n g  so lu t ion  long enough  to assure  
e q u i l i b r i u m  adsorp t ion  of CO at  each g iven  CO p a r -  
t ia l  pressure .  

The P t  bead was anodized wi th  s ingle  cons t an t -  
c u r r e n t  pulses  (7) us ing  an  E lec t ro -Pu l se  Model  
3450 D pulse  gene ra to r ;  the  coun te r  e lectrode was, 
at first, the P t - R h  gauze electrode.  It  was  found,  
however ,  tha t  u n d e r  some condi t ions  s ignif icant  
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a m o u n t s  of t he  h y d r o g e n  p r o d u c e d  a t  th is  e l ec t rode  
w o u l d  m i g r a t e  to t he  P t  bead .  To avo id  this ,  t he  P d  
t ube  e l ec t rode  was  s u b s t i t u t e d  as coun t e r  e lec t rode .  
In  th is  case, h y d r o g e n  p r o d u c e d  on the  su r face  of 
the  P d  t u b e  w o u l d  m i g r a t e  in to  t he  m e t a l  and  be  
ox id i zed  b y  o x y g e n  in t he  a i r - s p a c e  ins ide  t he  t u b e  
(8) .  

Us ing  the  P t  w i r e  as a r e f e r e n c e  e lec t rode ,  the  
anod ic  c h a r g i n g  c u r v e  of the  P t  bead  was  p h o t o -  
g r a p h e d  f rom the  d i s p l a y  on a c a r e f u l l y  c a l i b r a t e d  
T e k t r o n i x  535 osci l loscope,  w h i c h  was  r e c a l i b r a t e d  
(vo l t age  and  t i m e )  be fo re  each  ser ies  of m e a s u r e -  
ments .  To e v a l u a t e  poss ib le  t r a n s p o r t  effects,  pu l se  
c u r r e n t  dens i t i e s  w e r e  v a r i e d  f r o m  56.1 to 2540 
m a / c m  2. (A l l  c u r r e n t  dens i t i e s  r e p o r t e d  he re  a r e  
on the  bas is  of t r u e  e l ec t rode  a reas . )  

To i n v e s t i g a t e  t he  r e l a t i v e  i m p o r t a n c e  of t he  r a t e  
of d i f fus ion  of CO vs. t h e  r a t e  of adso rp t ion ,  c h a r g -  
ing cu rves  w e r e  o b t a i n e d  in u n s t i r r e d  so lu t ion  and  in 
so lu t ions  s t i r r e d  v i g o r o u s l y  b y  b u b b l i n g  in  gas  at  
r a t e s  we l l  ove r  1000 m l / m i n ;  th is  r a t e  of s t i r r i n g  
was  sufficient  to cause  t he  w o r k i n g  e l ec t rode  to v i -  
b r a t e  r a p i d l y .  T a n k  ca rbon  m o n o x i d e  (C. P.  g r a d e )  
was  i n t r o d u c e d  into  t he  cel l  t h r o u g h  a s e p a r a t e  in le t  
a f t e r  pas s ing  t h r o u g h  a f lowmete r ,  a d r y  i c e - e t h y l -  
ene  g lyco l  m o n o e t h y l  e t h e r  t r ap ,  and  a w a t e r  s a t u -  
r a to r .  The  gases  used  w e r e  (a )  p u r e  CO, (b )  9.89% 
CO in N2 ( h e n c e f o r t h  r e f e r r e d  to as 0.1 a t m  p a r t i a l  
p r e s s u r e  CO) ,  (c)  0.0037% CO in He ( r e f e r r e d  to as 
0.0037 a t m  p a r t i a l  p r e s s u r e  CO) ,  (d)  pur i f i ed  He, 
and  (e)  p u r e  H2. The  first  two  gases  w e r e  a n a l y z e d  
mass  s p e c t r o m e t r i c a l l y  and  showed ,  r e spec t i ve ly ,  
10 --+ 10 p p m  H2 and  ~ 10 p p m  He. The  0.0037 a rm CO 
was  p r e p a r e d  b y  m i x i n g  0.1 a t m  CO w i t h  He. To ta l  
cel l  p r e s s u r e  was  s l i g h t l y  above  a tmosphe r i c .  

C lean l iness  of t he  P t  bead  was  checked  f r o m  t ime  
to t ime ,  u n d e r  C O - f r e e  condi t ions ,  b y  an  anodic  
c h a r g i n g  tes t  (9) .  To p r e p a r e  e l ec t rodes  cove red  
w i t h  a d s o r b e d  CO in so lu t ions  for  w h i c h  the  CO 
p a r t i a l  p r e s s u r e  was  zero,  CO was  a d m i t t e d  for  
v a r y i n g  pe r i ods  of t i m e  ( f r o m  1 ra in  to m a n y  
h o u r s ) ,  a f t e r  w h i c h  the  cel l  was  f lushed w i t h  p u r e  
h e l i u m  for  0.5 to 170 hr.  

Results 

Anodic charging curves . - -Typical  anod ic  c h a r g -  
ing  cu rves  for  t h e  P t  bead  a r e  s h o w n  in Fig.  1. The  
f o r m  of t h e  c u r v e  was  r e m a r k a b l y  cons i s t en t  over  
w ide  r a n g e s  of CO p a r t i a l  p r e s s u r e  and  c u r r e n t  d e n -  
si t ies.  

A t y p i c a l  c h a r g i n g  cu rve  is s k e t c h e d  in Fig .  2, 
w h e r e  p o t e n t i a l  changes  in t he  CO o x i d a t i o n  r eg ion  
h a v e  been  e x a g g e r a t e d  to show fine de ta i l .  W h e n  a 
c o n s t a n t - c u r r e n t  p u l s e  is app l i ed ,  t he  anode  p o t e n t i a l  
r i ses  a b r u p t l y  as t h e  doub le  l a y e r  c a p a c i t a n c e  is 
cha rged .  A f t e r  an  in i t i a l  p o t e n t i a l  ove r shoo t  ( r i g h t -  
h a n d  s ide  of f igure ) ,  the  p o t e n t i a l  i nc reases  s l owly  
to a r a t h e r  cons t an t  va lue ,  w h i c h  is m a i n t a i n e d  u n -  
t i l  the  CO o x i d a t i o n  r eg ion  ends  ( m i d d l e  of f igure ) .  
These  de t a i l s  a re  a p p a r e n t  in  l o w  c u r r e n t  d e n s i t y  
pulses ,  b u t  t e n d  to be  o b s c u r e d  in r a p i d  sweeps  
m a d e  w i t h  h igh  c.d. pulses .  A f t e r  a d s o r b e d  CO has  
been  oxid ized ,  t h e  p o t e n t i a l  r i ses  l i n e a r l y  as  t he  Pt  
su r face  becomes  cove red  w i t h  a m o n o l a y e r  of a d -  
so rbed  o x y g e n  a toms;  upon  comple t i on  of th is  
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Fig. 1. Representative anodic charging curves for the Pt bead 
showing oxidation of carbon monoxide. In oscillogram (a) PCO 
0.1 arm, in (b) PCO ~ 0.0037 atm. In each oscillogram the top 
trace was made in vigorously stirred solution, and the bottom trace 
was made in quiescent solution. Because of the faster sweep speed 
used in (b), the curve is expanded to show the lower CO plateau in 
more detail. Ea is the anodic potential. 

H20- '~  Oad s + 2H 1" 
j +2e-  - L  - I  

2 H20--~O 2 + 4H++ -q - I H 2 0 ~  Oods + 2H + + Ze I- 
+ 
COods - - ~  C02 

TIME 

Fig. 2. Sketch of a typical constant-current anodic charging 
curve obtained with a bright platinum electrode in 1M H2S04 
solution containing dissolved CO. The characteristics of the curve 
in the CO oxidation plateau region have been exaggerated to 
show fine detail. 

m o n o l a y e r ,  a n e w  p l a t e a u  ( l e f t - h a n d  s ide  of f i gu re ) ,  
w h i c h  ind i ca t e s  t h e  g e n e r a t i o n  of m o l e c u l a r  oxygen ,  
is r eached .  

P o t e n t i a l s  o b s e r v e d  on open c i r cu i t  and  in the  
v a r i o u s  p o r t i o n s  of t he  c h a r g i n g  c u r v e  a r e  s u m -  
m a r i z e d  in  T a b l e  I ( t he  l a t t e r  p o t e n t i a l s  w e r e  o b -  
t a i n e d  f r o m  m e a s u r e m e n t s  m a d e  on o s c i l l o g r a m s ) .  
T h e  so lu t ion  IR d rop  has  been  s u b t r a c t e d  f rom a l l  
p o l a r i z a t i o n  po ten t i a l s .  The  e r r o r s  i n d i c a t e d  a r e  
e s t i m a t e d  l im i t s  of e r ro rs .  The  r a t h e r  l a r g e  e r r o r  
l imi t s  shown  for  the  po t en t i a l s  a t  t h e  s t a r t  of  the  
CO and  O reg ions  a r e  p a r t i a l l y  due  to t he  fac t  t h a t  
these  po t en t i a l s  w e r e  d e p e n d e n t  on c u r r e n t  dens i ty ;  
t h e y  i n c r e a s e d  s l i g h t l y  w i t h  i nc r ea s ing  c u r r e n t  d e n -  
s i ty .  

Quantities of charge consumed in the CO oxida- 
tion region and in the oxygen  adsorption r e g i o n . -  
The  a m o u n t  of cha rge  t r a n s f e r r e d  in  t he  CO o x i d a -  
t ion  r eg ion  and  in  t he  o x y g e n  a d s o r p t i o n  r eg ion  
(Oads) was  c a l c u l a t e d  b y  t a k i n g  the  p r o d u c t  of c u r -  
r en t  d e n s i t y  and  c h a r g i n g  t i m e  ( the  t ime  r e q u i r e d  
to c o m p l e t e  t he  p a r t i c u l a r  o x i d a t i o n  process ,  as 
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Table I. Platinum bead potentials observed on open circuit and during anodic pulses 

A u g u s t  1964 

M e a s u r e d  p o t e n t i a l s , *  v 1.0 a t m  

P a r t i a l  p r e s s u r e  o f  C 0  

0.1 a t m .  0 . 0 0 3 7  a t m  0 a r m  

Open-circui t  rest potential  
Potent ial  at start of CO oxidation, Eco 
Difference between potential  at start  of CO 

oxidation and min imum potential  dur ing  
oxidation 

Potent ia l  at start of O atom adsorption region 
Potent ial  at start  of O2 evolution region 

0.36 _ 0.02 
1.25 _ 0.13 

0.10 _+ 0.01 
1.25 _+ .0.13 
1.81 • 0.08 

0.36 _ 0.03 0.36** 0.29 • 0.04 
1.18 _ 0.11 1.03"* 1.00 + 0.11 

0.08 + 0.01 0.07** 0:0 to 0.05 
1.25 • 0.14 1.03"* 1.09 • 0.11 
1.79 • 0.08 1.69"* 1.67 ___ 0.08 

* W i t h  r e f e r e n c e  to  t h e  N . H . E .  
** T o o  l i t t l e  d a t a  to  a l l o w  e s t i m a t i o n  o f  u n c e r t a i n t y .  

m e a s u r e d  on charg ing  curve  osc i l lograms) .  The  
amount ,  qco, of ca rbon  monox ide  oxidized in  the 
lower  p l a t eau  region  was ca lcula ted  by  t ak ing  the  
to ta l  n u m b e r  of coulombs per  squa re  cen t ime te r  
t r a n s f e r r e d  and  sub t r ac t ing  the  n u m b e r  of coulombs 
per  square  cen t ime te r  used to charge  the  double  
layer .  In  this  case, a l though  the  po ten t i a l  was  ap -  
p r o x i m a t e l y  cons tan t  over the  en t i r e  CO region,  the  
double  l aye r  capac i tance  changed  as the  l ayer  of 
adsorbed CO was removed.  The charge consumed,  
qd.l., in  cha rg ing  the doub le  l aye r  was  thus  g iven  by  
the  re l a t ion  

qd.1 .  = EAC (~cou l / cm 2) [1] 

where  E is the  po ten t i a l  in  volts  and  Z~C is the  
change  in  capaci tance  in  # f d / c m  2. Based on r e l a -  
t i ve ly  few m e a s u r e m e n t s ,  the  double  l ayer  capaci -  
t ance  of a P t  bead  covered wi th  CO is abou t  8 ~ fd /  
cm 2. The capaci tance  at the  end of the  CO reg ion  
should be tha t  of a c lean P t  electrode,  i.e., 40 j d /  
cm 2 (7) .  (This  assumes tha t  the CO2 formed  d u r i n g  
the  ox ida t ion  of CO ei ther  is no t  chemisorbed  or, if 
sorbed, leaves the surface  rap id ly . )  Hence,  • = 
32 ~ f d / c m  2. 

The a m o u n t  of charge,  qo, used in  ox ida t ion  p ro -  
cesses in  the  O a tom fo rma t ion  reg ion  was  ca lcu-  
la ted s imi lar ly ,  wi th  the  charge  going to the  double  
l ayer  be ing  sub t rac t ed  f rom the  to ta l  charge t r a n s -  
ferred.  In  this  case, the  double  l ayer  capaci tance,  C, 
was t aken  to be 40 ~ f d / c m  2 over  the  po ten t i a l  r a n g e  
t r an sve r sed  and  thus  

qd.l. = CAE (~cou l / cm 2) [2] 

600 "E.,453' ~ ' ~  . . . .  ~ ' qc~ . . . . .  
5 0 0 -  ~ Pco = 1 ATM 

400- -  (o) - -  

600 qco 
435 

5 0 C -  ~..~ ~ 4 0 0  A ?% . ~ . . . . . ~ , . ~ . . ~  Pco = 0.1 ATM -- 

- -  ~b)-- 

qco -- 

~#oc-- E~ j E3 l c l -  

o'- 6oc ~ qo - -  
-- 426 �9 no CO PLATEAU 

Pea = 0,1 ATM __ 
400 []  Pco = 0 ATM 

300 - (d)-- 

20000 1000 I0,000 
t (FSEC) 

Fig. 3. Amount of charge, qo or qco, transferred in each region 
of the anodic charging curves is plotted against the time required 
to complete the process in that region. 

Values  of qco and  qo ob t a ined  wi th  d i f ferent  CO 
pa r t i a l  pressures ,  Pco, are p lo t ted  in  Fig. 3 vs. charg-  
ing t ime  t; the shor tes t  charg ing  t imes  cor respond 
to the highest  c u r r e n t  densi t ies .  Each po in t  p lo t ted  
in  curves  (a) ,  ( b ) ,  and  (d) r ep resen t s  the  average  
of 4 to 16 d e t e r m i n a t i o n s  a nd  is u n c e r t a i n  by  abou t  
20 ~ c o u l / c m  2 (es t ima ted  s t a n d a r d  dev ia t ion)  for 
the plots of qco, and  30 ~ c o u l / c m  2 for the plot  of qo. 
Each po i n t  in  curve  (c) r ep re sen t s  an  i n d i v i d u a l  
de t e rmina t ion .  The a r i t hme t i c  m e a n  of the  first four  
points  of curves  (a ) ,  (b ) ,  and  (d)  [ the solid b lack  
circles on ly] ,  and  of all  the  poin ts  of cu rve  (c) a re  
r ep re sen t ed  by  hor izon ta l  l ines ;  the  n u m b e r s  ap -  
pea r ing  above the  l ines  a re  these  m e a n  va lues  in  
mic rocou lombs  per  square  cen t imete r .  

Mechan ism of  Carbon Monoxide  Oxidat ion  

D u r i n g  the ox ida t ion  of CO, the  a m o u n t  oxidized 
was p r i m a r i l y  tha t  a m o u n t  a l r eady  chemisorbed  on  
the  anode;  for the  lower  c u r r e n t  dens i ty  pulses  a 
s l ight  add i t iona l  a m o u n t  of CO m i g r a t e d  to the  elec-  
t rode  and  was  also oxidized. The fact  tha t  the  elec-  
t rode  po ten t i a l  changed  r e l a t i ve ly  l i t t le  as CO cov-  
erage  was  reduced  to zero suggested tha t  d i rect  
e lec t rochemical  ox ida t ion  of CO was no t  t ak ing  
place, for if it were,  the  po ten t i a l  would  be  expected 
to r ise more  sha rp ly  as the CO coverage  decreased.  
The resul t s  suggest  tha t  the  fo l lowing  processes m a y  
be  t ak ing  place at  the  p l a t i n u m  surface:  

I. Pt  + H 2 0 ~  P t - - O - F  2H + + 2 e -  

II. Pt  - -  O + P t - -  CO -~ Pt2 ' - -  CO2" 

III. P t 2 - -  CO2" -~ 2Pt  + CO2 [3] 

IV. COb ~ COd.1. 

V. Pt  + COd.1. "-> P t -  CO 

w he r e  P t -  signifies a species adsorbed  on Pt,  the 
subscr ip t  b is for the  species in  the b u l k  of the  so lu-  
t ion,  and  the  subsc r ip t  d.1. is for the  species i n  the  
double  layer .  I t  should be  r e m e m b e r e d  tha t  essen-  
t i a l ly  all  of the P t  sites are  n o r m a l l y  covered wi th  
CO before  appl ica t ion  of an  anodie  pulse.  

E x p e r i m e n t a l  resu l t s  i nd ica t e  t ha t  the  ra te  of step 
I is ev iden t ly  equa l  to or s lower  t h a n  step II;  o the r -  
wise, the  oxygen  c onc e n t r a t i on  wou ld  increase  wi th  
t ime, especial ly  for the fas ter  h i g h - c u r r e n t  sweeps, 
and  the  po ten t i a l  wou ld  s tead i ly  rise. [P rev ious  
work  (7) has d e m o n s t r a t e d  tha t  the  po ten t i a l  of P t  
in  this  reg ion  wi l l  be affected by  the  a m o u n t  of ad-  
sorbed O on the  surface . ]  The  flatness of the  CO 
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oxidation region at all sweep speeds indicates that 
the number of adsorbed oxygen atoms remains ef- 
fectively constant until all of the CO is removed. In 
addition, if step I were faster than II, an excess of 
adsorbed O could be formed at high current densi- 
ties, which would result in more coulombs being 
consumed than at low current density pulses. This 
is directly contrary to the experimental results ob- 
tained. 

Carbon monoxide oxidation took place at about 
i.0-1.2v, depending on CO partial pressure. This 
potential is near the low end of the oxygen atom 
adsorption region (0.88-1.76v) and supports the 
view that a small concentration of atomic oxygen is 
generated, which reacts with CO present on the 
electrode surface as fast as water is oxidized(step 
I). The fine structure of the charging curve in the 
CO region also supports this mechanism. For a dy- 
namic system involving a sequence of several inter- 
dependent reactions, it is quite reasonable (i0) that 
at the start of the reaction the concentration of a 
species may actually overshoot its ultimate steady- 
state concentration. After the double layer is charged 
by the pulse, the anode potential, which is believed 
to be a function of the atomic .oxygen concentration 
on the surface of the electrode, overshoots and falls 
rapidly to some lower value. This shows an instan- 
taneous excess of oxygen atoms on the surface. The 
oxygen atom concentration then falls to a lower 
steady-state value as the various reactant and prod- 
uct concentrations adjust themselves. Subsequently, 
when the degree of surface coverage, ,t?, of CO on the 
electrode is reduced to about 2/3, the anode poten- 
tial rises a little. This may represent a slight in- 
crease in the concentration of atomic oxygen which 
is required to maintain the oxidation reaction at the 
required rate as the CO coverage falls toward zero. 

Another interpretation of the initial overshoot is 
that, because of the high electrode surface coverage 
with CO, a small amount of adsorbed CO is initially 
electrochemically oxidized. This will make bare a 
sufficient number of Pt sites so that the oxidation of 
water to adsorbed oxygen atoms then occurs, with 
subsequent chemical reaction with adsorbed CO. 
This latter reaction would then be favored because 
it goes at a somewhat lower potential. 

Surface Coverage of Platinum with Carbon Monoxide 
Figu re  3 shows tha t  for a cha rg ing  t ime  longe r  

t h a n  abou t  1000 ~sec, as t inc reased  (i.e., as c u r r e n t  
dens i ty  decreased) ,  qco increased.  At  t imes  shor te r  
t h a n  abou t  1000 /~sec, qco r e m a i n e d  constant .  The  
va lue  of qco ob ta ined  at  the  shor tes t  cha rg ing  t imes  
represen t s  the  charge r e q u i r e d  to oxidize the  CO 
tha t  was adsorbed on  the electrode before  the  anodic  
pulse  was applied.  The  increased  qco observed  at  
longer  cha rg ing  t imes is due  to ox ida t ion  of no t  on ly  
the  i n i t i a l l y  adsorbed  CO bu t  also of the add i t iona l  
CO reach ing  the  surface  f rom the  s u r r o u n d i n g  so lu-  
t ion. 

The  n u m e r i c a l  va lues  g iven  in  Fig. 3 for the  
charge r equ i r ed  to oxidize adsorbed CO are g iven  
in  # c o u l / c m  2. Because  of the me thod  used to define 
surface  area, however ,  the  quan t i t i e s  ac tua l ly  com-  
pared  in  d e t e r m i n i n g  the  sur face  coverage  of P t  

w i th  CO are  the  coulombs r equ i r ed  to cover  the  s u r -  
face wi th  oxygen  atoms [420 /~coul/cm 2, based on 
the  me thod  used  in  ref. ( 7 ) ]  vs. the  coulombs re -  
qu i r ed  to oxidize CO adsorbed  on the  same surface.  
Since the  same appa ra tu s  was  used  to m e a s u r e  bo th  
quant i t i es ,  a n y  i n s t r u m e n t a l  er rors  wi l l  t end  to can -  
cel out, and  the  rat io of the  two va lues  should be 
m u c h  more  accura te  t h a n  e i ther  one ind iv idua l ly .  

The  solid circles p lo t t ed  in  Fig. 3 (d )  r ep re sen t  
va lues  of qo ob ta ined  f rom charg ing  curves  of c lean  
p l a t i n u m  (i.e., wi th  no CO adsorbed  on the  sur face)  
in  pu re  su l fur ic  acid solut ion.  The  a m o u n t  of charge 
t r a n s f e r r e d  r e m a i n s  cons tan t  for cha rg ing  t imes  up  
to 1000 #sec and  represen t s  the  charge r equ i r ed  to 
cover  the sur face  of the P t  bead  w i t h  oxygen  atoms. 
At  longer  charg ing  t imes,  qo increases  as some p ro -  
cess removes  oxygen  atoms f rom the  sur face  d u r i n g  
the  t ime  of the  pulse.  This  process could be the  com-  
b i n a t i o n  of oxygen atoms to form oxygen molecules, 
which could then diffuse into solution, or it could be 
the dissolution of adsorbed atoms into the bulk of 
the platinum. Since analysis of charging curves in 
quiescent solution and in rapidly stirred solution 
show no significant difference in qo, the second pro- 

cess is probably dominant. 
The area of the Pt bead was originally defined on 

the assumption that for each 420 #coul transferred 
(after correction for d.l. charging) in the oxygen 
atom adsorption region, 1 cm 2 of Pt area was cov- 
ered. The average of a number of later measure- 
ments, shown in Fig. 3(d), is 426 #coul/cm2; this 
shows the reproducibility of such measurements. 

Curves (a), (b), and (c) in Fig. 3 show that the 
amount of CO initially adsorbed on the surface of 
the anode increases somewhat with increasing CO 
partial pressure, and additional oxidizable material 

reaches the electrode at charging times longer than 
about  1000 #sec. In  Fig. 3 (c ) ,  for the  case P~o ~ O, 
the charge r equ i r ed  to oxidize CO adsorbed  at open-  
c i rcui t  res t  po ten t ia l s  of 0.3 to 0.4v was  essent ia l ly  
the  same as tha t  r equ i r ed  to deposi t  a m o n o l a y e r  of 
O a toms on the  P t  bead  w h e n  c lean  (428 ~cou l / cm e 
as compared  to 426 #cou l /cm2) ;  in  this  case CO 
coverage is e v i d e n t l y  u n i t y  (one  CO molecu le  per  
surface  P t  a tom) .  The charge  qco, is i n d e p e n d e n t  of 
charg ing  t ime  because  the re  is v i r t u a l l y  no add i -  
t iona l  CO in  the  so lu t ion  to be  adsorbed  on the  elec-  
t rode  d u r i n g  the  charg ing  pulse.  

For  CO pa r t i a l  p ressures  of 0.1 a n d  1.0 a t m  [Fig. 
3 (a)  and  ( b ) ] ,  sur face  coverage  increased  to abou t  
1.02 a nd  1.06 CO molecules  per  P t  atom, respec-  
t ively ,  i nd ica t ing  tha t  add i t iona l  CO phys ica l ly  ad -  
sorbs on the  base  chemisorbed  layer .  The  r e l a t i on -  
ship b e t w e e n  the phys ica l ly  adsorbed  CO and  CO 
pa r t i a l  p ressure  is, w i t h i n  e x p e r i m e n t a l  error ,  in  
accordance  wi th  H e n r y ' s  law. A t  these  pa r t i a l  p res -  
sures,  qco is l a rge r  at longer  cha rg ing  t imes  because  
s ignif icant  t r a n s p o r t  of CO f rom solu t ion  occurs. 

The  to ta l  a m o u n t  of CO oxidized d u r i n g  a charg-  
ing t ime  of 10,000 /~sec w h e n  Pco = 1 a t m  is 550 
#coul /cm2;  the  excess over  the  in i t i a l  surface  cover-  
age which  m u s t  have  m i g r a t e d  to the  surface d u r i n g  
the  cha rg ing  pulse  is 97 ~ c o u l / c m  2. The  cor respond-  
ing  excess for Pco ~ 0.1 a t m  and  0.0037 a rm is 68 
and  12 # c o u l / c m  2, respect ively .  
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To d e t e r m i n e  w h e t h e r  diffusion or adsorp t ion  of 
CO in  so lu t ion  was the  slow process l im i t i ng  the  
ra te  of increase  of qco as the  cha rg ing  t ime  i n -  
creased, cha rg ing  curves  were  ob ta ined  for bo th  
qu iescent  and  v igorous ly  s t i r red  solut ion.  Since the  
ra te  of diffusion could be i n d e p e n d e n t  of ra te  of 
s t i r r ing  if the  diffusion l ayer  were  sufficiently th in ,  
0.0037 a tm  CO was used in  these  e x p e r i m e n t s  to 
confirm the resul ts  ob ta ined  wi th  h igher  CO pres -  
sures. Whi le  the  th ickness  of the diffusion l aye r  is 
an  u n c e r t a i n  quan t i ty ,  p a r t i c u l a r l y  u n d e r  the condi -  
t ions  of this  expe r imen t ,  it was most  ce r t a in ly  th ick  
enough  to be affected by  the s t i r r ing  r a t e  used. At  
0.0036 a t m  CO, the v o l u m e  of so lu t ion  tha t  conta ins  
enough  CO to con t r ibu t e  the excess of qco observed 
(12 ~ c o u l / c m  2) m a y  be computed ,  and  f rom this  the  
th ickness  of a r ea sonab le  diffusion l aye r  m a y  be 
computed.  The  l ayer  was ca lcula ted  to be abou t  1.4 
m m  thick  in this,  the  most  d i lu te  so lu t ion  used. 2 This  
resu l t  is subs t an t i a l l y  l a rge r  t h a n  the va lue  u sua l l y  
assumed  (about  0.2 m m  in a sys tem wi th  n a t u r a l  
convect ion  and  a ver t ica l  e lect rode)  (12) .  

To min imize  e x p e r i m e n t a l  errors,  charg ing  curves  
were  a l t e rna t e ly  ob ta ined  for s t i r red  and  u n s t i r r e d  
solut ion.  Unde r  no condi t ions  did the  average  va lues  
of qco in  s t i r red  and  u n s t i r r e d  so lu t ion  show s ign i -  
ficant differences,  no r  were  the average  va lues  con-  
s i s ten t ly  h igher  in  s t i r red  solut ions  t h a n  those in  
u n s t i r r e d  solut ion.  F igure  1 shows typ ica l  resul ts .  
In  each of these osci l lograms the bo t tom curve  was 
t aken  in  qu iescen t  solut ion,  and  the  top curve  was  
t aken  in  so lu t ion  which  was  s t i r red  w i th  gas flow 
ra tes  wel l  in  excess of 1000 m l / m i n .  The  fact t h a t  
the ra te  of t r ans fe r  of CO to the e lect rode is i nde -  
p e n d e n t  of s t i r r ing  rate,  even  in  v e r y  d i lu te  so lu-  
t ions, shows tha t  some process is s lower  t h a n  diffu-  
sion of CO (step IV, Eq. [3 ] ) .  The most  p robab le  
r a t e - c o n t r o l l i n g  step is the adsorp t ion  of CO (step 
V, Eq. [3] )  on the sur face  of the electrode.  

The diffusion coefficient, Dco, for CO wou ld  be 
expected to be close to tha t  of N2, 2.25 x 10 -5 cm2/ 
sec at 25~ (13).  Us ing  this  va lue  for Dco and  as-  
suming ,  as a first app rox ima t ion ,  tha t  the  condi t ions  
of semi - in f in i t e  l i nea r  diffusion (3-5, 14) prevai l ,  
t h e n  the a m o u n t  of CO which can diffuse to the 
e lect rode in  the  t ime  of a cha rg ing  pulse, qdiff, m a y  
be calculated.  Expressed  in  t e rms  of coulombs and  
for the  case w h e r e  Pco = 1.0 atm, this  q u a n t i t y  be -  
comes 

qdiff = 0.96 X 10 -3 t I/2 cou l / sec -1 /2 /cm -2 [4] 

Equa t i on  [4] can give on ly  a rough  a p p r o x i m a t i o n  
of qdiff, however ,  because  one of the a s sumpt ions  
u n d e r l y i n g  its use is tha t  the  concen t r a t i on  of the  
oxidizable  subs tance  at the electrode is equa l  to 
zero as soon as electrolysis  has s tar ted.  In  our  case, 
this is no t  t r ue  un t i l  the  end of the  CO region.  Thus  
surface coverage,  8co, wi l l  be v a r y i n g  b e t w e e n  1 and  
0 as the  CO region  is t raversed ,  and  because  the  

e T h i s  a s s u m e s  t h a t  t h e  c o n c e n t r a t i o n  of CO in  t h e  s a t u r a t e d  1M 
H.~SO4 s o l u t i o n  u n d e r  1 a t m  p a r t i a l  p r e s s u r e  is  9 • 10-7 m o l e / c m  a 
(11) ,  t h a t  t h e  c o n c e n t r a t i o n  of CO u n d e r  0.0037 a t m  c a n  b e  c a l c u -  
l a t e d  by  H e n r y ' s  l a w ,  t h a t  t h e  P t  b e a d  is a s p h e r e  w h o s e  t r u e  a r e a  
is t w i c e  i ts  g e o m e t r m  a r e a ,  t h a t  t h e  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  
d i f fus ion  l a y e r  is  l i n e a r ,  a n d  t h u s  t h a t  t h e  t h i c k n e s s  of t h e  d i f fu -  
s ion  layer  is t w i c e  t h e  t h i c k n e s s  of  t h e  l a y e r  w h i c h  h o l d s  su f f i c i en t  
CO to  a c c o u n t  f o r  t h e  excess  qco o b s e r v e d .  

a m o u n t  of ex t r a  CO be ing  adsorbed  on the e lect rode 
is smal l  compared  to the  a m o u n t  in i t i a l ly  present ,  
~co wi l l  v a r y  a lmost  l i n e a r l y  w i th  t / tco,  w he re  t is 
the  t ime  elapsed af ter  the s ta r t  of CO ox ida t ion  and  
tco is the  tota l  cha rg ing  t ime  for the  CO oxida t ion  
p la teau .  On the  average,  then ,  d u r i n g  the  t ime  of 
the  charg ing  pulse  in  the CO oxida t ion  reg ion  8co 
wi l l  be abou t  1/2, and  to a first a p p r o x i m a t i o n  the  
a m o u n t  of CO which  wou ld  diffuse to the  electrode 
u n d e r  these condi t ions  migh t  be abou t  (1/2) qdiff as 
ca lcu la ted  f rom Eq. [4] or 48 # c o u l / c m  2 for a 
charg ing  t ime  of 104 #sec w h e n  Pco = 1 atm.  The 
ac tua l  aqco observed was 97 # c o u l / c m  2, and  since 
this  was shown to be adsorp t ion  l imi ted ,  the  ra te  of 
diffusion mus t  be  even  larger .  Therefore ,  in  order  
to fit Eq. [4] to the  e x p e r i m e n t a l  resul ts ,  one would  
have  to a s sume  tha t  the  diffusion coefficient of CO 
in  1M H2SO4 is app rec i ab ly  h igher  t h a n  the va lue  
used. The  a l te rna te ,  and  more  l ike ly  possibi l i ty ,  is 
tha t  this  adap ta t ion  of the  s emi - in f in i t e  l i nea r  diffu-  
s ion equa t ion  to this  sys tem is no t  valid.  

The Oxygen Atom Adsorption Region 
The n u m b e r  of coulombs per  squa re  cen t ime te r  

t r a n s f e r r e d  in the  oxygen  a tom adsorp t ion  reg ion  is 
g iven  in  Fig. 3 (d) .  For  a c lean  P t  surface  in  H2SO4 
and  for charg ing  t imes  less t h a n  1000 /~sec, qo is 
cons tan t  and  r ep resen t s  the charge r equ i r ed  to de-  
posit  a s ingle  mono l a ye r  of O a toms on the  surface,  
g iv ing  at 1 : 1 cor respondence  b e t w e e n  O and  P t  su r -  
face atoms. The va lues  of qo for solut ions  c o n t a i n -  
ing CO is i n d e p e n d e n t  of CO pa r t i a l  pressure ,  sug-  
ges t ing  tha t  the  increase  in  qo at long  charg ing  
t imes  is no t  due to adsorp t ion  and  ox ida t ion  of ad -  
d i t iona l  CO on the  surface.  This  is conf i rmed by  the 
fact tha t  qo is i n d e p e n d e n t  of s t i r r ing  rate,  which  
s t rong ly  indicates  tha t  in  the  po ten t i a l  r ange  of 1.3 
to 1.8v, CO is not  adsorbed on Pt. The increase  in  
qo to over 426 ~ c o u l / c m  2 at t imes  longer  t h a n  1000 
/~sec is a t t r i bu t ed  to absorp t ion  of some of the  O 
atoms fo rmed  in to  the sur face  layers  of P t  (15),  
f ree ing  fresh surface  for the  ox ida t ion  of add i t iona l  
water .  

For  charg ing  t imes  less t h a n  1000 /~sec, qo de-  
creases s teadi ly  to va lues  ind ica t ing  fo rma t ion  of 
less t h a n  one m o n o l a y e r  of oxygen  atoms. I t  is sug-  
gested tha t  this is due  to b lock ing  of pa r t  of the  su r -  
face by  CO2, which  is fo rmed  in  the  CO oxida t ion  
region,  and  which  has not  had  t ime  to diffuse away  
f rom the  surface.  The fact tha t  the qo e q u i v a l e n t  to 
a fu l l  m o n o l a y e r  is ob ta ined  at  cha rg ing  t imes  of 
about  1000 ~sec indica tes  tha t  by  this  t ime  r e mova l  
of CO2 mus t  be essen t ia l ly  complete.  
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Technical Notes 

Constancy of a Modified Weston Standard Cell 
over Long Periods 

W. C. Vosburgh 

Department of Chemistry, Duke University, Durham, North Carolina 

and Roger G. Bates 

National Bureau of Standards, Washington, D. C. 

In  1937 it was shown  tha t  the  combina t i on  of two 
a l te ra t ions  in  the  cons t ruc t ion  of the s a tu ra t ed  
Weston  cell gave a cell w i th  a t e m p e r a t u r e  coeffi- 
c ient  b e t w e e n  a q u a r t e r  and  a t h i rd  of tha t  of the  
sa tu ra t ed  Wes ton  cell and  opposite i n s i g n  (1) .  The 
two a l t e ra t ions  were  the  s a tu r a t i on  of the e lec t ro ly te  
wi th  CdSO4-Na2SO4-2H20 as wel l  as CdSO~-8/3H20 
(wi th  excess of bo th  salts)  and  the  add i t ion  of 
enough  Bi to the  Cd a m a l g a m  to give a t h r e e - p h a s e  
a m a l g a m  (2) .  The  cells were  r ep roduc ib le  and  were  
of sa t i s fac tory  cons tancy  over  a per iod  of 2-2.5 years  
(3) .  W h e n  4 of the cells were  m o u n t e d  in  wooden  
boxes and  m a i n t a i n e d  at  va r i ab l e  room t e m p e r a t u r e  
(20-28~ over  a per iod  of 8 m o n t h s  no va r i a t i on  
la rger  t h a n  0.01% (0.1 m v )  of the  emf was  ob-  
served (3) .  

Some of the e x p e r i m e n t a l  cells have  b e e n  used as 
pract ica l  s t anda rds  w i thou t  special  t e m p e r a t u r e  
r egu la t ion  for over  20 years.  The records of 5 cells 
are ava i l ab le  and  show v e r y  sa t is factory  constancy.  
Cells 749 and  754 were  used in  the  A n a l y t i c a l  
Chemis t ry  Divis ion  of the Na t iona l  B u r e a u  of 
S tandards ,  and  cell 756 was kept  there  u n u s e d  and  
in  an  u n m o u n t e d  condi t ion.  Cells 752 and  753 were  
used in  the  Chemis t ry  D e p a r t m e n t  of Duke  U n i v e r -  
sity. The va r i a t i on  of emf over  a per iod  of 26 years  
is shown in  Tab le  I. I n  co lumns  2 and  3 is g iven  the  
emf m e a s u r e d  at Duke  U n i v e r s i t y  in  1937 a nd  in  

Table I. Constancy of emf for 26 years 

E m f  a t  25~ v 
Ce l l  
No.  1937 1943 1961 ] 963 1963 

749 1.01875 1.01873 1.01880 1.01871 1.01874 
752 1.01875 - -  - -  1~1875 1.01873 
753 1.01875 1.01873 - -  1.01876 1.01874 
754 1.01873 - -  1.01872 1.01876 1.01876 
756 1.01872 1.01868 1.01863 1.01866 1.01871 

1943 at 25~ aga ins t  ca re fu l ly  cont ro l led  s tandards .  
Values  of the  emf in  " i n t e r n a t i o n a l  vol ts"  recorded 
pr ior  to 1948 have  been  conver ted  to "abso lu te  volts"  
by  m u l t i p l y i n g  by  the factor  1.00033. M e a s u r e m e n t s  
in  1961 by  d i rec t  compar i son  wi th  the  s t anda rds  of 
the Na t iona l  B u r e a u  of S t a nda r ds  gave the  data  in  
co lumn  4, and  s imi la r  m e a s u r e m e n t s  in  1963 gave 
the da ta  in  c o l u m n  5. Values  in  co lumn  6 were  ob-  
t a ined  in  the  A n a l y t i c a l  C he mi s t r y  Divis ion  wi th  
respect  to l abo ra to ry  re fe rence  cells certified in  
t e rms  of the  NBS s t anda rds  and  are inc luded  to give 
an  idea of the s h o r t - t i m e  va r i a b i l i t y  u n d e r  such 
condi t ions  as f luc tua t ing  room t e m p e r a t u r e ,  m e -  
chan ica l  d i s tu rbances  due  to moving ,  a nd  the l ike.  

The modified Wes ton  cell con ta in ing  Na2SO4 and  
Bi is much  more  n e a r l y  cons tan t  in  emf over  long 
per iods t h a n  the  u n s a t u r a t e d  cell, whose  emf has 
been  found  to decrease by  20-85 ~v per  yea r  (4) .  
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The t e m p e r a t u r e  coefficient of the  modified Wes ton  
cell is on ly  +0.013 m v  deg -1 over  the  room t e m -  
p e r a t u r e  range ,  or about  o n e - q u a r t e r  tha t  of the 
Wes ton  n o r m a l  cell at 25~ Special  t e m p e r a t u r e  
r egu la t ion  is therefore  u n n e c e s s a r y  for m a n y  p u r -  
poses. 

Manuscript  received February  21, 1964. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Alkali Metal Voltaic Cells 
D. C. Hamby, B. W .  Steller, 1 and J. B. Chase 2 

Linfield Research Institute, McMinnville, Oregon 

The u t i l i za t ion  of the a lkal i  meta l s  Na and  Li as 
anodic  r eac tan t s  in  vol ta ic  cells has long been  of 
in te res t  to the  e lec t rochemis t  (1-8) .  A m o n g  the r ea -  
sons cited for no t  exp lo i t ing  the  f avorab le  p rop -  
ert ies  of these ma te r i a l s  in  prac t ica l  cells are:  (a)  
the  difficulty of p r e v e n t i n g  undes i r ab l e  side reac-  
t ions;  and  (b)  the difficulty of res t r i c t ing  the reac -  
t ions  of the a lka l i  me ta l  to the anode (9) .  A p ro -  
posed so lu t ion  to these p rob lems  is to use cells of 
the  type  

Alka l i  Metal  Nonporous  
Al loy Anode  M e m b r a n e  

Mol ten  Salt  Cathode 
Elec t ro ly te  

(charge  t r a n s -  
por t  by  a lka l i  
me ta l  ions)  

This paper  describes severa l  cells of this  type  
which  have  been  cons t ruc ted  and  tes ted in  this  
l abora tory .  Cell character is t ics  and  res i s t iv i ty  da ta  
on m e m b r a n e  ma te r i a l s  are given.  

Experimental 
The outer  cell enve lope  consisted of two parts ,  a 

c losed-end  Vycor  t ube  and  a P y r e x  top (Fig. 1). 
The Vycor  tube  was 64 m m  in d iameter ,  45-60 cm 
long, and  f langed at the  open end;  the  P y r e x  top, 
also fash ioned f rom 64 m m  tub ing ,  had a m a t c h i n g  
flange and  t u b u l a r  openings  t h rough  which  elec-  
trodes, t he rmocoup le  tubes,  and  s amp l ing  tubes  
could be i n t roduced  into the  cell. W h e n  assembled,  
the  glass flanges were  separa ted  by  a Tygon  gasket  
and  c lamped  toge ther  by  meta l  clamps.  The var ious  
cell components ,  which  en te red  t h rough  the  cell 
top, were  coupled by  means  of r u b b e r  t u b i n g  of ap -  
p ropr ia te  sizes to the t u b u l a r  openings  in  the P y r e x  
top. Thus  the cell was  air  t ight  d u r i n g  operat ion.  

A n  i n n e r  c ruc ib le  of Vycor, 51 m m  in d i ame te r  
and  10-15 cm high, con ta ined  the  electrolyte .  This  
i n n e r  c ruc ib le  was used as a safe ty  factor  and  be -  
cause of the fact tha t  solidif ication of the  me l t  u s u -  
a l ly  caused c rack ing  of the e lec t ro ly te  conta iner .  
An  add i t iona l  f ea tu re  which  p roved  usefu l  was  the 

1 P resen t  address :  Tek t ron ix ,  Inc.,  Beaver ton ,  Oregon.  

~ P r e s e n t  address :  Lawrence  Radia t ion  Labora tory ,  Livermore,  
California. 

Fig. 1. Cell envelope: A, openings in Pyrex top for cell com- 
ponents; B, Vycor tube; C, outer Vycor envelope; D, Vycor con- 
tainer for melt. 

i n d e p e n d e n t  Vycor  tube,  l abe led  B in  Fig. 1. Be-  
cause the  Vycor enve lope  was  i m m e r s e d  in  the  m a i n  
fu rnace  on ly  to a depth  of 10 cm evapora ted  salt  con-  
densed  on the ins ide  of t u b e  B, this  salt  could be r e -  
t u r n e d  to the crucible,  D, by  ra i s ing  the  cell t e m -  
p e r a t u r e  a n d / o r  u t i l i z ing  a u x i l i a r y  hea t ing  coils 
a r o u n d  B. 

Al l  salts used in  e lec t ro ly te  p r e p a r a t i o n  were  r e -  
a ge n t  grade.  The salts CaC12, NaC1, KC1, and  LiC1 
were  v a c u u m  oven  dr ied  and  s tored in  sc rew-cap  
bot t les  un t i l  used. NiC12 r equ i r ed  f u r t he r  d ry ing  
t r e a t m e n t ;  HC1 was passed over  the  oven  dr ied  
powder  for severa l  hours  at 400~ F i n a l  dehy -  
d ra t ion  of each me l t  was car r ied  out  af ter  m i x i n g  
the oven  dr ied  salts by  ch lo r ina t ing  the  m o l t e n  
salts in  the  presence  of ca rbon  for at least  1 hr  (10).  
In  the cases w he r e  Ni was  used as a cathode gr id 
mate r ia l ,  dry,  o x y g e n - f r e e  a rgon  was used to purge  
chlor ine  f rom the  enve lope  and  to m a i n t a i n  an  ine r t  
a tmosphere  in  the enve lope  and  over  the anode 
al loy d u r i n g  cell opera t ion .  
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Table I. Membrane materials 

Fabrication Firing 
Sample No. or name Practical composition, w/o Actual analysis, w/o (procedure) temp, ~ 

8 Spodumene 74.2 SiO2 57.9 Wet  milled, slip cast 1000 
Edgar  Plastic A1203 30.7 

Kaolin 7.0 Li20 7.7 
Tenn. No. 1 Fe~O3 2.0 

Ball Clay 7.0 F 4.1t 
LiF  11.8 

9 Glass F, Fr i t ted  69.5 SiO2 50.5 Wet milled, slip cast 1065 
Tenn. No. 1 

Ball Clay 17.1 
Georgia Kaolin 13.4 
LiCO3 38.0 1100 
Georgia Kaol in  62.0 

A1203 41.6 
Na203 6.6 

11 Li20 20.2 Sintered, wet  milled, 
SiO 42.5 spray dried, pressed 
A120 35.5 
Fe~O3 0.3 
TiO2 0.8 
Na20 0.2 
K20 0.3 

12 Spodumene 80.0 Wet milled, spray dried, 115.0 
Glass E, Fr i t ted  20.0 pressed 

Glass E SiO2 76.1 Dry milled, fired, pul-  1200 
A1203 8.1 ver ized for fr i t  
Li20 15.8 

Glass F Na2SiO~ 26.8 Dry milled, fired, pul-  1250 
A1203 22.4 ver ized for f l i t  
SiO2 24.5 
Tenn. No. 1 

Ball Clay 11.3 
Georgia Kaolin 14.9 

Penber thy  Glass 

Labrie  and L a m b t t  

SiO2 78.6 
Na20 19.4 
A1203 0.9 
K20 0.1 
CaO 0.0 
Fe203 0.08 

Drawn from melt 

t Fluorine was determined in a second and independent analysis. 
t~ Procedure for preparation given in original reference (11). 

T u b u l a r  anode  m e m b r a n e s ,  closed at one end, 
w e r e  used in all  cells. F a b r i c a t i o n  i n f o r m a t i o n  for  
the m e m b r a n e s  is g iven  in Tab le  I, w a l l  t h i c k -  
nesses are  inc luded  in Tab le  II. W h e n  possible,  the  
m e m b r a n e  tubes  w e r e  fused  d i r ec t ly  to glass tubes  
wh ich  a l l owed  pos i t ion ing  of the  m e m b r a n e s  f r o m  
outs ide  the  enve lope .  In  cases in w h i c h  a m e m b r a n e  
could not  be sea led  to glass because  of diff icul ty in 

m a t c h i n g  coefficients of expans ion ,  a Vycor  baske t  
a t t ached  to a Vycor  tube  was  used to suppor t  the  
m e m b r a n e  (see Fig. 2).  Sof t  glasses used  as m e m -  
b r a n e  m a t e r i a l s  w e r e  suppor t ed  by bo th  a Vycor  
baske t  and a porous  c ruc ib le  (Nor ton ,  RA98 99% 
a l u m i n u m  oxide,  pa r t i c l e  r e t e n t i o n  20~) wh ich  
p r e v e n t e d  sagg ing  of the  glass m e m b r a n e  du r ing  the  
e x p e r i m e n t  (see Fig. 3).  

Table I1. Cell Data 

Electrolyte, Operating Open-circuit 
Cell No. Anode alloy Membrane mole % Cathode temp, ~ voltage, v Cell life 

III Na (Sn)  Sodium aluminosil icate NaC1 46 Ni 730 1.85 (1.3 a /o  Na) 3 hr  
(Labrie  and Lamb),  1 CaC12 45 
mm wall  NiC12 9 

VI L i (Sn)  Li th ium aluminosilicate, LiC1 45 Ni 500 to 900 1.5 (730~ and 1 22 hr  in te rmi t -  
Sample  No. 8, 2 mm KC1 45 a /o  Li) tent ly  over  5 
wal l  NiC12 10 day period 

XV Li (Sn)  Li th ium aluminosilicate,  LiC1 100 C12, C 720 2.43 (1 a /o  Li) 26 hr  
Sample  No. 12, 2 mm 
wal l  

XI I  Na (Sn)  Penber thy  soda glass, 1 NaC1 100 CI2, C 820 2.35 (1 a /o  Na) 15 hr  
mm wal l  

VII Na(Sn)  Sodium aluminosilicate,  NaC1 45 Ni 680 1.6 at (1 a /o  Na) 11 hr  
Sample  No. 9, 1 mm KC1 45 
wal l  NiC12 10 
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Fig. 2. Design of hard membrane electrode; used only in cases 
in which the hard membrane could not be sealed to glass. 

Each anode was p r epa red  by  p lac ing  a we ighed  
q u a n t i t y  of t in  in  the m e m b r a n e  t ube  before  cell 
assembly.  The a l loy was  t h e n  p r e p a r e d  in situ by  
electrolysis  a f ter  the cell had reached  ope ra t ing  
t empe ra tu r e .  Al loy  concen t ra t ions  were  ca lcula ted  
by  F a r a d a y ' s  law. Elec t r ica l  contac t  was  m a d e  to 
the anode  by  means  of 1 m m  d i ame te r  m o l y b d e n u m  
or t u n g s t e n  rod. No mechan ica l  s t i r r ing  was  a t -  
t empted  in  the  anode compar tmen t .  

Nickel  grids consisted of cy l indr i ca l  sheet  or 
screen placed s y m m e t r i c a l l y  a r o u n d  or n e a r  the  
anode  tube.  Electrodes consis t ing of porous  ca r -  
bon tubes  th readed  and  cemen ted  to nonporous  
g raph i te  tubes  se rved  as chlor ine  cathodes.  U n d e r  
the h igh  t e m p e r a t u r e  and  corrosive condi t ions  of 
cell opera t ion  no coat ing of the  chlor ine  cathodes  
was a t t empted .  Both Speer  Ca rbon  C o m p a n y  No. 
7716 and  Na t iona l  Ca rbon  Company ,  grade  No. 60, 
porous  ca rbon  were  used to cons t ruc t  ch lor ine  e lec-  
trodes.  

The  resis t iviUes of va r ious  m e m b r a n e  ma te r i a l s  
l is ted in  Tab le  I were  m e a s u r e d  u n d e r  an  ine r t  a t -  
mosphere .  Solid cy l indr ica l  samples  were  coated on 
the ends w i th  g raph i t e  and  placed b e t w e e n  ca rbon  
steel electrodes.  C h r o m e l - A l u m e l  the rmocoup les  
placed in  contact  w i th  the  sample  surface  were  used 
to control  and  record the  sample  t empe ra tu r e .  Re-  
s is tances were  measu red  w i th  an  ESI  1000-cycle r e -  
s is tance br idge.  

Cell character is t ics  which  were  m e a s u r e d  were  
(a) open -c i r cu i t  vol tage,  (b)  i n s t a n t a n e o u s  po l a r -  
ization, (c) t ime  d e p e n d e n t  polar iza t ion ,  (d)  e n e r g y  
efficiency, (e) u t i l i za t ion  of anode reac tan t ,  and  (f) 

MEMBRANE 
TUBE 

ROD 

ALLOY 

~UM CUP 

4 12mm~ 
Fig. 3. Design of soft glass membrane electrode 

cell life. E n e r g y  efficiency and  r eac t an t  u t i l i za t ion  as 
used in  this paper  are defined as fol lows 

f1 ( t ) discharge  V ( t ) dt 
E n e r g y  efficiency ( % ) X 100 

f I  ( t ) charge V ( t ) dt 

f I ( t )  discharge  dt  
Ut i l i za t ion  ( % )  = • 100 

f I ( t )  charge dt 

where  I ( t )  is cell cu r ren t ,  V ( t )  is t e r m i n a l  po t en t i a l  
difference, and  t is t ime.  

The procedure  used in d e t e r m i n i n g  e n e r g y  effi- 
c iency and  u t i l i za t ion  m a y  be discussed w i t h  r e fe r -  
ence to Fig. 4. The  cell was first cycled t h rough  
severa l  charge a nd  discharge  cycles. Each charg ing  
cycle was car r ied  out at  cons tan t  c u r r e n t  for a 
definite per iod  of t ime, 500 m a  for  10 m i n  for cell 
VI. D u r i n g  each discharge  cycle the  cell  c u r r e n t  
was  decreased s tepwise  f rom 250 ma  to 100 ma  to 50 
ma  as the  anodic  r eac t an t  was deple ted;  however ,  
each cycle was  t e r m i n a t e d  w h e n  the  t e r m i n a l  po-  
t en t i a l  had  reached  0.5v at 50 ma  cell cu r ren t .  Thus,  
a f ter  es tab l i sh ing  a cycle, da ta  such as t ha t  shown 
in  Fig. 4 and  6 were  recorded.  The  a s sumpt ion  was 
made  tha t  the  a l loy concen t r a t i on  was u n i q u e l y  
d e t e r m i n e d  by  the electrode po ten t i a l  at a pa r t i cu l a r  
c u r r e n t  densi ty .  C u r r e n t  densi tes  were  ca lcula ted  
on the  basis  of a p p a r e n t  sur face  areas of the  e lec-  
trodes.  

Results and Discussion 

Selected cell da ta  are g iven  in  Tab le  II and  in 
Fig. 4 t h rough  6; both  solid ( sod ium or l i t h ium 
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Fig. 4. Time dependent polarization data for cell VI. Both total 
cell currents and apparent anodic current densities are given. Two 
complete cycles are shown. The straight lines indicate the charging 
process and the lower curves the discharge process. Efficiencies and 
utilizations are stated for each individual cycle: utilization, e, 
97%, I ,  95%; energy efficiency, e, 45%, I ,  50%; temperature, 
610~ 

a luminos i l i ca te  ceramics)  and  semi solid (glass)  
m e m b r a n e  ma te r i a l s  are represen ted .  Resis t iv i t ies  of 
the  m e m b r a n e  ma te r i a l s  descr ibed  in  Table  I are  
p lo t ted  in  Fig. 7 as func t ions  of 1 / T ~  Resis t ivi t ies  
e s t ima ted  f rom i n s t a n t a n e o u s  po la r iza t ion  da ta  for 
cell VI as g iven  in  Fig. 5 were  in  essent ia l  agree -  
m e n t  wi th  the da ta  of Fig. 7 in  the  r ange  720 ~ 
840~ 

The m a x i m u m  con t inuous  anodic  c u r r e n t  dens i ty  
recorded at  a t e r m i n a l  po ten t i a l  difference grea te r  
t h a n  lv ,  42 m a / c m  ~, was  observed  d u r i n g  the  tes t -  
ing of cell I I I  which  u t i l ized  a sod ium a luminos i l i -  
cate m e m b r a n e  f ab r i ca t ed  by  Labr i e  and  L a m b  n.  
Wal l  th ickness  of this  m e m b r a n e  was  1 ram. 

The l i t h i u m  a luminos i l i ca t e  ceramics,  used in 
cells VI and  XV were  of i n t e re s t  because  of the i r  
low res i s t iv i ty  (see Fig. 7) and  good mechan i ca l  
s t r eng th  at t e m p e r a t u r e s  up  to 900~ F u r t h e r m o r e ,  
it was observed  tha t  the  l i t h i u m  ceramics  were  less 
subjec t  to chemical  a t t ack  by  the  l i t h i u m  anode 
alloys t h a n  were  the  sod ium ceramics  by  the  cor-  
r e spond ing  sod ium alloys. The effect of chemical  
a t t ack  on the  sod ium ceramics  was  a sur face  b l a c k -  
en ing  which  was observed  in  one case to have  
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Fig. 5. Instantaneous polarization For cell VI. The circled num- 
bers indicate the chronological sequence of data taking. 
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Fig. 6. Time dependent polarization data for cell VIII .  Both 
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Fig. 7. Resistivity data for the materials listed in Table I 

p e n e t r a t e d  to a dep th  of 0.1 m m  af ter  be ing  ex -  
posed to a 1 a / o  ( a tom per  cent)  Na in  Sn al loy 
for 11 hr  at  680~ S i mi l a r  b l a c k e n i n g  was no t  
observed  wi th  the  l i t h i u m  ceramic  ma te r i a l s  at 
comparab le  a l loy concen t ra t ions  and  t empera tu re s .  
Chemica l  a t tack  was  e x t r e me  in  the  case of the  
P e n b e r t h y  glass m e m b r a n e  used in  cell XII  at 
820~ The glass was b l a c ke ne d  t h r o u g h o u t  its 1 
m m  wal l  th ickness  af ter  15 hr  of cell opera t ion  
and  cell res i s tance  had  increased  to five t imes  its 
in i t i a l  value .  

No direct  m e a s u r e m e n t  of ceramic  or glass m e m -  
b r a n e  porosit ies was  a t t empted ;  however ,  obser -  
va t ion  of the  depth  of p e n e t r a t i o n  of Ni ++ ions 
into the  m e m b r a n e  offered a qua l i t a t i ve  means  of 
j u d g i n g  porosi ty.  In  the  case of the glass m e m -  
b r a n e s  and  the  sod ium ceramic  m e m b r a n e s  p e n e -  
t r a t i on  was neg l ig ib le  and  caused only  a l ight  
surface  colorat ion.  The l i t h i u m  a luminos i l i ca te  
m e m b r a n e  of cell IV was  observed to have  been  
p e n e t r a t e d  to a depth  of a p p r o x i m a t e l y  1/2 m m  of 
the 2 m m  wal l  in  26 hr. The resu l t  was  typica l  for 
m e m b r a n e s  of this  type,  
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The life t e r m i n a t i o n  m e c h a n i s m  for ceramic  
m e m b r a n e  cells was, in  every  case, c rack ing  of the  
m e m b r a n e .  Crack ing  was  ind ica ted  e x p e r i m e n t a l l y  
by  fa i lu re  of the  cell to charge p rope r ly  or to hold 
charge;  in  most  cases, close e x a m i n a t i o n  of the 
m e m b r a n e s  af ter  d i s m a n t l i n g  the  cells disclosed 
vis ib le  cracks. Crack ing  was observed both  in  the  
presence  and  in  the  absence  of ions fore ign  to the  
m e m b r a n e  in  the  melt ,  and  the  l i fe t ime before  
c rack ing  va r i ed  widely.  The exact  cause for m e m -  
b r a n e  c rack ing  r e m a i n s  u n d e t e r m i n e d .  A l though  
the  glass m e m b r a n e s  did no t  crack,  an  increase  in  
res i s t iv i ty  w i th  t ime  was observed,  l ead ing  to l i m -  
i ted l i fet ime.  

The dev ia t ion  of cell r e ac t an t  u t i l i za t ion  f rom 
100% is a t t r i b u t e d  to (a) vola t i l iza t ion,  (b)  side 
react ions  w i th  the m e m b r a n e  mater ia l s ,  (c) reac-  
t ion  of the a lka l i  me t a l  wi th  r e s idua l  r educ ib le  
gases in  the m e m b r a n e  tube,  and  (d) lack of s t i r -  
r ing  in  the anode c o m p a r t m e n t .  

I t  is conc luded  tha t  f u r t he r  i m p r o v e m e n t s  of the 
life and  pe r fo rmance  of m e m b r a n e  cells of the  type  
descr ibed depend  p r i m a r i l y  on i m p r o v e m e n t  of the  
res i s t iv i ty  and  mechan i ca l  s t ab i l i ty  of the  conduc t -  

i n g  m e m b r a n e  mater ia l .  The resul t s  of this work  
demons t r a t e  tha t  ha rd  ceramic  m e m b r a n e s  h a v i n g  
res is t iv i t ies  of 20 o h m - c m  or less can be fabr ica ted  
and  tha t  these m e m b r a n e s  can be u t i l ized in high 
t e m p e r a t u r e  a lka l i  me t a l  vol ta ic  cells. I t  r e m a i n s  
to be d e m o n s t r a t e d  w h e t h e r  or not  m e m b r a n e s  of 
this type  can be fabr ica ted  which  r e m a i n  m e c h a n i -  
cal ly s table  u n d e r  the  severe condi t ions  of cell 
operat ion.  
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Electrolytic Cell for X-Ray Diffraction Studies 
of Electrode Phenomena 

Jeanne Burbank and C. P. Wales 
U. S. Naval  Research Laboratory,  Washington,  D. C. 

The ident i f ica t ion of ma te r i a l s  t a k i n g  pa r t  in  an 
e lec t rochemica l  reac t ion  is a necessary  pa r t  of cha r -  
ac ter iz ing  f u n d a m e n t a l  e lectrode processes. Meas-  
u r e m e n t s  of a p u r e l y  e lec t rochemica l  n a t u r e  are not  
def ini t ive  of themse lves  and  mus t  be a u g m e n t e d  by  
ana ly t i ca l  da ta  to i den t i fy  the species act ing in  an  
e lect rode system. In  m a n y  ins tances  side reac t ions  
are  possible,  and  it  is of in te res t  to k n o w  w h e t h e r  
and  u n d e r  w h a t  condi t ions  side reac t ions  ac tua l ly  
take  place. W h e n  solid c rys ta l l ine  phases  are i n -  
volved,  x - r a y  dif f ract ion m a y  be used for the i r  
ident if icat ion.  Usua l ly  the electrode is r emoved  f rom 
the  e lect rolyt ic  cell for separa te  x - r a y  diffract ion 
e x a m i n a t i o n ;  however ,  some inves t iga tors  (1-5)  
have  used e lect rolyt ic  cells in  place on x - r a y  m a -  
chines  u n d e r  va r ious  condit ions.  

Briggs (1) used a wi re  electrode osc i l la t ing  pa r t l y  
out of the electrolyte, registering the x-ray diffrac- 

t ion  p a t t e r n  f rom the  u p p e r  pa r t  of the wire.  W h e n  
an  u n s t a b l e  p roduc t  was  be ing  fo rmed  the re  could 
be se l f -d i scharge  on the  uppe r  pa r t  of this  wire,  
w he r e  the  effective c u r r e n t  dens i ty  was lower  t h a n  
the average  va lue  for the  wi re  as a whole  (2) .  F a l k  
(3) sealed a pa i r  of e lectrodes  in  a t h i n  po lye thy l -  
ene  bag. Before x - r a y  e x a m i n a t i o n  the  surface  of 
the test  e lectrode facing the  coun te r  e lectrode was  
moved to the edge of the plastic to minimize elec- 
trolyte thickness. The resulting pattern included 
polyethylene peaks. Salkind and Bruins (4) used 
plastic cells with horizontal electrodes on a vertical 
circle x-ray goniometer. The test electrode did not 
face the counter electrode directly, and the patterns 
were corrected for minor displacement of the sam- 
ple from the rotation axis of the goniometer. 

This report describes a ceil designed for use on a 
General Electric horizontal circle x-ray spectro- 
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CONTACT 0 
ON SPRING 

Fig. 1. Expanded view of electrolytic cell. Portions of outer 
and inner walls of the cell case are omitted for clarity, as indi- 
cated by the hatching. 

gon iome te r ,  p e r m i t t i n g  the  x - r a y  e x a m i n a t i o n  to 
be  m a d e  s i m u l t a n e o u s l y  w i t h  e l e c t r o c h e m i c a l  m e a s -  
u r e m e n t s  and  v i sua l  obse rva t ions .  

Cel l  Design 
The  cel l  is shown  in Fig .  1. A l l  p a r t s  a re  m a d e  of 

Teflon e x c e p t  t he  screws,  t h e  pu l l ey ,  and  the  e l e c t r i -  
cal  con tac t  sys tem.  A n  e l ec t rode  of the  s p e c i m e n  
m a t e r i a l ,  a d i sk  57 m m  d i a m e t e r  a n d  a n y  t h i cknes s  
up  to 6 mm,  is m o u n t e d  v e r t i c a l l y  in t he  cel l  so t h a t  
i t  is a l w a y s  ha l f  s u b m e r g e d  in e l ec t ro ly t e .  The  
s p e c i m e n  d i sk  is he ld  t i g h t l y  aga in s t  p l a t i n u m  con-  
t ac t  w i r e s  b y  a t h r e a d e d  r e t a i n e r  r ing.  The  i n n e r  
edge  of t he  s p e c i m e n  d i sk  can  be  coa ted  w i t h  an  
ine r t  s topcock  g rease  to  p r e v e n t  any  e l e c t r o l y t e  t h a t  
m i g h t  l e a k  p a s t  t he  r e t a i n e r  f r o m  r e a c h i n g  the  back  
side of t he  sample .  P l a t i n u m  con tac t  w i r e s  pass  
t h r o u g h  a ho le  in  the  d r i v e  shaf t  and  a re  connec t ed  
to t he  con tac t  r i n g  b y  a s m a l l  screw.  This  con tac t  
r i ng  is m a c h i n e d  f r o m  b ra s s  a n d  p l a t e d  w i t h  suc -  
cess ive  l a y e r s  of n i c k e l - c o b a l t ,  gold,  and  f ina l ly  
r h o d i u m  to p r e v e n t  cor ros ion .  The  m o v i n g  con tac t  
is m a d e  t h r o u g h  p l a t i n u m  or  two  sma l l  b u t t o n s  of 
P a l i n a y  w h i c h  a r e  f a s t e n e d  onto a g o l d - p l a t e d  
b e r y l l i u m - c o p p e r  spr ing .  

The  h o r i z o n t a l  x - r a y  b e a m  passes  a b o v e  the  cel l  
case and  is re f lec ted  f r o m  t h e  u p p e r  po r t i on  of t he  
r o t a t i n g  e l ec t rode  w h i c h  is not  s u b m e r g e d .  A 
coun t e r  e l e c t r o d e  faces  t he  s u b m e r g e d  p a r t  of t he  
s p e c i m e n  d i sk  in t h e  s ame  c o m p a r t m e n t  of t he  cell .  
A r e f e r e n c e  e l ec t rode  can  be  p u t  in  one  of t he  o t h e r  
c o m p a r t m e n t s  w h e r e  i t  does  not  i n t e r f e r e  w i t h  t he  
x - r a y  b e a m  pa th .  

A s y n c h r o n o u s  m o t o r  w i t h  a p p r o p r i a t e  r e d u c t i o n  
gea r s  r o t a t e s  t he  s p e c i m e n  d i sk  b y  a be l t  d r i v e  to 
t he  pu l l ey .  The  s p e c i m e n  ro t a t e s  c o n t i n u o u s l y  and  
r e m a i n s  w e t  w i t h  a f i lm of e l ec t ro ly t e .  The  c u r r e n t  
need  no t  be  i n t e r r u p t e d  d u r i n g  t h e  x - r a y  e x a m i n a -  
t ion  b e c a u s e  the  e l ec t rode  is a l w a y s  p a r t i a l l y  s u b -  
merged .  The  r o t a t i o n  r a t e  m a y  be  v a r i e d  so t h a t  t he  
t ime  e l aps ing  b e t w e e n  to t a l  s u b m e r s i o n  a n d  r e g i s -  
t r a t i o n  of t he  x - r a y  p a t t e r n  m a y  be  m a d e  qu i t e  
shor t  and  is l i m i t e d  on ly  b y  the  onse t  of sp l a sh  or  
b y  the  b u i l d - u p  of an  e l e c t r o l y t e  f i lm suff ic ient ly  

t h i c k  t ha t  a d s o r p t i o n  of t he  x - r a y  b e a m  becomes  
excess ive .  In  t he  l a t t e r  case  an  a i r  j e t  can  be  b l o w n  
at  t he  re f lec t ing  a r e a  to th in  the  e l e c t r o l y t e  film. 
R o t a t i o n  speeds  of 10 and  60 r p m  have  been  used.  
A n  i n c r e a s e d  speed  of r o t a t i o n  m i n i m i z e s  bo th  u n -  
evennes s  in  t h e  d i f f r ac t ion  p a t t e r n  due  to l a c k  of 
s a m p l e  f la tness  a n d  decompos i t i on  of a n y  u n s t a b l e  
m a t e r i a l  f o r m e d  d u r i n g  e lec t ro lys i s .  A t  60 r p m  the  
x - r a y  p a t t e r n  was  r e g i s t e r e d  0.25 sec a f t e r  t he  s a m -  
p ie  l e f t  the  meniscus ,  and  t h e  t o t a l  d r a i n  t ime  was  
0.5 sec. 

As  the  s a m p l e  r o t a t e d  the  e l e c t r o l y t e  g r a d u a l l y  
r e a c h e d  t h e  i n n e r  cel l  c o m p a r t m e n t  and ,  if th is  
c o m p a r t m e n t  filled, t h e  e l e c t r o l y t e  cou ld  t h e n  sp i l l  
f r o m  the  r e a r  of  t h e  cel l  case. A n  a i r l i f t  p u m p  p r e -  
v e n t e d  this .  The  p u m p  cons i s ted  of p l a s t i c  t u b i n g  
l e a d i n g  f rom a d r a i n a g e  we l l  d r i l l e d  p a r t w a y  into  
the  b o t t o m  of t he  i n n e r  c o m p a r t m e n t .  A s low a i r  
s t r e a m  e n t e r e d  the  t u b i n g  n e a r  i ts  bo t tom.  As  a i r  
b u b b l e s  rose  in  t h e  t u b e  t h e  e l e c t r o l y t e  was  ca r r i ed  
a long  ove r  t h e  i n n e r  w a l l  a n d  was  d u m p e d  b a c k  into  
a s ide  c o m p a r t m e n t  of t he  cell .  

On a s p e c t r o g o n i o m e t e r  t he  p a t t e r n  is r e c o r d e d  
f r o m  on ly  those  c rys t a l s  l y i n g  in  the  s a m p l e  su r face  
in t h e  re f lec t ing  pos i t ions  w i t h i n  t he  a r e a  cove red  
b y  t h e  i m p i n g i n g  x - r a y  beam.  In  u s i n g  t h e  cel l  d e -  
s c r i bed  h e r e  a l a r g e r - t h a n - n o r m a l  a r e a  of t h e  s a m -  
p l e  is s c a n n e d  b y  t h e  b e a m  as d i f fe ren t  sec tors  m o v e  
in to  pos i t i on  d u r i n g  r e g i s t r a t i o n  of t h e  pa t t e rn s .  
This  s ame  p r i n c i p l e  is u sed  in the  flat  s a m p l e  s p i n -  
ne r s  a v a i l a b l e  for  s t u d y  of m e d i u m  and  l a r g e  
g r a i n e d  spec imens .  T h e  success  of  t he  d i f f r a c t o m e t e r  
t e c h n i q u e  d e p e n d s  on h a v i n g  a sufficient  n u m b e r  of 
c r y s t a l s  in the  co r rec t  o r i e n t a t i o n s  in the  s a m p l e  
su r f ace  to  g ive  s a t i s f a c t o r y  s igna l  i n t ens i ty .  The  
r o t a t i n g  s p e c i m e n  wi l l  t e n d  to in su re  m a x i m u m  in -  
t e n s i t y  for  t he  d i f f rac t ion  p e a k s  because  m o r e  c r y s -  
t a l s  c o n t r i b u t e  to t he  d i f f r ac ted  rays .  This  i nc rease  
wi l l  t e n d  to offset  t h e  loss in  i n t e n s i t y  caused  b y  
a b s o r p t i o n  of t he  b e a m  in t h e  th in  f i lm of the  e l ec -  
t r o l y t e  coa t ing  the  sample .  

The  cel l  is s h o w n  in p l a c e  on the  s p e c t r o g o n i o m -  
e t e r  in Fig.  2. The  cel l  is a l i gned  on the  s p e c t r o -  
g o n i o m e t e r  b y  eye,  and  t h e  f inal  a d j u s t m e n t  m a y  be  
a c h i e v e d  c o n v e n i e n t l y  b y  op t i ca l  means .  The  v e r t i -  
cal  r o t a t i n g  s p e c i m e n  and  the  s p e c t r o g o n i o m e t e r  
c o m p r i s e  a t w o - c i r c l e  g o n i o m e t e r  and  t h e  a l i g n m e n t  

Fig. 2. Cell mounted on spectrogoniometer. Electrical wiring 
and part of the ~hie!dincj were removed for this photograph. 
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Fig. 3. Cell base 

is p e r f o r m e d  in an  ana logous  fashion .  The  cel l  
m o u n t i n g ,  Fig .  3, p r o v i d e s  h o r i z o n t a l  a d j u s t i n g  
sc rews  for  b r i n g i n g  the  s a m p l e  su r f ace  in to  pos i t i on  
at  t he  axis  of r o t a t i o n  of t h e  ho r i zona l  circle.  S h i m  
s tock  m a y  be  used  u n d e r  t he  cel l  to b r i n g  the  s u r -  
face  in to  v e r t i c a l  pos i t ion .  The  ax i s  of r o t a t i o n  of 
t he  h o r i z o n t a l  c i rc le  m u s t  l ie  in the  s a m p l e  sur face ,  
and  th is  is r e a d i l y  a s c e r t a i n e d  b y  us ing  a t e l e scope  
w i t h  cross  ha i r s  to  v i e w  t h e  s t a t i o n a r y  s a m p l e  as 
i t  is s w u n g  t h r o u g h  the  a rc  of the  s p e c t r o g o n i o m -  
e ter .  W h e n  in co r rec t  pos i t i on  the  s a m p l e  i m a g e  
l y i n g  on the  cross  h a i r  w i l l  not  m o v e  d u r i n g  r o t a -  
t ion  of t he  s p e c t r o g o n i o m e t e r .  S a t i s f a c t o r y  d i f f r ac -  
t ion  p a t t e r n s  m a y  u s u a l l y  be  o b t a i n e d  f r o m  t h e  
spec imen  a f t e r  th i s  a d j u s t m e n t .  

More  p rec i se  a l i g n m e n t  m a y  be  o b t a i n e d  by  h a v -  
ing a l igh t  b e a m  t r a v e r s e  f r o m  the  d e t e c t o r  to t he  
spec imen  to t h e  source  slit ,  the  r e v e r s e  of t he  p a t h  
t r a v e r s e d  d u r i n g  r e g i s t r a t i o n  of t h e  d i f f rac t ion  p a t -  
te rns .  Two s t a n d a r d  d e t e c t o r  s l i ts  a r e  m o u n t e d  
u p s i d e - d o w n  on t h e  d e t e c t o r  s l i t  b r a c k e t  us ing  the  
holes  and  bol t s  t h a t  n o r m a l l y  c a r r y  t he  d e t e c t o r  
a n d  so l le r  sl i ts .  A s m a l l  l i gh t  b u l b  p l a c e d  b e t w e e n  
the  d e t e c t o r  t u b e  hous ing  and  the  f irst  s l i t  g ives  a 
c o l l i m a t e d  b e a m  for  a l i gnmen t .  T h e  s p e c i m e n  s u r -  
face  is t hen  b r o u g h t  in to  pos i t ion  so t h a t  the  r e -  
f lected sl i t  i m a g e  i m p i n g e s  on the  x - r a y  source  slit .  
W h e n  h o r i z o n t a l  and  v e r t i c a l  a l i g n m e n t s  a re  
ach ieved ,  t h e  s l i t  i m a g e  wi l l  not  m o v e  d u r i n g  r o t a -  
t ion  of the  s p e c i m e n  nor  in  s w i n g i n g  the  s p e c t r o -  
g o n i o m e t e r  t h r o u g h  i ts  fu l l  arc.  

F o r  s tud ies  r e q u i r i n g  the  absence  of air ,  t h e  cel l  
m a y  be  enc losed  in a f l ex ib le  bag  of p l a s t i c  m a t e r i a l  
to f o r m  a gas  t u n n e l  in  w h i c h  a pos i t i ve  p r e s s u r e  of 
t he  spec ia l  a t m o s p h e r e  is m a i n t a i n e d .  Connec t ions  
to t he  gas  s u p p l y  and  to  t he  source  a n d  d e t e c t o r  
s l i ts  m a y  b e  m a d e  w i t h  e las t ic  bands .  S u b m e r s i o n  
h e a t i n g  or  cool ing coils m a y  b e  p l a c e d  in t he  e l ec -  
t r o l y t e  for  v a r y i n g  or  con t ro l l i ng  t e m p e r a t u r e .  

Two  d i f f rac t ion  p a t t e r n s  o b t a i n e d  us ing  th is  cel l  
a r e  s h o w n  in Fig .  4. The  top  p a t t e r n  w a s  m a d e  a f t e r  
an  a b r a d e d  A g  s a m p l e  was  anod ized  in 20% K O H  
for  one d a y  at  an  a p p a r e n t  c u r r e n t  d e n s i t y  of 0.05 
m a / c m  2 un t i l  O2 evo lu t i on  began ,  t h e n  the  c u r r e n t  
was  i n c r e a s e d  to 0.1 m a / c m  2, and  gass ing  c o n t i n u e d  
for  a second  day .  The  s a m p l e  showed  a s t rong  p a t -  
t e r n  for  p o o r l y  c r y s t a l l i z e d  AgO w i t h  t h e  on ly  o t h e r  
p a t t e r n  be ing  t ha t  of m e t a l l i c  Ag,  p r o b a b l y  coming  
f r o m  the  s u b s t r a t e  s ince  t he  o r ig ina l  s t rong  A g  p a t -  
t e r n  was  g r e a t l y  obscured .  This  r e s u l t  a g r e e d  w i t h  
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Fig. 4. Spectrogoniometer CuK~ x-ray diffraction patterns. Top, 
Ag anodized to 02 evolution in 20% KOH forming AgO. Bottom, 
Pb anodized to 02 evolution in 1% KOH forming ~-PbO2. Both 
patterns made with sample rotating at 60 rpm and current 
flowing. Numbers at top of patterns give degrees 28. 

e a r l i e r  w o r k  in  w h i c h  a s i lve r  anode  was  r e m o v e d  
f r o m  a cell ,  and  e x a m i n e d  b y  x - r a y  d i f f r ac t ion  a f t e r  
r i n s ing  in  w a t e r  a n d  b l o t t i n g  d r y  (6) .  

The  b o t t o m  p a t t e r n  of Fig .  4 is t h a t  of a -PbO2  
f o r m e d  on m e t a l l i c  l e ad  on anod iz ing  in  1% K O H  
for  7 h r  a t  an  a p p a r e n t  c u r r e n t  d e n s i t y  of 2 m a / c m  2 
fo l l owed  b y  a n o d i z a t i o n  at  1 m a / c m  2 ove rn igh t .  The  
a p p e a r a n c e  of th is  p o l y m o r p h  of PbO2 as t he  anod ic  
p r o d u c t  i n  a l k a l i  was  e a r l i e r  iden t i f i ed  b y  x - r a y  
d i f f rac t ion  on spec imens  r e m o v e d  f r o m  e l e c t r o l y t i c  
cel ls  and  e x a m i n e d  a f t e r  d r y i n g  (7) .  F o l l o w i n g  the  
r e c o r d i n g  of t he  b o t t o m  p a t t e r n  in Fig.  4 the  s a m -  
p le  was  d i s c h a r g e d  in  the  s a m e  e l ec t ro ly t e ,  and  
x - r a y  e x a m i n a t i o n  s h o w e d  t h a t  t he  .a-PbO2 d i s -  
c h a r g e d  d i r e c t l y  to t e t r a g o n a l  PbO,  aga in  v e r i f y i n g  
e a r l i e r  w o r k  (7) .  T h e r m o d y n a m i c a l l y ,  t he  h i g h e r  
ox ide  m i g h t  be  e x p e c t e d  to d i s cha rge  to one of t he  
i n t e r m e d i a t e  oxides ,  Pb~O4 or  PbO~, and  if  p e r -  
m i t t e d  to s t a n d  in  con tac t  in  a lka l i ,  the  h i g h e r  and  
l o w e r  ox ides  do r e a c t  c h e m i c a l l y  to f o r m  Pb304, 
bu t  Pb304 d id  no t  a p p e a r  as an  anod ic  p r o d u c t  d i -  
r ec t ly .  

D u r i n g  r e g i s t r a t i o n  of the  b o t t o m  d i f f rac t ion  p a t -  
t e r n  in Fig.  4 a j e t  of a i r  was  used  to th in  t he  e lec -  
t r o l y t e  l a y e r  and  inc rea se  t h e  p e a k  he igh t  r e l a t i v e  
to t he  b a c k g r o u n d  in t ens i t y .  The  s p e c i m e n  was  not  
b l o w n  d r y  b y  th is  a i r  je t ,  w h i c h  was  d i r e c t e d  a t  
t he  a r e a  s canned  b y  the  x - r a y  b e a m ,  so t h e  su r f ace  
r e m a i n e d  w e t  w i t h  e l e c t r o l y t e  for  the  e n t i r e  0.5 sec 
i t  was  above  the  solut ion.  

M a n y  ques t ions  a s soc ia t ed  w i t h  e l e c t r o d e  p h e -  
n o m e n a  i n v o l v i n g  c r y s t a l l i n e  phases  l e n d  t h e m -  
se lves  to i n v e s t i g a t i o n  b y  a p p l i c a t i o n  of th is  t e c h -  
n ique .  The  cel l  was  des igned  to s t u d y  e l e c t r o c h e m i -  
cal  p rocesses  of a w i d e l y  v a r i e d  n a t u r e  i nc lud ing  
ac t ive  m a t e r i a l  t r a n s f o r m a t i o n s  in p r i m a r y  and  
s e c o n d a r y  b a t t e r y  e lec t rodes ,  e l e c t ro ly t i c  depos i t ion ,  
and  cor ros ion  processes .  The  use  of th is  cel l  g r e a t l y  
l o w e r s  the  p o s s i b i l i t y  of a n  u n s t a b l e  c r y s t a l l i n e  
compound be ing  p r e s e n t  b u t  u n d e t e c t e d  b y  x - r a y  
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diffraction,  since the p a t t e r n  m a y  be reg is te red  at  
any  t ime  wi thou t  i n t e r r u p t i n g  the  flow of cur ren t .  

Manuscr ipt  received March 30, 1964. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Anodic Oxidation of Titanium in Formic Acid Electrolytes 
D. M.  Cheseldine 

Sprague-TCC (Canada) Ltd., Toronto, Ontario, Canada 

Data  r e l a t ing  to the anodic  ox ida t ion  of t i t a n i u m  
are l imi ted  and  m u c h  are conflicting, e.g., va lues  
for the  p roduc t  of capaci ty  and  vol tage  (CV) r a n g -  
ing f rom 5 to 13 ~ f - v / c m  ~ have  b e e n  repor ted  (1 -3) .  
This m a y  be due to the  r e l a t i ve ly  few e lec t ro ly te  
sys tems which  can be used to fo rm th ick  i n s u l a t -  
ing (>100v )  u n i f o r m  films on the  metal .  

The p re sen t  s tudy  was  conducted  in  formic  acid 
wi th  va r ious  addi t ions .  P iggot t  and  Shre i r  (4) 
used formic  a c i d / w a t e r  m i x t u r e s  to inves t iga te  the  
condi t ions  u n d e r  which  the  me ta l  corroded or 
formed oxide films. In  the  p resen t  inves t iga t ion  
it appeared  tha t  the  l imi t ing  vol tage  in  such solu-  
t ions was  abou t  60-70v, bu t  w i t h  ce r ta in  essent ia l  
addi t ions  this r ange  could be ex t ended  to 250v. The 
films fo rmed  up  to this  vol tage  have  b r igh t  u n i -  
fo rm in t e r f e rence  colors. 

Experimental 
T i t a n i u m  films were  deposi ted on P y r e x  cover 

glass slides by  evapora t i on  f rom t a n t a l u m  boats  
u n d e r  a v a c u u m  of 10 -4 to 10 -5 Torr.  F ive  charges,  
each in  separa te  boats,  were  used for each deposi -  
t ion  cycle. The first charge was  evapora ted  in  a 
posi t ion screened f rom the subs t ra te  to "ge t te r"  
the v a c u u m  chamber .  The r e m a i n i n g  four  charges 
were  evapora ted  in quick  succession w i t hou t  
b r e a k i n g  the vacuum.  To m i n i m i z e  a l loying,  boat  
t e m p e r a t u r e s  were  held  to the  m i n i m u m  consis t -  
ent  wi th  most  of the  charge be ing  evapora ted  in  
30 sec. The deposit  p a t t e r n  was  ob ta ined  b y  me ta l  
mask ing ,  the anodizable  me t a l  a rea  on each s u b -  
s t ra te  be ing  about  2 cm 2. The a rea  for f o r ma t i on  
was  defined by  s topping off w i th  e i ther  an  a i r  cu r -  
ing si l icone r u b b e r  or a sil icone varn i sh .  

F o r m a t i o n  was  at cons tan t  c u r r e n t  (va lues  r a n g -  
ing f rom 0.1 to 3.0 m a / c m  ~) at  room t e m p e r a t u r e  
in a s t i r red  so lu t ion  us ing  a p l a t i n u m  foil cathode. 
Vol tage was  m e a s u r e d  across the  cell, and  a l low-  
ance was  made  for the  IR drop in  the  so lu t ion  as 
measu red  us ing  a ve ry  h igh impedance  vol t  me te r  
b e t w e e n  the  cathode and  a p l a t i n u m  probe  placed 
nea r  the anode.  

B.D.H. ana l a r  r e agen t  formic  acid (98-100%)  
was used to m a k e  up  the  electrolytes.  It  had a spe-  
cific res is tance of abou t  5500 o h m - c m  at  25~ 

Capaci ty  and  d iss ipa t ion  factor  m e a s u r e m e n t s  
were  made  at 120 cycles in  the  fo rma t ion  e lec t ro-  

lyte. F i l m  colors were  compared  w i th  a t a n t a l u m  
optical  step gauge (2v steps) which  was  used as 
an  a r b i t r a r y  m e a s u r e  to compare  the  opt ical  t h i ck -  
nesses of the  t i t a n i u m  oxide films. Al l  optical  
th icknesses  are recorded in  t e rms  of a t a n t a l u m  
fo rma t ion  vol tage.  

Results 
With  l i t t le  or no w a t e r  p re sen t  in  the  e lect rolyte  

the  films have  a low capacity,  appea r  op t ica l ly  
th inne r ,  and  r equ i r e  less coulombs for the i r  f o r m a -  
t ion  t h a n  films fo rmed  to the  same vol tage  in  more  
aqueous  electrolytes .  There  is an  o p t i m u m  wa te r  
con ten t  b e t w e e n  about  5 and  10% in which  films 
showing  m a x i m u m  capaci ty  are formed.  Wi th  
h igher  w a t e r  concen t ra t ions  some " g r a y i ng"  of the  
film occurs at  h igher  voltages.  

Up to 100v (Tab le  I ) ,  the  coulomb e x p e n d i t u r e  
and  optical  th ickness  are p ropor t iona l  in  e i ther  
e lec t rolyte  to the vol tage  inc remen t ,  ind ica t ing  tha t  

Table I. Anodic oxidation of titanium deposits in 
electrolytes 1 and 2 

F o r m a t i o n  a t  1 m a / c m ~  c o n s t a n t  c u r r e n t  

F o r m a -  
t ion ,  v 

E q u i v a l e n t  C h a r g e / v o l t ,  
op t i ca l  c o u l o m b s /  

Capac i ty ,  t h i ckness ,  vo l t / cm~,  
~ / c m  2 v (Ta) Ra t io  • 10s 

1 2 1 2 1/2 1 2 
R a t i o  

1/2 

20 0.62 0.59 23 19 1 .21  2.60 1 . 9 0  1.37 
60 0.21 0.16 68 56 1 . 2 2  2.72 2.00 1.36 

100 0 . 1 1  0.081 112 93 1 . 2 0  2.69 1 . 9 5  1.37 
140 .0.073 0.045 150 120 1 . 2 5  2.78 1 . 7 8  1.56 
180 0.056 0.0'28 192 148 1 . 3 0  2.72 1 . 6 5  1.65 
220 0.044 2.69 
260 0.036 2.70 

~ l e c t r o l y t e  compos i t i ons  

Phosphorous acid, g 
Hydrogen fluoride, ppm 
Formic acid, g 
Water, g 

To adjust  specific re-  
sistance to: (ohm-cm 
at 25~ 

Tr ie thylamine  
To adjust  specific re-  

sistance to: (ohm-cm 
at 25~ 

Specific resistance, ohm- 
cm at 25~ 

1 2 3 4 

1.7 1.7 1.7 1.7 
400 400 720 720 

95 95 95 95 
5.3 0.8 

840 

840 

365 840 

365 

5 

1.7 
720 

95 
1.0 

365 
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film growth  increases  r e g u l a r l y  wi th  voltage.  F i lms  
g rown  in  1 have  a h igher  capacity.  The i r  opt ica l  
th ickness  is abou t  20% grea te r  and  the  charge  to 
form u n i t  vol tage  i n c r e m e n t  is abou t  37% higher .  
The fact tha t  the  opt ical  th ickness  difference is less 
t h a n  the  c h a r g e - t o - f o r m  difference is p r o b a b l y  due  
to differ ing fo rma t ion  efficiencies and  re f rac t ive  
indices of the  two films. A pa r t i a l  b r e a k d o w n  of 
the film in  2 is ind ica ted  above 100v. This  process 
is charac ter ized  by  a r educ t ion  in  CV and  in  the  
coulomb e x p e n d i t u r e  per  vol tage  inc remen t .  Above  
180v the  b r e a k d o w n  becomes ca tas t rophic  r e su l t -  
ing in  a c raz ing  of the  film. 

Capacity and Equivalent Series Resistance 

Plots of reciprocal  capaci ty  aga ins t  vol tage  give 
l ines  wi th  up to four  changes  of slope. The  changes  
in  slope are a b r u p t  g iv ing  the  appea rance  of b r e a k  
poin ts  in  the 1/C vs. V curve.  One b r eak  poin t  was  
observed  b e t w e e n  20 and  70v for c u r r e n t  dens i t ies  
w i t h i n  the  r a n g e  0.1 to 3.0 m a / c m  2. A second b r e a k  
poin t  occurs at  about  10v. Both b r eak  poin ts  are 
shown in  Fig. 1. The ESR curve  shows two ma x i ma ,  
one co inc iden t  w i th  each b r eak  point .  The m a x i -  
m u m  CV occurs be low the  10v b r e a k  poin t  and  is 
abou t  20 ~ f - v / c m  2 m e a s u r e d  in the  fo rma t ion  e lec-  
t rolyte .  The re  is no s ignif icant  change  in  c h a r g e - t o -  
form detec table  at e i ther  b r eak  point .  A th i rd  b r e a k  
poin t  occurs at  about  100v for films fo rmed  in low 
wa te r  concen t r a t i on  electrolytes.  This  po in t  p r e -  
cedes the b r e a k d o w n  of the  fi lm which  is cha rac -  
ter ized by  crazing or graying .  Be tween  this  t h i rd  
b reak  poin t  and  the complete  b r e a k d o w n  of the  
film, the fo rma t ion  shows a r ap id ly  decreas ing  
coulomb e x p e n d i t u r e  per  vol tage  inc remen t .  

The posi t ion of the  first b r eak  poin t  (20-70v)  is 
inf luenced by  the  fo rma t ion  c u r r e n t  dens i ty  and  
w a t e r  con ten t  of the electrolyte .  The  slopes of 
ad jacen t  regions  of the  capac i ty  curves  are also i n -  
f luenced by  these factors  (Tab le  I I ) .  Elec t ro ly tes  
3, 4, and  5 con ta in  decreas ing  a m o u n t s  of wa t e r  in  
tha t  order.  The in te r sec t ion  vol tage  of the  two 
curves  increases  w i th  increas ing  w a t e r  c o n c e n t r a -  
t ion  (Tab le  II)  and  wi th  c u r r e n t  densi ty .  The slope 
of the 1/C l ine  above the  b r e a k  poin t  is sens i t ive  

[I .f\ I "I a ) 9   .4oi 
'~176 ~ a ~  ~" ~ 

O IO 20 30 40 

VOLTAGE 

Fig. 1. Reciprocal capacity and equivalent series resistance curves 
in electrolyte 5. 
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Table II. Variation of 11C curves with current density and 
electrolyte 

l~eciprocal Reciprocal  
Current Slope 1, Slope 2, Approx imate  
density,  l o w  voltage,  high voltage,  intersection 

Electrolyte  m a / c m  2 CV (~f-v/cm2) CV (~f-v/cm~) vol tage  

3 3.0 12.4 10.4 70 
1.0 11.3 10.1 4,2 
0.3 12.1 7.9 25 
0.1 12.3 7.4 25 

4 3.0 11.5 9.0 64 
1.0 11.2 8.0 52 
0.3 11.0 8.3 30 
0.1 10.4 6.9 2O 

5 3.0 10.5 6.9 52 
1.0 10.4 7.3 38 
0.3 10.3 7.1 30 
0.1 9.6 7.0 20 

to c u r r e n t  dens i ty  changes  on ly  in  the e lect rolytes  
wi th  h igh wa te r  concent ra t ions .  

To i l lus t ra te  how the  c u r r e n t  dens i ty  affects the  
f inal  films, anodic  films were  formed as fol lows in  
e lec t ro ly te  4. One  film was fo rmed  at a cons tan t  cu r -  
r e n t  of 0.1 m a / c m  e to 70v. I t  gave  a capaci ty  of 0.11 
~f /cm 2 and  a color which  cor responded  to 92v on 
the t a n t a l u m  step gauge.  A second film formed  at 
3 m a / c m  2 to 70v and  then  at  70v to 0.1 m a / c m  2 
gave a capaci ty  of 0.13 ~f / c m e and  a color cor-  
r e spond ing  to 87v t a n t a l u m .  

W h e n  films are fo rmed  success ively  in  e lec t ro-  
lytes  of d i f ferent  w a t e r  con ten t  it  is found  tha t  the  
vol tage i n c r e m e n t  per  coulomb ad jus t s  i m m e d i a t e l y  
to the  va lue  character is t ic  of the  n e w  electrolyte .  
The capaci ty  of the final film, however ,  var ies  ac-  
cording to the  fo rma t ion  sequence.  The capaci ty  
was 0.23 ~ f / cm 2 w h e n  fo rma t ion  in  3 con ta in ing  
r e l a t ive ly  more  w a t e r  preceded fo rma t ion  in  5. 
W h e n  car r ied  out  in  the  reverse  order  the  capaci ty  
was  0.18 ~ f / c m 2. The  l a t t e r  sequence  gave a s l ight ly  
h igher  opt ical  th ickness  and  a cha rge /vo l t age  i n -  
c r e me n t  which  was abou t  4 % h igher  in  3. 

The anomal ies  of the capaci ty  and  ESR curves  
were  also observed wi th  sheet  t i t a n i u m  (99 .6%) ,  
and  the  shape of the curves  was found  to be es-  
sen t i a l ly  the same as those ob ta ined  wi th  the 
v a c u u m  deposi ted films. 

Discussion 

Two factors affecting the capaci ty  of these  oxide 
films are  the c u r r e n t  dens i ty  of fo rma t ion  a nd  the  
wa te r  concen t ra t ion  of the  organic  electrolyte.  Lack 
of recogni t ion  of these factors is p r o b a b l y  the  r ea -  
son for the  d ive rgence  of CV va lues  repor ted ,  
since most  of the  va lues  were  ob ta ined  in  p re -  
d o m i n a n t l y  organic  electrolytes.  

The films ob ta ined  in  this  w o r k  bea r  a s t r ik ing  
r e se mb l a nc e  to those found  on t a n t a l u m  w h e n  
fo rmed  in  s imi la r  organic  e lect rolytes  (5) which  
suggests  tha t  in  bo th  cases the  fo rma t ion  m e c h a -  
n i sm is d e t e r m i n e d  by  the electrolyte.  W i t h i n  the 
va r i a t i on  of w a t e r  concen t ra t ions  employed  the 
film character is t ics  changed  in  the same m a n n e r  
as those of t a n t a l u m ,  i.e., in  r e l a t i ve ly  more  organic  
e lect rolytes  the  films had lower  capacity,  lower  
optical  thickness,  and  r equ i r ed  less coulombs for 
the i r  fo rmat ion .  
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There  are also some differences in  the  anodic  
behav io r  of the  two metals .  The re  is first the diffi- 
cu l ty  in  fo rming  films on t i t a n i u m  in  aqueous  solu-  
tion. Also the capaci ty  and  ESR anomal ies  are more  
accen tua ted  wi th  t i t an ium,  and  the low dielectr ic  
cons tan t  of the film is less compensa ted  by  inc reas -  
ing field s t rength ,  g iv ing  a cons iderab le  r ange  of 
CV values .  Fu r the r ,  increased  c u r r e n t  dens i ty  gives 
a reduced  optical  thickness ,  as for t a n t a l u m ,  b u t  a 
h igher  b r e a k  poin t  and  in  some cases a h igher  slope 
of the  1/C curves  which  is the  opposite of t a n t a l u m  
behavior .  

I t  was  suggested  t ha t  b reaks  in  the  capaci ty  
curve for tantalum were attributable to a multipli- 
cation of the void structure of the outer part of 
the film. The effects observed with increasing cur- 
rent density were also ascribed to a higher void 
structure caused, in this case, by less trapping of 
ions within the film. If a similar explanation can 
be applied to titanium it must be inferred that a 
certain degree of void structure is preferable in 
the outer film and results in a higher capacity. 
This is unlikely unless, for some reason, the more 
dense type of film is unable to grow. It is possible 
that stresses, due perhaps to incompatability of 
ion sizes, disrupt the dense type of film after it has 
reached a certain thickness. Such a situation might 
produce gross voids, giving rise to a lower capacity 
film than would result from a film into which small 
voids are deliberately introduced to relieve the 

stresses. The n a t u r e  of the  e lec t ro ly tes  found  most  
successful  in  this  work  gives some suppor t  for the  
idea tha t  a fi lm wi th  pores m a y  grow p r e f e r a b l y  on 
t i t an ium.  Such  films grow in  e lect rolytes  which  are 
able  to pa r t i a l l y  dissolve the  films a nd  in  the p re s -  
ent  work  the presence  of HF  in  the  e lec t ro ly te  was  
found  to be essential .  HF  is c o m m o n l y  used in  
p r ec l ean ing  solut ions  a nd  c o n t a m i n a t i o n  of the  
sur face  m a y  of ten  be a poss ib i l i ty  since as l i t t le  as 
50 p p m  H F  in  the  fo rming  ba th  is effective. 
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Use of Index of Refraction Liquids for the Measurement 
of the Refractive Index of Thin Transparent Films on Silicon 

Arthur E. Lewis 
Fairchild Semiconductor, A Division of Fairchild Camera and Instrument Corporation, Palo Alto, California 

The use of liquids of known refractive index has 
long been common for the determination of the 
index of refraction of transparent materials. The 
unknown solid is immersed in a known liquid, the 
closeness of the match in index is estimated from 
the relief, and the solid is determined to have a 
smaller or larger index by observation of the effect 
of light on the interface using the method of cen- 
tral illumination or oblique illumination (i). This 
process is repeated until a match is obtained and the 
interface is no longer visible~ For this condition 
the index of the solid is the same as that of the 
liquid. 

The use of liquids to determine the index of thin 
films is somewhat different. Thin films are defined 
for this purpose as those showing recognizable in- 
terference colors. Interference colors are produced 
in an oxide of silicon by the interference of white 
light reflected from the air-oxide interface and the 
oxide-silicon interface when the thickness of the 
oxide is of the order of the wavelength of visible 
light or a few multiples thereof. The brightness of 
the colors is determined by the reflectivity of both 

interfaces, the brightest colors being obtained when 
the reflectivities of the interfaces are large and 
equal. The air-oxide interface has a lower reflectiv- 
ity than the oxide-silicon interface. Dielectric films 
of index greater than silicon dioxide, such as TiO2 
SiO, and Pb-doped oxide, show more intense colors 
because the reflectivity of the air-dielectric inter- 
face is increased over that of ordinary silicon oxide. 

In the oil immersion technique the air-oxide in- 
terface is replaced by an oil-oxide interface. If a 
thick film of oil with an index of refraction equal 
to that of the silicon dioxide film is applied over a 
film step, the interface between the oil and the sili- 
con dioxide disappears optically, eliminating the 
interference colors and causing the film edge to be- 
come invisible. 

As long as the index of the oil is greater than air 
and less than that of the film, the conditions for 
maxima and minima in the film are the same as 
for an air-film interface, and the interference color 
is the same but reduced in intensity. If the index 
of the oil is greater than that of the film, the light 

reflected from the oil-film interface is 180 ~ out of 
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Si 

Noil <Nsi02 <Nsi 

6p :'/T" 6p:O 
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Si02 

SJ Noi I ~ Nsio2<Nsi 

Fig. 1. Phase changes at low angles of incidence for reflection 
from various interfaces between Si, SiO~, and oil. The phase change 
of the components parallel and normal to the plane of incidence are 
given by 8p and 8s, respectively. 

p h a s e  w i t h  t h e  l i g h t  r e f l e c t e d  f r o m  t h e  f i l m - s i l i c o n  
i n t e r f a c e ,  a n d  t h e  c o n d i t i o n s  f o r  m a x i m a  a n d  m i n -  
i m a  a r e  r e v e r s e d  (F ig .  1 ) .  I n  w h i t e  l i g h t  t h e  c o m -  
p l e m e n t s  of  t h e  o r i g i n a l  i n t e r f e r e n c e  c o l o r s  a p p e a r .  
T h i s  e f f ec t  is m o s t  s t r i k i n g  i f  l i q u i d  w i t h  a n  i n d e x  
m u c h  h i g h e r  t h a n  t h a t  of  t h e  f i l m  is  u s e d ,  a n d  t h e  
e f fec t  is a c c o m p a n i e d  b y  a n  i l l u s i o n  of  t h e  o r i g i n a l  
c o l o r  o n  t h e  o i l - s i l i c o n  s i d e  of  t h e  s t ep .  I f  t h e  r e -  

Noil < NFilm 

Noi I = NFilm 

NOil > NFilm 

Fig. 2. Appearance of film edge observed under oils of various 
indices of refraction when the indices of the film and the oil 
are only slightly different. 

f r a c t i v e  i n d i c e s  of  t h e  oi ls  a r e  o n l y  s l i g h t l y  d i f f e r -  
e n t  f r o m  t h a t  of  t h e  f i lm,  as  is t h e  c a s e  w h e n  a 
m a t c h  is b e i n g  s o u g h t ,  t h e  e f f e c t  is  o b s e r v e d  as  a n  
a p p a r e n t  c h a n g e  i n  i n t e n s i t y  r a t h e r  t h a n  a d i s t i n c t  
c o l o r  c h a n g e ,  w i t h  t h e  d a r k e r  s i d e  o n  t h e  o i l - s i l i c o n  

s ide  of  t h e  s t e p  (F ig .  2 ) .  
T h e  r e f r a c t i v e  i n d e x  of  o x i d e  f i lms  o n  s i l i c o n  m a y  

b e  d e t e r m i n e d  w i t h  a n  a c c u r a c y  of  0 .001 -0 .006  
u s i n g  t h i s  m e t h o d .  T h e  b e s t  a c c u r a c y  is o b t a i n e d  

Table I.* Si02 on silicon, index of refraction 

C o n d u c t i v i t y  R e s i s t i v i t y ,  Sam!ole 
n T, *C A r m  d, A t y p e  o h m - c m  N o .  

1.462 • 0.003 800 W e t  02  1030 N 0.5 P F  24 
1.457 • 0.002 800 W e t  02  1340 N 0.5 P F  3 
1.466 • 0.003 920 D r y  02  ~ 9 0 0  N 0.01 W W h  
1.466 _ 0.003 1000 W e t  02  455 N 0.5 P F  67B 
1.462 • 0.003 1000 W e t  02  610 N 0.5 P F  67C 
1.451 _ 0.001 1000 W e t  02  850 N 0.5 P F  67E 
1.488 • 0.001 1000 W e t  02  1050 N 0.5 P F  67D 
1.468 • 0.005 1000 W e t  02  2525 N 0.5 72 
1.461 • 0.003 1000 W e t  02  10620 N 0.5 73 
1.461 _ 0.005 1000 W e t  O2 17200 N 0.5 74 
1.467 + 0.004 1200 W e t  02  2420 P 1.4 B D  29D 
1.461 • 0.002 1200 W e t  02  4900 P 1.2 B D  33D 
1.460 _ 0.002 1200 W e t  02  50'20 P 1.2 B D  37D 
1.460 • 0.003 1200 D r y  02  5210 P 1.4 B D  32D 
1.456 • 0.002 1200 W e t  O2 5270 P 1.4 B D  30D 
1.462 • 0.003 1200 D r y  02  4800 N 9 W W h  
1.460 • 0'.003 1200 W e t  O2 715 P 0.01 A L  44 
1.457 • 0.003 1200 W e t  O2 880 P 0.01 A L  43 
~.462 + 0.003 1200 W e t  O2 905 P 0.01 A L  42 
1.459 • 0.004 12.00 W e t  O2 1025 P 0.01 A L  41 
1.458 • 0.003 1200 W e t  O2 1240 P 0.01 A L  39 
1.459 • 0.004 1200 W e t  O2 3360 P 0.01 A L  21 
1.460 • 0.003 1200 W e t  O2 5320 P 0.01 A L  12 
1.461 • 0.004 1200 W e t  02  7275 P 0.01 A L  6 
1.461 • 0.004 1200 W e t  O2 9110 P 0.01 A L  1 
1.459 • 0.004 1300 W e t  O2 3495 N 0.5 P F  83 
1.460 • 0.005 1300 W e t  02  7160 N 0.5 P F  84 

P y r o l y t i c  oxide** 

1.443 • 0.002 P y r o l y t i c  o x i d e  50'0-4500 N 1.5 G T  
1.446 • 0.005 P y r o l y t i c  ox ide  ~ 4 5 0 0  N 1.2 A 

* W e t  o x y g e n  m e a n s  o x y g e n  b u b b l e d  t h r o u g h  w a t e r  a t  a p p r o x i m a t e l y  98"C. 
** P y r o l y t i c  ox ide- -S iO~ f o r m e d  b y  t he  d e c o m p o s i t i o n  of  e t h y l  s i l i ca te  on a ho t  s u b s t r a f e  (750"C) a t  r~duced  p ressure .  
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on films wi th  the grea tes t  color cont ras t  r e la t ive  
to silicon. 

The  usefu l  r ange  of indices  tha t  m a y  be measu red  
by  this me thod  is d e t e r m i n e d  by  the  ava i l ab i l i t y  of 
s t a n d a r d  index  of r e f rac t ion  l iquids.  A set of oils 
in  the r ange  of 1.300-1.700 wi th  in t e rva l s  of 0.002 
and  accura te  to 0.0002 is ava i l ab le  and  easy to 
use. Oils wi th  a r e f rac t ive  i ndex  as h igh as 2.11 
are ob ta inab le ,  bu t  are less stable,  somewha t  toxic, 
and  there fore  less conven i en t  to use in  the  h igh  end  
of this  r ange  (2) .  

Some of the  resul t s  of m e a s u r e m e n t s  on oxides 
g rown  on sil icon are  shown in  Tab le  I. The  smal l  
va r i a t ions  of i ndex  observed are p r o b a b l y  on ly  ap-  
p a r e n t  va r i a t ions  r e su l t ing  f rom the  d ispers ion  of 
the films i n a s m u c h  as the  m e a s u r e m e n t s  were  made  
in  wh i t e  l ight.  The  r e f r ac t ive  index  of sil ica glass 
var ies  f rom 1.470 at  a w a v e l e n g t h  of 4000A to 
1.455 at  7000-& (3).  The index  of r e f rac t ion  of 
t h e r m a l l y  g rown  oxide on sil icon appears  to be 
r e l a t ive ly  i n d e p e n d e n t  of the  t e m p e r a t u r e  or wa te r  
con ten t  of the  a tmosphe re  in  which  the  oxide was 
g rown  and  of the  res i s t iv i ty  of the  silicon. A m e a n  
va lue  of the re f rac t ive  index  of t h e r m a l l y  g rown  
oxide is abou t  1.460, the  same as for  fused quar tz .  

Because  the o i l - f i lm in te r face  d isappears  opt i -  
cal ly w h e n  the  indices  of the  oil and  the  film are 
equal ,  the  index  of r e f rac t ion  d e t e r m i n e d  is tha t  
of the  m a t e r i a l  n e a r  the  o i l - f i lm interface .  The 
ques t ion  of w h e t h e r  the  index  of the film var ies  
t h r o u g h  its th ickness  m a y  be a n s w e r e d  by  e tching  

a w a y  i n c r e m e n t s  of the  f i lm and  d e t e r m i n i n g  the  
index  of each n e w l y  exposed surface.  The  AL 
Series  was  ob ta ined  by  oxidiz ing a n u m b e r  of 
wafers  f rom the  same si l icon crys ta l  to a th ickness  
of 9100/k a nd  t h e n  e tching  these to ob ta in  a set of 
samples  of d i f ferent  thicknesses .  M e a s u r e m e n t s  on 
these wafe rs  ind ica te  tha t  the  index  of r e f rac t ion  
is r e l a t i ve ly  cons t an t  t h r o u g h  the  film, a t  least  
f rom 700 to 9000A for films g r ow n  in  wet  oxygen  
at 1200~ 

Pyro ly t i c  oxide  has a lower  re f rac t ive  i nde x  t h a n  
t h e r m a l  oxide. This i ndex  does no t  appear  to v a r y  
as a func t ion  of oxide thickness .  

The  me thod  descr ibed in  this  pape r  for the  de-  
t e r m i n a t i o n  of the  index  of r e f rac t ion  of si l icon 
oxide on si l icon us ing  l iqu ids  of k n o w n  index  of 
r e f rac t ion  is appl icab le  to a n y  n o n a b s o r b i n g  film 
on a ref lect ing subs t r a t e  t ha t  shows in t e r f e rence  
colors, p~oviding t ha t  the  film is inso lub le  in  the 
l iqu id  used. 

Manuscript  received Apri l  2, 1964. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1965 JOVRNAL. 
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Doping of Alkaline Earth Halide Single Crystals 
P. F. Weller and J. E. Scardefield 

Watson Research Center, International Business Machines Corporation, Yorktown Heights, New York 

In  recen t  years  a lka l ine  ea r th  halides,  w h e n  
doped wi th  r a r e  ear ths  and  u r a n i u m ,  h a v e  become 
i m p o r t a n t  for use as op t ica l ly  p u m p e d  lasers  (1) .  
This  has necess i ta ted  the  g rowth  of large,  opt ical ly  
clear, s ingle  crysta ls  r ep roduc ib ly  doped wi th  v a r i -  
ous concen t ra t ions  and  ox ida t ion  states of ra re  
ear ths  and  u r a n i u m .  The  most  w ide ly  used me thod  
of c rys ta l  p r e p a r a t i o n  is B r i d g m a n - S t o c k b a r g e r  
g rowth  in  a g raph i t e  c ruc ib le  u s ing  an  oxygen  
"scavenger"  such as PbF2 to ob ta in  crys ta l  clar i ty.  
However ,  w h e n  doping  wi th  r a re  ear ths  or u r a n i u m ,  
it can be shown tha t  Pb  +2 func t ions  no t  on ly  as a 
" scavenger"  bu t  also as an  effective oxidiz ing agent  
y ie ld ing  t r i v a l e n t  r a re  ear ths  and  t e t r a v a l e n t  u r a -  
n ium.  These resul t s  can be genera l ized  and  used to 
ind ica te  o ther  possible  hosts for d iva l en t  r a re  ear ths  
and  t r i v a l e n t  u r a n i u m .  

Crystal Growth 
Apparatus and procedure.--Doped, single  crysta ls  

of CaFa, SrF2, BaF2, and  SrCI2 were  g rown  in  a 
B r i d g m a n - S t o c k b a r g e r  fu rnace  wi th  two separa te ly  
cont ro l led  t e m p e r a t u r e  zones m a i n t a i n e d  at  50 ~ 
100~ above and  be low the  me l t i ng  po in t  of the 

host ma te r i a l  w i th  a g r ad i en t  of abou t  100~ 
b e t w e e n  the  zones. A cyl indr ica l ,  g raph i t e  c ruc ib le  
wi th  a 60 ~ cone was  lowered  t h r o u g h  the  fu rnace  
at abou t  1/3 i n . / h r  in  an  a rgon  a tmosphere  f lowing 
at abou t  2 l i t e r s / m i n .  G r o w n  crys ta ls  r anged  f rom 
1/s to 1 in. in  d i ame te r  and  were  1 to 6 in. in  length .  
A n u m b e r  of the  Sm +2 and  U +3 doped CaF2 and  
SrF2 crysta ls  worked  as opt ical ly  p u m p e d  lasers.  

Oxide contamination.--As r epor ted  p rev ious ly  (2, 
3) oxide c o n t a m i n a t i o n  a r i s ing  f rom i m p u r e  s t a r t -  
i ng  materials or hydrolysis at high temperatures is 
the major growth problem for alkaline earth hal- 
ides. The easiest and most successful method of 
eliminating cloudiness caused by oxide precipitation 
has been the addition of a chemical "scavenger" 
such as PbFe (2). 

PbF2 + CaO --> P bO  -I- CaF2 

This  pur i f ica t ion  p rocedure  works  qu i te  wel l  
w h e n  the  host  ma te r i a l s  are  doped wi th  s table  spe-  
cies such as t r i v a l e n t  r a re  earths.  However ,  w h e n  a 
dopan t  is des i red in  an  u n u s u a l ,  low ox ida t ion  state,  
as w i t h  Sm +2, PbF2 can exh ib i t  u n w a n t e d  oxidiz ing 
proper t ies ,  as is shown below.  
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Table I. Chemical oxidation potentials in various solvents. E~ 
designates standard oxidation potentials for which the hydrogen 
electrode is arbitrarily chosen as a zero reference (H + at unit 
activity) and E~ the fused salt potentials at 700~ for which 

the sodium electrode is defined as the zero reference 
(Na + at unit activity) 

E~ E~ 
Fused  E~ Fused  E~ 

E~ ehlo- Fused fluo- Fused 
Aqueous rides chlorides rides NaF 

Ba-> Ba +2 4- 2e -  2.90 2.60 0..31 
Sr-> Sr +2 4- 2e -  2.89 2.52 0.21 
Ca--> Ca +2 4- 2e-  2.87 2.36 0.060 
Na-> Na + 4- e -  2.71 2.39 0.00 
Sm-> Sm +~ 4- 3e-  2.41 --0.41 
U ~  U +4 4- 4e -  1.50 --1.31 
Cd-> Cd +2 4- 2e-  0.403 0.26 --2.0 
Pb--> Pb +2 4- 2e-  0.13 0.10 --2.17 
H ~ H + 4- e -  0.00 0.00 

0.47 
0.40 
0.29 
020 0.00 

--0.93 
--1.19 

Doping Problems 

Divalent samarium.--That the  presence  of PbF2 
is u n d e s i r a b l e  w h e n  doping wi th  Sm +e is i l lus t ra ted  
by  the  fo l lowing  exper iments .  

Crys ta ls  of CaF2 doped w i t h  Sm +~ were  p r epa red  
by  add ing  SmF3 to CaF2 and  c rys ta l l i z ing  in  the 
presence  of PbF2. This p rocedure  gave low, n o n r e -  
p roduc ib le  Sm +2 concent ra t ions .  To improve  r ep ro -  
duc ib i l i ty  and  ob ta in  h ighe r  S m  +2 concent ra t ions ,  a 
r educ ing  agent  of Sm me ta l  was added  to the s am-  
ple m i x t u r e  so tha t  the  fo l lowing  reac t ion  wou ld  
o c c u r .  

2SmF3 4- Sm ~ 3SmF2 

The  r e su l t ing  crystals ,  however ,  showed no increase  
in  Sm +2 concen t ra t ion .  

This can be expected to h a p p e n  if the appropr i a t e  
ox ida t ion  poten t ia l s  a re  considered.  Tab le  I gives 
some compar i sons  b e t w e e n  aqueous  so lu t ion  (4) 
and  fused salt  va lues  (5) and  b e t w e e n  fluoride a nd  
chlor ide fused salts. (S ince  the chlor ide data  are 
most  ex tens ive  and  p r o b a b l y  most  re l iable ,  they  
have  b e e n  used  in  the  discussion t ha t  follows. I t  
should  be noted,  however ,  tha t  the re la t ive  posi t ions 
in  the e lec t rochemica l  series are qu i te  cons t an t  in  
va r ious  fused sal t  systems.)  The fo l lowing  reac t ion  
can t hen  be w r i t t e n  w i th  its cor responding  ox ida-  
t ion  po ten t i a l  (a pos i t ive  va lue  ind i ca t ing  tha t  the  
reac t ion  is favored  as w r i t t e n ) .  

E~ 
2.17 

--0.41 
3Pb + e + 6 e -  ~ 3 P b  

2Sm-* 2Sm +3 4- 6 e -  

3Pb +2 4- 2 S m ~  3Pb 4- 2Sm +3 4-1.76 

ECNa des ignates  the s t a n d a r d  ox ida t ion  po ten t i a l  for 
wh ich  the  sod ium electrode is defined as the zero 
re fe rence  (Na + at u n i t  ac t iv i ty ) .  I t  is seen, then,  
tha t  d iva l en t  lead oxidizes s amar ium,  and  other  
r a re  ea r th  metals ,  to the t r i v a l e n t  state. 

Tha t  Pb  +2 also oxidizes d iva l en t  ra re  ear ths  ac-  
cording to the  fo l lowing  reac t ion  

Pb  +2 4- 2Sin +2-* 2Sin +3 4- Pb  

can be in fe r r ed  indi rec t ly ,  in  the  absence  of the  
necessa ry  t h e r m o d y n a m i c  data.  In  doping CaF2 
crysta ls  w i th  s a m a r i u m  a Sm+2/Sm+3 rat io  of abou t  
1/100 is a lways  obta ined.  However ,  w h e n  the  CaF2 

is co-doped wi th  CdF2 and  SmF3, no Sm +2 is ob-  
ta ined.  We conclude f rom this  tha t  the  fo l lowing  
reac t ion  takes  place 

Cd +~ 4- 2 S m + 2 ~  Cd 4- 2Sin +3 

Thus  a pos i t ive  ox ida t ion  po ten t i a l  exists  for the 
react ion.  Since Pb  +2 is a be t t e r  oxidiz ing agen t  t han  
Cd +2, as can be seen in  Tab le  I, Sm § would  also be 
exidized by  Pb  +e. 

D i v a l e n t  lead, therefore ,  oxidizes the d iva l en t  
ra re  ear ths  and  meta l s  to the  t r i v a l e n t  state. Conse-  
quen t ly ,  w h e n  d iva l en t  r a re  ea r th  doping of a lka -  
l ine  ea r th  hal ides  is requ i red ,  the "oxygen  scav-  
enger ,"  PbF2, canno t  be  added  to the  sample  m i x -  
ture.  S t a r t i ng  ma te r i a l s  must ,  of course, be purif ied 
pr ior  to the  doping  crys ta l l iza t ion .  Ra the r  large 
d iva l en t  ra re  ea r th  concen t ra t ions  can be ob ta ined  
in  this way.  For  example ,  we have  g r ow n  single  
crystals  of CaF2 con ta in ing  abou t  0.5 mole % Sm +2 
wi th  a 1% tota l  s a m a r i u m  content .  

Trivalent uranium.--A s imi la r  case can be s ta ted 
for the doping  of a lka l ine  ea r th  hal ide  crysta ls  wi th  
u r a n i u m  by  add ing  u r a n i u m  me ta l  to the  sample  
m i x t u r e  of host p lus  scavenger ,  PbF2. 

Cons ide ra t ion  of the  appropr i a t e  ox ida t ion  p o t e n -  
t ials  y ie lds  the fo l lowing equa t ion  

2Pb +2 + U --> 2Pb + U +4 

wi th  a s t a n d a r d  ox ida t ion  po ten t i a l  of Jr 0.86 at 
700~ in  fused chlorides.  Here  Pb  +2 acts as a neces-  
sary  oxidiz ing agent ,  y i e ld ing  on ly  U +4. This  has 
been  shown  by  me l t i ng  a sample  charge  and  c rys -  
ta l l iz ing  r ap id ly  by  fu rnace  quench ing .  U n d e r  these 
condi t ions  on ly  U +4 is fo rmed  (6) .  U +3 can then  
be ob ta ined  by  r e me l t i ng  and  ho ld ing  the  me l t  t e m -  
p e r a t u r e  for an  ex t ended  period,  15 hr  or more.  
Decomposi t ion  of UF4 to UF3 at the me l t  t e m p e r a -  
ture,  then ,  migh t  be the  p r e d o m i n a n t  m e c h a n i s m  of 
U + 3 product ion .  

If t r i v a l e n t  u r a n i u m  is added d i rec t ly  to the s am-  
ple, in  the  form of UF3 for example ,  PbF2 should  
not  be used. This can aga in  be shown ind i rec t ly ,  as 
above, by  co-doping  CaF2 wi th  UF3 and  CdF2. In  
this case on ly  U +4 is ob ta ined  ind ica t ing  tha t  the 
fo l lowing reac t ion  has a posi t ive  ox ida t ion  potent ia l .  

Cd +2 4- 2 U + 3 ~  Cd 4- 2U +4 

A s imi la r  reac t ion  w i th  d i v a l e n t  lead is p robab le  
since Pb  +e is a be t t e r  oxidiz ing agen t  t h a n  Cd +2. 

I t  seems evident ,  then,  t ha t  u r a n i u m  is oxidized 
to U +4 by  Pb  +2 at the  high c rys ta l l i za t ion  t e m p e r a -  
tures.  If u r a n i u m  me ta l  is used as the  dopan t  source, 
this is a necessary  and  des i rab le  funct ion.  However ,  
w h e n  UF3 is added to the  sample  charge,  no ox idan t  
such as PbF2 should  be present .  

Conclusions 

1. W h e n  doping a lka l ine  ea r th  hal ides  wi th  di -  
v a l e n t  ra re  earths,  easi ly  reduced  species such as 
Pb  +2 mus t  be absent .  

2. U +3 doping  is ob ta ined  f rom u r a n i u m  me ta l  by  
us ing  long  mel t  t imes  a long wi th  the PbF2 oxidiz-  
ing agent .  If U +3 is added  d i rec t ly  to the  host, as 
UF3 for example ,  PbF2 should no t  be used. 

3. Other  ionic host ma te r i a l s  for d iva l en t  ra re  
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ea r th s  a n d / o r  U +8 can  be  chosen  or  e l i m i n a t e d  on  
the  bas is  of an  o x i d a t i o n  p o t e n t i a l  a r g u m e n t .  F o r  
e x a m p l e ,  a l k a l i n e  e a r t h  and  a l k a l i  m e t a l  ha l i de s  as 
we l l  as La,  Y, and  Sc ha l i de s  can  be  d o p e d  w i t h  
d i v a l e n t  r a r e  ear ths ,  w h e r e a s  ha l i de s  of In,  T1, Bi, 
Pb,  or  Cd, in gene ra l ,  cannot .  

Manuscr ip t  rece ived  March 27, 1964. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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Small Particles in Silicon 
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Si l icon  g r o w n  b y  Czochra l sk i  o r  f loa t -zone  t e c h -  
n iques  occas iona l ly  g ives  a n o m a l o u s l y  low y i e ld s  
of p - n  j u n c t i o n  devices ,  even  t h o u g h  the  r e s i s t i v i t y ,  
m i n o r i t y  c a r r i e r  l i f e t ime ,  and  d i s loca t ion  d e n s i t y  a r e  
w i t h i n  t he  n o r m a l l y  a c c e p t a b l e  r anges .  W e  h a v e  
i n v e s t i g a t e d  such  m a t e r i a l  b y  the  t r a n s m i s s i o n  
e l ec t ron  mic roscope  me thod .  

Sl ices  p a r a l l e l  to t he  (111) p l a n e  w e r e  cut  f r o m  
a n u m b e r  of such  ingo t s  f r o m  d i f fe ren t  sources ,  
l a p p e d  and  c h e m i c a l l y  po l i shed  w i t h  CP41 f r o m  
bo th  s ides  in o r d e r  to r e m o v e  the  l a p p i n g  
damage .  These  spec imens  w e r e  t hen  j e t  c h e m i c a l l y  
t h i n n e d  f r o m  a l t e r n a t e  s ides  us ing  an  H N O ~ / H F  
so lu t ion  (1)  un t i l  a s m a l l  hole  a p p e a r e d .  M a n y  of 
the  spec imens  d id  not  t h e n  e x h i b i t  t he  smooth ,  
m i r r o r - l i k e  su r f aces  u s u a l l y  r e s u l t i n g  f r o m  such a 
p r e p a r a t i o n ,  b u t  s h o w e d  i r r e g u l a r ,  p i t t e d  sur faces .  
W h e n  the  th in  a r e a s  of such  spec imens  w e r e  e x -  
a m i n e d  in t r a n s m i s s i o n  in  t h e  e l ec t ron  mic roscope ,  

1 200 m]  H N O 3 : 1 2 0  m l  H F :  120 m l  CH3COOH.  

Electric Corporation, Pittsburgh, Pennsylvania 

l a r g e  n u m b e r s  of s m a l l  p a r t i c l e s  e m b e d d e d  in t he  
Si  m a t r i x  w e r e  obse rved .  

A b r i g h t  f ield t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h  
of a Si  s p e c i m e n  w h i c h  gave  poor  dev ices  is shown  
in Fig .  la. N u m e r o u s  s m a l l  defec t s  ( A )  a n d  s e v e r a l  
l a r g e  de fec t s  (B)  a r e  p re sen t .  The  s m a l l  de fec t s  
(A)  a re  shown  aga in  in Fig.  2 a t  h i g h e r  m a g n i f i c a -  
t ion.  These  de fec t s  consis t  in  mos t  i n s t ances  of an  
a p p r o x i m a t e l y  c i r c u l a r  g r a y  a r e a  up  to 1000A 
across  con ta in ing  s h a r p l y  def ined  b l a c k  centers .  The  
b l a c k  cen te r s  a r e  t h o u g h t  to  be  s m a l l  pa r t i c l e s ,  and  
the  s u r r o u n d i n g  g r a y  a r e a s  to be  r eg ions  of e i t he r  
h igh  s t r a in  or  h igh  seg rega t ion .  The  ex t i nc t i on  con-  
t r a s t  t h i ckness  f r inges  (C)  show tha t  the  su r f ace  is 
i r r e g u l a r ,  e s p e c i a l l y  in t he  reg ions  i m m e d i a t e l y  
s u r r o u n d i n g  m a n y  of t he  defects .  

S e l e c t e d - a r e a  t r a n s m i s s i o n  e l ec t ron  d i f f rac t ion  
p a t t e r n s  f r o m  reg ions  con ta in ing  such  defec t s  
s h o w e d  the  s ingle  c r y s t a l  (111) Si  spots,  and  s o m e -  
t imes  in  a d d i t i o n  e x t r a  w e a k  spots.  A d a r k  field 
t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h  t a k e n  w i t h  one 
of t he se  w e a k  spots  is s h o w n  in Fig.  lb .  This  m i c r o -  

Fig. 1. (a) Bright field transmission electron micrograph of 
"poor" Si; (b) dark field transmission electron micrograph of the 
same area. Magnification approximately 4000X. 

Fig. 2. Bright field transmission electron micrograph of "poor" 
Si. Magnification 25,000)(. 
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g r a p h  m a y  be  c o m p a r e d  w i t h  Fig .  l a ,  w h i c h  is t he  
s ame  r eg ion  in b r i g h t  field. The  d a r k  f ield m i c r o -  
g r a p h  shows  m a n y  of  t he  l a r g e  de fec t s  and  the  
s m a l l  de fec t s  as s h a r p l y  def ined  b r i g h t  images .  This  
o b s e r v a t i o n  conf i rms t h a t  the  de fec t s  a r e  no t  s u r -  
face  effects a r i s ing  f r o m  the  j e t  c h e m i c a l  t h inn ing ,  
b u t  a r e  def in i te  s t r u c t u r a l  de fec t s  w i t h i n  t he  i n -  
t e r i o r  of t he  spec imen .  Some  of t he  e x t r a  w e a k  
spots  in  t he  e l e c t r o n  d i f f rac t ion  p a t t e r n s  w e r e  
s t r eaked ,  i n d i c a t i n g  the  p r e s e n c e  of s t r a in s  a n d / o r  
f a u l t i n g  in t he  defec t s  a n d / o r  s u r r o u n d i n g  reg ions .  
None  of t he  p a t t e r n s  e n a b l e d  an  u n a m b i g u o u s  
iden t i f i ca t ion  of the  p a r t i c l e s  to be  made .  

Hence,  the  r e su l t s  show t h a t  t he  Si spec imens  
w h i c h  gave  poo r  dev ices  possess  loca l  r eg ions  con-  
t a i n ing  l a r g e  n u m b e r s  of s m a l l  pa r t i c l e s .  The  p r e s -  
ence  of these  p a r t i c l e s  a n d / o r  t h e i r  a s soc ia t ed  
s t r a ins  cou ld  accoun t  for  t he  low dev ice  y ie lds .  
T h e y  u n d o u b t e d l y  accoun t  for  the  i r r e g u l a r  s u r -  
faces  r e s u l t i n g  f r o m  t h e  j e t  c h e m i c a l  t h inn ing .  The  
o r ig in  and  i d e n t i t y  of t he  pa r t i c l e s  has  no t  y e t  been  
a sce r t a ined .  One  p o s s i b i l i t y  is t h a t  t he  p a r t i c l e s  a r e  
s i l icon c a r b i d e  and  t h a t  t he  c a r b o n  was  p i c k e d  up  
d u r i n g  the  g r o w t h  process .  N e w m a n  and  W a k e f i e l d  
(2)  h a v e  d e m o n s t r a t e d  t h a t  c a r b o n  can  be  p i c k e d  
up  r e a d i l y  b y  si l icon.  T h e y  have  also s t u d i e d  the  
d i f fus ion  of c a rbon  into  s i l icon and  h a v e  shown  t h a t  
d i s loca t ions  and  p r e c i p i t a t i o n  effects r e su l t  f r om 

this  diffusion;  h o w e v e r ,  these  effects w e r e  of suffi- 
c ient  size to be  o b s e r v e d  b y  c o n v e n t i o n a l  m i c r o -  
scopy  a n d  i n f r a r e d  t r a n smi s s ion .  

A l a r g e  n u m b e r  of Si  spec imens  f rom ingo t s  not  
e x h i b i t i n g  a n o m a l o u s  p r o p e r t i e s  w e r e  also e x -  
a m i n e d  b y  t r a n s m i s s i o n  e l e c t r o n  mic roscopy .  M a n y  
of t he se  spec imens  c o n t a i n e d  p a r t i c l e s  s i m i l a r  in 
a p p e a r a n c e  to those  o b s e r v e d  in t he  Si  w h i c h  gave  
poor  devices ,  a l t h o u g h  t h e y  w e r e  of course  m u c h  
m o r e  s p a r s e l y  d i s t r i b u t e d .  Neve r the l e s s ,  t h e i r  p r e s -  
ence was  s o m e w h a t  su rp r i s ing .  T h e y  m a y  be  r e -  
spons ib l e  for  t h e  d e g r a d a t i o n  of t he  e l e c t r i c a l  
c ha r a c t e r i s t i c s  of p - n  j u n c t i o n  dev ices  w h i c h  s o m e -  
t imes  occur  e v e n  w i t h  "good"  Si  m a t e r i a l .  M o r e -  
ove r  such  p a r t i c l e s  could  ac t  as d i s loca t ion  sources  
a n d / o r  i n i t i a t e  f r a c t u r e  w h e n  the  m a t e r i a l  is m e -  
c h a n i c a l l y  d e f o r m e d .  

Manuscr ip t  rece ived  Jan.  6, 1964; rev ised  manu-  
scr ipt  received Apr i l  24, 1964. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ ished in the  June  1965 JOURNAL. 

REFERENCES 

1. G. R. Booker  and R. St ickler ,  Brit. J. Appl. Phys., 
13, 446 (1962). 

2. R. C. Newman  and J. Wakefield,  Solid State Physics 
in Electronics and Telecommunications, 1 I, 318 
(1959) ; also "Carbon in Silicon," in "Meta l lu rgy  of 
Semiconductor  Mater ials ,"  J. Schroeder ,  Editor,  
In tersc ience Publishers ,  New York  (1962). 

Co m n cadon 

Transmitted Phonon Drag Measurements in Epitaxial Silicon 
R. Gereth and C. Stephens 

Shockley Research Laboratory, Clevite Corporation, Palo Alto, California 

T r a n s m i t t e d  p h o n o n  d r a g  (1)  has  b e e n  m e a s u r e d  
p r e v i o u s l y  in d i f fused  n p n  s i l icon s t r u c t u r e s  (2 -6 ) .  
In  a l l  cases  t he  t h r e e  l a y e r  s t r u c t u r e s  w e r e  p r e -  
p a r e d  f r o m  c ruc ib l e  p u l l e d  or  float  zone s i l icon 
c rys ta l s .  So fa r  no r e su l t s  h a v e  been  r e p o r t e d  of 
t r a n s m i t t e d  p h o n o n  d r a g  m e a s u r e m e n t s  in e p i t a x i a l  
s i l icon films. S ince  t h i c k  l a y e r s  of e p i t a x i a l  s i l icon 
(7)  a re  n o w  eas i ly  ava i l ab l e ,  i nves t i ga t i ons  w e r e  
i n i t i a t e d  to e x p l o r e  t h e  t r a n s m i t t e d  p h o n o n  d r a g  in 
e p i t a x i a t  l aye r s .  

E p i t a x i a l  f i lms used  in  t he  p r e s e n t  w o r k  w e r e  
g r o w n  b y  t h e r m a l  d e c o m p o s i t i o n  of SIC14 (or  an 
a d m i x t u r e  of SIC14 and  B2H6) in  h y d r o g e n  (8) .  The  
s u b s t r a t e s  w e r e  [111] o r i e n t e d  h igh  r e s i s t i v i t y  n -  
t y p e  slices. A f t e r  t h e  g r o w i n g  p rocess  t he  s u b s t r a t e  
l a y e r s  w e r e  c o m p l e t e l y  l a p p e d  a w a y  l e a v i n g  ep i -  
t a x i a l  l a y e r s  w i t h  t h i cknes se s  b e t w e e n  40 and  140~. 
In  th is  w a y  e p i t a x i a l  s i l icon  l a y e r s  w e r e  p r e p a r e d  

having boron concentrations of 6 X 10 ~4, 6.5 • I0 TM, 
and  2.5 • 1017 a t . / c m  ~, r e spe c t i ve ly .  

S y m m e t r i c a l  n p n  s t r u c t u r e s  h a d  to be  m a d e  to 
obse rve  t h e  t r a n s m i t t e d  p h o n o n  d r a g  in  e p i t a x i a l  
s i l icon.  The  s t r u c t u r e s  w e r e  f a b r i c a t e d  b y  expos ing  
the  c l e a ne d  e p i t a x i a l  sl ices to a 30 m i n  p h o s p h o r u s  
p r e d e p o s i t i o n  at  800~ w i t h  a s u b s e q u e n t  d i f fus ion 
for  60 ra in  at  1300~ A f t e r  t he  p h o s p h o r u s  d i f fu-  
sion, r e c t a n g u l a r  s a mp le s  (10 • 1 m m )  w e r e  cut  
a n d  e l e c t r i c a l  con tac t s  w e r e  a p p l i e d  to t h e  n - l a y e r s  
b y  the  t h e r m o c o m p r e s s i o n  b o n d i n g  of 0.003 in. d i -  
a m e t e r  go ld  wi res .  The  g e o m e t r y  of t he  f in ished  tes t  
s a m p l e s  is shown  in Fig.  1 ( x  : 10 mm,  y ~ 1 r a m ) .  

The  t r a n s m i t t e d  phonon  d r a g  in t he  e p i t a x i a l  npn 
s t r u c t u r e s  was  o b s e r v e d  b y  m e a n s  of t he  s ame  t e c h -  

--> 

n ique  as d e s c r i b e d  e a r l i e r  ( 2 - 6 ) .  A n  e lec t r i c  field E1 
a p p l i e d  to  t he  top  n l a y e r  ( see  Fig .  1) d i s t u r b s  the  
t h e r m a l  p h o n o n  e q u i l i b r i u m .  This  d i s t u r b a n c e  of 
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Fig. 2. Dependence of the transmitted phonon drag on im- 
purity concentration in the intermediate p-layer. - - . ,  Epitaxial 
material; - - - Czochralski crystal; T = 77~ 

the r e l e v a n t  phonons  propaga tes  t h r o u g h  the  midd le  
p - l aye r ,  and  phonons  reach ing  the  bo t tom n - l a y e r  
drag e lec t rons  a long wi th  them,  thus  se t t ing  up  an  

electric field E 2. P lo t t i ng  the l oga r i t hm of the  ra t io  
IE21EII as a func t ion  of the  wid th  W~ of the  m i d -  
dle  p - l a y e r  a l lows the  m e a n  f ree  pa th  of the  r e l e -  
v a n t  phonons  to be d e t e r m i n e d  (2, 6). This  me thod  
was appl ied  to the case of the  ep i tax ia l  samples.  The 
m e a s u r e m e n t s  we re  car r ied  out  w i th  the  samples  
i m m e r s e d  in  l iqu id  n i t rogen .  

Resul ts  a re  shown in  Fig. 2. The  solid s t ra igh t  
l ines l abe l l ed  1, 2, and  3 in  Fig. 2 app rox ima t e  the  
e x p e r i m e n t a l  poin ts  ob ta ined  f rom ep i tax ia l  si l icon 
wi th  the  di f ferent  bo ron  concent ra t ions .  For  Wp = 
117# two di f ferent  sets of da ta  are  shown,  l abe l l ed  
A and  B. The va lues  A for IE2/Ell r ep re sen t  the  
ac tua l  m e a s u r e d  poin ts  which  were  corrected 1 to 
y ie ld  the  va lues  B. 

The  dot ted l ines  in  Fig. 2 are  t a k e n  f rom s imi la r  
m e a s u r e m e n t s  repor ted  by  H u b n e r  and  Shockley  

1 The  s a m p l e s  w i t h  Wp = 117/L e x h i b i t  a n  n - l a y e r  shee t  r e s i s t ance  
of 17 o h m s  per  s q u a r e  c o m p a r e d  to  13 o h m s  pe r  s q u a r e  p r e s e n t  i n  
t h e  r e m a i n i n g  e p i t a x i a l  samples .  Th i s  causes  a r e l a t i v e l y  l a r g e r  
eff ic iency (3, 6) of  the  r e c e i v i n g  n - l a y e r s  in  t he  s amp le s  w i t h  Wv 
= 117/~. The re fo re ,  t he  m e a s u r e d  v a l u e s  A w e r e  co r r ec t ed  accord-  
ingly (6). 

(3) for the  case of crucible  g rown  silicon. H u b n e r  
and  Shockley conc luded  f rom the i r  resul t s  tha t  in  
silicon samples with low boron concentration, the 
mean free path L~ depends only on phonon-phonon 
scattering. L~ drops, however, as soon as phonon- 
hole scattering becomes dominant (see the dotted 
l ine  in  Fig. 2 r e f e r r i ng  to p = 1 X 10 TM c m - 3 ) .  The 
l ines  1 and  2 in  Fig. 2 were  d r a w n  t h r ough  the  ex-  
p e r i m e n t a l  poin ts  and  pa ra l l e l  to the  dot ted curve  
cor respond ing  to a boron  concen t r a t i on  of p = 1.4 
X 1015 cm -3. The  slope of this  pa r t i cu l a r  curve  is 
wel l  es tabl ished,  be i ng  the  resu l t  of m e a s u r e m e n t s  
of a la rge  n u m b e r  of spec imens  (3) .  

In  conclus ion  it  can be said tha t  the  m e a n  free 
pa th  L~ of the r e l e v a n t  t h e r m a l  phonons  at  77~ 
due  to p u r e  p h o n o n - p h o n o n  sca t te r ing  is 80 --+ 10p 
in  ep i tax ia l  si l icon wi th  a bo ron  concen t r a t i on  be-  
t w e e n  6 X 10 TM and  6.5 X 10 TM a t . / c m  3. This resu l t  
is in  v e r y  good a g r e e m e n t  wi th  the da ta  pub l i shed  
for c ruc ib le  g r ow n  si l icon crysta ls  of e q u i v a l e n t  
low boron  concent ra t ions ,  and  it shows tha t  u n d e r  
these condi t ions  the re  is a p p a r e n t  equa l i t y  in  c rys-  
ta l  pe r fec t ion  for m e l t - g r o w n  vs. v a p o r - g r o w n  si l i -  
con. In  addi t ion,  Fig. 2 shows tha t  L~ drops to 40~ 
in  ep i tax ia l  slices w i th  a bo ron  c onc e n t r a t i on  of 2.5 
X 1017 cm -3 whi le  in  Czochralski  crys ta ls  wi th  a 
boron  concen t r a t i on  of 1.0 X 1017 cm -8 p u r e  p h o n o n  
sca t te r ing  (L.~ = 80#) is st i l l  dominan t .  The differ-  
ence in  L~ indica tes  tha t  more  h igh ly  doped epi -  
t ax ia l  si l icon is s t r u c t u r a l l y  less perfect  (9, 10) t h a n  
cor respond ing  cruc ib le  g r o w n  mate r i a l ,  as also sug-  
gested by  the  more  p r o n o u n c e d  b r i t t l eness  of the  
h igh ly  doped ep i tax ia l  slices observed  d u r i n g  the 
course of the e x p e r i m e n t s  descr ibed in  this  com- 
mun ica t ion .  

A c k n o w l e d g m e n t s  

The au thors  are  g ra te fu l  to R. H. F i nc h  for g row-  
ing the  ep i tax ia l  layers .  This  w o r k  was  suppor ted  
by  the  A d v a n c e d  Research  Pro jec t  Agency  t h rough  
the  Office of Nava l  Research of the Un i t ed  States  
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Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the June 1965 JOURNAL. 
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ABSTRACT 

High per formance  and complete  e lec t ro -ox ida t ion  of p ropane  have been 
achieved in fuel  cells opera t ing  in the range  150~176 The cells contain 
p la t inum cata lyzed electrodes and concent ra ted  phosphor ic  acid electrolytes .  
For  best  per formances  the  e lec t ro ly te  concentra t ion  and opera t ing  t empe ra tu r e  
a re  selected so tha t  the  pa r t i a l  pressure  of wa te r  vapor  over  the e lec t ro ly te  is 
in the  v ic in i ty  of 600 mm. Observing  this condition, complete  p ropane -oxygen  
fuel  cells p roduced  50 m a / c m  2 at  0.5v cell  potent ia l  (wi th  ohmic resis tance 
losses inc luded)  at 200~ The mechanism of the  e lec t ro-ox ida t ion  of p ropane  
is discussed. 

I t  is g e n e r a l l y  fe l t  t h a t  t he  b r o a d  i m p a c t  of fue l  
cel ls  as a class of p o w e r  sources  w i l l  on ly  be  fe l t  
if  t h e y  can  be  m a d e  to o p e r a t e  on i nexpens ive ,  eas i ly  
s to red  fuels ,  of w h i c h  the  s a t u r a t e d  h y d r o c a r b o n s  
r e p r e s e n t  a n o t a b l e  class. R e c e n t l y  a h igh  p e r f o r m -  
ance  fue l  cel l  for  s a t u r a t e d  h y d r o c a r b o n s  was  a n -  
nounced  (1) .  The  p r e s e n t  p a p e r  p r e s e n t s  m o r e  d e -  
t a i l ed  i n f o r m a t i o n  a b o u t  p e r f o r m a n c e  of such  cel ls  
on p r o p a n e .  A b r i e f  c o m m u n i c a t i o n  on p r o p a n e - o x -  
ygen  cel l  p e r f o r m a n c e  at  150~ w i t h  some com-  
m e n t s  on cel l  s t r u c t u r e  has  a l r e a d y  been  p u b l i s h e d  
(2) .  

Most  i n v e s t i g a t o r s  have  e x p e c t e d  s a t u r a t e d  h y -  
d r o c a r b o n s  to be  i n e r t  e l e c t r o c h e m i c a l l y  e x c e p t  a t  
h igh  t e m p e r a t u r e s  ( in  t h e  r a n g e  of o p e r a t i o n  of 
fue l  cel ls  w i t h  fused  sa l t  or  c e r amic  e l e c t r o l y t e s ) .  

In  th i s  t e m p e r a t u r e  r eg ion  h y d r o c a r b o n s  do no t  
r eac t  d i r e c t l y  b u t  a r e  c o n v e r t e d  in t he  cel l  b y  r e -  
ac t ion  w i t h  w a t e r  in to  o the r  e l e c t r o c h e m i c a l l y  r e -  
ac t ive  species,  u s u a l l y  h y d r o g e n  and  c a r b o n  m o n -  
ox ide  (3 -5 ) .  More  r ecen t ly ,  cel ls  w i t h  aqueous  su l -  
fur ic  acid  e l e c t r o l y t e  o p e r a t i n g  b e l o w  100~ h a v e  
d i r e c t l y  ox id i zed  some h y d r o c a r b o n s  at  low c u r r e n t  
dens i t i es  (6 -10 ) ,  and  i t  has  even  been  o b s e r v e d  t h a t  
o x i d a t i o n  of p r o p a n e  is c o m p l e t e  to COs and  w a t e r  
as l ow  as 65~ (11) .  

A s u r v e y  of m a n y  s a t u r a t e d  h y d r o c a r b o n  anode  
s y s t ems  (7-11)  s h o w e d  e m p i r i c a l l y  t h a t  c e r t a i n  f ac -  
tors  a r e  conduc ive  to h igh  r e a c t i v i t y .  These  a r e  t he  
fo l lowing :  ( i )  Use of p l a t i n u m  as t he  e l e c t r o -  
ca t a lys t ,  ( i t )  use  of s t rong  ac id  as the  e l ec t ro ly t e ,  
( i i i )  use  of  p r o p a n e  as the  fuel ,  and  ( iv )  o p e r a t i o n  
at  h igh  t e m p e r a t u r e  w i t h i n  the  r a n g e  of s t a b i l i t y  
of the  e l ec t ro ly t e ,  cell ,  and  e l e c t r o d e  s t ruc tu re .  A s i d e  
f r o m  r e a c t i v i t y  cons ide ra t i ons  t he  use  of ac id  e l ec -  
t r o l y t e  is d e s i r a b l e  also f r o m  the  po in t  of v i e w  of 
r e j e c t i o n  of COs ( w h i c h  w o u l d  be  c o n v e r t e d  into  
c a r b o n a t e  in  a cel l  w i t h  a s t r o n g l y  a l k a l i n e  e l e c t r o -  
l y t e ) .  

The  p r e s e n t  p a p e r  desc r ibes  t he  r e su l t s  of i n -  
c r eas ing  the  t e m p e r a t u r e  of o p e r a t i o n  of fue l  cel ls  
t h a t  c o n f o r m  to t he  c r i t e r i a  l i s t e d  above.  O x i d i z i n g  
ac ids  a r e  no t  s t a b l e  in  fue l  cel ls  a t  e l e v a t e d  t e m -  
p e r a t u r e s ,  and  p h o s p h o r i c  ac id  was  se lec ted  as the  

e l e c t r o l y t e  be c a use  of i ts  k n o w n  a b i l i t y  to  r e s i s t  
d i r ec t  r educ t ion .  I t  has  no t  p r e v i o u s l y  shown p a r -  
t i c u l a r  p r o m i s e  as a fue l  cel l  e l ec t ro ly t e ,  for  e x -  
ample ,  in t he  w o r k  of V a u c h e r  and  Bloch  (12, 13) 
w i t h  p r o p a n e  a t  200~ or  in the  w o r k  of E l m o r e  
and  T a n n e r  (14) w i t h  h y d r o g e n - o x y g e n  cel ls  a t  
150~ F u r t h e r m o r e ,  T a r m y  (15) found  t ha t  t he  
p e r f o r m a n c e  of an  o x y g e n  c a t h o d e  was  p o o r e r  in 
p h o s p h o r i c  ac id  t han  in  su l fu r i c  acid  at  80~ 

Desp i t e  t h e  above ,  u n d e r  se lec ted  o p e r a t i n g  con-  
d i t ions ,  p r o p a n e - o x y g e n  fue l  cel ls  e m p l o y i n g  p h o s -  
phor i c  ac id  e l e c t r o l y t e s  show bo th  h igh  p e r f o r m a n c e  
and  c o m p l e t e  fue l  o x i d a t i o n  in the  r a n g e  of a b o u t  
150~176 T h e  p a p e r  r e p o r t s  on the  p e r f o r m a n c e  
of such cel ls  p a r t i c u l a r l y  as a func t ion  of t e m p e r -  
a t u r e  and  e l e c t r o l y t e  concen t r a t ion .  

Experimental 
The  p r o p a n e  fue l  gas  was  M a t h e s o n  C o m p a n y  I n -  

s t r u m e n t  G r a d e  99.5% rain.  p u r i t y .  This  was  se -  
l ec t ed  for  conven ience  ove r  P h i l l i p s  P e t r o l e u m  C o m -  
p a n y  R e s e a r c h  Grade .  The  t w o  g rades  gave  i d e n t i c a l  
p e r f o r m a n c e  in  fue l  cells.  A t y p i c a l  t a n k  ana lys i s  
of t he  i n s t r u m e n t  g r a d e  p r o p a n e  was  as fo l lows  
( v o l u m e  p e r  cen ts )  p r o p a n e  99.5, a i r  (02, Nf, A )  
0.1, m e t h a n e  b e l o w  0.002, e t h a n e  0.01, and  n - b u t a n e ,  
0.3. The  a i r  con ten t  was  of ten  l o w e r  t h a n  0.1% and  
d id  not  affect  p e r f o r m a n c e  up  to t h a t  va lue .  

The  o x y g e n  used  was  99-t-% Os f r o m  l iqu id  a i r  
d i s t i l l a t ion .  S u b s t i t u t i o n  of e l e c t r o l y t i c  g r a d e  h a d  
no effect on cel l  p e r f o r m a n c e .  

S e v e r a l  sources  of p h o s p h o r i c  ac id  e l e c t r o l y t e  
w e r e  e m p l o y e d  w i t h  no o b s e r v a b l e  effect on p e r -  
fo rmance ,  as fo l lows :  ( i )  M a l l i n c k r o d t  A n a l y t i c a l  
R e a g e n t  G r a d e  (85% b y  w e i g h t  H3PO4), ( i t )  M o n -  
san to  F o o d  G r a d e  (75% b y  we igh t ,  H3PO4), ( i i i )  
M o n s a n t o  P h o s p h o l e u m  (105% b y  w e i g h t  H3PO4). 
C o n c e n t r a t i o n s  a b o v e  85% w e r e  p r e p a r e d  b y  b o i l -  
ing  off ( i )  in  P y r e x  or  Teflon b e a k e r s ,  or  b y  m i x i n g  
( i i i )  w i t h  ( i )  or  ( i t ) .  The  c o n c e n t r a t i o n s  w e r e  d e -  
t e r m i n e d  b y  p o t e n t i o m e t r i c  t i t r a t i o n  or  b y  d e n s i t y  
d e t e r m i n a t i o n  e m p l o y i n g  a F i s h e r - D a v i d s o n  G r a v i -  
t ome te r .  The  l a t t e r  m e t h o d  is e s p e c i a l l y  c o n v e n i e n t  
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Fig. 1. System for investigating propane-oxygen phosphoric acid 
fuel cells at elevated temperatures. 

a f t e r  c a l i b r a t i o n  a g a i n s t  v a l u e s  d e t e r m i n e d  b y  t i -  
t r a t ion .  

P l a t i n u m  b lack ,  t h e  e l e c t r o c a t a l y s t  in a l l  e l ec -  
t r o d e s  used  in the  p r e s e n t  work ,  was  E n g e l h a r d  I n -  
d u s t r i e s  100% p l a t i n u m  b lack .  The  su r f ace  a r e a  of 
t h e  b l a c k  was  20 m2 /g  as d e t e r m i n e d  us ing  a P e r k i n -  
E l m e r  She l l  S o r p t o m e t e r .  

The  cel l  s t r u c t u r e  has  been  p r e v i o u s l y  d e s c r i b e d  
(2 ) .  I t  was  i n v e s t i g a t e d  in t h e  s y s t e m  shown  in 
Fig .  1. A n  a i r  t h e r m o s t a t ,  TH, enc losed  the  fue l  
cell ,  C, and  con t ro l l ed  t h e  cel l  a m b i e n t  t e m p e r a t u r e  
to • I~  The  e l e c t r o l y t e  was  fed  to the  cel l  b y  
g r a v i t y  f rom a r e s e r v o i r  E h e a t e d  to abou t  l l 0 ~  
(us ing  h e a t e r  H2) for  t he  p u r p o s e  of ou tgass ing .  

A Teflon n e e d l e  v a l v e  s topcock,  V4 con t ro l l e d  the  
flow r a t e  to  t he  cel l  so t h a t  t he  e l e c t r o l y t e  c h a m b e r  
v o l u m e  of 2.6 m l  was  c h a n g e d  a p p r o x i m a t e l y  e v e r y  
10 min.  S a m p l e s  of e l e c t r o l y t e  for  ana lys i s  a f t e r  
pass ing  t h r o u g h  the  cel l  w e r e  co l lec ted  in  t he  s m a l l  
r e s e r v o i r  R. The  use of a o n c e - t h r o u g h  s y s t e m  for  
s u p p l y i n g  e l e c t r o l y t e  to t he  cel l  was  e n t i r e l y  a m a t -  
t e r  of conven ience .  The  e l e c t r o l y t e  was  c r y s t a l  c l ea r  
and  u n c o l o r e d  on e m e r g i n g  f rom t h e  cell .  I t  cou ld  
be r e u s e d  in t h e  cel l  w i t h  no loss in p e r f o r m a n c e  
if t h e  w a t e r  c o n c e n t r a t i o n  was  a d j u s t e d  b a c k  to 
the  i n i t i a l  va lue .  O x y g e n  was  fed  to t h e  cel l  a t  
a f low r a t e  r e p r e s e n t i n g  at  l e a s t  a 2 - fo ld  excess  ove r  
t ha t  r e q u i r e d  to s u p p l y  the  cell.  P r o p a n e  was  s u p -  
p l i ed  at  a flow r a t e  g iv ing  20% or  less conve r s ion  
u n d e r  the  h e a v i e s t  l o a d  c u r r e n t s  e m p l o y e d  ( a b o u t  
2 a m p  m a x i m u m ) .  A r g o n  sweep  gas  was  used  as 
n e c e s s a r y  to avo id  the  p r e s e n c e  of a i r - p r o p a n e  m i x -  
t u r e s  in t he  anode  c h a m b e r  of the  cell .  Va r io us  gas  
flows w e r e  c o n t r o l l e d  b y  the  b ra s s  n e e d l e  v a l v e s  
Vz - -V3.  The  in le t  and  ou t l e t  t ub ings  for  e l e c t r o l y t e  
(L6 and  Lv) and  gases  ( L 1 - - L s )  w e r e  m a d e  of 
Teflon " s p a g h e t t i . "  The  p r o p a n e  was  in  some cases  
p r e h e a t e d  to t h e  t e m p e r a t u r e  of  T H  b y  t h e  l i ne  
h e a t e r  H~. This  had  an  affect  on p e r f o r m a n c e  on ly  
at  h igh  flow ra t e s  of p ropane .  

E l ec t r i ca l  m e a s u r e m e n t s  w e r e  p e r f o r m e d  as fo l -  
lows  ( s y m b o l s  in  p a r e n t h e s e s  r e f e r  to i t e m s  in Fig.  
1). Cel l  p o t e n t i a l  was  m e a s u r e d  us ing  a Rub i c on  
Mode l  2730 p o t e n t i o m e t e r  ( P ) ,  cel l  l oad  c u r r e n t  
was  m e a s u r e d  us ing  a S e n s i t i v e  I n s t r u m e n t  Co. 
P o l y r a n g e r  ( I ) ,  and  cel l  l o a d  r e s i s t ance  was  v a r i e d  
us ing  a G e n e r a l  Rad io  Co. Decade  Res i s t ance  B o x  
( a a ) .  The  cel l  ac ted  as t he  sole source  of emf  in 

the  sys tem.  Cell  p e r f o r m a n c e  f ree  of ohmic  r e s i s t -  
ance  loss was  o b t a i n e d  b y  s u b t r a c t i n g  the  iR loss 
b a s e d  on i n t e r n a l  cel l  r e s i s t a nc e  m e a s u r e d  on open  
c i r cu i t  us ing  a G e n e r a l  Rad io  Mode l  650 A i m p e -  
dance  b r i d g e  at  1000 cps. A second  m e t h o d  us ing  a 
K o r d e s c h  M a r k o  b r i d g e  (16) to  o b t a i n  t he  iR f ree  
cel l  emf  gave  c u r r e n t  d e n s i t y - e m f  cu rves  s u p e r i m -  
posa b l e  on those  o b t a i n e d  b y  the  a b o v e  me thod .  

A P e r k i n - E l m e r  Mode l  154B gas  c h r o m a t o g r a p h  
was  used  for  ana lys i s  of b o t h  t he  fue l  i n p u t  a n d  
p r o d u c t  gas  s t r eams .  The  c o m p o n e n t s  of th i s  s y s t e m  
( r e f e r r i n g  to s y m b o l s  in Fig .  1) are,  bes ides  t he  
c h r o m a t o g r a p h  i tself ,  a gas  s a m p l i n g  v a l v e  w i t h  a 
1.25 m l  s t a n d a r d  s a m p l e  v o l u m e  (S .V. ) ,  and  a 10 
ml  soap  fi lm flow m e t e r  (F .M.)  w h i c h  was  c a l i b r a t e d  
by  w e i g h t  of m e r c u r y  to 0.1%. The  t r a n s i t  t i m e  of 
gas t h r o u g h  S.V. was  d e t e r m i n e d  us ing  a c a l i b r a t e d  
s top wa tch .  

The  condi t ions  for  t he  c h r o m a t o g r a p h  o p e r a t i o n  
were :  t e m p e r a t u r e ,  104~ co lumn,  2 m e t e r  s i l ica  
gel;  and  c a r r i e r  gas,  h e l i u m  a t  55 m l / m i n  ex i t  flow 
ra te .  T h e  c a l i b r a t i o n  of  t h e  c h r o m a t o g r a p h  was  
p e r f o r m e d  us ing  M a t h e s o n  k n o w n  gas  m i x t u r e s  and  
us ing  m i x t u r e s  p r e p a r e d  b y  c o m b i n i n g  gas s t r e a m s  
at  m e a s u r e d  flow ra tes .  The  a c c u r a c y  of t he  gas 
ana lys i s  for  the  v o l u m e  f r ac t i on  of a c o m p o n e n t  was  
a p p r o x i m a t e l y  ----- 1.5% of t h e  va lue .  

In  c o m m o n  w i t h  mos t  w o r k  on c o m p l e t e  fue l  
cells ,  on ly  t he  a m b i e n t  t e m p e r a t u r e  was  con t ro l l ed .  
Two t y p e s  of s t e a d y  s ta te  d a t a  cou ld  be  o b t a i n e d :  
( i)  s t e a d y  s t a t e  w i t h  r e spe c t  to t he  o v e r v o l t a g e s  at  
the  e l ec t rodes  or  e l ec t r i ca l  s t e a d y  s ta te ,  and  ( i i )  
s t e a d y  s ta te  w i t h  r e spe c t  to t e m p e r a t u r e  r i se  a t  the  
a n o d e  ( the  ca thode  has  a ne g l i g ib l e  t e m p e r a t u r e  
coeff ic ient) .  The  r e su l t s  in th i s  p a p e r  c o r r e s p o n d  to 
cond i t ion  ( i )  a n d  no t  to cond i t ion  ( i i )  e x c e p t  w h e r e  
ind ica ted .  The  t e m p e r a t u r e  r i se  a t  the  a n o d e  was  
d e t e r m i n e d  in a f ew  cases, and  i t  becomes  g r e a t e r  
t han  5~ a t  c u r r e n t  dens i t i e s  a b o v e  100 m a / c m  2. 

A f u r t h e r  cond i t ion  on the  r e su l t s  r e p o r t e d  is the  
fo l lowing .  The  c o n c e n t r a t i o n  of p h o s p h o r i c  ac id  in 
v a r i o u s  cel ls  for  w h i c h  d a t a  a r e  r e p o r t e d  is t he  n o m -  
ina l  H3PO4 c onc e n t r a t i on  or  1.3804 x t he  P205 con -  
t en t  as m e a s u r e d  on t h e  e l e c t r o l y t e  fed  in to  t he  cell.  
In  pa s sa ge  t h r o u g h  the  cell ,  t he  c o n c e n t r a t i o n  of t he  
e l e c t r o l y t e  i nc r ea sed  b y  a p p r o x i m a t e l y  2% (e.g., 
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Fig. 2. Cell emf vs.  current density curves for propane-oxygen 
cells at 1S0~ with phosphoric acid electrolytes of various concen- 
trations. [ ]  85% H3PO4, A 96% H3PO4, �9 101% H3PO4, o 105% 
H~PO4. 
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F i g .  3 ,  Cell emf vs. current density curves for hydrogen-oxygen 
cells at 1500C with phosphoric acid electrolytes of various con- 
centrations, o �9 85% HAP04, []  [] 96% HsP04, A �9 101% 
H3P04, ~ ~ 105% H~P04. (Solid points are cell potential, open 
points are iR free cell potential.) 

f r o m  85 to 87% H3PO4) u n d e r  t he  cond i t ions  e m -  
p loyed .  

Results 

The  effect of the  e l e c t r o l y t e  c o n c e n t r a t i o n  v a r i -  
ab le  was  e x a m i n e d  b y  m e a s u r i n g  cel l  emf  vs.  c u r -  
r e n t  d e n s i t y  a t  v a r i o u s  cons t an t  t e m p e r a t u r e s  for  
cel ls  con t a in ing  p h o s p h o r i c  ac id  e l e c t r o l y t e  of v a r i -  
ous concen t ra t ions .  Such  r e su l t s  a r e  p r e s e n t e d  in 
Fig.  2 for  cel ls  o p e r a t i n g  at  150~ The  effect  of 
i nc r ea s ing  the  H~PO4 c o n c e n t r a t i o n  is to d e c r e a s e  
p e r f o r m a n c e .  The  effect m i g h t  be  due  to h i g h e r  iR  
drop  or  to i nc r ea sed  o v e r v o l t a g e s  at  e i t h e r  the  
ca thode  or  the  anode.  The  first  two  poss ib i l i t i e s  a r e  
e l i m i n a t e d  b y  m e a s u r i n g  the  p e r f o r m a n c e  of t he  
s ame  cel ls  w i t h  h y d r o g e n  and  oxygen .  These  r e -  
sul ts  a r e  d e p i c t e d  in Fig .  3. In  s e p a r a t e  e x p e r i m e n t s  
t he  h y d r o g e n  a n o d e  used  in t hese  cel ls  h a d  an 
o v e r v o l t a g e  l i n e a r  w i t h  c u r r e n t  d e n s i t y  w i t h  a 
v a l u e  of on ly  7 m v  a t  200 m a / c m  2. The re fo re ,  t he  
d rop  in  emf  in  t he  cu rves  of Fig .  3 is for  p r a c t i c a l  
p u r p o s e s  due  to iR drop  a n d / o r  o x y g e n  ca thode  
ove rvo l t age .  N e i t h e r  is s ign i f i can t ly  af fec ted b y  the  
e l e c t r o l y t e  c o n c e n t r a t i o n  changes  in the  r a n g e  of 
those  used  here .  The re fo re ,  t h e  p r e d o m i n a n t  effect  
is a t  t h e  p r o p a n e  anode .  I t  has  b e e n  s h o w n  t h a t  t h e  
o v e r - a l l  r e a c t i o n  a t  t he  p r o p a n e  a n o d e  is 

C8H8 q-- 6H20 = 3CO2 q- 20H + q- 2 0 e -  [1]  

Hence  w a t e r  is c o n s u m e d  in t he  reac t ion .  The  p r e s -  
en t  r e su l t s  sugges t  t h a t  w a t e r  is i n v o l v e d  in  one or  
m o r e  r a t e  d e t e r m i n i n g  s teps  in t he  e l e c t r o - o x i d a -  
t ion  of p ropane .  

The  a p p r o x i m a t e  a n o d e  o v e r v o l t a g e  vs.  c u r r e n t  
d e n s i t y  m a y  be  o b t a i n e d  b y  s u b t r a c t i n g  the  l o w e r  
c u r v e  of Fig.  3 ( i n c l u d i n g  iR loss)  f r o m  each  of t he  
cu rves  of Fig .  2. 

The  effect  of e l e c t r o l y t e  c o n c e n t r a t i o n  was  e x -  
p l o r e d  a t  o the r  t e m p e r a t u r e s ,  and  the  r e su l t s  a r e  
s u m m a r i z e d  in  t h e  g r a p h  of Fig .  4. He re  t he  c u r -  
r en t  d e n s i t y  a t  0.2v of cel l  p o t e n t i a l  ( iR  loss  i n -  
c l uded )  is p l o t t e d  a g a i n s t  n o m i n a l  H3PO4 e l e c t r o -  
l y t e  c o n c e n t r a t i o n  for  s e v e r a l  t e m p e r a t u r e s .  The  
c o n c e n t r a t i o n  is no t  an  e x t r e m e l y  c r i t i ca l  v a r i a b l e .  
E s p e c i a l l y  at  the  l o w e r  t e m p e r a t u r e s ,  t he  w a t e r  v a -  
po r  p r e s s u r e  over  t h e  e l e c t r o l y t e  m a y  v a r y  con-  

s i d e r a b l y  w i t h o u t  s u b s t a n t i a l l y  a f fec t ing  p e r f o r m -  
ance.  The  v a p o r  p r e s s u r e  of w a t e r  ove r  t he  p h o s -  
pho r i c  ac id  e l e c t r o l y t e  a t  v a r i o u s  c o n c e n t r a t i o n -  
t e m p e r a t u r e  po in t s  is i n d i c a t e d  in  F ig .  4 ( in  m m  
Hg)  b y  n u m b e r s  in  e l l ipses .  These  v a l u e s  w e r e  ob -  
t a i n e d  f r o m  the  d a t a  of B r o w n  a n d  W h i t t  (17) .  
A t  the  h i g h e r  t e m p e r a t u r e s  c h a n g i n g  w a t e r  v a p o r  
p r e s s u r e  a b o v e  t h e  e n t e r i n g  e l e c t r o l y t e  has  a p r o -  
nounc e d  effect even  n e a r  t he  a p p r o x i m a t e  o p t i m u m  
v a l u e  of 600 mm.  

In  o r d e r  to s t u d y  the  effect  of t e m p e r a t u r e  on 
p e r f o r m a n c e ,  i t  was  e l ec ted  to a d j u s t  t he  e l e c t r o l y t e  
c o n c e n t r a t i o n  and  t e m p e r a t u r e  so as to keep  the  
w a t e r  v a p o r  p r e s s u r e  ove r  t he  e l e c t r o l y t e  cons t an t  
a t  a b o u t  600 mm.  This  c o r r e s p o n d e d  to o p e r a t i n g  
the  cel l  a b o u t  8~ b e l o w  the  bo i l ing  p o i n t  of t h e  
e l ec t ro ly t e .  Thus ,  150~ and  85% (14.6M) HsPO4 
e l e c t r o l y t e  was  a t y p i c a l  o p e r a t i n g  poin t .  The  v a r i -  
a t ion  of t he  o p e r a t i n g  t e m p e r a t u r e  and  c o n c e n t r a -  
t ion was  as s h o w n  in t he  g r a p h  of Fig .  5. The  b o i l -  
ing l ine  and  the  600 m m  w a t e r  v a p o r  p r e s s u r e  l i ne  
w e r e  i n t e r p o l a t e d  f rom d a t a  c i ted  b y  V a n  W a z e r  
(18) .  
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Fig. 4. Current density of propane-oxygen cells at 0.2v cell 
potential at several temperatures as a function of concentration of 
H3PO4 electrolyte. [] 120~ �9 1500C, [ ]  1750C, o 200oC. 
Numbers in ellipses are water vapor pressures in millimeters over 
the electrolytes from the data of Brown and Whirr (17). 
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F ig .  6.  C e l l  e m f  vs. c u r r e n t  d e n s i t y  curves  for  p r o p a n e - o x y g e n  
cells at the operating points shown on Fig. 5. �9 75% H3PO4 
120~ A 85% H3P04 150~ o 91% HaPO4 175~ �9 95% H3PO4 
200~ [] 95% H3P04 200~ iR free. 

Cells ope ra t i ng  a t  the  4 open circle poin ts  on 
Fig. 5 gave the  c u r r e n t  d e n s i t y - e m f  curves  shown  
in  Fig. 6. I t  is found  tha t  the re  is a s izeable i m p r o v e -  
m e n t  wi th  t empe ra tu r e .  I n t e r n a l  ohmic loss is re -  
moved  f rom the  200~ curve  for the purpose  of 
compar ing  on this  basis  w i th  m a n y  other  fuel  cell 
da ta  repor ted  in  this  w a y  and  to give an  idea of the  
ohmic loss found  for the cells. The 1000 cycle r e -  
s is tance of the  cells was  0.12 ---- 0.01 ohm over  the  
r ange  of t e m p e r a t u r e s  employed.  This  was d iv ided  
in to  lead res is tance  of 0.04 ohm and  cell i n t e r n a l  
res is tance  of 0.08 ohm. A typ ica l  e lec t ro ly te  res is-  
t iv i ty  was  1.760 o h m . c m  for 85% by  weigh t  H3PO4 
(19),  which,  w i th  the  cell  cons tan t  ( a r e a / l e n g t h )  
h a v i n g  a va lue  28, y ie lds  a va lue  for i n t e r n a l  ohmic 
res i s tance  of 0.06 ohm. Thus  the ohmic loss in  the  
cell is l a rge ly  in  the  electrolyte .  

The effect of t e m p e r a t u r e  on p r o p a n e - o x y g e n  fuel  
cell pe r fo rmance  has been  compared  wi th  a p roc-  
ess of cons tan t  ac t iva t ion  ene rgy  by  p lo t t ing  the  
l oga r i t hm of c u r r e n t  dens i ty  at a fixed iR free cell 
po ten t i a l  of 0.45v as a func t ion  of reciprocal  abso-  
lu te  t empe ra tu r e .  This  plot  is shown in  Fig. 7. I t  
is a p p a r e n t  tha t  i m p r o v e m e n t  wi th  inc reas ing  te rn-  
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Fig. 7. Log of current density at 0.45v iR free cell potential vs. 
108/T for propane-oxygen cells. 
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Fig. 8. Cell emf vs. current density for propane-oxygen cell at 
200~ o Experimental points, �9 calculated from three constant 
equation (see text). 

p e r a t u r e  fal ls  off at  the  h igher  t empera tu re s .  This  
migh t  be a t t r i b u t e d  to the  onset  of diffusion control ;  
however ,  the  fo rm of the c u r r e n t  dens i ty  vs. emf  
curves  shows no effect of this  kind.  

In  fact, at 200~ the  po la r iza t ion  e m f - c u r r e n t  
dens i ty  curve  for a cell which  was  a l lowed to reach 
t h e r m a l  s teady s ta te  on  each poin t  is p r e sen t ed  in  
the plot  of Fig. 8. The  curve  is expressed w i t h i n  
e x p e r i m e n t a l  e r ror  by  a th ree  cons tan t  equa t ion  

E = 0.900 --  0.200 log i --  0.0015i 

This  is to be cons idered  an  en t i r e ly  empi r ica l  s i tu -  
a t ion  as the  t e m p e r a t u r e  of the anode  is r i s ing  at  
the he a vy  load cur rents .  However ,  at leas t  the re  is 
no a p p a r e n t  onset  of diffusion l imi ta t ion .  I t  has been  
show n  e l sewhere  (20) tha t  this  occurs at a c u r r e n t  
dens i ty  above 500 m a / c m  e. 

Ca rbon  dioxide y ie ld  data  have  been  ob ta ined  for 
p r o p a n e - o x y g e n  cells u n d e r  a va r i e t y  of condi t ions  
of t e m p e r a t u r e  a nd  e lec t ro ly te  concen t ra t ion .  There  
is no d i scern ib le  t r e n d  of the  CO2 y ie ld  as a func t ion  
of these var iables .  The CO2 yie ld  is defined here  
as 100 t imes  the  ra t io  of the  CO2 p roduc t ion  ra te  to 
tha t  which  would  be p roduced  at  a g iven  e lec t ron  
p roduc t ion  ra te  (cell  c u r r e n t )  by  reac t ion  [1].  At  
150~ f o r t y - f o u r  such CO2 y ie ld  d e t e r m i n a t i o n s  
were  made.  They  were  found  to be n o r m a l l y  dis-  
t r i b u t e d  abou t  a m e a n  va lue  of 99.3% wi th  a s t a n d -  
ard  dev ia t ion  of 2%. I t  is conc luded  tha t  the  CO2 
yie ld  f rom p ropane  in  the  fuel  cells inves t iga ted  
here  at  150~ is 99.3 ----- 4% wi th  .95% confidence 
l imits .  

Discussion and Results 

The ove r -a l l  s teady  state  r a t e  of anodic  ox ida t ion  
could be inf luenced by  severa l  factors inc lud ing :  
(i) ra te  of mass t r a n spo r t  of the  fuel  or w a t e r  to 
the  e lec t roca ta lys t  sites, (it) ra te  and  ex ten t  of ad -  
sorpt ion of the fuel  or w a t e r  on the  e lectrocatalyst ,  
and  (ii i)  ra te  of surface  react ions,  ( iv)  ra te  of 
mass  t r a n spo r t  of ca rbon  dioxide  away  f rom the  
reac t ion  sites. A l l  of the  p re sen t  work  is in  the  
region  of the po la r iza t ion  curve  wel l  r e move d  f rom 
tha t  of l im i t i ng  cur ren t ,  and  (i) and  ( iv)  above 
wil l  therefore  not  be ra te  de t e rmin ing .  Whi le  e i ther  
or bo th  of (it) and  (iii) wi l l  be ra te  de t e rmin ing ,  
l i t t le  de ta i led  i n f o r m a t i o n  conce rn ing  t h e m  is ava i l -  
able. The adsorp t ion  of p r opa ne  on the  p l a t i n u m  
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e l e c t r o c a t a l y s t  is u n d o u b t e d l y  d i s soc ia t ive  (21) .  
F u r t h e r m o r e ,  bo th  C-C  and  C - H  bonds  d i ssoc ia te  
(22) .  A t  s t e a d y  s t a t e  m a n y  d i f fe ren t  species  a re  e x -  
pec t ed  to be r e a c t i n g  c o n c u r r e n t l y  and  the  s i t ua t i on  
is e x t r e m e l y  c o m p l e x  in de ta i l .  In  l igh t  of th is  the  
s imple  r e su l t  t ha t  the  on ly  c a r b o n a c e o u s  p r o d u c t  of 
the  r e a c t i o n  is c a rbon  d iox ide  is v e r y  su rp r i s ing .  

The  comple t enes s  of o x i d a t i o n  m a y  be  s i m p l y  
e x p l a i n e d  b y  the  fo l l owing  hypo thes i s .  I f  t he  i n -  
t e r m e d i a t e s  a r e  m o r e  s t r o n g l y  a d s o r b e d  on the  a n -  
ode  t h a n  the  in i t i a l  fue l  molecu les ,  t h e n  if s t e a d y -  
s t a t e  e l e c t r o - o x i d a t i o n  occurs,  i t  w i l l  p roce e d  to 
comple t ion .  S t e a d y - s t a t e  e l e c t r o - o x i d a t i o n  w o u l d  
occur  on ly  if none  of t he  i n t e r m e d i a t e s  is bo th  
s t r o n g l y  a d s o r b e d  and  ine r t  to f u r t h e r  e l e c t r o c h e m -  
ical  ox ida t ion .  This  also m e a n s  t h a t  the  f inal  o x i d a -  
t ion  p r o d u c t  is no t  s t r o n g l y  a d s o r b e d  on the  anode ,  
a n d  th i s  is s u r e l y  t h e  case  w i t h  CO2. The  r e su l t s  
of th i s  p a p e r  t h e r e f o r e  i nd i ca t e  t h a t  p r o p a n e  does  in 
fac t  compe t e  p o o r l y  w i t h  t h e  su r f ace  i n t e r m e d i a t e s  
for  r e a c t i o n  sites.  This  w o u l d  be  e x p e c t e d  for  a l l  
p r o b a b l e  p a r t l y  ox id i zed  a n d / o r  d e h y d r o g e n a t e d  
spec ies  t ha t  w o u l d  be  f o r m e d  f r o m  p r o p a n e  on the  
fuel  cel l  anode.  The  o b s e r v a t i o n  of good s t e a d y  s ta te  
p e r f o r m a n c e  ind i ca t e s  t h a t  i n t e r m e d i a t e s  i n e r t  to 
f u r t h e r  o x i d a t i o n  do not  form.  The  n a t u r e  of those  
t ha t  a r e  f o r m e d  is no t  as y e t  e s t ab l i shed .  

T h e  c o m p e t i t i v e  a d s o r p t i o n  h y p o t h e s i s  to e x p l a i n  
c o m p l e t e  e l e c t r o - o x i d a t i o n  of p r o p a n e  also p r e d i c t s  
t ha t  m o r e  s t r o n g l y  a d s o r b e d  fue ls  m i g h t  be  less  
c o m p l e t e l y  ox id ized .  This  m a y  e x p l a i n  w h y  in p r e -  
v ious  w o r k  (11) t he  CO2 y i e ld s  f r o m  p r o p y l e n e  and  
c y c l o p r o p a n e  w e r e  on ly  82 % and  91%, r e s p e c t i v e l y ,  
w h i l e  t h a t  f r o m  p r o p a n e  was  9 9 +  % f r o m  fue l  cel ls  
o p e r a t i n g  a t  90~ 

Summary 
High  p e r f o r m a n c e  of p r o p a n e - o x y g e n  fue l  cel ls  

has  been  o b s e r v e d  in  t he  t e m p e r a t u r e  r eg ion  of 
a b o u t  150~176 P r o p a n e  is ox id i zed  c o m p l e t e l y  
in t h e  cells.  The  c o n c e n t r a t i o n  of t he  HsPO4 e lec -  
t r o l y t e  is a v a r i a b l e  i m p o r t a n t  to p e r f o r m a n c e  b u t  
not  r e q u i r i n g  e x t r e m e l y  close control .  The  effect  of 
t e m p e r a t u r e  has  been  e s t a b l i s h e d  u n d e r  cond i t ions  
w h i c h  m a i n t a i n  t he  v a p o r  p r e s s u r e  of w a t e r  over  
the  e l e c t r o l y t e  a p p r o x i m a t e l y  cons t an t  a t  600 ram. 
B e t w e e n  25 ~ and  200~ the  c u r r e n t  d e n s i t y  a t  a 
cons t an t  o v e r p o t e n t i a l  shows  a d i m i n i s h i n g  i m -  
p r o v e m e n t  w i t h  i n c r e a s i n g  t e m p e r a t u r e  ( c o m p a r e d  
to a p rocess  of cons t an t  a c t i va t i on  e n e r g y )  as the  
t e m p e r a t u r e  r eaches  h i g h e r  va lues .  T h e  c u r r e n t  
d e n s i t y  vs. emf  ( p o l a r i z a t i o n )  cu rves  show no e v -  
idence  of l i m i t i n g  c u r r e n t s  sugges t ing  t h a t  mass  
t r a n s p o r t  s teps  a r e  no t  r a t e  d e t e r m i n i n g  in  t he  
r eg ion  up  to abou t  200 m a / c m  2. A t y p i c a l  p o l a r i z a -  
t ion  c u r v e  is we l l  f i t ted  b y  a t h r e e  cons t an t  e q u a t i o n  
of t he  fo rm 

E ~ a - - b l o g i - - c i  

I t  is p r o p o s e d  t h a t  c o m p l e t e  o x i d a t i o n  of t he  p r o -  
pane  t a k e s  p lace  because  p r o p a n e  molecu le s  c o m -  
pe te  unsucces s fu l l y  for  r e a c t i o n  s i tes  on the  e l e c t r o -  
c a t a l y s t  su r f ace  w i t h  t he  i n t e r m e d i a t e s  t h a t  a re  

f o r m e d  in the  course  of the  e l e c t r o c h e m i c a l  o x i d a -  
t ion  reac t ion .  
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Zirconium Dioxide-Oxygen Reactions 
I. Molecular Oxygen Adsorption with Electron Transfer 

Tennyson Smith 

North American Aviation Science Center, Canoga Park, California 

ABSTRACT 

The rates and amounts of oxygen pickup by samples of powdered zir- 
conium dioxide have been measured as a function of temperature (400 ~ 
900~ oxygen pressure (10 -5 to 760 mm Hg), and particle size. Many ex- 
periments, performed to correlate oxygen pickup with the mass of oxide and 
with the oxide surface, indicate that  oxygen pickup is p r imar i ly  a surface 
phenomenon.  Af ter  complete  reduct ion of the ZrO2 adsorbed surface oxygen, 
approximate ly  one atomic monolayer  of oxygen will  adsorb i rreversibly,  and 
about 5% of the total  adsorbed oxygen can be revers ib ly  adsorbed and de- 
sorbed as molecules. The  apparent  act ivat ion energy for the adsorption of 
molecular  oxygen is about 35 kca l /mole  and for desorption about 53 kcal /mole ,  
as compared to about 58 kca l /mole  for adsorption of atomic oxygen. F rom 
theoret ical  calculations it was concluded that  electron t ransfer  must  occur 
(e.g., oxygen adsorbs as O2- ) ,  and this molecular  oxygen anion adsorbs as a 

mobile layer, 

The m e c h a n i s m  of the in t e rac t ion  of a gas wi th  
a solid surface  is i m p o r t a n t  to the  u n d e r s t a n d i n g  of 
the ox ida t ion  of meta l s  and  m a n y  ca ta ly t ic  proc-  
esses. A s tudy  of the reac t ion  of oxygen  wi th  z i r -  
con ium dioxide  powder  was  in i t i a t ed  in  the hopes 
of d iscover ing  someth ing  abou t  the  reac t ions  at the  
gas -ox ide  in te r face  d u r i n g  the ox ida t ion  of z i r -  
conium.  Of pa r t i cu l a r  in te res t  is the  oxygen  species 
(O, O - ,  O =, 02, O2-, or O2 = ) tha t  adsorbs  on the  
surface.  The effect of oxygen  adsorp t ion  on the  
electr ical  proper t ies  of semiconduc tors  (1) suggests  
tha t  e lec t ron  t r ans f e r  occurs and  tha t  oxygen  is 
adsorbed  as a nega t ive  ion. J u d g i n g  f rom the e lec-  
t ronega t iv i t i e s  of the above species in  the  gas phase,  
the most  p robab le  adsorbed  oxygen  species wou ld  
be O -  and  0 2 - .  I t  is shown  in  this  pape r  tha t  elec-  
t ron  t r ans fe r  p r o b a b l y  does occur and  tha t  oxygen  
molecules  a re  adsorbed  as 0 2 - .  

P a r t  I is concerned  wi th  the  p r i m a r y  adsorp t ion  
of molecu la r  oxygen  on z i r con ium dioxide and  the 
t h e r m o d y n a m i c  and  k ine t ic  ev idence  r e l a t ing  ad -  
sorpt ion  to the  s emiconduc t ing  proper t i es  of the  
oxide. Pa r t  II wil l  t r ea t  the secondary  adsorp t ion  
of a tomic oxygen  which  is fed by  the p r i m a r y  ad -  
sorption.  

Experimental 
Material, apparatus, and procedure. - -Table  I lists 

the  source and  the phys ica l  charac ter is t ics  of each 

Table I. Zirconium dioxide powder characteristics 

Specific 
s u r f a c e  a r e a ,  

Batch  Source Color m~/g 

I Decomposed zirconyl ni t ra te  White 5.0 
dihydrate,  Fisher Co. 

II W.P .  Kieth Co. Yellow 1.2 
III  Reactor grade, Carborun-  Cream 1.16 

dum Corp. 
IV Nuclear grade, Zirconium White 10.5 

Corp. of America 
Zircoa A-H (--325 mesh) 

ba tch  of z i r con ium dioxide powder .  Spec t rographic  
analys is  of samples  revea led  the greates t  i m p u r i t y  
in  ba tch  I was Na;  in  ba tch  II, Ca; in  ba tch  III,  Fe; 
and  in  ba tch  IV, Si. 

T a n k  hydrogen  was  pur i f ied by  pass ing  it  t h rough  
a t r a in  cons is t ing  of a deoxo uni t ,  a bed of p l a t -  
inized asbestos at 300~ a t ube  of P205, and  a 
l iqu id  n i t r ogen  trap.  H i g h - p u r i t y  research  grade  ox-  
ygen  (ob ta ined  f rom the  Matheson  C o m p a n y )  was  
used as-received.  The  m a x i m u m  l imi ts  of possible 
impur i t i e s  were  l is ted in  mole  per  cent  as CO2 < 
0.1, CO < 0.01, Ar  < 0.01, N2 < 0.01, and  H2 < 0.01. 

A c o n s t a n t - v o l u m e  sys tem wi th  a t he rmi s to r  
p ressure  m a n o m e t e r  was  used for l o w - p r e s s u r e  
work  (10 -5 to 1 m m  Hg) .  This  same sys tem con-  
t a ined  a s t ra in  gauge p ressure  t r a n s d u c e r  for work  
in  the p ressure  r a nge  1-1000 m m  Hg. A cons tan t -  
t e m p e r a t u r e  ba th  was bu i l t  into the sys tem to 
control  the  t e m p e r a t u r e  of the  t he rmi s to r  and  t r a n s -  
ducer  to ---- 0.02~ 

Some of the  e x p e r i m e n t s  were  car r ied  out  in  a 
BET appara tus ;  some were  car r ied  out in  a Sa r -  
tor ius  v a c u u m  microba lance .  

Samples  of the  z i r con ium dioxide were  weighed  
into a Vycor  sample  ho lder  a nd  placed in  the  ap -  
para tus .  The sys tem was evacua ted  and  the  sample  
was outgassed at t empe ra tu r e .  The sample  could 
a l t e r na t e l y  be exposed to h y d r o g e n  and  oxygen  
and  the  pressure  changes  recorded  wi th  t ime  as a 
func t ion  of t e m p e r a t u r e ,  gas, pressure ,  etc. 

A n u m b e r  of cont ro l  e x p e r i m e n t s  were  made  
u n d e r  condi t ions  iden t ica l  to the o x i d a t i o n - r e d u c -  
t ion  exper imen t s ,  b u t  w i thou t  a sample.  In  eve ry  
ins tance,  p ressure  changes  for the  c o n s t a n t - v o l u m e  
sys tem were  neg l ig ib le  compared  to those in  the  
e xpe r i me n t s  wi th  samples,  and  no apprec iab le  
we igh t  change  was  no ted  wi th  the microba lance .  

Results and Discussion 
Surface vs. lattice phenomenon . - -When  z i r con ium 

dioxide powder  is reac ted  w i th  h y d r o g e n  or oxygen,  

1020 
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the  ques t ion  ar ises  as to w h e t h e r  the  r eac t ion  (a) 
is a sur face  react ion,  (b)  a reac t ion  in  the  la t t ice  
in ter ior ,  or (c) invo lves  a comb ina t i on  of these 
p h e n o m e n a .  

A direct  e x p e r i m e n t  can be made  to test  these  
possibi l i t ies  by  m e a s u r i n g  the  effect of specific a rea  
(mS/g)  on the  to ta l  q u a n t i t y  of gas t ha t  wi l l  react ,  
ho ld ing  all  o ther  condi t ions  constant .  Tha t  is, the  
a m o u n t  reac ted  should  be d i rec t ly  p ropor t iona l  to 
the specific surface  area  of the  powder ,  if the  s u r -  
face reac t ion  is p r e d o m i n a n t ,  or p ropor t iona l  to the 
mass of the  powder ,  if the  la t t i ce  reac t ion  is p r e -  
dominan t .  

In  e i ther  case, t he  ra te  of the  reac t ion  should  be 
p ropor t iona l  to the  specific sur face  area. In  the  case 
of a powder  w i t h  smal l  surface  area,  care m u s t  be 
t aken  no t  to mi s t ake  a v e r y  s low lat t ice  diffusion 
reac t ion  for a surface  reac t ion  approach ing  s a t u r a -  
tion. It  is because  of this  las t  p r o b l e m  tha t  it  is 
somet imes  difficult to d e t e r m i n e  conc lus ive ly  which  
p h e n o m e n o n  is p r e d o m i n a n t .  

A n  e x p e r i m e n t  to d e t e r m i n e  the  p r e d o m i n a n t  
m e c h a n i s m  was pe r fo rmed  b y  expos ing  a powder  
sample  to h y d r o g e n  un t i l  no fu r t he r  reac t ion  oc- 
curred,  t h e n  expos ing  it  to oxygen  and  r eco rd ing  
the  p ressure  change  (cons tan t  v o l u m e  sys tem)  or 
weight  change  (mic roba l ance )  as a f u n c t i o n  of 
t ime. The specific sur face  areas  of the  powder  s a m -  
ples we re  m e a s u r e d  by  the  BET method.  The tota l  
e q u i l i b r i u m  a m o u n t  of oxygen  p ickup  by  di f ferent  
ZrO2 samples  is g iven  in  Table  II. I t  is seen in  the 
t ab le  tha t  for m a n y  samples  of d i f ferent  weights  
(0.091-1.67g) and  at  va r ious  t e m p e r a t u r e s  (530 ~ 
900~ the  tota l  we igh t  of oxygen  p ickup  var ies  
over  a wide  r ange  on a mass basis  (65-1750#g Oe/g) 
bu t  is a lmost  cons tan t  on a specific area  basis  (0.021 
-- 0.005 #g Of / cmf ) .  I t  is i m p o r t a n t  to note  (bo t tom 
of Tab le  II)  tha t  the  ave rage  va lue  for to ta l  oxygen  
p ickup  (0.021 ~g O2/cm 2) is v e r y  close to the  we igh t  
per  u n i t  a rea  (0.019 ~g O2/cm 2) of 1 at. monolayer .  
The m o n o l a y e r  ca lcu la t ion  was  m a d e  wi th  the  est i -  
ma te  of a p p r o x i m a t e l y  0.7 x 10 TM z i r con ium sites per  
cm ~ of ZrO2 us ing  the  data  of McCul lough  and  T r u e -  
blood (2) .  These two facts, p lus  i n f o r m a t i o n  tha t  
wi l l  be  g iven  la ter ,  ind ica te  tha t  the  p r e d o m i n a t e  
oxygen  p ickup  reac t ion  is surface  adsorp t ion  r a t h e r  
t h a n  b u l k  diffusion. 

Table III. Mass spectrographic analysis of gases that outgas from 
ZrO2 powder from batch 111 (Table I) 

Out-  
Gas gas s ing  Pe r  cent  by  vo lume 

sample  ZrO2 h i s t o r y  t e m p ,  ~ of gas  sample  
As- rece ived  H~O COs H2 O~ 

1 Evacuated system above 
as-received ZrO2 sam- 
ple at room temp. 
Closed system and col- 
lected outgassing sam- 
ple at 170 30 70 

2 Continued outgassing 440 35 65 
3 Continued outgassing to 900 

Evacuated the system 
then took a sample at 900 7 93 

After exposing the ZrO2 to 20 mm Hg o5 H2 at 600~ 
4 Outgassed ZrO2 for 20 

rain and took sample 600 36 36 29 
5 Continued outgassing at 800 15 49 36 
6 Continued outgassing at 900 10 74 16 

After  exposing to H2 at 900~ 
7 Evacuated the system 

then took a gas sam- 
ple at 900 6 2 92 

After outgassing then exposing a new sample (batch 
IV, Table I) to oxygen at 900~ 
1 Evacuated system then 

took a sample 900 (A, N2~ \ 1, 3 / 3 93 

Outgassing ZrO2 powder samples.--In the  s tudy  
of h y d r o g e n  or oxygen  p ickup  by  samples  of ZrO2 
powder ,  i t  is essent ia l  to d i s t ingu i sh  b e t w e e n  gases 
tha t  are  i n i t i a l l y  p re sen t  on the  a s - rece ived  ZrO2 
and  gases t ha t  come f rom the  sample  af ter  exposure  
to the r eac tan t s  H2 or 02. 

Table  III  has been  p r e p a r e d  f rom mass  spect ro-  
graphic  ana lys i s  of gases evolved f rom ZrO2 at  v a r i -  
ous t e m p e r a t u r e s  before  a nd  af ter  exposure  to 
h y d r o g e n  a nd  oxygen.  

The resul t s  in  Tab le  III  ind ica te  two i m p o r t a n t  
th ings :  (A)  some oxygen  can be r e move d  f rom the  
ZrO2 sample  by  evacua t ion  af ter  react ion,  and  (B) 
some h y d r o g e n  r e ma i ns  e i ther  on the  sample  su r -  
face, in  the  sample,  or both,  a f ter  reduc t ion .  

Equilibrium experiments.--After a sample  of ZrO2 
has been  outgassed to r emove  H20 and  CO2 and  
reduced  wi th  h y d r o g e n  to ensu re  t ha t  surface  ox-  

Table II. Oxygen pickup by ZrO2 powders after reduction with hydrogen 

Total  02 pickup  
per  g r a m  

Sample  Specific surface  ( ~ v ~ )  
ZrOs ba tch  Sys tems  Temp,  ~ wt,  g area,  m f / g  \ g ~ 

T o t a l  O~ p i c k u p  
p e r  c m  s 

I Const. vol* 550 0.903 5.0 880 
Microbalance 530 0.125 5.0 1100 

III  Const. vol (700-900) 0.322 1.16 245 
Microbalance 811 0.091 1.16 440 

IV (--325 mesh) Const. vol 900 0.838 10.5 1750 
Microbalance 790 0.096 10.5 1660 

IV (--48 mesh) Const. vol 900 0.887 0.93 170 
IV (--4 mesh) Microbalance 807 0.267 0.26 100 
IV (--200 + 250 Const. vol 900 1.672 0.33 65 

mesh) 
Weight per gram, equivalent  to one monolayer  

0.017 
0.022 
0.021 
0.038 
0.017 
0.016 
0.019 
0.038 
0.019 

avg = 0.021 
~0.019 

• 0.005 

* Const. vol re fers  to  the  c o n s t a n t  v o l u m e  s y s t e m .  
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Fig. 1. Equilibrium desorption of oxygen from Zr02 powder; 
temperature, 900~ Ns ---- 3.2 x 10 -e  moles 02. 

y g e n  has been  removed,  oxygen  wi l l  be adsorbed  
i r r e v e r s i b l y  to form a p p r o x i m a t e l y  one a tomic m o n -  
olayer.  However ,  abou t  5% of the  oxygen  can be 
r eve r s ib ly  adsorbed  and  p u m p e d  off. A l t h o u g h  the  
da ta  are more  difficult to i n t e r p r e t  for the  revers ib le  
adsorp t ion  because  of the  smal l  a m o u n t  and  be -  
cause of the  more  d o m i n a n t  i r r eve r s ib le  react ion,  
the rest  of this  paper  wi l l  be p r i m a r i l y  concerned  
wi th  the r eve r s ib ly  adsorbed oxygen.  P a r t  II wi l l  
be concerned  wi th  the i r r eve r s ib ly  adsorbed oxygen.  

F igu re  1 i l lus t ra tes  desorp t ion  of r eve r s ib ly  ad -  
sorbed oxygen  af ter  ox ida t ion  to comple t ion  at 
900~ Af te r  evacua t i ng  the  system, it  was closed 
off, and  the  p ressure  increase  was  m e a s u r e d  as a 
func t ion  of t ime. The n u m b e r  of moles  of gas tha t  
have  desorbed (ca lcu la ted  f rom the  p ressure  i n -  
crease and  the  per fec t  gas l aw)  are shown  in  Fig. 1. 
W h e n  the gas pressure  approached  the  e q u i l i b r i u m  
pressure  (e.g., 286/~ at  250 sec) the sys tem was 
evacua ted  and  closed again,  this  be ing  repea ted  as 
shown  in  Fig. 1. It  is e s t ima ted  t ha t  less t h a n  5% 
of the  oxygen  desorbed was  r emoved  d u r i n g  the  
evacua t ion  processes (which  took < 3 sec),  and  this  
has been  neglec ted  in  the calculat ions .  A n u m b e r  
of such e x p e r i m e n t s  r evea led  tha t  the tota l  a m o u n t  
of oxygen  tha t  could be r eve r s ib ly  adsorbed  and  
desorbed (N~) was  3.2 x 10 -6 moles. 

The n u m b e r  of moles of oxygen,  ns, tha t  desorbed 
at  e q u i l i b r i u m  is g iven  as a f unc t i on  of the equ i -  
l i b r i u m  pressure  P in  Tab le  IV. The f rac t ion  of N.~ 
t ha t  r e m a i n s  adsorbed  for a g iven  va lue  of n~ is 
(~ and  is ca lcu la ted  f rom 8 = ( N ~ -  n~)/N~. Values  
for 8 and  e q u i l i b r i u m  cons tan ts  (to be defined l a te r )  
are  also g iven  in  Tab le  IV. 

Kinetic experiments.--An e x p e r i m e n t  was  car r ied  
out  on a f resh ly  reduced  ZrO2 sample,  at low oxy-  
gen pressure ,  to test  the  effect of t e m p e r a t u r e  on 
the  ra te  of oxygen  pickup.  The resul t s  of this  ex -  
p e r i m e n t  are recorded in  Fig. 2. The p ressure  was 
a l lowed to drop  as oxygen  was  adsorbed u n t i l  equ i -  
l i b r i u m  was a t t a ined  (at  600 ~ and  650~ 240-35#),  
the sys tem was evacuated ,  and  t h e n  the  p ressure  
was  increased  for the  n e x t  exper imen t .  I t  is seen 
(Fig. 1 and  2) tha t  at these low pressures  the  oxy-  

September  1964 

Table IV. Values for ~ and theoretical equilibrium constants as a 
function of the equilibrium oxygen pressure. (The correct equilibrium 

constant should be constant at constant temperature with 
variation in P and ns) 

S a m p l e  f r o m  b a t c h  I V ,  w t  = 1 . 4 4 g ,  N ,  = 3 .2  • 10 -e  m o l e s  O s  

P ,  •a, 
a t m  m o l e  ba b~ bL'be bL br~'be 

E x p e r i m e n t  x 104 x l 0  ~ 8 •  x l 0  - s  •  -~ x 1 0 - 4  x l 0 - ~  

1(900~ 0.92 0.47 0.855 5.8 19 38 6.4 11 
1.05 0.37 0.885 7.1 17 55 7.1 12 
1.84 0.25 0.926 9.3 10 85 6.8 12 

2(900~ 1.84 1.15 0.645 1.4 7.0 1.8 0.99 1.3 
2.50 0.95 0.706 1.5 5.6 2.3 0.96 1.4 
4.47 0.64 0.800 1.9 3.6 3.5 0.89 1.4 

3(900~ 1.45 1 .00 0'.691 1.9 9.5 3.4 1.5 2.2 
2.00 0.81 0.750 2.1 7.5 4.5 1.5 2.2 
3.53 0.53 0.836 2.7 4.7 7.5 1.4 2.4 

P i s  t h e  e q u i l i b r i u m  o x y g e n  p r e s s u r e ,  i.e., t h e  l i m i t i n g  p r e s s u r e  
c a u s e d  b y  d e s o r p t i o n  f r o m  t h e  s a m p l e ;  n s  i s  t h e  n u m b e r  of  m o l e s  
of gas  desorbed,  as ca lculated  from the  constant  v o l u m e  of 
the  s y s t e m  and the equilibrium pressure P; Ns is the total 
oxygen that can desorb (about 5% of that which can adsorb);  

= (N, -- nD/N,. 

gen p ickup  is def ini te ly  a func t i on  of the  p re s su re  
as wel l  as the  t empe ra tu r e .  This  expe r imen t ,  as 
wel l  as others,  showed tha t  the  ra te  of oxygen  
pickup,  for abou t  the  first 5%, was d e p e n d e n t  on 
the oxygen  pressure .  However ,  it  was found  t h a t  
af ter  the  first 5% was adsorbed  the  ra te  became 
i n d e p e n d e n t  of the  oxygen  pressure .  One e xample  
of this  is shown in  Fig. 3, where  it  is seen tha t  the 
ra te  r e ma i ns  cons tan t  as the  p ressure  is increased  
f rom the  range  2.0 to 6.8 to the  range  13 and  20 
m m  Hg at the ind ica ted  t imes.  The  sample  had  ad-  
sorbed 26 #moles  of oxygen  p r io r  to the  expe r i -  
m e n t  recorded in  this  figure. The di f ferent  m e c h a n -  
ism for the first 5 or 10%, as compared  to the  r e -  
ma inde r ,  is shown in  Fig. 4 ( compare  curves  3 and  
6, and  4 and  7) and  in  the A r r h e n i u s  plot, curves  
4, 5, and  6 ( in  squares )  Fig. 5. It  is seen t ha t  up  to 
curve  4 (Fig. 4 and  5) the  sample  had  adsorbed 
abou t  12 /Lmoles of oxygen  ( ~  10% of to ta l ) .  At  
this point ,  the  A r r h e n i u s  plot  changes  slope, i nd i ca t -  
ing a change  in  mechan i sm.  The  absolu te  va lues  of 
the  da ta  at the b e g i n n i n g  of the  t r ans i t i on  (curves  

0.6, [ 
. . . . .  *C T 600~ 0 " 5 1  ; T = 6 5 u V / T = 6 O O ~  

~ 0"4r / / / I BATCH IV TABLE I (-325 MESH) 
~L / / / / I SAMPLE W'I:. 1.436g 

031- I / / IEXP. TEMP IN ITIN. O2FINAL02 
�9 / / / / I ~ PRESSp PRESS F 

/ I  / / } I 600 246 32 
E 0 2 / I  / / I 2 550 240 188 

�9 r I / / I 3 5QQ 2_40 217 
z / I  / /  I 4 450 250 240 

/I / /  I 5 6o0 2.9_6 35 

0 50 I00 150 200 250 300 
TIME (sec.) 

Fig. 2. Oxygen pickup by Zr02 as a function of temperature at 
low pressures. Shows the effect of temperature and pressure. 
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Fig. 3. Oxygen pickup by ZrO2 that had 26 #moles 02 to start 

with. The rate of oxygen pickup during the first 26 #moles was a 
function of pressure. The rate is independent of pressure for more 
than 26 #moles. Batch IV, Table I ( - -325 mesh); sample weight, 
1.436g; temperature, 600~ 
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Fig. 4. Oxygen pickup on the surface of ZrO2 as a function of 

temperature at constant pressure. The numbers indicate the ex- 
perimental sequence. Batch IV, Table I ( - -325 mesh); sample 
weight, 1.436g; oxygen pressure, 19 mm Hg. 

5, 6, and  7, Fig. 4 and  4, 5, and  6 in  squares ,  Fig. 
5) on ly  give an  order  of m a g n i t u d e  va lue  for Etapp 
(64 k c a l / m o l e )  of the  second m e c h a n i s m  because  
the  t r ans i t i on  is not  complete.  

Theoretical Interpretation and Discussion of Results 

Adsorption Models 

Equilibrium exper iments . - -From a cons idera t ion  
of the  e lec t ron  affinity for va r ious  oxygen  species 
(e.g., 02, O, O - ,  O =, O e - )  and  the  la rge  effect of 
oxygen  adsorp t ion  on the  e lectr ical  p roper t i es  of 
semiconductors ,  others  (3) have  suggested tha t  ox-  
ygen  wou ld  first adsorb  as 0 2 -  by  a t t r ac t ing  an  
e lec t ron  f rom the  solid and  then  dissociate and  ad -  
sorb as O - .  

These species m a y  adsorb  on local ized sites or 
as a mobi le  l aye r  ( approach ing  a t w o - d i m e n s i o n a l  
gas) .  C o n c e r n i n g  the  r eve r s ib ly  adsorbed  oxygen,  it 
should be of in te res t  to iden t i fy  which  of the  above -  
m e n t i o n e d  species exists  and  w h e t h e r  a mobi le  or 
localized adsorp t ion  is involved .  To do this, we 

T ~  

7 0 0 6 5 0 6 0 0  5 5 0  5 0 0  4 5 0  
= i J i , , ~  

1 
[ ~ )  I PRESS E=l=app~ 

I mmHg" K cal/rnole I Io" \ \  r| | 
~ \  ImTO~ 19 

m 6 4  | 

3 
10 3 

10 2 

r i i 

I.O I.I 1.2 1.3 1.4 

103/T~ 
Fig. 5. Arrhenius plot for the rate of reversible adsorption of 

molecular oxygen on a ZrO2 surface. Numbers in the open circles 
indicate the sequence of the experiments at low pressure (0.25 mm 
Hg). Numbers in the squares indicate the sequence for experiments 
at 19 mm Hg of oxygen. 

nex t  de r ive  the  equa t ions  for d i f ferent  models  i n -  
vo lv ing  mo lecu l a r  oxygen.  The models  tha t  wi l l  
be cons idered  are local ized adsorp t ion  wi thou t  
e lec t ron t rans fe r ,  local ized adsorp t ion  w i th  e lec t ron  
t rans fe r ,  mobi le  adsorp t ion  w i t hou t  e lec t ron  t r a n s -  
fer, and  mobi le  adsorp t ion  w i th  e lec t ron  t ransfer .  
The react ions  can be expressed as fol lows 

b L  

Localized O2 -t- S ~ (S --  O2)L 
[1] 

Localized w i th  bL, 
e lec t ron  t r ans f e r  02 + S + e ~ (S --  O2-)L, 

[2] 
b r a  

Mobile  02 + S ~ (S/O2)m 
[3] 

Mobile  w i th  ~m' 
e lec t ron  t r a n s f e r  02 + S + e ~ (S /O2- )m,  

[4] 

The e q u i l i b r i u m  cons tan ts  can  be expressed  in  
t e rms  of the  activit ies,  r ep re sen t ed  by  a 's  in  the  
equa t ion  

b" = (as-o2- ) / (ao2 a~ ae) ~ b/ae [5] 

wi th  the  app rop r i a t e  L or m subscr ipt .  
At  this  po in t  we  wish  to eva lua t e  ae as a f u n c -  

t ion  of t e m p e r a t u r e  and  also to account  for the  ex -  
p e r i m e n t a l  obse rva t ion  tha t  on ly  5-10% of the  to ta l  
oxide surface  is occupied by  r eve r s ib ly  adsorbed 
oxygen  at  equ i l ib r ium.  Let  us assume tha t  the  
source of e lect rons  is the  conduc t ion  b a n d  of the  
oxide and  tha t  these  e lec t rons  are p romoted  f rom 
donor  levels  w i th  average  energy,  w, be low the  
conduc t ion  band .  

Since  the  ave rage  par t ic le  rad ius  (N 5 x 10 -6 cm) 
was of the  order  of the  w i d t h  of the  exhaus t ion  
l ayer  (N 10 -4 to 10 -6 cm for most  semiconduc tors )  
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we will assume that all donor sites could be ionized. 
The number of moles of donor levels is just 

NT = ND q- Ne + Ns t9 [6] 

where  ND, Ne and  N#0 r ep re sen t  the  n u m b e r  of 
moles of e lec t rons  at u n - i o n i z e d  sites, in  the con-  
duc t ion  b a n d  and  on adsorbed  oxygen,  respect ively .  
We wi l l  consider  ion iza t ion  of a donor  site for the  
first e lec t ron  only,  due  to the  la rge  ene rgy  u s u a l l y  
associated w i th  ion iza t ion  for the second electron.  
W h e n  essen t ia l ly  all  of the  e lec t rons  f rom donor  
levels  have  been  p romoted  to adsorbed  oxygen,  ND 
and  Ne approach  zero, and  8 approaches  un i ty ,  so 
tha t  f rom Eq. [6] 

Ns ~ Nr [7]  

Tha t  is, the a m o u n t  of r eve r s ib ly  adsorbed oxygen  is 
l imi ted  by  the n u m b e r  of ava i l ab le  e lec t rons  r a t h e r  
t h a n  the  tota l  n u m b e r  of adsorp t ion  sites at  the  s u r -  
face. Since about  5% of the  surface  was  covered 
wi th  r eve r s ib ly  adsorbed  oxygen  at  s a tu r a t i on  and  
since the  tota l  n u m b e r  of surface  sites, No ~ 1.5 x 
10 -4 mole, it follows tha t  the  app rox ima te  n u m b e r  
of donor  levels  is 

NT ~ 7.5 x 10 - s  moles [8] 

or in  concen t r a t i on  un i t s  (1.44g sample  wi th  a 
dens i ty  of 5.83 g / c m  ~) 

CT ~ 3 x 10 -5 m o l e / c m  3 [9] 

These donors  m a y  be an ion  vacancies  wi th  t r apped  
e lect rons  or i m p u r i t y  cen te rs  in  the  oxide. 

The  ion iza t ion  process can be expressed  

be 
D ~ D + q - e  [10] 

whe re  D, D +, and  e r ep re sen t  u n - i o n i z e d  donor  
sites, ionized donor  sites, and  e lect rons  in  the con-  
duc t ion  band ,  respect ively .  

I t  fol lows tha t  

be = (aD+ ae)/aD [11] 

In  add i t ion  to Eq. [6] we  have  the  mass  ba l ance  
equa t ions  

NT = ND+ q- ND [12] 

ND+ = Ne q- Ns8 [13] 

We assume a = N / N  ~ where  N ~ is the s t a n d a r d  s tate  
(Henr ies  l aw  obeyed and  ac t iv i ty  coefficients u n i t y )  
and  choose ND ~ = ND+ ~ T h e n  f rom Eq. [6],  [7],  
[11], [12], and [13] we get 

ae = [ ( 1 - - O / O ] b e  [14] 

if 1Ve < <  0 Ns. We choose the  s t anda rd  s ta te  for ad -  
sorbed oxygen  to be Ns/2 ,  and  for localized adsorp-  
t ion  we choose the  s t a n d a r d  s tate  of the  surface  sites 
to also be N J 2  (both  cor respond to 0 ~ = 1 /2) .  The 
s t anda rd  s ta te  of oxygen  gas is chosen to be 1 atm. 
The  equa t i on  for bL becomes 

bL = [O/ (1--O) ]P - t  [15] 

The equa t ions  for e q u i l i b r i u m  adsorp t ion  take  a 
di f ferent  fo rm if the molecules  adsorb  as a two-  
d imens iona l  gas. For  the t w o - d i m e n s i o n a l  gas mode l  
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we can assume the fugac i ty  of the  surface,  fs, to 
be i n d e p e n d e n t  of coverage and  choose the surface  
s t a n d a r d  state fugac i ty  fs ~ such tha t  ~s ~ = fs and  
therefore  as = un i ty .  The ac t iv i ty  of the  adsorbed  
molecules  is a (s/O2) = F / F  ~ where  F and  F ~ are 
the sp read ing  pressure ,  d y n e s / c m ,  at e q u i l i b r i u m  
and  in  the  s t anda rd  state,  respect ively .  

The sp read ing  pressure ,  F, can be re la ted  to the 
a rea  per  mole, A, by  the  perfect  gas law, F = R T / A ,  
if A is la rge  enough.  Since on ly  5% of the  surface  
is covered by r eve r s ib ly  adsorbed  oxygen,  this  r e l a -  
t ion  should be valid.  Thus  for mobi le  adsorp t ion  
w i t hou t  e lec t ron  t r ans f e r  

b m =  ( A ~  ~ [16] 

where  A ~ is the  area  per  mole  of adsorbed mole -  
cules in  the s t a n d a r d  s tate  a nd  P~ is the oxygen  p res -  
sure  in  the  s t a n d a r d  state. The  area  ava i l ab le  per  
mole  of adsorbed  molecules  can be expressed as 

A = [ ( N o - -  n ) / n ] A M  [17] 

where  n = ( N s - - n s )  is the  moles of O2 adsorbed,  
and  AM is the  effective c ross-sec t ional  a rea  per  
mole. Since Ns ~ 0.05 No, and  n / N s  = 0, i t  fol lows 
f rom Eq. [16] a nd  [17] t ha t  

bm~ 20/P [183 

if we choose O ~ = 1/2 as before.  

F r o m  Eq. [5],  [14], [15], and  [17] we ob ta in  the 
fo l lowing set of equat ions .  

Local ized Mobi le  
adsorp t ion  adsorp t ion  

w i t hou t  ( 8 ) 1  
e lec t ron  bE = ~ -~- 
t r a n s f e r  

bm ~ 2 0 / P  = 2(1--0)  bL 

wi th  ( 8 ~ 21 202 
e lec t ron  bL'be = k--~-~ / ~ b m ' b e ~  ( 1 - - 0 ) P  

t r ans f e r  

If the r eve r s ib ly  adsorbed  oxygen  dissociates u p -  
on adsorbing,  we  can r ep re sen t  the  reac t ion  by  

bd 
� 8 9  ~ ( S - - O )  [19] 

and  ob ta in  

ba = p1/2 

The equilibrium constants should be constant and 
independent of 9 or P at constant temperature. 
Values for ha, bin, bdbe, bL and bm'be are recorded 
in Table IV for three experiments. It is seen that 
for a given experiment bL and bm'be give fairly con- 
stant results while bd, bin, and bL'be do not, even 
though the absolute values between experiments 
do not agree very well (Experiment 1 yields values 
much larger than Experiments 2 and 3.) 

Adsorp t ion  e n t h a l p y . - - N o w ,  express ing  be as a 
func t ion  of t e m p e r a t u r e  we get 

be = e (~e~ e -w/RT [21] 
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L e t  AH--L ~ and  AHm~ be  the  e n t h a l p y  change  for  r e -  

ac t ion  [1]  and  [3] ,  r e spec t i ve ly ,  and  AHL ~ and  AH~ ~ 
be t h e  e n t h a i p y  c h a n g e  for  r e a c t i o n s  [2]  a n d  [4 ] ,  
r e spec t i ve ly .  I t  fo l lows  t ha t  a p lo t  of t he  n a t u r a l  
l o g a r i t h m  of bL', bLbe, bm, and  bm'be vs.  1 / T  shou ld  

y i e l d  v a l u e s  for  • ~ (• ~ + W),  ~ o  and  

(• ~ + w ) ,  r e spec t i ve ly ,  on ly  one of w h i c h  w i l l  
be  correc t .  S ince  the  ac t i va t i on  e n e r g y  for  t he  a d -  
s o r p t i o n  of m o l e c u l a r  o x y g e n  is p r o b a b l y  v e r y  s m a l l  

or  zero,  • ~ AH~L ~ AH~ ~ or •  ( w h i c h e v e r  t he  
case m a y  be )  shou ld  be  e q u a l  to t h e  n e g a t i v e  of the  
ac t i va t i on  e n e r g y  for  desorp t ion .  F r o m  m e a s u r e -  
m e n t s  of t h e  r a t e s  of de so rp t i on  at  800 ~ and  900~ 
the  d e s o r p t i o n  a c t i v a t i o n  e n e r g y  is a b o u t  53 k c a l /  
mole .  I t  is shown  in the  n e x t  sec t ion  on k ine t i c s  tha t ,  
if  e l e c t r o n  t r a n s f e r  is i nvo lved ,  w shou ld  be  j u s t  t he  
a p p a r e n t  a c t i v a t i o n  e n e r g y  for  m o l e c u l a r  o x y g e n  
a d s o r p t i o n  (i.e., a p p r o x i m a t e l y  35 k c a l / m o l e ;  see 

Fig.  5).  T h e r e f o r e  the  p r e d i c t e d  va lue s  of • ~ 

(~/{L ~ + W),  • ~ a n d  ( ~ o ,  + w )  are  - - 5 3 , - - 1 8 ,  
--53, a n d  --18 k c a l / m o l e ,  r e spec t i ve ly .  P lo t s  of the  
n a t u r a l  l o g a r i t h m  of bL, bL'be, bin, and  bm'b~ vs.  1 / T  
(a t  400 ~ 520 ~ 600 ~ 700 ~ 800 ~ and  900~ y i e l d e d  
t h e  a p p r o x i m a t e  v a l u e s  of --12, --17, --9,  a n d  - -14 

k c a l / m o l e  for  • ~ (~HL ~ + W ) ,  AH--~ ~ a n d  (AHm~ 
+ w ) ,  r e spec t i ve ly .  I t  is conc luded  f r o m  T a b l e  IV 
and  th is  i n f o r m a t i o n  t h a t  the  mos t  p r o b a b l e  m e c h -  
a n i s m  invo lves  mob i l e  a d s o r p t i o n  of m o l e c u l a r  o x -  
ygen  w i t h  e l ec t ron  t r ans f e r .  

A d s o r p t i o n  e n t r o p y . - - T h e  e x p e r i m e n t a l  e n t r o p y  
c h a n g e  shou ld  c o r r e l a t e  w i t h  t he  t h e o r e t i c a l  e n -  
t r o p y  change  for  the  cor rec t  model .  If  w e  can  es -  
t ab l i sh  an  o r d e r  of m a g n i t u d e  t h e o r e t i c a l  v a l u e  for  
t he  e n t r o p y  c h a n g e  of t he  a d s o r p t i o n  process  and  if 
t he i r  va lue s  d i f fer  fo r  d i f fe ren t  models ,  i t  shou ld  
be  poss ib le  to d e t e r m i n e  t h e  co r rec t  model .  

A t  400~ and  s t a n d a r d  s ta te  of 1 a tm,  ~~ S ~.t~ : 40 
e.u. for  oxygen .  The  su r f ace  s i tes  a r e  f ixed in space  
and  have  a p p r o x i m a t e l y  the  s ame  v i b r a t i o n a l  en -  
t r o p y  b e f o r e  and  a f t e r  a d s o r p t i o n  so t h a t  t he  v i b r a -  
t i ona l  p a r t  of t h e  e n t r o p y  change  is a p p r o x i m a t e l y  
zero. F o r  loca l ized  a d s o r p t i o n  w i t h  s t a n d a r d  s t a t e  
of 0 ~ = 1/~ the  con f igu ra t iona l  e n t r o p y  is zero. F o r  
mob i l e  a d s o r p t i o n  w i t h  ~o = V2, ( k e e p i n g  in m i n d  
t h a t  a t  ~ = Vz : (N~ --  n s ) /N~  w h e r e  N~ is on ly  
0.05 No) a b o u t  2.5% of  the  su r f ace  is covered ,  a n d  
the  e n t r o p y  is c a l c u l a t e d  to b e  a b o u t  23 e.u. I t  is 
diff icult  to e s t i m a t e  the  e n t r o p y  of t he  a d s o r b e d  o x -  
ygen  ions and  t h e  e n t r o p y  of the  e l ec t rons  in  the  
case of e l ec t ron  t r ans f e r .  H o w e v e r  f rom the  a b o v e  
i n f o r m a t i o n  the  t h e o r e t i c a l  e n t r o p y  change  for  r e a c -  
t ion  [1]  is of t he  o r d e r  of - -40 e.u. and  for  r e a c t i o n  
[3]  a b o u t  - -17  e.u. The  e x p e r i m e n t a l  e n t r o p y  change  
c a l c u l a t e d  f rom the  i n t e r c e p t s  of p lo t s  of In  bL, in  
bL'be, In bm'b~, and  ]n b~ vs.  1 / T  is of t he  o r d e r  of zero  
( -  5 e .u . ) ,  and  w e  conc lude  on th is  bas is  t h a t  if one 
of the  r e a c t i o n s  [1] ,  [2] ,  [3] ,  or  [4]  is cor rec t ,  
r e a c t i o n s  [2]  a n d  [4]  w i t h  e l e c t r o n  t r a n s f e r  a r e  
m o r e  l ike ly .  This  suppor t s  t he  p r e v i o u s  conclus ion  
t ha t  r e a c t i o n  [4]  is t he  mos t  p r o b a b l e  m e c h a n i s m .  
A l t h o u g h  abso lu t e  va lue s  for  the  e q u i l i b r i u m  con-  
s t an t s  a r e  no t  v e r y  accura t e ,  t h e y  w o u l d  h a v e  to 
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be  off b y  a f ac to r  of a b o u t  108 to account  for  a 
d i s c r e p a n c y  of 17 e.u. and  a b o u t  l0  s to account  for  
a d i s c r e p a n c y  of 40 e.u. 

Kine t i c  E x p e r i m e n t s  

A d s o r p t i o n  ra t e s  for  Eq. [1] ,  [2] ,  [3] ,  and  [4]  a r e  

Loca l i zed  
Loca l i zed  w i t h  

e l ec t rons  t r a n s f e r  
Mobi l e  
Mobi l e  w i t h  

e l ec t ron  t r a n s f e r  

rL = kL Ng (N~ --  n)  [22]  

r L ' : k L ' N e N ~  ( N o - - n )  [23] 
rm : k m  A Ng [24] 

rrn' : km A NeN~ [25]  

w h e r e  t he  k ' s  a r e  the  a p p r o p r i a t e  r a t e  cons tan ts .  
F o r  t he  l i m i t i n g  case, w h e r e  t -~ O, Ns > > n, Eq. 

[22] and  [25] can  be  i n t e g r a t e d  to y i e l d  

rb ~-~ kads' Ngt [26]  

If  t h e  p r e s s u r e  is he ld  cons tan t ,  n shou ld  i nc rea se  
l i n e a r l y  w i t h  t i m e  and  th i s  is  seen  to be  t he  case, 
in Fig.  4, for  e x p e r i m e n t s  a t  500~176 These  e x -  
p e r i m e n t s  w e r e  c a r r i e d  out  w i t h  a f r e s h l y  r e d u c e d  
su r face  of ZrO2 a t  19 m m  Hg o x y g e n  p res su re .  Ns 
for  th i s  s a m p l e  was  2.7 x 10 -5 mo le  O2. The  fac t  t h a t  
t he  r a t e  cons t an t s  for  e x p e r i m e n t s  a t  19 m m  t t g  fa l l  
b e l o w  those  a t  0.25 m m  I-Ig ( see  Fig .  5) is a t t r i b u t e d  
to some fac tor ,  o t h e r  t h a n  p r e s su re ,  i n t e r f e r i n g  
(such  as h e a t  t r e a t m e n t  m e n t i o n e d  l a t e r ) .  The  r e -  
p e a t  of e x p e r i m e n t  one ( c u r v e  5, Fig.  2) was  m a d e  
to see if c u r v e  1 w o u l d  be  r e p r o d u c e d .  I f  t he  s ame  
co r r ec t i on  is m a d e  to cu rves  2, 3, 4, and  6 as is 
n e e d e d  to m a k e  c u r v e  5 c o r r e l a t e  w i t h  cu rve  1, 
a lmos t  a l l  of t he  da ta ,  in Fig.  5, f a l l  on the  s a m e  
curve .  

The  e q u a t i o n  for  the  r a t e  of de so rp t i on  shou ld  be  
t he  s ame  for  a l l  of the  models ,  viz .  

?'des : kdes n [27] 

T h e  a m o u n t  of o x y g e n  d e s o r b e d  as a func t ion  of 
t i m e  (as g iven  in Fig .  1) shou ld  be  p r e d i c t e d  b y  
i n t e g r a t i o n  of t h e  ne t  d e s o r p t i o n  ( r  - -  rdes) equa t ion .  
Such  an  a n a l y s i s  shows  t h a t  Eq. [22]  and  [24] do 
not  p r e d i c t  t he  e x p e r i m e n t a l  resu l t s .  E q u a t i o n s  [23] 
and  [25] ( w i t h  e l ec t ron  t r a n s f e r )  canno t  be  t e s t ed  
s ince  v a l u e s  for  Ne a r e  no t  a c c u r a t e l y  known .  H o w -  
ever ,  w e  can m a k e  an  o r d e r  of m a g n i t u d e  e s t i m a t e  
of Ne as fo l lows.  

F o r  i n i t i a l  a d s o r p t i o n  e x p e r i m e n t s ,  such  t h a t  n is 
smal l ,  i t  fo l lows  f rom Eq. [22] ,  [23] ,  [24] ,  and  [25] 
t h a t  kL ~ r/NgN~, kL' ~ N~ kL/NeNo, km ~ k~ N J A ,  
a n d  kin' ~ k L  N J A N e ,  r e spe c t i ve ly .  E x p e r i m e n t a l  
v a l u e s  for  t he  a d s o r p t i o n  r a t e  cons t an t  kads ( e x -  
p r e s s e d  as r / N g N , )  f r o m  in i t i a l  r a t e s  a r e  shown  in 
Fig.  5. 

A t h e o r e t i c a l  d e r i v a t i o n  of r can  be  m a d e  in  t e r m s  
of t he  g a s - s u r f a c e  col l i s ion  r a t e  [v : P / ( 2  ~ M R T )  we] 
and  the  p r o b a b i l i t y  t h a t  t h e  m o l e c u l e  wi l l  s t ick.  

F o r  i n i t i a l  a d s o r p t i o n  the  t h e o r e t i c a l  equa t ions  
a r e  

rL ~ S~A (N~ - -  n ) / N o  ~ SANg (RT/2~rM) W2NJNoV 
[28] 

r'a ~ SvA  (No - -  n)  N e / N o N r  

SANg(RT /2~rM)W2Ne /NTV [29]  
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Table V. Comparison of experimental (Fig. 5) and theoretical values for the adsorption rate constants at 500oC 

A ~ 1.5 • 10~ cm~,  N ,  ~ 2 .7  • 10 -5 m o l e  O2, No  ~ 5 .4  • 10-~ m o l e  s i t e s ,  N ~  .~  N~ ,  V ~ 16 c m  3, S ~ 1 

T h e o r e t i c a l  E x p e r i m e n t a l  

kL ~-~ ( S A / N o V )  ( R T / 2 n M )  1/~ N 3.4 X 1011 
kL' ~ ( S A / N o N T V )  ( R T / 2 z M )  1/2 ~ 1016 
k , ,  ~ ( S / V )  ( R T / 2 ~ M )  1/2 ~., 1.2 X 103 

kin' ~ ( S / N T V )  ( R T / 2 ~ M ) 1 / 2  ~ 4 • 107 

kL ~ kads = r / N g N s  ~ 102 
kL' ~-~ Nskads/NeNo ~ 5 /Ne  
km ~ N s k a d s / d  ~ 2 X 10 - s  

2 • 10 - s  
km' ~ Nskads /NeA , 

Ne 

rm ~ S v A  ~ S A N g  ( R T / 2 ~ r M )  l l 2 / V  [30] 

r'm ~ S ~ A  N e / N T  ~ S A N g  ( R T / 2 ~ r M ) 1 / 2 N e / N T V  [31] 

w h e r e  ( N s -  n ) / N o  is the  p robab i l i t y  t ha t  an ac t ive  
adsorp t ion  si te is empty ,  ( N o - - n ) / N o  is the  p r o b -  
ab i l i ty  t ha t  a site is e m p t y  (a l l  s i tes  a v a i l a b l e ) ,  
N e / N T  is the  p r o b a b i l i t y  t ha t  an  e l ec t ron  is in t he  
conduc t ion  band,  and  S ( condensa t ion  coefficient)  is 
the  p robab i l i t y  tha t  t he  gas mo lecu l e  wi l l  s t ick if 
N e / N T  is uni ty .  S wi l l  be  less t han  un i t y  if e las t ic  
col l is ions w i t h  the  sur face  are  possible,  bu t  we  wi l l  
a ssume tha t  S is un i t y  for  our  e x p e r i m e n t .  

It  is seen f r o m  Fig.  5 t ha t  at 500~ kad~ ~ 100. 
Values  for  k, ca lcu la ted  f r o m  the  t heo re t i c a l  Eq.  
[28] and [31] are  g iven  in Tab le  V. The  theo re t i ca l  
va lues  for  adsorp t ion  w i t h o u t  e l ec t ron  t r ans f e r  
differ  by a fac to r  of 10 TM f r o m  the  e x p e r i m e n t a l  
values .  Wi th  e l ec t ron  t r a n s f e r  the  t heo re t i ca l  va lues  
for  kads cor respond  w i t h  the  e x p e r i m e n t a l  va lues  if 
Ne ~ 5 x 10 -1~ mole.  A d is t inc t ion  b e t w e e n  local ized  
and mobi l e  adsorp t ion  cannot  be m a d e  w i t h  the  
k ine t ic  resul ts .  

The  concen t r a t i on  of e lec t rons  in the  oxide  con-  
duc t ion  band  is e s t ima ted  to be 

Ce ~ 2 x 10 -15 m o l e / c m  3 [32] 

s ince the  sample  v o l u m e  was  0.246 cm 8. The  con-  
c e n t r a t i on  of e lec t rons  in the  conduc t ion  band  is r e -  
l a ted  to the  conduc t iv i ty ,  ~, the  cha rge  per  e lec t ron ,  
q, and the  e l ec t ron  m o b i l i t y  Re, by  the  express ion  

Ce - -  ( r /q  Be [33] 

A l t h o u g h  the  mob i l i t y  for  e lec t rons  in ZrO2 is not  
known,  it  has  been  shown to v a r y  f r o m  about  10 ~ 
(at  abou t  400~ to about  un i t y  (a t  about  900~ 
for  o ther  n - t y p e  oxides  and sulfides (4) (uni ts  of 
cm2/vo l t  sec) .  The  conduc t i v i t y  ( o h m  -1 cm -1) of 
ZrOe is e s t ima ted  to r ange  f r o m  about  10 -4 (at  
400~ to about  10 -e  (a t  900~ (5) .  

If  q is exp res sed  in t he  p r o p e r  uni t s  (q = 1.6 x 
10 -19 cou lombs)  the  conduc t ion  e l ec t ron  c o n c e n t r a -  
t ion is e s t i m a t e d  as 

C~ ( m o l e / c m  s) ~ 10 -11 (400~ to 10 -~ (900~ [34] 

The  co r re l a t ion  b e t w e e n  Ce in Eq. [32] and [34] is 
cons idered  sa t i s fac to ry  cons ider ing  the  a p p r o x i m a -  
t ions tha t  a re  made .  The  co r r e l a t i on  wou ld  be  con-  
s ide rab ly  i m p r o v e d  h o w e v e r  if  w e  had  a s sumed  
S ~ 10 -4 rather than unity. 

It is concluded that the kinetic data also support 

the electron transfer model. 

Temperature effect.--Assuming Eq. [31] is the 
correct equation, we obtain the relation between k~ds 

and the  t e m p e r a t u r e  f r o m  Eq. [11] and [21] 

k a d s  = ko 'Ne  ~ e h~e~ e - w / R T  [35] 

w h e r e  ko' = S A  ( R T / 2 ~ r M ) I / 2 / N s N T V .  The  concen-  
t r a t i on  of Ne is so l ow tha t  e v e n  at the l owes t  m e a s -  
u r a b l e  coverage ,  aD+ ~ aD. T h e  e m p i r i c a l  e q u a t i o n  
for  kads as a f unc t i on  of  t e m p e r a t u r e  is 

k a d s  ~-~ ko  -E~app/RT [36] 

w h e r e  ESapp is the  a p p a r e n t  ac t iva t ion  energy .  It  is 
seen f r o m  Eq. [35] and [36] and Fig. 5 t ha t  
w - E*a,p ~ 35 k c a l / m o l e  and  

ka = ko'  Ne  ~ e ~ e ~  [37] 

E n t r o p y  o f  c o n d u c t i o n  e l e c t r o n s . - - E q u a t i o n  [37] 
p rov ides  ano the r  t heo re t i ca l  check  on the  e l ec t ron  

t r a n s f e r  mode l  s ince ASe ~ can be ca lcu la ted  f r o m  

s ta t i s t ica l  mechanics .  ~S~ ~ = S~ ~ - -  S~D ~ w h e r e  Se ~ is 
the  s t anda rd  s ta te  e n t r o p y  of the  e lec t rons  in the  

conduc t ion  band  and SD ~ is the  s t anda rd  s ta te  en-  
t r opy  of the  e lec t rons  in the  local ized  donor  levels .  

SD ~ has l i t t l e  t r ans la t iona l ,  v i b r a t i o n a l  or conf igura -  
t iona l  con t r ibu t ion  at 8 ~ = 1/2 and is t h e r e f o r e  ap -  

p r o x i m a t e l y  zero. Se ~ wi l l  depend  on the  choice of 
s t anda rd  s ta te  Ne ~ and we  wi l l  choose this to be 
the  ac tua l  e lec t ron  dens i ty  at 8 = 1/2 and T = 500~ 
(i .e. ,  N e ~  Ne at 0 = 1/2 and  500~ We can con-  
s ider  t he  conduc t ion  band  e lec t rons  to obey  classical  
s ta t is t ics  r a t h e r  t han  F e r m i - D i r a c  s ta t is t ics  (6) 
s ince at the  l ow e l ec t ron  concen t r a t ions  

A 3 N / V  ~  2 x 10 -11 < <  1 [38] 

w h e r e  the  de Brog l i e  w a v e l e n g t h  

( 2 ~ m k T  ) -1/2 
A = h 2 [39] 

N is A v a g a d r o ' s  n u m b e r  and V ~ is the  e l ec t ron  gas 
v o l u m e  per  mole  in the  s t anda rd  s ta te  ( V  ~ = 1 /Ce  ~ 

5 x 1014 c m 3 / m o l e ) .  The  s t anda rd  s ta te  en t r opy  
change  for  p r o m o t i n g  e lec t rons  f r o m  loca l ized  donor  
leve ls  to a f ree  e l ec t ron  gas is exp res sed  

A S e ~ 1 7 6  ( 2 A - 3 V ~  [40] 
N 

T h e  t e r m s  in Eq.  [37] h a v e  the  fo l l owing  o rde r  of 
m a g n i t u d e  theo re t i ca l  va lues  

ko' ~ 2 x 10 iv 
N~ ~ ~ 5 x 10 -16 

e ~ e O / R  ~ 1 0  TM 
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The  t h e o r e t i c a l  v a l u e  for  ko is t h e r e f o r e  

ko ~ 1014 

as c o m p a r e d  to the  e x p e r i m e n t a l  v a l u e  of 

ko ( e x p )  ~ 1012 

f r o m  Fig.  5. This  c o r r e l a t i o n  is w e l l  w i t h i n  the  u n -  
c e r t a i n t y  of Ne and  S and  is cons ide red  to s u p p o r t  
t h e  e l e c t r o n  t r a n s p o r t  m e c h a n i s m .  

Summary and Conclusions 
The  r a t e s  and  a m o u n t s  of o x y g e n  p i c k u p  b y  s a m -  

p les  of p o w d e r e d  z i r c o n i u m  d i o x i d e  have  been  
m e a s u r e d  as  a func t ion  of t e m p e r a t u r e  (400 ~176  
o x y g e n  p r e s s u r e  (10 -5 to 760 m m  H g ) ,  and  p a r -  
t i c le  size. M a n y  e x p e r i m e n t s ,  p e r f o r m e d  to c o r r e -  
l a t e  o x y g e n  p i c k u p  w i t h  t he  mass  of ox ide  and  w i t h  
t he  ox ide  surface ,  i nd i ca t e  t h a t  o x y g e n  p i c k u p  is 
p r i m a r i l y  a su r face  p h e n o m e n o n .  A f t e r  c o m p l e t e  
r e d u c t i o n  of t he  ZrO2 a d s o r b e d  su r f ace  oxygen ,  a p -  
p r o x i m a t e l y  one a tomic  m o n o l a y e r  of o x y g e n  w i l l  
ad so rb  i r r e v e r s i b l y ,  and  a b o u t  5% of t he  t o t a l  a d -  
so rbed  o x y g e n  can  be  r e v e r s i b l y  a d s o r b e d  and  d e -  
so rbed  as molecules .  The  a p p a r e n t  a c t i va t i o n  en -  
e r g y  for  the  a d s o r p t i o n  of m o l e c u l a r  o x y g e n  is abou t  
35 k c a l / m o l e ,  a n d  for  d e s o r p t i o n  a b o u t  53 k c a l /  
mole,  as c o m p a r e d  to a b o u t  58 k c a l / m o l e  (see  P a r t  
I I )  for  a d s o r p t i o n  of a tomic  oxygen .  

The  e q u i l i b r i u m  a d s o r p t i o n  of o x y g e n  was  a n a -  
l y z e d  on the  bas is  of five models ,  viz., loca l i zed  a d -  
sorp t ion ,  mob i l e  adso rp t ion ,  l oca l i zed  a d s o r p t i o n  
w i t h  e l e c t r o n  t r a n s f e r ,  mob i l e  a d s o r p t i o n  w i t h  
e l ec t ron  t r a n s f e r ,  and  loca l ized  a d s o r p t i o n  w i t h  
d issoc ia t ion .  I t  was  conc luded  t h a t  t he  e x p e r i m e n t a l  
d a t a  f a v o r e d  m o b i l e  a d s o r p t i o n  w i t h  e l ec t ron  t r a n s -  
fer.  C o m p a r i s o n  of e x p e r i m e n t a l  and  t h e o r e t i c a l  
e n t h a l p y  and  e n t r o p y  of a d s o r p t i o n  f avo r s  t h e  e l ec -  
t r on  t r a n s f e r  process ,  b u t  d id  no t  d i s t i ngu i sh  b e -  
t w e e n  loca l i zed  or  m o b i l e  adso rp t ion .  A n a l y s i s  of 
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the  a d s o r p t i o n  k ine t i c s  r e v e a l e d  t h a t  t he  e l ec t ron  
t r a n s f e r  was  p r o b a b l e ,  b u t  could  not  d i s t i n g u i s h  b e -  
t w e e n  loca l ized  and  mob i l e  adso rp t ion .  

I t  is conc luded  t ha t  t he  mos t  p r o b a b l e  m e c h a n i s m  
invo lves  a d s o r p t i o n  of m o l e c u l a r  o x y g e n  w h i c h  is 
s t ab i l i zed  b y  r e c e i v i n g  an  e l ec t ron  f r o m  t h e  con-  
duc t ion  b a n d  of t he  oxide .  T h e  a p p a r e n t  a c t i va t i on  
e n e r g y  for  th i s  a d s o r p t i o n  p rocess  is a c t u a l l y  t h e  
e n e r g y  r e q u i r e d  to p r o m o t e  e l ec t rons  f r o m  donor  
l eve l s  ( p r o b a b l y  an ion  va c a nc i e s )  to the  conduc t ion  
band .  The  m o l e c u l a r  a d s o r p t i o n  is fas t  w i t h  r e spec t  
to t he  s u b s e q u e n t  d i s soc ia t ion  and  a d s o r p t i o n  as 
a tomic  oxygen ,  so t h a t  e q u i l i b r i u m  is e s s e n t i a l l y  es -  
t a b l i s h e d  w i t h  r e s p e c t  to  O2-  w h i c h  feeds  t he  d i s -  
soc ia t ion  process .  The  a m o u n t  of O2-  a d s o r b e d  at  
e q u i l i b r i u m  is d e t e r m i n e d  b y  t h e  n u m b e r  of donor  
s i tes  in  the  ox ide  pa r t i c l es .  F o r  t he  m a t e r i a l  u sed  
in th is  s t u d y  th is  p r o v e d  to be  a b o u t  3 x 10 -5 m o l e /  
cm ~, and  th is  m a y  be  the  an ion  v a c a n c y  c o n c e n t r a -  
t ion.  This  p a p e r  has  b e e n  c o n c e r n e d  w i t h  t he  5% 
tha t  adso rbs  as O2- .  P a r t  I I  w i l l  be conce rned  w i t h  
t he  d i s soc ia t ion  a n d  a d s o r p t i o n  of t he  o the r  95% to 
c o m p l e t e  a m o n o l a y e r  as a tomic  oxygen .  

Manuscr ip t  rece ived  Oct. 22, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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Zirconium Dioxide-Oxygen Reactions 
II. Chemisorption of Atomic Oxygen 

Tennyson Smith 
North American Aviation Science Center, Canoga Park, California 

ABSTRACT 

The chemisorpt ion of oxygen  on z i rconium dioxide  has  been s tudied in the  
t empera tu re  range  400~176 and oxygen  pressure  range  10 -5 to 760 m m  I-Ig. 
Analys is  of the  kinet ic  da ta  indicates  tha t  except  for about  5-10% the 
oxygen  adsorbs as an atomic monolayer .  The proposed mechanism involves 
p r i m a r y  adsorpt ion of molecu la r  oxygen which  then dissociates and becomes 
adsorbed  as atoms. The t empe ra tu r e  coefficient for the  p r i m a r y  molecu la r  
adsorpt ion  and secondary  atomic adsorpt ion  is 35 and 58 kca l /mole ,  respec-  
t ively.  The p r i m a r y  adsorpt ion is oxygen  pressure  dependent ;  whereas ,  the  
secondary  adsorpt ion is not. 

The  p r e v i o u s  p a p e r  was  conce rned  w i t h  t he  p r i m -  
a r y  a d s o r p t i o n  of m o l e c u l a r  o x y g e n  on  the  su r f ace  
of z i r c o n i u m  d iox ide  a n d  r e l a t e d  th is  p rocess  w i t h  
e l e c t r o n  t r a n s f e r  a n d  the  s e m i c o n d u c t i n g  p r o p e r t i e s  
of t he  oxide .  This  p a p e r  w i l l  t r e a t  t he  k ine t i c s  and  

m e c h a n i s m  of t he  d i s soc ia t ion  of t he  p r i m a r y  o x y -  
gen  molecu le s  and  t h e i r  s u b s e q u e n t  chemiso rp t ion .  

A r o n s o n  (1)  s t u d i e d  t h e  m e c h a n i s m  of o x y g e n  
a n d  h y d r o g e n  r e a c t i o n  w i t h  z i r c o n i u m  d i o x i d e  p o w -  
ders .  He conc luded  tha t ,  d u r i n g  h y d r o g e n  r educ t ion ,  
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oxygen  was r emoved  f rom the  la t t ice  posi t ions i n -  
te r ior  to the  z i r con ium dioxide to fo rm nons to ich io -  
met r i c  oxide, and  tha t  subsequen t  ox ida t ion  was  
cont ro l led  by  diffusion of oxygen  into la t t ice  an ion  
vacancies .  

The re  are  a n u m b e r  of i m p o r t a n t  po in ts  which  
A r o n s o n  m e n t i o n e d  tha t  were  incons i s t en t  wi th  his 
proposed mechan i sm.  For  example ,  he found  tha t  
the  ac t iva t ion  ene rgy  for the  o x y g e n - o x i d e  reac t ion  
was abou t  58 k c a l / m o l e  which  is m u c h  la rger  t h a n  
found  f rom z i r con ium me ta l  ox ida t ion  s tudies  (20- 
35 k c a l / m o l e ) .  He also found  f rom his i n t e r p r e t a -  
t ion  tha t  the heat  of the o x y g e n - o x i d e  reac t ion  was  
posi t ive ins tead  of nega t ive  as expected.  In  favor  of 
his mechan i sm,  the  cor re la t ion  b e t w e e n  oxida t ion  
k ine t ic  data  and  the theore t ica l  diffusion equa t i on  
was excel lent .  

I t  was  shown  in  the p rev ious  paper  t ha t  the  r e -  
act ion of oxygen  wi th  z i r con ium dioxide  in  the  t e m -  
p e r a t u r e  r ange  400~176 is p r i m a r i l y  an adsorp -  
t ion  process. Recen t ly  Kofs tad  and  Ruzicka  (2) a t -  
t empted  to reproduce  Aronson ' s  resul ts ,  bu t  con-  
t r a r y  to A r o n s o n  they  found  the r ange  of nons to i -  
ch iomet ry  too low to measu re  w i th  the i r  t h e r m o -  
g rav ime t r i c  technique .  They  concluded tha t  n o n -  
s to ich iomet ry  for z i r con ium dioxide was  at  leas t  a 
factor  of t en  smal le r  t h a n  Aronson  concluded.  Since 
Kofs tad  and  Ruzicka used s in te red  spec imens  w i th  
p r e s u m a b l y  ve ry  low surface  area, whereas  Aronson  
used powders  of a p p r o x i m a t e l y  4 m2/g, it  is safe to 
conclude  tha t  a surface  r a the r  t h a n  a b u l k  process 
was m e a s u r e d  in  Aronson ' s  work.  F u r t h e r m o r e ,  in  
this  paper  we show tha t  the  cor re la t ion  be t w e e n  
e x p e r i m e n t a l  da ta  (ours  and  Aronson ' s )  and  the  
theore t ica l  adsorp t ion  equa t ion  is as good as for the 
diffusion equat ion.  It  wi l l  be shown  in  a fu tu re  
paper ,  conce rn ing  the reac t ion  of ZrO2 wi th  h y d r o -  
gen, tha t  by  i n t e r p r e t i n g  the oxygen -ox ide  reac t ion  
as an  adsorp t ion  process, Aronson ' s  da ta  y ie ld  a 
nega t ive  hea t  of react ion.  F ina l ly ,  for an  adsorp t ion  
process a cor re la t ion  b e t w e e n  the ac t iva t ion  ene rgy  
for ox ida t ion  of z i r con ium and  oxygen  reac t ion  wi th  
a reduced  z i r con ium dioxide  surface  is no t  expected.  

The e x p e r i m e n t a l  mater ia l s ,  appara tus ,  and  p ro -  
cedure  is descr ibed in  the previous  paper .  

Exper imenta l  Results and  Discussion 

A n u m b e r  of e x p e r i m e n t s  were  car r ied  out, in  the 
t e m p e r a t u r e  r ange  400~176 in  which  the ZrO2 
samples  were  exposed to pu re  oxygen  af ter  they  had  
b e e n  exposed to hydrogen .  The h y d r o g e n  exposure  
con t inued  un t i l  no f u r t h e r  reac t ion  occurred in 
each case, t hen  the sys tem was evacuated .  The s u b -  
sequen t  oxygen  exposure  was a l lowed to con t inue  
un t i l  no fu r t he r  reac t ion  wou ld  occur. Example s  of 
the resul ts  of oxygen  p ickup  vs. t ime  at 600 ~ 700 ~ 
and  800~ are g iven  in  Fig. 1. The r educ t ion  of to ta l  
oxygen  p ickup  f rom 160 ~moles to abou t  130 ~moles 
at  700 ~ and  800~ ind ica tes  the  r educ t ion  in  surface  
ac t iv i ty  due to heat  t r e a tmen t .  Al l  of the  expe r i -  
men t s  in  Fig. 1 were  wi th  the  same sample.  

As was po in ted  out in Fig. 3 of the  p rev ious  paper ,  
the  reac t ion  is i n d e p e n d e n t  of the oxygen  p ressure  
except  for the  first 5-10%.  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1964 
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Fig. 1. Oxygen pickup by a ZrO2 powder (that had been surface 
reduced) as a function of temperature. 

Sample weight is 1.436g, Batch IV, Table I ( - -325 mesh). 

Initial 02 Final O2 
Exp. Temp, press., press., 

(Table IV) ~ mm Hg mm Hg 

1 600 127 54 
3 700 150 94 
5 800 140 81 

Chemisorption o] Atomic Oxygen 

Afte r  the surface  has become sa tu ra t ed  w i th  re -  
spect to molecu la r  oxygen,  consider  the s lower  r e -  
act ion in  which  the molecules  dissociate and  become 
adsorbed as atoms. The ra te  of reac t ion  can be ex-  
pressed as 

dno "~ ( - - ~ / s - o  : k s -o  8Ns ( N o - - n o )  ~ [1] 

where  (dno /d t ) s -o  represen t s  the  ra te  of adsorp t ion  
of oxygen  atoms, ks -o  r ep resen t s  the  ra te  cons tan t  
for this  process, No represen t s  the total  n u m b e r  of 
moles of ava i lab le  adsorp t ion  sites, and  no r e p r e -  
sents  the n u m b e r  of moles of a tomic oxygen  ad-  
sorbed at  t ime  t. Except  at ve ry  low pressure  8 for 
molecu la r  oxygen  is un i ty .  I n t e g r a t i o n  of Eq. [1] 
yields  

0o 
- -  -- ks -o  NsNot ~ ko't [2] 
1 -- 8o 

if no ---- 0 a t  t ~ 0, 80 = no/No, a nd  ko" ---- k~-oN~No. 

Data  in  Fig. 1, where  ox ida t ion  was  a l lowed to 
complet ion,  are p lo t ted  in  Fig. 2 u t i l i z ing  Eq. [2].  It  
is seen t ha t  f a i r ly  s t ra igh t  l ines  resul t ,  in  accord 
wi th  the proposed mechan i sm.  Da ta  f rom Aronson ' s  
(1) Fig. 2 were  r e - a n a l y z e d  wi th  respect  to the  
m e c h a n i s m  of adsorp t ion  r a t h e r  t h a n  to tha t  of d i f -  
fusion. The  plot  of his data,  (his C corresponds  to 
8o for adsorp t ion)  in  Fig. 3, shows tha t  the  expe r i -  
m e n t a l  da ta  and  theore t ica l  curves  corre la te  as wel l  
as for the  diffusion model.  Consequen t ly ,  the  choice 
of model  mus t  rest  on o ther  e x p e r i m e n t a l  ev idence  
such as tha t  i l l u s t r a t ed  in  Ta b l e  I I  of the  prev ious  
paper .  

Values  for the  ra te  cons tan t  ko' f rom the  da ta  in  
Fig. 2 and  3 are g iven  in  an  A r r h e n i u s  plot  of ko' vs. 
reciprocal  t e m p e r a t u r e  in  Fig. 4. Values  for ko' 
(open circles in  Fig. 4),  ca lcu la ted  f rom Aronson ' s  
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data,  y ie ld  an  ac t iva t ion  ene rgy  of 58 kca l /mo le ,  
jus t  as he ob ta ined  for the diffusion analysis .  Our  
d a t u m  at  530~ (solid po in t  at 530~ Fig. 4) was  
ob ta ined  f rom the dashed l ine  in  Fig. 3. This  expe r i -  
m e n t  was  car r ied  out  on the microba lance ,  as were  
Aronson ' s  exper imen t s .  The  d a t u m  at 600~ on 
curve  A of Fig. 4 was  ob ta ined  f rom the  dashed l ine  
in  Fig. 3 at  this  t empe ra tu r e .  The e x p e r i m e n t  for 
this  curve  was car r ied  out  in  the  cons tan t  v o l u m e -  
va r i ab le  pressure  sys tem wi th  a di f ferent  sample.  
All  of Aronson ' s  da ta  were  ob ta ined  by  us ing  a d i f -  
f e ren t  sample  of ZrO2 for each expe r imen t .  It  is 
be l i eved  tha t  curve  A in  Fig. 4 reflects the  t rue  t e m -  
p e r a t u r e  effect for samples  t ha t  had  not  been  r e -  
cycled. Curve  B in  Fig'. 4 shows the  resul t s  f rom 
Fig. 2 for e x p e r i m e n t s  on  the  same sample;  t h a t  is, 
this  sample  had  u n d e r g o n e  o x i d a t i o n - r e d u c t i o n  ex-  
pe r imen t s  a n u m b e r  of t imes.  The  dev ia t ion  of curve  
B f rom curve  A indica tes  the  effect of hea t  t r e a t -  
m e n t  on the surface act ivi ty .  At  a p a r t i c u l a r  t e m -  
pera tu re ,  the  effect of r epea ted  recyc l ing  is to de-  
crease the  n u m b e r  of sites and  the  ra te  of adsorp-  
tion. 

I t  should be m e n t i o n e d  tha t  ana lys i s  of our  da ta  
as a diffusion process as was done by  A r o n s o n  

y ie lded  diffusion coefficients (which  should  have  
been  cons tan t  w i th  t ime)  tha t  decreased by  a factor  
of t h ree  b e t w e e n  10 a nd  100 rain for each t e m p e r a -  
ture.  However ,  average  va lues  for these  diffusion 
cons tan ts  p roved  to be close to the  va lues  ob ta ined  
by  Aronson .  

A r onson  did  not  expect  a p ressure  effect for oxi-  
da t ion  ra tes  in  his proposed model  bu t  did find it  
b e t w e e n  20 and  100 m m  Hg. A pressure  effect was 
found  in  this  work  for on ly  ve ry  low pressures .  I t  
can be seen f rom Eq. [15-18]  of the p rev ious  pape r  
and  Eq. [1] of this  paper  tha t  such an  effect would  
depend  on 8, i.e., for 8 < 1, it  is expected.  However ,  

depends  on b, and  b wou ld  in  t u r n  be a func t ion  of 
the  heat  of adsorp t ion  on the oxide surface.  It  migh t  
wel l  be tha t  b for Aronson ' s  powder  was  m u c h  
smal le r  t h a n  it  was  for the  powder  in  this  work ,  
due  to the  d i f ferent  t r e a t m e n t .  

Theoretical rate constant . - -The e x p e r i m e n t a l  
va lue  for ko' in  Eq. [2] can be compared  w i th  a 
theore t ica l  va lue  w i t h  the  fo l lowing equa t ion  

~s$ AH$ 
kT  RT NsNo [3] 

ko' = e R e 
h 

Since e q u i l i b r i u m  data  for a tomic oxygen  adsorp-  
t ion  was  not  obta ined,  it canno t  be decided, as for 
molecu la r  oxygen ,  tha t  e lec t ron  t r ans f e r  takes  place. 
The  fact  tha t  Eq. [1] and  [2] hold up to 8 = 0.9 
(no te  Fig. 2) m a y  ind ica te  tha t  the ada toms  are  not  
n e g a t i v e l y  Charged. If e lec t ron  t r ans f e r  occurred for 
adsorp t ion  of each oxygen  atom, one wou ld  expect  
s t rong in t e r ac t i on  b e t w e e n  an ions  except  at low 
coverage and  Eq. [1] wou ld  have  to t ake  this into 
account .  The reac t ion  is v isua l ized  as 0 2 -  g iv ing  up 
an  e lec t ron  and  dissocia t ing into two atoms. The 
oxygen  atoms then  bond  wi th  surface sites by  sha r -  
ing e lect rons  tha t  were  p rev ious ly  u n s h a r e d  due to 
the  surface  s t ruc ture .  

I t  is expected  tha t  the  ac t iva ted  complex  wou ld  
have  even  g rea te r  f reedom on the surface  t h a n  the 
reac tan t s  O2- and  u n s h a r e d  surface  electrons,  and  
therefore ,  • t wou ld  be posi t ive.  I t  wou ld  be diffi- 
cul t  to ca lcula te  AS* or h i l t  f r om first pr inciples ,  b u t  
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they  can be es t imated  f rom the e x p e r i m e n t a l  data.  
For  example ,  for AH* = 58 k c a l / m o l e  and  at 600~ 

R T  
e ~ 3.7 x 10 -15 
Ns ---- 3.2 x 10 -6 
No ---- 1.5 x 10 -4 
kT 

- -  = 1.8 x 1023 
h 

s o  tha t  

ASS 

R 
e = ko' x 3.1 x 10 TM 

Afte r  conve r t i ng  to rec iprocal  seconds, ko' f rom Fig. 
4 (curve  A) is abou t  5 x 10 -3 . F r o m  Eq. [3],  the 
ac t iva t ion  en t ropy  change  proves  to be  AS* --~ 38 e.u. 
This suggests  tha t  the  ac t iva ted  complex  has a grea t  
deal  of f reedom. It is no t  k n o w n  how m u c h  of this  
f reedom is r e t a ined  (i.e., localized or mobi le  l aye r )  
w h e n  the  oxygen  a toms comple te  the  reac t ion  and  
become adsorbed.  

Summary and Conclusions 

M a n y  e x p e r i m e n t s  pe r fo rmed  to corre la te  oxygen  
p ickup  wi th  the  b u l k  oxide or the o x i d e s u r f a c e ,  i n -  
d icate  tha t  the  oxygen  p ickup  is p r i m a r i l y  a surface  
p h e n o m e n o n .  Af te r  comple te  r educ t ion  of the  ZrO2 
surface,  a p p r o x i m a t e l y  one a tomic m o n o l a y e r  of 
oxygen  wil l  adsorb i r r eve r s ib ly  on the  surface.  A b o u t  
5% of the  to ta l  adsorbed oxygen  can be r eve r s ib ly  
adsorbed  and  desorbed.  F r o m  e q u i l i b r i u m  and  k i -  
ne t ic  data,  it was  conc luded  tha t  the 5% is r eve r s i -  
b ly  adsorbed  as molecu la r  oxygen  and  the  r e -  
m a i n d e r  as a tomic oxygen.  

The a p p a r e n t  ac t iva t ion  ene rgy  for the adsorp t ion  
of molecu la r  oxygen  proved  to be abou t  35 k c a l /  
mole  and  for desorp t ion  abou t  53 kca l /mo le ,  as com-  
pa red  to about  58 k c a l / m o l e  for adsorp t ion  of 
a tomic oxygen.  The ra te  of adsorp t ion  of molecu la r  
oxygen  was  a func t ion  of oxygen  pressure  at  low 
pressures ,  whi le  the chemisorp t ion  process of a tomic 
oxygen  was  i n d e p e n d e n t  of pressure .  

Mechanism.--The m e c h a n i s m  of the  adsorp t ion  of 
oxygen  on f resh ly  reduced  ZrO2 powder  is sche-  
ma t i ca l ly  i l l u s t r a t ed  in  Fig. 5. The ac tua l  r eac t ion  is 
cons idered  to fol low the  solid l ine  in  Fig. 5, a l though  
it  is not  suggested tha t  the  d is tance  coordina te  is 
l inear .  It  is pos tu la ted  tha t  as oxygen  molecules  ap -  
proach the ZrO2 surface the  s u r f a c e - o x y g e n  ene rgy  
r e l a t ion  would  fol low the dashed l ine  1, as r epu l s ive  
forces become effective. However ,  an  e lec t ron  f rom 
the  conduc t ion  b a n d  of the  solid is t r apped  by  the 
approach ing  oxygen  and  stabi l izes the  adsorpt ion.  
The a p p a r e n t  ac t iva t ion  ene rgy  for this  process, 
about  35 kca l /mole ,  is ac tua l ly  the ene rgy  w needed  
to promote  e lect rons  f rom donor  levels  into the  l ow-  
est level  of the  conduc t ion  band.  The sys tem forms  

a s table  bond  (S - -  0 2 - )  of AM ~ ----- --50 kca l /mole .  
Once the molecules  have  en te red  this  po ten t i a l  e n -  
e rgy  well ,  t hey  can e i ther  approach  the  surface  
a long curve  2 or desorb.  The  t h e r m o d y n a m i c  ene rgy  
re la t ions  predic t  the  desorp t ion  ac t iva t ion  energy,  

ESdes ,  to be jus t  equa l  to _• abou t  50 kca l /mo le ,  
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as compared  to the e x p e r i m e n t a l  va lue  of abou t  53 
kca l /mole .  As 0 2 -  approaches  the  surface,  it  forms 
bonds  wi th  u n s h a r e d  e lect rons  associated w i th  su r -  
face a toms and  dissociates into two atoms. The 
a tomic  oxygen  sur face  bond  (S --  O) is es t imated  
to be abou t  --40 k c a l / m o l e  f rom e q u i l i b r i u m  h y d r o -  
gen reduc t ion  studies.  

The adsorp t ion  of molecu la r  oxygen  is m u c h  more  
rap id  t h a n  the  dissociat ion process,  because  of the  
low ac t iva t ion  energy,  and  adsorbed  molecu la r  oxy -  
gen becomes s a tu ra t ed  before  apprec iab le  a moun t s  
have  dissociated. As a consequence  the  concen t r a -  
t ion  of adsorbed molecu la r  oxygen  feeding  the  dis-  
sociat ion process is constant ,  and  the dissociat ion 
process is i n d e p e n d e n t  of the  oxygen  pressure .  On 
the  o ther  hand,  the adsorp t ion  of molecu la r  oxygen  
is a f unc t i on  of the  oxygen  pressure .  The surface  
becomes sa tu ra t ed  wi th  respect  to 0 2 -  w h e n  only  
5 to 10% of the  sites ( f rom BET m e a s u r e m e n t )  are 
occupied, and  this  is a t t r i b u t e d  to the  dep le t ion  of 
e lect rons  f rom the  donor  sites of the  oxide. I t  is p r e -  
d ic ted then,  tha t  the  a m o u n t  of molecu la r  adsorp-  
t ion wi l l  depend  on the concen t r a t i on  of donor  levels  
in  the  oxide and  should change  f rom sample  to s am-  
ple or for d i f ferent  oxides. The a tomic oxygen  atoms 
occupy essen t ia l ly  all  ava i l ab le  sites. 

By ana lyz ing  the  e q u i l i b r i u m  adsorp t ion  of mo-  
l ecu la r  oxygen  w i t hou t  e lec t ron  t ransfer ,  the  ex-  
p e r i m e n t a l  e n t r opy  is u n r e a s o n a b l y  low ( a pp rox i -  
m a t e l y  zero or even  pos i t ive) .  By analyzing '  the 
process wi th  e lec t ron  t ransfer ,  e x p e r i m e n t a l  and  
theore t ica l  va lues  for the e n t r o p y  change  are close. 
This  is t a ke n  as n e w  evidence  in  favor  of charge 
t r ans f e r  for such a process. I t  was conc luded  tha t  
mo lecu l a r  oxygen  adsorbs  as a mob i l e  l aye r  on the 
surface.  

Electrical properties.--According to the  m e c h a n -  
i sm above,  the  e lect r ical  conduc t ion  of the  b u l k  
oxide should decrease  as molecu la r  oxygen  is ad-  
sorbed (e lec t rons  r e move d  f rom conduc t ion  b a n d )  
and  the  surface  conduc t iv i ty  of the oxide should 
increase  due to the  mobi le  n a t u r e  of the  O2-.  The  
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adsorp t ion  of a tomic oxygen  m a y  increase  the  su r -  
face conduc t iv i ty  due  to the  f o r m a t i o n  of an  e lec t r i -  
cal double  l ayer  wh i l e  the b u l k  oxide conduc t iv i ty  
m a y  not  be  changed  much.  

E x p e r i m e n t s  to measu re  the  effect of oxygen  ad-  
sorpt ion  on the e lectr ical  conduc t iv i ty  of our  ZrO2 
have  been  car r ied  out  1 b e t w e e n  400 ~ and  800~ 
The  resul t s  ind ica ted  tha t  as p red ic ted  the  surface 
conduc t iv i ty  does increase  and  the  b u l k  conduc t iv i ty  
does decrease w h e n  the  oxide is exposed to oxygen.  

E x p e r i m e n t s  have  been  repor ted  for the  O2-NiO 
systems (3) ,  at 400~ It  was found  tha t  the  surface  
conduc t iv i ty  was d r a m a t i c a l l y  inc reased  by  a pulse  
of oxygen  in  the  gas s t r eam tha t  passed the  oxide 
and  tha t  r educ t ion  w i th  h y d r o g e n  reversed  the ef-  
fect. The b u l k  conduc t iv i ty  was  m u c h  less affected. 

I t  should also be no ted  (4) t ha t  oxygen  adsorbs  
on NiO as molecu la r  oxygen  u n t i l  abou t  1 -2% of 

1 These  e x p e r i m e n t s  we re  ca r r i ed  ou t  by  S a l t s b u r g  a nd  S n o w d e n  
a t  t he  G e n e r a l  A t o m i c  L a b o r a t o r y ,  San  Diego,  Ca l i fo rn ia ,  (see ref .  
3). 

the sur face  is covered and  wi th  an  a p p a r e n t  ac t iva -  
t ion  ene rgy  of 35 kca l /mole .  

The  theore t i ca l ly  ca lcu la ted  va lues  of W, Ne, and  
ND for the  semiconduc t ing  proper t ies  of ZrO2 are 
pred ic ted  order  of m a g n i t u d e  va lues  a nd  mus t  awa i t  
e x p e r i m e n t a l  ver i f ica t ion  f rom elect r ical  exper i -  
ments .  The  cons is tency  of the  theore t ica l  ca lcu la -  
t ions  is in  favor  of the  proposed mechan i sm.  

Manuscript  received Oct. 22, 1963. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1965 JOUI~NAL. 
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Mechanical Stresses during the Oxidation of Copper and Their 
Influence on Oxidation Kinetics. !!1" 

W. Jaenicke, 1 S. Leistikow, and A. Stadler 

Institute of Physical Chemistry, Techni~che Hochschule, Karlsruhe, Germany 

ABSTRACT 

Bending and oxygen uptake of a helix of copper or of gold-copper alloys, 
protected at one side by layers of silver and gold, were measured s imul tane-  
ously between temperatures  of 220 ~ and 400~ and with oxygen pressures up 
to 140 mm Hg. The oxidation mostly showed an induct ion period and then 
followed a logarithmic law. In  all cases di latat ion of the oxide-covered side 
of the helix was first observed, followed by a strong contraction. Finally,  
di latat ion was found again. The effects increased if the oxidation rate was 
lowered, which was possible by change of temperature,  oxygen pressure, or 
pre t rea tment  of the metal. The stresses wi thin  the oxide were calculated as 
greater than --+12,000 kp /cm 2 ( ~  1.7-105 psi),  if related to layer thickness. They 
influenced oxidation kinetics and under  special conditions were connected 
with whisker  formation. The site of the stresses could be located experi-  
mental ly.  Epitaxy, hole formation wi th in  the metal, oxygen penetra t ion 
through a porous layer, and t ransformat ion of the oxides into one another 
were found to be the factors which successively caused stresses, dur ing oxida- 
tion. 

D u r i n g  the ox ida t ion  of a me ta l  two solid phases  
are in  contact ;  one is fo rmed  by  c o n s u m p t i o n  of the  
other.  Therefore ,  one has to expect  mechan i ca l  
forces in  the  sys tem m e t a l - o x i d e  (1) if there  is no 
plast ic  flow (3),  t ha t  is, if the  ox ida t ion  t e m p e r a -  
t u r e  is no t  too high. The  componen t s  of forces, which  
are  d i rec ted  pa ra l l e l  to the surface  of the  oxide 
layer ,  are able to b e n d  a t h in  me t a l  s t r ip which  is 
oxidized at  one side and  pro tec ted  aga ins t  ox ida t ion  
at the other  side (4 -6) .  E q u i l i b r i u m  is reached  if, 
a long the cross sect ion of the  str ip,  all  l o n g i t u d i n a l  
forces and,  s imul t aneous ly ,  the  i n t e r n a l  b e n d i n g  
m o m e n t s  are  compensa ted .  If those forces are  r e -  
la ted  to a su i t ab le  area  on which  they  work,  they  
are cal led stresses. 

* I, I I  see ref.  (4), (5). 
1 P r e s e n t  addres s :  I n s t i t u t e  of P h y s i c a l  C h e m i s t r y ,  U n i v e r s i t y  of 

E r l a n g e n  N u r e m b e r g ,  G e r m a n y .  

In  Fig. 1 some examples  of b e n t  s t r ips  in  equ i l i b -  
r i u m  are shown.  Resu l t ing  compress ive  stresses be -  
t w e e n  l ayer  surface and  axis  of zero stress give a 
convex  e q u i l i b r i u m  shape  of the in i t i a l ly  s t ra igh t  
oxide l aye r  (Fig. la ,  b ) ,  r e su l t ing  tens i le  stresses a 
concave shape (Fig. lc, d) .  The b e n d i n g  which  is 
observed  there fore  is an  in t eg ra l  p h e n o m e n o n ;  it  
gives no i n f o r m a t i o n  on the  d i s t r i bu t ion  of stresses 
a long the  cross section. 

If a compress ive  stress is observed,  the oxide 
l ayer  m a y  be  compressed,  the  me t a l  be low it ex -  
p a n d e d  (Fig. l a ) ,  bu t  it is qui te  as possible tha t  
compress ion  is w i t h i n  the  me ta l  and  t ens i l e  stress 
w i t h i n  the  l ayer  (Fig'. l b ) .  The  same a l t e r na t i ve  is 
va l id  if t ens ion  is p r e d o m i n a n t  (Fig. lc, d) .  

The source of the  observed  effects, therefore ,  can 
be s i tua ted  in  the  layer ,  at  the phase  b o u n d a r y ,  or 
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Fig. 1. Bending of a straight metal beam caused by stresses of 
different distribution within an oxide layer and the underlying 
metal (schematically); h, area of stress generation; . . . . .  , axis 
of zero stress. 

ins ide  the me ta l  (4) : stresses w i t h i n  the l aye r  occur  
if oxides of different  composi t ion  and  mola r  v o l u m e  
are  t r a n s f o r m e d  into one another ,  if c rys ta l  g rowth  
or r ec rys ta l l i za t ion  is d i rec ted  a long the  surface,  or 
if oxygen  pene t r a t e s  the l ayer  and  forms oxide 
w i t h i n  pores. I n  the phase b o u n d a r y  ep i tax ia l  
stresses of ten are possible;  w i t h i n  the me ta l  one can 
observe  stresses if oxygen  is dissolved or if, d u r i n g  
the consumpt ion  of the meta l ,  defects of a tomic size 
are fo rmed  which  can agg lomera te  or be  deposi ted 
at dislocations.  

Exper imenta l  Procedure and Results 

We m e a s u r e d  such effects du r ing  the  ox ida t ion  of 
copper  and  of copper -go ld  alloys b e t w e e n  220 ~ and  
400~ wi th  oxygen  pressures  b e t w e e n  2 and  140 m m  
Hg (7).  

The sample  was a s tr ip of e lect rolyt ic  copper w i th  
th ickness  of 5x10 -8 cm and  an  area  of 1 cm x 20 cm. 
It was  a n n e a l e d  first in  h igh v a c u u m  at  400~ for 1 
hr. Af te r  a n n e a l i n g  the  o r i en ta t ion  of the  surface  
was found  to be  mos t ly  (100) [001] and  the  average  
g ra in  d i ame te r  reached  17~. It  r e m a i n e d  cons tan t  
d u r i n g  the  ox ida t ion  exper iments .  A pro tec t ive  
l ayer  of 3F of s i lver  and  3F of gold t hen  was  e lec t ro-  
deposi ted on one side of the specimen,  and  it was  
fo rmed  to a he l ix  of 1 cm d iameter ,  in  most  cases 
w i th  the  l ayer  at  the i n n e r  side. 

The  sample  was  hea ted  ins ide  a sil ica tube  which  
was  connec ted  to a d i f fe rent ia l  m a n o m e t e r  (Tay lo r  
I n s t r u m e n t s  Company ,  Rochester ,  N. Y., type  339 
RF5)  (5) .  At  the  end  of the  he l ix  a glass t h r ead  was  
at tached.  It  reached  to the lower,  cooled pa r t  of the  
fu rnace  and  could be observed  by  means  of a mic ro -  
scope. The hel ix  was  m o u n t e d  on the axis  of a h igh 
v a c u u m  ro ta t ing  jo in t  (Fig. 2).  The a n g u l a r  deflec- 
t ion  of the sys tem d u r i n g  ox ida t ion  was m e a s u r e d  
by  t u r n i n g  the  axis and  keep ing  the th read  in  a 
fixed posit ion. At  the  same t ime  the oxygen  up t ake  
was recorded.  Before (not  especia l ly  dr ied)  oxygen  
was  admi t t ed  into the evacua ted  and  hea ted  reac -  
t ion  vessel,  one had to wai t  severa l  minu tes ,  u n t i l  
the in i t i a l  creep of the he l ix  u n d e r  its own  weigh t  
had  finished. 

0 BSERVATION 

COOLING TUB, 

H{GH VACUU~ 
ROTATING JOf~ 

NO n 

360~ SCALE 
/ U 

Fig. 2. Reaction tube and measuring system 

Sign  and  m a g n i t u d e  of the  a n g u l a r  deflection 
me a su r e  the  d i rec t ion  a nd  q u a n t i t y  of the  r e su l t ing  
b e n d i n g  momen t .  Its or igin  has to be located by  
special  exper iments .  

In  a ny  case it seems reasonab le  to re la te  the  m e -  
chanica l  effects to the  a m o u n t  of oxide formed.  
Therefore  in  most  cases the resul t s  a re  discussed in  
t e rms  of a/m,  the ra t io  of a n g u l a r  deflection and  
consumed  oxygen.  A posi t ive va lue  of a / m  s tands  
for a be nd i ng  toward  more  convex  shape, tha t  
means  a compress ion  in  the  ox i de - l a ye r  side of the 
spec imen  (cf. Fig. la ,  b ) .  

F r o m  al to  the  stress w i t h i n  a surface  l ayer  of a 
curved  b e a m  can be calculated,  us ing  S toney ' s  ap-  
p r o x i m a t i o n  f o r mu l a  (8) 

E . a  e ( 1 )  
S = 6-------~ " A [1] 

(S is the m a x i m a l  stress w i t h i n  a l ayer  of th ickness  
h (cm)  on a beam of th ickness  a (cm)  ; E is Young ' s  
modu l us  of the metal ,  r the  r ad ius  of cu rva tu re .  S 
and  E are m e a s u r e d  in  kp/cm2;  1 k p / c m  "~ ---- 14.22 
psi. This  fo rmula  is va l id  w i t h i n  a few per  cent  e r ror  
for d i f ferent  stress d i s t r ibu t ions  across the layer ,  as 
long as h /a  < 0.01. This was the  case in  our  e xpe r i -  
ments .  The  rad ius  of the  c u r v a t u r e  m a y  be ca lcu la ted  
f rom the  s t r ip  l eng th  L ( cm) ,  the  he l ix  angle  v and  
the a n g u l a r  deflection a (~  

A ( 1 )  = 2~r~/360 L cos ~, [2] 

To get an  impress ion  of the  order  of m a g n i t u d e  of 
the effects, h can be  t a ke n  as the  ox i de - l a ye r  th i ck -  
ness x. In  this w a y  a stress S [ k p / c m  2] w i t h i n  the 
oxide is ca lcu la ted  f rom [1] and  [2]. For  the reasons  
m e n t i o n e d  above, this  me thod  is not  exact.  More 
sui table,  however ,  to the  sys tem should be the  i n -  
s t an t aneous  stress (9) which  rela tes  d i f ferent ia l  
change  of stress w i th  i n c r e m e n t  of l ayer  th ickness  
x. I t  is defined by  the  equa t ion  
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o h ~ d ~ = s ,  h [3] 

Somet imes  it is p re fe r red  to compare  the  a n g u l a r  
deflect ion and  the a m o u n t  of oxide separa te ly  as a 
func t ion  of time�9 

In12uence of  P r e t r e a t m e n t  of S p e c i m e n s  on 
Measured  Effects 

Fi r s t  of all  i t  has to be  s ta ted t ha t  all  q u a n t i t a t i v e  
resul t s  s t rong ly  depend  on the  p r e t r e a t m e n t  of the  
meta l .  The me thod  of sur face  f in ishing or the  t ime  
and  t e m p e r a t u r e  of a n n e a l i n g  can change  the  ra te  
of ox ida t ion  and  the  a n g u l a r  deflect ion to a g rea t  
e x t e n t  (6) .  For  e x a m p l e  an  a n n e a l e d  and  ab r a de d  
sample  oxidized fas ter  at 400~ t h a n  ano the r  s a m -  
ple d id  at  t he  same t e m p e r a t u r e ,  which  af ter  be ing  
a n n e a l e d  p rev ious ly  was  oxidized for 1 hr  at  300~ 
reduced,  and  abraded�9 The a n g u l a r  deflections also 
differed cons iderably .  A s imi la r  difference was ob-  
served,  if the  spec imen  before  ox ida t ion  was  hea ted  
e i ther  in  contact  wi th  h y d r o g e n  or in  h igh v a c u u m  
for 10 m i n  and  t h e n  reduced  wi th  hydrogen .  I n  the  
l a t t e r  case the r e m a i n d e r  of oxygen  can fo rm some 
oxide, which  is t h e n  reduced  g iv ing  a rough  copper 
surface,  whi le  i n  the  fo rmer  case no oxida t ion  is 
possible�9 Thus  the ox ida t ion  ra te  is s lower  and  the  
a n g u l a r  deflection reaches  its nega t ive  m a x i m u m  
later�9 Also the  shape  of the  curves  is d i f ferent ;  
the re fo re  there  r e m a i n  differences also in  the  
stresses (Fig. 3, solid and  dot ted  l ines) �9  

The ox ida t ion  ra te  f u r t h e r  increases  and  the  
stresses d imin i sh  if the  spec imen  is oxidized and  
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Fig. 3. Influence of copper pretreatment: (a) on weight gain m 
(layer thickness x) vs. time; (b) on angular deflection ~ vs. time; 
(c) on stress (a /m)  vs. time. Samples annealed at 400~ and pre- 
oxidized at 3O0~ then . . . .  layer reduced with H2, abraded, 
heated in hydrogen before oxidizing; - -  layer reduced with H2 
abraded, heated in vacuum before oxidizing; . . . .  layer abraded, 
heated in vacuum for 10 min, then treated with H2 before oxidiz- 
ing; after pretreatment: oxidized at 300~ Po2 ~ 6 mm Hg. 

reduced  severa l  t imes  w i t hou t  smooth ing  the su r -  
face. The behavior ,  however ,  is r ep roduc ib le  and  
the samples  can be used severa l  t imes  if e i ther  the  
fo rmed  oxide or the  me ta l  r e m a i n i n g  af ter  the r e -  
duc t ion  of the  oxide is ab raded  wi th  6/0  e me ry  pa -  
per.  In  this  w a y  one can r emove  on ly  the oxide 
l aye r  or the  loose me t a l  r e m a i n i n g  af ter  the  r educ -  
t ion  of the  oxide as was  found  by  the  loss in  
weight .  Both p r e t r ea tmen t s ,  however ,  show d i f -  
f e ren t  resul ts  (Fig. 3, solid and  dashed l i nes ) :  
whi le  the ox ida t ion  ra te  is no t  m u c h  changed  (Fig. 
3a) ,  the  a n g u l a r  deflection (Fig. 3b) is g rea te r  if 
the oxide was  a b r a de d  before  w i t hou t  reduc t ion .  
There fo re  in  this  case the  curves  of s tress are  shif ted 
to more  nega t i ve  va lues  (compare  in  Fig.  3c the  
solid and  dashed l ines ) .  

Al l  the  e x p e r i m e n t s  repor ted  be low were  made  
wi th  the p r e t r e a t m e n t ,  m a r k e d  by  solid l ines  in  
Fig. 3. 

Oxidat ion  Kinet ics  

The spec imens  so t r ea ted  a lways  oxidized in i t i a l ly  
w i th  a smal l  ra te  constant .  Af te r  an  i nduc t i on  per iod  
the ra te  s u d d e n l y  increased,  as was  observed  by  
Ca b r e r a  and  Mat t  (10) at lower  t e m p e r a t u r e s  (see 
Fig. 10b).  The  i nduc t ion  per iod  ti depends  on p re -  
t r e a t m e n t  a nd  oxygen  pressure .  B e t w e e n  2 and  25 
m m  Hg, .one finds ti ~ k ' P  -3/2. Af te r  the  i nduc t ion  
period,  the m e a s u r e d  weight  gain  m can be ex-  
pressed by  a loga r i thmic  l aw (Fig. 4) 

m -- A log [B (p)  (t--t+) Jr C] 

A is i n d e p e n d e n t  of pressure ,  B is ob ta ined  by  ex -  
t r apo la t ion  of the  l i nea r  par t s  of the  curves  to m = 
0. We found  tha t  it was a p p r o x i m a t e l y  p ropor -  
t iona l  to the  p ressure  p. 

One has to be caut ious  s ta t ing  and  in te rpre t ing '  
ox ida t ion  laws,  bu t  in  this  connec t ion  an  idea of 
Davies,  Evans ,  and  Agar  (11) in  the i r  w o r k  abou t  
the ox ida t ion  of i ron  is in teres t ing�9  If oxygen  p e n -  
e t ra tes  a porous  l aye r  and  if the  oxide fo rmed  i n -  
side the pores is compress ing  o ther  pores in  the  
ne ighborhood ,  the  pores d imin i sh  p ropor t iona l  to 
the i r  f r e q u e n c y  N a nd  to the  a m o u n t  of oxygen  d m  

- -  a N  = ( N / A )  a m  

I n  addi t ion ,  the  a m o u n t  of oxygen  p e n e t r a t i n g  is 
p ropor t iona l  to the  t ime,  the  pore f requency ,  and  
the  oxygen  pressure  (2) 

m "10" 5 

:: E, ,oo'J 300-c|  i j,,! ll I 

'5,B mm 8 

7 3,2 mm 

I I I  

+ , , ~  ' ] z  ;,, 

I 2 3 4 5 6 7 8 9 1 0  20 30 40 5060 7O8090tOO[min] 

Fig. 4. Weight gain m of the specimen as function of time; 
(T z 300~ parameter: oxygen pressure. 
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dm ~ BpNdt  

F r o m  the  first equa t ion  it  follows tha t  N = No 
exp (--re~A) and  by  subs t i t u t i ng  this  express ion  in  
the  second equa t ion ,  r e m e m b e r i n g  t ha t  m = mo 
for t = t~, one can  wr i t e  

m = a l o g  [Bp(t--t~) q- C];  B = BNo/A 
C = exp (too~A) 

[4] 

This  is exac t ly  the  r e l a t ion  which  was  found  ex -  
pe r imen t a l l y .  

One  can assume,  therefore ,  tha t  at the  t ime  t~ a 
first dense  oxide l aye r  b reaks  down  to give a porous  
s t ruc tu re ;  t hen  oxygen  is bu i l t  in  and  closes the  
pores, g iv ing  compress ive  stresses ins ide  the layer .  

Before it  is shown  tha t  our  stress m e a s u r e m e n t s  
confirm and  refine this  view,  i t  may  be d e m o n s t r a t e d  
by  some e lec t ron  mic rographs  tha t  the  l aye r  s t ruc -  
t u r e  ac tua l ly  is changed  at t ime  ti. I n  Fig. 5 the  
smooth  sur face  d u r i n g  the i nduc t i on  per iod  is given.  
Af te r  the  increase  of the ox ida t ion  ra te  one sud-  
den ly  observes  a s t ruc tu re  which  appears  to be dug  
up  (Fig. 6). Of ten  wi th  those l ayers  i n t e r f e r ence  
colors are  st i l l  observed,  b u t  they  soon assume a 
du l l  red  appearance .  At  this  t ime  cuprous  oxide 
seems to be the  m a j o r  cons t i tuen t  of the  layer .  La te r  
b lack  cupr ic  oxide is fo rmed  (Fig. 7),  which  f inal ly  
covers the  whole  surface.  

Stresses during Oxidation 

I n  Fig. 8 the  dependence  of a / m  vs. m is g iven ,  
wh ich  is e q u i v a l e n t  to the  stress as a f unc t i on  of ox -  
ide l ayer  th ickness  (Eq. [1 ] ) .  The t e m p e r a t u r e  was  
300~ and  the oxygen  pressure  was  va r i ed  b e t w e e n  
3 and  20 m m  Hg. The sign of the  stress is t a k e n  
as discussed above for Fig. 1. 

Fig. 5. Surface of cuprous oxide during the induction period; 
T ~ 300~ Po2 z 3.2 mm Hg; t ~ ca 6 min. 

Fig. 6. Surface of cuprous oxide after the induction period; 
T ~ 300~ Po2 ~ 3.2 mm Hg; t ~ ca 8 min. 

S e p t e m b e r  I964 

Fig. 7. Surface of cuprous oxide, partially covered with cupric 
oxide (right side); T ~ 300~ Po2 z 15.8 mm Hg. 
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Fig. 8. Stress (a/m [deg/g 'cm - 2 ]  and S [kp/cm2] )  in the 
system Cu/Cu20,  CuO as a function of oxygen uptake (layer 
thickness) parameter: oxygen pressure: T = 300~ [ ] ,  140 mm 
Hg; A ,  20 mm Hg. 

All  curves  have  the  same shape. I n i t i a l l y  the  sys-  
t em is h igh ly  compressed.  If re la ted  to the  ox ide-  
l aye r  thickness ,  e the  stress reaches  12,000 k p / c m  2 
(1.7-105 psi ) .  This  is abou t  the u l t i m a t e  compres -  
sive s t r eng th  of ha rd  ceramic  m a t e r i a l  and  should 
cause plast ic  flow. Ei ther  the  in i t i a l  ox ida t ion  ra te  
exceeds the rec iprocal  r e l axa t i on  t ime  or the  com-  
press ive  forces are effective up  to a g rea te r  depth,  
perhaps  by  some oxygen  diffusion. The elastic l imi t  
of the basis  meta l ,  however ,  is not  exceeded.  I ts  
m a x i m u m  stress at the m e t a l - o x i d e  in te r face  is 
a p p r o x i m a t e l y  g iven  by  (9) Smet = Slayer" ( x /a )  and  
therefore  Smet ~ 25 k p / e m  2. 

The stress decreases d u r i n g  the  g rowth  of the  
layer ,  changes  its sign, and  goes t h rough  a nega t ive  
m a x i m u m  at a l aye r  th ickness  of abou t  1500A. The 
tens i le  stress at this  po in t  increases  as the  oxygen  
pressure  is lowered,  i.e., as the  ox ida t ion  r a t e  de-  
creases. If ox ida t ion  is cont inued ,  the  stress i n -  
creases aga in  in  a n e a r l y  l i n e a r  m a n n e r  u n t i l  at 
last  a compress ion  ins ide  the  l ayer  is reached.  This 
happens ,  pa r t i cu la r ly ,  if cupr ic  oxide is formed.  

If the  oxygen  pressure  is kep t  cons tan t  a nd  the 
t e m p e r a t u r e  is va r i ed  b e t w e e n  220 ~ and  400~ one 
obta ins  the curves  in  Fig. 9 for the  dependence  of 
stress on l ayer  th ickness .  Compress ive  stress in  t h in  
layers  can be m e a s u r e d  only  be low 300~ At 220~ 
the in i t i a l  ox ida t ion  ra te  is low enough  to m a k e  it 
possible to observe  tha t  the  stress goes t h r ough  a 
m a x i m u m  at a l aye r  th ickness  of abou t  100A. At  

s F o r  a l l  c a l c u l a t i o n s  t h e  w h o l e  o x i d e  w a s  c o n s i d e r e d  to  he  Cu20 .  
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Fig. 9. Stress (c~/m [deg/g.cm -2 ]  and S [kp/cm2]) in the 
system Cu/Cu2/, CuO as a function of oxygen uptake (layer thick- 
ness) parameter: temperature. 
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Fig. 10. Comparison of the dependence of (a) the angular de- 
flection c~ and (b) the oxygen uptake m (oxide layer thickness x) 
on time; T ~ 300~ parameter: oxygen pressure. 

300~ a shor t  stop of the a n g u l a r  deflection is jus t  
v is ib le  at  the beg inn ing .  One can  conclude t he re -  
fore tha t  also at this  t e m p e r a t u r e  the  stress is 
i n i t i a l ly  posi t ive.  Only  at 400~ the  in i t i a l  ox ida-  
t ion  ra te  is so h igh tha t  no s ign of compress ion  can 
be observed.  In  the whole  t e m p e r a t u r e  r a n g e  t e n -  
sile stress occurs at l aye r  th icknesses  above  500A. 
They  reach  a n e g a t i v e  m a x i m u m ,  which  is shif ted 
to g rea te r  va lues  if the  t e m p e r a t u r e  is lowered.  It  
is of the  same order  of m a g n i t u d e  as the  first com-  
press ive stress. The  r ange  of l aye r  th ickness ,  in  
which  tens i le  stress occurs, d imin i shes  wi th  h igher  
t empera tu re s .  If the ox ida t ion  is con t inued ,  one 
gets compress ion  u l t ima te ly .  

A compar i son  of stress curves  at d i f ferent  p res -  
sures and  di f ferent  t e m p e r a t u r e s  shows tha t  an  i n -  
crease of ox ida t ion  ra te  shifts  the  curves  in  abou t  
the  same way,  w h e t h e r  it  is p roduced  by  p ressure  
or by  t e m p e r a t u r e .  

It  is difficult to conclude  f rom the  curves  of stress 
a connec t ion  w i th  the i nduc t ion  per iod of oxidat ion,  
because  the a n g u l a r  deflection and  the l aye r  th ick-  
ness at  this  po in t  are  changed  in  the  same m a n n e r .  
There fo re  the i r  ra t io  is not  m u c h  var ied.  If, h o w -  
ever,  bo th  va lues  are  compared  separa te ly  as a 
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func t ion  of t ime,  as in  Fig. 10, the i r  dependence  is 
evident .  D u r i n g  the i nduc t i on  per iod  the  a n g u l a r  
deflection goes t h r ough  a flat m a x i m u m  and  a lways  
reaches  smal l  n e g a t i v e  values.  At  the  m o m e n t  w h e n  
the ra te  of ox ida t ion  increases,  the  a n g u l a r  deflec- 
t ion  also changes  uns tead i ly .  

One m a y  argue  f rom these  e xpe r i me n t s  tha t  the re  
is a tens i le  stress w i t h i n  the  l aye r  at t ime  ti. T h e r e -  
fore to exp la in  the  effects it  is necessa ry  to k n o w  
the or ig in  of the  forces ins ide  the  system.  We t r ied  
to find it  by  r educ t ion  exper iments .  U n f o r t u n a t e l y ,  
it is not  possible to record the  r educ t ion  m a n o -  
me t r i ca l l y  as it  was done  for the  oxidat ion,  be -  
cause h y d r o g e n  is replaced  by  the same mola r  q u a n -  
t i ty  of w a t e r  vapor.  There fore  we  have  weighed  
the  samples  af ter  d i f ferent  t imes of r educ t ion  (12) 
and  compared  the  loss in  we igh t  w i th  the  change  
of the  a n g u l a r  deflection. I t  was f ound  tha t  a f ter  
1 ra in  about  90% of the  oxide was reduced.  At  this  
t ime  the r e m a i n d e r  had  acqu i red  a loose s t ruc ture .  
There fore  the  whole  stress ins ide  the  l a ye r  should 
d i sappear  w i t h i n  1 min.  

In  Fig. 11 the  a n g u l a r  deflection is g iven  as a 
f unc t i on  of t ime  for two exper imen t s ,  d u r i n g  which  
the  ox ida t ion  was  s topped at d i f ferent  s tates of 
stress. 

If h y d r o g e n  is admi t t ed  w h e n  the  to ta l  stress 
n e a r l y  reached  its nega t ive  m a x i m u m ,  the  a n g u l a r  
deflect ion becomes st i l l  more  nega t i ve  d u r i n g  the  
r educ t ion  of the  l aye r  (Fig. 11, cu rve  2). The t e n -  
sile stress is g rea te r  in  absence  of the  layer .  T h e r e -  
fore i t  mus t  be s i tua ted  in  the  me t a l  n e a r  the phase  
b o u n d a r y .  As a consequence  the  l aye r  is u n d e r  h igh 
compress ion  w h e n  the  to ta l  stress is negat ive .  

However ,  if the r educ t ion  begins  w h e n  a th ick  
l ayer  has g r ow n  and  the  sys tem shows compres -  
sive stress, the  compress ion  d isappears  i m m e d i a t e l y  
a nd  the sys tem r e t u r n s  to its in i t i a l  pos i t ion  
( cu rve  1 ). 
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Fig. 11. Variation of the angular deflection ~ during oxidation 
and reduction. Curve 1, Cu, 350~ Po2 z 6 mm Hg; curve 2: Cu 
300~ Po2 z 6 mm Hg; curve 3: Cu, 60 a/o Au, 350~ Po2 
8 mm Hg; , oxidation; . . . . .  high vacuum; . . . .  , reduction. 
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Fig. 12. Instantaneous stress ~r (kp/cm 2) in the system Cu/Cu20,  
CuO as a function of oxygen uptake m (oxide layer thickness x) ,  
parameter: temperature, Oo2 = 6 mm Hg. ~ Begin of blackening 
of the layers. 

This e x p e r i m e n t  demons t r a t e s  tha t  the  compres -  
sive stress which  is found  at  longer  ox ida t ion  t imes  
is s i tua ted  w i t h i n  the  layer .  The metal ,  however ,  
is first u n d e r  t ens ion  and  f inal ly  becomes free of 
stress. Therefore ,  w h e n  the oxide l ayers  are t h i n n e r  
t h a n  1#, one t e m p o r a r i l y  observes  tens i le  stress 
(see curve  1), which  is not  found  if th ick  l ayers  
are reduced.  The compress ive  stress which  is lo-  
calized w i t h i n  the oxide was found  to be i n d e p e n d -  
en t  of l ayer  th ickness  over  a r a the r  la rge  r ange  of 
thicknesses.  There fore  it is effective ins ide  the  
whole  layer .  This  is shown by ca lcu la t ing  the  i n -  
s t an t aneous  stress, as g iven  for 3 t e m p e r a t u r e s  in  
Fig. 12. In  the area  of compress ion they  first reach 
smal l  cons tan t  values,  which  sudden ly  change  in to  
h igher  cons tan t  values.  The first step is connec ted  
wi th  the  b l a c k e n i n g  of the  layers.  

Discussion 
All  of our  e x p e r i m e n t a l  resul t s  give a se l f - con-  

s is tent  v iew of copper ox ida t ion  b e t w e e n  220 ~ 
and  40O~ fo rming  l aye r  th icknesses  up to about  
10 -4 cm. 

On smooth ( ab raded)  surfaces cuprous  oxide is 
first spread,  which  is fo rmed  u n d e r  v e r y  h igh 
ep i tax ia l  (19) stress as in  Fig. la .  If only  those 
stresses were  effective, f u r t he r  oxide wou ld  soon 
be fo rmed  in  an  u n s t r a i n e d  condit ion.  There fore  
the  observed a n g u l a r  deflection should  a t t a in  a 
cons tan t  l i m i t i n g  va lue  and  a/m, which  is a s sumed  
to be p ropor t iona l  to the  stress should d imin i sh  
asympto t ica l ly .  This  is no t  the  case because  holes 
are soon fo rmed  in  the  me ta l  at the phase  b o u n d a r y  
Cu /Cu20 .  Those holes seem not  to be a n n i h i l a t e d  by  
condensa t ion  at the o x i d e - m e t a l  in te r face  and  i n -  
w a r d  m o v e m e n t  of the oxide by  means  of plas t ic  
flow, bu t  they  diffuse in to  the  b u l k  of the me ta l  
and  are  p rec ip i ta ted  at i n n e r  defects. 

This  m e c h a n i s m  was first proposed by  Schot tky  
(13).  E x p e r i m e n t a l  suppor t  was  g iven  by  H e u m a n n  
(14),  who inves t iga ted  the  fo rma t ion  of copper -  
a n t i m o n y  alloys by  in terdi f fus ion.  For  the  holes he 
found  a ve ry  h igh diffusion cons tan t  of about  2- 10 -7 
cm 2 sec -1 at 350~ This is u n d e r s t a n d a b l e ,  because  
it is only  necessary  to spend  tha t  pa r t  of the ac-  
t i va t ion  ene rgy  which  is due  to hole migra t ion .  

In  this  way  a high t ens ion  wi l l  occur in  the m e -  
tal l ic  phase, by  which  an  inc reas ing  p ressure  is 
exer ted  on the  l ayer  (see Fig. l d ) .  Tha t  is the r ea -  
son w h y  Boric, Sparks ,  and  Ca thca r t  (15) u s ing  

x - r a y  diffract ion found  t a n g e n t i a l  compress ion  i n -  
side the  oxide at  t e m p e r a t u r e s  and  th icknesses  at 
which  we a l r eady  m e a s u r e d  a nega t ive  tota l  stress 
(e.g., 400A th ickness  at 250~ 

Because  of the  h igh p ressure  of abou t  15,000 
k p / c m  2 which  is exer ted  on the  layers ,  t he i r  dis-  
order  and  the i r  g rowth  ra te  are d imin ished .  

As soon as the  u l t i m a t e  compress ive  s t r eng th  is 
exceeded, the l aye r  b reaks  down.  It  gets a porous  
s t ruc tu re  as long as its p las t ic i ty  is compara t i ve ly  
low. This happens  at the end of the  i nduc t ion  period. 
The resis tance,  which  the  l ayer  exer ts  to the  b e n d -  
ing  of the  system, t h e n  disappears ,  and  the  a n g u l a r  
deflection qu ick ly  reaches its nega t ive  m a x i m u m .  
In  compet i t ion  wi th  this re laxa t ion ,  oxygen  pene -  
t r a t i ng  the  porous l ayer  is fo rming  new oxide w i t h i n  
the  whole  layer ,  caus ing  cons t an t  i n s t a n t a n e o u s  
stress of posi t ive s ign as f o r m u l a t e d  by  Davies,  
Evans ,  a nd  Aga r  (11).  

The reac t ion  at last  proceeds by  a r a t e - d e t e r m i n -  
ing g rowth  of Cu20, whi le  a C u O - l a y e r  of cons tan t  
th ickness  r e ma i ns  at the ou te r  surface  (7) .  T h e r e -  
fore d u r i n g  ox ida t ion  CuO is con t inuous ly  t r a n s -  
formed into Cu20 at the  phase  b o u n d a r y  CueO/CuO 
by means  of the  reac t ion  Cu d- CuO -~ Cu20, whi le  at 
the ou te r  surface ne w  CuO is formed.  The reac t ion  at 
the i n n e r  phase b o u n d a r y  is a p e r m a n e n t  source of 
i n s t a n t a n e o u s  stresses which  have  the same va lue  
t h roughou t  the  n e w l y  fo rmed  C u 2 0 - l a y e r  (see Fig. 
12, hor izonta l  pa r t  of the cu rves ) .  

Those stresses seem to cause the  g rowth  of CuO-  
whiskers .  This  can  be conc luded  f rom a pape r  of 
A lbe r t  and  Jaen icke  (16) about  s tat is t ics  of needle  
popula t ion .  It  was  found  tha t  wh i ske r  g rowth  is 
a rap id  process, which  is s topped s ta t i s t ica l ly  and  
is i n d e p e n d e n t  of the respec t ive  l eng th  of the  
needles.  The wh i ske r  fo rmat ion ,  however ,  takes  
place d u r i n g  the en t i re  l ayer  g rowth  wi th  a p r o b a -  
bi l i ty ,  i nve r se ly  p ropor t iona l  to the l aye r  th i ck -  
ness, if a parabol ic  ox ida t ion  l aw is val id.  F r o m  
tha t  it  was conc luded  tha t  the ex t ru s ion  of whiske r s  
was induced  by  dis locat ions which  are fo rmed  d u r -  
ing the  convers ion  of CuO into Cu20 (3) .  

D u r i n g  oxidat ion,  the i n n e r  phase  b o u n d a r y  C u /  
Cu20 moves  into the b u l k  of the  meta l ,  and  the 
d isordered  pa r t  of the  me t a l  is consumed.  Due  to 
the decrease  of the  ox ida t ion  ra te  and  the  h igh 
diffusion coefficient of the holes, the  average  con-  
cen t r a t i on  of n e w l y  fo rmed  holes is lowered.  As 
a consequence  of these effects the  tens i le  stress 
ins ide  the me ta l  disappears .  This  can cause the 
second s tep in the  curve  of i n s t a n t a n e o u s  stress 
(Fig. 12), bu t  it is also possible  tha t  it depends  on 
the  t r a n s f o r m a t i o n  of CuO into  Cu20 which  is en -  
hanced  if the surface  is fu l ly  covered w i th  a CuO 
layer  of sufficient thickness .  3 

3 N o t e  a d d e d  in  p r e s s :  I n  a r e c e n t  p a p e r  of  P a w e l ,  C a t h c a r t ,  a n d  
C a m p b e l l  (17) w h i c h  w a s  p u b l i s h e d  a f t e r  t h i s  c o m m u n i c a t i o n  w a s  
p r e s e n t e d ,  i t  w a s  o b s e r v e d  t h a t ,  d u r i n g  t h e  o x i d a t i o n  of T a ,  b e n d -  
i n g  w a s  a p p r o x i m a t e l y  p r o p o r t i o n a l  to  t h e  s q u a r e  r o o t  of  t i m e ,  
w h i l e  t h e  o x y g e n  u p t a k e  s h o w e d  no s i m p l e  l a w  ( p e r h a p s  as  a 
r e s u l t  of a c r a c k i n g  m e c h a n i s m ) .  T h e  s t r e s s  w a s  a t t r i b u t e d  to o x y -  
gen ,  w h o s e  d i f fu s ion  in  t h e  m e t a l  a l so  f o l l o w e d  a s q u a r e  r o o t  l a w .  
T h e  c a l c u l a t e d  s t ress  t h e r e f o r e  r e m a i n e d  c o n s t a n t  a n d  s h o w e d  no 
d e p e n d e n c e  on t h e  w e i g h t  g a i n  of t h e  s p e c i m e n .  I t  w a s  of t h e  s a m e  
o r d e r  of  m a g n i t u d e  as  t h e  i n s t a n t a n e o u s  s t ress ,  w h i c h  w e  h a v e  
f o u n d  in  t h i c k e r  l a y e r s  on  Cu (Fig .  12).  In  t h e  case  of coppe r ,  
h o w e v e r ,  a d i f fus ion  m e c h a n i s m  is n o t  s u i t a b l e  to e x p l a i n  th e  
e x p e r i m e n t s .  
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Stress during Oxidation of C u - A u  Alloys 

E x p e r i m e n t a l  r e su l t s  w i t h  c o p p e r - g o l d  a l loys  of 60 
and  75 a tomic  p e r  cent  ( a / o )  gold  a r e  in a g r e e m e n t  
w i t h  the  v i e w  of t he  coppe r  o x i d a t i o n  m e n t i o n e d  
above .  The  a l loys  ox id ize  a t  a m u c h  l o w e r  r a t e  t h a n  
the  p u r e  m e t a l  (18) .  W h e n  the  t e m p e r a t u r e  was  i n -  
c r ea sed  to 350~ the  r a t e  was  s t i l l  sma l l  e n o u g h  so 
t h a t  effects  a t  l a y e r  t h i cknes se s  of a b o u t  100A could  
be  obse rved .  N e v e r t h e l e s s  c o m p r e s s i v e  s t ress  a t  t he  
b e g i n n i n g  of o x i d a t i o n  was  n e v e r  found.  H i g h  n e g a -  
t ive  s t ress  a l w a y s  occur red ;  t he  a n g u l a r  def lec t ion  
k e p t  i ts  n e g a t i v e  v a l u e  n e a r l y  cons t an t  for  a long 
t i m e  (Fig .  11, c u r v e  3) .  The  s t ress  c h a n g e d  i ts  s ign  
on ly  at  400~ and  a f t e r  v e r y  long  o x i d a t i o n  t imes .  

I f  t he  a l l oy  of 75 a / o  A u  is ox id i zed  i n s t e a d  of p u r e  
Cu, t he  misf i t  b e t w e e n  the  l a t t i ces  of Cu20 a n d  the  
base  m e t a l  in t he  (100) d i r e c t i o n  d imin i she s  f r o m  15 
to 8%.  I t  is conc luded ,  t he re fo re ,  t h a t  e p i t a x i a l  s t ress  
is of less  i m p o r t a n c e  in  t he  case  of t he  a l loys .  T h e r e  
is no ques t ion ,  h o w e v e r ,  abou t  t he  ex i s t ence  of ho les  
in  t he  a l loys  d u r i n g  the  ox ida t ion ,  for  a l l  t he  m e t a l  
w h i c h  composes  t he  l a y e r  m u s t  be  supp l i ed  b y  d i f fu-  
s ion f r o m  the  b u l k  of t he  a l l oy  phase .  A t  t h e  s ame  
t i m e  the  a n n i h i l a t i o n  of vacanc ie s  as vo ids  a t  t he  
o x i d e - m e t a l  i n t e r f ace  shou ld  be  m a d e  m o r e  difficult .  
T h e r e f o r e  the  a r g u m e n t ,  t h a t  t ens i l e  s t resses  a r e  
caused  b y  holes  ins ide  the  me ta l ,  ga ins  in p r o b a b i l i t y .  

I f  t he  ox ide  on c o p p e r - g o l d  a l loys  is r educed ,  t he  
t ens i l e  s t ress  dec reases  i m m e d i a t e l y  (Fig .  11, cu rve  
3) ,  b u t  l a t e r  i t  beg ins  to  rise. This,  h o w e v e r ,  does  no t  
p r o v e  the  ex i s t ence  of t ens i l e  s t ress  ins ide  t he  l aye r .  
I t  is poss ib l e  t ha t  the  r e d u c e d  copper  diffuses q u i c k l y  
in to  t he  holes  n e a r  t he  sur face ,  t h e  s t ress  be ing  o v e r -  
c o m p e n s a t e d  here .  Some  of th is  m e t a l  t h e n  m i g r a t e s  
s l o w l y  in to  the  b u l k  of the  a l loy ,  g iv ing  n e w  tens i l e  
s t ress .  
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Copper Single Crystal Surfaces in Water 

III. Effect of Light 
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ABSTRACT 

Studies of the effect of illumination on the growth of oxide films on copper 
single crystal surfaces immersed in water containing different amounts of dis- 
solved oxygen reveal that, while illumination has little effect on the oxidation 
process when the water is in equilibrium with a 100% oxygen atmosphere, 
it does lower the rate of film formation when the water is in equilibrium with 
I% oxygen. For both the (III) and (I00) planes illumination causes a de- 
parture from the rate law observed for oxidation in the dark. At intensities 
of 290 ~w/cm 2 or higher the film formed on the (III) plane never grows 
beyond a limiting thickness of 1001L The behavior observed can be explained 
on the basis of a competit ion be tween  growth and dissolution reactions, the 
dissolution reaction being promoted by i l luminat ion.  

This  is a c o n t i n u a t i o n  of a s tudy  of the  g rowth  of 
oxide films on copper s ingle  crys ta l  surfaces  in w a t e r  
con ta in ing  v a r y i n g  a m o u n t s  of oxygen.  The  p r e -  
vious  work  (1, 2) i nves t iga ted  the n a t u r e  of the  
films fo rmed  and  the  ra te  of film growth.  Ea r l y  in  
these  s tudies  (3) it was no ted  tha t  l igh t  has an  i n -  
f luence on the  fo rma t ion  of oxide films on copper  
in  water ,  r e t a r d i n g  the  g rowth  or dec reas ing  the  
th ickness  of a l r eady  exis t ing  films. The  effect of i l -  
l u m i n a t i o n  on the  g rowth  of Cu20 films on copper  
was re la ted  to the  pho tocu r r en t  p roduced  in  this  
p - t y p e  semiconduc tor  ma te r i a l .  Since the  flow of 
e lec t rons  and  ions are all  i m p o r t a n t  in  the  g rowth  
processes of oxide films, this  s tudy  of the  effect of 
i l l u m i n a t i o n  on the k inet ics  of film fo rma t ion  was 
u n d e r t a k e n  wi th  the  hope tha t  by  affect ing the  flow 
of e lect rons  us ing  l ight  we  could ob ta in  v a l u a b l e  
ins ights  into the  ox ida t ion  process. 

A n u m b e r  of other  works  on photo effects in  c u -  
prous  oxide and  the  ex is tence  of po ten t ia l s  b e t w e e n  
i l l u m i n a t e d  and  da rk  cuprous  oxide covered copper  
electrodes has appeared  in  the l i t e r a tu r e  (4 -6) .  Al l  
this  work  has  dea l t  wi th  qu i te  th ick  oxide films a nd  
has been  concerned  wi th  e lectr ical  or e l ec t rochem-  
ical effects r a the r  t h a n  film growth.  This  p r e l i m -  
i n a r y  s tudy  is concerned  wi th  the  effects of l igh t  
on the  k inet ics  of g rowth  of the  in i t i a l  t h in  (< 200A )  
film. 

Experimental 
The me thod  and  appa ra tu s  used for s t udy ing  the  

g rowth  of oxide films on copper  surfaces immersed  
in  wa t e r  us ing  e l l ipsomet ry  has been  descr ibed  e lse-  
where  [2]. The copper  crysta ls  used in  this  s tudy  
were  g rown  f rom 99 .999+% pure  copper  b y  the  
B r i d g e m a n  technique ,  cut  in to  shape us ing  s p a r k -  
erosion mach in ing ,  annea led ,  the des i red  faces po l -  
i shed flat u s ing  an  acid whee l  t e c h n i q u e  [7]  and  fi- 
na l l y  electropolished,  washed,  and  a n n e a l e d  in  H2 
in  place as descr ibed before  (2) .  I t  was  possible to 
s tudy  four  c rys ta l lographic  planes ,  (111),  (110),  

(100),  and  (311),  i m m e r s e d  in  w a t e r  in  e q u i l i b r i u m  
wi th  e i ther  pure  oxygen  or O2-He m i x t u r e s 3  

I l l u m i n a t i o n  was  p rov ided  b y  a slide pro jec tor  
whose r ad i a t i on  was focused on a 0.5 cm d i ame te r  
spot on the spec imen  us ing  the  a r r a n g e m e n t  shown 
in Fig. 1. Wi th  the  except ion  of a hole for a d m i t t i n g  
the l ight  to the pa r t  of the  spec imen  to be i l l u m i -  
na t e d  and  the w indows  used  for e l l ipsometr ic  
measu remen t s ,  the  rest  of the appa ra tu s  was  masked  
off w i th  a l u m i n u m  foil. The  e x p e r i m e n t s  were  car -  
r ied  out  in  a da rk  room. 

The  i n t e ns i t y  of the  l ight  used  was  m e a s u r e d  by  
a foot candle  meter .  I t  was  no t  poss ib le  to use  i n -  
tensi t ies  h igher  t h a n  those g iven  l a te r  on in  this  
paper  w i thou t  effecting a r ise in  the  t e m p e r a t u r e  
of the  w a t e r  (25 ~ -- I ~  

In  al l  of the  e x p e r i m e n t s  discussed only  the  (100) 
and  (111) p lanes  ( the fas tes t  and  the  s lowest)  wi l l  
be  compared.  This  was  done  for the  sake of s im-  
pl ic i ty  and  because,  as recen t  work  by  Cathcar t ,  
Epperson,  and  Pe t e r son  (8) has shown,  the  s t ra in  
in  the oxide films fo rmed  on these  two p lanes  does 
not  i n t roduce  the  opt ical  an i so t ropy  which  compl i -  

1 The system was assumed to be in equilibrium after the o x y g e n  
or On-He mixture h a d  b e e n  b u b b l e d  through the water slowly until 
the Dressure in the system was built up from the vapor !oressure of 
water to 1 arm. 

% ~ - - X ~  jr/- UGHT SOURCE 

LENS 
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Fig. 1. Apparatus for studying the effect of light on the formation 
of oxide films on copper single crystals immersed in water. 
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Fig. 2. Effect of illumination by white light on the growth of 
oxide films on copper single crystals immersed in water in equilib- 
rium with 99% He 1% 02 gas mixture. (a) (100) Surface, (b) 
(111) surface. 
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Fig. 3. Cubic plot showing the effect of illumination of different 
intensities on the growth of oxide films on copper single crystals 
immersed in water in equilibrium with 99% He 1% 02 gas mixture. 
(a) (100) Surface, (b) (111) surface. 

cates the  e l l ipsometr ic  m e a s u r e m e n t s  made  on (110) 
and  (311) surfaces.  

Results 

Studies  in the da rk  of the ox ida t ion  of copper  in  
wa te r  in  e q u i l i b r i u m  wi th  100% oxygen  showed 
tha t  w h e n  the th ickness  of the  in i t i a l  Cu20 had  
reached  a l i m i t i n g  va lue  af ter  70 to 120 m i n  de-  
pend ing  on the  o r i en ta t ion  of the surface,  a second 
componen t  of the  film, CuO, s t a r t ed  to form. This  
coincided wi th  a b u i l d - u p  in  concen t r a t i on  of Cu ( I I )  
ions to a va lue  whe re  the  so lub i l i ty  p roduc t  of CuO 
was exceeded. W h e n  the  crys ta l  was  i l l u m i n a t e d  
by a 500 wa t t  t u n g s t e n  lamp,  the i n t e r v a l  of t ime  
r equ i r ed  to observe  the fo rma t ion  of CuO was no t  
app rec i ab ly  affected. 

When ,  however ,  the  wa te r  in  which  the  copper  
c rys ta l  was  immersed  was in  e q u i l i b r i u m  wi th  an  
a tmosphere  con ta in ing  1% O2, the  rest  he l ium,  i l l u -  
m i n a t i o n  did have  a m a r k e d  inf luence  on the film 
fo rma t ion  process. I t  has been  shown ear l ie r  (2) 
t ha t  w h e n  the  pa r t i a l  p ressure  of oxygen  is lowered,  
Cu20 is the  on ly  oxide observed because  at  lower  
oxygen  pressures  and  at  pH 7 this  is the  t h e r m o d y -  
n a m i c a l l y  s table  oxide (9).  I t  is u n d e r  these  con-  
di t ions  t ha t  most  of our  e x p e r i m e n t s  we re  car r ied  
out. 

F i g u r e  2 a a n d  b show by  t i m e - t h i c k n e s s  curves  
for the  ox ida t ion  of (100) and  (111) c rys t a l log ra -  
phic p lanes  how the  film g rowth  is affected by  i l -  
l u m i n a t i o n  of whi te  l ight  of an  i n t e n s i t y  of a p p r o x -  
ima te ly  290 # w / c m  2 for the (1O0) and  370 for the  
(111).  In  Fig. 2b it can be seen tha t  for whi te  l igh t  
of this  i n t e n s i t y  t ha t  the  g rowth  a p p a r e n t l y  stops 
at a l im i t i ng  th ickness  of 100A on the (111) bu t  
tha t  w h e n  the  l ight  is r emoved  the  film s tar ts  to 
grow aga in  at a p p r o x i m a t e l y  the  same ra te  as tha t  
in  the absence  of i l l umina t ion .  

F igu re  3 a and  b show the  effect of i l l u m i n a t i o n  
at d i f ferent  in tens i t i es  for bo th  the  (100) and  the  
(111) c rys ta l lographic  planes.  By  means  of leas t  
square  app rox ima t ions  it  was  found  tha t  the  t h i c k -  
n e s s - t i m e  da ta  could be said to obey a cubic ra te  
equa t ion  somewha t  be t t e r  t h a n  the  parabol ic  one 

repor ted  ear l ie r  (2) .  In  fact, i t  was  found  tha t  the  
ear l ie r  resul t s  also gave a lower  s t a n d a r d  dev ia t ion  
f rom a cubic l aw t h a n  tha t  f rom a parabol ic  law. 
Therefore ,  the da ta  in Fig. 3 are p resen ted  as cubic 
plots (X 8 vs. t)  f rom which  can be seen tha t  for 
ox ida t ion  in  the  da rk  and  pe rhaps  for some of the  
lower  in tens i t i es  a cubic ra te  l aw m a y  best  descr ibe 
the process. This  is the sort  of behav io r  pred ic ted  by  
one t heo ry  (10) .  I t  should be stressed, however ,  
tha t  the  fit of the  da ta  to a cubic law was on ly  
somewha t  be t t e r  t h a n  tha t  to a parabol ic  law;  
therefore  our  a g r e e m e n t  wi th  this  t heo ry  m a y  not  
be  significant.  

It  should  be po in ted  out  tha t  the ra tes  observed 
in  the  da rk  shown  here  are h ighe r  t h a n  those ob-  
t a ined  in  the  p rev ious  s tudy  of this  sys tem (2).  
This  is p r o b a b l y  due to the  fact tha t  no grea t  care 
was  t a k e n  to exc lude  l ight  in  the  ear l ie r  studies.  
A n o t h e r  possible reason  for this  difference in  ra te  
m a y  be t ha t  the  ear l ie r  s tudies  were  car r ied  out  us -  
ing less pu re  copper t h a n  the  p resen t  s tudy.  Since 
the  effect of impur i t i e s  on the  ox ida t ion  ra te  of 
meta l s  such as copper  fo rming  more  t h a n  one oxide 
is compl ica ted  a nd  u n p r e d i c t a b l e  (11),  e i ther  an  
increase  or a decrease in  r a t e  due to the i r  presence  
is possible. 

We were  no t  able  to detect  a ny  s ignif icant  differ-  
ences in  ox ida t ion  behav io r  w h e n  the  w a v e l e n g t h  
of the  r ad ia t ion  was var ied  us ing  filters. However ,  
s ince all  the filters used let  t h r ough  r ad i a t i on  which  
inc luded  the  long w a v e l e n g t h  end  of the  absorp t ion  
spec t rum of Cu20, which  is the  reg ion  of the  spec-  
t r u m  w he r e  i l l u m i n a t i o n  increases  the pho tocon-  
duc t iv i ty  (12),  we canno t  say t ha t  the  ox ida t ion  
ra te  has no dependence  on the  w a v e l e n g t h  of the 
radia t ion .  A t t e m p t s  were  m a d e  to use a m o n o -  
ch romator  to i r r ad ia t e  w i th  l ight  of a w a v e l e n g t h  
(5700A) which  was  lower  t h a n  the  absorp t ion  edge 
for Cu20, where  s t r o n g  absorp t ion  takes  place;  b u t  
the  i n t e ns i t y  of the  l ight  was  too low for us to be 
able  to decide if there  was  a ny  effect due  to the  
w a v e l e n g t h  of the  rad ia t ion .  
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Discussion 

The resul t s  jus t  descr ibed  can best  be  exp la ined  
in  t e rms  of two compet i t ive  reac t ions  t ak ing  place. 
One of these  react ions  is the Cu20 film g rowth  r e -  
act ion 

2Cu + I/2 02 = Cu20 [ 1] 

and the other is a film dissolution reaction 

1/2Cu20 + 1/402 + 2H + ~ Cu + + + H20 [2] 

The l a t t e r  which  ac tua l ly  involves  the  ox ida t ion  of 
C u ( I )  ions to C u ( I I )  ions is cal led a d issolu t ion  r e -  
act ion because  the  C u ( I I )  ions w h e n  fo rmed  can 
go in to  solut ion.  Tha t  this  d issolu t ion  reac t ion  u n -  
doub ted ly  takes  place was shown in  the  ear l ie r  work  
(3) where  a th ick  (>1000A)  film of Cu20 could be 
reduced  in  th ickness  on i l l umina t i on .  This  p lus  the  
recent  w o r k  of Ives and  Rawson  (6) ,  which  showed 
tha t  i l l u m i n a t i o n  increased  the ra te  of C u ( I I )  ion 
b u i l d - u p  in  solut ion,  indica tes  tha t  the  l ight  p ro -  
motes  the r emova l  of the  Cu20 film and  oxida t ion  
of the  C u ( I )  ions to C u ( I I )  ions which  t hen  en te r  
the  solut ion.  This is jus t  the d i s so lu t i on -ox ida t ion  
reac t ion  [2].  

I l l u m i n a t i o n  promotes  this  reac t ion  in  a way  tha t  
can be i n f e r r ed  f rom the  physics  of a coppe r -Cu20  
photocell .  As t r ea ted  by  Mott  (13) m a n y  years  ago, 
w h e n  this  C u - C u 2 0  couple is i l l umina ted ,  an  emf is 
developed because  the  e lect rons  produced  by  the 
l ight  flow th rough  the  b lock ing  l aye r  ( s to ich iometr ic  
Cu20)  n e x t  to the  copper  f rom the  cat ion deficient  
Cu20 on the outside. They  flow f rom the  p - t y p e  
Cu20 aga ins t  the  exis t ing  field (see Fig. 4). Since 
the Cu20 is a p - t y p e  mate r ia l ,  i t  is on the m i n o r i t y  
carr iers ,  the  electrons,  tha t  the  i l l u m i n a t i o n  wi l l  
have  its b iggest  effect (14).  This  effect as Mil le r  
(15) has shown s tudy ing  the  i l l u m i n a t i o n  of copper  
s ingle  crys ta l  surfaces immersed  in  CuSO4 solu t ion  
whose o r i en ta t ion  and  surface  p r e p a r a t i o n  were  es-  
sen t ia l ly  the  same as those used in  this  work,  
shif ted the  po ten t i a l  in  a noble  (more  posi t ive)  d i -  
rect ion.  Other  worke r s  have  also shown the photo 
po ten t i a l  developed is a pos i t ive  one (4) .  On this  
basis  then ,  the  effect of the  l ight  as shown  in  the  
schemat ic  p ic tu re  (Fig. 4),  based on some ideas of 
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Fig. 4. Energy level diagram of cuprous oxide in contact with 
copper, after Mott (13), showing direction of photo electron flow. 
Lower diagram shows the effect of this flow on the cuprous oxide 
film. 
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Wil l i ams  (16),  wou ld  be to e nha nc e  the  d issolu t ion  
of C u ( I I )  ions if the  free ene rgy  change  for this 
were  favorable .  As Ives a nd  Rawson  (17) have  cal-  
culated,  it  is --25.7 kcal. Thus,  i l l u m i n a t i o n  enhances  
the reac t ion  and  one can even  consider  the  concen-  
t r a t i on  of e lect rons  as c o n t r i b u t i n g  to the  ove r - a l l  
chemical  po ten t i a l  of the reac t ion  as B r a t t a i n  and  
G a r r e t t  (14) have  done for Ge. 

Accord ing  to the P o u r b a i x  d i a g r a m  for the  sys tem 
c o p p e r - w a t e r  (9) ,  two ways  in  which  the film ox-  
i da t ion -d i s so lu t ion  reac t ion  can be m a d e  to take  
place are  by  e i ther  r a i s ing  the  pa r t i a l  p ressure  of 
oxygen  (which  t ends  to raise the po ten t i a l )  or l ow-  
er ing  the pH. In  the e x p e r i m e n t s  repor ted  he re  the  
pH was kept  at a p p r o x i m a t e l y  7. A t  this  pH ano the r  
way  to b r ing  abou t  d issolut ion at  a low oxygen  p a r -  
t ia l  p ressure  is to increase  the  po ten t i a l  of the  cop-  
per, whi le  it is oxidizing,  in  the posi t ive  d i rec t ion  
by i l l umina t ion .  W h e n  1 a t m  of oxygen  is in  equ i -  
l i b r i u m  wi th  the system, it was shown tha t  the  i n -  
f luence of l ight  on the  d isso lu t ion  of CueD, though  
perhaps  present ,  is unde tec tab le .  A p p a r e n t l y  the 
par t i a l  p ressure  of oxygen  was  h igh enough  to y ie ld  
a m a x i m u m  ra te  of C u ( I )  ion ox ida t ion  and  dissolu-  
tion, the add i t ion  of i l l u m i n a t i o n  not  be i ng  able  to 
enhance  f u r t he r  the  ra te  of dissolut ion.  U n d e r  the 
condi t ions  of film fo rma t ion  w i th  a 100% oxygen  
a tmosphere  in  e q u i l i b r i u m  wi th  the  water ,  the 
h igher  l im i t i ng  fi lm th ickness  for the  (100) p lane  
as compared  to the  (111) indica tes  tha t  e i ther  the 
ra te  of g rowth  of the  film on (100) was g rea te r  
or the  ra te  of d isso lu t ion  of this  film s lower  t h a n  tha t  
of the  film on the  (111).  I t  is r easonab le  to expect  
tha t  the  fo rmer  is more  l ike ly  on the basis  of s tudies  
of the  gaseous ox ida t ion  of copper (18) which  
found  tha t  the (100) has a h igher  ox ida t ion  ra te  
t h a n  the  (111).  

The same order  of ox ida t ion  ra te  for the above 
two p lanes  is observed  w h e n  a 1% oxygen  a tmos -  
phere  is in  e q u i l i b r i u m  wi th  w a t e r  and  a copper  
surface.  Here, however ,  i l l u m i n a t i o n  is i m p o r t a n t  
in  p r omo t i ng  the ox ida t ion -d i s so lu t ion  reac t ion  be -  
cause the low oxygen  pa r t i a l  p re s su re  favors  the 
fo rma t ion  of Cu20 (9) .  The  resu l t s  descr ibed show 
tha t  this  is so. For  i l l u m i n a t i o n  by  whi te  l igh t  of 
in tens i t i es  above 190 # w / c m  e, a l i m i t i n g  th ickness  
of ~ 1 0 0 A  can be observed.  The film th ickness  r e -  
ma i n s  cons tan t  at this  va lue  for as long as i l l u m i n a -  
t ion  is cont inued .  Since an  increase  in  i n t e n s i t y  does 
not  change  this  l im i t i ng  th ickness  on the  (111),  
it appears  tha t  the re  exists  a s a tu ra t ion  c u r r e n t  
for the  pho to -e lec t rons  as tha t  found,  for ins tance ,  
by  Wi l l i ams  for CdS (16).  The a t t a i n m e n t  of a 
l im i t i ng  th ickness  af ter  a ce r t a in  level  of l igh t  i n -  
t ens i ty  indica tes  tha t  for this  i n t e ns i t y  the r a t e  of 
g rowth  mus t  be equa l  to the  ra te  of dissolut ion.  I t  
is thus  possible to ca lcula te  r o u g h l y  this  ra te  of dis-  
so lu t ion  a s suming  tha t  the  r a t e  of g rowth  is no t  
changed  f rom tha t  observed  for copper oxidiz ing 
in  the  dark.  

This a s sumpt ion  is p r o b a b l y  no t  comple te ly  va l id  
since as Cabre ra  (10) has shown i l l u m i n a t i o n  i n -  
creases the  field across v e r y  t h in  n - t y p e  films, i n -  
c reas ing  the i r  ra te  of format ion .  The effect would  
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p r o b a b l y  be in  the  opposi te  d i rec t ion  for p - t y p e  semi -  
conductors  such as Cu20. Since it  is difficult in  
these expe r imen t s  i nvo lv ing  ox ida t ion  in  so lu t ion  
to separa te  the effects of i l l u m i n a t i o n  on g rowth  
f rom those on dissolut ion,  the r a t e  of d isso lu t ion  
ca lcu la ted  based on the  a s sumpt ion  above is p r o b a -  
b ly  an  u p p e r  l imit .  The  va lue  ob ta ined  is app r ox -  
ima te ly  3.6 x 10 - s  g /1-min .  This  is of the same 
order  of m a g n i t u d e  as tha t  which  can be es t ima ted  
for the  ox ida t ion  of the  (111) p lane  in  wa t e r  in  
e q u i l i b r i u m  wi th  100% oxygen,  if it is a s sumed  
tha t  the  concen t r a t i on  of Cu (II)  ions bu i lds  up  u n i -  
fo rmly  f rom the  b e g i n n i n g  of the  ox ida t ion  process. 
F r o m  ear l ie r  work  (2) this  was  a concen t r a t i on  of 
0.04 mg/1 in  70 min.  In  the  ea r ly  stages of the  
process ( the first 10 rain or so) most  of the  copper  
ions p roduced  p r o b a b l y  r e m a i n  in  the  film so t ha t  
the ra te  of d issolut ion is p r o b a b l y  grea te r  t h a n  tha t  
es t imated  on the  basis  tha t  d issolu t ion  occurs u n i -  
fo rmly  t h r o u g h o u t  the  whole  process. 

Thus  the  ra te  of d isso lu t ion  of films on a (111) 
p lane  due to h igh oxygen  pa r t i a l  p ressure  is p r ob -  
ab ly  somewha t  l a rger  t h a n  the  m a x i m u m  ra te  pos-  
sible us ing  whi te  l ight.  

Such a l imi t ing  th ickness  was no t  observed for 
the  ox ida t ion  of a (100) surface us ing  the  i n t e n -  
sities described.  Higher  in tens i t i es  were  not  used 
because  of so lu t ion  hea t ing  p rob l ems  wh ich  gave 
er ra t ic  results .  For  the  r ange  of in tens i t i es  used, 
however ,  the l ight  lowered  the ra te  of film g rowth  
and  caused, as in  the  case of the  (111),  a depa r t u r e  
f rom a cubic ra te  law. This  indica tes  tha t  the  lower  
ra te  is not  due to a l ower ing  of the ra te  of the  
g rowth  reac t ion  a lone which  would  resu l t  in  a lower  
bu t  st i l l  cubic rate.  Ins t ead  the  d issolu t ion  reac -  
t ion is also t ak ing  place. 

For  both  the  (111) and  the  (100) p lanes  ear l ie r  
work  (2) has shown tha t  where  ox ida t ion  took place 
in  the  da rk  no l i m i t i n g  film th ickness  was  reached  
for t imes  exceeding  18 hr, i nd ica t ing  tha t  the  ra te  
of d issolu t ion  in  the da rk  w h e n  the  wa t e r  is in  
e q u i l i b r i u m  wi th  a 1% oxygen  a tmosphere  is ve ry  
low. 

In  order  to ga in  a more  q u a n t i t a t i v e  p ic tu re  of 
the g rowth  and  d isso lu t ion  of copper  oxide films 
on copper in  solut ion,  it wou ld  be des i rab le  to 
measu re  and  control  e lec t rochemical  pa rame te r s ,  

po ten t i a l  a nd  c u r r e n t  dens i ty ,  whi le  m e a s u r i n g  film 
thickness .  This  sort  of e x p e r i m e n t  combined  wi th  
f u t u r e  s tudies  of the  n a t u r e  of the  films can possibly  
exp la in  the differences observed  on the  di f ferent  
c rys ta l lographic  p lanes  s tudied,  for e lec t rochemica l  
cons idera t ions  u n d o u b t e d l y  p lay  a p ro found  role. 
Such studies  can be more  read i ly  car r ied  out  in  
solut ions  more  h igh ly  conduc t ive  t h a n  w a t e r  con-  
ta ining '  on ly  oxygen.  This  is the  d i rec t ion  tha t  wi l l  
be fol lowed in  s u b s e q u e n t  studies.  
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ABSTRACT 

The electrochemical processes occurring dur ing  anodization of low resis- 
t ivity silicon were studied to de termine  the effect of electrolysis conditions on 
the rate and qual i ty of oxide production. The rate of anodic SiO2 format ion 
vs. water  content  in N-methylace tamide  (NMA) ~- KNO~ solutions was 
studied by means of ionic current  efficiency, weight and analysis of silicon 
oxide. Curren t  efficiencies of oxide production up to 3.0% were observed and 
the best oxides were formed at the lowest values of 1.6-1.8% The oxide 
formed corresponded wi th in  exper imental  error of method (___15%) to SiO2 
when Si was anodized in NMA solutions containing from about 0.5-3.5% 
H20. At higher water  content, the film weight  increased with respect to stoi- 
chiometric SiO2 as determined by silicon in oxide analysis. Thermal ly  grown 
oxides showed a stoichiometric ratio (with some scat ter) ;  however, weight 
measurements  of the silicon before and after thermal  oxidation indicated that  
about 12% of the silicon consumed did not appear in the oxide formed. The 
mechanism proposed at this t ime suggests anodization of Si depends on the 
water  formed dur ing  electrolysis of NMA. Hydrogen at the cathode is accom- 
panied by KOH formation. Oxygen containing electrolytes such as KNO3 are 
not involved in the mechanism and are necessary only to increase solution 
conductivity. A solid secondary amide may be considered as the main  anodic 
electrolysis product. 

The fo rma t ion  of dense  oxide films by  anod iza -  
t ion  of si l icon in  n o n a q u e o u s  sys tems of N - m e t h y l -  
ace tamide  (NMA) has been  studied.  A d v a n t a g e s  
such as room t e m p e r a t u r e  oxidat ion,  control  of 
thickness ,  and  possible inco rpora t ion  of ions for 
usefu l  e lectr ical  charac ter is t ics  has ind ica ted  a 
s tudy  of the  m e c h a n i s m  of anodiza t ion  was  needed  
for be t t e r  u n d e r s t a n d i n g  of the process. 

The e lec t rochemica l  processes occur r ing  d u r i n g  
anod iza t ion  of low res i s t iv i ty  si l icon were  t h e r e -  
fore e x a m i n e d  to d e t e r m i n e  the  effect of e lectrolysis  
condi t ions  on the ra t e  and  qua l i t y  of oxide p r oduc -  
tion. Pas t  work  on the  anodiza t ion  of si l icon in  N-  
m e t h y l a c e t a m i d e  (NMA) has been  p resen ted  by  
Schmid t  and  other  worke r s  (1-4) .  Wa te r  was  ob-  
served to cause an  increase  in  the  ra te  of anod iza -  
t ion. Couch and  B r e n n e r  have  repor ted  on the  elec-  
t rolysis  of s imple  amides  (5) .  

Experimental 
Two series of expe r imen t s  were  car r ied  out;  one 

to separa te  and  ana lyze  the  e lectrolysis  p roducts  
of NMA, and  the other  to s tudy  some of the  effects 
of wa t e r  i n  the  NMA on the  qua l i t y  of the  SiO2 
formed.  

Anodiza t ions  were  pe r fo rmed  us ing  a r egu la t ed  
d-c  power  supp ly  capab le  of de l ive r ing  0-600v a nd  
0-200 ma. The  electrolysis  cell for p roduc t  sepa ra -  
t ion  consisted of a " U " - t y p e  spli t  cell separa ted  by  
a Po rmax ,  p o l y v i n y l  chloride m e m b r a n e  as shown  
in  Fig. 1. A n  open 600 ml  beake r  was used  for the  
wa t e r  studies.  Agi t a t ion  was  done by  means  of u l -  
t rasonics  car r ied  out  by  su spend ing  the  cell in  the  
t r a n s d u c e r  tank.  E a s t m a n  Kodak  wh i t e  l abe l  NMA 
(M. P. 29-31~ 98.5% assay, 0.05-0.1% H20)  was  

PORMAX 
MEMBRANE INSULATED CLIP 

Y- SILICON 

PLATINUM 

CATHODE C MFARTMENT 

Fig. 1. Cell for non-rigid membranes 

used in  all  cases. Sal ts  added to the NMA inc luded  
KNO~, KNOe, NH4F, Li2SO4, NaF,  Na2SO4.10HeO, 
all  of r eagen t  g rade  pur i ty .  The  c u r r e n t  dens i ty  was  
10-15 m a / c m  2. No special  p recau t ions  were  t aken  
in  r ega rd  to i l l u m i n a t i o n  of silicon. 

High p u r i t y  s ing l e - c rys t a l  silicon, 1-2 o h m - c m  p-  
and  n - t y p e  were  used. P r io r  to anodiza t ion ,  the  si l -  
icon was  etched in  CP-6 (1 :5  H F : H N O s )  or CP-8  
(6:10 H F : H N O s ) ,  d ipped in  HF  for severa l  seconds, 
r insed  in  deionized water ,  and  dried. The H F  and  
HNO~ were  49 and  70%, respect ively .  Elec t r ica l  con-  
tact  to the  si l icon crysta ls  was  made  by  m e a n s  of 
an  i n su l a t i ng  p ressure  clip (6) .  This  a l lowed over  
90% of the  wafe r  area  to be  in t roduced  in  the  so lu-  
t ion  in  a qu ick  m a n n e r .  

Electrolysis  p roducts  were  separ ted  and  ana lyzed  
af ter  anodiza t ion  of 20-30 p - t y p e  sil icon slices in  
the same solut ion con ta in ing  KNO3 as the  e lec t ro-  
lyte,  each to abou t  350v us ing  the  cell shown in  Fig. 
1. IR drop b e t w e e n  electrodes was  about  200v. The 
t e m p e r a t u r e  was  held  as close to 35~ as possible. 
The surfaces of the  si l icon in i t i a l ly  anodized were  
br ight ,  smooth,  a nd  even.  The l a te r  anodized sil icon 
crysta ls  showed a surface s imi la r  to tha t  of t h e r m a l  
e tching  of silicon. This is shown in  Fig: 2. The  total  
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Fig. 2. Silicon surface produced after anodization in "used" 
N-methylacetamide ~0.04 KN02, solution, Anodic oxide removed 
from lightly shaded areas. Magnification 151.2X. 

amount  of e lectr ic i ty  passed through NMA was 
about  0.02 F a r a d a y / m o l e  NMA. Anode electrolysis  
products  were  examined  p r inc ipa l ly  by  f rac t ional  
dist i l lat ion,  solvent extract ion,  in f ra red  and class 
tests. 

In  the second series of exper iments  using open 
beakers ,  anodic oxides on 1.3-1.5 ohm-cm,  p - t y p e  
silicon crysta ls  were  formed in solutions of NMA + 
0.04N KNO3 wi th  added wa te r  contents va ry ing  
from 0 to 8.4%. F resh ly  prepared ,  unused solutions 
were  selected for each wa te r  content  determinat ion.  
The or iginal  and final wa te r  contents were  es t imated  
by  Ka r l  Fischer  t i t rat ion.  Oxides were  formed to 
200v net  at  about 10 m a / c m  2 in about  15 rain. This 
gave an oxide thickness of 1040 -- 50A. Ka r l  Fischer  
t i t ra t ions  af ter  anodizat ion showed a slight, but  
negligible,  amount  of wa te r  p ick-up .  The films 
formed were  weighed to -- 3 ~g wi th  a Cahn e lec t ro-  
balance  and chemical ly  analyzed for silicon by  a 
modified po ly -b lue  method (7) to -- 1 /~g. Results  
were  compared  wi th  oxides of 1000 ----- 100/k formed 
in s team plus oxygen at  1000~ for 6-7 min on 
twelve  1.5 ohm-cm, p - t y p e  wafers.  Oxide thickness  
de terminat ions  were  made by  the Tolansky mul -  
t ip le  beam in te r fe romet r ic  (8) and color com- 
par i son  (9) techniques.  Measurements  were  based 
on a re f rac t ive  index of 1.46 for SIO2. 

Ni t ra te  ut i l izat ion studies by  electrolysis  of NMA 
wi th  var ious  a r rangements  of anhydrous  KNO3, 
KNO2, Li2SO4, NaF, NH4F, the hydra te ,  Na2SO4. 
10H20 as e lect rolytes  were  car r ied  out to show mode 
of the anodizat ion process. Anodizat ion was found 
to occur in N M A - " d r y "  NH4F solutions bubbled  
wi th  d ry  nitrogen.  

Experimental Results 

Electrolysis product analyses.--Hydrogen, formed 
cathodical ly,  was de te rmined  by  gas chromatog-  
r aphy  and accounted for at least  90% of the ca th-  
ode current .  A solid prec ip i ta te  p roduced  in the  
cathode compar tment  dur ing electrolysis  was de-  
t e rmined  to be KOH. Reduction of n i t ra te  ion to 
n i t r i t e  was observed using the sulfanil ic acid, 2- 
naph thy lamine  Griess test  (10). 

F rac t iona l  d is t i l la t ion under  1 ram Hg pressure,  
solvent ext rac t ion  and in f ra red  analysis  indicated 
the presence of H20, an amide (not NMA),  and 

t races  of other  compounds not defini tely classed or 
identified. Pot  res idue examinat ions  by  extract ions  
wi th  e thanol  and chil l ing resul ted  in ve ry  small  
amounts  of crys ta l l ine  solid. A mel t ing point  could 
not be obtained.  However ,  Couch and Brenner  (5) 
in thei r  studies on the electrolysis  of NMA wi th  
p la t inum electrodes have  repor ted  the isolat ion of 
a secondary amide, 3,5 diaza-2,6 heptanedione  
(CH~CONHCH2NHCOCH~). Their  e lectrolysis  was 
car r ied  out in 10% by volume of 1M H2SO4 and 
crude yields  of 13 g / F a r a d a y  were  obtained.  If our 
react ion were  s imi lar  we would expect  about  0.26g 
of solid products  f rom our 0.02 Fa raday .  Our actual  
y ie ld  was much less. It is suggested tha t  the produc-  
t ion of this  compound accounts for  much of the 
anodic e lectrochemical  current .  

Various electrolytes in NMA.--Early exper iments  
were  concerned w i t h  the effect of anhydrous  elec-  
t ro lytes  on the anodizing process. Various combina-  
tions of 0.04N solutions of KNOa and KNO2 in the 
electrode compar tments  showed anodizat ion took 
place immedia t e ly  as long as each compar tment  
had an electrolyte.  The sulfanil ic  acid, 2 -nap thy l a -  
mine test  showed n i t ra te  reduct ion to n i t r i t e  r ead i ly  
occurred but  n i t r i t e  oxidat ion  to n i t ra te  did not 
occur. Anodizat ion of silicon also occurred with  
0.02N solutions of NaF, and 0.04N solutions of 
Li2SO4 and NH4F. In the last  case the  NH4F was 
dr ied  at  l l 0 ~  and anodizat ion immedia te ly  carr ied  
out while  bubbl ing  n i t rogen through NMA before 
and dur ing electrolysis.  This indicates  NMA, elec-  
t rolysis  products  or contaminants  are  involved in 
anodizat ion and an oxygen containing e lec t ro ly te  is 
not essential  to the process. NaCI or KCI wil l  not  
anodize silicon and produces only an etched surface. 

Water studies.--The hygroscopic na tu re  of NMA 
explains  the  presence of the m a j o r i t y  of the  HsO 
observed in the dis t i l la t ions of the first exper imenta l  
series. Ti t ra t ions wi th  the Ka r l  Fischer  reagent  in-  
dicated 25 ml of s t i r red  NMA at 30~ in a 400 ml 
beaker  wi l l  absorb about  40 mg H20 under  room 
conditions of 50-70% re la t ive  humidi ty .  

Severa l  de te rmina t ions  using the spli t  cell wi th  
a Pb/PbSO4 cathode, silicon anode, and CsNO3 elec-  
t ro ly te  in a n i t rogen flushed d ry  box were  carr ied  
out to de te rmine  the presence and site of wa te r  
product ion dur ing  electrolysis.  The Pb/PbSO4 elec-  
t rode  pe rmi t t ed  the  reduct ion  of PbSO4 ra the r  than  
evolut ion of He, and the CsNOs was considered less 
ap t  than  KNOs to t ranspor t  H20 f rom one compar t -  
ment  to the other. Electrolysis  of NMA for 30 rnin 
at  75 ma and subsequent  Ka r l  Fischer  t i t ra t ion  for 
two runs  p roduced  0.010 and 0.015g tt20. A b l ank  
was car r ied  along to indicate  the hygroscopic p ick-  
up of H20. According to F a r a d a y ' s  laws, electrolysis  
would produce 0.013g H20 assuming an equivalent  
weight  of 9 for H20. A t t empt s  to de te rmine  site of 
product  format ion  including isopropyl  t i t ana te  for 
wa te r  and phenolphtha le in  for KOH were  not suc-  
cessful. I t  is suggested fu r the r  work  be carr ied  out 
in closed glass appara tus  to de te rmine  the site of 
H20 production.  However ,  the  main point  f rom this 
work  is tha t  H20 wil l  genera l ly  be present  in NMA 
solutions and wil l  therefore  cause a great  effect on 
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Table 1. Results of silicon analyses of oxides formed to 200v in 
N-methylacetamide with various H20 contents 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

O x i d e  O x i d e  S i  S i  S i  c o n -  
I-I20, w e i g h t ,  w e i g h t ,  ( a n a l y z e d ) ,  ( c a l c ) ,  s u m e d ,  

N o .  % /Lg / ~ g / c m  2 /~g / cm~  / ~ g / c m  2 / L g / c m  ~ 

1 0 98 30.4 10.8 13.3 12.8 
2 0.1 85 22.7 9.3 10.0 8.8 
3 0.4 94 24.5 8.8 10.7 11.0 
4 0.8 80 19.4 8.0 8.5 9.4 
5 1.2 94 22.0 8.9 9.6 9.3 
6 2.4 89 21.6 8.5 9.5 7.8 
7 3.6 95 21.0 8.2 9.2 13.1 
8 4.8 81 22.4 7.7 9.8 9.4 
9 7.2 118 26.8 8.4 11.7 8.4 

10 8.4 145 35.2 12.6 15.4 12.1 
4A 0.8 77 18.6 8.5 8.7 8.8 

0.8 71 19.0 24.1 8.8 
5A 1.2 89 20.9 9.4 

1.2 94 29.2 25.0 11.5 10.5 11.7 

N o .  

Table II. Current efficiencies of anodic oxides formed to 200v in 
N-methylacetamide with various H20 contents 

I t  60.06 

"F 4 Wt oxide Current 
m 

% t'I~O # g  p r o d u c e d ,  p.g e f f i c i e n c y ,  % 

1 0 3360 98 2.9 
2 �9 0.1 3180 85 2.7 
3 0.4 5210 94 1.8 
4 0.8 4550 80 1.8 
5 1.2 6040 94 1.6 
6 2.4 5180 89 1.7 
7 3.6 5590 95 1.7 
8 4.8 4080 81 2.0 
9 7.2 4430 118 2.7 

10 8.4 4910 145 3.0 

resu l t s  ob ta ined  and p a r t i c u l a r l y  the  qua l i t y  of o x -  
ide fo rmed .  

EfJect of Water  on the anodic oxides formed in 
NMA. - -V i sua l  obse rva t i on  du r ing  si l icon anod iza -  
t ion to 200v ne t  in N M A  showed  tha t  c loudy oxides  
w i t h  n o n u n i f o r m  th icknesses  w e r e  p r o d u c e d  in so lu-  
t ions con ta in ing  about  7% or m o r e  wa te r .  

The  effect of H20  was  f u r t h e r  e v a l u a t e d  by m e a n s  
of w e i g h t  of ox ide  and si l icon analys is  m e a s u r e -  
ments .  The  resu l t s  of these  da t a  are  g iven  in Tables  
I and II and Fig.  3-7. F i g u r e  3 and Tab le  I show 
the  we igh t s  of oxide  f o r m e d  to 200v a re  cons tan t  
f r o m  0.5-5 % J-I20. Inc rea sed  we igh t s  of si l icon oxides  
w e r e  ob ta ined  above  5% H20. Ana lys i s  of the  s i l icon 
in t he  ox ide  was  w i t h i n  e x p e r i m e n t a l  e r ro r  of the  
ca lcu la ted  si l icon in p r o d u c e d  oxide  up to about  5 % 
H20. B e y o n d  5% H20 the  d i f ference  inc reased  s ig-  
nif icant ly.  M e a s u r e m e n t s  on oxides  f o r m e d  in N M A  
solut ions  con ta in ing  less t h a n  0.8% H20 sugges ted  
an in i t ia l  process  occurr ing ,  l im i t ed  by  the  a m o u n t  
of w a t e r  p re sen t  for  r eac t ion  at the  s i l icon anode.  
A t t e m p t s  to d ry  the  N M A  w i t h  m o l e c u l a r  s ieves  
and o ther  d ry ing  agents  for  zero w a t e r  con ten t  
anod iza t ion  w e r e  not  successful .  

The  v a r i a t i o n  of to ta l  s i l icon consumed  c o m p a r e d  
to analys is  of the  oxide  is shown in Fig. 4. The  d i f -  
f e r ence  was  not  s ignif icant  and suggests  a b a r r i e r  
t ype  film was  fo rmed .  

F i g u r e  5 f u r t h e r  i l lus t r a t e s  the  n a t u r e  of the  ano-  
d iza t ion  process.  At  cons tan t  c u r r e n t  densi ty ,  the  

S e p t e m b e r  1964 
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Fig. 3. Weight gain of oxides and silicon in oxides formed to 
200v vs .  H20 content in N-methylacetamide. 
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Fig. 4. Variation of silicon consumed and analyzed silicon in 
oxide with water content for oxides formed to 20Or. 
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Fig. 5. Total equNolents vs. H20 content for oxides formed to 
200v. 

t i m e  to r each  200v ne t  goes t h r o u g h  a m a x i m u m .  
Tha t  is, beyond  0.8-1.2% H20 the  r a t e  of anod iza -  
t ion  inc reased  w i t h  inc reased  w a t e r  contents .  B e l o w  
0.8% H20 w a t e r  for  the  anod iza t ion  m a y  no t  be 
ava i lab le ,  and inc reased  anod iza t ion  ra tes  w e r e  not  
observed .  An  u n e v e n  oxide  was  ob ta ined  at 7.2% 
H20 and  above.  

Es t ima t ions  of the  ionic c u r r e n t  efficiency of ox ide  
p r o d u c t i o n  are  g iven  in Tab le  II and Fig. 6. On the  
basis of the  ana ly t i ca l  s tudy  and  v i sua l  obse rva t ions  
the  most  su i tab le  oxides  w e r e  p roduced  a long  the  
m i n i m u m  of the  c u r r e n t  efficiency plot.  Thus,  a l -  
t h o u g h  ionic c u r r e n t  efficiency inc reased  w i t h  w a t e r  
content ,  the  sur face  qua l i t y  of the  oxide  d e t e r i o r a t e d  
marked ly .  
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Fig. 6. Current efficiency vs .  water content for oxides formed to 
200v. 
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F i g u r e  7 and  Tab le  I I I  compare  the  resu l t s  of si t-  
icon ana lyses  of oxides anodicaHy g rown  wi th  added 
wa t e r  conten ts  up  to 8.4% wi th  "d ry"  NMA (0.8- 
1.2% wa te r )  and  s t eam g rown  at  1000~ The ac-  
t ua l  weights  of oxide p roduced  are p lo t ted  as de-  
v ia t ions  f rom the  chemica l ly  e s t ima ted  si l icon cal-  
cu la ted  as SIO2. "Excess O2" and  "less Oe" deno te  
the  difference in  mic rog rams  b e t w e e n  to ta l  we igh t  
of oxide p roduced  e x p e r i m e n t a l l y  m i n u s  weigh t  
of SiO2 as ca lcu la ted  f rom si l icon analysis .  The  ra t io  
of Si: O2 is also given.  Except  for the  anodiza t ion  
in  NMA wi th  re s idua l  H20, the  m e a s u r e m e n t s  
showed an  increase  in  oxide weigh t s  p roduced  wi th  
increased  H20 content .  Add i t i ona l  anod iza t ion  ex-  
p e r i m e n t s  wi th  0.8-1.2% H20 in  NMA and  t h e r m a l  
ox ida t ion  of si l icon gave SiO2 weights  which  were  
w i t h i n  the  e x p e r i m e n t a l  e r ror  of --+4 ~g. Weigh t  loss 
m e a s u r e m e n t s  and  the  a m o u n t  of si l icon in  the ox-  
ide also showed t h a t  12% (5.6 ~g out  of 44.3 ~g) 
of the  to ta l  we igh t  loss of si l icon was  lost  to the 
a tmosphe re  d u r i n g  t h e r m a l  oxidat ion.  

Oxide film th ickness  m e a s u r e m e n t s  vs.  ne t  f o r m-  
ing vol tage  at  5 m a / c m  2 and  wi th  0.1-0.5% w a t e r  
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Table III. Results of silicon analysis of anodic and thermal oxides 
to determine the silicon to oxygen ratio 

A n o d i c  ox ides  f o r m e d  to  200v T h e r m a l  ox ides  g r o w n  to  1000A. 

(Oxide  (Oxide  
f o r m e d  f o r m e d  
m i n u s  m i n u s  

Ox ide  Si  SiO2 Oxide  S i  SiO~ 
H~O, wt ,  (ana l ) ,  calc) ,  R a t i o  wt,  (anal ) ,  calc) ,  Ra t io  

% /~g ~g ~g S i : 0 2  /tg ~g ]xg Si:O~ 

0 98 35 +23 1:3.18 67 37 --12 1:1.44 
0.1 85 35 4-10 1:2.52 87 36 4-10 1:2.49 
0.4 94 35 4-19 1:2.98 97 48 --6 1:1.79 
0.8 80 33 + 9  1:2.51 93 44 --1 1:1.95 
1.2 94 38 4-12 1:2.59 72 40 --14 1:1.40 
2.4 89 35 +14  1:2.73 88 38 4-6 1:2.32 
3.6 95 37 4-16 1:2.77 87 36 4-10 1:2.43 
4.8 81 28 4-21 1:3.31 72 42 --18 1:1.25 
7.2 118 37 4-39 1:3.86 79 37 0 1:2.01 
8.4 145 52 4-33 1:3.14 80 40 --6 1:1.75 
0.8 77 35 4-2 1:2.12 7.6 38 --6 1:1.76 
0.8 71 33 0 1:2.02 
1.2 89 40 ~ 3  1:2.14 
1.2 77 37 4-14 1:2.65 

in  NMA are  g iven  in  Fig. 8. The  da ta  show a 
s t ra igh t  l ine  r e l a t ionsh ip  co r re spond ing  to 5.3 A / v  
f rom 100-425v net.  The  e r ror  of the  th ickness  de-  
t e r m i n a t i o n s  is -+ 50A. However ,  p rev ious  worke r s  
(1-4)  have  observed  a b r e a k  in  the curve  of vol tage  

vs.  t ime  me a su r e me n t s .  
P - t y p e  si l icon anodized a lmost  i m m e d i a t e l y  af ter  

e lectr ical  contact  was  made.  N - t y p e  r e q u i r e d  photo-  
i l l u m i n a t i o n  for i m m e d i a t e  anodizat ion.  However ,  
we have  f ound  tha t  in i t i a l  i l l u m i n a t i o n  was  no t  
necessary  even  wi th  f resh ly  c leaned  Si wafers  (HF 
d i p ) ;  tha t  of ten a shor t  t ime  (seconds to m i n u t e s )  
the  vol tage  drops and  t h e n  s teeply  rises r e gu l a r l y  
wi th  oxide growth.  This sort  of behav io r  was  also 
shown in  Fig. 8 of Schmid t  and  Michel ' s  paper  (1) .  

Discussion 

On the  basis  of these resu l t s  the  fo l lowing elec-  
t rode processes are proposed for the electrolysis  of 
NMA and  anod iza t ion  of silicon. 
Cathode 

2H~O 4- 4e ,~ Ha ~ Jr 2 O H -  [1]  
K + q- O H -  ~ K O H  

/ /  _ 

/ / 

1 8 o c  t / /  ~ 

d" 

//  

/ 
/ 

,~ / 
/ 

/ 

NET FORMING VOLTAGE IV F} 

Fig. 8. SiO2 film thickness as a function of forming voltage. 
Electrolyte: N-methylacetamide with 0.04N KNOB; substrate: 
mechanically polished, 0.01 ohm-cm, p-type Si; current density, 
5 ma/cm 2. 
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NO3-  + H20 § 2 e ~ N O 2 -  + 2 O H -  [2]  

R e d u c t i o n  of enol  f o r m  of N M A  [3] 
Anode 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1964 

I 
H20 t 

~ O  | n i t r o g e n  c o m p o u n d s  
CH3C - -  NHCH3 -->~ (5)  -bne  

[CH3C - -  NCH2NCCH3 
LL L L\ \  

[ O H H O  
[4] 

Si q- 2H20 ~ SiO2 ~- H + -[- 4e [5]  

The  m e c h a n i s m  p r o p o s e d  at  th is  t i m e  sugges t s  t h e  
anod iza t i on  of s i l icon d e p e n d s  on the  w a t e r  o b t a i n e d  
f r o m  the  o x i d a t i o n  of NMA,  or  w a t e r  o t h e r w i s e  
p resen t .  H y d r o g e n  f o r m a t i o n  at  t he  ca thode  is ac -  
c o m p a n i e d  b y  K O H  f o r m a t i o n  in t he  ca thode  c o m -  
p a r t m e n t .  C h a r g e  b a l a n c e  is m a i n t a i n e d  b y  m i g r a -  
t ion  of [ K ( H 2 0 ) ] +  t h r o u g h  the  m e m b r a n e  into  t he  
ca thode  c o m p a r t m e n t .  Due  to t he  h y g r o s c o p i c  n a t u r e  
of N M A  sufficient  w a t e r  w i l l  g e n e r a l l y  be  p r e s e n t  to 
anodize  t he  s i l icon in t h e  m a n n e r  shown.  

O x y g e n  c o n t a i n i n g  e l ec t ro ly t e s  as KNO3 or  Li2SO4 
a r e  not  e s sen t i a l  for  t he  anod iza t i on  process .  Ox ides  
h a v e  also been  f o r m e d  b y  anod iz ing  s i l icon in N M A  
+ H20 solut ions .  

The  t e c h n i q u e  of w e i g h i n g  and  a n a l y z i n g  the  
anod ic  ox ide  has  s h o w n  the  e x t e n t  to w h i c h  w a t e r  
as a c o n t a m i n a n t  or  b y - p r o d u c t  inf luences  t he  n a -  
t u r e  of t he  ox ide  and  sugges t s  o t h e r  c o n t a m i n a n t s  

and  p r o p e r t i e s  of  anod ic  ox ides  m a y  be  c r i t i c a l l y  
e v a l u a t e d  in a s i m i l a r  m a n n e r .  
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The Effect of Annealing on the Microstructure and Hardness of 
Some Nickel Electrodeposits 

R. Weil, W. N. Jacobus, Jr., and S. J. DeMay 1 
Department of Metallurgy, Stevens Institute of Technology, Hoboken, New Jersey 

ABSTRACT 

The effects of anneal ing  on the micros t ruc ture  and hardness  of nickel  
e lectrodeposi ts  f rom six different  p la t ing  baths  were  studied.  The s t ruc tura l  
changes of the bu lk  as observed by  t ransmiss ion electron microscopy occurred 
in the same annea l i ng - t empera tu r e  range  as the  ma jo r  decreases in hardness .  
The first change  in the  surface s t ruc ture  occurred 200~ higher.  The anneal ing  
process appears  to consist of the  migra t ion  of gra in  boundaries ,  which  in most  
cases seemed to ca r ry  impur i t i es  a long wi th  them. A mechanism for this process  
in e lec t ropla ted  metals  is proposed.  

The  changes  in  t h e  m i c r o s t r u c t u r e  and  m e c h a n i c a l  
p r o p e r t i e s  w h i c h  e l e c t r o d e p o s i t e d  m e t a l s  e x p e r i e n c e  
w h e n  t h e y  a r e  annea l ed ,  h a v e  been  s t u d i e d  b y  G a r -  
d a m  and  M a c n a u g h t o n  (1 ) ,  Roeh l  (2 ) ,  and  Zen tne r ,  
B renne r ,  and  J e n n i n g s  (3)  a m o n g  others .  C o n v e n -  
t i ona l  m e t a l l o g r a p h i c  m e t h o d s  w e r e  used  to s t u d y  
a l t e r a t i o n s  in  t h e  m i c r o s t r u c t u r e .  W i t h i n  r e c e n t  
yea r s ,  t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  has  been  
success fu l ly  e m p l o y e d  b y  B o l l m a n n  (4) ,  B a i l e y  and  
Hi r sch  (5) ,  and  H u  (6) to e l u c i d a t e  t he  s t r u c t u r a l  
changes  w h i c h  occur  d u r i n g  a n n e a l i n g  of c o l d -  
w o r k e d  meta l s .  A n  e l e c t r o n - m i c r o s c o p i c  s t u d y  of 

1 Present  address: G r u m m a n  Airc ra f t  Corp., Bethpage,  New York. 

the  b e h a v i o r  of e l e c t r o p l a t e d  m e t a l s  w h e n  t h e y  a r e  
h e a t e d  was  t h e r e f o r e  i n d i c a t e d  and  b e c a m e  the  
sub jec t  of  th is  i nves t iga t ion .  

The  e a r l i e r  work ,  m e n t i o n e d  above ,  w h i c h  e m -  
p l o y e d  c o n v e n t i o n a l  m e t a l l o g r a p h i c  t e chn iques  dea l t  
p r i m a r i l y  w i t h  e l e c t r o d e p o s i t e d  nickel .  The  as -  
p l a t e d  s t r u c t u r e s  of th is  m e t a l  h a v e  a lso  been  e x -  
t e n s i v e l y  s t ud i e d  b y  e l ec t ron  mic roscopy .  F o r  these  
reasons ,  n i cke l  was  se lec ted  for  th is  i nves t iga t ion .  
As  the  p r o d u c t s  r e s u l t i n g  f r o m  t h e  codepos i t ion  of 
p l a t i n g - b a t h  add i t ions ,  e spe c i a l l y  those  c on t a in ing  
su l fur ,  h a v e  a g r e a t  effect on the  s t r u c t u r e  and  
m e c h a n i c a l  p r o p e r t i e s  of n ickel ,  b a t h  compos i t ions  
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were  selected p a r t i c u l a r l y  to revea l  the i r  role in  
the a n n e a l i n g  processes. F ive  of the  ba ths  had  de-  
l ibe ra te  addi t ives  and  only  one was su l fu r - f r ee .  

Exper imenta l  Procedure 

Nickel  was  deposi ted to a th ickness  of 150# on 
e lect ropol ished copper  subs t ra tes  f rom the  ba ths  
l is ted in  Tab le  I. The copper was  s u b s e q u e n t l y  d is -  
solved in  the  m a n n e r  p rev ious ly  descr ibed  (7) .  
The cen te r  sections of the  n icke l  plates  was cut  in to  
pieces 2.5 x 1.5 cm. Two pieces f rom deposits f rom 
each ba th  were  placed in  a Vycor  tube  which  was  
evacua ted  to be t t e r  t h a n  10 -5 m m  of Hg and  then  
inse r ted  in  the c o n s t a n t - t e m p e r a t u r e  reg ion  of a 
tube  furnace .  The samples  were  a n n e a l e d  for 1 
hr  at t e m p e r a t u r e s  be tween  200 ~ and  1200~ in  
100 ~ in terva ls .  In  the t e m p e r a t u r e  i n t e rva l s  in  
which  m a j o r  s t r uc tu r a l  changes  were  found  to oc- 
cur, add i t iona l  r u n s  at  50 ~ i n t e rva l s  were  made.  
Samples  f rom ba th  D were  a n n e a l e d  at 200~ for 
15 min ,  30 min,  2 hr,  and  4 hr  in  add i t ion  to the  1- 
h r - l o n g  test. Two- s t age  ca rbon  repl icas  were  p ro -  
duced f rom the  surfaces  of the  a s -p l a t ed  and  a n -  
nea led  spec imens  by  the  t echn ique  descr ibed ea r -  
l ier  (8) .  The repl icas  were  e x a m i n e d  in  a Hi tachi  
HU-11 e lec t ron  microscope at 5000 magnif icat ions .  

The ha rdness  of the  samples  was  m e a s u r e d  on a 
me ta l log raph ica l ly  pol ished cross sect ion w i th  a 
Leitz D u r i m e t  Microhardness  Tes ter  u s ing  a 100g 
load. Other  pieces of the  a n n e a l e d  and  a s -p l a t ed  
samples  we re  e lec t ro ly t ica l ly  t h i n n e d  by  the  Bol l -  
m a n n  (9) t e chn ique  for t r ansmis s ion  e l e c t r o n - m i -  
croscopic examina t i on .  Al l  n icke l  deposits,  which  
were  s tudied,  were  in i t i a l ly  ve ry  fine gra ined .  In  
deposits f rom some baths,  the  g ra in  size increased  
wi th  p la t ing  th ickness  up  to abou t  50t, and  t h e n  
became constant .  Therefore ,  the  in i t i a l  50t~ were  
not  used for ha rdness  m e a s u r e m e n t s  or for t r a n s -  
miss ion  e lec t ron  microscopy.  

Exper imenta l  Results 

It  is ev iden t  f rom Tab le  I tha t  the  n icke l  deposi ts  
have  two types  of s t ruc ture ,  r e l a t ive ly  coarse 
g ra ined  and  ve ry  fine grained.  The v a r i a t i o n  of 
ha rdness  wi th  a n n e a l i n g  t e m p e r a t u r e  for the  th ree  
coa r se -g ra ined  deposits  is p lo t ted  in  Fig. 1 and  for 
the  th ree  f i ne -g ra ined  ones in  Fig. 2. The  coarse-  
g ra ined  deposits  are  in i t i a l ly  m u c h  softer t h a n  the  

Table I. Basic bath composition: 400 g/1 NiSO4 x 6H20, 45 g/1 
NiCI2 x 6H~O, 45 g/1 H3BO3 

Plating conditions: temperature, 55~ • 2~ current density, 5 
amp/dm~; pH, 4 

B a t h  A d d i t i o n  a g e n t s  T y p e  o f  s t r u c t u r e  

A None Relat ively coarse 
grained 

B 0.1 g/1 Coumarin  Relat ively coarse 
grained 

C 0.07 g/1 Thiourea Relat ively coarse 
grained 

D Proprie tory br ight  nickel Very fine grained 
E 0.2 g/1 1-5 Naphthalene disul-  Very fine grained 

fonic acid (Na Salt) with crevices 
F 0.8 g/1 1-5 Naphthalene disul-  Very fine grained 

fonic acid + 1.0 g/1 zinc with crevices 
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Fig. 1. Hardness-annealing temperature graphs for samples from 
coarse-grained deposits, e, 0.1 g/I Coumarin; �9 no additives; I I ,  
0.07 g/I thiourea. 
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Fig. 2. Hardness-annealing temperature graphs for samples from 
fine-grained deposits. �9 0.8 g/I Napthalene disulfonic acid and 
1.0 g/I zinc; e, proprietory bright nickel; liE, 0.2 g/I naphthalene 
disulfonic acid. 

f i ne -g ra ined  ones and  the  m a j o r  r educ t ion  in  h a r d -  
ness occurs at a h igher  t e m p e r a t u r e  in  the  fo rmer  
t h a n  in  the  la t ter .  

The first no t iceable  change  in  the  s t ruc tu re  of 
the  surfaces  as r evea led  by  repl ica  e x a m i n a t i o n  
takes  place abou t  200~ above the  t e m p e r a t u r e  
of the  ma j o r  decreases in  hardness .  The  deposits 
f rom b a t h  A are typ ica l  of the  behav io r  of the r e l a -  
t ive ly  coa r se -g ra ined  deposits. The  va r i a t i on  of the  
sur face  s t r uc t u r e  wi th  a n n e a l i n g  t e m p e r a t u r e  is 
shown  in  Fig.  3. The a s -p l a t ed  s t r uc t u r e  shown  in  
Fig. 3a persis ts  to 700~ A few areas  of the  de-  
posits a n n e a l e d  at 700~ exh ib i t  the  change  shown 
in  Fig. 3b. A few gra in  b o u n d a r i e s  (B)  deepen,  
some n e w  ones (C) fo rm and  in  some areas (A)  
the sur face  becomes  smoother  and  the  steps become 
more  dis t inct .  Wi th  inc reas ing  a n n e a l i n g  t e m p e r a -  
ture ,  this  t r e n d  con t inues  as seen in  Fig. 3c. I t  is 
ev iden t  tha t  r e m n a n t s  of the  p y r a m i d a l  shapes f rom 
the a s -p la t ed  s t ruc tu re  can sti l l  be  recognized (P) .  
A n n e a l i n g  at t e m p e r a t u r e s  above 900 ~ resul ts  in  
some v a c u u m  e tch ing  as seen in  Fig. 3d. In  samples  
a n n e a l e d  a t  these  t empera tu res ,  spi ra ls  are  also 
f r e q u e n t l y  observed.  The  effect of a n n e a l i n g  on the  
sur face  s t ruc tu res  of the  deposits f rom ba ths  B and  
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Fig. 3. Effect of annealing on surface structure of coarse-grained 
deposits from bath A. a, As-plated structure; b, annealed at 700~ 
c, annealed at 850~ d, annealed at 1100~ 

C is e s s e n t i a l l y  l ike  t h a t  shown  in Fig.  3. The  
first  change  in  s t r u c t u r e  in  the  depos i t s  f r o m  b a t h  
B, h o w e v e r ,  is o b s e r v e d  at  800~ In  an  e a r l i e r  
s t u d y  (8) depos i t s  p l a t e d  in  a so lu t ion  w i t h  t he  
same  a d d i t i o n  of t h i o u r e a  as b a t h  C y i e l d e d  a much  
f iner  g r a i n e d  s t ruc tu re .  As  p o i n t e d  out  a t  t h a t  t ime ,  
t he  s t r u c t u r e s  a re  no t  a l w a y s  r e p r o d u c i b l e .  

S o m e  f e a t u r e s  of the  b e h a v i o r  of the  f i n e - g r a i n e d  
depos i t s  a r e  s h o w n  in Fig .  4. The  a s - p l a t e d  s t r u c t u r e  
of t he  depos i t  f r o m  the  p r o p r i e t a r y  b a t h  is u n i -  
f o r m l y  smooth .  The  g r a i n  size is no t  r e s o l v e d  in  t h e  
rep l ica ,  The  su r f aces  of t he  depos i t s  p l a t e d  in  b a t h s  

Fig. 4. Effect of annealing on surface structure of fine-grained 
deposits, a, As-plated structure from bath F; b, sample from bath 
D annealed at 600 ~ C; c, sample from bath F annealed at 700~ 
d, sample from bath D annealed at 700~ 

E and F show crevices between groups of grains as 
seen in Fig. 4a. The structure from the proprietary 
bath looks like the areas between the crevices in 
Fig. 4a. The first structural changes are noted in 
samples annealed at 500~ Grains about i~ in 
diameter become visible, but fainter than seen in 
Fig. 4b. The crevices, when they are present in 
the as-plated structure, always contain a grain 
boundary. This can be seen in Fig. 4c, which shows 
the  s t r u c t u r e  of a s a m p l e  a n n e a l e d  at  700~ A t  
th i s  t e m p e r a t u r e  t h e  g r a in s  h a v e  g r o w n  l a r g e r  t h a n  
1~. Ev idence  of t w i n  b o u n d a r i e s  (T)  can  also be 
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seen  in Fig .  4c. S a m p l e s  f rom b a t h  D a n n e a l e d  at  
700~ and  f r o m  b a t h  F a n n e a l e d  at  850~ show the  
f o r m a t i o n  of b r o a d  g r a i n - b o u n d a r y  r eg ions  as seen  
in Fig.  4d. In  some  a reas  the  cons t i t uen t  r e s p o n s i b l e  
for  these  reg ions  is no t  cont inuous ,  b u t  consis ts  of 
i n d i v i d u a l  pa r t i c l e s .  A n n e a l i n g  at  h i g h e r  t e m p e r -  
a tu r e s  r e su l t s  in a s t r u c t u r e  w i t h  n o r m a l  g r a i n  
b o u n d a r i e s  l ike  t h a t  shown  in Fig .  3d. 

The  f irst  s t r u c t u r a l  changes  as r e v e a l e d  b y  t r a n s -  
miss ion  e l e c t r o n  mic ro scopy  of t h in  f i lms t a k e n  

Fig. S. Structural changes on annealing in coarse-grained thin 
film. a, As-plated structure from bath A; b, as-plated structure 
from bath C; c, sample from bath A annealed at 450~ d, sample 
from bath A annealed at 500~ 
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f r o m  t h e  b u l k  of the  depos i t  occurs  in  t h e  s ame  t e m -  
p e r a t u r e  r a n g e  as the  m a j o r  dec reases  in ha rdness .  
F i g u r e  5 shows  the  effect of a n n e a l i n g  on the  
s t r u c t u r e  of t h i n n e d  fi lms f r o m  depos i t s  h a v i n g  the  
r e l a t i v e l y  l a r g e  g r a i n  size in t he  a s - p l a t e d  condi t ion .  
F i g u r e s  5a a n d  5b show t h e  a s - p l a t e d  s t r u c t u r e s  of 
depos i t s  f r o m  b a t h s  A and  C, r e spec t i ve ly .  The  
s t r u c t u r e  of t he  depos i t  f r o m  b a t h  B c lose ly  r e -  
s emb le s  t h a t  s h o w n  in Fig .  5a. Some  t w i n s  (T)  and  
r eg ions  of m i s o r i e n t a t i o n  w i t h i n  a g ra in ,  as m a n i -  
f e s t ed  b y  d i f f r a c t i o n - c o n t r a s t  va r i a t i ons ,  a re  seen  
in bo th  Fig.  5a and  5b. I n d i v i d u a l  d i s loca t ions  can  
be  seen  in  Fig .  5a only .  The  s t r u c t u r e  in  Fig .  5b 
shows  v a r i a t i o n s  in  t he  i n t e n s i t y  of t h e  t r a n s m i t t e d  
e l e c t r o n  b e a m  i n d i c a t i v e  of s t r o n g  l a t t i c e  d i s to r t i ons  
w i t h i n  t he  gra ins .  

No n o t i c e a b l e  changes  a r e  f o u n d  in s amp le s  f r o m  
b a t h  A a n n e a l e d  up  to 350~ V e r y  s l igh t  a l t e r a t i o n s  
m a y  h a v e  occur red ,  w h i c h  w o u l d  h a v e  been  on ly  
no t i c eab l e  b y  c o m p a r i n g  t h e  s ame  a r e a  b e f o r e  and  
a f t e r  annea l ing .  The  e x p e r i m e n t a l  cond i t ion  p r e -  
c luded  such  an  obse rva t ion .  The  m a j o r  h a r d n e s s  
d rop  occurs  b e t w e e n  400 ~ and  500~ in t he  s a m p l e s  
f r o m  b a t h  A.  T h e  s t r u c t u r e  also changes  in th is  
t e m p e r a t u r e  range .  F i g u r e  5c shows  t h a t  a n n e a l i n g  
at  450~ r e su l t s  in  m o r e  t w i n s  (T ) ,  some  of w h i c h  
a r e  a s soc ia t ed  w i t h  t h e  e l i m i n a t i o n  (E)  of r eg ions  
of m i s o r i e n t a t i o n  w i t h i n  a gra in .  The  n u m b e r  of 
s m a l l  g ra ins  a lso  dec rea se s  f r o m  t h a t  seen  in Fig .  
5a. S a m p l e s  he ld  at  500~ have  t h e  s t r u c t u r e  p i c -  
t u r e d  in Fig.  5d. This  f igure  shows  m a n y  twins ,  
s h a r p  o r i e n t a t i o n  c o n t r a s t  b e t w e e n  gra ins ,  and  p r a c -  
t i c a l l y  no m i s a l i g n m e n t  w i t h i n  a g ra in .  A b o v e  500~ 
t h e  g r a i n  size on ly  i nc reases  w i t h  i n c r e a s i n g  t e m -  
p e r a t u r e s .  The  sequence  of even t s  w h i c h  occurs  d u r -  
ing  the  h a r d n e s s  d rop  in  the  s a m p l e s  f r o m  b a t h  A 
is also f o u n d  in spec imens  f r o m  b a t h  B a t  co r r e s -  
p o n d i n g  t e m p e r a t u r e s .  S a m p l e s  f r o m  b a t h  C a n -  
n e a l e d  in t h e  t e m p e r a t u r e  r a n g e  w h e r e  the  m a j o r  
h a r d n e s s  d e c r e a s e  occurs  and  up  to abou t  900~ 
show an  i n c r e a s i n g  t e n d e n c y  for  g r a i n - b o u n d a r y  a t -  
t a c k  d u r i n g  e l ec t ropo l i sh ing .  A t  t h e  s ame  t i m e  the  
c o n t r a s t  w i t h i n  t he  g r a in s  becomes  m o r e  un i fo rm.  

The  s t r u c t u r e  of t he  depos i t s  f r o m  b a t h s  D, E, 
and  F consis ts  of g r a in s  100-500A in d i a m e t e r .  
These  g r a i n s  a r e  r a n d o m l y  o r i e n t e d  in the  p l a n e  
of t h e  depos i t  because  c o m p l e t e  and  u n i f o r m l y  in -  
t e n s e  r i ngs  a r e  o b t a i n e d  b y  e l e c t r o n  d i f f rac t ion .  The  
r e l a t i v e  i n t e n s i t y  of t he  r i ngs  f r o m  the  va r i ous  r e -  
f lect ing p l a n e s  i nd i ca t e s  t h a t  no s t rong  f iber ing  is 
p r e s e n t  p e r p e n d i c u l a r  to t h e  su r f ace  of the  deposi t .  
The  s amp le s  w i t h  c rev ices  on the  sur face ,  show the  
s t r u c t u r a l  f e a t u r e  p i c t u r e d  in  Fig .  6a. The  a r e a s  
c o r r e s p o n d i n g  to t he  c rev ices  have  been  p r e f e r e n -  
t i a l l y  d i s so lved  d u r i n g  the  e l e c t r o l y t i c  t h i n n i n g  of 
t he  spec imens  w i t h  on ly  an  e x t r e m e l y  f i n e - g r a i n e d  
s l ive r  r e m a i n i n g .  A f ew s a m p l e s  no t  t h i n n e d  so as 
to d i s so lve  the  c rev ice  a r e a s  show t h a t  t he  g r a i n  
size t h e r e  is f iner  t h a n  in t he  r e s t  of t h e  sample .  
S e l e c t e d - a r e a - d i f f r a c t i o n  p a t t e r n s  of the  r eg ions  
con ta in ing  a c rev ice  and  those  a d j a c e n t  on e i t he r  
s ide  show no d i f f e rence  in  o r i e n t a t i o n ;  a l l  a r e a s  
y i e l d  c o m p l e t e  r i ngs  w i t h  no arcs  of v a r y i n g  i n t e n -  
si t ies.  
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Fig. 6. Structural changes in annealing in fine-grained thin films. 
a, As-plated structure from bath F; b, beginning of recrystalliza- 
tion; c, later stage during recrystallization in sample from bath E; 
d, later stage in recrystallization in sample from bath D. 

The first s t ruc tura l  changes on anneal ing  of the 
samples are  shown in Fig. 6b. A few grains have 
become la rger  than the or iginal  ones. A sample, 
which or ig inal ly  shows crevices, annealed at  a 
h igher  t empera tu re  is shown in Fig. 6c. The dis-  
t r ibu t ion  of the stil l  f ine-gra ined regions corre-  
sponds to the  crevices in the as -p la ted  structure.  
F igure  6d shows the s t ruc ture  in a sample  f rom 
bath  D which has no crevices. Elec t ron-di f f rac t ion  
pa t te rns  f rom the l a rge r -g r a ined  regions in Fig. 
6c and 6d show Kikuchi  lines. Annea l ing  at  t em-  
pera tu res  be tween  about  250 ~ and 900~ resul ts  in 
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an increased tendency for the pre fe ren t ia l  dissolu-  
tion of the gra in  boundar ies  dur ing electrolyt ic  
thinning.  Above 900~ there  is no discernible p re f -  
e rent ia l  at tack.  

The samples f rom bath  D, annealed at  200~ for 
various times, reveal  the existence of an incubat ion 
per iod of be tween 15 to 30 min pr io r  to the  fo rma-  
tion of the l a rge r  grains seen in Fig. 6d. Af te r  15 
min there  is no not iceable change f rom the as-  
p la ted  structure.  The s t ruc ture  which resul ts  from 
a ha l f -hour  anneal ing t r ea tmen t  consists of grains 
which are about 10 t imes l a rge r  than  the or iginal  
ones. 

Discussion 

The difference in t empera tu re  at which s t ruc tura l  
changes occurred on anneal ing  on the surface and 
in the  bulk  of the electrodeposi ts  were  p robab ly  due 
to oxides, adsorbed mater ia l ,  and other surface 
impediments .  A s imi lar  phenomenon was repor ted  
by  Bai ley  (10) and by  Hu (6),  who found tha t  r e -  
crys ta l l iza t ion in th in  films occurred at h igher  t em-  
pera tu res  than in bulk. I t  was also observed in a 
few exper iments  conducted as pa r t  of this  inves t i -  
gation in which as -p la ted  deposits were  th inned 
and then heated in the e lect ron microscope. As the 
br ightness  of electrodeposi ts  was shown (7) to de-  
pend on the surface s tructure,  a l tera t ions  in this 
p rope r ty  should occur at considerably  higher  an-  
neal ing t empera tu res  than changes in the mechan-  
ical propert ies ,  which are re la ted  to the s t ruc ture  of 
the bulk.  It was found to be so exper imenta l ly .  

Anneal ing  of the  in i t ia l ly  r e la t ive ly  coarse-  
gra ined deposits f rom baths  A, B, and C in the 
t empe ra tu r e  range of 400~176 where  the  m a -  
jor  decrease in the  hardness  occurred, resul ted  in 
the migra t ion  of grain and subgra in  boundaries ,  as 
is evident  f rom Fig. 5. As a resul t  of this bounda ry  
movement ,  misor ientat ions  wi th in  cer ta in  grains 
and a number  of small  grains were  el iminated.  In 
samples of baths  A and B a not iceable decrease in 
the number  of dislocations occurred which can be 
seen by  compar ing  Fig. 5d wi th  5a. I t  is genera l ly  
agreed that  recrys ta l l iza t ion  is associated wi th  an 
incubat ion period. Exper iments  to de te rmine  if 
there  was such a per iod have  not yet  been con- 
ducted. I t  was therefore  not posi t ively  es tabl ished 
that  recrys ta l l iza t ion  r a the r  than spontaneous gra in-  
boundary  migra t ion  occurred. 

As previous ly  indicated,  few indiv idual  dis loca-  
tions were  seen in the as -p la ted  samples f rom bath  
C. There were,  however ,  s t rong indicat ions of l a t -  
tice distortions,  which can be seen in Fig. 5b. These 
distort ions were  p robab ly  due to stresses around 
codeposited impuri t ies .  Af te r  annealing,  these dis-  
tort ions were  v i r tua l ly  el iminated.  I t  is suggested 
that  this occurred because the moving boundar ies  
absorbed the impuri t ies ,  which caused the stresses. 
In this way,  the boundar ies  became regions of high 
impur i ty  concentrations.  In the samples f rom the 
ba th  containing thiourea,  the impur i t ies  were  un-  
doubted ly  rich in sulfur, which is wel l  known to 
make nickel  more  susceptible to corrosion. There-  
fore, the grain boundar ies  tended to be p re fe ren-  
t ia l ly  a t tacked  dur ing electropolishing.  The mech-  
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a n i s m  of m o v i n g  g r a i n  b o u n d a r i e s  a b s o r b i n g  su l -  
f u r - r i c h  i m p u r i t i e s  in n i cke l  was  s u g g e s t e d  b y  O1- 
sen, L a r k i n ,  and  S c h m i t t  (11) to accoun t  for  t he  
e m b r i t t l e m e n t  of n icke l ,  con t a in ing  a b o u t  9 p p m  
of su l fur ,  a f t e r  a n n e a l i n g  b e t w e e n  400 ~ and  600~ 
Such  e m b r i t t l e m e n t  was  also f o u n d  b y  Z e n t n e r ,  
B r e n n e r ,  and  J e n n i n g s  (3)  in  n i c k e l  w h i c h  was  
e l e c t r o d e p o s i t e d  in b a t h s  w i t h  s u l f u r - c o n t a i n i n g  a d -  
d i t ion  agen t s  and  t h e n  annea l ed .  

The  h a r d n e s s  d rop  w h i c h  was  o b s e r v e d  b e t w e e n  
200 ~ and  400~ in s a m p l e s  f r o m  b a t h s  D, E, a n d  F 
was  a s soc ia t ed  w i t h  r e c r y s t a l l i z a t i o n  b e c a u s e  t h e  
p r e v i o u s l y  m e n t i o n e d  r e q u i r e m e n t  for  such  a p r o c -  
ess, n a m e l y ,  t he  i n c u b a t i o n  p e r i o d  was  obse rved .  
The  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e s  w e r e  s o m e w h a t  
l o w e r  t h a n  those  w h i c h  B o l l m a n n  (4) ,  for  e x a m p l e ,  
r e p o r t e d  for  c o l d - w o r k e d  nickel .  T h e r e  w e r e  also 
o the r  i m p o r t a n t  d i f fe rences  b e t w e e n  c o l d - w o r k e d  
and  f i ne -g ra ined ,  e l e c t r o d e p o s i t e d  n icke l .  The  g r a i n  
size of the  e l e c t r o p l a t e d  n i c k e l  was  c o n s i d e r a b l y  
s m a l l e r  t h a n  the  r eg ions  w h i c h  B o l l m a n n  (4)  and  
B a i l e y  and  H i r s ch  (5)  h a v e  shown  to be  t he  n u c l e i  
for  r e c r y s t a l l i z a t i o n  in c o l d - w o r k e d  me ta l s .  B a i l e y  
and  H i r s ch  have  p r o p o s e d  an  e q u a t i o n  for  t h e  m i n -  
i m u m  size (L)  of the  b o u n d a r y  w h i c h  can  b u l g e  
out  for  m ig ra t i on .  

This  e q u a t i o n  is 
2~ 

L >  - -  [1]  
E 

w h e r e  ~, is the  g r a i n - b o u n d a r y  su r f ace  e n e r g y  and  
E the  d i f fe rence  in s t o r ed  e n e r g y  across  t h e  b o u n d -  
ary .  In  c o l d - w o r k e d  s i lve r  w i t h  a v a l u e  of E 
4 c a l / g - a t o m  and  ~/ ~ 400 e r g s / c m  2, a v a l u e  of L 
) 5 x 10 -~ cm was  ob ta ined .  S te ide l ,  Li,  a n d  S p e n -  
cer  (12) quo ted  a v a l u e  of ~, ~ 200 e r g s / c m  2 for  a 
b o u n d a r y  in n i cke l  con t a in ing  su l fur .  S u b s t i t u t i n g  
th is  in t he  a b o v e  e q u a t i o n  i t  is e v i d e n t  t h a t  a m u c h  
h i g h e r  v a l u e  of s to red  e n e r g y  w o u l d  be  r e q u i r e d  if 
r eg ions  of the  s a m e  size or  s m a l l e r  t h a n  the  fine 
g r a in s  of t he  e l e c t r o d e p o s i t e d  n i c k e l  w e r e  to g r o w  
b y  the  g r a i n - b o u n d a r y  m o v e m e n t  as i n d i c a t e d  in  
Fig .  6b. Some  of t he  g r a in s  in Fig .  6b h a d  t h e  q u a l -  
i f ica t ions  w h i c h  B o l l m a n n  (4)  gave  for  r e c r y s t a l -  
l i za t ion  nucle i .  The  s m a l l e s t  of these  was  a b o u t  
100A in d i a m e t e r .  S u b s t i t u t i n g  t h e  a p p r o p r i a t e  
quan t i t i e s  in Eq. [1] ,  a v a l u e  of E ~ 65 c a l / g - a t o m  
was  o b t a i n e d  as the  m i n i m u m  e n e r g y  n e c e s s a r y  to 
cause  a g r a i n  b o u n d a r y  to  move .  B i n d e r  and  F i s c h e r  
(13) h a v e  r e p o r t e d  s t o r e d - e n e r g y  v a l u e s  in  v e r y  
f i ne -g ra ined ,  e l e c t r o d e p o s i t e d  coppe r  of 1.3 k c a l / g -  
a t o m  due  to i n t e r n a l  s t resses  of T y p e  I I  a n d  I I I  
( those  s t resses  w h i c h  cause  l ine  b r o a d e n i n g  in x - r a y  
d i f f rac t ion  p a t t e r n s ) .  These  s t resses  w e r e  s h o w n  to 
be  a s soc ia t ed  w i t h  codepos i t ed  impur i t i e s .  I t  is, of 
course ,  d o u b t f u l  if  a s t o r e d - e n e r g y  d i f fe rence  of 1.3 
k c a l / g - a t o m  a c t u a l l y  ex i s t ed  across  a b o u n d a r y ,  
as th is  r e q u i r e d  a r e g i o n  c o m p l e t e l y  f r ee  of i m -  
p u r i t i e s  on one s ide  and  a r eg ion  w i t h  a h igh  i m -  
p u r i t y  c o n c e n t r a t i o n  on the  o ther .  H o w e v e r ,  a v a l u e  
of E of 65 c a l / g - a t o m  could  r e s u l t  if  a r eg ion  of low 
i n t e r n a l  s t ress ,  d u e  to a l ow  i m p u r i t y  concen t r a t i on ,  
ex i s t ed  on one side of a b o u n d a r y .  Such  r eg ions  
m a y  h a v e  b e e n  p r e s e n t  in  t he  a s - p l a t e d  s t r u c t u r e  

or  t h e y  could  h a v e  f o r m e d  b y  the  g a t h e r i n g  of t he  
i m p u r i t i e s  in to  a t y p e  of zone. The  t i m e  n e e d e d  for  
t he  l a t t e r  p rocess  could  accoun t  for  t he  i n c u b a t i o n  
per iod .  I t  is t h e r e f o r e  s u g g e s t e d  t h a t  t h e  r e c r y s t a l -  
l i z a t i on  nuc le i  w e r e  r eg ions  of l ow  i n t e r n a l  s t ress ,  
and  t h a t  t h e  d r i v i n g  fo rce  for  t he  p roces s  was  t he  
r e l i e f  of these  s t resses .  

B a s e d  on t h e  a b o v e  hypo thes i s ,  t h e r e  was  t hen  
a n o t h e r  i m p o r t a n t  d i f fe rence  b e t w e e n  pure ,  c o l d -  
w o r k e d ,  a n d  f i ne -g ra ined ,  e l e c t r o d e p o s i t e d  n ickel .  
In  t he  e l e c t r o p l a t e d  n i c k e l  t h e  s t resses  could  on ly  
h a v e  been  r e l i e v e d  b y  t h e  r e d i s t r i b u t i o n  of t he  i m -  
pu r i t i e s ,  w h i c h  caused  t h e m .  The  m o v i n g  g r a i n  
b o u n d a r y  t hus  b e c a m e  a s i nk  for  p h y s i c a l  en t i t i es ,  
i m p u r i t i e s  r a t h e r  t h a n  s t r u c t u r a l  ones,  d i s loca t ions .  
I t  is we l l  k n o w n  t h a t  i m p u r i t i e s  i m p e d e  g r a i n -  
b o u n d a r y  m o v e m e n t s .  F o r  th is  r eason ,  t he  r eg ions  
c o r r e s p o n d i n g  to t he  c rev ices  in depos i t s  f r o m  b a t h  
E and  F r e m a i n e d  fine g r a i n e d  as s h o w n  in  Fig .  6c 
and  f ina l ly  b e c a m e  p a r t  of the  g r a i n  b o u n d a r y  as 
seen  f r o m  Fig.  4c. The  r eg ions  c o r r e s p o n d i n g  to t he  
c rev ices  a r e  b e l i e v e d  (14) to  be  caused  b y  l oca l l y  
h igh  concen t r a t i ons  of impur i t i e s .  T h e r e f o r e  t hese  
r eg ions  m u s t  h a v e  h a d  the  h ighe s t  i n t e r n a l  s t resses  
and  t h e i r  edges  fu l f i l led  t he  cond i t ions  for  n u c l e a -  
t ion.  H o w e v e r ,  t he  g r o w t h  of r e c r y s t a l l i z a t i o n  nuc l e i  
in to  t hese  r eg ions  m u s t  h a v e  b e e n  v e r y  diff icult  
be c a use  t he  l a r g e  a m o u n t  of i m p u r i t i e s  w h i c h  the  
b o u n d a r i e s  abso rbed ,  a n c h o r e d  them.  

The  f o r m a t i o n  of the  g r a i n - b o u n d a r y  c o n s t i t u e n t  
seen  in  Fig .  5a can  be  e x p l a i n e d  b y  the  a b i l i t y  of 
t he  g r a i n  b o u n d a r i e s  c on t a in ing  i n c r e a s i n g  i m p u r -  
i ty  c o n c e n t r a t i o n s  to con t inue  to m o v e  be c a use  of 
t he  h i g h e r  t e m p e r a t u r e .  W h e n  t h e  c o n c e n t r a t i o n  
of i m p u r i t i e s  in  t he  b o u n d a r y  was  suff ic ient ly  high,  
t he  c o n s t i t u e n t  fo rmed .  A t  s t i l l  h i g h e r  a n n e a l i n g  
t e m p e r a t u r e s ,  as sugges t ed  b y  Olsen,  L a r k i n ,  and  
S c h m i t t  (11) ,  t he  i m p u r i t i e s  aga in  t e n d e d  to b e -  
come m o r e  u n i f o r m l y  d i s t r i b u t e d  be c a use  of d i f fu-  
sion. T h e r e f o r e  t he  g r a i n - b o u n d a r y  c o n s t i t u e n t  d i s -  
a p p e a r e d  and  s m a l l  pa r t i c l e s  w e r e  seen  t h r o u g h o u t  
the  gra ins .  I n  a l l  samples ,  t he  g r a i n  size was  v e r y  
l a r g e  a f t e r  a n n e a l i n g  a t  h igh  t e m p e r a t u r e s .  

I t  a p p e a r s  t h a t  t r a n s m i s s i o n  e l e c t r o n  mic ro scopy  
can  be  u s e f u l l y  a p p l i e d  to s t u d y  the  a n n e a l i n g  p h e -  
n o m e n a  in e l e c t r o p l a t e d  me ta l s .  H o w e v e r ,  m o r e  
w o r k  is n e e d e d  in such a r e a s  as m e a s u r i n g  s t o r e d -  
e n e r g y  re leases ,  t he  cause  of i n t e r n a l  s t resses  a n d  
the  l oca t i on  of impur i t i e s .  Some  of th is  w o r k  is 
p r e s e n t l y  in  p r o g r e s s  and  i t  is h o p e d  t h a t  in s u b -  
s e que n t  p a p e r s  a c l e a r e r  p i c t u r e  of t h e  i n v o l v e d  
m e c h a n i s m s  can  be  deve loped .  

Conclusions 

1. The  s t r u c t u r a l  changes  on the  su r f a c e  of t h e  
e l e c t r o d e p o s i t e d  n i cke l  o c c u r r e d  at  h i g h e r  a n n e a l -  
ing  t e m p e r a t u r e s  t h a n  in  t he  bu lk .  

2. In  i n i t i a l l y  r e l a t i v e l y  c o a r s e - g r a i n e d  depos i t s  
m o v e m e n t  of b o u n d a r i e s  r e s u l t e d  in  t he  e l i m i n a t i o n  
of m i s o r i e n t a t i o n s  w i t h i n  a g r a i n  a n d  of s m a l l  
gra ins .  

3. In  depos i t s  t h a t  h a d  a v e r y  f i n e - g r a i n e d  s t r u c -  
t u r e  in t he  a s - p l a t e d  condi t ions ,  r e c r y s t a l l i z a t i o n  
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occurred p r o b a b l y  by  the  g rowth  of smal l  reg ions  
of low i n t e r n a l  stress. 

4. Recrys ta l l i za t ion  in  f ine -gra ined ,  e lec t rodepos-  
i ted n icke l  was  di f ferent  f rom tha t  in  pure ,  cold-  
worked  n icke l  because  in  the  former ,  the  nuc le i  were  
smal le r  and  the i r  g rowth  r equ i r ed  the  abso rp t ion  of 
impur i t i e s  in  the  bounda r i e s  which  t ended  to i m -  
pede the i r  f u r t h e r  m o v e m e n t .  

5. Af te r  a n n e a l i n g  a t  h igh  t e m p e r a t u r e s  the 
s t ruc tu res  of all  e lectrodeposi ts ,  which  were  s tudied,  
consisted of v e r y  large  grains .  In  some deposi ts  
t he re  were  par t ic les  d i s t r ibu ted  t h r o u g h o u t  the 
grains .  
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Phase Equilibria and Manganese-Activated Luminescence 
in the Systems CdO-P and Zn2 O7-Cd  O7 ; 

Summary for the System ZnO-CdO-P O  

Jesse J. Brown and F. A. Hummel 
Department of Ceramic Technology, The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

The equi l ibr ium relationships in  the system Zn2P2OT-Cd2P207 and a portion 
of the system CdO-P205 were constructed from quench, D.T.A., and high- 
tempera ture  x - ray  data. The compatibil i ty and solid solution relat ionships in 
the system ZnO-CdO-P205 are summarized. The pyrophosphate jo in  is a sim- 
ple eutectic-type b inary  system with a ma x i mum of 28 mole % Cd2P207 
soluble in/~-ZneP207 and 34 mole % Zn2P207 soluble in Cd2P207 at 947~ Beta 
zinc pyrophosphate is stabilized to room tempera ture  by the addit ion of a 
m i n i m u m  of 7 mole % Cd2P207 in  solid solution. In  addition to the meta- ,  pyro-,  
and orthophosphate, a fourth stable cadmium phosphate compound, Cd4P2Og, 
was found to exist. Cathodoluminescence emission data are presented for the 
pyrophosphate solid solutions and for Cd4P209 using molar  subst i tut ions of 
divalent  manganese  as an activator. The stablilized t3-Zn2P207 solid solution 
phosphors emit  in the range 6620-6420A with low brightness values and the 
Cd2P207 solid solution phosphors emit near  '6200A with considerably higher 
brightnesses. Tet racadmium phosphate was only weakly responsive to cathode 
ray excitation. 

In  two prev ious  papers  (1,2) the  phase  r e l a t i on -  
ships and  ca thodo luminescence  of m a n g a n e s e - a c -  
t iva ted  compounds  and  solid solut ions in  the  z inc-  
c a d m i u m  or thophospha te  and  me taphospha t e  b i n a r y  
jo ins  were  repor ted.  This  conc lud ing  paper ,  in  ad-  
d i t ion  to r epo r t i ng  the  e q u i l i b r i u m  re la t ionsh ips  
and  ca thodo luminescence  da ta  for m a n g a n e s e - a c -  
t iva ted  phases  on the  py rophospha te  join,  is i n -  
t ended  to p r e sen t  a comprehens ive  s u m m a r y  of 
the  solid so lu t ion  phases  in  the  ZnO-CdO-P205  

t e r n a r y  system. Special  a t t e n t i on  is g iven  to those 
phases  tha t  were  found  to be phosphor  host  latt ices.  

The e q u i l i b r i u m  re la t ionsh ips  in  the  ZnO-P205 
sys tem were  d e t e r m i n e d  by  K a t n a c k  and  H u m m e l  
(3) ,  and  the exis tence  of h i gh -  and  l o w - t e m p e r a t u r e  
modif icat ions of the  or tho- ,  pyro- ,  and  me t aphos -  
pha te  compounds  was  es tabl ished.  In  a re la ted  pa -  
per  H u m m e l  and  K a t n a c k  (4) p resen ted  ca thodo-  
l uminescence  emiss ion  da ta  for the  m a n g a n e s e -  
ac t iva ted  zinc phospha te  po lymorphs .  



V o l .  1 1 1 ,  N o .  9 P H A S E  E Q U I L I B R I A  I N  CdO-P20~ 1053 

Table 1. Compositions, heat treatments, and phase analyses used to construct the phase diagram for the system Zn2P207-Cd2P207. 
Also tabulated are the refractive indices of glasses and d-values for selected reflections of the solid solution phases 

M o l e  % 
No ZneP207  CdeP~O7 T e m D / t i m e ,  ~ P h a s e s  R e m a r k s * *  

1 100 0 1125/20 min  G nD ~ 1.615 
800/48 hr  a-Z2P* 

2 97 3 800/48 hr  ~-Z2Pss* 
75/15 m i n t  ~-Z2Pss 
68/15 m i n t  ~-Z2Pss ~- fl-Z2Pss 
60/15 m i n t  a-Z2Pss 

3 93 7 800/48 hr ~-Z2Pss 

4 90 10 1004/15 min  G 
994/15 min G -{- fl-Z2Pss 
981/15 min  fl-Z2Pss 
800/48 hr ~-Z2Pss d = 1.696A 

5 80 20 1125/20 min  G n D =  1.633 
974/15 min G 
965/15 min  Gtr -}- fl-Z2Pss 
9'61/15 min  Gtr -}- fl-Z2Pss 
800/48 hr fl-ZePss d ---- 1.703A 

6 70 30 968/15 min  G 
957/15 min  G (28.0) ~- CuPss 
947/15 min  ~-ZePss -t- C2Pss 
800/48 hr fl-Z2Pss + C2Pss d : 1.709A 

7 60 40 1125/20 min  G n D =  1.650 
800/48 hr ~-Z2Pss (28.0) d- C2Pss (71.0) 

8 50 50 982/15 rain G (37.5) + C2Pss 
964/15 min  Gtr -~- C2Pss (73.0) 
940/48 hr  ~-Z2Pss (28.0) -{- C2Pss (66.0) 
800/48 hr  ~ - Z ~ P s s  (28.0) d- C2Pss (71.0) 
650/48 hr  ~-Z2Pss (28.0) d- C2Pss (75.0) 

9 40 60 1125/20 rain G n D =  1.666 
1010/15 min  G (51.0) -}- C2Pss 
800/48 hr ~-Z2Pss (28.0) + C2Pss (71.0) 

10 30 70 1040/15 min  G (65.0) -t- C2Pss 
1000/15 min  G + C2Pss (79.0) 
800/48 hr C2Pss d = 1.817A 

11 20 80 1125/20 min  G n D =  1.680 
1079/30 rain G (78.0) -~ C2Pss 
1051/30 rain G d- C2Pss (89.0) 
800/48 hr C2Pss d = 1.828A 

12 10 90 800/48 hr C2Pss d = 1.841A 

13 0 100 1127/30 rnin G nD ~ 1.692 
1116/30 min  CzP 
800/48 hr C2P d = 1.856A 

t T h e s e  d a t a  w e r e  o b t a i n e d  b y  use  of a h i g h - t e m p e r a t u r e  f u r n a c e  m o u n t e d  on an  x - r a y  d i f f r a c t o m e t e r  un i t ,  
** T h e  d a t a  t a b u l a t e d  in  t h i s  c o l u m n  w e r e  u s e d  to  c o n s t r u c t  F i g .  2. 

* T h e  s t a b l e  p h a s e  a t  t h e  i n d i c a t e d  t e m p e r a t u r e  is fl-Z~P (or  ~-Z2P~s) w h i c h  r e v e r t s  r a p i d l y  to  ~-Z~P (or  a -Z~Pss )  u p o n  q u e n c h i n g .  

Ropp and  Mooney (5) inves t iga ted  the d e h y d r a -  
t ion  behav io r  of n u m e r o u s  c a d m i u m  phospha te  and  
c a d m i u m  a m m o n i u m  phospha te  compounds .  Ropp, 
Mooney,  and  Hoffman (6) p resen ted  x - r a y  powder  
da ta  for t en  c a d m i u m  or tho-  and  pyrophosphates .  
Ropp (7) descr ibed the  effects of p r e p a r a t i o n  on the 
f luorescence exc i ta t ion  and  emiss ion spect ra  of 
m a n g a n e s e - a c t i v a t e d  c a d m i u m  or tho-  and  p y r o -  
phosphates .  

Experimental Procedure 

The r aw  mate r i a l s  and  e x p e r i m e n t a l  t echn iques  
used were  the same as those descr ibed  p rev ious ly  
(1).  The composi t ions  l is ted in  Tables  I, II, III, 
and  IV were  used to de t e rmine  respec t ive ly  the 

e q u i l i b r i u m  re la t ionsh ips  in  the Zn2P20~-Cd2PeO7 
and  CdO-P205 b i n a r y  systems,  the solid so lubi l i ty  
in  the  Z n O - C d O  system, and  the compa t ib i l i t y  r e -  
l a t ionsh ips  in  the  ZnO-CdO-P20~  t e r n a r y  system. 

X - r a y  dif f ract ion data  were  ob ta ined  us ing  CuK~ 
r ad i a t i on  (~ = 1.54185_) f rom a Norelco d i f f rac tom-  
eter  opera t ing  at 40 kv  and  15 ma. Precise  la t t ice  
spacings  were  ob ta ined  us ing  sil icon powder  ( a o  = 

5.4305A) as an  i n t e r n a l  s t anda rd  a nd  a diffrac-  
t ome te r  s cann ing  ra te  of 1/4 o _ 2~?/min. High t e m -  
p e r a t u r e  x - r a y  dif f ract ion da ta  were  ob ta ined  us ing  
a p l a t i n u m  w o u n d  f u r na c e  s imi la r  to t ha t  m a n u -  
f ac tu red  b y  T e m - P r e s ,  Inc. T e m p e r a t u r e  was con-  
t ro l led  au toma t i ca l l y  wi th  a West  i n s t r u m e n t .  Pe t ro -  
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Table II. Quench and D.T.A. data used to construct the phase 
equilibrium diagram for the system CdO-P205 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

Mole  % 
No. CdO P20~ Temp,  ~ Time Phases  

1 48 hr  CdO + C4P 
- -  dissociates (D.T.A.) 

2 48 hr  CdO + C4P 
- -  dissociates (D.T.A.) 

3 48 hr  C~P 
- -  dissociates (D.T.A.) 

4 48 hr  C3P + C4P 
solidus (D.T.A.) 

6 10 min C3P ~- C2P 
10 min C2P -~- G 
10rain C 2 P + G  
10 min G 

8 10 rain C2P + G 
10rain C 2 P + G  
10rain C 2 P + G  
5 min G 

9 20rain ~-CP + C2P 
20rain ~-CP + C2P 
20rain C 2 P + G  
20rain C 2 P + G  
15rain C 2 P + G  
15 rain C2P + G 
15min C 2 P + G  
15 min G 

Table III. Lattice Parameters for ZnO and CdO 

Compos i t i on ,  A x i a l  p a r a m e t e r s  (A) 
mole % lO00~ 800~ 

ZnO CdO a c a c 

90 i0 850 
1000-1200 

85 15 850 
1000-1200 

80 20 850 
1000-1200 

77.5 22.5 850 
1151 

70 30 1068 
1080 
1090 
1107 

60 40 988 
1027 
1054 
1070 

55 45 854 
860 
868 
871 
908 
932 
942 
952 

100 0 3.249 5.205 3.249 5.205 
97 3 3.261 5.217 - -  - -  
94 6 3.262 5.222 - -  - -  
90 10 3.262 5.219 3.252 5.206 
80 20 3.262 5.220 3.252 5.206 

0 100 4.695 - -  4.695 - -  
3 97 4.687 - -  - -  - -  
6 94 4.687 - -  - -  - -  

10 90 4.687 - -  4.690 - -  
20 80 4.687 - -  4.690 - -  

Table IV. Compositions, heat-treatments, and phase analys.~s of 
ZnO-CdO-P205 mixtures 

S a m p l e  Mole  % Temp,  T ime ,  
No Z n O  CaO P2On ~ h r  P h a s e s  

1 35.25 35.25 29.50 800 48 Bss ~- f l - Z 2 P s s  
+ C2Ps~ 

2 24.00 48.00 28.00 800 48 Css + C2Pss 
3 48.00 24.00 28.00 800 48 Bss § fi-Z2Pss 
4 27.25 54.50 18.25 800 48 ZnO + CsP 
5 54.50 27.25 18.25 800 48 ZnO + Css 
6 25.00 60.00 15.00 800 48 ZnO + C4P 
7 42.85 42.85 14.30 800 48 ZnO + C3P 
8 20.00 70.00 10.00 800 48 ZnO + CdO 

-~- C4P 

graph ic  mic roscope  d e t e r m i n a t i o n s  of r e f r a c t i v e  i n -  
dices of glasses w e r e  accu ra t e  to --+0.003 us ing  i m -  
mer s ion  oils w h i c h  had  been  ca l i b r a t ed  w i t h  an  
Abb6  r e f r a c t o m e t e r .  C a t h o d o l u m i n e s c e n c e  spec t ra l  
d i s t r ibu t ions  w e r e  d e t e r m i n e d  on a d e m o u n t a b l e  
t e l ev i s ion  t u b e  us ing  an e l ec t ron  b e a m  w i t h  a c u r -  
r en t  dens i ty  of 1.0 ~ a / c m  2 and an  acce l e ra t ing  po-  
t en t i a l  of 15 kv.  Br igh tnesses  u n d e r  these  condi -  
t ions w e r e  m e a s u r e d  w i t h  an e y e - c o r r e c t e d  foo t -  
l a m b e r t  mete r .  
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Fig. 1. Refractive indexes of pyrophosphate glasses and d-values 
of selected reflections of the fl-Zn2P207 and Cd2P207 solid solu- 
tions. 

Results and  Discussion 

Phase relationships in the Zn2P2OT-Cd2P20~ sys- 
tem.--The r e f r a c t i v e  i ndex  plot  for  the  p y r o p h o s -  
pha te  glasses is s h o w n  by the  top c u r v e  in Fig.  1. 
This  cu rve  was  used  to d e t e r m i n e  the  compos i t ion  
of the  glass phase  in those  q u e n c h  samples  t h a t  con-  
s is ted of glass § c rys ta l  p h a s e  assemblages .  S i m -  
i l a r ly  the  compos i t ion  of t he  c rys t a l l i ne  phase  (s) 
in glass + c rys ta l  or c rys ta l  + c rys ta l  phase  as-  
semblages  w e r e  d e t e r m i n e d  f r o m  the  two  d - v a l u e  
cu rves  1 shown  in Fig.  1. As  an  e x a m p l e  of this  
p r o c e d u r e  cons ider  the  50ZneP20~-50Cd2P207 c o m -  
pos i t ion  q u e n c h e d  f r o m  940 ~ 800 ~ and  650~ The  
e q u i l i b r i u m  phase  assemblages  w e r e  found  to be  
19-Zn2P207 ss -{- Cd2P207 s s .  In  al l  3 quenches  the  d -  
spac ing  for  the  B-Zn2P207 ss phase  was  1.709A in -  
d ica t ing  tha t  the  ~-Zn2P207ss to j~-Zn2P207 ss -~- 
Cd2P207 ss phase  b o u n d a r y  was  i sop le tha l  (w i th in  
e x p e r i m e n t a l  a c c u r a c y )  b e t w e e n  940 ~ and  650~ 
F r o m  the  l ower  le f t  c u r v e  in Fig. 1 the  compos i t ion  
of th is  phase  b o u n d a r y  was  d e t e r m i n e d  to be 2 8 - 2  
mole  % Cd2P2OT. On the  o the r  hand  the  d - s p a c i n g  
for  t he  Cd2P207 ss phase  was  found  to change  f r o m  
1.810A at  940~ to 1.822A at  650~ F r o m  the  l o w e r  
r i gh t  c u r v e  in Fig.  1 it  can be  seen  t h a t  t hese  m e a s -  
u r e m e n t s  ind ica te  a decrease  in t he  so lub i l i ty  of 
Zn2P207 in  Cd2P20~ f r o m  34 m o l e  % ZnePeO~ at  
940~ to 25 mole  % at  650~ 

A comple t e  t a b u l a t i o n  of t he  da ta  used  to con-  
s t ruc t  the  phase  r e l a t ionsh ips  in t he  Zn2P2OT- 
Cd2P20~ sys tem is shown  in Tab l e  I. The  v a l u e s  in 
pa ren thes i s  ind ica te  compos i t ions  in  mole  % 
Cd2PeOT. S o l i d - s t a t e  reac t ions  in this  sy s t em w e r e  
found  to be essen t ia l ly  comple t ed  in 24-48 h r ;  h o w -  
ever ,  those  reac t ions  i n v o l v i n g  a l iqu id  phase  w e r e  
g r e a t l y  acce l e ra t ed  and, for  a l l  p rac t i ca l  purposes ,  
a t t a i ned  e q u i l i b r i u m  in 15-30 min.  

The  Zn2P2OT-Cd2P20~ phase  e q u i l i b r i u m  d i a g r a m  
(Fig.  2) is a s imple  e u t e c t i c - t y p e  (eu tec t i c  
at 947~ sys tem w i t h  end m e m b e r s  Zn2P20~ and 
Cd2P207 m e l t i n g  c o n g r u e n t l y  at 1020 ~ and  1120~ 
respec t ive ly .  The  t e m p e r a t u r e  of the  r ap id  r e v e r s -  
ib]e ZneP207 t r a n s f o r m a t i o n ,  p r e v i o u s l y  es tab l i shed  
at 132 ~ C (3) ,  was  found  by  h i g h - t e m p e r a t u r e  x - r a y  

1 T h e  d - v a l u e s  u sed  c o r r e s p o n d  to t he  54.0~ re f lec t ion  o f  
B-Zn2P207 and  t he  49.0~ re f lec t ion  of Cd~P,O7 (CuKa r a d i a t i o n ) .  
H i g h e r  a n g l e  re f lec t ions  cou ld  no t  be  o b t a i n e d  due  to  t he  l ow  s y m -  
m e t r y  (probably monoclinic or trielinie) o f  t h e s e  structures. 
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Fig. 2. Phase equilibrium diagram for the system Zn2P207-Cd2P207 

e x p e r i m e n t s  to dec rease  w i t h  t he  add i t ion  of 
Cd~P20~. A m i n i m u m  of 7 mole  % Cd2PeO7 in solid 
solut ion was  sufficient to s tabi l ize  the  h i g h  (fl) 
Zn2P207 s t ruc tu re  to room t e m p e r a t u r e .  

Tab le  V lists  the  p o w d e r  x - r a y  d i f f rac t ion  da ta  
for  the  a -ZneP20  n fl-Zn2P207, and  Cd2PeO7 s t ruc -  
tures .  

Phase relationships in the CdO-Cd(PO~)2  System. 
- - F o u r  s tab le  c a d m i u m  p h o s p h a t e  compounds  w e r e  
found  to exis t :  Cd(PO~)2,  Cd2P207, Cds(PO~)2, and 

Table V. X-ray diffraction data of Cd4P209 and of phases in 
the zinc-cadmium pyrophosphate system 

/3-Zn2P2OT~, Cd~P2OTss 
(Zno.ss, (Zno.go, 

a-Zn2P207 Cd0.2o) 2P207 Cdo, so) 2P207 Cd~P207 
d I/Io d I/I+ d I/Io d I/Io 
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Cd4P2Og. The  c a d m i u m  rec ta - ,  py ro - ,  and o r thophos -  
pha t e  compounds  a re  w e l l - k o w n  and h a v e  been  
cha rac t e r i z ed  p rev ious ly .  A search  of the  l i t e r a t u r e  
d id  no t  r e v e a l  any  r e f e r e n c e  to a 4CdO-P205 c o m -  

pound.  

By  c o m p a r i n g  the  x - r a y  p o w d e r  d i f f rac t ion  p a t -  
t e r n  of Cd4P209 w i t h  tha t  of Ca4P209 it  was  found  
tha t  these  two  s t ruc tu res  appea r  to be i sos t ruc tura l .  
A D.T.A. of  Cd~P200 did not  show any  h e a t  effects 
up to 1300~ h o w e v e r ,  a m a r k e d  dr i f t  in the  b a c k -  
g round  was  obse rved  at 1000~ and  above.  X - r a y  
d i f f rac t ion  e x a m i n a t i o n  of the  sample  a f te r  the  
D.T.A. r u n  ind ica t ed  a p r e d o m i n a n c e  of Cds(PO4)~ 
w i t h  a t r ace  of CdO and no Cd4P2Og. Based  on these  
s t r i c t ly  q u a ] i t a t i v e  data ,  i t  was  conc luded  tha t  
Cd4P209 is s tab le  in a i r  up  to 1000~ above  wh ich  
t e m p e r a t u r e  it  d issociates  to CdO (vapor )  -t- 
Cd3(PO4)2 (sol id) .  It  should  be  no ted  tha t  none  of 
the  o the r  c a d m i u m  p h o s p h a t e  compounds  ind ica ted  
any decompos i t ion  or vapo r i za t i on  t endenc ies  up to 
t h e i r  m e l t i n g  points .  H o w e v e r ,  s ince chemica l  a n a l -  
yses w e r e  not  ob ta ined  for  these  samples ,  s l ight  
v a p o r i z a t i o n  cou ld  h a v e  occur red  w i t h o u t  be ing  

de tec ted .  

The  CdO-P205 e q u i l i b r i u m  re la t ionsh ips  shown 
in Fig. 3 w e r e  cons t ruc ted  f r o m  the  D.T.A. and 
q u e n c h  da ta  l i s ted  in Tab l e  I I  and the  p r e v i o u s l y  
es tab l i shed  m e l t i n g  points  and  inve r s ion  t e m p e r -  
a tu r e  of t he  c a d m i u m  phospha t e  compounds .  C o m -  
posi t ions  on the  CdO side of 70 CdO:30  P205 ra t io  
w e r e  nonglass  fo rming .  The  sol idus and l iqu idus  
bounda r i e s  in th is  reg ion  are  shown by  dashed  l ines  

Cd~1:~209 due  to the  poo re r  a ccu racy  obta inable ,  r e I a t i ve  to 
a ~/~o tha t  w h i c h  can  be expec t ed  and ob ta ined  for  glass 

f o r m i n g  regions.  

S i m p l e  eu tec t ic  re la t ions  ex is t  b e t w e e n  the  v a r i -  
ous c a d m i u m  phospha te  compounds .  I t  was  i m p o s -  
s ible to e x a m i n e  the  e q u i l i b r i u m  re l a t ionsh ips  on 
the  P205 side of Cd(PO3)2  due  to excess ive  v a p o r -  

iza t ion  of P205. 

The Z n O - C d O  system.~The Z n O - C d O  s y s t e m  
was  e x p l o r e d  to a sce r t a in  the  ex i s t ence  of s tab le  
b i n a r y  compounds  and to d e t e r m i n e  the  e x t e n t  of 
sol id solubi l i ty .  A l t h o u g h  no  c o m p o u n d s  w e r e  found,  
smal l  reg ions  of solid so lub i l i ty  of Cd 2 + in  ZnO and 
Zn 2+ in CdO w e r e  detec ted .  These  sol id so lu t ion  
composi t ions  w e r e  e x a m i n e d  in de ta i l  at  800 ~ and  
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1000~ us ing  high angle  x - r a y  diffract ion tech-  
n iques  wi th  si l icon powder  as an  i n t e r n a l  s tandard .  
The reflect ion used for cubic CdO (ao = 4.6953A) 
were :  

[511], d = 0.9036A 

P205 

Z z 

Z n 2 P 2 / ~ / ~ s s  ] ' ] [ ,  C~ps~ d2P207 

Zrl3(p04) ~ ,_ , ,[J I [[ I , ] [  ~ , ~ ~ d 3 ( P 0 4 )  2 

ZnO CdO 

Fig. 5. Subsolidus solid solution and compatibility relationships 
in the ZnO-CdO-P205 ternary system (800•176 isothermal plane). 

and  for hexagona l  ZnO (ao = 3.249 and  Co = 5.205A) 

[213], d = 0.9069A 

and  [302], d = 0.8826A. 

The  ax ia l  p a r a m e t e r s  were  ca lcula ted  by  employ ing  
the  appropr i a t e  c rys ta l lograph ic  equa t ions  for cubic 
and  hexagona l  symmet ry .  The e x p e r i m e n t a l  resul t s  
shown  in  Tab le  III  and  Fig. 4 ind ica te  a solid so lu-  
b i l i ty  of less t h a n  1 mole % CdO in  ZnO at  800~ 
and  3 mole % at 1000~ On the o ther  hand ,  ap -  
p r o x i m a t e l y  1 mole  % ZnO is so luble  in  CdO at  
800~ and  2 mole  % at  1000~ 

L u m i n e s c e n c e  

The composi t ions  shown in  Table  VI were  ac-  
t i va ted  w i th  1.0 mole  % d iva l en t  m a n g a n e s e  ( sub -  
s t i tu ted  for e i ther  Zn  2+ or Cd 2+) and  hea t  t r ea ted  
at 850~ for 48 hr. 

These resul t s  show tha t  the  fl-Zn2P20~ solid so lu-  
t ion  phosphors  have  be t t e r  " redness"  b u t  poorer  
b r igh tness  t h a n  the  N.B.S. red  f l -Zn~(PO4)~:Mn 
phosphor .  S u b s t i t u t i o n  of Cd 2+ for Z n  2+ in  this  
s t ruc tu re  shifts the emiss ion  peak  f rom 6620 to 
6420A and  increases  the  b r igh tnes s  f rom 6.1 to 10.8 
f t -L.  

Table VI. Compositions, heat-treatments, phase analyses, and 
manganese-activated cathodoluminescence emission data for 

compounds and solid solutions in the Zn2P2OT-Cd2P207 
system and for Cd4P209 

Compos i t i on ,  P e a k  B r i g h t -  
m o l e  % T e m p / t i m e ,  w a v e -  hess,  

No. Zn2P207 Cd2P2Ov ~  P h a s e s  l eng th ,  A f t - L  

1 100 0 850/48 ~-Z2P 6850 7.1 
2 90 10 850/48 fl-Z2Pss ,6620 6.1 
3 80 20 850/48 fl-Z2Pss 6520 7.4 
4 70 30 850/48 fl-Z2Pss 6420 10.8 
5 30 70 850/48 C2Pss 6210 28.8 
6 20 80 850/48 C2Pss 6230 27.6 
7 10 90 850/48 C2Pss 6200 34.5 
8 0 100 850/48 C2P 6190 33.6 
9 Cd4P209 850/48 Cd4P209 - -  2.4 

NBS (red) - -  fl-ZsP 6380 21.0 

As Cd 2+ is subs t i t u t ed  for Z n  2+ in  the  Cd2P20~ 
solid solut ion series, the  emiss ion  peak  changes  
f rom 6210 to 6190A and  the  b r igh tness  increases  
f rom a p p r o x i m a t e l y  28 to 34 f t -L.  

It  was  shown by  Ropp (7) tha t  Cd2P20~:Mn fired 
in  air  was  w e a k l y  respons ive  to 2537A u l t r av io l e t  
r ad ia t ion  wi th  an  emiss ion  peak  at 6180A. I t  is 
n o t e w o r t h y  tha t  this  emiss ion  peak  is no t  app re -  
c iably  changed  w h e n  the exc i t an t  is ca thode rays ;  
however ,  cathode r ad i a t i on  appears  to p roduce  a 
m a r k e d  increase  in  the  b r igh tness  of the  phosphor .  

M a n g a n e s e - a c t i v a t e d  Cd4P209 is an  e x t r e m e l y  
weak  r e d - e m i t t i n g  cathode r a y  phosphor.  

Summary for the System Z n O - C d O - P 2 0 5  

The compa t ib i l i t y  re la t ionsh ips  and  solid so lu t ion  
regions  in  the  800 ~ • 25~ i so the rma l  p l ane  in  
the  t e r n a r y  sys tem ZnO-CdO-P205  are  shown  in  
Fig. 5. These re la t ionsh ips  w e r e  d e t e r m i n e d  us ing  
da ta  con ta ined  in  this  i nves t i ga t i on  and  those in  
ref. (1 -4) .  S u p p l e m e n t a r y  da ta  are  p rov ided  in  
Tab le  IV to es tabl ish  compa t ib i l i t y  re la t ionsh ips  
which  were  not  p rev ious ly  de te rmined .  The  reg ion  
of the sys tem above the  me t a phospha t e  jo in  was  
not  inves t iga ted  because  of excessive loss of P205 
in air. Glasses can be easi ly fo rmed  in  this  sys tem 
f rom all  composi t ions  which  con ta in  more  t h a n  
about  30 mole  % P205. 

The ca thodo luminescence  emiss ion  proper t i es  of 
the  m a n g a n e s e - a c t i v a t e d  phosphors  p r epa red  in  the 
ZnO-CdO-P205  sys t em are s u m m a r i z e d  in  Tab le  
VII. I t  has been  no ted  t h r o u g h o u t  this  i nves t i ga -  
t ion t ha t  the  emiss ion  charac ter i s t ics  of these  phos-  
phors  are  d e p e n d e n t  on me thod  of p repa ra t ion ,  hea t -  
t r e a tmen t ,  and  ac t iva tor  concen t ra t ion .  

Wi th  the  inc reas ing  in te res t  in  c rys ta l  s t ruc tu re  
analyses ,  it can be an t i c ipa ted  tha t  e v e n t u a l l y  it  
wi l l  be possible to cor re la te  these  emiss ion data,  at  
least  qua l i t a t ive ly ,  w i th  the  la t t ice  e n v i r o n m e n t  
associated w i th  the  ac t iva tor  ion. Calvo has s ta r ted  
a s ignif icant  t r e nd  in  this  d i rec t ion  by  e x a m i n i n g  
the crys ta l  s t ruc tu res  of a -  a nd  f l-Zn3(PO4)2 (9) 
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H o s t  Activator, Heat-treat- Emiss ion  Brightness, 
lattice Composition mole % Mn ~+ ment. ~ peak, A ft-L Remarks 

metaphosphates 
a-ZP a-Zn (POs) 2 1.0 600/96 6240 12.9 
;~-ZP /~-Zn (POs) 2 1.0 750/24 5880 and 6300 19.1 two emission peaks 
MPss (Zn0.65-o.lo,Cdo.s5-0.go) (PO3)2 1.0 750/24 5820-5660 and 27.6-12.1 two emission peaks 

6290-6410 
a-CP a-Cd(PO3)2 1.0 800/24 5580 46.1 
/~-CP fl-Cd(POs)2 1.0 835/10 5850 16.1 

pyrophosphates 
~-Z2P a-Zn2P207 1.0 850/48 6850 7.1 
/~-Z2Pss /~-(Znl.0o-o.75,Cdo-o.2~)~P207 1.0 850/48 6620-6420 6.1-10.8 pure/~-Zn2P2OT:Mn was 

not examined 
C2Pss (Zno.a0-o,Cd0.70-1.oo) 2P2Or 1.0 850/48 6200 30.0 

orthophosphates 
a-ZzP a-Zn~ (PO4) 2 1.1 805/5 5510 8.7 

fl-ZsPss fl- (Znl.oo-o.sJ,Cdo-o.15) s (PO4) 2 1.0 950/48 ,6370-6340 23.6-20.2 
Ass (Zno.9s-o.93,Cdo.o2-o.o7) 3 (P04) 2 1.0 800/48 6300 20.2 

Bss (Zno.s0-o.6s,Cdo.2o-o.37) s (PO4) 2 1.0 850/48 6150-6340 25.0 
Css (Zn0.44-0.20,Cdo.~6-o.s0) 8 (PO4) 2 1.0 850/48 6540-6510 13.5 
C3Pss (Zno.o6-o,Cdo.94-1.oo) 3 (P04) 2 1.0 950/48 6110 26.0 
C4P Cd4PaO9 1.0 850/48 6000 2.4 
N.B.S. zinc orthophosphate: Mn 6380 21.0 

data obtained from ref-  
erence (4) 

only one phosphor was 
prepared in this region 

and  "T-Zn3(PO4)2" (10) .  His conclus ions  on the  
coord ina t ion  of Zn  2+ ( and  M n  2+) in  these  s t ruc -  
tu res  have  s t r e n g t h e n e d  the  pos tu la te  of L i nw ood  
and  Wey l  (11) tha t  g reen  emiss ion  can  be a t t r i b u t e d  
to Mn 2+ in  t e t r a h e d r a l  coord ina t ion  and  red  emis -  
s ion to M n  2+ in  oc tahedra l  coordina t ion .  However ,  
w i th  the  excep t ion  of these  th ree  s t ruc tures ,  n o n e  
of the  o ther  z i n c - c a d m i u m  phospha te  compounds  
or solid so lu t ion  c rys ta l  s t ruc tu res  appear  to have  
been  analyzed .  
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SYMBOLS 

G, glass 
=-CP, =-Cd(POs)2 
~-CP, ~-Cd(POs)2 
C2P, Cd2P207 
C~P, Cd3 (PO4) 2 
C4P, Cd4P209 
a-ZP, ~-Zn (PO3)2 
~-ZP, ~-Zn(POs) 2 
~-Z2P, ~-Zn2P207 
fl-Z2P, fl-Zn2P207 
a-Z3P, ~-Zn3 (P04) 
~-Z3P, ~-Zn3 (PO4) 2 
MP, (Zno.65-o.lo, Cdo.35-o.90) (PO~)2 
A, (Zn0.98-0.93, Cd0.02-0.07) 3 (PO4) 2 
B, (Zno.so-0.63, Cdo.20-0.3~) ~ (PO4) 2 
C, (Zno.44-o.2o, Cdo.s+0.so) s (PO4) 2 
ss, solid solution 
tr, trace 



Semiconducting Behavior of Substituted 
Tungsten Diselenide and its Analogues 

W. T. Hicks 
Pigments Department, Experimental Station, 

E. I. du Pont de Nemours & Company, Incorporated, Wilmington, Delaware 

ABSTRACT 

Tan ta lum substi tut ions up to 5 atomic per cent (a/o) of the cations have 
been made in  the three Group VIB dichalcogenides, WSe2, MoSe2, and MoTe2. 
Tan ta lum-subs t i tu ted  p- type  WSe2 had the best thermoelectric properties 
with a figure of meri t  about 0.5 x 10 -3 deg -1 from 500~176 Subst i tut ion 
of a n u m b e r  of other elements was at tempted in  the compounds WSe2 and 
MoSe2, but  only the Group VB metals were sufficiently soluble to give p- type  
materials  with electrical conductivities at useful  levels. Hall  coefficient meas-  
urements  were made on all three of the above-ment ioned compounds, and 
WSe2 was shown to have the highest carrier mobil i ty (100 cm2/v-sec);  this 
explains its superior thermoelectric properties. An excellent correlation is 
shown between Seebeck coefficient measurements  and Hall coefficient meas- 
urements  for the family of compositions Wl-xTa~Se~ in  the range x = 0 to 
x ~ 0.05 for an effective mass ratio of 1.0 with the assumption of an ionic 
lattice scattering mechanism. 

B r i x n e r  (1) has shown  tha t  w h e n  1-3% of the  
me ta l  in  WSes is subs t i t u t ed  w i th  t a n t a l u m  or 
n iob ium,  p - t y p e  ma te r i a l s  wi th  use fu l  t he rmoe l e c -  
t r ic  p roper t ies  are obta ined.  Recent  m e a s u r e m e n t s  
of the  e lectr ical  proper t ies  of the pa r t i cu l a r  com-  
posi t ion W0.99Ta0.01Se2 up  to 1000~ ind ica te  a f igure 
of mer i t  of a p p r o x i m a t e l y  0.5 x 10 -3 d e g - '  f rom 
500~176 which  is comparab le  to p - t y p e  ger -  
m a n i u m - s i l i c o n  alloys in  th is  t e m p e r a t u r e  r ange  (2) .  

In  the  p re sen t  s tudy,  the subs t i t u t i on  of t a n t a l u m  
was also made  in  the  ana logous  Group  VIB com-  
pounds ,  MoSes and  MoTes. T u n g s t e n  d i t e l lu r ide  has 
cons ide rab ly  di f ferent  e lect r ical  p roper t i es  and  c rys -  
ta l  s t ruc tu re  f rom the  o ther  compounds  and  is no t  
cons idered  here.  In  addi t ion ,  the  subs t i t u t i on  of a 
n u m b e r  of o ther  e l ements  was a t t emp ted  in  these 
compounds .  

This inves t iga t ion  showed tha t  the  o r ig ina l  sys tem 
s tud ied  by  Br ixner ,  t a n t a l u m - s u b s t i t u t e d  WSe2, has 
the  best  the rmoe lec t r i c  p roper t ies  of these  Group  
VIB dichalcogenides.  Therefore ,  m e a s u r e m e n t s  of 
Hal l  coefficient as a f unc t i on  of t e m p e r a t u r e  were  
u n d e r t a k e n  to e luc ida te  the  conduc t iv i ty  m e c h a n -  
i sm of this  compound.  

Experimental Procedure 
Preparation of samples . - -High-puri ty  t u n g s t e n  

powder  h a v i n g  a par t ic le  size of 2-5~ was  ob ta ined  
f rom the  Wah  Chang  Corpora t ion  and  used for p r e p -  
a ra t ion  of most  of the  samples  descr ibed here.  A c -  
cording  to the i r  analysis ,  i ron  was  the  most  ser ious 
meta l l i c  impur i t y ,  at a concen t r a t i on  of 30 ppm. The  
oxygen  level  was  230 ppm. The  t a n t a l u m  used in 
these  expe r imen t s  was  a h i g h - p u r i t y  (99.5~-%) 
powder  f rom Fans t ee l  Meta l lu rg ica l  Corporat ion.  
The  m o l y b d e n u m  was a 325 mesh  powder  pu rchased  
f rom Fans t ee l  Corpora t ion  and  had  a p u r i t y  of 
about  99.9%. The s e l e n i u m  and  t e l l u r i u m  were  f rom 
the  A m e r i c a n  Smel t ing  and  Refining C o m p a n y  and  
had  a p u r i t y  of 99.999 + %. 

Approp r i a t e  a m o u n t s  of the e l ements  were  
weighed  accura te ly  into a qua r t z  tube  which  was 
then  evacua ted  a nd  sealed. In i t i a l  r eac t ion  was  ca r -  
r ied out  at 550~ for a per iod of abou t  15 hr. A loose 
powder  p roduc t  resul ted,  h a v i n g  a cons ide rab ly  
g rea te r  vo lume  t h a n  the  reac t ing  e lements ,  and  this  
was wel l  mixed  by  shak ing  the  sealed t ube  on a 
mechan ica l  v ib r a to r  for abou t  30 min.  Subsequen t ly ,  
a final reac t ion  was  car r ied  out  at t e m p e r a t u r e s  
above 1000~ in  the same sealed tube.  A lus t rous  
powder  resu l t ed  which  was pressed in to  1/4 x 1/4 x 2 
in. bars  at room t e m p e r a t u r e  w i th  a p ressure  of 40 
tsi (y ie ld ing  samples  h a v i n g  92-93% of theore t ica l  
dens i ty )  for the  e lect r ical  m e a s u r e m e n t s .  

M e a s u r e m e n t s  of these  pressed  powder  ba r s  were  
necessa ry  since these  compounds  do no t  m e l t  at 
t e m p e r a t u r e s  be low 1400~ and  p r o b a b l y  decom-  
pose before  m e l t i n g  at a tmospher ic  pressure .  T u n g -  
s ten  d ise lenide  decomposes to give an  apprec iab le  
s e l en ium pressure  (40~ Hg) at  1000~ (3) .  

Electrical measurements . - -The  Seebeck coeffi- 
cients  and  res is t ivi t ies  were  m e a s u r e d  w i th  c o n v e n -  
t iona l  d-c  e q u i p m e n t  wi th  a smal l  t e m p e r a t u r e  
g rad ien t  imposed on the  sample  (25 ~ at 600~ The 
the rmocouples  were  closely fit ted into holes in  the 
sample  % in. deep and  3 cm apart .  Cons ide rab le  
t roub le  arose f rom t h e r m o c o u p l e - s a m p l e  reac t ions ;  
this  was f inal ly  solved at t e m p e r a t u r e s  of 60O~ and  
below by  us ing  shea thed  Megapak  c h r o m e l - a l u m e l  
thermocouples .  Seebeck coefficient va lues  m e a s u r e d  
at 600~ wi th  these thermocouples ,  wi re  ch romel -  

a l u m e l  thermocouples ,  and  wi re  p l a t i n u m  vs. p la t i -  
n u m - 1 0 %  r h o d i u m  thermocouples ,  gave  good 

a g r e e m e n t  w h e n  n e w  the rmocoup les  were  used in  
the  l a t t e r  two cases for each m e a s u r e m e n t .  

Hall e~ect measurements . - -Convent ional  d-c  
e q u i p m e n t  was used to m e a s u r e  Hal l  coefficients on 
samples  of d imens ions  1/4 in. wide  x 1 in. long x 

1/16 to 1/8 in. thick,  cut  f rom the  compacted  bars  

10:58 
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w i t h  a precis ion d i a m o n d  saw. For  the h i g h - t e m -  
p e r a t u r e  m e a s u r e m e n t s ,  a wate r -coo led ,  s ta inless  
steel f u rnace  was bu i l t  which  incorpora ted  a b o r o n -  
n i t r ide  sample  ho lder  and  p l a t i n u m  electrode con-  
tacts. M e a s u r e m e n t s  we re  possible  up  to 600~ 
wi thou t  severe  reac t ion  of the  samples  w i th  the 
electrodes.  Wi th  this  1 in. d i ame te r  fu rnace  a m a g -  
net ic  field of 12,000 gauss was  ava i l ab le  f rom the 
d-c  e lec t romagnet .  For  the  h i g h - t e m p e r a t u r e  meas -  
u r e m e n t s  a g rounded  s i lver  foil shield was used 
a r o u n d  the  sample  holder  to p r e v e n t  s t r ay  p ickup  
f rom rectified s ignals  coming  f rom the  a-c  res is t -  
ance  heater .  

Lattice parameter measurements.--X-ray diffrac-  
t ion  pa t t e rn s  were  made  us ing  the  a s - r eac ted  p o w -  
der  in  a D e b y e - S c h e r r e r  camera .  I n  order  to cal-  
cula te  accura te  la t t ice  pa r ame te r s  Cohen 's  least  
squares  me thod  for hexagona l  c rys ta l  s t ruc tu res  (4) 
was car r ied  out on five resolved h i g h - a n g l e  l ines  
us ing  an  IBM 7070 Computer .  

Anisotropy.--Due to the  hexagona l  p la te l ike  c rys-  
ta l  s t ruc tu res  of these  compounds  cons iderab le  or i -  
en t a t i on  of the  crys ta l l i tes  takes  place d u r i n g  the 
compact ion  operat ion,  and  this  resul t s  in  a con-  
s iderable  degree  of an i so t ropy  wi th  respect  to di-  
rec t ion  of p ress ing  in  both  the e lectr ical  and  t h e r -  
ma l  conduct iv i t ies .  B r i x n e r  found  tha t  conduc t iv i -  
ties m e a s u r e d  n o r m a l  to the press ing  d i rec t ion  had  
va lues  a p p r o x i m a t e l y  th ree  t imes  the va lues  me a s -  
u red  pa ra l l e l  to press ing  direct ion.  However ,  the 
Hal l  coefficient is v i r t u a l l y  isotropic according to 
m e a s u r e m e n t s  on severa l  pressed samples  of 
Wl-~Ta~Se2. The  Seebeck coefficient m a y  be some-  
w h a t  anisot ropic ;  B r i x n e r  (1) repor ts  a 30% h igher  
va lue  n o r m a l  to the  press ing  d i rec t ion  t h a n  para l l e l  
to the  press ing  direct ion.  He indicates ,  therefore ,  a 
h igher  figure of mer i t  in  this  direct ion.  As a resu l t  
of these effects all  e lectr ical  m e a s u r e m e n t s  descr ibed 
in this  pape r  were  made  in  the  d i rec t ion  n o r m a l  to 
the  d i rec t ion  of pressing,  which  corresponds  to the 
p re fe r red  d i rec t ion  of o r i en ta t ion  for the  a -axes  of 
the crystals .  In  the  Hal l  m e a s u r e m e n t s  p resen ted  
here  the  magne t i c  field was a l igned  pa ra l l e l  to the 
d i rec t ion  of pressing,  and  the c u r r e n t  and  vol tage  
m e a s u r e m e n t s  we re  made  in  di rect ions  m u t u a l l y  
p e r p e n d i c u l a r  to each o ther  and  to the  d i rec t ion  of 
press ing.  Thus  the  Ha l l  m o b i l i t y  va lues  are charac -  
ter is t ic  of the  d i rec t ion  n o r m a l  to pressing.  

Results and Discussion 
Comparison of WSe2, MoSe2, and MoTe2. - -The  

Seebeck coefficient, ~, res is t iv i ty ,  p, and  a2/p are 
s u m m a r i z e d  for doped and  undoped  composi t ions  of 
the  th ree  compounds  WSe2, MoSe2, and  MoTe2 as 
measu red  at 100 ~ and  600~ in  Tab le  I. The  un dope d  
compounds  (x ~ 0) are charac ter ized  by  low elec-  
t r ica l  conduct iv i t ies  even  at t e m p e r a t u r e s  as h igh as 
600~ The Seebeck coefficients of all  th ree  of the 
undoped  compounds  are h igh at  100~ bu t  are some-  
wha t  lower  at 600~ Both MoSe2 and  MoTe2 are 
n - t y p e  ma te r i a l s  at 100~ bu t  MoSe2 conver t s  to 
p - t y p e  at 500~ W h e n  all  th ree  compounds  are 
subs t i t u t ed  to the  ex ten t  of 2% wi th  t a n t a l u m ,  they  
r e m a i n  p - t y p e  over  the  whole  t e m p e r a t u r e  range,  
100~176 F u r t h e r m o r e ,  they  all show approx i -  
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T a b l e  I. T h e r m o e l e c t r i c  p r o p e r t i e s  of WSe2, MoSe2, and  MoTe2 

Compound  x 

100oc 600~ 

o~/p, 
o~, p, ~, p, w/deg2-cm 

/Lv/deg o h m - c m  ~v /deg  o h m - c m  - 106 

Wl-xTaxSe2 0 +560 0.570 +527 0.780 0.04 
0.02 +104 0.003 +213 0.005 0.93 

Mol-xTaxSe2 0 --900 20.0 +190 1.0 0.004 
0.02 +112 0.009 +242 0.011 0.53 

Mol-xTaxTe~ 0 --3.60 25.0 --104 0.1 0.01 
0.02 +108 0.04 q-200 0.025 0.16 

m a t e l y  the same va lue  of Seebeck coefficient at a 
g iven  t e m p e r a t u r e  i nd i ca t ing  a common  va lue  of 
F e r m i  level.  The  resis t ivi t ies ,  however ,  increase  by  
a factor  of a p p r o x i m a t e l y  two as one proceeds f rom 
WSee to MoSe2 and  f rom MoSe2 to MoTee at 600~ 
As p rev ious ly  men t ioned ,  none  of these  composi t ions  
has apprec iab le  the rmoelec t r i c  va lue  at  t e m p e r a -  
tu res  be low 600~ The t h e r m a l  conduct iv i t i es  as 
m e a s u r e d  by  B r i x n e r  are of the  same order  for all  
th ree  of these  compounds ,  bu t  are s l ight ly  h igher  
for MoSe2 and  MoTe2 (5) .  Therefore ,  it  was con-  
c luded tha t  t a n t a l u m - d o p e d  WSe2 p rov ided  the best  
the rmoe lec t r i c  p roper t ies  of the Group  VIB di-  
chalcogenides.  

Cation Substitutions in WSe2 and MoSe2.---A 
n u m b e r  of a t t empt s  were  m a d e  to subs t i t u t e  some of 
the me t a l  in  e i ther  WSe2 or MoSe~ wi th  meta l s  other  
t h a n  t a n t a l u m .  In  each case the  so lub i l i ty  of these 
e l ements  was  es tab l i shed  by  d e t e r m i n i n g  the l a t -  
tice p a r a m e t e r s  as a f unc t i on  of the dop ing  concen-  
t ra t ion .  These subs t i tu t ions  were  a t t e m p t e d  in  the  
composi t ion  r a nge  x ---- 0.01 to x = 0.05 for the  so lu-  
t ion  AI-xBxSe2, where  A is e i ther  t u n g s t e n  or mo-  
l y b d e n u m  a nd  B is the  doping metal .  F igu re  1 shows 
the  la t t ice  p a r a m e t e r s  as a f unc t i on  of x for the 
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sys tem Wl-xTaxSe2. I t  is a p p a r e n t  f r o m  this  f igure 
t ha t  t a n t a l u m  is soluble  to a h igher  va lue  of x t h a n  
0.05. Indeed,  B r i x n e r  (1) has shown t h a t  the  so lu-  
b i l i ty  l imi t  lies at  x---- 0.38 whe re  the re  is a c rys ta l  
s t r uc tu r e  change.  The  mos t  precise  la t t ice  p a r a m -  
eters  m e a s u r e d  for the  undoped  m a t e r i a l  (x----0)  
at 25~ are a = 3.2860 • 0.0002A and  c----12.978 
• 0.001A for this  hexagona l  s t ruc ture .  The u n c e r -  
t a in t i es  g iven  here  are the  50% p robab i l i t y  l imi ts ,  
i.e., s t a n d a r d  devia t ion .  These va lues  are  in  good 
a g r e e m e n t  w i th  those g iven  by  B r i x n e r :  a = 3.286A 
and  c = 12.976A (1).  

Room t e m p e r a t u r e  la t t ice  p a r a m e t e r s  and  res is-  
t i v i ty  m e a s u r e d  at 600~ are shown as func t ions  of 
x in  Fig. 2 for the  systemWl-~Ti~Sez.  In  this  case the  
la t t ice  p a r a m e t e r s  ind ica te  the  presence  of a second 
phase  at  a composi t ion  above x ---- 0.01, which  cor-  
re la tes  w i th  a cons tan t  res i s t iv i ty  above  this  com-  
posit ion.  Thus,  we m a y  conclude tha t  a l though  t i t a -  
n i u m  is v e r y  effective in  inc reas ing  the  e lect r ical  
conduc t iv i ty  of WSe2, its so lub i l i ty  is less t h a n  
x ---- 0.01, and  there fore  it  is not  capable  of b r i n g i n g  
the  e lectr ical  conduc t iv i ty  of WSe2 into a r ange  of 
in te res t  for the rmoelec t r i c  appl icat ions .  

A t h i rd  example  is shown  for the  case of 
Mo~-xRe~Se~ by  Fig. 3 where  the la t t ice  p a r a m e t e r  
a and  the  res i s t iv i ty  m e a s u r e d  at 25~ are shown as 
func t ions  of x. For  this  series the la t t ice  p a r a m e t e r  
c of the  hexagona l  s t r uc tu r e  could no t  be  de t e r -  
m i n e d  wi th  as grea t  an  accuracy  as those shown 
for the WSe2 series. For  undoped  MoSe2 ( x =  0), 
a =  3.2898 ---- 0.0003A and  c----12.921 • 0.001A. 
B r i x n e r  (5) gives a ----- 3.288A and  c = 12.900A. I t  is 
a p p a r e n t  f rom Fig. 3 tha t  the so lubi l i ty  l imi t  for 
r h e n i u m  in  MoSes lies at a va lue  of x b e t w e e n  0.02 
and  0.03. Cor responding ly ,  doping wi th  r h e n i u m  at 
levels  of x h igher  t h a n  0.02 has l i t t le  effect in  i n -  
creas ing the  e lect r ical  conduc t iv i ty  as shown in  
Fig. 3. 

The  resul t s  of a t t empt s  to make  accep to r - type  
subs t i tu t ions  in  p - t y p e  WSe2 by  subs t i tu t ions  w i th  
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e lements  of Groups  III,  IVB, and  VB, which  have  
fewer  e lect rons  t h a n  Group  VIB metals ,  are  s u m -  
mar ized  in  Table  II. Here  the  m i n i m u m  res i s t iv i ty  
ob ta ined  w h e n  the  doping e lements  we re  subs t i -  
t u t ed  up to a va lue  of x---- 0.05 and  the  so lubi l i ty  
l imi ts  as d e t e r m i n e d  f rom la t t ice  p a r a m e t e r  meas -  
u r e m e n t s  are t abu la ted .  It  is seen tha t  on ly  Group  
VB meta l s  are soluble  to a sufficient ex t en t  to de-  
crease the  res is t iv i t ies  to des i rab le  levels.  G o l d -  
schmidt  q u a d r i v a l e n t  ionic rad i i  are  also t a b u l a t e d  
in  Tab le  II  to show a n y  cor re la t ion  ex is t ing  b e t w e e n  
the  size of the  a tom a nd  its so lubi l i ty .  Z i r c o n i u m  and  
h a f n i u m  should  be less so luble  t h a n  t i t a n i u m  in  
WSe2 a nd  this  is shown by  the  res i s t iv i ty  va lues  in  
the  table.  However ,  s imi l a r i ty  in  chemical  charac te r  
seems to be more  i m p o r t a n t  t h a n  radi i  in  d e t e r m i n -  
ing solubi l i ty ,  as seen f rom the  fact  tha t  the  n e i g h -  
bor ing  Group  VB e lements  are the  most  soluble  de-  
spite the i r  size. For  example ,  v a n a d i u m  is more  
so luble  in  WSe2 t h a n  t i t a n i u m ,  even  though  the re  is 
a g rea te r  d i spar i ty  b e t w e e n  its r ad ius  a nd  tha t  of 
tungs ten .  

Table II. Acceptor subst i tut ions in Wl-xMexSe2 

Goldschmidt 
x at solu- quadrivalent 

Me p min, mohm-cm a bility limit ionic rad, A 

W 250-1000 - -  0.68 
V 4 >0.05 0.61 
Nb 4 >0.05 0.67 
Ta 4 >0.05 0.67 
Ti 25 <0.01 0.64 
Zr 410 b not det. 0.87 
Hf 720 b not def. 0.87 
AI 250 c <0.01 <0.57 

a M i n i m u m  r e s i s t i v i t y  o b t a i n e d  w h e n  x w a s  v a r i e d  f r o m  0 t o  
0 .05  i n  m e a s u r e m e n t s  a t  6 0 0 ~  

R o o m  t e m p e r a t u r e  v a l u e s  f r o m  L .  H .  B r i x n e r .  
c R o o m  t e m p e r a t u r e  v a l u e .  

I D 

I 
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Table 111. Donor substitutions in Mol-xMezSe2 

G o l d s e h m i d t  
zc a t  so lu -  q u a d r i v a l e n t  

M e  p ra in ,  o h m - e m *  b i l i t y  l i m i t  i o n i c  rad ,  A 

Mo 10-104 ~ 0.68 
Mn 0.6 ~0.01 0.48 
Re 0.03 0.02-0.03 0.59 
Ru 1.6 (0 .01 0.65 
P t  0.7 ~0.Ol 0.63 

* M i n i m u m  r e s i s t i v i t y  o b t a i n e d  w h e n  x was  v a r i e d  f r o m  0 ~o 
0.05 in  m e a s u r e m e n t s  a t  25~ 

A n u m b e r  of d o n o r - t y p e  subs t i tu t ions ,  i.e., e l e -  
m e n t s  h a v i n g  m o r e  e l ec t rons  t h a n  m o l y b d e n u m ,  
w e r e  a t t e m p t e d  in  n - t y p e  MoSe2. These  s u b s t i t u -  
t ions  a r e  s u m m a r i z e d  in  T a b l e  I I I  w h e r e  a g a i n  t he  
l owes t  r e s i s t i v i t y  o b t a i n e d  w i t h  v a l u e s  of x r a n g i n g  
f r o m  0.01 to  0.05 a r e  t a b u l a t e d  w i t h  the  s o l u b i l i t y  
l i m i t  x d e t e r m i n e d  f r o m  l a t t i c e  p a r a m e t e r  s tud ies  
and  t h e  G o l d s c h m i d t  q u a d r i v a l e n t  ionic r a d i u s  for  
each  e l emen t .  In  th is  case  of t he  two  e l e m e n t s  
a v a i l a b l e  in  G r o u p  VIIB,  w h i c h  is t h e  n e x t  h ighe s t  
g roup  f r o m  t h a t  of m o l y b d e n u m ,  on ly  r h e n i u m  h a d  
a p p r e c i a b l e  so lub i l i ty ,  a p p a r e n t l y  because  i ts  ionic  
r a d i u s  is c loser  to t h a t  of m o l y b d e n u m  t h a n  t h a t  of 
m a n g a n e s e .  U n f o r t u n a t e l y ,  a l t h o u g h  an  n - t y p e  m a -  
t e r i a l  of r e l a t i v e l y  h igh  c o n d u c t i v i t y  is o b t a i n e d  
w i t h  r h e n i u m  as s h o w n  in Fig.  3, t h e  r e s i s t i v i t y  is 
s t i l l  r a t h e r  h igh  for  t h e r m o e l e c t r i c  app l i ca t ions .  
S ince  no a d d i t i o n a l  r h e n i u m  can  be  d i s so lved ,  a 
m a x i m u m  f igure  of m e r i t  of t he  o r d e r  of on ly  
10 -4 deg  -1 is o b t a i n e d  f r o m  r h e n i u m  subs t i t u t i ons  
in MoSe2 even  at  h i g h e r  t e m p e r a t u r e .  B r i x n e r  (1)  
a t t e m p t e d  r h e n i u m  subs t i t u t i ons  in  WSe2, b u t  h e r e  
the  so lub i l i t y  was  a p p a r e n t l y  even  lower ,  and  a l -  
t h o u g h  an  n - t y p e  m a t e r i a l  r e s u l t e d  ove r  a p a r t  of 
t h e  t e m p e r a t u r e  r ange ,  the  r e s i s t i v i t y  of th is  s u b -  
s t i t u t ed  m a t e r i a l  w a s  even  h i g h e r  t h a n  t h a t  of u n -  
d o p e d  m a t e r i a l .  R u t h e n i u m  and  p l a t i n u m  f r o m  
G r o u p  V I I I  of t he  pe r iod i c  t a b l e  a r e  less  so lub le  t h a n  
r h e n i u m  in 1YloSe2 even  t h o u g h  t h e y  h a v e  r a d i i  
w h i c h  a r e  c loser  to m o l y b d e n u m ' s  t h a n  t h a t  of 
r h e n i u m ,  a p p a r e n t l y  because  t h e y  a re  too f a r  r e -  
m o v e d  f r o m  m o l y b d e n u m  in c h e m i c a l  na tu r e .  

Thus  a g e n e r a l  r u l e  m a y  be  d e r i v e d  for  so lub i l i t y  
and  h e n c e  ef fec t ive  dop ing  in WSe2 and  MoSe2. Not  
on ly  m u s t  t he  d o p i n g  e l e m e n t  h a v e  an  ionic  r a d i u s  
close to t h a t  of t he  hos t  me ta l ,  b u t  also i t  m u s t  come 
f r o m  an  a d j a c e n t  g r o u p  of t he  p e r i o d i c  tab le .  

Anion substitutions.--An a t t e m p t  was  m a d e  to r e -  
p l ace  some of t he  s e l e n i u m  in MoSee w i t h  i od ine  to 
m a k e  a d o n o r - t y p e  subs t i tu t ion .  H o w e v e r ,  for  t he  
mos t  d i l u t e  so lu t ion  a t t e m p t e d ,  MoSe1.9810.02, con-  
s i d e r a b l e  iod ine  v a p o r  was  o b s e r v e d  in t h e  q u a r t z  
t u b e  w h i l e  i t  was  s t i l l  w a r m  a f t e r  t he  i n i t i a l  r e -  
ac t ion  at  600~ T h e r e f o r e  i t  a p p e a r e d  t h a t  th is  c o m -  
pos i t ion  w o u l d  no t  be  s t ab le  enough  for  t he  f inal  
r e a c t i o n  at  1000~ A b a r  p r e s s e d  f r o m  th is  i n c o m -  
p l e t e l y  r e a c t e d  p o w d e r  d id  show some i n c r e a s e  in 
e l ec t r i ca l  conduc t i v i t y ,  b u t  i t  was  no t  suff icient  to 
be of t h e r m o e l e c t r i c  in t e re s t .  

A n  a c c e p t o r - t y p e  s u b s t i t u t i o n  was  a t t e m p t e d  b y  
r e p l a c i n g  s e l e n i u m  w i t h  a n t i m o n y  acco rd ing  to  t h e  
f o r m u l a  WSe2(~-~)Sb2y. A l t h o u g h  some inc rea se  in 
e l e c t r i c a l  c o n d u c t i v i t y  w a s  obse rved ,  l a t t i c e  p a r a m -  

1061 

WSfl.90 SbO.lO 

Fig. 4. Tungsten-selenium-antimony phase diagram 

e te r  m e a s u r e m e n t s  s h o w e d  t h a t  a second  p h a s e  was  
b e i n g  f o r m e d ;  a p r e l i m i n a r y  s t u d y  of  t h e  t u n g s t e n -  
s e l e n i u m - a n t i m o n y  t e r n a r y  e q u i l i b r i u m  p h a s e  d i a -  
g r a m  was  m a d e  to  a s c e r t a i n  w h a t  second  p h a s e  was  
p r e s e n t  a n d  caus ing  th is  i nc rea se  in conduc t i v i t y .  
A n u m b e r  of s a m p l e s  of v a r y i n g  compos i t i on  in  th i s  
s y s t e m  w e r e  r e a c t e d  a t  f inal  t e m p e r a t u r e s  of 1150~ 
and  f u r n a c e  cooled.  Two compos i t i ons  c on t a in ing  
m o r e  t h a n  two  a t o m s  of s e l e n i u m  p e r  a t o m  of me ta l ,  
h o w e v e r ,  w e r e  no t  r e a c t e d  a b o v e  700~ t h e  bo i l ing  
po in t  of se len ium.  X - r a y  d i f f rac t ion  p a t t e r n s  w e r e  
o b t a i n e d  on a l l  t hese  s a m p l e s  and  the  phases  d e -  
t e c t ed  b y  th is  m e t h o d  a r e  s h o w n  b y  the  a r r o w s  
r a d i a t i n g  f r o m  t h e  po in t s  r e p r e s e n t i n g  s a m p l e  c o m -  
pos i t ions  in Fig .  4. This  w o r k  i n d i c a t e d  t h a t  t he  
t e r n a r y  e q u i l i b r i u m  d i a g r a m  m a y  be  d i v i d e d  into  
t h r e e  t h r e e - p h a s e  r eg ions  cons i s t ing  of  ( i )  W ~- 
WSe2 § Sb,  ( i i )  WSee  + Sb  + Sb2Ses, a n d  ( i i i )  
WSe2 § Sb2Se8 + Se. No i n d i c a t i o n  of t h e  c o m p o u n d  
WSe8 m e n t i o n e d  b y  H a n s e n  (6)  w a s  f o u n d  in  th is  
work ,  and  in  fac t  th is  compos i t ion  gave  an  x - r a y  
d i f f r ac t ion  p a t t e r n  i n d i c a t i n g  the  p r e s e n c e  of two  
phases ,  WSee and  e l e m e n t a l  Se. Also  no  se l en ides  of 
t u n g s t e n  l o w e r  t h a n  WSee  w e r e  found.  The  a n t i -  
m o n y - s u b s t i t u t e d  c o m p o u n d  of i n t e r e s t  in  th is  s tudy ,  
WSel.90Sb0.10, t hus  con ta ins  m e t a l l i c  t u n g s t e n  a n d  
m e t a l l i c  a n t i m o n y  in a d d i t i o n  to WSee,  w h i c h  e x -  
p l a in s  i ts  h i g h e r  conduc t i v i t y .  

Interstitial substitution.--An a t t e m p t  was  m a d e  
to d i s so lve  c a r b o n  in to  t he  WSe2 l a t t i c e  acco rd ing  
to t he  f o r m u l a  WSe2Cx. L a t t i c e  p a r a m e t e r  m e a s u r e -  
m e n t s  s h o w e d  t h a t  t h e  s o l u b i l i t y  was  less  t h a n  
x = 0.01, and  t h e r e  was  no e n h a n c e m e n t  of  t he  e l e c -  
t r i c a l  conduc t i v i t y .  

Effects oS stoichiometry.--Several compos i t ions  
w e r e  m a d e  up  w i t h  v a r y i n g  t u n g s t e n - t o - s e l e n i u m  
ra t io s  acco rd ing  to t he  f o r m u l a  WSe2(l+y) and  t h e  
r o o m - t e m p e r a t u r e  p r o p e r t i e s  of t he se  compos i t i ons  
a r e  s u m m a r i z e d  in T a b l e  IV. T h e  l a t t i c e  p a r a m e t e r  

Table IV. Effects of stoichiometry on room temperature properties 
of WSe2(1 + y) 

!1 a, A une ,  A* C, A uric,  A* p, m o h m - e m  

- - 0 . 0 2  3.28'60 0.0003 12.978 0.001 289 
--0.01 3.2858 0.0002 12.980 0.001 263 

0 3.2860 0.6003 12.979 0.001 227 
~0.01 3.2864 0.0002 12.978 0.001 304 
-]-0.02 3.2862 0.0002 12.978 0.001 132 

* U n c e r t a i n t y  f o r  50% p r o b a b l e  error .  
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Table  V. Hall e f f e c t  measurements  a t  room temperature  on WSe2, MoSe2, and MoTe2 

n 

C o m p o u n d  x p, m o h m - c m  Rrl ,  c m S / c o u l  n ,  c m  -s /~, c m ~ / v - s e c  n a  

W l -  xTaxSe2 

MOl- zTazSe2 

Mol -  xTaxTe2 

Mol -  xRexSe2 

0 780 
0.005 30.2 
0.01 11.7 
0.02 4.3 
0.03 3.2 
0.04 2.4 
0.05 2.5 
0 7600 
0.01 24.8 
0 7000 
0.03 37.8 
O.O2 43.1 

78 
3.9 10 -1 
7.4 10 -2 
2.5 10 -2 
1.8 10 -2 
1.5 10 -2 
9.4 10 -3 

--110 
1.1 �9 10 -1 

--85 
2.4. 10 -2 

--1.4- 10 -1 

8.0 1018 
1.6 1019 
8.4 1019 
2.5 1020 
3.5 1020 
4.2 1020 
6.6 1020 
5.6 1016 

6 1019 
7.3 1016 
2.6 1020 
4.5 1019 

99 
12.9 0.2 
6.3 0.6 
5.8 0.9 
5.6 0.8 
6.2 0.7 
3.8 0.9 

15 
4 0.4 

12 
0.6 0.7 
4 0.15 

m e a s u r e m e n t s  show tha t  the homogene i ty  reg ion  
for the  c o m p o u n d  WSe2 mus t  be e x t r e m e l y  n a r r o w ;  
tha t  is, i t  l ies b e t w e e n  the  va lues  of y ---- --0.01 a nd  
+0.01,  for if any  apprec iab le  excess of t u n g s t e n  or 
s e l en ium were  incorpora ted  into the la t t ice  one 
wou ld  expect  a s ignif icant  change  in  la t t ice  p a r a m -  
eters. As a resu l t  v e r y  l i t t le  change  in  conduc t iv i ty  
is noted.  There  is some t e n d e n c y  for the compacts  
con t a in ing  an  excess of t u n g s t e n  to have  a lower  
densi ty ,  a p p a r e n t l y  due  to the  k ine t ics  of the reac -  
t ion  of the  e lements .  

Room temperature  Hall measurements  on the sub- 
s t i tuted compounds WSe2, MoSe2, and MoTe2.- -  
R o o m - t e m p e r a t u r e  Hal l  effect and  res i s t iv i ty  me a s -  
u r e m e n t s  are  s u m m a r i z e d  in Table  V for the com-  
pounds  WSe2, MoSe2, and  MoTe2, pure ,  subs t i t u t ed  
wi th  t a n t a l u m ,  and  for MoSe2 subs t i t u t ed  w i th  
rhen ium.  F r o m  these va lues  the  car r ie r  concen t r a -  
t ions and  car r ie r  mobi l i t ies  were  ca lcula ted  and  are 
also t abu la ted .  In  add i t ion  the  las t  co lumn  shows 
the car r ie r  concen t r a t i on  d iv ided  by  concen t r a t i on  
of acceptor  atoms, i.e., the  con t r i bu t i on  of carr iers  
per  acceptor  atom. As one migh t  expect,  since t a n t a -  
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Fig. 5. Carrier concentration vs. reciprocal temperature for 
Wl -zTazSe2. 

lure has one less e lec t ron  t h a n  t u n g s t e n  or m o l y b -  
denum,  it con t r ibu tes  a p p r o x i m a t e l y  one posi t ive  
ca r r i e r  per  a tom to the  host  la t t ice  for all  t h ree  of 
the compounds ,  WSe2, MoSe2, and  MoTe2. However ,  
r h e n i u m ,  which  has one more  e lec t ron t h a n  m o l y b -  
denum,  does not  con t r i bu t e  a fu l l  nega t ive  car r ie r  to 
the  host  latt ice.  A n  increase  in  va lues  of n/na for the  
sys tem Wl-xTaxSe2 is no ted  as x increases  f rom 
0.005 to 0.05; this  is p r o b a b l y  due  to a compensa t ing  
i m p u r i t y  con t r i bu t i on  which  is more  a p p a r e n t  at 
lower  dop ing  levels.  

The car r ie r  mob i l i t y  for the  sys tem Wl-xTaxSe2 
decreases f rom abou t  100 cm2/vol t - sec  for the  u n -  
doped ma te r i a l  to a va lue  of abou t  6 cm2/vol t - sec  
for the r ange  x = 0.01 to x ~ 0.04 and  decreases to 
about  4 cm2/vol t - sec  at  x ~ 0.05. At  e q u i v a l e n t  dop-  
ing levels  the mobi l i t i es  of bo th  1VioSe2 a nd  MoTe2 
are lower  t h a n  tha t  of WSee, thus  e x p l a i n i n g  the i r  
poor the rmoelec t r i c  proper t ies .  I n t e r e s t i ng l y  enough  
the mob i l i t y  for nega t ive  car r ie rs  in MoSe2 is ap -  
p r o x i m a t e l y  the  same as tha t  of posi t ive car r ie rs  in  
this compound.  

Hall measurements  as a function of temperature.  
- - F i g u r e  5 shows a plot  of l oga r i t hm of 1/eR plot ted  
agains t  the  rec iprocal  t e m p e r a t u r e  as d e t e r m i n e d  
f rom Hal l  m e a s u r e m e n t s  b e t w e e n  25 ~ and  600~ 
Here R is the Hal l  coefficient and  e is the e lect ronic  
charge;  1/eR is equa l  to the  ca r r i e r  concen t r a t i on  for 
ex t r ins ic  mater ia l .  One notes  tha t  for the  composi -  
t ion  x : 0 the  ca r r i e r  concen t r a t i on  r e m a i n s  r e l a -  
t ive ly  cons tan t  up  to a t e m p e r a t u r e  of abou t  400~ 
ind ica t ing  ex t r ins ic  behavior .  Above  400~ the  car -  
r ier  concen t r a t i on  appears  to increase  i nd i ca t i ng  the  
onset  of in t r ins ic  behavior .  A n  a pp r ox i ma t e  ene rgy  
gap va lue  of 1.9 ev m a y  be der ived  f rom the  slope 
of the  highest  t e m p e r a t u r e  poin ts  of this curve.  Re-  
cen t ly  F r i n d t  (7) m e a s u r e d  the  opt ical  t r ansmis s ion  
of WSe2 and  found  an absorp t ion  edge at 7800A (7).  
The l a t t e r  va lue  leads to an ene rgy  gap va l ue  of 1.6 
ev in  good a g r e e m e n t  w i th  the  above Hal l  m e a s u r e -  
ments .  

The doped composit ions,  x ~ 0.01 and  0.03, show a 
cons tan t  car r ie r  concen t r a t i on  f rom 25 ~ to 600~ 
a nd  the re fo re  appear  to be  in  an  ex t r ins ic  region.  

F r o m  the  res is t iv i t ies  m e a s u r e d  on these  samples  
and the  car r ie r  concen t r a t ions  shown in  Fig. 5 the  
car r ie r  mobi l i t ies  of these composi t ions  were  cal-  
cu la ted  as func t ions  of t e m p e r a t u r e  and  are shown 
in Fig. 6. Here  the  l oga r i t hm of the  mob i l i t y  is 
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Fig. 6. Carrier mobility vs. absolute temperature for Wl-xTax- 
Sea: o assumed hole conductivity only; e,  assumed mixed carrier 
conductivity. 

plot ted  vs. the l oga r i t hm of the absolu te  t e m p e r a -  
tu re  to show the  dependence  of the mob i l i t y  on 
t empe ra tu r e .  

The mob i l i t y  va lues  shown by  the solid poin ts  in  
Fig. 6 were  ca lcula ted  f rom the f o r m u l a  # = cr/ep. 
Here  /~ is the  car r ie r  mobi l i ty ,  p is the ca r r i e r  con-  
cen t ra t ion ,  e is the e lect ronic  charge,  and  ~ is the  
conduc t iv i ty  of the  mater ia l .  The  ca r r i e r  concen-  
t r a t ion  was ca lcula ted  f rom the Hal l  Coefficient. 
Thus  for all  the solid po in ts  shown it was  a s sumed  
tha t  conduc t ion  was by  posi t ive hole carr iers  on ly  
and  conduc t ion  by  e lec t rons  was  neglected.  

F r o m  the  slopes of the  l ines the power  d e p e n d -  
ence of the  mob i l i t y  on t e m p e r a t u r e  m a y  be de-  
r ived.  For  the  composi t ion  x = 0.01, the  mob i l i t y  
var ies  as T +~ for the  composi t ion x = 0.03 the  
mobi l i ty  var ies  at  T -~ and  for the  composi t ion  
x = 0.05 the  mob i l i t y  var ies  at T -~ In  the  case of 
i m p u r i t y  sca t te r ing  the  mob i l i t y  has a la rge  posi t ive  
power  dependence  on the t e m p e r a t u r e  whi le  for 
ionic sca t te r ing  the  mob i l i t y  should v a r y  at T - ~  
according  to I0ffe (8) .  Thus  it appears  tha t  as the  
doping level  is increased  the sca t te r ing  m e c h a n i s m  
var ies  f rom one i n t e r m e d i a t e  b e t w e e n  i m p u r i t y  
sca t t e r ing  and  ionic la t t ice  sca t te r ing  at x = 0.01 to 
a lmost  p u r e  ionic la t t ice  sca t t e r ing  at  the  composi -  
t ion x = 0.05. 

For  the  composi t ion  x = 0 the solid circles show 
a power  dependence  of --1.7 whi le  accord ing  to 
Ioffe an  atomic la t t ice  should have  a mob i l i t y  de-  
pendence  of T -1.5. A c t u a l l y  for this composi t ion we 
have  a l r eady  shown in  Fig. 5 tha t  an  in t r ins ic  con-  
t r i b u t i o n  sets in  above 600~ Thus  for this  p a r -  
t i cu la r  composi t ion  the  slope der ived  f rom solid 
circles m a y  be mis lead ing .  Corrected  va lues  for the  
inabi l i t ies  (open circles) were  ca lcula ted  at the 
highest  t e m p e r a t u r e s  t ak ing  into account  the  con-  
t r i b u t i o n  of e lec t rons  in  the in t r in s i c  reg ion  t h r ough  
the use of severa l  a s sumpt ions :  (a) A t  lower  t e m -  
pe ra tu res  where  the  m a t e r i a l  is ex t r ins ic  the  elec-  
t r on  c o n t r i b u t i o n  to the  conduc t iv i ty  m a y  be n e g -  
lected;  (b)  above these t e m p e r a t u r e s  it  was  assumed  

tha t  equa l  n u m b e r s  of posi t ive  hole car r ie rs  and  
nega t ive  e lec t ron  car r ie rs  are p roduced  as the t e m -  
p e r a t u r e  is increased,  and  in  the  case of the  hole 
car r ie rs  this add i t ion  is added to the r e l a t i ve ly  con-  
s tan t  i m p u r i t y  c o n t r i b u t i o n  which  occurred  be low 
this  t e m p e r a t u r e ;  (c) it was  assumed  tha t  the  mo-  
b i l i ty  of the  e lect rons  in  WSe~ wou ld  be equa l  to the  
mob i l i t y  va lues  of the posi t ive  hole carr iers .  This  
last  a s sumpt ion  receives some suppor t  f rom t h e  fact  
tha t  in  MoSee, where  bo th  h igh ly  conduc t ing  n - t y p e  
and  p - t y p e  ma te r i a l s  m a y  be achieved by  doping,  
the  mobi l i t ies  for both  types  of ex t r ins ic  ma te r i a l s  
are equa l  as seen in  Tab le  V. It  is seen tha t  for the 
composi t ion x = 0 a l ine  t h rough  the  solid circles 
at low t e m p e r a t u r e s  and  the open circles at h igh 
t e m p e r a t u r e s  shows cons iderab le  d e p a r t u r e  f rom a 
s t ra igh t  l ine  in  a log- log plot, bu t  this  m a y  resu l t  
f rom the  overs impl i f ica t ion  of the  above  a s s u m p -  
tions. In  a n y  case w h e n  the  in t r ins ic  c o n t r i b u t i o n  to 
the conduc t iv i ty  is cons idered  the  power  d e p e n d -  
ence no longe r  conforms to the  T -z'5 power  de-  
pendence  of an  a tomic la t t ice  bu t  conforms  more  
closely to the  T -~ power  of an  ionic latt ice,  and  
the sca t te r ing  m e c h a n i s m  conforms more  closely to 
tha t  shown by  the  doped composi t ions  x = 0.01 to 
x = 0.05. 

Correlation between variations of Seebeck co- 
efficient and Hall coefficient wi th  t e m p e r a t u r e . -  
Johnson  (9) indica tes  tha t  for a p - t y p e  i m p u r i t y  
semiconduc tor  the  Seebeck coefficient is in  genera l  
g iven  by  the  fo l lowing  express ion:  

Ea + EF 
~:a'+ [1] 

eT 

where  EG is the wid th  of the fo rb idden  ene rgy  gap 
a nd  EF is the  F e r m i  e n e r g y  level  m e a s u r e d  wi th  
respect  to the  conduc t ion  band .  For  semiconduc tors  
in  the  classical region  the  first t e r m  a '  is a cons tan t  
which  depends  on the  sca t te r ing  m e c h a n i s m  b u t  is 
i n d e p e n d e n t  of the  F e r m i  level.  Thus  for classical 
s tat is t ics a s imple  r e l a t ionsh ip  is ob ta ined  which  
d i rec t ly  re la tes  the  Seebeck coefficient to the  car r ie r  
concen t ra t ion ,  p, which  in  t u r n  is d e t e r m i n e d  f rom 
the  Hal l  coefficient m e a s u r e m e n t s  

k [ 2(2qrmkT)3/2 J 
a = - -  A T l n  [2] 

e ph a 

In  this  expression,  k is the  B o l t z m a n n  cons tant ,  e 
is the  e lec t ronic  charge,  h is the  P l a n c k  cons tant ,  
a nd  m is the  effective mass  of the  charge  carr iers .  

At  h igher  ca r r i e r  concen t ra t ions  w he r e  semicon-  
ductors  become degene ra t e  F e r m i - D i r a c  stat is t ics 
p reva i l  and  the  first t e rm,  a', in  Eq. [1] becomes a 
complex  func t ion  of the  F e r m i  level  and  invo lves  a 
quo t i en t  of F e r m i - D i r a c  in tegrals .  For  this  reg ion  
Johnson  (9) gives curves  showing  the  r e l a t ionsh ip  
b e t w e e n  a '  and  the  F e r m i  level,  EF, for different  
sca t te r ing  mechan i sms .  Since the  ca r r i e r  concen t r a -  
t ion  as d e t e r m i n e d  by  Hal l  coefficient m e a s u r e m e n t s  
is r e la ted  to the F e r m i  leve l  by  the  fo l lowing ex -  
press ion  for a p - t y p e  m a t e r i a l  

p = ?:  (2mkT)3/2F1/2 (--EF~--EG ~) [3] 
h~ 
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Fig. 7. Seebeck coefficient vs. temperature for W1-xTaxSe2: 
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calculated assuming mixed carrier conductivity. 

Hall  and  Seebeck coefficient m e a s u r e m e n t s  m a y  be 
cor re la ted  in  this  region  also. In  Eq. [3] F1/2(--EF ~ -  
EG ~) is a F e r m i - D i r a c  in t eg ra l  whose  va lues  are 
g iven  as a func t ion  of (--EF~--EG ~) by  McDougal l  
and  S toner  (10) .  Here  EF ~ equals  E F / k T  and  Ec* 
equals  EG/kT .  

For  the f ami ly  Wl-xTaxSe2 the effective mass  is 
most  decis ively  eva lua t ed  by  us ing  the  Ha l l  co- 
efficients and  Seebeck coefficients m e a s u r e d  for the  
composi t ion  x = 0.05, s ince as shown  by  Fig. 6 the  
mob i l i t y  of this  composi t ion  conforms most  exac t ly  
to the T -~ l aw expected of ionic scat ter ing.  This  
sca t te r ing  m e c h a n i s m  corresponds  to a va lue  of A 
= 3  in  Eq. [2].  For  the  composi t ion  x = 0.05 the 
F e r m i  level  was  der ived  f rom the  Seebeck coeffi- 
c ient  va lue  m e a s u r e d  a t  350~ and  the  ~' vs. EF ~ 
curves  p resen ted  by  Johnson.  T h e n  t h rough  the  use 
of Eq. [3] and  the car r ie r  concen t r a t i on  d e t e r m i n e d  
for this  composi t ion  by  the Hal l  m e a s u r e m e n t s  an  
effective mass was  calcula ted.  In  this  w a y  the  ra t io  
of the  effective mass of the  car r ie rs  to the mass  
of a f ree electron,  m / m o  = 1.0 was  obta ined .  Wi th  
the  same va lues  for the effective mass  ra t io  a nd  for 
A the  Seebeck coefficient was t h e n  ca lcu la ted  as a 
f unc t i on  of t empe ra tu r e ,  and  this  is shown  by  the  
solid l ine  in  Fig. 7 for the  composi t ion  x ---= 0.05. 
The circles show the e x p e r i m e n t a l  va lues  of Seebeck 

coefficient vs. t e m p e r a t u r e  for this  composit ion.  A n  
exce l len t  a g r e e m e n t  is shown  b e t w e e n  the  t e m p e r -  
a tu re  coefficient of the  m e a s u r e d  and  ca lcula ted  
Seebeck coefficient. 

S u b s e q u e n t l y  a s suming  the same sca t te r ing  

m e c h a n i s m  and  effective mass  ra t io  the  Seebeck 
coefficient as a f unc t i on  of t e m p e r a t u r e  was  also 
ca lcula ted  for the  composi t ions  x ~ 0.01 and  x = 
0.03, and  these are  shown  in  Fig. 7. Exce l l en t  agree -  
m e n t  is found  b e t w e e n  the  e x p e r i m e n t a l l y  me a s -  

u r ed  va lues  a nd  the  ca lcu la ted  va lues  w i t h o u t  any  
r e - e v a l u a t i o n  of effective mass  rat ios or sca t te r ing  
cons tan t  for these  composit ions.  

The composi t ion  x = 0  has ca r r i e r  concen t ra t ions  
in  the classical region,  and  thus  Eq. [2] was  used 
to ca lcula te  its Seebeck coefficient as a f u n c t i o n  of 
t e m p e r a t u r e  a nd  this  is show n  b y  the  solid curve  
in  Fig. 7. Here  the  same effective mass  ra t io  of 
1.0 was used wi th  the  va l ue  of A = 2 de r ived  f rom 
the  dependence  of the  car r ie r  mob i l i t y  of this  com-  
posi t ion on t empera tu re .  It  is seen tha t  the  average  
va lue  of the  Seebeck coefficient ca lcu la ted  in  this  
w a y  agrees  w i th  the  e x p e r i m e n t a l  points ,  b u t  the re  
is cons iderab le  d i s ag reemen t  wi th  the t e m p e r a t u r e  
va r i a t i on  of the  Seebeck coefficient. A g r e e m e n t  is 
improved ,  however ,  i2 correct ions  are m a d e  for the  
e lect ronic  con t r i bu t i on  to the Seebeck coefficient in 
the in t r in s i c  reg ion  for this  composi t ion.  As p r e -  
v ious ly  m e n t i o n e d  w h e n  this  c o n t r i b u t i o n  is t a k e n  
in to  effect, the  power  dependence  of the  mob i l i t y  
on t e m p e r a t u r e  as shown in  Fig. 6 changes  f rom 
T -3/2 (A ---- 2) to cor respond more  closely w i t h  the  
behav io r  for the  doped composi t ions  T -~ (A = 3). 
This  increases  the  ca lcula ted  Seebeck coefficient at 
lower  t e m p e r a t u r e s  w h e r e  the re  is no e lec t ronic  
c o n t r i b u t i o n  to the  conduc t iv i ty  assumed.  Exp re s -  
sions in  J o h n s o n  (9) m a y  be used to ca lcula te  See-  
beck coefficient as a func t ion  of t e m p e r a t u r e  for 
regions  of mixed  car r ie r  conduc t iv i ty ,  a nd  these 
express ions  were  used above the  t e m p e r a t u r e  of 
300~ w he r e  the  m a t e r i a l  becomes in t r ins ic .  In  
add i t ion  to the  a s sumpt ions  m a d e  to correct  the 
mobi l i t ies  shown  in  Fig. 6 the  add i t iona l  a s s u m p -  
t ion  was  made  tha t  the  effective mass of the hole 
and  e lec t ron  car r ie rs  are equal .  The curve  ca lcu-  
la ted  us ing  these a s sumpt ions  is show n  by  the 
dashed l ine  in  Fig. 7, and  indeed  this  cu rve  shows 
much  closer a g r e e m e n t  w i th  the  e x p e r i m e n t a l  
points .  
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Polarography in Acetonitrile of Titanium Tetrachloride 
and Tetraiodide in Various Supporting Electrolytes 

I. M. Kolthoff and F. G. Thomas 
School oS Chemistry, University of Minnesota, Minneapolis, Minnesota 

ABSTRACT 

Cur ren t -po ten t i a l  curves  of t i t an ium te t rach lor ide  in acetoni t r i le  (AN) 
wi th  t e t r a e thy l ammon ium perch lora te  as suppor t ing  e lec t ro ly te  have  been 
de te rmined  at the  d ropping  mercu ry  electrode.  The effect of chloride,  b ro -  
mide,  iodide, and th iocyana te  ions has been  invest igated.  In  general ,  only  two 
wel l  defined reduct ion  waves  were  obta ined  corresponding to the  reduc t ion  of 
Ti (IV) to Ti ( III)  and Ti (0), respect ively .  Wi th  t e t r a e t h y l a m m o n i u m  chlor ide  
as suppor t ing  electrolyte ,  th ree  reduct ion  waves  corresponding to the  reduc-  
t ion of T i ( IV)  to T i ( I I I ) ,  T i ( I I ) ,  and T i (0 ) ,  respect ively ,  were  observed.  The 
valence  states of these reduced  t i t an ium species was verif ied by  constant  po-  
ten t ia l  e lectrolysis  exper iments .  Ti tan ium te t rach lor ide  in AN reacts  wi th  
me rcu ry  to produce  mercurous  chlor ide  and T i ( I I I ) .  The l a t t e r  reac ts  s lowly 
wi th  pe rch lora te  if  present .  No reac t ion  wi th  m e r c u r y  occurs in the  presence 
of excess chlor ide  ions, or if the  wa te r  content  is 0.03M or  greater .  Wa te r  at  
this concentra t ion s lowly hydro lyzes  t i t an ium te t rach lor ide  in AN. T i tan ium 
te t rach lor ide  is s t rongly  solvated in AN and conductance da ta  indicate  tha t  
the  solvate  dissociates according to 2TiCh(CH3CN)2 ~ {TiCh(CHaCN)3} + ~- 
(TiCI~CHsCN}- wi th  a dissociat ion constant  of 7 x 10 -4  at  25~ Ti tan ium 
te t ra iod ide  in  AN wi th  t e t r a e t h y l a m m o n i u m  perch lo ra te  as suppor t ing  e lec t ro-  
ly te  gives a single reduct ion  wave  at the d ropping  m e r c u r y  e lec t rode  cor re -  
sponding to the  reduct ion  of T i ( IV)  to T i (0 ) .  In  the  presence  of  excess 
chlor ide  ions r ep lacemen t  of the  iodide occurs and th ree  reduc t ion  waves  are  
observed,  s imi lar  to those obta ined  wi th  t i t an ium te t rachlor ide .  Solut ions of 
t i t an ium te t ra iodide  in AN are  ex t r eme ly  sensi t ive to t races of oxygen,  except  
in the  presence of excess chlor ide  ions. 

In  d i lu te ,  acidic ,  aqueous  m e d i a  T i ( I V )  is on ly  
r e d u c e d  to T i ( I I I )  a t  t he  d r o p p i n g  m e r c u r y  e lec -  
t r o d e  (D.M.E.)  (1 ) .  I n  the  absence  of c o m p l e x i n g  
agents ,  t he  r e d u c t i o n  of TiO2+aq. to  Ti3+~q. is i r -  
r eve r s ib l e .  In  t he  p r e s e n c e  of c o m p l e x i n g  agen t s  
such as oxa la te ,  c i t ra te ,  su l fa te ,  ch lo r ide ,  pho spha t e ,  
t h i o c y a n a t e ,  e t h y l e n e d i a m i n e t e t r a a c e t i c  acid,  etc.  
( 1 - 9 ) ,  t he  r e d u c t i o n  of T i ( I V )  a t  t he  D.M.E. m a y  
b e c o m e  r e v e r s i b l e ,  p r o v i d e d  t h a t  t he  p H  of t h e  so-  
lu t ion  is suff ic ient ly  l ow to p r e v e n t  t h e  f o r m a t i o n  of 
h y d r o x y  complexes .  In  g e n e r a l  i t  a p p e a r s  t h a t  t he  
g r e a t e r  t h e  t e n d e n c y  fo r  T i ( I V )  to ex i s t  as a h y -  
d r o x y  c o m p l e x  in t he  sys tem,  t he  less  r e v e r s i b l e  and  
m o r e  diff icult  is i ts  r e d u c t i o n  to T i ( I I I ) .  I n  the  
p r e s e n t  p a p e r ,  a s t u d y  of t he  p o l a r o g r a p h y  of t i -  
t a n i u m  t e t r a c h l o r i d e  a n d  t i t a n i u m  t e t r a i o d i d e  in 
a c e t o n i t r i l e  is r e p o r t e d .  I n  so lven t s  w h i c h  a r e  m u c h  
s t r o n g e r  bases  t h a n  w a t e r ,  t he  " L e w i s "  a c i d - b a s e  
r e a c t i o n  b e t w e e n  t h e  ac id  t i t a n i u m  t e t r a c h l o r i d e  
and  the  bas ic  so lven t  y i e ld s  such  a s t ab le  n e u t r a l i z a -  
t ion  p r o d u c t  t ha t  on ly  r e d u c t i o n  to T i ( I I I )  occurs .  
F o r  e x a m p l e ,  t he  p o l a r o g r a m s  of t i t a n i u m  t e t r a -  
ch lo r ide  in t he  bas ic  so lven t  m o r p h o l i n e  (10) us ing  

t e t r a b u t y l a m m o n l u m  i o d i d e  as s u p p o r t i n g  e l e c t r o -  
l y t e  show on ly  a s ingle  r e d u c t i o n  w a v e  c o r r e s p o n d -  
ing to t h e  r e d u c t i o n  of T i ( I V )  to  T i ( I I I ) .  I n  t h e  
m u c h  w e a k e r  base  d i m e t h y l s u l f o x i d e  as so lven t  
(11) on ly  one r e d u c t i o n  w a v e  was  o b s e r v e d  in  t h e  
p o l a r o g r a m  of t i t a n i u m ( I V )  d i c y c l o p e n t a d i e n y l d i -  
ch lo r ide  b u t  t h e  d e r i v a t i v e  p o l a r o g r a m  e x h i b i t e d  
t h r e e  i l l - d e f i n e d  peaks ,  i n d i c a t i n g  t h a t  r e d u c t i o n  of 
T i ( I V )  to T i ( I I I ) ,  T i ( I I ) ,  and  T i ( 0 )  m a y  occur.  

S ince  t h e  s o l v a t e d  p r o t o n  in  a c e t o n i t r i l e  has  a 
d i s soc ia t ion  cons t an t  of t he  o r d e r  of 10 ~ t i m e s  t h a t  
in w a t e r  (12) ,  a c e t o n i t r i l e  is a c o n s i d e r a b l y  w e a k e r  
base  t h a n  w a t e r ,  ( a t  l e a s t  w i t h  r e s p e c t  to  t he  p r o -  
t o n ) ;  ne ve r the l e s s ,  i t  r eac t s  w i t h  t i t a n i u m  t e t r a -  
ch lo r ide  to f o r m  a s t a b l e  L e w i s  n e u t r a l i z a t i o n  
p r o d u c t  (13) .  P o l a r o g r a m s  h a v e  b e e n  d e t e r m i n e d  
in  t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e ,  ch lo r ide ,  b r o -  
mide ,  iodide ,  a n d  t h i o c y a n a t e ,  as  s u p p o r t i n g  e l ec -  
t ro ly t e s .  T h e  effect  of s m a l l  a m o u n t s  of w a t e r  a d d e d  
to so lu t ions  of t i t a n i u m  t e t r a c h l o r i d e  has  also b e e n  
d e t e r m i n e d .  The  i n t e r p r e t a t i o n  of t he  d a t a  has  b e e n  
s u b s t a n t i a t e d  b y  t h e  r e su l t s  of cons t an t  p o t e n t i a l  
e l ec t ro lys i s  e x p e r i m e n t s  a t  a m e r c u r y  pool  c a thode  
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and  also b y  conduc t ance  d a t a  of t i t a n i u m  t e t r a c h l o -  
r ide  so lu t ions  in A N  in t he  absence  of a s u p p o r t i n g  
e l ec t ro ly t e .  Diff icul t ies  w e r e  e x p e r i e n c e d  in  r e p r o -  
duc ing  p o l a r o g r a m s  of t i t a n i u m  t e t r a c h l o r i d e  in  
the  p re sence  of t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  
and  iod ide  s u p p o r t i n g  e l ec t ro ly t e s .  In  t h e  f o r m e r  
m e d i u m  i t  was  f o u n d  t h a t  a r e a c t i o n  occurs  b e t w e e n  
t i t a n i u m  t e t r a c h l o r i d e  and  m e r c u r y .  This  r e a c t i o n  
also occurs  in the  absence  of a n y  o t h e r  sa l t s  in so lu -  
t ion.  In  iod ide  m e d i u m  o x i d a t i o n  b y  t r aces  of o x y -  
gen of t he  t i t a n i u m  t e t r a c h l o r i d e - i o d i d e  c o m p l e x  
f o r m e d  in so lu t ion  was  found  to be  r e spons ib le .  In  
o r d e r  to i n t e r p r e t  t h e  effect  of iod ide  on p o l a r o g r a m s  
of t i t a n i u m  t e t r a c h l o r i d e  a p r e l i m i n a r y  s t u d y  of t he  
p o l a r o g r a p h y  of t i t a n i u m  t e t r a i o d i d e  in A N  us ing  
va r i ous  s u p p o r t i n g  e l e c t r o l y i e s  was  u n d e r t a k e n .  
T i t a n i u m  t e t r a i o d i d e  is a w e a k e r  " L e w i s "  ac id  t h a n  
t i t a n i u m  t e t r a c h l o r i d e  and  fo rms  a less  s t ab le  n e u -  
t r a l i z a t i o n  p r o d u c t  w i t h  A N  (13) .  

Experimental 
Cells.--Two p o l a r o g r a p h i c  cel ls  w e r e  used  in 

these  s tudies .  Cel l  A has  been  d e s c r i b e d  p r e v i o u s l y  
(14) .  Cel l  B was  a modi f i ca t ion  of cel l  A. The  
f langed end  of  an  "s"  b e n d  m a d e  f rom 1 m m  d i a m -  
e t e r  c a p i l l a r y  was  sea led  t h r o u g h  the  base  of t he  
cell ,  the  e x t e r n a l  end  b e i n g  connec ted  to a sea led  
p o l y e t h y l e n e  tube .  This  a r r a n g e m e n t  e n a b l e d  the  
d r o p s  of m e r c u r y  f r o m  the  D.M.E. to be  r e m o v e d  
f rom con tac t  w i t h  the  so lu t ion  u n d e r  i n v e s t i g a t i o n  
( a n d  h e n c e  v i r t u a l l y  p r e v e n t  r e a c t i o n  b e t w e e n  m e r -  
c u r y  and  t i t a n i u m  t e t r a c h l o r i d e  in  so lu t ion )  and  
p r e v e n t e d  the  so lu t ion  f rom d r a i n i n g  out  of the  
cell .  The  c a p i l l a r y  and  p o l y e t h y l e n e  t u b e  w e r e  f i l led 
w i t h  n i t r o g e n  p r i o r  to a d d i n g  the  so lu t ion  to the  
cell .  A p inch  cl ip on t h e  p o l y e t h y l e n e  t ube  was  
c o n t i n u a l l y  r e l e a s e d  d u r i n g  an  e x p e r i m e n t  to p r e -  
v e n t  n i t r o g e n  d i sp l aced  b y  the  m e r c u r y  f o r m i n g  
b u b b l e s  and  s t i r r i n g  the  solu t ion .  The  r e s i s t anc e  of 
t he se  cel ls  con t a in ing  0.1M t e t r a e t h y l a m m o n i u m  
p e r c h l o r a t e  in  A N  and  the  a s soc ia t ed  c i rcu i t  was  
1800 and  1950 ohms,  r e spec t i ve ly .  

C o n t r o l l e d  p o t e n t i a l  e l ec t ro lyses  w e r e  c a r r i e d  ou t  
in a cel l  s i m i l a r  to t h a t  e m p l o y e d  b y  Coetzee  (15) 
b u t  us ing  a l l - P y r e x  glass  f i t t ings.  A t a k e - o f f  tube ,  
s ea l ed  t h r o u g h  the  l id  and  connec t ed  to a c a l i b r a t e d  
b u r e t  e n a b l e d  s a m p l e s  of t he  e l e c t r o l y z e d  so lu t ion  
to be  t r a n s f e r r e d  to a t i t r a t i o n  cel l  u n d e r  a n i t r o -  
gen  a t m o s p h e r e .  A l l  e l ec t ro ly se s  in th is  cel l  w e r e  
c a r r i e d  ou t  us ing  a F i s h e r  Con t ro l l ed  P o t e n t i a l  
E l e c t r o a n a l y z e r .  

A c o n d u c t i v i t y  cel l  w i t h  a cel l  cons t an t  of 0.0366 
cm -1 ( c a l i b r a t e d  w i t h  10-3M aqueous  p o t a s s i u m  
c h l o r i d e )  w a s  used  and  the  r e s i s t ances  of  so lu t ions  
in  th is  cel l  w e r e  m e a s u r e d  w i t h  an  a - c  b r i d g e  w i t h  
an  a c c u r a c y  of •  

Electrodes.--The d r o p p i n g  m e r c u r y  e l ec t rode  
used  in  t h e  m a j o r i t y  of the  s tud ies  r e p o r t e d  h e r e  
h a d  the  fo l lowing  cha rac t e r i s t i c s :  m = 1.469 m g  
sec -1 w i t h  a m e r c u r y  h e i g h t  of 53.7 cm (co r r . ) ,  t 
= 3.95 sec in 0.1M t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  
in A N  at  zero  a p p l i e d  vo l tage .  The  c a p i l l a r y  con-  
s t an t  was  thus  1.621 m g  2/3 sec -~/2. A s a t u r a t e d  ca lo -  
me l  e l ec t rode  ( S C E )  s e r v e d  as r e f e r e n c e  e lec t rode .  

Polarograph.--A L e e d s  and  N o r t h r u p  E l e c t r o -  
c h e m o g r a p h  T y p e  E was  u sed  to r e c o r d  c u r r e n t -  
p o t e n t i a l  curves .  

Materials. Solvent.--Acetonitrile ( E a s t m a n - K o -  
d a k  p r a c t i c a l  g r a d e )  was  pu r i f i ed  b y  the  m e t h o d  of 
Coetzee  (16) ,  and  d i s t i l l ed  t h r o u g h  a f r a c t i o n a t i n g  
co lumn  1 m long b y  2 cm d i a m e t e r  p a c k e d  w i t h  
glass hel ices .  A f t e r  t he  i n i t i a l  f r a c t i o n a t i o n s  ove r  
p h o s p h o r o u s  p e n t o x i d e  and  c a l c ium h y d r i d e  the  so l -  
ven t  was  f u r t h e r  f r a c t i o n a t e d  fou r  t imes  f r o m  l g  
lots  of p h o s p h o r o u s  p e n t o x i d e  and  f ina l ly  b y  i tself ,  
B. P. 81.0~ (---- 0.2~ at  750 ---- 5 m m  Hg. The  f inal  
p r o d u c t  gave  the  fo l lowing  a s say :  w a t e r  ( K a r l  
F i s c h e r )  0.8-2.0 m i l l i m o l e  ( m M ) ,  a m m o n i a  (p ic r i c  
ac id  t e s t )  not  de t ec t ab l e ,  r e s i d u a l  c u r r e n t  of v a r i o u s  
ba t ches  w i th  0.1M t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  
s u p p o r t i n g  e l e c t r o l y t e  0.6-1.2 #a  at  - -2 .5v  [ d u e  to 
a c r y l o n i t r i l e  ( 1 6 ) ] ,  specific c o n d u c t i v i t y  (1 .5-2.5)  
x 10 -7 o h m  -1 c m - L  

Titanium tetrachloride.--Fisher "pu r i f i ed"  g r a d e  
was  r e d i s t i l l e d  u n d e r  n i t rogen ,  B.P. 135~176 at  
753 m m  Hg. A n a l y s i s ;  t i t a n i u m  (as  TiO2) 25.3~% 
( t h e o r e t i c a l  25 .25%) .  Because  of t h e  v igo rous  r e -  
ac t ion  b e t w e e n  a c e t o n i t r i l e  and  t i t a n i u m  t e t r a c h l o -  
r i de  a t  r oom t e m p e r a t u r e ,  s tock  so lu t ions  w e r e  p r e -  
p a r e d  at  - -25~ The  r e s u l t i n g  so lu t ions  of 
TiC14(CH3CN)2 (13, 17) w e r e  b r i g h t  y e l l o w  at  con-  
c e n t r a t i o n s  above  10 mM. 

Titanium tetraiodide.--A K a n d  K L a b o r a t o r i e s  
p r o d u c t  was  used  w i t h o u t  f u r t h e r  pur i f ica t ion .  
A n a l y s i s :  t i t a n i u m  [ s p e c t r o p h o t o m e t r i c a l l y  (18) 
a f t e r  r e m o v i n g  iod ide  b y  e v a p o r a t i o n  w i t h  su l fu r i c  
ac id ]  8 .85%; i od ide  ( V o l h a r d ' s  m e t h o d )  91.24%. 
T h e o r e t i c a l  for  TiI4: t i t a n i u m  8.62%, iod ide  91.38%. 
T i t a n i u m  t e t r a i o d i d e  r e a d i l y  d i s so lves  in A N  w i t h -  
out  v igo rous  reac t ion ,  to g ive  deep  y e l l o w - b r o w n  
so lu t ions  (10 m M ) .  The  e x t r e m e  s e n s i t i v i t y  of t i -  
t a n i u m  t e t r a i o d i d e  t o w a r d  o x y g e n  n e c e s s i t a t e d  t ha t  
a l l  w o r k  w i t h  i t  and  i ts  so lu t ions  be  c a r r i e d  ou t  in 
a n i t r o g e n  f i l led g l o v e - b o x .  
Tetraethylammonium perchlorate.--This was  p r e -  
p a r e d  as p r e v i o u s l y  d e s c r i b e d  (19) .  

Tetraethylammonium thiocyanate.--It was  p r e p a r e d  
f rom the  b r o m i d e  b y  a m e t h o d  ana logous  to t h a t  
used b y  K r a u s s  and  Fuoss  (20) to p r e p a r e  t e t r a -  
i s o a m y l a m m o n i u m  t h i o c y a n a t e .  The  c r u d e  p r o d u c t  
was  r e c r y s t a l l i z e d  tw ice  f r o m  a c h l o r o f o r m - p e t r o -  
l e u m  e t h e r  m i x t u r e  and  d r i e d  u n d e r  v a c u u m  at  65 ~ 
for  3 days .  The  c u r r e n t - p o t e n t i a l  c u r v e  of M/10  
so lu t ion  in  A N  had  no d i s c e r n a b l e  w a v e  a t  - -1 .95v 
showing  t h a t  [ K  + ] < 0.05 mM;  the  r e s i d u a l  c u r r e n t  
a t  - -2 .5v  was  1.6 tta c.f. 1.2 t,a in 0.1M t e t r a e t h y l a m -  
m o n i u m  p e r c h l o r a t e  a t  - -2 .5v.  

Tetraethylammonium chloride.--This was  p r e p a r e d  
b y  pa s s ing  2 1. of 0.1M aqueous  t e t r a e t h y l a m m o -  
n i u m  b r o m i d e  so lu t ion  s l o w l y  t h r o u g h  a c o l u m n  
of D o w e x  l X 8  an ion  e x c h a n g e  r e s in  in the  c h l o r i d e  
fo rm ( t o t a l  co lumn  c a p a c i t y  = 0.5 m o l e ) .  T h e  r e -  
su l t ing  so lu t ion  was  c o n c e n t r a t e d  u n t i l  s y r u p y  and  
a l l o w e d  to d r y  at  r o o m  t e m p e r a t u r e .  T h e  p r o d u c t  
was  r e c r y s t a l l i z e d  t w i c e  f r o m  an  e tha no l  ( 5 % ) -  
e t h y l  a c e t a t e  m i x t u r e .  The  r e s i d u a l  c u r r e n t  of a 
0.1M so lu t ion  of t he  p r o d u c t  in  A N  was  the  s ame  
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as t h a t  of 0.1M t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  
f rom --0.5 to - -2 .0v  and  was  2.0 #a a t  --2.5v.  
Tetraethylammonium bromide and tetraethylam- 
monium iodide.--These w e r e  E a s t m a n - K o d a k  r e -  
agents ,  r e c r y s t a l l i z e d  f r o m  w a t e r .  
Anhydrous ferric chloride.--Prepared b y  the  ch lo -  
r i n a t i o n  of i ron,  th is  was  o b t a i n e d  f r o m  Dr.  D. B r i t -  
ton  of t he  I n o r g a n i c  C h e m i s t r y  D e p a r t m e n t .  
Anhydrous methanoL--It  was  p r e p a r e d  b y  d i s t i l l i ng  
F i s h e r  A.R. g r a d e  m e t h a n o l  f rom m a g n e s i u m  (21) .  
A so lu t ion  of a n h y d r o u s  f e r r i c  ch lo r ide  in th i s  so l -  
ven t  s e r v e d  as o x i d a n t  in  t he  d e t e r m i n a t i o n  of 
T i ( I I )  p r o d u c e d  b y  e l e c t r o r e d u c t i o n  of  t i t a n i u m  
t e t r a c h l o r i d e  in A N  in the  p r e s e n c e  of excess  ch lo -  
r ide  ions. 
Nitrogen.--Linde 99.9% p u r i t y  w a s  used  and  w h e n  
necessa ry ,  was  f u r t h e r  pur i f i ed  b y  pa s s ing  i t  t h r o u g h  
a 1 m long  b y  3.5 cm d i a m e t e r  c o l u m n  of a c t i v a t e d  
coppe r  at  200~ T h e  r e s u l t a n t  n i t r o g e n  is r e p o r t e d  
to con ta in  on ly  ~ 4  x 10-5% o x y g e n  (22) .  

Technique.--Current-potential and  c u r r e n t - t i m e  
cu rves  u s ing  the  D.M.E. w e r e  d e t e r m i n e d  as p r e -  
v i ous ly  d e s c r i b e d  (14, 19).  A l l  m e a s u r e m e n t s  w e r e  
m a d e  at  25.00 _+ 0.02~ Al l  p o t e n t i a l s  r e p o r t e d  a r e  
r e l a t i v e  to t he  SCE and  have  been  c o r r e c t e d  for  iR 
drop  and  a l l  c u r r e n t s  for  r e s i d u a l  cu r r en t .  N i t r o g e n  
was  s a t u r a t e d  w i t h  A N  at  25~ b e f o r e  b e i n g  passed  
t h r o u g h  the  p o l a r o g r a p h i c  cell.  E l ec t ro ly s i s  e x p e r i -  
m e n t s  a t  cons t an t  p o t e n t i a l  a t  a m e r c u r y  ca thode  
w e r e  c a r r i e d  out  in the  u s u a l  m a n n e r  (15) .  A 25 
ml  a l i quo t  was  r e m o v e d  a t  t he  c o m p l e t i o n  of t he  
e l ec t ro ly s i s  v ia  t he  enc losed  b u r e t  and  t r a n s f e r r e d  
to the  t i t r a t i o n  cell.  A n  excess  of a n h y d r o u s  f e r r i c  
ch lo r ide  in a n h y d r o u s  m e t h a n o l  was  a d d e d  and  the  
so lu t ion  s t i r r e d  for  2 h r  a t  - -15~ u n d e r  n i t r o g e n  
(23) .  A f t e r  a c i d i f y i n g  th i s  so lu t ion  w i t h  25 m l  5M 
aqueous  su l fu r i c  acid,  the  F e ( I I )  p r o d u c e d  b y  the  
r e d u c t i o n  of F e ( I I I )  b y  T i ( I I I )  a n d / o r  T i ( I I )  was  
d e t e r m i n e d  w i t h  0.01M ceric  su l f a t e  u s ing  f e r ro in  
ind ica to r .  F o r  the  d e t e r m i n a t i o n  of t o t a l  t i t a n i u m  
in the  a l iquo t ,  i ron,  ce r ium,  and  t i t a n i u m  w e r e  p r e -  
c ip i t a t ed  as h y d r o x i d e s ,  t he  p r e c i p i t a t e  f i l t e red  and  
d i s so lved  in 5M su l fu r i c  acid.  T i t a n i u m  was  d e -  
t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  (18) a f t e r  5 m l  of 
2M phospho r i c  ac id  h a d  been  a d d e d  to m a s k  the  
Fe  ( I I I ) .  

A p r e c i p i t a t e  f o r m e d  on e l ec t ro lys i s  a t  a cons t an t  
p o t e n t i a l  of - -2 .2v  was  f i l tered,  w a s h e d  w i t h  AN,  
d i s so lved  in 0.5M su l fu r i c  acid,  and  a n a l y z e d  for  
t i t a n i u m  ( w i t h  h y d r o g e n  p e r o x i d e ) ,  m e r c u r y  ( w i t h  
d i t h i z o n e ) ,  ch lo r ide  ( w i t h  s i l ve r  n i t r a t e ) ,  and  p e r -  
c h l o r a t e  ( w i t h  s i lve r  n i t r a t e  a f t e r  a d d i t i o n  of a c i d -  
ified t i t a n i u m  ( I I I )  s u l f a t e ) .  The  m e r c u r y  of t he  
ca thode  a f t e r  e l ec t ro lys i s  a t  - -2 .2v  was  d i s so lved  
in n i t r i c  acid,  c o n v e r t e d  to t he  ch lo r ide  w i t h  h y d r o -  
chlor ic  ac id  and  a n a l y z e d  for  t i t a n i u m  w i t h  h y d r o -  
gen  pe rox ide .  

Heat of so Iution.--Heat of so lu t ion  of t i t a n i u m  
t e t r a c h l o r i d e  in A N  was  d e t e r m i n e d  in t he  u sua l  
m a n n e r  (24)  us ing  a 500 m l  D e w a r  f lask as ca l -  
o r i m e t e r  ( " w a t e r  e q u i v a l e n t "  29.5 +_ 1.0 cal  d e g - 1 ) .  
A p p r o x i m a t e l y  0.5g t i t a n i u m  t e t r a c h l o r i d e  was  d i s -  
so lved  in  200 m l  ( =  155.7g at  23.568~ of A N  and  
the  in i t i a l  and  f inal  t e m p e r a t u r e s  m e a s u r e d  w i t h  a 
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h igh  p r ec i s i on  t h e r m o m e t e r .  The  a m o u n t  of t i t a -  
n i u m  t e t r a c h l o r i d e  a d d e d  to the  A N  was  a c c u r a t e l y  
d e t e r m i n e d  b y  g r a v i m e t r i c  a n d  s p e c t r o p h o t o m e t r i c  
ana lys i s  of t he  r e s u l t i n g  solut ion .  

Results 
The  l i m i t i n g  c u r r e n t  a t  - -1 .8v  o b s e r v e d  in  p o l a r o -  

g r a p h i c  cel l  A, c on t a in ing  so lu t ions  of t i t a n i u m  
t e t r a c h l o r i d e  in  A N  w i t h  0.1M t e t r a e t h y l a m m o n i u m  
p e r c h l o r a t e  as s u p p o r t i n g  e l e c t r o l y t e  d e c r e a s e d  on 
p r o l o n g e d  e l ec t ro lys i s  a t  t h e  D.M.E. The  di f fus ion 
c u r r e n t  was  70% of i ts  i n i t i a l  v a l u e  a f t e r  50 ra in  
e l ec t ro ly s i s  i n d i c a t i n g  t h a t  r e d u c i b l e  T i ( I V )  w a s  
be ing  d e p l e t e d  in  t he  b u l k  of the  solu t ion .  In  the  
absence  of m e r c u r y  the  so lu t ions  w e r e  s tab le .  By 
a d d i n g  a c r y l o n i t r i l e  in  v a r i o u s  c o n c e n t r a t i o n s  i t  
was  shown  t h a t  th is  i m p u r i t y  in  the  so lve n t  was  no t  
r e s p o n s i b l e  for  the  d e c r e a s e  in t he  c u r r e n t  in  the  
p re sence  of m e r c u r y .  The  fo l lowing  e x p e r i m e n t s  
show t h a t  t he  m e r c u r y  co l lec t ing  in  t he  base  of cel l  
A reac t s  w i t h  t he  solute .  A n  o x y g e n - f r e e ,  5.52 m M  
so lu t ion  of t i t a n i u m  t e t r a c h l o r i d e  in  A N  (40 m l )  
was  s h a k e n  w i t h  m e r c u r y  (2g)  in  a sea l ed  vesse l  
for  60 min  and  a l l o w e d  to s t a n d  ove rn igh t .  The  r e -  
su l t ing  so lu t ion  was  l igh t  i n d i g o - b l u e  in color  [ due  
to T i ( I I I ) ]  a n d  a w h i t e  p r e c i p i t a t e  of m e r c u r o u s  
ch lo r ide  was  fo rmed .  A n a l y s i s  showed  t h a t  a l l  t he  
t i t a n i u m  r e m a i n e d  in  solu t ion ,  65% be ing  p r e s e n t  
as T i ( I I I ) .  S i m i l a r  e x p e r i m e n t s  in t he  p r e s e n c e  of 
0.1M t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  y i e l d e d  a 
p r e c i p i t a t e  cons i s t ing  of a m i x t u r e  of m e r c u r o u s  
c h l o r i d e  and  a t i t a n i u m  compound .  The  r e s u l t i n g  
color less  so lu t ion  c o n t a i n e d  67% of t he  o r ig ina l  
a m o u n t  of T i ( I V ) ,  b u t  no T i ( I I I ) ,  w h i l e  on ly  1.89 
moles  of ch lo r ide  p e r  1 mo le  of t i t a n i u m  r e m a i n e d  

T 
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Fig. 1. Current-potential curves of 1.00 mM titanium tetra- 
chloride in acetonitrile with various supporting electrolytes. A, 0.1M 
tetraethylammonium perchlorate; B, 0.1M tetraethylammonium 
iodide; C, 0.1M tetraethylammonium bromide; D, O.OSM tetra- 
ethylammonium perchlorate + O.OSM tetraethylammonium thlocy- 
anate; E, 0.1M tetroethylammonium chloride; R, residual current in 
0.1M tetraethylammonium perchlorate. 
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in  solut ion.  Ev iden t ly ,  the T i ( I I I )  fo rmed  in  the  a b -  
sence of perch lora te  reduces  perch lora te  w i th  the  
fo rma t ion  of TiO e+, pa r t  of wh ich  is in  the  p r e -  
cipitate.  The  to ta l  chlor ide  con ten t  in  the  so lu t ion  
plus  prec ip i ta te  was 3% grea te r  t h a n  t ha t  corres-  
p o n d i n g  to the  concen t r a t i on  of t i t a n i u m  presen t  in  
the t e t rach lor ide  in i t i a l ly  present ,  i nd ica t ing  t ha t  
pe rch lo ra te  was  reduced  to chloride.  

In  order  to e l imina t e  the  above i n t e r f e r i ng  r eac -  
t ion  in  the  p o l a r o g r a p h y  of t i t a n i u m  te t rach lor ide  
wi th  t e t r a e t h y l a m m o n i u m  perch lora te  as suppo r t -  
ing  e lec t ro ly te  cell B was  used. Wi th  this  cell the  
cu r r en t  at  --1.8v was  found  to r e m a i n  constant .  

Curren t -Po ten t ia l  Curves  of  T i t a n i u m  
Tetrachloride in A N  

In 0.1M t e t r a e t h y l a m m o n i u m  perchlorate  as sup-  
port ing e l ec t ro l y t e . - -The  c u r r e n t - p o t e n t i a l  curves  
of solut ions of t i t a n i u m  te t rach lo r ide  in  the  concen-  
t r a t ion  r ange  0.24 to 1.81 m M  were  d e t e r m i n e d  us -  
ing 0.1M t e t r a e t h y l a m m o n i u m  perch lo ra te  as sup -  
por t ing  e lec t ro ly te  and  po la rographic  cell  B. The 
c u r r e n t - p o t e n t i a l  cu rve  for 1 mM t i t a n i u m  t e t r a -  
chlor ide is shown in  Fig. 1, cu rve  A, and  the  c ha r -  
acter is t ics  of the  anodic  and  two p r i nc ipa l  cathodic  
waves  are l is ted in  Tab le  I. The l i m i t i n g  c u r r e n t  
of the  tota l  cathodic wave  at --2.0v (vs. SCE) is 
wel l  developed,  the diffusion c u r r e n t  at  this  p o t e n -  
t ia l  be ing  p ropor t iona l  to the  concen t r a t i on  of t i t a -  
n i u m  te t rach lor ide  (Fig. 2, curve  B) .  The  va lue  of 
the  diffusion c u r r e n t  constant ,  ID ~ 8.29 #a mole  -1 
1.mg -2/3 sac 1/2, at - -2 .0v cor responds  to a four  e lec-  
t r on  t r ans f e r  of T i ( I V )  to T i ( 0 ) .  This  r educ t ion  is 
i r revers ib le .  The first cathodic diffusion c u r r e n t  is 
poor ly  defined, the plot  of idt -1/e vs. concen t r a t i on  
at  --0.6v (Fig. 2, curve  A)  no t  be ing  l inear ,  the  slope 
inc reas ing  wi th  inc reas ing  concen t ra t ion .  ( In  Fig. 
2 idt -1/6 and  not  id is p lo t ted  in  order  to re la te  all  
cu r r en t s  to the  same drop t ime.)  A t  the  h igher  con-  
cen t ra t ions  the  slope of this  plot  approaches  a va lue  
which  is 1/4 of the  slope of the  plot  for the  tota l  
cathodic wave  at - -2 .0v (Fig. 2, cu rve  B) .  Also, at  

~Spa SeC " t /6  H 
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id / t  I16 ~- 
(pCl sec "1/6) 
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Fig. 2. Relation between diffusion current (corrected for drop 
time effects) and concentration of titanium tetrochloride in various 
supporting electrolytes. A, B, and C, 0. ]M tetroethylammonium 
perchlorate: currents measured at --0.6, --2.0, and -I-0.55v, 
respectively; D and E, 0.05h4 tetraethylammonium perchlorate 
-I-0.05M tetraethylammonium thiocyonote; currents measured at 
--0.8 and --1.9v, respectively; F, G, and H, 0.1M tetraethylam- 
monium chloride; currents measured at --1.1, --1.65, and --2.2v, 
respectively. 

higher  concen t ra t ions  the  first cathodic diffusion 
c u r r e n t  becomes more  c lear ly  defined. F r o m  the 
d r a w n - o u t  shape of this  w a v e  it  appears  tha t  the  
r educ t ion  of T i ( I V )  to T i ( I I I )  is i r revers ib le .  The 
second cathodic wave  wi th  Ell2 of abou t  - -1 .3v is 
smal l  and  poor ly  defined. It  ind ica tes  a r educ t ion  of 
T i ( I I I )  to T i ( I I ) ,  bu t  it over laps  w i th  the  th i rd  
wave  cor respond ing  to the r educ t ion  to T i ( 0 ) .  

The  anodic  wave  in 1 m M  t i t a n i u m  te t rach lo r ide  
has an  E1/~ of +0 .34v  and  is composi te  w i th  the  first 
cathodic wave.  The  slope of the  plot of log i vs. 
E D . M . E .  b e t w e e n  +0 .4  and  ~-0.5v is equa l  to 0.025, 
i nd ica t ing  a r eve r s ib l e  ox ida t ion  of m e r c u r y  to m e r -  
curous  chlor ide  in  this  vol tage  range.  The  diffusion 
c u r r e n t  at  %0.55v is no t  as wel l  defined as t ha t  of 
the tota l  r educ t ion  wave  at  --2.0v, never the less ,  

Table I. Characteristics of polarographic waves of acetonitri|e solutions of titanium tetrachloride 

Iv, (/la mM -I 
S u p p o r t i n g  e l e c t r o l y t e  R e a c t i o n  a t  D .M.E .  1.mg-e/a secl/e) El~2, v v s .  S.C.]~. 

0.1M (C2Hs)4NC104 TIC14 -t- 4Hg--) 2Hg2CI2 -~ 4e 8.35 ~0.34 b 
Ti (IV) + e - )  Ti (III)  2.05 a Composite with anodic wave 
Ti ( IV)  ~- 4e-)  Ti(0)  8.29 --1.75 b 

0.1M (C2H5) 4NC1 Ti (IV) -{- e -) Ti (III)  2.29 --0.80 c 
Ti( IV)  -F 2e-)  T i ( I I )  6.23 --1.39 d 
Ti ( IV)  ~ 4e-)  Ti(0)  12.32 --1.92 d 

0.1M (C2H5) 4NBr Ti (IV) -F e -~ Ti (III)  1.70 Composite with anodic wave 
Ti(IV)  ~- 4e-~ Ti(0)  12.15 ? 

0.1M (C2Hs)4NI Ti (IV) ~- e -> Ti (III) g 1.55 Composite with anodic wave 
Ti(IV)  ~- e-~ T i ( I I I )  u 2.13 --0.77 e 
Ti( IV)  -~ 4e-~ Ti(0) i 6.78 --1.20 e 
Ti( IV)  -t- 4e--> Ti(0)  k 8.70 --1.86 e 

0.05M (C2Hs)4NCNS -{- Ti (IV) ~- e--> Ti (III)  2.79 Composite with anodic wave 
0.05M (C2Hs)4NC104 Ti (IV) -t- 4e-> Ti(0)  11.90 --1.46 d 

a V a l u e  f o r  1.81 m M  t i t a n i u m  t e t r a c h l o r i d e ;  ID is  l o w e r  a t  l o w e r  c o n c e n t r a t i o n s .  
b El /2  c o n s t a n t  i n  t h e  c o n c e n t r a t i o n  r a n g e  0.9 to  1.81 mlVL 
c A t  1 rnM E1/~ d e c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  s  - - 0 . 8 1  a t  0.236 m M  to  - -0 .76  a t  1.81 raM.  

E~/~ i n d e p e n d e n t  o f  c o n c e n t r a t i o n .  
e A t  l m M .  
a F i r s t  p a r t  of  s p l i t  o n e - e l e c t r o n  r e d u c t i o n  w a v e ,  
u T o t a l  o n e - e l e c t r o n  w a v e .  

F i r s t  p a r t  of  s p l i t  f o u r - e l e c t r o n  r e d u c t i o n  w a v e ,  
T o t a l  f o u r - e l e c t r o n  w a v e .  
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f rom the  average  va lues  of the  diffusion c u r r e n t  
cons tan ts  at  these  two po ten t i a l s  (Tab le  I) it  is 
clear tha t  the anodic  wave  is the  r e su l t  of a four  
e lec t ron  t rans fe r ,  co r respond ing  to the o v e r - a l l  r e -  
ac t ion 

TIC14 -F 4Hg-~ T i ( I V )  -F 2Hg2CI2 -f- 4e [1] 

The  zero c u r r e n t  po t en t i a l  at +0 .1v  is a m i xe d  
potent ia l .  At  this  po ten t i a l  the  r educ t ion  c u r r e n t  
due to T i ( I V )  + e ~ T i ( I I I )  is equa l  to the  anodic  
c u r r e n t  (Eq. [ 1 ] ) .  

Efject of water.--Small a m o u n t s  of water ,  up 
to 4 mM have  no effect on the  c u r r e n t - p o t e n t i a l  
curves.  La rge r  a m o u n t s  of wa t e r  resu l t  in  the  h y -  
drolysis  of the  solute.  The c u r r e n t - p o t e n t i a l  cu rve  
of a f resh ly  p repa red  solut ion,  31 mM in water ,  1.00 
mM in t i t a n i u m  te t rachlor ide ,  and  0.1M in  t e t r a -  
e t h y l a m m o n i u m  perch lo ra te  is g iven  in  Fig. 3, 
cu rve  A. Compar i son  of this  cu rve  w i th  Fig. 1, cu rve  
A shows t h a t  in  the  p resence  of 31 m M  w a t e r  the  
half  w a v e  po ten t i a l  of the anodic  wave  is shi f ted  
f rom +0.34  to -{-0.22v, the  anodic  and  cathodic 
waves  are no longer  composite,  the first cathodic 
wave  is more  d r a w n  out, the re  is no ev idence  of a 
T i ( I V ) / T i ( I I )  r educ t ion  wave,  the  T i ( I V ) / T i ( 0 )  
wave  occurs at abou t  0.3v more  posit ive,  and  the  
total  diffusion c u r r e n t  at  - -2 .0v is 10% less t h a n  
in w a t e r - f r e e  solut ion.  On s t and ing  for 24 hr  the  
so lu t ion  became  c loudy and  af ter  th ree  days t i t a -  
n i u m  had  p rec ip i t a t ed  as t i t a n i u m  dioxide. The p r e -  
cipitate,  af ter  w a s h i n g  wi th  AN and  dissolv ing in  
5M sul fur ic  acid, gave a nega t ive  test  for chlor ide 
wi th  s i lver  n i t ra te .  F r o m  the  c u r r e n t - p o t e n t i a l  
curve  of the  r e su l t i ng  so lu t ion  (Fig. 3, cu rve  B) 
it is c lear  tha t  most  of the t i t a n i u m  has p rec ip i t a ted  
f rom solu t ion  as a resu l t  of the  slow hydro lys i s  of 
the  te t rachlor ide .  

Effect of chloride.--Solutions of t i t a n i u m  t e t r a -  
chloride con t a in ing  0.1M t e t r a e t h y l a m m o n i u m  chlo-  
r ide  exh ib i t  th ree  wel l  defined waves  as shown  in 
Fig. 1, curve  E. The  first wave  is no longer  com-  
posite wi th  the  anodic  chlor ide cur ren t .  In  agree -  

1 4 -  
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Fig. 3. Effect of 31 mM water on the polarogram of 1.00 mM 
titanium tetrachloride with 0.1M tetraethylammonium perchlorate 
as supporting electrolyte. A, Freshly prepared solution; B, solution 
aged 72 hr. 
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Table ]]. Effect of chloride ion on the characteristics of the 
total wave of 1 mM titanium tetrachloride in acetonitrile 

Added ~ at  Drop 
[C1-] --2.15v t ime  Color os 
(mM) (/za} (sec) ID --ELI2 solution 

101 18.00 2.0'7 12.32 1.92 Colorless 
50 17.98 2.08 12.30 1.91 Colorless 
25 17.83 2.17 12.11 1.90 Colorless 
12 17.48 2.20 11.87 1.87 Colorless 
8 17.30 2.20 11.72 1.8,6 Very fa int  

yel low 
4 16.94 2.19 11.52 1.84 Pale  yellow 
2 15.48 2.20 10.51 1.79 Yellow 
1 14.63 2.17 9.97 1.78 Yellow 
0 12.20 2.18 8.29 1.75 Pale  yellow 

m e n t  w i th  this  behav io r  is the fact t ha t  chlor ide 
con t a in ing  solut ions  of t i t a n i u m  te t rach lo r ide  in  AN 
do no t  reac t  w i th  mercu ry .  The  charac ter is t ics  of 
the  th ree  cathodic waves  are g iven  in  Tab le  I. The  
l im i t i ng  diffusion cu r r en t s  of the  th ree  waves  (at  
--1.1, --1.65, a n d - - 2 . 2 v  vs. SCE) are p ropor t iona l  
to the concen t r a t i on  of t i t a n i u m  te t r ach lo r ide  in  the  
concen t r a t i on  r a nge  0.236 to 1.81 m M  (Fig. 2, curves  
F, G, and  H) .  The  ra t io  of the  va lues  of the  diffusion 
c u r r e n t  cons tan t s  for the  th ree  waves  are  1 : 2.72: 5.37 
wi th  the  ra t io  for the  second and  t h i r d  waves  of 
1:1.98. A l t h o u g h  the diffusion c u r r e n t  cons tan t  for 
the first wave  is low compared  w i th  the  other  two, 
these  ratios,  toge ther  w i th  the  m a g n i t u d e  of the  
diffusion c u r r e n t  cons tan ts  ind ica te  tha t  the  th ree  
waves  cor respond to the  r educ t ion  of T i ( I V )  to 
T i ( I I I ) ,  T i ( I I ) ,  and  T i ( 0 ) ,  respect ively .  The waves  
are  wel l  defined, bu t  all  are  d r a w n  out  a nd  the 
reduc t ions  are  i r revers ib le .  As is seen in  Tab le  I, 
the  diffusion c u r r e n t  for the  four  e lec t ron  r educ t ion  
in  the presence  of chlor ide is abou t  50% la rger  t h a n  
in the presence  of perchlora te .  The  effect of v a r i -  
ous chlor ide concen t r a t ions  on the  charac ter i s t ics  of 
the  tota l  w a v e  of 1.00 mM t i t a n i u m  te t rach lo r ide  
is s u m m a r i z e d  in  Table  II. The  tota l  ionic s t r eng th  
was m a i n t a i n e d  at 0.1M by  me a ns  of t e t r a e t h y l a m -  
m o n i u m  perchlora te .  The  pale  ye l low color of the  
so lu t ion  in  the  absence  of added chlor ide  becomes 
more  in t ense  at low chlor ide  concen t ra t ions ;  p rob -  
ab ly  as a resu l t  of f o r ma t i on  of TiC15(CH~CN)- .  
At  h igher  chlor ide concen t ra t ions  the  solut ions  are 
colorless; appa ren t ly ,  al l  the  t i t a n i u m  is t h e n  p re s -  
en t  as TIC182-. The  f o r ma t i on  of these  complex  ions 
also accounts  for the  increase  in  the  diffusion cu r -  
r en t  cons tan t  for the four  e lec t ron  reduct ion .  

Controlled potential electrolysis.--The resul t s  ob-  
t a ined  f rom these e x p e r i m e n t s  s u b s t a n t i a t e  the  
above  i n t e r p r e t a t i o n  of the c u r r e n t - p o t e n t i a l  curves,  
in  pa r t i cu la r ,  t ha t  T i ( I I )  is s tabi l ized in  AN in  the  
presence  of chloride.  N ine ty  five mi l l i l i t e r s  of 5.52 
m M  t i t a n i u m  te t rach lo r ide  in  AN wi th  0.5M t e t r a -  
e t h y l a m m o n i u m  chlor ide  as suppo r t i ng  e lect rolyte ,  
was  e lect rolyzed at  --1.11v (vs. SCE) at  a m e r c u r y  
cathode. Elect rolys is  was comple te  af ter  passage of 
50.4 coulombs of c u r r e n t  [ theore t ica l  50.5 for r e -  
duc t ion  to T i ( I I I ) ]  and  the  solut ion which  was  i n -  
i t i a l ly  colorless, was  an  e x t r e m e l y  pale  b l u i s h - g r e e n  
color. A n  a l iquot  (10 ml )  of this  so lu t ion  was  added 
to 50 ml  of 2M sul fur ic  acid c o n t a i n i n g  an  excess of 
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F e ( I I I ) .  The F e ( I I )  p roduced  by  the  r educ t ion  of 
F e ( I I I )  by  T i ( I I I )  was  t i t r a t ed  w i th  10-2M Ce( IV)  
and  it was  found  tha t  all  the  t i t a n i u m  was p re sen t  
as T i ( I I I ) .  Thus,  at - -1 .1v the  reduc t ion  in  the  p res -  
ence of chlor ide  is to T i ( I I I )  and  the  c u r r e n t  ef -  
f iciency is 100%. Af t e r  r e m o v i n g  a f u r t h e r  6 ml  
sample  for tests, the  r e m a i n d e r  was  e lect rolyzed at 
a cons tan t  po ten t i a l  of --1.67v (vs. SCE) .  E lec t ro l -  
ysis  was comple te  af ter  passage of 44.8 coulombs of 
c u r r e n t  ( theore t ica l  42.0) and  the final solut ion.  
was p u r p l e - b l a c k  w i th  some m a t e r i a l  in  ve ry  fine 
suspension.  A 25 ml  a l iquot  of this  so lu t ion  was  
t r a n s f e r r e d  u n d e r  n i t r o g e n  to the t i t r a t ion  cell and  
ana lyzed  for T i ( I I )  and  T i ( I I I )  (see e x p e r i m e n t a l  
sect ion)  and  found  to con ta in  97% of the  t i t a n i u m  
as T i ( I I )  and  3% as T i ( I I I ) .  Thus,  at --1.67v the 
r educ t ion  of t i t a n i u m  te t rach lor ide  in  AN in  the  
presence  of chlor ide is to T i ( I I )  w i th  a c u r r e n t  ef-  
ficiency of 91%. A t t e m p t s  to separa te  T i ( 0 ) ,  i.e., 
t i t a n i u m  me ta l  or ama lgam,  were  not  successful.  
In  all  ins tances  e lectrolysis  at  --2.2v was  comple ted  
af ter  passage of 4.2 to 4.3 equ iva len t s  of c u r r e n t  
per  mole  of t i t a n i u m  te t rach lo r ide  and  a pale  ye l -  
lowish  prec ip i ta te  was  fo rmed  which  con ta ined  
34.6 to 37.0% t i t a n i u m  by  weight  and  abou t  hal f  
of the  tota l  added t i t an ium.  This solid was  f ree ly  
soluble  in  d i lu te  aqueous  (0.1M) sul fur ic  acid, g iv -  
ing a pale  ye l low solution.  The final  so lu t ion  in  
the electrolysis  cell was  yel low,  it  con ta ined  the  
ba lance  of the t i t an ium,  had  a s t rong  odor l ike 
tha t  of a l iphat ic  amines ,  and  the  vapor  evolved  
wi th  the  n i t r o g e n  (which  was  passed t h rough  the 
so lu t ion  d u r i n g  e lect rolys is)  was a lka l ine  to l i tmus .  

W h e n  solut ions  of t i t a n i u m  te t rach lo r ide  con-  
t a i n ing  both  t e t r a e t h y l a m m o n i u m  perch lora te  and  
t e t r a e t h y l a m m o n i u m  chlor ide  as suppo r t i ng  elec-  
t ro ly te  were  e lect rolyzed at --1.67v r educ t ion  of 
T i ( I V )  to T i ( I I I )  was first observed.  Af te r  this  
r educ t ion  was  complete  a g r a y i s h - b l u e  prec ip i ta te  
was fo rmed  and  no T i ( I I )  was detec ted  in  solut ion.  
A p p a r e n t l y  T i ( I I )  reacts  w i th  perchlora te ,  bo th  in  
the  absence  and  presence  of chloride.  On addi t ion  of 
pe rch lo ra te  u n d e r  oxygen - f r ee  condi t ions  to a so lu-  
t ion  of T i ( I I ) ,  p r epa red  by  electrolysis  in  the  p re s -  
ence of excess chloride,  a g r a y i s h - b l u e  prec ip i ta te  
formed,  conf i rming  tha t  pe rch lo ra te  is r educed  by  
T i ( I I ) .  Elect rolys is  at - -2 .0v  in  the  presence  of 
pe rch lo ra te  resu l t ed  in  the  fo rma t ion  of the ye l -  
lowish  precipi ta te .  Ne i the r  chlor ide nor  pe rch lo ra te  
was  found  to be a cons t i t uen t  of this  precipi ta te .  
On comple t ion  of r educ t ion  at - -2 .0v (perch lora te )  
or - -2 .2v (chlor ide)  the m e r c u r y  of the  cathode 
was collected and  ana lyzed  for t i t an ium.  In  all  i n -  
s tances the  test  was negat ive ,  i nd i ca t ing  the a b -  
sence of t i t a n i u m  in  the  mercu ry .  

A l though  the  cons tan t  po ten t i a l  e lectrolysis  ex -  
pe r imen t s  do not  give any  ind ica t ion  of the  f o r m a -  
t ion  of t i t a n i u m  a m a l g a m  or metal ,  it seems fa i r ly  
ce r ta in  t ha t  the  final stage of the  r educ t ion  of t i -  
t a n i u m  te t rach lor ide  in  AN at the  D.M.E. is to 
T i ( 0 ) .  This  a p p a r e n t l y  reacts  wi th  the s u r r o u n d i n g  

sys tem to produce  an a] iphat ic  amine  toge ther  wi th  
a s l ight ly  soluble  complex  of t i t a n i u m  in  a h igher  

va lence  s ta te  which  is ve ry  s table  to e lec t rochemica l  
reduct ion .  

Effect of bromide.--Solutions of t i t a n i u m  t e t r a -  
chlor ide (1.00 raM) in  AN con t a in ing  smal l  a m o u n t s  
of t e t r a e t h y l a m m o n i u m  b r omi de  (1-8 mM)  are 
colored o range -ye l low,  bu t  in  the  p resence  of h igher  
concen t ra t ions  of b romide  are colorless. As wi th  
chlor ide these observa t ions  are accounted  for by  
the  f o r ma t i on  of va r ious  complex  ions. Curve  C, 
Fig. 1 shows a typ ica l  p o l a r o g r a m  of t i t a n i u m  t e t r a -  
chloride in  0.1M t e t r a e t h y l a m m o n i u m  b r omide  as 
suppor t ing  e lect rolyte ;  the charac ter is t ics  are  r e -  
corded in Tab le  I. The first cathodic wave  is f a i r ly  
wel l  defined a nd  is composi te  wi th  the b r omide  
anodic  wave.  The l i m i t i n g  c u r r e n t  of this  w a v e  ap-  
pears  to be less t h a n  tha t  which  cor responds  to a 
one e lec t ron  reduct ion .  A p p a r e n t l y  the one e lec t ron  
reduc t ion  of T i ( I V )  in  the va r ious  complex ing  so-  
lu t ions  occurs at d i f ferent  potent ia ls .  The  first wave  
is fol lowed by  th ree  poor ly  defined waves,  on ly  the 
l imi t ing  c u r r e n t  for the  tota l  four  e lec t ron r educ t ion  
is wel l  defined and  can be m e a s u r e d  w i th  a n y  ac-  
curacy.  The presence  of va r ious  t i t a n i u m ( I V )  chlo-  
r i d e - b r o m i d e  complexes  of the  fo rm {TiClxBr~-x~} 2- 
p r o b a b l y  accounts  for the compl ica ted  n a t u r e  of 
the c u r r e n t - p o t e n t i a l  curves.  Solu t ions  of t i t a n i u m  
te t rach lor ide  in  AN c o n t a i n i n g  bromide ,  e i ther  in  
the presence  or absence  of oxygen,  are qu i te  s table  
as shown by  the r ep roduc ib i l i t y  of the c u r r e n t - p o -  
t en t i a l  curves  on ag ing  the  solut ions  for 24 hr. 

Effect of Iodide.--Solutions of t i t a n i u m  te t r ach lo -  
r ide con ta in ing  iodide are v e r y  sens i t ive  to oxygen,  
the in i t i a l  y e l l o w i s h - b r o w n  a i r - s a t u r a t e d  so lu t ion  
r ap id ly  becoming  r e d - b r o w n  in  color, deepen ing  in  
i n t e ns i t y  on s tanding ,  and  f inal ly  y ie ld ing  a p r e -  
c ipi ta te  of t i t a n i u m  oxide. On the o ther  hand ,  ad -  
d i t ion  of solid t e t r a e t h y l a m m o n i u m  iodide to an  
o x y g e n - f r e e  so lu t ion  of t i t a n i u m  te t rach lor ide  p ro -  
duces a ye l low solu t ion  which  is qu i t e  s table  (as 
shown by  the r ep roduc ib i l i t y  of the  c u r r e n t - p o t e n -  
t ia l  curves)  for severa l  weeks,  p rov ided  air  is 
r igorous ly  excluded.  The c u r r e n t - p o t e n t i a l  cu rve  of 
a 1.00 mM solut ion of t i t a n i u m  te t rach lor ide  in  0.1M 
t e t r a e t h y l a m m o n i u m  iodide is shown in  Fig. 1, 
curve  B and  its charac ter is t ics  are recorded in 
Tab le  I. A n  i n t e r p r e t a t i o n  of the  po l a rog ram is p r e -  
sen ted  in  the  discussion section. 

Eyyect of thiocyanate.--In a suppor t ing  e lec t ro ly te  
0.05M in t e t r a e t h y l a m m o n i u m  perch lo ra te  and  
0.05M in  t e t r a e t h y l a m m o n i u m  th iocyana te ,  two 
wel l  developed r educ t ion  waves  are  observed  (Fig. 
1, cu rve  D) which  cor respond to a one and  a four  
e lec t ron  reduct ion ,  respect ively .  The character is t ics  
of the  c u r r e n t - p o t e n t i a l  curves  are l is ted in  Tab le  
I, the diffusion cu r ren t s  be ing  p ropor t iona l  to the 
concen t r a t i on  of t i t a n i u m  te t rach lo r ide  (Fig. 2, 
curves  D and  E) .  The  second reduc t ion  wave  is 
i r revers ib le ,  whi le  the  first w a v e  is composi te  wi th  
the anodic  th iocyana te  wave,  i.e., the  zero c u r r e n t  
po ten t i a l  is a m i xe d  potent ia l ,  at  which  the  fo l low-  
ing reac t ions  occur s i m u l t a n e o u s l y  

Hg § n C N S -  ~ H g ( C N S ) .  r -t- 2e [2a]  

2T i ( I V )  -t- 2e ~ 2 T i ( I I I )  [2b]  
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In ,  (/~a mM-~ 
S u p p o r t i n g  electrolyte Reaction a t  D . M . E .  l .mg-2/a secl/~ El/2, v vs .  S .C.E.  

0.1M (C2Hs) 4NCIO4 

0.1M (C2Hs) 4NC1 

0.1M (C2H5) 4NI 

TiI4 -~ 4Hg--> 2Hg212 + 4e 
Ti(IV) + 4e-> Ti(0) 
Ti(IV) + e-~ Ti(III) b 
Ti(IV) + e-~ Ti(III) c 
Ti(IV) Jr 2e--> Ti(II) 
Ti(IV) q- 4e-+ Ti(0) 
Ti(IV) + 4e~ Ti(0) 
Ti(IV) ~- 4e-> Ti(0) 

8.07 - -t-0.22 
10.29 --0.34 

1.13 Composite with anodic wave 
2.59 --0.86 
6.07 --1.41 

12.40 --1.95 
8.09 Composite with anodic wave 

10.38 --1.38 

All El /s  values f o r  1.00 m M  t i t a n i u m  t e t r a i o c l i d e  solutioru~. 
a I l l  de f ined ,  b F i r s t  p a r t  of sp l i t  o n e - e l e c t r o n  r e d u c t i o n  w a v e .  c T o t a l  o n e - e l e c t r o n  w a v e .  

The  diffusion c u r r e n t  cons tan t s  are in  the ra t io  
of 1:4.26 and  are  cons ide rab ly  g rea te r  in  the  p res -  
ence of t h iocyana te  t h a n  in  the  presence  of pe r -  
ch lora te  alone. This  indica tes  t ha t  a complex  is 
fo rmed  b e t w e e n  t i t a n i u m  te t r ach lo r ide  and  th io-  
cyana te  ions which  has a l a rge r  diffusion coefficient 
t h a n  does TiC14(CI-I~CN)2. Solu t ions  of t i t a n i u m  
te t rach lor ide  in  AN c o n t a i n i n g  th iocyana te  are sen-  
s i t ive to oxygen  as are solut ions  con t a in ing  iodide. 
In  o x y g e n - f r e e  solut ions  the color is b r igh t  yel low.  
Such solut ions  are s table  for severa l  days b u t  on 
s t and ing  for more  t h a n  three  days  beg in  to deepen  
in  color and  f inal ly an  orange  prec ip i ta te  is formed.  
In  the presence  of oxygen,  solut ions  i m m e d i a t e l y  
become orange  in  color and  an  orange  prec ip i ta te  
forms w i t h i n  2 or 3 hr. C u r r e n t - p o t e n t i a l  curves  of 
the r e su l t i ng  solut ions  show tha t  mos t  of the  t i t a -  
n i u m  is in  the  prec ip i ta te .  Thus  t i t a n i u m ( I V ) - t h i o -  
cyana te  sys tems in  AN are s imi la r  to t i t a n i u m ( I V ) -  
iodide sys tems in  tha t  air  ox ida t ion  of the  an ion  
occurs w i th  the fo rma t ion  of t i t a n i u m ( I V ) - o x y g e n  
compounds .  

Current-potential Curves of Titanium 
Tetraiodide in AN 

0.1M tetraethylammonium perchlorate as sup- 
porting electro~yte.--The c u r r e n t - p o t e n t i a l  curve  
of 1.00 m M  t i t a n i u m  te t ra iod ide  in  the p resence  of 
0.1M t e t r a e t h y l a m m o n i u m  perch lo ra te  is shown  in  
Fig. 4, cu rve  A, and  the  charac ter i s t ics  of the  two 
waves  are g iven  in  Tab le  ITI. C o n t r a r y  to the  be -  
hav ior  of t i t a n i u m  te t r ach lo r ide  in  this  suppor t ing  
e lec t ro ly te  on ly  one r educ t ion  wave  is observed  
wi th  t i t a n i u m  te t ra iodide ,  and  the  v a l u e  of the  
diffusion c u r r e n t  cons tan t  at  --0.7v (ID = 10.29) 
indica tes  tha t  a four  e lec t ron  r educ t ion  of T i ( I V )  
to T i (0 )  occurs in  one i r r eve r s ib le  step wi th  a 
h a l f - w a v e  po ten t i a l  of --0.34v. A poor ly  defined 
anodic  wave  is also observed  ind ica t ing  tha t  a r e -  
act ion s imi la r  to Eq. [1] occurs 

TiI4 + 4Hg--> T i ( I V )  + 2Hg212 + 4e [3] 

In  con t ras t  to the  behav io r  of t i t a n i u m  te t rach lor ide ,  
the anodic  and  cathodic waves  do not  appea r  to be  
composite,  a l though  a reac t ion  b e t w e e n  m e r c u r y  
and  the  solute was  observed.  

Effect of chloride.--The c u r r e n t - p o t e n t i a l  cu rve  
of 1.00 mM t i t a n i u m  te t ra iod ide  us ing  0.1M t e t r a -  
e t h y l a m m o n i u m  chlor ide as suppo r t i ng  e lec t ro ly te  
is g iven  in  Fig. 4, curve  B, and  its charac ter is t ics  

are l is ted in Table  III.  A n  i n t e r p r e t a t i o n  of the  
po l a rog ram is p resen ted  in  the  discussion section. 

Effect of iodide.JFigure 4, curve  C i l lus t ra tes  the  
c u r r e n t - p o t e n t i a l  cu rve  of 1.00 mM t i t a n i u m  t e t r a -  
iodide in  the  presence  of 0.1M t e t r a e t h y l a m m o n i u m  
iodide, and  its charac ter i s t ics  are recorded  in  Tab le  
III.  Two cathodic waves  are observed.  The first is 
composi te  w i th  the  anodic  iodide wave  wi th  a n  ID 
va l ue  of 8.09 at  --1.0v, whi le  the second wave  has  
a n  ID va lue  of 10.38 a t - - 1 . 7 v  which  is a lmost  the  
same as tha t  ob ta ined  wi th  perch lora te  suppor t ing  
electrolyte.  This  indica tes  tha t  in  0.1M iodide on ly  
pa r t i a l  r e p l a c e me n t  of the  AN l igands  by  iodide 
in  the co -o rd ina t i on  sphere  of the  t i t a n i u m ( I V )  
occurs. The  ra t io  of the  two wave  heights  is close to 
3:4. Wi t hou t  f u r t h e r  s tudy  i t  cannot  be concluded 
w h e t h e r  the  first w a v e  cor responds  to a th ree  e lec-  
t ron  r educ t ion  or, which  is more  l ikely,  w h e t h e r  
there  are two species of T i ( I V )  in  solut ion,  which  
cause the four  e lec t ron  r educ t ion  wave  to be split.  

Heat of solution.--The heat  of so lu t ion  of t i t a -  
n i u m  te t rach lor ide  in  AN 

TIC14(1) Jr 2CH3CN(1) ~ TIC14 (CH~CN) 2(22 mM in AN) 
[4] 

was found  to be AHs 

2 0  

16 

8 

4 

o 

4 

8 

16 
~-0.6 0 

= --  24--+1 kcal  mole -1 at 24~ 

I I I 

-I.O -2.O -2A 

E O.M.E. (Volts) 

Fig. 4. Current-potential curves of 1.00 mM titanium tetra- 
iodide in acetonitrile with various supporting electrolytes. A, 0.1M 
tetraethylammonium perchlorate; B, 0.1M tetraethylammonium 
chloride; C, 0.1M tetraethylammonium iodide. 
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Table IV. Conductivity of titanium tetrachloride in acetonitrile 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1964 

Spec i f i c  M o l a r  conductivity,  
conductivity L (ohra-X 

[TiCI4] ( raM)  (ohm-~ c m - D  era2 m o l e - D  L/L(," 

118.0 4.39 • 10 -4 3.72 0.022 
15.8 7.08 X 10 -5 4.48 0.026 
9.21 3.62 X 10 -5 3.93 0.023 
4.61 2.13 X 10 -5 4.62 0.027 
2.30 1.03 • 10-5 4.48 0.026 
1.15 4.93 )< 10 -6 4.29 0.025 

* Lo, t h e  m o l a r  c o n d u c t i v i t y  a t  i n f i n i t e  d i l u t i o n  a n d  100% disso- 
ciation w a s  t a k e n  to b e  170 o h m  -I  cm ~ mole -1  (see  t e x t ) .  

C o n d u c t i v i t y  m e a s u r e m e n t s . - - T h e  mola r  conduc-  
t iv i t ies  of solut ions  of t i t a n i u m  te t rach lo r ide  in  AN 
in  the  concen t r a t i on  r a n g e  1.15 m M  to 0.118M are 
g iven  in  Tab le  IV. 

Discussion 
F r o m  da ta  repor ted  in  the  l i t e r a t u r e  (25, 26) it  

is found  tha t  the e n t h a l p y  change  for the  reac t ion  
b e t w e e n  m e r c u r y  and  t i t a n i u m  te t rach lor ide  in  the i r  
s t a n d a r d  states 

2Hg(1) Jr 2TIC14(1) ~.~ 2TiC13(s) Jr Hg2C12(s) [5] 

is AH~ = --22.3 kcal  mole -1 and  the  free ene rgy  
change  of this  reac t ion  is AG~ = --9.7 kcal  mole  -z, 
thus  the r educ t ion  of t i t a n i u m  te t rach lo r ide  by  m e r -  
cu ry  is favored.  Since the  hea t  of so lu t ion  of t i t a -  
n i u m  te t rach lo r ide  in  AN (Eq. [4] )  is AHs = 
--24-----1 kcal  mole  -~ and  the  reac t ion  

2Hg(l) + 2TIC14 (CH3CN)2(CH3CN) 

2TiCla(cH3CN) -4- Hg2C12(s) [6] 

is k n o w n  to proceed f rom lef t  to r ight ,  t h e n  neg lec t -  
ing  en t ropy  changes  which  p r o b a b l y  wi l l  be ve ry  
s imi la r  in  reac t ions  [5] and  [6],  it is possible  to 
m a k e  an  es t imate  of the  heat  of so lu t ion  of t i t a n i u m  
t r ich tor ide  in  AN. This  is e s t ima ted  to be ~> 13 
kcal  mole  -1 ( exo the rmic ) .  F r o m  the  m e a s u r e d  con-  
cen t ra t ions  of T i ( I V )  and  T i ( I I I )  in  AN which  are  
in  e q u i l i b r i u m  in  the presence  of mercu ry ,  the  free 
ene rgy  change  of reac t ion  [6] is ca lcu la ted  to be 
AG~ = --0.7 kcal  mole  -1. 

The mola r  conduc t iv i ty  of t i t a n i u m  t e t r ach lo -  
r ide in  AN is i n d e p e n d e n t  of concen t r a t i on  in  the  
concen t r a t i on  r ange  0.001 to 0.118M. This  indica tes  
tha t  d i sp ropor t iona t ion  r a t h e r  t h a n  s imple  disso- 
c ia t ion of the  solute  occurs. An  es t imate  of the 
e q u i l i b r i u m  constant ,  K d, for the reac t ion  

[7] 

K d 

2TiC14(CH3CN)2 ~ {TIC18 (CHsCN)8} + + 

TiC15CH3CN- 

can be ob ta ined  f rom the conduc t iv i ty  data  if one 
assumes  tha t  the  to ta l  mo la r  conduc t iv i ty  of these 
two ions at  inf ini te  d i lu t ion  and  100% d i spropor -  
t i ona t ion  is of the  same order  as t ha t  of the  a l k y l -  
a m m o n i u m  chlorides,  i.e., 170 ohm -1 cm 2 mole  -1 
(15).  Hence  the  degree of dissociation,  a, in  this  
concen t r a t i on  r ange  is 0.026 and  

K d = [{TiCls(CH3CN)3} + ] [{TiC15CHsCN}-] /  
[TIC14 (CH3CN) 2] 2 

= a 2 / ( 1 - - a )  2 = 7 x  10 -4 [8] 

F r o m  conduc tance  data,  L o n g w o r t h  and  P lesch  (27) 
concluded tha t  the  above type  of d i sp ropor t iona t ion  
also occurs in  solut ions  of t i t a n i u m  te t rach lo r ide  in  
e thy lch lor ide  and  m e t h y l e n e  dichloride.  Us ing  the  
same un i t s  as used above the i r  va lues  for K d in  these 
solvents  cor respond to 10 -1~ and  10 -12, respect ively .  
As is to be expected,  K d decreases  wi th  decreas ing  
dielectr ic  constant ,  t ha t  of AN is 37, of e thy l  chlor ide 
12.3, a nd  of m e t h y l e n e  d ichlor ide  9.9. 

In  the presence  of excess chlor ide  ions T i ( I V ) ,  
T i ( I I I ) ,  and  T i ( I I )  are  all  s tabi l ized by  complex  
format ion ,  p a r t i c u l a r l y  T i ( I V )  as its r educ t ion  po-  
t en t i a l  is shif ted more  t h a n  l v  more  nega t i ve  in  
the p resence  of 0.1M chloride.  F r o m  the  v a r i a t i o n  in  
the va lue  of the diffusion c u r r e n t  constant ,  ID, wi th  
chlor ide  ion concen t r a t i on  (Tab le  II)  it is possible to 
m a k e  an  es t ima te  of the  s tab i l i ty  cons t an t  of TIC162-, 
fo rmed  by  the reac t ion  

K f 

TiC14(CH3CN)2 Jr 2C1- ~ TIC162- Jr 2CH3CN [9] 

where  K f is the  o v e r - a l l  s t ab i l i ty  cons tan t  for the  
fo rma t ion  of TIC162- f rom t i t a n i u m  te t rach lor ide  in  
AN. If it is a s sumed  tha t  in  1.00 mM t i t a n i u m  t e t r a -  
chlor ide solut ion,  0.101M in chloride,  the  on ly  species 
p resen t  is TIC162- wi th  an  ID of 12.32 a nd  in  0.1M 
perch lora te  on ly  TiCI4(CH3CN)2 is p resen t  wi th  an  
ID of 8.29, t hen  i t  is ca lcu la ted  tha t  in  a so lu t ion  con-  
t a in ing  25 mM added chlor ide where  ID is 12.11 
[TIC182-] = 0.948 mM, [TiCla(CH3CN)2] ---- 0.052 
mM and  [C1- ]  = (25 - -  2 x 0.948) mM. Thus  

K f = [TIC162- ]/[TIC14 (CH3CN) 2] [C1- ]2 
= 3.5 x 104 12 mole  -2 

In  this  ca lcu la t ion  it has been  assumed tha t  in  the 
presence  of 25 mM chloride the  concen t r a t i on  of 
TiC15CH3CN- is neg l ig ib le  compared  wi th  the other  
two T i ( I V )  species in  solut ion.  

The h igher  diffusion c u r r e n t  cons tan t  observed  in  
0.1M chloride suppor t ing  e lec t ro ly te  compared  wi th  
tha t  in  0.1M perch lo ra te  is accounted  for  by  the  
fact tha t  the  size of TIC162- is smal le r  t h a n  tha t  of 
TiC14(CHaCN)2, the  species p resen t  in  pe rch lo ra te  
med ium.  Us ing  the  modified I lkovic  equa t ion  (28) 

iav. = 607 n D  1/2 C m 2/3 t I/6 (1 Jr 25D1/2m -~/3 t 1/6) 
[10] 

a diffusion coefficient, D, at 25~ of 2.1 x 10 -5 cm 2 
sec -~ is ca lcula ted  for TiCls 2- a nd  of 1.0 x 10 -5 cm 2 
sec - I  for TiC14(CH3CN)2 f rom iav., the  average  
diffusion cur ren t .  A rough  es t imate  of the diffusion 
coefficients of these two species can be ob ta ined  
f rom the  S t oke s - E i n s t e i n  r e l a t ionsh ip  (29).  Us ing  
the  c o - va l e n t  and  Van  der  Waals '  radi i  as de te r -  
m i ne d  in  the  c rys ta l l ine  s tate  for the a toms invo lved  
(30, 31),  the rad ius  of the  oc tahedra l  TIC162- ion is 
found  to be 4.2A, whi le  TiC14(CHsCN)2, which  
exists  a lmost  exc lus ive ly  in  the s y m m e t r i c a l  t r ans  
form (32),  has a s e m i - m a j o r  axis of 6.7A and  two 
s e m i - m i n o r  axes of 4.2A. F r o m  these va lues  the  
diffusion coefficients are ca lcu la ted  to be 1.6 x 10 -5 
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cm 2 sec -1 for  TIC162- and  1.2 x 10 -5 cm 2 sec -1 for  
TIC14 (CHsCN2).  These  ca l cu la t ions  i gno re  the  effects 
of so lva t ion  and,  in t he  case of TIC162-, charge .  
Also,  for  TiC14(CH3CN)2 the  w e i g h t e d  roo t  m e a n  
squa re  r a d i u s  was  used.  Neve r the l e s s ,  f a i r  a g r e e -  
m e n t  is n o t e d  b e t w e e n  the  v a l u e s  of d i f fus ion  co-  
efficient c a l c u l a t e d  b y  the  two  me thods ,  i n d i c a t i n g  
t h a t  t he  a s s u m p t i o n s  m a d e  abou t  t he  t i t a n i u m ( I V )  
species  p r e s e n t  in ch lo r ide  and  p e r c h l o r a t e  so lu t ions  
a re  r ea sonab l e .  

The  b e h a v i o r  of t i t a n i u m ( I V )  so lu t ions  in A N  is 
qu i t e  i n v o l v e d  in  t he  p r e s e n c e  of iod ide  ( e i t h e r  
p r e s e n t  as s u p p o r t i n g  e l e c t r o l y t e  or  as t i t a n i u m  
t e t r a i o d i d e ) ,  th is  w i l l  be  the  sub j ec t  of a s u b s e q u e n t  
pub l i ca t ion .  The  p r e l i m i n a r y  r e su l t s  r e p o r t e d  h e r e  
g ive  some i n f o r m a t i o n  r e g a r d i n g  the  r e l a t i v e  s t a -  
b i l i t i e s  of the  h a l i d e  c o m p l e x e s  of t i t a n i u m ( I V )  in 
AN. The  c u r r e n t - p o t e n t i a l  c u r v e  of 1.00 m M  t i t a -  
n i u m  t e t r a c h l o r i d e  in 0.1M iodide ,  Fig .  1, c u r v e  
B, i nd i ca t e s  t h a t  t h e r e  a r e  two  species  p r e s e n t  in  
solu t ion ,  each  be ing  r e d u c e d  a t  d i f fe ren t  p o t e n t i a l s  
f rom T i ( I V )  to T i ( I I I )  and  t hen  to T i ( 0 ) .  The  
ra t ios  of t he  d i f fus ion c u r r e n t  cons tan t s  a t  - -0 .68v 
( l s t  w a v e )  and  - -0 .9v  (2nd  w a v e )  to those  at  - -1 .6v  
(3 rd  w a v e )  and  - -2 .05v  (4 th  w a v e ) ,  r e spec t i ve ly ,  
a re  1:4.37 and  1:4.08. Thus,  t he  l i m i t i n g  c u r r e n t  
a t  - -0 .9v  c o r r e s p o n d s  to the  r e d u c t i o n  of a l l  t he  
T i ( I V )  spec ies  to T i ( I I I )  w h i l e  t h a t  a t  - -2 .05v co r -  
r e s p o n d s  to the  r e d u c t i o n  of a l l  t he  T i ( I V )  species  
to T i ( 0 ) .  The  v a l u e  of E1/2(--1.20v) for  t he  t h i r d  
w a v e  sugges t s  t h a t  t he  p r e d o m i n a n t  spec ies  is mos t  
l i k e l y  {TiC14ICHaCN}- (c.y., E1/e = - -1 .75v in 0.1M 
p e r c h l o r a t e ) ,  w h i l e  t he  second species  m a y  be  e i t he r  
TiC14(CH~CN)2 or  TiC14122-. The  fac t  t ha t  t h e  t o t a l  
d i f fus ion  c u r r e n t  cons t an t  is on ly  8.70 ( T a b l e  I)  as 
c o m p a r e d  to 8.29 in 0.1M p e r c h l o r a t e  ind ica t e s  t ha t  
iod ide  does  not  r e p l a c e  t he  ch lo r ides  and  on ly  
p a r t i a l l y  r e p l a c e s  t he  so lven t  mo lecu le s  in the  co-  
o r d i n a t i o n  sphe re  of t he  t i t a n i u m ( I V )  cat ion.  

F r o m  t h e  c u r r e n t - p o t e n t i a l  c u r v e  of 1.00 m M  
t i t a n i u m  t e t r a i o d i d e  in 0.1M ch lo r ide  (Fig .  4, c u r v e  
B) i t  a p p e a r s  t h a t  t he  first  w a v e  is p a r t  of t he  t o t a l  
o n e - e l e c t r o n  w a v e  and  is compos i t e  w i th  t he  anod ic  
ch lo r ide  wave .  The  second p a r t  of the  sp l i t  f irst  
w a v e  is s im i l a r  to t he  first  o n e - e l e c t r o n  w a v e  of 
t i t a n i u m  t e t r a c h l o r i d e  in 0.1M ch lo r ide  (Fig .  1, 
cu rve  E) .  Thus  T i ( I V )  is p r e s e n t  in two  fo rms  in 
th is  sys tem,  and  s ince  the  two  and  fou r  e l ec t ron  r e -  
duc t ion  w a v e s  ( t h i r d  a n d  f o u r t h  waves ,  r e s p e c -  
t i v e l y )  a r e  v e r y  s i m i l a r  to the  c o r r e s p o n d i n g  r e d u c -  
t ion w a v e s  of t i t a n i u m  t e t r a c h l o r i d e  in 0.1M c h l o -  
r ide ,  and  the  t o t a l  d i f fus ion  c u r r e n t  c o n s t a n t  of 
t i t a n i u m  t e t r a i o d i d e  in 0.1M ch lo r ide  is 12.40 ( T a b l e  
I I I )  as  c o m p a r e d  to 10.29 in 0.1M p e r c h l o r a t e  a n d  
to 12.32 for  t i t a n i u m  t e t r a c h l o r i d e  in 0.1M ch lo r ide  
( T a b l e  I ) ,  i t  m a y  be  conc luded  t h a t  one of t he se  
species  is TIC162-, i.e., c h l o r i d e  has  r e p l a c e d  iod ide  
and  A N  in t he  c o o r d i n a t i o n  sphe re  of t he  t i t a -  
n i u m ( I V )  ca t ion  w i t h  the  f o r m a t i o n  of fou r  iod ide  
ions. As  the  first  r e d u c t i o n  w a v e  is spl i t ,  th i s  r e -  
p l a c e m e n t  has  no t  o c c u r r e d  q u a n t i t a t i v e l y ,  and  the  
second  species,  p r o b a b l y  TiC15I 2- ,  is r e d u c e d  to 
T i ( I I I )  a t  a m o r e  pos i t i ve  p o t e n t i a l  t h a n  is TIC16 e - ,  
a l t h o u g h  the  two  and  four  e l ec t ron  r e d u c t i o n s  of 
bo th  species  occur  at  t he  s ame  po ten t i a l s .  

I t  a p p e a r s  t hen  t h a t  in  A N  ch lo r ide  r ep l aces  
i od ide  in  t i t a n i u m  t e t r a iod ide .  This  conc lus ion  is 
s u b s t a n t i a t e d  b y  the  fac t  tha t ,  in t he  p r e s e n c e  of a 
l a r g e  excess  of ch lor ide ,  t i t a n i u m  t e t r a i o d i d e  is no 
l onge r  sens i t ive  to oxygen .  

Thus  the  bonds  b e t w e e n  t i t a n i u m ( I V )  and  ch lo -  
r i de  a r e  m u c h  s t r o n g e r  t h a n  those  w i t h  iodide.  The  
t i t a n i u m ( I V ) - b r o m i d e  b o n d  a p p e a r s  i n t e r m e d i a t e  
in s t r e n g t h  b e t w e e n  t h a t  of ch lo r ide  a n d  iodide.  The  
c u r r e n t - p o t e n t i a l  cu rves  of t i t a n i u m  t e t r a c h l o r i d e  
in 0.1M t e t r a e t h y l a m m o n i u m  b r o m i d e  h a v e  s e v e r a l  
waves ,  i n d i c a t i n g  t h a t  the  A N  l i g a n d s  and  some of 
t he  ch lo r ides  in t h e  c o o r d i n a t i o n  s p h e r e  of t i t a -  
n i u m ( I V )  h a v e  been  r e p l a c e d  b y  b r o m i d e  to g ive  a 
m i x t u r e  of {TiCl~Br(6-n~} 2-  species.  The  o r d e r  of 
r e l a t i v e  bond  s t r eng ths ,  n a m e l y  Ti-C1 > T i - B r  > 
T i - I ,  is the  s ame  as t ha t  o b s e r v e d  in aqueous  and  
o t h e r  m e d i a  (17, 33).  This  o r d e r  is also the  s a m e  as  
t h e  o r d e r  of t he  bond  s t r e n g t h s  in  t h e  t i t a n i u m  
t e t r a h a l i d e s  as  c a l c u l a t e d  f r o m  the  d a t a  in  t he  l i t e r a -  
t u r e  (34)  us ing  P a u l i n g ' s  r e l a t i o n s h i p  b e t w e e n  b o n d  
ene rg ie s  and  the  e l e c t r o n e g a t i v i t y  d i f fe rence  of the  
e l e m e n t s  i n v o l v e d  (30) ,  i.e., E(T i -C1) - - - -102  kca l  
mo le  -~ (34) ,  E ( T i - B r )  = 82 kca l  m o l e - ' ,  and  
E ( T i - I )  ~ 57 kca l  mole  -1 w h e r e  E ( T i - X )  is t he  
m e a n  T i - X  b o n d  e n e r g y  in  TiX4. 
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ABSTRACT 

Elec t romot ive  force de te rmina t ions  are r epor ted  of solid galvanic  cells con-  
sist ing of a ZrO2-CaO e lec t ro ly te  wi th  i r on -n i cke l -oxygen  electrodes.  To test  
the  design of cells conta ining embedded  electrodes of the  reac t ion  metals ,  dis-  
sociation pressures  for  wusti te ,  magnet i te ,  and nickel  oxide  were  de te rmined  
and compared  wi th  repor ted  values.  The s t andard  molar  free energy change 
of the  reac t ion  be tween  nickel  oxide  and wust i te  and the dissociation p res -  
sures  of wust i te  equ i l ib ra ted  wi th  i ron-n icke l  al loys conta ining nickel  to 47.2 
a /o  were  de te rmined  at  t empera tu re s  in the  range  800~176 

So l id  s t a t e  p r o p e r t i e s  such  as the  d i s soc ia t ion  
p r e s s u r e s  of m e t a l  ox ides  (1 -4 )  and  the  m e t a l  ac -  
t iv i t i e s  for  b i n a r y  a l loys  (5)  m a y  be  d e t e r m i n e d  
b y  the  g a l v a n i c  cel l  t echn ique ,  t he  e l e c t r o l y t e  be ing  
a solid.  F o l l o w i n g  the  m e t h o d s  d e v e l o p e d  b y  K i u k -  
ko l a  and  W a g n e r  (1) ,  i n v e s t i g a t o r s  h a v e  e m p l o y e d  
a Z rO2-CaO e l e c t r o l y t e  e x h i b i t i n g  o x y g e n  an ion  
c o n d u c t i v i t y  ove r  a w i d e  r a n g e  of o x y g e n  p r e s s u r e s  
and  t e m p e r a t u r e s  (6) .  S ince  the  v a r i a t i o n  of t he  
d i s soc ia t ion  p r e s s u r e  of an  ox ide  w i t h  m e t a l  c o m -  
pos i t ion  in t h e  a l l o y - o x i d e  r eg ion  of a t e r n a r y  s y s -  
t e m  has  no t  been  i n v e s t i g a t e d  b y  th i s  t echn ique ,  
the  d i s soc ia t ion  p r e s s u r e s  h a v e  b e e n  d e t e r m i n e d  of  
w u s t i t e  con t a in ing  n i c k e l  in sol id  solut ion.  

The Galvanic Cells 

M e a s u r e m e n t s  w e r e  m a d e  on cel ls  con t a in ing  
b i n a r y  ox ides  to t es t  a des ign  w h e r e i n  t he  e l ec t rode  
c o m p a r t m e n t s  cons i s ted  e n t i r e l y  of t he  r e a c t i o n  
me ta l s .  The  s u i t a b i l i t y  of t he  cel ls  was  p r o v e n  and  
i t  was  t h e n  poss ib l e  to  d e t e r m i n e  the  d i s soc ia t ion  
p r e s s u r e  of a t e r n a r y  ox ide  e q u i l i b r a t e d  w i t h  an  
a l loy.  

Cel ls  of the  first  c lass i f ica t ion  w e r e  as  fo l lows  

IFe INi 
FeO, Fe [ electrolyte I Ni , NiO (A) 

IFe IPt 
FeO,  F e  I e l e c t r o l y t e  ]FeO,  Fe304 (B)  

IPt INi 
FeO,  Fe304 I e l e c t r o l y t e  ] Ni, NiO (C)  

The  s y m b o l s  a b o v e  the  cel l  d e s i g n a t i o n  r e p r e s e n t  t he  
m e t a l s  u sed  for  t h e  e lec t rodes .  P o t e n t i a l s  of cel ls  
( A )  and  (B)  w e r e  k n o w n  func t ions  of e l e c t r o -  
c h e m i c a l  and  t h e r m o c h e m i c a l  d a t a  thus  e s t ab l i sh ing  
c r i t e r i a  of accuracy .  In  add i t ion ,  cel l  (B)  p lu s  (C)  
was  e q u i v a l e n t  to cel l  ( A )  in  m a g n i t u d e  of e l e c t r o -  
mo t ive  force  p r o d u c e d  g i v i n g  a check  of p r o c e d u r e s .  

S ince  the  r e a c t i o n  is t r a n s f e r  of o x y g e n  f r o m  the  
ca thode  to the  anode,  t he  e l e c t r o m o t i v e  force  is 

RT 
E : In ( P O 2 ) " / ( P O 2 ) '  [1]  

4/" 

He re  (PO2)"  and  (PO2) '  a r e  t he  d i s soc ia t ion  p r e s -  
sures  of t he  ox ides  in the  ca thode  and  anode  c o m -  
p a r t m e n t s  r e spec t i ve ly .  

Cel ls  b e l o n g i n g  to t he  a l loy  c lass i f ica t ion  w e r e  as 
fo l lows  

[ F e  [ FexNiy 
FeO,  F e  1 e l e c t r o l y t e  I FexNiy, ( F e N i ) O  [D]  

He re  x and  y r e p r e s e n t  t he  a tomic  f r ac t ions  of i ron  
and  n i cke l  in  t he  a l loys .  The  po t e n t i a l s  of these  cel ls  
m a y  be  used  u n d e r  specific r e s t r i c t i ons  to e v a l u a t e  
t he  d i s soc ia t ion  p r e s s u r e s  of w u s t i t e  con t a in ing  d i f -  
f e r e n t  a m o u n t s  of n i cke l  b y  m e a n s  of equa t i ons  (1) .  

T h e  e l e c t r o c h e m i c a l  t h e o r y  fo r  g a l v a n i c  cei ls  con-  
t a i n i n g  t e r n a r y  ox ides  has  been  p r e s e n t e d  b y  C a r t e r  
(2) .  F o r  r e v e r s i b l e  po ten t i a l s ,  the  compos i t ions  of 
the  ox ides  in the  e l ec t rode  c o m p a r t m e n t s  m u s t  r e -  
m a i n  unchanged .  Such  r e s t r i c t i ons  a p p l y  to t he  t e r -  
n a r y  cel l  of th is  i nves t iga t ion .  The  d i s p l a c e m e n t  
r eac t i on  a c c o m p a n y i n g  t h e  t r a n s f e r  of a s m a l l  i n -  
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Fig. 1. Galvanic cell assembly for measurements of potentials 
at elevated temperatures. 

IFe jNi 
Fig. 2. Galvanic cell: FeO, Fe I electrolyte I Ni,NiO 

c remen t .  An, of o x y g e n  f r o m  the  ca thode  to a n o d e  
c o m p a r t m e n t  in  cel l  (D)  is 

~n ( F e N i )  O + FexNiy + An F e  -* Fex,Ni~, + An F e O  
[2] 

w h e r e  x,x' and  y,y' a re  t h e  i n i t i a l  and  f inal  a t o m  
f rac t ions  of i r on  and  n i cke l  in the  a l loy ,  r e spec t i ve ly .  
A c c o r d i n g l y ,  t h e  c h a n g e  in  t he  compos i t i on  of t he  
a l loy  r e s u l t i n g  f r o m  t r a n s f e r  of o x y g e n  across  the  
e l e c t r o l y t e  and  i ts  loss to t he  e n v i r o n m e n t  m u s t  be  
neg l ig ib l e  d u r i n g  the  e x p e r i m e n t a l  exposures .  A 
c r i t e r i o n  a d o p t e d  for  th is  cond i t i on  was  the  e s t a b -  
l i s h m e n t  of s t e a d y  p o t e n t i a l  va lue s  on cyc l ing  the  
cel ls  b e t w e e n  the  two  t e m p e r a t u r e s  of i n t e re s t ,  900 ~ 
and  1000~ 

Exper imenta l  

The  a p p a r a t u s  used  for  p o t e n t i a l  d e t e r m i n a t i o n s  
of t he  g a l v a n i c  cel ls  in  f lowing a r g o n  is i l l u s t r a t e d  
in Fig.  1. The  d e s i r a b i l i t y  of m o u n t i n g  the  cel l  i n d e -  
p e n d e n t l y  f r o m  the  f u r n a c e  a s s e m b l y  d i c t a t e d  t h a t  
t he  compres s ion  sp r ing  g o v e r n i n g  e l e c t r o d e - e l e c t r o -  
l y t e  con tac t s  be  an  i n t e g r a l  p a r t  of t h e  P y r e x  cap  
enc los ing  the  ex i t  end  of t he  r e a c t i o n  tube .  A glass  
v a c u u m  and  gas  pur i f i ca t ion  s y s t e m  p e r m i t t e d  the  
a c h i e v e m e n t  of 10 -6 m m  Hg or  the  flow of a r g o n  
t h r o u g h  the  r e a c t i o n  tube .  This  t r a i n  c o n t a i n e d  an  
u n r e d u c e d  coppe r  c a t a l y s t  he ld  at  150~ a n h y d r o u s  
m a g n e s i u m  p e r c h l o r a t e ,  a scar i t e ,  and  r e d u c e d  c a t a -  
l y s t  he ld  at  150~ In  o r d e r  to r e d u c e  the  o x y g e n  
con ten t  in a rgon  to less t h a n  0.1 ppm,  t he  load  ra t io  
of gas  to c a t a l y s t  n e v e r  e x c e e d e d  the  r e c o m m e n d e d  
ra t io  20: 1. T e m p e r a t u r e s  in the  cel l  zone w e r e  con-  
t r o l l ed  w i t h i n  +1  ~ and  p o t e n t i a l s  w e r e  d e t e r m i n e d  
to a p rec i s ion  of 10 -3 m v  w i t h  a L e e d s  and  N o r t h -  
r u p  K - 3  p o t e n t i o m e t e r .  

A l l  m e t a l  and  ox ide  p o w d e r s  w e r e  F i s h e r  C. P. r e -  
agents .  S i n t e r e d  e l e c t r o l y t e  t ab le t s ,  Zr0.ssCa0.15Ol.sS, 
w e r e  m a d e  f rom z i r c o n i u m  and  ca l c ium ox ides  (1) .  
The  m e t a l - o x i d e  t a b l e t s  p l a c e d  in to  t he  cel l  a s s e m -  
b l y  u n s i n t e r e d  cons i s ted  of m e t a l  a n d  ox ide  m i x t u r e s  
w i t h  M / O  r a t i o s  of 2, and  t h e y  w e r e  m a d e  b y  p r e s s -  
ing  a p o w d e r  of p r e - d e t e r m i n e d  p r o p o r t i o n s  in  a 
compres s ion  j ig  a t  10 t o n s / c m  e. A l l o y - o x i d e  t a b l e t s  
w i t h  th is  M / O  ra t io  cons i s ted  of i ron,  n icke l ,  and  
m a g n e t i t e  of p r o p o r t i o n s  for  a l loy  compos i t ions  of 
10, 20, 30, 40, 47.5, and  55 w e i g h t  p e r  cen t  ( w / o )  
n i c k e l  u n d e r  t h e  a s s u m p t i o n  t h a t  t he  e q u i l i b r a t e d  
ox ide  w o u l d  be  w u s t i t e  con t a in ing  neg l i g ib l e  d i s -  
so lved  n ickel .  

I t  was  dec ided  to use  e l ec t rodes  of t he  a l loy  or 
m e t a l  be ing  s t u d i e d  in  a cel l  b e c a u s e  p l a t i n u m  e x h i b -  
i ts  a l m o s t  c o m p l e t e  s o l u b i l i t y  of i r o n  a n d  n i cke l  a t  
h igh  t e m p e r a t u r e s  w h i c h  could  cause  c o n c e n t r a t i o n  
g r a d i e n t s  in  the  e l ec t rode  c o m p a r t m e n t s .  A cel l  is 
i l l u s t r a t e d  in  Fig.  2. The  e l ec t rodes  of t e a r  d rop  
shape ,  w i t h  a t h i c k n e s s  of 0.01 in. or  less  a n d  of 
t he  m e t a l s  or  a l loys  be ing  i nves t i ga t ed ,  w e r e  e m -  
b e d d e d  in the  anode  a n d  ca thode  c o m p a r t m e n t s  b y  
s a n d w i c h i n g  b e t w e e n  two  t a b l e t s  of t he  r eac t an t s .  
Due  to  s i n t e r i ng  processes ,  t he  m e t a l - o x i d e  compac t s  
w e r e  i n t i m a t e l y  b o n d e d  to t he  m e t a l  e lec t rodes .  
These  e lec t rodes ,  w h i c h  w e r e  spot  w e l d e d  to t he  
p l a t i n u m  l e a d  wi res ,  w e r e  d i s c a r d e d  a f t e r  each  run .  

A s  i l l u s t r a t e d  in  Fig .  2, t he  e l e c t r o l y t e  t a b l e t  (0.4 
in. d i a m e t e r  a n d  0.15 in. t h i c k )  was  l a r g e r  t h a n  the  
m e t a l - o x i d e  t a b l e t s  (0.3 in. d i a m e t e r  and  0.1 in. 
t h i c k ) .  This  cons t ruc t i on  p r e v e n t e d  s h o r t - c i r c u i t i n g  
of t he  e l ec t ro ly t e ,  as was  f o u n d  for  s m a l l e r  e l e c t r o -  
l y t e  t ab le t s ,  b y  the  i r o n - w u s t i t e  cons t i t uen t s  due  to 
t he i r  flow a r o u n d  the  e l e c t r o l y t e  t ab l e t .  

In  a t y p i c a l  r u n  the  p u m p i n g  d o w n  pe r iod  on a 
cel l  a t  r o o m  t e m p e r a t u r e  l a s t ed  for  a t  l e a s t  15 h r  
w h e r e u p o n  a r g o n  was  a d m i t t e d  and  a d j u s t e d  to a 
flow r a t e  of 2 l i t e r s / h r .  The  f u r n a c e  was  t h e n  h e a t e d  
to a p r e d e s i g n a t e d  e q u i l i b r a t i o n  t e m p e r a t u r e .  P o -  
t e n t i a l s  of t h e  cel l  con t a in ing  b i n a r y  ox ides  w e r e  
d e t e r m i n e d  at  t i m e  i n c r e m e n t s  un t i l  a s t e a d y  v a l u e  
was  a t t a i n e d  a n d  a s ingle  r u n  cons i s ted  of v o l t a g e  
d e t e r m i n a t i o n s  a t  s e v e r a l  t e m p e r a t u r e s .  S ince  fine 
p o w d e r s  of i ron,  n ickel ,  and  m a g n e t i t e  w e r e  used  to 
g ive  t h e  d e s i r e d  a l loys ,  cel ls  of t y p e  (D)  w e r e  a n -  
n e a l e d  for  a t  l eas t  two  days  a t  1000~ Microscop ic  
e x a m i n a t i o n s  of e l e c t r o d e  c ros s - sec t ions  i l l u s t r a t e d  
t h a t  m e t a l  p a r t i c l e s  a c t u a l l y  b o n d e d  t o g e t h e r  and  
these  p a r t i c l e s  w e r e  i n t i m a t e l y  s i n t e r e d  to t h e  ox ide  
d u r i n g  these  exposures .  These  cel ls  w e r e  a n n e a l e d  
for  two  d a y s  b e t w e e n  p o t e n t i a l  r e a d i n g s  at  1000 ~ 
and  900~ 

A l l o y - o x i d e  t a b l e t s  w e r e  a n a l y z e d  for  t he  n i cke l  
con ten t  of t he  oxide .  In  a ser ies  of e x p e r i m e n t s  
t a b l e t s  w e r e  s in t e r ed  in  a r g o n  for  f ou r  d a y s  at  1000 ~ 
and  900 ~ and  q u e n c h e d  in a i r  b y  r a p i d l y  r e m o v i n g  
the  cell  a s s e m b l y  f r o m  the  r e a c t i o n  tube .  The  t a b -  
le t s  w e r e  c ru shed  and  the  m e t a l  d i s so lved  b y  a 7 h r  
e x p o s u r e  to a 15% b r o m i n e  and  e t h y l  ace t a t e  so lu -  
t ion  in  a S o x h l e t  a p p a r a t u s .  N icke l  con ten t s  of t he  
ox ide  w e r e  t hen  d e t e r m i n e d  b y  the  d i m e t h y I - g l y -  
o x i m e  m e t h o d  b a s e d  on the  a s s u m p t i o n s  t ha t  t he  
r e s i d u a l  ox ide  was  w u s t i t e  and  t ha t  i t s  f o r m u l a  was  



1076 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  September  1964 

Table I. Potentials for cells (A, B, and C) with electrode compartments of pure metals and binary oxides 

Vir tua l  cell 
(A = B + C), Cell tA) (ref. (1)),  

Cell (A), E (mv)  Cell (B), E (my) Cell (C), E (mv)  E (mv) E (my) 

730 
782 
800 
833 
882 
900 
937 
950 

1000 

258 (1) 259 
268 • 4 (4) 264 

73 ___ 2 (4) 189 • 1 (4) 262-+3 266 
272 -+ 3 (4) 270 
275+--4 (4) 274 

103-+1 (4) 171___1 (6) 274_+2 276 
280+_4(3) 280 

118 (1) 162 (1) 280 281 
134 (2) 151+-1 (6) 2 8 6 •  286 

( F e N i ) n O  w h e r e  n was  def ined  b y  the  i r o n - o x y g e n  
p h a s e  d i a g r a m .  

Results 
Cells (A),  ( B ) ,  and (C).--Potentials p r o d u c e d  b y  

the  cel ls  con t a in ing  p u r e  m e t a l s  and  b i n a r y  ox ides  
a t  t e m p e r a t u r e s  in  t h e  r a n g e  700~ ~ a r e  r e -  
co rded  in T a b l e  I. ( In  a l l  t ab les ,  the  b r a c k e t e d  n u m -  
be r  a f t e r  each  p o t e n t i a l  v a l u e  r e p r e s e n t s  t he  n u m -  
b e r  of d e t e r m i n a t i o n s . )  The  po t en t i a l s  for  the  cel ls  
w i t h  F e O , F e  and  NiO,Ni  c o m p a r t m e n t s  (ce l l  A )  
w e r e  r e p r o d u c i b l e  to -+4 m y  and,  as s h o w n  in T a b l e  
I, a g r e e d  w i t h  those  r e p o r t e d  b y  K i u k k o l a  and  W a g -  
ne r  (1) .  I r o n  and  p l a t i n u m  e m b e d d e d  e l ec t rodes  
w e r e  e m p l o y e d  in t he  cel ls  w i t h  F e O , F e  and  
FeO,FeaO4 c o m p a r t m e n t s  (cel l  B)  and  t h e  po t e n t i a l s  
w e r e  cons i s t en t  w i t h  v a l u e s  p r e v i o u s l y  r e p o r t e d  
( 1 , 2 ) .  P l a t i n u m  and  n i c k e l  e m b e d d e d  e l ec t rodes  
w e r e  e m p l o y e d  in t he  cel ls  w i t h  FeO,  Fe~O4, and  
NiO, Ni c o m p a r t m e n t s  (cel l  C) .  P o t e n t i a l s  h a v e  not  
been  d e t e r m i n e d  p r e v i o u s l y  for  th is  cell .  

Virtual cell ( A ) . - - I t  w a s  poss ib le  to check  the  
cel l  des ign  e m p l o y i n g  r e a c t i o n  m e t a l  e l ec t rodes  b y  a 
s u m m a t i o n  of  t he  p r e v i o u s l y  d e t e r m i n e d  p o t e n t i a l s  
for  cel ls  (B)  and  (C) .  These  va lues ,  T a b l e  I, a r e  
in a g r e e m e n t  w i t h  v a l u e s  r e p o r t e d  for  cel l  ( A ) .  A c -  
c o r d i n g l y  i t  was  f eas ib l e  to use  cel ls  w i t h  a l loy  e lec -  
t r odes  to d e t e r m i n e  p r o p e r t i e s  of t he  t e r n a r y  
F e - N i - O  sys tem.  

Table II. Potentials of cell FeO, Fe I electrolyte f FexNiy, (FeNi)O 

A l l o y  electrode 
c o m p a r t m e n t  E (my) 

In i t ia l  Ni  content  
of alloy (w/o) 900~ 1000~ 

10 0 (1) 1.8 (1) 
20 1.8-+0.8 (3) 4 . 8 _ 0 . 5  (3) 
30 10 .7•  (3) 19.8-+0.3 (3) 
40 21.4___2 (3) 26.9___2 (3) 
47.5 2 6 . 4 •  (2) 3 6 . 7 •  (2) 
55.0 55.7_+1 (2) 83.7-+1 (2) 

Cell ( D ) . - - P o t e n t i a l s  p r o d u c e d  at  900 ~ and  1000 ~ 
b y  the  cel ls  cons i s t ing  of F e O , F e  and  ( F e N i ) O ,  
Fe~Niy, t h e  i n i t i a l  compos i t i ons  of t he  a l loys  be ing  
b e t w e e n  10-55 w / o  Ni, a re  r e c o r d e d  in  T a b l e  II .  The  
po t e n t i a l s  w e r e  l a r g e r  for  a l loys  of l a r g e r  n i cke l  
contents .  

S t r u c t u r e s  of t he  e l ec t rode  t a b l e t s  c on t a in ing  a l -  
loys  of n i cke l  con ten t s  in the  r a n g e  30-50 a tomic  p e r  
cent  ( a / o )  a f t e r  an  a i r  quench  w e r e  e x a m i n e d  b y  
m e a n s  of m e t a l l o g r a p h i c a l l y  p r e p a r e d  c ross -sec t ions .  
A l l  s t r u c t u r e s  e x h i b i t e d  l a r g e  a m o u n t s  of w u s t i t e  
w i th  m i n o r  a m o u n t s  of t he  sp ine l  ox ide  p o s s i b l y  
r e s u l t i n g  f r o m  p r e c i p i t a t i o n  d u r i n g  the  quench .  The  
n i cke l  con ten t s  of t he  ox ide  r e s idues  a f t e r  d i s so lu -  
t ion  of t he  m e t a l  b y  b r o m i n e  a n d  the  n i cke l  con ten t s  
of the  e q u i l i b r a t e d  a l loys  b a s e d  on these  a n a l y s e s  
a re  r e c o r d e d  in T a b l e  III .  X - r a y  a n a l y s e s  of two  
oxides  r e s idues  i n d i c a t e d  no f r ee  m e t a l  and  w u s t i t e  
to sp ine l  p r o p o r t i o n s  in  excess  of 85 %. 

Discussion 
G a l v a n i c  cel ls  w i t h  e m b e d d e d  e l ec t rodes  of the  

r e a c t i o n  m e t a l s  e x h i b i t e d  two  d i s t i nc t  a d v a n t a g e s :  
first, the  i n t e r r a c i a l  b o n d i n g  of the  e l ec t rode  to the  
m e t a l  of a m e t a l - o x i d e  c o m p a c t  b y  s i n t e r i ng  m i n i -  
mized  a n y  inf luence  of o x y g e n  f r o m  the  a t m o s p h e r e  
at  th is  i n t e r f ace  and,  second,  m e t a l  c o n c e n t r a t i o n  
g r a d i e n t s  in a c o m p a c t  w e r e  a v o i d e d  as t he  a l loy  
was  of the  s ame  compos i t i on  t h r o u g h o u t  the  e l ec -  
t r o d e  c o m p a r t m e n t .  Consequen t ly ,  t he  d i s soc ia t ion  
p r e s s u r e s  of a t e r n a r y  ox ide  e q u i l i b r a t e d  w i t h  an 
a l loy  could  be  d e t e r m i n e d  f r o m  such cells.  

W i t h  t he  excep t ion  ef cel l  (C ) ,  e a r l i e r  w o r k e r s  
h a v e  d e t e r m i n e d  the  s t a n d a r d  m o l a r  f ree  ene rg ie s  
for  t he  cel l  r eac t ions  w i th  t he  b i n a r y  ox ides  and  
p u r e  meta l s .  The  d i s p l a c e m e n t  r e a c t i o n  in th is  cel l  is 

NiO d- 3FeO ~ Ni  d- Fe~O4 

Va lues  of the  s t a n d a r d  m o l a r  f r ee  e n e r g y  change  
a re  r e c o r d e d  in  T a b l e  IV and  a re  shown  a long  w i t h  

Table III. Analyses for nickel in the wustite phase 

Ini t ia l  nickel  
content  of  

alloy (w/o) 
Ni content  of 

T t~ wus t i t e  (w/o) 

Equ i l ib r ium 
F e - N i  

alloy e o m p .  
(w/o Ni) 

55 
47.5 
40 
40 
30 
30 

1000 1.9-+0.6 (3) 
1000 2.7-+0.6 (2) 
900 2.74 (1) 

1000 1 .8~0 .5  (2) 
900 1.0-+0.3 (2) 

1000 <0.2 (2) 

48.4 
44.8 
38.0 
38.4 
29.2 
29.7 

Table IV. Potentials of cell FeO, Fe304 I electrolyte I Ni, NiO 
and standard free energy AF ~ of the reaction NiO -I- 3FeO 

Ni d- Fe304 

T (~ E (mv) 

800 189___1 (4) 
900 1 7 1 •  (6) 
950 162 (1) 

1000 151--+1 (6) 

Standard  m o l a r  free  e n e r g y  change  
(kcal /mole)  

Th i s  Ref.  (1) Res (7) 
inves t iga t ion  and {7) a n d  (8) 

--17.43 --17.84 --19.32 
--15.77 --16.04 --17.72 

--13.96 --13.96 --15.98 
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Table V. Dissociation pressures of wustite equilibrated with iron-nickel alloys 

Equi l ib r ium Ni content  900~ 
Fe-Ni  alloy of wus t i te  

comp. (a/o Ni) (w/o) This  inves t iga t ion  

Dissociat ion pressure  (atm) 

1 0 0 0 " C  

Ref. (7) and (10) This  inves t iga t ion  Ref. (7) and  (10) 

0 0 1.89 X 10 -17 
9.6 1.89 X 10 -17 2.38 X 10 -~7 

19.2 2.02 X 10 -17 2.71 X 10 -17 
28.5 0.6 3.44 X 10 -17 3.58 X 10 -17 
37.0 2.1 4.40 X 10 -17 4.5 X 10 -17 
43.6 2.7 5.37 X 10 -17 
47.2 1.9 1.71 X 10 -16 

1.32 X 10 -15 
1.41 X 10 -15 1.74 X 10 -15 
1.57 X 10 -15 2.17 X 10 -15 
2.72 x 10 -15 2.72 X 10 -15 
3.52 X 10 -15 3.5 X 10 -15 
5.03 • 10 -15 
2.79 X 10 -14 

compara t i ve  va lues  d e t e r m i n e d  f rom va lues  for the  
free energies  of fo rma t ion  of n icke l  oxide, wust i te ,  
and  magne t i t e  (1, 7, 8). The va lues  are in best  agree-  
m e n t  w i th  those d e t e r m i n e d  f rom da ta  g iven  by  
K i u k k o l a  and  W a g n e r  (1) and  they  are a p p r o x i -  
m a t e l y  2 kcal  smal le r  t h a n  those va lues  d e t e r m i n e d  
f rom da ta  r e c o m m e n d e d  by  Cough l in  (8) for the 
s t anda rd  free ene rgy  of f o rma t ion  of n icke l  oxide. 

In  s tudies  on phase equ i l ib r i a  at 1050 ~ in  the 
F e - N i - O  system, Braber s  and  B i r chena l l  (9) found  
that  wus t i t e  m a y  be equ i l i b ra t ed  wi th  al loys con-  
t a i n ing  n ickel  to a p p r o x i m a t e l y  55 a/o.  Wust i te ,  es- 
sen t ia l ly  f ree of nickel ,  and  a spinel,  Fe~.6Ni0.404, co- 
exis ted wi th  this  al loy of cr i t ical  n icke l  content .  
Since the  po ten t ia l s  of cell (D) y ie ld  the dissociat ion 
pressures  of wus t i t e  con t a in ing  di f ferent  a m o u n t s  of 
n icke l  in  solid so lu t ion  (Eq. [ 1 ] ) ,  one m a y  compare  
these pressures  to those for wus t i t e  equ i l i b r a t ed  w i th  
iron. Moreover ,  one m a y  conclude  f rom the v a r i a -  
t ion  of the  oxygen  pressure  tha t  the  oxides equ i l i -  
b r a t ed  wi th  alloys of different  n icke l  conten ts  are 
in e i ther  the  v a r i a n t  two phase,  wus t i t e - a l loy ,  or 
the  i n v a r i a n t  th ree  phase,  w u s t i t e - s p i n e l - a l l o y ,  r e -  
gions at  the  t e m p e r a t u r e s  of 900 ~ and  1000 ~ 

2C 

5 

i i i I I 

I 0 0 0  ~ 

0 0,1 O.Z 0 . 3  0 . 4  0 5  
ATOMIC FRACTION NI 

9 0 0 ~  

Fig. 3. Comparison of dissociation pressures of wustite containing 
different amounts of dissolved nickel to wustite at 900 ~ and 
1000~ 

The  dissocia t ion pressures ,  Tab le  V, are compared  
to those of wus t i t e  in  Fig. 3. Ana lyses  for the nicWel 
conten ts  in  the  quenched  compacts  we re  on ly  qua l i -  
t a t i ve ly  acceptable ,  and  poin ts  a long the  abscissa of 
Fig. 3 are  average  composi t ions  of the  alloys. Be-  
cause the dissociat ion p ressure  of wus t i t e  c on t i nua l l y  
increased  w i th  l a rge r  n icke l  con ten t s  in  the  alloy, 
the  cathode c o m p a r t m e n t  con ta ined  only  two phases, 
the  oxide be ing  wus t i t e  w i t h  smal l  a m o u n t s  of d is -  
solved nickel .  Accord ing ly  the  smal l  a m o u n t s  of 
spinel  found  in  the compacts  were  p rec ip i ta ted  d u r -  
ing  the  quench.  

In  Table  V, the  dissociat ion pressures  of wus t i t e  
equ i l i b ra t ed  w i th  al loys to 40 a /o  are compared  to 
va lues  ca lcu la ted  f rom data  g iven  by  Or ian i  (10) 
for equ i l i b r a t i on  of wus t i t e  w i th  i r o n - n i c k e l  a l loys 
in  w a t e r - h y d r o g e n  a tmospheres .  The  va lues  f rom 
this  i nves t iga t ion  to 19.2 a / o  nickel ,  w he r e  the  e lec-  
t rochemica l  m e a s u r e m e n t s  were  least  re l iable ,  were  
sma l l e r  t h a n  those pressures  d e t e r m i n e d  f rom gas 
equ i l ib r i a  m e a s u r e m e n t s .  At  l a rge r  n icke l  con ten t s  
in the  alloys, the  va lues  f rom both  me thods  showed 
good agreement .  As the  va lues  of the  dissociat ion 
pressures  were  m u c h  l a rge r  on equ i l i b r a t i on  of 
wus t i t e  w i th  alloys con ta in ing  more  t h a n  30 a /o  
nickel ,  the i n v a r i a n t  oxygen  p ressure  for the  w u s -  
t i t e - s p i n e l - a l l o y  region  of the  F e - N i - O  t e r n a r y  
phase  d i a g r a m is much  l a rge r  t h a n  the  dissociat ion 
pressure  of wus t i t e  equ i l i b ra t ed  wi th  i ron.  

Summary 

Galvan i c  solid cells w i th  embedded  electrodes of 
the  reac t ion  meta l s  in  the  m e t a l - o x i d e  c o m p a r t m e n t s  
were  employed  for d e t e r m i n a t i o n s  of oxygen  disso- 
c ia t ion pressures  of b i n a r y  and  t e r n a r y  oxides. The  
s t a n d a r d  mo l a r  free ene rgy  change  of the  reac t ion  
b e t w e e n  n icke l  oxide and  wus t i t e  and  the  dissocia-  
t ion  pressures  of wus t i t e  equ i l i b r a t ed  w i th  al loys 
con ta in ing  n icke l  to 47.2 a / o  were  d e t e r m i n e d  for 
t e m p e r a t u r e s  in  the r ange  800~176 Appl i ca t ion  
of this  me thod  to the t e r n a r y  F e - N i - O  sys tem was 
l imi t ed  by  the  precis ion of the  d e t e r m i n a t i o n s  for 
the  n icke l  conten ts  of wust i te .  
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Mechanism of the Hydrogen Gas Diffusion Electrode 
Raymond P. Iczkowski 1 

Research Division, Allis-Chalmers Manulacturing Company, Milwaukee, Wisconsin 

ABSTRACT 

Equations were formulated for the electrolyte film mechanism, in  which 
H2 diffuses through a film of electrolyte covering the surface of the pores in  
the electrode. The polarization characteristics at high and low currents  were 
obtained analytically.  The equations were solved numer ica l ly  on a computer  
using data for H2 on Ni with an NaOH electrolyte for various values of the 
surface roughness, pore radius and length, temperature,  concentrat ion of 
electrolyte, and film thickness. A similar computer  solution was made  of 
Just i ' s  equations for the surface diffusion mechanism, and the results of the 
two calculations were compared. The results show that  the electrolyte film 
mechanism has a max imum current  300 times larger, and a slope of the 
polarization curve at low currents,  which is 45 times less than  that  for the 
surface diffusion mechanism. 

The h y d r o g e n  gas diffusion e lect rode consists of a 
porous  me ta l  p la te  in  contact  w i th  a so lu t ion  of 
electrolyte ,  such as NaOH, on one side and  h y d r o -  
gen gas on the other.  As a w o r k i n g  a p p r o x i m a t i o n  
it is cons idered  tha t  the  pores  in  the  electrode m a y  
be r ep resen ted  by  an a r r a y  of r igh t  c i rcu la r  cy l in -  
ders each of which  passes comple te ly  t h rough  the  
electrode.  There  are two theor ies  of the m e c h a n i s m  
by  which  reac t ion  takes place in  a s ingle  pore:  the 
sur face  diffusion m e c h a n i s m  (1),  and  the  e lec t ro ly te  
film m e c h a n i s m  (2) .  

Accord ing  to the surface  diffusion theory,  the elec-  
t ro ly te  forms a sharp  c i rcu la r  t h r e e - p h a s e  b o u n d a r y  
a long the wa l l  of the pore (see Fig. 1A).  

1 Present  address: Xerox Corporation, Webster, New York. 

(A} N.OH ELECTROLYTE ~. GAS 

-~z o ~, Z--P. 

(S) / I / 2  H 2 

(c) 

e _ f  

Fig. 1. Stages in the surface diffusion mechanism 

The  reac t ion  proceeds by  m e a n s  of the fo l lowing  
sequence  of steps: 

1. Hydrogen  f rom the  gas phase is adsorbed  as 
a toms on the surface of the pore  (see Fig. 1B).  

2. Hydrogen  a toms (a) diffuse a long  the  wal ls  
f rom the  point  of adsorp t ion  t o w a r d  the pa r t  of the  
pore con ta in ing  the  e lectrolyte ,  and  (b)  diffuse 
u n d e r  the meniscus  to the pa r t  of the pore in  con-  
tact  wi th  e lec t ro ly te  (see Fig. 1C).  

3. Hydrogen  a toms on the  wa l l  react  w i th  hy -  
droxide  ions f rom the e lec t ro ly te  to form w a t e r  and  
give up an  e lec t ron to the e lect rode (see Fig. 1D). 
The equa t ions  for the surface  diffusion m e c h a n i s m  
were  fo rmula ted ,  b u t  no t  solved by  Jus t i  et al. (1) .  
The surface  diffusion m e c h a n i s m  was first cons id-  
ered a s s u m i n g  tha t  the re  is no film of e lec t ro ly te  
adhe r ing  to the  wal l s  of the  pores.  La te r  it  was  
shown how the resul t s  wou ld  be affected if an  e lec-  
t rochemica l ly  ine r t  film of l iqu id  coated the  wal l s  on 
the gas side of the pore. The equa t ions  for the  case 
of the  ine r t  film are the same as those for the  case 
wi thou t  the  film except  tha t  the  ra te  of adsorp t ion  
of hyd rogen  is mu l t i p l i ed  by  a scale factor  wh ich  is 
p ropor t iona l  to the  th ickness  of the  film. 

Accord ing  to the  e lec t ro ly te  film mechan i sm,  the  
pore is cons idered  to be covered by  a l aye r  of e lec-  
t ro ly te  which  separa tes  the h y d r o g e n  gas f rom the  
me ta l  sur face  (see Fig. 2A) .  

The reac t ion  proceeds by  m e a n s  of the  fo l lowing  
steps: 

1. Hydrogen  dissolves in  the  ou te rmos t  l aye r  of 
the  film (see Fig. 2B).  
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Fig. 2. Stages in the electrolyte film mechanism 

(D) 

2. H y d r o g e n  diffuses  r a d i a l l y  t h r o u g h  t h e  film, 
and  s o d i u m  h y d r o x i d e  diffuses  and  m i g r a t e s  a long  
the  f i lm to v a r i o u s  po in t s  a long  the  w a l l  (see  Fig.  
2C) .  

3. R e a c t i o n  occurs  at  po in t s  a long  the  wal l ,  f o r m -  
ing w a t e r  and  an  e lec t ron ,  w h i c h  goes in to  t he  m e t a l  
(see  Fig.  2D) .  The  concen t r a t i ons  of h y d r o g e n  and  
s o d i u m  h y d r o x i d e  v a r y  f r o m  po in t  to po in t  a long  
the  w a l l  and  d e p e n d  on t h e  r a t e s  of r e a c t i o n  at  v a r i -  
ous po in t s  a long  the  w a l l  and  t h e  r a t e  of t r a n s p o r t  
b y  d i f fus ion  a n d  m i g r a t i o n .  

I t  is of i n t e r e s t  to f o r m u l a t e  the  equa t i ons  for  the  
e l e c t r o l y t e  f i lm m e c h a n i s m  a n d  to so lve  t he  e q u a -  
t ions  for  bo th  m e c h a n i s m s  to d e t e r m i n e  w h i c h  one 
m o r e  a p p r o p r i a t e l y  desc r ibes  the  opera . t i0n of t he  
n i c k e l - h y d r o g e n  gas  d i f fus ion e lec t rode .  

Equat ions  for  the  Sur]ace Diffusion 
and Electroly te  Fi lm Mechan i sms  

The  equa t ions  for  the  su r f ace  d i f fus ion m e c h a n -  
i sm a re  (1)  

d2aH (z) j (z) 
[1] 

dz 2 ~DH 

a 2 v ( z )  2pj(z) 
- -  [2] 

dz 2 r 

r a l l (Z)  1 
j ( z )  = Sjo I e ~ ( z )  -- e -(1-a)~(z)  | [3]  

L aOg _l 

and  

w h e r e  z is t he  pos i t i on  a long  the  w a l l  of t he  po re  
in Fig.  1; aN(Z) is t he  a c t i v i t y  of h y d r o g e n  a t o m s  
a d s o r b e d  on t h e  w a l l  of t he  po re  a t  z; aOH is t h e  ac -  
t i v i t y  of a d s o r b e d  h y d r o g e n  a t o m s  c o r r e s p o n d i n g  to 
a p r e s s u r e  of h y d r o g e n  of 1 a tm;  ~/(z) is t he  p o l a r -  
i za t ion  at  z; j ( z )  is t h e  c u r r e n t  d e n s i t y  a t  z; Du is 
the  coefficient  of su r face  d i f fus ion  for  h y d r o g e n  
a toms ;  p is the  specific r e s i s t ance  of t he  e l e c t r o -  
l y t e ;  r is t he  r a d i u s  of t he  po re ;  s is the  r a t i o  of the  
t r u e  su r f ace  a r e a  of t he  p o r e  to  t h e  a p p a r e n t  s u r f a c e  
area ,  due  to su r f ace  roughnes s ;  jo is t he  e x c h a n g e  
c u r r e n t  d e n s i t y  a p p r o p r i a t e  to t he  g iven  b u l k  con-  
c e n t r a t i o n  of NaOH;  ~ ---- F / ( R T ) .  
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The  so lu t ions  to these  equa t i ons  a r e  s u b j e c t  to t he  
b o u n d a r y  cond i t ions  (1) 

d~ =0 d~ I ---- P---~-J 

dz ~=o dz I z=-12 =r2 

aN(O)  
---- cos 0 - -  X/3 sin 0, 

a~ 
1 

w h e r e  0 = - -  cos -1 [1 -- (J/Jm~x) 2] 
3 

depidz z=-12 : 0 

w h e r e  J is t he  t o t a l  c u r r e n t  d e l i v e r e d  b y  the  pore ;  
Jmax is t he  m a x i m u m  c u r r e n t  w h i c h  could  be  d e -  
l i v e r e d  b y  the  pore .  

The  equa t i ons  for  t he  e l e c t r o l y t e  f i lm m e c h a n i s m  
a r e  s i m i l a r  to those  for  t h e  su r f a c e  d i f fus ion  m e c h -  
anism.  The  h y d r o g e n  w h i c h  d i sso lves  in  t he  o u t e r -  
mos t  l a y e r  of t h e  e l e c t r o l y t e  f i lm wi l l  be  a s s u m e d  
to be  in e q u i l i b r i u m  w i t h  t h e  h y d r o g e n  in t he  gas  
phase  and  i ts  c o n c e n t r a t i o n  to be  g i v e n  b y  the  
e q u i l i b r i u m  c o n c e n t r a t i o n :  C s e ( r o -  t )  wi l l  be  used  
to deno t e  th is  c o n c e n t r a t i o n  ( in  e q / c m  3) at  the  h y -  
d r o g e n  g a s - s o l u t i o n  i n t e r f a c e  w h i c h  is a t  r o - - t  for  
a f i lm of  t h i ckness  t, in a po re  of r a d i u s  ro. H y d r o g e n  
diffuses t h r o u g h  the  e l e c t r o l y t e  f i lm acco rd ing  to 
the  e q u a t i o n  

d (r  dCH~(r) ) = O  
dr dr 

w i t h  the  b o u n d a r y  cond i t ions  

Cn2 (ro - t)  : e q u i l i b r i u m  s o l u b i l i t y  

dC•2(ro ) j (z)  
Dh 

dr F 

The  so lu t ion  of th i s  equa t ion  is 

C~2 ( r o )  
: 1 - -  ~ j ( z )  [4]  

C m  (ro - -  t )  

w h e r e  CHe(ro) is the  c o n c e n t r a t i o n  of h y d r o g e n  at  
ro, t he  n i c k e l - e l e c t r o l y t e  in t e r face .  

r e p r e s e n t s  t he  co l lec t ion  of cons tan t s  

To To 
] n - -  

[;DhCH2(ro -- t )  ro --  t 

Dh is t he  d i f fus ion coefficient  of h y d r o g e n  in the  
solut ion.  I t  w i l l  be  a s s u m e d  tha t  Dh m a y  be  t a k e n  
i n d e p e n d e n t  of the  c o n c e n t r a t i o n  of s o d i u m  h y -  
d rox ide .  S ince  the  p rocess  of d i s soc ia t ion  of h y -  
d r o g e n  mo lecu l e s  to h y d r o g e n  a t o m s  p r e c e d e s  the  
e l e c t r o c h e m i c a l l y  r a t e - d e t e r m i n i n g  s tep,  i t  m a y  be  
t a k e n  to be  in  e q u i l i b r i u m  

(a~ 2 [aH(ro) ] 2 
K = - [ 5 ]  

aH2(ra -- t )  aH2(ro) 

The  a c t i v i t y  of h y d r o g e n  aHe wi l l  be  t a k e n  to be  
e q u a l  to t he  c o n c e n t r a t i o n  of h y d r o g e n ,  Cne, s ince 
t h e  s o l u h i l i t y  is v e r y  smal l .  The  e l e c t r o c h e m i c a l  r e -  
ac t ion  r a t e  on n i cke l  is g o v e r n e d  b y  t h e  s low d i s -  
cha rge  m e c h a n i s m  [3]  and  the  c u r r e n t  d e n s i t y  at  
z is g iven  b y  [4]  
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j ( z )  = S~o [. 
aH(ro) 

I_ a~ 
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c u r r e n t  w i l l  be  d e t e r m i n e d  b y  the  d i f fus ion of He 
and  no t  b y  the  t r a n s p o r t  of NaOH.  In  t h a t  case, p 
const ,  and  the  cond i t ion  j (z)  ~ j ( O )  w i l l  be  r e -  
q u i r e d  b y  Eq. [8] .  As  ,/--) oo, t h e n  j (O)- - )  1 / ~ ( O ) ,  
and  the  t o t a l  c u r r e n t  d e l i v e r e d  b y  the  po re  f r o m  Eq. 
[10]  becomes  

2~rroll 2~r~'DhCH2 (to-- t)  ll 
J . . . .  - -  - -  - -  [ 1 2 ]  

o-(0)  l n ( 1 - - t r o - ' )  

If  t, COH-(O) ,  and  ro/ll a r e  smal l ,  t he  m a x i m u m  
c u r r e n t  wi l l  be  in f luenced  b y  the  t r a n s p o r t  of NaOH.  

Limi t ing  Behav ior  at L o w  Polarizat ion 

The b e h a v i o r  of t he  so lu t ions  to t he  d i f f e r en t i a l  
equa t i ons  for  t he  su r f ace  d i f fus ion and  e l e c t r o l y t e  
f i lm m e c h a n i s m s  can  be  e v a l u a t e d  a n a l y t i c a l l y  at  
z = 0, in  t he  l i m i t  as t he  p o l a r i z a t i o n  a p p r o a c h e s  
zero for  the  gas  d i f fus ion e l e c t r o d e  b y  a m e t h o d  
ana logous  to t ha t  used  b y  P e r s k a y a  and  Z a i d e n m a n  
(5) for  l i qu id  d i f fus ion  e lec t rodes .  In  th is  me thod ,  
the  ac t iv i t i e s  a r e  e q u a t e d  to t h e  concen t ra t ions ,  
j ( z )  is e x p a n d e d  in ser ies ,  a n d  h igh  o r d e r  t e r m s  
in n and  z a r e  e l i m i n a t e d  in  s u b s e q u e n t  l i m i t i n g  
processes .  

In  t he  su r f ace  d i f fus ion m e c h a n i s m ,  j ( z )  m a y  be  
e l i m i n a t e d  b e t w e e n  the  two  d i f f e r en t i a l  equa t ions  
to y i e l d  

d2CH (z) r dZ~ (z) 
dz 2 2pFDH dz 2 

w h i c h  can  be  i n t e g r a t e d  

CH(Z) = CK(O) + 
r 1 

- -  [ ~ ? ( z )  - - ~ ( o ) ]  - ~ - - J z  
2p~TDH 2qrr~TDH 

If, in t he  e x p r e s s i o n  for  j ( z )  in Eq. [3] ,  t h e  e x -  
p o n e n t i a l  func t ion  is e x p a n d e d  in ser ies ,  and  on ly  
the  first  o r d e r  t e r m s  in v a r e  r e t a i n e d ,  t h e  l i m i t i n g  
b e h a v i o r  for  s m a l l  p o l a r i z a t i o n  becomes  

d2~(z) 2~jo 
- -  --  {QH(Z) - -  1 -F 

dz 2 r 
[~ ( Q ( z ) - l  ) q- 1 ] ~  (z)  } 

w h e r e  QH = CH/Ce. F o r  a suff ic ient ly  deep  p e n e t r a -  
t ion  of e l ec t ro ly t e ,  w~12>>l, t he  so lu t ion  of th is  
e q u a t i o n  to f irst  o r d e r  in v a n d  z is 

A1/2BJeWs z P q- B J z / 7  
~(z) = 

y(SjoVX/2[AB+~(l +,ap) ]3/~ - -  A B + ~ (  I + a P )  

w h e r e  A = Y2r/p, B = (FDHCe) -1, y = 2~rr, P = 

QH(O)  - -  1 - -  A B v ( O ) ,  w~ = {sjo[B + A - 1 5 ( 1  + 
~p)]}ln. 

Dif fe ren t i a t i ng  w i t h  r e spe c t  to J ,  and  t a k i n g  the  
l imi t s  a s z - ~  0: QH(O)  -> 1 , ~ ( O )  --> 0 

d~/(O) _----1 [ 1 V /  B dQH(O)  ] 

dJ J=0 ~ Sjo dJ J=0 

a o n - ( z )  

aoH--(o) 

_ _  aH~o(Z) e_O_~)~, (z) ]  [6]  
aH20 ( O )  A 

E q u a t i o n s  [4] ,  [5] ,  and  [6]  m a y  be  c o m b i n e d  to g ive  
t he  c u r r e n t  d e n s i t y  as a func t ion  of the  p o l a r i z a t i o n  
and  the  ac t iv i t i e s  of NaOH,  and  w a t e r  

j ( z )  =s jo[Ue(1  + vU1 -I- V4~2U22)l/2--U1 - 1/zvU2 ~] [7]  

aH2o (Z) aOH-- (Z) 
w h e r e  U 1 - -  e -(1-a)~n, U2 ---- e he'7, 

aH~o(O) aOH-- (O)  

and  v = Sjoz. The p o t e n t i a l  d i s t r i b u t i o n  a long  the  
f i lm is g o v e r n e d  b y  O h m ' s  l a w  w h i c h  t a k e s  the  fo rm 

d v ( z )  _ p ~ h  
dz t ( l_ l /~ . tro_l)  _ j ( z ) d z  [8]  

The  flow of O H -  ions at  po in t  z in t he  po re  due  to 
t he  in t e rd i f fus ion  of N a O t t  and  w a t e r  is 

dCoH- ( z ) 
- -Doll-  - 

dz 

and  the  flow due  to m i g r a t i o n  of ions in the  e l ec t r i c  
field is 

To - 
Ft(1--1/~tro -1)  j ( z ) d z  --cm2sec 

The  sum of these  flows is equa l  to the  t o t a l  c u r r e n t  
pas s ing  the  po in t  z, d i v i d e d  b y  the  cross  sec t iona l  
a r e a  and  t h e  F a r a d a y .  The  v a r i a t i o n  in t he  conc e n -  
t r a t i o n  of N a O H  at  v a r i o u s  po in t s  a long  the  w a l l  of 
t he  po re  is t h e r e f o r e  g i v e n  b y  

dCoH- (z) TNa + . ;  ll 

dz -- Ft ( l - - l /2 tro-1)DoH - -~ j ( z ) d z  

[9] 

w h e r e  COH--(Z) is the  c o n c e n t r a t i o n  of s o d i u m  h y -  
d r o x i d e  at  z; Do l l -  is the  d i f fus ion coefficient  of 
s o d i u m  h y d r o x i d e  in w a t e r ;  Tsa+ is t h e  t r a n s f e r -  
ence  n u m b e r  of s o d i u m  ion in NaOH.  D o n -  and  
TNa+ a r e  func t ions  of t he  a c t i v i t y  and  c o n c e n t r a -  
t ion  of sod ium h y d r o x i d e  at  z. The  so lu t ion  of t he se  
equa t i ons  is sub j ec t  to t h e  b o u n d a r y  cond i t ions  
Co i l -  (O)  = b u l k  c o n c e n t r a t i o n  of s o d i u m  h y d r o x i d e  

t "  ll  
J = 2,rro ~o j ( z ) d z  [10] 

Limi t ing  Behavior  at High Polarizat ion 

T h e  m a x i m u m  c u r r e n t  o b t a i n a b l e  f r o m  the  s u r -  
face  d i f fus ion m e c h a n i s m  at  one a t m o s p h e r e  was  
s h o w n  (1) to be  

41rrF 
Jmax = __ ~/DHVoCe [ 11 ] 

~/3 

w h e r e  Vo is the  m a x i m u m  flow d e n s i t y  b e t w e e n  the  
gas  p h a s e  and  the  a d s o r b e d  phase .  Ce is t h e  a c t i v i t y  
of h y d r o g e n  a t o m s  p r e s e n t  on the  su r f ace  of t he  
po re  in t he  absence  of e l e c t r o c h e m i c a l  reac t ion ,  a t  
one a tm.  

In  the  e l e c t r o l y t e  f i lm m e c h a n i s m ,  if  t he  t h i c k -  
ness  of the  film, the  b u l k  concen t r a t i on  of NaOH,  
and  ro a re  l a r g e  and  11 is smal l ,  t hen  the  m a x i m u m  

and  

dQH (O)  ~ / 2  1 
V dJ J=0 3 Jmax 
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There fo re ,  the  in i t i a l  s lope  of t he  p o l a r i z a t i o n  cu rve  
is g iven  b y  

d~(O)dj s = o  --- 

R T [  1 ~ 2  1 ] [13] 
F 2~rr(sjoFDHCe) 1/2 -{- 3 Jmax 

The  s lopes  d~(O)dj J=o and  dv(--le)dj J=0 wi l l  di f fer  

by  less  t h a n  pl2/~rr 2. The  l e n g t h i e r  and  m o r e  p rec i se  
e q u a t i o n  m a y  be  d e r i v e d  in t he  s a m e  w a y  b y  e x -  
c lud ing  t h e  a p p r o x i m a t i o n  w~12 > >  1. 

P r o c e e d i n g  in an  ana logous  m a n n e r  for  the  th in  
f i lm m e c h a n i s m ,  the  change  in t he  a c t i v i t y  of w a t e r  
w i t h  c h a n g i n g  c o n c e n t r a t i o n  of N a O H  is neg lec t ed  
and  aoH-- ( z ) /aoH-  (O)  is a p p r o x i m a t e d  b y  Coil- ( z ) /  
COH-(O) .  W h e n  j ( z )  is e l i m i n a t e d  b e t w e e n  Eq. [8]  
and  [9] ,  a n d  the  resu l t ing '  e q u a t i o n  is so lved  to first  
o r d e r  in  V (z ) ,  t he  r e s u l t  is 

COH-(Z)/CoH-(O ) = 1 + G [ ~ ( z )  - -  ~?(O)] + O(J,z)  

w h e r e  G = TNa+/[pFDoH-CoH-(O)] ; TNa+, p, and  
Do l l -  a r e  the  v a l u e s  c o r r e s p o n d i n g  to the  c o n c e n t r a -  
t ion  C o i l - ( O ) ,  and  O (J,z) is a t e r m  w h i c h  becomes  
neg l i g ib l e  in  t he  s u b s e q u e n t  l i m i t i n g  p rocesses  for  J 
and  z. By  e x p a n d i n g  the  e x p o n e n t i a l  t e r m  in Eq. [7]  
and  r e t a i n i n g  on ly  first  o r d e r  t e rms ,  j (z)  can  be  p u t  
in to  t he  f o r m  
j ( z )  = Jl + J2 n ( z ) ,  w h e r e  Jl = - -  (1+1/2~) + 
1/2G%2(0) + [ 1 - - G , ( O ) ] [ ( 1 + � 8 9  + 1/2G~%(0) 
( � 8 9  ]1/e and  J2 is a s imi la r ,  b u t  m o r e  c o m -  
p l e x  t e rm.  

To t e r m s  in first  o rder ,  Eq. [8]  becomes  

d~ p f tl 
dz t ( l_ l /2 t ro_ l )  ( j l  -[- j2~?)dz 

the  so lu t ion  of w h i c h  is 

pJ e w(ll-z) -}- e -w(tl-z) ~1 
,7(z) = 

2~rot(1--1/ztro-1)w e w l l  - -  e -w*l J2 

w h e r e  w = [pj2/t( l_l/ , . tro-1) ]1/2. D i f f e r en t i a t i ng  
w i t h  r e s p e c t  to J,  and  t a k i n g  the  l imi t s  as z --> 0, and  
as J --) 0, y i e ld s  t he  e q u a t i o n  

a T ( o )  

dJ J=o 

_ 1+  G~:-I [ p(1 ~-1/2v) ]1/2 
2~rro t (1  - -  V2tro-1)Sjo(~ + G) 

[ ,S~o(~ + G) ]1/2 
coth t (1  - -  1/2tro -1) (1 + 1/2,) ll  [14] 

If  le is no t  zero,  t h e n  

J = 0 pl2 
d~ (--12) t in(O) + _ _  

dJ J = o dJ 1fro 2 

I t  is of i n t e r e s t  to  o b t a i n  t h e  b e h a v i o r  of t he  po re  
w h e n  e l e c t r o c h e m i c a l  p o l a r i z a t i o n  is absen t ,  and  
on ly  t h e  c o n c e n t r a t i o n  p o l a r i z a t i o n  of He and  N a O H  
and  t h e  ohmic  p o l a r i z a t i o n  r ema in .  This  b e h a v i o r  can 
be f o u n d  b y  a s s u m i n g  the  e x c h a n g e  cu r r en t ,  Jo, or  
a l t e r n a t i v e l y ,  t he  su r f ace  r o u g h n e s s  fac tor ,  s, to be 
infini te .  As (sjo) --) ~ ,  t hen  

H Y D R O G E N  G A S  D I F F U S I O N  E L E C T R O D E  

d~ ( O J=O -- 
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1+G~:-1 [ p~r ]1/2 

2~ro 2t(1-- �89 -1) ($+G) 

c o t h [  2 p @ + G ) ] , / 2  
~t( l_ i /2 t ro_l )  ll [15]  

In  add i t ion ,  t he  effect of t h e  c o n c e n t r a t i o n  p o l a r i z a -  
t ion of N a O H  m a y  be  e l i m i n a t e d  b y  a s s u m i n g  the  
d i f fus ion  coefficient of N a O H  to be  infini te .  As  
DOH- --> ~ ,  t h e n  G --> 0 in Eq. [15].  W i l l  (6)  d e r i v e d  
a s i m i l a r  f o r m u l a  in w h i c h  the  e l e c t r o c h e m i c a l  
p o l a r i z a t i o n  and  the  c o n c e n t r a t i o n  p o l a r i z a t i o n  of 
e l e c t r o l y t e  w e r e  ignored .  H o w e v e r ,  Wi l l  u sed  the  
t e r m ,  t, w h i c h  c o r r e s p o n d s  to a flat  film, or  one 
w h i c h  is i n f i n i t e s ima l l y  th in  r a t h e r  t h a n  the  m o r e  
p rec i se  t e r m s  ro In [ro/ (ro--  t )  ], w h i c h  occurs  in  
in  Eq. [4] ,  a n d  t ( 1 -  1/2tro -1) in Eq. [7]  and  [8] .  As  
t ~  0, t he se  t e r m s  a p p r o a c h  t, a n d  ~-~ t /  
[tTDhCH2(ro-- t)  ]. W h e n  these  subs t i t u t i ons  a r e  
made ,  Eq. [15] r educes  to Eq. [15]  of Wi l l ' s  p a p e r  
in t he  f o r m  in w h i c h  the  M a c L a u r i n  e x p a n s i o n  is 
used.  

Representation of Input Data 
I n p u t  da ta ,  such  as Do l l - ,  p, Dh, Jo, C t t 2 ( r o -  t ) ,  

etc., w e r e  t a k e n  f rom p r e v i o u s l y  p u b l i s h e d  e x p e r i -  
m e n t a l  r e su l t s  and  w e r e  r e p r e s e n t e d  m a t h e m a t i c a l l y  
b y  c u r v e  f i t t ing.  The  d a t a  s u b p r o g r a m s  w e r e  c o m -  
p i l ed  for  use  on an  IBM 704 c o m p u t e r  i n d e p e n d e n t  of 
t h e  m a i n  p r o g r a m  for  i n t e g r a t i n g  the  d i f f e ren t i a l  
equa t ions  so t h a t  t he  s u b p r o g r a m s  could  be  a l t e r e d  
in  t he  l i g h t  of n e w  d a t a  or  m a d e  to a p p l y  to a 
d i f fe ren t  e l e c t r o l y t e  w i t h o u t  c h a n g i n g  the  m a i n  
p r o g r a m .  

Data used in both mechanisms.--Speci f ic  resist-  
ance of NaOH,  p, ( o h m  -x c m - 1 ) . - - V a l u e s  (7)  a t  
323~ w e r e  c u r v e  f i t ted  b y  a r a t i o  of two  fifth o r d e r  
p o l y n o m i a l s  in t he  concen t r a t ion .  I n t e r p o l a t i o n  ac -  
c o rd ing  to t h e  f o r m u l a  e A ( 1 / T - 1 / 3 2 3 . 1 6 )  w a s  m a d e  for  
t he  t e m p e r a t u r e  dependence ,  w h e r e  A is a f if th d e -  
g ree  p o l y n o m i a l  in  t he  concen t r a t i on .  

Exchange current and a for the reaction of He on 
Ni (8) ,  Jo, ( a m p / c m e )  . - V a l u e s  of jo w e r e  r e p r e -  
s e n t e d  b y  the  f o r m u l a  (1, 5) 

Jo = 0.0562 e -(3~ a~ a0"42H20 p0"29H 2 

A l p h a  (8)  was  t a k e n  to be  0.42. 
Apparent  partial moIal volume of NaOH,  r 

( c m 3 / m o l e ) . - - V a l u e s  of the  a p p a r e n t  p a r t i a l  m o l a l  
v a l u e  a r e  g iven  b y  e m p i r i c a l  equa t i ons  (9)  as a 
func t ion  of T and  mOH--, w h e r e  m is t he  m o l a l  con-  
cen t r a t i on .  

C o n c e n t r a t i o n  scales  w e r e  c o n v e r t e d  b y  m e a n s  of 

C = m / ( 1  + 10-3 mCv) 

dm (1 -t- 10 -3 m ~ . )  ~ 

dC 1 - -  10 -3 m 2 dq%/dm 

Act iv i ty  of N a O H  and H20 in sodium hydroxide 
solutions, aNaOH, aH2o. - -Values  of t he  a c t i v i t y  coeffi-  
c i en t  of N a O H  a n d  t h e  a c t i v i t y  of H20 a r e  g iven  in  
t e r m s  of e m p i r i c a l  equa t i ons  (10) as a func t ion  of 
T and  m o l l -  for  c o n c e n t r a t i o n s  up  to 17M. Va lues  
of d In v /dm w e r e  o b t a i n e d  b y  d i f f e r e n t i a t i n g  the  
e m p i r i c a l  fo rmulas .  

Data used in the electrolyte film m e c h a n i s m . -  
Diffusion coefficient of hydrogen in N a O H  solution 
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(11) Du, ( c m e / s e c ) . - - T h e  d i f fus ion  coefficient  of 
h y d r o g e n  in so lu t ions  of v a r y i n g  c o n c e n t r a t i o n  of 
NaOH was  t a k e n  to be  t he  same  as t he  v a l u e  for  
p u r e  wa te r .  These  va lue s  w e r e  r e p r e s e n t e d  b y  the  
e q u a t i o n  

Dh = 4.62 �9 10 -2 e -2140/T 

Transference number of N a  + in NaOH,  TNa+. - -  
D a t a  (7)  for  c o n c e n t r a t i o n s  a b o v e  10 -5 e q / c m  3 w e r e  
c u r v e  f i t ted  to t he  e q u a t i o n  

Ts~+ = 0.1043 - -  0.00855 In C o i l -  

The  t r a n s f e r e n c e  n u m b e r s  of h y d r o x i d e s  do no t  v a r y  
a p p r e c i a b l y  w i t h  t e m p e r a t u r e  b e t w e e n  18 ~ and  
65~ (23) .  

Diffusion coe1~cient of N a O H  in water, Dol l - ,  
( c m 2 / s e c ) . - - D a t a  on t h e  d i f fus ion coefficient  a t  i n -  
f inite d i l u t i on  (12) w e r e  c u r v e - f i t t e d  b y  the  e q u a -  
t ion  

Do = 3.08 �9 10 -2 e -2190/T 

The  c o n c e n t r a t i o n  d e p e n d e n c e  was  g iven  b y  (13) 

( d lny_+  ) 
D o g -  = Do 1 + C d ~  

w h e r e  

d In y •  [ d l n  T 1 0 - 3 ( ~ .  + m d O v / d m  ] dm 

dC --  ~ + 1 + 10 - ~ m r  dC 

Solubility o] hydrogen in N a O H  solutions, CH2, 
( e q / c m Z ) . - - D a t a  (14) on the  so lub i l i t y  of h y d r o g e n  
in w a t e r  ( in  m l / c m  3) m a y  be  e x p r e s s e d  b y  the  
e q u a t i o n  

f l ' =  0 . 0 2 1 4 ( 1 -  10-2Tc) -f- 1.837 10-1~ - -Tc2)Tc  2 

w h e r e  T~ is t h e  c e n t i g r a d e  t e m p e r a t u r e .  
The  c o n c e n t r a t i o n  d e p e n d e n c e  of the  so lub i l i t y  

was  e x p r e s s e d  b y  the  S e t s c h e n o w  e q u a t i o n  (15) ,  
and  the  t e m p e r a t u r e  d e p e n d e n c e  of the  S e t s c h e n o w  
coefficient  was  o b t a i n e d  f r o m  the  i n t e r n a l  p r e s s u r e  
t h e o r y  of sa l t  effects  (15) .  The  f inal  e q u a t i o n  was  

C H  2 ( t o - -  t )  = 0.0243 Tff~-PH2 e -  [0.323-- 0.00272(T-- 298) ] COH_ 

Data used in the surface diffusion m e c h a n i s m . -  
The  d a t a  for  t he  su r f ace  d i f fus ion m e c h a n i s m  canno t  
be  o b t a i n e d  w i t h  t h e  s a m e  p rec i s i on  as t he  d a t a  fo r  
the  e l e c t r o l y t e  f i lm m e c h a n i s m .  The  mos t  i m p o r t a n t  
d a t a  w h i c h  a r e  l a c k i n g  a re  the  coefficient  of su r f ace  
diffusion,  and  the  a c t i v i t y  of a d s o r b e d  h y d r o g e n  as a 
func t ion  of t he  c o n c e n t r a t i o n  of h y d r o g e n ,  and  the  
m a n n e r  in w h i c h  these  quan t i t i e s  a r e  a f fec ted  b y  
s o d i u m  h y d r o x i d e  solut ions .  A c c o r d i n g l y ,  the  ac -  
t i v i t i e s  of h y d r o g e n  a n d  s o d i u m  h y d r o x i d e  w e r e  
a p p r o x i m a t e d  b y  t h e i r  r e s p e c t i v e  concen t ra t ions .  

Maximum flow density between the gas phase and 
the adsorbed phase, Vo, ( g - a t o m s / c m  2 s e c ) . - - T h i s  
q u a n t i t y  m a y  be  c a l c u l a t e d  f rom the  t r a n s i t i o n  s t a t e  
t h e o r y  for  d e s o r p t i o n  w i t h  assoc ia t ion  (16) ,  a s s u m -  
ing  t h a t  h y d r o g e n  a toms  a n d  the  a c t i v a t e d  c o m p l e x  
a r e  f r e e  to m o v e  w i t h i n  t h e  b o u n d a r i e s  of t h e  s i te  of 
a d s o r p t i o n  and  t h a t  t he  a c t i v a t e d  c o m p l e x  is f r ee  to 
r o t a t e  (16) .  The  r e s u l t i n g  e x p r e s s i o n  is 

4~rre2RT 
Vo - -  e -AEo$/RT Ce 2 

h 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1964 

w h e r e  re is the  i n t e r n u c l e a r  d i s t ance  in the  H2 m o l e -  
cule,  AEo* is the  a c t i v a t i o n  e n e r g y  for  deso rp t ion ,  
and  Ce is t he  su r f ace  c o n c e n t r a t i o n  of h y d r o g e n  
( g - a t o m s / c m 2 ) .  

Activation energy for desorption, AEa~, ( k c a l /  
m o l e ) . - - T h i s  q u a n t i t y  va r i e s  w i t h  su r f ace  coverage ,  
as do the  h e a t  of adso rp t ion ,  AHads and  the  h e a t  of 
a c t i v a t i o n  of adso rp t ion ,  AgSads. H o w e v e r ,  AHads at  
fu l l  c o v e r a g e  (17) is 18 k c a l / m o l e  and  AHtads is 
a p p r o x i m a t e l y  zero.  The  a c t i v a t i o n  e n e r g y  for  d e -  
so rp t ion  is a p p r o x i m a t e l y  t h e  d i f fe rence  b e t w e e n  
these  two  quan t i t i e s ,  or  18 k c a l / m o l e .  

Surface concentration of hydrogen atoms, Ce, 
( g - a t o m s / c m 2 ) . - - I f  w e  a s s u m e  t h a t  t h e  (100) c r y s -  
t a l l i ne  face  of n i cke l  is r e p r e s e n t a t i v e  of t he  s u r -  
face  of the  m i x e d  c r y s t a l s  a c t u a l l y  p r e s e n t  and  t h a t  
each h y d r o g e n  a t o m  is s u r r o u n d e d  b y  fou r  n i c k e l  
a toms  (17, 18),  t he  c o n c e n t r a t i o n  of s i tes  is 2/a 2, 
w h e r e  a is t he  l a t t i ce  cons tan t .  The  c o n c e n t r a t i o n  of 
h y d r o g e n  a t o m s  is e s s e n t i a l l y  equa l  to the  n u m b e r  
of si tes,  2.684 �9 10 -9  ( g - a t o m s / c m 2 ) .  

Coe1~cient of sur]ace diffusion, DH, ( cm2/ sec ) .  - 
A t  low p res su res ,  such  as 1 a tm,  t h e r e  is on ly  one 
f o r m  of  h y d r o g e n  a d s o r b e d  on n icke l ,  a n d  t h a t  f o r m  
is s t r o n g l y  b o n d e d  (18) .  The re fo re ,  t he  co r r ec t  
m o d e l  for  su r f ace  d i f fus ion  of H on Ni  is a c t i v a t e d  
d i f fus ion r a t h e r  t h a n  t w o - d i m e n s i o n a l  gas flow. 

The  su r f ace  d i f fus ion coefficient  can  be  c a l c u l a t e d  
f rom the  f o r m u l a  (19) 

D = 1/4v~e--Eta/RT [17]  

w h e r e  3 is t he  d i s t ance  b e t w e e n  h y d r o g e n  a t o m  sites,  

2.487 �9 10 - s  cm a n d  v is t h e  a v e r a g e  ve loc i t y  of t he  
h y d r o g e n  a t o m  w i t h i n  t he  si te,  (1/2~RT) 1/2. 

Activation energy ]or surface diffusion, E*a, ( k c a l /  
mo le )  . - - T h e  a c t i va t i on  e n e r g y  for  su r f ace  d i f fus ion  
a t  zero  su r f a c e  coverage ,  E a ( t ? =  0),  of h y d r o g e n  
a toms  on Ni  was  f o u n d  to be  7 +-- 1 k c a l / m o l e  f r o m  
l o w - t e m p e r a t u r e  e l ec t ron  field m i c r o s c o p y  m e a s u r e -  
m e n t s  (20) .  To co r rec t  th is  a c t i v a t i o n  e n e r g y  to a 
v a l u e  a p p r o p r i a t e  to h i g h e r  su r face  cove rages  
Ea(t~ > 1) ,  t h e  ru l e  (20) 

E a  
- -  cons t  

Eb 

m a y  be  used,  w h e r e  Eb is t he  b i n d i n g  e n e r g y  of the  
a d s o r b e d  a t o m  ( the  e n e r g y  r e q u i r e d  to de so rb  the  
h y d r o g e n  as gaseous  h y d r o g e n  a t o m s ) ,  and  cons t  is 
a cons tan t ,  a p p r o x i m a t e l y  e q u a l  to 0.1. T h e r e f o r e  
w e  can o b t a i n  for  v a r i o u s  su r f ace  coverages ,  6 

Ea(O = 0) E~(~) 

E b ( ~  = 0) Eb(/~) 

The  v a l u e  Ea(6 = 1) is 5.68 --4-_ 1 k c a l / m o l e ;  Ea i n -  
c reases  s o m e w h a t  w i t h  d e c r e a s i n g  su r f ace  coverage ,  
bu t  for  t he  p u r p o s e  of th is  c a l cu l a t i on  i t  w i l l  be  
t r e a t e d  as a cons tan t ,  and  e q u a l  to t he  v a l u e  a t  
0 = 1 .  

Method of Solution 
E q u a t i o n s  [8]  and  [9]  a r e  diff icult  to so lve  b e -  

cause  t he  t e r m  f~1 j ( z ) d z  can on ly  be  e v a l u a t e d  b y  

m e a n s  of t he  e xp re s s ion  (J/2~ro) -- fro j (z) dz; b u t  J 
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is not  k n o w n  at  the  b e g i n n i n g  of the  calcula t ion.  
Therefore  an  i t e ra t ive  t echn ique  m u s t  be  used in  
which  (a)  an  es t imate  of J is made,  (b)  Eq. [ 7 ] - [ 9 ]  
are solved s imul t aneous ly ,  and  (c) the resul t s  of 
the ca lcula t ions  are used to m a k e  a new  and  be t t e r  
e s t imate  of J. The  p rocedure  is r epea ted  m a n y  t imes  
un t i l  the es t imated  va lue  of J and  the  va lue  of J 
ca lcu la ted  f rom the  b o u n d a r y  condi t ion,  Eq. [10],  
are  equal .  

Equa t ions  [8] and  [9] for the  e lec t ro ly te  film 
m e c h a n i s m  were  reduced  to th ree  s i m u l t a n e o u s  first 
order  d i f ferent ia l  equa t ions  and  were  i n t eg ra t ed  
n u m e r i c a l l y  by  means  of a double  precis ion R u n g e -  
K u t t a  me thod  (21, 22). At  z = 0, the  t e rm  C o n -  (O) 
is set equa l  to the  concen t r a t i on  of NaOH outs ide of 
the pore, *7(O) is g iven  a va lue ,  and  a va lue  of J 
is e s t ima ted  as be ing  b e t w e e n  2~roj (0)l~ as an  uppe r  
l imit ,  and  zero as a lower  l imit .  A t  i n t e rva l s  be -  
tween  z = 0, and  z ~ l~, the  va lues  of ao~-,  a~o,  
Doll- , p, and  j were  ca lcu la ted  f rom the  va lues  of 
C o n -  and  v appropr i a t e  to tha t  point ,  and  the  va lues  
of Con - ,  v, and  2~rof~ojdz were  found  for the ad-  

j acen t  in te rva l ,  f rom the  d i f ferent ia l  equat ions .  At  
any  poin t  for which  z < l~, the  i n t eg ra t i on  was be -  
gun  over  aga in  f rom z = 0 wi th  a l a rger  es t imated  
va lue  of J, if 2vro fz  jdz > J ( and  the p rev ious  va lue  

of J was  t a k e n  as the  n e w  lower  l imi t ) ,  or wi th  a 
sma l l e r  es t imated  va lue  of J, if C o ~ - ( z )  < 0, ( and  
the p rev ious  va lue  of J was  t a k e n  as the n e w  uppe r  
l imi t  to J ) ,  bu t  if ne i t he r  of these condi t ions  apply,  
the  i n t eg ra t i on  was  con t inued .  W h e n  the  po in t  z = I~ 
was reached,  the n e w  es t ima ted  va lue  of J was  made  
la rger  or sma l l e r  depend ing  on w h e t h e r  the  ca lcu-  
la ted  J was  l a rger  or smal le r  t h a n  the  p rev ious  
es t imated  value .  The process was t e r m i n a t e d  a f te r  
ca lcu la ted  and  es t imated  va lues  of J agreed  to 
0.01%. Calcu la t ions  us ing  100 in t e rva l s  were  p e r -  
formed on an  IBM 704 compute r  for a r ange  of 
va lues  of v (O)  b e t w e e n  0 and  lv ,  and  for va r ious  
va lues  of the  p a r a m e t e r s  s, ro, l~, T, C o ~ - ( O ) ,  and  t. 
Equa t ions  [ 1 ] - [ 3 ] ,  for the  surface diffusion m e c h -  
an i sm  were  t rea ted  in a s imi la r  m a n n e r .  

Results 

All  ca lcula t ions  p resen ted  here  for the e lec t ro ly te  
film m e c h a n i s m  were  made  for a pore h a v i n g  a 
radius ,  ro, of 5/~, a length ,  l~, of 0.05 cm, and  a depth  
of p e n e t r a t i o n  of the  electrolyte ,  le, t a k e n  to be 
zero. The pressures  of h y d r o g e n  was  1 atm.  Resul t s  

: 10-4cm 
~. : 2 ,  IO-4ch,~ 

.5 ~. = 3 �9 10-4cm ~L : 5.10-4cm 

r~ 

O. 
.I 

CURRENT, J,( lO -7 AMP/PORE)  

Fig. 3, Polarization curves for the electrolyte film mechanism 
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are p resen ted  g raph ica l ly  in  Fig. 3 for va r ious  va lues  
of the  film thickness ,  t, chosen as 3, 2, 1, 0.5, and  
0.1/~, and  for the condi t ions ,  s = 1, T = 298.16~ 
and  C o i l - ( O )  ---- 0.01 m o l e s / c m  s. F igures  4, 5, 6, and  
7 show j ( z ) ,  7/(z), COH-(Z), a nd  CH2(?'o) as a f u n c -  
t ion  of z for a film th ickness  of 1/~ ( fu l l  curves)  
and  0.5/~ (dashed  curves)  at  po lar iza t ions  of 0.1, 
0.3, 0.4, a nd  0.5v. In  Fig.  3, the  m a x i m u m  c u r r e n t  
which  can be p roduced  by  a pore  decreases w i th  
inc reas ing  film thickness ,  which  is a t t r i b u t a b l e  to 
the  te rm,  l / l n  [ro/(ro--t)]  in  Eq. [12].  F i g u r e  4 
shows how j (z) approaches  the l i m i t i n g  value ,  l/or, 
as J is increased.  Because  a h igh b u l k  concen t r a -  
t ion  of NaOH was used in  the  calcula t ion,  the  d i l u -  
t ion  of NaOH inside  the  po re  was r e l a t i ve ly  smal l  
(see Fig. 6). W h e n  the b u l k  concen t r a t i on  of NaOH 

7 
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Fig. 4. Current density on the wall of the pore 
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Fig. 5. Polarization of points along the wall of the pore 
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Fig. 6. Concentration of NaOH in various parts of the pore 
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Fig. 7. Concentration of H2 in solution adjacent to the wall of 
the pore. 
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Fig. 8. Changes in the polarization curves with changing tem- 
perature, surface roughness, and concentration of NaOH, for the 
electrolyte film mechanism. 

is 10M, the  va lues  of Jmax g iven  in  Tab le  I f rom 
the  compu te r  ca lcu la t ions  agree w i t h  the  va lues  of 
Jmax f rom Eq. [12] for films w i th  a th ickness  of 
0.5~ or larger .  

This  a g r e e m e n t  shows tha t  the m a x i m u m  c u r r e n t  
is l imi t ed  solely by  the  diffusion of h y d r o g e n  in  
these cases, s ince Eq. [12] was  de r ived  on the  as-  
s u m p t i o n  t ha t  the  t r a n s p o r t  of NaOH was negl ig ible ,  
and  the l im i t i ng  c u r r e n t  was  d e t e r m i n e d  en t i r e ly  
by  the  diffusion of H2. D i lu t i on  of the  NaOH solu-  
t ion  plays  a role in  m a k i n g  Jmax less t h a n  tha t  g iven  
by  Eq. [12] w h e n  the  film th ickness  is less t h a n  0.5/~. 
At  a lower  b u l k  concen t ra t ion  of NaOH, the  t r a n s -  
por t  of NaOH would  be a more  i m p o r t a n t  factor  
in  d e t e r m i n i n g  the  l im i t i ng  cur ren t .  F i g u r e  7 shows 
an  increase  in  the concen t r a t i on  of H2 ad jacen t  to 
the me ta l  surface  as z becomes  larger .  This  increase  
is p a r t l y  due to the  g rea te r  so lub i l i ty  of h y d r o g e n  
in  those par t s  of the  so lu t ion  which  have  a lower  
e lec t ro ly te  concen t r a t i on  (see Fig. 6) and  pa r t l y  
because  the  c u r r e n t  dens i ty  is sma l l e r  i n  those par t s  
of the pore  (see Fig. 4).  

I n  Tab le  I, va lues  of d ~ / d J I j = o  ca lcula ted  f rom 
Eq. [14] are  compared  w i t h  the  slope at  J = 0  of 

Table II. Effect of various sources of polarization on the slope of 
the polarization curve at J - -0 ,  for t = 1~ and s = 1  

S o u r c e  o f  p o l a r i z a t i o n  - -  (lOe o h m  pore) 
d J  J =O 

s = l  s = 1 0  s = 2 0  

All sources included 13.055 1.546 0.9010 
All except NaOH concen- 

t ra t ion polarization 13.053 1.544 0.8985 
All except H2 concentra-  

tion polarization 13.001 1.50 0.852 
All except electrochemi- 

cal polarization 0.182 0.182 0.182 
Resistance of NaOH elec- 

trolyte is zero 12.78 1.33 0..687 
Electrode is infinitely thick 2.96 0.951 0.685 

the po la r iza t ion  curves  ob ta ined  f rom the compute r  
calculat ions .  Po la r i za t ion  at  v a n i s h i n g l y  smal l  cu r -  
ren ts  is a m i n i m u m  at a film th ickness  n e a r  2#. The  
va lue  of d v / d J l a = o  is no t  sens i t ive  to the  va lue  of t, 
if t is in  the r ange  of 3 #> t> l /~ .  Tab le  II  shows how 
the  slope of the  po la r i za t ion  curve  at  J = 0  wou ld  
change  if the sources of po la r iza t ion  were  e l im ina t ed  
one b y  one. E lec t rochemica l  po la r iza t ion  is seen to 
be the most  i m p o r t a n t  factor.  

F i g u r e  8 shows the  effect on the  po la r i za t ion  curve  
for the  condi t ions  T = 298~ Coi l -  = 10M, t = 1#, 
and  s = 1, ( shown as the  d a r k  fu l l  cu rve )  which  
is due to inc reas ing  the t e m p e r a t u r e  to 308 ~ and  
318~ (dashed curves ) ,  inc reas ing  the c o n c e n t r a -  
t ion  of NaOH to 11 a nd  12M ( pa r t l y  dot ted curves ) ,  
and  increas ing  the  surface  roughness  factor  to 2 
and  3 ( l ight  fu l l  curves )  wh i l e  keep ing  all  o ther  
factors constant .  The  effect of i nc reas ing  the  t e m -  
p e r a t u r e  is to decrease the in i t i a l  slope of the  curve  
and  to increase  the  m a x i m u m  cur ren t .  The  reason  
that  Jmax increases  wi th  inc reas ing  t e m p e r a t u r e  can 
be seen f rom Eq. [12] and  can be ascr ibed  p r i -  
m a r i l y  to its effect of inc reas ing  the  diffusion co- 
efficient of H2 in  the solut ion.  A n  increase  in  the 
concen t ra t ion  of NaOH decreases the po la r iza t ion  
at low cur ren ts ,  bu t  raises the po la r iza t ion  at h igher  
cur ren ts ,  and  decreases the m a x i m u m  c u r r e n t  due 
to dec reas ing  the  so lubi l i ty  of h y d r o g e n  in  the  so- 
lut ion.  The effect of inc reas ing  the  surface  r o u g h -  
ness is to lower  the  in i t i a l  slope, and  to shift  the  
rest  of the  curve  to lower  po la r iza t ion  w i t hou t  af-  
fect ing the  m a x i m u m  cur ren t .  

The fu l l  curve  in  Fig. 9 is the  po la r iza t ion  curve  
ob ta ined  f rom the  equa t ions  for the surface diffu-  
sion m e c h a n i s m  for a pore h a v i n g  a depth  of p e n e -  
t r a t ion  by  the e lectrolyte ,  /2, equa l  to 50#, and  a 
surface  roughness  rat io,  s, equa l  to 1. The  radius ,  
length ,  ll, t e m p e r a t u r e ,  and  concen t r a t i on  of NaOH 
are the  same as those for the  e lec t ro ly te  film m e c h -  

Table 1. Accuracy of Jmax calculated from Eq. [12] and d~l/dJlj=o from Eq. [14] 

F i l m  t h i c k n e s s ,  t (10  -4 e m )  3 2 1 0 .5  0.1 

Maximum current ,  from Eq. [12] 0.6469 1.160 2.656 5.626 29.34 
Jmax (10 -7 amp/pore)  from computer calculations 0:6469 1.161 2.657 5.596 7.39 
Slope at J = 0 from Eq. [14] 1.308 1.302 1.306 1.323 1.479 

d~3 I (10 T ohm pore) from computer  calculations 1.308 1.303 1.306 1.324 1.498 
d J  I J = o 
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Fig. 9. Changes in the polarization curves with changing tem- 
perature and concentration of NaOH, for the surface diffusion 
mechanism. 
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Fig. 10. Concentration of hydrogen atoms as a function of posi- 
tion along the wall of the pore. 

anism.  F i g u r e  10 shows  h o w  the  c o n c e n t r a t i o n  of 
h y d r o g e n  a toms  on the  w a l l  dec reases  a f t e r  t he  
a t o m s  cross  t he  men i scus  b o u n d a r y  into  t he  p a r t  of 
t he  p o r e  f i l led w i t h  e l ec t ro ly t e ,  w h e n  the  t o t a l  c u r -  
r e n t  d e l i v e r e d  b y  the  p o r e  is 0.1, 0.2, 0.4, and  0.6 
of the  m a x i m u m  cur ren t .  F i g u r e  11 shows  t h a t  t he  
c o r r e s p o n d i n g  loca l  c u r r e n t  d e n s i t y  on the  w a l l s  of 
the  pore ,  j ( z ) ,  d r o p s  to v e r y  low v a l u e s  w i t h i n  a 
d i s t ance  of 20/+ f r o m  the  meniscus .  The  po la r i za t ion ,  
~, is n e a r l y  t he  s ame  in a l l  p a r t s  of t he  p o r e  f i l led 
w i t h  e l e c t r o l y t e ;  a t  a n y  cu r r en t ,  ~(--12) a n d  ~ (0 )  
differ  b y  less  t h a n  0.0065%. The  effect of i n c r e a s i n g  
the  t e m p e r a t u r e  to 308 ~ and  318~  is s h o w n  b y  
the  d a s h e d  cu rves  in Fig .  9, w h i l e  t he  effect  of i n -  
c r ea s ing  the  c o n c e n t r a t i o n  of N a O H  to 11 and  12M 
is s h o w n  b y  the  d o t t e d  curves .  The  effects a r e  s i m -  
i l a r  to those  for  t he  e l e c t r o l y t e  f i lm m e c h a n i s m ,  
e x c e p t  t h a t  Jmax is i n d e p e n d e n t  of the  N a O H  con-  
cen t r a t ion .  

Comparison of  the Two Mechanisms 

The  two  m e c h a n i s m s  m a y  be  c o m p a r e d  b y  d e -  
t e r m i n i n g  the  p o l a r i z a t i o n  cu rves  for  each  m e c h -  
a n i s m  for  pores  of equa l  r a d i i  (5/~) and  su r face  

h6  

1,2 

hO 

p- 

. e  z 

J = 2  ,2 u 
J Lu,~. " 

- .005  -.0014 - + 0 0 3  - . 0 0 2  -.C~I 0 
LENGTH ALONG W A L L  OF+ PORE~Z~(Cm) 

Fig. ]1. Current density as a function of position along the wall 
of the pore. 

roughnes s  ( l )  and  a t  t h e  s ame  c o n c e n t r a t i o n  of so-  
d i u m  h y d r o x i d e  (0.010 m o l e s / c m  s) and  t e m p e r a -  
t u r e  (25~  The  e l e c t r o l y t e  f i lm th i cknes s  wi l l  be  
t a k e n  as 3~, w h i c h  is c lose  to t he  o p t i m u m  va lue .  
The  m a x i m u m  c u r r e n t  a n d  in i t i a l  s lope  of t he  p o -  
l a r i z a t i o n  c u r v e  a r e  6.47-10 - s  a m p / p o r e  and  
1.31. l0  T o h m  pore ,  r e spe c t i ve ly ,  for  t he  e l e c t r o l y t e  
f i lm m e c h a n i s m ,  w h i l e  t he  c o r r e s p o n d i n g  q u a n t i t i e s  
for  the  su r f a c e  d i f fus ion m e c h a n i s m  a r e  2.00.10 - l ~  
a m p / p o r e  and  5.96. l0  s o h m  pore .  S ince  the  i n i t i a l  
s lope  for  t h e  e l e c t r o l y t e  f i lm m e c h a n i s m  is 45 t i m e s  
less  and  the  m a x i m u m  c u r r e n t  is 300 t imes  l a r g e r  
t h a n  the  c o r r e s p o n d i n g  q u a n t i t i e s  for  t he  su r f ace  
d i f fus ion  m e c h a n i s m ,  t h e  e l e c t r o l y t e  f i lm m e c h a n i s m  
offers the  m o r e  l i k e l y  e x p l a n a t i o n  fo r  t h e  o p e r a t i o n  
of t he  h y d r o g e n  gas  d i f fus ion  e lec t rode .  The  c a l c u -  
l a t ions  for  the  t w o  m e c h a n i s m s  a re  no t  of the  s a m e  
o r d e r  of p r ec i s i on  m a i n l y  b e c a u s e  t h e  su r f a c e  d i f -  
fus ion  coefficient  is diff icult  to e s t i m a t e .  H o w e v e r ,  
e v e n  if t he  v a l u e  g i v e n  b y  Eq. [17]  was  too s m a l l  
b y  a f ac to r  of ten ,  t h e  m a x i m u m  c u r r e n t  a n d  the  
i n i t i a l  s lope  of t h e  p o l a r i z a t i o n  c u r v e  w o u l d  on ly  be  
c h a n g e d  b y  a f ac to r  of t he  s q u a r e  roo t  of ten.  In  
add i t ion ,  e x p e r i m e n t a l  s tud ies  b y  W i l l  (6) on a 
s ing le  " i n v e r s e "  po re  m a d e  of p l a t i n u m  a r e  in 
a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l l y  c a l c u l a t e d  c u r r e n t s  
f r o m  the  e l e c t r o l y t e  f i lm m e c h a n i s m .  I t  is of i n -  
t e r e s t  to no te  t h a t  even  w i t h  a su r f a c e  r o u g h n e s s  
f ac to r  equa l  to one, t he  p o l a r i z a t i o n  cu rves  of t he  
su r face  d i f fus ion  m e c h a n i s m  a re  n o t  concave  d o w n -  
w a r d  at  v e r y  Iow cur ren t s ,  as a r e  m a n y  e x p e r i -  
m e n t a l  cu rves  for  e l ec t rodes  in  w h i c h  e l e c t r o c h e m -  
ical  p o l a r i z a t i o n  is p r e d o m i n a n t .  These  po in t s  of 
c o m p a r i s o n  i m p l y  t h a t  t he  e l e c t r o l y t e  f i lm m e c h a n -  
i sm m o r e  a p p r o p r i a t e l y  desc r ibes  t he  o p e r a t i o n  of 
the  h y d r o g e n  gas  d i f fus ion  e lec t rode .  

Manuscr ip t  rece ived  May  7, 1963; rev ised  manuscr ip t  
received March  20, 1964. 

A n y  discussion of this pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the June  1965 JOURNAL. 
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Techn ca]l Notes 

On the Reactions of Propane at the Surface of a Working 
Fuel Cell Anode 

W. T. Grubb 
Research Laboratory, General Electric Company, Schenectady, New York 

The  su r f ace  of  a h y d r o c a r b o n  fue l  cel l  a n o d e  m u s t  
p e r f o r m  the  d u a l  func t ion  of c a t a l y z i n g  d i s soc ia t ive  
a d s o r p t i o n  of a fue l  m o l e c u l e  and  of p r o m o t i n g  the  
e l e c t r o c h e m i c a l  o x i d a t i o n  of t he  d i s soc i a t ed  su r f ace  
species.  The  l a t t e r  p rocess  has  o f ten  been  ca l l ed  
e l e c t r o c a t a l y s i s  (1, 2) .  Bo th  e l e c t r o c h e m i c a l  and  gas  
phase  s ide  r eac t i ons  t h a t  a r e  u n d e s i r a b l e  f r o m  the  
fue l  cel l  po in t  of v i e w  m a y  occur.  F o r  ins tance ,  t he  
e l e c t r o c a t a l y s t  m a y  u n d e r g o  self  o x i d a t i o n  as has  
been  p r e v i o u s l y  n o t e d  for  h y d r o c a r b o n s  on  n i cke l  
(3 ) .  In  add i t ion ,  the  c r a c k i n g  of  a l i pha t i c  h y d r o -  
ca rbons  to f o r m  gaseous  m e t h a n e  and  c a r b o n - r i c h  
species  on c a t a l y s t  su r f aces  is w e l l  k n o w n  and  is 
t h e r m o d y n a m i c a l l y  f a v o r e d  in  t he  o p e r a t i n g  t e m -  
p e r a t u r e  r a n g e  of mos t  fue l  cells.  This  no te  p r e s e n t s  
i n f o r m a t i o n  on the  c o m p e t i t i v e  r eac t i ons  of c r a c k -  
ing  and  e l e c t r o o x i d a t i o n  of p r o p a n e  w h i c h  h a v e  
been  i n v e s t i g a t e d  in  a p r o p a n e - o x y g e n  fue l  cel l  
w i t h  p l a t i n u m  e l ec t rodes  o p e r a t i n g  at  65~ In  such 
a ceil ,  t he  y i e l d  of COe b a s e d  on r a t e  of e l ec t ron  
p r o d u c t i o n  (ce l l  c u r r e n t )  c o r r e s p o n d e d  c lose ly  (4)  
to t h a t  r e q u i r e d  b y  the  r e a c t i o n  

C3Hs + 6HeO--> 3CO2 + 20H + W 20 e -  [ 1 ] 

This  r e su l t  w o u l d  no t  be  e x p e c t e d  if  c r a c k i n g  of 
p r o p a n e  was  a p r o m i n e n t  s ide  r e a c t i o n  s ince  t h e n  
the  e l ec t rons  w o u l d  be  p r o d u c e d  f rom t h e  o x i d a -  
t ion of c a rbona c e ous  su r f ace  r e s idues  and  for  a 
g iven  cel l  c u r r e n t  the  r a t e  of COe p r o d u c t i o n  w o u l d  
be h i g h e r  t h a n  t h a t  c o r r e s p o n d i n g  to r e a c t i o n  [1] .  

I t  was  the  p u r p o s e  of t h e  p r e s e n t  work ,  t he re fo re ,  
to s t u d y  the  c r a c k i n g  r e a c t i o n  of p r o p a n e  at  t he  
a n o d e  of a w o r k i n g  fue l  cel l  to d e t e r m i n e  w h a t  p a r t  
i t  p l a y s  as  a p r o b a b l e  s ide  r eac t ion .  

Experimental 
The  fue l  cel l  and  e l ec t rode  s t r u c t u r e  e m p l o y e d  

in th is  w o r k  h a v e  b e e n  d e s c r i b e d  p r e v i o u s l y  (5, 6) .  
The  e l e c t r o l y t e  in  t he  cel l  was  a h e t e r o g e n e o u s  ion -  
e x c h a n g e  m e m b r a n e  s a t u r a t e d  w i t h  6N H2SO4. The  
cel l  was  m a i n t a i n e d  at  65 ~ --  0.2~ b y  m e a n s  of an  
a i r  t h e r m o s t a t .  The  a r e a  of t h e  p l a t i n u m  b l a c k  c a t a -  
lys t  in  t he  anode  was  d e t e r m i n e d  to be  4.0 m 2 b y  
n i t r o g e n  a d s o r p t i o n  u s i n g  a P e r k i n - E l m e r  S h e l l  
S o r p t o m e t e r .  Th is  a r e a  was  m e a s u r e d  on the  w e t -  
p roo fed  c a t a l y s t  (6) .  

The  p r o p a n e  fue l  gas  was  M a t h e s o n  I n s t r u m e n t  
G r a d e  99.5% m i n i m u m  pu r i t y .  I t  was  found  b y  gas 
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ch romatograph ic  analys is  to con ta in  less t h a n  20 
ppm of me thane ,  abou t  80 p p m  of e thane,  and  1000 
ppm of air. The  choice of I n s t r u m e n t  G r a d e  was 
d ic ta ted  by  the v e r y  low con ten t  of m e t h a n e  and  
e thane  as compared  w i t h  severa l  Research  Grade  
t anks  tha t  were  analyzed.  

The  gas ch roma tog raph  sys tem consisted of a P e r -  
k i n - E l m e r  154B ch roma tog raph  opera ted  i so ther -  
m a l l y  at 104~ wi th  a two me te r  silica gel co lumn 
and  h e l i u m  car r ie r  gas at a flow ra te  of 55 m l / m i n .  

Because  ch roma tog raph  r e t en t i on  t ime  is no t  e n -  
t i re ly  u n i q u e  for a p a r t i c u l a r  molecule ,  a m e t h a n e  
peak  f rom one c rack ing  e x p e r i m e n t  was caught  in 
a stopcock t r ap  at the  exi t  f rom the  ch roma tog raph  
and  was  ident i f ied as m e t h a n e  us ing  a mass  spec- 
t rometer .  

The  e x p e r i m e n t a l  p rocedure  was  as follows. The 
anode c h a m b e r  in i t i a l ly  filled wi th  air  was  swept  
wi th  h e l i u m  t h e n  wi th  hydrogen ,  and  then  wi th  
abou t  50X the  c h a m b e r  v o l u m e  of propane .  F low 
was s topped and  t im ing  began  on the first 3 0 - m i n  
reac t ion  period.  Af te r  30 m i n  the  gas f rom the 
anode  c h a m b e r  was swept  wi th  h e l i u m  in to  the  gas 
sampl ing  va lve  of the  ch roma tog raph  and  analyzed.  
A fresh charge of p ropane  was  admi t t ed  by  sweep-  
ing  t h r o u g h  at least  50X the anode  chambe r  v o l u m e  
in a few seconds and  s t a r t ing  t im ing  on the second 
3 0 - m i n  i n t e r v a l  af ter  s topping the  flow. This  p ro -  
cedure  was repea ted  for all  analyses .  

In  the resul t s  r epor ted  below, the  m e t h a n e  f o r m a -  
t ion ra te  was m e a s u r e d  as the per  cent  of m e t h a n e  
p resen t  in  the  2.6 ml  anode compar tmen t .  I t  was  
assumed  tha t  the  anode chambe r  was  homogeneous  
in  composi t ion  so tha t  a r ep re sen t a t i ve  sample  of 
its conten ts  was  ob ta ined  by  d i sp lacemen t  wi th  
he l ium.  

A convers ion  poin t  is g iven  for d e t e r m i n i n g  the  
3 0 - m i n  average  ra te  of m e t h a n e  p roduc t ion  in  t e rms  
of molecules  per  square  cen t ime te r  per  second based 
on the tota l  surface  area  of p l a t i n u m  b lack  in  the  
anode.  A convers ion  po in t  is also g iven  for the  
e q u i v a l e n t  cell c u r r e n t  which  wou ld  have  been  
p roduced  if the  m e t h a n e  fo rmed  by  c rack ing  had  
been  oxidized e lec t rochemica l ly  to CO2 and  wa te r  
ins tead.  

OPEN CIRCUIT LOAD 

L6 _~ 
1.4 06 mo Gt 

TIME (M]R.) 
Fig. 1. Formation of methane in propane-oxygen fuel cell anode 

chamber in successive 30-min intervals. 

Table I. Numerical C02 and CH4 percentages 

% CO2"* % CH~** 
Cumulative in anode in a n o d e  
time. rain Cell condition compartment compartment 

0 *  - -  0 0 
30 Open circuit 0.5 1.4 
60 Open circuit 1.2 0.32 
90 Open circuit 1.4 0.060 

120 Open circuit 1.5 0.050 
150 Under  load 29 0.020 

13.7 ma 0.47v 
180 Under  load 30 0.018 

13.8 ma 0.47v 
210 Under  load 27 0.006 

13.6 ma 0.46v 
240 Open circuit 0.9 1.14 
270 Under  load 32 0.020 

13.5 ma 0.45v 
300 Open circuit 4.3 0.36 
330 Under  load 20 0.016 

13.5 ma 0.45v 
360 Open circuit 4.8 0.39 
390 Under  load 26 0.016 

13.5 ma 0.45v 

* P r o p a n e  i n p u t .  

** V o l u m e  percentages. 

Results and Discussion 
The resul t s  of the  i nves t iga t ion  are  s u m m a r i z e d  

in  Fig. 1. The  ra te  of fo rma t ion  of m e t h a n e  was  
h ighes t  d u r i n g  the  first 3 0 - m i n  open -c i r cu i t  period.  
It  fell  off to lower  va lues  in  succeeding in t e rva l s  
of the open -c i r cu i t  period.  Af te r  120 m i n  the ra te  
of m e t h a n e  f o r ma t i on  was  about  1/25 of its in i t i a l  
va lue ,  a nd  appea red  to be  a p p r o x i m a t e l y  cons tant .  
At  this point ,  the  cell was  placed u n d e r  load such 
tha t  about  13.7 ma  of anodic  c u r r e n t  was  d r a w n  
f rom the  anode at  0.47v of cell po ten t i a l  (0.5v posi-  
t ive  to the  r eve r s ib l e  h y d r o g e n  po t en t i a l  in  the same 
e lec t ro ly te ) .  U n d e r  this  condi t ion,  the m e t h a n e  p ro -  
duc t ion  ra te  fell  to 1/70 of its in i t i a l  value .  

Af te r  r e m a i n i n g  on a p p r o x i m a t e l y  the  above 
s teady  load c u r r e n t  for 90 m i n  the  cell was  r e -  
t u r n e d  to open -c i r cu i t  condi t ion,  and  it  was found  
tha t  the  3 0 - m i n  ra te  of m e t h a n e  p roduc t i on  r e t u r n e d  
to 82% of its in i t i a l  va lue .  R e t u r n i n g  to load con-  
dit ion,  m e t h a n e  fo rma t ion  was aga in  suppressed,  
and  af ter  ~/2 h r  on load, rose on open c i rcui t  to 32% 
of its in i t i a l  value .  This  could be repea ted  t h rough  
as m a n y  cycles as desired. 

I n  Table  I are  p resen ted  the  n u m e r i c a l  CH4 and  
CO2 percen tages  found  in  the  anode c o m p a r t m e n t  
of the  cell at var ious  po in ts  p lo t ted  in  Fig. 1. Except  
for the  t race  of me thane ,  CO2 was the  on ly  gaseous 
p roduc t  detec ted  f rom the  cell u n d e r  load. 

The i n t e r p r e t a t i o n  of the  suppress ion  of m e t h a n e  
f o r ma t i on  u n d e r  load mi gh t  be  tha t  it is fo rmed  bu t  
is e lec t rochemica l ly  oxidized. This  is considered 
h igh ly  u n l i k e l y  no t  on ly  because  it is p resen t  in  low 
concen t r a t i on  in  the  p resence  of the  more  reac t ive  
propane ,  b u t  also because  m e t h a n e  did no t  oxidize 
at the  same po ten t ia l s  as did p r opa ne  in  the  fuel  
cell at this  t e m p e r a t u r e  as shown in  the  cell p e r -  
f o rmance  curves  of Fig.  2. 

Al l  of the observa t ions  to date  are cons is ten t  wi th  
the m e c h a n i s m  for the  p ropane  c rack ing  reac t ion  
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Fig. 2. Performance curves for propane, methane, and hydrogen 
in a fuel cell with platinum electrodes at 65~ o, propane anode; 
e, propane total cell; I-1, methane total cell. 

p r o p o s e d  b y  M c K e e  (7, 8) w h i c h  t a k e s  the  f o l l o w -  
ing  f o r m  

I 
~C~H~ + (8 - -  x )  H - - - - - >  H + + e -  . z  [3] 

[2]  C3Hs,~l~. / + 
" ~  I I  I I I  

C2H~ + CH~ 

CH4z 

T h e  a c c u m u l a t i o n  of spec ies  I, II ,  a n d  I I I  s t r o n g l y  
a d s o r b e d  on the  su r f ace  accoun t s  for  t he  i n i t i a l  f a l l  
off in m e t h a n e  p r o d u c t i o n  r a t e  w i t h  t ime  w h i c h  was  
also o b s e r v e d  in  McKee ' s  i nves t iga t ions .  

The  r e c o v e r y  of t h e  m e t h a n e  f o r m a t i o n  a f t e r  
l o a d i n g  the  fue l  cel l  is a s c r i b e d  to t he  e l e c t r o c h e m -  
ica l  o x i d a t i o n  of spec ies  I, II ,  and  I I I  w i t h  the  f o r -  
m a t i o n  of CO2. 

The  supp re s s ion  of m e t h a n e  f o r m a t i o n  r a t e  u n -  
de r  load,  e.g., at  the  270 min  p o i n t  of Fig.  l ,  is 
a t t r i b u t e d  to the  e l e c t r o c h e m i c a l  r e m o v a l  of h y -  
d r o g e n  f r o m  the  su r face  b y  r e a c t i o n  [3]  w i t h  t he  
f o r m a t i o n  of h y d r o g e n  ions. H y d r o g e n  is m u c h  m o r e  
e l e c t r o c h e m i c a l l y  r e a c t i v e  t h a n  t h e  c a r b o n a c e o u s  
fue ls  as shown  in Fig.  2, a n d  f u r t h e r  i t  is k n o w n  
to be  p r e s e n t  a t  e x t r e m e l y  low su r f ace  cove rages  at  

the  po t e n t i a l s  p r e v a i l i n g  u n d e r  load  in  t hese  e x -  
pe r ime n t s .  

The  p r e s e n t  o p e n - c i r c u i t  c r a c k i n g  e x p e r i m e n t s  
a r e  t hus  cons i s t en t  w i t h  t he  r e su l t s  of McKee .  A t  
h i g h e r  t e m p e r a t u r e s ,  M c K e e  f o u n d  t ha t  t he  m e t h a n e  
f o r m a t i o n  r a t e  i n c r e a s e d  s h a r p l y  and  e t h a n e  was  
also f o r m e d  in s ign i f ican t  amoun t s .  F u e l  cel ls  op -  
e r a t i n g  at  150~ f o r m  b o t h  m e t h a n e  and  e t h a n e  on 
open  c i rcui t .  The  r a t e  of f o r m a t i o n  fa l l s  w i t h  t i m e  
as e x p e c t e d  and  is s u p p r e s s e d  b e l o w  the  de t ec t ion  
l i m i t  u n d e r  l oad  condi t ion .  The  cel l  a g a i n  p r o d u c e d  
a q u a n t i t a t i v e  y i e l d  of CO2 for  the  c o m p l e t e  o x i d a -  
t ion  of p r o p a n e  a t  150~ (9) .  
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The Oxidation of Pyrolytic Graphite at Temperatures of 
1400~176 and at Air Velocities of 2S-100 cm/sec 

Mil ton Levy and Philip W o n g  

U. S. A r m y  Materials Research Agency ,  Water town,  Massachusetts  

G r a p h i t e  has  been  cons ide red  for  m a n y  h i g h -  
t e m p e r a t u r e  a p p l i c a t i o n s  because  of  i t s  h igh  r e f r a c -  
to r iness ,  l ow  dens i ty ,  low coeff icient  of t h e r m a l  e x -  
pans ion ,  and  h igh  m e c h a n i c a l  s t r e n g t h  w h i c h  is r e -  
t a i n e d  at  h igh  t e m p e r a t u r e s ,  even  u n d e r  load.  

Recen t ly ,  e m p h a s i s  has  been  p l a c e d  on p y r o l y t i c  
g raph i t e ,  a spec ia l ized ,  p o l y c r y s t a l l i n e  f o r m  of 
g raph i t e .  P y r o l y t i c  g r a p h i t e  has  g r e a t e r  s t r e n g t h  
t h a n  n o r m a l  g r a p h i t e  and  exh ib i t s  a g r e a t e r  d e g r e e  

of a n i s o t r o p y  in i ts  t h e r m a l  and  e l ec t r i ca l  p r o p e r t i e s  
t h a n  s i n g l e - c r y s t a l  n a t u r a l  g r aph i t e .  

A l t h o u g h  m a n y  p a p e r s  a r e  a v a i l a b l e  on the  r e a c -  
t ions  of g r a p h i t e  w i t h  ox id iz ing  gases  (1-6,  8, 10) 
l i t t l e  or  no d a t a  h a v e  been  r e p o r t e d  on the  o x i d a -  
t ion  of p y r o l y t i c  g r a p h i t e  a t  a i r  ve loc i t i es  a b o v e  
1 cm/sec .  

H o r t o n  (7)  p r e s e n t e d  k ine t i c  d a t a  for  o x i d a t i o n  
of p y r o l y t i c  g r a p h i t e  b e t w e e n  1137 ~ and  2854~ at  



Vol. 111, No. 9 OXIDATION OF PYROLYTIC GRAPHITE 1089 

low air  veloci t ies  (0.27-0.50 c m / s e c ) .  Ne i the r  gas 
ve loc i ty  nor  diffusion affected the  observed  ra tes  
which  were  one -ha l f  order  wi th  respect  to oxygen  
concen t ra t ion .  A n  ac t iva t ion  ene rgy  of abou t  35 
k c a l / m o l e  was calculated.  Levy  (9) s tudied  the  oxi -  
da t ion  of pyro ly t ic  g raph i te  in  qu iescent  air  be -  
t w e e n  1250 ~ and  1850~ A b r e a k  in  the  plot  of 
rec iprocal  of t e m p e r a t u r e  vs. log of reac t ion  ra te  
occurred  at 1550~ This  b r e a k  m a y  have  been  due 
to a change  in  con t ro l l ing  mechan i sm,  bu t  could 
no t  be ascer ta ined  in  a qu iescent  system. 

This paper  presen ts  a g r av ime t r i c  s tudy  of the 
ox ida t ion  k ine t ics  of pyro ly t i c  g raph i t e  b e t w e e n  
1400 ~ and  1800~ at  air  veloci t ies  of 25-100 cm/sec  
and  a tmospher ic  pressure .  U n d e r  these condi t ions  
va l id  conclus ions  m a y  be d r a w n  r ega rd ing  chemical  
and  diffusion processes. The anisot ropic  behav io r  of 
pyro ly t ic  g raph i t e  as reflected in  its ox ida t ion  be-  
hav ior  was  also s tudied.  

Apparatus and Experimental Procedure 
A n  au tomat i c  we igh ing  and  record ing  reac t ion  

sys tem (Aminco  T h e r m o g r a v )  was  used for o b t a i n -  
ing  the  ra tes  of ox ida t ion  of pyro ly t i c  graphi te .  The 
weight  sens i t iv i ty  of the sys tem was b e t w e e n  1.0 
and  4.0 mg for a 200 mg ful l  r ange  of deflection. The 
fu rnace  t e m p e r a t u r e  was  r egu la t ed  by  a ca l ib ra ted  
c h r o m e l - a l u m e l  f u rnace  the rmocoup le  which  con-  
t ro l led  the  power  i n p u t  to the  furnace .  A n  add i t iona l  
ca l ib ra ted  c h r o m e l - a l u m e l  the rmocoup le  p laced  di -  
rec t ly  be low the  sample  was  used to m a i n t a i n  the  
desired t e m p e r a t u r e  w i t h i n  • 3.5~ d u r i n g  the  oxi-  
da t ion  runs .  This assured  tha t  the  difference b e t w e e n  
the  t e m p e r a t u r e  of the  sample  and  the  fu rnace  
would  be min imized  as m u c h  as possible u n d e r  the 
e x p e r i m e n t a l  condi t ions.  

Ai r  was  i n t roduced  at  the  bo t tom of the  reac t ion  
chamber ,  m e a s u r e d  w i th  f lowmeters ,  and  dr ied  w i th  
Drier i te .  

Accord ing  to the  suppl ie r  (High T e m p e r a t u r e  
Mater ia l s  Depa r tmen t ,  R a y t h e o n  Company ,  W a l -  
tham,  Massachuse t t s ) ,  the  pyro ly t ic  g raph i te  was 
deposi ted  f rom m e t h a n e  on a syn the t i c  g raph i te  s u b -  
s t ra te  at 3812~ and  has a dens i ty  of 2.20 g/cc.  
Spec imens  wer@ 0.925 cm 2 and  0.318 cm th ick  and  
were  r insed  w i th  e thy l  alcohol and  dr ied  to con-  
s tan t  weight .  The spec imen  surface area  was  3.024 
c m  2. 

The ox ida t ion  of pyro ly t ic  g raph i t e  was  s tud ied  
as a f unc t i on  of t ime,  t e m p e r a t u r e  and  air  velocity.  
Runs  were  m a d e  at 1400 ~ 1500 ~ 1600 ~ , 1700 ~ 
1800~ at  flow ra tes  of 25, 50, 75, and  100 cm/sec  
for each t e m p e r a t u r e .  Runs  were  t e r m i n a t e d  at  200 
mg we igh t  loss of samples  to m i n i m i z e  d imens i ona l  
changes.  The rmocoup les  p laced  be low the  spec imens  
m a y  not  be  adequa te  to descr ibe  the sur face  t e m -  
p e r a t u r e  of pyro ly t ic  g raph i te  r eac t ing  w i th  air. 
The  e x p e r i m e n t a l  s e t -up  p rec luded  t e m p e r a t u r e  
m e a s u r e m e n t s  by  optical  or r ad ia t ion  py rome t ry .  In  
l i eu  of ca lcu la t ing  a p p r o x i m a t e  surface  t e m p e r a -  
tures ,  dup l ica te  r u n s  were  m a d e  at each t e m p e r a t u r e  
and  veloci ty  and  ac tua l  m e a s u r e m e n t s  t a k e n  by  
i m b e d d i n g  a ca l ib ra ted  the rmocoup le  in  the  g raph -  
ite specimen.  These da ta  are con ta ined  in  Tab le  I. 
T e m p e r a t u r e  increases  due to ox ida t ion  were  found  

Table I. Difference between furnace temperature and specimen 
temperature 

Furnace Spec imen  Difference b e t w e e n  
A i r  ve loc i ty ,  t e m p e r a t u r e ,  t e m p e r a t u r e ,  f u r n a c e  a n d  s p e c i m e n  

c m / s e c  ~ ~ t e m p e r a t u r e ,  ~  

25 1400 1418 18 
25 1500 1526 26 
25 1600 1625 25 
25 1700 1736 3,6 
25 1800 1836 36 
50 1400 1418 18 
50 1500 1528 28 
50 1600 1629 29 
50 1700 1735 35 
50 1800 1836 36 
75 1400 141.6 16 
75 1500 1528 28 
75 1600 1629 29 
75 1700 1736 36 
75 1800 1834 34 

100 1400 1416 16 
100 1500 1527 27 
100 1600 1630 30 
100 1700 1736 36 
100 1800 1836 36 

to be less t h a n  36~ For  the  an i so t rop i sm s tudy,  
d i sk - l i ke  spec imens  1.588 cm in  d i ame te r  by 0.064 
cm th ick  were  m a c h i n e d  f rom a 1 i n . - t h i ck  py ro -  
ly t ic  g raph i te  plate,  bo th  pa ra l l e l  and  p e r p e n d i c u l a r  
to the  p lane  of deposi t ion.  Thus  spec imens  were  p r e -  
pa red  which  exposed p r i m a r i l y  the  basa l  p l ane  
("c" direct ion} or the edges ("a" direct ion} in  a 
12-1 ra t io  (surface  a rea ) .  Runs  were  made  wi th  
bo th  types  of spec imens  at t e m p e r a t u r e s  b e t w e e n  
1400 ~ and  1800~ in  a qu iescent  a tmosphere .  

Results and Discussion 
Effect of time and temperature. - - F i g u r e  I shows 

ox ida t ion  curves  at  an  air  ve loc i ty  of 50 cm/sec  for 
t e m p e r a t u r e s  b e t w e e n  1400 ~ and  1800~ Genera l ly ,  
the ox ida t ion  m a y  be cons idered  to proceed in  two 
stages. The  first s tage r ep resen t s  the  t ime  necessary  
for the  g raph i t e  to reach a r e l a t i ve ly  u n i f o r m  oxi-  
da t ion  t e m p e r a t u r e ,  a p p r o x i m a t e l y  5 min .  The sec- 
ond stage is charac ter ized  by  the  most  cons tan t  t e m -  
pera tu re ,  a l though  the re  is a r e l a t i ve ly  sl ight  i n -  
crease in  ox ida t ion  ra te  w i th  inc reas ing  t ime  (p rob -  
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Fig. 1. Effect of temperature on oxidation of pyrolytic graphite 
1400~176 air velocity 50 cm/sec. 
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a b l y  due  to a g r a d u a l  i n c r e a s e  in su r f ace  a r e a ) .  A 
l a r g e  i n c r e a s e  in t he  r a t e  of o x i d a t i o n  occurs  b e -  
t w e e n  1500 ~ and  1600~ S i m i l a r  r e su l t s  w e r e  o b -  
t a i n e d  for  a i r  ve loc i t i e s  of 25, 75, and  100 cm/sec .  
A m a j o r  change  in t he  m e c h a n i s m  occurs  in  th is  
reg ion .  This  sugges t s  a t r a n s i t i o n  f r o m  c h e m i c a l  to 
d i f fus ion cont ro l .  The  ex i s t ence  of a c h a n g e  in  m e c h -  
a n i s m  of r e a c t i o n  at  a p p r o x i m a t e l y  1600~ was  r e -  
p o r t e d  for  n o r m a l  g r a p h i t e  b y  Tu, Davis ,  and  Ho t t e l  
(10) ,  K u c h t a ,  K a n t ,  and  D a m o n  (8) ,  B l y h o l d e r  and  
E y r i n g  (2, 3) ,  G u l b r a n s e n  (5) ,  and  for  p y r o l y t i c  
g r a p h i t e  b y  L e v y  (9) .  G u l b r a n s e n  (5)  f o u n d  t h a t  
t he  t r a n s i t i o n  b e t w e e n  c h e m i c a l  and  di f fus ion con-  
t ro l  d e p e n d s  on p re s su re ,  s a m p l e  size, and  the  n a -  
t u r e  of t he  r e a c t i o n  sys tem.  Since  e a r l i e r  i n v e s t i g a -  
tors  also r e p o r t e d  t r a n s i t i o n  t e m p e r a t u r e s  n e a r  
1600~ t h e i r  r e a c t i o n  sys tem,  spec imen  areas ,  and  
o x i d a t i o n  cond i t ions  w e r e  p r o b a b l y  s imi l a r .  

Temperature dependence and energy 05 activa- 
t io~.- -A p lo t  of  r e a c t i o n  r a t e  vs. 1 /T  for  s e v e r a l  
a i r  ve loc i t i e s  is s h o w n  in Fig.  2. L i m i t i n g  t a n g e n t s  
a t  t h e  l o n g e r  e x p o s u r e  t imes  w e r e  e m p l o y e d  for  
t he  d e t e r m i n a t i o n  of r e a c t i o n  r a t e  cons tan ts .  The  
t e m p e r a t u r e  of o x i d a t i o n  was  t hen  at  cons t an t  v a l u e  
for  each  exposure .  The  in i t i a l  p o r t i o n  of t he  cu rves  
b e t w e e n  1400 ~ and  1600~ c l e a r l y  r e p r e s e n t s  a r e -  
g ion  in  w h i c h  the  c h e m i c a l  r e s i s t ance  is con t ro l l ing ,  
s ince  t he  effect of ve loc i t y  is o v e r s h a d o w e d  b y  t h a t  
of t e m p e r a t u r e .  F o r  th is  r eg ion  an  e n e r g y  of a c t i v a -  
t ion  of 43 k c a l / m o l e  was  ca lcu la ted .  A d d i t i o n a l  r uns  
w e r e  m a d e  a t  1550~ to def ine  t he  p lo t s  m o r e  ac -  
cu ra t e ly .  A t  1600~ and  above ,  a c h a n g e  is o b s e r v e d  
in  o x i d a t i o n  k ine t i c s  a t  a l l  gas  ve loc i t ies .  In  th is  
r eg ion  an  e n e r g y  of a c t i v a t i o n  of 8 k c a l / m o l e  was  
ca lcu la ted .  These  d a t a  a r e  in f a i r  a g r e e m e n t  w i t h  
t h a t  r e p o r t e d  b y  G u l b r a n s e n  et. al. (5 ) .  

Dependence on air veloci ty . - -The effect  of v e -  
loc i ty  for  s e v e r a l  t e m p e r a t u r e s  is s h o w n  in Fig.  3, 
bo th  scales  of w h i c h  a r e  l oga r i t hmic .  B e l o w  1600~ 
the  cu rves  a r e  n e a r l y  p a r a l l e l  to the  ve loc i t y  axis ,  
showing  a l a c k  of d e p e n d e n c e  of r a t e  on a i r  ve loc i t y  
because  of t he  p r e d o m i n a n t  effect of c h e m i c a l  r e -  
s i s tance  at  the  sur face .  The  s lopes  of t he  i s o t h e r m s  
inc rea se  a t  1600~ and  above ,  w h e r e  i t  is s u b s t a n -  
t i a l l y  i n d e p e n d e n t  of t e m p e r a t u r e .  The  s u b s t a n t i a l  
p a r a l l e l i s m  of t he  cu rves  for  th is  t e m p e r a t u r e  r eg ion  
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Fig. 2. Log reaction rate vs. 1/T oxidation of pyrolytic graphite 
at air velocities of 25 - ~ ~  50- - ,% 75--[-1, 100 - -~  cm/sec. 
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Fig. 3. Effect of air velocity, log reaction rate vs. log air velocity 
at 1400~176 F. 

i nd ica t e s  t h a t  c h e m i c a l  r e s i s t ance  a p p e a r s  to h a v e  
no i m p o r t a n c e  b e t w e e n  1600 ~ and  1800~ w h e n  the  
c o m b u s t i o n  r a t e  (10)  is def ined  as c o n t a i n i n g  two  
a d d i t i v e  t e rms ,  t he  f i rs t  of w h i c h  c o r r e s p o n d s  to  a 
d i f fus iona l  r e s i s t ance  a n d  the  second  to a c h e m i c a l  
r es i s t ance .  

If  the  r e a c t i o n  is in t he  d i f f u s i o n - c o n t r o l l e d  r e -  
gion, one w o u l d  e x p e c t  t he  r e a c t i o n  r a t e  to i nc rea se  
w i t h  i nc r ea s ing  a i r  ve loc i ty .  Th is  was  t he  case  for  
the  r eac t ions  at  1600 ~ 1700 ~ and  1800~ 

F i g u r e  3 also shows  t h a t  t he  r e a c t i o n  r a t e  con-  
s t an t  in t h e  1600~176 t e m p e r a t u r e  r a n g e  is p r o -  
p o r t i o n a l  to V ~ w h e r e  V is t he  gas  v e l o c i t y  e x -  
p r e s sed  in  cm/sec .  This  ag ree s  w i t h  the  w o r k  of 
S m i t h  and  G u d m u n d s e n  (V~ H o t t e l  (V~176 
K u c h t a  et al. (V~ a n d  Chuk ino  and  K a r z h a v i n a  
(V~ In  the  first  t h r e e  works ,  e l ec t rode  ca rbon  
was  used,  w h i l e  in  t he  o the r  cha rcoa l  was  used.  
This  ve loc i t y  effect is in  good a g r e e m e n t  w i t h  t h e -  
o re t i ca l  ca l cu la t ions  in  w h i c h  d i f fus ion is a s s u m e d  
to be  t he  con t ro l l i ng  effect.  K u c h t a  et al. (8)  def ined  
the  r a t e  of a d i f f u s i o n - c o n t r o l l e d  p rocess  b y  

Do P2 V1/2 
N = r  [1]  

RT ~ d 

A t  r e l a t i v e l y  h igh  a i r  ve loc i t ies ,  t h e  r a t e  is t h e o -  
r e t i c a l l y  a lmos t  i n d e p e n d e n t  of t e m p e r a t u r e  and  
p r o p o r t i o n a l  to t he  s q u a r e  roo t  of t he  v e l o c i t y  in  
t he  d i f fus iona l  r e g i o n  of  b u r n i n g .  

Anisotropic behavior.--Figure 4 i l l u s t r a t e s  t he  
c o l u m n a r  s t r u c t u r e  of p y r o l y t i c  g raph i t e .  T h e  c - a x i s  

Fig. 4. Columnar structure of pyrolytic graphite (IOOX) 
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Fig. 5. Anisotropic behavior of pyrolytic graphite, 1400~176 
(a)  - -  "a"  Direc t ion;  (c )  = "c"  d irec t ion .  

l ies  p a r a l l e l  to t he  cone axis ,  t he  a p e x  of t he  cone 
be ing  n e a r e s t  to t he  depos i t i on  face.  The  " a "  d i r e c -  
t ion  is p e r p e n d i c u l a r  to t h e  axes  of t he se  cones. 
These  a r e  p r o b a b l y  p l a n a r  su r f aces  of low c h e m i c a l  
ac t iv i ty ,  because  t h e y  b o n d  f o r e i g n  subs t ances  w i t h  
on ly  Van  de r  W a a l s  forces.  The  edge  a t o m s  of t he  
ca rbon  p l a n e s  shou ld  be  m o r e  ac t ive  because  of t h e i r  
r e s i d u a l  v a l e n c e  bonds ;  thus,  o x i d a t i o n  shou ld  p r o -  
ceed p r e f e r e n t i a l l y  a long  the  d i r ec t i on  p e r p e n d i c u -  
l a r  to t he  cone axis  ( " a "  d i r e c t i o n ) .  The  a p p a r e n t  
g r e a t e r  p o r o s i t y  of t he  edges  m a y  also be  a con-  
t r i b u t i n g  fac tor .  F i g u r e  5 shows  w e i g h t  loss of p y -  
ro ly t i c  g r a p h i t e  as a func t ion  of t i m e  and  t e m p e r a -  
t u r e  w h e n  e x p o s e d  in  t he  "a"  d i r ec t ion  and  the  "c"  
d i rec t ion .  T e m p e r a t u r e s  b e t w e e n  1400 ~ a n d  1600~ 
on ly  w e r e  cons ide r ed  because  c h e m i c a l  a c t i v i t y  is 
the  con t ro l l i ng  m e c h a n i s m  in th i s  reg ion .  A b o v e  
1600~ gas  d i f fus ion is r a t e  con t ro l l i ng  and  a n -  
i s o t r o p y  shou ld  h a v e  no  effect.  O x i d a t i o n  is m o r e  
r a p i d  for  spec imens  e x p o s e d  in  t he  "a"  d i rec t ion .  
The  r e a c t i o n - r a t e  cons tan t s  for  t he  "a"  and  "c"  d i -  
r ec t ion  r u n s  a t  t e m p e r a t u r e s  b e t w e e n  1400 ~ and  
1600~ a re  c o n t a i n e d  in Tab le  II. In  th is  t e m p e r -  
a t u r e  r ange ,  o x i d a t i o n  p r o c e e d s  abou t  tw ice  as r a p -  
id ly  in  t he  "a"  d i rec t ion ,  and  th is  r a t i o  inc reases  
w i t h  i nc r ea s ing  t e m p e r a t u r e .  

In  a p r i o r  s tudy ,  L e v y  (9)  r e p o r t e d  t h a t  o x i d a -  
t ion  a p p e a r e d  to p roceed  p r e f e r e n t i a l l y  in the  "c"  

Table II. Reaction rate constants for "a" and "c" direction 
specimens at temperatures between 1400 ~ and 1800~ 

Reac t ion  ra t e  cons t an t  Reac t ion  ra t e  c o n s t a n t  Ra  
T e m p e r -  " a "  d i rec t ion  (Ra),  " c "  d i rec t ion  (Rc), - -  
a tu re ,  ~ m g / c m 2 / m i n  m g / c m ~ / m i n  Rc 

1400 0.388 0.248 1.56 
1500 0.700 0.420 1.67 
1600 0.993 0.466 2.13 

d i r ec t ion  w h i c h  was  c o n t r a r y  to e xpe c t a t i on .  H o w -  
ever ,  th is  was  b a s e d  on a v i sua l  e x a m i n a t i o n  of o x -  
id ized  spec imens ,  r a t h e r  t h a n  c o n t r o l l e d  e x p e r i -  
men ta t i on .  The  p r e s e n t  s t u d y  d e m o n s t r a t e s  t h a t  o x -  
i da t ion  of p y r o l y t i c  g r a p h i t e  occurs  p r e f e r e n t i a l l y  
in t he  "a" di rec t ion .  

Manuscr ip t  received Dec. 2, 1963; rev ised  manuscr ip t  
received May 14, 1964. 

A n y  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 

NOMENCLATURE 
Equat ion [1] 
N specific reac t ion  ra te  moles /cm2/sec  

constant  
Do diffusivi ty of O2 at  273~ cm2/sec 
d d iameter ,  cm 
V veloci ty  of fluid, cm/sec  
R molar  gas constant,  m l - a t m / d e g r e e / m o l e  
P2 par t i a l  p ressure  of 02 in ambien t  air  s tream, a tm 
T absolute  t empe ra tu r e  ~ 
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Cadmium Halophosphate Phosphors 
R. C.  Ropp 1 

Sylvania Electric Products Inc., Towanda, Pennsylvania 

A p r e v i o u s  p a p e r  (1)  o u t l i n e d  a d e t a i l e d  s t u d y  
of CdsCl (PO4)3 :Mn.  The  s u b s t i t u t i o n  of o t h e r  h a l -  
ides  for  ch lo r ide  in C d s X ( P O a ) 8 : M n  leads  no t  on ly  
to e x p e c t e d  bu t  to u n e x p e c t e d  resu l t s .  The  f luoro-  
a p a t i t e  (2)  r e q u i r e s  bo th  P b  and  Mn to ob t a in  
s t rong  r e sponse  to 2537A i r r a d i a t i o n .  The  b r o m o -  
apa t i t e ,  on the  o the r  hand ,  r e s e m b l e s  t he  ch lo ro -  
a p a t i t e  in t ha t  s t r o n g  r e sponse  to exc i t a t i on  b y  

1 P r e s e n t  address :  Wes t inghouse  Elec t r ic  Corpora t ion ,  Bloomfield,  
N e w  Je r sey .  

2537A is o b t a i n e d  w i t h  m a n g a n e s e  a lone,  bu t  s ev -  
e r a l  o t h e r  d i f fe rences  w e r e  noted .  No p r e v i o u s  
s tud ies  of t he  b r o m o p h o s p h a t e  p h o s p h o r s  h a v e  a p -  

p e a r e d  in  t he  l i t e r a t u r e .  

The  p r e p a r a t i o n  of r a w  m a t e r i a l s  w a s  d e s c r i b e d  
p r e v i o u s l y  (3) .  The  w o r k  was  c a r r i e d  out  c o n c u r -  
r e n t l y  w i t h  t he  p r e c e d i n g  s t u d y  (1 ) ,  and  the  
m e t h o d s  of p r e p a r a t i o n  a n d  m e a s u r e m e n t  w e r e  s i m -  

i lar .  
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Two phases were  found for the bromophosphate ,  
each having a dis t inct ive x - r a y  diffraction pat tern ,  
chemical  composition, and fluorescence spectrum. 
One phase was s table only at low t empera tu res  
(~650~  conver t ing to the other  at  h igher  t e m p e r -  
atures.  

Chemical  analysis  of the phosphors gave the fol -  
lowing exper imenta l  formulas  
H i g h - t e m p e r a t u r e  phase:  (Cd+Mn)5.1Brl.l(PO4)s.0 
L o w - t e m p e r a t u r e  phase:  (Cd+Mn)5.1Br2.2(PO4)3.0 

Because of the difficulty in obtaining washed 
phosphors complete ly  free f rom CdBre, these expe r i -  
men ta l  calculat ions represen t  the average  of severa l  
determinat ions .  Thus, the best  chemical  formulas  
for the h igh-  and l o w - t e m p e r a t u r e  phases were  
found to be CdsBr (PO4)3: Mn and what  was thought  
to be CdsHBr2(PO4)8:Mn, respect ively.  The l a t t e r  
fo rmula  is a curious one, in tha t  a monovalent  a tom 
is requi red  for e lectr ical  neut ra l i ty .  In this  instance, 
because of the raw mate r i a l s  employed,  only h y -  
drogen was thought  to be present .  The compound 
could be Cd2PO4Br, Cd4Br (PO4)3, the octaphosphate,  
or even Cd4H (PO4) 2" CdBr2. 

The s imi la r i ty  be tween  the x - r a y  powder  pa t te rns  
of the high - t e m p e r a t u r e  phase and CdsC1 (P O~) ~: Mn 
confirms tha t  the former  is an apati te .  The pa t te rns  
are near ly  ident ical  in spacings for all  but  one 
or two lines. However,  the l o w - t e m p e r a t u r e  phase 
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Fig. 1. Spectral properties of some cadmium halophosphates 
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Fig. 2. Correlation of peak emission energy with chloride to 
fluoride ratio 

Table I. Relative brightnesses of cadmium haJophesphate phosphors 

% R e d  p l aque ,  
P h o s p h o r  E m i s s i o n  co lo r  2537A e x c i t a t i o n  

CdsC1 (PO4) 3: Mn Orange 100 
CdsBr (PO4) 3: Mn Dull red 34 
CdsHBr2 (PO4) 3: Mn Yellow 92 
Cd~ (PO4) 2: Mn Dull red 39 

does not resemble  any cadmium phosphate  s tudied 
previous ly  (3).  

The spectra l  proper t ies  of these phosphors,  as 
shown in Fig. 1, va ry  Considerably. CdsCI (PO4)3:Mn 
is an efficient o range-emi t t ing  phosphor  (X max. = 
588 m~),  whereas  CdsBr(PO4)3:Mn is a dul l  r ed -  
emit t ing phosphor  (X max. = 610 rn~), s imi lar  to 
Cd3(PO4)2:Mn (4).  By way  of contrast ,  the pos tu-  
la ted compound, CdsHBr~(PO4)z:Mn, a l though not 
an apati te ,  most  resembles  the  chloroapat i te  in its 
spect ra l  propert ies .  The ye l low emission at 585 m~ 
is efficiently exci ted by  2537A radiat ion.  The plaque 
intensi t ies  are given in Table I. 

The s tabi l i ty  of these phases, as de te rmined  by  
the products  of the rmal  decomposition,  is an in-  
te res t ing  aspect tha t  leads to several  in tu i t ive  de-  
ductions concerning the na ture  of the or iginal  ma-  
terials.  The re la t ionship  was ascer ta ined both by 
x - r a y  diffraction and by  observat ion  of the emis-  
sion colors, which identified s t ructures  and react ion 
paths,  but  not specific compositions. As a result ,  the 
fol lowing equat ion may  be wr i t t en  

675 ~ 
(a)  2CdsHBr2 (PO4)8: Mn > 

2CdsBr (PO4)3: Mn + HBr (pos tu la ted)  

840 ~ 
(b)  2CdsBr (PO4) 3: Mn > 

3Cd3(PO4)e:Mn + CdBr2 

There  is a s imi la r i ty  in chemical  behavior  be tween 
the l o w - t e m p e r a t u r e  phase, Cd~HBr~ (PO4) 3: Mn, or 
Cd4H(PO4)3" CdBr2: Mn, and an analogue in the  cal-  
cium phosphate  system, i.e., the  octacalcium phos-  
phate,  Ca4H(PO4)8. It has been hypothesized (5) 
that  the la t te r  is a form of the stoichiometric  apat i te  
which decomposes to a defect  hyd r oxy  apati te .  
F u r t h e r  react ion then gives Ca3(PO4)2 plus a t race  
of Ca~P~O~. Such a mechanism may  be appl icable  
to the  present  case. 

When the Br: C1 rat ios are changed by va ry ing  the 
formula,  as establ ished in the previous  paper  (1),  
mixed apat i tes  are formed. The l o w - t e m p e r a t u r e  
phase of the bromophosphate  is never  observed. The 
p repara t ion  conditions requi red  are the same as 
those for the chloroapati te .  

Cd~Br(PO4)8:Mn is dull, but  as chloride is in-  
corporated,  replacing bromide  in increasing and 
equivalent  amounts,  the  resul t ing phosphors become 
more efficient. At  a 0.40C1:0.43Br ratio, the red 
emission color of CdsBr(PO4)3:Mn is mainta ined,  
but  the  in tens i ty  is increased 250%, as shown 
in Table II. As more chloride is added,  the 
emission color approaches  the orange emission of 
CdsC1 (PO4) 8: Mn. 
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Table II. Analysis of cadmium haloapatite phosphors 

% Red  
R e t a i n e d  p l aque ,  

M o l e s  m o l e s  R e t a i n e d  2537A 
a d d e d *  ca lcula ted** m o l e s  f o u n d  e x e i -  

CdCI2 CdBre CdCI2 CdBr~ CdCl2 CdBr~ T o t a l  Color  t a t i o n  

0.75 - -  1.00 - -  1.01 - -  1.01 Orange 100 
0.65 0.10 0.87 0.13 0.76 0.17 0.93 Orange 88 
0.55 0.20 0.73 0.27 0.73 0.28 1.01 Red-orange 79 
0.45 0.30 0.60 0.40 0.68 0.32 1.00 Orange-red  90 
0.25 0.50 0.33 0.67 0.40 0.43 0.83 Red 96 
- -  0.75 - -  1.00 - -  1.14 1.04 Red 41 

* See ref.  (1) for  a c t u a l  f o r m u l a .  
** Ca lcu la t ed ,  a s s u m i n g  a cons t an t  loss as f o u n d  for  CdsCI(POD~: 

M n  in  ref .  (1). 

Analys i s  of these  phosphors  was  m a d e  b y  x - r a y  
f luorescence techniques ,  us ing  g rav i rne t r i ca l ly  a n a -  
lyzed phosphors  as compar i son  s tandards .  The data  
were  used to corre la te  b r igh tness  and  emiss ion color 
w i th  composit ion.  

These phosphors  have  double  emiss ion peaks,  at  
585 and  588 m~. There  is cons iderab le  difference in  
response  to 2537A in  the  m i x e d  ha loapa t i t es  even  
though  the  peak  wave  l eng th  is abou t  the  same. This  
is shown  by  compar ing  the  p l aque  response  of the 
CdsC10.40Br0A3 (PO4) ~: Mn  phosphor  to Cd~Br (PO4) 3: 
Mn. Note t ha t  the  fo rmer  does no t  con ta in  a s toi-  
ch iometr ic  a m o u n t  of hal ide,  b u t  tha t  the  l a t t e r  
does. Since p l aque  response  has been  shown  to be a 
f u n c t i o n  of ha l ide  incorpora t ion  (1) ,  it m a y  be su r -  
mised tha t  the p l aque  b r igh tness  migh t  be  improved  
by  incorpora t ion  of more  halide.  This  was  bo r ne  out 
by  the  e x p e r i m e n t a l  da ta  in  which  p laque  b r i g h t -  
nesses up  to 98% of s t a n d a r d  Cd~Cl(PO4)3:Mn were  
achieved at an  added  50-50 mole  ra t io  of b rom i de  of 
chloride (i.e., 0.375 mole  C1 to 0.375 mole  Br ) .  

Us ing  the  data  in  Tab le  II, a compar i son  b e t w e e n  
the s to ichiometr ic  ra t io  and  the  peak  emiss ion  
ene rgy  m a y  be made,  e.g., 0.40 C1 per  0.43 Br  ---- 0.48 
C1 per  0.52 Br. This  resu l t  shows a l i nea r i t y  b e t w e e n  

v and  ha l ide  con ten t  as g iven  in  Fig.  2. One  is thus  
led to be l ieve  tha t  the  b r o m o -  and  chloroapat i tes  
form solid solut ions,  an  obse rva t ion  made  p rev ious ly  
f rom x - r a y  data.  

In  40w f luorescent  lamps,  the  ch loroapat i te  had  
exce l len t  l u m e n  output ,  g iv ing  3380 l u m e n s  at  zero 
hours ,  b u t  the m a i n t e n a n c e  was  poor, 3016 l u m e n s  at 
100 hours ,  as has b e e n  noted  prev ious ly .  In  contras t ,  
the b romophospha te s  were  ve ry  u n s t a b l e  to lehr ing ,  
g iv ing  a mot t l ed  l a m p  of red, yel low,  and  b lue  s t r i a -  
t ions of about  600 lumens .  

As a f inal  comment ,  in  a prev ious  work  (1) it was 
shown tha t  the  most  l ike ly  m e c h a n i s m  of exc i ta t ion  
a nd  emiss ion wou ld  invo lve  a c h a r g e - t r a n s f e r  com-  
p lex  to give an  abso rb ing  species s imi la r  to Cd +. 
In  all  of the  phosphors  s tudied,  the  emiss ion  spectra  
are s imi la r  enough  to ascr ibe  the  sl ight  differences 
no ted  to the  effect of changes  in  crys ta l - f ie ld  
s t r eng th  u p o n  Mn +2 emission,  as a f unc t i on  
of composi t ion.  The emiss ion  i n t e ns i t y  is, h o w -  
ever,  a f unc t i on  of the  presence  of chloride.  In  
CdsClo.sBro.5(PO4)3: Mn, the  emiss ion  ba nds  inc lude  
two bands ,  t ha t  of CdsBr (PO4)3 :Mn  and  tha t  of 
CdsCl(PO4)3:Mn,  bu t  the  emiss ion i n t e n s i t y  of the  
ch lo robromoapa t i t e  phosphor  is n e a r l y  th ree  t imes  
tha t  of the b romoapa t i t e  phosphor .  I n  the  compound  
be l i eved  to be CdsHBr2(PO4)~:Mn,  the  emiss ion i n -  
t e n s i t y  is n e a r l y  iden t ica l  to tha t  of CdsC1 (PO4) 3: Mn. 

It  is a p p a r e n t  tha t  on ly  one ha l ide  a tom wou ld  be 
necessa ry  to fo rm the  c h a r g e - t r a n s f e r  species, Cd +, 
in  CdsCl (PO4)8 :Mn or in  the  mi xe d  apat i tes ,  e.g., 
Cd § + -5 C1- ~ (CdC1) +, whereas  in  CdsHBr2 (PO4) 3: 
Mn, two b r o m i d e  a toms were  f ound  e x p e r i m e n t a l l y  
to be necessa ry  to produce  in t ense  f luorescence 
u n d e r  2537A i r rad ia t ion .  

The a l t e r na t e  suggest ion,  tha t  the two b r o m i d e  
a toms are no t  e q u i v a l e n t  in  the  compound  be l i eved  
to be CdsHBr2(PO4)3:Mn,  canno t  be  p roved  or dis-  
p roved  because  of the  lack of s t ruc tu re  data.  H o w -  
ever,  in CdsBr(PO4)3, the  effect u n d e r  2537A ex-  
c i ta t ion  does no t  occur, a l though  the  apat i te  s t ruc -  
t u r e  is present .  

In  the f luoroapat i te ,  a separa te  sensi t izer  is r e -  
qu i r ed  to ob t a in  s t rong emiss ion  i n t e ns i t y  w i th  
2537A i r r ad i a t i on  (2) .  Thus,  for f o r m a t i o n  of the  
abso rb ing  cen te r  (Cd ,X)+ ,  where  X is a hal ide,  a 
series m a y  be der ived  for the  n u m b e r  of ha l ide  
a toms r e q u i r e d  to fo rm the  c h a r g e - t r a n s f e r  com-  
p lex:  F - -  0; C1--  1: Br  --  2. The significance of this  
series is no t  clear  and  more  work  is requi red .  

Manuscript  received Jan. 15, 1964. 

Any  discussion of this paper  will appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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A Technique for Examining the Luminous Activity of Individual 
Phosphor Particles in a Functioning Electroluminescent Lamp 

J. I. Gedney 

Research Laboratories, American Cyanamid Company, Stamford, Connecticut 

The m a j o r i t y  of the  depic t ions  of e l e c t ro lumi ne s -  t ro l led  condi t ions  where  good e lect r ical  contacts  
cence in  ZnS  which  we have  no ted  have  b e e n  those were  possible  and  the  i n d i v i d u a l  phosphor  par t ic les  
connec ted  wi th  s tudies  of i n d i v i d u a l  crystals .  Most were  no t  confined in  p e r m a n e n t  r es in  mat r ices  of 
of these  s tudies  have  b e e n  m a d e  u n d e r  ca re fu l ly  con-  the  type  used in  commerc ia l  lamps.  We have  ye t  to 
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f ind a d e s c r i p t i o n  of t he  v i s ib le  l u m i n o u s  a c t i v i t y  of 
ZnS  u n d e r  w o r k i n g  cond i t ions  in a d ry ,  c o m m e r -  
c i a l - t y p e  e l e c t r o l u m i n e s c e n t  l amp.  

A c o m m e r c i a l  l a m p  consis ts  b a s i c a l l y  of t h r e e  
p a r a l l e l  l a y e r s ;  of these ,  t he  ou te r  two  r e p r e s e n t  t he  
e l ec t rodes  and  the  i n n e r  l a y e r  con ta ins  the  p h o s p h o r  
p a r t i c l e s  he ld  in a sol id  m a t r i x .  I t  was  t he  p u r p o s e  
of th is  s t u d y  to e x a m i n e  the  p h o s p h o r  p a r t i c l e s  in  a 
cross  sec t ion  of th is  t y p e  of l a m p  in o r d e r  to d e t e r -  
m i n e  w h a t  p r o p o r t i o n  of t he  p a r t i c l e s  e x h i b i t e d  
v i s ib le  l u m i n o u s  a c t i v i t y  a n d  to see if  th i s  a c t i v i t y  
w a s  in f luenced  b y  t h e  d i s t ance  of t he  p a r t i c l e s  f r o m  
the  e lec t rodes .  A d d i t i o n a l l y ,  w e  w i s h e d  to  d e t e r m i n e  
w h e t h e r  t he  v i s ib le  a c t i v i t y  u n d e r  such  cond i t ions  
was  s i m i l a r  to t h a t  d e s c r i b e d  b y  o t h e r  i n v e s t i g a t o r s  
in s tud ies  of i n d i v i d u a l  l u m i n e s c i n g  c rys ta l s .  

Construction of Lamp 
As a p a r t  of th is  s tudy ,  i t  was  n e c e s s a r y  to con -  

s t r uc t  a l a m p  of s u i t a b l e  d imens ions  to a l l ow it  to 
be  m o u n t e d  on the  s t age  of our  Bausch  & L o m b  
m e t a l l o g r a p h .  The  se lec ted  ZnS  phospho r ,  a g r e e n  
v a r i e t y ,  of Br i t i sh  m a n u f a c t u r e ,  was  m i x e d  w i t h  an  
e p o x y  r e s in  in a p r o p o r t i o n  of 1:1 b y  vo lume ,  and  
the  res in  was  t hen  c a t a l y z e d  w i t h  t r i e t h y l e n e t e -  
t r a m i n e .  The  p h o s p h o r - e p o x y  m i x t u r e  was  p l aced  
b e t w e e n  two  2-in.  squa re  glass  p la tes ,  each  of w h i c h  
had  been  cove red  on one s ide  w i t h  a conduc t i n g  f i lm 
of t in  oxide .  The  glass  p la tes ,  a r r a n g e d  w i t h  t he  con-  
d u c t i n g  l a y e r s  f ac ing  i n w a r d ,  w e r e  offset  s l i g h t l y  to 
a l l ow e l ec t r i ca l  connec t ions  to be  m a d e  to the  con-  
duc t i ng  l ayers .  P r e s s u r e  was  a p p l i e d  to the  glass  
so t ha t  a p h o s p h o r  l a y e r  a p p r o x i m a t e l y  5 mi l s  
t h i c k  was  o b t a i n e d  be fo re  c o m p l e t e  p o l y m e r i z a t i o n  
of t he  e p o x y  res in  occur red .  

S ince  the  chance  of a sho r t  c i r cu i t  was  f o u n d  to 
i nc rea se  w i t h  t he  d e g r e e  of n o n u n i f o r m i t y  of s ep -  
a r a t i o n  of t he  e lec t rodes ,  t he  use  of t in  o x i d e - c o a t e d  
glass  was  a d v a n t a g e o u s  because  i t  p r o v i d e d  r e a -  
s o n a b l y  p lane ,  conduc t ing  su r f aces  w h i c h  p r o v e d  
to be  a b l e  to w i t h s t a n d  r e l a t i v e l y  h igh  vo l t ages  
w i t h o u t  shor t ing .  E l ec t r i c a l  connec t ions  could  be  
c l a m p e d  d i r e c t l y  to t he  conduc t i ng  l a y e r  w i t h o u t  
d a m a g e ,  t hus  a v o i d i n g  c o n d u c t i v i t y  p r o b l e m s .  The  
e p o x y  res in  for  t h e  m a t r i x  was  r e s i s t a n t  to  t he  so l -  
v e n t s  e m p l o y e d  in t h e  s u b s e q u e n t  po l i sh ing  p r o -  
c edu re  and  e x h i b i t e d  e x c e l l e n t  a d h e r e n c e  qua l i t i es .  
By  loca t i ng  the  p h o s p h o r  l a y e r  b e t w e e n  two  shee ts  
of glass,  po l i sh ing  r e l i e f  and  p l u c k i n g  w e r e  m i n i -  
mized,  s ince  the  glass  s e r v e d  as a po l i sh ing  suppor t .  

To a l l ow the  l a m p  to be  c o n v e n i e n t l y  s t u d i e d  in 
cross  sec t ion  on the  m e t a l l o g r a p h ,  the  l o w e r  po r t i on  
of t he  l a m p  was  first  coa ted  w i t h  e p o x y  res in .  A f t e r  
t he  res in  h a d  p o l y m e r i z e d ,  the  coa ted  p o r t i o n  of t he  
l a m p  was  p l a c e d  in  a m o l d  (2 x 1 x 1/2 in.)  and  e m -  
b e d d e d  in a b lock  of t he  s ame  resin.  P r e c o a t i n g  of 
t he  l a m p  was  f o u n d  to be  n e c e s s a r y  to e l i m i n a t e  t he  
s t ress  c r e a t e d  b y  c o n t r a c t i o n  of t he  m o l d i n g  res in  
as i t  p o l y m e r i z e d .  This  con t r ac t i on  t e n d e d  to p r o -  
duce  s e p a r a t i o n s  b e t w e e n  the  glass  l a y e r s  and  the  
m o u n t i n g  res in ,  w h i c h  c r e a t e d  s u b s e q u e n t  diff icul t ies  
d u r i n g  po l i sh ing  of t he  cross  sect ion.  The  e m b e d d e d  
l a m p  was  t hen  c r o s s - s e c t i o n e d  and  po l i shed  on a 
l o w - n a p  c lo th  l ap  w i t h  a d i a m o n d  ab ras ive .  A d i a -  
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Fig. 1. Diagrammatic sketch of electroluminescent lamp mounted 
for microscopical examination. 

g r a m m a t i c  ske tch  of the  l a m p  is shown  in Fig.  1. 
F o r  mic roscop ica l  e x a m i n a t i o n  th is  a s s e m b l y  was  

c l a m p e d  on the  s t age  of t he  m e t a l l o g r a p h  a f t e r  i n -  
su l a to r s  had  been  p l a c e d  b e t w e e n  the  s t age  a n d  the  
conduc t ive  p a r t s  of t he  l amp .  The  l a m p  was  t h e n  
connec t ed  to a s t a n d a r d  l l 0 v  w a l l  ou t l e t  w i t h  a 
t r a n s f o r m e r  i n t e r p o s e d  to  con t ro l  the  vo l tage .  

Microscopical Examination of the Lamp 
The  l a m p  was  first  e x a m i n e d  m i c r o s c o p i c a l l y  

w i th  b r igh t - f i e ld ,  re f lec ted  l igh t  and  t h e n  w i t h  c ross -  
po la r i zed ,  re f lec ted  l ight .  W h e n  an  a r ea  of i n t e r e s t  
was  loca ted ,  the  e x t e r n a l  i l l u m i n a t i o n  was  t u r n e d  
off and  the  l a m p  i t se l f  was  l igh ted .  The  s ame  field 
was  t hen  s t ud i e d  us ing  on ly  the  l i gh t  e m i t t e d  f r o m  
the  p a r t i c l e s  in the  field of v iew.  By  a l t e r i n g  the  
v o l t a g e  i t  was  poss ib le  to o b t a i n  m a x i m u m  b r i g h t -  
ness  f rom a n y  p a r t i c u l a r  a r e a  of the  l a m p  be ing  
e x a m i n e d .  

E x a m i n a t i o n  of the  l i gh t e d  l a m p  w h e n  o p e r a t i n g  
at  300v r e v e a l e d  t h a t  m a n y  p a r t i c l e s  w e r e  a p p a r -  
e n t l y  inac t ive ,  i.e., w e r e  no t  e m i t t i n g  l u m i n o u s  e n -  
e r g y  in  t h e  v i s ib l e  r ange .  I r r e g u l a r  l u m i n o u s  s t r eaks ,  
b r i g h t  s ing le  points ,  and  s t r a igh t ,  dashed ,  or  d o t t e d  
l ines  of l i gh t  w e r e  o b s e r v e d  in  t he  l a r g e r  pa r t i c l e s .  
In  some ins t ances  a p p r e c i a b l e  a r e a s  w i t h  no def in i te  
b o u n d a r i e s  w e r e  also v i s i b ly  ac t ive ,  a l t h o u g h  u s u a l l y  
not  v e r y  b r igh t .  I t  shou ld  be  e m p h a s i z e d  t h a t  these  
o b s e r v a t i o n s  w e r e  m a d e  w h i l e  t he  l a m p  was  o p e r a t -  
ing  at  300v, the  m a x i m u m  i t  cou ld  t o l e r a t e  w i t h o u t  
s h o r t - c i r c u i t i n g .  

The  pos i t i on ing  of p a r t i c l e s  w i t h  r e s p e c t  to the  
e l ec t rodes  d id  no t  seem to h a v e  a n y  b e a r i n g  on 
l u m i n o u s  ac t iv i ty .  The  ac t ive  p a r t i c l e s  a p p e a r e d  to 
be  d i s t r i b u t e d  f a i r l y  u n i f o r m l y  b e t w e e n  the  two  
c onduc t i ve  t in  ox ide  films. A l t h o u g h  some of the  
m o r e  ac t ive  pa r t i c l e s  m a d e  d i r ec t  con tac t  w i t h  one 
of t he  e lec t rodes ,  m a n y  o the r s  w e r e  l oca t ed  at  some 
d i s t ance  f r o m  e i t h e r  e l ec t rode .  Thus,  no c o r r e l a t i o n  
was  e v i d e n t  b e t w e e n  p a r t i c l e  l oca t i on  and  e i t h e r  the  
t y p e  or  i n t e n s i t y  of t he  l u m i n o u s  a c t i v i t y  exh ib i t ed .  

P e t r o g r a p h i c  e x a m i n a t i o n  of t he  p h o s p h o r  i n -  
d i c a t e d  t h a t  i t  was  p r o b a b l y  a m i x t u r e  of t h e  s p h a l -  
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e r i t e  and  w u r t z i t e  v a r i e t i e s  of ZnS.  These  two  
phases  a r e  no t  r e a d i l y  d i s t i n g u i s h a b l e  b y  re f lec ted  
l i gh t  on the  m e t a l l o g r a p h ,  and  i t  was  t h e r e f o r e  no t  
poss ib le  to i d e n t i f y  each  e l e c t r o l u m i n e s c e n t  p a r t i c l e  
o b s e r v e d  w i t h  th is  i n s t r u m e n t  nor  to d e t e r m i n e  
w h e t h e r  one of t he se  phases  was  m o r e  f r e q u e n t l y  
ac t ive  t h a n  the  o ther .  

The  pa ra l l e l ,  r e c t i l i n e a r  o r i e n t a t i o n  of m a n y  of 
t he  e l e c t r o l u m i n e s c e n t  s t r e aks  s u g g e s t e d  t h a t  t h e y  
o r i g i n a t e d  f r o m  s t r u c t u r a l  p l anes  w i t h i n  t he  c r y s -  
tals ,  b u t  w h e t h e r  t h e s e  r e p r e s e n t e d  open  c l eavage  
p lanes ,  zones of c r y s t a l l o g ~ a p h i c a l l y  o r i e n t e d  i nc lu -  
sions,  o r  i m p e r f e c t i o n s  on the  a tomic  l eve l  cou ld  no t  
be  a sce r t a ined .  I n  some  cases  i t  a p p e a r e d  t h a t  c e r -  
t a in  c l eavages  or  f r a c t u r e s  ( w h i c h  w e r e  d e t e c t a b l e  
as i n t e r n a l  re f lec t ions  b e t w e e n  c rossed  p o l a r s )  
s e r v e d  to  c o n c e n t r a t e  some of t he  e l e c t r o l u m i n e s -  
cence,  b u t  a pe r f ec t  c o r r e l a t i o n  of a l l  ac t ive  spots  in 
a c r y s t a l  w i t h  t h e  v i s ib l e  f laws was  n e v e r  poss ib le .  
U n d o u b t e d l y  some of t he  e l e c t r o l u m i n e s c e n t  l i gh t  
is re f lec ted  and  s c a t t e r e d  as i t  t r a v e r s e s  f laws in the  
c rys ta l s ,  and  th is  m u s t  o f ten  r e s u l t  in i r r e g u l a r  
a r eas  of l u m i n o s i t y  w h i c h  a r e  no t  d i r e c t l y  t r a c e a b l e  
to v i s ib l e  impe r f ec t i ons .  

A b r i e f  r e v i e w  of r e c e n t  l i t e r a t u r e  on the  m i c r o -  
scopy  of e l e c t r o l u m i n e s c e n t  p h o s p h o r s  r e v e a l s  t h a t  
some of t h e  e l e c t r o l u m i n e s c e n t  p h e n o m e n a  m e n -  
t i oned  h e r e  have  also been  o b s e r v e d  ( u n d e r  s p e c i a l -  
ized, e x p e r i m e n t a l  cond i t ions )  b y  o the r  r e s e a r c h  
w o r k e r s  in  th is  f ield (1 -6 ) .  I n s o f a r  as w e  h a v e  been  
ab le  to d i scover ,  h o w e v e r ,  none  of t he se  i n v e s t i g a -  
tors  has  p u b l i s h e d  p h o t o m i c r o g r a p h s  at  h igh  m a g -  
nif icat ion,  showing  the  " s p o t t y "  a c t i v i t y  w h i c h  
i n d i v i d u a l  p h o s p h o r  pa r t i c l e s  e x h i b i t  u n d e r  a c t u a l  
w o r k i n g  cond i t ions  in  a d r y  l a m p  of t he  c o m m e r -  
c ia l  type .  

T h r e e  r eg ions  of t he  l a m p  w e r e  se lec ted  for  i l l u s -  
t r a t i o n  (see  Fig.  2 -11) .  The  a p p e a r a n c e  of each  r e -  
g ion b y  b r igh t f i e ld ,  r e f lec ted  l igh t ,  b e t w e e n  c rossed  
po la rs ,  and  b y  e l e c t r o l u m i n e s c e n t  l i gh t  is p r e s e n t e d  
in a ser ies  of p h o t o m i c r o g r a p h s  m a d e  a t  magn i f i c a -  
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Fig. 4. Electroluminescent (300v); Magnification approximately 
200X. 

Fig. 5. Detailed view of marked area of Fig. 4. Magnification 
675X. 

Fig. 6. Brightfield, reflected light. Magnification 400X 

Fig. 7. Cross-polarized, reflected light. Magnification 400X 

Fig. 2. Brightfield, reflected light; top and bottom, glass; center, 
phosphor layer; layer designation is the same in Fig. 2-11. Mag- 
nification approximately 200X. 

Fig. 3. Cross-polarized, reflected light; Magnification approxi- 
mately 200X. 

Fig. 8. Electroluminescent (300v). Magnification 400X 

t ions  of 200X to 675X. A l l  p h o t o m i c r o g r a p h s  w e r e  
m a d e  w i t h  an  u l t r a v i o l e t  f i l ter  in  t he  sys tem,  s ince  
t h e  f i lm used  was  sens i t ive  to u l t r a v i o l e t  l i gh t  The  
s p e c t r a l  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  of th i s  f i l ter  a r e  
s h o w n  in Fig.  12. 
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Fig. 9. Brightfield, reflected light. Magnification 600X 

Fig. 10. Cross-polarized, reflected light. Magnification 600X 

Fig. 11. E[ectroluminescent (300v). Magnification 600X 

Summary 

After  cross-sect ioning an e lect roluminescent  
lamp, observat ions were  made on the polished sur -  
face of the cross-sect ioned phosphor  par t ic les  using 
ex te rna l  i l lumina t ion  as wel l  as the par t ic les '  own 
electroluminescence.  The sectioning and polishing of 
the phosphor  par t ic les  did not appear  to in te r fe re  
wi th  the emission of visible luminosi ty .  

The examinat ion  of the e lect roluminescent  l amp 
(opera t ing  at 300v) at 500 to 1000X magnif icat ion 
indicated tha t  many  of the ZnS phosphor  par t ic les  
did not emit  luminous  energy  in the  vis ible  range.  
At  subs tan t ia l ly  higher  voltages more par t ic les  
would p robab ly  have become active, however .  The 
active par t ic les  encountered appeared  to be scat tered 
at r andom throughout  the lamp,  and thei r  in tens i ty  
was not not iceably  affected by  thei r  distance f rom 
ei ther  electrode. The par t ic les  were  not luminous  

Fig. 12. Spectra[ transmission characteristics of u.v. fi[ter 

over the i r  ent i re  cross section, but  exhibi ted  three  
types  of discontinuous act ivi ty:  (i) bright ,  single 
points or clusters, (ii) s t raight ,  dot ted or dashed 
lines of light,  and (iii)  i r r egu la r  areas of va r iab le  
intensity.  The luminous regions could sometimes be 
d i rec t ly  corre la ted  with  visible imperfect ions  in the 
active crystals.  It also seemed quite p robable  tha t  
many  of the luminous areas  which were  not asso- 
ciated wi th  observable  flaws were  the  resul t  of in-  
t e rna l  reflection or scat ter ing of l ight  by  cleavages,  
inclusions, or other optical  discontinui t ies  in the ac-  
t ive  phosphor  part icles.  

Al though these observat ions  agree  wi th  those r e -  
por ted  by  other invest igators  (1-5) ,  they  were  made 
on par t ic les  which were  pe r fo rming  under  d ry  con- 
dit ions s imi lar  to those in which they  would be 
commerc ia l ly  applied.  This technique offers a r e l a -  
t ive ly  simple procedure  by which such observat ions  
can be made  at  high magnifications to s tudy the 
per formance  of the phosphor  par t ic les  in a work ing  
lamp. 

Manuscript received Jan. 16, 1964. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June 1965 JOURNAL. 
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Resistance Heated Furnace 

B. A. Lombos and T. R. Somogyi 

Research and Deve lopment  Laboratories, Nor thern  Electric Company Limited,  Ottawa, Ontario, Canada 

Much  i n t e r e s t  ha s  b e e n  s h o w n  r e c e n t l y  in  t he  
s i m u l t a n e o u s  p r o d u c t i o n  of u n i f o r m l y  depos i t ed  
e p i t a x i a l  s i l icon on s e v e r a l  s l ices ( 1 - 7 ) .  Va r ious  
m e t h o d s  h a v e  been  u sed  to a t t a i n  l a y e r  u n i f o r m i t y .  
These  w e r e  b a s e d  m a i n l y  on con t ro l l ed  v a r i a t i o n s  
in t he  f low p a t t e r n  of the  r e a c t i n g  gas  m i x t u r e ,  
w h i l e  k e e p i n g  the  t e m p e r a t u r e  u n i f o r m  across  the  
pedes ta l .  Th is  p a p e r  dea l s  w i t h  a m e t h o d  u t i l i z ing  
the  v a r i a t i o n  in  the  e q u i l i b r i u m  cons t an t  w i t h  t e m -  
p e r a t u r e .  

Discussion 
In  a u n i f o r m  t e m p e r a t u r e  r e a c t i o n  t u b e  t h e  y i e l d  

of the  r e a c t i o n  dec reases  in  t h e  d i r ec t i on  of t he  gas  
flow because  of changes  in t h e  c o n c e n t r a t i o n s  of r e -  
a c t an t s  and  p roduc t s .  To c o u n t e r a c t  such  dec rease  
in t he  y i e l d  of depos i t ion ,  two  d i f fe ren t  a p p r o a c h e s  
can be  used.  One is t h e  a t t e m p t  u sed  b y  e a r l i e r  i n -  
v e s t i g a t o r s  (2 -3 )  to keep  the  c o n c e n t r a t i o n  of r e -  
a c t an t s  a n d  p r o d u c t s  cons t an t  in t he  d i r ec t i on  of the  
gas  flow b y  a r r a n g i n g  the  in le t  of t h e  gas  m i x t u r e  at  
d i f fe ren t  loca t ions .  The  o t h e r  app roach ,  d e s c r i b e d  
in th i s  p a p e r ,  is to sh i f t  t he  e q u i l i b r i u m  of t h e  r e -  
act ion.  This  can  be  ach i eved  b y  a d j u s t i n g  the  t e m -  
p e r a t u r e  prof i le  of  t h e  f u r n a c e  a c c o r d i n g  to  the  d e -  
s i red  c h a n g e  in e q u i l i b r i u m  to keep  the  depos i t i on  
r a t e  cons t an t  a long  the  r e a c t i o n  tube .  

Using  the  r e su l t s  of Mi l l e r  et al. (7 ) ,  t he  e q u i -  
l i b r i u m  cons tan t ,  K, of the  i dea l i zed  r e a c t i o n  

S iCl4(g )  -}- 2 H f ( g )  ~ S i ( s )  -~ 4 H C I ( g )  
wi l l  be  g iven  b y  
log K ---- 18.8 - -  3.28 log T - -  1.32 x 104 T -1 

-b 2.69 x 10 -4  T + 2.91 x 104 T -2 

Hence  K inc rea se s  w i t h  i nc r ea s ing  t e m p e r a t u r e  
w i t h i n  t he  p r a c t i c a l  r a n g e  for  s ingle  c r y s t a l  g r o w t h  
( a p p r o x i m a t e l y  1400~176  The  e v a l u a t i o n  of a 
t e m p e r a t u r e  g r ad i en t ,  y i e l d i n g  u n i f o r m  depos i t ion ,  
u s ing  a t u b u l a r  r e a c t i o n  c h a m b e r  cou ld  be  done  in 
t he  fo l lowing  way .  

A s s u m e  t h a t  t he  depos i t i on  r a t e ,  r ,  can  be  e x -  
p r e s sed  in the  f o r m  

r ( x ,  T, ai) ~ 5 ( x )  g ( T )  h (a l )  

w h e r e  x is the  d i s t a n c e  a long  the  t ube  in t h e  d i r e c -  
t ion of t he  gas  flow, T is t he  abso lu t e  t e m p e r a t u r e ,  
and  the  a~'s a r e  o the r  e x p e r i m e n t a l  va r i ab l e s ,  such 
as t he  s a t u r a t o r  t e m p e r a t u r e ,  t h e  g e o m e t r y  of t he  
a p p a r a t u s ,  etc. Here ,  f, g, and  h d e p e n d  e x c l u s i v e l y  
on x,  T, and  the  a~'s, r e spec t i ve ly .  

The  cond i t ion  for  u n i f o r m  depos i t i on  is 

dr : 0 

Hence  for  cons t an t  ai 's, t h e  d e s i r e d  t e m p e r a t u r e  
g r a d i e n t  w i l l  be  g i v e n  b y  

Or d In  S (x )  

dT Ox d x  
- -  - -  - -  [ 2 ]  

dx  Or d l n  g ( T )  

8T dT  

Thus,  if  t he  func t ions  In f ( x )  and  In g ( T )  can be  
d e t e r m i n e d ,  t he  de s i r e d  t e m p e r a t u r e  profi le ,  for  u n i -  
f o r m  depos i t ion ,  can  be  f o u n d  f r o m  Eq. [2 ] .  

Experimental Results 
The  e q u i p m e n t  used  consis ts  e s s e n t i a l l y  of a fire 

b r i c k  fu rnace ,  w i t h  an  e m b e d d e d  K a n t h a l  A-1  h e a t -  
ing  e l emen t .  A l t e r n a t i v e l y ,  an  R.F.  h e a t i n g  coil  was  
a lso  used  for  the  e x p e r i m e n t a l  d e t e r m i n a t i o n  of 
In f ( x )  a n d  In g ( T ) .  A c lea r  fused  q u a r t z  r e a c t i o n  
tube ,  abou t  125 cm long  and  40 m m  in d i a m e t e r ,  is 
i n s e r t e d  h o r i z o n t a l l y  in to  the  c y l i n d r i c a l  f u r n a c e  
e l e m e n t  (F ig .  1) and  is connec t ed  to t he  s a t u r a t o r  
a n d  to a b y - p a s s  l ine.  The  l a t t e r  supp l i e s  t he  excess  
h y d r o g e n .  The  a p p a r a t u s  was  p u r g e d  b e f o r e  each  
r u n  w i t h  he l ium,  and  t hen  the  s l ices s i t u a t e d  h o r i -  
z o n t a l l y  a long  the  l e n g t h  of the  t u b e  w e r e  i n t r o -  
d u c e d  in to  t h e  hot  zone. This  was  f o l l o w e d  b y  a 
15 -min  c l ean ing  pe r iod ,  d u r i n g  w h i c h  6-8 l / r a i n  
h y d r o g e n  w a s  m a i n t a i n e d  in the ,  b y p a s s  l ine.  A f t e r  
tha t ,  d e pos i t i on  was  s t a r t e d  w i t h  a flow r a t e  of 0.2 
1 /min  t h r o u g h  the  s a t u r a t o r  and  a g a i n  6-8 l / r a i n  
t h r o u g h  the  b y - p a s s  l ine.  The  s a t u r a t o r  t e m p e r a t u r e  
was  k e p t  a t - - 1 8 ~  (mole  f r ac t i on  of s i l icon t e t r a -  
ch lor ide ,  0.03).  

By  the  A r r h e n i u s  equa t ion ,  w e  h a v e  

d In g (T)  cons t an t  
- -  [ 3 ]  

dT T 2 

w h e r e  t he  cons t an t  i n c o r p o r a t e s  t he  a c t i v a t i o n  e n -  
e r g y  (qa)  of t h e  reac t ion .  T h r e e  d i f fe ren t  v a l u e s  for  
qA w e r e  cons ide red :  

l .  The  e x p e r i m e n t a l  v a l u e  o b t a i n e d  in th is  l a b -  
o r a t o r y  w i t h  r e s i s t ance  h e a t e d  a p p a r a t u s  (qA ~ 60 
k c a l / m o l e ) .  

2. The  e x p e r i m e n t a l  v a l u e  g iven  b y  T h e u e r e r  (4)  
(qA = 37 k c a l / m o l e ) .  

Fig. 1. Schematic of resistance heated epitaxial growth apparatus 
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3. The  e x p e r i m e n t a l  va lue  ob ta ined  in  this  l ab -  
o ra to ry  wi th  an  R.F. hea ted  appa r tu s  (qA = 24 k c a l /  
mole) .  

The  discrepancies  in  the  va lues  of g, as wel l  as i n  
the f func t ions  g iven  la ter ,  can be exp la ined  by  
differences in  SIC14 mole  f rac t ion  and  fu rnace  
geometry .  

To ob ta in  the  func t i on  in  $ (x ) ,  the  slices were  
placed in  a u n i f o r m  t e m p e r a t u r e  sect ion of the  r e -  
act ion t ube  in  the  res i s tance  hea ted  fu rnace  at 
1215~ and  the  deposi t ion  ra te  was  m e a s u r e d  as a 
func t ion  of dis tance.  A s imi la r  e x p e r i m e n t  was  con-  
duc ted  in  a n  R.F. hea ted  reac t ion  chamber ,  r e su l t i ng  
in  a di f ferent  set of va lues  for In S- A s s u m i n g  ( some-  
wha t  a r b i t r a r i l y )  a l i nea r  r e la t ionsh ip  b e t w e e n  In 
f ( x )  and  x, the  two sets were  fitted to ob ta in  e m -  
pi r ica l  expressions,  u s ing  the  me thod  of least  
squares .  The  func t ions  r e p r e s e n t i n g  the  expe r i -  
m e n t a l  resul t s  were  found  to be 
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Fig. 2. Calculated temperature gradient in resistance heated 
apparatus. 
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THROUGH SATURATOR;THROUGH BY-PASS DEPOSITION TEMPERATURE 

RUN NO. I 0.2 I/MIN 6 I/MIN 15 MIN -IE~ 

RUN NO. 2 0.2 I/MIN 8 I/MIN 30 MIN -17 ~C 

Fig. 3. Typical thickness variation along furnace 

In  f ( x )  = 6.5307 x 10 -1 --  2.4804 x 10-1x 
( s t a nda r d  dev ia t ion  = 3.915 x 10 -2) 

for the  res is tance  hea ted  tube ,  and  

in  f ( x )  ~ 1 .5048--  5.2600 x 10-1x 
( s t a nda r d  dev ia t ion  ---- 3.542 x 10 -2) 

for the R.F. hea ted  tube.  

These resul ts ,  combined  wi th  the  above th ree  
va lues  for the ac t iva t ion  energy ,  give a to ta l  of 
six d is t inc t  curves  for the  t e m p e r a t u r e  profile 
(Fig. 2). In  pract ice,  the  mos t  u n i f o r m  deposi t ion  
was achieved wi th  a t e m p e r a t u r e  g rad ien t  closest 
to curve  1 of Fig. 2. The resul t s  of two typ ica l  r u n s  
u s i ng  this  profile are g iven  in  Fig. 3. The subs t ra tes  
(a rsen ic  doped;  ca r r i e r  concen t ra t ion :  4 x 1019 
a t . / c m  3) were  placed on a qua r t z  holder  sp read ing  
over  8 cm along the  l eng th  of the  tube.  The  t e m -  
p e r a t u r e  r ange  was 1200~176 The deposi t ion  
p a r a m e t e r s  for the  two r u n s  are  g iven  in  Fig. 3. 

The  r e l a t ive ly  smal l  change  of flow ra te  and  
sa tu ra to r  t e m p e r a t u r e  did no t  have  a ny  no t iceab le  
inf luence  on the deposit ion.  

The th ickness  of the deposi ted ep i tax ia l  l aye r  was  
m e a s u r e d  by  me a ns  of i n f r a r e d  in t e r f e r ence  f r inges  
(8).  The  m e a s u r e m e n t  is based on the  re f rac t ive  
index  difference which  in  t u r n  re la tes  to the  differ-  
ence in  car r ie r  concen t r a t i on  b e t w e e n  the ep i tax ia l  
l aye r  and  the  subs t r a t e  mater ia l .  This  is used as a 
somewha t  a r b i t r a r y  def ini t ion of the  th ickness  of 
the ep i tax ia t  layer .  The  s t a n d a r d  dev ia t ion  f rom a 
m e a n  l ayer  th ickness  of 8/~ was  0.4/~, over  a l eng th  
of 8 cm, for a ba tch  of 4 slices t r ea ted  s i m u l t a n e -  
ously. 

The  car r ie r  concen t ra t ion  in  the  ep i tax ia l  l aye r  
was d e t e r m i n e d  us ing  the  diode t echn ique  (9) .  In  a 
depth  f rom the surface  of the ep i tax ia l  l aye r  of ap -  
p r o x i m a t e l y  0.5#, the  average  nega t i ve  charge  ca r -  
r ier  dens i ty  was  found  to be 9 x 1016 at. cm -3 wi th  a 
s t a n d a r d  dev ia t ion  of 30% m e a s u r e d  on two slices 
of one r u n  and  th ree  slices of ano the r  run .  
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A Study of HCI-H2 and GeCI,-H2 Etching of 
Germanium Substrates for Epitaxial Deposition 

K. J. Mi l le r  and M .  J. Grieco 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

As par t  of an invest igat ion of in situ etching of 
ge rman ium subst ra tes  in a react ion chamber,  pr ior  
to ep i tax ia l  deposit ion,  a s tudy  was made  of the 
kinet ics  and react ion chemis t ry  of the Ge-HC1 and 
Ge-GeC14 etch react ions t ak ing  place in flowing h y -  
drogen. Recent work  has been repor ted  on the in 
situ gas phase etching of silicon and ge rmanium 
samples by  Bean and Gleim (1),  Lang and Stavish 
(2),  and Amick  et al. (3).  The la t te r  authors  have 
repor ted  in detai l  on the subs t ra te  t ex tu re  obta ined 
by gas phase etching pr ior  to ep i tax ia l  deposition. 

Experimental  Procedure 

The appara tus  used for subs t ra te  etching and 
ep i tax ia l  deposit ion was s imi lar  to tha t  previous ly  
repor ted  (4, 5). The HC1 gas used for etching was 
p repa red  in the l abora to ry  by  dropping  chemical ly  
pure  concentra ted aqueous HC1 into chemical ly  pure  
concentra ted H2SO4 (6). The HC1 gas was subse-  
quent ly  passed through a I-I2SO~ t rap  and two al-  
cohol -dry  ice t raps  main ta ined  at  --80~ A mass 
spectrographic  analysis  showed that,  for 02, CO2, 
and hydrocarbons,  l a b o r a t o r y - p r e p a r e d  HC1 was 
pure r  than tha t  commercia l ly  avai lable .  

Ge rman ium subst ra te  samples were  s ingle crys ta l  
slices, app rox ima te ly  0.01 ohm-cm resis t ivi ty ,  
p - type ,  or iented in the (111) plane and were  elec-  
t rochemica l ly  pol ished (7).  Pr io r  to etching, the  
subst ra tes  were  cleaned in boil ing 3% H202 for 30 
s e e .  

The HC1 gas flow rate  used for kinet ic  studies was 
36 cc /min  with  a 2 l i t e r s / r a in  hydrogen  flow rate.  
Tempera tu re  measurements  were  taken with  a Micro 
Optical  Py rome te r  and a Therrnodot Radiometer .  1 
Samples  were  hea t  t r ea ted  in the flowing hydrogen  
app rox ima te ly  30 min before HC1 etching. Surfaces  
etched with  HC1 appeared  microscopical ly  to be 
smooth, and have a high degree  of crys ta l l ine  pe r -  
fection comparable  to those prec leaned in flowing 
hydrogen.  

Etch ra tes  were  de te rmined  by  masking an area 
of the surface wi th  a quar tz  chip on the ge rman ium 
subst ra tes  and subsequent ly  measur ing  the depth  of 
etching with  an in ter ferometer .  The in te r fe romete r  
used was manufac tu red  by  Carl  Zeiss Company and 
used tha l l ium radiat ion.  

Ge rman ium slices were  also etched using r e l a -  
t ive ly  high GeC14/H2 mole ratios. The etch ra tes  in 

1 M o d e l  T D - 6 B ,  s u p p l i e d  by  I n f r a r e d  I n d u s t r i e s ,  Inc . ,  S a n t a  B a r -  
b a r a ,  C a l i f o r n i a ,  w a s  u s e d  for t e m p e r a t u r e s  b e l o w  800~ 

this case were  de te rmined  by weight  measurements .  
The GeC14/H~ mole rat io  was var ied  by  changing 
the t empera tu re  of the GeCI4 sa tu ra to r  (8).  

Results and Discussion 
The hydrogen-d i lu t ed  products  of the HC1-Ge 

etch react ion be tween  700 ~ and 880~ were  sampled  
under  flowing gas conditions and analyzed  at  room 
t empera tu re  by  in f ra red  spectrophotometry .  Only 
the absorpt ion bands a t t r ibu ted  to GeHCI~ (9) and 
HC1 were  detected. The 858 cm -1 and 461 cm -1 
GeC14 absorpt ion bands (9) and those of GeH2C12 
(10) were  not observed. The in f ra red  spect rum ob-  
tained,  when the ge rmanium was etched at 880~ 
and the HC1/H2 mole rat io  was app rox ima te ly  0.018, 
can be seen in Fig. 1. The GeHC18 observed to be a 
product  gas can be formed by  the fol lowing ideal ized 
etch react ions (11, 12) 

Ge(c )  + 2HCI(g)  ~ GeC12(g) + I-Is(g) [1] 

GeC12(g) -5 HCI(g)  --> GeHC13(g) [ l a ]  

F igure  2 shows the t empera tu re  re la t ion of the 
es t imated (13-18)2 s tandard  state free energy 
change, AG ~ calculated for react ions [1] and [ l a ]  ~ 
and for the over -a l l  react ion 

Ge(c )  -t- 3HCI(g)  --> GeHC13(g) -5 H2(g) [ l b ]  

2 F o r  GeHC13(g)  AH~ w a s  e s t i m a t e d  f r o m  b o n d  e n e r g i e s  (17) 
w i t h  a n  u n c e r t a i n t y  of  -4-3 k c a l / m o l e  a n d  AS~ w a s  e s t i m a t e d  by  
a n  e m p i r i c a l  e q u a t i o n  f o r  S~  (15) .  AG ~ v a l u e s  f o r  GeHCls (g )  
w e r e  a p p r o x i m a t e d  f r o m  t h e  r e l a t i o n  

0 ( - - A G  o) 
AS ~ 

OT 

a s s u m i n g  c o n s t a n c y  of AH ~ a n d  AS ~ (18) .  

s T h e  s t a t e  of GeCle  is d e p e n d e n t  on  t e m p e r a t u r e .  "T]~e c h a n g e s  in  
s l o p e  in  F i g .  2 a r e  r e f l e c t i o n s  of t h e s e  c h a n g e s  of s t a t e .  

100 ~;- 

~ 6 0 - -  

TEMP. :ROOM V \ 
4 0 - -  CELL :10 CM \ 

PRESSURE :1 ATM ABSORPTION \ 
~-. OF KSr \ 

20 WINDOW 

I ] , \ 
o , l ,  , ,oo .'o I ,'oo 1:oo 3000 |2000 I000 800 / 600 

2156 705  449 
FREQUENCY - CM -I 

Fig. I. Infrared spectrum of product gases from HCI etch re- 
action with germanium. Germanium temperature 880~ HCI/H2 
mole ratio 0.018, 2 liter/min H2 flow rate. Absorption at 449, 
705, and 2156 cm -1  frequencies attributed to GeHCI3. 
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/ 
Ge(c ) *  3HC,~(CJ } - - ~  GeHCRs(g ) + H z ( g ) - ~ ,  

p . -  

- f . /  

I 
Ge(c)+ 2 H C t ( g ) - - ~  GeCl2+ H2 (g l  

/ 

0 . ~  

~ 2  

/ 
/ /  

/ 
o ,oo zoo 3oo 4oo 5oo Boo zoo SOD 9oo 

TEMPERATURE ~ 

Fig. 2. AG ~ (estimated) as a function of temperature for some 
proposed germanium predeposition reactions. 

The pa r t i a l  p ressures  of OeCl2 ob ta ined  f rom the 
AG ~ va lues  for reac t ion  [1] at  e q u i l i b r i u m  used 
wi th  the  e x p e r i m e n t a l  pa r t i a l  p ressures  of HC1 and  
H2, in  the  equa t i on  

AGO=_RTln[ P~eCl2 PH~ ] [2] 
p2HC] 

show tha t  ca lcu la ted  etch ra tes  agree in  genera l  
m a g n i t u d e  wi th  those observed expe r ime n t a l l y .  
This a g r e e m e n t  indica tes  tha t  r eac t ion  [1] is the  
s ignif icant  etch react ion.  I t  can be seen f rom Fig. 
2 tha t  AG ~ is nega t ive  for etch reac t ion  [1] over  
the t e m p e r a t u r e  r ange  of in te res t  bu t  becomes more  
posi t ive  wi th  inc rease  in  t empe ra tu r e .  Reac t ion  [ l a ]  
has posi t ive  AG ~ va lues  but ,  because  of the expe r i -  
m e n t a l  n o n e q u i l i b r i u m  condi t ions  which  exist ,  p a r -  
t i cu l a r ly  w h e n  the  in i t i a l  pa r t i a l  p ressure  of GeHCI~ 
is zero, the free ene rgy  change,  AG, for this  r eac t ion  
can also be expected to become nega t ive ;  the  for -  
m a t i o n  of GeHCI~ should no t  therefore  be an  u n -  
expected  product .  

F i g u r e  3 shows the  etch ra t e  of HC1 on g e r m a n i u m  
as a func t ion  of t e m p e r a t u r e  for a mole  ra t io  HC1/H2 
--~0.018. Be tween  800~176 Fig. 3 shows tha t  etch 
ra tes  we re  0.11 to 0.27 _+ 0.01 ~ / m i n  and  the ap-  
p a r e n t  ac t iva t ion  ene rgy  was  27 kca l /mo le .  In  the  
600~176 t e m p e r a t u r e  r a n g e  the  average  etch 
ra te  was  0.08 -- 0.02 /~/min. In  the lower  t e m p e r a -  
t u r e  r ange  the etch ra tes  suggested tha t  a change  in 
reac t ion  m e c h a n i s m  f rom tha t  of the  h igher  t e m -  
p e r a t u r e  r a n g e  m a y  have  t aken  place. 

The  favorab le  t h e r m o c h e m i s t r y  of the d i sp ropor -  
t i ona t ion  reac t ion  (11) be low suggests  tha t  for r e l -  
a t ive ly  h igh GeCI4/H2 mole  ra t ios  e tching  also takes  
place wi th  the  fo rma t ion  of GeC12 

8 8 0 o C  

GeC14(g) + Ge (c )  > 2GeC12(g) AG ~ 
--37 kcal  [3] 

TEMPERATURE "C 
B0O 850 800 

I I 

o•o ! ~,H== 2T KCAL/MOLE 

\ o\, 
\ 

0"/.4 8 6 8.8 S.O 9.2 9.4 9.6 
104/T ~ 

Fig. 3. Temperature dependence of germanium etch rate for 
0.0]8 mole ratio HCI/H2 mixtures; HCI flow rate 36 cm3/min; 
H2 flow rate 2 liter/min. 
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DEPOSITION TEMPERATURE 8S0 eC. 
H z FLOW RATE THROUGH SATURATOR ONE 
LITER/MIN PLUS ONE LtTER/MIN BYPASS, 

O 0,025 0.05 0.075 0.10 
MOLE RATIO GeCL 4 / H  2 

Fig. 4. Germanium deposition and dissolution rates as a func- 
tion of GeCI4/H2 mole ratio at 880~ 

Figure  4 shows the deposi t ion  and  d issolu t ion  ra te  
as a func t ion  of GeC14/He mole ratio,  i nd i ca t ing  tha t  
e tching  proceeds at  > 0.06 mole  ra t io  at 880~ 
F igu re  4 f u r t h e r  indica tes  the  l i m i t i n g  mole  ra t io  
which  can be used for deposi t ion  of g e r m a n i u m .  
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Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Determination of Nitrogen in Silicon by 
Solid Source Mass Spectrometry 

Philip R. Kennicott  

Research Laboratory, General Electric Company, Schenectady, New York 

The purpose  of this  note  is to repor t  an  ana lys i s  
of n i t r ogen  in  si l icon in  the  low par t s  per  mi l l ion  
r ange  m a k i n g  use of a solid source mass  spect ro-  
graph.  1 

A n  ingot  of si l icon g rown  in  a rgon  gas by  the  
f loat ing zone techn ique ,  in  such a m a n n e r  as wou ld  
be expected  to produce  a s ingle  crystal ,  was  found  
to be po lycrys ta l l ine .  Such po lyc rys t a l l i ne  g rowth  is 
l ike ly  to be due to one or more  impur i t i es ,  and  
these impur i t i e s  could be expected  to be concen-  
t r a t ed  in  one or the  o ther  end  of the  ingot.  

Upon  e tch ing  the  l a s t - to - f r eeze  end  of the  ingot,  
a region was found  which  was  res i s t an t  to the  etch 
(Fig. 1). I n f r a r e d  t r ansmis s ion  mic rographs  showed 
impur i t i e s  to be  p rec ip i t a ted  in  this  reg ion  (Fig. 2). 
A section was taken from the ingot containing these 
bands and electrodes were prepared. 

The spectrum produced by the mass spectrograph 
consists of lines whose spacing is proportional to 
the square root of mass/charge. It is a characteristic 
of the spark source that large numbers of multiply 
charged ions are produced. Thus, in a matrix such 
as silicon (mass 28), impurities at 14, 7, etc. AMU 
(atomic mass units) will tend to be obscured by 
the much heavier lines due to the matrix. It is this 
fact that makes the analysis of nitrogen in silicon 
so difficult. Fortunately, the intensity of multiply 

2 MS-7 produced by Associated E l e c t r i c a l  I n d u s t r i e s .  

Fig. 2. Infrared transmission of last-to-freeze end 

charged ions falls off r a the r  r ap id ly  w i th  inc reas ing  
charge.  Therefore ,  one migh t  expect  to find some 
m u l t i p l y  charged si l icon l ine  which  does no t  qui te  
obscure  the associated n i t r ogen  l ine.  

The ra te  at  which  the  n u m b e r  of m u l t i p l y  charged 
ions decreases wi th  inc reas ing  charge  depends  
s t rong ly  on the e lectr ical  condi t ions  used to produce  
the  spark.  The condi t ions  used in  this  s tudy  are 
g iven  in  Tab le  I. 

A double t  at n o m i n a l  mass 4 -2 /3  appeared  on 
the  p la te  p roduced  f rom the  electrodes t a ke n  f rom 
the  l a s t - to - f r eeze  reg ion  (Fig. 3).  A doub le t  was  
no t  p r e se n t  in  ma te r i a l  t a k e n  f rom ne i ghbo r ing  
regions  in  the  ingot.  The  double t  spac ing  and  n o m -  
inal  mass  were  cons is ten t  w i th  ident i f ica t ion  as 
n i t r o g e n  14N+3 and  sil icon 2s Si+6. The  i n t e ns i t y  of 
the n i t r ogen  componen t  of the  doub le t  gave a con-  
cen t r a t i on  of n i t r o g e n  of 10 • 3 ppm atomic.  Since 
the  electrodes sampled  m u c h  more  ma te r i a l  t h a n  
the  prec ip i ta tes  themselves ,  this  va l ue  mus t  be r e -  
garded  as an  average  va lue  for the en t i r e  electrode. 

Table I. Spark conditions 

Spark voltage 
Pulse length 
Pulse repeti t ion rate 
Accelerating potential  
Source pressure 

20 kv  
25 ~sec 
3000 cps 
20 kv 
1.3 • 10 -7 Torr 

Fig. 1. Etched portion of last-to-freeze end of ingot 
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Fig. 3. Portion of mass spectrograph plate at mass 4-2/3. A 
0.00487 AMU. 

It  is es t imated  tha t  the  u l t i m a t e  sens i t iv i ty  for n i -  
t rogen  on these pla tes  is 1 ppm.  Thus,  n i t r ogen  f rom 
n e i g h b o r i n g  regions of the ingot  m u s t  have  been  
below this level .  The source of the  n i t r ogen  was  
found  to be an  unde tec t ed  c o n t a m i n a n t  in  the  a rgon  
used as a pro tec t ive  gas w h e n  the ingot  was  grown.  

The es t imat ions  were  m a d e  v i sua l ly  by  compar ing  
the optical  dens i ty  of the n i t r o g e n  l ine  wi th  tha t  of 
2sSi+3. The to ta l  exposure  g iv ing  si l icon an  optical  
dens i ty  equa l  to tha t  of the  n i t r o g e n  was  de t e r -  
mined .  The concen t r a t i on  of n i t r ogen  was  t hen  de-  
t e r m i n e d  by  m a k i n g  appropr i a t e  correct ions  for r e l -  
a t ive  tota l  exposure  and  isotopic abundance .  The  

me thod  of e s t ima t ion  depends  on the  a s sumpt ion  
tha t  the  ra t io  of t r ip ly  charged n i t r ogen  to s ing ly  
charged n i t r ogen  ions is equa l  to the s imi la r  ra t io  
for silicon. This a s sumpt ion  is p r o b a b l y  just i f ied to 
w i t h i n  the  accuracy  s ta ted  above.  

W h e n  this  ana lys i s  was begun ,  it  was  no t  k n o w n  
wha t  c o n t a m i n a n t  was p r e v e n t i n g  s ingle  c rys ta l  
growth.  Indeed,  ca rbon  was suspected.  The c o n t a m -  
i n a n t  caus ing  the  fo rma t ion  of the  prec ip i ta tes  and  
thus  p r e v e n t i n g  s ingle  crys ta l  g rowth  was  r ead i ly  
shown  to be n i t rogen .  At  the  same t ime  a va lue  for 
the  to ta l  average  concen t r a t i on  of n i t r ogen  in  the  
region  of the  ingot  con t a in ing  the  prec ip i ta tes  was  
obta ined.  It  mus t  be real ized t ha t  this  va lue  r e p r e -  
sents the  level  of n i t r o g e n  p resen t  af ter  h a v i n g  been  
concen t ra t ed  by  the  zone ref in ing  process. The  u p -  
per  l imi t  for the concen t r a t i on  of n i t rogen ,  which  
can be to le ra ted  if s ingle  c rys ta l  g rowth  is to be 
assured,  lies cons ide rab ly  be low this  value .  

An  i n f r a r e d  ana lys i s  of the  type  descr ibed by  
Kaise r  and  T h u r m o n d  (1) ,  if it  could be placed on 
a q u a n t i t a t i v e  basis, wou ld  give a va lue  for the 
concen t ra t ion  of dissolved n i t rogen .  A lower  l imi t  
for the concen t ra t ion  of n i t r ogen  necessa ry  to p r e -  
ven t  s ingle  crys ta l  g rowth  m i g h t  be  ob ta ined  in  
this  m a n n e r .  

Manuscript  received Apri l  15, 1964. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Etching of Gallium Arsenide with Nitric Acid 
D. F. Kyser and  M .  F. M i l l e a  

Aerospace Corporation, El Segundo, California 

Recen t ly  Yeh and  Blakes lee  (1) r epor ted  the for -  
ma t ion  of etch figures on GaAs af ter  p ro longed  
e tching  wi th  smal l  drops of d i lu te  n i t r ic  acid. The 
work  repor ted  in  this  note  shows tha t  these etch 
figures are due to the fo rma t ion  of As203 crysta ls  on 
the GaAs d u r i n g  n i t r ic  acid etching.  

In  this  s tudy,  wafe rs  of s i ng l e - c rys t a l  GaAs were  
e tched one at a t ime  in  50 ml  of tINO3 acid solu-  
t ion  at room t empera tu r e .  The  wafers  were  etched 
whi le  s t and ing  on edge in  a s lot ted Teflon boat,  w i t h -  
out ag i ta t ion  or s t i r r ing.  The GaAs was  n - t y p e  (111) 
Czochralski  g rown  wi th  a t e l l u r i u m  doping  dens i ty  
of 1.6 x 1017/cm3. Before etching,  bo th  faces of the  

Table I. Effect of nitric acid concentration on crystal formation 

E t c h  
S a m p l e  h m e ,  E t c h  s o l u t i o n  

No. m m  HNO:~:H20 by v o l u m e  R e s u l t s  

1 5 Concentrated Many crystals form on 
HNO3 both faces, bu t  more 

densely on As (111) 
2 10 1 : 1 Same as above, but  rel-  

at ively less dense 
3 10 1:2 No crystals form on 

either side 
4 30 1:2 Same as above 

wafe r  were  mechan ica l ly  pol ished to a m i r r o r  f in-  
ish, w i th  the  final pol i sh ing  compound  be i ng  0.3~ 
a l u m i n a  abras ive .  

E x a m i n a t i o n  of the  wafe r  af ter  e tching  revea led  
tha t  fore ign crysta ls  p rec ip i t a ted  on the  surface,  
depend ing  on the concen t r a t i on  of the  acid so lu t ion  
used. To d e t e r m i n e  the  composi t ion  of the  crystals ,  
a wafe r  sample  was  e tched for 5 m i n  in  concen t ra t ed  
n i t r ic  acid to form a dense  l aye r  of crys ta ls  on the  
As {111} face. This  surface  l aye r  was  ident i f ied as 
As203 by  x - r a y  diffract ion techniques .  In  add i t ion  
the crys ta ls  were  observed to sub l ime  at  the  s u b -  
l ima t ion  t e m p e r a t u r e  of As20~ (193~ (2) .  

Lis ted in  Table  I are  the  effects of va r ious  n i t r ic  
acid concen t ra t ions  on the  f o r ma t i on  of As203 crys-  
tals. A n  example  of the As203 crys ta ls  t ha t  fo rmed  
on the  Ga and  As {111} faces of sample  2 is shown 
in Fig. 1. I t  can easi ly  be seen tha t  the  p r e f e r e n t i a l  
effect of the  etch on the Ga and  As (111) faces is 
sti l l  p reserved ,  as repor ted  b y  A b r a h a m s  a nd  E k -  
s t rom (3).  This  effect enab les  one to i den t i fy  the  
two faces, since etch pi ts  fo rm only  on the  Ga  {111} 
face. The As203 crys ta ls  t ake  a p y r a m i d a l  shape and  
have  a r a n d o m  or ien ta t ion .  M a n y  of the  crys ta ls  
have  flat tops which are cop lanar  and  pa ra l l e l  to 
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Fig. 1. As203 crystals on GaAs wafer after nitric acid etching: 
(a) Ga {111}; (b) As {111}. 

t he  o r ig ina l  su r f ace  of the  wa fe r .  The  c rys t a l s  a d -  
he r e  to the  su r face  b y  m e a n s  of a r a i s e d  p y r a m i d a l  
base  of G a A s  w h i c h  can  be  o b s e r v e d  t h r o u g h  the  
t r a n s p a r e n t  c rys ta l s .  T h e r e  is a m u c h  h i g h e r  d e n s i t y  
of c ry s t a l s  on the  As  {111} face  t h a n  the  Ga  {111} 
face. The  c r y s t a l s  also f o r m  on the  {110} c l eavage  
p l anes  as we l l  as t he  {111} p lanes .  

I t  is b e l i e v e d  t h a t  t he  n i t r i c  ac id  d i s so lves  t he  
G a A s  b y  f o r m i n g  As208 and  a so lub le  g a l l i u m  c o m -  
pound .  H o w e v e r ,  As203 is not  so lub le  in n i t r i c  ac id  
b u t  is so lub le  in H20 to the  l i m i t  of 2.04 g /100 ml  
at  25~ (2) .  Hence,  if  t he  loca l i zed  g e n e r a t i o n  r a t e  
of As.~Os b y  HNO3 exceeds  t he  loca l i zed  d i s so lu t ion  
r a t e  of As20~ b y  H20, t hen  the  As20~ c o n c e n t r a t i o n  
in so lu t ion  wi l l  i nc rea se  un t i l  the  so lub i l i t y  l i m i t  is 
r eached .  A t  t ha t  poin t ,  t he  As203 in so lu t ion  wi l l  
p r e c i p i t a t e  out  to f o r m  c r y s t a l l i n e  As2Os. The  c r y s -  
t a l s  w i l l  a t t a c h  t h e m s e l v e s  to the  su r f ace  of t he  
w a f e r  a n d  g r o w  w i t h  f u r t h e r  e t ch ing  act ion.  The  
s u r f a c e  of  t he  w a f e r  b e n e a t h  the  c r y s t a l  is t h e n  p r o -  
t e c t ed  f r o m  the  etch,  w h i c h  e x p l a i n s  w h y  the  c r y s -  
t a l s  a re  s u p p o r t e d  b y  a r a i s ed  p y r a m i d a l  base  of 
GaAs .  The  f a i l u r e  of t he  c rys t a l s  to f o r m  w i t h  d i l u t e  
n i t r i c  ac id  so lu t ion  can be  e x p l a i n e d  b y  the  fac t  t h a t  
the  g e n e r a t e d  As203 d i sso lves  as  r a p i d l y  as i t  is 
gene ra t ed .  

E T C H I N G  O F  G a A s  W I T H  N I T R I C  A C I D  1103 

A s t r i k i n g  e x a m p l e  of the  e t ch ing  r a t e  on the  
f o r m a t i o n  of these  As203 c rys t a l s  is shown  in Fig.  
2. The  G a A s  w a f e r  con t a ined  a t w i n  p l a n e  i n t e r -  
sec t ing  t h e  su r f ace  a t  an  ang le  of 54.7 ~ , w h e r e  in 
the  z i n c - b l e n d e  s t r u c t u r e  of G a A s  the  t w i n n i n g  o p -  
e r a t i on  m u s t  be  cons ide red  as a 180 ~ r o t a t i o n  a b o u t  
t h e  [111] d i r ec t ions  (4) .  The  w a f e r  was  e t ched  for  
4 min  in one p a r t  HNO~ to one p a r t  H20 so lu t ion  
b y  the  m e t h o d  desc r ibed  p r e v i o u s l y .  To the  r i g h t  
of the  p l a n e  is the  Ga  { i l l } s u r f a c e  w i t h  i ts  As203 
c r y s t a l s  a n d  i d e n t i f y i n g  e tch  pi ts .  To the  l e f t  of the  
t w i n  p l a n e  is a {110} su r f ace  w i t h  a m u c h  h i g h e r  
d e n s i t y  of As203 c rys ta l s .  The  e tch  p i t s  do no t  f o r m  
on the  {110} sur faces .  The  f a s t e r  e t ch ing  r a t e  of t he  
{110} p l a n e  r e s u l t e d  in  l a r g e r  a n d  d e n s e r  As~O3 
c rys t a l s  r e l a t i v e  to t he  Ga  {111} sur face .  This  is in 
a g r e e m e n t  w i th  Ga tos  and  L a v i n e  (5)  who  showed  
t h a t  the  r e l a t i v e  d i s so lu t ion  r a t e s  of l o w - i n d e x  
p l anes  in I n S b  a re  

S b { l l l }  --~ {110} > {110} > I n { l l l }  

Thus ,  t he  e t ch ing  r a t e  d e t e r m i n e s  t he  r e l a t i v e  d e n -  
s i ty  of AseO3 c rys t a l s  on t h e  v a r i o u s  c r y s t a l l o g r a p h i c  
p lanes .  

A d d i t i o n a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  to d e -  
t e r m i n e  if  As2Os c r y s t a l s  w o u l d  f o r m  on G a A s  
w a f e r s  e t ched  in va r i ous  o t h e r  c h e m i c a l  solut ions .  
No As2Os c r y s t a l s  w e r e  o b s e r v e d  on G a A s  spec imens  
e t ched  in l a r g e  v o l u m e s  of (a )  1HF:  1HNO3: 2H20; 
(b )  c o n c e n t r a t e d  H2SO4; (c)  c o n c e n t r a t e d  HeO2; 
and  (d)  c o n c e n t r a t e d  HC1. A l a r g e  d e n s i t y  of As20~ 
c rys t a l s  w e r e  o b s e r v e d  on a G a A s  s p e c i m e n  e t ched  
in 1HF:  1HNOs: 2HAc. 

The  e tch  f igures  o b t a i n e d  b y  Yeh  and  B l a k e s l e e  
(1)  can  now be  e x p l a i n e d  b y  the  f o r m a t i o n  of As20~ 
c rys ta l s .  A n  e x a m p l e  of AseO~ c rys t a l s  f o r m e d  in 
th is  m a n n e r  is shown in Fig.  3. A s m a l l  d rop  of 
1HNO~:2H20 so lu t ion  was  p l aced  on the  su r face  of 
a po l i shed  G a A s  wafe r ,  and  the  As208 c rys t a l s  

Fig. 2. GaAs wafer with twin plane revealed by nitric acid etching 

Fig. 3. As203 crystals on GaAs wafer etched with small drop 
of dilute nitric acid: (a) after etching; (b) after sublimation of 
crystals. 
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f o r m e d  w i t h i n  5 min.  Also shown in Fig.  3 are  the  
ra i sed  p y r a m i d a l  GaAs  bases  a f te r  the  AseO3 c rys -  
tals  w e r e  r e m o v e d  by  subl imat ion .  These  resu l t s  
show tha t  the  As208 crys ta ls  can be  f o r m e d  w i t h  
d i lu te  n i t r i c  acid solut ions  w h e n  v e r y  smal l  v o l u m e s  
of e tch  are  used. The  smal l  v o l u m e  of e tch can eas i ly  
become  s a t u r a t e d  w i t h  d isso lved  As203, and then  
the  c rys t a l l i ne  p rec ip i t a t e s  of As203 can f o r m  as 
desc r ibed  p rev ious ly .  

Manuscript  received Jan.  13, 1964; revised manu-  
script received Apri l  17, 1964. This paper was prepared 
under  U. S. Air  Force Contract  No. AF 04 (695)-169. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL. 
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The Transition Time of Electrode Reactions 
without Supporting Electrolytes 

P. Bro 

Laboratory of Physical Science, P. R. Mallory & Company, Inc., Burlington, Massachusetts 

The  effects of suppor t i ng  e l ec t ro ly te s  on the  
t r ans i t i on  t ime  of e l ec t rode  reac t ions  h a v e  been  
discussed r e c e n t l y  by Morr i s  and L i n g a n e  (1) ,  who  
p re sen t ed  a r igorous  d e r i v a t i o n  of the  t r ans i t i on  
t i m e  equa t i on  for  solut ions  w i t h o u t  suppor t ing  
e lec t ro ly tes .  The i r  e x p e r i m e n t a l  da ta  ag reed  we l l  
w i t h  the  p red i c t ed  t r ans i t ion  t imes  for  s eve ra l  
ca thodic  react ions .  

In connec t ion  w i t h  our  s tudies  of nonaqueou s  b a t -  
t e r y  sys tems  we  h a v e  had  occasion to e x a m i n e  the  
same  p rob lem,  and  Dr. Se l im  of our  l a b o r a t o r y  has 
ob ta ined  da ta  wh ich  test  the  va l i d i t y  of the  r e -  
v i sed  t r ans i t ion  t ime  e q u a t i o n  u n d e r  qu i t e  g e n e r a l  
condi t ions  w h i c h  h a v e  not  ye t  been  r e p o r t e d  in the  
l i t e ra tu re .  

Hydroch lo r i c  acid was  p a r t i c u l a r l y  i n t e r e s t i ng  
a m o n g  the  solut ions  tes ted  since it  could be used  
to ob ta in  bo th  anodic  and ca thodic  t r ans i t ion  t imes  
u n d e r  iden t i ca l  condi t ions.  F u r t h e r m o r e ,  the  d is -  
cha rge  of h y d r o g e n  ions p r o v i d e d  as seve re  a tes t  
of t he  diffusion mode l  as m a y  be expec t ed  in p r a c -  
t ica l  systems.  The  e x p e r i m e n t a l  da t a  are  g iven  in 
Tab l e  I, and t h e y  are  c o m p a r e d  w i t h  the  p red i c t ed  
va lues  in Tab le  II. E q u a t i o n  [27] of Morr i s  and 
L ingane  was  used  to ob ta in  the  p red i c t ed  va lues  in 
con junc t ion  w i t h  pub l i shed  diffusion da ta  (2) .  It  
m a y  be seen tha t  the  e x p e r i m e n t a l  and t heo re t i c a l  

Table I. Anodic and cathodic transition times in hydrochloric 
acid at 25~ 

ITl12* 
HCI,  M NaNO3,  M NH,C10~,  M A n o d i c  C a t h o d i c  

m a  secl /2  

0.00247 - -  - -  3.2 • 0.1 15.7 • 0.5 
0.00247 1.0 - -  2.2 • 0.1 4.2 _ 0.2 
0.0037 - -  - -  5.1 • O.1 20.4 • 1.8 
0.0037 - -  1.0 passivates 5.7 • 0.2 
0.0069 - -  - -  passivates 42 • 1.5 
0.0069 - -  1.0 passivates 11.2 • 0.2 

* H g  e l e c t r o d e s  s u p p o r t e d  on p l a t i n u m  foi l ,  2 em~ e l e c t r o d e  a r e a .  

Table II. Comparison of experimental and theoretical 
transition time ratios 

HC1 (I2 n/2) / ( ITs  ~/~ ) 
c o n c e n t r a t i o n ,  M R e a c t i o n  E x p e r i m e n t a l  T h e o r e t i c a l  

0.00247 Anodic 1.45 1.57 
0.00247 Cathodic 3.74 3.35 
0.0037 Cathodic 3.58 3.35 
0.0069 Cathodic 3.75 3.35 

va lues  agree  w i t h i n  10% w h i c h  confi rms tha t  the  
equa t i on  g iven  by Morr i s  and L i n g a n e  a d e q u a t e l y  
descr ibes  the  b e h a v i o r  of e l ec t rode  reac t ions  in so- 
lu t ions  w i t h o u t  suppor t ing  e lec t ro ly tes  w h e n  no 
compl ica t ions  a re  present .  

Our  ana lys is  of the  p r o b l e m  inc luded  the  i n t e g r a -  
t ion of an equa t i on  e q u i v a l e n t  to Eq. [21] of M o r -  
ris and L ingane  w h i c h  led to an  exp l ic i t  express ion  
for  the  concen t r a t i on  profi le  in t he  s t agnan t  so lu-  
tion. Fo r  the  d i scharge  of ca t ions  t he  concen t r a t i on  
profi le  becomes  

w 1.0 
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Fig. 1. Comparison of experimental and theoretical chronopoten- 
tiograms; . . . . .  theoretical curve; , experimental data, 
0.00247M HCI. 
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b I  
cl (x , t )  =Co -- 

a (a  ~- b)FD1 

2 - -~- - j  e x p k , - 4 - - D ~  - X e r f c  2 ( D r )  1~2 

W h e r e  t h e  ca t ion ic  c u r r e n t  is t a k e n  as pos i t ive .  
This  e q u a t i o n  was  used  w i t h  Eq. [34]  of Mor r i s  and  
L i n g a n e  to  ca l cu l a t e  t he  anod ic  and  ca thod ic  c h r o n o -  
p o t e n t i o g r a m s  of h y d r o c h l o r i c  ac id  shown  in Fig .  1. 
The  t h e o r e t i c a l  cu rves  a re  c o m p a r e d  w i t h  t he  e x -  
p e r i m e n t a l  c h r o n o p o t e n t i o g r a m s ,  and  i t  m a y  be  
seen  t ha t  t he  anod ic  b e h a v i o r  can  be  p r e d i c t e d  qu i t e  
wel l ,  w h e r e a s  t he  ca thod ic  b e h a v i o r  is less  s a t i s -  
f ac to ry .  The  t h e o r e t i c a l  c h r o n o p o t e n t i o g r a m s  can 
p r o b a b l y  be  i m p r o v e d  b y  the  u se  of c o n c e n t r a t i o n  
d e p e n d e n t  t r a n s p o r t  p a r a m e t e r s  a l t h o u g h  t h e r e  is 
no s imple ,  r i go rous  w a y  of do ing  so at  t he  p r e s e n t  
t ime.  The  d i s c r epanc i e s  b e t w e e n  t h e  s lopes  of the  
cu rves  in  t h e  t r a n s i t i o n  r eg ions  a r e  qu i t e  l a rge ,  
a n d  t h e y  m a y  be  a t t r i b u t e d  to e l e c t r o d e  r eac t i ons  
no t  a l l o w e d  for  in t h e  s ingle  r e a c t i o n  model .  

I t  appea r s ,  then ,  t h a t  the  t r a n s i t i o n  t i m e  f o r m a l -  
i sm can  be  used  in  a n a l y z i n g  the  b e h a v i o r  of e l ec -  

t r odes  in so lu t ions  w i t h o u t  s u p p o r t i n g  e l ec t ro ly t e s ,  
b u t  t h a t  cau t ion  m u s t  be  e x e r c i s e d  in  q u a n t i t a t i v e  
p r e d i c t i o n s  of c h r o n o p o t e n t i o g r a m s  b a s e d  on s imp le  
models .  

Manuscr ip t  received Feb.  5, 1964; rev ised  manusc r ip t  
rece ived  May  11, 1964. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1965 JOURNAL. 
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SYMBOLS 
a cationic charge, dimensionless  
b anionic charge,  dimensionless  
co in i t ia l  e lec t ro ly te  concentrat ion,  mo le / c m 3 
cl concentra t ion of cation, mo le / c m 8 
D diffusion coefficient of e lectrolyte ,  cm2/sec 
D1 diffusion coefficient of cation, cm2/sec 
F the Fa raday ,  coulombs 
I cur ren t  density,  a m p / c m  9 
t t ime, sec 
T t rans i t ion  time, sec 
Ts t ransi t ion t ime in presence of suppor t ing  e lec t ro-  

lyte,  sec 
X posi t ion coordinate,  cm 
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ABSTRACT 

Dodecane was efficiently chlorinated at a porous carbon anode in an 
electrolyt ic  cell containing a 20% hydrochloric  acid electrolyte.  The dode- 
cane flowed continuously through the porous anode, and chlorinated prod-  
ucts were  continuously wi thdrawn.  Vol tametr ic  studies on small-scale  elec- 
trodes indicated that  the react ion mechanism involves chlorine evolut ion fol-  
lowed by a chlorinat ion react ion which takes place in a thin film adhering 
to the electrode. The distr ibut ion of products, i.e., the rat io of monochloro-  
dodecanes to dichlorododecanes produced were  correla ted on the basis of a 
calculated statistical distr ibution assuming a free radical  mechanism. The 
pronounced deviat ions f rom this statistical distr ibution at low current  den-  
sities are explained on the basis of a competing react ion which involves the 
diffusion of free radical  inhibitors into the react ion film. 

Monochlorinat ion of paraffin hydrocarbons is a 
growing route  to olefins, alcohols, amines, amides, 
nitriles, alkyl  benzenes, and many  other  a lkyl  prod-  
ucts. Chlorine is substi tuted for hydrogen by direct  
action of chlorine in ei ther l ight -ac t iva ted  or the r -  
mal ly  act ivated reactions. This s tudy considers still 
another  technique, e lectrochemical  chlorination. A 
specific object ive of the study was to determine  if n -  
dodecane can be continuously and efficiently mono-  
chlorinated at the anode of an electrolyt ic  cell con- 
taining an aqueous hydrochloric  acid electrolyte.  

The exper imenta l  work  was directed pr imar i ly  to-  
ward  two aspects of the problem: (i) de terminat ion  
of the effect of cell operat ing characterist ics on prod-  
ucts, specifically in respect  to reduct ion of polychlo-  
rides, and (if) unders tanding the mechanism of the 
reactions. Most of the work  was conducted in a 
chlorinat ion cell which was equipped to provide  do- 
decane continuously at the surface of a porous car-  
bon anode and to skim products and unreac ted  dode-  
cane continuously f rom the cell. Vol tametr ic  studies 
were  also made using small  cells and specially con- 
structed electrodes. 

Experimental 
Chlorination cell.--The anode of the chlorinat ion 

cell (Fig. 1) was a porous carbon cyl inder  wi th  one 
end closed and the open end tapped to receive  a Yr 
in. Teflon pipe nipple. This nipple served as the hy -  
drocarbon feed ent ry  as wel l  as a support  for the 
anode. The anode was 3.7 cm long with  an outside 
d iameter  of 2.5 cm and a wall  thickness of 0.7 cm. 
A coating of porcelain cement  res t r ic ted the working  
surface to the ver t ical  per imeter  below the end of 
the Teflon nipple. Electr ical  connection to the anode 
was made by means of a copper wire  extending down-  
ward  through the hydrocarbon feed tube. 

Hydrocarbon feed to the cell was moni tored by a 
small  flow meter ,  but  the actual quanti t ies of dode- 
cane fed were  de te rmined  f rom volume changes in 
a cal ibrated feed cylinder.  The hydrocarbon feed was 
purged wi th  ni t rogen to expel  dissolved oxygen. The 
electrolyte  was 20% hydrochlor ic  acid and fresh acid 
was introduced continuously to the cell at a ra te  of 
60 to 100 m l / h r  depending on the current  density. 
Curren t  densities in the range 15 to 180 m a / c m  2 were  
used, and the cell t empera ture  was mainta ined be-  
tween 93 ~ and 102~ The cell t e rmina l  vol tage ranged 
f rom 1.5 to about 2.0v depending on current  density 
and dodecane feed rate. Samples were  collected for 
analysis af ter  several  hours of operat ion at constant 
current  and hydrocarbon feed rate. These samples 
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were  analyzed for mono-  and dichlorododecanes by 
gas- l iquid chromatography.  

Nat ional  Carbon Grade 60 (NC-60) porous carbon 
was used as anode material .  This carbon is repor ted  
to have a void volume of about  0.2 cmS/g in pores 
ranging f rom 10 to 60~ in diameter.  Phil l ips pure -  
grade dodecane was the feed. 

Voltametric cells.--Graphite-paste electrodes sim- 
i lar  to those described by Adams (1) were  constructed 
for the vol tametr ic  studies. The  conductive pastes 
were  prepared  by mixing  ei ther  dodecanes or un re -  
active binders wi th  fine graphi te  powder.  Holders 
were  prepared f rom glass tubing. The lead wire  ex-  
tended through the glass tubing and was immersed  in 
the paste which was packed in the end of the tubing. 
The electrode surface was the exposed area at the end 
of the tubing. Carbon or p la t inum counter  electrodes 
were  used. Reference electrodes were  ei ther  satu-  
ra ted calomel or s i lver -s i lver  chloride electrodes. The 
electrode potent ial  was increased l inear ly  wi th  t ime 
re la t ive  to a re ference  electrode by a potentiostat  based 
on operat ional  amplifiers. Similar  potentiostats are de-  
scribed in detail  e lsewhere  (2). The cell current  as 
a funct ion of anode- to - re fe rence  vol tage was plotted 

Fig. 1. Chlorination cell 
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Fig. 2. Effect of current density and conversion on product distri- 
bution; current density, rno/cm2: G, 17; e, 50; [7, 67; I I ,  90; 
/%, 120; A ,  70-180 with peroxide additive. 

b y  a n  x - y  r e c o r d e r  w i t h  a 2-sec  p e n  a n d  a 4~/2-sec 
c h a r t .  T h e  v o l t a g e  ax i s  m a y  also b e  c o n s i d e r e d  a t i m e  
ax i s  b y  v i r t u e  of t h e  l i n e a r  s w e e p  vo l t age .  

E x c e p t  as i n d i c a t e d  t h e  e l e c t r o l y t e  w as  a 20% so-  
l u t i o n  of  h y d r o c h l o r i c  acid.  S o m e  of t h e  v o l t a m e t r i c  
t r a c e s  o n  p a s t e  e l e c t r o d e s  w e r e  o b t a i n e d  in  e l e c t r o -  
l y t e  c o n t a i n i n g  4 g / l i t e r  of  p o t a s s i u m  iodide.  C o n s e -  
q u e n t l y ,  o x i d a t i o n  p e a k s  c o r r e s p o n d i n g  to t h e  f o r m a -  
t i on  of i o d i n e  a n d  i o d i n e  m o n o c h l o r i d e  w e r e  n o t e d  in  
a d d i t i o n  to t h e  f inal  u p s w i n g  a s soc i a t ed  w i t h  c h l o r i n e  
e v o l u t i o n  (Fig.  3) .  T h e  p u r p o s e  of t h i s  m u l t i p l e  o x -  
i d a t i o n  w a s  to  s h o w  t h a t  d i f f e r e n t  e l e c t r o d e s  w e r e  
c o m p a r a b l e .  I t  w a s  f o u n d  t h a t  p a s t e  e l e c t r o d e s  v a r i e d  
in  t h e  c h l o r i d e  o x i d a t i o n  p o t e n t i a l  d e p e n d i n g  o n  t h e  
r a t i o  of  b i n d e r  to  s u b s t r a t e ,  t he  t y p e  of s u b s t r a t e ,  or  
e v e n  t h e  m e c h a n i c s  of f o r m i n g  t h e  e l ec t rodes .  B y  
d e m o n s t r a t i n g  i d e n t i c a l  r e s p o n s e  to o t h e r  r e a c t i o n s  
t h a n  t h e  c h l o r i d e  o x i d a t i o n  c o n f i r m e d  t h a t  t h e  a n a l y -  
sis w a s  n o t  a f fec ted  b y  c o m p o s i t i o n a l  a n d  m e c h a n i c a l  
v a r i a t i o n s  i n  t h e  e l ec t rodes .  

Results and Discussion 
P r o d u c t  d i s t r i b u t i o n . - - P r o d u c t s  r e c o v e r e d  in  t h e  

c o n t i n u o u s  c h l o r i n a t i o n  of d o d e c a n e  w e r e  m o n o c h l o -  
r o d o d e c a n e s ,  d i c h l o r o d o d e c a n e s ,  a n d  h i g h e r  c h l o r o -  
d o d e c a n e s .  O n e  of t h e  o b j e c t i v e s  of  t h e  p r o d u c t  s t u d -  
ies  was  to m a x i m i z e  t h e  y i e ld  of m o n o c h l o r o d e d e c a n e ,  
w h i c h  w a s  c o n s i d e r e d  to b e  t h e  m o s t  i m p o r t a n t  p r o d -  
uc t  f r o m  a c o m m e r c i a l  s t a n d p o i n t .  C o n v e r s i o n s  w e r e  
l i m i t e d  in  t h i s  s t u d y  to  a b o u t  25% to m i n i m i z e  t h e  
y i e l d  of d i c h l o r o -  a n d  h i g h e r  c h l o r o d o d e c a n e s .  A t  
c o n v e r s i o n s  of 25% a n d  less,  t h e  y i e l d  of  h i g h e r  c h l o -  
r o d o d e c a n e s  ( p r i m a r i l y  t r i c h l o r o d o d e c a n e s )  w a s  n e g -  
l ig ible .  T h e r e f o r e ,  t h e  t r i c h l o r o d o d e c a n e s  a n d  h i g h e r  
a r e  o m i t t e d  f r o m  f u r t h e r  d i scuss ion .  

T h e  p r o d u c t  d i s t r i b u t i o n  o b t a i n e d  o n  d o d e c a n e  
c h l o r i n a t i o n  is s u m m a r i z e d  b y  Fig. 2. Th i s  f igure  s h o w s  
t h e  m o n o c h l o r i d e - t o - d i c h l o r i d e  r a t i o  as a f u n c t i o n  of 
d o d e c a n e  conve r s i on .  I t  g ives ,  in  effect,  s e l e c t i v i t y  to  
t h e  two  m a j o r  p r o d u c t s  v s .  c o n v e r s i o n  as a f fec ted  b y  
c u r r e n t  dens i t y .  A t  t h e  h i g h e s t  c u r r e n t  d e n s i t i e s  e v a l -  
ua t ed ,  t h e  y i e l d s  of m o n o c h l o r o d o d e c a n e  a p p r o a c h e d  
a c a l c u l a t e d  s t a t i s t i c a l  d i s t r i b u t i o n .  T h i s  c a l c u l a t i o n  
a s s u m e d  a s i m p l e  m o d e l  in  w h i c h  c h l o r i n e  is e v o l v e d  
a t  t h e  e l e c t r o d e  a n d  t h e n  s u b s t i t u t e d  f o r  h y d r o g e n  
o n  t h e  d o d e c a n e  o n  a s t r i c t l y  s t a t i s t i c a l  bas is .  F o r  
s u c h  a m o d e l  t h e  p r o d u c t  c o m p o s i t i o n  is d e p e n d e n t  
o n l y  o n  c o n v e r s i o n  a n d  t h e  r a t i o s  of t h e  r a t e  c o n -  
s t a n t s  fo r  t h e  v a r i o u s  spec ies  p r e s e n t .  H e r e ,  t h e s e  
r a t i o s  w e r e  t a k e n  to b e  e q u a l  to t h e  r a t i o  of h y d r o -  
g e n  a t o m s  in  t h e  r e s p e c t i v e  species .  T h u s  t h e  r a t i o  of 
r e a c t i v i t y  of d o d e c a n e  to m o n o c h l o r o d o d e c a n e  w a s  
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Fig. 3. Anodic voltage scans of several paste electrodes in 20% 
HCI containing 4 g/I potassium iodide; sweep rote, 0.32 v/rain; 
temperature, 25~ substrate, No. 38 Atcheson graphite; binders: 
36.5 w/o dodecone, 58.8 w/o carbon tetrochloride, 62.5 w/o tri- 
chlorobromo-rnethone. 

t a k e n  to b e  26/25.  To a v e r y  good  a p p r o x i m a t i o n  t h e  
e x p e c t e d  r a t i o  of m o n o c h l o r o d o d e c a n e  to d i c h l o r o -  
d o d e c a n e  c a n  b e  r e l a t e d  to e x t e n t  of c o n v e r s i o n  as 
fo l lows  

R 1 / R 2  ~ - -  (52 -~ L n  X ) / 2 5  L n X  [1] 

w h e r e  R1 is m o l e s  of  m o n o c h l o r o d o d e c a n e / m o l e  of 
d o d e c a n e  feed,  R2 m o l e s  of d i c h l o r o d o d e c a n e / m o l e  of 
d o d e c a n e  feed,  a n d  X m o l e s  of u n r e a c t e d  d o d e c a n e /  
m o l e  of  d o d e c a n e  feed.  

T h e  c u r v e  l a b e l e d  " s t a t i s t i c a l  d i s t r i b u t i o n "  o n  Fig.  
2 is a g r a p h i c a l  r e p r e s e n t a t i o n  of Eq.  [1].  U n d e r  f a -  
v o r a b l e  c o n d i t i o n s  t h i s  r a t i o  was  c lose ly  a p p r o a c h e d  
b u t  i n  no  case  w a s  t h e  c u r v e  exceeded .  T h e  l i ne s  
d r a w n  t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s  on  Fig.  2 
w e r e  c a l c u l a t e d  f r o m  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  on  
t h e  a s s u m p t i o n  t h a t  a c e r t a i n  f r ac t i on ,  F, of t h e  r e -  
a c t i n g  d o d e c a n e  m o l e c u l e s  c o n v e r t e d  d i r e c t l y  to d i -  
c h l o r o d o d e c a n e s  b y  a n  a l t e r n a t e  n o n r a d i c a l  r e a c t i o n  
m e c h a n i s m .  

T h e  p r o n o u n c e d  d e p e n d e n c e  of t h e  p r o d u c t  d i s -  
t r i b u t i o n  on  c u r r e n t  d e n s i t y  is t h o u g h t  to  b e  a r e -  
su l t  of i n h i b i t i o n  of  t h e  p o s t u l a t e d  r a d i c a l  m e c h a n i s m  
b y  t r a n s p o r t  of t r a c e  a m o u n t s  of f r e e  r a d i c a l  i n -  
h i b i t o r s  f r o m  t h e  b u l k  e l e c t r o l y t e  i n to  t h e  r e a c t i o n  
zone.  A t  h i g h  c u r r e n t  d e n s i t i e s  th i s  i n h i b i t i o n  ef fec t  
c o u l d  b e  o v e r w h e l m e d  b y  t h e  i n c r e a s e d  c h l o r i n e  c o n -  
c e n t r a t i o n  in  t h e  r e a c t i o n  zone.  Th i s  r e a s o n i n g  also 
e x p l a i n s  t h e  bene f i c i a l  e f fec t  of t h e  b e n z o y l  p e r o x i d e ,  
w h i c h  d e c o m p o s e s  to  p r o d u c e  r a d i c a l s  t h a t  cou ld  
s c a v e n g e  t h e  i n h i b i t o r s  and,  t h u s  g ive  m u c h  t h e  s a m e  
effect  as a n  i n c r e a s e  in  c u r r e n t  dens i ty .  A n o t h e r  ob -  
s e r v a t i o n  t h a t  s u b s t a n t i a t e s  t h e  f o r e g o i n g  was  t h e  
o b s e r v e d  c h a n g e  in  c u r r e n t  ef f ic iency a n d  s e l e c t i v i t y  
to m o n o c h l o r o d o d e c a n e s  t h a t  t a k e s  p l ace  d u r i n g  t h e  
f irst  two  or  t h r e e  h o u r s  of o p e r a t i o n  w i t h  a n e w  a n -  
ode. D u r i n g  t h i s  i n i t i a l  p e r i o d  t h e r e  w a s  a s t e a d y  a n d  
s ign i f i can t  i m p r o v e m e n t  in  c u r r e n t  ef f ic iency a n d  se -  
l e c t i v i t y  to  m o n o c h l o r o d o d e c a n e s .  I t  is p o s t u l a t e d  t h a t  
a f r e s h  c a r b o n  a n o d e  c o n t a i n s  a d s o r b e d  o x y g e n  or  
o t h e r  i m p u r i t i e s  w h i c h  c o n s u m e  c h l o r i n e  or  o t h e r w i s e  
i n h i b i t  t h e  f o r m a t i o n  of  f r e e  r ad ica l s .  Once  t h e s e  i m -  
p u r i t i e s  w e r e  c o n s u m e d ,  t h e  e l e c t r o d e s  w e r e  op -  
e r a t e d  fo r  s e v e r a l  d a y s  w i t h  n o  c h a n g e  i n  p e r f o r m -  
ance.  C u r r e n t  eff ic iencies  w e r e  in  t h e  r a n g e  of  80 to 
100% a n d  w e r e  s u b s t a n t i a l l y  i n d e p e n d e n t  of  c u r r e n t  
dens i ty ,  d o d e c a n e  f e e d  ra t e ,  a n d  c o n v e r s i o n  leve l .  T h e  
a p p e a r a n c e  of t h e  s u r f a c e  of  a n  a n o d e  was  u s u a l l y  
c h a n g e d  a f t e r  i t  w a s  u s e d  f o r  c h l o r i n a t i o n ,  a n d  t h e  
e x t e n t  of t h e  c h a n g e  a p p e a r e d  to d e p e n d  on  t h e  c u r -  
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ren t -dens i ty  history of the electrode. Extens ive  change 
in appearance was not observed except  at current  
densities much  beyond those reported.  

Electrode reaction mechanism.--The results  in Fig. 
3 show that  the react ion of chlorine and dodecane 
does not lead to significant electrode depolarization. 
Dodecane and ful ly  halogenated binders gave equiva-  
lent  traces. Similar  results were  obtained wi th  a small  
NC-60 porous carbon electrode at several  t emper -  
atures in the range of 25~176 For  example  at a 
current  density of 5 m a / c m  2 an electrode saturated 
wi th  dodecane gave the same vol tage as a similar  
e lect rode complete ly  f ree  of dodecane. In  l ight  of 
these findings, it seems reasonable to conclude that  
the chlorination of dodecane does not take place on 
the electrode surface to any significant ex ten t  at 
least at current  densities in excess of 5 m a / c m  ~. 

Proper t ies  of the dodecane film on the anode and 
the dependence of these propert ies  on feed rate,  den-  
sity differences, e lectrode geometry,  and viscosity 
were  not invest igated by direct  experiment .  It  is be-  
l ieved that  under  the conditions evalua ted  the dode-  
cane film was continuous. Likewise,  react ion rates 
were  not  direct ly  studied. However ,  the rates were  
sufficiently fast to give essential ly complete ut i l iza-  
t ion of the evolved chlorine. 

Conclusions 
1. Util izing a cell  such as described, normal  dode-  

cane is continuously and efficiently chlor inated to 
dodecane monochlorides.  Under  favorable  conditions, 
the product  distr ibution approaches but  never  exceeds 
a calculated statistical distribution. 

2. Approach to the statistical dis tr ibut ion is fa-  
vored by high current  density or free radical  pro-  
moters  in the feed. 

3. There  is no significant depolarizat ion due to 
presence of dodecane on the anode. 

4. The mechanism of the react ion is be l ieved  to be 
chlorine evolut ion fol lowed by l iquid-phase  chlor ina-  
tion reaction, which is essentially complete  before 
the dodecane breaks  away f rom the anode. 

Manuscript  received Oct. 17, 1963. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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New Methods of Obtaining Fuel Cell Electrodes 
I. Aluminum-Nickel Mixed Powder Hydrogen Electrode 
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ABSTRACT 

A new method  of obtaining Raney nickel  hydrogen electrodes was eval -  
uated, in which the electrodes were  made by pressing a luminum-nicke l  pow-  
der mixture ,  fol lowed by simultaneous s inter ing of Ni skeleton and al loy- 
ing of the surface layer  of the formed Ni skeleton with  a luminum present  
in its pores. The  best  resul ts  were  obtained wi th  a mix tu re  of 10% (by 
weight )  A1 and 90% Ni, fol lowed by s inter ing and al loying at 660~ for 1/2 hr. 
Such electrodes, wi th  slopes of the anodic polarizat ion curves of 0.8-1 cm 2 
v / amp ,  and l imit ing current  densities of ca. 250 m a / c m  2 were  similar  to 
those made of Ni and Raney-Ni  powder  of the same quality, according to 
the method of Justi.  Microscopic invest igat ion revea led  that  dur ing the heat -  
ing react ion be tween  Ni and /%1 took place yielding Ni2AI~, which is elec- 
t rochemical ly  the most act ive type of Raney nickel  alloy. In the case of 
double layer  electrodes, made by this method, the extent  of the active layer  
did not  substantial ly influence the electrochemical  characterist ics of the  
electrodes down to 0.5 mm thickness. The major  advantages of this type of 
electrode lie in the simplici ty of their  prepara t ion as wel l  as in their  
mechanical  strength. 

Catalyt ic  activity, or sufficiently high working  cur-  
rent  density of a hydrogen fuel  cell electrode at low 
polarization, can be achieved in two ways. One is 
that  of impregnat ion  of the inact ive porous bodies 
[e.g., made of porous carbon (1) or s intered Ni or 
Fe powders  (2)] by an active component  exhibi t ing 
a catalytic influence on the electrochemical  react ion 
at the electrode (e.g., pla t inum) .  The other  way  is 
that  of mixing an electrochemical ly  active compo- 
nent  in the form of powder  (e.g., Raney nickel) wi th  
an inact ive powder  (e.g., nickel) ,  and then pressing 
and sinter ing this powder  mix tu re  into an act ive hy-  
drogen electrode (3). In the la t ter  case the role of 
the inact ive component  is to form a sufficiently strong 
metal  skeleton, in the pores of which the part icles 

of act ive Raney nickel  alloy are  situated. The part icles 
of the Raney alloy themselves  are not  able to give 
sufficiently strong mechanical  s t ructure  to the elec-  
trode. 

The impregnat ion  method has two major  disad- 
vantages.  The  first one is the high price of the cata-  
lyt ical ly  act ive mater ia ls  used in it (Pt, Pd, etc.) 
whi le  the second one is the sensit ivi ty of these cata-  
lysts to poisoning by very  small  amounts  of im-  
purit ies which can be present  in the hydrogen used. 
Therefore,  the danger  of poisoning the electrodes im-  
plies the use of adequate ly  purified hydrogen,  in-  
creasing the cost of the fuel. 

The Raney- type  electrodes are known not to have  
both of the disadvantages ment ioned above. How-  
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ever ,  t h e  p roces s  of t h e i r  p r e p a r a t i o n  is c o n s i d e r a b l y  
m o r e  i n v o l v e d ,  c o m p r i s i n g  t h e  p r e p a r a t i o n  of t h e  
R a n e y  a l loy ,  i t s  d i s i n t e g r a t i o n  i n to  a p o w d e r  of u n i -  
f o r m  p a r t i c l e  size, m i x i n g  of R a n e y  a l loy  p o w d e r  
w i t h  t h e  c o r r e s p o n d i n g  Ni  p o w d e r ,  p r e s s i n g  a n d  s i n -  
t e r i n g  of t h i s  m i x t u r e  in to  a c o m p a c t  b o d y  to b e  
a c t i v a t e d ,  a n d  f ina l ly  r e n d e r i n g  t he  e l e c t r o d e  ac t ive .  

T h e  p u r p o s e  of th i s  c o m m u n i c a t i o n  is to  e s t i m a t e  
t h e  v a l u e  of  t h e  ideas  d e v e l o p e d  b y  Pe t rov i6 ,  Despid,  
Janc i6 ,  a n d  Draz i6  (4) t h a t  a n  a c t i v e  h y d r o g e n  e lec -  
t r o d e  m a y  b e  o b t a i n e d  b y  t h e  f o r m a t i o n  of t h e  R a n e y  
a l loy  a t  t h e  p o r e - w a l l s  i n s i d e  t h e  i n a c t i v e  Ni  p o r o u s  
b o d y  b y  t h e  r e a c t i o n  of t h e  s u r f a c e  l a y e r  of Ni  w i t h  
A1 b r o u g h t  i n t o  t h e  p o r e s  b y  a s u i t a b l e  m e t h o d .  T h i s  
w o r k  is c o n c e r n e d  w i t h  t h e  i n v e s t i g a t i o n  of t h e  
R a n e y  n i c k e l  e l e c t r o d e s  o b t a i n e d  b y  p r e s s i n g  a n d  
h e a t i n g  a m i x t u r e  of a l u m i n u m  a n d  n i c k e l  p o w d e r s .  
Th i s  p r o c e s s  y i e l d e d  s i m u l t a n e o u s  s i n t e r i n g  of Ni  
p a r t i c l e s  a n d  f o r m a t i o n  of R a n e y  n i c k e l  b y  t h e  r e a c -  
t i o n  b e t w e e n  Ni  a n d  A1. 

Experimental  
T w o  k i n d s  of e l e c t r o d e s  w e r e  used.  F o r  t h e  f i rs t  

s e t  of e x p e r i m e n t s  t h e  e l e c t r o d e s  w e r e  m a d e  of a 
m i x t u r e  of c a r b o n y l  n i c k e l  p o w d e r  ( M o n d  N i c k e l  Co. 
n o n f r a c t i o n a t e d  G r a d e  A)  a n d  a n  a l u m i n u m  p o w d e r  
( C a r l o  E r b a ,  w i t h  g r a i n  size r a n g i n g  b e t w e e n  1 a n d  
90~).  T h e  p e r c e n t a g e  of A1 in  t h e  m i x t u r e  w a s  v a r i e d  
b e t w e e n  0 a n d  15% ( b y  w e i g h t ) .  S u c h  a m i x t u r e  
was  h o m o g e n i z e d  m a n u a l l y  in  a p o r c e l a i n  m o r t a r  
( h o m o g e n i z a t i o n  in  a m e c h a n i c a l  h o m o g e n i z e r  w a s  
inef f ic ien t  b e c a u s e  of t h e  l a r g e  d i f f e r e n c e  in  specif ic  
g r a v i t i e s  of Ni  a n d  A1).  A n  a m o u n t  of t h i s  m i x t u r e  
w a s  p u t  i n to  a die  a n d  p r e s s e d  w i t h  a fo rce  of 50 
t o n s  to  f o r m  a d i sk  s h a p e d  e l e c t r o d e  40 m m  in  d i a m -  
e t e r  a n d  i m m  th i ck .  

I n  t h e  s e c o n d  se t  of e x p e r i m e n t s  d o u b l e  l a y e r  e l ec -  
t r o d e s  w e r e  m a d e  of t h e  s a m e  s h a p e  as w e r e  t h e  
p r e v i o u s  ones,  b u t  w i t h  a v a r y i n g  t h i c k n e s s  of t h e  
a c t i v e  ( coa r se )  l a y e r  (0.2-0.5 r a m ) .  C o a r s e  l a y e r s  
w e r e  m a d e  of t h e  s a m e  Ni -A1 p o w d e r  m i x t u r e  w i t h  
10% A1, as u s e d  above .  T h e  f ine l a y e r s  w e r e  m a d e  of 
p u r e  Ni  p o w d e r  (4-5~, g r a i n  s ize)  a n d  w e r e  0.25 m m  
th ick .  

T h e  s i n t e r i n g  of s u c h  p r e s s i n g s  w a s  d o n e  a t  t e m -  
p e r a t u r e s  b e t w e e n  600 ~ a n d  700~ in  a n  a t m o s p h e r e  
of pu r i f i ed  a n d  d r i e d  h y d r o g e n  fo r  ~/2 hr .  T h e  r e m o v a l  
of o x y g e n  f r o m  t e c h n i c a l  h y d r o g e n  w a s  d o n e  w i t h  
D e o x o  e q u i p m e n t  a f t e r  w h i c h  t h e  gas  w a s  d r i e d  in  
a c o l u m n  w i t h  N a O H  pe l le t s .  I n  t h e  p roces s  of s i n -  
t e r i ng ,  t h e  d o u b l e  l a y e r  e l e c t r o d e s  s h o w e d  a t e n d -  
e n c y  to b e n d  b e c a u s e  of d i f f e r e n t  s h r i n k i n g  p r o p e r -  
t ies  of t h e  f ine a n d  coa r se  l aye r s .  Th i s  d i f f icul ty  w a s  
o v e r c o m e  b y  a p p l y i n g  a n  a p p r o p r i a t e  h o l d e r  in  w h i c h  
t h e  e l e c t r o d e s  w e r e  s i n t e r e d  w h i l e  u n d e r  s l i g h t  
p r e s s u r e .  

A f t e r  cool ing ,  t h e  e l e c t r o d e s  w e r e  p l a c e d  i n to  6N 
K O H  s o l u t i o n  w a r m e d  to 80~ in  o r d e r  to d i s so lve  
A1 f r o m  t h e  f o r m e d  R a n e y  a l loy ,  so as to  o b t a i n  t h e  
a c t i v e  f o r m  of t h e  e l ec t rode .  W h e n  h y d r o g e n  b u b b l e s  
s t o p p e d  e v o l v i n g ,  t h e  e l e c t r o d e s  w e r e  t a k e n  o u t  of 
t h e  s o l u t i o n  a n d  w e r e  m o u n t e d  in  a spec i a l  h o l d e r ,  
e n a b l i n g  c o n t a c t  b e t w e e n  one  s ide  of t h e  e l e c t r o d e  
a n d  h y d r o g e n  gas  u n d e r  a p r e s s u r e  of s e v e r a l  a t m o s -  
phe re s ,  as w e l l  as c o n t a c t  of t h e  o t h e r  s ide  w i t h  
6N K O H  s o l u t i o n  ( w a r m e d  to 60~  T h e  w h o l e  a s -  
s e m b l y  was  gas  t igh t .  

P r i o r  to  e l e c t r o c h e m i c a l  i n v e s t i g a t i o n s ,  a n  a d d i -  
t i o n a l  e l e c t r o c h e m i c a l  a c t i v a t i o n  was  d o n e  in  t h e  
u s u a l  m a n n e r  b y  m e a n s  of a n o d i c  p o l a r i z a t i o n  (3) .  

T h e  i n v e s t i g a t i o n  of e l e c t r o c h e m i c a l  b e h a v i o r  of 
t h e  e l e c t r o d e s  w a s  d o n e  in  a t h e r m o s t a t e d  ce l l  in  
6N K O H  at  60~ b y  o b s e r v i n g  a n o d i c  p o l a r i z a t i o n  a t  
v a r y i n g  c u r r e n t  dens i t y .  T h e  e l e c t r o d e  p o t e n t i a l s  w e r e  
m e a s u r e d  a g a i n s t  a H g / H g O  r e f e r e n c e  e l e c t r o d e  
d i p p e d  in to  t h e  s a m e  so lu t ion .  Al l  t h e  v a l u e s  of t h e  
e l e c t r o d e  p o t e n t i a l s  q u o t e d  b e l o w  r e f e r  to t h e  n o r -  
m a l  h y d r o g e n  scale,  t a k i n g  t h e  p o t e n t i a l  of t h e  m e n -  
t i o n e d  r e f e r e n c e  e l e c t r o d e  as ~ 0.057v (5 ) .  T h e  o h m i c  

Fig. 1. Photomicrograph of AI-Ni mixture sintered at 680~ 
Bright surfaces, Ni; gray surfaces, Ni2AI~; background, AI powder. 
Magnification 750X. 

v o l t a g e  d r o p s  b e t w e e n  t h e  t ip  of t h e  L u g g i n  c a p i l -  
l a r y  a n d  t h e  e l e c t r o d e  w e r e  e v a l u a t e d  b y  m e a n s  of 
t h e  g a l v a n o s t a t i c  o s c i l l o g r a p h i c  m e t h o d  a n d  i t  was  
f o u n d  t h a t  e v e n  fo r  t h e  h i g h e s t  c u r r e n t  d e n s i t i e s  t h e y  
w e r e  less  t h a n  l0  my .  Hence ,  in  t h e  s u b s e q u e n t  c o u r s e  
of m e a s u r e m e n t s  t h e y  w e r e  n e g l e c t e d .  

T h e  m e c h a n i c a l  p r o p e r t i e s  of  t h e  e l e c t r o d e s  w e r e  
e x a m i n e d  b y  d e t e r m i n i n g  t h e  b e n d i n g  s t r e n g t h  of 
10 m m  w i d e  s t r i p s  cu t  o u t  of t h e  e l e c t r o d e s  a c c o r d -  
ing  to t h e  s t a n d a r d  m e t h o d .  

Results and Discussion 
A t  t h e  o u t s e t  of t h i s  w o r k  t h e r e  w as  l i t t l e  d o u b t  

t h a t  b o t h  a l l o y i n g  b e t w e e n  A1 a n d  Ni  p o w d e r s  a n d  
s i n t e r i n g  of  n i c k e l  p a r t i c l e s  c o u l d  b e  a c h i e v e d  as 
s e p a r a t e  p roces se s  (7) .  H o w e v e r ,  in  o r d e r  to  ge t  a n  
e l e c t r o c h e m i c a l l y  a c t i v e  a n d  m e c h a n i c a l l y  s t r o n g  po -  
r o u s  n i c k e l  e l e c t r o d e  i t  w a s  e s s e n t i a l  t h a t  u n d e r  a 
g i v e n  se t  of c o n d i t i o n s  s i n t e r i n g  b e  e f fec ted  b e f o r e  
a l l o y i n g  t ook  p lace  to a n y  n o t i c e a b l e  e x t e n t .  

I n  t h e  c o u r s e  of p r e l i m i n a r y  s t u d i e s  a m i c r o s c o p i c  
i n v e s t i g a t i o n  w a s  u n d e r t a k e n  a n d  a t y p i c a l  p i c t u r e  
o b t a i n e d  is s h o w n  i n  Fig. 1 f o r  a s a m p l e  p r e s s e d  a n d  
s i n t e r e d  a t  680~ T h i s  r e v e a l e d  t h a t  on  o n e  h a n d  
n i c k e l  p a r t i c l e s  cou ld  b e  j o i n e d  t o g e t h e r  p r i o r  to 
t h e i r  r e a c t i o n  w i t h  a I u m i n u m ,  a n d  o n  t h e  o t h e r  h a n d  
t h a t  c o n s i d e r a b l e  a l l o y i n g  h a d  t a k e n  p l ace  r e s u l t i n g  
in bluish-gray zones of newly formed phase at the 
surface of nickel particles. The new phase was found 
to be Ni2A13 (6), which according to Justi et al. (4) 
is catalytically the most active type of Raney nickel 
alloy. 

The effect of alloying of A1 and Ni on the catalytic 
activity of electrodes can be seen from the results 
of the following experiments. 
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Fig. 2. Dependence of bending strength of sintered electrodes 
on percentage of AI. 
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Fig. 3. Plots of electrode potential vs. current density for elec- 
trodes with varying AI content, m-the slopes of straight parts of the 
curves in cm a (volt/amp). 

/ ~  0.25 
2~ O' 

o o" 

�9 r, % " 2 ~ o.2o~_ 

1.5 ~.  
>o 015 d 

0 F- 

0J0 

0.05 
~o 5~.o 6~o 560 7~o 

TEMPERATURE J OC 

Fig. 4. Mean values of the slopes and limiting current densities 
as functions of the sintering temperature. 

In the set of exper iments  wi th  a vary ing  ratio of 
A1 and Ni in the mix tu re  the intent ion was to find 
the optimal  content  of A1, giving both good electro-  
chemical  characterist ics and sufficient mechanical  
s trength to sustain the pressure of the gas. There -  
fore the electrodes wi th  various quanti t ies of A1 from 
0 to 15%, s intered at 640~ were  first examined,  
both mechanica l ly  and electrochemically.  The re-  
sults of the mechanical  tests are given in Fig. 2, in 
which the bending s trength is plot ted as a function 
of a luminum content. The bending s trength of such 
electrodes was always lower  than that  of those made 
of pure Ni powder.  However ,  up to 10% of A1, it was 
sufficiently high to give mechanica l ly  strong elec- 
trodes. Fur the r  increase in A1 content  resul ted in a 
sharp decrease of the bending strength, and the elec-  
trodes made of such powder  compositions were  of 
no practical  use in e lectrochemical  examinations.  

The results mark ing  10% as a crit ical  content  of 
A1 can be considered as a support  to the v iew that  
the a luminum particles, being re la t ive ly  soft, de- 
form under  the applied force during pressing and 
fill the free space be tween  the Ni particles. One can 
calculate that  in order to fill wi th  A1 an ideal free 
space remain ing  between close packed Ni spheres 
of uniform diameter,  i r respect ive  of the sphere size, 
15% of A1 would be required.  Taking into account 
that  the Ni powder  used in these exper iments  was a 
polydisperse system with grain sizes ranging f rom 
1 to 40~, it is obvious that  smaller  spheres of Ni could 
fill the pores in the same way  as A1. This results in 
a smaller  quant i ty  of A1 being necessary to fill the 
real  f ree space be tween  the adjoining Ni particles. 

The results of the electrochemical  invest igat ions of 
the electrodes wi th  various contents of A1 are pre-  
sented in Fig. 3. The slope (m, [cm 2 v / a m p ] )  of the 
straight par t  of the polarization curve  and the l im- 
iting current  density were  taken as cri ter ia  of the 
electrode quality. It can be seen that  the increase in 
the A1 content  of the powder  mix tu re  resul ted in in-  
creasingly bet ter  electrochemical  propert ies  of the 
obtained electrodes, i.e., decreased the value of the 
slope and increased the l imit ing current  density. 

Since the sintering process is compet i t ive  to the 
process of format ion of the Raney alloy, s intering 
t empera tu re  was expected to have an influence on 
the propert ies  of the electrodes. The effect of t em-  
pera ture  on mechanical  propert ies  of electrodes is 
presented in Table I, for electrodes wi th  10% A1 con- 
tent. The increase of the s inter ing t empera tu re  re-  
sulted in an increase of the bending strength, prob-  

Table I. Effect of sintering temperature on the 
bending strength 

T e m p e r a t u r e  6 4 0  ~ 6 6 0  ~ 6 8 0  ~ 7 0 0  ~ 

B e n d i n g  s t r e n g t h ,  
k g / m m ~  9 .9  1 0 .3  1 1 .0  13 .2  

-0.2 ul 

~ -0.,- 

~ -05 

~ -0.5 

"< -(lg 

4'0 60 80 1{)0 120 140 160 TS0 2~X) 2'20 2/0 260 280 
C.D, M A / c m  2 

Pig. 5. Typical anodic polarization curve for an electrode sintered 
at 660~ Pressure of H2-2 arm. 

ably because of a more pronounced sinter ing be tween 
the Ni particles giving a more  compact Ni skeleton. 

The effect of t empera tu re  on electrochemical  prop-  
erties is presented in Fig. 4. The graphs represent  the 
dependence of the slopes and the l imit ing current  
densities of the tested electrodes on temperature .  Each 
point represents  a mean va lue  of 1-3 electrodes. Un-  
der the given exper imenta l  conditions it appears that  
ca. 660~ was the most appropriate  t empera ture  for 
obtaining optimal  e lectrochemical  behavior  of the 
electrodes. A graph represent ing  a typical  cur ren t -  
potential  re la t ion for one of the electrodes sintered at 
660 ~ is given in Fig. 5. 

It  was also observed that  the optimal  sintering 
t empera tu re  depends on the qual i ty  of the hydrogen 
purification. With hydrogen deoxygenated  in a col- 
umn filled with Pd asbestos heated at 300~ dried in 
si l ica-gel columns and wi th  the final traces of hu-  
midi ty  removed  by a trap dipped into l iquid air, the 
electrodes s intered at 660 ~ showed the effects of over -  
sintering. They were  mechanical ly  s t ronger  but their  
e lectrochemical  behavior  was worse. 

The effect of thickness of the act ive layer  of the 
double layer  electrodes on their  e lectrochemical  be-  
havior  has been studied on the electrodes sintered at 
640 ~ . The thickness of the coarse (act ive)  layer has 
been var ied be tween  0.2 and 0.5 ram. The cur ren t -  
potent ial  dependences for these electrodes are p re -  
sented in Fig. 6, together  wi th  the corresponding graph 
for a 1 rum thick single layer  electrode. These data 
indicate that  the thickness of the act ive layer  has a 
profound influence on the electrochemical  propert ies  
below 0.5 ram, while  above that  it does not have any 
marked  influence, the results being similar  to those 
for 1 mm thick electrodes. One should point out here  
that  s imilar  results  were  obtained in this Inst i tute  
ear l ier  wi th  3 mm thick electrodes (5) made of the 
same Ni powder  and a separately prepared  Raney al-  
loy according to the method used by Jus t i  et al. (3). 

Since both Ni and A1 powders  used in these exper i -  
ments had wide spectra of grain sizes, homogeneous 
porosity has not been achieved in our experiments ,  
a l though this is known to be an impor tan t  factor in 
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Fig. 6. Effect of thickness of the active layer of double layer 
electrodes on the polarization curves. 

obtaining highly active hydrogen electrodes. It  can 
be expected that by carefully selecting proper par-  
ticle sizes of Ni and A1 powders one should be able 

to obtain much bet ter  electrochemical properties of 
the electrodes made according to the given method. 

Manuscript  received Jan. 22, 1964. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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The Role of Antimony in Positive Plate 
Behavior in the Lead-Acid Cell 

Jeanne Burbank 

United States Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Ant imonia l  and an t imony- f ree  lead-acid cells of similar construction 
were examined together in  a shallow cycle routine.  The presence of ant i -  
mony in  the positive grid alloy caused depolarization of the plate in the 
float condition. It did not affect the discharge potential  of the plate. The 
positive plate active mater ial  became progressively softer in  the an t imony-  
free cells which failed after short test duration. The ant imonia l  cell ma in-  
tained its capacity and the active mater ial  remained firm. The active mate-  
rial of both successful and fail ing positive plates was examined by electron 
microscopy and x - r ay  diffraction. The active mater ia l  in the ant imonial  cell 
contained many  complex prismatic crystals, whereas the an t imony- f ree  cell 
was characterized by nondescript  nodular  masses. The active mater ia l  in  the 
ant imonia l  cell contained a large amount  of a PbO2 while the an t imony- f ree  
positive contained very little of this polymorph. Because both kinds of cell 
were pasted and formed by the same manufac turer  with the same paste for- 
mulation,  it is concluded that the difference in paste morphology and com- 
position is caused by the presence of ant imony in the positive grid. I t  is 
also concluded that success or fai lure in float cycle tests is determined by 
the morphology of the positive paste. 

The lead acid cell normal ly  is fabricated with 
grids of lead alloyed with 5-12% ant imony.  This an-  
t imony has long been known  to affect cell behavior  
in several  ways, bu t  the benefits resul t ing from its 
use have outweighed its deleterious effects, and to- 
day only special purpose cells are manufac tured  wi th-  
out antimony.  The ant imonial  alloys are easier to 
cast than the an t imony-f ree  metals, lower casting 
temperatures  are required, bet ter  castings are the 
rule because molds are readi ly filled by the melt, and 
the strength of the alloy makes it possible to handle  
and fabricate the castings immediately.  In  addition, 
an t imony minimizes grid growth by dis t r ibut ing the 
corrosion attack across the body of the grains, re-  
l ieving attack at the grain boundaries.  All these fac- 
tors combine to promote cont inuat ion of the use of 
an t imony  in the lead acid cell. 

The hydrogen overvoltage on an t imony is lower 
than on lead, and this causes spontaneous self-dis-  
charge of the negative plate. As an t imony accumu- 
lates on the negative plate dur ing operation of the 
cell, the efficiency of charge decreases because of the 
low hydrogen overvoltage on the ant imony,  and in-  
creasing portions of the charging current  are wasted 
in generat ion of hydrogen gas. It is possible to scour 
the negative plate of an t imony by overcharging, when 
it is dr iven off as stibine, bu t  st ibine is a poisonous 
gas, and charging in confined spaces may present  a 
health hazard. 

It  has been shown that  an t imony is leached from 
the positive grid dur ing charge of the bat tery  and 
radioactive isotopes have been used to trace the mi-  
grat ion of an t imony in the cell. Ant imony  does ac- 
cumulate  to some extent  in the positive active ma-  
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terial, and self-discharge of this plate has been in-  
vestigated; however, the effect of an t imony on the 
positive plate of the lead acid cell is not usual ly  con- 
sidered detr imental .  Nevertheless, an t imony ini t ia l ly  
in the positive will  eventual ly  find its way to the 
negative and cause the major  deleterious side reac- 
tion, interference with charging of the plate. 

In  some recent  studies with an t imony-f ree  lead-  
calcium cells, i t  has been shown that  in certain cells 
the positives were fail ing through rapid softening of 
the positive active mater ia l  which resulted in 80-90% 
loss in  ampere-hour  capacity. These studies showed 
that  the positive active mater ia l  of the fail ing cells 
was made up of nondescript  nodular  particles of 
PbO2, whereas successful an t imony-f ree  lead-calcium 
cells contained prismatic crystal l ine particles. The 
difference in  performance of these positive plates was 
at t r ibuted to this difference in morphology of the 
PbO2 (1-18). 

The paste used in  fabricat ing the failing lead-cal-  
cium cells was the same as normal ly  used in the 
manufac turer ' s  production of ant imonia l  cells, and 
these, in  turn,  were performing satisfactorily in nor-  
mal  service. Therefore, the studies with the an t imony-  
free lead-calc ium cells tha t  failed by softening of 
the positive paste presented a unique  opportuni ty  to 
study the effects of an t imony on cell behavior  because 
it was possible to obtain the same paste in an ant i -  
monial  grid and thus directly compare ant imonial  and 
an t imony- f ree  cells, identical  in all respects except 
for the positive grid alloy. 

Experimental 
The plates used in  this invest igat ion were all ob- 

tained from a single manufacturer ,  and the only dif-  
ference between them was that  one positive grid was 
a s tandard  ant imonial  lead alloy, whereas the other 
grids were lead calcium alloy. The pasting and form- 
ing were carried out by the manufac ture r  under  re- 
putedly identical  conditions, and the positives were 

Table I. Summary of tests and results 

Capac i ty  Charge ,  N u m b e r  of D i s c h a r g e  capac i ty ,  
cycle  No. a m p - h r  f loat  cycles  a m p - h r  

C a l c i u m  cel ls  1 & 2 
1 
2 10.57 
3 8.05 7 
4 7.53 9 
5 7.25 5 
6 7.25 7 

CalcAum cel l  3 
7 
8 8.40 8 
9 7.38 9 

10 7.92 14 
11 8.87 12 
12 3.69 9 
13 4.53 9 

A n t i m o n i a l  cel l  
14 
15 8.40 - 8  
16 9.17 9 
17 7.92 14 
18 8.37 12 
19 7.36 9 
20 7.70 9 

Cel l  1 Cel l  2 
>8 .47  8.47 
>8.37  8.37 
>7.65  7.65 
>7.15  7.15 
>7.13  7.13 

4.73 6.23 

8.00 
6.30 
6.27 
5.03 
3.56 
1.53 
0.80 

8.00 
7.60 
7.60 
7.50 
7.40 
7.40 
7.30 

Notes :  Each  capac i ty  cycle  in  th i s  ser ies  of tes ts  c o m p r i s e d  a 
c o n s t a n t  v o l t a g e  c h a r g e  f o l l o w e d  by  a ser ies  of s h a l l o w  d a i l y  f loat  
cycles  f o r  5 to  14 days  w i t h  c o n t i n u o u s  f loat  a t  2.24v pe r  cel l  d u r -  
i n g  t he  i n t e r v a l s .  C a p a c i t y  d i s cha rges  w e r e  g i v e n  e v e r y  t w o  w e e k s  
w i t h  c o n s t a n t  v o l t a g e  r e c h a r g e  a t  2.24v. 

I n  capac i t y  cycles  2, 11, a n d  13 the  cel ls  we re  g i v e n  c o n s t a n t  cur -  
r e n t  ove rcha rges .  Capac i t y  cyc les  1, 7, a n d  14 s h o w  the  i n i t i a l  
ce l l  capac i t i e s  p r i o r  to  t h e  s t a r t  of  t he  tes ts .  

Each  f loat  cycle  m the  tes t s  of c a l c i u m  cel ls  1 a nd  2 c o m p r i s e d  a 
d i s cha rge  of ] a m p - h r  a t  2 amp,  a nd  r e c h a r g e  b y  f loat  w i t h  i n t e r i m  
float. One f loat  cycle was  g i v e n  each  w o r k  day  u n t i l  t h e  n e x t  suc-  
c ee d ing  capac i t y  d i scharge .  C a l c i u m  cel l  3 a n d  the  a n t i m o n i a l  cel l  
we re  i n  ser ies  for  t he se  tests ,  a nd  ce l l  3 was  u sed  as  c on t ro l  for  
float a n d  t he  c o n s t a n t  v o l t a g e  charges .  The  effect  of a n t i m o n y  on 
the  ce l l  a n d  p l a t e  v o l t a g e s  cou ld  be  f o l l o w e d  by  d i r ec t  c o m p a r i s o n  
w i t h  the  a n t i m o n y - f r e e  c a l c i u m  cell.  W h e n  r equ i r ed ,  these  two  
cel ls  w e r e  s e p a r a t e d  a n d  h a n d l e d  i n d i v i d u a l l y ;  fo r  e x a m p l e ,  fo r  
capac i ty  d i s cha rges  8 to  13 a n d  15 to 20, i t  was  necessa ry  to  r u n  
t h e  capac i ty  d i s c h a r g e s  a n d  r e c h a r g e s  i n d i v i d u a l l y .  

A t  capac i ty  cycles  6 a n d  13 t he  p o s i t i v e  p la tes  of t he  c a l c i u m  
cel ls  w e r e  sof t  a n d  m u s h y ,  w h e r e a s  a t  c apac i t y  cycle  20 t he  a n t i -  
m o n i a l  cel l  p o s i t i v e  was  f i r m  and  in  good  cond i t ion .  

"formed but  not charged" when  the cells were as- 
sembled for this study. Lead calcium alloy negative 
plates were used in  all cells. 

Four  small  cells were assembled, each having one 
positive and two negative plates, with s tandard glass 
mat  retainers  and microporous rubber  separators. 
Two sets of two cells each were r un  in  series. The 
power supply, controller, and auxi l iary  electrode cir-  
cuit of the bat tery  analyzer  of Work and  Wales (19) 
were used to test the cells. A mercury,  mercurous sul-  
fate reference electrode in each cell was used to 
measure plate potentials, with the plate and cell vol t-  
age and the current  moni tored continuously.  

The cells were assembled in  plastic cell cases and 
filled with 1.200 sp gr H2SO4. Charging was carried 
out according to the manufac turer ' s  s tandard ins t ruc-  
tions. Fol lowing the ini t ia l  charge, the specific gravi ty  
was adjusted to 1.250-1.260. 

The cells, which were all posit ive-plate limited, 
were given several  cycles to develop capacity and 
then placed on the float cycle rout ine known to pro-  
duce rapid fai lure in  the lead-calcium cells (17, 18). 
These tests are summarized in  Table I. 

During the tests, the positive plates were inspected 
visual ly at intervals,  and before and after the tests 
the positive active mater ia l  was examined by elec- 
t ron microscopy. For the electron microscopic exam- 
ination, samples of the paste were extracted with 
saturated ammonium acetate solution to remove any 
divalent  lead compounds present. Drops of the s lurry  
of extracted mater ia l  were gent ly  touched to the sur -  
face of distil led water  in  a 10-in. crystall izing dish. 
The particles floated out across the surface and were 
picked up on parlodion covered specimen screens of 
the electron microscope. After  drying, the particles 
were replicated wi th  evaporated carbon (20). 

Fol lowing replication, the parlodion support ing 
films were removed by solution in acetone. The PbO2 
was dissolved in  dilute HNO3 containing H205, and 
the carbon replica was r insed by floating on water. 
After air drying, the replicas were photographed in  
the electron microscope, model RCA EMU-2B. 

The active materials  f rom both kinds of positive 
plate were examined by x - r ay  diffraction using a 
General  Electric XRD-5 X-Ray  uni t  and copper ra -  
diation. The pastes were examined before and after 
the float cycle tests. 

Results and Discussion 
Table I shows the capacities obtained from the 

cells, and also indicates that  the an t imony- f ree  cells 
with lead-calcium alloy grids failed after relat ively 
short test duration. The 90% fall in cell capacities, 
curve B, Fig. 1, i l lustrates a typical fai lure of these 
an t imony- f ree  cells. Fai lure  was due to the positive 
plate in  every case. 

In  contrast to this, the capacity of the ant imonial  
cell, curve A, Fig. 1, changed hardly  at all despite 

u )  " ~ &  " " 

6 - -  " 
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I - -  

o I l I I I I I 
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D I S C H A R G E  N U M B E R  

Fig. 1. Change in cell capacity in shallow cycle test. Curve A, 
antimonial cell; curve B, lead calcium cell. 
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Fig. 2. Typical examples of nondescript nodular Pb02 particles. 
These particles were taken from lead calcium cells that consistently 
failed in float installations and in float cycle tests. See also ref. 
(17), (18), (31). 

the fact that  it did not receive  the overcharge  nor -  
mal ly  used to mainta in  ant imonial  cells. This satis- 
factory behavior  of the ant imonial  cell was not un-  
expected in l ight  of ear l ier  work  (22). 

It had not been known wi th  cer ta inty  whe the r  the 
identical  paste would stand up in an ant imonial  cell 
in a similar  test, but  the results of the tests repor ted  
here  show that  the same paste in an ant imonial  cell 
did not  fail  as rapidly as in the lead-ca lc ium cells, 
and it gave no indication of incipient fa i lure  at the 
t ime the tests were  terminated.  

When the cells were  opened for inspection, the 
calcium positives were  very  messy to handle:  PbO2 
smeared readi ly  over  glass mats, paper  towels, and 

Fig. 3. (left and above) Typical examples of prismatic Pb02 par- 
ticles from lead antimony positive plates. The positive plate con- 
taining particles such as shown here was successful in the shallow 
cycle test, in normal service life, and cycle life test, and main- 
tained its firm texture and capacity. See also Fig. 6, ref. (31). 

glass rods used as probes, and enough washed off to 
discolor the electrolyte  heavily.  In contrast, the an- 
t imonial  positives were  much cleaner,  the glass mats 
were  whi te  and clear, some PbO2 wiped off on paper  
towels used to handle  the wet  plates and the glass 
probes, but  not enough floated away to cause even a 
noticeable discoloration of the electrolyte.  To be sure, 
the wet  working posit ive plate of any lead cell is 
softer than the same plate dried, and PbO2 can usu- 
ally be smeared f rom the surface; however ,  the total ly 
mushy condition of the fai l ing calcium posit ive is 
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much more pronounced, and the softening proceeds 
through the thickness of the plate unt i l  the entire 
act ive mass may be washed out wi th  a s t ream of 
wa te r  (17, 18). 

The  sole difference be tween  the positives in these 
cells was the presence of ant imony in the grid metal.  
It  is concluded that  the presence of ant imony in the 
grid inhibi ted or p reven ted  the softening of the paste 
and the resul t ing loss in capacity. 

In this work with  the ant imonial  and calcium cells, 
the calcium cell was used for vol tage control in or-  
der to de termine  the electrochemical  effects of the 
antimony. The we l l -known  depolarization of the nega-  
t ive plate, in itself, prevents  an ant imonial  negat ive  
f rom control l ing float as the negat ive  does in anti-  
mony- f r ee  ceils (7, 16, 18, 21, 23, 24). The presence 
of ant imony in the posit ive grid caused 20-70 mv  de- 
polarization in overcharge  at constant current.  How-  
ever, the posit ive plate voltages re la t ive  to the m e r -  
cury, mercurous  sulfate reference electrode of both 
the ant imonial  and calcium cells were  identical  dur-  
ing charge and discharge, and no electrochemical  ef- 
fect of the ant imony was observed when the cell was 
in e i ther  of these conditions. 

Electron micrographs of the posit ive act ive mate -  
r ial  showed that, in the fai l ing lead-ca lc ium cells, 
the individual  part icles were  nondescript  globules 
both before and after  fa i lure  (17,18) and some typ-  
ical examples  are  shown in Fig. 2. In contrast  to this, 
the same posit ive paste f rom the ant imonial  cell was 
found to contain large amounts of prismatic mater ia l  
and some typical  e lectron micrographs  are shown 
in Fig. 3. It  is concluded that  the presence of ant i -  
mony has affected the morphology of the PbOu par-  
ticles formed in the paste. The electron micrographs 
indicate that  the prismatic  mater ia l  takes the form 
of extensive complex clusters that  appear to be mul -  
tiple twins or paral le l  growths. It  is be l ieved that  
these crystal l ine formations impar t  mechanical  sta-  
bil i ty to the posit ive active material .  This prismatic 
morphology observed by electron microscopy is be-  
l ieved to be requi red  in order to mainta in  the firm 
tex ture  of the posit ive plates in the lead cell. 

On the basis of these results, it is concluded that  
the ant imony exerts  the direct and beneficial influ- 
ence of causing prismatic  PbO2 format ion in the posi- 
t ive act ive material .  The mechanism of this action 
remains  to be studied; however ,  it appears l ikely that  
preferent ia l  adsorption of a soluble ant imony species 
on the growing surface of the PbO2 crystal  may  con- 
trol  the morphology.  Ant imony  forms the ions SbO2 + 
and SbO3- at posit ive plate potentials (25). X- r ay  
diffraction showed that  metal l ic  ant imony itself be- 
comes passivated by a heavy  layer  of $b205 at this 
potent ial  when anodized in H2S04 solution, but  this 
oxide is ra ther  soluble, and the de te rmina t ive  in- 
fluence of soluble species on electrodeposits is wel l  
known (26). The  work  described here  indicates that  
the presence of ant imony in the grid meta l  influences 
the morphological  development  of e lectrochemical ly  
formed PbOe in the posit ive plate of the lead acid 
cell, but  the precise mechanism of this action remains 
to be clarified. 

In nonant imonial  cells where  a prismatic PbO2 
morphology was previously  observed by electron 
microscopy (16, 18), it was accompanied by a sponge- 
l ike ne twork  of ha rder  material ,  visible in the mag-  
nification range of the optical microscope (27); how-  
ever, in the antimonial and nonantimonial positive 
plates used in this work, no such network was visible 
in the formed plate when examined optically prior to 
testing, and none was present in the nonantimonial 
plate at the conclusion of the tests (28). The intricate 
shapes of the submicroscopic crystals in the anti- 
monial positive, Fig. 3, suggest that it may be pos- 
sible for them to form an interlocking network, but, 
of course, this would not be observable by optical 
means. 

X-ray diffraction examination of the positive active 
materials showed that the paste from the antimonial 

cell contained appreciable amounts of both a and 
PbO2, whereas  the paste f rom the lead-calc ium cell 

contained a ve ry  large preponderance  of fi PbO2 and 
only a ve ry  small amount  of a PbO2. At  the conclu- 
sion of the tests, the amount  of a PbO2 in both types 
of plate had decreased, but  a considerable amount  
was still present  in the ant imonial  positive. S imul-  
taneously, the amount  of ~ PbO2 had increased in 
both plates. 

It  is concluded f rom this study that  ant imony in 
the grid meta l  acts to promote the deposition of 
a PbO2 in the active mater ia l  during plate fo rma-  
tion, possibly by the same mechanism as cobalt ion 
(26). 

Variations in the a PbO2 content  of posit ive pastes 
have been studied, and, in SAE overcharge  tests, it 
extends the life of the plates (29, 30). It  has also been 
suggested that  there  may be a relat ion be tween  a PbO2 
and posit ive paste re tent ion in the lead acid cell (27). 
The presence cf a large amount  of a PbO2 in the 
ant imonial  act ive mater ia l  and the performance  of 
the ant imonial  cell in the tests reported here lend 
some credence to this speculation. 

Conclusions 
On the basis of the results of this study, it is con- 

cluded that  the beneficial effects of having  ant imony 
in the posit ive grid are: (a) development  of signifi- 
cant amounts of a PbO2 during plate  formation, (b) 
re tent ion of a firm paste t ex tu re  and cell capacity in 
shallow cycle tests, and (c) prismatic crystal l ization 
of the PbO2 particles making up the paste. Without  
antimony, only a small  amount  of a PbO2 was present  
initially, the paste softened and lost capacity in the 
shallow cycle tests, and the paste contained few, if 
any, prismatic crystals. These conclusions are in 
agreement  wi th  those of ear l ier  studies that  showed 
that  success or fa i lure  in float cycle tests was re la ted 
to the morphology and tex ture  of the posit ive paste 
(16-18). 

Manuscript  received March 26, 1964. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL. 
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Corrosion of Steels and Nickel Alloys in Superheated Steam 
W. E. Ruther and S. Greenberg 

Metallurgy Division, Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

The corrosion behavior  of the 18-8 stainless steels and some nickel alloys 
in superheated steam was found to be dependent  on the surface preparat ion.  
Those t reatments  which left  a severe ly  cold worked  surface resul ted in re-  
duced corrosion attack in subsequent  exposure to steam as compared with 
annealed meta l  surfaces. The corrosion rate  of electropolished annealed type 
304 stainless steel in oxygenated  (30 ppm) s team rose rapidly as the t emper -  
ature increased f rom 540 ~ to 650~ At 600 ~ and 650 ~ the measured ra te  
decreased with  increasing t ime dur ing 80 day static tests. The corrosion 
appeared more l inear wi th  t ime in dynamic tests at 650~ (,-~7 mg/dm2-day) .  
In these tests there  appeared to be no effect of veloci ty (30-91 m/sec)  or 
oxygen and hydrogen content  on the corrosion rate. Flaking and loss of the 
outer  corrosion coating was severe  in the dynamic tests. The corrosion rate  
of type 406 was too small  to be precisely measured  in all of the tests, static 
and dynamic, in which it was s imultaneously exposed with  type 304. A 
coating equivalent  to about 2 x 10 -4 cm metal  penetrat ion was formed on 
the init ial  exposure of 406. No flaking of the outer  coating was evident  in 
80 day tests. The corrosion attack of the 400 series steels in static oxygenated  
steam went  down with  increasing chromium content, par t icular ly  above about 
13 w / o  Cr. Both type 430 (16 w / o  Cr) and 446 (25 w / o  Cr) exhibi ted greater  
short te rm corrosion resistance than type 304 to 650~ 42 k g / c m  2 steam. 
The nickel  based alloys, par t icular ly  Inconel 625, were  also more corrosion 
resistant  than type 304 in short static and dynamic tests in 650~ 42 k g / c m  2, 
superheated steam. 

The cycle efficiency of a boiling wate r  nuclear  e lec-  
tric power  plant  can usual ly be improved  substan- 
t ial ly by incorporat ing a nuclear  steam superheater  
before the turbogenerator .  Special envi ronmenta l  
conditions are encountered in such a superheater  as 
compared with  typical fossil fuel installations. For  
example,  oxygen concentrat ions of 20-30 ppm and 
stoichiometric amounts  of hydrogen might  be ex-  
pected in steam passing through the intense radiat ion 
field. The requ i rement  for thin protect ive fuel  ele-  
ment  cladding (to reduce neutron losses) introduces 
serious corrosion penetra t ion problems. 

Spalaris and co-workers  (1) have rev iewed  the 
avai lable nonnuclear  s team corrosion l i terature.  They 
concluded that  much of the data, typical ly  obtained 
f rom weight  gains and /o r  scale thickness, did not  
permi t  calculat ion of precise corrosion rates. F u r t h e r -  
more, these data  were  obtained in steam of ve ry  low 
oxygen content  since that  is the normal  operat ing 
condit ion for nonnuclear  boilers. 

Recently,  several  of the laboratories associated with  
nuclear  power  plant  design have been re -eva lua t ing  
commercial  alloys in s imulated reactor  s team envi -  
ronments  in static autoclaves and dynamic test faci l -  
ities (2, 3). Much of the effort has been concentrated 

on corrosion cracking since the serious nature  of 
that  problem became apparent  in ear ly  in- reac tor  
exper iments  (4). While it was not the in tent  to min-  
imize the potential  cracking hazards, this laboratory  
chose ini t ial ly to study other  variables. The effects 
of steam temperature ,  pressure, oxygen and hydrogen 
content, and velocity on the general  corrosion rate  
were  investigated. Since the work  was per formed in 
support  of a specific reactor  superheater ,  the major  
fract ion of the data involved the design t empera tu re  
and pressure for that  reactor  (650~ 42 kg/cm2) 1. 
For the same reason first 304 and la ter  406 stainless 
steel received par t icular  attention. 

Experimental 
The static testing of corrosion coupons was per-  

formed in constantly refreshed type 347 stainless steel 
autoclave systems of about 1.5 l i ter  capacity. Deion- 
ized, distil led water  was vacuum degassed in storage 
carboys and then charged with  the desired gas. A 
flow of about 5 m l / m i n  of this wa te r  was pumped 
into the h igh-pressure  system. A boiler and super-  
heater  preheated the s t ream prior  to its enter ing the 

1 O n e  k g / c m  ~ e q u a l s  14.2 ps i .  
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T ~ ~VELOCITY CONTROL VALVES --WATER 

Fig. 1. Schematic diagram of dynamic test facility. Maximum 
test conditions: 650~ 1000 psi; 300 ft/sec. 

test autoclave. The outgoing steam was condensed in 
an air cooler, and the condensed wate r  left  the sys- 
tem via a back pressure regulator.  Care was taken 
to provide  open space around each specimen in the 
autoclave sufficient to p reven t  local deplet ion of ox-  
ygen in the slowly moving  steam. 

The high veloci ty testing was accomplished in a 
recirculat ing system shown schematical ly in Fig. 1. 
Type 318 stainless steel tubing and type 316 Swagelok 
fittings were  used in the h igh - t empera tu re  section. 
Condensate water  flow rates were  conver ted  to steam 
flows through the use of steam tables. Al though 270 
k g / h r  of deionized disti l led wa te r  were  conver ted  to 
steam and condensed, the steam channels were  neces-  
sarily small  to permi t  corrosion studies at velocities 
up to 91 m/sec  past the specimens. Dimensions of 
the flat samples were  5 x 1.2 x 0.16 cm. Oxygen 
and hydrogen were  introduced direct ly  in the 
steam through h igh-pressure  gas rotameters .  The 
oxygen content  of the condensate was de termined  
using an Industr ia l  Ins t ruments  oxygen  analyzer.  
This analyzer  depends on the specific react ion be-  
tween thal l ium metal  and dissolved oxygen in de- 
ionized water .  The amount  of reaction,  hence the dis- 
solved oxygen content, is measured  by the conduc- 
t ivi ty of the effluent solution of thal l ium hydroxide.  

Except  as specifically noted, the specimens were  
corrosion tested in the annealed condition. The Gen-  
eral Electric Company supplied the Rene'  41 alloy and 
the In terna t ional  Nickel  Company supplied the other 
nickel alloys used in this investigation. Chemical  
compositions are given in Table I. 

Electropolishing of all of the alloys was accom- 
plished in a 12.5% phosphoric acid, 65% sulfuric acid, 
22.5% wate r  (per cent by volume of the concentrated 
acids) bath at 85~ Curren t  densities (0.3-0.6 a m p /  
cm 2) were  var ied  f rom one alloy to another  to ob- 
tain good polishing. The bath  was not too satisfac- 

tory for 403 and 410 steels due to acid attack, and 
Rene'  41 did not polish as br i l l iant ly  as did most of 
the other alloys. In one instance a 10% perchloric  
acid, 90% acetic acid mix tu re  was used on the 300 
series stainless steels. 

Surface preparations,  other  than electropolishing, 
consisted of acid etching (di lute ni t r ic-hydrofluoric  
acid mix tu re ) ,  gr inding (metal lographic  w h e e l s - -  
Duri te  paper) ,  grit  blasting (50~ SiC2 part icles) ,  and 
machining. 

Since an unknown port ion of the corrosion coating 
was lost to the test environment ,  weight  gains could 
not be used to de termine  the average  corrosion rate. 
A ra ther  lengthy, but  effective, defilming process was 
evolved.  Firs t  the  sample was made the cathode at 
about  0.3 a m p / c m  2 in 1 w / o  (weight  per  cent) dibasic 
ammonium ci trate  solution at about 85~ The cur-  
ren t  was a l te rna te ly  applied and in te r rup ted  for 30 
sec intervals  by an automatic timer. Af te r  about 15 
min  in this bath, the outer layer  of the corrosion 
coating could be brushed off. The inner  layer  w a s  
r emoved  by a defilming process developed at the 
Knolls  Atomic Power  Labora tory  (5). This consisted 
of 2 hr  in gent ly  boiling alkal ine permangana te  so- 
lut ion (20 w / o  NaOH, 3 w / o  KMnO4), a hot  rinse, 
and 2 hr  in 20 w / o  dibasic ammonium citrate solu- 
tion. The samples were  brushed at the conclusion of 
this t r ea tment  wi th  a nylon hand brush to remove  
the loosely adherent  smut. A second run  through the 
last two solutions was necessary in the case of some 
stubborn films. Blank  losses for this defilming tech-  
nique were  ve ry  low compared wi th  the typical  
amounts of total  corrosion for the 300 series stainless 
steels (i.e., 0.0'2 m g / c m  2 for 304) and the nickel  al-  
loys. While the b lank losses were  higher  for the fe r -  
rit ic steels, the process was stil l  satisfactory for 406 
and 446. 

Data  and Results 
Surface preparation effects.--In the ini t ial  s team 

corrosion exper iments  a wide range of total  at tack 
was noted for type 304 and 347 samples obtained f rom 
different sources. Some specimens acquired only a 
thin colored t emper  film dur ing an exposure  which 
resul ted in heavy  corrosion product  coatings on other  
coupons of the same nominal  composition. In one c a s e  
the machined edges of a sample corroded much less 
than the as- rece ived faces of the same specimen. I t  
was obvious that  these large surface effects had to be 
invest igated before meaningful  corrosion rates could 
be measured.  

In the first series of exper iments  only two types of 
sample prepara t ion  were  tested for a number  of dif-  
fe ren t  alloys. The oxygen content  of the superheated 
steam was var ied  wi th  the results shown in Table II. 

The surface effect was much more  pronounced in 
the case of low oxygen content  steam and was noted 
for all the alloys except  Inconel 625 and Rene'41. 

Table I. Chemical compositions of alloys 

Alloy AI Cr 

P e r c e n t a g e  b y  w e i g h t  

C F e  Mo M n  N i  P Si  O t h e r  

304 18.2 
316 17.5 
321 18.0 
347 18.6 
403 12.3 
4051 0.2 12.5 
406 4.48 13.1 
410 12.5 
410 (E2) 11,6 
430  16.3 
446 24.7 

I n c o l o y  600 20.0 
I n c o n e l  600 16.3 

625 0.17 22.0 
X 7 5 0  0.74 15.13 

R e n e '  41 1.52 19.05 

0.07 R 1.68 8.76 0.026 0.85 0.01 
0.05 R 2.50 1.62 13.45 0.025 0.49 0.021 
0.04 R 0.30 1.38 9.62 0.019 0.88 0.013 
0.078 R 1.82 10.8 0.028 0,82 0.010 
0.12 R 0.46 0.015 0.27 0.013 
0.06 R 
0.11 R 0.44 0.36 0.019 0.46 0,007 
0.13 R 0.44 0.013 0.25 0.009 
0.03 R 0,5 
0.0S R 0.40 0.021 0.50 0.011 
0,09 R 0.62 0,023 0,35 0 .010 
0 .04 45.2 0.65 33.0 0.40 0.007 
0 .04 7.24 0.17 75.9 0.29 0.007 
0.03 1.86 8.75 0.12 62.3 0.25 0.007 
0.04 6.87 0.45 72.5 0.25 0.007 
0 .07 0.3 9,83 R 0,05 0.005 

0 .20 Cu 
0.53 T i  
(Cb + T a )  0.90 

0.50 T i  

0.41 Cu  

[ ( C b  § T a )  4.24, T i ]  0.23 
(Cb § T a )  0.98, T i  2.62 
3.21 T i  10.95 Co 

R - - R e m a l n d e r .  ~ N o m i n a l  a n a l y s i s .  
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Table II. Corrosion in static refreshed superheated steam 
at 650~ 42 kg/cm 2 (600 psig) 

Table IV. Effect of annealing on the corrosion of 
type 304 stainless steel in steam I 

DefilmecI metal loss, rag/era ~ 

0.03 ppm Oxygen 30 ppm Oxygen 

Electro- Electro-  
A l loy  Wet ground pol ished Wet  ground pol ished 

304 0.15 6.96 6.63 7.45 
316 0.15 11.7 1.74 9.16 
321 0.16 9.10 0.34 9.04 
347 0.16 10.2 3.87 11.2 

Inconel 600 0.45 3.21 0.22 0.44 
Inconel 625 0.11 0.12 0.10 0.16 

Inconel X750 0.25 1.96 0.19 0.20 
Incoloy 800 0.13 4.67 0.21 8.30 

GE Rene' 41 0.13 0.20 0.14 0.15 

Defilmed metal loss, 
Surface preparation mg/cm~ 

Grit blast (50/~ SiO~) 1.0 
Grit blast + anneaD 9.2 
Wet ground (80 grit) 0.45 
Wet ground + anneal 10.0 

1 7.0 days, 650~ 42 kg/cm~; 0.2 ppm Oe. 
2 Annealed 5 rain, ll00~ vacuum. 

Table V. Effect of cold work on the corrosion of type 304 
stainless steel in steam at 650~ 42 kg/cm 2 

7.0 Days exposure, 3-br start-up. 

Table III. Corrosion of type 304 stainless steel in 
650~ 42 kg/cm 2 steam 

Defilmed metal loss, 
mg/cm 2 

Surface preparation 30 ppm O8 0.2 ppm O~ 

Grit blast (50/~ SiO~) 2.3 1.0 
Machined 3.6 0.06 
Wet grind 80 grit 8.4 0.45 
Wet grind 240 grit 13.8 0.25 
Wet grind 600 grit 11.8 0.72 
Mechanically polished (Linde B) 11.5 15.6 
Electropolished 8.0 13.1 
Acid pickled 12.8 14.2 

Tested 7.0 days, 3-hr  start-up. 

O t h e r  s t a in l e s s  s tee l  s a m p l e s  w e r e  e l e c t r o p o l i s h e d  
in  a p e r c h l o r i c - a c e t i c  b a t h  a n d  co r ros ion  t e s t e d  w i t h  
t hose  p r e p a r e d  in  t he  u sua l  p h o s p h o r i c - s u l f u r i c  so-  
lu t ion.  The  s a m e  co r ro s ion  b e h a v i o r  w a s  o b s e r v e d  
f o r  b o t h  se ts  of samples ,  i n d i c a t i n g  t h a t  t h e  poor  
co r ro s ion  r e s i s t a n c e  w a s  c h a r a c t e r i s t i c  of t he  po l i s h ed  
su r f ace  a n d  w a s  no t  d u e  to a r e s i d u a l  p h o s p h a t e  or 
su l f a t e  film. 

I n v e s t i g a t i n g  o t h e r  s u r f a c e  p r e p a r a t i o n s  fo r  t y p e  
304, i t  w a s  o b s e r v e d  (Tab l e  I I I )  t h a t  e s s e n t i a l l y  
s t r a i n - f r e e  s u r f a c e s  r e s u l t e d  in  a m a x i m u m  m e t a l  loss 
d u r i n g  t h e  one  w e e k  c o r r o s i o n  test .  Aga in ,  t h i s  w a s  
p a r t i c u l a r l y  no t i ceab l e  in  t h e  r e su l t s  f r o m  t h e  e x -  
p e r i m e n t s  w i t h  l o w e r  o x y g e n  concen t r a t i on .  

T w o  f u r t h e r  se r ies  of e x p e r i m e n t s  w e r e  p e r f o r m e d  
to t e s t  th i s  t e n t a t i v e  conc lus ion .  In  t h e  first,  s a m p l e s  
w e r e  v a c u u m  a n n e a l e d  a f t e r  p r e p a r i n g  t h e m  in  s e v -  
e r a l  w a y s  w h i c h  h a d  p r e v i o u s l y  r e s u l t e d  in l o w  m e t a l  
loss  va lue s  on  e x p o s u r e  to s t eam.  T h e  r e s u l t  of a n -  
n e a l i n g  in  each  case  w a s  to  i n c r e a s e  t h e  co r ro s ion  loss  
s ign i f i can t ly  (Tab le  I V ) .  

S ince  a cold  w o r k e d  d i s t u r b e d  l a y e r  a p p a r e n t l y  
p r o v i d e d  i m p r o v e d  c o r r o s i o n  r e s i s t ance ,  a s e c o n d  
se r i e s  of e x p e r i m e n t s  w a s  p e r f o r m e d  w i t h  304 s h e e t  
t h a t  h a d  b e e n  cold  ro l l ed  50%. T h e  s h e e t  b e c a m e  
f e r r o m a g n e t i c  as a r e su l t  of t h e  ro l l ing .  F o r  th is  m a -  
t e r i a l  t h e  m e t a l  loss (Tab l e  V) va lue s  on  co r ro s ion  
w e r e  l o w e r  t h a n  fo r  t h e  o r ig ina l  s h e e t  fo r  al l  s u r f a c e  
p r e p a r a t i o n s ,  a l t h o u g h  s o m e  d i f f e r ences  w e r e  s t i l l  

Defilmed metal loss, 
mg/cm ~ 

Surface preparation 30 ppm Oe 0.2 ppm O~ 

As-received before cold rolling 10.1 10.1 
As  cold rolled (CR) 1.4 0.16 
CR + wet ground 0.79 0.05 
CR + acid p ickled  2.9 4.0 
CR + electropolished 3.7 1.3 

Tested 7.0 days, 3-hr start-up. 

no ted .  P r e s u m a b l y ,  i n c r e a s e d  cold  w o r k i n g  w o u l d  
t e n d  to f u r t h e r  r e d u c e  the  d i f fe rences .  

Those  s p e c i m e n s  in  Tab le  II  w i t h  l o w  m e t a l  losses  
h a d  t h i n  t e m p e r  f i lms a f t e r  t h e i r  co r ro s ion  e x p o s u r e .  
Those  s a m p l e s  w i t h  l a r g e  m e t a l  losses  w e r e  c o v e r e d  
w i t h  a h e a v y  d a r k  coat ing.  Mic roscop ic  e x a m i n a t i o n  
of t he  co r ros ion  i n t e r f a c e  of t h e  l a t t e r  on 304 i n d i c a t e d  
two  l ay e r s  of c o r r o s i o n  p r o d u c t  of a b o u t  equa l  t h i c k -  
nes s  (Fig.  2).  T h e  a t t a ck  on t h e  m e t a l  w a s  no t  u n i -  
fo rm,  a n d  n u m e r o u s  p o c k e t s  of ox ide  w e r e  n o t e d  
d e e p e r  t h a n  the  a v e r a g e  p e n e t r a t i o n .  I t  w a s  i n t e r e s t -  
ing  to no te  t h a t  t h e  g r a i n  b o u n d a r i e s  a n d  t h e  a d j a c e n t  
m e t a l  w e r e  m o r e  r e s i s t a n t  t h a n  t h e  cen t r a l  p o r t i o n  of 
t he  g r a i n s  (Fig.  3).  

In  o x y g e n a t e d  s t e a m  m u c h  of  t he  o u t e r  ox ide  l a y e r  
h a d  spa l l ed  off t h e  e l e c t r o p o l i s h e d  spec imens ,  l e a v -  
ing  a b r i l l i a n t  b l a c k  s u r f a c e  s i m i l a r  in  s m o o t h n e s s  
to t he  o r ig ina l  e l e c t r o p o l i s h e d  sur face .  W e t  g r o u n d  
s p e c i m e n s  in  t he  s a m e  tes t  d id  n o t  spa l l  a p p r e c i a b l y ,  
bu t  a m i c r o s e c t i o n  of t he  m e t a l - o x i d e  i n t e r f a c e  on 
304 w a s  s imi l a r  to t h a t  of t h e  e l e c t r o p o l i s h e d  spec i -  
men .  Sp a l l i n g  of t he  ou te r  o x i d e  coa t ing  w a s  no t  
t h o r o u g h l y  i n v es t i g a t ed ,  b u t  i t  w a s  r e l a t e d  to t h i c k -  
ness ,  m e c h a n i c a l  k e y i n g  w i t h  t h e  i n n e r  coa t ing  a n d  
w a s  t r i g g e r e d  by  t e m p e r a t u r e  c h a n g e s  in  t h e s e  l ow 
ve loc i ty  tes ts .  

Tes ts  fo r  p e r i o d s  of s e v e r a l  days  i n d i c a t e d  t h a t  e v e n  
in  o x y g e n a t e d  s t eam,  t h e  w e t  g r o u n d  s p e c i m e n s  
p a s s e d  t h r o u g h  a t e m p e r  fi lm stage.  This  film s u b s e -  
q u e n t l y  b r o k e  d o w n  a n d  the  co r ros ion  inc reased .  This  
t w o - s t e p  p ro ce s s  c a u s e d  a c o n s i d e r a b l e  v a r i a t i o n  in  
t h e  a m o u n t  of  m e t a l  c o r r o d e d  in  one  w e e k .  I f  t h e  t h i n  
t e m p e r  f i lm b r o k e  d o w n  e a r l y  in  t h e  test ,  t h e  m e t a l  
c o r r o d e d  va lue  w a s  h igh.  If  t h e  p a r t i c u l a r  s a m p l e  r e -  
t a i n e d  t h e  t e m p e r  fi lm d u r i n g  m o s t  of t h e  e x p o s u r e ,  
t he  a m o u n t  of m e t a l  loss  w a s  m u c h  lower .  S a m p l e s  
e x p o s e d  in  t he  e l e c t r o p o l i s h e d  cond i t i on  su f f e red  th is  
v a r i a b i l i t y  in  m e t a l  loss  v a l u e s  to  a less  ex t en t .  

Fig. 2. Two layered structure of corrosion film on type 304; 
7 days; 650~ 42 kg/cm2; 0.03 ppm 02. Tap layer, mounting 
foil; center layer, oxide; bottom layer, stainless steel. Magnifica- 
tion 320X. 

Fig. 3. Grain center attack of type 304 stainless steel; 7 days; 
650~ 42 kg/cm2; 30 ppm 02. Top layer, mounting foil; center 
layer, oxide; bottom layer, stainless steel. Magnification 320X. 
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Fig. 4. Corrosion of stainless steels in static oxygenated steam, 
600oC; 42 kg/em ~. 

The microstructures  of the corrosion interface of 
wet  ground specimens after  t emper  film breakdown 
was similar  to that  of ini t ial ly electropolished speci- 
mens. This suggested that  the corrosion observed on 
the electropolished surfaces represented the intrinsic 
corrosion resistance of the alloys. If the correct  in-  
te rpre ta t ion  has been made, the improved  corrosion 
resistance noted for worked  surfaces would  represent  
a t emporary  effect. For  this reason the electropolished 
surface prepara t ion was chosen for measur ing the 
corrosion rates of the various alloys. However ,  as wil l  
be shown later, the improvemen t  in corrosion be-  
havior  for gri t  blasted surfaces has been observed 
to persist  for re la t ive ly  long periods of time. 

Static corrosion testing.--Temperature.--Only two 
temperatures ,  600 ~ and 650~ have  been invest i -  
gated in any detail. However ,  in a p re l iminary  ex-  
periment ,  etched specimens of 304 and 347 were  ex-  
posed to superheated steam (~0.2 ppm O2) at 540~ 
for 374 days. The samples acquired a dull ing tarnish 
film wi th  isolated areas of gray film and rust  colored 
spots. Metal lographic examinat ion  after  117 days in-  
dicated carbide precipi tat ion but no in te rgranula r  
attack. Weight  gains of only 0.2 m g / c m  2 for the type 
304 and 0.1 m g / c m  2 for the type 347 were  recorded at 
374 days in this experiment .  The combination of these 
data wi th  the temper  film observations indicated that  
the corrosion rate  was qui te  low at this tempera ture .  

At  600~ the corrosion data for 304 and 406 are  
presented in Fig. 4 for oxygenated  steam (30 ppm) 
at 42 k g / c m  2. In this figure, as in subsequent  ones, 
each point represents  one defilmed specimen. Of the 
two specimen preparat ions tried, the gr inding seemed 
to resul t  in a somewhat  more reproducible  surface, 
judging f rom the re la t ive  smoothness of the corrosion 
curves. No significant difference in corrosion rate  
could be dist inguished for the two prepara t ion  tech-  
niques under  these test  conditions. 
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Fig. 5. Corrosion of electropolished stainless steels in oxygenated 
(30 ppm 02) steam at 650~ Type 304; e, 42 kg/cm2; �9 7 
kg/cm 2. 

Fig. 6. Appearance of defilmed corroded samples, exposed at 
650~ 42 kg/cm2; 30 ppm 02. Left, type 304 stainless steel, 87.9 
days; right, type 406 stainless steel, 82.5 days. Magnification ap- 
proximated 60X. 

Type 406 steel samples were  electropolished for 
testing in this environment .  Af ter  the first exposure 
only very  slight changes in meta l  loss values  Were 
obtained, almost wi th in  the normal  defilming uncer -  
tainty. The average meta l  loss corresponded to a meta l  
penet ra t ion of about 4 x 10 -4 cm. 

An unscheduled equ ipment  shutdown at 58 days 
subjected the samples in one exper iment  to cool ox-  
ygenated water  for about 20 hr. The previously 
smooth gray coating of type 304 was severe ly  pi t ted 
by this l ow- t empera tu re  exposure whi le  the 406 coat- 
ing was not attacked. The  pits noted on the 304 w e r e  
rust  colored and penet ra ted  through the outer  layer  
of corrosion coating and into the inner  layer.  When 
the samples were  defilmed some sl ight  evidence of 
the cold wate r  pi t t ing at tack was noted on the un -  
der ly ing metal.  

A corrosion rate  measurement  was also made at 
650 ~ (42 kg/cm2) using electropolished samples 
(Fig. 5). Both the total corrosion and the instanta-  
neous corrosion rate  (slope) for 304 were  greater  at 
this t empera tu re  than at 600~ for s imilar  exposure 
times. Arb i t ra r i ly  drawing a straight  l ine through the 
longer  exposure  data for 304 resul ted in a slope of N5 
m g / e m L d a y  (mdd) .  

Type 406 again corroded rapidly  at the start  wi th  
no measurable  corrosion thereafter .  Sl ight ly less total  
corrosion was noted at this h igher  temperature .  A 
sample exposed for 89 days was bent  180 ~ around a 
1 cm bar to check for embri t t lement .  None was ev-  
ident in this s imple test. 

Defilmed samples of 304 acquired a deeply etched 
surface wi th  increasing t ime (Fig. 6). Some of the 
pit bottoms were  0.006 cm below the average  surface 
for the 88 day specimen. Type 406 alloy had a much 
smoother  surface tex ture  after  defilming than did 304. 
No a t tempt  was made to est imate the shal low pit 
depths on the specimen of 406 exposed 83 days. 

Pressure.--Several steam pressures have  been in- 
vest igated at a t empera tu re  of 650~ Ear ly  in the 
p rogram two tests were  per formed in a tube fu r -  
nace at a tmospheric  pressure.  In the first, samples 
of the 300 series stainless steels were  exposed to 
gent ly flowing dried oxygen (100 m l / m i n )  at 650~ 
The second test in this furnace used the same oxygen 
flow to which about 0.5 cc /min  of wa te r  was added 
as steam. Data  f rom these exper iments  are compared 
wi th  a test at 42 k g / c m  2 total pressure (30 ppm 02) 
in Table  VI. 

A comparison of the meta l  loss values for 1 a tm wet  
oxygen  and for 42 k g / c m  2 s team suggested only a 
small  effect of pressure once adequate  mois ture  was 
present.  A surface prepara t ion effect was noted even 
at 1 arm. 

A longer  exper iment  was per formed  in oxygen-  
ated (30 ppm) steam at 7 k g / c m  2, using electropol-  
ished samples of 304 and 406 (Fig. 5). The at tack on 
304 at 7 k g / c m  2 was quite  s imilar  to that  obtained at 
42 k g / c m  2. However ,  type 406 samples at the lower  
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Table VI. Effect of steam pressure on the corrosion of 
stainless steel 

Sample, Preparation 

Def i lmed  m e t a l  loss ,  m g / c m ~  

1 a t m  1 a t m  42 k g / c m 2  
Dry  Os W e t  O2 S t e a m  (30 p p m  02) 

304 Wet  ground 0.19 3.6 6.6 
E l e c t r o p o l i s h e d  0.16 5.9 7.5 

321 We t  g r o u n d  0.27 1.2 1.8 
E l e c t r o p o l i s h e d  0.16 6.5 9.2 

316 W e t  g r o u n d  0.15 1.8 0.34 
E l e c t r o p o l i s h e d  8.6 9.0 

347 We t  g r o u n d  0.~4 2.3 3.9 
E l e e t r o p o l i s h e d  0.36 6.4 11.2 

* 7 Days  exposure .  

Table VII.  Corrosion of electropolished alloy specimens in 
650~ 42 kg/cm 2 (30 ppm 02) steam 

Def i lmed  m e t a l  loss, m g / c m  2 

AHoy 7 Days 14 Days 

I n c o l o y  800 9.7 11.0 
T y p e  403 13.5 

405 18.9 ~3.9 
410  11.4 a 
410 (E$) 14.8 16.0 
430  5.0 6.1 
446 0.34 0.42 

a. Ve ry  h e a v y  coa t ing ;  cou ld  not  b e  c o m p l e t e l y  r e m o v e d  in  d e -  
filrn,ing. 

pressure were  still  par t ia l ly  covered with  temper  film 
at the end of the test. The par t ia l  cover ing accounts 
for the var ia t ion in meta l  loss f rom one specimen 
to another,  since the area per  cent coverage by the 
heavier  gray coating was not the same for each 
sample. At 42 k g / c m  2, the 406 samples were  com- 
pletely coated with the heavier  gray film af ter  one 
week  exposure. 

Miscellaneous alloys.--During the course of the in-  
vest igat ion a number  of different alloys were  tested in 
static autoclaves for re la t ive ly  short periods of time. 
Some of these tests were  presented in Table II to 
i l lustrate  the effect of surface preparat ion.  Results 
of other  tests are shown in Table VII. 

Type 446 was clearly the most resis tant  alloy tested 
dur ing these re la t ive ly  short  exposures. Among these 
400 series alloys the corrosion resistance increased 
great ly  as the chromium content  was increased f rom 
12 to 25%. 

Dynamic testing.--Steels.--Five week exper iments  
were  per formed to de te rmine  the effect of veloci ty  
(30-91 meters / sec)  and the oxygen content  on the 
corrosion of types 304 and 406 steels at 650~ 42 
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Fig. 7. Corrosion of stainless steel in flowing steam at 650~C; 
42 kg/cm 2. Oxygen content, 0.05 ppm: Open circle, 30 meters/see; 
solid circle, 61 meters/sec; circle with vertical line, 91 meters/sec. 
Oxygen content, 30 ppm: open box, 30 meters/sec; solid box, 61 
meters/sec; box with vertical line, 91 meters/sec. 

k g / c m  2. The two oxygen levels  were  0.04-0.08 ppm 
and 30 ppm. As shown in Fig. 7 the data for the two 
exper iments  may be near ly  superimposed, suggest-  
ing that  oxygen content  and veloci ty were  not  im-  
por tant  variables  in the range investigated.  Compar i -  
son of Fig. 5 and 7 did show that  the high veloci ty 
s team was more  corrosive to type 304 than static 
steam. Type 406 did not  show this dependence. 

One additional longer  test at the same t emper -  
a ture  and pressure has been run  wi th  simultaneous 
gas addition of 30 ppm oxygen and 3.8 ppm hydrogen 
into the flowing steam. A test veloci ty  of 61 m/sec  
was chosen. Again, (Fig. 8) va ry ing  the gas content  
of the steam had very  l i t t le  effect on the corrosion 
behavior  of the electropolished specimens. 

In this test, as in all of the other  high velocity 
experiments ,  severe  flaking of the outer  corrosion 
coating occurred af ter  only one week for the type 
304 specimens (Fig. 9). As the test continued fu r ther  
loss was noted. For  example,  at 123 days a 304 speci- 
men had lost an est imated 14 m g / c m  2 of corrosion coat- 
ing, assuming a composition of Fe304. This was near ly  
half  of the total  coating produced. The same estimate 
per formed for type 406 indicated that  95-98% of the 
coating was re ta ined on the specimen at 123 days. 

A smaller  number  of grit  blasted samples were  
also tested. As might  be expected f rom the results  
described earlier, the total meta l  losses were  smal ler  
(about half) for this surface preparat ion.  The cor- 
rosion rate  also appeared to be lower  for these speci- 
mens. 

Other alloys.--Five of the alloys f requent ly  used 
for h igh- t empera tu re  applications were  exposed to 
oxygenated  (30 ppm) flowing steam at 650~ 42 
k g / c m  2. A test veloci ty  of 61 m/sec  was mainta ined 
past the electropolished specimens. Results  are pre-  
sented in Fig. 10. The earl ier  corrosion results of type 
304 and 406 steel are included to establish reference  
levels. Of the five alloys tested, Inconel 600 and In-  
conel X750 were  the poorest  in corrosion resistance. 
The other  three alloys (Inconel 625, Incoloy 800, and 
Rene'  41) all had meta l  losses less than type 406 at 
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Fig 8. Corrosion of stainless steels in flowing steam. Tempera- 
ture, 6500C; pressure, 42 kg/cm2; steam velocity, 61 meters/sec; 
oxygen, 30 ppm; hydrogen, 3.8 ppm. 

Fig. 9. Appearance of corrosion specimens after exposure to 
flowing steam at 650~ 42 kg/cm2; oxygen and hydrogen added. 
Upper left, one-week exposure; upper right, one-week exposure; 
bottom left, two-week exposure; lower right, two-week exposure. 
Left, type 304 stainless steel; right, type 406 stainless steel. 
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Fig. 10. Corrosion of nickel olloys in flowing steom; 650"C, 42 
kg/cm ~, 61 rneters/sec velocity, 30 ppm oxygen. 

56 days, but  wi th  the possible exception of Incoloy 
800, the metal  losses were  increasing wi th  time. 

Incoloy 800 had a low metal  loss in this test, but  
in repeated static tests it exhibi ted a strong surface 
prepara t ion effect and large meta l  losses. The static 
tests come to pressure and tempera tu re  much more  
slowly than the dynamic test (3 hr  vs. about 5 min) ,  
suggesting that  the method of s tar t ing the test may  
have  played an impor tant  role in the corrosion be-  
havior  of this alloy. 

Discussion 

Surhace.--The marked  improvemen t  in the corro-  
sion resistance to deoxygenated  steam of samples 
with machined surfaces had been previous ly  noted 
(5) but  was a t t r ibuted to the r emova l  of mil l  scale 
by the machining. In the current  invest igat ion the 
improvement  could be reproduced on careful ly  
cleaned surfaces and appeared to be a resul t  of cold 
working the surface. It would appear  l ikely that  the 
oxide film formed on the cold worked  meta l  differed in 
physical and electr ical  propert ies  as wel l  as in protec-  
t ive qualit ies f rom that  formed on an annealed surface, 
but no extensive study was made. 

It should be emphasized that  the dependence of 
corrosion behavior  on surface prepara t ion  varies f rom 
one envi ronment  to another  and f rom one alloy to 
another.  At tempera tures  of the order  of 300~ in 
water,  annealed or electropolished surfaces have  been 
observed to corrode less rapidly than worked  sur -  
faces (7, 8) while  at 400~ in s team the converse has 
been noted (8). 

In oxygenated steam, the env i ronment  of par t icu-  
lar  interest  in this study, the different surface prep-  
arations caused different corrosion behavior,  but  to 
a smaller  extent  than in steam of low oxygen con- 
tent. Electropolishing was chosen as the p r imary  sur-  
face prepara t ion  for the corrosion ra te  measurements .  
It  appeared to represent  most  near ly  the intrinsic 
corrosion resistance of the mater ia l  as deduced f rom 
metal lographic  examinat ions  of corroded samples. 
However ,  for many practical  applications, it would  
be advisable to reduce corrosion losses by using a 
final preparat ion which resul ted in cold worked  sur -  
faces for the ini t ial  exposure. 

Type 304.--The corrosion rate  of type 304 in oxy-  
genated steam rose rapidly as the t empera tu re  in-  
creased f rom 540 ~ to 650~ At  600 ~ and 650~ the  
measured  rate  decreased wi th  increasing t ime dur ing 
the 80 day static tests. The  rate  was h igher  by a 
factor of about 1.5 in a dynamic test at 650~ In 
rapid flow tests there  appeared to be no effect of 
vary ing  veloci ty or oxygen and hydrogen content  on 

the corrosion rate. F lak ing  and loss of the outer  cor-  
rosion coating was par t icular ly  severe  in these dy-  
namic tests. In a nuclear  superheater  these particles 
of oxide would  be radioactive.  Their  deposition in the 
turbine and condenser would  present  a serious con- 
taminat ion problem. 

Even if it were  not susceptible to stress corrosion 
cracking, it would  appear that  type 304 is unsui table  
at 650~ and higher  for the th in  wal l  nuclear  fuel  
e lement  cladding discussed earl ier .  

Type 406.--The corrosion ra te  of type 406 was too 
small  to be precisely measured  in all of the tests, 
static and dynamic, in which it  was exposed s imul ta-  
neously wi th  type 304. I t  did, however ,  rapidly  form 
a protect ive coating at the onset of the tests which 
amounted to an average  meta l  penet ra t ion of about  
2 to 4 x 10 -4 cm. No flaking of the outer  corrosion 
coating was noted in tests of over  1O0 days duration. 
No embr i t t l ement  due to the high t empera tu re  was 
detected in one simple bending test. 

Since alloys of approximate ly  the same chromium 
content  as 406, but  wi thout  aluminum, suffered con- 
s iderably more  corrosion attack, it was assumed that  
the a luminum content  was responsible for the low 
corrosion ra te  of this alloy. 

Miscellaneous alloys.--The corrosion of the 400 
series steels in static oxygenated  steam went  down 
with  increasing chromium content, par t icular ly  above 
about  13 w / o  Cr. Both type 430 (16% Cr) and type 
446 (25% Cr) exhibi ted short  te rm corrosion attack 
lower  than the 18-8 austenitic stainless steels at 650~ 

The high nickel  alloys, par t icular ly  Inconel 625, 
were  also more corrosion resistant  than the 18-8 steels 
in short  static and dynamic tests at 650~ Inconel 600 
and Inconel 750X were  the poorest  of the high nickel  
alloys in ex tended test ing in high veloci ty  steam. 
Rene '  41, a cobalt  bear ing alloy, had very  satisfactory 
corrosion resistance. This alloy had been included 
in the study for general  interest  a l though its use 
in a nuclear  reactor  was not contemplated.  

Type 406 steel appears to offer advantages in gen-  
eral corrosion resistance, lower  cost and neut ron  
capture cross section over  most of the high nickel  
alloys tested, but  is infer ior  in high t empera tu re  
s t rength and in some fabricat ion aspects. It appears 
to be an interest ing mater ia l  for high t empera tu re  
steam applications. 
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Surface Oxidation of Gold Electrodes 

S. B. Brummer and A. C. Makrides 
Tyco Laboratories, Inc., Waltham, Massachusetts 

A B S T R A C T  

The surface oxides formed on electropolished gold by potentiostatic 
anodization in the range 1.2-1.85v vs. H+/H2 have  been studied by ga lvano-  
static reduct ion at current  densities be tween 10 and 1000 tm/cm 2. Molar 
perchlorate  solutions of pH 0.06 to 2.8 were  employed. The extent  of oxide 
format ion is de termined by the potential  of anodization; the charge in-  
creasing l inear ly  with the potential  of format ion in the range of 1.45-1.8v. 
Cathodic chronopotent iograms show that reduct ion of the oxide occurs at 
a definite potential  which depends on the cathodic current  density. Cur ren t -  
potential  curves, constructed f rom the chronopotentiograms,  fol low a Tafel  
re lat ion with a slope of 41 mv. The electrochemical  order of the reduct ion 
react ion is --1.4 wi th  respect  to pH. Ease of reduct ion of the oxide, as 
measured by its rate  of reduct ion at a fixed potential  at any given pH, 
decreases wi th  increase of potential  of format ion of the oxide. A mechanism 
for reduct ion is suggested in which it is assumed that the reduct ion of an 
in termedia te  (Au ~I) is the slow step in the over -a l l  process. 

The format ion and reduct ion of surface oxides on 
meta l  electrodes are of major  importance in de te r -  
mining the kinetics of basic electrochemical  reactions, 
for example,  of the reactions involving the O2/H20 
couple. Of par t icular  interest  are noble metals, often 
used as oxygen electrodes, where  the absence of dis- 
solution reactions facili tates the in terpreta t ion of cur-  
ren t -poten t ia l  relat ions for surface oxidation. The 
present  study deals mainly  with the kinetics of re -  
duction of surface oxides formed on gold, a meta l  
which is unusual  in its stabili ty toward oxidation at 
low temperatures .  

The oxidat ion of gold has not  received as much at-  
tention as that  of p la t inum and is not, at present,  
well  characterized. A number  of studies have been 
made using chronopotent iometry  (1-7). Of par t icu-  
lar  interest  is the work  of Lai t inen and Chao (1) who 
combined potentiostatic techniques wi th  galvano-  
static measurements  and established the s teady-sta te  
concentrat ion of oxide as a function of potential.  The  
final surface species is bel ieved to be Au203 (perhaps 
hydrated)  [e.g., (7)],  but there  is d isagreement  con- 
cerning the presence (5) or absence (1, 4) of lower 
va len t  oxides. Al though the surface coverage with  
oxidized species during galvanostat ic  oxidation has 
f requent ly  been examined (2-8), apparent ly  no at-  
t empt  has been made to examine the kinetics of the 
reduct ion of the oxides of gold. In the present  work, 
the kinetics of reduct ion of films formed potent io-  
statically have  been studied over  a range of pH. 

Experimental 
The principal  exper imenta l  technique involved the 

potentiostatic oxidation of the electrode surface fol-  
lowed by reduct ion with constant current.  Potent ia l -  
t ime measurements  were  also made dur ing anodic 
charging and during f ree  decay f rom various surface 
oxidation conditions. 

A th ree -compar tmen t  electrolytic cell constructed 
of Py rex  glass contained the working electrode in 
the central  compar tment  and had sufficient volume 
to minimize concentrat ion changes dur ing an exper i -  
ment.  A Haber -Lugg in  capi l lary led to the reference 
electrode which was a platinized plat inum cyl inder  
immersed  in a solution saturated with  purified hydro-  
gen. The counterelect rode was a roughened gold cyl in-  
der and was connected to the main compar tment  via a 
coarse f r i t ted disk. All  electrodes were  mounted in 

such a way  that  only glass and Teflon came in contact 
with solution (9). 

Gold electrodes, of "spectroscopically s tandardized" 
mater ia l  (Johnson, Mat they and Co.), were  in the 
form of cylinders of area ~0.8 cm 2. Immedia te ly  be-  
fore use, the electrodes were  electropolished in a 
cyanide bath (10) using a current  density of ~6  
a m p / c m  2. The specimens were  polished unti l  they 
showed no evidence of surface mark ing  when  v iewed 
under  a low power  microscope. They were  then 
washed in chromic-sul fur ic  acid, t r ip ly  distil led water ,  
and finally wi th  the test solution. The electrodes 
usually re ta ined thei r  luster  at the complet ion of a 
series of oxidation experiments ,  and only r a re ly  did 
polishing affect the measured  roughness factor of 
the electrodes after  the first couple of t reatments.  
Geometr ic  areas were  est imated immedia te ly  after  
the experiments,  using a micrometer .  All  results  are  
given in terms of the geometr ic  area of the electrodes. 

Solutions were  made up wi th  t r ip ly  disti l led water  
(one f rom alkaline permanganate)  and were  molar  
with respect to C]O4-. Different  acidities were  ob- 
tained using appropriate  quanti t ies of HC104 (Baker  
Analyzed Reagent)  and NaOH (Baker  Analyzed Re-  
agent) .  The pH was var ied  f rom 0.06 (N HC104) to 
2.8. The working and counter  electrode chambers  
were  flushed wi th  a continuous slow s t ream of N2, 
which had first passed through traps packed with 
glass beads cooled in l iquid Nf. Connections were  
made with  Teflon tubing and all stockcocks, requi red  
to control the rate  of gas flow, had Teflon barrels.  
The exper imenta l  results were  not affected by st i rr ing 
during the anodization or dur ing the subsequent  re-  
duction of the film. 

Potent ia l  control was mainta ined with a Wenking 
fast-r ise  potentiostat.  Switching to a galvanostat ic  
circuit  was per formed with  a mercu ry -we t t ed  re lay  
(Western Electric 275C). Constant current  was sup- 
plied by batteries in series wi th  large resistances and 
was measured wi th  a Greibach mic roammete r  ( type 
510) to a precision of ~ % .  The potent ia l  dur ing 
forced decay was measured  on a Tekt ronix  type 561A 
oscilloscope with a type 2A63 vert ical  amplifier and a 
type 2B67 t ime base. 

Potentials  could be read to 1 my using a sensit ive 
scale on the oscilloscope and a L&N potent iometer  to 
back off most of the potent ial  developed between the 
working  and reference  electrodes. Potent ia l  measure-  
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Fig. 1. Typical anodic chronopotentiogram in 1N HCI04 

ments dur ing free decay were  made wi th  a L&N di-  
rect  reading pH meter  (input impedance ~1012~). 

Reproducibi l i ty  of charge wi th  a given electrode 
dur ing a run was usual ly ___2%, but  be tween  different 
exper iments  scatter  up to +--5% was observed, prob-  
ably because of differences in the surface roughness 
of the electrode. The reproducibi l i ty  of the potent ial  
during reduct ion was usually wi th in  the precision of 
measurement  (--+1 mv)  during a given exper iment ,  
and often was as good between different experiments .  
More usually, a var ia t ion of -+2 mv  was observed be-  
tween different experiments .  All  potentials are re -  
fer red  to the revers ible  H+/H2 potential  in the same 
solution unless otherwise noted. 

All  observations were  made at room temperature ,  
23 ~ -+ 2~ 

Results and Discussion 
Anodic charging curves.--!n Fig. 1, a typical  charg-  

ing curve is presented. It is seen that  the potent ial  
rises steeply at first and then at about 1.28v, the exact  
value depending on the  applied cur ren t  density, a 
sharp break occurs. This is fol lowed by a short  region 
(20-30 mv)  dur ing which  the potent ial  rises quite  
slowly with  t ime and then a much longer  range 
(N1.3-1.75v) where  the potential  increases more  
rapidly wi th  time. The potent ial  becomes steady at 
about 1.8v and this, no doubt, corresponds to s teady-  
state oxygen evolution. The anodic charge dur ing the 
period f rom the first b reak  to 1.8v is 630 t~C/cm 2 which 
is somewhat  less than the charge which is measured  
cathodically after  potentiostat ic p re t r ea tmen t  (for 5 
rain, see below) at 1.8v. However ,  the general  shape of 
the charge vs. potent ial  curves found from anodic 
curves is the same as that  obtained by cathodic re-  
duction af ter  potentiostatic oxidation. The  anodic 
charging curves are s imilar  to those repor ted  by 
Hickl ing (4), but  differ in some respects f rom those 
reported by Lai t inen and Chao (1). Hickl ing found 
that  the total  charge preceding oxygen evolut ion is 
equivalent  to a monolayer  of Au203 (perhaps hy-  
drated) .  Our results and those of Lai t inen and Chao 
(1) show that  the amount  of oxide on the surface in-  
creases smoothly wi th  potent ia l  wi thout  any breaks 
corresponding to various stoichiometries.  In par t icu-  
lar, there  are no arrests corresponding to the fo rma-  
tion of Au I or Au II oxides. 

Reduction curves.--Galvanostatic reduct ion curves 
of films formed potentiostat ical ly at potentials rang-  
ing f rom 1.2 to 1.85v were  de termined  at var ious  
cathodic current  densities. Measurements  were  not  
extended above 1.85v to avoid permanent  damage to 
the electrode (1) resul t ing in part, perhaps f rom ex-  
tensive oxidation at the grain boundaries  (11). A 
series of runs in which the t ime of anodization was 
var ied  showed that  the charge obtained af ter  5 min  
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Fig. 2. Typical cathodic chronopotentiogram in IN  HCI04 after 
5 min of anodization at controlled potential. Arrow in upper 
figure indicates N0.8 monMayer of 0 2 -  remaining on surface. 
Arrow in lower figure indicates the potential corresponding to the 
reduction of the oxide. 

and after  20 rain of anodic oxidation differed by less 
than 0.5%. Since the reproducibi l i ty  of the charge 
determinat ions  was no bet ter  than this, all  oxidations 
were  carr ied out for 5 min. 

In Fig. 2 are presented two typical  cathodic chrono-  
potentiograms. These were  de termined  after  the elec-  
t rode had been oxidized potent iostat ical ly at 1.55v 
for 5 min. I t  is seen that, in contrast  to anodic curves, 
a clear and initially, wel l -def ined arrest  is observed 
corresponding to the onset of the reduct ion of the film. 
After  a time, ( indicated by the a r row in the top dia-  
gram in Fig. 2), corresponding to reduct ion to less 
than about 0.8 of a monolayer  of adsorbed O 2-, the 
potent ial  falls rapidly.  Then, almost at the end of 
the arrest,  a sl ight "kink"  is observed. Eventual ly ,  the 
rate  of change of potent ial  corresponds to double layer  
charging, and this is fol lowed by an arrest,  not  shown, 
where  H2 is evolved.  

The method of calculat ing the t ransi t ion time, ~, 
is indicated on the first curve  of Fig. 2 and the method 
of est imating the potential  of reduct ion is shown in 
the second, magnified, trace. If the reduct ion were  
commenced from less than about 1.45v, the arrest  
corresponding to the reduct ion  of adsorbed oxygen 
was less distinct and the calculation of the charge, 
q, less exact. Also, it was no longer  possible to de te r -  
mine with  any precision the init ial  potent ia l  of re -  
duction. If reduct ion were  s tar ted f rom 1.65v or above, 
a slight (2-5 mv)  overshoot (less posi t ive values) 
of the potent ial  was observed. In this case, the po-  
tent ial  of reduct ion was est imated both at the over -  
shoot and at the arrest. The latter,  whi le  perhaps 
more  valid, was more difficult to est imate accurately,  
so that  there  was more  scatter  in the cu r ren t -po ten-  
tial curves for reduction. The  results repor ted  related 
to the overshoot. 

At  pH of 1 and above, the charge is independent  
of the cathodic current  density, which is expected if 
impur i ty  effects are negligible (no effect of s t irr ing) 
and if the dissolution ra te  of the film is also negl igibly 
small. However ,  in more  acid solutions the charge 
decreased l inear ly  wi th  increase in �9 (Fig. 3). The  
equiva len t  ra te  of loss of charge is about  3 tta/cm 2 
at pH 0.06. This zero order  decay is suggestive of a 
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Fig. 3. Variation of the cathodic charge with time of reduction 
in 1N HCI04. 
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d i s s o l u t i o n  r e a c t i o n ,  w h e r e b y  t h e  o x i d e  d i s a p p e a r s  
n o n e l e c t r o c h e m i c a l l y  ( no  c h a r g e  t r a n s f e r )  in to  s o l u -  
t ion .  T h a t  t h i s  cou ld  n o t  h a v e  b e e n  t h e  case  w a s  s h o w n  
b y  d i r e c t  m e a s u r e m e n t  of t h e  r a t e  of d i s s o l u t i o n  of 
t h e  oxide .  T h e  e l e c t r o d e  w a s  l e f t  a t  o p e n  c i r cu i t  fo r  
v a r i o u s  t i m e s  a f t e r  a n o d i z a t i o n ,  a n d  t h e  o x i d e  r e -  
m a i n i n g  a t  t h e  e n d  of t h i s  t i m e  w as  r e d u c e d  g a l v a n o -  
s t a t i ca l ly .  A d i s s o l u t i o n  r a t e  of a b o u t  0.3 ~ a / c m  2, 
d e t e r m i n e d  in  t h i s  way ,  is i n  good  a g r e e m e n t  w i t h  t h e  
r e s u l t s  of L a i t i n e n  a n d  C h a o  (1) a n d  of V e t t e r  a n d  
B e r n d t  (6) .  Thus ,  t h e  q vs .  ~ r e l a t i o n  a t  p H  < 1 is 
n o t  c a u s e d  b y  s i m p l e  c h e m i c a l  d i s so lu t ion ,  b u t  m u s t  
b e  d u e  to t h e  d e c o m p o s i t i o n  of some  a c t i v e  i n t e r -  
m e d i a t e  p r o d u c e d  d u r i n g  e l e c t r o c h e m i c a l  r e d u c t i o n .  
I n  s o l u t i o n s  w h e r e  q v a r i e d  w i t h  x t h e  r e p o r t e d  
s t e a d y - s t a t e  c h a r g e s  w e r e  e s t i m a t e d  b y  e x t r a p o l a t i n g  
t h e  q vs .  T l i ne  ( i ~ 3 0  to 600 ~a /cmZ)  to T ---- 0. 

V a r i a t i o n  o f  c h a r g e  w i t h  p o t e n t i a l  a n d  p H . - - T h e  
c a t h o d i c  c h a r g e  in  1N HC104 is s h o w n  as a f u n c t i o n  
of p o t e n t i a l  of  a n o d i z a t i o n  in  Fig.  4. I t  is s e e n  t h a t  
a b o v e  ~ 1 . 4 5 v  t h e  c h a r g e  i n c r e a s e s  a l m o s t  l i n e a r l y  
w i t h  p o t e n t i a l .  T h e  c h a r g e  a t  1.45v is c lose to  t h a t  
f o r  a m o n o l a y e r ,  450 # c / c m  2 a c c o r d i n g  to H i c k l i n g  
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Fig. 5. Charge vs. pH at various potentials of formation 

(4) .  I n  fact ,  if  w e  r e g a r d  t h e  c h a r g e  a t  t h e  t r a n s i t i o n  
p o i n t  in  t h e  q vs .  E c u r v e  as c o r r e s p o n d i n g  to a m o n o -  
l ayer ,  w e  w o u l d  s u g g e s t  t h a t  a m o n o l a y e r  of a d s o r b e d  
o x y g e n  ( i .e . ,  o n e  a t o m  p e r  m e t a l  a t o m )  w o u l d  b e  
e q u i v a l e n t  to ~ 4 0 0  r a t h e r  t h a n  450 ~ c / c m  2. T h e  a g r e e -  
m e n t  w i t h  t h e  r e s u l t s  of L a i t i n e n  a n d  Chao  (1) is o n l y  
m o d e r a t e .  B e l o w  a b o u t  1.35v, L a i t i n e n  a n d  C h a o  f o u n d  
a l o n g  s low fa l l  i n  t h e  a m o u n t  of s u r f a c e  o x i d a t i o n  as 
a f u n c t i o n  of t h e  p o t e n t i a l  of a n o d i z a t i o n  w h e r e a s  w e  
f ind t h a t  b e l o w  ~ 1 . 4 5 v  q fa l l s  r a p i d l y  to zero,  b e c o m -  
ing  too s m a l l  to m e a s u r e  a t  ~ l . 3 v .  

A b o v e  ~1 .45v ,  t h e i r  r e s u l t s  d i v e r g e  s y s t e m a t i c a l l y  
f r o m  ours .  A t  1.75v, t h i s  d i s a g r e e m e n t  is a b o u t  15%. 
I t  m a y  b e  t h a t  t h e  d i s c r e p a n c y  a r i s e s  f r o m  a d i f f e r -  
ence  in  t h e  g r a i n  size of t h e  go ld  s p e c i m e n s .  L a i t i n e n  
a n d  Chao  (1) r e p o r t  p e r m a n e n t  d a m a g e  to t h e i r  e l ec -  
t r o d e s  a f t e r  a n o d i z a t i o n  a b o v e  1.75v, w h e r e a s  w e  
f o u n d  t h a t  a n o d i z a t i o n  u p  to ~ 2 . 1 v  ( in  1N HC104)  
does  n o t  cause  a p p r e c i a b l e  p e r m a m e n t  d a m a g e .  P e r -  
m a n e n t  d a m a g e  w o u l d  a l m o s t  c e r t a i n l y  b e  w o r s t  in  
a s m a l l - g r a i n e d  s amp le .  A l t h o u g h  t h e  m e a s u r e m e n t  
is v e r y  di f f icul t  to  m a k e  a n d  is i n a c c u r a t e  o n c e  t h e  
c h a r g e  is less  t h a n  a b o u t  300 ~ c / c m  2, t he  s h a p e  of t h e  
c a t h o d i c  c u r v e s  is s u b s t a n t i a t e d  a t  o t h e r  p H ' s  a n d  is 
a lso s i m i l a r  to t h a t  of t h e  a n o d i c  c h a r g i n g  cu rves .  
T h e r e f o r e ,  we  c o n c l u d e  t h a t  no  s ign i f i can t  a m o u n t  
of o x i d e  or  of a d s o r b e d  o x y g e n  is p r e s e n t  on  A u  
b e l o w  1.3v. 

F r o m  t h e  c h a r g e - p H  r e l a t i o n s h i p s  s h o w n  in  Fig. 5 
i t  is e v i d e n t  t h a t  t h e  m a i n  f a c t o r  w h i c h  d e t e r m i n e s  q 
is t h e  f o r m a t i o n  p o t e n t i a l  vs .  r e v e r s i b l e  h y d r o g e n  in  
t he  s a m e  s o l u t i o n  (o r  pos s ib ly  a g a i n s t  t h e  I-I20/O2 
p o t e n t i a l ) .  T h e r e  a p p e a r s  to b e  a s l i g h t  d e c r e a s e  in  
t he  c h a r g e  a t  a n y  g i v e n  p o t e n t i a l  vs .  t h e  H + / H 2  
coup le  in  t h e  s a m e  s o l u t i o n  as t h e  p H  is r a i s e d  f r o m  
0 to 2.8, b u t  t h e  ef fec t  is s m a l l  a n d  i ts  m a g n i t u d e  is 
w i t h i n  t h e  r e p r o d u c i b i l i t y  of t h e  e x p e r i m e n t s .  

K i n e t i c s  o f  o x i d e  r e d u c t i o n . - - A  t y p i c a l  se r ies  of r e -  
d u c t i o n  c u r v e s  f o r  go ld  ox ide  f o r m e d  a t  d i f f e r e n t  
a n o d i c  p o t e n t i a l s  is s h o w n  i n  Fig.  6. U s u a l l y ,  t h e  c u r -  
r e n t  p o t e n t i a l  c u r v e s  w e r e  d e t e r m i n e d  in  t h e  c u r -  
r e n t  d e n s i t y  r a n g e  20-1000 ~ a / c m  2 and ,  in  g e n e r a l ,  
t h e  d e v i a t i o n s  f r o m  t h e  T a f e l  p lo t s  w e r e  •  my.  
A b o v e  ~ 1  m a / c m  2, t h e  Ta fe l  l i ne s  d e v i a t e  s l i g h t l y  in  
t he  d i r e c t i o n  of g r e a t e r  p o l a r i z a t i o n .  R e a s o n a b l e  as -  
s u m p t i o n s  a b o u t  iR losses  l e n g t h e n  t h e  v a l i d i t y  of 
t h e  T a f e l  r e g i o n  to a t  l e a s t  20 m a / c m  2. 

Ta fe l  l i nes  a t  t h e  h i g h e s t  p H ' s  t e n d  to c u r v e  o v e r  
r a p i d l y  a t  c u r r e n t  d e n s i t i e s  s u b s t a n t i a l l y  b e l o w  t h o s e  
c o r r e s p o n d i n g  to t h e  d i f f u s i o n - l i m i t e d  c u r r e n t  fo r  h y -  
d r o g e n  ion. A t  p H  2.1, t h e  c u r r e n t - p o t e n t i a l  l i ne s  w e r e  
so c u r v e d  as to v i t i a t e  a n y  s i m p l e  a n a l y s i s  of t h e i r  
s lopes.  T h e  f o l l o w i n g  d i s c u s s i o n  is m a i n l y  c o n c e r n e d  
w i t h  t h e  l i n e a r  Ta fe l  p lo t s  o b t a i n e d  f r o m  p H  0.06 
to p H  1.6. 

T h e  s lope  of t h e  T a f e l  l ines,  39-42 mv,  was  i n d e -  
p e n d e n t  of t h e  p o t e n t i a l  of f o r m a t i o n ,  as i n d i c a t e d  in  
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Fig. 6. Current-potential curves for reduction of films formed at 
various potentials. 

the figure. The slope was also independent  of pH in 
the range 0.06-1.6(}. In order to est imate an exchange 
current,  io, for reduction, we must  know the revers -  
ible potential  for the reaction, and this presupposes 
that  we have some knowledge of the composition of 
the oxide. The charge vs .  potential  curves are smooth, 
once a monolayer  of oxide has been put down, and 
give no indication of the composition of the oxide. 
However ,  the revers ible  potent ial  for the react ion 

Au(OH)3  4- 3H + 4- 3 e -  ~ A u  4- 3H20 

is given by La t imer  (12) as 1.45v (reduction poten-  
tial),  and exper imenta l ly  (5, 13, 14) it has been found 
to be about 1.36v. Lai t inen and Chao (1) observed 
rest potentials, after oxide formation, of about 1.30v 
and state that  this results f rom a po ten t i a l -de te rmin-  
ing react ion whose revers ible  potent ial  is sufficiently 
close to 1.36v to assume that  the oxide is ve ry  similar  
to Au(OH)3.  In fact, they find it reasonable to con- 
sider the surface oxide as AuOOH [AueO3.H20, see 
J i rsa  and Buryanek  (15) ]. 

The most stable normal  oxide of gold is Au203 
(in its various hydra ted  forms) and even this is 
thermodynamica l ly  unstable and decomposes rela-  
t ively  readi ly  (7). Lower  oxides are known, v i z . ,  
AuO (16, 17), but  it has been shown (7) that  ex-  
per iments  (3, 5, 18) suggesting the anodic format ion 
of lower oxides are incorrect  and are probably the 
result  of base meta l  impurities,  probably Fe. Thus, 
there  is no a p~'iori  reason for assuming any wel l -  
defined stoichiometry.  Certainly,  it is not found for 
p la t inum [Feldberg,  Enke, and Bricker  (19)] and in- 
deed it has been suggested (19) that  the s imilar i ty  
in the anodic behavior  of various noble metals  may  
best be understood by considering the process as es- 
sential ly the oxidat ion of water  wi th  the products  
being stabilized by adsorption on the metal. However ,  
p la t inum and gold adsorb oxygen (or form surface 
oxides) at potentials which differ by near ly  0.5v, so 
that it is doubtful  whe ther  such a "simplification" is 
par t icular ly  useful. 

Al though there  is no clear justification for assum- 
ing any stoichiometry for the oxide, it is apparent  
that  the potent ial  of the oxide-gold  couple is close 
to the potential  of the A u ( O H ) J A u  couple. For  the 
purpose of est imating io'S, it wil l  be assumed that  the 
revers ible  potential  is that  of the A u / A u  (OH)3 couple, 
i .e. ,  1.36v, al though the surface oxide may not be as 
completely  hydra ted  as this. Exchange  currents,  ob- 
tained in this way, va ry  f rom about 5 x 10 - s  to 2 x 
10 -9 amp/cm 2, and depend on the potential  at which 
the oxide is formed (vide infra) .  

The ease of reduct ion of the oxide depends on the 
potential  at which it is formed, a l though it is not 
clear at first whe ther  this is a direct  effect of the po- 
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tential,  or a resul t  of differences in thickness. The 
fol lowing exper iment  was per formed to answer  this 
question. The meta l  was oxidized at a certain po- 
tent ial  and then left  on open circuit. Observations were  
made of the charge left  on the oxide f rom about 1.4 
monolayers  to about 0.7 monolayers,  and, also of the 
potential  of reduct ion of the oxide at a given current  
density as a function of t ime on open circuit. If  the 
de termining  factor is the thickness, we expect  the po- 
tent ial  of reduct ion to become more posit ive (in the 
reported experiment ,  by about 40 my) as the charge 
on the electrode decays away. Otherwise,  we do not 
expect  much change. The reduct ion potent ial  became 
slightly (5 my)  more negative,  which clearly shows 
that  the potent ia l  of format ion and not the thickness 
of the oxide controls the reduct ion kinetics. 

The ease of reduct ion of the oxide, as a function of 
the potent ial  of formation, is demonstra ted in terms 
of the reduct ion current  at fixed potential  (1200 mv  
vs .  R.H.E.), in Fig. 7. It  is found that  the reduct ion 
current  decreases semi logar i thmical ly  wi th  the in-  
crease in the potential  of formation.  

The pH dependence of the current  at a fixed po- 
tent ial  vs .  the s tandard hydrogen electrode is shown 
in Fig. 8. Log i varies l inear ly  with pH according to 
(O log i /O pH)E = 1.39 • 0.02. No significant va r ia -  
tion in (a log i / a  pH)E is found with  changes of ei ther  
q or of the potent ia l  of formation. 

G e n e r a l  Discussion 
To describe the mechanism of the reduct ion of gold 

oxide, we should in all, have  to account for the fol-  
lowing facts: (A) Most of the oxide is reduced at a 
fixed potential.  (B) A Tafel  slope of 41 m v  is ob- 
served independent  of thickness or potent ia l  of for-  
mation. (C) (a logi /O pH)E is --1.39 independent  of 
thickness or potent ial  of formation. (D) The oxide be-  
comes harder  to reduce the higher  the potent ial  of 
formation. (E) In more acid solutions, the charge de- 
creases l inear ly  wi th  increase in the transi t ion time, 
at a ra te  in excess of that  observed for simple disso- 
lut ion of the oxide. 

For  the present  we will  assume, after  Lai t inen and 
Chao (1), that  the oxide is essential ly AuOOH 
(Au203.H20) .  A simple way of accounting for a 
Tafel  slope of about  40 mv is to assume a th ree -e lec -  
tron reduction. However ,  aside from the inherent  ira- 
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Fig. 8. Rate of reduction of oxides formed at various potentials 
as a function of pH. 

probabil i ty  of such a step, the pH dependence of the 
reduct ion rate  rules out  this mechanism. 

A mechanism which par t ia l ly  satisfies (B) and (C) 
above is given by the fol lowing sequence of reactions 

fast  
AuOOH + H + + e ~- AuO + H20 (I) 

slow 
A u O + H  + + e  --> AuOH (II) 

f a s t  
A u O H + H  + + e  --> A u + H 2 0  (III)  

where  AuO is wr i t ten  as the Au II oxidat ion state and 
AuOH as the Au z oxidation state, but  e i ther  of these 
may be hydrated.  The ra te  equat ion is 

a~F 
i ~ 3kn(AuO)  (H +) e x p - - ~  [1] 

R T  

where  a, the t ransfer  coefficient, is ~0.5, and ~ is 
the potential.  We can solve for (AuO) by assuming 
that  reaction (I) is fast and is in equi l ibr ium at all 
potentials.  Then 

--k-~ (AuOOH) (H + ) exp ~F_ 
RT 

ki (AuO)  (H20) exp ( 1 - - f l ) r  [2] 

and 
RT 

~bF 
(AuO) ~ K ( A u O O H )  (H +) e x p - - - -  [3] 

RT 

where  K is a constant equal  to k i /k l  (H20).  Then the 
final rate  equation is 

(1 + ~)~F 
i = 3kIIK(AuOOH) (H+) 2 exp [4] 

RT 

If the surface oxide (AuOOH) is thought  of as a 
wel l -def ined and essential ly homogeneous solid, its 
act ivi ty will  r emain  constant al though its concentra-  
tion declines dur ing reduction. This would  account 
for the initial flatness of the galvanostat ic  reduct ion 
curve. If ~, in Eq. [4], is 0.5, the Tafel  slope is 39 mv, 
in good agreement  wi th  exper iment .  

The pH dependence, (0 log i/O p,H)E, as given by 
Eq. [4] is --2. This result  is only in modera te  agree-  
ment  wi th  the exper imenta l  observat ion of (O log i /  
0 pH) E = --1.39. 

A disadvantage of the above mechanism is the as- 
sumption that  the reduct ion of Au n is the slow step. 
Sidgwick (20) expresses the opinion that  Au II com- 
pounds are rea l ly  complex molecules  containing equal  
proport ions of Au  I and Aum. Al though the evidence 
for this v iew is not strong, one has some doubts about 
postulat ing this form of gold as being so re la t ive ly  
stable. However ,  the large and unusual  force field in 
a thin adsorbed layer  could al ter  the re la t ive  stabil-  
ities of the various oxidat ion states. 

An a l ternat ive  to this scheme which yields the 
same Tafel  slope and pH dependence can be con- 
s t ructed if it is assumed that  the concentrat ion of 
AuOOH is fixed by the equi l ibr ium 

AuOOH ~- Au + 02 + H + + e (IV) 

and that  the ra te - l imi t ing  step is 

slow 
AuOOH + H + + e ~ AuO + H20 (V) 

Reaction (V) is fol lowed by reactions (II) and (III) ,  
which are now assumed to be fast. This mechanism 
assumes that  react ion (IV) is fast and revers ible  at 
potentials of ~ l . 2 v  in 1N HC104, i.e. it requires  that  
the reduct ion of oxygen on gold proceed at a rate  
greater  than 1000 ~a /cm 2 (the observed reduct ion rate  
of the oxide) at these potentials.  This is contrary  to 
what  is known about the reduct ion of oxygen on gold 
(21). In addition, this mechanism predicts a substan- 
tial effect for oxygen while, in fact, no difference was 
observed ei ther  in the reduct ion potentials  or in the 
amount  of oxide present  on the surface when oxygen 
was bubbled over  the electrode. These findings rule  
out this a l te rna t ive  mechanism. 

The var ia t ion of the reduct ion current  at fixed 
potential  (of reduction) is expressed by Eq. [5] 

0.20 F Ea 
i ~ exp - -  [5] 

RT 

where  E a is the potent ial  of format ion of the oxide 
against the revers ible  hydrogen electrode in the same 
solution. 

Comparison of Eq. [4] and [5] shows that  the ac- 
t ivi ty of (AuOOH) depends on the potent ial  of fo rma-  
tion according to (AuOOH) ~ exp --0.20 F Ea/RT. 
This re la t ion essentially expresses the qual i ta t ive  
observation made above, that  the ease of reduct ion of 
the oxide decreases wi th  the potent ia l  of formation,  
and suggests that  the s t ructure  of the oxide (e.g., con- 
centrat ion of defects) depends on the potential  of its 
formation.  There is, unfortunately,  no direct  evidence 
bear ing on the comparison or s t ruc ture  of ve ry  thin 
gold oxides formed anodically, so that  it is not  pos- 
sible to deduce f rom the kinetics the s t ructural  
changes which might  take place (22). 

An a l te rna t ive  explanat ion of the p i t  dependence is 
possible in terms of cation adsorption in the inner  
par t  of the double- layer  on metals  covered with  
oxide (23). Thus, for example,  the potential  of zero 
charge of ox ide-covered  pla t inum is in excess of 2.2v 
(23). The unusual  pH dependence of the reduct ion 
rate may result  f rom competi t ion be tween (slightly) 
adsorbed Na + and H + ions whose ratio changes wi th  
pH. Because of the low Tafel  slope of 41 my, small 
changes in the potential  distr ibution in the vicini ty  of 
the electrode could be very  important .  This notion 
received some substantiat ion f rom exper iments  in 
concentrated Mg(ClO4)e solutions. The object, here, 
was to preserve  the s t ructure  of the double layer  
(with a high concentrat ion of d ivalent  cations) whi le  
changing the pH. In the main, the results were  s imilar  
to those repor ted  above. However ,  at pH 0.2 or less 
the current  potential  curves were  much more closely 
spaced than we have reported above and the pH de- 
pendence, especially at high potentials  of format ion 
( ~ l . 7 v )  was --2.0. Fu ther  experiments ,  wi th  var ia -  
tion of the cation are in progress and wil l  be repor ted  
later. 
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The rest  potent iaL--Decay  curves (Fig. 9-11) show 
(a) that  the "rest"  potential  is a function of the po- 
tential  of formation, (b) that  this potential  varies wi th  
pH (Fig. 10), and (c) that  f requent ly  there  is an 
overshoot  in the decay curve  (Fig. 11). Since there  is 
l i t t le doubt that  the u l t imate  anodic product  is Au  In 

oxide (7), one expects that  the higher  the potential  of 
formation, the closer to 1.36v would  be the rest  poten-  
tial. In fact, the opposite is true. We may  recall  that  
the higher  the potential  of format ion of the oxide, the 
harder  it is to reduce. These observations, taken to- 
gether,  suggest  that the rest  potent ial  is a mixed po-  
tential. 

If the rest  potential  is a mixed  potent ial  involving 
an impur i ty  couple, and if the reduct ion rate  of the 
impur i ty  is essentially controlled by its rate  of diffu- 
sion to the electrode, then we expect  the rest poten-  
tial to va ry  by about 95 mv  per  pH unit, which is in 
fair  agreement  wi th  the observed pH dependence (85 
mv  vs. S.H.E.). The overshoot  phenomenon (Fig. 11) 
is s imilar  to the overshoot  observed in forced decay 
and probably arises f rom the same cause, i.e., f rom 
an addit ional  potent ia l  drop wi th in  the oxide. 

The observed var ia t ion of q with the reduct ion cur-  
ren t  in the more  acid solutions is not  easily accounted 
for. As shown above, the dependence of q on �9 cannot 
be explained in terms of dissolution of the oxide, but  
must  be a t t r ibuted to the decomposit ion of an in ter -  
mediate  formed during forced reduction. According to 
the proposed mechanism, A u m  and Au II are in equi-  
l ibr ium at all potentials  and, therefore,  also at the 
potent ial  established dur ing free decay. Consequently,  
any decomposition react ion involving these species 
must  be present  dur ing both forced and f ree  decay, 
and cannot, therefore,  give rise to the much higher  
ra te  of dissipation of charge dur ing forced decay. This 
a rgument  implies that  Au I is the unstable species. 
The react ion in quest ion is obviously not  the dispro-  
port ionat ion to Au and Au In, which is a we l l -known 
reaction (24), since such a process does not  dissipate 
charge but mere ly  alters the kinetics of reduction. A 
l ikely path for charge dissipation is, then, react ion of 
Au I wi th  H20 to yield O~, which diffuses away. 

S u m m a r y  and  Conclusions 
1. The kinetics of reduct ion of anodic oxide films 

formed on gold electrodes at potentials be tween 1.45 
and 1.85v fol low a Tafel  re lat ion with  a slope of 41 
mv. The exchange current  (determined by ext rapola-  
tion to a potent ial  of 1.36v vs. H+/H2 in the same 
solution) is in the range of 10 -7 to 10 .-9 amp/cm2; it 
decreases wi th  increasing anodic potentials of fo rma-  
tion of the film and is almost  independent  of pH. 

2. The electrochemical  react ion order for reduct ion 
is --1.39 with  respect  to pH. 

3. A mechanism for reduct ion is suggested in which 
it is assumed that  Au II and Au Iu are in equi l ibr ium at 
all potentials and that  the electrochemical  reduct ion 
of Au II is the slow step. This reaction scheme accounts 
approximate ly  for the main exper imenta l  results. 
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Anodic Oxidation of Tantalum in Formic Acid Electrolytes 

D. M. Cheseldine 
Sprague-TCC (Canada) Ltd., Toronto, Ontario, Canada 

ABSTRACT 

Duplex films formed anodically on tanta lum in formic acid and other  
organic electrolytes have both low capacity and low optical thickness per 
unit  format ion voltage. 1/c vs. V curves show a "break point," CV values 
being lower  at higher  voltages. The  film adjacent  to the meta l  has the char-  
acteristics of normal  TacOs and grows s imultaneously with the outer  more  
rapidly soluble film suggesting oxygen ion mobil i ty  in this outer  film. Evi -  
dence f rom sequential  formations in organic and aqueous electrolytes in-  
dicates also tanta lum ion mobil i ty  and the growth of some new oxide in the 
pre-exis t ing  outer  layer.  Conditions at the electrolyte  interface may exer t  
some control  on the number  of oxygen ions enter ing the film. Other  anions 
influence the film structure  which is thought  to contain voids. 

It has been observed that  the film produced on 
tan ta lum in organic or concentrated electrolytes differs 
in certain characterist ics f rom that  formed in dilute 
aqueous solution. Vermi lyea  (1) noticed that  wi th  
films formed to the same voltage, those formed in 
organic electrolytes were  optically th inner  (absolute 
values vary ing  with  e lect rolyte  composition) yet  
showed normal  capacity. The film consisted of two 
portions; an outer  par t  which dissolved rapidly  in HF 
and an inner par t  which dissolved at a ra te  similar  to 
that  of films produced in aqueous solution. Also the 
efficiency of the format ion process in organic e lectro-  
lytes was greater  than 100% assuming all the charge 
to be used in the product ion of oxide. 

Young (2) made  measurements  of overpotent ia l  and 
capacity of films formed in various concentrat ions of 
H2SO4 and found the product  CV to be approximate ly  
constant. Masing, Orme, and Young (3) showed the 
outer  par t  of the film formed in concentrated H2804 to 
be optically absorbing. The ref rac t ive  index of the 
film was found to be a few per cent less than that  of 
the normal  oxide. 

In the present  invest igation formic acid wi th  var i -  
ous additions has been used as the basis of a number  of 
organic e lectrolyte  systems in which the anodic oxida-  
tion of tan ta lum has been studied. 

Experimental 
Capacitor grade tan ta lum foils 0.0003 in. thick, h a v -  

ing a surface area of 950 cm 2 were  prepared  by c lean-  
ing for  2 rain ul t rasonical ly  in 1% alconox solution at 
room temperature ,  rinsed, then dried at 120~ in a 
forced draught  oven. A surface area of 50 cm 2 was 
used for capacity measurements .  

Foils were  anodized in about 250g of e lectrolyte  
which was surrounded by a wa te r  bath mainta ined at 
20~ Most of the anodizing was carr ied out at a con- 

stant current  density of 0.095 m a / c m  2. Voltage was 
measured be tween the anode and cathode, and the 
electrolytes were  adjusted to have  similar  resistivities. 
Most of the work  was carr ied out in an e lect rolyte  
consisting of 2.8g dibasic ammonium phosphate dis- 
solved in 100g formic acid. This electrolyte  had a 
specific resistance of 46 ohm-cm at 25~ The aqueous 
electrolyte  consisted of H2SO4 diluted to the same 
resistivity. The  reagents  were  'ANALAR'  grade and 
were  not fu r the r  purified. 

The tanta lum oxide film was dissolved in HF. For  
most of the work approximate ly  35% HF was used, 
but  for some exper iments  concentrated HF (48% or 
55%) was used, the la t ter  giving a more  defined end 
point at which all oxide was removed.  Formed  foils 
were  cut into eight equal  lengths for easier manipu-  
lation in HF solution. A large vo lume of HF was made 
up and a fresh port ion (approximate ly  200 cc) was 
used for each immers ion  interval ,  used acid being 
collected for recirculation.  Acid s t rength was checked 
at intervals  by measur ing the solution rate  of normal  
tanta lum oxide formed in di lute HuSO4. 

Capacity and dissipation factor measurements  were  
made at 120 cycles in the format ion electrolyte.  Opti-  
cal thickness measurements  were  made by comparing 
the colors with a tan ta lum optical step gauge formed 
in di lute H2SO4 at 2v increments.  The step gauge was 
used as an arb i t ra ry  scale of optical thickness, thus 
all thicknesses are  given in terms of tan ta lum for-  
mation voltage. 

Results 
A comparison of films formed to the same vol tage 

in formic acid electrolytes and in di lute  H2SO4 shows 
that the former  are optically thinner,  r equ i re  less 
coulombs for their  formation,  and have  a slightly 
lower  capacity. The film consists of an outer  and an 
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Fig. 1. Reciprocal capacity and equivalent series resistance in 

electrolyte 1; current density 0.3 ma/cm 2. 

inner  region with  differing rates of solution in HF. 
Also the format ion in formic acid electrolytes pro-  
ceeds wi th  greater  than 100% efficiency. 

Capacity and equivalent series resistance.--A typical  
reciprocal  capacity vs. voltage plot is shown in Fig. 
1 for format ion in a formic acid electrolyte  (com- 
position 1). 

The low vol tage curve  has a reciprocal  slope (CV)  
of 13.5 # f - v / c m  ~ compared with  12.2 ~ f -v / cm 2 for the 
high vol tage curve. Increasing the current  density 
f rom 0.3 to 1.0 m a / c m  2 reduced the low vol tage reci-  
procal slope to 11.6 ~ f - v / c m  2 and the high vol tage to 
9.4 ~ f - v / c m  2. The  break  point  occurred approximate ly  
5v lower  at the h igher  current  density. The E.S.R. 
curve also shown in Fig. 1 exhibits  a maximum.  

Similar  reciprocal  capacity curves are found in 
other  nonaqueous electrolytes. For  instance in an elec-  
t rolyte  consisting of 8% concentrated H2SO4 and 1% 
water  in e thylene glycol, the reciprocal  slopes at low 
and high voltages were  found to be 14.7 ~ f - v / c m  2 and 
9.4 # f - v / c m  2, respect ively.  At  0.3 m a / c m  ~ the break  
point in this e lect rolyte  was found to occur at 35v. 

Solution o] f i lms.--Both inner  and outer  films dis- 
solve un i formly  in HF  but  wi th  differing solubil i ty 
rates. Depending on the acid concentrat ion the solu- 
bil i ty ra te  of the meta l  also differs f rom that  of the 
oxide. Therefore  the weight  of ei ther  film or of the 
total film can be determined.  

Solution of the oxide was first applied to the whole  
film in an a t tempt  to de termine  why  the oxide forms 
with  apparent ly  greater  than 100% current  efficiency. 
Excess weight  could be gained in ei ther  an e lectro-  
chemical, chemical,  or physical process which might  
occur in addit ion to the  normal  oxide formation. 

The total  film weight  resul t ing f rom normal  elec- 
t rochemical  format ion of oxide and an electrochemical  

process involv ing  some ion other  than oxygen is given 
by [1] 

W F  ~ W G  "~ C . E W T a 5 +  [1] 

where  WF is the total  weight  of film in grams, WG is 
the weight  gain after  anodizing in grams, C is the 
"charge to form" in faradays, and E W  is the equivalent  
weight.  

The total film weight  resul t ing f rom a chemical  re-  
action, in addit ion to the normal  electrochemical  
format ion of oxide, is g iven by [2] 

( EWTaS+ ) [ 2 ] 
W F  : C ~ E W T a 2 o 5  ~- W E  1 -~ EWA 

where  the symbols are as above. WE is the excess 
weight  gain in grams, and A is an anion in a tan ta lum 
compound formed by a chemical  process. Values can 
be calculated by making assumptions regarding the 
na ture  of A. 

A possible type of physical  process which might  
occur is one in which some neut ra l  species is occluded 
in the oxide film. The total weight  of film is then 
given by [3] which gives the same value  for the film 
weight  as is given by the e lectrochemical  process 

W F  ~ C - E W T a 2 0 5  -~- W E  [ 3 ]  

Some typical results and figures showing the film 
weights to be expected for different  processes are 
given in Table  I. Of the three processes considered the 
e lectrochemical  or physical  give closest agreement  
wi th  observed values. 

The accurate de terminat ion  of the point  where  all 
the film has been dissolved is difficult because the re -  
sults appear to va ry  somewhat  depending on the 
s t rength of HF used to dissolve the film and the pa-  
rameter  measured.  To avoid this difficulty the total  
weight  of film has been calculated in a number  of 
instances f rom Eq. [1] or [3], i.e., assuming ei ther  an 
electrochemical  or physical process in addit ion to elec-  
t rochemical  format ion  of oxide. This calculat ion gives 
a resul t  ve ry  close to the film weight  de termined  by 
solubil i ty ra te  in concentrated HF  (Table I).  

The weight  and solubil i ty ra te  of the outer, more  
rapidly  dissolving film have  been de termined  at 
different format ion voltages. It  was found that  the 
weight  of the outer  par t  of the film is di rect ly  p ro-  
port ional  to the format ion vol tage and represents  a 
fixed fract ion (about 60%) of the total  weight  of 
film present  (Table I I ) ,  i.e. both films grow s imul tane-  
ously. The inner  film can only grow simultaneously 
wi th  the outer  film if it e i ther  grows out of the latter,  
i.e., if a conversion takes place, or if oxygen ions are 
supplied to the growth site. The la t ter  appears more  

Table I. Solution of tantalum anodic films 

E l e c t r o l y t i c  c o m p o s i t i o n  1 2 3 D i l u t e  H~SO~ 

C h a r g e  t o  f o r m  to  100v ( c o u l o m b s / m e t e r  ~) 1570 1530 1520 
W e i g h t  i nc rease  

C a l c u l a t e d  f r o m  c h a r g e  130 127 126 
M e a s u r e d  185 183 178 
Excess  55 56 52 

H F  c o n c e n t r a t i o n  48% 48% 35% 
P a r a m e t e r  m e a s u r e d  w e i g h t  w e i g h t  c apac i t y  
W e i g h t  of  f i lm d i s s o l v e d  770 740 710 
C h a r g e  ( fa radays)  • EWT.~O 5 • 103 720 705 700 
C a l c u l a t e d  w e i g h t  of f i lm :  

(a) E l e c t r o c h e m i c a l  process  775 760 750 
(b) C h e m i c a l  process 

1. F o r m a t e  320 806 794 
2. P h o s p h i t e  851 838 824 
3. H y d r o x i d e  892 880 862 
4. Ox ide  1024 1015 987 

(All  w e i g h t s  i n  m g / m e t e r  e) 

3000 
248 255 
48% 

w e i g h t  
1350 
1370 

E l e c t r o l y t e  C o m p o s i t i o n s :  1 2 3 

P h o s p h o r u s  ac id  1.5 1.7 - -  
D i a m m o n i u m  h y d r o g e n  p h o s p h a t e  - -  - -  2.3 
F o r m i c  ac id  90.0 100.0 100.0 
Water 0.75 - -  - -  
T r i e t h y l a m i n e  To  g i v e  specific res i s tance  - -  
Specif ic  r e s i s t ance  o h m - c m  a t  25~ 50 60 48.0 
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Table II. Solubility rate in 35% HF of films formed in electrolyte 3. 
Current density 0.095 ma/cm 2 

1. F o r m a t i o n  v o l t a g e  20 40 60 80 100 
2. W e i g h t  of  o u t e r  f i lm,  

m g / m e t e r  -~ 94 170 255 345 427 
R a t i o  2 /1  0.47 0.42 0.42 0.43 0.43 
S o l u b i l i t y  r a t e ,  

m g / m e t e r ~ / s e c  g.4 9.4 8.9 8.2 7.1 
W e i g h t  of  o u t e r  f i l m  
W e i g h t  of  t o t a l  film(a) 0.74 0.61 0.60 0.59 0.59 
C o u l o m b  ef f ic iency ,  % 148 144 135 136 142 
O p t i c a l  t h i c k n e s s ,  T a  v o l t a g e  - -  21 31 43 60 

<~) C a l c u l a t e d .  
(A l l  w e i g h t s  in  rag .  s o l u b i l i t y  r o t e  of  TarO5 f o r m e d  d i l u t e  H2SO4 

= 3.6 m g / m e t e r ~ / s e c ) .  

l ikely and implies mobi l i ty  of oxygen ions in the 
outer  film since these must  originate in the electrolyte  
before passing through the outer  film. 

The format ion efficiency values in Table II are 
typical of those obtained under  controlled t empera tu re  
conditions. The variat ions wi th  vol tage are  wi th in  the 
reproducibi l i ty  at any vol tage and therefore  not sig- 
nificant. The mean value  obtained for the efficiency at 
20~ from all (eight) determinat ions  made at this 
t empera tu re  was 144%, all values fal l ing within •  
of the mean. In ear l ier  exper iments  wi thout  t empera -  
ture control  19 out of 30 determinat ions  fel l  wi thin  
this range. 

For  films formed above a certain vol tage the solu- 
bi l i ty ra te  decreases wi th  increasing voltage. An  in- 
crease in the format ion current  density causes a 
marked  increase in the solubil i ty ra te  of the outer  
film. At 0.76 m a / c m  2 (i.e., an eightfold increase of cur-  
rent  density) a 60v film showed a solubil i ty ra te  
double that  for a film formed at the lower  cur ren t  
density. The re la t ive  proport ion of fast dissolving 
oxide remained at approximate ly  60% of the total  
film. The optical thickness of the film, however ,  was 
about 7% thinner  than the film formed at the lower  
current  density. The format ion efficiency at the higher  
current  density was 152% which is s l ightly h igher  
than the  highest  value  of 148% observed at the lower  
current  density. 

Changes in capacity, weight,  and optical thickness 
during solution of films are shown in Fig. 2 and 3. 
Reciprocal  capacity variat ions with both weight  and 
optical thickness differ widely  for the inner  and outer  
regions of the  f-tim. For  solution of equal  weights  of 
film the change in reciprocal  capacity is greater  by a 
factor of 2.7 in the outer  film. Variat ion of reciprocal  
capacity wi th  optical vol tage gives a value  of 14.0 ~f- 
optical vo l t s / cm 2 for the inner  film, which is of the 
order  to be expected for normal  Ta205. By comparison 
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Fig. 3. Variations of optical voltage with weight of film -I- 
substrate during solution of a film formed in electrolyte 3. 

the outer  film gives a value of 6.2 ~f-optical  vo l t s / cm 2. 
The relat ionship be tween weight  and optical thickness 
for both films appears to be s imilar  since no change of 
slope is discernible in this curve  (Fig. 3). 

While  considering the relat ionship be tween  weight  
and optical thickness it is interest ing also to com- 
pare  the formation charge requi red  for uni t  increase 
in optical thickness. Format ion  in e lectrolyte  3 gives 
a value of 27 coulombs/opt ica l  v o l t / m e t e r  2 compared 
wi th  a value of 29 coulombs/opt ica l  v o l t / m e t e r  2 for a 
film formed in dilute H2SO4. Actua l ly  the nonaqueous 
format ion gives a composite film of which about 40% 
is normal  Ta205. Af te r  making al lowance for this it 
appears that  the outer  film grows wi th  a coulomb ex-  
pend i tu re /op t i ca l  vol t  of about 12% less than normal  
Ta205. This difference, whi le  significant, is quite  
small. 

Some very  interest ing results are obtained when  
format ion in a nonaqueous e lect rolyte  is in ter rupted  
and the formation continued in an aqueous electrolyte.  
This type of sequential  oxidat ion has been used by 
other  invest igators in an a t tempt  to de termine  which 
ions carry the current  through the oxide film (1, 4), 
the final position of the films being de termined  by 
their  differing solubili ty rates. 

If  the format ion is carried out first in di lute  H 2 S O 4  

and then  in a nonaqueous electrolyte  the results  are as 
might  be anticipated. The  outer  par t  of the final film 
dissolves more rapidly  in HF, this outer  par t  amount-  
ing to about 60% of the weight  of film formed in 
formic acid electrolyte.  The remainder  of the film 
dissolves at a uni form slower rate. This is consistent 
wi th  the theory  that  only tan ta lum ions move  in 
normal  Ta205 but  does not  const i tute  proof  of this 
theory unless it is established that  all of the film 
formed in nonaqueous e lect rolyte  lies above that  
formed in dilute H2SO4. This cannot be established 
f rom solubili ty exper iments  since the solubili ty ra te  
of the lower  film formed in nonaqueous e lect rolyte  is 
the same as that  of the film formed in di lute acid. 

When oxidation is carr ied out in the reverse  order  
it is found that  the rapidly  dissolving par t  of the film is 
in the middle sandwiched be tween  two layers  of less 
soluble oxide. This is qual i ta t ive ly  wha t  might  be ex-  
pected still assuming only tan ta lum ion mobili ty.  How-  
ever,  the fast dissolving part  of the film is too near  
the air interface for this assumption to be correct, i.e., 
when the format ion is continued in di lute acid con- 
siderable growth of normal  Ta205 takes place below 
the rapidly dissolving film formed in nonaqueous 
electrolyte.  Also some dispersion of the fast dissolving 
part  of the film appears  to take  place because the 
weight  of this film increases. Its solubil i ty ra te  also 
is lower  than expected. Some fur ther  anomalies are 
noticed in the anodizing. For  instance the coulombs/  
vol tage increment  in the di lute H2SO4 are ini t ial ly 
except ional ly  high; also the optical thickness is greater  
than would  be expected. Figures  for formations car-  
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Table III. Formation in electrolyte 3 followed by formation in 
dilute H2SO4 

[I]  [ I I ]  [ I I I ]  

F o r m a t i o n  v o l t a g e  
E l e c t r o l y t e  3 30 30 30 
D i l u t e  H2SO~ 60 10@ - -  

Op t i ca l  v o l t a g e  
E l e c t r o l y t e  3 16.5 16.5 16.5 
D i l u t e  I:f2S O4 54 98 - -  

Excess  c o u l o m b  e x p e n d i t u r e  in  
d i l u t e  I~SO~, cou lonabs /mete r2  180 175 - -  

W e i g h t  of fi lm, m g / m e t e r ~  
O u t e r  188 366 132 
M i d d l e  211 388 
Inner(~) 288 465 

S o l u b i l i t y  r a t e  of f i lm in  35% HF,  
m g / m e t e r e / s e c  
O u t e r  4.9 4.3 9.4 
M i d d l e  6.6 5.5 - -  
I n n e r  3.4 3.4 3.4 

W e i g h t  of  f i lm f o r m e d  in  d i l u t e  
H~SO~ [ f o l l o w i n g  e l e c t ro ly t e  3],  
r a g / m e t e r 2  
B e n e a t h  e x i s t i n g  o u t e r  film(b) 207 384 
W i t h i n  e x i s t i n g  o u t e r  f i lm 79 256 
Above existing outer film 188 366 

T o t a l  474 1006 

(a) B y  d i f fe rence  f r o m  the  c a l c u l a t e d  w e i g h t  of the  t o t a l  f i lm. 
(b) The  i n n e r  f i lm f o r m e d  in  e l ec t ro ly t e  3 d i s so lves  a t  t he  s ame  

r a t e  as t he  f i lm f o r m e d  in  d i l u t e  ac id  a n d  m u s t  h e  d e d u c t e d  t o  d e -  
t e r m i n e  the  w e i g h t  of f i lm a d d e d  in  d i l u t e  acid.  

t ied  out first in e lectrolyte  3 and then  in di lute  H2SO4 
are shown in Table III, [I and II] and for comparison 
some figures for a 30v format ion in electrolyte  3 only 
are included [III].  

These figures show that  fol lowing the format ion of 
a film in electrolyte  3, most of the oxide growth  in 
di lute H2SO4 occurs above and below the outer  region 
of the first film. Also some growth takes place within  
the film. 

Fi lm growth at any location indicates both anion 
and cation t ransport  to that  location. Therefore  the 
sequent ial  format ion exper iment  is fu r the r  evidence 
for the mobi l i ty  of both ion species in the more  
rapidly  soluble film. 

Knowing  the re la t ive  proport ions of ions t rapped in 
the oxide film and of ions penet ra t ing  to e i ther  in ter -  
face, the proport ion of charge carr ied by ei ther  anion 
or cation species can be deduced. It  is assumed that  
the inner  film is fo rmed  by anion migra t ion  and the 
outer  film by cation migration.  (When growth occurs 
wi thin  the film the charge must  be divided equal ly  
be tween  anion and cation transport .)  For  the two ex-  
amples in Table III  it is found that  the proport ion of 
charge carr ied by oxygen ions is 52% and 51% of the 
total  for cases [I] and [II]. This agreement  supports 
the suggested mechanism and indicates that  under  
given format ion conditions the ra te  at which ei ther  ion 
species enters the film remains constant. In this case 
approximate ly  half  the charge is carr ied by oxygen 
ions. 

Addition of water to electroIytes.--Addition of water  
to a formic acid electrolyte  increases the re la t ive  
propor t ion of the inner  film and also decreases the 
solubil i ty rate  of the outer  film (Table IV).  

Whereas in e lectrolyte  3 wi thout  any addit ion of 
water  60% of the film has a high solubil i ty rate, wi th  
the addition of 40% wate r  to the electrolyte  this is 
reduced to 45%. The solubili ty ra te  is also reduced to 
a value  very  close to that  of the normal  oxide. 

Table IV. Effect of water additions to electrolyte 3, I00v formation 

Per  cen t  w a t e r  a d d e d  2 5 10 20 40 

1. W e i g h t  of  t o t a l  film(~), 
r a g / m e t e r  ~ 830 910 990 1040 1160 

2. W e i g h t  of  o u t e r  f i lm,  
m g / m e t e r  ~ 470 503 516 463 525 

Ra t io  2 /1  0.57 0.55 0.52 0.46 0.45 
3. S o l u b i l i t y  r a t e  of o u t e r  

f i lm, m g / m e t e r 2 / s e c  5.9 5.1 4.3 4.3 3.7 
Eff ic iency,  % 136 129 119 119 112 
Op t i ca l  v o l t a g e  70 77 82 84 89 

Ca lcu l a t ed .  

In considering the t ransport  of ions through the 
film a complicat ing factor is that  anions o ther  than 
oxygen ions appear  to enter  the film. In par t icular  the 
phosphate or phosphite  ions present  in the electrolytes 
so far  considered play an impor tan t  role. Without  such 
additions the format ion is character ized by increasing 
vol tage increments  per  coulomb and break down at 
low voltages preceded by a decreasing product  of ca- 
pacity and voltage. The format ion efficiency is still 
grea ter  than 100%, and the outer  part  of the film has a 
ve ry  high solubil i ty rate. For  instance, wi th  the addi-  
t ion of 5% wate r  to an electrolyte  consisting of t r i -  
e thylamine  and formic acid (specific resistance 46 
ohm-cm at 25~ the vol tage inc rement / cou lomb in-  
creased f rom a value  of 465 v / c o u l o m b / c m  ~ at 10v to 
a value  of 975 v / c o u l o m b / c m  2 at 100v. The outer  film 
dissolved in 35% HF at a ra te  of 41 mg/mete r2 / sec  
compared with  a ra te  of 5.1 mg/mete r2 / sec  for a film 
formed in a s imilar  e lectrolyte  containing phosphate 
ions. 

Fu r the r  evidence of the effect phosphate  ions in 
nonaqueous electrolytes have  in decreasing the solu- 
bi l i ty ra te  of the formed films is obtained by forming 
in concentrated phosphoric acid (85% HsPO~). Under  
these conditions a film formed to 60v has an optical 
thickness of 40v and requires  only 62% of the cou- 
lombs requi red  to form a film to the same vol tage in 
dilute H2SO4, i.e., the film has the characterist ics of a 
film formed in a nonaqueous electrolyte  including a 
high format ion efficiency. The film, however ,  dissolves 
at a uniform rate  of 2.5 mg/mete r2 / sec  which is even 
lower  than the ra te  of 3.6 mg/mete r2 / sec  normal ly  ob- 
served for films formed in dilute H2SO4. 

It  therefore  seems l ikely that  some phosphate or 
phosphite ions are taken up by the film dur ing fo rma-  
tion in formic acid electrolytes containing these ions. 
Formate  ions may also be taken up since the solubil i ty 
rates of the outer  films are still much greater  than 
those of films formed in concentrated H~PO4. 

Discussion 

The exper imenta l  evidence indicates that  these films 
consist of two regions; that  both cations and anions 
are mobile  in the outer  region; and that  growth can 
occur wi th in  this outer  region. The  high coulomb 
efficiencies indicate that  some ions o ther  than oxygen 
are taken up by the film, and there  is evidence that  
such a film has a higher  field s t rength than normal.  
Both coulometry  and optical measurements  indicate 
that  the field s t rength is almost double that  of a 
normal  film. While both these methods are l imited by 
lack of knowledge  of the na ture  of the film there  are 
indications that  this may not differ grossly f rom that  
of oxide formed in di lute solution. Also a direct  weight  
comparison indicates that  the film formed in organic 
e lectrolyte  is only about 75% of the weight  of one 
formed to the same vol tage in aqueous solution. There -  
fore the fo rmer  must  be th inner  unless the density 
changes by an equal  or g rea te r  amount.  Fur ther ,  in 
spite of the low CV values of the outer  film (Fig. 2) 
the CV values of the duplex  film are only sl ightly 
lower  than those of the normal  oxide indicating that  
the duplex film must  be th inner  to compensate for 
its lower  dielectric constant. 

It  is thought  that  these phenomena can best be ex-  
plained by assuming that  the outer  film formed in 
organic electrolytes has some type of voids in its 
structure.  F i lm growth wi th  pores is possible when the 
anion is mobile. In this case, since the cation is also 
mobile, growth at the neck of the pore would  even-  
tual ly  cut it off, leaving a void embedded in the film. 

Vermi lyea  (5) found the average field s t rength of 
films formed on contaminated surfaces to be h igher  
than normal  due to the in terrupt ions  in the ion con- 
duction paths. In this case the voids were  be tween the 
meta l  and the oxide film. Such voids affected growth 
above them due to the reduced avai labi l i ty  of tanta-  
lum ions. Thus a tendency exists for voids to repro-  
duce. Since they are probably  being continual ly 
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created in a film growing in an organic electrolyte,  
they may mul t ip ly  giving rise to low capacities and 
other  effects. 

Fi lms formed in formic acid electrolytes not con- 
taining ions such as phosphate or phosphite exhibi t  a 
ve ry  rapid CV drop with  increasing vol tage after  a 
certain vol tage has been reached. Such behavior  may  
be due to the rapid mult ipl icat ion of voids. The ac- 
companying increase in vol tage increment  per  coulomb 
provides corroborat ing evidence. This la t ter  behavior  
is not observed when  phosphate or phosphite ions are 
added to the electrolyte.  It  is thought  that  this may  
be because these ions enter  the film and collapse its 
s t ructure  (6), thus mainta in ing  sufficiently uniform 
ion conduct ivi ty  to prevent  the excessive generat ion 
of voids. (The decreased solubili ty of films formed in 
electrolytes wi th  phosphorous containing ions is in 
accord with  the idea that  these films are more  dense.) 
The break in the CV curve would then be in te rpre ted  
as a measure  of their  fa i lure  to completely  achieve this. 
The max imum in the ESR curves suggests that  the 
growth form induced by these ions is s trained and 
that  at the break point the film rever ts  to a sl ightly 
modified growth form. 

Voids would provide a site for the fu r the r  growth 
which occurs wi thin  the film. Such growth could re-  
store some of the conduction paths in the film thus 
lower ing  its field strength. The excess coulombs re -  
quired to form a film in aqueous solution on top of a 
film formed in an organic e lectrolyte  could then be 
explained by the decreasing field s t rength of the 
latter.  

The filling of voids also offers an explanat ion of the 
decreasing solubil i ty ra te  of the outer film as it grows 
(Table II) or as format ion is continued in an aqueous 
electrolyte  (Table I I I ) .  

The absence of voids in films grown in aqueous 
solution is not surprising. The conditions for their  
origin, e.g., foreign ion inclusions, may  be absent. An-  
other  possibility is that  the large excess of oxygen 
ions present  in dilute solution may fill in the voids 
almost as soon as they are produced. There  are in-  
dications that  the amount  of growth within  the oxide 
is controlled by the avai labi l i ty  of oxygen ions at the 
interface. For  example,  in organic electrolytes an in-  
crease in current  density produces less growth wi th in  
the film, presumably  due to slow rep len ishment  of 
oxygen ions at the interface. Also, the addition of 
water  to organic electrolytes (Table IV) is seen to 
give increasing growth wi th in  the outer  films indicated 
by their  decreasing solubil i ty rates. Therefore  the 
t ransi t ion of mechanism from organic to aqueous elec- 
t rolytes may  be continuous. If so, one might  expect  to 
find on films grown in aqueous electrolytes,  only  a 
thin outer  film containing voids which had not yet  
filled in. A thin surface film, showing l ight absorption, 
has in fact  been observed by Young (7) during optical 
measurements  on films formed in dilute H2SO4. 

Summary 
The fol lowing phenomena  have  been observed in 

the anodic oxidation of tan ta lum in formic acid elec-  
trolytes:  

1. The films have  many  of the general  features  
found by Vermi lyea  (1) for films formed in other  

nonaqueous media, i.e., at the same voltages they are 
optically th inner  and requi re  less coulombs for fo rma-  
tion than films formed in dilute aqueous electrolytes.  
The format ion in nonaqueous media is character ized 
by an efficiency greater  than 100%. Also the film con- 
sists of two regions, the outer part  being more soluble 
in HF than the inner  region. 

2. Fi lms formed in formic acid electrolytes have  a 
sl ightly lower  capacity than those formed in di lute 
solution, and the reciprocal  capacity vs. voltage curve  
shows a break point  with a lower  reciprocal  slope 
(CV) at voltages above the break  point. A m a x i m u m  
in the ESR curve  occurs at approximate ly  the same 
vol tage as the break point. 

3. The inner  and outer  films grow at a constant rate  
provided the format ion conditions are not varied.  

4. Above  a certain voltage the solubili ty rate  of the 
outer film decreases with increasing formation voltage. 

5. If formation in aqueous electrolyte follows for- 
mation in a formic acid electrolyte, it is found on dis- 
solving the film that new oxide has been formed above 
and below the rapidly dissolving part of the film. Also 
this rapidly dissolving part has increased in weight 
with an accompanying decrease in solubility rate. 

6. Increasing the formation current density increases 
the solubility rate of the outer film. 

7. Increasing the water content of the electrolyte 
increases the proportion of the inner region of the film 
and decreases the solubility rate of the outer part of 
the film. 

8. For equivalent weight or optical thickness the 
outer film has lower capacity than the inner film. 

9. The addition of phosphate or phosphite ions to the 
electrolytes decreases the solubility rate of the outer 
region of films formed in such electrolytes. The addi- 
tions also establish conditions under  which films grow 
with uniform vol tage increments  for unit  charge. 
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Dielectric Loss Spectra of Corrosion Films on Zirconium 
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ABSTRACT 

A technique has been developed for examining the bulk electrical 
properties of dry zirconium dioxide films. It has been used to determine the 
dielectric loss spectra of films formed by steam corrosion, and by anodization 
of Van Arkel zirconium. The most marked feature is a loss peak found for 
thermal films grown on pickled surfaces. This does not occur with anodized 
specimens or electropolished specimens and is postulated to be due to a 
fluorine-containing dipole. The dipole relaxes with an activation energy of 
0.72 ___ 0.04 ev. An interpretation of the data suggests a lower limit of concen- 
tration of 1 x i020 fluorine ions per cubic centimeter in films of about 1500A 
thickness. Anodic films show low loss curves consistent with near-stoichio- 
metric structure. 

S e v e r a l  w o r k e r s  (1 -3)  h a v e  a t t e m p t e d  to m a k e  e l e c -  
t r i c a l  m e a s u r e m e n t s  on  d r y  o x i d e  fi lms, b u t  t h e y  h a v e  
Se ldom o b t a i n e d  r e p r o d u c i b l e  r e su l t s .  C o n s e q u e n t l y ,  
th i s  w o r k  b e g a n  w i t h  a s t u d y  of t h e  e f fec t ive  r e s i s t -  
a n c e  of  v a r i o u s  e l e c t r o d e  m a t e r i a l s  on  f l ame  p o l i s h e d  
p l a t i n u m .  A l a y e r  of u n b a k e d  co l lo ida l  g r a p h i t e  w a s  
f o u n d  to g ive  a v a r i a b l e  r e s i s t a n c e  of u p  to 1000 o h m s  
a n d  w a s  t h e r e f o r e  r e j e c t e d .  E v a p o r a t e d  g o l d - p a l l a d i u m  
a l loy  a n d  s i l v e r  s u s p e n s i o n  in  m e t h y l  i s o b u t y l  k e t o n e  
w e r e  b o t h  f o u n d  to b e  s a t i s f a c t o r y  in  t h i s  r e spec t ,  h a v -  
i ng  less  t h a n  0.1 o h m  r e s i s t ance ,  a n d  w e r e  t e s t e d  s ide  
b y  s ide  on  o x i d i z e d  z i r c o n i u m  s p e c i m e n s .  F i g u r e  1 
s h o w s  t h a t  t h e y  g a v e  t h e  s a m e  loss v a l u e s  a t  a l l  f r e -  
q u e n c i e s  a f t e r  3 d a y s  e v a c u a t i o n ,  t h e  t i m e  t a k e n  fo r  
t h e  s i l v e r  p a i n t  to d r y  out .  S o m e  s p e c i m e n s  w e r e  
m e a s u r e d  s e v e r a l  w e e k s  l a t e r  a n d  t h e s e  a lso  g a v e  t h e  
s a m e  va lues .  

T h e  m a i n  se r i e s  of m e a s u r e m e n t s  r e p o r t e d  h e r e  
w e r e  m a d e  w i t h  e i t h e r  of t h e  l a t t e r  t w o  e l e c t r o d e  m a -  
t e r i a l s  a p p l i e d  to t h e  o x i d e  face.  M e a s u r e m e n t s  on  
a n o d i c  f i lms g a v e  a f r e q u e n c y - i n d e p e n d e n t  d i e l e c t r i c  
c o n s t a n t  of 22, in  good  a g r e e m e n t  w i t h  w e t  m e a s u r e -  
m e n t s  (4) ,  i n d i c a t i n g  t h a t  s i gn i f i can t  e l e c t r o d e  po -  
l a r i z a t i o n  d id  n o t  occur .  

T h e  d i e l e c t r i c  loss  of a s p e c i m e n ,  t a n  8, is g i v e n  b y  
t a n  ~ ---- 1/~0RpCp, w i t h  t h e  u s u a l  n o t a t i o n .  T h e  v a r i a -  
t i o n  of loss w i t h  t e m p e r a t u r e  or  f r e q u e n c y  can  r e -  
v e a l  r e l a x a t i o n  p e a k s  a n d  t h e s e  h a v e  b e e n  s t u d i e d  e x -  

tan 8 I 

i d 2 1  , , 
10 2 10 3 10 4 

FREQUENCY c/s 

Fig. 1. Loss tangent vs. frequency for two adjacent electrodes on 
the same sample. �9 Silver paint, e, evaporated AuPd. 

t e n s i v e l y  fo r  t h e  case  of t h e  a l k a l i  h a l i d e s  (5) .  W h e n  
t h e y  e x h i b i t  t h e  s h a p e  a n d  b e h a v i o r  of D e b y e  r e l a x a -  
t ions ,  t h e y  c a n  u s u a l l y  b e  a s c r i b e d  to p o i n t  d e f e c t  d i -  
po les  s i t u a t e d  i n  t h e  b u l k  m a t e r i a l .  O n e  s u c h  p e a k  
ha s  b e e n  f o u n d  h e r e  f o r  s t e a m  c o r r o s i o n  f i lms o n  
p i c k l e d  z i r c o n i u m .  

Experimental  
Apparatus.--The a p p a r a t u s  u s e d  w a s  s i m i l a r  to 

t h a t  u s e d  b y  M c M u l l e n  a n d  P r y o r ,  w h o  m e a s u r e d  t h e  
d i e l e c t r i c  loss  of a n o d i z e d  a l u m i n u m  (6) .  A d d e d  p r e -  
c a u t i o n s  w e r e  t h e  p r o v i s i o n  of  a t h e r m o c o u p l e  b u r i e d  
in  o n e  e l e c t r o d e  a n d  a g u a r d  r i n g  to p r e v e n t  s u r f a c e  
c o n d u c t i o n  across  g l a s s w a r e .  T h e  s p e c i m e n  w a s  e x -  
a m i n e d  u n d e r  10 -6  T o r r  k i n e t i c  v a c u u m .  

E l e c t r i c a l  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a W a y n e  
K e r r  U n i v e r s a l  B r i d g e  s u p p l i e d  b y  a M u i r h e a d  D890A 
D e c a d e  O s c i l l a t o r  a n d  b a l a n c e d  b y  a W a y n e  K e r r  
W a v e f o r m  A n a l y s e r .  T h e  e q u i p m e n t  w a s  c h e c k e d  w i t h  
p r e c i s i o n  s t a n d a r d  r e s i s t o r s  a n d  t h e  c o m p l e t e  r i g  w a s  
c h e c k e d  b y  loss m e a s u r e m e n t s  o v e r  t h e  w h o l e  r a n g e  of 
f r e q u e n c i e s  (100 to  20,000 cps  +_ 0 .2%) o n  C d - d o p e d  
NaC1 s ing le  c rys ta l s .  T h e s e  r e v e a l e d  a p e a k  a t  7800 
cps, 104~ w h i c h  s h i f t e d  to 4600 cps  a t  94~ i n  p r e -  
cise a g r e e m e n t  w i t h  t h e  w o r k  of H a v e n  (7) .  

T h e  t e m p e r a t u r e  was  m o n i t o r e d  w i t h  a c h r o m e l -  
a l u m e l  t h e r m o c o u p l e ,  a t h e r m o s t a t  cold  j u n c t i o n  a n d  
a P y e  U n i v e r s a l  P r e c i s i o n  P o t e n t i o m e t e r .  T h i s  a r -  
r a n g e m e n t  was  c h e c k e d  a t  t h e  c a r b o n  d i o x i d e  s u b l i -  
m a t i o n  a n d  ice  po in t s .  

Materials.--Samples w e r e  p r e p a r e d  b y  t h e  o x i d a t i o n  
of  1 x 2 c m  a n n e a l e d  V a n  A r k e l  z i r c o n i u m  s p e c i m e n s  
w h i c h  t h e n  h a d  o n e  s ide  s c r a t c h e d  c l e a n  a n d  s i l v e r  
p a i n t e d .  E l e c t r o d e s  w e r e  e i t h e r  e v a p o r a t e d  or  p a i n t e d  
o n t o  t h e  o x i d e  f i lm o n  t h e  o t h e r  side,  e a c h  e l e c t r o d e  
h a v i n g  a n  a r e a  of a f e w  s q u a r e  m i l l i m e t e r s ,  a n d  t h e  
s p e c i m e n  as a w h o l e  was  g r i p p e d  b e t w e e n  g lass  s u r -  
faces  c o v e r e d  w i t h  p l a t i n u m  foil.  P l a t i n u m  w i r e s  
w e l d e d  to t h i s  fo i l  w e r e  l ed  o u t  of t h e  r i g  to  t h e  m e a s -  
u r i n g  a p p a r a t u s .  

I n i t i a l  e l e c t r o p o l i s h i n g  w a s  d o n e  on  p r e v i o u s l y  
p i c k l e d  s p e c i m e n s  a t  15 ~ ___ 5~ in  a c o n t i n u o u s l y  
s t i r r e d  s o l u t i o n  c o n t a i n i n g  9 p a r t s  b y  v o l u m e  of ace t i c  
ac id  to  one  p a r t  of p e r c h l o r i c  ac id  w i t h  a c u r r e n t  
d e n s i t y  of 12 a m p / d m  2 fo r  a m i n i m u m  of 5 m i n .  
P i c k l i n g  w a s  done i n  45 p a r t s  of c o n c e n t r a t e d  n i t r i c  to  
5 p a r t s  of h y d r o f l u o r i c  ac id  (48% s o l u t i o n )  p lus  50 
p a r t s  of r e d i s t i l l e d  w a t e r .  S a m p l e s  w e r e  t h e n  b r i e f ly  
r i n s e d  in  r e d i s t i l l e d  w a t e r  a n d  w a s h e d  i n  w a r m  r u n -  
n i n g  t a p  w a t e r  f o r  h a l f  a n  h o u r .  T h e y  w e r e  t h e n  
r i n s e d  i n  r e d i s t i l l e d  w a t e r  a n d  m e t h a n o l  a n d  d r i ed .  
V a r i a t i o n s  f r o m  th i s  t r e a t m e n t  a r e  d e s c r i b e d  in  t h e  
t ex t .  I n  b o t h  cases  o n l y  v i s u a l l y  i m m a c u l a t e  s u r f a c e s  
w e r e  accep ted .  A n o d i z i n g  w a s  d o n e  a t  a f e w  m a  cm -2  
in s a t u r a t e d  a m m o n i u m  b o r a t e .  
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Fig. 2. Loss tangent vs.  temperature comparing a typical steam 
corrosion film an a pickled surface (A), with a typical anodic 
film (B). e, 159.2 cps; O, 1592 cps; A ,  15,920 cps. The main 
peak positions are indicated. 

Results 
I t  w a s  f o u n d  t h a t  t h e  p r e s s u r e  w i t h  w h i c h  t h e  spec i -  

m e n  w a s  g r i p p e d  d i d  n o t  a f fec t  t h e  r e p r o d u c i b i l i t y  of 
r e su l t s ,  p r o v i d e d  i t  w a s  b e l o w  a c e r t a i n  m a x i m u m ,  
a t  w h i c h  t h e  f i lm t e n d e d  to s h o r t  out .  

A l l  m e a s u r e m e n t s  w e r e  m a d e  w i t h  0.19v r .m.s ,  a p -  
p l i ed  to t h e  s p e c i m e n .  F o r  a t y p i c a l  s am p l e ,  d o u b l i n g  
t h i s  v o l t a g e  o n l y  c a u s e d  3 % d e v i a t i o n  f r o m  O h m ' s  law.  
M e a s u r e m e n t s  m a d e  w i t h  b o t h  i n c r e a s i n g  a n d  d e c r e a s -  
i ng  t e m p e r a t u r e  s h o w e d  t h a t  t h e  r a t e  of t e m p e r a t u r e  
c h a n g e  e m p l o y e d  d i d  n o t  c a u s e  a s i gn i f i can t  t h e r m o -  
c o u p l e  t e m p e r a t u r e  lag. 

T h e  " b a c k g r o u n d "  loss c u r v e s  (i.e., t hose  o u t s i d e  
a n y  d i s p e r s i o n  r e g i o n )  m e a s u r e d  b e t w e e n  + 1 5 0  ~ a n d  
- -150~ cou ld  b e  e x p e c t e d  to b e  d u e  to s t r u c t u r e -  
s e n s i t i v e  e x t r i n s i c  c o n d u c t i v i t y  a n d  t h e r e f o r e  to b e  n o t  
r e p r o d u c i b l e  b e t w e e n  s p e c i m e n s  b u t  r e p r o d u c i b l e  b e -  
t w e e n  d i f f e r e n t  a r e a s  of  t h e  s a m e  s p e c i m e n .  Th i s  w a s  
f o u n d  to  b e  so. 

A l a r g e  loss peak ,  t h a t  m o v e d  to h i g h e r  t e m p e r a -  
t u r e s  w i t h  i n c r e a s e  in  f r e q u e n c y ,  w as  f o u n d  w i t h  f o u r  
p i c k l e d  s p e c i m e n s  c o r r o d e d  s e p a r a t e l y  f o r  a b o u t  60 
m i n  in  500~ 1 a t m  s t e a m .  I t  d i d  n o t  a l t e r  in  h e i g h t  or  
p o s i t i o n  o v e r  s e v e r a l  w e e k s  a t  r o o m  t e m p e r a t u r e .  A n  
e l e c t r o p o l i s h e d  s p e c i m e n  f r o m  t h e  s a m e  b a t c h  co r -  
r o d e d  fo r  t h e  s a m e  t i m e  [and ,  as h a s  r e c e n t l y  b e e n  
s h o w n  (8) ,  to  a m u c h  s m a l l e r  t h i c k n e s s ]  d id  n o t  s h o w  
t h e  peak ,  n o r  d id  t w o  o t h e r  e l e c t r o p o l i s h e d  s p e c i m e n s  
c o r r o d e d  fo r  5 a n d  7 h r ,  r e s p e c t i v e l y ,  to p r o d u c e  f i lms 
of c o m p a r a b l e  t h i c k n e s s .  T w o  a n o d i c  f i lms g r o w n  to 
a b o u t  2O00A ( c o m p a r a b l e  t h i c k n e s s ) ,  one  o n  a n  e l e c t r o -  
p o l i s h e d  a n d  o n e  on  a p i c k l e d  su r f ace ,  d i d  n o t  g ive  
t h e  a b o v e  loss  p e a k  b u t  m e r e l y  a l ow  loss c u r v e .  
T y p i c a l  e x a m p l e s  of t h e  t h r e e  d i s t i n c t  t y p e s  of b e -  
h a v i o r  a r e  s h o w n  in  Fig.  2 a n d  3. T h e  c a p a c i t a n c e  
v a r i a t i o n  w i t h  t e m p e r a t u r e  for  a s a m p l e  s h o w i n g  a 
p e a k  is p r e s e n t e d  in  Fig.  4. 

T h e  t h e r m a l  f i lms on  p i c k l e d  s u r f a c e s  s h o w  w h a t  is 
s t r i c t l y  a se t  of p e a k s  f o r  e a c h  f r e q u e n c y ,  c h a r a c t e r -  
i zed  in  e a c h  case  b y  a m a i n  p e a k  a t  t h e  low t e m p e r a -  
t u r e  end .  I t  is  t h i s  m a i n  p e a k  t h a t  w i l l  n o w  b e  a n a -  
lyzed.  I t  c a n  b e  s e e n  t h a t  i t s  s h i f t  w i t h  f r e q u e n c y ,  
w h i c h  g ives  t h e  a c t i v a t i o n  e n e r g y  of d ipo le  o r i e n t a t i o n ,  
c a n  be  a c c u r a t e l y  d e t e r m i n e d .  M e a n  p o s i t i o n s  fo r  f ive 
s a m p l e s  a r e - - 6 . 6  ~ 13.5 ~ a n d  39.6~ f o r  co = 103, 104, 
a n d  l0 s r a d  sec  -1,  r e s p e c t i v e l y .  I n  c o n t r a s t ,  t h e  m a i n  
p e a k  h e i g h t s  a r e  diff icul t  to  e s t i m a t e  d u e  to u n c e r -  
t a i n t y  in  i n t e r p o l a t i o n  of  t h e  b a c k g r o u n d  losses.  I t  
a p p e a r s  t h a t  t h e  p e a k s  in  t a n  8 f o u n d  f o r  t h e  f o u r  
s p e c i m e n s  c o r r o d e d  f o r  a b o u t  60 m i n  a r e  a l l  a b o u t  
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Fig. 3. Loss tangent vs. temperature for a typical steam corro- 
sion film on an electropolished surface, e, 159.2 cps; O, 1592 cps; 
A ,  15,920 cps. The mean peak positions for similar films on pickled 
surfaces are indicated. 
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Fig. 4. Capacitance vs. temperature for a typical steam corro- 
sion film on a pickled surface, e, 159.2 cps; O, 1592 cps; A,  
15,920 cps. 

0.03 i n  h e i g h t ,  w h e n  s u b t r a c t e d  f r o m  i n t e r p o l a t e d  
b a c k g r o u n d  losses.  T h e  p e a k  h e i g h t s  w e r e  t h e  same ,  
w i t h i n  th i s  a c c u r a c y ,  f o r  a p i c k l e d  s p e c i m e n  c o r r o d e d  
fo r  3 hr ,  a n d  c o n s e q u e n t l y  to  t w i c e  t h e  m e a n  t h i c k -  
ness  of a 1 h r  s p e c i m e n  (10) .  

A t  t h i s  s tage ,  t h e  d ipo le  w a s  a s c r i b e d  to e i t h e r  (a )  
a n  e l e m e n t  f r o m  t h e  p i c k l i n g  t r e a t m e n t  w h i c h  e n t e r e d  
t h e  o x i d e  e i t h e r  s u b s t i t u t i o n a l l y  or  i n t e r s t i t i a l l y ,  or  
( b )  s o m e  p r o p e r t y  of  t h e  h i g h l y  n o n s t o i c h i o m e t r i c  
r e g i o n s  in  t h e  ox ide  r e l a t e d  to t h e  e n h a n c e d  t h e r m a l  
o x i d a t i o n  r a t e  of p i c k l e d  su r f ace s .  E x p e r i m e n t s  w e r e  
u n d e r t a k e n  to r e s o l v e  th is .  

T w o  e l e c t r o p o l i s h e d  s a m p l e s  w e r e  c o p p e r - c o n t a m i -  
n a t e d  b y  d i p p i n g  in  c o p p e r  s u l f a t e  so lu t ion .  I t  h a s  
b e e n  f o u n d  (8) t h a t  s u c h  t r e a t m e n t  c a n  g ive  a c c e l e r -  
a t e d  i n i t i a l  co r ros ion ,  f o l l o w e d  b y  a m e a s u r e  of l o n g -  
t e r m  i n h i b i t i o n ,  i n  a s i m i l a r  w a y  to a l l o y i n g  w i t h  
c o p p e r  (9) .  C o n s e q u e n t l y ,  w h e n  t he  s a m p l e s  w e r e  
p l a c e d  in  500~ 1 - a t m  s t e a m  fo r  1 hr ,  t h e i r  c o r r o s i o n  
r a t e  w a s  m u c h  g r e a t e r  t h a n  fo r  t h e  u n c o n t a m i n a t e d  
case,  a l t h o u g h  p i c k l i n g  c o n t a m i n a t i o n  w a s  absen t .  
S u c h  f i lms d id  n o t  e x h i b i t  t h e  m a i n  d i e l e c t r i c  loss 
peak ,  b u t  t h i s  o b s e r v a t i o n  w a s  i n c o n c l u s i v e  b e c a u s e  
t h e  loss v a l u e s  w e r e  f o u n d  to d r i f t  m a r k e d l y  w i t h  
t ime .  As  a f u r t h e r  t r i a l  of a f a s t  g r o w i n g  film, a c l e a n  
e l e c t r o p o l i s h e d  s p e c i m e n  c o r r o d e d  a t  a h i g h e r  t e m -  
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p e r a t u r e ,  600~ i n  1 - a t m  s t e a m  f o r  15 m i n  g a v e  
s t e a d y  loss  v a l u e s  a n d  n o  p e a k .  

To i d e n t i f y  t h e  e l e m e n t  f r o m  t h e  p i c k l i n g  t r e a t -  
m e n t  r e s p o n s i b l e  f o r  t h e  loss peak ,  t w o  e l e c t r o p o l i s h e d  
s p e c i m e n s  w e r e  d i p p e d  in  d i l u t e  h y d r o f l u o r i c  ac id  a n d  
c o r r o d e d  in  500~ 1 - a t m  s t e a m  f o r  1 hr .  A l t h o u g h  
t h e y  c o r r o d e d  a t  a h i g h  ra t e ,  t h e i r  loss  v a l u e s  w e r e  
too  h i g h  fo r  a p e a k  of t h e  a n t i c i p a t e d  o r d e r  of m a g -  
n i t u d e  to b e  o b s e r v e d .  O n e  e l e c t r o p o l i s h e d  s p e c i m e n  
was  t h e r e f o r e  d i p p e d  f o r  30 sec in  a p i c k l e  s o l u t i o n  
t h a t  d id  n o t  c o n t a i n  t h e  h y d r o f l u o r i c  ac id  c o m p o n e n t  
a n d  c o r r o d e d  in  500~ 1 - a t m  s t e a m  fo r  2 hr .  I t  co r -  
r o d e d  a t  a r a t e  s i m i l a r  to t h a t  fo r  a c l e a n  e l e c t r o -  
p o l i s h e d  s u r f a c e  a n d  d i d  n o t  e x h i b i t  a loss peak ,  d e -  
sp i t e  h a v i n g  a l ow  b a c k g r o u n d  loss. I t  t h e r e f o r e  
s e e m e d  t h a t  e i t h e r  t h e  h y d r o f l u o r i c  acid,  or  p o s s i b l y  
t h e  w a s h i n g  t r e a t m e n t ,  w a s  r e s p o n s i b l e  fo r  t h e  p e a k .  

A n  e l e c t r o p o l i s h e d  s a m p l e  w as  p i c k l e d  in  a n o t h e r  
s o l u t i o n  c o n s i s t i n g  of e q u a l  v o l u m e s  of 15 w e i g h t  
p e r  c e n t  ( w / o )  a m m o n i u m  f luo r ide  a q u e o u s  s o l u t i o n  
( r e d i s t i l l e d  w a t e r )  a n d  c o n c e n t r a t e d  n i t r i c  ac id  ( sp  
gr  1.420), w a s h e d  f o r  one  h a l f  h o u r  in  co ld  t ap  
w a t e r ,  a n d  c o r r o d e d  i n  500~ 1 - a t m  s t e a m  f o r  1 hr .  I t  
e x h i b i t e d  a p e a k  of t h e  s a m e  h e i g h t  as t h a t  in  Fig.  2. 

Discussion 
T h e  a b o v e  e x a m i n a t i o n  of  s u r f a c e s  p r e p a r e d  i n  a 

v a r i e t y  of w a y s  sugges t s  t h a t  t h e  loss p e a k  is o n l y  
p r e s e n t  w h e n  f luo r ide  is p r e s e n t ,  a l t h o u g h  s o m e  c o n -  
t r i b u t i o n  f r o m  t h e  w a s h i n g  t r e a t m e n t  m a y  also occur .  
I t  t h e r e f o r e  s eems  t h a t  t h e  p e a k  is d u e  to s u b s t i t u t i o n a l  
or  i n t e r s t i t i a l  f l uo r ine  ions  in  t h e  o x i d e  fi lm, a n d  i t  is, 
a t  f i rs t  s ight ,  p u z z l i n g  t h a t  t h e  p e a k  h e i g h t ,  g i v i n g  
d ipo le  c o n c e n t r a t i o n ,  s h o u l d  no t  a l t e r  w h e n  t h e  m e a n  
f i lm t h i c k n e s s  is d o u b l e d .  

T h e  e x p l a n a t i o n  c o u l d  b e  t h a t  t h e  f l uo r ine  l ies  in  a n  
o u t e r  l a y e r  of  oxide .  H o w e v e r ,  i t  is i n s t r u c t i v e  to n o t e  
t h a t  t h e s e  m e a s u r e m e n t s  are ,  i n  a n y  case,  r e l a t i v e l y  
i n s e n s i t i v e  to  m e a n  o x i d e  t h i c k n e s s ,  b e c a u s e  t h e  t h i n  
o x i d e  g ra ins ,  w h i c h  g r o w  s lowly ,  s h u n t  t h e  t h i c k e r  
g ra ins .  W i t h  s i m p l e  a s s u m p t i o n s ,  t h e  g r a i n  g r o w t h  
d a t a  of  W a n k l y n  et al. (10) c an  b e  u s e d  to s h o w  t h a t  
t h e s e  t h i n  g r a i n s  i n c r e a s e  in  t h i c k n e s s  b y  a f a c t o r  of 
1.4 w h e n  c o r r o d e d  to 3 h r ,  w h e n  t h e  m e a n  t h i c k n e s s  
is d o u b l e d .  T h e  c o r r e s p o n d i n g  d e c r e a s e  in  p e a k  h e i g h t  
m i g h t  n o t  h a v e  b e e n  de t ec t ed .  O n l y  a b o u t  o n e  in  t h r e e  
g r a i n s  a r e  " seen , "  a n d  t h e s e  r e p r e s e n t  a t h i c k n e s s  of 
a b o u t  2.2 m g / d m  2 (1500A) .  

F o r  a f r e e l y  o r i e n t i n g  d ipole ,  t h e  o s c i l l a t i on  f r e -  
q u e n c y  v o b e y s  t h e  r e l a t i o n  ~ = ~o e x p  - -Q / kT  w h e r e  
~o is a c o n s t a n t  a n d  Q is t h e  a c t i v a t i o n  e n e r g y  of 
o r i e n t a t i o n .  I n  t h i s  case,  Q ~ 0.72 • 0.04 ev, if  a l l  
pos s ib l e  c o m b i n a t i o n s  of t h e  m e a n  pos i t i ons  of  t h e  
p e a k s  a t  t h e  3 f r e q u e n c i e s  a r e  used .  T h i s  c o m p a r e s  
w i t h  t h e  e n e r g y  of m o t i o n  of a n  a n i o n  v a c a n c y  in  
m o n o c l i n i c  z i r c o n i a  of 1.45 e v  (11) ,  a v a l u e  s u p p o r t e d  
b y  d i r e c t  d i f fus ion  m e a s u r e m e n t s  on  t he  c u b i c  p h a s e  
(12) .  T h e r e f o r e ,  as e x p e c t e d ,  t h e  d i p o l a r  o r i e n t a t i o n  
e n e r g y  is less  t h a n  t h a t  of f r e e  v a c a n c y  c o n d u c t i o n .  

T h e  d ipo le  c o u l d  b e  c o m p o s e d  of a n  i n t e r s t i t i a l  
f l uo r ine  i on  c o u p l e d  to  a s u b s t i t u t i o n a l  f l uo r ine  ion. 
S u c h  a d i p o l e  w o u l d  t e n d  to o c c u r  i n  t h e  n o n s t o i c h i o -  
m e t r i c  o x i d e  only ,  as a n  i n t e r s t i t i a l  f l uo r ine  ion  is 
dif f icul t  to  fit i n t o  t h e  s t o i c h i o m e t r i c  z i r c o n i a  la t t i ce .  
Th i s  w o u l d  e x p l a i n  w h y  a n o d i c  fi lms, w h i c h  c a n  b e  
t a k e n  as n e a r - s t o i c h i o m e t r i c ,  do n o t  e x h i b i t  t h e  p e a k  
e v e n  w h e n  g r o w n  on  p i c k l e d  sur faces .  

T h e  d i e l e c t r i c  loss  of a s u b s t a n c e  is de f ined  b y  t a n  
= E"/E' w h e r e  t h e  c o m p l e x  p e r m i t t i v i t y  e* is e x -  

p r e s s e d  b y  e * =  ~'.--j~". T h e  c o n t r i b u t i o n  to t a n  5 
of a d i p o l a r  r e l a x a t i o n  is n o w  cons i de r ed .  

T h e  d ipo les  a r e  p r o b a b l y  p r e s e n t  in  l o w  c o n c e n -  
t r a t i o n  r a n d o m l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  solid.  
T h e i r  m u t u a l  i n t e r a c t i o n  w i l l  u n d o u b t e d l y  g ive  r i se  
to  ' i n t e r n a l  f ield '  e f fec ts  in  t h e  d i e l ec t r i c  p r o p e r t i e s .  
H o w e v e r ,  t h e  u s u a l  f o r m  of  L o r e n t z  i n t e r n a l  f ie ld c o r -  
r e c t i o n  u s e d  b y  s o m e  w o r k e r s  (6, 14) is o n l y  a p -  
p l i c a b l e  fo r  p o i n t  d ipo le s  e a c h  of w h i c h  is loca l i zed  
a t  a l a t t i c e  p o i n t  (13) .  E x t e n d e d  dipoles ,  of t h e  k i n d  

p o s t u l a t e d  he re ,  g ive  r i se  to  s m a l l e r  i n t e r n a l  f ield 
ef fec ts  (15) ,  w h i c h  d e p e n d  o n  t h e  d e t a i l e d  s t r u c t u r e  
of t h e  dipole .  I n  t h e  a b s e n c e  of  t h e  n e c e s s a r y  d e t a i l e d  
k n o w l e d g e  w e  s h a l l  o m i t  i n t e r n a l  f ie ld effects  e n t i r e l y .  

T h e  D e b y e  e q u a t i o n s  c a n  b e  a p p l i e d  f o r  t h e  case  of  
a f r e e l y  o r i e n t i n g  d ipo le  (16) to give,  i n  M K S  u n i t s  

t a n  6 ---- ~s+e~ o ~  3~okT e s + e ~ 2 ~  2 

w h e r e  es a n d  e~ a r e  t h e  r e l a t i v e  d i e l e c t r i c  c o n s t a n t s  
a w a y  f r o m  t h e  r e l a x a t i o n  to l o w e r  a n d  h i g h e r  f r e -  
q u e n c i e s  r e s p e c t i v e l y ,  T is t h e  d i p o l a r  r e l a x a t i o n  t ime ,  
N is t h e  c o n c e n t r a t i o n  of d ipo le s  p e r  cub ic  m e t e r ,  # 
is t h e  d ipo le  m o m e n t ,  a n d  eo t h e  d i e l e c t r i c  c o n s t a n t  of 
f r e e  space.  

I n  t h i s  case,  es ~ e~ x a n d  t a n  5 is a m a x i m u m  w h e n  
~oT ~ 1. T h u s  

N ~ 2 
t a n  ~ m a x  

6e~eokT 

T h e  d ipo le  m o m e n t  c a n  b e  e x p r e s s e d  as # = zea 
w h e r e  z a n d  a a r e  t h e  e f fec t ive  d ipo le  c h a r g e  a n d  
l e n g t h ,  r e s p e c t i v e l y .  

T a k i n g  t h e  v a l u e s  t a n  5 m a x  ~ 0 . 0 3 ,  T = 287~ e~ = 
22, z = 1, a n d  a ~ 2.7 A r e s u l t s  i n  a v a l u e  of N of 
a b o u t  7 x 10 TM d ipo les  p e r  cub ic  c e n t i m e t e r .  S ince  a 
f e w  of t h e  f l uo r ine  ions  m a y  no t  b e  p a i r e d ,  t w i c e  t h i s  
f igu re  m u s t  r e p r e s e n t  a l o w e r  l i m i t  of f l uo r ine  c o n -  
c e n t r a t i o n .  I f  t h i s  r e l a t e s  to  t h e  s l o w e r  g r o w i n g  
g r a in s ,  t h e n  t h e  r e l e v a n t  o x i d e  t h i c k n e s s  is a b o u t  
1500A. 

A n  i n t e r e s t i n g  c o m p a r i s o n  c a n  n o w  b e  m a d e  w i t h  
t h e  w o r k  of B e g  a n d  B r o w n  (17) .  T h e y  u s e d  a r a d i o -  
t r a c e r  t e c h n i q u e  to s h o w  t h a t  p i c k l i n g  l e f t  a c o n s i d -  
e r a b l e  a m o u n t  of f luo r ide  o n  Z i r c a l o y  su r faces .  W h e n  
t h e  m e t a l  w a s  c o r r o d e d  fo r  15 m i n  in  500~ 1 a t m  
s t e a m ,  no  r e m a i n i n g  f luo r ide  was  de t ec t ed .  I f  t h e i r  
l o w e r  l i m i t  of  d e t e c t i o n  w a s  a b o u t  0.1 ~ g / c m  2 t h e n  
less  t h a n  3.2 x 1015 f luor ide  ions  p e r  s q u a r e  c e n t i m e t e r  
r e m a i n e d .  T h i s  f igure ,  r e l a t e d  to a 1500A film, g ives  a n  
u p p e r  l i m i t  of  f l uo r ide  c o n c e n t r a t i o n  of  a b o u t  2 x 1020 
ions  p e r  cub ic  c e n t i m e t e r  w h i c h  is j u s t  a b o v e  t h e  d i -  
e l ec t r i c  loss f igure .  

T h e  loss v a l u e s  f o r  a n o d i c  f i lms a r e  m u c h  l o w e r  
t h a n  fo r  t h e r m a l  f i lms of c o m p a r a b l e  t h i c k n e s s .  T h e  
f o r m e r  t h e r e f o r e  c o n s t i t u t e  m o r e  p e r f e c t  d i e l ec t r i c s  
a n d  m u s t  b e  m o r e  n e a r l y  s t o i c h i o m e t r i c .  T h i s  s u p -  
p o r t s  o t h e r  spec t roscop ic  ev idence ,  as i t  h a s  b e e n  
f o u n d  t h a t  s i m i l a r  a n o d i c  f i lms s c a r c e l y  a b s o r b  a t  a l l  
b e t w e e n  t h e  u l t r a v i o l e t  e i g e n a b s o r p t i o n  (18) ,  t h r o u g h  
t h e  opt ical ,  to  12g in  t h e  i n f r a r e d  r e g i o n  (19) .  I n  
con t r a s t ,  c o r r o s i o n  f i lms a b s o r b  a t  s e v e r a l  f r e q u e n -  
cies (19) .  

Conclusions 
1. O x i d e  f i lms g r o w n  b y  c o r r o s i o n  of V a n  A r k e l  

z i r c o n i u m  i n  500~ 1 - a t m  s t e a m  a p p a r e n t l y  c o n t a i n  
f l uo r ine  ions  i f  t h e  m e t a l  h a s  b e e n  p r e v i o u s l y  p i c k l e d  
b u t  n o t  i f  i t  h a s  b e e n  e l e c t r o p o l i s h e d  in  a c e t i c / p e r -  
ch lo r i c  ac id  so lu t ion .  A c o n c e n t r a t i o n  of  a b o u t  1 x 
1020 f l uo r ine  ions  p e r  c u b i c  c e n t i m e t e r  c a n  b e  c a l c u -  
l a t e d  fo r  f i lms of a b o u t  1500A t h i c k n e s s  g r o w n  o n  
i m m a c u l a t e  p i c k l e d  su r faces .  S ince  o n l y  f l uo r ine  in  
d ipo le s  w o u l d  b e  d e t e c t e d  b y  t h i s  m e t h o d ,  a n d  a 
f e w  f l uo r ine  ions  m a y  b e  u n p a i r e d ,  t h i s  c a n  b e  t a k e n  
as a l o w e r  l i m i t  of f l uo r ine  c o n c e n t r a t i o n  in  s u c h  films. 

2. F o r  a n o d i c  o x i d e  fi lms, g r o w n  to a b o u t  2000A o n  
V a n  A r k e l  z i r c o n i u m  in  s a t u r a t e d  a m m o n i u m  b o r a t e  
a t  m e d i u m  c u r r e n t  dens i t i e s ,  t h e  m u c h  l o w e r  loss 
v a l u e s  f o u n d  i n d i c a t e  t h a t  t h e y  a r e  n e a r - s t o i c h i o -  
me t r i c .  
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Kinetics of Anodic Dissolution of Germanium 

P. J. Boddy 
Bell  Telephone Laboratories, Murray Hill, New Jersey  

ABSTRACT 

A study has been made of the potent ia l  distribution at germanium (100), 
(110), and (111) surfaces undergoing anodic dissolution. The data for (100) 
and (110) were  shown to be consistent with the dissolution mechanism pro-  
posed by Beck and Gerischer.  For  (111) complications arise because the 
potent ial  distr ibution over  the surface may be nonuniform. The morphology 
of extens ive ly  etched surfaces has been examined and shown to be general ly  
consistent wi th  the kinetics. 

The behavior  of a semiconductor  (sc) differs m a r k -  
edly f rom that  of a meta l  in that  a considerable por-  
tion of any potential  difference (p.d.) applied across 
the sc-aqueous electrolyte  interface general ly  occurs 
wi thin  the space charge region of the electrode. This 
is in distinct contrast  wi th  a metal  e lectrode in con- 
tact with a concentrated aqueous electrolyte  where  
pract ical ly all of the applied p.d. occurs wi thin  the 
Helmholtz  double layer  in the absence of a diffusion 
controlled process in the solution and is f requen t ly  
of p r imary  kinetic significance for any process in-  
volv ing  t ransfer  of charged species across that  region. 
In the case of dilute aqueous solutions, it is necessary 
to take into account the p.d. across the diffuse par t  
of the double layer  in the solution and its influence 
on the concentrat ion of charged species close to the 
electrode surface (1). 

The sc problem is s imilar  in principle to that  of a 
di lute aqueous solution. For  the simplest  case of no 
change in adsorbed species (e.g., ions or or iented 
dipoles) or in the charge t rapped in surface states it 
has been calculated (2, 3) for modera te  space charge 
p.d. (~s) that  the p.d. across the Helmhol tz  double 
layer  due to f ree  charge on a ge rmanium electrode is 
a negl igibly small  fract ion of the p.d. across the sc 
space charge region. In v iew of this the kinet ic  sig- 
nificance of the overvol tage  at a sc e lectrode (in the 
concentra ted e lect rolyte  case) must  be quite  different 
f rom that  at meta l  electrodes since most  of the po-  
tent ia l  change occurs across the sc space charge re -  
gion, not the Helmhol tz  double layer. Germanium,  the 
most invest igated sc electrode, does not behave ex-  
actly according to this simple model. It has been con- 
cluded on the basis of measurements  of interfacial  
capacity (4, 5) and surface photovol tage (6) that  the 
steady overvol tage  at a germanium anode in neut ra l  
sulfate  solutions is dis tr ibuted be tween the sc space 
charge and the Helmhol tz  double layer.  No evidence 
of changes in the occupancy of fast surface states 

sufficient to explain the observed potent ial  change 
(AVH) across the Helmhol tz  double layer  is found in 
the experiments .  Slow surface states in the surface 
physics sense are considered unl ikely  due to the ab- 
sence of thick oxide films (7), hence AV H has been 
tenta t ive ly  ascribed to changes in the density of ori-  
ented dipoles adsorbed at the interface (5). 

Since the detai led separat ion of the overvol tage  
can now be made it was considered of interest  to re-  
examine  the anodic dissolution of germanium to de-  
te rmine  the re la t ive  significance of the sc space charge 
and Helmhol tz  double layer  p.d.'s to the kinetics. The 
data suggest that  the mechanism for anodic dissolution 
of ge rmanium (100) proposed by Beck and Gerischer  
(8) (B and G) is correct  and that  (110) dissolution pro-  
ceeds by a similar  mechanism at low c.d. The (111) 
exhibits behavior  that  cannot be s imply interpreted,  
but  is bel ieved to be due to the complexi ty  of the 
nucleat ion process or to complications arising because 
of the detailed morphology of the dissolving surface. 

Experimental 
Electrodes were  single crystal  n-  or p - type  ger-  

manium polyhedra  wi th  all faces of each par t icular  
electrode oriented to the same plane, ei ther (100), 
(110), or (111). Electr ical  connection was made by 
means of a soldered copper wi re  protected by a w a x -  
filled glass tube. The solution was M / I 0  K2SO4, phos-  
phate  buffered to pH 7.4, get tered with  ge rmanium 
crushed in  situ. The  electrodes were  polished in CP4 
and then par t ia l ly  immersed  in the solution and ano- 
dized at ca. 400 ~a cm -2 for 15 min before measure -  
ments were  commenced. The solution contacted only 
germanium. 

The exper iments  were  conducted in the dark at 
25~ in an atmosphere of purified helium, which was 
also used to deoxygenate  the solution pr ior  to use. A 
separate cathode compar tment  wi th  a diffusion barr ie r  
was used since the electrode potential  of germanium 
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at low anodic current  densities is sensitive to dissolved 
hydrogen (9). The electrode potential  was determined 
at high impedance about 10 rain after  the imposit ion 
of a constant current.  The interfacial  capacity was 
calculated f rom the vol tage response to a short dura-  
tion (1-5 ~sec) current  pulse (10). The t rue  surface 
area was deduced f rom the min imum value  of the in-  
terfacial  capacity (4). 

Results 
'Typical plots of overvol tage  vs. current  density for 

the three  low index planes of p - type  electrodes are 
shown in Fig. 1. The curves for n - type  were  very  
similar. The tendency to saturat ion at the highest 
current  densities on n - type  was slight (~400 ~a cm -2) 
since the electrodes were  close to intrinsic. A capacity 
vs. electrode potent ial  curve taken simultaneously 
wi th  some of the data in Fig. 1 is shown in Fig. 2. By 
analysis of the capacity, ~s may  be deduced (11). The 
relat ionship previously  used by us (5) and similar  to 
that  given by Green (12) 

~VE = ~VH -- ~ [1] 

w h e r e  AVE is the change in electrode potential,  is as- 
sumed to apply since changes in potential  across the 
diffuse layer  in the solution should be negligible (the 
capacity of the sc space charge is two to three orders 
of magni tude  smaller  than that  of the solution space 
charge) .  We have previously  discussed this equation 
in more  detail  (19). In this way each curve in Fig. 
1 can be separated into two parts, overvol tage  across 
the sc space charge (~s) and overvol tage  across the 
Helmhol tz  double layer  0IH) vs. current  density. This 
is shown in Fig. 3, 4, and 5 for the three faces of n-  
and p- type  electrodes. 

The overvol tages  are defined as follows. 

~1~ = ~s - -  o~s [2]  

w h e r e  o%s is t he  v a l u e  at  t he  r e v e r s i b l e  p o t e n t i a l  
(which is not observed in practice) and 

(nil + constant) --  (~]s + constant) = VE [3] 

where  V~ is the electrode potential  vs. SCE. Since o%s 
is not known, (~ls -5 constant) is taken arb i t ra r i ly  as 
the measured  value  of %s--(RT/F)ink,  where  k = p/n~, 
p being the hole concentrat ion in the sample and n~ 
the intrinsic electron concentration. The term (n~ -5 
constant) is chosen to numer ica l ly  balance Eq. [3], 
i.e., (~]H + constant) = VE -5 ~ s - - ( R T / F ) l n t  in Fig. 
3-5. It should be noted that  only changes in p.d. are 
involved in the final analysis. 

Discussion 
(100) Sur~ace.--A proposed mechanism (8) for the 

anodic dissolution of (100) is shown in Fig. 6. The 
ra te -de te rmin ing  process is assumed to be the break-  
ing of a surface bond (step 3) after a hole has been 
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Fig. 1. Tafel curves for (100) (e) 35.6 ohm-cm, (110) (&)  41.3 
ohm-cm, and (111) ( I )  38.65 ohm-cm, all p-type. 
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t rapped in it (step 2) by coulombic interact ion with  
the negat ive  end of the dipole created by ionization of 
a surface hydroxy l  group (step 1). Thus is may be 
seen f rom steps 2 and 3 that  the r a t e -de te rmin ing  
process is first order  in the surface concentrat ion of 
holes. 

Considering the general  case of a posi t ively charged 
surface species which is subsequent ly  t ransfer red  
across the Helmhol tz  double layer  into solution [as- 
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Fig. 2. Capacity taken simultaneously with Tafel curve in Fig. 1 
for (100) electrode. 
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Fig. 6. Beck and Gerischer's mechanism for the anodic dissolu- 
tion of germanium in alkaline solutions. Alternatives for acid 
solution in parentheses. 

s u m i n g ,  as i n d i c a t e d  b y  a l a r g e  b o d y  of  e x p e r i m e n t a l  
e v i d e n c e  (13, 14),  t h a t  ho l e s  a r e  t h e  c a r r i e r s  i n v o l v e d  
in  t h e  f o r m a t i o n  of t h e  s u r f a c e  spec ies ] ,  w e  m a y  w r i t e  

G e  ~+ + m p ~  ~ G e <  re+x> + [4] 

w h e r e  G e  x+ is a s u r f a c e  a t o m  i n  t h e  ( + x )  o x i d a t i o n  
s ta te ,  Ps is a ho l e  close to t h e  su r f ace ,  a n d  G e < m + x >  + 
is t h e  spec ies  on  t h e  R H S  of s t ep  2 in  Fig.  6, f o l l o w e d  
b y  

G e < m + = >  + --> Ge  (re+x)+ [5] 
a n d  

G e  (m+x)+ --> Ge  4+ ( c o m p l e x e d  in  s o l u t i o n )  [6] 

w h e r e  Ge  (m+z)+ is t h e  spec ies  on  t h e  R H S  of s t ep  3 
in  Fig.  6. F r o m  Eq.  [4] 

[ G e < m + x > + ]  cc [p~]m [7] 

I t  is a s s u m e d  t h a t  in  s t ep  5 of Fig.  6 t h e  s t e a d y  s t a t e  
l ies  v e r y  f a r  to  t h e  r i g h t  a n d  also t h a t  0 a n d  

G e r m  + x ~  + 

0 G e ( m + x ) +  a r e  smal l ,  h e n c e  0GeX+ ~-~ c o n s t a n t .  
F r o m  Eq.  [4] 

v4 - -  v - 4  = k4 0GeZ+ [ps] m - -  k - 4  0 [8] 
G e r m  + x ~  + 

a n d  s ince  
[Ps] = [Po] e x p  { - - F P s / R T }  [9] 

w h e r e  [Po] is t h e  h o l e  c o n c e n t r a t i o n  in  t h e  b u l k ,  t h e n  
c o m b i n i n g  k4 a n d  06eX+ in to  k'4 w e  h a v e  

V 4  - -  V - - 4  ~ k ' 4  [ops] m exp  ( - - m ~ l s F / R T } - -  

k - 4  0 [10] 
G e r m  + x ~  + 

F r o m  Eq.  [5] 

v h - - v - 5  = k~ 0 - -  k - 5  0 [11] 
G e r m  + x ~  + G e ( m + x )  + 

F r o m  Eq. [6] n e g l e c t i n g  t h e  r e v e r s e  r e a c t i o n  w h e n  
~H > 2 R T / F  

v6 -~ k 6 0 o e ( m + x ) +  e x p  { a ( 4 - - m - - x ) ~ H F / R T }  [12] 

I n  t h e  s t e a d y  s t a t e  

v 4 - -  v - 4  = v h - -  v - 5  = v6 ~ i / 4 F  [13] 

E l i m i n a t i n g  0 a n d  0 w e  o b t a i n  
G e r m  + x ~  + Ge(m + x)  + 

i = (4Fk '4[oPs]  m exp  { - - m ~ s F / R T } )  

( khk6  e x p  {a ( 4 - - m - - x )  ~]HF/RT}  ) . . . .  

. . . .  ( k h k 6  e x p  {a (4--~r~--x) ~ n F / R T }  

+ k - 4  [ k - 5 ~ k 6 e x p { a ( 4 - - - r r ~ - - x ) ~ H F / R T } ] )  - 1  [14] 

S ince  [5] is a s s u m e d  to  b e  s low w e  m a y  p u t  

k6 exp  { a ( 4 - - m - - x ) ~ H F / R T }  > ~  k - 5  [15] 
a n d  also 

k - 4  > ~  k5 [16] 

w h e n c e  Eq.  [14] s impl i f i e s  to  

i = 4 F k ' 4 k - 4 - 1 k h [ o P s ]  m exp  { - - m ~ l s F / R T }  [17] 
a n d  

d ~ s / d  log  i = --2.303 R T / m F  [18] 

E q u a t i o n  [17] i n d i c a t e s  t h a t  t h e  r a t e  is d e p e n d e n t  
on  t h e  space  c h a r g e  o v e r p o t e n t i a l  a n d  i n d e p e n d e n t  
of t h e  H e l m h o l t z  o v e r p o t e n t i a l .  T h i s  a r i s e s  b e c a u s e  
w e  h a v e  a s s u m e d  t h a t  t h e  r a t e - d e t e r m i n i n g  s t ep  (Eq.  
[5] )  t a k e s  p l ace  o u t s i d e  t h e  r e g i o n  w h e r e  t h e  H e l m -  
ho l t z  o v e r p o t e n t i a l  occurs .  

O n  a g e r m a n i u m  (100) s u r f a c e  t h e  a t o m s  a r e  a l -  
r e a d y  i n  t h e  ( + 2 )  o x i d a t i o n  s ta te ,  i .e. ,  x = -~2. T h e  
pos s ib l e  cho ices  of v a l u e s  f o r  m t h e n  b e c o m e  zero,  
one,  or  two.  T h e  o b s e r v a t i o n  t h a t  ( d ~ s / d  log/)(~00) in  
Fig.  3 is c lose  to - -59  m y  i m p l i e s  t h a t  m = 1 i n  Eq.  
[18] a n d  is c o n s i s t e n t  w i t h  B a n d  G 's  m e c h a n i s m ,  b u t  
does  no t  p r o v e  it. I t  is c l ea r  t h a t  t h e r e  is a lso a v a r i a -  
t i on  in  ~]n of a p p r o x i m a t e l y  e q u a l  m a g n i t u d e  to t h e  
v a r i a t i o n  in  ~s. M o r e  c o m p l e x  m o d e l s  c o u l d  p o s s i b l y  b e  
c o n s t r u c t e d  in  w h i c h  c h a n g e s  in  ~H a s s u m e d  k i n e t i c  
s igni f icance .  No a n a l y s i s  of t h i s  k i n d  w i l l  b e  m a d e  
he re .  

(110)  S u r f a c e . - - F r o m  Fig.  3 a n d  4 i t  is c l e a r  t h a t  
t he  d a t a  fo r  t h e  (110) d i s s o l u t i o n  a r e  v e r y  s i m i l a r  to  
t h o s e  fo r  (100) .  T h e  a t o m s  o n  t h e  (110) s u r f a c e  a r e  
t r i p l y  b o n d e d  to t h e  l a t t i c e  ( i .e . ,  x = + 1 )  a n d  h e n c e  
s h o u l d  n o t  u n d e r g o  d i s s o l u t i o n  as r e a d i l y  as t h e  d o u b l y  
b o n d e d  a t o m s  on  t h e  (100) su r f ace .  T h i s  d i f f e r e n c e  is 
i l l u s t r a t e d  t w o - d i m e n s i o n a l l y  in  Fig.  7. H o w e v e r ,  t h e  
(110) s u r f a c e  m a y  r e a d i l y  b e  n u c l e a t e d  to u n d e r g o  
d i s s o l u t i o n  t h r o u g h  t h e  r e m o v a l  of d o u b l y  b o n d e d  
a t o m s  s i m p l y  b y  b r e a k i n g  one  b o n d  b e t w e e n  s u r f a c e  
a toms .  T h e  a t o m s  a t  e a c h  e n d  of th i s  b r o k e n  b o n d  
a r e  o n l y  d o u b l y  b o n d e d  to t h e  l a t t i c e  ( i .e . ,  x = -f-2) 
a n d  m a y  b e  r e m o v e d  b y  B a n d  G ' s  m e c h a n i s m .  T h e  
p roce s s  c a n  p r o p a g a t e  a l o n g  a g i v e n  r o w  of a t o m s  e n -  
t i r e l y  ac ross  t h e  c rys ta l .  P r o v i d e d  t h e  r a t e  of s u p p l y  
of s u c h  n u c l e i  is  suf f ic ien t  t h a t  t h e i r  c o n c e n t r a t i o n  is 
no t  n o t i c e a b l y  d e c r e a s e d  b y  t h e  c u r r e n t  flow, a n d  t h a t  
d i s s o l u t i o n  t a k e s  p l a c e  o n l y  t h r o u g h  t h e s e  d o u b l y  
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Fig. 8. Perspective view of part of a (111) surface. Atoms of 
one color are in one plane. 

bonded atoms, then the (110) should exhibi t  s imilar  
kinetics to the (100). The nucleat ion process may  oc- 
cur by the rmal  generat ion of broken bonds in the sur-  
face plane, or by intersect ion of vacancies or appro-  
pr ia te  impur i ty  atoms in the surface plane. Differ-  
ences be tween  Tafel  slopes for  (100) and (110) have  
been observed at h igher  current  densities (16, 17) 
and in other  aqueous solutions (18). 

(111) Surface.--The bonding on the (111) surface 
is shown in Fig. 8, and as before we wil l  base our ar -  
gument  on the assumption of a tomical ly perfect  sur-  
faces. 

The mechanism of dissolution for (111) is not  es- 
tablished. A possible scheme involves  nucleat ion by 
breaking  one bond be tween  a surface and subsurface 
atom, or a l te rna t ive ly  a dislocation may  intersect  the 
surface. The surface atom is now doubly bonded to 
the lat t ice and may  be removed  by B and G's mech-  
anism. This constitutes the init ial  step in the fo rma-  
tion of an etch pit, and the atoms along the sides of 
this pit  are essentially in (110) orientation. Removal  
of one side wal l  can be nucleated by the breaking  of 
any bond made  by any of the three  atoms in that  wal l  
to another  ge rmanium atom. 

It might  be expected if the r a t e -de te rmin ing  step 
were  nucleat ion of the (110) or iented atoms that  
kinetics similar  to (100) and (110) faces would  be 
observed. The data in Fig. 5 show (d~]s/d log i ) (n l )  
to be about 80 m v  and hence seen to imply (from Eq. 
[13]) that  the react ion is of f ract ional  order  in the 
surface hole concentration. 

Dewald  has suggested reasons for apparent  f rac -  
t ional order  hole kinetics. The dissolution react ion may  
take place through the part icipat ion of surface states 
(i.e., localized holes) dis tr ibuted exponent ia l ly  in the 
energy (3), or a l te rna t ive ly  discrete bound states for 

Fig. 9. (a) (100) surface after CP4 etch; (b) (111) surface after 
1 ma cm - 2  for 24 hr, (c) p-(100) surface, same treatment; (d) 
n-(lO0) surface, same treatment (with illumination). 

carriers  near  the surface may  occur if the field in the 
germanium space charge region is sufficiently high 
(20). The first suggestion requires  that  we  postulate 
surface states at a (111) surface but not  at (100) and 
(110) surfaces in approximate ly  the same energy 
range. Al though this is not  impossible, our  measure -  
meats  of capacity give no indication of fast surface 
states on any face in this energy region. The second 
explanat ion is ruled out by the fact  that  our  data are 
obtained in the region of small  bending of the bands 
(i.e., +200 m v  ~ ~s ~ --100 m v ) .  

A much more  l ikely  explanation,  since the dissolu- 
tion takes place with  the format ion of etch pits wi th  
sides of or ientat ion different f rom (111) (as we wil l  
discuss la ter) ,  is that  the nonuni formi ty  of the po-  
tent ial  dis tr ibut ion over  the surface precludes any 
exact  analysis of these data. 

Morphology of Anodized Germanium Surfaces 
In a fu r the r  series of exper iments  we have  exam-  

ined the nature  of the surfaces produced af ter  ex ten-  
sive anodic dissolution at constant cur ren t  in neutra l  
K2SO4 solution. The behavior  of the three  surfaces is 
quite  dist inctly different, but  for any one face both 
n-  and p- type  behave  s imilar ly  indicat ing that  the 
observed effects are  actual ly  due to orientation. Figure  
9(a) shows the typical  appearance of a CP4 etched 
surface before anodizing. Currents  of about 1 m a c m  -2 
were  passed for  about 24 hr, af ter  which the surfaces 
were  examined  by optical microscopy. Results are 
shown in Fig. 9(b) ,  (c), and (d) for p - ( l l l ) ,  p-(100) ,  
and n-(100) surfaces. The (110) is not  i l lustrated 
since no features  were  developed. On p-  and n - type  
(111) surfaces distorted t r iangular  etch pits were  
observed.  On p - type  (100) hillocks formed,  and on 
n - type  (100) we  saw a finer s t ructure  that  could not 
be resolved. 

The probable role  of dislocations is i l lustrated in 
Fig. 10. Figures  10(a) and 10(b) show areas of a 
p - type  (111) surface after  CP4 etching and the same 
area after  anodizing. I t  is clear  that  dissolution has 
occurred pr imar i ly  f rom around pits, p resumably  
mark ing  emerging  dislocations, on the original  CP4 
etched surface. 

The  p - type  (i00) surface had f ewer  and smaller  
pits when  CP4 etched, but  in one case we  located an 
area where  the  l ines of pits shown in Fig. 10 (c) were  
observed. This pa t te rn  was sufficiently dist inct ive that  
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Fig. 11. Orientation of hillocks on the (100) surface. The large 
square represents one face of a cube having all (100) faces. 

Fig. 10. (a) Area of CP4 etched (111) surface; (b) same area 
after anodic etching; (c) area of CP4 etched (100) surface; (d) 
same area after same anodic etching as in (b). 

i t  cou ld  b e  l oca t ed  a f t e r  anod iz ing .  T h i s  (100) c r y s -  
t a l  was  a n o d i z e d  a t  t h e  s a m e  c u r r e n t  d e n s i t y  fo r  t h e  
s a m e  l e n g t h  of t i m e  as  t h e  (111) s u r f a c e  i n  Fig.  1 0 ( b ) .  
T h e  r e s u l t  is s h o w n  in  Fig. 1 0 ( d ) .  T h e r e  a p p e a r s  to  
h a v e  b e e n  no  p r e f e r e n t i a l  d i s s o l u t i o n  f r o m  t h e  e t c h  
p i t s  in  t h i s  case.  T h e  a b s e n c e  of  s t r u c t u r e  s i m i l a r  to  
Fig.  9 ( c )  is d u e  to t h e  l o w e r  m a g n i f i c a t i o n  a n d  t h e  
d i f f e r e n t  i l l u m i n a t i o n ,  w h i c h  w a s  o p t i m i z e d  to  r e v e a l  
t h e  pits .  

(110) Surface.--Anodic e t c h i n g  of t h i s  s u r f a c e  p r o -  
d u c e d  no  o b v i o u s  f e a t u r e s  o n  e i t h e r  n -  or  p - t y p e  e l ec -  
t rodes .  T h e  s u r f a c e s  r e t a i n e d  t h e  s a m e  p o l i s h e d  b u t  
s o m e w h a t  u n d u l a t i n g  a p p e a r a n c e  p r o d u c e d  b y  t h e  
o r i g i n a l  C P 4  e tch .  T h i s  f ac t  is c o n s i s t e n t  w i t h  b o t h  
t h e  m e c h a n i s m  of a n o d i c  d i s s o l u t i o n  p r e v i o u s l y  d i s -  
c u s s e d  a n d  w i t h  t h e  s u r f a c e  g e o m e t r y .  S ince  t h e  n u m -  
b e r  of a t o m s  d i s s o l v e d  p e r  n u c l e a t i o n  is l a r g e  [ r a t h e r  
t h a n  a f e w  loca l i zed  a t  t h e  s i t e  of t h e  n u c l e a t i o n  as on  
(111) ]  e t ch  p i t s  w o u l d  n o t  b e  e x p e c t e d .  Al so  a n y  

b l o c k i n g  ef fec t  ( d i s c u s s e d  in  t h e  n e x t  s ec t i on )  d u e  
to s l ow  d i s s o l v i n g  i m p u r i t i e s  w o u l d  n o t  p r o p a g a t e  
t h r o u g h  t h e  l a t t i c e  as o n  (100) ,  s ince  e a c h  s u r f a c e  
a t o m  is b o n d e d  to o n l y  one  a t o m  in  t h e  p l a n e  b e l o w  
(see  Fig.  7) a n d  n e i t h e r  of t h e  a t o m s  in  t h e  s u r f a c e  
p l a n e  b o n d e d  to a b l o c k e d  a t o m  is i t s e l f  b l o c k e d .  

(100) Surface.--Prolonged a n o d i z i n g  of a (100) 
s u r f a c e  (1 m a  cm -2  fo r  24 h r )  r e s u l t e d  in  a s u r f a c e  
w i t h  a m a t t e  a p p e a r a n c e  w h i c h  u n d e r  h i g h  m a g n i f i c a -  
t i o n  h a s  t h e  s t r u c t u r e  s h o w n  in  Fig.  9 ( c ) .  T h e  f e a -  
t u r e s  a r e  s q u a r e  p y r a m i d a l  e t ch  h i l locks ,  t h e  l a r g e s t  
b e i n g  ~5 t ,  o n  a s ide  a n d  o r i e n t e d  w i t h  r e s p e c t  to  t h e  
c r y s t a l  as s h o w n  in  Fig.  11. I f  o n l y  l ow  i n d e x  p l a n e s  
a r e  i n v o l v e d ,  t h e  s ides  of t h e  h i l l o c k  m a y  be  of (110) 
o r i e n t a t i o n .  T h e  s ides  c a n n o t  b e  (111) s ince  t h e n  t h e  
h i l l ocks  w o u l d  b e  r o t a t e d  45 ~ a b o u t  a n  ax is  p e r p e n -  
d i c u l a r  to t h e  p l a n e  of t h e  p a p e r .  

T h e  f o r m a t i o n  of h i l l ocks  c a n  b e  u n d e r s t o o d  if  i t  is 
p o s t u l a t e d  t h a t  t h e r e  a r e  i m p u r i t y  a t o m s  in  t h e  l a t t i ce  
w h i c h  u n d e r g o  d i s s o l u t i o n  c o n s i d e r a b l y  less  r a p i d l y  
t h a n  g e r m a n i u m .  C o n s i d e r  t h a t  a t o m  m a r k e d  (a )  in  
t h e  s u r f a c e  (100) p l a n e  of Fig.  7. I f  i t  r e m a i n s  b e h i n d  
a f t e r  t h e  r e s t  of t h a t  p l a n e  h a s  d i s so lved ,  i t  w i l l  i n -  
h i b i t  t h e  d i s s o l u t i o n  of  a t o m s  (b )  in  t h e  s e c o n d  p l a n e  
s ince  t h e y  a r e  n o w  t r i p l y  b o n d e d  to t h e  l a t t i c e  (i.e., 
+ 1  o x i d a t i o n  s t a t e ) .  T h e  p roce s s  is r e p e a t e d  in  t h e  
n e x t  p l a n e  w h e r e  t h e  d i s s o l u t i o n  of f o u r  a t o m s  is 
b locked .  [S ince  Fig.  7 is a t w o - d i m e n s i o n a l  r e p r e -  
s e n t a t i o n  o n l y  t h r e e  a r e  s h o w n .  T h e  c e n t e r  (c)  a t o m  

is a c t u a l l y  t w o  a t o m s  s u p e r i m p o s e d .  S i m i l a r l y  t h e  two  
c e n t e r  (d)  a t o m s  a r e  a c t u a l l y  t w o  a t o m s  s u p e r i m -  
posed,  etc.]  I n  t h i s  w a y  a s q u a r e  p y r a m i d  w i t h  (111) 
s ides  is g e n e r a t e d  as t h e  b l o c k i n g  ef fec t  p r o p a g a t e s  
t h r o u g h  t h e  l a t t i ce .  E v e n t u a l l y  t h e  s ides  of  a l l  s u c h  
p y r a m i d s  i n t e r s e c t ,  a n d  n o  (100) s u r f a c e  r e m a i n s .  
On  t h e  l i ne  b e t w e e n  t h e  a p e x  a n d  t h e  c o r n e r s  of 
t h e s e  p y r a m i d s  t h e  a t o m s  a r e  i n  (110) o r i e n t a t i o n .  
F u r t h e r  d i s s o l u t i o n  of t h e  c r y s t a l  ( w h i c h  m u s t  o c c u r  
d u e  to t h e  c o n s t a n t  c u r r e n t  i m p o s e d )  is m u c h  m o r e  
l i k e l y  to  do  so f r o m  t h e s e  (110) r e g i o n s  t h a n  f r o m  
t h e  (111) faces  fo r  t h e  k i n e t i c  r e a s o n s  d e s c r i b e d  
p r e v i o u s l y .  C o n s e q u e n t l y  t h e  (110) faces  a p p e a r  a t  t h e  
e x p e n s e  of t h e  (111) a n d  t h e  p y r a m i d  e v e n t u a l l y  a t -  
t a i n s  t h e  o b s e r v e d  o r i e n t a t i o n .  F i g u r e  9 ( c )  r e p r e s e n t s  
a case  w h e r e  t h e  d i s s o l u t i o n  w a s  su f f i c i en t ly  p r o -  
l o n g e d  t h a t  t h e  s u r f a c e  w a s  e n t i r e l y  c o v e r e d  w i t h  
h i l l ocks  a n d  n o  (100) s u r f a c e  w a s  l e f t  exposed .  

T h e  f o r m a t i o n  of s u c h  h i l l o c k s  o n  a p - t y p e  s a m p l e  
w as  f o u n d  to b e  r e p r o d u c i b l e .  W i t h  a n  n - t y p e  s a m p l e  
a t  t h e  s a m e  c u r r e n t  d e n s i t y  t h e  b e h a v i o r  w a s  also 
r e p r o d u c i b l e  b u t  d i f f e r e n t  f r o m  p - t y p e .  I n  t h i s  case  
t h e  s u r f a c e  w as  h a z y  r a t h e r  t h a n  m a t t e  a n d  t h e  m i c r o -  
scope  r e v e a l e d  a f ine g r a n u l a r i t y  w h i c h  w a s  n o t  r e -  
s o l v e d  a t  t h e  h i g h e s t  a v a i l a b l e  m a g n i f i c a t i o n  [Fig.  
9 ( d ) ] .  A poss ib l e  e x p l a n a t i o n  is t h a t  a g r e a t e r  d e n s i t y  
of h i l l o c k s  f o r m e d  b e f o r e  t h e i r  s ides  i n t e r s e c t e d  a n d  
c o n v e r t e d  t h e  s u r f a c e  to a c o n v o l u t e d  (110) .  S i n c e  
t h e  h i l l ocks  w o u l d  i n t e r s e c t  s o o n e r  t h e y  w o u l d  b e  
s m a l l e r .  

W e  m a y  m a k e  a r o u g h  e s t i m a t e  of t h e  r e a s o n a b l e -  
ness  of o u r  p o s t u l a t e  t h a t  t h e  h i l l ocks  a r e  c a u s e d  b y  
i m p u r i t y  a toms .  R e f e r r i n g  to Fig.  9 ( c ) ,  s ince  t h e  l a r g -  
es t  h i l l ocks  a r e  a b o u t  5~ on  a s ide  a t  t h e  b a s e  a n d  as -  
s u m i n g  (110) o r i e n t a t i o n  (i.e., a n g l e  b e t w e e n  o p p o -  
s i t e  faces  a t  t h e  a p e x  e q u a l s  90 ~ ) t h e  m a x i m u m  h e i g h t  
is ~2.5~.  A s s u m i n g  t h a t  t h e  p e a k s  of a l l  t h e  o b s e r v e d  
p y r a m i d s  occu r  w i t h i n  t h i s  d e p t h  a n d  m a k i n g  a n  es -  
t i m a t e  of  t h e  a v e r a g e  d i m e n s i o n s  a t  t h e  b a s e  as lt~ 
w e  t h e n  c a l c u l a t e  a d e n s i t y  of  i m p u r i t y  a t o m s  ( a t  t h e  
p e a k s )  of 4 •  n c m  -3. I f  t h i s  m e c h a n i s m  is c o r r e c t  
i t  i m p l i e s  t h a t  w e  h a v e  d e t e c t e d  b y  e l e c t r o c h e m i c a l  
m e a n s  some  i m p u r i t y  p r e s e n t  a t  a p p r o x i m a t e l y  one  
p a r t  i n  1011 . 

(111) Surface.--The (111) s u r f a c e s  [Fig.  9 ( b ) ]  e x -  
h i b i t e d  d i s t o r t e d  t r i a n g u l a r  pi ts ,  a l l  o r i e n t e d  in  t h e  
s a m e  d i r e c t i o n  as s h o w n  in  Fig.  12. 

T h e  o r i e n t a t i o n  of t h e  w a l l s  of t h e  p i t s  h a s  n o t  b e e n  
d e t e r m i n e d ,  b u t  t h e y  a r e  d e f i n i t e l y  n o t  (100) as h a d  
b e e n  p r e v i o u s l y  s u g g e s t e d  (21) s ince  in  t h i s  case  t h e  
p i t s  w o u l d  b e  r o t a t e d  b y  60 ~ f r o m  t h e i r  o b s e r v e d  
o r i e n t a t i o n .  I f  t h e  v e r t i c a l  n u c l e a t i o n  w e r e  r a t e  d e -  
t e r m i n i n g ,  t h e n  t h e  p i t s  w o u l d  t e n d  to b e  f la t  b o t -  
t o m e d  or  v e r y  sha l l ow .  S o m e  f e a t u r e s  of t h i s  t y p e  
do  o c c u r  in  Fig.  9 ( b )  a n d  m a y  b e  d u e  to t h i s  c a u s e  
or  p o s s i b l y  to  d i s l o c a t i o n s  w h i c h  i n t e r s e c t e d  t h e  o r i g -  
i n a l  s u r f a c e  b u t  w h i c h  h a v e  t e r m i n a t e d  a t  a r e l a t i v e l y  
s m a l l  d e p t h  i n to  t h e  c rys ta l .  T h e  r o u n d e d  s h a p e  of 
t h e  p i t s  cou ld  b e  d u e  to i n h i b i t i o n  of d i s s o l u t i o n  in  
t h e  c o r n e r s  b y  c o n c e n t r a t i o n  po l a r i za t i on .  T h i s  causes  
t h e  s o l u t i o n  to b e c o m e  m o r e  ac id  in  t h e s e  r eg ions ,  a n d  
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Fig. 12. Orientation of pits on the (111) surface. The large tri- 
angle represents one face of a regular tetrahedron having all (111) 
faces. 

as a consequence the p.d. across the Helmhol tz  region 
wil l  change in such a direction as to include an in- 
creased fract ion of the total  anodic overvol tage  (22, 
5), thus reducing the space charge overvol tage  and 
hence the rate  of dissolution. 

Many of the pits appear to have sides of different 
slope. This may be due to the dislocation line being 
at some angle other  than normal  to the surface of the 
crystal  (e.g., 60 ~ dislocations) assuming that  the three 
walls grow equal ly  rapidly f rom the nucleat ion point. 

Conclusio~zs f rom Anodic Etching Experiments 
The effect of the morphology of the surfaces on 

these and other  measurements  we have  made is as 
follows. For  the (111) surface in the ear ly  stages of 
dissolution the pits are quite  small  so that  we are 
very  largely  deal ing with  a macroscopic (111). Con- 
sequent ly  measurements  of interracial  capacity refer  
pr incipal ly to the (111) so that  our previous conclu- 
sions based on capacity of this surface still hold. The 
measurement  of overvoltage,  as pointed out above, 
is l ikely  to be incorrect  since the potential  measure-  
ments  refer  to (111) while  dissolution takes place 
f rom the sides of the pits [possibly (110)], but  may  in 
any case be subject  to concentrat ion polarizat ion 
wi th in  the pits. 

Since the (110) surface does not  develop any ob- 
vious features  it  is assumed that  our measurements  
on (110) oriented crystals are correct. 

On the (100) it is clear  that af ter  extensive anod- 
izing we are dealing with  a convoluted surface, pcs-  
sibly (110). In fact as we have observed both in ca- 
pacity measurements  and in dissolution kinetics the 
(100) and (110) or iented crystals behave similarly. 
This could be due to the fact that  even on a sample 
which has been CP4 etched and then only mildly  
anodized the surface consists of microscopic (llO) 
facets. The results on (100) may be open to the ques-  
tion as whe the r  they  are t ru ly  representa t ive  of a 
(100) surface or are affected by (110) faceting. How-  
ever, some of our earl ier  measurements  on mildly  
anodized surfaces (4, 6) indicate quite  low values 
(~1.3) for the roughness factor. This suggests that  
under  these circumstances facet ing is not a problem. 

S u m m a r y  
The kinetics of anodic dissolution of ge rmanium 

(100) have  been shown to be consistent wi th  Beck 
and Gerischer 's  mechanism. The (110) surface be-  
haved s imilar ly  to the (100) at low c.d. The (111) sur-  
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face showed more  complex behavior  which  was as- 
cribed to the requi rements  of a nucleat ion process 
or to nonuni form distr ibution of potential.  The  mor -  
phology of anodized surfaces has been discussed with  
respect  to the dissolution kinetics. 
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Preparation of InAs-lnSb Alloys 
J. C. Woolley ~ and J. Warner  2 

Department of Physics, University of No.ttingham, Nottingham, England 

A B S T R A C T  

The preparat ion of solid samples of InAs- InSb  alloys sui table for optical 
transmission and electr ical  measurements  is considered. Cross sectional slices 
of ingots produced by slow direct ional  f reezing and slow zone recrys ta l l iza-  
tion have  been invest igated by x - r a y  powder  photograph techniques,  and 
results are given for the var ia t ion  of composit ion wi th  posit ion along ingot  
and for homogenei ty  of the slice. Annea led  powder  samples have  been used 
to check the previous data for the var ia t ion  of lat t ice pa ramete r  wi th  com-  
position. Specimens have  also been observed by photomicrograph methods 
and by use of an electron probe microanalyzer .  The x-ray ,  photomicrograph,  
and microanalyzer  data are compared for various samples wi th  different de-  
grees of homogeneity.  

Very l i t t le  informat ion is so far  avai lable  on InAs-  
InSb alloys. I t  has been shown that  single phase solid 
solution can be obtained at all  compositions (1), but  
compressed powder  specimens need to be annealed at  
tempera tures  ve ry  close to the solidus curve  for periods 
of six months or more  before such conditions are ap-  
proached. Similar  anneal ing of solid samples needs 
very  much longer  times. The  data obtained by anneal-  
ing compressed powders  gave the var ia t ion of lat t ice 
paramete r  wi th  composit ion and the solidus curve  
shown in Fig. 1 and 2. The l iquidus curve  in Fig. 2 
was obtained by Shih and Pere t t i  (2) using normal  
cooling curve  methods.  Here  the prepara t ion  of sam-  
ples of InAs- InSb  alloys in solid form suitable for  
optical and electr ical  work  is discussed. The invest iga-  
tion of the semiconductor  parameters  of the alloys is 
discussed e lsewhere  (3). 

Methods of Preparation of Solid Specimens 
Two methods of prepara t ion have been considered, 

viz., (a) slow direct ional  freezing, and (b) slow zone 
recrystal l izat ion of suitable ingots. All  of the ingots 
were  produced by mel t ing  together  appropr ia te  
amounts  of high pur i ty  InAs and InSb. Both of the 
compounds were  f rom zone refined ingots to give good 
pur i ty  and both were  n type with  approximate  carr ier  
concentrat ions of 2 x 10ze/cm 3 for InAs and 1.5 x 1016/ 
cm 3 for InSb. 

Preparation by powder anncaling.--In the case of 
both the direct ional ly frozen and the zone recrys ta l -  
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Fig. 1. Variation of lattice parameter with composition for 
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90O u 

~ a o c  

I[ 

70C 

6 0 0  

5 0 0  

\ 

0 2 0  40 6 0  8 0  100 

MOL % InSb 

Fig. 2. Phase diagram of InAs-lnSb system. Liquidus curve, Shih 
and Peretti (2); solidus curve, Woolley and Smith (1). 

l ized ingots, the composit ion of any cross sectional slice 
was to be de termined  by finding the latt ice paramete r  
and using the data in Fig. 1 to give the corresponding 
composition. Therefore,  as some powdered  samples 
were  to be used in the optical work  (to be published 
e l sewhere) ,  these were  used to check the data of Fig. 1. 
Small  samples were  made by mel t ing  together  under  
vacuum appropriate  amounts  of the two compounds, 
quenching in water,  and coarsely powder ing  the re -  
sultant  ingots. (Coarse powder ing  was required,  since 
a fu r the r  powder ing  had to be carr ied out in the equi -  
l ibr ium condition to give new surfaces necessary for 
the optical diffuse reflection measurements . )  The pow-  
ders were  then compressed and sealed under  vacuum 
as described previous ly  (1) and annealed for  some six 
months at closely controlled tempera tures  chosen to 
be 10~176 below the re levan t  solidus t empera tu re  
as given in Fig. 2. Even  after  this t ime of annealing, 
the powders  were  not  in good equi l ibr ium condition, 
the higher  order  x - r a y  reflections being blurred.  
Never theless  values  of lat t ice pa rame te r  accurate  to 
___0.007A could be obtained, and these are  shown in 
Fig. 1 together  wi th  the previous results for which 
the latt ice paramete r  de terminat ion  was less accurate. 
The agreement  be tween  the two sets of data is good, 
confirming the results  of Fig. 1 and also therefore  the 
solidus data in Fig. 2 obtained by the use of lat t ice 
paramete r  values. 

Preparation by slow directional freezing.--In the 
case of GaSb- InSb  and GaAs-InAs  alloys, it has been 
found (4) that  homogeneous polycrysta l l ine  samples 
of the alloys can be obtained by a slow direct ional  
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freezing of an ingot  some 15-20 cm in length. In these 
cases, ingots cooled in a t empera tu re  gradient  of the 
order 10~ and at a ra te  of 5~176 were  
found to be reasonably  homogeneous over  their  whole 
length. This method of prepara t ion  is ve ry  convenient  
for the init ial  invest igat ion of the semiconductor  
propert ies  of an alloy system in that  the var ia t ion  of 
the composition of cross sectional slices wi th  length 
gives a wide range of sample composit ion and hence 
the proper t ies  across the whole composition range  can 
be invest igated using, at the most, two or three  ingots 
of different mean composition. It  was decided the re -  
fore to t ry  a s imilar  method  of prepara t ion for the 
InAs- InSb  alloys. 

The ingots used were  of an equimolar  mean  com- 
position, had a mass of approximately 40g, and were  
15-20 cm long. Ini t ia l ly  a furnace wi th  a t empera tu re  
gradient  of 10~ over  about  20 cm was used and 
the t empera tu re  control led by a switched control unit, 
so that  the t ime requ i red  to complete ly  freeze the in-  
got was approximate ly  2-3 months. In an a t tempt  to 
improve  the homogenei ty  of the material ,  a second 
ingot was cooled in the same furnace  at 5~ 
while  a third s imilar  ingot was cooled in a furnace 
having a t empera tu re  gradient  of 7~ and con- 
t rol led by a continuous control uni t  so that  the short  
te rm tempera tu re  fluctuations at 600~ were  less than  
•176 The ra te  of cooling in this last case was 
4~ and the freezing process requ i red  approxi-  
mate ly  6 months to complete. The var ia t ion  of com- 
position of a cross sectional slice wi th  distance along 
the ingot  for the case of the third ingot is shown in 
Fig. 3. It  was found that  each end of the ingot was 
in good single phase condition, the Cu-Ka doublet  be-  
ing wel l  resolved in the x - r a y  photographs, and that  
the composition var ied  f rom 3 to 12 mole % InSb at 
one end and 88 to 98 mole  % InSb at the other. In 
be tween  these regions, however ,  there  was some 3 am 
of the ingot where  there  was a ve ry  rapid change in 
composition with  position and where  the mater ia l  was 
not in an equi l ibr ium condition, being two phase with  
each phase showing considerable broadening of the 
high angle x - r a y  reflections. The corresponding spread 
in composition is indicated by the ver t ical  lines in 
Fig. 3. 

Comparison of the three  ingots showed that  the 
third was the best of the three in that  the single phase 
regions of this ingot were  more  homogeneous than for 
the previous ones, and at each end the composit ion 
range of the single phase region was a few mole per 
cent greater.  In addition, electr ical  measurements  
showed that  single phase samples f rom the third ingot 
had lower  carr ier  concentrat ions and higher  mobi l i ty  
values. These improvements  can be a t t r ibuted to the 
use of a slower movemen t  of the freezing surface and 
to the bet ter  control of the furnace temperature .  F rom 
a knowledge  of the var ia t ion  of t empera tu re  profile of 
the furnace in the t empera tu re  range concerned, the 
composit ion var ia t ion along the ingot in Fig. 3 and 

1oo 

80 

~r 60  

40  

20  

t 

j 1 ~  z" 

12 16 
DISTANCE ALONG INGOT (cm) 

Fig. 3. Variation of composition of cross sectional slice as a 
function of position in a directionally frozen ingot (DF3). 
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Fig. 4. Position of freezing surface as a function of time in a 
directionally frozen ingot (DF3). 

the solidus curve  of Fig. 2, the movemen t  of the 
f reezing surface wi th  t ime can be calculated. This 
curve  is shown in Fig. 4. This is only approximate  in 
the two phase region where  an average  composition 
must  be assumed. In the ranges where  single phase 
mater ia l  was obtained, it is seen that  the rates of 
movemen t  of the f reezing surface are 0.2 cm/day  at 
the beginning of the ingot and 0.65 c m / d a y  at the end. 
The t empera tu re  control  of ___0.2~ wil l  give fluctua- 
tions in f reezing surface posit ion larger  than this, and 
so a slower ra te  of cooling is of no use unless more  
accurate t empera tu re  control  is used. 

The ra te  of movemen t  of the f reezing surface was 
much s lower  in the central  region (~0.02 cm/day) .  
Here, however ,  the inhomogenei ty  was similar  for all 
ingots, and the different cooling conditions produced 
l i t t le  difference in homogeneity.  It  is apparent  that  
other  effects, e.g., consti tutional supercooling (5), be-  
come important .  This is supported by the fact  that  the 
composition of the solid at which inhomogenei ty  be-  
gins to occur corresponds to a point on the l iquidus 
where  the slope of the l iquidus changes rapidly  and 
becomes much  steeper, as is seen in Fig. 2. Thus wi th  
the small  t empera tu re  gradients used in these di rec-  
t ional freeze techniques,  consti tut ional  supercooling is 
a lways l ikely to occur. Hence this par t icu lar  method 
is not suitable for alloys in the center  of the composi-  
t ion range. 

Preparation by slow zone recrystallization.--An 
al ternat ive  method for p repar ing  ingots of these al-  
loys is the zone recrystal l izat ion technique. Here  
larger  t empera tu re  gradients are used so that  consti tu-  
t ional supercooling should be less of a problem, and 
the ra te  of movemen t  of the freezing surface is di-  
rec t ly  controlled by the movemen t  of the hea te r  
re la t ive  to the ingot. The ingots used here  were  of 
equimolar  mean  composit ion and the same dimensions 
as in the previous  case. Two background furnaces 
were  used to mainta in  an over -a l l  t empera tu re  of the 
ingot  at about 550~ and the hot zone was produced 
by two "Crusi l i te '  hea te r  rods placed be tween  the 
background furnaces, one above and one below the 
ingot. To reduce  the wid th  of the hot zone, two wate r  
cooled copper plates were  placed be tween  the heater  
rods and the backing furnaces. The resul t ing mol ten  
zone of the ingot  was of the order  5 cm in length. This 
is considerably wider  than that  used for normal  zone 
recrystal l izat ion work  wi th  compounds, etc., but  it was 
hoped with  this method to obtain some advantage  of 
the directional  freeze method, i.e., the  var ia t ion in 
composit ion along the ingot  which would  provide 
samples over  a range of alloy compositions. The 
mol ten  zone was moved along the ingot by holding the 
ingot s ta t ionary and moving  the whole  furnace sys- 
tem along the ingot  length. The veloci ty  of the zone 
along the ingot  was approximate ly  0.5 cm/day .  

The ingots produced showed li t t le difference one to 
another  and the var ia t ion  of composit ion wi th  length 
for one case is shown in Fig. 5. Again  the ingot is 
homogeneous at the two ends but  is inhomogeneous 
in the  center. The  beginning section of the ingot ex-  
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Fig. 5. Variation of composition of cross sectional slice as a 
function of position in o zone recrysta[lized ingot (ZL2). 

tended the avai lable range of homogeneous alloys out 
to 20 mole % InSb, but  beyond this again the cross 
sectional slices were  two phase, each phase showing 
some blurr ing of the high angle x - r a y  lines. However  
the intensi ty of the x - r a y  lines showed that  the 
amount  of second phase was small  in some places 
(shown by dotted ver t ical  l ines in Fig. 5) and occa- 
sionally, as at a point 10 cm from the beginning of the 
ingot, only one phase is observed. Thus by careful  
selection, single phase alloy samples over  a consider-  
able range of composition could be obtained. 

Again it is seen that  this prepara t ion  is not  satis- 
factory for alloys in the center  of the composition 
range. One problem is the init ial  width  of the mol ten  
zone and, second, the fact that  the zone width  and 
hence the t empera tu re  gradient  at the freezing surface 
varies considerably with  the composition of the zone. 

It would appear that  to improve  this, a different 
means (e.g., R.F. heat ing) is needed to produce the 
zone, and careful  p rogramming  of the heat ing as a 
function of position along the ingot is required.  

Comparison of  X - R a y  any M e t a l l u r g i c a l  D a t a  

Samples of vary ing  degrees of homogenei ty  taken 
f rom the ingots described above have  been studied by 
x - r ay  powder  photography and by optical photomi-  
crography, and in cer ta in  cases Metals Research Ltd., 
Cambridge,  have  studied the samples wi th  an electron 
probe microanalyzer.  The aim here  was to observe 
how the inhomogenei ty  as seen by meta l lurgica l  tech-  
niques could be correlated wi th  the x - r ay  data and to 
see whe ther  the broadening of the x - r ay  reflections 
was associated wi th  any inhomogenei ty  easily ob- 
served under  the microscope. 

To present  the x - r a y  data, a suitable x - r a y  reflec- 
tion was chosen (the choice had to be var ied  to some 
extent  because of accidental  coincidence of lines f rom 
different phases) and the intensi ty  profile of the line 
on the x - r ay  film de termined  using a Hi lger  and Watts 
comparator  microphotometer .  The position on the 
film can be correlated with Bragg angle, hence with 
lattice parameter ,  and so with  composition of the 
alloy. Hence the line profiles given here  have  been 
plotted as intensi ty vs. mole per  cent InSb. 

The specimens for the photomicrographs were  pro-  
duced by embedding suitable samples in an epoxy 
resin and polishing with  various powders down to 
0.1~ ~ alumina. The samples were  then etched in an 
etchant  consisting of equal  volumes of nitric acid, 
hydrofluoric acid, and distil led water .  

The results with typical  samples are shown in Fig. 6, 
where  specimens a, b, and c were  single phase but 
wi th  increasingly broadened x - r ay  lines, and d and e 
were  two phase specimens. It  is seen that  for d and e 
the presence of two phases is easily observed on the 
photomicrograph,  while  for a the photomicrograph 
shows a single phase condition with grain boundaries,  
etc. In samples b and c the t rend toward inhomo- 
geneity can be observed, but  the in terpre ta t ion  of 
the photomicrograph would  be difficult wi thout  the 
help of the x - r ay  line profile. 

Specimens b, c, and d were  invest igated by Metals 
Research Ltd. using a Cambridge  Ins t ruments  Co. 

Fig. 6. Photomicrographs and x-ray line profiles of representative 
specimens of InAs-lnSb alloys. (a) Composition 4 mole % InSb, 
4 sec etch, x-ray reflection 553 and 731. (b) Peak composition 89 
mole % InSb, 4 sec etch, x-ray reflection 553 and 731. (c) Peak 
composition 68 mole % InSb, 6 sec etch, x-ray reflection 553 and 
731. (d) Peak compositions 34 mole % and 64 mole % lnSb, 5 
sec etch, x-ray reflection 620. (e) Peak compositions 26 mole % 
and 49 mole % InSb, 6 sec etch, x-ray reflection 620. 

Fig. 7. Electron probe microanalysis results for specimen d (see 
legend of Fig. 6). (a) Electron image. (b) Antimony Ks image. (c) 
Arsenic Kc~ image. (d) Antimony Ks line scan trace. (e) Arsenic 
Kc~ line scan trace. 
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Fig. 8. Electron probe microanalysis results for specimen c (see 
legend of Fig. 6). (a) Arsenic Ka line scan trace. (b) Antimony 
Ks line scan trace. 

electron probe microanalyzer ,  a Microscan. The  results 
for specimen d are shown in Fig. 7. F igure  7a is the 
electron image of a region of the specimen, showing 
polishing scratches at this h igher  magnification and a 
dark area near  the center  of the photograph. Figures  
7b and c are x - r ay  images of the same region of the 
specimen wi th  the x - r a y  spectrometer  tuned to the 
characterist ic radiat ions of ant imony and arsenic, r e -  
spectively. A careful  observation of these photographs 
shows that  the density of spots in the area correspond-  
ing to the dark area of Fig. 7a is grea ter  than average  
in Fig. 7c and smaller  than  average  in Fig. 7b, indicat-  
ing that  this region of the sample is arsenic rich. This 
is confirmed by the curves in Fig. 7d and e which give 
a scan of the intensi ty along the line XX'  wi th  anti-  
mony and arsenic radiation, respect ively.  The s tandard 
deviation, taken as the square  root of the number  of 
quanta  observed, is shown at the r ight  of the curve. 
It  is seen that  the deviat ion at the area concerned is 
considerably larger  than the s tandard deviation, con- 
firming that  this area is arsenic r ich and ant imony 
deficient. 

Similar  results were  taken with  specimen c. Here  
the electron image and x - r ay  images appeared quite 
uniform and no inhomogenei ty  could be observed. 

Figures 8a and b show the results for a line scan 
taken with arsenic and ant imony radiation, respec-  
tively. Here  the s tandard deviat ion for arsenic radi-  
ation is larger  because of the small  mean percentage  of 
arsenic for the specimen. However  the deviations in 
the line scan are not significantly larger  than the 
s tandard deviat ion and give no indication of inhomo- 
geneity on any appreciable scale. With specimen b 
s imilar  results were  obtained. 

It is seen that  the use of x - r a y  powder  diffraction 
is the most sensitive method for observing inhomo-  
geneities in composition in the case of alloys of this 
system. Thus by ei ther  electron probe method  or 
s tandard photomicrograph techniques the presence of 
inhomogeneit ies  is clear only for samples where  the 
x - r ay  photograph shows two distinct phases. Alloys 
such as specimen c above appear  reasonably homo-  
geneous to the electron probe and photomicrograph 
even though the x - r a y  data indicates an effective 
spread in composit ion of the order  of 10 mole %. This 
confirms that  the inhomogenei ty  is on a considerably 
smal ler  scale than that observed by normal  micro-  
scope work  and is probably due to cluster ing effects in 
the atomic lattice. 
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Germanium-Silicon Alloy Heterojunctions 
J. Shewchun 1 and  L. Y.  W e i  

University o~ Waterloo, Waterloo, Ontario, Canada 

ABSTRACT 

Germanium-s i l icon  heterojunct ions  have  been prepared  by an alloy proc- 
ess. By control l ing the  impur i ty  concentrations,  abrupt  junct ions having  widths 
f rom 6000A to as low as 80A have  been realized. Forward  and reverse  bias 
characterist ics of several  typical  heterojunct ions  are presented. No Esaki effect 
was observed for th in  heterojunct ions (<100A).  This is a t t r ibuted to masking 
by an abnormal ly  high excess current.  This excess cur ren t  is a tunnel ing  cur-  
rent  via defect  states caused by the large dislocation densities present  in the 
junction. 

Interes t  in heterojunct ion devices was s t imulated in 
the late 1950's by the work  of Kroemer.  The concept 
of quasi-electr ic  and magnet ic  fields for var iable  en-  
e rgy-gap  semiconductors was first posed by him (1, 2), 
and short ly thereaf ter  he presented the theory for the 
wide band-gap emi t te r  t ransistor  (3). In the fol lowing 

1Present address: Interdisciplinary Fellow in Materials Sciences, 
Brown University, Providence, Rhode Island. 

years, a number  of articles by other invest igators were  
published (4-6), which dealt  wi th  s imilar  considera-  
tions. An  unsuccessful a t tempt  to fabr icate  a wide 
band-gap emi t te r  t ransistor  by the diffusion of phos- 
phorus into gal l ium arsenide was repor ted  by J enny  
(7). The interest  in heterojunct ions has also spread to 
the field of solar energy converters  (8,33). Theo-  
ret ical  considerations by Emtage (9) have  shown that  



1146 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  October 1964 

i t  might  be possible to incorporate  a he te ro junc t ion  
type s t ructure  into a photovoltaic conver ter  which 
could give an efficiency as high as 40 %. 

With the advent  of epi taxial  vapor  growth  tech-  
niques  (10), considerable interest  was s t imulated in 
heterojunct ions where  one crystal  was vapor  deposited 
upon another.  The first such heterojunct ions  were  r e -  
ported by Marinace (electr ical  propert ies)  (11) and 
Anderson (analysis) (12). In a series of papers (12- 
14), Anderson proposed an energy-band  model  for 
these heterojunct ions  which included energy discon- 
t inuities in the conduction and valence band edges at 
the junct ion interface. More recently,  a group con- 
sisting of Messrs. Per lman,  Oldham, Williams, Feucht,  
and Milnes have  carr ied  out  a more  intensive inves t i -  
gation into the Ge-GaAs system original ly  studied by 
Anderson and extended the work  to other  systems as 
Ge-S i  and In_P-GaAs. In a series of papers (15-19, 34), 
the general  conclusion reached seems to be that  there  
are a large number  of unexpla ined  discrepancies which 
make  uncer ta in  the complete val idi ty  of the discon- 
t inuous energy-gap  model. Cont inuing work  by How-  
ard and Fang (20, 21) on n -n  Ge-GaAs  diodes has 
shown that  these heterojunct ions  have subnanosecond 
switching t imes but  suffer the disadvantage of having  
a low reverse  b reakdown voltage. 

In this paper, we wish to repor t  our exper imenta l  
investigations on the germanium-s i l icon  system by 
means of alloy heterojunctions.  The evidence that  such 
a system should yield reasonably good junct ions is 
based on the work  on germanium-s i l icon  "aHoy" crys-  
tals. That  ge rmanium and silicon show good al loying 
affinity was demonst ra ted  as far  back as 1939 by Stohr  
and Klemm (22). It  was noted that  the lat t ice constant 
var ied  monotonical ly  f rom tha t  of silicon (5.43A) to 
that  of ge rmanium (5.66A) depending on the percent -  
age of ge rmanium in the silicon (0--> 100%). Both 
silicon and germanium are d iamond- type  crystals. A 
germanium-s i l icon  substi tut ional  alloy can be formed 
where  the germanium and silicon atoms are a r ranged 
at random at lat t ice sites of a d iamond- type  lattice. 
More recent  work  on "single crystals" of such alloys 
has been carr ied out by a number  of people at Radio 
Corporat ion of Amer ica  (23, 24). He rman  has con- 
s idered such alloy crystals on a theoret ical  basis (25). 
Since an alloy is not a perfect  crystal  but  disordered, 
it does not have  an energy-band  s t ructure  in the strict  
sense, but  ra ther  regions of high densi ty a l lowed 
states (a l lowed bands) and regions of low density 
al lowed states (forbidden bands) .  The t ransi t ion f rom 
an al lowed to a forbidden band is not as sharp as in a 
perfect  crystal, at least  theoretically.  However ,  ex-  
per imenta l  evidence has shown that  such tai l ing of the 
band edges is negligible for the Ge-S i  system. Pres -  
ent  work  on the Ge-Si  system seems to be concentra ted 
on an accurate  de terminat ion  of the ene rgy-band  
s t ructure  (26, 27). Since the latt ice constants of ger-  
manium and silicon do differ by a few per  cent, it is 
expected that  the ahoy crystal  would  have  i r r egu-  
larities. It  has been shown (28) that  such lat t ice mis-  
matches can be accommodated through a dislocation 
format ion mechanism. Exper imenta l  observations by 
Goss, Benson, and Pfann  (29) tend to confirm this. 
There  is, on the  basis of the w o r k  ~ust described, 
every  reason to bel ieve that  an alloy type p-n  he te ro-  
junct ion be tween  germanium and silicon is possible. 

Fabr ica t ion  

Germanium-s i l icon  he tero junct ion  diodes were  
made, as mentioned,  by the al loying technique.  The 
start ing mater ia ls  consist of single crystal  silicon and 
germanium wafers.  The silicon is prepared  by first 
mechanica l ly  lapping it wi th  sui table s i l icon-carbide 
abrasives, and then  etching it to a mi r ro r  finish in 
CP4 (4 parts HNOs, 3 parts CH3COOH, 3 parts HF) .  
Af te r  r insing and drying, the wafer  is broken or cut 
into small  pieces suitable for the alloy process. The 
ge rmanium is s imilar ly  t reated and crushed into ve ry  
small  chips f rom which are ext rac ted  small  part icles 

being more  or less spheroids of d iameter  be tween  5 
and 20 mils. The al loying apparatus consists of a high 
current  strip heater  wi th  an electr ical  t imer  for  the 
control of the t empera tu re  cycle. 

The alloying is carr ied out by placing a silicon wafe r  
of thickness be tween  10 and 20 mils on the hea te r  w i th  a 
selected spheroid of ge rmanium on top. The area of 
the junct ion is approximate ly  de termined  by the size 
of the germanium used. The alloy cycle consists of an 
abrupt  heat ing to a t empera tu re  be tween  950 ~ and 
1200~ for periods of 3-15 sec, fol lowed by a s imilar  
abrupt  cooling. Short  al loy t imes have  been del iber-  
ately employed in an effort to form thin abrupt  junc-  
tions and to minimize the diffusion of the doping ele-  
ments  in the germanium and the silicon. In  order  to 
obtain good wet t ing  be tween  the ge rmanium and 
silicon, the alloying is carr ied out in an a tmosphere  
of dry  hydrogen.  

Af ter  the junct ion has been formed, a second alloy 
is carr ied  out in which  a gold wi re  is a t tached to the 
body of the silicon to form one of the ohmic contacts. 
In some cases this is replaced by a gold plate on the 
silicon undersurface  which can then be soldered. The 
unit  is l ight ly etched, washed, dried, and then mounted  
on a s tandard header  and a second ohmic contact  of 
the pressure type is made to the germanium side. 

In order  to de te rmine  some of the physical  prop-  
erties of the junction, several  units were  cross-sec- 
tioned by mount ing  them in a holding j ig and lapping 
wi th  silicon carbide paper  abrasives fol lowed by an 
etch to r emove  surface damage. Since the luster  of 
polished germanium is not iceably different f rom that  
of silicon, and the ra te  of at tack of the etch on the  two 
semiconductors also differs considerably, it was hoped 
that  this would  contr ibute  to a re la t ive ly  easy visual  
location of the junction.  F igure  1 shows a cross-sec- 
tion. The polyphase region of ge rmanium and single 
crystal  wafer  of silicon can be easily identified. The 
junct ion region appears as a dark line. Some surface 
i r regular i t ies  present  are due to the non-un i fo rm at-  
tack of the etch. The junct ion region is approximate ly  
10~, wide, but this does not represent  the regrowth  
layer. The diameters  of the junct ions range f rom 300 
to 500~. Figure  2 also shows a cross-section. Care has 
been taken to control  the at tack of the etch so tha t  a 

Fig. 1. Cross-section ef a germanium-silicon heterojunction mag- 
nified approximately 65X. 

Fig. 2. Cross-section of a germanium-silicon heterojunction mag- 
nified approximately 170X. 
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Fig. 3. Cross-section of a germanium-silicon heterojunction mag- 
nified approximately 465X. 

more uni form surface is obtained on which the junc -  
t ion features are more clearly visible. 

The junc t ion  itself is believed to consist of an abrupt  
t ransi t ion from silicon to germanium through a ger- 
manium-s i l icon  regrowth layer. Higher magnifications 
of the junc t ion  region, as in Fig. 3, show a demarkat ion  
l ine between the two regions. The actual regrowth 
layer  is less than  1~ wide. 

Junct ions  were formed using both p and n silicon 
wafers of 0.001, 0.01, and 1 ohm-cm resistivity. The 
silicon doping agent was phosphorus for the n - type  and 
boron for the p-type.  The small  s ingle-crystal  
spheroids of germanium were of 0.001, 0.01, 0.1, and 1 
ohm-cm. For the ge rmanium the p- type  doping agent 
was gall ium and the n - type  agent was either an t imony 
or phosphorus. The various germanium-si l icon struc- 
tures that  were fabricated are listed in  Table I. The 
grouping according to types will  be explained in the 
next  section. 

The quant i ty  in  the brackets indicates the resis- 
t ivi ty of the s tar t ing material .  There is no a priori  rea-  
son for assuming that  the germanium side of the junc-  
tion wil l  have the same impur i ty  concentrat ion (re-  
sistivity) as that  of the s tar t ing material ,  especially 
since the ge rman ium must  be melted in  the process of 
junc t ion  formation. Direct resist ivity measurement  is 
not possible since the junct ion  areas are so small. The 
indirect  technique of junc t ion  capacitance measure-  
men t  was used to determine the impur i ty  concentra-  
t ion on the germanium side of the junct ion.  

Over 250 diodes have been made with the repro-  
duction (essentially similar  electrical characteristics) 
of any  one type in  the above list being quite good. 

Electr ica l  C h a r a c t e r i s t i c s  
In  order to examine the various germanium-s i l icon 

structures that  were produced, a grouping as shown in  
Table I was used. The symbol ~ is used to indicate that  

Table I, Fabricated germanium-silicon structures 

T y p e  1 
n S i - p G e  
p S i - n G e  

T y p e  2 
n + S i - p G e  
p + S i - n G e  

T y p e  3 
n S i - p + G e  
p S l - n + G e  

T y p e  4 
n+S i -p+Ge  
p+Si -n+Ge  

n(1) Si-p(1)Ge 
n(1)Si-p (0.01) Ge 
p(1)Si-n(1)Ge 
p(1) Si-n (0.01) Ge 

n(0.01) Si-p(1) Ge 
n (0.01) Si-p (0.01 ) Ge 
p (0.01)Si-n(1) Ge 
p (0.01) Si-n(0.1) Ge 
p C0.01 ) Si-n (0.01) Ge 

n ( 0.001 ) Si-p (0.001) Ge 
n (0.001) Si-p (0.01) Ge 
n (0.001) Si-p(1) Ge 
p(0.001)Si-n(0.001) Ge 
p (0.001) Si-n ('0.01) Ge 
p(0.001)Si-n(0.1) Ge 
pC0.0~ l )S i -n  (1) G e  

p (0.01) S i -n (0 .001)  G e  
n (0.01) S i - p  (0.001) G e  

p ( 1 ) S i - n  (0.001) G e  
n ( 1 ) S i - p  (0.001) G e  

n+ (0.001) Si -p+ (0.001) G e  
p+ C0.001) Si -n+ (0.001) G e  
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Fig. 4. Forward bias characteristics for a typical n(0.01)Si-p(0.01) 
Ge diode, unit AUG 8-10-63. 

the Fermi  level  is ei ther  above (or extremely close to) 
the conduction band edge, or below (or extremely 
close to) the valence band  edge. 

Figure  4 shows the forward bias current -vol tage  
characteristics of a typical type 1 heterojunction,  
n(.0.01)Si-p(0.01)Ge, at room and l iquid air tempera-  
tures. At room temperature,  the characteristic exhibits 
an exponent ia l  region between approximately 10 -4 and 
10 -2 amp., with a slope e/~ kT,  where e is the elec- 
tronic change, k is Bol tzmann's  constant, T is tem- 
perature,  and ~ ~ 1.22. Since the normal  theory for 
rectification in a homogeneous diode leads to an ex- 
pression 

( e V A )  ] 
JD = Js [exp \ - - - ~ / - - 1  J 

where  Js is the saturat ion current ,  ~] ~ 1, and VA is the 
applied bias, an increase in  the slope of a plot of log 
J vs. VA with decreasing tempera ture  is expected. 2 
From Fig. 4, it is clear that  the expected behavior  is 
not followed with ~ taking a value of 4.3 at l iquid air 
temperatures.  This type of behavior  has been ob- 
served by Chynoweth and McKay (30) in  na r row sili- 
con p -n  junct ions  where field emission is prevalent.  
For  the other Type 1 structures ~ was general ly lower, 
the lowest value being 1.09 for n (1 )S i -p (0 .01 )Ge  
heterojunctions.  

The characteristics for type 2 and type 3 hereto-  
junct ions were much the same as those just  described, 
except for those hetero~unctions where  the junct ion  
width was less than about 800A. (Junct ion widths 
were de termined using the formula  for an abrupt  im-  
pur i ty  dis t r ibut ion (3). Impur i ty  concentrat ions were 
obtained from junct ion  capacitance measurements  and 
were checked against  the observed heterojunct ion 
diffusion potentials.) In  these cases, the log plot of 
current  vs. voltage showed several distinct inflections, 
as in Fig. 5 for a typical p(0.001)Si-n(0.001)Ge diode. 
This wobble about  a straight l ine was very  reproduc-  
ible from diode to diode and can be qual i ta t ively ac- 

s W h i l e  t h e  a b o v e  e q u a t i o n  c a n n o t  b e  a p p l i e d  d i r e c t l y  t o  a h e t e r o -  
j u n c t i o n ,  o u r  a n a l y s i s  ( p u b l i c a t i o n  to  a p p e a r  in  t h e  Phy~ca f  Re -  
v i e w )  i n d i c a t e s  t h a t  t h e  r e c t i f i c a t i o n  e q u a t i o n  f o r  a h e t e r o j u n c t i o n  
can  b e  r e d u c e d  t o  a s i m i l a r  f o r m ,  w h e r e  J s  a n d  W a r e  f u n c t i o n s  o f  
t h e  p h y s i c a l  p r o p e r t i e s  of  t h e  t w o  m a t e r i a l s  e m p l o y e d  i n  t h e  
h e t e r o j u n c t i o n .  T h e  t e m p e r a t u r e  v a r i a t i o n  is  s t i l l  p r o p e r l y  d e s c r i b e d  
b y  this  s i m p l e  e q u a t i o n .  
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Forward bias characteristics for a typical p(0.001)Si-n 
diode, unit OCT 22-3. 

structures listed in Table I. Figures  6-11 show typical  
characterist ics that  were  observed for several  diode 
types. The j unction widths for the n (1) Si-p (1) Ge and 
n (1 )S i -p (0 .01)Ge  heterojunct ions in Fig. 6 and 7 
were  est imated to be 5900A and 3100A, respectively.  
Both units have "hard"  characterist ics wi th  a soft 
knee prior  to a sharp breakdown.  This sharp b reak-  
down is a characterist ic feature  of avalanche break-  
down (31), along with the observat ion that  the b reak-  
down vol tage decreases considerably on lower ing  of 
the he tero junct ion  t empera tu re  to 80~ The softness 
prior to b reakdown is not  normal ly  found in homo-  
geneous junctions, but our analysis indicates that  is an 
inherent  feature  of a heterojunct ion.  For  th inner  junc-  
tions such as the p(0 .01)Si -n(0 .01)Ge unit  shown in 
Fig. 8 at 1200A, there  is a possibility of field emission 
or tunnel ing across the junction. When the t empera -  
ture  is lowered, the reverse  current  drops somewhat  at 
moderate  values of bias, but  then increases more  
rapidly and crosses over  the room tempera tu re  char-  
acteristic, thus leading to a lower  b reakdown voltage. 
The slight lower ing of reverse  current  at modera te  
values of bias indicates field emission, whi le  the drop in 
breakdown vol tage indicates avalanche breakdown.  
This heterojunct ion represents  transi t ion region be-  
havior  where  ionization and field emission occur si- 
multaneously.  At sufficiently high current  densities, a 
"second" breakdown occurs (32) which wil l  be dis- 
cussed in a subsequent  publication. This b reakdown 
consists of the format ion of a negat ive resistance re-  
gion along with  a hysteresis loop. 

counted for by the inclusion of an addi t ive saturat ion 
current  te rm of the form 

j _ _ A ( V D _ _ V A ) n e x p  ( B ) 
V D -  VA 

to the rectification equat ion (30). In this expression 
VD is the diffusion potential,  VA the applied voltage, 
and A, B, n are dimensional  constants. This addit ive 
saturat ion current  represents  the internal  field emis-  
sion process occurr ing in the junct ion due to its " th in-  
ness." At l iquid air tempera tures  this characterist ic 
wobble  becomes more pronounced indicating an en-  
hancement  of tunneling. 

Capacitance measurements  on a large  number  of 
n(0.001)Si-p(0.001)Ge and p(0.001)Si-n(0.001)Ge di-  
odes showed that  impur i ty  concentrat ions on the ger-  
manium side were  sufficiently high to cause the Fermi  
level  to lie above the conduction band edge for n ma-  
terial  and below the valence band edge for p material .  
These type 4 diodes were  expected to exhibi t  the Esaki 
effect in the forward  bias direction, provided no com- 
plicat ing effects interfered.  The exper imenta l  units did 
not show any negat ive  resistance regions but  ra ther  an 
abnormal ly  high current  at low bias levels. In addi-  
tion, these diodes had "apparent"  diffusion potentials 
which were  much lower  than expected. I t  is bel ieved 
that  all Ge-Si  heterojunct ions contain large numbers  
of defect  states in the forbidden band gap and tunnel -  
ing can occur via  these states in thin tunnel ing  junc-  
tions, giving rise to a ve ry  large excess current  Jx. The 
total current  for junct ion is 

J = Jt  Jr- Jx  + JD 

where JD is the diffusion current,  as before.  If Jx  is 
ve ry  large, it wil l  mask Jt  (normal  tunnel ing  current )  
completely.  This appears to be the case for the type 4 
heterojunctions.  The defect states by which  tunnel ing 
takes place are undoubtedly  the regions of fa i r ly  large 
dislocation densities ment ioned earlier.  

Since the junct ion width  depends on the donor and 
acceptor impur i ty  concentrat ions on both sides of the 
heterojunct ion and the reverse  bias characterist ic de-  
pends strongly on the junct ion width, a large var ia -  
tion in the form of the reverse  bias characterist ic was 
observed in the process of examining  the different 

EO~ 

Fig. 6. Reverse characteristics for a typical n(1)Si-pil)Ge diode, 
unit JUL 23-2-63. Scale: 20 v/div, horiz., 1 ma/div, vert. 

f 

30 )~ 

1 

Fig. 7. Reverse characteristic for a typical n(1)Si-p(0.01)Ge 
diode, unit AUG 8-10-63. Scale: 10 v/div, horiz., 1 ma/div, vert. 

0~ 

Fig. 8. Reverse characteristic for a typical p(0.01)Si-n(0.01)Ge 
diode, unit JUL 24-4-63. Scale: 2 v/div, hariz., 20 ma/div, vert. 
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Fig. 9. Reverse characteristic for a typical n(O.O1)Si-p(O.O1)Ge 
diode, unit FEB 21-5. Scale: 2 v/div, horiz., 20 ma/div, vert. 

3c~K 

Fig. 10. Reverse characteristic for a typical n(O.OOl)Si-p(O.OO1)Ge 
diode, unit JUL 6-2. Scale: 1 v/div, horiz., 10 ma/div, vert. 
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Fig. 11. Reverse characteristic for a typical p(O.OO1)Si-n(O.OO1)Ge 
diode, unit FEE I2-3. Scale: 0.5 v/div, horiz., 20 ma/div, vert. 

Figures 9, 10, and 11 show how the reverse charac- 
teristic gets progressively softer as the junct ion width 
decreases (to about 300A for the n(0.001)Si-  
p(0.001)Ge and p(O.OO1)Si-n(O.OO1)Ge hetero junc-  
t ions),  and the complete reversal  in  breakdown voltage 
shift with decreasing temperature.  

Addit ional  evidence was obtained to show that  the 
electrical junct ion occurred at the mater ial  interface 
and not in either the silicon or the germanium.  First, 
the measured diffusion potentials were in agreement  
with the calculated ones based on the appropriate 
heterojunct ion model. Second, reverse bias breakdown 
radiat ion in the form of microplasma spots was ob- 
served at the mater ia l  interface, and the spectral dis- 
t r ibut ion of the radiat ion indicated that  both ger- 
man ium and silicon were playing an active role in 
forming a true heterojunct ion.  

Conclusions 
Germanium-s i l icon  heterojunct ions have been suc- 

cessfully fabricated by an alloy process. A wide var ie ty  
of structures were formed in which the impur i ty  con- 
centrat ions on either side of the junct ion  were deter-  
mined  by the resist ivity of the single crystal germa-  
n ium or silicon that  was employed. 

The forward bias characteristics tend to resemble 
those of normal  homogeneous junct ions except when 
"thin" junct ions  are encountered. Theoretically, type 4 
diodes were expected to show the Esaki effect, but, 
experimental ly,  no such effect was observed. Instead, 
an abnormal ly  high current  was found which was at-  
t r ibuted to tunne l ing  via defect states caused by the 
large dislocation densities present  in the junction.  This 
excess current  was sufficiently large to mask out the 
negat ive-resis tance region that was expected. 

The reverse bias characteristics of germanium-s i l i -  
con heterojunct ions were also examined. For suffi- 
ciently large junct ion  widths (low impur i ty  concen- 
t rat ions) ,  a heterojunct ion was expected to show nor -  
mal  avalanche breakdown with a soft knee ra ther  
than  a sharp knee. The degree of softness was found 
to depend on the tunne l ing  and image effects. For  th in  
junct ions (high impur i ty  concentrat ions) ,  Zener or 
field emission "breakdown" was predominant .  A con- 
t inuous t ransi t ion of characteristics from hard to ex-  
t remely soft was observed as the junct ion width of the 
heterojunct ions varied from a few thousand angstroms 
to less than 100A. 

Manuscript  received Feb. 24, 1964; revised m a n u -  
script received Apri l  15, 1964. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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A B S T R A C T  

A t e c h n i q u e  is d e s c r i b e d  fo r  p r o d u c i n g  d i f fused  p - n  j u n c t i o n s  in  P b  s a l t  
s i ng l e  c r y s t a l s  w h i c h  u t i l i ze s  a n  i n t e r d i f f u s i o n  m e c h a n i s m  to i n t r o d u c e  c o n -  
t r o l l e d  d e v i a t i o n s  f r o m  s t o i c h i o m e t r y ,  excess  P b  g i v i n g  r i s e  to n - t y p e  a n d  
excess  Se  a n d  Te  to p - t y p e  P b S e  a n d  P b T e ,  r e s p e c t i v e l y .  A n  a n a l y s i s  of t h e  
p - n  j u n c t i o n  d e p t h s  on  t h e  bas i s  of F i c k ' s  l a w  of d i f fus ion  r e s u l t s  in  t h e  fo l -  
l o w i n g  e f fec t ive  i n t e r d i f f u s i o n  c o n s t a n t s :  D~ ---- 4 x 10 - s  cm ~ sec -1  fo r  p r o d u c -  
i ng  a p - l a y e r  on  n - t y p e  P b S e  a t  600~ Da ~ 9 x  10 -9  cm 2 sec  -1  fo r  a n  n - l a y e r  
o n  p - t y p e  P b S e  a t  650~ Da ~ 6 x 10 - 7  c m  2 sec  -1  fo r  a n  n - l a y e r  o n  p - t y p e  
P b T e  a t  650~ In  t h e  f i rs t  case  t h e  d i f fus ion  h a s  b e e n  s t u d i e d  as a f u n c t i o n  
of t ime ,  a n d  t h e  r e s u l t s  s h o w  t h a t  t h e  a s s u m p t i o n  of F i c k ' s  l a w  of d i f fus ion  
w a s  va l id .  As  e x p e c t e d  t h e  i n t e r d i f f u s i o n  c o n s t a n t s  a r e  t w o  to t h r e e  o r d e r s  of  
m a g n i t u d e  l a r g e r  t h a n  t h e  s e l f - d i f f u s i o n  c o n s t a n t s .  E l e c t r i c a l  c h a r a c t e r i s t i c s  
of t h e  d i f fu sed  d iodes  a r e  p r e s e n t e d  a n d  can  b e  e x p l a i n e d  as r e s u l t i n g  f r o m  a 
c o m b i n a t i o n  of d i f fus ion  a n d  t u n n e l i n g  c u r r e n t  c o m p o n e n t s .  

D iodes  of t h e  P b  s a l t  s e m i c o n d u c t o r s  h a v e  b e e n  t h e  
s u b j e c t  of a n u m b e r  of p a p e r s  (1 -9 ) .  I t  is of h i s t o r i c a l  
i n t e r e s t  t h a t  P b S  w a s  one  of t h e  f i rs t  m a t e r i a l s  w i t h  
w h i c h  t h e  p h e n o m e n o n  of r ec t i f i c a t i on  w a s  o b s e r v e d  
(1)  a n d  t h a t  t h e  g a l e n a  c r y s t a l  d e t e c t o r  w a s  o n e  of  t h e  
e a r l i e s t  s e m i c o n d u c t o r  dev i ce s  (2) .  T h e  e v a l u a t i o n  of  
i n t e r d i f f u s i o n  c o n s t a n t s  i n  t h e s e  m a t e r i a l s  f r o m  t h e  
p e n e t r a t i o n  d i s t a n c e s  of p - n  j u n c t i o n s  h a s  b e e n  c a r r i e d  
o u t  to a l i m i t e d  d e g r e e  (10-12) .  

Th i s  p a p e r  d e s c r i b e s  t h e  e l e c t r i c a l  p r o p e r t i e s  of d i f -  
f u s e d  j u n c t i o n  d iodes  of  P b S e  a n d  P b T e ,  g ives  t h e  
f a b r i c a t i o n  p r o c e d u r e s  f o l l o w e d  in  m a k i n g  t h e s e  d i -  
odes,  a n d  p r e s e n t s  v a l u e s  fo r  t h e  e f fec t ive  i n t e r d i f -  
f u s i o n  c o n s t a n t s  n e a r  600~ T h e  d i f fus ion  t e c h n i q u e  
w h i c h  is d e s c r i b e d  b e l o w  f o r  d i f fus ing  a n  n - l a y e r  i n t o  
s i n g l e  c r y s t a l  p - t y p e  P b S e  a n d  P b T e  a n d  f o r  d i f fus ing  
a p - l a y e r  i n to  n - t y p e  s ing le  c r y s t a l  P b S e  h a s  t h e  a d -  
v a n t a g e  of  u s i n g  a n  i s o t h e r m a l  c losed  s y s t e m  a n d  of  
c o n s e q u e n t  s impl i c i ty .  

T h e  d i f fus ion  m e t h o d  w a s  s u g g e s t e d  b y  t h e  w o r k  of 
B r e b r i c k  a n d  G u b n e r  (13, 14) a n d  of  B r e b r i c k  a n d  
A l l g a i e r  (15) w h o  m e a s u r e d  s t a b i l i t y  l i m i t s  as f u n c -  
t i ons  of t e m p e r a t u r e  f o r  P b S e  a n d  P b T e  b y  i n t r o d u c i n g  
d e v i a t i o n s  f r o m  s t o i c h i o m e t r y  i n to  c r y s t a l s  of t h e s e  
s e m i c o n d u c t o r s .  T h e i r  m e t h o d  w a s  to b r i n g  a s m a l l  
s i n g l e  c r y s t a l  of t h e  m a t e r i a l  i n to  e q u i l i b r i u m  t h r o u g h  
t h e  v a p o r  p h a s e  w i t h  a t w o - p h a s e  i n g o t  of t h e  s a m e  
m a t e r i a l  r i c h  in  one  or  t h e  o t h e r  of  t h e  c o n s t i t u e n t s .  
T h e  e q u i l i b r i u m  c o n d i t i o n s  w e r e  " f r o z e n  i n "  b y  
q u e n c h i n g  t h e  c r y s t a l s  to  r o o m  t e m p e r a t u r e ,  a n d  t h e  
c o n c e n t r a t i o n  of t h e  exces s  c o n s t i t u e n t  a t  t h e  e q u i l i b -  
r i u m  t e m p e r a t u r e  w a s  a s s u m e d  e q u a l  to  t h e  m e a s -  
u r e d  c o n c e n t r a t i o n  of  e x t r i n s i c  c h a r g e  c a r r i e r s .  T h e  
field of s t a b i l i t y  of  P b S e  w a s  f o u n d  to b e  r o u g h l y  
s y m m e t r i c  a b o u t  t h e  s t o i c h i o m e t r i c  c o m p o s i t i o n  a n d  
t h a t  of P b T e  to b e  p r e d o m i n a n t l y  on  t h e  p - t y p e ,  Te  
r i c h  s ide  [ o t h e r  w o r k  (16) s h o w s  t h e  f ie ld of s t a b i l i t y  
of P b S  to b e  p r e d o m i n a n t l y  o n  t h e  n - t y p e ,  P b  r i c h  
s ide] .  A c c o r d i n g  to B r e b r i c k  (17) t h e  a p p r o a c h  to 
e q u i l i b r i u m  in  t h e s e  e x p e r i m e n t s  p r o c e e d s  b y  a m e c h -  
a n i s m  of i n t e r d i f f u s i o n  a n d  m a y  b e  d e s c r i b e d  in  t e r m s  
of  c o n c e n t r a t i o n  g r a d i e n t  b y  a n  e f fec t ive  i n t e r d i f f u s i o n  
c o n s t a n t .  Thus ,  t h e  d i f fus ive  f low of d e v i a t i o n  f r o m  
s t o i c h i o m e t r y  

J~  ~ J c - - J A  ~ - - ( D c *  + DA*) (S /kT)  g r a d  ~c [1] 

c a n  b e  w r i t t e n  as 

J~  = - - D ~  g r a d  A [2] 

1 O p e r a t e d  w i t h  s u p p o r t  f r o m  t h e  U .S .  A i r  F o r c e .  

w h e r e  Dc* a n d  D A *  a r e  t h e  c a t i o n  a n d  a n i o n  se l f -  
d i f fus ion  c o n s t a n t s ,  S is t h e  c o n c e n t r a t i o n  of  c a t i o n  or  
a n i o n  l a t t i c e  sites,  ~c is t h e  c h e m i c a l  p o t e n t i a l  of  t h e  
ca t ion ,  A ~ Nc  - -  NA is t h e  d e v i a t i o n  f r o m  s t o i c h i o -  
m e t r i c  c o m p o s i t i o n  a n d  

DA ~ (Dc* + DA*) (S / kT)  (dgc/dA) [3] 

is t h e  e f fec t ive  i n t e r d i f f u s i o n  c o n s t a n t .  As  s h o w n  b y  
B r e b r i c k  (17) t h e  f a c t o r  (1/kT) (d#c/dA) is of  t h e  
o r d e r  of t h e  r e c i p r o c a l  of  t h e  t o t a l  c o n c e n t r a t i o n  of 
l a t t i c e  p o i n t  de fec t s  a n d  t h e  i n t e r d i f f u s i o n  c o n s t a n t  is 
t h e r e f o r e  102-106 t i m e s  as l a r g e  as t h e  l a r g e r  of  t h e  
s e l f - d i f f u s i o n  c o n s t a n t s .  F o r  t h e  case  of c o n v e r s i o n  f r o m  
one  c o n d u c t i v i t y  t y p e  to a n o t h e r ,  t h e  p r o c e s s  m a y  b e  
v i s u a l i z e d  as a p l a n e  b e t w e e n  p a n d  n m a t e r i a l  m o v i n g  
i n w a r d  f r o m  t h e  su r f ace .  F o r  t h i s  case,  q u e n c h i n g  t h e  
c r y s t a l  b e f o r e  e q u i l i b r i u m  is a t t a i n e d  wi l l  r e s u l t  i n  a 
p - n  j u n c t i o n .  T h e  d i f fu s ion  m e t h o d  d e s c r i b e d  i n  d e t a i l  
be low,  t h e n ,  cons i s t s  of h e a t i n g  a s i n g l e  c r y s t a l  of  
m a t e r i a l  of one  c o n d u c t i v i t y  t y p e  i n  a s ea l ed  c o n t a i n e r  
w i t h  a t w o  p h a s e  i n g o t  of  t h e  s a m e  m a t e r i a l  of op -  
pos i t e  c o n d u c t i v i t y  t y p e  a n d  q u e n c h i n g  t h e  s y s t e m  b e -  
fo r e  e q u i l i b r i u m  is a t t a i n e d .  

Fabrication Procedures 
T h e  two  p h a s e  i n g o t s  u s e d  as  t h e  s o u r c e  of  excess  

Se  o r  Te  w e r e  p r e p a r e d  b y  c h e m i c a l l y  c o m b i n i n g  t h e  
e l e m e n t s  in  s ea l ed  q u a r t z  tubes .  Q u a r t z  t u b e s  w e r e  
e t c h e d  in  a 1-1 s o l u t i o n  of  n i t r i c  a n d  h y d r o f l u o r i c  acids,  
r i n s e d  in  d i s t i l l ed  w a t e r ,  d r a i n e d  dry ,  a n d  v a c u u m  
b a k e d  a t  1100~ u n t i l  t h e  f ina l  p r e s s u r e  was  less  t h a n  
10 - 6  m m  Hg. T h e  e l e m e n t s  (99.999% p u r e  Se  a n d  Te, 
99.9999% p u r e  P b )  w e r e  w e i g h e d  ou t  i n d i v i d u a l l y  to 
t h e  n e a r e s t  m i l l i g r a m  so t h a t  t h e  c o m b i n e d  w e i g h t  w a s  
a b o u t  10g a n d  t h e  c o m p o s i t i o n  w a s  e i t h e r  49 o r  51 
a t o m i c  p e r  c e n t  Pb .  T h e  P b  was  cu t  f r o m  t h e  
i n t e r i o r  of a bar .  T h e  m a t e r i a l s  w e r e  l o a d e d  i n t o  a t u b e  
w h i c h  w a s  t h e n  o u t g a s s e d  a t  150~ fo r  3 h r  a n d  s e a l e d  
off a t  a p r e s s u r e  less  t h a n  10 -6  m m  Hg. T h e  s e a l e d  
t u b e  w a s  e x p o s e d  to a c a r e f u l l y  c o n t r o l l e d  t o r c h  f l ame  
long  e n o u g h  to b r i n g  a b o u t  p a r t i a l  r e a c t i o n  of t h e  
c o n t e n t s  a n d  w a s  t h e n  h e a t e d  fo r  3 h r  a t  950~ fo r  
P b T e  a n d  1050~ fo r  P b S e  a n d  q u e n c h e d  i n  w a t e r .  
T h e  r e s u l t i n g  t w o  p h a s e  i n g o t  w a s  r e m o v e d  f r o m  t h e  
t u b e  a n d  g r o u n d  to a c o a r s e  p o w d e r .  S u c h  a g r o u n d  
i n g o t  c o u l d  b e  u s e d  w i t h  p r e d i c t a b l e  r e s u l t s  f o r  f o u r  o r  
five d i f fus ions .  

M o s t  of t h e  s ing le  c r y s t a l  P b S e  u s e d  in  t h e s e  e x -  
p e r i m e n t s  was  o b t a i n e d  f r o m  a l a r g e r  c r y s t a l  g r o w n  
f r o m  a n e a r  s t o i c h i o m e t r i c  m e l t  b y  t h e  B r i d g m a n  t e c h -  
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n i q u e  b y  Dr.  A. J.  S t r a u s s  of L i n c o l n  L a b o r a t o r y .  T h i s  
c r y s t a l  c o n t a i n e d  s u b s t a n t i a l  p o r t i o n s  of b o t h  p a n d  n 
m a t e r i a l  w i t h  77~ c a r r i e r  c o n c e n t r a t i o n  a n d  H a l l  
m o b i l i t y  of a p p r o x i m a t e l y  3 x 10 is c m  -3  a n d  15,000 
c m  2 v -1  sec  -1 ,  r e s p e c t i v e l y .  T h e  P b T e ,  t a k e n  f r o m  a n  
u n d o p e d  p - t y p e  s ing le  c r y s t a l  o b t a i n e d  f r o m  B a t t e l l e  
M e m o r i a l  I n s t i t u t e ,  h a d  a r o o m  t e m p e r a t u r e  ho l e  c o n -  
c e n t r a t i o n  a n d  H a l l  m o b i l i t y  of a p p r o x i m a t e l y  3 x 10 TM 

cm -3  a n d  750 cm 2 v -1 sec -1,  r e s p e c t i v e l y .  R e c t a n g u l a r  
p a r a l l e l e p i p e d s  a p p r o x i m a t e l y  1 m m  t h i c k  a n d  s e v e r a l  
m i l l i m e t e r s  in  t h e  o t h e r  t w o  d i m e n s i o n s  w e r e  c l e a v e d  
f r o m  t h e  c rys ta l s .  T h e  w a f e r s  w e r e  c l e a n e d  b y  
s c r u b b i n g  w i t h  b o i l i n g  h i g h  p u r i t y  m e t h a n o l .  T h e  d i f -  
f u s ions  w e r e  p e r f o r m e d  w i t h  t h e  c r y s t a l  a n d  s o u r c e  
i n g o t  in  s e p a r a t e ,  o p e n  c o m p a r t m e n t s  of a q u a r t z  
a m p o u l e  w h i c h  w a s  e t c h e d  a n d  v a c u u m  b a k e d  i m -  
m e d i a t e l y  b e f o r e  u se  in  t h e  m a n n e r  d e s c r i b e d  a b o v e  
fo r  q u a r t z  t ubes .  T h e  a m p o u l e  a n d  c o n t e n t s  w e r e  o u t -  
g a s s e d  a t  120~ f o r  1 h r ,  s e a l e d  off a t  a b o u t  10 - 6  r a m  
Hg, a n d  p l a c e d  in  t h e  u n i f o r m  t e m p e r a t u r e  z o n e  of a 
f u r n a c e  w h i c h  h a d  b e e n  p r e h e a t e d  to t h e  d e s i r e d  t e m -  
p e r a t u r e .  T h e  t e m p e r a t u r e  w a s  u s u a l l y  600~ fo r  t h e  
d i f fus ion  of excess  Se  i n to  n - t y p e  P b S e  a n d  650~ fo r  
t h e  d i f fus ion  of excess  P b  i n to  p - t y p e  P b S e  o r  P b T e .  A t  
t h e  e n d  of  a r u n ,  t h e  s e a l e d  a m p o u l e s  w e r e  q u e n c h e d  
i n  w a t e r .  O n  f r e s h l y  c l e a v e d  s u r f a c e s  j u n c t i o n s  w e r e  
o f t e n  d i r e c t l y  o b s e r v a b l e  u n d e r  m a g n i f i c a t i o n  as f a i n t  
w h i t e  l i ne s  or  d i s c o n t i n u i t i e s  i n  t h e  g e n e r a l  a p p e a r -  
ance,  a n d  j u n c t i o n  d e p t h s  w e r e  m e a s u r e d  b y  v i s u a l  o b -  
s e r v a t i o n s  in  c o n j u n c t i o n  w i t h  t h e r m o e l e c t r i c  m i c r o -  
p r o b i n g .  

F i g u r e  1 s h o w s  j u n c t i o n  d e p t h  p l o t t e d  a g a i n s t  t h e  
s q u a r e  r o o t  of t i m e  fo r  f o u r  d i f fus ions  a t  600~ of 
excess  Se  i n t o  n - t y p e  P b S e .  T h e  e l e c t r o n  c o n c e n t r a t i o n  
of t h e  w a f e r  u s e d  i n  t h e  3 h r  r u n  w a s  d e t e r m i n e d  b y  
H a l l  m e a s u r e m e n t s  to  b e  3.0 x 10 TM c m - 3 ;  t h e  r e m a i n -  
d e r  of t h e  w a f e r s  w e r e  t a k e n  f r o m  t h e  s a m e  p o r t i o n  
of t h e  p a r e n t  c r y s t a l  a n d  p r o b a b l y  h a d  n e a r l y  t h e  s a m e  
c o n c e n t r a t i o n .  T h e  s a m e  c o m p l e t e  s o u r c e  i n g o t  w a s  
u s e d  in  a l l  f o u r  r u n s .  F o r  t h e  d i f fus ion  of excess  P b  
in to  p - t y p e  P b S e ,  a r e p r e s e n t a t i v e  se t  of v a l u e s  is a 
j u n c t i o n  d e p t h  of 8.9 x 10 -3  cm fo r  a 1 h r  r u n  a t  650~ 
a n d  a n  i n i t i a l  ho l e  c o n c e n t r a t i o n  of 1.9 x 10 TM c m  -3.  
T h e  d i f fus ion  of excess  P b  a t  650~ fo r  1 h r  in to  p - t y p e  
P b T e  w i t h  a n  i n i t i a l  h o l e  c o n c e n t r a t i o n  of 3.0 x 10 TM 

c m  -3  p r o d u c e d  a j u n c t i o n  d e p t h  of  8.9 x 10 -3  cm. 
T h e  d i f fused  j u n c t i o n  m a t e r i a l  w a s  u s u a l l y  c l e a v e d  

in to  d ice  w i t h  l i n e a r  d i m e n s i o n s  of 0.1-1.0 m m  a n d  
a l l o y e d  to s t a n d a r d  m e t a l  b a s e  tabs .  A n  a r t i s t ' s  s k e t c h  
of  a d iode  is s h o w n  in  Fig.  2. O h m i c  c o n t a c t s  to p - t y p e  
r e g i o n s  w e r e  g e n e r a l l y  m a d e  w i t h  p u r e  A u  or  a A u - T 1  
a l loy  a n d  to n - t y p e  r e g i o n s  w i t h  p u r e  P b  or  a P b - I n  
al loy.  I n  g e n e r a l ,  Se, Te, Ag,  Au,  a n d  T1 h a v e  b e e n  
f o u n d  to b e h a v e  as a c c e p t o r s  a n d  Pb ,  In,  Sn,  a n d  B i  as  
donors .  A l l o y i n g  w a s  p e r f o r m e d  on  a c a r b o n  r e s i s t a n c e  
h e a t i n g  s t r i p  e n c l o s e d  in  a gas  t i g h t  v o l u m e  of a b o u t  
1 l i t e r  i n t o  w h i c h  c o u l d  b e  i n t r o d u c e d  a r e d u c i n g  
a t m o s p h e r e .  T h e  s y s t e m  w a s  p u r g e d  w i t h  a 5 r a in  gas  
f low b e f o r e  e a c h  h e a t i n g  s t ep  a n d  t h e  s e m i c o n d u c t o r  
s u r f a c e  w a s  c l e a n e d  w i t h  b o i l i n g  m e t h a n o l  a f t e r  e a c h  
s tep.  R e l a t i v e  t e m p e r a t u r e s  w e r e  r e c o r d e d  fo r  r e p r o -  
d u c i b i l i t y  of  o p e r a t i o n s ,  b u t  p r e c i s e  a l l o y i n g  t e m p e r a -  
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Fig. 1. Junction depths for diffusions in n-type PbSe 

Fig. 2. Artist's sketch illustrating fabrication of diffused junction 
diodes. 

t u r e s  w e r e  n o t  d e t e r m i n e d .  A l l o y i n g  t i m e s  w e r e  g e n -  
e r a l l y  less  t h a n  a m i n u t e .  I n  s o m e  cases,  a m e s a  s t r u c -  
t u r e  w a s  f o r m e d  on  m a t e r i a l  w i t h  a s h a l l o w  j u n c t i o n  
d e p t h  b y  e t c h i n g  w i t h  a s o l u t i o n  of p o t a s s i u m  h y d r o -  
ch lo r ide ,  e t h y l e n e  glycol ,  a n d  h y d r o g e n  p e r o x i d e  as 
d e s c r i b e d  b y  Coates ,  L a w s o n ,  a n d  P r i o r  (18) .  T h i s  
e t c h  h a s  b e e n  f o u n d  to be  m o s t  e f fec t ive  on  c l e a v e d  
su r faces .  T h e  f i n i shed  d iodes  w e r e  m o u n t e d  on  t r a n -  
s i s to r  h e a d e r s  w i t h  I n  p l a t e d  A g  w i r e s  s o l d e r e d  to t h e  
t o p  con tac t s .  

Electrical Characteristics 
F i g u r e s  3 a n d  4 s h o w  t h e  c u r r e n t - v o l t a g e  c h a r -  

a c t e r i s t i c s  a t  t h r e e  t e m p e r a t u r e s  fo.r a t y p i c a l  P b S e  
diode.  T h e  p - n  j u n c t i o n  r e s u l t e d  f r o m  a d i f fus ion  of 
exces s  P b  i n t o  p m a t e r i a l  a t  600~ a n d  w a s  3 x 10 -3  c m  
deep .  T h e  s u r f a c e  w a s  e t c h e d  to a m e s a  s t r u c t u r e  w i t h  
a j u n c t i o n  a r e a  of  a b o u t  10 -8  cm 2. T h e  r e v e r s e  c u r r e n t  
fo r  t h e  r o o m  t e m p e r a t u r e  c h a r a c t e r i s t i c  s h o w s  s a t u r a -  
t i o n  n e a r  50 ma .  T h e  r e v e r s e  c h a r a c t e r i s t i c s  of P b S e  
d iodes  w e r e  f o u n d  to  b e  e x t r e m e l y  d e p e n d e n t  on  p r e -  
v i o u s  s u r f a c e  t r e a t m e n t .  T h e  d iode  of Fig.  3 a n d  4 w a s  
v a c u u m  b a k e d  a n d  h a d  b e e n  s t o r e d  in  a d e s s i c a t o r  fo r  
a w e e k  b e f o r e  i t s  c h a r a c t e r i s t i c s  w e r e  m e a s u r e d .  No a t -  
t e m p t  w a s  m a d e  to d e v e l o p  a s u r f a c e  t r e a t m e n t  fo r  
o p t i m u m  p e r f o r m a n c e .  M e a s u r e m e n t s  of c a p a c i t a n c e  as 
a f u n c t i o n  of v o l t a g e  a t  77~  w e r e  m a d e  o n  a 5 x 10 - 4  
c m  2 a r e a  P b S e  diode f r o m  t h e  s a m e  d i f fus ion  r u n  as 
t h a t  of Fig.  3 a n d  4, u s i n g  a r a d i o  f r e q u e n c y  b r i d g e  a t  
50 m e g a c y c l e s .  A c c u r a c y  of t h e s e  m e a s u r e m e n t s  w a s  
l i m i t e d  b y  b r e a k d o w n  effects  w h i c h  b e c a m e  e v i d e n t  a t  
r e v e r s e  b i a se s  g r e a t e r  t h a n  a b o u t  0.5v a n d  b y  l a r g e  r e -  
v e r s e  c u r r e n t s .  T h e  r e s u l t s  s h o w  v o l t a g e  p r o p o r t i o n a l  
t~ t h e  s q u a r e  of r e c i p r o c a l  c a p a c i t a n c e  a n d  t h e  d a t a  a r e  
p l o t t e d  in  t h i s  m a n n e r  in  Fig.  5. 

T h e  c u r r e n t - v o l t a g e  c u r v e s  of a P b T e  d iode  a r e  
p r e s e n t e d  in  Fig.  6 a n d  7. T h e  j u n c t i o n ,  f o r m e d  b y  a 
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Fig. 3. Current-voltage characteristics of a diffused junction 
PbSe diode at various temperatures. 
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Fig. 4. Forward current-voltage characteristics on a semi- 
logarithmic scale of diffused junction PbSe diode of Fig. 3 at vari- 
ous temperatures. 
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Fig. 5. Diode capacitance as a function of voltage for a PbSe 
diffused junction diode at 77~ 

di f fus ion  of exces s  P b  in to  p m a t e r i a l  a t  650~ w a s  
8.9 x 10 -~ cm d e e p  and  a b o u t  10 -2  cm 2 in  area.  The  r e -  
v e r s e  c u r r e n t  a t  r o o m  t e m p e r a t u r e  s h o w s  s a t u r a t i o n  
n e a r  50 ma.  The  r e v e r s e  c h a r a c t e r i s t i c s  of th is  d iode  
w e r e  less  s ens i t i ve  to s u r f a c e  cond i t i ons  t h a n  those  of 
t h e  P b S e  diode.  

Discussion 
The  l i n e a r  r e ] a t ion  b e t w e e n  j u n c t i o n  d e p t h  a n d  the  

s q u a r e - r o o t  of  t i m e  e v i d e n t  in  Fig.  1 imp l i e s  t h a t  t he  
i n t e rd i f fu s ion  p roces s  can  be  d e s c r i b e d  by  a s i m p l e  
cons tan t .  In  o r d e r  to ob t a in  a v a l u e  fo r  D~, it  is a s -  
s u m e d  t h a t  t he  q u a n t i t y  A(x,  t) = N c ( x ,  t )  - -  NA(X,  t)  
dif fuses  in to  an  in i t i a l ly  h o m o g e n e o u s  s e m i - i n f i n i t e  
s lab  w i t h  a c o n s t a n t  su r f ace  c o n c e n t r a t i o n .  The  in i t ia l  
d e v i a t i o n  f r o m  s t o i c h i o m e t r y  w i t h i n  t he  slab,  Ao, can  be  
d e t e r m i n e d  f r o m  the  in i t ia l  c a r r i e r  c o n c e n t r a t i o n  if t h e  
s e m i c o n d u c t o r  is in t he  e x h a u s t i o n  range .  I t  is a s s u m e d  
t h a t  the  su r f ace  d e v i a t i o n  As due  to t h e  sou rce  is 
g iven  by  the  s t ab i l i t y  l imi t  at  t he  d i f fus ion  t e m p e r a t u r e  
of t he  c o m p o n e n t  in ques t ion .  U n d e r  t h e s e  condi t ions ,  
t h e  so lu t ion  of [2] is 

A (x, t)  = (As - -  Ao) e r fe  ( x / 2 h / D ~  t)  + Ao [4] 

I t  wi l l  be  a s s u m e d  t h a t  t he  p - n  j u n c t i o n  occurs  w h e r e  
A (x, t) = 0. 

S u b s t i t u t i n g  x / t  1/2 f r o m  t h e  s lope  of t h e  c u r v e  in 
Fig. 1 and  As = 6.0 x 10 TM cm -3  f r o m  t h e  da t a  of B r e -  
b r i ck  and  G u b n e r  (13) in to  [4] a n d  a s s u m i n g  an  e x -  
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Fig. 6. Current-voltage characteristics of a diffused junction 
PbTe diode at various temperatures. 
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Fig. 7. Forward current-voltage characteristics on a semi- 
logarithmic scale of 8 diffused junction PbTe diode of Fig. 6 at 
various temperatures. 

h a u s t i o n  r a n g e  s e m i c o n d u c t o r ,  g ives  Da = 4 x 10 - s  cm 2 
sec -1  fo r  excess  Se in  n - t y p e  P b S e  at  600~ I t  is i n -  
s t r u c t i v e  to c o m p a r e  th is  v a l u e  w i t h  a d i f fus ion  con -  
s t a n t  of 10 -12 cm 2 sec -1  fo r  t h e  s e l f -d i f fu s i o n  of Se in 
10 TM cm -3 n - t y p e  P b S e  at  '600~ as e x t r a p o l a t e d  f r o m  
the  da t a  o b t a i n e d  by  r a d i o a c t i v e  t r a c e r  d i f fus ion  by  
Bo.ltaks a n d  M o k h o v  (19). F o r  t h e  d i f fus ion  of an  
excess  P b  l a y e r  in  p - t y p e  P b S e  at  650~ t h e  m e a s -  
u r e d  va lues  of j u n c t i o n  dep th ,  t i m e  a n d  in i t ia l  con -  
cen t r a t i on ,  a n d  As = 5.5 x 10 TM f r o m  t h e  da t a  of B r e -  
b r i ck  a n d  G u b n e r  (13) g ive  D~ = 9 x 10 -9  cm 2 sec - I .  
Se l t ze r  and  W a g n e r  (20),  u s ing  Pb-210  dif fusion,  ob-  
t a i n ed  a d i f fus ion  c o n s t a n t  of a p p r o x i m a t e l y  1.5 x 10 - l ~  
cm 2 sec -1  fo r  t he  s e l f -d i f fu s ion  of P b  in  10 TM cm -~ 
p - t y p e  P b S e  at  th is  t e m p e r a t u r e .  T a k i n g  As = 6 x 1017 
cm -3 f r o m  the  d a t a  of B r e b r i c k  a n d  G u b n e r  (14) and  
us ing  m e a s u r e d  va lues  in  [4] r e su l t s  in D~ = 6 x 10 -7  
cm 2 sec -1 fo r  t h e  d i f fus ion  of an  excess  P b  l a y e r  in 
p - t y p e  PbTe .  Bo l t aks  (11) has  o b t a i n e d  d i f fus ion  c o n -  
s t an t s  fo r  excess  P b  in  1017 cm -8  p - t y p e  P b T e  ove r  a 
r a n g e  of  t e m p e r a t u r e s  by  u s i n g  a de l t a  f u n c t i o n  sou rce  
and  m e a s u r i n g  j u n c t i o n  dep ths .  T h e  cond i t i ons  of his  
e x p e r i m e n t s  w e r e  s u c h  t h a t  his  " s e l f -d i f fu s i o n"  con -  
s t an t  c o r r e s p o n d s  a p p r o x i m a t e l y  to t he  i n t e rd i f fu s ion  
c o n s t a n t  d i scussed  he re .  E x t r a p o l a t e d  to 650~ his  
va lues  g ive  D~ = 2 x 1 0  - s  cm2/sec ,  in r a t h e r  poor  
a g r e e m e n t  w i t h  t h e  v a l u e  g i v e n  above .  
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Two points are of interest  in connection wi th  the 
effective interdiffusion constants obtained in the pres-  
ent work. They were  2-3 orders of magni tude  larger  
than the self-diffusion constants, in agreement  wi th  
predict ion (17). Second, the average  interdiffusion 
constant for the movement of an n-p junction into 
p-type PbSe is smaller than that for the movement of 
a p-n junction into an n-type crystal for comparable 
values of As-Ao. Intuitively, this is what is to be ex- 
pected if, as Seltzer and Wagner propose (20), the 
predominant point defects in PbSe are Frenkel de- 
fects in the Pb sub-lattice with the interstitial Pb 
possessing a much larger mobility than the Pb va- 
cancy.2 An alternative explanation is that p-type PbSe 
contains electrically inactive Se as a dislocation pre- 
cipitate which acts as a sink for diffusing Pb. This is 
consistent with results of experiments on p-type PbTe 
(14) and with the fact that it is difficult to quench in 
the high temperature state of p-type PbSe (13). 

Figure  4 shows that  the low tempera tu re  forward  
cur ren t -vo l tage  curves of the PbSe diode are char-  
acterized by a low bias region in which current  rises 
s lowly wi th  voltage,  fol lowed by a middle  region of 
rapid rise and a high bias region dominated by series 
resistance. In the 77~ curve  the middle  region shows 
an exp (qv/nkT)  dependence of current  on vol tage 
with  n : 1 be tween  about 20 and 100 ~a and n : 1.25 
be tween  150 and 5000 ~a. The 4.2~ curve  has a middle  
region be tween  500 and 1500 #a with  n ~ 1.5 over  most 
of the range. The fo rward  current  at room tempera tu re  
shows a rapid non-exponent ia l  rise f rom zero and is 
dominated by series resistance at a low bias. The low 
tempera tu re  reverse  currents  increase wi th  voltage,  
that  at 4.2~ rising the most rapidly.  The reverse  cur-  
rent  at 300~ rapidly  reaches a definite saturat ion 
value. These features  can be expla ined in a qual i ta t ive  
manner  as resul t ing f rom a combination of diffusion 
controlled and tunnel ing  current  components.  In v iew 
of the nonparabol ic i ty  of the band edges (21), and the 
uncer ta in ty  in values  of energy  gap and l ifet ime, no 
a t tempt  will  be made  here  to ver i fy  the explanat ion 
quant i ta t ively.  At the carr ier  concentrat ions of this 
material ,  one would expect  degeneracy near  room t em-  
perature.  Strong evidence that  the low tempera tu re  
reverse  current  is due pr imar i ly  to tunnel ing  is sup- 
plied by the fact that  its magni tude  increases wi th  de- 
creasing t empera tu re  (the energy gap of PbSe is 
known to increase l inear ly  wi th  tempera ture  over  most 
of the range under  considerat ion).  The occurrence of 
tunnel ing probably also explains the large low-bias  
f z rward  currents  at low temperatures .  

The cur ren t -vo l tage  characterist ics of the PbTe di- 
ode show the same general  behavior  as these of the 
PbSe diode, but  the large low bias currents  overr ide  
most of the rapidly rising middle  region. The re-  
verse  current  has been observed wi th  an oscilloscope to 
increase in magni tude  with  decreasing t empera tu re  
be tween  about 250 ~ and 77~ in the same manner  as 
the PbSe diode and probably results  f rom tunneling.  
The fact  that  the reverse  current  at 4.2~ is less in 
magni tude  than that  at 77~ is of interest  and not 
readi ly  explained. 

Extending  the l inear  regions of the 77 ~ and 4.2~ 
semilogari thmic curves of Fig. 4, one finds the resul t ing 
straight lines to intersect  at a vol tage about 20% 
lower  than the energy gap deduced by extrapola t ing 
the optical data of Gibson (22) to 0~ Al though less 
clear, a similar resul t  can be obtained f rom the PbTe 
curves of Fig. 7. Fur thermore ,  the capacitance data 
indicate an energy barr ie r  in the PbSe diode at 77~ 
approximate ly  30% lower  than the measured  optical 
energy  gap (22). For  a degenera te  semiconductor,  one 
would expect  the barr ie r  height  and optical energy  
gap to more  near ly  coincide. Any  explanat ion for these 
discrepancies based on a "Burstein shift" (23) tends 
to be ru led  out by the facts that  the PbSe used in the 
exper iments  described above had about the same car-  

The  a u t h o r  is  i n d e b t e d  to Dr.  R. F.  B r e b r i c k  fo r  b r i n g i n g  t h i s  
p o i n t  to  h i s  a t t e n t i o n .  

r ier  concentrat ion as that  used by Gibson and, second, 
that  Gibson observed no dependence of the position of 
the absorption edge on concentration. These differences 
could arise f rom the occurrence of an indirect  min imum 
energy gap. According to exper imenta l  results of El le t t  
and Cuff (21), however ,  the valence and conduction 
band ext remes of PbSe occur at identical  points in the 
Bri l louin zone. Another  mechanism resul t ing in a dif-  
ference be tween  the rmal  and optical energy gaps is 
the redis tr ibut ion of ionic charge associated with  the 
intrinsic ionization process (24). This mechanism 
would give rise to a difference energy approximate ly  
proport ional  to (~s--~o)/~s Ko, where  as and ~o are the 
static and optical dielectric constants, respect ively,  of 
the material .  As pointed out by Scanlon (25) this effect 
may  be impor tant  in polar  semiconductors such as the 
Pb salts. 

Summary 
A method has been developed for producing diffused 

p-n  junctions in PbSe and PbTe which utilizes an in- 
terdiffusion mechanism to introduce control led de- 
viations f rom stoichiometry.  The method should be 
applicable to any compound semiconductor  whose con- 
duct ivi ty  type can be de termined  by deviat ions f rom 
stoichiometry and for  which the vapor  pressure of at 
least one component  is large enough to provide  the 
necessary mass transfer.  It  could cer ta inly be applied 
to PbS. The measured  electr ical  propert ies  of the PbSe 
and PbTe diffused diodes are ca.nsistent wi th  those re -  
sul t ing f rom a current  flow comprised of both diffusion 
and tunnel ing  components.  
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Thermodynamic Analyses of Open Tube 
Germanium Disproportionation Reactions 

A. Reisman and S. A. Alyanakyan 
Thomas J. Watson Research Center, International Business 

Machines Corporation, Yorktown Heights, New York 

ABSTRACT 

In order  to define conditions most suitable for iodine t ransport  of pure  or 
gal l ium doped germanium,  the equi l ibr ia  that  obtain when these elements,  
singly or together,  are mixed  with  iodine or hydrogen iodide in the presence of 
hydrogen and /o r  iner t  gases were  analyzed using computer  techniques.  It  was 
found that  Ge in the presence of an inert  carr ier  gas should t ransport  via a 
hot to cold process at all iodine pressures studied. These results are marked ly  
per turbed  when H2 is subst i tuted for the iner t  gas due to the establ ishment  
of a competing equi l ibr ium whose enthalpic change is opposite in sign to 
that  of the equi l ibr ium responsible for semiconductor  transport .  The effects 
of the competing equi l ibr ium in turn  may be modified by using a mix tu re  of 
H2 and He. Under  cer ta in  sets o,f conditions, in fact, t empera tu re  insensi t ive 
regions develop which appear  to be suitable as semiconductor  source and 
seed sites. The results for the gal l ium-iodine  equi l ibr ium are to a good first 
approximat ion independent  of the nature  of the carr ier  gas and indicate that  
hot to cold t ransport  is to be expected over  a wide range of iodine concen- 
trations. Analyses of the three phase equi l ibr ium in Ge-Ga-ha logen  systems 
show them to also be independent  of the nature  of the carr ier  gas. 

The lack of fundamenta l  informat ion has hindered 
the controlled optimized use of open tube systems for 
Ge transport  via a disproport ionation mechanism. 
Where  such informat ion is available,  as is the case for 
Ge-I2 (1) interactions, it is not readi ly  employed 
because of the difficulty in put t ing it into usable fo~'m. 
When competing reactions due to the presence of re -  
act ive carr ier  gases and /o r  impuri t ies  are involved in 
the t ransport  process, the problem becomes even more 
formidable.  

To provide a firmer basis for s tudying the parameters  
affecting Ge t ransport  via disproport ionation mech-  
anisms, it appeared wor thwhi le  to a t tempt  the rmody-  
namic analyses of several  potent ia l ly  interest ing sys- 
tems. While in practice the kinetics of the vapor  t rans-  
port  and sol id-vapor  reactions, not the equi l ibr ium 
boundaries,  represent  the l imit ing factors in a t rans-  
port  process, it is ev ident  that  these boundaries at least 
define upper  l imits for a set of specified conditions. 

This repor t  is concerned with an evaluat ion of the 
equi l ibr ia  that  obtain when Ge a n d / o r  Ga are mixed  
with iodine, hydrogen iodide, hydrogen and /o r  iner t  
gases in systems subject  to a constant total pressure 
constraint.  

General Considerations 
Ef]ects o5 simultaneous equilibria.--Given a simple 

equi l ibr ium of the type represented by Eq. [1], the 
direction of react ion with  increasing or decreasing 
t empera tu re  is readi ly  deduced. Thus, if for  Eq. [1] 

hHp 
aAsolid ~ bBvapor ~ x AB [1] 

the enthalpic  change for  the process as wri t ten,  AHp, is 
positive, the van ' t  Hoff expression, Eq. [2], 

K2/K1 = e--~Hp/R(1/T2--1/T1 ) [2] 

where  the K's refer  to the ratios (PAB) x/(PA) a (PB) b at 
the tempera tures  T2 and T1, leads to the fol lowing con- 
clusion: With AHp posit ive and T2 ~ T1, K2 ~ K1. Con-  

sequently,  with increasing tempera ture ,  the react ion 
as wr i t ten  is d r iven  to the right. In order to effect a 
vapor  phase t ransport  of the solid A via the model  
specified by Eq. [1], it is necessary that  the source 
tempera ture  of solid A be grea ter  than the sink t em-  
pera ture  for this material .  With introduction of sec- 
ondary reactions which tend to compete for one or 
more of the main t ransport  react ion components,  the 
predict ion of t ransport  direction in a t empera ture  
gradient  is not as readi ly  discernible. For  example,  in 
addition to the react ion described by Eq. [1], where  
for simplici ty we wil l  assume the coefficients a, b, and 
x are unity, in which event  AHp is the mola r  enthalpy 
of format ion of AB, consider the s imultaneously oc- 
curr ing equi l ibr ium depicted by Eq. [3] where  AH% 
is s imilar  in magni tude  to AHp but has a negat ive  sign, 
and again represents  a molar  enthalpy of formation.  

AHp' 
dDcv~ -~ bB~v) ~ y DB~v) [3] 

Suppose that  to a container  in which one mole of A, 
and one mole of B have  been placed we  add a small  
fract ion of a mole of D and an equal  quant i ty  of B. The 
AH*p for the complete  process represented by Eq. [4] 
at a given tempera tu re  

aAcs) ~- (b ~- d')Br ~- d'Dr ~ xABcv) W y' DB(v) [4] 

0 ~ AHp* ~ AHp 

will  be positive in sign but s l ightly less in magni tude  
than AHp. If subsequent  exper iments  are per formed 
in which the quant i ty  of D is increased, a point  wil l  
be reached u l t imate ly  at which react ion [1] now rep -  
resents a per turbat ion  on react ion [3], and AH*p will  
be negat ive  in sign and t ransport  wil l  occur f rom the 
cold to hot regions of the system. Since the coefficients 
a and b may  have  any value,  viz., Eq. [1] may  be 
mul t ip l ied  by any number,  it is evident  that  depend-  
ing on the quanti t ies of A and B ini t ia l ly  present  and 
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t h e  r e l a t i v e  m a g n i t u d e s  of AH~ a n d  AHp', t h e  ef fec t  of  
a d d i t i o n  of a de f ined  q u a n t i t y  of D o n  b o t h  t h e  m a g -  
n i t u d e ,  a n d  m o r e  i m p o r t a n t  t h e  s ign  of AHp* fo r  a 
g i v e n  se t  of c o n d i t i o n s  wi l l  b e  d i f f e ren t .  T h u s  fo r  i n -  
c r e a s i n g  q u a n t i t i e s  of A a n d  B t h e  d i r e c t i o n  of t r a n s -  
p o r t  w i l l  b e  less  l i k e l y  to c h a n g e  w h e n  a spec i f ied  
q u a n t i t y  of D is added .  I f  i n  a d d i t i o n  to  a l l  of t h e  
above ,  a v a p o r o u s  spec ies  AD t e n d s  to f o r m ,  t h e  p r o b -  
l e m  is f u r t h e r  ampl i f i ed .  Because ,  as s h o w n  a b o v e ,  
AHp* c a n  h a v e  a n  i n f i n i t e  n u m b e r  of v a l u e s  d e p e n d i n g  
on  t h e  se t  of e x p e r i m e n t a l  c o n d i t i o n s  i m p o s e d ,  a 
k n o w l e d g e  of i t s  s i gn  r a t h e r  t h a n  i ts  a b s o l u t e  v a l u e  is 
of g r e a t e r  i n t e r e s t  in  d e s i g n i n g  a t r a n s p o r t  e x p e r i m e n t .  
T h e  s i gn  of  ~Hp* c a n  b e  r e a d i l y  o b t a i n e d  b y  v i s u a l  i n -  
s p e c t i o n  of p lo t s  of s e m i c o n d u c t o r / h a l o g e n  c o m p o n e n t  
v a p o r  p h a s e  r a t i o s  as a f u n c t i o n  of t e m p e r a t u r e ,  as  
p r o p o s e d  b y  L e v e r  (1) .  

Assumptions . - - In  o r d e r  to  e n a b l e  a n a l y t i c a l  t r e a t -  
m e n t  of t h e  m u l t i s p e c i e s  s y s t e m s  of i n t e r e s t ,  i t  w a s  
n e c e s s a r y  to i n v o l v e  s u c h  c o m m o n l y  e m p l o y e d  as -  
s u m p t i o n s  as t h o s e  p e r t a i n i n g  to v a p o r  p h a s e  i d e a l i t y  
a n d  t h e  c o n s t a n c y  of e n t h a l p i c  c h a n g e s  a c c o m p a n y i n g  
e a c h  r e a c t i o n  w i t h  v a r y i n g  t e m p e r a t u r e .  F o r  t h e  t e m -  
p e r a t u r e  a n d  p r e s s u r e  r a n g e s  c o n s i d e r e d  n e i t h e r  of 
t h e s e  a s s u m p t i o n s  a p p e a r s  u n r e a s o n a b l e .  I n  a d d i t i o n ,  i t  
w a s  a s s u m e d  t h a t  a l l  p e r t i n e n t  v a p o r  p h a s e  spec ies  
w e r e  k n o w n  a n d  t h a t  h a l o g e n s  a n d  h a l o g e n  c o m p o u n d s  
w e r e  con f ined  so le ly  to  t h e  v a p o r  p h a s e  in  t h e  t e m -  
p e r a t u r e  i n t e r v a l  of p r a c t i c a l  i n t e r e s t .  No a t t e m p t  w a s  
m a d e  to d i s c o n t i n u e  a n a l y s e s  b e l o w  d e w  p o i n t  t e m -  
p e r a t u r e s  fo r  t h e  s e m i c o n d u c t o r  ha l ides ,  a l l  a n a l y s e s  
a r b i t r a r i l y  b e i n g  p e r f o r m e d  in  t h e  t e m p e r a t u r e  i n t e r -  
v a l  0~176 I n  p r ac t i c e ,  t h e  d a t a  f o r  all,  e x c e p t  t h e  
h i g h e s t  h a l o g e n  s o u r c e  p r e s s u r e s ,  a r e  n o t  a f fec ted  b y  
d e w  p o i n t  c o n s i d e r a t i o n s  a b o v e  300~ 

As  w i l l  b e c o m e  e v i d e n t ,  i t  w a s  n e c e s s a r y  to a s s u m e  
t h a t  t h e  spec ies  p r e s s u r e s  of h a l o g e n s  a n d  h a l o g e n  
ac ids  b e a r  a s i m p l e  r e l a t i o n s h i p  to t h e  h y p o t h e t i c a l  
c o m p o n e n t  p r e s s u r e s  of h a l o g e n s  a n d  h a l o g e n  ac ids  a t  
sou rce s  of t h e  l a t t e r .  I n  o t h e r  p o r t i o n s  of t h e  s y s t e m  
th i s  a s s u m p t i o n  w a s  n o t  r e q u i r e d .  B a s e d  o n  t h e  a v a i l -  
ab l e  t h e r m o d y n a m i c  d a t a  fo r  i o d i n e  a n d  h y d r o g e n  
iod ide  d i s s o c i a t i o n  a t  t h e  t e m p e r a t u r e s  c o n s i d e r e d  t h i s  
a s s u m p t i o n  is n o t  u n r e a s o n a b l e .  

A l l  e q u i l i b r i u m  d a t a  a r e  b a s e d  on  a s t a n d a r d  s t a t e  
cho ice  of 1 r n m  H g  w i t h  spec ies  p r e s s u r e s  spec i f ied  w i t h  
t he  s a m e  d i m e n s i o n s .  

F i n a l l y ,  a l l  s y s t e m s  w e r e  c o n s i d e r e d  f o r  a t o t a l  
p r e s s u r e  c o n s t r a i n t  of 760 m m  Hg. 

Symbols  and system representations.--Each of t h e  
s y s t e m s  to b e  d i s c u s s e d  is r e p r e s e n t e d  b y  c o m p o n e n t  
d e s i g n a t i o n s  c o n s i d e r e d  m o s t  a p p r o p r i a t e  f o r  t h e  r e -  
ac t ions  i n v o l v e d .  Thus ,  in  s o m e  sys t ems ,  c o u n t i n g  of 
i o d i n e  is b a s e d  on  t h e  d e s i g n a t i o n  I. I n  o t h e r  s y s t e m s  
t h e  m o l e c u l a r  c o n s e r v a t i o n  of t h i s  h a l o g e n  is b a s e d  on  
t h e  d e s i g n a t i o n  I2. D e s c r i p t i o n  of a s y s t e m  f o r  e x a m p l e  
b y  t h e  n o t a t i o n  G e - I 2 - H e  i n d i c a t e s  t h a t  c o m p o n e n t  
c o u n t i n g  is b a s e d  on  m o l e s  of  d i a t o m i c  iod ine ,  etc.  

T a b l e  I p r e s e n t s  a l i s t  of s y m b o l s  e m p l o y e d  t h r o u g h -  
ou t  t h e  f o l l o w i n g  d i scuss ions .  

Table I. Explanation of symbols employed 

P = total pressure in ram 
p~ = the partial pressure of the vapor phase species x where 

x has values from 1-12 inclusive, each number referring 
to a different species  

Pz = the hypothetical pressure of the component x whose 
designations coincide with those for Px 

M, = the component mole quantity 
~n, = the species mole quantity 

x = I--I 7--He 

2--Ie 8--Ga 

3--HI 9---GaI 
4--H~ 10~GaI~ 
5---~eI~ l l - ~ G e  
6 - -GEL  12- -H  

* An asterisk superscript to one of the above, such as P~*, 
refers to the pressure at the first point considered in the system.  

' A  prime superscript to one of the above, such as Px', refers 
to the pressure at the second point considered in the system. 

Analyses of Systems 

The Sys tem G e - I 2 - H e  
E x p e r i m e n t a l l y ,  t h e  t r e a t m e n t  r e l a t e s  to  a t r a n s p o r t  

a p p a r a t u s  in  w h i c h  a n  i n e r t  gas, He,  is t r a n s p i r e d  
t h r o u g h  a n  i o d i n e  s o u r c e  b e d  a t  some  t e m p e r a t u r e ,  T, 
n e c e s s a r y  to  p r o v i d e  a n  e q u i l i b r i u m  c o m p o n e n t  p r e s -  
s u r e  of iod ine ,  P2*. T h e  s a t u r a t e d  gas, i n  w h i c h  
Pf*  q- PT* = 760 m m ,  is t h e n  c a r r i e d  t h r o u g h  a g e r -  
m a n i u m  s o u r c e  w i t h  w h i c h  t h e  i o d i n e  r e a c t s  a n d  w i t h  
w h i c h  t h e  r e s u l t i n g  v a p o r  p h a s e  spec ies  e q u i l i b r a t e .  
S i n c e  t h e  c o m p o n e n t  I2 is a s s u m e d  to b e  c o n f i n e d  to  
t h e  v a p o r  phase ,  t h e  c o m p o n e n t  r a t i o  He / Ia ,  X,  e s t a b -  
l i s h e d  a t  t h e  i o d i n e  s o u r c e  r e m a i n s  c o n s t a n t  t h e r e a f t e r .  

F r o m  t h e  p h a s e  r u l e  i t  is s e e n  t h a t  t w o  p a r a m e t e r s  
a r e  n e c e s s a r y  to c o m p l e t e l y  def ine  t h e  i s o b a r i c  s y s t e m  
c o m p r i s e d  of t h r e e  c o m p o n e n t s  c o e x i s t i n g  in  t w o  
phases .  F o r  c o n v e n i e n c e ,  t h e  t e m p e r a t u r e  a n d  t h e  
c o m p o n e n t  r a t i o  X,  de f ined  above ,  w e r e  chosen .  V a l u e s  
of t h i s  r a t i o  m a y  b e  e x p e r i m e n t a l l y  e s t a b l i s h e d  a t  t h e  
i o d i n e  s o u r c e  bed.  A t  t h i s  p o i n t  i n  t h e  sy s t em,  t h e  
c o n s t a n t  t o t a l  p r e s s u r e  c o n s t r a i n t  t o g e t h e r  w i t h  t h e  
a s s u m p t i o n  of  t h e  r e l a t i o n  b e t w e e n  c o m p o n e n t  a n d  
spec ies  p r e s s u r e s  a t  h a l o g e n  sou rce s  r e q u i r e s  t h a t  

P~* ~ 760 - -  P2* ~ 7 6 0 - -  pf* ( I - l )  
~ i n c e  

P7* = mT* R T / V  ( I - 2 )  
a n d  

P2* ~ mf* R T / V  ( I -3 )  

w e  o b t a i n  a f t e r  d i v i d i n g  ( I - 2 )  b y  ( I - 3 )  f o r  t h e  v a l u e  
of X 

760 - -  Pf* 
X ( I -4 )  

102" 

F o r  spec i f ied  v a l u e s  of  X a n d  T, t h e r e f o r e ,  t h e  c o m -  
p l e t e  s y s t e m  G e - I 2 - H e  w i l l  possess  u n i q u e  v a l u e s  of  
t h e  p a r t i a l  p r e s s u r e s  of t h e  spec ies  a s s u m e d  p r e s e n t .  
T h e s e  spec ies  a r e  I, I2, GeIf ,  GeI4, a n d  He,  a n d  t h e  f ive 
i n d e p e n d e n t  r e l a t i o n s h i p s  e m p l o y e d  to  c a l c u l a t e  t h e i r  
p a r t i a l  p r e s s u r e s  a t  g i v e n  v a l u e s  of X a n d  T a re :  

I2(v) ~ 2I(v); K1 ~ pl2/p2; log10 K1 = 8.362 - -  7991/T  (2)  
( I - 5 )  

Ge(s) ~- If(v) ~ GeI2(v); Ks -~ PJPf;  
logl0 K3 : 2.45 q- 4 3 4 / T  (1)  ( I - 6 )  

Ge(s)  q- GeI4(v) ~ 2GeI2(v); K4 ~ p52/p6; 
log10 K4 ~- 12 .56- -  7936 /T  (1) ( I - 7 )  

P : Pl  q- P2 -~ P5 W P6 ~ P7 ( I - 8 )  

X : PT/P2 ~ p7/(1/2 Pl q- P2 -~ P5 -t- 2p6) ( I - 9 )  

T h e  v a l u e s  of t h e  spec ies  p a r t i a l  p r e s s u r e s ,  Px, w e r e  
t h e n  u s e d  to c o m p u t e  t h e  r a t i o  ( Y ) x  = f ( T )  w h e r e  

P l i  P5 --~ P6 
( Y ) x  - -  _ ( I -10)  

P2 1/2  p l  Jr p2 q- P5 q- 2p6 

T h e  r a t i o  ( Y ) x  is a n  eff ic iency f a c t o r  w h i c h  s h o w s  t h e  
n u m b e r  of m o l e s  of G e  c a r r i e d  in  t h e  v a p o r  p h a s e  fo r  
e a c h  m o l e  of t h e  c o m p o n e n t  I2 p r e s e n t .  S i n c e  t h e  c o m -  
p o n e n t  I2 is c o n f i n e d  to t h e  v a p o r  phase ,  i t  is  e v i d e n t  
t h a t  i f  ( Y ) x  i n c r e a s e s  w i t h  i n c r e a s i n g  T, t h e  c o n c e n -  
t r a t i o n  of t h e  c o m p o n e n t  Ge  in  t h e  v a p o r  m u s t  b e  i n -  
c r e a s i n g  w i t h  i n c r e a s i n g  T. C o n s e q u e n t l y ,  t h e  t r a n s -  
p o r t  p roce s s  is a h o t  to  cold  one.  T h i s  impl ies ,  t h e r e -  
fore ,  t h a t  t h e  s ign  of AHp* fo r  t h e  c o m b i n e d  p r o c e s s e s  
( I - 5 ) -  ( I - 7 )  is pos i t ive .  

I n  t h e  t e m p e r a t u r e  i n t e r v a l  t r e a t e d ,  0~176 Ge  
d e p o s i t i o n  o c c u r s  p r i m a r i l y  as a r e s u l t  of t h e  d i s p r o -  
p o r t i o n a t i o n  r e a c t i o n  ( I - 7 ) .  T h e  spec ies  r e s p o n s i b l e  
fo r  t h i s  d e p o s i t i o n  is GeI2, t h e  GeI4 b e i n g  a d i s p r o -  
p o r t i o n a t i o n  p r o d u c t .  T h e  eff ic iency f a c t o r  ( Y ) x ,  h o w -  
ever ,  does  n o t  d i s c r i m i n a t e  b e t w e e n  t h e  d i s p r o p o r -  
t i o n a t i o n  p r o d u c t  GeI4 a n d  t h e  e f fec t ive  spec ies  GeIf .  
A G e  a v a i l a b i l i t y  f a c t o r  w h i c h  m a y  b e  u s e d  in  p l ace  of 
Y in  t h e  t e m p e r a t u r e  r e g i o n  i n  q u e s t i o n  is de f ined  b y  

( Y ' ) x  = p5/(1/2 Pl + p2 -~ P5 q- 2p6) ( I -11)  
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w h i c h  to a r e a s o n a b l e  f i rs t  a p p r o x i m a t i o n  is g i v e n  in  
s impl i f i ed  f o r m  b y  

( Y ) x - -  0.5 
( Y ' ) x  ~ P J ( P 5  -F 2p6) ( I - 1 2 )  

0.5 

I t  is to  be  n o t e d  t h a t  t h e  v a l u e s  of Y" v a r y  b e t w e e n  0 
a n d  1 in  d i s t i n c t i o n  to t h e  v a l u e s  of Y w h i c h  v a r y  
b e t w e e n  0.5 a n d  1. I n  t h e  t e m p e r a t u r e  i n t e r v a l  i n  w h i c h  
t h e  q u a n t i t i e s  Pl  a n d  P2 a r e  n o t  t r i v i a l  a n d  in  w h i c h  as 
a m a t t e r  of  f a c t  Ge  m a y  b e  d e p o s i t e d  v i a  (1-6) a n d  
( I - 7 ) ,  t h e  r a t i o  ( Y ' ) x  is  n o  l o n g e r  va l id .  I f  one  c o n -  
s ide r s  b o t h  t e m p e r a t u r e  r a n g e s ,  t h e n  t h e  i n i t i a l  r a t i o  
( Y ) x  m u s t  b e  e m p l o y e d .  Th i s  r a t i o  w i l l  t h e n  e n c o m -  
pass  t h e  r a n g e  0-1. T h e  ( Y ) x  d a t a  p r o v i d e  a f a m i l y  of 
c o n s t a n t  t o t a l  p r e s s u r e  c u r v e s  e a c h  c u r v e  b e i n g  a t  c o n -  
s t a n t  X,  a n d  t h e  f a m i l y  b e i n g  p r o j e c t e d  o n  t h e  Y - T  
p lane .  

The Sys tem Ge-I2 -H2  
I n  t h i s  s y s t e m  t h e  i o d i n e  c o m p o n e n t  v a l u e  is a g a i n  

b a s e d  on  t h e  12 mo lecu l e .  E x p e r i m e n t a l l y  t h e  p h y s i c a l  
s y s t e m  is t h a t  de f ined  in  I above .  C h e m i c a l l y  t h e  sy s -  
t e m s  d i f fe r  i n  t h a t  a r e a c t i v e  gas  a l so  f u n c t i o n s  as  a 
c a r r i e r .  F o r  t h e  t h r e e  c o m p o n e n t - t w o  p h a s e  e q u i l i b -  
r i u m  u n d e r  a c o n s t a n t  p r e s s u r e  c o n s t r a i n t ,  t w o  d e g r e e s  
of f r e e d o m  a r e  a g a i n  r e q u i r e d  to fix t h e  s t a t e  of t h e  
s y s t e m .  T h o s e  c h o s e n  a r e  t h e  t e m p e r a t u r e  a n d  t h e  
H2/I2 c o m p o n e n t  ra t io ,  X.  T h e  spec ies  a s s u m e d  p r e s e n t  
a r e  I, Is, HI,  H2, GeI2, a n d  GeI4 r e q u i r i n g  spec i f i ca t ion  
of s ix  i n d e p e n d e n t  r e l a t i o n s  in  o r d e r  to  so lve  fo r  t h e  
s e v e r a l  spec ies  p r e s s u r e s ,  Pz, a t  spec i f i ed  v a l u e s  of T 
a n d  X.  T h e  i n d e p e n d e n t  se t  u t i l i z ed  i n c l u d e s  ( I - 5 ) -  
( I -7 )  as w e l l  as 

H2(v) + I2(v) ~ -  2HI(v);  K2 ,~ p32/p2p4; 
622.4 

log10 Ks = 0.834 + - -  (3) ( I I - 1 )  
T 

6 
P = Y, Px ( I I - 2 )  

1 
P4 7 6 0 - - p ' 2  

P2 P*2 
/)4 + 1/2  pa 

_ ( I I - 3 )  
1/2 Pl + P2 + 1/2  P3 + P5 + 2p6 

T h e  p a r t i a l  p r e s s u r e s  as a f u n c t i o n  of  T f o r  spec i f ied  
v a l u e s  of X w e r e  u s e d  to c o m p u t e  v a l u e s  of ( Y ) x  = 
f ( T )  w h e r e  

( Y ) x  = Pll /P2 = (P~ + P6)/  
(1/2 p l  + P2 + 1/2p3 + P5 + 2p6) ( I I - 4 )  

The Sys t em  G e - I 2 - H 2 - H e  
E x p e r i m e n t a l l y ,  t h e  p h y s i c a l  s y s t e m  c o n f o r m s  to o n e  

in  w h i c h  H e  a n d  h y d r o g e n  s ou r ce s  a r e  u s e d  to p r o -  
v ide  a c a r r i e r  m i x t u r e  h a v i n g  a Hs m o l e  f r a c t i o n  F. 
T h i s  m i x e d  gas  is t h e n  t r a n s p i r e d  t h r o u g h  a n  i o d i n e  
s o u r c e  s u p p l y  w h e r e  s e t t i n g  of t h e  p r e s s u r e  of i o d i n e  
f ixes t h e  r a t i o  H2/Is, X.  T h e  f o u r  c o m p o n e n t  s y s t e m  
c o e x i s t i n g  in  t w o  p h a s e s  possesses  t h r e e  d e g r e e s  of 
f r e e d o m .  T h e s e  h a v e  b e e n  c h o s e n  as F, X ,  a n d  T. T h e  
s e v e n  species ,  I, Is, HI,  H2, He,  GeI2, a n d  GeI4 a r e  a s -  
s u m e d  p r e s e n t  in  t h e  c o m p l e t e  s y s t em .  F o r  spec i f ied  
v a l u e s  of F, X,  a n d  T t h e  p a r t i a l  p r e s s u r e s  of  t h e s e  
spec ies  w e r e  o b t a i n e d  b y  s i m u l t a n e o u s  s o l u t i o n  of 
( I - 5 ) - ( I - 7 ) ,  ( I I - 1 )  a n d  

7 
P ---- Z Px,s ( I I I - 1 )  

1 

P4 1/2 P3 + P4 
F = -  (111-2) 

P4 + P7 1/2  P8 + P4 + P7 

P4 1/2  p3 + P4 
X --  ( I I I - 3 )  

P2 1/2 p l  + p2 + 1 /2  p3 + ps + 2p6 

E x p e r i m e n t a l l y ,  v a l u e s  f o r  F a n d  X a r e  e s t a b l i s h e d  
a t  t h e  p o i n t s  of m i x i n g  of h y d r o g e n  a n d  h e l i u m  a n d  
a t  t h e  i o d i n e  source ,  r e s p e c t i v e l y .  S i n c e  t h e  c o m p o -  

O c t o b e r  1964 

n e n t s  H2, He, a n d  I2 a r e  a l w a y s  con f ined  to t h e  v a p o r  
phase ,  t h e s e  r a t i o s  once  e s t a b l i s h e d  r e m a i n  c o n s t a n t  
t h e r e a f t e r .  A t  t h e  p o i n t  of m i x i n g  of H2 a n d  H e  i t  is 
t he  case  t h a t  

1'4" P4* 
F - -  = ( I I I - 4 )  

P4* + PT* 7'60 

S i n c e  t h e  s y s t e m  is c o n s t r a i n e d  b y  t h e  t o t a l  p r e s s u r e  
b e i n g  e q u a l  to  1 a tm ,  a n d  s ince  t h e  gas  b e h a v i o r  is a s -  
s u m e d  to b e  ideal ,  i t  is  s e e n  t h a t  a t  t h e  p o i n t  of m i x i n g  
of He  a n d  H2 

F l o w  r a t e  of H2 
= F ( I I I - 5 )  

To ta l  f low r a t e  

In  t r a n s p i r i n g  t h i s  m i x t u r e  F t h r o u g h  t h e  i o d i n e  
s o u r c e  t h e  s u m  of t h e  p r e s s u r e s  of h y d r o g e n  a n d  
h e l i u m  P'4 + P~7 n o  l o n g e r  = 760 m m  s ince  P'2 w i l l  ac-  
c o u n t  f o r  p a r t  of t h e  to ta l .  T h e  r a t i o  X m a y  b e  de f i ned  
e x p e r i m e n t a l l y  as fo l lows .  As  t h e  c o m b i n e d  p r e s s u r e  of 
He  -F H2 a t  t h e  i o d i n e  s o u r c e  is g i v e n  b y  

(P '4  + P '7)  ~ (760 - -  P '2)  (111-6) 

a n d  t h e  m o l e  f r a c t i o n  of H2 r e l a t i v e  to H e  a n d  H2 m u s t  
r e m a i n  c o n s t a n t  e v e r y w h e r e  in  t h e  sy s t em,  w e  see  
t h a t  d i v i d i n g  ( I I I - 6 )  b y  P'4 a n d  r e a r r a n g i n g  l e a d s  to 

P'4 : F (760 - -  P'2) (111-7) 

Thus ,  X c a n  be  spec i f ied  b y  

F ( 760 - -  Pt2) 
X = (111-8) 

P '2 

in  t h e  r e g i o n  of t h e  i o d i n e  source .  
S o l u t i o n s  to  t h e  s e v e r a l  Px,s as a f u n c t i o n  of T w e r e  

o b t a i n e d  fo r  speci f ied  v a l u e s  of X a n d  F. T h e s e  Px d a t a  
w e r e  t h e n  u sed  to c o m p u t e  f a m i l i e s  of Y cu rves ,  e a c h  
c u r v e  in  a f a m i l y  r e p r e s e n t i n g  t he  v a r i a t i o n  of Y w i t h  
T a t  c o n s t a n t  F a n d  X,  a n d  e a c h  f a m i l y  b e i n g  spec i f ied  
a t  c o n s t a n t  P'2. T h e  e x p a n s i o n  of  (Y)F ,x  h a s  t h e  
s a m e  f o r m  as ( I I - 4 ) .  I t  is e v i d e n t  t h a t  in  o r d e r  to  
o b t a i n  f in i te  a n d  p h y s i c a l l y  s ign i f i can t  s o l u t i o n s  i t  is 
n e c e s s a r y  t h a t  0 < F < 1 a n d  0 < P'2 < 760 m m  Hg. 

The Sys tem G e - H I - H  
T h i s  case  is t h e r m o d y n a m i c a l l y  e q u i v a l e n t  to  t h a t  

de f ined  in  ( I I )  a b o v e  i n s o f a r  as t h e  s a m e  spec ies  a r e  
a s s u m e d  p r e s e n t ,  a n d  t h e  e q u i l i b r i u m  r e l a t i o n s h i p s  e m -  
p l o y e d  a r e  t h e  s ame .  T h e  t r e a t m e n t  is, h o w e v e r ,  b a s e d  
on  a d i f f e r e n t  cho ice  of c o m p o n e n t  s t o i c h i o m e t r i e s ,  
m o r e  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t  in  m i n d .  I t  is to 
be  n o t e d  t h a t  t h e  h y d r o g e n  spec ies  c o n t e n t  in  t h e  p r e s -  
e n t  i n s t a n c e  c a n n o t  i n d e p e n d e n t l y  b e  b r o u g h t  to  zero.  
As  i m p l i e d  b y  t h e  s y s t e m  d e s i g n a t i o n ,  c o m p o n e n t  
c o u n t i n g  is a c c o m p l i s h e d  in  t e r m s  of Ge, HI,  a n d  H, a 
d i f f e r e n t i a t i o n  b e i n g  m a d e  b e t w e e n  h y d r o g e n  d e r i v e d  
f r o m  a s o u r c e  t a n k  a n d  f r o m  t h e  h a l o g e n  acid.  I n  a d d i -  
t ion,  h y d r o g e n s  a r e  c o u n t e d  s ing ly .  As  be fo re ,  t w o  
d e g r e e s  of f r e e d o m  ex i s t  a t  c o n s t a n t  t o t a l  p r e s s u r e .  
T h e s e  w e r e  c h o s e n  as t h e  t e m p e r a t u r e  a n d  t h e  c o m -  
p v n e n t  r a t i o  H / H I ,  X +. I n  a n  e x p e r i m e n t ,  X + is es-  
t a b l i s h e d  as fo l lows :  A t  t h e  p o i n t  of  m i x i n g  of H I  a n d  
H2 t h e  m o l e  f r a c t i o n  of t h e  c o m p o n e n t  HI,  k, is f ixed 
for  t he  e n t i r e  s y s t e m .  A t  t h i s  m i x i n g  po in t ,  t h e r e f o r e ,  
w e  m a y  w r i t e  

P3* F l o w  r a t e  of HI  
k = - -  ( I V - l )  

7~0 T o t a l  f low r a t e  

S i n c e  a t  th i s  s a m e  p o i n t  

P12" 21~ 2(760 - -  PS*) 
X + ( I V - 2 )  

P3* P3* P~* 

i t  is s e e n  f r o m  ( I V - l )  a n d  ( I V - 2 )  t h a t  

2 (1  - -  k)  
X + ( I V - 3 )  

k 

S o l u t i o n s  fo r  t h e  s ix  spec ies  p a r t i a l  p r e s s u r e s  w e r e  
o b t a i n e d  f r o m  ( I - 5 ) -  ( I - 7 ) ,  ( I I - 1 ) ,  ( I I - 2 ) ,  a n d  
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P12 2p4 - -  2/)2 - -  pl  - -  2p~ - -  4p6 
X + = - -  ( IV-4)  

P3 Pl -}- 2p2 -~- P3 -4- 2p5 -]- 4p6 

The  p a r t i a l  p r e s s u r e s  w e r e  t h e n  used  to  c o m p u t e  
va lues  of t h e  eff ic iency f ac to r  ( Y + ) x +  = f ( T )  w i t h  
(Y + ) x + de f ined  b y  

P u  P5 -t- P6 
(Y+)x+ ~-- = ( IV-5)  

P3 Pl -}- 2p2 -t- P3 + 2p5 + 4p6 

The Sys tem G o - H I - H - H e  
This  s y s t e m  is t h e r m o d y n a m i c a l l y  e q u i v a l e n t  to  t h a t  

d e s c r i b e d  in  case  ( l i D ,  and  m a k e s  use  of  t h e  s a m e  
e q u i l i b r i u m  r e l a t i onsh ip s .  The  t h r e e  d e g r e e s  of f r e e -  
d o m  for  t h e  s y s t e m  at  c o n s t a n t  p r e s s u r e  w e r e  c h o s e n  
as t h e  t e m p e r a t u r e ,  t he  c o m p o n e n t  r a t io  1 / 2 H /  
(1 /2H + H e ) ,  F +, and  t h e  c o m p o n e n t  r a t i o  H / H I ,  X +. 

A t  t h e  p o i n t  of m i x i n g  of h y d r o g e n  a n d  he l i u m,  t h e  
ra t io  F + is g iven  by  

1/2 P12" F l o w  r a t e  of H2 
F + - -  = ( V - l )  

760 Tota l  f low r a t e  

At  t h e  p o i n t  of m i x i n g  of t he  h y d r o g e n - h e l i u m  m i x -  
t u r e  w i t h  HI, t h e  m o l e  f r a c t i o n  of HI  in  t h e  t o t a l  gas  
m i x t u r e  is g i v e n  by  

P'8 F l o w  r a t e  of HI 
k = .  -~ (V-2)  

760 Tota l  f low r a t e  

S ince  the  p r e s s u r e  of t h e  c o m p o n e n t  H a t  th is  p o i n t  is 
g iven  by  

PI~ = 2F + (760.-- P%) (V-3)  
it is s e e n  t h a t  

P12 2F + (1 - -  k) 
X + - -  - -  (V-4)  

P3 k 

In  t h e  s y s t e m  c o n t a i n i n g  all  of t h e  c o m p o n e n t s ,  t h e  
e q u a t i o n s  fo r  F + a n d  X + u s e d  in  add i t i on  to ( I - 5 ) -  
( I -7 ) ,  ( I I -1 ) ,  a n d  ( I I I -1 ) ,  f o r  obtaining s i m u l t a n e o u s  

so lu t ions  fo r  t he  s e v e n  spec ies  p a r t i a l  p r e s s u r e s  a r e  

P4 - -  1/2 Pl - -  P2 ~ P5 - -  2p6 
F+ = (V-5)  

P4 - -  1/2 pl  - -  p~ - -  P5 - -  2p6 + P7 
and  

P12 2F + (1 ~ k) 
X + - -  _ _  - -  

P.~ k 

2p4 - -  Pl - -  2p2 - -  2p~ - -  4P6 
- -  ( V - 6 )  

P l + 2 p u + p ~ + 2 P 5  T 4 p 6  

F a m i l i e s  of c u r v e s  (Y+)F+,X+ ----J:(T) w e r e  c o m p u t e d ,  
each  f a m i l y  d e r i v e d  a t  c o n s t a n t  to ta l  P a n d  P%, w i t h  
t he  e x p a n d e d  f o r m  of  (Y+)F+,X+ e q u a l  to t h a t  s h o w n  
in Eq. ( I V - 5 ) .  

The Sys tem G a - I - H e  

The  t r e a t m e n t  fo l lows  t h a t  fo r  case  ( I ) ,  e x c e p t i n g  
t h a t  i od ine  c o u n t i n g  is b a s e d  on a m o n a t o m i c  s to i -  
c h i o m e t r y .  In  add i t i on  to Eq. ( I -5 ) ,  t h e  f o l l o w i n g  w e r e  
e m p l o y e d  to ob ta in  p a r t i a l  p r e s s u r e s  fo r  t he  s ix spec ies  
I, I2, Ga, GaI,  GaI~, and  He. 

10 
P = p l + p 2 +  z Px (VI -1 )  

7 
Ga(1) = Ga(~); K5 = Ps; 

14,900 
logj0 K5 ---- 9.515 log10 T + 10.22 (4) (VI -2 )  

T 

P39 . 
2Ga(n + Gaiety) = 3GaI<v); K6 = 

PlO ' 

11,000 
log10 K6 = {- 18.6 (5) (VI -3 )  

T 
3 Pl0 

Ga(v) + ~ I 2 ( v )  = GaI3(v); Kv : 
2 P 2  3 / 2  P 8  
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24,780 
log10 K7 ---- --9.565 log10 T + ~ -t- 15.78 (6) (VI -4 )  

T h e  v a r i a b l e  X ~ is de f ined  by  

P7 760 - -  P2* p7 
X o (VI -5 )  

P1 2P2" P l -{- 2p2 -]- P9 -}- 3p10 

D e r i v e d  d a t a  w e r e  u s e d  to  c o m p u t e  a f a m i l y  of 
cu rv e s  of (RO)xo = f ( T )  w h e r e  

10 
z Px 

Ps 8 
(RO)xo = ---- (VI -6 )  

P1 Pl ac 2p2 -}- P9 -4- 3p10 

The Sys tem G a - H I - H  
This Ga an a l o g  of  s y s t e m  ( IV)  is de f ined  on the  

basis  of t h e  s e v e n  spec ies  mode l ,  I, I2, HI,  H2, Ga, 
GaI,  and  GaI3 a n d  m a k e s  use  of t h e  v a r i a b l e s  X + 
a n d  T in  a d d i t i o n  to t h e  e q u i l i b r i u m  s t a t e m e n t s  ( I -5 ) ,  
( I I -1 )  and  ( V I - 2 ) - ( V I - 4 ) .  The  to ta l  p r e s s u r e  c o n -  
s t r a i n t  is g i v e n  b y  

4 10 
P =  E p x +  2: Px ( V I I - l )  

1 8 

and  X + in  e x p a n d e d  f o r m  b y  

P12 2 ( 1 - -  k) 
X § - -  

P3 k 

2p4 - -  Pl - -  2p2 - -  P9 - -  3p10 
= - (VI I -2 )  

Pl + 2p2 -}- P3 + p9 + 3plo 

The  ra t io  (R+)x+ = $(T)  w a s  d e r i v ed ,  p r o v i d i n g  a 
f a m i l y  of  cu rv e s  all  at  c o n s t a n t  to ta l  P.  (R + )x+  = ] ( T )  
is de f ined  b y  

10 
E Px 

Ps 8 
(R+ )x+ ~ - -  ~- (VI I -3 )  

P3 p~ + 2p2 + P3 -}- P9 -]- 3plo 

The Sys tem G a - H I - H - H e  

The  spec ies  a s s u m e d  p r e s e n t  w e r e  I, I2, HI,  Ha, He, 
Ga, GaI,  a n d  GaI~. The  s a m e  d e g r e e s  of f r e e d o m  w e r e  
u t i l i zed  as in  case  (V) .  As  in  t he  p r e v i o u s  Ga  t r e a t -  
m e n t s  ( I - 5 ) ,  ( I I - 1 ) ,  a n d  ( V I - 2 ) - ( V I - 4 )  w e r e  e m -  
p loyed .  P is de f ined  by  

4 10 
P = ~ Px + ~ Px ( V I I I - l )  

1 7 
F + by  

F + - -  

1 
- -  P12" 
2 

76O 
1 1 3 

P4 - -  ~ -  Pl - -  P2 - -  -~- P9 - -  -~  PlO 

1 1 3 
P4 - -  ~ -  P, - -  p2 - -  2-~ p'q - -  -2  pl0 -]- p ," 

and  X + by  

P12 
X *  

(VI I I -2 )  

2F + (1 - -  k) 

k 

2P4 - -  Pl  - -  2192 - -  P9 - -  3p~0 
= - (VI I I -3 )  

Pl + 2p2 -}- P3 -]- P9 -~ 3p10 

va lues  of (R+)F+.x+ ~ - f ( T )  w e r e  d e r i v e d  p r o v i d i n g  
f ami l i e s  of  c u r v e s  each  at  c o n s t a n t  to ta l  P and  P'~. 

(R+)F+.X+ is de f ined  b y  ( V I I - 3 ) .  

The Sys tem G e - G a - I - H e  
This  ana lys i s  w a s  a t t e m p t e d  in o r d e r  to  def ine  c o n -  

d i t ions  fo r  m a x i m u m  incorporation of  Ga in an ep i -  
t ax i a l  Ge  film. C o n s e q u e n t l y ,  it  is b a s e d  on a t r e a t -  
m e n t  fo r  t he  t h r e e - p h a s e  e q u i l i b r i u m  Ge (sol id  so lu -  
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t ion) - l iqu id -vapor .  Two approaches were  utilized. The 
first assumed that  the solubil i ty of Ga in Ge is small  
enough so that  P G e / P ~  ~ 1, and the l iquid in equi -  
l ibr ium with  solid Ge is for all practical  purposes pure  
l iquid Ga. The second approach makes use of the first 
assumption but not the second. In its place the assump- 
tion is made  that  if the sol id-l iquid curve  for Ge 
solid is ideal, the l iqu id-vapor  equi l ibr ium obeys 
Raoult 's  law. In e i ther  case the systems are such that  
exper imenta l ly  they are approximated  by having a 
mixed  bed of l iquid Ga saturated with  Ge, and Ge 
solid saturated with  Ga, all in t ranspira t ion wi th  a 
vapor  stream. Species assumed present  were  I, I2, 
GeI2, GeI4, He, Ga, GaI, and GaI3. The two degrees of 
f reedom chosen were  T and the ratio He/ I ,  X o. 

A p p r o a c h  / . - - T h e  equi l ibr ia  used were  ( I - 5 ) - ( I - 7 )  
and (VI -2 ) -  (VI-4) along wi th  

2 10 
P ~  z P x - 5  Y~ Pz  ( I X - l )  

1 5 
Pv 760 --  P2* 

P1 2p2" 
P7 

= ( I X - 2 )  

Pl 4- 2p2 -5 2p5 -5 4p6 -5 P9 -5 3p10 

Values of ( Y ~  = f ( T )  and (R~ = f (T)  were  de-  
r ived providing two families of curves. The expanded 
forms of these efficiency factors are given by 

P l l  P5  -5  P6  
(yo) xo ~ - -  - -  

P1 pl -5 2p2 -5 2p5 -5 4p6 4- P9 -5 3p10 
(IX-3) 

and 
10 
z Px 

P8 8 
( R ~  . . . .  

PI (Pl 4- 2p2 4- 2p5 -5 4p6 4- p9 4- 3p,o) 
(IX-4) 

An indication of the final state, that  is, whe the r  the 
deposit is r icher  or poorer  than the source in Ge or Ga, 
can be discerned f rom a considerat ion of ( R ~ 1 7 6  -~ 
S(T). Where  this ratio increases with decreasing t em-  
perature,  it is the case that  the bulk deposit  is poorer  
in Ga than the source. Similarly,  when  the ratio de-  
creases, the bulk deposit  is r icher  in Ga. 

A p p r o a c h  2.---Everything specified in 1 above with  
the exception of (VI-2) is utilized. In place of (VI-2) a 
modified re la t ion based on the fol lowing a rgument  is 
used. Thurmond  and Kowalchick  (7) have indicated 
that  to a good first approximat ion the solubil i ty of Ge 
in l iquid Ga is predicted by the simple van ' t  Hoff 
relationship, and that  at t empera tures  not too far  re-  
moved from the mel t ing point of Ge, AHfuslon Ge can be 
considered constant. With this informat ion and the 
assumption that  the l iqu id-vapor  equi l ibr ium obeys 
Raoult 's  law when the sol id- l iquid equi l ibr ium is ideal, 
the vapor  pressure curve  along the Ge l iquidus may  be 
deduced. 

Let  the vapor  pressure of pure  l iquid Ga at any 
t empera tu re  T be designated P~ For  the equi l ibr ium 
(VI-2) we wr i te  

K5 ~ P~ (VI-2) 

Along the ideal l iquidus we may then wri te  

Pc~ = NGa �9 P%a (IX-5)  
for the equi l ibr ium 

G a l i q u i d  solution X G a v a p o r  (IX-6) 

where  Pca ~ the par t ia l  pressure of Ga over  the solu- 
tion and N c a  : the mole fract ion of Ga. 

Since 
N G a  = 1 - -  N G e  (IX-7) 

in the liquid, and 
AHGe ( 1 1 ) ( IX-8)  

NGe ~ -- R T Toe 

O c t o b e r  1 9 6 4  

AHGe being the heat  of fusion of Ge and Tae being the 
mel t ing point of Ge, we may substi tute for p~ and 
NGa in ( IX-5) ,  the equivalencies  given by (VI-2) and 
( IX-7) .  Thus 

Pca ~--- Nca Ks ~ K9 (IX-9) 

log K9 = log K5 -5 log Nca (IX-10) 
As 

( 1~,0 ) 
- + 1 . 4 6  ( 7 )  ( I X - 1 1 )  N G e  ~ 10 T 

it is seen that  

- - -  + 1.46 (IX-12) loglo NGa = 1Ogxo 1-10 T 

and finally that  

1Oglo K9 -- 
14,900 

0.515 logx0 T -5 10.22 
T 

[ -5 log10 1-10 T + 1.46 (IX-13) 

The same data were  extracted as in Approach 1. 

T h e  S y s t e m  G e - G a - H I - H  
As in the preceding analysis two approaches were  

employed using the identical  assumptions. 
A p p r o a c h  1 . - - I n  addit ion to ( I - 5 ) - ( I - 7 ) ,  (II-1) and 

( V I - 2 ) - ( V I - 4 ) ,  the two chosen degrees of f reedom 
were the t empera tu re  and the ratio X +. The expan-  
sions for P and X + were  as follows: 

6 10 
P =  Y~ P x - 5  Y~ Px ( X - l )  

1 8 

P12 2 ( l - - k )  
X +  - -  _ _  - -  

P3 k 

2p4 - - P ,  - -  2p2 --  2p5 - -  4p6 --  P9 - -  3p16 
(X-2) 

Pl -5 2p2 -5 P3 -5 2p5 -5 4p6 -5 P9 -5 3pao 

Solutions were  as usual obtained for the px's and the 
efficiency factors. These are 

Pa~ 
(Y+)x+  -- 

P3 
P5 -5P6 

- -  ( X - 3 )  

pl -5 2p2 4- p3 -5 2p5 4- 4p6 -5 p9 -5 3pi0 

Ps 
(R+)x+  -- 

P3 
P8 -5 P9 -5 Pl0 

= (X-4) 
Pl -5 2p2 -5 P3 -5 2p5 -5 4p8 4- P9 -5 3p10 

The ratios ( R + / Y  + ) x +  : f (T )  were  also obtained. 
A p p r o a c h  2.- -Equat ion (VI-2) is replaced by 

(IX-13),  every th ing  else remaining  unchanged.  

T h e  S y s t e m  G e - G a - H I - H - H e  
This final system containing 10 species and three  

degrees of f reedom was t reated using two approaches, 
one making use of (VI -2 ) -  (VI-4) plus the appropriate  
Ge equations and ( I I -1) ,  and the other  using (IX-13) 
instead of (VI-2) .  Both make use of ( X I - 1 ) - ( X I - 3 ) .  
Solutions were  obtained for (Y + ) x + ,F + and (R + ) x + ,F + 
both as a function of T, defined by (X-3) and (X-4) 
and the ratio ( R +  / Y  + ) x  +,F+ = f ( T ) .  

10 
P = Y, Px (XI-1)  

1 
1/2 P12* 

F + - -  
760 

P4 - -  1 / 2 p l  - -  p2 - -  P5 - -  2p6 - -  1/2p9 - -  3/2p10 

P4 - -  1 / 2 p l  - -  P2 - -  P5 - -  2p6 - -  1/2p9 - -  3/2p16 4- 97 
(XI-2) 

P12 2F + (1 - -  k) 
X + - -  _ _  

P3 k 
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Fig. 1. Efficiency curves for the system Ge-12-He at varying 
iodine source bed pressures. 
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F ig .  2 .  Efficiency curves for the system Ge-12-H2 ot  vorying 
iodine source bed pressures, 

2 p 4  - -  P l  - -  2 p 2  - -  2 p 5  - -  4 p 6  - -  P9  - -  3 p I 0  
= ( x I - 3 )  

Pl Jr 2I)2 + P8 + 2p5 + 4p6 -}- P9 -]- 3p10 

Results and  Discussion 

The System Ge- I f -He  
Figure  1 graphical ly  depicts the var ia t ion  of the 

component  ratio Ge/I2 ~ Y as a function of t empera -  
ture. Each projected curve  represents  a different He/ Is  
ratio, X, consequent ly  each coincides wi th  a different 
iodine source bed temperature .  The curves all exhibi t  
the same general  shape and are indicat ive of hot to 
cold t ransport  over  most of the t empera tu re  range 
surveyed.  At the low tempera tu re  end of the scale 
plateaus develop at approximate ly  220 ~ and a Y value  
of 0.5, the proper  value  for a vapor  phase species stoi- 
chiometry of GeI4. The 220 ~ plateaus are exper i -  
menta l ly  unimpor tan t  since this t empera tu re  lies below 
the dew points of both GeI4 and GeI2 for the iodine 
pressures considered. At  the high t empera tu re  end of 
the scale plateaus also develop, the highest  X curve  
flattening at 550~ and the lowest  at 600~ These 
plateaus, as wil l  be discussed below, are exper i -  
menta l ly  significant. 

It  is significant that  the efficiency of forming GeI2 
(higher Y values) decreases wi th  increasing I2 source 
bed pressure (decreasing X values)  over  most of the 
t empera tu re  range. This conclusion is most clearly 
focused upon by a consideration of Table II which lists 
calculated values of the pressures of GeI2 and GeI4 
at different ge rmanium and iodine source bed tem-  
peratures.  It is seen that, whi le  the absolute value  of 
GeI2 increases with increasing I2 source bed pressure, 
except ing at high Ge source bed temperatures ,  a 
disproport ionate percentage of the vapor  phase Ge con- 
tent  is present  as the product  of the disproport ionat ion 
process and therefore  unavai lable  as a deposition 
species. 

The large slopes in the t empera tu re  in te rva l  in which 
seeds might  be placed indicate that  ex t remely  close 
tolerance seed t empera tu re  control  would  be requi red  
in order to effect reproducible  deposition rates. On the 

other  hand if Ge source tempera tures  are made  coin- 
cident wi th  the h igh- t empera tu re  plateau intervals,  
close t empera tu re  control  tolerance at the Ge source 
sites is not  ve ry  critical. Fur thermore ,  use of these 
plateaus would  obviate the efficiency question dis- 
cussed above. In all the systems discussed it is evident  
that  even when  t ranspira t ion conditions are at tained at 
source beds, control of flow rates wi l l  represent  a 
critical factor in achieving reproducible  deposition 
rates, all o ther  factors remain ing  constant. 

The System Ge-I2-H2 
Figure  2 shows an equiva len t  plot to that  given in 

Fig. 1 for the case where  the carr ier  gas is also a re -  
act ive component.  It is noted on comparison of Fig. 1 
and 2 that  whereas  the Ge/I2 ratio never  drops below 
0.5 in the nonreact ive  car r ie r  gas system it  does so 
w h e n  H 2  is present.  This is bel ieved due to the com- 
peti t ion for iodine be tween  Ge and H2. Since the heat  
of format ion of HI is negat ive  [Eq. ( I I -1) ]  the effects 
of this competi t ion decrease wi th  increasing t empera -  
tures and are greatest  at low iodine pressures and 
low temperatures .  In the present  analysis, two other  
marked  per turbat ions  are evident.  First,  the efficiency 
in terms of format ion of GeI2 increases wi th  increasing 
iodine source bed tempera tu re  and, second, the com- 
peti t ion for iodine results in the occurrence of low 
tempera tu re  cold to hot t ransport  regions which gener -  
ate min ima in the curves. These min ima fall  in con- 
ven ien t  t empera tu re  regions for seed locations provid-  
ing less t empera tu re  sensit ive sites. Aside f rom the 
higher  pressure curves, however ,  the ut i l i ty  of the 
system in its described form is quest ionable since the 
system is inefficient, the Y ratio not approaching one 
at any t empera tu re  due to the large quant i ty  of HI 
present. This is seen by examinat ion  of Table  III which 
presents several  PI2* source values and the resul t ing 
pressures of GeIf, GeI4, and HI in the thermodynamic  
system. 

A comparison of Fig. 1 and 2 raised the interest ing 
possibility of developing low- t empera tu re  minima in 
usable seed site t empera tu re  intervals  by employing 
mixtures  of I-I2 and He as carr ier  gases. Thus, it is 

Table II. Selected data for the Ge-12-He System 

TGe source,  
~ P*I~ m m  pGeIe  m m  pGeI4 m m  

Table III. Source values and pressures 

TGe source,  
~ P*I e m m  pGeIe  m m  pGeI4  m m  p H I  m m  

350 35.24 3.308 16.34 
400 35.24 8.920 13.47 
450 35.24 18.29 8.665 
500 35.24 27.65 3.865 
550 35.24 32.67 1.284 

350 15.09 2.096 6.562 
400 15.09 5.382 4.901 
450 15.09 9.975 2.578 
500 15.09 13.30 0.895 
650 15.09 14.56 0.255 

350 2.154 0.698 0.729 
400 2.154 1.446 0.354 
450 2.154 1.954 0.099 
500 2.154 2.105 0.022 
550 2.154 2.136 0.005 

350 35.24 3.042 13.82 10.38 
400 35.24 7.686 9.998 16.02 
450 35.24 14.28 5.281 21.25 
500 35.24 19.39 1.901 24.21 
550 35.24 21.57 0.560 25.07 

350 15.09 1.775 4.704 8.001 
400 15.09 3.974 2.673 11.64 
450 15.09 6.117 0.970 14.10 
500 15.09 7.120 0.256 14.91 
550 15.09 7.448 0.067 14.99 

350 2.154 0.287 0.123 3.242 
400 2.154 0.365 0.021 3.512 
450 2.154 0.377 0.004 3.539 
500 2.154 0.389 0.001 3.525 
550 2.154 0.398 0.O00 3.507 
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Fig. 3. Efficiency curves for the system Ge-I2-H2-He at an 
iodine source bed pressure of 2.15 mm and varying H2/(H2 -I- He) 
fractions. 
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Fig. 4. Efficiency curves for the system Ge-12-H2-He at an 
iodine source bed pressure of 35.24 mm and varying H2/H2 ~ He 
fractions. 

observed that  the min ima in Fig. 2 for a par t icular  
iodine source t empera tu re  lie at h igher  tempera tures  
than the l ow- t empera tu re  plateaus of Fig. 1. It was 
reasoned that  if the H2 carr ier  is di luted wi th  He, the 
compet i t ive  action of H2 would decrease causing the 
min ima to shift  to lower  tempera tures  and to be-  
come more shallow in the process. This possibility oc- 
casioned the analysis of the fol lowing system. 

The System Ge-I2-H2-He 
Figures  3 and 4 show the variat ions of Ge/I2 ratio 

wi th  t empera tu re  for two families of curves, each 
family  being at constant PI2* and each curve  in a 
family  representa t ive  of a different H2-He mixture .  
Thus, the data for a given curve  depicts (Y)r .x  = f ( T ) .  
Present  in each family  are rei terat ions of the curves 
der ived f rom the analysis of systems I and II to pro-  
vide a complete picture. Figures  5 and 6 present  some 
of the data in a different fashion, namely,  wi th  constant 
Hu / (He  -t- H~) mole fractions, where  the values of Y 
are plot ted as a function of T, each curve  depicting a 
different iodine source tempera ture .  F igure  1 r ep re -  

~ .9 

~.8 

N 

PtX= 3524mn Ge -H2-I2-He 
F~O.I =15.04 

~ = 8 . 1 9  , 

I'o ~o 3~o .$o ~o 6~o Too 
T*C 

Fig. 5. Efficiency curves for the system Ge-12-H2-He at a 
H2/(H2 -~ He) fraction of 0.1 and varying iodine source bed pres- 
sures. 
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Fig. 6. Efficiency curves for the system Ge-12-H2-He at o H2/(H2 -~- He) fraction of 0.9 and varying iodine source bed pressures. 

sents the case of F ~ 0 and Fig. 2 the case for F ---- 1. 
As seen f rom Fig. 3 and 4 the per turbat ion  of the 

pure He curves increases wi th  increasing H2 / (He  ~- Ha) 
mole fract ion (increasing F) ,  the h igher  I2 source 
pressure curves being most efficient over -a l l  and pro-  
viding what  appear  to be the least  t empera tu re  sensi- 
t ive seed site regions, coupled with  high re la t ive  GeI2 
format ion efficiency. 

The System G e - H I - H  
The data for this system (Fig. 7) are presented in the 

form of G e / H I  ratios, a value  of 0.25 now coincident  
with pure GeI4 and 0.5 coincident wi th  pure  GeI2. The 
range of iodine pressures covered, 1.9 mm I~-361 mm I2, 
is la rger  than those t reated in the I2 systems prev i -  
ously discussed. It  is seen that  as found in system II, 
the efficiency of GeI2 format ion increases wi th  in-  
creasing iodine pressure. Fur thermore ,  at the h igh-  
est PHI* pressures the min ima  give way  to low t e m -  
pera ture  plateaus wi th  re la t ive  t empera tu re  insensi-  
t iv i ty  up to 400 ~ . 

The System G e - H I - H - H e  
The data for this system are  depicted in a manner  

similar  to those of system III. Thus, Fig. 8-14 present  
families of curves each family  at constant component  
HI mole fract ion k and Fig. 15 and 16 depict  two fam-  
ilies of curves at constant Ha mole  fract ion re la t ive  to 
H2-He mixtures.  F rom the first set of graphs it is seen 
that  as the PHI* values increase, the effect of va ry ing  
H2/(Ha -~- He) mole  fract ion diminishes, finally resul t -  
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Fig. 7. Efficiency curves for the system Ge-HI-H at varying 
hydrogen iodide s o u r c e  p r e s s u r e s ,  
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Fig. 8. Eff iciency curves f o r  t h e  system Ge-H I -H -He  a t  a n  HI 
s o u r c e  p r e s s u r e  of 3.8 mm a n d  v a r y i n g  H2/(H2 -~- He) f r a c t i o n s .  
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Fig. 9. Eff iciency curves f o r  t h e  system Ge-HI -H-He a t  a n  HI 
source pressure of 38.0 mm a n d  v a r y i n g  H2/(H2 -I- He) f r a c t i o n s .  
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Fig. 10. Eff iciency curves f o r  t h e  system Ge-HI -H-He a t  o n  HI 
source pressure of 76.0 mm a n d  v a r y i n g  H2/(H2 ~- He) f r a c t i o n s .  
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Fig. 11. Efficiency curves for the system Ge-HI -H-He at  an HI 
source pressure of 152.0 mm and varying H2/ (H2 -I- He) fractions. 
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Fig. 12. Efficiency curves for the system Ge-HI -H-He at an HI 
source pressure of 304.0 mm and varying H2/ (H2 + He) fractions. 
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Fig. 13. Efficiency curves for the system Ge-H I -H-He  at an HI 
source pressure of 608.0 mm and varying H2/(H2 -I- He) fractions. 

i ng  in  d a t a  a t  722 m m  PHI* i n  w h i c h  t h e  c u r v e s  fo r  
F ~ 0.1 a n d  0.9 a r e  i n d i s t i n g u i s h a b l e .  S i n c e  t h e  m i n i -  
m u m  c o m p o n e n t  p r e s s u r e  v a l u e  of  h y d r o g e n  pos s ib l e  in  
t h e s e  s y s t e m s  co inc ides  w i t h  t h e  p a r t i a l  p r e s s u r e  of 
c o m p o n e n t  iod ine ,  t h e  Y+ v a l u e s  a r e  a l w a y s  less  effi- 
c i e n t  t h a n  t h e  Y v a l u e s  of s y s t e m  I. A t  l o w  H 2 / ( H 2  -t- H e )  
m o l e  f r a c t i o n s  i t  is t h e  case  t h a t  o v e r  a p p r e c i a b l e  t e m -  
p e r a t u r e  r e g i o n s  t h e  h i g h  PHI* c u r v e s  a r e  m o r e  ef f ic ient  
t h a n  t h e  l o w e r  p r e s s u r e  ones.  H o w e v e r ,  t h e  s lopes  a n d  
t e m p e r a t u r e s  of  p l a t e a u  o r  m i n i m a  o c c u r r e n c e  a p p e a r  
m o r e  u s a b l e  in  t h e  l o w e r  p r e s s u r e  cases.  

I t  is to  b e  p o i n t e d  ou t  t h a t  t h e  f igures  i n c l u d e  d a t a  
fo r  F = 0. T h e s e  w e r e  o b t a i n e d  f r o m  a s e p a r a t e  p a r -  
t ia l  a n a l y s i s  of t h e  s y s t e m  G e - H I - H e ,  a r g u m e n t s  f o r  
w h i c h  a r e  n o t  p r e s e n t e d ,  b u t  w h o s e  f o r m a t  is s i m i l a r  
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to the related systems. A constraint  was employed 
sett ing the H / I  rat io ~ 1. 

The System Ga- I -He  
Figure  17 shows the results for this system. In 

essence the data are quite  s imilar  to those for the Ge 
analog, system I, and need not be discussed further .  

The System G a - H I - H  
The data for this system, Fig. 18, are completely  un-  

like those for the Ge analog, systems II and IV. First,  
the efficiency in format ion of the t ransport ing species 
GaI is greater  at lowest  PHI* pressures. Second, no 
minima develop. These results are not unexpected  in 
view of the large values for the Ga-I  equi l ibr ium con- 
stants which preclude any competi t ion for iodine by 

.6 

m ,I 

v 

G e - H T - H - H e  

PH'~= 722.0mm 

I I I I I I 
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Fig. 14. Efficiency curves for the system Ge-HI-H-He at an HI 
source pressure of 722.0 mm and varying H~/(H2 ~ He) fractions. 
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Fig. 15. Efficiency curves for the system Ge-HI-H-He at a H2/(H2 
-I- He) fraction of 0.1 and varying hydrogen iodide source pressures. 
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Fig. 16. Efficiency curves for the system Ge-H1-H-He at o H2/(H2 
-t- He) fraction of 0.9 and varying hydrogen iodide source pressures. 
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Fig. 17. Efficiency curves for the system Go-I-He at varying 
iodine source bed pressures. 
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Fig. 18. Efficiency curves for the system Ga-Hi-H at varying 
hydrogen iodide source pressures. 
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Fig. 19. Efficiency curves for the system Ga-HI-H-He at varying 
hydrogen iodide source pressures, and representing all H2/H2 -I- He 
fractions between 0.1 and 0.9. 

hydrogen. This system represents  a clear case where  
one react ion dominates all others, independent  of the 
signs of the AH~'s, and remains  essentially unper turbed  
in the presence of a react ive  car r ie r  gas. 

The System G a - H I - H - H e  
The data are presented in the form of a single family  

of curves at constant F + value, Fig. 19. Again, because 
of the domination of compet ing equi l ibr ia  by the pr i -  
mary  one, the effect of ine r t - reac t ive  carr ier  gas 
mixtures  is undetectable.  Thus, depending on P~I* 
alone, the (R +)x+,F+ values appear  to be determined,  
the system behaving as one of only three  components. 
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Fig. 20. Efficiency curves for the system Ge-Ga-I-He at varying 
iodine source bed pressures. 
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Fig. 2]. Yoriotlon of Ga/Ge vapor phase content in the system 
Ge-Ga-I-He at two different iodine source bed pressures. 

The System G e - G a - I - H e  
As discussed previously,  two approaches were  em-  

ployed. These led to sets of data essential ly indist in-  
guishable f rom one another  and as a consequence on]y 
one set of results, Fig. 20, is presented,  that  f rom the 
second approach. In Fig. 20 (R~ and logz0(Y~ 
values are plotted as a funct ion of T. It is to be noted 
that  whi le  the R o data  va ry  in the range 0-1, the Y~ 
data va ry  in the range 10-22-10 -4 . This implies that  
in the mixed  transport,  the quant i ty  of Ge moved from 
the source is many orders of magni tude  smaller  than 
the quant i ty  of Ga transported.  Also, whi le  the R o 
curves fol low the same general  contours as where  no 
Ge is present,  the yo curves exhibi t  no plateaus. I t  is 
also to be observed that  an efficiency cross-over  occurs 
in the yo data. F igure  21 shows a logio (R~176 plot 
vs. temperature .  It is seen that  s tar t ing at a source t em-  
pera ture  of 800 ~ , the vapor  is some 2-4 orders of mag-  
ni tude r icher  in Ga, but  that  this va lue  increases to 
be tween 5 and 6 orders of magni tude  at 400 ~ Thus, 
the remova l  of Ge f rom the vapor  at a potential  seed 
site appears fair ly efficient in a hot  to cold t ransport  
process. 

The System G e - G a - H I - H  
The data for this system, Fig. 22 and 23, are similar  

to those in the previous system not being per turbed  to 
any great  extent  by ei ther  of the approaches employed 
or the use of H2 as a carrier.  The noticeable effects are 
that  the h igh- t empera tu re  plateau for the R + curves 
develop at sl ightly lower  tempera tures  and the amount  
of Ge in the vapor  phase is somewhat  greater  in the 
present  system. 
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Fig. 22. Efficiency curves for the system Ge-Ga-HI-H at varying 
hydrogen iodide source pressures. 
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Fig. 23. VorlaHon of Ga/Ge vapor phase content in the system 
Ge-Ga-HI-H at three different hydrogen iodide source pressures. 

The System G e - G a - H I - H - H e  
The data for this system are equiva len t  to those of 

system X and need not be repeated.  
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Incorporation of Zinc inVapor Grown Gallium Arsenide 
V. J. Silvestri and F. Fang 

Thomas J. Watson Research Center, International Business Machines Corporation, Y o r k t o w n  Heights, New York  

ABSTRACT 

A ver t ica l  sealed tube configuration has been used to deposit  epi taxia l ly  Zn 
doped GaAs on Te doped substrates. The vapor  grown junct ions were  char-  
acterized through capacitance measurements .  Linear ly  graded, nonuniform,  
and abrupt  impur i ty  profiles were  observed. The nature  of these junct ions 
is shown to correlate  wi th  the zinc dopant concentrat ions present  in the vapor.  
The distr ibution of zinc be tween  the vapor  phase and solid GaAs were  deter -  
mined for the junct ion growth conditions, and this distr ibution was found to 
fol low Henry ' s  law for the range investigated.  The results of these invest iga-  
tions indicate that  autodoping phenomena  are  involved in producing the 
var ie ty  of junctions observed. 

The epi taxial  growth of GaAs using various t rans-  
port ing agents has become wel l  established among 
many  invest igators  (1-6). Li t t le  has been reported,  
however ,  on the nature  of incorporat ion of impuri t ies  
dur ing the growth  process. The recent  interest  in the 
e lectroluminescence of GaAs p-n  junct ions has created 
a renewed  interest  in these doping aspects dur ing the 
growth process, par t icular ly  in connection with  junc-  
tion fabrication. 

In this invest igat ion the incorporat ion of zinc in 
vapor  grown GaAs has been examined through var ia -  
tion of vapor  dopant concentrations, and the effects 
which these variat ions produced in junct ions are  dis- 
cussed. In addition, the zinc in solid (Zns)-zinc in 
vapor  (Znv) distr ibut ion was de te rmined  f rom Hall  
measurements  of grown layers doped to various con- 
centrations. 

1 P r o v i d e d  b y  S .  E .  B l u m  o f  t h i s  l a b o r a t o r y .  
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Fig. 1. Vertical tube configuration employed for depositing 
gallium arsenide. 

Experimental 
Figure  1 shows the ver t ica l  closed tube configura- 

tion which was employed for the depositions. Tem-  
peratures  in the source and seed regions were  inde-  
pendent ly  controlled at 800 ~ and 630~ respect ively.  
Iodine was introduced at a concentrat ion of 2 m g / c m  3 
to effect t ransport  via the GaAs-I  react ion (7). In a 
first series of exper iments  carr ied out to obtain p -n  
junctions the substrates used were  f rom pulled crys-  
tals which were  doped with  Te to carr ier  concentra-  
tions of 5 x 1017/cc. 1 These substrates were  or iented 
in the <111> direction, and the depositions were  on 
the gal l ium side. 

Zinc was incorporated in the deposits p r imar i ly  
through the introduct ion of ZnAs2, but  the effects of us- 
ing Zn doped source mater ia l  were  also evaluated.  
When using ZnAs2 as a dopant, the source consisted of 
vapor  grown GaAs which had been synthesized at 
750~ f rom high pur i ty  Ga and As using the iodine 
reaction. In depositing the junctions, the amounts  of 
dopant added were  var ied  such as to supply different 
ZnI2 overpressures.  F rom thermodynamic  considera-  
tions (8) ZnI2 is more  stable than the gal l ium iodides, 
and in separate exper iments  it was shown that  the 
react ion be tween  ZnAs2 and iodine goes v i r tua l ly  to 
complet ion to form ZnI2. The amounts  of dopant were  
chosen such that  at the t ransport  tempera tures  no con- 
densed phase of ZnI2 was present.  Even  at the highest 
zinc concentrat ion used, the format ion of ZnI2 did not 
significantly deplete the iodine hence there  was always 
sufficient iodine avai lable for  the t ransport  of GaAs. 

In this first series the epi taxial  layers  were  used for 
junction evaluat ion and were  grown to thicknesses of 
f rom 1-4 mils. Most depositions were  completed wi th in  
5 hr  and f rom these s t ructures  diodes were  fabricated. 
Ini t ia l ly  through electr ical  probing it was de te rmined  
that  the junctions were  located wi th in  the grown 
region in some instances being closer to the physical  
interface than others. Through subsequent  etching it 
was found that  the junct ion locations var ied depending 
on the exper imenta l  conditions employed. The etching 
solution used to indicate junct ion positions re la t ive  to 
the physical  interface consisted of 10 H20 : 1 HF, 1, 
30% H202. Figure  2 is a photograph of a stained cross 
section taken through a physical  interface and junction 
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Table 1. Representative data for junctions grown under 
various Znl2 concentrations 

W i d t h  o f  
s p a c e  c h a r g e  

Z n I 2  r e g i o n  o v e r  
c o n c e n t r a t i o n  I m p u r i t y  w h i c h  g r a d i e n t  

i n  v a p o r  Pz~I~ g r a d i e n t  i s  f o u n d  G r a d a t i o n  
( m o l e s / c c )  ( T o r t )  c l a s s i f i c a t i o n  ( r am)  ( a t o m s / c m  4) 

7.8 X 10 -1o 0.043 Nonuni form 5.8 x 10~ 
5.2 • Z0 -9 0.29 Linear ly  graded 3.2 • i 0  -~ 
4.2 • 10- 8 2 .34 L i n e a r l y  g r a d e d  1.3 X IO-~ 
4.2 • 10-v 23.7 A b r u p t  2 .9  • 10 -s 
4.2 x i0  -6 236.0 Abrup t  1.8 x I0-5 

Us ing  a Zn  doped GaAs source (2 x 1017 atoms/cc) 

2.7 • 10 ea 
3.3 x 1 ~  

Fig. 2. Microphotograph of a stained cross section through the 
physical interface and vapor grown electrical junction. 

which was lapped on a 3 ~ angle block prior to etching. 
In addit ion to staining, the junctions also were  elec- 
t r ical ly probed to de termine  conduct ivi ty  type and 
gave results consistent with the etching delineations. 

A second series of depositions was also conducted in 
which ZnI2 vapor  content  was var ied  over  a range 
similar  to that  of series one under  which the junctions 
were  grown. The purpose of this second study was to 
de te rmine  the distr ibution of Zn between the vapor  
phase and solid GaAs. These layers were  deposited on 
<111> high pur i ty  substrates to thicknesses of f rom 
12-22 mils. F rom these more  thickly grown regions 
Hall  samples were  sectioned and electr ical ly  char-  
acterized. 

The diodes fabricated f rom series one were  char-  
acterized through capacitance measurements .  It  is wel l  
known that  the differential  capacitance of a junct ion 
is a resul t  of the electr ical  dipole double layer  of the 
space charge region. In particular,  it is a measure  of 
the fixed charge densi ty near  the edge of the space 
charge region. These fixed charges are ionized impur i ty  
centers of the semiconductor.  It can be readi ly  shown 
(9) that  for an abrupt  junct ion wi th  a uni form im-  
pur i ty  concentra t ion Na and Nd in both p and n type 
materials,  the differential  capacitance per uni t  area  is 
given by 

[ KqN ]1/2 

C ~--- 8n(VD -~ VA) [1] 

where  K is the absolute dielectric constant, q the elec-  
tronic charge, VD the diffusion potent ial  of the junc-  
tion, VA the applied voltage and 1/N ~ 1/Na-'}-1/Nd. 

For an unsymmetr ica l  junction, i.e., 1Va and Nd differ 
appreciably,  N approaches the smaller  of the two. Most 
of the exper imenta l  junctions repor ted  here  are highly 
unsymmetr ical .  The substrates are heavi ly  doped. Thus, 
the N's de termined  f rom the vol tage dependence of 
the junct ion  capacitance are in general  indicat ive of 
the l ight ly doped vapor  grown side. It  can be shown 
quite genera l ly  that  for  this type of unsymmetr ica l  
junct ion if N is a funct ion of the distance xi f rom the 
junction, then 

8~ dVA 
N(xI) : [2] Kq d(1/C 2) 

where  xx is given by 
K 

xi  = - -  [3] 
4n C 

analogous to the para l le l  plate capacitors. 
Final ly,  if the composite impur i ty  profiIe is a l inear  

funct ion of the distance f rom the junction,  i.e., 
INa--Nd[ = ax where  a is the impur i ty  gradient,  the 
junct ion capacitance becomes 

[ Kfqa ]z/3 
C = 192 ~2(VD W VA) [4] 

4.2 • 10-1o* 0.023 N o n u n i f o r m  5.5 x 10 -~ 

* T h i s  v a l u e  represents a n  u p p e r  l i m i t  f o r  Z n  v a p o r  c o n t e n t .  

In what  follows, the grown junct ions are conven-  
ient ly  classified into three  categories, namely,  abrupt,  
l inear ly  graded, and nonuniform. The abrupt  junctions 
are those whose capacitances have  bias dependence as 
shown in Eq. [I].  The impur i ty  concentrat ion in these 
junctions is un i form beyond the zero bias space charge 
width. The l inear ly  graded junctions have  vol tage de- 
pendent  capacitance shown in Eq. [4]. The "nonuni-  
form" junct ions are those whose impur i ty  profiles 
found by [2] are nonl inear  functions of x. In the vapor  
grown nonuni form junctions repor ted  here, they were  
usual ly  found to be ei ther  superl inear,  i.e., [Na-- Ndl oc 
X n where  n > I or exponential ,  where  [Na --Ndl 
exp. x. 

Results 
In Table I representa t ive  results for these measure-  

ments  of series one are shown. All  three types of junc-  
tions have  been produced depending on the growth 
conditions. The data indicate that  the space charge 
region over  which the impur i ty  distr ibution occurs 
narrows, and that  there  is a corresponding steepening 
of the impur i ty  gradient  wi th  increasing Zn vapor  
content. 

At  the low ZnI~ concentrat ion (7.8 x 10 -1~ moles /cc) ,  
exper imenta l ly  produced by ei ther  the addition of 
small  quanti t ies of ZnAs2 or the use of Zn doped source, 
"nonuniform" impur i ty  gradients occurred. In addi-  
tion, at these low concentrat ions the format ion of a 
second junct ion was sometimes found to occur if  the 
layer  was al lowed to grow sufficiently thick. 

Exper imenta l ly ,  wi th  increase of vapor  phase dopant 
concentrations, the electr ical  junctions were  found to 
occur closer to the physical  interface. At  the very  
highest  ZnI2 concentrat ion (4.2 x 10 -6 mole /cc)  the 
grown junctions were  found to be abrupt.  In such 
cases staining confirmed that  the physical interface and 
junct ion were  not  observably separated. 

The data obtained f rom series two are given in Fig. 3. 
Since informat ion concerning carr ier  concentrat ion 
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Fig. 3. Distribution of zinc between the vapor phase and solid 
gallium arsenide as determined from Hall and capacitance measure- 
ments; temperature, 630=C; �9 Hall samples; /% capacitance data. 
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Fig. 4. Plot of resistivity as a function of carrier concentration 
for zinc in vapor grown gallium arsenide. 

was also der ivable  f rom some of the capacitance meas-  
urements  these values have  been included and show 
good agreement.  The dis t r ibut ion of Zn exper imenta l ly  
observed be tween  vapor  and solid may be represented 
by the equat ion 

log Cv = log Cs - -  1.16 

where  Cv, the concentrat ion in the vapor,  is propor-  
t ional to Cs, the concentrat ion in the solid (Henry 's  
law) .  In Fig. 4 the var ia t ion of resist ivi ty wi th  net  
carr ier  concentrat ion for the deposited Hall  samples is 
also shown. 

Discussion 

From the mater ia l  control aspects these var ie ty  of 
junct ion characterist ics are of some interest.  The junc-  
tions were  found to change consistently f rom nonuni-  
form through l inear ly  graded to abrupt  profiles in the 
order  of increasing ZnI2 overpressures.  Staining ex-  
per iments  in both the l inear ly  graded and nonuniform 
junctions confirmed that  they were  always found in 
the grown region at some distance f rom the physical 
interface. In addition it was noted that  the degree of 
displacement  of these electr ical  junctions diminished 
with  increasing zinc overpressures.  These exper imenta l  
observations indicated that  process effects were  in-  
volved.  

Autodoping phenomena in vapor  grown Ge have  
been repor ted  previously (10). These process effects 
in junct ion growth have also been examined  in Si. The 
effect of vapor  contaminat ion as introduced by the 
substrate and system were  described in producing a 
" junct ion lag" effect (11-13). The basic observat ion 
made in both investigations was that  the impuri t ies  
present  in the substrate contaminate  the vapor  and 
are then redis t r ibuted in the growing layer  at a con- 
s tant ly decreasing concentrat ion as growth continues. 
It  appears that  a similar  model  can be used to de-  
scribe the junct ion displacements repor ted  here. It 
might  in fact be expected that  autodoping effects would 
be even more  pronounced in a sealed system. 

It  is be l ieved that  the vapor  etching which occurs 
ini t ial ly f rom the reaction of GaAs with  iodine faci l i -  
tates the introduct ion of seed impuri t ies  to the vapor. 

If one now considers a model  such as described by 
Kahng, Thomas, and Manz for the autodoping process 
in silicon (11-13) which involves,  namely,  repet i t ive  
etching, mixing,  and growth steps, one can see that  the 
Te introduced f rom the init ial  substrate etching under -  
goes dilution such that  the Te content  (ND) approaches 
zero as the layer  grows. The Zn concentrat ion (NA), 
however ,  s imultaneously is approaching a value  de te r -  
mined by the par t icular  zinc overpressure  used. Under  
such conditions a compensat ing process would ensue 
and the electr ical  junct ion would occur wi th in  the 
grown region at some distance from the physical in ter -  
face. Such a descript ive model  fits the exper imenta l  
data. In Fig. 5a and b the impur i ty  profiles for two 
l inear ly  graded junctions grown under  dissimilar ZnI2 

ZnI2 VAR~ CONCE NTRATK~f~ 52x105 ~les/r162 

N x ~'N0~e0M "AU" 0ATA) ! 

vo ~ ~ . ~ /  Ms 

4-  

Z n] 2 VAFCR C(~NCENTRATION-4~xlO8 rnc~s/cc 
N~ND(FROM HALL DATA) 

~N~ zz  

//N/A,,r \ \ \~x 

NA-N o (FROM CAI~CITANCE 
I,~SUR~MENTS) 

C(~TANCs FROM PHY~CAL INT~FACs (IO4~) C4STANCE ~ F~CAL INTERFACE {1(34cm ) 

Fig. 5(a, left; b, right). Impurity profiles for two linearly graded 
junctions grown under dissimilar Znl2 overpressures. Solid lines 
indicate experimentally determined impurity concentrations. Broken 
lines indicate hypothetical profiles for substrate impurity (ND) and 
vapor dopant (NA) in the grown layers. 

overpressures are shown. Through the junct ion posi- 
tions xj (3) and xj (4) (de termined through staining and 
electr ical  probing) the impur i ty  profiles have  been 
plotted. Extrapolat ions  of this capacitance data have 
been made both to the physical  interface and to the 
expected final Zn doping level  for the conditions of 
growth as obtained f rom the distr ibution data (Fig. 3). 

Diffusion effects were  considered; however ,  calcu- 
lations based on repor ted  diffusion constants (14) in-  
dicated that  for the exper imenta l  conditions used such 
effects could not contr ibute  significantly to junct ion 
positioning. Under  different g rowth  conditions diffu- 
sion effects could become important .  However ,  the 
junct ion displacements repor ted  here  appear to result  
pr imar i ly  from an autodoping effect. 

At ve ry  low Zn concentrations, one has the special 
case in which the deplet ion of Zn f rom the vapor  
phase is significant and in combinat ion with  the auto-  
doping effects is impor tant  in shaping the impur i ty  
profiles. In Fig. 6 a descript ive representat ion of this 
deplet ion effect is shown. The first junction, x j (1) ,  
orginates f rom the autodoping effects described above. 
In cases in which a significant background donor level  
was present  in the source mater ia l  a second junct ion 
could also be formed. This second junction, xj(2)  re-  
sulted f rom the Zn vapor  deplet ion which produced an 
impur i ty  profile for NA of the type shown. An example  
of this n - p - n  s t ructure  is shown in Fig. 7. 

In using Zn doped source mater ia l  s imilar  depletion 
effects were  observed since the Zn vapor  content  was 

t~ N e (TOTAL) 

L 
1 t \ SO.STRAT , t \ ,  

X j ( I )  X I (2 )  

DISTANCE FROM INTERFACE 

Fig. 6. General type of impurity distribution found when using 
low Znl2 overpressures combined with o source GaAs containing a 
background donor level. 
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Fig. 7. Microphotograph of a cleaved cross section showing a 
double junction formation. 

always in  the low concentrat ion range. The specific 
impur i ty  profiles in such cases however, depend on 
factors such as the Zn diffusion rate from the source, 
the rate of source etching, and the depositing layer 
depletion rate. General ly,  it was found that  the im-  
pur i ty  profiles for junct ions grown using Zn doped 
source mater ia l  were not readily reproduced. 

With increasing vapor dopant, the per cent pe r tu r -  
bat ion of Zn vapor content  due to incorporation is 
insignificant, and no depletion effects are observed. 
The impur i ty  profile is then pr imar i ly  the result  of re-  
distr ibution of substrate impuri ty.  

Similar  autodoping effects have been observed in de- 
positing Cd doped layers on Te doped substrates and 
Zn doped layers on Si doped substrates. 

Summary 
In  the formation of ]unctions in sealed tubes through 

deposition of GaAs by vapor t ransport  autodoping 
phenomena were found to influence both ]unction lo- 
cation and impur i ty  distributions. The junct ion  var ia-  
tions in the system employed appear to result  from 
(i) the t ime required for the arr ival  of ZnI~ to the 
vapor, (it) the dis tr ibut ion which is established be-  
tween ( Z n s ) - ( Z n v ) ,  and (iii) the reincorporat ion of 
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the vapor contaminant  ini t ia l ly  introduced through 
seed etching. 
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The Determination of the Density of Ta, Nb, 
and Anodically Formed and 

A. J. Schrijner and A. Middelhoek 

N. V. Philips Gloeilampenfabrieken, Zwolle, The Netherlands 

ABSTRACT 

By refining a method used by Young we have determined the density of 
Ta, Nb, Ta205, and Nb205. It  has been found that  the forming electrolyte has 
some influence on the density of the Ta205 formed by anodizing. This can be 
interpreted by assuming that some electrolyte has been buil t  in. 

In investigations of the anodic oxidation of metals 
the density of the oxide film plays an impor tant  role, 
e.g., it can be used to determine the thickness of the 
oxide layer. 

In an  article by Young (1) a method is given to 
determine the densi ty of anodically formed Ta205 
wi thout  separat ing the oxide layer  from the base 
metal. The method consists of weighing a piece of Ta 
foil in air and under  water  before and after forming 
of the oxide layer. 

A disadvantage of Young's method is that a small  
surface area (~100 cm 2 foil) is used which results in a 
low accuracy. This article describes a var iat ion on this 

method which gives a greater accuracy as a sintered 
slug with a larger surface area is employed. 

Experimental Procedure 
The Ta and Nb anodes listed in Table I were used. 

The surface area of such a Ta anode is about  400 cm 2 
and of the Nb anode about 450 cm 2. To enlarge the sur-  
face area five anodes were welded to a common Ta 
wire. This assembly is called a group. The following 
groups were used: 4 groups of Ta anodes (I, II, III, IV),  
4 groups of Nb anodes (V, VI, VII, VIII) ,  and combi-  
nations of groups I + I I ,  I I I + I V ,  V+VI ,  and VI I+VI I I .  
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Table I. Ta and Nb anodes used Table II. Forming conditions 

Ta N b  Ta anodes N b  anodes 

V+VI+ 
N u m b e r s  of  t h e  g r o u p s  I + I I  I I I +  I V  V I I  + V I I I  

P o w d e r  w e i g h t ,  g 3.00 2.00 
D i a m e t e r  ( p r e s s e d ) ,  m m  6.6 6.6 
L e n g t h  ( p r e s s e d ) ,  m m  10.2 13.0 
G r e e n  d e n s i t y ,  g / m l  8.7 4.6 
W i r e  d i a m e t e r ,  m m  0.8 0.8 
S i n t e r i n g  c o n d i t i o n s  1 h r  2000~ 30 r a i n  1700~ 

The determinat ions  ment ioned below were  made  by 
means of a Mett ler  B6 balance with  a reproducibi l i ty  
of 0.03 rag. The groups were  degreased and then dried 
to a constant weight.  Af te r  the determinat ion  of the 
"dry"  weight  the groups were  impregnated  in wa te r  
to a constant weight .The "wet"  weight  determinat ions  
were  made by suspending the groups to the balance 
by means of a thin nylon wire, so that  the groups did 
not at all emerge  f rom the water.  Af te r  impregnat ion  
all  the groups remained  under  water .  

To de termine  the density of the wa te r  dur ing the 
wet  weighings it  is necessary to measure  the t e m -  
pera ture  of the water .  

F o r m i n g  P r o c e d u r e  

In the case of Ta, two different electrolytes were  
used, viz . ,  a ve ry  dilute type (0.01% HNO3) and a con- 
centra ted type (50% H2SO4).1 The purpose was to de-  
tect whe the r  the density of the Ta205 films depends on 
the type of electrolyte.  

In the l i t e ra ture  no value  has been published for the 
densi ty of anodically formed Nb205; it is the purpose 
of this paper  to de termine  this value. 

The groups were  formed with  a constant current  to 
100v resp. 150v, thereupon they were  formed at a con-  
stant vol tage to a final current  of 8 m a / g r o u p  resp. 
15 ma/group .  

After  forming the anodes were  rinsed for 15 hr  in de-  
ionized wate r  and dried to a constant weight.  Here -  
af ter  the dry and wet  weighing  process was repeated.  

L i s t  o] S y m b o l s  

A "Dry"  weight  of a Ta or Nb group. 
B "Wet"  weight  of a Ta or Nb group. 
a "Dry"  weight  of a (Ta + Ta205) c.q. 

(Nb + Nb2Os) group. 
b "Wet"  weight  of a (Ta + Ta205) c.q. 

(Nb + Nb205) group. 
pWa density of Ta. 
PNb density of Nb. 
pw density of water .  
MTa205 molecular  weight  of Ta2Os. 
MNb205 molecular  weight  of Nb2Os. 
Mo atomic weight  of oxygen. 
M T a  atomic weight  of Ta. 
M N b  atomic weight  of Nb. 

The density of Ta or Nb can be calculated by 
means of the fo rmula  

Apw 
pTa Nb 

A - - B  

The fo rmula  for the calculation of pWa205 c.q. pNb205 ]S 
somewhat  more  complicated. It  can be der ived in the 
fol lowing way  

weigh t  Ta205 
pTa205 

vo lume  Ta205 

The weight  of Ta205 can be found f rom the difference 
in dry weight  of a group before and after  forming:  

1 W e i g h t  p e r  cen t .  

F o r m i n g  e l e c t r o l y t e  and H N O s  HeSO4 I-~PO~ 
c o n c e n t r a t i o n  0.01% 50% 0.1% 

F o r m i n g  c u r r e n t  p e r  35 m a  35 m a  100 m a  
g r o u p  t e m p e r a t u r e  of  17~176 17~176  17~-20~ 
t h e  f o r m i n g  b a t h  

F o r m e d  w i t h  c o n s t a n t  
c u r r e n t  to  100v 100v 150v 

F o r m e d  to  f ina l  c u r r e n t  8 m a / g r o u p  8 m a / g r o n p  15 m a / g r o u p  

a - - A .  This difference equals the weight  of the oxygen  
in the oxide film. Assuming that  the oxide is TaaO5 we 
find for the weight  of the Ta205 

M T a 2 0 5  
- -  ( a - -  A)  

5Mo 

The vo lume of the Ta205 is equal  to the vo lume of 
(Ta + Ta2Os) minus the ini t ial  vo lume of Ta, and plus 
the vo lume of Ta which has been t ransformed in Ta2Os. 
So we find 

a - -  b A - -  B ( a - -  A )  2MTa/5Mo 
Volume Ta205 f 

pw pw A / A  - -  B pw 

Hence, the density of Ta20~ is 

M T a 2 0 5  
- -  ( a -  A) 

5Mo 
pTa205 

a - - b  A--B ( a - - A )  ( A - - B ) 2 M T a  

pw pw A pw 5Mo 

To calculate pNb205 the same formula  is used, except  
that  MTa205 is replaced by MNb2O5 and MTa by MNb. 

C o r r e c t i o n s  

The wet  weight  B and b have  to be corrected for  the 
weight  of the nylon wire. The dry weight  of the nylon 
wire  was subtracted f rom all wet  weights,  which in 
turn necessitates a correction x for that  port ion of the 
wire  which was immersed  in the water .  

The correction x consists of two parts p and q. The 
correction for the buoyancy of the part  of the nylon 
wire  which is immersed  in the wa te r  is called p. In 
the exper iment  this par t  is kept  as small  as possible. 
The physical  in terpre ta t ion of q is more  complicated;  
it is connected with  the creeping up of the electrolyte  
on the nylon wire. Therefore  

B : B I +  ( P + q )  

where  B1 is the wet  weight  of a group and the dry 
weight  of the nylon wire. 

B I = B 1 1 +  ( P +  q) 

B n ~ B l I I +  ( P + q )  

and 
BI+n  = Bli+II + (P + q) 

in which I and II denote the group number.  Thus 

B I + B  n - B I + n = B 1 1  + B 1 1 1 - B l I + n +  ( P + q )  

Now it is clear that  

B I q_ BII -- B I + II = 0 

Further, we define x as follows 

x = B11 -~ B111- B11+II 
Therefore: 

O=x+ ( p + q )  

x = - -  (p-~-q)  
SO: 

Fig. 1. Assembly of anodes B = B I  - -  x 
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Table Ill. Density of To, Nb, Ta205, and Nb205 

D e n s i t y  D e n s i t y  D e n s i t y  D e n s i t y  
G r o u p  Ta TafO5 G r o u p  N b  NbfO~ 

I 16.596 8.034 V 8.576 4.750 
I I  16.594 8.049 VI  8.577 4.743 

I + I I  16.596 8.034 V + VI 8.576 4.752 
I I I  16.599 7.853 VII  8.578 4.734 
IV 16.600 7.892 VI I I  8.578 4.735 

I I I  + IV 16.600 7.861 VII  + V I I I  8.577 4.734 

:Mean 16.598 8.039* M e a n  8.577 4.741 
7.869t 

* D e n s i t y  of  TafO5 f o r m e d  in  0.01% HNO~. 
D e n s i t y  of TafO5 f o r m e d  in  50% tIeSO~. 

Table IV. Standard deviations and standard deviations of the 
mean calculated from the results 

D e n s i t y  D e n s i t y  Ta=O5 D e n s i t y  TaeO~ D e n s i t y  
Ta  0.01% HNOs 50% H~SO~ D e n s i t y  N b  Nb20~ 

S 0.003 0.009 0.021 0.001 0.008 
Sm 0.001 0.005 0.012 0.0005 0.003 

As it appeared f rom the exper iment  that  x is positive, 
q has to be negat ive  and - - q  > p. 

Results 

The results of the exper iment  are collected in Table 
III. It  appears that  the density of Ta205 formed in 
0.01% HNO3, differs appreciably f rom the density of 
Ta205 formed in 50% H2SO4. The densities of Ta and 
Nb metal ,  de te rmined  in this manner ,  are in good 
agreement  wi th  those found in l i terature.  

The calculated s tandard deviations (S) of these 
series and the s tandard  deviat ion of the mean (Sin) are 
repor ted  in Table IV. The standard deviations of the 
density of the metals  are lower  than those of the oxides. 
This is so because the weight  of the oxide is found as a 
small  difference of two large weights.  To increase the 
accuracy it is necessary to take a large  surface area 
wi th  respect  to the meta l  volume.  The s tandard de-  
viations are in good agreement  wi th  the standard de- 
viations which can be calculated f rom the weighing 
results. 

Conclusions 
1. For  the densi ty of Ta we find 16.598 _ 0.001 g / m l  

which is in good agreement  wi th  l i te ra ture  data men-  
t ioned below. So we may  say that  the porous anodes 
are total ly  impregna ted  in the case of the wet  weigh-  
ings. 

2. It  appears that  the density of anodically formed 
TarO5 depends on the forming electrolyte.  For  dilute 
electrolytes we find: 
Ta formed in 0.01% HNO3 : pWa205 : 8.039 _ 0.005 g / m l  

Ta formed in 0.1% H3PO4 : pTafO5 = 8.03 • 0.04 g / m l  
Ta formed in 1% H3SO4 : pWafO5 = 8.01 • 3% g / m l 2  
For  Ta formed in a concentrated electrolyte  (50% 

H2SO4) we  find 

pTa205 ~ 7.87 • 0.01 g / m l  

This shows that  in concentrated H2SO4 the density is 
much lower  than in di lute solutions which can be in ter -  
preted by assuming that  some electrolyte  has been 
"buil t  in" when forming takes place in concentrated 
sulfuric acid. Addit ional  evidence can be found in an 
art icle by Vermi lyea  (9) which states tha t  in concen-  
t ra ted H2SO4 the apparent  Faraday  efficiency is much 
higher  than 100%. 

:Measured b y  Young .  

1169 

3. For  the density of Nb205 we find 4.741 __ 0.003 
g /ml .  This is much  higher  than the l i t e ra ture  va lue  
ment ioned below for amorphous Nb205 which has been 
prepared  by hydrolysis  of NbC15 in wate r  and drying 
at 100~ 

Literature Data 
A wide range of values for the density of Ta205 and 

Nb~O5 is found in l i terature.  
1. In Gmel in -Krau t ' s  Handbook (2) a broad spec- 

t rum of values is repor ted  for the density of chemical ly  
prepared Ta2Os. The values  given vary  f rom 7.028 to 
8.257 and concern amorphous, glassy, and crystal l ine 
oxides. 

2. The "Handbook of Chemis t ry  and Physics" (3) 
gives: pTa = 16.6 g /ml ;  pWa205 = 8.735 g / m l  ( rhombic) .  
Waber  et al. (4) and Vermi lyea  (5) both used this 
va lue  for the density of Ta205 in their  studies on the r -  
mal  and anodic oxide films. The source of this number  
is unknown bu t  we found it in the In ternat ional  Cri t i -  
cal Tables (6) f rom 1926 wi thout  fu r the r  reference.  

3. Gfintherschulze (7) : pTa205 = 8.27 g/ml .  
4. Reisman et al. (8) : pWa205(~) = 8.18 g /ml ;  

pTa205 ( a )  -~- 8.37 g/ml .  
5. Young (1): pTa205 = 7.95; 7.82; 8.25; 8.01 g /ml ;  or 

averaged pTa205 ~ 8.01 g/ml .  Young himself  neglected 
the value  8.25 g/ml ,  hence his average  is 7.93 __ 3% 
g/ml .  He formed the Ta205 layer  in approximate ly  1% 
H2SO4. This was the first t ime the density of anodically 
formed Ta205 was measured  directly. 

6. In an ear l ier  exper iment  we found for Ta205 
formed in O.1% HsPO4:pTa205 : 8.03 -~ 0.04 g / m l  (es- 
t imated er ror ) .  

7. Hol tzberg et al. (10) give for Nb2Os: amorphous 
oxide, pNbfO5 ---- 4.36 g /ml ;  crystal l ine oxide (7), pNb205 
: 5.17 g /ml ;  crystal l ine oxide (~), pNb205 ~ 4.55 g /ml .  

8. The "Handbook of Chemis t ry  and Physics" (3): 
PNb : 8.55 g /ml ,  pND205 = 4.47 g / m l  ( rhombic) .  

9. Kirk  Othmer  (11) : PNb ~ 8.57 g/ml .  
10. Gulbransen and Andrew (12): PNbfO5 = 4.95 

g/m1 (crystal l ine) .  
The above data for pNb205 are commonly used for the 

density of the anodic oxide films. 
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A B S T R A C T  

T h e  v a p o r  p r e s s u r e  of g a l l i u m  w a s  m e a s u r e d  b y  t h e  t o r s i o n  e f fus ion  
m e t h o d  b e t w e e n  1174 ~ a n d  1603~ T h e  p r e s s u r e ,  in  a t m o s p h e r e s ,  is g i v e n  b y  
t h e  e x p r e s s i o n :  log  P z 5 .5458- -  (13 743 /T)  i n  t h a t  t e m p e r a t u r e  r a n g e .  T h e  
h e a t  of s u b l i m a t i o n  of g a l l i u m  is c a l c u l a t e d  b y  t h e  t h i r d - l a w  m e t h o d  to  b e  65.4 
kcal .  A s e c o n d - l a w  d e t e r m i n a t i o n  is in  r e a s o n a b l e  a g r e e m e n t .  

H a r t e c k  (1) in  1928 a n d  S p e i s e r  a n d  J o h n s t o n  (2) 
in  1952 m e a s u r e d  t h e  v a p o r  p r e s s u r e  of g a l l i u m  b y  t h e  
K n u d s e n  e f fus ion  m e t h o d  w i t h  q u a r t z  e f fus ion  cells.  
H o w e v e r ,  m o r e  r e c e n t l y  a m a s s  s p e c t r o m e t r i c  s t u d y  
(3) s h o w e d  t h a t  g a l l i u m  r e a c t e d  w i t h  qua r t z ,  g i v i n g  a 
c o n s i d e r a b l e  c o n c e n t r a t i o n  of G a 2 0 ( g )  a b o v e  865~ 
Th i s  e v i d e n c e  s u g g e s t e d  t h a t  t h e  r e p o r t e d  g a l l i u m  
v a p o r  p r e s s u r e s  m i g h t  b e  too h igh .  To c l a r i f y  t h e  s i t u a -  
t ion,  C o c h r a n  a n d  F o s t e r  (4) i n v e s t i g a t e d  t h e  a p p a r e n t  
v a p o r  p r e s s u r e s  of g a l l i u m  in  a l u m i n a  K n u d s e n  ce l l s  
w i t h  a n d  w i t h o u t  a d d e d  s i l ica  or  m a g n e s i a .  A p p a r e n t  
p r e s s u r e s  o b t a i n e d  w i t h  s i l ica  a d d e d  a g r e e d  w e l l  w i t h  
t h e  p r e s s u r e s  of S p e i s e r  a n d  J o h n s t o n ,  b u t  p r e s s u r e s  
m e a s u r e d  w h e n  o n l y  g a l l i u m  w a s  p r e s e n t  w e r e  f o u r -  
to  f ive fo ld  l ower .  C o c h r a n  a n d  F o s t e r  c o n c l u d e d  t h a t  
t h e  p r e v i o u s  s t ud i e s  in  q u a r t z  cel ls  w e r e  in  e r r o r  b e -  
c a u s e  t h e  r e a c t i o n  2Ga(1 )  + S i O f ( c )  ~- S i O ( g )  + 
G a 2 0 ( g )  y i e l d e d  h i g h e r  w e i g h t  losses  t h a n  d id  t h e  
d i r e c t  v a p o r i z a t i o n  of  ga l l i um.  

A t  t h e  t i m e  t h a t  t h e  p a p e r  of C o c h r a n  a n d  F o s t e r  
a p p e a r e d ,  w e  w e r e  e n g a g e d  in  a r e d e t e r m i n a t i o n  of t h e  
v a p o r  p r e s s u r e  of g a l l i u m  b y  t h e  t o r s i o n  e f fus ion  
m e t h o d  (5-8)  w i t h  use  of a g r a p h i t e  cell.  A m a s s  s p e c -  
t r o m e t e r  s t u d y  b y  D r o w a r t  a n d  H o n i g  (9) h a d  d e m o n -  
s t r a t e d  t h a t  a t o m i c  g a l l i u m  is t h e  o n l y  m a j o r  v a p o r  
spec ies  w h e n  g a l l i u m  is h e a t e d  in  g r a p h i t e .  N o n e t h e -  
less,  t he  p r e s s u r e s  m e a s u r e d  in  o u r  r e s e a r c h  a r e  in  
good  a g r e e m e n t  w i t h  t h e  a v e r a g e  of t h e  d a t a  of 
H a r t e c k  a n d  of S p e i s e r  a n d  J o h n s t o n  a n d  t h u s  a r e  f o u r  

2 - r  

Tanta 
elern 

Rodl( 
shiel, 

Fig. 1. Schematic diagram of torsion apparatus 

to five t i m e s  t h e  p r e s s u r e s  r e p o r t e d  b y  C o c h r a n  a n d  
Fos t e r .  

Experimental 
F i g u r e  1 s h o w s  a s c h e m a t i c  d i a g r a m  of  t h e  t o r s i o n  

e f fus ion  a p p a r a t u s .  T h e  v a c u u m  c h a m b e r  is a c y l i n d e r  
a b o u t  35 c m  in  d i a m e t e r  a n d  a b o u t  46 cm long.  I n  t h e  
c e n t e r  a 7.8 cm d i a m e t e r  c y l i n d e r  of 0.5 m m  t a n t a l u m  
s h e e t  f o r m s  t he  h e a t i n g  e l e m e n t .  S e v e r a l  l a y e r s  of 
t a n t a l u m  r a d i a t i o n  sh i e ld s  a r e  w r a p p e d  a r o u n d  t h i s  
e l e m e n t .  A glass  t u b e  of  a p p r o x i m a t e l y  10 cm d i a m e t e r  
a n d  92 c m  l e n g t h  f o r m s  t h e  u p p e r  p a r t  of  t h e  a p -  
p a r a t u s .  A b o v e  t h i s  t u b e  a g o n i o m e t e r  ac ts  as t h e  
a n c h o r  p o i n t  f o r  t h e  s u s p e n s i o n  s y s t e m  b y  m e a n s  
of a n  a l u m i n u m  r o d  w h i c h  e n t e r s  t h e  top  of t h e  g lass  
t u b e  t h r o u g h  a n  O - r i n g  seal .  A 0.05 m m  d i a m e t e r  a n -  
n e a l e d  t u n g s t e n  w i r e  28 c m  l o n g  h a n g s  f r o m  t h e  a l u m i -  
n u m  rod.  To t h e  l o w e r  e n d  of t h e  t u n g s t e n  w i r e ,  a 
s e c o n d  a l u m i n u m  r o d  is a t t a c h e d .  A 1.3 c m  d i a m e t e r  
c i r c u l a r  m i r r o r  is g l u e d  to t h i s  r o d  d i r e c t l y  in  f r o n t  
of a w i n d o w  w h i c h  h a s  a n  o p t i c a l l y  f la t  su r f ace .  A n  
a l u m i n u m  d i sk  a t t a c h e d  to t h e  r o d  s e r v e s  as a d a m p e r  
w h e n  a p e r m a n e n t  m a g n e t  is p l a c e d  n e a r  it. A 0.25 cm 
d i a m e t e r  t a n t a l u m  r o d  is j o i n e d  to t h e  a l u m i n u m  one, 
a n d  t h e  g r a p h i t e  t o r s i o n  cel l  is r i g i d l y  a t t a c h e d  to  t h e  
b o t t o m  of t h i s  rod.  D u r i n g  a r u n  t h e  ce l l  h a n g s  f r e e  in  
t he  c e n t e r  of t he  h e a t i n g  e l e m e n t .  

T h e  e x t e r i o r  ce l l  d i m e n s i o n s  w e r e  2.5 x 1.3 x 1.3 cm. 
Two  se ts  of  orifices,  one  se t  of 6.3 m m  2 c r o s s - s e c t i o n a l  
a r e a  a n d  t h e  o t h e r  of 1 m m  2 a rea ,  w e r e  used.  

A n g u l a r  de f l ec t ions  r e s u l t i n g  f r o m  t h e  f o r c e  of t h e  
e f fus ing  v a p o r s  w e r e  d e t e r m i n e d  b y  r e t u r n i n g  t h e  
s u s p e n s i o n  s y s t e m  to i t s  o r i g i n a l  ( n u l l )  pos i t ion .  M e a s -  
u r e m e n t s  w e r e  m a d e  b y  s i g h t i n g  t h r o u g h  a t e l e s c o p e  
on  t h e  m i r r o r  t h a t  re f lec ts  a s ca l e  p l a c e d  o u t s i d e  t h e  
v a c u u m  s y s t e m  j u s t  b e l o w  t h e  te lescope .  A f t e r  r e t u r n -  
ing  t h e  s u s p e n s i o n  a s s e m b l y  to i t s  o r i g i n a l  pos i t ion ,  d e -  
f l ec t ion  a n g l e s  w e r e  r e a d  f r o m  t h e  g o n i o m e t e r .  W i t h  
t h i s  a r r a n g e m e n t ,  i t  was  pos s ib l e  to  m e a s u r e  a n g l e s  
to t h e  n e a r e s t  0.01 ~ A v a c u u m  of b e t t e r  t h a n  10 - 5  m m  
Hg w a s  m a i n t a i n e d  b y  m e a n s  of  a n  oil  d i f fus ion  p u m p  
a n d  a l i q u i d  n i t r o g e n  t r a p .  

A 3 0 - k v a  t r a n s f o r m e r  s u p p l i e d  t h e  p o w e r  a t  a m a x i -  
m u m  of 10v. T e m p e r a t u r e  m e a s u r e m e n t s  w e r e  m a d e  
b y  m e a n s  of  a c a l i b r a t e d  0.5 m m  P t - P t  -~ 10% R h  
t h e r m o c o u p l e .  T h e  t h e r m o c o u p l e  b e a d  w a s  i n s e r t e d  
in  a s m a l l  ho le  in  t h e  b o t t o m  of a " d u m m y "  g r a p h i t e  
cel l  l o c a t e d  1.3 c m  b e l o w  t h e  e f fus ion  cell. T h e  f r e e z -  
ing  p o i n t s  of gold, s i lve r ,  copper ,  a n d  a l u m i n u m  m e a s -  
u r e d  in  t h e  d u m m y  cel l  i n  t h e  f u r n a c e  w e r e  u s e d  as 
s t a n d a r d  p o i n t s  in  t h e  c a l i b r a t i o n  of t h e  t h e r m o c o u p l e .  

In  o r d e r  to  v e r i f y  t h e  a s s u m p t i o n  t h a t  t h e  t e m p e r a -  
t u r e  of t h e  d u m m y  cel l  was  t h e  s a m e  as t h a t  of t h e  
e f fus ion  ce l l  fo r  a g i v e n  p o w e r  se t t ing ,  t h e  d u m m y  
cel l  w a s  m o v e d  u p  a n d  d o w n  o v e r  a d i s t a n c e  of 8 c m  
in  t h e  m i d d l e  p o r t i o n  of t h e  h e a t i n g  e l e m e n t .  T h e  
t e m p e r a t u r e  r e m a i n e d  c o n s t a n t  to  w i t h i n  3 ~ . T h i s  e x -  
p e r i m e n t  w a s  r e p e a t e d  a t  d i f f e r e n t  p o w e r  i npu t s ,  a n d  
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Table I. Torsion cell constants Table II. Third law heats of sublimation of gallium (I) 

Orifice Orif ice  T, -- R lnP ,  AH ~ T, -- R lnP ,  AH~ 
d i a m e t e r s ,  M o u n t  a rms,  co r r ec t ion  Orif ice l e n g t h -  ~ c a l / d e g  cal  ~  c a l / d e g  ca l  

cm cm fac to r s  t o - r a d i u s  r a t i o  

Cel l  d l  de ql  q2 f l  f2 l / r l  l /r~ A.  Ce l l  1 
1204 27.308 65 452 1326 22.414 65 392 
1204 27.286 65 425 1326 22.429 65 412 
1211 27.244 65 749 1333 22.281 65 552 
1213 26.764 65 296 1336 22.089 65 429 
1213 26.869 65 399 1340 21.909 65 388 
1221 26.559 65 438 1350 21.594 65 430 

the results were all identical. The thermocouple leads 1227 26.217 65 330 1352 21.569 65 488 
1229 26.088 65 275 1355 21.152 65 070 

w e r e  l ed  t h r o u g h  a K o v a r  seal  to  t he  ou t s ide  a n d  w e r e  1234 25.859 65 243 1360 21.269 65 451 
p r o t e c t e d  w i t h  a l u m i n a  tubes .  A m i x t u r e  of ice a n d  1234 25.652 64 987 1366 21.139 65 563 

1238 25.652 65 192 1367 20.812 65 154 
dis t i l l ed  w a t e r  f o r m e d  t h e  cold junc t ion ,  a n d  t h e  e m f  1241 25.544 65 217 1370 20.964 65 507 
was  m e a s u r e d  by  a p o t e n t i o m e t e r .  The  o u t p u t  of  t he  1243 25.544 65 318 1374 20.707 65 335 

1249 25.280 65 232 1382 20.381 65 248 
t h e r m o c o u p l e  was  f ed  to a s t r ip  c h a r t  r e c o r d e r .  M e a s -  1250 25.205 65 245 1384 20.572 65 602 

1250 25.205 65 245 1386 20,406 65 462 
urements were made only after the temperature had 1257 24.948 65 261 1390 20.203 65 374 
reached a constant value. 1261 24.721 65 195 1398 19.848 65 236 

1262 24.721 65 252 1403 19.831 65 442 
The  g a l l i u m  u s e d  w a s  99.97 % p u r e  m a t e r i a l  o b t a i n e d  1286 24.548 65 233 1405 19.636 85 536 

f r o m  the  A l u m i n u m  C o m p a n y  of A m e r i c a .  1270 24.491 65 359 1410 19.453 65 224 
1270 24.385 65 225 1416 19.408 65 422 

As a t e s t  of  t he  a p p a r a t u s ,  t h e  v a p o r  p r e s s u r e  of t in  1275 24.239 65 280 1416 19.473 65 514 
was  r e d e t e r m i n e d .  Resu l t s  a r e  d e s c r i b e d  in t h e  d i s cu s -  1281 24.056 65 380 1419 19.195 65 258 

1289 23.741 65 330 1426 19.134 65 482 
sion section. 1290 23.703 65 337 1429 18.934 65 334 

Results 1294 23.501 65 271 1435 19.037 65 740 
1295 23,565 65 396 1440 18,710 65 493 

P r e s s u r e s  w e r e  c a l c u l a t e d  f r o m  t h e  e q u a t i o n  1303 23.256 65 395 1446 18,724 65 770 
1304 23.101 65 234 1448 18.404 65 393 
1305 23.065 65 242 1455 18.225 65 437 

P = 2 D r  -}- q2a2f2) [ 1 ] 1314 22.836 65 379 1459 18.416 65 900 
1316 22.755 65 368 1465 18.223 65 887 

w h e r e  P is t h e  v a p o r  p r e s s u r e ,  a tm;  D the  to r s ion  con -  1318 22.957 65 729 1466 17.879 65 417 
B. Ce l l  2 

s t a n t  of  t h e  wi re ,  d y n - c m ;  r t h e  ang le  of def lect ion,  1380 20.280 64991 1491 17.361 65716 
r ad i ans ;  ql, q2 p e r p e n d i c u l a r  d i s t ances  f r o m  t h e  c e n t e r  1391 20.192 65 396 1495 17.041 65 403 

1394 19.858 65 073 1498 17.253 65 852 
of t he  e f fus ion  ho le  to t h e  ax is  of ro t a t ion ,  cm;  a~, a2 1411 19.546 65 391 1506 16.787 65 493 
a reas  of e f fus ion  holes ,  cm2; ~I, ]2 c o r r e c t i o n  f ac t o r s  fo r  1416 19,213 85 146 1508 17,044 65 961 

1421 19.073 65 143 1513 16.579 65 471 
f i n i t e  o r i f i c e  l e n g t h s  (10, 11). 1427 19.093 65 459 1519 16.299 85 287 

C o n s t a n t s  fo r  t h e  t w o  sets  of cel ls  u s e d  a n d  fo r  1432 19.010 65564 1529 18.246 65620 
1437 18.624 05 233 1530 16.047 65 303 

t he  t o r s ion  w i r e  a re  s u m m a r i z e d  in  Tab le  I. A 2 -mi l  1448 18.219 65 125 1544 15.730 65 448 
1453 18.192 65 305 1556 15.433 65 486 

t u n g s t e n  w i r e  w i t h  D ---- 3.416 w a s  u s e d  fo r  all  runs .  1466 17.823 85 335 1561 15.411 65 854 
F i g u r e  2 s h o w s  the  a g r e e m e n t  b e t w e e n  p r e s s u r e s  ca l -  1469 18.210 66 023 1566 15.263 65 626 
cu l a t ed  w i t h  t he  t w o  orifices. Da ta  co l l ec t ed  b e l o w  1471 17.861 65 593 1567 15.350 65794 

1473 17.611 65 325 1575 15.034 65 622 
1200~ a re  c l e a r l y  s e e n  f r o m  Fig.  2 to be  u n r e l i a b l e  1477 17.711 65 638 1585 14.824 65 690 

1482 17.908 66 146 1588 14,770 65 729 
because  t h e  fo rce  of  e f fus ing  v a p o r  is too low for  ac -  1485 17.321 65 393 1603 14.310 65 588 

1 0.2563 0.2436 1.2626 1.1216 0.840 0.827 0.539 0.589 
2 0.1016 0.1001 1.1242 1.1221 0.7726 0.7359 1.05 0.985 

c u r a t e  m e a s u r e m e n t ,  a n d  t h e s e  d a t a  w e r e  no t  u s e d  in  
s u b s e q u e n t  ca lcu la t ions .  

The  h e a t  of s u b l i m a t i o n  AHs w a s  d e t e r m i n e d  by  u s -  
ing  b o t h  the  s e c o n d -  a n d  t h i r d - l a w  m e t h o d s  (12). 
A p p a r e n t  p r e s s u r e s  less  t h a n  10 -6  a t m  w e r e  no t  u s e d  
in  m a k i n g  t h e s e  ca l cu l a t ions  b e c a u s e  b a c k g r o u n d  t o r -  
s ional  effects  o b s c u r e d  t h e  l o w e r  p r e s s u r e  r e a d i n g s .  A n  
e x p e r i m e n t a l  i n v e s t i g a t i o n  b y  Schu lz  (15) has  s h o w n  
t h a t  Eq.  [1] can  be  u s e d  up  to p r e s s u r e s  fo r  w h i c h  t h e  
ra t io  of m e a n - f r e e - p a t h  to orifice d i a m e t e r  b e c o m e s  
un i ty .  F r o m  t h e  d i a m e t e r s  of t h e  orif ices a n d  t h e  v a n  

10-3 i i i i i 

\ \  

~ 10-4 

~ 10 -5 

Q. 

10-s 

\\ 0\ 
T ( O K )  \ o 

1600 1400 120~0 ~, 
10 -7 I I I ] = 

6.0 6!5 7.0 715 8'.0 8.5 

x 10 4 ( ~  
T 

Fig. 2. Vapor pressure of gallium (I): O, this work, orifice d 
2.5 mm; A ,  this work, orifice d ~ 1.0 mm; , Hultgren 

et al., selected values (13); - -, Cochran and Foster (10). 

d e r  Waa l s  r ad i u s  fo r  ga l l i um (13),  th i s  p r e s s u r e  is ca l -  
cu l a t ed  to be  a b o u t  10 -2  a tm.  The  h i g h e s t  p r e s s u r e  
m e a s u r e d  in  th i s  w o r k  w a s  8 x 10 -4  a tm.  

S e c o n d - l a w  ca l cu l a t ion  by  t h e  l e a s t - s q u a r e  m e t h o d  
gave  A H T  ~ 61.96 kca l  w i t h  a s t a n d a r d  d e v i a t i o n  of 
0.24 kca l  a n d  },ST ~ 24.34 eu  w i t h  a s t a n d a r d  d e v i a t i o n  
of  0.17 eu. F r o m  th is  hHs. 298 ~ 64.2 k c a l / m o l e .  T h i r d -  
l a w  ca lcu la t ions  b a s e d  on  f r e e - e n e r g y  f u n c t i o n s  s e -  
l ec t ed  by  H u l t g r e n  (14) a re  g iven  in  Tab le  II. The  
a v e r a g e  v a l u e  ca l cu l a t ed  fo r  t h e  h e a t  of s u b l i m a t i o n  
of g a l l i u m at  298~ f r o m  d a t a  co l l ec ted  w i t h  2.5 m m  
d i a m e t e r  orif ices is 65.39 k c a l / m o l e  a n d  w i t h  1.0 m m  
orif ices is 65.50 kcal .  The  o v e r - a l l  a v e r a g e  AHs, 298 is 
65.44 k c a l / m o l e  w i t h  an  a v e r a g e  d e v i a t i o n  of 0.23 kcal .  
T h e  t h i r d - l a w  e v a l u a t i o n  gave  t h e  f o l l o w i n g  e x p r e s s i o n  
fo r  t h e  v a p o r  p r e s s u r e  of  ga l l ium,  in  a t m o s p h e r e s ,  b e -  
t w e e n  1174 ~ and  1603~ 

log P ~ 5 . 4 5 8 -  13 743/T [2] 

Discussion 
R e c e n t  s tud ie s  b y  C o c h r a n  a n d  F o s t e r  (4) a p p e a r e d  

to d e m o n s t r a t e  conc lu s ive ly  t h a t  a n y  s tud ie s  of t h e  
v a p o r  p r e s s u r e  of  ga l l i um t h a t  w e r e  c a r r i e d  out  in  t h e  
p r e s e n c e  of s i l ica a re  in  e r r o r  b e c a u s e  of e x t e n s i v e  
r e a c t i o n  to y i e ld  vo la t i l e  oxides .  B u t  t h e  v a p o r  p r e s -  
su res  m e a s u r e d  fo r  g a l l i u m in t h e  p r e s e n t  i n v e s t i g a t i o n  
a re  h i g h e r  by  a b o u t  a f a c t o r  of four ,  t h a n  the  v a p o r  
p r e s s u r e s  r e p o r t e d  b y  C o c h r a n  a n d  Fos t e r ,  a n d  t h e  
h e a t s  of s u b l i m a t i o n  ca l cu l a t ed  f r o m  t h e  da t a  of t h e  
p r e s e n t  r e s e a r c h  a re  in e x c e l l e n t  a g r e e m e n t  w i t h  t h e  
h e a t  r e p o r t e d  by  H u l t g r e n  et  al. (14) f r o m  ana lys i s  of  
t he  r e s u l t s  of  t h e  t w o  s t u d i e s  m a d e  w i t h  si l ica ef fus ion  
ceils. 

The  poss ib i l i t y  of e r r o r s  t h a t  could  m a k e  t h e  a p -  
p a r e n t  p r e s s u r e s  of t h e  p r e s e n t  i n v e s t i g a t i o n  h i g h e r  
t h a n  t h e  t r u e  p r e s s u r e s  b y  a f a c t o r  of f o u r  w i l l  be  d i s -  
cussed,  and  t h e n  e v i d e n c e  fo r  t h e  poss ib i l i t y  of  e r r o r  in  
t h e  w o r k  of C o c h r a n  a n d  F o s t e r  wi l l  be  e x a m i n e d .  
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The factors that  might  cause systematical ly  high 
apparent  pressures in the present  invest igat ion are 
contr ibution to the vapor  of products of react ion of 
gal l ium wi th  the graphi te  effusion cell, faul ty  t em-  
pera ture  calibration, faul ty  pressure calibration, and 
leakage of vapor  through the cell wall.  Strong evi -  
dence can be adduced that  none of these factors caused 
the observed discrepancy. 

The possibility that  gaseous products of some re-  
action of gal l ium with  the graphi te  of the effusion cell 
were  formed in significant concentrat ion is disproved 
by the mass spectrometer  study by Drowar t  and Honig 
of the effusion of gal l ium f rom a graphi te  cell (9). No 
ions other  than Ga +, Ga~O +, and Ga2 + were  observed. 
The GaO + and Ga2 + intensities rapidly  decayed to 
negligible levels, indicat ing that  these ions were  pro-  
duced f rom oxides that  were  introduced with  the 
ini t ial  sample, but  that  were  soon removed  by heat-  
ing. 

The possibility of a t empera ture  error  in this work  
of more than 5 ~ at most appears  excluded by the cal i-  
brat ion of the readings of the d u m m y  celI against  the 
mel t ing points of four  metals  measured in the actual  
furnace in which the vapor  pressure measurements  
were  made. Fur thermore ,  the furnace was demon-  
strated to have a uniform hot zone over  the region in 
which the dummy cell and torsion effusion cell were  
placed. A t empera tu re  er ror  of 90 ~ would be re -  
quired to introduce an error  of a factor of four in the 
pressure measurements  at the midpoint  of the exper i -  
menta l  range. 

Evidence that  the apparatus was cal ibrated correct ly  
is provided by agreement  to wi th in  10% of the vapor  
pressure plot obtained for tin wi th  this apparatus and 
the "best" vapor  pressure curve  for tin as selected by 
Hul tgren  et al. (14). F rom nineteen separate measure -  
ments  of the vapor  pressure of tin wi th  two different 
wires  that  had torsion constants which differed by a 
factor of 18, the heat  of subl imation of tin at 298~ is 
calculated to be 72.4 kcal  compared to 72.2 kcal cal-  
culated by Hul tgren  et al. f rom previous work  and 
compared to 71.8 kcal  which was obtained by Schulz in 
an extensive study of the rel iabi l i ty  and l imitat ions of 
the torsion-effusion method for vapor  pressure de te r -  
minat ions (15). 

To test the rel iabi l i ty  of their  apparatus and tech-  
niques, Cochran and Foster  also studied the vapor  pres-  
sure of tin. Their  three  pressure measurements  lie 
considerably lower  than the pressures calculated by 
Stul l  and Sink (16) or Hul tgren  et al. f rom evaluat ion 
of the data in the l i terature.  We calculate f rom the 
Cochran and Foster  data a heat  of sublimation of tin 
at 2980K of 74.0 +_ 0.6 kca l /mole .  

Cochran and Foster  commented  that  the vapor  pres-  
sure data accepted by Stul l  and Sinke as the most 
re l iable  are probably in e r ror  because of unrecognized 
leakage through walls of the graphi te  crucibles that  
were  used for the pressure studies. 

There cer ta inly  is evidence that  the quant i ty  of 
meta l  that  escapes f rom a graphi te  cell may  sometimes 
be comparable  to the quant i ty  that  escapes through an 
orifice of the dimensions normal ly  employed in effu- 
sion studies (17). However ,  in the torsion-effusion 
method, if the cell  side walls are uni form in thickness, 
the escape of molecules by leakage through the walls  
wil l  contr ibute  no net  torque  to the assembly. As part  
of his invest igat ion Schulz heated t in in cells in which 
no orifices were  dri l led and found that  no measurable  
torque  was produced by any leakage that  may have 
taken place (15). 

While  the present  invest igat ion of gal l ium did not 
include measurement  of the torque produced when a 
sample was heated  in a cell that  had no orifices, the 
study did include measurement  of the pressure wi th  
sets of orifices that  had areas that  differed by more  
than a factor of six. The calculated pressures agree 
wi th in  the small  random scatter  in data. If  leakage 
contr ibuted significantly to the torque, this excel lent  
agreement  be tween  the pressures calculated wi th  these 
two sets of orifices would not have been obtained. 

The heat  of subl imation for tin calculated f rom the 
data of Cochran and Foster  is thus 1.8-2.2 kcal  h igher  
than the heats calculated f rom the best avai lable  
studies. S imi lar ly  the heat  of subl imation of si lver cal- 
culated f rom three  pressure measurements  by Cochran 
and Foster  is 0.9 kcal  h igher  than the selected value  
of Hul tg ren  et al. (14). 

Gal l ium is more volat i le  than tin and less volat i le  
than silver. The heat  of subl imation for gal l ium cal-  
culated f rom the Cochran and Foster  data can be ex-  
pected to be subject  to a systematic error  in pressure 
determinat ion  that  would contr ibute  an e r ror  in the 
der ived heat  of subl imation of -~1 to +2  kcal. Their  
heat  of sublimation is 3.6 kcal h igher  than that  found 
in the present  work, so about half  the discrepancy in 
results for gal l ium remains  unaccounted for. 

Fur thermore ,  a systematic e r ror  in the measure -  
ments of Cochran and Foster  would  not inval idate  their  
conclusion that  in the presence of silica the weight  loss 
is increased by a factor  of four  or five because of 
volat i le  oxide formation.  Remain ing  to be explained,  
therefore,  is the question of how the studies of Har -  
teck (1) and of Speiser and Johns ton  (2) which  were  
both conducted in silica cells, could agree wi th  the re-  
sults of the present  invest igat ion in graphite. 

A possible explanat ion is that  the surface area at 
which the heterogeneous react ion be tween the gal l ium 
and silica could occur in silica Knudsen cells is much 
smaller  than the surface provided for react ion by the 
coarse si!ica powder  added to the cells in the exper i -  
ments of Cochran and Foster. As a result, a l though 
some react ion must  have  occurred in the silica cells, 
the extent  of react ion may  wel l  have  been considerably 
less than was measured in the exper iments  of Coch- 
ran and Foster. 

This hypothesis is substant iated by the results of the 
mass spectrometer  s tudy of gal l ium vaporizat ion f rom 
a silica cell. The observed intensi ty ratio G a + / G a 2 0  + 
was about 10/1 at 1140 ~ to 1300~ (3). F rom the as- 
sumptions normal ly  applied to calculate pressures 
f rom ion intensities and usual ly claimed to be correct  
to wi thin  a factor of two (18), these intensities would  
yield a Ga /Ga20  pressure ratio of 22/1. The heat  of 
sublimation calculated for gal l ium by a th i rd - l aw 
method f rom weight  losses measured  at 13O0~ and 
with the assumption that  the total  weight  loss was of 
e lementa l  gal l ium would be low only by about 0.3 kcal 
because of neglect  of Ga20 and SiO effusion. 

The heat  of format ion calculated by Cochran and 
Foster  f rom effusion studies wi th  gal l ium-si l ica  mix -  
tures is in good agreement  wi th  the heats calculated 
f rom another  study (19). This fact  implies that  their  
effusion studies were  not  subject  to significant sys- 
tematic  errors. The possibility remains,  therefore,  that  
their  results for gal l ium are more  near ly  correct  than 
ours, but we conclude that  the heat  of subl imation of 
gal l ium obtained by the th i rd - l aw method in the pres-  
ent investigation, 65.4 kca l /mole  is probably correct  to 
wi thin  _+1 kcal. 
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Methods for the Calculation of Polarization in Porous Electrodes 
F. A. Posey 

Chemistry Division, Oak Ridge Nationa~ Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Solutions in closed form are presented for the polarization behavior  and 
the distr ibution of current  and potential  in idealized, one-dimensional  porous 
electrodes in the case of a simple oxidation-reduction react ion under  pure  ac- 
t ivat ion control. Exact  solutions are der ived for t ransfer  coefficients of 1/3, 
1/2, and 2/3 for electrodes of finite length, while  solutions for semi-infini te 
electrodes are given for t ransfer  coefficients of 1/4, 1/3, 1/2, 2/3, and 3/4. An  
approximate  method for calculat ing cur ren t  and potent ial  distr ibutions in 
porous electrodes is proposed which is val id for any va lue  of the t ransfer  co- 
efficient, and exact  and approximate  solutions are compared. 

Studies on the distr ibution of current  and potent ial  
in porous electrodes have  received considerable s t imu-  
lus f rom the intensive development  of fuel  cells in 
recent  years (1, 2). Porous electrodes are also widely  
used in bat tery  technology and in the chemical  process 
industries. The theory of electrochemical  reactions at 
simple, p lanar  electrodes having a wel l -def ined in te r -  
face has been developed extensively,  and a comprehen-  
sive monograph is avai lable (3). In contrast, the theory  
of the polarization behavior  of porous electrodes is 
re la t ive ly  less advanced because a number  of factors 
which are un impor tan t  or easily t rea ted in the case of 
p lanar  electrodes grea t ly  complicate the calculat ion of 
react ion rates in porous electrodes. These factors in-  
clude parameters  per ta ining to the physical s t ructure  
of the electrode, such as the porosity, specific surface 
area, and conduct ivi ty  of both solid and electrolyte  
phases. 

A number  of authors have  repor ted  solutions to the 
problem of the distr ibution of current  and potent ial  in 
porous or tubular  electrodes (4-33). The general i ty  of 
these solutions depends on the model  adopted and on 
the assumptions or approximat ions  made for each spe-  
cial case in order  to obtain solutions in closed form. 
A one-dimensional  model  of porous electrodes is most 
f requen t ly  used; this choice avoids considerable 
mathemat ica l  difficulty and at the same t ime provides 
solutions which are  in reasonable agreement  wi th  ex-  
per iment .  The one-dimensional  model  assumes a sys- 
tem of idealized, l iquid-f i l led pores in an electronical ly  
conducting mat r ix  together  wi th  uniform, average 
values of parameters  such as porosity, specific surface 
area, resistivity, etc. The current  or react ion rate, the 
interracial  potent ial  difference, and the concentrat ions 
of reactants  then va ry  throughout  the length  of the 
electrode in a manner  de termined  by the physical  pa -  
rameters ,  the rate  law for react ion at the interface, 
mass t ransfer  conditions, and init ial  and boundary 
conditions. 

The fundamenta l  differential  equat ion governing  the 
distr ibution of potent ial  in porous electrodes was de- 

r ived by Dan ie l ' -Bek  (4). This equation, a Poisson-type 
relation, has since been in tegrated for a number  of 
impor tant  cases occurring in the operat ion of porous 
electrodes. In the case of constant reactant  concentra-  
tions throughout  the length of the porous electrode, 
solutions for the polarizat ion characterist ics and for the 
distr ibution of cur ren t  and potent ial  may  be classified 
according to the type of e lectrochemical  react ion rate  
law assumed and the type of electrode, i.e., whethe r  
the electrode is finite or semi-infinite.  In general,  the 
boundary conditions for semi-infini te  electrodes are s im- 
pler  than those for electrodes of finite length, and the 
solutions are correspondingly s impler  in form. The re -  
action rate  law, or the re la t ion be tween  the current  
density of the interracial  e lectrochemical  reactions and 
the interracial  potent ial  difference at any point in the 
electrode, has been used in three different forms: (a) 
cur ren t  densi ty depends l inear ly  on potent ia l  differ- 
ence (or overpotent ia l ) ,  the  l inear  law; (b) cur ren t  
density depends exponent ia l ly  on potential  difference, 
the exponent ia l  (or Tafel)  law; and (c) current  den-  
sity is a more general  function of overpotential ,  the 
general  or exact  law. Cases (a) and (b) are special 
cases of the general  law (c) which considers both for-  
ward  and reverse  rates of the part ial  processes in the 
usual manner  (3). For  the l inear  law, solutions for 
the semi-infini te electrode are given by F rum kin  (5), 
Buvet,  Guillou, and Warszawski  (21), and Guil lou 
and Buve t  (30), whi le  solutions for the finite electrode 
are due to Danie l ' -Bek  (4), Euler  and Nonnenmacher  
(16), and Newman  and Tobias (20). In the case of the 
exponent ia l  law, the semi-infini te electrode is t rea ted 
by Ksenzhek (17) for the ease of diffusion supply of 
reagents,  and solutions for the finite electrode are 
g iven by Danie l ' -Bek  (4) and N e w m a n  and Tobias 
(20). Genera l  solutions, those val id  for both large and 
small  values of polarizat ion for reactions under  pure  
act ivat ion control, are repor ted  only for the ease of a 
symmetr ica l  polarization law, i.e., the t ransfer  coeffi- 
cient equals 1/2. General  solutions of this type for  the 
semi-infini te electrode are given by F rum kin  (5) and 
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Ksenzhek and Stender  (8, 9), while general  solutions 
for the finite electrode are due to Ksenzhek (18) and 
Winsel  (19). 

In  addition to the previous work, other solutions 
for special cases in the operation of porous electrodes 
are available. The polarization resistance of finite elec- 
trodes with a l inear  polarization law and forced solu- 
tion flow is given by Perskaya and Zaidenman (11, 13, 
14). Tubular  electrodes are specifically considered by 
F r u m k i n  (5), Ksenzhek and Stender  (9), Mueller (27), 
and Blaedel, Olson, and Sharma (33). Operat ion of 
porous electrodes in a steady state with diffusion sup- 
ply of reagents  and with forced supply is t reated by 
Ksenzhek (17) and Gurevich and Bagotskii (24,25, 
26). Potentiostatic and galvanostatic t rans ient  dis- 
charge characteristics of porous electrodes are treated 
according to special models by Euler (22) and Winsel  
(19). Response of porous electrodes to a l ternat ing cur-  
ren t  is considered by Ksenzhek and Stender  (9), Win-  
sel (19), and de Levie (31). The determinat ion of the 
specific surface area of porous electrodes by measure-  
ment  of interfacial  capacity using a-c and d-c methods 
is t reated by Ksenzhek and Stender  (7), Ksenzhek 
(28), and de Levie (31). Ksenzhek (10) gives an in-  
terpretat ion of the meaning  of activation energy meas-  
urements  on porous electrodes. Euler  (29) and de 
Levie (31) discuss the influence of diffusion. Euler and 
Miiller (32) consider the accuracy to which dis t r ibu-  
tions of current  and potential  can be calculated. Winse] 
(19) reports a general  method for the calculation of 
potential  and current  dis t r ibut ion in idealized, cy l in-  
drical pores which considers the effect of cylindrical  
symmetry.  Mueller  (27) employs the equations for 
current  and potential  dis t r ibut ion in tubes to cal-  
culate the throwing power in anodic and cathodic pro-  
tection of pipes. 

This paper presents solutions to the problem of the 
dis tr ibut ion of current  and potential  in porous elec- 
trodes for the case of unsymmetr ica l  rate laws having 
certain values of the t ransfer  coefficient. I Solutions in 
closed form are given for t ransfer  coefficients of 1/3, 
1/2, and 2/3 for an electrode of finite length, while 
solutions for the semi-infini te  electrode are given for 
t ransfer  coefficients of 1/4, 1/3, 1/2, 2/3, and 3/4# Di- 
mensionless parameters  are used for economy of nota-  
t ion and ease in the comparison of solutions. In  addi-  
tion, an approximate method for calculating cur ren t  
and potential  distr ibutions in porous electrodes is pro- 
posed which is valid for any value of the t ransfer  
coefficient. 

F u n d a m e n t a l  E q u a t i o n s  and  T r a n s f o r m a t i o n  to 
D i m e n s i o n l e s s  F o r m  

A schematic diagram of an idealized, one-d imen-  
sional porous electrode is shown in Fig. 1. The total 
current ,  i, flows from the polarizing electrode into the 
pores of the porous electrode of length, 1. Because of 
the finite conductivi ty of the solution phase, the 
passage of current  introduces a gradient  of the poten-  
tial in  the solution phase, Cs (x),  throughout  the length 
of the pores. As a consequence, the interfacial  poten-  
tial difference, Ar = r 1 6 2  varies and with 
it the current  density of the electrochemical reac- 
tions occurring at the interface between solid and l iq-  
uid phases, #(x).  Since the resist ivity of the metall ic 

I t  is  a s s u m e d  t h r o u g h o u t  t h i s  p a p e r  t h a t  t h e  r e s i s t i v i t y  of t h e  
m e t a l l i c  p h a s e  is n e g l i g i b l e  c o m p a r e d  to t h a t  of  t h e  l i q u i d  phase .  
S i t u a t i o n s  w h e r e  t h e  r e s i s t i v i t i e s  of  t h e  p h a s e s  a r e  c o m p a r a b l e  a r e  
d i s c u s s e d  b y  D a n i e l ' - B e k  (4) ,  K s e n z h e k  a n d  S t e n d e r  (S), E u l e r  a n d  
N o n n e n m a c h e r  (16}, N e w m a n  a n d  T o b i a s  (20) ,  a n d  E u l e r  (22) .  
T h e  e f fec ts  of  c o n c e n t r a t i o n  p o l a r i z a t i o n  a n d  of c h a n g e s  of r e -  
a c t a n t  c o n c e n t r a t i o n s  w i t h  t i m e  a r e  no t  c o n s i d e r e d .  T h e s e  s o l u -  
t i o n s  t h e r e f o r e  a p p l y  m o s t  d i r e c t l y  to t w o  s i t u a t i o n s :  (a) t h e  
d i s t r i b u t i o n  of c u r r e n t  a n d  p o t e n t i a l  in  a p o r o u s  e l e c t r o d e  during 
t h e  f i r s t  m o m e n t s  f o l l o w i n g  t h e  a p p l i c a t i o n  of a c u r r e n t ,  b e f o r e  
s i g n i f i c a n t  c h a n g e s  in  r e a c t a n t  c o n c e n t r a t i o n s  occu r ;  (b) t h e  
d i s t r i b u t i o n  o b t a i n e d  w i t h  a f low of s o l u t i o n  t h r o u g h  t h e  e l e c t r o d e  
so l a r g e  t h a t  c o n c e n t r a t i o n  c h a n g e s  d u e  to  t h e  e l e c t r o c h e m i c a l  r e -  
action a r e  n e g l i g i b l e .  

T h e  so lu t i ons  f o r  a t r a n s f e r  coe f f i c i en t  of  1 /2  a r e  t h e  s a m e  or  
a l t e r n a t i v e  f o r m s  of t h o s e  of F r u m k i n  (5) ,  K s e n z h e k  a n d  S t c n d e r  
(8, 9) ,  K s e n z h e k  (18) ,  a n d  W i n s e l  (19) .  T h e y  a r e  i n c l u d e d  h e r e  f o r  
t h e  s a k e  of c o m p l e t e n e s s  a n d  fo r  c o m p a r a t i v e  p u r p o s e s .  

POLARIZINGII - T ~  - - - -  ~- - -S-(x)  . . . .  r -~ (x)= A1b(x) 
ELECTRODEII_/ _--___ ws . . . . .  L,~ s 

II F " / / / / / / / / / / / / / / /  ~ " ~ / / / / / / ) ]  

0 x - - >  .L 

0 ~ - - >  1 

Fig. 1. Schematic diagram of idealized, one-dimensional porous 
electrode. 

phase is assumed negligible, CM is constant  and j (x) 
is largest near  x = 0. 

The rate law for reaction at the interface is assumed 
to be given by Eq. [1], which is of the convent ional  
form for a simple oxidat ion- 

j ( x )  = j o  exp [ +  R T  

[ ( 1 - - # ) ~ ' ~ ( x )  ] }  
- -  exp - -  

R T  
[1] 

reduct ion reaction under  pure activation control (3). 
In Eq. [1], 3o is the exchange cur ren t  density of the 
reaction at the reversible  potential  (Ar # is the t rans-  
fer coefficient ( 0 < # <  1), RT/[~  is the thermal  volt 
equivalent ,  and ~ (x) = A~(x) --Ar is the overpoten-  
tial. The total cur ren t  is obtained by integrat ing the 
current  density over the length of the electrode, ac- 
cording to Eq. [2]. In  Eq. [2], S is the surface area 

i = S j ( x )  d x  [2] 

of the porous electrode per un i t  length. The gradient  
of potential  in the solution phase and the gradient  of 
the overpotential  are given by Eq. [3] 

1 [ s ] d e s ( X )  d ~ ( x ) ,  
- -  i - - S  j ( x )  d x  : a  ~ [ 3 ]  
A d x  d x  

obtained from Ohm's law, in which A is the average 
cross-sectional area of the electrolyte in the electrode 
and ~ is the specific conductance of the solution. Dif- 
ferent iat ion of Eq. [3] leads to Eq. [4], which is 

d2~(x )  S 
- -  - -  j ( x )  [ 4 ]  

d x  2 ~A 

Daniel ' -Bek 's  fundamenta l  relat ion (4) for the dis- 
t r ibut ion of potential  in porous and tubu la r  electrodes. 

A simplified notat ion is obtained if some of the 
parameters  in the preceding equations are converted 
to dimensionless form. A reduced length is defined by 

= x / l  (cf. Fig. 1); a relat ive or reduced cur ren t  
density or reaction rate is defined by p(~) ---- j (~)/Jo;  
a reduced total cur rent  is given by I ~ i/io, where 
io = Sl#o is the exchange current  of the electrode; K ---- 
( i o l F ) / ( ~ A R T )  is a resistance parameter  which is 
essentially a ratio of solution impedance to interfacial  
impedance;  and r : [ F ~ ( ~ ) ] / R T  is a reduced 
overpotential.  In  this notation, the fundamenta l  rela-  
tions of Eq. [1]-[4] are replaced by Eq. [5]-[8].  

p(~) ---- e + ~  ( ~ / -  e-(1-~)r  (o [5] 

s I = p ( ~ ) d ~  [6] 

[ r  ] d~(~) ~ Z--  p(~)d(~)  [7] 
d~ 

d2~(~) 
- - - =  ~p(~) [8] 

d~ 2 
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The dis tr ibut ion of potential  is obtained by integrat ion 
of Eq. [8] subject  to the boundary  conditions 

The dis tr ibut ion of (relative) current  density is then 
calculable from Eq. [5] and the total cur ren t  follows 
from Eq. [6] or by use of the boundary  condit ion at 
~ = 0 .  

A first integrat ion of Eq. [8] leads to Eq. [9], where 
the 

d~ (~) 

d~ 
1 

(2~) 1/2 [e+~r - -  e+~(~)] + 

[e-(1-~)4~(~) _ e-(1-~)~(i)] t 1/2 

(1--~) J 
[9] 

boundary  condition for ~ = 1 is used to evaluate the 
integrat ion constant. Equat ion [9] and the boundary  
condition at ~ = 0 lead to Eq. [10], an expression 

1 (2 )11~{._~[e+,~,(o) _e+,$(1)]-- F I=_--~. 
1 [e-(1-~),(0) _ e-(1-~)~(1)] ~1/2 

(1--~) J 
[10] 

for the (reduced) total current .  For large anodic po- 
larization, if ~(0) > >  ~(1),  Eq. [10] reduces to Eq. 
[11], which is the equation for the anodic Tafel 

( 2  ~ 1/~ 
I = - ~ - /  e +~(~ [11] 

l ine of porous electrodes having a highly nonuni fo rm 
current  distribution. The slope of the Tafel line, 
d~ (O)/d In I, equals 2/~, or twice the slope of the Tafel 
l ine for the same reaction on a p lanar  electrode. The 
intercept  at r  = 0 is a funct ion of both the t rans-  
fer coefficient (~) and the resistance parameter  (~). 

Evaluat ion of the potential  dis t r ibut ion is accom- 
plished by integrat ion of Eq. [9], which may be re-  
arranged into the form of Eq. [12]. 

The Finite Electrode 
The substitutions, y = exp {1/2[~(~) --q~(1)]} for ;~ = 

1/2, or y = exp {1/3[~b(~)--r for /~ ---- 1/3 or 2/3, 
t ransform Eq. [12] into integrable expressions. In te -  
gration of the resul t ing equations is accomplished by 
use of Jacobian elliptic functions and integrals (34). 
Table I presents equations derived in  this manne r  
for the potent ial  dis t r ibut ion in finite electrodes for 
the cases, f~ ---- 1/3, 1/2, and 2/3. Elliptic functions used 
in Table I and elsewhere are defined below in the 
list of Symbols. Al ternat ive  forms of Eq. [13] are 
given by Ksenzhek (18) and Winsel  (19). In  order 
to compute potential  distributions, values of u, the 
incomplete elliptic integral  of the first kind, and of k, 
the modulus, are obtained from the expressions in  the 
third and fourth columns of Table I as a funct ion of 
~(1) .  Values of ~(~) may  then be calculated from the 
formulas in the second column, with the aid of tables 
of the Jacobian elliptic functions (35). 

The total cur ren t  may be calculated from Eq. [10] 
and values of r and r obtained from Eq. [13], 
[14], or [15] of Table I, or from the formulas of 
Table II. Three types of polarization curves may be 
computed from the equations of Table II; I may be 
evaluated as a funct ion of r  of r  or of 
~(0) - -  r  A family  of curves corresponding to 
Eq. [16] is presented below. 

The Semi-Infini te Electrode 

Relations for the potent ial  dis t r ibut ion in semi- in-  
finite porous electrodes may be derived from the 
equations presented above with a modified notation. 
On replacing the length variable  for finite electrodes, 
~, by the distance, x, Eq. [5]-[8] are t ransformed into 
Eq. [19]-[22]. The resistance parameter  K' in Eq. [21] 
and [22] replaces K of 

p(x)  = e +~(x) - -  e -(1-B)(~(x) [19] 

f: I" = p ( x ) d x  [20] 

[ ] ~---K' I ' - -  p ( x ) d x  [21] 

dr - - ~  (2K) 1/2 d~ 

l [e+"*(e) - -e+B*(1)]  4 - ~ Z ~ -  ~- 
[12] 

Expressions equivalent  to Eq. [12] were solved by 
Ksenzhek (18) and Winsel  (19) for /~ -~ 1/2, the case 
of the symmetrical  rate law. Solutions in  closed form 
may also be obtained for certain other values of ~, 
and these are presented below. 

d2r (x) 
- -  - -  K ' p ( x )  [ 2 2 ]  

d x  2 

Eq. [7] and [8]; K' -~ ( j o S F ) / ( a A R T )  is a resistance 
parameter  for semi-infini te electrodes. The (reduced) 
total  cur rent  [I' = i / (S jo)]  has the dimensions of a 

Table I. Equations for the calculation of potential distributions in porous electrodes of finite length for transfer coefficients of 
1/3, 1/2, and 2/3 

y ( P o t e n t i a l  D i s t r i b u t i o n )  %r k s  E q u a t i o n  N o .  

d n  2 ( u , k )  (1 --  0 Kz/2 
- -  e+#,(1)14 e-~(1) [13] 

c n  s ( u , k )  2 
1/2 exp{1/2[r (D - 4  (1) ]} 

1 --  "ysn~ ( u , k )  * (1 --  4) K 1/s 2e-~(z) [1 + 8e+r ]z/s 
1 / 3  e x p { 1 / 3 [ ~ b  (4) - - r  ]} - -  e-C'(1)ls (1 + 8e+~(1)) 1/~ 

cn 2  ( u , k )  2 k ~ / 3  4 --  e-~(1) {1 --  [1 + 8e+r ]1/s) 
[14 ]  

d n S  ( u , k )  * ( 1 - - 4 )  K~/2 4e-iJ(1) --  l + [ l + Se-f'(1) ]XlS 
2 / 3  e x p ( 1 / 3 [ r  ( 0  - - r  (1) ]} _ _  e+r (1 + 8e-§ 1/4 [15 ]  

1 --  ~ s n  ~ ( u , k )  2 x / 3 -  2 [ 1 + 8e- r  ] l / s  

3 + [1 + 8e-.~(1) ]1/s 
* 7 = ( 1 / 4 )  e - r  [1 + 8e+r ~ = 

2 [ 1 + 8e-r ] 11-" 
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Table II. Equations for the calculation of polarization curves of porous electrodes of finite length for transfer coefficients 
of 1/3, 1/2, and 2/3 

fl  P o l a r i z a t i o n  E q u a t i o n *  E q u a t i o n  No .  

2 (k')~t~ (uo,k) 
1 /2  I = - -  e+~ O)/~ [16]  

(~)~/~ dn  (uo,k) 

1 /3  I = - - - -  {4 -- e-§ (1 -- [ 1 + 8e+~,(~) ]~/~) }~/~ (1 -- '7) tn  (uo,k) dn  (uo,k) [ 17 ] 

x/3-e+~(~)/s (6 -- k 2) sd (uo,k) cn (uo,k) 
2 / 3  I - -  [1 + 8e-r [18]  

(K) ~/~ 1 -- ~ sn~ (uo,k) 

* V a l u e s  o f  uo a n d  k a r e  g i v e n  b y  t h e  f o r m u l a s  i n  T a b l e  I f o r  ~ = 0; ~ a n d  8 a r e  d e f i n e d  i n  t h e  f o o t n o t e  t o  T a b l e  I .  

length  and is equal  to the current  divided by the ex -  
change current  per uni t  length of electrode. The po- 
tent ia l  distr ibution is obtained on integrat ion of Eq. 
[22] wi th  the revised boundary  conditions 

( d~ (x) 

~ ] ~ = o  - ~ ' z , ;  ~ ( ~ )  = 
0 

A first integrat ion of Eq. [22], wi th  use of the 
boundary condition, r  = O, leads to Eq. [23], 
which is similar  in form to Eq. [9]. 

de (x) 
(2~') ~/2 

dx 
{ 1  1 }1/2 

-~-[e +#*r --  1] + (-~-~_~)[e-(1-#)* r  [23] 

Use of the boundary  condit ion at x ---- 0 wi th  Eq. [23] 
leads to Eq. [24] 

1 1 [e -(1-~)*(~ --  1] [24] -~-[e +~*(~ - -  1] § 

for the total  current.  This equation is quite general  
for the polarizat ion behavior  of the semi-infini te 
electrode having the rate  law of Eq. [19]; it is val id  
for any value  of the t ransfer  coefficient ~(0 ~ ~ ~ 1). 
An equat ion for the anodic Tafel  l ine of the semi-  
infinite electrode is obtained f rom Eq. [24] for large 
r  This re la t ion is given in Eq. [25] 

2 ) I 1 2  
I ' =  k - - ~ '  ] e +'s'#c~ [25] 

which is of the same form as Eq. [11]. Separat ion of 
the variables  in Eq. [23] leads to Eq. [26], the 
counterpar t  of Eq. [12]. Relat ions 

dr 
1 "1 1/2 

1 [e +#~ ' (~ ) -  1] 3- ~ [ e - ( 1 - # ) ~ ' ( ~ ) - - l ]  

- -  ( 2 ~ ' ) 1 / 2  dx [ 2 6 ]  

corresponding to Eq. [26] were  in tegrated by F rumkin  
(5) and Ksenzhek and Stender  (8, 9) for the case of 
the symmetr ica l  ra te  law (~ = 1/2). Other  solutions in 
closed form for different  values of ~ are g iven below. 

The substitutions, y = exp [ (1 /2 ) r  for  ~ = 1/2, 
y = exp [ ( 1 / 3 ) r  for ~ = 1/3 or 2/3, or y = exp 
[ ( 1 / 4 ) r  for fl = 1/4 or 3/4, t ransform Eq. [26] 
into integrable  expressions. The  resul t ing potent ial  dis-  
tr ibutions may be calculated f rom the equations of 
Table III. Equat ion [27] is equiva len t  to the solutions 
repor ted  by F rumkin  (5) and Ksenzhek and Stender  
(8, 9). Polarizat ion curves for these and other  cases 
of the semi-infini te  electrode may  be calculated di- 
rect ly  f rom Eq. [24]. The  funct ion ~(u, ~ e / ( a s ~  1)) in 
Eq. [30] and [31] is Legendre ' s  incomplete  elliptic 
integral  of the third kind (34, 36). The symbols ul,o, 
u2,o, and Io denote values of the functions given in the 
footnote to Table I I I  for x = 0. 

An Approximate Method 
The formulas  presented in the previous sections 

provide exact  solutions in closed form to the problem 

Table III. Equations for the calculation of potential distributions in semi-infinite porous electrodes for transfer coefficients of 
1/4, 1/3, 1/2, 2/3, and 3/4 

�9 6 P o t e n t i a l  d i s t r i b u t i o n  f u n c t i o n  E q u a t i o n  No.  

1 / 2  t a n h  [ r  ( x ) / 8  ] = t a n h  [ r  ( 0 ) / 8 ]  e x p  [ -- (K') ~/~ x ]  [27]  

( 2 e x p [ r  (2 e x p [ r  (O) /3 ]  + 1) 1 /2_  k/~  
1 /3  = e x p [  -- (K') 1/~ x ]  

( 2 e x p [ r  (2 e x p [ r  ( 0 ) / 3 ]  + 1) 1/~ + ~ /3  - 
[28]  

e x p [ r  ( 0 ) / 3 ] - -  1 2 e x p  [ r  (O) /3 ]  + 1 -- ~ / 3 - e x p [ r  ( 0 ) / 6 ]  (2 + e x p [ r  ( 0 ) / 3 ] )  ~/2 
2 / 3  e x p [  -- (K')~/2 x ]  [291 

e x p [ r  ( x ) / 3 ] - -  1 2 e x p [ r 1 6 2  

1 /4  ( u l - - U l , o )  + [ 1 / ( ~ - -  1) ] [~{ul,v~/(c~ 2 - 1 )  } --~{ul,o,c~2/(~e 2 - 1 )  } + ~ ( f - - f o )  ] = /ex* [30]  

3 / 4  (u2--  ue, o) + [ 1 / ( e  -- 1) ] [~r{u2,a~/(a 2 - 1 )  } -- 7r{u~, o , ~ / ( e  ~ -  1) } -- ce ( ] - - f o )  ] = --'p~T* [31]  

e x p  [ r  ( x ) / 4  ] -- 1 e x p  [ r  ( x ) / 4  ] -- %/3- ~ / 3  + 1 ~ / 3  -- 1 
*c~  ~1 = ; ~ = _ _ ;  k 2 = _ _ ;  

e x p  [ r ( x ) / 4  ] + ~ 3 -  N/3- -- 1 2~/3 -  

-- 3J/%/2" (~,)1/2; $ = ! 2  k~+c~2--1(k')ea~" i n  

X/3 exp[~b ( x ) / 4 ]  + 1 
; c '~u2 = 

(v~a--1) l/2 dn u + {k=+ (k')a~a}l/2 s~ u ] 

( ~ - -  1)~/~ dn u- -  { k ~ +  (k ' )  ~az}z/~ sn u 
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Fig. 2. Comparison of exact and approximate reaction rate laws 
for fl = 1 /3 ,  1/2, and 2 /3 .  

of the distr ibution of cur ren t  and potent ial  in porous 
electrodes for  several  values of the t ransfer  coefficient 
(#) in the ra te  laws of Eq [5] and [19]. Al though these 
exact solutions should be useful for calculations on the 
operat ion of porous electrodes in the special cases for 
which they are valid, the computations are tedious. An 
approximate  method of calculat ion is presented below 
which c i rcumvents  a great  par t  of the ar i thmet ical  
difficulty, but  which provides approximate  solutions 
which are in good agreement  wi th  the exact  solutions. 

The na ture  of the approximat ion  is shown in Fig. 2 
for ~ = 1/3, 1/2, and 2/3. Curves 1, 2, and 3 show the 
exact  rate  laws for ~ = 2/3, 1/2, and 1/8, respect ively.  
The corresponding approximate  rate  laws are given by 
curves ABCD, AB'C'D', and AB"C"D". The approxi-  
mate  rate  law follows the l inear  polarizat ion relation, 
p(~) = r  up to the potential,  r where  a dis- 
continuity t ransi t ion (BC, B'C', and B"C") occurs to the 
exponent ia l  ra te  law, p(~) = exp [/~r At  r (~o), the 
slopes of both l inear  and exponent ia l  rate  laws in the 
plot of Fig. 2 are equal, and r = 1/~. Equations 
for the polar izat ion behavior  and the distr ibution of 
cur ren t  and potent ial  in both finite and semi-infini te 
porous electrodes according to this approximat ion are 
presented below. 

The Finite E lec t rode: - -Three  special cases arise in 
the application of the approximate  method to the finite 
electrode: (a) r : 1 / ~ r  > r  ~ 0  (for 
anodic polar izat ion) ,  so that  in this case the ent i re  
electrode operates wi th  the l inear  ra te  law, p(~) 
r  (b) zr > r  > r  ~ r  = 11~, where  the 
ra te  processes eve ryw he re  in the electrode fol low the 
exponent ia l  law, p (~) = exp [fie (~) ] ; and (c) 
r  > r  > r  a t ransi t ion region where  
0 < ~ o <  1 and ~o is a funct ion of r  

For  case (a),  when  r  1 / ~ r  in te-  
grat ion of Eq. [8] wi th  the l inear  rate  law, p(~) = r  
leads to Eq. [32] and [33] of Table IV for the potent ia l  
distr ibution and the polarizat ion curve. The value  of 
r  when r 1 6 2  1/~ may  be de termined  
from: 

2 exp (1/2) 
r  ~ - - - - l n  (~o : 1) 

cos ( ~ e / 2 )  1/2 

Therefore  when  r  is greater  than this value, Eq. 
[8] may  be in tegrated with  p ( } ) = e x p  [flr to 
give the potent ial  distr ibution and polarizat ion curve  
for case (b),  Eq. [34] and [35] of Table IV. 

The potent ial  dis tr ibut ion functions and the polar i -  
zation curve  of case (c),  when  0 < } o <  1 and r  > 
~(~o) = 1 / f l > r  are  given by Eq. [36], [37], and 
[38] of Table IV. The distr ibution of Eq. [36] holds in 
the region 0 < } < }o, whi le  Eq. [37] gives the dis tr ibu-  
tion in the region }o < } < 1. The parameter  }o may 
be computed f rom the re la t ion given in Table  IV as a 
funct ion of r  Once ~o is known, Eq. [36] and [37] 
are used to calculate r  and the total  current  is 
calculated f rom Eq. [38]. 

The effect of the discontinuity in the ra te  law is 
averaged out to a considerable extent,  so that  potent ia l  
distributions calculated in this manner  are quite  close 
to those found with  the exact methods discussed p re -  
viously. This averaging effect may be uti l ized fur ther  
to calculate more  precise values of the (reduced) 
react ion rate,  p(}),  than would  result  f rom the use of 
the discontinuous rate  law. For  this calculation, the 
exact  rate law of Eq. [5] is used with  values of the 
potential,  r  calculated f rom Eq. [36] and [37]. By 
use of this technique, the major  effect of the use of a 
discontinuous ra te  law appears in the calculated polar i -  
zation curves ra ther  than in the calculated potential  
and current  distributions. 

The Semi-infinite Electrode. 3 The boundary condi-  
tions are somewhat  s impler  in the case of the semi- in-  
finite electrode than for the finite electrode, and only 

a N e a r l y  a l l  p a r a m e t e r s  u s e d  i n  t h i s  s e c t i on  a n d  t h e  n e x t  a r e  
d e f i n e d  a b o v e  i n  t h e  sec t ions  d e a l i n g  w i t h  t h e  e x a c t  t r e a t m e n t  
of  t h e  f in i te  a n d  s e m i - i n f i n i t e  e l ec t rodes ;  o t h e r s  a r e  de f i ned  as  
t h e y  occur .  T h e  e q u a t i o n s  a r e  d e r i v e d  f o r  t h e  e a s e  of  a n o d i c  
p o l a r i z a t i o n ;  c a t h o d i c  p o l a r i z a t i o n  m a y  be  t r e a t e d  s i m i l a r l y .  

Table IV. Equations for the approximate calculation of potential distributions and polarization curves of porous electrodes of 
finite length 

E q u a t i o n  E q u a t i o n  
C a s e  P o t e n t i a l  d i s t r i b u t i o n  No.  P o l a r i z a t i o n  e q u a t i o n  No.  

(a) eosh [  (K)I/~(1 --4) ] r  
L i n e a r  l a w  ~b (4) = r (0) [32] I = t a n h  (K) 1/z [33] 

1 / ~  (0) >r (1)--o (K)~ c o s h  [ (K) x/s] 

(b) 
E x p o n e n t i a l  l a w  

r > r  (0) > r  (1)~---1/~ 

c o s - l { e x p  ( -- fl/2 [~b ( 0  - - r  (1) ]) } = 
c o s - l { e x p  ( - - 8 / 2 [ r  (0) - - r  (1) ]) } -- [ (~K/2) e+a§ 4 [341 
w h e r e :  

e x p [  ( f l / 2 ) r  (1) ] 
e x p [  ( g / 2 ) r  (01 ] = 

c o s  [fl~/2 e§162162 ]~/2 

I" = { (2/i lK) [e+~r -- e+~r 
= [ (2 /~K) C+P~a)] 1/g t a n  [ (ilK/2) e+~§ [351 

(e) 
T r a n s i t i o n  r e g i o n  

(0<~o<1) 

cos-l[ Qe-~,(o ]l/s = 

[=,1 
2 

w h e r e :  
tanlaS[ (K)xm (1--~o) 1 

Q = e  +x 
2/3 

cosh[ (K) ~t2 (1 - 4) 1 
r (4) [~o<~<11 [371 

~' cosh [  (K) t/~(1 --4o) ] 

tanh~[  (K) lP2(1-- 4o) ] 
I2 = + (2/~K)(e§176 [381 

4o is  c o m p u t e d  f r o m :  
Q 

e+'a§ (o) = 
cos~{cos-l[Q/e]l/2+ qflKQ/2)l/e4o } 
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Table V. Equations for the approximate calculation of potential distributions end polarization curves of semi-infinite porous 
electrodes 

E q u a t i o n  E q u a t i o n  
C a s e  P o t e n t i a l  d i s t r i b u t i o n  No .  P o l a r i z a t i o n  e q u a t i o n  No .  

(a) 
L i n e a r  l a w  r (x)  = r  e x p [ - -  (K') l /2x]  [39] I '  = r  [40]  

1 / f l  ~- r (0) > 0 

(b)  c o s - l [ Q  ' e-~e(x)]l/~ = 1 2 [43 |  
G e n e r a l  c a se  / f l K ' Q '  \ l / e  [41] ( / ' )~  = + - -  (e+Zr 

oo > r > 1/fl cos-~[Q' e-~(o)p/L [ - -~2/~ x [O<x<x,[ / ~ '  /~' 
Xo is computed from: 

w h e r e :  ( 2 ~z/~ 
Q '  : e +1 -- 1/2/~ xo  : t - - /  cos -~[Q"  e x p { - 1 / 2 [ l  + f l r  + 

r  = 1 / # e x p [ - ( K ' ) ~ / ~ ( x - x o ) ]  [ x e < x < o o ]  [42] 
{ ( 1 - Q ' e - ~ ( o ) )  (1 - Q ' e - D  }l/~] 

two  spec ia l  cases ar ise  in t he  app l i ca t ion  of the  ap -  
p r o x i m a t e  me thod .  F o r  case (a) ,  w h e n  r = 1 / # - -  ~ 
r  > 0, t he  l i nea r  r a t e  l a w  is a good a p p r o x i m a t i o n  
e v e r y w h e r e  in t he  e lec t rode ,  and i n t e g r a t i o n  of Eq.  
[22] for  p ( x ) = r  l eads  to Eq.  [39] and  [40] of  
Tab l e  V for  t he  po ten t i a l  d i s t r ibu t ion  and t h e  p o l a r i z a -  
t ion  c u r v e  in  this  region.  

F o r  case (b) ,  w h e n  oo > r  1//~, the  
po ten t i a l  d i s t r i bu t ion  func t ions  and  the  po la r i za t ion  
c u r v e  a r e  g i v e n  by  Eq. [41], [42], and [43] of Tab le  V. 
The  d i s t r i bu t ion  of Eq.  [41] holds  in the  r eg ion  
0 < x < xo, w h i l e  Eq.  [42] g ives  t he  d i s t r ibu t ion  in t he  
r e g i o n  Xo < x < oo. The  p a r a m e t e r  xo m a y  be  c o m p u t e d  
f r o m  the  r e l a t ion  g iven  in Tab l e  V as a f unc t i on  of r  
Once  Xo is k n o w n ,  Eq.  [41] and  [42] a re  used to ca l -  
cu la t e  ~b(x) at  any  po in t  in t he  e lec t rode .  A n  a p p r o x i -  
m a t e  po la r i za t ion  c u r v e  m a y  be  ca l cu la t ed  by  use  of 
Eq.  [40] and  [43], or  the  exac t  po l a r i za t i on  c u r v e  m a y  
be  c o m p u t e d  by  use  of  Eq.  [24]. 

D i s c u s s i o n  
A f a m i l y  of po l a r i za t i on  cu rves  for  t he  f ini te  porous  

e l ec t rode  is s h o w n  in Fig.  3. These  c u r v e s  w e r e  c o m -  
pu t ed  fo r  t he  case of t he  s y m m e t r i c a l  r a t e  l a w  
(/9 : 1/2) by  use  of Eq.  [13] and  [16] in Tab les  I and  
II  and  tab les  of the  J a c o b i a n  e l l ip t ic  func t ions  (35). 
T h e  sol id  l ine  in Fig. 3 is t he  po la r i za t ion  c u r v e  of 
f ini te  porous  e lec t rodes  w h e n  the  r eac t i on  is d i s t r i b -  
u t e d  u n i f o r m l y  t h r o u g h o u t  t he  e lec t rode ;  i t  is iden t ica l  
to t he  po la r i za t ion  c u r v e  of a p l a n a r  e l ec t rode  of the  
s a m e  su r f ace  area.  As  the  r e s i s t ance  p a r a m e t e r  (K) 
increases ,  t he  po t en t i a l  and  c u r r e n t  d i s t r ibu t ions  b e -  
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Fig. 3. Polarization curves for the f inite porous electrode as a 
function of the resistance parameter,  K, for the case of the sym- 
metrical  rate law (/~ = 1 /2 ) .  Curves A-E plot qX0) vs. I ;  curves 
A ' -D '  plot r  vs. I ;  dashed lines are extrapolations of the Tafe l  
lines. 

c o m e  inc reas ing ly  n o n u n i f o r m  at  cons tan t  t o t a l  cu r -  
r e n t  ( I ) .  F o r  suff ic ient ly  l a rge  ~, the  po la r i za t ion  c u r v e  
consists  of a s ingle  Ta fe l  l ine  of slope, de  ( 0 ) / d l n I  -~ 2//~, 
and r  is qu i te  sma l l  c o m p a r e d  to r  F o r  suffi- 
c i en t ly  sma l l  ~, two  Ta fe l  l ines  m a y  be  o b s e r v e d  in  t he  
po la r i za t ion  c u r v e  of t he  f ini te  porous  e lec t rode .  A t  
sma l l  cur ren t s ,  ~ (0)  is no t  m u c h  d i f fe ren t  f r o m  r  
the  r eac t ion  d i s t r ibu t ion  is e s sen t i a l ly  un i fo rm,  and  
the  po la r i za t ion  b e h a v i o r  of a p l a n a r  e l ec t rode  is ob-  
ta ined.  A t  l a rge  cur ren t s ,  r  e v e n t u a l l y  becomes  
l a rge  c o m p a r e d  to r  the  r eac t i on  d i s t r i bu t ion  be -  
comes  h i g h l y  n o n u n i f o r m ,  and  a t yp i ca l  porous  e lec -  
t r ode  po la r i za t ion  c u r v e  is ob ta ined .  The  dashed  l ines  
in Fig. 3 co r r e spond  to Eq. [11]. A t  l a rge  I, ~ (1)  a p -  
p roaches  a l i m i t i n g  v a l u e  w h i c h  depends  on ly  on ~. The  
v a l u e  of this  l im i t i ng  p o t e n t i a l  is d e t e r m i n e d  by  the  
equa t ion ,  uo = K, w h e r e  K ( k )  is t h e  c o m p l e t e  e l l ip t ic  
i n t eg ra l  of the  first  k ind  (34) and  Uo is def ined in Eq.  
[13] of Tab l e  I fo r  ~ = 0. C u r v e s  s imi l a r  to those  in 
Fig.  3 a re  d iscussed by  Winse l  (19). 

The  d i s t r i bu t ion  of po t en t i a l  and  c u r r e n t  in  the  
f ini te  e l ec t rode  as a f unc t i on  of  the  po la r i za t ion  is 
shown  in Fig.  4 and  5 fo r  the  case of s y m m e t r i c a l  r a t e  
l a w  (p = 1/2) and  K = 1. The  p a r a m e t e r  �9 of Fig.  4 is 
a r e l a t i v e  po ten t i a l  f u n c t i o n  w h i c h  is use fu l  fo r  p lo t -  
t ing  po t en t i a l  d i s t r ibu t ions  on a c o n v e n i e n t  scale. F o r  
sma l l  cur ren ts ,  t he  r e l a t i v e  p o t e n t i a l  d i s t r i bu t ion  is 
e s sen t i a l ly  i n d e p e n d e n t  of I (cf. c u r v e  A ) .  This  l i m i t -  
ing  po t en t i a l  d i s t r i bu t ion  occurs  w h e n  the  l i n e a r  r a t e  
l aw is a good a p p r o x i m a t i o n ,  and  an  exp re s s ion  for  the  
l im i t i ng  d i s t r ibu t ion  is g iven  by  Eq.  [44], w h i c h  is 
ob ta ined  f r o m  Eq. [32] of 

r  - -@(1)  cash[  (K)l/2(1 - -  ~) ] - -  1 
4~ = = [44] 

r (0) - -  r  cash[  (K) t/2] _ 1 

Tab l e  IV. W i t h  i nc r ea s ing  cu r ren t ,  t he  po t en t i a l  d is-  
t r i bu t ion  becomes  m o r e  n o n u n i f o r m .  The  r e l a t i v e  r e -  
ac t ion  r a t e  funct ion ,  p ( ~ ) / p ( 0 )  = j ( ~ ) / j ( 0 ) ,  of Fig.  5 
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Fig. 4. Plot of the relative potential  function, a~, against 
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Fig. 6. Comparison of exact and approximate methods for the 
calculation of polarization curves of the finite porous electrode. 
Solid lines are the exact solutions; dotted lines are the approximate 
solutions; dashed lines are extrapolations of the Tafel lines. 

also shows a l imit ing behavior  for small  polarization. 
Equat ion [45] is an expression for  this l imi t ing be-  
havior.  The 

p(~) cash[ (~) 1/2(1 - ~)] 
= [ 4 5 ]  

p(0) cash[ (K) 1/2] 

distributions of Fig. 4 and 5 correspond to points on 
curves C and C' of Fig. 3. Polar izat ion curves and 
potential  and current  distributions in the case of $ = 
1/3 and 2/3 are qui te  s imilar  to those shown in Fig. 3-5. 

A comparison of polarizat ion curves  for the finite 
electrode calculated by use of both exact  and approxi -  
mate  methods is shown in Fig. 6. The solid lines are 
exact  solutions computed f rom Eq. [16], [17], and [18] 
of Table  II for ~ = 1. Sections AB, AB', and AB" of 
the approximate  solutions were  calculated f rom Eq. 
[33] of Table  IV; points B, B', and B" correspond to 
the condit ion r (0) = 1/8. Sections BC, B'C', and B"C" 
were  calculated wi th  Eq. [38] of Table  IV and r ep re -  
sent the t ransi t ion region be tween  operat ion of the en-  
t ire electrode with  a l inear  react ion rate  law and 
operat ion wi th  an exponent ia l  law. Sections CD, C'D', 
and C"D" were  calculated f rom Eq. [35] of Table IV; 
points C, C', and C" correspond to the condition, 
~b(1) = 1/8. The  correspondence be tween  exact  and 

I = ~00 

-0  0. t 0,2 0.5 0,4 0,5 0.6 0.7 0 8  0.9 t.0 

r 

Fig. 7. Potential distribution in the finite porous electrode as a 
function of the transfer coefficient (/9) at constant current (!). 
Solid lines are calculated with exact equations, open circles with 
approximate method. 

approximate  solutions decreases in the sequence: 
AB'C'D',  ABCD, AB"C"D". Reference to Fig. 2 shows 
that  this sequence might  have  been anticipated f rom 
the re la t ive  behavior  of the exact  and approximate  
ra te  laws. The  ma jo r  effect of the assumption of a dis- 
continuous ra te  law as an approximat ion  to the more  
exact law is exhibi ted in the calculat ion of the po-  
larizat ion curve  of the finite electrode. As shown below, 
the effect of the discontinuity in the ra te  law is ave r -  
aged out over  the length  of the electrode, and exact  and 
approximate  methods for the calculation of potent ial  
and current  distributions agree well. 

Potent ia l  and react ion ra te  distr ibutions in the finite 
electrode, computed by use of both exact  and approxi -  
mate  methods, are shown in Fig. 7 and 8 as a func-  
tion of the t ransfer  coefficient. Curves A, B, and C in 
Fig. 7 and 8 were  calculated f rom Eq. [14], [13], and 
[15] of Table I, wi th  ~ = 1 and I = 100; the open c i r -  
cles were  calculated f rom Eq. [34] of the app rox ima te  
method. The agreement  be tween  exact  and approxi -  
mate  methods is ve ry  good. Since the total  cur ren t  (I) 
is constant, the react ion ra te  curves of Fig. 8 intersect.  

4 .......... ] I ] E I I I i 

a_2 

A 

I = t 0 0  

0.t  0 ,2  0 .5  0 .4  0-5  0 .6  0 .7  0 .8  0 .9  t . 0  

Fig. 8. Reaction distribution in the finite porous electrode as a 
function of the transfer coefficient (p) at constant current (I). 
Solid lines are calculated with exact equations, open circles with 
approximate method. 
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Fig. 9. Potential distribution in the semi-infinite porous electrode 
as a function of the transfer coefficient (fl) at constant current 
(1% Solid lines are calculated with exact equations, open circles 
with approximate method; filled circles denote xo, where r = 
1/8 and the rate law changes from p(x) ~ exp [~(x)] to p(x) 
= ~(x). 
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~o 

P o t e n t i a l  d i s t r ibu t ions  fo r  the  s emi - in f in i t e  e l ec -  k 
t r o d e  a re  s h o w n  in Fig.  9 as a func t ion  of t he  t r a n s f e r  
coefficient  for  t he  p a r a m e t e r s  K ' =  1 and I ' =  100. The  k' 
e x a c t  d i s t r ibu t ions  w e r e  ca l cu la t ed  f r o m  Eq.  [27] to  
[31] of Tab l e  III.  Va lues  of i n c o m p l e t e  e l l ip t ic  i n t eg ra l s  K 
of t he  th i rd  k i n d  o c c u r r i n g  in Eq. [30] and  [31] w e r e  l 
c o m p u t e d  by  use  of tab les  (36). The  a p p r o x i m a t e  d is -  Q, Q, 
t r i bu t ions  w e r e  ca l cu l a t ed  by  use  of Eq. [41] and [42] 
of Tab l e  V. The  locus of  t he  po in t  Xo was  ca lcu la t ed  in 
each  case f r o m  the  f o r m u l a  in Tab l e  V. S ince  Xo r e p r e -  
sents  t he  t r ans i t i on  po in t  b e t w e e n  l i nea r  and  e x p o -  
nen t i a l  r a t e  laws,  i t  is a use fu l  m e a s u r e  of t he  d e g r e e  RT/[:  
of p e n e t r a t i o n  of the  r eac t ion  into  t he  porous  e lec t rode ,  sd(u, k) 
As for  the  case of t he  f ini te  e lec t rode ,  the  a g r e e m e n t  sn(u,  k) 
b e t w e e n  exac t  and a p p r o x i m a t e  m e t h o d s  is good. The  S 
best  a g r e e m e n t  is f ound  fo r  t he  case of  t he  s y m m e t r i c a l  
r a te  l a w  (8 = 1 /2) .  T h e  d i s t r ibu t ions  of r eac t ion  r a t e s  tn(u,  k) 
co r r e spond ing  to the  po ten t i a l  d i s t r ibu t ions  of Fig.  9 u 
a r e  s im i l a r  in f o r m  to those  of Fig.  8. 

I n  con t ras t  to the  ca l cu la t ion  of po la r i za t ion  c u r v e s  uo 
fo r  t he  f ini te  e l ec t rode  (cf. Fig.  6), ca l cu la t ion  of t he  x 
po ten t i a l  prof i le  us ing  the  a p p r o x i m a t e  m e t h o d  p r o -  
posed  h e r e  shows  l i t t l e  effect  of t h e  a s sumpt ion  of a Xo 
discon t inuous  r a t e  law.  F u r t h e r m o r e ,  as shown  in Fig.  
7-9, bo th  exac t  and  a p p r o x i m a t e  m e t h o d s  p r o v i d e  es-  
s en t i a l ly  t he  s a m e  dis t r ibut ions .  F igu re s  7 and 9 show y 
t h a t  t he  po t en t i a l  d i s t r ibu t ion  in porous  e lec t rodes  is 
a r a t h e r  sens i t ive  f u n c t i o n  of t he  v a l u e  of t he  t r a n s f e r  
coeff icient  in  t he  r eac t i on  r a t e  law.  A l t h o u g h  the  a 
e x a c t  so lu t ions  r e p o r t e d  above  should  be  u se fu l  for  
c o m p u t a t i o n a l  pu rposes  in  specia l  cases, t he i r  u t i l i t y  
is s o m e w h a t  l i m i t e d  fo r  a r b i t r a r y  va lues  of t he  t r a n s -  /~ 
f e r  coeff icient  w h i c h  a re  l i k e l y  to occur  w i t h  p rac t i ca l  
porous  e lec t rodes .  T h e  a p p r o x i m a t e  m e t h o d  ou t l ined  "Y 
above  t h e n  affords a m u c h  eas ie r  and  s t i l l  r e l a t i v e l y  
e x a c t  t e c h n i q u e  fo r  the  ca lcu la t ion  of po la r i za t ion  b e -  8 
h a v i o r  and  p o t e n t i a l  a n d  c u r r e n t  d i s t r ibu t ions  in 
porous  e lec t rodes  u n d e r  p u r e  ac t i va t i on  control .  
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S Y M B O L S  
A v e r a g e  c ross - sec t iona l  a r ea  of e lec -  
t r o l y t e  in porous  e lec t rode ,  cm 2 
J a c o b i a n  e l l ip t ic  funct ion ,  cos ine  a m -  
p l i t ude  u 
J a c o b i a n  e l l ip t ic  funct ion ,  de l t a  a m -  
p l i t ude  u 
F u n c t i o n s  o c c u r r i n g  in exac t  t r e a t -  
m e n t  of s emi - in f in i t e  e l ec t rode  for  
8 = 1/4 or  3/4;  def ined in T a b l e  I I I  
To ta l  c u r r e n t  of porous  e lec t rode ,  
a m p  
To ta l  e x c h a n g e  c u r r e n t  of f ini te  po -  
rous  e lec t rode ,  a m p  
Dimens ion l e s s  r e d u c e d  to ta l  c u r r e n t  
of f ini te  e l ec t rode ;  I = i/io = i/Sljo 
R e d u c e d  to ta l  c u r r e n t  of s emi - in f in i t e  
e l ec t rode ;  I' = i/Sjo, cm 
C u r r e n t  dens i ty  of e l e c t r o c h e m i c a l  
r eac t ions  o c c u r r i n g  at  t he  i n t e r f ace  
b e t w e e n  solid and  l i qu id  phases  in 
f in i te  and  semi - in f in i t e  porous  e l ec -  
t rodes,  r e spec t ive ly ,  a m p / c m  2 
E x c h a n g e  c u r r e n t  dens i ty  of porous  
e lec t rode ,  a m p / c m  2 
Modu lus  of J a c o b i a n  e l l ip t ic  f u n c -  
t ions and in t eg ra l s  
C o m p l e m e n t a r y  modu lus :  
k '  -~- ( 1 -  k 2 ) 1/2 

C o m p l e t e  e l l ip t ic  i n t e g r a l  of t h e  first 
k i n d  
L e n g t h  of  f ini te  porous  e lec t rode ,  cm 
Dimens ion le s s  i n t e g r a t i o n  cons tan ts  
o c c u r r i n g  in t he  a p p r o x i m a t e  t r e a t -  
men t s  of f ini te  and  semi - in f in i t e  e lec -  
t rodes,  r e s p e c t i v e l y ;  def ined in Tab les  
IV  and  V 
T h e r m a l  vo l t  equ iva l en t ,  vo l t s  
sd(u, k) = sn(u,  k ) / d n ( u ,  k) 
J a c o b i a n  e l l ip t ic  funct ion ,  s ine a m -  
p l i t ude  u 
S u r f a c e  a rea  of porous  e l ec t rode  pe r  
un i t  length ,  cm 
tn(u ,  k) = sn(u,  k) / cn (u ,  k) 
I n c o m p l e t e  e l l ip t ic  i n t e g r a l  of t he  first 
k i n d  
Va lue  of u w h e n  ~ = 0 or  x = 0 
Dis t ance  p a r a m e t e r  of s emi - in f in i t e  
porous  e lec t rode ,  cm 
Po in t  of t r ans i t ion  b e t w e e n  l i n e a r  and 
e x p o n e n t i a l  r a t e  l aws  in a p p r o x i m a t e  
t r e a t m e n t  of s emi - in f in i t e  e lec t rode ,  
cm 
C o n v e n i e n t  func t ions  used  in exac t  
t r e a t m e n t s  of f ini te  and  semi - in f in i t e  
porous  e lec t rodes  
P a r a m e t e r  o c c u r r i n g  in e x a c t  t r e a t -  
m e n t  of  s emi - in f in i t e  e l ec t rodes  fo r  
/~ = 1/4 or  3/4;  def ined  in T a b l e  I I I  
T r a n s f e r  coeff icient  of t he  anodic  r e a c -  
t ion  ( 0 < 8 < 1 )  
P a r a m e t e r  o c c u r r i n g  in exac t  t r e a t -  
m e n t  of f ini te  e l ec t rode  fo r  /3 = 1/3; 
def ined in T a b l e  I 
P a r a m e t e r  o c c u r r i n g  in e x a c t  t r e a t -  
m e n t  of f in i te  e l ec t rode  fo r  ~ = 2/3;  
def ined in Tab l e  I 

(~) = ~ r  (~)--~r  ~ (x)  = ~ r  (x)-:~.r 
o v e r p o t e n t i a l  in f ini te  and  s e m i - m -  
f ini te  e lec t rodes ,  r e spec t ive ly ,  vo l t s  
K - ~  ( i o l F ) / ( ~ A R T ) ;  •' = ( joSF) /  
(~ART)  ; r e s i s t ance  p a r a m e t e r s  o c c u r -  
r i ng  in t r e a t m e n t  of  f ini te  and  s emi -  
inf ini te  e lec t rodes ,  r e s p e c t i v e l y  
(~' ---- em-~)  
P a r a m e t e r  o c c u r r i n g  in  e x a c t  t r e a t -  
m e n t  of  s emi - in f in i t e  e l ec t rodes  fo r  
8 = 1/4 or  3/4;  def ined in Tab l e  I I I  
D imens ion l e s s  d i s t ance  p a r a m e t e r  of 
f ini te  porous  e l ec t rodes  
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~o Point  of t ransi t ion between l inear  and 
exponent ial  rate laws in approximate 
t rea tment  of finite electrode 

~{u, ~2/(~2_ 1) ) Legendre 's  incomplete elliptic integral  
of the third kind;  occurs in  Eq. [30] 
and [31] of Table III  

p(~) ,p(x)  p(~) = j (~) / jo ;  p(x) = j (x) / jo;  di-  
mensionless reduced reaction rates in 
finite and semi-infini te electrodes, re -  
spectively. 
Specific conductance of solution, 
o h m -  1 e ra -  1 

CM Potent ia l  of the metall ic phase of po- 
rous electrodes, here assumed con- 
stant, volts 

r  Potent ia l  of the solution phase of 
finite and semi-infini te  porous elec- 
trodes, respectively, volts 

r  ~(~) ~ ~ ( ~ ) / R T ;  ~(x)  ~ T/~(x)/RT; 
dimensionless reduced overpotentials 
in finite and semi-infini te electrodes, 
respectively 

9(0) Dimensionless reduced overpotential  
a t~  = 0orx----  0 

r (1) Dimensionless reduced overpotential  
a t~  : 1 

r r r = r -~ l/E; dimensionless 
reduced potential  of t ransi t ion be-  
tween l inear and exponent ia l  rate 
laws in approximate t reatments  of 
finite and semi-infini te  electrodes, re -  
spectively 

interfacial  potential  difference in fi- 
ni te  and semi-infini te porous elec- 
trodes, respectively, volts 

Ar Reversible interfacial  potential  differ- 
ence, volts 
�9 = [~, (~)- - r  ] / [ ~  (0)- -~(1)  ] ; re la-  
tive potential  funct ion 
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Transport Numbers in Pure Molten AgNO  and AgCI 
by a Simplified Weighing Method 

Paul Duby* and Herbert H. Kellogg 
Department of Mineral Engineering, Columbia University, New York, New York 

ABSTRACT 

A very simple technique is described for measur ing t ranspor t  numbers  in 
pure fused salts. The t ranspor t  of mat ter  due to ionic electromigrat ion is 
determined by recording cont inuously dur ing  electrolysis, the weight change 
of a movable  half-cell,  which consists mere ly  of a vertical  tube closed at its 
lower end by a coarse-fri t ted Pyrex  plug. A small  bu t  significant decrease 
of the silver t ransport  number  with increasing tempera ture  is found in both 
mol ten AgNO8 and AgC1. 

A number  of techniques have been used for meas-  
ur ing t ranspor t  numbers  in  pure mol ten salts. Most of 
these techniques have been criticized because of ex-  
per imental  l imitations. More recently,  the principle of 
the measurement  itself has been questioned, and 
doubts have been expressed about the concept of the 

1 P r e sen t  address :  School of Meta l lurgica l  Engineer ing ,  Un ive r s i t y  
of Pennsy lvan ia ,  Phi ladelphia ,  Pa .  

t ransport  number  (1). Devising new independent  
methods of measurements  has therefore a twofold 
purpose. First, it will  make  possible the selection of 
the most appropriate technique in each case, and it wil l  
improve the rel iabi l i ty  of present ly  avai lable data. 
Second, each new measurement  brings more facts to 
support  theories about  the exper imental  significance of 
the t ranspor t  n u m b e r  concept. 
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ELECTROLYSIS 

CIRCUIT 

The  p r e s e n t  p a p e r  descr ibes  a v e r y  s imple  t e c h n i q u e  
for  m e a s u r i n g  t r a n s p o r t  numbers ,  w h i c h  is d i r ec t l y  de -  
r i ved  f r o m  the  w e i g h i n g  m e t h o d  p r e v i o u s l y  r e p o r t e d  
by  the  au tho r s  (2, 3). B o t h  t e chn iques  a re  based  on 
the  m e a s u r e m e n t  of t he  e q u i v a l e n t  mass  t r a n s p o r t  due  
to e l ec t romig ra t i on .  T h e  first one  r eco rds  t he  d i sp lace -  
m e n t  of the  cen t e r  of g r a v i t y  of  a ho r i zon t a l  cell  w h e n  
the  e lec t r i ca l  c u r r e n t  passes t h r o u g h  it. The  second 
one  m e a s u r e s  d i r ec t ly  t he  w e i g h t  change  of one  e lec -  
t rode  c o m p a r t m e n t  w h i l e  t he  e lec t ro lys i s  proceeds .  
This  is done  by  su spend ing  a h a l f - c e l l  f r o m  a r e c o r d i n g  
ba l ance  so tha t  i t  dips in to  the  vesse l  con t a in ing  the  
m e l t  and the  o the r  e lec t rode .  

This  s impl i f ied  w e i g h i n g  t e c h n i q u e  does  not  y i e ld  
resu l t s  w i t h  as h igh  p rec i s ion  as t he  m o r e  e l a b o r a t e  
one, bu t  in this  r e spec t  i t  is st i l l  as good or  b e t t e r  as 
r e c e n t l y  r e p o r t e d  r a d i o t r a c e r  e x p e r i m e n t s  (4).  The  
appa ra tu s  is qu i te  s imple  and  the  p r o c e d u r e  is v e r y  
fast.  I t  is r e c o m m e n d e d  for  r ap id  m e a s u r e m e n t  of 
t r anspo r t  n u m b e r s  w i t h i n  a f e w  pe r  cent.  

Le t  us cons ider  a m o l t e n  sal t  MX,  be ing  e l e c t r o -  
lyzed  b e t w e e n  two  e lec t rodes  of the  m e t a l  M, s e p a r a t e d  
by  a porous  m e m b r a n e  w h i c h  defines the  two  e l ec -  
t r o d e  c o m p a r t m e n t s .  A n  e q u i v a l e n t  mass  Mt is t r a n s -  
f e r r e d  pe r  f a r a d a y  f r o m  the  anode  t o w a r d  the  ca thode  

M ~  ~ TM MM - -  Tx Mx [1] 

w h e r e  MM, Mx are  t he  e q u i v a l e n t  masses  of c o m p o -  
nen t s  M and  X, and T~,  Tx  a re  t he  t r a n s p o r t  n u m b e r s  
m e a s u r e d  w i t h  r e spec t  to the  porous  plug.  

A v o l u m e  change  of the  m e l t  in the  e l ec t rode  c o m -  
p a r t m e n t s  also t akes  place.  I t  p roduces  a l eve l  d i f fe r -  
ence  b e t w e e n  the  e l ec t rode  c o m p a r t m e n t s ,  f r o m  w h i c h  
a m e c h a n i c a l  f low resul ts .  I t  has  b e e n  s h o w n  (3) tha t  
the  to ta l  r a t e  of w e i g h t  change  due  to bo th  the  e l e c t r o -  
m i g r a t i o n  and the  r e t u r n  flow is a f unc t i on  of t ime,  

d I I 
- - W ( t )  ~ Mt--g--F (Vt-~  Ve) -~pg ( 1 - - e  -at) [2] 

dt 

w h e r e  W ( t )  is the  w e i g h t  of t he  m o v i n g  ha l f - ce l l ;  1, 
the  e lec t r i ca l  cu r r en t ;  F, the  f a r a d a y  cons tan t ;  g, the  
g r a v i t a t i o n  cons tant ;  Vt and Ve, the  v o l u m e  changes  
due  to e l e c t r o m i g r a t i o n  and to t he  e l ec t rode  reac t ion ;  
p, t he  dens i ty  of the  me l t ;  a, a t i m e  cons tan t  w h i c h  
defines t h e  r a t e  of h y d r a u l i c  f low t h r o u g h  the  porous  
m e m b r a n e ;  t, t he  t ime.  

F o r  t he  sys t em desc r ibed  above  

V t  -~- V e  = Tx VMX - -  VM ~ [3] 

w h e r e  VMX is the  e q u i v a l e n t  v o l u m e  of t h e  sal t  and 
VM ~ is the  e q u i v a l e n t  v o l u m e  of the  m e t a l  in the  e l ec -  
t rode.  

The  r a t e  of w e i g h t  change  per  un i t  of e lec t r ic  c u r -  
r e n t  depends  on ly  on the  t r a n s p o r t  n u m b e r  and  the  
h y d r a u l i c  cha rac te r i s t i c s  of t he  plug.  If  t he  d u r a t i o n  
of t he  r u n  is smal l  c o m p a r e d  w i t h  l /a,  t he  second 
t e r m  van i shes  in Eq.  [2] and  the  in i t i a l  w e i g h t  change  
is a d i rec t  m e a s u r e m e n t  of t he  e q u i v a l e n t  mass  t r a n s -  
po r t  and hence  the  t r a n s p o r t  n u m b e r  

M r +  Mx 
TM --  [4] 

MM ~ Mx 

W i t h  coarse  f r i t t ed  disks, 1/a is r a t h e r  sma l l  and  the  
last  t e r m  of Eq.  [2] canno t  be  neg lec ted .  T h e  m a g n i -  
t u d e  of this  t e r m  can be  e v a l u a t e d  f r o m  a m e a s u r e -  
m e n t  of the  t ime  constant ,  a. In  t he  e x p e r i m e n t s  r e -  
p o r t e d  below,  t he  m e a s u r e d  w e i g h t  change  was  a lways  
co r r ec t ed  in this  m a n n e r  in o rde r  to c o m p u t e  t he  
e q u i v a l e n t  mass  t ranspor t .  This  co r rec t ion  a m o u n t e d  to 
abou t  0.01 on the  t r a n s p o r t  number .  

Exper imenta l  
The  a p p a r a t u s  is r e p r e s e n t e d  on Fig.  1 The  e l ec t ro l -  

ysis cel l  consists  of a 30 r a m - d i a m e t e r  P y r e x  vesse l  
con t a in ing  the  m o l t e n  salt.  Ins ide  hangs  the  m o v a b l e  
ha l f  cell.  The  l a t t e r  consists  m e r e l y  of a 8 m m - d i a m e t e r  
P y r e x  t u b e  c losed at i ts b o t t o m  by  a coarse  poros i ty  

i 
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Fig. 1. Diagrammatic sketch of apparatus. 1, movable half-cell 
with porous membrane; 2, silver electrodes in molten salt; 3, silver 
electrodes in aqueous silver nitrate solution; 4, mercury contacts; 
5, furnace; 6, chromel-alumel thermocouple; 7, heat and draft 
shields (not completely shown). 

f r i t t ed  plug.  The  two  e lec t rodes  a r e  m a d e  of s i lve r  
w i r e  (1/s in. d i a m e t e r ) .  One  hangs  ins ide  t he  ha l f -ce l l ,  
the  o the r  is e x t e r i o r  to i t  and  is f o r m e d  into  a loop at 
the  bo t tom of the  ou te r  vessel .  A t he rmocoup l e ,  p r o -  
t ec ted  by  a P y r e x  t u b i n g  also dips in to  t he  mel t .  

The  cel l  is con t a ined  in a sma l l  r es i s tance  f u r n a c e  
w i t h  a v i ewpor t ,  so tha t  the  f r e e  m o t i o n  of the  h a l f - c e l l  
can be observed .  T h e  t e m p e r a t u r e  is con t ro l l ed  by  a 
p ropo r t i ona l  con t ro l l e r ,  r e c e i v i n g  its s ignal  f r o m  a 
t h e r m o c o u p l e  loca ted  u n d e r  t h e  cell .  T h e  t e m p e r a t u r e  
is cons tan t  to abou t  2~ o v e r  a l e n g t h  of  4 cm a r o u n d  
the  porous  m e m b r a n e .  

The  m o v a b l e  e l ec t rode  c o m p a r t m e n t  hangs  f r o m  the  
l e f t  pan  of an  A i n s w o r t h  s e m i m i c r o  r e c o r d i n g  ba lance .  
The  fine m i c h r o m e  suspens ion  w i r e  (B ~ - S  No. 36) 
also se rves  to c a r r y  t he  e l ec t r i ca l  c u r r e n t  to t h e  e l ec -  
t rode.  

W i t h  such an e x p e r i m e n t a l  se t -up ,  the  fo rce  ac t ing  
on the  balance ,  F, equa l s  the  w e i g h t  of t he  ha l f -ce l l ,  
W, minus  the  buoyancy ,  B, p lus  t he  r e s u l t a n t  of su r -  
face  t ens ion  forces,  S. I f  one assumes  tha t  the  su r face  
t ens ion  forces  r e m a i n  constant ,  t h e n  a c h a n g e  of 
w e i g h t  of the  ha l f -ce l l ,  AW, p roduces  a d i s p l a c e m e n t  
of the  l e f t  pan  AX, and  a c c o r d i n g l y  a change  of  b u o y -  
ancy,  AB. The  r e s u l t i n g  change  of the  force  ac t ing  on 
the  ba l ance  is, AF, g i v e n  by  

AF ~ ~W ~ AB : A W - -  pgAAX [5] 

w h e r e  A is the  c ross - sec t ion  of the  m o v a b l e  e l ec t rode  
c o m p a r t m e n t .  I f  k is the  p r o p o r t i o n a l i t y  cons tan t  of  t he  
au toma t i c  ba l ance  m e c h a n i s m  wh ich  re la tes  AX to AF, 
t h e n  

AW 
~F [6] 

1 ~ kApg 

In  the  condi t ions  of our  e x p e r i m e n t s  t he  e x p r e s s i o n  
1 § kApg is a p p r o x i m a t e l y  equa l  to 20, w h i c h  m e a n s  
tha t  the  sens i t iv i ty  of our  a p p a r a t u s  is r e d u c e d  to about  
1/20 the  n o m i n a l  sens i t iv i ty  of  t he  ba lance .  One  d i v i -  
s ion of t he  char t  (1/10 in.) r e p r e s e n t s  a cco rd ing ly  2 m g  
ins tead  of the  n o m i n a l  0.1 mg.  

A first ser ies  of m e a s u r e m e n t s  w e r e  m a d e  w i t h  the  
a p p a r a t u s  as desc r ibed  so far .  T h e  sys t em was  ca l i -  
b r a t e d  by  c h a n g i n g  we igh t s  on  t h e  r i gh t  pan.  A l l o w -  
ing  for  some osc i l la t ion  of the  ba lance ,  w h i c h  was  
p r o b a b l y  due  to t h e r m a l  convec t ion  cu r ren t s  above  
the  cell,  t he  r e a d a b i l i t y  was  found  equa l  to ha l f  a d iv i -  
sion or  1 rag. T h e  r e p r o d u c i b i l i t y  of t h e  ca l ibra t ion ,  
h o w e v e r ,  was  u n e v e n  and  s e e m e d  to d e p e n d  on  the  
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speed with  which the weights  were  applied. This was 
a t t r ibuted to a change of the surface tension forces on 
the movable  half cell as a function of the speed or 
accelerat ion of its motion. To take care of that, another  
cal ibrat ion procedure  was adapted, as follows: 

From the r ight  pan of the balance hangs a piece of 
s i lver  wire  (Vs in. d iameter)  dipping into an aqueous 
solution of 10% si lver  nitrate.  A second si lver elec- 
trode is fixed into the vessel containing the solution so 
that  the whole cell constitutes a s i lver  coulometer.  The 
calibration of the balance is done by passing a known 
electrical  current  through the coulometer  in order  to 
cause a ra te  of weight  change roughly  equal  to the 
expected rate  of weight  change due to electrolysis of 
the mol ten salt. In this maner,  the very  same displace- 
ment  occurs during the cal ibrat ion and the actual run. 

By this method the ra te  of weight  change is, indeed, 
calibrated. The measurement  is then mere ly  the com- 
parison of two slopes on the weight  vs. t ime plot  re -  
corded by the balance: one for current  through the 
ceil, the  other  for curernt  through the coulometer.  

The same apparatus can be used also as a zero-  
method, by passing s imultaneously two different cur-  
ren t  intensities through the cell and through the 
coulometer  and vary ing  one of them unti l  the  balance 
beam is mainta ined in equil ibrium. The resul t  is then 
computed f rom the ratio of electr ical  currents.  This 
method has also been applied successfully. 

Results and Discussion 
The exper imenta l  procedure  is ve ry  similar  to the 

one used by Har r ing ton  and Sundhe im (5) to measure  
leakage rates through porous diaphragms in order  to 
evaluate  their  possible use for t ransport  experiments .  
We have, however ,  improved  this technique in two 
ways. First,  the use of a recording balance makes  the 
exper iment  easier and more reliable.  Second, the use 
of the si lver coulometer  improves the calibration since 
it makes possible the actual cal ibrat ion of the rates of 
weight  change. 

Measurements  have  been made first wi th  mol ten 
si lver ni t ra te  in order  to evaluate  the technique by 
comparison with  the results obtained with the hori-  
zontal cell. F igure  2 shows all the data. They are 
somewhat  more  scat tered than the other  ones but  the 
general  agreement  is quite  good. The  two values ob- 
tained by Laity and Duke wi th  their  bubble cell (6) 
are also indicated. The fol lowing tempera tu re  de-  
pendence has been obtained by the least square tech-  
nique 

TAg --~ 0 . 7 9 8 -  5.6 10 -4 (~--200)  

with a s tandard deviat ion 0.006. 
A series of measurements  have been made with 

mol ten  AgC1. F igure  3 shows the results. A small  but  
significant t empera tu re  dependence is found. It  is ve ry  
similar to the one observed for si lver nitrate.  The 
best l ine obtained by a least  square  calculation is 
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Fig. 2. Temperature dependence of transport number in molten 
silver nitrate. AgNO3: �9 vertical ha/f-cell; e, horizontal cell (3); 
[Z], Laity and Duke (6). 
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Fig. 3. Temperature dependence of transport number in molten 
silver chloride. 

TAg ~ 0.682 - -  4.8 10 -4 (0 - -  500) 

with a s tandard deviat ion 0.016. The  two other  meas-  
urements  of t ransport  number  in mol ten si lver chloride, 
which we know of, disagree among themselves  and 
with  our results. We have so far  no explanat ion for 
those differences. First, Duke and co-workers  (7) 
found Tc] = O, and accordingly TAg = 1, in the 500 ~ 
600~ tempera tu re  range, by means of a radiot racer  
technique in a Py rex  cell. It  must  be recalled, h o w -  
ever, that  Lunden  (8) concludes f rom his own ex-  
per ience with the radiotracer  technique that  "it seems 
wise always to check the results by using both anion 
and cation tracers." Accordingly,  Duke and co-workers '  
va lue  should eventua l ly  be checked by a more  
thorough investigation. Second, Murguliscu and Marta  
(9) found an average value  of TAg z 0.54 by weighing 
the anodic compar tment  after  passing the current.  
Their  results, however ,  are scattered be tween  a lower  
value 0.45 and an upper  one 0.68. Taking this scat ter ing 
into account, those data seem no longer  ve ry  different 
f rom ours. 

Summarizing,  this simplified weighing method gives 
quick and reproducible  t ransport  number  measure -  
ments. The slight t empera tu re  dependences of t rans-  
port  numbers  in both s i lver  n i t ra te  and s i lver  chloride 
appear  significant. It  is to be compared with  the de-  
pendence on t empera tu re  found by Fisher  and K1emms 
(10) for zinc chloride and thal l ium chloride and the 
one a l ready repor ted  (3) for  lead bromide. 
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Oxidation of Lanthanum 
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L o r i e r s  (1) s h o w e d  t h a t  l a n t h a n u m  is a t t a c k e d  b y  
d r y  a i r  u n t i l  a c o n s t a n t  w e i g h t  i n c r e a s e  of 0.45 m g / c m  s 
w a s  r e a c h e d  a f t e r  25 r a i n  a t  300~ M o r e  r e c e n t l y  
V o r r e s  a n d  E y r i n g  (2) r e p o r t e d  t h a t  t h i s  e l e m e n t  ox i -  
d izes  in  a p a r a b o l i c  m a n n e r .  A b o v e  300~ l a n t h a n u m  
t r a n s f o r m s  f r o m  h c p  ( h e x a g o n a l - c l o s e - p a c k e d )  to  fcc 
( f a c e - c e n t e r e d - c u b i c ) .  T h e  v o l u m e  r a t i o  of t h e  o x i d e  to 

t h e  fcc p h a s e  is 1.11 (3 ) .  
T e s t i n g  was  c a r r i e d  ou t  i n  a n  A i n s w o r t h  a p e r i o d i c  

m i l l i g r a m  a n a l y t i c a l  b a l a n c e .  T h e  b a l a n c e  w as  m o d i -  
fied to a c c o m m o d a t e  a 12-in.  l o n g  s a p p h i r e  r o d  s u p -  
p o r t i n g  a z i r c o n i a  c r u c i b l e  in  a v e r t i c a l  f u r n a c e  (4 ) .  
S a m p l e s  of 99.5% p u r e  l a n t h a n u m  w e r e  p u r c h a s e d  
f r o m  t h e  A m e r i c a n  C h e m i c a l  a n d  P o t a s h  C o m p a n y .  
S ince  l a n t h a n u m  oxid izes  r e a d i l y  a t  r o o m  t e m p e r a t u r e ,  
t h e  p a r a f f i n - p r o t e c t e d  ingo t s  w e r e  cu t  u n d e r  oil i n t o  
s a m p l e s  a p p r o x i m a t e l y  0.1 x 0.2 x 1 cm. E a c h  s a m p l e  
was  t h e n  d r i e d  u n d e r  v a c u u m  a t  100~ f o r  5 h r  p r i o r  to 
ox ida t ion .  D e n s i t y  m e a s u r e m e n t s  s h o w e d  t h a t  t h e  
s a m p l e s  w e r e  100% dense .  T h e  l a c k  of o x i d a t i o n  b e f o r e  
t e s t i n g  w a s  i n d i c a t e d  b y  t h e  a b s e n c e  of w h i t e  LafOs.  
T h e  t i m e  of t r a n s f e r  f r o m  t h e  v a c u u m  c h a m b e r  to t h e  
o x i d a t i o n  a p p a r a t u s  w a s  ~ 25 sec. 

R e p r e s e n t a t i v e  w e i g h t - g a i n  vs. t i m e  p lo t s  f o r  l a n -  
t h a n u m  a t  700~ a r e  s h o w n  in  Fig.  1. T h e  i n i t i a l  l i n e a r  
w e i g h t  ga in  is c o n s t a n t  a t  t h e  s a m e  r a t e  in  r e p e t i t i v e  
tests .  A t  t i m e s  v a r y i n g  f r o m  750 to 1200 sec, t h e  w e i g h t  
g a i n  d i s c o n t i n u o u s l y  j u m p s  to a c o n s t a n t  v a l u e  of 
32 _+ 1.0 m g / c m  s. F i g u r e  2 is a p lo t  of t h e  w e i g h t  ga in  
vs. t i m e  fo r  s a m p l e s  t e s t e d  a t  t e m p e r a t u r e s  of 600 ~ 
to 850~ I n  t h e  t e m p e r a t u r e  r a n g e  of  600~176 t h e  
s a m p l e s  o b e y e d  a s i n g l e  l i n e a r  l a w  u n t i l  a t i m e  v a r y -  
i ng  f r o m  810 to 2150 sec w h e n  t h e  w e i g h t  g a i n  j u m p e d  
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Fig. 2. Weight gain vs. time for lanthanum oxidized at the 
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to 32 __+ 1 m g / c m  2. A b o v e  700~ t w o  d i s t i n c t  l i n e a r  r e -  
g ions  w e r e  o b s e r v e d .  I n  t h e  t i m e s  i n v e s t i g a t e d ,  2400 
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gain constant in the t empera tu re  range of 600~176 
as a function of reciprocal  absolute temperature .  The 
act ivat ion energy was -~ 32.8 kcal /mole .  X - r a y  exam-  
inat ion indicated that  La20~ was the only oxidat ion 
product  at all temperatures .  

These results demonstra te  that  l an thanum oxidizes 
l inear ly  in the t empera tu re  range of 600~176 This 
is in d isagreement  wi th  the results of Vorres and Eyr -  
ing (2). No reason is advanced for this discrepancy. 

The weight  gain of the samples used in the present  
investigation, if all the lan thanum were  oxidized to 
lan thanum oxide, would be ~ 35 m g / c m  2. This agrees 
wi thin  exper imenta l  l imits wi th  the observed value  of 
32 m g / c m  ~. Loriers used samples which, if completely  
oxidized, would gain 0.42 m g / c m  2. This is also in agree-  
ment  wi th  the observed value  of 0.45 m g / c m  2. These 
observations and x - r a y  data indicate that  l an thanum 
oxidizes completely to lan thanum oxide by ei ther  a 
continuous or discontinuous mechanism. 

The observation of a discontinuity in the weigh t -  
ga in-vs . - t ime plots and the decrease in the init ial  rate  
as the tempera ture  increases has been observed in 
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columbium by Kolski (5). The discontinuity is much 
sharper  in lanthanum. Al though the phenomena ob- 
served in the two metals  may be related, normal  
metal lographic  practices are unsuitable for  s tudying 
lan thanum because of its instabil i ty even  at room 
temperature .  

Manuscript  received Apri l  15, 1964. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Diffusion of Oxygen in Hafnium 
J. P. Pemsler 

Ledgemont Laboratory, Kennecott Copper Corporation, Lexington, Massachusetts 

Some years ago I first repor ted  on the determinat ion  
of the diffusion coefficient of oxygen  in hafn ium (1). 
The technique was one used previously  to measure  
the diffusion of oxygen in zirconium (2) and consisted 
of observations of the dissolution rate  of anodically 
deposited in terference colored oxide films. At  the 
t ime of the hafnium study no data were  avai lable  
regarding the ha fn ium-oxygen  phase diagram, and 
since calculations based on this technique requi red  a 
knowledge of the solubili ty l imit  of oxygen in haf-  
nium, the diffusion coefficient was repor ted  for each 
of three  assumed solubil i ty limits. Since this publ i -  
cation there  have been three papers by other  authors 
concerned wi th  this subject. Gadd and Evans (3) 
repor t  measurements  of the diffusion coefficient of 
oxygen in hafnium in the t empera tu re  range 700 ~ 
1200~ based on microhardness  measurements  made on 
oxidized samples. Wal lwork  and Smel tzer  (4) repor t  
values for the diffusion coefficient at t empera tures  of 
800 ~ and 950~ based on microhardness indentat ions 
on oxidized samples and calculated on the basis of a 
theory  involv ing  a s teady-s ta te  solution for the oxy-  
gen gradient  in the meta l  phase dur ing l inear  oxida-  
tion. Rudy and Stecher (5) in a de terminat ion  of the 
ha fn ium-oxygen  phase diagram repor t  a value  of the 
solubility l imit  of oxygen  in hafn ium as 20.5 at. % at 
I350~ and almost independent  of temperature .  

In recent  studies I have  shown that  the concen- 
trat ion gradient  of oxygen beneath  the ox ide /me ta l  
interface in oxidized samples of zirconium (6) and 
hafnium (7) can be accurately predicted by a theo-  
retical  expression involving diffusivity, time, and ox-  
ide thickness. This enables the diffusivity of oxygen in 
the meta l  to be calculated when the other  parameters  
are accurately  known. In addition, the depth of pene-  
t rat ion of oxygen was found to increase wi th  t ime 
during protec t ive  oxidat ion and, on the onset of l inear  
oxidation, begins to decrease. Zones of constant ha rd-  
ness at high oxygen concentrat ion probably due to 
ordered ha fn ium-oxygen  alloys were  reported.  

It  is the purpose of this communicat ion to r ev i ew  the 
data concerning the diffusion of oxygen in hafnium in 
the l ight of the subsequent  publications and some addi-  
t ional studies carr ied out in this Laboratory.  

Experimental and Results 
In conjunction wi th  the aforement ioned study (7) 

the diffusion coefficient of oxygen in hafn ium was r e -  

determined by the anodization technique, this t ime 
performing measurements  wi th in  a single grain of 
hafnium to avoid the necessity of est imating average 
colors, and hence average  thicknesses, of in terference 
films on a large number  of grains in a polycrystal l ine 
sample. The new measurements  were  per formed at 
575 ~ 614 ~ and 655~ The diffusion coefficient D may  
be expressed as 

(x')2 
D -- - -  

4b2t 
where  b satisfies the equat ion 

Co 
b(1 + e r f b )  ~ e  -b2 

W%o "k//~ 
Here  in time, t, there  is a displacement  of the ox ide /  
meta l  boundary, x', which is re la ted to the observed 
decrease AL in thickness of oxide film by the fol low- 
ing expression involving the respect ive molecular  
volumes 

VHf saturated 
x '  ~ AL 

Vmo2 

The quant i ty  Co is the difference be tween the sa turated 
concentration, C~, and init ial  concentrat ion of oxy-  
gen in the metal,  and mo represents  the weight  of oxy-  
gen removed  f rom the HfO2 consumed in the genera-  
tion of unit vo lume of saturated hafnium (HfO0.2~s). 
Values for the constants used are pHfO2 ~- 10.13 g/cm~ 
(8), pHf saturated est imated as 13.29 g / c m  ~, Cs ---- 0.300 
g / cm ~ (5), ~no ~ 2.03 g/cm 3, x' = 0.661 AL, and 
b ~ 0.0764. 

In order to de termine  whe ther  extrapolat ion of the 
low- tempera tu re  diffusion data to high tempera tures  
is justified, 3A in. d iameter  ha fn ium spheres were  ox-  
idized at 950~ for 111 hr  and 1050~ for 64 hr. The 
sample was sectioned through the center, polished 
metal lographical ly ,  and photographed at 400X and 
800X magnifications at each of s ixteen equidistant  
positions around the perimeter .  The thickness of 
the oxide was determined with  a p lan imeter  and 
used to calculate the total  quant i ty  of oxygen  con- 
tained in the oxide scale. This va lue  when  sub- 
t racted f rom the total weight  gain gives the quan-  
ti ty of oxygen in solution in the meta l  substrate. In 
the case under  consideration about 50% of the oxygen 
absorbed was contained in the meta l  substrate. These 
data were  then used to calculate the diffusion coeffi- 



1186 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  October  1964 

I0-~ 

IO -7 

iO-e 

m 10 -9  

E 
Z~ io - IO 

E 
10 -n  

z 
_o 

I 0  -tz 

10-~3 

iO-J4 

iO-IS 

T ,  ~  

1200  I100 I 0 0 0  9 0 0  8 0 0  7 0 0  6 0 0  5 0 0  
i i I I I I I 

\ \ a  

\ 
\ 
\ 
\ 
\ 
\ o  

:o.,,o .,p [- ~o, 820 :~ 2,.,o / nT]~'~ D 

I I I = ] 
7 8 9 I 0  I I  

l_L x iO-4 T~ 

I 
12 13 

Fig. 1. Temperature dependence of the diffusion coefficient of 
oxygen in hafnium. Open triangle, Gadd and Evans (3); Open 
square, Wallwork and Smeltzer (4); Open circle, Pemsler (1); 
Open diamond, this work, anodic dissolution; Solid pentagon, this 
work, weight gain. 

cient of oxygen in hafnium at 950 ~ and 1050~ accord-  
ing to equations der ived previous ly  (6, 7). 

Results of the investigations to date are summarized 
in Fig. 1. 

The excel lent  agreement  of the point at 950 ~ and 
1050~ wi th  an extrapolat ion of the low- tempera tu re  
data indicates that  hafnium, l ike zirconium, conforms 
to an Arrhenius  plot over  many  decades in values of 
the diffusion coefficient. A least square solution of 
the data f rom anodic dissolution measurements  gives 
a value  for the diffusion coefficient as 

D = 0.660 exp [--50, 820 ___ 240/RT] 

A variat ion in the diffusion coefficient of a factor of 
about two among the differently or iented grains was 
repor ted  in my init ial  s tudy (1). A more  precise re -  
determinat ion indicates that  the var ia t ion wi th  ori-  
entat ion is a factor of about 1.4 and that  in a poly-  
crystal l ine sample re la t ive ly  few grains show this 
ex t reme;  the large major i ty  v a r y  by a factor  of no 
more that  1.1. Studies on single crystal  mater ia l  are 
planned to fur ther  clar ify the orientat ion dependence. 

Discussion 
The work  of Gadd and Evans may be criticized f rom 

several  viewpoints.  First, the i r  oxidations were  car-  
r ied out in air so that  in addit ion to the development  
of a ha fn ium-oxygen  gradient  in the meta l  they must  
have had a superimposed ha fn ium-n i t rogen  gradient.  
Al though the diffusion of ni t rogen in hafn ium is un-  
doubtedly much slower than that  of oxygen, i t  would 
be expected to penet ra te  to a significant depth at the 
tempera tures  of their  investigation. In addition, the 
anomalous microhardness of concentrated hafn ium-  
oxygen alloys were  not taken into account. 

Since Wal lwork  and Smel tzer  worked  in pure  oxy-  
gen and obtained microhardness  readings as an average 
of five hardness scans, their  data may represent  ade-  
quate  approximations to the diffusion gradient.  How-  
ever, I am in disagreement  wi th  their  in terpre ta t ion 
of a s teady-sta te  gradient  dur ing the course of l inear 
oxidation, and the d isagreement  between our dif- 
fusion coefficients may  be ascribed to these differences 
in interpretat ion.  

Manuscript  received May 18, 1964. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL. 
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Growth of As203 on GaAs 
M .  E. St raumanis  and C. D. Kim 

Department of MetaLlurgical Engineering, School of Mines and Metallurgy, 
University of Missouri at Rolla, Rolla, Missouri 

It  was f requen t ly  observed that  on polished sec- 
tions of GaAs, if etched with  diluted HNO3 (1:10 
by volume) ,  crystal l i tes (not etch pits) were  pro-  
duced. These crystal l i tes were  a product of growth 
because of their  slight e levat ion above the surface of 
GaAs. The same observation was made by Yeh and 
Blakeslee (1). 

If GaAs is etched with  concentrated HNO~, the 
process of growth of the sal t - l ike compound is v e r y  
fast, as the surface becomes whit ish dull  in a short  
time. The microscope revealed  clearly that  on the sur-  
face of the GaAs a deposit is formed, wi th  the black 
ma t r ix  of the arsenide still shining through (Fig. 1). 
By careful  scratching of the surface with  a blade t iny 
amounts of a whi te  substance could be removed,  of 
which very  good x - r ay  powder  pat terns  were  ob- 
tained. They turned  out to be clear pat terns  of As203. 
Evident ly  the la t ter  was formed by oxidation of As 
with  HNO3, whi le  the Ga(NO~)3 went  into solution 

Fig. 1. GaAs etched with concentrated HNO3; white deposit 
on the black matrix. Magnification 60X. 
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Fig. 2. As~O3 platelets, formed on GaAs in 3 hr, 10% HNO3, 
lateral illumination. Magnification 60X. 

Fig. 3. AsfO3 platelets, 10~ thick, [110] and [001 ] perpendicular 
to the GaAs surface, vertical illumination, 10% HNO3. Magnifica- 
tion 320X. 

2As q- 2HNO3 = AsfO3 q- H20 q- 2NO 

Since the solubili ty of As203 in wate r  is not ve ry  
good (2.1g in 100 ml  of H20 at 25~ the oxide crys-  
tal l ized out on the surface of GaAs. 

The process of AS203 crystal l izat ion was much 
slower in dilute HNO3 (1: 10). But  in such a case thin, 
crystal  platelets on the GaAs surface (Fig. 2) were  
formed. The orientat ion of these crystals, as can be 
seen, is at random (1), on the large monocrysta l l ine  
grains of GaAs. However ,  many of them, if observed 
under  a la rger  magnification, appeared as beautiful  
platelets having two prefer red  orientations: wi th  the 
direction [110] or [001] near ly  perpendicular  to the 
GaAs surface (Fig. 3), whi le  their  orientat ion in the 
surface itself was random. The rhomb-shaped  crystals 
appeared most f requent ly .  

If instead of HNO3, aqua regia (HNO3 : HC1 = 1:3) 
is used, in about 20 rain very  beaut i ful  thick AsfO3 
crystals, st icking wel l  to the GaAs surface are  obtained 
(Fig. 4). 

All  these crystals were  combinations of cubic, 
rhombic, and oetahedral  planes [the lat ter  are typical 
for  As20~ (2)],  with two prefer red  orientat ions re la -  
t ively  to the substrate, as a l ready ment ioned (see Fig. 
3). The growth of such crystals is explained on Fig. 

Fig. 4. AsfO~ crystals on GaAs. Steps are discernible on the 
planes; etchant: aqua regia. Magnification 580X. 
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Fig. 5. Schematized growth of As203 crystals on GaAs: a, top 
view; b, front view. 

5a and b. First,  thin crystal  platelets are formed (Fig. 
3) wi th  the direct ion [110] approximate ly  perpendicu-  
lar  to the dissolving GaAs surface, and the [001] in 
the surface. Then the same kind of layers  with the 
same orientation grow on each other stepwise, as can 
be seen from Fig. 4 and is shown schematically in 
Fig. 5. The angles of the rhomb-shaped crystals (Fig. 
3 and 4), as drawn in Fig. 5a, are close to the theo- 
retical angles between two (iii) planes and between 
the (i00) and (IIi) planes. Of course, it cannot be 
said whether or not the square on Fig. 3 is a cube 
plane or a top view of an octahedron. An ideal cubo- 
octahedron in two projections is shown on Fig. 5. 
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Silicon Phosphide Precipitates in Diffused Silicon 
P. F. Schmidt  and R. Stickler 

Westinghouse Research and Development Center, 
Pittsburgh, Pennsylvania 

The presence of a silicon phosphide phase in the 
surface layers of heavi ly  phosphorus-diffused silicon 
was suggested by the results of t racer  experiments .  
Invest igat ion of sui tably thinned silicon specimens 
then led to the direct observat ion of the precipi tate  
by transmission electron microscopy, and to its crys ta l -  
lographic identification by means of electron diffrac- 
tion. 

Tracer  W o r k  
The occurrence of a steep spike in the phosphorus 

concentrat ion at the Si/SiO2 interface, extending into 
the silicon for a distance of only 1-2,000A, as detected 
by t racer  techniques has been repor ted  before (1). 
F igure  1 shows the profile of such a spike, obtained 
by s tep-wise  dissolution of the phosphorus-doped an-  
odic oxide film which had been used as the diffusion 
source (1), subsequent  mul t ip le  anodization of the 
silicon, and dissolution of the anodically formed oxide 
in HF  be tween  each step. The  sloping of the phos-  
phorus concentrat ion in the oxide f rom left  to r ight  is 
due to the fact that  the doped oxide was not protected 
by a nondoped SiO2 layer,  and that  the diffusion was 
carr ied out in a sealed quar tz  tube. Under  these con- 
ditions ini t ia l ly  a large  quant i ty  of phosphorus was 
lost f rom the doped anodic oxide to the surroundings,  
but  did not diffuse deeply into the quartz walls be-  
cause of the density of the latter.  During the la ter  
stages of these long- t ime  diffusion runs the oxide be-  
came depleted of phosphorus, and eventua l ly  some of 
the phosphorus f rom the walls diffused back into the 
anodic oxide. The act ivi ty  of the p32 contained in the 
silicon layer  which was conver ted  to oxide by anodiza-  
tion, was de termined  after  evaporat ing the HF solu- 
t ion to dryness in a Teflon tray. The reproducibi l i ty  of 
the magni tude  of the spike as de termined  in this fash- 
ion was poor, whereas  the adjoining port ion of the 
diffusion profile could be reproduced quite  accurately 
f rom run to run. This fact suggested that  the phos- 
phorus in the region of the spike might  be present  
ei ther  as e lementa l  phosphorus, precipi ta ted at dislo- 
cations, or as silicon phosphide. The  existence of a 
silicon phosphide phase (and its get ter ing propert ies  
for gold),  has been suggested by Kooi (2). 

In the t racer  exper iments  repor ted  here  the P-32 
tagged silicon wafers  were  counted: (a) af ter  anodiza-  
tion in the radioact ive  solution; (b) af ter  diffusion; 
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Fig. 1. (left) Phosphorous concentration profile in anodic oxide 
source after diffusion; (right) phosphorous concentration profile 
in silicon after diffusion from anodic SiO2(P) source; parameter: 
diffusion time at 1175~ 

(c) af ter  s tr ipping of the original  oxide; (d) af ter  
anodization in nontracer  solution (pyrophosphoric acid 
in t e t rahydrofur fury l  alcohol) ;  (e) af ter  s tr ipping of 
the oxide formed by anodization. In addition, the ac- 
t ivi ty of the HF used for str ipping the oxide was also 
determined.  It was found that  the act ivi ty lost f rom 
the system when str ipping the oxide in HF could be 
accounted for by the act ivi ty  of the HF solution, wi th in  
the somewhat  high l imit  of er ror  of de termining  the 
act ivi ty in the tray;  apparent ly  the distr ibution of the 
residue in the t ray is not uniform, leading to uncer -  
tainties in the analysis. 

A large loss of act ivi ty  f rom the silicon samples oc- 
curred dur ing the first anodizing step, i.e., the  phos-  
phorus contained in the surface layer  of the silicon was 
not all  incorporated into the oxide, but was largely  
lost to the anodizing solution. Table I presents the 
normalized count f rom two wafers  during the various 
steps described above. The anodization was to 200v at 
constant current  only. On less highly doped silicon, 
this vol tage would correspond to a surface layer  of 
silicon of 332A ___ 5% conver ted  to oxide. In the present  
case, due to the heavy  loss of phosphorus original ly 
contained in the silicon, the increment  could be some- 
what  larger  than 332A. 

It is no tewor thy  that  the phosphorus surface con- 
centration, de termined after  the first anodization f rom 
junct ion depth and sheet resistance, assuming an erfc 
distr ibut ion and using I rvin 's  data (3), was only 
5.2 x 1019/CC on one sample (see Table  I) .  

The assumption of ve ry  heavy doping of the outer -  
most layers of the silicon is in agreement  wi th  inf ra-  
red transmission measurements  per formed on another  
set of phosphorus diffused wafers.  Af te r  s t r ipping the 
original  anodic oxide source, these wafers  showed a 
strong structureless absorption, increasing approxi-  
mate ly  wi th  the square of the wave leng th  in the region 
between 2 and 9yz. The strong absorption disappeared 
completely  after  the first three anodizations. 

The outstanding feature  in Table  I is the large 
drop in act ivi ty  after  the anodization step. It is, how-  
ever, not ent i re ly  clear whe the r  any phosphorus is 
also leached out of the silicon itself when  the oxide 
source is dissolved in HF. The shape of the phosphorus 
diffusion profile in the oxide (Fig. 1) suggests that  
this should only be a second order  effect, if present  
at aI1. The observed behavior,  loss of phosphorus 
f rom the silicon dur ing anodization, but no or li t t le 
loss dur ing removal  of the oxide in cold HF, is in 
agreement  wi th  the repor ted  chemical  propert ies  of 

Table I. Normalized count above background from 2 phosphorus-32 
diffused silicon wafers 

(a) D i f fused  fo r  54 ra in  a t  1050~ i n  sea led  q u a r t z  t u b e  w i t h  
a r g o n  backf i l l i ng ;  

(b) Di f fused  for  14 m i n  a t  1250~ in  sea led  q u a r t z  t u b e  w i t h  
a r g o n  backf i l l ing .  

1 2 3 4 5 

A f t e r  
A f t e r  a n o d i z a t i o n  A f t e r  

A f t e r  a n o d i z a t i o n  A f t e r  s t r i p p i n g  in  n o n t r a c e r  s t r i p p i n g  
in  t r ace r  s o l u t i o n  d i f fu s ion  o r i g i n a l  ox ide  s o l u t i o n  anod ic  ox ide  

(a) 226 163 100 36.4 33.5 
(b) 201 126 100 52.1 44.6 

S h e e t  r e s i s t ance  
a f t e r  s tep  5, P h o s p h o r u s  su r face  

o h m s / s q u a r e  J u n c t i o n  dep th , / e  conc. a s s u m i n g  erfc  

(a) 29 1.07 1.2 x 10e~ 
(b) 18 3.47 5.2 X 101~/cc 

1188 



Vol .  111, No.  10 S i P  P R E C I P I T A T E S  

Fig. 2. SiP precipitates in (110) oriented silicon. Transmission 
electron micrograph. 

silicon phosphide (4). SiP is ra ther  resistant  to cold 
dilute acids, whereas  its anodization behavior  may 
be expected to be s imilar  to that  of (p- type)  silicon 
carbide. Anodizat ion of silicon carbide results in the 
format ion of a dense oxide film, composed presumably  
ent i re ly  of SiO2 (5). 

In order to differentiate be tween a silicon phosphide 
phase and e lemental  phosphorus precipi tated at dis- 
locations, the diffused silicon wafers  were  str ipped of 
the original oxide and were  then examined by elec- 
tron microscopy in transmission. 

Electron Microscopic Work 
For  the examinat ion by direct  transmission in the 

electron microscope, portions of the S i -wafe r  must 
be prepared to be t ransparent  to the electron beam 
(less than 1~ for Si).  Small  pieces of the S i -wafer  
were  thinned in the central  port ion by a chemical  jet  
polishing technique (6). By thinning the wafe r  f rom 
one side only, a surface layer  approximate ly  1~ thick 
can be examined,  whi le  careful ly  t imed polishing f rom 
the top side and final thinning f rom the other side 
allows the examinat ion of layers approximate ly  1~ 
thick at any desired distance f rom the surface (accu- 
rate  to within _+ I~). 

The examination of the surface layer of the p-dif- 
fused Si-wafers  revea led  the presence of numerous  
rod-shapd particles (Fig. 2) or iented along <110> 
directions, as de termined by electron diffraction. Se-  
lected area electron diffraction yielded pat terns con- 
sisting of the reflections f rom the part ic le  super im-  

I N  D I F F U S E D  Si  1189 

posed on that  of the ( 1 1 0 )  pat tern of the Si-matr ix .  
The electron diffraction pa t te rn  of the part icle could 
be indexed according to s t ructure  data repor ted  by 
Schubert  et al. (7) for SiAs which is isomorphous 
with SiP. A detai led repor t  on the s t ructure  of SiP 
and SiAs determined by x - r ay  diffraction and electron 
diffraction will  be published e lsewhere  (8), it is briefly 
summarized here. Contrary  to the monoclinic struc- 
ture  of SiAs suggested by Schuber t  (7) the results of 
our invest igat ion indicate that  SiP has an or thorhombic  
s t ructure  (a = 6.90, b ~ 9.40, c = 7.68). It  precipi-  
tates in the S i -mat r ix  wi th  fol lowing orientat ion re-  
lationship 

[01O] siP//[111] si 

[001] siP//[110] sl 

Precipitates,  however ,  could not be detected at other  
levels below the surface of the Si in accordance with  
the t racer  studies. Thus, the transmission electron mi-  
croscope observation gives proof of the presence of 
SiP in the outer  regions of the diffused wafer,  ex-  
plaining the anomalous diffusion profile revea led  by 
the t racer  experiments .  It  should be noted that  the ob- 
servations repor ted  here  do not exclude the s imul tane-  
ous presence of phosphorus precipi ta ted in other  forms. 
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The Effect of Lithium Ion on the Mechanism of the 

Polarographic Reduction of Benzil in Dimethyiformamide 

Robert H. Philp, Jr., 1 Thomas Layloff, and Ralph N. Adams 

Depar tment  of Chemistry ,  The Univers i ty  of Kansas, Lawrence ,  Kansas 

The polarographic reduct ion of benzil  in d imethyl -  
fo rmamide  (DMF) proceeds via a revers ible  one elec- 
tron t ransfer  at ca. --1.0v vs. SCE fol lowed by an i r -  
revers ible  one electron t ransfer  at ca. --1.6v vs. SCE 
with  t e t r abu ty lammonium iodide as the support ing 
electrolyte  (1). The cyclic vo l t ammet ry  of benzil  in 
DMF with 0.1M te t r ae thy lammonium perchlorate  
(TEAP)  proceeds in a similar  fashion at a hanging 
mercury  drop (Fig. 1). The p r imary  reduct ion wave  
is found to have IEp  anodic - -  E p  c a t h o d i c I  ~ 59 m v  which 

Present  address:  D e p a r t m e n t  of Chemistry ,  Univers i ty  of 
South Carolina, Columbia, South Carolina. 

is in good agreement  wi th  the theoret ical  value  of 
58/n my given by Matsuda and Ayabe for a revers ible  
one electron process (2). An i r revers ib le  second re-  
duction wave  is observed at --1.6v vs. SCE. The one 
electron t ransfer  step of the p r imary  reduct ion wave  
was verified by obtaining the Electron Paramagnet ic  
Resonance (EPR) spectrum of benzil (Fig. 2) by ap-  
p ly ing a potent ia l  jus t  beyond the p r imary  wave  em-  
ploying s tandard electrochemical  in situ generat ion 
techniques (3). The coupling constants obtained were  
ao z ap z 1.03 gauss and am ~ 0.35 gauss which is in 
good agreement  wi th  the coupling constants found by 
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I I 
-lO -1.5 

E vs. S.C.E. 

Fig. 1 .10-aM benzil with 6.1 TEAP in DMF 

Fig. 2. EPR spectrum of benzil with 0.1M TEAP in DMF. Field 
increasing toward the right. 

Luckhurs t  and Orgel via sodium and potassium re-  f 
duction in  te t rahydrofuran  (4). 

k , The cyclic polarogram of benzil in the presence of g 

0.05M l i thium perchlorate with 0.1M TEAP in DMF 
proceeds via a quasi-reversible  electrode reaction at 
a potential  corresponding to the p r imary  reduct ion 
wave with no l i thium ion present. This reduct ion ap- 
pears to involve the t ransfer  of two electrons since 
ip (LiC104)lip (TEAP) = 2.03 and can proceed either 
by two consecutive one electron transfers  occurr ing in 
rapid succession or a one-step two-electron transfer.  
No EPR spectrum could be obtained with this system 
by applying a potential  just  beyond the reduction 
wave. Thus the EPR exper iment  did not clarify the 
electron t ransfer  mechanism of this reaction. In view 
of the work of Bauld and references therein (5) we 
suggest the following mechanism 

o o  

~ [C[ [C[ ~ l e -  ~ ~ Li + 
_ _  _ _  _ _  > - -  _ _  _ _  > 

fast 

where the follow up reaction of the benzil  radical is 
too fast to obtain its EPR spectrum. 
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A Correlation of Electrochemical Oxidation Potential 
of Organic Compounds with Photoionization Potential 

W. C. Neikam, Glenn R. Dimeler, and M. M. Desmond 
Sun Oil Company, Marcus Hook, Pennsylvania 

In studies of electrochemical oxidation of organic 
substances by polarographic techniques, it has been 
found in previous work from this laboratory (1) that  
there is an indication of a l inear  relat ion between the 
half  wave potential,  E1/2(ox), for oxidation of seven 
mono-  and dinuclear  aromatic hydrocarbons,  and their 
ionization potent ial  determined spectroscopically. This 
relat ion has been confirmed and extended to include 
five other hydrocarbon compounds in a more recent  
paper using photoionization and electron impact ion-  
ization potentials (2). Theoretical relations between 

E1/2cox) and the energy of the highest occupied molec- 
u lar  orbital  have been proposed by Hoi j t ink (3). The 
energy factors de termining E1/2(ox) for a single elec- 
t ron reaction such as R -> O + + em involving a mole-  
cule R and its resul t ing oxidized ionic form O + will 
be given by an equation of the form 
E1/2(ox) = aZ -~- AEsolv ' - -  ~EA 

T~S ~ RT fo+ DR 
- - l n - -  ~-C 

F F :fR Do+ 



Vol.  111, No.  10 

The energy terms are: (i) the ionization potent ial  I 
modified by a factor ~ to apply to ionization at the 
electrode-solut ion interface, i.e., it corrects I for  ef-  
fects of adsorption on the electrode and the presence 
of solvent;  (ii) the change of heat  of solvation AEsolv. 
between R and O + expressed as a potential;  (iii) the 
electron affinity EA of the meta l  m, (i.e., the  negat ive  
of the re levan t  work  function) modified by a coeffi- 
cient fl to apply to the electrode-solut ion interface 
where  EA may be per turbed  by the effect of the sol- 
vent  and by oxide film formation;  (iv) the t e rm AS ~ 
is the sum of entropy changes associated wi th  change 
of solvation of R to O + and effects associated wi th  the 
t empera tu re  dependence of EA due to adsorbed species 
(mainly solvent)  at the metal  surface; (v) the log- 
ar i thmic term involves  the act ivi ty  coefficient )r and 
diffusion coefficient D of reduced and oxidized spe-  
cies in the reaction;  (vi) the constant C is de te rmined  
by the potential  of the reference  electrode used in the 
evaluat ion  of E 1 / 2 ( o x ) .  

In a series of e lectrochemical  oxidations for a range 
of compounds, changes in the 5S ~ terms and act ivi ty 
coefficient ratio wil l  be expected to be small  compared 
with  changes in I. These terms may  hence be grouped 
with  C as a combined constant C' and E1/2(ox) may  be 
wr i t ten  

E1/2(ox) = al  -F AEsolv.- flEA + C' 

Hence, for a given electrode meta l  where  /~jEA may 
be assumed constant, E1/2(ox) will  be proport ional  to I 
and wil l  involve  any change in solvation energy 
AEso~v. involved in the react ion R -* O + + em. 

In the present  paper, the above relat ions are tested 
for a series of 23 widely  different compounds includ-  
ing both aromatic hydrocarbons and their  halogen de- 
rivatives,  together  wi th  olefins. The relat ion is ex-  
tended to cover, in addition, El/2(ox) data for 12 poly-  
cyclic hydrocarbons in relat ion to ionization potential  
obtained f rom charge t ransfer  spectra and absorption 
spectra. 

Exper imenta l  
The E~/2cox) data repor ted  here  were  measured  in 

0.50N NaC104, 0.10N AgC104.3 CH3CN (4) acetonitr i le  
solution against  a Ag, Ag + reference  electrode. The 
anode was a p la t inum wire, 0.50 cm in length and 0.08 
cm in diameter,  rotated at 600 rpm. The repeatabi l i ty  

9 , 2 0  
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8 8O 

8.60 

8 4O 

8 20 

I (evl 

8.00 
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Fig. 1. Plot of photoionization potential (ev) against E1/2(ox) 
(v) vs. the Ag, 0.1N Ag + reference electrode: O. ref. (5), (6); 
e, ref. (4), (9). Numbers refer to compounds listed in Table I. 
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Table I. Oxidation potentials and photoionization potentials 
for organic compounds 

I v, e v  
E1/2(ox),V p h o t o -  

No.  i n  F ig .  1 O r g a n i c  c o m p o u n d  vs.  Ag ,  Ag+ i o n i z a t i o n  

1 2 - M e t h y l n a p h t h a l e n e  1.22 7.05 
1.15.a 

2 1 - M e t h y l n a p h t h a l e n e  1.24 7.96 
1.13 a 

3 N a p h t h a l e n e  1.34 8.12 
1.24a 
1.31 b 

4 1 , 2 , 4 - T r i m e t h y l b e n z e n e  1.41 8.27 
5 1,3,5 - T r i m e t h y l b e n z e n e  1.51 8.89 

1.50~ 
6 p - X y l e n e  1.56 8.445 

1.47a 
7 o - X y l e n e  1.57 8.56 

1.59 a 
8 m - X y l e n e  1.58 8.57 

1.61 a 
9 p - B r o m o t o l u e n e  1.72 8.67 

10 p - C h l o r o t o l u e n e  1.76 8.69 
11 I o d o b e n z e n e  1.77 8.73 
12 2 , 3 - D i m e t h y l - l , 3 - b u t a d i e n e  1.83 8.72 
13 2 - M e t h y l - l , 3 - b u t a d i e n e  1.84 8.87 
14 t - B u t y l b e r m e n e  1.87 8.67 
15 I s o p r o p y l b e n z e n e  1.87 8.69 
16 C y e l o h e x e n e  1.89 8.94 
17 E t h y l b e n z e n e  1.96 8.75 d 
18 n - P r o p y l b e n z e n e  1.97 8.72 
19 2 - M e t h y l - l - b u t e n e  1.97 9.12 
20 T o l u e n e  1.98 8.82 

1.68 a 
1.93 b 

21 B r o m o b e n z e n e  1.98 8.98 
22 1 , 3 - B u t a d i e n e  2.03 9.07 
23 C h l o r o b e n z e n e  2.07 9.07 

D a t a  of  r e f .  (2 ) .  
b D a t a  of r e f .  (4 ) .  
c D a t a  of  r e f .  (5 ) .  

D a t a  of r e f .  (6 ) .  

of E1/2(ox) values on a Sargent  Model XXI  polaro-  
graph was within  0.02v. Corrections for the resistance 
of the solution was found to be negligible. The con- 
centrat ion of the organic depolar izer  was 1.00 mM in 
all cases. Fur the r  details have  been described in a 
previous art icle f rom this laboratory  (1) and by 
Lund (4). 

Results and  Discussion 
In Fig. 1 is shown a plot of photoionization poten-  

tial (5, 6) vs. El/2(ox) for the 23 compounds of Table 
I1 (open circles).  Also plot ted in Fig. 1 (closed cir-  
cles) is the exper imenta l  data f rom Table II for 12 
compounds whose ionization potentials have  been de- 

1 T h e  n u m e r i c a l  d a t a  u s e d  in  c o n s t r u c t i n g  F i g .  1 a r e  r e c o r d e d  in  
T a b l e  I to  p r o v i d e  a r e c o r d  f o r  o t h e r  w o r k e r s  i n  t h i s  f ie ld .  

Table II. Comparison of I calculated polarographically with I 
calculated from charge transfer spectra and from absorption spectra 

1 ,  e v  
c h a r g e  I% e v ,  / ,  e v ,  E 1 / 2 ( o x ) ,  v 

No. of O r g a n i c  t r a n s f e r  a d s o r p t i o n  p o l a r -  v s .  
Fig .  1 c o m p o u n d  s p e c t r a  s p e c t r a  o g r a p h i e  Ag ,  Ag+ 

24 T e t r a c e n e  6.98 b 8.94 7.15 0.54e 
0 .47f  

25 P e r y l e n e  7.13 c 7.10 7.17 0.55e,f  
28 A n t h r a c e n e  7.42 b 7.42 7.52 0.84 e 

0 .79f  
0~83g 

27 P y r e n e  7.50 c 7.70 7.55 O.86e, f 
28 1 , 2 - B e n z a n -  

t h r a c e n e  7.55 b 7.52 7.57 0.88 e, f 
29 C o r o n e n e  7.63 d 7.64 7.63 0.93e,f  
30 C h r y s e n e  7.71 b 7.82 7.88 1.13 e 

1.0St 
1.10~ 

31 H e x a m e t h y l -  
b e n z e n e  7.95 d - -  7 .92  1.169 

32 P h e n a n t h r e n e  8.11 ~ 8.07 8.01 1.23e 
1.20,r 

33 T r i p h e n y l a n e  7.85 ~ - -  8.04 1.25e,f  
34 1 , 2 , 4 , 5 - T e t r a -  

m e t h y l b e n z e n e  8.35 d - -  8.09 1.299 
35 S t y r e n e  8.53 ~ - -  8.34 1.509 

a F r o m  t h e  d a t a  of  r e f .  (8 ) .  
b A v e r a g e  v a l u e  of t h e  d a t a  f r o m  re f .  ( 9 -11 ) .  
c A v e r a g e  v a l u e  of d a t a  f r o m  re f .  ( 9 - 1 2 ) .  

D a t a  of  r e f .  (g ) .  
e D a t a  of  r e f .  (4 ) .  T h e s e  d a t a  a n d  t h a t  f r o m  t h i s  l a b o r a t o r y  

w e r e  u s e d  to  c a l c u l a t e  L 
f D a t a o f  r e f .  (2 ) .  
g D a t a  f r o m  t h i s  l a b o r a t o r y .  
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t e rmined f rom charge t ransfer  spectra. Included in 
Table I and Table II are the values of E1/2(ox) ob- 
tained by Pysh and Yang, and by Lund. The agree-  
ment  is not  as good as is expected considering the 
precision with which polarograph oxidat ion potentials  
can be obtained. The E1/2(ox) values obtained in this 
laboratory uti l ized the same reference electrode and 
electrolyte  concentrat ion as was used by Lund. Pysh 
and Yang used 2M NaC104 electrolyte  solution ra ther  
than the 0.5M solution used in this laboratory  and by 
Lund. 

However ,  exper iments  conducted in this laboratory,  
in efforts to duplicate Pysh and Yang's work, wi th  2M 
NaC104 but  using the Ag, Ag + reference  gave the 
same results as in 0.5M NaC104. The source of dis- 
crepancy must  be with the reference  electrode used. 
Pysh and Yang used an aqueous calomel electrode 
wi th  a KC1 agar  bridge to the e lect rolyte  solution. It  
has been our  exper ience  that  this re ference  causes 
considerable exper imenta l  difficulty in obtaining 
E1/2(ox) values apparent ly  due to salt precipi tat ion at 
the agar acetonitr i le  interface and contaminat ion of 
the electrolyte  solution with  water  f rom the agar  
bridge. The Ag, Ag + reference  used in this laboratory,  
and by Lurid, avoids difficulties due to junctions or 
contaminat ion by water.  It  has the added advantage  
that  i t  may  be made quite  large and placed very  near  
the working electrode thus avoiding large corrections 
for IR drop across the test solution. For  these reasons, 
we bel ieve it is much to be pre fe r red  over  aqueous 
references,  and we suggest  that  results obtained with  
the Ag, Ag + reference  are more  reliable.  

The  data repor ted  by Pysh and Yang for p-xylene ,  
toluene, and the naphthalenes  differ substantial ly f rom 
those f rom this laboratory  and that  repor ted  by 
Lund; we have  tr ied to resolve this difficulty by care-  
ful  repet i t ion of exper iments  with Amer ican  Pe t ro -  
leum Inst i tute standards. We can discover no exper i -  
menta l  basis for doubting the val idi ty  of our results  
and the discrepancy must  lie in the choice of reference 
electrode. In this regard, it should be noted, however ,  
that  the values obtained by Pysh and Yang for tolu-  
ene and p -xy lene  are nearer  those expected, f rom a 
M.O. considerat ion of the induct ive effect of the 
methy l  group, than are ours. 

The least squares equat ion based on the data r ep re -  
sented by the 23 open circles in Fig. 1 is 

E12/(ox) ~ 0.827 1 - -  5.40v 

The values of I predicted by the above equat ion for 
the hydrocarbons of Table II are compared with  ex-  
per imenta l  values in Table II;  the ag reement  is good. 

The value  of the constant 5.40v in the above empir i -  
cal equat ion should involve  the work  function of plat-  
inum. The corresponding constant for oxidation at a 

pal ladium anode obtained on 16 compounds at this 
metal  is 5.04v. This value  differs f rom that  for the 
pla t inum electrode by 0.36v which is in good agree-  
ment  wi th  the difference of the average  values of the 
electron work  funct ion for plat inum, [5.29 (7)]  and 
pal ladium [4.82 (7) ] viz., 0.47v. 

The fact that  a ve ry  satisfactory straight line is 
obtained (Fig. 1) must  indicate that  e i ther  (i) the 
~Esolv. --  TAS~ (i.e., the free energy change in 
solvation of R as it is oxidized to O +) t e rm is con- 
stant for the whole series of compounds and largely 
independent  of their  structure.  This implies that  ion- 
ization produces a localized charge which interacts 
with solvent  wi th  a constant energy independent  of 
the s t ructure  of the whole ion, the remainder  of which 
is then solvated with  the same energy as that  of the 
neutral  reduced form R. In the solvent used this local-  
ized charge is probably an ion pair  involving interac-  
tion with  the anion of the electrolyte.  The behavior  
observed indicates that  effects associated with  delo-  
calization of the charge on the ion (which would be 
specific for the various molecules involved in the 
series) are not significant or (ii) the solvation free 
energy from • - -  TAS~ changes in proport ion 
to the value  of I (2) and is thus included in the value  
of the proport ional i ty  constant 0.827. 

As long as a uni t  electric charge is involved,  it does 
not seem that  the lat ter  supposition would be the rea-  
son for the behavior  observed so that  the explanat ion 
suggested in (i) must  be preferred.  
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A Technique for Studying Oxygen Diffusion and locating Oxide 
Inclusions in Metals by Using the Proton Radioactivation of 

Oxygen-18 
Ralph H. Condit and J. Birch Holt 

Lawrence Radiation Laboratory, University of California, Livermore,  California 

Numerous  techniques have  been described for the 
act ivat ion analysis of oxygen (1). In v iew of the im-  
portance of oxygen diffusion in many  mater ia ls  and 
effects of oxygen on the propert ies  of metals, we have  
been adapting these act ivat ion techniques along wi th  
autoradiographic methods to locate oxygen, par t icu-  
lar ly  the oxygen-18 tracer. The most general ly  applic-  
able procedure  appears to be that  which starts wi th  

the proton bombardment  of a specimen, where in  the 
O TM (p, n) F 18 react ion gives fluorine-18. This emits a 
0.6 Mev positron and has a ha l f - l i fe  of 112 min. Since 
oxygen-18 is present  in 0.2% concentrat ion in normal  
oxygen, oxide inclusions may be identified in a me ta l -  
lographic section. Also, the use of enriched oxygen-18 
together wi th  this act ivation procedure  allows the 
study of grain boundary  and volume diffusion in the 
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same way  as is f requent ly  done using radioact ive  
tracers. Some of the factors of importance in these 
types of procedures  have  been discussed in studies of 
photosynthesis (2) and in the measurement  of the 
thickness of oxide layers on metals  (3). 

In  our procedure  we bombard the specimen with 
2.7 Mev protons. The  react ion is endothermic wi th  a 
Q of--2 .45 Mev (4). Under  these conditions, the recoil  
in most solids will  be less than 0.1~ (5). For  the pur-  
poses of this experiment ,  therefore,  it may  be stated 
that  the act ivi ty is produced in the same place as the 
inclusion or the tracer. The neutrons f rom this reac-  
tion will  have  energies up to 130 kev. Neutrons may 
also be produced by proton reactions wi th  other  ele-  
ments in a specimen, and these may have  h igher  ener -  
gies. The  additional act ivat ion which these neutrons 
induce in most specimens wil l  be less than a few per 
cent of the reactions generat ing them, and the amount  
of this second-step activation can be minimized by 
using re la t ive ly  thin specimens, a few mil l imeters  
being a convenient  size in many  studies. If a specimen 
is not chemical ly  homogeneous, this act ivat ion may 
not be uniform, and in such cases a control exper i -  
ment  would be required.  A zirconium foil par t ly  oxi-  
dized in oxygen-18 and placed over  the specimen can 
serve as a convenient  neut ron  source whi le  shielding 
it f rom the proton beam. 

The protons wil l  act ivate  other  elements than the 
oxygen, but  a large fract ion of these wil l  yield hal f -  
l ives short  compared with  the fluorine-18, and these 
can be permi t t ed  to die out before start ing an auto-  
radiograph exposure. Other  products wil l  have  a suffi- 
ciently long half - l i fe  that  their  specific act ivi ty  will  
be wel l  below that  of the fluorine. In addition, the nu-  
clear coulomb repulsion of an incoming proton in-  
creases wi th  atomic number,  and the cross section for 
p,n and p,~ reactions of a 2.7 Mev beam wil l  begin 
dropping off rapidly above atomic number  40 (6). The 
degree to which specific e lements  wil l  obscure the 
act ivi ty due to oxygen activation is cur rent ly  being 
investigated. On the basis of l i t e ra ture  references  [see 
ref. (3)] and our measurements  it is clear that  the 
fol lowing elements  wil l  cause l i t t le  if any in terference:  
Be, C, N, F, Mg, Na, A1, Si, P, K, Mn, Co, As, Y, Nb, 
and those elements above atomic number  50. A few 
parts per  mil l ion of oxygen in the presence of these 
e lements  or their  compounds should be detectable.  
Others in which some background act ivi ty  wil l  be 
generated are: Cr, Fe, Cu, Zr, Rb, and Pd. More seri-  
ous difficulty wil l  be encountered wi th  Li, B, Ca, Ti, 
Ni, Ge, Sr, Zn, Cd, Se, and Ag listing them in approxi-  
mate  order  of decreasing ease of activation. I t  might  
be noted that  the energy spread of the avai lable proton 
beam may vary  f rom one laboratory  to another,  and 
the amount  of unwanted  activation due to the high 
energy tail on the distr ibution may differ. 

A principal  exper imenta l  considerat ion on the use 
of this technique is the problem of specimen heat ing 
in the vacuum of an ion accelerator.  For  example,  a 
typical  5 ~a proton beam put  14w of energy into the 
sample. It must  be ascertained that  the diffusion of 
oxygen  during this heat ing wil l  be negligible. Another  
difficulty in studies of ve ry  small  amounts of oxygen 
in a meta l  arises f rom the fact that  residual  air in the 
target  chamber  may  react  wi th  the hot surface to form 
a small  additional oxide layer.  

One reason for using a 2.7 1V[ev beam is that  this 
energy is low enough to minimize unwanted  act iva-  
tion. Another  is that  whi le  it is only 0.11 Mev above 
the react ion threshold of 2.59 Mev for the oxygen acti-  
vat ion this energy spread includes the first resonance 
peak at about 2.65 Mev wi th  a cross section of about 
40 mil l ibarns  (7-8). The  essential point is that  protons 
impinging on a typical  solid wil l  lose this excess en-  
ergy after  passing about 5~ into it, and the act ivation 
wil l  be confined to this surface region. Thus, even 
though the fluorine-18 positrons might  have  a range 
up to 0.1 cm, the surface features  of oxygen dis t r ibu-  

tion can be fa i r ly  well  resolved by autoradiograph 
film wi thout  in ter ference  f rom subsurface activity. In 
order to take advantage  of the fact that  this active 
layer  is about 5#, the film used should have  an emul -  
sion of similar  thickness, and such str ipping films are 
commercia l ly  available. 

A diffusion specimen may be beveled  in the manner  
of Kurtz  et al. (9, 10) before irradiation,  and f rom 
the distr ibution of act ivi ty along the surface cut at a 
small  angle to the original  diffusion interface the 
oxygen penetra t ion profile may  be determined.  We 
are using this procedure  to s tudy the grain boundary 
diffusion of oxygen, and Fig. 1 is an autoradiograph 
which i l lustrates the type of result  which may  be ob- 
tained. It  was taken on a magnes ium oxide bicrystal  
in which the boundary is roughly a 10 ~ t i l t  boundary 
superimposed on a 15 ~ twist. The specimen was an-  
nealed in 60% oxygen-18 at 1610~ for 17 hr. The i r -  
radiated region is not completely  circular,  since two 
col l imator  shields in the cyclotron beam were  not in 
per fec t  al ignment.  The impor tant  features  of the auto-  
radiograph are the beveled port ion in which the grain 
boundary  may  be seen, the init ial  surface below this 
in the picture  and the init ial  surface in the bottom 
port ion which has a part ial  cover of platinum. This 
p la t inum deposits on the surface during the h igh-  
t empera tu re  anneal  as a resul t  of the usual small  
amount  of vaporizat ion of the p la t inum crucible in 
which the specimen was supported. I t  does not seem 
to inhibit  the exchange of oxygen be tween  the gas 
and the magnes ium oxide. The bevel  angle  is 0.23 ~ so 
that  on the i r radiated spot having a radius of 0.5 cm 
the new surface at the edge is about 20~ below the 
original  surface. Thermal  grooving at the grain bound-  
ary which may  have  occurred during the h igh - t emper -  
a ture  anneal  was less than 1~, so the darkening along 
it must  be due to oxygen diffusion. On the basis of 
single crystal  oxygen exchange measurements  (11) the 
mean penetra t ion of oxygen  into the bulk of the 
specimen should be about 2~. A microdensi tometr ic  
inspection of the autoradiograph indicates penetra t ion 
of oxygen at the grain boundary to the ful l  20~ depth 
wi th  the l ikelihood that  it went  yet  deeper. This acti-  
vat ion technique is being applied to fu r the r  study of 
diffusion. 
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Fig. 1. Autoradiograph of proton irradiated MgO bicrystal: S, 
initial surface of the specimen; Pt, region of the crystal where 
surface remained covered with platinum during proton activation; 
B, beveled region of the crystal, the bevel angle is 0.23 ~ and the 
right edge is 20~ below the initial interface; G.B., position of the 
grain boundary. 
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L i v e r m o r e ,  for  the i r  he lp  in c a r r y i n g  ou t  these  e x p e r i -  
ments .  P r o f e s s o r  C. E. B i r c h e n a l l  of t he  U n i v e r s i t y  of 
D e l a w a r e  has  also m a d e  v a l u a b l e  sugges t ions  in t he  
course  of this  work .  This  w o r k  was  p e r f o r m e d  u n d e r  
t h e  auspices  of t he  U.S. A t o m i c  E n e r g y  Commiss ion .  

Manusc r ip t  r e c e i v e d  M a r c h  26, 1964. 

A n y  discuss ion of th is  p a p e r  wi l l  a p p e a r  in a Discus -  
s ion Sec t ion  to be  p u b l i s h e d  in the  J u n e  1965 JOURNAL. 
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The Phase Diagram of Cobalt Monoxide at High Temperatures 
Ber t ina  Fisher and  D. S. T a n n h a u s e r  

Depar tment  o] Physics,  Technion-Israel  Ins t i tu te  oS Technology,  HaiSa, Israel 

In  the  course  of m e a s u r i n g  the  e lec t r i ca l  p rope r t i e s  
of CoO, w e  d e t e r m i n e d  t h e  phase  d i ag ram,  i.e., t he  
r eg ion  of ex i s t ence  of the  m a t e r i a l  and  the  d e p e n d e n c e  
of t he  ra t io  C o / O  on t e m p e r a t u r e  and  pressure ,  in  t h e  
r a n g e  920 < T < 1350~ a n d  the  r a n g e  of  p r e s su re s  
10 -12 ~ P (O2)  --~ 1 a tm.  This  was  done  by  a c o m b i n a -  
t ion  of g r a v i m e t r i c  and  e lec t r i ca l  m e a s u r e m e n t s .  T h e  
resu l t s  a re  desc r ibed  by  t h e  p a r a m e t e r  x in the  f o r -  
m u l a  CoOl+x,  and  a p p e a r  in Fig.  3 in t he  f o r m  T ---- 
f [ P ( O 2 )  ] at x = constant .  

T w o  samples  of coba l t  m e t a l  shee t  ( J o h n s o n - M a t -  
t h e y  s p e c t r o g r a p h i c a l l y  s t andard ized ,  0.1 m m  th ick )  
w e r e  suspended  in t he  f u r n a c e  on p l a t i n u m  wi r e s  a t -  
t a ched  by  spo twe ld ing .  O n e  sample  w i t h  fou r  w i r e s  
was  used  for  e l ec t r i ca l  m e a s u r e m e n t s ,  the  o the r  one  
was  h u n g  by  a s ing le  w i r e  f r o m  a ba l ance  w i t h  a 
sens i t iv i ty  of about  0.05 mg.  The  two  samples  w e r e  
v e r y  close to each  other ,  and  a P t / P t R h  t h e r m o c o u p l e  
m e a s u r e d  the i r  t e m p e r a t u r e .  A m i x t u r e  of e i t he r  O2 
and  CO2 or  CO2 and CO f lowed t h r o u g h  t h e  fu rnace ,  
and  the  pa r t i a l  p ressures  of o x y g e n  w e r e  ca l cu la t ed  
f r o m  the  e q u i l i b r i u m  cons tan ts  g iven  by  Kasse l  (1) .  
O x i d a t i o n  to e q u i l i b r i u m  was  c o m p l e t e  in less t h a n  1O 
m i n  at 1350~ and  the  samples  k e p t  t he i r  shape.  T h e  
uppe r  l im i t  of  t he  w o r k i n g  r a n g e  was  g iven  by  t h e  
s ta r t  of r ap id  e v a p o r a t i o n  of bo th  p l a t i n u m  and  coba l t -  
m o n o x i d e ,  and  the  l o w e r  l im i t  by  t h e  long  t i m e  the  
s ample  took  to r each  e q u i l i b r i u m  b e l o w  900~ T h e  
w e i g h t  of t he  me ta l l i c  coba l t  in t he  w e i g h i n g  s a m p l e  
was  d e t e r m i n e d  a c c u r a t e l y  on a m i c r o b a l a n c e  and  was  
abou t  1000 mg,  so tha t  a change  of 3 x 10 -4  in x cou ld  
be  de tec ted .  

F i g u r e  1 shows  the  r e l a t i o n  b e t w e e n  x and  the  con-  
duc tance  x = 1/R at  va r i ous  t e m p e r a t u r e s ;  i t  is seen  
to be  l i n e a r  o v e r  mos t  of  t h e  range .  S ince  the  b a l a n c e  
used  for  w e i g h i n g  in t he  f u r n a c e  h a d  a sma l l  r a n g e  
and  cou ld  t h e r e f o r e  on ly  m e a s u r e  changes  in  x, w e  
d e t e r m i n e d  the  zero  po in t  on the  abscissa,  i.e., t he  
po in t  of s to i ch iomet r i c  we igh t ,  by  e x t r a p o l a t i n g  the  
s t r a igh t  po r t i on  of  the  x vs. x plot  to zero  conduc tance .  
This  zero  po in t  was  checked  i n d e p e n d e n t l y  by  the  
q u e n c h i n g  in a i r  of some  samples  w h i c h  w e r e  ox id i zed  
in P (O2)  ~ 1 a t m  at  va r i ous  t e m p e r a t u r e s ,  and  by  
d i rec t  w e i g h i n g  on a m i c r o b a l a n c e  of t he  to ta l  o x y g e n  
u p t a k e  d u r i n g  ox ida t ion .  The  a g r e e m e n t  was  b e t t e r  
t h a n  5 x 10 -4  in x. Va lues  of x in Fig.  1 a p p e a r  in Fig.  
3 as l ines  of cons tan t  compos i t ion  fo r  x ~--- 2 �9 10 -a .  

The  c u r v e s  for  x < 2 �9 10 -8  w e r e  d e t e r m i n e d  as fo l -  
lows:  the  plot  of log  x vs. log  P (O2)  (Fig.  2) g a v e  t w o  
d is t inc t  regions ,  r e g i o n  A w i t h  s lope  1/4 a t  h i g h e r  
o x y g e n  pressures ,  co r r e spond ing  essen t i a l ly  to the  
r a n g e  x > 1 �9 10 -8  , and r eg ion  B w i t h  s lope 1/6 at  
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Fig. 1. Conductance vs. excess oxygen in cobalt monoxide, x is 
defined by the formula CoOl+x; A is the region of log Z ~ 1/4 
[log P(O2)] ~- const; B is the region of log Z ~ 1/6 
[log P(O2)] -I- const (see Fig. 2). Symbols, T, oC: Open circle, 
1347; half clark circle, 1285; open triangle, 1191; -~-, 1129; X, 
1094; dark circle, 1035; dark triangle, 986. 

l o w e r  pressures .  To e x p l a i n  this  b e h a v i o r  w e  sha l l  as-  
s u m e  tha t  the  d o m i n a n t  defec ts  in t h e  l a t t i ce  a r e  m e t a l  
vacanc ie s  w h i c h  can  be  s ing ly  and  doub ly  ionized.  
F o l l o w i n g  the  t e r m i n o l o g y  of K r o e g e r  and  V i n k  (2) 
w e  can  w r i t e  

AHv 
[VM] Kxo exp  -- Kx [1] 

P ( 0 2 )  1/2 \ - -  " - '~ -  / 

p [VM'] K10 exp  - -  -- K1 [2] 
[v~] ~ -  

p [V~"]  K20 exp  --~-~- -- K2 [3] 
[VM'] 

[VM']  ~- 2 [VM"]  = P [4] 

[VM] -~- [VM']  -I- [VM"]  = X [5]  

w h e r e  [VM] is t he  m o l a r  f r ac t ion  of  u n - i o n i z e d  v a c a n -  
cies in the  la t t ice ,  [VM'] is t he  m o l a r  f r ac t ion  of s ing ly  
ion ized  vacancies ,  [VM'] is t he  m o l a r  f r ac t ion  of 
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Fig. 2. Logarithm of conductance of cobalt monoxide vs. 
logarithm of partial pressure of oxygen at various temperatures; 
the conductance is measured in ohm -1  and the pressure in atmos- 
pheres. The brackets indicate the range where P(02) may contain 
a large error because of the finite purity of C02 and the high 
mixing ratios in this range. 
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Fig. 3. Phase boundary Co-CoO and lines of constant composition 
of CoOl+x in the range of temperatures 920%1350~ The 
pressure is measured in atmospheres; -I-, points on the phase 
boundary in the present work; & ,  points on the phase boundary 
given in the literature (4); /-7, point on the boundary C00-Co304; 

�9 measured compositions; , compositions calculated 
from conductance measurements; . . . .  , boundary between regions 
A and B (see Fig. 2). 

d o u b l y  ion ized  vacanc ies ,  p is the  m o l a r  f r ac t i on  of 
f ree  holes  and  Kx Kt  K2 a re  e q u i l i b r i u m  cons tan ts  
w h i c h  d e p e n d  on the  t e m p e r a t u r e  in  t he  m a n n e r  in -  
dicated.  E q u a t i o n  [5] is exac t  on ly  for  sma l l  m o l a r  
f rac t ions .  These  equa t ions  give,  w h e n  [VM'] > >  [VM"] 

= C#ep ~ Ct~e (KxK1)  1/2 P(O2)  TM [6] 

and  w h e n  [VM"] > >  [VM'] 

= C # e p =  C#e ( 2 K x K z K 2 ) l / 3 P ( 0 2 )  1/6 [7] 

w h e r e  # is t he  mobi l i ty ,  e is the  e l c t ron ic  charge ,  and 
the  cons t an t  C con ta ins  the  g e o m e t r y  of t he  sample  
as w e l l  as t he  conve r s ion  fac to r  f r o m  m o l a r  f r ac t ion  
to t he  n u m b e r  of cha rge  ca r r i e r s  p e r  cm 3. 

W h e n  # is i n d e p e n d e n t  of t he  concen t r a t i ons  we  
get  t w o  l i nea r  r anges  of log  z = f [ l og  P ( O 2 ) ]  w i t h  
s lopes  of 1/4 and  1/6, i.e., t h e  obse rved  behav io r .  

T h e  l i nea r  r e l a t i on  b e t w e e n  ~ and  x in  r a n g e  A of 
Fig.  1 shows  tha t  [VM] < <  [VM'], and  t h e r e f o r e  ac-  
co rd ing  to Eq.  [4] and  [5] p = x and  ~ = C~ex.  At  
the  h ighes t  va lues  of o x y g e n  p re s su re  x r ises  fas te r  
t h a n  2, this  i nd ica t ing  tha t  we  a re  ge t t ing  into  the  
r a n g e  w h e r e  [VM] and  [VM'] a re  of t he  s a m e  o r d e r  of 
magn i tude .  In  r a n g e  B the  s lope of  ~ = 2C~ex  vs.  x 
should  be  tw ice  as l a rge  as in r a n g e  A, bu t  this  r ange  
is so shor t  in t e r m s  of x tha t  t he  d i f fe rence  in slopes 
is no t  no t iceab le .  

F i g u r e  1 shows  tha t  C~e, w h i c h  is g iven  by  the  s lope  
of Z vs.  x ,  is p r ac t i c a l l y  i n d e p e n d e n t  of t e m p e r a t u r e  
in t he  r a n g e  of t e m p e r a t u r e s  s tudied.  T a k i n g  an a v e r -  
age v a l u e  of C~e w e  can t h e n  ca lcu la te  p f r o m  the  
cu rves  of  Fig.  2, and  f r o m  tha t  the  m o l a r  f r ac t i on  of 

m e t a l  vacanc ie s  x = p or  x = Vzp, r e spec t ive ly .  R e -  
sul ts  appea r  in Fig.  3 as cu rves  for  x < 2 �9 10 -3  . I t  
shou ld  be  no t ed  tha t  w e  h a v e  n e g l e c t e d  [VM] in th is  
range ,  this be ing  p e r m i t t e d  because  [VM] < P a l r e a d y  
in mos t  of r a n g e  A, and  [VM] decreases  m u c h  fas t e r  
w i t h  P(O2)  t h a n  p. N a t u r a l l y  t he  cu rves  fo r  l owes t  x 
r e l y  on t h e  a s sumpt ion  tha t  t h e  in t r ins ic  de fec t  s t ruc -  
t u r e  is negl ig ib le ,  i.e., t ha t  no o x y g e n  vacanc ie s  a p p e a r  
at  t hese  v a l u e s  of x. The  ana lys i s  of t h e  resu l t s  as -  
s u m e s  tha t  t he  m o b i l i t y  is i n d e p e n d e n t  of cha rge  ca r -  
r i e r  concen t ra t ion .  This  seems to be  a r e a s o n a b l e  as-  
s u m p t i o n  s ince o t h e r w i s e  t h e  d e p e n d e n c e  of the  con-  
duc t ance  on P (O2)  w o u l d  no t  g ive  s t r a igh t  l ines  on a 
l og - log  plot .  

T h e  resu l t s  ag ree  w i t h  p r e v i o u s  m e a s u r e m e n t s  of 
C a r t e r  and  R i c h a r d s o n  (3) at  P (O2)  = 1 a t m  and 
P ( 0 2 )  = 0.005 a rm w i t h i n  t he i r  l i m i t  of  e r ro r .  

T h e  phase  b o u n d a r y  b e t w e e n  the  CoO and  Co 
phases  was  d e t e r m i n e d  essen t i a l ly  by  the  s u d d e n  b r e a k  
in t h e  c o n d u c t a n c e  at t he  bounda ry .  I t  agrees  w i t h  
resu l t s  g i v e n  in "Coba l t  m o n o g r a p h "  (4) .  On ly  one  
po in t  on t h e  CoO-Co304 b o u n d a r y  cou ld  be  d e t e r -  
mined ,  s ince Co804 is no t  s tab le  in P (O2)  < 1 a tm  
above  920~ The  po in t  agrees  w i t h  t he  l i t e r a t u r e  (5) .  

A fu l l  a ccoun t  of t he  e lec t r i ca l  p rope r t i e s  of  CoO 
wi l l  be  p u b l i s h e d  la ter .  

M a n u s c r i p t  r e c e i v e d  Jan .  27, 1964; r e v i s e d  m a n u -  
sc r ip t  r e c e i v e d  J u n e  15, 1964. This  w o r k  cons t i tu tes  
p a r t  of  t he  thesis  to  be  s u b m i t t e d  by  one  of t he  
au thors  (B.F.)  to  t he  S e n a t e  of the  T e c h n i o n  in p a r t i a l  
fu l f i l lmen t  of t h e  r e q u i r e m e n t s  fo r  t he  D.Sc. degree .  

A n y  discuss ion of th is  p a p e r  wi l l  a p p e a r  in a Discus -  
s ion Sec t ion  to be  p u b l i s h e d  in t he  J u n e  1965 JOURNAL. 
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Thin Silicon Film Growth on Polycrystalline Alumina Ceramic 

V. Y. Doo 

Components Division, International Business Machines Corporation, Poughkeepsie, New York 

Epitaxial  g rowth  of thin films by vapor  deposition 
on a single crystal  substrate of the same mater ia l  has 
been carr ied out on various semiconductor  materials,  
such as germanium,  silicon, gall ium arsenide, silicon 
carbide, etc. In those cases where  the single crystal  
substrate mater ia l  differed f rom the film mater ia l  and 
their  physical propert ies  such as the crystal  structure,  
latt ice parameter ,  coefficient of expansion, etc., were  
compatible, successful epi taxial  growth has been re -  
ported, e.g., GaAs on Ge and GaP on GaAs (1, 2). How-  
ever, when the substrates were  of polycrystal l ine mate -  
r ial  which differed f rom the film mater ia l  to be grown 
and their  physical  propert ies were  grossly different, 
it was ra ther  difficult, if not impossible, to grow large 
crystal  films. 

Epi taxial  growth of silicon on silicon substrate has 
been in product ion dur ing the last few years.  H o w -  
ever, the growth of large crystal  silicon film on 
polycrystal l ine a lumina substrate has involved  great  
difficulties. Rasmanis (3) repor ted  that  l a rge-gra in  sili- 

con films have been grown on alumina substrates 
which were  coated with  a glassy layer prior  to the 
film growth. The purpose of this paper  is to repor t  a 
different technique to grow la rge-gra in  silicon films 
on alumina. 

Exper iment  and Results 
The substrate mater ia l  was most ly of 96% A1203 

and some 99% A1203 a lumina ceramic slides, about 
�89 x �89 x 40 in./1000 in dimensions. These ceramic slides 
were  ra ther  porous and their  grain size was about 1~ 
in diameter.  A thin film of silicon, (approximate ly  
12-15~ thick) was deposited on the substrate by the 
reduct ion of silicon te t rachlor ide  by hydrogen at ele-  
vated temperature .  The as -grown silicon film is shown 
in Fig. 1. The grain size of the silicon film was about 
the same as that  of the substrate. The x - r a y  Laue 
back-reflection pa t te rn  showed that  the silicon crys-  
tals were  randomly  oriented and their  size was quite 
uni form (Fig. 2). 

Anneal ing  at tempera tures  near  the mel t ing  point 
of silicon or at the incipient  fusion t empera tu re  
caused l imited grain growth. Figures  3 to 5 show 

Fig. 1. Polycrystalline silicon film grown on 96% AI~03 ceramic, 
silicon crystallites of 1-3~ diameter. Magnification 520X. 

Fig. 3 Polycrystalline silicon film annealed 30 min at about 
5~176 below the melting point of silicon. Magnification 520X. 

Fig. 2. Laue back-reflection x-ray pattern of polycrystalline silicon Fig. 4. Same as Fig. 3. except the annealing temperature was 
film shown in Fig. 1. Crystallites are randomly oriented, very close to, or at, the incipient fusion point. Magnification 520X. 
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growth. About  5 to 8# siIicon film was grown on the 
large grain silicon substrate by the convent ional  vapor  
growth technique (the reduct ion of SIC14 by hydrogen 
at e levated t empera tu re ) .  No dopant was intent ional ly  
added to the epi taxial  film. The epitaxial  film remained 
p-type,  and the surface resis t ivi ty of the films grown 
on 96% AI203 ceramic was about 0.03-0.07 ohm-cm and 
that  on 99% A1203 was about 0.5-1.0 ohm-cm.  

A p-n  junct ion was formed in the epi taxial  films by 
phosphorus diffusion. I t  was fol lowed by masking and 
mesa etch. F igure  9 shows a single crystal  mesa, whose 
dimension is about 250 x 375~. Figure  10 shows an- 
other  mesa, which has a l ine cutt ing across ~he mesa. 

Fig. 5. Same as Fig. 3, except the annealing temperature was at 
the incipient fusion point. Magnification 520X. 

Fig. 7. Same as Fig. 6 except it is about 6-7 mm away from the 
border of molten zone. Magnification 37X. 

Fig. 6. Film crystals grown by the melt-regrowth method, near 
the border of molten zone. Magnification 37X. 

the silicon film after  30 rain anneal ing at a few degrees 
below the mel t ing  point of silicon, ve ry  close to the 
incipient fusion temperature ,  and at the incipient  
fusion temperature ,  respectively.  It is apparent  that  
only the region annealed at the incipient  fusion t em-  
pera ture  had some degree of growth (from 1~ to about 
10-25~). The region annealed only a few degrees below 
the mel t ing  point of silicon shows very  l i t t le  grain 
growth. For  practical  purposes, however ,  even grains 
annealed at the incipient fusion t empera tu re  are too 
small to have  much va lue  in device application. 

A mel t ing  and reg rowth  technique was used to ob- 
tain large grain silicon films. A polycrystal l ine silicon 
film of about 12-15# thick was first deposited on the 
a lumina substrate. It  was fol lowed by heat ing to about 
5~176 above the mel t ing  point of silicon unt i l  a large 
par t  of the  silicon film was completely melted. Then 
the t empera tu re  was rapidly  lowered to about 30~176 
below the mel t ing  point unti l  the mol ten  silicon film 
was crystallized, and finally, the sample was slowly 
brought  down to room temperature .  F igure  6 shows the 
r eg rown silicon crystals near  the border  of the mol ten 
zone. Since the neighbor ing unmel ted  crystall i tes could 
act as the nuclei  in regrowth,  some of the grains were  
re la t ive ly  small. However ,  fu r the r  away f rom the 
border,  much larger  crystals were  observed. F igure  7 
shows par t  of a large silicon crystal. Many crystals of 
about  500~ x 3000# have been observed. F igure  8 shows 
the x - r a y  Laue  back-ref lect ion pa t te rn  of a large  sili-  
con crystal. The  orientat ion of this crystal  was [201]. 
All  the silicon films grown on a lumina  substrate by the 
m e l t - r eg rowth  technique were  p - type  and the re -  
sist ivity of the film grown on the 96 % A1203 substrate 
was ranged f rom 0.0005-0.009 ohm-cm,  and that  on 
the 99% A1203 substrate was about 0.05-0.10 ohm-cm.  
The samples were  then cleaned by l ight acid etch 
and subsequent ly  used as the substrate for epi taxial  

Fig. 8. Laue back-reflection x-ray pattern of a large crystal. 
Presence of some substructure is indicated and the misorientation 
is not more than n few minutes. 

Fig. 9. Single crystal mesa after melt-regrowth, epitaxial growth, 
phosphorus diffusion, and mesa etch. Magnification 97X. 
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Fig. 10. Same as Fig. 9. The oriented surface defects indicate 
very small misorientation across the small angle boundary. Mag- 
nification 97X. 

Fig. 11. Forward and reverse bias characteristics of diode made 
from the silicon film grown on alumina ceramic. 

The line appears to be a grain boundary.  However ,  the 
or iented surface defects observed on both sides of 
the line indicate that  the crystal  orientat ion of one 
side is not  much different f rom the other. The x - r a y  
pat tern  shown in Fig. 8 does indicate the presence of 
some substructures.  The misorientat ion among the sub- 
s tructures is no more  than a few minutes.  

The electric characterist ics of the mesa diodes were  
measured  by point  contact -probe which  was l inked to 
a micromanipulator .  The  typical I -V relat ion of the 
diodes grown on 96% A1203 ceramic under  both for-  
ward  and reverse  bias is shown in Fig. 11. The 
high fo rward-vo l t age  drop is caused pr imar i ly  by the 
contact resistance. The reverse  bias b reakdown vol tage 
is about 7v in Fig. 11. The breakdown voltages of other  
diodes made  on the sample ranged f rom 6 to 10v. Even 

though the substrate silicon film was highly contami-  
nated dur ing the m e l t - r eg row th  process, the diode 
made f rom the epi taxial  film grown on it showed sharp 
breakdown.  Also, the current  leakage  is qui te  low (in 
the order of 10 - s  amp).  The b reakdown vol tage  of the 
diodes made  f rom the epi taxial  films grown on the 99% 
A1203 ceramic was in the range of 100-150v. 

Discussion 
As ment ioned earlier,  the coefficient of expansion of 

silicon is great ly  different  f rom that  of alumina,  being 
about a factor of 2.5 smaller  than that  of alumina. 
When two different mater ia ls  in juxtaposi t ion which 
differ great ly  in coefficient of expansion go through 
large  t empera tu re  changes severe  stress developed at 
the interface could cause the cracking of the weaker  
material .  However ,  no cracks have ever  been observed 
on the silicon films grown on a lumina  substrates. This 
indicated that  be tween  the silicon and alumina, some 
mater ia ls  of in te rmedia te  coefficient of expansion could 
be present.  At  the tempera tures  above 1400~ it 
would  not be unexpected  that  the mol ten  silicon might  
at tack the A12Os to form a thin film of possibly 
A1 Ox-Si Oy, whe re  x and y are a rb i t ra ry  constants. 
This postulat ion is based on the high e lect ronegat iv i ty  
of silicon over  a luminum. This new film si tuated be- 
tween A1203 and silicon might  act as a buffer zone 
which is the analogue of the graded seal in the P y r e x -  
quartz  seal. 

The  resist ivi ty of the silicon epi taxial  films grown 
on 96% and 99% A1203 wi thout  in tent ional  doping was 
0.03-0.07, and 0.5-1.0 ohm-cm (p- type) ,  respect ively.  
It  is bel ieved that  epi taxial  films of various resist ivi ty 
could be grown on the a lumina substrates by adjus t -  
ing the film thickness and ex te rna l  doping. As has been 
exper ienced in growing epi taxial  films on heavi ly  
doped substrates, the surface resist ivi ty of the film in 
case of no externa l  doping is a function of the film 
thickness, i.e., the thicker  the film the h igher  the re -  
sistivity. By introducing proper  amounts of dopant  into 
the growth chamber,  one should be able to compensate  
or re inforce the impuri t ies  f rom the substrate material .  

Manuscript  received Feb. 21, 1964. 

Any discussion of this paper  wi l l  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Radiotracer Studies on the Incorporation of 
Phosphorus in Epitaxially Grown Silicon 

S. N a k a n u m a  

Semiconductor Division, Nippon Electric Company, Kawasaki, Japan 

The incorporat ion of phosphorus into silicon epi- 
taxial films grown by the hydrogen reduct ion of sili- 
con tetrachloride has been reported by Theuerer  (1), 
Corrigan (2), and Nutta l l  (3). The radio isotope tracer 
technique was applied to obtain informat ion about  the 
t ransfer  of phosphorus from gas phase to solid phase 
and the ratio of Hall  mobil i ty  to conductivi ty mobility, 
~H/#c, which is an impor tant  parameter  in the determi-  
na t ion  of impur i ty  concentrat ions in  semiconductors 
from the Hall coefficient RH. That  is 

ne 

but  l i t t le exper imental  data exist for this ratio for 
phosphorus in  silicon. 

The radioactive phosphorus tr iehloride used as the 
dopant  in this exper iment  was synthesized by the car- 
bon reduct ion of phosphoric acid, which contained 
B-emitting phosphorus p~2, to yel low phosphorus in a 
ni t rogen stream, followed by chlorinat ion and re-  
duction to phosphorus trichloride. Using silicon te t ra-  
chloride doped with the radioactive phosphorus t r i -  
chloride, silicon epitaxial  films were grown at 1250~ 
with a hydrogen flow of 1 I / ra in  at a mole fraction of 
0.02. The films were about 30# thick. 

Phosphorus concentrat ions in  the films were deter-  
mined from the measurements  of volume, and activity 
by a gas flow counter, which gives a high geometrical 
efficiency. The self-absorption effect was neglected in 
these experiments,  because the energy of ~ particles 
from p32 is high enough to penet ra te  through the 
epitaxial  films. Phosphorus concentrat ion in  the gas 
phase was calculated from Raoult 's  law and the pre-  
l iminary  determinat ion of phosphorus concentrat ion in 
the silicon tetrachloride solutions. Hall  samples were 
prepared by the evaporation of Au containing Sb for 
ohmic contacts and mesa-etch as shown in Fig. 1. The 
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Fig. 1. Hall sample 
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Fig. 3. The ratio of Hall mobility to conductivity mobility 

measurements  of Hall  coefficient and conductivi ty 
were made over a tempera ture  range from 77 ~ and 
300 ~ under  a magnetic  field of 5350 gauss. 

Figure  2 shows the phosphorus concentrat ion in  the 
epitaxial ly grown silicon films as a funct ion of that  in 
gas phase. The dashed l ine is the curve calculated 
assuming a t ransfer  ratio of un i ty  as defined by the 
following formula  

(P atoms/Si  atoms)in solid 
t ransfer  ratio --  

(P atoms/Si  atoms) in gas 

The t ransfer  ratio remains  constant  at about  0.8 over 
the range of phosphorus-si l icon atom ratio in  the gas 
phase between 10-8-10 -4, but  a re la t ively large d e -  

1199 
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crease in this ratio is observed at higher  concentrations. 
This might  be due to the effect of repuls ive  forces be-  
tween phosphorus in the gas phase and that  adsorbed 
on the growing surface, or the effect of having reached 
the solubil i ty l imit  of phosphorus in silicon. 

Figure  3 shows the ratio of Hall  mobil i ty  to con- 
duct ivi ty  mobi l i ty  as a function of phosphorus con- 
centrat ion at 300~ The theoret ical  t r ea tment  of this 
ratio in semiconductors has been discussed by several  
authors (4) and gives a ratio greater  than uni ty  in 
the nondegenera te  case and a ratio of uni ty  in the de-  
generate  case. This is in good agreement  with the 
present  results. The Hall  mobili t ies observed are close 
to the values repor ted  by Morin and Maita (5). It is 
concluded f rom these results that  the phosphorus 
atoms in silicon epi taxial  films grown by the hydrogen 
reduct ion of silicon te t rachlor ide  doped with  phos- 
phorus t r ichloride are incorporated substi tut ionally in 
the silicon lat t ice in spite of much lower  growth t em-  
pera ture  than f rom a melt ;  that  is, there  is no exist-  

ence of electr ical ly inact ive phosphorus atoms in these 
films up to phosphorus concentrat ions of 3 x 10 TM at./cc. 
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Bromine-Zinc Secondary Cells 
Sidney Barnartt and David A. Forejt 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Secondary bromine-z inc  cells were  made with aqueous ZnBr2 electrolyte  
and carbon plate electrodes separated by a mul t ip le  diaphragm. A layer  of 
act ivated charcoal over  the posit ive electrode was provided as a bromine  
sorbent. Data are given on discharge and cycling characteristics, open-circui t  
potentials,  polarization, in ternal  resistance, t empera tu re  effects, self-discharge,  
and the mechanism of failure. Outputs as high as 2.4 wat t  m i n / g  (18 wat t  
h r / lb )  were  observed and could be increased appreciably by minimizing cell  
weight. Electrode polarizat ion was low, sel f -discharge rates high. 

The bromine-z inc  storage ba t te ry  is old in general  
concept (1), but  there  is l i t t le published informat ion 
on it. The present  study was under taken  to obtain 
realistic data on energy density, opt imum power  den-  
sity, cycling characteristics, and electrode polarization. 

The system is a t t ract ive  because of the high theo-  
ret ical  energy of the reactants.  

Zn + Br2 ~-- ZnBr2 E ~ = 1.828v (2) [1] 
(s) (1) (aq) 
2FE ~ per mole ZnBr2 = 26.11 wat t  m i n / g  

Compared with  secondary alkal ine systems, b romine-  
zinc has considerably higher  vol tage and specific en- 
ergy than n icke l -cadmium or s i lver-cadmium,  and is 
equiva len t  to si lver-zinc.  

(a) 2NiOOH.H20 -5 Cd = 2Ni(OH)2 + Cd(OH)2 [2] 
watt  m i n / g  = 12.86 

E o = 1.327v (3) 

(b) 2AgO + H20 + Cd = Ag20 -5 Cd(OH)~ [3] 
E o = 1.413v (4) 

Ag20 -5 H20 + Cd = 2Ag -5 Cd (OH)2 [4] 
wat t  m i n / g  = 16.22 

E o = 1.151v (5) 

(c) 2AgO -5 H20 -5 Zn = Ag20 -5 Zn(OH)2  [5] 
E ~ = 1.849v 

Ag20 -5 H20 + Zn = 2Ag -5 Zn (OH)2 [6] 
wat t  m i n / g  = 26.65 

E o = 1.587v 

The general  formula t ion  of a bromine-z inc  secondary 
cell is s imply an aqueous ZnBr2 solution and two iner t  
electrodes wi th  a porous d iaphragm separat ing the 
electrode compartments .  In horizontal  cells l iquid bro-  
mine is deposited at the lower electrode dur ing charg-  
ing, zinc at the upper  (1, 6). Vert ical  electrodes may 
be used if the surface of the posit ive electrode is 
covered with  an immobil ized porous sorbent  (1,7). 
The la t ter  holds the bromine  in place; i t  also slows 
diffusion of bromine to the zinc surface, thus improv-  
ing charge retention.  

The cells described below were  based on the ver t i -  
cal arrangement ,  wi th  two carbon electrodes and a 
layer  of act ivated charcoal held against the surface 
of the positive. 

Experimental 
Cells.--The basic cell design is shown in Fig. 1. Two 

flat carbon electrodes a, 15 cm square, were  sealed to 
a me thy l -me thac ry l a t e  f rame b. One edge of each 
carbon plate pro t ruded and was cemented to a carbon 
bar wi th  conducting cement. A layer  of act ivated 
charcoal part icles d, 200-400 mesh, was held against  the 
posit ive electrode by a mul t i - l aye red  d iaphragm c. The 
la t ter  was cemented around its edges to insulator  b, 
which carried a planar  ne twork  of window frames 

Fig. 1. Two-electrode bromine-zinc cell: a, carbon electrodes; 
b, insulator; e, multilayer diaphragm; d, activated charcoal. 

intended as a support  for the diaphragm. The porous 
d iaphragm consisted of a finely woven  glass cloth, fac- 
ing the act ivated charcoal, which was backed by three  
layers of open glass screening and finally by a sheet  
of polyvinyl  chloride (1.3 mm thick, pore diameter  
5-10#). 

Each compar tment  of the cell was vented  by means 
of small  holes in the top of the insulat ing f rame and in 
the cap above it. One larger  hole was used for connect-  
ing a saturated calomel reference  electrode, by means 
of a glass tube filled with  the e lect rolyte  which t e rmi -  
nated in a capi l lary tip close to the negat ive  electrode. 
The surface of the negat ive  electrode was scored in 
order  to improve  the adhesion of zinc deposited dur ing 
charging. Because the carbon plates were  not ent i re ly  
impermeable  to bromine and some ear ly  cells de-  
veloped leaks at the edges, the cells described below 
were  par t ia l ly  encased in a pott ing compound. The 
weight  of the la t ter  was not included, however ,  in cal- 
culations of output  per uni t  weight.  

The principal  features  of the 2-electrode cell, Fig. 1, 
were  re ta ined in the design of a 3-electrode cell. A 
central  posit ive electrode in the la t ter  had half  of its 
act ivated charcoal on e i ther  side of it, and with  two 
negat ive  electrodes formed two chemical ly  isolated 
paral le l  cells each having the general  construction of 
Fig. 1. Besides the th inner  act ivated charcoal  layer,  the 
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Fig. 2. Circuit for measurement of internal resistance 

o the r  s ignif icant  d i m e n s i o n a l  change  was  a 50% r e -  
duc t ion  in spac ing  b e t w e e n  n e g a t i v e  e l ec t rode  and 
s e p a r a t o r  (to ~/s in.) .  

Electrical measurements.--The cells w e r e  cha rged  at  
a s t anda rd  r a t e  of 2.0 amp,  p r e l i m i n a r y  e x p e r i m e n t s  
h a v i n g  shown  l i t le  effect  on ou tpu t  for  va r i a t i ons  in 
cha rg ing  c u r r e n t  by  a fac to r  of 5. E a c h  d i scha rge  was  
across  cons tan t  load res i s t ance  and was  con t inued  to 
zero  cell  vo l t age  a l t hough  the  use fu l  ou tpu t s  g iven  
be low  w e r e  t a k e n  to 1.00v. A l l  m e a s u r e m e n t s  w e r e  at  
25 ~ _+ 2~ E l e c t r o d e  po ten t i a l s  w e r e  m e a s u r e d  aga ins t  
s a t u r a t e d  ca lome l  on a ca l ib ra t ed  e lec t ron ic  p H - v o l t -  
m e t e r  (L&N type  7664) and  w e r e  c o n v e r t e d  to the  h y -  
d rogen  scale. 

The  i n t e r n a l  res i s tance  R~ of a cel l  was  m e a s u r e d  by  
the  i n t e r r u p t e d - c u r r e n t  me thod .  The  i n s t an t aneous  r e -  
c o v e r y  of cel l  vo l t age  u p o n  open ing  the  d i scha rge  c i r -  
cui t  is IR~, w h e r e  I is the  d i scharge  cur ren t .  The  s i m -  
pl i f ied c i rcu i t  u sed  is s h o w n  in Fig.  2. W i t h  t he  tes t  
cel l  d i s cha rg ing  t h r o u g h  the  6AS7 tube  at f ixed c u r -  
r e n t  (up to 0.25 a m p ) ,  c los ing of the  t r ip  swi tch  causes  
the  neon  bu lb  NE-32  to conduc t  and to app ly  a pos i t ive  
po t en t i a l  to the  g r id  of t he  6A J4  t u r n i n g  the  l a t t e r  on. 
This  i m m e d i a t e l y  swings  the  gr id  of the  6AS7 n e g a t i v e  
and opens  the  d i scha rge  circuit ,  at  the  same  t ime  in i -  
t i a t ing  a s ingle  sweep  on the  osci l loscope ( T e k t r o n i x  
type  545A w i t h  t y p e  D ampl i f i e r ) .  The  in i t ia l  100 #sec 
of t he  vo l t age  r e c o v e r y  c u r v e  was  d i sp layed .  E x c e p t  for  
an  in i t i a l  5-8 ~sec t r a n s i e n t  the  cu rves  for  b r o m i n e -  
zinc cel ls  r e m a i n e d  flat, and  could  be  e x t r a p o l a t e d  to 
t he  ins tan t  of i n t e r r u p t i o n  w i t h  u n c e r t a i n t y  < 1 m v  
for  IR drops  of 20 mv.  

F o r  e l ec t rode  po la r i za t ion  m e a s u r e m e n t s  the  cap i l -  
l a r y  t ip  f r o m  the  r e f e r e n c e  e l ec t rode  was  pos i t ioned  
close to the  zinc e lec t rode .  F o r  c u r r e n t  I and  i n t e r n a l  
cel l  r e s i s t ance  Ri, a co r rec t ion  IRi was  app l i ed  to t he  
b r o m i n e  po t en t i a l  read ing ,  w i t h  the  a s sumpt ion  tha t  
t he  ohmic  d rop  i nc luded  in t he  zinc po t en t i a l  r e a d i n g  
was  neg l ig ib le .  A l l  of the  po l a r i za t i on  da ta  r e p o r t e d  
w e r e  co r r ec t ed  on this ba s i s J  

Results and  Discussion 
Most  of t he  essen t ia l  r esu l t s  of this  s tudy  a re  r e -  

v e a l e d  by  the  da t a  s u m m a r i z e d  b e l o w  for  two  cel ls  
desc r ibed  in  Tab le  I: a 2 - e l ec t rode  cel l  de s igna t ed  2 - IC  
and  a 3 - e l ec t rode  cel l  de s igna t ed  3-MC. 2 The  ac t i va t ed  
cha rcoa l  u sed  in each  cel l  had  a " n o m i n a l  capac i ty"  of 
1.2g Br~ /g  C at 25~ as m e a s u r e d  by  the  b r o m i n e  u p -  

1The  n e g l e c t e d  IR  c o r r e c t i o n  to  t h e  z inc  p o t e n t i a l s  m a y  h a v e  a t -  
t a i n e d  s e v e r a l  m i l l i v o l t s  a t  t h e  h i g h e s t  c u r r e n t  d e n s i t y  s t u d i e d .  I f  
so, t h e  e r r o r  is  s u c h  t h a t  t h e  r e p o r t e d  z inc  p o l a r i z a t i o n  is too  h i g h  
a n d  t h e  b r o m i n e  p o l a r i z a t i o n  too low.  

F o r  b r e v i t y ,  c o n s i d e r a b l e  d a t a  on  o t h e r  ce l l s  a r e  o m i t t e d  s ince  
t h e  r e s u l t s  w e r e  s i m i l a r .  

Table I. Design parameters of cells 2-1C and 3-MC 

2-IC 3-MC 

Cel l  w e i g h t ,  g 575 777 
E l e c t r o d e  a r e a  ( g e o m e t r i c a l ) ,  c m  2 200 400  
Z n B r 2  e l e c t r o l y t e  200  ml ,  3 .0M 250 ml ,  1.TM 
N o m i n a l  Br~ c a p a c i t y  of a c t i v a t e d  C, g 48 61.5 
T h e o r e t i c a l  d e s i g n  c a p a c i t y ,  a m p  m i n / g  1.68 1.59 
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Fig. 3. Selected discharge curves, cell 3-MC 

t ake  in  0.5M ZnBr2-0.15M Br2 solut ion.  The  " t heo re t i c a l  
des ign  capac i ty"  of  a cel l  was  t a k e n  to be  t he  c h a r g e  
e q u i v a l e n t  of the  n o m i n a l  b r o m i n e  capac i ty  of the  c h a r -  
coal  in t he  cell. A c h a r g e  i npu t  e q u a l  to the  t heo -  
r e t i ca l  des ign  capac i ty  w o u l d  r e d u c e  t h e  a v e r a g e  e l ec -  
t r o l y t e  concen t r a t i on  to 1.5M in cel l  2- IC and to 0.16M 
in  3-MC. 

Discharge curves.--Figure 3 shows  t h r e e  d i scha rge  
cu rves  fo r  cel l  3-MC,  se lec ted  to i l l u s t r a t e  two  g e n -  
e ra l  resul ts .  (i) O u t p u t  i nc rea sed  w i t h  o v e r c h a r g e  up 
to 50% o v e r c h a r g e  (beyond  the  t heo re t i c a l  des ign  
capac i ty ) ,  cycles  4 and  6. (ii)  W a t t - h o u r  ou tpu t  
c h a n g e d  l i t t l e  w i t h  dec reas ing  load  res i s t ance  (cycles  6 
and  11) d o w n  to an  " o p t i m u m "  load  be low  w h i c h  the  
o u t p u t  fell .  O p t i m u m  load  was  a p p r o x i m a t e l y  1 o h m  
for  3 -MC and  2 ohms  fo r  2-IC.  In  bo th  cases this  cor -  
r e s p o n d e d  to an  in i t i a l  c u r r e n t  dens i ty  of 4 m a / c m  2. 
The  3 - e l e c t r o d e  cell,  h a v i n g  doub le  t he  e l ec t rode  area,  
y i e lded  h i g h e r  p o w e r  p e r  un i t  w e i g h t  at  o p t i m u m  load, 
viz., 3.2 m w / g  (or 1.5 w / l b )  in i t ia l ly ,  and a v e r a g e  
p o w e r  d u r i n g  d i scharge  to l v  of 2.6 m w / g .  

Open-circuit potentials.--The o p e n - c i r c u i t  vo l t age  of 
a f u l l y  or  p a r t i a l l y  cha rged  ce l l  decreases  s lowly  wi th  
t ime.  Vo l t age  decay  c u r v e s  for  cel l  3 -MC af te r  a cha rge  
of 18 a m p  h r  (87% of t h e o r e t i c a l  des ign  capac i ty )  a re  
p r e s e n t e d  in  Fig.  4. The  o p e n - c i r c u i t  vo l t age  was  in i -  
t i a l ly  close to t he  s t a n d a r d  v a l u e  at  25~ 

RT aZnBr2 
E = 1.838 + l n - - -  [7] 

2F aznaBr2 

ind ica t ing  tha t  t he  effect  of aZnBr2 < 1 was  a lmos t  e x -  
ac t ly  c o m p e n s a t e d  by  aBr2 < 1 p lus  any  sma l l  i r r e -  
ve r s ib l e  l o w e r i n g  of  t he  zinc po t en t i a l  due  to the  cor-  
ros ion  react ion .  

The  zinc e l ec t rode  po t en t i a l  was  in i t i a l ly  a f e w  
mi l l ivo l t s  m o r e  n e g a t i v e  t h a n  the  s t anda rd  p o t e n t i a l  

E z n  = --0.763 + 0.0296 log  azn+ + [8] 

I t  d e c a y e d  to a v a l u e  18 m v  m o r e  pos i t ive  a f t e r  24 hr.  
The  b r o m i n e  potent ia l ,  i n i t i a l ly  3-5 m v  b e l o w  the  
s t anda rd  v a l u e  (2) 

I } I I I I I | 
1 . 8 4  > - -  E o 
1.82 

,,o I 
= 1.78 
8 L76 

- I I L I I 
1 . 0 6  . . . .  EBr 

10, " f  - " " " ~ ' - ' ~ ' ~  ~ 
EBr 1.02 

~ I ] ] I I ] 

. 7 4 ~  
~z n. 72 | 

I I I , , Io 12 ~, 0 2 4 6 8 
TimeAfter Charging, hr. 

Fig. 4. Open-circuit voltage and single electrode potentials, cell 
3-MC after 18 amp-hr charge input. 
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EBr = 1.065 4- 0.0296 log aBr2-- 0.0592 log aBr-- [9] 

decayed somewhat  more  rapidly (30 mv  in 24 hr ) .  
Open-c i rcui t  potential  measurements  on cell 2-IC 

af ter  18 amp-hr  charge showed similar  potent ial  decay. 
The bromine  potent ia l  fol lowed closely the curve  for 
3-MC, but the  zinc potentials were  displaced to values 
17 m v  more  posit ive (higher concentrat ion of Zn + +).  
The fact  that  the bromine  potent ial  was not changed 
appreciably indicated that  the increase in aBr-- was 
offset by a la rger  va lue  of aBr2 (Eq. [9]), since 18 amp 
hr was sufficient to saturate  the bromine  electrode of 
cell 2-IC but not  that  of 3-MC. 

Internal  res is tance . - -Measurements  were  made per i -  
odically dur ing discharge across a 1-ohm load by 
switching for 1 min f rom the load circuit  to that  of 
Fig. 2. Data for cells 2-IC and 3-MC are given in Fig. 5. 
The fo rmer  cell, wi th  half  the electrode area of the 
latter, was expected to have somewhat  less than double  
the in ternal  resistance because it contained a solution 
of h igher  conductivity,  and this was observed. The in-  
te rnal  resistance tended to remain  constant dur ing 
discharge al though cell 2-IC, which had the thicker  
act ivated charcoal layer,  showed increasing resistance 
towards the end of discharge. 

Electrode polarizat ion.--Figure 6 presents  two sets 
of polarizat ion curves for cell 3-MC. The first set was 
taken after  a charge input  of 18 amp-hr ,  wi th  con- 
stant current  main ta ined  at each point for  10 min. 
During this in terva l  the zinc and bromine potential  
readings remained constant wi th in  _+1 inv. Both elec-  
trodes gave l inear  polarizat ion curves over  the whole  
range of apparent  current  density ia (based on geo- 
metr ica l  electrode area) .  The re turn  curve (decreasing 
currents)  was displaced sl ightly in each case, the shift 
being re la ted to the open-c i rcui t  potent ial  decay 
(Fig. 4). 

The exchange current  density (io)a may be esti- 
mated f rom the slope of the polarizat ion curve, using 
the theoret ical  equat ion based upon act ivat ion over -  
potential  (8) as the major  contribution 

(/o) a = T ~ Ix'-~--~ / [10] 
~r-~o 

H e r e  n is the  n u m b e r  o f  e lec t rons  in  the  o v e r - a l l  e lec-  
t r o d e  process as arb i t rar i ly  wri t ten,  and ~ is the stoi- 
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Fig. 5. Internal resistance of cells 2-1C and 3-MC during dis- 
charge. 
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chiometric  number.  Since the r a t e -de te rmin ing  step 
has not been established for the discharge reactions in 
the bromine-z inc  cell, evaluat ion of (to)a was based on 
the assumption ~ ----- n, which yields for 25~ 

~ia [11] / 
(io)a = 0.0257 \ - - ~ -  ]~-~0 

Equat ion [11], applied to the r e tu rn  curves (decreas-  
ing currents)  in Fig. 6, gives (to) a values of 3.9 m a / c m  2 
for the zinc electrode react ion and 3.3 m a / c m  2 for 
bromine reaction. Thus the apparent  exchange currents  
are re la t ive ly  high for both electrode processes, so that  
the bromine-z inc  system is of interest  for ba t te ry  ap- 
plication even when the bromine is adsorbed on ac- 
t ivated charcoal. 

The second set of polarizat ion curves in Fig. 6, taken 
after  6.0 amp-h r  input  (29% of theoret ical  design ca- 
paci ty) ,  demonstra ted that  both electrode reactions 
remain  fast  under  conditions of par t ia l  charge. The  
data  were  obtained at a ra te  of 5 rain/point ,  so that  
only 11% of the input  was discharged dur ing the 
polarizat ion measurements .  The zinc potentials re -  
mained constant wi th  time, but  the bromine  potentials,  
stable at low currents,  dr i f ted 11 m v  at the highest  
current  density. Both the initial and final values of the 
la t ter  reading are plotted in Fig. 6 to show that  most 
of the displacement  of the  polar izat ion cu rve  resul ted 
f rom this drift. The slopes of the polarizat ion curves 
af ter  the 6 amp-h r  charge are seen to be only sl ightly 
larger  than those after  the 18 amp-h r  charge. 

Sel f -d ischarge . - -During charging, dissolved bromine  
in the anolyte diffuses th rough the porous separators 
to the other  electrode and reacts wi th  the depositing 
zinc. This shortens shelf life. Delayed-d ischarge  meas-  
urements  on cell 2-IC indicated a ha l f - l i fe  for charge 
re tent ion of 2.7 days. Self -discharge of cell 3-MC was 
expected to be even faster  since this cell had double 
the electrode area and decreased electrode separation, 
and this was confirmed. It  would  be possible to reduce 
the sel f -discharge ra te  wi th  separators of finer poros-  
ity, wi th  an accompanying increase in internal  cell r e -  
sistance. 

The ra te  of the sel f -discharge react ion at the zinc 
electrode wil l  increase as the pH of the solution de- 
creases. Zinc bromide hydrolyzes to form a sl ightly 
acid solution and generates  complex ions (9), and at 
25~ 

Zn ++ 4 - H 2 0 = Z n ( O H )  + 4 - H  + K = 2 . 4 5 x 1 0  - l ~  [12] 

_ Zn + + 4. B r -  = ZnBr + K = 0.25 [13] 

During charging, bromine diffuses into the zinc com- 
par tment  and its hydrolysis  produces HBrO as wel l  as 

- hydrogen ions (10) 

Br2 H- H20 = H + 4. B r -  4. HBrO, K = 5.8 x 10 -9 [14] 

The low value  of K(25~ from Eq. [14] shows that  
l i t t le acid can be generated by diffusing bromine  when  
the concentrat ion of zinc bromide  is re la t ive ly  high. 
Simi lar ly  any p H change resul t ing f rom the chemical  
react ion of bromine  and zinc wil l  be small. 

Larger  pH changes could be produced if hydrogen 
codeposits cathodically wi th  zinc (efficiency < 100%), 
whence  the solution pH in the zinc compar tment  would 
increase dur ing charging. This effect was observed. 
Measurements  of catholyte  pH in cell 2-IC, ini t ial ly 
containing 3M ZnBr2 at pH 4.3, showed a pH rise to 
5.1-5.2 dur ing a 24 amp-hr  charge (cycles 40, 41). Dur -  
ing discharge the solution pH near  the zinc anode fell  
s lowly to a min imum of 3.7 ___ 0.1, and then rose to 4.3 
af ter  complete  discharge to zero cell vol tage (cycles 37, 
40, 41). Hence the sel f -discharge ra te  should increase 
to a m a x i m u m  during the discharge port ion of the 
cycle, when  the concentrat ion of dissolved bromine  in 
the zinc compar tment  is still  re la t ive ly  high and the 
pH is approaching or has reached the min imum value.  

The anodic l iberat ion of bromine is accompanied by 
the format ion of Br~- ,  and to a smal ler  extent  Br5- .  

1"1~ . . . . .  I 

0 94[ 

0 . 7 8  . . . .  f o , , . 

0 1 2 3 4 5 
i a (ma cm -2) 

Fig. 6. Electrode polarization in cell 3 -MC 
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The concentrat ions of these ions in the anolyte will  in-  
crease continuously during the charging process. The 
revers ible  potentials at 25~ are given by (11) 

3 B r -  z Br3-  -~ 2 e - ;  
E ~ 1.051 + 0.0296 log aBr3-- - -  0.0888 log aBr-- [15] 

5 B r -  = B r s -  + 4 e - ;  
E ~ 1.068 + 0.0148 log aBrs- - -  0.0740 log aBr-- [16] 

Dur ing charging the anions Br3-  and B r s -  diffuse wi th  
the dissolved Br2 f rom the bromine  compar tment  to 
the zinc compartment ,  because of the concentrat ion 
gradient,  and all three species contr ibute to corrosion 
of the deposit ing zinc. Electr ical  migra t ion  of these 
two anions in the applied field is in the opposite di-  
rection, however ,  and near  the end of charging migra -  
tion of Br3-  and B r s -  to the bromine electrode wil l  
occur to a significant extent.  During discharge these 
ions migra te  toward the zinc electrode and tend to 
accelerate the nongalvanic  loss in capacity of the 
negat ive electrode, par t icular ly  during the init ial  par t  
of the discharge. 

Cycling.--The discharge data  for opt imum load are 
shown in Fig. 7. Cell 2-IC was cycled with  a 24 
amp-h r  charge and a 2 ohm discharge. Cell 3-MC was 
cycled with  30 amp-hr  charge and 1 ohm discharge. 
The lat ter  cell yielded approximate ly  90% of the theo-  
ret ical  design capacity in the ear ly  cycles. The output  
decreased gradual ly  and l inear i ly  up to 38 cycles. 
Within  the next  three  (nonstandard)  cycles the cell 
fai led abruptly.  

The two-e lec t rode  cell exhibi ted an ini t ial ly increas-  
ing coulombic output, which stabilized wi th in  15 cycles 
at 1.5 amp m i n / g  (90% of theoret ical) .  Af te r  an addi-  
t ional 14 (nonstandard)  cycles this cell fai led also, but  
it was reac t iva ted  by a t r ea tment  described below and 
again yielded 1.5 amp m i n / g  (cycles 36 to 41). Af te r  
react ivat ion its average  vol tage was somewhat  higher,  
and its final energy output  was 2.4 wat t  m i n / g  (18 wat t  
h r / l b ) .  

Since the cells were  not designed to min imum 
weight  in this study, it is evident  that  appreciably 
higher  specific energy output  would be possible wi th  
optimized cell design. 

Cell deterioration and reactivation.--Examination of 
several  cells which fai led revealed  zinc dendri tes  
which had grown from the negat ive electrode and 
penet ra ted  the polyvinyl  chloride separator  sheet. 

Dur ing charging, zinc dendri tes growing into the three  
layers of glass screening would be exposed to a re la -  
t ively high concentrat ion of dissolved bromine  which 
may  l imit  their  penetrat ion.  The fai led cells, however ,  
also exhibi ted sett l ing of the act ivated charcoal layer  
and bulging of the open-gr id  re ta iner  (b in Fig. 1, 
openings 3.1 cm square) .  This s t ructura l  weakness  re -  
sulted in some of the act ivated charcoal  part icles pene-  
t ra t ing the glass separator  layers and reaching the sur-  
face of the polyvinyl  chloride sheet. In ternal  shorting, 
caused by contact of the migra t ing  charcoal particles 
with zinc dendri tes which penet ra ted  the polyvinyl  
chloride, appeared to be the most probable  cause of 
cell failure.  

On this basis an a t tempt  was made  to react ivate  cells 
2-IC and 3-MC after  fai lure by dissolving out the 
shorting dendrites. Cell 2-IC was successfully react i -  
vated by replacing the electrolyte  wi th  1M HBr, hea t -  
ing to 40~ for 24 hr, then refill ing the cell wi th  3M 
ZnBr2 after  flushing it three t imes wi th  this solution. 
The react ivated cell yielded high outputs (Fig. 7). 
Two similar  acid treatments,  however ,  failed to re-  
act ivate cell 3-MC. 

Effect o~ temperature.--Cycling of other cells was 
carr ied out at 0 ~ and 50~ The ampere -hour  outputs 
obtained at 0~ were  approximate ly  equal  to the 
theoret ical  design capacities, but  the average  discharge 
vol tage was about 10% less than that  at 25~ The 
coulombic outputs obtained at 50~ were  much lower,  
usually under  60% of the theoret ical  design capacities, 
and the average vol tage was also lower. The higher  
t empera ture  accelerated both the corrosion react ion at 
the zinc surface and bromine diffusion to it, thus in-  
creasing the self-discharge ra te  during the ent ire  
charge-discharge  cycle. 
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sion Section to be published in the  J u n e  1965 JOURNAL. 
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A Methanol Fuel Cell with an Invariant Alkaline Electrolyte 
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ABSTRACT 

The inconvenience and expense of using hydrogen  as a fuel  for fuel  cells 
have  prompted  interest  in inexpensive  l iquid fuels such as methanol.  The 
chief difficulties encountered by workers  in the field of methanol  cells have 
been lack of e lectrolyte  invariance,  incomplete  fuel  oxidation, and deact ivat ion 
of the cathode by dissolved fuel  in the electrolyte.  

Feasibi l i ty has been shown for an in te rmedia te  t empera tu re  methanol  fuel  
cell using a cesium carbonate e lectrolyte  and Teflon-bonded p la t inum elec-  
trodes at an opt imum tempera tu re  of 115~176 which is f ree  f rom all of 
the above-ment ioned  problems. Per formance  has been studied as a function 
of temperature ,  e lectrolyte  composition, fuel  composition, and other  variables.  
Mater ia l  balances have been per formed showing complete  electrochemical  
oxidation of the fuel  to CO2 and H20. At  an operat ing point of 0.55v at 20 
m a / c m  2, the compara t ive  the rmal  efficiency is 42%. The conversion of the 
fuel  to electr ici ty in one pass through the cell is 75 to 85%. Power  den-  
sities of 40-45 mi l l iwa t t / cm ~ can be d rawn f rom the cell. An  endurance  test 
of over  560 hr  has shown a gradual  increase in per formance  with  time, and no 
change in the electrolyte.  Per formance  on carbon monoxide  is also reported.  

For  several  reasons, methanol  has come under  con- 
siderat ion as an a t t ract ive l iquid fuel  for fuel  cells. 
First, the difficulty of handl ing and storing gaseous 
fuels such as hydrogen  has made it increasingly im-  
portant  to invest igate  l iquid fuels. Second, tank hy-  
drogen is expensive compared to more convent ional  
fuels, largely  because of shipping and handl ing costs 
for the bulky gas cylinders. Other  reasons for methanol  
being an interest ing fuel  are its high react iv i ty  at fuel  
cell anodes, and the fact  that  it is an organic fuel, 
present ing many of the characterist ics of even less ex-  
pensive (but less react ive)  saturated hydrocarbon 
fuels. Therefore,  methanol  may  be regarded  not only 
as an organic fuel  of immedia te  interest  and usefulness, 
but also as an in te r im fuel  for use whi le  more  difficult 
problems with the saturated hydrocarbons are being 
solved. 

The fact that  methanol  is e lectrochemical ly  act ive in 
both acidic and alkal ine electrolytes even at ambient  
tempera tures  and pressures has been known for some 
time. As ear ly  as 1922, Miiller (1) repor ted  on fair ly 
detailed studies of the electrochemical  oxidat ion of 
methanol  and other organic compounds at p la t inum 
anodes in aqueous electrolytes.  Later,  Tanaka (2) pre-  
sented results  for methanol  on Pt, Pd, Rh, and Au in 
a sodium hydroxide  electrolyte.  Dur ing the last few 
years, interest  has rev ived  in the determinat ion  of the 
adsorption of methanol  on p la t inum anodes (3, 4) and 
the details of its anodic oxidation process, par t icular ly  
in acidic electrolytes (5-8). 

The present  great  surge in fuel  cell  act ivi ty th rough-  
out the wor ld  has resul ted in a var ied ar ray  of devel -  
opment  programs for methanol  anodes (9-14), as wel l  
as considerably more l imited work  on complete 
me thano l -oxygen  fuel  cells (15-20). One of the rea-  
sons for the fact that  the work  on complete  methanol -  
oxygen cells is so l imited is the lack of invar iance  of 
the cell components,  par t icular ly  the electrolyte  and 
the cathode, whose per formance  is great ly  reduced by 
dissolved methanol  in the electrolyte.  

The major i ty  of the methanol  cells reported have  
used hydroxide  electrolytes (KOH or NaOH) over  the 
t empera tu re  range 20~176 In  such a system, the 
electrolyte  is consumed in the main cell reaction, as 
well  as in various unwanted  reactions. Examples  are 

Over -a l l  reaction at anode 
CH3OH ~ 8 O H -  --> CO3 = ~- 6H20 ~ 6e -  [1] 

Unwanted  react ion at anode 
CH3OH ~- 5 O H -  --> H C O O -  ~ 4H20 ~- 4e -  [2] 

Note that  in react ion [1], eight equivalents  of hy-  
droxyl  ion are consumed in the product ion of only six 
Faradays of electricity.  In react ion [2], five equivalents  
of hydroxyl  ion are consumed, whi le  only four Fa ra -  
days of electr ici ty are produced. In addition, the elec- 
t ro lyte  is contaminated by carbonate and formate  ions 
(15-20). 

Obviously, it is necessary to have  an electrolyte  
which allows complete  oxidat ion of the methanol  to 
CO2 and H20, and which wil l  re jec t  the reaction 
products completely.  Strong acids re jec t  the CO2, but 
only allow near ly  complete  oxidation of the methanol  
under  certain cur ren t  density conditions (21). In 
addition, complete  cells with acid electrolytes have  
shown that  the methanol ,  which is soluble in the 
electrolyte,  diffuses to the cathode, drast ical ly reducing 
the per formance  of the cathode (17,21, 22). 

The experiences of previous invest igators  have 
pointed out the need for an e lect rolyte  which wil l  sup- 
port  complete  e lectrochemical  oxidation of methanol  at 
useful  current  densities and overvoltages,  whi le  re -  
ject ing CO2 and prevent ing  access of the CH3OH to the 
cathode. A strong aqueous solution of Cs2CO~ or 
Rb2CO3 is such an electrolyte,  par t icular ly  when  op- 
erated in the t empera tu re  range 100~176 

The general  propert ies  of cesium and rubid ium 
carbonates and bicarbonates which are of par t icular  
importance to the operat ion of fuel  cells on organic 
fuels have  already been discussed by one of us (23). 
The ve ry  high solubil i ty of Cs2CO3 and Rb2CO3 in 
water  allows fuel  cell operat ion up to at least 200~ 
In addition, the instabil i ty of bicarbonates above about 
100~ allows for simple, direct CO2 reject ion by the 
carbonate  electrolyte.  

It  was the object  of this work  to overcome the diffi- 
culties encountered in previous methanol -ce l l  work  by 
developing a high performance,  in termedia te  t empera -  
ture  methanol  fuel  cell by using an aqueous Cs2CO3 or 
Rb2CO~ electrolyte.  It  was necessary to establish that  
the cell was invar iant  and that  the s toichiometry was 
such that  CO2 and H20 were  the only products of the 
anode reaction. In addition, none of the fuel  was to be 
consumed by diffusion through the e lec t ro lyte  to the 
cathode, or by any side reactions. 

1205 
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Fig. 1. Photograph of Teflon cell and auxiliary apparatus 

Exper imenta l  
The fuel  cell and some auxi l ia ry  equipment  used 

in these investigations are shown in Fig. 1. The 
Teflon cell itself (A) is shown in the center  of the 
photograph and is held together  by stainless steel end-  
plates and bolts. The identical  cell to the left  (B) 
contains two revers ible  H2 reference electrodes. The 
reservoir  at the upper  r ight  (C) fed the aqueous 
Cs2CO8 electrolyte  by gravi ty  to both cells through 
Teflon tubing and p la t inum connectors. Electrolyte  
f rom the cells was collected in the rece iver  at the 
lower  f ront  (D) and re tu rned  to the upper  reservoir  
by an all-Teflon pump. The electrolyte  flow rate  was 
set by the va lve  on the fuel  cell exit. The electrodes 
were  p la t inum black and Teflon bonded to a p la t inum 
screen, of the general  type described by Niedrach and 
Alford  (24), having 11.38 cm 2 of act ive area. They 
" . . . c o n s i s t  of a Teflon-catalyst  mix  that  is pressed 
and sintered onto a suitable support ing screen . . ." 
(24). The electrolyte  chamber  thickness (distance be-  
tween the electrodes) could be var ied  f rom 3 to 9.5 
mm as desired. No membranes  or separators other  than 
the electrodes themselves  were  used. The cell was 
operated in an apparatus shown schematical ly in 
Fig. 2. 

The fuel  cell and the cell containing H2 reference 
electrodes were  connected via the e lect rolyte  s t ream 
so that  individual  anode vs .  reference  and cathode vs .  
reference  voltages could be measured.  The methanol  
or methanol -wate r  fuel  mix tu re  was fed at a steady, 
accurately known flow rate  to the fuel  gas compar t -  
ment  by a syringe drive. When the l iquid methanol  
entered  the air thermosta t  (usually above 100~ the 
methanol  vaporized and entered the fuel  cell as a gas. 
Oxygen was metered  into the oxygen compar tment  
through a wate r  bubbler  (not shown).  

The exi t  gas f rom the fuel  compar tment  passed 
through a trap (E in Fig. 1) to catch any electrolyte  
that  might  have  leaked through the anode, then out of 
the thermostat ,  through a condenser to collect un-  

reacted CHsOH and product  H20, and finally through 
a sampling va lve  to a flow measur ing  device and a 
vapor  phase chromatograph for  analysis of the non-  
condensables (CO2). The condensed CH3OH-H20 
mix ture  was analyzed by microdensi ty  techniques us-  
ing samples in the range 25-100 microli ters.  The oxy-  
gen exit  s t ream fol lowed a similar  path and could be 
analyzed as desired. All  of the apparatus inside the 
air thermosta t  was made of e i ther  Teflon or p la t inum 
in order  to p reven t  contaminat ion and to simplify 
analysis of the results. 

The electrical  measurements  were  carr ied out using 
a Kordesch-Marko in te r rupter  (25) wi th  sui table 
modifications in the circuitry.  The over -a l l  cell vol tage 
was recorded continuously, while  the anode v s .  r e fe r -  
ence, cathode vs .  reference,  and anode vs .  cathode vol t -  
ages (without  I R  losses) were  measured  periodical ly  
wi th  the Kordesch-Marko  in te r rup te r  and a potent iom- 
eter. 

Severa l  types of exper iments  were  performed:  (i) 
electrical  per formance  of the cell as measured  by the 
current  dens i ty-vol tage  curves;  (ii) l imited endurance 
tests up to about 570 hr;  (iii) ra te  of fuel  consumption 
at constant current  density;  ( iv) ra te  of CO2 produc-  
tion at constant current  density;  (v) f ract ion of fuel  
conver ted to electr ici ty in a single pass through the 
anode compar tment  (conversion per pass);  (vi) anal-  
ysis of e lectrolyte  samples for possible in termediates  or 
by-products.  

Using the above exper imenta l  approach, the fo l low-  
ing variables  were  studied: (i) t empera tu re  of cell 
operat ion (25~176 (ii) fuel  composition, (a) 
methanol  and water  vapors carr ied in nitrogen, (b) 
methanol  or me thano l -wa te r  mix tures  fed direct ly  to 
the cell by syringe dr ive  as shown in Fig. 2; (iii) elec- 
t rolyte  composition [50 to 95 weight  per cent (w/o)  
Cs2CO3]. 

Results and  Discussion 

E l e c t r i c a l  P e r f o r m a n c e  

Typical  current  dens i ty-vol tage  curves for 
CH3OH(Pt)/CsuCO3(aq)/O2 (Pt) cells operat ing at 125 ~ 
130~ are shown in Fig. 3. The per formance  is p re -  
sented on an /R- f r ee  basis in order  to faci l i tate com- 
parisons among cells which did not have the same in- 
te rnal  resistance due to differences in the thickness of 
the electrolyte  chamber.  The open-circui t  vol tage for 
one of these cells was somewhat  lower  than the value  
of about 1.0v usual ly found on open circuit  for cells of 
this type. The data points shown are for "s teady" op- 
eration, that  is, no vol tage changes in excess of ~10 
my took place at the given cur ren t  density for at least 
an hour. Usually, readings were  taken at least  5 rain 
after changing the current  density to the next  higher  
value. 

The propinqui ty  of the two curves in Fig. 3 indi-  
cates the degree of reproducibi l i ty  which can be ob- 
tained for cells prepared  in the same manner  and 
operated under  the same conditions. The good re -  
producibi l i ty obtained at current  densities below 100 
m a / c m  2 is difficult to mainta in  at much higher  cur-  
rent  densities. 

CIRCULATING AIR 
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Fig. 3. Methanol-oxygen fuel cell. Cs2C03 electrolyte, t = 
Fig. 2. Schematic drawing of fuel cell test apparatus I30~ (does not include IR losses). 
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Fig. 6. Effect of temperature on electrode performance. 
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Fig. 5. Effect of temperature on power output. CHzOH(g)(Pt)/ 
Cs2CO3/OE(Pt). 

Effec t  of t e m p e r a t u r e  on p e r f o r m a n c e . - - T h e  effect of 
t empera ture  on per formance  is shown in Fig. 4 for a 
cell operated on pure  methanol  vapor. Heat ing the 
cell has its most beneficial effect f rom room tempera -  
ture  up to about 125~ Fur the r  t empera tu re  increases 
only improve  the per formance  by marg ina l  amounts. 
Data were  collected at 126~176 out to 400 m a / c m  2, 
where  the anode vs. cathode vol tage was reduced to 
less than 0.1v. 

The power  density is plot ted against  anode vs. cath-  
ode vol tage for various tempera tures  in Fig. 5. The 
curves in Fig. 5 were  constructed f rom the data shown in 
Fig. 4. The power  loss due to I~R heat ing of the elec-  
t ro lyte  has been el iminated f rom the curves shown. 

The polarizat ion of the individual  electrodes (anode 
vs. revers ib le  H2 and cathode vs. revers ib le  H2 in the 
same electrolyte)  is shown in Fig. 6 as a function of 
t empera tu re  over  the range 86~176 The effect of 
t empera tu re  is most pronounced at the anode; the 
cathode showed only a minor  per fo rmance  increase 
with temperature .  Notice that  the open-ci rcui t  anode 
vol tage was always wi th in  about  80 m v  of the re -  
versible  potential  for the oxidat ion of methanol  to 
carbon dioxide and wate r  (--0.03v vs. rev  H2 at 127~ 
At high current  densities, the polarizat ion of both 
anode and cathode increased very  slowly wi th  in-  
creasing current  density. At 130~ up to 400 m a / c m  2 
could be drawn f rom the cell before the anode vs. 
cathode vol tage was reduced to near ly  zero. Increases 
in t empera tu re  beyond 140~ did not  significantly en-  
hance the per formance  of e i ther  the anode or the 
cathode. 

The shape of the anode vs. re ference  and cathode 
vs. reference  curves near ly  follows a Tafel  re la t ion-  
ship, wi th  deviations indicat ive of possible mass t rans-  
port  l imitat ions at high current  densities. At  the anode, 
the escaping CO2 could cause such an effect, whi le  at 
the cathode, small  amounts  of inerts f rom the oxygen 

could collect in the pores of the electrode. No clear-  
cut effects of concentrat ion polarization in the electro-  
lyte  have been found. 

Ef fec t  of fue l  compos i t ion  on p e r f o r m a n c e . - - T h e  
main effect of the mode of introduct ion of methanol  
is its part ial  pressure  in the fuel  stream. Therefore,  the 
lower  the par t ia l  pressure  of methanol,  the lower  the 
l imit ing current  density at the anode. When the 
methanol  was introduced to the cell at a part ial  pres-  
sure of 0.1 arm (with water  present  at about 0.05 atm 
and ni t rogen at 0.85 a tm) ,  the l imit ing current  den-  
sity at the anode was 20 to 30 m a / c m  ~ at 130~ On in-  
creasing the methanol  par t ia l  pressure to 0.4 a tm (by 
supplying a H20-CH3OH mix tu re  to the air t he rmo-  
stat) ,  current  densities of over  200 m a / c m  2 could be 
supported. Finally,  at near ly  I a tm of methanol ,  over  
400 m a / c m  2 could be drawn without  encounter ing  a 
diffusion limitation. Below the l imit ing current  cor-  
responding to a given methanol  part ial  pressure, the 
performance  of the cell is near ly  independent  of me-  
thanol part ial  pressure in the range 0.1-1.0 atm. 

Elec t ro ly te  compos i t ion  e f f ec t s . - -The  composition of 
the electrolyte  per  se has only a small effect on elec- 
t rode per formance  in the range 50-95 w / o  CsECO3. 
Since the eIectrolytic conduct ivi ty  is a reasonably 
strong function of electrolyte  concentration, the in ter -  
nal resistance of the cell is affected accordingly. The 
concentrat ion for m ax im um  conduct ivi ty  is about 5 
normal  (about 46 w / o  CsECO3; boiling point, 106~ 
Therefore,  in order  to minimize  IER losses, a min imum 
concentrat ion of electrolyte  consistent wi th  the operat -  
ing t empera tu re  will  give min imum internal  resist-  
ance at operat ing tempera tures  above 106~ 

A more  subtle effect than electrolyte  concentrat ion is 
the act ivi ty  (or chemical  potential)  of the water  at 
the anode. The chemical  potential  of wa te r  at the anode 
determines whe the r  or not carbon wil l  deposit f rom 
the fuel  at chemical  equil ibrium. The water  act ivi ty in 
the electrolyte  was controlled at or above the value 
corresponding to carbon deposition for the fuel  being 
used in order to avoid the conditions under  which car-  
bon might  deposit. 

The  carbon deposition boundaries  for the CHO sys- 
tem have been computed and are available,  together  
wi th  gas phase compositions and explana tory  calcu- 
lations (26-29). Fol lowing the methods outl ined pre-  
viously (29), the part ial  pressure of wa te r  necessary to 
suppress carbon deposition f rom methanol  at a total 
pressure of 1 a tm and 130~ is about 2/3 of an atmos-  
phere. Therefore,  the e lect rolyte  should operate at a 
t empera tu re  not  lower than about 15 ~ below its boil-  
ing point. In addition, the me thano l -wa te r  composition 
for most of the longer  runs was made up such that  on 
evaporat ion the water  would  have a par t ia l  pressure 
of about 2/3 of an atmosphere.  F rom the practical  
standpoint of maximiz ing  performance,  the best results  
are obtained when  the electrolyte  is operated about 
5~176 below its boiling point. Since several  factors 
are impor tant  in sett ing the water  act ivi ty  in the fuel  
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cell,  a n d  a t  130~ a l l  of t h e m  i n d i c a t e  a n e c e s s i t y  fo r  a 
w a t e r  p a r t i a l  p r e s s u r e  of a b o u t  2 /3  of a n  a t m o s p h e r e ,  
i t  is  n o t  a s i m p l e  t a s k  to s e p a r a t e  t h o s e  w h i c h  h a v e  
t h e  s t r o n g e s t  r e l a t i o n  to ce l l  p e r f o r m a n c e .  

I n  a n y  case,  a se t  of e x p e r i m e n t s  w a s  p e r f o r m e d  at  
a c o n s t a n t  t e m p e r a t u r e ,  w h i l e  v a r y i n g  t h e  w a t e r  ac -  
t i v i t y  a t  t h e  a n o d e  in  o r d e r  to  d e t e r m i n e  i f  t h e  a b o v e  
conc lu s ions  w e r e  r e a s o n a b l e .  T h e  w a t e r  p a r t i a l  p r e s -  
s u r e  w a s  v a r i e d  f r o m  200 to 600 m m  H g  a t  130~ b y  
v a r y i n g  t h e  c o m p o s i t i o n  of t h e  f u e l  m i x t u r e .  T h e  ef fec t  
of t h e  w a t e r  p a r t i a l  p r e s s u r e  on  t h e  c u r r e n t  d e n s i t y  
f o r  a g i v e n  a n o d e  o v e r v o l t a g e  w a s  d e t e r m i n e d  in  t h e  
r a n g e  

~ ( E a n o d e - -  E r e v  c t I3OIJ )  ~ 0.4 to 0.65v 

F o r  a l l  ~1, i t  w a s  f o u n d  t h a t  

i~=const ~ (x PH200-4 ~- fl 

w h e r e  a a n d  # a r e  c o n s t a n t s .  
S i n c e  t h e  c u r r e n t  d e n s i t y  a t  a c o n s t a n t  a n o d e  o v e r -  

v o l t a g e  w a s  a r e l a t i v e l y  w e a k  f u n c t i o n  of w a t e r  p a r t i a l  
p r e s s u r e ,  i t  c a n  b e  c o n c l u d e d  t h a t  t h e  w a t e r  does  n o t  
e n t e r  d i r e c t l y  in  a n y  s i m p l e  m a n n e r  as a r e a c t a n t  i n t o  
t h e  o v e r - a l l  r a t e - d e t e r m i n i n g  p r oce s s  a t  t h e  anode .  
S i n c e  t h e  a n o d i c  o x i d a t i o n  of m e t h a n o l  m a y  i n v o l v e  a 
c o m b i n a t i o n  of r a t e - l i m i t i n g  s teps ,  i t  is n o t  p o s s i b l e  
to d r a w  a n y  s i m p l e  c o n c l u s i o n s  a b o u t  t h e  r o l e  of w a t e r  
a t  t h e  anode .  

Endurance Tests 
O n l y  t w o  s ign i f i can t  e n d u r a n c e  t e s t s  w e r e  p e r -  

f o r m e d .  F i g u r e  7 s h o w s  a t e s t  l a s t i n g  171 h r  on  a ce l l  
t h a t  w a s  f ed  w i t h  CH~OH a n d  H 2 0  v a p o r s  c a r r i e d  in  
N2 gas,  a n d  o p e r a t e d  a t  128~ T h e  c u r r e n t  d e n s i t y  
( s h o w n  on r i g h t - h a n d  o r d i n a t e )  w a s  r e g u l a t e d  a n d  
t h e  a n o d e  vs. c a t h o d e  v o l t a g e  w a s  m e a s u r e d  as a f u n c -  
t i o n  of t ime .  D u r i n g  t h e  tes t ,  n o  spec ia l  a t t e m p t  w a s  
m a d e  a t  h o l d i n g  t h e  w a t e r  a c t i v i t y  a b s o l u t e l y  c o n s t a n t .  
S i n c e  t h e  t e s t  s h o w n  in  Fig.  7, i t  h a s  b e e n  d e t e r m i n e d  
t h a t  b e t t e r  p e r f o r m a n c e  is m a i n t a i n e d  t h r o u g h o u t  ce l l  
l i fe  i f  t h e  w a t e r  a c t i v i t y  is m a i n t a i n e d  a t  a h i g h  leve l .  
N o t e  t h a t  a f t e r  t h e  s i n g l e  w a t e r  a d d i t i o n ,  t h e  ce l l  
v o l t a g e  d id  i m p r o v e .  T h e  r u n  w a s  t e r m i n a t e d  a t  171 h r  
d u e  to a p i n h o l e  in  t he  ca thode ,  w h i c h  a l l o w e d  s e e p a g e  
of t h e  e l e c t ro ly t e .  

A s e c o n d  e n d u r a n c e  t e s t  u s i n g  a ce l l  f ed  w i t h  1/3 
CH3OH a n d  2 /3  H 2 0  v a p o r  a t  130~ w as  c a r r i e d  ou t  
f o r  o v e r  560 hr .  T h e  w a t e r  a c t i v i t y  w a s  m a i n t a i n e d  
b y  a d d i n g  10 cc of H 2 0  to t h e  u p p e r  e l e c t r o l y t e  r e s e r -  
v o i r  e v e r y  4 hr .  T h e  e l e c t r o l y t e  w as  c i r c u l a t e d  a t  
a b o u t  2 c c / m i n .  T h e  r e s u l t s  of t he  t e s t  a r e  s h o w n  in  
Fig.  8. N o t i c e  t h a t  t h e r e  w a s  a s l i g h t  u p w a r d  t r e n d  in  
t h e  a n o d e  vs. c a t h o d e  v o l t a g e  at  a c o n s t a n t  c u r r e n t  
dens i t y .  T h e  e l e c t r o l y t e  in  t h e  cel l  w a s  n o t  c h a n g e d .  
I t  r e m a i n e d  c r y s t a l  c l e a r  a f t e r  o v e r  560 h r  of  o p e r a -  
t ion .  

Electrochemical Et~ciency 
B e f o r e  d i s c u s s i n g  t h e  f u e l  ce l l  e f f ic iency in  de ta i l ,  

i t  is d e s i r a b l e  to  c o n s i d e r  t h e  o v e r - a l l  e l e c t r o d e  a n d  
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cel l  r e a c t i o n s .  I n  t h i s  c a r b o n a t e  f u e l  ce l l  sy s t em,  i t  
h a s  b e e n  s h o w n  b y  e l e c t r o l y t e  a n a l y s i s  t h a t  d u r i n g  
o p e r a t i o n  on  CH3OH t h e r e  is u s u a l l y  n o  d e t e c t a b l e  
h y d r o x y l  ion  p r e s e n t ,  b u t  t h e r e  is a b o u t  10% (on  a n  
e q u i v a l e n t  bas i s )  of b i c a r b o n a t e  p r e s e n t  a t  130~ I t  
is a l m o s t  c e r t a i n  t h a t  t h e  c a r b o n a t e  ion  c a r r i e s  t h e  
c u r r e n t  in  t h e  e l e c t r o l y t e  a n d  is a r e a c t a n t  a t  t h e  
anode .  I f  c a r b o n a t e  is a r e a c t a n t  a t  t h e  anode ,  t h e  
o v e r - a l l  a n o d e  r e a c t i o n  p r o b a b l y  is 

A n o d e  r e a c t i o n  ( o v e r - a l l )  

CH3OH -F 3CO~ = ~ 4CO2 -F 2H~O -F 6 e -  [3] 

T h e r e  is a c o n s u m p t i o n  of c a r b o n a t e  in  r e a c t i o n  [3].  
I f  t h i s  p roce s s  w e r e  to c o n t i n u e  u n c h e c k e d ,  t h e  e l ec -  
t r o l y t e  w o u l d  no t  b e  i n v a r i a n t ,  s ince  no  CO2 is s u p -  
p l i e d  to  t h e  c a t h o d e  f r o m  a n  e x t e r n a l  source .  I t  is 
p o s t u l a t e d  t h a t  CO2 is r e a b s o r b e d  b y  t h e  e l e c t r o l y t e  a t  
t h e  a n o d e  y i e l d i n g  b i c a r b o n a t e  

3CO~ -F 3H20  -[- 3C03 = ---> 6 H C O 3 -  [4] 

R e a c t i o n  [4] w a s  w r i t t e n  u s i n g  o n l y  t h r e e  of t h e  CO2 
m o l e c u l e s  of r e a c t i o n  [3],  a l l o w i n g  t h e  f o u r t h  CO2 
m o l e c u l e  to  b e  r e j e c t e d  f r o m  t h e  s y s t e m  in  t h e  a n o d e  
ex i t  gas. T h e  b i c a r b o n a t e  ions  p r o d u c e d  in  r e a c t i o n  
[4] a r e  f r e e  to d i f fuse  to t h e  ca thode .  

A t  t h e  ca thode ,  t h e r e  a r e  t w o  r e a s o n a b l e  poss ib i l i t i e s  
fo r  t h e  o v e r - a l l  e l e c t r o d e  r e a c t i o n  

C a t h o d e  r e a c t i o n  ( o v e r - a l l )  : 

3 /2  02  -}- 3H20  ~- 6 e -  ~ 6 O H -  [5] 
f o l l o w e d  b y  

6 O H -  -F 6 H C O 3 -  --> 6CO3 = -F 6H20  [6] 

w h i c h  cou ld  t a k e  p l ace  i n  t h e  e l e c t r o l y t e  p h a s e  a d -  
j a c e n t  to t h e  ca thode .  I n  a n y  e v e n t ,  t h e  o v e r - a l l  r e a c -  
t i on  in  t h e  v i c i n i t y  of t h e  c a t h o d e  is p r o b a b l y  

3 /2  02 -F 6 H C O 3 -  q- 6 e -  ~ 6CO3 = -F 3H20  [7] 

T h e  s ix  c a r b o n a t e  ions  a r e  t h e n  f r e e  to r e c y c l e  to  t h e  
anode ,  w h e r e  t h r e e  of  t h e m  m a y  r e a c t  a c c o r d i n g  to  r e -  
a c t i o n  [3] a n d  t h e  o t h e r  t h r e e  a c c o r d i n g  to r e a c t i o n  
[4] .  

T h e  o v e r - a l l  ce l l  r e a c t i o n  is t h e  s u m  of r e a c t i o n s  
[3],  [4] ,  a n d  [7] 

CH3OH -F 3 /2  02  --> CO2 -F 2H20  [8] 

Current Efficiency.--Reaction [8] s e r v e s  as a s t a r t -  
i ng  p o i n t  f o r  ef f ic iency m e a s u r e m e n t s  a n d  ca l cu l a t ions .  
T h e  c u r r e n t  ef f ic iency (30) 

i 
Eff~ - -  [9] 

is a m e a s u r e  of t h e  e x t e n t  to  w h i c h  t h e  c o n d i t i o n s  of 
o n l y  CO2 a n d  H 2 0  as o x i d a t i o n  p r o d u c t s ,  a n d  t h e  a b -  
s e n c e  of s ide  r e a c t i o n s ,  a r e  me t .  

T h e  c u r r e n t  e f f ic iency w a s  d e t e r m i n e d  a t  a c o n -  
s t a n t  c u r r e n t  d e n s i t y  ( u s u a l l y  20-50 m a / c m  2) w h i l e  
f e e d i n g  t h e  m e t h a n o l - w a t e r  f u e l  m i x t u r e  to  t h e  ce l l  
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a t  a c o n s t a n t ,  a c c u r a t e l y  k n o w n  r a t e ,  a n d  a n a l y z i n g  
t h e  ex i t  gas  f r o m  t h e  cell.  

T h e  a n a l y s e s  w e r e  of t w o  k i n d s :  (a )  M i c r o d e n s i t y  
d e t e r m i n a t i o n  of c o n d e n s e d  C H 3 O H - - H 2 0  f r o m  t h e  
ex i t  gas, c o m b i n e d  w i t h  a w e i g h i n g  of t h e  co l l ec t ed  
s a m p l e  fo r  a k n o w n  t i m e  i n t e r v a l  ( m e t h a n o l  c o n -  
s u m p t i o n  m a t e r i a l  b a l a n c e ) .  (b )  G as  p h a s e  ( n o n c o n -  
d e n s a b l e s )  a n a l y s i s  on  a c h r o m a t o g r a p h  c o m b i n e d  
w i t h  a c c u r a t e  f low r a t e  m e a s u r e m e n t s  (CO2 p r o d u c -  
t i on  m a t e r i a l  b a l a n c e ) .  

As  a s a m p l e  of t h e  m e t h a n o l  m a t e r i a l  b a l a n c e :  
CH3OH/Cs2CO3/O2 f u e l  ce l l  a t  130~ c u r r e n t  d r a w n  
= 500 m a  44 m a / c m 2 ;  f u e l  f e e d  r a t e :  0.012656 c c /  
m i n ;  f ue l  d e n s i t y :  0.914 g /cc ;  m e t h a n o l  c o n t e n t  : 52 
w / o ;  e q u i v a l e n t s  p e r  m o l e  of CH3OH: 6; . ' .  0.012656 
c c / m i n  x 0.914 g / c c  = 0.011562 g / m i n ;  0.011562 x 0.520 

0.0601 x 96,493 x 6 
= 0.0601g CH3OH/min; = 1.813 

32.04 x 60 
cou ] / s ec  in.  C o n d e n s a t i o n  r a t e  a t  f ue l  cel l  ex i t :  0.3312g 
in  27 r a i n  ~ 0.01227 g / m i n ;  a n a l y s i s  of c o n d e n s a t e :  
d e n s i t y  = 0.9435 g / c c  o r  35.8 w / o  CH~OH; t h i s  c o r r e -  
s p o n d s  to  1.324 c o u l / s e c  out .  

T h e r e f o r e ,  t h e  f u e l  c o n s u m e d  w a s  1.813 - -  1.324 = 
0.489 c o u l / s e c  w h i c h  c o r r e s p o n d s  to t h e  d e n o m i n a t o r  
of Eq. [9] .  T h u s  

0.500 
Effi- - -  - -  1.023 

0.489 

Many other material balance runs indicate that the 
current efficiency is I:00 ___ 0.08. The principal error 
results from the difficulty in performing precise micro- 
density determinations. 

The carbon dioxide material balances show that 

i 
- -  0 . 9 8  _ 0.03 

w h e r e  N is t h e  t h e o r e t i c a l  n u m b e r  of c o u l o m b s  of e l e c -  
t r i c i t y  p r o d u c e d  p e r  m o l e  of CO2 p r o d u c e d  ( s ix  i n  t h i s  
ca se ) .  

T h e  a b o v e  m a t e r i a l  b a l a n c e  r e s u l t s  i n d i c a t e  t h a t  no  
s ide  r e a c t i o n s ,  d i f fus ion  of m e t h a n o l  to t h e  c a t h o d e  
(or  a n y w h e r e  e l se )  or  i n c o m p l e t e  o x i d a t i o n  r e a c t i o n s  
( f o r m a t i o n  of u n c o n s u m e d  i n t e r m e d i a t e s )  a r e  t a k i n g  
p l a c e  w i t h i n  t h e  p r e c i s i o n  of t h e  m e a s u r e m e n t s .  

Voltage Ef f ic iency. - -The v o l t a g e  ef f ic iency (30) of  
t h e  ce l l  d u r i n g  e n d u r a n c e  t e s t s  w a s  u s u a l l y  h e l d  a t  
a b o u t  

E 0.55 
EffE - -  - -  = 0.46 [10] 

EOl30oC 1.200 

Gibbs free energy ef f ic iency.--The a b o v e  r e s u l t s  m a y  
b e  u s e d  to c a l c u l a t e  a G i b b s  f r e e  e n e r g y  eff ic iency of 

EffG ~ EffE �9 Effi ~ 1.0 x 0.4.6 ~ 0.46 [11] 

Comparative thermal  efficiency ( 3 0 ) . - - T h e  c o m -  
p a r a t i v e  t h e r m a l  ef f ic iency a l l o w s  c o m p a r i s o n  of t h e  
fue l  ce l l  to  h e a t  eng ines .  T h e  v a l u e  is 

AG400oK --164,841.2 
EffCT = Effc  �9 = 0.46 - -  0.42 

A H h c o m b ,  298oK --182,606.6 
[12] 

Conversion per pass . - -An  i m p o r t a n t  p a r a m e t e r  r e -  
l a t e d  to t h e  fue l  ce l l  ef f ic iency is t h e  f r a c t i o n  of  t h e  
fue l  f ed  to t h e  cel l  w h i c h  is c o n v e r t e d  to e l e c t r i c i t y  in  
one  pass  t h r o u g h  t h e  a n o d e  c o m p a r t m e n t  

i 
C o n v e r s i o n  p e r  pa s s  = [ 13 } 

( d n ' ~  
NF \ - - - ~ - /  

w h e r e  (dn' /dt)  is t h e  f u e l  f e e d  ra t e ,  r a t h e r  t h a n  t h e  
fue l  c o n s u m p t i o n  r a t e  (dn/d t )  of Eq.  [9].  T h e  e x p e r i -  
m e n t a l l y  d e t e r m i n e d  c o n v e r s i o n  p e r  pa s s  a t  130~ in  
t h e  n e i g h b o r h o o d  of 50 to 60 m a / c m  2 u s i n g  a 52 w / o  

Table I. Methanol cell electrochemical efficiencies 

R e p r e s e n t a t i v e  o p e r a t i n g  p o i n t :  0 .55v  a -c ,  20 m a / c m  ~ 
C u r r e n t  e f f i c i ency  1.00 • 0.08 
CO2 m a t e r i a l  b a l a n c e  0.98 • 0.03 
V o l t a g e  e f f i c i ency  (a t  0 .55v)  0.46 
G i b b s  f r e e  e n e r g y  e f f i c i ency  0.46 
C o m p a r a t i v e  t h e r m a l  e f f i c i ency  0.42 
C o n v e r s i o n  p e r  pas s  0 .75-0 .85  

m e t h a n o l - w a t e r  m i x t u r e  as f u e l  is 75 to 85%.  T h i s  
m e a n s  t h a t  in  a f u e l  b a t t e r y  sys t em,  v e r y  l i t t l e  f u e l  
r e c o v e r y  a n d  r e c y c l i n g  is n e c e s s a r y .  

T a b l e  I s u m m a r i z e s  t h e  v a r i o u s  eff ic iency v a l u e s  fo r  
a m e t h a n o l  f ue l  ce l l  o p e r a t i n g  a t  120~176 

Product  Removal  
T h e  r e m o v a l  of gaseous  p r o d u c t s  f r o m  a gaseous  f u e l  

c a n  b e  a di f f icul t  t a sk ,  e s p e c i a l l y  w h e n  h i g h  eff ic iency 
is des i r ed .  T h e  p r o d u c t s  c a n  f o r m  a d i f fus ion  b a r r i e r  
a t  t h e  a n o d e  w h i c h  m a y  s e v e r e l y  l i m i t  t h e  c u r r e n t  c a -  
p a b i l i t y  of t h e  cel l  i f  t h e y  a r e  n o t  r e m o v e d  c o n t i n u -  
ous ly  a n d  eff ic ient ly .  P u r g i n g  excess  f u e l  t h r o u g h  t h e  
a n o d e  c o m p a r t m e n t  m a y  a c c o m p l i s h  t h e  d e s i r e d  r e -  
su i t ,  b u t  c a n  b e  v e r y  w a s t e f u l .  F o r t u n a t e l y ,  i n  t h i s  
p a r t i c u l a r  s y s t e m  t h e r e  a r e  t w o  a l t e r n a t e  a n d  c o m -  
p l e m e n t a r y  w a y s  of r e m o v i n g  CO2 a n d  H 2 0  a n d  
s e p a r a t i n g  t h e m  f r o m  t h e  m e t h a n o l .  

C a r b o n  d i o x i d e  r e m o v a l  c an  b e  a c c o m p l i s h e d  e i t h e r  
b y  c o n d e n s i n g  t h e  fue l  a w a y  f r o m  t h e  f u e l  ce l l  ex i t  
s t r e a m  a n d  r e c y c l i n g  t h e  m e t h a n o l ,  or  b y  a b s o r b i n g  
t h e  c a r b o n  d i o x i d e  in  t h e  c i r c u l a t i n g  e l e c t r o l y t e  a n d  
a l l o w i n g  it  to  b e  d e s o r b e d  f r o m  t h e  e l e c t r o l y t e  a t  a n -  
o t h e r  p o i n t  in  t h e  sys t em,  e.g. a n  e l e c t r o l y t e  r e s e r v o i r .  
I t  w a s  f o u n d  e x p e r i m e n t a l l y  t h a t  a t  a c u r r e n t  d e n s i t y  
of 50 m a / c m  2 a t  130~ a b o u t  6 0 - 7 0 %  of t h e  c a r b o n  
d i o x i d e  was  r e m o v e d  b y  t h e  s l o w l y  c i r c u l a t i n g  e l e c t r o -  
ly te .  I f  t h e  e l e c t r o l y t e  w a s  n o t  c i r cu l a t ed ,  a l l  of t h e  
CO2 w a s  f o u n d  in  t h e  a n o d e  c o m p a r t m e n t .  F i g u r e  9 
s h o w s  t h e  f r a c t i o n  of  t h e  t h e o r e t i c a l  c a r b o n  d i o x i d e  
p r o d u c t i o n  f o u n d  in  t h e  a n o d e  e x i t  gas  f o r  f lowing  a n d  
n o n f l o w i n g  e l ec t ro ly t e .  T h e  f low r a t e  w h e n  on  w a s  
a b o u t  f o u r  ce l l  v o l u m e s  p e r  m i n u t e .  

T h e  r e m o v a l  of CO2 b y  t h e  e l e c t r o l y t e  c a n  b e  a n  
i m p o r t a n t  m e t h o d  fo r  p r e v e n t i n g  t h e  e s t a b l i s h m e n t  
of a d i f fus ion  l a y e r  of c a r b o n  d i o x i d e  in  t h e  po re s  of 
t h e  anode .  T h i s  m e c h a n i s m  m a y  b e  u n i q u e  to c a r -  
b o n a t e  e l e c t r o l y t e  s y s t e m s .  

W a t e r  r e m o v a l  c a n  t a k e  p l a c e  b y  m e a n s  of  t h e  
a n o d e  e x i t  gas  or  t h e  c a t h o d e  e x i t  gas  i f  t h e  e l e c t r o l y t e  
is n o t  c i r cu l a t ed ,  o r  b y  e v a p o r a t i o n  f r o m  t h e  r e s e r -  
v o i r  if  a c i r c u l a t i n g  e l e c t r o l y t e  is used.  I n  m o s t  of  t h e  
p r e s e n t  e x p e r i m e n t s ,  t h e  e l e c t r o l y t e  w a s  c i r cu l a t ed ,  
a n d  a s m a l l  a m o u n t  of m a k e u p  w a t e r  w a s  r e q u i r e d  
(1 to 2 c c / h r ) .  

Performance on Other Fuels 
Cel ls  w e r e  b r i e f ly  t e s t e d  on  s e v e r a l  f ue l s  o t h e r  t h a n  

m e t h a n o l .  O n l y  CO s h o w e d  p e r f o r m a n c e  e q u i v a l e n t  to 
t h a t  of  m e t h a n o l .  T h e  r e s u l t s  a r e  s h o w n  i n  Fig.  10 as  
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Fig. 9. Carbon dioxide production and removal. CH~OH(g)(Pt)/ 
Cs2COJO2(Pt), cell No. 63; 50 ma/cm 2, 130~ 
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Fig. 10. Performance on carbon monoxide fuel (Pt)/Cs2CO3/ 
02(Pt), t = 130~ 

anode vs. reference H2 voltages as a funct ion of cur-  
ren t  density for direct comparison. No at tempt was 
made to optimize operating conditions or electrode 
preparat ion for any of the fuels except methanol.  

Electrolyte Invariance 
It  is difficult to prove electrolyte invar iance by any  

single set of experiments.  Various approaches have 
been taken, and all seem to indicate that  the cell 
performance and electrolyte composition do not  change 
over operat ing times of at least hundreds  of hours. All  
mater ia l  balances have shown that  the fuel is con- 
sumed at only the rate requi red  by the current  drawn,  
and CO2 is produced at the theoretical rate. This 
means  that  wi th in  the exper imental  error  shown in  
Table I no fuel is reacting with or dissolving in the 
electrolyte. No fuel or CO2 is t ransported across the 
electrolyte to the cathode. No CO2 was ever found in 
the oxygen compartment.  No part ial  oxidation prod-  
ucts are left in the electrolyte. 

Electrolyte samples have been analyzed for oxidiz- 
able organic material,  and none has been found be-  
yond exper imental  error of the analytical  procedure 
(tenths of mi l l i -equivalents  per cell volume) .  Samples 
of electrolyte taken after 200 and 500 hr  of cont inu-  
ous runn ing  on CH3OH have been crystal clear and 
show no accumulat ion of colored material .  The anal -  
yses of these samples showed no oxidizable organic 
material.  Certainly it is l ikely that  noth ing  which 
causes performance degradation accumulates in the 
electrolyte as is evidenced by endurance test No. 2, 
Fig. 8. 

Conclusions 
1. An intermediate  temperature  methanol  fuel cell 

using an aqueous Cs~CO3 electrolyte has been shown 
feasible for power densities of 40 to 45 mi l l iwat t s /cm u, 
on an I2R-free basis. 

2. Material  balances showed complete conversion of 
CH~OH to CO2 and  H20. 

3. Endurance  tests exceeding 560 hr  of continuous 
performance at 20 ma /cm 2 have been performed with 
steady (or slightly increasing) performance. 

4. Electrolyte invar iance has been shown. 
5. Methanol  does not migrate  to the cathode causing 

performance decreases. 
6. Carbon monoxide performance was found to be 

good, leading to the suggestion that  a cell r unn i ng  on 
Ha -~ CO fuel mixtures  from a simple steam reformer,  
with Cs2CO3 electrolyte might  be of interest. 
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Corrosion of Iron and Steel in NH4NO3-NH -H20 Solutions 
G. Schick and H. H. Uhlig 

Corrosion Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Iron corrodes in aqueous NH4NOa-NH3 solutions at h igh rates (over  2 in. 
per  year)  depending on NH3 concentrat ion and on certain meta l lurg ica l  fac-  
tors. The corrosion product  by analysis is found to be [Fe(NH3)6] (NO3)2 in 
presence of NH3, and Fe30~ in its absence. Cold-rol led  i ron corrodes more 
rapidly than annealed or quenched iron. The  cause is re la ted to orientat ion 
dur ing rol l ing of the (001) face of iron paral le l  to the surface. This face is 
the one that  apparent ly  corrodes most rapidly.  Orientat ion is par t ia l ly  de- 
stroyed by anneal ing or quenching. Such effects are marked  only when  ra te  
of complex format ion  is controll ing;  when other  reactions control, the  effect of 
cold work  is not  pronounced. The corrosion ra te  is sensitive to al loyed ni t rogen 
but not to al loyed carbon. Zone-refined iron corrodes at a ra te  comparable  
to that  of annealed mild steel. I ron containing 0.04% ni t rogen corrodes at a 
lower  rate, or about u that  of zone-refined iron. Inhibi tors  such as S C N -  
appear  to in ter fere  wi th  the cathodic reduct ion of NO3- to NHs. 

The first observations on a high rate  of attack of 
iron in NH4NO3-NH3 solutions were  apparent ly  re-  
ported by Haber  (1) and his students who described 
s t reaming ye l low corrosion products f rom an iron 
cathode dur ing electrolysis at 0.02 amp/d in  2 of satu- 
ra ted NH4NO3 at 0~ Employing a Pt  cathode instead, 
the resul t ing catholyte was also corrosive to iron, ap- 
parent ly  forming an i ron -ammonium complex. Sur -  
prisingly, they repor ted  no attack of iron in NH4NO~- 
NH3 solutions wi thout  current  flow. The la t ter  si tua- 
tion, however ,  as subsequent  invest igators showed, 
turned out to be an instance of passivi ty which ca- 
thodic polarizat ion destroyed, ra ther  than an inheren t  
lack of react ivi ty.  Weitz and Mul ler  (2) described the 
preparat ion of ferrous ammonium complexes of the 
general  formula  [Fe(NH3) 6] ++. The corresponding 
solid ni t ra te  crystal l ized as green octahedra. When dis- 
solved, and heated slowly, the compound on reaching 
90~ quickly decomposed, depositing black Fe804. 
They ascribed the oxide FeO-2Fe20~ obtained ear l ie r  
through decomposit ion of solutions employed in exper i -  
ments  by Kaufmann  (3) s imilar  to those of Haber, as 
being caused by presence of nitri te.  Nilsson (4) found 
that  iron could become passive in aqueous NH4NO~- 
NH3 solutions wi thout  appreciable corrosion. On the 
other  hand, i ron when  act ivated electrolytically,  such 
as by galvanic contact wi th  zinc, or mechanical ly,  or 
chemically,  resul ted in a high rate  of attack. Haber 's  
observat ion on lack of reac t iv i ty  in NH4NO~-NH3 solu- 
tions was thereby explained. 

This general  subject  is of interest  to corrosion sci- 
ence because of the phenomenal ly  high react ion rates of 
i ron (over  2 in. penet ra t ion  per year)  in contact  wi th  
n i t r a te -ammonia  mixtures  and the need to unders tand 
the mechanism of such high rates. It is also of prac-  
tical interest  to the fer t i l izer  indust ry  which employs 
aqueous solutions of this kind for supplying avai lable  
ni t rogen to the soil. Severa l  papers have been pub-  
lished on the corrosion characterist ics of n i t r a t e - am-  
monia solutions, including the use of inhibitors to 
reduce ra te  of at tack (5-8). The effect of meta l lurgica l  
factors, identification of corrosion products and a 
plausible corrosion mechanism have been t reated in 
previous publications; the present  invest igat ion ex-  
plores and extends these studies in fu r the r  detail. 

Experimental 
Materials  invest igated included a commercia l  0.10% 

C mild  steel  (0.005% N, 0.36% Mn, 0.03% Ni, 0.04% 
Cu, 0.01% P, 0.'03% S, 0.004% As) a pure 0.094% C 
steel (0.006% N),  a pure  0.043% N steel (0.001% C) 
and zone-refined iron (<0.001% C, 0.0003% N).  The 

pure  steels were  prepared  in vacuum in alumina cru-  
cibles by induction mel t ing  of electrolytic iron and 
spectroscopic graphi te  in the case of carbon steel, and 
by mel t ing  under  a purified ni t rogen a tmosphere  in the 
case of ni t rogen steel. In ei ther instance, castings were  
obtained f rom the mel t  by drawing into 9 m m  Vycor 
tubing and wate r  quenching (employing a hel ium at-  
mosphere  in the case of the carbon steel) .  Ingots were  
homogenized in vacuum at 1050~ for 18 hr  and air 
cooled. They were  subsequent ly  cold-rol led to 0.040 
in. (0.10 cm) strip. 

Hea t - t r ea tmen t  when requi red  was carr ied out in 
he l ium purified over  copper at  450~ employing  a 
l iquid ni t rogen cold trap. Specimens, contained in a 
quartz  tube, were  air-cooled f rom furnace t empera -  
tures, the specimens remaining in hel ium during cool- 
ing. Quenching was accomplished by placing speci- 
mens in a ver t ica l  furnace at 950~ for 30 min in 
hel ium and dropping them direct ly  into ice water.  

Cold rol l ing of mild  steels was carr ied out to the ex-  
tent  of 70% reduct ion in thickness; for 0.094% C and 
0.043% N steels it was 85%; and for zone-refined iron 
5O%. 

Specimens measured  3.8 x 2.5 x 0.1 cm; they  were  
abraded, finishing with No. 600A emery  paper. They 
were  then pickled in 1:1 HC1 at 60~ for 5 rain and 
washed in water  fol lowed by successive immersion in 
acetone and benzene. Specimens of zone-refined iron 
were  cut f rom the original  ingot and, in order  to save 
material ,  were  not  t r immed to s tandard size. 

Corrosion rate  measurements  were  carr ied out in 
250 ml glass containers wi th  specimens suspended f rom 
glass frames, s imilar  to the a r rangement  used by 
Hackerman  et  al. (7). The  bottles were  sealed by 
means of a Bakel i te  screw cap with  a polyvinyl  gasket  
to prevent  loss of NH~. During tests, the bottles were  
placed in a 25~ thermosta ted  room. The ratio of speci- 
men area to solution vo lume was in the order of 1 rim2/ 
liter. Af te r  48 hr  exposure, specimens were  washed 
and brushed under  water,  then immersed  in acetone 
fol lowed by benzene. In the NH4NO3-NH~-H20 solu- 
tions, washing alone produced clean and br ight  sur-  
faces. In NH4NO~-H20 solutions a black adherent  
corrosion product  was removed  by immers ing  speci- 
mens in boil ing 10% NaOH containing 100g Zn powder  
per liter. 

Potent ia l  measurements  were  carr ied out using mild  
steel electrodes par t ia l ly  immersed  in solution, em-  
ploying a salt br idge containing the same electrolyte.  
The reference  electrode was Ag-AgC1 in 0.1N KC1. 
Polarizat ion measurements  were  conducted in an all-  
glass cell a r ranged so that  a Luggin capi l lary con- 
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Fig. 1. Weight  loss of 0.06% C mild steel vs .  time in 44.4% 
NH4NO3 4-" 11.1% NH3, balance H20, 25~ 

taining the same solution as the e lect rolyte  of the 
test was located near  a mild steel electrode. S teady-  
state potentials at a given current  densi ty were  usual ly 
achieved within  1 hr  or less. 

Resul ts  
Corrosion rates became constant af ter  an init ial  

h igher  rate  lasting for 1 or 2 hr. F igure  1 shows data 
for cold rol led 0.06% C mild  steel exposed for  periods 
up to 48 hr, each point  of which is the average  for 3 
specimens. The  s teady-sta te  corrosion rate  is 4000 todd 
(mg/dm2/day)  or 0.73 ipy (inch penetra t ion per year ) .  
This steel, the supply of which ran out, was replaced by 
the 0.10% C mild steel described earlier.  The mild  
steel of Fig. 1 contained 0.003% N, 0.11% Cu, 0.012% 
As, and amounts  of other  listed e lements  comparable  
to the 0.10% C steel. Its corrosion rate  in 44.4% 
NH4NO3-5.9% NH3 was 60% that  of the 0.10% C steel 
i l lustrat ing the effect of minor  composition variations.  
This mat te r  is discussed later. Response to hea t - t r ea t -  
ment  after cold work  was similar  for both steels, but  
differed in detail. Data for the 0.06% C steel  are given 
in Fig. 2 for two different composition NH4NO3-NH3- 
H20 solutions. Each point is the average  for 3 speci- 
mens, m a x i m u m  deviat ion f rom the average being 10% 
or less. The steel immersed  in 40.0% NH4NO~, 20% 
NH3 showed almost  no response to anneal ing whereas  
in the solution containing 11.1% NH3, mild  steel an-  
nealed at 900~ (pearl i te  plus fer r i te ) ,  corroded at a 
rate  about �89 that  of the cold-rol led steel. This differ-  
ence provides evidence that  the mechanism of at tack 
changes wi th  composition of the solution. 

Effect of hea t - t rea t ing  cold-rol led 0.10% C mild  
steel is shown in Fig. 3 for a solution containing 44.4% 
NH~NO~, 5.9% NH~, and also for 44.4% NH4NO~ in ab-  
sence of free NH3. Each point is the average for 3 
specimens, max imum deviat ion being 5% or less for 
the first solution and 10% for the second. The effect 
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Fig. 3. Corrosion rates of cold rolled and quenched 0.10% C mild 
steel, 25 ~ 48-hr exposure. 

of hea t - t r ea tmen t  is appreciable for the first solution, 
the annealed steel corroding at a rate  which is 75% 
that  of the cold-rol led steel. The corrosion rate  is 
much less in NH4NO3 solution, and hea t - t r ea tmen t  
increases the rate. The corrosion product  in Ntt4NO3 
was in the form of a thin black, firmly adheren t  layer.  
This proved by x - r a y  to be most ly  Fe304. In the 5.9% 
NH3 solution, the product  was voluminous ye l low-  
green, nonadherent  and wate r  soluble. Exposed to air, 
it became red -b rown  and insoluble. 

F igure  3 also contains data for quenched mild  steel 
(in ice water  f rom 950~ subsequent ly  heat  t rea ted 
in hel ium at various tempera tures  for 30 min. Speci- 
mens were  pickled in 1:1 HC1 before  immersion. Each 
point represents  an average of 3-5 specimens. Maxi -  
mum deviat ion f rom the average was 25% for speci- 
mens heat  t reated at 200~ they were  wi th in  15% for 
specimens heat  t reated at 600~ and were  less than 
10% for all other  conditions. The data show that  
quenched steel (martensi te  and ferr i te)  corrodes at a 
lower rate,  or at about  60%, that  of cold-rol led  steel. 
Surprisingly,  hea t - t r ea tmen t  at tempera tures  near  the 
critical t empera tu re  (723~ increases the ra te  by 45% 
over  that  of the quenched steel. The  rate  for the 
pearl i t ic  s t ructure  resul t ing f rom hea t - t r ea tmen t  
above the crit ical  t empera tu re  remains  high and is the 
same or sl ightly lower  than for specimens heat  
t rea ted at 700~176 Corrosion of specimens was uni-  
form and showed no evidence of pi t t ing or of p re fe r red  
grain boundary attack. 

Effect o~ carbon and nitrogen.--The steels discussed 
above f requent ly  became passive in the corrodent  and 
had to be act ivated by brief  contact with a piece of 
zinc, the galvanic action serving to disrupt the passive 
state in accord with  Nilsson's description (4). This 
factor undoubtedly entered  as an explanat ion for the 
lack of react iv i ty  of quenched mild steel in 66.6% 
NH4NO~, 16.7% NH3, 16.7% H20 as reported by Hack-  
e rman etal .  (7). We found that  tendency to passivate 
was even more pronounced with  zone-refined iron 
and the pure steels. These mater ia ls  almost always 
became passive remaining  wi thout  evidence of attack 
for a period of at least five days which was the max i -  
m u m  period of observation.  They had to be act ivated 
by brief  contact wi th  zinc before the start  of each 
corrosion experiment .  

The pure 0.094% C steel corroded in 44.4% NH4NO3, 
5.9% NH3 solution at the highest  rate  when cold rolled, 
17% less as quenched, and 10% less as annealed (Table 
I).  The rate  for cold-rol led mater ia l  was lower  than 
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Table I. Comparative corrosion rates of pure iron, pure C and N steels, and commercial mild steel in 44.4% NH4NO3, 
5.9% NH3, Bal. H20, 25~ 48 hr exposure 
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A v e r a g e  c o r r o s i o n  r a t e  

Q u e n c h e d ,  
% h e a t -  

T h i c k -  Co ld  ro l led ,  t r e a t e d  
n e s s  a n n e a l e d  800~ Q u e n c h e d  M a x .  800~ 

S p e c i m e n  Cold  ro l l ed  M a x .  d e v .  r ed .  30 r a i n  M a x .  d e v .  f r o m  950~ d e v .  80 r a i n  M a x .  d e v .  

Z o n e - r e f l n e d  F e  ( l  spec . )  6990 t o d d  - -  50 8770 t o d d  -- -- -- 
0.094% C s t ee l  (3 spec . )  8770 425 m d d  85 7940 208 t o d d  7270 93 7870 '/80 
0.043% N s t e e l  (2-3 spec . )  3280 1220 85 2170 310 1770 250 1420 50 
0.10% C m i l d  s t ee l  (3 spec.)  11700 115 70 9210 (820~ 140 7010 380 8870 720 

3 0  r a in )  

for cold-rol led 0.10% C mild steel, but  wi th  less 
difference for the quenched or annealed steels. 

Zone-ref ined iron when  cold rol led corroded at a 
somewhat  lower  rate than when annealed. However ,  
its ra te  cold-rol led was lower than for cold-rol led 
mild steel and also lower,  a l though with less differ- 
ence, than cold-rol led 0.094% C steel. In the annealed 
state the reverse  si tuation applied, zone refined iron 
corroding sl ightly h igher  than 0.094% C steel and at 
about the same rate  as annealed mild  steel. Grain  ori-  
entat ion was found to have  a large effect on the ra te  
as was clearly visible in the case of the large grain size 
zone-refined iron (Fig. 4). Levels  of a t tacked grains 
differed by fractions of a mil l imeter .  It  is probable, 
therefore,  that  differences in crystal  or ientat ion also 
entered into accounting for rates of cold-rol led and an-  
nealed specimens, wi th  soft zone-refined i ron being 
oriented less through 50% cold reduct ion than the 
harder  mild steel cold reduced 70%. 

Perhaps unexpected  is the much lower  rate  observed 
for 0.043% N steel which in all cases was lower  than 
for any of the other  steels including zone-refined iron. 
Ni t rogen in iron behaves quite  differently f rom carbon 
with  respect  to the corrosive media present ly  con- 
sidered. 

EfJect of NH~ concentration.--Cold-rolled 0.10% C 
mild steel was exposed to 44.4% NH4NOs containing 
NH3 vary ing  f rom 1 to 20% by weight.  Corrosion rates 
are plot ted in Fig. 5, each point of which represents  
the average  for 3 specimens. Max imum deviat ion of 
individual  specimens f rom the average was 5 % or less, 
but  data at 5.9% NH3 differ f rom Fig. 3 by 15%, per -  
haps because of the difficulty of mainta in ing f ree  NHs 
concentrat ion at the prescribed level. The corrosion 
rate is re la t ive ly  low in solutions free of NH3, reaches 
a max imum about 30 t imes h igher  than the initial low 
rate  be tween  5 and 11% NH3, and then falls to 6 t imes 
the init ial  ra te  at 15-20% NH~. Corrosion products 
were  b lack-green  in 1-3% NH3 and ye l low-green  in 
5-20% NH3 with adherence being noticeably greater  
be tween 14 and 20% NH3. Some pi t t ing occurred in 
the 15-20% NH3 solution; otherwise attack was uni -  
formly  distributed. The  weight- loss  results are s im- 
ilar to those repor ted  ear l ier  by Goodrich and Hack-  
e rman  (8). 

E]~ect o~ {nhibitors.--Various inhibitors are effective 
for reducing the corrosion rate. Hackerman,  Hurd, and 
Snavely  (7) found 0.04% or more  NH4SCN, 0.1% 
thiourea, and 0.05% mercaptoethanol  plus 0.05% so- 
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Fig. 5. Effect of NH3 on the corrosion rate of cold-rolled 0.10% 
C mild steel, 25~ 48-hr exposure. 

dium arsenite  to be among those that  were  most ef-  
ficient. Our  tests using cold-rol led  0.10% C mild  steel 
in 44.4% NH4NO3, 5.9% NH3 solution are repor ted  in 
Table II. Other  than  these results, it was also found 
that  one commercia l  pickling inhibi tor  was excellent.  
The most effective inhibi tor  in our series was mercap-  
tobenzothiazol. 

Discussion 
Informat ion  on the mechanism of at tack was ob- 

tained through exper iments  on galvanic coupling, po- 
larization, and analysis of corrosion products. Both 
cold-rol led and annealed 0.10%C mild  steel specimens 
were  coupled to an equal  area of Pt, cementite,  or n i -  
t r ided electrolytic iron and immersed,  as before ,  in 
44.4% NI-I4NO3, 5.9'% NH3, balance H20. The speci- 
mens were  ini t ia l ly  act ivated by contact wi th  zinc. No 
changes in corrosion rate, beyond the  exper imenta l  
error,  were  observed compared with  rates for steel 
specimens uncoupled. Corrosion, therefore,  in the above 
solution is la rge ly  anodically controlled. 

This conclusion was confirmed by polarizat ion meas-  
urements  employing  annealed mild steel specimens 
immersed  in the same solution. The corrosion poten-  

Fig. 4. Specimen of zone-refined iron after 48 hr in 44.4% 
NH4NO3, 5.9% NH3 solution, 25~ showing unequal attack of 
grains. 

Table II. Effect of inhibitors on corrosion of cold-rolled 0.10% C 
mild steel in 44.4% NH4NO3, 5.9% NH3 

% I n h i b i t i o n  
[ W t .  loss  (no i n h i b . ) - w t ,  loss ( inhib . )  • 100]. 

I n h i b i t o r  w t .  loss (no  inh ib . )  

0 .5% NasPO~ 35% 
0.05% (NH4) 2HPOa 44 
0.1% G u a n i l u r e a  37 
0.05% Na~AsOs 96.8 
D i p h e n y l t h i o u r e a  ( sa t 'd )  97.5 
0 .5% 1-3 D i e t h y l t h i o u r e a  99.8 
0 .5% N H 4 S C N  99.8 
M e r c a p t o b e n z o t h i a z o l  ( sa t 'd )  99.9 
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Table IH. Corrosion potentials of 0.10% C mild steel, 25~ 
24 hr immersion 

% 
C o n d i t i o n  of e l ec t rode  NH~N03 % NH3 Pot .  H~ Sca le  

A n n e a l e d  950~ 30 ra in  44.4 0.0 -- 0.34 v o l t  
A n n e a l e d  950~ 30 ra in  44.4 5.9 ~ --0.50 

+ 0.5% NH4SCN J --0.69 
+ 0,03 (pass ive)  

Annealed 950~ 30 rain 44.4 11.1 --0,52 (active) 
Annealed 950~ 30 rain 40.0 20.0 --0.59 

+ 0.05 (pass ive)  
Cold rolled 44.4 5.9 --0.49 (active) 
Quenched from 950~ 44.4 5.9 --~).49 

t ial  at 25~ on the hydrogen scale several  minutes  
after  immersion was --0.49v. At current  densities of 
3.6, 11.4, and 22.8 m a / c m  2, mild steel as cathode was 
polarized 13, 33, and 50 mv, respectively,  whereas  as 
anode it  was polarized 1580, 1630, and 1660 my, re -  
spectively. 

Annealed  mild steel in 44.4% NH4NO~ behaved  
similarly.  At  current  densities of 3.6, 11.4, and 22.8 
m a / c m  2, mild steel as cathode polarized 9, 125, and 
150 my;  and as anode 2090, 2150, and 2180 my, respec-  
tively. However ,  both in this solution and in the pre-  
vious solution, anodic polarizat ion induced passivi ty 
so that  polarizat ion measurements  are more proper ly  
an index of reactions occurr ing in the passive state. 
On the other  hand, the foregoing galvanic coupling 
experiments ,  in v iew of the fact that  corrosion rates 
remained  high, re l iably  indicated anodic control in 
the act ive state. 

Previous  invest igators  have  proposed that  NH3 
forms a complex with  Fe  + + accounting for the high 
corrosion rates in NH4NO~-NH3 solutions. This is con- 
firmed by corrosion potent ials  listed in Table III. Po-  
tentials  of mi ld  steel annealed at 950~ and immersed  
in 44.4% NH4NO3 solution become more active in the 
order  of 160-250 my through additions of NH3. This 
shift  is accounted for by reduced Fe + + act ivi ty  of the 
complex. At  20% NH3, the potential  remains act ive 
despite a fal l ing off of the corrosion rate  and is 
sl ightly more  active compared to potentials in the 
5.9% NH3 solution. This behavior  indicates that  the 
complexing tendency continues at the higher  NH3 
concentrat ions and suggests that  the decrease in cor-  
rosion ra te  is caused by an inhibi t ing effect of NH3 
on the cathodic reaction. For  example,  increased ad- 
sorption of NH3 on cathodic surfaces of iron could ex-  
er t  such an effect by impeding reduct ion of NO8-.  

Analysis of the corrosion product  also confirmed that  
a complex is formed. Format ion  of a complex,  a l though 
surmised by ear l ier  investigators,  had neve r  been con- 
firmed by actual analyses. The product  obtained by 
exposing 0.10% C mild  steel to 44.4% NH4NO3, 5.9% 
N H  3 solution af ter  48 hr  immers ion was dr ied in a 
hel ium atmosphere.  In order  to avoid oxidation, ma-  
nipulations were  carr ied out by and large in a dry 
box through which hel ium passed continuously. The 
dried product  was t ransfer red  to weighed test tubes 
and stoppered. Af te r  dissolving the product  in HC1, 
iron was determined color imetr ical ly  using the or tho-  
phenanthrolene  method. Samples of product  for am-  
monia and ni t ra te  analysis were  dissolved in di lute 
H2SO4, and then 33% NaOH in proper  amount  in t ro-  
duced, whereupon  NH3 was distil led into 0.02N HC1 
which was back ti trated. To include NO~-,  the pro-  
cedure  was repeated  after  boiling the acid solution 
wi th  an excess of iron powder  in order  to reduce ni-  
t rates to ammonia.  Final  results  are given in Table  IV. 
They also include chemical  analysis of the black 
product  obtained f rom 44.4% NH4NO3 solution, qual i -  
ta t ive  analysis of which showed absence of NH3 or 
NO3. X - r a y  analysis confirmed that  the black product  
was largely FesO4. 

Data of Table IV show that  the water -so lubl  e 
ye l low-green  product has the general  composition 
[Fe(NH3)6](NO3)2. The product  was not found to 
contain nitrites, cont rary  to reports  by Goodrich 
and Hackerman  (8). T rea tmen t  of the corrosion prod-  

Table IV. Analysis of mild steel reaction products 

A n a l y s i s  of 
d r i e d  cor ros ion  p r o d u c t  

C o r r o d e n t  % Fe  % N I ~  % NO8 

44.4% NI-I4NOs + 5.9% NI-I~ 18.58 35.69 44,00 
As c a l c u l a t e d  fo r  [Fe(NI-Is)6] (NOa)e 19.80 36.20 44,00 

R a t i o  
% Fe++ % Fe+++ Fe+++/Fe++ 

44.4% iN'I-I4N O~ 18.02 48.63 2.7 
As ca l cu l a t ed  for  Fe304 24.15 48.30 2,0 

uct wi th  1:1 HC1 did not produce evidence of NO or 
NO2 evolut ion as would  have  been the case if NO2- 
were  a component.  I t  is concluded, therefore,  that  
NO~- during the corrosion react ion is reduced at 
cathodic areas direct ly  to NH3. This was also the 
conclusion of Libinson et aL (5). 

Heat ing the ye l low-green  corrosion product  to 90~ 
produced gas evolut ion and a black precipitate,  a 
react ion which had also been observed ear l ier  by 
Haber  (1) and by Kaufmann  (3). A piece of burning 
wood glowed when  inserted in the gas, indicat ing the 
presence of N20. The black precipi tate  according to 
Weitz and Muller  (2) is Fe304. 

The  corresponding over -a l l  react ion which accom- 
panies corrosion of iron, forming the observed com- 
plex is the fol lowing 

9NH4NO~ + 14NH3 + 4Fe --> 

4[Fe(NH3)6] (NO~)2 + 3H20 [1] 

The complex decomposes on heating, p resumably  as 
follows 

12[Fe(NH3) 6] (NO~)2 + 17H20--> 

23N20 + 50NH4OH + 4Fe304 [2] 

On the other  hand, when  iron corrodes in NH4NO3 in 
absence of NHs, the reaction is 

3Fe -}- 3H20 -}- NH4NO3 --> Fe304 + 2NH4OH [3] 

The action of inhibitors is probably one of adsorb-  
ing on the iron surface but wi th  preferent ia l  adsorp-  
tion on cathodic areas. They the reby  increase cathodic 
polarizat ion and impede the corrosion reaction. In 
the case of 0.5% NH4SCN, the corrosion potential  is 
shifted correspondingly in the active direct ion by 
190 mv. This agrees wi th  s imilar  potential  data of 
Goodrich and Hackerman  (8) who found that  other 
inhibitors also induce a more  act ive potential .  This 
change of potential  suggests that  the cathodic reac-  
tion 

NO3- + 9H + -> NH3 -}- 3 H 2 0 -  8e [4] 

is the reaction that  is largely  inhibited by adsorbed 
S C N - .  

Passivi ty of iron in this system appears to be no 
different than in other  solutions. The  potent ial  of 
passive iron, cold rol led or annealed, is 540-550 mv  
more  noble than active iron. Potent iostat ic  polarization 
curves (8) are typical  of passive metals  in general.  
Act ivat ion can be induced e lect rochemical ly  and me-  
chanical ly precisely as can activation of passive iron 
in other  aqueous media. No unique  reason exists, 
therefore,  for bel ieving that  a protect ive Fe203 film 
forms in NH4NO3-NH3 solutions. The passive film, as 
in the case of ni tr ic  acid, chromate,  or ni t r i te  passiva-  
tion, may  also be considered to be a chemisorbed ox-  
ygen-OH or oxygen-H20 complex. 

The effect of cold work  is to increase corrosion in 
the 5.9% NH3 solution, but wi th  ra ther  small  effect on 
the corrosion potential.  Hence, both the anodic and 
cathodic reactions are affected. Increase in carbon 
content  seems to increase the rate  in accord with  
greater  cathodic area provided by the corresponding 
cementite.  The effect is not marked,  however ,  as is 
seen by the prevai l ing  high corrosion rate  of zone- re -  
fined i ron which contains <0.001% C. Goodrich and 
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Hackerman (8) also found that  the effect of carbon 
in steels was not large. Their  lower  result  for  zone-  
refined iron may  have  been caused by passivi ty over  
par t  of the exposure test. S imi lar ly  Libinson (5) re -  
ported that  cast iron normal ly  containing high carbon 
corrodes at a ra te  only sl ightly h igher  than that  of 
ordinary  iron. 

Present  evidence favors grain or ientat ion as the 
impor tant  factor in accounting for differences be-  
tween cold-worked  and quenched mild  steel. Cold 
rol l ing orients the (001) face of iron para l le l  to the 
rol led surface and it is this face which presumably  
corrodes most rapidly. Quenching produces a more  
random orientat ion of crystals which exhibit ,  on the 
average, a lower  corrosion rate. The extent  of p re -  
fe r red  or ientat ion exis t ing af ter  a given reduct ion of 
thickness probably  depends on grain size and compo- 
sition so that  all steels respond qual i ta t ively  but  not 
necessari ly quant i ta t ive ly  to a given process of cold 
rolling. On this basis, zone-refined iron appears to 
be oriented less by cold roll ing than the other  steels. 

Hea t - t r ea tmen t  of cold-rol led and quenched mild  
steel above the critical t empera tu re  (723~ re-or ien ts  
the grains, and the corrosion rate  then becomes the 
same for both cold-rol led and quenched steels (Fig. 
3). The  increase in rate  for the quenched steel just  
before reaching the crit ical  t empera tu re  may  be 
caused by recrystal l izat ion wi th  some prefer red  ori-  
entat ion dictated by past rol l ing history. It  is not 
caused by Fe3C precipi tat ion f rom martensi te  because 
this should produce the highest  corrosion rate  at 400~ 
as is observed in the corrosion of quenched carbon 
steel exposed to sulfuric acid (9). Instead, the rate  
climbs for hea t - t r ea tmen t  tempera tures  above 400~ 
and increases unti l  the crit ical  t empera tu re  is reached. 

The effect of grain orientat ion is most pronounced 
when rate  of complex format ion controls the corrosion 
process. In NH4NO3 solutions free of NH3, the com- 
plex does not form, the corrosion rate  is lower, and 
hea t - t r ea tmen t  and cold work  no longer  have as large 
an effect. The higher  rate  in this medium for annealed 
compared to cold-rol led steels suggests that  the reac-  
tion in NH4NOs is influenced by different crystal  faces 
than in NH4NO3-NH3 solutions. S imi lar ly  in 40% 
NH4NO3, 20% NH~ solution, in which corrosion control  
is apparent ly  shifted to cathodic areas, effects of heat -  
t rea tment  and cold work  are not important .  F rom this 
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observation,  reduct ion of NO3-  to NH3 is apparent ly  
not great ly  sensit ive to crystal  face. 

Lack of potent ia l  difference be tween  cold-rol led and 
annealed steel also supports crystal  or ientat ion as 
cause of the al tered corrosion rate. The  most react ive 
crystal  faces corrode first, regardless  of crystal  or i-  
entation, leaving behind the least  react ive  face and a 
rougher  surface (10). The increased surface area leads 
to a h igher  corrosion rate, but  has no effect on po-  
tent ia l  which is always measured  for the same least 
react ive face regardless of crystal  orientation.  

I ron containing ni t rogen corrodes much less than 
any of the other  mater ia ls  whe ther  cold-worked,  an-  
nealed, or quenched. A possible reason is that  reac-  
tion products of al loyed ni t rogen such as amines form 
in appreciable  amounts  as a resul t  of the corrosion re -  
action. These products may  adsorb on iron and in-  
hibit  the anodic or cathodic reaction. 
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The Mechanism of the High-Temperature Oxidation 
of Iron-Chromium Alloys in Water Vapor 

C. T. Fujii and R. A. Meussner 
Physical Metallurgy Branch, Metallurgy Division, U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Oxidation studies of Fe -Cr  alloys show that  a characteris t ic  layered  scale 
is formed on alloys containing 15 w / o  (weight  per  cent) Cr or less when 
oxidized in atmospheres of A r - H 2 0  (PH2O ~ 0.1 atm) in the t empera tu re  range 
800~176 Though the outer  wfistite layer  is ex tens ive ly  detached f rom 
the inner  wiis t i te-spinel  layer,  a l inear  oxidation ra te  is observed. For  the 
continued high ra te  of oxidation a dissociative mode of scale deve lopment  is 
necessary, and hydrogen appears to play an impor tant  role in this process 
as an oxygen carr ier  in the in ternal  voids. Since the oxidat ion ra te  is 
l inear,  is v i r tua l ly  independent  of Cr content, is approximate ly  proport ional  
to (PH20)1/2 and shows a modest  act ivat ion energy of 22 kcal /mole ,  the ra te -  
control l ing process occurs at the gas: oxide interface. 

Previous  studies of the oxidat ion of alloys in at-  
mospheres containing water  vapor  show that  water ,  
even in ve ry  small  amounts, may  be a par t icular ly  
aggressive oxidizer for some alloys. Foley (1) a t -  

t r ibuted the poor reproducibi l i ty  of the oxidation rates 
of Fe -Ni  alloys to the day -by -day  changes in the 
humidi ty  of the labora tory  air. Cohen and Caplan (2) 
repor ted  anomalous effects of moisture in the oxidation 
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Fig. 1. Microstructure of an Fe-SCr alloy oxidized in a 0.1 H20- 
0.9 Ar atmosphere at 1100~ for 20 hr. Magnification 80X. 

of a number  of commercia l  steels in dry and humid  air 
at t empera tures  be tween 870 ~ and 1093~ They 
showed that  water  vapor  accelerated the oxidation of 
Type 302 stainless, decelerated that  of Type 446, and 
had a negligible effect on others, such as 410 and.430. 
Cohen and Caplan indicated that  the effect of wa te r  
vapor  depended sensi t ively on the alloy composition, 
which in turn de termined  the scale composition. Be-  
cause water  vapor  is a common contaminant  of service 
atmospheres,  an unders tanding of its role in oxidat ion 
is of pract ical  significance as wel l  as scientific value. 
The present  study of the oxidation of F e - C r  alloys in 
atmospheres containing only water  vapor  as an oxi-  
dizer indicates the importance of a dissociative process 
in the oxidation mechanism and suggests a role for 
hydrogen in addit ion to those rev iewed  by Cohen and 
Caplan (2). 

Oxidat ion of Fe -Cr  alloys in wate r  vapor  produces 
simple, reproducible  s t ructures  and simple (for alloy 
oxidat ion) ,  reproducible  kinetics over  a broad range 
of conditions. The characterist ic s t ructure  of the scale, 
i l lustrated in Fig. 1, contains three distinct zones: (i) 
an outer  scale of one or more  layers of wiistite, which 
converts  on cooling to room tempera tu re  to wfistite 
plus a precipi tate  of magneti te ,  (ii) an inner porous 
scale containing wfistite and an Fe -Cr  spinel phase, 
and (iii) a subscale of the Fe -Cr  spinel, and at t imes 
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Fig. 2. Oxide characteristics of the Fe-Cr alloys: e ,  FeO sur- 
face; �9 chromium rich oxides; I ,  Fe304-Fe203. 

higher  chromium oxides, in the unoxidized alloy. A 
detailed description of this scale s t ructure  has been 
presented previously  (3). 

The range of tempera tures  and alloy compositions 
giving this scale s t ructure  in 0.1 H20-0.9 Ar  is indi-  
cated by the filled circles of Fig. 2. The discussion of 
the oxidation mechanism wil l  be largely  confined to 
this area, i.e.,  0-15 w / o  Cr at t empera tures  f rom 800 ~ 
to 1100~ Under  these conditions s t ructura l ly  ana-  
logous scales were  produced on all specimens, and the 
weight  gain data can be compared directly. The oxides 
produced on the i ron were  na tura l ly  free of the i ron-  
chromium spinel phase and the subscale was absent, 
but the scale showed the same two- layer  form char-  
acteristic of the alloys. However ,  the inner scale was 
less porous than for  the alloys. 

At chromium contents h igher  than 15 w/o ,  or at 
lower temperatures ,  the generat ion of the scale was 
less regular.  The  20 w / o  Cr alloy ini t ia l ly  formed a 
chromic oxide layer  which, for a time, was protective.  
This layer  broke down as the oxidation t ime was ex-  
tended, and the rapid oxidat ion process characterist ic 
of the lower  chromium alloys was achieved gradually.  
However ,  since the growth of the areas par t ic ipat ing in 
the rapid oxidation process was erratic,  the gravimetr ic  
measurements  were  meaningless.  At  tempera tures  be-  
low 800~ the format ion of magneti te ,  and at t imes 
hematite,  on the outer  surface of the scale a l tered the 
ra te-cont ro l l ing  process f rom that  of the normal  oxida-  
tion mechanism. 

Experimental 
The iron and the alloys, listed in Table  I, were  

prepared  f rom h igh-pur i ty  electrolyt ic  metals  by vac-  
uum melt ing and casting. One- inch  d iameter  rods, 
forged and rolled hot from these ingots, were  shown to 
be homogeneous by chemical  analysis of samples ob- 
tained f rom different radial  and longi tudinal  portions 
of the rods. The chromium content  of the samples 
var ied  by less than --+0.1% for each of the alloys. 
Metal lographic examinat ion of a cross section f rom 
each rod revea led  no microsegregation,  few chromic 
oxide particles, and no appreciable  surface oxidation. 
Confirmation of the microhomogenei ty  of the alloys was 
obtained with an electron beam microanalyzer  (3). 

The specimens were  one-quar te r  segments of 0.16- 
cm-th ick  disks wi th  a surface area of 2.56 cm 2. Af ter  
surface grinding both faces and dri l l ing a 1-mm- 
diameter  suspension hole in the apex of each specimen, 
the specimens were  vacuum annealed (10 -5 m m  Hg) 
for 24 hr  at 1050~ 

During the oxidation exper iments  the weight  changes 
of the specimens were  automat ical ly  and continuously 
recorded to -+0.5 mg on a spring balance. The entire 
balance assembly, described in (4), was heated above 
the dew point  of the water  vapor  atmosphere.  In a 
typical experiment ,  the annealed specimen was chemi-  
cally cleaned in a sul fur ic-hydrochlor ic  acid mix tu re  
for 5 min (1:1:18 by volume H2SO4:HCl:H20) and 
rinsed successively in a 5% sodium cyanide solution, 
water ,  and acetone. Immedia te ly  fol lowing this t r e a t -  

Table I. Chemical analysis of Fe-Cr alloys 

W e i g h t  p e r  c e n t  o f  e l e m e n t  i n  t h e  a l l o y  
E l e -  

m e n t  F e *  F e - l C r  F e - 5 C r  F e - 1 0 C r  F e - 1 5 C r  F e - 2 0 C r  F e - 2 5 C r  

C r  - -  0 . 9 9  5 .0  9 .9  14 ,8  19 .5  2 4 . 3  
S - -  0 . 0 0 7  0 . 0 1 0  0 . 0 1 0  0 . 0 0 8  0 . 0 0 8  0 . 0 0 7  
P - -  0 . 0 0 4  0 , 0 0 4  0 . 0 0 6  0 . 0 0 7  0 , 0 0 3  0 . 0 0 7  
S i  - -  0 . 0 2  0 . 0 4  0 . 0 5  0 . 0 4  0 .05  0 .03  
M n  0 .01  0 . 0 4  0 . 0 6  0 . 0 8  0 . 0 7  0 . 0 8  
O * *  0 . ~ ' 7  - -  0 , 0 2 7  0 . 0 2 4  0 .031  0 . 0 3 5  0 . 0 4 3  
N * *  0 . 0 0 1 3  - -  0 . 0 0 1 0  0 . 0 0 1 9  0 , 0 0 2 8  0 , 0 0 3 7  0 , 0 0 5 5  
C 0 . 0 0 1 2  . . . . . .  

* T h e  a n a l y s i s  o f  t h e  i r o n  i n c l u d e d  o n l y  O ,  N ,  C.  T h i s  i r o n  w a s  
the  s a m e  e l e c t r o l y t i c  m a t e r i a l  u s e d  i n  p r e p a r i n g  t h e  a l l o y .  

** T h e  o x y g e n  a n d  n i t r o g e n  c o n t e n t s  w e r e  d e t e r m i n e d  b y  v a c u u m  
f u s i o n .  T h e  a m o u n t  o f  t h e s e  e l e m e n t s  i n  t h e  F e - l C r  a l l o y  w e r e  n o t  
d e t e r m i n e d .  
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ment,  the specimen was dried and suspended from the 
spring balance by a fine p la t inum wire.  The system was 
then purged wi th  purified, dried argon 1 for 1 hr  be-  
fore the ver t ical  furnace,  at the desired tempera ture ,  
was pul led up into place around the oxidation chamber.  
The dry  argon a tmosphere  was mainta ined whi le  the 
furnace recovered its init ial  temperature .  No weight  
gain was detected (AW < 0.5 rag) dur ing the recovery  
periods of approximate ly  5, 10, and 15 rain at 700 ~ 
900 ~ and l l00~ respect ively,  indicat ing that  the pur i -  
fied argon was nonoxidizing. 

Zero t ime was taken as the moment  water  vapor  was 
introduced into the system. A rapid rate  of weight  
gain was immedia te ly  recorded. The wate r  vapor  at-  
mosphere  was produced by passing purified argon 
through two water- f i l led  f r i t ted  disk bubblers  im-  
mersed in a cons tan t - tempera ture  bath. For  the pr inci -  
pal oxidat ion exper iments  a wa te r  vapor  pressure of 
0.1 atm was provided by operat ing the saturators  at 
46.2 ~ _ 0.1~ i.e., 0.1 atm -*- 0.5%. The argon flow rate, 
175 • 10 m l / m i n  for all experiments ,  was shown to be 
adequate  in a p re l iminary  series of exper iments  (see 
below).  The exper iments  were  te rminated  by quickly 
lower ing  the furnace and cooling the specimen to room 
tempera tu re  in dry argon. In all cases the furnace t em-  
pera ture  was control led to wi thin  +2~ 

Studies of the surface oxide structures, meta l lo-  
graphic examinat ions of sections of the specimens, 
powder  x - r a y  diffraction analyses of the inner  and 
outer  oxide layers, and chemical analyses of a few 
outer scale samples were  performed.  Data f rom similar  
studies have been repor ted  (3), and only conclusions 
der ived f rom these observations are cited here  to de-  
fine the oxidation mechanism. 

O x i d a t i o n  Kinet ics  
Curves of the weight  gain per  uni t  geometr ic  area of 

the original  specimen, constructed f rom the cont inu-  
ously recorded weight  gain data, are presented in Fig. 
3 and 4. The curves represent ing the studies at the two 
higher  tempera tures  show very  similar  characteristics.  
For  all of the specimens containing less than 20 w / o  
Cr, the high init ial  ra te  of weight  gain gradual ly  de- 
creased to a constant value.  While the data for the iron 
specimen oxidized at l l00~ conforms to a parabola for 
the first 2-3 hr  wi thout  serious deviation, all the other  
specimens show an ear ly  depar ture  f rom this behavior.  
At l l00~ (Fig. 3) a l inear  weight  gain was established 
in 3-4 hr  for  all specimens and persisted throughout  

i The  a r g o n  pu r i f i c a t i on  t r a i n  cons i s t ed  of  a f r i t t e d  g lass  b u b b l e r  
c o n t a i n i n g  c h r o m o u s  su l f a t e  so lu t i on  for  o x y g e n  r e m o v a l ,  two  d r y  
i ce -ace tone  t raps ,  a n d  an  A n h y d r o n e - A s e a r i t e  d r y i n g  t o w e r  fo r  
r e m o v a l  of r e s i d u a l  w a t e r  a n d  ca rbon  d iox ide .  

80 - l " C r ~  

20 

/ 25Cr 
I - - f - - - ~ l  I '-I 

0 2 4 6 8 I0 
TIME (HOURS) 

Fig. 3. Weight gain vs .  time curves for experiments in a 0.1 H20- 
0.9 Ar atmosphere at 1100~ 
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Fig. 4. Weight gain vs .  time carves for experiments in a 0.1 H20- 
0.9 Ar atmosphere at 900 ~ and 7000C. 

the remainder  of the experiments ,  i.e., for an addi-  
t ional .6-7 hr. During this period the ra te  of weight  gain 
was 6.2 mg/cm2-hr ,  and each specimen gained approxi -  
mate ly  50 m g / c m  2. The t ransient  protect ion afforded 
by the chromic oxide ini t ia l ly  fo rmed  on the higher  
chromium alloys is i l lustrated in this figure by the 
curves for the 20 and 25 w / o  Cr specimens. However ,  in 
these cases the calculated weight  gain per uni t  area 
is not  a t rue  measure  of the ra te  since oxidation did 
not occur un i formly  over  the  surface. 

At  900~ (Fig. 4) the period of l inear  oxidation ex-  
tends f rom 10 to 30 or 40 hr, and again all of the speci- 
mens f rom Fe to Fe-15 Cr display approximate ly  the 
same oxidation rate  (1.5 mg/cm2-hr ) .  Af te r  30 or 40 hr  
of oxidation the ra te  of weight  gain for some of these 
specimens gradual ly  decreased. This is bel ieved to be 
caused by random nucleat ion and growth of a thin 
magnet i te  layer  on the externa l  surface of the scale. 
Very thin layers of magnet i te  were  observed meta l -  
lographical ly  on some of these specimens. However ,  
the general  precipi tat ion of magnet i te  within the 
wfistite adjacent  to this surface during cooling makes it 
difficult to de te rmine  whe the r  the magnet i te  surface 
layer  was formed dur ing oxidat ion or dur ing cooling. 

At 700~ there  is no doubt  that  magneti te ,  and even 
hemati te ,  layers  are formed on specimens oxidized for 
prolonged periods in an a tmosphere  of 0.1 H20-0.9 
Ar. The weigh t -ga in  data f rom such specimens (Fig. 
4) show ve ry  i r regular  behavior,  wi th  periods of ac- 
celerated weight  gain interspersed with  periods of ve ry  
l imited weight  gain. Such complicated behavior  ob- 
viously cannot be used in the study of the oxidation 
mechanism. The i r regular i t ies  in the ra te  of weight  
gain can be ascribed to a var ie ty  of factors, e.g., non-  
uni form init iat ion and growth of the externa l  scale, 
local de tachment  of this wiisti te layer  f rom the inner  
scale and the possibility of f rac ture  at these sites, and 
the format ion of magnet i te  and hemat i te  layers on the 
externa l  su r face - -p re fe ren t i a l ly  at the sites of local 
detachment.  The curve  for a 5 w / o  Cr alloy oxidized at 
800~ and included in Fig. 7 (a figure discussed in a 
later  section) shows that  these disrupting factors are 
great ly  a t tenuated at this temperature ,  res tor ing the 
normal  l inear  oxidat ion rate.  

Effect of chromium concentration.--As indicated in 
Fig. 3 and 4, the over -a l l  weight  gain of specimens 
containing f rom 02 to 15 w / o  Cr at 900 ~ and l l00~  are 

2 The  i m p u r i t i e s  in  t he  e l ec t ro ly t i c  i r on  a p p e a r  to p l a y  an  im-  
p o r t a n t  ro le  in  t he  g e n e r a t i o n  of t he  d e t a c h e d  scales  o b s e r v e d  on 
the  i r o n  spec imens .  A f ew  r e c e n t  e x p e r i m e n t s  in  w h i c h  spec t ro -  
g r a p h i c a l l y  p u r e  i r on  was  o x i d i z e d  in  th i s  a t m o s p h e r e  p r o d u c e d  
q u i t e  dense  w~ist i te  scales and  a n e a r  pa rabo l i c  ra te  of w e i g h t  g a i n  
fo r  r a t h e r  l o n g  o x i d a t i o n  per iods .  The  i m p u r e  e l ec t ro ly t i c  i ron,  
h o w e v e r ,  is a m o r e  r e p r e s e n t a t i v e  base  c o m p o s i t i o n  for  t he  com-  
pa r i sons  of t h i s  s tudy .  
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Fig. 5. Effect of the effective water vapor to hydrogen ratio in 
the atmosphere on the oxidation rate at 1100 ~ and 900~ 

similar, and in the period of l inear weight  gain the 
chromium content  of the alloys has a negligible effect 
of the rate. 

Metal lographic studies and x - r ay  diffraction data 
have  shown that  the effects of the changes in the 
chromium content  of the alloy are largely  confined to 
al terat ions of the s t ructure  of the inner  scale and the 
subscale (3). The populat ion of spinel part icles in the 
subscale, and u l t imate ly  the inner  scale, increases wi th  
increasing chromium content. As a consequence, local 
de tachment  of the  scale f rom the metal,  and outer  scale 
f rom the inner  scale, increases wi th  increasing chro-  
m i u m  content. While these effects al ter  the progress of 
the oxidation process in the init ial  period, they have  
l i t t le  effect on the ra te  during the subsequent  l inear  
growth period. For  all specimens, the outer  scale was 
near ly  pure  FeO (a m a x i m u m  of 0.1-0.3 w / o  Cr was 
detected by chemical  analyses) of almost identical  
composition ("oxygen r ich" wiistite, ao = 4.28 kx ) .  
Thus the insensi t ivi ty of the oxidation ra te  to the 
chromium content  of the alloys suggests that  the proc-  
esses occurr ing in the outer  scale are rate  determining.  

E~ect  of a tmosphere . - -The  effects of flow rate, wa te r  
vapor  par t ia l  pressure, and small hydrogen additions 
on the oxidation at 900 ~ and l l00~ are shown in 
Fig. 5. Table  II indicates the significance of the sym-  
bols used in these graphs and defines the nature  of the 

Table II. Key to symbols used in Fig. 5, 6, and 8 

S y m b o l *  
K1 S y s t e m  a n d  e x p e r i m e n t a l  c o n d i t i o n s  

( X X )  F l o w  r a t e  s t u d i e s :  C o n d u c t e d  i n  a 1 - i n . - d i a m e t e r  
A s i l i c a  t u b e  e q u i p p e d  w i t h  a p r e h e a t  c o i l  f o r  t h e  

g a s  s t r e a m .  F l o w  r a t e ,  m l / m i n ,  i n d i c a t e d  i n  
p a r e n t h e s i s ,  pE2o  = 0.1 a t m .  

H y d r o g e n  a d d i t i o n s :  S a m e  e q u i p m e n t  a s  a b o v e .  
P H  i n  g a s  s t r e a m  i n d i c a t e d .  F l o w  r a t e  w a s  c o n -  

s t a n t  a t  175  m l / m i n .  Pn=o = 0.1 a r m .  

�9 V a r i a t i o n  i n  p a r t i a l  p r e s s u r e  o f  w a t e r  v a p o r :  S a m e  
e q u i p m e n t  a s  a b o v e ,  pH20 i n  g a s  s t r e a m  i n d i -  

c a t e d .  F l o w  r a t e  w a s  c o n s t a n t  a t  175  m l / m i n .  

o �9 V a r i a t i o n  i n  p a r t i a l  p r e s s u r e  i n  w a t e r  v a p o r :  R e -  
c o r d i n g  b a l a n c e  ( 1 . 5 - i n . - d i a m e t e r  s i l i c a  t u b e ) .  
pH.2o i n  g a s  s t r e a m  i n d i c a t e d .  F l o w  r a t e  c o n s t a n t  

a t  175  m l / m i n .  

C a l c u l a t e d  p e r c e n t a g e  d e p l e t i o n  o f  w a t e r  v a p o r  a s  
a c o n s e q u e n c e  o f  t h e  r e a c t i o n .  ( A t  9 0 0 ~  t h e  
d e p l e t i o n  i s  l e s s  t h a n  1 %  f o r  a l l  d a t a  a n d  t h i s  
n o t a t i o n  h a s  b e e n  o m i t t e d . )  

0 . 0 0 0  

X% 

* K -  A v e r a g e  r a t e  o f  w e i g h t  g a i n  i n  a 2 0 - h r  e x p e r i m e n t  ( m g /  
c m ~ - h r ) .  

K l  L i n e a r  r a t e  o f  w e i g h t  g a i n  ( m g / c m ~ - h r ) .  

0 . 0 0 4  0.01 0.1 0 .2  
~H20 

Fig. 6. Effect of water vapor partial pressure on the oxidation 
rate at 1100 ~ and gO0~ 

exper iments  involved.  Since the apparatus used in the 
auxi l ia ry  studies on flow rate  and hydrogen addition 
effects was not equipped wi th  a weighing mechanism, 
the oxidation ra te  constants der ived f rom these exper i -  
ments are indicated as K, the average  for a 20-hr oxi-  
dation period. F rom the shape of the curves of Fig. 3 
and 4 it is evident  that  K is greater  than the t rue 
l inear  ra te  constant, but  as shown in Fig. 6 the differ- 
ence is small. Thus K is accepted as an adequate  meas-  
ure of the react ion ra te  for these auxi l iary  studies. The 
ratio, PH2o/PH2, is calculated f rom the composition of 
the gas s tream admit ted to the react ion chamber,  the 
vo lume flow rate, the react ion ra te  (K),  and the re -  
action area (the original  specimen surface area) .  This 
calculated composition is an adequate  measure  of the 
gas surrounding the specimen since a steady state is 
achieved in the system during the prolonged period of 
constant reaction rate. It  is recognized that  the actual 
PH20/PH2 ratio is somewhat  lower  at the react ing sur-  
face. Al though all of these data are f rom exper iments  
wi th  Fe-15 Cr, the results in Fig. 3 and 4 show that  
they apply to all alloys studied. 

The  flow rate  data of Fig. 5 are par t icular ly  in forma-  
tive. At  900~ the react ion rate  was insensi t ive to 
changes in flow rate  which a l tered the PH20/PH~ ratio 
f rom 65 to 190. In fact, in an init ial  exper iment  in 
which a series of alloy specimens were  s imultaneously 
oxidized for 20 hr, a K of 1.4 m g / c m % h r  was obtained 
with  a gas ratio of 10 to 20. At  l l00~ where  the re-  
action ra te  is five times greater,  a similar plateau was 
observed at high flow rates. At reduced flow rates (60 
m l / m i n  or less) the react ion ra te  decreased, the de-  
plet ion of water  vapor  became appreciable, and the 
calculated gas ratio fel l  below the equi l ibr ium value 
for FeO/Fe804. 

The graphs of Fig. 5 have been divided into two areas 
by hatched zones based on the PH2o/Pn2 of the F e O /  
Fe~O4 equil ibrium. This va lue  defines the  lower  l imit  
of atmospheres in which the full  range of composi-  
tion of the FeO phase can be at tained in the kinetic 
system. A zone of increasing width with  increasing K 
has been indicated to recognize that  the calculated gas 
ratio is greater  than that  at the react ing surface. To 
the r igh t  of this zone the surface reactions are rate  
controlling. To the left, where  the calculated gas ratio 
restricts the range of composition of the FeO phase, the 
effects of the a tmosphere  on the react ion rate  are com- 
plicated and have not been ful ly  investigated. As the 
ratio of water  vapor  to hydrogen is decreased, ei ther  by 
decreased flow rate  or hydrogen  addition, the react ion 
is retarded.  However ,  a modera te  hydrogen addit ion 
('0.015 arm H~ at l l00~ or 0.02 atm H2 at 900~ 
which restricts the FeO composition range and thus 
lowers the defect concentrat ion at the outer  surface, 
produces only a small  decrease in the react ion rate. 
These results suggest that  the ra te-cont ro l l ing  reaction 
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is not  great ly  dependent  on the defect concentrat ion of 
the FeO surface and that  hydrogen is not extens ive ly  
adsorbed f rom the gas phase. 

In the area of p r imary  interest  in these studies, the 
area to the r ight  of the FeO/Fe304 limit, the  data are 
supported by continuous weight  gain curves and the 
results are uncomplicated.  The data f rom the 900 ~ and 
l l00~ exper iments  in an a tmosphere  containing 0.1 
arm of wa te r  vapor  show that  the react ion rate  is in-  
dependent  of the flow rate  and hence independent  of 
the PH20/PH2 ratio of the atmosphere.  The data points 
f rom oxidation studies at reduced water  vapor  pres-  
sures, at flow rates of 175 ml /min ,  all  r emain  wi th in  
this area. These data show that  the l inear  oxidat ion 
rate  is independent  of the PH20/PH2 ratio but  that  it 
is ra ther  s trongly dependent  on the part ial  pressure of 
water  vapor  suggesting that  the ra te -cont ro l l ing  reac-  
tion is occurring at the oxide: gas interface. 

A logari thmic plot of these data, Fig. 6, indicates a 
pressure dependence of the form KI= k(PH2o) n, 
where  n = 0.5 to 0.6. This dependence is not unl ike  
those observed by Hauffe and Pfeiffer (5) in the oxi-  
dation of iron in CO2/CO (Kite [Pcos/Pco] ~ and 
Pfeiffer and Laubmeyer  (6) at ve ry  low oxygen pres-  
sure (KI oc [po2]0.7). Pett i t ,  Yinger, and Wagner  (7) 
and Smel tzer  (8) have  also studied the CO2/CO oxi -  
dation of iron and concluded that  the l inear  oxidat ion 
ra te  is a l inear function of the mole fract ion of COs 
and the sum of the part ial  pressures of CO~ and CO 
(7), or direct ly propor t ional  to the par t ia l  pressure of 
COs (8) in these respect ive studies. Each of these 
t rea tments  of the complex problem of heterogeneous 
surface reactions has mer i t  for  each provides an ex-  
cel lent  correlat ion with  the exper imenta l  data. How-  
ever, the data are not detai led enough to assure the 
val idi ty  of the set of assumptions int roduced in each of 
these investigations. 

Halsey's  (9) t r ea tment  of catalysis on nonuni form 
surface appears to offer an a l ternat ive  explanat ion for 
the observed pressure dependence in the present  study. 
By considering the var ia t ions  in the act ivation en- 
ergies for the adsorption of the reactant  and the de-  
sorption of the product  after r ea r rangement  (which 
might  be enlarged to mean react ion wi th  the oxide) 
among the sites on a nonuni form surface, Halsey 
showed that  the over -a l l  rate of unimolecular  reactions 
is proport ional  to the  square root of the Langmui r  iso- 
therm of the reactant,  i.e., (LA)1/2. This resul t  is ha l f -  
way be tween  the case where  the desorption of the 
product  has no effect on the react ion rate, (LA)1, and 
the case where  the desorption of the product  is rate  
controlling, (LA) O. Halsey (9) points out the unreason- 
ableness of a t tempting to define a single process as rate  
de termining  when the process occurs on a nonuni-  
form surface. 

In v iew of these considerations it may be suggested 
that  the react ion of wa te r  vapor  wi th  FeO is occur- 
r ing on a nonuni formly  react ive surface and that  if  the 
fract ion of the surface occupied by adsorbed water  
vapor  is not too great, LH2O 1/a reduces to PH201/2. The 
tempera tu re  coefficient of the react ion rate  then repre -  
sents not the act ivation energy of a single process but  
the average of several.  

E]]ect of temperature.--=The weigh t -ga in  data for 
Fe-5 Cr oxidized at four in termedia te  temperatures ,  
together  wi th  bands summariz ing the data for the full  
range of alloy compositions, are shown in Fig. 7. The 
extended l inear growth period has been del ineated for 
each curve  in this figure. The t empera tu re  dependence 
of the l inear ra te  constants  for the Fe-5 Cr f rom Fig. 3, 
4, and 7 is shown in Fig. 8 and the small  spread in the 
measured  rate  constants for the entire composition 
range, 0-15 w / o  Cr, is indicated at 900 ~ and l l00~ 
Al though only two data points are avai lable for  each 
of the lower  wate r  vapor  pressures, these define lines 
which paral le l  the l ine at PH20 = 0.10. The apparent  
act ivation energy of 22 • 1 kca l /mole  for the over -a l l  
oxidat ion process is significantly lower  than the 29-30 
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Fig. 7. Summary of weight gain vs .  time curves for experiments 
in a 0.1 HzO-0.9 Ar atmosphere. The bands at 1100 ~ 900 ~ and 
700~ include the weight gain curves for all alloy compositions 
between 1 and 15 w/o Cr; the curves at the four other tempera- 
tures are for the Fe-SCr alloy. 
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Fig. 8. Effect of temperature on the oxidation rate at 0.10, 
0.067, and 0.050 arm water vapor partial pressure. 

kca l /mole  act ivat ion energy repor ted  for iron diffusion 
in wilsti te (10). 

The l inear  kinetics indicate that  the ra te-cont ro l l ing  
process with low activation energy is an interface re-  
action and the strong pressure dependence indicates 
that  the process occurs at the gas: oxide interface. How-  
ever,  as proposed in the preceding section, the 22 kca l /  
mole act ivat ion energy  is probably  an average of the 
processes occurring on sites of different reactivities.  

O x i d a t i o n  M e c h a n i s m  
Figure  9 depicts schematical ly  the processes involved 

in the growth  of the outer  wiisti te and inner  porous 
wiis t i te-spinel  layers. Al though the latt ice t ransfer  of 
iron (from the meta l  to the outer  oxide: gas interface)  
is restr ic ted to the na r row oxide bridges connecting the 
two oxide layers, it is the surface react ion and not the 
diffusional t ransport  that  is rate  controlling. The l inear  
oxidation rates are rates of incorporat ion of oxygen 
from the wate r  vapor  into the w~sti te latt ice at the 
outer  oxide: gas interface. 

F rom the measured rates and the dimensional  
changes in the scale it was concluded (3) that  a 
dissociative process operates wi th in  the voids separa t -  
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Fig. 9. Proposed mechanism for the oxidation of Fe-Cr alloys 
in water vapor at high temperatures. 

ing the two scale layers. This process supplied oxygen 
for the growth of the inner  layer  and released iron 
ions for the maintenance  of the outer  surface reaction. 
F rom studies of these s tructures it was est imated (3) 
that  a substantial  part  of the iron ion flux in the outer  
scale was der ived from this dissociative process, i .e. ,  
10-30% at 900~ and 30-50% at l l00~ the proport ion 
being higher  for the high chromium alloys. However ,  
as Dravnieks  and McDonald concluded previous ly  
(11), a s imple calculation based on gas kinetics shows 
that  at the expected dissociation pressure of FeO 
(10 -15 to 10 -11 atm) only 10 - s  to 10 -4 mg/cm2-hr  of 
oxygen impinge on the walls  of the voids. Obviously a 
vapor  species which contains oxygen and can exist at 
modera te  pressures whi le  mainta in ing  a low oxygen 
potent ial  is requi red  to accomplish the observed t rans-  
fer  rate  of 2-3 mg/cm2-hr  at l l00~ Water  vapor  is a 
logical candidate for this impor tant  role. Al though the 
recent  findings (given below) do not ident i fy water  
vapor  as the carr ier  species directly, they provide evi-  
dence that  hydrogen,  and thus wa te r  vapor, can be 
present  in the voids. Recognizing that  the par t ia l  pres-  
sure of hydrogen wi th in  the voids can be no greater  
than that  at the exter ior  of the scale, i .e. ,  of the order  
of 10-~ atm for these experiments ,  and assuming the 
above dissociation pressures for FeO, the equi l ibr ium 
pressure of wa te r  vapor  at l l00~ is 10 -4 to 10 -1 atm. 
This is much greater  than the 10 -T arm requ i red  to 
provide  an impingement  ra te  equal  to the observed 
oxygen t ransfer  rate. These water  vapor  pressures thus 
appear  to be sufficient to support  the suggested dis- 
sociative process even with  a low number  of effective 
impingements .  

The  possibility that  wiisti te is permeated  by hydro-  
gen was indicated by the results  of F l in t  (12). Whi le  
invest igat ing the effects of oxide surface layers on 
the hydrogen permeat ion  of stainless steels, he ob- 
served a marked  reduct ion in the hydrogen permeat ion 
when a surface layer  of ch romium-r ich  oxide formed 
but no reduct ion when the exper imenta l  conditions 
were  such that  a wiisti te scale developed. The case for 
the diffusion of hydrogen through wiistite, and the 
generat ion of a hydrogen  and wate r  vapor  a tmosphere  
wi th in  the voids of the scale, was fur ther  s t rengthened 
by the results of auxi l ia ry  exper iments  in the present  
research. 

In these experiments ,  thin wal led  thimbles  of an 
Fe-5 Cr alloy were  threaded to a nickel support  tube 
and oxidized at l l00~ in a 0.1 H20-0.9 Ar  atmosphere.  
A small  d iameter  nickel  tube inser ted in the support  
tube permi t ted  the in ternal  cavi ty of the specimen to 
be swept rapidly with argon. An  outer silica envelope, 
of small  vo lume so that  the exit  gas s tream was 
representa t ive  of the gas surrounding the oxide surface 
of the specimen, enclosed the specimen. The exit  gas 
s t ream (Ar-H20)  and that  sweeping the in ternal  
cavi ty  (Ar only) were  periodical ly analyzed for hy-  

drogen in a gas chromatograph.  No hydrogen was de- 
tected in ei ther  gas streams while  the specimen was 
heated to the oxidation t empera tu re  in argon. Dur ing 
the first 30 hr  of oxidation 3-5% of the hydrogen gen-  
era ted in the oxidation process penet ra ted  the oxide 
and meta l  and appeared in the gas swept f rom the 
internal  cavity. By the t ime the exper iment  had pro-  
ceeded for 33 to 36 hours almost all of the meta l  in the 
thin walls of the th imble  had been consumed and mag-  
net i te  was being generated on the externa l  oxide sur-  
face. The  hydrogen content  of the exi t  s t ream of oxi-  
dizing gas dropped gradual ly  as the oxidat ion process 
was retarded.  When  this source of hydrogen  was re -  
duced by 30% or more, hydrogen was no longer  de-  
tected in the inner  cavi ty gas s t ream (less than 0.1 ~1 in 
a 0.5-ml gas sample) .  The correlat ion of the change in 
the hydrogen concentrations and the changes in the 
s t ructure  of the specimen, indicated above, were  de te r -  
mined  by metal lographic  examinat ions  of a series of 
these specimens oxidized for different periods of time. 
These resul ts  show that  wiistite exhibits  a substantial  
permeabi l i ty  for hydrogen,  whi le  magnet i te  is suffi- 
ciently impermeable  that  a thin surface layer  of this 
phase effectively blocks the passage of hydrogen.  

The  reactions occurring dur ing the growth of this 
characterist ic layered scale, indicated in Fig. 9, r e -  
quire  l i t t le  comment.  At  the outer  interface,  I, water  
vapor  is adsorbed and reacts wi th  iron ions der ived 
f rom reactions at interfaces II and IV generat ing FeO, 
defects in the oxide, and adsorbed hydrogen.  Most of 
the hydrogen desorbs, but  some dissolves in the oxide. 

I H20(g) ~ n20(ads) 
H20(ads) -~- Fe  +2 + 2e ~ FeO + Fe[~ + 2 �9 + H2(ads) 

H2(ads) ~ H2(g) 

H2(ads) ~ 2H*(ox) 

In these expressions the symbols Fe[ ]  and �9 have  

their  usual meanings of a vacant  iron ion site and an 
electron defect. The  symbol for hydrogen dissolved in 
the oxide, H*, is in tent ional ly  ambiguous. While it is 
l ikely that  this species is ionized, no proof of this can 
be offered. The nature  of this react ion appears to be 
unimpor tan t  since this process is reversed  at II and 
the electron balance is maintained.  

At  the inner  interface, II, i ron oxide dissociates and 
an oxide ion appears as an adsorbed species (latt ice 
defects are consumed in this process) .  The  permeat ing  
hydrogen permits  these adsorbed species to react  to 
form the carr ier  gas for oxygen t ransport  in the void. 

II FeO q- FeE] + 2 �9 -~ Fe+2 -{- O--2(ads) 

2H*(ox) ~ H2(ads) 

H2(ads) ~ H2(g) 

H2(ads) -~- O--2(ads) --> H20(g) -~- 2e 

Succeeding wiisti te layers  of the outer  scale are pro-  
duced in this resul t ing atmosphere  by the reactions 
defined for interfaces I and II. Thus, reactions s imilar  
to those at interface I also occur at interface III. 

Within the inner  scale there  is probably some small  
change in the composit ion of the spinel phase. A re -  
action of the type 

FeCr204 + 4FeO --> 2Fe2CrO4 + Fe +2 + 2e 

accounts for this change. The compositions of the 
spinel phase in this equation are not significant but  
only indicat ive of the enr ichment  of this phase in 
iron. 

The processes occurr ing at the me ta l :ox ide  in ter -  
face are complicated by the part i t ion of iron and 
chromium between the wiist i te and spinel phases. The 
predominant  react ion is the product ion of meta l  ions 
wi th  the release of electrons and the e l iminat ion of 
defects in the oxide. In addition some oxygen must  
be removed  from the oxide and dissolved in the meta l  
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to continuously generate  the oxide particles of the 
subscale. S imi lar ly  hydrogen must  be t ransfe r red  
to the meta l  unti l  an "equi l ibr ium state" is reached. 
These several  processes lead to the generat ion of a 
highly i r regular  interface wi th  local separations at the 
scale: meta l  interface. 

Summary 
The wate r  vapor  oxidation of Fe -Cr  alloys con- 

taining 0-15 w / o  Cr is l inear  in the t empera tu re  range  
800~176 after  the establ ishment  of a duplex  scale 
structure.  For  a continued high ra te  of oxidat ion a 
dissociative mode of scale deve lopment  is necessary, 
and hydrogen appears to play an impor tant  role  in 
this process as an oxygen carr ier  be tween the sep- 
arated inner  and outer  scale layers. 

While the processes which occur in the void be tween  
the inner  and outer scale layers are crit ical  for the 
main tenance  of a sustained l inear  rate  of oxidation, 
the very  small  influence of the alloy chromium con- 
tent, the significant effect of wa te r  vapor  pressure on 
the oxidat ion rate, and the modest  act ivation energy 
of 22 kcal /mole ,  all suggest that  the r a t e -de te rmin ing  
process occurs at the oxide: gas interface. 
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The Mechanism of Oxidation of Zirconium in 
the Temperature Range 400~176 

R. J. Hussey z and W. W. Smeltzer 
Department of Metallurgy and Metallurgical Engineering, McMaster University, 

Hamilton, Ontario, Canada 

ABSTRACT 

A study of the oxidation mechanism for z i rconium in the t empera tu re  
range 400~176 based on examinat ion  of the oxide scale growth and oxygen 
gradients in the meta l  substrate, is reported.  The oxidation kinetics at long 
t imes obeyed a parabolic rate  equation which was best described in terms of 
a diffusion model  for oxygen diffusion in both the oxide and metal.  F r o m  the  
determinat ion  of the oxygen gradients,  the diffusion constant was evaluated 
for oxygen diffusion in alpha-zirconium. 

In previous studies (1, 2) on the oxidation of z i r -  
conium in oxygen at tempera tures  in the range  400 ~ 
850~ the kinetics was best described by a parabolic 
rate  relationship, and the mechanism of oxidation was 
considered to be the same over  the t empera tu re  range 
invest igated with  an initial deviat ion at the lower  
temperatures .  The amount  of oxygen  present  in the 
metal  dur ing the region of parabolic behavior  var ied  
f rom 14% to 62% over  the t empera tu re  range  500 ~ 
850~ 

This invest igat ion covers the s tudy of the solid-state 
processes and the mechanisms involved,  when  the 
oxidation kinetics conform to a parabolic ra te  equa-  
tion. Accordingly zirconium was oxidized in oxygen 
at a pressure of 10 cm Hg over  the t empera tu re  range 
for periods extending to several  hundred  hours. 

Experimental 
The 0.030 in zirconium sheet, the same as used in 

the previous investigations (1, 2), was cut into speci- 
mens 1.5 x 1 cm. The oxygen was purified as before, 
and pr ior  to oxidation the samples were  chemical ly 
polished and annealed (1). 

Individual  specimens were  suspended in a quar tz  
reaction tube and oxidized for successively increasing 

1Presen t  address :  School of Metal lurgy,  Un ive r s i t y  o~ New S o u t h  
Wales, Kens ington ,  Austral ia .  

t imes over  the t empera tu re  range 500~176 Af ter  
oxidation sections of the specimens were  prepared  (1) 
and meta l lographica l ly  examined.  In order  to prepare  
the oxide for  film thickness determinat ions  such 
that  the outer  edge of the scale was not rounded, the 
specimens were  abraded to 6(}0 mesh SiC wet  papers 
and then polished for 1 min  on a napless cloth im-  
pregnated  wi th  1~ diamond. 

Hardness profiles in the meta l  substrate beneath  the 
oxide layer  were  de termined  with a Vickers micro-  
hardness indentor  using the standard 124 ~ diamond 
under  a 10g load. Measurements  of the oxide scale 
thickness were  made using a filar mic romete r  eye-  
piece on normal  sections of the polished specimens. 

Results 
Ef]ect of temperature.--Separate zirconium speci- 

mens were  oxidized in oxygen at a pressure of 10 cm 
Hg at tempera tures  of 500 ~ 550 ~ and 600~ for in-  
creasing lengths of time. The m a x i m u m  periods of oxi-  
dation var ied  f rom 260 hr  at 600~ to 550 hr  at 500~ 
The var ia t ion of the total weight  gains giving the total  
oxygen consumption wi th  t ime is shown in Fig. 1. 
A comparison of these data wi th  the continuous kinetic 
curves obtained wi th  a vacuum microbalance tech-  
nique (1) shows that  over  the t ime in terva l  studied 
there  is reasonable agreement  be tween the two sets 
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Fig. 1. Oxidation of zirconium at 500~176 in oxygen at 10 
cm Hg pressure. The present data (individual points) are compared 
with corresponding kinetic curves (full lines), which are extra- 
polated (dashed lines) to the maximum times at each temperature. 

of da ta .  A n  a d d i t i o n a l  z i r c o n i u m  s a m p l e  w a s  o x i d i z e d  
a t  a t e m p e r a t u r e  of 750~ f o r  96 h r  a t  a p r e s s u r e  of 
40 c m  Hg. 

Metallographic examinat ion. - -Examinat ion of t h e  
o x i d e  sca le  f o r m e d  on  t h e  m e t a l  u n d e r  p o l a r i z e d  l i g h t  
s h o w e d  i t  to  b e  dense ,  g ray ,  a n d  a d h e r e n t  to  t h e  m e t a l  
a n d  c o l u m n a r  in  s t r u c t u r e ;  a t  t h e  s p e c i m e n  edges  t h e  
o x i d e  h a d  t h i c k e n e d  a n d  e x f o l i a t e d  (1, 2) .  

I n  a l l  s p e c i m e n s  a t h i n  d a r k  w a v y  l i n e  w a s  o b s e r v e d  
b e n e a t h  t h e  sca le  a t  a d e p t h  w h i c h  c o i n c i d e d  w i t h  a 
h a r d n e s s  of a p p r o x i m a t e l y  300 D.P.N. I t  is c o n s i d e r e d  
t h a t  th i s  l i ne  w a s  d u e  to d i f f e r e n t i a l  p o l i s h i n g  r a t e s  a s -  
s o c i a t e d  w i t h  t h e  d i f f e r ences  in  h a r d n e s s  d u e  to o x y g e n  
so lu t ion .  T h e  r e g i o n  or  b a n d  of h a r d e n e d  m e t a l  w a s  
r o u g h l y  t h e  s a m e  t h i c k n e s s  o v e r  t h e  f lat  s u r f a c e  of t h e  
s p e c i m e n s ,  b u t  a t  t h e  edges  b e n e a t h  t h e  e x f o l i a t e d  
o x i d e  sca le  i t  was  t h i n n e r  a n d  r o u n d e d .  

T w e n t y  m e a s u r e m e n t s  of o x i d e  t h i c k n e s s  w e r e  m a d e  
on  e a c h  s e c t i o n e d  s p e c i m e n  o x i d i z e d  fo r  a g i v e n  t i m e  a t  
e a c h  of t h e  t e m p e r a t u r e s  500 ~ 550 ~ a n d  600~ a n d  
t h e  m e a n  of t h e s e  v a l u e s  w e r e  d e t e r m i n e d .  V a r i a t i o n  of 
s ca l e  t h i c k n e s s e s  w i t h  t i m e  a n d  t h e  m e a n  e r r o r  in  t h e  
d e t e r m i n a t i o n  a t  e a c h  t e m p e r a t u r e  a r e  g i v e n  in  T a b l e  
I. T a k i n g  t h e  d e n s i t y  of z i r c o n i a  to  b e  5.826 g / c m  3 (3 ) ,  

Table I. Influence of temperature on the amount of oxygen in 
zirconium oxidized at a pressure of 10 cm Hg 

F i l m  % O x y g e n  i n  m e t a l  
T e m p ,  T i m e ,  t h i c k -  

~  h r  n e s s , / ~  ( a )  ( b )  (c) 

4 0 0  6 4 4  1.2  • 0 .5  2 9  + 2 4  - -  4 
5 0 0  3 0 0  4 .6  • 0 .5  8 12  - -  

3 5 6  4 .6  11 - -  - -  
4 0 9  4 .6  15  12 - -  
4 5 0  5.9 7 
s0o 57 15 ~ 
5 5 0  6 .3  10 - -  - -  

A v e r a g e =  1 1 •  A v e r a g e  = 1 1 •  
5 5 0  3 1 6  7 .9  • 1 .0  19  - -  - -  

3 4 1  8 .7  17 11 - -  
3 7 7  8.9 13 - -  - -  
402  8 .1  21 11 - -  
435 8.5 23 - -  - -  
4 5 7  8 .9  19 - -  
4 8 6  8 .9  20  14 1 7  

A v e r a g e  = 1 9 •  A v e r a g e  = 1 2 + 3  
600  100  8 .3  • 1.0 22 - -  - -  

125  9 .5  2 0  14 - -  
150  10 .1  22 - -  
1 8 6  10 .7  2 3  1 3  - -  
2 0 9  11 .9  21 
2 5 9  12.7 22 " ~  

A v e r a g e  = 22  • 7 A v e r a g e  = 14 • 2 
7 5 0  96  2 6 . 7 •  32  ----4-4 4 1 - - 2  39  
8 5 0  6 10 .0  • 2 .0  51 ~ - -  

16 2 1 . 0  42  - -  - -  
2 4  2 3 . 0  57 - -  
4 8  3 3 . 0  53 53  + 10 6 8  

A v e r a g e  = 51 • 6 

(a )  F r o m  f i l m  t h i c k n e s s  m e a s u r e m e n t s .  
( b )  F r o m  a r e a  b e n e a t h  h a r d n e s s  g r a d i e n t s .  
( e )  F r o m  v a l u e s  o f  t h e  d i f f u s i o n  c o n s t a n t  d e r i v e d  f r o m  t h e  p r e s -  

e n t  d a t a .  

t h e  w e i g h t  of o x y g e n  in  t h e  sca les  was  d e t e r m i n e d  in  
e a c h  case  f r o m  t h e  m e a n  o x i d e  t h i c k n e s s .  F r o m  t h e  
o x y g e n  c o m b i n e d  as o x i d e  a n d  t h e  t o t a l  o x y g e n  c o n -  
s u m p t i o n  t h e  a m o u n t  of  o x y g e n  i n  t h e  m e t a l  w a s  d e t e r -  
m i n e d  as  a f u n c t i o n  of t i m e  a n d  t e m p e r a t u r e .  I t  is  s e e n  
t h a t  t h e  m e a n  v a l u e  v a r i e s  f r o m  11% a t  500~ to  22% 
a t  600~ F u r t h e r  t h e  r e l a t i v e  a m o u n t  of o x y g e n  in  t h e  
m e t a l  s h o w s  no  v a r i a t i o n  w i t h  t i m e  w i t h i n  t h e  e x p e r i -  
m e n t a l  p rec i s ion .  

T h r e e  m i c r o h a r d n e s s  t r a v e r s e s  w e r e  m a d e  on  e a c h  of 
t h r e e  s e c t i o n e d  s p e c i m e n s  o x i d i z e d  fo r  d i f f e r e n t  t i m e s  
a t  t e m p e r a t u r e s  in  t h e  r a n g e  500 ~ ~ T h e  g r a d i e n t s ,  
g i v e n  in  t e r m s  of t h e  d i a m o n d  p y r a m i d  n u m b e r  (10g) 
vs. t h e  d i s t a n c e  in  m i c r o n s  f r o m  t h e  m e t a l / o x i d e  i n t e r -  
face,  a r e  s h o w n  in  Fig.  2-4. I t  is e v i d e n t  t h a t  t h e  h a r d -  
ness  g r a d i e n t s  p e n e t r a t e d  f u r t h e r  i n to  t h e  m e t a l  w i t h  i n -  
c r e a s i n g  t i m e  a n d  m o v e d  m o r e  s l o w l y  w i t h  d e c r e a s i n g  
t e m p e r a t u r e .  M o r e o v e r  t h e  p e n e t r a t i o n  d i s t ance ,  t h a t  
is, t h e  d i s t a n c e  f r o m  t h e  m e t a l / o x i d e  i n t e r f a c e  w h e r e  
t h e  h a r d n e s s  n u m b e r  b e c o m e s  e q u a l  to  t h e  h a r d n e s s  of 
p u r e  m e t a l ,  i n c r e a s e d  f r o m  10~ a t  500~ a f t e r  300 h r  
to  44~ a t  600~ a f t e r  260 h r .  
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The amount  of oxygen in the meta l  was also de te r -  
mined by measur ing the area beneath  the hardness  
profiles wi th  the substi tut ion of hardness for  concen- 
trat ion; it was assumed that  the hardness at the m e t a l /  
oxide interface was 1100 D.P.N. and for the pure  meta l  
was 100 D.P.N., and that  the te rminal  solubil i ty of oxy-  
gen in zirconium was 28.6 at % (4). The values (Table 
I) showed no t rend wi th  time, but  increased wi th  
t empera tu re  f rom a mean  value  of 11% at 500~ to a 
mean value  of 14% at 600~ 

Evidence for  oxygen solution in the meta l  at 400~ 
was shown in a 1:5 taper  section of a specimen oxi-  
dized for 644 hr  by the presence of a band of hardened  
meta l  immedia te ly  adjacent  to the me ta l /ox ide  in ter -  
face. It  was very  thin  in comparison to the oxide film 
thickness of 1.2# and was es t imated to be of the order  of 
0.2~. F rom a specimen oxidized at 750~ for 96 hr  the 
amount  of oxygen  in the meta l  was de termined  f rom 
both scale thickness measurements  and by measur ing 
the area beneath the hardness gradient.  The values 
obtained were  32% and 41%, respectively,  and lie be-  
tween  those values de termined  for  600 ~ and 850~ (2). 

F rom the amounts of oxygen in the metal,  as de ter -  
mined f rom scale thickness measurements  and f rom 
determinat ions  of the areas beneath  the oxygen con- 
centrat ion gradients (Table I) ,  it is evident  that  the 
values obtained in the t empera tu re  range 500~176 
were  in agreement  wi th  one another  wi thin  the preci-  
sion of the measurements .  

Discussion 
Oxidat ion of z i rconium proceeds by diffusion of 

oxygen in both oxide and meta l  and, in carrying out the 
analysis for the oxidation mechanism of a polycrys ta l -  
l ine meta l  aggregate,  the assumption is made that  
average  values of the diffusion constants for oxygen 
may be uti l ized for an oxide and a meta l  of monoclinic 
and hexagonal  crystal l ine structures,  respectively.  This 
assumption appeared reasonable for the polycrysta l -  
l ine oxide layer  as it was un i form and showed no 
var ia t ion of thickness wi th  grain orientat ions in the 
metal.  Also, there  were  no discontinuities in the hard-  
ness gradients in the meta l  due to crystal lographic ori-  
entations of grains al though nonuni formi ty  of hardness 
wi th in  grains due to order ing of oxygen in the meta l -  
oxygen solid solution has been shown (5). However ,  
it is emphasized that  these la t ter  measurements  give an 
average  va lue  of the hardness because the indentat ions 
were  re la t ive ly  large compared to any possible local 
changes in hardness. 

For  the growth of a superficial oxide layer  and con- 
current  solution of oxygen in the meta l  substrate, the 
oxygen concentrat ion at a distance x f rom the original  
edge position after  t ime t is (6, 7) 

C(x)  = Co + Bz (1 - -  erfx/2x/Dit)  [1] 

Here, Co is the init ial  oxygen content  of the metal,  DI 
is the diffusion constant, and BI is an arbi t rary  con- 
stant. Accordingly the gradients for different t imes be-  
come coincident on a normal ized graph of C(x)  vs. 
x /k / t .  By assuming that  the concentrat ion of oxygen 
in t h e  meta l  was proport ional  to its hardness (8), a 
test was made of this relat ionship.  The position of the 
original  surface of the meta l  was established by con- 
ver t ing  the measured thickness of oxide to the corre-  
sponding thickness of meta l  consumed using the den-  
sities of both phases. Plots of the data  for 500 ~ 550 ~ 
and 600~ showed that  the gradients were  coincident, 
and thus it was concluded that  oxygen solution in the 
meta l  at long times approximated  to a parabolic re la -  
tionship. A plot  for the data at 600~ is shown in 
Fig. 5. 

For  additional confirmation of Eq. [1], values  were  
de termined  for the diffusion constants of oxygen in z i r -  
conium f rom the hardness gradients in normal ized form 
on probabil i ty  paper, Hz vs. x /~/ f .  The best s traight  
l ine through the data was de termined  by least  squares. 
F rom this, two pairs of values for Hx and x / x / t - w e r e  
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Fig. 6. Arrhenius plots for the diffusion coefficient for oxygen 
in zirconium: full line, this investigation; dashed line A, Kearns 
and Chirigos (8); dashed line B, Pemsler (9). 

chosen to solve the simultaneous equations for the 
value  of the diffusion constant. The values of the diffu- 
sion constants calculated f rom the data of this invest iga-  
tion and values calculated f rom repor ted  oxygen con- 
centrat ion gradients at 850~ for the t ime of 6, 16, 24, 
and 48 hr  (2) are  shown in Fig. 6 in Arrhenius  form. 
Uti l izing least squares, the diffusion constants in the 
t empera tu re  range 550~176 may  be expressed by 
the equation, 

DI (cm2/sec) = 28.8 exp (--53,400/RT) [2] 

The value  of 53.4 kca l /mole  for the act ivat ion energy is 
in excel lent  agreement  wi th  the values of 56.2 and 50.8 
kca l /mole  repor ted  by Kearns  and Chirigos (8), and 
Pemsler  (9), respect ively.  Moreover,  the plots in Fig. 6 
demonstra ted that  the magni tudes  of the diffusion con- 
stants at each t empera tu re  were  in good agreement  
wi th  the values previously  reported.  Thus, values of 
the diffusion constants for oxygen in z i rconium deter -  
mined f rom thermal ly  oxidized specimens in the range 
of parabolic oxidat ion agree wi th  those de termined  
f rom diffusion anneal  experiments .  The amount  of oxy-  
gen in the meta l  was calculated for the m a x i m u m  t ime 
at each t empera tu re  in the range 550~176 f rom Eq. 
[1] and [2]. In addition, calculations were  made of the 
amount  of oxygen in the meta l  at 400 ~ and 500~ using 
values of the diffusion constant obtained f rom the ex-  
t rapolat ion of the Arrhenius  plot  (Fig. 6). These re -  
sults were  in good agreement  wi th  those determined 
exper imenta l ly  (Table I) and show that  a parabolic 
model  describes the diffusion of oxygen in the meta l  
substrate for long t imes in the range 400~176 
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In the present  invest igat ion of the solid-state proc-  
esses occurring during the oxidation of zirconium, it 
has been shown that  in the t empera tu re  range 500 ~ 
600~ the oxygen consumption of the individual  speci- 
mens on oxidation for a specified t ime is consistent 
wi th  that  de te rmined  by the vacuum microbalance 
technique (Fig. 1). If the present  data be plotted in 
parabolic form, the parabolic rate constant has a va lue  
of 2.14 x 104 (~g /cmf)2 /hr  at 600~ which is in good 
agreement  wi th  the value  of 2.33 x 104 (#g /cmf)2 /h r  
f rom the kinetic data (1). Also, if the data for the ra te  
of oxide scale growth at 600~ (Table I) are plot ted 
in parabolic form, a good approximat ion to this rate  
relat ion is obtained. Representa t ive  parabolic ra te  
constants could not be de termined  f rom the present  
data giving the total  oxygen consumption and var ia t ion  
of scale thicknesses wi th  t ime at tempera tures  of 550 ~ 
and 500~ however ,  due to the more  pronounced 
scatter  in the data. 

In a previous invest igat ion (2), Wal lwork  et  al. 
have  demonstra ted that  the parabolic oxidation k i -  
netics of zirconium at 850~ may  be adequate ly  de-  
scribed by a diffusion model  advanced by Wagner  (6). 
The parabolic constant for the uptake of oxygen per 
uni t  area due to growth of the superficial oxide layer  
by oxygen diffusion and to oxygen solution in the meta l  
substrate was expressed as 

K p =  (CIII--CIII)2-yx/DI~+ 2B,x/Dz/nex p ( ")'fDII) 
DI 

or [3] 

Kp = {Kp (oxide) d- Kp (metal)  } [4] 

In this equation, CIH and CIII are the concentrat ions of 
oxygen from the z i rconium-oxygen  phase diagram in 
the oxide and the meta l  at the me ta l /ox ide  interface, 
respectively,  DH and DI are the diffusion constants of 
oxygen in the oxide and metal,  7 and B1 are constants. 

It  was possible to analyze the oxidation data for 
600~ according to Eq. [3] by making the assumptions 
that  the parabolic constants for oxygen uptake and 
scale growth could be de termined  f rom the l imit ing 
tangents of the kinetic data  at long t imes when  plotted 
in parabolic form, and f rom the evaluat ion of the oxy-  
gen diffusion constant in the meta l  f rom the hardness 
profiles. The parabolic oxidation relat ionship was de-  
te rmined to be 

Kp(~g'O/cmehr x/2) : (76.00 ~- 43.77) = 1.20 x 10 ~ [5] 

upon substitution of the fol lowing values in Eq. [3]: 
CIn and CIII = 1.514 and 0.439 g . O / c m  3, respect ively,  
27x/D11 ---- 7.07 x 10-~ c m / x / h r  , BI = 0.768 g ' O / c m  3 
and DI ---- 1.24 x 10 -12 cmf/sec.  This value  was in 

agreement  to that  of 1.33 x 102 ~g .O/cmfhr  1/2 found 
exper imenta l ly  and it is apparent  that, in spite of the 
initial deviation, the mechanism of oxidat ion at long 
times can be explained in terms of the proposed oxi-  
dation model. 

Unfor tuna te ly  the applicabil i ty of this analysis to 
the data at lower  tempera tures  could not be deter -  
mined because the accuracy of the determinat ions  of 
scale thicknesses (Table I) was not sufficient to permi t  
a rel iable value for the rate  of movemen t  of the m e t a l /  
oxide interface. Nevertheless ,  all the  evidence f rom 
measurements  of scale thicknesses and oxygen gradi-  
ents in the metal  at long t imes is consistent wi th  the 
model  for oxygen diffusion in both the oxide and the 
meta l  leading to a parabolic rate  equation. 

Conclusions 
The oxidation mechanism for  z i rconium in the t em-  

pera ture  range 400~176 was consistent wi th  an 
oxidat ion model  for oxygen diffusion in the oxide, and 
the meta l  and the kinetics for long t imes were  best ex-  
pressed in terms of a parabolic ra te  equation. Deter -  
minations of oxygen diffusion constants in the metal  
f rom oxidation data over the above t empera tu re  
range  were  in good agreement  wi th  repor ted  data. 
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Electrochemical Calorimetry 
IV. Measurement of the Reversible Heat Effect Attending the Passage of 

an Electric Current Across a Liquid Junction 

A b n e r  Brenner  and  S. L. C a t e y  

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

Measurements  of the t empera tu re  changes resul t ing f rom the passage of 
current  across the interface of two electrolytes were  made at various distances 
f rom the junct ion so as to yield a t empera tu re  profile of the effect. The total 
heat  effect was calculated f rom the area under  the curve  of the t empera tu re  
profile. The coefficient obtained by dividing the total heat  effect by the charge 
is repor ted  as a vol tage-equiva lent .  The fol lowing values were  obtained for 
three  systems of electrolytes and are probably correct  to wi th in  about 7 mv:  
0.04M hydrochlor ic  acid and 0.4M hydrochlor ic  acid, 30 my;  0.90M hydrochlor ic  
acid and 3.0M potassium chloride, 80 mv;  1.15M hydrochloric  acid and 1.21M 
l i th ium chloride, 80 inv. A hypothesis is advanced to re la te  the vo l t age -equ iva -  
lent  of the heat  effects to the diffusion l iquid junct ion potentials and to the 
Pel t ier  effect. 

This research is one phase of a continuing program 
of e lectrochemical  ca lor imetry  dealing wi th  the broad 
aspects of the heat  effects at tending the passage of the 
electric cur ren t  across interfaces involving e lec t ro-  
lytes. Previous  papers (1-3) in this series have dealt  
wi th  the revers ible  heat  effects a t tending the passage 
of current  be tween a meta l  electrode and an electro-  
lyte. This paper deals wi th  the revers ible  heat  effects 
at tending the passage of current  across the boundary  
of two electrolytes. 

The revers ib le  heat  effect a t tending the passage of 
an electric current  across the boundary  of two metals  
is known as the Pel t ie r  effect. The heat ing produced at 
a junct ion by the passage of charge in one direction is 
equal  to the cooling produced when  charge flows in the 
opposite direction. The Pel t ie r  effect is revers ib le  in 
this sense, but  this should not be confused with  the rmo-  
dynamic reversibi l i ty .  The Pel t ie r  coefficient is ob- 
tained by dividing the heat  effect, expressed in joules, 
by the charge expressed in coulombs. Al though joules 
per coulomb has the dimensions of voltage, it is a moot  
point as to whe the r  this vol tage actual ly exists at the 
interface of two metals  at constant temperature .  

The passage of an electric current  across the interface 
of an e lect rolyte  and a meta l  or across the junct ion of 
two different electrolytes also gives rise to revers ib le  
heat  effects. The phenomenon involving electrolytes 
has also been called a Pel t ie r  effect, and sometimes an 
electrolytic Pel t ie r  effect. For reasons given in the 
Discussion, it is the authors '  opinion that  this designa- 
tion is a misnomer  and leads to confusion in the in te r -  
pretat ion of the phenomenon.  

To aver t  preconceived ideas in the explanat ion of 
these revers ib le  heat  effects, the t e rm revers ib le  elec-  
t ro thermal  effect wi l l  be used in the case of e lectro-  
lytes. As wi th  the Pel t ie r  effect, the coefficient which 
characterizes this phenomenon will  be expressed in 
joules per  coulomb and wil l  be called the vo l tage-  
equivalent .  

Bagard (4) made  qual i ta t ive  measurements  of the 
revers ib le  e lec t ro thermal  effect and asserted that  the 
phenomenon had been demonstra ted as ear ly  as 1870. 
The ear ly  work  showed that  the flow of current  f rom a 
solution of e lectrolyte  of one concentrat ion to a similar  
solution of lower  concentrat ion produced heat ing at 
the junct ion of two salt  solutions and cooling at the 
junct ion of two acid solutions. P lanck (5) made a 
mathemat ica l  analysis of the production of heat  resul t -  
ing ei ther  f rom free interdiffusion or f rom the passage 

of an electric current  be tween two dilute electrolytes 
in contact, but  did not ment ion the e lec t ro thermal  
effect. According to his theory,  a t empera tu re  differ- 
ence, which should be readi ly  detectable, occurs near  
the boundary of two electrolytes which are  f reely  dif-  
fusing into each other. No such effect was detected in 
our experiments .  

Fig. 1. U-tube used for measurement of thermoelectric effect at 
liquid junctions. Schematic drawing of U-tube: 1, Ag-hgCI elec- 
trode; 2, glass cylinder containing powder for thermal insulation; 
3, less dense electrolyte; 4, brass flange for holding glass cylinder; 
5, tube for removing air from chamber; 6, spacer for adjusting 
width of slit; 7, slit at the boundary, 0.25 mm wide; 8, plastic 
tube with small perforations for removing electrolytes through the 
slit, thus forming a sharp junction between the electrolytes; 9, 
Lucite housing to hold the two parts of the U-tube; 10, denser 
electrolyte. 
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1 amp. 
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Fig. 3. Temperature changes occurring in the vicinity of the 
junction of 0.9M HCI and 3.0M KCI as a result of the passage of 
current, 13.3 ma/cm ~', for 60 sec. Curves were directly produced 
with a recording potentiometer. The designations A, B, and C 
indicate the position of the thermistor bead with respect to the 
junction: A indicates the interface of the junction; B and C dis- 
tances of 2 and 10 mm from the junction, respectively. 1 and 2 
denote the direction of passage of current. Curve 1, current passed 
from hydrochloric acid to potassium chloride; curve 2, current 
passed in the opposite direction; curve 3, temperature effect 
caused by Joule heat alone. Result obtained by placing thermistors 
4 cm from boundary. 

Our interest  in the measurement  of the revers ible  
e lec t ro thermal  effect arose in the course of our ex-  
per iments  on electrochemical  calorimetry.  Naively,  it 
seemed possible to measure  the diffusion l iquid junc-  
tion potent ial  be tween two electrolytes f rom the re-  
versible  heat  developed by the passage of charge across 
their  junction. In the Discussion, we show that  this was 
not easy to accomplish. 
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Fig. 4. Effect of current density on the temperature profile of 
the thermoelectric effect obtained in the vicinity of the junction 
of 0.9M HCI and 3.0M KCI. Current was passed for 30 sec. Curves 
1, 2, and 3 represent, respectively, current densities of 26.6, 13.3, 
and 6.7 ma/cm 2. 

plott ing the t empera tu re  change against distance nor-  
mal to the junction. The vo l t age-equ iva len t  for the 
junct ion is then readi ly  calculated f rom the tempera-  
ture profile. This type of calorimetry,  re fe r red  to as 
the method of t empera tu re  profile, has not been pre-  
viously applied to aqueous solutions. 

Results 
Effect of Variables on the Voltage-Equivalent  

It  was important  to know whe the r  the cur ren t  den-  
sity, the period of current  passage, and the sharpness 
of the junct ion affected the value  of the vo l tage-  
equivalent  measured  by the t empera tu re  profile 
method. 

The study of these variables  was made with  two 
electrolytes chosen to produce the same tempera tu re  
rise f rom the Joule  heat  effect (when a common cur-  
rent  passed through them) .  This choice reduced the 
amount  of Joule  heat  that  would  flow across the junc-  
tion in the course of an experiment .  The solutions were  
3M potassium chloride and 0.9M hydrochloric  acid, 
wi th  specific resistivities, respectively,  2.98 ohm-cm 
and 3.5 ohm-cm. 

Figure  4 shows tempera tu re  profiles at current  den-  
sities of 6.7 m a / c m  2, 13.4 m a / c m  2, and 27 m a / c m  2. The 
e lec t ro thermal  effect was approximate ly  proport ional  
to the current  densities. The range of the vol tage-  

Apparatus and Procedure 
A large U- tube  contained the two electrolytes fo rm-  

ing the l iquid junction. The U- tube  and associated 
equipment  are shown in Fig. 1-2. 

The procedure  used for measur ing the revers ib le  
e lec t ro thermal  effect is only briefly ment ioned here. 
Exper imenta l  details are given in the appendix. 

For  a typical  experiment ,  current  was passed across 
the boundary  of two different electrolytes;  for example,  
hydrochloric  acid and potassium chloride, for 30 sec. 
The resul t ing change of t empera tu re  was detected at 
the end of the period with  small, sensitive thermistors,  
located at a specific distance f rom the boundary.  The 
exper iment  was repeated with  the cur ren t  flowing in 
the opposite direction. Typical  graphs of the var ia t ion 
of t empera tu re  wi th  t ime are shown in Fig. 3. The 
difference between the two t empera tu re  measurements  
gave the t empera tu re  change due only to the revers ible  
heat  effect. A series of these dual exper iments  were  
made at the junct ion of the electrolytes and at various 
distances in each electrolyte  up to 2 cm from the 
junction, at which distance the revers ible  e lectro-  
thermal  effect was negligible. The t empera tu re  profile 
of the revers ible  e lec t ro thermal  effect is obtained by 
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Fig. 5. Effect of period of current flow on the temperature pro- 
file of the thermoelectric effect obtained in the vicinity of the 
junction of 0.9M HCI and 3.0M KCI. Current density was 13.3 
ma/cm 2. Curves 1, 2, and 3 represent periods of current flow of 
60, 30, and 15 sec, respectively. 
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equ iva l en t ,  72-88 my,  was  p r o b a b l y  w i t h i n  t he  e x p e r i -  
m e n t a l  e r ror .  

The  effect  of t he  p e r i o d  of c u r r e n t  passage  was  i n -  
v e s t i g a t e d  us ing  i n t e r v a l s  of 15, 30, and  60 sec. These  
da ta  w e r e  ob ta ined  w i t h  a r e c o r d i n g  p o t e n t i o m e t e r .  
The  t e m p e r a t u r e  profi les  a r e  s h o w n  in Fig. 5. The  
v o l t a g e - e q u i v a l e n t  r a n g e d  f r o m  70 to  91 my.  D e v i a -  
t ions f r o m  the  a v e r a g e  a r e  p r o b a b l y  w i t h i n  t he  e x -  
p e r i m e n t a l  e r ror .  

A n o t h e r  v a r i a b l e  is t he  t i m e  at  w h i c h  the  t e m p e r a -  
t u r e  m e a s u r e m e n t  is m a d e  a f t e r  cessat ion of c u r r e n t  
flow. The  t e m p e r a t u r e  r e a d i n g  m a y  be  t a k e n  i m -  
m e d i a t e l y  a f te r  t he  cessa t ion  of  c u r r e n t  f low or  a 
shor t  t i m e  a f t e rwa rds .  E v e n  t h o u g h  h e a t  f lowed  
f r o m  one  r eg ion  of the  U - t u b e  to ano ther ,  t he  
to ta l  a m o u n t  of h e a t  ob ta ined  by  g r aph i ca l l y  i n t e -  
g ra t ing  the  a rea  u n d e r  t he  t e m p e r a t u r e  prof i le  shou ld  
r e m a i n  constant .  The  v o l t a g e - e q u i v a l e n t s  based  on 
r ead ings  t aken  0, 30, and  60 Sec a f t e r  cessa t ion  of  c u r -  
r en t  f low had  no def in i te  t rend ,  and  the  d i f fe rences  
w e r e  w i t h i n  the  p robab l e  e x p e r i m e n t a l  e r ror .  A n  e x -  
a m p l e  of e x p e r i m e n t a l  da ta  is shown  in Fig.  6. 

In  t he  p r e l i m i n a r y  work ,  m e a s u r e m e n t s  at t he  
j unc t i on  b e t w e e n  two  e l ec t ro ly te s  w e r e  no t  r e p r o d u c i -  
ble, in some  ins tances  v a r y i n g  by  a fac to r  of 3. The  
cause  of t he  poor  r e p r o d u c i b i l i t y  was  t r aced  to l ack  
of sha rpness  of t he  junc t ion .  Qua l i t a t i ve ly ,  this  was  
d e m o n s t r a t e d  by  a ser ies  of m e a s u r e m e n t s  s t a r t i ng  
w i t h  a diffuse j unc t i on  and  t h e n  p r o g r e s s i v e l y  s h a r p -  
en ing  the  j unc t i on  by  d r a w i n g  off success ive  i n c r e -  
men t s  of e lec t ro ly te .  T h e  e l e c t r o t h e r m a l  effect  was  
found  to inc rease  in  m a g n i t u d e  and b e c o m e  cons tan t  
w h e n  the  j u n c t i o n  was  sharp.  

I n  one  ser ies  of m e a s u r e m e n t s ,  r ead ings  fo r  each  
posi t ion of the  t h e r m i s t o r s  w e r e  t a k e n  w i t h i n  10 m i n  
a f t e r  a n e w  junc t i on  had  b e e n  es tabl i shed.  This  was  the  
t i m e  r e q u i r e d  for  the  t e m p e r a t u r e  to b e c o m e  s tab le  
a f t e r  each  w i t h d r a w a l  of solut ion.  In  a n o t h e r  ser ies  
of m e a s u r e m e n t s ,  r ead ings  w e r e  t a k e n  a f te r  t he  e lec -  
t ro ly t e s  had  stood 2 hr,  and  the  j u n c t i o n  h a d  b e c o m e  
diffused. F i g u r e  7 shows  tha t  t he  t e m p e r a t u r e  prof i le  
for  t he  diffuse junc t ion  was  m u c h  f la t ter  t h a n  the  other .  
H o w e v e r ,  the  v o l t a g e - e q u i v a l e n t s  a g r e e d  w i t h i n  abou t  
7% w h i c h  is w i t h i n  e x p e r i m e n t a l  e r ror .  The  sma l l  
effect  of the  sha rpness  of t he  j u n c t i o n  on  the  v o l t a g e -  
e q u i v a l e n t  is cons i s ten t  w i t h  its sma l l  effect  on the  
j u n c t i o n  potent ia l .  

I f  two  e l ec t ro ly t e s  h a d  an a p p r e c i a b l e  h e a t  of m i x -  
ing, t he  prec i s ion  of m e a s u r e m e n t  of t he  r e v e r s i b l e  
e l e c t r o t h e r m a l  effect  w o u l d  be  l imi ted .  H a m e r  (6) 
no ted  the  d i s tu rb ing  effect  of h e a t  p r o d u c e d  at a l i q u i d  
j unc t i on  on the  m e a s u r e m e n t  of t he  emf  of concen -  
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Fig. 6. Effect of interval of time after cessation of current flow 
on the temperature profile of the thermoelectric effect obtained in 
the vicinity of the junction of 0.9M HCI and 3.0M KCI. Current 
density, 13.3 ma/cm2; period of current flow, 30 sec. Curves l, 2, 
and 3 represent, respectively, measurements taken immediately 
after cessation of current flow, 30 sec and 60 sec later. 
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3.0M KCI on the temperature profile of the thermoelectric effect. 
A current density of 13.3 ma/cm 2 was passed for 30 sec across 
the junction. Curves 1 and 2 represent readings taken, respectively, 
within 10 min after establishment of a sharp junction and 2 hr 
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t r a t i on  cel ls  con ta in ing  su l fu r ic  acid. T h e  effect  was  
s m a l l e r  t h a n  0.01 m v  for  so lu t ions  h a v i n g  a d i f fe r -  
ence  in pa r t i a l  m o l a l  hea t  con ten t  of less t h a n  800 
cal  and  on ly  0.15 m v  for  so lu t ions  h a v i n g  a d i f fe r -  
ence  of 2000 cal. The  solut ions  w i t h  w h i c h  we  w e r e  
dea l ing  h a d  a sma l l  h e a t  of mix ing .  F o r  example ,  w e  
found  tha t  t he  pa r t i a l  m o l a l  h e a t  of  m i x i n g  of  1.2M 
LiC1 w i t h  1.1M HC1 was  on ly  abou t  100 cal. In  our  
m e a s u r e m e n t s ,  w e  did no t  obse rve  any  h e a t  effect  
caused  by  the  spon t aneous  diffusion of t he  solut ions,  
hence ,  i t  m u s t  h a v e  been  less t h a n  0.0005 d e g r e e / m i n .  

Measurements  on Other  Pairs of Electrolytes  

The  f o l l o w i n g  pai rs  of e l ec t ro ly t e s  w e r e  s tudied:  
3.0M KC1 and  0.9M HC1; 0.04M HC1 and  0.40M HC1; and  
1.15M HC1 and  1.21M LiC1. The  first  pa i r  of  e l e c t r o -  
ly tes  has  b e e n  d iscussed  in t he  p r e c e d i n g  section.  

M e a s u r e m e n t s  on h y d r o c h l o r i c  acid  so lu t ions  h a v i n g  
concen t r a t i ons  of 0.04M and  0.4M w e r e  m o r e  difficult  
to ob ta in  t h a n  those  of t he  po t a s s ium c h l o r i d e - h y -  
d roch lo r i c  acid systems,  because  the  h igh  r e s i s t i v i t y  of 
the  0.04M so lu t ion  caused  the  g e n e r a t i o n  of a l a rge  
a m o u n t  of J o u l e  h e a t  w h i c h  t e n d e d  to obscure  t he  e l ec -  
t r o t h e r m a l  effect .  The  diff icul ty was  p a r t l y  r e s o l v e d  by  
w o r k i n g  at l o w e r  c u r r e n t  dens i t ies  of 3.5-7 m a / c m  2. 
S ince  the  J o u l e  h e a t  fa l ls  off as t he  s q u a r e  and the  
e l e c t r o t h e r m a l  effect  as t he  first  p o w e r  of t he  cur ren t ,  
dec rea s ing  the  c u r r e n t  p r o d u c e d  a n e t  ga in  in d i sc r imi -  
nat ion.  H o w e v e r ,  the  c u r r e n t  m u s t  be  suff icient  to y i e ld  
an  e l e c t r o t h e r m a l  effect  g r e a t e r  t h a n  the  s tat is t ical ,  
acc iden ta l  f luctuat ions .  T h e  v o l t a g e - e q u i v a l e n t  for  t he  
h y d r o c h l o r i c  acid  sys t em was  abou t  30 my.  

No p a r t i c u l a r  diff icul ty was  e n c o u n t e r e d  w i t h  1.15M 
HC1 and  1.21M LiC1 solut ions .  The  v o l t a g e - e q u i v a l e n t  
was  abou t  80 inv.  

Direction of the Electrothermal  ~fyect 

Since  the  c u r r e n t  across  a j u n c t i o n  can  cause  e i t he r  
h e a t i n g  or  cooling,  the  d i r ec t ion  of the  c u r r e n t  m u s t  
be  co r r e l a t ed  w i t h  t he  t e m p e r a t u r e  effect. F o r  ou r  p u r -  
poses, i t  was  c o n v e n i e n t  to speci fy  t he  d i r ec t ion  of t he  
c u r r e n t  ( tha t  is, t he  i m p r e s s e d  c u r r e n t  be ing  r e g a r d e d  
as f lowing f r o m  a pos i t ive  t o w a r d  a n e g a t i v e  e l ec t rode )  
tha t  p r o d u c e d  cool ing.  

The  a r r o w  in the  f o l l o w i n g  char t  g ives  t he  d i rec t ion  
of c u r r e n t  f low acco rd ing  to the  above  c o n v e n t i o n  as 
w e l l  as t he  hea t  effect  p r o d u c e d  by  passage  of a f a r a -  
day  of  e l ec t r i c i ty  across the  junc t ion .  This  is d e r i v e d  
f r o m  t h e  v o l t a g e - e q u i v a l e n t  by  m u l t i p l y i n g  by  23,000 
w h i c h  is a p p r o x i m a t e l y  t he  n u m b e r  of ca lor ies  in a 
v o l t - f a r a d a y .  
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S y s t e m  V o l t a g e  - e q u i v a l e n t  

E l e c t r o t h e r m a l  
h e a t  p e r  

f a r a d a y ,  cal  

0.4M H C I : ~  :0 .04M H C I  0.030 700 
1.21M L i C I : ~ : I . 1 5 M  HC1 0.080 1800 
3.0M K C I : ~ : 0 . 9 0 M  t iC1 0.080 1800 

Discussion 
In a study of the revers ible  e lec t ro thermal  heat  effect 

of a s i lver -s i lver  chloride electrode in chloride e lec t ro-  
lytes, Lange (7) and Sher fey  (2) concluded that  the 
effect was a composite one. The major  component  of 
the heat  effect was associated with  the entropy change 
of the electrochemical  reaction. An additional effect 
was in fer red  f rom the unexpec ted  resul t  that  the 
heat  effect for the l i th ium chloride solution differed 
f rom that  for the hydrochlor ic  acid solution, a l though 
both had the same chloride ion activity. Lange pro-  
posed that  the additional effect was an entropy of t rans-  
port, and Brenner  (2, p. 218) suggested that  it was a 
contact vol tage or Pel t ie r  coefficient s imilar  to that  
which occurs at the interface between two metals. 

Lange re fe r red  to the revers ible  heat  effect as a 
Pel t ie r  effect, whereas  Sher fey  re fe r red  to it as a hal f -  
cell entropy. The appellat ion of "Pe l t i e r"  to the ex-  
per iments  in this paper could lead to confusion, since 
the revers ib le  e lec t ro thermal  effect does not  possess the 
same characterist ics as the "Pel t ier ."  For  example,  the 
emf at uni form tempera tu re  of a complete  circuit  com- 
posed of metals  is zero, but  the emf of a circuit  con- 
sisting of metals  dipping into electrolytes is not zero, 
witness the concentrat ion cell. In the case of the s i lve r -  
s i lver  chloride electrode immersed in a chloride elec-  
trolyte, Sher fey  found that  the vo l t age-equ iva len t  of 
the junct ion obtained by calor imetr ic  measurements  
was closely equal  to T.dE/dT,  1 as is characterist ic of 
the Pel t ier  effect, but  this was not t rue for a si lver 
electrode immersed  in a solution of si lver perchlorate.  
Fur thermore ,  the summat ion of the T-dE/dT  for all 
the junctions in a complete  electrolytic circuit  is not  
necessari ly equal  to zero as is characteris t ic  of the 
Pel t ier  effect. 

Similarly,  the revers ible  e lec t ro thermal  effect at 
l iquid junctions is not a t rue  Pel t ie r  effect, since it  has 
been demonst ra ted  that  a complete  circuit  of l iquid  
junctions can have an appreciable  emf at un i form t em-  
perature.  Data to be repor ted  in a fu ture  paper wi l l  
show that  the vo l t age-equ iva len t  of a l iquid junction, 
as de termined by the method of t empera tu re  profile, 
is not equal  to T" dE/dT. 

We suggest that  the e lec t ro thermal  effect of l iquid 
junctions is also a composite phenomenon.  The vol tage-  
equivalent  must  include the convent ional  l iquid junc-  
tion potent ial  2 as one component,  as the fol lowing 
a rgument  shows. If the l iquid junct ion potent ial  is 
Vpd, then it  must  be capable of generat ing energy equal  
to Vpd F per faraday, F, of electricity. The source of 
this energy must  be the ent ropy change that  occurs at 
the ~unction. It  cannot come f rom a change in in terna l  
energy  since the heat  of mix ing  of the electrolytes was 
not significant. Therefore,  according to the first law of 
thermodynamics ,  the energy furnished by the l iquid 
junct ion must  come f rom the absorption of heat  which 
is changed into electr ical  energy.  Phenomenological ly ,  
it makes no difference to the changes at the junct ion 
whe the r  the electric current  is generated in ternal ly  or 
passed through f rom an ex te rna l  source. Hence, a cur -  
rent  passed through the junct ion in the direct ion of the 
spontaneously generated cur ren t  should cause an ab- 
sorption of heat  equal  to VpdF and, if passed in the op- 
posite direction, should cause the evolut ion of an equal  
amount  of heat. 

1 dE~tiT is  t h e  c h a n g e  i n  t h e  i n t e r f a c e  p o t e n t i a l  w i t h  a b s o l u t e  
t e m p e r a t u r e .  

2 T h i s  r e f e r s  to  t h e  d i f f u s i o n  l i q u i d  j u n c t i o n  p o t e n t i a l  c a l c u l a t e d  
_~FRT I I I~  t~ 

b y  t h e  f o l l o w i n g  r e l a t i o n s :  Vp~ ~ -- d In a t ,  w h e r e  t~ is  
Z~ 

t h e  t r a n s f e r e n c e  n u m b e r  of  t h e  v a r i o u s  ions,  Z~ t h e  v a l e n c e ,  a n d  a i  
t h e  a c t i v i t i e s .  

If the junct ion should happen to be a the rmody-  
namical ly  revers ible  system, then the Gibbs-Helmhol tz  
law should apply, E ~ AH/F --  T .dE/dT.  Since AH is 
not significant, then the emf of the junct ion should be 
given by T.dE/dT.  Data which wil l  be presented in a 
for thcoming publ icat ion wil l  show that  this last re la -  
tion is not followed. 

If the convent ional  l iquid junct ion potent ial  were  
the only source of the e lec t ro thermal  effect, then the 
determinat ion of the lat ter  would afford a means of 
measur ing the junct ion potential.  However ,  our data 
showed that  another  source of vol tage must  be super-  
imposed. For  example,  the exper imenta l  vo l tage-  
equiva len t  for the 1.21M LiC1 solution in contact  wi th  
1.15M HC1 was found to be 80 my. However ,  the cal-  
culated l iquid junct ion potent ial  was 33 mv, and its 
direction was opposite to that  of the measured  vol tage-  
equivalent .  Therefore,  the la t ter  must  include a com- 
ponent  that  was not only larger  than the l iquid junc-  
tion, but also of opposite polarity.  

The  second component  of the vol tage-equivalent ,  
Vpc, perhaps can be in te rpre ted  as Lange did for the 
meta l -e lec t ro ly te  system, as an entropy of transport.  
However ,  the authors prefer  at this point not to give 
an ul t imate  explanat ion of the effect. They consider 
the second component  to be phenomenological ly  the 
same as the Pel t ie r  coefficient that  exists be tween  two 
different metals  in contact at uni form temperature ,  
because this component  appears to have the same char-  
acteristics. The basis for this opinion is contained in 
data on hand which wil l  be published in the near  fu-  
ture, but is summarized here. The component  Vpc does 
not appear to contr ibute  to the emf of a complete  cell 
at uni form temperature .  This is consistent wi th  the 
law of thermocouples,  which states that  the sum of the 
Pel t ier  coefficients of a circuit  of metals  is zero. Fu r -  
thermore,  the component  appears to be given by the 
Kelv in  relation, Vpc ~ TdE/dt ,  where  dE/dT is the 
change in the potential  of a l iquid junct ion with  t em-  
perature.  The convent ional  l iquid junct ion potential ,  
Vpd, does not appear  to have  an appreciable t empera -  
ture  coefficient. 

The results of this discussion can be summarized by 
three equations: 

Vp ~ Vpc -}- Vpd [1] 

where  Vp is the vo l t age-equ iva len t  that  is de te rmined  
exper imental ly ,  Vpd is the l iquid junct ion potent ial  
(see footnote No. 2) and Vvc is the Pel t ier  coefficient. 

~Vp~ = 0 [2] 

for a complete circuit  or cell. 

Vvc : T .dE / dT  [3] 

where  dE/dT is the t empera tu re  coefficient of the l iq-  
uid junction. 

In work  to be repor ted  later, values of Vpc were  
obtained by means of the Kelv in  re la t ion of Eq. [3], 
for the three  systems of electrolytes repor ted  here. Vp 
was de termined  by the method  of t empera ture  profile 
calorimetry.  The l iquid junct ion potential,  Vpd, should 
be obtainable f rom Eq. [1]. The data are given in the 
fol lowing table:  

L i q u i d  
j u n c t i o n  
po t en t i a l ,  

S y s t e m  Vp, m v  Vpc, m v  Vpd, m v  a p p r o x .  

0.4M H C I :  :0 .04M H C I  30 6 24 35 

1.21M L iC l :  : I .15M H C l  ~0 ~3 ~3 ~3 

~o ~ ~ ~0 3.0M K C l :  :0.90M H C l  103 23 
__> -_> <-- <__ 

The arrows indicate the direct ion of each vol tage across 
the junction, for cur ren t  flowing across the junct ion 
f rom left  to right. Values for Vp~ may  not be precise, 
since there  may  be other phenomena  than the two 
noted. However ,  the values are of the r ight  order  of 
magni tude  and have  the r ight  polarity.  
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Temperature Profile Method of Calorimetry 
E l e c t r o c h e m i c a l  r e a c t i o n s  a n d  p h e n o m e n a  o c c u r  a t  

i n t e r f a c e s  and ,  c o n s e q u e n t l y ,  t h e  m e t h o d  of t e m p e r a -  
t u r e  p rof i l e  w h i c h  in  a m e a s u r e  i so la tes  t h e  h e a t  effects  
a t  a n  i n t e r f a c e  s h o u l d  b e  p e c u l i a r l y  a p p l i c a b l e  to  e l ec -  
t r o c h e m i c a l  i n v e s t i g a t i o n s .  Th i s  i n v e s t i g a t i o n  h a s  
s h o w n  t h a t  c a l o r i m e t r y  b y  t h e  m e t h o d  of  t e m p e r a t u r e  
prof i le  is a n  a l t e r n a t i v e  to c o n v e n t i o n a l  c a l o r i m e t r y ,  as 
d e s c r i b e d  b y  S h e r f e y  a n d  B r e n n e r  (1) f o r  s t u d y i n g  
e l e c t r o c h e m i c a l  r e a c t i o n s .  

T h e  one  a d v a n t a g e  of t h e  c o n v e n t i o n a l  t y p e  of  e l ec -  
t r o c h e m i c a l  c a l o r i m e t r y  is t h a t  t h e  s y s t e m  u n d e r  
s t u d y  c a n  b e  s t i r r e d  a n d  is, t h e r e f o r e ,  of a u n i f o r m  
t e m p e r a t u r e .  H o w e v e r ,  t h e  s m a l l  h e a t  effects  w h i c h  
occu r  a t  t h e  e l e c t r o d e s  a r e  d i s s i p a t e d  t h r o u g h  a v o l u m e  
of e l e c t r o l y t e  so t h a t  t h e  t e m p e r a t u r e  r i s e  is smal l .  

T h e  a d v a n t a g e  of t h e  m e t h o d  of t e m p e r a t u r e  p rof i l e  
is t h a t  t h e  h e a t  effects  a r e  t e m p o r a r i l y  i m m o b i l i z e d ,  as 
i t  w e r e ,  a n d  c a n  b e  m e a s u r e d  r e a d i l y ,  e v e n  t h o u g h  of 
s m a l l  m a g n i t u d e .  W h e r e a s ,  t h e  c o n v e n t i o n a l  t y p e  of 
e l e c t r o c h e m i c a l  c a l o r i m e t r y  m i g h t  i n v o l v e  t h e  p r o d u c -  
t i o n  of a f e w  h u n d r e d  ca lor ies ,  t h e  m e t h o d  of t e m p e r a -  
t u r e  prof i le  r e q u i r e s  t h e  p r o d u c t i o n  of on ly  a t e n t h  o r  
a h u n d r e t h  of a ca lor ie ,  a q u a n t i t y  s m a l l e r  b y  a f a c t o r  
of 102 or  l0  s . F o r  e x a m p l e ,  in  a n  e x p e r i m e n t  b y  t h e  
m e t h o d  of t e m p e r a t u r e  profi le ,  a c u r r e n t  of 0.05 a m p  
w a s  p a s s e d  fo r  30 sec ac ross  a j u n c t i o n  h a v i n g  a v o l t -  
a g e - e q u i v a l e n t  of 0.03v. T h e  r e v e r s i b l e  h e a t  in  s u c h  a n  
e x p e r i m e n t  w a s  a b o u t  0.01 cal.  T h e  a d v a n t a g e  of s m a l l  
e l ec t r i c  c u r r e n t s  is t h a t  a s y s t e m  in  e q u i l i b r i u m  is 
d i s t u r b e d  v e r y  l i t t le .  Also,  p o l a r i z a t i o n  is less  of  a 
p r o b l e m .  

T h e  m e t h o d  of t e m p e r a t u r e  p rof i l e  d e s c r i b e d  in  t h i s  
r e p o r t  is a first,  c r u d e  a t t e m p t  a n d  s h o u l d  b e  c a p a b l e  
of m a n y  r e f i n e m e n t s .  T h e s e  w o u l d  i m p r o v e  t h e  p r e s e n t  
r a t h e r  l ow  p r e c i s i o n  a n d  e x t e n d  t h e  m e t h o d  to s h o r t e r  
p e r i o d s  of c u r r e n t  passage .  F o r  e x a m p l e ,  t h e  h e a t  
effects  o n  t h e  p a s s a g e  of a p u l s e  of c u r r e n t  of m i l l i -  
s e c o n d  d u r a t i o n  cou ld  b e  p i c k e d  u p  b y  a r e c o r d i n g  
o s c i l l o g r a p h .  
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A P P E N D I X  

Apparatus, Experimental Details, and Calculations 
U-tube and thermistors.--The e x p e r i m e n t s  w e r e  c o n -  

d u c t e d  w i t h  a l a r g e  U - t u b e  i n  w h i c h  t h e  j u n c t i o n  b e -  
t w e e n  t h e  t w o  e l e c t r o l y t e s  w a s  f o r m e d  a p p r o x i m a t e l y  
in  t h e  m i d d l e  of o n e  l imb .  T h e  g e n e r a l  n a t u r e  of t h e  
U - t u b e  is s h o w n  i n  Fig.  1. I t  h a s  t w o  l a r g e  b e l l s  a t  t h e  
top  fo r  c o n t a i n i n g  e x t r a  so lu t ion .  T h e  r e s t  of  t h e  U - t u b e  
h a d  a u n i f o r m  d i a m e t e r  of 4.5 cm. T h e  U - t u b e  w a s  
45 c m  l o n g  a n d  15 c m  across  t h e  n a r r o w  p a r t  of t h e  
l imbs .  T h e  size of t h e  t u b e  w a s  a r b i t r a r y .  A t u b e  w i t h  
a l a r g e  cross  s ec t ion  m i n i m i z e s  h e a t  l e a k a g e  f r o m  t h e  
i n t e r i o r  of t h e  so lu t ion ,  a n d  t h e  s y s t e m  is e s s e n t i a l l y  
a d i a b a t i c .  H e a t  l e a k a g e  w a s  r e d u c e d  f u r t h e r  b y  i n -  
s u l a t i n g  t h e  l i m b  c o n t a i n i n g  t h e  j u n c t i o n .  T h e  f u n c -  
t i o n a l  l i m b  of t h e  U - t u b e  w a s  c o n s t r u c t e d  in  t w o  
p ieces  h a v i n g  g r o u n d ,  p a r a l l e l  e n d s  s p a c e d  a b o u t  0.25 
m m  a p a r t  b y  a l u c i t e  h o u s i n g .  T h e  l u c i t e  h o u s i n g  c o n -  
t a i n e d  a p l a s t i c  t u b e  p e r f o r a t e d  w i t h  m a n y  s m a l l  ho les  
w h i c h  s u r r o u n d e d  t h e  sli t .  T h e  f r e e  e n d  of t h e  t u b e  w a s  
a t t a c h e d  to a w a t e r  a s p i r a t o r .  To f o r m  t h e  j u n c t i o n ,  
b o t h  e l e c t r o l y t e s  w e r e  d r a w n  s i m u l t a n e o u s l y  f r o m  t h e  
i n n e r  p a r t  of  t h e  U - t u b e ,  t h r o u g h  t h e  s l i t  b e t w e e n  t h e  
t w o  g lass  t ubes ,  i n t o  t h e  p e r f o r a t i o n  in  t h e  p l a s t i c  t u b e  
a n d  f r o m  t h e r e  to  w a s t e .  O n e  of t h e  e l e c t r o l y t e s  w a s  
c o l o r e d  w i t h  a d y e  to  m a k e  t h e  p o s i t i o n  of t h e  j u n c t i o n  
m o r e  eas i ly  d i s c e r n i b l e .  T h i s  d e v i c e  g a v e  a s h a r p  j u n c -  
t ion .  

S i l v e r - s i l v e r  c h l o r i d e  e l ec t rodes ,  t h r o u g h  w h i c h  a 
c u r r e n t  w a s  i n t r o d u c e d  i n to  t h e  U - t u b e ,  w e r e  p l a c e d  
in  t h e  b e l l - s h a p e d  u p p e r  ends .  

T e m p e r a t u r e s  w e r e  m e a s u r e d  w i t h  t h e r m i s t o r s ,  
s ince  t h e r m o c o u p l e s  w e r e  n o t  s e n s i t i v e  e n o u g h .  T h e  
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a v e r a g e  t e m p e r a t u r e  a t  a n y  h o r i z o n t a l  p l a n e  a b o v e  o r  
b e l o w  t h e  j u n c t i o n  w a s  m e a s u r e d  b y  f o u r  t h e r m i s t o r s  
r i g i d l y  f a s t e n e d  t o g e t h e r  in  t h e  s a m e  h o r i z o n t a l  p l a n e  
a n d  c o n n e c t e d  i n  pa r a l l e l .  T h e  t h e r m i s t o r s  w e r e  
m o u n t e d  on  a s c r e w  d e v i c e  a n d  c o u l d  b e  r a i s e d  or  
l o w e r e d  r e a d i l y .  T h e i r  d i s t a n c e  f r o m  t h e  j u n c t i o n  w a s  
r e a d  o n  a sca le  c a l i b r a t e d  in  m i l l i m e t e r s .  

S i n c e  t h e  loca l  t e m p e r a t u r e  in  t h e  e l e c t r o l y t e  h a d  
to b e  m e a s u r e d  w i t h  a t i m e  l ag  of  less  t h a n  1 sec, t h e  
t h e r m i s t o r  b e a d s  h a d  to b e  smal l .  T h e y  w e r e  a b o u t  
0.15 m m  in  d i a m e t e r  a n d  h a d  a r e s i s t a n c e  of a b o u t  1000 
ohms .  T h e y  w e r e  c o n n e c t e d  to p l a t i n u m - i r i d i u m  l e a d  
w i r e s  a b o u t  0.1 m m  th ick .  T h e  b e a d s  w e r e  f u s e d  i n to  
t h e  e n d  of a g lass  p robosc i s ,  0.5 m m  in  d i a m e t e r  a n d  
a b o u t  6 m m  long,  w h i c h  w a s  c o n n e c t e d  to a g lass  s h a f t  
a b o u t  50 c m  long.  

T h e  t h e r m i s t o r  b e a d s  w e r e  m o r e  t h a n  1 cm f r o m  t h e  
w a l l  of t h e  U - t u b e  a n d  t h e r e  w a s  n o  i n d i c a t i o n  t h a t  
h e a t  f low f r o m  th i s  p o i n t  to  t h e  w a l l  w a s  a f a c t o r  
d u r i n g  m e a s u r e m e n t .  T h e  t o t a l  cross  sec t ion ,  a b o u t  0.3 
c m  2, of t h e  g lass  s u p p o r t s  a n d  g u a r d s  w a s  o n l y  a s m a l l  
f r a c t i o n  of t h e  cross  s ec t i on  of  t h e  U - t u b e ,  w h i c h  w a s  
15 c m  2. I t  is n o t  l i k e l y  t h a t  t h e s e  s u p p o r t s  c a u s e d  a n  
a p p r e c i a b l e  e r r o r  in  t h e  m e a s u r e m e n t  of t e m p e r a t u r e .  

M e a s u r e m e n t s  of t e m p e r a t u r e  w e r e  m a d e  w i t h  a 
b r i d g e  c i rcu i t .  A t  t h e  b e g i n n i n g  of a n  e x p e r i m e n t ,  t h e  
b r i d g e  w a s  b a l a n c e d ;  a t  t h e  e n d  of t h e  e x p e r i m e n t ,  t h e  
r e a d i n g  of t h e  n u l l  de t ec to r ,  a m i c r o v o l t m e t e r ,  g a v e  t h e  
c h a n g e  of t e m p e r a t u r e .  A b o u t  1 ~v  c o r r e s p o n d e d  to a 
t e m p e r a t u r e  c h a n g e  of  a b o u t  0.001~ 

T h e  c u r r e n t  p a s s i n g  t h r o u g h  e a c h  t h e r m i s t o r  w a s  
a b o u t  100 #a. L a r g e r  c u r r e n t s  c a u s e d  h e a t i n g  a n d  a 
c o n s e q u e n t  s low d r i f t  of  t h e  r e a d i n g  on  t h e  m i c r o -  
v o l t m e t e r .  

A u n i f o r m ,  c o n s t a n t  t e m p e r a t u r e  in  t h e  U - t u b e  w a s  
d e s i r a b l e ,  b u t  i t  c o u l d  n o t  b e  a t t a i n e d  b y  s t i r r i n g  w i t h -  
o u t  d i s r u p t i n g  t h e  j u n c t i o n .  T h e  U - t u b e  w a s  i m m e r s e d  
in  a n  oi l  t h e r m o s t a t  a n d  a l l o w e d  to e q u i l i b r a t e  u n t i l  
f l u c t u a t i o n s  f e l l  b e l o w  a c e r t a i n  a c c e p t a b l e  v a l u e ;  f o r  
e x a m p l e ,  0.5 # v / m i n .  T h e  u n i f o r m i t y  of  t e m p e r a t u r e  
w a s  i m p r o v e d  b y  p l a c i n g  a l a y e r  of m i n e r a l  oil o v e r  
t h e  e l e c t r o l y t e  in  t h e  be l l s  to  d e c r e a s e  e v a p o r a t i o n .  

T h e  t h e r m o s t a t  t e m p e r a t u r e  ( ,~30~ w a s  m a i n -  
t a i n e d  to w i t h i n  0.002 ~ as i n d i c a t e d  b y  a B e c k m a n  
t h e r m o m e t e r ,  b u t  t h e r m i s t o r s  r e v e a l e d  s h o r t - t i m e  
f l u c t u a t i o n s  a r o u n d  t h e  a v e r a g e  v a l u e  w h i c h  a m o u n t e d  
to p e r h a p s  t w i c e  t h i s  a m o u n t .  T h e  t h e r m o s t a t  c o n t a i n e d  
oil  i n s t e a d  of w a t e r ,  as t h e  c o n d u c t i v i t y  of  t h e  l a t t e r  
s o m e t i m e s  p e r m i t t e d  p a r a s i t i c  c u r r e n t s  to e n t e r  t h e  
m e a s u r i n g  sy s t em.  

Suppression of convection currents.--Experimental 
details.--The m o s t  i m p o r t a n t  s i n g l e  f a c t o r  f o r  m a k i n g  
q u a n t i t a t i v e  m e a s u r e m e n t s  w a s  t h e  s u p p r e s s i o n  of 
c o n v e c t i o n  c u r r e n t s ,  w h i c h ,  i f  p r e s e n t ,  c o m p l e t e l y  
v i t i a t e d  a t t e m p t s  to  m e a s u r e  hea t s .  T h e  d i f f icul ty  w a s  
s i m p l y  o v e r c o m e  b y  m a k i n g  t h e  e l e c t r o l y t e  a b o u t  20 
or  30 t i m e s  m o r e  v i scous  t h a n  w a t e r .  

T h e  o n l y  t h i c k e n i n g  a g e n t  w h i c h  w e  f o u n d  to  b e  
s a t i s f a c t o r y  fo r  b o t h  n e u t r a l  a n d  ac id  s o l u t i o n s  w a s  a 
p o l y a c r y l a m i d e ,  s I t  d i d  n o t  h y d r o l y z e  a n d  w a s  n o n -  
ionic.  I n  a c o n c e n t r a t i o n  of a b o u t  2% b y  w e i g h t  i t  i n -  
c r e a s e d  t h e  v i s c o s i t y  of s o l u t i o n s  a b o u t  20- to  30-fold ,  
b u t  d id  n o t  a f fec t  t h e  c o n d u c t i v i t y .  

Details of procedure.--The two  e l e c t r o l y t e s  w e r e  
i n t r o d u c e d  i n to  t h e  U - t u b e  w i t h  c a r e  to p r e v e n t  m i x -  
ing.  A c o r k  d i sk  p l a c e d  a t  a b o u t  t h e  p o s i t i o n  of t h e  
j u n c t i o n  was  h e l p f u l .  Nex t ,  a se t  of f o u r  t h e r m i s t o r s  
w a s  p l a c e d  w i t h  t h e i r  b e a d s  in  t h e  h o r i z o n t a l  p l a n e  
of t h e  s l i t  b e t w e e n  t h e  t w o  p o r t i o n s  of t h e  U - t u b e ,  a n d  
t h e  p o i n t e r  o n  t h e  sca le  of t h e  s c r e w  m e c h a n i s m  w h i c h  
r a i s e d  or  l o w e r e d  t h e  t h e r m i s t o r s  w a s  se t  to  zero.  A 
s h a r p  j u n c t i o n  w a s  p r o d u c e d  b y  a p p l y i n g  a s l i g h t  v a c -  
u u m  to  t h e  s i de  t u b e  a t t a c h e d  to t h e  p l a s t i c  h o u s i n g  
a n d  d r a w i n g  off b o t h  e l e c t r o l y t e s  s i m u l t a n e o u s l y .  T h e  
v o l u m e  of e l e c t r o l y t e  d r a w n  off v a r i e d  f r o m  50 m l  
to a f e w  h u n d r e d  mi l l i l i t e r s .  A f t e r  e a c h  m e a s u r e m e n t  
(or  p a i r  of m e a s u r e m e n t s )  t h e  j u n c t i o n  w a s  r e n e w e d .  
T y p i c a l  d i a g r a m s  of r e c o r d i n g s  of t e m p e r a t u r e  a g a i n s t  
t i m e  a r e  s h o w n  i n  Fig.  3. T h e  u se  of a r e c o r d i n g  p o -  
t e n t i o m e t e r  a p p e a r e d  to offer  no  a d v a n t a g e  o v e r  d i r e c t  
r e a d i n g  of t h e  m i c r o v o l t m e t e r .  

Calculations.--Each m e a s u r e m e n t  of a loca l  r e v e r s i -  
b l e  h e a t  effect  i n v o l v e d  a t  l e a s t  t w o  p a s s a g e s  of c u r -  
r e n t  in  oppos i t e  d i r e c t i o n s  t h r o u g h  t h e  U - t u b e .  T h e  
e l e c t r o c h e m i c a l  effect,  P,  is r e v e r s i b l e ,  a n d  one  d i r e c -  

The polyacrylamide, Cyanamer P250, is a product of American 
Cyanamid Company. 
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tion of current  flow produces heat ing and the other 
cooling, both effects being of equal  magnitude.  This 
proper ty  of the effect enables it to be differentiated 
f rom the Joule  heat, which is of the same sign and 
magni tude  regardless  of the direction of the current  
flow. The e lec t ro thermal  effect at any locali ty is equal  
to one-hal f  the difference be tween  the two heat  effects, 
and the Joule  heat  effect is equal  to one-hal f  of the 
sum, as the fol lowing equations show 

J + P z AT1 [1] 
J - -  P z AT2 [2] 

2P = ATe--  AT2 [1] [--2] 
P : 1/2 (AT1 - -  AT2) 
J : %/2 (AT1 + AT2) [2] [+2]  

where  J and P are t empera tu re  changes contr ibuted 
by the Jou le  and the electrochemical  hea t  effects, r e -  
spectively,  and AT1 and AT~ are the measured  t empe ra -  
ture  changes of the env i ronment  resul t ing f rom pass- 
ing the current  in a forward  and reverse  direction. 

To convert  the readings, which were  in microvolts,  
into numbers  represent ing  energy, it was necessary to 
establish the relat ion be tween  the increase in t empera -  
ture of an e lect rolyte  and the electr ical  energy ex-  
pended. First,  the specific resistance of each electro-  
lyte  was measured.  Then a calibration was made by 
passing current  ranging f rom about 7 m a / c m  2 to about  
34 m a / c m  2 through the U- tube  wi th  the thermis tor  
b e a d s  at least 3 cm from the junction, so tha t  the Te- 
versible  heat  was not included. The re la t ion be tween  
the reading of the microvol tmeter  and the energy de-  
veloped per cubic cent imeter  of e lectrolyte  is: I2Rt 
k v  or k ~ I2Rt /v  where  I is the cur ren t  in amperes  
per  square  cent imeters  of junction, R is the specific 
resistance of each electrolyte  in ohm-cm,  t is seconds, 
and  v is microvolts.  The propor t ional i ty  factor k is 
then the number  of Joules  requi red  to change the t em-  
pera ture  of 1 cm 3 of e lectrolyte  by a va lue  equiva len t  
to 1 ~v. 

To obtain the revers ible  e lec t ro thermal  heat, a plot 
of P (the local e lec t ro thermal  effect) was made wi th  
microvolts  as ordinates against  distance f rom the junc-  
tion as abscissa. The area under  the curve  was ob- 
tained with a planimeter .  The area was conver ted into 
an energy term, Pj, of Jou l e s / cm 2 of junct ion by means 
of the constant k de termined  as above. The vol tage-  
equivalent ,  V,, was equal  to Pj/I t .  

Validation of calorimetry by temperature  p r o f i l e . -  
Since the revers ible  e lectrochemical  heat  of solutions 
has not been measured previously  by the t empera tu re  
profile method, the procedure  needed to be validated.  
In order  to do this, a metal l ic  lamel la  was substi tuted 
for the liquid junct ion and heat  was genera ted  by 
passing current  in the plane of the lamella.  The ra te  
of heat  evolut ion was wi th in  the range of that  pro-  
duced by the e lec t ro thermal  effect. The heat  output  
calculated f rom the t empera tu re  profile agreed wi th in  
about 5% with  the heat  calculated f rom the current ,  
voltage, and time. This agreement  was adequate  for  the 
present  state of development  of t empera tu re  profile 
calor imetry.  

Manuscript  received Nov. 18, 1963; revised manu-  
script received May 22, 1964. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL. 
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Electron Microscope Observations of the Crystallization 
of Anodically Formed Tantalum and Niobium Oxide Films 

R. E. Pawel and J. J. Campbell 
Metals and Ceramics Division, Oak Ridge National Laboratory,  Oak Ridge, Tennessee 

ABSTRACT 
Anodic oxide films ranging in thickness f rom about 200 to 1000A were  

formed on electropolished surfaces of tanta lum and niobium by convent ional  
techniques. The films were  then s t r ipped f rom the metal,  g iven a va r ie ty  of 
the rmal  t rea tments  in vacuum, and examined direct ly in the electron micro-  
scope. Crystal l izat ion of the amorphous films was induced by h igh- t empera tu re  
anneal ing or in the microscope itself by increasing the beam intensity. The 
dist inguishing features  of each type of crystal l izat ion process are discussed 
and i l lustrated with  appropriate  micrographs.  

The characterist ics of anodically formed amorphous 
oxide films on the so-cal led va lve  metals, par t icular ly  
tantalum, have  been invest igated intensively  for a 
number  of years (1,2). The changes in the dielectric 
propert ies  of the films as their  env i ronment  is a l tered 
are of par t icular  interest  f rom a pract ical  standpoint,  
and considerable unders tanding of this behavior  has 
evolved  f rom continuing research. 

Most previous work  has been concerned with  the 
na ture  of the films as they exist in in t imate  contact 
wi th  the substrate metal ;  examinat ion  of the s t r ipped 
films by transmission electron microscopy has been 
included as a tool in only a few investigations. Harvey  
and Wilman (3) used electron diffraction to charac-  
terize the crystal l izat ion of str ipped tan ta lum pent-  
oxide films heated at t empera tures  up to 750~ Their  

1 R e s e a r c h  s p o n s o r e d  b y  t h e  U .S .  A t o m i c  E n e r g y  C o m m i s s i o n  u n -  
d e r  c o n t r a c t  w i t h  t h e  U n i o n  C a r b i d e  C o r p o r a t i o n .  

method of str ipping the anodic oxide film made use 
of the fact (4, 5) that  films formed on chemical ly  pol-  
ished tanta lum are not s t rongly adherent  and, thus, 
small  pieces could be removed  by a cathodic t r ea tment  
subsequent  to anodizing the specimens. These invest i -  
gators found that  crystal l izat ion occurred above 700~ 
al though some regions of the films crystal l ized at 
sIightly lower  temperatures .  Thei r  data also indicated 
that  the amorphous, as-s t r ipped oxide crystal l ized 
first to a hexagonal  structure,  then to an or thorhombic  
s tructure when  annealed at h igher  tempera tures  or 
for longer  times. Calver t  and Draper  (6) found that  
the nominal  crystal l ization tempera tures  for films in 
place on the meta l  var ied  wi th  the forming electro-  
lyte, the highest crystal l ization t empera tu re  observed 
being about equivalent  to that  of Harvey  and Wilman 's  
str ipped films. The structure,  de termined f rom glanc- 
ing-angle  x - r a y  diffraction techniques,  was found 
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to be  o r t h o r h o m b i c  w i t h  s o m e  p a t t e r n  a n o m a l i e s  w h i c h  
w e r e  e x p l a i n e d  b y  a s s u m i n g  v a r y i n g  d e g r e e s  of d i s -  
o r d e r  in  t h e  a a n d  b axes .  

V e r m i l y e a  (5, 7-9)  i n v e s t i g a t e d  t h e  c r y s t a l l i z a t i o n  
of f i lms in  p l ace  on  t a n t a l u m  b y  b o t h  t h e r m a l  a n d  
e l ec t r i c - f i e ld  s t imul i .  T h e  t h e r m a l  c r y s t a l l i z a t i o n  
s p e c t r u m  w a s  f o u n d  to l ie  b e t w e e n  500 ~ a n d  800~ 
a n d  t h e  x - r a y  p a t t e r n  f r o m  a t h i n  s p e c i m e n  h e l d  fo r  
1 h r  a t  800~ a n d  e x a m i n e d  in  t r a n s m i s s i o n  i n d i c a t e d  
~-Ta205  as t h e  p r o d u c t .  " F i e l d  c r y s t a l l i z a t i o n "  (5) w a s  
f o u n d  to o c c u r  a t  t e m p e r a t u r e s  b e t w e e n  0 ~ a n d  100~ 
p r o v i d i n g  a s t r o n g  e l ec t r i c  f ield w a s  p r e s e n t  in  t h e  
film. I t  s h o u l d  b e  e m p h a s i z e d ,  h o w e v e r ,  t h a t  t h i s  
p roce s s  is p r o b a b l y  n o t  one  of c r y s t a l l i z a t i o n  in  t h e  
u s u a l  s e n s e  a n d  is n o t  n e c e s s a r i l y  s i m i l a r  to  t h e r m a l  
c r y s t a l l i z a t i o n .  I n  t h e  case  of f ie ld c r y s t a l l i z a t i o n ,  
g r o w i n g  r e g i o n s  of c r y s t a l l i n e  o x i d e  m e c h a n i c a l l y  d i s -  
p l ace  t h e  o v e r l y i n g  a m o r p h o u s  film. 

T h e  e l e c t r o c h e m i c a l  b e h a v i o r  of n i o b i u m ,  as w e l l  
as t h e  p r o p e r t i e s  of t h e  a n o d i c  fi lm, a r e  q u a l i t a t i v e l y  
s i m i l a r  to  t hose  of t a n t a l u m  (1, 2, 10). H o w e v e r ,  t h e  
p roces se s  l e a d i n g  to c r y s t a l l i z a t i o n  of t h e  a m o r p h o u s ,  
a s - f o r m e d  a n o d i c  n i o b i u m  ox ide  f i lm a p p e a r  to  r e -  
q u i r e  less  a c t i va t i on .  As  w i t h  t a n t a l u m ,  t h e  p a r t  p l a y e d  
b y  i m p u r i t i e s  a n d  i m p e r f e c t i o n s  is r e c o g n i z e d  as l a rge ,  
b u t  is n o t  w e l l  u n d e r s t o o d .  

Th i s  p a p e r  r e p o r t s  r e s u l t s  of one  p h a s e  of a n  i n -  
v e s t i g a t i o n  d e a l i n g  w i t h  t h e  effects  of a n o d i c a l l y  
f o r m e d  o x i d e  f ihns  on  t h e  s u b s e q u e n t  t h e r m a l  o x i d a -  
t i on  c h a r a c t e r i s t i c s  of t a n t a l u m  a n d  n i o b i u m .  A l t h o u g h  
w e  a r e  m o r e  c o n c e r n e d  w i t h  t h e  p r o p e r t i e s  of  t h e  f i lm 
as i t  ex i s t s  o n  t h e  m e t a l ,  some  i n t e r e s t i n g  p h e n o m e n a  
a r e  a s soc i a t ed  w i t h  t h e  s t r i p p e d  f i lms w h i c h  r e v e a l e d  
t h e m s e l v e s  r a t h e r  s p e c t a c u l a r l y  in  t h e  e l e c t r o n  m i c r o -  
scope.  T h r o u g h  t h e s e  o b s e r v a t i o n s ,  i t  is pos s ib l e  to  
i n f e r  s o m e  of t h e  e x p e c t e d  e v e n t s  fo r  a f i lm in c o n t a c t  
w i t h  t h e  m e t a l .  

Experimental Procedure 
S p e c i m e n s  fo r  t h e  e l e c t r o n  m i c r o s c o p e  w e r e  p r e -  

p a r e d  b y  m e c h a n i c a l  s t r i p p i n g  of t h e  a n o d i c  o x i d e  
f i lms f o r m e d  on  e l e c t r o p o l i s h e d  su r faces .  B e c a u s e  of 
h i g h  a b s o r p t i o n ,  i t  w a s  i m p r a c t i c a l  to  u se  t r a n s m i s s i o n  
m i c r o s c o p y  w i t h  s p e c i m e n s  t h i c k e r  t h a n  a b o u t  1000A. 
Mos t  of t h e  f i lms w e r e  in  t h e  200-400A r a n g e .  

T a n t a l u m  a n d  n i o b i u m  ( n o m i n a l  a n a l y s i s  of t a n t a l u m  
a n d  n i o b i u m  is a b o u t  99.7-8% w i t h  Ta,  Nb,  Fe,  W, a n d  
Si b e i n g  m a j o r  m e t a l l i c  i m p u r i t i e s ;  i n t e r s t i t i a l  c o n t e n t  
a f t e r  v a c u u m  a n n e a l  is 200-300 p p m )  c o u p o n s  w e r e  
cu t  f r o m  0.020-in.  s h e e t  a n d  a n n e a l e d  in  v a c u u m  fo r  
2 h r  at  1600 ~ a n d  1000~ r e s p e c t i v e l y .  T h e s e  c o u p o n s  
w e r e  m e c h a n i c a l l y  p o l i s h e d  t h r o u g h  0.3~ a l u m i n a  a n d  
e l e c t r o p o l i s h e d  in  a 90% H2SO4-10% H F  so lu t ion .  A 
l e n g t h  of 0.020-in.  t a n t a l u m  w i r e  w a s  l i g h t l y  d i s c h a r g e -  
w e l d e d  to one  e n d  of e a c h  s p e c i m e n  to s e r v e  as s u p -  
p o r t  a n d  e l e c t r i c a l  c o n t a c t  d u r i n g  a n o d i z a t i o n .  

A n o d i z a t i o n  a t  a g i v e n  v o l t a g e  w a s  a c c o m p l i s h e d  
t h r o u g h  a s e r i e s  of  d e c r e a s i n g  r e s i s t a n c e s  f o r  a t i m e  
suf f ic ien t  to e n s u r e  a good r e p r o d u c i b i l i t y  of t h i c k n e s s .  
T h e  o x i d e  t h i c k n e s s - v o l t a g e  c a l i b r a t i o n  in  t h e  e l e c t r o -  
l y t e s  g i v e n  b e l o w  w a s  d e t e r m i n e d  to b e  16.7 A/v  fo r  
t a n t a l u m  a n d  a b o u t  26.7 A / v  for  n i o b i u m .  T h e s e  f igures  
a g r e e  r e a s o n a b l y  w e l l  w i t h  p r e v i o u s  m e a s u r e m e n t s  
(2) .  

I n  o r d e r  to s t r i p  l a r g e  a r e a s  of a n o d i c  o x i d e  f i lm 
f r o m  t h e  e l e c t r o p o l i s h e d  s p e c i m e n s ,  i t  was  d e s i r a b l e  
to a n o d i z e  t h e  s p e c i m e n s  in  a s o l u t i o n  c o n t a i n i n g  a 
s m a l l  a m o u n t  of f l uo r ide  ion. T h i s  is t h e  bas i s  of a 
p r e v i o u s l y  r e p o r t e d ,  v e r y  s e n s i t i v e  s e c t i o n i n g  t e c h -  
n i q u e  for  t h e s e  m e t a l s  (11) .  F i l m s  f o r m e d  in  0.5% 
Na2SO4 to w h i c h  two  d r o p s  of H F  p e r  100 cc h a d  
b e e n  a d d e d  w e r e  f o u n d  to s t r i p  eas i ly  w h e n  p u l l e d  
off w i t h  p l a s t i c  t ape .  L a t e r  i t  w a s  f o u n d  t h a t  s e v e r a l  
d i l u t e  f luo r ide  s a l t s  w o r k e d  e q u a l l y  as wel l ,  a n d  w e  
a r e  n o w  u s i n g  a 0.2% K F  s o l u t i o n  as t h e  a n o d i z i n g  
b a t h .  

S p e c i m e n s  fo r  t r a n s m i s s i o n  m i c r o s c o p y  w e r e  p r e -  
p a r e d  b y  f looding  t h e  s u r f a c e  of t h e  a n o d i z e d  spec i -  
m e n  w i t h  a 2% s o l u t i o n  of P a r l o d i o n  in  a m y l  ace t a t e .  

T h e  s o l u t i o n  w a s  a l l o w e d  to d r y  a n d  t h e  r e s u l t i n g  f i lm 
p e e l e d  off, r e m o v i n g  w i t h  i t  t h e  u n d e r l y i n g  o x i d e  film. 
T h e  P a r l o d i o n  w a s  t h e n  d i s so lved  b y  s e v e r a l  w a s h i n g s  
w i t h  a m y l  a c e t a t e  a n d  s m a l l  p i eces  of t h e  f i lm w e r e  
t h e n  p i c k e d  u p  on  s t a n d a r d  1/s-in. m i c r o s c o p e  sc reens .  
C o p p e r  or  s t a i n l e s s  s t ee l  s c r e e n s  w e r e  u s e d  w h e n  t h e  
s p e c i m e n s  w e r e  a n n e a l e d  p r i o r  to  o b s e r v a t i o n  in  t h e  
mic roscope .  

Results and Discussion 
T h e r e  w e r e  f e w  d i s t i n g u i s h i n g  f e a t u r e s  of a s - s t r i p p e d  

t a n t a l u m  a n d  n i o b i u m  a n o d i c  f i lms w h e n  v i e w e d  in  
t h e  e l e c t r o n  m i c r o s c o p e  a t  100 kv.  S i n c e  t h e  a n o d i c  
f i lm is e s s e n t i a l l y  a n  u n s h a d o w e d  r e p l i c a  of t h e  e l ec -  
t r o p o l i s h e d  su r f ace ,  l i t t l e  s t r u c t u r e  is o b s e r v e d .  H o w -  
ever ,  t h e  f i lm s t r i p p e d  f r o m  f r e s h l y  e l e c t r o p o l i s h e d  
t a n t a l u m  d id  s h o w  a n  a r r a y  in  t h e  b a c k g r o u n d  w h i c h  
w a s  a r e m n a n t  of t h e  " b u b b l e - r a f t "  t e x t u r e  (12) (a  
se r i e s  of s h a l l o w  d e p r e s s i o n s  a b o u t  100A deep  w i t h  
700-800ik s e p a r a t i o n )  e x i s t i n g  on  t h e  s u r f a c e  p r i o r  to  
anod iz ing .  Th i s  s t r u c t u r e  w a s  n o t  o b s e r v e d  in  t h i c k  
a n o d i c  f i lms w h e n  v i e w e d  b y  t r a n s m i s s i o n  or  s u r f a c e  
r e p l i c a t i o n ,  in  c o n t r a s t  to w h a t  h a s  b e e n  r e p o r t e d  fo r  
t h e r m a l  o x i d a t i o n  (12) .  T h i s  o b s e r v a t i o n  is c o n s i s t e n t  
w i t h  t h e  p r e v a i l i n g  c o n c e p t  t h a t  a n o d i c  g r o w t h  i n -  
v o l v e s  p r i m a r i l y  t a n t a l u m  i o n  m i g r a t i o n  w h i l e  t h e r m a l  
o x i d a t i o n  p laces  a g r e a t e r  i m p o r t a n c e  on  o x y g e n  d i f -  
fus ion .  I n  t r a n s m i s s i o n  e l e c t r o n  d i f f rac t ion ,  t h e  b r o a d  
ha los  w h i c h  i n d i c a t e  v e r y  f ine c r y s t a l l i t e  size or  
a m o r p h o u s  m a t e r i a l  w e r e  o b s e r v e d .  

Beam crystallization.--If t h e  i n t e n s i t y  of t h e  e l e c t r o n  
b e a m  in  t h e  m i c r o s c o p e  w a s  i n c r e a s e d ,  p a r t i c u l a r l y  
n e a r  a c r a c k  or  edge  of t h e  fi lm, t h e  a m o r p h o u s  f i lm 
cou ld  be  i n d u c e d  to c rys ta l l i ze .  T h e  c r y s t a l l i z e d  r e g i o n  
w as  c h a r a c t e r i z e d  b y  i n c r e a s e d  e l e c t r o n  t r a n s m i s s i o n  
a n d  a v e r y  h i g h  d e n s i t y  of e x t i n c t i o n  c o n t o u r s  w h i c h  
m o v e d  a b o u t  as t h e  r e g i o n  g r e w  or  as t h e  d i r e c t i o n  
of t h e  b e a m  w a s  c h a n g e d .  F i g u r e  1 s h o w s  c r y s t a l l i n e  
(o n  t h e  le f t )  a n d  a m o r p h o u s  r eg i o n s  in  a t a n t a l u m  
ox ide  f i lm 250A th ick ,  t h e  c r y s t a l l i z a t i o n  h a v i n g  b e e n  
i n i t i a t e d  b y  t h e  a c t i o n  of t h e  b e a m .  T h e  r a t e  of 
g r o w t h  of  t h e  i n t e r f a c e  c o u l d  b e  c o n t r o l l e d  b y  v a r y i n g  
t h e  i n t e n s i t y  of t h e  e l e c t r o n  b e a m  a t  t h e  i n t e r f a c e .  
T h u s  i t  w a s  pos s ib l e  to  s top  t h e  ac t ion ,  t a k e  a p i c -  
t u r e ,  a n d  t h e n  c o n t i n u e  t h e  p ro ce s s  b y  i n c r e a s i n g  t h e  
b e a m  i n t e n s i t y .  T h e  size of t h e  c r y s t a l l i t e s  d e p e n d e d  
h e a v i l y  on  t h e  s p e e d  of t h e  g r o w t h  f r o n t  or  on  t h e  
intensity and position of the beam with respect to 
the front. It is difficult to say whether the trigger for 
crystallization in this case was entirely thermal, or 
if other factors such as strain or impurities were in- 
volved. 

Fig. 1. Electron micrograph showing beam-crystallized region 
growing in amorphous tantalum oxide film; anodic film 250,~ 
thick. 
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Fig. 2. Electron micrograph showing crystalline regions of widely 
different grain size, beam-crystallized; anodic tantalum oxide film 
250.~ thick. 

It  was possible in some instances to increase the 
beam intensi ty in a crystal l ized region and cause 
grain growth  and rea r rangement  to occur. An example  
of such an occurrence is shown in Fig. 2 where  large 
grains, defined by the ext inct ion contour boundaries,  
grew into a region of finer grains under  the influence 
of the beam. This behavior  is a graphic i l lustrat ion of 
a fundamenta l  meta l lurg ica l  phenomenon.  It  should 
be pointed out that  the extinction contours seen in the 
figures do not indicate film structure,  but  mere ly  show 
that  the film is crystal l ine and wr ink led  on a ve ry  
fine scale. 

Str ipped anodic films f rom niobium behaved sim- 
ilarly, a l though it was more difficult to control the 
growth ra te  of a crystal l iz ing region with  beam in- 
tensities also suitable for viewing. 

Thicker  films seemed to crystal l ize even more easily 
in the microscope. In a large number  of cases, crys-  
tall ization commenced wi th  a "burst"  as the beam 
intensi ty was increased. A "nucleus" formed in this 
manner  sometimes had several  cracks, p resumably  be-  
cause of the volume decrease associated with  the 
product plus the more  efficient constraint  system of 
its thicker  amorphous oxide surroundings.  An example  

Fig. 3. Electron micrograph of crystallized region in thick anodic 
film, beam-crystallized; anodic tantalum oxide film 1000~ thick. 

Fig. 4. Electron micrograph of small crystallite formed in anodic 
film. 250A anodic tantalum oxide film annealed in vacuum for 30 
min at 600~ 

of such a region is shown in Fig. 3. Most of the detail  
visible in this figure is also via ext inct ion effects, al-  
though at h igher  magnification (especially in the rmal ly  
crystal l ized films) dislocation networks  and other  
s t ructure  were  observed. Frequent ly ,  however ,  ve ry  
large areas of film crystal l ized to a f ine-grain ne twork  
wi thout  any trace of cracks. It  was almost impossible 
to control the crystal l izat ion of the thicker  films in the 
microscope due to poor visibi l i ty and the speed at 
which the action proceeded; the crystal l ized regions 
were  also subject  to considerable r ea r rangement  in 
the beam. 

Thermal crystallization.--Amorphous str ipped films 
can be crystal l ized by convent ional  anneal ing in vac-  
uum at e levated temperatures .  For  tan ta lum oxide 
films about 250A thick, the first evidence of thermal  
crystal l ization was observed on specimens annealed for 
30 rain at 600~ Smal l  regions, having most ly  hex-  
agonal or rec tangular  symmetry,  were  infer red  as 
crystal l ine by the presence of ext inct ion contours. The 
crystal l i tes  were  too small at this stage to be identified 
by selected area diffraction. F igure  4 is an example  of 
such a small  crystal  observed in a specimen annealed 
for 30 min  at 600~ Specimens annealed up to 16 hr  
at 600~ exhibit  larger  crystall i tes of the same de- 
scription f rom which electron diffraction pat terns were  
obtained, confirming the fact  that  they were  single 
crystals. For  the films studied, two basic symmetr ies  
of s ingle-crysta l  diffraction pat terns  were  observed. 
Pat terns  having hexagonal  symmet ry  were  usual ly  as- 
sociated with  nuclei  having hexagonal  shape, while  
pat terns  having two-  or fourfold symmet ry  were  as- 
sociated with  ei ther small  rec tangular ly  shaped crys-  
tals or larger  leaf-shaped crystals l ike those shown 
in Fig. 5. The la t ter  type of crystal  predominated  
during crystal l ization of thin 250A films at 600 ~ and 
700 ~ C. However ,  especially for the case of thicker  films 
annealed at h igher  temperatures ,  the completely  crys-  
tal l ized oxide showed large areas wi th  hexagonal  
symmet ry  in thei r  diffraction pat terns which were  
now complicated by Moir~ and /o r  superlat t ice reflec- 
tions. 

F igure  5 i l lustrates the process of crystal l izat ion as 
observed in the electron microscope after  anneal ing 
for short  t imes at t empera tures  f rom 600 ~ to 900~ 
When the anneal ing t empera tu re  was low, single nu-  
clei could grow re la t ive ly  large before in ter fer ing  
wi th  each other. Each "leaf"  of the crystals shown in 
Fig. 5a and 5b was a single crystal;  general ly,  the 
misorientat ion be tween  " leaves"  was one of rotat ion 
in the plane of the film. On increasing the anneal ing 
temperature ,  the average  crystal l i te  size decreased 
and the manner  in which the crystals resisted impinge-  
ment  was revealed  (Fig. 5c). A completely  crystal l ized 
film is shown in Fig. 5d. Obviously, some of the s truc-  
tura l  details of the film were  obscured because of the 
high density of ext inct ion contours. 
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Fig. 5. Electron micrographs illustrating thermal crystallization 
sequence in 250~ thick anodic tantalum oxide film. (a) 8 hr at 
600~ (b) 18 hr at 600~ note the mutual interference of the 
crystals to growth; (c) 1 hr at 700~ (d) 30 min at 900~ com- 
pletely crystallized. 

Fig. 6. Electron micrograph of a large crystallite in an anodic 
tantalum oxide film 275~, thick. Multiple-branching into a "two- 
dimensional dendrite" is observed. Annealed in vacuum 18 hr at 
600~ 

In the th icker  (1000A) films, there  was less severe  
wr ink l ing  and, as a consequence, more t rue  s t ructure  
of the films could be observed al though the resul t ing 
micrographs were  very  dark and reproduced poorly 
When annealed at t empera tures  of 900~176 crystal  
boundaries  and dislocation arrays were  seen in the 
film, and occasionally what  appeared t~ be a fine 
Moir~ pa t te rn  was noticed. Moir~ diffraction effects 
were  also observed. Anneal ing  the 1000A film at 600 ~ 
700~ resul ted in small  crystal l i tes being formed in 
the amorphous matr ix .  These crystal l i tes did not  con-  
sistently have  the geometr ic  shapes observed in the 
250A films, nor did they behave in the same fashion. 
Many crystals as large as 10~ in d iameter  were  ob- 
served which apparent ly  had not yet  grown through 
the whole  thickness of the film. This phenomenon,  
implying Surface nucleation, is probably general  to all 
film thicknesses. 

The process of thermal  crystal l ization of films 
str ipped f rom niobium specimens was qual i ta t ive ly  the 
same as that  for tan ta lum oxide films. The first stages 
of crystallization, consisting most ly of the generat ion 
of small  rec tangular  regions of crystal l ine oxide, 
were  observed after  anneal ing 200A films for 30 min 
at 500~ Crystal l izat ion was complete  for such a 
film annealed for 30 min at 600~ 

X-ray studies.--Although a s t ructure  analysis of the 
crystal l ine oxide is cer ta inly beyond the scope of the 
present  paper, the x - r a y  results on tan ta lum oxide pre-  
pared under  different conditions are useful  in in ter -  
pre t ing some of the e lect ron-opt ical  observations. 
Specimens for x - r a y  analysis were  prepared by crystal-  
l izing str ipped anodic films at 600 ~ and 1000~ in both 
oxygen and vacuum environments .  For  comparison, 
specimens of tan ta lum metal  were  complete ly  oxidized 
in dry oxygen at these temperatures ,  and samples of 
each were  then held in vacuum for ex tended periods at 
the t empera tu re  of oxidation. 

The anodic film specimens were  obtained by str ip-  
ping large 1 x 4 cm areas in the manner  described 
earlier.  These films were  removed  f rom the amyl  
acetate bath wi th  a fine quar tz  fiber, the film being 
manipula ted  so that  it coiled itself around the fiber. 
Thus, the specimen presented many  thicknesses of film 
to the x - r ay  beam. A comparison of the Debye-  
Scherrer  films for such specimens yielded the fol lowing 
general  conclusions: (i) No significant difference was 
detected in the pat terns f rom crystal l ized anodic films 
and those f rom t h e r m a l l y  oxidized tantalum. (ii) No 
significant difference was detected in the pa t te rn  f rom 
the specimens prepared in oxygen and those annealed 

Table I. Diffraction data for/~-Ta205 (Cu-Ka radiation) 

I n t e r p l a n a r  I n t e r p l a n a r  
s p a c i n g  s p a c i n g  

d ,  A I n t e n s i t y  d ,  A I n t e n s i t y  

The growth sequence i l lustrated in Fig. 5 is s imilar  
in several  respects to a two-dimens ional  dendri t ic  
crystal l izat ion process. When a crystal l i te  grew com- 
para t ive ly  large, secondary and even te r t ia ry  branches 
(characterist ic of dendri t ic  growth)  were  associated 
with each leaf. Such a s t ructure  is shown in Fig. 6. 
In analogy to processes involving dendri t ic  growth it 
becomes all the more impor tant  in a t tempt ing to give 
a complete description of the crystal l izat ion process 
for the anodic film to consider such variables  as the 
energy of crystallization, the heat  t ransfer  character -  
istics of the film (and its support) ,  impurit ies,  direc-  
t ional stresses in the film, and surface and interracial  
energy considerations. Undoubtedly,  as a resul t  of 
these variables,  differences are to be expected in the 
morphology of the crystal l ized regions depending on 
the init ial  condition of the meta l  surface, the anodizing 
solution, and the manner  of washing, handling, and 
anneal ing the str ipped films. While  such variat ions 
were  indeed observed, the results presented are typical  
for the conditions of our experiments .  

3 . 3 4  w 1 , 3 3 2  s --  
3 , 8 7  s + 1 , 3 1 7  r n  + 
3 . 3 1  w + 1 . 3 0 6  r n  - -  
3 . 1 1  s + 1 . 2 9 8  r n  
3 . 0 6  s 1 . 2 2 6  m 
2 . 9 8  w - -  1 , 2 1 4  m - -  
2 . 7 2 1  w 1.19.9 s - -  
2 . 6 4 3  w + 1 . 1 8 0  r n - -  
2 . 5 3 4  w + 1 . 1 4 5  m 
2 , 4 4 1  s + 1 . 1 3 3  w - -  
2 . 4 1 6  s 1 . 1 1 7  w 
2 , 3 6 0  w 1 . 0 9 4  w - -  
2 , 0 9 8  w 1 . 0 7 4  w 
2.0 '31 w § 1 . 0 6 0  w + 
1 . 9 4 0  s 1 . 0 5 2  w 
1 . 8 2 6  m + 1 . 0 4 4  w 
1 . 8 0 0  m § 1 . 0 3 2  w + 
1 . 7 6 4  m 1 . 0 2 2  w + 
1 . 6 7 7  w 1 . 0 1 5  w - -  
1 . 6 5 2  s + 1 . 0 0 0  w § 
1 . 6 4 7  s - -  0 . 9 9 7  w - -  
1 . 6 3 3  m 0 , 9 8 4  w - -  
1 . 6 0 4  m - -  0 . 9 7 3  w + 
1 . 5 7 4  m 0 . 9 3 9  w - -  
1 . 5 4 3  r n  0 , 9 2 9  m 
1 . 5 0 2  w + 0 , 9 1 6  w - -  
1 . 4 8 5  w + 0 . 8 9 3  w + 
1 . 4 6 2  m + 0 . 8 8 2  w + 
1 , 4 4 0  m + 0 . 8 5 9  m 
1 . 4 0 3  m 0 . 8 2 9  m 
1 . 3 8 5  m 
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in vacuum after  crystal l ization or oxidation, al though 
the vacuum treatments  produced a gray cast to the 
normal ly  cha lk-whi te  bulk oxide. Thus it appears that  
the slight var ia t ion of s toichiometry did not produce a 
noticeable modification of structure.  (iii) Severa l  
broad diffraction lines f rom the low- tempera tu re  speci- 
mens were  observed as doublets after 1000~ anneals. 
A noticeable intensi ty increase also occurred for many  
high index lines. Such behavior  is consistent wi th  the 
in terpreta t ion of Calver t  and Draper  (6) who sug- 
gested that  order ing processes occur dur ing extended 
or h igh- t empera tu re  annealing. The x - r ay  diffraction 
data taken f rom a specimen held in oxygen at 1000~ 
is presented in Table I. Reasonably good agreement  
exists between the stronger lines of this pa t te rn  and 
l i te ra ture  data for fl-Ta205 (13, 14). In this regard,  it 
should be re -emphas ized  that  crystal l ized anodic oxide 
films, and perhaps the rmal ly  formed crystal l ine oxide 
films as well,  can exist in a ra ther  pronounced fiber 
texture.  Such a condition could affect the direct com- 
parison of x - r ay  data obtained by the many  techniques 
which are commonly applied. 

Conclusions 
The anodic oxide films formed on tan ta lum and 

niobium surfaces can be easily stripped f rom the meta l  
if they  are formed in electrolytes containing fluoride 
ion. The amorphous, as-s tr ipped film can be crystal l ized 
is the electron beam of an electron microscope or by 
anneal ing at e levated tempera tures  in air or vacuum. 
The crystal l ized regions of thin films are usual ly char-  
acterized by a high density of wel l -def ined ext inct ion 
contours. For  str ipped films, thermal  crystal l izat ion is 
init iated in short  t imes above 600~ for tan ta lum oxide 
and above 500~ for niobium oxide. If thermal  crystal-  
l ization is a l lowed to take place at lower  temperatures ,  
the growth of s ingle-crystal  nuclei  can be observed. It  
appears that  crystal l ization results in a l imited number  
of p re fe r red  orientat ions exist ing in the plane of the 
film. This pronounced f iber-l ike tex ture  may  account 
for some anomalies of the s t ructure  of oxides crysta l -  

lized f rom anodic film specimens. This t ex tu re  in the 
crystal l ized films may also lead to other direct ional  
properties.  
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The Interaction of Electrophoretic and Dielectrophoretic Forces 
William F. Pickard 

Division of Engineering and Applied Physics, Harvard University, Cambridge, Massachusetts 

ABSTRACT 

The effect of ionic space charge on dielectrophoretic forces in dielectric 
fluids is examined both theoretically and experimentally. Two new theoretical 
results are presented. The alteration of dielectrophoretic force by a space 
charge is illustrated experimentally by exhibiting the frequency dependencies 
of the Pellat-Greinacher method of determining the electric susceptibility of 
liquids. Finally,  a new method  is developed for measur ing the electrical  con- 
duct ivi ty of liquids~ 

Since the investigations of Pohl  (1) several  years 
ago, it has been customary to divide electr ical  force 
effects in dielectric fluids into two classes: dielectro-  
phoretic for those which arise f rom the action of the 
applied electric field on the charge- f ree  dipolar mole-  
cules which constitute the bulk of the fluid and electro-  
phoretic for those which arise from the action of the 
field on charged part icles in the fluid. 

That  it is difficult in pract ice to achieve a force effect 
which is pure ly  dielectrophoret ic  or pure ly  electro- 
phoretic has been recognized at least since the dielec-  
trophoresis exper iments  of Gyemant  (2), and has been 
discussed by a number  of authors: Andrade  and his 
co-workers  (3, 4) invest igated the electrophoret ic  
masking of the viscoelectric effect; Pohl  (5) and Hor -  
gan and Edwards  (6), for example,  have di,~cussed their  

interact ion in force effects observed in systems with 
a i r - l iquid  interfaces; Pohl  (7) has presented a theo-  
ret ical  analysis of their  relat ionship f rom a molecular  
point of view; Ogawa (8) and Pickard  (9) have  dis- 
cussed their  interrelat ionship in a fluid acted upon by 
a rotat ing electric field; and, finally, Pohl  (1) and 
Pickard (10) have discussed methods for dist inguish- 
ing be tween e]ectrophoretic and dielectrophoret ic  
forces. 

However, while the interrelationship of these forces 
has been recognized, discussed f rom a molecular  point  
of view, and even used to explain various exper imenta l  
observations (3, 4, 9, 11), it appears not to have  been 
given a quant i ta t ive  formulat ion f rom a macroscopic 
viewpoint.  In this paper  two re la t ive ly  general  results 
about the effect of in tere lect rode space charge on di- 



Vol .  111, No.  11 

e l ec t rophore t i c  forces  wi l l  be  p roved .  S o m e  s imple  e x -  
p e r i m e n t s  wh ich  suppor t  t he  t h e o r y  w i l l  be descr ibed .  

Theory 
The  e lec t r ic  fo rce  pe r  un i t  v o l u m e  ac t ing  on a d i -  

e lec t r ic  fluid is g iven  to good a p p r o x i m a t i o n  by  (12) 

F e  + r d  [ 1 ]  

--> 

w h e r e  the  e l ec t rophore t i c  force  Fe is 

Fe : pE [ l a ]  
.__> 

and the  d i e l ec t ropho re t i c  force  F d  is 

r d  : -  ( . . . . .  ) g r a d ( E .  ) [ l b ]  
2 

H e r e  p is the  v o l u m e  dens i ty  of charge ,  E is the  e l ec -  
t r ic  f ield in t he  fluid, e is the  p e r m i t t i v i t y  of  t he  fluid, 
and ee is t he  p e r m i t t i v i t y  of f r ee  space. I t  can be  s h o w n  
(13) t ha t  the  e lec t r i ca l  e n e r g y  ~ s to r ed  in a v o l u m e  r ,  
wh ich  is d e l i m i t e d  by  a f ini te  n u m b e r  of sur faces  
Z~(i = 1 , 2 , . . . )  of k n o w n  potent ia l ,  is 

1 
= -~  ] e E  2 dF [2] 

__> .__> 

I t  is difficult  to p red ic t  t he  v a r i a t i o n  of  Fe, Fd, and 
as p is v a r i e d  and the  e l ec t rode  vo l t ages  h e l d  fixed. 
S o m e  m a t h e m a t i c a l  ana lys is  is g iven  in an A p p e n d i x  to 
this  paper ,  and on ly  two  resu l t s  w i l l  be  quo ted  here .  

I. The  i n t roduc t ion  of space c h a r g e  into  a fluid n e a r  a 
c o n v e x  (or  p l an a r )  e l ec t rode  a l te rs  the  d i e l ec t ro -  
pho re t i c  force  in such  a m a n n e r  tha t  t he  e l e c t r o -  
phore t i c  fo rce  is aided.  

II. The  effect  of add ing  an  a r b i t r a r y  space  c h a r g e  to 
an  in i t i a l l y  cha rge  f r e e  vo lume ,  w h i c h  is b o u n d e d  by  
sur faces  of f ixed po ten t ia l ,  is to inc rease  t he  e l e c t r o -  
s tat ic  e n e r g y  assoc ia ted  w i t h  the  vo lume .  

The  S u m o t o  effect  (11) is t h o u g h t  to p r o v i d e  an  e x -  
p e r i m e n t a l l y  o b s e r v a b l e  e x a m p l e  of T h e o r e m  I. T h e o -  
r e m  II  w i l l  be  app l i ed  in  the  n e x t  sect ion.  

The Pellat-Greinacher Experiment  

I t  was  sugges t ed  by  P e l l a t  (14), ve r i f i ed  by  h i m s e l f  
(15) and  F o r t i n  (16), and l a t e r  r e d i s c o v e r e d  by  G r e i -  
n a c h e r  (17) t ha t  t he  d i e ]ec t rophore t i c  fo rce  t e n d i n g  to 
suck a d ie lec t r i c  l i qu id  u p w a r d  b e t w e e n  the  p la t e s  of 
a v e r t i c a l l y  o r i en ted  condense r  cou ld  be  used  to m e a s -  
u r e  t he  p e r m i t t i v i t y  of t he  l iquid.  In  a r e l a t e d  e x p e r i -  
m e n t  G y e m a n t  (2) s tud ied  the  h e i g h t  to w h i c h  a d i -  
e lec t r ic  l i qu id  of k n o w n  p e r m i t t i v i t y  w o u l d  r i se  b e -  
t w e e n  the  p la tes  of a condense r ;  he  r ecogn ized  the  
necess i ty  of  us ing  an  a l t e r n a t i n g  app l i ed  vo l t age  to r e -  
duce  space  cha rge  effects, a l t h o u g h  he  d id  no t  s tudy  
the  v a r i a t i o n  of h e i g h t  of r ise  w i t h  f r e q u e n c y .  

The  basic  appa ra tus  for  a p e r m i t t i v i t y  d e t e r m i n a t i o n  
by  the  P e l l a t - G r e i n a c h e r  m e t h o d  is a v e r t i c a l  glass 
p ipe  of k n o w n  cross sec t ional  a r e a  s w h i c h  is connec t ed  
v ia  a su i t ab le  U - t u b e  to a t w o - e l e c t r o d e  c o n d e n s e r  
in to  w h i c h  a l iqu id  can  be  sucked  by  an  app l ied  field. 
This  appa ra tu s  is f i l led w i t h  l iqu id  to a l eve l  a t  w h i c h  
the  condense r  is p a r t i a l l y  filled. L e t  t h e  cross sec t iona l  
a rea  of the  condense r  be  S and l e t  t he  h e i g h t  of r ise  
of t h e  l i qu id  w i t h i n  it  be  H. Then,  n e g l e c t i n g  poss ible  
changes  in t he  shape  of t he  l iqu id  su r face  due  to t he  
ac t ion  of the  e lec t r ic  field, the  change  in t he  s to r ed  
e lec t r i ca l  e n e r g y  w i l l  be  

( ~ -  ~o) 
PE -- - - H  f [3] 

w h i c h  can  be  r e w r i t t e n  as 

( ~ -  ~o) 
PE - -  HvIo [4] 

2 
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w h e r e  Io is the  v a l u e  w h i c h  the  i n t eg ra l  in [3] w o u l d  
h a v e  in t he  absence  of space  c h a r g e  and  v is a p r e p o r -  
t i ona l i t y  f ac to r  w h i c h  t akes  space  cha rge  in to  account ;  
by  T h e o r e m  II v wi l l  n e v e r  be  less t han  uni ty .  A r i se  
H in the  condense r  w i l l  necess i t a te  a l o w e r i n g  
h ( = S / s H )  of t he  l iqu id  in the  glass p ipe;  i t  is t he  
l eve l  h wh ich  is c o m m o n l y  obse rved  in  e x p e r i m e n t s .  
The  m e c h a n i c a l  po ten t i a l  d e v e l o p e d  by  this  shi f t  in 
he igh t s  w i l l  be  

1 (s + S)  
PM = --~ 5g h2 - -  S [5] 

S 

w h e r e  5 is the  dens i ty  of t h e  l i qu id  and  g is t he  acce l -  
e ra t ion  of g rav i ty .  The  e q u i l i b r i u m  h e i g h t  in t he  glass 
t u b e  is r e a d i l y  f o u n d  by  d e t e r m i n i n g  the  e x t r e m u m  of 
P M  - -  P E  

1 Io 
h = v(~ - -  ~o) - -  [6] 

S -~ s 25g 

F o r  a pa r a l l e l  p la te  condense r  of p l a t e  sepa ra t ion  1 
t he  f o r m u l a  fo r  t he  r e l a t i v e  e lec t r i c  suscep t ib i l i ty  
xr = (e - -~o) /eo  becomes ,  f r o m  [6] 

25g (s+S 
~xr= eo \ ~  ) 12 ] h/Veffu [7] 

w h e r e  Veff is t he  vo l t age  across t he  l iquid .  Two  facts  
about  [7] shou ld  be  po in ted  out. Fi rs t ,  t ha t  w h i l e  i t  is 
g e n e r a l l y  a s sumed  tha t  h (Ve~f 2) cu rves  d e t e r m i n e  Xr, i t  
is seen  h e r e  tha t  t h e y  ac tua l ly  d e t e r m i n e  an "e f fec t ive"  
r e l a t i v e  suscep t ib i l i ty  VYr. Second,  h is no t  exac t ly  a 
m e a s u r e  of  H b u t  is r a t h e r  a m e a s u r e  of t he  inc rease  
of t he  v o l u m e  of l iqu id  in t he  condense r :  in pract ice ,  v 
m a y  con ta in  a sinai1 c o m p o n e n t  a r i s ing  f r o m  a change  
in men i scus  shape  due  to the  app l i ed  e lec t r i c  field. 

In  t he  appa ra tu s  used  fo r  t he  e x p e r i m e n t s  to be  de -  
sc r ibed  the  glass p ipe  was  a l e n g t h  of p r e c i s i o n - b o r e  
P y r e x  t ub ing  of 1.26 cm ID;  l iqu id  h e i g h t  was  m e a s -  
u r e d  to 1/50 m m  us ing  a c a the tome te r .  The  condense r  
was  m a d e  of a t h in  (~1/2 cm)  p iece  of Tef lon ( d u P o n t  
b r a n d  p o l y t e t r a f l u o r o e t h y l e n e )  w i t h  a r e c t a n g u l a r  
s lot  ( a p p r o x i m a t e l y  2 by  5 cm)  m i l l e d  in to  it  and  two  
m e t a l  p la tes  w h i c h  w e r e  p re s sed  aga ins t  t he  Teflon 
spacer ;  the  p la tes  cons ide r ab ly  o v e r l a p p e d  the  edges  
of t he  r e c t a n g u l a r  slot  so tha t  f r i n g i n g  field in  l i qu id  
w o u l d  be  r e d u c e d  as m u c h  as possible.  L i q u i d  was  a d -  
m i t t e d  to t he  condense r  by  w a y  of  a ho le  d r i l l ed  
t h r o u g h  f r o m  the  b o t t o m  edge  of  t he  Teflon spacer  in to  
t he  b o t t o m  edge  of  the  r e c t a n g u l a r  slot;  a i r  e scaped  
t h r o u g h  a s imi l a r  ho le  d r i l l ed  into the  top  of t he  spacer .  
The  a p p r o p r i a t e  cons tan ts  of the  condense r  w e r e  
S = 0.976 cm 2 and  1 = 0.503 cm. The  l i qu id  used  for  
these  e x p e r i m e n t s  was  ace tone ;  its pur i f ica t ion  has  
b e e n  desc r ibed  e l s e w h e r e  (18). Al l  m e a s u r e m e n t s  w e r e  
c o r r e c t e d  to 25~ us ing  the  de/dT va lues  of Cole  (19) ;1 
at this  t e m p e r a t u r e  ace tone  has  a r e l a t i v e  p e r m i t t i v i t y  
(20) of 20.76. 

T w o  types  of condense r  p la tes  w e r e  used.  The  bas ic  
p la tes  w e r e  m a d e  of 0.03 in. m o l y b d e n u m  w h i c h  had  
been  c l eaned  in a s t rong  so lu t ion  of s o d i u m  h y d r o x i d e ;  
this  m e t a l  was  chosen  s ince i t  was  k n o w n  to  p r e d u c e  
a l a rge  space  c h a r g e  in ace tone  (11, 18). F o r  some e x -  
p e r i m e n t s  these  p la tes  w e r e  used  w i t h  a t h in  coat ing  
(~Vz m i d  of Teflon. The  v a r i a t i o n  of h w i t h  t he  m e a n -  
s q u a r e  app l i ed  vo l t age  V ~ was  l inea r  w i t h  e i the r  t ype  
of pla te .  T h e  v a r i a t i o n  of h w i t h  f r e q u e n c y  f, or  a n g u -  
l a r  f r e q u e n c y  o~ = 2~f, fo r  some fixed vo l t age  was  r a d i -  
ca l ly  d i f fe ren t  for  t he  two  types  of plates .  

F o r  t he  coa ted  p la tes  one w o u l d  e x p e c t  h ( f )  cu rves  

1 The  p r o p e r  t e m p e r a t u r e  to use  for  c o r r e c t i n g  t he  p e r m i t t i v i t y  of 
the  ace tone  to 25~ was  t h a t  of t he  ace tone  i t se l f  a n d  no t  t h a t  of 
the  r o o m  w h i c h  was  ava i l ab Ie ;  as a r e s u l t  of o h m i c  hea t i ng ,  t he  
r o o m  t e m p e r a t u r e  c o u l d  be  l o w e r  t h a n  t h a t  of  t he  ace tone .  To 
m i n i m i z e  th i s  effect  t he  v o l t a g e  was  a p p l i e d  on ly  l ong  e n o u g h  to 
set  t he  c ros s -ha i r s  of t he  c a t h e t o m e t e r  t e lescope  on the  l i q u i d  
m e n i s c u s  lr: t h e  g lass  p ipe ;  i t  was  l e f t  off w h i l e  the  c a t h e t o m e t e r  
was  read~ f r e q u e n c y  reset ,  e t c .  
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to show, for  cons t an t  V, a supe rpos i t i on  of two  effects. 
Fi rs t ,  s ince the  l iqu id  i t se l f  can  idea l ly  be  r e p r e s e n t e d  
as an i m p e d a n c e  Z composed  of a r e s i s t ance  R and a 
capac i t ance  C in p a r a l l e l  and  since the  Tef lon coa t ings  
on the  p la tes  can  be  cons ide red  to be  capac i t ances  CT 
in ser ies  w i t h  Z, t he  e f fec t ive  vo l t age  across  t h e  l i qu id  
wi l l  no t  be  t h e  app l i ed  vo l t age  V bu t  can  be  a p p r o x i -  
m a t e d  by 

R 

( 1  + j o ~ C R  ) 
Veff  : V [ 8 ]  

I + jmCR 4 j~CT 

The  l i m i t i n g  f o r m s  of [8] a re  

V 
Veff  " 

C 
1 + 2 - -  

CT 

coCR -> ~ [9a] 

jo~CTR 
Veff ~- ~7 - -  coCR --> 0 [9b] 

2 

h should  t e n d  to zero  w i t h  t he  app l i ed  f r e q u e n c y  and  
shou ld  app roach  an a sympto t i c  v a l u e  s o m e w h a t  less 
t han  the  t heo re t i c a l  b a r e  p la te  v a l u e  as t he  f r e q u e n c y  
becomes  large .  I f  the  second  effect  to be  d iscussed is 
not  too large ,  i t  should  be  poss ible  to ob ta in  a good 
e s t i m a t e  of t he  c o n d u c t i v i t y  f r o m  t h e  h(5)  curve .  T h e  
second  effect  fo r  t he  coa ted  p la tes  is caused  by  t h e  
c h a r g e  b e t w e e n  them.  By  T h e o r e m  II  and  Eq.  [6] th is  
w i l l  r e su l t  in  an  inc rease  in h; h o w e v e r ,  s ince the  
space  c h a r g e  wi l l  dec rease  w i t h  i nc rea s ing  5, this  
effect  shou ld  be  mos t  p r o n o u n c e d  at l ow  f r e q u e n c i e s  
and  die ou t  at  h i g h e r  ones. These  two  effects m a k e  
possible  two  types  of curves :  (i) m o n o t o n e  i nc rea s ing  
t o w a r d  the  h igh  f r e q u e n c y  asympto te ,  and  (ii)  in -  
c r eas ing  to a m a x i m u m  at some f r e q u e n c y  and t h e n  
dec reas ing  t o w a r d  the  h igh  f r e q u e n c y  asympto te .  T h e  
l a t t e r  f o r m  is to be  e x p e c t e d  w h e n e v e r  s p a c e - c h a r g e  
effects pers i s t  in to  the  f r e q u e n c y  r a n g e  w h e r e  [9a] 
obtains.  In  the  e x p e r i m e n t s  p e r f o r m e d  w i t h  ace tone  
bo th  fo rms  w e r e  observed ,  thus  po in t i ng  up the  p r e -  
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Fig. 1. Typical h(f) curve for cell with Teflon coated plates. V 
3.05 kv. The asymptotic value of h(1.64 mm) yields a susceptibility 
which, when corrected for temperature and, by Eq. [ga] ,  for a 
Teflon layer 0.5 mll thick on each plate, gives a relative per- 
mittivity of 20.5. 

v ious ly  no ted  fac t  that ,  in ace tone  a t  least ,  the  con-  
d u c t i v i t y  is not  s t rong ly  c o r r e l a t e d  w i t h  the  space 
c h a r g e  (18). A typ ica l  c u r v e  of t he  first k i n d  is s h o w n  
in Fig.  1. I t  shou ld  be  no ted  tha t  t he  r i s ing  po r t i on  of 
t he  curve ,  w h i l e  r e p r e s e n t a t i v e  of those  c o m m o n l y  
encoun te red ,  is by  no means  un ique ,  s ince the  f r e -  
q u e n c y  r a n g e  o v e r  w h i c h  i t  r i ses  is con t ro l l ed  b y  the  
c o n d u c t i v i t y  of t he  acetone,  and  this  t ends  to d rop  
s lowly  o v e r  a ser ies  of runs,  p r e s u m a b l y  due  to ionic  
c l eanup  of  the  s ample  in  use. By  su i t ab le  cond i t i on ing  
of the  ace tone  one  could  ob ta in  a c o n d u c t i v i t y  less t han  
3 x 10 -7  m h o / m e t e r ,  w h i c h  is about  an  o r d e r  of m a g -  
n i t ude  less t han  those  wh ich  h a v e  been  r e p r o d u c i b l y  
ob ta ined  by  e l ec t rochemis t s  (21) us ing  m e t a l l i c  e l ec -  
t rodes.  T h e  h ( f )  c u r v e  ob t a ined  us ing  Tef lon coa ted  
e lec t rodes  seems to offer  a n e w  m e t h o d  of m e a s u r i n g  
conduc t iv i t i e s  w i t h o u t  e l ec t rodes  in  the  r a n g e  10 - 9 -  
10 -3  m h o / m e t e r .  F o r  example ,  n e g l e c t i n g  the  space  
charge ,  t he  c u r v e  of Fig.  1 y ie lds ,  f r o m  [7], [8], [9], 
and a Teflon coa t ing  0.5 mi l  t h i ck  on the  plates ,  a ser ies  
of c o n d u c t i v i t y  va lues  w h i c h  dec rease  s lowly  f r o m  
about  1.3 x 10 -6  m h o / m e t e r  at 150 cps to 1.2 x 10 -6  
m h o / m e t e r  at  70 cps to 1.0 x 10 -6  m h o / m e t e r  at 20 cps; 
R, C, and CT w e r e  ca l cu l a t ed  us ing  the  f o r m u l a s  fo r  a 
p a r a l l e l  p l a t e  geome t ry .  This  v a r i a t i o n  is r o u g h l y  w h a t  
one w o u l d  expec t  i f  a space c h a r g e  w h i c h  d a m p e d  out  
w i t h  inc reas ing  f r e q u e n c y  w e r e  p resen t :  if  t he  t r u e  
v a l u e  of ~ w e r e  1.35 x 10 -6  m h o / m e t e r ,  the  da t a  of  Fig.  
1 w o u l d  imply ,  for  ins tance ,  v ~ 1.9 a t  20 cps and 

~ 1.1 at  50 cps. The  e x a m p l e  po in ts  up a g e n e r a l  p r o p -  
e r t y  of  this  m e t h a d  that ,  as l o n g  as s p a c e - c h a r g e  effects 
clamp ou t  s o m e w h a t  b e l o w  t h e  h igh  f r e q u e n c y  a s y m p -  
tote,  a m o d e r a t e l y  accu ra t e  v a l u e  of t he  c o n d u c t i v i t y  
can be  obta ined.  

F o r  uncoa t ed  m o l y b d e n u m  condense r  plates ,  one  
w o u l d  e x p e c t  t he  h (f) c u r v e s  to dec rease  m o n o t o n i -  
ca l ly  w i t h  f r e q u e n c y  as t he  space  cha rge  was  p r o -  
g r e s s ive ly  d a m p e d  out. This  was  n o r m a l l y  o b s e r v e d  
excep t  tha t  t he r e  was  occas iona l ly  a t e n d e n c y  for  the  
f a l l i ng  po r t i on  of t he  c u r v e  to u n d e r s h o o t  t he  a s y m p -  
tote  s l igh t ly  and,  in v io l a t i on  of one 's  e x p e c t a t i o n  on  
the  basis of T h e o r e m  II, to a p p r o a c h  i t  f r o m  benea th .  
This  a n o m a l y  was  p r o b a b l y  caused  by  a modi f ica t ion  of 
the  a i r - l i q u i d  i n t e r f a c e  by  the  app l i ed  field. As  in t he  
c o a t e d - p l a t e  case, t he  n o n a s y m p t o t i c  po r t i on  of  the  
h (f) c u r v e  was  sub jec t  to some shi f t  f r o m  r u n  to run ;  
this  re f lec ted  once  aga in  the  uns t ab l e  c h a r a c t e r  of space  
c h a r g e  in o rgan ic  l iquids .  A typ ica l  h ( ] )  c u r v e  is 
shown  in Fig.  2. 
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Fig. 2. Typical h(f) curves for cell with bare molybdenum plates. 
V --- 3.05 kv. The asymptotic value of h(1.82 mm) gave a tempera- 
ture corrected relative permittivity of 20.8. The v variation here 
is slightly larger than that inferred from the h(f) curve of Fig. 1 
for the coated-plate case. This suggests that, as might be expected, 
space-charge effects are more pronounced in a liquid in contact 
with the driving electrodes. 
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The values of permit t iv i ty  obtained for both the 
coated and uncoated plates are in excellent agreement  
with the "accepted" value. The agreement  obtained 
here is p r imar i ly  due to the simple precaution of going 
to a f requency high enough to annu l  space-charge ef- 
fects. The measurements ,  for example, of Greinacher  
(17) using the Pel la t  technique, or of Quincke (22) 
and Clark (23) using a slightly different dielectro- 
phoretic technique, gave high values of permi t t iv i ty  
for v i r tua l ly  all the liquids tested; this discrepancy can 
be explained by their fai lure to use a sufficiently high 
frequency. 

Conclusions 
It has been shown that  the effect of a space charge 

near  a convex electrode immersed in a dielectric fluid 
is, for space charges of importance in conduction phe- 
nomena,  always such that  the change in the dielectro- 
phoretic force due to the space charge reinforces the 
electrophoretic force associated with the space charge. 
An i l lustrat ion of this rule  is provided by the Sumoto 
effect (11). 

It  was fur ther  shown that  the effect of adding space 
charge to a dielectric bounded by surfaces of fixed 
potential  was, if the system was ini t ia l ly  uncharged, 
always to increase the electrical energy in the system. 
This result  was applied to explaining the f requency-  
dependent  behavior  of the rising up of a dielectric 
l iquid between a pair  of condenser plates. The ex- 
per imenta l  data obtained were in accord with the 
predictions made. 

In addition, a new method was described for elec- 
trodelessly measur ing the conductivi ty of l iquids of 
in termediate  conductivi ty (10-9-10 -3 mho/mete r ) .  
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APPENDIX 
--> 

To investigate F consider an equipotential surface 
which is in contact with a homogeneous fluid of 

permittivity ~. Assume that the frequency of the volt- 
age applied to the system is such that the electric field 
is derivable from a scalar potential r in the form 

E = -grad r [10] 

Choose an orthogonal coSrdinate system (u, v, w) 
such that  u = 0 represents  the surface ~ and such that, 

A 
at any point  on the surface, u, a un i t  vector along u, is 

A A 
normal  to % while v and w are tangent ia l  to it. Then, 

can be expanded about the point  (0,VoWo) in the 
series 

1 
~b = f --~ (Ufu -4- Vfv  + Wfw)  Jr- ~-(U2fuu 2v V2fvv 

-4- W2]ww + 2uVfuv + 2uWfuw + 2VWfvw) --? . . .  [11] 

where  V = (V- -Vo) ,  W = ( W - - W o ) ,  ] =r (O,voWo), 

0--~-r l , e t c .  Since the surface is an equi-  fu 
0 u l  ( O~vo,Wo ) 

potential,  3% = fw = fvv = ]ww = fvw = 0. Thus, over 
distances which are small  compared to the surface's 
radii of curvature  

1 
r = ~ -}- Ufu -4- -~ (uafuu J- 2UVfuv -]- 2uWfuw) [11] 

In  such an orthogonal coSrdinate system (13) 

g r a d ~ : u A  [ 1 .  0~I, ]_4 AV [ 1 0~z ] 
el Ou e2 Ov 

+ w [12a] 
e3 Ow 
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1 [ 0 (eeea 0 ~ )  
V 2 'I, -- - -  

ele2ea - ~ u  - -~1 Ou 

0 (ee~3 0~ ) 0 (v i e2  0~ ) ] 
+ - ~ v  " Ov + - ~ w  e~ Ow [125] 

el, e2, and e3 are the distance metrics associated with 
the coSrdinate system and are non-negat ive .  For u, V, 
and W sufficiently small  it follows, from [10], [11], 
[12a] and [12b], tha t  

? [,`1 
- -  u ~ (~. + u h .  + gI.v + W$.w) 

1 ,,1 ] 
+ v A -  (ufuv) + w - -  (Ufuw) [13a] 

e2 e3 

g r a d E 2 ~ ] u 2 g r a d  ( ~ )  

+ - -  u -t- v w [13b] 
el 2 el e2 e3 

I I-e2ea :fu__~O ( e 2 e 3 ] ]  

�9 - -  - - E - J - -  ele2e3 Ou 

By using the Poisson equat ion and [13c], by neglecting 
appropriate higher order terms, and by assuming that  
the var ia t ion of r is much faster normal  to the sur -  
face than tangent ia l  to it, it is possible to simplify 
[13a] and [13b] still fur ther  

~ _ _ A  Su 
u [14a] 

el 

grad E2 ~ fu2 grad (--~12) 

A 2 [ po 0 (e2e3 ] ]  
- - U - - f u  el 2 A- 5u log [145] 

el 3 e r \ - ~ I  / A 

where po is the value of p nea r  (0,VoWo). If it is fu r -  
ther assumed that  el is sensibly constant  near  ~, it  is 
possible to reduce [la] and [ lb]  to 

A Po 
Fe ~ - - u  ]u [15a] 

el 
and 
Fd = - - u A ( e - - e ~  p ~  ~ fu 5 fu 2 0 log \(eue3 ] ]  -~--~ / 

el 2 0u 
[155] 

The major  assumptions made in der iving these two 
equations are that  the curva ture  radii  of z were large 
compared to u, V, and W and that  the variat ions of r 
were much larger and more rapid normal  to ~ than  
they were tangent ia l  to it. To in terpre t  these expres- 
sions for the force it is necessary to deduce also the 
var iat ion of fu with po. Let f be fixed and let fur176 de- 
note the value of fu in the absence of space charge. 
Then, sufficiently near  

f ,(o)/fu < 1 pof < 0 [16a] 

fuCO)/fu > 1 pof > 0 [16b] 

where it has been assumed that  the boundary  condi-  
tions have been chosen in such a way that  f wil l  have 
a sign opposite to that  of the charges which would be 
electrostatically attracted to ~. These equations can be 
given a simple justification by not ing that  pof < 0 
represents, in effect, electrostatic shielding which wil l  
cause r to vary  more quickly and that  pof > 0 repre-  
sents the opposite. Further ,  since r is harmonic for 
po=  0 

fu (~ f ~ 0 [16c] 

Finally,  in problems of conduction that  involve force 
effects in dielectric l iquids it invar iab ly  tu rns  out that  

fu(O)fu ~ 0 [16d] 

With the Eq. [15] and [16] it is possible to discuss the 
several ways in which the electrophoretic and dielec- 
trophoretic forces can vary  when the potentials of the 
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system's electrodes are fixed and the space charge is 
permi t ted  to change. 

For  Fe there  are two simple cases: as [po] increases 

f rom zero, uFe becomes increasingly negat ive  (force 
toward electrode) for poS ~ 0, and increasingly posit ive 
(force away f rom electrode) for po] ~ 0. However ,  as 
a resul t  of the var ia t ion of Su with po, this var ia t ion is 
greater  for p J  ~ 0 and less for po] ~ 0 than would be 
expected  f rom a considerat ion of poSu (~ alone. An  in te r -  
esting consequence of this is that  a fluid containing a 
re la t ive ly  steady space charge, mainta ined for example  
by diffusive forces or by photoemission into the fluid, 
should, in an a l ternat ing electric field, exper ience a 
net  e lectrophoret ic  force toward the electrode. 

F o r  F d there  are four  possible cases as po increases 
from zero 

(i) p o f ~ 0 a n d  0 log ( . e 2 e 3 ) ~ - 0 .  
] k 

0u 

Force toward electrode increased. 

(ii) p J > 0 a n d  0 10g (e2e3 
Ou \--~-1 / ~ O. 

Force toward  electrode decreased and possibly re -  
versed. 

0 ( e2e3 ~ 
(iii) pof ~ 0 and log 0. 

Force away f rom electrode varied in unpredictable  
manner .  

(iv) o o ~ > O a n d - - l o g  O. 
Ou \ --~-1/ < 

Force away from electrode var ied in unpredictable  
manner.  
Cases (i) and (ii), which correspond to a nonconcave 
electrode, are most common. Theorem I follows f rom 

. -> 

them and the results for Fe. 
To prove Theorem II for the case in which e is a con- 

tinuous function of position within  r, split the  total  
electric scalar potent ial  into two parts ~I, and r such 
that 

div (e grad "~) -- p over  F [ 17a] 
= 0 on Ei(i = 1,2, . . . )  [17b] 

and 
div(e grad r = 0 over  r [18a] 

= ~b~ on ~i(i  = 1,2, . . . )  [18b] 

Equat ion [2] then becomes 

1 
=--9-fr e [grad2 ~ + grad 2 q,] dV 

~- f r e g r a d o g r a d , I ,  dV [19] 

The proof can be completed by showing that  the second 
te rm of [19] is ident ical ly zero; it must  be since it 
equals 

f r { d i v [ ~  (e grad r ] - -  ~ div(e  grad r } dV 

which, by the divergence theorem, [17b] and [18a], 
vanishes. A proof for the case in which r has been 
split into a number  of subregions, over each of which 
the permi t t iv i ty  is constant, has been given e lsewhere  
(24); the extension to many subregions over  each of 
which the permi t t iv i ty  is mere ly  continuous is tr ivial .  
It should be noted that  an increase in ~ does not de- 
pend on the introduct ion of a net  charge into F: any 
nonzero p, wha tever  its in tegral  over  r, wi l l  effect an 
increase. 

Manuscript  received Dec. 24, 1963; revised manu-  
script received May 25, 1964. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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ABSTRACT 

Polyvinyl  alcohol was reacted with  acryloni t r i le  (i.e., cyanoethylated)  to 
obtain a series of polymers  differing in degree of cyanoethyla t ion (D.S.). 
Dielectric constants (~') and tan 5's of these cyanoethyla ted  polyvinyl  alcohols 
were  measured  f rom 60 cps to 300 kcps a n d - - 5 0  ~ to 75~ d-c vo lume re-  
sistivities (p) were  measured at 25~ Unusual ly  high dielectric constants 
were  observed;  however ,  the losses did not develop dispersion peaks wi thin  
the  f requency range studied even on cooling the polymers  to --50~ In gen-  
eral, ~' and e" ~ e' tan 5 first decreased sl ightly wi th  increasing cyanoethyla-  
tion, then increased and reached plateaus or max ima  at 30 to 40% D.S. 
Cross l inking the polymer  had li t t le effect on dielectric propert ies  when the 
D.S. was high, but  lowered e' and ~" and increased p when  the D.S. was 
low; these changes were  greatest  with unmodified polyvinyl  alcohol (D.S. = 
0). Polar  group substitution presumably  accounts for the observed variat ions 
in dielectric properties.  

The dielectric constant (e') of polyvinyl  alcohol 
is about 15 at 60 cycles per second (cps) and 25~ 
This is an unusual ly  high dielectric constant  even for 
a polar  polymer.  Most organic polymers  exhibi t  di-  
electric constants in a range f rom about 3 to perhaps 
7 or 8 when  measured  at 60 cps and room temperature .  

However ,  unmodified polyvinyl  alcohol (PVA) is 
readi ly  soluble in water ,  and the lack of moisture 
resistance has general ly  been a de ter rent  to the use 
of this polymer  for dielectric purposes. By combining 
PVA with  acryloni t r i le  in a base-catalyzed react ion 
called cyanoethylation,  it is possible to t ransform the  
original  mater ia l  into a series of new polymers,  
cyanoethytated polyvinyl  alcohols (CEPVA's) ,  which 
dissolve less and less easily in water  and eventual ly  
become vi r tua l ly  insoluble in this medium. Moreover,  
it is also possible to add cross- l inking agents to t h e s e  
new materials  in subsequent  operations, thus ex tend-  
ing their  solvent resistance to include many  organic 
solvents in addition to water,  as wel l  as improving  
physical properties.  In general, the new polymers  
possess dielectric constants as high, or in many  in- 
stances even higher,  than are observed with  unmod-  
ified PVA. Cross linking, as expected, stiffens and 
hardens the s tructure;  however ,  when the polymer  
has been highly cyanoethyla ted  the cross l inking and 
increased r igidi ty seemingly have  l i t t le or no effect 
on dielectric properties.  For  these reasons, it has 
been of interest  to study the electrical  behavior  of a 
series of these CEPVA polymers.  

A wide var ie ty  of CEPVA polymers  can be made 
by control l ing the cyanoethyla t ion reaction. As is 
indicated in Fig. 1, hyd roxy  (OH) groups on the long 
polyvinyl  alcohol chains (these chains being rep re -  
sented by X repeat ing units of the dimer formula  in 
the brackets)  are gradual ly  replaced by cyanoethyl  
e ther  l inkages (--OCH2CH2CN) der ived f rom acryl-  
onitrile. The ra te  of rep lacement  is reasonably slow. 
Hence the reaction can be stopped at appropriate  t ime 
intervals  short  of complet ion to yield a series of 
homologous polymers  which range from 0 to 100% 
in (OH) groups replaced. The per cent substitution, 
(OCH2CH2CN) groups for (OH) groups, is conveni-  
ent ly  te rmed the degree of cyanoethylat ion.  In more  
general  terms, this percentage figure is f requent ly  
called the degree of substi tution (D.S.) and to avoid 
unnecessary symbols, the same abbreviat ion (D.S.) 
wil l  be used in this paper  to denote the more  specific 
term, "degree of cyanoethylat ion."  These polymers  
and especial ly the 100% D.S. var ie ty  have  been desig- 
nated by the chemical  name of polyvinyl  #-cyanoethyl  
ether  (1, 2). However ,  the generic name, cyano- 
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Fig. ]. Cyanoethylation of polyvinyl alcohol 

ethylated polyvinyl  alcohol or its s impler  abbreviation,  
CEPVA, seems bet ter  suited to the par t ia l ly  reacted 
variet ies  in v iew of their  s t ructural  complexities.  F ig -  
ure 1 i l lustrates only two of the many  CEPVA's  that  
could be produced; these are the hal f -subst i tu ted  or 
50% D.S. po lymer  and the ful ly  substi tuted or 100% 
D.S. polymer.  All  of the dimer formulas  shown in 
Fig. 1 are, of course, pure ly  consti tut ional  and have  
no significance in respect  to steric configurations. 

Measurements  of (e') and loss index (c") for 
completely cyanoethyla ted  polyvinyl  alcohol (D.S. = 
100%) have been repor ted  previously  by Lewis and 
Hogle (1). These measurements  indicated strong po- 
larization; for example,  e' was found to be approx-  
imate ly  21 at 60 cps and 25~ To account for the 
polarization, the authors postulated a rotat ion of 
(--CH2CN) dipoles about the central  C-C bond in 
the (--OCH2CH2CN) l inkages branching off the main 
chain. However ,  they also repor ted  that  the i r  evidence 
for rotat ion ( large loss index peaks at high f re-  
quencies) could not be considered conclusive since 
the po lymer  was rubbery  and polar  rubbers  commonly 
exhibi t  this type of behavior.  Moreover,  the low f re-  
quency losses were  ex t remely  high. The authors a t -  
t r ibuted these high losses to ionized impuri t ies  which 
were  retained by the gummy and rubbery  polymer,  
in spite of repeated at tempts  at purification. 

1239 
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Table I. CEPVA polymers 

D ~ g r e e  of  
N i t r o g e n  c y a n o e t h y l -  P r e p a r a t i o n  R e a c t i o n  

c o n t e n t ,  % a t i on ,  % S o l u b l e  in  m e t h o d  t i m e ,  h r  

0 0 W a t e r  ( O r i g i n a l  P V A  as  s u p -  
p l i ed*)  

1.52 4 W a t e r  D e P a u w  (3) 0.5 
2.7 9 W a t e r  D e P a u w  (3) 1.1 
7.2 29 W a t e r * *  D e P a u w  (3) 3.0 

10.8 57.5 A c e t o n e  D e P a u w  (3) 20.0 
13.2 83 A c e t o n e  H o u t z  (2) 3.0 

* E L V A N O L  71/30 ,  s u p p l i e d  b y  E. I. d u  P o n t  de  N e m o u r s  & 
C o m p a n y ,  Inc .  

** S l o w l y  s o l u b l e  in  w a t e r ,  m o r e  s o l u b l e  in  e t h a n o l ,  i n s o l u b l e  in  
a c e t o n e .  

Lewis and Hogle had l imited their  studies on CEPVA 
to the 100% D.S. po lymer  (polyvinyl  ~-cyanoethyl  
e ther) .  One purpose of the present  study has been to 
measure  the dielectric propert ies  at lower  degrees of 
cyanoethylat ion and, so far  as possible, to re la te  the 
var ia t ion in dielectric propert ies  to the percentage 
of (OH) groups replaced. The effect of increased poly-  
mer  r igidi ty  on dielectric propert ies  has also been 
considered; first, by measur ing the propert ies  at t em-  
peratures  ranging downward  to --50~ whereas  the 
lowest t empera tu re  employed  by Lewis and Hogle was 
-b25~ and second, by measur ing and comparing the 
propert ies  of three representa t ive  polymers  after  
stiffening their  s tructures by cross linking. 

Experimental 
Fiwe CEPVA polymers  were  prepared,  each with  a 

different degree of cyanoethylat ion and were  analyzed 
for ni t rogen (N) content. A ni t rogen analysis pro-  
vides a convenient  measure  of the D.S. of the poly-  
mer, the basis being polyvinyl  /~-cyanoethyl e ther  
(D.S. = 100%) for which the theoret ical  N-conten t  is 
14.42%. Table I lists the original  PVA and the five pre-  
pared polymers  in order of increasing N-conten t  and 
corresponding degrees of cyanoethylat ion.  

The first four of the par t ia l ly  cyanoethyla ted  poly-  
mers  in Table I, up to and including 10.8% N, were  
prepared  in aqueous media  by a procedure  published 
by DePauw (3). Acetic acid was added to stop the 
alkal ine catalysis at the t ime intervals  listed in the 
fifth column of the table. The final po lymer  in the 
group, 13.2% N, was made by modifying a method 
described by Houtz (2) since DePauw's  procedure  was 
considered inappropr ia te  for the high D.S. desired. 

DePauw's  procedure, where  applicable, was fol lowed 
exact ly  as g iven by the author. The Houtz method,  
however ,  was modified as follows: 

One hundred  grams of PVA, 890g of acry]onitri le,  
74 ml  of ammonium hydroxide  (28-30%), and 185 
ml  of aqueous sodium hydroxide  solution (3% by 
weight)  were  s t i rred together  and heated under  re -  
flux for approximate ly  3 hr. The react ion mix ture  was 
then cooled and filtered, and the crude CEPVA poly-  
mer  was precipi ta ted f rom solution by pouring into 
9.25 liters of an alcoholic solution consisting of equal  
volumes of ethanol  and water .  The ethanol used was 
specially denatured alcohol containing 5 gal methanol  
per  100 gal e thyl  alcohol (Formula  No. 1; U.S. De-  
par tment  of In ternal  Revenue) .  The precipi ta ted 
polymer  was then dissolved in 1.3 l i ters of methyl  
ethyl  ketone (MEK),  and the resul t ing solution was 
ext rac ted  (or washed)  in a separatory  funnel  th ree  
times with an immiscible solvent mix tu re  consisting 
of 1.8 li ters of distil led wate r  and 0.84 l i ter  of MEK. 
Af ter  the final wash the po lymer  was reprecipi ta ted 
in 16 liters of distil led water,  squeezed between Teflon 
covered rolls to remove  most of the occluded water ,  
and dried in a vacuum oven below 50~ The yield 
was approximate ly  80% based on the computed D.S. 
of 83 %. 

None of the polymers in Table I were  considered 
very  pure. The same difficulty repor ted  by Lewis and 

Hogle was exper ienced in purification, i.e., finely di- 
vided precipitates that  could be proper ly  washed were  
never  obtained even though the polymers  were  re -  
dissolved and rep,~ecipitated many  times. The coagu- 
lated gummy masses that  actual ly  separated on p re -  
cipitation would, therefore,  be expected to retain 
appreciable amounts  of occluded impurities.  

The transi t ion f rom water  soluble to organic soluble 
polymers  is shown in the th i rd  column of Table  I. 
The ni t rogen content  at which this change occurred 
lies be tween  7.2 and 10.8%, probably closer to the 
lower  figure than the higher.  The 7.2% N polymer  
dissolved only ve ry  slowly in water  and also differed 
f rom all others in the list by being appreciably solu- 
ble in alcohol. As wil l  become evident  later, a change 
in dielectric propert ies  also appears in the neighbor-  
hood of %8% nitrogen. 

The dielectric test specimens were  made in the 
form of small, thin capaci tor- type elements.  The di- 
electric films in these elements  were  formed by cast- 
ing the polymer  solutions on a luminum foil or elec- 
t r ical ly  conducting glass plate which thus became one 
electrode of the capacitor. Six sets of specimens were  
prepared in duplicate, five f rom the CEPVA polymers  
and one f rom the original  PVA. Three  addit ional  sets 
were  prepared with  cross- l inking agents added to the 
polymer  solutions; these included the original  PVA, a 
low D.S. CEPVA (2.7% N),  and a high D.S. CEPVA 
(13.2% N).  The films were  baked 30 min  at 150~ 
to remove  solvent and also to effect a "cure"  if cross- 
l inking agents had been added. Each e lement  was 
completed by evaporat ing a luminum metal  over  a cir-  
cular area 0.500 in. in d iameter  on the exposed side of 
the film, thus forming a second electrode. The thick-  
ness of the po lymer  films sandwiched be tween  the 
electrodes ranged f rom 0.0007 to 0.006 in. 

In prepar ing the cross- l inked films, appropriate  
chemical  agents were  mixed  wi th  the po lymer  solu- 
tions just  before casting the film. The wate r  soluble 
varieties,  namely,  the original  PVA and the 2.7% 
ni t rogen CEPVA, were  cross-l inked with  hexame-  
thoxymethy l  melamine  (CYMEL 300 obtained f rom 
the Amer ican  Cyanamid Company) ,  approximate ly  
two parts by weight  of cross- l inking agent  per  five 
parts of solid po lymer  in solution. The organic solu- 
ble po lymer  (13.2% nitrogen) was cross-l inked on a 
5% by weight  basis wi th  a blocked tr i funct ional  poly-  
isocyanate ester supplied by Mobay Chemical  Com- 
pany under  the commercia l  name of MONDUR-S.  
The cured films af ter  baking were  no longer  soluble 
in their  former  solvents whereas  their  unmodified 
counterparts  could always be redissolved, usual ly 
quite  easily. For  this reason, solvent  resistance was 
general ly  used as a quick test for effectiveness of 
cross l inking and cure. 

Measurement ol Dielectric Properties 

Dielectric constants (~') and dissipation factors 
( tan 8) were  measured  by substi tut ion methods  on a 
General  Radio Scher ing bridge (Type 714C). The di- 
electric loss index (e") was calculated f rom the re la -  
t ion e" = e' tan 8. Each po lymer  specimen was tested 
at six different f requencies  ranging f rom 60 cps to 
300 kcps and at six different tempera tures  ranging 
f r o m - - 5 0  ~ to +75~ 

Since some of the polymers  were  hygroscopic it was 
standard practice to condition the test specimens for 
at least 24 hr  in a cIosed chamber  containing a de-  
siccant (phosphorus pentoxide)  and then per form a 
complete series of measurements  wi thout  reopening 
the chamber.  In test ing at different tempera tures  the 
chamber  was submerged in a bath mainta ined at the 
approximate  t empera tu re  desired and the exact  t em-  
pera ture  was measured  by means of a thermocouple  
located inside the chamber  near  the test specimens. 
A min imum t ime of 3 hr  at constant t empera tu re  was 
al lowed after each t empera tu re  change before a new 
series of measurement  was started. 
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D.C. vo lume resistivit ies (p) were  also measured  
while  the specimens were  in the dry chamber  but  only 
at one temperature ,  25~ The ins t rument  used was a 
Genera l  Radio D.C. Amplif ier  and Elec t rometer  Type 
1230A. Readings were  taken at 1- and also at 2-rain 
t ime intervals  after applying a potent ial  difference of 
9.1v to the electrodes. 

The dielectric constants and loss indices of the 
polymers  listed in Table I are plot ted against f re -  
quency and tempera tu re  in Fig. 2 and 3, and also 
against  ni t rogen content  and f requency  in Fig. 4 and 5. 
The d-c resistivit ies at 25~ are plotted for different 
N-contents  in the bar graph of Fig. 6. The effects of 
cross l inking on dielectric propert ies  are shown in 
Fig. 7 and 8. 

Discussion 
In Fig. 2, the var ia t ion in ~' wi th  f requency and 

tempera tu re  is shown in six separate  graphs, one for 
each polymer  composition. All  of the polymers  includ-  
ing the original PVA exhibi t  a typical  decrease in e' 
wi th  increasing f requency and also with  decreasing 
temperature .  However ,  the very  high values shown, 
especially at low frequencies  and high temperatures ,  
should not be accepted uncrit ically.  These ex t remely  
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Fig. 2. Variation of dielectric constants (e') of CEPVA polymers 
with frequency and temperature. 
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high dielectric constants were  always associated with  
losses that  were  also ex t remely  high. High losses, of 
course, would affect the measured  capacitance, and in 
that  case the apparent  values of ~' cannot be trusted. 
In some instances, for example,  in the graph for the 
original  PVA at 75~ no points are shown below 10 
kcps since at lower  f requencies  the losses were  so high 
that  the bridge could not be balanced. 

Similar  separate graphs for the loss indices are 
plot ted in Fig. 3. F rom these data it is apparent  
that  the measurements  were  not  carr ied into a f re -  
quency range high enough for definite loss index 
peaks to occur. However ,  it can also be seen in the 
graphs for the n i t rogen-conta in ing polymers  that  
the ~" values almost always increase wi th  f requency 
in the upper  ranges approaching the 300 kcps limit.  
This may indicate the early stages of the anomalous 
dispersion region. Moreover,  the rising t rend seems 
most pronounced for the po lymer  containing the most 
nitrogen. 

On the other  hand, the fai lure  of the original PVA 
to show any ~" peaks or even a rising t rend  below 
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Fig. 4. Variation in dielectric constant (e') with N-content of 
CEPVA polymers. 
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300 kcps is somewhat  puzzling. The data in this re-  
spect are inconsistent wi th  the observations of Kurosaki  
and Furomaya  (4) who reported loss peaks for poly-  
v inyl  alcohol in the vic ini ty  of 10-100 kcps at t emper -  
atures ranging f rom --16.8 ~ to +16.8~ Other than to 
suggest a possible difference in polymer  samples, no 

explanat ion can be given for the apparent  lack of 
agreement.  

The fai lure to find e" peaks at t empera tures  of 25~ 
and higher  was not surprising, especially where  the 
high ni t rogen content  polymers  were  concerned. It  
is t rue  that  Lewis and Hogle had found a loss peak 
around 30 megacycles /sec  for complete ly  cyano- 
e thyla ted  CEPVA at 25~ but  the present  measure-  
ments  were  not  carr ied above 300 kcps. However ,  in 
the present  measurements  the t empera tu re  was 
dropped to --50~ where  it might  be expected that  
increased r igidi ty  of the po lymer  s t ructure  would  r e -  
tard  dipole rotat ion sufficiently for  dispersion peaks 
to occur at f requencies  below 300 kcps. The absence 
of such dispersion peaks at such a low tempera tu re  
lends fur ther  support  to the Lewis  and Hogle theory 
of a high degree of f reedom for the rotat ing 
(--CH2CN) dipole. Moreover,  the fa i lure  to reach a 
loss peak below 300 kcps when  the polymers  are 
cooled to --50~ indicates that  the rotat ion apparent ly  
has a re laxat ion t ime shorter  than a microsecond even 
at this low temperature .  

It  was also no surprise to see in most instances very  
high losses at low frequencies  instead of negligibly 
low losses as predicted by the Debye theory. In some 
instances the measured  losses were  greater  than cal-  
culated by the Debye equat ion even if one assumes 
the rotat ional  f requency  m a x i m u m  in the calculation. 
Ionic conductance presumably  accounts for a large 
proport ion of the low- f requency  loss since; as was 
ment ioned earlier,  it was v i r tua l ly  impossible to rid 
the gummy polymers  of all ionized impurities.  

The influence of cyanoethylat ion on dielectric prop-  
erties becomes apparent  in the composit ion based 
graphs of Fig. 4 and 5. In general,  the dielectric con- 
stants first decrease wi th  increasing ni t rogen con- 
tents (or equal ly  increasing degrees of cyanoethyla-  
t ion),  then increase and at h igher  tempera tures  seem 
to reach plateaus or max ima  at 7-8% nitrogen. These 
changes are only slight at t empera tures  below 25~ 
The loss index curves in Fig. 5 show similar  t rends 
and even more  pronounced maxima,  again at about 
8% nitrogen. Behavior  of this type is not  unique;  a 
s imilar  m a x i m u m  in e" depending on composition was 
observed by Scott, McPherson, Curtis, and Cummings  
(5) in s tudying the effect of sulfur  in vulcanized rub-  
ber. However ,  it is a curious coincidence that  the 
max ima  in e' and ~" of the CEPVA polymers  occur at 
just  about the same ni t rogen content  as marked  the 
transi t ion f rom wate r  soluble to water  insoluble ma-  
terials. A plausible inference, though cer ta inly not 
too wel l  established, is that  the max ima  are in some 
manner  associated wi th  s t ructural  changes also in-  
dicated by the change in solubility. 

The dist inctive pa t te rn  of the dielectric proper ty  vs.  
ni t rogen content curves suggests a relat ion to the sub- 
st i tution that  occurs dur ing the cyanoethylat ion reac-  
tion. The ment ioned work  of Kurosaki  and Furomaya  
(4) indicated that  the oxygen-hydrogen  dipoles con- 
t r ibut ing most to P V A  polarizat ion are located in the 
more  accessible, amorphous regions of the polymer.  
If these dipoles are the first to be removed  by reac-  
tion with  acrylonitr i le,  it is then plausible that  e' and 
e" should show an init ial  decrease, as was observed. 
However ,  the continued introduct ion of easily rotatable  
(--CH2CN) groups should soon dominate  the electr ical  
behavior  and e' and e" should rise accordingly. This 
was l ikewise observed. But as the (--CH2CN) dipoles 
increase in number  and percentage,  they also become 
crowded more closely together.  At some point, p re-  
sumably 8% ni t rogen which corresponds to about 35% 
cyanoethylat ion,  the restr ict ion to rotat ion by c rowd-  
ing would be expected to balance the effect of new 
dipoles entering, and beyond that  point e' and e" 
should remain  s tat ionary or even decrease. This, too, 
was observed. Moreover,  if one now re turns  to the 
f requency  based graphs of Fig. 3 and compares the 
t rends of the e" curves as they approach the 300 kcps 
limit,  the  earl iest  and strongest  upward  t rend is shown 



Vol. 111, No. 11 DIELECTRIC PROPERTIES OF CEPVA 1243 

by the po lymer  containing the most ni t rogen (13.2%). 
One would  thus assume that  this polymer  would  have  
been the first to reach a loss index peak if the meas-  
urements  had been extended beyond the present  l imit  
into the anomalous dispersion f requency  range. If so, 
this would  also be consistent wi th  the v iew that  ro ta-  
t ional f reedom begins to diminish at high N-contents.  

The bar graph in Fig. 6 portrays the d-c resistivit ies 
(p at 25~ for all the polymer  specimens, including 
the cross-l inked varieties.  Open bars are shown for 
the polymers  wi thout  cross-linking, cross-hatched bars 
labeled C. L. for those with  cross-linking, and the 
basis for comparison in each case is the N-content .  The 
range of p in the case of the unmodified polymers  is 
roughly  four  orders of magni tude;  from, say 5 x 101~ 
(ohm-cm) for the original  PVA to about 5 x 1014 
ohm-cm for the 7.2% N-conten t  CEPVA. The last 
named va lue  is a m a x i m u m  for the unmodified poly-  
mers;  this again presents a curious paral le l  to the e' 
and e" maxima  seen in Fig. 4 and 5. Whatever  may  
be the reason for the increase in ~' and ~" leading to 
these maxima,  it is p resumably  not an increase in 
ionic conductance. Such an explanat ion would  be 
tenable if h igher  values of e' and e" had been accom- 
panied by lower  values of p; however ,  the opposite was 
observed. 

Cross l inking has increased the resis t ivi ty of the 
three  po lymer  films that  were  tested. The greatest  
effect is seen for the original PVA where  the increase 
is about four  orders of magnitude.  A lesser increase, 
about two orders of magnitude,  appears to have  oc- 
curred in cross l inking the low N-conten t  CEPVA, 
and a ve ry  much smaller  increase, perhaps negligible, 
in cross l inking the high N-conten t  CEPVA. 

In similar  fashion, the ni t rogen content  of the poly-  
mer  also seems to de termine  whe ther  cross l inking wil l  
have  a large or small  effect on dielectric constant and 
loss. In the six constant t empera tu re  graphs of Fig. 
7, a direct  comparison of the effect on dielectric con- 
stant is obtained by pair ing the measurements  on cross- 
l inked specimens (~'r wi th  the corresponding meas-  
urements  on their  unmodified counterpar ts  (e'), and 
plot t ing the ratio e'C.L./e" against f requency.  Fract ional  
ratios, of course, indicate a reduct ion in dielectric 
constant in proport ion to their  depar ture  f rom unity. 
Hence the lower  the position of the e'C.L./e' l ine on a 
graph, the more  the dielectric constant of that  par -  
t icular  po lymer  has been reduced as a resul t  of cross 
linking. Similar  graphs of loss index ratios, e"C.L./~', 
are shown in Fig. 8. 

A quick glance at the positions of the lines in these 
two sets of graphs reveals  that  cross l inking has in 
most instances affected the dielectric propert ies  of 
the polymers  in reverse  order  of their  ni t rogen con- 
tents. Thus, the high N-conten t  CEPVA (13.2% N) 
shows little, if any, change in dielectr ic  constant on 
cross linking, and the lines plot ted for this polymer  
in Fig. 7 are closest to unity. On the other  hand, the 
cross- l inked specimens of the other  two polymers  
show substant ial  decreases in dielectric properties,  the 
reduct ion in e' and e" being in the order  of 25-50% 
with the low N-conten t  CEPVA (2.7% N) and 50-75% 
or more  wi th  the original  PVA (0% N).  The changes 
in loss index on cross l inking as seen in Fig. 8 gen-  
era l ly  show the same t rend as the changes in dielectric 
constant but  seem to be more erratic. At 25~ for 
example,  the e"C.L./e" ratios for the high ni t rogen 
content  polymer  appear  in an in termedia te  to lowest  
position whereas  at all  o ther  tempera tures  these ra -  

tios normal ly  occupy a top position. The lack of ha r -  
mony is unexpla ined  and, of course, must  be v iewed 
wi th  suspicion. 

However ,  it appears to be t rue in general  that  the 
dielectr ic  propert ies  are most s trongly affected by 
cross l inking when  the PVA has not been cyano- 
ethylated,  less s trongly affected when the po lymer  
has been given a minor  degree of cyanoethylat ion,  and 
only mi ld ly  affected when  cyanoethyla ted  to the m a x -  
imum .extent employed in these experiments .  The 
inference, therefore,  is that  the (--CH2CN) dipoles 
have considerable rotat ional  f reedom which is not  
destroyed nor even  appreciably diminished by jo in-  
ing the po lymer  chains together  v ia  the cross- l inking 
isocyanate group. This cross- l inking agent  apparent ly  
interacts ve ry  little, if at all, wi th  the (--CH2CN) 
dipole. 

F r o m  the known reactions of the agents used, it is 
more  reasonable to assume that  the actual cross- l ink-  
ing sites in all three  polymers  are positions on the 
po lymer  chain still  occupied by (OH) groups. Ac-  
cording to this view, when  the polar i ty  of the polymer  
is reduced by cross l inking it is because easily ro ta -  
table oxygen-hydrogen  dipoles have  been conver ted  
to nonrotatable  oxygen  bridges be tween the chains. 
If this is so, the extent  to which the polar i ty  is r e -  
duced depends on the degree of cyanoethyla t ion be-  
fore cross linking. The number  of (OH) groups per  
po lymer  unit  is, of course, greatest  in the original 
PVA where  none have  been replaced and least in the 
13.2% N Content CEPVA where  83% of the (OH) 
groups have  been replaced. Cross l inking through the 
hydroxy  groups should, therefore,  produce the great-  
est reduct ion of e' and e" in the case of the original  
PVA, a lesser reduct ion in the case of the low N- 
content  CEPVA, and the least reduct ion in the case 
of the high N-conten t  CEPVA, as was observed. 

It is interest ing to note for the high ni t rogen con- 
tent  mater ia l  that  cross l inking can produce str iking 
physical  changes wi th  no commensura te  effect on di-  
electric constant  and loss. Af te r  cross l inking, the 
films cast f rom this po lymer  not  only became insoluble 
in the usual solvents  as was ment ioned earlier,  but  also 
were  no longer  rubbery.  Al though the present  study 
did not include actual physical  proper ty  measurements ,  
it could be easily seen that  the cross-l inked films were  
often qui te  r igid and glassy. It  was, therefore,  m o s t  
surpris ing to find so l i t t le change in their  dielectric 
propert ies  in spite of the increased rigidity. 
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ABSTRACT 

Two cobal t -nickel  e lectroplat ing baths were  developed for magnet ic  plat-  
ing wi th  coercivit ies in the range f rom 200 to 400 oe. One bath contained 
phosphite as the addit ive (and active agent) for control of coercivity;  the 
other  bath contained benzoate  as the additive. Both electrolytes had long 
plat ing life and coercivit ies were  re la t ive ly  unaffected by small  changes in 
tempera ture ,  pH, and cur ren t  densi ty such as would be normal ly  encountered 
in operat ion of the baths. Two phases are present  in the plate. One phase, 
containing the additive, is a very  fine grained amorphous-phase  which is 
resis tant  to attack by acid and is nonmagnet ic ;  the other  phase is crystal l ine 
and is more  readi ly  at tacked by acid. The coercivi ty of the plate is control led 
by the part ic le  size of the crystal l ine component  in the amorphous matr ix .  

The use of electroplated fer romagnet ic  metals  for 
memory  storage purposes has had increasing applica-  
tion. A great  many  of the electrolytes used have  been 
developed f rom the work  of Brenner  (1) who used 
hypophosphite  or phosphite salts as br ightening agents 
for cobal t -nickel  alloy plating. Bonn and Wendel l  (2) 
patented the use of hypophosphite  in a cobal t -nickel  
electrolyte  to produce plated magnet ic  tapes. A n u m -  
ber of recent  investigations are based on the use of 
hypophosphi te  salts in a cobalt or cobal t -nickel  elec-  
t ro lyte  to produce platings wi th  coercivit ies va ry ing  
f rom 250 to i000 oersteds. 

This work  indicated that  coercive forces of 200-400 
oe could be produced in plat ing f rom a cobal t -nickel  
e lectrolyte  containing approximate ly  0.3 g / l i t e r  of 
NaH2PO2.H20. The use of this low concentrat ion of 
hypophosphite  is undesirable because f requent  addi-  
tion of hypophosphi te  is requi red  to mainta in  con- 
stant coercive force platings. 

This study describes the characterist ics of two co- 
ba i t -n ickel  electrolytes,  one containing a phosphite 
addit ive and one containing a benzoate additive. Both 
electrolytes had a much longer  life before r e juvena -  
tion by addition of act ive agents than the hypophos-  
phite  addi t ive electrolyte.  A study was also made of 
the correlat ion be tween  the physical  propert ies  of the 
plat ing and its coercivity.  

Experimental 
The e lec t ropla t ing exper iments  were  per fo rmed  in 

rec tangular  plastic cells (14 x 8.9 x 11.4 cm) of l - l i t e r  
capacity. The standard brass Hul l -ce l l  plates used as 
the plat ing substrates were  prepared for plat ing by 
reve r se -cur ren t  cleaning fol lowed by t rea tment  wi th  
ammonium persulfa te  solution. The anodes, an alloy 
of 80% cobalt-20% nickel, for  the cobal t -nickel  elec-  
trolytes and 100% cobalt  for the cobalt  electrolyte,  
are of 99% pur i ty  and all  chemicals are C.P. grade. 
Agitat ion was accomplished with  a Hul l -ce l l  agitator 
operat ing at 50 strokes per min wi th  the wiper  blade 
located 0.6-cm f rom the cathode plate. All  substrates 
(Hul l -cel l  plates) except  those in tended for x - r a y  
analysis, were  plated to a thickness of 0.4-0.5~. The 
substrates intended for x - r a y  examinat ion  were  plated 
to a thickness of 1.5~. Thickness measurements  were  
made wi th  a Kocour  tester  or by a Talysurf  pro-  
fi lometer af ter  suitable etching. The magnet ic  prop-  
erties were  measured  by a 60-cycle hysteres igraph 
(1000-4000 gauss dr ive)  that  was cal ibrated and ad-  
jus ted for the thickness of each plate. The hys te r -  
esigraph is a modified version of the ins t rument  
described by Howling (3). 

Table I. Nickel-cobalt electroplating solution (phosphite additive) 

Conditions of operation: t e m p e r a t u r e ,  2 5 ~  
p H ,  4 . 5 ;  c u r r e n t  d e n s i t y ,  5 m a / c m  2 

Composit ion G / l i t e r  

N iC12  �9 6 H 2 0  110  
C o C I ~  - 6 H 2 0  5 0  
N H 4 C ]  25 
N a ~ S O 4  �9 1 0 H 2 0  5 0  
Nae~l-IPO~ �9 5 H ~ O  V a r i a b l e  

Results 
Prel iminary investigations of the electrolyte con- 

taining phosphite established the acceptable concen- 
trat ions of the various constituents. This basic com- 
position is described in Table I. The init ial  s tudy was 
an examinat ion  of the behavior  of the phosphite e lec-  
t ro lyte  dur ing long plat ing periods. In this study 6 
g / l i t e r  of Na2HPO3.5H20 were  used. One l i ter  of 
solution was used and plated an area of 77 cm 2. 
Throughout  this testing, samples were  taken  at 
periodic intervals  wi th  dummy plat ing be tween  sam- 
ples. All  plates were  heat  t rea ted  at 55~ for  20 min  
prior  to the measurement  of the coercivity. This heat  
t r ea tment  was used because the init ial  coercivi ty  de-  
creased, on standing at room temperature ,  by 40-60 oe, 
before a stable value  was reached. Plates wi th  stable 
coercivit ies were  produced af ter  5 min  of heat  t rea t -  
ment  at 55~ Sallo and Carr  (4) have  previous ly  ob- 
served similar  decreases in coercivi ty  of Co - Ni - P  
and Co-P platings on heating. 

The results of the life testing are i l lustrated in Fig. 
1. Three  per cent of phosphorus in the plat ing caused 
the concentrat ion of phosphite in the electrolyte  to 
decrease slowly as plat ing continued. The init ial  co- 
ercivi ty  in this test was 400 oe. Af te r  48 hr  of plat ing 
time, the coercivi ty decreased to 320 oe; 2 g / l i t e r  of 
Na2HPO3-5H20 were  added to the e lect rolyte  and the 

i 
300 

2 grams o f  NO 2 HPO 3 o 5H20 added  

T ime ( h o u r s )  

Fig. 1. Effect of continuous electrolysis on coercivity (nickel- 
cobalt electrolyte with phosphite additive); temperature, 25~ 
current density, 5 ma/cm 2. 
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coercivi ty  increased to 396 oe. As the plat ing opera-  
tion continued, the coercivi ty  decreased by 50 oe. The 
average  ratio of remanence  to saturat ion induction 
(Br/Bs) for the ent ire  test was 0.74 and the average  
va lue  for the ver t ical  angle (e) was 77 ~ [The ver t ica l  
angle (8) may  be defined as the angle be tween the 
abscissa and the demagnet izat ion port ion of the  hys-  
teresis loop when the hys teres igraph is adjusted to 
5000 gauss /cm on the ordinate  and 200 oe /cm on the 
abscissa. The value  of Br/Bs is the rat io be tween  the 
remanence  at zero dr iv ing  field and the flux density 
at saturation.] 

To s tudy the effects of var ia t ion in tempera ture ,  pH, 
and current  density, the composit ion described in 
Table I was used wi th  5.5 g / l i t e r  of Na2HPOs. 5H20. 
Al l  samples were  hea t  t rea ted at 55~ for 20 min 
before the coercivi ty  was measured.  The effect of 
var ia t ion of t empera tu re  on coercivi ty  is i l lustrated in 
Fig. 2. The coercivi ty  was reduced approximate ly  100 
oe as t empera tu re  was increased f rom 25 ~ to 50~ 
Figure  3 i l lustrates the effect of pH on coercivity;  as 
the pH increased f rom 4.0 to 6.0, the coercivi ty  in-  
creased f rom 300 to 550 oe. F igure  4 i l lus t ra tes  the 
effect of current  density on coercivi ty;  as the cur -  
ren t  density was increased f rom 4.0 to 8.0 m a / c m  2, 
the coercivi ty  was reduced f rom 340 to 325 oe. In the 
range of conditions described above the Br/Bs ratio 
and ~ were  approximate ly  constant except  when  the 
pH was increased f rom 5.0 to 6.0. With  the increased 
pH the Br/Bs ratio rapidly  decreased to 0.66 and 
decreased to 66 ~ . 

For  the development  of the benzoate addi t ive elec-  
trolyte, the basic concentrat ions and conditions were  
established by p re l iminary  testing. The concentra-  
tions of the various constituents and conditions of 

qO0 

300 

�9 - 200 

I00 

20 

I I I I I I 
25 30 35 40 45 50 

Temperature (~ 

Fig. 2. Effect of temperature on coercivity (nickel-cobalt elec- 
trolyte with phosphite additive): pH, 4.5; current density, 5 ma/ 
cm2; Na2HPO3"5H20, 5.5 g/liter. 
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Fig. 3. Effect of pH on coercivity (nickel-cobalt electrolyte 
with phosphite additive): temperature, 25~ current density, 5 
ma/cm~; Na2HPO3"5H20, 5.5 g/liter. 
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Fig. 4. Effect of current density on coercivity (nickel-cobalt 
electrolyte with phosphite additive): temperature, 25~ pH, 4.5; 
Na2HPO3"5H20, 5.5 g/liter. 
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i 3OO 

~OOo ~o 
t I gram C6HsCOONa added 

~o ~o ~o ~o ~o 8'~ 
Time (hou rs )  

Fig. 5. Effect of continuous electrolysis on coercivity (nickel- 
cobalt electrolyte with benzoate additive): temperature 43~ 
current density, 15 ma/cm2; pH, 5.5. 

operat ion are described in Table II. This composition 
wi th  4 g / l i t e r  of C6HsCOONa was used to study the 
behavior  of the benzoate addi t ive  on the electrolyte  
during extended plat ing periods, in a similar  manner  
to the s tudy of the phosphite  additive. The results are 
i l lustrated in Fig. 5. I t  was observed that  the plat ing 
absorbed organic mater ia l  (analysis indicated approx-  
imate ly  1% of carbon in the plate) ,  therefore,  the 
concentrat ion of benzoate in the electrolyte  decreased 
as plat ing continued. After  50 hr  of operation, the 
init ial  coercivi ty  of 360 oe bad decreased to 320 oe, 
and 1 g / l i t e r  of C6HsCOONa was added. The coercivi ty  
immedia te ly  increased to 355 oe and then slowly de- 
creased as the plat ing operat ion continued. The 50-hr 
period before re juvena t ion  of the benzoate addit ive 
electrolyte  is the equivalent  of 150 hr  of the phos- 
phite  addi t ive electrolyte  operation, because the cur-  
ren t  density of the benzoate addit ive electrolyte  is 
th ree  t imes larger  than the phosphite addi t ive  elec-  
trolyte.  

The coercivi ty  of the plates f rom the benzoate ad- 
di t ive electrolyte  did not  change on standing at room 
tempera tu re  or af ter  heat  t rea t ing at 55~ The aver -  
age Br/Bs ratio for the testing was 0.72 and the aver -  
age e was 79 ~ 

The effect of tempera ture ,  pH, and current  density 
on coercivi ty was studied. The composition described 
in Table II, wi th  2 g / l i t e r  of C6HsCOONa, was used. 
F igure  6 i l lustrates the effect of a t empera tu re  increase 
f rom 25 ~ to 60~ the coercivi ty  increased f rom 170 
to 440 oe. F igure  7 i l lustrates the effect of a pH in-  
crease f rom 4.0 to 5.5; the coercivi ty  increased f r o m  
170 to 300 oe. As i l lustrated in Fig. 8, a current  density 
increase f rom 5 to 15 m a / c m  2 caused the coercivi ty  to  
be reduced f rom 400 to 270 oe. The Br/Bs ra t io  and 
demonst ra ted  ve ry  l i t t le  var ia t ion as tempera ture ,  pH, 
and current  densi ty were  var ied wi th in  the specified 
range. 

Table II. Nickel cobalt electroplating solution (benzoate additive) 

C o n d i t i o n s  of o p e r a t i o n :  t e m p e r a t u r e ,  43~ 
p i t ,  5.5; c u r r e n t  d e n s i t y ,  lS  r a a / e m ~  

C o m p o s i t i o n  G / l i t e r  

NiCIs  �9 6HaO 120 
CoCls  �9 6HsO 40 
NI-I4C1 25 
1Wa~SO~ �9 10HsO 50 
C~I-I~CO O N a  V a r i a b l e  
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Fig. 6. Effect of temperature on coereivlty (nickel-cobalt electro- 
lyte with benzoate additive): pH, 5.5; current density, 15 ma/cm2; 
C6HsCOONa, 2 g/liter. 
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Fig. 7. Effect of pH on coercivity (nickel-cobalt electrolyte with 
benzoate additive): temperature, 43~ current density, 15 ma/cm2; 
C6HsCOONa, 2 g/liter. 

5 0 0  

400 

'~ 300 

200 I I i 
5 . 0  I 0 . 0  15 .0  

C u r r e n t  Densi  t y  (ma/am 2 )  

Fig. 8. Effect of current density on coercivity (nickel-cobalt 
electrolyte with benzoate additive): temperature, 43~ pH, 5.5; 
CeHsCOONa, 2 g/liter. 

The relat ion between the physical properties and the 
magnet ic  properties of electroplated magnetic  mate-  
rials was sought. For  these investigations, a s tudy was 
made of the electrolyte containing hypophosphite.  
Hypophosphite in  comparison to phosphite has a 
wider  range  of coercivities and has a greater solu- 
bi l i ty in  the electrolyte. Nickel was el iminated from 
the electrolyte because it was determined that  as the 
current  densi ty was varied in the cobal t -n ickel -hypo-  
phosphite electrolyte, the ratio of cobalt to nickel  also 
varied. Thus the in terpre ta t ion of the current  density 
vs. coercivity measurements  were unnecessar i ly  com- 
plicated. The composition of the electrolyte is de- 
scribed in  Table  III. This composition was used to 
study the effect of cur ren t  density var ia t ion on co- 
ercivity when the electrolyte contained 5 and 10 
g/ l i ter  of NaH2PO2-H20. The resu]ts are i l lustrated 
in Fig. 9. A similar  curve for n ickel -cobal t -sodium 
hypophosphite electrolyte has been published by 
Kaznachei  and Zhogina (5). 

To determine if the var ia t ion  of coercivity with 
current  densi ty occurred with other additives of a 

Table III. Cobalt electroplating solution 

C o n d i t i o n s  of  o p e r a t i o n :  t e m p e r a t u r e ,  25~ pH, 4.5 

C o m p o s i t i o n  G / l i t e r  

COC12 �9 6tt .~O 5 0  
Na2SO~ 25 
NI-I4CI 2 5  

similar  type, measurements  were made with the same 
electrolyte and three different concentrat ions of so- 
d ium arsenite which is chemical ly similar  to hypo-  
phosphite. The results, i l lustrated in Fig. 10, produced 
curves similar to those in Fig. 9. Phosphite and ben-  
zoate also produced similar  curves except the peaks 
of the curves are not  as sharp or as high. Since the 
coercivi ty-current  density curves were flatter, changes 
in cur ren t  density caused less change in coercivity 
than when cur ren t  density was changed in the hypo- 
phosphite containing electrolyte. 

When plates were produced at very  low cur ren t  
densities for electrolytes containing either hypophos- 
phite or arsenite, the plates were  nonmagnet ic  and  
had crystal sizes less than  40A (by x - r ay  diffraction 
analysis) .  As the current  densi ty increased, the x - r ay  
diffraction pa t te rn  indicated an increasing amount  of 
hexagonal  crystal l ine material .  Low cur ren t  density, 
low coercive-force plates were predominant ly  (0002) 
plane oriented (easy axis [0001] perpendicular  to 
plate) ;  those in  the approximate  range  from 270 to 
800 De were predominant ly  (1010) plane oriented 
(easy axis paral lel  to plate) while  those of 800 De 
and above were p redominant ly  (1150) plane oriented 
(easy axis paral lel  to plate) .  

IOOO 

8o0 

60O 
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2OO 

0 5 i0 15 20 25 3o 35 20 

Current Density (ma/cm 2 ) 

Fig. 9. Effect of current density on coercivity (cobalt electro- 
lyte with hypophosphite additive). ~ ,  5 g/I NaH2PO2"H20; o, 10 
g/l NaH2PO2"H20. 

400 

~" 3o0 

2o0 

> 

l oo  

o 1 2 3 4 5 5 

C u r r e n t  Dens i t y  (ma/cm 2)  

Fig. 10. Effect of current density on coercivity (cobalt electro- 
lyte with arsenite additive). A ,  0.5 g/I NaAsO2; FI, 0.3 g/I 
NaAsO2; o, 0.2 g/I NaAsO2. 
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Fig. 11. Effect of acid treatment on coercivity (cobalt electro- 
lyte with hypophosphite additive). 

When treated wi th  sulfuric acid at pH of 1.0, the 
plates wi th  crystal  sizes less than 40A were  not at-  
tacked; however ,  plates produced at h igher  current  
densities were  attacked. The effect of the acid t rea t -  
ment  on coercivi ty  is i l lustrated in Fig. 11. For  the 
acid t reatment ,  plates deposited f rom the electrolyte  
containing 10 g / l i t e r  of NaHfPO2.H20 at different 
current  densities were  used. As each plate was t reated 
with  acid for increasing periods of time, the coercivi ty  
changed in a characteris t ic  manner  depending on the 
original  current  density at which it was plated. 
Star t ing f rom its original  position on the current  den-  
sity v s .  coercivi ty  curve, progressive acid t rea tment  
caused the plate to progress ively  change in coercivi ty 
as if it had been pla ted at progress ively  lower  current  
densities. Thus a plate that  was original ly deposited 
at a current  density greater  than that  producing the 
m a x i m u m  coercivi ty  was t rea ted  with  acid. It  ini t ia l ly  
increased in coercivi ty  unti l  the m a x i m u m  was 
reached and then decreased as t r ea tment  continued. 
A plate that  was or iginal ly  deposited at a current  den-  
sity lower  than that  producing the m a x i m u m  coerciv-  
ity, decreased in coercivi ty  wi th  acid t reatment .  Plates 
made  at a current  densi ty of 1 m a / c m  2 were  ve ry  
slowly at tacked by the acid and did not  change dur-  
ing the sulfuric acid t reatment .  The plate produced at 
40 m a / c m  2 became too thin for measurement  on the 
hysteres igraph before the m a x i m u m  coercivi ty  was 
reached. 

Because the plates wi th  crystal  sizes less than 40A 
(nonmagnetic)  produced at low cur ren t  densities were  
not a t tacked by sulfuric acid, and plates produced at 
h igher  current  densities containing crystal l ine mate -  
r ial  were  attacked, the mechanism of the acid reac-  
tion could be a preferent ia l  r emova l  of crystal l ine 
mater ia l  wi th  par t ic le  sizes greater  than 40A in 
size. 

X - r a y  examinat ion of samples before and after  
t reatment ,  for  10 rain wi th  sulfuric acid at pH of 1.0, 
were  made to de termine  the effect of the t r ea tment  on 
the ratio of crystal l ine material ,  wi th  part ic le  sizes 
greater  than 40A, to total  meta l  and on the rat io of 
addi t ive to total metal.  Al l  samples for x - r a y  exam-  
ination were  plated to a thickness of approximate ly  
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1.5~. The total  meta l  and addi t ive analyses were  ob- 
ta ined by x - r a y  fluorescence and the crystal l ine meta l  
analysis by x - r a y  diffraction. The results are i l lustrated 
in Table IV. The comparison of re la t ive  ratios, in 
counts per  minute,  f rom x - r a y  data before  and after 
t r ea tment  of the same sample obviated problems in 
the cal ibrat ion of intensi ty of the three  diffraction 
peaks with actual  concentration. Therefore,  in Table 
IV, a comparison should only be made of a sample  
before and af ter  t r ea tment  but  not be tween  samples 
that  have  different orientations. Thus, in Table IV, 
the first three  samples are or iented wi th  the (0002) 
plane paral le l  to the plate;  the last two samples are 
(1010) oriented. It  is significant that, in every  case, 
the sulfuric acid t rea tment  has produced a decrease 
in the ratio of crystal l ine material ,  wi th  size above 
40A, to total  meta l  and an increase in the ratio of 
addi t ive to total meta l  in the  case of the e lect rolyte  
containing hypophosphite.  This effect of sulfuric acid 
upon the two ratios was also evident  in the cobalt 
e lect rolyte  containing sulfite or in a cobalt e lectro-  
lyte containing arsenite. If  the sulfuric acid t rea tment  
is continued unt i l  react ion stops, a black deposit  (wi th  
crystal l i te  size less than 40A) remains such as de- 
te rmined  by Brenner  and co-workers  (6). Through 
the use of e lectron diffraction, two faint  lines of 
Co2P can be detected; when  the black residue is 
heated to the mel t ing point, strong x - r a y  diffraction 
lines of Co2P are obtained. 

Examinat ion  of replicas of the surface by electron 
microscopy, before  and after  acid t reatment ,  revea led  
a remova l  of crystal l ine material .  F igure  12 i l lus-  
trates the surface before acid t reatment .  The surface 
is quite  similar  to that  i l lustrated by Sallo (7). F igure  
13 i l lustrates a replica of a section of the same plat ing 
af ter  a t r ea tment  of the plate  wi th  H2SO2 at pH of 1.0. 

Discussion 
The results of this s tudy indicate that  two phases 

are present  in the magnet ic  plates, a crystal l ine phase 
and an acid-resis tant  phase of crystal l ine size less 
than 40A. Sallo and Carr  (4) also found evidence of 
two phases f rom studies of effects of annealing. Com-  
parison of the current  density v s .  coercivi ty  curve  for 
hypophosphi te  addi t ive in cobalt e lectrolyte  (Fig. 9) 
wi th  the curve  obtained by Luborsky (8) who plot ted 
the logar i thm of par t ic le  size against coercivi ty  for 
cobalt plated in a mercury  matr ix ;  indicates that  
Luborsky 's  curve rises sharply to a m a x i m u m  coe rc iv -  
ity of 1000 oersteds as par t ic le  size is increased and 
then slowly decreases. The s imilar i ty  indicates, for  
this study, that  as current  density is increased, the 
part icle size is increased for the crystal l ine mater ia l  
larger  than 40A in a ma t r ix  of crystals wi th  size less 
than 40A. 

The mechanism of format ion of the crystal l ine f rac-  
tion with  size less than 40A, which also contains the 
additive, is probably  a chemical  reduct ion of cobalt 
ions ra ther  than a direct e lectrochemical  action. Ther -  

Table IV. Effect of treatment with sulfuric acid pH of 1.0 on 
composition and coercivity 

R e l a t i v e  r a t i o  of  R e l a t i v e  ra t io  
c r y s t a l l i n e  m e t a l  of a d d i t i v e  

(counts  pe r  m i n u t e )  (counts  pe r  m i n u t e )  
to  t o t a l  m e t a l  to  t o t a l  m e t a l  

( coun ts  p e r  m inu t e J  (counts  pe r  m i n u t e )  C o e r c i v i f y  (oers teds)  

Be fo re  A f t e r  Be fo re  A f t e r  Be fo re  A f t e r  
t r e a t m e n t  t r e a t m e n t  t r e a t m e n t  t r e a t m e n t  t r e a t m e n t  t r e a t m e n t  

0.0111 0.00816 0.00241 0.00638 120 40 
0.0104 0.00828 0.00226 0.00911 140 100 
0.0114 0.00952 0.00202 0.00626 260 40 
0.0743 0.00443 0.00139 0.0246 800 760 
0.0322 0.0112 0.00169 0.0124 960 1260 

Fig. 12. Electron microscope photograph of surface 
sulfuric acid treatment. 

before 
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Fig. 13. Electron microscope photograph of surface after sul- 
furic acid treatment. 

modynamical ly ,  hypophosphi te  can reduce the cobalt  
ions to metal ;  however ,  the react ion ra te  in acid so- 
lutions at room tempera ture  is quite slow. Arseni te  is 
not capable of reducing Co + +; therefore,  it seems 
l ikely  that  nei ther  hypophosphi te  nor arsenite is di-  
rect ly  involved  in the chemical  reduct ion of Co + +. A 
more  active in termedia te  of the addi t ive formed at 
the cathode by electrochemical  reduct ion is probably  
involved.  The rate  of the chemical  reduct ion phase in 
proport ion to the electrochemical  reduct ion would 
va ry  with  the type of addi t ive and would  therefore  
affect the range  of par t ic le  sizes of the electrochemical  
c rys ta l l ine-mater ia l  that  could be obtained with  each 
additive. 

Summary 
Two electroplat ing baths, one containing a phosphite 

addit ive and the other  containing a benzoate addi t ive 
were  developed for use in magnet ic  plating. 

In a study of the correlat ion be tween  the physical 

propert ies of the plate and the coercivity, two meta l -  
lic phases were  observed in the plating. One phase is 
composed of crystals smaller  than 40A and contains 
the additive, the other  phase is composed of crystals 
greater  than 40A. It appears that  a balance exists 
be tween the rates of reactions leading to the two 
phases that  control the part ic le  size of the larger  crys-  
tals and, thus, control the coercivity.  
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Reactions of Gallium Arsenide with 
Water Vapor and Hydrogen Chloride Gas 

M. Michelitsch, W. Kappallo, and G. Hellbardt 
IBM Laboratories, Boeblingen, Gerlnany 

ABSTRACT 

Thermal  etching and deposition exper iments  on gal l ium arsenide using 
wa te r  vapo r /hyd rogen  and hydrogen ch lor ide /hydrogen  as react ion gas m i x -  
tures have  been performed.  It wil l  be shown that  the exper iments  take place 
near  thermodynamica l  equil ibrium, al though open tube systems are used. 
The thermodynamica l ly  calculated enthalpies of the respect ive reactions are 
in good agreement  wi th  the measured ones. 

For  successful epitaxial  growth it is desirable to 
know about the chemism of the special system as much 
as possible. Especial ly thermal  etching ra te  exper i -  
ments and deposition rate exper iments  give an indi-  / ~ J  

THERMO 
cation which reactions take place in par t icular  cases. COUPLE 

The exper iments  allow to determine  the respect ive 
enthalpies of reactions. Because of the simplici ty of 

WAFER _ - -  
this method, it can also be applied to s imilar  tasks in HOLDER 
different growth systems, llih 

Experimental OOUB~ 
The GaAs/H20/H2 system.--The apparatus used is WALLED 

QUARTZ 
shown in Fig. 1. It consists of a ver t ical  double wal led  REACTOR 
quartz  tube of 20 mm outer  and 13 mm inner  diameter ,  
which is sealed by a quar tz  window at the lower  end. 
The upper  par t  is provided wi th  a gas inlet  and outlet  ~ 
and the f ixture of the wafer  holder. The wafer  holder  / ~, 
consists of a quartz tube of 7 mm diameter  and a flat, THERM0 
polished lower  end with  a 1 mm hole. The wafer  to COUPLE WELL 
be held, is sucked onto this end by vacuum. Thus there  

is thermal  etching or deposition on one side only. The 
source mater ia l  basket is located at the lower  par t  of 

GAS OUTLET H BY-PASS 

METER H21NLET 

GAS INLET 

/FOUR ZONE 
FURNACE 

- - ' ~ -ER ,SUCKED ON 

/SOURCE BASKET ~ OUARTZWINDOW 

OBSERVATION 
DIRECTION 

'~WATER - 
CONTAINER 

:-J,,,,, WATER (0 '  C) 

Fig. 1. The GaAs/H20/H2 system 
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the react ion tube. The wafer  can be observed during 
the run  through the quar tz  window and a central  open- 
ing of the source mater ia l  basket  by a long focus 
microscope. This is advantageous,  because immedia te  
changes can be observed after  vary ing  different pa ram-  
eters during the run. 

Highly purified hydrogen as carr ier  gas bubbles 
through a water  bath of constant t empera tu re  (here  
0~ where  it is saturated with  wate r  vapor. There  is 
a by-pass, if only dry hydrogen is desired, e.g., during 
the heat -up  or cool-down period. The flow rate  is 
measured  by a "Rotamete r"  flow meter.  Then the re-  
action gas mix ture  enters the react ion vessel. 

The reactor  is heated by a w i r e -wound  four-zone  
quartz  furnace of low heat  capacity. Thus the desired 
wafer  and source tempera tures  are reached quickly 
(5-10 min) .  The cool-down t ime is also short, about 
20 min. The tempera tures  are measured  by chromel-  
a lumel  thermocouples.  

Pr ior  to each etching run, [ 1 I l l - o r i e n t e d  wafers  
(Ga-side, about 7 mm in d iameter ) ,  mechanica l ly  
polished to a mi r ro r - l ike  finish are chemical ly  polished 
in a 0.8% NaOCl-solut ion (1) at 9O~ for 10 to 15 
min. This is done to clean the wafer  and to r emove  
the mechanical ly  damaged surface layer.  Then the 
wafer  is r insed three  t imes in deionized water  and in 
methanol  and dried in a hot hydrogen stream. Before  
it is inserted into the reactor,  it is weighed on a micro-  
balance, the average  weight  being be tween  50 and 70 
mg. Af ter  the insertion, the whole  system is flushed 
with  dried hydrogen  for about 15 min at room t em-  
pera ture  and heated up to operat ion t empera tu re  of 
6OO~176 within  10 min. When the operat ion t em-  
pera ture  is reached, hydrogen is al lowed to bubble 
through the water  bath of 0~ This bath yields a wa te r  
vapor  par t ia l  pressure in the gas low enough to p reven t  
the format ion of the higher  oxide Ga203 (2). One 
single run takes 30-60 min. During the cooling cycle of 
the run, only dried hydrogen is a l lowed to enter  the 
reactor  to prevent  fur ther  etching. Af ter  each run, the 
wafers  are weighed again. 

The orientat ion and the prepara t ion of the wafers  for 
vapor  growth exper iments  are the same as ment ioned 
before. The polycrystal l ine GaAs source mater ia l  is 
etched in CPI, r insed in deionized wate r  several  times, 
dried, weighed pr ior  to each run, and inserted in the 
source mater ia l  basket. The whole  assembly is heated 
up to the respect ive tempera tures  s imultaneously wi th  
dry hydrogen running.  The source tempera tures  are 
50~176 higher  than the wafe r  temperatures .  Fu r the r  
t rea tment  is the same as ment ioned above. 

The GaAs/HC1/H2 system.--Figure 2 shows the ex-  
per imenta l  arrangement .  The react ion tube design is 
essentially the same as described before. Only the 
dimensions are changed. The outer  d iameter  of the re-  
action tube is 38 ram, the inner  25 ram. The hydrogen 
chloride is generated by dehydrat ion of hydrochlor ic  
acid (37%) with  sulfuric acid (96%). I t  passes a fu r -  

THERMO 
COUPLE 

/ l i b  
S E E D ~  
HOLDER 

WAFER , 
SUCKED Oh 

THERMO 
COUPLE 

VACUUM PUMP HG 

GAS OUTLET 

WALLE E COLD TRAP 
/ ~  QUARTZ REACTOR 

@ ~FOUR ZONE 1 ~Jl 0.UARTZ FURNACE LIQUID N2 l 

HCL- 
FN GAS 

SOURCE BASKET ~ i  I / WITH OBSERVATION 
OPENING 

/ O J A R T Z  WINDOW 

. . . . . . .  ~ OBSERVER ~ HCL OI~YER / -70"C PRISM HCL GENERATOR 

Fig. 2. The GaAs/HCI/H2 system (PD: H2 puridryer, HG: hy- 
grometer, FM: flow meters). 
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Fig. 3. Thermal etching rate gw as a function of the reciprocal 
wafer temperature and different H~ flow rates (GaAs/H20/H2 
system. H2 flow: 1, 166 cc/min; 2, 245 cc/min; 3, 315 cc/min 
(P~ ~ 6.1 x 10 -~  atm). 

ther  sulfuric acid bubbler  and a flow meter.  Before  it 
reaches the reactor,  it is mixed  with  purified dried 
hydrogen  (water  content  less than 5 ppm) and then 
al lowed to enter  the reactor. The wafer  preparat ion 
and or ienta t ion is the same as described earlier. Also 
aI1 the other  steps are analogous to those ment ioned 
above (etching runs) .  

Results 
Experiments in the GaAs/H20/H2 system.--Thermal 

etching.--We used three different H2 flow rates ]~2 
namely,  166, 245, and 315 cc/min,  the par t ia l  pressure of 
wa te r  always being 6.1 x 10 -3 atm. The t empera tu re  
range was 600~176 The weight  loss of the wafers  
Aww per  unit  area is propor t ional  to the the rmal  e tch-  
ing rate  gw 

AWw 
gw [moles GaAs /min  cm 2] [1] 

M.t .Aw 

where  M is the molecular  weight  of GaAs, t the  dura -  
tion of the run, and Aw the wafe r  surface area. A plot 
of log gw vs. the reciprocal  wafe r  t empera tu re  Tw is 
shown in Fig. 3. We find a s traight  l ine wi th  a slope 
of about 48 kca l /mo le  GaAs for each Hu flow rate. F u r -  
thermore,  the etching rate  gw is proport ional  to the H2 
flow rate  file. 

Vapor growth deposition.--All deposition exper i -  
ments  w e r e  per formed wi th  a H2 flow ra te  of 315 cc /  
rain and a water  vapor  part ial  pressure of 6.1 x 10 -3 
atm. The source mater ia l  was kept  at constant t em-  
pera tu re  Ts, which was ei ther  950 ~ 900 ~ or 850~ The 
weight  loss of the source AWs is proport ional  to the 
source etching ra te  gs 

AW~ 
gs ~ ~ moles GaAs /min  [ la]  

M.t  

The number  of moles of wa te r  vapor  (n/t)~2o ~rans- 
por ted  per uni t  t ime follows f rom the ideal gas law. 
The ratio of gal l ium to oxygen in the vapor  [Ga] / [O]  
is given by 

[Ga] / [O] = gs/ (n / t )  H20 [2] 

This ratio depends on the source tempera ture .  We get 
exper imental ly ,  according to Eq. [3] wi th  (n/t)H2o 
8.5 x 10 -5 moles/rain,  results shown in Table  I. 

The weight  of the polycrysta l l ine  source mater ia l  
var ied  be tween  0.8 and 1.1g f rom batch to batch. De-  
spite this re la t ive ly  large variation,  a plot  of log 
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Table I. Ratio of gallium to oxygen Table II. Experimental results 

Ts, ~ [Ga] / [O]  

950 0.110• 
900 0.053• 
850 0.030• 

gwr • 106 

T ~ ,  m o l e s /  
~ [ G a ] / [ O ]  r a i n  c m ~  

7 6 0  0 . 0 5 3 0  3 .7  

( [ G a ] / [ O ] )  vs. t h e  r e c i p r o c a l  s o u r c e  t e m p e r a t u r e  Ts 76o 0.02s2 1.05 
e x h i b i t s  a s t r a i g h t  I ine  r e l a t i o n s h i p  w i t h  a n  a v e r a g e  
s lope  of 42 • 6 k c a l / m o l e  G a A s  (Fig .  4) .  Th i s  is in  600 0.0282 0.52 
good  a g r e e m e n t  w i t h  t h e  v a l u e  r e p o r t e d  above .  F u r -  
t h e r m o r e ,  t h i s  r e s u l t  s h o w s  t h a t  t h e  s lope  is i n d e -  800 0.0612 2.23 
p e n d e n t  of t h e  c r y s t a l  o r i e n t a t i o n  w i t h i n  t h e  e x p e r i -  800 0.0435 1.1 
m e n t a l  e r ro r s .  

B y  v a r y i n g  t h e  w a f e r  t e m p e r a t u r e  f r o m  720 ~ to  800 0.0318 0.56 
860~ w e  ge t  t h e  d e p e n d e n c e  of t h e  d e p o s i t i o n  r a t e  
on  t h e  w a f e r  t e m p e r a t u r e  a n d  t h e  [ G a ] / [ O ]  ra t io .  F o r  810 0.1152 s.2 
e a c h  [ G a ] / [ O ]  r a t i o  a s t r a i g h t  l i ne  c a n  b e  d r a w n  (Fig.  
5 ) ,  t h e  s lope  of w h i c h  h a s  t h e  s a m e  v a l u e  as  fo r  t h e  81o 0.0365 0.52 
e t c h i n g  r a t e  e x p e r i m e n t s ,  b u t  t h e  r e v e r s e  s ign.  F u r t h e r -  640 0.0560 0.78 
m o r e ,  w e  f ind t h a t  t h e  d e p o s i t i o n  r a t e  fo r  Tw ~- c o n -  840 o.0462 0.53 
s t a n t  is p r o p o r t i o n a l  to  t h e  s q u a r e  of t h e  [ G a ] / [ O ]  
r a t i o  

g w i )  [ G a ] / [ O ] i  

---g-~wj/Tw--Const - -  ( .~2 [3] 

T a b l e  I I  s h o w s  some  e x p e r i m e n t a l  r e su l t s ,  e x h i b i t i n g  a 
good a g r e e m e n t  w i t h  Eq.  [3] .  

R e l a t i v e l y  good e p i t a x i a l  g r o w t h  w a s  f o u n d  to occu r  
i f  t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  s o u r c e  a n d  
w a f e r  is u p  to 1000C. I f  i t  is l a r g e r ,  p o l y c r y s t a l l i n e  
p r e c i p i t a t i o n  on  t h e  w a l l  of t h e  r e a c t o r  w i l l  b e  f o u n d  

10 -1 

5 

(D 
"--J 2 

9~r 6oooc 86crc 

10 -2 
0.8 0.8 5 0.9 

1T0~ [(O K)'I ] 

Fig. 4. Gallium-to-oxygen ratio as a function of the reciprocal 
source temperature Ts (GaAs/H20/H2 system). 
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[ G a ] / [ O ] ~  g w ~  
x 

[ G a ] / [ O ] /  x ~ g ~ j  

0 . 0 5 3 0  3 .7  
- -  ~ 1 .86  3 .5  - -  ~ 3 .5  
0 . 0 2 8 2  1 .05  

0 . 0 6 1 2  2 . 2 3  
- - ~  2 . 1 6  4 .6  - - ~ 4 . 3  
0 . 0 2 8 2  0 . 5 2  

0 . 0 6 1 2  2 . 2 3  
- - ~  1 .41  2 - - ~ 2  
0 . 0 4 3 5  1 .1  

0 . 0 4 3 5  1.1 
- -  ~ 1 .37  1 . 9  - -  ~ 1 . 9  

0 . 0 3 1 8  0 . 5 6  

0 . 1 1 5 2  5 .2  
~-~ 3 .16  10 - -  ~ 10 

0 . 0 3 6 5  0 . 5 2  

0 . 0 5 6 0  0 . 7 8  
1,16 1 .35  - -  ~ 1.45 

0 . 0 4 8 2  0 . 5 3  

before the position of the wafer. This changes the 
[Ga]/[O] ratio in an unknown manner. These runs 
were not taken into consideration here. 

Etching experiments with the GaAs/HC1/H2 system. 
- - F o r  t h e s e  e x p e r i m e n t s  a c o n s t a n t  HC1 a n d  H2 f low 
r a t e  was  c h o s e n  (SH2 : 500 c c / m i n  a n d  fnc l  = 4.5 
c c / m i n ,  c o r r e s p o n d i n g  to a HC1 p a r t i a l  p r e s s u r e  of 
9 x 10 -3  a t m ) .  T h e  t h e r m a l  e t c h i n g  ra t e s ,  gw, of  t h e  
w a f e r s  w e r e  d e t e r m i n e d  a c c o r d i n g  to  Eq.  [1] .  T h e  
e x p e r i m e n t s  w e r e  p e r f o r m e d  in  t h e  t e m p e r a t u r e  r a n g e  
of 600~176 F i g u r e  6 s h o w s  t h e  p lo t  of log  gw vs. t h e  
r e c i p r o c a l  w a f e r  t e m p e r a t u r e ,  Tw. T h e  s lope  d e t e r -  
m i n e d  is 25 _ 3 k c a l / m o l e  GaAs .  

P r e l i m i n a r y  d e p o s i t i o n  e x p e r i m e n t s  e x h i b i t  s i m i l a r  
r e s u l t s  as m e n t i o n e d  fo r  t h e  G a A s / H 2 0 / H 2  sys t em,  
e s p e c i a l l y  t h e  s lope  of t h e  l og  gw- -1 /T  c u r v e  is t h e  
s a m e  as fo r  t h e  e t c h i n g  e x p e r i m e n t s ,  b u t  w i t h  t h e  r e -  
v e r s e  s ign .  

E t c h i n g  r a t e  e x p e r i m e n t s  b e l o w  600~ w e r e  a l so  
p e r f o r m e d ,  b u t  p r o b a b l y  w e  h a d  n o  c h e m i c a l  e q u i -  
l i b r i u m  in  t h e  sy s t em.  

Thermodynamics and Discussion 
I n  t h i s  s ec t ion  w e  w i l l  g ive  a n  i n t e r p r e t a t i o n  of t h e  

m e a s u r e d  g - v a l u e s  a n d  s lopes.  T h e r e  a r e  t h e  f o l l o w i n g  
q u e s t i o n s  to  be  a n s w e r e d :  Do t h e  e t c h i n g  a n d  d e p o s i -  
t i on  r a t e  r e a c t i o n s  h a p p e n  a t  c h e m i c a l  e q u i l i b r i u m ?  

w 

(E 2- 

~dL 

80'0oC 

\ 
700~ 600~ 

\ 

03 1.0 ~.~ ~.2 

Twl03[ (~ ] 

Fig. 5. Deposition rate gw as a function of the reciprocal wafer Fig. 6. Thermal etching rate gw as a function of the reciprocal 
temperature and different [ G a ] / [ O ]  ratios, wafer temperature Tw (GaAs/HCI/H2 system). 
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Table III. Results 

R E A C T I O N S  O F  G a A s  W I T H  W A T E R  V A P O R  

[10a] and  those  ca l cu l a t ed  f r o m  the  f r e e  
f u n c t i o n  of r eac t ion  [4]. 

( 
T, ~  PGa20, a t m  K# [5] (~ \ 1 ~ - ~  ," - -  

903 2.5 x 10 -7 3.5 x 10 -7 0.38 0.67 
973 2.2 x I 0  -~ 3.5 x 10 -6 0.27 0.76 

1073 2.1 x 10 4 7.4 x 10 -5 0.18 0.84 
1173 1.7 X 10 4 8.4 X 10 -4 0.13 0.88 
1273 8.5 X 10 -~ 7.0 X 10 -3 0.09 0.92 

Is i t  possible  to deduce  the  m e a s u r e d  ene rg ie s  f r o m  
the  r eac t i on  en tha lp ies  of the  p roposed  reac t ions?  

T h e  G a A s / H 2 0 / H 2  s y s t e m . - - A c c o r d i n g  to [2] and 
[3] w e  h a v e  to cons ider  on ly  the  f o r m a t i o n  cf  Ga20  
and no  h i g h e r  g a l l i u m  oxides  

1 1 
G a A s ( s )  + - ~ H 2 0 ( g )  ~ ~ - G a 2 0 ( g )  

1 1 
+ - ~ H 2 ( g )  H- -~As2(g)  [4] 

t oge the r  w i t h  the  e q u i l i b r i u m  of As2 and As4 

As4 ~ 2As2 [5] 

The partial pressures of Ga20 are obtained from the 
ideal gas law 

R T o ' A W w  
P G a 2 0  : " [ 6 ]  

2Mt.~n2 

W i t h  these  va lues  we  can ca l cu la t e  the  ra t io  of the  
pa r t i a l  p ressures  of As2 and  As4 f r o m  

and 

and 

P Ga20 ~ 2 p A s 4  ~-  PAs2  

P'As4 PAs4  

PAs4 -+- PAs2 PAs  

[7] 

[8] 

p2As 2 ( 1 - -  a) 2 
Kp[5] - -  - -  PAs [see (4)]  [9] 

PAs4  a 

w h e r e  PAs is t he  to ta l  a rsenic  pressure .  Resu l t s  a re  
shown  in  Tab le  III.  
This  shows  tha t  t he  m a j o r  p a r t  of the  to ta l  a r sen ic  
pressure consists of As2, which is in agreement with 
(3). The mass action constant for reaction [4] is 

( PGa20"PAs2"PH2 ~1/2 
[10] 

K p  [4] ~ PH20 J 

o r  (1_oy,2 
P G a 2 0 "  \ - ~ - - ~  / 

Kp[4] - -  [10a] 
( P ~  - -  P G a 2 0 )  1/2 

f o l l o w i n g  f r o m  the  a s sumpt ion  

PH2 ~ const.  ~ 1 a t m  1 

and f r o m  the  r e l a t i on  

P H 2 0  : P ~  - -  P G a 2 0  

(pOn2o is t he  in i t i a l  w a t e r  v a p o r  p r e s s u r e ) ,  t o g e t h e r  
w i t h  Eq . [  7] and [8]. 

Tab le  IV con ta ins  Kp[4] va lues  ca l cu la t ed  f r o m  Eq. 

T h e  a t m o s p h e r i c  p r e s s u r e  of 720 T o r r  h a s  b e e n  se t  e q u a l  to 1 
a rm.  T h i s  a p p r o x i m a t i o n  does  no t  c a u s e  a n y  s e r i ous  e r r o r .  

Table IV. Kp [4] values calculated from Eq. [lOa] 

T, ~  Kv [4]exp. Kv [4]ca le .  

903 2.10 x 10 -6 6.1 X 10 -7 
973 2.05 X 10 -5 5.4 x 10 -6 

1073 2.20 • 10 -a 6.8 x 10 4 
1173 1.91 X 10 -a 6.7 X 10 -4 
1273 1.06 x 10 -2 5.0 X 10 -a 

T = - -  -2- T ca2o 

1 ( F T - - H 2 9 8 . )  

2 T H2 

-~- t FT - -  H 2 9 8  u )GaA, 

1 ( F T - -  H298 

-- "2- \ T ] A s 2  

+ '2- T H20  
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o 

800oC 
E 

1.0 1.1 

Fig. 7. Mass action constant of reaction [4] vs. 1/T 

10 2 

The  f r ee  e n e r g y  func t ions  of  Ga20,  H20,  H2, and As2 
a re  g iven  in the  l i t e r a t u r e  (2, 4). The  co r r e spond ing  
va lues  for  G a A s  h a v e  been  ca lcu la t ed  f r o m  ava i l ab l e  
da ta  of t he  e n t h a l p y  HT and  the  e n t r o p y  ST (5).  W e  
used  for  r eac t ion  [4] AH29s = 62 k c a l / m o l e .  This  is 
ob ta ined  by  c o m b i n i n g  the  f o l l o w i n g  r eac t ion  en -  
tha]pies:  

1 1 1 
~ - H 2 0 ( g )  + G a ( I )  ~.~--~-Ga20(g) + - ~ H 2 ( g )  [12] 

w i t h  AH[121298 = 19.1 k c a l / m o l e  accord ing  to (2) and  

1 
G a A s ( s )  ~.~ Ga(1) + -~Asu [13] 

w i t h  AH[131298 = 43 •  k c a l / m o l e  acco rd ing  to (6, 7). 

A p lo t  of Kp[4] vs. 1 / T  is shown  in Fig.  7. Kp[4]calc. 
is s m a l l e r  t han  our  e x p e r i m e n t a l  va lues  by  a f ac to r  
2 to 3. This  is not  su rp r i s i ng  since a change  of a f e w  
kca l  in AF resu l t s  in a change  of about  an  o rde r  of 
m a g n i t u d e  in Kp. F r o m  the  s lope of  t he  log  Kp[4] - -  
1 / T  - -  cu rves  w e  get  t he  e n t h a l p y  of r eac t ion  [4] in  
this  t e m p e r a t u r e  r a n g e  

AHTexD. ~ 54 • 3 k c a l / m o l e  
and 

A H T c a l c .  : 5 7  -4- 3 k c a l / m o l e  

The  a g r e e m e n t  is good. 
An  e s t i m a t e  of AHT c a n  be m a d e  f r o m  the  s lope of 

the  log  g w -  1 / T -  cu rves  (Fig.  3). F o r  t e m p e r a t u r e s  
b e l o w  1000~ PGa20 < <  PH20 and  i t  becomes  

0 In Kp A In g~ 
A H T = R T  2 " - ~ R T  2 " -  [14] 

OT AT 

This  e s t ima te  y ie lds  AHT ~ 48 k c a l / m o l e .  The  dev i a t i on  
f r o m  the  co r rec t  v a l u e  of 54 k c a l / m o l e  is due  to t he  
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f ac to r  [ ( 1 -  a ) / ( 1  + a)]1/2 w h i c h  has  been  omi t t ed  in 
the  a p p r o x i m a t i o n  of Eq.  [14]. 

T h e  G a A s / H C 1 / H 2  s y s t e m . - - U s i n g  da ta  g iven  by  
F e r g u s s o n  and  G a b o r  (5),  i t  was  possible  to ca lcu la te  
the  en tha lp ie s  and en t rop ies  of the  f o l l o w i n g  reac t ions  
by  us ing  the  HT and  S T  v a l u e  of the  d i f fe ren t  species.  
Fo r  it  is 

H T  -= ~A v i H T  i [ 1 5 ]  
i 

S T  : ~ V ~ T  ~ [15a] 
i 

( r igh t  side pos i t ive ,  l e f t  side n e g a t i v e )  and  w e  also 
ob ta in  K p  by  

T A S  - -  A H  A F  
in  K p  = [ 16] 

R T  R T  

F o r  t he  reac t ions  to be  cons idered ,  w e  get  

1 1 
GaAs  + HC1 ~,~ GaC1 + ~ H 2  + - - A s 4  [17] 

2 4 

5 H  : (32.2 - -  1.09 x 1 0 - 3 T ) k c a l  [17a] 

in Kp : 17.4 - -  0.55 In T - -  16200/T - -  0.805 x 10-3T 
[17b] 

1 
2GaAs + GaC13 ~ 3GaC1 + -~-As4 [18] 

AH = (108.1 - -  6.4 x 1 0 - 3 T ) k c a l  [18a] 

In K~ = 69.5 - -  3.20 in  T - -  54400/T - -  1.61 x 16-3T [18b] 

I t  m i g h t  be  m e n t i o n e d  tha t  the  da ta  g iven  by  (5) a re  
in a g r e e m e n t  w i t h  the  r eac t i on  e n t h a l p y  for  

3GaC1 ~.~- 2Ga + GaC13 [19] 

~H~xl , .  : 50 k c a l / m o l e ,  m e a s u r e d  by  Zuege l  (8).  
The  f o l l o w i n g  e s t ima te  shows  tha t  the  pa r t i a l  p r e s -  

su re  of As2 is small .  F r o m  the  w e i g h t  loss of the  w a f e r  
5ww the  to ta l  a m o u n t  of Ga and  As in the  v a p o r  phase  
(Pca and  PAs) can be ca lcu la ted .  

R T o "  A w w  
Pga = "  [20] 

M ~ ; ' ] H 2  
w i t h  

Pea --  PGaC1 + PGaCl3 = 4pAS4 + 2pAs2 [21] 
and 

PAs : PAs4 -~- PAs2 [22] 

F r o m  Eq. [8], [9], and  [22] t he  f r ac t ion  a can  be ca l -  
cu l a t ed  (Tab le  V) .  

An  ana logous  r ea son ing  shows tha t  the  pa r t i a l  p r e s -  
su re  of GaC13 can be  t o t a l l y  n e g l e c t e d  in th is  t e m p e r -  
a tu r e  range .  We  define the  f r ac t ion  

Table VI. 

T, ~  K~ [17]cale.  K~ [10]ealc.  

873 3.5 X 10 -a 1.2 x 10-7 
973 2.2 x 10 -2 4.6 x 10 4 

1073 9.7 x 10 -2 7.5 X 10 -a 

Table VII 

( - - , a  ) v .  
T, OK pGaC1, a r m  \ 2 ( 1  + ~ )  / K ,  [17]exp. 

873 1.4 x 10 ~4 0.704 1.15 X 10 -8 
923 2.8 x 10 -4 0.695 3.16 X 10 -a 
973 6.2 x 10-4 0.691 7.95 X 10 -a 

1063 1.7 X 10 4 0.677 3.15 X 10 -2 

( a ) TM 

PGaCl'pl/2H2"pl/4As4 P5/%aCl ', 2 ( l ~ - a )  
Kp[17] = 

PHCI poHC1- ]gGaC1 
[25] 

a s suming  aga in  PH2 ~ 1 atm. P%ct  is the  in i t i a l  v a p o r  
p r e s su re  of HC1. 

( 2 ( X ~ " ) a  "~1/4 \ ' 4 ] (  1 "~1/4 The  q u a n t i t y  ) becomes  , if  As4 

is p r e d o m i n a n t .  I n  t he  w o r s t  case  (1063~ the  ra t io  

~ ~  1/4 

L 2 (1-~a)  T 

becomes  0.96. F o r  Kp[17],  Eq.  [25], w e  ob ta in  t he  
f igures g iven  in  T a b l e  VII .  

A p lo t  of Kp[17] v s .  1 / T  is s h o w n  in Fig. 8 Kp[17]exm 
differs  f r o m  Kp[17]catc. by  a f ac to r  of about  3, w h i c h  
is no t  a ser ious  dev ia t ion .  The  r eac t ion  e n t h a l p y  fo r  
r eac t ion  [17] becomes  

AHTexp. = 32 _ 2 k c a l / m o l e  
and 

A H T c a l c .  = 31 k c a l / m o l e  

The  a g r e e m e n t  is v e r y  good. 
As before ,  an e s t ima te  of AHT can be  m a d e  f r o m  the  

s lope of t he  log gw - -  1 / T  - -  c u r v e  (Fig.  6),  i f  P6aCl 
< <  p~ W e  obta in  

O In Kp 5 A In g w  
A H T  : R T  2. - -  ~ - -  R T  2 - -  [26] 

OT 4 A T  

which  y ie lds  A H T  ~ 31 k c a l / m o l e .  

PGaC1 
# 

P G a  

T o g e t h e r  w i t h  Eq.  [20], [21], and Kp[18] w e  a r r i v e  at 

p3GaC1,  p l / 2 A s  4 # 3 ,  p S / 2 G a  
Kp[18] --  [24] 

PGaCl3 2 (1--#)  

In se r t i ng  the  ca l cu la t ed  Kp[18] and the  e x p e r i m e n t a l  
PGa for  t e m p e r a t u r e s  b e t w e e n  873 ~ and 1073~ y ie lds  
0.98 ~-- fl < 1 (Tab le  VI)  

T h e r e f o r e  the  r eac t i on  in ques t ion  is r eac t ion  [17]. 
F o r  Kp[17] t o g e t h e r  w i t h  the  def ini t ion of a we  get  

Table V. Calculations of fraction 

T, ~  pGa, a t m  K~ [5] a 

873 1.4 X 10 -4 1.1 X 10 7 0.95 
923 2.8 X 10 -* 7.4 X 10 -v 0.88 
973 6.2 X 10-* 4.0 X 10 -~ 0.83 

1063 1.7 x 10 -8 5.4 x 10 -~ 0.75 

10 -1 

10- 

10- 

\ 
\ 

\ 

800~ 700oC 5OOOC 
r I [ 

0.9 1.0 11 1.2 

Fig. 8. Mass action constant of reaction [17] vs. 1/T 
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Summary 
Vapor etching as wel l  as vapor  growth exper iments  

in an open tube GaAs /H20/H2 system and vapor  e tch-  
ing exper iments  in an open tube GaAs/HC1/H2 system 
revealed  straight  l ine relationships be tween the log- 
a r i thm of the etching deposition rates gw and 1/Tw, 
respect ively,  at t empera tures  be tween  600 ~ and 1000~ 
By calculat ing the mass action constants of the re-  
spective reactions f rom exper imenta l  data, we  are 
able to de termine  the respect ive react ion enthalpies. 
They are compared wi th  react ion enthalpies calculated 
f rom data given in the l i terature.  

For  the GaAs/H20/H2 system the react ion is 

1 1 
GaAs(s)  + -~-H20(g)  ~--~-Ga20(g) ~- 

1 1 
-~-H2(g) ~- ~-As2 -]-AHT 

wi th  AHTcalc .  = 57  • 3 kca l /mole  and AHTe• : 5 4  
• 3 kcal /mole .  For  the GaAs/HC1/H2 system the 
react ion is 
GaAs(s)  -t- HCI(g)  ~ GaCl(g)  -t- 

1 1 

wi th  AHTcalc. : 31 kca l /mole  and AHrexp. = 32 • 2 
kcal /mole .  

The agreement  between exper imenta l  and the rmo-  
dynamical ly  calculated Kp values is satisfying; the 
deviat ion is about a factor of 3. 

All  this gives good reason to assume that  the above 
ment ioned reactions are appropr ia te  and that  the 
etching reactions take place close to equil ibrium. 

Deposition exper iments  revea led  also a relat ionship 
be tween the growth ra te  at a constant wafe r  t emper -  
a ture  and the square  of the ga l l ium- to -oxygen  ratio. 
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SYMBOLS 
Aw 
fx 

FT 
gs 

gw 

[Ga] / [O]  
HT 
AHT 

K,  
M 
(n/ t )  x 

Pi 
R 

ST 
t 
T 
To 
AWs 
AWw 

wafer  area, cm 2. 
flow rate  of the gas x at room temperature ,  
cc /min.  
f ree energy at the t empera tu re  T, kcal. 
the rmal  etching rate  of the source material ,  
moles /min.  
thermal  etching or deposition rate of the 
wafer,  mo les /min  cm 2. 
ga l l ium- to -oxygen  ratio. 
enthalpy at the t empera tu re  T, kcal /mole .  
react ion enthalpy at the t empera tu re  T 
kcal /mole .  
mass action constant. 
molecular  weight  (of GaAs) ,  g 
moles of t ransported vapor  of species x 
per  unit  time, moles /min.  
par t ia l  pressure of the species i, atm. 
gas constant, ca l /deg  mole or atm cm3/ 
deg mole. 
ent ropy at the t empera tu re  T, cal/deg.  
durat ion of run, min. 
temperature ,  ~ or ~ 
room temperature ,  ~ 
weight  loss of the source material ,  g. 
weight  loss of the wafer,  g. 
fract ion of the total pressure produced by 
a certain gaseous species. 

The Fluorescence of the Europium and Terbium Dibenzoylmethides 
Max Metlay 

Advanced Technology Laboratories, General Electric Company, Schenectady, New York  

ABSTRACT 

Data on the fluorescence spectra, fluorescence lifetimes, and the t emper -  
a ture  dependence of these quanti t ies for the d ibenzoylmethane chelates of 
europium and of te rb ium in a var ie ty  of envi ronments  are presented. The 
effect of the envi ronments  studied on the europium chelate is much more 
pronounced than on the te rb ium chelate. Lewis bases cause a decrease in 
t empera tu re  dependence of fluorescence in the europium chelate. Quenching 
of fluorescence takes place through vibronic interact ion with  the lowest  
exci ted (tr iplet)  state of the ligand. 

The recent  resurgence of interest  (1,2) in the spec- 
troscopic propert ies  of rare  ear th  chelates first dis- 
cussed by Weissman (3) has led to the predict ion (2) 
of laser action in these compounds and to the dem-  
onstrat ion (4, 5) of such action in two chelates of 
europium, the benzoylacetonate  and the thenoyl t r i -  
fluoroacetonate. The per t inent  spectroscopic propert ies  
include a broad, intense absorption in the ul traviolet ,  
characterist ic of the organic port ion of the molecule,  
and a re la t ive ly  sharp l ine fluorescence, at the energies 
characterist ic of the rare  earth. The path  of in t ra -  
molecular  energy t ransfer  leading to the fluorescence 

process has been the subject  of considerable study. 
The absorption of an ul t raviole t  photon raises the 
molecule  to an excited singlet  state, f rom which the 
exci tat ion energy is rapidly  t ransfer red  to the reson- 
ance levels  of the lanthanide.  This t ransfer  has been 
presumed to take place via  a t r iplet  state (1, 2, 6) but  
the ex t reme  rapidi ty  of the process (<10 -7 sec) casts 
doubt on this explanat ion (7, 8). 

This paper  presents data on the fluorescence spec- 
tra, fluorescence lifetimes, and on the t empera tu re  
dependence of fluorescence l i fe t ime and of peak fluo- 
rescence intensi ty of the d ibenzoylmethane  chelates of 
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europium and terbium (EuD3 and TbD~) in a va r ie ty  
of environments .  Such measurements  are  a first step 
in an unders tanding of the interactions of the chelates 
wi th  their  chemical  env i ronment  and lead in the 
present  case to an hypothesis  on the mechanism of 
fluorescence quenching in these systems. 

Exper imenta l  

The chelates were  prepared  and purified by the 
method  described by Whan  and Crosby (2) as giving 
the t r i s -chela ted materials,  EuD3 and TbD~. In addi-  
tion, a sample of the europium chelate (here  called 
EuD4) was not subjected to the final step of vacuum 
heat ing normal ly  done to dr ive off piperidine and 
excess dibenzoylmethane.  The apparent  composition of 
EuD4, as de termined  by the rmograv imet r ic  analysis, 
consists of four  dibenzoylmethanes  and one piper idine 
per europium atom.~ 

The solvents used included EPA (ether,  3 -methyl -  
pentane, alcohol, 5: 5:2),  s tyrene (subsequently t h e r m -  
al ly polymer ized  to polys tyrene  after vacuum outgas-  
sing),  and Bisphenol  A (Dow Epoxy Resin 332) sub- 
sequent ly  polymerized by one of the catalysts t r i -  
e thy lene te t ramine  (A),  d ie thylaminopropylamine  (B) 
and imidazole (C). 

Fluorescence spectra were  obtained at 77 ~ and at 
300~ A G.E. H100A4/T 100 wat t  mercury  lamp, fil- 
tered by a Corning CS 7-54 filter, provided excitation. 
The fluorescence radiat ion passed through a Kodak 
Wrat ten  No. 2B filter, to e l iminate  scattered source 
radiat ion below 3900A, which would in ter fere  in the 
second order wi th  the fluorescence spectrum. It  was 
then analyzed by a Bausch and Lomb grat ing mono-  
chromator  which had been provided with  a motor  
dr iven  wave leng th  scan, and with  slits set  to give 
10A dispersion. The output  of the monochromator  was 
moni tored by a 1P22 photomul t ip l ier  tube, the output  
of which was recorded by a Brown potent iometr ic  
recorder.  

The var ia t ion with  t empera tu re  of the intensi ty of 
the fluorescence peak of each of the solid samples was 
fol lowed by insert ing a ch romel -a lumel  thermocouple  
into each sample and recording its output  as one co- 
ordinate for an X - u  recorder,  while  the output  of 
the photomult ip l ier  moni tor ing the peak intensi ty ac- 
t ivated the other  coordinate. 

I T h e  f o r m u l a  E u D s  - H D  - p i p  h a s  g a i n e d  c o n s i d e r a b l e  a c c e p t a n c e  
a s  s h o w i n g  t h e  s t r u c t u r e  o f  t h i s  m a t e r i a l .  W h i l e  t h i s  is  t h e  m o s t  
p r o b a b l e  s t r u c t u r e ,  i t  h a s  n o t  b e e n  d e m o n s t r a t e d  d e f i n i t i v e l y .  

EuD~,TT'K 

EPOXY B~/~ 

5o~o ~o 60o o~o ~'o 

Fig. 1. Fluorescence spectrum of EuD3 in various solvents at 
77~ Ordinate is fluorescence intensity, abscissa is wavelength 
in millimicrons. 

EuD 3 IN EPOXY A 

Cone 300"K~ 

D)] 300 " K ~  

6~o 7~o 

Fig. 2. Fluorescence spectrum of EuD3 in epoxy A. Concentra- 
tions: conc. ~ 2.1 mg/cc, diL ~ 0.8 mg/cc. 

TbD~, 77~ 

E P O X Y / ~  

4~o 450 5~o 5~o 6~o 

Fig. 3. Fluorescence spectrum of TbD3 in various solvents at 
77~ 

Fluorescence l ifet imes were  measured  for each sam- 
ple at 77~ and at 300~ as described previously  (9). 
These measurements  were  also per formed on the 
microcrysta l l ine  chelates and on the hydra ted  rare  
ear th  chlorides, for  comparison wi th  l i t e ra ture  values. 

Results and  Discussion 
The fluorescence spectra of the europium samples 

are shown in Fig. 1 and 2. The main  peak is due to 
the 5D0 ~ ~F2 transition. As can be seen in Fig. 1, 
the fluorescence spectra of EuD3 in various hosts 
show differences in detail,  wi th  greater  resolut ion of 
the main  peak in E P A  than in the polymeric  solvents. 
F igure  2 i l lustrates the invar iance  of the spectrum in 
one epoxy mat r ix  wi th  concentrat ion and wi th  t em-  
perature.  F igure  3 i l lustrates the fluorescence spectra 
of the te rb ium samples at 77~ The major  peak here 
is the 5D4 -> 7F5 transition. The broad band under ly ing  
the spect rum in epoxy B is due to an impur i ty  in the 
d ie thylaminopropytamine  catalyst.  The spectra have 
not been corrected for  the spectral  sensi t ivi ty of the 
photomult ipl ier .  

The fluorescence l i fet imes of the europium samples 
are l isted in Table I and those of the t e rb ium samples 
in Table II. As is apparent  f rom Table I, the l i fe-  
t imes of EuD~ and EuD4 are not  the same (9). 
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Table I. Fluorescence lifetime, europium compounds 

Material 

F L U O R E S C E N C E  O F  EuD~ A N D  TbD3 1255 

ference in energy between states is sufficient. The 
lowest  lying l igand state is the triplet,  lying some 3500 

Life t ime,  fzsec cm -1 above the Eu 3+ resonance level  in EuD3, and 
30~176 77~ ~100 cm -1 above the Tb 3+ resonance level  in the 

120 12o TbDa (1). At t empera tures  around 77~ these en-  
so 369 ergy differences are sufficient to p reven t  transit ions to 

360 the triplet.  At h igher  temperatures ,  the rate  of the 
5 ~  533 
- -  451 quenching interact ion in the TbD3 samples becomes 
- -  404 large. At  higher  tempera tures  still, the EuD3 samples 
- -  458 342 332 of Group II behave similarly.  The samples of Group I, 

317 339 however ,  show compara t ive ly  l i t t le change in l i fe-  
485 568 451 549 t ime or intensi ty up to room temperature .  In these 
462 510 samples, the Lewis base interacts wi th  the ligand, pre-  

sumably through charge t ransfer  complex formation, 
increasing the electron density in the chelate, and 

Lifetime,~sec s imultaneously increasing its stability. We postulate 
770K that  this interact ion results in a raising of the energy 

of the t r iplet  state. In the complex, the lowest  excited 
450 state wil l  differ in configuration f rom the tr iplet  
54 587 state of the uncomplexed  EuD3, but  we retain the 

648 t r iplet  designation for convenience.  If the " tr iplet"  
450 566 associated wi th  the complex is h igher  in energy than 
400 that in the uncomplexed  material ,  vibronic in te rac t ion  

be tween resonance and tr iplet  states are less frequent ,  
sufficiently so that  quenching in the complexed EuD3 
samples is suppressed. In TbD3, however ,  the original 
separat ion be tween  tr iplet  and resonance levels is 
small, and the increase in t r iplet  energy is apparent ly  
not sufficient to suppress quenching. 

A detailed study of the fluorescence intensi ty of 
series of Eu 3+ and Tb 3+ doped molybdates  and tung-  
states (10, 11) show some paral lels  to the results of the 
present  work. Van Ui te r t  showed that  the t empera tu re  
dependence of fluorescence intensi ty in an a lka l i - t e r -  
b ium molybdate  is much greater  than the correspond-  
ing tungstate,  or than the corresponding europium 
molybdate.  Intensi ty  in the europium doped tungstates 
increases wi th  bond energy be tween  europium and its 
neighboring oxygen atoms. Increase in coupling wii 
the surroundings decreases intensi ty in te rb ium mo-  
lybdates by increasing energy  losses to latt ice proc-  
esses, and increases intensi ty in the te rb ium tung-  
states where  latt ice processes are less important .  The 
significance of Van Uiter t ' s  results for the preseni  
study lies in the exper imenta l  demonstra t ion that  the 
fluorescence propert ies  of europium and terbium, in 
inorganic as wel l  as the organic media  discussed in 
this paper, are ex t remely  dependent  on e n v i r o n m e n t  
and more par t icular ly  on the details of the modes oi 
energy t ransfer  to and f rom the lanthanide.  
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EuCla - 6H2C~ 
EuDa 
EuDa i n  E P A ,  1.0 m g / c c  
EuD~ 
EuD4 in  EPA,  1.3 m g / c c  
EuDa i n  po ly s ty r ene ,  1.5 m g / c e  
EuDa i n  po ly s ty r ene ,  4.3 m g / c c  
EuD3 i n  e p o x y  A, 0.8 m g / c c  
EuD3 in  e p o x y  A, 2.1 m g / c c  
EuD3 in  e p o x y  B, 0.8 m g / c c  
Eun8  i n  e p o x y  B, 2.1 m g / c e  
EuDs in  e p o x y  C, 2.1 m g / c c  

Table II. Fluorescence lifetime, terbium compounds 

Material 

TbCla - xH~O 
TbD~ 
TbD3 in  e p o x y  A, 0.9 m g / c c  
TbDa in  e p o x y  B, 0.9 m g / c c  
TbD8 i n  e p o x y  C, 0.9 m g / c c  
TbDa in  p o l y s t r y e n e ,  1.5 m g / c c  
T b n a  in  p o l y s t y r e n e ,  5.0 m g / c c  

The tempera tu re  var ia t ion of the intensi ty of the 
major  fluorescence line of several  of the samples is 
i l lustrated qual i ta t ive ly  in Fig. 4. 

The EuD3 samples can be divided into two groups, 
according to the behavior  of these properties.  In 
Group I, containing microcrysta l l ine  EuD4, and the 
epoxy samples, fluorescence l i fe t ime and intensi ty are 
re la t ive ly  independent  of temperature .  In all of these 
samples an electron donor molecule,  e i ther  a diben-  
zoylmethane  molecule,  a piperidine or one (or more)  
of the amine molecules used to catalyze the epoxy 
polymerizat ion,  is associated with  EuD3. In Group II, 
containing microcrysta l l ine  EuDs, the polys tyrene and 
the EPA samples, fluorescence intensi ty is re la t ive ly  
much more  dependent  on temperature .  

The data suggest a mechanism for quenching the 
EuD~ fluorescence. As pointed out by Whan and 
Crosby (2), quenching normal ly  takes place by v i -  
bronic coupling of the central  ion to the ligands, and 
of the ligands to the surrounding matr ix.  For  this to 
occur at low temperatures ,  l igand states must  exist 
at energies below that  of the central  ion. As the t em-  
pera ture  increases, the rate  of phonon assisted t ransi -  
tions to h igher  energy states wil l  increase exponen-  
tially, a l though the rate  may  remain  low if the dif-  
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EuD 3-  EPOXY A & B 

EuD3-EPOXY C 

EuD 3 - PS 

rbD 3 -  EPOXY B 

'bD 3 - PS 

77 I00 200 500 
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Fig. 4. Temperature dependence of fluorescence peak intensity 
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A B S T R A C T  

S i l i con  w a f e r s  w e r e  a n o d i z e d  in  e t h y l e n e  g lyco l  c o n t a i n i n g  KNO3. L u -  
m i n e s c e n c e ,  m e a s u r e d  w i t h  a p h o t o m u l t i p l i e r ,  b e g a n  w i t h  o x i d e  g r o w t h  and ,  
a t  c o n s t a n t  c u r r e n t ,  i n c r e a s e d  w i t h  s o m e  low p o w e r  of t h e  vo l t age ,  t h e  p o w e r  
d e p e n d i n g  on  t h e  t y p e  a n d  r e s i s t i v i t y  of t h e  si l icon.  W h e n  a n o d i z a t i o n  w a s  
i n t e r r u p t e d  on  l o w  r e s i s t i v i t y  s i l i con  a n d  t h e  v o l t a g e  a n d  c u r r e n t  w e r e  
dec reased ,  t h e n  i n c r e a s e d  aga in ,  t h e  l u m i n e s c e n c e  w a s  e x p o n e n t i a l  w i t h  t h e  
v o l t a g e  a n d  l i n e a r  w i t h  t h e  c u r r e n t  d u r i n g  t h i s  e x c u r s i o n .  In i t i a l ly ,  b o t h  t h e  
l u m i n e s c e n c e  a n d  t h e  o x i d e  g r o w t h  on  n - t y p e  s i l i con  of m o d e r a t e  or  h i g h  
r e s i s t i v i t y  w e r e  p a t c h y ;  t h e  p a t c h e s  g r a d u a l l y  c a m e  t o g e t h e r  to f o r m  a u n i -  
f o r m  l a y e r .  W i t h  p - t y p e  m a t e r i a l  t h e  l i g h t  e m i s s i o n  w a s  u n i f o r m  e v e n  a t  t h e  
s ta r t .  A t  t h e  h i g h e s t  vo l t ages ,  b r e a k d o w n  o c c u r r e d  w i t h  t h e  a p p e a r a n c e  of 
" s p a r k s , "  w h i c h  i n v o l v e  e l e c t r i c a l  d i s c h a r g e  f r o m  t h e  w a f e r  i n to  t h e  s o l u t i o n  

W h e n  a s i l i con  w a f e r  is a n o d i c a l l y  o x i d i z e d  a t  c o n -  
s t a n t  c u r r e n t ,  a b l u i s h - w h i t e  g low f r o m  t h e  m a t e r i a l  
c a n  b e  s e e n  in  a d a r k e n e d  room.  T h e  g l o w  i n c r e a s e s  
in  b r i g h t n e s s  as a n o d i z a t i o n  c o n t i n u e s ,  u n t i l  a t  s o m e  
h i g h  v o l t a g e  gas  e v o l u t i o n  f r o m  t h e  w a f e r  b e c o m e s  
v e r y  n o t i c e a b l e ,  a n d  soon  t h e r e a f t e r  b r i g h t  p o i n t s  of 
l igh t ,  " s p a r k s , "  a p p e a r  a n d  d i s a p p e a r  in  success ion ,  
i n i t i a l l y  a t  t h e  edge  of t h e  w a f e r ,  t h e n  also o n  t h e  
flat  su r faces .  T h e  v o l t a g e  b e c o m e s  e r r a t i c ,  l e v e l l i n g  
off, or  e v e n  d e c r e a s i n g  s o m e w h a t .  L a t e r  e x a m i n a t i o n  
of t h e  o x i d e  s h o w s  i t  is c l o u d y  a n d  n o n u n i f o r m ;  a 
" b r e a k d o w n "  r e g i o n  h a s  b e e n  r e a c h e d  w h e n  t h e  
" s p a r k s "  a p p e a r .  

T h e  e m i s s i o n  of l i g h t  o n  a n o d i z a t i o n  h a s  l o n g  b e e n  
k n o w n  fo r  a l u m i n u m  a n d  f o r  a n u m b e r  of  o t h e r  m e t a l s  
s u c h  as Ta,  Zn ,  Mg, W;  i t  h a s  b e e n  c a l l e d  " g a l v a n o -  
l u m i n e s c e n c e "  (1, 2) .  I n  a n  a t t e m p t  to l e a r n  m o r e  
a b o u t  w h e r e  t h e  p h o t o e m i s s i o n  occurs ,  w h e t h e r  or  n o t  
t h e r e  is a m i n i m u m  v o l t a g e  r e q u i r e d  b e f o r e  p h o t o -  
e m i s s i o n  s t a r t s ,  a n d  w h a t  t h e  r e l a t i o n s  a r e  b e t w e e n  
t h e  i n t e n s i t y  of  l i g h t  e m i s s i o n  a n d  t h e  e l e c t r i c a l  v a r i -  
ab l e s  d u r i n g  a n o d i z a t i o n ,  t h e  f o l l o w i n g  e x p e r i m e n t a l  
w o r k  w i t h  s i l i con  w a s  u n d e r t a k e n .  

Anodization Procedure 

A n o d i z a t i o n  w as  c a r r i e d  ou t  a t  c o n s t a n t  c u r r e n t  
( c o r r e s p o n d i n g  to a b o u t  7 m a / c m  2 of  w a f e r  s u r f a c e )  
in  a n  e l e c t r o l y t e  of e t h y l e n e  g lycol  w i t h  0.04N KNO3. 
S i l i con  w a f e r s  of (111) o r i e n t a t i o n ,  of b o t h  t y p e s  a n d  
s e v e r a l  r e s i s t i v i t i e s ,  w e r e  used.  A f t e r  b e i n g  l a p p e d  
a n d  c h e m i c a l l y  po l i shed ,  t h e y  w e r e  h e l d  v e r t i c a l l y  in  
a spec ia l  c l ip  (3 ) .  I n  g e n e r a l  no  s t i r r i n g  or  u l t r a s o n i c  
a g i t a t i o n  w a s  used .  E x p e r i m e n t s  w e r e  a t  r o o m  t e m p e r -  
a t u r e ,  b u t  t h e r e  w a s  s o m e  r e s i s t i v e  h e a t i n g  of t h e  
s o l u t i o n  d u r i n g  t h e  l o n g e r  r u n s  to h i g h e r  vo l t ages .  

L i g h t  f r o m  t h e  s i l i con  w a f e r  b e i n g  a n o d i z e d  w a s  
p i c k e d  u p  b y  a p h o t o m u l t i p l i e r  h a v i n g  a D u m o n t  6292 
t u b e  w i t h  a n  S l l  p h o t o c a t h o d e  a n d  o p e r a t e d  a t  1200v. 
T h e  o u t p u t  f r o m  th i s  w a s  f ed  to a K i n - T e l  m e t e r ,  
m o d e l  202B, w h o s e  o u t p u t  in  t u r n  w e n t  to  t h e  Y - a x i s  
of a M o s e l e y  X - Y  r e c o r d e r  M o d e l  135. D i f f e r e n t  a m p l i -  
f ica t ions  w e r e  u s e d  as n e e d e d .  T h e  X - a x i s  of t h e  r e -  
c o r d e r  w a s  d r i v e n  b y  t h e  v o l t a g e  a p p l i e d  to t h e  a n o -  
d i z a t i o n  cell.  I n  th i s  m a n n e r  r e l a t i v e  l i g h t  i n t e n s i t y  
c o u l d  b e  r e c o r d e d  a u t o m a t i c a l l y  as a f u n c t i o n  of 
vo l t age .  A s e p a r a t e  s t r i p  c h a r t  r e c o r d e d  v o l t a g e  ac ross  
t h e  ce l l  as a f u n c t i o n  of t ime .  

I n  m o s t  r u n s  t h e  p o w e r  s o u r c e  w a s  t u r n e d  on  a t  
c o n s t a n t  c u r r e n t ,  a n d  t h e  r e c o r d i n g  w a s  c o n t i n u e d  u p  

I P r e s e n t  a d d r e s s :  R a n c h o  Los A m i g o s  H o s p i t a l ,  D o w n e y ,  C a l i f -  
f o r n i a .  

2 P r e s e n t  a d d r e s s :  S i g n e t i e s  C o r p o r a t i o n ,  S u n n y v a l e ,  C a l i f o r n i a .  

to  a h i g h  vo l t age ,  b u t  s t o p p e d  b e f o r e  t h e  " s p a r k s "  
b e g a n  to appea r .  W h e n  t h e  p o w e r  w a s  t u r n e d  on, t h e  
a p p l i e d  v o l t a g e  j u m p e d  i m m e d i a t e l y  to  a v a l u e  a r o u n d  
30 to  60v w i t h  l o w e r  r e s i s t i v i t y  m a t e r i a l ,  o r  a r o u n d  
100v fo r  t h e  h i g h e r  (10 o h m - e m  p - t y p e  or  2 o h m - c m  
n - t y p e ) .  Th i s  i n i t i a l  v o l t a g e  w a s  s u b t r a c t e d  f r o m  t h e  
l a t e r  r e a d i n g s  to o b t a i n  t h e  n e t  vo l t age ,  V i. A r e f e r -  
e n c e  v a l u e  fo r  t h e  o u t p u t  m i l l i v o l t s  of t h e  p h o t o m u l -  
t i p l i e r  w i t h  zero  l u m i n e s c e n c e  f r o m  t h e  w a f e r  w a s  
o b t a i n e d  a t  t h i s  s t a r t ,  or  w h e n  a v a i l a b l e  f r o m  t h e  
v o l t a g e  d o w n - a n d - u p  r u n s  ( d i s c u s s e d  b e l o w ) ,  w h e r e i n  
t h e  l u m i n e s c e n c e  d i s a p p e a r e d  a t  t h e  l o w e s t  vo l t ages ,  
b u t  a l l  o t h e r  c o n d i t i o n s  o n  t h e  p h o t o m u l t i p l i e r  a s -  
s e m b l y  w e r e  t h e  same .  L u m i n e s c e n c e  v a l u e s  (L )  
w e r e  c o r r e c t e d  f o r  t h i s  s m a l l  r e f e r e n c e  v a l u e ,  i n  e a c h  
r u n .  

Luminescence at Constant Current 
I n  m o s t  r u n s  t h e  v o l t a g e  a n d  l u m i n e s c e n c e  w e r e  

a l l o w e d  to c l i m b  a t  c o n s t a n t  c u r r e n t  w i t h o u t  i n t e r r u p -  
t ion.  I n  a f e w  of t h e  l a t e r  r u n s ,  t h e  g r o w t h  w a s  i n t e r -  
r u p t e d  a n d  t h e  v o l t a g e  w a s  r u n  d o w n  a n d  u p  as d e -  
s c r i b e d  be low.  D a t a  r e a d  f r o m  t h e  X - Y  r e c o r d e r  c h a r t s  
w e r e  p l o t t e d  in  v a r i o u s  ways .  F i g u r e  1 s h o w s  t h e  r e -  
su l t s  i n  one  of t h e  l a t e r  runs ,  w i t h  0.002-0.003 o h m - c m  
n - t y p e  Si. T h e  g e n e r a l  p r o c e d u r e  is e v i d e n t  f r o m  t h e  
a r r o w s :  a n  i n i t i a l  j u m p  to a b o u t  30v ( w h i c h  w a s  s u b -  
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Fig. 1. Luminescence and total voltage run, 0.002-0.003 ohm-cm 
n-type SL 
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Fig. 2. Luminescence and net voltage at constant current; run of 
Fig. 1. 

t racted to give Vf values) ,  then a steady increase, wi th  
(in this run)  two interrupt ions for the d o w n - a n d - u p  
excursions. In this run, the curva ture  at the highest  
voltages is typical  of the  appearance when  gas gen-  
erat ion becomes significant: many  fine bubbles form 
and leave the wafe r  surface, and scatter  the light. 

Graphs of the data f rom oxide growth at  constant 
current,  plot ted as log L vs. log Vf were  l inear  (with 
the possible except ion of the lowest, least certain 
values) .  F igure  2 shows this plot  for the run  of Fig. 
1 up to about 200v. The in te r rupt ion  corresponds to 
the excursion at 150v (Vf = 120v). Slopes of such 
lines for various runs were  as shown in Table I. Runs 
with  the lowest  resis t ivi ty mater ia l  gave values of 
the slope always be tween  2 and 3, but  somewhat  lower  
after  than before the down-and-up  vol tage excursion. 
Data f rom runs wi th  the 1 ohm-cm p- type  could be 
accurately fitted algebraical ly  by a parabola. In addi-  
tion, one run  wi th  10 ohm-cm p- type  showed a slope 
of 1 before the down-and -up  excursion and about  2.8 
af terward.  

The results showed that  the luminescence  increased 
with a power  of the vol tage (linear, parabolic, or 
almost cubic).  Semilogar i thmic  plots (log L vs. Vf) 
could not be made l inear  by the addition to L of a 
small  constant, as was done successfully wi th  a lumi-  
num, thus showing exponent ia l  increase (4). The lu-  
minescence apparent ly  began concurrent ly  wi th  film 
growth;  there  seemed to be no init ial  oxide thickness  
(no significant " threshold"  vol tage)  requi red  after  
oxide growth began before luminescence appeared. 
This was shown even more  clear ly  wi th  the n - type  
material ,  as discussed next.  

A significant difference be tween  n-  and p - type  sil- 
icon of in te rmedia te  resistivit ies (1-2 ohm-cm)  should 
be noted. The p - type  mater ia l  s tarted anodizing readi ly  
at a reasonable current  densi ty such as used here:  
turn ing  on the constant cur ren t  power  source (in the 
dark, for runs wi th  e i ther  type mater ia l )  gave an 
init ial  jump to the s tar t ing voltage, then a steady rise 
in vol tage and increase in luminescence (accurate ly  
parabolic, as we  have  noted) .  The first visible lu-  
minescence was uni form across the wafer.  If, how-  
ever,  the constant current  power  source was turned on 
with  n - type  material ,  there  was a jump to a s tar t ing 
voltage, then a br ief  decrease in vol tage as the lu-  
minescence increased, and finally an increase again 

Table I. Slopes for various runs 

R e s i s t i v i t y ,  
o h m - c m  T y p e  E x p o n e n t  

0 .002-0 .003  p,  n 2 to  3 

1 p 2 

2 n 1 

Fig. 3. Growth of luminescence and oxide layer on 2 ohm-cm, 
n-type Si. 

with  smooth growth  of luminescence with  vol tage 
(linear, r a the r  than parabolic) .  A similar  behavior  of 
the vol tage was observed ear l ier  by Schmidt  and Mi-  
chel (5). 

With  this n - type  silicon the glow star ted at a num-  
ber  of isolated br ight  spots (on edges and flat sur-  
faces),  then consolidated and expanded in f rom the 
edges to develop the uni form sheet glow over  all the 
wafer  surface, ini t ia l ly  d immer  than the isolated spots 
had been. The isolated areas were  areas of ini t ial  
thin oxide growth,  as was made  evident  by photo-  
graphing the glow, then stopping the run  and compar-  
ing the wafer  surface to the photographs.  F igure  3 
shows the sequence on one wafer,  set at an angle to 
the camera.  

We noticed previously  (6) that  anodization of n - type  
silicon can be star ted readi ly  e i ther  by i l luminat ion 
(generat ing holes, needed for the reaction) or by 
wait ing.  In ei ther  case, when  anodization has begun 
it runs smoothly wi thout  fu r the r  i l luminat ion being 
required.  It  may  be that  af ter  a ve ry  thin layer  e~ 
oxide has formed (from the residual  holes avai lable 
or f rom the Cabrera -Mot t  mechanism) the concurrent  
luminescence itself serves to generate  more  holes for 
the cont inuing reaction. In agreement  wi th  this, we 
have found i l luminat ion is useful  also in start ing with  
high resis t ivi ty p - type  silicon, but  it contr ibutes less 
at the h igher  voltages, i.e., la ter  in the run. That  is, 
there  is then less jump in vol tage if the i l luminat ion 
(a Sylvania  Sun-Gun)  is tu rned  off. This autocatalysis 
seems also re la ted to our power  law increase of L 
with  V s whereas  van Geel and co-workers  (4) found 
an exponent ia l  increase wi th  aluminum, which is pre-  
sumably not affected by i l lumination.  

Luminescence at Constant Oxide Thickness 
In a few runs the cons tant -current  oxide growth 

was in te r rupted  as shown in Fig. 1. The vol tage was 
decreased in steps unt i l  the  total  current  had fal len 
to less than 0.1 ma  and the luminescence had disap- 
peared (a constant, low, re ference  level  of the photo-  
mul t ip l ier  was reached for each par t icular  run) .  Dif-  
ferent  wafers  had exposed areas of 6-10 cm ~, but  in 
each case the photomul t ip l ie r  m in im um  refe rence  leve l  
was reached.  Simul taneous  values  of voltage,  current ,  
and luminescence were  read and recorded at each 
step both dur ing the vol tage decrease and dur ing the 
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Fig. 4. Luminescence, current, and voltage at constant oxide 
thickness; run of Fig. 1. 

i n c r e a s e  a g a i n  to t h e  s a m e  c o n s t a n t  c u r r e n t  f o r  c o n -  
t i n u i n g  t h e  o x i d e  g r o w t h .  

W i t h  0.002-0.003 o h m - c m  m a t e r i a l ,  b o t h  p -  a n d  n -  
type ,  t h e  c u r r e n t  a n d  l u m i n e s c e n c e  fe l l  e x t r e m e l y  
r a p i d l y  w i t h  vo l t age ,  d r o p p i n g  t w o  or  t h r e e  d e c a d e s  
w i t h  o n l y  20-30v  dec rease .  T h e  d a t a  f o r  log  I or  log L 
a g a i n s t  v o l t a g e  s e e m e d  to f a l l  o n  s t r a i g h t  l ines ,  a t  
l e a s t  d o w n  to t h e  l o w e s t  l eve l s  w h e r e  t h e  d a t a  w e r e  
l e a s t  a c c u r a t e .  F i g u r e  4 s h o w s  d a t a  f r o m  t h e  150v 
e x c u r s i o n  of t h e  r u n  in  Fig.  1; I is in  m i l l i a m p e r e s  a n d  
L in  a r b i t r a r y  un i t s .  Tags  to t h e  l e f t  s h o w  d a t a  w i t h  
d e c r e a s i n g  c u r r e n t ;  to  t h e  r i gh t ,  w i t h  i n c r e a s i n g .  T h e s e  
d a t a  s u g g e s t  t h e r e  m a y  b e  s o m e  l e v e l l i n g  off w i t h  a 
s m a l l  l e a k a g e  c u r r e n t  w i t h o u t  l u m i n e s c e n c e .  T h e  l u -  
m i n e s c e n c e  a lso  s e e m e d  to  v a r y  l i n e a r l y  w i t h  t h e  c u r -  
r e n t ,  as i n d i c a t e d  b y  t h e  a p p r o x i m a t e l y  45 ~ s lope  on  a 
log  L vs.  log I g r a p h ,  a n d  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  
w a s  g r e a t e r  f o r  t h e  h i g h e r  v o l t a g e  excu r s i ons .  

H o w e v e r ,  i n  s u c h  a n  e x c u r s i o n  d u r i n g  a r u n  w i t h  
10 o h m - c m  p - t y p e  s i l i con  t h e  l u m i n e s c e n c e  fe l l  m u c h  
less  r a p i d l y  w i t h  v o l t a g e :  one  d e c a d e  fo r  6 0 - v  d e -  
c rease .  I n  t h i s  case,  L a n d  I w e r e  a p p a r e n t l y  l i n e a r  
( n o t  e x p o n e n t i a l )  w i t h  t h e  v o l t a g e ;  L was ,  as be fo re ,  

l i n e a r  w i t h  I. 
S m a l l  loops  a r e  s e e n  in  Fig.  1; t h e s e  m a y  b e  e x p e r i -  

m e n t a l  s ca t t e r ,  b u t  t h e  d i r e c t i o n  w a s  c o n s i s t e n t  in  t h e  
s e v e r a l  e x c u r s i o n s  m a d e .  This ,  t o g e t h e r  w i t h  t h e  f ac t  
t h a t  t h e  s lope  of  t h e  l i n e  f o r  log  L vs.  Vf w a s  s o m e -  
t i m e s  s o m e w h a t  d i f f e r e n t  a f t e r  a n  e x c u r s i o n ,  i n d i c a t e d  
t h a t  some  o x i d e  g r o w t h  or  s t r u c t u r e  r e a r r a n g e m e n t  
( " f o r m i n g " )  m a y  h a v e  b e e n  go ing  o n  d u r i n g  t h e  e x -  
cu r s ion .  I t  is n o t  s t r i c t l y  c o r r e c t  to  c o n s i d e r  t h e s e  
p h e n o m e n a  as o c c u r r i n g  w i t h  c o n s t a n t  o x i d e  t h i c k n e s s  
a n d  s t r u c t u r e .  

S p e c t r u m  
A n  a t t e m p t  w a s  m a d e  to o b t a i n  t h e  s p e c t r u m  of t h e  

l u m i n e s c e n c e .  H o w e v e r ,  w h e n  d i s p e r s e d  t h r o u g h  a 
m o n o c h r o m a t o r ,  t h e  l i g h t  w a s  too f a i n t  to  b e  r e g i s -  
t e r e d  b y  t h e  p h o t o m u l t i p l i e r .  

L o c a t i o n  o f  P h o t o e m i s s i o n  
I t  s e e m e d  t h a t  t h e  l i g h t  m i g h t  b e  g e n e r a t e d  in  a n y  

of s e v e r a l  r e g i o n s :  a t  t h e  o x i d e - e l e c t r o l y t e  i n t e r f a c e ,  
w i t h i n  t h e  ox ide  l a y e r ,  a t  t h e  o x i d e - s i l i c o n  i n t e r f a c e ,  
or  w i t h i n  t h e  s i l icon.  As  a s i m p l e  t e s t  fo r  t h e  f i rs t  of 
these ,  n e o n  gas  w a s  b u b b l e d  o v e r  1 o h m - c m  p - t y p e  
w a f e r s  d u r i n g  a n o d i z a t i o n ,  to  see  i f  t h e  c h a r a c t e r i s t i c  
r e d - o r a n g e  g low  of n e o n  w o u l d  a p p e a r  in  b u b b l e s  
b r u s h i n g  a l o n g  t h e  s u r f a c e  of a w a f e r .  

W h e n  t h e  o n l y  l i g h t  e m i s s i o n  f r o m  t h e  w a f e r  w a s  t h e  
u n i f o r m  b l u i s h - w h i t e  glow,  n o  n e o n  b u b b l e s  s h o w e d  

their orange discharge color, whether they bubbled up 
past and struck the edge of a vertical wafer, or slid 
along the under surface of a wafer tilted somewhat 
from the vertical. However, as soon as "sparks" began 
to appear on the edge of the wafer, neon bubbles pass- 
ing near individual sparks gave brilliant red-orange 
flashes. The striking color bursts, contrasting with the 
background glow and the sparks, were photographed 
i n  co lor  w i t h  s o m e  success .  

T h e s e  e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e  s p a r k s  a r e  
a s s o c i a t e d  w i t h  a d i s c h a r g e  t h r o u g h  t h e  o x i d e  l a y e r  
a n d  a s t r o n g  field t h e n  e x t e n d i n g  i n to  t h e  so lu t ion .  
U n f o r t u n a t e l y ,  t h i s  does  no t  g ive  a n y  c o n v i n c i n g  e v i -  
d e n c e  as to t h e  l o c a t i o n  of t h e  u n i f o r m  glow.  W e  f o u n d  
t h a t  s p a r k s  d r a w n  b e t w e e n  t w o  p l a t i n u m  e l e c t r o d e s  
in  a b e a k e r  of t h e  e l e c t r o l y t e  d id  n o t  c a u s e  t h e  n e o n  
b u b b l e s  to  f lash b r i g h t  r e d - o r a n g e ,  e v e n  u p  to 100v 
b e t w e e n  t h e  e l ec t rodes .  H e n c e  t h e r e  c o u l d  b e  some  
field a t  t h e  o x i d e - e l e c t r o l y t e  i n t e r f a c e  w i t h o u t  t h e  
n e o n  i n d i c a t i n g  i t s  p r e s e n c e .  H o w e v e r ,  s ince  t h e  v o l t -  
age  V 5 h a s  b e e n  s h o w n  to b e  p r o p o r t i o n a l  to  t h e  o x i d e  
t h i c k n e s s ,  a t  least ,  b e l o w  t h e  b r e a k d o w n  vo l t ages ,  
t h e n  t h e r e  is v e r y  l i t t l e  v o l t a g e  t h a t  c a n  b e  a l l o c a t e d  
to t h i s  i n t e r f a c e ,  e x c e p t  p e r h a p s  s o m e  of  t h e  i n i t i a l  
s t a r t i n g  v o l t a g e  j u m p .  

I t  s e e m s  u n l i k e l y  t h a t  t h e  g low  occu r s  w i t h i n  t h e  
s i l i con  i tself ,  b e c a u s e  of t h e  b l u i s h - w h i t e  color .  L i g h t  
c o m i n g  ou t  t h r o u g h  a l a y e r  of  s i l i con  w i l l  b e  y e l l o w i s h  
or  r e d d i s h  u n l e s s  i t  is g e n e r a t e d  w i t h i n  a f r a c t i o n  of 
a m i c r o n  of t h e  s u r f a c e  (7) .  W i t h  o t h e r  oxides ,  i t  h a s  
b e e n  c o n s i d e r e d  t h a t  t h e  l i g h t  is g e n e r a t e d  a t  t r a p p i n g  
c e n t e r s  w i t h i n  t h e  ox ide ;  fo r  e x a m p l e ,  w i t h  a l u m i n u m  
w h o s e  o x i d e  g low  is g r e a t l y  a f fec ted  in  i n t e n s i t y  a n d  
color  b y  i m p u r i t i e s  in  t h e  a l u m i n u m ,  a n d  h e n c e  in  t h e  
o x i d e  g r o w n  f r o m  i t  (8 -10) .  

T h e r e  is a n o t h e r  q u e s t i o n  of s o m e  i n t e r e s t .  S i n c e  t h e  
t h i c k n e s s  of t h e  o x i d e  is p r o p o r t i o n a l  to t h e  v o l t a g e  
Vf ( a b o u t  6 A / v o l t  a c c o r d i n g  to m e a s u r e m e n t s  in  t h i s  
l a b o r a t o r y ) ,  t h e  f ield is t h e r e f o r e  c o n s t a n t  d u r i n g  t h e  
g r o w t h ,  a n d  t h e r e  s eems  n o  r e a s o n  to a n t i c i p a t e  a 
l i m i t i n g  vo l t age ,  or  b r e a k d o w n .  W e  h a v e ,  h o w e v e r ,  
n o t e d  t h e  i n c r e a s e  in  b u b b l i n g  j u s t  b e f o r e  b r e a k d o w n ,  
a n d  i n t e r p r e t  this ,  w i t h  o t h e r  o b s e r v a t i o n s ,  as  i n d i -  
c a t i n g  t h a t  w i t h  t h e  t h i c k e s t  o x i d e  l aye r s ,  t h e  c u r r e n t  
ef f ic iency ( u s u a l l y  a b o u t  2% goes to o x i d e  f o r m a t i o n )  
d e c r e a s e s  s o m e w h a t  so t h a t  w i t h  m o r e  gas  e v o l u t i o n  
t h e r e  is less  o x i d e  g r o w t h  a n d  h e n c e  t h e  f ie ld i n -  
c reases .  S ince  t h e  f ield d u r i n g  g r o w t h  is a b o u t  1.6 7- 
107 v / c m  a n d  t h e r e f o r e  n e a r  t h e  b r e a k d o w n  l i m i t  
a n y w a y ,  t h i s  i n c r e a s e  is e n o u g h  to c a u s e  t h e  w e a k e r  
spo ts  in  t h e  o x i d e  to g ive  way ,  t h u s  s h o w i n g  t h e  
s p a r k s .  

Discussion 
S i n c e  m o s t  of  t h e  s t u d i e s  of  g a l v a n o l u m i n e s c e n c e  

h a v e  u s e d  a l u m i n u m  r a t h e r  t h a n  o t h e r  m e t a l s ,  ou r  
r e s u l t s  w i l l  b e  c o m p a r e d  to t h e  b e h a v i o r  of a l u m i n u m  
e x c e p t  w h e r e  spec i f ica l ly  n o t e d  o t h e r w i s e .  I n  some  
e l e c t r o l y t e s  ( s u c h  as a q u e o u s  b o r a t e  or  bo r i c  acid,  
c i t r a t e  o r  p h o s p h a t e )  a l u m i n u m  f o r m s  t h i n ,  dense ,  
a n o d i c  ox ide  f i lms;  in  o t h e r s  ( s u c h  as a q u e o u s  su l -  
fu r ic ,  p h o s p h o r i c ,  or  oxa l i c  ac id )  i t  f o r m s  t h i c k e r ,  
po rous ,  m o r e  ea s i ly  c o n d u c t i n g  f i lms (4, 11).  B u t  e v e n  
in  t h e  l a t t e r  case  t h e r e  is a t h in ,  d e n s e  l a y e r  of ox ide  
n e x t  t h e  a l u m i n u m .  T h e  l u m i n e s c e n c e  occu r s  i n  w e l l -  
f o r m e d ,  d e n s e  o x i d e  o n l y  (4, 12).  

T h e  m o s t  e x t e n s i v e  s t u d y  of t h e  l u m i n e s c e n c e  s eems  
to b e  t h a t  of v a n  Gee l ,  P i s t o r i u s ,  a n d  B o u m a  (4) .  
T h e y  f o u n d  a n  e x p o n e n t i a l  i n c r e a s e  of L w i t h  V a t  
c o n s t a n t  c u r r e n t ;  t h a t  is, log  ( L  + a ) ,  w h e r e  a is a 
s m a l l  c o n s t a n t ,  is l i n e a r  w i t h  V. T h e n  a c u r v e  of log L 
a g a i n s t  log  V w o u l d  b e  c o n v e x  t o w a r d  V. O u r  o w n  
r e s u l t s  g ive  a s t r a i g h t  l i ne  on  s u c h  a l o g - l o g  p lo t ,  a n d  
t h e  s lope  d e p e n d s  on  t h e  c h a r a c t e r i s t i c s  of t h e  s i l icon.  
O u r  d a t a  do n o t  s e e m  to fit a n  e x p o n e n t i a l  r e l a t i o n  
e v e n  w i t h  t h e  a d d i t i o n  of a r e a s o n a b l e ,  s m a l l  c o n s t a n t  
to L. Th i s  s h o w s  a de f in i t e  d i f f e r e n c e  b e t w e e n  t h e  b e -  
h a v i o r  of a l u m i n u m  a n d  t h a t  of s i l icon.  
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An ear l ier  study with a luminum (13) gave a curve  
of log L against log V concave toward the V axis. In 
this work  a citric acid solution was used, so p resum-  
ably the increasing luminescence in the thin, non-  
porous oxide layer  was par t ia l ly  absorbed in the 
thickening porous oxide layer, and this caused the 
curva ture  found (cf. 4). 

van GeM, Pistorius, and Bouma also found that  at 
constant film thickness the luminescence was l inear  
wi th  the current,  and the slope of the l ine was greater  
at the higher  forming voltages. Our own results agree 
wi th  this. Smi th  (10) also found this proport ionali ty,  
but  only at the h igher  field strengths, and only for 
washed, not  electropolished, a luminum. For res t  (14), 
too, observed a l inear i ty  of luminescence with  current  
over  a range, a l though his results were  admit tedly  
not of high precision. 

Gfintherschulze and Betz (13) found a min imum 
voltage was requi red  before the emission of visible 
l ight began. This ranged f rom a very  few volts wi th  
a luminum (depending on the electrolyte)  to 55v for 
tungsten in nitric acid. Gee (15) using silicon, found 
that  about Vz-lv was requi red  before  a glow appeared, 
but  he grew an oxide layer  chemical ly  before he began 
anodization. He noted a faint  reddish glow appeared 
and then disappeared at about lv,  wi th  no continuing 
luminescence.  His conditions, especially having  the 
previously  formed layer, were  different f rom those 
of other  investigators.  We found with  silicon that  the 
vol tage jumps to an init ial  value, which includes a 
drop through the resistance of the electrolyte,  the 
space charge wi th in  the silicon and at the silicon- 
e lectrolyte  interface, some drop through the wafer  
itself at the higher  resistivities, and any contact po- 
tentials (and cathode drop) there  may be. All  these we 
included in an init ial  voltage, assumed constant, and 
subtracted f rom the total vol tage to obtain the voltage 
drop across the growing oxide. With this definition, we 
found no addit ional  vol tage requi red  before lumines-  
cence began; it seemed to start  wi th  the onset of film 
growth. This was par t icular ly  str iking with n - type  
silicon, as described above. If there  were  an addit ional  
very  few volts required,  however ,  we could not detect  
it c lear ly  wi th  the procedures we used, and it could 
provide  a strong field across the thin init ial  oxide. 

In our down-and-up  runs, we found a rapid disap- 
pearance of the luminescence with  decreasing vol tage 
and a significant vol tage was requ i red  before its r e -  
appearance. This agrees wi th  Forres t  (14) who found 
that  some 60v were  requi red  before  luminescence was 
observable wi th  previously  formed a luminum anodes. 
(The forming  vol tage was not stated, but  sparks ap- 
peared at about 150v and breakdown at 200 v.) 

Anderson (16) noted tha t  luminescence occurs only 
with  metals  whose oxides may  be considered as n - type  
semiconductors;  intensive search fai led to revea l  its 
presence wi th  a meta l  whose oxide is p - type  (such as 
Cu, Ni, Fe) .  That an oxide layer  is not uni form in 
composition, at least under  some conditions of fo rm-  
ing, has been shown by van Geel (17) and by Duffek 
et al. (18) wi th  silicon. Migrat ion of ions in the high 
fields dur ing oxide growth may  change the charge 
distr ibut ion and field, and hence the luminescence.  We 
have  shown (19) that  silicon moves through the oxide. 
The behavior  of complete ly  formed oxide is somewhat  
different f rom growing oxide (20), and our own curves 
at "constant  thickness" seem to have  permi t ted  some 
growth or redis tr ibut ion of ions, as judged by the 
appearance of small  loops (Fig. 1 and 4) and some- 

t imes a change in slope of the log L vs. log Vf l ine 
af ter  a down-and-up  run. 

Conclusions 
The exper imenta l  work  repor ted  here  indicates that  

when  silicon is anodized (in e thylene glycol containing 
KNO3), the fol lowing occur: 

1. At  constant current,  the luminescence increases 
wi th  some power  of the net  voltage. The precise value, 
f rom 1 to 3, depends on the type and resis t ivi ty of the 
silicon. 

2. At constant thickness of the oxide layer  on low 
resis t ivi ty silicon, the luminescence is exponent ia l  wi th  
the vol tage and is l inear  wi th  the current .  A min imum 
vol tage (or field) is r equ i red  before luminescence 
appears. 

3. Af te r  oxide growth begins, wi th  constant current,  
there  seems to be no significant m in im um  vol tage or 
thickness before luminescence appears. 

4. On n - type  silicon of modera te  or high resistivity,  
oxide growth and luminescence start  at a number  of 
discrete areas, which soon merge  into a un i form layer.  
On p- type  material ,  the  l ight  emission is un i form 
even at the start  of anodization. 

5. "Spark"  discharges penet ra te  into the solution. 
6. When "sparking" begins, the general  glow de- 

creases; the current  and luminescence are concentrated 
in these l imited, intense, b reakdown locations. 

Manuscript  rece ived  March 16, 1964. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL. 
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The Removal of Copper and Nickel from Germanium by Vacuum 
Annealing with Tin and Chlorinated Hydrocarbons 

G. Conrad, 1 J. Friedman, 2 H. Meriwether, and C. Rosenblum 

Research Laboratories, Merck Sharp & Dohme, Rahway, New Jersey 

ABSTRACT 

The remova l  of copper and nickel  f rom germanium by anneal ing in~ 
vacuum wi th  a remote ly  placed t in mel t  and frozen chlor inated hydrocarbons  
has been studied. The  results of Albers  have  been confirmed and extended to 
h igher  copper concentrat ions and to nickel removal .  It  has been found, by 
radio t racer  methods, that  copper and nickel, r emoved  f rom the bulk, are 
bound to the surfaces of the germanium,  and that  indiffusion of copper f rom 
the ge rmanium surface is inhibi ted if the undoped ge rmanium has previously  
been exposed to the get ter ing process. 

Levi  (1) has shown that  it is possible to r emove  
copper f rom germanium by thermal  cycling, in vacuum, 
in the presence of a t i n -ge rman ium melt,  and CC14 at 
l iquid N2 temperatures .  He conjectured that  copper  r e -  
acted at the ge rmanium surface wi th  chlorine or other  
pyrolysis products of the CC14 vapor  and was t rans-  
fe r red  to the melt.  

Albers  (2, 3) simplified the the rmal  cycle to a 650 ~ 
anneal  to maximize  the surface to bulk distr ibution 
ratio of the dissolved copper. He made no a t tempt  to 
determine  the fate  of the copper so removed.  The 
process is unique  in its independence of contact be-  
tween the germanium and a get ter  in a condensed 
phase. Of course, dissolved copper and other  metals  
can be precipi ta ted and inact ivated by anneal ing at a 
t empera tu re  corresponding to a low solubil i ty and ap- 
preciable diffusion coefficient, but  this is not  removal .  

In this work, the exper iments  of Albers  have  been 
extended near ly  to the m a x i m u m  solubili ty of copper 
in germanium, to the get ter ing of nickel, and to the 
use of radiotracers  to de te rmine  the fate of the meta l  
atoms removed  from the germanium.  

Experimental 
The apparatus is shown in Fig. 1. A similar  appara-  

tus, lacking the ex t ra  cold trap, was used for much of 
the ear ly  work.  Before each run, the tube was cleaned 
with  aqua regia, r insed in D.I. wa te r  and methanol  
and then heated in air at over  1000~ The ge rmanium 
samples, which were  cut f rom high resist ivity,  boat-  
grown crystals, w e r e  prepared  by dipping etched 
wafers  (0.5-1 mm thick) into an aqueous solution of 
C u S O  4 o r  Cu(NO3)2, and heated  in H2 for �89 hr  or 

z P r e sen t  address :  The  Gl idden  Company,  3901 H a w k i n s  Po in t  
Road,  Bal t imore ,  Maryland.  

2Presen t  a d d r e s s :  P h y s i c s  D e p a r t m e n t ,  P o l y t e c h n i c  I n s t i t u t e  of 
Brooklyn,  333 J a y  Street ,  Brooklyn,  N e w  York.  
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Fig. 1. Experimental arrangement, schematic 

more  at a t empera tu re  suitable for at taining the de-  
sired copper doping level  (about 800 ~ for 1016 Cu/cc,  
830~ ~ for 2 x 1026). Af te r  a i r -quench ing  and bro- 
mineless CP4 etching, a four -po in t  probe resis t ivi ty 
measurement  was made. The wafers  were  etched again 
in two steps, replacing the etchant, and turn ing  over  
the sample  be tween  steps. Severa l  mils were  r emoved  
at each step. The wafers,  which were  usual ly  two in 
number,  each about 2 cm 2 in area, were  placed on a 
silica or carbon flat, near  a boat containing about 
50-100g of pure  tin, or were  placed on a quar tz  grid 
direct ly  over  the tin. 

The system was then closed and pumped down to the 
10 -5 m m  Hg range, and a furnace  at 650 ~ was slid 
into position around the ge rmanium and tin. With 
both traps cold, the vacuum usual ly  reached the range 
10-0-10 -5 mm Hg. The process was usual ly  run  for 31/2 
• 1 hr. Af ter  this t ime the furnace was r emoved  and 
cooling under  vacuum permi t t ed  unt i l  the tin solidified, 
af ter  which the apparatus was opened. Four -po in t  
probe measurements  of res is t ivi ty  were  made after  
etching. The resis t ivi ty was conver ted to an impur i ty  
concentrat ion using a curve  due to Pr ince  (4). The 
copper acceptor concentrat ion was conver ted  to atom 
concentrat ion by dividing by the number  of ionized 
acceptor levels  per  atom, obtained f rom a cal ibrat ion 
curve  d rawn f rom the data of Ful le r  and Wolfs t i rn  (5). 
These concentrat ions are only approximate  since the 
resistivit ies do not take into account mobi l i ty  va r ia -  
tions. 

Results 
Table I shows the results  of a series of runs, ob- 

tained only af ter  considerable experience,  during 

Table I. Getterlng of copper 

Copper concentra t ion  
atoms/cc • i0-~ 

Sample  No. In i t i a l  F ina l  

84} 12 0.09 
85 12 0.02 

861 12 0.002 
87 ii.3 0.09 

88} 12.6 0.05 
89 12.6 0.02 

901 13.4 0.05 
91 13.4 0.09 

92} 12.6 0.039 
93 13.4 1.3 

96} 13.5 0.0088 
97 13.4 0.085 

1 0 1 }  13.7 0.048 
I02~ 13.~ 0.044 

103} 12.9 0.001 
104~ 11.9 0.062 
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which the final copper concentrat ion was about an 
order  of magni tude  h igher  than that  shown in the table, 
and ve ry  variable.  The samples shown all had about 
9 x 1013 acceptors per  cubic cent imeter  and were  run  
with  some var ia t ion  in amount  of tin ( two or three,  
instead of one boat- load)  ; vacuum range (2 x 10 -6 m m  
Hg, wi th  two traps cold, or 2 x 10 -5 m m  Hg wi th  only 
one t rap) ;  or chlor inated hydrocarbon (pure CC14 or 
mix tu re  of s imilar  compounds) .  The effects of these 
variat ions were  inconclusive. The cur ly  brackets  rep-  
resent  pairs of samples in each run, one supported di-  
rect ly  over  the tin melt,  and the o ther  more  remote.  
The fo rmer  are  dist inguished by lower  residual  cop- 
per in every  case but  sample 84. The start ing copper 
concentrat ions on the table  are about ten t imes that  for 
Albers '  sample. 3 

The process has been successfully applied to sam- 
ples doped to 2 x 10 TM Cu/cc  (near  saturat ion) ,  wi th  
the residual  copper comparable  to that  shown in Table 
I. Considerable difficulty was exper ienced in reproduc-  
ing these results. Conversely,  some exper iments  wi th  
start ing copper concentrat ions of zero to 7 x 1014 Cu/cc  
gave results similar  to those in Table  I, r a the r  uni -  
formly.  

The var iabi l i ty  in the final copper concentrat ions 
prevented  a crit ical  s tudy of the effects of the obvious 
variables.  The only fa i r ly  clear  relat ions appear,  as 
a l ready indicated, to be the effect of init ial  copper 
concentrat ion and the effect of location of the sample 
wi th  respect to the t in melt .  

In the case of init ial  copper concentration, the lower  
final concentrat ion is pure ly  statistical; as noted above, 
processing a copper- f ree  sample caused it to dissolve 
3 x 1013 Cu/cc.  

The si tuation suggests a copper contaminat ion prob-  
lem at one or more  stages of processing. The most  
l ikely sources are the reagents  used to "clean" samples 
and apparatus. The degree of reproducibi l i ty  shown 
in Table  I may  be the resul t  of a t rans ient ly  favorable  
situation wi th  respect  to some uncontrol led source of 
contamination.  Despite ear ly  recognit ion of contamina-  
tion as a potent ia l ly  serious problem, l i t t le  could be 
done, since all  sani tary precautions were  in use. 
Del ibera te  contaminat ion exper iments  were  ins t ruc-  
tive; one of these was carr ied out wi th  the usual  pair  
of samples doped to 10 TM Cu/cc. 

One of the samples was dipped in 0.01% aqueous 
CuSO4 just  before the run. Af terward,  this had 1.4 x 
1015 Cu/cc,  and the control, though over  the t in melt,  
had 8.2 x 1014 Cu/cc. Both were  rerun,  over  the t in 
melt, wi thout  significant reduct ion in the residual  
copper concentrat ions This suggests persistent  migra -  
tory behavior  of copper contaminat ion in the apparatus.  

Fate of the Removed Copper 
In v iew of the re t rograde  solubil i ty of copper in 

germanium, the possibility existed of precipi tat ion 
dur ing the 650 ~ anneal ing of some of the copper or igi-  
nal ly  dissolved at a higher  tempera ture .  An  a t tempt  
was made to check this in a ge t ter ing  run  using four  
samples original ly doped to 8 x 1015 Cu/cc.  Two of 
these were  etched respect ively  in hot HNO3 and CP4. 
Along wi th  a third, as a control, they  were  re tu rned  to 
the get ter ing apparatus and processed for 20 min  dur -  
ing which the t empera tu re  was held at 840* to redis-  
solve any copper precipitate.  The four tn  sample was 
measured  as get tered and showed 1014 Cu/cc.  The 
etched samples, af ter  840* reheat ,  had 4.8 and 6.3 x 1014 
Cu/cc,  respectively.  The unetched sample had 9.5 x 1014 
Cu/cc  af ter  reheat .  To the extent  that  these data are 
significant, they suggest that  most copper is not  p re -  
cipitated, but  leaves the bulk of the sample and some 
at least  may  remain  on its surface. 

More informat ive  exper iments  were  run  with  radio-  
active Cu 64. Germanium wafers  were  dipped in 9% 

a T h e  800 ~ c o p p e r  d o p i n g  t e m p e r a t u r e  i n  A l b e r s '  w o r k  is a p p a r -  
e n t l y  a m i s p r i n t  as i n d i c a t e d  b y  t he  r e l a t i v e l y  h i g h  r e s i s t i v i t y  a f t e r  
d o p i n g  in  F ig .  6 (ref. 2) a n d  F ig .  2 (ref. 3). Dr.  Albers ,  i n  cor re -  
spondence ,  has  s t a t ed  t h a t  h e  c o p p e r - d o p e d  a t  650". 

Table II. Gettering of Cu 64 from germanium 

B y  g a m m a  c o u n t  B y  resistivity 

C u / g r a m  G e  A t o m s / c c  x 10-~ 
f ina l  C u  

N a n o g r a m s  Befo re  A f t e r  
S a m p l e  No. i n i t i a l  Cu e tch  e tch  

i n i t i a l  f inal  
C u  Cu  

RR15} 280 260 ~0 ,2 "  I3  0.0081 
16 260 240 ~0 .2  13 0.0039 

RR 171 280 260 1.5 13 0.068 
19 43 30 -~0.7 1.65 0.015 

* Near  d e t e c t i o n  l i m i t .  

solution of Cu (NO3)2 in di lute HNO3 containing 10-20 
mil l icuries of Cu 64, and furnaced.  Most of the radio-  
act ivi ty  measurements  were  made in a we l l - type  
g a m m a - r a y  scinti l lation counter  equipped wi th  a 
NaI-T1 crystal. A l imited number  of be t a - r ay  measure -  
ments were  per formed by dispersing ground-up 
wafers  in a 3-in. stainless steel planchet  and counting. 
Quanti ta t ion was achieved by comparison with  known 
amounts  of the doping solution. The most significant 
results are shown in Table  II. The column headed 
"Af te r  Etch"  gives the results of gamma-coun t ing  
on the samples just  as they come from the get ter ing 
apparatus. The succeeding columns refer  to the sample 
after  a CP4 etch. It seems clear  that  most of the copper 
is r emoved  to wi th in  a few mils, or much  less, of the 
surface. In one trial, the l ightest  control lable  etch, 
about 1~, was sufficient to r emove  the activity. 

Table II and other  measurements  indicate a small  net  
loss of act ivi ty  f rom the unetched samples. This is of 
the order  of the measurement  precision, but  could 
represent  the t ransfer  of some copper  to one or more 
sinks in the apparatus.  

Surface Effects of the Process 
As might  be expected, it was found that  the ger-  

manium surface was al tered by the get ter ing process. 
Point  contact tests always showed an n - type  surface 
which was unal te red  by HC1, HF, or H202 but re -  
quired a l ight etch to show true  conduct ivi ty  type. 

In addition, the exposed ge rmanium surface grows 
hemispher ical  s tructures ("dots")  2-3# in d iameter  
number ing  thousands to perhaps mill ions per  square 
centimeter .  Careful  study, if a l ow-power  microscope is 
used, is requi red  to see them in the lower  concentra-  
tions; the higher  concentrat ions appear  as a haze on the 
crystal  surface. 

Repeated observat ion s t rongly suggested that  good 
get ter ing is accompanied by high dot concentrations,  
a l though no quant i ta t ive  correlat ion was obtained. It  
was found possible to have  a dot - f ree  surface and still 
get ter  effectively. This was done by covering the upper  
surface of a sample supported over  the mel t  wi th  a 
quar tz  plate. The dots showed no response to an ove r -  
night  soak in HC1 and other  nonetching reagents.  This 
suggests that  they are not  tin, or t in-r ich,  and bears 
on the question of whe ther  the process mechanism is 
not s imply  get ter ing by a meta l l ic  phase (6). In this 
case, there  is the possibility of t in- t ransport ,  by  direct 
vacuum evaporat ion or a t in -ha logen  t ranspor t  reaction. 
Evidence  against  get ter ing by a metal l ic  phase is: (a) 
no visible appearance of t in or t in-al loying after  proc- 
essing, and no evidence of react ion wi th  non-e tching 
acids; (b) no weight  change (to about 0.1 mg) due to 
processing; (c) resis t ivi ty of processed wafers  is es- 
sent ial ly the same when  measured  after  processing, and 
af ter  a thorough etch; (d) the ex t reme  sensi t ivi ty to 
copper contaminat ion described above is not  consistent 
wi th  get ter ing by a metal l ic  phase. 

Per t inen t  to this p roblem is the stabil i ty of the cop- 
per on the processed ge rmanium surface. The radio-  
t racer  exper iments  suggest that  substant ia l ly  all the  
copper is r emoved  to that  surface. However ,  in the 



1262 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1964 

Table III. Copper diffusion into processed germanium 

F i n a l  c o p p e r  
c o n c e n t r a t i o n ;  

S a m p l e  No. C o p p e r  s o u r c e  a t o m s / c c  • 1O -15 

Table IV. Gettering of nickel 

N i c k e l  c o n c e n t r a t i o n  
S a m p l e  No.  B e f o r e  A f t e r  Notes  

S T - 1  
C-1  

S T - 2  
C-2 

S T - 3  
C-3 

S T - 4  
C-4  

S T - 5  
C-5 

S T - 7  
C-7  

C o p p e r - d o p e d  Ge,  d i p p e d  in  Cu++ 
soln . ;  2 • l 0  -~ m m  H g  v a c u u m  

S a m e ;  3 • 10-0 m m  Hg ,  2 b o a t -  
l oads  of t i n  p r e s e n t  

C o p p e r - c o n t a m i n a t e d  q u a r t z  t u b e ;  
H~ a t m o s p h e r e  

B o t h  s a m p l e s  d i p p e d  in  0 .01% 
Cu  ++ soln.  

S a m e  

S a m e ;  S T - 7  p r e v i o u s l y  p r o c e s s e d  
a t  800 ~ 

107) 2 • lO~S/cc 0.31 • lOm/cc 1 
0.049 108) 3.9 2.2 1 

11 
109~ 8.0 3.7 1 

0.59 110) 8.0 8.4 
0.81 

111) 9.8 1.7 1 
0.043 l l 2 J  10.5 2.5 
1 

113) 8.0 0.44 1, 2 
0.08 114~ 7.8 3.2 

11 
1151 6.4 5.0 1, 3 

9 l16J  6.4 4.2 3 
14 

N o t e s :  1, S u p p o r t e d  o v e r  t i n  m e l t ;  2, u p p e r  s u r f a c e  c o v e r e d  w i t h  
2.6 q u a r t z  p l a t e ;  3, r u n  a t  750 ~ . 

12 

f o u r - s a m p l e  e x p e r i m e n t  d e s c r i b e d  i n  t h e  p r e c e d i n g  
sec t ion ,  t h e  c o n t r o l  s a m p l e ,  o r i g i n a l l y  d o p e d  to 8 x 1013 
C u / c c  r e d i s s o l v e d  less  t h a n  1013 C u / c c  o n  r e h e a t i n g  to 
840 ~ . T h i s  r e s u l t  s u g g e s t e d  t h a t  g e r m a n i u m  s a m p l e s  
w i t h o u t  c o p p e r - d o p i n g  in  a d v a n c e  b e  g e t t e r e d  a n d  
t e s t e d  fo r  s e n s i t i v i t y  to  s u r f a c e  copper ,  i n  c o m p a r i s o n  
w i t h  u n g e t t e r e d  con t ro l s .  T h i s  w a s  d o n e  b y  h e a t i n g  
fo r  45 m i n  a t  800 ~ in  t h e  e n v i r o n m e n t  d e s c r i b e d  in  
T a b l e  III .  A l l  s a m p l e s  o r i g i n a l l y  c o n t a i n e d  1014 ac -  
c e p t o r s / c c .  

I t  is c l e a r  t h a t  p r o c e s s e d  g e r m a n i u m  s a m p l e  s u r -  
faces  ( " S T " )  c an  i n h i b i t  t h e  i n d i f f u s i o n  of c o p p e r  
r e l a t i v e  to  t h e  c o n t r o l s  ( " C " ) .  Th i s  is, of course ,  c h a r -  
a c t e r i s t i c  of m e t a l l i c - p h a s e  g e t t e r i n g ,  a l t h o u g h  t h e  
n e g a t i v e  e v i d e n c e  on  t h i s  po in t ,  d e s c r i b e d  above ,  s t i l l  
app l ies .  T h e  p r o c e s s e d  g e r m a n i u m  s h o w e d  dots,  a n d  
t h e  i n h i b i t i o n  of c o p p e r  p i c k u p  w a s  c o r r e l a t e d  w i t h  
t h e  do t  c o n c e n t r a t i o n .  

Gettering of Nickel 

T h e  effec t  of n i c k e l  o n  t h e  e l e c t r i c a l  p r o p e r t i e s  of 
g e r m a n i u m  is s i m i l a r  to  t h a t  of c o p p e r  (7) .  I t  h a s  less  
ef fec t  on  t h e  r e s i s t i v i t y ,  s ince  i t  l a cks  a s h a l l o w  ac -  
c e p t o r  l eve l ,  b u t  i t  h a s  a g r e a t e r  ef fec t  in  l o w e r i n g  
t h e  m i n o r i t y  c a r r i e r  l i f e t ime .  

T h e  r e s u l t s  of a se r i e s  of  g e t t e r i n g  r u n s  on  n i c k e l -  
d o p e d  s amp le s ,  o r i g i n a l l y  c o n t a i n i n g  1014 a c c e p t o r s  p e r  
cc, a r e  s u m m a r i z e d  in  T a b l e  IV. I n  a l l  r uns ,  15 m l  
of CC14 a n d  2 or  3 b o a t l o a d s  of t i n  w e r e  used.  T h e  
d o u b l e  c o l d - t r a p p e d  s y s t e m  of Fig.  1 w a s  o p e r a t e d  a t  
4-8  x 10 -6  m m  H g  fo r  3 to  4 h r .  T h e  s a m p l e s  w e r e  
n i c k e l - d o p e d  b y  f i r ing  a t  900 ~ in  Hf, a f t e r  d i p p i n g  in  a 
n i c k e l - s a l t  so lu t ion .  I n  m o s t  cases  n o  s e r i ous  c o p p e r  or  
o t h e r  c o n t a m i n a t i o n  w a s  o b s e r v e d .  S a m p l e s  111, 112, 
a n d  114 m i g h t  b e  excep t i ons ,  h o w e v e r .  

T h e  n i c k e l  c o n c e n t r a t i o n s  w e r e  c a l c u l a t e d  f r o m  
f o u r - p o i n t  p r o b e  m e a s u r e m e n t s ,  u s i n g  c o r r e c t i o n s  fo r  
p a r t i a l  i o n i z a t i o n  of b o t h  n i c k e l  a c c e p t o r  levels .  As  t h e  
t a b l e  shows ,  m o r e  t h a n  99% of t h e  n i c k e l  is r e m o v e d  
f r o m  t h e  g e r m a n i u m  b u l k .  H o w e v e r ,  t h e  e q u i l i b r i u m  
s o l u b i l i t y  of n i c k e l  is m o r e  t h a n  a n  o r d e r  of m a g n i t u d e  
b e l o w  t h a t  of c o p p e r  (8) ,  so t h a t  m o s t  of t he  n i c k e l  
c o u l d  h a v e  a n n e a l e d  ou t  a t  t h e  650 ~ p r o c e s s i n g  t e m -  
p e r a t u r e .  S a m p l e s  115 a n d  116 w e r e  r u n  a t  750 ~ . Th i s  
t e m p e r a t u r e  is n e a r  t h e  n i c k e l - g e r m a n i u m  e u t e c t i c  
(775~ S i n c e  650~ co inc ides  w i t h  t h e  c o p p e r - g e r -  
m a n i u m  eutec t ic ,  a n d  is s u g g e s t e d  as a n  o p t i m u m  (2, 3, 
8) f o r  s u r f a c e - g e t t e r i n g  processes ,  750 ~ w a s  t r i e d  fo r  
n i cke l .  T h e  s o l u b i l i t y  of n i c k e l  in  g e r m a n i u m  a t  750 ~ 
is a b o u t  t e n  t i m e s  t h e  r e s i d u a l  n i c k e l  i n  s a m p l e s  115 
a n d  116; so a p p a r e n t l y  g e t t e r i n g  o c c u r r e d .  

T h e  f a t e  of t h e  n i c k e l  w a s  c h e c k e d  b y  a r a d i o -  
t r a c e r  e x p e r i m e n t .  G e r m a n i u m  w a f e r s  w e r e  d o p e d  b y  
d i p p i n g  i n t o  a 2.85% a q u e o u s  NiC12 s o l u t i o n  c o n t a i n i n g  
a b o u t  1.2 m i l l i c u r i e s  of Ni  63, a n d  h e a t i n g  fo r  1/2 h r  a t  
900 ~ in  H2. T h e  e l e c t r i c a l  m e a s u r e m e n t s  s h o w e d  r e -  
su l t s  s i m i l a r  to  T a b l e  IV, e x c e p t  t h a t  t h e  s a m p l e s  d i s -  
s o l v e d  1.5 x 10 TM Ni /cc .  P o s s i b l y  s o m e  of  t h i s  is coppe r .  

Table V. Distribution of Ni 63 after gettering 

S a m p l e  R N 4  

E t c h  No.  G e  e t c h e d  N i ~  c o u n t e d  

S a m p l e  RN7 

G e  e t c h e d  N i  ea counted  

1 3.6 m g  1.71 /~g (7)  4.8 m g  0.42 
2 75.3 0.022 52.2 0.616 
3 52.5 0.00 54.0 0.00 
4 74.2 0.00 87.0 0.00 
5 132.8 0 .00 74.0 0.00 
6 50.8 0.00 - -  

N o t e :  D e t e c t i o n  l i m i t  ~ 0 . 0 9  t~g N i / g  Ge .  

R a d i o a c t i v i t y  m e a s u r e m e n t s  w e r e  p e r f o r m e d  b y  suc -  
cess ive  e t c h i n g  a n d  c o u n t i n g .  E t c h  s o l u t i o n s  w e r e  a s -  
s a y e d  b y  l i q u i d  s c i n t i l l a t i o n  c o u n t i n g ,  u s i n g  t h e  m e t h o d  
of G l e i t  a n d  D u m o t  (9) .  T a b l e  V s h o w s  c l e a r l y  t h a t  
t h e  a c t i v i t y  is m o s t l y  w i t h i n  a b o u t  10~ or  so of t h e  
su r face ,  w i t h  n o  s ign  of a r e s i d u e  in  t h e  b u l k  of t h e  
g e r m a n i u m ,  a l t h o u g h  t h e  s a m p l e s  w e r e  e t ched ,  in  
s teps ,  to d e s t r u c t i o n .  

Summary and Discussion 

I t  h a s  b e e n  s h o w n  t h a t  g e t t e r i n g  of n i c k e l  a n d  cop -  
p e r  f r o m  g e r m a n i u m  b y  a v a r i a n t  of A l b e r s '  p roces s  
c a n  r e m o v e ,  t yp i ca l l y ,  99.5% of c o n c e n t r a t i o n s  in  t h e  
1016/cc r eg ion .  E v e n  s m a l l e r ,  as w e l l  as l a rge r ,  r e s i d u e s  
a r e  f o u n d  d e p e n d i n g  a p p a r e n t l y  on  t h e  l e v e l  of c o n -  
t a m i n a t i o n  of t h e  g e r m a n i u m  s a m p l e  s u r f a c e  b y  t h e s e  
me ta l s ,  d u r i n g  t h e  e x p e r i m e n t .  R a d i o t r a c e r  m e t h o d s  
i n d i c a t e  t h a t  v i r t u a l l y  a l l  t h e  c o p p e r  a n d  n i c k e l  a r e  
c o n c e n t r a t e d  w i t h i n  10~ or  less  of t h e  g e r m a n i u m  s u r -  
face,  a f t e r  p roces s ing .  T h i s  s u r f a c e  a p p e a r s  n - t y p e  b y  
c o n t a c t  r ec t i f i ca t ion ,  a n d  is c o v e r e d  w i t h  m i c r o n - s i z e d  
m o u n d s  of u n k n o w n  s t r u c t u r e  a n d  c o m p o s i t i o n .  T h e  
c o n c e n t r a t i o n  of t h e s e  " d o t s "  i n c r e a s e s  w i t h  t h e  ef fec-  
t i v e n e s s  of g e t t e r i n g ,  so t h a t  t h e y  a r e  i n v o l v e d  d i r e c t l y  
or  c o n c o m i t a n t l y  in  t h e  g e t t e r i n g  process .  I t  a p p e a r s ,  
n e v e r t h e l e s s ,  pos s ib l e  to p r e v e n t  do t  f o r m a t i o n  on  one  
g e r m a n i u m  sur face ,  a n d  s t i l l  h a v e  good g e t t e r i n g  
( s a m p l e  113, T a b l e  I V ) .  

C o p p e r - f r e e  g e r m a n i u m  w h i c h  h a s  b e e n  s u b j e c t e d  to 
t h e  g e t t e r i n g  p roce s s  r e s i s t s  s u b s e q u e n t  c o p p e r  dop ing ,  
p r e s u m a b l y  d u e  to t h e  v e r y  s t a b l e  b i n d i n g  of c o p p e r  
to t h e  g e t t e r e d  su r f ace .  T h e  ef fec t  is r e l a t e d  to " d o t "  
c o n c e n t r a t i o n s  also. 

T h e  m e c h a n i s m  of t h e  p roce s s  is u n k n o w n .  T h e  p r o c -  
ess d id  n o t  d e m o n s t r a t e  a c r i t i ca l  d e p e n d e n c e  on  m a n y  
of t h e  o b v i o u s  v a r i a b l e s ,  a l t h o u g h  th i s  p r o b a b l y  ex is t s ;  
t h i s  h a s  b e e n  d i s c u s s e d  above .  U n l e s s  d u e  to m e t a l l i c  
t i n  t r a n s f e r r e d  to t h e  g e r m a n i u m  su r f ace ,  t h e  p r o c e s s  
m a y  b e  a n  e x a m p l e  of g e t t e r i n g  b y  a n  " a c t i v e "  s u r f a c e  
s u c h  as t h a t  s h o w n  b y  K i k u c h i  a n d  I z i m a  (9) .  A n o t h e r  
e x a m p l e  is g e t t e r i n g  b y  G r o u p  V e l e m e n t  d i f fus ion  
(10) .  I t  h a s  b e e n  f o u n d  in  o u r  l a b o r a t o r y  t h a t  a 1~ 
d i f fused  l a y e r  of  a r s e n i c  c a n  r e m o v e  90% or m o r e  of 
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the copper f rom a germanium wafer  original ly doped 
to 10 TM Cu/cc. This leads, apparently,  to copper concen- 
trations in the arsenic-doped layer  higher  than ex-  
pected, in the absence of ion-pai r ing effects (11). 
Finally,  it has been observed that  dur ing the epi taxial  
deposition of ge rmanium under  cer ta in  conditions, con-  
siderably less copper is taken up by the germanium 
substrate, than by controls cycled wi thout  deposition; 
typical data are 1-1.5 x 10 TM Cu/cc vs. 1-2 x 1015 Cu/cc  
(12). 
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Degradation of Planar Junctions during Reoxidation 
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ABSTRACT 

Planar  junctions in silicon can be degraded electr ical ly by the growth of 
an oxide on the surface, par t icular ly  if the oxidation is carr ied out at low 
tempera tures  and at rapid rates. It is suggested here that  the mechanism of 
degradat ion involves the format ion  of shal low dislocation loops due to dopant 
p i le -up  at the surface as the oxide grows, fol lowed by the precipi tat ion of 
fast-diffusing impuri t ies  about these defects. H igh- t empera tu re  oxidation, 
especially at low growth rates, minimizes this problem. 

In the fabricat ion of npn silicon planar  transistors, 
the collector junct ion is commonly formed by diffusing 
boron through oxide masking patterns. This step is 
fol lowed by a reoxidat ion of the exposed areas for 
subsequent  emit ter  masking. 

It has been found that  the electr ical  qual i ty  of the 
collector junctions so produced are sometimes de- 
graded during this postboron reoxidation.  The de- 
gradation is observed as a decreased breakdown vol tage 
or softening of the reverse  junct ion characteristic,  
usual ly accompanied by visible l ight  emission at dis-  
crete points as avalanche occurs (1, 2). These "micro-  
plasmas" are occasionally red  in appearance,  indi-  
cating that  they occur on that  par t  of the junct ion 
lying below the surface, but  most often they are 
whit ish in color, occurr ing at the per iphery  where  the 
planar  junct ion comes to the surface. If the reverse  
bias applied to a degraded junct ion is less than that  
which causes conduction through the microplasmas, 
the leakage current  remains low, usual ly  in the nano-  
ampere  or fract ional  nanoampere  range. 

The problem of junct ion degradat ion had been ob- 
served to some extent  in this laboratory  in connection 
with a two-zone,  open tube B203 diffusion process (3), 
the subsequent  oxidat ion cycle consisting of a s team 
oxidation at 970~ for 90 min, fol lowed by a dry oxy-  
gen heat ing cycle of 60 min  more at 970~ When work  
was under taken  on a new capsule boron diffusion proc-  
ess, employing the same subsequent  reoxidat ion cycle, 
the problem of junct ion degradat ion became acute 
and prompted  a more detai led study of this phenom-  
enon. 

In the work  repor ted  here, the effects of var ious 
tempera tures  and rates of reoxidat ion were  invest igated 
with respect  to the electrical  qual i ty  of reoxidized 

junctions. Based on these results and re la ted exper i -  
menta l  observations, a physical  model  is proposed for 
the mechanism by which the degradat ion occurs. 

Experimental Results 
Since junctions formed by the capsule boron diffusion 

process are par t icular ly  susceptible to damage during 
reoxidation,  this process was convenient  for a s tudy of 
the phenomenon.  The capsule technique consisted of 
heat ing the wafers  to be diffused in an evacuated,  
sealed qualtz capsule together  wi th  a boron-doped 
silicon powder  as a source. Diffusion tempera tures  in 
the range  of 1100~176 were  commonly  used. A 
single-zone furnace  was employed, the boron surface 
concentrat ion for the diffusion being de termined  by 
the boron concentrat ion in the powdered  silicon source, 
and the diffusion depth being fixed by the t ime and 
tempera tu re  of diffusion. For  the work  repor ted  below, 
planar  junct ions wi th  depths in the range of 0.08- 
0.11 mils were  formed in n - type  (phosphorus doped) 
silicon wafers  of 0.3 ohm-cm resistivity.  The surface 
concentrat ion for the diffusions was approximate ly  5 x 
1018 cm-3.  

Oxidat ion of these junctions was carr ied out at 
various tempera tures  be tween 950 ~ and 1250~ Steam 
or wet  oxygen was used as the oxidizing ambient,  so 
that  the oxidation rate  could be var ied  both by t em-  
pera ture  and by ambient  control. The moisture  content  
of the oxygen was regula ted  by bubbl ing it through a 
wate r  bath at a fixed t empera tu re  prior  to passing i o 
over  the silicon wafers  in a tube furnace. 

F igure  1 shows the results of these oxidations. The 
figure is p r imar i ly  an indication of the oxidat ion rates 
vs. t empera tu re  for the fol lowing ambients,  respec-  
t ively:  steam, oxygen bubbled through 80~ water ,  
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Fig. 1. Rates of oxidation in steam, 02 bubbled through 80~ 
water and 02 bubbled through 40~ water, respectively. Points 1, 
> 75% good junctions; points 2, ~ 50% good junctions; points 3, 
< 10% good junctions. 

Table I. Junction quality as a function of diffusion and 
reoxidation processes 

Diffusion Method Good junct ions,  % 

Capsule diffusion, 970~ s t eam reoxida t ion  
Two-zone B203 diffusion, 970~ s t eam reoxi -  

clarion 
Capsule diffusion, I150~ r eox ida t ion  in  w e t  

o x y g e n  (80~ I-I~O) 

20 
75 

95 

In order to compare  the qual i ty  of junctions produced 
by various boron diffusion processes, some typical  
junct ion yields are compiled in Table I. The first two 
diffusion methods are  the capsule diffusion and the 
open tube diffusion, as described ear ly  in this paper, 
both employing  a 970~ s team reoxidation.  The third 
process is one suggested by the preceding exper iments  
and consists of a capsule diffusion fol lowed by oxida-  
tion at 1150~ in oxygen wet  by bubbl ing through 
80~ water ,  and finally heat ing for 45 rain more  in dry 
oxygen at l l50~ An oxide about 5000-s thick was 
grown in all three  cases. Table  I i l lustrates not  only 
the improved  junct ion qual i ty  wi th  h igh- t empera tu re  
oxidation, but also the pecul iar  susceptibil i ty of the 
capsule diffusion process to degradat ion dur ing low 
tempera tu re  s team oxidation. 

and oxygen bubbled through 40~ water .  The ra te  
constant K plotted on the ordinate  is defined by the 
equat ion for parabolic growth:  

x 2 = Kt  

where  x is the oxide thickness in centimeters,  and t 
is the t ime of growth in seconds. A number  has 
been placed near  each data point to indicate semi-  
quant i ta t ive ly  the electr ical  qual i ty  of junctions ox-  
idized under  the indicated conditions. A "good" junc-  
tion is defined as one wi th  a sharp breakdown and 
wi th  avalanche occurr ing within  5v of the va lue  an-  
t icipated for the resis t ivi ty of the silicon used. The 
number  "1" indicates over  75% yield of good junctions, 
"2" indicates approximate ly  a 50% yield, and "3" is 
the catastrophic case of about 10% or less yield of 
good junctions.  Each data point represents  the meas-  
u rement  of some fifty junct ions on a wafer,  wi th  a 
m in imum of two wafers  oxidized under  each of the 
indicated conditions. With the exception of only one 
anomalous point at 1250~ it is seen that  junct ion de-  
gradat ion is minimized by oxidizing at high t emper -  
atures and re la t ive ly  slow oxidation rates. 

In other  experiments ,  s imilar  capsule diffused junc-  
tions were  hea t - t rea ted  in nonoxidizing atmospheres 
before or af ter  oxidation, and the effect of such heat  
t rea tments  on junct ion qual i ty  was noted. The most 
significant resul t  here  is the fact that  actual oxide 
growth was necessary for this type of junct ion de- 
gradation. Most junct ions are of good qual i ty  as di f -  
fused (pr ior  to reoxidat ion)  and remain  good if heated 
in a nonoxidizing ambient  such as n i t rogen through 
a heat  cycle comparable  to a ha rmfu l  oxidation. A 
pyrolyt ic  oxide was also deposited over  diffused junc -  
tions wi thout  harm. It  was only under  conditions of 
oxide growth involving oxidation of the wafe r  surface 
itself that  junct ion damage was caused. 

Fol lowing junct ion degradat ion by s team oxidation, 
it was found that  junctions could often be improved  
once more, or even completely  restored, by sufficient 
heat ing in a nonoxidizing atmosphere.  This might  r e -  
quire  hea t ing  for an hour or more  at 1050~176 
for example.  A l imi ted amount  of work  was done on 
heat ing wi th  P205 in contact  wi th  the wafer,  as might  
occur dur ing an emi t te r  diffusion in transistor  fabr ica-  
tion. There  was some evidence here  that  the heal ing 
process is hastened by the presence of P205, and that  
junctions so t reated are sl ightly less prone to degrada-  
tion on fur ther  reoxidation.  This suggests that  a 
get ter ing action by the P205 may be involved.  

Discussion 

Since the junct ion qual i ty  pr ior  to reoxidat ion is 
genera l ly  good, we  may  discount the original  wafe r  
oxidation and the boron diffusion as pr incipal  causes 
of poor junct ions and concern ourselves here  wi th  
the reoxidat ion process itself. In a t tempt ing to postu- 
late a mechanism for junct ion degradation,  we  note 
f rom the preceding section the importance of both 
oxidation rates and tempera tures  together.  This sug- 
gests that  impur i ty  segregat ion at the oxide-si l icon 
interface may be involved.  At ta la  and Tannenbaum 
(4) have  discussed this effect in detail. If an impur i ty  
is re jec ted  by the oxide as it is grown, its concentrat ion 
wil l  be enhanced at the surface of the silicon. How-  
ever,  this results in a concentrat ion gradient,  so that  
at high tempera tures  there  is a compet ing process, that  
of diffusion, which tends to redis t r ibute  the impuri t ies  
once again and reduce any p i le -up  at the surface. 
Thus, fast oxide growth rates and low tempera tures  
favor  a bui ld-up  of impuri t ies  under  the  oxide film, 
whi le  slower growth rates and higher  tempera tures  
minimize this effect. Quant i ta t ively,  it can be shown 
that  the ratio K/D determines  the increase in concen- 
t rat ion of re jected impuri t ies  at the oxide interface. 
Here  K is the oxidation rate, as previously  defined, 
and D is the diffusion coefficient of the impuri ty.  High 
K/D ratios correspond to oxidation conditions which 
result  in greater  impur i ty  pile-up. For  example,  ap -  
plying the equations of At ta la  and Tannenbaum (4), 
the enhancement  in surface concentrat ion of phos- 
phorus due to a s team reoxidat ion at 970~ would  be 
over  sevenfold, whi le  a wet  oxygen  oxidat ion (80~ 
water )  at 1150~ would  approximate ly  double its 
surface concentration.  

We have  implied that  it is phosphorus, and not 
boron, which is involved  in causing degradation,  since 
boron is repor ted ly  depleted f rom the surface during 
oxidation ra ther  than piled up (5, 6). Hence we  are 
led to assume that  phosphorus f rom the bulk doping 
in the original  silicon wafe r  is concentrated at the 
surface to such an extent  that  shallow, localized flaws 
resul t  in the crystal.  

In Fig. 2, the oxidation rates and junct ion  qual i ty  
data of Fig. 1 are  reproduced,  but  wi th  the addit ion 
of severa l  dashed lines denot ing the K/D rat ios for  
various conditions of t empera tu re  and oxidation rate. 
The diffusion coefficient values  for  phosphorus, used in 
plot t ing these lines, are taken f rom the work  of 
Mackintosh (7) and Maekawa (8), and f rom confirm- 
ing results obtained in this laboratory.  It  can be seen 
in Fig. 2 that  the correlat ion of junct ion qual i ty  wi th  
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Fig. 2. Rates of oxidation of steam, O~ bubbled through 80~ 
water and 02 bubbled through 40~ water, respectively. Points 1, 

75% good junctions; points 2, ~ 50% good junctions; points 3, 
10% good junctions. 

Fig. 3. Microphotograph of light spots occurring at microplasms 
when avalanche breakdown occurs. The boron-diffused region is 
in the lower right-hand portion of the figure. 

K/D is bet ter  than that  wi th  e i ther  the oxidat ion 
ra te  or the t empera tu re  alone. 

In a separate exper iment  designed to support  the 
proposed model, phosphorus-doped wafers  of various 
resistivit ies were  s imultaneously capsule diffused and 
reoxidized in steam at 970~ If one thinks of a certain 
m in imum phosphorus bui ld-up  at the surface as being 
necessary to cause local damage, then junct ion qua l -  
i ty should be worst  on the highly doped wafers  and 
best on those of highest  resistivity.  Exper imenta l  re -  
sults are listed in Table  II. The range of b reakdown 
voltages are given af ter  diffusion and also after  the 
subsequent  reoxidation.  Some fifty junctions were  
probed on each wafer,  and the lowest  10% and the h igh-  
est 10% were  discarded in order to indicate the range of 
the major i ty  of the junctions, ra ther  than anomalous 
values. It  can be seen that  the s team reoxidat ion 
caused disastrous results  on highly doped samples, up 
to about 0.2 ohm-cm,  but less so on the h igher  re -  
sistivity ones. On the 9.0 ohm-cm wafers,  re la t ive ly  
few junct ions were  much under  the anticipated b reak-  
down (for p lanar  junct ions)  and visible microplasmas 
were  few. The highest  breakdown voltages recorded 
are still wel l  below that  which a mesa junct ion would  
have. This is a famil iar  observat ion and probably  in-  
dicates some phosphorus pile-up,  or other  surface 
effect, which is insufficient to resul t  in highly localized 
defects or microplasmas. The var ia t ion of junct ion 
depth (shown in Table II) is a natura l  consequence 
of the var ia t ion of bulk doping. However ,  an exper i -  
ment  conducted on 0.3 ohm-cm mater ia l  indicated that  
junctions wi th  0.11 rail depth were  no bet ter  than 
those with  0.08 mil  depth, and the differences shown 
in Table II are fel t  to be due to doping levels  ra ther  
than to junct ion depths. 

Table II. Junction quality as a function of bulk wafer resistivity 

Resistivity, Reverse junction breakdown, v Junction 
ohm-cm Diffused Reoxidized depth, mils 

0.07 13-26 1-4 0.06 
0.07 11-26 1-4 0.065 
O.1 15-26 1-4 0.075 
0.i 21-26 1-6 0.08 
0.2 29-36 3-6 0.085 
0,2 25-37 5-38 0.085 
0.5 31-46 5-54 0.09 
0.5 35-48 7-50 0.095 
1.0 47-62 15-69 0.10 
1.0 55-04 24-69 0.105 
9.0 85-90 109-120 0.11 
9.0 S5-90 48-120 0.115 

Fig. 4. Double exposure of microplasms and etch pit, demon- 
strating orientation of the microplasms relative to crystal directions. 

Some insight into the type  of physical  defect pro-  
duced may  be gained by examining  the visible l ight  
emission, or microplasmas, which can be seen when  
avalanche breakdown occurs in degraded junctions. 
White  l ight spots appearing in pairs around the pe-  
r iphery  of the junct ion are ve ry  commonly  found. The 
photomicrograph shown in Fig. 3 i l lustrates this phe-  
nomenon. It  wi l l  be noticed that  the pairs of micro-  
plasmas are or iented in certain specific directions. 
These are crystal lographic directions, as is demon-  
s trated in Fig. 4. This photomicrograph is a double ex-  
posure which superposes the microplasmas over  an 
etch pit  e lsewhere  on the same wafer.  Care was taken 
to t ranslate  the wafer  wi thout  rotat ion in making  the 
two superposed photographs. The wafe r  surface cor- 
responds to a (111) plane, and the microplasma pairs 
lie in <110> directions, para l le l  to the edges of the 
t r iangular  etch pit shown in the figure. F rom the ap-  
pearance of the pairs of microplasmas,  it is reasonable 
to ident i fy  them wi th  shal low dislocation loops. P re -  
vious invest igators (2, 9) have also found that  micro-  
plasmas can in some instances be associated wi th  dis- 
locations. 

In order  to propose a complete  model  for junct ion 
degradation,  it is still necessary to explain the ex-  
t reme susceptibil i ty of capsule-diffused junctions to 
s team reoxidation,  as opposed to the less severe effect 
on two-zone  B203 diffused junct ions (see Table I).  
Dislocations are known to act as points of condensa- 
tion for impuri t ies  (10, 11). However ,  if one thinks of 
dislocations alone, or even of phosphorus precipi tat ion 
about dislocations, as being the source of microplasmas,  
it is difficult to explain a difference in junct ion qual i ty  
be tween  two boron diffusion processes in which the 
reoxidat ions are identical. If, however ,  it is postulated 
that  some unidentified fast-diffusing impur i ty  pre-  
cipitates on the dislocations, then it can be expected 
that  junct ion degradat ion wil l  be severe  only if this 
unknown impuri ty,  as wel l  as dislocations, is actual ly  



1266 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1964 

present  in the wafer.  In the open- tube  diffusion proc-  
ess, a B203 glass is formed on the wafer  surface. 
Since B203 is a get ter  for cer ta in  impuri t ies  at diffusion 
tempera tures  (12, 13) it is to be expected that  wafers  
diffused f rom such a source would  be re la t ive ly  free 
of these impurities.  In the capsule diffusion process, 
where  a doped silicon powder  serves as the source, 
no B203 glass is formed and no get ter ing action occurs. 
A model  involv ing  fast-diffusers as the offending im-  
pur i ty  is also consistent wi th  the exper imenta l  ob- 
servat ion that  degraded junctions seem to be improved  
more  readi ly  by heat ing in the 1050~176 range 
when P205 is present, than by similar  heat ing wi th -  
out P2Os. It is wel l  known that  P205 acts as a get ter  
for impuri t ies  at these temperatures .  

Summarizing,  it is proposed that  the surface pi le-up 
of phosphorus dur ing low temperature ,  re la t ive ly  fast 
reoxidations results in shallow dislocation loops which 
act at sites for the precipi tat ion of fast-diffusing im-  
puri t ies  f rom the bulk. Such defects, if they occur at 
the per iphery  of a p lanar  junction, where  the junction 
comes to the surface, cause microplasmas and a cor-  
responding degradat ion of the electr ical  charac ter -  
istics of the junction. Such junct ion damage can be 
minimized by the use of h igh - t empera tu re  oxidations, 
par t icular ly  at low oxide growth rates, for  this re -  
duces the amount  of surface pi le-up of the phos-  
phorus. The degradat ion is also reduced to some 
extent  by the use of getters in the process, which tend 
to r emove  fast-diffusing impurities.  

Manuscript  received Feb. 21, 1964; revised manu-  
script received Apri l  30, 1964. This paper  was pre-  
sented at the New York Meeting, Sept. 29-Oct. 3, 1963. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL. 
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Influence of Vapor Composition on the Growth Rate 
and Morphology of Gallium Arsenide Epitaxial Films 

R. E. Ewing and P. E. Greene 
- -hp  associates--, Palo Alto, Cali~o~'nia 

ABSTRACT 

An apparatus was constructed to permi t  control and sampling of the vapor  
phase in the deposition zone dur ing the vapor  t ransport  of GaAs wi th  hydro-  
gen-hydrogen  chloride mix tures  at  a tmospheric  pressure.  Gal l ium-arsen ic  
ratios were  de termined  by convent ional  analyt ical  methods on aqueous solu-  
tions of the gal l ium and arsenic species condensed and scrubbed f rom gaseous 
samples. The data show that  excess gal l ium in the vapor  phase suppresses 

growth on the (111) surface and promotes growth  of the (111) surface.  

Similarly,  excess arsenic in the vapor  phase suppresses growth on the (111) 
surface and enhances growth on the (111) surface. The studies show fu r the r  
that  slight var ia t ions  in the gal l ium-arsenic  ratio in the vapor  phase can 
result  in differences in the surface morphology.  Excel lent  g rowth  rates on 
the (100) surface were  obtained for t ransport  conditions which were  f avor -  
able for ei ther  of the two (111) surfaces. The  film morphologies  for  the 

(100) and (-lit-) surfaces were  best when  transport  was made wi th  a ga l l ium-  
arsenic ratio of 3 to 1. 

The vapor  t ransport  of gal l ium arsenide f rom a 
polycrysta l l ine  source to form an epi taxial  layer  on a 
single crystal substrate in open tube systems has been 
described by several  invest igators  (1-3).  P re l iminary  
exper iments  in this laboratory  indicated that  the m o r -  
phology and growth rate  of the film were  determined,  
in part, by the substrate t empera tu re  and, in part, by 
the vapor  phase composition. The purpose of this in-  
vest igat ion was to de te rmine  the influence of the 
gal l ium-arsenic  ra t io  in the vapor  phase in the depo-  
sition zone on the morphology and growth ra te  of the 
deposited layer.  

Experimental 
Materials.---The gal l ium arsenide, polycrystal l ine,  or 

single crystal  source mater ia l  and single crystal  sub-  

strates were  obtained f rom Monsanto Chemical  Com- 
pany and Texas Instruments,  Inc. Gallium, 99.999%, 
was obtained f rom the Eagle  P icher  Company. Com-  
mercia l  grade hydrogen  passed through a hot  pa l la -  
d ium-si lver  alloy purifier was used wi thout  fu r the r  
t reatment .  The arsenic t r ichlor ide used as the source 
of hydrogen chloride was reagent  grade which had 
been distil led once through a 24 in. packed disti l lation 
column and had a boil ing point of 130.1~ 

All  the substrates used in this invest igat ion were  first 
mechanica l ly  polished. The (111) and (100) sub-  
strates were  chemical ly  polished to insure complete  
removal  of all mechanical  damage using a solution 
composed of 1 part  water ,  1 par t  30% hydrogen  
peroxide,  and 3 parts  concentra ted sulfuric acid. Since 
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Table i. Growth rates of epitaxial layers at various Go-As 
ratios in the vapor phase 

G a - A s  
S u b s t r a t e  m o l e  G r o w t h  ra te ,  ~ / m i n  S u r f a c e  
t emp ,  ~ r a t i o  (111) (111) (100) p h o t o m i c r o g r a p h  

Fig. 1. Apparatus for transport of GaAs using RF heating and 
vertical flow of transporting gases with vapor phase sampling line. 

780 0.I  0.02 4A 
780 0.2 0.06 0.6 4A 
780 0.3 0:07 0.33 4A 
780 0.72 0.06 0.26 6A (100) 
780 0.94 0.03 4B 
730 1.1 0.06 0.35 0.59 4B (111) 
780 1.4 0.07 6.37 0.59 4B 
780 2.1 0.1 4C 
780 2.95 0.25 0.09 0.34 
780 3.04 0.16 0.27 4I)  ( I l l )  6B (I00) 
730 3.64 0.18 0.37 
780 3.92 0.22 0.07 0.33 
780 5.9 0.05 4E (111) 
780 10.0 0.02 0.02 4F  
825 0.47 0.05 5A 
825 1.32 0.07 5B 
825 4.7 0.14 5C 
825 5.9 0,12 5D 
825 80 0.007 5E 
825 173 0 5F 

Fig. 2. Enlarged view showing graphite susceptor 

the (111) surface is difficult to chemical ly  polish, these 
substrates were  e tched 2 min in the same solution 
for a final surface cleaning. 

Apparatus.--The apparatus used in this invest igat ion 
is shown in Fig. 1 and 2. The design was made with  
RF heat ing to e l iminate  the hot wal l  quartz  tube as a 
source of contamination,  par t icular ly  Si and 02. The 
specially constructed graphi te  susceptor, shown in 
Fig. 2, was made f rom spectroscopic grade graphi te  
obtained f rom Uni ted  Carbon Products  Company and 
was fu r the r  t rea ted at 1200~ with  hydrogen-hydrogen  
chloride gaseous mix tu re  before using. The incoming 
gases, hydrogen and hydrogen chloride, were  confined 
inside the graphi te  susceptor and passed over  the 
source and substrate. Addi t ional  gal l ium was int ro-  
duced as desired by filling the upper  r ing of the 
graphi te  susceptor wi th  high pur i ty  gallium. Addi -  
t ional arsenic was introduced by al lowing the AsC13 
from the bubbler  to enter  the main  gas stream. 

Procedure.--After purging the apparatus wi th  ni-  
t rogen fol lowed by pure  hydrogen,  the flow of hydro-  
gen was adjusted to 300 cc/min.  The RF coil was po-  
si t ioned such that  the t empera tu re  of the substrate 
was 780~176 with  the hottest  zone around the 
source at 875~176 After  reaching the operat ing 
tempera ture ,  hydrogen at 20-30 cc /min  saturated with  
AsC13, 20~ was introduced into the main  hydrogen 
s t ream ini t iat ing t ransport  under  conditions of excess 
arsenic. For  all other  conditions, the AsC13-H2 m i x -  

ture was prereacted in a tube furnace conver t ing  the 
AsC13 to HC1 and As4. The  la t ter  was r emoved  by a 
cold trap. In all of the exper iments  reported,  a con- 
stant hydrogen chloride concentrat ion of 1.45 x 10 -7 
mole /cc  or its equiva len t  as AsC13 was mainta ined 
wi th in  exper imenta l  limits. For  conditions requi r ing  
excess gallium, gal l ium meta l  was placed in the an- 
nular  r ing at the top of the graphi te  pedestal. A ve ry  
large  excess of gal l ium was obtained by adding 0.1g 
of gal l ium metal  to the gal l ium arsenide source in 
addition to the gal l ium in the annular  ring. Exper i -  
ence proved that  reproducible  gal l ium-arsenic ratios 
could be obtained with gal l ium in the annular  r ing 
at a given temperature .  

Af te r  the epi taxial  run  was started, a sample of the 
vapor  phase consisting of hydrogen,  arsenic, hydro-  
gen chloride, and gal l ium chlorides was r emoved  at 
the rate  of 15 cc/min.  The gaseous mix tu re  was 
bubbled through a t rap containing 20 ml  of 6M 
H 2 S O 4  and 1 ml of 30% H202. Upon complet ion of the 
run, the gal l ium compounds and arsenic which con- 
densed on the inside surface of the sampling l ine were  
careful ly  washed out wi th  the acid mixture .  The re -  
sult ing aqueous solution was analyzed for arsenic 
vo lumet r ica l ly  by the method of Kolthoff and Amder  
(5) and for gal l ium color imetr ical ly  wi th  hematoxyl in  
as used for a luminum (6) but  s tandardized for gallium. 

Results 

Growth of GaAs on the (111) surface.--Epitaxial 
layers were  prepared at two substrate tempera tures  
and several  ga l l ium-arsenic  ratios on the arsenic sur-  
face. The results  are shown in Table I and in Fig. 3 
for 780~ substrate temperature .  The data show that  
m ax im um  growth on the (111) surface occurred wi th  
a ga l l ium-arsenic  ratio near  3 to 1 in the vapor  phase. 
When the gal l ium-arsenic  ratio in the vapor  phase was 
near  unity, or less, the growth rate  was lower. P re -  
vious invest igators  (3, 4) observed s lower  growth rates 
on the (111) surface than on the (111) or (100) sur-  
faces. Their  results are in agreement  wi th  this in-  
vest igat ion where  the operat ing conditions are com- 
parable, i.e., with a gal l ium-arsenic  ratio in the vapor  
phase near  unity, or less. 

Surface defects were  obtained at both substrate 
temperatures .  The na ture  of the defects var ied  with  
the ga l l ium-arsenic  ra t io  as shown in Fig. 4 and 5. 
Compar ing the photomicrographs 4A wi th  5B, 4B 
with  5C, 4C with  5D, the defects are greater  in n u m -  
ber  or la rger  in size at the higher  tempera ture .  All  
films obtained at the h igher  growth tempera tures  had 
growth defects indicat ing that  the expected increased 
surface mobi l i ty  at the h igher  t empera tu re  did not 
improve  the surface structure.  
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Fig. 3. Growth rate of GaAs epitaxial layers at various Ga-As 
ratios in the vapor phase, e, (111) surface; El, (111) surface; 
A ,  (100) surface. 

Fig. 5. Photomicrographs of GaAs epitaxial layers prepared by 
vapor transport with various Ga-As ratios in vapor phase and using 
50 ~ temperature difference between source and substrate (200X, 
dark field illumination), (111) surface. 

Fig. 6. Photomicrographs of GaAs epitaxial layers prepared by 
vapor transport at two Ga-As ratios in vapor phase and using 100 ~ 
temperature difference between source and substrate (200X, dark 
field illumination), (100) surface. 

Fig. 4. Photomicrographs of GaAs epitaxial layers prepared by 
vapor transport with various Ga-As ratios in vapor phase and using 
100 ~ temperature difference between source and substrate (200X, 
dark field illumination), (1 ! 1) surface. 

Growth  of GaAs on the (111) sur face . - -Al l  epitaxial  
layers grown on the (111) surface had many  surface 
defects. The conditions for e l iminat ing these defects 
were  not evident  in these exper iments .  Growth  rates 
at various gal l ium-arsenic ratios are given in Table I 
and plotted in Fig. 3. The data show that  the growth  
ra te  on the (111) surface increases as the ga l l ium-  
arsenic ratio in the vapor  phase decreases. At  ga l l ium-  
arsenic ratios above uni ty  where  the growth rate  on 
the (-1]1-) surface was greatest,  the growth rate  on 
the (111) surface decreased. 

Growth  of GaAs on the (100) surSace.--The growth 
rates of epi taxial  layers on the (100) surface for 
various gal l ium-arsenic  ratios in the vapor  phase are 
given in Table I and are shown graphical ly  in Fig. 3. 
The results show that  h igher  growth rates are ob- 
served on the (100) surface than on ei ther  of the 
(111) surfaces. The highest  growth rates on the (100) 
surface were  obtained with  a ga l l ium-arsenic  ra t io  
of less than uni ty  corresponding to the conditions giv-  
ing the highest  growth ra te  on the (111) surface. How-  
ever,  the film had many  surface defects, as shown in 
Fig. 6A. Using a ga l l ium-arsenic  ratio in the vapor  
phase of 3/1, the film had fewer  growth defects, as 
shown in Fig. 6B. The growth defects on the (100) 

surface have been el iminated for all gal l ium-arsenic  
ratios ranging f rom 3/1 to 1/3 by reducing the total  
flow rate  in the system from 300 to 250 cc/min.  This 
change did not  affect the results for the (111) surfaces. 

Discussion and Conclusions 
These exper imenta l  results have  shown tha t  the 

epi taxial  growth rates of GaAs by vapor  t ransport  onto 
the (111) surfaces of the host crystal  are dependent  
on the gal l ium-arsenic  ratio in the vapor  phase. The 
growth rates for these surfaces are  enhanced by pro-  
viding excess gal l ium in the vapor  phase dur ing growth 
on the As surface and excess arsenic in the vapor  phase 
when  growing on the Ga surface. The data suggest 
that  nucleat ion on the (111) surfaces is the slow step 
in the growth rate  of the deposit ing layer,  i.e., nu-  
cleation of Ga on the arsenic surface and As on the 
gal l ium surface. Sangster  (9), in discussing crystal  
growth of I I I -V compounds, characterizes the (111) 
surfaces as having poor nucleat ion propert ies  whereas  
the (100) surface has good nucleat ion properties.  In 
the "atom by a tom" approach to crystal  growth,  the 
high gal l ium in the vapor  phase on the arsenic surface 
for example  would lead to the increased probabi l i ty  
of forming a seed nucleus such as the one proposed 
by Sangster,  loc. cir. Hence, the growth ra te  of the 
crystal  would  be enhanced by a high gal l ium-arsenic  
ratio in the vapor  phase for growth on the (111) sur-  
face and correspondingly by a low gal l ium-arsenic  
ratio for growth on the (111) surface. In the case of 
crystals growing f rom a vapor  phase, there  are also 
the etching reactions which occur and which tend to 
decrease the ra te  of crystal  growth.  However ,  the 
exper imenta l  data do not permi t  the separate  eva lua-  
tion of the etching ra te  or the nucleat ion ra te  and their  
individual  influence on measured  growth  ra te  and 
morphology.  
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Growth studies on the (111) and the (100) surfaces 
show that high arsenic concentrat ions tend to in t ro-  
duce more surface defects. Pa r t  of the improved film 
morphology for the (100) surface at the high gal l ium 
concentrat ions in the vapor phase could be a t t r ibuted 
to the slower growth rate. However, the slower growth 
rate at high arsenic concentrat ions in the vapor  phase 
on the (111) and (100) surfaces produced more sur-  
face imperfections. Therefore, the occurrences of im-  
perfections are more closely related to vapor compo- 
sition than  net  growth rate. The excess arsenic could 
serve as an impur i ty  which, when adsorbed on the 
growing crystal, induced defect growth. It  is probable 
that, under  conditions of t ransport  without  excess gal-  
l ium or arsenic, the arsenic par t ia l  pressure in  the 
vapor phase over the substrate exceeded the equi-  
l ib r ium part ial  pressure of arsenic over gal l ium ar-  
senide at the substrate tempera ture  by a factor of 
10 ~. 
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Galvanic Cell Measurement of the Thermodynamic Interaction 
between Cadmium and Tin in Liquid Bismuth 

W. M. Boorstein and R. D. Pehlke 
Department of Chemical and Metallurgical Engineering, The University of Michigan, Ann  Arbor, Michigan 

ABSTRACT 

The interact ion parameter  between cadmium and t in  in dilute solution has 
been measured in  mol ten bismuth.  Measurements  were made in the temper-  
a ture  range 400~176 in a galvanic cell of the type 

Cd (Pure  ] ( In  Fused I Cd (In Liquid 
Liquid) Cd+ + KCL + LiC1) - -  B i -SnAl loy)  

I ! 

The influence of t in  on the activity coefficient of cadmium was measured in  
the dilute t e rnary  system and the influence of cadmium on its own activity 
was measured in  the dilute b inary  system. The data were extended to con- 
centrated solutions to show that  the present  activity coefficient measurements  
are consistent with those previously reported on the b inary  cadmium-bis -  
muth  system. 

Thermodynamic  interactions among solutes i n  meta l -  
lic solutions have been shown to have great practical 
engineering importance as well  as basic theoretical  
significance. I t  is therefore of twofold interes t  that  
these intersolute  effects or interact ion parameters  be 
ascertained. 

In  order to organize and t ransform laboratory data 
from the present  in teract ion s tudy into a convenient  
and usable form, the expression for the thermody-  
namic interact ion parameter  as derived by Wagner  (2) 
will  be employed. This expression can be wr i t ten  as 

O In w 
(~d)k = \ ~ ]k(xi=x~=o) [1] 

The term vl is the thermodynamic  activity coefficient 
of component  i in alloy solution and x represents mole 
fractions of the solutes. 

Experimental Method 
Electromotive force measurements  to determine the 

thermodynamic  properties of metall ic alloys were first 
reported by Taylor (3) in  1923. Since that  t ime m a n y  
such investigations have been carried out on various 

metall ic systems using only slightly modified tech- 
niques. However, these investigations, conducted in 
solutions having approximately  10 mole % or more 
solute, are not suitable for the evaluat ion of in terac-  
t ion at infinite dilution. For  this purpose data must  be 
taken in  the dilute regions of the t e rnary  system where  
Henry 's  law is more closely obeyed and extrapolations 
to zero solute concentrat ions can be made with con- 
fidence. 

The measurement  of thermodynamic  properties by 
the emf technique is carried out in a galvanic cell. A 
representat ion of the cell used in this work is 

(Pure  Cd++ ( I n F u s e d  I(Ir] 
KC1 and LiCI[ - -  ( In Liquid 

Cd Liqui Electrolyte) I B i -Sn  Alloy) 

The emf produced by the cell reaction, if reversible,  
is also a measure  of the free energy change or dr iv ing 
force for the ne t  cell reaction, 

(Pure  ~. Cd in Bi -Sn  
Cd Liquid) - -  Alloy 
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at constant t empera tu re  and pressure.  Selecting pure  
l iquid cadmium at the t empera tu re  under  immedia te  
consideration as the s tandard state, this relat ionship 
can be expressed in a form of the Nernst  equation 

--nFE= nF = Fca~ F~ = 

R T  ]n acd = R T  In 7cdXcd [2] 

where  n is the va lency  state of the cadmium ion in 
the electrolyte  ( = 2 ) ,  F is the Faraday  equiva len t  
(~23,066 ca lor ies /v) ,  E is the emf of the cell, Fcd 
is the part ial  molal  f ree energy of cadmium in solution 
in the b ismuth- t in  alloy, and F~ is the molal  f ree  
energy of pure  l iquid cadmium. Therefore,  the ac- 
t iv i ty  coefficient of cadmium in solution, 7Cd, can be 
calculated direct ly  f rom the emf of the cell. The 
interact ion paramete r  can then be evalua ted  by graphic 
extrapola t ion of the logar i thm of the act ivi ty  coefficient 
to infinite dilution of both solutes. 

Experimental  Technique 
The cell assembly used in this invest igat ion is i l lus-  

t ra ted in Fig. 1. 
The cell  e lectrolyte  was a mix tu re  of approximate ly  

53% KC1, 42% LiC1, and 5% CdC12 by weight.  All  three 
salts were  Baker  Chemical  Company Reagent  Grade. 
The metals  were  99.998+ % pure  (Bi and Cd, ASARCO;  
Sn, Vulcan Mater ia l  Company) .  

The  data were  obtained by emf measurements  on 
15 cells using pure l iquid cadmium as a s tandard 
electrode. The four  alloys in each run  had mole f rac-  
tions of cadmium and tin ranging f rom 0.025 to 0.075. 
The pure  metals  were  weighed to one ten- thousandth  
of a gram and placed in the individual  crucibles. Each 
metal l ic  mix tu re  was then liquified for 2 hr  at 450~ 
in a purified hel ium atmosphere  to accomplish both 
par t ia l  homogenizat ion and insert ion of the tan ta lum 
lead wires. 

Eight  hours before its use, 250g of the eutectic m i x -  
ture of potassium chloride and l i th ium chloride was 
fused under  a vacuum at 450~ in an effort to r emove  
any mois ture  (LiC1 being highly  hygroscopic) .  The 
third salt  of the electrolyte,  cadmium chloride, is 
volat i le  and was dried separately at a tmospheric  pres-  
sure and charged direct ly  to the cell. 

The cell was then assembled as shown in Fig. 1, 
and lowered  into the unheated  cell furnace which 
could be control led to wi th in  • 1 7 6  at  the location of 
the exper imenta l  cells. With the vacuum and iner t  
gas system connected, the cell  tube was flushed five 
t imes wi th  purified he l ium before energizing the fu r -  
nace coils. The electrode leads prot ruding f rom the 
cell tube head  were  at tached to a mul t ipole  switch 
which permi t ted  the connection of each individual  
electrode with  the s tandard  cadmium electrode across 

the measur ing  potent iometer  circuit. The cell  was 
al lowed to equi l ibrate  at 500~ for 12 hr  before the 
first readings were  taken. 

The emf  was measured  by a L&N No. 8687 vol t  
potent iometer  and recorded eve ry  20 min  over  a 2-hr  
period. These potent ia l  measurements  were  made over  
the t empera tu re  range of 400~176 at 50 ~ intervals.  
Af te r  each change in tempera ture ,  approximate ly  3 
hr  were  al lowed for equi l ibrat ion before readings were  
again taken. Caution was exercised dur ing each read-  
ing tha t  the circuit  was not closed for  more  than  a 
fract ion of a second to p reven t  polarizat ion and mass 
t ransport  in the cell. Most runs lasted for at least  a 
72-hr duration. 

Results 
Comparison o:f numerical data.--It  was desired to 

compare  the results of these measurements  wi th  
studies on this system by other  investigators,  es- 
pecial ly those who have employed other  exper imenta l  
techniques.  A rev iew of the l i t e ra ture  revea led  no in-  
vestigations of the cadmium- t in -b i smuth  t e rna ry  nor 
the cadmium-bismuth  b inary  systems by other  than 
emf methods. Mellgren 's  emf study of the cadmium-  
t in -b i smuth  te rnary  (4) was made using mole  ratios 
of tin to bismuth on the order  of 1:1 and could not be 
correla ted with  the measurements  of this investigation. 
The cadmium-b ismuth  binary system has been studied 
independent ly  by Taylor  (3), Mel lgren (4), Elliott  
and Chipman (5, 6), and Nikol ' skoya and Gerassimov 
(7) in the approximate  range of 0.10-0.90 mole  f rac-  
tion cadmium, and all  results were  in ve ry  close 
agreement.  Act iv i ty  values obtained f rom the b inary  
data of the present  s tudy are in agreement  wi th  the 
work  of Ell iot t  and Chipman in the more  di lute  solu- 
tion regions as shown in Fig. 2. 

Interactio~ parameter calculatio~.--The the rmody-  
namic activities and respect ive act ivi ty  coefficients of 
cadmium in alloy solution (with respect  to pure  l iquid 
cadmium) were  calculated f rom the emf data for each 
cell uti l izing Eq. [2]. 

The determinat ion of the thermodynamic  interact ion 
pa ramete r  (2) 

(. a l n v c d  ) 
,cds~ ---- [3] 

OXSn x C d = X S n = 0  

can be achieved by ei ther  of two means. Using the 
values  of act ivi ty  coefficients calculated f rom electro-  
mot ive  force data, a plot of 7Cd VS. XSn was con- 
structed for each isotherm investigated.  Values of 7CG 
at various mole fractions of tin were  read f rom each 
individual  curve represent ing  constant mole fract ion 
of cadmium in the alloy solutions. This informat ion 
al lowed the plot t ing of a second set of curves, In 7Cd 
VS. XCd at constant mole  fractions of tin, which were  
then ext rapola ted  to zero mole fract ion of cadmium. 
These intercept  values 

(ln 7Cd)xCd=0 for Xsn ~ 0, 0.025, 0.050, and 0.075 

were  subsequent ly plot ted vs. the corresponding mole 
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Fig. 4. Slope of cadmium activity coefficient-tin relation at 
infinite tin dilution vs .  mole fraction cadmium. 

fraction of tin. The interact ion paramete r  is given by 
the slope of the resul t ing curve  at zero mole fraction 
tin 

[ 0 lnTcd  ] 
Slope (at Xsn --  0) = [4] 

~XSn xcd : 0 : COd Sn 
XSn -- 0 

The interact ion paramete r  may be calculated by a 
second method which consists of plot t ing In 7cd VS. XS~ 
for constant mole fractions of cadmium as shown in 
Fig. 3 for the 400~ isotherm. The slopes of the curves 
were  evaluated at zero mole fract ion tin. These slope 
values were  then plotted on a graph which has the 
ordinate 

[ a lnTcd  ] 

~XSn XSn=0 

and the abscissa Xcd as seen in Fig. 4. The value  of the 
resul t ing curve  at zero mole fract ion cadmium is 

[ 01nTcd ] 

OXSn xCd=0, XSn=0 

which is the Wagner  interact ion paramete r  eCd sn .  Ex-  
cellent agreement  was obtained for the two methods.  
The resul t ing paramete r  values are shown in Fig. 4. 

The cadmium-bismuth  b inary  data were  used to 
de termine  the self interact ion of cadmium eCd TM in 
mol ten  bismuth. The pa ramete r  values and graphic 
analysis at the five tempera tures  studied are presented 
in Fig. 5. 

Discussion 
Cell reversibi l i ty . - -Without  a sound basis for assum- 

ing that  the cell has funct ioned revers ib ly  for the re-  
action studied, the potent ial  measurements  obtained 
cannot jus t ly  be applied to the calculat ion of equi l ib-  
r ium thermodynamic  properties.  Many factors must  
be taken into considerat ion in connection wi th  the 
construction of the galvanic cell employed to prevent  
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Fig. 5. Logarithm of cadmium activity coefficient v s .  mole frac- 
tion cadmium for cadmium-bismuth binary. 

extraneous reactions which generate  spurious poten-  
tials and cause i r revers ib i l i ty  wi th in  the cell. These 
considerations, among which are included (a) the 
re la t ive  positions of the alloy components  in the elec-  
t romot ive  force series; (b) the re la t ive  stabilities, 
valency states, and electronic conduction characterist ics 
of the electrolyte  components at the tempera tures  of 
cell operation; and (c) possible side reactions be tween 
the mol ten electrolyte  or alloy solutions and the cell 
mater ia ls  or the cell atmosphere,  were  taken into ac- 
count in the present  study. 

A means for ,quanti tat ively est imating the error  
caused by exchange reactions in galvanic cells has 
been developed by Wagner  and Warner  (8). Dealy and 
Pehlke  (9) have  extended this analysis to te rnary  
systems permi t t ing  an est imate to be made of the er ror  
caused by exchange reactions be tween  the active solute 
ion in the electrolyte  and the solvent metal,  and the 
act ive solute ion in the e lect rolyte  and the third com- 
ponent  in the metal l ic  solution. Using this analysis, 
cr i ter ia  for the re la t ive  stabil i ty of the chlorides were  
developed based on the possible reactions: 

3CdClu -F 2Bi ~ 3Cd + 2BiC13 

CdCI~ 4- Sn = Cd 4- SnC12 

The concentrat ion of CdC12 in the electrolyte  was 
mainta ined at 1.6 mole % (5 wt %) for all cells. 
This concentrat ion represented  a compromise between 
lower  concentrat ions where  small  interferences could 
become significant and higher  concentrat ions which 
favor  the forement ioned exchange reactions. 

On this basis, the possible er ror  in the cell potential  
was shown to be much less than 1%, even in the most 
unfavorable  cases of min imum cadmium and max i -  
m u m  tin or b ismuth concentrat ion in the electrode. 
Alloys having cadmium contents at or below 0.010 
mole  fract ion showed a tendency toward  continuously 
dr if t ing cell potentials. This observat ion is in qual i ta-  
t ive agreement  wi th  the theoret ical  analysis described 
above. 

Revers ibi l i ty  can most readi ly  be inferred f rom the 
behavior  of the cell potentials.  A cell  which is not re-  
vers ible  wil l  show a drif t  in the readings and yield po- 
tent ial  values which  are  not reproducible.  The cells 
f rom which  the accepted data were  obtained displayed 
ex t remely  steady and reproducible  behavior .  When  
corrected for t empera tu re  fluctuations, the potentials  at 
any constant t empera tu re  did not va ry  more  than --+0.2 
mv or approximate ly  -+0.2% in any 2-hr  measurement  
period or in excess of ___0.5 mv  in the average  72-hr 
life of a cell. 

Estimate of error in parameter.--Whereas the two 
graphic methods described yield almost identical  values 
for the interact ion parameter ,  it must  be noted that  
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they are not independent  of one another. Fur thermore,  
it was necessary to evaluate graphically the activity 
coefficients at specific solute concentrat ions by in te r -  
polation. It is not believed that  any substant ial  error 
was introduced by this approach. 

Tempera ture  fluctuations which are less than 2 ~ 
were found to give small  corresponding changes in the 
cell potential.  The activity calculations were corrected 
for these variations.  The influence of a small  tempera-  
ture  error is not significant as indicated by the slope 
of interact ion parameter- reciprocal  tempera ture  curve 
shown in  Fig. 6. 

A confidence l imit  of ___0.10 placed on each parameter  
value is believed to be a conservative estimate of the 
total error introduced through use of the graphic tech- 
nique and inherent  in the exper imental  cell operation. 

Reciprocal relationship.--From the definition of the 
part ial  molar  free energy 

~= ( OF ~ - - ~ - - n ~ / p , r , . j  . . . .  [51 

where F is the molal free energy of the solution and 
ni the number  of moles of ith component,  it can be 
shown (2) that  

0 In ~ 0 in  ~ 
= - - f o r  x i = x j = 0 ,  or~i j = ~ j l  [6] 

Oxj ~xl 

In  view of this result, each value of eCd Sn presented 
in Fig. 4 is also equal to eSncd.  

Temperature dependence.--Dealy and Pehlke (10) 
derived the relat ionship 

d(~iJ) 1 ( 02H ) ~  [7] 

d (1/T) R OxiOxj =i= xi=0 

to show that  the var ia t ion of the interact ion parameter  
with the reciprocal of the absolute tempera ture  will  be 

l inear  if the derivat ive of the enthalpy with respect to 
the mole fractions of the two dilute solutes is not a 
strong function of temperature.  

This l inear  dependency is obeyed by the alloy system 
under  present  considerat ion as shown in Fig. 6 where  
the results of this invest igat ion are plotted against  the 
reciprocal of absolute temperature.  Thus, accurate 
interpolations and extrapolat ions can be made to de- 
te rmine  interact ion parameter  values at temperatures  
not directly investigated. 

Conclusions 
1. The emf technique has been shown to be a 

feasible method for acquir ing the thermodynamic  data 
essential to accurate de terminat ion  of interact ion pa- 
rameters.  

2. The presence of small  quanti t ies  of t in  will  tend 
to increase the activity of cadmium in dilute solution 
with mol ten bismuth as indicated by the positive sign 
of the interact ion parameter .  

3. Cadmium tends to decrease its own activity co- 
efficient with increasing concentrat ion in dilute solu- 
tion in mol ten bismuth.  

4. The interact ion parameters  eCd Sn and eCd Cd a r e  

small positive and negative numbers ,  respectively; 
both exhibit  a l inear  relat ionship with reciprocal ab- 
solute tempera ture  and tend toward zero with increas- 
ing temperature.  
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A B S T R A C T  

A s e q u e n c e  of  e l e m e n t a r y  s t eps  is p o s t u l a t e d  to d e s c r i b e  t h e  t r a n s p o r t  of 
h y d r o g e n  t h r o u g h  a p a l l a d i u m  m e m b r a n e  e l ec t rode .  T h e  a m o u n t  of  h y d r o g e n  
t r a n s m i t t e d  p e r  s q u a r e  c e n t i m e t e r  of t h e  m e m b r a n e  is d e s c r i b e d  b y  a c u r r e n t  
dens i t y ,  - - j ,  w h i l e  t h e  r a t e  of d e p o s i t i o n  of h y d r o g e n  p e r  s q u a r e  c e n t i m e t e r  is 
d e s c r i b e d  b y  a p o l a r i z a t i o n  c u r r e n t  d e n s i t y , - - i .  I t  is s h o w n  in  g e n e r a l ,  w i t h o u t  
r e f e r e n c e  to t h e  p a r t i c u l a r  m e c h a n i s m ,  t h a t  j is a l i n e a r  f u n c t i o n  of i a t  l ow  
v a l u e s  of i, a n d  t h a t  t h e  d e r i v a t i v e ,  (di/dj)i=o, is a l i n e a r  f u n c t i o n  of t h e  m e m -  
b r a n e  t h i c k n e s s  L, p r o v i d e d  o n l y  t h a t  F i c k ' s  l a w  in  s i m p l e  f o r m  ho lds ;  t h e  
s lope  of t h e  p lo t  of (di/dj)~=o vs. L is i n d e p e n d e n t  of c o n d i t i o n s  o n  t h e  ex i t  
s ide  of t h e  m e m b r a n e .  I t  is a lso s h o w n  in  g e n e r a l  t h a t  i f  c o n d i t i o n s  a r e  t h e  
s a m e  on b o t h  s ides  of t h e  m e m b r a n e  a t  e q u i l i b r i u m ,  n o  m o r e  t h a n  o n e - h a l f  of 
t he  h y d r o g e n  d e p o s i t e d  c a n  b e  t r a n s m i t t e d .  T h e  p o s t u l a t e d  m e c h a n i s m  p r e d i c t s  
t h a t  t h e  r a t e  of t r a n s m i s s i o n  s h o u l d  r e a c h  a l i m i t i n g  va lue ,  --Jm, a t  h i g h  v a l u e s  
of -- i .  F o r  t h i n  m e m b r a n e s ,  1 / ( ' - - jm)  s h o u l d  b e  a l i n e a r  f u n c t i o n  of L. T h e  s lope  
of  1 / ( - - j m )  vs. L d e p e n d s  on  t h e  d i f fus ion  coeff ic ient  of h y d r o g e n  a t o m s  in  
p a l l a d i u m  a n d  is i n d e p e n d e n t  of  t h e  r a t e s  of t h e  s u r f a c e  r eac t i ons ,  a l t h o u g h  
i n  s o m e  i n s t a n c e s  i t  d e p e n d s  on  0o, t h e  e q u i l i b r i u m  c o v e r a g e  of t h e  s u r f a c e  b y  
h y d r o g e n  a toms .  In  P a r t s  I I  a n d  I I I  s o m e  e x p e r i m e n t a l  d a t a  a r e  t r e a t e d  in  
t e r m s  of t h i s  m e c h a n i s m .  

W e  h a v e  s t u d i e d  t h e  t r a n s m i s s i o n  of e l e c t r o l y t i c a l l y  
d e p o s i t e d  h y d r o g e n  t h r o u g h  p a l l a d i u m .  I n  t h i s  p a p e r ,  
a m e c h a n i s m  is p o s t u l a t e d  a n d  t h e  r a t e  e q u a t i o n s  a r e  
a r r a n g e d  in  a f o r m  s u i t a b l e  for  g r a p h i c a l  t r e a t m e n t  of 
t h e  da ta .  ( T h e  s ide  of t h e  m e m b r a n e  o n  w h i c h  h y d r o -  
g e n  a t o m s  a r e  d e p o s i t e d  wi l l  b e  c a l l e d  t h e  e n t r a n c e  
side, or  s ide  1; t h e  o t h e r  s ide w i l l  b e  c a l l e d  t h e  e x i t  
side,  o r  side 2.) I n  P a r t  I I  (1) d a t a  a r e  p r e s e n t e d  on  
t h e  t r a n s m i s i s o n  of h y d r o g e n  if  t h e  e x i t  s ide  of t h e  
fo i l  is i n  c o n t a c t  w i t h  a s o l u t i o n  of  a s t r o n g  o x i d i z i n g  
agen t ,  e.g., Ce +4, a n d  if  i t  is in  c o n t a c t  w i t h  h y d r o g e n  
gas. I n  P a r t  I I I  (2) t h e  effects  of v a r y i n g  t h e  t e m p e r a -  
t u r e  a n d  t h e  h y d r o g e n  p r e s s u r e  on  t h e  e x i t  s ide  of t h e  
fo i l  a r e  de sc r ibed .  

Experimental 
T h e  e x p e r i m e n t  m a y  b e  d e s c r i b e d  as fo l lows.  T w o  

c o m p a r t m e n t s  a r e  s e p a r a t e d  b y  a p a l l a d i u m  foil.  T h e  
c o m p a r t m e n t  on  t h e  e n t r a n c e  s i de  c o n t a i n s  a s u l f u r i c  
ac id  s o l u t i o n  a n d  a p l a t i n u m  a n o d e ;  t h e  e n t r a n c e  s ide  
of t h e  p a l l a d i u m  foi l  is t h e  ca thode .  T h e  c o m p a r t m e n t  
on  t h e  ex i t  s ide  w a s  fi l led in  d i f f e r e n t  w a y s ;  w e  h a v e  
u s e d  C e ( S O 4 ) 2  so lu t ion ,  H2SO4 so lu t ion ,  gaseous  h y -  
d r o g e n ,  a n d  w a t e r .  A c u r r e n t ,  i ( a m p / c m 2 ) ,  is p a s s e d  in  
t h e  e n t r a n c e  c o m p a r t m e n t  b e t w e e n  t h e  p a l l a d i u m  
m e m b r a n e  c a t h o d e  a n d  t h e  p l a t i n u m  anode .  T h e  r a t e  
of d e p o s i t i o n  of h y d r o g e n  a t o m s  on  t h e  e n t r a n c e  s ide  
of t h e  fo i l  is - - i .  T h e  a m o u n t  of h y d r o g e n  t r a n s m i t t e d  
to t h e  c o m p a r t m e n t  on  t h e  ex i t  s ide  is m e a s u r e d  a n d  
e x p r e s s e d  as a n  e q u i v a l e n t  c u r r e n t  dens i t y ,  - - j .  

T h e  p r o b l e m  is to  d e t e r m i n e  t h e  d e p e n d e n c e  of  j on  
t h e  p a r a m e t e r s  of  t h e  s y s t e m ,  p a r t i c u l a r l y  o n  t h e  
p o l a r i z a t i o n  c u r r e n t  d e n s i t y ,  i, a n d  t h e  m e m b r a n e  
t h i c k n e s s ,  L. 

Some General Properties 
T h e  s u m  of t h e  r a t e  of e v o l u t i o n  of H2 on  t h e  e n -  

t r a n c e  side,  --iev, a n d  t h e  r a t e  of t r a n s m i s s i o n  t h r o u g h  
t h e  m e m b r a n e ,  - - j ,  is e q u a l  to t h e  r a t e  of d e p o s i t i o n  o n  
t h e  e n t r a n c e  side, - - i .  A f t e r  c h a n g i n g  s igns,  t h i s  r e l a -  
t i o n  b e c o m e s  

i -~ i e v +  j [1] 

D i f f e r e n t i a t i n g  Eq. [1] w i t h  r e s p e c t  to  t h e  o v e r v o l t a g e  
,/, w e  o b t a i n  

di diev dj 
- - - - - -  4 - -  [ 2 ]  

d~? d~? dv 

B u t  t h e  d e r i v a t i v e s ,  diev/d~ I a n d  dj/d~?, a r e  r e c i p r o c a l s  
of t h e  e f fec t ive  r e s i s t a n c e s  to e v o l u t i o n  of H2 a n d  t r a n s -  
miss ion ,  r e s p e c t i v e l y .  I n  t h e  l i m i t  as ~ --> 0, t h e s e  r e s i s t -  
ances  b e c o m e  i n d e p e n d e n t  of n a n d  d e p e n d  o n l y  o n  t h e  
e q u i l i b r i u m  c o n d i t i o n s  in  t h e  sys t em.  Thus ,  w e  w r i t e  
(diev/d~) o = 1/Rev a n d  (dj/d~) o ~ 1/Rtr, i n  w h i c h  t h e  
s u b s c r i p t  ze ro  d e n o t e s  t h e  l i m i t i n g  v a l u e  a t  V ~ 0 (o r  
i ~ 0) ,  a n d  Rev a n d  Rtr a re  t h e  l i m i t i n g  r e s i s t a n c e s  to  
e v o l u t i o n  a n d  t r a n s m i s s i o n  w h i c h  a r e  i n d e p e n d e n t  of 
~?. T h e n  a t  ~? = 0, i f  w e  d i v i d e  Eq. [2] i n t o  t h e  de f in i -  
t i o n  of Rtr w e  o b t a i n  

(dj/d~) o 1/Rtr 

(di/d~)o (1/Rev)  -~- ( 1 /R t r )  

w h i c h  b e c o m e s  
d(___~_ ) nev 

o = " [33 
Rev -~ Rtr  

F r o m  Eq.  [3] ,  i t  is c l ea r  t h a t  t h e  i n i t i a l  s lope ,  n e a r  
i = 0, of t h e  c u r v e  of j vs. i m u s t  b e  less  t h a n  u n i t y .  
Th i s  s i m p l y  m e a n s  t h a t  a l l  t h e  h y d r o g e n  c a n n o t  b e  
t r a n s m i t t e d .  

T h e  r e s i s t a n c e  to t r a n s m i s s i o n  is m a d e  u p  of a s u m  
of  t e r m s :  t h e  r e s i s t a n c e  to p e n e t r a t i o n  f r o m  t h e  s u r -  
face  of t h e  e n t r a n c e  s ide  to t h e  b u l k  of t h e  m e t a l ,  Rp; 
t h e  r e s i s t a n c e  d u e  to d i f fus ion  t h r o u g h  t h e  b u l k  m e t a l ,  
RD; t h e  r e s i s t a n c e  to e x i t  f r o m  b u l k  to  s u r f a c e  o n  t h e  
ex i t  s ide,  Rex; a n d  t h e  r e s i s t a n c e  to  H2 e v o l u t i o n  on  t h e  
e x i t  s ide,  R'ev. T h u s  

Rtr  = R'ev d- Rp -4- Rex -~- RD [4] 

T h e s e  r e s i s t a n c e s  d e p e n d  o n l y  on  t he  e q u i l i b r i u m  c o n -  
d i t i ons  in  t h e  s y s t e m  a n d  e x c e p t  for  RD w h i c h  is p r o -  
p o r t i o n a l  to L, a r e  i n d e p e n d e n t  of t h e  t h i c k n e s s  of t h e  
m e m b r a n e .  U s i n g  Eq.  [4] in  Eq.  [3] w e  o b t a i n  

o Rev d- R'ev ~ Rp d- Rex d- RD 

A n  i n t e r e s t i n g  c o n s e q u e n c e  of Eq.  [5] is t h a t  if  t h e  
c o n d i t i o n s  a r e  t h e  s a m e  on  b o t h  s ides  of t h e  m e r e -  
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Table I. Elementary reactions and rates 
R e a c t i o n  

E n t r a n c e  s ide  : 

1. H ( a d s )  = H+ + e-  

2.  2 H ( a d s )  = H2( su r f )  

3. H~(sur f )  ~ H e ( b u l k )  

4. H ( a d s )  = I - I (bu lk  M ) I  

D i f f u s i o n  t h r o u g h  t h e  m e t a l :  
5. H ( b u l k  M ) I  = H ( b u l k  M)2 

E x i t  s ide :  

6. H(hulk M)~ : Htads) 

7. 2H(ads) = H2(surf) 

8. Ha(surf) = H2(bulk) 

R a t e  e q u a t i o n  

i . . . .  -Too - '--~-7o - ~ - ~  
/~ = i8o[ (eL/Co) -- 11 

i,o To-~---7~o Zh---:~oJ~ 

is : iso (ul -- u.~)/uo 

=i ,2o[(Oe)e ( 1 -  e=)~'( ca ) ]  
i~ . V o .  - . ~ ---:-Zo. , -7Co . ~  

is = i'ao[ (c2/C'o) -- 1] 

b r a n e  a t  e q u i l i b r i u m ,  t h e n  R,v = R'ev a n d  (dj/di) o < V2 ; 
t h a t  is, no  m o r e  t h a n  h a l f  t h e  h y d r o g e n  c a n  b e  t r a n s -  
m i t t ed .  Th i s  is p h y s i c a l l y  r e a s o n a b l e  s ince  if p e n e t r a -  
t ion ,  ex i t ,  a n d  d i f fus ion  a r e  e x t r e m e l y  f a s t  c o m p a r e d  
to e v o l u t i o n ,  t h e n  t he  h y d r o g e n  d e p o s i t e d  w i l l  b e  d i s -  
t r i b u t e d  e q u a l l y  on  t h e  t w o  s ides  of t h e  m e m b r a n e  
a n d  h a l f  of i t  w i l l  b e  e v o l v e d  on  e a c h  side.  I f  a n y  of  
t h e s e  p r o c e s s e s  a r e  s l ow  t h e n  less  t h a n  ~/2 w i l l  b e  
t r a n s m i t t e d .  

I f  F i c k ' s  l a w  is o b e y e d  i n  s i m p l e  f o r m ,  t h a t  is, i f  D 
is c o n s t a n t  a n d  t h e  r a t e  of d i f fus ion  is p r o p o r t i o n a l  
to t h e  c o n c e n t r a t i o n  g r a d i e n t  of H a t o m s  i n  t h e  m e t a l ,  
t h e n  R D  w i l l  b e  p r o p o r t i o n a l  to L. W e  c a n  i n v e r t  
Eq.  [5] a n d  o b t a i n  

( d~j ) R'ev + Rp + Rex RD 
o = 1 + Rev + Re--~ [6] 

T h e r e f o r e ,  (di/dj)o, t h e  r e c i p r o c a l  of t h e  i n i t i a l  s lope  
of j vs. i, is a l i n e a r  f u n c t i o n  of L. T h e  s lope  of t h i s  
f u n c t i o n  is RD/LRev a n d  is c o n s e q u e n t l y  i n d e p e n d e n t  
of c o n d i t i o n s  on  t h e  e x i t  s ide  of t h e  m e m b r a n e .  T h e  
i n t e r c e p t ,  on  t h e  o t h e r  h a n d ,  d e p e n d s  on  c o n d i t i o n s  
on  b o t h  s ides  of t h e  m e m b r a n e .  T h e s e  c o n c l u s i o n s  a r e  
i n d e p e n d e n t  of t h e  m e c h a n i s m  of t r a n s m i s s i o n  a n d  
e v o l u t i o n  so l ong  as t h e  s y s t e m  is in  e q u i l i b r i u m  
w h e n  no  c u r r e n t  flows. I n  P a r t  I I  w e  e x a m i n e  one  
case  (Ce  +4 on  t he  e x i t  s ide)  in  w h i c h  t h e  s y s t e m  is 
n o t  a t  e q u i l i b r i u m  w h e n  i = 0; h e n c e  t h e s e  c o n c l u s i o n s  
do no t  app ly .  

The Elementary Reactions 
T h e  e l e m e n t a r y  r e a c t i o n s  c h o s e n  a n d  t h e  c o r r e s -  

p o n d i n g  r a t e s  e x p r e s s e d  as e l e c t r i c a l  c u r r e n t s  a r e  g i v e n  
i n  T a b l e  I. I n  e v e r y  case  t h e  r a t e  e x p r e s s i o n  i n c l u d e s  
t h e  r a t e s  of b o t h  t h e  f o r w a r d  a n d  t h e  r e v e r s e  r e a c -  
t ions .  T h e  s y m b o l s  a r e  de f ined  in  T a b l e  II. 

T h e  f o r m  of t h e  r a t e  e q u a t i o n s  fo r  r e a c t i o n s  1, 2, a n d  
7 is t h a t  u s e d  b y  G e r i s c h e r  (3) a n d  V e t t e r  (4) i n  t h e i r  
d i s cus s ions  of h y d r o g e n  o v e r v o l t a g e .  T h e  r a t e  e q u a -  
t i on  fo r  r e a c t i o n s  4 a n d  6 is a r e a r r a n g e m e n t  of a n  
e q u a t i o n  u s e d  b y  B a r r e r  (5) w h o  h a s  t r e a t e d  t h e  

D e t a i l  

i �88 (1- -o l  ] 
] 

i - -  j : i3o [1 - -  ( c t / co )  ] 
1--ol ~ ut al ( 1 - - u l  ~ 

j = iso (u2 - -  u i ) / U o  

; : i'4o 70 ", 1 - - i :~o  , ' - , , . , o ' ,  1-- i~7o ,'.a 

J : ff2o \ 0o / d 

j : i'3o [1 - -  (c2/c'e)] 

Table II. Symbols 
H ( a d s ) ,  a d s o r b e d  h y d r o g e n  a t o m  on t h e  m e t a l  s u r f a c e .  
I-I.~(surf), He m o l e c u l e  in  t h e  p h a s e  o u t s i d e  t h e  m e t a l ,  b u t  a d j a c e n t  

to t h e  m e t a l  s u r f a c e .  
H a ( b u l k ) ,  H2 m o l e c u l e  in  t h e  b u l k  p h a s e  o u t s i d e  t h e  m e t a l .  
H ( b u l k  M ) ,  h y d r o g e n  a t o m  in  t h e  b u l k  m e t a l .  
ik, r a t e  of  k - t h  r e a c t i o n  as a n  e l e c t r i c a l  c u r r e n t .  
iko, i'ko, e x c h a n g e  c u r r e n t s  on  s ide  1 a n d  s ide  2. 
s, o v e r p o t e n t i a l  (s : F~/RT) on s ide  1. 
a ,  t r a n s f e r  coef f ic ien t  fo r  t h e  o x i d a t i o n  r e a c t i o n .  
8, f r a c t i o n  of t h e  s u r f a c e  c o v e r e d  by  a d s o r b e d  H a t o m s .  
c, c', c o n c e n t r a t i o n  of Ha a d j a c e n t  to  t h e  s u r f a c e  in  t h e  p h a s e  o u t -  

s ide  t h e  m e t a l  on s ide  1, s ide  2. 
u,  f r a c t i o n  of h o l e s  in  t h e  m e t a l  w h i c h  a r e  o c c u p i e d  b y  H a toms .  
S u b s c r i p t  ze ro  r e f e r s  to t h e  e q u i l i b r i u m  v a l u e .  
S u b s c r i p t s  1 a n d  2 r e f e r  to  v a l u e s  on  s ides  1 a n d  2. 
i, p o l a r i z a t i o n  c u r r e n t  d e n s i t y  p a s s e d  i n t o  t h e  m e m b r a n e .  
j ,  t I  a t o m  f low t h r o u g h  t h e  m e m b r a n e  e x p r e s s e d  as  a n  e q u i v a l e n t  

c u r r e n t  dens i t y .  
D, d i f fu s ion  coef f i c i en t  f o r  H a t o m s  in  p a l l a d i u m  (cmZ/sec ) .  
L ,  m e m b r a n e  t h i c k n e s s  ( cm) .  
era, c o n c e n t r a t i o n  of  m e t a l  a t o m s  (or  ho les )  in  p a l l a d i u m  ( m o l e s / c c ) .  

a n a l o g o u s  g a s - t o - v a c u u m  p r o b l e m  in  de ta i l .  T h e  r a t e  
e q u a t i o n  fo r  r e a c t i o n  5 is a n  o b v i o u s  a l g e b r a i c  m o d -  
i f i ca t ion  of F i c k ' s  f i rs t  l a w  of d i f fus ion ,  u n d e r  t h e  
a s s u m p t i o n s  t h a t  D is a c o n s t a n t  a n d  t h a t  t h e  r a t e  of 
d i f fus ion  is p r o p o r t i o n a l  to  t h e  c o n c e n t r a t i o n  g r a d i e n t  
of H a t o m s  i n  t h e  a l loy.  T h i s  i m p l i e s  t h a t  t h e  P d - H  
a l loy  is h o m o g e n e o u s ,  e i t h e r  e n t i r e l y  a - p h a s e  or  e n -  
t i r e l y  E-phase .  T h e  e x c h a n g e  c u r r e n t  fo r  r e a c t i o n  5 
is g i v e n  b y  

i5o = FDuocm/L [7] 

E x c h a n g e  c u r r e n t s  fo r  t h e  s a m e  r e a c t i o n  on  d i f f e r e n t  
s ides  of t h e  m e m b r a n e  h a v e  b e e n  d i s t i n g u i s h e d  b y  
p r i m e s  to p r o v i d e  fo r  t h e  p o s s i b i l i t y  t h a t  c o n d i t i o n s  
m a y  d i f fe r  on  t h e  two  s ides  of t h e  m e m b r a n e .  T h e  
t r e a t m e n t  is r e s t r i c t e d  to cases  i n  w h i c h  no  o x i d i z i n g  
a g e n t  ( e x c e p t  p o s s i b l y  H + in  e q u i l i b r i u m  w i t h  H2) 
is p r e s e n t  on  t h e  e x i t  s ide  a n d  n o  e l e c t r i c a l  c u r r e n t  
is d r a w n  f r o m  t h e  e x i t  s ide.  

T h e  r a t e  e q u a t i o n s  i n v o l v e  t h e  a s s u m p t i o n s :  (a )  
t h a t  t h e  a d s o r p t i o n  of h y d r o g e n  a t o m s  fo l l ows  a 
L a n g m u i r  i s o t h e r m ,  a n d  (b )  t h a t  t h e  m i x t u r e  of v a -  
canc ies  a n d  occup ied  s i tes  i n  t h e  m e t a l  is idea l .  N o n e -  
the less ,  i t  is pos s ib l e  to  s h o w  b y  a m e t h o d  u s e d  e l se -  
w h e r e  (6) t h a t  t h e  r e s u l t  f o r  t h e  i n i t i a l  s lope  of j vs. 
i is i n d e p e n d e n t  of t h e  f o r m  of t h e  a d s o r p t i o n  i s o t h e r m  
a n d  t h e  l a w  of  t h e  so lu t ion .  Thus ,  Eq. [16],  w h i c h  is 
o b t a i n e d  be low,  a l t h o u g h  s t i l l  r e s t r i c t e d  b y  t h e  e l e -  
m e n t a r y  r e a c t i o n s  chosen ,  h a s  s o m e w h a t  m o r e  g e n -  
e r a l i t y  t h a n  t h e  d e r i v a t i o n  g i v e n  h e r e  w o u l d  ind ica t e .  

T h e  m e c h a n i s m  p o s t u l a t e d  h e r e  does  n o t  i n c l u d e  
a n y t h i n g  w h i c h  w o u l d  a c c o u n t  f o r  a n  effect,  o b s e r v e d  
b y  H o a r e  a n d  S c h u l d i n e r  (7) a n d  b y  C l a m r o t h  a n d  
K n o r r  (8) ,  w h i c h  i n d i c a t e s  t h a t  a t  ~? = - -0 .050v a 
p rocess  w i t h  a n  e n o r m o u s  e x c h a n g e  c u r r e n t  m a k e s  
i t s  a p p e a r a n c e  o n  a p a l l a d i u m  sur face .  I n  t h i s  c o n -  
n e c t i o n  it  s h o u l d  be  n o t e d  t h a t  H o a r e  a n d  S c h u l d i n e r  
(9)  do n o t  a l w a y s  o b s e r v e  th i s  effect  o n  p a l l a d i u m  
m e m b r a n e  e l ec t rodes .  

The Steady-State Conditions 
T h e  s t e a d y - s t a t e  c o n d i t i o n s  a re :  

i l  + i2 + i4 • 0 ;  /2  = i3; i4 : is : i6 : iT = is 
B y  de f in i t i on  w e  h a v e  i = i l  a n d  j : --i5. U s i n g  t h e s e  
def in i t ions ,  t h e  s t e a d y - s t a t e  c o n d i t i o n s  a r e  w r i t t e n  in  
d e t a i l  a n d  in  t h e i r  f u n c t i o n a l i t y .  

F u n c t i o n a l i t y  

i = I1  (S ,  01)  [ 8 ]  

i - - j  = ]2(01, Cl) [9] 

i - -  j = f3 (c l )  [10] 

j = f4(01, u l )  [11] 

j = I5(l t l ,  u2) [12] 

J = I6 (u2, e2) [13] 

j : f7(02, c2) [14] 

J =  Is (c2) [15] 
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Solution of the Equations 
Considering only the funct ional i ty  we conclude from 

Eq. [8], [9], and [10] that  s can be expressed as a 
funct ion of i and i -  j only. Successive e l iminat ion of 
c2, 82, u2, Ul, cl, and 81 from Eq. [15] to [9] yields a 
relat ion between i and j and the exchange currents.  
The labor involved in this procedure is great and the 
result  obtained is so complicated as to be almost use-  
less. The exper imental  data (II and III) show that  j 
as a funct ion of i begins as a straight line, in agree- 
ment  with the general  discussion given above, then 
flattens to a l imit ing value, j,,. The t rea tment  here is 
l imited to the calculation of the ini t ial  slope and the 
l imit ing value of the curve of j vs. i. 

The Initial Slope 
Since quanti t ies with zero subscripts, the equi l ibr ium 

values, are constant  as the current  and overpotential  
vary, there is only one independent  variable  which we 
choose as s. To obtain the ini t ial  slope, each of the 
Eq. [9] through [15] is differentiated with respect to 
s. The resul t ing equations are reduced to their l imi t -  
ing forms at s = 0. Quanti t ies such as (d81/ds)o, 
(dul /dS)o ,  etc., are then  el iminated between these 
equations. The calculation is simplified considerably 
if parameters  of a type described earlier (10) are 
introduced in place of (d81/ds)o, etc. We obtain finally 

1 1 1 1 

(-~3)di o = l - t -  2i'2---~ + 12i'3---~ -~ "--:-- + - - 1 ~ 4 ~  s 

2i2o 2iso 
L 

[16] 

(2~2o + 2i3---~1) u ~ 1 7 6  

This equat ion corresponds to Eq. [6] above. For this 
mechanism, Rev cc (1/2/2o) + (1/2i~o); Rp oc 1/i4o; 
Rex cc 1/i'4o; and RD cc L / F D u o ( 1 -  Uo)Cm. The discus- 
sion of Eq. [6] also applies to Eq. [16]. 

If, in addition to the reactions used above, we in-  
clude the reaction, H2(surf) = H(ads)  + H + ~- e - ,  
on both sides of the membrane  with exchange cur-  
rents i6o and i'6o, then it must  be that  i6o is much 
smaller  than ilo. Otherwise hydrogen would not enter  
the membrane  when it is made cathodic. If i6o were 
larger than ilo the pal ladium would have to be anodic 
for hydrogen to enter  (10). Vetter (11) quotes the two 
possible values of 10.1 or 0.099 for the ratio, i6o/ilo, 
which were determined by Knor r  (12) from the mixed 
potential  of a supersaturated Pd-H alloy in 2N H2SO4. 
Of these two values, only i6o/ilo = 0.099 can be correct. 
Under  the condition, i6o < <  ilo, the reciprocal of the 
ini t ial  slope of the transmission, (d i /d j )o ,  is given by 
an equat ion having the same form as Eq. [16] except 
that 2i2o and 2i'2o are replaced by ioo ~-2i2o, and 
i'oo + 2i'2o, repectively, where 4/ioo = 1/ilo + 1/i6o, and 
similar ly for i'oo. 

The Limiting Transmission Current 
The simplest and most direct assumption is that  the 

l imit ing atom current  is at tained when the ent rance  
side of the membrane  is completely covered by hy-  
drogen atoms; that  is, when  81 = 1, we assume that  
j ~ j~. Under  this condition, Eq. [11] through [15] 
become 

jmSo(1 --  Uo)/i4o = U l m -  1 [17] 

jmUo/iSo = U2m --  Ulm [18] 

82m u 2 m  ( -1-~-- ~o ) 
1 - -  U 2 m  ~ 1 - -  8 2 m  

j j i ' ~ o =  7o ( -~- -- ~ ,, ~o [19] 

Q 

i '  - , ,  3m/ 20 = 1 - -  8o \ ' -~-o \ 8o / 

jm/i'3o = 1 -  (c.~/C'o) 

TRANSMISSION OF HYDROGEN 

[20] 

[21] 
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By successive e l iminat ion of Ulm, U2m, C2m, and 82m from 
these equations, a cubic equation in Jm is obtained. We 
consider only the special cases of interest. 
Case I: Penet ra t ion  and exit (steps 4 and 6) are very 

fast compared to the other steps. 
Expansion o f - -1 /3m in powers of L yields for the 

first two terms, that  is, for th in  membranes  

--1/3m = 8o2/i'2o -~- (2K4/FDcm)  L [22] 

where K4 = u o ( 1 - - 8 o ) / 8 o ( 1 - - U o )  is the equi l ibr ium 
constant  for reaction 4 (or 6). Since K4 and 8o2/i'2o are 
independent  of pressure, the ma x i mum transmission in  
this case should be independent  of the hydrogen pres-  
sure in the two compartments.  The slope of the line, 
- -1 / jm  vs. L, depends on 8o in this case. 
Case II: Atom combinat ion (steps 2 and 7) is very  fast 

compared to the other steps. 
Case IIA: Transpor t  of H2 from the exit surface (step 

8) is also very fast. 
In this case, 82m = 8o, and we have 

--1/3m = (8o/i4o ~- uo/i'4o) -~- [ 1 / ( 1 - -  Uo)FDcm]L [23] 

In this case the slope of --1/3m vs. L is determined by 
bulk  properties, D and uo, only. Both the slope and the 
intercept  are pressure dependent.  
Case IIB: Transpor t  of H2 from the exit surface (step 

8) is slow. 
In  this case we have, approximately,  

--1/3m : (48o2Uo2/i4o2i'8o) 1/~ ~_ ( 2 / 3 F D c m ) L  [24] 

Here again the slope is de termined by bulk  properties 
only. The intercept  is pressure dependent,  but  the 
slope is not. 

The Over-all Exchange Current 
The over-al l  exchange current ,  i o ~  (di /ds)o ,  is 

easily calculated by differentiating Eq. [8], [9], and 
[10]. We obtain 

, ,  , , , )  
- -  + - -  - t -  ~ -  o 21so io ilo 2i2o 2i~o - ~ -  2-~2o -I- ~ [25] 

For an electrode which does not t ransmi t  hydrogen, the 
reciprocal of io is given by the first three terms on the 
r ight  of Eq. [25]. Thus, Eq. [25] shows that, if the 
electrode t ransmits  hydrogen, the exchange cur ren t  
may be larger than  on an ordinary  electrode. However, 
if p r imary  discharge is much slower than  combinat ion 
and the subsequent  t ransport  of molecular  hydrogen 
from the surface, then io = ilo and the transmission 
does not affect the value of io. Physically, rapid com- 
binat ion of H atoms and rapid t ransport  of H2 from the 
surface imply that 81 remains  at its equi l ibr ium value;  
hence s depends only on i and ilo. 

The "Transferred" Overvoltage 
Even though no electrical current  is d rawn from the 

exit side of the membrane,  an overvoltage, ~/', some- 
times called the "transferred" overvoltage, can be ob- 
served on the exit side [see, for example, ref. (9)].  
This is a result  of the reaction 9 on the exit side: 

H(ads)  = H + + e -  
82 i 9 = i , l o e C C s . [ _ ~ o  _ (  1--82 

where s' = F~ ' /RT .  Since no current  is drawn, i9 = 0, 
and hence 

82 ( 1--82 ) e - ~ ' = 0  [26] 
8o 1 - -  8o 

Equat ion [26] in connection with Eq. [14] and [15] 
determines the value of s' as a funct ion of j. If 
i'2o < <  i'zo, then 

( 4 t ' / j )  ll2 : (1/i'2o) I/2[1-Jr- (1- -28o) t ' ]  

while if i'2o ~ ~ i'3o, then 

( 4 t ' / j ) l / 2 - :  (11i'3o) (1 + t ' )  

in which t' -:  tanh (s ' /2) .  
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The Transmission of Electrolytically Deposited Hydrogen 
through a Palladium Membrane Electrode 

II. Experimental. Oxidizing Agents and Hydrogen Gas on the Exit Side 

Richard A. LaPietra 1 and Gilbert W. Castellan 

Department of Chemistry, The Catholic University 05 America, Washington, D. C. 

ABSTRACT 

Hydrogen  is deposited eleetrolyt ical ly  on one side (the entrance side) of 
a pal ladium membrane  at a rate  - - i ( amp/cm2) .  The amount  of hydrogen t rans-  
mit ted is measured by noting the change in normal i ty  of a solution of a 
strong oxidizing agent, e.g., Ce +4 or S2Os =, on the other side (the exi t  side), 
and in other  exper iments  by measur ing  the hydrogen evolved on the exi t  side 
volumetr ical ly .  The results wi th  hydrogen on the exit  side are apparent ly  
capable of description by the equations developed in Par t  I of this series, but  
the value of the diffusion coefficient obtained is lower than Barrer ' s  va lue  at 
25~ by a factor of two to three. Possible reasons for this discrepancy are 
discussed briefly. 

Recent  measurements  of the transmission of e lectro-  
lyrically deposited hydrogen  through pal ladium show 
some discrepancies. Wahl in  and Naumann  (1) find no 
dependence of the transmission rate  on thickness, L, of 
the meta l  using foils 5, 10, and 15 rail thick. Heath  (2) 
finds that  the transmission ra te  is inversely  propor-  
t ional  to L, as does Bar re r  (3) who calculated a value  
of D, the diffusion coefficient. Devana than  and S tachur-  
ski (4) have measured  the value  of D for hydrogen  in 
the a-alloy. The work  here  was inspired by an inves t i -  
gation of Schuldiner  and Hoare  (5) in which they re -  
port  that  the rate  of transmission is inverse ly  pro-  
port ional  to L 1/2. h t rue  dependence on L -1/~ cannot be 
rat ionalized on the basis of a simple Fick's  law (con- 
stant D; flow proport ional  to concentrat ion gradient)  
regardless  of wha t  phase boundary  reactions may  oc- 
cur. We therefore  decided to re invest igate  the exper i -  
ment  of Schuldiner  and Hoare. 

In brief, the exper iment  consists in depositing hy -  
drogen electrolyt ical ly  on one side, the entrance side, of 
a pal ladium membrane  cathode at a ra te  --i .  The other  
side, the exit  side, of the membrane  is in contact wi th  a 
solution of a strong oxidizing agent, such as Ce + 4. Any  
hydrogen which passes through the membrane  is pre-  
sumably oxidized by the Ce +4 solution. By measur ing 
the rate  of change of the normal i ty  of the ceric solu- 
tion the rate  of transmission of hydrogen,  -- j ,  can be 
calculated. For  convenience we express j as an equ iva-  
lent  electr ical  cur ren t  density. Values of j are meas-  
ured as a funct ion of i, the polarizing current  density, 
and L, the membrane  thickness. 

1 Present address: Marist College, Poughkeepsie, New York. 

Apparatus and Materials 
All  the exper iments  were  done in the Teflon cell 

shown in Fig. 1. The anode consists of a piece of 
br ight  pla t inum gauze, 6 in. x 1.25 in., folded several  
t imes to form a thick, na r row band; this gauze is 
mourLted on a heavy p la t inum wire  which extends 
through the cell wall.  The reference  electrode is a 
square of br ight  p la t inum gauze, 1 cm on a side, 
mounted  about midway  be tween  anode and cathode. 

Hydrogen 
inlet 

Main Body 
of Cell 

(Teflon) 

Cathode f Containing 
Unit 

(Teflon) 

I" 
I , l , I  

Platinum 
Anode 

Platinum 
Reference 

! !  Palladium 
Cathode 

Teflon ~ .  Washer 
Exit Opening for 
Diffused Hydrogen 

I 
Fig. 1. The cell 
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T h e  m e m b r a n e  c a t h o d e  is a c i r c u l a r  d i sk  cu t  f r o m  a 
s h e e t  of 99.8% p a l l a d i u m  ( B a k e r  & C o m p a n y ,  Inc . ) .  
W h e n  i n s t a l l e d  in  t h e  Tef lon  c a t h o d e  un i t ,  Fig.  1, t h e  
s u r f a c e  a r e a  of p a l l a d i u m  e x p o s e d  to t h e  e l e c t r o l y t e  in  
t h e  ce l l  is 0.72 cm 2. T h e  Tef lon  s u r f a c e s  in  d i r e c t  c o n -  
t a c t  w i t h  t h e  p a l l a d i u m  m e m b r a n e  w e r e  c o v e r e d  w i t h  
a v e r y  t h i n  l a y e r  of m e l t e d  p o l y e t h y l e n e .  A f t e r  a s -  
s e m b l y ,  t h e  c a t h o d e  u n i t  w as  h e a t e d  in  an  o v e n  to 
110~ w h e r e u p o n  t h e  p o l y e t h y l e n e  b e c a m e  s t i cky .  T h e  
u n i t  w a s  t h e n  s c r e w e d  t i g h t  a n d  a l l o w e d  to cool, t h u s  
p r o d u c i n g  a l e a k p r o o f  seal .  A t h i n  p l a t i n u m  w i r e  
c o v e r e d  w i t h  p o l y e t h y l e n e  p r o v i d e d  e l e c t r i c a l  c o n -  
t a c t  w i t h  t h e  p a l l a d i u m  c a t h o d e  f r o m  t he  ou t s i de  of 
t h e  cell.  

T h e  p o l a r i z i n g  c u r r e n t  w a s  p r o v i d e d  b y  a 300v d - c  
r e g u l a t e d  p o w e r  s u p p l y  in  se r i e s  w i t h  a p p r o p r i a t e  
r e s i s t o r s  a n d  w a s  m e a s u r e d  b y  a W e s t o n  M o d e l  901 
m i l l i a m m e t e r .  P o t e n t i a l  d i f f e r ences  w e r e  m e a s u r e d  b y  
a n  L&N p H  I n d i c a t o r ,  M o d e l  7664-A1, a n d  r e c o r d e d  b y  
a n  L&N S p e e d o m a x  H r e c o r d e r ,  M o d e l  S. T h e  p o t e n -  
t i a l  of t h e  p a l l a d i u m  c a t h o d e  w a s  m e a s u r e d  r e l a t i v e  to  
t h e  p l a t i n u m  r e f e r e n c e  e l ec t rode .  

T r i p l y  d i s t i l l ed  w a t e r ,  t w o  d i s t i l l a t i o n s  i n  a q u a r t z  
st i l l ,  w a s  u s e d  fo r  p r e p a r i n g  a l l  s o l u t i o n s  a n d  fo r  r i n s -  
i ng  a n d  c l e a n i n g  t h e  cell.  T h e  w a t e r  a n d  t h e  s o l u t i o n s  
w e r e  s t o r e d  in  a g e d  p o l y e t h y l e n e  b o t t l e s  a n d  l a t e r  
in  q u a r t z  f lasks.  E l e c t r o l y t i c  g r a d e  h y d r o g e n  w a s  b u b -  
b l ed  t h r o u g h  t h e  e n t r a n c e  c o m p a r t m e n t  of t h e  cell.  
T h e  h y d r o g e n  p u r i f i c a t i o n  t r a i n  c o n t a i n e d :  a D e - O x o  
un i t ,  s i l ica  gel, c o p p e r  t u r n i n g s  a t  400~ Asca r i t e ,  
s i l ica  gel, p a l l a d i z e d  asbes tos ,  a n d  a l i q u i d  n i t r o g e n  
t r ap .  Mass  s p e c t r o m e t r i c  a n a l y s i s  of t h e  h y d r o g e n  i s -  
s u i n g  f r o m  t h e  t r a i n  s h o w e d  t h e  p r e s e n c e  of h y d r o g e n  
a n d  w a t e r  only .  

A f t e r  e a c h  e x p e r i m e n t  t h e  ce l l  w a s  d i s a s s e m b l e d  a n d  
r i g o r o u s l y  c l eaned .  T h e  Tef lon  p a r t s  w e r e  s c r a p e d  f r e e  
of p o l y e t h y l e n e  a n d  c l e a n e d  in  h o t  n i t r i c  acid.  A f r e s h  
p iece  of p a l l a d i u m ,  c l e a n e d  b y  f l a m i n g  in  a M e k e r  
b u r n e r ,  w a s  u s e d  i n  e a c h  e x p e r i m e n t .  A f t e r  a s s e m b l y  
t h e  ce l l  w a s  r i n s e d  s e v e r a l  t i m e s  w i t h  t r i p l y  d i s t i l l ed  
w a t e r  o v e r  a p e r i o d  of 1-2 hr .  F i n a l l y  t h e  ce l l  w a s  
r i n s e d  w i t h  2N H2SO4 a n d  fi l led w i t h  a b o u t  25 cc of 
2N H2SO4. T h e  s o l u t i o n  a n d  e l e c t r o d e s  w e r e  t h e n  
c l e a n e d  b y  p r e - e l e c t r o l y s i s  a t  50 m a  fo r  a p e r i o d  of 12 
hr .  A r e m o v a b l e  p l a t i n u m  gauze  e l e c t r o d e  s e r v e d  as 
t he  p r e - e l e c t r o l y s i s  c a thode .  

Experiments with Oxidizing Agents 
In  t h e  e x p e r i m e n t s  w i t h  cer ic  ion  on  t h e  ex i t  s ide  

of t h e  m e m b r a n e ,  t h e  b a s e  of t h e  ce l l  w a s  s u b m e r g e d  
in  a s h a l l o w  d i sh  c o n t a i n i n g  0.05M C e ( S O 4 ) 2  so lu -  
t i on  in  2N H2SO4. T h e  a i r  b u b b l e  t r a p p e d  in  t h e  c a v i t y  
w a s  r e m o v e d ,  a n d  t h e  ce r ic  s o l u t i o n  w a s  s t i r r e d  r a p i d l y  
w i t h  a m a g n e t i c  s t i r r e r .  T h e  v e r t i c a l  a r r a n g e m e n t  of 
t he  t w o - c o m p a r t m e n t  ce l l  h a s  t h e  a d v a n t a g e  o v e r  
t h a t  u s e d  b y  S c h u l d i n e r  a n d  H o a r e  in  t h a t  h y d r o g e n  
b u b b l e s  e scape  eas i ly  f r o m  t h e  e n t r a n c e  f ace  of t h e  
d i a p h r a g m .  

S c h u l d i n e r  a n d  H o a r e  o b s e r v e d  a n  i n c r e a s e  in  p e r -  
m e a t i o n  r a t e  w i t h  p o l a r i z a t i o n  c u r r e n t  dens i t y ,  t h e n  a 
s l i g h t  d e c r e a s e  a t  h i g h e r  c u r r e n t  d e n s i t i e s  of t h e  o r d e r  
of 100 m a / c m  2. W e  o b s e r v e  s o m e t h i n g  s i m i l a r  b u t  
r a t h e r  m o r e  d r a m a t i c .  T h e  r e s u l t s  a r e  s h o w n  in  Fig.  2, 
w h i c h  p lo t s  --j vs..--i; t h e  s igns  of j a n d  i a r e  t a k e n  as 
n e g a t i v e  fo r  m a t h e m a t i c a l  c o n v e n i e n c e .  W e  also o b -  
s e r v e  t h a t  a t  t h e  h i g h  c u r r e n t  d e n s i t i e s  w h e r e  t h e  f a l l  
off in  t r a n s m i s s i o n  occurs ,  ga seous  h y d r o g e n  is e v o l v e d  
r a p i d l y  on  t h e  e x i t  s ide  of t h e  ca thode .  S i n c e  t h e  t r a n s -  
m i s s i o n  r a t e  is c a l c u l a t e d  f r o m  t h e  c h a n g e  in  n o r m a l i t y  
of t h e  ce r ic  so lu t ion ,  t h i s  gaseous  h y d r o g e n  is n o t  
c o u n t e d  a n d  t h e r e  is a n  a p p a r e n t  d e c r e a s e  in  r a t e  of 
t r a n s m i s s i o n .  

T h e  f i rs t  r e s u l t s  w e  o b t a i n e d  w e r e  h i g h l y  e r r a t i c .  
( S c h u l d i n e r  a n d  H o a r e  m e n t i o n  a n  a v e r a g e  e r r o r  of 
•  i n  c o n s e c u t i v e  t i t r a t i o n s  of t h e  ce r ic  s o l u t i o n  a t  
1000 sec  i n t e r v a l s ;  t h e i r  a v e r a g e  e r r o r  w a s  •  i n  
c h e c k  r u n s  o v e r  t h e  t o t a l  t i m e  p e r i o d  a t  o n e  c u r r e n t  
d e n s i t y . )  A f t e r  o b s e r v i n g  t r a p p e d  h y d r o g e n  b u b b l e s  o n  
t h e  ex i t  s ide  w e  a d d e d  c e r o u s  ion  to t h e  cer ic  s o l u t i o n  
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Fig. 2. j vs. i with oxidizing agents on the diffusion side. L = 
0.003 in.; D , . ,  Ce+4; C), A, S20s =. 

to see  if  t h e  a c c u m u l a t i o n  of ce rous  i on  i n h i b i t s  t h e  
o x i d a t i o n  of t h e  h y d r o g e n .  I t  a p p e a r s  n o t  to h a v e  s u c h  
a n  effect.  W e  t h e n  d e v i s e d  a s i m p l e  p u m p  u s i n g  a h y p o -  
d e r m i c  s y r i n g e  o p e r a t e d  b y  a so l eno id  c o n t r o l l e d  b y  a 
t i m i n g  device .  T h i s  p u m p  c o u l d  s u p p l y  cer ic  i on  f r o m  
t h e  b o d y  of t h e  s o l u t i o n  to t h e  f ace  of t h e  m e m b r a n e  
a t  t h e  r a t e  of  1-2 cc in  10 sec. W e  also u s e d  a s a t u r a t e d  
s o l u t i o n  of ce r ic  s u l f a t e  i n  2N H2SO4. U n d e r  t h e s e  c o n -  
d i t i ons  t h e  e x p e r i m e n t  is m u c h  m o r e  r e p r o d u c i b l e ,  a n d  
m u c h  h i g h e r  t r a n s m i s s i o n  r a t e s  a r e  o b t a i n e d .  I t  is t h e s e  
r e s u l t s  w h i c h  a r e  s h o w n  in  Fig.  2. W e  u s e d  a s t r o n g e r  
o x i d i z i n g  agen t ,  p e r s u l f a t e  ion, in  s o m e  cases.  T h e  r e -  
s u l t  is s u b s t a n t i a l l y  t h e  s a m e .  T h e  d i f f e r ences  in  Fig.  2 
w e  a t t r i b u t e  to  t h e  c r u d e  d e s i g n  of o u r  h y p o d e r m i c  
p u m p  w h i c h  d id  n o t  f u n c t i o n  w i t h  t h e  s a m e  e f f ec t i ve -  
ness  in  a l l  t h e  r u n s .  

S i n c e  w e  f ind t h a t  t h e  t r a n s m i s s i o n  r a t e  w h i c h  w e  
m e a s u r e  d e p e n d s  e s s e n t i a l l y  on  t h e  r a t e  a t  w h i c h  cer ic  
ion  c a n  b e  s u p p l i e d  to t h e  p a l l a d i u m  su r f ace ,  w e  a re  
f o r c e d  to t h e  c o n c l u s i o n  t h a t  t h i s  e x p e r i m e n t  does  n o t  
t e l l  us  a n y t h i n g  a b o u t  t h e  t r a n s m i s s i o n  of h y d r o g e n  
t h r o u g h  p a l l a d i u m  e x c e p t  t h a t  i t  is too r a p i d  to  b e  
m e a s u r e d  in  t h i s  way .  A n d  w e  b e l i e v e  t h a t  t h e  s a m e  
c o n c l u s i o n  m u s t  b e  d r a w n  f r o m  t h e  r e s u l t s  of S c h u l d i -  
n e r  a n d  Hoare .  F i g u r e  2 s h o w s  t h a t  f o r  a 0.003 in.  foi l  
a t  23~ e s s e n t i a l l y  a l l  of  t h e  d e p o s i t e d  h y d r o g e n  is 
t r a n s m i t t e d  u p  to a c u r r e n t  d e n s i t y  of 20 m a / c m  ~ a t  
w h i c h  p o i n t  t h e  t r a n s p o r t  of cer ic  ion  to t h e  m e m b r a n e  
su r f ace ,  e v e n  w i t h  o u r  v e r y  e f fec t ive  s t i r r i n g ,  c a n n o t  
k e e p  u p  w i t h  t h e  h y d r o g e n  t r a n s p o r t  t h r o u g h  t h e  m e m -  
b r a n e ,  a n d  h y d r o g e n  gas  c o m m e n c e s  to b e  evo lved .  In  
S c h u l d i n e r  a n d  H o a r e ' s  e x p e r i m e n t s  t h e  m a x i m u m  
t r a n s m i s s i o n  t h r o u g h  a t h i n n e r  (0.001 in . )  m e m b r a n e  a t  
37~ w a s  o n l y  12.8 m a / c m  2. Th i s  sugges t s  t h a t  t h e i r  
m e t h o d  of s t i r r i n g  (a  " m o d e r a t e "  f low of h e l i u m )  w a s  
no t  as e f fec t ive  as ours ,  a n d  t h a t  m o l e c u l a r  h y d r o g e n  
e s c a p e d  u n n o t i c e d  f r o m  t h e  e x i t  face.  I n  t h e i r  cel l  i t  
w o u l d  b e  di f f icul t  to  n o t i c e  h y d r o g e n  e v o l u t i o n  f r o m  
t h e  e x i t  f ace  of  t h e  foil,  w h i l e  i n  ou r  a r r a n g e m e n t  t h e  
gas  is t r a p p e d  a n d  cou ld  n o t  e s c a p e  no t i ce .  C o n s e -  
q u e n t l y ,  w e  s u g g e s t  t h a t  t h e  d e p e n d e n c e  t h e y  r e p o r t  of 
t h e  t r a n s m i s s i o n  r a t e  on  L -1/2 is a n  a c c i d e n t a l  r e s u l t  of 
a s y s t e m a t i c  e r r o r  in  t h e i r  e x p e r i m e n t .  

S c h u l d i n e r  a n d  H o a r e  r u l e  ou t  t h e  p o s s i b i l i t y  t h a t  a 
l i m i t i n g  d i f fus ion  c u r r e n t  of ce r ic  ion  is o p e r a t i v e  in  
t h e i r  e x p e r i m e n t ,  s i nce  if  i t  w e r e  t h e  m a x i m u m  t r a n s -  
m i s s i o n  s h o u l d  n o t  d e p e n d  o n  t h i c k n e s s .  T h i s  is q u i t e  
t r u e ;  h o w e v e r ,  t h e  t h i c k n e s s  ef fec t  w h i c h  t h e y  ob -  
s e r v e  is a p e c u l i a r  one  a n d  fo rces  t h e m  to c o n c l u d e  
t h a t  F i c k ' s  l a w  does  n o t  h o l d  a n d  t h a t  t h e  d i f fus ion  
c o n s t a n t  d e p e n d s  on  t h e  t h i c k n e s s  of t h e  m e m b r a n e .  
O u r  e x p e r i m e n t s ,  d e s c r i b e d  b e l o w  a n d  in  P a r t  III ,  i n -  
d i ca t e  t h a t  F i c k ' s  l a w  does  app ly .  

Experiments with Hydrogen Gas on the Exit Side 
To m e a s u r e  t h e  t r a n s m i s s i o n  of h y d r o g e n  t h r o u g h  

t h e  foil ,  a s h o r t  g lass  c a p i l l a r y  d e l i v e r y  t u b e  w a s  
s e a l e d  w i t h  m o l t e n  p o l y e t h y l e n e  to t h e  e x i t  o p e n i n g  
of  t h e  ce l l  o n  t h e  ex i t  side.  T h e  b o t t o m  of t h e  cel l  w a s  
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i m m e r s e d  in  a r e s e r v o i r  of t r i p l y  d i s t i l l e d  w a t e r ;  a 
w a t e r - f i l l e d ,  t h e r m o s t a t e d  (32.2 ~ _ 0.1 ~ gas  b u r e t  was  
i n v e r t e d  o v e r  t h e  o p e n i n g  of t h e  d e l i v e r y  tube .  Th i s  
a l l o w e d  t h e  m e a s u r e m e n t  of t h e  d i f fu sed  h y d r o g e n  to  
b e  m a d e  v o l u m e t r i c a l l y .  No a t t e m p t  w a s  m a d e  to  
t h e r m o s t a t  t h e  ce l l  i t s e l f  b e c a u s e  of t h e  h e a t i n g  ef fec t  
of t h e  c u r r e n t  a n d  t h e  p o o r  t h e r m a l  c o n d u c t i v i t y  of t h e  
Teflon.  T h e  a v e r a g e  t e m p e r a t u r e  of  t h e  ce l l  w as  a b o u t  
23~ 

I m m e d i a t e l y  f o l l o w i n g  t h e  i n t e r r u p t i o n  of t h e  p r e -  
e l e c t ro ly s i s  c u r r e n t ,  t h e  p a l l a d i u m  d i a p h r a g m  w a s  
m a d e  t h e  c a t h o d e  a t  a c u r r e n t  d e n s i t y  of 10 m a / c m  2. 
H y d r o g e n  was  b u b b l e d  v i g o r o u s l y  t h r o u g h  t h e  cell,  a n d  
t h e  r e c o r d e r  t r a c e  of t h e  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  
t h e  p l a t i n u m  r e f e r e n c e  e l e c t r o d e  a n d  t h e  p a l l a d i u m  
m e m b r a n e  w a s  o b s e r v e d .  A t  f i rs t  t h e  t r a c e  d r i f t s  
s m o o t h l y  a n d  v e r y  s l o w l y  in  a n e g a t i v e  d i r ec t i on .  F i -  
na l ly ,  a t  a b o u t  t h e  s a m e  t i m e  as h y d r o g e n  first  a p p e a r s  
in  t h e  d e l i v e r y  tube ,  t h e  p o t e n t i a l - t i m e  t r a c e  b e c o m e s  
a j a g g e d  l ine ,  i n d i c a t i n g  t h e  f o r m a t i o n  a n d  r e l e a s e  of 
b u b b l e s  on  t h e  e n t r a n c e  side.  F r o m  t h e n  on, i m m e d i -  
a t e l y  f o l l o w i n g  r e l e a s e  of t h e  b u b b l e  f r o m  t h e  c a t h o d e  
t h e  p o t e n t i a l  r e m a i n e d  a t  v e r y  n e a r l y  t h e  s a m e  v a l u e .  
T h e  t i m e  r e q u i r e d  to r e a c h  t h i s  s t e a d y  s t a t e  v a r i e d  
f r o m  a n  a v e r a g e  of 3 h r  fo r  t h e  0.003-in.  fo i ls  to  13 
h r  for  t h e  0.020-in.  foils.  M e a s u r e m e n t s  w e r e  n o t  b e -  
g u n  u n t i l  t h i s  s t e a d y  s t a t e  h a d  b e e n  r e a c h e d .  

A t  t h e  i n s t a n t  of r e l e a s e  of a b u b b l e  f r o m  t h e  
d e l i v e r y  t u b e  a s t o p w a t c h  w as  s t a r t e d .  B e f o r e  t h e  
e v o l u t i o n  of t h e  n e x t  b u b b l e ,  t h e  b u r e t  v o l u m e ,  t h e  
w a t e r  l eve l s  in  t h e  b u r e t  a n d  r e s e r v o i r ,  a n d  t h e  a t m o s -  
p h e r i c  p r e s s u r e  w e r e  m e a s u r e d .  I n  t h e  t i m e  i n t e r v a l  
r e q u i r e d  fo r  t h e  e v o l u t i o n  of a b o u t  1 cc of gas, t h e  
p o l a r i z a t i o n  c u r r e n t  a n d  t h e  o v e r p o t e n t i a l  w e r e  r e -  
co rded .  T h e  s t o p w a t c h  w a s  s topped ,  a g a i n  a t  t h e  i n -  
s t a n t  of r e l e a s e  of a b u b b l e .  T h e  b u r e t  v o l u m e  a n d  t h e  
w a t e r  l e v e l s  in  b u r e t  a n d  r e s e r v o i r  w e r e  r e c o r d e d .  
F r o m  t h e s e  d a t a  t h e  h y d r o g e n  t r a n s m i s s i o n  in  t h e  t i m e  
i n t e r v a l  c o u l d  b e  e x p r e s s e d  as a n  e q u i v a l e n t  c u r r e n t  
dens i t y ,  - - j .  F o u r  succes s ive  m e a s u r e m e n t s  of t h i s  so r t  
w e r e  t a k e n  a t  e a c h  c u r r e n t  dens i ty .  T h e  m e a n  d e v i a -  
t ion  in  m o s t  cases  w a s  w i t h i n  --+5%. 

T h e n  t h e  p o l a r i z a t i o n  c u r r e n t  w a s  i n c r e a s e d  a n d  a 
p e r i o d  of a b o u t  30 m i n  a l l o w e d  to e s t a b l i s h  t h e  n e w  
s t e a d y  s ta te .  B y  t h e  e n d  of t h i s  p e r i o d  t h e  o v e r p o t e n -  
t i a l  h a d  b e e n  s t e a d y  fo r  a t  l e a s t  20 m i n .  

I n  c o m p a n y  w i t h  e a r l i e r  i n v e s t i g a t o r s  w e  w e r e  
p l a g u e d  b y  l a ck  of r e p r o d u c i b i l i t y  i n  succes s ive  m e a s -  
u r e m e n t s  on  t h e  s a m e  foil. If, a f t e r  m e a s u r i n g  - - j  a t  a 
s e r i e s  of  p o l a r i z a t i o n  c u r r e n t  dens i t i e s ,  o n e  a t t e m p t s  to  
b e g i n  a g a i n  a t  l o w  c u r r e n t  d e n s i t i e s  a n d  r e p e a t  t h e  
s e r i e s  on  t h e  s a m e  foil, t h e  r e p r o d u c i b i l i t y  is no t  good.  
N o r  does  t h e  b e h a v i o r  a p p e a r  to a p p r o a c h  a l i m i t  a f t e r  
a n u m b e r  of r e p e t i t i o n s  of t h e  se r i e s  of m e a s u r e m e n t s .  
A n o d i c  a c t i v a t i o n  of t h e  e n t r a n c e  s ide  of t h e  fo i l  b e -  
t w e e n  se r i e s  of m e a s u r e m e n t s  a p p e a r s  to  a c t i v a t e  t h e  
foi l  i n  a n  i r r e p r o d u c i b l e  w a y .  

R e a s o n a b l y  r e p r o d u c i b l e  r e s u l t s  w e r e  o b t a i n e d  b y  
u s i n g  a f r e s h  p a l l a d i u m  d i sk  fo r  e a c h  se r i e s  of m e a s -  
u r e m e n t s .  T h e  d i sk  w as  f l a m e d  in  a M e k e r  b u r n e r ,  t h e n  
sea l ed  in  t h e  c a t h o d e  u n i t  a n d  t r e a t e d  in  t h e  m a n n e r  
d e s c r i b e d  fo r  t h e  m e a s u r e m e n t s  w i t h  ce r ic  su l fa te .  
E v e n  w i t h  t h i s  c o n s i s t e n t  m e t h o d ,  a b o u t  one  r u n  in  
f o u r  b e h a v e d  d i f f e r en t l y .  T h e  o v e r v o l t a g e  w a s  s u b -  
s t a n t i a l l y  h i g h e r  a t  l ow c u r r e n t  d e n s i t i e s  a n d  t h e  
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Fig. 4. (di /dj)o vs. L. (di /di)o = 1.20 + 36.3L 

t r a n s m i s s i o n  w a s  s u b s t a n t i a l l y  l ower .  U s i n g  t h e  o v e r -  
v o l t a g e  a t  t h e  l o w e s t  c u r r e n t  d e n s i t y  as a c r i t e r i o n  of  
t h e  s u r f a c e  c o n d i t i o n ,  m e a s u r e m e n t s  w e r e  r e j e c t e d  i f  
t h e  o v e r v o l t a g e  a t  t h e  l o w e s t  c u r r e n t  d e n s i t y  d id  n o t  
l ie  b e t w e e n  80 a n d  90 mv .  ( S i n c e  t h e  m e a s u r e d  o v e r -  
v o l t a g e  c o n t a i n e d  a n  IR d r o p  w e  do  n o t  a t t e m p t  to  
i n t e r p r e t  i t  t h e o r e t i c a l l y . )  

R e s u l t s  a r e  g i v e n  i n  T a b l e  I a n d  in  Fig.  3. I n  Fig.  3 
t h e  p o i n t s  a r e  t h e  a v e r a g e  v a l u e s  of t h e  t h r e e  m e a s -  
u r e m e n t s  in  t h e  t a b l e .  A t  h i g h  c u r r e n t  dens i t i e s ,  a s u s -  
t a i n e d  p l a t e a u  v a l u e  of j is a t t a i n e d .  W e  do n o t  o b -  
s e r v e  a n y  d e c r e a s e  in  j a t  h i g h  c u r r e n t  d e n s i t i e s  as in  
t h e  e x p e r i m e n t s  w i t h  ce r ic  su l fa t e .  T h e  i n i t i a l  p o r t i o n  
of t h e  c u r v e  is n o t  too w e l l  de f ined  b e c a u s e  of c o m -  
p a r a t i v e l y  l a r g e  r e l a t i v e  e r ro r s ,  b u t  a p p e a r s  to  be  
l i nea r .  B o t h  t h e  i n i t i a l  s lope ,  (dj/di)o, a n d  t h e  p l a t e a u  
va lue ,  3m, d e c r e a s e  w i t h  i n c r e a s i n g  fo i l  t h i c k n e s s ,  L. 

F r o m  t h e  t r e a t m e n t  i n  P a r t  I w e  e x p e c t  t h e  r e c i p -  
roca l  of t h e  i n i t i a l  s lope  a n d  t h e  r e c i p r o c a l  of  - - jm to  
b e  l i n e a r  f u n c t i o n s  of t h e  d i a p h r a g m  t h i c k n e s s .  T h e s e  
p lo t s  a r e  s h o w n  in  Fig.  4 a n d  5. I n  b o t h  cases  t h e  
l i n e a r i t y  is good.  T h e  e q u a t i o n s  of  t h e  l ines  in  Fig.  4 
a n d  5, d e t e r m i n e d  b y  a l e a s t  s q u a r e s  fit, a r e  

(di/dj)o = 1.20 + 36.3 L [1] 

Table I. Transmission rate, - -  j(ma/cm2), as a function of the polarization current d e n s i t y , -  i(ma/cm2), and of L(in). 

-- 0.003 in .  0 .005 in .  O.OlO in .  0 .020 in .  

10.0 
15.0 
20.0 
25.0 
30.6 
50.0 
70.0 
93.0 

7.1 6.7 6.4 
10.3 10.5 9.2 
12.3 11.4 12.0 
13.7 14.3 14.0 
15.4 18.1 14.8 

20.6  26.2 20.1 
19.7 25.5 20.0 

6.2 5,6 6.3 
9.9 8.4 9.6 

11.8 10.4 11.9 
13.2 11.2 - -  
14.9 12.1 - -  

19.1 16.~ 19.0 
18.5 18.8 19.3 

5.0 4.0 5.3 
6.9 6.3 7.8 
7.6 7.8 9.0 

10.1 
8~ 9~ 10.8 

- -  9.8 12.3 
9.3 10.8 12.5 
9.3 11.1 13.6 

3.8 3.5 2.0* 
4.8 4.5 4.2 
5.2 5.1 5.4 

- -  - -  5.8 

6.0 0.8 
7.6 6.4 7.2 
7.8 6.7 7.3 

* V a l u e  r e j e c t e d  i n  t h e  a v e r a g e .  
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Fig. 5. - - 1 / j m  vs. L. - - I / j m  = 28.4 + 2.24 X 103 L (cm2/amp) 

- -1 / jm  : 28.4 + 2.24(103) L [2] 

in w h i c h  i and  j a re  in a m p / c m  2 and  L is in cm. 

To i n t e r p r e t  Eq.  [1] and  [2] in t e r m s  of t he  e q u a -  
t ions d e v e l o p e d  in P a r t  I, w e  first use  t he  fac t  t ha t  the  
h y d r o g e n  e v o l v e d  on the  ex i t  side pushes  t he  w a t e r  ou t  
of the  c a p i l l a r y  tube  and  hence  the  ex i t  face  of t he  
m e m b r a n e  is in con tac t  w i t h  h y d r o g e n  gas. (This  is 
also d e m o n s t r a t e d  by the  absence  of  a n y  e lec t r i ca l  c o n -  
tac t  b e t w e e n  the  w a t e r  in  t h e  co l l ec t ing  b u r e t  and  t h e  
p a l l a d i u m  m e m b r a n e . )  Consequen t ly ,  t he  t r a n s p o r t  
of m o l e c u l a r  h y d r o g e n  f r o m  the  su r face  of t he  e x i t  
face  shou ld  be  v e r y  r ap id  and  t h e r e f o r e  w e  set  
1/i'3o ~ O. N e x t  we  t a k e  in  account  ev idence  f r o m  
o v e r v o l t a g e  m e a s u r e m e n t s  (6) and  f r o m  t h e  r a t e  of  
abso rp t ion  of h y d r o g e n  by  p a l l a d i u m  in  su l fur ic  acid  
(7),  t ha t  t he  r a t e  of c o m b i n a t i o n  of h y d r o g e n  a toms  
is v e r y  fas t  on the  e n t r a n c e  side; th is  enab les  us to set  
1/i2o ~ 0. These  a s sumpt ions  app l i ed  to Eq.  [16] of 
P a r t  I, r e d u c e  it  to 

( ) d i  i9_~o -~ 2i3o 2 i 3 o +  2i3oL 

-~? o = 1 ~- i'2o /40 ~ ~- Uo ( 1 - -  Uo) rDcm 
[3] 

We  n e x t  e x a m i n e  two  cases in order .  
Case  1: P e n e t r a t i o n  and ex i t  a r e  m u c h  f a s t e r  t h a n  

c o m b i n a t i o n  on the  ex i t  side. 
In  this  case w e  m a y  neg lec t  t he  t h i rd  and  f o u r t h  

t e rms  on the  r i gh t  of Eq.  [3] and  i t  becomes  

( d _ _ ~ j )  i3___% 2i8oL 

o =  1 ~- i'2o ~- [4] U o ( 1 -  uo) FDcm 

C o m p a r i n g  this  e q u a t i o n  w i t h  Eq.  [1], we  ob ta in  t he  
two  re la t ions :  

i.~o/i'2o : 0.20 and 8.65(10-4)i3o/D : 36.3 

in w h i c h  the  e q u i l i b r i u m  H / P d  ra t io ,  uo ~ 0.69, and  
the  va lues  c,n : 0.112 moles / cc ,  F : 96,500 c o u l o m b s /  
e q u i v  h a v e  b e e n  used.  C o m p a r i s o n  of Eq.  [22] in P a r t  I, 
wh ich  gives  the  v a l u e  of - -1/ jm,  w i t h  Eq. [2] above  
y ie lds  t he  t w o  re la t ions  

8o2/i'2o ~ 28.4 and 4.13(10 -4 )  (1 - -  6o)/6oD ~ 2.24(10 '~) 

These  f o u r  r e l a t ions  y i e ld  t he  va lues :  6 o :  0.68; 
D : 0.87(10 -7)  cm2/sec;  i'2o = 16 ma /cm2 ;  i~o ~ 3.2 
m a / c m  2. Of these  v a l u e s  w e  m a y  say  tha t  t he  v a l u e  
of 6o is no t  u n r e a s o n a b l e ;  the  v a l u e  of i3o is p r o b a b l y  
too l a rge  by  at  leas t  a fac to r  of 5 to 10 if i t  r e p r e s e n t s  
a diffusion c u r r e n t  bu t  is p r o b a b l y  m u c h  too sma l l  if  i t  
can r e p r e s e n t  t r a n s f e r  in t he  p r e s e n c e  of  b u b b l e  
fo rma t ion .  The  v a l u e  of D is a f ac to r  3 sma l l e r  t h a n  
B a r r e r ' s  (1) v a l u e  of 2.74(10 -7)  cm2/sec  at 25~ t h e  
v a l u e  of i'2o m a y  or m a y  no t  be  reasonab le .  I t  is c e r -  
t a in ly  m u c h  s m a l l e r  t h a n  the  va lue ,  280 m a / c m  2, 
wh ich  can  be  ca l cu la t ed  a s suming  6o : 0.68 f r o m  t h e  
exp re s s ion  g i v e n  by  Kazansk i i  et al. (8) for  t he  d i s -  
sociat ion ve loc i t y  constant .  
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Case 2. P e n e t r a t i o n  and ex i t  a r e  s low c o m p a r e d  to 
c o m b i n a t i o n  on the  ex i t  side. 
In  this  case, if  w e  a s sume/4o  ~ i'4o, Eq.  [3] becomes  

( d_~j  ) : 1 +  4i3o ~- 2i3o L 

o ~4o uo(1 - -  uo)FDcm 
[5] 

C o m p a r i n g  this  equa t i on  w i t h  Eq.  [1] above,  we  ob -  
t a in  t h e  r e l a t ions  

4i~o/i4o ~ 0.20 and  8.65 (10-4)  i3o/D z 36.3 

C o m p a r i n g  Eq. [23] in P a r t  I w i t h  Eq.  [2] above,  we  
ob ta in  t he  r e l a t ions  

(6o -]- Uo)/i4o = 28.4 and  2 . 9 8 ( 1 0 - 4 ) / D  = 2.24(103). 

These  fou r  r e l a t ions  y ie ld  i m m e d i a t e l y :  D : 1.3 (10-7)  
cm2/sec;  eo ~ 2.49; /40 ~ 112 m a / c m 2 ;  i3o : 5.6 m a / c m  2. 
Again ,  t he  v a l u e  of i3o seems  too large.  T h e  v a l u e  of D 
is ha l f  of B a r r e r ' s  v a l u e  at 25~ The  v a l u e  of i4o m a y  
w e l l  be  correct .  The  v a l u e  of 6o is, of course,  p r e -  
pos terous .  H o w e v e r ,  6o depends  c r i t i ca l ly  on the  i n t e r -  
cep t  in Eq.  [ 1] m i n u s  uni ty .  S ince  this  i n t e r c e p t  is no t  
g r ea t l y  d i f fe ren t  f r o m  uni ty ,  and  s ince t h e  in i t i a l  
s lopes  a r e  no t  too we/1 def ined a n y w a y ,  t he  e x p e r i -  
m e n t a l  e r ro r s  w i l l  t end  to m a k e  r a t h e r  l a r g e  e r ro rs  
in 6~ W i t h o u t  d a m a g i n g  the  fit w i t h  t he  data,  t he  l ine  
in Fig.  4 cou ld  be  ro t a t ed  s l igh t ly  ( c lockwise )  and  60 
b r o u g h t  in to  the  r e a l m  of rea l i ty .  In  o the r  words ,  the  
da ta  a re  not  incons i s ten t  w i t h  6o : 1.0; /4o = 60 m a /  
cm2; i3o : 4.5 ma / cm2 ;  and  the  s a m e  v a l u e  of D as 
above.  

W i t h o u t  a s tudy  of  t he  p r e s su re  d e p e n d e n c e  of t h e  
s lopes and  in t e r cep t s  of t he  l ines  in  Fig.  4 and  5, i t  is 
no t  poss ible  to choose b e t w e e n  these  two  cases. T h e  
da ta  e v e n  seem to sugges t  tha t  ne i t he r  is correct ,  b u t  
a s i tua t ion  i n t e r m e d i a t e  b e t w e e n  the  two  exis ts  in the  
sys tem.  Bo th  types  of behav io r ,  in d i f fe ren t  e x p e r i -  
m e n t a l  c i rcumstances ,  h a v e  b e e n  o b s e r v e d  by  W a g -  
n e r  (9).  The  p r e s su re  and t e m p e r a t u r e  d e p e n d e n c e  of  
the  t r ansmis s ion  a re  p r e s e n t e d  in P a r t  III.  
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A B S T R A C T  

A n  i n v e s t i g a t i o n  of t h e  p r e s s u r e  a n d  t e m p e r a t u r e  d e p e n d e n c e  of t h e  m a x i -  
m u m  r a t e  of t r a n s m i s s i o n  of h y d r o g e n  t h r o u g h  p a l l a d i u m  is d e s c r i b e d .  T h e  
p r e s s u r e  d e p e n d e n c e  i n  t h e  r a n g e  f r o m  0.329 to 1 a t m  i n d i c a t e s  t h a t  t h e  p e n e -  
t r a t i o n - e x i t  r e a c t i o n ,  H(ads) ~ H ( b u l k ) ,  is t h e  s l o w e s t  s u r f a c e  r e a c t i o n ,  b u t  is 
n o n e t h e l e s s  v e r y  f a s t  h a v i n g  a n  e x c h a n g e  c u r r e n t  d e n s i t y  of a b o u t  0.8 a m p /  
cm 2 a t  1 a t m  p r e s s u r e .  F r o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  i t  is f o u n d  t h a t  a t  
t e m p e r a t u r e s  s l i g h t l y  b e l o w  r o o m  t e m p e r a t u r e  t h e  d i f fus ion  coeff ic ient  c a n  b e  
r e p r e s e n t e d  b y  D z 0.0260 exp  (--6800/RT)cm2/sec. 

T h e  i n v e s t i g a t i o n s  r e p o r t e d  in  P a r t s  I a n d  II, (1, 2) ,  
s h o w  t h a t  i t  is n e c e s s a r y  to m e a s u r e  t h e  r a t e  of t r a n s -  
m i s s i o n  of h y d r o g e n  as a f u n c t i o n  of t h e  h y d r o g e n  
p r e s s u r e  on  t h e  ex i t  s ide  of t h e  m e m b r a n e  to o b t a i n  
a m o r e  c o m p l e t e  c h a r a c t e r i z a t i o n  of t h e  m e c h a n i s m .  
I n  t h i s  p a p e r ,  t h e  d e p e n d e n c e  of t h e  r a t e  of t r a n s m i s -  
s ion on  p r e s s u r e  a n d  t e m p e r a t u r e  as w e l l  as on  m e m -  
b r a n e  t h i c k n e s s  is d e s c r i b e d .  I n  t h e  e x p e r i m e n t s  d e -  
s c r i b e d  he re ,  t h e  e n t r a n c e  c o m p a r t m e n t  of t h e  cel l  
c o n t a i n s  2N H 2 8 0 4  s a t u r a t e d  w i t h  h y d r o g e n  gas  a t  1 
a t m  p r e s s u r e .  T h e  ex i t  c o m p a r t m e n t  c o n t a i n s  h y d r o g e n  
gas  a t  a r b i t r a r y  p r e s s u r e s  ( b e l o w  1 a t m ) .  

Apparatus and Materials 
T h e  cel l  u s e d  h e r e  w as  s i m i l a r  to t h a t  u s e d  in  t h e  

w o r k  d e s c r i b e d  in  P a r t  II.  T h e  p a l l a d i u m  m e m b r a n e  
w a s  h e l d  in  t h e  u n i t  s h o w n  in  Fig.  1. T h i s  u n i t  fits 
i n to  t h e  p o s i t i o n  of t h e  c a t h o d e  u n i t  of t h e  cel l  d e -  
s c r i b e d  in  P a r t  II. In  t h i s  a r r a n g e m e n t  t h e  p a l l a d i u m  
d i sk  is c l a m p e d  b e t w e e n  t w o  p ieces  of Tef lon  b y  a b r a s s  
f i t t ing.  T h e  p a l l a d i u m  is cu t  l a r g e  e n o u g h  so t h a t  i t  
m a k e s  e l e c t r i c a l  c o n t a c t  w i t h  t h e  b ra s s .  T h e  l o w e r  p iece  
of b r a s s  is s o l d e r e d  to a K o v a r  m e t a l - t o - g l a s s  sea l  
w h i c h  is in  t u r n  c o n n e c t e d  to a c o n s t a n t  p r e s s u r e  sy s -  
t e m  b y  a Tef lon  O - r i n g  connec t i on .  T h i s  a r r a n g e m e n t  
p r o v i d e s  t i g h t  e n o u g h  sea l s  to h o l d  a v a c u u m  of 10 -3 
m m  o v e r  t he  p e r i o d  of a d a y  or  more .  T h e  e n t i r e  ce l l  
is i m m e r s e d  in  a t h e r m o s t a t  c o n t r o l l e d  to _+0.1~ 

T h e  c o n s t a n t  p r e s s u r e  s y s t e m  on t h e  ex i t  s ide  c o n -  
t a i n e d  a m a n o m e t e r ,  a t h e r m o s t a t e d  12 l i t e r  b a l l a s t  
bu lb ,  a t h e r m o s t a t e d  gas  b u r e t ,  a p p r o p r i a t e  a r r a n g e -  
m e n t s  to c h a n g e  m e r c u r y  l eve l s  to  k e e p  t h e  p r e s s u r e  
c o n s t a n t ,  a n d  a d r y  i c e - a c e t o n e  t r a p  to  p r e v e n t  access  
of m e r c u r y  v a p o r  to  t h e  p a l l a d i u m .  T h e  s y s t e m  c o u l d  
be  e v a c u a t e d .  F r o m  t h e  m e a s u r e d  c h a n g e  of v o l u m e  of 

1 Pre~ent address: St. Anselm's College, Manchester, New Hamp- 
shire. 
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Fig. 1. Cathode unit 

h y d r o g e n  a t  t h e  c o n s t a n t  p r e s s u r e  in  a speci f ied  t i m e  
i n t e r v a l ,  t h e  r a t e  of t r a n s m i s s i o n  can  be  ca l cu l a t ed .  

T h e  o t h e r  i n s t r u m e n t s  u s e d  w e r e  t h e  s a m e  as t hose  
d e s c r i b e d  in  P a r t  II.  H o w e v e r ,  t h e  p o t e n t i a l  of t h e  
m e m b r a n e  w a s  n o t  m e a s u r e d .  I n  add i t i on ,  a t h e r m o -  
c o u p l e  w e l l  ( m a d e  of  t h i n - w a l l e d  Tef lon  t u b i n g )  w a s  
p l a c e d  in  t h e  ce l l  w i t h  i ts  t i p  n e a r  t h e  p a l l a d i u m  d i sk  
to p e r m i t  t he  m e a s u r e m e n t  of t h e  t e m p e r a t u r e  in  t h e  
ce l l  n e a r  t h e  disk.  

T h e  m a t e r i a l s  u s e d  a n d  t h e  p r e c a u t i o n s  t a k e n  w e r e  
t h e  s a m e  as t h o s e  d e s c r i b e d  in  P a r t  I I  w i t h  t h e  fo l -  
l o w i n g  excep t ions .  T h e  m e m b r a n e  was  f l a m e d  in  a 
h y d r o g e n - o x y g e n  f l ame  ( n o t  a gas  f l ame  as  i n  I I )  b e -  
f o r e  i n s e r t i o n  in  t h e  ho lde r .  T h e  s u l f u r i c  ac id  u s e d  w a s  
p r e - e l e c t r o l y z e d  i n  a n  e x t e r i o r  q u a r t z  f lask  fo r  12 h r  
a t  50 ma.  T h e  e n t r a n c e  face  of t h e  m e m b r a n e  was  n o t  
p r o - e l e c t r o l y z e d  b u t  w a s  a n o d i z e d  ( see  b e l o w ) .  

Experimental 
A f r e s h  p a l l a d i u m  d i sk  w a s  u s e d  fo r  e a c h  se r i e s  of 

e x p e r i m e n t s .  A f t e r  f l a m i n g  t h e  d i sk  in  a h y d r o g e n -  
o x y g e n  f lame,  i t  w a s  i n s e r t e d  in  t h e  h o l d e r  w h i c h  w a s  
p l a c e d  in  t h e  cell.  T h e  ex i t  c o m p a r t m e n t  w a s  e v a c u a t e d  
a n d  t h e n  f i l led w i t h  h y d r o g e n  a t  1 a r m  p r e s s u r e .  T h e  
d i sk  was  a n o d i z e d  a t  100 m a  fo r  30 m i n  u s i n g  a p l a t i -  
n u m  d u m m y  ca thode ,  w h i c h  w a s  t h e n  r e m o v e d .  H y -  
d r o g e n  w a s  b u b b l e d  t h r o u g h  t h e  e n t r a n c e  c o m p a r t m e n t  
a t  a r a t e  of 300 m l / m i n .  T h e n  t h e  p a l l a d i u m  was  m a d e  
c a t h o d i c  u s i n g  a c u r r e n t  d e n s i t y  of 250 m a / c m  2, w h i c h  
is su f f i c ien t ly  h i g h  to i n s u r e  t h a t  t h e  t r a n s m i s s i o n  
t h r o u g h  t h e  fo i l  h a s  r e a c h e d  i ts  m a x i m u m  va lue ,  _ j m .  
e v e n  fo r  t h e  t h i n n e s t  fo i ls  used .  

A b o u t  8 h r  w e r e  a l l o w e d  fo r  t h e  e s t a b l i s h m e n t  of 
t h e  s t e a d y  s ta te ,  A f t e r  t h i s  p e r i o d  t h e  a m o u n t  of gas  
p a s s i n g  in  a spec i f ied  t i m e  i n t e r v a l  w a s  m e a s u r e d  
v o l u m e t r i c a l l y ,  m e a n w h i l e  k e e p i n g  t h e  p r e s s u r e  c o n -  
s t a n t  b y  a d j u s t i n g  t h e  m e r c u r y  l e v e l s  in  t h e  m a n o m e t e r  
a n d  b u r e t .  

A f t e r  c o m p l e t i n g  t h e  m e a s u r e m e n t  a t  1 a rm,  t h e  
p r e s s u r e  on  t h e  ex i t  s ide  w a s  l o w e r e d .  T h i r t y  m i n u t e s  
w e r e  a l l o w e d  fo r  t h e  e s t a b l i s h m e n t  of t h e  s t e a d y  
s t a t e  a t  t h e  l o w e r  p r e s s u r e ,  t h e n  t h e  m e a s u r e m e n t  was  
m a d e .  In  t h i s  w a y  m e a s u r e m e n t s  w e r e  m a d e  a t  f o u r  
p r e s s u r e s :  760, 540, 380, a n d  250 m m .  T h e s e  p r e s s u r e s  
a r e  n o t  low e n o u g h  to p e r m i t  t h e  f o r m a t i o n  of t h e  
a - P d - H  al loy.  A f t e r  m e a s u r e m e n t s  a t  t h e  f o u r  p r e s -  
s u r e s  w e r e  c o m p l e t e d ,  t h e  t e m p e r a t u r e  of t h e  cel l  
t h e r m o s t a t  w a s  r a i sed ,  t h e  p r e s s u r e  r e t u r n e d  to 1 a tm,  
a n d  t h e  e n t i r e  p r o c e d u r e  r e p e a t e d  a t  t h e  h i g h e r  t e m -  
p e r a t u r e .  N i n e t y  m i n u t e s  w e r e  a l l o w e d  fo r  t h e  e q u i l i -  
b r a t i o n  a t  t h e  n e w  t e m p e r a t u r e .  M e a s u r e m e n t s  w e r e  
m a d e  a t  f o u r  t e m p e r a t u r e s :  3.6 ~ 6.7 ~ 12.2 ~ a n d  15.3 ~ 

B e c a u s e  of t h e  p a s s a g e  of t h e  c u r r e n t  a n d  t h e  i n -  
s u l a t i n g  q u a l i t i e s  of Tef lon  i t  w a s  n o t  p o s s i b l e  to  k e e p  
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Table I. Maximum transmission r a t e , -  Jm (ma/cm2), and 
- -  1 / j m  (cm2/amp) 

pl/2 (a tml/2)  1.00 0.840 0.707 0.573 

T h i c k -  
ness ,  Ten ]p ,  

in .  ~ Jm 1/j ,~ jm 1/j,~ Jm 1/jm Jm 1/j,~ 

0.003 3.6 62.2 16.1 69.4 14,4 76_5 13.1 81.9 12.2 
6.7 70.9 14.1 78,4 12.8 66.3 11.6 92.5 10.8 

12.2 87.0 11.5 95.6 10.5 104.9 9.5 112.3 8.9 
15.3 97.8 10.2 107.5 9.3 117.8 8.5 125.9 7.9 

0.005 3.6 39.9 25.1 44.0 22.7 47.2 21.2 52.4 19.1 
6.7 45.3 22.1 50.1 20.0 53.9 18.6 60.2 16.6 

12.2 56.1 17.8 62.5 16.0 66.9 14.9 73.2 13.7 
15.3 63.4 15.8 70.3 14.2 75.9 13.2 82.4 12.1 

0.010 3.6 19.5 51.3 21.4 46.7 23.2 43.1 25.7 38.9 
6.7 22.3 44.8  24.7 40.5 26.9 37.2 29.5 33.9 

12.2 28.2 35.3 31.3 31.9 34.0 29.4 37.3 26.8 
15.3 32.5 30.6 36.0 27.8 38.9 25.7 42.5 25.5 

t h e  o p e r a t i n g  t e m p e r a t u r e  in  t h e  cell,  w h i c h  w e  t a k e  as 
t h e  t e m p e r a t u r e  of t h e  p a l l a d i u m ,  e q u a l  to t h a t  in  t h e  
t h e r m o s t a t .  C o n s e q u e n t l y ,  w h e n  t h e  m e a s u r e m e n t  of 
t h e  r a t e  w a s  m a d e ,  t h e  o p e r a t i n g  t e m p e r a t u r e  i n  t h e  
ce l l  w a s  no ted .  T h e  o p e r a t i n g  t e m p e r a t u r e  w a s  d i f f e r -  
e n t  in  o t h e r w i s e  d u p l i c a t e  e x p e r i m e n t s .  W e  f ind t h a t  
u n d e r  t h e  s a m e  e x t e r n a l  cond i t i ons ,  a p l o t  of log  j vs. 
t h e  r e c i p r o c a l  of  t h e  o p e r a t i n g  t e m p e r a t u r e  is l i nea r .  
W e  t h e r e f o r e  e x t r a p o l a t e  t h i s  l i ne  to t h e  t e m p e r a t u r e  
of t h e  t h e r m o s t a t  a n d  u s e  t h e  e x t r a p o l a t e d  v a l u e  of 
Jm as t h e  v a l u e  a t  t h e  t h e r m o s t a t  t e m p e r a t u r e .  I n  T a b l e  
I a r e  t h e  a v e r a g e  v a l u e s  o b t a i n e d  in  t h i s  w a y  f r o m  
m e a s u r e m e n t s  on  t h r e e  d i f f e r e n t  foils.  T h e  m a x i m u m  
d e v i a t i o n  f r o m  t h e  a v e r a g e  of a n y  v a l u e  in  T a b l e  I is 
5.7% a n d  t h e  a v e r a g e  d e v i a t i o n  f r o m  t h e  a v e r a g e  o v e r  
t h e  e n t i r e  t a b l e  is 2.4%. 

T h e  c h a r a c t e r i s t i c  c u r v e s  of j vs. i o b t a i n e d  i n  P a r t  
I I  in  w h i c h  j r e a c h e s  a s u s t a i n e d  p l a t e a u  v a l u e  w e r e  
n o t  o b s e r v e d  b y  W a h l i n  a n d  N a u m a n n  (3) .  A t  h i g h  
c u r r e n t  d e n s i t i e s  ( t h e y  u s e d  c u r r e n t s  u p  to 2.5 a m p  in  a 
c o n s t r i c t e d  t u b e )  t h e y  o b s e r v e d  a c o n t i n u e d  i n c r e a s e  
in  t r a n s m i s s i o n  r a t e  w i t h  i n c r e a s e  in  c u r r e n t  dens i t y .  
W e  a t t r i b u t e  th i s  c o n t i n u e d  i n c r e a s e  to t h e  i n c r e a s e  in  
t e m p e r a t u r e  r e s u l t i n g  f r o m  t h e  p a s s a g e  of t h e  c u r r e n t .  
W e  o b s e r v e  s i m i l a r  b e h a v i o r  a t  c u r r e n t  d e n s i t i e s  
g r e a t e r  t h a n  100 m a / c m  2. 

Results 
T h e  v a l u e s  of --Jm a n d  - -1 / jm a r e  d i s p l a y e d  as f u n c -  

t ions  of t e m p e r a t u r e  a n d  p r e s s u r e ,  pl/2, i n  T a b l e  I. 
P r e l i m i n a r y  e x p e r i m e n t s  s h o w e d  t h a t  t h e  v a l u e  of 

j ~  d e p e n d e d  o n  pl/2, w h e r e  p is t h e  p r e s s u r e  on  t h e  
ex i t  s ide  of t h e  m e m b r a n e .  Th i s  i n d i c a t e s  t h a t  t h e  sy s -  
t e m  fa l l s  u n d e r  Case  I I A  d e s c r i b e d  in  P a r t  I. I n  t h i s  
case,  m e a s u r e m e n t  of t h e  i n i t i a l  s lope  w o u l d  o n l y  c o n -  
t r i b u t e  a v a l u e  fo r  t h e  t r a n s p o r t  r a t e  of m o l e c u l a r  
h y d r o g e n  f r o m  t h e  e l e c t r o d e  to t h e  s o l u t i o n  on  t h e  
e n t r a n c e  s ide  so i t  is u n n e c e s s a r y  to m e a s u r e  t h e  e n -  
t i r e  c u r v e  of j vs. i. T h e  v a l u e  of Jm suffices to  d e s c r i b e  
t h e  i n t e r e s t i n g  p a r a m e t e r s  of t h e  s y s t em .  

Discussion 
To f ind t h e  d e p e n d e n c e  of jm on  t h e  p r e s s u r e  o n  t h e  

ex i t  s ide  w h e n  t h e  p r e s s u r e  on  t h e  e n t r a n c e  s ide  is 
k e p t  a t  1 arm,  i t  is c o n v e n i e n t  to r e w r i t e  Eq.  [15],  [16], 
a n d  [17] of P a r t  I in  t e r m s  of t h e  r a t e  c o n s t a n t s  r a t h e r  
t h a n  t h e  e x c h a n g e  c u r r e n t s .  W e  f u r t h e r  a s s u m e  t h a t  
i'3o a n d  i'2o a r e  i n f i n i t e l y  fast .  T h i s  h a s  t h e  c o n s e q u e n c e  
t h a t  02m = 8'o,  w h e r e  0% is t h e  " e q u i l i b r i u m "  v a l u e  of 
t h e  c o v e r a g e  on  t h e  e x i t  s ide  u n d e r  t h e  p r e s s u r e  p. W e  
use  U'o fo r  t h e  f r a c t i o n  of ho l e s  i n  t h e  m e t a l  w h i c h  a r e  
o c c u p i e d  b y  h y d r o g e n  a t o m s  a t  " e q u i l i b r i u m "  u n d e r  
t h e  p r e s s u r e  p. Th i s  a m o u n t s  to  a s s u m i n g  t h a t  t h e  
s u r f a c e  a n d  t h e  b u l k  of t h e  m e t a l  n e a r  t h e  e x i t  s ide  
of t h e  fo i l  a r e  in  e q u i l i b r i u m  w i t h  t h e  gas  u n d e r  t h e  
p r e s s u r e  p on  t h e  e x i t  s ide.  T h e  e q u a t i o n s  b e c o m e  

jm/k4 : U l m  - -  1 [ 1 ]  

jmL/FDCm = U2m - -  Ulm [2] 

jm/k4 = ~'o(1 - -  U2m) --  ( k - 4 / k 4 )  (1 - -  6'o) U2m [3] 

A 

E 

55 
I I +  K 4 § L § 2 L K ~ v2  

SO - ~m" ( :-~4"q § ~--DCm) § ( ~*F-~'Cm ) K ' ~  

4C 

15 

2~ 

5 ra i l  

3 rnrl 

O• 014 [ I I l 2 0.6 O.S 1.0 1.2 1.4 po v2 (otm *'~ ) 

Fig. 2. - -  1 / jmvs .  P 1/2. ~176 V ,  6.7~ ,% 12.2~ I~, 15.3~ 

I n  a d d i t i o n  we  h a v e  t h e  e q u i l i b r i u m  r e l a t i o n s  

K4 = ( k 4 / k - 4 )  = U'o(1--O'o) / (1--U'o)O'o [4] 

O'o/ (1 --O'o) = K21/2 pl/2 [5] 

E l i m i n a t i o n  of Ulm a n d  u2m f r o m  t h e s e  e q u a t i o n s  y i e ld s  
t h e  f inal  r e s u l t  

1 
L + 

-}- ( 2 --'~-4 ~- F--FD-~Cm L )K4K21/2pl /2  [6 ] 

w h i c h  vce a b b r e v i a t e  to - -1 / jm = I1 d- $1 pl/2. A t  c o n -  
s t a n t  t e m p e r a t u r e  a n d  m e m b r a n e  t h i c k n e s s ,  t h e  p l o t  of  
- - I / j m  vs. pl /2  s h o u l d  b e  l i n e a r  (Fig.  2) .  T h e  v a l u e s  of  
I1 a n d  S1 a r e  l i s t e d  in  T a b l e  II. 

A c c o r d i n g  to Eq. [6] b o t h  I1 a n d  $1 s h o u l d  b e  l i n e a r  
f u n c t i o n s  of L a t  c o n s t a n t  t e m p e r a t u r e  (Fig.  3a, b ) .  
W e  w r i t e  

I1  = (1 Jr K 4 ) / k 4  -~- ( 1 / F D c m ) L  [ 7 ]  

$1 = 2K4K21/2/k4 -F (K4K21/2/FDcm)L [8] 

F r o m  t h e  s lope  of I1 vs. L, Eq.  [7],  w e  e v a l u a t e  D 
d i r ec t l y .  F r o m  t h e  r a t i o  of t h e  s lope  of $1 vs. L t o  t h a t  
of I1 vs. L, w e  o b t a i n  t h e  v a l u e  of K4K21/2. T h e s e  v a l u e s  
a r e  d i s p l a y e d  in  T a b l e  I I I  a l o n g  w i t h  t h e  v a l u e s  of t h e  
i n t e r c e p t s  of Eq.  [7] a n d  [8].  

T h e  d i f fus ion  c o n s t a n t s  in  T a b l e  I I I  e x h i b i t  a t e m -  
p e r a t u r e  d e p e n d e n c e ,  Fig.  4, w h i c h  c a n  b e  r e p r e s e n t e d  
b y  

D : 0.0260 e -6800/RT ( e m 2 / s e c )  [9] 

T h e  a c t i v a t i o n  e n e r g y  o b t a i n e d ,  6800 cal,  is i d e n t i c a l  
w i t h  t h a t  c a l c u l a t e d  b y  B a r r e r  (4) b y  a v e r a g i n g  t h e  
d a t a  f r o m  b o t h  h i g h -  a n d  l o w - t e m p e r a t u r e  m e a s u r e -  
m e n t s ;  s ince  t h e  d a t a  B a r r e r  u s e d  w e r e  r a t h e r  d i s -  
c o r d a n t  a n d  s ince  o u r  t e m p e r a t u r e  r a n g e  is so n a r r o w ,  
a n d  t h e  a c t i v a t i o n  e n e r g y  is o b t a i n e d  f r o m  a t h i r d  

Table II. Slope and intercept of Eq. [6] as functions of L and T 

L 0.003 in .  0.005 in .  0.010 in .  
T e m p ,  

~ C S~ I1 $1 I1 $1 Ii 

3.6 9.20 6.77 13.76 11.29 28.76 22.54 
6.7 7.81 6.32 12.79 9.47 25.44 19.20 

12.2 6.24 5.20 9.43 8.23 19.78 15.40 
15.3 5.43 4,70 8.51 7.16 18.97 13.71 

I1 in  c r ab / amp;  $1 in  c rab /amp-arm1/2 .  
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Table III. Slope and intercept of D and K4K2 I/2 

T e m p ,  D • 107, K4K~I/2, (1 + K4) /k4 ,  2K~K~l/2/k~,  
~ cm~/sec  a tm- l / 2  c m ~ / a m p  cm~/amp-atmX/~ 

3.6 1.05 1.26 0.02 0;24 
6.7 1.26 1.35 0.40 0.22 

12.2 1.62 1.35 0.89 0.05 
1 5 . 3  1.82 1.28 0.7~ 0 . 3 8  
25.0 2.76* 

A v e r a g e  v a l u e s :  1.31 0.52 0.22 

* E x t r a p o l a t e d  v a l u e ;  Eq .  [9] .  

4 FDC~ 30 

I0 

% ~ 
L ( m i l l  

Fig. 3. (top) I1 vs. L. (bottom) $1 vs. L. �9 3.6~ ~ ,  6.7~ 
z ~ ,  1 2 . 2 ~  [ ~ ,  1 5 . 3 ~  

3 

J 

2 

, I I I I ~ I 
3.20 3 , 4 0  3,60 ~-80 

V T  �9 IO" 

Fig. 4. Temperature dependence of D and K4K21/2. ~ ,  S -~ 
1/FDcm; El, S =  K4K21/2/FDcm. 

d i f f e r e n t i a t i o n  t h e  a g r e e m e n t  c a n  o n l y  b e  r e g a r d e d  as 
f o r t u i t o u s .  M o r e  r e c e n t l y ,  T o d a  (5)  f o u n d  a n  a c t i v a t i o n  
e n e r g y  of 5650 ca l  f r o m  a gas  p h a s e  e x p e r i m e n t  in  t h e  
r a n g e  f r o m  170 ~ to  290~ 

T h e  v a l u e  of t h e  c o m p o s i t e  e q u i l i b r i u m  c o n s t a n t ,  
K4K21/2, s h o w s  no  c o n s i s t e n t  t e m p e r a t u r e  d e p e n d e n c e  
a n d  is v e r y  n e a r l y  c o n s t a n t  (Fig .  4 ) .  F o r  p u r p o s e s  of  
a r g u m e n t  w e  t a k e  t h e  a v e r a g e  va lue ,  1.31, as  i n d e -  
p e n d e n t  of t e m p e r a t u r e .  

T h e  e v a l u a t i o n  of k4, k -4 ,  K4, a n d  K21/2, i n d i v i d u a l l y  
r e q u i r e s  t h e  use  of t h e  v a l u e s  in  t h e  l a s t  t w o  c o l u m n s  
of T a b l e  III .  T h e s e  v a l u e s  a r e  s c a t t e r e d  a n d  s h o w  no  
c o n s i s t e n t  t e m p e r a t u r e  d e p e n d e n c e .  S i n c e  t h e y  a r e  o b -  
t a i n e d  f r o m  a s e c o n d  d i f f e r e n t i a t i o n  of t h e  d a t a  t h e y  
a r e  h i g h l y  i n a c c u r a t e ;  t h e  d a t a  fit n e a r l y  as w e l l  if  a l l  
t h e  e n t r i e s  in  t h e  l a s t  t w o  c o l u m n s  of  T a b l e  I I I  a r e  
t a k e n  as zero.  I f  w e  u s e  t h e  a v e r a g e  v a l u e s  to  a t t e m p t  
to  g a i n  a r o u g h  e s t i m a t e  of t h e  g e n e r a l  m a g n i t u d e  of 
t h e  c o n s t a n t s ,  w e  o b t a i n :  k4 = 12 a m p / c m 2 ;  K4 = 5.2; 
K 2 1 / 2  = 0.25 a t m  -I /u .  U s i n g  t h e s e  v a l u e s  in  Eq .  [4] a n d  
[5] ,  w e  c a l c u l a t e  a t  1 a t m  p r e s s u r e :  ~o = 0.20; Uo ~ 0.57; 
a n d  ~4o = 0.8 a m p / c m  2. T h e  v a l u e  of eo s e e m s  low b u t  
is n o t  imposs ib l e .  A t  1 a t m  a n d  25~ t h e  m e a s u r e d  
v a l u e  of Uo = 0.69; t h i s  w o u l d  c o r r e s p o n d  to  a v a l u e  
of K4K21/2= 2.22, i n d i c a t i n g  a n  e r r o r  of a b o u t  40% in  
t h e  va lue ,  1.31, o b t a i n e d  h e r e .  T h e  a v e r a g e  s t a n d a r d  
d e v i a t i o n  of t h e  s lopes  of Eq.  [7] is a b o u t  1/2 t h a t  of 
t he  s lopes  of Eq.  [8].  U s i n g  t h i s  f ac t  a n d  t h e  e r r o r  of  
40% in  t h e  v a l u e  of K4K21/2 w e  e s t i m a t e  t h e  e r r o r  in  
t h e  d i f fus ion  coeff ic ient  a t  a b o u t  17%. 

T h e  va lue ,  /40 ---- 0.8 a m p / c m  2, a l t h o u g h  o n l y  a c r u d e  
e s t i m a t e  is p r o b a b l y  l o w e r  t h a n  t h e  t r u e  v a l u e ,  s i nce  
w e  c a n  fit t h e  d a t a  f a i r l y  w e l l  w i t h  i~o i n f i n i t e l y  l a rge .  
T h e  d a t a  do show,  t h r o u g h  t h e  p r e s s u r e  d e p e n d e n c e ,  
t h a t  th i s  p e n e t r a t i o n - e x i t  r e a c t i o n ,  H a d  = H ( b u l k  M ) ,  
is s l o w e r  t h a n  t h e  c o m b i n a t i o n  r e a c t i o n ,  2Had = 
H 2 ( s u r f ) .  In  o u r  e x p e r i m e n t s  t h e  r a t e  of t r a n s m i s s i o n  
is a l m o s t  c o m p l e t e l y  l i m i t e d  b y  t h e  d i f fus ion  t h r o u g h  
t h e  m e t a l .  

Poisoning 
T h e  w o r k  i n  P a r t  I I  h a s  b e e n  c r i t i c i zed  p r i v a t e l y  o n  

t h e  g r o u n d s  t h a t  f l a m i n g  t h e  m e t a l  in  a gas  f l ame  
( M e k e r  b u r n e r )  po i sons  t h e  su r f ace .  C o n s e q u e n t l y ,  w e  
u s e d  t h e  h y d r o g e n - o x y g e n  f l a m e  in  t h e  w o r k  r e p o r t e d  
he re .  F o r  c o m p a r i s o n  w e  d id  s o m e  e x p e r i m e n t s  on  
p r e s s u r e  d e p e n d e n c e  w i t h  foi ls  f l a m e d  in  t h e  M e k e r  
b u r n e r .  I n  Fig. 5 t h e  d e p e n d e n c e  of  --1/jm o n  pl t2  is 
s h o w n  fo r  0.005 in. foils.  T h e  s lope  of t h e  l i n e  fo r  t h e  
g a s - f l a m e d  foi ls  is a b o u t  Y2 t h a t  fo r  t h e  h y d r o g e n - o x y -  
g e n  f l amed  foi ls ;  a n d  t h e  t r a n s m i s s i o n  is 15-25% less  
fo r  t h e  g a s - f l a m e d  foils.  O u r  r e s u l t s  fo r  t h e  t e m p e r a -  
t u r e  d e p e n d e n c e  a r e  f r a g m e n t a r y  b u t  i n d i c a t e  t h a t  t h e  
t e m p e r a t u r e  d e p e n d e n c e  is a p p r o x i m a t e l y  t h e  s a m e  fo r  
b o t h  m e t h o d s  of p r e p a r a t i o n .  

W e  also o b s e r v e d  some  i n s t a n c e s  of p o i s o n i n g  of 
foi ls  w h i c h  h a d  b e e n  f l a m e d  in  t h e  h y d r o g e n - o x y g e n  
f lame in  w h i c h  t h e  t r a n s m i s s i o n  w a s  e x t r e m e l y  l ow  
i n d i c a t i n g  a h i g h l y  p o i s o n e d  su r f ace .  In  s o m e  of t h e s e  
cases  t h e  a m o u n t  of  h y d r o g e n  t r a n s m i t t e d  w a s  i m -  
m e a s u r a b l y  smal l .  T h e r e  w a s  e v i d e n c e  t h a t  t h e  u n i t  
h o l d i n g  t h e  foi l  h a d  l e a k e d  a n d  p e r m i t t e d  c o n t a m i n a -  
t i on  of t h e  fo i l  f r o m  t h e  b r a s s  f i t t ings .  T h e  p r e s s u r e  d e -  
p e n d e n c e  of t h e  t r a n s m i s s i o n  fo r  t h e s e  cases  (0.003 in. 
fo i l s )  is a lso  s h o w n  in  Fig.  5, t h e  c u r v e s  l a b e l e d  
" P o i s o n e d . "  I n  t h e s e  cases  t h e  r a t e s  of t r a n s m i s s i o n  
a r e  a b o u t  h a l f  t h e  v a l u e  o r d i n a r i l y  o b s e r v e d  ( c u r v e s  
l a b e l e d  " N o n p o i s o n e d " )  a n d  a r e  n e a r l y  i n d e p e n d e n t  
of p r e s s u r e  i n d i c a t i n g  t h a t  t h e  c o m b i n a t i o n  r e a c t i o n  is 
s l o w e r  t h a n  t h e  p e n e t r a t i o n - e x i t  r e a c t i o n .  S i n c e  t h e  
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exchange current  for the combination react ion is 
proport ional  to o 2 and that  for the pene t ra t ion-ex i t  
reaction is proport ional  to 0, poisoning (which de- 
creases 0) slows the combinat ion react ion more  than it 
does the pene t ra t ion-ex i t  reaction. Thus poisoning may 
make the rates of these two reactions comparable  to 
each other  or may even make the combinat ion react ion 
much slower than the pene t ra t ion-ex i t  reaction. 

In v iew of the results obtained here, we bel ieve 
that  the results obtained on gas-flamed foils in Par t  
II are not correct ly  in terpre ted  by ei ther  of the ex-  
t reme choices, slow combinat ion or slow penet ra t ion-  
exit, but  probably represent  an in termedia te  case in 
which these two reactions have comparable  values of 
their  exchange currents.  
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Cathodic Action of the UranyI-Malate Complexes 
at the Dropping Mercury Electrode 

Tsai -Teh Lai and Song-Jey Wey  

Department of Chemical Engineering, Cheng Kung University, Tainan, Taiwan, China 

ABSTRACT 

The uranyl  ion in malic acid solution has been invest igated by polarography 
and conductometry.  Evidence has been presented for the existence of three  
kinds of chelate  species, UO2(HA)2, UO2(A)2 -2, and UO2(OH)A2 -3. Their  
s tructures and electrode reactions at various pH values have  been established. 
In the t empera tu re  range f rom 9.1 ~ to 21.5~ the chelates exist  as a dimer. On 
rais ing the t empera tu re  to 28.5~ the depolymerizat ion takes place completely  
to form a monomer.  

F e l d m a n ,  Havill ,  and Neuman (1, 2) have  inves t i -  
gated the u rany l -ma la t e  complexes by t i t r imetr ic  and 
spectrophotometr ic  methods and have  shown that  at 
pH 3.5-4.5 a d imer  having  1:1 and 1:2 molar  rat io was 
produced, and at sl ightly alkal ine pH these dimers 
reacted complete ly  to form t r inuclear  complexes.  

As a part  of polarographic  studies on the complexes  
of uranyl  ion with  carboxylic  acids, the present  paper  
describes the u rany l -ma la t e  system. The u rany l - l ac ta te  
and uranyl -g lycola te  systems have  been studied pre-  
viously (3, 4). 

Experimental 
Polarograms were  taken at 3 0  ~ _ 0.1~ using a 

capi l lary having a flow rate  of 1.641 mg/sec  and a 
drop t ime of 4.65 sec a t - - 0 . 4 4  v vs. S.C.E. The ap- 
paratus and procedure  have been repor ted  e lsewhere  
(3, 4). 

An Industr ia l  Ins t ruments  conduct ivi ty  bridge Type 
RC with  a cell having a cell constant of 0.13 was used 
for the conductometr ic  ti tration. 

A 0.9786M stock solution of mal ic  acid was prepared  
by dissolving 66.95g of malic acid (Kanto Chemical  
Company, Inc., special grade) in recent ly  boiled dis- 
t i l led wate r  to 500 ml  and was standardized by t i t ra-  
tion with  carbonate- f ree  sodium hydroxide  solution. 

Tri ton X-100 (0.002%) was used as a m a x i m u m  
suppressor and 0.2M sodium perchlora te  solution was 
used as support ing electrolyte.  

Results and Discussion 
It is evident  f rom Table I that  revers ib i l i ty  holds 

for a wide range of l igand concentrat ion (from 0.05 
to 0.40M at pH lower  than 5.7). The values of E1/4 - -  
Ea/4 and slopes of the convent ional  log plots averaged  
--0.057 and --0.059% respectively.  They are in excel-  

lent  agreement  wi th  the theoret ical  values for a re-  
vers ible  one-e lec t ron  reduction. 

The value  of id/h 1/2 = 0.667 __ 0.004 and the t em-  
pera ture  coefficient of diffusion current,  0.3% per ~ 

TaMe t. Half-wave potential dependence on pH and CH2A and 
test for reversibility of electrode reaction 

1.0 x 10-3M UO2(CIO4)2, 0.2M NaCI04, and 0.002% 
Triton X-100 (at 30 ~ • 0.1~ 

CH2A -- El/2 VS. S l o p e  of id, 
(M) p H  S.C.E.  E1/~ -- E~/4 l og  p l o t  ~a 

0,05 1.50 0.180 0.059 0.059 2.76 
2.05 0.200 0 .060 0.059 3.20 
2.60 0.280 0.059 0 .059 4.10 
3.36 0.357 0,059 0.059 4.57 
4.11 0.397 0.055 0 .057 4.55 
4.95 0.457 0.055 0.056 3.70 
5.71 0.484 0.056 0.058 3,30 
5.80 0.503 0.056 0.055 2 .18 

0.10 2.00 0.220 0.058 0.058 3.81 
2.97 0.334 0.057 0.058 4 .60 
3.26 0 .356 0,058 0 .058 4.55 
3.47 0.385 0.055 0.056 4.80 
4.20 0.426 0,055 0.057 4.34 
4.91 0.465 0.057 0 .059 3.25 
5.50 0.499 0.057 0.056 2.96 

0.20 1.40 0.191 0 .060 0.060 4.20 
2.05 0.250 0 .059 0.058 4.50 
2.78 0.329 0.060 0.059 4.55 
3.09 0.374 0.057 0.058 4.40 
3.72 0.414 0.058 0 .059 3.90 
4.43 0.453 0.059 0.058 2.40 
5.01 0.484 0.056 0.055 3.20 
5.61 0.510 0.054 0.055 2.10 

0.40 1.85 0.264 0.056 0.059 4.30 
2.05 0.302 0.058 0.058 4.30 
2.20 0.322 0.056 0.058 4.20 
3.15 0.401 0.060 0.058 3.85 
3.65 0.445 0.059 0.058 3 .75 
4.50 0.488 0 .055 0.058 3 .00 
5.05 0.508 0.055 0.057 2.40 
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Fig. 1. Effect of pH on half-wave potential and diffusion current 
constant. 1.0 mM U02(CI04)2, 0.1M malic acid, 0.2M NaCI04, and 
0.002% Triton X-IO0. 

indicated that  the l imit ing current  was diffusion con- 
trolled. 
EI~ect of pH. - -The  effect of pH on the ha l f -wave  
potent ial  and diffusion current  constant of u rany l -  
malate  complexes was invest igated wi th  the results  
shown in Fig. 1. At pH lower  than 1.78 the hal f -  
wave  potentials remain  constant at --0.175v vs. S.C.E. 
This value  is equal  to the first ha l f -wave  potent ial  of 
the simple uranyl  ion (5), showing that  no chelate 
was formed. In the pH range 1.78-3.26 the slope of the 
straight  line is --0.012, indicating that  two hydro-  
gen ions per uranyl  ion part icipate  in the reduction. 
In the pH range 3.26-5.75 the slope of the line, --0.060, 
gives a value  of 1.0 for the number  of hydrogen ions 
involved or for the number  of hydroxyl  ions produced 
in the electrode reaction. 
EI~ect of malate.--The composition of the u rany l -  
malate  complexes was studied by measur ing  the va r i -  
ation of ha l f -wave  potent ia l  wi th  malic acid concen- 
t ra t ion in solution at various pH values (Fig. 2). 

It has been shown (6) that  if the ha l f -wave  poten-  
tials of the complexes are plot ted against the logar i thm 
of chelat ing agent concentrations, the slope of s traight  
l ine should be - - ( p  - -  q)0.060, where  (p --  q) is the 
difference in number  of ligands at tached be tween  
U(VI )  and U ( V )  chelate. 

As shown in Fig. 2 the slopes of s t raight  lines are 
0.00, --0.12,--0.06, and --0.06 corresponding to values 
of 0, 2, 1, and 1, respectively,  for p - -  q. 
Metal-ligand ratio.--The conductometr ic  t i t ra t ion 
method was employed to determine  the meta l - l igand  
ratio of the u rany l -ma la t e  complexes. In Fig. 3 curves 
1 and 2 show results of conductometr ic  t i t rat ion of the 
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Fig. 2. Effect of ligand concentration on half-wave potential 
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Fig. 3. Conductometric titration. Curve 1, 5.0 ml of 10 mM 
U02(CI04)2 -5 160 ml of H20 -5 x ml of 10.71 mM malic acid; 
curve 2, 5.0 ml of 10.71 mM malic acid -5 200 ml of H20 -5 x 
ml of 10 mM U02(CI04)2. 

uranyl  ion against malic acid and malic acid against 
uranyl  ion, respectively.  

Two wel l -def ined breaks corresponding to a 1:1 
complex when the uranyl  ion is in excess and a 1:2 
complex when the malate  ion is in excess were  ob- 
tained. This result  is in good agreement  wi th  that  
of Fe ldman which was obtained by a spectrophoto-  
metr ic  method (1, 2). 
Chelate species and electrode reactions.--As shown in 
Fig. 1 the diffusion current  constants are 2.43 for the 
pH range 1.78-3.26, 2.25 for the pH range 3.26-4.68, 
and 1.50 for the pH range 4.68-5.75. This shows that  
three  kinds of chelate species exist  at the respect ive 
pH region. 

If the l igand is hydrogen mala te  anion, the general  
equation for the reduct ion of uranyl  hydrogen malate  
chelate may be wr i t t en  

UO2(HA)p 2-p -5 e ~ UO2(HA)q 1-q -5 ( p - - q ) H A -  [1] 

The ha l f -wave  potent ia l  for the above react ion can be 
expressed as (6) 

(E]/2)c = const.--0.060 (p - -  q) log CH2A 
--0.060(p - - q )  log [H + ] -5 0.060(p.-- q) log 

( [H+]  2 -f- K1 [H +] -5 K~K2) [2] 

where  C~2A is the total  concentrat ion of added malic 
acid. 

We may distinguish three cases according to the pH 
value of the solution: (a) pH < pK1(3.26)(7),  (b) 
pK1 < pH < pK2(4.68) (7), and (c) pH > pK2. In these 
cases Eq. [2] simplifies to 

(a) (E1/2) c = const. --0.060 (p - -  q) log C H 2 A  

--0.060 (p - -  q)pH [3] 

( b )  ( E l / 2 )  c = const. --0.060 (p - - q )  log C H 2  A [4] 
(c) (EI/2)c = const.--0.060 ( p - -  q) log C H 2  A 

-5 0.060 (p--  q) pH [5] 

These equations revea l  that  the plots of (E1/2)c vs. pH 
should break at pK1 and pK2, and that  the slopes of 
each line should be - - 0 . 0 6 0 ( p - - q ) ,  zero, and -5 0.060 
( p - - q )  for (a),  (b),  and (c), respectively.  

If the l igand is the mala te  ion ra ther  than the 
hydrogen mala te  anion, the slope would  be --0.120 
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Table II.  Experimental summarized 

I-I+ o r  O t t -  T h e o r e t i c a l  v a l u e  o f  AE1/2/ApH L i g a n d  
p H  AE1/~/ApI-I i n v o l v e d  AE1/e/Alog C p -- q U O 2 C H A ) 2  U O 2 ( A 2 )  --~ s p e c i e s  

1.78 0 0 0 0 

3 . 2 6 - 1 . 7 8  - -  0 . 1 2  2 --  0 . 1 2  2 - -  0 . 0 6 0  - -  0 . 1 2 0  H A -  
x (p--  q) x ( p -  q) 

4 . 6 8 - 3 . 2 6  - -  0 . 0 6  1 -- 0.06 1 0 -- 0.060 A -~ 
x (p - -  q) 

5.75-4.68 -- 0.06 1 - 0.06 1 + 0.060 0 A (OH) -~ 
X ( p  -- q)  

( p - - q ) ,  - -0 .060  ( p - - q ) ,  and  zero  fo r  t h e  s a m e  t h r e e  
p H  condi t ions .  

F r o m  Fig.  1 a n d  2, in  t he  pH r a n g e  1.78-3.26, t he  
v a l u e  of AE1/2/ApH is - -  0.012 a n d  p - -  q ~ 2, c o r r e s -  
p o n d i n g  to a s lope  of - -  0.060 ( p - -  q ) .  This  p r o v e s  t h a t  
t h e  l i g a n d  is t h e  h y d r o g e n  m a l a t e  anion.  In  t h e  p H  
r a n g e  3.26-4.68, t h e  v a l u e  of AE1/2/Z~pH is - -0 .060 a n d  
p - -  q z 1, c o r r e s p o n d i n g  to a s lope  of - -  0.060 ( p - -  q ) .  
T h e r e f o r e ,  t h e  l i gand  is t h e  m a l a t e  ion. B e y o n d  p H  4.68, 
t h e  h y d r o x y l a t i o n  of  l i gand  spec ies  w a s  iden t i f i ed  b y  
the  s u d d e n  d r o p  of  t h e  d i f fus ion  c u r r e n t  cons t an t .  

Resu l t s  b a s e d  on  t h e  f o r e g o i n g  da t a  a n d  d i scuss ion  
a re  s u m m a r i z e d  in  Tab le  II. Thus ,  t h e  p r e s e n c e  of t he  
t h r e e  c h e l a t e  spec ies  of UO2(HA)2 ,  UO2(A)2  -2,  a n d  
U O 2 ( O H ) A 2  -3  a r e  ident i f ied ,  a n d  t h e  e l e c t r o d e  r e a c -  
t ions  can  be  f o r m u l a t e d  as 

U O 2  + 2  ~- e = UO2 + p H  < 1.78 
U O 2 ( H A ) 2  -4- 2H + -4- e ---- UO2 + 4- 2H2A p H  1.78-3.26 
UO2 (A)  2-2 4- H + 4- e ---- U O 2 A -  4- H A -  p H  3.26-4.68 
U O ~ ( O H ) A 2  -3  4- e z U O 2 A -  4- O H -  4- A -2  

p H  4.68-5.76 
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Fig. 4. Plot of E1/4 - -  E3]4 as a function of temperature 

~" - 0 , 4 5 7  

�9 - 0 . 4 5 2  

- 0 . 4 4 7  
u3  

- 0 . 4 4 2  

-~ - 0 , 4 3 7  
ILl  

- - 0 . 4 3 2  

- O . l ~  

3 +m v / ~ :  

- o ,  l e 2  mv/*c 

T e m p e r a t u r e ,  ~C 

Fig. 5. Plot of half-wave potential against temperature 

Probable  s t r u c t u r e . - - S i n c e  mal ic  acid is a t r i d e n t a t e  
l i g an d  w i t h  t w o  c a r b o x y l  a n d  one  h y d r o x y l  groups ,  
t h e  u r a n y l - m a l a t e  c h e l a t e  m a y  be  e i t h e r  a f i v e - m e m -  
b e r e d  r i n g  or  a s i x - m e m b e r e d  r ing .  

P f e i f f e r  (8) has  s h o w n  tha t ,  in  genera l ,  a f i v e - m e m -  
b e r e d  r i n g  is m o r e  s t ab l e  w h e n  the  r i n g  is e n t i r e l y  
s a t u r a t e d ,  b u t  t h a t  a s i x - m e m b e r e d  r i n g  is f a v o r e d  
w h e n  one  or  m o r e  d o u b l e  b o n d s  a re  p r e s e n t .  

In  c o n s i d e r i n g  the  s ta t i s t i ca l  effect  of t w o  c a r b o x -  
y l a t e  g ro u p s  in  each  m a l a t e  a n i o n  b e i n g  ava i l ab l e  to  
a u r a n y l  ion, t h e  c h e l a t i o n  of UO2 + + w i t h  h y d r o x y l  
a n d  - t - c a r b o x y l a t e  g ro u p s  w o u l d  i n t r o d u c e  a s i x - m e m -  
b e r e d  r i n g  a n d  r e su l t s  in  a d e c r e a s e  in  s tab i l i ty .  
T h e r e b y ,  a f i v e - m e m b e r e d  r i n g  w a s  c o n s i d e r e d  as t h e  
m o s t  p r o b a b l e  s t r u c t u r e  of u r a n y l - m a l a t e  che la te .  

T h e  e v i d e n c e  p r e s e n t e d  above  sugges t s  t h a t  t h e  
s t r u c t u r e s  of 1:2 m o n o n u c l e a r  u r a n y l - m a l a t e  che l a t e s  
a t  d i f f e r en t  p H  r a n g e s  a re  

O = C CH--(CH2)--COOH 

I I 
o OH 
\ /  

UO2 
/ \ 

OH 0 
I I 

HOOC-- (CH2)--Ctt C = O 

at pH 1.78-3.26, 
f 

at pH 3.26-4.61 

at pH 4.68-5.7( 

O = C CH-- (CH2)--COO- 

i i 
o OH 
\ /  

U02 
/ \ 

OH O 
t l 

- O O C - - ( C H 2 ) - - C H  C = 0 

O = C CH--(CH2)--COO , 

I J 
o oH 

\ /  
UO2 OH - 

/ \ 
Oil 0 

I I 
- O O C - - ( C H 2 ) - - C H - -  C = O 

--2 

Ef fec t  of  t e m p e r a t u r e . - - T h e  effect  of t e m p e r a t u r e  on 
the  v a l u e  of E1/4 - -  E~z4 a n d  t h e  h a l f - w a v e  p o t e n t i a l  
w a s  i n v e s t i g a t e d  p o l a r o g r a p h i c a l l y  on a so lu t ion  of 
1.0 m M  u r a n y l  p e r c h l o r a t e  so lu t ion  in  0.1M mal ic  acid,  
0.2M s o d i u m  p e r c h l o r a t e ,  a n d  0.002% T r i t o n  X-100 
at  p H  4.5, a n d  v a r y i n g  t h e  t e m p e r a t u r e  f r o m  9.1 ~ to 
48.5~ (Fig.  4 a n d  5).  

As  s h o w n  in  Fig.  4, in  t h e  t e m p e r a t u r e  r eg i o n  9.1 ~ 
21.5~ the  m e a n  EI/4 - -  E3/4 v a l u e  of t h e  p o l a r o g r a m s  
is 0.041 _+ 0.01v. I t  w a s  p r e s u m e d  to be  a r e v e r s i b l e  
p roces s  by  the  t e m p e r a t u r e  coeff icient  of h a l f - w a v e  
po ten t i a l ,  - -  0.162 m y / C ,  in  Fig .  5. T h e  d e v i a t i o n  of  
Etl4 --  E3/4 v a l u e  f r o m  t h e  t h e o r e t i c a l  v a l u e  of 0.057v 
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Table III. Estimation of polymerization degree 

EI/2 -- E~/s 
T e m p e r -  
a ture ,  ~ Ells - -  E1/2 E1/4 - -  E3/~ a b 

9.1 1.00 0.040 1.43 1.43 
10.0 1.03 0.041 1.27 1.40 
14.5 1.03 0.041 1.27 1.40 
17.5 1.00 0.040 1.43 1.43 
20.0 0.97 0.041 1.37 1.37 
21.5 1.02 0.042 1.44 1.45 

fo r  one  e l e c t r o n  r e d u c t i o n  w as  n o  d o u b t  due  to t h e  
p o l y m e r i z a t i o n  effect  w h i c h  a rose  f r o m  t h e  a s y m m e t r y  
of t h e  p o l a r o g r a m s  (3) .  

T h e  d e g r e e  of p o l y m e r i z a t i o n  c a n  b e  e v a l u a t e d  b y  
a p p l i c a t i o n  of Eq. [6] a n d  [7] as d e r i v e d  b y  a u t h o r s  
(3)  

El /2  - -  E7/8 243 -~ 602 ( b / a )  
- -  [ 6 ]  

E l / 8 -  El/2 243 (b/a) ~- 602 
a n d  

E 1 / 4 - - E 3 / 4 = - - 0 . 0 2 8  1 + - -  [7] 
b a 

H e r e  a a n d  b a r e  t h e  v a l u e s  i n  t h e  e l e c t r o d e  r e a c t i o n  

b M a Z p  ( a m - p l )  -~- abne -~  a M b X q  ( b ( m - n ) - q l )  _~_ 

(bp - -aq)X  -1 [8] 

T h e  r e s u l t s  o b t a i n e d  a r e  i l l u s t r a t e d  in  T a b l e  III .  I t  c a n  
b e  s e e n  t h a t  in  t h e  t e m p e r a t u r e  r e g i o n  9.1~176 
a p a r t i a l  p o l y m e r i z a t i o n  o c c u r r e d  f o r m i n g  a d i m e r .  
Th i s  r e s u l t  is in  e x c e l l e n t  a g r e e m e n t  w i t h  t h a t  of t h e  
s p e c t r o p h o t o m e t r i c  s t ud i e s  of F e l d m a n  a n d  h is  co -  
w o r k e r s  (2) .  

W h e n  t h e  t e m p e r a t u r e  is i n c r e a s e d  f r o m  21.5 ~ to 
28.5~ t h e  v a l u e  of El~4 -- E3/4 i n c r e a s e s  f r o m  0.042 
to 0.056v a n d  t h e  s h a p e  of w a v e  b e c o m e s  m o r e  s y m -  

m e t r i c a l .  Th i s  i n d i c a t e s  t h a t  t h e  d e p o l y m e r i z a t i o n  of 
t he  c h e l a t e s  f r o m  d i m e r  to  m o n o m e r  t a k e s  p l ace  in  t h i s  
t e m p e r a t u r e  r eg ion .  T h e  a b r u p t  i n c r e a s e  of t h e  t e m -  
p e r a t u r e  coeff ic ient  of h a l f - w a v e  p o t e n t i a l  to  --3.13 
m v / ~  ref lec ts  t h e  i r r e v e r s i b l e  n a t u r e  of t h e  w a v e s .  
Th i s  l a r g e  c h a n g e  is q u i t e  r e a s o n a b l e  in  t h e  t r a n s i t i o n  
t e m p e r a t u r e  r e g i o n  f r o m  d i m e r  to  m o n o m e r .  

F i n a l l y ,  on  r a i s i n g  t h e  t e m p e r a t u r e  f r o m  28.5 ~ to 
48.5C, t h e  d e p o l y m e r i z a t i o n  of c h e l a t e s  f r o m  d i m e r  
to m o n o m e r  b e c o m e s  c o m p l e t e ,  a n d  t h e  i r r e v e r s i b l e  
p roce s s  b e c o m e s  a r e v e r s i b l e  one.  T h i s  is e v i d e n c e d  b y  
t h e  c o n s t a n t  v a l u e  of E1/4 -- Ea/4 of 0.058 ___ 0.01v, a n d  
t h e  s y m m e t r y  of t h e  w a v e s .  I n  add i t i on ,  t h e  d e c r e a s e  
of t h e  t e m p e r a t u r e  coeff ic ient  of h a l f - w a v e  p o t e n t i a l  
f r o m  --3.13 t o - - 0 . 1 8 8  m v / ~  p r o v i d e s  a n o t h e r  p r o o f  
of t h i s  c h a n g e .  
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A B S T R A C T  

P l a t i n i z e d - p l a t i n u m  e l e c t r o d e s  w e r e  p r e p a r e d  u n d e r  v a r y i n g  c o n d i t i o n s  
of g e o m e t r y ,  c o m p o s i t i o n  of t h e  p l a t i n g  so lu t ion ,  t i m e  of p l a t i n g ,  a n d  c u r r e n t  
dens i t y .  S u r f a c e  a r e a s  of t h e  p l a t i n i z e d  e l e c t r o d e s  w e r e  m e a s u r e d  b y  k r y p t o n  
a d s o r p t i o n  u s i n g  t h e  B E T  m e t h o d  as w e l l  as b y  a mod i f i c a t i on  of t h e  m e t h o d  
of B o w d e n - R i d e a l .  Good  a g r e e m e n t  b e t w e e n  t h e  two  m e t h o d s  w a s  o b s e r v e d .  
T h e  m e a s u r e d  v a l u e s  of t h e  specif ic  s u r f a c e  a r e a s  of t h e  p l a t i n u m  depos i t s  
w e r e  f u n c t i o n s  of a l l  of t h e  v a r i a b l e s  cons ide r ed .  

B e c a u s e  of a n e e d  f o r  p l a t i n i z e d - p l a t i n u m  e l e c t r o d e s  
of k n o w n  a b s o l u t e  s u r f a c e  a r e a s  fo r  u s e  in  c a t a l y t i c -  
e l e c t r o c h e m i c a l  s tud ies ,  a n u m b e r  of e l e c t r o d e s  w e r e  
p r e p a r e d  u n d e r  a v a r i e t y  of cond i t i ons ,  a n d  t h e  s u r -  
f ace  a r e a s  w e r e  m e a s u r e d  u s i n g  t w o  d i f f e r e n t  a n d  i n -  
d e p e n d e n t  m e t h o d s .  A l t h o u g h  s o m e  s t u d i e s  h a v e  b e e n  
c a r r i e d  o u t  o n  t h e  s u r f a c e  a r e a s  of e l e c t r o d e s  of  t h i s  
t y p e  ( 1 - 5 ) ,  n o  s y s t e m a t i c  i n v e s t i g a t i o n s  i n v o l v i n g  t h e  
p r e p a r a t i o n  of s u c h  e l e c t r o d e s  a r e  k n o w n .  W e  w i s h e d  
to p r e p a r e  p l a t i n i z e d - p l a t i n u m  e l e c t r o d e s  r e p r o d u c i b l y  
and ,  i f  poss ib le ,  to  d e t e r m i n e  t h e  f a c t o r s  g o v e r n i n g  
t h e  speci f ic  s u r f a c e  a r e a s  ( c m 2 / g )  of t h e  depos i t s .  
A l t h o u g h  t h e  m e t h o d s  d i s c u s s e d  a r e  w e l l  k n o w n ,  r e -  
c e n t  i n t e r e s t  i n  s u r f a c e  a r e a  m e a s u r e m e n t s  of p o r o u s  

1 P r e s e n t  addres s :  D e p a r t m e n t  of C h e m i s t r y ,  N o r t h e r n  I l l i no i s  
U n i v e r s i t y ,  DeKa lb ,  I l l ino is .  

e l e c t r o d e s  ha s  led  to t h e  e n c o u r a g e m e n t  of p u b l i c a -  
t ion  of t h e s e  r e su l t s .  

Surface Area Measurements 
S i n c e  p h y s i c a l  a d s o r p t i o n  of gases  is w e l l  e s t a b l i s h e d  

as t h e  " p r i m a r y  s t a n d a r d "  of  s u r f a c e  a r e a  m e a s u r e -  
m e n t  as  g i v e n  b y  B r u n a u e r ,  E m m e t t ,  a n d  T e l l e r  (6 ) ,  
t h i s  m e t h o d  as m o d i f i e d  b y  t h e  u se  of k r y p t o n  fo r  t h e  
a d s o r b a t e  (7)  w a s  t h e  p r i m a r y  m e a n s  of s u r f a c e  a r e a  
d e t e r m i n a t i o n .  B e e b e  et al. (7) u s e d  a M c L e o d  g a u g e  
for  t h e  p r e s s u r e  m e a s u r e m e n t s ,  w h i l e  R o s e n b e r g  (8)  
d e v e l o p e d  a t h e r m i s t o r  m e t h o d  fo r  m e a s u r e m e n t  of t h e  
k r y p t o n  p r e s s u r e s .  In  t h e  w o r k  d e s c r i b e d  h e r e  a n  es -  
p e c i a l l y  des igned ,  s m a l l - v o l u m e  M c L e o d  g a u g e  w a s  
u s e d  fo r  p r e s s u r e  m e a s u r e m e n t s  a n d  w a s  f o u n d  to g ive  
v e r y  s a t i s f a c t o r y  r e su l t s .  T h e  a d v a n t a g e s  of u s i n g  
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TO TRA~ 
DIFFUSION PUMP 

AND FORE=PUMP 
/ 

Fig. 1. Krypton adsorption apparatus showing traps, gas storage 
vessels, adsorption tube, McLeod gauges, and calibrated bulbs. 

k r y p t o n  as  t h e  a d s o r b a t e  fo r  s m a l l  t o t a l  s u r f a c e  a r e a  
s a m p l e s  a r e  w e l l  k n o w n  (7 -12) ,  a n d  t h e  i m p r a c t i c a l i t y  
of a t t e m p t i n g  to  d e t e r m i n e  n i t r o g e n  a d s o r p t i o n  b y  
p r e s s u r e  m e a s u r e m e n t s  w h e n  t h e  t o t a l  s u r f a c e  a r e a  is 
less  t h a n  1000 cm 2 is w e l l  e s t a b l i s h e d .  

T h e  a d s o r p t i o n  a p p a r a t u s  is s h o w n  in  Fig.  1. T w o  
M c L e o d  g a u g e s  w e r e  used ;  t h e  l a r g e r  to  m e a s u r e  p r e s -  
s u r e  d u r i n g  e v a c u a t i o n  of t h e  s y s t e m  a n d  t h e  s m a l l e r ,  
d e s i g n e d  to r e a d  a c c u r a t e l y  p r e s s u r e s  in  t h e  r a n g e  
0.01-2.0 m m  Hg, fo r  p r e s s u r e  r e a d i n g s  b e f o r e  a n d  
a f t e r  a d s o r p t i o n .  T u n g s t e n  leads ,  w h i c h  w e r e  p a r t  of 
a c i r c u i t  t h a t  c a u s e d  a l i g h t  to c o m e  o n  w h e n  m e r c u r y  
t o u c h e d  b o t h  con tac t s ,  w e r e  i n t r o d u c e d  in  t h e  s m a l l e r  
M c L e o d  g a u g e  (13) ,  a n d  t h e  m e r c u r y  l e v e l  was  fo l -  
l o w e d  b y  a t r a v e l i n g  mic roscope .  A se r i e s  of f o u r  ac -  
c u r a t e l y  c a l i b r a t e d  b u l b s  w e r e  u s e d  to c h a n g e  t h e  
p r e s s u r e  of t h e  k r y p t o n  in  g o i n g  f r o m  a d s o r p t i o n  a t  
l o w e r  p r e s s u r e  to h i g h e r  p r e s s u r e .  T h e  t o t a l  v o l u m e  
of t h e  s y s t e m  was  17 m l  i n  a t y p i c a l  r u n .  T o t a l  s u r f a c e  
a r e a s  as s m a l l  as  50 c m  2 cou ld  b e  m e a s u r e d .  C o r r e c -  
t ions  fo r  a d s o r p t i o n  o n  t h e  g lass  of t h e  s y s t e m  (10-  
20 c m  2) w e r e  a lso n e c e s s a r y .  A d s o r p t i o n s  a t  t w o  to 
f o u r  p r e s s u r e s  w e r e  c a r r i e d  ou t  fo r  e a c h  s u r f a c e  a r e a  
d e t e r m i n a t i o n .  

S i n c e  2 m m  ID c a p i l l a r y  t u b i n g  w a s  u s e d  t h r o u g h -  
out,  t h e  effect  of t h e r m a l  t r a n s p i r a t i o n  (8, 14) h a d  to 
be  cons ide r ed .  T h e  c o r r e c t i o n s  a r e  g r e a t e s t  a t  t h e  l o w -  
es t  p r e s s u r e s  u s e d  (0.1 r a m )  a n d  b e c a m e  n e g l i g i b l e  a t  
t h e  u p p e r  l i m i t  of a d s o r p t i o n  m e a s u r e m e n t s  (1.0 m m ) .  
N e g l e c t  of th i s  f a c t o r  i n t r o d u c e d  e r r o r s  as l a r g e  as 
5% a t  t h e  l o w e r  p r e s s u r e s  fo r  t h i s  p a r t i c u l a r  s y s t em.  

H e l i u m  gas  ( h i g h e s t  g rade ,  U. S. B u r e a u  of M i n e s )  
was  u s e d  in  t h e  d e g a s s i n g  p r o c e s s  p r e c e d i n g  t h e  s u r -  
face  a r e a  m e a s u r e m e n t s .  K r y p t o n  gas  w as  o b t a i n e d  in  
a s e a l e d  g lass  b u l b  f r o m  t h e  L a m p  D i v i s i o n  of t h e  
G e n e r a l  E l e c t r i c  C o r p o r a t i o n  a n d  w a s  sa id  to b e  f r e e  
of a c t i v e  gases  a n d  to c o n t a i n  less  t h a n  0.1% x e n o n .  
T h e  k r y p t o n  w a s  u s e d  as  is; t h e  h e l i u m  w a s  p a s s e d  
t h r o u g h  a n  a c t i v a t e d  c h a r c o a l  t r a p  s u r r o u n d e d  b y  
l i q u i d  n i t r o g e n  p r i o r  to use.  A n  o x y g e n  v a p o r  p r e s s u r e  
t h e r m o m e t e r  (15) w a s  u s e d  to m e a s u r e  t h e  t e m p e r a -  
t u r e  of t h e  l i q u i d  n i t r o g e n  s u r r o u n d i n g  t h e  a d s o r p t i o n  
tube .  

M e r c u r y  cu t -o f f s  w e r e  n o t  r e q u i r e d .  G o o d  g r a d e  
v a c u u m  s t o p - c o c k s  w e r e  u s e d  t h r o u g h o u t  a n d  g a v e  
s a t i s f a c t o r y  r e su l t s .  E q u i p m e n t  u s e d  b u t  n o t  s h o w n  in  
Fig.  1 a r e  l i q u i d  n i t r o g e n  t r aps ,  m e r c u r y  d i f fu s ion  
p u m p ,  oil  p u m p ,  o x y g e n  v a p o r  p r e s s u r e  t h e r m o m e t e r ,  
a n d  t r a v e l i n g  mic roscope .  

T h e  f o r m  of t h e  B E T  e q u a t i o n  a p p l i e d  to t h e  d a t a  
is g i v e n  b y  Eq. [1] 

P 1 C--1  ( P )  
- -  - -  - t -  [ 1 ]  

V(Po--P) VmC VmC (Po) 

w h e r e  V is t h e  q u a n t i t y  of gas  a t  S T P  w h i c h  is a d -  
s o r b e d  a t  t h e  p r e s s u r e  P, Vm is t h e  q u a n t i t y  of gas  

a. 
t 

N 
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Fig. 2 .  BET plots for samples of total areas of 0.57, 0.82, 3.3, 
6.4, and 8.7 m 2 (top to bottom). 

( S T P )  w h i c h  f o r m s  a m o n o l a y e r  on  t h e  su r face ,  Po is 
t he  v a p o r  p r e s s u r e  a b o v e  t h e  c o n d e n s e d  p h a s e  of  t h e  
a d s o r b a t e  ( k r y p t o n )  a t  t h e  a d s o r p t i o n  t e m p e r a t u r e ,  
a n d  C is a c o n s t a n t  r e l a t e d  to t h e  e n e r g e t i c s  of t h e  
a d s o r p t i o n  p rocess .  

P lo t s  of P/V(Po--P) as a f u n c t i o n  of P/Po r e s u l t e d  
in  s t r a i g h t  l ines  w i t h  r a t h e r  s m a l l  i n t e r c e p t s .  S o m e  
t y p i c a l  p lo t s  a r e  s h o w n  in  Fig.  2 fo r  p l a t i n i z e d - p l a t i -  
n u m  e l e c t r o d e s  r a n g i n g  in  specif ic  s u r f a c e  a r e a  f r o m  
0.11 to 1.6 m2/g .  T h e  s t r a i g h t  l i ne s  w e r e  d r a w n  v i s u a l l y  
s ince  t h e  d e v i a t i o n  f r o m  l i n e a r i t y  was  v e r y  s m a l l  a n d  
g r e a t  a c c u r a c y  w a s  n o t  r e q u i r e d .  O n  t h e  bas i s  of  a 
r a t h e r  l a r g e  n u m b e r  of s u r f a c e  a r e a  d e t e r m i n a t i o n s  
i t  w a s  e s t a b l i s h e d  t h a t  t h e  s y s t e m  u s e d  is su i t ab le ,  t h a t  
r e p r o d u c i b i l i t y  is good  ( < 5 %  d e v i a t i o n  on  d i f f e r e n t  
d e t e r m i n a t i o n s  of t h e  s a m e  s a m p l e ) ,  a n d  t h a t  s m a l l  
t o t a l  s u r f a c e  a r e a s  as o b t a i n e d  i n  p l a t i n i z e d - p l a t i n u m  
d e p o s i t s  c o u l d  b e  m e a s u r e d  a c c u r a t e l y  i f  t h e  t o t a l  
a r e a  w e r e  g r e a t e r  t h a n  50 c m  2. 

S i n c e  t h e  B E T  m e t h o d  is l a b o r i o u s  (3-4  h r  p e r  
d e t e r m i n a t i o n )  a n d  is l i m i t e d  in  so f a r  as m i n i m u m  
s u r f a c e  a r e a  t h a t  c a n  b e  m e a s u r e d  is c o n c e r n e d ,  a n  
a t t e m p t  was  m a d e  to a p p l y  a n  e l e c t r o c h e m i c a l  m e t h o d  
w h i c h  w o u l d  b e  m o r e  c o n v e n i e n t ,  s i m p l e  a n d  c a p a b l e  
of m e a s u r i n g  e x t r e m e l y  s m a l l  (1-50 c m  2) t o t a l  s u r f a c e  
a reas .  T h e  m e t h o d  of B o w d e n - R i d e a l  (16) as mod i f i ed  
b y  W a g n e r  (17) a n d  P e g u e s  (18) s e r v e d  as t h e  bas i s  
for  s o m e  l i m i t e d  e x p e r i m e n t s  in  t h e  r i s e  of p o l a r i z a t i o n  
c a p a c i t y  as a m e a n s  of s u r f a c e  a r e a  m e a s u r e m e n t .  T h e  
m e t h o d  is b a s e d  o n  t h e  p r i n c i p l e  t h a t  t h e  s u r f a c e  a r e a  
of a n  e l e c t r o d e  is r e l a t e d  to t h e  r a t e  of c h a n g e  of 
c a t h o d i c  p o t e n t i a l  a n d  c o n s t a n t  c u r r e n t .  M o r e  r e f i ned  
d e t e r m i n a t i o n s  h a v e  s u b s e q u e n t l y  b e e n  c a r r i e d  ou t  
(2, 4, 5) w h i c h  y i e l d e d  b e t t e r  r e s u l t s  a t  t h e  e x p e n s e ,  
h o w e v e r ,  of r e q u i r i n g  m o r e  c o m p l e x  e q u i p m e n t .  

O n e  a d d i t i o n a l  m e a n s  w a s  a t t e m p t e d ,  n a m e l y ,  c o r -  
r e l a t i o n  of t h e  r a t e  of d i s s o l u t i o n  of p l a t i n i z e d - p l a t i -  
n u m  e l e c t r o d e s  i n  a q u a  r e g i a  w i t h  t h e  s u r f a c e  a rea .  
T h i s  w a s  u n s u c c e s s f u l ,  h o w e v e r ,  s ince  t h e  d i s s o l u t i o n  
a b i l i t y  of t h e  a q u a  r e g i a  c h a n g e d  r a p i d l y  w i t h  t ime .  

Preparat ion  of P l a t i n i z e d - P l a t i n u m  Electrodes 
F i g u r e  3 s h o w s  s c h e m a t i c  d r a w i n g s  of t h e  v a r i o u s  

s y s t e m s  t h a t  w e r e  u s e d  to p r e p a r e  s a m p l e s  of p l a t i -  
n i z e d - p l a t i n u m .  E a c h  w a s  d e s i g n e d  in  a n  a t t e m p t  to  
r e m o v e  l i m i t a t i o n s  w h i c h  e x i s t e d  in  p r e v i o u s  sys t ems .  
F i g u r e  3A a n d  3B s h o w  L u c i t e  s u p p o r t s  t h a t  w e r e  u s e d  
to space  r e c t a n g u l a r  p ieces  of p l a t i n u m  fo i l  d u r i n g  t h e  
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Fig. 3. Plating systems used for preparing platinized-platinum 
electrodes. 

e l e c t r o d e p o s i t i o n  process .  In  Fig.  3A p l a t i n u m  foi ls  of 
0.85 x 7.6 c m  w e r e  a t t a c h e d  to t h e  L u c i t e  s u p p o r t s  w i t h  
U c i l o n  a n d  p l a t i n u m  wi re .  S e p a r a t i o n  w a s  0.65 c m  a n d  
n o  s t i r r i n g  o t h e r  t h a n  b u b b l i n g  gas  e v o l v e d  w a s  used .  
A b a n k  of l e a d  s t o r a g e  b a t t e r i e s  w a s  u s e d  f o r  t h e  c u r -  
r e n t  s o u r c e  in  a l l  p l a t i n g  e x p e r i m e n t s .  I n  a l l  cases  t h e  
t e m p e r a t u r e  was  m a i n t a i n e d  a t  30 ~ _+ I~ T o t a l  s u r -  
f ace  a r e a s  of t h e  s a m p l e s  w e r e  too s m a l l  to  b e  m e a s -  
u r e d  b y  t h e  m e a n s  u s e d  ( n i t r o g e n  a d s o r p t i o n ) .  

U s i n g  t h e  s u p p o r t s  s h o w n  in  Fig.  3B, l a r g e r  e l ec -  
t r o d e s  w e r e  p r e p a r e d  a n d  t h e  s u r f a c e  a r e a  w as  m e a s -  
u r e d  b y  k r y p t o n  a d s o r p t i o n .  T h e  s y s t e m  s h o w n  in  
Fig. 3C was  u s e d  p r i m a r i l y  fo r  m e a s u r e m e n t s  of s u r -  
f ace  a r e a  b y  t h e  B o w d e n - R i d e a l  m e t h o d .  Disks  of 
1.27 c m  d i a m e t e r  w i r e  w e r e  u s e d  w i t h  a s e p a r a t i o n  b e -  
t w e e n  t h e  d i sk  of 1 cm. T h e  s y s t e m  s h o w n  in  Fig. 3D 
w a s  t h e  m o s t  s a t i s f ac to ry ,  s ince  e l e c t r o d e s  of t h e  d e -  
s i r e d  s h a p e  w e r e  p r e p a r e d  a n d  t h e  ef fec t  of edges  ( e x -  
cep t  fo r  t h e  b o t t o m  p o i n t )  w e r e  e l i m i n a t e d .  T h e  a n o d e  
u s e d  w a s  5 c m  in  d i a m e t e r ;  t h e  c a t h o d e  w a s  37 m i l  
p l a t i n u m  wire ,  5 c m  in  l e n g t h .  

T h e  s y s t e m  s h o w n  in  Fig.  3B w as  u s e d  to p r e p a r e  a 
n u m b e r  of p l a t i n i z e d - p l a t i n u m  e l e c t r o d e s  a t  v a r i o u s  
c u r r e n t  d e n s i t i e s  a n d  f r o m  s o l u t i o n s  of d i f f e r i ng  c o m -  
pos i t ion .  A p a d d l e  s t i r r e r  r o t a t i n g  a t  25 r p m  was  u s e d  
to a g i t a t e  t h e  p l a t i n g  so lu t ion .  T h e  a p p a r e n t  s u r f a c e  
a r e a  of e a c h  e l e c t r o d e  w a s  29 cm2; t h e  s o l u t i o n  w a s  
0.86N HC1; t h e  t e m p e r a t u r e  w a s  30 ~ ___ I~  a n d  t h e  
c u r r e n t  d e n s i t i e s  r a n g e d  f r o m  0.034 to  0.33 a m p / c m  2. 
T h e  p l a t i n i z e d  p l a t i n u m  e l e c t r o d e s  w e r e  p o l a r i z e d  c a -  
t h o d i c a l l y  u n t i l  h y d r o g e n  w a s  evo lved .  T h e  s u r f a c e  
a r e a  m e a s u r e m e n t s  w e r e  t h e n  c a r r i e d  o u t  to  a 0.1N 
H2SO4 s o l u t i o n  a t  25 ~ -+- I~  

F i g u r e  4 s u m m a r i z e s  t h e  r e s u l t s  o b t a i n e d .  T h e  u p p e r  
c u r v e  s h o w s  t h e  v a l u e s  of specif ic  s u r f a c e  a r ea s  as a 
f u n c t i o n  of c u r r e n t  d e n s i t y  for  depos i t s  o b t a i n e d  f r o m  
10.0% b y  w e i g h t  c h l o r o p l a t i n i c  acid.  T h e  w e i g h t s  of 
t h e  depos i t s  r a n g e d  f r o m  1 to 23g. T h e  b o t t o m  
c u r v e  s h o w s  t h e  r e s u l t s  o b t a i n e d  k e e p i n g  a l l  f a c t o r s  
t h e  s a m e  e x c e p t  t h a t  t h e  c h l o r o p l a t i n i c  ac id  c o n c e n t r a -  
t i o n  w a s  r e d u c e d  to  4.39% b y  w e i g h t .  To c h e c k  t h e  
r e p r o d u c i b i l i t y  of t h e  s u r f a c e  a r e a  m e a s u r e m e n t s ,  one  
p o i n t  was  r e p e a t e d .  V a l u e s  of 0.41 m 2 / g  a n d  0.40 m 2 / g  
w e r e  o b t a i n e d .  T h e  r e p r o d u c i b i l i t y  of t h e  d e p o s i t i o n  
p roce s s  w a s  d e t e r m i n e d  u s i n g  s o l u t i o n  c o n t a i n i n g  
4.4% c h l o r o p l a t i n i c  ac id  s o l u t i o n  a t  a n  a p p a r e n t  c u r -  
r e n t  d e n s i t y  of 0.15 a m p / c m  2. T h e  t w o  s u r f a c e  a r e a s  
w e r e  m e a s u r e d  a n d  v a l u e s  of 0.20 m 2 / g  a n d  0.15 m 2 / g  
w e r e  o b t a i n e d .  In  t e r m s  of r o u g h n e s s  f a c t o r s  ( t r u e  a r e a  
d i v i d e d  b y  a p p a r e n t  a r e a )  t h e  v a l u e s  a r e  620 a n d  350, 
r e s p e c t i v e l y .  T h e  l a r g e s t  r o u g h n e s s  f a c t o r s  w e r e  
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Fig. 4. Specific surface areas of platinized-platinum electrodes 
(m2/g) as a function of apparent current density (amp/cm 2) 
at which electrodes were prepared. 

s l i g h t l y  in  excess  of 3000. L a r g e  r o u g h n e s s  f a c to r s  
w e r e  o b t a i n e d  o n l y  w h e n  l a r g e  depos i t s  w e r e  p r e -  
p a r e d  ( in  excess  of 20g of p l a t i n u m ) ;  m o s t  v a l u e s  
w e r e  c o n s i d e r a b l y  l o w e r  t h a n  t h e  r a n g e  of v a l u e s  
(3900-20,000) r e p o r t e d  b y  B r o d d  a n d  H a c k e r m a n  (2) 
a n d  a r e  m o r e  c o n s i s t e n t  w i t h  t h e  v a l u e s  of r o u g h n e s s  
f a c t o r s  f o r  p l a t i n i z e d - p l a t i n u m  r e p o r t e d  b y  W i l l  (5) .  
Mos t  r o u g h n e s s  f a c t o r  v a l u e s  w e r e  in  t h e  r a n g e  of 
200-400. 

T h e r e  w a s  c o n s i d e r a b l e  d i f f e r e n c e  in  t h e  a p p e a r a n c e  
of t h e  e l e c t r o d e s  p r e p a r e d .  T h o s e  depos i t s  f o r m e d  a t  
t h e  l o w e r  c u r r e n t  d e n s i t i e s  w e r e  a d h e r e n t .  T h e  d e -  
pos i t s  w i t h  t h e  l a r g e s t  v a l u e s  f o r  t h e  r o u g h n e s s  v a l u e s  
w e r e  b r i g h t  a n d  n o n a d h e r e n t .  

A d i r e c t  c o m p a r i s o n  of t h e  B E T  m e t h o d  a n d  t h e  
B o w d e n - R i d e a l  m e t h o d  was  c a r r i e d  o u t  u s i n g  t h e  e l ec -  
t r o d e  p r e p a r e d  a t  t h e  l o w e s t  c u r r e n t  d e n s i t y  (Fig .  4) .  
T h e  B E T  a n d  B o w d e n - R i d e a l  v a l u e s  w e r e  0.11 a n d  0.10 
m2/g ,  r e s p e c t i v e l y .  

U s i n g  t he  s y s t e m  s h o w n  in  Fig.  3C, t h r e e  s a m p l e s  of 
p l a t i n i z e d - p l a t i n u m  w e r e  p r e p a r e d  fo r  w h i c h  s u r f a c e  
a r e a  v a l u e s  of 0.18, 0.18, a n d  0.13 m 2 / g  w e r e  o b t a i n e d  
b y  t h e  B o w d e n - R i d e a l  m e t h o d .  T h e  c u r r e n t  d e n s i t y  
was  0.24 a m p / c m  2 a n d  a s o l u t i o n  i d e n t i c a l  to  t h e  one  
d i s c u s s e d  p r e v i o u s l y  ( b o t t o m  cu rve ,  Fig.  4) w a s  used .  
A n  i n d i c a t i o n  of t h e  r e p r o d u c i b i l i t y  of t h e  p l a t i n g  e x -  
p e r i m e n t s  c a n  b e  o b t a i n e d  f r o m  t h e s e  r e su l t s .  T h e  
a g r e e m e n t  b e t w e e n  t h e  B o w d e n - R i d e a l  s u r f a c e  a r e a  
v a l u e s  a n d  t h e  v a l u e  of t h e  specif ic  s u r f a c e  as o b t a i n e d  
b y  gas  a d s o r p t i o n  (0.15 m 2 / g )  is s a t i s f ac to ry .  

D u r i n g  t h e  c o u r s e  of t h i s  w o r k  i t  w a s  n o t e d  t h a t  
p u r e  c h l o r o p l a t i n i c  ac id  s o l u t i o n s  do n o t  y i e l d  depos i t s  
of p l a t i n u m  t h a t  a r e  b l a c k  a n d  a d h e r e n t .  I n s t e a d ,  u s i n g  
p u r e  so lu t ions ,  one  o b t a i n s  s i l v e r y - g r a y  depos i t s  w h i c h  
h a v e  a t e n d e n c y  to f lake  off t h e  e l ec t rode .  S i m i l a r  r e -  
su l t s  h a v e  b e e n  n o t e d  p r e v i o u s l y  (19-21)  a n d  x - r a y  
d i f f r ac t i on  s t ud i e s  (22) h a v e  s h o w n  t h a t  s o m e  i m p u r i -  
t ies  ( l ead ,  m e r c u r y ,  t h a l l i u m ,  c a d m i u m )  a r e  i n c o r p o -  
r a t e d  i n to  t h e  l a t t i c e  c a u s i n g  a w i d e n i n g  of t h e  c r y s t a l  
l a t t i ce ,  w h i l e  o t h e r  i m p u r i t i e s  ( c h r o m i u m ,  m a n g a n e s e ,  
i ron ,  coba l t ,  n i cke l ,  copper ,  zinc,  p a l l a d i u m )  a r e  i n -  
c o r p o r a t e d  i n to  t h e  depos i t  a n d  l e ad  to d i f f r a c t i o n  
l ines  i n d i c a t i n g  a c o n t r a c t i o n  of t h e  c r y s t a l  l a t t i ce .  
A d d i t i o n  of sa l t s  of a n t i m o n y ,  t in ,  b i s m u t h ,  a r sen ic ,  
a n d  go ld  a l t h o u g h  m o d i f y i n g  t h e  n a t u r e  of t h e  depos i t ,  
d id  n o t  a l t e r  t h e  p o s i t i o n  of t h e  d i f f r ac t i on  l ines .  

U s i n g  t h e  s y s t e m  s h o w n  in  Fig.  4D a s o l u t i o n  of 
2.42% c h l o r o p l a t i n i c  ac id  s o l u t i o n  mod i f i ed  b y  t h e  
a d d i t i o n  of 0.001% l ead  a c e t a t e  s e r v e d  as t h e  p l a t i n g  
so lu t ion .  T h e  depos i t s  f o r m e d  f r o m  t h i s  s o l u t i o n  w e r e  
b l a c k  a n d  a d h e r e n t .  T h e  a d d i t i o n  of t h e  l e a d  ace t a t e ,  
h o w e v e r ,  r e d u c e d  t h e  r e p r o d u c i b i l i t y  of t h e  p l a t i n g  
p roce s s  in  t e r m s  of t h e  specif ic  s u r f a c e  a r e a s  as d e t e r -  
m i n e d  b y  k r y p t o n  a d s o r p t i o n .  A t  a c u r r e n t  d e n s i t y  of 
0.21 a m p / c m  2 a n d  a p l a t i n g  t i m e  of 120 rain,  s a m p l e s  of 
specif ic  s u r f a c e  a r e a s  of 0.29 a n d  0.68 m 2 / g  w e r e  o b -  
t a ined .  A t  30 m i n  p l a t i n g  t ime ,  depos i t s  of 0.89 a n d  1.5 
m 2 / g  specif ic  s u r f a c e  a r e a  w e r e  o b t a i n e d .  T h e s e  r e s u l t s  
i n d i c a t e  e x t r e m e l y  p o o r  r e p r o d u c i b i l i t y  e v e n  t h o u g h  
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plating conditions for the different electrodeposit ions 
were  mainta ined as constant as possible. 

Conclusions 
The exper iments  conducted lead us to the fol low- 

ing generalizations regarding  the measurements  of 
surface areas and prepara t ion  of p la t in ized-pla t inum 
electrodes: 

1. BET and Bowden-Ridea l  surface area measure -  
ments  can be used effectively for p la t in ized-p la t inum 
electrodes. Agreement  be tween  the two methods is 
good. 

2. The pla t inum deposits obtained in the init ial  
stages of plat ing are of higher  specific surface area 
than the mater ia l  plated later. 

3. In general,  h igher  values of specific surface are 
obtained f rom solutions of higher  chloroplatinic acid 
concentration. 

4. Without  addition agents ( impuri t ies  such as lead 
acetate) the deposits obtained are not black or ad- 
herent.  In solutions containing lead acetate the de- 
posits are black, adherent,  and genera l ly  of high spe- 
cific surface area, but  the reproducibi l i ty  in terms of 
surface areas is poor. 

5. Specific surface areas of p la t in ized-pla t inum de- 
posits prepared  by electrodeposit ion are complex 
functions of a number  of variables  including geometry  
of the plat ing system, composition of the plat ing solu- 
tion, t ime of plating, and current  density. It  appears, 
however ,  that  for a par t icular  system and solution 
there  is an opt imum current  density at which deposits 
of max imum specific surface area are obtained. 
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Kinetics of Recombination of Frenkel Defects in Anodic Oxide 
Films on Tantalum 

I . .  Young 
Department of Electrical Engineering, The University of British Columbia, Vancouver, B. C., Canada 

ABSTRACT 

The changes wi th  t ime in the ionic conduct ivi ty  of anodic oxide films on 
tan ta lum have been investigated. The results are discussed in re la t ion to the 
theory  that  Frenkel  defects are present  in the films and that  they recombine 
due to the electrostatic at t ract ion be tween  the vacant  cation sites and the 
interst i t ial  ions. 

In the ionic conduction process which occurs dur ing 
the growth of anodic oxide films (1) on tantalum, the 
fields are high enough for an exponent ia l  r a ther  than 
an ohmic dependence of current  on field, and the t ran-  
sient behavior  indicates that  the concentrat ion of mo-  
bile ions is a function of the applied field, taking up 
its new value re la t ive ly  slowly when  the field is sud- 
denly changed. The probable explanat ion  of the t ran-  
sients [Bean, Fisher,  and Vermi lyea  (2), Dewald  (3)] 
is that  the high fields produce Frenke l  defects by pul l -  
ing ions out of ne twork  positions and depositing them 
in interst i t ia l  positions where  they are mobile. The re -  
combination process which occurs dur ing the passage 
of current  is probably the extract ion of ions f rom the 
current  by the vacancies in a capture  cross-section 
process. In the present  work  the mechanism of re -  
combinat ion was studied wi th  zero field applied, that  
is, no ionic current.  In these circumstances recombina-  
tion is still expected but due to a different mechanism. 

The electrostatic a t t ract ion be tween  the posi t ively 
charged mobile  tan ta lum ions and the cation vacancies 
(which may  be assumed, in the usual way, to have  a 
negat ive charge) is expected to cause interst i t ia l  ions 
to migra te  toward neighboring vacancies. Previous 
work  includes papers by Vermi lyea  (4, 5) and some 
unpubl ished exper iments  by the late J. F. Dewald, 
fo rmer ly  at Bel l  Telephone Laboratories.  The changes 
in dielectric propert ies  wi th  t ime (6, 7) are evident ly  
associated wi th  re la ted s t ructural  changes in the films. 

Experimental Procedure 
Anodic oxide films were  grown ei ther at constant 

current  or at constant applied potential  on chemical ly  
polished electrodes immersed  in approximate ly  1 
weight  per cent H2SO~. When the vol tage and 
current  were,  say, V1 and is, respect ively,  (V1 being 50 
to 150v, il f rom a few ~a cm -2 to a few ma cm-2) ,  the 
tan ta lum electrodes were  short circuited to a large 
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pIatinized plat inum subsidiary electrode. The solution 1'0 
was kept  saturated with hydrogen,  so that  this elec-  
t rode took up the hydrogen  potent ial  in the given 
solution. The field in the oxide was thus mainta ined 0 " 8  
at effectively zero (so far  as normal  ionic conduction is 
concerned) for a definite t ime ranging f rom a few 
milliseconds to a few hours. A vol tage 9"2 (usual ly 0 " 6  
equal  to V1) was then  reapplied.  Af te r  the large ca-  
paci tor -charging cur ren t  had died away, the ionic cur -  R 
rent  could be observed to be increasing with  time. By 
back extrapolat ion to the t ime at which the vol tage 0 " 4  
was applied, an est imate was obtained of the in-  
stantaneous value  i2 of the ionic current.  The new ionic 
current  was always less than that  flowing at the same � 9  I 
vol tage before the period at zero field, since, as it is 
supposed, the concentrat ion of mobile  ions decreases 
because of the recombinat ion process. It is postulated 
that  ioJil is equal  to the rat io of the concentrat ion of 
defects remaining  after  t ime t to that  ini t ia l ly  present.  

The principal  difficulty is in the extrapolat ion.  As has 
been noted previously (8) the capaci tor-charging 
current  tends to be anomalously prolonged. This l imits 
the accuracy of the extrapolation,  which  is, neve r the -  0"~  
less, sufficiently good to show the main  features  of the 
recombinat ion process. Possibly this effect is re la ted 
to the space charge effects studied by Dreiner  (9). 0 " ~  

A t iming device was buil t  for this work  by E. M. 
Edwards.  The currents  were  recorded e i ther  on a San-  R 
born recorder  or by oscilloscope photography.  At  the 0 ' 4  
higher  current  densities an apparatus previously  de- 
scribed (10) was used to control the init ial  format ion 
and to supply a t r igger  vol tage to the timer. At lower  
current  densities manual  control was employed. O ' ~  

Resul ts  

The typical  behavior  is shown in Fig. 1. With the 
init ial  format ion at 25 ~a cm -2, one- ten th  of the 
Frenke l  defects (if the theory is correct)  had disap- 
peared in 10 msec but th ree- ten ths  remained af ter  a 
period of hours. Evident ly,  if the process is represented 
as a re laxat ion  process, wi th  re laxat ion  t imes a func-  
tion of the separat ion of the components  of the Frenke l  
defects, then there  is a wide range of re laxat ion  times. 
This wide range is doubtless re la ted to the lack of a 
peak at any f requency  in the dielectric losses at audio 
frequencies,  since it is probable  that  ionic m o v e m e n t  is 
involved in the dielectric loss process (1). 

The second feature  is i l lustrated by Fig. 2 and 3. 
The higher  the initial current  density at a given t e m -  
perature,  the greater  the proport ion of Frenke l  defects 
that  recombine in a given time. This effect seems to be 
expected for the model, since, as wil l  be shown, the 
evidence is that  more  Frenke l  defects are present  the 
higher  the current  density, so that  the average  separa-  
tion of the components  of the defects is smaller .  

Since the recombinat ion process involves  ionic 
movement ,  i t  is to be expected that  a set of act ivation 
energies exists corresponding to the re laxat ion  times, 

1.0 
O~ 

0"8 ""~176 {0= 25pAcm-; - a - - . . o ~ e ~  

e ~  

�9 o....O\o\ 
- -  O 

-2  -I 0 I 2 3 z 
Ioglo (f/sec) 

Fig. 1. Typical recombination plot. Proportion of defects re- 
maining after time t at zero field. 

o~ 

Ioglo( t/sec 
Fig. 2. Dependence on initial current density at O~ 

I 25Oc 
. ~ ~ : ~  o ~  

, , , , ~  

-2 -I 0 I 2 
Iog,o (f/sec) 

Fig. 3. Dependence on initial current density at 25~  

and that  the process should be faster  the h igher  the 
t empera tu re  for the same init ial  concentra t ion and spa- 
cial distr ibution of defects. For  a given current  density 
it appears that  the increased ionic mobi l i ty  associated 
with  h igher  t empera tu re  is roughly  cancelled over  the 
0~176 range by the effects of fal l  in the concentra-  
t ion of defects, so that  the curves of the type shown in 
Fig. 1 are almost independent  of tempera ture .  

To find a set of init ial  currents  at various t empera -  
tures corresponding to the same concentrat ion of defects, 
recourse has to be made to the theory  of the ionic con- 
duction process as applied to exper imenta l  data  on 
steady s ta te  and t ransient  kinetics. There  is some doubt 
of the val idi ty  of the theory, par t icular ly  since only 
the meta l  ions are assumed to be mobile,  and recent  
exper iments  by Graham, Brown,  Davies and Pr ingle  
(11) [see also, Amsel  and Samuel  (12)] have  indicated 
that  the situation is more complicated than previously 
assumed. It  has not yet  been made clear wha t  changes 
wil l  be requi red  in the model  to account for these new 
experiments .  Previous  difficulties regarding the lack 
of the expected t empera tu re  dependence of the steady 
state and t ransient  Tafel  slopes (dE/d log i) have  re -  
ceived an explanat ion (13), which requires  the de- 
pendence of f ree  energy of act ivat ion on field to be ex-  
tended to include the quadrat ic  te rm in the expansion 
in powers of E, the physical  model  being that  the con- 
denser  pressure is large and is dependent  on the 
square  of E. Exper imenta l ly ,  the  steady state cur ren t  
(10) was found to be given by i : i o  exp{- - (W 
- - q E ( ~ - - ~ E ) ) / k T } ,  where  io, W, ~, and /~ are  con ~ 
stants, q ~ 51e I, E = field. This includes the dependence 
of concentrat ion n of defects on the field. Transient  
exper iments  (8) give the mobi l i ty  of the defects 

i ~ A n exp{--  (W2 --  qE (~2 ~ ~2E) ) / k T }  

where  A is a constant whose numerica l  value  is not 
known.  Hence, using the numer ica l  values of the con- 
stants given in the above references,  n ~ nl exp (--0.9 
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Fig. 4. Contours of i (as Iogl0 (i/A cm -2)  ) and of concentra- 
tion of defects (as Ioglo (n/constant)) as functions of field and 
temperature. 
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Fig. 5. Recombination curves for initial conditions corresponding 
to the same concentration of defects. 

e V / k T )  e x p { q ( 4 . 8 A  - -  0 .23(A/106V cm-1)F~)E/kT},  
w h e r e  n l  is a n  u n k n o w n  c o n s t a n t .  

A p lo t  of c o n t o u r s  of n a n d  of s t e a d y  s t a t e  c u r r e n t  { 
as f u n c t i o n s  of 1/T a n d  E is g i v e n  in  Fig.  4. T h e  c o n -  
c e n t r a t i o n  of de fec t s  is p r e d i c t e d  to b e  a f u n c t i o n  of  E 
a l m o s t  i n d e p e n d e n t  of t e m p e r a t u r e .  

F i g u r e  5 s h o w s  d a t a  fo r  a se t  of i n i t i a l  c u r r e n t s  a t  
v a r i o u s  t e m p e r a t u r e s  s u c h  t h a t  t h e  i n i t i a l  c o n c e n t r a -  
t i on  of de f ec t s  s h o u l d  b e  t h e  s a m e  fo r  all. F i g u r e  6 
s h o w s  log10 (t/1 sec ) ,  w h e r e  t is t h e  t i m e  fo r  t h e  f i rs t  
0.3 or  so of t h e  de fec t s  to r e c o m b i n e ,  as a f u n c t i o n  
of 1/T. T h e  s lope  i n d i c a t e s  a m e a n  a c t i v a t i o n  e n e r g y  
of a b o u t  0.9 eV, w h i c h  m a y  b e  c o m p a r e d  w i t h  t h e  e x -  
p e r i m e n t a l  v a l u e  1.3 eV f o r  t h e  a c t i v a t i o n  e n e r g y  fo r  
ionic  m o v e m e n t  a t  z e ro  f ield (8 ) .  

T h e  r e c o m b i n a t i o n  p r oce s s  m a y  a l so  b e  s t u d i e d  b y  
r e a p p l y i n g  a c o n s t a n t  c u r r e n t  i n s t e a d  of a c o n s t a n t  
v o t t a g e  (Fig .  7). (Th i s  m e t h o d  w a s  u s e d  b y  D e w a l d  in  
h i s  u n p u b l i s h e d  w o r k . )  T h e  e l e c t r o d e  p o t e n t i a l  t h e n  
goes  t h r o u g h  a m a x i m u m .  T h e  exces s  f ield 5E  a t  t h e  
m a x i m u m  is a n  e x p o n e n t i a l  m e a s u r e  of t h e  a m o u n t  of 
r e c o m b i n a t i o n .  N e g l e c t i n g  t h e  i n c r e a s e  in  c o n c e n t r a -  
t i o n  of de f ec t s  d u r i n g  t h e  b u i l d - u p  to t h e  m a x i m u m  
field AE (d  log  i /dE) ~ - -  log  ( R)  w h e r e  d log  i /dE 
r e f e r s  to  s u d d e n  c h a n g e s  of f ield a n d  R is t h e  p r o p o r -  
t i o n  of de fec t s  u n r e c o m b i n e d .  Q u a l i t a t i v e l y ,  t h e  
m e t h o d  s h o w s  t h e  s a m e  d e p e n d e n c e  o n  t e m p e r a t u r e  
a n d  i n i t i a l  c u r r e n t .  Q u a n t i t i v e l y ,  t h e  a g r e e m e n t  w i t h  
t h e  o t h e r  m e t h o d  w a s  r a t h e r  poor .  

04 
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Fig. 6. Activation energy plot for data of Fig. 5 
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Fig. 7. Constant current method 

Discussion 
T h e  d i s c u s s i o n  b e l o w  fo l l ows  a n  a p p r o a c h  d u e  to 

D e w a l d  ( u n p u b l i s h e d ) .  
I t  is a s s u m e d  t h a t  e a c h  i n t e r s t i t i a l  i on  m a y  b e  p a i r e d  

w i t h  a v a c a n c y  w i t h  w h i c h  i t  w o u l d  e v e n t u a l l y  r e -  
c o m b i n e  g i v e n  suff ic ient  t ime .  S i n c e  t h e  spac i a l  d i s t r i -  
b u t i o n s  w i l l  b e  l a r g e l y  r a n d o m ,  a g i v e n  ion  m a y  s t a r t  
m o v i n g  t o w a r d  t h e  w r o n g  v a c a n c y .  N e g l e c t i n g  t h i s  a n d  
o t h e r  comp l i ca t i ons ,  t h e  d i s t r i b u t i o n  m a y  b e  d e s c r i b e d  
b y  a f u n c t i o n  g i v i n g  t h e  c o n c e n t r a t i o n  of p a i r s  s e p a -  
r a t e d  b y  1, 2 , . . . .  r u n i t  a t o m i c  j u m p s .  L e t  t h e s e  c o n -  
c e n t r a t i o n s  b e  Yl, Y2 . . . . .  Yr. 

I t  is a s s u m e d  t h a t  t h e  c o n c e n t r a t i o n  of m o b i l e  ions  
e f fec t ive  w h e n  t h e  f ie ld is r e a p p l i e d  is s i m p l y  t h e  s u m  
c o r r e s p o n d i n g  to  a l l  u n r e c o m b i n e d  ions,  t h a t  is, v a r i -  
a t i ons  in  b u l k  m o b i l i t y  a s s o c i a t e d  w i t h  v a r i a t i o n s  in  
t h e  d i s t a n c e  f r o m  n e a r b y  v a c a n c i e s  a r e  n e g l e c t e d .  T h e  
field a c t i n g  on  a g i v e n  i n t e r s t i t i a l  d u r i n g  r e c o m -  
b i n a t i o n  w i l l  be  r o u g h l y  E = q/e(2ra) ~, w h e r e  q is t h e  
c h a r g e  on  t h e  v a c a n c y  ( a s s u m e d  e q u a l  in  m a g n i t u d e  to 
t h a t  on  t h e  i o n ) ,  e is t h e  d i e l e c t r i c  c o n s t a n t ,  r is t h e  
n u m b e r  of j u m p s  fo r  r e c o m b i n a t i o n  to occur ,  a n d  
2a is t h e  s p a c i n g  b e t w e e n  success ive  i n t e r s t i t i a l  si tes.  
I t  is a s s u m e d  t h a t  t h e  r a t e  of j u m p i n g  is p r o p o r t i o n a l  
to  e x p { : - - ( W - - q a E ) / k T } .  A c h a i n  of e q u a t i o n s  is o b -  
t a i n e d  s i m i l a r  to t h a t  f o r  a s e q u e n c e  of r a d i o a c t i v e  
d e c a y s  

dye~dr = --  Xiy~ + ~i+lYi+l  

w h e r e  ~i ---- ko e x p { - - ( W - - q a E O / k T } .  I t  m a y  b e  a s -  
s u m e d  t h a t  s e p a r a t i o n s  g r e a t e r  t h a n  some  g i v e n  v a l u e  
m a y  b e  n e g l e c t e d .  T h e  s o l u t i o n  is s t a n d a r d  a n d  t a k e s  
t h e  f o r m  of a se t  of t e r m s  i n  e x p  ( - -k i t )  w i t h  coeff ic ients  
f u n c t i o n s  of  t h e  i n i t i a l  v a l u e s  of  t h e  y~ ( s ay  N 0  a n d  
t h e  ki. T h e  i n i t i a l  c o n c e n t r a t i o n s  w i l l  b e  of  t h e  f o r m  
o b t a i n e d  f r o m  t h e  p r o b a b i l i t y  t h a t  a v a c a n c y  h a s  i t s  
n e a r e s t  i n t e r s t i t i a l  i s i tes  a w a y :  (n /N)  g~ II (1--ngr/N),  

r < i  
w h e r e  n is t h e  c o n c e n t r a t i o n  of i n t e r s t i t i a l s ,  N t h a t  of 
a l l  i n t e r s t i t i a l  si tes,  a n d  t h e  g~ a r e  g e o m e t r i c a l  f ac to rs .  
F o r  b ig  s e p a r a t i o n s  th i s  goes  o v e r  i n t o  a c o n t i n u -  
ous  d i s t r i b u t i o n :  exp  ( - - n V )  n4~ (2 ra )  2d (ra), w h e r e  
V = (4/3)n(2ra)< 

A n u m e r i c a l  i n v e s t i g a t i o n  of th i s  m o d e l  is h a r d l y  
w o r t h w h i l e  a t  p r e s e n t .  A f e w  q u a l i t a t i v e  f e a t u r e s  a r e  
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significant. The work  done by the local field as an ion 
jumps successive barr iers  increases ve ry  rapidly as the 
ion approaches wi th in  a few steps of the vacancy. With 
the reugh expression for the field given above, the con- 
tr ibutions for the jumps in reverse  order are in the 
ratio 1, 1/6, 1/15, 1/28. It would seem that  if recom-  
bination is appreciable for larger  separations it wi l l  
be pract ical ly instantaneous for closer separations. 
This supports the capture  cross-section model  for the 
recombinat ion during the format ion of the films. P r e -  
sumably, the closest separations simply do not occur 
in the present  exper iments  and the recombinat ions ob- 
served refer  to more wide ly  spaced pairs. The ob- 
served wide spread of re laxat ion t imes is ev ident ly  not 
inconsistent with the model. The observed dependence 
on initial concentrat ion of defects is shown in qual i ta -  
t ive fashion. A point of interest  here  is that  the spa- 
cial distr ibution produced by forming the film under  
given conditions and then holding at zero field ti l l  a 
concentrat ion n is produced is not to be expected to be 
the same as that  obtained direct ly  by format ion under  
conditions such that  the concentrat ion is n before any 
recombinat ion has occurred. The problem is to decide 
whe ther  this model  is basically adequate  or whe the r  
as Vermi lyea  has suggested (4, 5), some more  subtle 

change in the s t ructure  of the films must  be postulated 
to explain the t ransient  and other  phenomena.  

Manuscript  received Feb. 10, 1964. This paper  was 
presented at the Pi t t sburgh Meeting, Apr i l  15-18, 1963. 

Any discussion of this paper  wi l l  appear in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL 
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The Disintegration of Iron and Steel while Dissolving in Acids 
M.  E. Straumanis, G. E. Welch,  and W.  J. James 

Departments oJ Metallurgical Engineering and of Chemistry, The University of Missouri at Rolla, Rolla, Missouri 

It  is known that  ve ry  pure  carbonyl  iron dissolves in 
di lute H2SO4 at a faster  rate  than in tIC1 of the  same 
concentrat ion (1); the same was confirmed recent ly  
work ing  with  zone-ref ined Fe and wi th  steel samples 
(2). In s tudying the la t te r  metals  and t ry ing  to expla in  
the faster  rates obtained in H2SO4, suspicion arose that  
metal l ic  dis integrat ion in the form of part icles might  
have  proceeded at a faster  ra te  in H2SO4 than in HC1. 

The phenomenon of dis integrat ion was observed pre-  
viously whi le  the metals  Be (3, 4), Mg (5), Ga (6), 
In (7), and A1 (8) were  anodical ly  dissolving in acids. 
It  also occurred dur ing self-dissolut ion of Be. Re-  
marks  on dis integrat ion of Fe can be found in the 
article of Marsh and Schaschl (9). 

Could dis integrat ion of Fe  be observed in the same 
way as for the other metals  ment ioned above? High-  
pur i ty  Fe and carbon steel  were  used for the dis- 
in tegrat ion observations.  The zone-ref ined Fe and the 
steel had the composit ions shown in Tables I, II, and 
III. As s tar t ing mater ia l  for zone refining, e lectrolyt ic  
iron was used (Table II) ,  the composit ion of which 
remained essential ly the same af ter  refining. 

Since zone-ref ined iron dissolved only very  s lowly 
in HC1 and H 2 S 0 4  ( 1 )  there  was no hope of o b s e r v -  

Table I. Nonmetallic impurities of the zone-refined Fe-bar 
(obtained from Battelle Memorial Institute) in ppm 

(--  0.0001% by weight) 

O 1.7 H 0.2 
C 9 ~ 4  S 5 ~ 3  
N 0.2 

ing dis integrat ion of the meta l  dur ing self-dissolution.  
A Fe electrode was, therefore,  made and used as an 
anode for dissolution in H2SO4 and HC1. However ,  
at cur ren t  densities up to 1 a m p / c m  2 in less than 1N 
H2SO4 the solutions r emained  clear. When the cur ren t  
densi ty in 1N H2SO4 was increased to 2.4 and more  
(amp/cm2) ,  a black dispersion in the form of ve ry  
fine part icles was observed at the anodic surface. Un-  
for tuna te ly  the dispersion (the solid phase having 
a ve ry  large act ive surface) dissolved before  it  could 
be washed free of acid. It  is ve ry  probable  that  the 
dark dispersion consisted of meta l l ic  Fe  part icles (9). 
Larger  black par t ic les  were  also observed in the solu- 
tion, but  could not be isolated for optical examinat ion.  

Table II. Metallic impurity content in ppm detected in the 
electrolytic Fe 

A1 15 CT 5 Mn 0.5 
Be <0.2 Co 5 Ni 20 
Cd 5 Cu 7 P 9 
Ca < i 0  iVfg >5 Si i0 

Table Ill. Analyses (in % by weight) of the steel sample 
(balance-Fe), obtained from U.S. Steel Corporation, 

E. C. Bain Laboratory, Monroeville 

A d m i x t u r e  Steel  sample  

C 0.44 
Mn 0.86 
P 0.027 
S 0.035 
Si 0.20 
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Fig. 1, a and b. Bright particles (iron chunks) of metallic luster 
formed as a result of attack of steel (Table III) by 5.0N H2SO4; 
above, larger chunks; below, smaller particles. Magnification 1430X. 

In HC1 a fluffy brown precipi tate  could be seen fal l -  
ing f rom the anode. However ,  there  was no micro-  
scopic evidence for  the presence of metal l ic  part icles 
in this substance. 

The steel sample (Table III) exhibi ted quite  a dif-  
ferent  behavior.  In the absence of current,  a black 
deposit was noticed to have  formed on the surface 
of the steel samples in both H2SO4 and HC1 acids 
after a short period of exposure. This deposit fo rmed 
more readi ly  in H2SO4 than in HC1. Af ter  a period of 
about 1 hr  the H2SO4 itself s tar ted to discolor and 
then the solution became dull  gray. In HC1, even 
after  6 hr, the solution remained  clear. 

It  was suspected that  the discoloration of H~SO~ 
arose f rom the carbon of the meta l  (see Table I I I ) .  
To collect larger  amounts  of the dispersion (which 
slowly set t led),  2 x 3 cm pieces of the sample were  
placed in 5.0N H2804. After  1/2 hr  the solution became 
gray and a black deposit  was observed on the bot tom 
of the reaction vessel. The acid was decanted f rom 
the deposit, r insed with  disti l led water ,  and finally 
washed with  acetone. Then the dry deposit was ex-  
amined in the reflecting l ight  of an optical microscope 
at high magnification (1430X, oil immers ion) .  A n u m -  
ber of specks exhibi ted a metal l ic  lus ter  (see Fig. 1, a 
and b).  Some of them were  dispersed in a b rown-  
pink substance. In t ransmit ted  l ight  the shiny par -  
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ticles appeared as opaque spots, characterist ic of par -  
ticles of higher  density. X - r a y  powder  pictures of 
the black deposit showed the definite presence of 
lines of f ree  iron. The black part icles consisted, the re -  
fore, of iron and were  observed in all  instances to 
come f rom the surface of the steel samples. 

Format ion of black particles dur ing dissolution of 
the steel sample in HC1 was not observed. In order 
to check the surface of the dissolving meta l  for the 
presence of Fe chunks, the surface was washed using 
a soft rubber  policeman. Some single part icles were  
collected in this way, and the microscope revealed  
that  they had the same general  appearance as those 
formed in H2SO4. 

Thus, it was shown that  steel and Fe have  the 
proper ty  to disintegrate into very  small  particles 
whi le  dissolving in H2SO4 and to a smaller  extent  
when  react ing wi th  HC1. Since the part icles dissolve 
separately,  i t  is unders tandable  why  the ra te  of dis- 
solution observed in H2804 is faster  than in HC1. The 
exper imenta l  conditions do not permi t  one to assume 
that  the Fe part icles were  produced as a consequence 
of disproport ionat ion of Fe +1 to Fe ~ and Fe 2+, as 
was erroneously  assumed in the case of the dis integra-  
tion of Be (10, 3, 4). F e 2+ (a normal  oxidation state) 
is produced directly, as is observed for Zn dis integrat-  
ing anodically (11). Disintegrat ion is in all probabi l i ty  
a surface phenomenon connected with  the b reakdown 
of oxide and other protect ive layers f rom the meta l  
dur ing at tack by corrosive agents: evident ly  these 
layers separate f rom the bulk meta l  taking small  parts 
of the metal  wi th  them. Thus, the degree of dis integra-  
tion wil l  depend on the adherabi l i ty  of the layers to 
the metal,  the ra te  of product ion of new layers, and 
the undermin ing  abili ty of the corrosive. As can be 
seen f rom this example  of Fe and steel, the admixtures  
present  increase the ra te  of disintegration, as, e.g., for 
A1 (8). 

A c k n o w l e d g m e n t s  
The authors wish to thank the Office of Naval  Re-  

search for support  of this work. The authors are also 
thankful  to Dr. O. T. Marzke, Vice Pres ident  of the 
U.S. Steel  Corporation, Pi t tsburgh,  and to Dr. G. W. P. 
Rengstorff, Research Associate at Bat te l le  Memorial  
Institute,  Columbus, for the donation of the iron and 
steel samples. 

Manuscript  received May 4, 1964; revised manu-  
script received June  29, 1964. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL. 

REFERENCES 
1. M. Centnerszwer  and M. Straumanis,  Z. physik. 

Chem., A162, 94 (1932). 
2. M. E. Straumanis,  W. J. James,  and G. E. Welch, 

ONR Tech. Rep. No. 6, Feb. 1964. 
3. M. E. S t raumanis  and D. L. Mathis, J. Less-Comm. 

Met., 4, 213 (1962). 
4. M. E. St raumanis  and D. L. Mathis, This Journal, 

1{}9, 434 (1962). 
5. M. E. St raumanis  and B. K. Bhatia,  ibid., l l0 ,  357 

(1963). 
6. M. E. St raumanis  and K. Poush, ibid., U l ,  795 

(1964). 
7. M. E. St raumanis  and R. Martin, Z. anorg. Chem., 

In press. 
8. B. Roald and M. A. Streicher,  This Journal, 97, 283 

(1950). 
9. G. A. Marsh and E. Schaschl, ibid., 107, 960 (1960). 

10. B. J.  Laughlin,  J. Kleinberg,  and A. W. Davidson, 
J.A.C.S., 78, 559, 560 (1956). 

11. W. J. James  and G. E. Stoner,  ibid., 85, 1354 (1963). 



Photoluminescence and Polytypism in 
Boron Doped Silicon Carbide 

Arrigo Addamiano 
Lamp Research Laboratory, General Electric Company, Nela Park, Cleveland, Ohio 

It is wel l  known that  silicon carbide exists in a 
large number  of different but  closely re la ted crystal  
structures, usual ly  re fe r red  to as "polytypes." Kn ip -  
penberg (1) lists 44 such polytypes, and a few more  
have  been repor ted  recent ly  (2, 3). As the band gaps 
of some at least of the polytypes (4) correspond to 
visible emission a large family  of SiC phosphors wi th  
interest ing s t ructural  relat ionships can be expected to 
exist. We were  able to obtain some of these phosphors 
in the fo rm of powders  as a continuation of previous 
work  on the room tempera ture  luminescence of SiC 
(5). It  was found that  group III  e lements  are act iva-  
tors and group V elements  coactivators of the lumines-  
cence in silicon carbide. In particular,  room tempera -  
ture luminescence was found in silicon carbide con- 
taining control led amounts  of boron as act ivator  and 
ni t rogen as coactivator.  Preparat ions  at tempera tures  
below the "transi t ion point" ~--SiC--*a--SiC (2200 ~ 
2300~ resul ted in homogeneous phosphors wi th  red 
and inf rared  emission. H igh - t empera tu re  reactions 
(above 2300~ always led to mix tu res  of phosphors 
wi th  different colors of luminescence and different re la -  
t ive abundances. The ye l low fluorescing phosphor was 
usual ly the most  abundant.  Orange and orange- red  
particles were  present  in substantial  amounts,  while  
green and par t icular ly  red fluorescence was l imited to 
very  few particles.  Due to these differences in emis-  
sion colors a mechanical  separat ion of the different 
phosphors and the collection of their  x - r a y  powder  
pat terns  and emission spectra was possible. I t  was 
found that  green fluorescing SiC: B,N has the 4H struc-  
ture, whi le  part icles wi th  the 6H s t ructure  have  yel low 
emission. As for the orange, orange-red,  and red emi t -  
t ing phosphors a great  deal  of t ime had to be spent 
to obtain them in a re la t ive ly  pure state. Even  though 
the particles were  very  small  and only those of simple 
geometry,  usually flat platelets,  were  selected, the 
x - r a y  photographs indicated the presence of minor  
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Fig. 1. Emission spectra of SiC:B,N phosphors at room tempera- 
ture (~-exc = 3 6 5 0 A ) .  

Table I. Relationships between room temperature luminescence 
( ~ e x e  ~ 3650~), crystal structures, and energy gaps in 

some SiC:B,N phosphors 

E m i s s i o n  
c o l o r  Epeak,  e v  S t r u c t u r e  EGx, e v  EGx - -  E p e a k ,  e v  

G r e e n  2 . 3 1 7  4 I t  3 . 2 6 3  0 .95  
Y e l l o w  2 . 1 3 7  6 H  3 . 0 2 3  0 . 8 9  
O r a n g e  2 . 1 0 1  3 3 R  3 .01  0 .01  
O r a n g e - r e d  2 . 0 4 9  I 5 R  2 . 9 8 6  0 . 9 4  
R e d  1 .983  2 1 R  2 .86  0 .88  
- -  (1 .89)  * 8 H  2 . 8 0  - -  
- -  (1 .48)  * 3 C  2 . 3 9 0  - -  

* P r e d i c t e d  f o r  EGx - -  Epeak = 0 .91  e v .  

components along with  the predominant  polytype. In 
spite of these difficulties there  is no doubt that  the 
bulk of the mater ia l  wi th  orange, orange-red,  and red 
fluorescence has the s t ructure  33R, 15R, and 21R, re-  
spectively. 

In Fig. 1 we  give the emission spectra of the  differ- 
ent  phosphors isolated. The exci t ing radiat ion used was 
that  of a General  Electric A-H6 lamp filtered through 
Corning 7-37 filters and through a copper sulfa te-co-  
bal t  sulfate solution. The emission data were  recorded 
with  a grat ing spectrophotometer  in connection with  
a 1P22 phototube detector  and were  corrected to take 
into account the detector  response as a funct ion of 
wavelength.  Table I gives, in the order, (a) color of 
luminescence, (b) energy of the photon at the emis-  
sion peak, ~peak, in ev, (c) crystal  structure,  (d) 
exciton energy gaps EGx (4), and (e) EGx--Epeak. 

It  wil l  be seen that, except  for the blue region, 
luminescence over  all the vis ible  spectrum does occur. 
The emission is different for different polytypes,  more 
precisely, it shifts in the same direct ion as the energy 
gap of the host latt ice and in such a way  that  the 
difference E o x - - E p e a k  ~ 0.9 ev. Move work  is in prog-  
ress to ar r ive  at a detai led description of the lumines-  
cence centers in these SiC:B,N phosphors. 
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Epitaxial Growth of Homogeneous Solid 
Solutions of GaAs-GaP 

Edward M.  Hull  

Thomas J. Watson Research Center, International Business Machines Corporation, Y o r k t o w n  Heights, New York  

The recent  discovery of lasing act ivi ty  in diodes 
made of GaAs (1, 2) has s t imulated renewed  interest  
in solid solutions of GaAs and GaP which are known  
to exhibi t  inject ion luminescence at shorter  w a v e -  
lengths depending on the composition of the solution. 
Alloys for use in fabr icat ing inject ion luminescence 
devices must  exhibi t  a ve ry  high degree of homo-  
geneity of composit ion and dopant  concentrat ion if 
predictable and reproducible  characterist ics are to be 
obtained f rom the devices. 

Crystals grown from molten solutions of the two 
compounds are general ly  inhomogeneous due to such 
effects as consti tutional supercooling and segregation 
dur ing growth. Melt  growth techniques also requ i re  
ra ther  elaborate equipment  due to the high t emper -  
atures and dissociation pressures involved  when  com- 
positions containing more  than a few per cent of 
GaP are melted. 

Several  methods have  been published (3-5) by 
which solid solutions of these compounds may  be epi-  
taxia l ly  deposited on single crystal  substrates by vapor  
t ransport  techniques.  These methods appear  to al low 
some degree of var ia t ion in the composition of the 
deposit  during the course of a run. This arises f rom 
the fact  that  simple mechanical  mix tures  of the crushed 
start ing compounds were  used for source material .  
The composition of the vapor  phase and hence of the 
deposit was governed by the re la t ive  surface areas of 
the part icles of the two compounds exposed to the 
etching vapor  at any given t ime dur ing the run. Curve 
1 of Fig. 3 i l lustrates this effect. In this case the 
var ia t ion in composit ion of the deposit  ranged f rom 
about 6% to about 16% GaP dur ing the course of the 
run. The var ia t ion  in composition was enhanced by 
the fact  that  ve ry  coarsely crushed mater ia ls  were  
used as s tar t ing materials,  but  even  where  finely 
divided mater ia ls  are used, it seems apparent  that  
variat ions may  occur. 

In this note, a ra ther  simple method is described 
by which mixed crystal  epi taxial  deposits can be pro-  
duced whose composit ion can be accurately predicted 
beforehand and in which the composit ion cannot va ry  
during the course of a run. There  may  be a ve ry  thin 
region at the interface be tween the deposit  and the 
substrate which could show some var ia t ion in com- 
position due to the nons teady-s ta te  condition which 
exists dur ing the init ial  heat ing of the system. How-  
ever, this effect has not been verif ied by the author. 

A closed tube iodide disproport ionat ion t ranspor t  
reaction, conducted under  the conditions described 
below, was employed in all vapor  depositions. F igure  1 
shows the physical  aspects of the system schematical ly 
wi th  a typical  t empera tu re  profile. The reactions which 
are bel ieved to govern  the t ransport  are  

750~ 
THERMAL GRADIENT ~ ~  650~ 

( ~ : ~  IODIDE VAPOR + As 4 + P4 ,=~=~=~ 

~SOURCE •SUBSTRATE 
Fig. 1. Generalized physical ospects of the system 
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312(v) -1- 2GaAsxPl -x (s) --> 2GaI3(v) + 
x 1 - - x  

- - A s 4 ( v )  + P4(v) [1] 
2 2 

and 
Etching 

2GaAsxPl-x(S) - t-GaI~(v) ~ 3GaI (v)  -t- 
Deposition 

x 1 - - x  
--~ As4 -t- - - ~  P4 (v) [2] 

Reaction [1] occurs during the init ial  heat ing of the 
system as e lementa l  iodine reacts wi th  the source ma-  
terials. The t empera tu re  dependence of equi l ibr ium 
[2] in which the ~H, as wri t ten,  is posi t ive results in 
t ransport  occurr ing f rom the hot to the cold portions 
of the sealed tube3 

Homogeneous epi taxial  deposits were  obtained when 
the start ing compounds were  first homogenized via a 
vapor  t ransport  process to form a single phase source. 
By this method, mixed  crystal  epi taxial  deposits were  
produced whose homogenei ty  was adequate  for the 
fabrication of lasers having  reproducible  character -  
istics. 

The homogenizat ion of the source mater ia ls  was 
carr ied out in the fol lowing manner .  The two com- 
pounds, in pieces as large as could be convenient ly  
weighed, were  placed in a clean fused silica tube in 
the proportions calculated to yield a solution of the 
composit ion desired. Dopant  e lements  were  added 
ei ther  as a consti tuent of one or both of the compounds, 
or in e lementa l  form. The tube was evacuated,  and 
iodine f rom a preweighed,  break sealed ampoule  was 
introduced by sublimation. The tube was then sealed 
by collapsing it onto a silica plug contained within  it. 
Iodine quanti t ies of 2-3 m g / c m  ~ of tube vo lume were  
used. The tube was placed into the ver t ica l  two zone 
furnace shown schematical ly in Fig. 2. The t emper -  
a ture  conditions employed, wi th  the hot ter  source re-  
gion below the cooler deposition region, resul ted in 

z As4 a n d  P4 were  chosen  to  r e p r e s e n t  t he  f ree  a r sen ic  a n d  p h o s -  
p h o r u s  in  t he  v a p o r  phase  in  t he se  r eac t ions  since,  u n d e r  the  cond i -  
t ions  emp loyed ,  t h e y  a re  p r e s e n t  i n  m u c h  l a r g e r  c o n c e n t r a t i o n s  
t h a n  o t h e r  a r sen ic  or p h o s p h o r u s  species.  

HOMOGENIZATION FURNACE SYNTHESIS 
AND TUBE ARRANGEMENT APPARATUS 

DEPOSIT 
z ~ ZONE B POSITION OF 
w TUBE DURING 

, ..,~i!, ...... FIRST TWO 
TRANSPORT 
STEPS 

800~ - POSITION OF 
TUBE DURING 
FINAL 

__ TRANSPORT 
STEP 

Fig. 2. Apparatus used for homogenization of source materials 
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Fig. 3. Graphic representation of the effect of successive homo- 
genization steps. 

high t ransport  rates due to enhanced convect ive cir-  
culation of the vapor. 

The t ransport  react ion was al lowed to cont inue 
unti l  the source mater ia ls  were  complete ly  exhausted.  
The tube was then removed  from the furnace, cooled, 
and replaced wi th  the ends reversed  f rom the pre-  
vious position. The long length of the tube residing 
in the cooler region of the furnace dur ing the first two 
t ransport  cycles provides a re la t ive ly  large surface on 
which nucleat ion may occur. This encourages the for -  
mation of a finely divided deposit, which on cooling 
the tube be tween  t ransport  cycles, falls away f rom the 
tube due to differential  the rmal  contraction. The large 
number  of small crystal l i tes formed in this manner  
afford a more  near ly  homogeneous source for the next  
t ransport  cycle. 

The react ion was run  three  times in this manner  
with the source being completely  exhausted each time. 
For  the third and final cycle, the length of the tube 
residing in the cooler region of the furnace was re-  
duced to encourage the format ion of a massive de- 
posit wi th  min imum surface area for  contaminat ion 
upon exposure  to the atmosphere.  Upon completion 
of the final t ransport  cycle, the hot  tube was quenched 
at a point  remote  f rom the deposit to avoid condens-  
ing the vapor  species on the deposit. The t ransport  
rate  under  the conditions described was found to be 
of the order of 150 mg/hr .  

The var ia t ion  of solution homogenei ty  with suc- 
cessive t ransport  cycles is shown in Fig. 3. The data 
were  obtained by comparing the line width and density 
var ia t ion within  the lines produced by x - r a y  diffrac- 
tion of filtered Cu radiation. The line width  shown 
for the solution after  three  cycles is comparable  to 
that  of pure  GaAs. The samples for x - r a y  analysis 
were  prepared  by pulver iz ing and mixing  a large sam- 
ple f rom the react ion mixtures  after  each t ransport  
cycle. 

Epi taxial  deposits of these alloys were  produced in 
a sealed tube apparatus depicted schematical ly  in Fig. 
4. The t empera tu re  gradient  shown is produced by two 
independent ly  control led windings of n ichrome wire  
wound on a quar tz  cyl inder  and enclosed in another  
cyl inder  held concentric to the first by insulat ing 
material .  The source is contained in the upper  end of 
the tube by an inver ted  funnel  ar rangement ,  covered 
by a perfora ted silica cap to p reven t  crystallites, which 
form in the source region, f rom fal l ing on to the seed 
wafer.  Iodine quantit ies of 2-3 m g / c m  3 of tube volume 
were  used. 

Growth  rates in this apparatus were  of the order  of 
4 t , /hr on GaAs substrates of approximate ly  1 cm 2 in 

T.C. POROUS VERTICAL ~ CAP FII~IA~F 
/ 

~- 75 

i, 

--SOURCE 

=----STAINLESS STEEL AND 
REFRACTORY PAPER 
REFLEGTOR 

/SEED 

Fig. 4. Apparatus used for epitaxial deposition of homogeneous 
mixed crystal. 

area. The (111) plane te rmina ted  by gal l ium atoms 
was found to be a satisfactory growth direction, y ie ld-  
ing deposits of un i form thickness whose te rmina l  sur-  
faces exhibi ted an over -a l l  shallow pyramida l  pat-  
te rn  which could be easily r emoved  by lapping. Care  
was requi red  dur ing the ini t ial  heat ing of the epi taxial  
deposition apparatus to avoid etching of the substrate 
by the iodine since this react ion would  al ter  the init ial  
arsenic to phosphorus ratio in the vapor  leading to a 
var ia t ion in the composition of the deposit near  the 
interface. 

The usefulness of some of the deposits for fabr ica-  
tion of inject ion luminescence devices was investigated. 
Inject ion laser diodes were  fabricated by a Zn diffusion 
technique (6) f rom several  deposits wi th  net  carr ier  
concentrations in the 5 x 101~ electrons per cubic 
cent imeter  range, and gal l ium phosphide content  of 
20% and 30%. These exhibi ted line nar rowing  f rom 
the init ial  spontaneous emission band width  of about 
150A down to about 6A at a threshold current  density 
of approximate ly  9000 a m p / c m  2. The width of the 
spontaneous emission band is not much grea ter  than 
that  observed for GaAs diodes which typical ly exhibi t  
spontaneous band widths of about 120A. This is prob-  
ably the best indication of the level of homogenei ty  of 
the deposits in the region of the junction. 
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Critical Phenomena with Thorium Adsorbed 
on Single Crystal Tungsten 

J. Anderson and W. E. Danforth 

BartoI  Research  Foundat ion  of The  F r a n k l i n  Ins t i tu te ,  S w a r t h ~ o r e ,  P e n n s y l v a n i a  

W e  h a v e  s t u d i e d  t h e  w o r k  f u n c t i o n  v a r i a t i o n  a n d  
t h e r m a l  d e s o r p t i o n  f o r  t h e  a d s o r b e d  m o n o l a y e r  s y s t e m  
t h o r i u m - o n - t u n g s t e n .  

T h e  s u b s t r a t e  s p e c i m e n  w as  p r o d u c e d  f r o m  a r o l l e d  
1 - m i l  t u n g s t e n  r i b b o n  r e c r y s t a l l i z e d  i n to  a s m a l l  
n u m b e r  of l a r g e  g r a i n s  b y  t h e  m o v i n g  t e m p e r a t u r e  
g r a d i e n t  m e t h o d .  N i n e t y  p e r  c e n t  of t h e  e m i t t i n g  a r e a  
u n d e r  s tudy ,  6 x 1 m m ,  in  t h e  m i d d l e  of t h e  2- in .  r i b -  
b o n  w a s  o r i e n t e d  to w i t h i n  2 ~ of t h e  (411) p l ane ,  
t h e  r e m a i n d e r  b e i n g  s m a l l  c r y s t a l l i t e s  a t  t h e  edge  of 
t h e  r i b b o n .  T h e  e f fec ts  r e p o r t e d  h e r e  a r e  t a k e n  to b e  
characteristic of the larger area. The ribbon surface 
was slightly wavy due to residual die marks, but there 
was no visible microscopic structure at the limits of 
optical resolution. 

The ribbon was cleaned chemically, using no solution 
which might etch it preferentially, and mounted in a 
glass tube which was then evacuated to about 10 -20 
Torr. The ribbon was cleaned repeatedly throughout 
the course of the experiment by heating to 1900~ 
The stability of the emission current and the absence 
of any pressure rise on flashing the filament indicated 
the virtual absence of any adsorbable gases. 

In this and a number of similar systems it has been 
f o u n d  t h a t  t h e  w o r k  f u n c t i o n  r v a r i e s  w i t h  a d s o r b a t e  
d e n s i t y  in  a c h a r a c t e r i s t i c  w a y  (1 ) .  B e g i n n i n g  w i t h  
t h e  w o r k  f u n c t i o n  of t h e  s u b s t r a t e  m a t e r i a l ,  ~ d e -  
c r eases  w i t h  i n c r e a s i n g  a d s o r b a t e  cove rage ,  pas ses  
t h r o u g h  a w e l l - d e f i n e d  m i n i m u m ,  a n d  t h e n  r i ses  to  a 
v a l u e  w h i c h  t h e n  a p p e a r s  to r e m a i n  c o n s t a n t .  

A c o n v e n i e n t  n o t a t i o n  fo r  a d s o r b a t e  c o v e r a g e  is t h e  
v a r i a b l e  f, p r o p o r t i o n a l  to  t h e  c o v e r a g e  a n d  so de f ined  
t h a t  f e q u a l s  u n i t y  a t  t h e  m i n i m u m  in  r T h o r i u m ,  t h e  
a d s o r b a t e ,  is s u p p l i e d  to t h e  r i b b o n  b y  e v a p o r a t i o n  
f r o m  a h e a t e d  t u n g s t e n  c ruc ib l e .  T h e  r a t e  of d e p o s i t i o n  
is m e a s u r e d  b y  o b s e r v i n g  t h e  e m i s s i o n  f r o m  a s e c o n d  
r i b b o n ,  a d j a c e n t  to  t h e  one  u n d e r  s tudy ,  fo r  w h i c h  
t h e  c o v e r a g e  a t  m i n i m u m  r is k n o w n  to b e  4.2 x l014 
a t . / c m  2. F o r  f u r t h e r  i n f o r m a t i o n  on  t h e  g e n e r a l  e x -  
p e r i m e n t a l  p r o c e d u r e  a n d  t h e  m e t h o d  of  c a l i b r a t i n g  
t h e  s e c o n d  r i b b o n  see  ref .  (1) a n d  (3) .  

W o r k  f u n c t i o n s  q u o t e d  h e r e  a r e  e f fec t ive  w o r k  f u n c -  
t ions  o b t a i n e d  b y  s u b s t i t u t i n g  m e a s u r e d  t h e r m i o n i c  
c u r r e n t  d e n s i t y  i n to  t h e  R i c h a r d s o n  e q u a t i o n  a n d  
s e t t i n g  A e q u a l  to 120 a / c m f d e g  2. W e  a s s ign  a n  e r r o r  
of 0.02 e v  to t h e s e  va lues ,  l a r g e l y  d u e  to t e m p e r a t u r e  
u n c e r t a i n t i e s .  

T h e  p h e n o m e n a  w e  a r e  c o n c e r n e d  w i t h  are ,  fo r  f > l ,  
t h e  v a r i a t i o n  of w o r k  f u n c t i o n  w i t h  t h o r i u m  cove rage ,  
r ( f ) ,  t h e  t h e r m a l  d e s o r p t i o n  of t h o r i u m  f r o m  t h e  s u r -  
face,  a n d  t h e  s u r f a c e  m i g r a t i o n  of t h o r i u m  a t o m s  
( o b s e r v a b l e  o n l y  q u a l i t a t i v e l y ) .  W e  c a l c u l a t e  t h e  
vs. f c u r v e  f r o m  t h e  d e p e n d e n c e ,  a t  c o n s t a n t  t e m -  
p e r a t u r e ,  of  t h e  e m i s s i o n  c u r r e n t  on  S. T h e r m a l  d e -  
s o r p t i o n  is o b s e r v e d  b y  h o l d i n g  t h e  s p e c i m e n  a t  a 
c o n v e n i e n t  h i g h  t e m p e r a t u r e  and ,  f r o m  p e r i o d i c  e m i s -  
s ion  m e a s u r e m e n t s ,  d e d u c i n g  t h e  v a r i a t i o n  of c o v e r a g e  
w i t h  t ime .  F o r  c o v e r a g e s  a t  w h i c h  r does  n o t  c h a n g e  
(S>1.7) ,  a n  a v e r a g e  d e s o r p t i o n  r a t e  cou ld  b e  o b t a i n e d  
b y  d e p o s i t i n g  a l a r g e  q u a n t i t y  of t h o r i u m  ( to  a c o v -  
e r a g e  f : 1 5 0 )  a n d  m e a s u r i n g  t h e  t i m e  n e c e s s a r y  to 
d e s o r b  to  a d e t e r m i n a b l e  cove rage ,  i.e., f e q u a l  to  some  
v a l u e  less  t h a n  1.7. 

I n  o r d e r  to  h a v e  c o n f i d e n c e  t h a t  t h e  r vs. f c u r v e s  
w e r e  a c c u r a t e ,  i t  w a s  n e c e s s a r y  to d e t e r m i n e  t h e  
m a g n i t u d e  of  a n y  e f f ec t s  d u e  to m i g r a t i o n  of t h o r i u m  
a t o m s  to  t h e  b a c k  of  t h e  r i b b o n .  T h i s  w a s  d o n e  b y  
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Fig. 1. Variation of effective work function with thorium cov- 
erage. Curve I, low-temperature behavior; curve II, high-tempera- 
ture behavior. 
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t h e  s h u t t e r  m e t h o d  w h e r e i n  w e  i n t e r r u p t  t h e  f lux of 
t h o r i u m  v a p o r  a n d  n o t e  a n y  i n c r e a s e  i n  e m i s s i o n  d u e  
to r e m o v a l  of t h o r i u m  f r o m  t h e  f r o n t  of t h e  r i b b o n  a n d  
i ts  a c c u m u l a t i o n  on  t h e  back .  

O u r  e x p e r i m e n t a l  r e s u l t s  a r e  as fo l lows .  F r o m  a 
r of 4.42 e v  ( e s s e n t i a l l y  c o n s t a n t  o v e r  t h e  t e m p e r a t u r e  
r a n g e  i n v o l v e d ,  1100~176 r d e c r e a s e s  to  a m i n -  
i m u m  (r of 3.08 e v  a t  a t h o r i u m  c o v e r a g e  of 4.2 
x 1014 a t . / c m  2. T h e  v a l u e  of Cm~n is in  a g r e e m e n t  w i t h  
t h a t  of B r a t t a i n  a n d  B e c k e t  (2) a n d  t h e  c o v e r a g e  is 
t h a t  w h i c h  p r o d u c e s  Cn~in in  p o l y c r y s t a l l i n e  t u n g s t e n  
(3) a n d  p o l y c r y s t a l l i n e  r h e n i u m  (1) .  R e f e r r i n g  to 
t h e  " l o w "  t e m p e r a t u r e  so l id  c u r v e  of Fig.  1, w e  f ind 
a c h a n g e  in  s lope  b e t w e e n  t w o  l i n e a r  p o r t i o n s  of t h e  
r vs. S c u r v e  a t  f = 1 . 3 .  A t  t h i s  s a m e  c o v e r a g e  Fig. 2 
s h o w s  a n  e s s e n t i a l  d i s c o n t i n u i t y  i n  t h e  d e s o r p t i o n  r a t e .  
A s s u m i n g  a h o m o g e n e o u s  su r face ,  w e  c o n c l u d e  t h a t  
t h e s e  p h e n o m e n a  ref lec t  a c h a n g e  in  t h e  n a t u r e  of 
t h e  b i n d i n g  of t h e  t h o r i u m  a t o m s  to  t h e  su r face .  B o t h  
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t h e  b i n d i n g  e n e r g y  a n d  d ipo le  m o m e n t  p e r  a d d i t i o n a l  
a d a t o m  c h a n g e  a t  t h a t  po in t .  W h e t h e r  t h i s  is s i m p l y  t h e  
o c c u p a t i o n  of d i f f e r e n t  f ixed  b i n d i n g  s i tes  or  t h e  r e -  
a r r a n g e m e n t  of t h e  g e o m e t r i c  c o n f i g u r a t i o n  of t h e  
l a y e r  as a w h o l e  i t  is i m p o s s i b l e  a t  t h i s  t i m e  to say .  
A g a i n  r e f e r r i n g  to t h e  so l id  c u r v e  of Fig.  1, w e  f ind 
t h a t  r a t t a i n s  a v a l u e  of 3.39 e v  a t  f = l . 7  a n d  t h e r e -  
a f t e r  is c o n s t a n t  to  t h e  l i m i t s  of e x p e r i m e n t a l  a ccu racy .  
As  w a s  t h e  case  fo r  t h o r i u m  on  r h e n i u m ,  t h i s  v a l u e  
is v e r y  c lose  to t h e  r of p u r e  t h o r i u m  ( 4 = 3 . 3 5  e v ) .  
B y  t h e  s h u t t e r  m e t h o d  w e  f o u n d  t h a t  t h e  t h o r i u m  
m i g r a t e s  v e r y  r a p i d l y  a t  ] ~ 1 . 6 5  fo r  a l l  t e m p e r a t u r e s  
in  t h e  r a n g e .  B e l o w  f = 1 . 6 5  n o  s u c h  m i g r a t i o n  c o u l d  
b e  d e t e c t e d  a t  a l l  a t  l ow  t e m p e r a t u r e s  ( T < 1 2 5 0 ~  
F o r  t h i s  r e a s o n  w e  b e l i e v e  c u r v e  I e x p r e s s e s  t h e  t r u e  
v a r i a t i o n  of r w i t h  f. S o m e  m i g r a t i o n  cou ld  b e  d e -  
t e c t e d  fo r  5 as l ow  as 1.5 a t  t h e  h i g h e s t  t e m p e r a t u r e s ,  
a n d  w e  b e l i e v e  t h a t  s u c h  m i g r a t i o n ,  b e l o w  t h e  l e v e l  
of d e t e c t i o n  b y  t h e  s h u t t e r  m e t h o d ,  is r e s p o n s i b l e  fo r  
t h e  mod i f i ed  s h a p e  of t h e  u p p e r  p a r t  of t h e  h i g h  
t e m p e r a t u r e  r vs. f c u r v e  ( d a s h e d  l i n e ) .  I t  does  n o t  
a p p e a r ,  h o w e v e r ,  t h a t  t h e  p r o n o u n c e d  s h o u l d e r  on  
t h i s  l a t t e r  c u r v e  a t  f = l . 3  is d u e  to m i g r a t i o n ;  y e t  t h e  
s h o u l d e r  s e e m s  to b e  a t i m e  d e p e n d e n t  p h e n o m e n o n  

for  i t  t e n d s  to d i s a p p e a r  a t  h i g h  d e p o s i t i o n  r a t e s .  F o r  
t h e  p r e s e n t  w e  m u s t  r e g a r d  i t  as a n  e n i g m a .  

W e  h a v e  found ,  b y  t h e  m e t h o d  e l u c i d a t e d  above ,  
t h e  a v e r a g e  d e s o r p t i o n  r a t e  fo r  c o n c e n t r a t i o n s  g r e a t e r  
~ h a n  f = l . 7  to b e  a p p r o x i m a t e l y  1 f - u n i t  i n  10 ra in ,  
f i f t een  t i m e s  as g r e a t  as  t h e  r a t e  a t  f = l . 4 .  B e c a u s e  of 
t h e  d i f f e r e n t  e m i s s i v i t y  a s s o c i a t e d  w i t h  a t h i c k  t h o r i u m  
laye r ,  t h e  d e s o r b i n g  t e m p e r a t u r e  w a s  s l i g h t l y  less  t h a n  
t h e  n o m i n a l  1830~ Th i s  l a s t  r e s u l t  m u s t ,  t h e r e f o r e ,  
be  r e g a r d e d  as a c o n s e r v a t i v e  a p p r o x i m a t i o n .  T h u s  w e  
h a v e  a n o t h e r  c r i t i c a l  cove rage ,  f = l . 7 ,  a t  w h i c h  s e v -  
e r a l  p r o p e r t i e s  of t h e  s y s t e m  c h a n g e  s i m u l t a n e o u s l y ,  
a n d  w e  i n t e r p r e t  t h i s  c o v e r a g e  as c o n s t i t u t i n g  a m o n o -  
l aye r .  

M a n u s c r i p t  r e c e i v e d  Feb .  24, 1964. 
A n y  d i scuss ion  of t h i s  p a p e r  w i l l  a p p e a r  in  a D i s c u s -  

s ion S e c t i o n  to b e  p u b l i s h e d  in  t h e  J u n e  1965 Jo tmNAL 
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On the Oxidation Mechanism of Formic Acid on Platinum 
at Low Potentials in Acidic Solutions 

M .  W .  Bre i ter  

Research Laboratory, General Electric Company, Schenectady, New York 

T h e r e  h a s  b e e n  c o n s i d e r a b l e  c o n t r o v e r s y  a b o u t  t h e  
m e c h a n i s m  of t h e  d e c o m p o s i t i o n  of f o r m i c  ac id  o n  
p l a t i n u m  in  r e c e n t  yea r s .  T h e  c a t a l y t i c  d e c o m p o s i t i o n  

H C O O H  = CO2 § H2 [1] 

a n d  t he  a n o d i c  o x i d a t i o n  of f o r m i c  ac id  

H C O O H  = CO2 + 2H+ d- 2 e -  [2] 

h a v e  b e e n  s t u d i e d  (1-12)  r e p e a t e d l y  on  p l a t i n u m .  
T h e  o p e n - c i r c u i t  d e c o m p o s i t i o n  a n d  t h e  l o w - p o t e n t i a l  
o x i d a t i o n  o c c u r  in  t h e  p o t e n t i a l  r e g i o n  U ~ 0.3v, t h e  
p o t e n t i a l  b e i n g  r e f e r r e d  to  a h y d r o g e n  e l e c t r o d e  in  
t h e  s a m e  s o l u t i o n  as  t h e  t e s t  e l ec t rode .  H y d r o g e n  
a t o m s  a r e  a d s o r b e d  t h e r e  to s o m e  e x t e n t  as c a n  b e  
s e e n  a t  suf f ic ien t  r e s o l u t i o n  f r o m  p o t e n t i o s t a t i c  c u r -  
r e n t - p o t e n t i a l  c u r v e s  t a k e n  u n d e r  t h e  c o n d i t i o n s  of 
cyc l ic  v o l t a m m e t r y  a t  l ow  s p e e d  in  ac id ic  s o l u t i o n s  
w i t h  a d d i t i o n s  of f o r m i c  ac id  u p  to 1M. A m o n o l a y e r  
of a d s o r b e d  H C O O H  m o l e c u l e s  does  n o t  o c c u p y  (9)  
t h e  s u r f a c e  a r e a  w h i c h  is a v a i l a b l e  to  h y d r o g e n  a d -  
s o r p t i o n  in  t h e  a b s e n c e  of  f o r m i c  acid.  Th i s  f ac t  s u g -  
ges ts  a p a r t i c i p a t i o n  of t h e  n e t  r e a c t i o n  of h y d r o g e n  
e v o l u t i o n  

2H + d- 2 e -  ~ H2 [3] 

a n d  of t h e  V o l m e r  r e a c t i o n  

H + d- e -  = Had [4] 

i n  t h e  d e c o m p o s i t i o n  and ,  poss ib ly ,  in  t h e  l o w - p o -  
t e n t i a l  o x i d a t i o n  of f o r m i c  acid.  I n d e e d  M i i l l e r ' s  c o n -  
cep t  (1) a l r e a d y  a s s u m e d  h y d r o g e n  a t o m s  as i n t e r -  
m e d i a t e s  of t h e  m e n t i o n e d  processes .  T h e  idea  t h a t  
t h e  o p e n - c i r c u i t  p o t e n t i a l  of a p l a t i n u m  e l e c t r o d e  
in  ac id ic  so lu t i ons  in  t h e  p r e s e n c e  of o x i d i z a b l e  fue l s  
is a m i x e d  p o t e n t i a l  d e t e r m i n e d  b y  t h e  a n o d i c  o x -  
i d a t i o n  r e a c t i o n  of t h e  fue l  a n d  b y  t h e  c a t h o d i c  h y d r o -  
g e n  r e a c t i o n  h a s  b e e n  e x p r e s s e d  (13, 14) r e c e n t l y .  I t  
w a s  d i s c u s s e d  (12) in  d e t a i l  fo r  f o r m i c  acid.  A r e -  
e v a l u a t i o n  of t h i s  c o n c e p t  is p r e s e n t e d  be low.  

S t e a d y - s t a t e  c u r r e n t - p o t e n t i a l  c u r v e s  of  r e a c t i o n  
[3] a r e  r e p r e s e n t e d  in  Fig. 1. T h e  c u r r e n t  d e n s i t i e s  

r e f e r  to t h e  g e o m e t r i c  s u r f a c e  a r e a  of t h e  e l e c t r o d e s  
t h r o u g h o u t  t h i s  no te .  C u r v e s  a a n d  b w e r e  m e a s u r e d  
a t  a n o d i c a l l y  a c t i v a t e d  e l e c t r o d e s  in  1N H2804  u n d e r  
v i g o r o u s  gas  s t i r r i n g .  T h e  gas  was  pu r i f i ed  n i t r o g e n  
fo r  c u r v e  a a n d  a n i t r o g e n - o x y g e n  m i x t u r e  fo r  c u r v e  b. 
C u r v e s  c, d, e w e r e  t a k e n  f r o m  ref .  (12) a n d  w e r e  
o b t a i n e d  u n d e r  v i g o r o u s  N 2 - s t i r r i n g  in  1N H2804  
( c u r v e  c ) ,  i n  1N H2SO4 ~- 0.1M H C O O H  ( c u r v e  d ) ,  
a n d  in  1N H2SO4 ~- 1M H C O O H  ( c u r v e  e ) .  T h e  I - U  
c u r v e  a o b e y s  a T a f e l  e q u a t i o n  o v e r  a l a r g e  r a n g e  of 
c u r r e n t  d e n s i t i e s  w i t h  a s lope  of 29 m v / d e c a d e  a n d  
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Fig. 1. Steady-state current-potential curves under vigorous gas- 
stirring: curve a, N2, 1N H2SO4; curve b, N2 ~- 02, I N  H2SO4; 
curve c, N2, 1N H2SO4; curve d, N2, 0.1M HCOOH ~ 1N H2SO4; 
curve e, N2, 1M HCOOH -~ 1N H2SO4; curves c, d, and e from 
ref. (12). 
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an in t e r sec t ion  w i t h  the  abscissa of 1.7 m a / c m  2. The  
r a t e - c o n t r o l l i n g  s tep is t he  diffusion (15) of m o l e c u l a r  
hyd rogen .  A h i n d r a n c e  of the  c o m b i n a t i o n  step could  
also e x p l a i n  the  e x p e r i m e n t a l  s lope  of 29 m v / d e c a d e .  
H o w e v e r ,  t he  v a l u e  of the  c u r r e n t - d e n s i t y  at the  in -  
t e r sec t ion  depends  s t rong ly  on s t i r r ing ,  and  i t  is not  
l i ke ly  tha t  v igo rous  s t i r r i ng  decreases  t he  th ickness  
of t he  di f fus ion l a y e r  suff ic ient ly to m a k e  the  l im i t i ng  
H2-di f fus ion c u r r e n t  dens i ty  m u c h  l a r g e r  t h a n  the  e x -  
change  c u r r e n t  dens i t ies  of the  o the r  s teps of  r eac t ion  
[3]. C u r v e  a is r e p r e s e n t a t i v e  for  an  e l ec t rode  of 
l a rge  ac t i v i t y  ( m i n i m a l  o v e r v o l t a g e  at  a g iven  cu r -  
r e n t - d e n s i t y )  w h i l e  cu rves  c, d, e co r r e spond  to e lec -  
t rodes  of lesser  ac t iv i ty .  The  m a x i m u m  r a t e  IH2 at 
wh ich  r eac t ion  [3] occurs  at  anodic  po ten t ia l s  can  be 
e s t i m a t e d  w i t h  t he  aid of c u r v e  a u n d e r  t he  a s sumpt ion  
tha t  no s i de - r eac t i ons  l ike  t he  O2- reduc t ion  in t e r f e re .  
Thus  IH2 is equa l  to about  2-10 - s  a m p / c m  2 at 0.145v, 
and I~ 2 : 2.10 -9  a m p / c m ~  at  0.174v. These  a r e  m a x -  
i m u m  va lues  no t  on ly  because  of the  l a rge  ac t i v i t y  of 
the  e l e c t r o d e  bu t  also because  the  c u r r e n t - d e n s i t y  
m i g h t  dec rea se  m o r e  r a p i d l y  w i t h  po t en t i a l  t h a n  
acco rd ing  to a Ta fe l  l a w  at  U>0.1v .  

In  rea l i ty ,  howeve r ,  cu rves  a, b, and c in 1N H2SO4 
t end  t o w a r d  a l i m i t i n g  ca thod ic  c u r r e n t  dens i ty  at 
U>0.05v.  The  l i m i t i n g  c u r r e n t  dens i ty  is a sc r ibed  to 
t he  r e d u c t i o n  of t races  of m o l e c u l a r  o x y g e n  in t h e  
solut ion.  As e x p e c t e d  the  l i m i t i n g  c u r r e n t  dens i ty  
increases  if  o x y g e n  is added  to t he  n i t r o g e n  ( c u r v e  
b) .  Its v a l u e  is abou t  6 g a / c m  2 for  c u r v e  a and  5 
g a / c m  2 for  c u r v e  c. The  s a m e  m a g n i t u d e  can  be  
p r e d i c t e d  fo r  cu rves  d and e w h i c h  l ie  b e l o w  c u r v e  c. 
T h e  l im i t i ng  O2-cu r r en t  dens i ty  is l a r g e r  t h a n  the  
e s t i m a t e d  m a x i m u m  ra t e  IH2 Of r eac t i on  [3] at  U ~ 0 . 1 v  
u n d e r  r e g u l a r  condi t ions  w h e n  no e x t r e m e  p r e c a u -  
t ions (16) a re  u n d e r t a k e n  to avo id  t races  of  oxygen .  
T h e r e f o r e  t he  r e d u c t i o n  of m o l e c u l a r  o x y g e n  acco rd -  
ing  to t he  ne t  r eac t ion  

02 ~- 4H + + 4 e -  z 2H20 [5] 

is m o r e  l i ke ly  to be  the  ca thod ic  r eac t ion  of a m i x e d  
po ten t i a l  process  for  t he  o p e n - c i r c u i t  o x i d a t i o n  of 
fuels  t han  the  h y d r o g e n  r eac t ion  [3]. The  m a x i m u m  
ra te  of t he  o p e n - c i r c u i t  o x i d a t i o n  of fuels  is d e t e r -  
m i n e d  by  the  l im i t i ng  O2-diffusion c u r r e n t  dens i ty  
u n d e r  t h e  a s sumpt ion  of a m i x e d  po t en t i a l  p rocess  
wh ich  i n v o l v e s  t he  ca thod ic  r eac t i on  [5] and  an 
anodic  r eac t ion  of  t h e  t y p e  of r eac t i on  [2]. Th is  is a 
g e n e r a l  c r i t e r i a  w h i c h  a l lows  one  to d i s t ingu ish  be -  
t w e e n  a m i x e d  po ten t i a l  process  and a ca ta ly t i c  r eac -  
t ion in  c e r t a i n  cases. 

T h e  e x p e r i m e n t a l  e v i d e n c e  as d iscussed s u b s e q u e n t l y  
is no t  in a g r e e m e n t  w i t h  the  conclus ions  of a m i x e d  
po t en t i a l  process  in  t he  case of f o r m i c  acid. Got t l i eb  
(12) found  a r a t e  of abou t  0.05 m a / c m  2 for  t he  open -  
c i rcu i t  ox ida t ion  of H C O O H  on p la t in i zed  p l a t i n u m  in 
1N H2804 at  r o o m  t e m p e r a t u r e .  This  r a t e  is too l a rge  
to be  accoun ted  fo r  so le ly  by  r eac t i on  [5] s ince his 
c u r v e s  d and  e in the  p r e sence  of  fo rmic  ac id  sugges t  
a l i m i t i n g  O~-cur ren t  dens i ty  of less  t h a n  0.01 m a / c m  2. 
S c h w a b e  (5) o b s e r v e d  an  inc rease  of t he  r a t e  of t he  
open -c i r cu i t  ox ida t ion  of fo rmic  acid w i t h  t he  o x y g e n  
pressure ,  b u t  t he  inc rease  was  m u c h  s m a l l e r  t h a n  
p ropo r t i ona l  to t h e  o x y g e n  pa r t i a l  pressure .  Thus  a 

ca ta ly t i c  r eac t ion  (5) appea r s  a b e t t e r  i n t e rp re t a t i on .  
The  o b s e r v a t i o n  (12) tha t  the  r a t e  of CO2- fo rma t ion  
at  l ow  anodic  c u r r e n t  dens i t ies  is equa l  to t ha t  p r o -  
duced  on open  c i rcu i t  p lus  tha t  ca l cu la t ed  f r o m  the  
c u r r e n t  m e a n s  tha t  the  l o w - p o t e n t i a l  ox ida t ion  is 
s u p e r i m p o s e d  as an i n d e p e n d e n t  process  to the  ca t a -  
ly t ic  reac t ion .  A m e c h a n i s m  s imi l a r  to t he  one in 
ref .  (9) is sugges ted  for  t h e  l o w - p o t e n t i a l  ox ida t ion .  

I t  m a y  be  po in t ed  out  at the  end  of this  no te  t h a t  
t he  V o l m e r  r eac t ion  [4] is cons ide red  p o t e n t i a l - d e -  
t e r m i n i n g  at 0 < U < 0 . 3 v  for  t he  ca ta ly t i c  decompos i -  
t ion and  the  l o w - p o t e n t i a l  ox ida t ion  of fo rmic  acid 
on p l a t i n u m  in acidic solut ions  by  the  au thor .  I ts  
e x c h a n g e  c u r r e n t - d e n s i t y  Io(U) w h i c h  is n e a r l y  in -  
d e p e n d e n t  of po t en t i a l  b e t w e e n  0 and 0.2v decreases  
by  10 -2  to 10 -3  if  0.1M H C O O H  is added  to 1N H2SO4. 
This  dec rease  was  e s t i m a t e d  f r o m  the  v a r i a t i o n  of the  
in i t ia l  po ten t i a l  change  of ca thodic  c h a r g i n g  cu rves  
s t a r t ed  (9) at U : 0.4v d u r i n g  the  anodic  sweep  of 
v o l t a m m e t r i c  I-U curves .  Io(U = 0) has va lues  (17, 18) 
of  0.1-1 a m p / c m  2 on ac t i ve  P t - e l e c t r o d e s .  T h e  e q u i l i b -  
r i u m  of r eac t ion  [4] can  be cons ide red  es tab l i shed  
e v e n  in t he  p r e s e n c e  of  f o r m i c  ac id  at  0 .05~U~0 .3 ,  
s ince the  ac tua l  c u r r e n t  dens i t ies  a re  m u c h  sma l l e r  
t h a n  Io(U) ~-- 1 m a / c m  2. The  poss ib i l i ty  of an e s t a b -  
l i shed  e q u i l i b r i u m  of t he  V o l m e r  r eac t i on  d u r i n g  the  
anodic  ox ida t ion  of fuels  was  also cons ide red  by  
F r u m k i n  and P o d l o v c h e n k o  (19). 

M a n u s c r i p t  r e c e i v e d  M a y  21, 1964. 

A n y  discuss ion of this  p a p e r  w i l l  a p p e a r  in a Discus -  
s ion Sec t ion  to be  p u b l i s h e d  in the  J u n e  1965 JOURNAL. 
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I n t e r f e r o m e t r y  (1) h a s  b e e n  u s e d  in  e l e c t r o c h e m -  
ica l  i n v e s t i g a t i o n s  fo r  a c o n s i d e r a b l e  t i m e  b e c a u s e  
i t  is a s imple ,  a ccu ra t e ,  n o n d e s t r u c t i v e  ~method  of  
d e t e c t i n g  r e f r a c t i v e  i n d e x  c h a n g e s ;  t h e  u se  of a 
m o t i o n  p i c t u r e  c a m e r a  as a r e c o r d i n g  i n s t r u m e n t  is, 
h o w e v e r ,  new .  

I n  s i m p l e  sy s t ems ,  t h a t  is w h e r e  t h e  c o n c e n t r a t i o n  
of o n l y  one  ion  is c h a n g i n g  as in  t h e  e l e c t r o l y s i s  ce l l  
C u / C u S O 4 / C u ,  r e f r a c t i v e  i n d e x  c h a n g e  m a y  b e  r e -  
l a t e d  d i r e c t l y  to t h e  c o n c e n t r a t i o n  w i t h  a n  e r r o r  of 
a b o u t  • 0.1%. R e f r a c t i v e  i n d e x  d e t e r m i n a t i o n s  b y  
i n t e r f e r o m e t r i c  m e a n s  c a n  a lso  b e  u s e d  to d e t e r m i n e  
r a t e  of t h e r m a l  c o n d u c t i v i t y  a n d  to l oca t e  p r e s s u r e  
w a v e s ,  or, in  f ac t  to s t u d y  a n y  p roce s s  in  w h i c h  t h e  
e f fec t ive  ] igh t  p a t h  c h a n g e s  d u e  to a d e n s i t y  or  c o n -  
c e n t r a t i o n  c h a n g e  in  a r e g i o n  of f ixed g e o m e t r y .  I n -  
t e r f e r o m e t r y  can  also s u p p l y  i n f o r m a t i o n  on  p r o c e s s e s  
w h i c h  i n d i r e c t l y  a f fec t  t h e  r e f r a c t i v e  i n d e x  s u c h  as 
t h e  onse t  a n d  e x t e n t  of n a t u r a l  a n d  f o r c e d  c o n v e c t i o n  
on  d i f fus ion  g r a d i e n t s .  I t  is in  s t u d i e s  of r a p i d l y  
c h a n g i n g  effects  s u c h  as t h e  l a t t e r  t w o  t h a t  t h e  m o t i o n  
p i c t u r e  r e c o r d i n g  t e c h n i q u e  offers  a n  a d v a n t a g e .  

T h e  a u t h o r  h a s  a p p l i e d  t h e  t e c h n i q u e  w i t h  v a r y i n g  
d e g r e e s  of success  to t h e  f o l l o w i n g  r e s e a r c h  p r o b l e m s :  
t h e  k i n e t i c s  of c o n c e n t r a t i o n  p o l a r i z a t i o n  a n d  t h e  t i m e  
of o n s e t  of n a t u r a l  c o n v e c t i o n  w i t h  t h e  e l e c t r o d e s  
o r i e n t e d  d i f f e r e n t l y  in  t h e  e a r t h ' s  g r a v i t a t i o n a l  f ield;  
s ing le  ion  d i f fus ion  c o n s t a n t s ;  t h e  specif ic  a c t i v i t y  of 
s m a l l  a r e a s  on  a n  e l e c t r o d e ;  t h e  t h r o w i n g  p o w e r  of a 
so lu t i on ;  c o n c e n t r a t i o n  p o l a r i z a t i o n  in  g a l v a n i c  cel ls ;  
e l e c t r o o r g a n i c  r e a c t i o n s ,  a n d  t h e  t h e r m a l  c o n d u c t i v i t y  
of t r a n s p a r e n t  l iqu ids .  1 

T h e  t e c h n i q u e  is l i m i t e d  b y  op t i ca l  c o n s i d e r a t i o n s  to  
s o l u t i o n  d e p t h s  of 2-3 m m  or less a l t h o u g h  in  s o m e  
so lu t ions ,  a t  l ow  c u r r e n t  dens i t i e s ,  u s e f u l  r e s u l t s  a r e  
pos s ib l e  a t  d e p t h s  u p  to 1 cm. F i z e a u - t y p e  f r i n g e s  h a v e  
b e e n  f o u n d  to  be  t h e  m o s t  use fu l ,  a l t h o u g h  f r i n g e s  of 
e q u a l  c h r o m a t i c  o r d e r  a n d  R a y l i e g h - t y p e  f r i n g e s  h a v e  
b e e n  used .  T o l a n s k y  h a s  g i v e n  e x h a u s t i v e  a c c o u n t s  of 
t h e  uses  of t h e s e  t y p e s  of f r i n g e s  (4) .  T h e  F i z e a u  
f r i n g e s  a r e  r e a l l y  m u l t i p l e  b e a m  w e d g e  f r i n g e s  
( f o r m e d  as s h o w n  in  Fig.  1) w i t h  a l i m i t e d  n u m b e r  of 
re f lec t ions .  T h e  re f l ec t ions  occu r  a t  t h e  s o l u t i o n  glass  
i n t e r f ace s ,  or  m o r e  a c c u r a t e l y ,  a t  t h e  i n t e r f a c e  b e t w e e n  
t he  s o l u t i o n  a n d  t h e  r e f l ec t i ng  c o a t i n g  o n  t h e  flats. 
T h e  s h a d e d  r e c t a n g l e s  a r e  t h e  e l e c t r o d e s  a n d  w h e n  no  
c u r r e n t  is pass ing ,  t h e  w e d g e  ang le ,  w h i c h  h a s  i ts  a p e x  
d i r e c t e d  o u t  of t h e  p a g e  ( t h e  e l e c t r o d e s  a r e  d e c r e a s i n g  

1 Q u a l i t a t i v e  r e s u l t s  o n l y  a r e  a v a i l a b l e  f o r  t h e  l a s t  f ive  t o p i c s .  
T h e s e  w e r e  d i s c u s s e d  a t  t h e  P i t t s b u r g h  M e e t i n g  (1963) .  A b o u t  500 
f t  o f  16 m m  f i lm w a s  s h o w n  o n  a l l  t o p i c s  l i s t e d .  
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Fig. 1. Schematic light path 

in  h e i g h t  o u t  of t h e  p a g e ) ,  g ives  a se r i e s  of e q u a l l y  
s p a c e d  e q u a l  t h i c k n e s s  l i g h t  a n d  d a r k  f r i n g e s  a t  90 ~ 
to t h e  e l e c t r o d e  ( p a r a l l e l  to  t h e  p l a n e  of t h e  p a g e ) .  
W h e n  c u r r e n t  flows, t h e  s o l u t i o n  a t  t h e  c a t h o d e  in  say  
a C u / C u S O J C u  cel l  b e c o m e s  less  c o n c e n t r a t e d  a n d  t h e  
f r i n g e s  b e n d  so t h a t  2~t ~ a c o n s t a n t ,  t h e  c o n s t a n t  
b e i n g  n~ w h e r e  ~ is r e f r a c t i v e  i n d e x  ( h e r e  e q u a t e d  to 
c o n c e n t r a t i o n ) ,  t is t h i c k n e s s  of t h e  cel l  ( h e r e  h e i g h t  
of t h e  e l e c t r o d e s ) ,  n is a n  i n t e g e r  ( a b o u t  8000 in  t h e  
m o s t  c o m m o n l y  u s e d  ce l l ) ,  a n d  ~ is t h e  w a v e l e n g t h  of 
t h e  m o n o c h r o m a t i c  l igh t .  S ince  ~ is d e c r e a s i n g ,  t m u s t  
inc rease ,  or  t h e  f r i n g e  s h i f t s  u p  w e d g e  p r o d u c i n g  a 
c o n c e n t r a t i o n  con tou r .  A s a m p l e  c o m p u t a t i o n  h a s  b e e n  
p r e v i o u s l y  p u b l i s h e d  (3) ,  b u t  in  a l l  i n t e r f e r o g r a m s  one  
f r i n g e  sh i f t  z 1 . 1 2 9 / c o n c e n t r a t i o n  ch an g e .  F i g u r e  1 
s h o w s  t h e  p a t h  of t h e  c o l l i m a t e d ,  m o n o c h r o m a t i c  l igh t .  
T h e  b e a m s  s h o w n  n e x t  e n t e r  t h e  m o t i o n  p i c t u r e  c a m e r a  
l ens  a n d  f o r m  a n  i m a g e  of t h e  f r i n g e s  a n d  t h e  e l ec -  
t r o d e s  on  t h e  f i lm as c a n  b e  s e e n  in  Fig.  2-4. S i n c e  
t h e r e  is s o m e  e n e r g y  i n p u t  in  e l e c t ro l y s i s  i t  is f a i r  to  
a sk  w h a t  effect  a t e m p e r a t u r e  c h a n g e  m i g h t  h a v e .  T h e  
effect  of t e m p e r a t u r e  on  f r i n g e  sh i f t  is a r e c o g n i z a b l y  
d i f f e r e n t  p h e n o m e n o n ;  a n  i l l u s t r a t i o n  of t h i s  a l r e a d y  
h a s  b e e n  p u b l i s h e d  (2) ,  a n d  c o m p i l a t i o n  of d a t a  fo r  a 
p a p e r  on  t h e r m a l  c o n d u c t i v i t y  in  w a t e r  is  w e l l  a long.  
T h e  l o w  e n e r g y  i n p u t  a n d  r e l a t i v e l y  h i g h  t h e r m a l  c o n -  
d u c t i v i t y  of w a t e r  p r e v e n t s  a n y  m e a s u r a b l e  t h e r m a l  
g r a d i e n t  in  t h e  e x p e r i m e n t s .  

T h e  glass  flats w e r e  o b t a i n e d  f r o m  L i b e r t y  M i r r o r  
Div i s ion ,  L i b b y - O w e n s  F o r d  G la s s  C o m p a n y .  T r u e  
m u l t i p l e  b e a m  f r i n g e s  c a n n o t  b e  u s e d  b e c a u s e  t h e  l o n g  
op t i ca l  p a t h  r e s u l t i n g  f r o m  t h e  m a n y  success ive  p a s s -  
ages  t h r o u g h  r e g i o n s  of c h a n g i n g  r e f r a c t i v e  i n d e x  g ives  
a n o n u n i f o r m  d i s p e r s i o n  r e s u l t i n g  in  a b l u r r e d  effect.  
F o r  t h i s  r e a s o n  flats  w i t h  70% re f l ec t i ng  c o a t i n g s  w e r e  
used.  T h e  70% re f l ec t ion  is c h a n g e d ,  of course ,  w h e n  
w a t e r  s o l u t i o n  is s u b s t i t u t e d  fo r  a i r ,  a n d  f r o m  t h e  r e l a -  
t i v e  t h i c k n e s s  of t h e  d a r k  a n d  l i g h t  f r i n g e s  i t  is d e -  

Fig. 2. A series of interferograms of the cell Fe/CuSO4/Cu 
where Fe is the center electrode and the fringes appear in the 0.5N 
CuSO~ solution. The copper electrodes are 1.62 mm deep and the 
Fe wire is 0.7 mm diameter. The various frames show decay from 
a dead short by an exterior copper wire connecting the Fe to the 
tap Cu electrode, hence maximum polarization in (a) with attendant 
very steep diffusion gradients which are affected by convection in 
the cell as shown by the gross fringe curvatures. Frames (b) to (f) 
show the relaxation process at varying times after the external 
circuit is opened. In (b) 5.4 sec have elapsed since open circuit 
and the concentration gradient next to the side copper electrodes 
is less steep and more easily visible. In (c) a further 3.3 sec 
has elapsed, and the process has progressed further so that the 
fringe pattern now closely resembles that seen in an electrode- 
position cell. The successive elapsed times for (d), (e), and (f) are 
6.1, 6.1, and 7.8 sec, respectively. 
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Fig. 3. Detached diffusion layer. The cell is the same as in 
Fig. 2. The iron wire was suddenly moved (while externally shorted 
to the copper electrode at the top of the frame) leaving behind its 
diffusion layer. 

Fig. 4. Reversal of polarization in the shallow vertical position. 
The cell is Cu/CuSO4/Cu, with 1.98 mm deep vertical electrodes 
at 3.28 mm separation. Frame (a) shows steady-state polarization 
in 0.0315N CuSO4 at 0.68 ma/cm 2 and 0.4 impressed voltage. 
Frames (b) to (f) show various elapsed times after reversal of cur- 
rent. The successive elapsed times are (b) 5 sec, (c) 3.85 sec, (d) 
4 sec, (e) 5 sec, (f) 6.25 sec. The notched electrode is the anode. 
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a n d  w i t h  f i l te rs  g ive  r e s u l t a n t  l i g h t  i n t e n s i t i e s  w h i c h  
s o d i u m  v a p o r  l a m p s  c a n  equa l .  W a t e r - c o o l e d  H g  v a p o r  
l a m p s  c o u l d  b e  u s e d  of course .  E v e n  w i t h  a good  op t i ca l  
t r a i n  c o l l i m a t i o n  is w a s t e f u l  of a m p l i t u d e  a n d  f i lm w i t h  
A S A  r a t i n g s  of a b o u t  600 is n e e d e d .  S i n c e  S u p e r  
H y p a n  2 is a b o u t  A S A  200, a t  5893A w h i c h  is t h e  f a s t e s t  
f i lm c o m m e r c i a l l y  a v a i l a b l e ,  o v e r d e v e l o p m e n t  b y  f a c -  
to r s  of f r o m  2-4  a r e  n e c e s s a r y .  A 16 m m  P a i l l a r d  
B o l e x  H16 Ref lex  is a s u i t a b l e  c a m e r a  i f  r u n  b y  a s y n -  
c h r o n o u s  m o t o r .  W h e n  e q u i p p e d  w i t h  a n  fS0 m m  
S w i t a r  l ens  of a b o u t  4 c m  d i a m e t e r  a t t a c h e d  b y  a 
s u i t a b l e  l e n g t h  of s p a c e r  t ubes ,  t h e  c a m e r a  c a n  b e  
f o c u s s e d  d i r e c t l y  on  t h e  ce l l  w i t h o u t  f u r t h e r  i n t e r v e n -  
ing  optics .  A n  o b v i o u s  i m p r o v e m e n t  in  l i g h t  sou rce s  
w o u l d  b e  a u n i p h a s e - o u t p u t  gas  l ase r ,  w i t h  a f r e -  
q u e n c y  in  t h e  v i s i b l e  r eg ion .  S u c h  a l a s e r  h a s  b e e n  
o r d e r e d  for  u s e  in  t h i s  l a b o r a t o r y .  

F o u r  e x a m p l e s  of w o r k  d o n e  u s i n g  t h e  t e c h n i q u e  
a r e  s h o w n  in  Fig.  2-4. T h e  v a r i a t i o n  in  c o n t r a s t  in  t h e  
r e p r o d u c e d  f r a m e s  is t h e  r e s u l t  of v a r y i n g  d e p t h  a n d  
c o n c e n t r a t i o n  of t h e  so lu t ion .  F r a m e s  of m u c h  less  
c o n t r a s t  t h a n  t h o s e  r e p r o d u c e d  h e r e  c a n  b e  s u c c e s s f u l l y  
a n a l y z e d  b y  p r o j e c t i n g  t h e m  t h r o u g h  a g r o u n d  g lass  
t a b l e  top  a n d  u s i n g  t h e  d e n s i t o m e t e r  h e a d  m o u n t e d  on  
a m i c r o m e t e r  s c r e w  c a r r i a g e .  A l l  f r a m e s  s h o w n  w e r e  
m a d e  a t  r o o m  t e m p e r a t u r e  ( 2 2 ~ 1 7 6  

F i g u r e  2 is a s e r i e s  of i n t e r f e r o g r a m s  r e p r o d u c e d  
f r o m  i n d i v i d u a l  16 m m  f r a m e s  t a k e n  of t h e  cel l  
F e / C u S O 4 / C u  w h e r e  t h e  c e n t e r  e l e c t r o d e  i s a  0.7 m m  
d i a m e t e r  i r o n  wi re .  T h e  ce l l  w a s  d e a d - s h o r t e d  b y  c o n -  
n e c t i n g  t h e  i r o n  w i r e  e x t e r n a l l y  to  t h e  t o p  c o p p e r  
e l ec t rode .  M a x i m u m  c o n c e n t r a t i o n  p o l a r i z a t i o n  is v e r y  
q u i c k l y  o b t a i n e d .  T h e  e x t e r n a l  c o n n e c t i o n  w a s  b r o k e n ,  
a n d  t h e  d e c a y  of t h e  c o n c e n t r a t i o n  p o l a r i z a t i o n  fo l -  
l o w e d  fo r  a b o u t  3 m i n  or  100 f t  of f i lm a t  24 f r a m e s /  
sec. F r a m e  (a )  s h o w s  t h e  d e a d  s h o r t  cond i t i on ,  w i t h  
s t eep  c o n c e n t r a t i o n  g r a d i e n t s  c l o s e - i n  to a l l  e l ec t rodes .  
T h e  f r i n g e s  a r e  c lo se r  t o g e t h e r  t h a n  t h e  r e s o l u t i o n  of 
t h e  i n s t r u m e n t a t i o n  w i l l  a l l o w  so t h a t  o n l y  l i g h t  l i ne s  
a r e  s e e n  n e x t  to t h e  e l ec t rodes .  F r a m e s  ( b ) - ( f )  s h o w  
t h e  r e l a x a t i o n  of  t h e  c o n c e n t r a t i o n  p o l a r i z a t i o n  a t  5.4, 
8.7, 14.8, 20.9, a n d  28.7 sec, r e s p e c t i v e l y .  A t  less  t h a n  

2 Trade-Mark of Ansco Corporation. 

duced that the effective number of reflections is 
about 2. 

The accuracy of the refractive index contour found 
depends on the precision of measurement of the dis- 
tance between fringes, which depends on the location 
of the center of a fringe. Simple wedge fringes have a 
(cosine) 2 distribution of intensity across a light fringe. 
An increased number of reflections raises the power 
to which the cosine is raised and thus sharpens the in- 
tensity peak and as do special photographic techniques. 
The maximum photographic density which occurs at 
the center of a fringe is not determined very accurately 
by eye. Accuracies approaching those of the multiple 
beam technique can be obtained by using a sodium 
vapor light as the monochromatic source and allowing 
interference to occur between the two lines in the 
doublet at 5890 and 5896A since the center of these 
split fringes can be found with almost the same ac- 
curacy as that of the narrow fringes obtained in multi- 
ple beam interferometry. For refractive indices around 
1.35 this will occur at odd multiples of about 0.097 mm 
depth of solution. 70% reflective coatings have been 
found to give the best fringe splitting. By adjusting the 
thicknesses carefully very thin center lines with sharp 
peak densities can be obtained in the "split" fringe 
system. These have been successfully replotted on 
cartesion coordinates using a Photovolt spot-photom- 
eter Model 501-A. Individual 16 mm frames were 
printed and enlarged to 5 x 7 in. or projected by use 
of a 45 ~ mirror onto a large ground glass table. 

The light intensity is the limiting factor. The light 
must be monochromatic and at such long optical paths 
only a minimum of pressure broadening can be toler- 
ated. Only low-pressure Hg vapor lamps can be used, 

Fig. 5. Reversal of polarization in the cathode over-anode posi- 
tion. Steady-state polarization in the cathode-over-anode position 
with the same cell as in Fig. 4. Frames (b) to (d) show the results 
of reversing the polarization. The successive elapsed times are (b) 
16 sec, (c) 15.3 sec, (r) 12.1 sec. Pure diffusional transport is 
shown in (a) and the change-over to turbulent convective trans- 
port in (b) to (d). 
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8.7 sec  t h e  r e s o l u t i o n  of t h e  f r i n g e s  a t  t h e  t op  c o p p e r  
e l e c t r o d e  b e c o m e s  poss ib le ,  a n d  a t  28.7 sec t h e  c o n -  
c e n t r a t i o n  g r a d i e n t s  h a v e  b e c o m e  s m a l l  a n d  e r r a t i c ,  
s h o w i n g  d i f f e r ences  in  a c t i v i t y  of s m a l l  a r e a s  o n  t h e  
e l ec t rodes .  

F i g u r e  3 s h o w s  t h e  d i f fus ion  l a y e r  l e f t  b e h i n d  in  t h e  
b u l k  of t h e  s o l u t i o n  w h e n  t h e  c e n t e r  e l e c t r o d e  is 
m o v e d  q u i c k l y  i n  t h e  s a m e  cel l  as s h o w n  in Fig. 2. 
S e v e r a l  b a c k  a n d  f o r t h  t r a v e r s e s  of t h e  c e n t e r  e l ec -  
t r o d e  w e r e  n e c e s s a r y  to  " s t i r  u p "  t h e  s o l u t i o n  a n d  
cause  t h e  d i s a p p e a r a n c e  of t h i s  d e t a c h e d  c o n c e n t r a t i o n  
g r a d i e n t  i n  less  t h a n  5 sec. U n s t i r r e d  d e c a y  t i m e s  w e r e  
of t h e  o r d e r  of 15 sec. 

F i g u r e  4 s h o w s  s e v e r a l  k e y  f r a m e s  f r o m  a s e q u e n c e  
in  w h i c h  t h e  e l e c t r o d e s  w e r e  i n  t h e  s h a l l o w  v e r t i c a l  
p o s i t i o n  (as  s h o w n  in  Fig.  1) w i t h  0.68 m a / c m  2 c u r r e n t  
p a s s i n g  w i t h  a n  i m p r e s s e d  v o l t a g e  of 0.4v w h e n  t h e  
p o l a r i z a t i o n  w a s  s u d d e n l y  r e v e r s e d .  F r a m e  (a )  s h o w s  
s t e a d y - s t a t e  p o l a r i z a t i o n  in  t h e  ce l l  C u / C u S O 4 / C u  
c o n t a i n i n g  0.0315N CuSO4 a t  25~ a n d  w i t h  1.98 m m  
d e e p  e l e c t r o d e s  s e p a r a t e d  b y  3.28 m m .  F r a m e s  (b )  to  
( f )  w e r e  t a k e n  a t  e l a p s e d  t i m e s  a f t e r  r e v e r s a l  of c u r -  
r e n t  of 5, 8.85, 12.85, 17.85, a n d  24.10 sec, r e s p e c t i v e l y .  
T h e y  s h o w  r e v e r s a l  of t h e  c o n c e n t r a t i o n  c o n t o u r s  o v e r  
t he  e l a p s e d  t i m e  ( a b o u t  25 sec)  to  b e  e s s e n t i a l l y  c o m -  
p le te .  T h e  n o t c h  in  t h e  b o t t o m  e l e c t r o d e  w a s  c u t  fo r  
i d e n t i f i c a t i o n  of t h e  e l ec t rode ,  b u t  t h e  p e n e t r a t i o n  of  
t h e  c e n c e n t r a t i o n  c o n t o u r  i n to  t he  n o t c h  can  be  r e l a t e d  
to  t h e  t h r o w i n g  p o w e r  of t h e  so lu t ion .  

F i g u r e  5 is a s e q u e n c e  of f r a m e s  s e l e c t e d  to s h o w  t h e  
s a m e  p h e n o m e n o n ,  r e v e r s a l  of p o l a r i z a t i o n ,  w i t h  h o r i -  
z o n t a l  e l ec t rodes .  F r a m e  (a )  s h o w s  t h e  s a m e  cel l  as 

t h a t  in  Fig. 4 u n d e r  t h e  s a m e  c o n d i t i o n s  a f t e r  a b o u t  5 
m i n  of e lec t ro lys i s .  F r a m e s  (b )  to (d)  w e r e  t a k e n  a f t e r  
r e v e r s a l  of c u r r e n t  ( to  a n o d e - o v e r  c a t h o d e  p o s i t i o n )  a t  
e l a p s e d  t i m e s  of 16, 31.3, a n d  43.4 sec, r e s p e c t i v e l y .  
P u r e  d i f fu s iona l  t r a n s p o r t  is e v i d e n t  in  f r a m e  (a )  
a n d  t h e  c h a n g e  o v e r  to  m a i n l y  t u r b u l e n t  c o n v e c t i v e  
t r a n s p o r t  occurs  in  f r a m e s  ( b ) -  ( d ) .  

A r o u g h l y  3 - r a i n  s e q u e n c e  of t h e  e l ec t ro ly s i s  of a 
cel l  h a v i n g  c o p p e r  e l e c t r o d e s  a n d  a s a t u r a t e d  s o l u t i o n  
of  CuSO4 ( a n h y d r o u s )  in  m e t h a n o l  fo r  e l e c t r o l y t e  w a s  
r e c o r d e d .  A b o u t  1 m a / c m  2 p a s s e d  a t  36v fo r  a b o u t  2 
r a in  p r o d u c e d  w h i t e  f lecks w h i c h  c o u l d  b e  s e e n  to m o v e  
b a c k  or  f o r t h  b e t w e e n  t h e  e l e c t r o d e s  a n d  to g r o w  in  
size. I t  w a s  i m p o s s i b l e  to  te l l  a t  w h i c h  e l e c t r o d e  t h e  r e -  
ac t ion  was  t a k i n g  place.~ 

M a n u s c r i p t  r e c e i v e d  Nov.  4, 1963; r e v i s e d  m a n u -  
s c r i p t  r e c e i v e d  M a r c h  26, 1964. Th i s  p a p e r  w a s  p r e -  
s e n t e d  a t  t h e  P i t t s b u r g h  M e e t i n g ,  A p r i l  15-18, 1963. 

A n y  d i scus s ion  of t h i s  p a p e r  w i l l  a p p e a r  i n  a D i scus -  
s ion Sec t i on  to b e  p u b l i s h e d  in  t h e  J u n e  1965 JOURNAL. 
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Brief Co m n ca : ons 

On the Nature of Burned Anodic Coatings 
A. E. Hultquist 

Materials Sciences Laboratory, Lockheed Missiles & Space Company, Palo Alto, California 

W h i l e  m a n y  s t u d i e s  of t h e  g r o w t h  of a n o d i c  f i lms on  
a l u m i n u m  h a v e  b e e n  m a d e ,  t h e r e  is s t i l l  s o m e  d i s -  
a g r e e m e n t  o n  t h e  de ta i l s .  O n e  of t h e s e  de t a i l s  is t h e  
o b s e r v a t i o n  of " b u r n i n g "  of t h e  coa t ing .  " B u r n i n g "  is 
t h e  d e v e l o p m e n t  of b r o w n  to b l a c k  a r e a s  w h i c h  u n d e r  
some  c o n d i t i o n  c a n  b e  e n l a r g e d  u n t i l  t h e  w h o l e  c o a t i n g  
is b r o w n  to b lack .  T h e  d e n s i t y  of t h i s  d i s c o l o r a t i o n  c a n  
b e  v a r i e d  so t h a t  t h e  c o a t i n g  c a n  v a r y  f r o m  t r a n s l u c e n t  
to opaque .  T h e  p r o c e s s  c o n d i t i o n s  t h a t  e n c o u r a g e  b u r n -  
i n g  a r e  v e r y  c lose  to t h o s e  u s e d  i n  t h e  h a r d  coa t  p r o c -  
esses  a n d  a r e  g e n e r a l l y  c o n t r o l l e d  b y  c lose  c o n t r o l  of  
b a t h  t e m p e r a t u r e ,  ag i t a t ion ,  a n d  c u r r e n t  dens i t y .  S i n c e  
t h e  c o m p o s i t i o n  of b u r n t  c o a t i n g s  h a s  n o t  b e e n  r e -  
p o r t e d  p r e v i o u s l y ,  t h e  d a t a  o b t a i n e d  i n  a n a l y z i n g  t h e s e  
c o a t i n g s  s h o u l d  b e  of i n t e r e s t .  

S p o o n e r  (1) n o t e d  t h e  a p p e a r a n c e  of b r o w n  to b l a c k  
spo ts  in  a n o d i c  coa t i ngs  f o r m e d  a t  h i g h  c u r r e n t  d e n -  
s i t ies  in  b a t h s  c o n t a i n i n g  5% H2SO4 a n d  h e l d  a t  10~ 
H e  c o n c l u d e d  t h a t  t h e  b u r n i n g  w a s  p r o d u c e d  in  a 
se r i e s  of s teps .  I n i t i a l l y ,  a h i g h - r e s i s t a n c e  f i lm f o r m e d  
o v e r  t h e  a n o d e  w h i c h  w as  f o l l o w e d  b y  a t h i c k e n i n g  of 
t h e  f i lm a t  m a n y  s c a t t e r e d  po in t s .  T h e  m a j o r i t y  of t h e  
c u r r e n t  f o l l o w e d  p a t h s  t h r o u g h  t h e  f i lm a t  t h e s e  po in t s .  
T h e  e n d  r e s u l t  w a s  a v e r y  u n e v e n  coa t ing .  

M o r e  r e c e n t l y  H o l l o  (2) in  a n  e l e c t r o n - o p t i c a l  i n -  
v e s t i g a t i o n  of t h e  p o r e  s t r u c t u r e  of a n o d i c  f i lms o n  
a l u m i n u m  d e s c r i b e d  t h e  g r o w t h  of t h e  o x i d e  in  s i m i l a r  
t e r m s .  T h e  c o a t i n g s  f o r m e d  n o n u n i f o r m l y  b y  g r o w i n g  
p r i m a r i l y  a t  s c a t t e r e d  a c t i v e  cen t e r s .  T h e s e  c e n t e r s  
p e r s i s t  d e s p i t e  f u r t h e r  a n o d i z a t i o n  a n d  a r e  in  g e n e r a l  

m o r e  a c t i v e  c h e m i c a l l y  a n d  e l e c t r i c a l l y  t h a n  t h e  r e s t  of 
t h e  film. W h i l e  i t  w a s  s u g g e s t e d  t h a t  t h e  r e a c t i v i t y  of 
t h e s e  c e n t e r s  cou ld  b e  d u e  to  t h e  p r e s e n c e  of m e t a l l i c  
a l u m i n u m ,  t h e  a c t u a l  i d e n t i f i c a t i o n  of a l u m i n u m  m e t a l  
a t  t h e s e  c e n t e r s  w a s  no t  ver i f ied .  

R e c e n t  d e s c r i p t i o n s  (3 -6)  of  t h e  p r e p a r a t i o n  a n d  
p r o p e r t i e s  of a b l a c k  a l u m i n u m  o x i d e  s u g g e s t e d  a n -  
o t h e r  e x p l a n a t i o n  of t h e  b u r n e d  a p p e a r a n c e .  T h e  b l a c k  
a l u m i n a  c a n  be  p r e p a r e d  b y  h e a t i n g  a l a r g e  s u r f a c e  
a r e a  a m o r p h o u s  a l u m i n a  in  a v a c u u m .  A d d i t i o n a l  t r e a t -  
m e n t ,  s u c h  as  m e c h a n i c a l  c o m p r e s s i o n  p r i o r  to  v a c u u m  
h e a t i n g ,  m u s t  b e  u s e d  o n  c r y s t a l l i n e  m a t e r i a l  i n  o r d e r  
to  p r o d u c e  t h e  b l a c k  a l u m i n a .  T h e  b l a c k  a l u m i n a  h a s  
b e e n  d e s c r i b e d  as a n  o x y g e n  de f i c i en t  a l u m i n a .  T h e  
o x y g e n  loss is p r i m a r i l y  a s u r f a c e  p h e n o m e n o n .  

Experimental 
S a m p l e s  of 40 m i l  1100 A 1 - O - t e m p e r  w e r e  c l e a n e d  

a n d  d e g r e a s e d  in  h o t  N a O H  a n d  t h e n  b r i g h t e n e d  in  a 
H2SO4-HNO3-H20  so lu t ion .  A f ina l  e t ch  w a s  m a d e  i n  
a n  11% H F  s o l u t i o n  fo r  3 ra in .  T h e  a r e a  to b e  a n o d i z e d  
was  t a p e d  off. S a m p l e s  w e r e  a n o d i z e d  in  a b a t h  c o n -  
s i s t i ng  of 49.50, 50.00, a n d  0.50% b y  w e i g h t  of w a t e r ,  
e t h y l e n e  glycol ,  a n d  H2SO4, r e s p e c t i v e l y .  A b a t h  t e m -  
p e r a t u r e  of 5~ a n d  a c u r r e n t  d e n s i t y  of 3.7 a m p / d i n  2 
(34.4 a m p / f t  2) w e r e  used.  S i m i l a r  r e s u l t s  w e r e  o b -  
t a i n e d  i n  a q u e o u s  H2SO4 b a t h s .  T h e  coa t i ngs  f o r m e d  
u n d e r  t h e s e  c o n d i t i o n s  a r e  b l a c k  in  a p p e a r a n c e .  T h e  
coa t i ngs  w e r e  s t r i p p e d  b y  d i s s o l v i n g  t h e  a l u m i n u m  
s u b s t r a t e  in  b r o m i n e - m e t h a n o l .  O n e  of t h e  s t r i p p e d  
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Table I. X-ray analysis of anodic coatings 
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A S T M  v a l u e  f o r  A S T M  v a l u e  f o r  
A 1 0  (OH) U n s e a l e d  c o a t i n g  S e a l e d  c o a t i n g  a l u m i n u m  

A S T M  v a l u e  f o r  
b o e h m i t e  

a R e l a t i v e  d R e l a t i v e  d R e l a t i v e  d R e l a t i v e  d R e l a t i v e  
V a l u e  s t r e n g t h  V a l u e  s t r e n g t h  V a l u e  s t r e n g t h  V a l u e  s t r e n g t h  V a l u e  s t r e n g t h  

3.99 1O0 2.33 S t r o n g  2.34 S t r o n g  2.34 100 6.11 1O0 
2.32 56 2.02 W e a k  2.02 M e d i u m  2.02 47 3.16 65 
2.13 52 1.43 M e d i u m  1.85 W e a k  1.43 22 2.35 53 

1.22 W e a k  1.43 M e d i u m  1.21 24 1.86 32 
0.928 V e r y  w e a k  1.22 M e d i u m  1.17 7 1.85 27 

0.925 W e a k  0.93 8 
0.905 V e r y  w e a k  0.90 8 

N O T E :  H a l o s  o b s e r v e d  a t  a p p r o x i m a t e l y  3.30 a n d  1.40 d v a l u e s  in  b o t h  s e a l e d  a n d  u n s e a l e d  s a m p l e s .  

samples was sealed by immers ing  in boiling H20 for 
30 min. Both the sealed and unsealed coatings were  
ground in an agate mor ta r  and analyzed by x - r a y  
diffraction using CuKa radiation. The film was exposed 
for 1 hr. The results are shown in Table I and com- 
pared to the ASTM file card data for a luminum metal  
boehmite  and A10 (OH).  These last hydra ted  oxides are 
the most  f requen t ly  ment ioned crystal l izat ion products 
of amorphous anodic coatings. 

As can be seen f rom the table, the d values and in- 
tensities agree very  wel l  wi th  those assigned to a lumi-  
num metal.  It thus follows that  under  certain anodizing 
conditions particles of a luminum metal  can be in- 
corporated i n t o  the anodic coating. If the part icles are 
of appropr ia te  size, they wil l  act as p igmentat ion and 
give the coating a black color. The presence of a non-  
stoichiometric amorphous oxide would not be detected 
by the analyt ical  methods used so that  its presence is 
nei ther  confirmed or denied. However ,  it is not  im-  
possible that  a nonstoichiometric  oxide could be pres-  
ent  in anodic films formed at these or less severe  
anodizing conditions. 
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Formation of Dissolved Atomic Hydrogen by 
Electrochemical Polarization 

H. H. Uhlig and R. Krutenat 

Corrosion Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 

Magnesium enters solution when  made anode in an 
electrolyte,  and it is stated that  the corresponding 
anolyte is able temporar i ly  to reduce  small  amounts  
of KMnO4 or AgNO3. This was ascribed by Petty,  
Davidson, and Kle inberg  (1), who first observed this 
reduction, to the presence of un iva len t  Mg ions. These 
unusual  valence ions, according to their  viewpoint ,  are 
also able to reduce H20 to H2 in accord with  

2Mg + + 2H20--> 2MgOH + -5 H2 [1] 
o r  

Mg + -5 H20--> 1/2H2 -5 Mg ++ -5 O H -  [2] 

The above reactions account for l iberat ion of H2 gas 
at the anode during electrolysis, and an apparent  
valence of Mg ions be tween  1 and 2 as measured  
coulometrical ly.  Other  metals  such as A1 and Be also 
showed evidence of behavior  analogous to Mg, and 
corresponding unusual  va lence  ions were  proposed 
such as A1 + and Be + (2-5). 

The reducing proper ty  of the anolyte appeared to 
rule  out the possibili ty that  local action corrosion at 
the meta l  surface was the source of an apparent  un-  
usual  valence.  On the other  hand, other  invest igators  
proposed that  the source or iginated f rom aggregates 
of meta l  atoms dislodged f rom the anode, perhaps as 
colloidal particles, and that  these subsequent ly reacted 
wi th  wate r  af ter  leaving the anode (6-8). Fur the r  ex-  
per iments  appeared to be necessary in order  to r e -  
solve the matter .  

Accordingly,  we examined  the reducing propert ies  
of the anolyte in fur ther  detail  and also de termined  
the hal f - l i fe  of the reducing species. This was done 
by anodically polarizing magnes ium for 5 rain at 
4.4 m a / c m  2 in H2-deaerated 0.1N NaC1 buffered with  
sodium borate  to pH 10 and thermosta ted at 25~ 
The anolyte, which remained  at pH 10 during elec-  
trolysis, was then quickly t ransferred by means  of 
H2 pressure  to a measur ing  cell made up of a large 
area Ag-AgC1 cathode (6.9 cm 2) and a small  Pt  anode 
sealed in glass, the exposed apparent  area of which 
was 0.00283 cm 2. The excess diffusion current  at the 
p la t inum anode was used to measure  the concentrat ion 
of reducing species. For  this purpose, the  P t  e lect rode 
was mainta ined at a constant potential  of --0.21v 
( IUPAC sign) on the H2 scale by impressing 500 mv  
across the Ag-AgC1 and Pt  cell. The diffusion current  
reached up to about 500 #a / cm 2 immedia te ly  fol lowing 
t ransfer  of the anolyte, and then largely  decayed 
within  20-30 min. A similar  increase of current  was 
not  observed if the electrolyte  was t ransfer red  omi t -  
t ing contact wi th  magnesium. This confirmed that  a 
reducing species was produced dur ing anodic dissolu- 
tion of magnesium and that  it was present  only t em-  
porarily.  A typical  cu r ren t - t ime  plot  is shown in Fig. 
1 which also includes compara t ive  data for the H2- 
saturated electrolyte  that  had not been in previous 
contact with magnesium. The init ial  h igher  cur ren t  
for the H2-saturated solution corresponds to the t ime 



1304 JOURNAL OF THE ELECTROCHEMICAL SOCIETY November  1964 

I- 
z k 500 

~ 4 O O [ ~ , k _ ~  4 MA/CM2 
0 . . . . . . . . . . .  

uJ H a ATUR ED O.IM NACI 
z 
>, 

z 0 I0 20 .50 40 50 60 70 ,4 
T I M E  MINUTES 

Fig. 1. Semi-log plot of diffusion current vs. time for anolyte of 
Mg electrolysis at 4.4 ma/cm 2 and for H2 saturated electrolyte 
(0.1M NaCI, pH 10) 25~ 

f o l l o w i n g  t r a n s f e r  r e q u i r e d  to e l i m i n a t e  t u r b u l e n c e  
a n d  to  b u i l d  u p  t h e  s t e a d y - s t a t e  s u r f a c e  d i f fus ion  l a y e r .  
T h e s e  effects  w e r e  p r e s e n t  fo r  a l l  t h e  runs ,  b u t  t h e i r  
c ~ n t r i b u t i o n  to t h e  m e a s u r e d  d i f fus ion  c u r r e n t s  a f t e r  
t h e  f irst  f e w  m i n u t e s  w a s  neg l ig ib l e .  T h e  first  p o r -  
t i on  of t he  u p p e r  c u r v e  of Fig. 1, o m i t t i n g  p o i n t s  t a k e n  
p r e v i o u s  to 4 ra in ,  c o r r e s p o n d s  to c u r r e n t  g e n e r a t e d  
b y  t h e  r e d u c i n g  spec ies  p lu s  t h e  o x i d a t i o n  of d i s s o l v e d  
H2 to H +. T h e  c u r r e n t  f o r  t h e  l a t t e r  p o r t i o n  of t h e  
c u r v e  c o r r e s p o n d s  to t h e  o x i d a t i o n  of d i s s o l v e d  H2 
a lone.  T h e s e  va lues ,  i t  w i l l  b e  no ted ,  l ie  c h a r a c t e r -  
i s t i ca l ly  a b o v e  t h e  b a s e - l i n e  fo r  H 2 - s a t u r a t e d  so lu t ion .  
T h e  h i g h e r  v a l u e s  a n d  a u s u a l  s l i g h t  c o n t i n u i n g  d e -  
c r e a s e  in  s lope  a f t e r  t he  i n i t i a l  c u r r e n t  d e c a y  a r e  d i s -  
c u s s e d  la te r .  B y  t a k i n g  t h e  d i f f e r e n c e  b e t w e e n  t o t a l  
d i f fus ion  c u r r e n t  ( c u r r e n t  b e t w e e n  a b o u t  4-30 min ,  
u p p e r  cu rve ,  Fig.  1) a n d  t he  l a t t e r  s t ages  of t h e  d i f -  
f u s i o n  current corresponding solely to H2 -* 2H + 
+ 2e at 1 atm, the latter being extrapolated linearly 
to zero time (dashed upper curve, Fig. I) the diffu- 
sion current equivalent to oxidation of the reducing 
species was obtained. Currents of this kind are plotted 
semilogarithmically in Fig. 2 showing that the reduc- 
ing species follows a first order reaction and has a 
half-life of about 6 rain. 

If the reducing species were Mg +, it was thought 
possible to control its concentration by either cathodic 
or anodic polarization of metallic Mg at various cur- 
rent densities. Surprisingly, cathodic polarization also 
prc.duced the reducing species, and the amount was 
not less than when magnesium was polarized an- 
odically. When Ni was substituted for Mg, the reduc- 
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Fig. 2. Decay of reducing species in Mg anolyte and platinum 
catholyte. Data from Fig. 1 and 3. 
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i ng  spec ies  a lso f o r m e d  w i t h  Ni  as ca thode ,  b u t  m u c h  
less  so or  n o t  a t  a l l  as anode ,  c o n t r a r y  (o t h e  s i t u a t i o n  
for  Mg. W h e n  P t  or  S n  w a s  u s e d  as ca thode ,  t h e  
r e d u c i n g  spec ies  a l so  f o r m e d  (Fig.  3) .  F o r  P t  ca thodes ,  
s i m i l a r  r e s u l t s  w e r e  o b t a i n e d  i n  ac id  0.1N NaCI  of 
p H  2. I n  a l l  i n s t a n c e s ,  t h e  m e a s u r e d  h a l f - l i f e  was  
a b o u t  5-6 min .  

T h e s e  e x p e r i m e n t s  s u g g e s t e d  t h a t  some  f o r m  of 
a c t i v e  h y d r o g e n  f o r m s  a t  t h e  ca thodes ,  a n d  t h a t  th i s  
v e r y  l i k e l y  is a t o m i c  h y d r o g e n .  T h e  n a t u r e  of t h e  
r e d u c i n g  species  w a s  c h e c k e d  b y  p r o d u c i n g  a t o m i c  
h y d r o g e n  in  t h e  gas  p h a s e  a n d  p a s s i n g  t h e  gas  in to  
t h e  s a m e  e l ec t ro ly t e ,  t h e n  a n a l y z i n g  it  as b e f o r e  b y  
e l e c t r o c h e m i c a l  o x i d a t i o n  a t  t h e  s m a l l  P t  anode .  T h e  
a t o m i c  h y d r o g e n  was  p r o d u c e d  b y  a h i g h  v o l t a g e  a rc  
d i s c h a r g e  b e t w e e n  t w o  P t  w i r e s  l o c a t e d  in  H2 a t  1 
a t m  j u s t  a b o v e  t h e  e l e c t r o l y t e  su r face .  Th i s  gas  was  
b u b b l e d  c o n t i n u o u s l y  t h r o u g h  t h e  e l e c t r o l y t e  w i t h  
s i m u l t a n e o u s  coo l ing  to  c o u n t e r a c t  a t e m p e r a t u r e  r i se  
a b o v e  25~ T e m p e r a t u r e  v a r i a t i o n s  l i m i t e d  t h e  ac -  
c u r a c y  w i t h  w h i c h  d i f fus ion  c u r r e n t  m e a s u r e m e n t s  
cou ld  b e  m a d e .  I n  t h e s e  r u n s ,  a m e a s u r e d  h a l f - l i f e  
of 3.5-4.9 r a in  w a s  s i m i l a r  w i t h i n  e x p e r i m e n t a l  l i m -  
i t a t i ons  to  t h e  h a l f - l i f e  m e a s u r e d  for  t h e  r e d u c i n g  
species  p r o d u c e d  c a t h o d i c a l l y  in  a q u e o u s  so lu t ion .  

T h e s e  e x p e r i m e n t s  sugges t ed ,  t h e r e f o r e ,  t h a t  a p o r -  
t ion  of  t h e  a t o m i c  H f o r m e d  b y  r e d u c t i o n  of H + a t  
a c a t h o d e  d i s so lves  in  t h e  s u r r o u n d i n g  c a t h o l y t e  to 
f o r m  H ( a q ) .  In  t u r n  H ( a q )  r a p i d l y  c o m b i n e s  to  f o r m  
d i s s o l v e d  m o l e c u l a r  h y d r o g e n ,  H 2 ( a q ) .  I t  is t h e  a t o m i c  
species ,  t h e r e f o r e ,  t h a t  a p p a r e n t l y  a c c o u n t s  fo r  t h e  
t e m p o r a r y  r e d u c i n g  p r o p e r t i e s  p r e c e d i n g  t h e  t i m e  
a l l  d i s so lved  H c o m b i n e s  to f o r m  H2. 

T h e  fac t  t h a t  a d i f fus ion  c u r r e n t  f o r  H ( a q )  --> 
H § ( aq )  + e is m e a s u r e d  o v e r  a n d  a b o v e  t h e  c u r r e n t  
a s c r i b e d  to H 2 - s a t u r a t e d  e l ec t ro ly t e ,  m e a n s  t h a t  H (aq )  
d i f fuses  m o r e  r a p i d l y  t h a n  H 2 ( a q ) .  Th i s  fo l lows  b e -  
c a u s e  t h e  f o r e g o i n g  r e a c t i o n  r e q u i r e s  t h e  s a m e  n u m -  
b e r  of  e l e c t r o n s  p e r  g r a m  a t o m  as does  H 2 ( a q )  -> 
2H + + 2e. T h e  l i m i t i n g  d i f fus ion  c u r r e n t  fo r  t h e  
f i rs t  r e a c t i o n  is k [conc.  H ( aq )  ] w h e r e a s  i t  is 2k ' [ conc .  
H 2 ( a q ) / 2 ]  fo r  t h e  s e c o n d  r e a c t i o n ,  w i t h  k > k'. T h e  
t e r m  k r e f e r s  to DF/5, w h e r e  D is t h e  d i f fus ion  co -  
efficient ,  F is t h e  F a r a d a y ,  a n d  5 is t h e  e q u i v a l e n t  
t h i c k n e s s  of t h e  s t a g n a n t  d i f fus ion  l a y e r  a t  t h e  e l ec -  
t r o d e  su r face .  S i n c e  k is n o t  k n o w n ,  i t  is n o t  poss ib l e  
to assess  t h e  c o n c e n t r a t i o n  of H ( a q ) .  H o w e v e r ,  a n  
e s t i m a t e  c a n  b e  m a d e  f r o m  t h e  d i f f e r e n c e  of t h e  l a t t e r  
p o r t i o n  of d i f fus ion  c u r r e n t  c u r v e  fo r  t h e  c a t h o l y t e  
a n d  fo r  H 2 - s a t u r a t e d  e l ec t ro ly t e .  A t o m i c  h y d r o g e n  of 
s h o r t  h a l f - l i f e  c o m b i n e s  to f o r m  m o l e c u l a r  h y d r o g e n ,  
a n d  s ince  t he  s o l u t i o n  is a l r e a d y  s a t u r a t e d ,  t h e  r e -  
a c t i o n  s u p e r s a t u r a t e s  t h e  e l e c t r o l y t e  w i t h  H2. F o r  
t h i s  r ea son ,  t h e  l a t t e r  p o r t i o n  of t h e  u p p e r  c u r v e  in  
Fig. 3 l ies  a b o v e  t h e  l o w e r  cu rve .  N e g l e c t i n g  d i s s o l v e d  
H2 t h a t  m a y  b e  los t  in  20 or  30 r a in  f r o m  t h e  s u p e r -  
s a t u r a t e d  so lu t ion ,  a n d  n o t i n g  t h a t  t h e  v a l u e  of D 
fo r  H u ( a q )  is a p p r o x i m a t e l y  4 x 10 -5  cm2 / sec  a n d  5 = 
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0.05 cm, the  difference of 20-40 #a /cm 2 in diffusion 
current  be tween upper  and lower  curves corresponds 
to an init ial  concentrat ion of H(aq )  = 2.5-5 x 10 -4 
g-a t . / l i ter .  

The question might  be asked-- is  not all of the upper  
curve  of Fig. 3 caused by supersaturated H2(aq) 
ra ther  than in par t  by H ( a q ) ?  This is not l ikely  as 
was demonstra ted by supersatura t ing the electrolyte  
wi th  H2 at 1.4 arm, passing the supersaturated elec-  
t rolyte  into the measur ing  cell at  1 a tm and not ing 
the decay of diffusion cur ren t  wi th  time. For  this ex-  
periment ,  the resul tant  decay t ime was much longer  
than for  H ( a q ) ,  corresponding to an apparent  ha l f -  
life of about 300-400 min  and a slight slope similar  to 
la t ter  portions of curves l ike that  shown in Fig. 3. 
A fu r the r  exper iment  that  discounts supersaturat ion 
as total  cause consisted of cathodical ly polarizing Pt  
in N2-saturated e lec t ro lyte  wi th  continuous bubbl ing 
of purified N2 dur ing electrolysis. Despite the fact  
that  the 0.1N NaC1 catholyte  was undersa tura ted  wi th  
H2 at any time, a diffusion cur ren t  was observed that  
decayed as before, corresponding to a ha l f - l i fe  of 
about 6 min. 

The react ion 2H(aq)  -~ H2(aq) occurs wi th in  the 
body of the  e lec t ro lyte  as wel l  as at the  glass and 
electrode surfaces. Supersatura t ion with  respect  to 
H2(aq) indicated by the diffusion current  curves was 
also c lear ly  observed by format ion  of numerous  small  
bubbles of H2 in the measur ing  cell  af ter  t ransfer  of 
catholyte.  I t  is this phenomenon which  has contr ibuted 
to s tatements  in the l i t e ra ture  that  hydrogen formed 
at a cathode is supersaturated.  

Yeager  et al. (9) ascribed H2 supersaturat ion at a 
Pt  cathode to pressures higher  than  1 atm in small  
size bubbles and to lack of sui table nucle i  for  
gas evolution. This explanat ion was used to account 
for observed reduct ion of measured  hydrogen  over -  
vol tage in 0.107N H2SO4 in the order  of 6 m v  when  
the stagnant  solution was agitated. Schuldiner  (10) 
found a 15 my  reduct ion of hydrogen  overvol tage  for 
Pt  when  the electrolyte  was st i rred by bubbles of H2. 
Earlier,  Kandler ,  Knorr ,  and Schwi tzer  (11) observed 
a similar  effect of s t i rr ing for P t  or Pd cathodes in 
ei ther  acid or alkal ine electrolytes.  They ascribed the 
effect to concentrat ion polar izat ion caused by slow 
diffusion of molecular  H2 away f rom the cathode 
surface. P la tonova  and Levina  (12) observed that  the 
potent ial  of plat inized Pt  located close to an Fe  
cathode in 0.4N KOH at which  H + was discharging 
was moved  to a potent ial  14 my  more  act ive  than the 
revers ible  hydrogen electrode. They ascribed the effect 
to supersaturat ion of the e lect rolyte  wi th  Ha in ac- 
cord with  Kandle r  et al.'s explanation.  They also 
pointed out that  supposed supersaturat ion occurred 
with  Ni cathodes and was still more  marked  in 10.5N 
KOH. Bockris and Azzam (13) repor ted  hysteresis for 
cathodic polarizat ion curves of Pt  electrodes in 5N 
HC1 which  they thought  might  be due to trace im-  
puri t ies  in solution, but  which fu r ther  purification 
procedures never theless  did not eliminate.  

Our experiments ,  on the other  hand, indicate that  
H(aq )  is the p r imary  cause of both hysteresis and 
an effect of s t i r r ing on hydrogen  overvol tage  meas-  
urements ,  and it is also the cause of observed super-  
saturat ion of catholyte  wi th  hydrogen.  The the rmo-  
dynamic effect of H ( a q )  according to H(aq )  ~ H + 
~- e is the same as that  of increased hydrogen pres-  
sure for the equi l ibr ium: H2 ~ 2H + ~- 2e, namely,  
that  of producing a more  act ive potential.  Hence when  
the solution is stirred, the concentrat ion of H ( a q )  
at the cathode surface decreases and the potential  
changes in the more  noble  direct ion corresponding to 
an apparent  reduct ion of overvoltage.  Similarly,  
series of polarizat ion measurements  made  wi th  sys- 
tematic  decrease of current  density occur in presence 
of higher  concentrat ions of H(aq )  than with  increase 
of current  density, giving rise to an observed hys-  
teresis. The presence of H(aq )  ve ry  l ikely also enters  

the explanat ion for  some aspects of the decay charac-  
teristics of hydrogen  overvoltage.  

It  would  normal ly  be assumed that  the react ion 
H(aq )  -> 1/2H2(aq) is second order. The fact tha t  a 
first order  react ion is fol lowed instead suggests that  
the react ion proceeds only on some surface on which 
a tomic  hydrogen  first adsorbs, and that  subsequent  
react ion depends on the concentrat ion of H (aq) which 
diffuses to the adsorbed H. Presumably  dust  in the 
electrolyte  can act as a suitable surface in addition 
to the  glass or meta l  surfaces wi th in  the  cell. 

The supposed format ion  of dissolved atomic H was 
actual ly  announced by Kobosev and Nekrassov (14) 
in 1930. They repor ted  that  a suspension of small  
part icles of ye l low WO3 in 1N H2SO4 catholyte  was 
reduced to blue W2Os dur ing electrolysis.  The  reduc-  
tion was g r e a t e r  the h igher  the overvol tage  of the 
cathode metal.  Their  results, however ,  were  not con- 
firmed by Bagotsky and Jofa  (15) using 0.2N I-I2SO4 
and a Hg cathode. The la t ter  invest igators  found that  
part icles  of WO3 were  reduced only if in physical  
contact wi th  the mercury  surface; those part icles 0.1- 
0.2 mm distant were  not  affected by the cathodic cur -  
rent.  Bockris (16) thought  that  format ion  of H(aq )  
at a cathode was excluded on kinetic considerations, 
and that  the results of Kobosev and Nekrassov must  
have  been the resul t  of contact of WO3 particles wi th  
the cathode surface. 

We also could not confirm visible reduct ion of WO3 
or MoO3 by H ( a q ) .  Instead, in accord wi th  conclu- 
sion.s of Bagotsky and Jofa, only when  the oxide 
part icles actual ly touched a Pt  cathode at which H + 
discharged did we find a color change; otherwise not. 
Apparen t ly  surface reactions of H ( a q ) ,  such as for -  
mat ion of H2(aq) ,  take place in preference  to reduc-  
tion of the oxide. 

F rom the preceding discussion, the reducing prop-  
erties of the anolyte  when  magnes ium is polarized as 
anode is due presumably  to H(aq )  and not to an 
unusual  valence Mg ion. Atomic hydrogen  may be 
produced, therefore,  by local action cathodes dur ing 
exposure of the corroding magnes ium anode to the 
electrolyte.  However ,  H ( a q )  may  also be produced 
by react ion of Mg + with  H20, in accord wi th  reac-  
t ion [2], on subst i tut ing H(aq )  for 1/2 H2 on the 
r igh t -hand  side. There  is some question whe ther  col- 
loidal Mg could equal ly  be the source of H ( a q ) .  In 
such an event,  the complete  react ion of colloidal Mg 
with  H20 must  of necessity consume almost  no t ime 
(high react ion rate)  in order  to account for  an ob- 
served ha l f - l i fe  for resul t ing H(aq )  of 6 min, similar  
to the ha l f - l i fe  observed in absence of colloidal Mg. 
This is unlikely.  The ionic react ion involv ing  Mg +, 
on the other hand, could conceivably be rapid enough 
to account for s imilar  half- l ives .  The possible fo rma-  
tion of Mg + dur ing anodic dissolution of Mg, there-  
fore, deserves fu r the r  study. 

Al though the above discussion relates  a l l  observed 
effects to H ( a q ) ,  it is possible, of course, that  H re-  
acts wi th  H + to form species l ike H2 +, and it may  
be such species that  also enter  the observed reactions. 
The possible exis tence of H2 + was discussed briefly 
by Ives (17). 

Fu r the r  details of the above exper iments  wil l  be 
described in a subsequent  paper. 
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Water Vapor as an Etchant for Silicon 

T. L. Chu and R. L. Tallman 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

Clean silicon surfaces are impor tant  in device tech- 
nology for such purposes as epitaxial  growth, growth 
of silica films, diffusion, etc. For example, when  the 
surface of silicon substrates is free from mechanical  
damage, the s t ructural  imperfections in the epitaxial  
silicon are caused main ly  by the foreign impur i ty  
particles on the substrate  surface (1). In  the growth 
of silica films, impur i ty  particles on the silicon sur-  
face could produce discontinuit ies in the film and may 
also affect the interface characteristics (2). Since clean 
surfaces are not  readily obtained by the usual  etch- 
ing and cleaning operations (3), it is preferable  that  
silicon surfaces be chemically etched in the apparatus 
in which fur ther  processes will  be carried out. A n-  
hydrous hydrogen chloride has been used as an etch- 
ant  for silicon substrates used in the epitaxial  growth 
process, and the etching is carried out in  the growth 
apparatus immediate ly  prior to the deposition proc- 
ess (4, 5). Clean, structureless surfaces can be ob- 
tained in  this manner .  The epitaxial  silicon grown on 
these surfaces by the thermal  reduct ion of silicon 
tetrachloride with hydrogen was found to have stack- 
ing faul t  concentrat ions less than 200/cm 2 and dis- 
location densities no greater than  that  of the sub-  
strate. 

In  spite of its success, hydrogen chloride is not an 
ent i re ly  satisfactory etchant  for silicon substrates in  
the epitaxial  growth process. In  this process, the sil- 
icon substrates are supported and heated by an rf 
susceptor which f requent ly  has a silicon surface. Since 
the reaction between silicon and hydrogen chloride 
is chemically reversible, silicon and its dopants c a n  

be t ransported between the susceptor and the sub-  
strafe. Thus, unless the substrate and the susceptor 
are of very  high purity,  the electrical resist ivity of 
the grown layer  is not  readi ly controllable. For  ex-  
ample, when  heavily doped p- type  substrates are sub- 
jected to hydrogen chloride t reatment ,  the susceptor 
may become so contaminated as to influence strongly 
the resist ivi ty of the subsequent ly  grown layer. It  is 
therefore preferable  to e l iminate  this t ransport  proc- 
ess by the use of etchants which react i r revers ibly  
with silicon. We have used water  vapor at low part ial  
pressures in  hydrogen or iner t  atmospheres for this 
purpose, and the results are summarized in  this com- 
municat ion.  The use of water  has the fur ther  ad-  
vantage that it  can be readi ly  purified in contrast  to 
the var iable  qual i ty of "pure" hydrogen chloride 
available commercially.  

At low par t ia l  pressures of water  in  a hydrogen or 
iner t  atmosphere, silicon is presumably  oxidized to 
a mix ture  of silicon monoxide and silicon dioxide. 
Silicon monoxide is volatile at  high temperatures,  and 

silicon dioxide reacts with silicon to form the volatile 
monoxide. The free energy changes of these reactions 
at 1500~ calculated from the JANAF thermochem- 
ical data (6), are given below 

Si(s)  ~- H20(g)  = SiO(g)  ~- H2(g) 

AF~ ~-~--15.2kcal [1] 

Si(s)  ~- 2H20(g) ---- SiO2(s) W 2H2(g) 

~F~ [2] 

Si(s)  -t- SiO2(s) ~-- 2SiO(g) AF~ = 37.2kcal [3] 

These reactions are rapid at the temperatures  unde r  
consideration. In  spite of its large positive free en-  
ergy change, reaction [3] takes place readi ly  because 
of the high volat i l i ty of silicon monoxide. F u r t h e r -  
more, carbonaceous impuri t ies  on the substrate may 
also react with water  vapor to form volati le products. 

The epitaxial  growth of silicon was carried out by 
the conventional  method, i.e., the thermal  reduct ion 
of a silicon chloride with hydrogen on heated sub-  
strate surfaces in a flow system. The silicon substrates 
were of {111} orientation,  mechanical ly  lapped wi th  
American Optical Company No. 305 abrasive, and 
chemically etched with CP4. Pr ior  to the growth 
process, the substrates were heated to about  1270~ 
in hydrogen containing 0.02-0.1% water, at a flow 
rate of 6-20 1/min, for 15-30 min. Depending on the 
exper imental  conditions, silicon may be removed at 
a rate of up to 5 ~/hr.  This water  vapor etch appears 
to be nonpreferent ial ,  and the resul t ing silicon surface 
resembles the original  surface when  examined with 
an optical microscope. 

The s t ructural  perfection of the epitaxial  silicon 
grown in  the above m a n n e r  was evaluated using 
chemical etching and optical microscope techniques 
(1). The commonly observed imperfections in  epi tax-  
ial silicon are stacking faults, dislocations, and poly-  
crystal l ine inclusions. They are easily revealed by 
etching the specimen with the Sirtl  etch (7) for 30-60 
sec while removing 0.5-1~ of the grown material .  The 
Sirtl  etch is superior to other etchants for this purpose. 
Specimens from m a n y  experiments  all exhibi ted con- 
siderably lower concentrat ions of stacking faults, dis- 
locations, and polycrystal l ine inclusions as compared 
to similar  experiments  in  which no water  t rea tment  
was used. In  general,  the concentrat ion of the stack- 
ing faults  or iginat ing at the interface was reduced 
from approximately 103 cm -2 to less than  10 cm -2 
as a resul t  of the water  t reatment .  In  a thick grown 
layer, say 200#, these faults  would be small  in  n u m b e r  
relat ive to the stacking faults generated in  the grown 
layer. The dislocation density in  the grown layer  be-  



Vol.  111, No.  11 WATER VAPOR AS AN ETCHANT FOR SILICON 1307 

came similar  to that  in  the substrate when  the water  
t rea tment  was used. Fur thermore ,  the probabi l i ty  of 
obtaining inclusion-free  specimens was greatly en-  
hanced. 

In  conclusion, the water  vapor t rea tment  of silicon 
substrate just  prior to the growth process can reduce 
the n u m b e r  of s t ructural  imperfections originat ing at 
the interface of the epitaxial  silicon. Silicon surfaces 
prepared in this m a n n e r  may also be useful for other 
device purposes. 

Manuscript  received Aug. 7, 1964. This paper was 
presented at the Washington Meeting, Oct. 11-15, 1964. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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A B S T R A C T  

T h e  r e a c t i o n s  of C1 t h r o u g h  C4 h y d r o c a r b o n s ,  b o t h  s a t u r a t e d  a n d  u n -  
s a t u r a t e d ,  on  p l a t i n u m - b l a c k  fue l  ce l l  a n o d e s  h a v e  b e e n  f o l l o w e d  w i t h  
t h e  a id  of v o l u m e t r i c  a n d  g a l v a n o s t a t i c  t e c h n i q u e s .  Gas  c h r o m a t o g r a p h y  h a s  
b e e n  e m p l o y e d  to p r o v i d e  s u p p l e m e n t a r y  i n f o r m a t i o n .  B o t h  ac id ic  a n d  
a l k a l i n e  e l e c t r o l y t e s  h a v e  b e e n  i n c l u d e d  in  t h e  s tud ies .  T h e  h y d r o c a r b o n s  
f a l l  i n to  t h r e e  g r o u p s  w i t h  r e g a r d  to s u r f a c e  c o v e r a g e  w i t h  Cn spec ies :  low 
fo r  m e t h a n e ,  i n t e r m e d i a t e  fo r  s a t u r a t e d  h y d r o c a r b o n s ,  a n d  h i g h  fo r  u n -  
s a t u r a t e s  ( i n c l u d i n g  c y c l o p r o p a n e ) .  C r a c k i n g ,  p o l y m e r i z a t i o n ,  a n d  s e l f - h y -  
d r o g e n a t i o n  a r e  a m o n g  t h e  r e a c t i o n s  o c c u r r i n g  on  f u e l  e l e c t r o d e s ;  e v i d e n c e  
is p r e s e n t e d  f o r  t h e  f o r m a t i o n  of C1, C2, Cs, a n d  C4 spec ies  on  e l e c t r o d e s  
e q u i l i b r a t e d  w i t h  e t h y l e n e .  S ign i f i c an t  a m o u n t s  of spec ies  as h i g h  as C6 a re  
f o r m e d  f r o m  p r o p y l e n e  a n d  c y c l o p r o p a n e .  T h e  o x i d a t i o n  of t h e  a d s o r b e d  c a r -  
b o n a c e o u s  spec ies  f r o m  al l  of t h e  h y d r o c a r b o n s  r e q u i r e s  h i g h  o v e r v o l t a g e s  
w h i c h  can  be  r e d u c e d  b y  r a i s i n g  t h e  t e m p e r a t u r e .  

In  t h e  o x i d a t i o n  of h y d r o c a r b o n s  a t  f ue l  cel l  anodes ,  
t h e  r e a c t i o n  s e q u e n c e  i n v o l v e s  m a n y  succes s ive  s teps .  
C o n c u r r e n t  w i t h  t h e  n e c e s s a r y  s t eps  fo r  c o m p l e t e  ox i -  
da t ion ,  m a n y  s ide  r e a c t i o n s  c a n  occur .  I t  w as  t h e  p u r -  
pose  of t h i s  i n v e s t i g a t i o n  to i d e n t i f y  some  of t h e  p r o c -  
esses  o c c u r r i n g  in  t h e  c o m p l e x  e n v i r o n m e n t  of a r e p -  
r e s e n t a t i v e  f u e l  cel l  anode .  

G a l v a n o s t a t i c  a n d  v o l u m e t r i c  t e c h n i q u e s  i n c l u d i n g  
gas  c h r o m a t o g r a p h y  w e r e  e m p l o y e d .  M e a s u r e m e n t s  
w e r e  m a d e  w i t h  ac id ic  a n d  a l k a l i n e  l o w - t e m p e r a t u r e  
cells,  a n d  i n f o r m a t i o n  w a s  o b t a i n e d  r e l a t i n g  to o p e n  
c i r cu i t  as w e l l  as l o a d  cond i t ions .  I n c l u d e d  in  t h e  
s t ud i e s  w a s  a b r o a d  v a r i e t y  of h y d r o c a r b o n s  in  o r d e r  
to  u n c o v e r  a n y  i m p o r t a n t  s t r u c t u r a l  effects.  W h e r e  
pos s ib l e  t h e  o b s e r v a t i o n s  h a v e  b e e n  c o r r e l a t e d  w i t h  
t h e  l i t e r a t u r e  on  h e t e r o g e n e o u s  c a t a l y s i s  as w e l l  as 
w i t h  f u e l  ce l l  o p e r a t i n g  d a t a  o b t a i n e d  w i t h  cel ls  of 
r e l a t e d  s t r u c t u r e  (1, 2) .  

G a l v a n o s t a t i c  c u r v e s  w e r e  e m p l o y e d  in  t h e s e  s t u d i e s  
b e c a u s e  t h e i r  s t r u c t u r e s  o f t e n  p e r m i t  d e d u c t i o n s  a b o u t  
t he  r e a c t i o n s  a n d  spec ies  t h a t  a r e  i n v o l v e d .  F u r t h e r -  
more ,  a c o n s i d e r a b l e  l i t e r a t u r e  ex i s t s  p e r t a i n i n g  to t h e  
g a l v a n o s t a t i c  a n d  r e l a t e d  b e h a v i o r  of h y d r o g e n ,  t h e  
s i m p l e s t  fue l ,  on  p l a t i n u m  e l e c t r o d e s  ( 3 - 7 ) .  P r i o r  e x -  
a m i n a t i o n  of t h e  p r e s e n t  e l e c t r o d e s  ( T e f l o n - b o n d e d  
p l a t i n u m  b l a c k )  i n  t h e  p r e s e n c e  a n d  a b s e n c e  of a d -  
s o r b a b l e  h y d r o g e n  h a d  s h o w n  t h a t  t h e y  g a v e  g a l v a n o -  
s ta t i c  c u r v e s  in  a g r e e m e n t  w i t h  t h o s e  p r e v i o u s l y  
r e p o r t e d  fo r  c o n v e n t i o n a l  s m o o t h  p l a t i n u m  a n d  p l a t i -  
n i z e d  p l a t i n u m  e lec t rodes .  Thus ,  t h e  r e v e r s i b l e  h y -  
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d r o g e n  reg ion ,  t h e  " c l e a n "  d o u b l e  l a y e r  r eg ion ,  t h e  
ox ide  f i lm reg ion ,  a n d  t h e  o x y g e n  e v o l u t i o n  r e g i o n  a r e  
found .  T h e  c u r v e s  o b t a i n e d  w i t h  h y d r o g e n  t h e n  s e r v e d  
as a c o n v e n i e n t  bas i s  of r e f e r e n c e  fo r  i n t e r p r e t a t i o n  
of t h e  c u r v e s  o b t a i n e d  w i t h  t h e  o t h e r  fuels .  

Experimental 
Cell and procedures . - -The  cel l  u s e d  in  t h e  s t u d i e s  

is s h o w n  in  t h e  c r o s s - s e c t i o n a l  d i a g r a m  in  Fig.  1. T h e  
3.8 c m  (1.5 in . )  d i a m e t e r  t e s t  e l e c t r o d e s  w e r e  p r e p a r e d  
f r o m  0.20g p l a t i n u m  b l a c k  ( F i s h e r  L o t  No. 701,281) 
u s i n g  0.027g Tef lon  as t h e  b i n d e r .  T h e y  w e r e  h e a t e d  
fo r  2 m i n  a t  350~ u n d e r  a p r e s s u r e  of 78 k g / c m  2 
(1100 ps i )  in  o r d e r  to  s i n t e r  t h e  Tef lon  b i n d e r .  T h e  

r e f e r e n c e  e l e c t r o d e  w a s  a 1.27 c m  s q u a r e  of  t h e  s a m e  
m a t e r i a l .  F o r  t h e  c o u n t e r e l e c t r o d e  a 3.8 c m  d i a m e t e r  
c i rc le  of 80 m e s h  p l a t i n u m  s c r e e n  was  e m p l o y e d .  

T h e  e l e c t r o l y t e  w a s  i n c o r p o r a t e d  i n to  a s u i t a b l e  
m a t r i x  b y  e q u i l i b r a t i o n .  A Z e r o l i t  C-20 c a t i o n  e x -  
c h a n g e  m e m b r a n e  w a s  u s e d  as  t h e  m a t r i x  fo r  t h e  su l -  
f u r i c  acid.  Z e r o l i t  A-20  m e m b r a n e s  w e r e  u s e d  w i t h  
t he  p o t a s s i u m  b i c a r b o n a t e  a n d  p o t a s s i u m  h y d r o x i d e  
e l ec t ro ly t e s .  I n  add i t i on ,  some  e x p e r i m e n t s  w e r e  p e r -  
f o r m e d  in  w h i c h  t h e  p o t a s s i u m  h y d r o x i d e  was  r e t a i n e d  
in  a m a t r i x  of a sbes tos  c lo th .  I n  a l l  cases  t h e  m a t r i c e s  
w e r e  t h o r o u g h l y  r i n s e d  w i t h  f r e q u e n t  c h a n g e s  of t h e  
e q u i l i b r a t i n g  e l e c t r o l y t e s  f o r  a p e r i o d  of s e v e r a l  d a y s  
b e f o r e  use.  

A m a t r i x  a n d  t h e  a s s o c i a t e d  e l e c t r o d e s  w e r e  a s -  
s e m b l e d  i n to  t h e  h o u s i n g  w h i c h  c o n s i s t e d  of a g lass  
f a c e - p l a t e  on  t h e  s ide  of t h e  t e s t  e l e c t r o d e  a n d  a L u -  
c i te  p l a t e  on  t h e  oppos i t e  side.  Tef lon-100 g a s k e t s  w e r e  
u s e d  w i t h  t h e  g lass  p l a t e  a n d  s i l i cone  r u b b e r  w i t h  t h e  
Luc i t e .  P l a t i n u m  screens ,  w h i c h  p r e s s e d  a g a i n s t  t h e  
e l e c t r o d e s  a n d  t h e  f acep l a t e s ,  h e l d  t h e  e l e c t r o d e s  in  
good c o n t a c t  w i t h  t h e  m e m b r a n e  m a t r i x .  

In  gene ra l ,  n e w  ce l l s  ( e l ec t rodes ,  m a t r i x ,  a n d  e l ec -  
t r o l y t e )  w e r e  a s s e m b l e d  w h e n  t h e  e l e c t r o l y t e  or  t e m -  
p e r a t u r e  was  c h a n g e d .  

T h e  r e f e r e n c e  e l e c t r o d e  w a s  f ed  c o n t i n u o u s l y  w i t h  
p u r e  h y d r o g e n .  A s l o w  flow of h e l i u m  w a s  g e n e r a l l y  
m a i n t a i n e d  on  t h e  c o u n t e r e l e c t r o d e ,  b u t  d u r i n g  l ong  
e q u i ] i b r a t i o n s  of t h e  t e s t  e l e c t r o d e  w i t h  a fue l  gas, t h e  
c o u n t e r e l e c t r o d e  w a s  f looded  w i t h  e l e c t ro ly t e .  

I n  p e r f o r m i n g  a se r i e s  of e x p e r i m e n t s  w i t h  a cell, a 
g a l v a n o s t a t i c  o x i d a t i o n  c u r v e  w a s  f i rs t  o b t a i n e d  for  
t h e  t e s t  e l e c t r o d e  a f t e r  s a t u r a t i n g  i ts  s u r f a c e  w i t h  h y -  
d r o g e n .  Th i s  was  d o n e  b y  a d m i t t i n g  h y d r o g e n  i n t o  
c h a m b e r  I I  a n d  a l l o w i n g  e q u i l i b r a t i o n  fo r  a b o u t  30 
ra in .  C h a m b e r  I I  w a s  t h e n  c o m p l e t e l y  f looded  b y  f o r c -  
i ng  in  a d d i t i o n a l  e l e c t r o l y t e  f r o m  a r e s e r v o i r  u p  to  
t h e  v e n t .  W i t h  t h e  e l e c t r o d e  t h u s  " d r o w n e d , "  a c u r r e n t  
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of 30 m a  (2.63 m a / c m  2) w a s  t h e n  f o r c e d  t h r o u g h  t h e  
ce l l  in  a d i r e c t i o n  to ox id ize  t h e  a d s o r b e d  gas. E l e c -  
t r o ly s i s  was  c o n t i n u e d  t h r o u g h  o x y g e n  e v o l u t i o n .  Th i s  
i n i t i a l  g a l v a n o s t a t i c  c u r v e  s e r v e d  as a c o n v e n i e n t  r e f -  
e r e n c e  a g a i n s t  w h i c h  f r e q u e n t  c h e c k s  w e r e  m a d e  
t h r o u g h o u t  t h e  l i fe  of t h e  e l e c t r o d e .  E v e n  a f t e r  s e v -  
e r a l  w e e k s '  u s e  no  c h a n g e s  in  t h e  g e n e r a l  s h a p e  of 
t h e  h y d r o g e n  c u r v e  w e r e  e v e r  de t ec t ed .  T h e  l e n g t h s  of 
t h e  h y d r o g e n  b r e a k s  s h o w e d  a v e r y  g r a d u a l  d e c r e a s e  
w h i c h  a t  m o s t  r e p r e s e n t e d  a c h a n g e  of a b o u t  15%. 
Th i s  o c c u r r e d  w i t h  a ce l l  t h a t  h a d  b e e n  u s e d  o v e r  a 
p e r i o d  of s e v e r a l  weeks .  

A f t e r  a l l o w i n g  o x y g e n  e v o l u t i o n  f o r  3-4  m i n  t h e  
c u r r e n t  w a s  i n t e r r u p t e d  a n d  t h e  f r e e  e l e c t r o l y t e  w a s  
d r a i n e d  f r o m  t h e  c h a m b e r .  F r e s h  e l e c t r o l y t e  w a s  t h e n  
a d m i t t e d  f r o m  t h e  r e s e r v o i r ,  a n d  a l l  gas  b u b b l e s  w e r e  
e l i m i n a t e d .  T h e  c u r r e n t  w as  t h e n  r e v e r s e d  to r e d u c e  
t h e  ox ide  f i lm on  t h e  p l a t i n u m  sur face .  W h e n  t h e  p o -  
t e n t i a l  h a d  r e a c h e d  a v a l u e  w e l l  w i t h i n  t h e  " d o u b l e -  
l a y e r "  r e g i o n  [i.e., t h e  r e g i o n  w h e r e ,  w i t h  t h e  l o w  
s w e e p  s p e e d s  e m p l o y e d ,  t h e  e l e c t r o d e  s u r f a c e  is e s -  
s e n t i a l l y  f r e e  of o x i d e  a n d  h y d r o g e n  f i lms (4, 7 ) ]  t h e  
c u r r e n t  w a s  a g a i n  i n t e r r u p t e d .  I n  t h e  ac id ic  s y s t e m s  
t h e  r e d u c t i o n s  w e r e  s t o p p e d  a t  a p o t e n t i a l  of 0.40v vs. 
t h e  h y d r o g e n  r e f e r e n c e  e l e c t r o d e ;  in  t h e  a l k a l i n e  a n d  
b i c a r b o n a t e  s y s t e m s  a t  p o t e n t i a l s  of 0.3-0.5v. 

W i t h  t h e  e l e c t r o d e  c lean ,  t h e  " d r o w n i n g "  l i q u i d  w a s  
w i t h d r a w n  f r o m  t h e  cell ,  a n d  t h e  gas to b e  a d s o r b e d  
w a s  s i m u l t a n e o u s l y  d r a w n  in to  t h e  c h a m b e r  t h r o u g h  
t h e  fue l  gas  i n l e t  a t  t h e  top.  W h e n  v o l u m e t r i c  a d -  
s o r p t i o n  d a t a  w e r e  to b e  o b t a i n e d  t h e  a d s o r b a n t  gas  
was  c o n t a i n e d  in  a t h e r m o s t a t e d  gas  b u r e t  a t t a c h e d  
to t h e  f u e l  gas  i n l e t  a t  t h e  top  of t h e  cell.  A 2 m l  
g lass  L u e r  s y r i n g e  w a s  t h e n  u sed  in  w i t h d r a w i n g  t h e  
d r o w n i n g  l i q u i d  so t h a t  a ze ro  c o r r e c t i o n  c o u l d  b e  
a p p l i e d  to t h e  r e a d i n g s  o b t a i n e d  w i t h  t h e  gas  b u r e t .  
T h e  s y s t e m  w a s  t h e n  a l l o w e d  to e q u i l i b r a t e  fo r  t h e  
d e s i r e d  t ime .  D u r i n g  t h i s  p e r i o d  t h e  p o t e n t i a l  of t h e  
t e s t  e l e c t r o d e  vs. t h e  h y d r o g e n  r e f e r e n c e  w a s  r e c o r d e d  
as w a s  t h e  c h a n g e  in  v o l u m e  of t h e  gas  in  t h e  b u r e t .  

A t  t h e  e n d  of a n  e q u i l i b r a t i o n  t h e  gas  w as  f o r c e d  
f r o m  t h e  ce l l  c h a m b e r  b y  r e f l o o d i n g  w i t h  e l ec t ro ly t e .  
In  some  cases  t h e  v e n t e d  gas  w a s  f o r c e d  i n to  t h e  
g r a d u a t e d  co l l ec to r  t u b e  s h o w n  in  Fig. 2. S i m i l a r l y  
r e s i d u a l  gas  in  t h e  b u r e t  c o u l d  b e  t r a n s f e r r e d  to t h e  
co l lec tor .  A f t e r  m e a s u r i n g  t h e  v o l u m e s ,  a l i q u o t s  w e r e  
t a k e n  t h r o u g h  t h e  r u b b e r  s e p t a  w i t h  H a m i l t o n  ga s -  
t i g h t  sy r inges .  T h e s e  s a m p l e s  w e r e  s u b s e q u e n t l y  a n a -  
l y z e d  w i t h  a P e r k i n - E l m e r  F r a c t o m e t e r .  
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WATER t SEAL 
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~ j WATER SEAL 
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X ~ TO GAS BURET 

TO CELL 

Fig. 2. Collecting system for gas samples 

T h e  gases  a d s o r b e d  on  t h e  e l e c t r o d e  w e r e  t h e n  r e -  
m o v e d  b y  g a l v a n o s t a t i c  o x i d a t i o n  or  r e d u c t i o n  w h i l e  
t h e  p o t e n t i a l  w a s  r e c o r d e d  a g a i n s t  t h e  h y d r o g e n  r e f -  
e rence .  O x i d a t i o n s  w e r e  c o n t i n u e d  u n t i l  o x y g e n  h a d  
e v o l v e d  fo r  3-4  min .  B e c a u s e  of t h e  h i g h  s o l u b i l i t y  of 
COs, t h e  m a j o r  o x i d a t i o n  p r o d u c t ,  in  a q u e o u s  s o l u -  
t i ons  i t  w a s  no t  pos s ib l e  to o b t a i n  m e a n i n g f u l  v o l u -  
m e t r i c  d a t a  d u r i n g  ox ida t i ons .  

D u r i n g  r e d u c t i o n s  f u l l y  h y d r o g e n a t e d  h y d r o c a r b o n s  
w e r e  d e s o r b e d .  T h e s e  gases,  a l o n g  w i t h  exces s  h y d r o -  
g e n  p r o d u c e d  a t  t h e  e l ec t rode ,  d i s p l a c e d  t h e  ac id  in  
t h e  cel l  c h a m b e r  w h e r e  t h e y  w e r e  a l l o w e d  to a c c u m u -  
la te .  T h e y  w e r e  t h e n  t r a n s f e r r e d  r a p i d l y  to t h e  co l -  
l e c t o r  b y  f o r c i n g  t h e m  f r o m  t h e  ce l l  c h a m b e r  w i t h  
ac id  w i t h o u t  i n t e r r u p t i n g  t h e  c u r r e n t .  T h r e e  s u c h  d i s -  
p l a c e m e n t s  h a v i n g  v o l u m e s  of 1.5 cc e a c h  w e r e  m a d e  
d u r i n g  t h e  c a t h o d i c  t r e a t m e n t s .  S u i t a b l e  a l i q u o t s  of 
t h e  m e a s u r e d  v o l u m e s  w e r e  t a k e n  fo r  c h r o m a t o g r a p h i c  
ana lys i s .  B e c a u s e  of t h e  r e l a t i v e l y  l ow  so lub i l i t i e s  of 
t h e  gases  in  ac id  (8, 9) a n d  w a t e r  (10, 11),  a n d  t h e  
r a p i d i t y  of t h e  t r a n s f e r  s teps ,  i n c l u d i n g  t h e  w i t h -  
d r a w a l  of s y r i n g e  samples ,  losses  w e r e  l o w  a n d  80- 
90% of  t h e  i n i t i a l l y  a d s o r b e d  h y d r o c a r b o n s  w e r e  ac -  
c o u n t e d  for .  

A n o d i c  o x i d a t i o n s  w e r e  a l w a y s  c a r r i e d  t h r o u g h  to 
o x y g e n  e v o l u t i o n  fo r  s e v e r a l  m i n u t e s  so t h a t  a l l  ox i -  
d i z a b l e  m a t e r i a l s  w e r e  r e m o v e d .  C a t h o d i c  e v o l u t i o n s  
w e r e  r e g u l a r l y  f o l l o w e d  i m m e d i a t e l y  b y  a n  o x i d a t i o n  
to o x y g e n  e v o l u t i o n  to d e t e r m i n e  w h e t h e r  r e s i d u a l  
o x i d i z a b l e  species  r e m a i n e d  o n  t h e  e l ec t rode .  

F o l l o w i n g  a r u n  t h e  e l e c t r o d e  w a s  r e g u l a r l y  e x -  
p o s e d  to  h y d r o g e n  ( w i t h  o r  w i t h o u t  a v o l u m e t r i c  
m e a s u r e m e n t  of i t s  u p t a k e )  a n d  a f t e r  a n  e q u i l i b r i u m  
t i m e  of 30 ra in  or  m o r e ,  a n  o x i d a t i o n  c u r v e  w a s  run .  
T h i s  t r e a t m e n t  s e r v e d  a d u a l  p u r p o s e  of d e t e c t i n g  
s p u r i o u s  o x i d a t i o n  w a v e s  f r o m  r e s i d u a l  m a t e r i a l s  a n d  
of i n d i c a t i n g  a n y  c h a n g e s  i n  e l e c t r o d e  s u r f a c e  a r e a  
b y  c h a n g e s  i n  t h e  l e n g t h  of t h e  b r e a k s  fo r  h y d r o g e n  
o x i d a t i o n  a n d  o x y g e n  c o v e r a g e .  [As  n o t e d  a b o v e  o v e r  
a p e r i o d  of s e v e r a l  w e e k s  i t  w a s  f o u n d  t h a t  t h e  s u r f a c e  
a r e a  of  t h e  e l e c t r o d e  g r a d u a l l y  d e c l i n e d  b y  a t  m o s t  
15%. T h i s  c a n  p r o b a b l y  b e  a t t r i b u t e d  to c h a n g e s  r e -  
s u l t i n g  f r o m  s low  p l a t i n u m  d i s s o l u t i o n  as a r e s u l t  of 
t h e  r e p e a t e d  r i g o r o u s  t r e a t m e n t  i n v o l v i n g  o x y g e n  
e v o l u t i o n s  fo r  e x t e n d e d  p e r i o d s  of t ime .  I n d e e d  a s m a l l  
a m o u n t  of p l a t i n u m  ( ~ 8  rag )  w a s  f o u n d  to  b e  d e -  
pos i t ed  on  t h e  m e m b r a n e  f a c i n g  t h e  c o u n t e r e l e c t r o d e  
in  o n e  case.]  W h e n  t h e  h y d r o g e n  w a v e  w a s  f o u n d  to  
b e  s a t i s f ac to ry ,  g e n e r a l l y  in  t h e  r u n  i m m e d i a t e l y  fo l -  
l o w i n g  a n  ox ida t ion ,  t h e  e l e c t r o d e  w a s  r e f l ooded  in  
p r e p a r a t i o n  fo r  p o t e n t i a l  a d j u s t m e n t  to  t h e  " d o u b l e  
l a y e r "  r e g i o n  fo r  a n o t h e r  run .  

I n  a d d i t i o n  to t h e  s t a t i c  e q u i l i b r a t i o n s  o n  o p e n  c i r -  
cu i t  a n u m b e r  of r u n s  w e r e  p e r f o r m e d  in  w h i c h  t h e  
e l e c t r o d e  w a s  o p e r a t e d  c o n t i n u o u s l y  as a f u e l  a n o d e  
b e f o r e  i t  w a s  f looded  a n d  t h e  r e m a i n i n g  s u r f a c e  spec ies  
w e r e  r e m o v e d  c a t h o d i c a l l y .  I n  t h e s e  r u n s  t h e  e l e c t r o d e  
w a s  k e p t  on  l o a d  d u r i n g  f lood ing  to  p r e v e n t  r e a d -  
s o r p t i o n  of  gases.  As  soon  as  i t  w a s  f looded  ( w i t h i n  
3-5 sec)  t h e  c u r r e n t  w a s  i n t e r r u p t e d .  S u b s e q u e n t  
t r e a t m e n t  w a s  as above .  

M a t e r i a l s . - - T h e  h y d r o g e n  u s e d  in  t h e s e  e x p e r i m e n t s  
w a s  e l e c t r o l y t i c  g rade .  W i t h  t h e  e x c e p t i o n  of t h e  c y -  
c l o p r o p a n e ,  w h i c h  w a s  M a t h e s o n  C.P. g rade ,  a l l  of t h e  
h y d r o c a r b o n s  w e r e  P h i l l i p s  R e s e a r c h  G r a d e .  

R e a g e n t  c h e m i c a l s  w e r e  u s e d  t h r o u g h o u t  w i t h o u t  
f u r t h e r  pu r i f i ca t ion .  D i s s o l v e d  o x y g e n  was ,  h o w e v e r ,  
r e m o v e d  f r o m  t h e  e l e c t r o l y t e s  b y  p u r g i n g  w i t h  h e l i u m .  

T h e  p l a t i n u m  b l a c k  u s e d  i n  t h e  e x p e r i m e n t s  h a d  a 
s u r f a c e  a r e a  of  37 m 2 / g  as d e t e r m i n e d  b y  t h e  B E T  
m e t h o d  e m p l o y i n g  k r y p t o n  as t h e  a d s o r b a n t .  G a l v a n o -  
s t a t i c  c h a r g i n g  c u r v e s  o b t a i n e d  fo r  t h i s  b l a c k  i n  t h e  
a b s e n c e  of t h e  Tef lon  b i n d e r  g a v e  a v a l u e  of 1.03 x 
1015 ~ H a t o m s / c m  2 w h i c h  is in  r e a s o n a b l e  a g r e e m e n t  
w i t h  t h e  v a l u e s  one  c a l c u l a t e s  fo r  s e v e r a l  of t h e  m a j o r  

1 The  a u t h o r  has  o b t a i n e d  s i m i l a r  v a l u e s  f r o m  g a l v a n o s t a t i c  a n d  
BET da t a  fo r  two  o t h e r  F i s h e r  p l a t i n u m  b l a c k s  a n d  one  E n g e l h a r d  
b l ack ;  viz. ,  0.98, 1.11, a n d  1.12 • 10 I5 H a t , /cm2 fo r  b l a c k s  h a v i n g  
BET areas  of 37, 35, a n d  32 m~/g, r e s p e c t i v e l y .  V a c u u m  a n n e a l i n g  
fo r  60 h r  a t  150~ r e s u l t e d  in  o n l y  a 2% loss  of  h y d r o g e n  si tes.  
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P l a n e  P t  a t . / c m ~  

I00 1.30 • 10 z5 
110 0,93 x i0 z~ 
111 1.51 X 1015 

c r y s t a l  f aces  of p l a t i n u m ,  cf. T a b l e  I, a n d  is c o n s i s t e n t  
w i t h  p r e v i o u s  s u g g e s t i o n s  t h a t  one  h y d r o g e n  a t o m  is 
a d s o r b e d  on  e a c h  p l a t i n u m  s i te  (4 -6 ) .  

I t  is of i n t e r e s t  to n o t e  t h a t  in  a p p l y i n g  a s i m i l a r  
c a l c u l a t i o n  to t h e  h y d r o g e n  b r e a k  a s s o c i a t e d  w i t h  t h e  
p l a t i n u m  i n  t h e  Tef lon  b o n d e d  e l e c t r o d e s  0.95 x 1015 H 
a t o m s / c m  2 w e r e  f o u n d .  Th i s  i n d i c a t e s  t h a t  93% of t h e  
o r i g i n a l  s i tes  a r e  access ib l e  for  e l e c t r o c h e m i c a l  ac t ion .  

Results and Discussion 
Effect o5 ~lectrolyte and Fuel Structure 

B e c a u s e  of t h e  d e a r t h  of i n f o r m a t i o n  a v a i l a b l e ,  i t  w a s  
of i m m e d i a t e  i m p o r t a n c e  to e x a m i n e  t h e  b e h a v i o r  of a 
se r ies  of  h y d r o c a r b o n s  in  t h e  p r e s e n c e  of a v a r i e t y  of 
e l e c t r o l y t e s  to  d e t e r m i n e  w h e t h e r  t h e  e l e c t r o l y t e  or  t h e  
s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  fue l  w o u l d  h a v e  a n  
i m p o r t a n t  i n f l u e n c e  o n  t h e  a d s o r p t i o n  a n d  o x i d a t i o n  
c h a r a c t e r i s t i c s .  I n  t h e  i n i t i a l  e x p e r i m e n t s ,  g a l v a n o -  
s t a t i c  o x i d a t i o n  c u r v e s  w e r e  o b t a i n e d  fo r  a v a r i e t y  of 
h y d r o c a r b o n s  a d s o r b e d  on  t h e  t e s t  e l e c t r o d e s  a f t e r  
e q u i l i b r a t i o n  t i m e s  of 30 o r  60 min .  I n  g e n e r a l  t h e  
s h o r t e r  e q u i l i b r a t i o n s  w e r e  u s e d  fo r  t h e  u n s a t u r a t e s  
a n d  t h e  l o n g e r  fo r  t h e  s a t u r a t e s .  T h e  se r ies  of s a t u -  
r a t e d  h y d r o c a r b o n s  e t h a n e ,  p r o p a n e ,  a n d  i s o b u t a n e  
( w i t h  p r i m a r y ,  s e c o n d a r y ,  a n d  t e r t i a r y  c a r b o n - h y d r o -  
g e n  b o n d s ,  r e s p e c t i v e l y )  w e r e  e x a m i n e d  in  ce l l s  e m -  
p l o y i n g  s u l f u r i c  acid,  p o t a s s i u m  h y d r o x i d e ,  a n d  p o -  
t a s s i u m  b i c a r b o n a t e  as e l ec t ro ly t e s .  

A d d i t i o n a l  t e s t s  w e r e  r u n  w i t h  m e t h a n e ,  c y c l o p r o -  
p a n e ,  a n d  e t h y l e n e  i n  s o m e  cases  in  o r d e r  to  u n c o v e r  
o t h e r  d i f f e r ences  i n  s t r u c t u r e  t h a t  m i g h t  h a v e  b e a r i n g  
on  p e r f o r m a n c e .  D a t a  w e r e  o b t a i n e d  a t  25 ~ a n d  65~ 
I n  e a c h  cell,  a se r i e s  of gases  w a s  r u n  in  t h e  o r d e r  
h y d r o g e n ,  m e t h a n e  (ac id  s y s t e m  o n l y ) ,  e t h a n e ,  p r o -  
pane ,  a n d  i s o b u t a n e .  F o l l o w i n g  t h e  i n i t i a l  t e s t s  w i t h  
h y d r o g e n  a n d  t h e s e  s a t u r a t e d  h y d r o c a r b o n s ,  a d d i t i o n a l  
t e s t s  w e r e  r u n  w i t h  t h e  s a m e  m a t e r i a l s  a n d  i n  s o m e  
cases  w i t h  e t h y l e n e  a n d  c y c l o p r o p a n e  so t h a t  r e p l i c a t e  
a n d  c o m p a r i s o n  d a t a  w o u l d  b e  a v a i l a b l e .  

R e p r e s e n t a t i v e  d a t a  s h o w i n g  t h e  c h a n g e s  in  t h e  
w o r k i n g  e l e c t r o d e  p o t e n t i a l s  w i t h  t i m e  d u r i n g  e q u i -  
l i b r a t i o n  a t  25~ a r e  s h o w n  in  Fig.  3 t h r o u g h  5. I n  
Fig. 6 g a l v a n o s t a t i c  o x i d a t i o n  c u r v e s  a r e  s h o w n  fo r  
t h e  a d s o r b e d  m a t e r i a l s  a f t e r  30 or  60 r a in  e q u i l i b r a -  

!3 
: : �9 . . 

n.. . ~  

2 

I a o u o o o 

> 

]20 
TIME- MINUTES 

Fig. 3. Change in electrode potential with time during gas 
adsorption with acidic electrolyte. ~ ,  hydrogen; /% methane; 
o, ethane; O, propane; V,  isobutane; e,  ethylene; A,  propylene; 
m, cyclopropane. 5N H2SO4, 25~ cells LFC 348 and 235. 
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t ions .  T h e  g a l v a n o s t a t i c  c u r v e s  in  e a c h  f a m i l y  a r e  
s u p e r i m p o s e d  in  s u c h  a w a y  t h a t  t h e  o x y g e n  e v o l u t i o n  
r e g i o n s  o v e r l a p .  S i m i l a r  o x i d a t i o n  c u r v e s  w e r e  o h -  
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Fig. 4. Change in electrode potential with time during gas ad- 
sorption with KHC03 electrolyte. �9 Ethane; ~ ,  propane; ~ ,  iso- 
butane; e, ethylene; l ,  cyclopropane; O, hydrogen. 3M KHCO~, 
25~ cell LFC 239. 
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t a i n e d  w i t h  h i g h e r  a n d  l o w e r  c u r r e n t  dens i t i e s ,  t h e  
m a j o r  d i f f e r ences  b e i n g  in  t h e  m a g n i t u d e  of t h e  o v e r -  
v o l t a g e s  a s s o c i a t e d  w i t h  t h e  p l a t e a u s  on  t h e  cu rve s .  

I n  e a c h  f a m i l y  of  g a l v a n o s t a t i c  c u r v e s  one  fo r  h y -  
d r o g e n  as t h e  fue l  is i n c l u d e d  fo r  r e f e r e n c e .  I t  is  to b e  
n o t e d  in  th i s  c o n n e c t i o n  t h a t  t h e  c u r v e  f o r  t h e  o x i d a -  
t ion  of a d s o r b e d  h y d r o g e n  o b t a i n e d  w i t h  t h e  b i c a r -  
b o n a t e  e l e c t r o l y t e  is i r r e g u l a r  in  t h a t  a h i g h  o v e r -  
v o l t a g e  is r e q u i r e d .  Th i s  a p p e a r s  to  r e s u l t  f r o m  a r e -  
ac t ion  of a d s o r b e d  h y d r o g e n  w i t h  t h e  c a r b o n a t e  to  
f o r m  CO or  a r e l a t e d  spec ies  on  t h e  e l e c t r o d e  su r f ace .  
T h e  g a l v a n o s t a t i c  c u r v e  for  t he  e l e c t r o d e p o s i t i o n  of 
h y d r o g e n  on  t h e  e l e c t r o d e  is s h o w n  as a d a s h e d  cu rve .  
I t  is s een  t h a t  a p r o n o u n c e d  h y s t e r e s i s  loop  is o b t a i n e d  
fo r  t h e  cycle.  T h i s  is in  s h a r p  c o n t r a s t  to  t h e  b e h a v i o r  
of h y d r o g e n  in  t h e  p r e s e n c e  of ac id  a n d  base ,  w h e n  
t he  o x i d a t i o n  a n d  d e p o s i t i o n  c u r v e s  s u p e r i m p o s e .  2 

In  e x a m i n i n g  t h e  d a t a  in  Fig. 3-6 s e v e r a l  f e a t u r e s  
a r e  s t r ik ing .  One  is t h e  s i m i l a r i t y  of  b e h a v i o r  a m o n g  
al l  of t h e  s a t u r a t e d  h y d r o c a r b o n s  r e g a r d l e s s  of 
w h e t h e r  t h e y  c o n t a i n  p r i m a r y ,  s e c o n d a r y ,  or  t e r t i a r y  
c a r b o n - h y d r o g e n  bonds .  S e c o n d  is t h e  v a s t  d i f f e r e n c e  
in  b e h a v i o r  of t h e  s a t u r a t e d  h y d r o c a r b o n s  in t h e  ac id ic  
a n d  t h e  o t h e r  m e d i a .  T h i r d  is t h e  m a r k e d  d i f f e r e n c e  
b e t w e e n  t h e  s a t u r a t e d  a n d  t h e  u n s a t u r a t e d  h y d r o -  
ca rbons .  In  r e l a t e d  fue l  cel l  s t u d i e s  G r u b b  (1)  h a s  
f o u n d  t h a t  e t h y l e n e  p e r f o r m e d  w e l l  on  p l a t i n u m  b l a c k  
e l e c t r o d e s  in  b o t h  ac id ic  a n d  a l k a l i n e  l o w - t e m p e r a t u r e  
fue l  cel ls  w h i l e  s a t u r a t e d  h y d r o c a r b o n s  g a v e  s t e a d y  
load  c u r r e n t s  o n l y  i n  t h e  ac id ic  cells.  In  th i s  c o n n e c -  
t ion,  i t  s h o u l d  b e  n o t e d  t h a t  o t h e r s  e m p l o y i n g  p l a t i -  
n i z e d  c a r b o n  e l e c t r o d e s  h a v e  r e p o r t e d  o b t a i n i n g  p e r -  
f o r m a n c e  f r o m  s a t u r a t e d  h y d r o c a r b o n s  in a l k a l i n e  
cel ls  (14, 15). W h i l e  t h e i r  r e s u l t s  w e r e  o b t a i n e d  a t  
s o m e w h a t  h i g h e r  o p e r a t i n g  t e m p e r a t u r e s  t h a n  t h o s e  
u s e d  b y  G r u b b ,  t h e y  c o u l d  i n d i c a t e  a n  i m p o r t a n t  i n -  
f luence  of t h e  s u p p o r t  on  t h e  p e r f o r m a n c e .  

One  sees  f r o m  t h e  c u r v e s  in  Fig.  6 t h a t ,  w h i l e  w e l l  
d e v e l o p e d  o x i d a t i o n  w a v e s  a p p e a r  fo r  e t h a n e ,  p r o p a n e ,  
a n d  i s o b u t a n e  ( a n d  to a l e s se r  e x t e n t  for  m e t h a n e )  
in  t h e  ac id ic  sys t em,  e v i d e n c e  for  a d s o r b e d  o x i d i z a b l e  
m a t e r i a l  is e s s e n t i a l l y  l a c k i n g  fo r  t h e  b i c a r b o n a t e  a n d  
caus t i c  e l e c t r o l y t e s  a f t e r  s i m i l a r  p e r i o d s  of e q u i l i b r a -  
t ion.  T h e  s l ow  c h a n g e s  in  t h e  e l e c t r o d e  p o t e n t i a l s  w i t h  
t i m e  d u r i n g  a d s o r p t i o n  in  t h e  l a t t e r  m e d i a  f u r t h e r  i n -  
d i c a t e  t h a t  a d s o r p t i o n  is, a t  best ,  e x c e e d i n g l y  s low. 
S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  f o r  b o t h  25 ~ a n d  65~ 
e q u i l i b r a t i o n s .  

I n  con t r a s t ,  t h e  l e n g t h  of t he  e t h y l e n e  o x i d a t i o n  
w a v e  r e m a i n e d  e s s e n t i a l l y  c o n s t a n t  in  a l l  med ia ,  a n d  
c y c l o p r o p a n e ,  w i t h  c o n s i d e r a b l e  s t r a i n  e n e r g y  in  t h e  
r ing ,  g a v e  a w a v e  of s i m i l a r  l e n g t h  in  t h e  b i c a r b o n a t e  
cell. A g a i n ,  t h e  l e n g t h s  of t h e  b r e a k s  w e r e  n o t  f o u n d  
to b e  h i g h l y  t e m p e r a t u r e  sens i t ive .  In  f ac t  in  t h e  case  
of b o t h  t h e  s a t u r a t e d  a n d  u n s a t u r a t e d  h y d r o c a r b o n s  
t h e  effect  of i n c r e a s i n g  t h e  t e m p e r a t u r e  w as  m a i n l y  
t h e  l o w e r i n g  of t h e  o x i d a t i o n  v o l t a g e s  ( o v e r v o l t a g e )  
a n d  a s h a r p e n i n g  of t h e  b r e a k s  in  t h e  o x i d a t i o n  cu rves ,  
i.e., a n o t i c e a b l e  e n h a n c e m e n t  of t h e  r a t e  of t he  ox i -  
d a t i o n  s t ep  i tself .  

T h e  m a r k e d  effect  of t h e  e l e c t r o l y t e  on  t h e  a d s o r p -  
t i o n  b e h a v i o r  of t h e  s a t u r a t e d  h y d r o c a r b o n s  in  c o n -  
t r a s t  to  t h e  a b s e n c e  of a d e t e c t a b l e  effect  w i t h  e t h y l e n e  
w a s  n o t  a n t i c i p a t e d ,  a n d  a n  e x p l a n a t i o n  is no t  n o w  a t  
h a n d .  H o w e v e r ,  b e c a u s e  of t h e  u s e  of t h e  a n i o n  e x -  
c h a n g e  m e m b r a n e  as t h e  m a t r i x  m a t e r i a l  i t  was  f e l t  
t h a t  some  d e c o m p o s i t i o n  p r o d u c t s  f r o m  t h e  r e s i n  
( a m i n e s ,  fo r  e x a m p l e )  m i g h t  b e  a cause  of t h e  effect.  
To e l i m i n a t e  s u c h  a pos s ib i l i t y  a n  a d d i t i o n a l  ce l l  w a s  
c o n s t r u c t e d  u s i n g  a sbes tos  c lo th  as t h e  m a t r i x  for  
KOH.  Tes t s  w i t h  e t h a n e  ve r i f i ed  t h a t  a d s o r p t i o n  was  
s l ow  in  t h e  p r e s e n c e  of K O H  a n d  n e g l i g i b l e  o v e r  a 
p e r i o d  of a n  hou r .  A f t e r  e q u i l i b r a t i o n  t i m e s  of 4 a n d  

2 I t  is  os i n t e r e s t  to n o t e  t h a t  a s i m i l a r  h y s t e r e s i s  l oop  c a n  b e  ob -  
t a i n e d  w i t h  a n  a c i d  e l e c t r o l y t e  c e l l  i f  t h e  t e s t  e l e c t r o d e  is " s m o t h -  
e r e d "  w i t h  CO2 i n s t e a d  of  " f l o o d e d "  w i t h  e l e c t r o l y t e  d u r i n g  t h e  
e l e c t r o d e p o s i t i o n  of h y d r o g e n .  I n  th i s  a n d  t h e  case  of t h e  b i c a r -  
b o n a t e  e l e c t r o l y t e  t h e  p l a t e a u  on t h e  o x i d a t i o n  w a v e  c o r r e s p o n d s  
w i t h  t h a t  s een  w h e n  CO is a d s o r b e d  d i r e c t l y  on  t h e  e l e c t r o d e  (12) .  
R e c e n t l y  th i s  r e d u c t i o n  of  CO2 b y  h y d r o g e n  a t  a p l a t i n u m  e l e c t r o d e  
h a s  b e e n  s t u d i e d  in s o m e  d e t a i l  (13).  
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Fig. 7. Galvanostatic oxidation curves for ethane on platinum 
black after long equilibrations in the presence of KOH. Electrolyte, 
6M KOH in asbestos matrix, cell LFC 238, 25~ 

16 hr ,  h o w e v e r ,  a d s o r p t i o n  d id  occur ,  a n d  o x i d a t i o n  
w a v e s  s i m i l a r  to t h o s e  o b s e r v e d  w i t h  t h e  ac id ic  m e -  
d i u m  w e r e  o b t a i n e d .  T h e s e  a r e  s h o w n  in  Fig.  7. S i m i -  
l a r  r e s u l t s  w e r e  o b t a i n e d  w i t h  p r o p a n e .  

F u r t h e r  w o r k  w i l l  b e  r e q u i r e d  b e f o r e  t h e  s low a d -  
s o r p t i o n  in  a l k a l i n e  s y s t e m s  c a n  b e  e x p l a i n e d .  I t  is 
pos s ib l e  t h a t  t h e  d o u b l e  l a y e r  s t r u c t u r e  i n t e r f e r e s  w i t h  
a n  e q u i l i b r i u m  i n v o l v i n g  a p r e l i m i n a r y  w e a k  p h y s i c a l  
a d s o r p t i o n  of t h e  s a t u r a t e d  h y d r o c a r b o n  a n d  t h e r e b y  
r e d u c e s  t he  r a t e  of a s u b s e q u e n t  c h e m i s o r p t i o n  s t ep  
t h a t  r e s u l t s  in  a h i g h e r  e q u i l i b r i u m  c o v e r a g e  a n d  t h a t  
is a lso e s s e n t i a l  as  a p r e r e q u i s i t e  to o x i d a t i o n .  T h e  
p r e l i m i n a r y  p h y s i c a l  a d s o r p t i o n  of a n  u n s a t u r a t e  
m i g h t  be  less  a f fec ted  in  t h i s  w a y  s ince  s t r o n g e r  a t -  
t r a c t i o n s  w o u l d  ex i s t  b e t w e e n  t h e  h y d r o c a r b o n  a n d  
t h e  s u r f a c e  as a r e s u l t  of less  s h i e l d i n g  b y  h y d r o g e n s  
in  t h e  molecu le .  

I t  is n o w  of  i n t e r e s t  to c o m p a r e  t h e  g a l v a n o s t a t i c  
o x i d a t i o n s  of t h e  d i f f e r e n t  h y d r o c a r b o n s  in  t h e  ac id ic  
m e d i u m  w h e r e  a l l  a r e  a d s o r b e d  to a p p r e c i a b l e  e x t e n t s .  
S e v e r a l  s t ages  a r e  e n c o u n t e r e d  d u r i n g  t h e s e  o x i d a -  
t ions .  W i t h  m e t h a n e ,  e t h a n e ,  p r o p a n e ,  a n d  i s o b u t a n e  
a n  i n i t i a l  b r e a k  is o b s e r v e d  a t  p o t e n t i a l s  b e t w e e n  0.2 
a n d  0.3v. (A  s i m i l a r  b r e a k  is e v i d e n t  in  t h e  c u r v e s  in  
Fig. 7 fo r  e t h a n e  e q u i l i b r a t e d  fo r  l o n g e r  p e r i o d s  i n  
t he  caus t i c  ce l l  w i t h  t h e  a sbes to s  m a t r i x . )  S i n c e  t h i s  
p o t e n t i a l  r e g i o n  o v e r l a p s  a p o r t i o n  of t h e  b r e a k  ob -  
s e r v e d  fo r  h y d r o g e n ,  i t  is r e a s o n a b l e  to a s s u m e  t h a t  i t  
c o r r e s p o n d s  to t h e  o x i d a t i o n  of some  h y d r o g e n  on  t h e  
s u r f a c e  r e s u l t i n g  f r o m  d i s s o c i a t i o n  of t h e  a d s o r b e d  h y -  
d r o c a r b o n s .  I t  w o u l d  t h e n  a p p e a r  t h a t  t h e  o p e n - c i r c u i t  
p o t e n t i a l s  of t h e s e  f u e l  e l e c t r o d e s  a re  d e t e r m i n e d  b y  
t h e  e q u i l i b r i u m  a m o u n t s  of h y d r o g e n  t h a t  a r e  f o r m e d  
b y  d i s soc i a t i ve  a d s o r p t i o n .  

F o l l o w i n g  t h i s  i n i t i a l  " h y d r o g e n "  b r e a k  t h e r e  is a 
s h a r p  r i se  i n  p o t e n t i a l  b e f o r e  a s e c o n d  b r e a k  is ob -  
s e r v e d  in  t he  o x i d a t i o n  c u r v e s  fo r  t h e  s a t u r a t e s .  T h e  
s h a r p  r i se  is a s s o c i a t e d  w i t h  c h a r g i n g  of  t h e  d o u b l e  
l a y e r  to p o t e n t i a l s  a t  w h i c h  o x i d a t i o n  of t h e  c a r b o n  
c o n t a i n i n g  spec ies  c a n  occu r  on  t h e  n e w  p l a t e a u  t h a t  
is r e a c h e d  a t  a b o u t  0.5-0.6v in  a l l  cases.  I n  t h e  ac id ic  
m e d i u m  e v o l u t i o n  of CO2 a l r e a d y  occurs  as t h e  p o t e n -  
t i a l  r o u n d s  t h e  b e n d  i n to  t h e  p l a t e a u .  F o l l o w i n g  t h e  
p e r i o d  on  t h e  p l a t e a u  t h e  p o t e n t i a l  of t h e  e l e c t r o d e  
g r a d u a l l y  r i ses  w i t h  c o n t i n u i n g  gass ing .  T h i s  r i se  
e v e n t u a l l y  b l e n d s  in  w i t h  t h e  r i s e  a s soc i a t ed  w i t h  t h e  
f o r m a t i o n  of a s u r f a c e  o x y g e n  l a y e r  on  t h e  p l a t i n u m .  
E v e n t u a l l y  a f ina l  p l a t e a u  is r e a c h e d  w h e n  o x y g e n  
e v o l u t i o n  occurs .  W h i l e  t h e  s h a p e s  of t h e  o x i d a t i o n  
c u r v e s  fo r  a l l  t h e  s a t u r a t e s  a r e  s imi l a r ,  t h e  o v e r - a l l  
l e n g t h s  b e c o m e  l o n g e r  in  t h e  se r i e s  e t h a n e ,  p r o p a n e ,  
a n d  i s o b u t a n e .  This ,  of course ,  is in  t h e  o r d e r  of t h e i r  
i n c r e a s i n g  m o l e c u l a r  w e i g h t s  and ,  as a c o r o l l a r y ,  in  
t h e  o r d e r  of i n c r e a s i n g  n u m b e r  of c o u l o m b s  r e q u i r e d  
p e r  m o l e  of a d s o r b e d  gas  to  b e  ox id ized .  ( S i m i l a r  
v o l u m e s  of t h e s e  gases  a d s o r b ;  cf. n e x t  sec t ion . )  

T h e  d e v i a t i o n s  of t h e  s lopes  of t h e  c u r v e s  in  t h e  
o x y g e n  f i lm r e g i o n  f r o m  t h a t  o b s e r v e d  w h e n  h y d r o g e n  
is t h e  fue l  b e c o m e  g r e a t e r  w i t h  t h e  i n c r e a s i n g  w e i g h t  
of t h e  h y d r o c a r b o n .  T h e s e  d e v i a t i o n s  a r e  in  a l l  l i k e l i -  
h o o d  a s soc i a t ed  w i t h  c o n c u r r e n t  f o r m a t i o n  of t h e  
o x i d e  l a y e r  a n d  t h e  o x i d a t i o n  of c a r b o n a c e o u s  i n t e r -  
m e d i a t e s  t h a t  a c c u m u l a t e  on  t h e  s u r f a c e  of t h e  e l e c -  
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t rode dur ing the ear ly  stages of the oxidation. It 
would not be unreasonable  for larger  fractions of in-  
termediates  to accumulate  wi th  the higher  molecular  
weight  materials.  

A major  difference be tween  the curves for the 
sa turated hydrocarbons and those for e thylene and 
cyclopropane is the absence of the p re l iminary  hydro-  
gen break  in the la t ter  cases. As discussed below this 
appears to resul t  f rom the remova l  of surface hydro-  
gen by se l f -hydrogenat ion  reactions which are also in 
accord wi th  observations in heterogeneous catalysis. 

Apar t  f rom this difference and the obvious greater  
length of the breaks ( indicat ive of more  extensive 
coverage) the general  shape of the curves  for e thylene 
and cyclopropane paral le l  those for  the saturates. This 
would  imply  that  the carbonaceous species on the sur-  
face are s imilar  for the saturates and unsaturates  and 
that  the mechanisms of their  oxidations are also s imi-  
lar. 

A few remarks  are in order  about the potentials  
plotted in Fig. 4-6. Those for the saturated hydrocar -  
bons are reasonable for surfaces that  are gradual ly  
being covered by dissociative adsorption. In such a 
system the amount  of hydrogen on the surface would  
be expected to increase wi th  coverage, and it is rea-  
sonable to expect  that  the open-circui t  potent ial  is 
established by the hydrogen-hydrogen  ion couple. 

With the unsa tura ted  hydrocarbons the open-ci rcui t  
potent ial  is probably  again de te rmined  by the hydro-  
gen-hydrogen  ion couple, but  the amount  of free hy-  
drogen on the surface is too small  to detect by present  
methods. The init ial  overshoot  in potential,  i.e., to 
values closer to the revers ib le  hydrogen potential ,  
could be caused by the t ransient  presence of an excess 
of hydrogen on the surface as a resul t  of dissociative 
adsorption of the unsaturate  during the ear ly  stages. 
As this hydrogen is s lowly removed  by se l f -hydro-  
genation, the electrode potential  rises to an equi l ib-  
r ium value. This hypothesis receives support  f rom 
the fact that  a galvanostat ic  oxidation curve  obtained 
after a 1-min equi l ibra t ion with e thylene showed a 
small hydrogen wave  similar  to those obtained with  
saturated hydrocarbons.  This is in sharp contrast  to 
the init ial  abrupt  rise in potential  in the oxidation 
curves obtained after  longer  equilibrations. 

Additional Studies w~th the Acidic Electrolyte 
Fol lowing the broad survey  described in the previous 

section, more  detai led at tention was given to elec- 
trodes in contact wi th  a 5N H2SO4 electrolyte.  These 
studies included measurements  of the volumes of the 
gases adsorbed, identification and measurement  of 
gaseous react ion products, and par t ia l  identification 
and measurement  of species formed on the electrode 
surface. This path was elected because of the greater  
react iv i ty  seen wi th  the acid electrolyte.  Acids are also 
at t ract ive for pract ical  hydrocarbon fuel  cells because 
of their  abil i ty to re jec t  carbon dioxide. Since the 
earl ier  observations indicated that  the C2 hydrocar -  
bons appear  to be representa t ive  of the general  be-  
havior  of the homologous series, major  emphasis was 
placed on e thane  and ethylene.  In addition, a few ex-  
per iments  were  per formed with  the C3 hydrocarbons,  
propane, propylene,  and cyclopropane. 

In these studies the type of reactions observed 
paral le l  those of heterogeneous catalysis in the ab-  
sence of electrolytes.  That  is, in addition to the ad- 
sorption, evidence was found for self-hydrogenat ion,  
cracking, and polymerizat ion.  

Volumetric measurements of gas adsorption.--Volu- 
metric  data obtained dur ing equil ibrat ions of pla t i -  
num black electrodes wi th  representa t ive  fuels at 25~ 
are shown in Fig. 8; corresponding changes in elec- 
trode potentials  appear  in Fig. 3. All  vo lumetr ic  data 
have been normalized to s tandard t empera tu re  and 
pressure, and blank corrections obtained f rom the cell 
in the absence of the test e lectrode have  been applied. 
The blanks amounted to about 15% of the total  vol -  
umes adsorbed. In addition, volumes have been cor-  
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Fig. 8. Gases consumed during equilibrations. ~ ,  Hydrogen; 
A, methane; o, ethane; D,  propane; o, ethylene; A,  propylene; 
m, cyclopropane. 5N H2$O4, 25~ cell LFC 348. 

rected for the methane  and ethane that  were  formed 
by cracking dur ing the equil ibrat ions;  cf. next  section. 
Corrections have  not been applied for the volumes of 
fuel  that  would be consumed in charging the double 
layer  capacity as the potential  changed f rom the initial 
0.4v to the final rest  potential  because appropriate  
data are not available.  It is not to be expected, how-  
ever, that  the volumes would be affected great ly  be- 
cause of the small  potent ial  changes. 

F rom the data in Fig. 8 it is apparent  that  the hydro-  
carbon fuels fal l  into several  groups when  considered 
in the l ight of surface coverage with  Cn species. Thus 
we see that  methane  is in a class by itself wi th  very  
l i t t le adsorbing. The higher  molecular  weight  satu- 
ra ted hydrocarbons adsorb to a greater  extent  and 
re la t ive ly  large amounts  of the unsaturates  (including 
cyclopropane) adsorb. In all cases the gross volumes 
are less than that  of hydrogen which, as described 
above, is close to a monolayer .  

The behavior  of the methane  and other saturated 
hydrocarbons is consistent wi th  related behavior  in 
the absence of electrolytes when less than  complete 
monolayers  also adsorb (16). In these cases dissoci- 
a t ive adsorption occurs wi th  the format ion of hydro-  
gen atoms and probably  both ethyl  radicals and 1,2 
diadsorbed e thane (17). These observations are con- 
sistent wi th  the galvanostat ic  oxidat ion curves in Fig. 
6 in which breaks a t t r ibutable  to dissociated hydrogen 
are found. 

In the case of the unsatura ted  hydrocarbons,  the 
final coverage of the catalyst  surface with  Cn groups 
is much higher. This is again consistent wi th  "dry"  
studies in which it has also been found that  hydrogen 
formed in an init ial  dissociative step is subsequent ly  
removed  by se l f -hydrogenat ion  of additional unsatu-  
ra ted gas so that  sites become avai lable for coverage 
by more Cn groups (18, 19). Similar  se l f -hydrogena-  
tion occurs under  the present  conditions; cf. nex t  sec- 
tion. The net  resul t  is a surface more  ful ly  covered 
with  P t -C  l inkages and ve ry  l i t t le adsorbed hydrogen. 
This too is consistent wi th  the galvanostat ic  curves in 
Fig. 6 in which no wave  at t r ibutable  to hydrogen ap-  
pears in the oxidat ion curves for adsorbed ethylene 
and cyclopropane. 

The surface species resul t ing f rom the se l f -hydro-  
genation react ion are hydrogen poor. This may  result  
in the format ion of additional bonds to the metal,  say 
four -poin t  at tachment,  or compensation may  be ac- 
complished through the format ion of double bonds be-  
tween  carbons wi th  only two bonds to the metal.  
There  is evidence for  both in the l i t e ra ture  of he te ro-  
geneous catalysis (20). Were  two bonds to the metal  
involved,  saturat ion coverage f rom ethylene would  
requi re  the adsorption of a vo lume equal  to that  for 
saturat ion coverage wi th  hydrogen.  Steric effects 
would undoubtedly  resul t  in a somewhat  lower  cover-  
age. Conversely,  four  bonds to the surface would call 
for adsorption of a vo lume one-hal f  that  of hydrogen. 
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Fig. 9. Adsorption rates as a function of amount adsorbed. A,  
Ethane; o, ethylene. 5N H2504, 25~ cell LFC 345 (assuming 
complete oxidation to CO2 and H20). 

The actual  volume adsorbed is in te rmedia te  and in all 
probabil i ty  points to mixed species on the surface. 

In Fig. 9 adsorption rates are  plot ted for ethane 
and ethylene against the amount  adsorbed. The data 
for this figure were  der ived f rom the slopes of large 
scale plots of data similar  to those in Fig. 8. The or-  
dinate is expressed in terms of the current  that  could 
be supported if the adsorbing gas were  immedia te ly  
oxidized complete ly  to CO2 and water .  A cur ren t  den-  
sity of 1 m a / c m  2 is equiva len t  to a volumetr ic  ad- 
sorption rate  for e thane on the 11.4 cm 2 electrode of 
0.0113 c c / m i n  and for ethylene, 0.0132 cc/min.  

Because of the thickness of the electrodes, about 
0.007 cm, slow diffusion to under ly ing  sites could be 
an impor tant  r a t e -de te rmin ing  step dur ing some 
stages. It  is never theless  clear that  there  is a marked  
difference in the rates for the unsaturated e thylene 
and the saturated ethane. While an exact  relat ionship 
be tween these rates and fuel  cell per formance  is not 
yet  apparent,  it appears clear that  much lower  l imi t -  
ing currents  are to be anticipated in the case of satu-  
rated than unsatura ted  fuels. It  is therefore  not un-  
reasonable to suspect that  the l imit ing currents  (i.e., 
regions of unstable performance)  observed with  low 
tempera tu re  fuel  cells operat ing on saturated hydro-  
carbons (1, 21, 22) is associated with  slow adsorption 
kinetics. This conclusion is fu r the r  s t rengthened by 
the observations in the previous section that  ad- 
sorption of saturated hydrocarbons on p la t inum black 
electrodes is marked ly  s lower in alkal ine media, and 
cell per formance  is s imilar ly  poorer  with the saturates 
in these media  (1). Before  a r igorous correlat ion be-  
tween fuel  cell performances  and rates of adsorption 
is possible, however ,  less ambiguous data wil l  be re -  
quired. This can probably best be obtained with  
micro electrodes in wel l  s t i rred solutions using some 
of the modern  t ransient  techniques. 

I t  is appropr ia te  to comment  on the exceedingly  
rapid adsorption of hydrogen.  This appears to resul t  
f rom an electrochemical  t ransfer  of hydrogen f rom 
the sites readi ly  accessible to gas to those in the un-  
der ly ing flooded regions of the electrode. This type of 
t ransfer  can occur wi th  the hydrogen because its e lec-  
trode reactions are highly revers ib le  and there  is an 
abundant  supply of the oxidized form in the electro-  
lyte, as protons in the acidic system and as wa te r  in 
all of the systems. The only other  gas which meets  
ei ther r equ i rement  is oxygen, for which an abundant  
supply is avai lable  in the wate r  of the electrolyte.  
In this case, however ,  the electrode react ion is h ighly 
i r revers ib le  and the electrochemical  t ransfer  step does 
not  occur as readi ly  as wi th  hydrogen. Adsorption 
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Fig. 10. Gaseous products formed during equilibrations. 5N 
H2SO4, 25~ cell LFC 345. 

rates for oxygen are accordingly much slower than 
for the hydrogen.  

Gaseous products :formed during equilibrations.-- 
The adsorptions of hydrocarbons  on fuel  anodes are 
somewhat  beclouded by superimposed side reactions. 
These include reactions which introduce gaseous prod-  
ucts into the system, and others which resul t  in 
products which r ema in  on the electrode surface. The 
former  wil l  be considered here. 

As ment ioned above, se l f -hydrogenat ion of e thylene 
dur ing its adsorption on metals  is wel l  known.  A 
similar  behavior  is found in the presence of the acidic 
e lectrolyte  and ethane is seen to grow into the gas 
phase, Fig. 10. During equi l ibrat ions of propylene  and 
cyclopropane, propane was found in the gas phase in 
both cases, which is in agreement  wi th  the ethylene.  

In addition to the saturated hydrocarbons f rom self-  
hydrogenation,  lower  molecular  weight  mater ia ls  are 
also found in the gas phase. This paral lels  the methane  
product ion that  has been observed f rom ethylene and 
e thane adsorbed on rhodium (23), nickel  (24), and 
other  metals  (31) and the methane  and ethane f rom 
propane in gas phase studies at low pressures wi th  
nickel (25) and pla t inum (26). It  also paral lels  the 
observations of Grubb on re la ted  fuel  cell systems 
(27). 

It  is seen that  the amount  of gaseous methane  pro-  
duced f rom ethane is considerably higher  than that  
for ethylene.  A similar  relat ionship holds among the 
l imited data shown for the C3 hydrocarbons in Table 
II. This is not  surpris ing in v i ew of the more  l imited 

Table II. Gaseous products formed during 100 min equilibrations 
with several gases 

C e i l s  L F C - 3 4 5  a n d  3 4 8  

G a s  a d s o r b e d  

C r a c k i n g  p r o d u c t s  
A m o u n t  A m o u n t  s e l f -  i n  g a s  p h a s e  
a d s o r b e d  h y d r o g e n a t e d  c e  S . T . P .  
c c  S . T . P .  c c  S . T . P .  C H ~  C2H6 

E t h a n e  0 . 2 6  - -  0 . 0 3 9  - -  
E t h y l e n e  0 . 9 7  0 . 5 8  0 . 0 1 4  - -  
P r o p a n e  0 . 2 8  - -  0 . 0 1 8  0 . 0 1 7  
P r o p y l e n e *  0 . 7 9  0 . 3 4  0 . 0 0 3  0 . 0 0 8  
C y e l o p r o p a n e  0 .91  0 .36  0 . 0 0 3  0 . 0 0 2 3  

* 7 5 - r a i n  e q u i l i b r a t i o n .  
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Fig. 11. Gases desorbed during cathodic hydrogenation after 
ethane equilibrations, SN H2SO4, 25~ cell LFC 345, current 
30 ma. 

amounts of hydrogen avai lable  f rom the unsatura ted  
hydrocarbons.  Since format ion of methane  (and 
e thane in the C~ systems) requires  hydrogen,  the 
residues must  be s t r ipped in the process. S imi lar ly  
Grubb has repor ted  that  if one fu r the r  reduces the 
avai labi l i ty  of hydrogen by electrochemical  means 
(e.g., by drawing current  f rom the electrode) ,  the 
gas phase methane  concentrat ion f rom propane is r e -  
duced even fur ther  (27). 

Surface species formed during equi~ibrations.--With 
regard  to electrode performances  in fuel  cells, the  
nature  of the mater ia ls  that  accumulate  on the elec-  
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Fig. 12. Gases desorbed during cathodic hydrogenations after 
ethylene equilibrations. 5N H2SO4, 25~ cell LFC 345, current 
30 ma. 
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Table III. Species released on cathodic hydrogenation after 
100-minute equilibrations 

Cel ] s  L F C - 3 4 5  a n d  348 

P r o d u c t s  f r o m  s u r f a c e  cc S . T . P .  

G a s  a d s o r b e d  CH~ CzI-I6 C3Hs CtH~o C6H14 

E t h a n e  0 .0058 0.19 ~ 0 . O O l  ~0 .O01  - -  
E t h y l e n e  0.033 0.72 0 .004 0.068 - -  
P r o p a n e  0.009 0 .018 0.33 ~ 0 . 0 0 1  - -  
P r o p y l e n e *  0.007 0.003 0.73 ~ 0 . 0 0 1  P r e s e n t  
C y c l o p r o p a n e  0.018 O.Ol0 0.81 ~ 0 . 0 0 1  P r e s e n t  

* 75-mL~ e q u i l i b r a t i o n .  

t rode surface are  of perhaps greater  immedia te  in-  
terest  than the gaseous products which are  eventua l ly  
released. There  is abundant  evidence in the l i t e ra ture  
that  a var ie ty  of species are formed on catalyst  sur-  
faces dur ing equil ibrat ions wi th  hydrocarbons.  Thus 
Beeck has repor ted  the format ion of polymers  (28), 
Stephens found evidence for C3 and C4 species after  
equil ibrat ions wi th  e thylene (19), and ample  evidence 
has been presented for the format ion of C1 residues 
(23, 31). Such mater ia ls  have  been deduced f rom the 
products of hydrogenat ion  of the surfaces fol lowing 
equilibrations. Lit t le  informat ion has been published 
concerning similar  reactions on fuel  cell catalysts, 
but  Holman  (29) has found propane among the prod-  
ucts of hydrogenat ion  of p la t inum fuel  electrodes af ter  
exposure to ethylene.  Holman did his hydrogenat ions  
by exposing the electrode to gaseous hydrogen  after  
operat ion on load. In the present  work  the hydrogen-  
ations were  per fo rmed  electrolyt ical ly  by cathodic 
t rea tment  of the electrodes after  the equilibrations.  

Hydrogenated  products obtained f rom electrodes 
fol lowing equil ibrat ions wi th  ethane are shown in Fig. 
11 and for e thylene in Fig. 12. It  is evident  that  appre-  
ciable cracking occurred in both cases. In the case of 
ethylene,  however ,  a deplet ion of hydrogen on the 
surface l imited desorption to the gas phase and large 
concentrat ions of C1 species accumulated on the sur-  
face. 

The tendency toward  polymerizat ion was much 
greater  in the case of ethylene.  Indeed in the case of 
e thane no C~ or C4 polymer  was detected. The tend-  
ency toward polymerizat ion in the case of e thylene 
does not  seem unreasonable  in v iew of the high surface 
concentrat ions of re la t ive ly  unsa tura ted  C2 species. 
Similar  trends are evident  for the C3 hydrocarbons,  
but  to a lesser extent,  cf. Table III. 

One other  aspect of the exper iments  wi th  ethane 
and e thylene is of par t icular  interest.  This relates to 
the gradual  decline in the amount  of C2 hydrocarbon 
recovered  f rom the surface of the catalyst  wi th  in-  
creasing equi l ibrat ion time. While this can be par -  
t ial ly expla ined in the case of e thylene  on the basis of 
C3, CA, and possibly h igher  hydrocarbon formation,  a 
similar  balance is not evident  in the case of ethane. An 
explanat ion may be for thcoming f rom the oxidation 
curves for electrodes af ter  the cathodic t reatment .  
Examples  in the case of ethane are shown in Fig. 13. 
Invar iab ly  a break is found at a potent ial  of about  0.6v, 

2(} MIN EQUIL, --- 2 HOURS -- ? HOURS ~ S E C  ~_ 
~ H z EQUIL. - .  30 mo J * ' ~  H~ E O U I L ~  =I~Os n~o/cm z 

f 
TIME 

Fig. ]3. Galvanostatlc oxidation curves after ethane equiJibra- 
tions and cathodic hydrogenations. Electrolyte, 5N H2SO4, cell LFC 
345, 25~ 
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t h e  l e n g t h  of t h e  b r e a k  b e c o m i n g  l o n g e r  as t h e  e q u i -  
l i b r a t i o n  t i m e  inc reases .  T h e  b u i l d u p  of t h i s  b r e a k  has ,  
in  fact ,  b e e n  f o u n d  to c o n t i n u e  f o r  t i m e s  as l ong  as 70 
hr .  A c t u a l l y  a s i m i l a r  ef fec t  w a s  o b s e r v e d  w i t h  t h e  
e t h y l e n e  t h o u g h  to a less  s i gn i f i can t  e x t e n t .  

In  t h e  a b s e n c e  of e v e n  C3 a n d  C4 h y d r o c a r b o n s  
a m o n g  t h e  d e s o r p t i o n  p r o d u c t s  f r o m  e t h a n e ,  i t  is diff i-  
cu l t  to  a t t r i b u t e  t h i s  w a v e  to a h i g h  p o l y m e r  on  t h e  
su r face .  A m u c h  m o r e  r e a s o n a b l e  a l t e r n a t i v e  is CO or  
a r e l a t e d  spec ies  w h i c h  cou ld  b e  f o r m e d  b y  r e a c t i o n  
of t he  h y d r o c a r b o n  w i t h  w a t e r .  F u r t h e r m o r e ,  a d s o r b e d  
CO p r o d u c e s  a n  o x i d a t i o n  w a v e  a t  t h e  r e q u i r e d  p o -  
t en t i a l ,  a n d  i t  is n o t  d i s p l a c e d  b y  c a t h o d i c  h y d r o g e n a -  
t ion.  T h i s  was  s h o w n  b y  c a t h o d i c  g e n e r a t i o n  of h y d r o -  
g e n  on  a CO c o v e r e d  su r face .  A n o t h e r  p o s s i b i l i t y  is a 
t i g h t l y  b o n d e d  c a r b o n  r e s idue .  N o t h i n g  is k n o w n  a b o u t  
t h e  e l e c t r o c h e m i c a l  b e h a v i o r  of s u c h  a species .  

O p e r a t i o n  on  l o a d . - - I n  a d d i t i o n  to t h e  e q u i l i b r a t i o n s  
on  open  c i rcui t ,  a n u m b e r  of r u n s  w e r e  m a d e  a t  25~ 
in  w h i c h  t h e  t e s t  e l e c t r o d e  w as  o p e r a t e d  c o n t i n u o u s l y  
on  l o a d  b e f o r e  i t  w a s  f looded  for  a c a t h o d i c  d e s o r p t i o n .  
S u c h  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  s l o w l y  f low-  
ing  e t h a n e  a n d  e t h y l e n e  as fuels .  

W i t h  t h e  e t h y l e n e ,  c u r r e n t  d e n s i t i e s  of  0.26, 0.88, 
a n d  2.6 m a / c m  2 w e r e  e m p l o y e d ,  a n d  o n l y  a s low 
d r i f t  i n  p o t e n t i a l  w a s  e v i d e n t .  A t  a l l  c u r r e n t  d e n s i t i e s  
t h e  e l e c t r o d e  p o t e n t i a l  w a s  in  t h e  n e i g h b o r h o o d  of 
0.7-0.9v vs.  t h e  h y d r o g e n  r e f e r e n c e .  S u s t a i n e d  o p e r a -  
t i on  w a s  pos s ib l e  w i t h  e t h a n e  on ly  w i t h  c u r r e n t  d e n -  
s i t ies  of 0.18 m a / c m  ~ or  less. A t t e m p t s  to  o p e r a t e  a t  
h i g h e r  c u r r e n t  d e n s i t i e s  r a p i d l y  r e s u l t e d  in  c o m p l e t e  
p o l a r i z a t i o n  to e v e n t u a l  o x y g e n  e v o l u t i o n .  B e c a u s e  of 
t h e  p o o r  p e r f o r m a n c e  of t h e  e t h a n e ,  a t t e m p t s  w e r e  n o t  
m a d e  to  i d e n t i f y  r e s i d u a l  s u r f a c e  spec ies  f r o m  e t h a n e  
a f t e r  c o n t i n u o u s  o p e r a t i o n  on  load.  I n  t h e  case  of 
e t h y l e n e  s e v e r a l  a n a l y s e s  w e r e  m a d e  of t h e  spec ies  
d e s o r b e d  c a t h o d i c a l l y  a f t e r  s u c h  o p e r a t i o n .  

C o m p o s i t i o n  of t h e  d e s o r b e d  gases  co l l ec t ed  a f t e r  
o p e r a t i o n  w i t h  e t h y l e n e  a r e  s h o w n  in  Fig. 14. T h e  
g e n e r a l  t r e n d s  a re  of c o n s i d e r a b l e  i n t e r e s t  in  t h a t  t h e  
a m o u n t  of m a t e r i a l  on  t h e  s u r f a c e  d e c l i n e d  q u i t e  
m a r k e d l y  d u r i n g  o p e r a t i o n .  T h e  d e c r e a s e  in  t h e  
a m o u n t  of C2 spec ies  r e s u l t e d  i n  a c o n c o m i t a n t  d e c l i n e  
in  t he  a m o u n t  of C4 p o l y m e r .  As  t h e  s u r f a c e  b e c a m e  
d e p l e t e d  t h e  a m o u n t  of C1 spec ies  i n c r e a s e d  w i t h  a 
c o n c o m i t a n t  i n c r e a s e  in  t h e  a m o u n t  of t h e  Ca spec ies  
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Fig. 14. Gases desorbed cathodically after operating on load 
with ethylene. 5N H2SO4, 25~ cell LFC 345. 

( f o r m a t i o n  o b v i o u s l y  d e p e n d e n t  on  C1 a n d  Ce s u r f a c e  
c o n c e n t r a t i o n ) .  

T h e s e  p r e l i m i n a r y  m e a s u r e m e n t s  p r o v i d e  a n  i n -  
d i c a t i o n  of s o m e  i m p o r t a n t  s u r f a c e  r e a c t i o n s  o c c u r r i n g  
on  w o r k i n g  e l ec t rodes .  In  p a r t  t h e y  a r e  e n c o u r a g i n g  
in  t h a t  t h e y  i n d i c a t e  a r e d u c t i o n  in  t h e  a m o u n t s  of 
h i g h e r  m o l e c u l a r  w e i g h t  m a t e r i a l s  d u r i n g  o p e r a t i o n  
on  load.  T h i s  m a y  w e l l  i m p l y  t h a t  t e n d e n c i e s  t o w a r d  
t a r  f o r m a t i o n  wi l l  b e  m i n i m a l  on  fue l  e l ec t rodes .  

Summary and Conclusions 
T h e  b e h a v i o r  of h y d r o c a r b o n s  a t  p l a t i n u m  b l a c k  

fue l  ce l l  e l e c t r o d e s  is d e p e n d e n t  o n  t h e  h y d r o c a r b o n  
s t r u c t u r e  a n d  t h e  e l e c t ro ly t e .  I n  t h e  p r e s e n c e  of  a d i -  
l u t e  s u l f u r i c  ac id  e l e c t r o l y t e  a l l  of t h e  l o w  m o l e c u l a r  
w e i g h t  a l i p h a t i c  h y d r o c a r b o n s  s h o w  some  a d s o r p t i o n  
e v e n  a t  r o o m  t e m p e r a t u r e ,  a l t h o u g h  t h a t  of  m e t h a n e  is 
s l igh t .  S u r f a c e  c o v e r a g e  fa l l s  in to  t h r e e  ca t ego r i e s :  
low for  m e t h a n e ,  i n t e r m e d i a t e  f o r  t h e  s a t u r a t e d  h y -  
d r o c a r b o n s ,  a n d  h i g h  fo r  u n s a t u r a t e s .  R a t e s  of a d -  
s o r p t i o n  a r e  a lso r e a s o n a b l y  h i g h  w i t h  t h e  ac id ic  
e l ec t ro ly t e ,  a n d  n o  a p p r e c i a b l e  effects  s e e m  to b e  as -  
soc i a t ed  w i t h  t h e  p r e s e n c e  of p r i m a r y ,  s e c o n d a r y ,  or  
t e r t i a r y  c a r b o n - h y d r o g e n  b o n d s  in  t h e  f u e l  mo lecu l e .  

T h e  a d s o r p t i o n  of s a t u r a t e d  h y d r o c a r b o n s  is e x -  
c e e d i n g l y  s l o w  in  t h e  p r e s e n c e  of a l k a l i n e  a n d  c a r -  
b o n a t e  e l ec t ro ly t e s .  I n  c o n t r a s t ,  t h e  a d s o r p t i o n  of t h e  
u n s a t u r a t e d  h y d r o c a r b o n s  is a f fec ted  b u t  l i t t l e  b y  t h e  
e l ec t ro ly t e .  T h e  p e r f o r m a n c e  of t h e s e  h y d r o c a r b o n s  as 
f u e l  gases  in  l o w - t e m p e r a t u r e  cel ls  a p p e a r s  to  ref lec t  
t h e  o b s e r v e d  d i f f e r e n c e s  in  a d s o r p t i o n  p r o p e r t i e s .  

D u r i n g  e q u i l i b r a t i o n  on  o p e n  c i r cu i t  m a n y  s u r f a c e  
r e a c t i o n s  i n c l u d i n g  d e h y d r o g e n a t i o n ,  h y d r o g e n a t i o n ,  
c r a c k i n g ,  a n d  p o l y m e r i z a t i o n  occur .  T h e s e  a p p e a r  to  
be  p r e c e d e d  b y  d i s s o c i a t i v e  c h e m i s o r p t i o n  w i t h  t h e  
f o r m a t i o n  of some  h y d r o g e n  on t h e  su r face .  S u b s e -  
q u e n t l y  l ow  m o l e c u l a r  w e i g h t ,  s a t u r a t e d  c r a c k i n g  
p r o d u c t s  a r e  r e l e a s e d ,  a n d  h i g h l y  u n s a t u r a t e d  c a r -  
b o n a c e o u s  r e s i d u e s  c a n  a c c u m u l a t e  on  t h e  su r face .  
W h i l e  t h e  d i s soc i a t ed  h y d r o g e n  ox id izes  r ead i l y ,  h i g h  
o v e r v o l t a g e s  a r e  r e q u i r e d  fo r  t h e  o x i d a t i o n  of t h e  c a r -  
b o n a c e o u s  s u r f a c e  species .  T h e s e  o v e r v o l t a g e s  a r e  
l o w e r e d  i f  t h e  t e m p e r a t u r e  is i n c r e a s e d .  

A t  p r e s e n t  i t  is n o t  poss ib l e  to p r e d i c t  w i t h  c e r -  
t a i n t y  t h e  i m p o r t a n c e  of t h e  s u r f a c e  r e a c t i o n s  w i t h  
r e g a r d  to a c t u a l  ce l l  p e r f o r m a n c e  on  load.  I t  is l ike ly ,  
h o w e v e r ,  t h a t  s o m e  w i l l  b e  of g r e a t  s ign i f icance .  I n  
p a r t i c u l a r  i t  w o u l d  s e e m  l i k e l y  t h a t  t h e  c r a c k i n g  r e -  
a c t i o n  r e s u l t i n g  in  t h e  f o r m a t i o n  of C1 spec ies  w o u l d  
be  of d i r e c t  c o n c e r n  as  a s t e p  i n  t h e  o v e r - a l l  o x i d a -  
t i o n  of a h y d r o c a r b o n  to  CO2. T h e  a p p a r e n t  ease  of 
h y d r o g e n  d i s s o c i a t i o n  p r o b a b l y  h a s  d i r e c t  b e a r i n g  on  
t h e  f r e q u e n t  o b s e r v a t i o n s  t h a t  h y d r o c a r b o n  o x i d a t i o n s  
in  fue l  cel ls  p r o c e e d  a l m o s t  q u a n t i t a t i v e l y  to CO2 
(2, 14). S u c h  d i s soc i a t i on  c o u p l e d  w i t h  t h e  ease  of ox i -  
d a t i o n  of t h e  h y d r o g e n  m e a n s  t h a t  t h e  s u r f a c e  spec ies  
o n  a w o r k i n g  a n o d e  m u s t  b e  h y d r o g e n  poor .  S u c h  
spec ies  s h o u l d  t h e r e f o r e  b e  m u l t i p l y  b o n d e d  to t h e  
c a t a l y s t  so t h a t  t h e i r  d e s o r p t i o n  as r e a c t i o n  i n t e r -  
m e d i a t e s  w o u l d  b e  diff icul t  a n d  h i g h l y  u n l i k e l y .  

Th i s  b e h a v i o r  of t h e  h y d r o c a r b o n s  is i n  m a r k e d  con= 
t r a s t  to t h a t  of m a n y  p a r t i a l l y  o x y g e n a t e d  h y d r o c a r -  
b o n s  s u c h  as a l coho l s  a n d  a l d e h y d e s  in  w h i c h  cases  
o x i d a t i o n  f r e q u e n t l y  s tops  f a r  s h o r t  of c o m p l e t e  o x i d a -  
t i on  (30) .  W h i l e  i t  is w e l l  k n o w n  t h a t  s u c h  m a t e r i a l s  
a r e  no t  as s t r o n g l y  a d s o r b e d  as t h e  h y d r o c a r b o n s  i t  
w o u l d  also s e e m  to s u g g e s t  a d i f f e r e n t  m e c h a n i s m  of 
a d s o r p t i o n  t h a t  does  n o t  l e a d  to  t h e  f o r m a t i o n  of 
s t r o n g  m u l t i p l e  b o n d s  to t h e  m e t a l  s u c h  as s u g g e s t e d  
a b o v e  fo r  t h e  h y d r o c a r b o n s .  I t  w o u l d  s e e m  l i k e l y  t h a t  
in  t h e s e  cases  d i s soc i a t i ve  c h e m i s o r p t i o n  i n v o l v i n g  t h e  
b r e a k i n g  of C - H  b o n d s  w o u l d  n o t  b e  i n v o l v e d  or  w e  
w o u l d  a g a i n  see  t h e  t e n d e n c y  t o w a r d  c o m p l e t e  o x i d a -  
t ion.  T h i s  s t r o n g l y  sugges t s  t h a t  a w e a k e r  a d s o r p t i o n  
t h r o u g h  a n  o x y g e n  b o n d  m a y  b e  i n v o l v e d  w i t h  s u c h  
m a t e r i a l s .  
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A Thermal Battery Based on the Reaction 
of Cadmium and Liquid Iodine 

Klaus Otto 
Scientific Laboratory, Ford Motor Company, Dearborn, Michigan 

ABSTRACT 

A thermal battery consisting of a cadmium anode, a solution of potassium 
iodide in liquid iodine, and an inert cathode was studied at 125~ The solu- 
bilities of KI and CdI2 as separate components and as mixtures in liquid iodine, 
the conductivities of these solutions, and their corrosion behavior toward 
cadmium were investigated. The conductivity of polycrystalline CdI~ follows 
the expression ~ ---- 0.14 exp (~12350/RT) ~- 5.2 x I0 -s exp (--1990/RT) in 
the range between 0 ~ and 200~ Current-voltage dependence of the cell, effi- 
ciency and the importance of the formation of the complex salt KfCdI4 are 
discussed. The cell exhibits a fairly flat discharge curve. It was not possible 
to recharge it. Corrosion of the cadmium anode was negligible at current 
densities above 35 ma/cm 2. 

There are several properties which made it at trac-  
tive to investigate the possibility of uti l izing solutions 
of KI  in  l iquid iodine as an electrolyte in  thermal  
batteries (1, 2): (i) the electrolyte has a high con- 
ductivi ty (up to 0.35 ohm -1 cm -1 at 125~ ; (if) l iquid 
iodine is used as a solvent and a reactant  at the same 
time; (iii) an iner t  cathode is used; (iv) the bat tery  
can be operated at relat ively low temperatures  (115 ~ 
185~ 

Cadmium was chosen as anode mater ia l  for a de- 
tailed study, after testing Ag, Mg, Zn, Cd, Hg, A1, Sn, 
and Pb for this purpose. Pla t inum,  graphite, and 
molybdenum are equal ly sui table as mater ia l  for the 
cathode. The emf of the system Cd/ l iquid  iodine/C is 
about lv.  

The potassium iodide in the electrolyte serves two 
purposes: it increases the conductivi ty of the electro- 
lyte considerably and dissolves the reaction product 
CdI2 off the anode by forming a complex salt K2CdI4 

which is soluble in iodine. CdI2 is practically insoluble 
in pure  iodine and exhibits a high resistivity; it would 
choke the cur ren t  wi th in  a short time, if it were not  
removed cont inuously from the anode. 

Conduct ivi ty measurements  of iodine solutions con- 
ta in ing  KI, CdI~, and mixtures  of these iodides fur -  
nished informat ion that  KfCdI4 is formed by the reac- 
t ion of KI and CdI2 in  iodine, and that  the conduc- 
t ivi ty of this complex salt in  iodine is only about a 
factor 2 smaller than  the conductivi ty of the corre- 
sponding solutions of KI  in iodine. This fact explains 
the re la t ively small  changes of the inner  resistance of 
the cell dur ing  normal  operation. 

Measurements  of the solubilities of KI, CdIf, and 
mixtures  of KI  and CdI~ in l iquid iodine furnished 
addit ional  informat ion about the formation of the com- 
plex salt. 

Corrosion rates of iodine solutions on cadmium at 
various concentrat ions of KI  were  measured.  
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T h e  c h e m i c a l  a t t a c k  on  p l a t i n u m ,  m o l y b d e n u m ,  a n d  
g r a p h i t e  b y  so lu t i ons  of K I  in  i o d i n e  w a s  i n v e s t i g a t e d .  

T h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  c o n d u c t i v i t y  of 
t h e  r e a c t i o n  p r o d u c t  CdI2 in  t h e  t e m p e r a t u r e  r a n g e  
b e t w e e n  0 ~ a n d  200~ s h o w e d  t h a t  CdIe is a t y p i c a l  
ion ic  c o n d u c t o r .  T h e  c o n d u c t i v i t y  w a s  u s e d  to c a l c u -  
l a t e  t h e  t h i c k n e s s  of t h e  CdI2 l a y e r  o n  t h e  anode ,  
w h i c h  d e p e n d s  on  t h e  c o n c e n t r a t i o n  of K I  in  t h e  e l ec -  
t r o l y t e  a n d  on  t h e  c u r r e n t  dens i ty .  T h e  r i g h t  t h i c k n e s s  
of t h e  CdI2 l a y e r  is c o n s i d e r e d  to b e  i m p o r t a n t  fo r  t h e  
p r o p e r  f u n c t i o n i n g  of t h e  cell.  

V o l t a g e - c u r r e n t  c u r v e s  w e r e  m e a s u r e d  u n d e r  v a r i -  
ous  cond i t ions .  

Conductivities o~ Iodine Solutions Containing 
K I  and CdI2 

A t h e r m o s t a t  c o n t a i n i n g  g l y c e r i n  as a h e a t i n g  l iqu id ,  
a n  e l e c t r o n i c  t e m p e r a t u r e  c o n t r o l l e r  w i t h  h e a t e r  a n d  
s t i r r e r ,  w h i c h  k e p t  t h e  t e m p e r a t u r e  of t h e  b a t h  c o n -  
s t a n t  w i t h i n  •176  a n d  a c a l i b r a t e d  c h r o m e l - a l u m e l  
t h e r m o c o u p l e  w e r e  u s e d  fo r  t e m p e r a t u r e  con t ro l .  R e -  
s i s t ances  w e r e  m e a s u r e d  b y  a c o m m e r c i a l  a - c  b r i dge ,  
w h i c h  h a d  a r a n g e  f r o m  0.2 to 2.5 x 106 o h m s ;  on  some  
occas ions  t h e s e  l i m i t s  h a d  to b e  e x t e n d e d  b y  p u t t i n g  a 
s t a n d a r d  r e s i s t o r  in  s e r i e s  or  p a r a l l e l  to  t h e  u n k n o w n  
res i s to r .  A s t a n d a r d  c o n d u c t i v i t y  ves se l  c o n t a i n e d  
p l a t i n u m  e lec t rodes ,  t h e  ce l l  c o n s t a n t  b e i n g  0.1. A n -  
o t h e r  c o n d u c t i v i t y  ves se l  cons i s t ed  of a U - s h a p e d  
P y r e x  t u b e  ( l e n g t h  20 cm, I.D. 1.8 c m ) ,  c o n t a i n i n g  
a b o u t  150g of iod ine .  T h e  e l e c t r o d e s  w e r e  g r a p h i t e  
r o d s  of  0.6 cm d i a m e t e r ;  t h e y  w e r e  s e a l e d  i n to  g lass  
t ubes ,  l e a v i n g  o n l y  a b o u t  1 c m  of t h e  g r a p h i t e  p r o -  
t r u d i n g  i n to  t h e  l iqu id .  T h e s e  t u b e s  w e r e  f i t ted i n to  
t h e  U - t u b e  b y  g r o u n d  jo in t s .  O n l y  M g  a n d  Si cou ld  be  
d e t e c t e d  s p e c t r o g r a p h i c a l l y  as i m p u r i t i e s  in  t h e s e  
g r a p h i t e  rods .  

T h e  f r e e z i n g  p o i n t  of i o d i n e  (A. C. S. r e a g e n t )  w a s  
f o u n d  in  t h r e e  s e p a r a t e  r u n s  to b e  113.4 ~ • 0.1~ T h e  
specif ic  c o n d u c t a n c e  of  p u r e  i o d i n e  a t  140~ gave  
v a l u e s  b e t w e e n  2.0 x 10 -5  a n d  4.0 x 10 -5  o h m s  -~  c m - L  
T h e s e  d a t a  a g r e e  w i t h  v a l u e s  g i v e n  in  t h e  l i t e r a t u r e :  
L e w i s  a n d  W h e e l e r  (3) s t a t e  a c o n d u c t i v i t y  of 2.16 x 
1 0 - s  o h m s  -1  cm - 1  a t  t h i s  t e m p e r a t u r e .  R a b i n o w i t s c h  
(4)  f o u n d  4.48 x 10 -5  o h m s  -1 c m  -1 a t  138.2~ a n d  
P l o t n i k o w  et at. (5)  p u b l i s h e d  1.68 x 10 -4  a n d  0.92 x 
10 -5  o h m s  -1 cm -1 as a m a x i m u m  a n d  m i n i m u m  v a l u e  
of t h e  specif ic  c o n d u c t a n c e  a t  140~ T h e  t e m p e r a t u r e  
coeff ic ient  of t h e  c o n d u c t i v i t y  w a s  f o u n d  to b e  n e g a -  
t i v e  i n  t h e  t e m p e r a t u r e  i n t e r v a l  b e t w e e n  114 ~ a n d  
145~ i.e., t h e r e  is a d e c r e a s e  of 3.50 x 10 -7  o h m s  - 1  
c m  -1  p e r  d e g r e e  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  M e a s -  
u r e m e n t s  u p o n  h e a t i n g  u p  a n d  coo l ing  d o w n  of t h e  
i od ine  r e s u l t e d  in  t h e  s a m e  va lue .  T h e  t e m p e r a t u r e  
coeff ic ient  c a l c u l a t e d  f r o m  t h e  d a t a  of R a b i n o w i t s c h  
(4) b e t w e e n  113 ~ a n d  155~ is --3.34 x 10 - 7  o h m s  -1  
c m  - 1 d e g -  1. 

T h e  f i rs t  d e t a i l e d  i n v e s t i g a t i o n  c o n c e r n i n g  t h e  c o n -  
d u c t i v i t y  of n o n a q u e o u s  i o d i n e  s o l u t i o n s  c o n t a i n i n g  
K I  w a s  d o n e  b y  L e w i s  a n d  W h e e l e r  (3 ) .  P l o t n i k o w  
et al. (5 ,6 )  e x e c u t e d  f u r t h e r  m e a s u r e m e n t s  u s i n g  
RbI ,  NaI ,  LiI ,  SnI4, Sblb, HgI~, PI3, a n d  Alia ;  b u t  o n l y  
t h e  a l k a l i  iodides ,  w i t h  t h e  e x c e p t i o n  of NaI ,  i n -  
c r e a s e d  t h e  c o n d u c t i v i t y  of i o d i n e  c o n s i d e r a b l y ;  e.g., 
a s a t u r a t e d  s o l u t i o n  of K I  in  i od ine  h a s  a specif ic  c o n -  
d u c t a n c e  of a b o u t  0.35 o h m s - 1  c m  -1  a t  125~ w h i c h  is 
a f a c t o r  3 x 104 h i g h e r  t h a n  t h e  c o n d u c t i v i t y  of p u r e  
iod ine .  D u r i n g  t h e  p r e s e n t  i n v e s t i g a t i o n  i t  w a s  f o u n d  
t h a t  t h e  a d d i t i o n  of K2CO3 s h o w s  t h e  s a m e  effec t  as 
K I  does.  P r o b a b l y  t h e  r e a c t i o n  K2C03 -]- I2 "-> 2KI  
-t- CO2 + V202 t a k e s  p l ace  b e c a u s e  o x y g e n  a n d  c a r b o n  
d i o x i d e  h a v e  b e e n  f o u n d  to b e  se t  f ree .  

C o n d u c t i v i t y  m e a s u r e m e n t s  of i o d i n e  s o l u t i o n s  c o n -  
t a i n i n g  K I  a n d  CdI2 w e r e  e x e c u t e d  in  a U - s h a p e d  ce l l  
w i t h  g r a p h i t e  e l ec t rodes ,  as d e s c r i b e d  above .  A Tef lon  
c o v e r e d  m a g n e t  (1.5 c m  l o n g )  in  t h e  s o l u t i o n  a c t e d  as  
a n  e f fec t ive  s t i r r e r  b y  m e a n s  of a r o t a t i n g  m a g n e t  on  
t h e  o u t s i d e  of t h e  t h e r m o s t a t .  O n l y  A.C.S. r e a g e n t s  
w e r e  u s e d  as chemica l s .  R e s u l t s  a r e  d e p i c t e d  i n  Fig.  1. 
T h e  u p p e r  c u r v e  r e p r e s e n t s  t h e  specif ic  c o n d u c t a n c e  of 
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Fig. 1. Conductivity of mixtures of KI and Cdl2 in iodine. KI in 
iodine: ~ ,  run 1; o, run 2; e, data of Lewis and Wheeler. Three 
moles KI per mole Cdl2: • ,  run 1; A ,  run 2. Two moles KI per 
mole Cdl2: gi, excess Cdl2 as sediment present; El, KI and Cdl2 
added at the same time. 

a s o l u t i o n  of K I  in  i o d i n e  a t  125~ T h e  c o n c e n t r a t i o n  
is g i v e n  in  g r a m s  of K I  p e r  100g of iod ine .  T w o  se r i e s  
of m e a s u r e m e n t s  h a v e  b e e n  p l o t t e d  t o g e t h e r  w i t h  t h e  
d a t a  g i v e n  b y  L e w i s  a n d  W h e e l e r  (3) a t  140~ w h i c h  
h a v e  b e e n  r e d u c e d  to 125~ b y  e x t r a p o l a t i o n ,  u s i n g  
t h e  t e m p e r a t u r e  coeff ic ients  w h i c h  a r e  g i v e n  as a 
f u n c t i o n  of t h e  c o n c e n t r a t i o n  b y  t h e s e  a u t h o r s .  T h e  
h o r i z o n t a l  c o u r s e  of  t h e  c u r v e  a t  h i g h e r  c o n c e n t r a t i o n s  
is d u e  to t h e  l i m i t  of s o l u b i l i t y  of K I  in  iod ine .  

CdI2 is p r a c t i c a l l y  i n s o l u b l e  in  p u r e  i od ine  a n d  h a s  
a n e g l i g i b l e  effect  on  t h e  c o n d u c t i v i t y  of p u r e  iod ine .  
H o w e v e r ,  if CdI2 is a d d e d  to a n  i o d i n e  s o l u t i o n  w h i c h  
c o n t a i n s  KI,  a n o t i c e a b l e  c h a n g e  of t h e  c o n d u c t i v i t y  
t a k e s  p lace .  F o r  t h e  f irst  s e r i e s  of e x p e r i m e n t s  a m i x -  
t u r e  of 2 m o l e s  K I  a n d  1 m o l e  CdI2 w a s  p r e p a r e d  a n d  
t h e  c o n d u c t i v i t y  of th i s  sa l t  i n  i o d i n e  w a s  d e t e r m i n e d  
as a f u n c t i o n  of t h e  c o n c e n t r a t i o n s  ( g r a m s  of K I  p e r  
100g of i o d i n e ) .  T h e  r e s u l t s  a r e  r e p r e s e n t e d  i n  t h e  
l o w e s t  c u r v e  of Fig.  1 b y  o p e n  squa re s .  F o r  t h e  s e c o n d  
series ,  17.311g CdI2 w e r e  a d d e d  to t h e  i o d i n e  (152.7g) 
f r o m  t h e  b e g i n n i n g ,  a n d  t h e  c o n d u c t i v i t y  w a s  m e a s -  
u r e d  w h i l e  K I  w a s  a d d e d  success ive ly .  T h e s e  m e a s u r e -  
m e n t s  (f i l led s q u a r e s )  a g r e e  w i t h  t h e  p r e v i o u s  ser ies .  
T h e  f o r m a t i o n  of a c o m p l e x  s a l t  K2CdI4 is i n d i c a t e d  
b y  t h i s  r e su l t .  T w o  m o r e  r u n s  w e r e  m a d e  w i t h  a m i x -  
t u r e  c o n t a i n i n g  3 m o l e s  of K I  p e r  m o l e  CdI2. T h e s e  
c o n d u c t i v i t i e s  a r e  r e p r e s e n t e d  b y  t r i a n g l e s  in  Fig.  1. 

Solubilities of K I  and CdI2 in Liquid Iodine 
T h e  f o r m a t i o n  of t h e  c o m p l e x  sa l t  K2CdI4 w a s  c o n -  

f i r m e d  b y  m e a s u r i n g  so lub i l i t i e s  of K I  a n d  CdI2 in  
iodine .  S e v e r a l  s o l u t i o n s  of i o d i n e  w h i c h  w e r e  s u p e r -  
s a t u r a t e d  w i t h  K I  w e r e  s e a l e d  i n t o  g lass  t u b e s  a n d  
k e p t  in  a t h e r m o s t a t  a t  125~ fo r  s e v e r a l  h o u r s .  T h e  
s a m p l e s  w e r e  q u e n c h e d  in ice w a t e r ,  a n d  s e v e r a l  p a r t s  
of t h e m  w e r e  a n a l y z e d  b y  s u b l i m i n g  off t h e  i od ine  
a n d  w e i g h i n g  t h e  r e s idue .  T h e  top  p a r t s  of t h e  s a m -  
p les  w e r e  no t  c o n s i d e r e d  b e c a u s e  t h e  excess  K I  w a s  
f loa t ing  on  top  of t h e  so lu t ions .  A s o l u b i l i t y  of 0.1788 
•  K I  p e r  g r a m  of i o d i n e  w a s  f o u n d .  

T h e  s o l u b i l i t y  of CdI2 in  i o d i n e  w a s  d e t e r m i n e d  in  
a n  a n a l o g o u s  way .  T h e  b o t t o m  p a r t s  of t h e  s a m p l e s  
w e r e  n o t  a n a l y z e d ,  as t h e  excess  of CdI2 w a s  s e t t l e d  
as a s e d i m e n t .  T h e  s o l u b i l i t y  w a s  f o u n d  to b e  o n l y  
0.135 x 1 0 - a g  of CdI2 p e r  g r a m  of i od ine  a t  125~ 
( a v e r a g e  of 3 s a m p l e s ) .  H o w e v e r ,  i n  t h e  p r e s e n c e  of 
K I  m u c h  m o r e  CdIz is d i s t r i b u t e d  h o m o g e n e o u s l y  in  
l i q u i d  iod ine ,  c o n f i r m i n g  t h e  f o r m a t i o n  of a c o m p l e x  
sal t .  

To d e t e r m i n e  t h e  c o m p o s i t i o n  of t h e  c o m p l e x  sal t ,  
13.1922g CdI2 a n d  3.0078g KI,  c o r r e s p o n d i n g  to a m o l e  
r a t i o  of 2 m o l e s  CdI2 to 1 m o l e  KI ,  w e r e  p u t  i n t o  
29.8232g of i o d i n e  a t  125~ T h e  top  p a r t  of t h e  
q u e n c h e d  s a m p l e  w a s  a n a l y z e d .  U n d e r  t h e  a s s u m p t i o n  
t h a t  t h e  K I  w a s  d i s t r i b u t e d  h o m o g e n e o u s l y  in  t h e  
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Fig. 2. Corrosion of cadmium in solutions of KI and liquid 
iodine: o, iodine -~- KI; e, iodine + KI + Cdl2. 

iodine ,  0.10085g K I  s h o u l d  b e  p r e s e n t  p e r  l g  of i od ine ;  
t h e  a m o u n t  of sa l t  f o u n d  p e r  g r a m  of i o d i n e  w a s  
0.2098g, l e a v i n g  0.1090g CdI2. T h i s  r e s u l t  c o r r e s p o n d s  
to a r a t i o  2.04 m o l e s  of K I  to 1 m o l e  of CdI2, w h i c h  is 
in  a g r e e m e n t  w i t h  t h e  f o r m u l a  K2CdI4. 

Corrosion of Cadmium by Electrolyte  
C a d m i u m  c o r r o d e s  in  i o d i n e  o n  o p e n  c i rcu i t .  T h i s  

co r ros ion ,  w h i c h  c o n s u m e s  c a d m i u m  w i t h o u t  c o n t r i b -  
u t i n g  to t h e  c u r r e n t ,  w a s  m e a s u r e d  as a f u n c t i o n  of 
t h e  K I  c o n c e n t r a t i o n  in  t h e  e l e c t r o l y t e .  R e c t a n g u l a r  
p l a t e s  m e a s u r i n g  2.5 x 1.25 x 0.1 cm 3, w e r e  cu t  f r o m  
c a d m i u m  s h e e t s  a n d  c l e a n e d  in  e t h y l  a lcohol .  T h e  
w e i g h e d  c a d m i u m  s a m p l e s  w e r e  s e a l e d  i n t o  t e s t  t ubes ,  
c o n t a i n i n g  30g of i o d i n e  a n d  b e t w e e n  0 a n d  16g of KI ,  
a n d  w e r e  k e p t  a t  125~ T h e  c a d m i u m  s p e c i m e n s  w e r e  
r e m o v e d  f r o m  t h e  s o l u t i o n s  a f t e r  22 h r ,  c l e a n e d  w i t h  
e t h y l  a lcohol ,  a n d  t h e  w e i g h t  loss w a s  d e t e r m i n e d .  In  
s a m e  cases  a c o n s i d e r a b l e  c h a n g e  of t h e  s u r f a c e  a r e a  
( u p  to 2 0 % )  a n d  l i k e w i s e  in  t h e  c o n c e n t r a t i o n  of K I  

t ook  p l ace  d u r i n g  t h e  r e a c t i o n .  T h e  c o r r o s i o n  r a t e s  
w e r e  a d j u s t e d  fo r  t h e s e  s u r f a c e  c h a n g e s  a n d  c o n c e n -  
t r a t i o n  c h a n g e s  b y  t a k i n g  t h e  a r i t h m e t i c  m e a n s  of t h e  
e r i g i n a l  a n d  f inal  s u r f a c e  a r e a s  a n d  a v e r a g i n g  t h e  c o n -  
c e n t r a t i o n s  t h e  s a m e  way .  T h e s e  c o r r e c t e d  r a t e s  
( m i l l i g r a m s  of  c a d m i u m  c o n s u m e d  p e r  c m  2 p e r  h o u r )  
h a v e  b e e n  p l o t t e d  in  Fig.  2 vs. t h e  c o n c e n t r a t i o n  of K I  
in  t h e  s o l u t i o n  ( o p e n  c i r c l e s ) .  I n  sp i t e  of t h e  f ac t  t h a t  
t h e s e  c o r r o s i o n  r a t e s  s h o w  c o n s i d e r a b l e  s c a t t e r i n g ,  t h e  
d i a g r a m  i n d i c a t e s  c l e a r l y  a c o n t i n u o u s  i n c r e a s e  of t h e  
c o r r o s i o n  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of K I  u p  to t h e  
l i m i t  of s o l u b i l i t y  ( i n d i c a t e d  b y  a v e r t i c a l  so l id  l i n e ) .  
T h e  r e a c t i o n  r a t e  k e e p s  c o n s t a n t  on  a d d i n g  m o r e  KI ,  
b u t  dec l ines  r a t h e r  r a p i d l y  fo r  s o l u t i o n s  w h i c h  c o n t a i n  
c o n s i d e r a b l y  m o r e  K I  t h a n  s o l u b l e  (40-50g K I  p e r  
100g of i o d i n e ) .  T h e  r e a c t i o n  r a t e  fo r  a n  i o d i n e  s o l u -  
t ion  s a t u r a t e d  w i t h  K I  is 0.014 g / h r  c m  2, t h a t  of p u r e  
i od ine  is 0.0013 g / h r  c m  2. 

T h e  i n f l u e n c e  of K I  on  t h e  c o r r o s i o n  is r e d u c e d  b y  
a d d i n g  CdI2 to t h e  so lu t ion ,  d u e  t o  t h e  f o r m a t i o n  of 
K2CdI4. T e n  s a m p l e s  w e r e  p r e p a r e d  as  d e s c r i b e d  
a b o v e ;  h o w e v e r ,  K I  w as  a d d e d  as  a m i x t u r e  of K I  a n d  
CdI2 in  a m o l e  r a t i o  2:1.  In  Fig. 2 a l l  t h e s e  p o i n t s  
( f i l led c i rc les )  a r e  l oca t ed  w i t h i n  t h e  r e c t a n g l e  w h i c h  

is l i m i t e d  b y  d a s h  l ines.  T h e s e  c o r r o s i o n  r a t e s  a r e  o n l y  
as h i g h  as t h o s e  w h i c h  h a v e  b e e n  o b t a i n e d  f o r  p u r e  
iod ine .  

Corrosion of Cathode Materials by Electrolyte  
Q u a n t i t a t i v e  r e s u l t s  as to h o w  b a d l y  p l a t i n u m  is 

a t t a c k e d  b y  i o d i n e  s o l u t i o n s  a t  125~ a re  g i v e n  in  
T a b l e  I. T h e  d a t a  i n d i c a t e  a v e r y  s l ow  a t t a c k  of p u r e  
i od ine  o n  p l a t i n u m ,  p r o b a b l y  d u e  to a c o m p o u n d  w h i c h  
p a s s i v a t e s  t h e  su r face .  T h e  h i g h e r  r e a c t i o n  r a t e s  in  

Table I. Pt corrosion 

R e a c t i o n  r a t e ,  
T i m e  o f  C o n c e n t r a t i o n  o f  s o l u t i o n ,  g r a m s  P t  p e r  

e x p o s u r e ,  h r  g r a m s  K I  p e r  g r a m  i o d i n e  c m  ~ p e r  h o u r  

22 0 .70  5 .6  x 1 0 4  
2 6  0 .25  4 .9  • 10 4 
2 4  0 9 .7  x 10  -6 

t h e  p r e s e n c e  of p o t a s s i u m  iod ide  c a n  b e  e x p l a i n e d  b y  
t h e  f o r m a t i o n  of a s o l u b l e  c o m p l e x ,  s i m i l a r  to  t h e  b e -  
h a v i o r  of c a d m i u m .  

G r a p h i t e  a n d  m o l y b d e n u m  s h o w e d  p r a c t i c a l l y  n o  
c o r r o s i o n  in  so lu t i ons  of K I  a n d  iod ine .  T h e  p o t e n t i a l  
d i f f e r e n c e  b e t w e e n  a p l a t i n u m  a n o d e  a n d  a g r a p h i t e  
c a t h o d e  in  K I - i o d i n e  so lu t i ons  w a s  f o u n d  to b e  s m a l l e r  
t h a n  0.002v, w h i l e  a m o l y b d e n u m  a n o d e  s h o w e d  less  
t h a n  0.0005v a g a i n s t  a g r a p h i t e  ca thode .  

Conduct iv i ty  of Solid CdI2 
S a m p l e s  fo r  m e a s u r i n g  t h e  c o n d u c t i v i t y  of p o l y -  

c r y s t a l l i n e  CdI2 w e r e  p r e p a r e d  as fo l lows.  A c l e a n  
c o p p e r  t u b e  was  d i p p e d  i n to  a CdI2 me l t .  A g r a p h i t e  
r o d  b e a r i n g  t w o  p ieces  of g lass  t u b e  as s p a c e r s  w a s  p u t  
i n to  t h e  m e l t  c o n c e n t r i c  w i t h  t h e  c o p p e r  e l ec t rode .  
A f t e r  t h e  CdI2 h a d  sol idif ied,  t h e  s a m p l e  w a s  p u t  i n to  
a s n u g - f i t t i n g  g lass  t u b e  t o g e t h e r  w i t h  a t h e r m o c o u p l e  
a n d  p l a c e d  i n  t h e  t h e r m o s t a t .  T h e  r e s i s t a n c e  w a s  m e a s -  
u r e d  a t  60 cps, one  t i m e  g o i n g  f r o m  r o o m  t e m p e r a t u r e  
to 200~ a n d  t h e n  on  coo l ing  d o w n  to r o o m  t e m p e r a -  
t u r e  aga in .  

A t  l e a s t  t w o  t e r m s  a r e  n e e d e d  to d e s c r i b e  ion ic  c o n -  
d u c t i v i t y  of sol ids  (7 ) .  One  e x p r e s s i o n  t a k e s  ca r e  of 
t h e  c o n d u c t a n c e  b y  l a t t i c e  defec t s ,  c h a r a c t e r i z e d  b y  a 
r e l a t i v e l y  l ow  e n e r g y  of  a c t i v a t i o n  E ' ;  t h e  s e c o n d  e x -  
p r e s s i o n  d e s c r i b e s  t h e  m i g r a t i o n  of t h e  n o r m a l  ions  
t h r o u g h  t h e  l a t t i ce ,  i m p e d e d  b y  a n  e n e r g y  b a r r i e r  E, 
i.e., z ( T )  ~ A e x p  ( - - E / R T )  + A' e x p  ( - - E ' / R T ) .  To 
r e p r e s e n t  t h e  d a t a  b y  a f o r m u l a  of t h i s  k ind ,  t h e  m e a s -  
u r e d  r e s i s t a n c e  v a l u e s  w e r e  c o n v e r t e d  i n to  c o n d u c -  
t iv i t i e s ,  a n d  a n  i t e r a t i o n  p roces s  w a s  e x e r c i s e d .  T h e  
b e s t  fit  was  o b t a i n e d  fo r  ~ = 0.14 e x p  (--12350/RT) 
+ 5.2 x 10 - s  exp  (--1990/RT) [0 ~ T ~ 200~ In  
Fig.  3 b o t h  m e m b e r s  of t h i s  e q u a t i o n  a r e  d r a w n  on a 
l o g a r i t h m i c  sca le  as s t r a i g h t  l ines ;  a d d i t i o n  of t h e s e  
p a r t i a l  c o n d u c t i v i t i e s  f u r n i s h e s  t h e  c u r v e ,  to  w h i c h  t h e  
s t r a i g h t  l i ne s  a r e  a s y m p t o t e s .  T h e  m a x i m u m  d e v i a t i o n  
of t h e  m e a s u r e d  v a l u e s  f r o m  t h i s  c u r v e  is a b o u t  2 5 % .  
D i f f e r e n t  s a m p l e s  s h o w e d  a r e p r o d u c i b i l i t y  w i t h i n  0.5 
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Fig. 4. Cell with concentric electrodes 

kca l /mole  for the energies of act ivat ion E = 12.35 
kca l /mole  and E' = 1.99 kcal /mole ,  whi le  the absolute 
conduct ivi ty  values are rel iable only within  a factor  2 
which is probably due to differences in contact be-  
tween the polycrysta l l ine  CdI2 and the electrodes and 
to other  effects, which were  created by the p re t rea t -  
ment  of the samples. The data which are given here 
are those obtained f rom the sample which furnished 
the highest  conduct ivi ty  values. 

Voltage-Current Relationships 
For these measurements  U-shaped or H-shaped con- 

duct ivi ty vessels were  used; if a low inner  resistance 
was desired for an experiment ,  a cell with concentr ic  
electrodes, as shown in Fig. 4, was employed. If pure  
iodine is used as electrolyte,  an open-ci rcui t  vol tage of 
0.98v (as measured by a potent iometer)  builds up 
after  the cadmium has been in the l iquid for several  
minutes. A high concentrat ion of KI  in the electrolyte  
favors high currents  due to the increased conductivi ty;  
however ,  it also causes the emf of the cell  to drop. The 
vol tage recovers  if CdI2 is added, which is accompanied 
by an increase of the inner  resistance. If a clean cad- 
mium anode is dipped into a KI - iod ine  solution, a 
vol tage builds up instantaneously (about 0.55v within  
the first second, 0.80v within  1 min) .  It was observed 
repeatedly  that  the vol tage decreased more  or less if 
no current  was drawn, but  recovered if a high enough 
cur ren t  passed the cell. These phenomena  were  in-  
vest igated by de termining the relat ionship be tween 
current  and vol tage for several  compositions of the 
electrolyte.  A tempera tu re  of 125~ was chosen, as 
there  is no pronounced t empera tu re  dependence of the 
emf. 

A U-shaped  vessel, which contained a graphi te  rod 
and a cadmium rod as electrodes, was used. The c i r -  
cui t ry  included a potent iometer ,  a sensi t ive ammeter ,  a 
var iab le - load  resistor, and an auxi l ia ry  voltage source. 
The resistance of the electrodes plus their  leads was 
small  (<0.5%) compared to the whole  resistance of 
the cell. 

Curve I in Fig. 5 was obtained with  an iodine solu-  
tion containing 5g KI  per  100g of iodine. A cur ren t  of 
1 ma corresponds approximate ly  to a current  densi ty 
of 0.5 m a / c m  2. Open circles represent  measurements  
wi th  increasing voltage, squares mark  a decreasing 
voltage. Posi t ive currents  were  produced by the emf 
of the cell and a var iab le  load resistor; negat ive 
currents  were  furnished by an adjustable  countervol t -  
age (Cd cathode).  At negat ive  and small  posit ive cur-  
rents a l inear  relat ionship be tween  vol tage and current  
was found, but  the slope changed above 5 ma (dash 

l0 

- 5  

-10 
Curve I 0.5 1.0 1.5 

I I I 
Curve 1T 0D 0.5 1.0 

I I I 
Curve TIT 0.5 1.0 1.5 

VOLTAGE [V ] 
Fig. 5. Voltage/current relationship of the system Cd/liq. 

iodine + KI/C. These solutions contain per 100g iodine: (I) 5g 
KI; (11) 10g KI; (111) 15g KI and 17g Cdl2. 

curve) .  The cur ren t  increased on s t i r r ing the solution 
resul t ing in a va lue  of 12.6 ma at 0.10v which coincides 
wi th  the straight line at the lower  par t  of curve I. 
This s traight  line was confirmed by measur ing again 
at increasing vol tage whi le  s t i r r ing continuously 
(filled circles).  

The l inear i ty  be tween current  and vol tage could be 
improved,  wi thout  s t i r r ing the  electrolyte,  by adding 
more KI  to the solution. Solution II contained 10g 
KI per 100g of iodine (curve  II) .  The vol tage values 
have  been displaced by 0.3v in Fig. 5 to avoid over -  
lapping with  curve  I. The open circles again represent  
an increasing voltage, the squares indicate a decreas-  
ing voltage. The values are not exact ly  located on a 
straight  line (which is made  plain by the course of the 
dash branch) .  No difference was noticed when  the 
solution was s t i r red (filled circles) .  The inner  resist-  
ance which is calculated f rom the posit ive branch is 
R ( + ) - - - - 5 4  ohms, whi le  the negat ive branch corre-  
sponds to R ( - - )  = 50 ohms. A typical  example  for 
pairs of values R ( + )  and R ( - - ) ,  which w e r e  measured  
by an a-c bridge, is given for various concentrations 
of the electrolyte,  in Table II. 

Table II. Dependence of OCV and R on concentrations of 
electrolyte 

C o n c e n t r a t i o n ,  R ( - - ) ,  R ( + ) ,  R ( + ) - - R ( - - ) ,  Open-circuit 
g K I / 1 0 0 g  i o d i n e  o h m s  o h m s  o h m s  v o l t a g e ,  v 

0.17 130 200 70 0.965 
0,34 43 155 112 0.976 
0.59 22 60 38 0.960 
0.96 11 60 49 0.967 
1.54 8 50 42 0.969 
2.19 7.3 46 38.7 0.968 
2.98 6.3 20 13.7 0.960 
3.90 5.0 15 10.0 0.908 
4.63 2.5 2.8 0.3 0.892 
5.72 1.70 1.75 0.05 0.897 
7.02 1.15 1.40 0.25 0.990 
8.60 0.85 0.96 0.11 0.875 

11.06 0.75 0.65 0.10 0.870 
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The (-k) sign designates a cadmium anode, the re -  
versed vol tage (Cd cathode) is marked  by the (--)  
sign. Typical  for this series is: It  is always R( -P)  > 
R ( - - ) .  The difference A R = R ( q - ) - - R ( - - )  becomes 
smaller  wi th  increasing concentrat ion of KI. The de- 
crease of AR is accompanied by a decrease of the open 
circuit  voltage.  The vol tage decreases slowly at low 
concentrations, but  the vol tage drop becomes more  
pronounced at h igher  concentrat ions (above 3g of KI  
per  100g of iodine).  These three  s tatements  have  been 
found to be t rue  for all iodine cells containing e i ther  
cadmium or mercu ry  as an electrode. 

Curve III  in Fig. 5 finally shows how an excess of 
CdI2 in the solution influences the vo l t age-cur ren t  de- 
pendence. A solution of 15g (0.090 moles) KI and 17g 
(0.046 moles) CdI2 in 100g of iodine was used. Again 
the vol tage has been displaced in the plot for reasons 
of clarity. This t ime the curva ture  at posit ive currents  
could not be avoided by stirring. The deviat ion f rom 
a l inear  relat ionship be tween  current  and vol tage at 
posit ive currents,  which was observed when  the mole  
ratio of CdI2 to KI  exceeded 0.5, has been pursued to 
higher  voltages. 

A solution containing 16g (0.044 moles) CdI2 and lg  
(0.008 moles) KI  per  100g of iodine was used. Two 
cadmium strips served as electrodes. Each cur ren t  
reading was taken about 2 rain after the vol tage had 
been changed, when  a ra ther  constant value  had been 
established (Fig. 6, open circles).  A smoother curve, 
resembling a hysteresis loop (filled circles),  was ob- 
tained as follows: 

The vol tage was increased in small  steps and cur ren t  
readings were  taken. As soon as the current  s tar ted 
fal l ing off (at 1.35v) the vol tage was increased swift ly 
to keep a constant cur ren t  of 2.4 ma. At  15.5v the cur-  
rent  started again to increase wi th  fu r the r  increase of 
the voltage. The vol tage was then decreased in an ana-  
logous way. Replacing the cadmium cathode by a gra-  
phite rod did not change the shape of the hysteresis  
loop, whi le  rep lacement  of the cadmium anode re -  
sulted in a l inear  relat ionship be tween  current  and 
vol tage (measured up to 4v). The hysteresis loop dis- 
appeared if more  KI  was added. This finding means 
that  there  is passivation occurr ing at the anode if too 
much CdI2 is present.  

Cells which contain an excess of CdI2 show a con- 
siderable decrease of the current  wi th  time, as the 
react ion product  cannot go into solution by the fo rma-  
tion of K2CdI4. The next  exper iment  elucidates this 
point: A U-shaped vessel wi th  a cadmium anode and a 
graphi te  cathode contained 25g (0.15 moles) KI, 30g 
(0.12 moles) CdI2, and 150g of iodine. A load resistor 
was continuously adjusted to keep the externa l  re -  
sistance equal  to the inner resistance of the cell. Table 
III  lists the t ime dependence of the current  together  
wi th  the changing inner  resistance Ri. 

There  is a l inear  decrease of the current  wi th  time, 
af ter  a re la t ive ly  constant current  has been flowing 
for a certain time. This change is due to a l inear  in-  
crease of the inner  resistance, because the open-ci rcui t  
vol tage of the cell r emained  constant. These measure -  
ments were  reproduced by replacing the anode by an 
equal  piece of cadmium which had just  been polished 
with  emery  paper. 

C e l l  P e r f o r m a n c e  
The current  of a U-shaped  cell wi th  an inner re -  

sistance of about 50 ohms has been kept  constant 
wi thin  1% for more than 24 hr  at the m a x i m u m  power  
output  ( inner  resistance equal  to load resistance).  
The power  output  for a cell wi th  a low inner  resistance 
(Fig. 4) is about 0.01 w / c m  2. For  one typical sample, 
using a solution of 10g KI and 100g of iodine and a 
cadmium rod wi th  9.4 cm 2 of its surface exposed to the 
liquid, a constant cur ren t  of 245 ma at 0.45v was ob- 
ta ined for 1 hr;  af ter  2 hr  the cur ren t  was still  240 
ma (125~ solution not s t i r red) .  This current  corre-  
sponds to a power  output  of 0.45 x 0.245 = 0.11w or 
0.012 w / c m  2. With another  cell, which had been 
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Table Ill. Dependence of current with time 
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Time,  t, r a in  Cur r en t ,  i, m a  

Ai 
/ma~\minml__] I n n e r  res i s tance ,  

At R~, o h m s  

0 1.1 O.O0 409 
5 1.O 0.02 450 

17 1.0 O,0O 450 
32 0.95 0.003 474 
37 0.87 0.016 517 
42 0.72 0.03 625 
45 0.62 0.03 726 
48 0.52 0.03 865 
52 0.38 0.03 1184 
55 0.28 0.03 1607 
57 0.21 0.03 2140 
60 0.09 0.04 5000 

stirred, up to 0.026 w / c m  2 were  obtained for a short 
t ime (10-15 min) .  

It  was not possible to recharge  the cell. The plat ing 
out of cadmium on the Cd-cathode was always over -  
compensated by corrosion. 

L o s s e s  o f  C u r r e n t  a n d  V o l t a g e  

The corrosion of cadmium in iodine may  be de-  
scribed in terms of a localized current,  ic, (difference 
effect).  The total  anodic current,  ia, is given by the 
sum of current  ie which is del ivered to the ex te rna l  
circuit  and iv. The total  anodic current,  ia, is pro-  
port ional  to the total weight  loss of the cadmium anode 
Am. The amount  ~ m '  of cadmium which supports the 
current  in the externa l  circuit  is proport ional  to ie. 
Thus the current  efficiency is given by 

ie ie A m '  

ic  -[- ie  i a  A m  

The exper imenta l  results, which were  obtained with  
three  different cells, are given in Table IV. Current  ie 
was measured  by the si lver deposit  in a coulometer.  
The concentrat ion of the electrolyte  was at least 15g 
KI  per 100g of iodine during all these measurements .  
Table IV shows that  the current  efficiency is propor-  
t ional to the current  density up to 35 ma, where  cor-  
rosion becomes negligible and an opt imum current  
efficiency has been reached. 

There  are not sufficient thermodynamic  data avai l-  
able to calculate the exact  emf which is provided by 
the react ion of cadmium and iodine to fo rm CdI2 at 
125~ The s tandard f ree  entha lpy  I (at 25~ aGf  ~ for 
this react ion is --48.0 kca l /mole  (8), and the s tandard 
emf  is given according to Nernst ' s  equat ion by 

a G f  ~ 
Eo -- [volts] (AGjf ~ in kca l /mole )  

23.04 x ne 

This value  corresponds to 48.0/23.04 x 2 : 1.04v. The 
emf at 125~ for this react ion is expected to differ only 
sl ightly f rom this value.  This assumption can be 
supported by a corresponding calculation for the 
mercury- iod ine  system, which also has been invest i -  
gated, and was found to behave analogous to the cad- 
mium- iod ine  cell: 

The s tandard f ree  enthalpy for the format ion of 
the red modification of HgI2 is ~ G f  ~ = H$  ~ - -  T ~ S f  ~ ~- 
- -  24.0 kca l /mo le  (at 25~ (9, 10) and thus E0 
0.520v. It was evaluated  f rom the heat  capacities cp 

1 The  m a g n i t u d e  G = H -- T S  is  d e s i g n a t e d  as  " f r ee  e n t h a l p y "  
in  c o n f o r m i t y  w i t h  a s u g g e s t i o n  of t he  C o m m i s s i o n  fo r  N o m e n c l a -  
t u r e  and  E l e c t r o c h e m i c a l  Def in i t ions  of  C.I.T.C.E. 

Table IV. Experimental current efflciencles 

A v e r a g e  C u r r e n t  
c u r r e n t  To ta l  C u r r e n t  dens i ty ,  

Cel l  No. passed,  m a  t ime,  h r  efficiency, % m a / c m ~  

I 24.8 19.5 24.4 6.9 
I 15.1 26.0 17.2 4.8 
I 125 2.8 100 34.7 

I I  160 3.0 41.4 12.8 
I I  195 1.5 46.0 15.6 
I I  290 1.5 65.3 23.4 
I I  367 4.0 82.3 29.6 

I I I  10 24.0 24.5 4.35 
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of t h e  c o m p o n e n t s :  AGf ~ (125~ = - -  23.8 k c a l / m o l e  
or  E ---- 0.516v. Th i s  v o l t a g e  d i f fe rs  o n l y  s l i g h t l y  f r o m  
t h e  v a l u e  a t  25~ E x p e r i m e n t a l l y  a n  e m f  of 0.51v 
h a s  b e e n  f o u n d  for  t h e  s y s t e m  H g / l i q u i d  i o d i n e / P t  a t  
125~ 

S e v e r a l  o t h e r  me ta l s ,  e.g., Ag, Mg, Zn,  A1, Sn,  a n d  
Pb ,  w e r e  t e s t e d  for  t h e  a b i l i t y  to  p r o d u c e  e l e c t r i c i t y  
b y  t h e i r  r e a c t i o n  w i t h  l i q u i d  iod ine .  T h e  v o l t a g e s  
w h i c h  w e r e  o b t a i n e d  w i t h  a p l a t i n u m  c a t h o d e  fo r  
t h e s e  m e t a l s  a t  125~ w e r e  f o u n d  in  r e a s o n a b l e  a g r e e -  
m e n t  w i t h  t h e  t h e o r e t i c a l  va lues ,  w h i c h  w e r e  c a l c u -  
l a t e d  f r o m  t h e  f r e e  e n t h a l p i e s  of f o r m a t i o n  a t  25~ 

T h e r e f o r e ,  c o n s i d e r i n g  t h e  s t a n d a r d  emf ,  E0 ~ 1.04% 
t h e  t h e o r e t i c a l  v a l u e  fo r  t h e  f o r m a t i o n  of CdI2 a t  
125~ s h o u l d  b e  in  a g r e e m e n t  w i t h  t h e  v o l t a g e  of 0.98v 
w h i c h  h a s  b e e n  m e a s u r e d  w i t h  p u r e  i o d i n e  a n d  i o d i n e  
s o l u t i o n s  c o n t a i n i n g  l o w  c o n c e n t r a t i o n s  of p o t a s s i u m  
iodide.  

T h e  f o l l o w i n g  e x p e r i m e n t  w a s  d o n e  to d e t e r m i n e  
w h e t h e r  t h e  v o l t a g e  d r o p  d u e  to  a n  i n c r e a s e  of K I  
in  t h e  e l e c t r o l y t e  is c a u s e d  a t  t h e  a n o d e  or  a t  t h e  
ca thode .  A c o n d u c t i v i t y  ves se l  w a s  u s e d  in  w h i c h  t h e  
a n o d e  a n d  c a t h o d e  l i m b s  h a d  b e e n  s e p a r a t e d  b y  
p l u g g i n g  t h e  c o n n e c t i n g  t u b e  b e t w e e n  t h e  c o m p a r t -  
m e n t s  w i t h  glass  wool .  

( I )  A t  f i rs t  p u r e  i o d i n e  w as  u s e d  as e l e c t r o l y t e ;  
fo r  t h i s  s y s t e m  C d / l i q u i d  i o d i n e / C  a v o l t a g e  
E0 ~ 0.98v w a s  o b t a i n e d .  

( I I )  To t h e  c a t h o d e  c o m p a r t m e n t  10g K I  p e r  100g 
of i o d i n e  w e r e  a d d e d  w h i c h  c a u s e d  t h e  v o l t a g e  
to d r o p  0.02v. T h u s  t h e  v o l t a g e  fo r  t h i s  s y s t e m  
C d / l i q u i d  i o d i n e / / l i q u i d  i o d i n e  + K I / C  is 
e q u a l  to E~ ~ E0 - -  0.02 ~ 0.96v. 

( I I I )  E x c h a n g i n g  Cd-  a n d  C - e l e c t r o d e  (or  a d d i n g  
K I  to t h e  C d - c o m p a r t m e n t  f r o m  t h e  b e g i n -  
n i n g )  r e s u l t e d  in  a v o l t a g e  of E2 ~ 0.79v. 

( IV)  C h a n g i n g  b a c k  t h e  e l e c t r o d e s  to pos i t i on  ( I I )  
d id  no t  r e s u l t  i n  r e g a i n i n g  t h e  c o r r e s p o n d i n g  
v o l t a g e  El ;  on ly  t h e  l o w e r  v o l t a g e  E 2  ~ 0.79v 
w a s  s u s t a i n e d .  H o w e v e r ,  t h e  v o l t a g e  s t a r t e d  to 
i n c r e a s e  s l o w l y  ( f a s t e r ,  if  a c u r r e n t  w a s  
d r a w n )  a n d  w i t h i n  90 m i n  a v o l t a g e  of 0.96v 
h a d  b e e n  r e - e s t a b l i s h e d .  R e v e r s i n g  t h e  e l ec -  
t r o d e s  a f t e r w a r d s  to p o s i t i o n  ( I I I )  r e s u l t e d  
a g a i n  in  t he  l o w e r  v o l t a g e  of 0.79v. 

T h e  f o l l o w i n g  p o t e n t i a l s  h a v e  to b e  c o n s i d e r e d  fo r  
d e s c r i b i n g  t h e s e  s y s t e m s :  

1. E0 ~ 0.98v is t h e  v o l t a g e  w h i c h  ha s  b e e n  o b -  
s e r v e d  fo r  p u r e  i od ine ;  i t  is g i v e n  b y  t h e  s t a n d a r d  
p o t e n t i a l  in  N e r n s t ' s  e q u a t i o n .  

2. E'  is d e s c r i b e d  b y  t h e  c o n c e n t r a t i o n  d e p e n d e n t  
p a r t  of N e r n s t ' s  e q u a t i o n :  

R T  
E ~ E 0 - - - ~ l n  [ I - ] 2 [ C d  ~ +] = E 0 - - E '  

T h u s  t h e  a d d i t i o n  of K I  to t h e  h o m o g e n e o u s  s o l u t i o n  
causes  t h e  p o t e n t i a l  to  d e c r e a s e  a t  t h e  c a t h o d e  d u e  to 
t h e  i n c r e a s e d  c o n c e n t r a t i o n  of iod ide  ions.  T h e  iod ide  
can  b e  h i g h e r  associa tes ,  e.g., I3 - .  T h e  f o r m a t i o n  of  
t h e  c o m p l e x  ions  ( C d I 4 ) - -  i n c r e a s e s  t h e  p o t e n t i a l  
E'  a c c o r d i n g  to t h e  r e l a t i o n s h i p  

[ C d I 4 - - ]  
[Cd + +] = k 

[ I - ] 4  

3. If  t h e  a n o d e  a n d  c a t h o d e  c o m p a r t m e n t s  c o n t a i n  
d i f f e r e n t  c o n c e n t r a t i o n s  of KI ,  a c o n c e n t r a t i o n  p o t e n -  
t i a l  E" is s u p e r i m p o s e d .  

Eo, E', a n d  E" do n o t  suffice to a c c o u n t  fo r  t h e  o b -  
s e r v e d  p o t e n t i a l  changes .  A p o t e n t i a l  d r o p  f r o m  0.98 
to 0.96v as d e s c r i b e d  u n d e r  ( I )  a n d  ( I I )  c a n  b e  e x -  
p l a i n e d  b y  c o n c e n t r a t i o n  d i f f e r ences  in  t h e  e l e c t r o -  
l y t e ;  h o w e v e r ,  a d e c r e a s e  f r o m  0.96 to  0.79v [cf. ( I I I ) ]  
a n d  t h e  s low r e c o v e r y  of t h e  v o l t a g e  [cf. ( I V ) ]  c a n -  
n o t  b e  a t t r i b u t e d  to c o n c e n t r a t i o n  po t en t i a l s .  C h a n g e s  
at  t he  g r a p h i t e  (or  p l a t i n u m )  c a t h o d e  w h i c h  b e h a v e s  
l ike  a n  i o d i n e - i o d i d e  e l e c t r o d e  c a n  b e  r u l e d  out ,  too. 
I t  s e e m s  r e a s o n a b l e  t h a t  a l a y e r  of CdI2 on  t h e  a n o d e  

is n e c e s s a r y  to m a i n t a i n  t h e  s t a n d a r d  p o t e n t i a l  E 
Eo - -  E', p r e v e n t i n g  a s h o r t  c i r cu i t  c a u s e d  b y  a loca l  
ce l l  ac t ion .  

As  CdI2 is a t y p i c a l  ion ic  c o n d u c t o r  (cf. Fig.  3) ,  i t  
is p e r m e a b l e  f o r  a t  l e a s t  one  k i n d  of r e a c t i n g  ions,  
p r e s e n t s  a h i g h  r e s i s t a n c e  to e l ec t rons ,  a n d  k e e p s  
n e u t r a l  i o d i n e  m o l e c u l e s  off t h e  c a d m i u m  su r f ace .  I f  
t h e  CdI2 l a y e r  b e c o m e s  too t h in ,  u n c h a r g e d  i o d i n e  
m o l e c u l e s  m a y  r e a c h  t h e  c a d m i u m  s u r f a c e  v i a  c r a c k s  in  
t h e  CdI2 depos i t ,  or  e l e c t r o n s  m a y  l e a k  t h r o u g h  b y  t h e  
t u n n e l  effect,  c a u s i n g  t h e  r e a c t i o n  I2 + 2e --> 2 I -  n e a r  
t h e  anode .  T h e  a n o d e  p r o v i d e s  t h e  e l e c t r o n s  fo r  t h i s  
r e a c t i o n  w h i c h  causes  t h e  a n o d i c  p o t e n t i a l  to  dec rease .  

I t  c a n n o t  b e  d e c i d e d  w h e t h e r  t h e  c u r r e n t  t h r o u g h  
t h e  CdI  l a y e r  is c a r r i e d  b y  Cd ++ or  b y  I - ;  b o t h  
poss ib i l i t i e s  a r e  g i v e n :  

1. C d - c a t i o n s  m o v e  t h r o u g h  t h e  CdI2 l a t t i c e  a n d  r e -  
ac t  w i t h  iod ide  ions  a t  t h e  b o u n d a r y  b e t w e e n  CdI2 
a n d  t h e  e l ec t ro ly t e .  

2. I - a n i o n s  m o v e  t h r o u g h  t h e  CdI2 l a y e r  a n d  r e a c t  
w i t h  c a d m i u m  a t  t h e  s u r f a c e  of t h e  anode .  

T h e  f o r m a t i o n  of a CdI2 d e p o s i t  on  t h e  a n o d e  w h i c h  
v a r i e s  i t s  t h i c k n e s s  a c c o r d i n g  to t h e  g i v e n  c o n d i t i o n s  
can  b e  i l l u s t r a t e d  b y  t h e  d a t a  g i v e n  in  T a b l e  II .  T h e  
c h a n g e  of t h e  i n n e r  r e s i s t a n c e  AR ~ R ( + )  - -  R ( - - )  
w h i c h  is f o u n d  u p o n  r e v e r s a l  of t h e  c u r r e n t  d i r e c t i o n  
c a n  b e  a t t r i b u t e d  to t h e  CdI2 l a y e r  on  t h e  Cd e l ec t rode .  
This deposit is dissolved more or less if the cadmium 
is used as a cathode because negative iodide ions move 
out of the Cdl2 into the electrolyte, and at the same 
time Cd cations move toward the cadmium cathode, 
resulting in the destruction of the ion conducting 
membrane. 

The equilibrium between the build-up of the Cdl2 
layer on the anode and its dissolving by the formation 
of soluble K2CdI4 depends on the concentration of KI 
near the anode. A higher concentration of KI enhances 
the dissolution of the CdI2 deposit, causing the differ- 
ence between the inner resistances R ( + )  and R (--) to 
diminish. The open-circuit voltage is reduced with 
the decrease of R ( + )  according to the above given 
explanation. 

The same reason can be applied to explain why the 
bend at the upper curve I in Fig. 5 is straightened, 
when the electrolyte is stirred: The process of dis- 
solving CdI2 is accelerated, as the transport of the 
reagent KI to the anode as well as the transport Of 
the final product KsCdI4 from the anode occur faster 
t h a n  i t  is pos s ib l e  b y  m e r e  d i f fus ion .  T h e  b e n d  of 
c u r v e  I I I  in  Fig.  5 is no t  i n f l u e n c e d  b y  s t i r r i n g  b e c a u s e  
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no  f r e e  K I  is a v a i l a b l e  in  t h e  e l e c t r o l y t e  to f o r m  t h e  
so lub l e  c o m p l e x  salt .  

S o m e  c a l c u l a t i o n s  w e r e  m a d e  to d e t e r m i n e  t h e  
t h i c k n e s s  of t h e  CdI2 d e p o s i t  o n  t h e  a n o d e .  T h e r e  a r e  
t h e  r e s u l t s  of t w o  m e a s u r e m e n t s  a v a i l a b l e ,  fo r  w h i c h  
t h e  CdI2 w a s  n o t  r e m o v e d  b y  t h e  f o r m a t i o n  of K2CdI4 
d u e  to t h e  l a c k  of K I  in  t h e  so lu t ion .  

I n  Fig.  6 t h e  i n c r e a s e  of t h e  v o l t a g e  f r o m  1.2 to 
15.5v a t  a c o n s t a n t  c u r r e n t  of 2.4 m a  is a t t r i b u t e d  to 
a g r o w i n g  CdI2 depos i t .  T h e  i n n e r  r e s i s t a n c e  Ri of 
t h e  ce l l  is c o m p o s e d  of t h e  v a r i a b l e  r e s i s t a n c e  R~ of 
t h e  CdI2 f i lm a n d  a c o n s t a n t  r e s i s t a n c e  Re ( e l e c t r o l y t e  
p lus  l e a d s ) .  F r o m  O h m ' s  l a w  Rf ~ E l i  - -  Re a n d  w i t h  
n u m e r i c a l  v a l u e s  t a k e n  f r o m  Fig.  6 

15.5 1 
R s = ~ 6000 o h m s  

2.4 x 10 - 3  2.2 x 10 -3  

W i t h  a n  e f fec t ive  a n o d e  s u r f a c e  of 12 cm 2 a n d  t h e  
specif ic  c o n d u c t a n c e  of CdI2 a t  125~ ~ = 2.5 x 10 - s  
o h m s  -1  c m  -1  t h e  a v e r a g e  t h i c k n e s s  of t h e  l a y e r  is 
12 x 6000 x 2.5 x 10 - s  ~ 1.8 x 10 -3  cm.  

T h e  d a t a  i n  T a b l e  I I I  s h o w  t h a t  t h e r e  w a s  a l i n e a r  
i n c r e a s e  of t h e  r e s i s t a n c e  w i t h  t i m e  a f t e r  t h e  c u r r e n t  
s t a r t e d  to dec l ine .  I f  t h i s  i n c r e a s e  of 4550 o h m s  is p r o -  
d u c e d  b y  a CdI2 depos i t  on  a a n o d e  s u r f a c e  of 10 cm e 
t h e  a v e r a g e  t h i c k n e s s  f o l l ow s  to  b e  10 x 4550 x 2.5 
x l0  - s  ~ 1.1 x 10 -~  cm. Th i s  r e s u l t  is in  a g r e e m e n t  
w i t h  t h e  f i rs t  va lue ,  w h i c h  w a s  o b t a i n e d  i n d e p e n d -  
en t ly .  

A n  a p p r o x i m a t e  va lue ,  h o w  t h i c k  t h e  CdI2 f i lm h a s  
to b e  in  o r d e r  to  s u p p o r t  t h e  emf,  c an  b e  c a l c u l a t e d  
f r o m  t h e  d a t a  in  T a b l e  II. T h e  d i f f e r e n c e  b e t w e e n  
R ( ~ )  a n d  R ( - - )  is c o n s i d e r e d  as t h e  r e s i s t a n c e  of t h e  
CdI2 film. F o r  h i g h  c o n c e n t r a t i o n s  of K I  in i o d i n e  i t  
w a s  f o u n d  R ( - ~ ) - - R ( - - ) ~ 0 . 1  ohm.  W i t h  a n  es t i -  
m a t e d  s u r f a c e  a r e a  of 20 c m  2 a f i lm t h i c k n e s s  of 0.1 x 
20 x 2.5 x 10 - s  ~ 5 x 10 - s  cm is c a l cu l a t ed .  As  CdI2 
is h e x a g o n a l  w i t h  a : 4.249A, c = 6.854A (11) t h e  
s t a t e d  f i lm c o r r e s p o n d s  w i t h i n  t h e  l i m i t s  of e r r o r  to 
o n e  m o n o l a y e r  of CdI2. Th i s  r e s u l t  a g r e e s  w i t h  v a l u e s  
w h i c h  h a v e  b e e n  o b t a i n e d  in  a q u e o u s  so lu t i ons :  P r o -  
t e c t i v e  f i lms w h i c h  h a v e  b e e n  p r o d u c e d  a f t e r  t h e  

a n o d i c  p o l i s h i n g  of me t a l s ,  w e r e  f o u n d  to b e  b e -  
t w e e n  one  m o n o l a y e r  a n d  100A t h i c k  (13) .  
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A B S T R A C T  

L e a d  a n d  l e a d  a l loys  w e r e  s u b j e c t e d  to a n o d i c  o x i d a t i o n  in  s u l f u r i c  ac id  
s o l u t i o n  u n d e r  p o t e n t i o s t a t i c  cond i t i ons .  T h e  c u r r e n t - t i m e  t r a n s i e n t s  r e v e a l  
t h a t ,  as  a r e s u l t  of i n h i b i t e d  ion ic  d i f fus ion  ac ross  t h e  c o r r o s i o n  film, a sec-  
o n d a r y  c o r r o s i o n  r e a c t i o n  t a k e s  p l a c e  b e l o w  t h e  l e a d  s u l f a t e  l a y e r  b u i l t  u p  in  
t h e  p r i m a r y  phase .  T h e  e x p e r i m e n t a l  f ind ings  a r e  e x p l a i n e d  in  t e r m s  of a h i g h  
loca l  p H  i n  t h e  i n t e r i o r  of t h e  c o r r o s i o n  film. T h i s  h y p o t h e s i s  is s h o w n  to  b e  
in  a c c o r d  w i t h  s e l f - d e p a s s i v a t i o n  p h e n o m e n a  a n d  c a t h o d i c  c o n s t a n t - c u r r e n t  
s t r i p p i n g  e x p e r i m e n t s .  T h e  p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n s  in  t h e  c o r r o s i o n  
f i lm a r e  d i s c u s s e d  i n  t h e  l i g h t  of n e w  p H - p o t e n t i a l  d i a g r a m s ,  c o n s t r u c t e d  
u n d e r  c o n s i d e r a t i o n  of t h e  f o r m a t i o n  of ba s i c  l e a d  su l fa t e s .  A m o d e l  f o r  t h e  
c o m p o s i t i o n  of t h e  c o r r o s i o n  f i lm is d e v e l o p e d  w h i c h  c o n f o r m s  to a l l  e x p e r i -  
m e n t a l  f indings ,  i n c l u d i n g  t h e  p h e n o m e n a  r e l a t i n g  to t h e  o h m i c  r e s i s t a n c e  of 
the  film. 

M u c h  w o r k  h a s  b e e n  d o n e  in  t h e  p a s t  on  a n o d i c  
c o r r o s i o n  of l e ad  in  s u l f u r i c  ac id  s o l u t i o n  u s i n g  t h e  
c o n s t a n t  c u r r e n t  t e c h n i q u e  (1 -10 ) .  T h i s  m e t h o d  is 
p a r t i c u l a r l y  s u i t a b l e  fo r  t he  i n v e s t i g a t i o n  of t h e  c o r -  
r o s i o n  p r o c e s s e s  a t  h i g h  a n o d i c  p o t e n t i a l s  in  t h e  r e g i o n  
of o x y g e n  e v o l u t i o n .  T h e  e l e c t r o d e  p o t e n t i a l  is t h e n  
f o r c e d  r a p i d l y  t h r o u g h  t h e  i n i t i a l  t r a n s i e n t ,  a n d  t h e  
e l e c t r o d e  is e x p o s e d  to l o w e r  p o t e n t i a l s  o n l y  o v e r  
s h o r t  p e r i o d s  of t ime .  I t  is di f f icul t  to  s t u d y  t h e  c o r r o -  

1 P r e s e n t  a d d r e s s :  L e c l a n c h ~  S.A. ,  Y v e r d o n ,  S w i t z e r l a n d .  

s ion  b e h a v i o r  a t  r e l a t i v e l y  l ow  e l e c t r o d e  p o t e n t i a l s  
w i t h  c o n s t a n t  c u r r e n t  t e c h n i q u e s  b e c a u s e  c e r t a i n  
p h a s e s  of t h e  f i l m - f o r m a t i o n  p roce s s  i n v o l v e  r e l a t i v e l y  
l a r g e  q u a n t i t i e s  of e l ec t r i c i ty ,  w h i l e  o t h e r s  r e q u i r e  
o n l y  m i n u t e  c o u l o m e t r i c  c u r r e n t  flow, r e s u l t i n g  in  co r -  
r e s p o n d i n g l y  w i d e l y  d i f f e r e n t  t i m e  p e r i o d s  w h i c h  a r e  
di f f icul t  to  m a n a g e  e x p e r i m e n t a l l y .  

I n v e s t i g a t i o n s  u s i n g  c o n s t a n t  p o t e n t i a l  t e c h n i q u e s  
l a r g e l y  a v o i d  t h e s e  p r o b l e m s  a n d  a l l o w  a p a r t i c u l a r l y  
c l e a r  r e s o l u t i o n  of t h e  d i f f e r e n t  p h a s e s  d u r i n g  t h e  i n i -  
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tial t ransients  of the f i lm-format ion process. Also wi th  
this technique,  the corrosion of lead can be studied 
convenient ly  at low potentials, e.g., at potentials near  
or below the revers ible  PbSO4/PbO2 couple. 

F i lm- fo rmat ion  on lead in sulfuric acid at constant 
potential  was first studied by Lander  (11,12), and 
la ter  Burbank  (13-15) and Maeda (16). However ,  
the exper imenta l  techniques applied by these authors 
were  crude, compared wi th  p resen t -day  standards, 
because they did not have avai lable to them auto-  
mat ical ly  regula t ing electronic potentiostats. Instead, 
the potentials were  control led by using a large 
counterelectrode and by manua l ly  adjust ing the  ex-  
ternal ly  applied vol tage be tween countere lec t rode and 
working electrode, whereby  it was presumed that  the 
counterelectrode did not change its own potent ial  
during the course of the experiment .  Lander  states 
that  the hal f -ce l l  potentials  were  control led to wi thin  
_+10 mv, while  Burbank  and Maeda do not revea l  their  
er ror  limits. The named authors also were  not  able to 
record initial cu r ren t - t ime  transients  accurately be-  
cause of the l imited response t ime of their  vo l tage-  
recording equipment.  

Electronic potentiostats for the study of anodic film- 
format ion  and anodic precipi ta t ion processes were  
used by Fleischmann, Thirsk, and co-workers .  The 
cu r ren t - t ime  traces obtained by Fle ischmann and 
Thirsk for anodic oxidation of lead (17) and si lver 
(18) in sulfuric acid, and mercury  (19) in hydro-  
chloric acid are similar  to results presented in this 
paper. The present  invest igat ion has, however ,  r e -  
vealed a new phenomenon,  not previous ly  described. 
It  becomes apparent  only if the cu r r en t - t ime  curves  
are recorded with high sensi t ivi ty over  prolonged 
periods of time. The effect to be described is re la ted to 
changes in the corrosion film due to inhibited mass 
t ransport  phenomena.  

The present  paper points out the importance of ionic 
diffusion processes in corrosion films and demonstrates  
that  a second corrosion product may  be formed, be-  
neath  a protect ing layer,  as a resul t  of deplet ion 
effects. 

Constant Potential Experiments 

The exper imenta l  cell used in these investigations is 
i l lustrated in Fig. 1. Cells of this type, machined of 
Luci te  or Teflon, or made  of Py rex  glass, comprised a 
reference electrode compar tment  connected through a 
capi l lary in the side wal l  to a working electrode com- 
partment .  The test electrode was clamped t ight ly  
against  a circular  hole of 1 cm 2 area in the bottom of 
the cell. O-r ings of neoprene or Teflon were  used as 
gaskets. Hg/Hg2SO4 reference  electrodes, which were  
careful ly  equi l ibra ted wi th  the acid in the test cell, 
were  used throughout  the investigation. The auxi l ia ry  
electrode was foil of plat inum. The whole  cell was in-  

C o u n t e r  E i e c t r o d e - ~ _ ~  i 

0 - Ring G a s k e t - ~  

M l c r o t o m e d  S a m p l e ~  

(Work ing  E l e c t r o d e )  L 

R e f e r e n c e  E l e c t r o d e  

~ Electrolyte 

~ Luggin C a p i l l a r y  

l - ~  Pressure Plate 

Fig. 1. Schematic drawing of corrosion cell 
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Fig. 2. Constant potential corrosion curves, showing current vs. 
time for Pb-Ca samples corroded at eight potentials from --0.60 to 
+l.40v vs. Hg/Hg2S04. 

serted into a nickel  or plastic can which was in turn 
immersed into a constant t empera tu re  wate r  bath at 
30 ~ ___ 0.1~ The electrolyte  was prepared  f rom tr iple 
disti l led water  and CP sulfuric acid. The surface of 
the test, or working,  electrode was careful ly  micro-  
tomed to a mirror-f inish.  The anodizing potent ia l  was 
applied immedia te ly  after filling the cell wi th  electro-  
lyte. 

In total, five cells were  used simultaneously,  con- 
nected to five electronic potentiostats. These had re -  
sponse times of bet ter  than 10 -4 sec and were  specially 
designed for low drift. The dr i f t  was 1 my or smaller  
over  a 24-hr period. The potent ia l  of the test elec- 
trodes was thus kept  at a constant value  wi th in  1 my. 
Each exper iment  was normal ly  carr ied out over  24 hr, 
but longer anodization periods were  also studied. 

Typical  initial cu r ren t - t ime  transients  at constant 
potent ia l  are presented in Fig. 2. The origin of the 
different traces is shifted along the abscissa to make  a 
clear presentation.  For this set of exper iments ,  the 
electrolyte  was 4.20M H2SO4 and the t empera tu re  30 ~ 
_+0.1~ The potential  expressed against a Hg/Hg~SO4 
reference  electrode in the same solution is given at the 
top of each curve. The test electrode was a Pb-Ca  
alloy containing 99.925% Pb and 0.075% Ca. Severa l  
other  lead alloys were  also studied, but  in the present  
paper  only the results wi th  0.05 and 0.075% Pb-Ca  
alloys will  be presented because of their  increasing 
technical  importance in the manufac ture  of batteries. 
Results similar to the ones given below were  obtained 
with  pure lead. The curve  for --0.6v in Fig. 2 exhibits  
one sharp init ial  peak only, whose ascending branch is 
not shown since the init ial  rise was ex t r eme ly  fast. 
All  other  corresponding curves taken at voltages above 
--0.9v and below --0.4v, which are not given in Fig. 2 
for lack of space, also exhibi ted only one sharp initial 
peak. This first peak, last ing in the order of 1-2 rain, 
can readi ly  be in te rpre ted  as due to the format ion of 
PbSO4 layer. The current  peak is fol lowed by a 
gradual  decay towards a steady value  of the corrosion 
current  as the sulfate layer  increases in thickness. 
Only the first 180 min are plot ted here;  all the exper i -  
ments were  continued over  24 hr, however ,  and the 
final corrosion currents  were  de te rmined  at this point. 

At  constant potentials  above --0.4v vs.  Hg/Hg2SO4, 
one observes the emergence  of what  ul t imate]y be- 
comes a broad second peak, apparent  in Fig. 2 in the 
curve  for +0.0v. This hump slowly increases in height  
and breadth  as the potent ial  is increased. As discussed 
below, the authors bel ieve that  this second hump is 
caused by a new electrochemical  corrosion process, 
occurr ing beneath the lead sulfate layer  formed ini- 
tially. 

At  a potential  of + l . 2 0 v  vs.  Hg/Hg2SO4, a third 
cur ren t  peak appears in the cu r ren t - t ime  transient.  
This peak starts to become visible at a potential  of 
1.14v, and the corresponding curve  is shown in Fig. 3. 
It  is positioned between the first and second peak. As 
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Fig. 3. Constant potential corrosion curves, showing current vs. 
time for Pb-Ca sample corroded at eight potentials from 4 1 . 0 8  to 
+ 1.30v v s .  Hg/Hg2SO4. 

discussed below, this new peak stems from oxidation 
of PbSO4 to fl-PbO2 in the outer, acidic par t  of the 
corrosion layer.  With increasing potent ial  this peak 
becomes more  and more  pronounced. At  the same 
time, the broad hump gradual ly  disappears. Above 
1.3v only the new peak remains.  It  is this peak which 
was invest igated by Fle ischmann and co-workers ,  
who l imi ted their  investigations to re la t ive ly  high po-  
tentials and short times. Thus, they did not  observe 
the broad hump discovered in the present  study. 

The broad hump reaches its m a x i m u m  height  and 
breadth  at that  critical potential  where  the third peak 
first appears, and thus where  PbSO4 is beginning to 
be oxidized to/~-PbO2 in acidic milieu. At  increasingly 
higher  potentials,  the oxidation of PbSO4 to (~-PbO2 
becomes increasingly fast because the  nucleat ion 
process is faci l i tated (17,20). Final ly,  the oxidation 
of PbSO4 to /~-PbO2 becomes so fast that  alkal ine con- 
ditions in the inter ior  are  largely  avoided and re -  
str icted to re la t ive ly  short  times. 

The crit ical  region is i l lustrated in greatest  detail  
in Fig. 3, which displays a series of corrosion curves 
taken at 20 m v  intervals  for the 0.05% Ca-Pb  alloy. The 
data demonstra te  the excel lent  reproducibi l i ty  of these 
experiments .  Each curve  was obtained with  a newly  
microtomed sample  surface, using the same alloy cast- 
ing throughout  the series. 

The corrosion currents  reached a near ly  constant 
va lue  af ter  10-20 hr. Af te r  this, there  was only a ve ry  
slight decrease in cur ren t  which continued un i formly  
over  many  days. The currents  at 24 hr  were  selected to 
obtain quas i -s teady-s ta te  corrosion behavior.  The cor-  
rosion currents  at 24 hr  are  plot ted vs. potential  in 
Fig. 4. The curve  shows a characteris t ic  peak at 1.10v 
and a min imum at 1.20v. A similar  curve  was first ob- 
tained by Lander  (11) and others (21) f rom weight  
loss measurements .  
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Fig. 4. Quasi-steady-state current after 24 hr constant potential 
corrosion for the potential range 0 to +1 .40v vs .  Hg/Hg~S04. 
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Fig. 5. Quasi-steady-state current after 24 hr constant potential 
corrosion for the potential range 0 to + l . 4 0 v  vs.  Hg/Hg2S04 
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Fig. 6. Self-depassivation of Pb-Ca electrodes after corrosion at 
constant potential in the r a n g e - - 0 3  to +1 .40v vs .  Hg/Hg2S04 
for 24 hr. 

Figure  5 shows a comparison of the quas i -s teady-  
state corrosion currents  af ter  24 hr  for the same alloy 
in 4.20 and 0.5M H2SO4. With decreasing acid concen- 
trat ion the corrosion peak is increased in height  and 
shifted to lower  electrode potentials.  This was already 
pointed out by Lander  (12) who also recognized the 
importance of the corrosion peaks wi th  respect  to the 
life of posit ive grids in lead acid storage batteries 
(12, 22). 

Depass iva t ion  
After  subjecting the test electrodes to a constant po- 

tential  for 24 hr, they were  disconnected f rom the 
potentiostat  and were  permit ted  to sel f -depassivate  on 
open circuit. The electrode potent ial  was recorded as 
a funct ion of t ime using an e l ec t romete r -vo l tme te r  
with recorder  output. The input  impedance  of the 
e l ec t romete r -vo l tme te r  was bet ter  than 10 TM ohms. A 
high input  impedance is r equ i red  to p reven t  discharge 
of the corrosion film through the recording vol tmeter .  
Ear l ie r  invest igators  (13) used vol tmeters  wi th  much 
lower  input  impedance,  which might  have  caused 
errors  in observing the vol tage plateaus dur ing decay. 
Typical  decay curves obtained in 4.2M H2804 are given 
in Fig. 6. Hundreds  of decay curves were  actual ly 
taken with  samples held for 24 hr  at constant poten-  
tials in 20 mv  intervals.  Four  vol tage plateaus are 
readi ly  apparent ;  they occur at about 1.1, 0.5-0.6, --0.4, 
and --0.9v. 

Electrodes which were  held for 24 hr  at potentials  
be tween --0.9 and --0.4v vs. a Hg/Hg2SO4 electrode in 
the same solution re tu rned  ins tant ly  to the --0.9v level  
af ter  the potentiostat  was disconnected. This is the 
vol tage of a Pb/PbSO4 electrode in this solution. This 
confirms the fact that  in this vol tage range  the only 
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corrosion product is PbSO4. The thickness of the 
PbSO4 layer increases almost linearly with potential, 
as is evident from the linearly increasing ohmic drop. 

All electrodes which had been held for 24 hr at 
a constant voltage between --0.4 and -~-0.8v 
showed a rapid voltage decay to a voltage plateau 
at--0.4v vs. Hg/Hg2SO4. This voltage plateau was 
well-defined and was maintained for many hours, or 
sometimes even days, before the voltage decayed 
further to the Pb/PbSO4 potential at --0.9v. Only the 
curve for the potential of 0.8v is shown in Fig. 6 but 
the decay curves for all potentials below 0.8v and 
above --0.4v were alike. As shown below, the voltage 
level at --0.4v corresponds to that of a PbO2 electrode 
in an alkaline electrolyte. Electrodes anodized at po- 
tentials above +0.8v exhibited an ill-defined, vague 
plateau during decay at -90.6v. This plateau is identi- 
fied as corresponding to a PbO2 electrode in slightly 
acidic medium at pH 2 which corresponds to the pK 
of the dissociation of bisulfate ions HSO4-  --> H + 
-9 S O 4 - - .  Sulfuric acid thus shows a buffer action at 
this pH since, according to La t imer  (25), one calcu-  
lates log [ a s o 4 - - / a H s o 4 - ]  ~ --1.90 -9 pH. Finally,  
electrodes held for 24 hr at constant potentials  above 
1.10v maintained,  during decay, a wel l -def ined plateau 
at 1.1v which is readi ly  identified as that  of a PbO2 
electrode in strong sulfuric acid. 

Therefore,  all vol tage plateaus of Fig. 6 in the vol t -  
age range be tween  the PbO2/PbSO4 electrode and the 
PbSO~/Pb electrode are here explained as due to 
couples of PbO2 in various pH environments .  This is 
in contrast  to previous interpretat ions of the vol tage 
plateaus observed dur ing self-depassivation,  since 
ear l ier  invest igators  assigned the in termedia te  vol tage 
plateaus to couples be tween  basic divalent  lead com- 
pounds and metal l ic  lead (9-11, 13) 

p H - P o t e n t i a l  D i a g r a m s  
To i l lustrate  clearly the present  analysis of the elec-  

t rochemical  process dur ing constant potent ia l  corro-  
sion and dur ing subsequent  depassivation, it appears 
advantageous to use pH-potent ia l  diagrams. For the 
Pb-H20 system, the pH-potent ia l  d iagram has been 
reported by Pourba ix  and co-workers  (23) and for the 
Pb-H20-H2SO4 system, by Delahay, Pourbaix,  and Van 
Rysselberghe (24). These authors, however ,  did not 
include the format ion of basic lead sulfates, which re-  
sults in a considerable a l terat ion of the diagram. In 
order  to discuss the format ion of such products in cor-  
rosion films it was decided to reconstruct  the pH po- 
tential  d iagram of lead, using the best avai lable  data, 
including the free energy of format ion  of the basic 
lead sulfates. 

In constructing the pH-potent ia l  diagram, the po- 
tent ial  E corresponding to the equi l ibr ium 

x Ox -9 mH + -9 n e -  = y Red -9 zHeO 

is calculated f rom the equat ion 

E ~ (1/23.07n) ( x ~ F ~  yAF~ --  zAF~ 
- -  0.0591 ( m / n ) p H  -9 (0.0591/n) log (aXo~/a~R~d) 

in which the AF~ are the standard free energies of 
format ion at 25~ and the a's the activities of the cor-  
responding species. 

The s tandard f ree  energies (in kca l /mole )  (Table I) 
were  used for  the var ious reactants  and products. Ref-  
erences are given in brackets.  

The equi l ibr ia  between the various solid phases are 
de termined  by the reactions listed in Table II. 

The pH-potent ia l  d iagram was calculated for a total 
sulfate act ivi ty  (a r t s04- - -gaso4- - )  of 1 and also of 

Table I. Standard free energies 

S O ~ - -  (25)  -- 1 7 7 . 3 4  P b S O ~  (25) -- 1 9 3 . 8 9  
H S O ~ -  (25) - - 1 7 9 . 9 4  P b O . P b S O ~  (26) - - 2 4 3 . 2  
H e O  (25) - - 5 6 . 6 9  3 P b O . P b S O ~ . H e O  (26) - - 3 9 7 . 3  
P b s O 4  (25) - - 1 4 7 . 6 0  5 P b O - 2 H 2 0  (26) - - 3 3 6 . 3 5  
Pb~O~ (23) - - 9 8 . 4 1 7  P b O  (23)  - - 4 5 . 0 5  
c~-PbO~ (27)  - - 5 1 . 9 4  fl-PbO~ (23) - - 5 2 . 3 4  

Table II. Equilibria between solid phases 

1. P b S O 4  + H+ + 2e - - ->  P b  + H S O 4 -  
E = - - 0 . 3 0 2  - - 0 . 0 2 9 5  !oH - - 0 . 0 2 9 5  l o g  a-I-ISO4- 

2. P b S O 4  + 2e- - ->  P b  + S O ~ - -  
E = -- 0 ,356  -- 0 . 0 2 9 5  l o g  a - S O s - -  

3.  P b O - P b S O ~  + 2 H +  + 4 e - ~  2 P b  + S O 4 - -  + tI ,-O 
E = - - 0 . 0 9 9  - - 0 . 0 2 9 5  IoH - - 0 . 0 1 4 8  l o g  a - S O 4 - -  

4. 3 P b O . P b S O ~ . H 2 0  + 6 H  + + 8 e - ~  4 P b  + S O 4 - -  + 4 H 2 0  
E = 0 .037  - - 0 , 0 4 4 3  pI-I - - 0 . 0 0 7 4  a s o ~ - -  

5. 5 P b O  . 2H ,20  + 1 0 H +  + 1 0 e -  -> 5 P b  + 7 H 2 0  
E = 0 , 2 6 0  - - 0 . 0 5 9 1  p H  

6, P b O =  + H S O ~ -  + 3 H  + + 2 e - - - ~  P b S O 4  + 2I -~O 
E = 1 ,628 - - 0 . 0 8 8 6  p H  + 0 . 0 2 9 5  l o g  aHSO~- 

7. PbO_* + S O s - -  + 4 H +  + 2 e - ~  P b S O 4  + 2H,20  
E ~ 1 .685  - - 0 . 1 1 8 2  I o H +  0 . 0 2 9 5  l o g  a s o  4_ 

8. 2 P b O ~  + 6H+ + S O ~ - -  + 4e- - ->  P b O . P b S O 4  + 3 H ~ O  
E = 1 .422 - - 0 . 0 8 8 6  p H  + 0 . 0 1 4 7  aso4__ 

9. 4 P b O 2  + 1 0 H +  + S O ~ - -  + 8e----> 3 P b O .  P b S O 4 .  H 2 0  + 4 H e O  
E = 1 .285  - - 0 . 0 7 3 9 p H  + 0 . 0 0 7 4  aso4__  

10.  5 P b O 2  + 1 0 H +  + 1 0 e - ~  5 P b O - 2 H ~ O  + 3 H e O  
E = 1 . 0 7 0  - - 0 . 0 5 9 1  p H  

11. 3 P b O =  + 4 H +  + 4 e - - ~  P ~ j O ~  + 2 H 2 0  
E = 1 ,127  - - 0 . 0 5 9 1  p H  

12. 2 P b O ~  + 2 H +  + 2 e - - ~  Pb2Oa + H 2 0  
E = 1 . 0 9 0 - - 0 . 0 5 9 1  p H  

13. Pb2Oa  + 2 S O 4 - -  + 6 H  + + 2 e - - ~  2 P b S O 4  + 3H,zO 
E = 2 . 2 7 0  - - 0 , 1 7 7  p H  + 0 .0591  aso4__ 

14. P b 2 0 3  + S O 4 - -  + 4 H  + + 2 e -  --> P b O  - P b S O ~  + 2 H ~ O  
E = 1 .750  - - 0 , 1 1 8 2  p H  + 0 , 0 2 9 5  l o g  aso4__ 

15. 2Pb,203 + S O 4 - -  + 6 H  + + 4 e -  ---> 3 P b O  �9 P b S O 4  �9 H_~O + 2I-I20 
E = 1 .480  - - 0 . 0 8 8 6  p H  + 0 . 0 1 4 7  aso~ =- 

15. 3Pb2Oa  + 2 H  + § 2 e -  ~ 2Pb,~O~ + H_~O 
E = 1 .230  - - 0 . 0 5 9 1  p H  

17. PbaO4  + 3 S O 4 - -  + 8 H +  + 2 e - ~  3 P b S O ~  + 4 H 2 0  
E = 2 . 7 9 0  - - 0 . 2 3 6  p H  + 0 . 0 8 8 6  l o g  a s o ~ - -  

18. 2Pb~O~ + 3 S O ~ - -  + 1 0 H *  + 4 e - - ~  3 [ P b O  �9 P b S O ~ ]  + 5 H e O  
E = 2 . 0 1 0  - - 0 , 1 4 8  p H  + 0 , 0 4 4 3  l o g  a s o ~ - -  

19.  4 P b 3 0 4  + 3 S O ~ - -  + 14:H+ + B e -  -> 3 1 3 P b O  �9 P b S O ~  �9 H ~ O ]  + 4 H ~ O  
E = 1 .605  - - 0 . 1 0 3 5  p H  + 0 . 0 2 2 2  a s o ~ - -  

20.  5Pb.~O~ + 1 0 H +  + H o O  + 1 0 e -  ---> 3 1 5 P B O  . 2 H = O ]  
E = 0 . 9 6 0  - - 0 . 0 5 9 1  p H  

10 -7 . This la t ter  va lue  was chosen to indicate the 
conditions at the lower  limit.  Bode and Voss (26) have 
calculated the act ivi ty of sulfate ions in lead acid 
ba t te ry  pastes to be log aso4 . . . .  6.8. A s imilar ly  
low act ivi ty might  be expected to prevai l  in the in-  
ter ior  of corrosion films at locations of complete  acid 
exhaust ion and in the presence of alkal ine corrosion 
products such as PbO, Pb304, and a-PbO2. The dia-  
grams are not changed not iceably if 5PbO-2H20 is 
replaced by PbO. 

From the pH-potent ia l  diagrams, presented in Fig. 
7 and Fig. 8 (potential  vs. STP H2), the fol lowing in-  
terest ing conclusions must  be drawn: 

" 1 
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Fig. 7. Poteatial-pH diagram of the system Pb-H20-H2SO4 for 
(auso4-  -I- a s 0 4 - - - )  = 1 (potential vs. STP H2). 
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( a r t s 0 4 - -  -~- a s 0 4 - - )  ~ -  10 - 7  (potential v s .  ST P  Hs). 

1. Above potentials of 0 volts vs. STP H2, (this is 
about --0.6v vs. Hg/Hg2SO4) the only electrochemical  
oxidation or reduct ion processes are those involving 
PbO2 or Pb~O4 as the oxidized species. 

2. The solid phase PbzO~ does not appear in the dia- 
gram, since the equilibria Pb203/PbO and Pb203/PbO2 
are not thermodynamically stable with respect to the 
equilibria Pb/PbO, PbO/PbO2, PbO/Pb304, and 
Pb304/PbO2. Thus, Pb is more easily oxidized to PbO 
than to Pb20~, and PbO2 is more easily reduced to PbO 
than to Pb203. According to the data of Table I Pb2Oa 
can be formed from PbO and PbO2. The "domain" of 
Pb203 in the pH-potential diagram is thus "inside" 
that of PbO. 

3. Electrode couples between meta1]ic lead and any 
divalent lead compound, including PbO, have elec- 
trode potentials below --0.1v vs. STP H2. Electrode 
couples between Pb and basic sulfates or lead mon- 
oxide exhibi t  more  negat ive  potentials than the P b /  
PbSO4 couple in acid solution. 

These diagrams then indicate that  any vol tage 
plateaus be tween  the potentials of the Pb/PbSO4 and 
the P b S O J P b O 2  couple must  be ascribed to electrode 
couples of PbO2 or Pb304 in electrolytes of e levated 
pH. This fact is proper ly  considered in the present  
in terpre ta t ion  of the corrosion and depassivation 
phenomena,  but  has not been recognized by ear l ier  
investigators.  

According to the present  theory, the self-depassiva-  
tion process must  be formula ted  as fol lows:  At  the 
surface of the film nearest  the electrolyte,  ~-PbO2 is 
e lectrochemical ly  reduced in acid medium according to 

2 e -  + #-PbO2 + HSO4-  + 3H + -> PbSO4 + 2H20 [1] 

and 

2 e -  + ~-PbO2 + S O 4 - -  + 4H + --> PbSO4 -t- 2H20 [2] 

As the surface becomes covered wi th  PbSO4, fu r the r  
reduct ion of ~-PbO2 and under ly ing ~-PbO2 to PbSO4 
is inhibited because of slow diffusion of H2SO4 into 
the film. Thus, instead of reactions [1] and [2] the 
electrode passes rapidly  through the sequence of the 
fol lowing t ransi tory  reactions 

4 e -  q- 2(~ or ~) PbO2 q- S O 4 - -  + 3H20 
-~ PbO �9 PbSO4 + 6 O H -  [3] 

Be- + 4(a or fl) PbO2 + S O 4 - -  + 6H20 
3PbO �9 PbSO4 �9 H20 + 10 O H -  [4] 

which probably occur over  a ve ry  l imited t ime period, 
such that  no significant quanti t ies of basic sulfates are 
produced. Finally,  PbOe wil l  be reduced in alkal ine 
solution to Pb304 and the lat ter  to PbO. 

4 e -  + 3PBO2 + 2H20-> Pb304 + 4(OH) - [5] 

10e-  if- 5Pba04 q- l l H 2 0  
--> 315PbO �9 2H20] + 1 0 ( O H ) -  [6] 
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Here, and in the following, 5PbO �9 2H20 also stands 
for PbO and Pb (OH)2 or other hydrated forms. 

Electrons for reactions [i] to [6] are supplied dur- 
ing self-depassivation by either one or a combination 
of the following reactions 

H20-~ (1/2)O2 + 2H + + 2e- [7] 

Pb + S O 4 - -  -> PbSO4 + 2 e -  [8] 

2Pb + SO4- - + 2 O H -  --> PbO - PbSO4 + H20 -{- 4 e -  
[9] 

4Pb + S O 4 - -  + 6 O H -  
-> 3PbO - PbSO4 �9 H20 + 2H20 -~ 8 e -  [10] 

Pb + 2 O H -  -> PbO + H20 + 2 e -  [11] 

In addition, electrons may  be del ivered  for reactions 
[1] and [2] by fur ther  oxidation of the divalent  lead 
compounds generated by [9], [10] and [11], to PbaO4 
or a PbO2, that  is, by the reverse  of reactions [3] to 
[6]. 

During self-decay, or self depassivation, the mixed 
potent ial  of the electrode is largely  de termined  by 
reactions [1], [2], [6], and [8] since it is plausible  that  
these can proceed faster  and with  less restr ict ions than 
the other reactions which must  be associated with 
large react ion and diffusion overvoltages.  These r e -  
actions then de termine  the four respect ive vol tage 
plateaus observed during self-passivation. 

The length of the plateaus corresponding to Eq. [1], 
[2], and [6] depends on the re la t ive  speed at which 
electrons are del ivered by reactions [7] to [11], as 
wel l  as the rate  at which sulfuric acid is able to pene-  
t rate into the corrosion film. The first condition deter -  
mines the current  at which PbO2 is reduced, the sec- 
ond determines  the quant i ty  of any par t icular  reac-  
tion product  formed. 

The exper iments  i l lustrated in Fig. 6 were  repeated 
in several  different acid concentrat ions and the de- 
pendence of the vol tage level  of each pla teau on acid 
concentrat ion was established. In order  to correlate  
the data, the electrode potentials were  expressed 
vs. a standard hydrogen electrode at uni t  pressure 
and unit  hydrogen ion activity, at 25~ (STP H2). 
This correlat ion was established by calculat ing first 
the potent ial  of the Hg/Hg2SO4 reference  electrode 
vs. a hydrogen electrode in the same solution f rom 
Hamer ' s  data (28), and then computing the potential  
difference be tween  this hydrogen electrode and a 
STP H2 electrode, using pH values repor ted  by Dela-  
hay (24), and the relat ion - - l o g  aH+ - -  pH. The re fe r -  
ence-e lec t rode data  obtained in this manner  are pre-  
sented in Table III, in which the potentials  have  been 
corrected to 30~ 

Using these reference  electrode data, the exper i -  
menta l ly  observed vol tage plateaus dur ing se l f -de-  
passivation were  compared with  theoret ical ly  calcu- 
la ted vol tage levels.  The corresponding results are 
summarized in Table IV. Here, column 4 lists the ex-  
per imenta l  vol tage of the plateaus, expressed with 
respect  to a STP H2 electrode, using the figures of the 
last column in Table III  for the re ference  electrode 
potential.  

Theoret ical  plateau potentials were  calculated as- 
suming a plausible po ten t ia l -de te rmin ing  electrode 
process on the basis of the pH-potent ia l  diagram, 
using compatible pH values and sulfate ion activities 
in the corrosion film. All  the data of Table IV re la te  
to 30~ 

Table III. Reference-electrode data 

S u l f u r i c  a c i d  E l e c t r o d e  p o t e n t i a l  a t  30~ 
c o n c e n t r a t i o n  H g / H g 2 S O 4  v s .  H g / H g : S O 4  v s .  

m o l e s / 1 0 0 0 g  H2 in  t h e  s a m e  S T P  It.2 in  
m o l e s / l i t e r  H 2 0  p H  s o l u t i o n  p H  O 

0.01 0.01 1.8 0.785 0.679 
0.10 0.10 1.03 0.737 0.676 
0.50 0.51 0.4S 0.696 0.668 
1.00 1.04 0.20 0.674 0.662 
4.20 5.05 -- 0.48 0.592 0.620 

10.0 17.9 -- 1.2 0.467 0.538 
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Table IV. Results 

D e c e m b e r  1 9 6 4  

E x p e r i m e n t a l  
p l a t e a u ,  v 

A c i d  c o n -  
c e n t r a t i o n ,  vs .  H g /  

P l a t e a u  m o l e s / l i t e r  H g 2 S O 4  vs .  S T P  I-Is 

C o n d i t i o n s  T h e o r e t i c a l  p l a t e a u  
a t  p o t e n t i a l -  p o t e n t i a l ,  v 

d e t e r m i n i n g  s i t e  
v s .  H2 i n  

E l e c t r o d e  p r o c e s s  pI-I SO~ a c t i v i t y  s a m e  s o l u .  v s .  S T P  H 2  

O.1 0 . 8 3 0  1 .51  
0 .5  0 . 9 4 0  1.61 

I 1.0 0 . 9 6 0  1 .62  
4 .2  1 .120  1 .74  

10 .0  1 .380  1 .92 

0 .1  0 .6  1.3 
0 .5  0 .6  1.3 

I I  1 .0  0 . 6  1.3 
4 .2  6.6 1.2 

1O.0 0.6 1.1 

0 .1  - - 0 . 5 0  0 .18  
0 .5  - - 0 . 4 6  0 .21 

I I I  1 .0  - - 0 . 4 7  0 .19  
4 .2  - - 0 . 3 8  0 . 2 4  

1O.0 - - 0 . 2  0 .30  

0.i -- 0.970 -- 0,29 
0.5 -- 0.960 -- 0.29 

I V  1.0 -- 0.955 -- 0,29 
4,2 --0.9@0 --0.34 

10,0 -- 0.965 -- 0.42 

PbO~ + I-ISO~- + 3H+ + 2e- ->  PbSO4 + 2 H 2 0  

P b O 2  + S O 4 - -  + 4 H :  + 2 e -  --> P b S O ~  + 2 H u O  

PD~O~ + H.~O + 2e- ~ 3PbO + 2 (OH) -  

PDSO~ + 2e- + H+--> P b  + HSO~- 

1.03 1.561 1.50 
0.48 1.604 1.58 
0.20 as in bu lk  1.626 1,61 

-- 0.48 1,714 1.74 
-- 1.2 1.790 1.86 

1,4 
1.4 

2 aso~-- = 10 -2 - -  1.4 

1,4 
1.4 

13.2 0.18 
12.7 0.21 
1 3 . 0  a s o ~ - -  = 10  -v - -  0 .19  
12.2 0 .24  
11.2  0 .30  

1 .03  -- 0 . 2 3 4  -- 0 . 2 9  
0 . 4 8  -- 0 . 2 7 6  -- 0 .30  
0 . 2 0  a s  i n  b u l k  - - 0 . 2 8 7  - - 0 . 3 0  

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

The theoret ical  potentials of plateaus I and IV v s .  
hydrogen in the same solution were  in terpola ted f rom 
the data of ref. (29) and (30), except  the values for 
the most concentrated solution (17.9M) which were  
calculated f rom the wate r  act ivi ty  and mean molal  
sulfuric acid act ivi ty coefficient repor ted  by Glueckauf  
and Kit t  (31). The electrode potentials  calculated for 
this re la t ive ly  concentrated solution are less accurate. 
The potential  v s .  STP H2 was obtained f rom the po- 
tent ial  v s .  H2 in the same solution by 

E ( v s .  STP H2) ~ E ( v s .  H2 in same solution) --0.0591 pH 

For  plateaus II and III the theoret ical  potent ial  v s .  
STP H2 was obtained f rom Eq. 7 and 20 in Table II, 
using the par t icular  pH values and sulfate ion act ivi-  
ties specified for the inter ior  of the corrosion film in 
Table IV. 

Excel lent  agreement  is obtained be tween  exper i -  
menta l ly  observed and theoret ical ly  calculated poten-  
tial levels of plateaus I and IV. For  the in te rmedia te  
levels II and III, theoret ical  potentials calculated on 
the basis of plausible conditions in the corrosion film 
conform wel l  wi th  the exper imenta l ly  observed values. 

Composition of the Corrosion Film 
The present  analysis indicates that  the fol lowing 

processes take place on anodization of lead in sulfuric 
acid. Initially,  a PbSO4 film is formed, and as this film 
grows to a critical thickness, accompanied by a cor- 
responding critical ohmic drop, S O 4 - -  and H + ions 
are no longer  able to readi ly  penet ra te  it. Any  deple-  
tion of S O 4 - -  ions is accompanied by an equivalent  
deplet ion of H + ions, and v i c e  v e r s a  because of the 
tendency of the e lect rolyte  to mainta in  electr ical  
neutral i ty.  The very  high electric field established in 
the dense PbSO4 layer,  manifes ted by the large ohmic 
drop, wil l  tend to repel  positive H + ions f rom the 
microcavit ies  of the inner  par t  of the film and attract  
S O 4 - -  ions and O H -  ions generated by dissociation 
of H20 molecules. This la t ter  effect tends to enhance 
the alkal ini ty  in the inter ior  of the corrosion film and 
to stabilize the high local pH. 

The increase in pH must  be ra ther  abrupt  once the 
ionic diffusion is sufficiently impaired and the react ion 
mass- t ranspor t  limited. Thus the pH wil l  rise quickly  
to the point where  O H -  ions wi l l  be avai lable  to ox-  
idize lead to PbO or hydra ted  forms, such as 5PbO �9 
2H20. These divalent  lead compounds are readi ly  ox-  
idized fur ther  to ~-PbO~. According to the pH-po ten -  
tial diagrams and the data of Table IV, the oxidat ion 
of PbO to ~-PbO2 in the corrosion film may  take place 
above about -~ 0.3v v s .  STP H2 or above --0.4v v s .  
Hg/Hg2SO4. On applying increasingly higher  electrode 
potentials, the outer  sulfate layer  and the PbO layer  

increase in thickness as h igher  ohmic drops are now 
accommodated. Finally,  at sufficiently high potentials, 
lead sulfate may  be oxidized to PbO2 in the more 
acidic, outer portions of the corrosion layer.  At  a pH 
of 2 in the inter ior  of the film, e .g . ,  lead sulfate could 
be oxidized to PbO2 at a potent ia l  of about -~ 0.7v v s .  
Hg/Hg2SO4. At anodizing potentials  above this vo l t -  
age, ~-PbO2 is present  in the corrosion film, and a 
corresponding vol tage plateau is observed dur ing sub- 
sequent  open-circui t  self-depassivation.  The  fact  that  
the outermost,  acidic portions of the film are oxidized 
last is in agreement  wi th  Fei tnecht ' s  observat ion (9) 
that  the PbO2 format ion starts in the interior,  below 
the PbSO4 film, and grows toward the electrolyte  
side. 

All  phenomena rela t ing to the corrosion process 
and self-depassivat ion may  be thus proper ly  accounted 
for by postulat ing the existence of a pH gradient  in 
the corrosion film. The part  nearest  the sulfuric acid 
electrolyte  is effectively acidic; the inner par t  near -  
est the metal  is effectively alkaline. This confirms 
an ear l ier  discussion of this subject  by the authors 
(32, 33). 

The alkaline milieu at the electrode interface may 
be maintained during self-depassivation over pro- 
longed periods of time, extending often over many 
hours and sometimes over days. The diffusion of acid 
into the interior must therefore be extremely slow 
under these conditions. If, however, the surface of 
the electrode is scratched with a glass rod or a tan- 
talum wire, the electrode potential drops immediately 
to --0.9v v s .  Hg/Hg2SO4, corresponding to the Pb/ 
PbSO4 couple. The damage in the film may heal since 
the exposed lead may be oxidized electrochemically 
to PbSO4 and PbO, whereby a corresponding amount 
of a PbO2 is reduced to the divalent state of lead. 

Integration of the current-time curves of Fig. 2 and 
3 theoretically yields the number of coulombs of 
electricity expended in each phase of the film-forma- 
tion process. Figure 9 shows the integrated quantity 
of current which was accepted by the corroding elec- 
trode in 24 hr as a function of potential. Integration 
was carried out graphically using a compensating 
polar plan]meter. The values determined in this man- 
ner agree well with the total amount of electricity 
(current x time) required for complete reduction of 
the corrosion film to metallic lead, after corrections 
for utilization-factor effects. Attempts to divide this 
total current input into contributions made by the 
various corrosion processes are met with difficulties. 
As shown in Fig. 2 and 3, the various peaks overlap 
considerably; in other words, there is always present 
a large "background" current. Also, the broad second 
hump represents, as already pointed out, the sum of 
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Fig. 9. Total integrated current input over 24 hr at constant 
potential of Pb-Ca vs. Hg/Hg2S04. 
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Fig. 10. Constant current reduction curves for corrosion films 
previously formed by constant potential corrosion in the potential 
range --0.60 to -]-1.40v vs. Hg/Hg2S04 for 24 hr. 

all the basic corrosion processes, including in par t icu-  
lar  the reactions 

Pb-~ PbO; and PbO-~ PbO2 

In order to gain a more  quant i ta t ive  insight into the 
s t ructure  of the corrosion film, a number  of galvano-  
static s t r ipping exper iments  were  carr ied out. Cor-  
rosion films produced by constant potent ial  anodiza- 
tion for 24 hr  were  reduced at constant current  and 
the vo l tage- t ime  curves recorded. The constant cur -  
rents  used were  chosen sufficiently small  such tha t  
polarization effects did not severe ly  obscure the vol t -  
age- t ime  curves and uti l ization factors were  close to 
unity, and the currents  were  sufficiently large that  
self-depassivat ion entered the measurements  only in 
a minor  and defined manner .  Sel f -depass ivat ion effects 
were  largely  e l iminated by reducing several  identical  
films at several  different currents  and extrapola t ing 
the amount  of electr ici ty requ i red  to reduce the film 
to zero discharge time, as described in earl ier  work  
re la t ing to constant cur ren t  studies (7, 8). 

Some results obtained at constant current  are i l-  
lust ra ted in Fig. l0 where  the potent ia l  dur ing cathodic 
str ipping is plot ted against  capacity. For  corrosion 
films formed below --0.4v vs. Hg/Hg2SO4 only one 
step is observed in the curve,  namely,  the one corres-  
ponding to the reduct ion of PbSO~ to Pb at --0.96 to 
--0.99v vs. Hg/Hg2SO4. The steady vol tage  reached 
below --1.10v is due to hydrogen  evolution. Fi lms 
formed between ~0.4 and -t- 0.8v showed two plateaus, 
of which the first is a t t r ibuted to the reduct ion of 
a-PbO2 to PbO and the second to the reduct ion of 
PbSO4 to Pb. Finally,  for films formed above ~- 0.Sv 
vs. Hg/Hg~SO4, the PbO2/PbSO4 pla teau is obtained 
first, but  its level  is too high to be visible in Fig. 10. 

The capacity obtained at the PbO2/PbO plateau 
(--0.8v) in Fig. 10 was almost  independent  of the 
discharge current,  whi le  the capacity of the PbO2/ 
PbSO~ plateau ( 4  lv )  increased with  increasing dis -  
charge current  (7, 8). This indicates a higher  self-  
discharge rate  at the PbO2/PbSO4 plateau than at 
the PbO2/PbO plateau, which is not  unexpected,  since 
the reactions of the la t ter  are s trongly inhibi ted by 
diffusion effects. 

The PbSO4/Pb potent ial  is indicated in Fig. 10 by 
the dotted line. The fact that  defined quanti t ies  of 
electr ici ty can be wi thdrawn above this potential  is 
proof for the existence of corrosion products wi th  a 
valency larger  than two. 

F rom data of the type i l lustrated in Figs 2, 3, and 
10 a schematic d iagram of the composition of the 
corrosion film as a function of the potent ial  at which 
it was formed was computed. The resul t  of this anal-  
ysis, which refers to films produced at constant po- 
tent ia l  during 24 hr  in 4.2M H2SO4 at 30~ is shown 
in Fig. 11. 

The capacity obtained at constant cur ren t  reduc-  
tion at the first p la teau of Fig. 6, that  is above 0.8v vs. 
Hg/Hg2SO4 (after  proper  considerat ion of self-dis-  
charge)  was taken as a measure  for the quant i ty  of 
fl-PbO2 in the outer  par t  of the corrosion film, ac- 
cessible to an acidic medium during discharge. No 
significant quant i ty  of electr ici ty was obtained during 
constant current  reduct ion f rom the second plateau 
of Fig. 6. In fact, even at currents  as small  as 1 ~a/cm 2 
this plateau tended to disappear. The third plateau in 
Fig. 6, corresponding to the PbO2/PbO couple in 
alkal ine milieu, was polarized f rom its level  at --0.4v 
to about --0.8v at the currents  used for the reduct ion 
experiments .  The amount  of electr ici ty f rom this 
plateau could be de termined  quite  accurately,  as i l-  
lus t ra ted in Fig. 10, and al lowed the determinat ion  
of ~-PbO2 in the inner  par t  of the corrosion film. 

Finally,  constant current  reduct ion of the plateau 
at about --1.0v vs. Hg/Hg2SO4 (corresponding to the 
reduct ion of PbSO4 to Pb) yielded the total amount  
of lead at tacked by anodic corrosion, as expressed in 
terms of the two-va len t  state. The actual  amount  of 
two-va len t  lead compounds present  in the corrosion 
film prior  to constant current  reduct ion was deter -  
mined by the difference be tween the total electr ici ty 
expended and the electr ici ty accounted for by the 
sum of the acidic and alkal ine PbO~ plateaus plus the 
reduct ion of a corresponding amount  of sulfate. The 
quant i ty  of each corrosion product  present  was ex-  
pressed in terms of a layer  thickness by using stand- 
ard bulk densities for the various compounds. F igure  
11 thus presents the theoret ical  model  of the compo- 
sition of the corrosion film in the absence of micro-  
porosity, which may  be presumed to be re la t ive ly  
unimpor tan t  in v iew of the fact that  only a semi-  
quant i ta t ive  analysis is possible at all. F igure  11 re-  

1.0 

} 

~-  0.5 
0. 

- 3  - 2  -1 0 1 2 3 
Microns  

Fig. 11. Schematic diagram of the composition of the corrosion 
film as a function of potential. 
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veals several characteristic features as to the de- 
pendence of the s t ructure  of the corrosion film on 
the potential  at which it was formed. First, in agree- 
ment  with the self-depassivation experiments  i l lus- 
trated in Fig. 6, there are four regions with respect 
to the potential  de termining interface. Throughout  
the potential  range, the electrode potential  is de- 
termined by the interface between the electronically 
conducting phase and the electrolyte adjacent  to it. 
Thus, between --0.9 and --0.38v the Pb surface con- 
stitutes the electronically conducting phase. It is in 
contact with PbSO4 and H2SO4, and the potential  is 
therefore that  of the PbSO4/Pb couple. In  the po- 
tential  range between --0.38 and ~-0.8v the a-PbO2 
constitutes the electron conductor, and, in  contact 
with PbO and basic solution, it forms the a-PbO2/PbO 
couple. Finally,  above + 0.8v the electronic conductor 
~-PbO2 is in contact with PbSO4 and H2SO4, forming 
the PbO2/PbSO4 couple. 

Second, there is a large region of potential,  where 
PbO is under ly ing  a PbSO4 film. The inter ior  of the 
film is thus protected from acidic electrolyte and al-  
kal ine  conditions prevail  therein. 

Each corrosion product  in the film, as depicted in 
Fig. 11, is formed and exists only in an electrolyte of 
compatible pH. This self-support ing explanat ion of 
the present  hypothesis overcomes a major  weakness 
of the previous interpretat ions,  which presumed the 
formation and existence of corrosion products such as 
PbO, basic lead sulfates, and a-PbO2 in acid media. 
Moreover, these products were thought  to create po- 
t en t ia l -de te rmin ing  couples in acid media, to which 
the various voltage plateaus dur ing self-depassiva- 
t ion were ascribed. On the basis of the present  anal -  
ysis, all exper imental  facts can be explained logically 
in terms of a pH gradient  in the corrosion film. This 
pH gradient  is the resul t  of inhibi ted ionic diffusion 
in the dense corrosion layer. 

As shown in Fig. 4 and 5, the corrosion rate of lead 
in sulfuric acid reaches a peak at or just  below the 
potential  corresponding to the PbOJPbSO4  couple. 
The high corrosion rate at this potential  is due to 
the development  of a high pH in the interior of the 
corrosion film with insufficient protection by either 
PbSO4 or PbO2. This corrosion process takes place 
below a weak PbSO4 film which acts as a semiperme-  
able membrane,  keeping H + ions and S O 4 - -  ions 
away. It  is probable that  water  may par t ly  penetra te  
the film, dissociate to form O H -  ions, which are at-  
tracted to the electrode by the anodic potential, while 
H + ions are repelled by the high electric field in the 
film. 

The corrosion mechanisms at potentials below the 
PbO2/PbSO4 level where a heavy covering layer  of 
PbSO4 exists, and at highly anodic potentials in the 
region of active oxygen evolution where the film 
consists ent irely of a- and ~-PbO2, still show a cer- 
ta in  similarity. In both cases the diffusion of an 
oxygen carrying species, H20, OH- ,  O - - ,  or [0] ,  into 
the inter ior  of the corrosion film, is involved (34). 
However,  the species need not be the same in both 
instances. Moreover, the influence of foreign anions 
such as NO3-, CI- ,  or C104- may be different in the 
two cases due to the different composition and perme-  
abil i ty of the corrosion films. 

Finally,  the model of Fig. 11 explains the high re-  
sistance of the corrosion films apparent  in the de- 
passivation experiments  of Fig. 6 for certain potential  
ranges. The resistance is due to a bu i ld -up  of divalent  
corrosion products, probably largely PbSO4. It in-  
creases almost l inear ly  with potential  and reaches 
a m a x i m u m  at about + 0.7v vs. Hg/Hg2SO4 in 4.2M 

H2SO4, which is 0.4v below the reversible PbO2/PbSO4 
potential. Above -~ 0.Sv the resistance decreases 
rapidly due to the formation of highly conductive 
PbO2, confirming earlier results (35) obtained with 
another  exper imental  technique involving d-c super-  
imposed square-wave current .  

Manuscript  received Apri l  28, 1964; revised m a n u -  
script received Ju ly  20, 1964. This paper was presented 
at the New York Meeting, Sept. 29-Oct. 3, 1963. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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The Heat-Treatment of Anodic Oxide Films on Tantalum 
III. The Conductivity Profile 
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Research Center, Sprague Electric Company, North Adams,  Massachusetts 

ABSTRACT 

Dielectr ic  measurements  have been used to study the distr ibut ion of the 
conduct ivi ty  which is introduced into the anodic oxide film on tanta lum by 
hea t - t r ea tmen t  in air. The t empera tu re  and f requency dependences of ca- 
pacitance indicate that  the conduct ivi ty  distr ibution is exponent ia l  wi th  
position in the oxide. The combination of these dependences yields an ac- 
t ivat ion energy of 0.6 ev for the conduction process. The t empera tu re  and 
f requency  dependences of tan 5 for films which have  been par t ia l ly  reanodized 
after  hea t - t r ea tmen t  also yield an act ivat ion energy of 0.6 ev. 

In the first two papers of this series, it was shown 
that  during the hea t - t r ea tmen t  of anodized tan ta lum 
at 200~ ~ the tan ta lum extracts  oxygen f rom the 
oxide, thus creat ing a distr ibution of oxygen deficiency 
across the oxide film (1, 2). The oxygen deficiency, 
which is assumed to consist of oxygen vacancies, is 
f rozen- in  when  the sample is cooled and results in 
a distr ibution of conduct ivi ty  across the oxide film. 
Evidence has been presented which indicates that  
the conduct ivi ty  is highest at the meta l -ox ide  in te r -  
face and decreases across the film when  the hea t -  
t rea tment  takes place in an oxygen-conta in ing  at-  
mosphere. 

In this paper  the f requency  and tempera tu re  de- 
pendences of the capacitance and dielectric losses are 
analyzed to de termine  the shape of the conduct ivi ty  
profile and the act ivation energy of conduction. 

Exper imental  
Samples having about 18 cm 2 surface area and 

nar row tabs were  s tamped from 0.010 in. Fansteel  
sheet and cleaned as previously described, except  that  
all samples were  electropolished instead of chemical ly  
polished (1). The anodization was per formed in 0.01M 
H2SO4 held at 34 ~ as described. All  of the data in 
this paper  are for samples anodized to 75v which 
seems to be suitably typical. 

Results 
In the previous two papers of this series it was 

shown that  the dielectric propert ies  of anodized tan-  
ta lum which has been heated above 200 ~ in air are 
de termined  by a gradient  of conductivity,  re la ted to a 
gradient  of stoichiometry,  across the oxide film. Figure  
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Fig. 1. Schematic representation of the conductivity profile across 
heat-treated, anodized tantalum at three temperatures, T1 :> 
T2 > T3. 

1 is a schematic representat ion of the conduct ivi ty  
profile across the oxide at three different t emper -  
atures, T1 > T2 ~ Ts. (The s toichiometry profile, i.e., 
distr ibution of oxygen vacancies, is quenched- in  when  
the sample is al lowed to cool af ter  hea t - t r ea tment ;  
this discussion is concerned with  the revers ib le  change 
of conduct ivi ty  wi th  tempera ture . )  r is a conduc- 
t ivi ty level  defined such that  the observed capacitance 
is the paral le l  capacitance expected for the oxide 
thickness for which r ~ z0. It is apparent  that, as the 
t empera tu re  decreases, the effective dielectric th ick-  
ness wil l  increase as the intersection be tween  the 
conduct ivi ty  profile and (To moves toward the tantalum. 
Below the t empera tu re  at which the conduct ivi ty  
equals ~0 at the Ta-Ta205 interface, the effective di-  
electric thickness is equal to the ful l  Ta205 thickness. 
Thus one can anticipate a large decrease in capacitance 
with  decreasing t empera tu re  down to some charac ter -  
istic t empera tu re  below which the t empera tu re  de- 
pendence of capacitance decreases. The exper imenta l  
observat ion of this behavior  is demonst ra ted  in Fig. 2 
and has been previously  discussed in detail  (2). 

If it is assumed that  the conduct ivi ty  arises f rom 
the first ionization of oxygen vacancies which normal ly  
contain two electrons, and if the extent  of ionization 
is small, the mass-act ion expression and the condition 
of charge neut ra l i ty  yields 

nx ~ [Vx] 1/2 K1/2 e--E1/2kT [1] 

where  nx is the local concentrat ion of conduction elec- 
trons, [Vx] is the local concentrat ion of oxygen va -  
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Fig. 2. Temperature dependence of capacitance at 50 cyc|es for 
anodized tantalum: X ,  unheated, 75v anodization; o, heated 30 
min, at 500 ~ in air. 
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Fig. 3. Relative shape of the conductivity profile for heat-treated, 
anodized tantalum (see Eq. [2 ] )  (from data shown in Fig. 2). 

cancies, K is the pre-exponent ia l  port ion of the mass- 
action constant, and E1 is the ionization energy. If the 
tempera ture  dependence of the mobil i ty  of conduction 
electrons can be neglected compared with the tem-  
pera ture  dependence of their  concentration, then Eq. 
[1] is proport ional  to the conductivity.  Referr ing again 
to Fig. 1, the conduct ivi ty at T2 is known,  by defini- 
tion, to be equal to ~0 at the point xo(T2), which is 
de termined by the measured capacitance at T2. As 
the tempera ture  is raised to T1, the conductivi ty at 
xo(T2) will  rise to the value at that  position on the 
Tz line. The relat ive change of conductivi ty from any 
temperature,  T, to some reference temperature,  T1, 
is given by Eq. [1], for TI and the position xo(T), 
divided by the same equation for T. This can be ex- 
pressed as 

in  ~(T1)__ E~ ( 1  ~ )  
~0 2k - T - -  [2] 

In  this way, data taken at a series of temperatures  can 
be normalized to a single reference temperature ,  T1. 
Thus a plot of (1/T -- 1/T1) vs. position in the film 
as determined by Co/C, where Co is the capacitance 
of the system without  conduction in  the oxide, and C 
is the capacitance of the sample at T, gives the re la-  
tive shape of the conductivi ty profile. 

Such an analysis has been carried out on the data 
shown in Fig. 2. Co has been arbi t rar i ly  defined as the 
observed capacitance at --60 ~ . In  order to remove the 
effects of the tempera ture  dependence of dielectric 
constant  and of var iable  immersion depth due to 
thermal  expansion of the electrolyte, the difference 
between the extrapolated low tempera ture  slope and 
Co has been subtracted from the capacitance at each 
tempera ture  to give the corrected line, CT, which 
should include only the effect of conductivity.  Thus 
(1/T--1/298.2) has been plotted against Co/CT in  
Fig. 3. The l inear i ty  of the result  indicates that the 
conductivi ty varies exponent ia l ly  with position in 
the region which is controll ing the dielectric proper-  
ties. No indicat ion of the absolute values of conduc- 
t ivi ty are possible since nei ther  E1 nor r are known  
at this point. 

Young has derived an expression for the series ca- 
pacitance of a dielectric which has an exponent ial  
gradient  of resist ivity (3). In  terms of conductivi ty 
this can be expressed as 

where 

1 -]- ---~1 

1 _ _ ~ 1  in  ( c o ~ ~  2 
Cs 2aAeeo 

1 +  - ~ a  

~ ( X )  = erl e a x  

[3] 

[4] 

=1 is the conductivi ty at the poorer conduct ing side, 
=a is the conductivi ty at the better  conducting side 
(see Fig. 1), co is 2z times the frequency, a is the 

exponent ial  slope of the conductivi ty gradient,  and 
the other symbols have their  convent ional  significance. 
By definition r at a position x is 

Co 
a - - d  

C 

a0 = a l e  [5] 

where d is the geometric oxide thickness and C~ 
C 

thus equals x. Subst i tu t ing 
~EO~ 

Co = [6] 
d 

and [3] into [5] gives 
( co,Co ) 2 1/2 

~o = ~I [7] 

1 -I- . - ~ a "  

If 
co'c~ ) 2 (co~~ < <  1 [8] 

( -~- -1"  > > l a n d  ~d 

then [7] reduces to 
r - -  co~o [9 ]  

Thus wi th in  the l imitat ions of [8], which will  be dis- 
cussed later, a0 is directly proport ional  to the fre-  
quency of measurement  and can be easily calculated 
from [9]. 

One can also consider that  there is a critical level 
of conductivity, ~c, where  the incrementa l  resistance 
equals the incrementa l  reactance, i.e., 

1 dx dx 
R -- X [10] 

r A coeeQA 

It is seen that  ~c = a0 wi th in  the region of val idi ty  for 
[8]. This is the na tu ra l  dividing l ine between pre-  
dominant ly  capacitive and predominant ly  resistive be-  
havior. It  is also the point  where, by definition, tan  
6 = 1.00; this is good justification for neglect ing the 
normal,  background, dielectric losses compared wi th  
the losses due to conduction, since the former are usu-  
ally in the range tan  8 = 0.01-0.02. 

Equat ion [10] implies that  Eq. [9] is a very  general  
relationship, al though the lat ter  was specifically de- 
r ived for an exponent ial  conductivi ty profile. An ex-  
aminat ion of the case of a hypothetical  l inear  dis t r ibu-  
t ion of conduction gives, however,  

~0 = ~- cO,co (l inear)  [11] 

I t  appears that  a0 wil l  be proport ional  to coe~o for all  
distr ibutions of conductivity, but  that  the proport ion-  
ali ty constant wil l  depend on the na ture  of the dis- 
t r ibution.  For any  new case, [9] can be used to obtain 
the shape of the distr ibution,  and the appropriate 
proport ionali ty constant  can then be derived to give 
a quant i ta t ive relationship. 

The frequency dependence of capacitance can thus 
be used to obtain the conductivi ty as a funct ion of posi- 
t ion for dielectric films. The f requency determines the 
conductivi ty through [9] and the capacitance deter-  
mines the location in the oxide. Figure  4 shows an 
example of such results where  the profile has been 
determined at several  temperatures.  Co has been taken 
as the capacitance of the ful ly  reanodized sample at 
each par t icular  f requency and  temperature .  The con- 
duct ivi ty is seen to vary  exponent ia l ly  with position 
over the exper imenta l ly  accessible region which in-  
cludes about 15% of the film thickness. The points 
taken at a combinat ion of high f requency and low 
tempera ture  have been corrected for deviations from 



V o l .  111,  N o .  12 H E A T - T R E A T M E N T  O F  A N O D I C  O X I D E  F I L M S  1333 

I0 "e 

c~ 

z (O-S 
o 

i0  "1( 
1.00 

800_ 

, I i I J I i [ 
0.96 0.9Z O.B8 0.84 

c/c 

Fig. 4. Distribution of conductivity in heat-treated, anodized 
tantalum at several temperatures (75v anodization, heated 30 min, 
at 400 ~ , in air). o, 300; X ,  20~ /% 10~ e, 0~ I-1, 
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t h e  a s s u m p t i o n  of Eq.  [8],  a n d  t h i s  causes  t h e  a p p a r e n t  
d e c r e a s e  in  c o n d u c t i v i t y  f o r  p o i n t s  t a k e n  a t  t h e  s a m e  
f r e q u e n c y  as Co/C a p p r o a c h e s  u n i t y .  T h e  d e t a i l s  of 
th i s  c o r r e c t i o n  a r e  d i s c u s s e d  l a t e r .  

T h e  a c t i v a t i o n  e n e r g y  of c o n d u c t i o n  c a n  be  o b t a i n e d  
f r o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  of c o n d u c t i v i t y  a t  a 
g i v e n  p o s i t i o n  in  Fig.  4. T h i s  is s h o w n  f o r  t w o  p o s i t i o n s  
in  Fig.  5. T h e  a c t i v a t i o n  e n e r g y  is f o u n d  to b e  0.6 ev, 
and ,  a c c o r d i n g  to o u r  h y p o t h e s i s ,  t h i s  c o r r e s p o n d s  to 
one  h a l f  of t h e  i o n i z a t i o n  e n e r g y  of t h e  m o r e  w e a k l y  
b o u n d  e l e c t r o n  f r o m  a n  o x y g e n  v a c a n c y .  T h e r e  is no  
i n d i c a t i o n  t h a t  t h e  i o n i z a t i o n  e n e r g y  d e p e n d s  on  t h e  
p o s i t i o n  and ,  h e n c e ,  t h e  v a c a n c y  c o n c e n t r a t i o n  in  t h e  
oxide .  

A n  e x p r e s s i o n  fo r  t h e  s e r i e s  r e s i s t a n c e  of a d i e l e c -  
t r i c  h a v i n g  a n  e x p o n e n t i a l  r e s i s t i v i t y  g r a d i e n t  h a s  a lso 
b e e n  g i v e n  b y  Y o u n g  (3) .  Modi f ied  to o u r  s y m b o l i s m  
th i s  is 

R ,  aA~)eeo t a n - 1  ~Oeeo~d - -  t a n - 1  ~Oe~o [12] 

ii 
\ 

,0"~ I l I I I I 1 
3.2 3.4 3.6 3.8 &O 

IO00 in =K "~ 
T 

Fig. 5.  Temperature dependence of conductivity at Co/C = 
0.90 (o) and 0.94 (X)  from Fig. 4. 
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Fig. 6. Schematic representation of the conductivity gradient of 
heat-treated, anodized tantalum at various stages of reanodization. 

Since  t a n  6 = ~oRsCs, a n  e x p r e s s i o n  f o r  t a n  ~ c a n  b e  
o b t a i n e d  f r o m  [3] a n d  [12] 

2 t a n - I - - - - t a n - 1  
'7 7 ead 

t a n  5 [13] 
1 -~- .},2 e2ad 

In  
1 + 7  2 

w h e r e  ~ is a n o r m a l i z e d  f r e q u e n c y  p a r a m e t e r  de f i ned  
a s  

(oee o 
7 = . - -  [14] 

o- d 
7 ~ r w h e n  [8] is va l id .  

As  p r e v i o u s l y  d e s c r i b e d ,  r e a n o d i z a t i o n  of t h e  h e a t -  
t r e a t e d  o x i d e  r e s u l t s  in  a s t e p w i s e  r e m o v a l  of t h e  o x y -  
g e n  def ic iency  a n d  i ts  r e l a t e d  c o n d u c t i v i t y  f r o m  t h e  
o x i d e - e l e c t r o l y t e  i n t e r f a c e  i n w a r d  (2) .  Th i s  s i t u a t i o n  
is i d e a l i z e d  in  Fig. 6 w h i c h  s h o w s  t w o  s t ages  of r e -  
a n o d i z a t i o n ,  ~ = 0.8 a n d  0.9, w h e r e  a is t h e  f r a c t i o n  of  
t h e  f i lm r e n d e r e d  n o n c o n d u c t i n g  b y  t h e  r e a n o d i z a t i o n .  
T h e  t a n  5 fo r  t h i s  s i t u a t i o n ,  b a s e d  o n  t h e  a s s u m p t i o n  
t h a t  ~ = 0 fo r  Co/C < ~, is 

I 1 e ad(a- l )  ] 
2 t a n - l - - - - t a n - I - -  

7 7 
t a n  5 = [15] 

1 Jr 7 2 e -2ad(a- l )  
2 aad 4- In 

1 --F 7 2 

w h i c h  r e d u c e s  to [13] fo r  no  r e a n o d i z a t i o n ,  i.e., a = O. 
A p lo t  of t a n  5 vs.  7 is s h o w n  in  Fig.  7 f o r  Zd/Zl = 1020 
a n d  a ---- 0, 0.6, 0.8, a n d  0.9, a n d  fo r  r = l0  S a n d  
~ 0 .  

T h e  case  of t h e  s t e e p e r  c o n d u c t i v i t y  g r a d i e n t  s h o w n  
in  Fig.  7 a p p r o x i m a t e s  t h e  s i t u a t i o n  f o u n d  fo r  h e a t -  
t r e a t e d ,  a n o d i z e d  t a n t a l u m .  F o r  t h e  case  of no  r e -  
a n o d i z a t i o n ,  i t  is s e e n  t h a t  t h e r e  is a b r o a d  r e g i o n  in  
w h i c h  t a n  ~ c h a n g e s  v e r y  l i t t l e  w i t h  f r e q u e n c y  as is 

I 

~ 10"1 

10"; 

~ o , r  ~ \  / ; /  \ 
15' I i I i i I '  I ~ F ~ I i 

10" 20 I0 "10 I 

Fig. 7. Theoretical frequency dependence of tan ~) for a dielectric 
having an exponential conductivity gradient. 
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t y p i c a l l y  o b s e r v e d  fo r  a n o d i c  o x i d e  d ie lec t r i c s .  A t  
h i g h e r  f r e q u e n c i e s ,  h o w e v e r ,  t a n  5 d r o p s  l i n e a r l y  w i t h  
i n c r e a s i n g  f r e q u e n c y .  As  r e a n o d i z a t i o n  p roceeds ,  t h e  
l o w - f r e q u e n c y  e n d  of t a n  5 b e n d s  d o w n w a r d  to  a n  i n -  
c r e a s i n g  e x t e n t  un t i l ,  f o r  ~ > 0.8, a r e a s o n a b l y  s h a r p  
m a x i m u m  a p p e a r s  w h i c h  m o v e s  t o w a r d  h i g h e r  f r e -  
q u e n c i e s  w i t h  a d d i t i o n a l  r e a n o d i z a t i o n .  F o r  a p a r t i c u -  
l a r  c o n d u c t i v i t y  g r a d i e n t  a n d  e x t e n t  of r e a n o d i z a t i o n ,  
t h e  m a x i m u m  v a l u e  of t a n  5 a p p e a r s  a t  a specif ic  7- 7 
is a f u n c t i o n  of b o t h  f r e q u e n c y  a n d  t e m p e r a t u r e  s ince  
cd is t e m p e r a t u r e - d e p e n d e n t ,  a n d  - / c a n  b e  e x p r e s s e d  as 

7 -  - -  e E 1 / 2 k T  [16] 
A ( d )  

T h u s  one  can  o b t a i n  a f a m i l y  of t a n  5 c u r v e s  as a 
f u n c t i o n  of f r e q u e n c y  a t  c o n s t a n t  t e m p e r a t u r e ,  or  v i ce  
versa .  I n  e a c h  case  t h e  pos i t i on  of t h e  m a x i m u m  v a l u e  
of t a n  5 w i l l  d e p e n d  on  t h e  p a r a m e t e r  s ince  [16] m u s t  
b e  sat isf ied.  E x p e r i m e n t a l l y  t h e  s h a r p e s t  m a x i m a  a r e  
o b t a i n e d  w h e n  t a n  5 is p l o t t e d  a g a i n s t  t e m p e r a t u r e .  

T h e  s a m e  s a m p l e  w h i c h  w as  a n a l y z e d  fo r  E1 b y  t h e  
t e m p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  w a s  r e a n o -  
d ized  fo r  v a r i o u s  t i m e s  a t  t h e  a n o d i z a t i o n  vo l t age .  
F i g u r e  8 s h o w s  t a n  5 vs.  t e m p e r a t u r e  a t  50 cyc les  f o r  
t h e  u n h e a t e d ,  h e a t - t r e a t e d ,  a n d  p a r t i a l l y  r e a n o d i z e d  
s a m p l e .  T h e  d a t a  h a v e  b e e n  c o r r e c t e d  f o r  t h e  c o n t r i b u -  
t i o n  of e l e c t r o l y t e  r e s i s t a n c e  b y  t h e  m e t h o d  of B e r n a r d  
(4) .  Th i s  p lo t  r e p r e s e n t s  a m i r r o r  i m a g e  of t h e  r i g h t -  
h a n d  s ide  of Fig. 7 fo r  a f ixed c o n d u c t i v i t y  g r a d i e n t  
a n d  v a r i o u s  d e g r e e s  of r e a n o d i z a t i o n .  T h e  m o v e m e n t  
of t h e  m a x i m a  t o w a r d  l o w e r  t e m p e r a t u r e s  b y  t h e  
f u r t h e r  b e n d i n g - d o w n  of t h e  h i g h  t e m p e r a t u r e  e n d  as  
r e a n o d i z a t i o n  p r o c e e d s  is c l e a r l y  s h o w n .  In  Fig.  9, t a n  
5 h a s  b e e n  p l o t t e d  a g a i n s t  t e m p e r a t u r e  fo r  a s e r i e s  of 
f r e q u e n c i e s  a f t e r  t h e  s a m p l e  h a d  b e e n  r e a n o d i z e d  fo r  
30 m i n  a t  t h e  f o r m a t i o n  vo l t age .  T h e s e  d a t a  w e r e  n o t  
c o r r e c t e d  fo r  e l e c t r o l y t e  r e s i s t a n c e  w h i c h  a c c o u n t s  
fo r  b o t h  t h e  i n c r e a s e  of t h e  m a x i m u m  v a l u e  of t a n  5 
as t h e  f r e q u e n c y  inc rease s ,  a n d  t h e  u p s w e e p  a t  l o w  

t e m p e r a t u r e s .  T h e  p o s i t i o n s  of t h e  m a x i m a  m u s t  s a t -  
i s fy  [16] so a p lo t  of log  f r e q u e n c y  vs.  t h e  r e c i p r o c a l  
of t h e  t e m p e r a t u r e  a t  w h i c h  t a n  5 h a s  i ts  m a x i m u m  
v a l u e  w i l l  y i e l d  El,  t h e  a c t i v a t i o n  e n e r g y  of c o n d u c -  
t ion.  T w o  s u c h  p lo t s  a r e  s h o w n  in  Fig.  10 a n d  t h e  
v a l u e  E1/2  ~ 0.6 e v  is in  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  
v a l u e  o b t a i n e d  f r o m  t h e  c a p a c i t a n c e  m e a s u r e m e n t s .  

T h e  t a n  5 m a x i m a  l ie  in  a r e g i o n  w h i c h  is r e a d i l y  
access ib l e  a t  n o r m a l  f r e q u e n c i e s  a n d  t e m p e r a t u r e s .  
T h e  f r e q u e n c y  r a n g e  of c o n v e n t i o n a l  b r i d g e s  c o v e r s  a 
s p r e a d  in  7 v a l u e s  of o n l y  a b o u t  a f a c t o r  of 104. A b o u t  
10-15% of t h e  o x i d e  f i lm is r e n d e r e d  s i g n i f i c a n t l y  c o n -  
d u c t i n g  b y  h e a t - t r e a t m e n t  in  air ,  so a n  a m o u n t  of r e -  
a n o d i z a t i o n  w h i c h  h a s  a d e t e c t a b l e  ef fec t  is suf f ic ien t  to  
g ive  a s h a r p  m a x i m u m  v a l u e  of t a n  5. T h e s e  co inc i -  
d e n t a l  f a c t o r s  w e r e  e s s e n t i a l  to  t h e  e x p e r i m e n t a l  d e -  
t e c t i o n  of t h e  p h e n o m e n a  j u s t  d e s c r i b e d .  
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Fig. 8. Temperature dependence of tan 5 at 50 cycles for an- 
odized tantalum: e,  unheated (75v anodization); o, heated 400 ~ 
30 min, in air; X ,  reanodized 30 rain at 75v; /~, reanodized 120 
min at 75v. 
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Fig. 9. Temperature dependence of tan ~ for partially rean- 
odized, heat-treated Ta-To205 (75v anodization, heated 30 rain, 
at 400 ~ , in air, reanodized 30 rain at 75v): �9 50 cycles; X ,  120 
cycles; A ,  200 cycles, i-7, 400 cycles; e ,  800 cycles; & ,  1600 
cycles; IN, 3200 cycles. 
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Fig. 10. Temperature dependence of the maxima of tan 5 at 
various frequencies: o, reanodized 15 rain; X ,  reanodized 30 rain. 

D iscussion 
T h e  r e s u l t s  p r e s e n t e d  h e r e  a r e  c o n s i s t e n t  w i t h  t h e  

f o l l o w i n g  p i c t u r e  f o r  t h e  h e a t - t r e a t e d  a n o d i c  o x i d e  
on  t a n t a l u m .  T h e  o x i d e  h a s  a p o s i t i o n - d e p e n d e n t  c o n -  
d u c t i v i t y  w h i c h  d e c r e a s e s  e x p o n e n t i a l l y  f r o m  a m a x i -  
m u m  v a l u e  a t  t h e  T a - T a 2 0 5  i n t e r f a c e .  T h e  s lope  is s u c h  
t h a t  t h e  c o n d u c t i v i t y  w o u l d  c h a n g e  b y  a b o u t  a f a c t o r  
of 102~ o v e r  t h e  e n t i r e  f i lm t h i c k n e s s  if  s u c h  a n  e x -  
t r a p o l a t i o n  w e r e  va l id .  T h e  c o n d u c t i v i t y  is a s soc i a t ed  
w i t h  a n  oxyger~ de f i c i ency  a n d  is a s s u m e d  to  r e s u l t  
f r o m  t h e  p a r t i a l  i o n i z a t i o n  of t h e  m o r e  w e a k l y  b o u n d  
e l e c t r o n s  f r o m  o x y g e n  v a c a n c i e s  w h i c h  n o r m a l l y  c o n -  
t a i n  t w o  t r a p p e d  e l ec t rons .  As  s h o w n  in  Eq. [1] t h i s  
p i c t u r e  l eads  to a n  i o n i z a t i o n  e n e r g y  e q u a l  to t w i c e  t h e  
o b s e r v e d  a c t i v a t i o n  e n e r g y  of c o n d u c t i o n .  T h e  i o n i z a -  
t i on  e n e r g y  is t h u s  t a k e n  to b e  1.2 ev. T h e s e  r e s u l t s  
w e r e  d e r i v e d  so le ly  f r o m  a n  a n a l y s i s  of d i e l e c t r i c  
p r o p e r t i e s ;  no  t e c h n i q u e  h a s  b e e n  d e v i s e d  w h i c h  w o u l d  
p e r m i t  a d i r e c t  m e a s u r e m e n t  of t h e  c o n d u c t i v i t y .  

M e a s u r e m e n t s  o n  o x i d e  f i lms of v a r i o u s  t h i c k n e s s e s  
i n d i c a t e  t h a t  t h e  s lope  of t h e  c o n d u c t i v i t y  a d j u s t s  to  
m a i n t a i n  a n  e x t r a p o l a t e d  c h a n g e  of 20-25 d e c a d e s  
of c o n d u c t i v i t y  ac ross  t h e  o x i d e  film, e x c e p t  a t  t h e  
l o w e r  a n o d i z a t i o n  vo l t ages ,  i.e., --~50v, w h e r e  t h e  
g r a d i e n t s  b e c o m e  s o m e w h a t  s t e e p e r  as t h e  t h i c k n e s s  
dec reases .  T h e s e  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  
t h e  c o n d u c t i v i t i e s  a t  t h e  T a - T a 2 0 5  a n d  T a 2 O s - a i r  i n t e r -  
faces ,  ~d a n d  ~1, r e s p e c t i v e l y ,  a r e  d e t e r m i n e d  o n l y  b y  
t h e  c o n d i t i o n s  of h e a t - t r e a t m e n t .  T h u s  t h e  e x p o n e n t i a l  
s lope  of t h e  c o n d u c t i v i t y  p ro f i l e  d e c r e a s e s  w i t h  i n -  
c r e a s i n g  f i lm t h i c k n e s s .  T h e  a d j u s t m e n t  of t h e  c o n d u c -  
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t i v i t y  s lope  w i t h  f i lm t h i c k n e s s  r e s u l t s  i n  t h e  p e r -  
c e n t a g e  i n c r e a s e  of c a p a c i t a n c e  d u e  to h e a t - t r e a t m e n t  
a n d  t h e  p e r c e n t a g e  c h a n g e  of c a p a c i t a n c e  w i t h  f r e -  
q u e n c y  a n d  t e m p e r a t u r e  b e i n g  i n d e p e n d e n t  of f i lm 
t h i c k n e s s ,  e x c e p t  for  t h e  t h i n n e r  f i lms w h e r e  t h e  p e r -  
c e n t a g e  c h a n g e s  a r e  s o m e w h a t  less. 

T h e  f r e q u e n c y  d e p e n d e n c e  of c a p a c i t a n c e  h a s  b e e n  
u s e d  p r e v i o u s l y  to d e t e r m i n e  t h e  d i s t r i b u t i o n  of c o n -  
d u c t i o n  in  d ie lec t r i c s .  Rose  (5) a n d  P f o t z e r  (6) h a v e  
i n v e s t i g a t e d  C u 2 0  r ec t i f i e r s  b y  t h i s  t e c h n i q u e .  Rose  
d e r i v e d  t h e  e q u i v a l e n t  of o u r  Eq. [9] b y  e q u a t i n g  t h e  
r e s i s t a n c e  a n d  r e a c t a n c e  as  s h o w n  i n  o u r  Eq.  [10].  
He  a t t r i b u t e s  t h i s  a p p r o a c h  to some  u n p u b l i s h e d  w o r k  
of K. L e h o v e c .  P f o t z e r  p r e s e n t s  d e r i v a t i o n s  fo r  s e v -  
e r a l  pos s ib l e  c o n d u c t i v i t y  prof i les  i n c l u d i n g  t h e  e x -  
p o n e n t i a l  case  w h i c h  is f o r m a l l y  s i m i l a r  to o u r  Eq.  
[ 3 ] - [ 9 ] .  S c h o l t e  a n d  v a n  G e e l  h a v e  s t u d i e d  a n o d i c  
o x i d e  f i lms on  a l u m i n u m  b y  a r e l a t e d  t e c h n i q u e  (7 ) .  
T h e y  c o n s i d e r  t h e i r  t r e a t m e n t  to b e  m o r e  r i g o r o u s  
t h a n  p r e v i o u s  m e t h o d s  s ince  t h e y  t a k e  specif ic  ac -  
c o u n t  of t h e  r e g i o n s  w h i c h  m a k e  b o t h  r e s i s t i v e  a n d  
r e a c t i v e  c o n t r i b u t i o n s ,  w h e r e a s  t h e  u s e  of (9) i m p l i e s  
a d i s t i n c t  b o u n d a r y  b e t w e e n  s u c h  r eg ions .  T h e i r  
m e t h o d  is m a t h e m a t i c a l l y  c u m b e r s o m e ,  h o w e v e r ,  a n d  
a n  a n a l y s i s  of t h e i r  d a t a  b y  m e a n s  of [9] g ives  t h e  
s a m e  r e s u l t s  as t h e i r  m o r e  i n v o l v e d  ca l cu l a t i on .  

As  p o i n t e d  ou t  i n  a l l  of t h e  r e f e r e n c e s  j u s t  c i ted,  
t h i s  g e n e r a l  m e t h o d  of  a n a l y s i s  does  n o t  y i e ld  a n  u n -  
e q u i v o c a l  d i s t r i b u t i o n  of c o n d u c t i v i t y .  A n y  a r r a n g e -  
m e n t  of t h e  v a r i o u s  i n c r e m e n t s  of t h i c k n e s s  w i t h  t h e i r  
a p p r o p r i a t e  c o n d u c t i v i t i e s  w o u l d  g ive  t h e  s a m e  d i -  
e l ec t r i c  p r o p e r t i e s .  O t h e r  e v i d e n c e  ind ica tes ,  h o w -  
ever ,  t h a t  in  t h e  p r e s e n t  case  t h e  m a j o r  p o r t i o n  of t h e  
c o n d u c t i o n  l ies  n e a r  t h e  T a - T a f O 5  i n t e r f a c e  (1, 2) .  
T h i s  does  n o t  e x c l u d e  a s m a l l  c o n t r i b u t i o n  f r o m  t h e  
o t h e r  s ide  of t h e  film. 

B r e c k e n r i d g e  h a s  d e t e r m i n e d  t h e  a c t i v a t i o n  e n e r g y  
fo r  r e l a x a t i o n  p r o c e s s e s  i n v o l v i n g  p a i r s  of ion ic  d e -  
fec t s  in  ion ic  c r y s t a l s  f r o m  t h e  t e m p e r a t u r e  d e p e n d -  
e n c e  of t h e  m a x i m u m  v a l u e  of t a n  5 as a f u n c t i o n  of 
f r e q u e n c y ,  a n d  vice versa (8) .  T h e  t r e a t m e n t  is f o r -  
m a l l y  i d e n t i c a l  to  t h a t  u s e d  he re ,  b u t  t h e  p h y s i c a l  
s i t u a t i o n  is c o m p l e t e l y  d i f f e ren t .  T h e  w o r k  of B r e c k -  
e n r i d g e  is c o n c e r n e d  w i t h  a n  ion ic  process ,  h o m o g e n -  
e o u s l y  d i s t r i b u t e d  t h r o u g h o u t  a c rys ta l ,  a n d  is e s s e n -  
t i a l l y  a D e b y e  r e l a x a t i o n  process .  I n  o u r  case,  t h e  
m e a s u r e m e n t s  a r e  b e l i e v e d  to i n v o l v e  t h e  i n t e r a c t i o n  
b e t w e e n  ion ic  a n d  e l e c t r o n i c  defec t s ,  a n d  a n  i n h o m o -  
g e n e o u s  d i s t r i b u t i o n  of defec t s ,  a c h i e v e d  b y  p a r t i a l  
r e a n o d i z a t i o n ,  is r e q u i r e d  b e f o r e  a m a x i m u m  v a l u e  
fo r  t a n  6 is o b s e r v e d .  M o r e o v e r ,  t h e  pos i t i ons  of t h e  
m a x i m a  a r e  a f u n c t i o n  of t h e  e x t e n t  of r e a n o d i z a t i o n .  
Th i s  is m o r e  c lose ly  r e l a t e d  to a M a x w e l l - W a g n e r  t y p e  
of d i e l ec t r i c  s t r u c t u r e .  

In  t h e  r a n g e  0.01 ~a ~ ~0 ~--- 100 r Eq. [13] r e d u c e s  to  

t a n  8 = [17] 
o- d 

2 1 n ~ - -  
f f l  

T h u s  t a n  6 is i n d e p e n d e n t  of  f i lm t h i c k n e s s  i n s o f a r  as  
cra/al is i n d e p e n d e n t ,  i.e., fo r  a n o d i z a t i o n  v o l t a g e s  
g r e a t e r  t h a n  50v. F o r  50 cycles ,  34~ a n d  cd/~z = 1021, 
as s h o w n  in  Fig.  4, t a n  ~ ~ 0.038. T h e  o b s e r v e d  v a l u e  
is s h o w n  in  Fig.  8. I f  t h e  losses  of t h e  u n h e a t e d  s a m p l e  
a r e  s u b t r a c t e d  f r o m  t h o s e  of t h e  h e a t e d  s am p le ,  t h e  
c o n t r i b u t i o n  d u e  to t h e  c o n d u c t i v i t y  g r a d i e n t  is 0.040, 
w h i c h  is c lose  to t h e  c a l c u l a t e d  va lue .  

In  a n  i n d i v i d u a l  s a m p l e  h a v i n g  a c o m p l e x  d i s t r i b u -  
t i o n  of c o n d u c t i v i t y ,  s u c h  as a p a r t i a l l y  r e a n o d i z e d  
s amp le ,  t h e  m a g n i t u d e  of t h e  t a n  8 is d e t e r m i n e d  b y  
t h e  s lope  of t h e  g r a d i e n t  w h e r e  i t  c rosses  r T h i s  c a n  
b e  s een  f r o m  Eq.  [17] if  i t  is c o n s i d e r e d  t h a t  t h e  
e f fec t ive  v a l u e s  of ~d a n d  at a r e  t h o s e  o b t a i n e d  b y  
e x t r a p o l a t i o n  of t h e  c o n d u c t i v i t y  s lope  in  t h e  v i c i n -  
i ty  of r W h e r e  t h e  g r a d i e n t  is s teep ,  a n d  t h e  e f f ec t ive  
~d/r is h igh ,  t h e  t r a n s i t i o n  f r o m  good d i e l ec t r i c  to  
good  c o n d u c t o r  is s h a r p ,  a n d  t h e  d i e l e c t r i c  losses  a r e  
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Fig. 11. Correction factor ~ from Eq. [18] 
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low.  T h i s  q u a l i t a t i v e  a n a l y s i s  leads ,  fo r  e x a m p l e ,  to  
a n o n m a t h e m a t i c a l  e x p l a n a t i o n  fo r  t h e  m a x i m u m  
v a l u e s  of t a n  5 o b s e r v e d  as a f u n c t i o n  of f r e q u e n c y  o r  
t e m p e r a t u r e  fo r  p a r t i a l l y  r e a n o d i z e d  films. 

A c o r r e c t i o n  c a n  b e  a p p l i e d  fo r  d e v i a t i o n s  of [9] 
f r o m  [7] in  t h e  r e g i o n  w h e r e  t h e  a s s u m p t i o n s  of  [8] 
a r e  n o t  va l id ,  b y  de f in ing  a c o r r e c t i o n  f ac to r ,  8, 

((;) 1+ ~ 
o ' I  ~ i  

~ :  "v ~d 1 ~- "V 2 

1 / 2  

[18] 

s u c h  t h a t  ~cOeco e q u a l s  r as de f i ned  b y  [7] .  F i g u r e  11 
s h o w s  a p lo t  of ~ vs. .y .  T h e  c o r r e c t i o n  is less  t h a n  10% 
fo r  7 ~ 0 . 5  a n d  ~ ~ 5~1/~d. T h e  l a t t e r  r e g i o n  is of n o  
p r a c t i c a l  i n t e r e s t  s i nce  i t  c o n c e r n s  t h e  p rof i l e  n e a r  
t h e  p o o r e r  c o n d u c t i n g  e n d  w h i c h  is no t  e x p e r i m e n t a l l y  
access ib le .  T h e  c o r r e c t i o n  f a c t o r  is 1 / ~ / 2 - a t  7 = 1 or  
r = r T h u s  t h e  u se  of [9] is v a l i d  o v e r  m o s t  of 
t h e  d i e l e c t r i c  w i t h  a c c e p t a b l e  a c c u r a c y .  T h e  d a t a  
s h o w n  in  Fig. 4 h a v e  b e e n  c o r r e c t e d  w i t h  v a l u e s  of 
t a k e n  f r o m  Fig.  11. 

K o f s t a d  h a s  i n v e s t i g a t e d  t h e  e l ec t r i ca l  p r o p e r t i e s  
of c e r a m i c  TafO5 as a f u n c t i o n  of t e m p e r a t u r e  a n d  
o x y g e n  p r e s s u r e  (9) .  H e  f inds a r e g i o n  a t  l ow  o x y g e n  
p r e s s u r e s  a n d  l o w  t e m p e r a t u r e s ,  w h e r e  t h e  c o n d u c -  
t i v i t y  s e e m s  to b e  c o n t r o l l e d  b y  t h e  p a r t i a l  i o n i z a t i o n  
of t h e  m o r e  w e a k l y  b o u n d  e l e c t r o n s  f r o m  o x y g e n  
vacanc i e s .  Th i s  c o r r e s p o n d s  to t h e  c o n d u c t i o n  m e c h -  
a n i s m  w e  h a v e  p r o p o s e d  fo r  t h e  h e a t - t r e a t e d ,  a n o d i c  
o x i d e  fi lms. F o r  Ta205 s a m p l e s  coo led  i n  1 a t m  o x y g e n  
K o f s t a d  f o u n d  a n  a c t i v a t i o n  e n e r g y  of r e s i s t a n c e  of 
40 k c a l / m o l e  d o w n  to  800 ~ B e t w e e n  800 ~ a n d  600 ~ 
e q u i l i b r i u m  w a s  a t t a i n e d  v e r y  s lowly ,  a n d  b e l o w  600 ~ 
a n  a c t i v a t i o n  e n e r g y  of 14 k c a l / m o l e  or  0.61 e v  w a s  
o b s e r v e d .  I t  w a s  s u g g e s t e d  t h a t  t h e  l a t t e r  v a l u e  m i g h t  
b e  r e l a t e d  to c o n d u c t i o n  d u e  to i m p u r i t i e s .  I t  s e e m s  
e q u a l l y  l i k e l y  t h a t  t h e  m o b i l i t y  of o x y g e n  in  t h e  
Ta205 is d e c r e a s i n g  to t h e  e x t e n t  t h a t  n o  f u r t h e r  
c h a n g e  i n  s t o i c h i o m e t r y  occu r s  b e l o w  600 ~ a n d  t h a t  
t h e  l o w e r  a c t i v a t i o n  e n e r g y  r e p r e s e n t s  t h e  i o n i z a t i o n  
e n e r g y  of a c h a r g e  c a r r i e r  f r o m  a defec t .  T w o  f ac to r s  
c o m p l i c a t e  t h e  i d e n t i f i c a t i o n  of t h i s  i o n i z a t i o n  e n e r g y  
w i t h  t h e  o n e  r e p o r t e d  h e r e ,  h o w e v e r .  K o f s t a d ' s  m e a s -  
u r e m e n t s  w e r e  m a d e  on  s i n t e r e d  s a m p l e s  w h i c h  m a y  
b e  a s s u m e d  to b e  c r y s t a l l i n e ,  w h e r e a s  o u r  s a m p l e s  i n -  
v o l v e  a m o r p h o u s ,  a n o d i c  f i lms;  and ,  a c c o r d i n g  to K o f -  
s t a d ' s  i n t e r p r e t a t i o n ,  h i s  s a m p l e s  s h o u l d  h a v e  b e e n  
s t r o n g l y  p - t y p e  fo r  t h e  p a r t i c u l a r  c o n d i t i o n s  u s e d  fo r  
t h i s  e x p e r i m e n t ,  w h e r e a s  o u r  r e s u l t s  r e f e r  to  n - t y p e  
c o n d u c t i o n .  I f  t h e  ionic  d e f e c t  in  t h e  p - t y p e  o x i d e  is 
i n t e r s t i t i a l  oxygen ,  as K o f s t a d  p roposes ,  t h e n  t h e  d e -  
f ec t  c a n  b e  c o n s i d e r e d  as a h e l i u m - l i k e  c e n t e r  w i t h  
t w o  ho le s  a s s o c i a t e d  w i t h  t h e  two  n e g a t i v e  c h a r g e s  of 
t h e  i n t e r s t i t i a l  ion.  T h i s  w o u l d  b e  f o r m a l l y  s i m i l a r  to  
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an oxygen vacancy with  two t rapped electrons, and 
the ionization energies might  be ve ry  similar. The 
similar  ionization energies for substi tut ional  donors 
and acceptors in ge rmanium and silicon may be con- 
sidered as a precedent  for this argument .  Moreover ,  
the ionization energy will  be determined by the im-  
mediate  envi ronment  of the defect, and even the 
shor t - range  order  of the amorphous oxide may  be 
sufficient to create a crystal l ine envi ronment  for the 
defect. Thus the correspondence of the act ivat ion en- 
ergy repor ted  by Kofstad and that  repor ted  here  may  
be more than coincidence. 

A recent  paper  by Pavlovic  describes the dielectr ic  
behavior  of ceramic ~- and /~-Ta205 and of samples 
cut f rom a boule of a-Ta205 (10). For  some of these 
samples the t empera tu re  and f requency  dependences 
of the dielectric constant  and dissipation factor are 
ex t remely  large and are analogous to the behavior  
repor ted  here  for hea t - t rea ted ,  anodized tantalum. 
Pavlovic  at tr ibutes this behavior  to a high degree of 
ionic polarization. It is apparent  f rom the work  of 
Kofstad (9) that  these samples must  have been non-  
stoichiometric and probably  inhomogeneous.  It  seems 
probable that  the repor ted  dielectric propert ies  were  
strongly influenced by the conduct ivi ty  of the non-  
stoichiometric samples. It is of par t icular  interest  
that  Pavlovic  found an activation energy of about 
0.6 ev for the re laxat ion  effects. 

The work  described here  on heat- t reated,  anodized 
tan ta lum raises some interest ing questions about the 
propert ies  of the unheated system. It cannot be 
doubted that  a sharp interface be tween  tan ta lum metal  
and stoichiometric Ta205 is unstable. Any  adjus tment  
on the par t  of the oxide in the direct ion of t he rmody-  
namic equi l ibr ium at the interface wil l  resul t  in 

oxygen deficiency and semiconduction in the oxide. 
Young has pointed out that  the f requency  dependences 
of capacitance and series resistance of anodic oxides, 
and the observed relat ionship be tween them, can be 
explained on the basis of a ve ry  steep, exponent ia l  
gradient  of conduct ivi ty  wi th in  the oxide (3). Winkel  
and de Groot have  proposed an a l ternat ive  explana-  
tion based on a wide distr ibution of re laxa t ion  t imes 
(11), and this seems to have  gained favor  over  the 
Young hypothesis in recent  years (12). The results 
repor ted  in this paper  lend some support  to Young's  
original  interpretat ion.  

Manuscript  received May 20, 1964. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 

REFERENCES 
1. D. M. Smyth,  G. A. Sh im,  and T. B. Tripp, This 

Journal, 11@, 1271 (1963). 
2. D. M. Smyth  and T. B. Tripp, ibid., l l0 ,  1277 

(1963). 
3. L. Young, Trans. Faraday Soc., 51, 1250 (1955). 
4. W. J. Bernard,  This Journal, 1@8, 446 (1961). 
5. F. Rose, Ann. Phys., Lpz., 9, 97 (1951). 
6. G. Pfotzer,  Z. Naturforschung, 4A, 691 (1949). 
7. J. W. A. Scholte and W. Ch. van  Geel, Philips Re- 

search Repts., 8, 47 (1953). 
8. R. G. Breckenr idge  in "Imperfect ions  in Near ly  

Perfect  Crystals," W. Shockley et al., Editors, 
p. 219, John  Wiley & Sons, New York (1952). 

9. P. Kofstad, This Journal, 109, 776 (1962). 
10. A. S. Pavlovic,  J. Chem. Phys., 40, 951 (1964). 
11. P. Winkel  and D. G. de Groot, Philips Research 

Repts., 13, 489 (1958). 
12. L. Young, "Anodic Oxide Films," p. 163, Academic  

Press, London (1961). 
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Films 
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ABSTRACT 

Conductance of tan ta lum and niobium films at room tempera tu re  is con- 
sidered as a function of the forming potential  of the anodic oxidation process. 
F rom e lementary  principles an equat ion is der ived to re la te  metal  film con- 
ductance to format ion voltage. The equation indicates a l inear  relationship,  
and exper imenta l  measurements  general ly  ver i fy  the l inearity.  Deviat ions 
of the characterist ic f rom l inear  behavior  are in terpre ted  in terms of film 
sample and deposition parameters .  Theoret ical  and exper imenta l  results  sug- 
gest tha t  the conductance-format ion  potential  characteris t ic  provides a fun-  
damenta l  tool for studying meta l  and oxide film parameters .  

The behavior  of the conductance of metal  films has 
been studied as film thickness is decreased by anodiz- 
ation. The effect of decreasing thickness is seen im-  
plici t ly by re la t ing conductance to format ion poten-  
tial. Since the lat ter  is a var iable  capable of being 
highly controlled, meta l  thickness and conductance 
may also be closely controlled. The conductance-  
format ion vol tage relat ionship thus forms a vehicle  
for s tudying an electr ical  pa ramete r  of the meta l  film 
as " layers"  of meta l  are removed.  This "peel ing off" 
of layers is then essential ly the reverse  of the original  
deposition process. Consequently,  the conductance 
characteris t ic  has been especially va luable  in adjust-  
ing films to preselected values of sheet  resistivity.  

A simple model  based on the usual conductance-  
thickness re la t ion shows that  conductance is l inear ly  
re la ted to forming potential.  This model  shows quan-  
t i ta t ively  that  the characteris t ic  depends on several  
parameters :  (a) init ial  meta l  film thickness, (b) 
metal  film density, (c) oxide film density, and (d) 

oxide growth factor in the anodization process. Re-  
sults of exper imenta l  measurements  of the character -  
istic for sput tered niobium and tan ta lum films are 
discussed and these results used to de termine  init ial  
thicknesses of the meta l  films. A comparison is made 
of init ial  meta l  film thickness for a niobium sample 
as de termined by in te r fe rometer  methods and by using 
the conductance characterist ic.  The  nonl inear  regions 
of the exper imenta l  curves are discussed qual i ta t ively,  
as are observations made in using the conductance 
characterist ic over  an extended period of time. 

Theoretical 
To show that  a l inear  relat ionship be tween  meta l  

film conductance (or sheet conductivi ty)  and fo rma-  
tion vol tage is expected, i t  is necessary to examine  
briefly the me ta l -oxygen  reaction. Tanta lum is used 
to i l lustrate  the requi red  relationships. 

In the t an ta lum-oxygen  react ion one would  expect  
1.22g of Ta205 to be formed anodical ly for each gram 



Vol. 111, No. 12 CONDUCTANCE DURING ANODIC OXIDATION 1337 

of tantalum, if the react ion goes to completion. For  
a two- layer  film structure  consisting of Ta205 over  
a layer  of deposited Ta, this mass ratio can be equated 
with the rat io of the dens i ty -vo lume products 

M (Ta205) d (Ta2Os) V (Ta2Os) 
- -  [ 1 ]  

M(Ta)  d (Ta)  V(Ta)  

If equal  areas of meta l  film and oxide film are con- 
sidered, and t is used to denote thickness, the rat io 
of oxide film thickness to meta l  film thickness becomes 

t (TasOs) d (Ta) 
1.22 [2] 

t (Ta) d (Ta2Os) 

If anodizing conditions are such that  a l inear  oxide 
growth factor exists, this factor may  be used to de-  
velop the final equation. The t e rm "l inear  oxide 
growth factor"  is used here  to mean that  oxide thick-  
ness is di rect ly  proport ional  to the forming potential.  
With v signifying this format ion voltage, [2] can be 
inver ted  and mul t ip l ied  by the oxide growth factor, 
t ( T a 2 0 ~ ) / v ,  to yield the (voltage) ra te  of conversion 
of meta l  film to oxide film 

t (Ta2Os) t (Ta)  t (Ta)  
m = - -  - -  [3] 

v t(Ta20~) v 

where  m is this me ta l - to -ox ide  conversion rate. If 
the subscript o is used to denote initial meta l  film 
thickness, i.e., before anodization, the metal  thickness 
remaining  after anodization to v volts is the difference 
be tween the init ial  thickness and the thickness lost 
by conversion to oxide 

t (Ta )  = to(Ta) --  m v  [4] 

If meta l  film conductance, g, is proport ional  to film 
thickness, as in the bulk  mater ia l  conductance ex-  
pression 

g t 
- -  [ 5 ]  

go to 

If this equat ion is used in [4] and the parenthet ical  
expressions are dropped, the final resul t  becomes 

g m 
- -  = 1 - -  - -  v [ 6 ]  

go to 

This equat ion relates the ratio of final meta l  film 
conductance to init ial  conductance and forming po- 
tent ial  in a par t icular ly  simple way. The form of the 
equation, represent ing  a normal ized conductance, is 
convenient  for comparing films of differing init ial  
conductances (or resistances).  On a graph of nor-  
mal ized conductance, g /go  vs.  v,  the last equat ion 
represents  a s traight  line of negat ive  slope m / t o  and 
uni ty  intercept  corresponding to v = o. 

The quanti t ies most easily measured  are go, g, and 
v. Since 

t(Ta2Os) d(Ta2Os) 
m [7] 

v 1.22d (Ta) 

for tantalum, the meta l  and oxide densities are re -  
quired and the (l inear)  oxide growth factor must  be 
known. If these last three  quanti t ies have  been de- 
termined,  they may be used with the conductance 
characteris t ic  to yield a value  for to, the remain ing  
unknown. Conversely,  if to has been determined,  by 
optical measurement  for example,  any one of the other  
quanti t ies can be determined.  The inclusion of t em-  
pera ture  as an exper imenta l  var iable  also suggests 
several  possibilities for obtaining informat ion on the 
anodic growth process and propert ies  of film samples. 

Implic i t  in the above model  are the assumptions 
that:  (a) the oxide has perfect  stoichiometry,  (b) the 
me ta l -oxygen  react ion goes i r revers ib ly  to comple-  
tion, (c) the substrate and oxide are perfect  insulators, 
(d) meta l  and oxide densities are constants, (e) the 
resistance equation for bulk mater ia l  is valid, (]) 

the oxide is insoluble in the electrolyte  used, and 
(g) the "meta l"  film consists of a pure  metal.  

In applying [6] and [7] to an exper imenta l  s i tua-  
tion, suitable numerica l  values are often hard to de-  
termine.  Metal  film density, for example,  may  ap- 
proach the bulk meta l  va lue  in an asymptotic  way 
only (1). This decreased density may be caused by 
agglomerat ion of the ini t ial ly deposited part icles or 
by s t ructural  defects, which often appear in greater  
concentrat ion in films than in bulk material .  The con- 
ductance characteris t ic  might  be used to de te rmine  
such quantities. 

Exper imenta l  
Exper imenta l ly ,  it has been found that  the l inear 

form of the normal ized conductance expression is 
general ly  followed. Figure  1 shows the room t emper -  
a ture  direct  current  normal ized conductance of typical  
sput tered tantalum film samples anodized at approx-  
imately  5 m a / c m  2 in room tempera tu re  aqueous solu- 
tions of 100 ohm-cm resistivity.  F igure  2 indicates the 
characterist ics of typical  sput tered niobium films un-  
der the same conditions. Each curve  represents  a 
single film, which was deposited on a glass micro-  
scope slide and select ively etched to form a film re-  
sistor. Severa l  different pat terns  have  been used; 
typical film line width is 5 mils. All  samples were  
anodized by using a constant -vol tage-r ise  program 
of 2 v/rain.  The vol tage program was stopped per i -  
odically dur ing its course, and the sample was re-  
moved  from solution, rinsed, and dried. Af te r  drying, 
sample resistance was measured wi th  L&N model  4735 
guarded wheats tone bridge. In each case resistance 
of the leads and contacts was subtracted, so that  only 
the area of meta l  undergoing anodization was included 
in the measurement .  Table I indicates the conditions 
used for each sample. 

Discussion of Results 
In Fig. 1 sample C shows l inear  behavior  of the 

characteris t ic  above a format ion  potential  of about 
20v. The remain ing  two tan ta lum samples show a 
greater  deviat ion f rom linearity,  a l though the center  
port ion of the curves suggests a l inear  relationship. 
The curves for niobium in Fig. 2 are similar  in shape, 
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Fig. 1. Normalized room temperature conductance characteristic 
of typical tantalum film samples. 



1338 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1964 

" ~  I J I I j J I I I I 

~ 0.8 - -  

9 

z 
,~ 0.7 - -  - -  

N 

~ 0.6 -- 

LJ 0.5 - 

z 

~ 0 . 4 - -  -- 

~ 0 . 3 - -  -- 

�9 ~ 0.2 -- 
=E ~ ~v..-- SA MPL E E 

SAMPLE D % \ 

0.1 - -  - -  

o.o I I I I I I J I I I x 
50 100 ~50 200  250 300  

FORMATION POTENTIAL,V, VOLTS 

Fig. 2. Normalized room temperature conductance characteristic 
of typical niobium film samples. 

with departures  f rom l inear i ty  par t icular ly  pro-  
nounced at the low vol tage  ends. 

In an effort to compare  exper imenta l  results  wi th  
[6], certain numer ica l  values have  been used for the 
parameters  which enter  this expression. Using 
t ( T a 2 O s ) / v  ~ 15.3 A / v ,  1 a value  de termined  in this 
laboratory for sput tered tantalum, one finds f rom [7] 
that  m = 6.2 A/v .  That  is, 6.2A of tan ta lum are con- 
ver ted  to oxide for each volt  applied. To a r r ive  at 
this value  a bulk tan ta lum densi ty of 16.6 g / c m  3 
and an oxide density of 8.2 g / cm ~ (2) were  used 
in [7]. If m = 6.2 A / v  is used and the slope of 
a line drawn through the characterist ic of sample 
C is estimated, one finds the init ial  meta l  thickness of 
the sample  to be 600A. Since the characterist ics of 
samples A and B are somewhat  less linear, the center  
port ion of the curves can be used, and the original  
meta l  thickness of these samples is es t imated to be 
2200 and 3100A, respect ively.  

1 A n o d i z i n g  c o n d i t i o n s  e s s e n t i a l l y  i d e n t i c a l  to those  c i t ed  excep t  
d i l u t e  H~PO4 was  the  on ly  s o l u t i o n  used.  

Table I. Anodization conditions for tantalum and niobium films 

I n i t i a l  I n i t i a l  
res is -  Vo l t age  S o l u t i o n  m e t a l  f i lm 

S a m p l e  tanee ,  p r o g r a m ,  S o l u t i o n  t amp ,  t h i c k -  
No. o h m s  v / m i n  c o m p o s i t i o n  ~ ness,  A 

A 5550.3 2 p h o s p h o r i c  ac id  25 2200 
e t h y l e n e  g lyco l  
w a t e r  

B 3947.7 2 p h o s p h o r i c  ac id  25 3100 
e t h y l e n e  g lyco l  
w a t e r  

C 60,1 2 p h o s p h o r i c  ac id  room 600 
w a t e r  t e m p  

D 39.903K 2 p h o s p h o r i c  ac id  25 800 
w a t e r  

E 4720.7 2 m e t h y l  a lcoho l  28 1500 
p h o s p h o r i c  ac id  
w a t e r  

F 19.070K 2 p h o s p h o r i c  ac id  25 1800 
w a t e r  

Table I indicates the initial metal  film thicknesses 
for the niobium samples, D, E, and F, as de termined  
from the anodizing characterist ic.  The values  shown 
are considered somewhat  less rel iable  than those for 
tan ta lum because it was necessary to re ly  on l i tera-  
ture  values for metal  density, oxide density, and oxide 
growth factor. Using 8.6 g / c m  8 for niobium density, 
4.36 g / c m  3 for Nb205 density (3), and 22 A / v  for the 
growth factor of Nb20~ (4, 5), one finds m : 9.2 A / v .  

Init ial  metal  film thickness has been optically de-  
te rmined  for only sample F. Mul t ip le -beam in ter -  
fe rometer  techniques showed an initial thickness o~ 
2730A for sample F, compared wi th  the 1800A result  
f rom the conductance characteristic.  The discrepancy 
could be the resul t  of one or more  deviat ions f rom 
the assumptions used in the equations. In addition, the 
optical measurement  was taken in a single small  area 
(of the order of 100 mils 2) of the meta l  film and may 
not adequate ly  represent  an average initial meta l  film 
thickness. 

The curves in Figs. 1 and 2, as wel l  as those of all 
samples not shown here, have  a typical  bend at low 
forming voltages. The curves genera l ly  start  their  
l inear behavior  around 20v, however .  In this low 
voltage region the nonl inear  behavior  probably re-  
sults f rom two factors. (A) There  is often a thin, 
t ransparent  film on the surface of sput tered tan ta lum 
films. These t ransparent  films are 50-70A thick and 
are probably oxides and /o r  ni tr ides of the metal  
formed after deposition. The presence of these films 
reduces the electric field in the oxide to values in-  
sufficient for tan ta lum ion motion unt i l  severa l  volts 
are reached in the vol tage program. The constant value  
for m is thus in er ror  in the low vol tage region. (B) 
The l inear behavior  predicted by [6] incorrect ly  as- 
sumes that  oxide overpotent ia l  and forming potential  
are equivalent  over  the ent ire  vol tage range. The 
error  in this assumption is pronounced in the low vol t -  
age region. Because of effects (A) and (B),  then, the 
conductance shows li t t le change with increasing vol t -  
age unti l  several  volts have  been reached. 

Severa l  of the samples in Figs. 1 and 2 show a de- 
creasing slope in the high vol tage region of the curves. 
Since the meta l  film becomes th inner  as the forming 
vol tage increases, it is thought  that  in the high voltage 
region of these curves " layers"  may exist  that  are 
metal  oxides or nitrides, formed by ge t te r ing  action 
dur ing deposition. Such a var ia t ion in composition 
alters conductance by al ter ing the specific conduc- 
tivity. Oxides and nitr ides thus formed from residual  
gas in the sput ter ing system genera l ly  have lower 
specific conduct ivi ty  than the metal,  so that  the mag-  
ni tude of the slope decreases. Usual ly  one would  ex-  
pect get ter ing to occur dur ing the ear ly  stages of 
metal l ic  film deposition. However ,  the fact  that  the 
characteris t ic  starts level ing out at values  as large as 
g/go ~---- 0.6 (for sample B) suggests that  react ion of 
metal  and residual gas may  occur throughout  depo- 
sition. The l inear characterist ic of niobium sample E 
and tan ta lum sample C suggests l i t t le  get ter ing dur -  
ing deposition, par t icular ly  for the ini t ial ly deposited 
particles, since the samples are near ly  completely  
conver ted to oxide in the region g/go < 0.1. 

In addition to the bending of the curves in the low 
and high vol tage regions, a th i rd  bending effect, not 
shown in the figures, has been observed. This bending 
occurs in cer ta in  samples in the high vol tage region 
and is opposite in direct ion f rom the previously  men-  
t ioned high vol tage bending. It consists of a rapid 
fall-off f rom l inear  behavior  such that  the conductance 
drops substantial ly for a small  increase in voltage. 
This behavior  can be in terpre ted  in two ways. First,  
deposition conditions could have  been such that  the 
ini t ia l ly  deposited part icles formed agglomerates  
which caused a discontinuous film structure.  In a 
region of "is land" s t ructure  of a ve ry  thin metal l ic  
film ( 4  1O0A) a different conduction mechanism is 
involved,  one which has been discussed recent ly  in 
the fihn l i te ra ture  (6-11). The discontinuous nature  
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of the film in this region may cause anodization to 
cease as a result  of the loss of a "dr iv ing"  potential,  
while the meta l  agglomerates  remain.  In the samples 
in which this effect occurs the characteris t ic  might  
thus be used to detect the onset of this cri t ical  region, 
if this first in terpre ta t ion is correct. A second in-  
te rpre ta t ion  of this drast ical ly dropping conductance 
is that  the meta l  film has become so thin that  e lectron 
scattering in the thickness dimension increases. This 
is the third t e rm in Matthiessen's  rule  for the resis t iv-  
i ty  of a thin metal  film (6). 

Quali tat ively,  several  features  were  seen when  the 
conductance characterist ic was used as a moni tor ing 
technique. For  example,  al though small  var iat ions 
exist, the slope of the characterist ic tends to be es- 
sential ly constant be tween  samples deposited s imul-  
taneously in the same sput ter ing system. Samples 
sput tered at different t imes in the same system have 
different slopes, al though deposition conditions are 
presumably  identical. The first observat ion  mere ly  in-  
dicates good uni formi ty  in thickness be tween samples, 
but  the second suggests different residual  gas contents 
in the system and differing impur i ty  content  in the 
resul t ing film. In comparing sputtered tan ta lum and 
niobium, the tendency for greater  get ter ing by niobium 
can be seen by compar ing slopes of the conductance 
characterist ic for niobium samples f rom different de- 
position runs. On the other  hand, tan ta lum shows 
good consistency, wi th  less var ia t ion be tween  slopes. 
This is, then, indirect  evidence concerning re la t ive  
pur i ty  of the sput tered films, and it is concluded that  
in comparing tan ta lum and niobium films, the anodiz- 
ing characterist ic offers one means of de termining 
re la t ive  pur i ty  of a family  of samples. 

In conclusion, the normal ized conductance-format ion 
vol tage characterist ic relates parameters  of a metal  
film to a dynamic var iable  of the oxidat ion process. 
In a fundamenta l  sense it provides a tool for s tudy-  
ing meta l  and oxide film parameters  as the meta l  is 
conver ted  to oxide. It also offers a most suitable means 

for t r imming meta l  films to preselected values of con- 
ductance, resistance, or thickness. 
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Studies on the Oxygen Gradients in Oxidizing Metals 
II. Hafnium 

J. P. Pemsler 
Ledgemont Laboratory, Kennecott Copper Corporation, Lexington, Massachusetts 

ABSTRACT 

Coarse grained hafnium samples were  oxidized for t imes up to 432 hr. A 
remarkab le  anisotropy of the oxidation ra te  was observed which persisted 
to the thick film region. This effect is associated with  a var ia t ion in the 
s toichiometry of the oxide films cover ing the differently oriented grains. The 
oxygen gradient  beneath  the oxide film was measured using a technique 
involving the ra te  of dissolution of in ter ference  colored oxide films. Exper i -  
menta l ly  de termined  gradients are in good agreement  wi th  a theoret ical  ex-  
pression involving the diffusivity, time, and oxide film thickness. 

The oxidation of Groups IV A and V A metals  dif-  
fers f rom that  of other  metals  in that  during oxida-  
tion significant quanti t ies of oxygen dissolve in the 
metal  substrate s imultaneously wi th  the growth of 
oxide, so that  a metal  zone rich in oxygen forms 
beneath the oxide layer.  This paper  represents  a con- 
t inuat ion of the invest igat ion into the nature  of the 
oxygen gradient  and the role that  oxygen solution 
plays in the oxidation mechanism. 

Wal lwork  and Jenkins  (1) s tudying the oxidat ion 
of the Group IV A metals  propose an initial parabolic 
rate  associated with  the format ion of an oxygen dif-  
fusion gradient  in the metal,  fol lowed by a l inear  
rate  associated with  the establ ishment  of a constant 
oxygen gradient  in the metal. Smel tzer  and Simnad 
(2) studied the oxidation of hafnium in the t emper -  

a ture  range 350~176 Their  results are represented  
by logari thmic,  parabolic, and l inear  rate  equations. 
The persistence of the logari thmic rate  decreased with 
increasing temperature ,  and no logari thmic rate was 
found above about 700~ Logar i thmic rates gave way  
to parabolic kinetics after an induction period. At  
longer times the parabolic rate  t ransforms to a l inear 
rate, s imultaneous with  the format ion of a duplex 
scale of inner  compact and outer  porous oxides. In a 
previous paper (3) I measured the diffusion coefficient 
of oxygen in hafnium in the temperature range 500 ~ 
620~ At the time of this study the phase diagram of 
hafnium-oxygen had not been determined, and the 
results were reported in terms of estimates of the 
terminal solubility of oxygen in alpha hafnium. 
Combining these data with the subsequent deter- 
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m i n a t i o n  of t h e  s o l u b i l i t y  l i m i t  of o x y g e n  in  h a f n i u m  
b y  R u d y  a n d  S t e c h e r  (4 ) ,  t h e  d i f fus ion  e q u a t i o n  m a y  
b e  e x p r e s s e d  b y  D, cm2 / sec  = 0.66 exp  [ ( - -5 0 ,  820 
+_- 240)/RT]. T h i s  e q u a t i o n  h a s  b e e n  r e - e v a l u a t e d  in  
t h e  l i g h t  of s u b s e q u e n t  p u b l i c a t i o n s  b y  o t h e r  i n v e s -  
t iga to r s .  T h e  r e s u l t s  a r e  in  e x c e l l e n t  a g r e e m e n t  w i t h  
m y  i n i t i a l  w o r k ,  a n d  a c r i t i c a l  e v a l u a t i o n  of t h e  l i t e r a -  
t u r e  c o n c e r n i n g  t h e  d i f fus ion  of o x y g e n  in  h a f n i u m  
is r e p o r t e d  in  a s e p a r a t e  c o m m u n i c a t i o n  (5) .  

Theory.--Calculation of t h e  o x y g e n  g r a d i e n t  b e -  
n e a t h  t h e  f i lm o n  o x i d i z e d  m e t a l s  n e c e s s i t a t e s  t h e  
s o l u t i o n  of a m o v i n g  i n t e r f a c e  d i f fus ion  p r o b l e m  w i t h  
t h e  o x i d a t i o n  r a t e  as a b o u n d a r y  cond i t i on .  T h e  s o l u -  
t i on  to t h i s  p r o b l e m  fo r  t h e  a n a l o g o u s  case  of z i r -  
c o n i u m  h a s  b e e n  d e r i v e d  p r e v i o u s l y  (6) .  T h e  o x y g e n  
c o n c e n t r a t i o n  C a t  a d i s t a n c e  x' f r o m  t h e  o x i d e / m e t a l  
i n t e r f a c e  is g i v e n  b y  t h e  e x p r e s s i o n  

e r f c  ( x /2k/  Dt ) 
C = C s  [1] 

e r fc  ( s / 2 x / D t )  

w h e r e  Cs is t h e  o x y g e n  c o n c e n t r a t i o n  i n  h a f n i u m  co-  
e x i s t i n g  w i t h  HfO2, D is t h e  d i f fus ion  coeff ic ient  of  
o x y g e n  in  h a f n i u m  a t  t h e  e x p e r i m e n t a l  t e m p e r a t u r e ,  
s is t h e  d i s t a n c e  of t h e  o x i d e / m e t a l  i n t e r f a c e  f r o m  t h e  
pos i t i on  of t h e  i n i t i a l  su r f ace ,  a n d  x = x '  -t- s. 

I n t e g r a t i o n  of Eq.  [1] g ives  M, t h e  t o t a l  q u a n t i t y  of 
o x y g e n  p e r  u n i t  a r e a  of s u r f a c e  p r e s e n t  in  t h e  m e t a l  
b e n e a t h  t h e  ox ide  f i lm 

_ _ [  exp(--s2/4Dt) s ] 

M = 2Cs~/Dt ~ / ~ e r f c ( s / 2 k / D t )  2 k / D r  [2] 

A n o d i c a l l y  d e p o s i t e d  i n t e r f e r e n c e  co lo r ed  ox ide  
f i lms h a v e  b e e n  u s e d  b y  m e  to d e t e r m i n e  t h e  d i f fus ion  
coeff ic ient  of o x y g e n  in  z i r c o n i u m  (7) a n d  h a f n i u m  
(3) a n d  to d e t e r m i n e  t h e  o x y g e n  g r a d i e n t  in  ox id i zed  
z i r c o n i u m  (6) .  T h e  o x y g e n  g r a d i e n t  b e n e a t h  a n  ox ide  
f i lm m a y  be  o b t a i n e d  b y  m e a s u r i n g  t h e  r a t e  of d i f -  
f u s i o n  of a n o d i c a l l y  d e p o s i t e d  f i lms i n t o  t h e  m e t a l  
s u b s t r a t e  on  a s a m p l e  p o l i s h e d  n o r m a l  to t h e  o x i d e  
film. T h e  r a t e  of d e c r e a s e  in  t h i c k n e s s  of t h e  a n o d i c  
f i lm is p r o p o r t i o n a l  to  t h e  f r a c t i o n  u n s a t u r a t i o n  of 
t h e  m e t a l  on  w h i c h  i t  is depos i t ed .  

S a m p l e s  w h i c h  w e r e  a n o d i z e d  to 700A f i lm t h i c k -  
ness  w e r e  g i v e n  e a c h  of t h r e e  v a c u u m  d i f fus ion  t r e a t -  
m e n t s  in  a c o n s e c u t i v e  m a n n e r .  S a m p l e s  w e r e  h e l d  
fo r  t o t a l  t i m e s  of 50 ra in ,  2 h r ,  a n d  6 h r  a t  615~ 
S u b s e q u e n t  to  e a c h  of  t h e  v a c u u m  a n n e a l i n g  t r e a t -  
m e n t s ,  g r a d i e n t s  w e r e  c o m p a r e d  w i t h  co lo r  s t a n d a r d s  
in  a n  i d e n t i c a l  m a n n e r  to  t h a t  d e s c r i b e d  above .  

I n  o r d e r  to  c a l i b r a t e  t h e  m e t h o d  a n d  c o m p a r e  i t  
w i t h  t h e  t h e o r e t i c a l  e q u a t i o n s  r e l a t i n g  d e c r e a s e  in  
f i lm t h i c k n e s s  to c o n c e n t r a t i o n  of o x y g e n  in  t h e  m e t a l  
s u b s t r a t e ,  a se r i e s  of h a f n i u m - o x y g e n  a l loys  w e r e  p r e -  
p a r e d  b y  a rc  m e l t i n g  a n d  a n a l y z e d  b y  t h e  c h l o r i d e -  
v o l a t i l i t y  t e c h n i q u e  (8) .  T h e s e  h a f n i u m - o x y g e n  a l -  
loys  w e r e  t h e n  a n o d i z e d  to  e i t h e r  700 or  2000A a n d  
d i f fused  in  a m a n n e r  i d e n t i c a l  to t h a t  of t h e  s a m p l e  
w i t h  a 700A fi lm as d e s c r i b e d  above .  

Results 
Oxidation.--The o x i d a t i o n  of  t h e  l a r g e  g r a i n e d  h a f -  

n i u m  s a m p l e s  r e v e a l e d  a r e m a r k a b l e  o r i e n t a t i o n  e f -  
f ec t  o n  t h e  o x i d a t i o n  ra t e .  W h i l e  i t  is c o m m o n  to o b -  
s e r v e  a n i s o t r o p i c  g r o w t h  of o x i d e  f i lms on  m e t a l s  in  
t h e  t h i n  f i lm r eg ion ,  h a f n i u m  e x h i b i t s  a n  u n u s u a l  p e r -  
s i s t e n c e  of t h i s  a n i s o t r o p y  to t h i c k  f i lms ( ~ 2 5 - 7 5 ~ ) .  
F i g u r e  1 s h o w s  t h e  e x t e r n a l  a p p e a r a n c e  of t h e  ox ide  
f i lm on a c o a r s e  g r a i n e d  h a f n i u m  s a m p l e  o x i d i z e d  fo r  
65 h r  a t  900~ as i t  a p p e a r s  in  b r i g h t  l igh t .  T h e  
m a r k e d  v a r i a t i o n  in  t h e  co lor  of t h e  o x i d e  f i lm on  
d i f f e r e n t  g r a i n s  is r e a d i l y  v i s ib le .  T h e  l i t t l e  " c h i c k e n "  
s c u r r y i n g  ac ross  t h e  c e n t e r  of t h e  p i c t u r e  cons i s t s  of 
b l a c k  l u s t r o u s  oxide ,  w h i l e  in  o t h e r  a r e a s  t h e  o x i d e  

Exper imental  

A c o a r s e  g r a i n e d  h a f n i u m  r o d  w a s  p r e p a r e d  b y  zone  
m e l t i n g  c r y s t a l  b a r  h a f n i u m  w i t h  t h r e e  t r a v e r s e s  of 
t h e  rod.  A n a l y s i s  of t h e  z o n e - r e f i n e d  s tock  i n d i c a t e d  
a z i r c o n i u m  c o n t e n t  of less t h a n  100 p p m  a n d  o x y g e n ,  
n i t r o g e n ,  a n d  c a r b o n  c o n t e n t s  of 120, 16, a n d  37 p p m ,  
r e s p e c t i v e l y .  D i sks  1.3 cm in  d i a m e t e r  b y  a b o u t  0.3 
cm t h i c k  w e r e  cu t  f r o m  t h e  rod,  p o l i s h e d  w i t h  e m e r y  
p a p e r  to 4/0,  e t c h e d  for  30 sec in  a n  a q u e o u s  s o l u t i o n  
of 50% n i t r i c  a n d  5% h y d r o f l u o r i c  acids,  a n d  e x p o s e d  
to o x y g e n  a t  900~ a n d  1 a t m  fo r  d i f f e r e n t  p e r i o d s  of 
t ime.  A f t e r  cool ing,  t h e  s a m p l e s  w e r e  cu t  in  h a l f  
t h r o u g h  a d i a m e t e r  a n d  p o l i s h e d  n o r m a l  to t h e  o x i d e  
film. C a r e  w a s  t a k e n  to p r e v e n t  f r a c t u r e  of t h e  o x i d e  
a n d  t h e  e m b r i t t l e d  m e t a l  zone  a d j a c e n t  to  t h e  oxide.  
A n o d i z a t i o n  t ook  p l ace  a t  c o n s t a n t  c u r r e n t  in  a s a t u -  
r a t e d  s o l u t i o n  of s o d i u m  b o r a t e  w i t h  t h e  s a m p l e  as 
a n o d e  a n d  a p l a t i n u m  s c r e e n  as ca thode .  I n t e r f e r e n c e  
c o l o r e d  o x i d e  f i lms e i t h e r  700 or  2000A t h i c k  w e r e  
p r o d u c e d .  S a m p l e s  w i t h  a 2000A fi lm w e r e  h e a t e d  in  
v a c u u m  fo r  4 h r  a t  615~ a t  p r e s s u r e s  less t h a n  10 -5  
Tor r .  T h i s  t r e a t m e n t  d id  no t  s i g n i f i c a n t l y  a l t e r  t h e  
g r a d i e n t  i n  t h e  m e t a l  s u b s t r a t e .  A b o u t  1300A of o x i d e  
d i f fused  i n to  t h e  m e t a l  in  t h e  o x y g e n - f r e e  zone.  I n  
t h e  r e g i o n  of t h e  o x y g e n  g r a d i e n t  in  t h e  m e t a l  t h e r e  
e x i s t e d  a r a i n b o w  of co lor  r e f l ec t i ng  t h e  d i f f e r e n c e  
in  t h i c k n e s s  of  t h e  r e m a i n i n g  a n o d i c  f i lm.  T h e  t h i c k -  
ne s s  a t  v a r y i n g  d i s t a n c e  f r o m  t h e  o x i d e / m e t a l  i n t e r -  
face  w a s  d e t e r m i n e d  b y  c o m p a r i n g  t h e  s a m p l e  w i t h  
a s t ep  g a u g e  m a d e  b y  a n o d i z i n g  z i r c o n i u m  foil. Thus ,  
t h e  d i s t a n c e s  f r o m  t h e  o x i d e / m e t a l  i n t e r f a c e  a t  w h i c h  
t h e  co lor  in  t h e  g r a d i e n t  m a t c h e d  t h a t  of t h e  z i r -  
c o n i u m  s tep  g a u g e  w a s  r e c o r d e d .  

Fig. 1. External appearance of oxide film on coarse grained 
hafnium oxidized for 65 hr at 900~ Magnified IOX; bright light. 

Fig. 2. Cross section of coarse grained hafnium oxidized for 250 
hr at 900~ Magnified 65X; polarized light. 
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has a much l ighter  appearance. With the exception of 
a small  area of spall ing whi te  oxide on the left  edge 
of the picture, the film appears to be dense, adherent,  
and nonporous. It  is reasonable to assume that  the 
dark black oxide consists of mater ia l  hav ing  the wid-  
est deviat ion f rom stoichiometry;  whereas,  the l ighter  
oxide represents  compositions closer to HfO2.00. If this 
is the case, then the dark  oxide should grow at the 
most rapid rate  and the l ightest  oxide at the slowest 
rate. Sections polished normal  to the oxide films con- 
firmed the fact that  the black oxide was indeed the 
thickest and the l ighter  colored the oxide film, the 
th inner  it was. Differences in oxide thickness by as 
much a s  a factor  of 2 were  observed on grains of a 
sample oxidized for 250 hr  at 900~  (Fig. 2). In cross 
section oxide films on both coarse grained and fine 
grained mater ia l  exhibi ted a pronounced columnar  
s t ructure  consisting of a large number  of fine paral le l  
grains. 

G r a d i e n t . - - D a t a  obtained f rom the diffusion of 
anodic films into the synthesized ha fn ium-oxygen  al-  
loys are shown in Fig. 3 and 4. Data f rom diffusion 
anneals of alloys wi th  a 2000A anodic deposit  are in 
good agreement  wi th  the theory  (6) and ext rapola te  
l inear ly  to values for the decrease in oxide film 
thickness at zero init ial  oxygen content  which are 
in excel lent  agreement  wi th  the diffusion coefficient 
(3). However ,  the data does not conform wel l  to 
theory at high oxygen contents and short diffusion 
times. This is probably due to residual  water  and 
cations remaining  in the film after anodization. The 
residual wa te r  may  serve fur ther  to oxidize the sam- 
ples sl ightly during the init ial  vacuum anneal ing 
period, or on removal ,  to change the index of re f rac-  
tion and hence color of the anodic film. 

Data f rom diffusion of the ha fn ium-oxygen  alloys 
wi th  a 700A anodic film are in poor agreement  wi th  
the theory.  Extrapola t ion to oxygen- f ree  mater ia l  
should give values for the thickness of film dissolved 
equal  to those of the alloys wi th  the 2000A deposit 
as in Fig. 3. In addition, a residual  color equivalent  to 
a film about 100A thick persists on the samples for  
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some t ime beyond the t ime necessary for complete 
dissolution of the film. This effect may  be due to a 
nonl inear i ty  in the vol tage- thickness  relat ionship for 
anodic deposits on hafn ium in the thin film region. 
An independent  method of film thickness measure -  
ment  such as e l l ipsometry  in the z e r o  to 100A region 
would  be desirable to explain these discrepancies. 
These thin film anomalies were  not observed wi th  zir-  
conium where  dissolution rates on 1000A films gave 
data in good agreement  wi th  theory  (6). In  any case, 
the data in Fig. 3 and 4 may  be used empir ica l ly  to 
obtain an accurate measure  of the oxygen gradient  
beneath the oxide film on the hafnium samples. 

Exper imenta l ly  de termined  gradients obtained on 
hafnium oxidized at 900~ for  138.7, 231.5, and 432 hr  
are shown in Fig. 5 and 6. The solid lines indicate the 
theoret ical  gradients as calculated f rom Eq. [1]. The 
data points in Fig. 5 were  obtained f rom dissolution 
measurements  of a 2000A thick film. The two solid 
lines for the 432-hr samples represent  calculated 
gradients for grains wi th  great ly  different oxide film 
thicknesses. The closeness of the curves for the two 
oxide thicknesses shows the re la t ive  insensi t ivi ty of 
the gradient  to oxide thickness so long as the oxide 
remains adherent  and protective.  Data f rom dissolu- 
tion measurements  on samples wi th  an init ial  anodic 
film of 700/k are shown in Fig. 6. The three  sets of 
data points represent  informat ion obtained after  each 
of the three vacuum anneal ing t rea tments  (50 rain, 
2 hr, and 6 h r ) .  The fit of the exper imenta l  points to 
the theoret ical  equat ion is excellent.  The total  quan-  
t i ty of oxygen dissolved in the meta l  as calculated 
f rom Eq. [2] and measured  exper imenta l ly  was found 
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Fig. 7. Microhardness of coarse groined hafnium oxidized for 
470 hr at 900~ 

to increase l inear ly  wi th  t 1/2 as demanded by diffusion 
theory. 

Metal lographic examinat ion of polished samples 
indicated zones of optical act ivi ty in the metal  sub- 
strate, but much less pronounced than those observed 
for zirconium (6). Hardness t raverses  were  obtained 
within  two different grains on the same sample using 
a Knoop indenter  wi th  a 15g load. Data for the two 
grains are presented in Fig. 7. Hardness was found 
to be or ienta t ion-dependent ,  and zones of anomalous 
constant hardness in the vicini ty  of the ox ide /me ta l  
interface were  observed similar  to those found in 
zirconium (6). 

Discussion 

Oxidat ion. - -The strange persistence of the oxida-  
tion anisotropy of hafnium to the thick film region 
appears to be wi thout  paral le l  in the l i terature.  Zir-  
conium, for example,  has been observed to oxidize in 
the thin film region in an anisotropic manner  (7, 9, 
10); however ,  oxidation of coarse grained mater ia l  
to the thick film region demonstrates  that  the aniso- 
t ropy does not persist  and that grains growing side by 
side do not exhibi t  oxide differences of more than 
several  per cent. The behavior  of hafnium therefore  
poses some important  questions concerning the na-  
ture  of the oxidation process. Most theories advanced 
to account for anisotropic growth of oxide films are 
applicable to the thin film region. Mechanisms in- 
volving electron tunneling,  nucleation, misfitt ing mono-  
layers, etc., are c lear ly  not applicable to the thick 
film region where  ionic and normal  electronic con- 
ductivit ies are considered to be the ra te -cont ro l l ing  
steps in the oxidation process. The oxidation of haf-  
nium, l ike zirconium, is bel ieved to occur by the dif- 
fusion of anion vacancies through the nonstoichi-  
ometric oxide lattice. One is then led to the over -a l l  
conclusions that  the anisotropy of oxidation of haf-  
n ium is de termined  by the nonstoichiometry proper -  
ties of the oxide throughout  the oxidation 'process 
and that  the mechanism of development  of anisotropic- 
dependent  nonstoichiometry is not as yet  clear. F u r -  
ther  studies using single crystal  hafnium are being 
init iated in order  to clar ify the picture and to a t tempt  
to determine  the general  applicabil i ty of the aniso- 
tropic nonstoichiometry observat ion to the explana-  
tion of the anisotropic oxidation of other  metals. 

Gradient . - -Examinat ion  of Fig. 5 and 6 indicates an 
excel lent  agreement  of the observed gradient  with 
the theoret ical  equation involving a moving boundary 
and fixed interface composition. These data indicate 
the absence of zones of constant concentrat ion in the 
neighborhood of the ox ide /me ta l  interface and s teady-  

state gradients, both of which had been proposed in 
the l i tera ture  (1, 11). It is interest ing to note the 
agreement  of the gradient  wi th  the theory  in the 
case of the 432-hr sample on two grains of widely  
different oxide thicknesses which are never theless  
both adherent  protect ive oxides. The description of 
the gradient  by Eq. [1] holds t rue  only in situations 
where  the oxide remains adherent  and protective.  
When the oxide film cracks and allows oxidation to 
proceed at an accelerated rate, the oxygen gradient  is 
consumed at a ra te  more rapid than it can replenish 
itself. Under  these circumstances the depth of oxygen 
penetrat ion wil l  decrease wi th  time. When the oxide 
consists ent i re ly  of white,  spalling, nonprotec t ive  ox-  
ide, the depth of penetra t ion of oxygen beyond the 
ox ide /meta l  interface shrinks to ve ry  small values. 
It is thus considered that  the oxygen gradient  in the 
metal  beneath the oxide film is the effect ra ther  than 
the cause of the oxidation behavior  of the metal.  The 
oxygen wil l  contr ibute  to the over -a l l  weight  gain 
in a magni tude  dependent  on the diffusion coefficient 
of oxygen in the meta l  and the t ime of exposure, but  
apparent ly  has l i t t le connection to the rate  of film 
formation, since there  is only a slight difference in 
gradients on grains growing oxide at grea t ly  different 
rates. Transit ion f rom protect ive  to nonprotect ive  
kinetics may be associated mechanica l ly  wi th  an em-  
bri t t led oxygen-conta in ing  meta l  zone beneath  the 
ox ide /me ta l  interface, but  conclusive evidence of this 
is lacking in the l i terature.  

The appearance of zones of anomalous hardness and 
optical act ivi ty is similar  to that  observed for t i tan ium 
and zirconium and is presumed to be due to an or-  
dered s t ructure  in the me ta l -oxygen  solution such as 
those which have  been observed for z i rconium-oxygen 
and t i t an ium-oxygen  (12, 13). 
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Steel Corrosion Mechanisms 

The Growth and Breakdown of Protective Films in High-Temperature 

Aqueous Systems: 15% NaOH at 316~ 

M. C. Bloom, G. N. Newport, and W. A. Fraser 
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ABSTRACT 

This paper  summarizes  wha t  is known regarding  the react ion of steel in 
h igh- t empera tu re  wate r  as affected by sodium hydroxide  additions and pre-  
sents results of a detailed study of the react ion of 15% sodium hydroxide  
at 316~ by the hydrogen effusion method. The corrosion rates are correla ted 
wi th  microscopic study of the growth and breakdown of the protect ive mag-  
net i te  films. It is shown that  two different cor ros ion- ra te -govern ing  mech-  
anisms are involved prior  to the onset of pit t ing: a large decrease of the 
init ial  ra te  control led by the bui ld-up  of a protec t ive  film on the meta l  sur-  
face and a subsequent smaller  decrease in corrosion ra te  possibly controlled 
by penetra t ion of the magnet i te  film by the corrosive solution. The pi t t ing is 
apparent ly  due to the genesis of cracks in the magnet i te  film after  it reaches 
a critical thickness. 

The effect of alkali  on the corrosion ra te  of steel  
in h igh- t empera tu re  water,  or iginal ly  studied by Berl  
and Van Taack (1) in 1930, has recent ly  been the 
subject  of a number  of invest igat ions (2-8). Ber l  and 
Van Taack, who heated small  samples of steel powder  
in a static autoclave for 7.5 hr  at 310~ obtained data 
indicating a m in imum in the corrosion ra te  at a con- 
centrat ion of 0.7 g/1 which corresponds to a pH of 
12.24. Some measurements  at 316~ by the authors 
using a more  precise static technique, the hydrogen 
effusion method (9), showed a drop in total corrosion 
in the region of pH 12.24, and more  recent  measure -  
ments (Table I) confirm the actual min imum in total  
corrosion at this pH as repor ted  by Berl  and Van 
Taack. Both of these recent  studies, however ,  show 
that  the phenomenon is transitory,  and after  25 days 
the corrosion rate  increases monotonical ly  wi th  pH 
(16). It  is of interest  to note that  in dynamic systems 
improvement  in corrosion resistance seems to be ob- 
tained by alkalization to a pH of 9-12 (4, 11). This is 
probably due to the fact that  the crystal l i te  size of the 
magnet i te  film developed in neutra l  solutions (as de-  
termined by x - r ay  line broadening)  is in the colloidal 
range ( <  about 1000A) and the film is subject to ero- 
sion in flowing streams. Increasing the alkal ini ty  pro-  
duces an increase in crystal l i te  size (10) and avoids 
erosion of the protect ive  film in flowing streams [as 
shown in ref. (11)]. 

More recent ly  at tent ion has been given to more  
concentra ted solutions. Pot ter  and Mann (5) repor ted  
results on the corrosion of mild steel block specimens 
exposed in mild  steel autoclaves containing 5-20% 
by weight  of sodium hydroxide  at 250~176 and two 
of the authors (6) published a hydrogen  effusion study 
of the react ion of 40% sodium hydroxide  solution 

Table I. Recent corrosion measurements 

p H  

T o t a l  c o r r o s i o n  
a f t e r  7.5 h r  

B e r l  a n d  
V a n  T a a e k ,  N R L ,  

m g - O / g  m g - F e / d m  2 

C o r r o s i o n  r a t e  
( r a g / d m ~ - m o )  a f t e r  

7.5 h r  25 d a y s  

7.00 17 7 330 16 
10.6 10 580 22 
11.5 11 680 37 
11.70 16 
12.00 16 23 970 52 
12.18 11 
12.24 5 220 55 
12.32 11 
12.40 18 12 810 81 

with mild  steel at 316~ Most recently,  in two papers 
(7, 8) presented at the 2nd In ternat ional  Conference 
on Metall ic Corrosion, March 11-15, 1963, Pot ter  and 
Mann extended their  studies wi th  block specimens to 
500~ and Field, Stanley, Adams, and Holmes using 
similar  specimens studied the reactions of mild  steel 
wi th  15% NaOH at 315~ The extensive work  of 
Pot ter  and Mann using block specimens yielded a 
double- layered  scale which the authors in terpreted 
as due to coun te r -cur ren t  diffusion of oxygen-bear ing  
ions and meta l  ions through the oxide film, the former  
producing a finely divided oxide in contact wi th  the 
metal  and the la t ter  going into solution and then pro-  
ducing some coarsely crystal l ine oxide by redeposit ion 
and recrystal l izat ion at the oxide-solut ion interface. 
The general  morphology of this double layer  was con- 
firmed by the work  of Field, Stanley, Adams, and 
Holmes, but these authors gave evidence of sufficient 
porosity in the film to allow penetra t ion of solution 
and react ion at the meta l -ox ide  interface to account 
for the finely divided inner layer.  

In the authors '  study of 40% NaOH solutions at 
316~ using the hydrogen effusion technique (9) it 
was shown that  mild steel tubing in contact wi th  this 
concentrated alkali  is subject  to a drastic pit t ing at-  
tack. The pits appeared to grow undernea th  substan- 
tial masses of oxide. Each pit  gave the appearance of 
having  been ini t iated at a single point and of having 
grown in all directions f rom this point as a nucleus. 
Crack format ion in the oxide film al lowing access of 
the solution to the metal l ic  surface at the apex of 
the crack seemed a plausible mechanism, but  while  
cracks in the oxide film were  discovered on pol-  
ished sections under  the microscope, none was found 
which clearly penetra ted to the metal l ic  surface 
and was associated with  pit  generation. In order to 
obtain possible additional l ight  on the corrosion mech-  
anisms involved,  a series of exper iments  was under -  
taken in which the hydrogen effusion t echn ique  was 
applied to the react ion of mild steel wi th  15% NaOH 
at 316~ 

Experimental 
The hydrogen effusion technique employed has been 

previously described (6, 9). It  uses as a specimen a 
small  metal  capsule filled with  the corrosive medium. 
The capsule is heated in an evacuated chamber;  hy-  
drogen fo rmed  dur ing corrosion effuses through the 
capsule wall  into the chamber,  where  hydrogen  pres-  
sure is measured  continuously as a function of time. 
Rate of pressure change (hydrogen effusion rate) is 
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Fig. 1. Corrosion rate as a function of time for the reaction of 
mild steel with 15% NaOH at 316~ 

Fig. 3. Section perpendicular to inside surface of steel capsule 
containing 15% NaOH solution after 3.7 days at 316~ 1% Nital 
etch. Original magnification 500X. 

used as a measure  of corrosion rate. F rom rate  of 
hydrogen effusion, rate  of iron consumption is cal-  
culated using s toichiometry based on the equat ion:  

3Fe + 4H20 ~ Fe~O4 + 4H2 [1] 

The steel used was f rom the same batch used for the 
40% NaOH exper iments  (6). All  procedures were  the 
same. All  solutions were  prepared ei ther  in a lkal i -  
resistant  glass or in polyethylene.  

Results 
Rate data for the react ion of steel wi th  15% NaOH 

at 316~ averaged for three  representa t ive  capsules 
are shown in Fig. 1. The m a x i m u m  deviat ion of in-  
dividual  measurements  f rom this average  was of the 
order of 15%. In Fig. 2, these averaged  data are com- 
pared wi th  analogous data for other  a lkal ine solutions. 

I t  may be noted that  just  as in the case of the 40% 
NaOH solutions, the corrosion ra te  in 15% NaOH 
reaches a min imum and then rises at an accelerat ing 
rate. Apparent ly ,  analogous phenomena are involved  
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[ ~ WATER - ~ - -~ 
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Fig. 2. Corrosion rate as a function of time for the reaction of 
mild steel with water and with NaOH solutions at 316~ 

Fig. 4. Section perpendicular to inside surface of steel capsule 
containing 15% NaOH solution after 68 days at 316~ 1% Nital 
etch. Original magnification 100X. 

Fig. 5. Section perpendicular to inside surface of steel capsule 
containing 15% NaOH solution after 119 days at 316~ 1% Nital 
etch. Original magnification 200X. 

except  that  in the case of the 15% NaOH it requires  
about th i r ty  days to reach the min imum and the ra te  
increase is much more  gradual.  The appearance of 
the protect ive  film generated as a resul t  of general  
corrosion prior to reaching the min imum is shown in 
Fig. 3, which exhibits  a representa t ive  cross section 
af ter  3.7 days of exposure. 

In addition to the general  corrosion, pits appeared. 
Quite analogous to the observations made with  40% 
NaOH, these pits were  readi ly  observable af ter  the 
ra te  data passed the minimum. In this case, however ,  
the at tack was not so drastic, and it was possible to 
fol low the course of pit  deve lopment  over  consider-  
able periods of time. Figures  4-7 show typical  pit 
cross sections after  various periods of time. In Fig. 
4, 6, and 7 the specimens were  si lver plated on the 
oxide surface pr ior  to mount ing  and polishing. 

Discussion and  Conclusions 
The 316~ exposure  of mild  steel capsules con- 

taining 15% NaOH in the hydrogen effusion apparatus 
has revea led  several  phenomena of special interest  
f rom the standpoint  of corrosion mechanisms.  First, 
the corrosion r a t e - t ime  curve  shows a rapid drop to 
a plateau during the first few days of operat ion and 
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Fig. 6. Section perpendicular to inside surface of steel capsule 
containing 15% NaOH solution after 180 days at 316~ 1% Nital 
etch. Original magnification 200X. 

Fig. 7. Section perpendicular to inside surface of steel capsule 
containing 15% NaOH solution after 1 year at 316~ 1% Nital 
etch. Original magnification 200X. 

then a fu r the r  drop to a min imum after  approximate ly  
28 days fol lowed by an increasingly accelerat ing ra te  
of attack. Second, the increase in corrosion ra te  fol-  
lowing the min imum was accompanied by the de- 
ve lopment  of pits. These data would  seem to indicate 
that  at least two mechanisms of general  at tack are 
involved,  even before the onset of pitting. It  is in-  
terest ing to note in this connection in Fig. 2 that  in 
the ear ly  stages of corrosion a 15% NaOH solution 
develops a more  protect ive film than pure  water.  This 
is undoubtedly due to the more rapid development  
of magnet i te  in the 15% NaOH solution wi th in  the 
first f ew days. It may  be noted in Fig. 8 that  at the 
end of one day 240 m g / d m  2 of iron have been con- 
sumed. In pure water,  approximate ly  10 m g / d m  2 
would  have  been consumed in this t ime period. If 
all the corrosion went  to protect ive film development ,  
this would  have produced a protect ive  film of the 
order of 6~ f rom the 15% NaOH solution and 0.25~ 
from the water .  The fact that  subsequent ly  the sodium 
hydroxide  solution produced higher  corrosion rates 
than the wate r  despite the thicker  magnet i te  films 
(Fig. 3) is consistent wi th  the general  effects in these 
alkaline systems. 

In their  original  s tudy using b lock- type  specimens 
enclosed in autoclaves, Pot ter  and Mann (5) con- 
cluded that  attack of magnet i te  by h igh - t empera tu re  
alkal ine solutions takes place by a mechanism in- 
volv ing  t ransfer  of oxygen-bear ing  anions f rom the 
solution through the oxide film to the meta l -ox ide  
interface and the format ion there  of addit ional  oxide, 
whi le  an approximate ly  equivalent  number  of meta l  
ions diffuse away f rom the meta l  and toward the 
oxide-solut ion interface where  they enter  the solution 
and reprecipi ta te  in par t  in gross crystal l ine form. 
This mechanism permits  oxide growth at the me ta l -  
oxide interface wi thout  substantial  stress despite the 
approximate ly  2 / I  Pi l l ing and Bedwor th  ratio (12). 
It also accounts for the double- layered  oxide 
s t ructure  consisting of finely divided crystal l i tes 
covered at the oxide-solut ion interface  by a th in-  
ner layer  of crystals of substantial  size. These 
authors in terpre ted  their  data in terms of parabolic 
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Fig. 8. Corrosion of mild steel capsules containing 15% NaOH 
solution at 316~ 

rate  constants and calculated an activation energy of 
approximate ly  15 kcal /mole .  They at t r ibute  the in-  
crease of corrosion ra te  wi th  increase in hydroxide  
concentrat ion to the increased dr iving force for oxide 
ion penetra t ion of the magnet ic  latt ice as the O H -  at 
the magnet i te -so lu t ion  interface increases. 

In the discussion fol lowing the presentat ion of this 
paper, A. M. J. Adams pointed o u t  that  the act ivat ion 
energy seems too low to account for a lat t ice diffusion 
process. 

In a discussion of the mechanism of general  cor-  
rosion in these a lkal ine  systems (6), it was pointed out 
by two of the present  authors that  the explanat ion of 
the effect of increased alkal ini ty  in increasing the 
corrosion ra te  might  be due to one of two a l te rna t ive  
processes, depending on whe the r  the films were  suf-  
ficiently porous to allow access of the solution to the 
metal l ic  surface or not. In the case where  they are 
sufficiently porous, we would expect  a gradual  filling 
of the pores wi th  magnet i te  as a resul t  of an anodic 
react ion such as 

3Fe + 4 O H -  ~ Fe304 + 4H + 4 e -  [2] 

where  the O H -  would  be ra te-control l ing.  In the case 
where  they are not sufficiently porous to a l low access 
of the solution to the metal l ic  surface, the corrosion 
would  have  to proceed by diffusion of ionic or atomic 
species through the film, and the control l ing effect 
of O H -  would  have  to be a t t r ibuted ei ther  to its con-  
trol  of the diffusion of oxygen-bear ing  species f rom the 
solution to the metal l ic  surface as postulated by Pot ter  
and Mann, if diffusion were  ra te-control l ing,  or to its 
effect on a surface react ion at the ox ide -wa te r  in ter -  
face such as 

3Fe + + + 6 O H -  ~ Fe304 + H2 -t- 2H20 [3] 

if the surface react ion were  ra te-control l ing.  Precise 
measurements  in less alkal ine systems [see discussion 
section of (10)] have  not been consistent wi th  the 
parabolic kinetics to be expected f rom diffusion con- 
trol, and Field, Stanley, Adams, and Holmes (7) in 
their  explorat ion of the react ion of 15% NaOH on 
steel block specimens in autoclaves at 315~ found 
evidence that  porosity is present.  They also obtained 
data which was in te rpre ted  as consistent wi th  a pore-  
blocking mechanism. These authors in agreement  wi th  
Pot ter  and Mann (5) present  evidence for the deve l -  
opment  of a two- layered  scale over  the ent ire  surface 
of the specimens, an inner  layer  of ex t remely  fine 
crystal l i tes generated in situ f rom the steel and a 
coarsely crystal l ine outer  layer  perhaps genera ted  by 
recrystal l izat ion f rom solution. Their  evidence of a 
pore-blocking mechanism was based on examinat ion 
of the thickness of their  " inner  layer"  as a function 
of time. They found that  for the first 40 days this was 
consistent with an equat ion of the type y = 
ki ln(1 + k2t) where  y is total  corrosion, t, is time, 
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and kl and k2 are constants. This is a type of equation 
(13) consistent wi th  a pore-b locking  mechanism. Be-  
yond about 40 days, substantial  deviations in the di- 
rect ion of increased corrosion were  obtained. The 
period of 40 days is not far  f rom the t ime that  sub- 
stantial rate  increases and significant pit  format ion 
were  observed in the hydrogen effusion exper iments  
repor ted  herein. Analysis of the hydrogen effusion 
results (total corrosion) on the basis of an equat ion 
of this type, s tar t ing after  3 days when the processes 
dominat ing the init ial  corrosion were  apparent ly  
complete (Fig. 1), yields a fair  fit f rom 3-40 day~ 
(Fig. 8). 

Microscopic examinat ion  of the oxide films deve l -  
oped in this s tudy (Fig. 3) did not revea l  ev idence  of 
a two- layered  scale, and the corrosion rates observed 
were  much lower than those found wi th  block speci- 
mens. Perhaps the two- layered  scale is re la ted to 
the fact that  hydrogen is generated on all sides of 
the block specimens and any generated at the meta l -  
oxide interface by such a react ion as Eq. [2] would  
have to penet ra te  the growing oxide scale to escape. 
In ter ference  with  crystal  growth under  these condi-  
tions may produce the finely divided " inner  layer"  
which has been observed. In the hydrogen effusion 
capsules, however ,  hydrogen thus generated can es- 
cape through the capsule walls, and an apparent ly  
uniform compact  film of oxide is formed. The appear-  
ance of this film, and the fact that  it is much more  
protect ive in equivalent  thickness than the double-  
layer  films under  discussion, would indicate that  the 
films produced in the hydrogen effusion capsules are 
less porous. The fur ther  possibility that  these films 
may be sufficiently less porous as to be nonpermeable  
to the solution cannot yet  be discarded. 

With regard  to pitting, the postulate of crack fo rma-  
tion after the ach ievement  of a cri t ical  film thickness 
receives some support  f rom Fig. 4-7 which show pit 
deve lopment  after  69 days, 119 days, 180 days, and 1 
year  of exposure. F igure  4 which is a photomicro-  
graph of a cross section of capsule tubing after  68 
days of exposure shows pit  format ion at a stage cor-  
responding to a t ime when  the corrosion rate  had 
passed the min imum and was r is ing at a substantial  
rate. The appearance of Fig. 4-7 is suggestive of film 
breakdown at a localized area al lowing solution ac- 
cess to the metal  and causing rapid bui ld-up  of a 
mound of finely divided corrosion product  which, 
ei ther  by itself or wi th  the aid of corros ion-genera ted  
hydrogen, e levated the original protect ive  film pro-  
ducing a volcano- l ike  structure.  The general  appear-  
ance of the at tack after 68 days (Fig. 4) is s imilar  to 
that exhibi ted by samples at tacked by 40% NaOH 
after  46 hr (6). It may  be noted that  for the 
at tack by 40% NaOH 46 hr  represents  a position on 
the corrosion ra te - t ime  curve  when  the rate  has 
passed the min imum and is rising rapidly, quite  
analogous to the position of the 68-day samples on 
the corrosion ra te - t ime  curve for 15% NaOH. The 
attack started at the same sensitive area, the area of 
major  plastic deformat ion in the welded ends. The 
slower action of 15% NaOH allows the progress of 
the attack to be more  clearly seen. Figures  5, 6, and 7 
show analogous sections af ter  119 days, 180 days, and 
1 year, respect ively.  Al though the initial at tack was 
observed in the weld-hea t -a f fec ted  zone (Fig. 4), the 
at tack subsequent ly spread beyond this zone (Fig. 5, 
6, and 7). F igure  9, which exhibits a capsule surface 
after  a year  of exposure, shows the spread of the 
cracking phenomenon over  the ent ire  surface of the 
capsule. 

If crack format ion after  the achievement  of a cr i t -  
ical thickness is the cause of this pi t t ing phenomenon,  
it is of interest  to ask (a) what  is the magni tude  of 
this critica] thickness, and (b) wha t  causes crack for -  
mation at this thickness? Some indication of the an- 
swer to the first of these questions is obtained by 
examinat ion of Fig. 4-7. If we assume that  the th ick-  
ness of the observable oxide which forms the externa l  

Fig. 9. Section parallel to axis of steel capsule containing 15% 
NaOH after 1 year at 316~ Original magnification 16X. 

surface of the volcano- l ike  s t ructure  represents  the 
thickness of the deposit in contact wi th  the meta l  at 
the t ime of crack development ,  we obtain f rom Fig. 
4, the 68-day exposure,  a va lue  of about 20#, f rom 
Fig. 5 and 6, the l l 9 - d a y  and the 180 day exposures, 
20-50~, and f rom Fig. 7, the 1-year  exposure, 40-60~. 
Since in the case of the 1-year  exposure, pract ical ly 
the ent ire  surface is cracked, one might  take the thick-  
ness of 40-60# as a m a x i m u m  achievable wi thout  crack 
development.  It may be of significance in this con- 
nection that  Field, Stanley, Adams, and Holmes (8) 
repor t  the loss of abili ty to distinguish two distinct 
layers  on their  block specimens when  the film thick-  
ness reaches the neighborhood of 60~ and they present  
photomicrographic  evidence which seems consistent 
wi th  the postulate of film cracking and recrysta l l iza-  
tion of smaller  crystals to la rger  ones inside the film. 

With regard to the second question, it is suggested 
that  crack format ion is probably  due to compressive 
stresses developing in the magnet i te  as it thickens. 
Analogous cracking phenomena have  been observed in 
the dry oxidation of titanium (14), niobium and tan- 
talum (15, 16), and these cracking phenomena have 
been related to compressive stress development in 
oxide films growing at the metal-oxide interface. 
Pawel, Cathcart, and Campbell (16) found evidence 
of stresses in the oxide of sufficient magnitude to 
create deformation lines in the metal surrounding the 
cracked areas. Maldy (17) using x-ray techniques 
has recently demonstrated that oxidation of iron in 
a mix ture  of wa te r  and hydrogen at 800~176 gives 
rise to analogous stresses in the iron of considerable 
magni tude  but that  these stresses appear only after 
a cri t ical  thickness of oxide has been exceeded. Pe r -  
haps some phenomenon of this kind is responsible for 
the fact that  Field, Adams, Stanley, and Holmes (7) 
did not observe curva ture  of thin foils of iron gold- 
plated on one side and t rea ted  in 15% NaOH at 315~ 
It should perhaps be pointed out also that  the very  
porous " inner  layers"  generated,  under  their  condi-  
tions of operation, wi thout  appreciable dimensional  
change might  not produce stresses at the same mag-  
ni tude as the re la t ive ly  compact films under  discussion. 

Another  phenomenon which may  deserve ment ion 
is the striated appearance of the corrosion product  
wi th in  the pits. I t  is perhaps indicat ive of a l ternat ing 
protect ive film format ion and breakdown.  Such stri-  
ated deposits wi th in  pits are found in pit ted s team- 
generator  tubes of power  boilers (18). 

One might  summarize  the most significant conclu- 
sions as follows: 

1. The corrosion of mild steel capsules containing 
15% NaOH at 316~ reveals  the successive operat ion 
of three different mechanisms:  (a) the ini t ial  rapid 
bui ld-up of a protect ive film; (b) a continuat ion of 
the corrosion at a decreasing ra te  by a mechanism in- 
volv ing  penetrat ion and thickening of the protect ive 
film; and, (c) film breakdown at  local areas resul t ing 
in pit  development  and increasing corrosion rates. 

The quant i ta t ive  ra te  data fol lowing the bui ld-up  
of the init ial  film and prior  to the onset of pi t t ing can 
be fitted by logar i thmic kinetics. This seems incon- 
sistent wi th  a diffusion-control led process. It  is con- 
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sistent wi th  a porosity mechanism, but  the films pro-  
duced in these capsules appear  qui te  compact, and 
the possibility that  they may  be sufficiently compact  
to be impermeable  to the solution cannot  ye t  be 
discarded. 

Fi lms produced on block specimens exposed in auto-  
claves under  similar  conditions appear  more porous 
and are less protective.  This is probably due to the 
fact that  hydrogen genera ted  at the meta l -ox ide  in- 
terface of such specimens cannot escape except  by 
penetra t ion of the growing oxide film and in ter ference  
with  its growth. In capsule systems hydrogen gen- 
erated at this interface can escape through the cap-  
sule wall. 

Microscopic observations of capsule specimens over  
extended periods correla ted with  data f rom other 
systems where  oxide growth takes place at the meta l -  
oxide interface (Ti and Nb) support  the thesis that  
pit  format ion is the resul t  of crack development  in 
the oxide film, after  reaching a l imit ing thickness, 
a l lowing local access of the solution to the metal l ic  
surface and producing the small anode- large  cathode 
relat ion conducive to pit  formation. 
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An Electrochemical Technique for Removing 
Thin Uniform Layers of Gold 

J. L. Whitton and J. A. Davies 
Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

A reproducible  and accurate e lectrochemical  technique for the remova l  of 
ex t remely  thin (20A-4000A) uni form layers of gold has been developed. The 
remova l  was achieved by anodizing at constant current  in 1M H2SO4 and 
subsequent  str ipping in 5N HC1. An extension of the technique allows the 
re la t ive ly  rapid (25 ~m/hr )  remova l  of gold f rom single crystals in a s train-  
free manner.  Cal ibrat ion curves are shown and exper imenta l  details described. 

Techniques for removing  thin un i form layers f rom 
metals have  been used extensively  in studying the 
range of energet ic  ions in solids (1, 2) and also in in-  
vest igat ing the effects of short  range diffusion (3). For  
range measurements ,  the most re l iable  and sensit ive 
technique has been the two-s tep  process of anodic oxi-  
dation at constant voltage, fol lowed by subsequent  
dissolution of the oxide. So far, this technique has 
been satisfactori ly applied to a luminum (1), tungsten 
(2), and silicon (4). In each case, the protect ive oxide 
film thickness is de te rmined  main ly  by the vol tage and 
can be var ied  f rom 1000 to less than 10 atomic layers of 
metal. With gold, however ,  the same technique cannot 
be used, as the oxide film formed during anodizing is 
not protect ive and its final thickness therefore  is not 
control led by the voltage. 

Barnar t t  (5) in a s tudy of the oxygen-evolu t ion  re-  
action at gold anodes showed that  gold can be oxidized 
in di lute H2SO4, but wi th  a ra ther  low current  effi- 
ciency; the oxidation process at constant current  pro-  
ceeds l inear ly  wi th  t ime and is dependent  on current  
density. He in terpre ted  this behavior  as resul t ing f rom 

a "blister" mechanism in which local separat ion con- 
t inual ly occurs at the ox ide-meta l  interface, thus al-  
lowing the e lect rolyte  to contact the exposed metal  
surface. Ear l ie r  at tempts in this laboratory (6) to use 
Barnar t t ' s  method for peeling thin uni form layers f rom 
gold were  not too successful. This was attr ibuted,  at 
]east in part, to the use of a horizontal  anode whose 
surface rapidly  became coated with  bubbles of oxygen 
dur ing the electrolysis, thus p reven t ing  uniform at-  
tack by the electrolyte.  

Recently,  considerable interest  has been aroused in 
the possibility of measur ing the penetra t ion of ener-  
getic ions in clean monocrystal l ine  meta l  targets (i.e., 
targets that  are not covered by an a i r - fo rmed  oxide 
layer) .  Since gold is an obvious choice for such an 
experiment ,  a re invest igat ion of its anodizing behavior  
was under taken  in an a t tempt  to obtain more  repro-  
ducible results. 

Experimental 
Polycrystalline gold.--For the present  study, p re -  

l iminary  calibrations were  first carr ied out to de ter -  
mine the rate  of anodic oxidat ion of polycrysta l l ine  
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disks. A simple anode-cathode geometry,  shown in 
Fig. 1, was used. Pr ior  to anodizing, the disks in the 
as-rol led condition were  cleaned by Barnar t t ' s  method 
of (a) degreasing, (b) cathodic cleaning in 3N NaOH 
at 70~176 at 30 ma for 10 min, and (c) immers ion  in 
9N HNO3 for 1 min. The cleaned gold disk was sup- 
ported in a Teflon holder  which fitted t ight ly  in a 200 
ml crystal l izing dish containing 1M H2SO4. Space was 
left  under  the holder  to allow room for a glass-covered 
magnet ic  stirrer,  and slots were  cut in the base of the 
holder  to increase the efficiency of the st i rr ing action. 
Two large gold cathodes, one on ei ther  side, were  
mounted against the walls of the dish and paral le l  to 
the anode. Electr ical  contact to the anode was made 
by a pointed tungsten rod which was cleaned between 
runs in 2N NaOH and then washed in dist i l led water .  

The resul t ing oxide layer  was then removed  by im-  
mersion in 5N HC1 and the equivalent  meta l  thickness 
was de termined  by weight  loss. All  weighings were  
made on a microbalance to an accuracy of ___2 ~g, 
using an identical  gold disk as a tare  in order  to e l imi-  
nate buoyancy corrections. Accurate  weighing is neces-  
sary because, unl ike  tungsten and aluminum, there  is 
no voltage control on the layer  thickness: i.e., both the 
voltage and current  remain  constant throughout  the 
anodizing. Duplicate runs on separate disks agreed 
wi th in  the est imated exper imenta l  er ror  of ___5%. A 
cal ibrat ion curve  of weight  of gold removed  (or 
weight  conver ted  to oxide) vs. anodizing t ime at con- 
stant current,  was obtained by anodizing the gold for  
different periods of t ime at a current  densi ty of 1 
m a / c m  2. The results (Fig. 2) show that  the weight  of 
gold r emoved  at constant current  increased l inear ly  
wi th  anodizing time. The slope of this l ine is equiva-  
lent  to a current  efficiency of 1.7%. An increase in cur-  
rent  densi ty to 5 m a / c m  2 produced a f ive-fold increase 
in the ra te  of anodizing and is equiva len t  to an oxida-  
tion rate of 3.4 ~g go ld /cm2/min  (17A/min) .  

To de termine  the amount  of gold that  dissolved in 
the electrolyte  during anodizing, several  disks were  
i r radiated in the NRX reactor.  Af te r  anodizing, 
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aliquots of the electrolyte  were  measured  for AH 198 
content  and compared with  the Au 19s act ivi ty of the 
dissolved oxide layer.  The fract ion dissolving in the 
anodizing solution was found to be 1.5% of the total  
amount  oxidized. To de termine  the amount  of gold 
dissolving in 5N HC1 dur ing the dissolution of the 
oxide, an i r radiated disk was immersed  in the acid for 
10 rain and the act ivi ty of an al iquot was measured.  
No measurable  act ivi ty was found. Similarly,  it was 
found that  no act ivi ty  was deposited on the cathodes 
during the anodizing process. 

In some cases the rate  of anodizing gradual ly  de- 
creased with  increasing time, but  this was la ter  found 
to be due to deplet ion of the electrolyte.  It  was es- 
tablished that  about 2 ~g of gold could be oxidized per 
mil l i l i ter  of e lect rolyte  before the 1M H2SO4 solution 
became sufficiently depleted to reduce significantly the 
anodizing rate. 

Monocrystalline gold.--Since our interest  in s tudy- 
ing range penetrat ions in gold was concerned chiefly 
wi th  crystal  s t ructure  effects, it was necessary to ex-  
tend this invest igat ion of anodic oxidation to single 
crystals. For  this purpose, a sl ightly different design of 
anodizing cell was required.  

Monocrystal l ine gold rods, 0.6 cm diameter  and up 
to 10 cm in length, were  grown from 99.999% puri ty  
gold by the Br idgman method, and disks were  then 
cut by spark machining to the desired orientation. 
Pa la tn ik  et aL (7) have  shown that  spark machining 
can produce an excess of dislocations in Bi, Sb, and Zn 
even at distances up to 0.25 mm from the sparked sur-  
faces. Since it was essential in our work  that  the 
crystal  faces be as s t ra in- f ree  as possible, it was 
necessary first of all to r emove  a thick layer,  prefer -  
ably 0.50 m m  in order  to ensure an undamaged  surface. 
The obvious technique for doing this, namely  electro-  
polishing, has the disadvantage of being ex t remely  
slow for gold and would  have  requi red  several  days to 
remove  an 0.50 mm tayer. 

Instead, a modified anodizing-str ipping procedure 
was developed in which, by increasing both the con- 
centrat ion of H2SO4 and the current  density, it was 
possible to reduce the t ime requi red  to less than one 
day. This anodizing-s t r ipping technique, of course, 
could itself be considered as a sort of electropolishing 
process, but one in which the oxidation and dissolution 
steps have been split into separate  operations. 

The exper imenta l  a r rangement  used for this purpose 
is i l lustrated in Fig. 3. The single crystal  disk is fixed 
in the L-shaped Teflon holder  by a spr ing- loaded 
tungsten rod which also provides electr ical  contact. 1 
Such a holder allows the crystal  to be mounted  and 
demounted out of the electrolyte,  which makes for 
easier and safer handling. The paral le l  gold cathodes 
are suspended f rom the top cover plate and 5 cm from 
each other. The gold crystal, when  placed in the elec-  
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l o a d e d  c o n t a c t .  T h i s  p o s s i b i l i t y  w a s  c o n s i d e r e d  s o  t h e  p o i n t  w a s  
m a d e  a s  s m a l l ,  a n d  t h e  p r e s s u r e  a s  l i g h t ,  a s  p o s s i b l e .  
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trolyte, is si tuated midway  between the cathodes wi th  
the or iented faces para l le l  to them. The capacity of 
the container  is 2400 ml, and the electrolyte  is 10M 
H2SO4 which  is constantly stirred. By using a cur-  
rent  of 200 m a / c m  2, it was possible to oxidize the gold 
surface at the ra te  of 25 #m/hr .  At  this high current  
density, the oxide formed, cont inual ly  flaked off the 
gold surface so that  immers ion  of the specimen in HC1 
to dissolve the ox ide  layer  was not necessary. Af te r  
0.50 m m  of gold had been removed  by this rapid 
anodizing t reatment ,  the surface, a l though bright, was 
still somewhat  rough, and so a br ief  electropolishing 
t rea tment  was required.  

The electropolishing was carr ied out in a wa te r -  
cooled double-wal led  glass container using the same 
anode-cathode geometry  described above. The cathode 
in this case was stainless steel and the current  density 
0.6 a m p / c m  2 at 4v. The electrolyte  was that  used by 
Silcox and Hirsch (8), but  di luted twofold. Seven  
hours polishing under  these conditions was requi red  
to produce the desired surface finish. Electron micro-  
scopy showed that  subsequent  anodizing at 5 m a / c m  2, 
in 1M I-I2SO4, did not  adversely  affect the e lectro-  
polished surface and, in fact, actual ly  improved  it by 
removing  the whor l - l ike  s t ructure  which is a feature  
of many  electropolished surfaces. 

It  was found that  the cur ren t  efficiency of the 
anodizing process increased f rom 1.7% at 5 m a / c m  2 in 
1M H2804 to 7.9% at 200 m a / c m  2 in 10M H2SO4, in 
qual i ta t ive  agreement  wi th  the work  of Barnar t t  (5) 
and of J i r sa  and Buryanek  (9). Barnar t t  repor ted  a 
slight increase in current  efficiency wi th  increasing 

current  density: namely,  f rom 0.5% at 10 -4 a m p / c m  2 
to 1.0% at 10 -2 a m p / c m  2 in 0.1M H2SO4. J i rsa  and 
Buryanek  invest igated the effect of e lectrolyte  con- 
centrat ion at 1 a m p / c m  2 and found a significant in-  
crease: f rom 1.0% in 0.5M H2SO4 to ~30% in 18M 
H2SO4. 

The final peel ing of layers for range penetra t ion 
measurements  in single crystals was done in 1M H2SO4 
at e i ther  1 m a / c m  2 or 5 ma/cm~ in order  that  the 
cal ibrat ion curves in Fig. 2 could be used. The anodiz- 
ing cell  a r rangement  was the same as that  shown in 
Fig. 3. 

As a check on the possibility of a change in the ra te  
of anodizing wi th  change of or ientat ion of single crys-  
tals, disks wi th  surfaces paral le l  to {112} and disks wi th  
surfaces para l le l  to (110} were  anodized and cal ibra-  
tion curves determined.  These are compared wi th  the 
polycrysta l l ine  cal ibrat ion curve  in Fig. 4 and show 
that  the change, if any, in rate  of anodizing as a func-  
tion of or ientat ion is wi thin  the est imated exper i -  
menta l  error:  

Summary 
A technique for  removing  reproducible  layers  20- 

4000A thick f rom ei ther  polycrystal l ine or mono-  
crystal l ine gold has been developed and calibrated. 
An extension of the technique to high current  density 
enables the gold surfaces to be r emoved  at a ra te  of 
~25 # m / h r  wi thout  dis turbing the under ly ing  metal. 
This is considerably more  rapid than that  produced by 
ordinary  electropolishing and is therefore  a bet ter  
method for obtaining a damage- f ree  meta l  surface. 

Manuscript  received May 27, 1964; revised manu-  
script received J u l y  13, 1964. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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The Temperature Dependence of the Field Coefficient 
for the Anodization of Tantalum 

R. Dreiner 
Research  Laboratories ,  Sprague  Electr ic  C o ~ p a n y ,  N o r t h  A d a m s ,  Massachuse t t s  

ABSTRACT 

The t empera tu re  dependence of the field coefficient B in the re la t ion for 
the high field ionic current,  i ~-io e x p [ B F - - ( W / k T ) ] ,  has been invest igated 
for the anodic oxidat ion of tantalum. Results f rom constant vol tage and con- 
stant  cur ren t  anodizations demonstra te  that  B is inverse ly  proport ional  to 
the absolute t empera tu re  as expected for a bar r ie r  theory  which predicts 
B = a . q . / k T .  For  the half  j u m p  distance, a, an average  va lue  of about 1.5A 
w a s  found when  q was assumed to be equal  to the charge on the five valent  
Ta-ion.  

The re la t ion be tween the ionic current  and the field 
during the anodic growth  of oxide films on va lve  
metals  is 

i = io e x p [ B F - -  ( W / k T )  ] [1] 

with k the Bol tzmann constant, T the absolute t em-  
perature,  and F the field across the oxide. The factor  
to, the bar r ie r  height  W, and the field coefficient B 
depend in thei r  in terpre ta t ion on the proposed mech-  
anism (1), e.g., whethe r  the r a t e -de te rmin ing  barr ie r  
for the ionic motion is at the meta l -ox ide  interface 
or wi th in  the oxide. Severa l  theories agree (2) that  
the t empera tu re  dependence of B should be 

B = q a / k T  [2] 

wi th  q the charge on the moving ion and a half  the 
width  of the barr ie r  W. Adams and Kao (3) studied 
the format ion  of ve ry  thin oxide films on niobium at 
constant current  and found agreement  be tween the 
measured  t empera tu re  dependence of B and Eq. [2]. 
Much exper imenta l  research (4) of the steady state 
and the t ransient  kinetics has been reported for the 
anodization of tan ta lum which fails to show the t em-  
pera tu re  dependence of B as expressed in Eq. [2]. It  
was observed that  plots of log i vs. field were  not 
s traight  lines but  ve ry  sl ightly curved. The curva ture  
was such that  B decreased with  t empera tu re  at a con- 
stant field. To account for this, Young (5) introduced 
a field dependent  B by making  the act ivat ion distance 
a in Eq. [2] a l inear  funct ion of the field, a = ~ + ~F. 
The ear l ier  observat ion of a t empera tu re  independent  
B or Tafel  slope at different fields ( the inverse of B is 
re fe r red  to as the Tafel  slope) was explained (5) by 
a field effect compensat ing the t empera tu re  effect. 
La ter  (6) the effect of condenser pressure was dis- 
cussed as a possible explanat ion of the field depend-  
ence of coefficient B. In this paper Eq. [1] is once more  
applied to the anodic oxidation of tan ta lum at different 
format ion fields wi th  par t icular  interest  focused on 
the t empera tu re  dependence of the field coefficient B. 
New evaluations are presented which are based on the 
current  decay during constant vol tage formations (see 
Results) and on t empera tu re  changes dur ing constant 
current  anodizations (see Results) .  

Experimental 
Specimens of about 18.8 cm 2 area and with  a na r row 

tab were  punched f rom 10 rail tan ta lum sheet (Fan-  
steel, impuri t ies  less than 0.1%). The samples were  
degreased, chemical ly polished for 15 sec in 5:2:2 
conc H2SO4:conc HNO3:48% HF, leached in boiling 
deionized wate r  for 10 min, and then vacuum annealed 
(<10 -4 Torr)  at 2100~ The tabs of the foils were  
anodized to a potent ial  of about 150v to confine the 
area. A new foil  was used for each run. Jus t  pr ior  to 
the start  of the exper iment  the specimens (not the 
tabs) were  etched for 20 to 30 sec in 40% HF and 
briefly rinsed in deionized water .  Br ight  p la t inum was 

used for the counterelect rode in the cell. The electro-  
lyte  was 0.1% H2SO4, and a pump circulated the solu-  
tion through the cell and tempera tu re  baths. A two-  
way  stopcock made it possible to circulate  the electro-  
lyte  through ei ther  of two baths which were  held at 
different temperatures .  The flow rate  was such that  the 
cell was filled in three  seconds. 

In the ear l ier  par t  of the investigations,  specimens 
were  anodized at the constant current  of 1 m a / c m  2 to a 
preset  voltage. At  this vol tage a re lay switched to a 
constant voltage supply and the format ion continued 
for 60 min at that  constant voltage. The conditions of 
the constant cur ren t  anodizations are described later. 
Currents  and potentials were  measured and recorded 
by a Kei th ley  610A e lec t rometer  in combinat ion wi th  
an Es ter l ine-Angus  recorder.  Af ter  formations were  
te rminated  the samples were  t ransfer red  into another  
cell containing the same electrolyte  and also br ight  
p la t inum as a counterelectrode.  The electrolyte  was 
not st irred or circulated and was kept  at a constant 
t empera tu re  of 0~ Immedia te ly  after  anodization the 
capacitance drops s lowly with  t ime (7) and therefore  
the system T a / T a 2 O J e l e c t r o l y t e / P t  was ex te rna l ly  
shorted for  15 min  before the capacitance (at 120 cps) 
was measured.  

The charge, which had passed through the cell dur -  
ing the constant vol tage anodization, was obtained by 
approximat ing the area of the cu r ren t - t ime  recordings 
by rectangles of appropr ia te  t ime intervals  or by ap- 
proximat ing  only the t ransi t ion region in this way and 
by integrating.  

Results 
Cons tan t  vol tage f o rma t ions . - - I t  is wel l  known that  

the current  decreases inverse ly  proport ional  to t ime 
when, af ter  a chosen format ion potential  has been 
reached, an anodization is continued at that  potential.  
van Geel and Emmens  (8) and Charlesby (9) der ived 
an inverse t ime relat ion to explain this phenomenon.  
In the fol lowing an a l te rna t ive  der ivat ion is given. 

The oxide thickness, d, is assumed to be proport ional  
to the total  charge passed dur ing anodization, Q 

d = a .~.Q [3] 

where  a is a cur ren t  efficiency which can be t empe ra -  
ture  dependent,  and ~ is equal  to the ratio of the 
equivalent  weight  of t an ta lum oxide over  the product  
of the Faraday  number  t imes the density of Ta205 
t imes the area of the sample. A t ime dependence of ,~ 
may arise f rom the fact that  the current  density drops 
by orders of magni tude  dur ing the constant vol tage 
part  of a formation.  Whether  the current  efficiency ~ is 
a t ime dependent  or not  was invest igated by measur ing 
the capacitance and the charge s imultaneously dur ing 
the constant vol tage part  of the formation.  This was 
possible using a Genera l  Radio Comparator ,  Type 
1605-A, which permits  continuous capacitance record-  
ings by comparing the unknown to a standard. The 
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Fig. 1. Charge vs. reciprocal capacitance; charge and capacitance 
simultaneously measured during constant voltage anodizations; 
formation temperature, e, 20 ~ o, 60oc. 

m e a s u r i n g  f r e q u e n c y  was  1 kc. Y o u n g  (10) d e t e r m i n e d  
the  dens i ty  of anodic  t a n t a l u m  oxide,  p = 7.93 g / c m  3, 
w h i c h  is cons i s ten t  w i t h  a d ie lec t r i c  cons tan t  of 
e ~ 27.6 a t  1 kc. 

Subs t i t u t i ng  the  exp re s s ion  fo r  the  pa ra l l e l  p l a t e  
capac i to r  in to  Eq.  [3] y ie lds  

Q ~ (1 .48x 10 -5 / a )  x ( l / C )  [4] 

The  cons tan t  is ca l cu la t ed  w i t h  Young ' s  (10) data.  
(The  cons t an t  ~ in Eq.  [3] is 3.07 x 10 -6  c m / c o u l . )  

F i g u r e  1 is a plot  of c h a r g e  vs.  1 / C  for  runs  at  20 ~ 
and  60~ and  a l i nea r  r e l a t i o n  is obv ious  w h i c h  ind i -  
cates t ha t  a is no t  a f u n c t i o n  of t ime.  This  is in a g r e e -  
m e n t  w i t h  r e su l t s  r e p o r t e d  by  B e r n a r d  and  Cook  (11) 
w h o  s tud ied  the  cons tan t  vo l t age  f o r m a t i o n  of a l u m i -  
num.  T h e  c h a r g e  is coun ted  f r o m  the  s ta r t  of t h e  con-  
s t an t  vo l t age  fo rma t ion .  T h e  first po in t s  w e r e  m e a s -  
u r e d  at  20 sec a f t e r  t he  swi tch  to cons tan t  vo l t age  
anod iza t ion  and  the  las t  ones  at  6000 sec. On ly  these  
cons tan t  v o l t a g e  f o r m a t i o n s  w e r e  e x t e n d e d  to 100 rain. 
D u r i n g  this  pe r iod  the  c u r r e n t  d r o p p e d  f r o m  ~400  
~ a / c m  2 to ,-,2 ~ a / c m  2. T h e  equa t ions  f o r  t h e  r eg r e s s ion  
l ines  of Fig.  1 a re  

20~ Q ~ (--5.33___0.01) + (1.46• x 10 -5  x 1 / C  [5] 

60~ Q = ( - -5 .84•  + (1.52___0.01) x 10-5 x 1 / C  [6] 

w i t h  t he  c o r r e l a t i o n  coefficients b e t t e r  t h a n  [0.9996 I. By  
def in i t ion  the  c o r r e l a t i o n  coeff icient  (12) is ]11 w h e n  
a f unc t i ona l  r e l a t i o n  b e t w e e n  two  va r i ab l e s  is p e r -  
f ec t ly  l inear .  The  i n t e r cep t s  a re  --0.77 coul  (5) and  
--0.65 coul  (6) w h e n  t h e  cha rge  passed  at cons tan t  
c u r r e n t  is added.  F r o m  the  s lopes  t he  ~ v a l u e s  w e r e  
ca l cu la t ed  to be  1.01 for  t he  20~ and  0.97 for  t he  60~ 
fo rma t ion .  Bes ides  a t e m p e r a t u r e  inf luence,  t h e  m a g -  
n i t u d e  of  a d e p e n d s  on  t h e  cons t an t  in  Eq.  [4] and  on  
the  e x p e r i m e n t a l  condi t ions  for  the  capac i t ance  m e a s -  
u r e m e n t .  T h e  s lopes o2 Fig.  1 a r e  i n d e p e n d e n t  of c o n -  
s t an t  a d d i t i v e  quan t i t i e s  of t he  c h a r g e  and  t h e  r e c i p -  
roca l  capac i t ance  ( the  l a t t e r  w o u l d  a r i se  i f  a cons tan t  
capac i to r  w e r e  in se r ies ) .  T h e  effect  of a bias po ten t ia l ,  
h e r e  the  f o r m a t i o n  po ten t ia l ,  on the  capac i t ance  is no t  
s t r a i g h t f o r w a r d .  S m y t h  e t  al. (13) r e p o r t e d  tha t  w i t h  
t he  bias  close to t he  f o r m a t i o n  po t en t i a l  the  capac i -  
t ance  was  no t  on ly  in f luenced  by  t h e  bias vo l t age  bu t  
by  the  t i m e  the  po t en t i a l  was  appl ied.  This  effect  was  
u n r e l a t e d  to ox ide  g rowth .  I t  is k n o w n  tha t  t h e  ca -  
pac i t ance  is a f unc t i on  of f r equency ,  and the  cons tan t s  
of  this  r e l a t i o n  d e p e n d  on f i lm- th ickness .  Y o u n g  (14) 
po in t ed  ou t  t h a t  t h e  p e r c e n t a g e  change  in r ec ip roca l  
capac i ty  fo r  a g iven  change  in log  ( f r e q u e n c y )  t ends  
to be  i n d e p e n d e n t  of th ickness .  The re fo r e ,  t he  s lopes 
of  Fig.  1 w o u l d  be  af fec ted  b y  a change  in  m e a s u r i n g  

Table I. 

F o r m .  i2 A ( l /Q2) ,  (2i /Q 2) "Ai, 
t emp ,  T ime ,  Qto ta l ,  i, 10-11 10-n  Rat io ,  

~ see eoul .  m a  amp~ /cou l  ~ aml~ /cou lS  % 

13.5 1200 5.37 0.123 ~ 1.43 45.0 3.2 
3600 5.53 0.042 
1800 5.43 0.084 0.52 17.6 2.9 
3600 5.53 0.042 
2400 5.46 0.062 ~ 0.19 7.03 2.7 
3600 5.53 0.042 / 

8o.o 12oo 6.60 o.179 
3600 6.84 0.061 2.16 63.0 3.4 
1800 6.69 0.122 
3600 6.84 0.061 0.75 24.4 3.1 
2400 6.76 0.093 
3600 6.84 0.061 .~ 0.29 10.5 2.8 

f r e q u e n c y  s ince t h e  ox ide  th i ckness  i nc rea sed  d u r i n g  
the  cons tan t  v o l t a g e  pa r t  of t h e  f o r m a t i o n  by  abou t  
20%. F u r t h e r m o r e ,  t he  d ie lec t r i c  cons tan t  increases  
(15) w h i l e  dens i t ies  dec rease  w i t h  t e m p e r a t u r e .  The  
first  d e p e n d e n c y  w o u l d  cause  the  slope, a Q / O ( 1 / C ) ,  to 
be  l a r g e r  at  h i g h e r  t e m p e r a t u r e s  and  the  l a t t e r  w o u l d  
affect  i t  in  t he  oppos i te  way .  The  d iscuss ion leads  to 
the  conc lus ion  tha t  t h e  d i f fe ren t  s lopes of Eq.  [5] and  
[6] can  on ly  be  t e n t a t i v e l y  ass igned  to a t e m p e r a t u r e  
d e p e n d e n c e  of  t he  c u r r e n t  efficiency. 

W i t h  F = V / d  and  Eq. [1] and  [3], one  obta ins  fo r  
cons t an t  V, T, and  t i m e  i n d e p e n d e n t  a, 

Oi/ at  = - -  ( B .  V" a" ~ / d  2) "i 2 [ 7] 

I f  t he  v a r i a t i o n  of (1 /d  2) w i t h  t i m e  is suff ic ient ly 
sma l l  w i t h  r e spec t  to t he  c h a n g e  in i2, i n t e g r a t i o n  b e -  
comes  poss ible  s ince  ( 1 / d  2) could  be  cons ide red  a 
constant .  To be  m o r e  specific, i t  has  to be  s h o w n  t h a t  
i2"A(1/Q 2) is sma l l  w i t h  r e spec t  to ( 2 i / Q  2) .Ai,  which  
is t he  case  as seen  f r o m  Tab le  I in  w h i c h  t h e  th i ckness  
is r e p l a c e d  by  the  charge .  F o r  t he  c o m p a r i s o n  t h e  c u r -  
r en t  eff iciency is of no impor t ance .  I n t e g r a t i o n  of 
Eq.  [7] on this  basis  y ie lds  

1 / i  = ( B . V ' a ' ~ / d  2) "t -~ cons t  [8] 

Thus  the  s lopes  of r e c ip roca l  c u r r e n t  vs.  t i m e  plots  a r e  
p r o p o r t i o n a l  to t he  field coefficient  B. F i g u r e  2 is a p lo t  
of t he  r ec ip roca l  c u r r e n t  vs.  t ime.  The  da t a  in Tab le  I 
and  in Fig.  2 a r e  f r o m  the  s a m e  r u n s  at 13.5 ~ and  80~ 
In  bo th  cases t he  t i m e  or ig in  is t he  swi t ch  f r o m  con-  
s tan t  c u r r e n t  to cons t an t  vo l tage .  The  equa t ions  fo r  the  
r eg re s s ion  l ines  a t  80 ~ and  13.5~ a re  

1 / i  = (2.4 _ 0.7) �9 102 + (4.41 _ 0.02) �9 t [9] 

1/ i  : (--1.6 ~ 1) �9 102 d- (6.72 • 0.03) �9 t [10] 

The  co r r e l a t i on  coeff ic ient  is in bo th  cases b e t t e r  t h a n  
10.998l. A s l igh t  c u r v a t u r e ,  w h i c h  one  m i g h t  h a v e  e x -  
pec t ed  f r o m  the  a p p r o x i m a t i o n  fo r  t he  in t eg ra t ion ,  was  
no t  de tec ted .  

T h e  th ickness  d in  Eq.  [8] was  r e p l a c e d  in t w o  w a y s  
s ince d is p r o p o r t i o n a l  to t he  c h a r g e  and  to t h e  r ec i -  
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Fig. 2. Reciprocal current as a function of time; the time 
origin is the switch from constant current to constant voltage 
anodization. 
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Fig. 3. Product of field coefficient B times current efficiency a, 
(a), and ratio of B over a, (b), as a function of the reciprocal 
absolute temperature; oxide thickness determined by: � 9  charge 
and, o, capacitance measurements. 

procal  capacitance. If the capacitance is measured  
(here always at 120 cps; 0~ capacitor shorted 15 rain 
after  anodization) and the formula  for the paral le l  
plate capacitor  is applied, Eq. [8] changes to 

1 / i  = [ B . V . a ' ~ ' C 2 / ( ~ o A )  2] "t -5 const [11] 

Thus f rom slopes and capacitance measurements  of 
runs at different temperatures ,  values for the product  
Ba as a funct ion of t empera tu re  were  obtained, Fig. 3a. 
Subst i tut ing Eq. [3] in Eq. [8] yields 

1 / i  = ( B V / a . ~ . Q  2) �9 t -5 const [12] 

and as seen, values for the ratio B / a  can be calculated 
f rom the slopes and charge measurements ,  Fig. 3b. 
Values for the slopes a ( 1 / i ) / O t  were  always de te r -  
mined  over  the t ime range 1200-3600 sec, Fig. 2. Dur -  
ing this t ime the charge and, therefore,  the oxide 
thickness increased slightly, Table I. A constant slope 
a ( 1 / i ) / O t  would imply that  the field coefficient B is a 
funct ion of thickness. Such a conclusion is object ion-  
able since the detection of a sl ight curva ture  in a plot 
l ike Fig. 2, which would compensate  an apparent  th ick-  
ness dependence of B, appeared to be beyond the ex-  
per imenta l  accuracy. 

The data for current  efficiency, a, which are l isted in 
Table II, were  calculated f rom the least square lines 
of Fig. 3a, b. 

Table II confirms the ear l ier  resul t  that  the cur ren t  
efficiency is a funct ion of tempera ture .  It may be con- 
sidered surpris ing that  a turns out to be larger  than 1. 
Basically a is de te rmined  f rom the ratio [ , , o 'A  2 
�9 96500.p] over  [ (equiv wt  Ta2Os) 'Q 'C]  after measur -  
ing the charge, Q, the capacitance, C, and the area, A. 
An er ror  in these quanti t ies  and in the choice of the 
dielectric constant, e, and the density, p, may wel l  ac- 
count for a-values  larger  than one. Af te r  correct ing for 
a the final values for the field coefficient B were  
plot ted vs.  the inverse  of the absolute t empera tu re  in 
Fig. 4. The least  square l ine is 

B = (4.5 -+ 0.1) x 10 -8 -5 (0.75 _ 0.11) x 1 0 - 3 / T  [13] 

So far  all the data which have  been discussed were  ob- 
tained f rom anodizations to 97v. Data f rom formations 

Table II. Data for current efficiency 

Temperature, ~ a 

13.5 1.11 
25 1.09 
40 1.07 
60 1.04 
80 1.02 
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Fig. 4. Temperature dependence of field coefficient B; oxide 
thickness determined from: e,  charge and, o capacitance meas- 
urements. 

to 77v were  evalua ted  in the same way  and the re-  
gression line of a graph l ike Fig. 4 is 

B = (3.6 -4- 0.1) x 10 -8 -5 (1.O -+ 0.1) x I O - ~ / T  [14] 

The correlat ion coefficients which should be 1 for a 
l inear  relat ion are 0.94, Eq. [13], and 0.98, Eq. [14]. 
Equat ions [13] and [14] demonst ra te  that  the field 
coefficient B is inverse ly  proport ional  to the absolute 
t empera ture  as predicted by theory. However  these 
equations differ s trongly f rom Eq. [2] as far  as the 
zero intercept,  1 / T  -> 0, is concerned. If the fivefold 
ionized tan ta lum ion is the only cur ren t  carrier ,  an 
assumption which is not necessari ly justified (16), 
then half  jump distances can be calculated f rom the 
slopes of Eq. [13] and [14]. Half  the distances be tween 
equi l ibr ium positions of the moving ion are 1.3A for 
formations to 97v and 1.7A for anodizations to 77v. 
Since the uncer ta int ies  of the slopes, O B / a ( 1 / T ) ,  al-  
most overlap, no significance is seen in the different 
distances. 

C o n s t a n t  c u r r e n t  f o r m a t i o n . - - I t  is wel l  known that  
the vol tage increases l inear ly  wi th  t ime dur ing a con- 
stant current  anodization. F rom Eq. [1], [2], [3] and 
F = (Vo -5 V ) / ( d  -5 do), where  Vo and do are the elec-  
t rochemical  react ion potent ia l  (assumed to be in-  
dependent  of t empera ture )  and the thickness of an 
init ial  oxide layer,  the vol tage bui ld-up  ra te  dur ing 
constant current  formations is 

L . i ' W  L . i . k . l n  ( i l io)  
( 1 / a )  ( o r ~ a t )  : - -  + . T  [15] 

q . a  q . a  

Thus the vol tage bui ld-up  ra te  should be a l inear 
funct ion of t empera tu re  if, as assumed for  the der iva-  
tion, the field coefficient B is re la ted to t empera tu re  
as expressed in Eq. [2]. If  B, however ,  is independent  
of temperature ,  then it can be shown that  the bui ld-up  
ra te  should be proport ional  to the reciprocal  absolute 
temperature .  

F rom all the exper iments  which led to Eq. [13] 
and [14], the vo l t age - t ime  recordings of the par t  of 
anodization which occurred at constant cur ren t  were  
evaluated.  Stra ight  lines were  fitted to the data using 
the least square method. Here  the correlat ion coef- 
ficients were  all bet ter  than 10.99951 which confirms 
that  the vol tage increases l inear ly  wi th  t ime dur ing 
a constant current  formation.  

The equations for the regression lines of plots ( l / a )  
(.OV/Ot) vs.  temperature ,  Fig. 5, and vs.  reciprocal  
absolute t empera tu re  are 

( l / a )  OV/a t  -~ (0.488--+0.002)-- (4.94--+0.13) x 10-4 x T 
[16] 
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Fig. 5. Vol tage build-up rate of constant current anodizations, 
1 ma /cm 2, as a function of temperature;  samples anodized to, 
o,  97v and, e ,  77v. 

( l / a )  OV/Ot = (0.174+0.002) Jr- (4.98_0.17) x 10 +1 x 1 / T  
[17] 

The correlat ion coefficient for the bui ld-up  ra te  as a 
function of t empera tu re  is 10.9931 and [0.9881 for 
( l / a )  OV/Ot = ] ( l / T ) .  Al though this is sl ightly in 
favor  of the first case, which would  imply that  field 
coefficient B is inversely  proport ional  to the absolute 
temperature ,  the difference is not decisive enough to 
discard the possibility that  B is independent  of t em-  
perature.  However ,  these findings, obtained f rom the 
constant cur ren t  par t  of the formations,  at least do 
not contradict  the ear l ier  results f rom the constant 
vol tage par t  of the anodizations, namely,  that  B is 
a funct ion of tempera ture .  

The vol tage bui ld-up ra te  (aV/Ot)  is not affected 
by a constant electrochemical  react ion potent ial  or 
an init ial  air oxide film, whereas  the field is. Disre-  
garding these uncertainties,  which is permi t ted  for 
thicker  films, the vol tage bui ld-up is direct ly  pro-  
port ional  to the field (divide Eq. [15] by (k-i) and 
the lef t  side becomes the field). If  field coefficient B 
is independent  of tempera ture ,  it can be shown that  
a plot field vs. the reciprocal  absolute t empera tu re  
should be a s traight  line wi th  a slope independent  
of the format ion current  density. Bray  et al. (17) 
observed this for the anodization of tan ta lum and 
concluded that  B is not a funct ion of tempera ture .  
Very  recent ly  Draper  and Jacobs (18) repor ted  that  
the field is direct ly  proport ional  to t empera tu re  when  
tan ta lum samples were  anodized in 0.1N HfSO4. How-  
ever  deviat ions f rom this relat ion were  observed at 
higher  tempera tures  (75 ~ and 90~ for formations in 
40% H2SO4. 

It  was decided to t ry  another  approach ra ther  than 
to repeat  the exper iments  leading to Fig. 5 and to 
find out whe ther  in tercept  and slope of Eq. [15] 
depend on cur ren t  density in the r ight  way. Assum-  
ing again that  B is re la ted to tempera ture ,  as expressed 
in Eq. [2], then with  Eq. [1] and F = ( V W V o ) / ( d + d o )  
follows for the der iva t ive  of the vol tage with  respect  
to t empera tu re  dur ing constant current  anodization 

(a'~'Q-t-do) . k  
aV /OT In (i/io) [18] 

q .a  

Here  film thickness d was replaced by Eq. [3]. As 
seen, the vol tage change due to a given tempera ture  
rise or drop should be a l inear  function of the total  
charge with  the slope depending on the current  den-  
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Fig. 6. Potential  transient due to an abrupt temperature rise 
from 25.5 ~ to 40 .0~  during a constant current (,'~5.3 ~ a / c m  ~) 
anodizat ian;  solid lines are regression lines of  the steady-state 
voltages. 

sity and the intercept  depending on do and the cur-  
rent  density. A necessary assumption is that  the 
thickness remains constant dur ing the t empera tu re  
change. This is the case if the current  density is low 
and the t empera tu re  change fast enough. 

In the exper imenta l  par t  it was ment ioned that  
a pump circulated the electrolyte  through the cell and 
a t empera tu re  bath wi th  a flow rate  such that  the 
cell was filled up in 3 sec. Therefore,  10 sec is con- 
sidered a ve ry  safe est imate for the t ransi t ion period 
f rom Tz to Tf. The chosen anodization currents  were  
10 -3 amp (~53 t~a/cm 2) and 10 -4 amp (,~5.3 t~a/cmf). 
With the higher  current  the change in thickness is 
less than about 3A (Eq. [3]; a taken as 1). The t em-  
pera ture  was changed be tween  25.5 ~ and 40~ Over  
this t empera tu re  range an influence of the t emper -  
a ture  dependence of the current  efficiency should be 
small  and is, therefore,  neglected (see Table I ) .  

F igure  6 is a plot of vol tage vs. t ime of an anodiza- 
tion at constant current  (~5.3 t~a/cm 2) dur ing which 
the t empera tu re  was raised f rom 25.5 ~ to 40~ at 
about  350 rain of anodization. The solid lines are the 
regression lines of the steady state. When the t emper -  
a ture  increased, the potent ial  dropped rapid ly  to a 
min imum and then approached the new steady state. 
Overshoots were  observed when  the format ion cur-  
rent  density was abrupt ly  var ied  dur ing the anodiza- 
tion of tan ta lum (19). F igure  6 demonstrates  a s imilar  
effect which was caused by a rapid t empera tu re  
change. The difference be tween  the s teady-s ta te  vol t -  
ages at the moment  of the t empera tu re  change is 
plot ted vs. the total  charge passed in Fig. 7. AV was 
always calculated f rom regression lines of the s teady- 
state vol tage bui ld-up.  The magni tude  of AV was in- 
dependent  of the sign of AT; i.e., whether  the t em-  
pera ture  was raised f rom 25.5 ~ to 400C or dropped 
f rom 40 ~ to 25.5~ The t empera tu re  was changed 
back and for th  dur ing some of the runs; 3.3 coul and 
3.9 coul were  passed at a current  of 10-~ amp in 
order  to decrease the format ion t imes of the runs 
yie lding the last three  points of the upper  curve. The 
equations for the least square lines of the upper  and 
lower  curve  are 

AV = (0.05• + (0.71• �9 Q [19] 

AV = (0.2_+0.09) + (0.58__+0.01) �9 Q [20] 

wi th  the correlat ion coefficients of I0.996t in both cases. 
These l inear  relat ions again point out that  the field 
coefficient B of Eq. [1] is a function of tempera ture .  

F rom the ratio of the slopes of Eq. [19] and [20], 
io is calculated to be 29 amp (,~1.5 a m p / c m f ) ,  io is 
ve ry  sensit ive to the ratio of the slopes. A 5% drop, 
which is almost wi th in  the s tandard deviations, would  
increase io to about 102 a m p / c m  2. Combining ei ther  
slope O(AV) /OQ of Eq. [19] or [20] wi th  the ratio of 
these slopes leads to an act ivat ion distance of a 
1.46A. This va lue  is in ve ry  good agreement  wi th  the 
average  half  jump distance of 1.5A der ived f rom c o n -  
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Fig. 7. Change in steady-state voltage as a function of total 
charge passed during constant current (e, N5.3 ~a/cm2; o, 
~53  ~a/cm 2) anodizations; potential change caused by a rapid 
temperature rise or drop between 25.5 ~ and 40.0~ 

s t a n t  v o l t a g e  f o r m a t i o n s .  T h e s e  v a l u e s  fo r  t h e  p r e -  
e x p o n e n t i a l  f a c t o r  a n d  t h e  h a l f  j u m p  d i s t a n c e  m a y  
b e  c o m p a r e d  w i t h  d a t a  a l r e a d y  r e p o r t e d  in  ref .  (1 ) .  

A l l  of t h e  e x p e r i m e n t a l  e v i d e n c e  of t h i s  w o r k  p o i n t s  
ou t  t h a t  t h e  f ie ld coeff ic ient  B is i n v e r s e l y  p r o p o r -  
t i o n a l  to  t h e  a b s o l u t e  t e m p e r a t u r e  a n d  t h e r e f o r e  Eq.  
[16] r e p r e s e n t s  t h e  r i g h t  r e l a t i o n  b e t w e e n  t h e  v o l t -  
age  b u i l d - u p  r a t e  a t  c o n s t a n t  c u r r e n t  a n d  t e m p e r a t u r e .  
F r o m  t h e  c o m b i n a t i o n s  of t h e  s lopes  of Eq.  [15],  [16] 
w i t h  t h e  s lopes  of e x p r e s s i o n s  [18],  [19] a n d  [18],  
[20] one  ge ts  i �9  ~-~ 25 a m p  (~-~ 1.4 a m p / c m 2 ) ,  a N 
1.44A a n d  i �9 ~'~ 19.5 a m p  ( ~  1 a m p / c m 2 ) ,  a ~ 1.38A. 
T h e s e  h a l f  j u m p  d i s t a n c e s  a r e  a g a i n  in  good  a g r e e -  
m e n t  w i t h  t h e  a b o v e  r e p o r t e d  va lues .  W i t h  a n  a v e r a g e  
a = 1.43A f r o m  t h e  c o n s t a n t  c u r r e n t  e x p e r i m e n t s  a n d  
t h e  v a l u e  fo r  t h e  i n t e r c e p t ,  T = 0, of Eq.  [16],  t h e  
a c t i v a t i o n  e n e r g y  is d e t e r m i n e d  to b e  W ~ 0.61 ev. 

F r o m  t h e  c u r r e n t  c h a n g e  a t  c o n s t a n t  f ield d u e  to a 
s t e p w i s e  t e m p e r a t u r e  v a r i a t i o n  a n d  f r o m  Eq.  [1] a n d  
[2] i t  f o l l ows  t h a t  

K - l n  (~21i~) 
W = q . a . F - -  [21] 

( l / T 2 )  - -  ( l / T 1 )  

w h e r e  ii, TI a n d  i2, T2 a r e  t h e  r e s p e c t i v e  q u a n t i t i e s  
b e f o r e  a n d  a f t e r  ( b u t  a t  t h e  m o m e n t  of)  t h e  t e m p e r -  
a t u r e  v a r i a t i o n .  W i t h  a, t h e  h a l f  j u m p  d i s t ance ,  t a k e n  
as 1.5A a n d  t h e  d a t a  of  s e v e r a l  e x p e r i m e n t s ,  a n  a v e r -  
age  a c t i v a t i o n  e n e r g y  of W --~ 1.2 e v  w a s  c a l c u l a t e d .  
T h e  field w a s  d e t e r m i n e d  b y  t h e  cha r ge .  A b o v e ,  a n  
a c t i v a t i o n  e n e r g y  of a b o u t  0.6 e v  w a s  c a l c u l a t e d  w h i c h  
was  o b t a i n e d  f r o m  a v a l u e  fo r  t h e  i n t e r c e p t ,  T : 0, 
of Eq.  [15] .  T h i s  l a t t e r  m e t h o d  is i d e n t i c a l  w i t h  a 
d e t e r m i n a t i o n  of W f r o m  o n l y  t h e  f i rs t  r i g h t  s ide  t e r m  
of Eq.  [21].  B u t  t h i s  t e r m  d e p e n d s  o n  t h e  field, a n d  
t h e r e f o r e  t h e  d i f f e r e n c e  b e t w e e n  W N 0.6 e v  ( f r o m  
t h e  i n t e r c e p t  of  Eq.  [15] ) a n d  W ~ 0.4 ev,  o b t a i n e d  f r o m  
t h e  f i rs t  t e r m  of  Eq.  [21] a n d  t h e  f ie ld a t  t h e  m o m e n t  
of t e m p e r a t u r e  c h a n g e  in  Fig.  8, is n o t  s u r p r i s i n g .  

A n  " o v e r s h o o t "  w a s  o b s e r v e d ,  as d e m o n s t r a t e d  in  
Fig.  6, w h e n  a r a p i d  t e m p e r a t u r e  v a r i a t i o n  a l t e r e d  
t h e  f ield ac ross  t h e  o x i d e  w h i l e  t h e  a n o d i z a t i o n  c u r -  
r e n t  w a s  k e p t  c o n s t a n t .  T h e  ef fec t  of a n  a l m o s t  i d e n -  
t i ca l  t e m p e r a t u r e  c h a n g e  o n  t h e  c u r r e n t  w h i l e  t h e  
f ie ld ac ross  t h e  o x i d e  w a s  k e p t  c o n s t a n t  is s h o w n  in  
Fig.  8. A s a m p l e  w a s  a n o d i z e d  a t  a c o n s t a n t  c u r r e n t  
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Fig. 8. Current change due to an abrupt temperature rise from 
25.5 ~ to 40.3~ during a constant voltage (97v) formation. 

of 1 m a / c m  2 to 97v a n d  t h e n  t h e  f o r m a t i o n  c o n t i n u e d  
a t  t h a t  p o t e n t i a l .  T h e  c u r r e n t  w a s  m e a s u r e d  as a po -  
t e n t i a l  d r o p  ac ross  102 o h m s  in  se r i e s  w i t h  t h e  cel l  
a n d  t h e  t i m e  o r i g i n  is t h e  s w i t c h  f r o m  c o n s t a n t  c u r -  
r e n t  to  c o n s t a n t  v o l t a g e  a n o d i z a t i o n .  A t  t ~ 55 m i n  
t h e  t e m p e r a t u r e  w a s  r a p i d l y  c h a n g e d  f r o m  25.5 ~ to 
40.3~ and ,  as  s e e n  f r o m  Fig .  8, t h e  c u r r e n t  i n c r e a s e d  
q u i t e  s u b s t a n t i a l l y  a n d  t h e n  d e c r e a s e d  s lowly .  H o w -  
ever ,  t h e  c u r r e n t - t i m e  c u r v e  does  n o t  e x h i b i t  a n y  
t r a n s i e n t  or  " o v e r s h o o t . "  I t  w a s  f o u n d  t h a t  t h i s  l ack  
of o v e r s h o o t  c a n n o t  b e  a t t r i b u t e d  to  t h e  d i f f e r e n t  o x i d e  
t h i c k n e s s e s  o n  t h e  s a m p l e s  u s e d  fo r  Fig .  6 a n d  8. A n -  
o t h e r  poss ib i l i ty ,  t h e  s t e p w i s e  c u r r e n t  v a r i a t i o n ,  w h i c h  
also c h a n g e s  t h e  f ie ld ac ross  t h e  oxide ,  w a s  i n v e s t i -  
g a t e d  b y  D e w a l d  (20) d u r i n g  t h e  a n o d i c  o x i d a t i o n  
of t a n t a l u m  a t  c o n s t a n t  t e m p e r a t u r e  a n d  a n  o v e r s h o o t  
w a s  o b s e r v e d .  I t  is, t h e r e f o r e ,  c o n c l u d e d  t h a t  t h e  
m e c h a n i s m  of t h e  o v e r s h o o t  is r e l a t e d  to r a p i d  c h a n g e s  
of t h e  f ield ac ross  t h e  o x i d e  l a y e r .  

Summary 
A l i n e a r  r e l a t i o n  b e t w e e n  t h e  r e c i p r o c a l  c u r r e n t  

a n d  t h e  t i m e  w a s  d e r i v e d  fo r  t h e  c u r r e n t  d e c a y  d u r i n g  
c o n s t a n t  v o l t a g e  a n o d i z a t i o n s .  I t  w a s  s h o w n  t h a t  t h e  
c u r r e n t  ef f ic iency was  i n d e p e n d e n t  of t ime .  T h e  field 
coeff ic ient  B w a s  d e t e r m i n e d  f r o m  s lopes  of 1 / i  vs .  
t i m e  p lo t s  a n d  v a l u e s  f o r  t h e  f i lm t h i c k n e s s .  T h e  f i lm 
t h i c k n e s s  w a s  o b t a i n e d  b o t h  f r o m  c h a r g e  a n d  c a p a c i -  
t a n c e  m e a s u r e m e n t s .  T h e  t w o  m e t h o d s  l ed  to d i f f e r e n t  
s lopes  fo r  t h e  t e m p e r a t u r e  d e p e n d e n c e  of B. T h i s  d i s -  
c r e p a n c y  w a s  d u e  to t h e  t e m p e r a t u r e  d e p e n d e n c e  of 
t h e  c u r r e n t  efficiency,  a n d  c o r r e c t i o n s  fo r  t h i s  y i e l d e d  
B as a l i n e a r  f u n c t i o n  of t h e  r e c i p r o c a l  a b s o l u t e  t e m -  
p e r a t u r e .  

T h e  v o l t a g e  b u i l d - u p  as a f u n c t i o n  of t e m p e r a t u r e  
a n d  t h e  c h a n g e  in  t h e  s t e a d y - s t a t e  v o l t a g e  due  to 
a g i v e n  v a r i a t i o n  of t e m p e r a t u r e  as a f u n c t i o n  of ox -  
ide  t h i c k n e s s  w e r e  i n v e s t i g a t e d  d u r i n g  c o n s t a n t  c u r -  
r e n t  a n o d i z a t i o n s .  T h e  r e s u l t s  c o n f i r m e d  t h a t  B is a 
f u n c t i o n  of t e m p e r a t u r e  as p r e d i c t e d  b y  t h e o r y .  E x -  
cep t  fo r  t h e  ove r shoo t s ,  d e m o n s t r a t e d  in  Fig.  6, t h e  
d a t a  a r e  c o m p a t i b l e  w i t h  a s i n g l e  b a r r i e r  m e c h a n i s m  
a t  t h e  m e t a l - o x i d e  i n t e r f a c e .  A s s u m i n g  t h a t  t h e  five 
v a l e n t  T a - i o n  is t h e  p r i n c i p a l  c u r r e n t  c a r r i e r ,  t h e  
b a r r i e r  h e i g h t  a n d  h a l f  of t h e  b a r r i e r  w i d t h  w e r e  ca l -  
c u l a t e d  to a b o u t  1.2 e v  a n d  a b o u t  1.5A w h i c h  is c lose 
to  t he  ionic  r a d i u s  of o x y g e n  ( O - -  = 1.40A' (21) .  
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The Density and Surface Tension of Molten Fluorides 
II. The System NaF-LiF-ZrF4 

G. W. Mellors and S. Senderoff 
Development Department, Parma Research Laboratory, Union Carbide Corporation, Parma, Ohio 

ABSTRACT 

Earl ier  studies of the surface tension of the system KF-LiF-ZrF4  have 
been extended to the system NaF-LiF-ZrF4.  As was noted previously, plots 
of surface tension vs. log concentrat ions of ZrF4 give a series of straight lines 
with inflection points at concentrat ions corresponding to the stoichiometry of 
complex compounds in  the liquid. The s t rength of complexes in  the lat ter  
system is found to be less than that  in  the former, and the complex ion 
[ZrFs] -1, while present  in the former, is not  observed in  the latter.  The 
ZrF7 -3 ion exists in solution in both systems. 

In  a recent  publ icat ion (1) the densities and sur-  
face tensions of a n u m b e r  of mol ten fluoride systems 
were described. This report  describes fur ther  work 
carried out with ZrF4 dissolved in the eutectic mix-  
ture  of NaF and LiF (mole ratio = 2:3) and com- 
pares and  contrasts the results now obtained with 
those of the KF-LiF-ZrF4  system. 

Experimental 
MateriaIs.--NaF and LiF (ACS specification) were 

obtained from Harshaw Chemical Company. ZrF4 was 
obtained from General  Chemical Division, Allied 
Chemical and Dye Company. Argon was obtained from 
Linde Division, Union Carbide Corporation. 

Apparatus.--This was similar to that  described pre-  
viously (1). 

Temperature and measurements.--These were made 
as before using "Chromel-Alumel"  thermocouples. 

! / 85o c _,.oop_ / /  
! / /  
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i i i , L , I , 
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Fig. 1. Density vs .  composition, NaF-LiF-ZrF4 

The general  procedure, method of calculation and 
accuracy of the methods for de terminat ion  of density 
and surface tension have been discussed earlier (1). 

Results 
Density.--The plots of density vs. t empera ture  were 

in all cases straight lines while density as a funct ion 
of composition has the form shown in Fig. 1. 

SuEface tension.--Figure 2 shows typical  plots of 
surface tension as a funct ion of temperature.  In  all 
cases these are straight lines and the temperature  
coefficient, dT/dT varies from --0.08 to --0.11 dyne 
cm -1 deg -1. In  Fig. 3 the surface tension is plotted 
against  composition for the system at 800~ It is a 
reasonably smooth curve up to 60 mole % ZrF4 above 
which composition excessive volat i l i ty precluded fur -  
ther  measurements .  

Discussion 
Surface tension is a thermodynamic  proper ty  and 

the analogy be tween the various thermodynamic  
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Fig. 2. Surface tension vs. temperature,. NoF-LiF-ZrF4 
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Fig. 3. Surface tension vs. composition 

m e a s u r e m e n t s  d e s i g n e d  to y i e l d  a c t i v i t y  coeff ic ient  
d a t a  h a s  b e e n  d i s c u s s e d  p r e v i o u s l y  (1) .  I t  w a s  n o t e d ,  
fo r  i n s t a n c e ,  t h a t  t h e  G i b b s  a d s o r p t i o n  e q u a t i o n  

d7  
= - - R T F  [1] 

d l n n a  

[ w h e r e  7 is t h e  s u r f a c e  t e n s i o n  (o r  s u r f a c e  f r e e  e n -  
e r g y ) ,  n is t h e  b u l k  c o n c e n t r a t i o n ,  a is t h e  a c t i v i t y  
coeff icient ,  a n d  r is t h e  s u r f a c e  exces s  (o r  de f i c i ency )  
c o n c e n t r a t i o n  of a spec ies ]  is i d e n t i c a l  in  f o r m  to t h e  
u s u a l  e q u a t i o n s  i n v o l v i n g  t h e  f r e e  e n e r g y ,  s u c h  as 

d F  
---- - -  R T  u s e d  w i t h  v a p o r  p r e s s u r e ,  c r y o s c o p y  

d l n n a  
d E  

or s i m i l a r  m e a s u r e m e n t s ,  or  - -  - -  R T  u s e d  w i t h  
d l n n a  

e m f  m e a s u r e m e n t s ,  e x c e p t  fo r  t h e  t e r m  F. S i n c e  b o t h  
a a n d  r a r e  u n k n o w n  v a r i a b l e s  in  Eq.  [1] ,  a c a n n o t  b e  
d i r e c t l y  d e t e r m i n e d  f r o m  a m e a s u r e m e n t  of t h e  s u r -  
f ace  f r e e  e n e r g y ,  % as i t  c a n  f r o m  m e a s u r e m e n t s  of a 
c o l l i g a t i v e  p r o p e r t y  of t h e  sys t em.  H o w e v e r ,  if  s u d -  
d e n  c h a n g e s  a t  s i gn i f i can t  c o m p o s i t i o n s  a r e  o b s e r v e d  
in  t h e  p lo t  of s u r f a c e  t ens ion ,  % vs .  log  of  t h e  c o n c e n -  
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t r a t i o n  one  m a y  u se  t h e s e  d i s c o n t i n u i t i e s  to d r a w  i n -  
f e r e n c e s  r e g a r d i n g  c o m p l e x  species ,  j u s t  as one  uses  
s u d d e n  c h a n g e s  in  t h e  a c t i v i t y  coeff ic ient  ( r a t h e r  t h a n  
i ts  a c t u a l  v a l u e )  f o r  t h e  s a m e  p u r p o s e .  I n  Fig.  4 t h i s  
p lo t  is s h o w n  fo r  t h e  N a F - L i F - Z r F 4  s y s t e m  a t  800~ 
A l t h o u g h  t h e  m e a s u r e m e n t s  c o u l d  n o t  b e  c a r r i e d  ou t  
a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  60 m o l e  % ZrF4, t h e  
l i n e a r  l o g a r i t h m i c  e x t r a p o l a t i o n  to  p u r e  ZrF4  g ives  a 
v a l u e  of 80 d y n e s  c m  -1 w h i c h  is i d e n t i c a l  w i t h  t h a t  
o b t a i n e d  in  t h e  e x t r a p o l a t i o n  of t h e  K F - L i F - Z r F 4  
s y s t e m  r e p o r t e d  e a r l i e r  (1 ) .  I n  t h e  l a t t e r  case  e x -  
p e r i m e n t a l  v a l u e s  w e r e  o b t a i n e d  u p  to 80 m o l e  % 
ZrF4. 

T h e  b r e a k s  in  Fig.  4 o c c u r  a t  10.7 m o l e  % ZrF4 
a n d  26.3 m o l e  % ZrF4. T h e  l a t t e r  is b e l i e v e d  to  a r i s e  
f r o m  3 M + [ Z r F ~ ]  -3  (25 m o l e  % ZrF4) .  To  a c c o u n t  
f o r  t h e  f o r m e r  o n e  n o t e s  t h a t  N a s Z r F ~ ( N  11.7 m o l e  % 
ZrF4)  is a so l id  p h a s e  f o u n d  i n  e q u i l i b r i u m  w i t h  t h e  
m e l t  (3) a t  t h e  604 ~ e u t e c t i c  t e m p e r a t u r e .  I t  w a s  
s u g g e s t e d  in  t h e  e a r l i e r  p a p e r  (1) t h a t  t h e  effect  of 
s u c h  a s t a b l e  c o m p o u n d  on  t h e  l i q u i d  c o n s i d e r a b l y  
a b o v e  i ts  l i q u i d u s  sugges t s  a n o n r a n d o m  d i s t r i b u t i o n  
of t h e  ca t ions  a r o u n d  t h e  [ Z r F T ] - 3  an ions .  W h i l e  n o  
u n - i o n i z e d  Na~ZrF7 exis ts ,  s o m e  c l u s t e r i n g  p r o b a b l y  
occurs  a t  t e m p e r a t u r e s  w e l l  a b o v e  i ts  so l id i f ica t ion .  
Al so  s h o w n  in  Fig.  4 is a p lo t  of s u r f a c e  e n t h a l p y  
vs .  t h e  l o g a r i t h m  of t h e  c o n c e n t r a t i o n .  T h e  s u r f a c e  
e n t h a l p y ,  H s / a ,  is c a l c u l a t e d  f r o m  t h e  r e l a t i o n  

d7 
H s / a  = 7 -]- T -  

d T  

T h e  v a r i a t i o n  of H s / a  w i t h  c o n c e n t r a t i o n  is s i m i l a r  
to  t h a t  of  t h e  s u r f a c e  t e n s i o n  w i t h  in f l ec t ions  a t  a p -  
p r o x i m a t e l y  t h e  s a m e  va lues .  

F o r  c o m p a r i s o n ,  Fig.  5 s h o w s  t h e  s u r f a c e  t e n s i o n  a n d  
t h e  s u r f a c e  e n t h a l p y  p l o t t e d  a g a i n s t  t h e  l o g a r i t h m  of 
t h e  c o n c e n t r a t i o n  fo r  t h e  K F - L i F - Z r F 4  sys t em.  In  t h a t  
s y s t e m  s h a r p  b r e a k s  a t  25 m o l e  % (M3ZrFT) a n d  50 
m o l e  % (M + [ Z r F s ] - I )  o c c u r r e d  in  t h e  s u r f a c e  t e n s i o n  
cu rve ,  w h e r e a s  a l a r g e  in f l ec t ion  a s s i g n e d  to K3ZrF7 
a t  14 m o l e  % o c c u r r e d  in  t h e  H s / a  vs .  l o g a r i t h m  c o m -  
p o s i t i o n  cu rve .  I t  is n o t e w o r t h y  t h a t  no  in f lec t ion  a p -  
p e a r s  a t  50 m o l e  % ZrF4 i n  t h e  N a F - L i F - Z r F 4  sy s t em.  
Th i s  w o u l d  i n d i c a t e  t h e  a b s e n c e  of a n y  s t r o n g l y  b o u n d  
[ZrFs ]  -1  c o m p l e x  in  t h i s  s y s t e m  w h i c h  is c o n s i s t e n t  
w i t h  t h e  f i nd ings  of S e n s e  w h o  d e d u c e d  t h a t  a v a p o r -  
p h a s e  c o m p l e x  w i t h  a m o l e  r a t i o  of N a F : Z r F 4  s m a l l e r  
t h a n  1.38 ex i s t s  in  t h e  N a F - Z r F <  b i n a r y  s y s t e m  (2a ) .  
H e  a t  f i rs t  t h o u g h t  i t  m i g h t  b e  N a Z r F 5  (2a ) ,  b u t  l a t e r  
s u g g e s t e d  t h a t  i t  w a s  m o r e  p r o b a b l y  NaZr2F9 ( 2 b ) .  
T h e  s t u d y  of t h e  s u r f a c e  t e n s i o n  a b o v e  60 m o l e  % 
ZrFs ,  h o w e v e r ,  w a s  p r e v e n t e d  b y  t h e  h i g h  v o l a t i l i t y  
of t h e  sys t em.  I t  is a lso  i n t e r e s t i n g  to  n o t e  t h a t  
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Na3ZrFT, K3ZrFT, and KZrF5 are congruent ly  mel t ing 
compounds in the appropriate  b inary  systems while  
NaZrF5 is not a congruent ly  mel t ing  compound in 
the NaF-ZrF4 system (3). Also, Sense et al. (2a) have 
noted a constant boiling mix tu re  in the NaF-ZrF4 
binary corresponding in composition to Na3ZrFT. 

Since a sharp break at 14 mole % in the KF-L iF-ZrF4  
system appears in the enthalpy curve  with  l i t t le or no 
inflection at that  point in the f ree  energy curve, then 
it must  be concluded that  both the surface entropy and 
enthalpy change rapidly near  this composition, 
whereas  in the sodium-containing system it  fol lows 
that  since both Hs/a and -y curves inflect at around 
10 ~ 11 mole % ZrF4, then there  must  be v i r tua l ly  no 
sudden change in the entropy. This suggests that  the 
distr ibution of solvent cations in the vicini ty  of the 
[ZrFT]-~ is more random in the N a F - L i F  solvent than 
in the K F - L i F  system. 

In a series of invest igat ions of the effect of alkali  
halide dilution of cer ium chloride (4, 5) it was found 
that  the strongest  complexes,  as measured  by negat ive  
deviations f rom ideality, were  found in KC1-CeCI~ 
systems, sodium chloride di luent  led to weaker  com- 
plexes, whi le  calcium chloride solvent  resul ted in 
near ly  ideal behavior  wi th  possibly some slight posi-  
t ive deviation. This effect was re la ted to the quant i ty  
Z / r  ~ of the solvent cation, where  Z is the charge and r 
the (Pauling)  ionic radius (6). The s t rength of the 
chlorocer ium complexes decreased wi th  increasing 
values of Z/ r  ~ of the solvent  cation. 

The same would be expected to hold in the present  
case where  an average Z/ r  ~ can be der ived for both 
solvents f rom the formulas  

[Z/ra]A/B = NA (Z/r~)A -k NB (Z/r3)~ 

[ Z / z 3 ] K F / L i F  = 2.53 [ Z / r 3 ] N a f / L i F  = 3.246 

On this basis the complexing of ZrF4 in the K F - L i F  
solvent would  be greater  than in the N a F - L i F  solvent;  
this is borne out by the -/ and Hs/a data. Also if one 
calculates the deviat ion f rom so-called ideal i ty by the 
method of Guggenheim, it appears that  the plot of 3" 
vs. composit ion for NaF-LiF-ZrF4  is more near ly  
ideal than that  for KF-LiF-ZrF4.  

According to Guggenheim (7) for an equimolar  
mix ture  

A2a 

3"kT 

where  3" = ('~1 + 3,2)/2, A ~ 5 ' 1 -  3"2, a is the area per  
single molecule,  k the Bol tzmann constant, and T t em-  
perature,  ~ 

~G is 125.8 dyne -1 cm -1 for NaF-LiF-ZrF4  at 800~ 
compared with  118 dyne cm -~ measured  exper i -  
mental ly,  or a negat ive  deviat ion of 6%. For  the 
KF-LiF-ZrF4  system vG = 112.8 dyne cm -~ compared 
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wi th  the exper imenta l  value  of 98 dyne cm -1, or a 
negat ive deviat ion of 13%. 

It must  be noted that  the basis of this equat ion is the 
interact ion of two ideal liquids, a condition which is 
somewhat  far  removed  from the present  systems under  
investigation. 

Nei ther  system studied shows any [ZrF6]-2 ions in 
the l iquid state al though the hexafluorozirconate is the 
compound most  easily obtained in the solid. This 
would  suggest that  the most stable coordinat ion n u m -  
ber increases on melting,  a l though it is possible that  
surface tension measurements  are insufficiently sensi- 
t ive to resolve the breaks due to in termedia te  s t ruc-  
tures. 

The h igher  volat i l i ty  of ZrF4 f rom the N a F - L i F  sol- 
vent  than f rom the K F - L i F  solvent  is another  factor 
support ing the theory  of less t ight complexing in the 
fo rmer  case. 

Conclusions 
1. Sharp variat ions of surface thermodynamic  prop-  

erties are observed in the l iquid at concentrat ions 
corresponding to the most stable congruent ly  mel t ing 
compounds in the system. Since this is observed as 
much as 100~ above the mel t ing  point considerable 
order ing in the l iquid state is indicated. 

2. The [ZrF~]-3 ion exists in solution in both the 
K F - L i F  and the N a F - L i F  solvents. 

3. [ Z r F s ] - I  is observed in the K F - L i F  solvent  but 
not  in NaF-LiF .  

4. [ZrF6] -2, the most stable configuration in the 
solid, is not found in ei ther  l iquid system. 

5. Complexes and order ing appear  s t ronger  in the 
K F - L i F  than in the N a F - L i F  solvents fu r the r  cor-  
roborat ing the solvent  cation effects observed in other  
systems. 

Manuscript  rece ived  March 19, 1964. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the J u n e  1965 JOURNAL. 
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Correlation of Limiting Currents; Electrodeposition of Copper 
in Microelectrolytic Cells 

R. N. O'Brien and L. M. Mukherjee 
C h e m i s t r y  D e p a r t m e n t ,  Un ivers i t y  of Alber ta ,  ~ d m o n t o n ,  A lber ta ,  Canada 

ABSTRACT 

Limit ing currents  have  been measured using microelectrolyt ic  cells of the 
t y p e :  Cu/CuSO 4 or  C u S O 4  -~ H2804 (or Na2SO4)/Cu. Good agreement  
wi th  exist ing theory  of the correlat ion of l imit ing current  densities under  free 
convect ive conditions was obtained for re la t ive ly  thick (5 ram) electrodes 
confirming that  convection does occur in microcells.  For  th in  electrodes a cor-  
re la t ing factor, which is assumed to be re la ted to "edge effect," is evaluated.  

Free  or na tura l  convection in an electrochemical  cell 
results f rom density changes caused by concentrat ion 
changes in the vicini ty  of the electrode (1). A spon- 
taneous laminar  flow of fluid sets in due to the density 
difference be tween the solution at the e lec t rode /so lu-  
tion interface and the bulk. F rom a consideration of 
mass t ransfer  under  f ree  convection conditions Tobias 
and co-workers  ( la )  were  able to explain the depend-  
ence of l imit ing currents  on electrode dimensions, 
bulk concentration, etc., in the deposition of copper at 
ver t ical  cathodes f rom unst i r red copper sul fa te-sul-  
furic acid solutions. Such a correlation, however ,  has 
not yet  been a t tempted in the type of microcel l  as- 
sembly recent ly  used in optical in te r fe rometr ic  studies 
of electrolysis (2). Any  indication of free convection in 
such a microse t -up  wil l  p rove  useful  in correct ly  in-  
te rpre t ing  the in terference patterns. In v iew of this, 
examinat ion of the cur ren t -vo l tage  relat ionship in the 
electrolysis of copper sulfate solutions in microcells 
wi th  fixed copper electrodes of known dimensions has 
been undertaken.  

T h e o r y  
On the basis of the combined effects of diffusion, 

electr ical  migra t ion  and f ree  convection the average 
l imit ing current  density, I was quant i ta t ive ly  expressed 
as follows ( l a )  

they can all be combined in one constant K resul t ing 
in 

kxoS/41Co 5/4 
It [2] 

1 - -  tcu2 + 

provided one also assumes tH+ is constant and it  also 
is included in k. It is now the total l imit ing current  and 
l and Xo the width and height  of the cathode. 

According to Eq. [2] the total  l imit ing cur ren t  should 
vary  with (a) the 5/4 power  of the bulk concentrat ion 
of the electroact ive species, i.e., Cu 2+ ion in the pres-  
ent case; and (b) the 3/4 power  of the cathode height. 

The above predictions are wel l  substant iated by the 
investigations of Tobias and co-workers  ( l a ) .  In their  
exper iments  solutions containing copper sulfate (0.01- 
0.74M) and sulfuric acid (1.38-1.57M) were  electro-  
lyzed in a re la t ive ly  large rec tangular  cell using cop- 
per cathodes having surfaces of heights, Xo, equal  to 
0.634 cm, 2.54 cm, 3.75 cm, and 7.6 cm and width,  l, of 
7.6 cm. Evidently,  the dimensions of the electrodes and 
the size of the cell used were  widely  different f rom 
those recent ly  employed in in te r fe romet r ic  s tudy of 
eleetrodeposit ion (2) where  a na r row th in  layer  of 
solution was e lectrolyzed in a cell  (2.5 cm x 3 mm x 2 
ram) be tween a pair  of ver t ica l  electrodes about 3 
mm apart. 

0.673nF~Co 

xo(1 - -  tcu2+) 

gxo3D3pACo(acuso4__ a H 2 S O 4 t H  § [Dcuso4/DH2so4]a/4) ]1/4 
�9 [I]' 

where  ACo ~ Co - -  Ci, Co and Ci being, respect ively,  the 
concentra t ion of Cu 2+ ion in the bulk and that  at the 
e lect rode-solut ion interface;  D is the diffusion constant  
of Cu 2+ ion whi le  Dcus04 and DH2S04 denote the same 
for the species indicated; p is the average  density of 
the solution; ~cus04 and -s2s04 are the densification co- 
efficients of CuSO4 and H2SO4, respectively,  and are 
re la ted to the fluid density and concentrat ion of each 
species in the bulk and at the e lect rode/solut ion in te r -  
face; ~ is the viscosity of the solution; Xo, the height  
of the cathode used; n, the number  of electrons in-  
volved in the electrochemical  process; tcu2+ and tH§ , 
the t ransference numbers  of Cu 2+ and H + ions present  
in the system; F and g have  their  usual  significance. 
Equat ion [1] is analogous to those der ived by Levich 
(3), Wagner  (4), Agar  (5), and Keulegan  (6) based 
on s imilar  physical  models. 

Since Ci is pract ical ly  equal  to zero at the l imit ing 
current  conditions, ACo can be replaced by Co. F u r -  
ther, since the diffusion constants, viscosity, densifica- 
tion coefficients, and density depend on the composi-  
tion, they can be regarded  as pract ical ly  constant for 
electrolytes of comparable  compositions. Therefore  

Z A p p a r e n t l y ,  t h e  o r i g i n a l  e q u a t i o n ,  viz., Eq.  [21] in  r e f .  ( l a ) ,  
w a s  misprinted; the  expression presented in  t h i s  p a p e r  is  correct.  

The applicabil i ty of Eq. [2] requi res  that  the cathode 
dimensions r ema in  unchanged during electrodeposi-  
tion. This r equ i remen t  may  be roughly fulfil led in the 
case of large electrodes. However ,  for small  cathodes 
surface distortion, nucleat ion around edges (the "edge 
effect") and re la ted  effects (7) wil l  be pronounced.  
Because of this, it is ve ry  doubtful  if the area (0.05 
cm 2 or less) of the small  cathodes used in the present  
study wil l  remain  unaffected whi le  the cur ren t -vo l tage  
measurement  is in progress. In fact, at the l imit ing 
stage, a net  increase in area of such small  cathodes is 
definitely anticipated, and this effect should be t ime-  
dependent.  Accordingly,  the l imit ing current  may  also 
be expected to be h igher  than that  predicted f rom Eq. 
2 on the basis of xo and I. A precise correct ion for 
the increase in surface area would  requi re  a detailed 
knowledge  of the phenomenon.  At  present, no satis- 
factory theory is avai lable  for any quant i ta t ive  eva lu-  
ation. However ,  assuming as a first approximat ion that  
the area wi l l  increase by a finite amount  at the l imi t -  
ing current,  Eq. [2] can be tenta t ive ly  wr i t t en  as 
follows 

k 
It = Xo~14 lCo514 $ [3] 

1 - -  tcu2 + 
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where  f > 1 is an empir ical  factor. It is re la ted to the 
per  cent increase in surface area of the cathode, and 
its magni tude  is expected to be governed by the actual 
values of Xo and l besides other  factors. Equat ion [3] 
is by no means exact;  it mere ly  i l lustrates the gross 
effect of possible increase of electrode area on the 
l imit ing current .  

Assuming tcu~+ = 0 Eq. [3] yields 

It = k xo ~/4 1 Co 5/4 f [4] 
o r  

3 5 
log I t  .-- --~ log Xo - -  log l = log k + log f ~- -~- log Co 

[5] 

The plot of left  side of Eq. [5] vs. log Co should be 
l inear  having  a slope of 1.25 and the intercept  would  
be given by log k ~- log f. Assuming the area of thin 
cathodes to increase if l ~ xo the re la t ive  var ia t ion  
in l wil l  be negligible compared to that  of Xo, and i 
wil l  be la rge ly  de termined  by xo, becoming greater  
as Xo decreases. 

In the present  work  several  cells wi th  ( rectangular)  
copper electrodes of heights (xo) equal  to 0.005 cm, 
0.021 cm, or 0.41 cm and widths (l) approximat ing  to 
1.15 cm, 1.80 cm, or 2.35 cm were  used. Details of cell 
construction have  been given in the exper imenta l  
section. 

Limi t ing  currents  were  measured  in copper sulfate-  
sulfuric acid mix tures  of compositions comparable  to 
those used by Tobias and co-workers  ( l a ) .  Plain copper 
sulfate solutions and mixtures  containing a suitable 
"neut ra l"  e lect rolyte  were  also included in the pres-  
ent  study in order  to ascertain rought ly  the t rans-  
ference number  of the electroact ive ion i.e., tcu2+. 
P re l iminary  exper iments  wi th  copper sulfate solu- 
tions to which potassium ni t ra te  was added to act as 
a neut ra l  e lectrolyte  yielded errat ic results p resum-  
ably due to superimposed chemical  and /o r  electro-  
chemical  reduct ion of n i t ra te  ions (8) on copper under  
the present  exper imenta l  conditions. Copper sulfa te-  
sodium sulfate mixtures,  on the other  hand, gave 
fair ly consistent and reproducible  l imit ing currents.  
Because of this, copper sulfa te-potass ium ni t ra te  sys- 
tems were  excluded f rom the present  study. The mo-  
lar i ty  of copper sulfate used var ied  be tween  0.05 and 
0.50 for  the pure solutions as wel l  as in the mixtures  
containing sulfuric acid or sodium sulfate. 

The present  investigation,  carr ied out under  con- 
ditions s imilar  to those of optical in te r fe romet r ic  s tudy 
of electrodeposit ion (2), is aimed at showing that  
the equations of Tobias et  al. are obeyed and, since 
they depend on the occurrence of f ree  convection, the 
free convection occurs in microcells of the type 
Cu/CuSO4 or CuSO4 ~ H2SO4 (or Na2SO4) Cu. 

Experimental 
Chemica~s . - -Twice  recrysta l l ized B.D.H. ( "Ana lar" )  
copper sulfate was used to prepare  a 1M stock solu- 
tion which was standardized by the iodine- thiosulfate  
method. Pure  copper sulfate solutions used in the 
study were  obtained by di lut ing the stock solution 
with wate r  whi le  the mixtures  were  prepared f rom 
known volumes of stock solutions of copper sulfate 
and s tandard reagent  grade sulfuric acid (or sodium 
sulfate) wi th  subsequent  dilution, if  necessary. 
Cell  assembly .  The cell assembly and the holder  
unit  were  essential ly the same as those used in the 
in ter ferometr ic  study (2). A schematic represen ta -  
tion has been given in Fig. la. The cell actual ly com- 
prises three  detachable portions. The portions marked  
G are two glass flats which, in the in ter ferometr ic  
measurements ,  are requ i red  to have  a par t icular  re-  
f lectance- t ransmit tance rat io:  in the present  study, 
such r equ i remen t  is, however ,  immater ia l .  The port ion 
R is made of epoxy resin; it contains the electrodes and 
has a slot which provides a wel l  for the electrolyte  
when mounted  on one of the glass flats. 

DOUBLE WALLED TEFLON - TIPPED SCREWS 
GLASS H O ~ O ~ L U C I T  E TOP 

- - ~ i  ICHROMEr # 3COILRuBBER COILED 

GLASS FLATS o STOPPER 
G, G PORTION R 

{ERLON RING --WATER 12S ~ 02~ 
FOAM RUBBER 

CUSHION ClT~: BOTTOM 

(o) 
SLOT 

Cu WIRE PROBE 

EPOXY DISC 
COATED W~TH 
URETHANE ELECTRODE LEAD 

CO G 

(r 

Fig. 1. The cell and its components: (a) cell-holder assembly; 
(b) section through the "sandwich"; (e) top view of the portion R. 

Cons t ruc t ion  of  t he  por t ion  R (Fig. l b ) . - - A  copper 
(99.5-100% pur i ty)  str ip of desired thickness was 
"sandwiched,"  using epoxy resin glue, be tween two 
circular  disks of cast epoxy resin. The "sandwich" 
was left  under  pressure in an a i r -oven  (~130~ for 
about 3 hr  to cure f resh resin used as glue and ensure 
a good meta l -d i sk  contact. By choosing a suitable 
thickness for  the upper  and the lower  epoxy disks 
the over -a l l  thickness of the meta l -d i sk  combinat ion 
was kept  be tween 5.5 and 6.5 ram; this, also, made it 
possible to va ry  the re la t ive  position of the meta l  strip 
in the sandwich. A slot about 3.5 mm wide was then 
mil led through the body of the sandwich in the 
position indicated (see Fig. l c ) ;  this divided the cen- 
tral  circular  por t ion of copper and produced two rec-  
tangular  cross sections of the meta l  embedded in the 
opposite walls across the width  of the slot so formed. 
The two meta l  surfaces thus obtained served as the 
two electrodes (E, E) ,  viz.,  the cathode and the anode. 
The Xo value  for the electrodes (i.e., after  p re t rea t -  
ment  and polishing) was de termined  by the original  
thickness of the meta l  strip used; the width,  l, ap- 
proximated  to the d iameter  of the circular  section of 
the sandwiched copper strip. By using a slide call iper 
1 was subsequent ly  measured  to _ 0.02 cm. A probe 
electrode (B) of 18 gauge copper wire  of the same 
pur i ty  was cemented  to R through the side (Fig. l c ) ;  
about 1 mm of the wire  actual ly remained  wi th in  
the slot ha l f -way  be tween  and on the same plane as 
the electrodes. In te r fe rence  pat terns  (2) suggested 
no change in concentrat ion was to be anticipated at 
this location of the probe electrode, g iving a stable 
potent ia l  th roughout  an electrolysis  run. This probe 
electrode was used as a " re fe rence"  for measur ing  
the cathodic polarizat ion in all  runs. Also, it was be-  
l ieved that  the probe electrode would  not in terfere  
wi th  the na tura l  convection, if any. 

The port ion R for the cell wi th  xo=0.41 cm was 
similar  in all the essential features  to the ones de-  
scribed before, except  that  in place of using a copper 
strip two flat we l l -mach ined  semicircular  slabs of 
copper were  sandwiched with  faces:  Xo=0.41 cm and 
l=2.31 cm al igned opposite each other across a gap 
of about  3.5 ram. 

The resin par t  of R was coated with  a thin layer  of 
ure thane  plastic to make  it hydrophobic;  also, u re -  
thane coating was used as an insulation for those parts 
of the leads of the probe electrode and the electrodes 
(E,E) which migh t  come in contact wi th  the electro-  
lyte. The special holder  designed for the cell assembly 
was a cylindrical  glass uni t  wi th  water  (25 ~ _ 0.2~ 
circulat ing through the outer  jacket  which contained 
a spiral of coiled nichrome wire  to secure greater  
thermal  uni formi ty  (see Fig. l a ) .  The cyl inder  rested 



1360 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1964 

on a Lucite base. A similar  Lucite piece wi th  three  
adjustable  Teflon-t ipped screws and openings for the 
electrode leads was mounted  on the top of the cyl inder  
and c lamped to the base. The Teflon-t ipped screws 
were  adjusted to hold the G - R - G  assembly placed 
inside the cyl inder  horizontal  and snugly in position. 
No leakage was detected. 
Pretreatment  o~ the electrodes.--Prior to an actual 
run  the electrodes (E,E) were  shor t -c i rcui ted to form 
a cathode which was then plated with  copper f rom 
a dilute copper sulfa te-sulfur ic  acid mix tu re  using 
the probe reference  as the anode. The electrodes were  
la ter  careful ly  polished wi th  fine emery  paper  to se- 
cure uni formi ty  in surface condition. Finally,  the 
electrodes were  scrubbed with  filter paper  soaked in 
acetone, r insed with  wate r  and air-dr ied.  
Limit ing current measurement . - -The  l imit ing current  
was ascertained f rom the height  of the plateau in 
the plot  of It vs. the cathodic polarization. Usually,  
increasing voltages f rom a K- type  potent iometer  were  
applied to the electrodes (E,E), and the correspond-  
ing currents  were  measured  by a cal ibrated u l t rah igh  
sensit ivi ty Simpson (model No. 269) mul t imeter ;  the 
cathodic polarizat ion (vs. the probe reference)  at 
each point  was determined wi th  the help of a Beck-  
man Zeromatic  pH meter.  For  large currents,  as in 
the case of the electrode with  Xo=0.41 cm, an ar-  
rangement  similar  to that  of Tobias and co-workers  
( la)  was used; that  is, bat teries in conjunction with  
a var iable  resistance were  substi tuted for the poten-  
t iometer  as the source and the actual emf'8 applied 
be tween the cathode and the anode were  measured 
wi th  a vacuum tube vol tmeter .  

A period of approximate ly  1 min proved satisfac- 
tory for reaching a steady state in the cur ren t -po ten-  
tial measurement .  

Results and Discussion 
The general  relat ionship be tween the current  and 

the cathodic polarization observed in the present  
series of exper iments  is i l lustrated by the two plots 
given in Fig. 2. (The actual compositions and the cell 
dimensions have  been indicated in the figure.) The 
ha l f -wave  potentials for pure copper sulfate solu- 
tions and the mixtures  lie around 0.200v; the observed 
shifts in the ha l f -wave  potentials  do not suggest any 
definite t rend which could be re la ted  to the concen- 
t rat ion of copper sulfate or the nature  of the added 
electrolyte.  

-- !  1.2 

Ii -- S - 1,0 

- -  0.8 

" i  

i - 0,4 

0.2 

I I o 
0.2 0.4 0.6 0.8 

CATHODE POLARIZATION (v) 

Fig. 2. Typical current vs. cathodic polarization plots. A ,  0.005 
cm; 1.8 cm; 2.81/2.27; 0.1998M CuSO4 + 1.56M H2SO4; It = 1.18 
ma; e, 0.021 cm; 2.33 cm; 3.00/2.20; 0.5010M CuSO4; 1.372M 
-~- H2504; I t  : 11.9 ran. 

The exper imenta l  results obtained for the different 
systems are summar ized  in Tables I to IV. The first 
three columns in each table refer  to the dimensions 
of the cell used in the respect ive cases: xo repre -  
sents the height  and l the width  of the electrodes, 
whereas  the third column lists the thickness of the 
epoxy disks used in making  the port ion R described 
above. The value  recorded on the left  of the oblique 
stroke refers  to the upper  disk and that  on the r ight  
to the lower one. Since the depth (5.5-6.5 mm)  of the 
cell is de te rmined  by the total  thickness of the por-  
tion R, a knowledge  of the thickness of the upper  
and the lower  disks gives the position of the electrodes 
f rom the cell floor. 

The observed l imit ing currents,  It(obs.), are the best 
est imates f rom the height  of the plateau of the current  
vs. cathodic polarizat ion plots, the average  repro-  
ducibil i ty being ___ 5%. In agreement  wi th  previous 
observation ( la )  the position of the electrode plane 
wi th  respect  to the floor of the cell (or to the l iquid 
surface) has no significant effect on the l imit ing cur-  
rent. The values listed as It(calc.) represent  l imit ing 
currents  calculated for the different copper sulfate-  
sulfuric acid runs according to Eq. [4] assuming tcu2+ 
to be zero as before ( l a ) ;  the numerica l  values of k 
used for such calculations (c.f. footnote to Tables I 

Table I. Electrolysis of ~0.50M copper sulfate systems 

x o ,  cm I, cm 
D i s k  C u S O 4  H ~ S O 4  INa2S04 

thickness, rnm r n o l a r i t y  m o l a r i t y  molarlty I t  fobs.), m R  
-Tt (ealc,),* ~ a  

]'t (obs.)  
: = -  

It (ea lc . )  

0 . 0 0 5  1 . 8 0  
0 . 0 0 5  2 . 3 6  
0 ,021  1 .80  
0 . 0 2 1  2 , 3 6  
0 .41  2 .31  
0 . 0 0 5  1 .15  
0 . 0 0 5  1 . 1 5  
0.005 1.80 
0.005 1 . 8 0  
0.005 1 , 8 0  
0.005  2 . 3 5  
0.005 2.35 
0 .005 2.36 
0 . 0 2 1  1 . 8 0  
0 .021  1 .80  
0 , 0 2 1  1 . 8 0  
0 . 0 2 1  2 . 3 3  
0 . 0 2 1  2 . 3 6  
0.021 2.36 
0.021 2.36 
0.41 2.31 
0 . 0 0 5  1 .15  
0 . 0 0 5  1 .15  
0.005 1.80 
0.005 1.80 

0.021 1.80 
0.021 1.80 
0 . 0 2 1  2 . 3 3  
0 .41  2 . 3 1  

2 . 8 1 / 2 . 2 7  
2 . 8 0 / 2 . 3 0  
2.10/2.30 
2 . 8 0 / 2 . 3 0  
0 . 7 5 / 0 . 7 5  
4 .3Q/0 .80  
0 . 8 0 / 4 . 3 0  
4 . 3 0 / 0 . 7 5  
0 . 7 5 / 4 . 3 0  
2 . 8 1 / 2 . 2 7  
4.30/l.O0 

1 .O G / 4 .3 0  
2 . 3 0 / 2 . 8 0  
4 . 3 G / 0 . 8 0  
0 .8 ( ] / 4 .30  
2 . 1 0 / 2 . 3 0  
3 . 0 ( ] / 2 . 2 0  
4 . 0 1 / 0 . 7 7  
0 . 7 7 / 4 . 0 1  
2 . 3 0 / 2 . 8 0  
0 . 7 5 / 0 . 7 5  
4 . 3 ( ] / 0 . 8 0  
0 .8 ( ] / 4 .30  
4 . 3 ( ] / 0 . 7 5  
0 . 7 ~ / 4 . 3 0  
4 . 3 ( ] / 0 . 8 0  
0.8C '4.30 

3.0C ~2.20 
0.7• '0 .75  

0.4995 - -  - -  4.2 -- -- 

0.5010  - -  -- 5.0 -- -- 

0.4995 -- -- 9.0 - -  -- 

0.5010  -- -- 10.48 -- -- 

0.5010  - -  - -  73.2 - -  - -  
0 .5010 1.372 - -  2 .4  1.37 1.75 
0 . 4 9 9 5  1 .56  - -  2 .45 1.3o 1 .80  
0.4995 1.56 - -  3 .9  2 .18  1.83 
0 . 5 0 1 0  1.372 - -  3 .8  2 .14  1 .77  
0.499~ 1.56 -- 3.85 2.1a 1.81 

0 .4992  1 .56  - -  4 .8  2 . %  1 .73  
0 ,499~ 1 . 5 6  -- 5.1  2.78 1 .83  
0 . 5 0 1 0  1.372 -- 5 .0  2 . 8 0  1 .78  
0 .4995  1 , 5 6  - -  9 .0  6 .25 1 .44  
0.5010 1.372 -- 9.3 6.28 1.48 

0 . 4 9 9 5  1 .56  -- 9 .5  6.25 1 .52  
0.5010  1.372 - -  11.9 8.1~ 1 .47  
0 , 4 9 9 5  1 . 5 6  -- 1 2 . 2  8 . 2 0  1 .49  
0 . 4 9 9 5  1 .56  - -  1 2 . 0  8 . 2 0  1 .46  
0.5010  1.372 - -  12.6 8.28 1.53 
0 .5010  1.372 - -  72.6 74.8 0 .97 
0.5010 -- 1.01 2.5 -- -- 

0 . 4 9 9 5  - -  1 . 05  2 .3  - -  - -  
0.4995  -- 1.05 3.5 -- -- 

0.5010 -- 1.01 3.4 -- -- 

0 . 4 9 9 5  - -  1.05 8 .9  -- -- 

0.5010  -- 1.01 9 .4  - -  - -  
0 . 5 0 1 0  - -  1 .01  11.95 - -  - -  
0.5010  - -  1.01 75.0 -- -- 

* E q u a t i o n  [ 4 ] :  k = 1 5 0 ;  t o .  ~+ = 0.  
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D i s k  
x ~ ,  c m  l, c m  t h i c k n e s s ,  m m  

C u S 0 4  H ~ S O 4  N a e S O 4  
m o l a r i t y  m o l a r i t y  m o l a r i t y  I t ( o b s . ) , m a  

[ t  ( t a l e . ) , *  m a  
I t  (obs . )  

f 
I t  ( c a l c . i  

0 . 0 0 5  2 , 3 6  2 . 8 0 / 2 . 3 0  
0 . 0 2 1  2 , 3 6  2 . 3 0 / 2 . 8 0  
0.41 2 . 3 1  0 . 7 5 / 0 . 7 5  
0 . 0 0 5  1 . 8 0  4 , 3 0 / 0 . 7 5  
0 . 0 0 5  1 .80  0 . 7 5 / 4 . 3 0  
0 . 0 0 5  2 . 3 6  2 . 8 0 / 2 . 3 0  
0 . 0 2 1  1 . 8 0  2 . 1 0 / 2 . 3 0  
0.021 2.36 2.30/2.80 
0 . 4 1  2 . 3 1  0 . 7 5 / 0 . 7 5  
0 . 0 0 5  2 . 3 6  2 . 8 0 / 2 . 3 0  
0 . 0 2 1  1 . 8 0  2 . 1 0 / 2 . 3 0  
0 . 0 2 1  2 . 3 6  2 . 3 0 / 2 . 8 0  
0 . 4 1  2 . 3 1  0 . 7 5 / 0 . 7 5  

0 . 3 3 3  - -  - -  3 .0  - -  - -  
0 . 3 3 3  - -  - -  7 .5  - -  - -  
0.333 - -  4 8 , 5  - -  
0 . 3 3 3  1 2 6  - -  2 . 3  1 . 2 8  1 ~ 7  
0 . 3 3 3  1 .56  - -  2 . 2  1 .28  1 .69  
0 . 3 3 3  1 .56  - -  2 . 9  1 .68  1 .74  
0 . 3 3 3  1.56 - -  5.75 3.77 1.52 
0 . 3 3 3  1 . 5 6  - -  7 .3  4 . 9 4  1 .47  
0 . 3 3 3  1 .56  - -  4 7 . 2  4 4 . 9 0  1 . 0 5  
0 . 3 3 3  - -  1 .05  2.8~ - -  - -  
0,333 - -  1.05 6 .0  - -  - -  
0 . 3 3 3  - -  1 .05  7 .5  - -  - -  
0 . 3 3 3  - -  1.05 45.8 -- -- 

* E q u a t i o n  [ 4 ] :  k = 1 5 0 ;  /cue+ = O. 

Table III .  Electrolysis of ~O,2M copper sulfate systems 

xo, c m  l ,  c m  
D i s k  C u S O 4  H e S O 4  N a 2 S O 4  

t h i c k n e s s ,  m m  m o l a r i t y  m o l a r i t y  m o l a r i t y  

~t (obs .) 
I~ ( c a l e . ) , *  rna f - -  

[ t  (obs . ) ,  m a  I t  ( t a l e . )  

0 . 0 0 5  2 . 3 6  
0 . 0 2 1  2 . 3 6  
0 . 4 1  2 . 3 1  
0 . 0 0 5  1 . 8 0  
0 . 0 0 5  1 . 8 0  
0 . 0 0 5  1 . 8 0  
0 . 0 0 5  2 . 3 6  
0 . 0 2 1  1 . 8 0  
0 . 0 2 1  2 . 3 6  
0 . 4 1  2 . 3 1  
0 . 0 0 5  2 . 3 6  
0 . 0 2 1  1 .80  
0 . 0 2 1  2 . 3 0  
0 . 4 1  2 . 3 1  

2 . 8 0 / 2 . 3 0  
2 .3(  ~2.80 
0 . 7 5 / 0 . 7 5  
4 . 3 0  z0 .75  
0 . 7 5 / 4 . 3 0  
2 . 8 1 / 2 . 2 7  
2 . 8 0 / 2 . 3 0  
2 . 1 0 / 2 . 3 0  
2 . 3 0  r 2 . 6 0  
0 . 7 5 / 0 . 7 5  
2 . 8 0 / 2 . 3 0  
2 . 1 0 / 2 . 3 0  
2 . 3 0 / 2 . 8 0  
0 . 7 5  t 0 . 7 5  

0 . 1 9 9 8  - -  - -  
0 . 1 9 9 8  - -  - -  
0 . 1 9 9 8  - -  - -  
0 . 1 9 9 8  1 .56  - -  
0 , 1 9 9 8  1 . 5 6  - -  
0 . 1 9 9 8  1 . 5 6  - -  
0 . 1 9 9 8  1 .56  - -  
0 . 1 9 9 8  1 . 5 6  - -  
0 . 1 9 9 8  1 .56  - -  
0 . 1 9 9 8  1 .56  - -  
0 . 1 9 9 8  - -  1 .05  
0.1998 - -  1.05 
0 . 1 9 9 8  - -  1 .05  
0 . 1 9 9 8  - -  1.05 

1 . 7 0  - -  - -  
4 . 2 0  - -  - -  

2 3 . 7 0  
1 . 1 8  0 . 7 0  1~-8 
1 .156 0 . 7 0  1 .65  
1 ,18  0 . 7 0  1 .68  
1 . 6 4  0 .92  1 .78  
2 . 8 8  2 . 0 6  1 .40  
4 . 0 0  2 . 7 0  1 .48  

2 2 , 6 0  2 4 . 5 1  0 . 9 2  
1.72 - -  - -  
2 . 6 5  - -  - -  
4 . 3 0  - -  - -  

2 3 . 0 0  - -  - -  

* E q u a t i o n  [ 4 1 :  k = 1 5 5 ;  t e j  z+ = 0.  

to IV) a re  the  a v e r a g e s  of the  t e m p e r a t u r e - c o r r e c t e d  
va lues  ob ta ined  f r o m  the  p r ev ious  da ta  ( l a )  for  
c o m p a r a b l e  systems.  The  las t  c o l u m n  lists va lues  of 
t he  f ac to r  f, g iven  by  the  ra t io  It(obs.)/It(calc.) for  t h e  
copper  s u l f a t e - s u l f u r i c  acid  solut ions.  I t  is e v i d e n t  
t ha t  t hese  v a l u e s  a re  c h a r a c t e r i z e d  by  the  c o r r e s p o n d -  
ing  Xo v a l u e s  of t he  e l ec t rode  used, the  a v e r a g e  v a l u e  
of f be ing  1.76, 1.485, and  1.01 for  Xo equa l  to 0.005, 
0.021, and  0.41 cm, r e spec t ive ly .  This  o b s e r v e d  r e l a -  
t ionsh ip  b e t w e e n  f and  Xo con fo rms  to the  idea  of 
edge  effects m e n t i o n e d  above  for  cases w h e r e  l > >  Xo. 
H o w e v e r ,  any  specific c o m m e n t  on the  ac tua l  size of 
the  f v a l u e  r e q u i r e s  a m o r e  sys t ema t i c  s tudy.  

The  fac t  t h a t  good l i m i t i n g  c u r r e n t  p l a t eaus  could  
be ob ta ined  in a l l  cases sugges t  t ha t  t he  r a t e  of 
inc rease  of t he  e l ec t rode  a rea  m u s t  dec rease  w i t h  t ime  
and the  r a t e  of change  m u s t  be  s low as t he  m a x i m u m  
c u r r e n t  dens i ty  is approached .  Thus,  any  d e p e n d e n c e  
of f on t i m e  is no t  a p p a r e n t  f r o m  the  p r e s e n t  set  of 
m e a s u r e m e n t s .  M o r e o v e r ,  t he  d i r ec t  d e p e n d e n c e  of ] 
on the  m a g n i t u d e  of Xo was  f u r t h e r  d e m o n s t r a t e d  by 
i n t e r c h a n g i n g  the  d imens ions  of Xo and  1. This  was  
accompl i shed  by  ro t a t i ng  one  of t he  cel ls  (xo=0.021 
cm, and  l=2 .33  cm in 0.0501M CuSO4~-l .372M H2SO4) 
t h r o u g h  90 ~ f r o m  its usua l  ho r i zon ta l  a l i g n m e n t  so 
tha t  t he  e l ec t rode  h e i g h t  was  n o w  1 r a t h e r  t h a n  Xo 

Table IV. Electrolysis of N 0 . 5 M  copper sulfate systems 

D i s k  
xo, c m  l ,  c m  t h i c k n e s s ,  m m  

C u S O 4  H ~ S O 4  N a ~ S O ~  
m o l a r i t y  m o l a r i t y  m o l a r i t y  I t ( o b s , ) , m a  

It ( t a l e . ) , *  m a  
~t (obs.) $ -  _ _  
It ( e a l e . )  

0 . 0 0 5  1 .15  4 . 3 0 / 0 . 8 0  0 . 0 5 0 1  - -  - -  0 . 2 0  - -  - -  
0 . 0 0 5  1 .15  0 . 8 0 / 4 . 3 0  0 . 0 4 9 9 6  - -  - -  0 . 2 5  - -  - -  
0 . 0 0 5  1 . 8 0  4 . 3 0 / 0 . 7 5  0 . 0 4 9 9 5  - -  - -  0 . 2 9  - -  - -  
0 . 0 0 5  1 . 8 0  0 . 7 5 / 4 . 3 0  0 . 0 5 0 1  - -  - -  0 . 3 1  - -  - -  
0 . 0 0 5  2 . 3 6  2 . 3 0 / 2 . 8 0  0 . 0 5 0 1  - -  - -  0 . 4 0  - -  - -  
0 . 0 2 1  1 . 8 0  4 . 3 0 / 0 . 8 0  0 . 0 4 9 9 2  - -  - -  1 . 1 0  - -  - -  
0 . 0 2 1  1 , 8 0  0 . 8 0 / 4 . 3 0  0 . 0 5 0 1  - -  - -  1 .04  - -  - -  
0 . 0 2 1  2 . 3 3  3 . 0 0 / 2 . 2 0  0 . 0 5 0 1  - -  - -  1 . 2 2  - -  - -  
0 . 0 2 1  2 . 3 6  2 . 3 0 / 2 . 8 0  0.0501 - -  - -  1 .25  - -  - -  
0 . 4 1  2 . 3 1  0 . 7 5 / 0 . 7 5  0 , 0 5 0 1  - -  - -  6 . 9 5  - -  - -  
0 . 0 0 5  1 .15  4 . 3 0 / 0 . 8 0  0 . 0 5 0 1  1 .372 - -  0 .136  0 .082  1 .65  
0 . 0 0 5  1 . 1 5  0 . 8 0 / 4 . 3 0  0 . 0 4 9 9 6  1 .56  - -  0 .14~ 0 .08~ 1 .77  
0 . 0 0 5  1 .80  4 . 3 0 / 0 . 7 5  0 . 0 4 9 9 6  1 . 5 6  - -  0 . 2 5  0 . 1 2 s  1 .95  
0 . 0 0 5  1 . 8 0  0 . 7 5 / 4 . 3 0  0 . 0 5 0 1  1 .372  - -  0 . 2 2  0 . 1 2 s  1 .72  
0 . 0 2 1  1 . 8 0  4 . 3 0 / 0 . 8 0  0 . 0 4 9 9 5  1 . 5 6  - -  0 .52  0 .376  1 .39  
0 . 0 2 1  1 . 8 0  0 . 8 0 / 4 . 3 0  0 , 0 5 0 1  1 . 3 7 ~  - -  0 . 5 8  0 , 3 %  1 .55  
0 . 0 2 1  2 . 3 3  3 . 0 0 / 2 . 2 0  0 . 0 5 0 1  1 .372  - -  0 . 7 5  0 .487  1 , 5 4  
0 . 0 2 1  2 . 3 6  2 . 3 0 / 2 . 8 0  0 . 0 5 0 1  1.37`z - -  0 . 7 5  0 . 4 9 a  1 .52  
0 . 4 1  2 . 3 1  0 . 7 5 / 0 . 7 5  0 . 0 5 0 1  1.37_- 4 . 9 5  4 . 4 9  1 . 1 0  
0 . 0 0 5  1 .15  4 , 3 0 / 0 . 8 0  0 . 0 5 0 1  - -  1 ~ 1  0 . 1 4  - -  - -  
0 . 0 0 5  1 .15  0 . 8 0 / 4 . 3 0  0 . 0 4 9 9 5  - -  1 . 0 5  0 .135  - -  - -  
0 . 0 0 5  1 .80  4 . 3 0 / 0 . 7 5  0 . 0 4 9 9 ~  - -  1 .05  0 . 2 5  - -  - -  
0 , 0 0 5  1.80 0 . 7 5 / 4 . 3 0  0 . 0 5 0 1  - -  1 . 0 I  0 . 2 0  - -  - -  
0 . 0 2 1  1.80 4 . 3 0 / 0 , 8 0  0 . 0 4 9 9 ~  - -  1 . 0 5  0 . 5 5  - -  - -  
0 . 0 2 1  1 . 8 0  0 . 8 0 / 4 . 3 0  0 . 0 5 0 1  - -  1 .01  0 . 6 0  - -  - -  
0 . 0 2 1  2 . 3 3  3 . 0 0 / 2 . 2 0  0 , 0 5 0 1  - -  1 .01  0 . 7 6  - -  - -  
0 . 4 1  2 . 3 1  0 . 7 5 / 0 . 7 5  0 . 0 5 0 1  - -  1 .01  4 . 8 0  - -  - -  

* E q u a t i o n  [ 4 ] :  k = 160;  teu 2+ = 0. 
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Fig. 3. Plat of Eq. [ 5 ] :  xo = 0.005 cm (A);  0.021 cm (B); 
and 0.41 cm (C). 

and the wid th  was xo instead of I. It  was observed 
that  quite  reasonable agreement  wi th  theory  (the 
calculated and observed l imit ing currents  were,  r e -  
spectively,  0.27 and 0.33 ma) was obtained using the  
appropriate  ] va lue  (1.76). 

Al though the interactions of closely spaced elec-  
trodes wil l  have  some effect on one another  especially 
in de termining  the configuration of convect ive flows, 
exper ience in this labora tory  has shown that, if the 
over -a l l  cell dimensions are constant, the change in 
size of electrodes is not important .  Specifically one 
would expect  that  the dependence of the l imit ing 
current  density on height  of the electrode would  fall  
below the theoret ical  va lue  of the xo exponent  (1.25) 
which it does. Further ,  that  since the convection flow 
pat terns in this geometry  of cell are known to con- 
sist of two convect ive  whorls  wi th  under  and over -  
flow be tween  them, that  the ext ra  fr ict ional  force 
caused by the small  dimension of the whor l  (the ex-  
tra viscous drag per  vo lume of solution moving in a 
small  space) the  smal ler  heights of electrode should 
produce lower  convect ive velocities and a more cir-  
cular  whor l  and therefore  should approach theory more  
closely which they do as shown in Tables I and IV. 

The data on the var ious copper sulfa te-sulfur ic  
acid runs when  plotted according to Eq. [5] yield 
three straight lines characteris t ic  of the three  different 
xo values used (see Fig. 3). (Each solid circle in the 
plots A and B contains a cluster of points each of 
which represents  a par t icular  set of It(obs.), l, and Co). 
The results of a least  squares t rea tment  together  wi th  
the probable er ror  of the re levant  quanti t ies are 
given in Table V. The slopes corresponding to the 
three  different xo values, viz., 0.005, 0.021, and 0.41 
cm, are, respectively,  1.23, 1.22, and 1.174 in fair  agree-  
ment  wi th  the theoret ical  value  1.25; the intercepts  
given by log k -F log f are 2.415, 2.34, and 2.14. Taking 
the average  va lue  of k as 155, the values of f calcu-  
lated f rom the intercepts  are found to be 1.68, 1.41, and 
0.89 for xo equal  to 0.005, 0.021, and 0.41 cm, respec-  
t ively.  The agreement  of the data obtained in copper 
sulfa te-sulfur ic  acid solutions wi th  Eq. [5] indicated 
that  l i t t le or no electr ical  migra t ion  is involved in this 
system. Apar t  f rom the consideration of electr ical  mi-  
gration, Eq. [5] is based essentially on the same phys-  
ical model  which was adopted in der iv ing  Eq. [1]. 
The apparent  val id i ty  of Eq. [5] would, therefore,  
suggest that  f ree  convection also operates in the vic in-  
ity of microelectrodes  of the type used for optical in-  
te r ferometr ic  s tudy of electrodeposit ion (2). 

It  is interest ing to note that  for the same electrode 

Table V. Least squares results using Eq. [7 ]  

r $ 1 
xo, cm Slope ~** Intercept 6** a b 

0.005 1.23 0.0075 2.415 0.005 1.76 1.68 
0.021 1.22 0.006 2.34 0.0045 1.48~ 1.41 
0.41 1.174 0.030 2.14 0.020 1.01 0.89 

** 6 = t h e  p r o b a b l e  e r r o r  o f  t h e  q u a n t i t y  i n  t h e  p r e c e d i n g  c o l -  
u m n ;  a f r o m  I t ( o b s . ) / ~ t ( c a l c . )  ( s e e  T a b l e s  I - I V ) ;  b f r o m  i n t e r c e p t  
u s i n g  k = 155. 

dimensions the observed l imit ing currents  for 0.20, 
0.333, and 0.50M copper sulfate solutions and for all 
the mixtures  containing IM sodium sulfate are about 
the same as those obtained in the corresponding copper 
sulfa te-sulfur ic  acid runs (Tables I - IV) .  The solution 
of 0.05M copper sulfate, on the other  hand, is an ex-  
ception, the observed l imit ing currents  in this case 
being about twice as high as the corresponding values 
for the mixtures  containing sulfuric acid or sodium 
sulfate (Table IV).  

A thorough analysis of the behavior  of the different 
systems necessitates an examinat ion  of the charac-  
teristic mass- t ransfer  mechanisms. However ,  i t  would 
appear  that  electr ical  migra t ion  is of minor  importance 
in the copper sul fa te-sodium sulfate mixtures  and also 
in the copper sulfate solutions of higher  concentrations, 
e.g., 0.20, 0.333, and 0.50M, containing no added elec- 
trolyte.  On the contrary,  the h igher  l imit ing currents  
observed in 0.05M copper sulfate solution are possibly 
due to a substantial  contr ibut ion f rom the electr ical  
migrat ion effect. On this assumption a rough est imate 
of the t ransference number  of Cu 2+ ion in 0.05M cop- 
per solution can be obtained f rom Eq. [3] using the 
appropriate  f values. The average  number  0.36 so de- 
r ived  is comparable  to the l imit ing t ransference  n u m -  
ber of Cu 2+ ion, 0.39 calculated f rom the mobili t ies of 
Cu 2+ and SO4 2 -  ions only (9). Since the application of 
Eq. [3] to pure  copper sulfate  solutions is not t ruly 
justifiable no great  importance can, however ,  be at-  
tached to the present  value  of the t ransference number.  

Manuscript  received Dec. 13, 1963; revised manu-  
script received J u l y  16, 1964. This paper  was presented 
at the Western Regional  Conference of C.I.C., Trail, 
B. C., Sep tember  1963 and in par t  at the Annual  
Meeting of C.I.C., Edmonton, May 1962. 

Any discussion of this paper  wi l l  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Fluorescent Properties of Some Europium-Activated Phosphors 
A. Bril and W .  I.. W a n m a k e r  

N. V. Phffips ~ Gloei lampe~fabrieken,  Eindhoven,  Netherlands 

ABSTRACT 

The fol lowing europ ium-ac t iva ted  phosphors were  prepared:  gadolinium 
oxide, gadol inium borate, gadol inium phosphate, l an thanum borate, and euro-  
p ium phosphate. The phosphors show an emission spectrum characterist ic 
of the europium. F rom the exci tat ion spectrum of some phosphors it is deduced 
that  energy absorbed by gadol inium ions can be t ransfer red  to the europium 
ions. Most phosphors have a re la t ive ly  high brightness at e levated t empera -  
tures. Gd203-Eu has a ra ther  high luminous efficiency with ca thode-ray  
excitation. 

Act ivat ion of phosphors by rare  ear th  elements  has 
been known for a long time. KrSger  (1), for example,  
listed in his book as many  as 35 phosphors act ivated 
with t r iva len t  europium and 19 phosphors wi th  d iva-  
lent  europium. In  recent  years there  has been a 
growth of interest  in the prepara t ion of phosphors ac- 
t ivated by rare  earths or wi th  ra re  earths as host 
lattice constituents, especially in connection with  the 
possible use of these phosphors as laser materials.  We 
wil l  confine ourselves here  mainly  to europ ium-ac-  
t ivated phosphors. 

Van Ui te r t  (2, 3) studied the prepara t ion  of com- 
pounds l ike MII0.gsNa0.01Euo.01WO4 where  M II may  be 
Cd, Ca, Sr, Pb, or Ba. MacDonald, Vogel, and Brook-  
man (4) described the fluorescence of europium tung-  
state. Borchardt  (5) prepared  the tungstates of all 
rare  ear th  elements.  The same author  (6) prepared 
europium-ac t iva ted  tungstates and molybdates,  
such as (Y0.9Eu0.1) 203"WO3, (Gd0.sEu0.2) 203 .MOO3, 
(La0.6Eu0.4) 203 �9 3WO~, and (Gd0.TEu0.3) 203 �9 3MOO3. 
These phosphors show a high quan tum efficiency, viz., 
quantum efficiencies in excess of 80% have  been ob- 
served. Some of them showed a re la t ive ly  high br ight -  
ness at e levated temperatures ,  e.g., (Y0.gEu0.1)203-WO~. 
Chang (7) invest igated the propert ies  of europium-  
act ivated y t t r ium oxide for which also laser action on 
crystals was found. Wickersheim and Lefever  (8) 
studied both the la t ter  phosphor and also europ ium-ac-  
t ivated gadolinium oxide. Y203-Eu shows a high fluor- 
escence intensi ty at e levated temperatures .  Under  h igh-  
pressure mercury  exci tat ion the brightness increases 
f rom room tempera tu re  and reaches a m a x i m u m  value  
at 650~ the re la t ive  brightness at this t empera tu re  
being about twice the brightness measured at room 
temperature .  In a recent  paper  Ropp (9) described the 
spectral  properties,  especially the excitat ion and emis-  
sion spectra of ra re  ear th  oxide phosphors act ivated 
by other  ra re  ear th  elements.  The most efficient phos-  
phors found were:  Y20~-Eu; La20~-Eu; Gd2Os-Eu; 
La20~-Tb, and Gd203-Tb. The phosphors were  pre-  
pared by first precipi ta t ing the requi red  rare  earth 
oxalates;  af ter  drying the precipi tate  at 110~ they 
were  fired in air at 1000~ 

Much work  has also been done on organic Eu-com-  
plexes both in the solid state and dissolved in suitable 
solvents. Examples  are the Eu-chelates ,  Eu-d iben-  
zoyl-methane,  Eu- thenoy l  trifluoroacetonate,  and other  
compounds (10). Lempicki  and Samelson (11) found 
laser action in a liquid, namely,  Eu-benzoylacetonate  
dissolved in e thy l -or  methy l  alcohol. 

In this paper  we present  some measurements  on the 
propert ies of Eu-ac t iva ted  gadolinium oxide, Gd-  
borate, Gd-phosphate,  La-borate ,  and also of europium 
phosphate. Gd203-Eu was already described in 1909 
by Urba in  (12), and EuPO4-4H20 was invest igated by 
Lange (13). 

For  use as laser mater ia ls  the phosphor should have  
a high efficiency, a small  number  of nar row emission 
lines, and in some cases, e.g., l ow- leve l  excitation, a 
long decay time. Fu r the r  the wave leng th  dependence 

of the absorption and the efficiency are impor tant  for 
the choice of the excit ing pumping  source. 

Experimental 
Method of phosphor preparat ion . - -The  ingredients  

used in the firing mix tures  were  reagent  grade H3BO~ 
and (NH4)2HPO4; the rare  ear th  oxides Gd203 and 
Eu20~ were  obtained f rom the Lindsay Chemical  Divi-  
sion of Amer ican  Potash and Chemical  Corporat ion in 
purit ies of 99.9%. For  some pre l iminary  exper iments  
use was made of Gd203 with  a puri ty of 99%; this in-  
gredient  proved, f rom the red fluorescence, to be con- 
taminated  with  europium. We used La20~, supplied by 
Auer  Remy (Hamburg)  of a pur i ty  of 99.9%. 

The requi red  amounts of the dry mater ia ls  were  
thoroughly  mixed  and subsequent ly  fired. For  the 
phosphates and borates the mixtures  were  prefired at 
a t empera tu re  of 300~176 Samples of 3-10g were  
fired twice for 2 hr  in small  quartz  crucibles in air at 
a t empera tu re  of 1000~176 For  prepar ing 
Gd203-Eu, a small  amount  of N H 4 F  (0.10-0.30 mole 
per  mole Gd203) was added to the firing mix tu re  in 
order  to promote  the incorporat ion of the act ivator  into 
the host lattice. 

Excitatio~ spectra, absorption spectra, and ej~ciency. 
- - T h e  fluorescent output  was determined as a function 
of wavelength,  giving the so-called re la t ive  excitat ion 
spectrum of the l ight  output. This was done with  the 
aid of a P e r k i n - E l m e r  13U double beam automatical ly 
recording spectrophotometer  wi th  quartz prism, while  
a hydrogen lamp was used as a source. For  measur ing 
the exci tat ion spec t rum the ins t rument  was used i n  
the single beam mode. An  a t tachment  made in our 
laboratory  was placed behind the exit  slit of the 
monochromator  (see Fig. 1-1a), so that  the phosphors 
were  excited monochromatical ly .  The fluorescent radi -  
ation was incident on suitable filters, which absorbed 
the reflected uv radiat ion and passed the fluorescence 
to a photomul t ip l ie r  tube (EMI 9558 having  a t r i -  

ch 

H2 ,~ 

Fig. 1. Optical diagram of the spectrophotometer used for the 
measurement of the excitation- and the reflection spectra, ch, 
chopper (13 rps); p.m., photomultiplying tube; t.c., thermocouple; 
ref., reference beam; sample, sample beam. 
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h 
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Fig. la. Attachment at the exit slit of the monochromator used 
for the excitation spectra: p.m., photomultiplying tube; ph, 
phosphor sample; f, filter. 

a l k a l i  p h o t o c a t h o d e  w i t h  good  r e d  s e n s i t i v i t y ) .  T h e  
f i l te rs  u s e d  in  o u r  case  w e r e  4 m m  S c h o t t  W G  1 + 4 
m m  O G  1, t h e  l a t t e r  b e i n g  p l a c e d  b e t w e e n  W G  1 a n d  
p h o t o m u l t i p l i e r  in  o r d e r  to  a v o i d  f l uo r e s cence  p r o -  
d u c e d  b y  t h e  O G  1 f i l te r  d u e  to r e f l ec t ed  e x c i t i n g  r a d i -  
a t ion .  T h e  o u t p u t  of t h e  p h o s p h o r  w a s  c o m p a r e d  w i t h  
t h e  f l u o r e s c e n t  o u t p u t  of s o d i u m  sa l i cy la t e ,  w h i c h  was  
m e a s u r e d  in  t h e  s a m e  way .  T h e  s o d i u m  s a l i c y l a t e  
w a s  a s s u m e d  to  h a v e  a c o n s t a n t  q u a n t u m  eff ic iency 
(14) .  I n  t h i s  w a y  t h e  r e l a t i v e  f l u o r e s c e n t  o u t p u t  in  
q u a n t a  cou ld  b e  d e t e r m i n e d  as a f u n c t i o n  of w a v e -  
l e n g t h .  No c o r r e c t i o n  w a s  m a d e  f o r  t h e  r e f l ec t ed  u v  
r a d i a t i o n .  

T h e  e x c i t a t i o n  s p e c t r u m  g e n e r a l l y  cons i s t s  of a c o n -  
t i n u o u s  p a r t  a n d  of a n u m b e r  of l ines .  I f  n a r r o w  e x -  
c i t a t i o n  l i ne s  occur ,  t h e  w i d t h  of t h e s e  l i ne s  w i l l  g e n -  
e r a l l y  b e  d e t e r m i n e d  b y  t h e  r e s o l v i n g  p o w e r  of t h e  
i n s t r u m e n t .  T h e  i n t e n s i t i e s  of t h e  l i ne s  w e r e  n o r m a l -  
i zed  to a w i d t h  of 5 nm .  

Emission spectra.--The s p e c t r a l  d i s t r i b u t i o n  of t h e  
e m i s s i o n  of t h e  p h o s p h o r s  w a s  m e a s u r e d  w i t h  t h e  a id  of 
a J a r r e l - A s h  g r a t i n g  s c a n n i n g  m o n o c h r o m a t o r  w i t h  a 
foca l  d i s t a n c e  of 50 cm. A g r a t i n g  b l a z e d  a t  500 n m  a n d  
30,000 l i n e s / i n ,  w a s  used ,  b e i n g  c a p a b l e  of a r e s o l u t i o n  
of 0.02 n m  i n  f i rs t  o rde r .  T h e  a c t u a l  r e s o l u t i o n  w a s  0.05- 
0.1 n m  c o r r e s p o n d i n g  to a s l i t  w i d t h  of 0.03-0.06 m m ,  
w h i c h  w a s  g e n e r a l l y  used .  

T h e  p h o s p h o r s  w e r e  e x c i t e d  b y  t h e  u v  r a d i a t i o n  of 
a P h i l i p s  S P  500 m e r c u r y  d i s c h a r g e  l a m p  or  a s p e c t r a l  
l a m p  No. 93109, b o t h  w i t h  a S c h o t t  U G 5  a n d  a n i c k e l  
s u l f a t e  f i l te r  p l a c e d  in  f r o n t  of i t  i n  o r d e r  to i so l a t e  
t h e  s h o r t - w a v e  uv .  As  d e t e c t o r  a p h o t o m u l t i p l i e r  w i t h  
t r i - a l k a l i  p h o t o c a t h o d e  a n d  q u a r t z  w i n d o w  w a s  u s e d  
( E M I  9558 Q ) .  

Decay.--The d e c a y  t i m e s  w i t h  c a t h o d e - r a y  e x c i t a -  
t i o n  w e r e  m e a s u r e d  b y  a m e t h o d  d e s c r i b e d  b y  B r i l  
a n d  K l a s e n s  (15) .  F o r  u v  e x c i t a t i o n  a p u l s e d  c a t h o d e -  
r a y  t u b e  w a s  u s e d  w i t h  a f a s t  u v - e m i t t i n g  p h o s p h o r  
[Z rP207  w i t h  a b r o a d  e m i s s i o n  b a n d ,  m a x i m u m  290 n m  
so t h a t  pu l se s  of u v  r a d i a t i o n  w e r e  o b t a i n e d  ( 1 6 ) ] .  

E~ciency.--The a b s o l u t e  eff ic iencies  w e r e  d e t e r -  
m i n e d  fo r  e x c i t a t i o n  in  t h e  w a v e l e n g t h  r e g i o n  of 250- 
270 rim, as d e s c r i b e d  b y  B r i l  a n d  H o e k s t r a  (17) .  T h e  
p h o s p h o r s  w e r e  m e a s u r e d  w i t h  r e s p e c t  to  one  of t h e  
s t a n d a r d  p h o s p h o r s  i s s u e d  b y  t h e  N.B.S.  (18) ,  viz., 
m a g n e s i u m  a r s e n a t e  a c t i v a t e d  w i t h  m a n g a n e s e  ( s a m -  
p le  No. 1030).  As  d e t e c t o r  fo r  t h e  f l uo r e s cence  a n d  
r e f l ec t ed  r a d i a t i o n  a t h e r m o p i l e  w a s  used .  No c o r r e c -  
t i o n  h a s  b e e n  a p p l i e d  fo r  t h e  s m a l l  a b s o r p t i o n  b y  t h e  
p h o s p h o r  fo r  i t s  o w n  emiss ion .  

Diffuse reflection.--The r e f l ec t ions  of t h e  p o w d e r s  
w e r e  d e t e r m i n e d  w i t h  t h e  P e r k i n - E l m e r  13U in  t h e  
d o u b l e  b e a m  m o d e  p r o v i d e d  w i t h  a d i f fuse  r e f l ec t ion  
a t t a c h m e n t .  A s a m p l e  of g e n t l y  p r e s s e d  m a g n e s i u m  
o x i d e  p o w d e r  w a s  p l a c e d  in  t he  r e f e r e n c e  b e a m .  In  

t h i s  w a y  t h e  r a t i o  of t h e  r e f l ec t ions  of s a m p l e  a n d  M g O  
w e r e  d i r e c t l y  r e c o r d e d .  F o r  M g O  a v a l u e  of 91% w a s  
a s s u m e d  [see re f .  (17) ]. 

Results and  Discussion 
Emission spectra.--All t h e  p h o s p h o r s  i n v e s t i g a t e d  

s h o w  e m i s s i o n  l i ne s  c h a r a c t e r i s t i c  of e u r o p i u m  (19) .  
T h e  m a i n  e m i s s i o n  p e a k s  a r e  l o c a t e d  n e a r  580-590 n m  
a n d  610-625 n m ,  b e i n g  t r a n s i t i o n s  f r o m  t h e  5Do l e v e l  
to t h e  7F1 a n d  7F2 leve ls ,  r e s p e c t i v e l y .  T h e  s p e c t r a  a t  
r o o m  t e m p e r a t u r e  a r e  g i v e n  i n  Fig.  2 a n d  3. 

I n  t h e  c u r v e s  of t h e  e m i s s i o n  s p e c t r a  t h e  r e c o r d e d  
p h o t o c u r r e n t  is g i v e n  as a f u n c t i o n  of w a v e l e n g t h .  
T h u s  n o  c o r r e c t i o n  h a s  b e e n  a p p l i e d  fo r  t h e  c h a n g e s  
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Fig. 2. Spectral emission, short wavelength uv excitation: (a) 
Gd203-Eu; left part: 13X amplified; (b) Gd2Oa'B203Eu; (c) 
Gd203 "3 B203 - Eu. 
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Fig. 3. Spectral emission, short wavelength uv excitation: (a) 
La203"B203-Eu; (b) La203"2B203-Eu; (c) GdPO4-Eu; (d) EuPO4. 

in sensit ivi ty of the setup wi th in  the spectral  region 
considered. In  order  to get the i r radia ted  power  con- 
sidered as a function of wave leng th  the curves have 
to be corrected, due to the wave leng th  dependence of 
the photomult ip l ier  sensi t ivi ty and the t ransmission 
of the monochromator .  To de termine  the correct ion 
factor  as a funct ion of wavelength ,  the output  of a 

1365 

standard tungsten ribbon lamp (for which the emit ted 
power  as a function of wave leng th  was known at the 
fi lament t empera tu re  used) was measured  as a func-  
tion of wavelength.  With  reference  to 590 rim, the 
factors with which the output  of the phosphors given 
in the figures have  to be mul t ip l ied  are  at 610, 650, 
and 700 nm 1.3, 2.3, and 7.5, respect ively.  Probably  
due to the influence of the crystal  field of the par= 
t icular  lat t ice on the Eu=ion, the re la t ive  intensit ies 
of the various Eu=emission lines differ considerably 
f rom one type of phosphor to another.  For  instance in 
Gd203=Eu the most  pronounced emission peak is lo= 
cated at 611 rim, the ha l f -va lue  width  being 1.05 nm, 
whereas  in Gd203-B203=Eu the lines in the 590 nm 
region are the most  intense�9 The emission spectra of 
GdPO4=Eu and EuPO4 are quite  similar  (Fig. 3). Both 
compounds have  the same crystal  s t ruc ture  (see x - r a y  
analysis and Table  I I I ) ,  as might  be expected f rom the 
fact  that  both ions have  near ly  the same ionic radius, 
viz., Eu 1.13A and Gd 1.11A. 

Excitation and absorption spectra.--The waveleng th  
dependence of the quan tum output  of the Eu-fluores= 
cence was de te rmined  for Gd203-Eu, Gd203"B203=Eu, 
La203.B20~-Eu and EuPO4. F igure  4 gives examples  
of uncorrected recorded curves, f rom which the data 
in Fig. 5 and 6 are calculated. The exci tat ion spec- 
t rum of Y203-Eu was studied by Chang (7), Wicker= 
sheim and Lefever  (8), and also by Ropp (9). The 
la t ter  author  also investigated,  among m a n y  other 
rare  ear th  oxides, the exci tat ion spectra of La2Os=Eu 
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Fig�9 4�9 Relative excitation spectra of the Eu fluorescence; un- 
corrected recorder curves. 
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Fig. 6. Relative excitat ion spectra of the Eu fluorescence; 
quantum output:  (a) La203"B203-Eu;  (b) EuP04. 

a n d  G d 2 0 3 - E u .  In  Y 2 0 3 - E u  a b r o a d  e x c i t a t i o n  m a x -  
i m u m  w a s  l oca t ed  a t  a b o u t  250 n m  a n d  a lso  a m a x -  
i m u m  b e y o n d  t h e  l i m i t s  of m e a s u r e m e n t  (200 n m ) .  
T h e  e x c i t a t i o n  s p e c t r u m  of G d 2 0 3 - E u  as d e s c r i b e d  b y  
us  c lose ly  r e s e m b l e s  t h a t  f o u n d  b y  Ropp.  I t  cons i s t s  of 
a b r o a d  b a n d  a t  a b o u t  260 n m  a n d  a n u m b e r  of n a r r o w  
peaks .  M a n y  of t h e  n a r r o w  p e a k s  can  be  a t t r i b u t e d  to 
t r a n s i t i o n s  w i t h i n  t h e  4f con f i gu r a t i on ,  w h i l e  a c c o r d i n g  
to Ropp,  t h e  b r o a d  b a n d  wi l l  b e  d u e  to hos t  l a t t i c e  
e x c i t a t i o n  ( h o s t  s e n s i t i z a t i o n )  or  e x c i t a t i o n  in  a b r o a d  
e n e r g y  b a n d  p r o b a b l y  r e l a t e d  to a p e r t u r b e d  l e v e l  of 
t h e  a c t i v a t o r .  S o m e  of t h e  n a r r o w  b a n d s  n e e d  some  
f u r t h e r  e x p l a n a t i o n .  R o p p  m e n t i o n s  one  p e a k  a t  a b o u t  
270 n m  w h i c h  h e  c o r r e l a t e s  w i t h  a n  e x c i t a t i o n  of t h e  
6Ij l eve l s  of  t h e  G d  a+ ions.  W e  f ind  t w o  p e a k s  b e -  
t w e e n  270 a n d  280 n m ,  p r o b a b l y  d u e  to a h i g h e r  r e -  
s o l v i n g  p o w e r  of t h e  i n s t r u m e n t .  T h i s  is i l l u s t r a t e d  
in  Fig. 4 fo r  G d 2 0 3 - E u  a n d  also f o r  G d203"B 203-Eu ,  
w h e r e  t h e  p e a k s  a r e  m u c h  m o r e  p r o n o u n c e d .  T h e s e  
Eu  e m i s s i o n  p e a k s  in  t h e  e x c i t a t i o n  s p e c t r u m  a r e  a l -  
w a y s  f o u n d  w h e n  G d  is p r e s e n t  in  t h e  la t t i ce .  M o r e -  
over ,  c h a r a c t e r i s t i c  G d  a b s o r p t i o n  l ines  a r e  f o u n d  a t  
a b o u t  t h e  s a m e  w a v e l e n g t h  as t h e  p e a k s  in  t h e  e x -  
c i t a t i o n  s p e c t r u m .  T h i s  m a y  be  c o n c l u d e d  f r o m  a c o m -  
p a r i s o n  of t h e  e x c i t a t i o n  s p e c t r a  w i t h  t h e  r e f l ec t ion  
s p e c t r a  of t h e  p o w d e r s  a n d  w i t h  d a t a  o n  t h e  a b s o r p -  
t i on  of the rare earth ions. El'Yashevich (20) for 
instance gives the following wavelengths for the ab- 
sorption of Gd ions: 244/246 nm, 252 nm, 273/274/ 
276/279 nm and 306/311 nm. In Fig. 7 we give the 
reflection curves of Gd203-Eu and Gd203"B203-Eu. 
The group of 273-279 nm absorption lines are clearly 
shown. The width of the lines is determined by the 
resolving power of the instrument (slit width), which 
is about 0.5 nm at 300 nm. 

Considering the excitation spectra of the gadolinium 
salts, it can be seen that the excitation peaks are found 
at wavelengths corresponding closely to the Gd ab- 
sorption lines. Thus the energy absorbed by the gado- 
linium ions is transferred to the europium ions, giving 
rise to the red europium fluorescence. The Eu emis- 
sion due to the characteristic Gd absorption lines is 
only found in cases where the host lattice absorption 
is weak with respect to that of the Gd ions. Excitation 
lines due to Eu absorptions are also weakly present; 
this can be seen, e.g., in Gd203"B203-Eu. 
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Fig. 7. Diffuse reflection spectra: (a) Gd203"B203-Eu;  (b) 
EuP04; (d) Gd203-Eu;  (e) GdPO4-Eu; (f)  La203"2B203-Eu.  

I t  is no t  y e t  c l e a r  in  w h a t  w a y  t h e  e n e r g y  is t r a n s -  
f e r r e d  f r o m  g a d o l i n i u m  to e u r o p i u m .  R a d i a t i v e  t r a n s -  
f e r  is n o t  v e r y  p r o b a b l e  b e c a u s e  t h e  u n a c t i v a t e d  Gd203 
does  n o t  s h o w  t h e  310 n m  G d  e m i s s i o n  w h e n  e x c i t e d  
w i t h  t h e  250-270 n m  r a d i a t i o n .  I t  m a y  b e  t h a t  t h e  e n -  
e r g y  t r a n s f e r  is d u e  to a q u a n t u m  m e c h a n i c a l  r e s o n -  
a n c e  process ,  a n a l o g o u s  to t h a t  o c c u r r i n g  in  t u n g -  
s t a t e s  a n d  m o l y b d a t e s  a c t i v a t e d  w i t h  s a m a r i u m .  T h i s  
p roce s s  h a s  b e e n  s t u d i e d  b y  B o t d e n  (21) .  E n e r g y  
t r a n s f e r  f r o m  one  r a r e  e a r t h  i on  to  a n o t h e r  was  a l -  
r e a d y  r e p o r t e d  b y  V a n  U i t e r t  a n d  S o d e n  (22) ,  d e a l -  
ing  w i t h  a l k a l i  m e t a l  ion  r a r e  e a r t h  t u n g s t a t e s ,  l i ke  
Li0.~Tb0.s-xEuxWO4 w h e r e  t h e  E u  3 + e m i s s i o n  is 
g r e a t l y  e n h a n c e d  b y  t h e  i n c o r p o r a t i o n  of  T b  3+. T h e  
m a t t e r  is e x t e n s i v e l y  d i s c u s s e d  b y  V a n  U i t e r t  (23) ,  
r e f e r r i n g  also to m e a s u r e m e n t s  b y  G a r r e t t  a n d  K a i s e r  
(24) w h o  f o u n d  a n  e n h a n c e m e n t  of t h e  T b  3+ e m i s s i o n  
in  CaF2 w h e n  Ce 3+ ions  w e r e  i n c o r p o r a t e d .  W h e n ,  
h o w e v e r ,  Ce 3+ a n d  T b  ~+ a r e  i n c o r p o r a t e d  i n to  t u n g -  
s ta tes ,  t h e  Ce 3+ s t r o n g l y  q u e n c h e s  t h e  T b  3+ emiss ion .  
A l l  t h e s e  p h e n o m e n a  a r e  a c c o u n t e d  fo r  b y  c o n s i d e r -  
ing  t h e  r e l a t i v e  s i t u a t i o n  of t h e  T b  3+ a n d  E u  3+ l e v e l s  
i n v o l v e d  in  t h e  f o r m e r  case  a n d  t h e  Ce 3+ a n d  T b  3+ 
l eve l s  in  t h e  l a t t e r  case.  

Th i s  e x p l a n a t i o n  is in  a c c o r d a n c e  w i t h  o u r  case  of 
E u - a c t i v a t e d  G d  c o m p o u n d s ,  w h e r e  t h e  e x c i t e d  G d  
l e v e l s  a r e  l y i n g  h i g h e r  t h a n  t h e  5Do l e v e l  of t h e  E u  so 
t h a t  t r a n s f e r  f r o m  G d  to E u  is poss ib le .  H o l l o w a y ,  
K e s t i g i a n ,  a n d  N e w m a n  (25) o b s e r v e d  e n e r g y  t r a n s -  
f e r  f r o m  t e r b i u m  to e u r o p i u m  in  (Tb0.sEu0.2)2(WO4)3.  
T h e  m e c h a n i s m  of t h e  t r a n s f e r  was  n o t  e l u c i d a t e d .  

I n  EuPO4 t h e  e x c i t a t i o n  l i ne s  d u e  to E u  a b s o r p t i o n  
a r e  of c o u r s e  v e r y  s t rong ,  c a u s e d  b y  t h e  l a r g e  a m o u n t  
of Eu present in the lattice. The excitation and re- 
flection spectra are shown in Fig. 6 and 7. 

E1~ciency.--In T a b l e  I t h e  eff ic iencies  of t h e  E u  
e m i s s i o n  of t h e  p h o s p h o r s  a t  r o o m  t e m p e r a t u r e  a r e  
g i v e n  fo r  e x c i t a t i o n  in  t h e  250-270 n m  r eg ion .  T h e s e  
eff ic iencies  a r e  c o r r e c t e d  fo r  t h e  r e f l ec t ion  of t h e  e x -  

Table I. Efficiencies 

E x c i t a t i o n  2 5 0 - 2 7 0  n m  
R e f l e c -  R a d i a n t  Q u a n t u m  

S a m p l e  t i o n ,  e f f i c i e n c y ,  efficiency, 
n o .  % % % 

1 G d 2 0 3 - 0 . 0 6  E u  13  22  52  
2 a  0 . 8 3  G d 2 0 3  �9 B 2 0 3 - 0 . 0 2  E u  5 9  21  4 8  
2 b  0 . 8 0  G d ~ O 3  �9 B 2 0 3 - 0 . 2 0  E u  3 4  2 4  55  
3 GcleOa �9 2 B 2 0 3 ~ 0 . 0 2  E U  4 8  11 25  
4 0 . 8 3  L a 2 O s  , B 2 0 3 - 0 . 0 2  E u  16  1 0  2 3  

5 L a 2 0 3  �9 2 B e O s - 0 . 0 2  E U  3 4  15  35  
6 G d P O ~ - 0 . 0 6  E u  46  12 2 8  
7 E u P O ~  12  6 14  



Vol. 111, No. 12 F L U O R E S C E N C E  O F  E U - A C T I V A T E D  P H O S P H O R S  1367 

ci t ing r ad i a t i on  (17). In  this  way  the  q u a n t u m  ef- 
ficiency ( the  ra t io  of the  n u m b e r  of emi t t ed  q u a n t a  
and  the  n u m b e r  of absorbed  quan t a )  is obta ined.  

F r o m  the  t ab le  i t  can be seen t h a t  Gd208-Eu and  
GdfOs-BfO3-Eu are  efficient phosphors  for  uv  exc i ta -  
t ion  in the  ne i ghbo rhood  of 250 nm.  

Pa r t i a l  subs t i t u t ion  of Gd by La (up to 20 mole  %) 
resu l t s  in  a less efficient phosphor ,  whe rea s  subs t i -  
tu t ion  by  y t t r i u m  (also inves t iga t ed  to a pe rcen tage  
of 20 mole  %) does not  affect the  b r igh tnes s  of the  
fired phosphor .  The  las t  p h e n o m e n o n  is in  accordance  
w i t h  the  fac t  t h a t  YfO3-Eu is an  efficient phosphor ,  
t o o  (7, 8). We  m e a s u r e d  this  phospho r  and  found  a 
ref lect ion of 32% and  a q u a n t u m  efficiency of about  
50% at  210 nm. The  spec t ra l  emiss ion consists  of a 
n a r r o w  l ine at  611 n m  whi le  the  l ines in  the  n e i g h -  
bo rhood  of 590 n m  are  weak  as is the  case w i th  
Gd~Oa-Eu. 

The  q u a n t u m  efficiency cu rve  of YfOa-Eu was a l -  
r eady  g iven  by  Chang  (7),  who  finds a m a x i m u m  ex-  
c i ta t ion at  a w a v e l e n g t h  of abou t  240 n m  and  a q u a n -  
t u m  efficiency of 40% at this  wave leng th .  In this  con-  
nec t ion  it  is i m p o r t a n t  to note  t ha t  the  l umin es cen t  
efficiency of phosphors ,  even  wi th  a g iven  composi-  
tion, s t rong ly  depends  on factors  such as pu r i t y  and  
reac t iv i ty  of the  s t a r t i ng  ma te r i a l s  and  also t he  fir ing 
condit ions.  Up to now these  factors  we re  not  s tud ied  
by us in detail .  So the  va lues  g iven  in Table  I st i l l  
m i g h t  r ise  and  canno t  be used for  defini te  compar isons  
for  the  var ious  phosphors  inves t iga ted .  

In  the  p r e p a r a t i o n  of gado l in ium bora tes -Eu ,  about  
0.20g a tom Eu per  mole  of the  host  la t t ice  is r e q u i r e d  
to give the  phosphor  a h igh  br ightness .  

Conce rn ing  the  phospha te s  i t  fol lows f rom Table  I 
t h a t  the  q u a n t u m  efficiency of GdPO4-Eu is m u c h  
h i g h e r  t h a n  t ha t  of EuPO4. W h e n  the  Eu con ten t  in 
GdPO4 was  inc reased  f rom 0.06g a tom per  mole  GdPO4 
to 0.10g atom, the  uv  absorp t ion  inc reased  and  an  in-  
crease in b r igh tnes s  of n e a r l y  70% was found.  

Decay.--In t he  l i t e r a t u r e  some da ta  are  a l r eady  to 
be found  on the  l i fe  t imes of r a r e  ea r th  fluorescence.  
In  p a r t i c u l a r  m u c h  work  has  been  ca r r ied  out  by  
Dieke and  associates (26). 

In  most  cases the  decay curves  a re  exponent ia l .  The  
t ime  wh ich  the  in t ens i ty  t akes  to fa l l  to 1/e of the  
or ig inal  va lue  is g iven  for  some of the  phosphors  in-  
ves t iga ted  in Table  II. Chang  (7) found  in YfO3-Eu, 
wh ich  phospho r  is s imi la r  in p e r f o r m a n c e  to Gd203- 
Eu, a decay t ime  of 0.87 msec  at  room t e m p e r a t u r e  
and  at  the  t e m p e r a t u r e  of l iquid  n i t rogen .  W ick e r -  
she im and  Le feve r  (8) give a l i fe t ime  of the  5Do s ta te  
in  Y2Os-Eu of 0.90 msec, the  p r inc ipa l  emiss ion be ing  
a t r ans i t i on  f rom the  5Do to one of the  7F2 levels.  These  
values  are  ve ry  close to the  l i fe t ime  found  by  us in 
Gd203-Eu,  viz., 0.8 msec at  room t e m p e r a t u r e  and  
0.65 msec at  --196~ In  m a n y  cases the  decay t imes 
a re  abou t  equal  at  room t e m p e r a t u r e  and  at  the  t e m -  
p e r a t u r e  of l iquid  n i t rogen ,  ind ica t ing  t h a t  t h e  effi- 
c iency for  lower  t e m p e r a t u r e s  does not  increase  ap-  
prec iably .  For  G d - b o r a t e - E u  the  decay is fas te r  a t  low 
t e m p e r a t u r e .  For  Eu -phospha t e ,  wh ich  shows a n o n -  
exponen t i a l  decay, the  decay w i th  c a t h o d e - r a y  exc i ta -  
t ion a t  l iqu id  n i t r ogen  t e m p e r a t u r e  is about  10 t imes  
s lower  t h a n  at room t empe ra tu r e .  

1oc 
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Fig. 8. Variation of brightness with temperature, excitation by 
germicidal lamp (mainly 254 nm radiation): (a) Gd203-Eu; (b) 
Gd203"B203-Eu; (c) GdPO4-Eu; (d) EuPO4. 

Dieke and  Hal l  concluded f rom the i r  m e a s u r e m e n t s  
on r a r e  ea r th  sal ts  t h a t  the  decay t imes  would  be 
a p p r o x i m a t e l y  the  same  for  the  s a m e  r a r e  e a r t h  ion in 
var ious  compounds.  We found,  however ,  m u c h  longer  
l i fet imes,  viz., up to 2.0 msec t h a n  they  found  for  
EuC18 (0.120 msec) .  In  our  opinion i t  is difficult to 
u n d e r s t a n d  w h y  t h e  l i fe t imes should  be  the  same, as 
the  l i fe t ime is d e p e n d e n t  on the  occur rence  of r ad i a -  
t ionless  t r ans i t ions  o r ig ina t ing  f rom the  same level  
as the  f luorescent  t rans i t ions .  The  n a t u r a l  l i fe t ime of 
the  exci ted level  is of the  o rder  of 10 msec. A p p a r e n t l y  
the  n u m b e r  of rad ia t ion less  t r ans i t ions  in our phos-  
phors  is smal ler ,  l ead ing  also to h i g h e r  efficiencies. 

Temperature dependence.--The t e m p e r a t u r e  de-  
pendence  of the  phosphors  inves t iga ted  was de te r -  
m i n e d  by  i r r a d i a t i n g  a phospho r  p laque  w i th  a low-  
p ressu re  m e r c u r y  d i scharge  qua r t z  lamp, m a i n l y  emi t -  
t ing  254 n m  radia t ion ,  w i th  a B~cks t rSm filter (NiSO4- 
COSO4 solut ion)  p laced b e t w e e n  the  l amp and  the  
phospho r  p l a q u e  and  a s e l en ium photocel l  correc ted  
for  the  eye sens i t iv i ty  wi th  the  aid of a filter. 

I t  may  be  seen f r o m  Fig. 8 t h a t  the  phosphors  show a 
r e l a t ive ly  h igh  b r igh tness  at  e leva ted  t empera tu re s .  

X-ray analysis.--The x - r a y  diffract ion of the  phos-  
phors  was  d e t e r m i n e d  by  conven t iona l  x - r a y  diffrac-  
t ion techniques ,  us ing  CuK~ rad ia t ion  f rom a Phi l ips  
Norelco Unit .  

Tab le  III  gives x - r a y  di f f ract ion pa t t e rn s  of EuPO4 
and  GdPO4-Eu.  It  m a y  be seen t ha t  the  d iag rams  are  
n e a r l y  ident ical .  Conce rn ing  the  borates ,  in  addi t ion  

Table III. X-ray diffraction patterns 

E U 2 0 3  " P 2 0 ~  Gd~O~ - P 2 0 ~ - E U  
d ,  A I n t .  d ,  A I n t .  

Table II. Decay times in milliseconds 

P h o s p h o r  U . V .  e x c i t a t i o n  C . R .  e x c i t a t i o n  
S a m p l e  2 0 ~  - - 1 9 6 ~  2 0 ~  --  1 9 6 ~  

n o .  m s e c  m s e c  m s e c  m s e c  

1 Gd,_,O3-0.06 E u  0 .8  0 . 6 5  0 . 8 5  
2a  0 . 8 3  Gd,~O3 - BOO3-0 .02  E u  2 .0  0 ,5  2 .8  
3 G d 2 O s  " 2 B e O a - 0 . O 2  E u  2 .7  
4 0 . 8 3  La' . ,Os - 13,oO3-0.02 E U  1 .6  1 ,7  1 .8  
5 L a 2 0 3  �9 2B20 .~ -0 .02  E u  0 . 7 5  
6 G d P O 4 - 0 . 0 6  E u  3 .0  
7 E u P O 4  0 .6  0 .5  0 , 0 7 5  0 .8  

T h e  s a m p l e s  i n v e s t i g a t e d  a r e  t h e  s a m e  a s  g i v e n  i n  T a b l e  I I .  

5 . 1 3  5 
4 . 7 0  5 4 . 7 2  5 
4 . 5 7  9 4 . 5 7  12  
4 .11  20  4 .11  18 
4 . 0 0  7 4 . 0 0  8 
3 . 4 7  5 3 .50  4 
3 . 4 4  5 3.45 7 
3 . 2 4  2 4  3 .23  22  
3 . 0 4  3 9  3 . 0 4  40  
2 . 9 2  8 2 . 9 2  8 
2 . 8 1 4  35 2 . 8 1 4  32  
2 . 5 6 4  10 2 . 5 6 4  9 
2 . 3 9 8  8 2 . 3 9 6  7 
2 . 1 4 6  9 2 . 1 4 6  9 
2 . 1 0 4  12  2 , 1 0 4  13 
2 . 0 8 0  8 2 . 0 8 0  8 
1 . 9 2 6  13  1 . 9 2 6  10  
1 .838  10  1 .838  6 
1 ,827  8 1 .827  8 
1 . 7 3 4  9 1 . 7 3 4  6 
1 , 7 0 4  11 
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to the preparat ions  wi th  a molar  ratio R203/B203 ~ 1, 
preparat ions were  also made in which the molar  ratio 
was 2 and 3, respectively.  In general  this resul ted in 
less crystal l ized products, probably due to an excess 
of B20~. The  x - r a y  diagrams of the prepara t ion  made 
with  R203/B203 ~ 1, 2, and 3, respectively,  are near ly  
identical. This is in accordance wi th  Fe l ten  (27) who 
concluded that  there  would  exist only one type of 
ra re  ear th  borate, viz., RBO3. However ,  the spectral  
emission of the fluorescence for Gd203"xB203-Eu wi th  
~ 1  is different  f rom that  wi th  Z = 2 and 3, and the 
same holds for La203"xB20~-Eu. The difference is es-  
pecial ly noticeable in the lines wi th  F1 as lower  state 
(see Fig. 2 and 3). 

LaBO3, PrBO3, and NdBO3 are isomorphous wi th  
aragonite  (28), whereas  Fel ten  found that  the borates 
of y t t r ium and the remainder  of the ra re  earth series 
( including Gd) have  a uni t  cell s imilar  to that  of 

vateri te,  a third polymorph of CaCO3. 
The x - r a y  diffraction data found in our Gd borate 

preparat ions are s imilar  to those given for y t t r ium 
borate  (29). 

Applications.--Gd203-Eu is ve ry  suitable as a laser  
mater ia l  for shor t -wave length  uv excitation, owing to 
the nar row emission l ine at 611 nm in which most 
of the emit ted  power is concentrated. 

The phosphors offer fur ther  possibilities for appli-  
cation in h igh-pressure  mercury  discharge lamps 
(color correction) because of the good t empera tu re  
dependence. The sharpness of the lines is then  of 
course a disadvantage. 

Some of the phosphors invest igated might  be in te r -  
esting for application as a red component  in color 
television tubes. Only those phosphors are suitable 
which have  their  main emission peak at 611-614 nm 
with  only weak emission at shorter  wavelengths,  e.g., 
Gd20~-Eu. The color coordinates of this emission cor- 
respond closely to wha t  is requi red  for the red com- 
ponent  in color television tubes. 

The radiant  efficiencies of these phosphors are not 
so high wi th  ca thode-ray  excitation, but  the lumen 
equiva len t  has a value  of more  than  300 lm/w ,  as 
compared with  75 l m / w  and 140 l m / w  for the con- 
vent ional  red phosphors (0.2 Zn 0.8 Cd) S-Ag and 
Zn3(PO4)2-Mn. This high lumen equiva len t  is due to 
the small widths of the emission lines. This wil l  be 
considered in more detail  elsewhere.  
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Plasma Anodized Aluminum Oxide Films 
George J. Tibol and Robert W. Hull 1 

Applied Research Laboratory, General Instrument Corporation, Newark, New Jersey 

ABSTRACT 

A low-pressure  gas plasma of oxygen ions has been used as the electrolyte  
for anodizing evapora ted  a luminum films on glass substrates. The oxide film 
grows at 22A/v  at low voltages, whi le  above 50v, the growth ra te  is somewhat  
less. Fi lms have been anodized up to 90v. Capacitors formed of such plasma 
anodized a luminum films with  a luminum counterelectrodes are almost en-  
t i re ly  f ree  of pinholes and other  faults so that  they exhibi t  ve ry  low and 
near ly  nonpolar  leakage currents.  Capacitors anodized at 50v have  shown 
excel lent  electr ical  and l ife pe r fo rmance  when  operated at 20v, even at t e m -  
peratures  of 150~ 

Electrochemical  oxidation at the anode of an elec-  customari ly  per formed in a l iquid electrolyte,  usual ly  
trolytic cell is wel l  known as a process for the fo rma-  aqueous, containing a dissolved ionized salt. However ,  
t ion of thin insulat ing oxides on aluminum, tantalum, 
etc., for capacitor dielectrics. Such anodization is the electrolyte  provid ing  the oxygen  ions to the anode 

Present address: Weston Instruments, Newark, New Jersey. need  not be  a liquid. Miles and Smith  (1) recent ly  
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Fig. 1. Schematic plasma anodizing system 

repor ted  the use of a plasma of oxygen ions for an-  
odizing. The plasma is generated by a low-pressure  
glow discharge in oxygen gas. Par t  of the ions are ex-  
t racted f rom the discharge by the anodizing potent ial  
for oxide format ion at the surface of the third elec-  
trode, as shown in Fig. 1. The plasma itself, outside 
the region of the cathode dark space, is ve ry  near ly  
at the potent ial  of the plasma anode. Thus, the anodiz- 
ing cathode is the glow discharge anode. 

Miles and Smith  repor ted  near  perfect  films of A1203 
about 20A thick, and accordingly the plasma anodiz- 
ing process was invest igated as a means of forming 
thick dielectric films suitable for capacitors. Evap-  
orated a luminum was chosen as the meta l  to be ox-  
idized because thin films of a luminum have  good con- 
duct ivi ty  and are adherent  to the glass substrate  on 
which they are deposited. A thin film circuit  can thus 
be prepared using a luminum conductors, A1203 ca- 
pacitor dielectric, and resistors of n ichrome or other  
ref rac tory  material .  

Capacitors formed by plasma anodizing a luminum 
were  operable at 20v when  anodized at 50v. They are 
essential ly nonpolar  when  made wi th  a luminum 
counterelectrodes and exhibi t  a leakage current  which 
increases wi th  vol tage only gradual ly  unt i l  b reak-  
down occurs suddenly at near ly  the anodizing voltage. 
The oxide film forms at a rate  of approximate ly  22A/v 
below about 50 v. 

Exper imental  Procedure 

A bell ja r  vacuum system with  a l iquid ni t rogen 
trap was used for these experiments .  Pressures  of 
1-2x10 -6 Torr  were  obtained. The capacitors were  
formed on soft glass slides by deposition of evapora ted  
a luminum, anodization, and deposition of a luminum 
counterelectrodes in one continuous cycle wi thout  
opening the vacuum system. The system was equipped 
with  a series of masks and tungsten evaporat ion fila- 
ments for depositing the appropriate  test pat terns  as 
shown in Fig. 2. A glow discharge electrode was pro-  
vided for anodizing, wi th  potentials  as in Fig. 1. P u r -  
ified oxygen was passed through a l iquid ni t rogen 
trap (some O2 liquifies) before being admit ted  during 
the anodizing cycle at a pressure of 50~ direct ly  over  
the surface of the slide. The local par t ia l  pressure of 
water  vapor  was thus kept  to a minimum.  

Par t icular  at tent ion was given to contaminat ion by 
dust, pump oil, or un in tended  oxidation. Slides were  
cleaned ul t rasonical ly  in detergent  and in hot chromic-  
sulfuric acid solution and immedia te ly  t ransfer red  to 
the vacuum system. They were  fu r the r  cleaned by ion 
bombardment  before evaporat ing the base electrode. 
The evaporant  was 99.999% A1. Previous  outgassing 

~ ANODIZED BASE ELECTRODE 

I I 
I I 

. . . .  5 - - - 5  . . . . .  

UMINUM \'-COPPER 
COUNTERELECTRODE CONTACT 

Fig. 2. Anodizing test pattern. Cutting along the dotted lines 
provides double-unit capacitors; typical crossover is 0.060 in. 
square. 
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Fig. 3. Anodizing curves. Current held constant at start, then 
voltage held constant at indicated value. 

made it  possible to keep the pressure  at 2 x 10 -6 Tor t  
during evaporation.  As soon as possible after  this 
evaporation,  oxygen was admitted, and both anodizing 
and glow discharge potentials were  applied. Anodiz-  
ing vol tage was raised in steps such that  the current  
densi ty did not  exceed 5 m a / c m  2 (30 ma tota l ) .  I t  was 
not possible to draw more  than this wi thout  seriously 
disturbing the glow discharge which operated at 50 
ma. The anodizing current  fel l  to a low value,  as shown 
in Fig. 3, in a manner  s imilar  to that  observed with 
wet  electrolytes.  Anodizing was cont inued unti l  the 
current  diminished to a few per  cent of the init ial  
value. Voltages up to 90 were  used. Connection to the 
substrate was made  by a previously anodized alu-  
minum wire  so the observed current  was ent i re ly  
that  flowing to the substrate. 

Af ter  anodizing, the oxygen was pumped  out and 
a luminum counterelectrodes evaporated.  Copper con- 
tact areas, not  over  the capacitor element,  were  finally 
evapora ted  over  the counterelectrodes to act as lands 
for lead at tachment .  Cleanliness of the var ious in ter -  
faces was indicated by the excel lent  adhesion between 
layers. Copper lead wires, soft soldered to the copper 
pads, could not be pul led f ree  wi thout  breaking  ei ther  
the glass, the solder, or the wire. 

The  plasma anodized capacitors are stable as pro-  
duced, but  are usual ly  protected f rom mechanical  
damage dur ing handl ing by coating with  silicone v a r -  
nish or epoxy resin. 

Discussion 
Various invest igators  have  established the fact  that  

anodization in l iquid electrolytes proceeds by ionic 
diffusion of a luminum through the A12Oa layer  to the 
surface where  more  oxide is formed [see, for  example,  
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t h e  w o r k  of A m s e l  a n d  S a m u e l  ( 2 ) ] .  Ion ic  d i f fus ion  
c a n  o c c u r  o n l y  so l o n g  as t h e  a p p l i e d  f ield s t r e n g t h  
is suff icient .  T h e  a v a i l a b l e  f ield d i m i n i s h e s  as t h e  o x i d e  
f i lm grows .  A t  c o n s t a n t  vo l t age ,  t h e  a n o d i z i n g  c u r r e n t  
w i l l  t h e r e f o r e  dec rease .  A s i m i l a r l y  d i m i n i s h i n g  c u r -  
r e n t  is o b s e r v e d  in  p l a s m a  a n o d i z a t i o n  as s h o w n  b y  
t h e  c u r v e s  of Fig. 3. 

T h e  e l e c t r o l y t i c  ef f ic iency of t h e  gas  a n o d i z i n g  p r o c -  
ess was  p o o r  in  t h e s e  e x p e r i m e n t s ,  p e r h a p s  o w i n g  to 
t h e  p r e s e n c e  of a l a r g e  e l e c t r o n  p o p u l a t i o n  in  t h e  
p l a s m a  of t h e  p a r t i c u l a r  d i s c h a r g e  used .  O x i d e  t h i c k -  
ness  a n d  c a p a c i t a n c e  w a s  d e p e n d e n t  on  a n o d i z i n g  v o l t -  
age  a n d  no t  s i g n i f i c a n t l y  d e p e n d e n t  o n  t h e  a n o d i z i n g  
t i m e  u p  to 24 hr .  T h e  m a j o r  g r o w t h  a p p e a r e d  to s top 
a f t e r  t h e  a n o d i z i n g  c u r r e n t  h a d  f a l l e n  to a s m a l l  v a l u e ,  
u s i n g  b o t h  c a p a c i t a n c e  a n d  i n t e r f e r e n c e  color  as a 
g r o w t h  i n d i c a t o r .  

O x i d e  t h i c k n e s s  m e a s u r e m e n t  

D e t e r m i n a t i o n  of t h e  t h i c k n e s s  of t h e  o x i d e  f i lm is 
n o t  s t r a i g h t f o r w a r d  s ince  t h e r e  is no  a p r i o r i  a s s u r -  
a n c e  t h a t  t h e  f i lm h a s  t h e  d e n s i t y  of  c r y s t a l l i n e  A120~. 
T h u s  n e i t h e r  i n d e x  of r e f r a c t i o n  n o r  d i e l e c t r i c  c o n -  
s t a n t  a r e  k n o w n .  

T h e  o x i d e  g r o w s  p a r t l y  a b o v e  a n d  p a r t l y  b e l o w  t h e  
o r i g i n a l  a l u m i n u m  s u r f a c e  s ince  t h e  a l u m i n u m  r e -  
m o v e d  is c o n v e r t e d  to A1203 of l a r g e r  v o l u m e .  M u l -  
t i p l e  b e a m  i n t e r f e r o m e t r y  c a n  b e  u s e d  to d e t e r m i n e  
t h e  ox ide  t h i c k n e s s  s t ep  a b o v e  t h e  a l u m i n u m  s u r f a c e  
a t  a n  o x i d e  edge.  H o w e v e r ,  t h e  d e p t h  of o x i d e  p e n -  
e t r a t i o n  b e l o w  t h e  o r i g i n a l  a l u m i n u m  s u r f a c e  ( i .e . ,  
a l u m i n u m  r e m o v e d  b y  ionic  d i f fus ion )  c a n n o t  be  
m e a s u r e d  r e a d i l y  as t h e r e  a r e  no  c o n v e n i e n t  s o l v e n t s  
fo r  r e m o v i n g  o n l y  t h e  o x i d e  l aye r .  A c o m p u t a t i o n  of 
t o t a l  o x i d e  t h i c k n e s s  f r o m  t h e  h e i g h t  of o x i d e  a b o v e  
t h e  o r i g i n a l  a l u m i n u m  s u r f a c e  w o u l d  r e q u i r e  t h e  
a s s u m p t i o n  of u n i f o r m  s t r u c t u r e  t h r o u g h o u t  t h e  fi lm 
t h i c k n e s s .  

If  a s ing le  c r y s t a l  s a m p l e  is to  be  d e s t r o y e d  in  t he  
p roces s  of o x i d e  t h i c k n e s s  m e a s u r e m e n t ,  t h e  v a c a n c y  
p i t  t e c h n i q u e  of D o h e r t y  a n d  D a v i s  (3) c an  be  u sed  
to  r e m o v e  f lakes  of oxide .  T h e s e  f lakes  a r e  d e p o s i t e d  
on  glass  flats, s i l ve red ,  a n d  t h e i r  t h i c k n e s s  m e a s u r e d  
b y  t h e  m u l t i p l e  b e a m .  A l t e r n a t e l y ,  t h e  f lakes  m a y  be  
s u p p o r t e d  on  col lodion ,  a n g l e  s h a d o w e d ,  a n d  e x a m -  
i n e d  b y  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  T h i s  t e c h -  
n i q u e  is no t  u s e f u l  fo r  e v a p o r a t e d  fi lms. 

W h e n  m a n y  s a m p l e s  a r e  to  b e  e x a m i n e d  n o n d e -  
s t r u c t i v e l y  w e  h a v e  f o u n d  t h e  f o l l o w i n g  p r o c e d u r e  
u s e f u l  a n d  of a d e q u a t e  p rec i s ion .  I f  w e  c o n s i d e r  a 
t r a n s p a r e n t  d i e l e c t r i c  f i lm of less  t h a n  t h e  d e n s i t y  of 
t h e  c r y s t a l l i n e  solid,  i t  w i l l  e x h i b i t  a n  i n d e x  of r e -  
f r a c t i o n  w h i c h  is g i v e n  b y  n = ( n l - - 1 ) f + l  

n = 1.75 fo r  Al~O3 a t  4900A 

w h e r e  f is t h e  f r a c t i o n  of f u l l  d e n s i t y  of m a t e r i a l  of 
i n d e x  n~. T h e  d i e l e c t r i c  c o n s t a n t  f o l l ow s  t h e  s e r i e s  
c a p a c i t o r  l a w  so t h a t  k --~ 1 / ( l - - f ) + f / k l ,  w h e r e  f is 
a g a i n  t h e  f r a c t i o n  of m a t e r i a l  of d i e l e c t r i c  c o n s t a n t  kz. 

S u c h  a c u r v e  is s h o w n  in  Fig.  4 fo r  AI~O~ of k ~ 10 
( an  a v e r a g e  v a l u e  fo r  u n o r i e n t e d  c r y s t a l l i n e  A1203).  
T w o  m e a s u r e m e n t s  a r e  n o w  m a d e  on  t h e  u n k n o w n  
fi lm: (a )  c a p a c i t a n c e  p e r  u n i t  a r e a ;  a n d  (b )  op t i ca l  
t h i c k n e s s  as j u d g e d  b y  t h e  p e a k  of t h e  i n t e r f e r e n c e  
co lor  o b s e r v e d  b y  l i g h t  t r a n s m i t t e d  d o w n  a n d  b a c k  
t h r o u g h  t h e  film. A s e m i t r a n s p a r e n t  o v e r c o a t i n g  e n -  
h a n c e s  t h e  i n t e r f e r e n c e  color .  Use  of t h e  i n t e r p o l a t i o n  
c u r v e s  p r o v i d e s  t h a t  v a l u e  of f i lm d e n s i t y  w h o s e  n 
a n d  k s a t i s fy  t h e  t w o  m e a s u r e m e n t s .  

T h e  op t i ca l  s e t - u p  fo r  t h e  a b o v e  p roce s s  cons i s t s  
s i m p l y  of a d i f fuse  w h i t e  l i g h t  s o u r c e  i l l u m i n a t i n g  t h e  
s ample ,  a low p o w e r  m i c r o s c o p e  to o b s e r v e  t h e  s a m -  
p le  in  h a l f  of t h e  field, a n d  a n a r r o w  b a n d  f i l te r  c o v e r -  
i ng  t h e  o t h e r  h a l f  as a v i s u a l  s p e c t r a l  c o m p a r i s o n .  
T h e  s a m p l e  m a y  b e  t i l t e d  o n  a g r a d u a t e d  c i r c l e  to  
c h a n g e  t h e  op t i ca l  p a t h  l e n g t h  i n  t h e  film. A p o l a r i z e r  
r e d u c e s  s p e c u l a r  r e f l ec t ion  a t  t h e  f r o n t  s u r f a c e  of t h e  
f i lm w h e n  o b s e r v i n g  b e y o n d  t h e  B r e w s t e r  ang le .  T h e  
f i lm t h i c k n e s s  t h e n  is t ~ k / ( 2 n  cos r )  w h e r e  r is t h e  
a n g l e  of r e f r a c t i o n  a n d  ~ is t h e  s p e c t r a l  c o m p a r i s o n  
w a v e l e n g t h .  

Th i s  p r o c e d u r e  c a n  b e  u s e d  fo r  A120~ f i lms t h i c k e r  
t h a n  a b o u t  1000A. F o r  v e r y  t h i c k  f i lms t h e  m e t h o d  of 
P l i s k i n  a n d  C o n r a d  (5) ,  u s i n g  t h r e e  w a v e l e n g t h s ,  
p r o v i d e s  a n  e x t e n s i o n  of t h i s  s i m p l e  n o n d e s t r u c t i v e  
m e t h o d  i n to  t h e  m i c r o n  r a n g e .  

A l l  t h i c k n e s s e s  r e p o r t e d  h e r e  w e r e  m e a s u r e d  b y  
m u l t i p l e  b e a m  i n t e r f e r o m e t r y  a n d  fo r  f i lms a b o v e  50v, 
b y  t h e  op t i c a l  s p e c t r a l  m a t c h i n g  p r o c e d u r e .  I n  b o t h  
cases  t h e  m e a s u r e d  t h i c k n e s s  d e p e n d s  on  a n  a s s u m e d  
v a l u e  of n so t h a t  t h e  c u r v e s  of Fig. 4 a r e  used .  T h e  
i n t e r f e r o m e t r i c  m e a s u r e m e n t  is s u b j e c t  to c o n s i d e r -  
ab l e  e r r o r  as t w o  t h i c k n e s s  m e a s u r e m e n t s  m u s t  b e  
s u b t r a c t e d .  F r i n g e s  w e r e  of t h e  o r d e r  of ~/10 wide .  
E s t i m a t e d  e r r o r s  a r e  i n d i c a t e d  in  t h e  f igures .  

Results 
D a t a  on  a n u m b e r  of p l a s m a  a n o d i z e d  f i lms a re  

p r e s e n t e d  in  Fig.  5. Mos t  f i lms w e r e  f o r m e d  w i t h  t h e  
s u b s t r a t e  a t  t h e  loca l  a m b i e n t  t e m p e r a t u r e  in  t h e  
v a c u u m  sys t em,  e s t i m a t e d  to be  n e a r l y  200~ U n d e r  
t h e s e  c o n d i t i o n s  a n o d i z i n g  w a s  c a r r i e d  o u t  u p  to 90v. 
A n o d i z i n g  t i m e s  w e r e  suf f ic ien t  to r e d u c e  t h e  a n o d i z -  
i ng  c u r r e n t  to a f e w  p e r  c e n t  of t h e  i n i t i a l  v a l u e ;  a t  
90v, t i m e s  w e r e  as l o n g  as 20 h r .  

T h e  A1203 f i lms  w e r e  e x a m i n e d  for  t h i c k n e s s  b y  
b o t h  m u l t i p l e  b e a m  i n t e r f e r o m e t r y  a n d  b y  r e f r a c t e d  
r a y  co lor  m a t c h i n g  as d e s c r i b e d  above .  T h e  o b s e r v e d  
t h i c k n e s s e s  h a v e  b e e n  c o r r e c t e d  b y  t h e  use  of Fig. 4 
f o r  d e n s i t i e s  of less  t h a n  100%. C a p a c i t a n c e  v a l u e s  
f o r  use  in  th i s  c o r r e c t i o n  w e r e  o b t a i n e d  b y  m e a s u r e -  
m e n t  a t  1000 cyc les  of t h e  0.060x0.60 in.  c ro s sove r s .  
T h e  l o w e s t  o b s e r v e d  AI203 d e n s i t y  w a s  92% a n d  t h e  
h i g h e s t  98% (k  b e t w e e n  6 a n d  8.5).  

T h e  o x i d e  g r o w t h  s h o w s  a l i n e a r  r a t e  a t  l ow  v o l t -  
ages  of a b o u t  2 2 A / v .  T h e  r a t e  f o u n d  b y  Mi les  a n d  
S m i t h  (1) up  to  9v w a s  2 3 A / v .  T h e  r a t e  a b o v e  a b o u t  
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50v diminishes and may reach a l imit ing va lue  of 
thickness near  1600A for  80-90v. One may expect  that  
voltages sufficient to establish a glow discharge to the 
sample wil l  p revent  fu r the r  anodization by p reven t -  
•ng the establ ishment  o f  the  proper  anodizing field. 

The plasma anodizing growth ra te  should be com- 
pared to the l iquid electrolyte  anodizing growth rate  
of 14.4 A / v  for a quite  complete ly  anodized a luminum 
foil repor ted  by Bernard  and Cook (4). Lower  rates 
occurred for less complete  anodization. Densi ty of 
98% A1203 was obtained (k ~ 8.4-8.5). The exp lana-  
tion for the higher  growth ra te  of the plasma oxide is 
not clear at present.  

Anodization of Other Metals 
The plasma anodization process is applicable to 

those metals  whose oxides are insulators and have 
sufficiently high ionic mobili ty.  Oxide films that  would 
be soluble in l iquid electrolytes may  be produced by 
the gaseous process. For  application to electronic cir-  
cuits those oxides of high dielectric constant are of 
interest.  Accordingly both t i tan ium and tan ta lum have 
been anodized up to 60v. P re l iminary  results lead one 
to expect  that  capacitors so made wil l  be satisfactory. 
In both cases k was found to be in the region of 20. 

Capacitor Characteristics 
The detai led characteris t ics  of gas anodized a lu-  

minum capacitors wi l l  be repor ted  e lsewhere  (6) so 
that  only a survey need be given here. In all cases 
the capacitors were  formed from 0.060 in. wide evap-  
orated a luminum electrodes wi th  a luminum counter-  
electrodes crossing at r ight  angles, also 0.060 in. wide. 
Substrates were  0.010 in. thick soft glass, cut by 
scribing to separate the a r ray  into individual  units for 
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Fig. 6. Life test of plasma anodized capacitors: Anodization 
voltage, 50v; operating conditions, 150~ 20v d.c.; overage of 
25 units (no failures observed). 
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testing. Since ex te rna l  contact to the anodized bottom 
electrode was difficult to make  through the oxide, the 
finished capacitor was f requen t ly  a r ranged  to con- 
sist of two adjacent  counterelectrodes each wi th  ca- 
paci tance to a common floating section of the base 
electrode (e.g., with two capacitors in series).  The 
surface of the capacitors was mechanica l ly  protected 
with  Teflon spray, silicon varnish,  or epoxy resin. 

Test results are  shown in Fig. 6 on a group of 25 
units anodized at 50v and held at 20v d.c. at 150~ 
There  is a 2% reduct ion in capacitance dur ing the first 
100-150 hr, dur ing which t ime all evidence of leak-  
age current  pulses has ceased. Capacitance change 
during the next  500 hr  is about 1%. The individual  
units in the test showed a spread in data of about 0.2%, 
approximate ly  the bridge reproducibil i ty.  The accel- 
erated ageing represented by the 150~ data has not 
yet  been compared to room tempera tu re  ageing rates. 

The characterist ics of capacitors made f rom films 
plasma-anodized to 50v are  shown in Fig. 7. The 
capacitors have been operated over  the tempera ture  
range of --65 ~ to +175~ The t empera tu re  coefficient 
of capacitance is about 300 p p m / ~  near  room tem-  
perature.  Dissipation factor at 1000 cycles is about 
0.5% at room temperature ,  r ising to 1% at 150~ 

Leakage  current  through the oxide varies exponen-  
t ial ly wi th  inverse  t empera tu re  in the manner  shown 
in Fig. 8. Cur ren t -vo l t age  data  on several  typical  
single capacitors, Fig. 9, show ohmic behavior  up to 
about 10v (ca. 106 v / c m )  with the current  above this 
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rising sl ightly faster  than iav 2. This same slope ex-  
tends near ly  to the vol tage  at which anodization was 
done. Currents  are  h igher  by a factor of only about 
two for posit ive instead of negat ive  polar i ty  of the 
counterelectrode.  

Summary 
The exper iments  repor ted  here  show that  plasma 

anodization may  be used to produce except ional ly  
high qual i ty  thin film capacitors sui table for microc i r -  
cuit applications. The complete  circuit  may  be  pro-  
duced in a single pass through the vacuum system. The 
process parameters  may  be readi ly  control led to pro-  
duce the desired characterist ics at high yield. While 
the repor ted  work  has been confined largely  to the 
anodization of a luminum, pre l iminary  exper iments  
with both tan ta lum and t i tan ium indicate the potent ial  
scope of the process. 

The A1203 films produced have  an average  dielectr ic  
constant be tween  6 and 8 and grow at the ra te  of 22 
A/v .  Films up to 90v have  been produced with no in-  
dication that  the anodizing voltage could not be raised 
even higher.  

Acknowledgment 
The authors wish to thank the staff of the Applied 

Research Labora tory  for their  ex tens ive  assistance, 
wi thout  which this p rogram would have  been im-  
possible. 

Manuscript  rece ived  May 11, 1964; revised manu-  
script received J u l y  27, 1964. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 

REFERENCES 
1. J.  L. Miles and P. H. Smith,  This Journal, llO, 1240 

(1963). 
2. G. Amsel  and D. Samuel,  J. Phys. Chem. Solids, 23, 

1707 (1962). 
3. P. E. Doher ty  and R. S. Davis, J. Appl. Phys., 34, 

619 (1963). 
4. W. J. Bernard  and J. W. Cook, This Journal, 106, 

643 (I959). 
5. M. A. Pliskin and E. E. Conrad, IBM J. Research, 8, 

43 (1964). 
6. G. J. Tibol and W. M. Kaufman,  Proc. IEEE, 52 [12] 

(1964). 

Transmission Electron Microscope Investigations on Diffused 
Silicon Wafers with Relation to Electrical Properties 

of Controlled Rectifiers 
A. N. Knopp 

Semiconductor Division, Westinghouse Electric Corporation, Yaungwood, Pennsylvania 

and R. Stickler 

Research Laboratories, Metallurgy Department, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Uncontrol lable  var ia t ions  of electr ical  proper t ies  of control led rectifiers are 
considered to be caused by re la t ive ly  small  concentrat ions of undesired im-  
purit ies in the semiconductor  material .  Transmission electron microscope in-  
vestigations on diffusion zones of silicon wafers  showed that  a correlat ion be-  
tween the electr ical  proper t ies  of control led rectifiers and microheterogenei t ies  
in various diffusion zones exists. Due to mass spectrometr ic  analysis, it seems 
very  reasonable to correlate  these microheterogenei t ies  wi th  the desired dif-  
fusion product  and with  heavy  metals.  

It  is known that  the electr ical  characterist ics of 
semiconductor  devices can vary  considerably, a l though 
all  measurable  processing parameters  are held con- 
stant. These uncontrol lable  variat ions are  considered 
to be caused by impurit ies,  the concentrat ion of which 
is so small  that  they cannot  be detected by conven-  
t ional  analyt ical  methods. They are f requent ly  re -  
fer red  to as "poisoning effects." The variat ions of some 
of the electr ical  parameters ,  e.g., increased leakage 
currents,  "soft" avalanche breakdown,  and increased 
forward  vol tage drops, may  resul t  f rom the presence 
of heavy  meta l  atoms in the vicini ty  of the p -n  junc -  
tions. Such effects have  a l ready been  described in the 
l i tera ture  (1, 2). 

The purpose of this paper  is to show the existence 
of a correlat ion be tween the presence of certain micro-  
heterogenei t ies  in the diffusion zones of the silicon 
wafers  and the electrical  characteris t ics  of devices 
fabricated f rom such slices. These microheterogenei t ies  
could be re la ted to traces of heavy meta l  atoms in the 
diffused zone. 

Experimental Procedure 
(111) silicon wafers  sliced f rom h igh-pur i ty  float- 

zone ingots were  lapped to a final thickness of 250~. 
It  can be assumed that  the  damage resul t ing f rom the 
slicing operat ion had been removed  by lapping. Af ter  

lapping, the slices were  subjected to a short chemical  
polishing t rea tment  to r emove  most of the lapping 
damage. Subsequently,  the slices were  careful ly  
washed and dried in a vacuum oven. They were  in-  
ser ted into a quar tz  tube system, sealed off, and gal-  
l ium diffused for 40 hr  at 1215~ All  precaut ions were  
taken to exclude any undesired impuri t ies  dur ing the 
diffusion process. 

Severa l  diffusion runs were  carr ied out in the de-  
scribed way. To our best knowledge,  the only vary ing  
parameters  were  the silicon wafers  and the quartz 
parts  needed as diffusion ampules  and as seal-off parts. 
Af te r  diffusion, the major i ty  of the diffused wafers  
were  alloyed to form rect i fying and nonrect i fying con- 

p+, "Ohmic" 

~ _ _ . ~  n+, Rectifying 

n+ ~, • i 
P ~-Type,"Parent" ] F"------ p-Type, Diffused 
P+ 

p+, "Ohmic" 

Fig. i. Controlled rectifier device after diffusion and alloying 
(schematic cress-section). 
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| " Depth Below Surface" 

Fig. 2. and 2a. Thinning of diffused silicon specimen for elec- 
tron microscope investigation (schematic cross-section). 

tacts for control led rect i fying devices as shown in 
Fig. 1. The al loying was carr ied out at the same cycle 
with the same thickness of foils except  as indicated 
fu r ther  below. Fur thermore ,  the geometry  of all de-  
vices wi th in  quest ion was held constant. The diffused 
junctions were  then isolated and protected. The units 
were  finally encapsulated and electr ical  characterist ics 
measured.  The blocking data were  taken on an a-c 
tester whi le  the forward  vol tage drop was de te rmined  
by a d-c supply. In order  to e l iminate  or at least  to 
minimize surface effects the units were  t empera tu re  
cycled for many t imes prior  to testing. 

The remaining  diffused wafers  were  used for junc-  
tion depth measurements ,  impur i ty  distr ibution by 
successive lapping, and for micros t ructure  examinat ion  
by transmission electron microscopy (3). For  this in-  
vestigation, specimens of approximate ly  1# thickness 
were  requi red  in order to be t ransparent  to the elec- 
tron beam. Such specimens were  prepared by a je t -  
chemical  polishing process (3). To examine  the layers 
immedia te ly  below the specimen surface, an impression 
was formed f rom the other side of the specimen unt i l  
the requi red  thickness was obtained (Fig. 2a). To ex-  
amine layers at various depths below the specimen 
surface, the thinning process was carr ied out f rom both 
sides of the specimen (Fig. 2b). By careful ly  control-  
l ing the t ime for polishing f rom one side, and final 
thinning f rom the other  side, approximate ly  1~ thick 
layers could be obtained at different distances f rom 
the surface. The depth below the surface was de te r -  
mined by focusing with an optical microscope; the ob- 
tained values  are accurate  to • 

Af te r  the electron microscope examination,  some of 
the samples were  analyzed in a spark source mass 
spectrometer  (4) to obtain informat ion about the pres-  
ence of a higher  concentrat ion of impur i ty  e lements  in 
the surface layers. In this type of instrument ,  only a 
small  area of the specimen surface (approximate ly  50~ 
in diameter)  is at tacked by a h igh- f requency  spark, 
which causes evaporat ion and ionization of the ele-  
ments present  to a depth of only several  microns. Thus, 
a semiquant i ta t ive  chemical  analysis is obtained f rom 
only a small  sample volume. 

Results 
Electrical measurements.--The silicon wafers  of two 

different  diffusion runs were  physically evaluated  as 
noted above. The surface concentrat ion of one group, 
below, designated as Group B, was found to be sl ightly 
lower  than the other  group, designated as Group A; in 
both cases, the junct ion depth was 43#. This can be 
expected for deep diffusion. Its influence on leakage  
var ia t ion should be negligible since the doping gradi-  
ent  is v i r tua l ly  the same. The var ia t ion  could affect the 
forward  vol tage drop in the opposite direct ion of the 
observed results and wil l  be discussed later. 

Figures 3a through 3c list results  of electr ical  meas-  
urements  obtained f rom tvr groups of units, the 
wafers  of which s temmed from the above-ment ioned  
Group A and Group B diffusions. These par t icular  
runs were  chosen due to significant deviat ions in their  
reverse  blocking capabil i ty and fo rward  charac ter -  
istics, a l though essential ly no differences in diffusion 
and alloying parameters  were  apparent  except  the one 
which was a l ready mentioned.  

Fig. 3a. Distribution of VF. 

Fig. 3b. Lower and upper limits of VF as a function of alloying 
depth. 1, shallow alloyed; 2, standard alloyed; 3, deep alloyed. 

Fig. 3c. Distribution of IR. 

Figure  3a shows the fo rward  vol tage drop dis t r ibu-  
t ion of both groups. The average  va lue  of Group B is 
about two- ten ths  of a vol t  h igher  than that  of Group 
A; peak values of Group B are about f ive-tenths of a 
volt  h igher  as compared to Group A. In Fig. 3b, we  
have  plotted some results of alloying. The fluctuations 
in the vol tage drop of Group A are considerably less 
than those of Group B, independent  of deeper  or 
shal lower penetra t ion of the al loying front. As can 
be seen f rom Fig. 3c, Group A shows a considerably 
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Fig. 4. Ga-diffused silicon group A, transmission electron micro- 
graph of layer 1~ below surface. 

Fig. 6. Go-diffused silicon group A, transmission electron micro- 
graph of layer 15~ below surface. 

Fig. 5. Go-diffused silicon group A, transmission electron micro- 
graph of layer I~ below surface. 

Fig. 7. Ga-diffused silicon group A, transmission electron micro- 
graph of layer 50~ below surface. 

smaller  leakage current  compared to Group B. The 
distr ibution of Group A exhibits a concave t rend whi le  
the curve  of Group B does not show this trend. 

Transmission electron microscope investigation.-- 
Representa t ive  micrographs of the observed micro-  
s t ructure  at various depths of the diffused wafers  f rom 
Group A are shown in Fig. 4 to 7; micrographs of the 
wafers f rom Group B are shown in Fig. 8 to 12. 

1. Group A. Layers  at 1~, 15~, and 50~ below the 
surface were  investigated.  In the surface layer,  a large 
number  of dark particles can be seen (Fig. 4) which 
va ry  considerably in size and number  in different 
areas. When observed in the electron microscope under  
a h igh- in tens i ty  beam, these dark part icles reacted to 
form bubble shaped br ight  zones, probably voids, as 
shown in Fig. 5. 

At a depth of 15~ below the surface, dark part icles 
again are visible (Fig. 6). However ,  they are smaller  
in size than those in the surface layer.  At  a depth of 
50~ below the surface, no dark part icles are detectable  
(Fig. 7). In these areas, the specimen looks exact ly  
l ike an undiffused silicon specimen. 

2. Group B. Layers  at 1~, 5~, and I8~ below the sur -  
face were  examined.  In the surface layer,  two kinds of 
i r regula r ly  shaped small  spots or part icles are visible, 
one kind exhibi t ing strong contrast  and the other  a 
l ight  gray appearance. Very  often several  dark par -  
ticles are surrounded by a gray patch (Fig. 8). Oc- 
casionally, la rger  dark part icles can be seen. 

Fig. 8. Ga-diffused silicon group B, transmission electron micro- 
graph of layer 1/~ below surface. 

In layers  5~ below the  surface, clusters of globular  
dark particles, s imilar  in size to that  observed in the 
Group A specimen, can occasionally be observed (Fig. 
9). However ,  in most areas of the Group B specimen, 
only fine dark part icles are visible which are embedded 
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Fig. 9. Ga-diffused silicon group B, transmission electron micro- 
graph of layer 5~ below surface. 

Fig. 10. Ga-diffused silicon group B, transmission electron micro- 
graph of layer 5~ below surface. 

Fig. 11. Ga-diffused silicon group B, transmission electron micro- 
graph of layer 18~ below surface. 

in re la t ive ly  large, gray, i r regular ly  shaped patches 
(Fig. 10). These patches decrease in size wi th  increas-  
ing distance f rom the specimen surface. At  18~ below 

Fig. 12. Ga-Diffused silicon group B, transmission electron micro- 
graph of layer 18~ below surface. 

the surface, only small  patches wi th  a few dark particles 
inside are visible (Fig. 11). Dislocations in these areas 
show a s t reaked contrast, most probably due to segre-  
gation of impur i ty  atoms (Fig. 12). 

Mass spectrometric chemical analysis.--The results 
obtained f rom several  samples of diffused wafers  are 
combined in Table I. It  can be seen that  samples f rom 
Group A contained only the diffused e lement  gal l ium 
(apar t  f rom traces of a lkal ine elements  and phos- 
phorus which seem not to affect the electr ical  char-  
acterist ics) ,  while  samples of Group B invar iably  con- 
tained traces of copper, sometimes in concentrat ions up 
to 0.5 ppm. No informat ion concerning the presence of 
traces of i ron can be obtained by this method because of 
coincidence of the i ron-spectra l  l ine wi th  high order 
silicon lines. 

Discussion 
Electrical properties.--From Fig. 3a through 3c, it is 

obvious that  the leakage and fo rward  drop of the 
devices made of Group A wafers  are superior  to those 
made of Group B wafers.  One of the possibilities for 
the fluctuations in the fo rward  vol tage drop is due to 
variat ions in the concentrat ion of undesired impur i ty  
elements  being present  in the different slices (Fig. 3a 
and 3b). Al though forward  vol tage drop data of Group 
A devices were  incomplete  (Fig. 3b), we  never theless  
may conclude, that  they scatter re la t ive ly  l i t t le  for that  
group. Deeper  al loying seems to nar row the width  of 
fluctuation whi le  Group B appears to be affected very  
l i t t le in this respect. The drastic differences observed 
at Group B are probably due to the presence of un-  
desirable impuri t ies  in the vol tage drop determining 
layers. The higher  vol tage drop of this group can be 
given even more  weight  since the doping level  of the 
gal l ium was lower  in all regions compared to Group A 
units. Normally,  the junct ion formed on the lower 
gal l ium doping level  should yield lower Vf. 

Quant i ta t ive  comparison of the leakage current  to 
calculat ion f rom recombinat ion  theory  was not  a t -  
tempted  especially in v iew of the nature  of the ag-  
gregate  revea led  by this study. However ,  qual i ta t ively,  
the var ia t ion of the leakage currents  may  be ascribed 

Table I. Mass spectrograph analysis 

Group Detectable e lements  

A Si, Ga, Na, P, K, Ca 
B Si, Ga, Cu, Na, K,  Ca 
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to va ry ing  numbers  of recombinat ion centers ( trap 
centers) (5) in the devices, which  probably originate  
f rom the same contaminat ion responsible for the for-  
ward  vol tage drop characterist ics (Fig. 3c). The up-  
ward  t rend of the Group A curve  may  be a t t r ibuted to 
some failures different f rom those described in this 
investigation. 

Microstructure and chemical composition.--Al- 
though it was not possible to ident i fy posi t ively the 
na ture  and composit ion of all spots, particles, and 
patches, it seems reasonable to correlate  these wi th  
products resul t ing f rom the diffusion operation. Thus, 
the dark part icles close to the surface of Group A 
wafers  may  be products of the Ga diffusion (the 
the rmal  instabil i ty could be explained by Ga-r ich  
zones, the Ga evaporat ing under  the h igh- in tens i ty  
electron beam leaving voids in the specimen).  A very  
rough est imation has shown that  the ra t io  of the con- 
centrat ions of the dark part icles at the various depths 
f rom the specimen surface can be correla ted to the 
ratio of the Ga concentrat ions at the same depths. The 
distr ibution of these "Ga-c lus ters"  in the layers close 
to the surface appears not  to be as uni form as in layers  
located wel l  wi th in  the diffusion zone. The absence 
of the dark particles in ]ayers more  than 50~ below 
the surface is a fur ther  indicat ion that  these resemble  
Ga-clusters.  

The globular  dark spots and part icles which are re-  
vealed  at shal lower  depths f rom the surface of Group 
B wafers  are similar  to those shown in micrographs of 
Group A wafers;  thus they, too, may  be correlated 
with  Ga-clusters.  The i r regular ly  shaped gray patches 
shown in the micrographs of Group B wafers  ve ry  
probably can be corre la ted wi th  the presence of the 
detected heavy  metals;  e.g., Cu and Fe, which cluster  
in preferent ia l  regions of the crystal. Al though by 
mass spectrometry,  only Cu could be detected posi- 
t ively,  it is s trongly suspected that  Fe is present, too. 
This assumption is fu r the r  supported by recent  results  
f rom the analysis of the SiO deposits which were  
distil led off the silicon wafers  during a hea t - t r ea tmen t  
at e levated tempera tures  (6) which wil l  be repor ted  
elsewhere,  and f rom studies on get ter ing effects (7). A 
get ter ing t rea tment  of Group B wafers  uti l izing the r -  
mal ly  grown oxides, subsequent  to diffusion consider-  
ably improved  the electr ical  characteristics. Trans-  
mission electron microscope invest igat ion of such 
wafers  showed still the presence of dark globular  pa r -  
ticles whi le  the i r regular ly  shaped gray patches are 
missing (Fig. 13; compare wi th  Fig. 9 and 10). This 
appears to be a fur ther  indication that  the gray patches 
represent  microheterogenei t ies  of heavy meta l  im-  
purit ies which are removed  by the get ter ing process. 
The presence of Na, K, Ca, or P does not seem to have  
any major  influence. Different Si-crystals  were  used 
in the diffusion runs evaluated in this study. The 
evaluat ion according to wel l -def ined specifications did 
not  show any significant difference. Therefore,  it is as- 
sumed that  the observed variat ions do not resul t  f rom 
the single crystal  mater ia l  itself. 

Conclusion 

Owing to its lengthy and delicate manner  of anal-  
ysis, the  results appear  to be l imited. However ,  it 
seems reasonable to infer  that  the electrical  charac-  
teristics of the  diffused junctions can be correla ted to 
the presence of microheterogenei t ies  in diffused silicon 
layers  and the heavy  metals. The la t ter  can be removed  
by the known get ter ing methods and thereby improv-  
ing the electr ical  characteristics.  It  is impor tant  to 
de termine  the source of undesired contaminat ion of the 
crystal  surface and in the crystal  itself. It  is h ighly 

Fig. 13. Ga-diffused silicon group B, after gettedng treatment, 
transmission electron micgrograph of layer 6~ below surface (com- 
pare with Fig. 9 and 10). 

possible that  impuri t ies  are introduced during the me-  
chanical processing such as slicing, lapping, and polish- 
ing treatments.  Since the impuri t ies  are ve ry  difficult 
to remove  complete ly  by known cleaning and 
etching procedures (8), ex t reme  care has to be exer -  
cised to avoid or minimize  any contact wi th  the con- 
taminat ing media (9). Ult imately,  new techniques 
under  deve lopment  to e l iminate  mechanical  processing 
over  and above the more  effective cleaning procedures 
should be adopted. In the meant ime,  get ter ing methods 
can be employed for recover ing  the desired junct ion 
characteristics. 
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ABSTRACT 

Resist ivi ty changes caused by gold diffusion into silicon were  studied in de-  
tail. The results did not agree wi th  previous theoret ical  calculations. Radio-  
t racer  studies also showed that  previously  diffused n + (phosphorus) layers  
greatly retard the diffusion of gold into silicon and increase its solubility, p+ 
(boron) diffused layers do not retard gold diffusion but cause a more ideal 
type of diffusion. Autoradiographs showed lateral nonuniformity of gold con- 
centration unless oxide formation is prevented during pretreatment, plating, 
and diffusion. 

The diffusion of gold into silicon and its effects on 
the propert ies  of silicon are of great  fundamenta l  and 
practical  importance.  Collins (1) found that  gold has 
two ionization energy levels  in silicon, a donor leve l  at 
0.35 ev and an acceptor leve l  at 0.62 ev f rom the valence 
band. Because of this gold can compensate both p - type  
and n - type  silicon. Since the levels  are deep-lying,  
however ,  the compensat ion is not, in genera1, one for 
one. In addition, gold lowers  the mobi l i ty  of current  
carriers in silicon, which also tends to increase the 
resistivity.  Boltaks (2) made  theoret ical  calculations 
of resist ivi ty vs. gold concentrat ion for various s tar t -  
ing resistivities. He assumed a constant value  for mo-  
bilities and made approximate  calculations for the 
fract ion of gold ionized. Unfor tunate ly ,  l i t t le exper i -  
mental  data  are avai lable  wi th  which to test his con- 
clusions. Consequently,  an extensive set of exper i -  
ments were  requi red  to de termine  resis t ivi ty changes 
for a number  of useful  concent ra t ion- tempera ture  
combinations. 

Because of device applications the characterist ics of 
the diffusion of gold into silicon are of considerable 
importance and interest.  This diffusion has been found 
to be complex and sensitive to the perfect ion of the 
silicon (3). A second purpose of the present  paper  was 
to invest igate  the effect of heavy  boron or phosphorus 
doping on gold diffusion. Effects of various other  dif-  
fusion parameters  on the diffusion were  also studied. 

Experimental Procedure 
Radiotracers Au 19s and Au 199 were  used in the 

studies of gold plat ing and diffusion. Known quanti t ies 
of stable gold and the  radiot racer  (as di lute gold 
chloride solutions) w e r e  mixed  together  and dis- 
p lacement  plated f rom dilute HF solutions onto 0.2-in. 
thick wafers  of approximate ly  0.5-in. diameter .  The 
plat ing solution (0.1g A u / l i t e r  in 0.1M HC1 + 0.5M 
HF) was confined to the top of the wafe r  so that  the 
exact  quant i ty  of gold was known. The wafers  were  
then counted with a thin end-window Geiger -Mul le r  
counter. The  wafers  w e r e  heated in vacuum in quar tz  
tubes and then  encapsulated in sufficient argon to pro-  
duce approximate ly  1 arm at the diffusion t empera -  
ture. 

Autoradiographs of plated and diffused wafers  
showed that  strict avoidance of oxide is necessary to 
assure la tera l  uni formi ty  of gold concentration. This 
includes an init ial  r inse of the wafe r  in concentrated 
HF  and diffusion in a reducing or neutra l  a tmos-  
phere  (4). 

For  the resis t ivi ty measurements ,  thin (0.010-0.015 
in.) silicon wafers  were  diffused wi th  gold f rom both 
sides for 1 to 12 days and f rom 700 ~ to 1300~ Af te r  
diffusion, a thickness of about 0.001 in. was r emoved  

from each side by lapping, and resis t ivi ty measure-  
ments were  taken by use of the four  point  probe tech-  
nique at 20~176 

Diffusion concentrat ion profiles were  obtained by 
counting the wafers,  as described in detai l  in ref. (3) 
and (4). The counting rates were  conver ted  to con- 
centrat ions by means of the equat ion der ived  in the 
Appendix.  

For  the study of prior  doping effects, wafers  wi th  
n +- and p+-diffused layers were  ini t ia l ly  produced 
f rom both Czochralski and floating-zone silicon. Excess 
red phosphorus was used in sealed quar tz  capsules at 
1225~ for 3 to 6 days to produce the n + layers. Using 
I rvin 's  curves (5), the surface concentrat ion was cal-  
culated to be about 5 x 1020 cm -3. Decaborane (B10H14) 
was used as the  volat i le  diffusant for the boron p+ 
diffusion in a quar tz  capsule adjacent  to the above 
phosphorus run, resul t ing in a calculated surface con- 
centrat ion of about  2 x 1021 cm -3. Severa l  un i formly  
doped wafers  of lower  concentra t ion were  also used. 
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centration and resistivity before addition of gold. - - � 9  , Taken 
from Fig. 1; , Boltaks' calculated curves (2). 

Resistivity Results 
T h e  r e s i s t i v i t y  c h a n g e s  in  s i l i con  c a u s e d  b y  g o l d  

a r e  e x a m i n e d  h e r e .  F i n a l  r e s i s t i v i t i e s  a r e  p l o t t e d  
a g a i n s t  i n i t i a l  r e s i s t i v i t i e s  in  F ig .  1 a n d  2. B e c a u s e  t h e  
d i f fus ions ,  e s p e c i a l l y  a t  t e m p e r a t u r e s  b e l o w  1000~ 
w e r e  n o t  su f f i c i en t l y  l o n g  to  s a t u r a t e  t h e  w a f e r s  w i t h  
gold,  s o m e  of  t h e  f inal  r e s i s t i v i t i e s  m a y  b e  s l i g h t l y  l ow .  
A l s o  s h o w n  in  F ig .  1 a n d  2 a r e  s o m e  d a t a  p o i n t s  o b -  
t a i n e d  f r o m  t h e  t r a c e r  e x p e r i m e n t s  o n  go ld  d i f f u s i o n  
r a t e s  a n d  d i s t r i b u t i o n s .  B o l t a k s '  d a t a  h a v e  a l so  b e e n  
p l o t t e d .  T h e  p o i n t s  a b o v e  t h e  h o r i z o n t a l  l i ne  in  F i g .  ] 
r e p r e s e n t  n - t y p e  w a f e r s  t h a t  w e r e  c o n v e r t e d  to  p - t y p e  
b y  g o l d  d i f fu s ion .  N o  r e s i s t i v i t y  is i n d i c a t e d  f o r  t h e s e  
w a f e r s  i n  F ig .  1, b u t  in  F ig .  2 t h e  r e s i s t i v i t y  is g i v e n  
f o r  t h e m  as t h e  d a t a  p o i n t s  t o  t h e  r i g h t  of  t h e  v e r t i c a l  
l ine .  A s  a r e s u l t ,  a l i m i t i n g  v a l u e  f o r  t h e  r e s i s t i v i t y  
o f  s i l i con  s a t u r a t e d  w i t h  go ld  of  a b o u t  1.3 x 104 
o h m - c m  p - t y p e  is o b t a i n e d .  T h i s  v a l u e  is to  b e  c o n -  
t r a s t e d  w i t h  t h e  v a l u e  of  4.6 x 105 o h m - c m  p - t y p e  
c a l c u l a t e d  b y  B o l t a k s .  

B y  u s e  of  t h e  c u r v e s  in  F ig .  1 a n d  2, v a l u e s  of  t h e  
r e s i s t i v i t y  of  s i l i con  s a t u r a t e d  w i t h  g o l d  a t  v a r i o u s  
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Fig. 4. Resistivity of p-type silicon as a function of gold con- 
centration and resistivity before addition of gold. - - � 9  -, 
Taken from Fig. 2; , Boltaks' calculated curve (2). 
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Fig. 5. Empirical concentration profile for gold diffusion into 
dislocation-free silicon from 800 ~ to 1100~ Values for K are 
given in Table I. 

t e m p e r a t u r e s  a n d  i n i t i a l  r e s i s t i v i t i e s  w e r e  o b t a i n e d  
a n d  p l o t t e d  (F ig .  3 a n d  4 ) .  T h e  c u r v e s  c a l c u l a t e d  b y  
B o l t a k s  a r e  a l so  s h o w n  i n  F ig .  3 a n d  4 f o r  c o m p a r i s o n .  
I t  is to  b e  n o t e d  t h a t  e v e n  t h e  d a t a  of  B o l t a k s  a g r e e  
f a r  b e t t e r  w i t h  t h e  r e s u l t s  of  t h i s  p a p e r  t h a n  w i t h  h i s  
c a l c u l a t e d  c u r v e s .  

Dif fusion into Heav i ly  Doped Regions 
As shown in ref. (3), an empirical curve (Fig. 5) 

has been found which fits all gold concentration pro- 
files for diffusion into dislocation-free silicon from 800~ 
to II00~ The profiles were all aligned by use of an 
effective diffusion coefficient K. Values for K (and for 
the true diffusion coefficient D where applicable) for 
various diffusion conditions are shown in Table I. 

Table I. Approximate values of K and D for gold diffusion in silicon 

Floating zone 
Dislocation free (~10~ d/cme) Struthersa 

Temp, K, D, K, D, D, 
~ cme/sec cm~2/sec eme/sec eme/see cme/sec 

700 - -  8.4 x 10-1~ - -  1.5 • 1O-~a 1.5 x 10 -s 
SaC O.O1 - -  0.04 - -  6.0 • 10 "-~ 
900 0.0144 - -  0 . 0 9  - -  1 . 7  x 1 O - ~  

1OOO 1.96 - -  400 - -  4.1 x 10-7 
1100 3.25 - -  625 - -  8.4 • 10-7 
1200 - -  4.0 x 10-7 - -  4.0 • 10-7 1.6 x 1O -~ 
1300 - -  1.3 x 10 -6 - -  1.3 x 10 6 2.8 X 10 -e 

a J. D. Struthers, J. Appl .  Phys.,  27, 1560 (1956). 
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Fig. 7. Concentration profile for gold-diffusion at 900~ for 16 
hr into n +-  phosphorus-diffused surface layer described in text. 
This is to be compared with Fig. 9 obtained with p+ layer in the 
same gold diffusion run. 

A b o v e  900~ no  r e s i s t i v i t y  e f fec t  o n  d i f fus ion  w a s  
n o t e d  fo r  u n i f o r m l y  d o p e d  p - t y p e  m a t e r i a l s  a b o v e  0.06 
o h m - c m  or  f o r  n - t y p e  m a t e r i a l  a b o v e  0.02 o h m - c m .  
A b o v e  t h i s  r e s i s t i v i t y  a n d  t e m p e r a t u r e  r a n g e  no  d i f f e r -  
ences  in  go ld  d i f fus ion  r a t e  or  d i s t r i b u t i o n  w e r e  d e -  
t e c t e d  b e t w e e n  n -  a n d  p - t y p e  s i l icon.  A t  900 ~ a n d  
1000~ t h e  v a l u e  of K fo r  0.005 o h m - c m  n - t y p e  
s i l i con  w a s  o n l y  a b o u t  20% of t h a t  g i v e n  in  T a b l e  I 
f o r  h i g h e r  r e s i s t i v i t i e s .  

A t  1000 ~ 975 ~ a n d  900~ n + - d i f f u s e d  l a y e r s  g r e a t l y  
s l o w e d  d o w n  t h e  go ld  d i f fus ion .  T h i s  a c t i o n  l ed  to 
d i f fus ion  c o n c e n t r a t i o n  prof i les  of t h e  t y p e  s h o w n  in  
Fig.  6 a n d  7. As  c a n  b e  s e e n  f r o m  t h e s e  f igures ,  t h e  
go ld  c o n c e n t r a t i o n  fo r  d i f fused  s i l i con  c a n  b e  as m u c h  
as t w o  d e c a d e s  l o w e r  t h a n  f o r  n o n d i f f u s e d  m a t e r i a l .  
T h e  ef fec t  w a s  q u a l i t a t i v e l y  t h e  s a m e  as  t h a t  o b s e r v e d  
fo r  u n i f o r m l y  d o p e d  s i l icon.  T h e  s o l u b i l i t y  of  go ld  w a s  
h i g h e r  i n  h e a v i l y  d o p e d  n - t y p e  r eg ions ,  ~ t h a t  is, i n  t h e  
d e g e n e r a t e  n + r eg ion ,  as s h o w n  i n  Fig.  8. 

A t  1200~ t h e  p + - d i f f u s e d  l a y e r  c a u s e d  n o  d e t e c t -  
a b l e  c h a n g e  in  t h e  d i f fus ion  r a t e  o r  c o n c e n t r a t i o n  p r o -  
file. A t  900 ~ C, i t  b r o u g h t  a b o u t  a h i g h e r  d i f fus ion  r a t e  

A d a m i c  h a s  r e p o r t e d  a n  ident ical  observat ion (6) .  
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Fig. 8. Concentration profile for gold diffusion at 975~C for 96 
hr into previously phosphorus-diffused silicon. Circle with dot, 
floating-zone silicon. ( ~  104 disl./cm2); square with dot, dis- 
location-free, Czoehralski silicon; 
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Fig. 9. Concentration profile for gold diffusion at 900~ for 16 
hr into previously boron-diffused silicon. 

and an ideal error-function complement concentration 
profile, as shown in Fig. 9. The diffusion coefficient in 
the p+ layer was 3.3 x I0 -I0 cmf/sec at 900~ The 
gold solubility appeared to be the same as in non- 
diffused silicon. 

At 900 ~ , I000 ~ and 1200~ no effects other than 
those described above were observed for p-n junctions. 

Discuss ion  o f  G o l d  D i f f u s i o n  E x p e r i m e n t s  
Effects  of c r y s t a l  p e r f e c t i o n  on  go ld  d i f fus ion  h a v e  

a l r e a d y  b e e n  e x p l a i n e d  (3) .  I n  c o n f i r m a t i o n  of t h o s e  
r e s u l t s  w e  h a v e  o b s e r v e d  t h a t  q u e n c h i n g  b e f o r e  go ld  
d i f fus ion  c a u s e s  a n  e r r o r - f u n c t i o n  c o m p l e m e n t  d i f fu -  
s ion  a t  1000~ w i t h  D = 3.3 x 10 - 7  c m f / s e c .  S u c h  
q u e n c h i n g  a t  1000~ in to  g l y c e r i n e  s h a t t e r s  or  c r a c k s  
r o u g h l y  o n e  ou t  of e v e r y  t h r e e  w a f e r s  so t r e a t e d ,  t h u s  
d e m o n s t r a t i n g  t h e  l a r g e  m a g n i t u d e  of  t h e  s t r e s se s  so 
g e n e r a t e d .  

T h e  p h e n o m e n a  r e s p o n s i b l e  f o r  t h e  ef fec ts  of  h e a v y  
p r i o r  d o p i n g  w i t h  b o r o n  a n d  p h o s p h o r u s  o n  t h e  d i f fu -  
s ion  a n d  s o l u b i l i t y  of  go ld  in  s i l i con  a r e  n o t  k n o w n .  
T h e  m o s t  p r o b a b l e  e x p l a n a t i o n  fo r  t h e  i n c r e a s e d  go ld  
d i f fus ion  r a t e  in  a p +  l a y e r  a t  900~ is t h e  g r e a t  n u m -  
b e r  of d i s l oca t i ons  g e n e r a t e d  in  t h e  b o r o n  d i f fus ion  
(7) .  A v e r y  h i g h  d i s l o c a t i o n  d e n s i t y  h a s  b e e n  f o u n d  to 
cause  a r a p i d  a n d  m o r e  i dea l  go ld  d i f fus ion  a t  t h i s  
t e m p e r a t u r e  (3) .  S o m e  pos s ib l e  m e c h a n i s m s  fo r  t h e  
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great ly  reduced diffusion ra te  and increased solubil i ty 
caused by phosphorus doping are as follows: 

1. The effect of the bui l t - in  electric field (8, 9). 
2. Interact ion be tween gold and phosphorus ions be-  

cause of ion pair ing (10) or thei r  effect on the f ree  
electron concentrat ion (11). 

3. Some sort of vacancy interact ion could account 
for the observed behavior.  It  is known that  vacancies 
act as acceptors; they would  therefore  at tain a negat ive  
charge in heavi ly  doped n - type  material .  The posi- 
t ively  charged (12) interst i t ia l  gold atoms would  be 
at t racted to the negat ive  vacancies and tend to com- 
bine with them. This would  increase the equi l ibr ium 
concentrat ion of substi tut ional  gold and probably also 
decrease the equi l ibr ium interst i t ia l  concentration. 
This alone would decrease the diffusion rate  of the 
gold (3), even  if the association be tween  nega t ive  
vacancy and gold does not itself slow down the dif-  
fusion. In the case of boron-doped silicon, the number  
of negat ive  vacancies would  not be decreased enough 
on an absolute scale to appreciably affect the gold 
solubil i ty and diffusion. 

4. Compound formation.  Phosphorus and gold form 
a compound Au2P3 wi th  a vapor  pressure  of 640 m m  
Hg at 697~ (13). Format ion  of this compound during 
gold diffusion could possibly account for h igher  ap- 
parent  solubili ty and lower  diffusion rates. Since the 
compound dissociates readily, an equi l ibr ium would be 
established, and segregat ion or precipi tat ion would  
probably not occur. Because gold is not known to form 
a compound with  boron (14), this explanat ion  con- 
forms with  the p + diffusion results. 

The first mechanism can be ru led  out by the ob- 
servat ion of reduced gold diffusion in un i formly  
doped 0.005 ohm-cm n- type  silicon. The first two possi- 
bilities are e l iminated by v i r tue  of the fact  that  phos- 
phorus is a posit ive ion and gold diffuses as a posi t ive 
ion (12). Exper imenta l  dist inction be tween  the la t te r  
two mechanisms might  be achieved by gold diffusion 
into both a luminum-doped  silicon and arsenic-doped 
silicon. A luminum is an acceptor s imilar  to boron but  
forms a gold compound AuA12 that  has a mel t ing  
point of 1060~ (14). Conversely,  arsenic is a donor 
similar  to phosphorus, but  forms no gold compound 
(14). Therefore,  if the gold diffusion is slowed down 
in t he  a luminum-doped  silicon but  not in the arsenic-  
doped silicon, then compound format ion  is probably  
the cause. If the reverse  is true, then a vacancy in te r -  
action is more  likely. If either, both, or ne i ther  is 
slowed down, then some other explanat ion must  be 
found. 

Summary 
The effect of gold on the resis t ivi ty of silicon under  

wide conditions was studied. The results differed sig- 
nificantly f rom those predicted theoret ica l ly  (2). 

The presence of high concentrat ions of phosphorus 
was found to decrease great ly  the diffusion of gold into 
silicon and to increase its solubility. Prediffused layers  
of boron increase the diffusion rate  and make  it  more  
ideal. Two equal ly  possible explanat ions for the effects 
of phosphorus were  given along wi th  proposed ex-  
per iments  for selecting the  most val id  one. The effects 
of boron were  explained by the the increase of dis- 
location density caused by prediffusion and the effects 
of such imperfect ions on gold diffusion. 

A proper  plat ing technique, a small  quant i ty  of 
plated gold, and a nonoxidizing diffusion a tmosphere  
were  all  found necessary to obtain good al loying into 
silicon and to ensure uni form cross-sectional gold 
concentrations.  Avoiding an oxide layer  be tween  gold 
and silicon is also important .  
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A P P E N D I X  
Conversion of Counting Rate to Concentration: 

Residual Ac t i v i t y  Method 
In the residual  act ivi ty  technique,  the specimen is 

counted af ter  increments  are removed f rom the sur-  
face. This gives the wafer  counting rate, I, as a func-  
tion of the depth, x, of mater ia l  which has been re -  
moved by lapping. A relat ion is now der ived to con- 
ver t  this to concentration. 

First, i t  is assumed that  the absorption of the radia-  
tion obeys Beer 's  law, i.e., I -~ I o e - ~ ,  where  I is the 
radiat ion penet ra t ing  an absorber  of thickness d f rom 
an incident  radia t ion  densi ty of Io, and ;, is the ab- 
sorption coefficient of the radia t ion (cm -1) (de ter -  
mined separate ly  wi th  a luminum and silicon absorbers 
on standard samples) .  With this, the wafe r  counting 
ra te  af ter  thickness x has been r emoved  by lapping is 

S A W  ~ 
I - -  C ( z )  e x p [ - - # ( z - - x ) ]  dz 

N 

S A W  exp (#x) C (z) exp (--#z) dz [1] 
N 

where  z is the distance f rom the original  surface; C 
is the concentrat ion at x in at./cmS; N is Avogadro 's  
number  (6.023 x 10 ~s a tom s /m o le ) ;  S is specific ac- 
t iv i ty  X counting efficiency, or the counting ra te  be-  
fore diffusion per gram of original  gold deposited on 
the wafer  ( c o u n t s / m i n / g ) ;  A is the top surface area 
of the wafe r  (cm2); and W is the  atomic weight  of 
gold (g /mole ) .  

Taking the der iva t ive  by parts of I wi th  respect  to 
x and substi tut ing f rom Eq. [1], we  obtain 

dx  N ~ exp (;,x) C (z) exp (--~z) dz --  

C( z )  [2] 
S A W  

exp(~x)  C(z )  exp( - -~x)  = ;,I 

Rear rangement  of this equat ion gives 

N --'~-z 
C(z)  S A W  ~I [31 

which is the desired relation. 
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ABSTRACT 

The process for the growth  of silicon single crystals by the hydrogen  re -  
duction of silicon te t rachlor ide  has been described using a model  which  
assumes that  chemical  equi l ibr ium obtains at the silicon deposit ion site. The 
the rmodynamic  calculations by Lever  for  the equi l ibr ium gas phase compo-  
sition in the Si-C1-H system (pr imar i ly  H2, HC1, SIC12, SiHCI~) were  used to 
calculate  the growth  rate  of silicon as a funct ion of mole  fract ion silicon t e t r a -  
chlor ide input  and tempera tu re  in an open tube system. Some of the features  
of the exper imenta l  resul ts  repor ted  in the l i t e ra ture  are  predicted by the 
equi l ibr ium model.  The  resul ts  are discussed in relat ion to similar  calcula-  
tions by Ste inmafer  who did not  take the species SiHCl~ into account. 

Recently,  considerable a t tent ion has been given to 
studies of the hydrogen  reduct ion of SIC14 for  the 
prepara t ion of both pure  bulk and epi taxial  Si for 
device fabrication. As a result,  considerable data re -  
lat ing Si growth ra te  and /o r  yield to exper imenta l  
parameters  has appeared in the l i t e ra ture  (1-5). Cer-  
tain general  fea tures  of these results  have  been in-  
te rpre ted  by the var ious authors as evidence for  pa r -  
t icular  models  of the react ion mechanism. For  ex-  
ample, Bylander  (1) and Theuere r  (2) noted that  log 
of growth ra te  increased l inear ly  wi th  decreasing 1/T 
and suggested that  the slope of these curves was a 
measure  of the act ivat ion energy  of a rate  l imit ing 
act ivated adsorption or diffusion process. Bylander  
in te rpre ted  the observed leve l ing  out of growth rate  
at the highest  t empera tures  as due to a mass t ransfer  
rate  ' l imiting process. On the other  hand, Wolf  and 
Teichmann (3) and Ste inmaier  (4) have  compared 
exper imenta l  results wi th  calculations based on a 
model  which assumes that  thermodynamic  equil ibri t tm 
obtains in the react ion zone. 

Recent ly  Lever  (6) has made  a complete t he rmo-  
dynamic analysis of the Si-C1-H system by calculat-  
ing the par t ia l  pressures of the species Ha, HC1, SIC14, 
SiHCI~, SIC12, SiH2CI2, SiH3C1, SIC1, and Sill4 in equi-  
l ibr ium wi th  solid Si as a function of total pressure, 
over -a l l  C1/H ratio, and tempera ture .  These calcula-  
tions are more  complete than e i ther  Ste inmaier ' s  or 
Wolf's, since the concentrat ion of SiHC13 was consid- 
ered in the calculations and found to be a major  con- 
s t i tuent  of the vapor  phase under  the exper imenta l  
conditions of practical  interest.  

I t  wi l l  be shown in the fol lowing that  some of the 
main features  of the exper imenta l  results repor ted  
in the l i te ra ture  may  be expla ined by using a simple 
quas i -equi l ibr ium model  wi thout  assuming any spe-  
cific kinet ic  or mass t ransfer  react ion limitations. 

Quasi-Equilibrium Model 
In the hydrogen reduct ion of SIC14, a mix tu re  of tt2 

and SIC14 gas at about  1 arm total  pressure is passed 
over  a heated  Si substrate  whe re  reduct ion  occurs and 
Si is deposited. If all  of the SiC14-H2 gas mix tu re  
comes into complete  chemical  equi l ibr ium with  the 
solid Si phase present  in the heated react ion zone, the 
Si deposition rate, D, in g / ra in  is 

D = J . ~  [ i ]  
where  J is the flux of Si in g / m i n  into the react ion 
tube and ~ is a theoret ical  efficiency factor  equal  to 
the f ract ion of Si atoms in the input  gas s t ream which 
will  be deposited as a resul t  of chemical  equil ibration.  
The flux J is given by 

J ~ n'M'F'Xsic14 [2] 

where  n is the density of the input  gas in moles / l i te r ,  

M is the molecular  we igh t  of Si in g /mole ,  F is the 
flow ra te  in l i ters/rain,  and Xsic~ is the mole  fract ion 
of SIC14 in the input  gas. 

The theoret ical  efficiency factor ~, which is the 
fract ional  change of the Si content  of the gas phase, 
is a funct ion of both Xsicl4 and the t empera tu re  of 
the reac t ion  zone. In terms of the quanti t ies discussed 
by Leve r  (6), 

i n p u t - -  n equi. 
[3] 

n input  

where,  in general,  n is the ratio of the total  density of 
Si atoms in the gas phase divided by the total  density 
of C1 atoms in the gas phase summed over  all species. 
In part icular ,  ,1 input  refers  to the input  gas, and for an 
input  gas consisting of SiC14 and H2 i t  equals 0.25. 
The rat io  ~ equi. refers  to the gas phase in the heated 
react ion zone and is obtained f rom Lever ' s  calculations. 
The factor  ~ may change f rom 1 through 0 to negat ive  
values thus encompassing the case where  a net  etch- 
ing of Si in the react ion zone occurs. 

It  must  be noted, however ,  that  in a typical  epi-  
taxial  g rowth  system, the  actual geometry  of the 
heated deposition zone is not  par t icular ly  favorable  
for achieving in t imate  gas-solid contact and hence 
equi l ibr ium. The Si substrate upon which deposition 
occurs is usual ly placed on a heater  e lement  ( induc- 
t ive or resist ive) which is the heat  source for both 
substrate  and impinging gas stream. Both the Si sub- 
strate and heater  usual ly do not  occupy more  than 
one half  the cross-sectional  area of the quartz  tube 
through which the SiC14-H2 gas mix ture  passes (1, 2, 
4). Let  it be assumed, then, that  only a fraction, #, of 
the incoming gas equi l ibrates  wi th  the Si substrate 
and that  the remain ing  fract ion 1 - -  # s treams by un-  
reacted. This may  be described as a quas i -equi l ibr ium 
condit ion and the deposition ra te  in this case would  be, 

D = J .~ .#  [4] 

Equat ion [4] wi l l  only have  practical  significance if 
e i ther  # ~ 1 and essential ly complete  chemical  equi-  
l ibr ium obtains, or if  # is at least  constant and there-  
fore independent  of some of the exper imenta l  pa ram-  
eters. Unfor tunate ly ,  there  is insufficient data in the 
l i t e ra ture  to enable  a re l iable  calculation of #. How-  
ever,  Bylander  found an almost  l inear  dependence of 
g rowth  rate  on flow rate  up to at least 2 l i t e r s /min  
which implies that  fl is, in fact, constant under  some 
conditions. The  calculated results  in Fig. 1 and 2 were  
made  assuming a # equal  to unity, a flow rate  of 1 
l i t e r / m i n  and A equal  to 20 cm 2. 

Before  making a comparison be tween  exper imenta l  
and calculated results, it wi l l  be noted that  the growth 
pa ramete r  usual ly  cited in the l i t e ra ture  is the so- 
called "growth- ra te , "  G, or actual thickness of planar  

1381 
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Fig. 1. Comparison of experimental and calculated growth rates 
of Si as a function of mole fraction SiCI4 input. A ,  Bylander, 
1523OK; o, Theuerer, 1543~ . . . . .  calculated, 1SS0~ E], 
Steinmaier, 1423~ , calculated, 1450~ 

deposit  growth on a wafer  per unit  time. This growth 
ra te  G in ~,/min is re la ted to the deposit ion ra te  D by 

D 
G = - -  x 104 [5] 

dsi A 

where  dsi is the density in g / c m  a of Si and A is the area 
in cm 2 of deposit. 

Comparison of Calculated and Exper imenta l  Resul ts  
Exper imenta l  and calculated growth rates G as a 

funct ion of Xsict4 are displayed in Fig. 1. A com- 
parison of the re la t ive  heights of both exper imenta l  
and calculated curves show a growth  ra te  m a x i m u m  
and a cross over  to etching at high concentrat ions of 
SIC14. Al though the present  calculated curves are 
s imilar  to those calculated by Ste inmaier  (his calcu- 
lated curves are not shown) ,  the max ima  and cross 
over  points of the present  curves occur at consider-  
ably lower  concentrat ions of SIC14 than do his. The 
difference is due to the fact  that  SiHCla has been 
accounted for in the present  calculations. For  ex-  
ample, when the input  SIC14 concentrat ion is grea ter  
than 0.12, the reduct ion products at equi l ibr ium are 
both SiHC13 and SiCI2. At  high tempera tures  SIC12 
is the p r imary  product, whi le  SiHCI3 predominates  at 
lower  temperatures .  

In Fig. 2 exper imenta l  and calculated values of the 
log of growth  ra te  vs. the reciprocal  of the absolute 
t empera tu re  are displayed. Both calculated and ex-  
per imenta l  curves show an increase in growth rate  
wi th  t empera tu re  at re la t ive ly  low tempera tu res  and 
finally a level ing out of growth ra te  at high t emper -  
atures. There  is par t icular ly  good agreement  be tween  
Bylander ' s  data at 2 l i t e r s /min  flow rate  and the 
appropr ia te  calculated curve.  On the  other  hand, the  
level ing out of growth ra te  at high tempera tures  was 
not found by Theuere r  and may  indicate that  his ex-  
per iments  were  carr ied out under  conditions not  
described by this model. An addit ional  indication of 
this is the fact that  Theuere r  made  his measurements  
at a flow rate  high enough so that  growth rate  was no 
longer l inear ly  dependent  on flow rate. 

In order  to make  a quant i ta t ive  comparison between 
calculated and exper imenta l  results, i.e., an evaluat ion 
of 8, it is necessary to know the area A on which  the 
Si is deposited. On the basis of Si substrate  surface 
areas in the cited exper imenta l  results, /3 ranges f rom 
ca. 0.03-0.30. The actual area on which deposition 
occurs is presumably  considerably larger  than the area 
of the Si wafer  substrate alone. Hornberger  (7), for 
example,  found in the GeC14-H2 system that  typical ly  
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Fig. 2. Comparison of experimental and calculated growth rates 
of Si as a function of reciprocal temperature. 

Flow rate, 
Source Xsicl4 I/rain 

A ,  Bylander 0.02 16 
V ,  Bylander 0.02 2 
o, Theuerer 0.02 1 

, Calculated 0.02 1 
r-l, Steinmaier 0.004 1 

. . . . . .  Calculated 0.004 1 

10 times as much  Ge is deposited on the heater  ped-  
estal as on the wafe r  in a s imilar  deposition apparatus, 
which suggests that  the actual /~ in the exper iments  
cited is much closer to uni ty  than  the numbers  0.03- 
0.30 suggest. 

Discussion 
Although the postulated quas i -equ i l ib r ium model  is 

only approximate,  it is, in fact, capable of expla ining 
some of the main features  of the exper imenta l  results. 
Unfor tunate ly ,  in most of the exper iments  to date, 
there  is l i t t le or no informat ion  regard ing  gas compo- 
sition ei ther  in the react ion region or in the  effluent 
gas. Likewise  a mater ia l  balance, i.e., quant i ta t ive  
accounting of input  SIC14 in terms of total  deposited 
Si and by-products,  in an epi tax ia l  growth system has 
not been repor ted  in the l i te ra ture  to this author 's  
knowledge.  If a mater ia l  balance revea led  that/~ were  
constant, or even more  impor tant  if it were  close to 
unity, considerable weight  would  be given to the 
above arguments.  

I t  is most  probable  that  a more  r igorous exper i -  
menta l  and theoret ical  invest igat ion of this process 
would  reveal  that, in general,  the  Si growth ra te  is 
dependent  var iously  on mass transport,  kinet ic  and /o r  
equi l ibr ium factors depending on exper imenta l  con- 
ditions, and reactor  geometry.  The value  of an equi-  
l ibr ium approach to describing the process is that  it 
wil l  p resumably  describe the process at sufficiently 
low flow rates, and it wil l  provide  a the rmodynamic  
basis for discussing possible reactions in this obviously 
complex system. 

It  is clear  that  the rmodynamic  proper t ies  per  se do 
not provide informat ion regard ing  the actual mech-  
anism of a react ion system. However ,  in this complex 
mul t i - reac t ion  process, the the rmodynamic  analysis 
does yield informat ion which suggests meaningful  
kinet ic  exper iments  and aids in the in terpre ta t ion  of 
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kinetic results. For  example,  the  reduct ion of SIC14 
by I-t2 to Si may  be considered (al though somewhat  
arbi t rar i ly)  as a three-s tage  process: 

1. Heat ing of H2 and SIC14 to about 800~ wi th  pos- 
sible reactions in the gas phase. 

2. Fur ther  heat ing of the gas mix ture  to say 1250~ 
wi th  react ion at the Si surface to produce Si and by-  
products. 

3. Cooling of the by-products  to room tempera tu re  
wi th  possible chemical  re-equi l ibra t ion.  

It is perhaps of most interest  to invest igate  the 
kinetic details of the actual deposition react ion [2]. 
Obviously, the details of this process wil l  be obscured 
if there  is appreciable react ion at stage 1 to produce 
unknown chemical  in termediates  which are the actual  
react ing species at 2. It  is no.t uncommon to find ra te  
de termining steps in a react ion preceded or fol lowed 
by fast reactions which result  in the re -equ i l ib ra t ion  
(8) of products or reactants  especially when  a t em-  
pera ture  change is involved.  To the ex ten t  that  equi-  
l ibr ium is achieved in the present  system, the the rmo-  
dynamic analysis indicates that  a gas s t ream contain-  
ing ini t ial ly 1 mole  % SIC14 in H2 is essential ly r e -  
duced 1 to Si HC13 and HC1 at 800~ i.e., 1, 

H2 q- SIC14--> SiHC18 -t- HC1 [6] 

Fur the r  increase of the t empera tu re  of the gas to 
1250~ i.e., 2, in in t imate  contact wi th  the Si sur-  
face results in the reduct ion s of SiHC13 to Si 

H2 ~ SiHCI~ -> Si ~ 3HC1 [7] 

Whether  or not the reduct ion of SIC14 actually pro-  
ceeds via an in te rvening  gas phase reduct ion to SiHClz 
could be established exper imenta l ly  by measur ing the 
homogeneous gas phase react ion ra te  of H2 with  SIC14 
to de termine  if the rate  is fast compared to the res-  
idence t ime of SIC14 in the h igh- t empera tu re  zone of a 
specific react ion apparatus.  Certainly,  the possibility of 
such a pro-equi l ibra t ion  of reactants  must  be taken 
into consideration in a kinet ic  analysis o~ the reaction. 

Finally,  at the exit  side of the deposition region, 
i.e., 3, the equi l ibr ium calculations predict  that  the 
major  by-products  are HC1 and SiCla at 1250~ Equi -  
l ibr ium considerations predict,  however ,  that  at lower  
tempera tures  the HC1 and SIC12 wil l  r e -equ i l ib ra te  to 
produce SiHC13 and to a lesser ex ten t  SIC14. 

SIC12 -t- HCI--> SiHCI~ [8] 

1 E q u a t i o n s  [6] a n d  [7] expres s  t he  n e t  c h a n g e  in  the  gas  phase  
c o n c e n t r a t i o n  of t he  m a j o r  c h e m i c a l  species  as a r e s u l t  of r e - e q u i l i b -  
r a t i o n  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  These  e q u a t i o n s  s h o u l d  no t  be  
c o n s i d e r e d  as d e t a i l e d  s teps  in  a m e c h a n i s m  nor  do t h e y  t a k e  i n t o  
a c c o u n t  o t h e r  spec ies  w h i c h  are  p r e s e n t  i n  s m a l l  c o n c e n t r a t i o n s  
( < 0 . 1 % ) .  I t  s h o u l d  be  p o i n t e d  ou t  t h a t  u n d e r  d i f f e ren t  cond i t i ons ,  
i.e., i n p u t  c o n c e n t r a t i o n  SiCl~ and temperature,  t h e  m a j o r  species 
a n d  hence  n e t  changes  o f  g a s  phase  c o m p o s i t i o n  w i t h  t e m p e r a t u r e  
c o u l d  be  q u i t e  d i f fe ren t .  

REDUCTION OF SiCI4 1383 

SIC12 + 2HC1--> SIC14 -~ H2 [9] 

The  fact that  SiHC13 and SIC14 are the p r imary  silicon 
containing by-products  found at room tempera tu re  
exper imenta l ly  (2, 5) indicates that the r e -equ i l ib ra -  
tion according to [8] must  be quite rapid in the post 
deposition zone. 

From a practical  standpoint,  it is des i rab le  to min -  
imize the format ion of the high molecular  we igh t  solid 
(or possibly l iquid) react ion products which occurs 
to at least  some extent  (1, 2) in the react ion and post 
react ion zones. Schafer  (9) points out that  compounds 
of the form (SIC12)n H2 and (SiC12)n C12 are probably 
formed from the react ion of SIC12 with  SiCl4, SIC12 
and others under  thermal  quench conditions. The re -  
sults of the previous paragraph would suggest tha t  a 
Si deposition reactor  should be designed (geometry  
and reactor  cooling technique) so that  the react ion 
gases are not too quickly cooled in the react ion and 
post reaction zones so that  the re -equi l ib ra t ion  ac- 
cording to Eq. [8] is favored  ra ther  than rapid thermal  
quenching which tends to produce high molecular  
weight  products. This effect becomes more acute as the 
mole  fract ion SIC14 input  is increased and /o r  the t em-  
pera ture  is raised since these conditions tend to favor  
increased amounts  of by-produc t  SiCle. 
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Formation and Composition of Surface Layers and Solubility 
Limits of Phosphorus During Diffusion in Silicon 

E. Kooi 
Philips Research Laboratories, N. V. Philips' Gloeilampenfabrieken, Eindhoven, Netherlands 

ABSTRACT 

A neut ron  act ivat ion analysis was used to study the behavior  of phosphorus 
during its diffusion into silicon and silicon dioxide films. Certain correlat ions 
were  found between the compositions of the oxide layers formed during the 
diffusions and the exist ing phase diagram of the system SIO2-P205. In several  
exper iments  the concentrat ion of phosphorus in silicon had reached the solu- 
bi l i ty  limit,  and a layer  wi th  ve ry  high phosphorus content  was found to be 
present  be tween  the oxide film and the silicon substrate. 

It  has been shown by several  authors (1-3) that  dif-  f rom resis t ivi ty measurements .  The results  can be 
fusion of phosphorus in silicon cannot be described by explained in terms of an ex t ra  fast diffusion moch-  
a single diffusion coefficient. Tannenbaum (2) and anism at high phosphorus concentrations. This may be 
more recent ly  Maekawa (3) found a difference be-  due to diffusion of interst i t ia l  phosphorus atoms. Their  
tween  the actual diffusion pat terns and those obtained presence may also affect the electron mobil i ty  in dif-  
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fused layers.  Both Tannenbaum and Maekawa found 
that  phosphorus-doped silicon had a lower  l imi t  of 
resist ivi ty of about 0.00035 ohm-cm. 

These conclusions are  in agreement  wi th  the re -  
sults of our exper iments  in which  the diffusion of 
phosphorus into silicon and the masking effects of 
SiO2 layers  were  studied by a neut ron  act ivat ion 
analysis. P205 was applied as a source for the diffusion. 
Different  P205 pressures were  used, and the t emper -  
a ture  of the silicon was var ied  f rom 920 ~ to 1310~ 

The phosphorus which  diffuses into the silicon can be 
supposed to be formed according to the react ion 

2P205 -{- 5Si ~-~ 4P -b 5SIO2 [1] 

A certain amount  of oxygen  wil l  also diffuse into the 
silicon, but because the solubil i ty is low compared 
to that  of phosphorus,  this wil l  be neglected.  The  oxide 
layer  which forms at the surface is not  a pure  SiO2 
layer,  because it wi l l  react  wi th  phosphorus oxide 
f rom the vapor.  Assuming that  the average  compo-  
sition of the oxide can be given by y SIO2-P205, the  
value  of y could be de te rmined  by act ivat ion analysis. 
When the diffusions are carr ied out in an oxygen am-  
bient the picture is somewhat  more  complicated be-  
cause more  SiO2 wil l  fo rm than corresponds wi th  
react ion [1]. 

React ion of P205 with  SiO2 can also be supposed to 
occur when  the silicon surface has been provided wi th  
a SiO2 layer  before the diffusion starts. Diffusion of 
phosphorus ( -oxide)  through SiO2 films has been 
studied by Sah et aI. (4) and Al len  et aI. (5). In  both 
cases p - type  silicon undernea th  the  oxide films ~vas 
used as a phosphorus detector  to check cases in 
which the masking conditions were  fulfilled. Sah et al. 
concluded that  a glassy layer  of unknown composit ion 
was buil t  up at the top of the oxide films so that  a 
sharp boundary  existed be tween  the glassy layer  and 
the oxide. This conclusion was confirmed by our anal -  
ysis in which the phosphorus distr ibution in the oxide 
layers  was measured  directly.  

In several  cases the  compositions of the oxide layers 
could be correla ted with  the phase diagram of the 
system SIO2-P205 as given by Tien and Hummel  (6). 
This was especially the case in two stage processes, 
both for oxide layers  formed dur ing diffusion in silicon 
and formed at the top of a masking SiO2 film. 

If the diffusion of phosphorus in silicon is not fast  
enough to carry  off all the  phosphorus formed by re -  
duction of phosphorus oxide, the phosphorus concen- 
t ra t ion in silicon wil l  reach a saturat ion value and a 
new phase may  form. In several  cases we found in-  
deed a layer  wi th  ve ry  high phosphorus concentrat ion 
just  at the interface be tween  the silicon and the oxide 
layer  formed dur ing the diffusion. This enabled us to 
de te rmine  the solid solubil i ty of P in Si. 

Experimental Procedure 
Silicon wafers  were  cut  perpendicular  to the <111>  

direct ion of a float zone single crystal  of 5 ohm-cm 
p- type  silicon. Af ter  lapping wi th  fine a lundum pow-  
der, the slices were  etched in a mix tu re  of 2 parts 
HF (50%) and 5 parts  HNO3 (65%), so that  60/, were  
removed  f rom each side. The final thickness of the 
slices was about  250~. The  diffusions were  carr ied 
out in a two zone furnace, supplied with  a quartz  
tube of 2.5 cm diameter.  A quartz  boat filled wi th  
P205 was placed in the low tempera tu re  zone (ei ther  
210 ~ or 300~ The t empera tu re  of the silicon slices 
was var ied be tween  920 ~ and 1310~ Dry ni t rogen 
or oxygen was used as carr ier  gas (gas flow 0.2 1/min).  
Heat ing of the silicon slices occurred by pushing them 
into the  hot furnace,  cooling by pul l ing  them into a 
cold region of the quartz  tube. 

In a number  of cases the diffusions were  carr ied out 
in two stages, a prediffusion at 920~ fol lowed by 
diffusion at a higher  t empera tu re  in a second quartz  
tube, the  walls  of which had been exposed previously  
to P205 vapor  at the diffusion tempera ture .  However ,  

,i 
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Fig. 1. Gamma spectrum of an irradiated silicon sample con- 
taining both phosphorus and gold (recorded after decay of Si31). 

, A u 1 9 8 ;  _ _  _ ~ p 3 2 ;  , total. 

before the silicon slices were  inserted, the tubes were  
heated for a few hours at this temperature ,  wi thout  
supply of P205. Under  these conditions the amount  of 
phosphorus per  silicon slice did not change notice-  
ably dur ing the heat - t rea tments .  

Af te r  the diffusion the silicon slices together  wi th  
a phosphorus s tandard (about 40 mg (NH4)2HPO4) 
were  i r radia ted in a neut ron  flux of 5 x 1011 neu t rons /  
cm2/sec for a period of 5-10 days. 1 Except  act ivi ty  
due to p32 (hal f - l i fe  14.3 days) ,  we  found always some 
act ivi ty  due to Au 198 (hal f - l i fe  2.7 days),  which had 
also been formed dur ing the neut ron  act ivat ion proc-  
ess. This gold had been introduced dur ing handling, 
etching, washing, and subsequent  hea t - t r ea tmen t  of 
the slices. The also formed Si sl has a re la t ive ly  short  
ha l f - l i fe  (2.6 hr)  and decays pract ical ly complete ly  in 
a few days. 

If  p~2 as wel l  as Au 19s act ivi ty was present,  the 
measurements  were  done with  NaI(T1) we l l - type  
scintil lation detector  coupled wi th  a gamma spec- 
t rometer .  In those cases we  measured  both the dis- 
t r ibut ion of phosphorus and of gold in the silicon and 
in the oxide film. The gamma radiat ion spect rum of 
Au 19s wi th  a peak at 412 key is superposed on the 
bremst rahlungsspect rum of lO32 (Fig. 1). The amount  
present  of both Au and P was de termined  by count-  
ing in two channels A and B according to the method 
of El leman et al. (7). Comparisons were  made with  
i r radiated standards. The conditions of measurement  
for  samples and standards were  made as al ike as pos- 
sible by pipet t ing some of the s tandard solution onto 
nonir radia ted  silicon-slices of the same thickness as 
the samples. 

In the cases in which we were  not  in teres ted in the 
behavior  of gold, we wai ted  unti l  the Au 19s had dis- 
in tegrated to a ve ry  low amount  and measured  the 
act ivi ty  simply with  a Geiger  Miiller counter.  The 
lowest  amount  of phosphorus which could be detected 
in this way  was 10 TM atoms. 

Results 
Oxide-layer compositions.--One stage processes.-- 

The act ivi ty of the silicon slices was counted before 
and after  removal  of the oxide layer  (by a quick dip 
in an aqueous HF  solution).  The average  composit ion 
of the layers  could then be calculated by correlat ing 
the weight  decrease wi th  the decrease in activity. 

If no oxygen was present,  a second method could be 
used. Af ter  the oxide layer  had been removed,  the 

x F o r  t h e  i r r a d i a t i o n s  w e  h a d  t h e  h e l p  of  t he  Cen t re  d ' E t u d e s  d e  
l ' E n e r g i e  Nuc l~a i re  a t  Mol  i n  B e l g i u m .  The  s amp le s  w e r e  i r r a d i a t e d  
i n  t he  r eac to r  B R  I. 
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Fig. 2. Saturation values of oxide layer compositions in two- 
stage diffusion processes, plotted in the phase diagram of 
Si02-P205. 

residual  act ivi ty  gave the number  of reduced P-a toms  
and so according to Eq. [1] also the number  of SiO2 
molecules in the oxide layers.  Both methods gave the 
same results wi thin  10%. 

The oxide layers formed during the diffusion did 
not  always show a "glassy" appearance. In some cases 
a crystal l ine s t ructure  was present;  in other  cases 
only very  minor  s t ructure  differences could be seen. 
According to the phase diagram of the system SiO2- 
P205 given by Tien and H u m m e l  (6) compounds with  
compositions SiO2"P205 and 2SiO2-P205 exist (Fig. 2). 
Whether  one or both of these compounds were  present  
in the oxide layers could not be ascertained, but  the 
presence of crystall i tes cer ta inly  occurred more  f r e -  
quent ly  when  the amount  of P205 in the oxide layers 
was higher. 

Using diffusion tempera tures  of 920 ~ , 1050 ~ , 1180 ~ , 
and 1310~ a P2Os t empera tu re  of 210~ ni t rogen as 
carr ier  gas, and diffusion period of 15 and 60 rain, 
the compositions of the oxide layers  var ied  f rom 
2SiO~'P205 to 4SiO2-P205. When the source was held 
at 300~ the P205 content  was sometimes higher,  but  
effects of nonconstant  P2Os pressures due to aging of 
the source were  of more  influence in this case. I t  was 
found that  a new source of P2Os held  at 210~ could 
give a la rger  amount  of deposited phosphorus than a 
source held at 300~ which had a l ready been heated 
for a few hours. 

When oxygen  was used as carr ier  gas instead of ni-  
trogen, the phosphorus contents of the oxide layers  
were  lower,  especially when  the t empera tu re  of the 
silicon was re la t ive ly  low and the diffusion t ime short. 
With a diffusion period of 15 rain, the average  oxide 
composition ranged f rom IOSi02-P205 for exper iments  
at 920~ to 4SiO2-P205 at 1310~ For  diffusion t imes 
of 60 min  the difference be tween  oxygen and ni t rogen 
ambients  became much less pronounced.  Variat ions 
be tween  2SiO2.P205 and 4SiO2-P2Os were  found, de-  
pending on the state of the source. The large effect of 
the presence of oxygen in the short  diffusion runs is 
explained by the fact  that  the oxidat ion veloci ty  of 
silicon depends on diffusion through the oxide layer,  
which grows thicker  during the exper iment .  
T w o - s t a g e  p r o c e s s e s . - - T h e  prediffusion was done at 
920~ for 15 or 60 min  in a ni t rogen ambient.  In the 
second stage the silicon slices were  heated separate ly  
at a higher  t empera tu re  for va ry ing  periods, using 
ei ther  a ni t rogen or oxygen ambient.  During the first 
stage oxide layers  formed wi th  a composit ion of 
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Fig. 3. Behavior of P-concentrations in oxide layers, silicon, and 
interface layer during the second stage of a two-stage process, 
consisting of a prediffusion at 920~ for 30 min followed by a 
diffusion at 1050~ for a variable time T. 3a. The oxide layer 
obtains a constant composition, the surface concentration of P 
in Si remains constant as long as the interface layer is present; 
3b. The total amount of phosphorus is silicon and interface layer 
goes to a constant value. 



1386 JOURNAL OF THE ELECTROCHEMICAL SOCIETY D e c e m b e r  1964  

a b o u t  2SiO2-P2Os. D u r i n g  the  s e c o n d  s t age  t h e i r  c o m -  
pos i t i ons  a l t e r ed ,  o w i n g  to  f u r t h e r  r e a c t i o n  of P205 
a n d  Si  r e s u l t i n g  in  SiO2 a n d  P. T h e  c h a n g e s  of t h e  
o x i d e  l a y e r  c o m p o s i t i o n s  as f u n c t i o n  of t i m e  h a v e  
b e e n  g i v e n  in  Fig.  3a f o r  a d i f fus ion  in  N2 a t  1050~ 
I n  t h e  b e g i n n i n g  t h e  p h o s p h o r u s  c o n t e n t  d e c r e a s e s  
r a p i d l y ,  b u t  t h e n  s e e m s  to b e c o m e  m o r e  or  less  c o n -  
s t a n t  a t  a l o w e r  l i m i t  (7SIO2.P205) .  Th i s  m e a n s  also 
t h a t  t h e  a m o u n t  of r e d u c e d  p h o s p h o r u s  r e a c h e s  a 
n e a r l y  c o n s t a n t  v a l u e  a f t e r  some  t i m e  (Fig.  3b ) .  T h e  
l i m i t i n g  c o m p o s i t i o n  of t h e  o x i d e  l a y e r s  a p p e a r e d  to 
v a r y  w i t h  t e m p e r a t u r e .  Less  p h o s p h o r u s  r e m a i n e d  
p r e s e n t  w h e n  t h e  t e m p e r a t u r e  w as  h i g h e r .  T h e  v a l u e s  
f o u n d  a t  1060 ~ , 1120 ~ , 1180 ~ , a n d  1310~ h a v e  b e e n  
p l o t t e d  in  Fig. 2. T h e y  a p p e a r  to co inc ide  m o r e  or  less  
w i t h  t h e  l i m i t i n g  s o l u b i l i t y  of SiO2 in  t h e  p h o s p h o r u s -  
c o n t a i n i n g  l iqu id ,  as g i v e n  in  t h e  p h a s e  d i a g r a m  of 
T i e n  a n d  H u m m e l .  

A pos s ib l e  e x p l a n a t i o n  c a n  b e  o b t a i n e d  i f  one  as -  
s u m e s  t h a t  t h e  r e d u c t i o n  of p h o s p h o r u s  ox ide  o c c u r s  
a t  t h e  i n t e r f a c e  b e t w e e n  t h e  s i l i con  a n d  t h e  ox ide  l aye r .  
As  t h e  r e d u c t i o n  of p h o s p h o r u s  o x i d e  goes t o g e t h e r  
w i t h  o x i d a t i o n  of s i l icon,  o n e  c a n  u n d e r s t a n d  t h a t  t h e  
r e a c t i o n  s tops  m o r e  or  less  as soon  as a t h i n  SiO2 
l a y e r  f o r m s  a t  t h e  i n t e r f a c e .  Th i s  wi l l  occu r  w h e n  t h e  
o x i d e  l a y e r  h a s  r e a c h e d  s u c h  a c o m p o s i t i o n  t h a t  SiO2 
c a n  n o  l o n g e r  r e m a i n  d i s so lved .  T h e  p r e s e n c e  of a SiO2 
l a y e r  b e t w e e n  t h e  p h o s p h o r u s - c o n t a i n i n g  o x i d e  l a y e r  
a n d  s i l i con  cou ld  b e  s h o w n  c l e a r l y  in  t h e  case  w h e r e  
t h e  s e c o n d  s t age  of t h e  d i f fus ion  p r oce s s  w a s  c a r r i e d  
ou t  in  o x y g e n  i n s t e a d  of n i t r o g e n .  B y  r e m o v a l  of suc -  
cess ive  l a y e r s  of t h e  o x i d e  fi lms, w e  c o u l d  d e m o n s t r a t e  
t h e  p r e s e n c e  of a SiO2 f i lm b e t w e e n  t h e  p h o s p h o r u s -  
c o n t a i n i n g  o x i d e  l a y e r  a n d  t h e  s i l i con  s u b s t r a t e .  T h i s  
SiO2 f i lm m a y  h a v e  c o n t a i n e d  s o m e  p h o s p h o r u s ,  b u t  
w e  cou ld  n o t  d e t e c t  any ,  w h i c h  m e a n s  t h a t  i t  c o n t a i n e d  
less  t h a n  10 TM p h o s p h o r u s  a t o m s / c m  3. T h e s e  o x i d a t i o n  
e x p e r i m e n t s  p r o v e  also t h a t  t h e  spec ies  d i f fu s ing  
t h r o u g h  t h e  ( p h o s p h o r u s - c o n t a i n i n g )  o x i d e  l a y e r s  was  
o x y g e n  a n d  n o t  s i l icon.  

U s i n g  t h e  s a m e  p r o c e d u r e  a s h a r p  b o u n d a r y  b e t w e e n  
a p h o s p h o r u s - c o n t a i n i n g  g lass  a n d  u n d e r l y i n g  SiO2 
cou ld  a l so  b e  d e m o n s t r a t e d  in  s a m p l e s  o n  w h i c h  t h e r -  
m a l l y  g r o w n  SiOe f i lms h a d  b e e n  u s e d  as m a s k s  a g a i n s t  
t h e  d i f fus ions .  In  t w o - s t a g e  p r o c e s s e s  a g a i n  a n  e q u i -  
l i b r i u m  c o m p o s i t i o n  of t h e  g las sy  l a y e r  w a s  f o u n d ,  if  
t h e  d i f fus ion  p e r i o d  w as  suf f ic ien t ly  long.  I n  t h e s e  cases  
t h e  s e c o n d  s t age  of t h e  p r oce s s  w as  c a r r i e d  o u t  a t  
1120~ T h e  f ina l  g lass  c o m p o s i t i o n  w as  c a l c u l a t e d  to 
b e  b e t w e e n  8 S i 0 2 - P 2 0 5  a n d  12SiO2-P20~, a g a i n  s h o w -  
i n g  a r e a s o n a b l e  c o r r e s p o n d e n c e  w i t h  t h e  s o l u b i l i t y  of 
SiO2 in  t h e  g las sy  p h a s e  a t  t h i s  t e m p e r a t u r e .  

S o l u b i l i t y  l i m i t s  and  d i f f u s i o n  pro f i les  05 P in  S t . - -  
I f  a t  a c e r t a i n  t e m p e r a t u r e  t h e  c o n c e n t r a t i o n  of P in  Si 
r e a c h e s  t h e  m a x i m u m  so lub i l i t y ,  one  w o u l d  e x p e c t  t h e  
f o r m a t i o n  of a s e c o n d  p h a s e  of t h e  d i a g r a m  S i - P .  I n -  
deed  in  s e v e r a l  cases  w e  f o u n d  t h a t  a f t e r  r e m o v a l  of 
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t h e  o x i d e  l a y e r  b y  a q u i c k  d ip  in  a n  H F  so lu t ion ,  a t h i n  
l a y e r  w i t h  a h i g h  P - c o n t e n t  r e m a i n e d  p r e s e n t  a t  t h e  
su r face .  I n  o u r  e x p e r i m e n t s  t h i s  l a y e r  w a s  a l w a y s  
t h i n n e r  t h a n  0.1#. I t  c o u l d  b e  r e m o v e d  b y  h e a t i n g  t h e  
s l ices  in  ho t  w a t e r  or  ac id  so lu t ions ,  f o r  e x a m p l e ,  i m -  
m e r s i o n  in  a n  a q u e o u s  H F - s o l u t i o n  fo r  s e v e r a l  m i n -  
utes .  I t  w a s  a lso  pos s ib l e  to  r e m o v e  s u c c e s s i v e  p a r t s  of  
t h e  l a y e r  b y  a n o d i c  o x i d a t i o n  in  a s o l u t i o n  of KNO3 
in  N - m e t h y l  a c e t a m i d e  a n d  s u b s e q u e n t  r i n s i n g  in  a n  
H F  so lu t ion .  T h e  c o n c e n t r a t i o n  of p h o s p h o r u s  in  t h e s e  
l a y e r s  was  b e t w e e n  2 x 1022 a n d  4 x 1022 a t o m s / c m  s in  
e x p e r i m e n t s  b e l o w  1100~ I n  d i f fus ion  e x p e r i m e n t s  a t  
1180 ~ a n d  1310~ t h e  c o n c e n t r a t i o n  a p p e a r e d  to b e  
s o m e w h a t  l ower ,  a l t h o u g h  s t i l l  of t h e  o r d e r  of 1022 
a t o m s / c m  ~. Th i s  is in  a g r e e m e n t  w i t h  t h e  p h a s e  d i a g r a m  
of  t h e  s y s t e m  S i - P  as g i v e n  b y  G i e s s e n  a n d  V o g e l  (8) ,  
p a r t l y  g i v e n  in  Fig.  4. In  t h i s  s y s t e m  a c o m p o u n d  S iP  
can  be  in  e q u i l i b r i u m  w i t h  s i l i con  s a t u r a t e d  w i t h  
p h o s p h o r u s ,  as  l o n g  as t h e  t e m p e r a t u r e  is b e l o w  
1131~ A b o v e  t h a t  t e m p e r a t u r e  e q u i l i b r i u m  c a n  e x i s t  
b e t w e e n  s i l i con  s a t u r a t e d  w i t h  p h o s p h o r u s  a n d  a m e l t  
w i t h  a r a t h e r  h i g h  p h o s p h o r u s  c o n t e n t .  I t  s e e m s  p r o b -  
a b l e  t h a t  t h e  i n t e r f a c e  l a y e r s  w h i c h  w e r e  f o u n d  in  
s e v e r a l  of o u r  e x p e r i m e n t s  a r e  d u e  to f o r m a t i o n  of o n e  
of t h e s e  phases ,  a l t h o u g h  s o m e  o x y g e n  m a y  h a v e  
b e e n  i n c o r p o r a t e d .  W h e n  a " S i - P "  p h a s e  w a s  p r e s e n t  
a t  t h e  su r faces ,  t h e  s u r f a c e  c o n c e n t r a t i o n  of t h e  p h o s -  
p h o r u s  d i f fus ion  was  f o u n d  to b e  d e t e r m i n e d  o n l y  b y  
t h e  t e m p e r a t u r e  of t h e  h e a t  t r e a t m e n t .  T h e r e f o r e  w e  
w e r e  ab l e  to  d e t e r m i n e  t h e  s o l u b i l i t y  l i m i t s  of p h o s -  
p h o r u s  in  s i l i con  fo r  a f e w  t e m p e r a t u r e s .  R e s u l t s  a r e  
g i v e n  in  Fig. 5. O u r  r e s u l t s  s h o w  a h i g h e r  s o l u b i l i t y  of 
p h o s p h o r u s  i n  s i l i con  t h a n  r e p o r t e d  b y  A b r i k o s o v  e t a l .  
(9) ,  w h o s e  v a l u e s  w e r e  o b t a i n e d  f r o m  m i c r o h a r d n e s s  
m e a s u r e m e n t s  in  t h e  s y s t e m  S i - P .  T h e  r e s u l t s  a r e  v e r y  
c lose  to t h e  l o w e r  l i m i t s  of s o l u b i l i t y  f o u n d  b y  M a c -  
k i n t o s h  (10) .  Th i s  a g r e e m e n t  is r a t h e r  f o r t u i t o u s  h o w -  
e v e r  b e c a u s e  M a c k i n t o s h ' s  r e s u l t s  w e r e  o b t a i n e d  f r o m  
m e a s u r e m e n t s  of s h e e t  r e s i s t a n c e  a n d  P N  j u n c t i o n  
d e p t h .  

I n  a w a y  s i m i l a r  to  t h a t  d e s c r i b e d  b y  T a n n e n b a u m  
(2) a n d  M a e k a w a  (3) w e  m e a s u r e d  b o t h  t h e  d i f fus ion  
prof i les  a n d  t h e  d i s t r i b u t i o n  of e l e c t r i c a l  c o n d u c t i v i t y  
in  t h e  d i f fused  l aye r s .  G o o d  a g r e e m e n t  w i t h  t h e i r  
m e a s u r e m e n t s  w a s  f o u n d ,  s u c h  as a m i n i m u m  in  r e -  
s i s t i v i t y  of 3 x 10 -4  o h m - c m  fo r  p h o s p h o r u s  d o p e d  
si l icon.  W e  f o u n d  t h a t  t h i s  m i n i m u m  c o r r e s p o n d e d  to a 
p h o s p h o r u s  c o n c e n t r a t i o n  of 6.5 x 1020 p e r  c m  3. T h e  
m i n i m u m  in  r e s i s t i v i t y  d id  n o t  n e c e s s a r i l y  occu r  a t  t h e  
s i l i con  su r face ,  as t h e  s o l u b i l i t y  of p h o s p h o r u s  in  s i l i -  
con  can  b e  h i g h e r .  

T h e  s u r f a c e  c o n c e n t r a t i o n  of p h o s p h o r u s  f o u n d  in  a 
t w o - s t a g e  p roce s s  is o f t e n  l o w e r  t h a n  c ~ r r e s p o n d s  w i t h  
t h e  so l id  so lub i l i t y .  H o w e v e r  as l o n g  as a s i l i con  p h o s -  
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phide phase is present  at the surface, the surface 
concentrat ion of phosphorus will  have  its m a x i m u m  
value  at the given tempera ture .  As an example  of the 
behavior  of P-concent ra t ion  in the oxide, in terface  
layer,  and silicon in a two-s tage  process a schematic 
picture has been given in Fig. 3a. In  this case both 
diffusion steps were  carr ied  out in ni t rogen;  in the first 
step the silicon was held at 920~ for 30 min wi th  P205 
at 220~ and in the second step at 1050~ for various 
times. 

Format ion  of surface films with  phosphorus concen- 
trations as high as 1022 am -3 has been repor ted  nei ther  
by Tannenbaum nor  by Maekawa.  Also in our exper i -  
ments such a layer  was not always found to be present.  
Obviously the exper imenta l  conditions play an im-  
portant  role. We found that  the presence of these sur -  
face layers was less pronounced if the P205 content  of 
the oxide layers  was decreased and the t empera tu re  of 
the silicon increased. This can be unders tood if one 
considers that  the format ion of a S i -P  phase wil l  be 
enhanced when  more  P20~ can be reduced and when  
the diffusion into silicon is not  fast  enough to carry 
away the reduced phosphorus atoms f rom the surface. 
As discussed before the P205 content  of the oxide 
layers depends on many  factors such as the presence of 
oxygen. It  may wel l  be that  in Tannenbaum's  exper i -  
ments the highly doped layers  were  not found because 
the silicon was preheated  at the diffusion t empera tu re  
for 10 min  in oxygen before admit t ing  the P205 (pr i -  
vate  communicat ion) .  In Maekawa's  exper iments  the 
source was H4P2OT, so that  comparison is more  difficult. 

It  is known that  phopshate glasses, such as fo rmed  in 
phosphorus diffusions, can have  get ter ing action for 
meta l  impuri t ies  present  in the silicon (11). Due to 
the fact  that  we  always found some presence of h u  19s 
af ter  the irradiations,  we could demonstra te  the get-  
ter ing action of the glassy layers directly. We found 

however ,  that  also the "S i -P"  phase plays an impor tant  
role  in this ge t ter ing  behavior,  especially at the h igher  
temperatures ,  when  this phase can be supposed to be 
molten. 
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Preparation and Properties of Thin Barium Titanate Films 
A. E. Feuersanger, A. K. Hagenlocher, and A. L. Solomon 

General Telephone & Electronics Laboratories Inc., Bayside~ New York 

ABSTRACT 

Thin films of ba r ium t i tanate  were  synthesized by the s imultaneous deposi-  
t ion of the bar ium and t i tan ium oxides evapora ted  by e}ectron bombardment .  
The oxides were  reacted on a substrate  to form bar ium t i tanate  dur ing deposi-  
tion. The react ion was carr ied out in an oxygen a tmosphere  at a substrate 
t empera tu re  in excess of 600~ Exper iments  were  per fo rmed  to de termine  
the range of conditions under  which bar ium t i tanate  was formed during 
deposition and to evaluate  the potent ia l  of the films for  electronic applications. 
The thickness of the films was in the range f rom 0.1 to 1~. Effects of heat  
t r ea tment  on films deposited at room tempera tu re  are given. X - r a y  spectro-  
scopy and x - r a y  diffraction were  used to de te rmine  the composit ion and 
s t ructure  of the films. The m a x i m u m  dielectric constant at room tempera tu re  
is 1330, close to the value  for polycrysta l l ine  bar ium titanate.  Leakage  cur-  
ren t  and f requency  dependence of the dielectr ic  propert ies  are given. Fi lms 
wi th  high s t ructural  order  show the characterist ic phase transition, indicated 
by a peak in capacitance at 120~ 

The unique  dielectr ic  propert ies  of bar ium t i tanate  
make  this mater ia l  par t icular ly  a t t ract ive  for  a va r ie ty  
of electronic components.  In recent  years  a number  of 
a t tempts  have  been made to produce layers  of this 
h igh-die lec t r ic -cons tant  mater ia l  for microelect ronic  
thin-f i lm capacitors. This paper  describes a technique 
for the deposition of these thin-f i lm dielectrics tha t  
overcomes some of the ma jo r  difficulties encountered 
in obtaining control  over  the dielectric propert ies  of 
these films. 

Bar ium t i tanate  films have been prepared  by di- 
rect  evapora t ion  (1-4) and dielectr ic  constants as 
high as 1500 were  repor ted  (4). Direct  evaporat ion 
methods, however ,  present  problems. When bar ium 
t i tanate  is evapora ted  as a single component,  it can 

decompose on heat ing into bar ium oxide and t i -  
t an ium oxide. When  this occurs, the bar ium oxide 
tends to evapora te  faster  and produces a ba r ium-r ich  
layer.  This fo rm of decomposit ion can be overcome 
by a flash evaporat ion technique (2-5) in which one 
grain is evaporated completely  before evaporat ion 
of another  is started, so that  it is possible to s tay 
close to  the stoichiometric ratio. The technique is 
difficult to per form and does not c i rcumvent  another  
form of decomposition, the loss of oxygen by the 
t i tanate  or the TiO2 possibly formed dur ing evapora-  
tion. To restore oxygen to the t i tanate  or to react  the 
bar ium and t i tan ium oxides formed as a resul t  of 
decomposition, the film deposits are often hea t -  
t rea ted in an oxygen-conta in ing  atmosphere  (1,3,4) .  
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Fig. 1. Top view of evaporation system (the two electron guns are 
located in front). 

Fig. 2. Inside view of evaporation chamber. 1. Nozzle through 
which the electron beam enters the system. Oxygen is supplied 
through tube attached to nozzle. 2. Target holder, movable in 
the plane perpendlcular to the electron beam. 3. Substrate holder. 
4. Shutter. 

Green (6) has a t tempted  to form BaTiO~ by evapora t -  
ing layers of BaO and TiO2 consecutively and then 
heat  t rea t ing the deposit  at 1150~ Only a low di- 
electric constant resulted. In the technique described 
in this paper,  BaO and TiO2 are evapora ted  s imul-  
taneously f rom two independent  e l ec t ron-beam-  
heated sources at individual ly  control led rates. The 
evaporated oxides are  reacted on a heated substrate 
to form BaTiO3. Loss of oxygen is p reven ted  by per -  
forming  the evaporat ion in an oxygen atmosphere.  
Fi lms prepared  by this technique showed high di-  
electric constant with re la t ive ly  low dissipation. 

Equipment,  Mater ia ls  and Techniques 
Evaporation system.--A specially designed evap-  

oration system was constructed for the prepara t ion 
of bar ium t i tanate  by this s imultaneous evaporat ion 
technique.  Details of the design of this evaporat ion 
system have been repor ted  previously  (7). The sys- 
tem, shown in Fig. 1 and 2, incorporates the fo l low-  
ing features:  (I) Each of the evaporat ion sources is 
heated in its own "crucible"  by s t r iking a ta rget  of 
the evaporan t  mater ia l  wi th  an electron beam of 30 kv  

at 1 to 2 ma. This technique prevents  any contam-  
ination by hea te r  or crucible mater ia ls  that  would  
otherwise be required.  (II) A means for mainta in ing 
a controlled pressure of oxygen  in the evaporat ion 
chamber  whi le  main ta in ing  an adequate  vacuum at 
the electron guns is provided by passing each elec- 
t ron beam through a two-s tage  differential  pumping 
system be tween  the gun and the evaporat ion cham-  
ber. With a pressure of 10 -2 Torr  in the evaporat ion 
chamber,  a vacuum of 10 -5 Torr  is obtained at the 
electron gun. (III)  The evaporants  are deposited on 
a substrate  whose t empera tu re  is control led by re-  
sistance heating. 

Evaporant sources.--The source of ba r ium oxide 
used most  f requent ly  in this w o r k  was the metal,  
e lec t ron-beam-hea ted  in a s t ream of oxygen. The 
meta l  is readi ly  avai lable  and the oxide is generated 
at a sufficiently high rate. Other  mater ia ls  that  are less 
susceptible to oxidat ion or hydrolysis  before they are 
placed in the system, have  been used successfully. 
For  example  a 1:1 Ba-Ti  (TAM Division of Nat ional  
Lead Company) was employed. Over  90% bar ium 
oxide and less than 10% t i tan ium oxide was evap-  
orated because bar ium oxidizes and evaporates  at a 
lower  t empera tu re  than t i tanium. A 90% Ti-10% 
Ba alloy resul ted in a deposit  wi th  a 3:1 B a / T i  ratio. 
Bar ium t i tanate  itself heated in an oxygen stream 
gave a deposit substant ial ly of ba r ium oxide. 

The source of t i tanium oxide was also the meta l  
heated in an oxygen stream. When TiO2 was s imilar ly  
heated by electron bombardment ,  a mol ten cra ter  was 
formed in the oxide. Small  part icles that  appeared in 
the mel t  were  ejected and deposited on the substrate.  
React ion of these deposited part icles wi th  bar ium ox-  
ide at the substrate to form BaTiO~ proved difficult 
and was effected only by a post-deposi t ion heat  t rea t -  
ment  at h igher  tempera tures  and for longer  t imes 
than those used dur ing deposition. 

Conditions for barium titanate deposition.--Films 
were  ini t ia l ly  deposited on unheated substrates at 
evaporat ion rates of I to 5 A/sec ;  the oxygen pressure 
was var ied be tween 10 -5 and 10 -2 Torr  for  different 
films. Bar ium t i tanate  was not  found by ei ther  x - r a y  
or e lectron diffraction, and dielectric constants were  
smaller  than 100, a l though x - r a y  spectroscopy showed 
that  the BaO-TiO2 stoichiometric  ratio was close to 
unity. Bar ium t i tanate  was detected by x - r a y  diffrac- 
tion, however ,  when  films deposited on p la t inum-  
rhodium foil at any oxygen pressure of 10 -~ Torr  or 
greater  were  post-deposit ion heat  t rea ted in helium. 
Heat ing the sample in a h igh - t empera tu re  x - r a y  cam- 
era in steps of 100~ showed that  a significant amount  
of the consti tuents reacted when  the substrate  t em-  
pera ture  was main ta ined  at 950~ for several  hours. 
This resul t  showed that  all consti tuents were  present  
in the deposit when  the oxygen pressure was suffi- 
cient ly high and that  it was necessary only to supply 
the rmal  act ivat ion energy to react  the oxides to form 
BaTiOa. 

In fur ther  post-deposi t ion hea t - t r ea tmen t  exper i -  
ments,  microscopy revea led  that  the th in  BaTiO3 films 
were  broken into crystal l i tes af ter  heat ing for ex-  
tended periods. The degree of crystal l izat ion depends 
on the composition and size of the particles. A film 
approximate ly  1200A thick which had been heated 
to 940~ for 18 hr  in argon is shown in Fig. 3(a) .  
Under  such t r ea tment  films grow some sizeable crys-  
talli tes by deplet ing their  surroundings.  As might  be 
expected, af ter  counter-e lect roding,  these films showed 
electr ical  shorts. Continuous bar ium t i tanate  films 
suitable for forming  capacitor  dielectrics resul ted 
when  the s imultaneously evapora ted  const i tuent  ox-  
ides were  reacted by heat ing the substrate dur ing 
deposition. No post-deposit ion heat  t r ea tment  was r e -  
quired to react  the oxides. F igure  3 (b) shows the sur-  
face micrograph of a film on a 60 Pt-40 Rh substrate  
held at 935~ dur ing deposition in oxygen. The lines 
are substrate grain boundaries.  The films prepared  
this way  are continuous and were  successfully 
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Fig. 3. Surface micrograph of thin BaTi03 films. (a) (top) After 
heating in argon for 18 hr at 940~ (b) (bottom) film synthesized 
at 935~ Magnification 225X. 

counter-e lec t roded for  measurements  wi thout  exper i -  
encing electrical  shorts. 

The min imum substrate t empera tu re  requi red  to 
supply sufficient act ivat ion energy for react ing the 
s imultaneously evapora ted  oxides depended upon the 
nature  of the evaporant  sources and the oxygen pres-  
sure. When the oxides were  genera ted  f rom bar ium 
and t i tan ium metal,  bar ium t i tanate  was formed at 
tempera tures  as low as 600~ With ceramic TiO2 and 
BaTiO8 as sources for TiO2 and BaO, the lowest  sub- 
strate t empera tu re  requi red  was 800~ In ei ther  event,  
the react ion of the oxides took place at lower  t em-  
pera tures  and in shorter  t imes when  it was effected 
during deposition ra ther  than dur ing a post-deposi-  
t ion heat  t reatment .  For  film deposition rates f rom 
2 to 8 A/ sec  per formed for periods ranging f rom 10 
to 40 rain, react ion took place on the heated substrates 
dur ing deposition at the tempera tures  described. Fi lms 
similar ly prepared on room tempera tu re  substrates 
requi red  heat  t rea tments  (in argon or oxygen at at-  
mospheric pressure) at t empera tures  in excess of 
900~ for t imes exceeding 15 hr. 

In no case was it possible to form bar ium t i tanate  
at an oxygen pressure lower  than 10 -8 Torr  at a t e m -  
pera ture  below 900~ Bar ium t i tanate  films prepared  
at a substrate t empera tu re  of 800~ and an oxygen 
pressure of 5 x 10 -8 Torr  did not show the strong 
x - r a y  diffraction pa t te rn  of films prepared  at h igher  
tempera tures  under  the same oxygen pressure. When 
films were  prepared  at the same t empera tu re  wi th  the 
oxygen  pressure  increased to 10 -3 Tort ,  x - r a y  dif-  
fraction pat terns showed they possessed a degree of 
crystal l ini ty  equal  to or h igher  than that  of films 
prepared at substrate tempera tures  200~ higher. At  
an oxygen pressure of 10 -2 Torr, BaTiO8 was formed 
as low as 600~ al though it  was not possible to ob- 
tain films with  the same degree of crystal l ini ty  as 
those prepared  under  the same pressure  at 800~ 

Preparation o] substrates.--Several materials  were  
studied for applicabil i ty as substrates. Among  these, 
polished 60 Pt-40 Rh substrates which w e r e  vacuum 
fired at 1400~ lapped and diamond polished pro-  
vided the most  suitable surfaces. Defects could be 
reduced to small  dimensions re la t ive  to the thickness 
of the deposited dielectric film. The mater ia l  was re la -  
t ively  unreact ive  to the effects of high tempera ture ,  
oxygen atmosphere,  and the film deposit. These sub-  
strates also contr ibuted only a simple line s t ructure  
in its x - r a y  diffraction pat tern  and presented a highly 
conductive base electrode for test capacitors. 

Fi r ing at 1400~ in vacuum was employed to in-  
crease the grain size and stabilize the substrate d u r -  

Fig. 4. Surface of a prepared 60-40 Pt-Rh substrate after heating 
to deposition temperature. (a) (top) Interference contrast micro- 
graph. Magnification 35X, (b) (bottom) interferogram of grain 
boundary. Magnification 225X. 

ing subsequent  heating. Al though the grain bound-  
aries could not be seen af ter  this t rea tment ,  subse- 
quent  reheat ing  at 950~ in the deposition system 
caused them to reappear  on the h ighly  polished sur-  
face. The in te r fe rence  contrast  micrograph,  Fig. 4(a) ,  
i l lustrates the grain s t ructure  and indicates that  the 
grains are sl ightly shifted against  one another.  The 
interferogram,  Fig. 4(b) ,  shows that  steps are of 
the order  of 300A at the grain boundaries.  These 
grain boundaries,  however ,  did not appear  to affect 
the dielectr ic  propert ies  of the films deposited on these 
substrates. 

Measurements of Film Properties 
Composition and structure.--The BaTiO8 films were  

examined by x - r a y  spectroscopy to de termine  the 
re la t ive  composit ion of Ba and Ti. The technique was 
to measure  the BaLa to TiKa intensi ty ratio and to 
compare  this wi th  bulk BaTiO3 samples. To determine  
the crystal l ine phases and their  s tructure,  conven-  
t ional  x - r a y  diffraction analysis of the films was made. 
All  of the films revealed  the cubic Perovsk i t e - type  
s t ructure  at room temperature ,  except  for some of 
the thicker  film where  te t ragonal i ty  was indicated 
by the appearance of the (110) l ine splitting. These 
measurements  showed fu r ther  that  BaTiO8 appeared 
when  the Ba /T i  spectroscopic intensi ty ratio was in 
the range f rom 0.4 to 0.8, with the strongest  diffraction 
pat terns  for a rat io of 0.6. The Ba /T i  intensi ty ratio 
f rom measurements  on bar ium t i tanate  powders  and 
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Fig. 7. Dual-beam interferograms taken (a) (top) on a smooth 
film, (b) (bottom) on a rough film. (Note the film is removed on 
the left.) 

s ing le  c r y s t a l s  g a v e  a n  a v e r a g e  i n t e n s i t y  r a t i o  of 
0.87. T h e  d i s c r e p a n c y  is p r o b a b l y  d u e  to t h e  p r e s e n c e  
of a T i - r i c h  p h a s e  of l ow  o r d e r  (as  T i O 2 - x  a n d  
BaTi2Os)  w h i c h  h a s  p o o r  d i f f r a c t i n g  p o w e r  a n d  does  
n o t  s h o w  u p  in  t h e  d i f f r a c t i o n  p a t t e r n .  F o r  r a t i o s  a b o v e  
0.8, t h e  a p p e a r a n c e  of t h e  B a - r i c h  o r t h o t i t a n a t e  
(Ba2TiO4) as a m i n o r  p h a s e  w a s  o b s e r v e d .  I n  Fig.  5 
t h e  d i f f r ac t i on  p a t t e r n  of a f i lm w i t h  t h e  B a / T i  i n t e n s i t y  
r a t i o  of 1.1 is s h o w n  in  t h e  r a n g e  f r o m  20 ~ to 50 ~ 
w h e r e  t h e  m a i n  d i f f r a c t i o n  p e a k s  occur .  T h e  o r t h o -  
a n d  m e t a - t i t a n a t e s  a r e  d i s t i n g u i s h a b l e  a n d  a l so  t h e  
p e a k s  fo r  t h e  P t - R h  s u b s t r a t e .  T h e  d i f f r a c t i o n  p a t t e r n  
of a f i lm w i t h  a n  x - r a y  s p e c t r o g r a p h i c  B a / T i  r a t i o  of 
0.62 is s h o w n  in  Fig. 6. T h e  p a t t e r n  is s t r o n g  a n d  
s h o w s  a p r e f e r e n t i a l  o r i e n t a t i o n  in  t h e  (200) p l a n e ;  
t h e  T i - r i c h  p h a s e  does  n o t  a p p e a r  in  t h e  p a t t e r n .  

Film thickness.--It h a s  b e e n  t h e  p r a c t i c e  to  d e -  
t e r m i n e  a n  a v e r a g e  f i lm t h i c k n e s s  b y  w e i g h i n g  
(1, 2, 4, 5) .  In  o u r  m e a s u r e m e n t s ,  f i lm t h i c k n e s s  w a s  
d e t e r m i n e d  b y  d u a l - b e a m  i n t e r f e r o m e t r y  in  t h e  r e -  
g ion  c lose  to a t e s t  capac i to r .  T h e  f i lm w a s  p a r t i a l l y  
r e m o v e d  b y  H F - e t c h i n g  a f t e r  m a s k i n g  w i t h  a w a x  
so lu t ion ,  a n d  t h e  s t ep  was  t h e n  m e t a l l i z e d  b y  s i l v e r  
e v a p o r a t i o n .  A n  e x a m p l e  of a n  i n t e r f e r o g r a m  fo r  t h i n  
f i lms w i t h  a s m o o t h  s u r f a c e  is s h o w n  in  Fig.  7 ( a ) .  F o r  
s o m e  t h i c k  fi lms,  or  w h e n  t h e  f i lms a r e  B a - r i c h ,  t h e  
s u r f a c e  w a s  u s u a l l y  r o u g h ,  see  Fig.  7 ( b ) ,  a n d  t h e  
i n t e r f e r e n c e  p a t t e r n  w a s  t h e n  w a s h e d  out .  W h e n  t h e  
m e a s u r e m e n t s  of t h e  t h i c k  f i lms c o u l d  n o t  b e  m a d e  b y  
u s e  of w h i t e  l i g h t  f r i nges ,  a s t y l u s  m i c r o m e t e r  w a s  
used.  

Table I. Properties of synthesized BaTi03 films 

S a m p l e  C / A  ~ db e 'c D �9 B a / T i e  
No.  ( ~ F / c m  a ) (/~) (23~ (%)  a v g  S t r u c t u r e  f 

B T - 2 7  0.25 0.11 31 7.9 0.65 A 
B T - 2 9  0.085 0.22 21 4.7 1.05 A 
B T - 6 7  0.91 0 .14 140 2.7 0.73 B 
B T - 6 9  1.32 0.37 550  3.2 0.45 B 
B T - 7 1  1.61 0.73 1330 17.8 0.45 B T  
B T - 7 7  0.44 0.54 270  6.0 0 ,88 B,B2 
BT-81 1.58 0.46 820 4.1 0.13 B 
B T - 8 2  0.80 0.75 680 8.3 1.87 B,B~ 
B T - 8 5  0.76 1.04 900 5.5 0.57 B 
B T - 9 6  1.87 0.57 1200 25.7 0.55 B,B2 

�9 C / A  i s  t h e  c a p a c i t a n c e  p e r  u n i t  a t  1 k c .  
b d is  f i lm  t h i c k n e s s .  
o e" i s  t h e  d i e l e c t r i c  c o n s t a n t  a t  r o o m  t e m p e r a t u r e .  

D is t h e  d i s s i p a t i o n  f a c to r .  
B a / T i  is t h e  a v e r a g e  x - r a y  s p e c t r o s c o p i c  p e a k  i n t e n s i t y  r a t i o .  

! S t r u c t u r e :  A,  a m o r p h o u s ;  B,  BaTiO~;  B T ,  BaT iC~  t e t r a g o n a l ;  B~, 
Ba2TiO4.  

Dielectric properties.--To c a r r y  o u t  e l e c t r i c a l  m e a s -  
u r e m e n t s ,  a p a t t e r n  of 18 to 36 t h i n - f i l m  a l u m i n u m  
c o u n t e r  e l e c t r o d e s  ( l - r a m  d i a m e t e r )  w a s  e v a p o r a t e d  
o v e r  t h e  1 x 2 c m  BaTiO3 f i lm a rea .  T h e  l e a k a g e  r e -  
s i s t a n c e  w a s  m e a s u r e d  w i t h  a v o l t a g e  d i v i d e r  c i r cu i t  
u s i n g  a K e i t h l e y  610 e l e c t r o m e t e r  ( i n p u t  r e s i s t a n c e  
of 10 TM o h m s )  a n d  a K e i t h l e y  241 v o l t a g e  supp ly .  
C a p a c i t a n c e  a n d  d i s s i p a t i o n  f a c t o r s  i n  t h e  r a n g e  f r o m  
50 cps  to 300 kc  w e r e  m e a s u r e d  w i t h  a G e n e r a l  R a d i o  
716-C c a p a c i t a n c e  b r i d g e .  

Results and Discussion 
F o r  e a c h  film, m e a s u r e m e n t s  w e r e  m a d e  of c a -  

p a c i t a n c e  a n d  d i s s i p a t i o n  f a c t o r  a t  1 kc. F i l m  t h i c k -  
ness ,  t h e  a v e r a g e  B a / T i  i n t e n s i t y  r a t i o  a n d  c r y s t a l  
s t r u c t u r e  b y  x - r a y  d i f f r ac t i o n  w e r e  a l so  d e t e r m i n e d .  
T h e s e  da ta ,  w i t h  d i e l e c t r i c  c o n s t a n t s  a n d  specif ic  
c a p a c i t a n c e s ,  a r e  c o m p i l e d  fo r  s o m e  f i lms in  T a b l e  I. 
S a m p l e s  B T - 2 7  a n d  29 a r e  a m o r p h o u s  f i lms d e p o s i t e d  
on  304 s t a i n l e s s  s t ee l  b e f o r e  t h e  c r y s t a l l i z a t i o n  c o n -  
d i t i o n s  w e r e  e s t a b l i s h e d .  T h e  d i e l e c t r i c  c o n s t a n t s  a r e  
low, t o g e t h e r  w i t h  r e l a t i v e l y  h i g h  d i s s i p a t i o n  fac to rs .  
I n  t h e  o t h e r  f i lms p r e p a r e d  a t  h i g h e r  s u b s t r a t e  t e m -  
p e r a t u r e s ,  l o w - f i e l d  d i e l e c t r i c  c o n s t a n t s  f r o m  820 to  
1330 a r e  f o u n d .  A l t h o u g h  d i s s i p a t i o n  f a c t o r s  t e n d  to 
b e  h i g h  in  f i lms w i t h  h i g h  d i e l e c t r i c  c o n s t a n t ,  v a l u e s  
as l o w  as 3% a r e  o b t a i n e d  fo r  a f i lm w i t h  a d i e l e c t r i c  
c o n s t a n t  of 550. D i e l e c t r i c  c o n s t a n t  a n d  d i s s i p a t i o n  
f a c t o r  do n o t  d e p e n d  on  t h e  s u b s t r a t e  t e m p e r a t u r e  i n  
t h e  r a n g e  f r o m  770 ~ to 1025~ 

T h e  d - c  l e a k a g e  c u r r e n t  w a s  m e a s u r e d  as  a f u n c -  
t i on  of t h e  a p p l i e d  v o l t a g e  fo r  s e v e r a l  f i lms.  T h e  
b r e a k d o w n  v o l t a g e  w as  d e t e r m i n e d  in  t h e  s a m e  
m e a s u r e m e n t .  In  Fig.  8 t h e  m e a s u r e m e n t  fo r  a c r y s -  
t a l l i n e  BaTiO3 f i lm is s h o w n .  T h i s  p a r t i c u l a r  f i lm d id  
n o t  s h o w  b r e a k d o w n  w i t h  t h e  a p p l i e d  14v. I n  m o s t  
f i lms,  h o w e v e r ,  a r e l a t i v e l y  s h a r p  u p t u r n  i n  t h e  c u r -  
r e n t  w a s  o b s e r v e d ,  i n d i c a t i n g  t h e  o n s e t  of  b r e a k d o w n  
b e t w e e n  4 a n d  10v. T h e  r e l a t i v e l y  h i g h  l e a k a g e  w a s  
p r o b a b l y  c a u s e d  b y  a s l i g h t  o x y g e n  def ic iency .  T h e  
d i e l e c t r i c  c o n s t a n t  a n d  d i s s i p a t i o n  f a c t o r  w e r e  a lso  
m e a s u r e d  o v e r  t h e  f r e q u e n c y  r a n g e  f r o m  50 cps  to  
300 kc;  b o t h  s h o w e d  a m o n o t o n i c  d e c r e a s e  i n  t h i s  
f r e q u e n c y  r a n g e .  T h e  c a p a c i t a n c e  d e c r e a s e s  b y  13% 
a n d  t h e  d i s s i p a t i o n  f a c t o r  f r o m  7.9 to 2% fo r  t h e  
s a m p l e  m e a s u r e d .  

T h e  a p p e a r a n c e  of a m i n o r  p h a s e  of t h e  o r t h o t i t a n a t e  
r e d u c e d  t h e  d i e l e c t r i c  c o n s t a n t .  F o r  a f i lm of t h e  o r -  
t h o t i t a n a t e  (Ba~TiO4) t h e  d i e l e c t r i c  c o n s t a n t  w a s  
f o u n d  to  b e  a p p r o x i m a t e l y  30. I n  a d d i t i o n  to t h e  
d e p e n d e n c e  of t h e  d i e l ec t r i c  c o n s t a n t  on  c o m p o s i t i o n ,  
a d e p e n d e n c e  of  t h e  d i e l e c t r i c  c o n s t a n t  on  f i lm t h i c k -  
ness  a p p e a r e d  i n  t h i n  b a r i u m  t i t a n a t e  f i lms.  T h e r e  
w a s  a t r e n d  to l o w e r  d i e l e c t r i c  c o n s t a n t ,  t h e  t h i n n e r  
t h e  fi lm. 

T h e  d e p e n d e n c e  of c a p a c i t a n c e  a n d  d i s s i p a t i o n  f a c -  
t o r  o n  t e m p e r a t u r e  is of i n t e r e s t  f o r  f i n d i n g  t h e  t e m -  
p e r a t u r e  coeff ic ient  of c a p a c i t a n c e ,  a n d  in  t h i s  case  
p a r t i c u l a r l y  to  d e t e r m i n e  w h e t h e r  t h e r e  ex i s t s  a p h a s e  
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heated P t -Rh  substrate in a low pressure a tmosphere  
of oxygen. At format ion tempera tures  above 800~ 
suffic}ent energy  was supplied to react  the consti tu-  
ents, BaO and TiO2. BaTiO3 was detected by x - r a y  
diffraction in films prepared  at tempera tures  as low 
as 600~ The format ion  t empera tu re  for BaTiO3 in 
films heated dur ing deposition was approximate ly  
200~ less than for films deposited on substrates at 
room tempera tu re  which were  heat  t rea ted  after  ox-  
ide deposition. 

At room tempera tu re  the thicker  films had dielectric 
constants above 1000. They did not, however ,  exhibi t  
spontaneous polarization. This is compatible  wi th  the 
cubic s t ructure  found in most films. The te t ragonal  
phase was observed at room tempera tu re  only for 
films that  are of the order  of 1~ thick. The highest  
dielectric constant was 1330, measured  at 1 kc. A 
specific capacitance of 1.6 ~F /cm 2 wi th  a loss tangent  
of 0.041 was obtained. Al though a specific capacitance 
of 2 g F / c m  2 was approached the losses were  higher. 

The exper iments  described have  shown that  the 
method of s imultaneous deposition of oxides is wel l  
suited for the prepara t ion of bar ium t i tanate  films. 
In contrast  to previous work, the s toichiometry in-  
dicated by the Ba /T i  ratio can be controlled, but fu r -  
ther  work  is requi red  to prepare  single phase (meta-  
t i tanate)  films reprcducibly.  The technique is p rom-  
ising for the prepara t ion of thin film capacitors; how-  
ever,  there  al'e l imitat ions imposed by the avai lable  
choice of substrate mater ia ls  in the prepara t ion of 
bar ium t i tanate  films for application in microcircui try.  
These l imitat ions are common to all methods of prep-  
arat ion and lie in the high t empera tu re  (~600~ 
necessary to form bar ium t i tanate  arid in the react iv i ty  
of bar ium compounds with  substrate mater ia ls  at 
such elevated temperatures .  
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transi t ion indicated by a sharp peak in capacitance 
near  120~ Usually,  only a monotonic increase in 
capacitance and dissipation factor was found. Severa l  
films, however ,  have  shown anomalies at 120~ One 
film, which showed higher  order of crystal l izat ion by 
x - r a y  diffraction, also showed max ima  in C and D, 
indicating a phase transi t ion for some of the mater ia l .  
In Fig. 9 the capacitance and dissipation factor vs. 
t empera tu re  are shown for a test capacitor on init ial  
heating. A clear peak in capacitance at 120~ may  be 
observed. None of the electron beam deposited films, 
however ,  exhibi ted a ferroelectr ic  hysteresis loop. 
This may be expected since a p redominant ly  cubic 
s t ructure  is found in most of the films. 

Conclusions 
Bar ium t i tanate  films 0.1 to 1~ thick were  synthesized 

by the s imultaneous evaporat ion of its const i tuent  
oxides and react ing them during deposition on a 

Manuscr ipt  received May 21, 1964; revised manu-  
script received J u l y  7, 1964. This paper  was del ivered 
at the New York Meeting, Sept. 30-Oct. 3, 1963. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Anodic Reactions of Simple Phenolic Compounds 
Frederick J. Vermillion, Jr., 1 and Irwin A. Pearl 

The Institute of Paper Chemistry, Appleton, Wisconsin 

ABSTRACT 

A study of the anodic reactions of phenols was made using the techniques 
of vo l tammetry ,  coulometry,  and control led potent ial  electrolysis.  I t  was 
shown that  two ent i re ly  different anodic reactions are possible wi th  phenolic 
compounds. The first is an electrophil ic  at tack on the aromatic  nucleus of the 
nonionized phenol wi th  the i r revers ib le  r emova l  of two electrons to give a 
mesomeric  phenoxonium ion. As an example  of this process an electrolysis of  
2,6-di-tert-butyl-p-cresol in acetoni t r i le  at  a p la t inum anode resul ted in the  
addition of methanol  to form 2 ,6 -d i - t e r t -bu ty l -4 -me thy l -4 -me thoxy-cyc lo -  
hexadienone  in 65% yield. The second possible electrode react ion is the re -  
versible  remova l  of one electron f rom the phenoxide  anion to give a phenoxy  
free radical. This process was i l lus t ra ted  by the electrolysis of the vani l l ina te  
anion in acetonitr i le  at a p la t inum anode to give dehydrodivani l l in  in 65% 
yield. It was found that  h a l f - w a v e  potentials  for both electrode reactions could 
be correla ted by H a m m e t t - t y p e  equations. Br ief  vo l tammetr ic  exper iments  
in 50% aqueous isopropanol on a carbon electrode indicated that  both reactions 
could also occur in this system, depending on the pH and on the pKD of the 
phenol being investigated.  

Because of the importance of the phenolic hydroxy l  
group in the field of wood chemistry,  an invest igat ion 
of the anodic reactions of phenols was made using the 
techniques of vol tammetry ,  coulometry,  and control led 
potent ia l  electrolysis.  The  l i te ra ture  on the vo l t am-  
me t ry  of phenols was r ev iewed  recent ly  by Suatoni  
et al. (1). Al though a n u m b e r  of workers  have  made 
investigations of the anodic vo l t ammet ry  of phenolic 
compounds, only a few papers have  a t tempted  to ex -  
plain the mechanism of the p r imary  electrode reaction, 
and these revea led  two conflicting theories.  

The first theory, advanced by Hedenberg  and Freiser  
(2), and supported by Ginzberg (3), is that  the p r imary  
react ion involves  the loss of one electron to form a 
phenoxy free  radical. The second theory,  proposed by 
Gaylor  et al. (4, 5) is that  the p r imary  react ion in-  
volves the loss of two electrons to give an unspecified 
intermediate .  The  la t te r  authors based their  admit tedly  
tenta t ive  conclusions on the assumption tha t  the reac-  
tion of hydroquinone  on a graphi te  electrode in buf-  
fered 50% aqueous isopropanol was a two-e lec t ron  
process. However ,  more  recent  studies have  indicated 
a strong possibili ty that, under  these conditions, hy-  
droquinone undergoes a one-e lec t ron t ransfer  (6,7).  
If  this is the case, the results  of Gaylor  et al. should be 
re in te rpre ted  as indicat ing a one-e lec t ron  p r imary  
electrode react ion in agreement  wi th  the results of 
Hedenberg  and Freiser.  Nevertheless ,  the data of 
Nash, Skauen,  and Purdy  (8) revea l  var iat ions be-  
tween different phenolic compounds which  would  seem 
to preclude the possibility of a single simple mech-  
anism. 

Experimental 
Apparatus.--The polarograph,  vo l tammet r ic  cell, ap-  
paratus for constant potent ial  electrolysis, and their  
use were  described in detai l  in a previous paper  (9). 
P la t inum electrodes used in this s tudy had the fol low- 
ing areas: A, 0.029 cm2; and B, 0.0058 cm 2. 

The carbon paste of Olsen and Adams (10) was used 
in a rota t ing electrode. The paste was contained in 
a % in. hole which was bored in the end of a Teflon 
rod. Electr ical  contact was made  to the paste through a 
brass rod which was press fitted into the Teflon. The 
brass rod was insulated f rom the synchronous rota tor  
by a nylon sleeve. A small  nylon cup at the  top held 
mercury  for ex te rna l  electr ical  connection. Contact  
be tween  the mercu ry  and the brass was achieved wi th  
a p la t inum pin through the bot tom of the nylon cup. 
The carbon paste was formula ted  f rom Acheson Grade 

1 P r e s e n t  address :  Wes t  Vi rg in ia  Pulp  and  P a p e r  Company,  
Charleston,  South  Carolina.  

No. 38 graphite,  k indly donated by National  Carbon 
Company, and minera l  oil (Nujol ) .  The paste was 
packed into the end of the electrode, and the  surface 
was smoothed to give a disk-shaped surface. 

For  the electrolysis of 2,6-di-tert-butyl-p-cresol 
(2,6-DTBC) the Potent iosta t  (9) was used to supply a 
constant current  by control l ing the potent ial  drop 
across a fixed resistor in series wi th  the electrolysis 
cell. The methanol ic  solution of t e t r ae thy lammonium 
hydroxide  was added dropwise at 20-35 sec in tervals  
wi th  a t iming device which was adjusted manua l ly  
at intervals  throughout  the electrolysis  so that  the ra te  
was mainta ined at one equiva len t  per  faraday of elec- 
tricity. 
Chemicals.--Unless otherwise  stated, r eagen t -g rade  
chemicals were  employed. Chemicals not avai lable  
commercia l ly  were  prepared  by methods in the l i t e ra -  
ture  (11-18). When necessary, phenols were  purified 
by recrystal l izat ion or vacuum disti l lat ion unt i l  a 
mel t ing point close to that  repor ted  in the l i t e ra ture  
was obtained. It  was noted that  3,5-di-tert-butyl-4- 
hydroxybenzoic  acid prepared  by the method  of Yohe 
et al. (18) mel ted at 205~ ~ and remel ted  at 215 ~ 
217 ~ whereas  the original  authors repor ted  a mel t ing  
point of 217~ ~ . However ,  the present  product  had 
an inf rared  spect rum identical  wi th  that  of an authen-  
tic sample k indly  provided by Dr. Yohe (19). 
Voltammetric procedure.--Samples were  weighed  in a 
dry box mainta ined below 20% (usually 7-10%) re la -  
t ive  humidity.  The weighed sample of phenol  was dis- 
solved and diluted with  support ing electrolyte  to 10 
ml  in a volumetr ic  flask. The  resul t ing stock solution 
was subsequent ly  di luted with  a solution of support ing 
electrolyte  to prepare  the test sample. 

The phenoxide anions in acetonitr i le  were  prepared 
by adding t e t r ae thy lammonium hydroxide  (as 10% 
aqueous solution) to the solution of the  phenol.  

For  the exper iments  in 50% aqueous isopropanol, 
buffer stock solutions were  p repared  in wate r  wi th  an 
ionic s t rength of 1M. Five  mil l i l i ters  of the buffer, 20 
mI of distilled water ,  and the phenol  dissolved in iso- 
propanol  were  placed in a 50-ml volumetr ic  flask and 
diluted to the mark  wi th  isopropanol to give a solu- 
tion of 0.1M ionic strength. The buffers used and thei r  
apparent  p,H after  di lut ion are  g iven in Table I. 

Test solutions were  deaerated for at least 15 min 
before running  a vo l tammogram.  The span vol tage and 
cell resistance were  measured  f requent ly ,  the usual 
procedure  being to measure  the span vol tage wi th  a 
L&N Student  potent iometer  before  each exper iment ,  
and the cell resistance after  each experiment .  Residual  
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Table I. Buffer solutions Table II. Effect of concentration on the voltamrnetry of 
2,6-Di-tert-butyl-p-cresol 

A p p a r e n t  p H  a f t e r  d i l u -  ( E l e c t r o d e  B,  r e d u c e d  s u r f a c e )  
M a i n  b u f f e r  c o m p o n e n t s  t i o n  w i t h  i s o p r o p a n o l  

W a v e  I W a v e  I I  
HC1, KC1 1.4 
P o t a s s i u m  a c i d  p h t h a l a t e  3.7 Concn ,  - - iD /C ,  Ez/~, (v  --i~/C, E1/2, (v 
HCl ,  s o d i u m  a c e t a t e  5 ,6  m M  ~ a / m l ~  vs. SCE)  ~n~ /~a /mM vs .  S C E )  
NH4OH,  NH4C1 8.1 
HaBO3, N a O H  9.8 
N a O H ,  NafI-IPO4 11.6 0.0210 9.5 1.21 - -  - -  - -  

0 .0416 10.6 1.19 - -  - -  - -  
0.106 12.1 1.25 0.61 - -  - -  

c u r r e n t  c u r v e s  w e r e  r u n  f r e q u e n t l y  to  c h e c k  t h e  p u r i t y  0.528 13.3 1.25 0.62 1.6 1.63 
of t h e  sy s t em.  T h e  d i r e c t i o n  of  p o l a r i z a t i o n  w a s  - -  to  + 1.06 14.6 1.26 0.54 3.0 1.63 

3.64 14.6 1.24 0.70 6.3 1.60 
a n d  t h e  r a t e  of p o l a r i z a t i o n  w a s  2.94 m v / s e c .  6.66 14.5 1.22 o.s3 8.3 1.53 

E x p e r i m e n t s  w e r e  c o n d u c t e d  o n  b o t h  o x i d i z e d  a n d  9.66 13.7 1.21 0.66 9.4 1.54 
r e d u c e d  p l a t i n u m  e lec t rodes .  T h e  o x i d i z e d  e l e c t r o d e  
was  a c h i e v e d  b y  a h a l f - m i n u t e  t r e a t m e n t  in  h o t  c h r o -  
m ic  acid.  T h e  r e d u c e d  e l e c t r o d e  w a s  o b t a i n e d  b y  
c a t h o d i c a l l y  p r e t r e a t i n g  t h e  e l e c t r o d e  a t  a b o u t  - -0 .5v  
vs. t h e  SCE.  In  s o m e  cases  w h e r e  a p o l y m e r  f i lm w a s  
i n d i c a t e d  o n  t h e  e l e c t r o d e  su r f ace ,  t h e  c a t h o d i c  p r e -  
t r e a t m e n t  w a s  p r e c e d e d  b y  a h a l f - m i n u t e  t r e a t m e n t  
w i t h  h o t  c h r o m i c  acid,  b u t  in  t h e  case  of 2 ,6 -DTBC a n d  
i ts  d e r i v a t i v e s  no  s u c h  c l e a n i n g  w a s  n e e d e d .  

Analysis of Voltammetr ic Data 
P o t e n t i a l s  a r e  r e p o r t e d  as m e a s u r e d  vs. t h e  SCE.  T h e  

c u r v e s  w e r e  e v a l u a t e d  w i t h  a c o m p u t e r  p r o g r a m  w h i c h  
c o r r e c t e d  fo r  r e s i d u a l  c u r r e n t  a n d  iR drop ,  a n d  s e l e c t e d  
iD as t h e  v a l u e  w h i c h  g a v e  t h e  b e s t  l e a s t  s q u a r e s  fit 
to  a s t r a i g h t  l i ne  in  a p lo t  of l og  i / ( iD-i)  VS. E. T h e  
p r o g r a m  g a v e  v a l u e s  of iD, El~2, a n d  ~n~. 

T h e  t r i a l  a n d  e r r o r  ba s i s  f o r  t h e  s e l e c t i o n  o2 iD w o u l d  
n o t  b e  a p p l i c a b l e  in  t h e  case  m i d w a y  b e t w e e n  " r e -  
v e r s i b l e "  a n d  " t o t a l l y  i r r e v e r s i b l e "  v o l t a m m e t r i c  b e -  
h a v i o r ,  n o r  i n  t h e  case  of k i n e t i c  or  c a t a l y t i c  b e h a v i o r .  
I n  t h e s e  cases  t h e  c o m p u t e d  v a l u e  of ~n~ w o u l d  h a v e  n o  
s igni f icance .  H o w e v e r ,  s i nce  t h e  w a v e s  of i n t e r e s t  in  
t h i s  s t u d y  d id  g ive  a r e a s o n a b l y  good  fit to  a s t r a i g h t -  
l i n e  p lo t ,  t h e  c a l c u l a t e d  v a l u e s  of ~n~ h a v e  a p r a c t i c a l  
u se  s ince  t h e y  a t  l e a s t  d e s c r i b e  t h e  w a v e  s h a p e  e m -  
p i r i ca l l y .  

Phenoxonium Ion Mechanism in Acetonitrile 
I n i t i a l  v o l t a m m e t r i c  s t u d i e s  w i t h  a n u m b e r  of 

p h e n o l s  g a v e  d i f fus ion  c u r r e n t s  w h i c h  b y  c o m p a r i s o n  
w i t h  h y d r o q u i n o n e  i n d i c a t e d  a p p r o x i m a t e l y  a t w o -  
e l e c t r o n  t r a n s f e r .  2 S i n c e  t h e  p h e n o l i c  h y d r o x y l  is 
p r a c t i c a l l y  u n d i s s o c i a t e d  in  a c e t o n i t r i l e ,  i t  w a s  p r e -  
s u m e d  t h a t  t h e  n o n i o n i z e d  p h e n o l  w a s  r e a c t i n g  to f o r m  
a m e s o m e r i c  p h e n o x o n i u m  ion  a c c o r d i n g  to E q  [1].  
T h e  

~ OH O+~ ~- ,~ [1] 

_ H  + 

H 

c a l c u l a t e d  v a l u e s  of  ~n~ r a n g e d  f r o m  0.48 to 0.72 d e -  
p e n d i n g  on  t h e  c o n d i t i o n  of  t h e  e l e c t r o d e  s u r f a c e  a n d  
t h e  c o n c e n t r a t i o n .  T h i s  i n d i c a t e d  a n  i r r e v e r s i b l e  e l ec -  
t r o d e  p rocess .  T h e  ef fec t  of a n  o x i d e  f i lm on  t h e  s u r f a c e  
of a p l a t i n u m  e l e c t r o d e  w a s  p r o n o u n c e d ,  a n  o x i d i z e d  
s u r f a c e  g i v i n g  a h a l f - w a v e  p o t e n t i a l  as  m u c h  as 0.1v 
l o w e r  t h a n  a r e d u c e d  e l ec t rode .  T h e r e  w a s  a lso  a d e -  
c r e a s e  i n  t h e  a p p a r e n t  r e v e r s i b i l i t y  of t h e  r e a c t i o n  on  
a n  o x i d i z e d  su r f ace ,  b u t  no  s i g n i f i c a n t  ef fec t  o n  t h e  
d i f fus ion  c u r r e n t .  W i t h  i soeugeno l ,  s e v e r e  f i l m ing  was  
e n c o u n t e r e d ,  b u t  w i t h  t h e  h i n d e r e d  p h e n o l s  a n d  o t h e r  
p h e n o l s  w h i c h  h a d  t w o  o r  m o r e  of t h e  r e a c t i v e  o r t h o  
a n d  p a r a  p o s i t i o n s  b locked ,  n o  f i l m i n g  w as  encountered. 

Detailed studies on 2,6-Di-tert-buty~-p-cresol.--2,6- 
D T B C  w a s  s e l e c t e d  f o r  i n t e n s i v e  s t u d y  b e c a u s e  t h e  r e -  
a c t i ons  of t h i s  c o m p o u n d  w i t h  c h e m i c a l  o x i d i z i n g  
a g e n t s  a r e  q u i t e  w e l l  k n o w n .  A l l  of  t h e  v o l t a m m e t r i c  
s t u d i e s  i n  t h i s  s e c t i o n  w e r e  c o n d u c t e d  o n  p l a t i n u m  

~ T h e  r e s u l t s  of  L u n d  (21) and G e s k e  (13) h a v e  i n d i c a t e d  i n d i -  
r e c t l y  t h a t  t h e  a n o d i c  r e a c t i o n  of  h y d r o q u i n o n e  in  a e e t o n i t r i l e  i n -  
v o l v e s  a t w o - e l e c t r o n  t r a n s f e r .  
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0.50 
0.60 
0.43 
0.51 
0.47 

e l e c t r o d e  B w i t h  a r e d u c e d  su r f ace ,  u s i n g  0.5M t e t r a -  
e t h y l a m m o n i u m  p e r c h l o r a t e  as a s u p p o r t i n g  e l ec -  
t r o ly t e .  R e p r e s e n t a t i v e  d a t a  in  t h e  c o n c e n t r a t i o n  r a n g e  
f r o m  0.021 to 9.66 mlVI a r e  g i v e n  i n  T a b l e  II. 

T w o  p o i n t s  of i n t e r e s t  w i l l  b e  n o t e d  i n  t h e s e  da ta .  
F i r s t ,  t h e  d i f fus ion  c u r r e n t  c o n s t a n t  f o r  t h e  m a i n  w a v e  
i n c r e a s e s  n u m e r i c a l l y  f r o m  a v a l u e  i n d i c a t i n g  a t w o -  
e l e c t r o n  r e a c t i o n  a t  l o w  l e v e l s  of c o n c e n t r a t i o n  to  a 
v a l u e  i n d i c a t i n g  a t h r e e - e l e c t r o n  r e a c t i o n  a t  h i g h  l e v e l s  
of c o n c e n t r a t i o n .  Second ,  t h e r e  is a s e c o n d  w a v e  w h i c h  
is a b s e n t  a t  v e r y  l o w  l e v e l s  of c o n c e n t r a t i o n ,  b u t  o c c u r s  
a t  i n t e r m e d i a t e  l e v e l s  of c o n c e n t r a t i o n  a n d  b e c o m e s  
m o r e  p r o n o u n c e d  a t  h i g h  l eve l s  of c o n c e n t r a t i o n .  T h e  
v a l u e s  of t h e  d i f fus ion  c u r r e n t  c o n s t a n t  f o r  t h e  m a i n  
w a v e  w o u l d  s u g g e s t  a l i m i t i n g  t w o - e l e c t r o n  r e a c t i o n  
a t  t h e  l o w e s t  l e v e l  of c o n c e n t r a t i o n ,  a n d  a t h r e e -  
e l e c t r o n  r e a c t i o n  a t  t h e  h i g h e s t  l e v e l  of c o n c e n t r a t i o n .  
B o t h  t h e  i n c r e a s e d  d i f fus ion  c u r r e n t  c o n s t a n t  a n d  t h e  
s e c o n d  w a v e  c a n  b e  e x p l a i n e d  b y  t h e  r e o x i d a t i o n  of a 
p r o d u c t  of r e a c t i o n  a f t e r  s o m e  k i n e t i c  p r o c e s s  w h i c h  
fo l l ows  t h e  p r i m a r y  e l e c t r o n  t r a n s f e r .  

A p o s t u l a t e d  s e q u e n c e  of r e a c t i o n s  w h i c h  w o u l d  g ive  
l i m i t i n g  n v a l u e s  of t w o  a n d  t h r e e  a t  t h e  l o w  a n d  h i g h  
e x t r e m e s  of c o n c e n t r a t i o n ,  r e s p e c t i v e l y ,  is g i v e n  b y  Eq.  
[ 2 ] -  [6].3 T h i s  r e a c t i o n  s e q u e n c e  w a s  s u p p o r t e d  
(R  ----- t - B u t y l )  

H3C R 1 

HO < / \ >  CHa - - 2 e  .C + ~ ~-~etc. 
--H + 

R 

[2] 

R CH3 R 
O : ~ k  ~ ( ~  ~CH2~- H + 

R R 
IX 

[3] 

R R R 

2 

R R R 
[4] 

R R R R 

R R R R [5] 

R R R R 

R R R R [6] 

a T h i s  r e a c t i o n  s e q u e n c e  w a s  c h o s e n  b e c a u s e  o f  t h e  w o r k  of F u j i -  
s a k i  (23-26) w h o  h a s  g i v e n  e v i d e n c e  f o r  t h e  m e t h y l e n e q u i n o n e ,  I X ,  
as  a n  i n t e r m e d i a t e  i n  t h i s  t y p e  o f  r e a c t i o n .  
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Table Ill. Voltammetry of products from chemical oxidations of 2,6-DTBC 

( E l e c t r o d e  B,  r e d u c e d  s u r f a c e )  

W a v e  I 

C o m p o u n d  iD/C, E1/'z, 
(R = t -- B u )  Conch ,  m M  # a / r a M  (v  vs. SCE) 

W a v e  I I  

iD/C, El~2, 
/ e a /mM (v vs. SCE)  

R R 

I HO ~ -  CH2-- CH~ ~ OH 1,23 19.7 1.23 5.8 1.51 

R R 

R R 

I I  HO ~--CH=CH--~ OH 0.77 9.1 0.77 9.1 1.53 
m 

R R 

R R 

III O= ~=CH--CH= ~ = O  . . . .  1.53 
n ~ 

R R 

R 

IV  H a  ~ / . . . ~  CH=OH 0.174 14.3 1.25 - -  - -  
R 1.00 13.2 1.24 3.2 1.72 

R 

CHO 1 . 1 0  - -  - -  11.0 ~ 1 . 6 8  b V H a  

R 

R 

V I  H a  ~ C O O H  0 . 5 8 6  - -  - -  7.3~'  1 . 6 8 3  

R 

~ CH~ 
V I I  O = No  w a v e  o b s e r v e d .  

OCH3 
R 

R 

= ~ = O No w a v e  o b s e r v e d ,  V I I I  O 

R 

a T h i s  c o m p o u n d  w a s  s p a r i n g l y  so lub l e  in  a c e t o n i t r i l e  a n d  i t s  c o n c e n t r a t i o n  w a s  n o t  k n o w n  w i t h  c e r t a i n t y .  H o w e v e r ,  t h e r e  is  l i t t l e  
d o u b t  t h a t  t h i s  w a s  a t w o  e l e c t r o n  w a v e ,  i.e., iD/C ~ 9 i~a/mM. 

b T h e  w a v e s  fo r  t h e s e  c o m p o u n d s  o c c u r r e d  so c lose  to  t h e  d e c o m p o s i t i o n  p o i n t  of  t h e  s o l v e n t  s u p p o r t i n g  e l e c t r o l y t e  s y s t e m  t h a t  a p r e -  
c ise  e v a l u a t i o n  of i d l e  a n d  E1/2 w a s  i m p o s s i b l e .  

by  the  fac t  t h a t  of the  k n o w n  o x i d a t i o n  p roduc t s  of 
2 ,6 -DTBC on ly  the  d i m e r i c  p roduc ts ,  I, II ,  and  I I I  in 
Tab l e  I I I  g ive  w a v e s  at a p p r o x i m a t e l y  t h e  same  p o t e n -  
t ia l  as the  second w a v e  of 2 ,6-DTBC. 

S ince  it  was  k n o w n  tha t  an e lec t ro lys i s  of 2 ,6 -DTBC 
in ace ton i t r i l e  w o u l d  r e s u l t  in the  g e n e r a t i o n  of h y d r o -  
gen  ions in  solut ion,  v o l t a m m e t r i c  e x p e r i m e n t s  w e r e  

/ 
/ 

16 / i 
/ 3 

/ 

I I t I i ~  I I I I 
0,2 0.4 0,6 0.8 1.0 1.2 1.4 1,6 1.8 

E I VOLTS VS. SCE 

Fig. 1. Effect of hydrogen ion on the voltammetry of 2,6-DTBC 

Cu rye Conc. 2,6-DTBC, Conc. H +, 
No. mM rnM 

1 0.901 0 
2 0.901 0.125 
3 0.897 1.36 
4 0.881 11.5 

p e r f o r m e d  w i t h  a n h y d r o u s  pe r ch lo r i c  ac id  in g lac ia l  
ace t ic  ac id  added  to t he  t es t  so lu t ion .  T h e  r e su l t s  of 
typ ica l  e x p e r i m e n t s  a re  g i v e n  in  Fig.  1. A l t h o u g h  t h e r e  
is l i t t l e  effect  on t h e  o b s e r v e d  v o l t a m m o g r a m  at  h y d r o -  
gen  ion  concen t r a t i ons  up  to 1 raM, at  a c o n c e n t r a t i o n  
of 11.4 m M  the  w a v e  shape  is a l t e r ed  en t i re ly ,  thus  
ind ica t ing  a c h a n g e d  r eac t ion  path.  V o l t a m m e t r i c  e x -  
p e r i m e n t s  w i t h  t h e  d imer s  I I  and  I I I  in t he  p r e sence  
of excess  h y d r o g e n  ion  g a v e  n e w  w a v e s  at l o w  p o t e n -  
t ia ls  w h i c h  i nd i ca t ed  t h a t  a d e s t r u c t i v e  o x i d a t i o n  of t he  
s t i l b e n e q u i n o n e  was  occur r ing .  

These  e x p e r i m e n t s  w i t h  excess  h y d r o g e n  ion  w e r e  
s igni f icant  because  t h e y  ind ica t ed  tha t  un less  t he  h y -  
d r o g e n  ion  was  c o n s u m e d  as i t  was  l i b e r a t e d  in  the  
e l ec t rode  r eac t ion  and  f o l l o w i n g  processes ,  d e s t r u c t i v e  
ox ida t ion  of t he  in i t i a l  p roduc t s  of r eac t ion  cou ld  be  
e x p e c t e d  in a con t ro l l ed  p o t e n t i a l  e lec t ro lys is .  One  
m e t h o d  of o v e r c o m i n g  this  diff icul ty w o u l d  h a v e  b e e n  
to i n t r o d u c e  a su i t ab le  buf fe r  in to  t he  r eac t ion  m i x t u r e .  
H o w e v e r ,  p r e l i m i n a r y  v o l t a m m e t r i c  s tudies  w i t h  p y r i -  
dine,  t e t r a e t h y l a m m o n i u m  a c e t a t e - a c e t i c  acid, and 
t e t r a e t h y l a m m o n i u m  n i t r a t e - n i t r i c  acid  q u i c k l y  r e -  
v e a l e d  tha t  none  of these  w o u l d  be  su i t ab le  as a buffer  
for  t h e  anodic  r e a c t i o n  of 2 ,6 -DTBC in  ace ton i t r i l e .  

S ince  no sa t i s fac to ry  buf fe r  was  found,  an  a l t e r n a t i v e  
app roach  was  ind ica ted .  F o r  each  e l ec t ron  r e m o v e d  
f r o m  a n e u t r a l  o rgan ic  m o l e c u l e  in an  anodic  r eac t ion  
t he r e  is l e f t  in so lu t ion  one  pos i t ive ly  c h a r g e d  ion, 
e i t h e r  a h y d r o g e n  ion  o r  a c a r b o n i u m  ion. T h e  c a r -  
b o n i u m  ion is in mos t  cases u n s t a b l e  and m a y  be  e x -  
pec t ed  to comb ine  w i t h  o the r  mo lecu l e s  in t he  so lu t ion  
to g ive  a n e u t r a l  m o l e c u l e  and  a h y d r o g e n  ion. U l t i -  
ma te ly ,  t he re fo re ,  t h e r e  shou ld  be  a ne t  g e n e r a t i o n  of 
one  h y d r o g e n  ion  in  so lu t ion  for  e v e r y  e l ec t ron  w h i c h  
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is t ransferred at the electrode, i.e., one equiva len t  of 
hydrogen ion per  faraday of electricity.  This pr inciple  
offered a practical  way  out of the buffering di lemma. 
While the electrolysis was being conducted, a base 
could be added continuously at a ra te  which was 
exact ly  equiva len t  to the current  flowing. 

An electrolysis by this method was conducted on a 
10-2M solut ion of 2,6-DTBC wi th  0.5M sodium pe r -  
chlorate  as a support ing e lect rolyte# To minimize any 
overconcentra t ion of hydrogen ion in the vicini ty  of 
the anode, the electrolysis was conducted at a constant  
low current  densi ty of 1 m a / c m  2, corresponding ap- 
p rox imate ly  to the current  densi ty at a concentrat ion of 
0.5 mM in the vo l tammetr ic  studies. 

The base added was t e t r ae thy lammonium hydroxide.  
The anolyte  or iginal ly  contained no methanol,  but  the 
ra te  of addition was such that  at the end of the elec-  
trolysis the methanol  content  was 1600 mM. The anolyte  
was or iginal ly  only 1-2 mM in water ,  but  as the elec- 
trolysis progressed more  wate r  was formed at a ra te  of 
one equiva len t  per faraday so that  its final concentra-  
tion was approximate ly  40 mM. 

The plot  of anode potential  vs. t ime for this elec-  
trolysis shows a small  decrease in potential  dur ing the 
first 600 min  which was expected because a shift  in 
h a l f - w a v e  potent ial  to a less posi t ive value  was ob- 
served in a solution containing water  or methanol.  For  
the nex t  700 rain the potent ial  remained  re la t ive ly  
steady, and then for 700 min  it rose gradual ly  as is 
expected in an electrolysis at constant current.  Then 
for a period of 500 min  the anode potent ia l  var ied  ve ry  
errat ically,  and some ex t remely  low potentials (<0.4v) 
were  observed. This behavior  was significant, indicat ing 
the format ion  of electrolysis  products  which had a ve ry  
low ha l f -wave  potential .  The anode potential  rose 
ra ther  sharply dur ing the last par t  of the electrolysis  
to a final value  of 1.55v when  the electrolysis was 
stopped. At the low current  density used, the original  
2,6-DTBC should have  been more  than 95% consumed 
for the potent ial  to reach this level.  

The coulometr ic  n value  for this electrolysis was 3.45. 
By t i t ra t ion the anolyte  was shown to contain excess 
base equiva len t  to 3% of the total hydroxide  ion added 
dur ing the electrolysis. A crude product  was separated 
f rom the anolyte  in 103% yield based on the start ing 
2,6-DTBC. 

2 , 6 - D i - t e r t - b u t y l - 4 - m e t h y l - 4 - m e t h o x y - c y c l o h e x a -  
dienone, VII, was separated f rom the crude product  
and posi t ively identified. By quant i ta t ive  gas chroma-  
tography this compound was known to represent  65.3% 
of the crude product.  I t  is bel ieved tha t  this compound 
was formed by addit ion of methanol  to the phenoxo-  
n ium ion f rom the init ial  e lectrode react ion according 
to Eq. [7]. 

+H + 
[7] 

R CHs R CHs 

~q_ q-CHaOH ~0~ 
R R OCHs 

VII 

Vol tammetr ic  exper iments  in the presence of excess 
methanol  or wa te r  showed that  the second wave  of 
2,6-DTBC was complete ly  absent, and the diffusion 
current  constant for the first wave  was reduced to a 
value  corresponding to an n va lue  of 2.58 over  the con- 
centrat ion range  f rom 0.5 to 10 raM. Since a nonintegra l  
n value  is an impossibility, it is be l ieved that  the 
phenoxonium ion f rom the init ial  e lectrode react ion 
was undergoing two different reactions. The first re -  
action wi th  an n value  of 2 led to the cycl0hexadienone,  
VII. The second react ion was bel ieved to involve  the 
methylenequinone,  IX, f rom Eq. [3]. Thus, methanol  
could add to give a benzyl ether, X, according to Eq. 
[8], and X could undergo fu r ther  oxidat ion at the elec-  
t rode surface according to Eq. [9], an over -a l l  four -  
electron oxidation. 

4 F o r  e lectrolysis ,  1.000g of 2 ,6-DTBC Was dissolved in 600 m l  of  
0.SM sod ium p e r c h l o r a t e  in ace toni t r i le .  
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R R 

~ H 2  q- CHsOH~ HO~CH2OCH3 
R R 
IX X [8] 

Eoo �9 HO ~ C H 2 O C H s  > CH2OCH + H + 

R 
XI [9] 

From the apparent  n value of 2.58 in the vo l tammetr ic  
studies it  is possible to calculate the percentage of 
2,6-DTBC going to the cyclohexadienone,  VII, assum- 
ing that  the original  phenoxonium ion only reacts ac- 
cording to Eq. [7]-[9].  This calculat ion indicates a 
71% yield of VII, a r emarkab ly  good agreement  wi th  
the yield of 65.3% in the electrolysis. 

Another  compound, indicated as 10.4% of the crude 
product  of electrolysis by quant i ta t ive  gas chroma-  
tography, was separated in a large  enough quant i ty  
for an inf rared  spect rum by collection f rom the gas 
chromatograph.  Its spectrum was identical  wi th  that  of 
2 ,6-di - te r t -buty l - l ,4-benzoquinone.  The question arises 
as to the origin of this product.  Cook et al. (17) be-  
l ieve that  in the chemical  oxidation of 2,6-DTBC it is 
formed via the "oxidat ive ly  induced decarboxylat ion 
of 3 ,5-d i - te r t -bu ty l -4-hydroxybenzoic  acid," presum-  
ably via  the corresponding f ree  radical. The electro-  
chemical  oxidation should fol low a similar  path. 

The phenoxonium ion, XI, could rea r range  and add 
water  or methanol  to give an acetal or hemiacetal ,  and 
these by hydrolysis  could give the aldehyde V (see 
Table I I I ) .  Oxidat ion of the a ldehyde by a two-e lec -  
t ron process would  not have been possible because this 
react ion occurs at a potential  considerably higher  than 
existed at the anode dur ing the electrolysis (see Table 
I I ) .  I t  is known, however ,  that  an excess of base was 
present  in the anode compar tment  dur ing the la t te r  
stages of the electrolysis. This would lead to ionization 
of some phenols in the react ion mixture .  The phenoxide 
anion reacts via a one-e lec t ron f ree  radical  mechanism 
at a much lower  potent ial  than the nonionized phenol, 
a fact which explains the low anode potentials which 
were  observed dur ing the la t te r  stage of the elec-  
trolysis. It  is bel ieved therefore  that  the benzoquinone,  
VIII,  was formed by a stepwise oxidation of the  para-  
methy l  group of 2,6-DTBC via  f ree  radical  mechanisms 
with  a decarboxylat ion of the acid, VI, in the over -a l l  
t en-e lec t ron  process of Eq. [10]. 

R R 

H O O C H a + 3 H 2 0  " O  : ~  O + I O H + + C O 2 + 1 0 e  - 

R R [10]  

Such a mechanism would help to explain the high 
coulometr ic  n va lue  observed for this electrolysis. 

The most significant resul t  of this electrolysis is the 
re la t ive ly  high yield of the cyclohexadienone,  VII. 
Since, in chemical  oxidations of 2,6-DTBC, this type of 
product  results  f rom the use of ionic reagents  such as 
bromine or ni tr ic  acid in polar  media  ( i6,27,28) ,  its 
occurrence as an electrolysis product  is confirming evi-  
dence for the phenoxonium ion mechanism in the elec-  
t rode react ion of the nonionized phenol. 

Mechanism of the electrode reaction.--There are 
three  reasons for bel ieving that  the electrode react ion 
of the nonionized phenol  involves an init ial  e lectro-  
philic at tack on the aromatic  nucleus at a position 
e i ther  ortho or para  to the phenolic hydroxyl .  First,  the 
cyclohexadienone,  VII, isolated as a product  of elec-  
trolysis is also obtained in chemical  oxidations wi th  
molecular  bromine,  a reagent  which evident ly  reacts 
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Fig. 2. Schematic representation for the electrode reaction of a 
phenol. 

with  aromatics in polar  solvents through the e lectro-  
philic at tack of the bromonium ion on the aromatic  
r ing (29). Second, in the nonionized phenol the centers 
of electron densi ty are in the positions ortho and para  
to the phenolic hydroxyl ,  and one should expect  that  
the point of e lectrode at tack should be at these elec-  
t ron-r ich  centers. Third, i t  has been shown (v ide  inSra) 
that  the electrode reactions of both phenols and aro-  
mat ic  me thoxy l  compounds can be correla ted on the 
same Hammet t - t ype  plot  by assuming an electrophil ic  
a t tack on the aromatic  nucleus. 

It  is known f rom the value  of /gn~ and the insensi-  
t iv i ty  of the ha l f -wave  potent ia l  to added hydrogen ion 
that  the react ion may  be classified as total ly i r revers i -  
ble. The average  va lue  of/gn~ at low levels  of concen-  
t rat ion on an oxidized electrode is about 0.5. It  is im-  
possible f rom the evidence at hand to separate /9, the 
t ransfer  coefficient, f rom n~, the number  of electrons 
t ransfer red  in the po ten t ia l -de te rmin ing  step of the 
electrode process. Lund (20, 21) favors  the theory  that  
one electron is r emoved  at a t ime (i.e., n B =  1). The 
present  author  by fu r ther  analogy wi th  the e lec t ro-  
philic at tack of chemical  oxidants favors the s imul ta-  
neous r emova l  of two electrons. Thus, when  the bro-  
min ium ion attacks an aromatic  r ing  and is subse- 
quent ly  c leaved as bromide, there  has been a s imulta-  
neous removal  of two electrons f rom the original  mole-  
cule. 

A schematic representa t ion of this v iewpoint  for  
the electrode react ion of a phenol is presented  in Fig. 2. 
In step 1 the molecule  becomes polarized under  the in-  
fluence of the electric field. As a closer approach to the 
electrode surface is real ized in step 2, two electrons are 
a t t racted f rom the molecule  to the electrode surface 
with  the t ransi tory format ion of a bond having some 
covalent  character.  These electrons are fu r the r  wi th -  
d rawn f rom the molecule  unt i l  actual c leavage occurs 
to give the phenoxonium ion and a hydrogen ion. 

Correlation of haIS-wave po ten t ia l s . - -Hal f -wave  po-  
tentials for a total ly i r revers ib le  electrode react ion a t  
25~ may  be correla ted by the Hammet t  equat ion (29) 
which in this case may  be stated 

---0.0591 
El~2 - -  E~ = ap [11] 

jgn~ 

It was found in agreement  with Eq. [11] that  the 
R 

hindered phenols of formula  HO 0 - -  R where  

R 

R = CH3, t -butyl ,  CHO, and COOH gave a s t raight  
l ine plot  when EI/2 was plotted against  �9 for the R 
group. I t  was found that  ~ ra ther  than ac values fitted 
the correlation. 5 This is not  surpris ing since the postu-  
lated react ion mechanism does not involve  the phenolic  
group directly. A similar  correlat ion was found val id  
for  the monosubst i tuted methoxyl  compounds which 
Lund (20, 21) has studied. 

A general  correlat ion for both me thoxy l  and hy -  
droxyl  substi tuted aromatics was possible using ~+ 
values for electrophil ic  substitution in accordance wi th  
the  proposed react ion mechanism. In order to achieve 

5 T h e s e  (r v a l u e s  w e r e  c h o s e n  in  r e l a t i o n  to  t h e  p h e n o l i c  h y d r o x y l .  
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Fig. 3. Hommett ~+ plot. O, Present study; + ,  data of 
Lund (21,22). 

the correlat ion shown in Fig. 4, the fol lowing assump- 
tions were  necessary: 

1. It  was assumed that  in each case the point of 
at tack was ortho or para to the hydroxyl  or methoxyl  
substituent,  and that  ~+ for a substi tuent ortho to the 
point of attack was the same as ~+ for a subst i tuent  
para  to the point of attack. 

2. It was assumed that  ~+ for a subst i tuent  at the s i t e  
of at tack was the same as ~+ for a subst i tuent  meta  to 
the site of attack. 

3. The ha l f -wave  potent ia l  data of Lurid vs. the 
A g / A g  + electrode was conver ted  to the SCE scale by 
adding a factor of 0.30v (30). 

4. F rom Lund's  discussion of his exper imenta l  
method it was bel ieved that  his p la t inum electrodes 
were  probably oxidized. Therefore,  h a l f - w a v e  potentials  
for compounds of the present  s tudy were  those for oxi-  
dized electrodes. 

Fur thermore ,  since no ~+ va lue  was avai lable  for the 
para  or ortho hydroxy l  substituent,  this value  as wel l  
as r for  the para or ortho me thoxy l  subst i tuent  was 
taken as zero. It  was expected tha t  by using this pro-  
cedure two paral le l  lines, one for  methoxyl  and one for 
hydroxyl  compounds, would  be obtained. Actually,  in 
Fig. 3 all the points seem to scatter  around the same 
line. Therefore,  it appears that  there  is l i t t le  difference 
be tween  ~+ for a hydroxy l  and ~+ for a me thoxy l  sub-  
stituent. Since ~+ for  the para  methoxyl  group is given 
as --0.76, (29), the plot  of Fig. 3 is displaced by this 
amount.  

Considering the assumptions which were  made in the 
calculat ion of ~+ values, the plot  of Fig. 3 fits the ob- 
served data amazingly well. It  is be l ieved that  by a 
systematic study of other  simple aromatic  compounds 
a more  precise general  correlat ion could be achieved. 

The ut i l i ty  of the correlat ion in Fig. 3 is demon-  
s t ra ted by the cases of 2 ,6-dimethoxyphenol  and 
vanill in.  For  the  fo rmer  compound an apparent  four -  
electron wave  is observed at 1.08v, but  it is bel ieved 
that  the p r imary  electrode react ion involves  two elec-  
trons as do the phenols and me thoxy l  compounds of 
Fig. 3. The most negat ive  ~+ va lue  for 2 ,6-dimethoxy-  
phenol, and therefore  the highest  electron densi ty oc- 
curs in the meta  position to the phenolic hydroxyl .  
Using a ~+ of --0.76 for  the meta  position, the hal f -  
wave potential  for 2 ,6-dimethoxyphenol  fits the corre-  
lation of Fig. 3 ve ry  well. This may  be taken as an 
indication that  the proposed p r imary  electrode react ion 
is correct. For  vanill in,  which gives a two-e lec t ron  
wave  at 1.43v, no r value  calculated for an at tack on 
the aromatic  nucleus fits the correlat ion of Fig. 3 at 
all. This is bel ieved to be an indication that  the position 
of p r imary  electrode at tack for  vani l l in  is the car-  
bonyl  oxygen. 
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Free Radical Reactions of Phenoxide  Anions  
in Acetonitvi le  

When a strong base (e.g., t e t r ae thy lammonium hy-  
droxide) is added to an acetonitr i le  solution of a phenol  
in an amount  equivalent  to the concentrat ion of phenol,  
the ha l f -wave  potent ial  is shifted to a much  lower va lue  
and the wave  height  is approximate ly  halved. The 
wave  height  indicates the loss of one electron f rom 
the phenoxide anion to form the phenoxy free radical  
according to Eq. [12]. The  presence of an oxide film 
on the p la t inum 

o 

ANODIC REACTIONS OF PHENOLIC COMPOUNDS 

[12] 

surface results in a considerable reduct ion in the height  
of the diffusion current,  but  there  is no effect on the 
ha l f -wave  potential  or the revers ibi l i ty  of the elec- 
t rode reaction. 

The anions of 2,6-DTBC and 2,4 ,6- t r i - ter t -butyl-  
phenol gave abnormal ly  low current  levels  wi thout  the 
addition of excess t e t r ae thy lammonium hydroxide.  The 
anion of 2,6-di- ter t -butylphenol ,  however ,  gave a re-  
versible  wave  of normal  height. None of the h indered 
phenoxides were  especially suited to extensive study 
because they were  unstable  in acetonitri~e solution. 

Detailed studies w i th  the vanil l inate anion. - -The 
vani l l inate  anion was selected for detai led study be-  
cause it was re la t ive ly  stable in acetoni t r i le  solution, 
and because it gave l i t t le  evidence of polymerizat ion at 
lower  levels  of concentration. It was found, however ,  
that  i t  was not  possible to perfec t ly  re t race  a vo l t am-  
mogram at higher  levels  of concentrat ion (ca. 1 mM) 
without  cleaning the electrode in hot chromic acid. 
All  of the vo l tammetr ic  results in this section were  ob- 
tained on a reduced electrode. 

A series of vo l tammograms  with  a solution 1.09 mM 
in vani l l in ,  and with successively increasing concen- 
trat ions of t e t r ae thy lammonium hydroxide  are shown 
in Fig. 4. It wil l  be noted that  before addition of base 
the vani l l in  displays a w a v e  at 1.43v wi th  iD/C ~ --13.2 
~a /mM on electrode B. This represents  the two-e lec t ron  
t ransfer  in unbuffered acetonitr i le  which was discussed 
for other phenols in the previous section. 

With the addit ion of t e t r ae thy lammonium hydroxide  
to the solution of vani l l in  a new wave  represent ing  the 
vani l l ina te  anion occurs at 0.25v. This wave  reaches a 
l imit ing va lue  for iD/C of--4.45 ~a /mM with  the addi-  
t ion of 1.2-2.5 equivalents  of hydrogen ion, thus indi-  
cating a one-e lec t ron process. At the same time, a 
second, smaller  wave  has occurred at ca. 0.56-0.59v. 

,-5.0 

~.oe5 

nES,~AL 

/ 24 0!6 28 ,I.0 ,!2 ,./ / '!8 ~!0 

E, VOLTS VS. S C E 

Fig. 4. Influence of hydroxyl ion on the voltammetry of vanillin 
in acetonitrile. Curves not corrected for residual or iR; electrode B, 
reduced surface; supporting electrolyte, O.5M tetraethylammonium 
perchlorate; vanillin concentration, 1.09 raM; X ~ equivalents of 
tetraethylammonium hydroxide per equivalent of vanillin. 
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Table IV. Voltammetry of the vanillinate anion 

(Elec t rode  A, r e d u c e d  sur face ;  s u p p o r t n g  e l ec t ro ly t e  = 0.1M 
t e t r a e t h y l a r n m o n i u m  pe rch lo ra t e )  

W a v e  I W a v e  1I 

Concn,  --iD/C, El/2, (v -- ~D/C, El~2, (v 
m M  ga / rnM vs. SCE) fin# p a / m l E  vs.  SCE) fin# Ra t io  n 

0.0530 20.0 0.22 1.01 12.8 0.49 0.55 0.64 
0.106 19.5 0.22 1.05 12.4 0.53 0.47 0.64 
0.368 19.7 0.25 1.02 8.1 0.53 0.51 0.41 
0.619 22.6 0.22 1.02 7.2 0.56 0.61 0.31 

Ra t io  = (iD/C) ~ave I --: (iD/C) wave [ I -  

With the addition of fur ther  excesses of t e t rae thy l -  
ammonium hydroxide  to 3.7 and 5.0 times the equiva-  
lent  weight  of vani l l in  present  an ent i re ly  different 
react ion is evidenced in Fig. 4. The ha l f -wave  poten-  
tial for this process is 0.4-0.47v which is considerably 
more  posit ive than the react ion for the vani l l ina te  
anion at 0.25v. A possible explanat ion is that  the excess 
base combines wi th  the a ldehyde group of vani l l in  to 
give an a ldehyde-hydrox ide  adduct  which gives r ise to 
the new wave.  Such an adduct  is bel ieved to be an 
in termedia te  in the Cannizzaro react ion (29), and it has 
been suggested by Pear l  (31) that  a s imilar  mechan-  
ism is responsible for the high yields of vanil l ic  acid 
obtained f rom vani l l in  by s i lver  oxide oxidat ion in the 
presence of excess sodium hydroxide.  

The two waves  of the vani l l ina te  anion (no excess 
hydroxyl  ion) are g iven for concentrat ions f rom 0.05 to 
0.6 mM in Table  IV. The first wave  at these concen- 
trations represents  approximate ly  a one-elect ron t rans-  
fer. The second w a v e  becomes smaller  wi th  increased 
concentration, and, in fact, it has been noted that  it is 
complete ly  absent at a concentrat ion of 8 mM. The first 
wave  may  be explained as the revers ib le  (#n~ = 1) re -  
moval  of one electron to give the phenoxy free  radical  
according to Eq. [12]. One of the react ion products of 
this f ree  radical, shown by e l ec t ro ly s i s  (vide in]ra) 
is dehydrodivani l l in  which could form by the coupling 
of two free  radicals in the manner  of Eq. [13]. 

H ~ C//O CHO CliO CHO CHO 

2 H ~OCH:~ ~ H:~CO ~ O e H : i  ~ H:~CO ~ O H  OH OCH~ 

[13] 

Since dehydrodivani l l in  was known to be a product  
of the electrode reaction, the vo l tammetr ic  behavior  of 
its mono and diphenoxides were  investigated,  both in-  
dividual ly  and in the presence of vanil l in.  The results, 
shown in Fig. 5, indicate that  the diphenoxide gives a 
vo l tammetr ic  wave  at--0.01v,  and that  the monophen-  
oxide gives a vo l tammetr ic  wave  at 0.59v. Curves  2 
and 4 of Fig. 5 demonstra te  the differentiat ing qual i ty  

3 

0.2 0.4 o 16 i.o 

El/2, VOLTS VS. SCE 

Fig. 5. Voltammograms of dehydrodivanillin. Electrode B reduced; 
curves not corrected for iR or residual current; 0.SM tetraethyl- 
ammonium perchlorate. Curve 1, diphenoxide of dehydrodivanillin; 
curve 2, same as curve 1 with vanillin (0.516 raM) added; curve 
3, monophenoxide of dehydrodivonillin, 1.42 raM; curve 4, same as 
curve 3 with vanillin (0.542 raM) added. 
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of the acetonitr i le  solvent.  Thus, addit ion of vani l l in  
to the diphenoxide complete ly  removes  the wave  for 
the latter,  but  gives new waves for the vani l l ina te  
anion and the monophenoxide.  This indicates that  the 
vani l l in  is ionized complete ly  before the second ioniza- 
t ion of dehydrodivani l l in  begins. When vani l l in  is 
added to a solution of the monophenoxide,  however ,  
there  is no change in the vo l tammetr ic  behavior.  This 
indicates that  the first ionization of dehydrodivani l l in  
must  be complete  before ionization of the vani l l in  
begins. 

This behavior  was impor tant  in planning an elec- 
trolysis of vani l l in  because it  showed that, as dehydro-  
divani l l in  was formed, the vani l l inate  anion would  be  
consumed in react ion [14], as wel l  as in the electrode 
react ion 

ClIO CHO CHO CHO CHO CHO 

OCH:, H:,CO OCH:~ OCH:, H:,CO OCHa 
o_ OH OH OH 

1141 

(Eq. [12]). If  only enough hydroxyl  ion were  added to 
neutral ize the original  vani l l in  the react ion could, 
therefore,  only be carr ied to 66.7% completion. An ex-  
cess of hydroxyl  ion, on the other hand, could not be 
tolerated because of the react ion of vani l l in  in the pres-  
ence of excess hydroxy l  (Fig. 4), and because of the 
electrode react ion of the diphenoxide of dehydrodi -  
vanil l in.  An electrolysis was, therefore,  conducted by 
adding enough hydroxyl  ion at the beginning to neu-  
t ral ize the vani l l in  and periodical ly adding more  at a 
rate  of 0.5 equiva len t  per  faraday of electricity. The 
concentrat ion of vani l l in  was approximate ly  8 mM and 
the support ing electrolyte  was 0.5M sodium perchlo-  
rate. 

The progress of this electrolysis was fol lowed by 
vo l t ammet ry  wi th  the indicat ing electrode set di rect ly  
in the anode compar tment  of the cell. It  was noted that  
at this concentrat ion level  the diffusion current  con- 
stant of vani l l in  was only --1 ~a /mM on electrode B. 
The reasons for this low va lue  are twofold. First, at high 
concentrations, react ion [14] could be expected to de-  
crease the current  constant 33%. Second, there  is prob-  
ably some film format ion on the electrode surface. As 
the electrolysis progressed, the wave  for the mono-  
phenoxide of dehydrodivani l l in  developed. When the 
electrolysis was stopped at the end of 956 min, a total  
of 1.5 equivalents  of hydroxyl  ion per original  equ iva-  
lent  of vani l l in  had been added. Vo l t ammet ry  indicated 
a yield of approximate ly  62% dehydrodivani l l in  in 
close agreement  wi th  a recovered  crude yield of 65.4%. 

The calculated coulometr ic  n value  for the react ion 
based on the recovered  dehydrodivani l l in  was 1.77. 
Since the t rue  n va lue  for  the format ion of this product  
should be 1.0, there  must  have  been some side reactions 
which consumed additional electricity. A logical course 
for such a side react ion in v i ew of the results f rom the 
electrolysis of 2,6-DTBC would be oxidat ion of vani l l in  
to vanil l ic acid and decarboxylat ion of the acid to form, 
eventual ly,  quinoidal  structures. Such a react ion would  
represent  a net  oxidation of six electrons. A rough 
calculation shows that  only 8 % of the original vani l l in  
would have  been oxidized by such reactions to give an 
increase in the apparent  coulometr ic  n value  f rom 1.00 
to 1.77. In addit ion to this side react ion some po lymer i -  
zation processes may have  occurred. 

It  is be l ieved that  an improved  yield of dehydrodi-  
vani l l in  could be achieved in this electrolysis, because 
by paper  chromatography the presence of unreacted  
vani l l in  in a fa i r ly  large amount  was noted in the 
e ther-soluble  f ract ion of the crude product  of elec- 
trolysis. 

The  obtaining of dehydrodivani l l in  as the major  
product  of electrolysis verifies the one-e lec t ron  nature  
of the electrode react ion as postulated f rom the vol t -  
ammetr ic  studies. 

Mechanism o~ the electrode react ion.--The results 
obtained with  the vani l l ina te  anion in part icular ,  and 
with  the other  phenolates  which were  invest igated have  
indicated the fo l lowing characterist ics for the p r imary  
electrode reaction: 

1. One electron is t ransferred.  
2. The react ion is vo l tammet r ica l ly  reversible.  
3. Diffusion currents  on an oxidized p la t inum surface 

are much lower  than on a reduced p la t inum surface. 

The third characteris t ic  may  be an indication that  
the point of electrode at tack is the phenolic oxygen. 
The reduct ion in current  level  on an oxidized surface 
must  mean that  specific act ive sites on the p la t inum 
surface are necessary for the react ion of the phenolate.  
Since the small oxidat ion wave  for hydroxy l  ion is ab- 
sent on an oxidized surface (32), it seems probable that  
the same surface sites are requ i red  for the oxidation 
of the phenoxide  anions as for hydroxyl  ions. The ini -  
t ial  oxidation of hydroxyl  ions evident ly  involves  the 
r emova l  of an electron f rom the oxygen atom with  
the adsorption of the resul t ing f ree  radical  on the 
p la t inum surface (33) 6 according to Eq. [15]. When  
the p la t inum surface is covered with  an oxide 

P t + O H - , ~ P t . . .  O H + e -  [15] 

film, react ion [15] does not  occur. Since the phenoxide  
anions also contain an oxygen atom with  a localized 
negat ive  charge, the electrode reaction might  wel l  be 
expected to be s imilar  to that  of the hydroxyl  anion. 

A schematic representa t ion  of the proposed electrode 
reaction is g iven in Fig. 6. As the phenoxide  anion 
approaches the e lect rode it becomes preferent ia l ly  
polarized so that  the negat ive  charge is localized on the 
phenolic oxygen atom. A temporary  bond wi th  the 
posit ive electrode surface is formed and broken with  
the removal  of one electron. The resul t ing phenoxy 
radical  is stabilized through resonant  s tructures as it 
leaves the  electrode surface. 

Correlation of ha l l -wave  potentials.--Equation [16] 
predicts the var ia t ion  of Ell2 with the H am m et t  func-  
tion for a revers ib le  electrode react ion at 25~ A plot 
for 

Ell2 = E~ = --0.0591 Cp [16] 

the few phenoxides invest igated is given in Fig. 7. The 
values for or thomethoxyl ,  and 2 ,6-di - ter t -butyl  substi-  
tut ion for this plot  were  calculated f rom the data of 
Suatoni  et al. (1). 

It was found that  a ~ ra ther  than a ~c va lue  fitted the 
a ldehyde group of vani l l in  for this correlation. This is 
a fu r the r  indication that  the point of electrode attack 
is the phenolic oxygen. 

Aqueous Bulyered Solutions 
From the foregoing results in acetonitr i le  solutions, 

vo l tammetr ic  behavior  of phenols  in aqueous systems 
can be predicted. If the pH is low enough, the phenol  
should be complete ly  nonionized and the two-electron,  
phenoxonium ion react ion should occur. If  the pH is 
high enough, the phenol  is total ly  ionized, and the one-  

e I n  t h e  d i s c u s s i o n  o f  L a i t i n e n  a n d  E n k e  o n l y  t h e  r e a c t i o n  i n  
a c i d i c  m e d i a  i s  c o n s i d e r e d ,  h e n c e  the ir  e q u a t i o n s  d i s c u s s  t h e  f o r m a -  
t i o n  o f  t h e  i n t e r m e d i a t e  P t  . . . O H  f r o m  w a t e r  r a t h e r  t h a n  h y d r o x y l  
i o n .  H o w e v e r ,  i n  b a s i c  m e d i a  t h e  h y d r o x y l  i o n  i s  b e l i e v e d  t o  b e  t h e  
r e a c t i n g  s p e c i e s  ( 3 4 ) .  

-o�9 �9 

ELECTRODE 
I 2 3, 

Fig. 6. Proposed reaction mechanism of phenoxlde anions 
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Fig. 7. Hammett plot for phenoxides. 1, 2,4,6-tri-tert-butylphenol; 
2, 2,6-di-tert-butylphenal; 3, 3,5-di-tert-butyl-4-hydroxybenzoic 
acid (both carboxyl and phenol ionized); 4, vanillin. 

electron, free radical  reaction should occur. At in te r -  
mediate levels of pH both the ionized and nonionized 
forms of the phenol are present. If, as proposed by 
Hedenberg and Freiser  (2), the rate of ionization of the 
phenol is very  fast compared to the rate of the elec- 
trode reaction, the phenoxide anion should be prefer-  
ent ial ly  oxidized. In  this case the observed vol tam-  
metric wave should have the same characteristics as 
the free radical  reaction except that  the wave will  be 
pH dependent.  

Some brief  vol tammetr ic  studies were carried out 
in buffered 50% aqueous isopropanol solutions in order 
to confirm the general  behavior  predicted in the pre-  
vious paragraph. Because of the problem of p la t inum 
surface oxides, the rota t ing carbon paste electrode was 
used. 

It was found that  2,6-DTBC gave a pH independent  
wave which corresponded to the phenoxonium ion 
mechanism at pH levels of 1.4 and 3.7. The wave for 
the free radical reaction of this compound was evident  
at higher levels of pH, but  was very  drawn out and il l-  
defined. 

Vani l l in  (0.12 mM) gave wel l - formed waves for the 
free radical  process at all levels of pH as shown in  
Fig. 8. From these curves the second wave of the vani l -  
l inate anion is clearly defined only at a pH level of 5.8. 
At lower pH it is superimposed on the first wave, and 
at higher pH it is b lended with the decomposition wave 
of the background solution. It  is evident ly  p i t  inde-  
pendent.  

A plot of ha l f -wave  potential  vs. pH for vani l l in  is 
given in Fig. 9. The l imit ing slope of this curve at low 
pH is --0.0591. At high pH the ha l f -wave  potential  is 
pH independent .  This behavior  is exactly as predicted 
for a fast ionization of the phenol followed by a re-  
versible reaction of the phenoxide anion (2). From the 
l imit ing value of E1/2 at high pH, and the intercept  at 
zero pH, pK~) for vani l l in  in 50 % isopropanol is calcu- 
lated as 8.33. Thus, this compound conforms very  
closely to theoretical behavior. 

Manuscript  received Apri l  8, 1964; revised m a n u -  
script received June  18, 1964. This paper  is from the 
thesis of one of the authors (F. J .V.)  prepared in par-  
tial fulf i l lment of the requi rements  of The Inst i tute  of 
Paper  Chemistry for the Ph.D. degree from Lawrence 
College, Appleton, Wisconsin, June,  1963. 
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Fig. 8. Voltammetry of vanillin in 50% aqueous isopropanol; 
carbon paste electrode. 
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Fig. 9. Effect of pH on the half-wave potential of vanillin in 
50% aqueous isopropanol. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 

SYMBOLS 

C concentration, mM 
E potential,  v 
El~2 hal f -wave  potential,  v 
i current,  amp 
iD diffusion current ,  amp 
n electrons t ransferred in electrode reaction 
n~ electrons t ransferred in poten t ia l -de te rmining  

step of i r reversible  electrode reaction 
transfer  coefficient for i r reversible  oxidation 

R resistance, ohms 
z, ~c, z+ Hammet t  subst i tuent  constants as defined by 

Gould (29) 
p Hammet t  reaction constant  (29) 
E~ hal f -wave  potential  in  Hammet t - type  corre- 

lations for compound with only hydrogen sub-  
st i tuents (i.e., ~ ---- 0), v 
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Self-Gettering and Impurity Transfer in the Vapor Deposition 
of Thorium by the Carbide Iodide Process 

A. F. Reid 

Division o~ Mineral Chemistry, C.S.I.R.O., Chemical Research Laboratories, Melbourne, Australia 

ABSTRACT 

The reactions of carbon monoxide,  oxygen, and ni t rogen at micron pressures 
wi th  var iously  solid thor ium tetraiodide,  thor ium carbide, and thor ium nitride, 
have been studied in the t empera tu re  range 300~ C, and found to display 
first order  kinetics, Act ivat ion  energies for the react ion of oxygen and carbon 
monoxide  with  thor ium carbide were  6 and 11 kcal, respectively.  These studies 
combined with thermodynamic  calculations show that  in the carbide-iodide 
process for thor ium deposition, suitable degassing of the thor ium carbide feed 
and heat ing of the deposition vessel (containing thor ium iodide) at operat ing 
tempera ture  before the fi lament is heated wil l  remove  residual  oxygen, oxides 
of carbon, and wate r  vapor  f rom the feed and f rom the vessel volume.  Ni t ro-  
gen can be removed  before its react ion with  carbide by degassing of the la t te r  
below 700~ It is concluded that  once deposition is begun, vapors subsequent ly  
outgassed f rom the feed or vessel wil l  largely  react  wi th  the heated thor ium 
metal.  Fi laments  containing 1 ppm of ni t rogen and hydrogen,  9-13 ppm oxygen, 
and an est imated 3-6 % of carbon were  prepared.  

The propert ies  of metals  are often decisively modi-  
fied by minute  traces of impurit ies,  in par t icular  those 
der ived f rom common gases. The advantages of the 
carbide- iodide development  of the van Arke l -de  Boer 
process for reducing these and other  impuri t ies  in 
thor ium to a low level  have  been enumera ted  by Scaife 
and Wylie (1). In this process (1-3), thor ium carbide 
feed, p repared  by heat ing the oxide with  graphi te  and 
hydrocarbon binder  to 2100~176 under  argon, is 
vacuum degassed at 800~176 Thor ium iodide is then 
formed from the carbide by react ion with  iodine vapor  
at 300~ in a previously degassed vapor  deposition 
bulb. Af te r  a fur ther  evacuat ion to remove  any gases 
released from the surface layers of the carbide by its 
reaction with  iodine the bulb is sealed off, brought  to 
460~176 to produce a vapor  pressure  of thor ium 
iodide, and the thin tungsten or tan ta lum start ing wire  
heated to 1300~176 to cause deposition of thorium. 

Residual  vapors in the bulb, besides impeding dif-  
fusion of thor ium iodide to and iodine f rom the filament, 
cause impur i ty  t ransfer  to it, since the heated thor ium 
wil l  react  readi ly  wi th  traces of oxygen, ni t rogen (4), 
wa te r  vapor, oxides of carbon, and hydrocarbons (6, 7). 
Such impur i ty  gases can resul t  f rom inadver ten t  ex-  
posure of the feed mater ia ls  to the atmosphere,  caus-  

Table I. Heats, entropies, and free energies of formation of 
solid thorium compounds from the elements in their 

standard states 

A H ~ ,  S ~ s ,  A S ~ ,  AFTno ~ K,* 
C o m p o u n d  k c a l  e . u .  e . u .  k e a l  

T h I 4  ( I0 )  -- 190 ,9  65 -- 72 .4  -- 136 .5  
T h O 2  (9) - - 2 9 3 . 2  15 .6  - - 4 6 . 2  - - 2 5 8 . 6  
T h O I 2  (10) -- 2 5 2 . 3  4 0 . 3  -- 59 .3  -- 2 0 7 . 8  
T h C 2  ( i i )  - 4 8  - -  - - 0 . 2  (13) - - 4 8  
" T h a N 4 "  (9) - - 3 1 0  4 2 . 7  - - 8 7  - - 2 4 5  

* C a l c u l a t e d  u s i n g  t h e  r e l a t i o n s h i p  g i v e n  i n  r e f .  ( 9 ) ,  p .  210 ,  t h a t  
A F t  = A H ~ s  - -  T A S ~ .  

ing absorption of air gases and format ion of hydrocar-  
bons by hydrolysis, or s imply f rom inadequate  vacuum 
or degassing procedures. 

The purpose of this paper is to repor t  the feasibil i ty 
of using the get ter ing  reactions of thor ium carbide and 
iodide in order to remove  undesirable  nonmetal l ic  con- 
taminants  before the deposition of thor ium meta l  com- 
mences. 

Thermodynamic  functions for the solid thor ium com- 
pounds involved are given for the appropriate  states in 
Table I. Iodine is taken to be in the gaseous state. With 
oxygen containing species, thor ium carbide was as- 
sumed to give thor ium oxide, af ter  Engle  (8), and 
thor ium iodide, always present  in excess, to give 
thor ium oxyiodide, since its react ion products  were  im-  
mediate ly  wate r  soluble. Using thermodynamic  data for 
gaseous elements  and common gases f rom Quill  (14) 
and the data f rom Table I, it can readi ly  be concluded 
that  the reactions of thor ium iodide, thor ium carbide, 
and thor ium nitr ide wi th  oxygen, water  vapor, carbon 
monoxide,  and carbon dioxide are the rmodynamica l ly  
favored,  as are the reactions of thor ium carbide wi th  
nitrogen, and of thor ium ni t r ide  wi th  iodine. Reaction 
of thor ium iodide with hydrogen or hydrocarbons is 
not favored.  

Carbon monoxide and oxygen were  chosen for in-  
vest igat ion as being of lesser react iv i ty  than carbon 
dioxide and water  vapor.  At room tempera tu re  thor ium 
carbide (8), thor ium ni t r ide  (4), and par t icular ly  
thor ium iodide react  much more  rapidly  wi th  atmos-  
pheric water  vapor  than with  oxygen, and there  is no 
reason to suppose that  this is not  the case at low pres-  
sures. Carbon dioxide wil l  almost  cer ta inly  have a r e -  
act ivi ty  greater  than that  of carbon monoxide. 

Experimental 
The solid reactant  was heated to react ion t empera -  

ture  in a silica or glass tube of 50 ml  vo lume connecting 
through a greaseless d iaphragm valve  to a gas dosing 
vo lume of 200 ml  comprising an ion gauge and a l imb 
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w h i c h  c o u l d  b e  coo led  in  l i q u i d  ai r .  T h i s  v o l u m e  c o n -  
n e c t e d  to v a c u u m  a n d  gas  s u p p l y  m a n i f o l d s  t h r o u g h  
g rease l e s s  va lves .  T h e  s y s t e m  h a d  a s ta t i c  l e a k  r a t e  of 
less  t h a n  10 -5  m m / m i n .  

T h o r i u m  iod ide  w as  p r e p a r e d  in vacuo f r o m  iod ide  
t h o r i u m  a n d  v a c u u m  pu r i f i ed  iod ine ,  a n d  1-2g w a s  
s u b l i m e d  in to  p lace .  T h o r i u m  c a r b i d e  w as  g r o u n d  to  
less  t h a n  20 m e s h  in  a n  a t m o s p h e r e  of d r y  n i t r o g e n  a n d  
10-20g s p r e a d  a l o n g  a h o r i z o n t a l  q u a r t z  tube ,  20 m m  i n  
d i a m e t e r ,  fo r  8-10 cm. T h o r i u m  n i t r i d e  w a s  m a d e  b y  
h e a t i n g  t h o r i u m  m e t a l  t u r n i n g s  in  d r y  n i t r o g e n  a t  
1000~ (4) .  B o t h  t h e  i o d i n e  a n d  c a r b i d e  w e r e  d e g a s s e d  
a t  5 x 10 -6  m m  b e f o r e  r e a c t i o n ,  a t  t e m p e r a t u r e s  of 
350 ~ a n d  900~ r e s p e c t i v e l y .  

C a r b o n  m o n o x i d e  w a s  p r e p a r e d  u n d e r  v a c u u m  b y  t h e  
r e a c t i o n  of l g  of f o r m i c  ac id  w i t h  5 m l  of c o n c e n t r a t e d  
s u l f u r i c  acid,  a n d  p u r i f i e d  b y  t w o  succes s ive  e x p a n s i o n s  
f r o m  b u l b s  coo led  in  l i q u i d  ai r .  O x y g e n  a n d  d r y  o x y -  
g e n - f r e e  n i t r o g e n  w e r e  a d m i t t e d  f r o m  c y l i n d e r s  to  t h e  
s y s t e m  w i t h o u t  pu r i f i ca t ion .  

P r e s s u r e s  w e r e  m e a s u r e d  ( i n t e r m i t t e n t l y  if  n e c e s -  
s a r y )  w i t h  ion  g a u g e - g r i d  c u r r e n t  a t  10 or  100 ~a to 
m a k e  ion  g a u g e  p u m p i n g  n e g l i g i b l e  d u r i n g  a run .  W h e n  
t h e  v a l v e  a d m i t t i n g  r e a c t a n t  gas  to t h e  s a m p l e  w a s  
opened ,  a s top  c lock  w a s  s t a r t e d  a n d  a r e c o r d  m a d e  of 
ion  g a u g e  c u r r e n t  vs. t ime.  I n  r e a c t i o n s  i n v o l v i n g  
t h o r i u m  iodide ,  t h e  l i b e r a t e d  i o d i n e  c o n d e n s e d  j u s t  
a b o v e  t h e  l i q u i d  a i r  l e v e l  in  t h e  coo led  l imb ,  a n d  a f -  
f e c t e d  t h e  ion  g a u g e  r e a d i n g s .  R e a c t i o n  r a t e s  w e r e  
t h e r e f o r e  e s t i m a t e d  a p p r o x i m a t e l y  f r o m  t h e  r a t e  of 
a p p e a r a n c e  of iod ine ,  t h e  size of t h e  b a n d s  of c o n -  
d e n s e d  i o d i n e  o b t a i n e d  b y  m o v i n g  t h e  l i q u i d  a i r  l e v e l  
u p  a f e w  c e n t i m e t e r s  a t  r e g u l a r  i n t e r v a l s ,  a n d  b y  c los -  
i ng  off t h e  t h o r i u m  iodide ,  f r e e z i n g  d o w n  a l l  i od ine  
v a p o r  a n d  t h e n  m e a s u r i n g  t h e  r e s i d u a l  p r e s s u r e .  

Results 

Reaction rates.--Individual r e a c t i o n s  a r e  d i s cus sed  
b e l o w  a n d  t h e  r e s u l t s  s u m m a r i z e d  in  T a b l e  II. 
ThI4 reactions.--The r e a c t i o n  s u r f a c e  p r e s e n t e d  w a s  
8-10 cm 2. A t  380~ e v a p o r a t i o n  of t h e  iod ide  w a s  s low.  
S e v e r a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  e a c h  r e -  
a c t a n t  gas. 

C o n s i d e r a t i o n  of  t h e  n u m b e r s  of m o l e c u l e s  p r e s e n t  a t  
m i c r o n  p r e s s u r e s ,  t h e  n u m b e r  of co l l i s ions  o c c u r r i n g  
p e r  s e c o n d  w i t h  10 cm 2 of t h o r i u m  iod ide  su r f ace ,  a n d  
of t h e  f ac t  t h a t ,  fo r  tl/2 = 10 sec, 0.16 of m o l e c u l e s  a r e  
r e m o v e d  p e r  s e c o n d  s h o w s  t h a t  f o r  s u c h  a h a l f - t i m e  
1 i n  103 to 104 co l l i s ions  of c a r b o n  m o n o x i d e  or  o x y g e n  
w i t h  t h o r i u m  iod ide  cause  r e a c t i o n .  P r e s u m a b l y  a s i m i -  
la r ,  if n o t  g r e a t e r ,  r e a c t i o n  p r o b a b i l i t y  is s h o w n  w i t h  
ga seous  t h o r i u m  iodide .  
ThC2 react ions.--The B E T  s u r f a c e  a r e a  of a p p r o x i -  
m a t e l y  20 m e s h  t h o r i u m  c a r b i d e  w a s  f o u n d  b y  E n g l e  
(8) to  b e  990 c m f / g .  O n e  m i c r o n  l i t e r  of r e a c t a n t  gas  

w i l l  o c c u p y  a p p r o x i m a t e l y  40 c m  2 as a m o n o l a y e r  so 
t h a t  f i rs t  o r d e r  r e a c t i o n s  a r e  to  b e  e x p e c t e d  a n d  w e r e  
g e n e r a l l y  o b s e r v e d .  R e a c t i o n  r a t e  d e p e n d e d  to some  
e x t e n t  on  t h e  p r e v i o u s  h i s t o r y  of t h e  ca rb ide .  I f  m o r e  
t h a n  a f e w  m i c r o n - l i t e r s  of gas  h a d  r eac t ed ,  t h e  r a t e  
f e t l  off s h a r p l y  a f t e r  a n  i n i t i a l  p e r i o d  of f i rs t  o r d e r  

Table II. Thorium iodide, carbide a, and nitride reaction rates 
with micron pressures of oxygen, carbon monoxide, and nitrogen 

Pressure 
Temp.  R a n g e  of  r a n g e  

R e a c t a n t s  r ange ,  ~ ti/2, sec. f o l l owed ,  

ThI4 + O~ 380 5 2-0.1 
ThI~ + CO 380-420 30-10 5-0.1 
ThCs + O2 300-900 300-10 4-0.1 
ThC~ + CO 500-900 104-102 5-0.1 
ThC2 + N~ 700-900 105-103 2-1 
"TInNy" + 02 500-700 30b-1 3-1 o 
ThC~ + r e s i d u a l  gases  1000 100 0.03 

ThC~ as --20 m e s h  p o w d e r .  Ra te s  g i v e n  are  pe r  g r a m  o f  sol id .  
b O b s e r v e d  r a t e  f o r  10g of  ThC~ p r e v i o u s l y  r e a c t e d  w i t h  O.3~ l i t e r s  

of n i t r ogen ,  c a u s i n g  f o r m a t i o n  of su r face  n i t r i de .  
c R e s i d u a l  1~ p re s su re  of l i b e r a t e d  n i t r o g e n .  

1"0 

EL 

0 '1  

5O 100 150 

T I M E  IN SECOND5 
Fig. 1. Typical rate plots for the reaction of carbon monoxide 

with thorium carbide. Initial pressures 1-5~, in a gas volume of 
250 cc; reaction times corrected to that for lg of - - 20  mesh 
carbide. 

r e a c t i o n .  C a r b i d e  s a m p l e s  w e r e  t h e r e f o r e  d e g a s s e d  fo r  
15 h r  a t  900~ a f t e r  e a c h  2 or  3 runs .  R e a c t i o n  r a t e s  
w e r e  c a l c u l a t e d  f r o m  i n i t i a l  s lopes  w h e n  n e c e s s a r y .  
ThC2 wi th  C O . - - T h i s  s y s t e m  s h o w e d  f i rs t  o r d e r  r e -  
m o v a l  of c a r b o n  m o n o x i d e  o v e r  t h e  p r e s s u r e  r a n g e  5 
to 0.1~. T y p i c a l  r a t e  p lo t s  a r e  s h o w n  in  Fig.  1. T h e  p lo t  
of log  kl vs. 1 /T  is  l i n e a r  a b o v e  650~ g i v i n g  a n  a c t i v a -  
t i on  e n e r g y  of 11 +_ 3 kca l ,  b u t  b e l o w  650~ t h e  r a t e  
fa l l s  m o r e  r a p i d l y  w i t h  t e m p e r a t u r e ,  i n d i c a t i n g  a l o w e r  
t e m p e r a t u r e  p roce s s  w i t h  a n  a c t i v a t i o n  e n e r g y  of 30-40 
kca l .  
ThC2 with  O2. - - In  s e v e r a l  cases,  a f t e r  p r o l o n g e d  h e a t -  
i ng  of t h e  c a r b i d e  a t  900~ in  a v a c u u m  of 5 x 10 -6  m m ,  
f i rs t  o r d e r  r e a c t i o n  was  o b s e r v e d  to 1/10 of t h e  i n i t i a l  
p r e s s u r e .  T h e  p l o t  of log kl vs. 1/T a l t h o u g h  s c a t t e r e d ,  
s h o w e d  a l ow  r e g r e s s i o n ,  g i v i n g  a n  a c t i v a t i o n  e n e r g y  
of 6 ___ 3 kca l  fo r  t e n  r u n s  in  t h e  r a n g e  300~ ~ 
W h e n  a p p r o x i m a t e l y  0.5 m m  of o x y g e n  w a s  i n t r o -  
d u c e d  t h e  r e a c t i o n  r a t e  w a s  su f f i c ien t ly  s l o w e d  t h a t  t h e  
t e m p e r a t u r e ,  r a i s e d  in  100~ s teps  e a c h  q u a r t e r  h o u r  
f r o m  500 ~ w a s  b r o u g h t  to  800~ b e f o r e  t h e  p r e s s u r e  
f e l l  b e l o w  5~. M u r b a c h  (17) h a s  o b s e r v e d  s o m e w h a t  
s i m i l a r  b e h a v i o r  fo r  t h e  r e a c t i o n  of u r a n i u m  c a r b i d e  
w i t h  p r e s s u r e s  of o x y g e n  of t h e  o r d e r  of 50 m m .  F o r  
t h i s  l a t t e r  r e a c t i o n  a n  a c t i v a t i o n  e n e r g y  b a s e d  o n  t h e  
i n i t i a l  m o r e  r a p i d  r e a c t i o n  w a s  7.1 kcal .  
ThC2 wi th  N 2 . - - B e l o w  700~ r e a c t i o n  w a s  n e g l i g i b l y  
s low, w i t h  tl/2 ~ 105 sec. E n g l e  (8)  f o u n d  t h e  r a t e  of 
r e a c t i o n  of t h o r i u m  c a r b i d e  w i t h  n i t r o g e n  a t  p r e s s u r e s  
of t h e  o r d e r  of 50 m m  to  b e  n e g l i g i b l e  a t  50~ 
"ThsN4"  reactions.--The r a p i d  r e a c t i o n  b e t w e e n  o x y -  
g e n  a n d  t h o r i u m  n i t r i d e  w a s  i n f e r r e d  f r o m  t h e  ob -  
s e r v a t i o n  t h a t  w h e n  o x y g e n  a t  p r e s s u r e s  of 2-3~ w a s  
a d m i t t e d  to c a r b i d e  w h i c h  h a d  a l r e a d y  r e a c t e d  w i t h  
n i t r o g e n ,  t h e  m e a s u r e d  p r e s s u r e  fe l l  r a p i d l y  to  a p p r o x i -  
m a t e l y  h a l f  i t s  i n i t i a l  va lue ,  a n d  t h e n  v e r y  s l o w l y  s u b -  
s e q u e n t l y .  T h i s  b e h a v i o r  w a s  o b s e r v e d  u p  to  850~ a n d  
also a t  t e m p e r a t u r e s  (500~176  a t  w h i c h  n i t r o g e n  
w a s  f o u n d  to r e a c t  w i t h  n e g l i g i b l e  s p e e d  w i t h  t h o r i u m  
c a r b i d e ;  t h e  r a t e s  of r e m o v a l  of o x y g e n  w e r e  a p p r o x i -  
m a t e l y  10 t i m e s  g r e a t e r  t h a n  w i t h  u n - n i t r i d e d  c a r b i d e  
a t  t h e  s a m e  t e m p e r a t u r e .  A f t e r  t h e  ves se l  a n d  c a r b i d e  
w e r e  p u m p e d  f r e e  of l i b e r a t e d  n i t r o g e n ,  s u b s e q u e n t  r e -  
a c t i o n  w i t h  a f u r t h e r  s a m p l e  of o x y g e n  s h o w e d  n o r m a l  
o x y g e n - c a r b i d e  r e a c t i o n  b e h a v i o r .  

A s l o w  r e a c t i o n  b e t w e e n  t h o r i u m  n i t r i d e  a n d  i o d i n e  
w i t h  l i b e r a t i o n  of n i t r o g e n  w a s  o b s e r v e d  a t  500~ ~ 
ThC2 with  residual manifold a tmosphere . - -When  t h e  
c losed  g a u g e  m a n i f o l d  v o l u m e ,  a t  3 x 10 -5  m m  a f t e r  
p u m p  out ,  w a s  o p e n e d  to 10g of  c a r b i d e  a t  1000~ t h e  
p r e s s u r e  d r o p p e d  w i t h  a h a l f - t i m e  of 10 sec to  b e l o w  
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Table III. Effect of preparative and treatment procedures on thorium purity 

D e g a s s i n g  p r o c e d u r e  

B u l b  No. D e p o s i t i o n  b u l b  a n d  con ten t s  

Carb ide ,  in  s i l ica  B u l b  a lone  S t a r t i n g  f i l a m e n t  A f t e r  ThI4 f o r m a t i o n  

I a 20 h r  a t  3 • 10 -7 m m  1000~ 2 h r  a t  1100~ 3 0 h r a t  < l O - T m m  
(Af te r  g r i n d i n g  u n d e r  a rgon)  500~ 

I I  & I I I  20 h r  a t  10 -6 m m  850~ ( G r o u n d  u n d e r  n i t r o -  2 0 h r a t  1 0 - ~ m m  
gen) 500~ 

5 h r  a t  < 1 0 ~ 7 m m  l h r  a t < 1 0 - T m m  
2000~ 300~176 

1 h r  a t  1 0 ~ m m  0.5 h r  a t  1 0 ~ m m  
2000~ 300~ 

N o n m e t a l  i m p u r i t i e s ,  p p m  
( repl ica te  v a l u e s  on 0.3-0.6g samples)  

C a r b o n  
O x y g e n  N i t r o g e n  H y d r o g e n  (es t imated)  

I 13, 8.8 1.0, (3A) b 0.9 (4.0) b 6 

I I  12 11, 17, 22; 4, 7, 3, 4; 1.1, 1.1, 1.1, 1.1 6 
I I I  17, 20 7, 2 3.3, 2.7 20 

M e t a l  f e e d  c 32 20 8 20 

T r a n s f e r  and  t r e a t m e n t  of f i l a m e n t  

T r a n s f e r r e d  in  a rgon  a t m o s p h e r e  box  
a f t e r  g r o w t h  
E x p o s e d  to  a i r  for  s e v e r a l  m o n t h s  
H e a t e d  in  s i tu  a f t e r  g r o w t h  fo r  8-10 
h r  a t  1000~176 t r a n s f e r r e d  u n -  
de r  a r g o n  

S e p a r a t e  sec t ion  of f i l a m e n t  g r o w n  in  b u l b  be fore  m a i n  f i l ament .  T a n t a l u m  s t a r t i n g  w i r e .  
b Values  in  p a r e n t h e s e s  a p p e a r  i n a d v e r t e n t l y  h igh ,  e spec ia l ly  fo r  h y d r o g e n ,  b y  c o m p a r i s o n  w i t h  r ep l i ca t e s  fo r  I I  a n d  III .  

Da t a  f r o m  M e t a l  H y d r i d e s  I n c o r p o r a t e d  (25}. 
,1 C a l c u l a t e d  a s s u m i n g  h y d r o c a r b o n s  a re  t he  m a i n  ca rbon  car r ie rs ,  a n d  c a r b o n  c o n t e n t  i s  t h u s  p r o p o r t i o n a l  to h y d r o g e n  c o n t e n t .  

10 -5  m m ,  s h o w i n g  t h a t  h e a t e d  c a r b i d e  c o n t i n u e s  to  r e -  
ac t  w i t h  r e s i d u a l  a t m o s p h e r e s  a t  t h e s e  p r e s s u r e s .  

Residual atmosphere after deposition oS t h o r i u m . -  
A f t e r  c a r e f u l  g r o w t h  of a f i l a m e n t  a c c o r d i n g  to t h e  
p r o c e d u r e  d e s c r i b e d  fo r  B u l b  I, T a b l e  III ,  a n  ion  
g a u g e  r e a d i n g  e q u i v a l e n t  to  a p r e s s u r e  of 7 x 10 -4  m m  
of h y d r o g e n  w a s  o b t a i n e d  w i t h  a d e g a s s e d  A l p e r t - t y p e  
i o n i z a t i o n  g a u g e  c o n n e c t e d  to t h e  b u l b  t h r o u g h  a g lass  
b r e a k  sea l  a n d  i n i t i a l l y  s e a l e d  off a t  10 - s  r am.  T h a t  
h y d r o g e n  w a s  i n d e e d  t h e  r e s i d u a l  gas  w a s  s h o w n  b y  
r u n n i n g  t h e  f i l a m e n t  u p  to 1500~ d u r i n g  s e v e r a l  
m i n u t e s ;  no  c h a n g e  in  ion  g a u g e  p r e s s u r e  w a s  o b s e r v e d ,  
n o r  w a s  a s ign i f i can t  c h a n g e  o b s e r v e d  o n  r e h e a t i n g  t h e  
bu lb ,  c o n t a i n i n g  t h o r i u m  iod ide  a n d  ca rb ide ,  to  450 ~ . 
A n y  o t h e r  gases  w o u l d  h a v e  r e a c t e d  r a p i d l y  w i t h  t h e  
h e a t e d  f i l a m e n t  or  w i t h  t h e  c a r b i d e  or  iodide .  

Bulb outgassing during growth.--Use of m o l e c u l a r  
s i eve  t r a p p i n g  (15) a n d  ion  g a u g e  p u m p i n g  a f t e r  b a k e -  
o u t  a t  500 ~ fo r  20 h r  of a n  i o n i z a t i o n  g a u g e  c o n n e c t e d  
to a n  e m p t y  d e p o s i t i o n  b u l b  b r o u g h t  t h e  p r e s s u r e  b e -  
l ow  10 -9  m m ,  w h e n  t h e  g a u g e  a n d  b u l b  w e r e  s e a l e d  off 
t o g e t h e r .  R e h e a t i n g  t h e  b u l b  a t  450~ d u r i n g  1 hr ,  t h e  
t i m e  p r e v i o u s l y  t a k e n  to g r o w  a 1-g  f i l amen t ,  p r o d u c e d  
a p r e s s u r e  of 10 -4  m m .  C o n s i d e r i n g  [ a f t e r  ref .  ( 6 ) ]  
t h a t  t h i s  p r e s s u r e  is m a d e  u p  of H20,  CH4, a n d  CO in  
t h e  r a t i o s  2: 1: 1, t h e  d e c o m p o s i t i o n  of s u c h  gases  b y  a 
h e a t e d  f i l a m e n t  w o u l d  p r o d u c e  1 x 10 -4  m m  of h y -  
d rogen ,  c o n s i d e r a b l y  less  t h a n  t h e  r e s i d u a l  p r e s s u r e  of 
7 x 10 -4  m m  o b t a i n e d  a f t e r  f i l a m e n t  g r o w t h .  M o r e o v e r ,  
as  d i s c u s s e d  s u b s e q u e n t l y ,  e x t e n s i o n  of t h e  d a t a  of 
M a l l e t  a n d  C a m p b e l l  (16) s h o w s  t h a t  e v e n  a t  1500~ 
t h e r e  w i l l  b e  a c o n c e n t r a t i o n  of 0.3 p p m  of h y d r o g e n  in  
t h o r i u m  m e t a l  i n  e q u i l i b r i u m  w i t h  7 x 10 -4  m m  of 
h y d r o g e n  gas  p r e s s u r e ;  t h i s  is e q u i v a l e n t ,  p e r  g r a m  of 
t h o r i u m ,  to a p p r o x i m a t e l y  700 b u l b  v o l u m e s  a t  10 -4  
m m  p r e s s u r e .  T h u s  f o r  t h o r o u g h l y  d e g a s s e d  d e p o s i t i o n  
vesse l s  o u t g a s s i n g  d u r i n g  g r o w t h  w i l l  i n t r o d u c e  n e g l i -  
g ib l e  h y d r o g e n  (o r  o t h e r  i m p u r i t i e s ) .  

Thorium oxyio,dide as a possible oxygen car r i e r . -  
T h o r i u m  o x y i o d i d e  is f o r m e d  b y  t h e  p a r t i a l  o x i d a t i o n  
of  t h o r i u m  t e t r a i o d i d e  or  b y  t h e  a c t i o n  of t h e  l a t t e r  on  
t h o r i u m  oxide.  I t  d e c o m p o s e s  on  s t r o n g  h e a t i n g  w i t h  
a n  e v o l u t i o n  of ThI4 to g ive  a n  i o d i n e - f r e e  i n s o l u b l e  
r e s i d u e  c o n s i s t i n g  so le ly  of t h o r i u m  o x i d e  (1) .  I n  t h e  
p r e s e n t  s t u d y  t h o r i u m  oxy iod ide ,  f o r m e d  in  v a c u u m  b y  
t h e  r e a c t i o n  of t h e  t e t r a i o d i d e  w i t h  o x i d e  a t  500~ w a s  
f r e e d  f r o m  excess  t h o r i u m  iod ide  b y  h e a t i n g  fo r  15 h r  
a t  450~ H e a t i n g  a t  500~ fo r  1 h r  p r o d u c e d  a s l i g h t  
b u t  v i s i b l e  y e l l o w  f i lm of t h o r i u m  iod ide  on  t h e  c l e a r  
s i l ica  t u b e  e m e r g e n t  f r o m  t h e  f u r n a c e .  H e a t i n g  fo r  24 
h r  p e r i o d s  a t  600~ a n d  t h e n  a t  650~ c a u s e d  e v o l u t i o n  
of m o s t  of t h e  t h o r i u m  iodide ,  a n d  t h e  f ina l  t r a c e s  w e r e  
e v o l v e d  a t  700~ A t  e a c h  t e m p e r a t u r e  t h e  e v o l v e d  

t h o r i u m  iod ide  c o u l d  b e  r e a d i l y  a n d  c o m p l e t e l y  s u b -  
l i m e d  f r o m  t h e  e m e r g e n t  z o n e  b y  s u r r o u n d i n g  t h i s  w i t h  
a f u r n a c e  h e l d  a t  450~ a t  w h i c h  t e m p e r a t u r e  t h e  o x y -  
iod ide  was  o b s e r v e d  to b e  c o m p l e t e l y  i nvo l a t i l e .  No 
d i s c e r n i b l e  t r a c e s  of r e s i d u e  c o u l d  b e  s een  on  t h e  c l e a r  
w a l l  a f t e r  s u b l i m a t i o n  of a t o t a l  of a p p r o x i m a t e l y  l g  of  
t e t r a i o d i d e .  I t  is t h u s  e v i d e n t  t h a t  t h e  o x i d e  c o n s t i t u e n t  
of t h o r i u m  o x y i o d i d e  is v i r t u a l l y  n o n v o l a t i l e  a t  t e m -  
p e r a t u r e s  u p  to  700~ a n d  t h o r i u m  o x y i o d i d e  s h o u l d  
t h e r e f o r e  b e  u n a b l e  to  f u n c t i o n  as a n  o x y g e n  ca r r i e r .  
T h e s e  c o n c l u s i o n s  a r e  c o n f i r m e d  b y  o b s e r v a t i o n s  (3) 
m a d e  on  a f i l a m e n t  g r o w n  in  a b u l b  in  w h i c h  v i s i b l e  
o x y i o d i d e  was  p r e s e n t ;  r o o m  t e m p e r a t u r e  a n d  h i g h -  
t e m p e r a t u r e  r e s i s t i v i t i e s  a n d  e l e c t r o n  e m i s s i o n  c o n -  
s t a n t s  d e t e r m i n e d  in situ a g r e e d  w e l l  w i t h  t h o s e  of 
f i l a m e n t s  g r o w n  in  " c l e a n "  b u l b s  u n d e r  o t h e r w i s e  
s i m i l a r  cond i t ions .  

Impuri ty  content of a filament grown wi th  special 
care.--Details of t h e  p r o c e d u r e  a r e  g i v e n  in  T a b l e  III ,  
b u l b  I. T h e  c a r b i d e  w a s  p r e p a r e d  a n d  t r a n s f e r r e d  
e n t i r e l y  u n d e r  a r g o n  or  in  v a c u u m ,  a n d  i o d i n e  u s e d  in  
t h o r i u m  iod ide  f o r m a t i o n  w a s  v a c u u m  s u b l i m e d  
t h r o u g h  m o l e c u l a r  s i eves  p r e d r i e d  a t  500~ in  h i g h  
v a c u u m  (18) .  D e p o s i t i o n  w a s  b e g u n  on  one  leg  o n l y  
of t h e  16 cm h a i r p i n  f i l amen t ,  a n d  t h i s  w a s  t h e n  a l l o w e d  
to cool  a n d  g r o w t h  b e g u n  on  t h e  o t h e r  leg, a f t e r  t h e  
m a n n e r  of V e i g e l  a n d  B l o c h e r  (19) .  A f t e r  g r o w t h ,  t h e  
b u l b  w a s  t a k e n  i n t o  a n  a r g o n  f i l led d r y  box ,  t h e  f i la-  
m e n t  c a r e f u l l y  r e m o v e d  to a v o i d  c o n t a c t  w i t h  b u l b  
wal l s ,  a n d  cu t  i n t o  s ec t ions  fo r  a n a l y s i s  w i t h  c l e a n  e n d  
cu t t e r s .  T h e  s a m p l e s  w e r e  p l a c e d  in  p r e b a k e d  glass  
t u b e s  a n d  sea l ed  off u n d e r  a r g o n  p r i o r  to v a c u u m  f u s i o n  
a n a l y s e s  fo r  o x y g e n ,  n i t r o g e n ,  a n d  h y d r o g e n .  

T h e  r e s u l t s  of  t h e  a n a l y s i s  of  t h i s  f i l a m e n t  a n d  t w o  
o t h e r s  g r o w n  u n d e r  r a t h e r  less  s t r i n g e n t  c o n d i t i o n s  a r e  
g i v e n  in  T a b l e  III .  V a l u e s  fo r  m e t a l  g r o w n  f r o m  
m e t a l  f e e d  (25) a r e  a lso g i v e n  fo r  c o m p a r i s o n .  

Discussion 
T h e  d a t a  of T a b l e  I c o m b i n e d  w i t h  f r e e  e n e r g y  d a t a  

fo r  c o m m o n  gases  s h o w  t h a t  t h o r i u m  c a r b i d e  a n d  
t h o r i u m  iod ide  a r e  c a p a b l e  v a r i o u s l y  of r e a c t i o n  w i t h  
o x y g e n - c o n t a i n i n g  gases  to r e m o v e  o x y g e n  a n d  ca rbon ,  
b u t  n o t  h y d r o g e n .  H o w e v e r  h y d r o c a r b o n s  w i l l  no t  r e -  
ac t  w i t h  t h o r i u m  iod ide  or  w i t h  t h o r i u m  ca rb ide .  C o n -  
s e q u e n t l y  t h e r e  is no  m e c h a n i s m  fo r  h y d r o c a r b o n  r e -  
m o v a l  f r o m  a d e p o s i t i o n  v e s s e l  e x c e p t  b y  r e a c t i o n  w i t h  
a p a r t  of t h e  t h o r i u m  m e t a l  i t se l f ,  as d e s c r i b e d  fo r  b u l b  
I, T a b l e  III ,  o r  w i t h  o t h e r  s u i t a b l e  g e t t e r  m e t a l s  s u c h  as 
t a n t a l u m  or  m o l y b d e n u m  p l a c e d  in  t h e  vesse l .  T h e  b u l b  
o u t g a s s i n g  e x p e r i m e n t  s h o w s  t h a t  t h e r e  is i n su f f i c i en t  
w a t e r  v a p o r  in  a w e l l  d e g a s s e d  d e p o s i t i o n  b u l b  to ac -  
c o u n t  fo r  t h e  h y d r o g e n  c o n t e n t  f o u n d  in  t h e  m e t a l ,  e v e n  
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if wa te r  vapor  was not r emoved  by react ion wi th  car-  
bide or thor ium iodide. The hydrogen can apparent ly  
only have  come f rom hydrocarbons residual  in the 
thor ium carbide, as suggested by Scaife and Wylie  (1). 

Mallet  and Campbel l  (16) have de termined  the equi-  
l ibr ium pressure  of hydrogen over  a range of T h : H  
compositions. Extrapola t ion  of thei r  data for ThH0.05 
(200 ppm hydrogen)  to 1500~ gives an equi l ibr ium 
pressure of 400 mm. They observe that  "in the range of 
rapidly increasing pressure at low hydrogen concen- 
trations, the amount  of sorbed hydrogen  is proport ional  
to the square  root of the equi l ibr ium pressure." On this 
basis the observed residual  hydrogen pressure  of 7 x 
10 -4 mm wil l  be in equi l ibr ium with  0.3 ppm of hydro-  
gen in thor ium deposited at 1500~ This va lue  is in 
reasonable accord with  the level  of 1 ppm found in 
filaments grown under  conditions s imilar  to that  used 
in the residual  hydrogen pressure  experiment .  

Apar t  f rom carbon oxides evolved after  deposition 
is begun, hydrocarbons,  as well  as being the main hy-  
drogen carriers,  should be  the only significant carbon 
carriers. 

The rate  of the reactions of carbon monoxide  and 
oxygen wi th  thor ium iodide and thor ium carbide shows 
that  these gases (and wa te r  vapor  and carbon dioxide 
if present)  wil l  be r emoved  f rom association wi th  the 
feed dur ing a suitable p re l iminary  degassing and heat -  
ing procedure.  Those evolved  after  deposition is begun 
however  wi l l  in la rge  par t  reach the fi lament surface, 
since at thor ium iodide vapor  pressures of 0.1-1 mm 
and consequent  mean free  paths of 0.1-0.01 mm, the 
calculated react ion probabi l i ty  per  collision, ~--3 x 10 -4 
for t1/2 = 10 sec, is too low to al low substantial  reaction 
in a diffusion path of cent imeter  dimensions. 

The most s t r ingent  degassing procedure  is evident ly  
necessary to r emove  all traces (i.e., to well  be low 1 
ppm) of hydrocarbons f rom the carbide, and as high a 
t empera tu re  as possible should be used. 

Mechanical  t ransfer  of carbon part icles f rom the 
feed surface to the fi lament has not been disproved, but  
at the vapor  pressures and flow rates obtained in a de- 
position vessel, such t ransfer  seems most unlikely.  

The origin of the 10 ppm of oxygen observed in the 
thor ium metal  is unexplained.  A residual  oxygen con- 
tent  of 100 ppm in the tungsten or tan ta lum start ing 
wire  after outgassing at 2000~ would  introduce less 
than 1 ppm to the thor ium samples. If the protect ive  
oxide film on thor ium which has been exposed to air 
is 30A thick, as on a luminum (22), then  a typical  anal -  
ysis sample would contain only 1-2 ppm of oxygen 
from this source, and atmospheric contaminat ion of 
samples should be small. Comparison be tween  bulbs I 
and II in Table III  indicates that  this is probably so. 

In the absence of any feasible carr ier  vapor, it ap- 
pears l ikely that  the oxygen is in t roduced f rom a finite 
source associated wi th  the deposition procedure,  and 
that  the oxygen levels  in larger  deposits wi l l  be pro-  
port ional ly  lower. The  oxygen values obtained even for 
small fi laments compare  more  than favorably  with  
those for the best meta l  grown f rom metal  feed, or that  
deoxidized with  calcium (26). 

Since ni t rogen does not react  at a significant rate  
wi th  thor ium carbide below 700~ degassing some- 
what  below this t empera tu re  before raising the carbide 
t empera tu re  to 800~176 should allow its removal .  
The use of molybdenum or tan ta lum shielding and con- 
taining structures can assist in the r emova l  of n i t ro-  
gen, as discussed by several  authors (23, 24, 28). For  

thor ium produced f rom meta l  feed residual  ni t rogen 
contents below 10 ppm (23) and as low as 3 ppm (27) 
have  been reported.  In the present  work  it is seen that  
ni t rogen levels  in gram scale filaments can be brought  
as low as 1 ppm; for la rger  filaments the leve l  may  
possibly be lower.  
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The High Carbon Portion of the 
Uranium-Gadolinium-Carbon System 
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ABSTRACT 

The high carbon port ion of the u ran ium-gado l in ium-ca rbon  system was 
invest igated using x - ray ,  the rmal  analysis, and chemical  techniques.  It  was 
found that  UC2 and GdC2 form a continuous series of solid solutions above 
1525 ~ ___ 25~ with  the exception of a na r row two-phase  region [ te t ragonal -  
(U,Gd)C2 ~- cubic- (U,  Gd)C2] ly ing along a line connecting UC2 at 1785~ 
and approximate ly  (U0.s Gd0.2)C2 at 1510~ The (U, Gd)C2 decomposition 
curve  and the equi l ibr ium associated with  it were  determined for the 1300 ~ 
to 1525~ tempera tu re  range. The results at 1300~ show that  the solid 
solution is still stable over  the region f rom (U0.12Gd0.ss)C2 to GdC2. A lattice 
paramete r  curve  is given for the  quenched te t ragona l - (U,Gd)C2 solid solution 
phase that  varies continuously f rom ao ~ 3.522A, and co = 5.982A at UC2 
to ao -~ 3.717A and co ~ 6.264A at GdC2. The solidus t empera tu re  decreased 
f rom 2475 ~ • 30~ for UC2 to 2370 ~ _+ 30~ for GdC2, whereas  the eutectic 
t empera tu re  decreased f rom 2450 ~ • 30~ for UC2 + C to 2310 ~ _+ 30~ for 
GdC2 ~- C. The te t ragonal  to cubic t ransformat ion t empera tu re  of 1785 ~ --4_-_ 
20~ for UC2 was found to decrease wi th  the addition of GdC2; l ikewise the 
te t ragonal  to cubic t ransformat ion  tempera ture  of 1275 ~ +_ 20~ for GdC2 
was found to decrease wi th  the addit ion of UC2. Because of the  s low rate  of 
decomposition of the solid solution compared to the t ime requ i red  to de- 
te rmine  the te tragonal  to cubic t ransformat ion t empera tu re  of single phased 
(U,Gd) C2 samples, it was possible to de termine  the total t ransformat ion curve. 
A min imum was found at 1155 ~ --4-_ 20~ and a composition of (U0.34Gd0.66)C2. 
The course of the t ransformat ion curve  was used to est imate the heat  of 
t ransformat ion of te t ragonal  to cubic GdC2 at 1275~ as 3.1 ~ 0.5 kca l /mole  
and the change in the f ree  energy of mixing in t ransforming from te t ragonal -  
(U,Gd) C2 to cubic- (U,Gd)C2 solid solution as ~FM t'*c : - -  x (1 - -  x )  [5,330 
960 - -  (2.29 __ 0.62)T] cal /mole ,  where  x is the mole fract ion of GdC2 in the 
solid solution. 

Knowledge  of phase relationships in u r a n i u m - m e t a l -  
carbon systems is a necessary prerequis i te  to inte l l i -  
gent engineer ing of uran ium-fue led ,  g raph i te -mod-  
erated, h igh - t empera tu re  reactors. The u r an ium-  
transi t ion meta l -carbon  systems have been studied 
(1) in some detail, but  l i t t le  or no work  has been 
done in the u r an ium- ra r e  ear th  meta l -carbon  systems. 
Al though the u ran ium-carbon  binary (1, 2) has been 
extens ive ly  invest igated and the in termedia te  phases 
in the gadol in ium-carbon binary (3) have  been es- 
tablished, there  are no data on the u ran ium-gado l in -  
ium-carbon  system. 

Experimental 
S a m p l e  p r e p a r a t i o n . - - T h e  start ing mater ia ls  were  

depleted uran ium metal  rod, arc cast gadol inium ingot, 
and National  Carbon spectrographic grade graphi te  
rod. Spectrochemical  analysis showed that  the major  
meta l  impuri t ies  in the uran ium were  Fe, Mn, Mo, V, 
and Ni which were  present  in quanti t ies of less than 
70, 40, 25, 20, and 15 ppm, respectively.  Major  meta l  
impuri t ies  in the gadol inium were  Ce, Pr, Nd, Sm, Ta, 
and Pb, each of which was present  in quanti t ies of 
less than 0.5 w/o .  Spectrochemical  analysis of the 
carbon rod indicated that  B, Mg, and Na were  the 
major  impurit ies,  each being less than 50 ppm. 

The alloys were  prepared  in a "ge t te red"  hel ium 
atmosphere  by arc mel t ing  the components  on a wa te r -  
cooled copper hear th  wi th  a carbon electrode. Samples 
were  stored and handled in an airtight, he l ium-a tmos-  
phere  dry box. 

For  annealing, the samples were  contained in 
graphi te  crucibles, which had a 0.040 in. hole in the 
crucible lids to permit  pyrometr ic  de te rmina t ion  of 
tempera ture .  A 25 kw h igh - f r equency  induct ion heater  
wi th  an eddy current  concentrator  (4) was used to 
heat  the crucibles, which were  contained in a vacuum 
system capable of mainta in ing  pressures of 10 -5 Torr  
or lower. 

D e c o m p o s i t i o n  s t u d i e s . - - D u r i n g  the determinat ion  
of the decomposition curve  of the (U,Gd)C2 solid 
solution it was found that  very  long anneal ing times 
were  requi red  to reach equi l ibr ium. The ra te  at which 
the solid solutions decomposed into their  respect ive 
equi l ibr ium products (below 1500~ appeared to be 
proport ional  to the anneal ing t empera tu re  and the 
mole fract ion of UC2. For  example,: at  1300~ a sample 
near  the UC2 boundary  (Uo.89Gdo.11)C2 requ i red  100 
hr  to reach equil ibrium, whi le  a sample of (U0.sGd0.5) C2 
requi red  400 hr. A sample of composition (U0.s9 
Gd0.11)C2 had just  begun to show signs of decompo- 
sition after 200 hr  at 1000~ To assure that  
equi l ibr ium was reached for a given tempera tu re  and 
composition, x - r a y  samples were  taken periodically,  
and the anneal ing was continued unti l  two successive 
x - r a y  pat terns  showed no fu r ther  changes in the sam- 
ple. 

T h e r m a l  a n a l y s i s . - - T h e  solidus curve  of the (U,Gd)C2 
solid solution region was de termined  by mel t ing cylin-  
ders of various compositions prepared by pressing 
5-10g portions of powdered  (--325 mesh) arc mel ted 
mater ia l  in a 3/s in. steel die at 100,000 psi. A 0.040 x 
0.400 in. hole was dri l led in the top of each cyl inder  
to give b lack-body conditions for pyrometr ic  meas-  
urements.  The cyl inders  were  supported in the field 
of the eddy-cur ren t  concentrator  by means of a tan-  
ta lum wire  tripod. The t empera tu re  of the cyl inder  
was raised rapidly  to wi th in  100 ~ of the mel t ing  point, 
then slowly raised unti l  the blackbody hole filled with  
l iquid which ordinar i ly  occurred over  a 10 ~ t emper -  
a ture  interval .  

The eutectic curve  was de termined  by observing t em-  
pera ture  vs.  t ime cooling curves on samples contained 
in carbon crucibles. Light  f rom a sight hole in the cru-  
cible lid was divided by a beam spli t ter  so that  one 
beam of the l ight  f rom the sample was focused on a 
sensing photo-diode tube which was connected to the 
y-axis  of a t ime sweep oscilloscope (5). Upon cooling 
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through the eutectic t empera tu re  a flat in the cooling 
trace was observed. A Polaroid camera was used to 
record the cooling trace and subsequent  constant t em-  
pera ture  traces (the t empera tu re  was determined f rom 
the other  beam whi le  the t race was being photo-  
graphed) .  By bracket ing  the eutect ic  fiat wi th  the con- 
stant t empera tu re  traces, the eutectic t empera tu re  was 
determined to an accuracy of _30~ 

The cubic to te t ragonal  t ransformat ion curve  was 
determined by similar  observations of t empera tu re  vs.  
t ime cooling curves of cylinders of various composi-  
tions. Cylinders with a 0.060 in. x 0.5 in. blackbody 
hole were  prepared by hot pressing powdered  mater ia l  
at 1700~ in a graphi te  die to 80-90% of theoret ical  
density. An advanced version of the thermal  analysis 
apparatus was used which s imultaneously displayed 
not only the cooling curve  but also the der iva t ive  of 
the cooling curve (6). This la t ter  innovat ion made 
possible more  accurate  determinat ions  of the t ransi-  
t ion curve  in the central  region where  the heat  effect 
was quite small. Both heat ing and cooling curves were  
observed. 

The Pyro  Micro-Opt ical  pyrometer  and optical sys- 
tem were  cal ibrated against a s tandard lamp that  had 
been certified by the National  Bureau of Standards.  

C h e m i c a l  and  x - r a y  a n a l y s i s . - - T h e  samples were  
chemical ly analyzed for uranium, gadolinium, and total 
carbon (7). For  the x - r a y  analysis, the mater ia l  was 
removed  from the crucible and crushed in a "diamond" 
mortar .  A representa t ive  sample was ground into 
powder  (--325) for  lat t ice pa ramete r  measurements .  
The x - r a y  samples were  sealed in L indemann  glass 
capillaries, and the diffraction studies were  carr ied out 
on a Norelco uni t  using a nickel-f i l tered copper radia-  
t ion and a 114.59 mm Debye-Sche r re r  camera.  The 
x - r a y  wavelength  used in calculat ing the latt ice pa-  
rameters  were:  K~ 1 ---- 1.54050A, K~2 = 1.54433A and 
a weighted va lue  (for unresolved doublets) of K~ 
1.54178A. Latt ice parameters  were  obtained f rom the 
back-ref lect ion lines by applying the modified least-  
squares extrapolat ion of Hess (8) using an IBM 7090 
computer.  S tandard  deviat ions were  calculated for 
each latt ice parameter .  General ly,  the deviat ions were  
less than _+0.008A for ao and less than • for co 
for the t e t ragona l - (U,Gd)C2 phases, and less than 
+0.001A for a o for the (U,Gd)2Cs phases. 

Results and Discussion 
(U,Gd)C2 sol id  s o l u t i o n  r e g i o n . - - I n  this paper  we 

use the symbol MC2 to represent  the solid solution 
metal  dicarbide phase which appears to have  a slight 
range of homogeneity.  UC2 has been shown to have  a 
range of homogenei ty  ly ing be tween  UCI.s9 and UC1.94 
(2). Likewise  we have  found f rom metal lographic  
examinat ion  that  GdCLg~ is single phased whereas  
GdCL99 shows the presence of graphi te  in the grain 
boundaries.  The samples that  were  prepared  for this 
study had total carbon contents vary ing  f rom MCl.so 
t o  MC1 .98  with the mean at MCL93. All  of the stock 
a rc -mel ted  samples were  single phased by x - r a y  ex-  
amination. It  is in teres t ing to note that  arc mel ted  
GdC2 had a metal l ic  gold color in contrast  to the me ta l -  
lic s i lver  color of UC2. 

Figure  1 shows the var ia t ion of the latt ice parameters  
of the te t ragonal  (U,Gd)C2 phase with  composit ion 
for samples annealed in the t empera tu re  range 1600 ~ 
2000~ Each point is the average  of two or more  
samples at the given composition. The  lat t ice pa ram-  
eters of the quenched eutectic samples were  in agree-  
ment  wi th  the annealed samples and those for UC2(ao 
---- 3.522A, Co = 5.982A) and GdC2(ao ~ 3.717A, Co 
6.264A) in good agreement  wi th  data repor ted  by 
others (1, 2). 

F rom Fig. 2 it is seen that  the cubic to tetragona] 
t ransformat ion curve  passes through areas of the 
stable solid solution region near  the UC2 boundary  and 
near  the GdC2 boundary.  The l imi ted number  of ex-  
per iments  in the requi red  two-phase  region between 
the cubic and te t ragonal  solid solution fields did not 
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Fig. 1. Lattice parameter variation of the quenched tetragonal- 
(U,Gd)C2 solid solution. 
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Fig. 2. The C = 0.67 atom fraction isoplethal section of the 
U-Gd-C ternary system, e, solidus melting point; O, single-phased 
(U,Gd)C2 solid solution; [~, unstable (U,Gd)C2 solid solution; O,  
decomposition phase boundary as determined from the three-phased 
field-(Uo.91Gdo.09)2C3 + (U,Gd)C2 ~- C; . . . .  tetragonal to 
cubic transformation curve of the (U,Gd)C2 solid solution. 

al low us to de termine  its width,  but  one can conclude 
that  it is fa i r ly  na r row as indicated by dashed lines in 
Fig. 2 and 5. 

Table I and Fig. 2 give the results  of the de te rmina-  
tions of the eutectic and solidus curve  which are in 
good agreement  wi th  the l imited informat ion that  is 
avai lable  (2). 

(U,Gd) C~ t e t r a g o n a l  to  cub ic  t r a n s f o r m a t i o n  c u r v e . -  
Uranium dicarbide repor tedly  undergoes a polymorphic  
cubic to te t ragonal  t ransformat ion upon cooling at 

Table I. (U,Gd)C2 + C eutectic temperatures 

Eutec t i c  
Compos i t ion  t e m p e r a t u r e ,  ~ 

UC~J + C 2450 ._+ 30 
(Uo.~Gdo.n)C2 + C 2420 • 30 
(Uo.76Gdo.~)C2 + C 2400 ~ 30 
(Uo.a~Gdo.~)C~ + C 2390 ~ 30 
(Uom1Gdo.49) C2 + C 2385 ~ 30 
(Uo.6oGdo.4o)C~ + C 2340 ~__ 30 
(Uo,~6Gdo.74)C=3 + C 2355 "4- 30 
(Uo,~oGdo.~o)C~ + C 2335  +___ 30 
(Uo.,oGdo.~o)C2 + C 2320 ~ 30 
GdC~ + C 2310 ~ 30 
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Fig. 3. Tetraganal to cubic transformation curve for the 
(U,Gd)C2 solid solution. �9 mean transformation temperature, To. 
The ends of the vertical lines through each To point lie at the 
experimentally determined transformation temperatures on heating, 
TI~, and cooling, Tc. ~ the calculated transformation curve 
based on Eq. [2] .  

1750~ (1, 2) .  T h e  t r a n s f o r m a t i o n  is a d i f fus ion less  
( m a r t e n s i t i c )  t r a n s f o r m a t i o n  (9) w h i c h  is c h a r a c t e r -  
ized b y  c o o p e r a t i v e  a t o m  m o v e m e n t s  i n v o l v i n g  a p u r e  
l a t t i c e  d i s t o r t i o n  c o m b i n e d  w i t h  a t w i n n i n g  s h e a r  
( o v e r  a f r a c t i o n  of t h e  c r y s t a l )  w h i c h  does  no t  af fec t  
t h e  l a t t i c e  s t r u c t u r e ,  b u t  p r o d u c e s  a m a c r o s c o p i c  
c h a n g e  in  s h a p e  (10) .  H e n c e  ( a t  l e a s t  fo r  r a p i d  q u e n c h -  
i ng )  t h e  t r a n s f o r m a t i o n  p r o d u c t  h a s  t h e  s a m e  c o m -  
p o s i t i o n  as t h e  p a r e n t  phase .  In  Fig. 3 t h e  d e t e r m i n e d  
t r a n s f o r m a t i o n  t e m p e r a t u r e s  o c c u r r i n g  on  coo l ing  (Tc) ,  
h e a t i n g  (Th) ,  a n d  t h e  m e a n  of t h e  t w o  (To) a r e  
s h o w n  as a f u n c t i o n  of c o m p o s i t i o n  of t h e  ( U , G d ) C 2  
sol id  s o l u t i o n  al loys.  

A t h e r m o d y n a m i c  a p p r o a c h  a p p e a r s  to b e  t h e  b e s t  
bas i s  fo r  i n t e r p r e t i n g  t h e  da ta .  E a c h  p h a s e  h a s  a 
c h e m i c a l  f r e e  e n e r g y  t h a t  v a r i e s  w i t h  t e m p e r a t u r e  a n d  
compos i t i on .  T h u s  f o r  a g i v e n  a l l oy  t h e r e  is a t e m -  
p e r a t u r e ,  To, a t  w h i c h  t h e  t w o  f r e e  e n e r g i e s  a r e  equa l ,  
F cubic ~ r tetrag~ A t  a n y  o t h e r  t e m p e r a t u r e  t h e  d i f -  
f e r e n c e  i n  f r e e  e n e r g y  m a y  b e  e x p r e s s e d  as F c - -  F t = 
AF t-*c c a l / m o l e  ( a t  To, AF t-~c = 0).  T h u s  •  t-~c is n e g -  
a t i v e  w h e n  t h e  cub ic  p h a s e  is m o r e  s t a b l e  t h a n  t h e  
t e t r a g o n a l  a n d  p o s i t i v e  w h e n  t h e  t e t r a g o n a l  p h a s e  is 
m o r e  s t a b l e  t h a n  t h e  cub ic  phase .  I n  t h e i r  r e v i e w ,  
K a u f m a n  a n d  C o h e n  (11) n o t e  t h a t  i t  is g e n e r a l l y  o b -  
s e r v e d  t h a t  t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e s  o n  cool -  
i ng  a n d  h e a t i n g  a r e  d i f f e r e n t  (Th > Tc) a n d  f r o m  
t h e r m o d y n a m i c  c a l c u l a t i o n s  t h a t  t h e  t e m p e r a t u r e  (To) 
a t  w h i c h  AF a - ~  = 0, is v e r y  n e a r  t h e  a r i t h m e t i c  m e a n  
of Tc a n d  Th. T h e  d i f f e r ences  

T o - - T c = T h - - T o  T h - - T c  ) 
2 

a r e  r e l a t e d  to t h e  a m o u n t  of d r i v i n g  e n e r g y  n e e d e d  
to b a l a n c e  n o n c h e m i c a l  f r e e  e n e r g y  f a c t o r s  s u c h  
as i n t e r f a c i a l ,  s t r a in ,  a n d  n u c l e a t i o n  ene rg ie s .  U s i n g  
t h e  a b o v e  i n t e r p r e t a t i o n  o u r  v a l u e  fo r  t h e  UC2 
t r a n s f o r m a t i o n  of 1785 ~ _+ 20~ is in  good  a g r e e m e n t  
w i t h  t h a t  r e p o r t e d  e a r l i e r  (1750~ w h i c h  w as  d e t e r -  
m i n e d  f r o m  coo l ing  cu r ves .  S i n c e  GdC2 f o r m s  sol id  
s o l u t i o n s  w i t h  b o t h  t h e  k n o w n  c u b i c  a n d  t e t r a g o n a l  
f o r m s  of UC2, i t  s e e m s  r e a s o n a b l e  to  a s s u m e  t h a t  i t  
a lso ex i s t s  in  b o t h  c r y s t a l  s t r u c t u r e s .  O n l y  t h e  l o w -  
t e m p e r a t u r e  ( t e t r a g o n a l )  s t r u c t u r e  h a s  b e e n  r e p o r t e d  
p r e v i o u s l y  (3) .  I n  th i s  w o r k ,  t h e  GdC2 s o l i d - s t a t e  
t r a n s f o r m a t i o n  t e m p e r a t u r e  w as  f o u n d  to b e  1275 ~ • 
20~ 

F r o m  Fig. 2 a n d  3 i t  is s e e n  t h a t  t h e  t r a n s f o r m a t i o n  
c u r v e  pas ses  i n t o  a r e g i o n  in  w h i c h  t h e  so l id  s o l u t i o n  
is t h e r m o d y n a m i c a l l y  u n s t a b l e .  H o w e v e r ,  t h e  k i n e t i c s  
of d e c o m p o s i t i o n  a r e  v e r y  s low (100-500 h r )  c o m -  
p a r e d  to t h e  t i m e  r e q u i r e d  to m a k e  a t r a n s f o r m a t i o n  

t e m p e r a t u r e  m e a s u r e m e n t  (0.5 h r ) .  T h e  x - r a y  p a t t e r n s  
of t h e  s a m p l e s  u s e d  fo r  t r a n s f o r m a t i o n  d e t e r m i n a t i o n s  
w e r e  s ing le  p h a s e d  a f t e r  t h e  e x p e r i m e n t  a n d  h a d  t h e  
s a m e  l a t t i c e  p a r a m e t e r s  as t h e  s t a r t i n g  m a t e r i a l .  Hence ,  
d u e  to t h e  s l ow  k i n e t i c s  of d e c o m p o s i t i o n ,  o n e  is i n  
t h e  i n t e r e s t i n g  p o s i t i o n  of b e i n g  a b l e  to  o b s e r v e  t h e  
t o t a l  m a r t e n s i t i c  t r a n s f o r m a t i o n  c u r v e  e v e n  t h o u g h  i t  
passes  i n to  a r e g i o n  w h i c h  is u n s t a b l e .  F u r t h e r ,  t h e  
c o u r s e  of t h e  c u r v e  is d e t e r m i n e d  b y  t h e  t h e r m o d y -  
n a m i c  p r o p e r t i e s  of t h e  cub ic  a n d  t e t r a g o n a l  so l id  
so lu t ions .  

U s i n g  t h e  t r e a t m e n t  of K a u f m a n  a n d  C o h e n  (11) ,  
t h e  To vs. c o m p o s i t i o n  c u r v e  m a y  b e  e x p r e s s e d  b y  t h e  
e q u a t i o n  

AFs~ t-~c (x,  To) = ( l - - x )  AFuc2 ~-~c (To) 4- 

xhFGdc2t~c(To)  -4- AFM~->c(x, To) = 0 [1] 

w h e r e  AFsst~C(x, To) is t h e  c h a n g e  in  f r e e  e n e r g y  in  
t r a n s f o r m i n g  f r o m  t e t r a g o n a l  to  cub ic  s t r u c t u r e  a n  
a l loy  of x m o l e s  of GdC2, a n d  ( l - - x )  m o l e s  of UC2; 
a n d  b e c a u s e  of t h e  d i f fus ion less  n a t u r e  of t h e  process ,  
AFsst-*c(x, To) = O. AFuc2t-~C(To) a n d  AFcdc2t-->C(To) 
a r e  t h e  c h a n g e s  in  f r e e  e n e r g y  in  t r a n s f o r m i n g  f r o m  
t e t r a g o n a l  to  cub ic  s t r u c t u r e  of  t h e  p u r e  c o m p o n e n t s ,  
r e s p e c t i v e l y .  AFMt->C(X, To) is t h e  c h a n g e  i n  t h e  f r e e  
e n e r g y  of m i x i n g  in  t r a n s f o r m i n g  f r o m  t h e  t e t r a g o n a l  
to  t h e  cub ic  s t r u c t u r e .  T h e  m i n i m u m  i n  t h e  To vs.  c o m -  
p o s i t i o n  c u r v e  r e q u i r e s  t h a t  AFMt~c(x,  To) b e  ze ro  a t  
x e q u a l  0 a n d  1, a n d  t h a t  i t  b e  n e g a t i v e  fo r  a l l  o t h e r  
v a l u e s  of x. 

E q u a t i o n  [1] m a y  t h u s  b e  u s e d  to e s t i m a t e  some  
t h e r m o d y n a m i c  p r o p e r t i e s  of t h e  U C e - G d C e  sol id  so lu -  
t i on  reg ion .  A l t h o u g h  t h e  c a l c u l a t i o n s  w i l l  n o t  be  
q u a n t i t a t i v e ,  t h e  v a l u e s  wi l l  b e  u s e f u l  as a p p r o x i m a -  
t i ons  in  v i e w  of t h e  f ac t  t h a t  t h e r e  a r e  no  m e a s u r e d  
v a l u e s  fo r  e i t h e r  t h e  h e a t  of t r a n s f o r m a t i o n  of GdC2 
or  hFMt-~c(x, To).  F o u r  a s s u m p t i o n s  n e e d  to b e  m a d e :  
( i )  To, as m e a s u r e d ,  is t h e  t e m p e r a t u r e  a t  w h i c h  
AFss t~c = 0 for  a g i v e n  c o m p o s i t i o n ;  ( i t )  t h e  so l id  so-  
l u t i o n s  in  t h e  t e t r a g o n a l  a n d  cub ic  d o m a i n s  a r e  r a n -  
d o m  s o l u t i o n s ;  ( i i i )  t h a t  t h e  specif ic  h e a t  c o r r e c t i o n s  
(~Cuc2 t-*c a n d  ~Ccdc2 t-*c) m a y  b e  n e g l e c t e d ;  a n d  ( i v )  
t h e  f r e e  e n e r g y  m i x i n g  t e r m  m a y  be  r e p r e s e n t e d  
b y  a r e g u l a r  s o l u t i o n  mode l .  E q u a t i o n  [1] t h e n  b e -  
c o m e s  

AFsst-~c(x, T o ) =  ( 1 - - x ) a H 1  t-~c 1 - - ~  + 

xAH2 t-'+c 1----~-e 4- x ( 1 - - x )  [AHM t ~ c -  ToASM t~c] = 0 

[2] 

w h e r e  T1, T2, AH1 t->c, a n d  AH2 t~c a r e  t h e  t r a n s f o r m a -  
t i on  t e m p e r a t u r e s  a n d  h e a t s  of t r a n s f o r m a t i o n  of UC2 
a n d  GdC2, r e s p e c t i v e l y .  F u r t h e r m o r e ,  X ( 1 - - X ) A H M  t-~c 
a n d  X ( 1 - - x )  ASM TM a r e  t h e  c h a n g e s  in  t h e  h e a t  c o n -  
t e n t  a n d  e n t r o p y  of m i x i n g  in  t r a n s f o r m i n g  f r o m  t e -  
t r a g o n a l  to  cub ic  so l id  s o l u t i o n  a t  a g i v e n  x a n d  To. 
U s i n g  ~ F  t~c = 0 as t h e  i n d e p e n d e n t  v a r i a b l e ,  t h e  
m e a s u r e d  q u a n t i t i e s ,  x a n d  To, a n d  L e v i n s o n ' s  v a l u e  
of AHvc2 t'-~c = 2900 c a l / m o l e  (12) Eq.  [2] is s o l v e d  
fo r  AH2 t-~c, /~HM t->c, a n d  ASM t-~c b y  t h e  m e t h o d  of 
l e a s t  squa re s .  T h e  c o m p u t a t i o n  w a s  p e r f o r m e d  on  t h e  
M A N I A C  II  c o m p u t e r  w i t h  t h e  r e su l t s :  AHGdc2 T M  

3070 • 440 c a l / m o l e ,  AHM t~c = --5330 • 960 c a l / m o l e  
a n d  ASM t-~c = - -2 .29 _+ 0.62 e.u. F i g u r e  3 s h o w s  t h e  m o d -  
e r a t e l y  good  a g r e e m e n t  b e t w e e n  t h e  o b s e r v e d  x ,  To 
a n d  t h e  c a l c u l a t e d  x ,  To (Eq.  [ 2 ] ) .  F o r  c o m p a r i s o n  p u r -  
poses  AS~dc2 t-~c =- 1.98 __- 0.28 e.u. is i n  f a i r  a g r e e m e n t  
w i t h  hSuc2 t~c = 1.41 e.u. (12) a n d  AScac2 t-~c = 1.85 
e.u. (13) .  

E q u i l i b r i u m  a long  t h e  so l id  s o l u t i o n  d e c o m p o s i t i o n  
c u r v e . - - T a b l e  I I  l i s t s  t h e  e q u i l i b r i u m  p h a s e s  t h a t  a r e  
a s s o c i a t e d  w i t h  t h e  d e c o m p o s i t i o n  c u r v e  fo r  v a r i o u s  
t e m p e r a t u r e s  a n d  compos i t i ons .  R e c e n t  d a t a  (1, 2) 
s h o w  t h a t  u r a n i u m  d i c a r b i d e  u n d e r g o e s  a e u t e c t o i d  
d e c o m p o s i t i o n  to U~C3 -b C a t  1500 ~ --+-_ 25~ T h i s  f i nd -  
i ng  is in  d i s a g r e e m e n t  w i t h  t h e  p h a s e  d i a g r a m s  p u b -  
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Table II. Equilibrium data associated with the solid solution decomposition curve 

Lattice Composit ion of 
Starting pa rame-  Anneal  Annea l  Phases  present  by x - ray  phase  from 

composit ion ters, A temp, ~ t ime,  hr  and lattice parameters ,  A lattice parameters  Remarks  

Uo.o~Gdo.os) Cs lcao ~ } 

Uo.95Gdo.os) C~ lca:= 3"5275.989 } 

Uo.~Gdo.~) C~ { ca: = 5.9893"527 } 

Uo.~Gdo.o~)C2 {ca: = 5.9893'527 } 
{ a 0 = 3 . 5 2 7  } 

Uo.ssGdo.os) C~ cp 5.989 

Uo.sgGd0.~)C~ { ca: == 5.9903"539 J 

Uo.soC-do.n) C2 { a:  == 5.9903"539 } 

Uo3oGdo~)c~ {~: == 5.99o3"639 ~ 
.o~o~do~)~ { ~: =: 5.9903"539 } 

Uo~o~d0~)~, {~: =: 6.0383"57~ } 
~o~0~o~,)0~ {~: =: 8.0883"57~ } 
, o  ~ 0  .o)~.. { ca: = 6.1323"642 } 

( .oo~do~.)c~ {a:  : 6.1323'642 } 
~,o 0~d0 ~o)~ { ;: == 6.1322"842 } 

(U0.,,~Gdo.so)C~ {ca~ == 6.2253"692 } 
.~ ao = 3.692 

(Uo.~Gdo.so)C~ [co  = 6.225 } 

(U0.~Gd0.so)C= { a :  = 6.2253"692 } 

(Uo.~oGdo.~o)C~ { a :  == 6.2483"708 } 

(Uo.~oGdo.~o)C2 {ca: == 6.2483"708 } 

(Uo.~oGdo.~o)C~ { a ;  == 6.2483"708 } 

{ a .  = 3 . 7 1 7 }  
GdC~ co = 6.263 

1600 

1550 

1515 

1450 

1300 

1535 

1515 

1450 

1300 

1525 

1300 

1580 

1400 

1300 

1500 

1500 

1400 

1300 

1500 

1400 

1300 

1200 

lao = 3.527 
30 NfC2 co = 5.988 ) 

I ao = 3-525 } 
45 MC~ co 5.987 

30 MeC3(ao = 8.098) + C (LTo.~Gdo.o~)'2C3 

1OO l~fC3(ao = 8.097) + C (U'o.9~Gdo.os).~C.~ 

144 M2Ca(ao = 8.096) + C (Uo.o~Gdo.os)2C3 
{ao = 3 . 5 3 6 }  

42 MC.~ co 6.002 

77 M~Ca(ao = 6.103) + C (Uo.glGdo,og)~C3 

68 M2C3(ao = 8.103) + C (Uo.gzGdo.og)2Ca 

96 M2C3(ao = 8.104) + C (Uo.91Gdo.og)'2Ca 
{ :3573} 161 Mc~ ~: 6.042 

204 MeC3(ao = 8.104) + MCe (faint) + C (Uo.gzGdo:og)fC3 
{ a ~ = 3 . 6 4 3  } 

216 MC~ co = 6.140 
432 MeC3(ao 8.104) + MC,2{ao ~ = 3.689]  (Uo.91Gdo.o~)fC3 = 6.227 j + ~ { ( U o . ~ o ~ ) o ~  } 
450 ~C~(ao  = 8.103) + MC~ { ~: = 3.702 6248 }+o { (Uo.~3Gdo:sT) Ce } =3643} 
192 MCz cao ~ = 6.133 (U0.~Gdo.~)C~ { =3690} 70 ~c~ ~: 6.221 

{o0:3699} 
168 MC2 Co = 6.228 

{ao = 3.708 
436 MeCs(faint) + MCe co 6.242 J + C (Uo.~oGdo 90)C~ 

{ao:8704} 
96 MC~ co = 6.242 

{ =3798} 166 ~c~ ~:=6.~40 
{o0:3705} 

264 MC~ co = 6.248 

{ a o : 3 . 7 1 7  } 
312 MCz co 6.264 

No decomposit ion 

No decomposit ion 

No decomposit ion 

No decomposit ion 

MCe phase was too faint  to d e t e r -  
m i n e  its lattice p a r a m e t e r .  

No decomposi t ion 

The solid solution was  reformed 
f rom the sample  above. 

No decomposit ion 

No decomposit ion 

Met3 phase was too faint  to d e -  
t e r m i n e  its lattice parameter .  

No decomposit ion 

No decomposit ion 

No decomposit ion 

No decomposit ion 

lished by Hansen (14) showing UC2 to be stable to 
room temperature.  Our exper imental  data are in good 
agreement  with the newer  findings. We have found 
that  (Uo.95Gd0.85)C2 decomposes between 1515 ~ and 
1550~ and (U0.sgGd0.11)C2 decomposes between 1515 ~ 
and 1535~ to give (U, Gd)2C8 and C. The remainder  
of the samples which had a higher GdC2 content  de- 
composed into three phases; (U,Gd)2C8 + (U,Gd)C2 
q-C. 

The gadolinium carbide-r ich phase boundary  of the 
(U,Gd)2C3 phase was determined by plot t ing the la t -  
tice parameter  of (U, Gd)2Cs vs. atom fraction of Gd 
divided by the sum of the atom fractions of Gd and U. 
The ao value for U2Ca was taken as 8.089A (2). The 

8.106 

.~ 8.1o4 

~ 8.,o2 

G ~ ~,oo i  8.0,8 
~ 8.096 

0 8.094 

.J 8.092 

8.090 

L I L I I 

I~.____ �9 �9 - -  

ASE BOUNDARY AT (Uo.mGdo.09)2C3 - -  

�9 2 PHASES M2Cs+C 

�9 5 PHASES MzC3+MC2"I'C 

I t I I L 
0 O.lO O.ZO 030 0.40 0.50 

MOLES Gd /MOLES U +MOLES Gd 

Fig. 4. Lattice parameter variation of the (U,Gd)2C~ phase as 
a function of composition, e, two-phased points,--(U,Gd)2C3 -~- 
C; liE, three-phased points--(U,Gd)2C3 + (U,Gd)C2 -I- C. 

results are shown in  Fig. 4, and the l imit ing composi- 
tion is determined to be (Uo.91Gdo.09)2C3. It is also ap- 
parent  that  the phase boundary  is essentially constant 
in the tempera ture  range 1300~176 Thus the de- 
composition curve from UC2 to (Uo.91Gd0.09)C2 is con- 
nected with the decomposition products, (U,Gd)2C3 -t- C 
by isothermal tie lines and is essentially horizontal  
at 1525~ From (Vo.91Gd0.09)C2 to higher atom frac- 
tions of Gd, the decomposition curve is connected with 
the decomposition products by isothermal tie triangles. 
Thus, we have the interest ing case of tie t r iangles col- 
lapsing to a te rnary  tie l ine at (Uo.91Gdo.09)C2 and 
1525~ The phase rule  requires that  the point  at which 
these tie tr iangles collapse to a te rnary  tie l ine be at a 
tempera ture  m a x i m u m  with respect to the rest of the 
decomposition curve that  is connected by the tie t r i -  
angles (15). This ma x i mum corresponds to point  I in 
Fig. 5, and the l imit ing t e rnary  tie l ine is FIT. 

The superposition of the To vs. composition curve 
on Fig. 5 leads to another  impor tant  s t ructural  feature 
of the phase diagram. As noted earlier there must  be 
a two-phase region [ te t ragonal- (U,Gd)C2 -t- cubic- 
(U,Gd)C2] associated with the To curve. The decom- 
position curve intersects this two-phase region. On the 
UC2 side of the intersection, te t ragonal - (U,Gd)C2 is in 
equi l ibr ium with the decomposition products, and on 
the GdC2 side one has cubic-(U,Gd)C2 (unt i l  the To 
curve again intersects the decomposition curve) in 
equil ibrium. The phase rule requires that  tetragonal  
(U, Gd)C2 undergo a t e rnary  eutectoid decomposition 
to (U0.91Gdo.09)2C3 q- cubic (U,Gd)C2 q- C (15). At 
this point  there is a t e rnary  four phase equi l ibr ium 
(15) which is represented by the isothermal tie t r i -  
angles AEB, AEC, and CEB as shown in Fig. 5. The 
tempera ture  at this intersection is approximately 
1510~ and the composition is approximately (Uo.s 
Gdo.2)C2. This region of the phase diagram is dotted 
in Fig. 3 and 5. From point B to where  the decom- 
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CUBIC UC2+C ~ C+CUBIC GdC 2 

TETRAGONAL UC2+C ' ~ ~ /  RAOO ,, 

*C 

TETRAGONALUC2--~';A ~ \ / L ~  ~/J  \ \ \ 

,~oo~ ~ / / / ~  ~ ~ \,~oo 

( UO.glGdo.09)2C5 + (UO.12Gdo,8s) C2 +C 
1300"(; ISOTHERMAL SECTION 

Fig. S. Perspective drawing of the high carbon portion of the 
U-Gd-C ternary system. 

position curve  intersects the 1300~ isothermal  plane 
(Fig. 5) the t ie- t r iangles  connect the phases (U0.91 
Gd0.09) 2C3 "t- cubic (U,Gd)C2 + C. From Fig. 2 it is 
seen that  the cubic (Gd,U)C2 phase must  also undergo 
a te rnary  eutectoid decomposition below 1300~ 

Figure  5 shows a perspect ive  v iew of the equi l ibr ium 
phases associated with the decomposition curve. The 
base represents  the high carbon port ion of the 1300~ 
isothermal  section of the U - G d - C  ternary.  

Conclusions 
From this study it  was found that  UC2 and GdC2 

form a continuous series of solid solutions above 1785~ 
wi th  the solid solution solidus and carbon eutectic 
tempera tures  decreasing in a regular  manne r  f rom the 
UC2 boundary to the GdCs boundary.  Along the line 
which lies be tween  UC2 (1785~ and approximate ly  
(U0.sGd0.2)C2 (1510~ there  is a two-phase  region 
that  connects solid solution regions of te t ragonal-  
(U,Gd)Cs and cubic-(U,Gd)C2.  Below 1525~ there  
is a decomposition curve  below which the UC2-GdC2 
solid solution is unstable. The decomposit ion curve  
progresses f rom the UC2 boundary (1525~ to a com- 
position of (U0.1sGd0.ss)C2 at 1300~ 

The te t ragonal  to cubic t ransformat ion curve  of the 
UCs-GdC2 solid solution decreases as one moves f rom 
both boundaries  indicating that  AFM t->c is negative. 
Further ,  the course of the To curve  may  be used to 
make  thermodynamic  approximat ions  on various prop-  
erties of the solid solution region. 
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Preparation of Metallic Calcium by Electrolysis of 
Calcium Oxide Dissolved in Molten Calcium Chloride 

W. D. Threadgill 

Department  of Chemical Engineering, Vanderbilt  University, Nashville, Tennessee 

ABSTRACT 

Metall ic calcium was prepared  by electrolysis of calcium oxide dissolved 
in mol ten  calcium chloride in a modified moving  ca thode- type  cell. For  com- 
parison, control electrolyses of the chloride were  made. Average  cell vol tage 
wi th  the ox ide-bear ing  e lect rolyte  ranged up to 23% less than that  wi th  the 
chloride alone. The oxide content  of the e lect rolyte  decreased due to e lectrol-  
ysis, and tests showed that  chlorine was not released at the anode. This appears 
to be the first demonstra t ion that  calcium oxide can be fed to a chloride elec- 
t rolyte for calcium production. 

The first exper iments  of record wi th  a fused elec- commercia l  prepara t ion of many  metals. The processes 
t rolyte  were  made by Sir  Humphrey  Davy (1) in 1802. and equipment  used show wide var ia t ion because of 
Subsequent  to his time, the electrolysis of fused salts dependence on the specific characterist ics of each 
has been used as a method for ei ther the discovery or metal  and its electrolyte.  
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o f  the earl ier  investigations (2-8) concerned with  
the electrolytic production of calcium, probably the 
greatest  advancement  was made in 1904. At this t ime 
Rathenau (9) described a method of drawing out the 
calcium metal  in the form of a rod attached to the 
cathode. The fol lowing year  Goodwin (10) described a 
similar  apparatus. Subsequent  to this time, several  in-  
vestigators (11-16) have  made various changes and im-  
provements  in the apparatus of Goodwin and Rath-  
e n a u .  

The energy consumption of calcium is high compared 
to other  products in the fused electrolyte  industry.  
Mantel l  (17) gives the average energy consumption of 
calcium as 23 k w h r / l b  as compared to 9 for a luminum, 
8 for magnes ium (chloride process),  and 5.2 for sodium. 
According to Mantel l  (18), var ia t ion  in energy con- 
sumption for any one process is due to size of the cell, 
details of construction and insulation of the cell, and 
length of t ime the cell is operated before changes need 
to be made ei ther in the electrolyte,  the cell proper, or 
the electr ical  connections. 

Johnson (19) lists the factors which influence the 
decomposit ion voltage of the e lect rolyte  as chemical  
composition, temperature ,  na ture  of the electrodes, and 
their  geometr ical  disposition wi th  respect  to each 
other. Lorenz (20) and Brockman (21) summarize  the 
conditions affecting the current  yield at the cathode as 
temperature ,  distance be tween electrodes, current  den-  
sity, secondary chemical  reactions at the electrodes, 
and format ion of metal l ic  fog. 

Collection of the calcium metal  produced is much 
more difficult than that  of any other  meta l  made com- 
mercial ly  by fused salt electrolysis. Calcium metal  
floats on top of the bath, is active and soluble in the 
electrolyte,  and cannot be protected by a film of the 
melt  held over  it by surface tension. If al lowed to re-  
main in contact with the electrolyte  for any length of 
time, it wil l  be conver ted back to the chloride or the 
oxide due to the circulation of the bath which car-  
ries the dispersed meta l  into the gas producing area 
around the anode, or it wil l  burn due to atmospheric  
oxygen. Consequently,  it is necessary to use a con- 
tact cathode, that  is, one that just  touches the bath 
surface. The cathode is raised gradual ly  as the meta l  
is collected and a solid stick or "carrot"  obtained. 

The decomposit ion voltage of calcium chloride is 
repor ted  as 2.04-3.24v (14, 18, 22, 23) with the com- 
monly  accepted va lue  being 3.2v. Taking the value as 
3.2v, the voltage efficiency calculated from the operat -  
ing voltages repor ted  by various invest igators is 10.3- 
20%. German  industr ial  practice has been reported 
as 25v per cell (17), which represents  a vol tage effi- 
ciency of 12.8%. 

No informat ion was found in the l i t e ra ture  on the 
decomposit ion vol tage of a calcium chlor ide-calc ium 
oxide mixture .  

Investigations of calcium production by use of mixed  
electrolytes have genera l ly  been l imited to mix tures  of 
the chloride and the fluoride. Johnson (14) and F r a r y  
(24) both exper ienced difficulty wi th  such an elec- 
t rolyte  due to its low mel t ing  point. 

Apparatus 
The modified moving  cathode type cell used in this 

invest igat ion is shown in Fig. 1. The container  and 
anodes (not shown) were  of graphite.  The cathode 
consisted of a 1-in. d iameter  wate r -cooled  a luminum 
bar wi th  a removable  1-in. d iameter  iron tip. Tem-  
pera ture  measurements  were  made with  a bare 
ch romel -a lumel  thermocouple  immersed  in the elec- 
trolyte.  A d i rec t -cur ren t  welding generator  was used 
as the source of current.  

Cell Operation 
The electrolyte  was brought  to approximate ly  the 

desired operat ing t empera tu re  by externa l  heating. 
The anode was immersed  in the electrolyte  and an arc 
struck be tween  the cathode and the electrolyte  in or-  
der to heat  the tip momenta r i ly  above the mel t ing  
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Fig. 1. Electrolytic cell (anodes not shown) 

point of calcium metal. Without  this heating, the metal  
would not wet  the cathode surface except  in spots. 
Adjus tment  of the cathode was then made to effect 
good operation. 

General ly,  operat ion was unsteady for a period of 
5-10 rain at the start  of electrolysis. Current  and vol t -  
age fluctuated, and the electrolyte  t empera tu re  in-  
creased f rom 25 ~ to 50~ 

During normal  operation, the heat ing effect of the 
electrolyzing current  was sufficient to keep the t em-  
pera ture  fair ly constant ( •176  The cathode was at 
the center  of an i r regular  br ight  rosette wi th  radial  
markings formed by currents  of hot  e lectrolyte  moving 
away f rom it. Normal  operat ion was mainta ined by 
raising or lower ing  the cathode in such a manner  that  
this rosette was kept at approximate ly  the same size 
and color. The calcium metal  could be observed in a 
mol ten condition just  undernea th  the bath surface and 
was drawn out in good solid form covered  by a thin 
film of frozen electrolyte.  

When  the electrolyte  t empera tu re  around the cathode 
was al lowed to become too low by raising the cathode 
too slowly, meta l  was deposited in a spongy form 
with branches of much the same appearance as moss 
or fern. These branches were  easily dislodged by con- 
vect ion currents.  A low bath t empera tu re  requi red  
more rapid raising of the cathode in order  to control 
the cathode temperature ,  and a smaller  d iameter  car-  
rot resulted. 

When the e lect rolyte  t empera tu re  around the cathode 
was al lowed to become too high as a resul t  of too 
rapid raising of the cathode, the protect ing film of 
frozen electrolyte  mel ted  and drained off. A globule of 
mol ten meta l  formed undernea th  the cathode and 
s~metimes broke away due to the influence of convec-  
tion currents.  When  this occurred an arc was struck 
be tween  the bath surface and the remaining  stick of 
meta l  thereby causing the meta l  to mel t  rapidly and 
to be lost or, in ex t reme cases, even to be ignited. 

If the electrolyte  contained moisture,  normal  opera-  
tion was impossible to achieve at the start  of electrol-  
ysis. No meta l  deposited on the cathode, and there  was 
a continuous burning of gas at the cathode, such gas 
burning wi th  a yel low flame. This behavior  has been 
explained by previous invest igators  as being due to 
electrolysis of the wate r  contained in the electrolyte.  
Generally,  the evolut ion of gas ceased af ter  a few 
minutes '  operat ion and normal  operat ing conditions 
could then be effected. 

If the graphi te  powder  which formed a scum on the 
bath surface was not removed  occasionally and was 
al lowed to come in contact wi th  the mol ten  metal,  
flames at the cathode resulted, suggesting that  pos- 
sibly the graphi te  was react ing wi th  the metal.  Occa- 
sionally, a f roth would  also form depending on whe ther  
the electrolysis contained moisture.  
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C a t h o d e  c u r r e n t  d e n s i t y  s e e m e d  to b e  of i m p o r t a n c e  
o n l y  i n s o f a r  as i t  a f fec ted  t h e  c a t h o d e  t e m p e r a t u r e .  I n  
th i s  r e spec t ,  F r a r y  (13) c o n s i d e r e d  t h e  a l l o w a b l e  a n d  
m o s t  s a t i s f a c t o r y  c a t h o d e  c u r r e n t  d e n s i t y  to be  a c o n -  
s t a n t  fo r  a n y  p a r t i c u l a r  ce l l  a n d  no t  of t h e  p roce s s  
i tself .  A n o d i c  c u r r e n t  d e n s i t y  s e e m e d  of no  g r e a t  i m -  
p o r t a n c e  e x c e p t  w i t h  a n  e l e c t r o l y t e  of c a l c i u m  c h l o -  
r i d e  a lone .  I n  t h i s  case,  o c c u r r e n c e  of t h e  s o - c a l l e d  
" a n o d e  ef fec t"  w a s  p r o m o t e d  b y  h i g h e r  c u r r e n t  d e n -  
s i t ies .  

D u r i n g  e l ec t ro l y s i s  w i t h  c a l c i u m  a lone ,  t h e r e  w a s  
v i g o r o u s  e v o l u t i o n  of gas  a t  t h e  anode .  T h e  s p a t t e r i n g  
of e l e c t r o l y t e  c a u s e d  b y  t h i s  e s c a p i n g  gas  w as  suf f ic ien t  
to  coa t  t h e  e x p o s e d  p o r t i o n s  of t h e  cel l  a n d  p r o t e c t  
i t  f r o m  r a p i d  a t t a c k  b y  t h e  a t m o s p h e r e .  A m u c h  less  
v i g o r o u s  e v o l u t i o n  of gas  o c c u r r e d  w i t h  t h e  o x i d e -  
b e a r i n g  e l ec t ro ly t e .  A n o d i c  a t t a c k  w a s  less  w i t h  t he  
c h l o r i d e  e l e c t r o l y t e  a l o n e  t h a n  w i t h  t h e  e l e c t r o l y t e  
c o n t a i n i n g  oxide .  As  i n  t h e  a l u m i n u m  i n d u s t r y  (25) ,  
h i g h e r  f u r n a c e  t e m p e r a t u r e s  c a u s e d  m o r e  r a p i d  c o n -  
s u m p t i o n  of t h e  anode .  

A t r o u b l e s o m e  p h e n o m e n o n ,  k n o w n  as " a n o d e  effect ,"  
c a u s e d  c o n c e r n  a m o n g  p r a c t i c a l l y  a l l  p e r s o n s  w h o  h a v e  
p r e p a r e d  c a l c i u m  b y  e lec t ro lys i s .  Th i s  p h e n o m e n o n  
m a n i f e s t s  i t s e l f  in  a s u d d e n  i n t e r r u p t i o n  of n o r m a l  
o p e r a t i o n .  T h e  v o l t a g e  i n c r e a s e s  m a r k e d l y  a n d  t h e  
c u r r e n t  d e c r e a s e s  to a l m o s t  zero.  A gas  f i lm is f o r m e d  
a r o u n d  t h e  anode ,  a n d  t h e  e l e c t r o l y t e  is p r e v e n t e d  
f r o m  w e t t i n g  t h e  a n o d e  su r face .  Th i s  f i lm g lows  w i t h  
a b l u i s h  color ,  a n d  t h e  c u r r e n t  s e e m s  to pa s s  f r o m  t h e  
a n o d e  to t h e  e l e c t r o l y t e  b y  a s e r i e s  of s m a l l  arcs .  T h e  
a n o d e  i t se l f  soon  b e c o m e s  r e d  hot .  N u m e r o u s  a t t e m p t s  
(13, 20, 26, 27) h a v e  b e e n  m a d e  to e x p l a i n  th i s  p h e -  

n o m e n o n .  
I n  t h e  c o u r s e  of t h i s  i n v e s t i g a t i o n ,  t h e  a n o d e  ef fec t  

o c c u r r e d  q u i t e  r e a d i l y  w i t h  c a l c i u m  c h l o r i d e  a lone .  
T e m p e r a t u r e  of t h e  b a t h  s e e m e d  to h a v e  n o  ef fec t  o n  
i ts  occu r r ence .  T h e  l a r g e r  t h e  a n o d e  s u r f a c e  e x p o s e d  
to t h e  e l e c t r o l y t e  t h e  m o r e  diff icul t  i t  w a s  to i n d u c e  
t h e  effect.  T h e  effect  cou ld  b e  e l i m i n a t e d  t e m p o r a r i l y  
b y  m o m e n t a r y  i n t e r r u p t i o n  of c u r r e n t ,  r e d u c t i o n  in  
a p p l i e d  vo l t age ,  or  m e c h a n i c a l  s h a k i n g  of t h e  anode .  

No di f f icul ty  w a s  e x p e r i e n c e d  w i t h  a n o d e  ef fec t  w h e n  
u s i n g  t h e  e l e c t r o l y t e  c o n t a i n i n g  oxide .  As  l o n g  as 
n o r m a l  o p e r a t i o n  h a d  s t a r t e d ,  l a r g e  c u r r e n t s  w o u l d  
n o t  cause  t h e  effect  to  appea r .  One  r e f e r e n c e  (27) w a s  
m a d e  in  t h e  l i t e r a t u r e  to  t h e  f ac t  t h a t  c a l c i u m  ox ide  
w o u l d  i n h i b i t  t h i s  effect.  T h i s  w a s  a t t r i b u t e d  to a 
c l e a n  a n o d e  s u r f a c e  s ince  t h e  o x y g e n  l i b e r a t e d  c o m -  
b i n e s  w i t h  t h e  c a r b o n  a n d  i t  is t h u s  e t c h e d  a n d  a 
n e w  s u r f a c e  is c o n t i n u a l l y  b e i n g  f o r m e d .  

Results 
T a b l e  I c o n t a i n s  t h e  r e s u l t s  of t h e  e l e c t r o l y s i s  of 

e l e c t r o l y t e s  of c a l c i u m  c h l o r i d e  a l o n e  a n d  c a l c i u m  
ox ide  in  c a l c i u m  ch lo r ide .  R u n s  w e r e  m a d e  a t  s e v e r a l  
t e m p e r a t u r e s  a n d  w i t h  v a r i o u s  c u r r e n t s  in  t wo  sizes  
of cells.  O x i d e  c o n c e n t r a t i o n s  f r o m  0.26 to 2.00% b y  
w e i g h t  w e r e  u s e d  in  t h e s e  runs .  T h e  r u n s  w e r e  of 20-60 
r a i n  d u r a t i o n .  

C a t h o d e  c u r r e n t  d e n s i t y  cou ld  n o t  b e  c a l c u l a t e d  
a c c u r a t e l y  b e c a u s e  t h e  c a r r o t  d i a m e t e r  d i d  n o t  r e -  
m a i n  u n i f o r m  t h r o u g h o u t  t h e  e l e c t r o l y s i s  pe r iod .  A p -  
p r o x i m a t e  v a l u e s  w e r e  in  t h e  r a n g e  200-300 a m p / i n .  2. 

N u m e r o u s  a d d i t i o n a l  r u n s  w e r e  m a d e  w i t h  o x i d e  
c o n c e n t r a t i o n s  in  t h e  r a n g e  of 2 -12%.  Al l  t h e s e  r u n s  
w e r e  u n s u c c e s s f u l  in  t h a t  t h e  t e m p e r a t u r e  a r o u n d  t h e  
c a t h o d e  c o u l d  n o t  b e  con t r o l l ed .  T h e  m e l t  w a s  so f luid 
t h a t  i t  w a s  i m p o s s i b l e  to  k e e p  a p r o t e c t i v e  f i lm of 
f r o z e n  e l e c t r o l y t e  on  t h e  m e t a l  as i t  e m e r g e d  f r o m  t h e  
b a t h .  W i t h o u t  th i s  p r o t e c t i o n ,  t h e  c a l c i u m  w o u l d  i g n i t e  
a n d  be  lost .  F l a m e s  c o n t i n u a l l y  b u r n e d  a r o u n d  t h e  
ca thode ,  a n d  i t  was  n o t  pos s ib l e  to  e l i m i n a t e  t h e m .  

I n  a n  a t t e m p t  to e l i m i n a t e  t h e  e x c e s s i v e  b u r n i n g  
a n d  h i g h  c o n v e c t i o n  c u r r e n t s  a r o u n d  t h e  ca thode ,  r u n s  
of u p  to 2 h r  i n  d u r a t i o n  w e r e  m a d e  w i t h  l ow  e l ec -  
t r o l y z i n g  c u r r e n t s  of 25-35 a m p  a n d  m a x i m u m  coo l ing  
w a t e r  flow. W h i l e  t h i s  r e d u c e d  t h e  i n t e n s i t y  of t h e  
c o n v e c t i o n  c u r r e n t s ,  t h e  b u r n i n g  w as  n o t  e l i m i n a t e d ,  

Table I. Electrolysis data 

CaCl~ e l ec t ro ly t e  

A v g  
A v g  ce l l  v o l t a g e  

Temp ,  C u r r e n t  v o l t a g e ,  eff iciency,  
Cel l  size range ,  ~ range ,  a m p  v % 

7 1/16 in. I.D. 774-899 90-130 16.6 19.26 
Two  3/4  in. 
dia. anodes 

7 1/16 in, I.D. 800-843 60-120 18 17.78 
One 3 /4  in.  
dia. a n o d e  

4 1/2 in. I.D. 816-857 75-110 17 18.82 
One 3/4  in. 
dia. anode  

CaO-CaCl~ e l ec t ro ly t e  

Ox ide  
cone. Temp.  C u r r e n t  A v g  ce l l  Decrease  in  

r ange ,  r ange ,  r ange ,  vo l t age ,  a v g  cel l  
w t  % Cell  size ~ a m p  v vo l t age ,  % 

0.68-1.34 7 1/16 in. I .D. 774-828 50-60 13.7 17.46-23.9 
One 3/4  in. 
dia.  anode  

0.67-1.90 4 1/2 in.  I.D. 800-843 40-100 14.1 15.06-17.05 
One 3/4  in. 
dia.  anode  

0.26-2.00 4 1/2 in.  I.D. 788-843 45-85 15.3 No c o m p a r a b l e  
One 1/2 in. da t a  for  CaCle 
dia. anode  a lone  

a n d  o n l y  i s o l a t e d  p a r t i c l e s  of c a l c i u m  cou ld  b e  col -  
l ec ted .  Cel l  v o l t a g e  r a n g e d  f r o m  101/2 to 18v, a n d  c u r -  
r e n t  r a n g e d  f r o m  30-90 amp .  T e m p e r a t u r e s  w e r e  in  
t h e  r a n g e  774~176 D a t a  on  a n u m b e r  of t h e s e  u n -  
succes s fu l  r u n s  m a y  b e  f o u n d  in  ref .  (28) .  

Nex t ,  r u n s  w e r e  m a d e  w i t h  t h e  c a t h o d e  s h i e l d e d  as 
suggested by Kunitomi (29). Burning still persisted, 
and the shield resulted in a higher temperature 
around the cathode and an increase in cell voltage. 
Oxide concentrations from 2 to 10% were used. 

Since it was observed that oxide concentrations in 
the neighborhood of 15% gave a more viscous melt, the 
next step in an attempt to eliminate the aforemen- 
tioned difficulty was to employ an electrolyte with 
oxide concentrations in this range. In general, cell 
voltages were significantly higher than those obtained 
with oxide concentrations less than 2.0%. Burning 
around the cathode and convection currents were less 
severe, but only isolated branches of calcium could 
be obtained. 

In all instances, operation was more difficult with 
the electrolyte containing oxide than with the chlo- 
ride alone. Extreme care was necessary in cathode ad- 
justment to control temperature around the cathode. 
The calcium would ignite quite readily when the film 
of frozen electrolyte drained away, and it was prac- 
tically impossible to extinguish it and again effect 
normal operation. For this reason and the greater 
tendency toward stronger convection currents, the use 
of lower electrolyzing currents was necessary. 

The gases evolved at the anode during electrolysis 
of the chloride-oxide electrolyte were tested for chlo- 
rine with starch iodide paper. After steady operation 
was achieved, this test was negative. 

In order to verify the decrease in oxide content as 
a result of electrolysis, a melt of known oxide con- 
centration was subjected to electrolysis. Samples of 
the melt were taken at intervals and analyzed for 
oxide content. In all instances, the oxide concentration 
decreased during electrolysis. 

Catciu~ ch~oride-catciu~ S~uoride-ca~cium oxide as 
electrolyte.--It  w a s  t h o u g h t  pos s ib l e  t h a t  a d d i t i o n  of 
t h e  f luor ide  to t h e  e l e c t r o l y t e  m i g h t  o v e r c o m e  s o m e  
of t h e  o p e r a t i n g  d i f f icul t ies  e x p e r i e n c e d  w i t h  t h e  o x i d e -  
c h l o r i d e  e l e c t r o l y t e  and ,  in  p a r t i c u l a r ,  p e r m i t  o p e r a -  
t i on  w i t h  h i g h  o x i d e  c o n c e n t r a t i o n s  b y  p o s s i b l y  d e -  
c r e a s i n g  t h e  p a s t i n e s s  of t h e  me l t .  H o w e v e r ,  p r e l i m -  
i n a r y  r u n s  w i t h  t h i s  e l e c t r o l y t e  in  a n e w  a p p a r a t u s  
w e r e  u n s u c c e s s f u l  d u e  to o p e r a t i n g  di f f icul t ies  w i t h  
the power source. 
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Conclusions 
Carrots of metal l ic  calcium may be obtained by 

electrolysis of an electrolyte  of calcium oxide in cal-  
cium chloride containing up to 2% by weight  of oxide. 
With concentrat ions be tween  2% and approximate ly  
14% oxide, the mel t  was so fluid that  the meta l  carrot  
could not be protected wi th  a film of frozen e lect rolyte  
as it emerged  f rom the melt,  and severe  burning re-  
sulted. Convect ion currents  were  also par t icular ly  
t roublesome in this concentrat ion range. 

The most favorable  t empera tu re  range for electro]-  
ysis of the oxide-bear ing  electrolyte  f rom the s tand-  
point of ease of control and good carrot  format ion was 
788~176 The most  favorable  oxide concentrat ion 
range  f rom the same standpoint  was 0.5-1%, with 
satisfactory operat ion being possible wi th  concentra-  
tions up to 2%. Operat ion was more  difficult wi th  the 
ox ide-bear ing  electrolyte  than with  chloride alone. No 
significant t empera tu re  effect on cell vol tage was noted 
with ei ther  of the electrolytes. No advantage  in cell 
vol tage was noted in using oxide concentrations greater  
than 2% over  that  to be obtained wi th  use of concen- 
trations less than 2%. 

Average  cell vol tage with  the oxide-bear ing  elec- 
t rolyte  ranged up to 23.9% less than that  wi th  the 
chloride alone. The large cell and large anode sur-  
face area were  advantageous in both lower  average 
cell vol tage and ease of operat ion and control. 

Anode effect presented no problem with  the oxide-  
bear ing electrolyte.  This was probably due to the fact 
that  a clean surface is continual ly mainta ined by the 
etching effect caused by combination of the l iberated 
oxygen with  the anode. 

This research presents  the first known demons t ra -  
tion that  calcium oxide can be fed to a calcium chloride 
electrolyte  for calcium production. This is contrary  to 
l i te ra ture  claims that  calcium oxide causes the elec- 
t ro lyte  to become pasty. Such pastiness was not in 
evidence except  at high oxide concentrations, approx-  
imately  14% and above. 

Manuscript  received Nov. 5, 1963; revised manu-  
script received June  5, 1964. 

Any  discussion of this paper  wi l l  appear in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Ellipsometric Investigation of the Optical Properties 
of Anodic Oxide Films on Tantalum 

S. Kumagai 1 and L. Young 

Department  of Electrical Engineering, The University of British Columbia, Vancouver,  British Columbia 

ABSTRACT 

Tanta lum surfaces were  examined  both immersed  in the electrolyte  and dry. 
The optical constants of the meta l  and of the oxide were  obtained by compar-  
ing .experimental and theoret ical  e l l ipsometer  curves. It  was found that  the 
method of est imating the optical constants of the meta l  by neglect ing. the  effects 
of the oxide film already present  before anodization leads to serious error.  
The el l ipsometr ic  method gave results in agreement  wi th  those obtained using 
l ight polarized in the plane of incidence. The advantages  of the method seem 
to lie in the invest igat ion of films which are too thin  or otherwise unsui table  
for the spectrophotometr ic  method, and for in situ measurements .  

In the study of thin films and, in part icular ,  of anodic 
oxide films (1), optical techniques are impor tant  be- 
cause they give accurate  and absolute estimates of the 
thickness. The thickness is, of course, needed to cal- 
culate such quant i t ies  as field s t rength and dielectric 
constant. Severa l  nonoptical  methods give quite  sensi- 
t ive measurements  of the thickness of anodic oxide 

~Presen t  address :  OKI  Electr ic  Company,  Tokyo,  Japan .  

films in indeterminate  units, but  it is ve ry  desirable to 
be able to de termine  the absolute thickness, if only to 
al low comparisons to be made be tween  the oxides of 
different metals. Optical measurements  may  also be 
used to show whether  the films are homogeneous and to 
detect variat ions with format ion conditions in the na-  
ture  of the film material .  

A complete  measurement  of the optical propert ies  of 
an isotropic homogeneous film would include the deter -  
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r u i n a t i o n  as f u n c t i o n s  of t h e  a n g l e  of i n c i d e n c e  a n d  
w a v e l e n g t h  of t h e  a b s o l u t e  p h a s e  a n d  a m p l i t u d e  
c h a n g e s  on  re f l ec t ion  of t h e  c o m p o n e n t s  of t h e  l i g h t  
w i t h  e l ec t r i c  v e c t o r  p o l a r i z e d  in  ( p ) ,  a n d  a t  r i g h t  
a n g l e s  to  ( s ) ,  t h e  p l a n e  of i nc idence .  T h e  v a r i o u s  p r a c -  
t i ca l  m e t h o d s  w h i c h  h a v e  b e e n  d e v e l o p e d  d i f fe r  in  
w h a t  is d i s ca rded ,  in  t h e  t e c h n i q u e  of m e a s u r e m e n t ,  
a n d  in  t h e  m e t h o d  of c o m p u t a t i o n .  E l l i p s o m e t r y  is a 
c lass ica l  m e t h o d  d u e  to D r u d e  ( p u b l i s h e d  1889) i n  
w h i c h  t h e  r e l a t i v e  a m p l i t u d e  a n d  p h a s e  c h a n g e s  on  
re f l ec t ion  of  p a n d  s c o m p o n e n t s  a r e  m e a s u r e d .  I t  h a s  
b e e n  p a r t i c u l a r l y  a s s o c i a t e d  w i t h  t h e  w o r k  of W i n t e r -  
b o t t o m  (2)  b u t  ha s  r e c e n t l y  c o m e  in to  w i d e r  u s e  (3 -5)  
b e c a u s e  of t h e  ease  w i t h  w h i c h  t h e  c o m p u t a t i o n s  m a y  
n o w  b e  d e a l t  w i t h .  T h e r e  is sti l l ,  h o w e v e r ,  l i t t l e  ac -  
c u r a t e  e x p e r i m e n t a l  d a t a  in  t h e  l i t e r a t u r e  o b t a i n e d  b y  
th i s  m e t h o d  l a r g e l y  b e c a u s e  of t h e  d i f f icu l ty  of o b t a i n -  
i ng  t h e  f i lm f r e e  s u b s t r a t e .  T h e  o r i g i n a l  d e v e l o p m e n t  of 
t h e  m e t h o d  w a s  p r e s u m a b l y  d u e  to t h e  f ac t  t h a t  t h e  
i n s t r u m e n t  is u s e d  to d e t e r m i n e  t he  s e t t i n g s  c o r r e -  
s p o n d i n g  to t h e  e x t i n c t i o n  of t h e  l i g h t  b e a m .  W i t h  
p r e s e n t  i n s t r u m e n t a l  t e c h n i q u e s  a n  a d j u s t m e n t  to  a 
n u l l  is no  l o n g e r  t h e  o n l y  suf f ic ien t ly  a c c u r a t e  m o d e  of 
o p e r a t i o n .  T h e  p u r p o s e  of t h e  p r e s e n t  w o r k  w a s  to i n -  
v e s t i g a t e  w h a t  spec ia l  a d v a n t a g e s  t h e  m e t h o d  m i g h t  
h a v e  in  t h e  s t u d y  of a n o d i c  ox ide  fi lms, a n d  to c h e c k  
p r e v i o u s  e s t i m a t e s  o b t a i n e d  b y  o t h e r  m e t h o d s  [ Y o u n g  
(6) ,  Mas ing ,  O r m e ,  a n d  Y o u n g  ( 7 ) ]  of  t h e  op t i ca l  c o n -  

s t a n t s  of t a n t a l u m  a n d  i ts  a n o d i c  o x i d e  film, on  w h i c h  
e s t i m a t e s  of v a r i o u s  q u a n t i t i e s  h a v e  b e e n  based ,  a n d  
w h i c h  d i f fe r  c o n s i d e r a b l y  f r o m  o t h e r  p u b l i s h e d  va lue s .  

E x p e r i m e n t a l  P r o c e d u r e s  

Calcu la t ions . - - I t  is a s s u m e d  t h a t  a n  i d e a l i z e d  p l a n e  
p a r a l l e l - s i d e d  s l ab  of h o m o g e n e o u s  i so t rop i c  o x i d e  of 
r e f r a c t i v e  i n d e x  n l  a n d  t h i c k n e s s  D, a t t a c h e d  to a s e m i -  
i n f in i t e  s l a b  of m e t a l  of ( c o m p l e x )  i n d e x  of r e f r a c t i o n  
n2 = n2  - - i k 2  w h e r e  i = ( , - - 1 )  1 /2  is i m m e r s e d  in  a m e -  
d i u m  of r e f r a c t i v e  i n d e x  no. T h u s  a n y  g r a d a t i o n s  of 
p r o p e r t i e s  ac ross  t h e  i n t e r f a c e s  a re  neg l ec t ed .  F o r  a n  
e f f ec t ive ly  c o h e r e n t  b e a m  of p a r a l l e l  l i g h t  of w a v e -  
l e n g t h  ~, i n c i d e n t  a t  a n  a n g l e  to r to t h e  n o r m a l  to  
t h e  su r face ,  t h e  c h a n g e s  in  t h e  a m p l i t u d e  a n d  t h e  p h a s e  
o n  r e f l ec t ion  a r e  g i v e n  b y  t h e  m o d u l u s  a n d  a r g u m e n t  
of t h e  c o m p l e x  q u a n t i t y  R -~ (rl ~-r2e-21~) / ( 1 + rlr2e -2i~ ) 
w h e r e  5 = (2n Dnl  cos 41)/~. a n d  r l  a n d  r2 a r e  t h e  
F r e s n e l  coeff ic ients  fo r  t h e  r e f l ec t ion  a t  t h e  o u t e r  s u r -  
face  of t h e  ox ide  a n d  a t  t h e  o x i d e / m e t a l  i n t e r f a c e ,  r e -  
spec t i ve ly .  L e t  R ,  a n d  Rs d e n o t e  t h e  v a l u e s  of R fo r  p 
a n d  s l i g h t  c o m p o n e n t s .  E l l i p s o m e t r y  is t h e  d e t e r m i n a -  
t i on  of ,I, a n d  A w h e r e  t a n  ,I- e x p  iS = Rp/Rs.  T h e  
F r e s n e l  coeff ic ients  a r e  g i v e n  by:  

r ,1 ---- (no cos 41 - -  n l  cos 4 ~  cos 4, + n l  cos 40) 

rs l  = (no cos 4o - -  n l  cos 41) / (no cos 4o ~- n l  cos 41) 

w i t h  n t  s in  41 = no s in  4o, w h e r e  no a n d  n l  b e c o m e  
c o m p l e x  if  t h e  m e d i a  a b s o r b  l ight ,  a n d  w i t h  s i m i l a r  
e x p r e s s i o n s  fo r  r2p a n d  r2s. P r o g r a m s  w e r e  w r i t t e n  fo r  
t h e  I B M  1620 a t  t h e  C o m p u t i n g  C e n t r e  of T h e  U n i v e r -  
s i ty  of B r i t i s h  C o l u m b i a  to c a l c u l a t e  t h e  r e q u i r e d  
q u a n t i t i e s .  T h e  p r o g r a m s  w e r e  c h e c k e d  b y  r e c a l c u l a t -  
i ng  d a t a  o b t a i n e d  in  t h e  p r e v i o u s  w o r k  and ,  also,  b y  
r e c a l c u l a t i n g  d a t a  fo r  s i l icon,  k i n d l y  s u p p l i e d  b y  
A r c h e r  (3 ) .  A c o n v e n t i o n  ex i s t s  w h i c h  e s t a b l i s h e s  t h e  
d i r e c t i o n  of p o l a r i z a t i o n  of t h e  i n c i d e n t  a n d  r e f l ec t ed  
p l i g h t  c o r r e s p o n d i n g  to ze ro  p h a s e  c h a n g e ,  in  s u c h  a 
w a y  t h a t  a t  n o r m a l  i n c i d e n c e  t h e r e  w o u l d  b e  a p h y s i -  
ca l ly  w r o n g  n c h a n g e  of p h a s e  of p l i g h t  r e s p e c t  to  s 
l igh t .  A c c o r d i n g  to  w h e t h e r  o r  n o t  t h i s  c o n v e n t i o n  is 
a d o p t e d  a n  e x t r a  ~r m a y  a p p e a r  in  A .  

Prepara t ion  of s p e c i m e n s . - - T h e  b u l k  t a n t a l u m  s p e c i -  
m e n s  w e r e  p r e p a r e d  as in  t h e  p r e v i o u s  w o r k  (7) .  F o r  
e x a m i n a t i o n  dry ,  t h e y  w e r e  a n o d i z e d  in  a ce l l  s i m i l a r  
to  t h a t  p r e v i o u s l y  d e s c r i b e d .  T h e  d r y  s p e c i m e n s  w e r e  
h e l d  in  a spec i a l l y  m a d e  h o l d e r  w i t h  p r o v i s i o n  fo r  
t r a v e r s i n g  h o r i z o n t a l l y  w h e n  s e t t i n g  u p  t h e  e l l i p s o m -  
e te r .  F o r  e x a m i n a t i o n  in s i tu  a g lass  ce l l  w a s  c o n -  

s t r u c t e d  w i t h  two  s ide  a r m s  a t  a n  a n g l e  of a b o u t  140 ~ 
to w h i c h  o p t i c a l l y  f lat  g lass  p l a t e s  w e r e  a t t a c h e d  u s i n g  
e p o x y  res in .  T h e  s p e c i m e n  w a s  s u p p o r t e d  b y  a g lass  
t u b e  t h r o u g h  a h e m i s p h e r i c a l l y  g r o u n d  jo in t .  A d e v i c e  
w a s  c o n s t r u c t e d  so t h a t  t h e  o t h e r  e n d  of  t h e  t u b e  c o u l d  
b e  a d j u s t e d  in  t w o  d i r e c t i o n s  a t  r i g h t  a n g l e s  in  o r d e r  to 
b r i n g  t h e  p l a n e  of  t h e  s p e c i m e n  in to  t h e  v e r t i c a l .  T h e  
cel l  a n d  t h e  t e l e s c o p e  of t h e  e l l i p s o m e t e r  w e r e  a d -  
j u s t e d  so t h a t  l i g h t  e n t e r e d  t h e  w i n d o w s  as n e a r l y  as 
poss ib l e  a t  n o r m a l  i nc idence .  T h e  s p e c i m e n  w a s  t h e n  
b r o u g h t  i n to  t h e  v e r t i c a l  a n d  r o t a t e d  a b o u t  a v e r t i c a l  
ax is  u n t i l  t h e  l i g h t  b e a m  w a s  r e f l ec t ed  in  t h e  r e q u i r e d  
d i rec t ion .  T h e  ce l l  w a s  o p e r a t e d  w i t h  t h e  s o l u t i o n  s a t u -  
r a t e d  w i t h  h y d r o g e n  a n d  a p l a t i n i z e d  p l a t i n u m  e lec -  
t r o d e  w a s  u s e d  as ca thode .  

T h e  el l ipsome~er and its c a l i b r a t i o n . ~ A  G a e r t n e r  
Scient i f ic  C o r p o r a t i o n  L l 1 9  m o d e l  w a s  used.  T h e  i n -  
s t r u m e n t  is m e r e l y  a s p e c t r o m e t e r  t a b l e  w i t h  c o l l i m a -  
t o r  a n d  te lescope ,  w i t h  G l a n - T h o m p s o n  p r i s m s  r e a d i n g  
to 0.01 d e g r e e  as p o l a r i z e r  a n d  a n a l y z e r ,  a n d  w i t h  p h a s e  
c o m p e n s a t i o n  p r o v i d e d  e i t h e r  b y  a n  o r d i n a r y  q u a r t e r  
w a v e  p l a t e  or  b y  a So ,e l l  B a b i n e t  C o m p e n s a t o r  se t  as  
a q u a r t e r  w a v e  p la t e .  T h e  c o m p e n s a t o r  w a s  u s e d  a t  
___45 ~ a z i m u t h .  T h e  a p e r t u r e s  of t h e  p r i s m s  w e r e  f u r -  
t h e r  s t o p p e d  d o w n  to a b o u t  0.25 in.  in  o r d e r  to  e x a m i n e  
a s m a l l e r  a r e a  of t h e  s p e c i m e n  a n d  to i m p r o v e  t h e  p e r -  
f e c t i on  of t h e  p l a n e  p o l a r i z a t i o n .  G a e r t n e r  f i l te rs  w e r e  
u s e d  to se lec t  t h e  4358A or  5461A l ines  f r o m  a h i g h -  
p r e s s u r e  m e r c u r y  d i s c h a r g e  l a m p .  T h e  l i g h t  was  
c h o p p e d  a t  1470 cps  b y  a m e c h a n i c a l  c h o p p e r .  A c i r -  
c u l a r  s l i t  was  used.  T h e  a c t u a l  m e a s u r e m e n t  cons i s t s  
of a d j u s t i n g  t h e  e l l i p t i e i t y  of  l i g h t  i n c i d e n t  o n  t h e  
s p e c i m e n  so t h a t  t h e  r e f l ec t ed  l i g h t  is p l a n e  p o l a r i z e d  
a n d  t h e r e f o r e  e x t i n g u i s h a b l e  b y  t h e  a n a l y z e r  p r i sm.  
T h e  d e t e c t o r  w a s  a n  R.C.A. 931 A p h o t o m u l t i p l i e r  w i t h  
a c h a i n  of 10 k o h m  r e s i s t o r s  a n d  a 1000v p o w e r  s u p p l y  
l e a d i n g  to a t u n e d  ampl i f i e r .  W i t h  t h e  s p e c i m e n  r e -  
m o v e d ,  t h e  s e n s i t i v i t y  w a s  s u c h  t h a t  t h e  a n a l y z e r  a n d  
p o l a r i z e r  c o u l d  b e  c r o s s e d  a l m o s t  to  t h e  a c c u r a c y  w i t h  
w h i c h  t h e  sca les  c o u l d  be  r ead .  W i t h  l i g h t  r e f l e c t ed  
f r o m  a s p e c i m e n ,  t h e  m i n i m a  w e r e  f l a t t e r  a n d  A r c h e r ' s  
m e t h o d  (8) was  a d o p t e d  of a v e r a g i n g  a n g l e s  on  e i t h e r  
s ide of t h e  m i n i m u m  g i v i n g  e q u a l  p h o t o m u l t i p l i e r  
r e a d i n g s .  

T h e  a l i g n m e n t  of t h e  i n s t r u m e n t  is i m p o r t a n t  s ince  
t he  e r r o r s  of c a l i b r a t i o n  w h i c h  a r e  l i k e l y  to b e  f o u n d  
a re  suf f ic ien t  to  c a u s e  v e r y  a p p r e c i a b l e  e r r o r s  in  t h e  
e s t i m a t e s  of t h e  op t i c a l  c o n s t a n t s .  T h e  m e t h o d s  d e -  
s c r i b e d  b y  M c C r a c k i n ,  P a s s a g l i a ,  S t r o m b e r g ,  a n d  
S t e i n b e r g  (5) w e r e  u s e d  w h o s e  w o r k  t o g e t h e r  w i t h  t h e  
p a p e r s  b y  A r c h e r  (3) a n d  t h e  e a r l i e r  p u b l i c a t i o n s  of 
W i n t e r b o t t o m  (2)  a r e  r e f e r r e d  to fo r  de t a i l s  of t h e  
c a l c u l a t i o n  of ,!, a n d  A f r o m  t h e  s e t t i n g s  of t h e  i n s t r u -  
m e n t .  T h e  a l i g n m e n t  p r o c e d u r e  w a s  b r i e f ly  as fo l lows.  
T h e  a n a l y z e r  a n d  p o l a r i z e r  w e r e  f i r s t  c r o s s e d  w i t h  n o  
s p e c i m e n  p r e s e n t ,  i.e., w i t h  a n  u n d e f l e c t e d  b e a m .  T h e  
m a k e r ' s  s e t t i n g s  of t h e  a n a l y z e r  w i t h  r e s p e c t  to  t h e  
p o l a r i z e r  w e r e  e s s e n t i a l l y  exac t .  T h e  p l a n e  of t h e  f a s t  
ax is  of t h e  q u a r t e r  w a v e  p l a t e  w a s  l o c a t e d  w i t h  r e s p e c t  
to t h e  p o l a r i z e r  b y  r o t a t i n g  t h e  q u a r t e r  w a v e  p l a t e  w i t h  

2 ) / 8  
i/ 

0 .o I o ] - -  
4 5  4 5  4 7  
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Fig. 1. Light intensity vs. azimuth setting of compensator 
w i t h A  = 0 ~  90 ~ �9 
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Fig. 2. Calibration of polarizer (P) and analyzer (A). Settings 

for minimum light transmission with A set and P adjusted, and 
for P set and A adjusted. Dotted line is A = P -F ~/2.  

analyzer  and polar izer  crossed unt i l  extinctions were  
obtained as shown in Fig. 1. The absolute settings ( that  
is, wi th  respect  to the plane of incidence) were  ob- 
tained by using an a luminum mi r ro r  near  its pr incipal  
angle of incidence, so that  the reflected l ight would  be 
strongly s-type, i.e, ell ipt ical ly polarized l ight  was pro-  
duced wi th  the plane of its ma jo r  axis known and this 
was used to locate the plane of polarizat ion of the Glan-  
Thompson prisms. F igure  2 shows plots of the settings 
for  m in imum transmission obtained (i) by fixing A 
and adjust ing P and (ii) by fixing P and adjust ing A. 
The intersection of (i) wi th  the l ine P = A + ~/2 
gives the correct ion to be applied to the readings. The 
settings of the compensator  were  made by finding the 
phase shift  settings giving (for the selected w a v e -  
length)  zero phase shift wi th  the fast axis in the plane 
of P, i.e., so that  extinctions occurred wi th  polar izer  
and analyzer  crossed. The phase was then set for ~/2 
by assuming l inear i ty  of the scale. Readings through a 
complete  set of ins t rument  settings were  made with  
typical  surfaces, and these readings w e r e  ar ranged in 
"zones" as described by McCrackin e~ al. Once this was 
done, it was considered necessary subsequent ly  to 
measure  in two zones only, these readings then being 
averaged. A typical  set of readings, actual ly for  "bare"  
tantalum, is given in Table  I. 

Results and  Discussion 
Unanodized  me ta l  and the  optical constants  of the  

m e t a L - - T h e  normal  method of est imating the optical 

Table I. Analysis into zones of a set of ellipsometer readings 
(using quarter wave plate). For perfect quarter wave plate 
A = ~ /2  Jr 2p; ,t, ~ ap ~ as. Data are for ~o = 70 ~ , 

~ 5461.&, unanodized bulk tantalum 

C o m p e n -  
Z o n e  s a t o r  P o l a r i z e r  A n a l y z e r  p ap a s  

1 ~/4 2 ~  -- p ~ -- ap 1 0 . 6 9  2 3 . 3 2  
2 ~  -- p 2 ~  - - a p  1 0 . 6 5  2 3 . 3 6  

-- p 2 ~  - - a p  10 .72  2 3 . 3 4  
-- p ~ -- ap 10 .78  2 3 . 3 9  

2 ~/4 ~ / 2  -- p ~ + as  1 0 . 8 5  2 1 . 9 3  
~ / 2 - -  p as 10.85 21.91 

3 ~ / 2  -- p a s  10 .85  2 1 . 9 5  
3 ~ / 2 - -  p ~ + as  10 .83  2 1 . 9 4  

3 - - ~ / 4  p ap + T 1 0 . 2 7  2 3 . 0 8  
+ p a~ + ~ 10.33 23.12 

v + P ap 10 .30  2 3 . 1 3  
p ap 10 .25  23 .12  

4 - - ~ / 4  3 ~ / 2  + p ~ -- a s  10 .43  2 2 . 1 9  
~ / 2  + p ~ -- a s  10.43 2 2 . 2 0  
~ / 2  + P 2 ~ - - a s  10.42 2 2 . 1 9  

3 ~ / 2  + p 2 ~  -- a s  10 .42  2 2 . 1 7  

Mean V a l u e s  

Z o n e  p ap a8 
1 1 0 . 7 1  2 3 . 3 5  
2 1 0 . 8 5  2 1 . 9 4  
3 1 0 . 2 9  2 3 . 1 1  
4 10 .42  2 2 . 1 9  

A l l  z o n e s  1 0 . 5 7  2 2 . 6 5  

160 

8 ~ o . . .  A "~~8 oo s4oi-.~A ~ ~ .  

0 

6 0  ~ 70 80 
,~o 

Fig. 3. Relative amplitude (tan ,I,) and phase (A) change on 
reflection for unanodized tantalum as function of angle of in- 
cidence (~'o). 

constants of metals  has been to measure  f reshly  pre-  
pared surfaces exposed to air and then  to neglect  any 
oxide film unavoidably  present.  With react ive  metals  
such as tantalum, special techniques are requi red  if 
an oxide film is not to be present.  Actual ly,  the change 
in the s t ructure  of the surface layers of meta l  be tween  
the si tuation of a clean surface exposed to vacuum and 
a surface covered by a film of oxide would  in theory  
tend to make  the  optical constants der ived f rom r e -  
flectivity studies on a bare surface inappl icable  for 
substi tut ion in equations to describe the reflect ivi ty of 
oxide coated metal.  I t  is not  known how impor tan t  this 
effect may  be. The classical method  was to measure  the 
va lue  of ,!- at the principal  angle of incidence such that  
A = ~/2. The equations then  take on a s imple fo rm for 
numer ica l  work. This res t r ic t ion to the pr incipal  angle  
is, of course, not  needed when  a computer  is used to 
reduce the readings. 

In the case of tantalum, War tenberg  (9) obtained 
many  years  ago the values n2 _~ 2.05 and k2 ~-~ 2.3 in 
the present  region of wavelength .  These are  given in 
the handbooks. Heavens  and Kel ly  (10) fitted curves 
of absolute intensi ty  of reflection for p - l igh t  as a func-  
tion of angle of incidence neglect ing any oxide present.  
They obtained n2 = 2.04 and k2 = 2.09 (with rel iabi l i ty  
c la imed at 1 or 2%) for evapora ted  films of tantalum, at  
5461A. Masing, Orme, and Young (7) used a method  in 
which the p re -ex i s t ing  film was not neglected and a 
perfec t ly  flat surface was not assumed. This method in-  
vo lved  the measurement  of the ratio of m a x i m u m  to 
min imum reflect ivi ty to p- l igh t  as the thickness of 
oxide was increased and the  ratio be tween  the th ick-  
nesses of oxide for  the first m in im um  in ref lect ivi ty and 
the increment  in thickness be tween  successive minima.  
The thickness zero was obtained essential ly on the ve ry  
reasonable assumption that  the ratio of oxide overpo-  
tent ial  to total  thickness was equal  to the constant rat io 
of increments  in these quanti t ies at constant  ionic cur -  
rent  density dur ing format ion of the film. This method 
gave n2 = 3.5 _ 0.1 and k2 = 2.4 4- 0.1 at 4358A. 

F igure  3 shows typical  values of ,I, and A as a func-  
tion of angle of incidence for electropolished tan ta lum 

Table II. Values of optical constants of tantalum obtained 
from ,I, and A by (unjustifiably) neglecting oxide present on 

unanodized metal (N.B. curve fitting gives n2 ~" 3.5, k2 ~ 2.4) 

k = 5 4 6 1 A  k = 4 3 5 8 A  
~Fo ~ k2 n2 k2 

60  2 . 4 2  2 . 4 1  2 . 5 6  2 . 6 1  
70  2 . 4 1  2 . 3 1  2 . 5 5  2 . 4 9  
75 2 . 4 0  2 . 2 8  2 . 5 5  2 . 4 5  
80  2 . 4 0  2 . 2 3  2 . 5 7  2 . 4 3  
85  2 . 4 0  2 . 1 9  2 . 5 8  2 . 3 9  
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f r e s h l y  e t c h e d  i n  HF.  V a l u e s  of n2 a n d  k2 f o u n d  f r o m  
t h e s e  v a l u e s  of ~z a n d  A a s s u m i n g  D ---- 0 a r e  g i v e n  i n  
T a b l e  II. T h e  t i m e  d e p e n d e n c e  of ,1- a n d  A u n d e r  t h e s e  
c o n d i t i o n s  is s h o w n  i n  Fig.  4. T h e  s l o w n e s s  of t h e  
c h a n g e  w i t h  t i m e  is p r o b a b l y  d u e  to t h e  f a c t  t h a t  m o s t  
of t h e  o x i d a t i o n  h a s  o c c u r r e d  b e f o r e  t h e  f i rs t  m e a s -  
u r e m e n t .  [ A r c h e r ' s  m e t h o d  w i t h  s i l i con  (3) d e p e n d s  on  
t h e  s l o w e r  o x i d a t i o n  of  s i l i con  a n d  on  t h e  n a t u r e  of t h e  
v a l u e s  of  n2 a n d  k2 f o r  s i l icon.]  

T h e  l a r g e  d i s c r e p a n c y  is in  f ac t  d u e  to t h e  ef fec t  of 
t h e  v e r y  t h i n  p r e - e x i s t i n g  film. F i g u r e  5 s h o w s  w h a t  
t h i c k n e s s  of o x i d e  w o u l d  a c c o u n t  fo r  t h e  o b s e r v e d  I ,  
a n d  A fo r  u n a n o d i z e d  m e t a l ,  i f  t h e  op t i c a l  c o n s t a n t s  of 
t h e  m e t a l  w e r e  a c t u a l l y  n2 = 3.5 a n d  k2 = 2.4. C a l c u -  
l a t e d  c o n t o u r s  of  ~ a n d  ~, a r e  p l o t t e d  a g a i n s t  a x e s  n2 
a n d  k2 fo r  c o n d i t i o n s  of ze ro  o x i d e  t h i c k n e s s .  T h e  a d d i -  
t i o n a l  l i ne  s h o w s  t h e  v a l u e s  of n2 a n d  k2 w h i c h  w o u l d  
b e  c a l c u l a t e d  f r o m  o b s e r v e d  ~ a n d  A v a l u e s  if  t h e  t r u e  
v a l u e s  of t h e  op t i ca l  c o n s t a n t s  w e r e  n2 = 3.5 a n d  k2 = 
2.4, b u t  if  o x i d e  f i lms of v a r i o u s  t h i c k n e s s e s  w e r e  p r e s -  
e n t  a n d  w e r e  neg l ec t ed .  T h e  e s t i m a t e  of t h e  p r e - e x i s t -  
i ng  t h i c k n e s s  o b t a i n e d  f r o m  t h i s  f igu re  a s s u m i n g  
n2 ---- 3.5 a n d  k2 = 2.4 w i t h  e x p e r i m e n t a l  v a l u e s  of 1, 
a n d  A of Fig.  3 is a b o u t  70A, w h i c h  is r e a s o n a b l e  a n d  
a g r e e s  w e l l  w i t h  t h e  e s t i m a t e  w h i c h  m a y  b e  i n f e r r e d  b y  
c o m p a r i s o n  of c a l c u l a t e d  a n d  e x p e r i m e n t a l  i n t e n s i t y  
r e f l e c t i v i t y  c u r v e s  f o r  p - l i g h t  vs.  a n g l e  of i n c i d e n c e  
g i v e n  i n  Fig.  15 of  ref .  (7 ) .  T h e  t h i c k n e s s  of  t h e  p r e -  
e x i s t i n g  f i lm is s o m e w h a t  l a r g e r  t h a n  w e  h a v e  u s u a l l y  
f o u n d  in  c a p a c i t y  m e a s u r e m e n t s ,  b u t  t h i s  cou ld  w e l l  
b e  d u e  to t h e  p r e - e x i s t i n g  f i lm 's  h a v i n g  d i f f e r e n t  e l ec -  
t r i c a l  p r o p e r t i e s  f r o m  t h e  a n o d i c  film, as is c e r t a i n l y  
t h e  case  fo r  t h e  p r e - e x i s t i n g  f i lm on  c h e m i c a l l y  p o l -  
i s h e d  t a n t a l u m  (1) a n d  to t h e  d i f f e r e n c e  b e t w e e n  t h e  
p r e s e n t  m e t h o d  of p r e p a r i n g  t h e  s u r f a c e  a n d  t h a t  u s e d  
fo r  s p e c i m e n s  fo r  c a p a c i t y  m e a s u r e m e n t s .  

T h e  c a l c u l a t e d  c u r v e  f o r  o x i d e  c o a t e d  m e t a l  in  Fig. 5 
w a s  c h o s e n  s ince  i t  fits e x p e r i m e n t a l  -I,, A plots .  T h u s  
if  b o t h  t h e  t h i c k n e s s  of t h e  p r e - e x i s t i n g  f i lm a n d  t h e  
op t i ca l  c o n s t a n t s  a r e  r e g a r d e d  as u n k n o w n ,  t h i s  c u r v e  
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Fig. 4. Change with time after etching of A and "1- for 
tantalum at ~o ~ 70 ~ ~- = 5461.~,. 
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m a y  b e  r e g a r d e d  as de f in ing  a r e l a t i o n  b e t w e e n  pos s ib l e  
v a l u e s  of n2 a n d  k2, w i t h  a l i m i t  se t  b y  t h e  f a c t  t h a t  t h e  
t h i c k n e s s  of t h e  p r e - e x i s t i n g  f i lm c a n n o t  b e  less  t h a n  
zero.  I n  p rac t i ce ,  t h e  c u r v e  e s s e n t i a l l y  f ixes k2 ~ 2.4 
w i t h  f r e e  cho ice  of n2 ~ 2.5. T h u s  t h e  p r e v i o u s  v a l u e  
of k2 is conf i rmed ,  b u t  n l  a n d  n2 m u s t  b e  o b t a i n e d  b y  
t h e  use  of f u r t h e r  da ta .  

A n o d i z e d  m e t a L - - F i g u r e  6 s h o w s  e l l i p s o m e t r y  d a t a  
f o r  dry ,  a n o d i z e d  t a n t a l u m  a t  4358A, ~o ~ 50 ~ a n d  70~ 
T h e  p o i n t s  a r e  e x p e r i m e n t a l  a n d  t h e  c u r v e s  a r e  ca l -  
cu l a t ed .  S i m i l a r  d a t a  fo r  ~ = 5461A a r e  g i v e n  in  Fig.  
7, a n d  r e s u l t s  fo r  s p e c i m e n s  m e a s u r e d  s t i l l  i m m e r s e d  
in  t h e  f o r m i n g  s o l u t i o n  a r e  g i v e n  in  Fig.  8 a n d  9 
fo r  ~ = 67.5 ~ a n d  70 ~ D a t a  fo r  b o t h  of t h e s e  a n g l e s  of 
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Fig. 6. Comparison of experimental data at 2~ = 4358,~ for 
films formed to voltages shown at about 1 ma-cm - 2  and 25~ 
in 0.2N H2SO4 at angles of incidence S0 ~ and 70 ~ with calculated 
data for nl = 2.28, n2 ~ 3.5, k2 ~ 2.4. 
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Fig. 8. Comparison of experimental data for X ~ 5461, ~'o 
67.5 ~ taken in situ for films formed to voltages shown at  room 
temperature with calculated curves for no = 1.334, nl = 2.26, 
n2 = 3.5, k2 ---- 2.4. 
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Fig. 9. Similar to Fig. 8 except ~o ~--- 70 ~ 

i nc idence  a r e  i n c l u d e d  in  o r d e r  to d e m o n s t r a t e  t h a t  
any  sma l l  e r r o r  in se t t ing  up the  b e a m s  p e r p e n d i c u l a r  
to t h e  w i n d o w s  did no t  a p p e a r  to affect  t he  goodness  
of fit to ca lcu la ted  curves .  

A first po in t  is t ha t  ~i, and  A t r ace  ou t  a c losed  c u r v e  
( m o d u l u s  2;0 as t he  th ickness  of ox ide  is i nc rea sed  
( for  films f o r m e d  in d i lu te  so lu t ion) .  This  conf i rms t h a t  
any  abso rp t ion  of l i gh t  by  the  ox ide  m a y  be  n e g l e c t e d  
in f i t t ing t h e  curves .  If  l i gh t  is abso rbed  t h e  c u r v e  
w o u l d  t r ace  out  a u n i q u e  p a t h  f r o m  the  po in t  co r r e s -  
p o n d i n g  to t he  b a r e  m e t a l  to t he  po in t  c o r r e s p o n d i n g  
to inf in i te ly  th i ck  oxide.  

A n a l y t i c a l  m e t h o d s  cou ld  be  d e v e l o p e d  fo r  f i t t ing 
ca l cu l a t ed  curves ,  b u t  in p rac t i ce  a t r i a l  and e r r o r  a p -  
p roach  was  used. The  d i rec t ions  and  amoun t s  of t he  
changes  in ,I, and  A r e s u l t i n g  f r o m  sma l l  va r i a t i ons  in  
nl, n2, and k2 f r o m  the  f i t ted v a l u e s  a r e  s h o w n  in  
Fig.  10 fo r  ~ -~ 5461A and  ~o = 50 ~ and  in Fig .  11 fo r  
~o ---- 70 ~ The  sens i t iv i ty  is e v i d e n t l y  g r e a t e r  at  ~o = 
50 ~ The  va lues  of n~, nf, and  k2 es tab l i shed  by  this  
p rocess  of c u r v e  f i t t ing ag ree  w i t h i n  e x p e r i m e n t a l  
e r ro r  w i t h  those  found  in the  p r e v i o u s  w o r k  w i t h  
p - l i g h t  [see Tab les  1, 2, and  3, ref .  (7 ) ] .  T h e  fac t  t h a t  
a fit can  be  ob ta ined  a t  a l l  ind ica tes  tha t  t he  ox ide  
m a t e r i a l  is r e a s o n a b l y  h o m o g e n e o u s  and  i n d e p e n d e n t  
of th ickness ,  in con t ras t  to (10). The  f e w  a n g s t r o m s  
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Fig. 10. Comparison of experimental points with various cal- 
culated curves for ~. ~ 5461.~,, ~o ~ 50% 
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Fig. ] ] .  Comparison of experimental data at  4358.~, ~o 
70 ~ with calculated curve for nl = 2.28, n2 = 3.5, k2 = 2.4. 
Lines labelled nl ,  n2, and k2 show effects of changing these 
quantities to 2.26, 3.3, and 2.3, respectively. 

of abso rb ing  ox ide  on the  o u t e r  su r f ace  of  t h e  fi lm 
found  by  the  p - l i g h t  m e t h o d  e v i d e n t l y  d id  no t  affect  
t h e  p r e s e n t  resu l t s ,  bu t  th is  w o u l d  be  e x p e c t e d  s ince 
in t h e  p r ev ious  w o r k  the  effect  a p p e a r e d  on ly  a t  t he  
B r e w s t e r  ang le  of t he  oxide.  

The  prec i s ion  w i t h  wh ich  the  r e f r a c t i v e  i n d e x  of t he  
ox ide  m a y  eas i ly  be  d e t e r m i n e d  by  t h e  p r e s e n t  m e t h o d  
is less t h a n  tha t  ob t a ined  by  the  modi f ied  A b e l , s  
m e t h o d  (7),  and  the  p r e s e n t  m e t h o d  is c e r t a i n l y  m u c h  
less c o n v e n i e n t  to apply .  T h e  a g r e e m e n t  is w i t h i n  e x -  
p e r i m e n t a l  e r ro r .  The  s i tua t ion  as r e g a r d s  n l  is as 
fo l lows.  The  s p e c t r o p h o t o m e t r i c  m e t h o d  g a v e  nl  (X) in 
a r b i t r a r y  units .  A n  abso lu te  v a l u e  in s o d i u m  l igh t  was  
o b t a i n e d  by  t h e  B e c k e  m e t h o d  w i t h  S / S e  mel t s .  This  
g a v e  nl  = 2.14 + 0.292 (k/10~A - -  2.305)-1.2, i.e., 2.26 
and  2.21 at  4358 a n d  5461A. The  u n c e r t a i n t y  w a s  g iven  
as "of  t he  o r d e r  of  one  pe rcen t . "  This  v a l u e  was  about  
10% l o w e r  t h a n  mos t  p r e v i o u s  es t imates .  T h e  A b e l , s  
m e t h o d  ind ica t ed  some d e p e n d e n c e  on f o r m a t i o n  
condi t ions  w i t h  2.26 < n l  < 2.29 at  4358A for  t he  o r -  
d i n a r y  r a n g e  of f o r m a t i o n  condi t ions  in  d i lu te  solut ion.  

T h e  p r e s e n t  da t a  a r e  cons i s ten t  w i t h  2.28 ~ 0.1 at  
4358A and  2.25 +_ 0.1 a t  5461A. T h e  bes t  e s t i m a t e  of 
t he  a v e r a g e  v a l u e  of  n (~ )  is a p p a r e n t l y  abou t  1.5% 



1416 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1964 

higher than given by the equation above, say nl  ---- 
2.18 + 0.296 (k/103A - -  2.305)-1-2. No informat ion  is 
available on what  effect surface imperfections may  
have on the ellipsometric method. 

The ellipsometric method could detect the small  
dependence of n ,  on formation conditions, such as was 
found to exist to at least statistical significance by 
the modification of the Abe l , s  method, only by working 
at the most sensitive 4o and D. Since data based on 
thicknesses of anodic oxide films derived from the 
density of Ta205 8.735g cm -~ of u n k n o w n  origin given 
by the Handbook of Physics and Chemistry are still 
being published (11), it is perhaps worth not ing that  
the thickness obtained from this density will  be about 
10% too small  on the basis of the values of nl  here 
confirmed. The fact that  a good fit is obtained for 
4o ---- 70 ~ and for 4o ~ 50 ~ confirms that  the optical con- 
stants  do not depend on the angle of incidence. The 
fit immersed as well  as dry  confirms the accuracy of 
nl  and also shows that  pores into which electrolyte 
may enter  are absent. A fur ther  test is that  when  
points of equal thickness are compared at different 
angles of incidence (Fig. 6, 7) exper imental  and the-  
oretical results agree. The increases in  thickness for 
one cycle of the ell ipsometer plot ~/2nl cos 41 are con- 
sistent when  the thickness is obtained from spectro- 
photometric data with ad jus tment  of nl.  

Conclusions 
The chief value of the ellipsometric technique in 

the determinat ion of the thickness of films would 
seem to lie in its application to films to which the more 
precise and speedy spectrophotometric location of 
wavelengths  of m i n i m u m  reflectivity (1, 6) cannot  be 
applied either because the films are too th in  (<150A 

or so for tan ta lum)  or because they must  be measured 
still immersed in the electrolyte or because the op- 
tical constants of oxide and substrate are poorly 
"matched" for sharp in terference minima.  The method 
is very sensitive to the film thickness at certain thick- 
nesses and quite insensi t ive at others, as may be 
seen by examining the figures. The measurement  of 
in tensi ty  of reflection of p- l ight  (7) is more precise 
for the determinat ion of the optical constants of the 
oxide and metal.  
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The Anodic Dissolution of Gold in Cyanide Solutions 
K. J. Cathro and D. F. A. Koch 

Division oJ Mineral Chemistry, C.S.I.R.O., Melbourne, Australia 

ABSTRACT 

The anodic dissolution of gold in alkal ine cyanide solutions has been studied 
by potentiostatic and galvanostatic techniques under  h igh-pur i ty  conditions. 
Measurements  were made at room tempera ture  and in the pH range 11-13, the 
KCN concentrat ion vary ing  from 0.05 to 0.50%. The results show that  gold 
has three current  maxima  in the potentiostatic curve at ---0.6, +0.1, and 0.4v 
vs. SCE. The first and last are pH dependent,  bu t  that  at -b0.1v is not. The 
ra te -de te rmin ing  step in the active region (more cathodic than --0.6v) is 
in terpre ted  as the reaction Au + C N -  = [AuCN]Ads -~- e, occurring at a low 
coverage of adsorbed species. The passive states at --0.6v and +0.1v are con- 
sidered to arise from basic cyanide films, whi le  auric oxide is formed at  +0.4v. 
The change in reflectivity of the gold surface at constant  potential  has indi -  
cated that  the three regions of passivi ty can be associated with surface films. 

Despite its importance in  the gold min ing  indus t ry  
very  few electrochemical studies of gold dissolution 
in cyanide solutions have been published. Polarizat ion 
curves have been reported by K u d r y k  and Kellogg 
(1) and Mills (2), bu t  their  results are not  in  agree-  
ment.  K u d r y k  and Kellogg claimed that  the gold sur-  
face was unaffected by the reaction products while  
Mills showed the onset of passivity at potentials more 
positive than  --0.55v vs. a saturated calomel electrode 
(SCE). The practical significance of a passive layer  on 
the gold surface has been considered by Cathro (3) 
who showed that  the dissolution of gold in aerated 
cyanide solutions would be controlled by the diffusion 
rate of dissolved oxygen if the surface was unaffected 
by the reaction products ("active surface"),  but  would  
be controlled by the anodic dissolution rate  of gold 
if it were passive. 

The anomaly  in  the published results could resul t  
from trace impuri t ies  in the gold or solution, as it  has 
been shown by Mills (2) and Cathro (3) that  the 
presence of lead, mercury,  bismuth,  and especially 

tha l l ium can delay or p revent  the gold becoming 
passive. Consequently,  it was decided to r e -examine  the 
anodic behavior  of gold in  cyanide solutions unde r  con- 
ditions of high purity.  Modern potentiostatic techniques 
have also been applied to provide more detailed in -  
format ion over the range of potent ial  --0.8 to -{-0.6v 
vs. SCE. The results in the active region ( ~  --0.6v) 
under  these conditions will  be in terpre ted in terms of 
a reaction mechanism which suggests that  there is 
little effect of adsorbed species. A complex behavior  
has been observed at potentials more positive than 
--0.6v with three regions of passivity. Measurements  
of the change of reflectivity of the surface due to 
etching or polishing provide fur ther  indirect  evidence 
for the presence of surface films at potentials corres- 
ponding to passivity. 

Experimental 
Analyt ical  reagent  grade chemicals were twice re-  

crystallized from water  which had been doubly dis- 
t i l led in  glass vessels (specific conductivi ty 10 -e  to 
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2 x 10 -~ mhos) under  an a tmosphere  of purified n i -  
trogen. Stock solutions of approximate ly  1M potassium 
cyanide, solium sulfate, and sodium hydroxide  were  
prepared  by adding the requi red  vo lume of oxygen-  
f ree  double-dis t i l led wate r  to the recrysta l l ized solids, 
and the solutions were  stored under  a ni t rogen a tmos-  
phere  at  5~ unt i l  required.  Electrolytes  containing 
0.5M sodium sulfate, 0.0076-0.076M potassium cyanide 
(0.05-0.50%) and at a pH vary ing  f rom 11 to 13 were  
made up f rom these solutions and t ransfer red  rapid ly  
to the electrolysis cell through which purified n i t ro-  
gen was passed. The ni t rogen was purified by passing 
commercia l  "oxygen- f ree"  grade through a t ra in  con- 
taining act ivated copper oxide at 500~ soda-asbestos, 
and copper  turnings at 550~ to r emove  traces of hy -  
drocarbons, carbon dioxide, and oxygen. 

The P y r e x  glass electrolysis cell was s imilar  to that  
described by Pentland,  Bockris, and Sheldon (4). It  
was cleaned with  a sul fur ic-ni t r ic  acid mix tu re  over -  
night  pr ior  to each run, r insed wi th  clean runn ing  
tap water ,  and then thoroughly washed with  double-  
distil led water .  All  taps in the cell  were  wate r  sealed, 
and no greases were  used as lubricants.  The counter  
electrode of p la t inum gauze was separated f rom the 
anode compar tment  by a so lvent -sea led  tap. The gold 
electrode was made  f rom a 3 mm diameter,  30 mm long 
rod of Specpure gold (Johnson Matthey)  embedded in 
a Teflon holder  which fitted t ight ly  into a B14 socket 
in the electrolysis cell. Before each run  the working  
surface of the gold (0.071 cm 2) was abraded wi th  fine 
emery  cloth and etched in purified 1M potassium cy-  
anide for several  hours. Potentials  were  measured  by 
a Luggin capi l lary and a va lve  vol tmeter ,  against  a 
SCE. All  potentials  quoted in this paper  are wi th  re-  
spect to the SCE. The electrode potent ia l  was control led 
by an electronic potentiostat  s imi lar  in pr inciple  to 
that  described by F le i shmann and Thirsk (5). 

Polar izat ion curves were  obtained by measur ing  the 
current  at a series of potentials  be tween  --0.8 and 
+0.6v v s .  SCE star t ing at the more  negat ive  potential .  
In most  cases a steady cur ren t  was obtained wi th in  2 
min, but  at potentials  near  --0.5% when the gold was 
first becoming passive, up to 30 rain was necessary for 
the current  to reach a steady value.  Some indication 
of the reproducibi l i ty  is shown in Fig. 2 (b) whe re  the 
two curves were  obtained three  months  apart  using 
different preparat ions  of electrolyte.  Galvanostat ic  
measurements  were  made in the potent ia l  region --0.8 
to --0.6v to obtain the Tafel  plots (Fig. 5). All  ex-  
per iments  were  made at room tempera tu re  (22~176 

Po ten t ia l - t ime  curves for the reduct ion of the oxide 
film on gold were  obtained in 0.5M sodium carbonate  
in a n i t rogen atmosphere.  A small  constant cur ren t  
was passed be tween  the gold and the counter  e lectrode 
and the potent ia l  of the gold surface was t raced on a 
pen recorder  dr iven  by a vol tage fo l lower  which  
d rew less than 10 .-s amp. In this phase of the w o r k  
Specpure gold, and gold deposited on a p la t inum sub- 
strate f rom cyanide solution [El Wakkad  and E1 Din 
(6) ] and chloride solution [Gray (7)] were  used. For  
the la t te r  electrodes approximate ly  equal  surface areas 
were  obtained by producing a surface wi th  approx-  
imate ly  the same capacitance as measured  by an a-c  
bridge. 

Reflectance measurements  were  made on a 6.3 cm 2 
gold electrode mounted  ver t ica l ly  wi th in  a few mil l i -  
meters  of an optical silica window which formed one 
wal l  of an electrolysis  cell. The cell was mounted  in 
a l ight  t ight  box and placed against  the sample por t  
of the in tegra t ing sphere  of a Beckmann  DK2A spec- 
t rophotometer .  The  total  reflectance was measured  at 
520 rrm using a gold sheet as the reference.  The poten-  
t ial  of the  electrode was control led by an electronic 
potent iostat  and n i t rogen bubbled through the elec-  
t ro lyte  dur ing operation. The reflectance work  was 
not made  under  h igh-pur i ty  conditions, but  chemicals  
of A.R. s tandard were  used. At  this level  of pur i ty  
the gold did not become as passive as in the h igh -pu r -  
ity work  and a cur ren t  of about 0.3 m a c m  -~ was 

passed in the "passive" region. The peak potentials 
howeve r  were  simiIar to the h igh-pur i ty  values. 

Results 
Polar izat ion curves  at pH 12 for four  cyanide con- 

centrat ions are  shown in Fig. 1. These resul ts  agree  
qual i ta t ive ly  wi th  the finding of Mills (2), the  gold 
becoming passive at about --0.5v wi th  a peak current  
a t - -0 .60v.  Once passive the recovery  to the act ive state 
was ve ry  slow. When  the e lect rode was open-circuited,  
af ter  a steady cur ren t  had been  reached at --0.1% the 
potent ial  immedia te ly  fell  to --0.5v ( i . e . ,  in the passive 
region) and then ve ry  slowly became more  negat ive  
unti l  it reached the potent ia l  of "act ive"  gold at --0.8v 
af ter  about 20 hr. Polar izat ion curves  wi th  0.25% 
(0.038M) KCN to,- three  different pH values  are shown 

in Fig. 2. 
Charging curves  zor gold-pla ted  p la t inum electrodes 

in 0.5M Na2COs are shown in Fig. 3 (a) and (b) where  
the gold was plated f rom cyanide and chloride solu- 
tions, respectively.  The electrode was first charged 
anodically to a potent ial  of oxygen evolut ion and then 
the cathodic po ten t ia l - t ime  curve  measured  since the  
cathodic curves  gave be t te r  defined steps. The Spec-  
pure  gold electrode gave a similar  curve  to the one 
deposited f rom chloride solution. 

The var ia t ion in per cent reflectance wi th  potent ial  
is shown in Fig. 4. Reflectance changed wi th  t ime and 
the plot ted values were  obtained af ter  4 rain. An ar row 
indicates the continued direct ion of change. 

Discussion 
The polarizat ion curves of Fig. 1 and 2 are of a 

complex type and show three  regions of passivity wi th  
m a x i m u m  currents  a t - -0 .6 ,  +0.1, and +0.5v. For  the 
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prac t i ca l  pu rpose  of c y a n i d a t i o n  of gold, t he  " a c t i v e "  
r eg ion  f r o m - - 0 . 8 5  to - -0 .6v  is of in teres t ,  and a pos -  
s ib le  k ine t i c  e x p l a n a t i o n  of  t he  resu l t s  in this  r e g i o n  
wi l l  be  d iscussed  in some  detai l .  This  w i l l  be  f o l l o w e d  
by  a g e n e r a l  d iscuss ion on the  p h e n o m e n a  o b s e r v e d  at  
m o r e  anodic  potent ia l s .  

Potent ia ls  more  cathodic than  - -0 .6v . - -There  is e v -  
idence  (3) tha t  t he  gold  d i sso lu t ion  is d i f fu s ion -con-  
t ro l l ed  w h e n  it  is a c t i va t ed  w i t h  tha l l ium,  1 so tha t  t he  
e x p e c t e d  cu r r en t s  fo r  di f fus ion con t ro l  can  be  ca l cu -  
l a t e d  f r o m  the  l i m i t i n g  c u r r e n t  in  t h e  p r e s e n c e  of 

1 A m a r k e d  i n c r e a s e  in  d i s s o l u t i o n  r a t e  w a s  o b s e r v e d  w h e n  l o w  
c o n c e n t r a t i o n s  (10 p p m )  of TI+ w e r e  a d d e d  to  t he  c y a n i d e  s o l u t i o n .  
T h i s  i n c r e a s e d  a c t i v i t y  w a s  o b s e r v e d  in  t h e  p o t e n t i a l  r e g i o n  i n  
w h i c h  T1 m e t a l  c o u l d  b e  d e p o s i t e d  on t h e  g o l d  sur face .  D e t a i l s  of  
t h i s  e f f ec t  w i l l  b e  p u b l i s h e d  at a la ter  date .  

tha l l ium.  The  o b s e r v e d  v a l u e s  a r e  abou t  1/10 of tha t  
expec t ed  for  di f fus ion control .  F u r t h e r m o r e  ag i t a t ion  
u n d e r  con t ro l l ed  condi t ions  (3) has  no effect  on  the  
anodic  d isso lu t ion  rate ,  and  w e  can  a s sume  t h e r e f o r e  
tha t  t he  r eac t ion  is a c t i va t i on  cont ro l led .  R a t e  e q u a -  
t ions w i l l  n o w  be d e v e l o p e d  fo r  s o m e  poss ible  a c t i va -  
t ion con t ro l l ed  mechan i sms .  

T h e  d isso lu t ion  of ac t ive  go ld  m a y  occur  t h r o u g h  
adso rbed  i n t e r m e d i a t e s  on the  su r f ace  or  by  t h e  d i r ec t  
a t t ack  of cyan ide  ions on a su r f ace  f r ee  of adsorbed  
species. In  the  first case  cyan ide  ions wi l l  be  adso rbed  
on the  gold  su r face  and  this  can  be  r e p r e s e n t e d  by  

A u  -b C N -  = [AuCN]ads -~ e [1] 

T h e  r e m o v a l  of adso rbed  cyan ide  m a y  be  a c h i e v e d  in  
t w o  ways ;  e i t he r  by  the  r eac t i on  of cyan ide  ion  w i t h  
t he  adsorbed  species  

[AuCN]  ads ~- C N -  ---- A u  (CN) 2 -  [2] 

or  by  a su r face  r e c o m b i n a t i o n  

2[AuCN]ads • A u ( C N ) 2 -  -~ [AU+]ads [3] 

[AU+]ads -b 2 C N -  = A u  (CN) 2-  [4] 

In  t he  case  of a d i r ec t  a t t a ck  (i.e., t he  adso rp t ion  
and  desorp t ion  processes  a re  r a p i d  and  the  e q u i l i b r i u m  
su r f ace  c o v e r a g e  is low)  the  r eac t i on  m a y  be  s i m p l y  
exp re s sed  

Au  + 2 C N -  = A u ( C N ) 2 -  + e [5] 

The  r a t e  e q u a t i o n s  for  these  r eac t ion  m e c h a n i s m s  
m a y  be  w r i t t e n  as fo l lows.  I f  [1] is r a t e  d e t e r m i n i n g  

i ----- k l  (1--0)  acN-- exp  ( f lFAr  [6] 

w h e r e  Ar is the  G a l v a n i  p o t e n t i a l  d i f fe rence  b e t w e e n  
the  e l ec t rode  and  so lu t ion  at  a c u r r e n t  dens i ty  i, kl  
the  r a t e  cons tan t  for  r eac t i on  [1] w h e n  a r  = 0, o 
t he  f r a c t i o n  of su r f ace  c o v e r e d  w i t h  AuCN,  acN-- the  
ac t iv i ty  of the  cyan ide  ion  in  solu t ion ,  and  fl t he  s y m -  
m e t r y  factor .  R, T, and  F a re  t he  gas cons tan t  t e m p e r -  
a tu r e  and  F a r a d a y ,  r e spec t ive ly .  E q u a t i o n  [6] assumes  
a L a n g m u i r  adso rp t ion  i s o t h e r m  w h i c h  w o u l d  p r o b a b l y  
app ly  w h e n  0 < 0.2 or  0 > 0.8 (8) .  
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If react ion [2] is ra te  de termining  and [1] is as- 
sumed to be rapid and at a quas i - thermodynamic  
equi l ibr ium there  are two cases. For  e ~ 1 

i = k2 acN-- [7] 
and for 0 < < 1 

= k2K1 acN--2 exp [F (~ r  [8] 

where  k2 is the ra te  constant for  react ion [2] and K1 
the equi l ibr ium constant for [1] which may  be ex-  
pressed 

8 exp [--F ( A @ ) / R T ]  
K1 = [9] 

( l . - -O) aCN-- 

If react ion [3] is ra te  de termining  and both [1] and 
[4] are rapid then for 0 < <  1 

i = K12 ks aCN - 2  exp [2F (~@)/RT] [10] 
For  0 ~ 1 

i = ks [11] 

where  ks is the ra te  constant for  react ion [3]. 

It is unl ikely  that  react ion [4] would be ra te  de te r -  
mining because of the instabil i ty of Au+.  Fu r the rmore  
it would  lead to a ra te  equat ion including the four th  
power of cyanide concentrat ion which is not observed 
exper imental ly .  

F ina l ly  if the react ion path  is [5] 

i = ks acN- 2 exp [t~F(Ar [12] 

Some numerica l  values for the parameters  dist in-  
guishing the above steps are summarized in Table  I. 
For  the sake of conciseness the r a t e -de te rmin ing  steps 
[2] and [3] at 0 ~ 1 ( represented by ra te  equations 
[7] and [11]) have  been omit ted since our results 
show that  the current  is dependent  on potential.  The 
numerica l  values in Table I are calculated on the basis 
of ~ = %/2, and in the exper imenta l  results cyanide con- 
centrat ion has been used in place of activity.  

The exper imenta l  results  on the effect of cyanide 
concentrat ion on cur ren t  (last column of Table I) have  
been obtained at a constant potent ial  wi th  re ference  to 
SCE which would  differ only by a constant f rom Ar 
This assumes no change in Ar wi th  the tenfold change 
in cyanide concentrat ion employed in this work. Ar 
would be effected by a change in the dipole contr ibu-  
tion, but  the low concentrat ion of adsorbed species 
(vide infra)  in the re la t ive ly  small  potent ial  range in 
question supports our assumption. 

The data in the last row of Table I s t rongly point  to 
react ion [ 1] as the r a t e -de te rmin ing  step. The apparent  
Tafel  slope of less than 0.12 when  the overpotent ia l  is 
less than 20 m v  (Fig. 5) may  arise if  the back react ion 
of [1] is significant at these low overpotentials .  The 
kinetic parameters  calculated for react ion [1] assume 
low coverage with  the adsorbed species at potent ial  
more negat ive  than --0.6v vs. SCE, and this is supported 
by the differential  capacitance measurements  of Mills 
(2). A low coverage fu r the rmore  val idates  our as- 
sumption of a Langmui r  adsorption isotherm in the 
der ivat ion of the kinet ic  equations. 

Potent ia ls  more' anodic t h a n - - 0 . 6 v . - - W h e n  the  poten-  
tial reaches --0.6v, the gold becomes passive and the 
potential  at m a x i m u m  current  is independent  of cy- 
anide concentrat ion but  is dependent  on pH (Fig. 1 
and 2). The pH dependence of this and the subsequent  
peaks at -50.1 and -50.4v are shown in Fig. 7, and it is 
apparent  that  at --0.6 and -50.4v the potent ia l -pH 

Table I. Characteristic parameters for rate-determining steps 

(0 log  i~ 
R a t e - d e t e r m i n i n g  s tep  (8V/O log  i)acN- 8 log  aCN-)r 

1. AU + CN-  = [AuCN]Ads + e 0.12 1.0 
2. [AuCN]Aas + CN-  = A u ( C N ) z -  0.059 2,0 
3, 2[AuCN]Aas = Au(CN)~-  + [AU+]Ads 0.029 2.0 
5, AU + 2CN-  = Au(CN)2-  + e 0.12 2.0 
E x p e r i m e n t a l  p a r a m e t e r s  0.13 (Fig. 5) 1.2 (Fig .  6) 
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curve  has a slope, but  at +0.1v the potent ial  is pH 
independent.  

The l inear  relat ionship be tween potent ial  and pH at 
the Flade  potent ial  of gold dur ing the format ion of 
auric oxide in noncomplexing solutions has been re -  
ported before (9, 10). At  --0.6v the slope (Fig. 7) is 
about  --0.06 and can be the resul t  of a react ion of the 
type 

Me + n O H -  ---- MeOn/2 + n /~H20  + ne  

The slope at +0.04v however  is --0.09 and indicates a 
more  complex mechanism which must  involve  a basic 
salt. As shown above, the oxidation at --0.6v can re-  
sult f rom the format ion of an oxide, and a similar pH 
dependence could also arise for the format ion of a hy-  
droxide or basic cyanide f rom the metal.  The pH inde-  
pendence of the +0.1v m a x i m u m  could arise f rom the 



1420 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1964 

conversion of an A u ( I )  basic cyanide to an A u ( I I I )  
basic cyanide and may  occur according to 

X - -  + [AulOH-CN---]ads---> [Auni O H ' C N ' X - ] a d s  + 2e 

where  X - -  can be any anion except  O H -  (e.g., in this 
system 2 C N -  or S O 4 - - ) .  The peak cur ren t  at this po-  
tential  was not sufficiently reproducible  to indicate 
whe the r  the anion was cyanide or sulfate. 

E1 Wakkad and E1 Din (6) observed arrests  on charg-  
ing curves for gold in 0.1M sodium carbonate  solu- 
tions at --0.50, --0.10, and +0.45v which they  a t t r ibuted 
to the three  oxides of gold. Howeve r  other  workers  (2, 
9-1]) have  shown only one arrest  on the anodic charg-  
ing curve of gold at  +0.3 to +0.4 which has been  
general ly  accepted as the potent ial  at which auric oxide 
(Au20~) is formed. One possibly significant differ- 
ence in the exper imenta l  conditions of E1 Wakkad and 
E1 Din and the other  workers  was the prepara t ion of 
the gold surface. The fo rmer  used gold electroplated 
on a p la t inum surface f rom cyanide solutions whi le  the 
la t te r  all used massive gold. In  order  to check the sig- 
nificance of any difference in the gold surface, a series 
of charging curves was made using p la t inum electrodes 
plated with  gold f rom ei ther  cyanide or chloride solu-  
tions. Typical  charging curves in 0.1M sodium carbon-  
ate are shown in Fig. 3(a) and 3(b) .  The electrode 
plated f rom cyanide solution showed two wel l -def ined 
arrests at +0.30 and --0.10v with  a th i rd  less-defined 
step a t - -0 .60v.  That  plated f rom chloride solution gave 
only one wel l -def ined step at about +0.3v, and a simi-  
lar  result  was obtained with  a Specpure gold sample. 
This is s t rong evidence that  adsorbed or occluded 
cyanide was present  on the gold used by E1 Wakkad 
and E1 Din and that  the arrests  were  caused by a cy-  
anide complex. Together  wi th  the effect of pH on the 
passivity repor ted  above it suggests that  the passive 
films a t - - 0 . 6  and +0.10v (Fig. 1 and 2) are due to 
basic cyanides. The peak at +0.4v is most  l ikely  due 
to the format ion of auric oxide. 

Some fur ther  informat ion on the propert ies  of these 
films may  be obtained by examining  the change in sur -  
face roughness of the gold surface as the potent ial  is 
changed. The reflectance of the gold surface as a func-  
tion of potential  (Fig. 4) shows that  the surface be- 
comes etched in the act ive region (up to ~0 .6v) ,  but  

when  the passive film is formed,  polishing occurs. This 
is in agreement  wi th  the model  proposed by Hoar  and 
Mowat  (12) for electrolyt ic  polishing, and a similar  
change in reflectance after the format ion of a film has 
been observed with  nickel  (13). These reflectance 
measurements  were  carr ied out in solutions of normal  
A.R. purity,  and the gold never  went  complete ly  pas- 
sive as in the h igh-pur i ty  solutions. Af te r  the peak 
a t - -0 .6v  a current  of about 0.3 ma cm -~ flowed, and it 
can be seen that  the surface becomes etched again at 
--0.35v suggesting that  there  is a b reakdown in the 
surface film with a subsequent  grain boundary  at tack 
on the gold surface. This continues unti l  the  passive 
layer  at +0.1v is formed, and here  the surface is con- 
t inual ly  polished up to oxygen evolut ion indicat ing that  
there  is a smooth transi t ion f rom the second passive 
film to auric oxide wi thout  any breakdown.  

Manuscript  received Dec. 24, 1963; revised manu-  
script received Ju ly  1, 1964. 

Any discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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Integration of Single Sweep Oscillopolarograms 
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ABSTRACT 

Relationships for the dependence of charge passed, Q, dur ing application 
of a l inear  potent ial  sweep to an electrode on the sweep rate,  v, and the po ten-  
tial l imits are developed. It is shown that  revers ible  systems give l inear  
Q--v -1/2 plots when  integrat ion is carr ied out be tween potent ial  l imits  fixed 
with respect  to an externa l  reference;  l inear  Q--v -1/2 plots are obtained for 
i r revers ib le  systems when  integrat ion is carr ied out be tween  potent ial  l imits 
fixed with  respect  to the peak potential .  These conclusions arc verif ied exper i -  
mentally.  

In Par t  I of this work, it was shown that  in tegrat ion 
of single sweep oscil lopolarograms for revers ib le  sys- 
tems was a useful  method for separat ing charge arising 
f rom diffusing and nondiffusing sources (1). The cur-  
ren t -po ten t ia l  relat ionship considered was (2) 

i = n~/2F3/~ADll2C~/2 (RT)  -112p (~t) [1] 

This equat ion represents  the cur ren t -poten t ia l  r e la -  
t ionship observed dur ing application of a potent ia l  

1Presen t  address :  D e p a r t m e n t  of Chemis t ry  and  Chemica l  Engi -  
neer ing ,  California Ins t i tu te  of Technology, Pasadena, Cals 

sweep to a system where  both reactant  and product  are 
soluble, where  mass t ransfer  is control led by semi-  
infinite l inear  diffusion, and the electrode react ion is 
"revers ible ."  For  a " revers ib le"  system, the peak po- 
tent ia l  of the i -E curve  wil l  not  shift wi th  sweep rate. 
P (~t) is a function only of E since E = E i - -~ t ,  where  
E~ is the init ial  potent ial  and ~ = dE~dr. In tegra t ion of 
Eq. [1] yields 

Q = kC/~ 1/2 [2] 
where  

k = n3/2FS/2AD1/~(RT) --~12fE P ( E  - - ~ ) d E  [3] 
J E  t 
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The value of k depends only on the potent ial  in terva l  
E~--E over which the integrat ion is performed, and, 
since k is not  dependent  on v, the product  of the n u m -  
ber of coulombs passed in  a given potential  in terva l  
and the square root of the sweep rate  is a constant  for a 
given concentrat ion of reactant.  This conclusion was 
exper imenta l ly  verified for Fe ( I I I )  reduct ion and I -  
oxidation (1). 

The work in Par t  I did not specifically evaluate  the 
integral  in Eq. [3], nor  did it consider the problem of 
in tegrat ion if the electrode react ion were not  rever -  
sible. The present  paper  considers these problems and 
compares the results of the theoretical work with the 
exper imenta l ly  determined quantities.  

The theory of single sweep oscillopolarography has 
been worked out in  detail by Matsuda and Ayabe, and 
the equations considered below are taken from their  
work (3). 

Theory 
Reversible process.--The current  is given by (3) 

( nF ~1/2 
i = nFA CDox 1/2 \ - ~ v /  ~r (~:) [4] 

where  

,I,~(~) = (1 + e-~) 1 _ - -  yx/~+a d~l [5] 
2~/n o cosh2 �89 (5 - -  ~l 2) 

n F  
= -- - -  (E -- Erl/2) [61 

RT 
nF 

a ---- - -  (E i - -  Eh/2) [7] 
RT 

In the above equations, ~ is an integrat ion variable, 
Eh/~ is the reversible ha l f -wave  potential, v is the t ime 
rate of change of potential,  and E~ is the ini t ial  poten-  
tial. Thus, we see, ,Itv(~) is the funct ion which deter-  
mines the shape of the i-E curve. 

In tegrat ion yields 
/ nFv \1/2 

Q ~ f t  idt = nFA CD 1/2 I--R--T-- ) f:  ~ r ( ~ ) d t  [81 
o 

Since 
n F  nF  

$ = -- [E (t) - -  E r l / 2 ]  = ~r a [91 
RT RT 

RT 
P ~r (~) dt = f~ ~,~(n) dn [10] 

( R T ) 1 / ~ S ,  Q ~ nFACD~/~ ~ ,  - a  ~r(~l)d~l [11] 

Since the funct ion j'~_ ~(~])d~ is dependent  only on 

potential, the Q observed between two potentials wil l  
be l inear ly  dependent  on ~-~/2 as was pointed out 
previously. 

~I%($) was evaluated numer ica l ly  from Eq. [5] for 
a ---- 6, and a = O; the results are shown in Fig. 1. The 
integral  f~_ ~ (~ l )d~  was evaluated by using the t rape-  

zoidal rule  wi th  intervals  of ~ ~ 0.2. The results are 
shown in Fig. 2. 

Totally irreversible reaction.--The current  is given 
by (3) 

( ~nF ) ~/s 
i ~ nFA Cox D 1/~ u ~irr (~*) [12] 

RT 
where 

5 * = - - - - E + I n [ k f ~ / D o x ] - - % l n  - - - ~ v  a [131 
RT 

k f  is the formal heterogenous rate constant  at the nor -  
mal  hydrogen potential  and E is referred to the N.H.E. 
Under  conditions such that  the sweep is ini t ia ted con-  
siderably anodic to the peak potential,  i.e., the value of 
~* at t = O is < --  7, ~/~irr ( ~ * )  is given by (3) 

fr7 ( k/,~*--n*-.,,/; ~- e-~*) ~irr(n*)dn* =~* + 71141 

INTEGRATION OF OSCILLOPOLAROGRAMS 
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This approximation is equivalent  to saying ~r ( ~ * )  = 0 
for ~* < --7. 

~irr(~*) has a maximum value of 0.496 at $* = 0.78. 
Substitution of ~* = 0.78 into Eq. [13] gives a peak 
potential 

[ 1) �9 --0.78 + l n k f ~ / D o x - -  � 8 9  
(t:~) irr---- anF RT 

[15] 
The peak current  is given by 

( ip )  irr = 0.496 nFA Cox Dox 1/2 / ~ a~i~ \ )1/2 [16] 
\ RT 

To obtain Q, in tegrat ion of the i - - $ *  equat ion is re-  
quired 

( ~nF v ) l/2 
Q • ftoidt = nFAD1/2Cox \ ~  fto~irr($*)dt [17] 

From Eq. [13], and since E = E~--vt,  

_ ( 
dt \ dE 

and 
/ \ R T  

[191 

[Since ~irr(~*) ~ 0 for 5" < --7, we need r consider 
the lower integrat ion l imit  to be ~ * = - - 7  regardless 
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:oj / / 

-7 -6 -5 "4 "5 -2 -I 0 I 2 3 4 5 6 7 8 9 I0  I I  12 f3 
{ 

Fig. 3. ~I~irr(~ *) and f$ X~irr(~l*)d~l* vs. ~*  
--T 

of w h e t h e r  th is  co r r e sponds  to t = 0 o r  a pos i t ive  v a l u e  
of t.] Thus  

( RT  ) 1/2 
Q = nFACD 1/2 f~_* ~irr(~*)d11* [20] 

anFv 

I t  is t h e r e f o r e  obv ious  tha t  Q is l i n e a r l y  d e p e n d e n t  on 
~-1/2 fo r  i n t e g r a t i o n  to a f ixed v a l u e  of ~*, bu t  t ha t  this  
v a l u e  of 5" co r r e sponds  to d i f f e ren t  po ten t ia l s ,  d e -  
p e n d e n t  on the  sweep  r a t e  used.  S ince  a Q-E c u r v e  is 
obse rved  e x p e r i m e n t a l l y ,  $* m u s t  be  r e l a t e d  to E. 

Since,  f r o m  Eq. [13], 
anF 

- -  d E  [21] 
RT 

and fo r  E = Ep, ~ = 0.78 

f~0:78 d~* ---- 

a n F  
dF [221 

RT 

anF 
~* = 0.78 (E - -  Ep) [23] 

RT 

Thus  the  po ten t i a l  l imi t  to w h i c h  i n t e g r a t i o n  m u s t  be  
ca r r i ed  in o rde r  for  l i nea r  Q-v -1/2 plots  to be  ob ta ined  
is r e l a t ed  s i m p l y  to t he  p e a k  potent ia l .  S ince  the  p e a k  
po ten t i a l  shi f ts  w i t h  s w e e p  ra te ,  l i nea r  Q_v-1/u plots  
w i l l  be  ob ta ined  if  i n t e g r a t i o n  is c a r r i ed  ou t  to a p o t e n -  
t ia l  Ep _ AE, w h e n  AE is a constant .  This  m a y  be  done  
mos t  eas i ly  f r o m  a p h o t o g r a p h  of bo th  Q and  i as f u n c -  
t ions of E on a dua l  t r ace  X - Y  osci l loscope.  

F i g u r e  3 shows  ~Iqrr (~*) and  f~7  xlPirr (~ * )dll * as f u n c -  

t ions of $*. Xltlr r (~:*) w a s  ca l cu l a t ed  by  t h e  m e t h o d  used  
by  Mat suda  and  A y a b e  us ing  an i n t e r v a l  of 0.2 fo r  
$* < 5. F o r  ~* > 5, t he  e q u a t i o n  ~-rirr(~*) = 1 / ~ *  
was used.  The  i n t e g r a l  f~_* ",l~irr(~l*)d11* w a s  t h e n  

e v a l u a t e d  n u m e r i c a l l y  by  the  t r apezo ida l  ru le ,  aga in  
w i t h  an  i n t e r v a l  of  0.2. 

S ince  Ep cor responds  to ~* = 0.78 a n d  f~ (13")d~l* 

= 1.03 (see Fig.  3) 

Qp = 1.03 nFAD 1/2 (2 [24] 

and 
ip 0.496 a n F  

'v [25] 
Qp 1.03 RT 

Thus  a p lo t  of i , /Qp vs. ~ should  be  l i n e a r  w i t h  a s lope  
0.482 , n F / R T ,  p e r m i t t i n g  d e t e r m i n a t i o n  of a. The  r a t io  
{ [dQ, /dv -  1/2] / [d i~ /d~/2]  } d e t e r m i n e d  f r o m  the  co r -  
r e spond ing  l i n e a r  plots  also pe rmi t s  d e t e r m i n a t i o n  of a. 

Results  a n d  Discussion 
F i g u r e  4 shows plots  of Q vs. ~-1/2 fo r  iod ide  o x i d a -  

t ion for  t h r e e  i n t eg ra t i on  l imits .  The  poin ts  a r e  e x -  
p e r i m e n t a l  and the  l ines  a re  ca l cu la t ed  f r o m  Eq.  [11]. 
A v a l u e  of D of 1.34 x 10 -5  cm2/sec  ca l cu l a t ed  f r o m  the  
s lope  of t h e  l i n e a r  ip-v 1/2 plot  was  used.  ( T h e  e x p e r i -  

200 - -  
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Fig. 4. O - - v  - ] / 2  for iodide oxidation. Points ore experimental, 
solid line calculated using D = 134 x 10 - 5  cm 2 sec - z .  Potentials 
in figure refer to value where integral was determined. Circle with 
dot, E~, = + 8 0 0  my vs. SCE; triangle with dot, Ef = + 7 0 0 ;  
box with dot, Ef = +600 .  
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Fig. S. ip /Qp  vs. v (see Eq. [25]) .  Slope = 5.43; c~n = 0.29 

m e n t a l  po in ts  a re  f i t ted  f r o m  Eq.  [11] by  a D v a l u e  of  
1.46 x 10-5.) 

F i g u r e  5 shows  a p lo t  of iv/Q ~ vs. ~, ~or O2 reduc t ion .  
The  v a l u e  for  an ca l cu l a t ed  f r o m  the  s lope  is 0.29, 
w h i c h  m a y  be c o m p a r e d  to a v a l u e  of 0.49 d e t e r m i n e d  
f r o m  c h r o n o p o t e n t i o m e t r y  by D e l a h a y  and M a t t a x  (4).  
A v a l u e  of 0.30 was  ca l cu la t ed  f r o m  the  ra t io  of the  
s lopes of t he  ~p_~l/2 and Qp_~-l/2 plots,  and a v a l u e  of 
0.28 f r o m  t h e  s lope  of a p lo t  of Ep vs .  log  v (see  Eq.  
[15] ). 

F i g u r e  6 shows  p lo ts  of Q vs. u-1/2 ~or O2 reduc t ion .  
The  c u r v e s  co r r e spond  to i n t e g r a t i o n  to po ten t i a l s  of 
Ep, Ep-100 mv,  and  Eu-200 my.  The  peak  po ten t i a l s  
sh i f t ed  a p p r o x i m a t e l y  150 m v  for  a 13-fold change  in 
sweep  ra te .  S ince  the  c o n c e n t r a t i o n  and dif fus ion co-  
efficient for  02 w e r e  not  known ,  no de ta i l ed  compa r i son  
w i t h  t h e o r y  can be  made .  If  t he  e x p e r i m e n t a l l y  d e t e r -  
m i n e d  v a l u e  of an : 0.29 is used,  the  po ten t i a l s  Ep, 
Ep-100 m v  and Ep-200 m v  co r r e spond  to va lues  of 
~* of 0.78, 1.91, and  3.04, r e spec t ive ly .  T h e  s lopes  of 
the  l ines  in  Fig.  6 shou ld  then  be  in t he  ra t io  1.00: 1: 57: 
1.92 (see Eq.  [20] and  Fig.  3). T h e  e x p e r i m e n t a l  ra t ios  
a re  1.00: 1.52: 1.90, in  v e r y  good ag reemen t .  The  poin ts  



Vol.  111, No. 12 

IS 

14 

I N T E G R A T I O N  O F  O S C I L L O P O L A R O G R A M S  

(9 

6 

4 

2 

.I .2 .3 .4 .5 .6 .7 
; t / ~  ( VOLTS/secY i /2  

Fig. 6. Q vs .  1) - I / 2  for oxygen reduction. Q determined at po- 
tential fixed with respect to Ep. 

corresponding to slow sweep rate, par t icular ly  those 
for potentials negative to the peak potential,  fall  off 
the curves, possibly due to the inclusion of coulombs 
from the start of the second oxygen reduct ion wave. 

For "reversible" systems, i.e., systems studied at 
sweep rates such that  the peak potential  is constant, 
integrat ion of the current  between potential  l imits fixed 
with respect to a reference electrode yield Q_~-1/2 plots 
which are linear.  For  i rreversible systems, l inear  
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Q_~-1/2 plots are obtained if in tegra t ion is carried out 
over potential  l imits which are fixed with respect to the 
peak potential.  

Presumably,  studies may be carried out to determine 
adsorption for species undergoing an i rreversible  elec- 
trode reaction in a m a n n e r  similar  to that  previously 
discussed (1). 

Experimental 
Exper imenta l  a r rangements  were similar to those 

previously reported (1). Photographs of the i-E and 
Q-E trace were obtained using a Tekt ronix  oscilloscope. 
The iodide oxidation was carried out on 2 x 10-3F KI 
in  1F H2SO4, using a Beckman p la t inum but ton  e l ec -  
trode of area 0.2 cm 2. El was -t-0.014v vs. the S.C.E. O2 
reduction was studied in an O2 saturated 0.5F acetic 
acid-0.5F sodium acetate buffer solution at a Kemula -  
type hanging mercury  drop electrode. Ei was q-0.12v 
vs. the S.C.E. 
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Technical Notes 

Magnetic Films of Electroless Cobalt-Phosphorus 
with Uniaxial Anisotropy 

Lloyd D. Ransom and Victor Zentner 

Hughes Aircraft  Company, Culver City, California 

The ini t ial  object of this study was to investigate 
and ver ify the magnetic  properties of electroless 
nickel-cobal t -phosphorus films which have been re-  
ported to exhibit  low coercive forces and uniaxia l  
anisotropy (1, 2). In  the course of p re l iminary  ex-  
per imenta t ion  it  was found that  such films did not  
show any magnetic  characteristics unt i l  the cobalt  con- 
centrat ion in the solution exceeded 30% of the com- 
bined metal  content. 

Since the presence of nickel did not seem to influ- 
ence the magnetic properties of the electroless alloy 
significantly, it was decided to omit it completely and 
restrict the investigation to the electroless cobalt-phos-  
phorus films which in  the pre l iminary  survey exhibi ted 
interest ing magnetic  features. 

This note, then, describes the preparat ion of mag-  
netically soft cobalt-phosphorus films by chemical re -  
duction which exhibit  low coercive forces, rec tangular  
hysteresis loops, and uniaxia l  anisotropy. These films 

have potential  applications as computer  storage e l e -  
ments  in high-speed switching devices. 

The deposition of nickel, cobalt, and cobal t-nickel  
alloys by chemical reduct ion with sodium hypophos- 
phite, also termed electroless plat ing by the inventors,  
has been described by Brenner  et al. in 1947 (3). I t  
has also been reported there that electroless nickel  as 
deposited is practically nonmagnet ic ;  this observation 
has  been confirmed by  the authors since no hysteresis 
loops were observed by techniques described later  in  
this report. 

Fisher and Chilton, on the other hand, have used the 
electroless cobalt  process described by Brenner  (3) to 
prepare high coercive force cobalt-phosphorus coatings 
suitable for h igh-dens i ty  recording (4). 

The phenomenon of uniaxia l  anisotropy in these 
films occurs with or without  the use of an external  
magnetic  field dur ing  deposition (1, 2). The use of the 
magnetic  field is necessary to control the orientat ion 
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of the anisotropy field in the films with  respect  to the 
plane of the substrate material .  Fu r the r  studies are 
requi red  to de termine  the actual  source of anisotropy 
in this process. 

Expe~rimenta~ 

The solution finally adopted for the consistent pro-  
duction of low coercive force electroless cobalt  films 
had the fol lowing composit ion in grams per  l i ter :  
cobalt sulfate (heptahydra te) ,  24; ammonium sulfate, 
40; sodium hypophosphi te  (monohydra te) ,  20; sodium 
citrate, 80; sodium laury l  sulfate, 0.1; ammonium hy-  
droxide, sufficient quant i ty  to adjust  the pH to 8.5. 
Chemicals used in this s tudy were  of A.R. qual i ty;  
disti l led wate r  was used to make  up all solutions. The 
t empera tu re  of the plat ing solution was control led at 
92~ ~ by a wa te r  bath. 

The substrate mater ia ls  used were  copper, brass, and 
bery l l ium copper. Af te r  careful  studies of electroless 
cobalt phosphorus films on these var ious substrates it 
was apparent  that  the na ture  of the base meta l  was 
not so impor tant  as the surface prepara t ion in obtain-  
ing films with  consistent and reproducible  magnet ic  
characteristics.  Bery l l ium copper was selected and used 
throughout  most of this study since it was the easiest 
to polish to a consistent final surface finish. 

Initially,  chemical  polishing was used to finish the 
surface of the substrate. The roughness obtained f rom 
this type of finishing measured  a r m s  average  value  
of 20 ~in. It  was essential  that  all pits and scratches 
were  removed  f rom the substrate  to obtain homogen-  
eous magnet ic  proper t ies  throughout  the film. A super -  
finish surface was achieved by using s tandard meta l -  
lographic finishing procedures  (5). This technique de-  
creased the surface roughness rms average  by a fac-  
tor of ten. The surface of the substrate  appeared 
scratch f ree  when  examined  at a microscope mag-  
nification of IOOX. 

Prepara t ion  before plat ing was found to be a major  
factor in obtaining reproducible  results. The  plat ing 
area, 1 cm 2, was masked off by the Kodak Photosensi-  
t ive Resist technique (6). This K P R  mask  was v e r y  
stable in the hot, ammoniacal  solution, whereas  the 
adhesive of masking tapes ini t ia l ly  used was at tacked 
after  a few minutes  in this solution. The plat ing area 
was cleaned by (a) degreasing wi th  t r ich lore thylene  
and methy l  alcohol, respectively,  (b) r insing wi th  
distil led water ,  (c) using a soft mater ia l  to swab 
l ight ly  wi th  a fine a luminum oxide (0.05~,) paste, (d) 
r insing with  disti l led water ,  and (e) dipping into a 
solution of 10% HC1, fol lowed by a thorough r insing in 
distil led water .  The surface of the plat ing area was 
act ivated by dipping the sample into a solution of 
pal ladium chloride for 10 sec. The solution contains 
0.1g of pa l ladium chloride per liter, adjusted to pH 
0.9 wi th  hydrochlor ic  acid. The best results were  ob- 
ta ined when the act ivat ing solution was used at 60~ 
It  was observed that  dirt, pits, or other  imperfect ions  
on the plat ing area resul ted  in an increase of gas 
act ivi ty  in the par t icular  area where  the imperfect ion 
existed. In this case, the resul tan t  hysteresis  loops were  
usual ly distorted. 

A diagram of the plat ing apparatus is shown in Fig. 
1. Control led uniaxial  anisotropy was induced by 
plat ing in a magnet ic  field of approximate ly  450 oe. 
The plat ing vessel consisted of a th ree -necked  flask 
equipped with  a thermometer ,  a sample holder,  and a 
reflux condenser to p reven t  the loss of ammonia  and 
solution by evaporation,  thereby control l ing the pH 
and the solution composition dur ing the pla t ing process. 
The sample was supported by a Nylon c lamp and sub- 
merged  into 100 ml  of solution per square  cent imeter  
of plat ing area. 

Thickness and Magnetic Measurements 

Fi lm thicknesses were  measured  by the Tolansky 
method (7) of mul t ip le  beam in ter ferometry .  F igure  
2 shows the in ter ference  fr inges of a typical  film 
v iewed  wi th  a 100X amplification microscope. It  was 

THERMOMETER 

pERMANENT MAGNET 

SAMPLE HOLDER 

HEATING PLATE 

WATE R BATH WATI 

COOL ~NG eL A TE 

Fig. 1. Apparatus for chemical reduction of cobalt 

Fig. 2. Interference fringes of a typical Co-P film 

essential that  a smooth, flat substrate be used to obtain 
straight  fringes and a clear  image of the line shift. 

The magnet ic  propert ies  were  measured  at low f re -  
quency with  a Cr i t tenden type ins t rument  (8) at 60 
cps and checked by classical methods (9) at 2500 cps 
used extensively  in thin film studies. The propert ies  
measured were  the wal l  coercive force (Hc), the aniso- 
t ropy field (Hk), and the remanent  (Br) and saturat ion 
(Bs) flux density. The horizontal  dr ive  field was cal i-  
brated wi th  a Beckman Thin Fi lm Hall  Genera tor  
(Model No. 350). The anisotropy field was measured  by 
extrapola t ing the t ransverse  loop to saturat ion under  
conditions of reduced drive. The  magnet ic  flux density 
was der ived f rom a known standard of pure  nickel  
(99.999%). 

Results 

The magnet ic  propert ies  and thickness measurements  
of a series of cobal t -phosphorus films prepared  f rom 
the standard solution are given in Table I. The coercive 
force of the films measured  at two different  f r equen-  
cies as a function of thickness is shown in Fig. 3. The 

Table I. Magnetic properties and thickness measurements 

S a m p l e  
No. 

S a t u r a t i o n  
Coe rc ive  A n i s o t r o p y  f lux  

T h i c k -  force,  field,  dens i ty ,  
ness,  A He, oe Hk, oe Bs, gausses  

S q u a r e -  
ness  

% 

55 1230 11.34 14.4 14,700 100 
57 1530 12.50 18.6 11,800 100 
68 2380 3.21 14.1 12,300 IOO 
60 2730 2.38 17.5 11,100 100 
53 3000 1.60 15.9 13,100 98 
69 3280 1.86 17.2 11,400 95 
66 3820 1.52 18.1 11,200 95 
52 5050 1.10 13.6 11,600 95 
62 5750 1.27 18.4 14,000 93 
61 6500 1.01 15.2 14,500 93 
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Fig. 3. Coercive force of Co-P films as a function of thickness; 
�9 measured at 60 cps; A ,  measured at 2500 cps. 

film thickness is controlled by plat ing t ime at a depo- 
sition rate  of approximately 300 A / m i n .  The m i n i m u m  
coercive force, averaging 1.10 oe, is be tween film thick- 
nesses and 5000 and 7000A. The anisotropy field and 
saturat ion flux densi ty do not appear to be dependent  
on thickness, averaging 16.2 oe and 11,800 gausses, re-  
spectively. The squareness of the films (Br/B s) de- 
creases with increasing thickness, from 100% below 
3000A to 93% between 5000 and 7000A. 

As stated previously, uniaxia l  anisotropy exists in 
these films with or without  the use of an external  mag-  
netic field dur ing  chemical deposition. The easy axis of 
magnet izat ion is established by a l igning the magnet ic  
lines of force paral lel  to the horizontal  axis of the 
substrate. In  the absence of a magnet ic  field, the 
magnet izat ion may  or may not  lie paral le l  to this axis. 
In  either case, the hysteresigraphs of the films are 
rec tangular  in the easy direction with closed loops in 
the t ransverse  direction. 

The opt imum pH of the plat ing solution used to 
prepare magnet ical ly  soft films with uniaxia l  ani-  
sotropy is 8.5. At p i t  values below 8.5, the deposition 
rate  decreases un t i l  there is pract ical ly no deposition 
at 7.2. The coercive force of films prepared from solu- 
tions of higher pH values (9.5-10.0) are ext remely  high, 
e.g., approximately  350 oe for a film thickness of 5000A. 

P re l imina ry  data indicate that  the films contain be-  
tween 1.0 and 1.5% phosphorus, which is significantly 
lower than  percentages reported for electroless nickel  
(10), cobalt (2), and nickel-cobal t  (3, 4). The phos- 
phorus content  of the deposits was determined by pre-  
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cipitation as ammonium phosphomolybdate,  dissolving 
the precipitate in  excess of sodium hydroxide and 
t i t ra t ing  back with hydrochloric acid. 

Conclusions 
The results and measurements  from this study show 

that  cobalt-phosphorus films can be produced which 
exhibit  low coercive forces, rec tangular  hysteresis 
loops, and uniax ia l  anisotropy. 

Deviations from the s tandard solution and plat ing 
conditions described here usual ly  produce films ex- 
hibi t ing magnetic  properties different from those 
stated above. In  most cases, when  the change causes 
a great increase in the deposition rate, the resul tant  
films have high coercive forces (200-500 oe), and 
uniaxia l  anisotropy is absent. 

It  is probable that  the very  low deposition rate, ob- 
served with the described bath composition and con- 
ditions of deposition, induces preferred orientat ion in  
the electroless cobalt-phosphorus film which causes 
the strong uniax ia l  anisotropy and low coercive force 
seen in  the hysteresis curves. 
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Room Temperature Chemical Polishing of Ge and GaAs 
Arnold Reisman and Robert Rohr 

Thomas J. Watson Research Center, International Business Machines Corporation, 
Yorktown Heights, New York 

A notable deficiency in  surface preparat ion methods 
for Ge epitaxial  substrates has been the absence of a 
simple low- tempera ture  chemical polishing technique 
whose end result  is a smooth, damage-free  surface. 

In  studies of the effects of surface characteristics on 
the I.R. t ransmit tance  of Ge and Si wafers, Bogenschiitz 
and Schiitze make ment ion  of the use of a 0.3% boil ing 
NaOC1 solution as a nonselective etch for Ge (1). The 
authors do not clarify the concentrat ion parameter  
fur ther  and characterize the polished surface as ex-  

hibi t ing a "cobblestone effect." Star t ing with mechan-  
ically polished wafers and t reat ing them with "white 
etch" (5 volumes HNO3:1 volume HF) ,  one also obtains 
this "cobblestone" or "orange peel" effect so that  at 
first impression the potential  of NaOC1 in  providing 
p lanar  surfaces does not appear promising. The etchant 
had also been previously employed at 40~ to form 
thin Ge films by floating wafers on a NaOC1 solution 
(2). Recently, however, the authors learned that  the 
boil ing oxychloride t rea tment  has met  with some meas-  
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Fig. 1. Wafer plate assembly 
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ure of success as a chemical  polish for GaAs (3), 
and it was decided to explore  the behavior  of this 
etchant  more  extensively.  

The fol lowing describes the results of such a study 
on both Ge and GaAs lapped wafers  and presents tech-  
niques for obtaining smooth damage- f ree  surfaces on 
common Ge and GaAs crystal lographic orientations.  

Experimental Procedure 
Studies at boil ing tempera tures  involved  two ap- 

proaches, one in which the sample was s tat ionary and 
the solution was magnet ica l ly  stirred, the second in 
which the sample was placed in an inclined rotat ing 
beaker. 

Studies at room tempera tu re  uti l ized a Pel lon 1 Pan 
W covered polishing plate  rotated on a Lapmaster  122 
lapping machine. Sul l ivan and Kolb (4) have  used a 
rota t ing wheel  and a different e tchant  in somewhat  
different fashion for GaAs chemical  polishing. The 
wafers  to be t reated were  first machine lapped to 
uni form thickness whi le  affixed to a circular  Py rex  
or quar tz  disk with wax, Fig. 1. A sequence of 5 and 
3~ A1203 lapping grits were  employed in this gr inding 
operation. Fol lowing lapping, the wafers  whi le  still 
affixed to their  holder  were  cleaned ul t rasonical ly  in a 
di lute Alconox solution 8 (0.8g Alconox: 950 ml  H20) ,  
fol lowed by 6 ultrasonic rinses in deionized water ,  3 
ul trasonic rinses in t ransistor  grade t r ichlorethylene,  
and 3 ultrasonic rinses in transistor  grade methy l  a l -  
cohol. The wafers  were  b lown dry in ni t rogen and the 
wafe r -p la te  assembly was mounted on the Lapmaster .  
No pressure other  than provided by the weight  of the 
assembly was applied. 

Baker  and Adamson reagent  grade NaOC1, 5.0% 
min imum assay was employed in all  experiments .  
Analyses of a number  of batches of this mater ia l  for 
avai lable  and total  chlorine content  showed variat ions 
in their  assays. As a consequence,  dilutions were  al-  
ways related to a re ference  solution containing 62 mg 
avai lable ch lo r ine /ml  of solution. 

This avai lable  chlorine content  is based on the fol-  
lowing. Because of the method  of prepar ing  NaOC1, a 
f resh solution wil l  contain at least  one mole of NaC1 
for each mole of NaOC1. In highly acidified solution 
the complete  redox relat ionship [1] wil l  therefore  
obtain 

OC1- + C 1 -  + 2H + ~ C12 ~- H20 [1] 

Consequently,  one mole of oxychlor ide  anions is ca- 
pable of oxidizing one mole of chloride ions to form 
one mole  of f ree  chlorine, hence  the te rm avai lable  
chlorine. This re leased chlorine is then used to l iberate  

1 T r a d e m a r k  P e l l o n  C o m p a n y ,  L o w e l l ,  M a s s a c h u s e t t s .  

s T r a d e m a r k  C r a n e  P a c k i n g  C o m p a n y ,  Ch icago ,  I l l ino is .  

a T r a d e m a r k  A l c o n o x ,  Inc . ,  N e w  Y o r k ,  N.  Y.  

I2 f rom a KI  solution, the I2 being de termined  by 
convent ional  thiosulfate  t i t ra t ion techniques.  The total  
chlorine content wil l  in general  be ~-- avai lable chlo-  
r ine value  depending on whe ther  the oxychlor ide  has 
par t ia l ly  decomposed or not. In most  of the solutions 
studied, the avai lable  and total  chlor ine contents were  
found wi th in  exper imenta l  l imits to be the same. In a 
few instances the total chlor ine content  was larger  
than the avai lable chlorine value  indicating an excess 
of C1- ion was present,  due ei ther  to decomposit ion of 
the oxychlor ide or incomplete  process conversion of 
C1- to NaOCI. The results wi th  both types of solutions 
were  undist inguishable.  

Results 
Boiling temperature studies on Ge.- -Using  both of 

the techniques described above, NaOC1 reference  so- 
lution diluted 4/1, 6.5/1, 12.5/1, 27.5/1, 33/1, and 34/1 
was used as a Ge polishing agent. The more  dilute 
solutions provided  surfaces of the most  desirable na-  
ture, wi th  a min imum of cobblestone character  and a 
high polish. However ,  the surfaces still exhibi ted 
errat ic  pitting, a cobblestone appearance, and res is t iv-  
ity seemed to affect the final results  markedly.  

Room temperature studies on G e . - -A t  this point, the 
boil ing t empera tu re  studies were  discontinued in favor  
of the low tempera tu re  approach. The la t ter  imme-  
diately provided more encouraging results, and it was 
found that  in the di lut ion range 2-3H20/1NaOC1 re f -  
erence, planar,  pi t - f ree ,  h ighly  polished surfaces ex-  
hibi t ing minimal  edge rounding could be obtained. 
This dilution range has provided  the most  consistent 
results ( removal  ra te  ,--0.8-1.3 m i l / h r  for orientat ions 
s tudied) ,  and no tendency toward select ive or cobble-  
stone etching occurs even when  6 mils of Ge have  been 
removed.  Since the depth of saw and lapping damage 
varies markedly,  depending on the equipment  em-  
ployed, the abili ty to mainta in  p lanar i ty  through an 
extensive removal  range is of great  value. As an added 
fea ture  of the polishing procedure  one can, by inspec- 
tion, de termine  when  the etchant  has consumed all  of 
the damage area. Thus, as the polish becomes visible 
(15-30 min) scratch marks  are  observed. These are 
similar  in appearance to the scratch marks  observed 
when  a mechanica l ly  polished wafe r  is t reated briefly 
with whi te  etch. As the polish becomes more  enhanced, 
the scratch marks  become more  pronounced. Finally,  
the scratches begin to disappear and ul t imate ly  vanish. 
On occasion, a new level  of scratch pat terns develops 
af ter  the first ones have  been par t ia l ly  removed.  These 
also disappear and u l t imate ly  a planar  mi r ro r  finish 
wafer  results. It is interest ing that  wafers  cut 20 mils 
thick using an outside d iameter  diamond sawing tech-  
nique where  the blade has become old or somewhat  
distorted are sometimes so heavi ly  damaged that  be-  
fore damage on one side can be  removed  the damage 
f rom the other side is encountered.  4 In general,  good 
O.D. cuts exhibi t  damage 2-3 mils deep. Inside d iam-  
eter sawed wafers, on the other  hand, have  been found 
to exhibi t  damage ra re ly  deeper  than 1-2 mils. 

In conducting the polishing operation, certain tech-  
niques and conditions other  than those per ta ining to 
the oxychlor ide concentrat ion are important .  For  ex-  
ample, the oxychlor ide solution, when  dripped onto 
the Pel lon  cloth, f requen t ly  resul ted in wafers  exhibi t -  
ing pits and an over -a l l  poor polish. For  consistently 
good results we have found it advantageous to apply 
the solution periodical ly onto the cloth in bursts to 
wash it clean of etch products. In addition, the Pe l ion-  
l iqu id-wafer  interfaces must  not be permit ted  to run 
dry dur ing the polishing operat ion or the wafers  will  
acquire  a mottled,  p imply  appearance.  Very  satisfac- 
tory results are obtained wi th  Ge when  the etchant  is 
applied in 2-ml  bursts  of approximate ly  2-3 sec dura-  
tion at in tervals  of 1 min, but  doubtless other  inject ion 
sequences would  be equal ly  satisfactory. These appli-  
cations are made automat ical ly  f rom a solenoid-con- 

P r i o r  to  u s i n g  t h e  c h e m i c a l  p o l i s h  t h e  w a f e r s  in  q u e s t i o n  w e r e  
l apped .  T h i s  l a p p i n g  p r o c e s s  r e m o v e d  4-5 mi l s .  
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trolled polyethylene reservoir  attached to a ni t rogen 
line. 

A var ie ty  of polishing cloths were tried in addit ion 
to the Pel lon Pan  W material .  All  were either severely 
attacked by the e tchant  or did not  have proper nap and 
pile qualities to develop equivalent  polishes. The Pe l -  
lon cloth which was used in the form of an adhesive 
backed mater ia l  was specified as a "high nap" cloth. 
In  operation, the cloth is useable for 2-hr periods after 
which it mus t  be replaced. A complete Ge polishing 
operation based on the following procedure can be 
conducted without  replacing the polishing pad. 

Subsequent  to sawing, the wafers while supported in 
an etching holder are etched in "white etch" twice for 
30 sec in  unused  solutions. They are affixed to the wafer  
plate assembly with a hard stick wax with a softening 
point  of ca. 50~ or greater, i.e., Apiezon Black Wax, 
lapped as described in the Exper imenta l  Section and 
then subjected to a fur ther  30-sec white  etch t rea tment  
to remove more of the damage. The first two etchings 
remove approximately 0.5 mil  of mater ia l  from each 
side of the wafer, and the final etching removes ap- 
proximately  0.25 mil  from the surface to be polished. 
If the white  etch t rea tments  are el iminated and the 
NaOC1 polishing procedure is util ized directly on 
lapped surfaces, the final polish qual i ty is equal ly good, 
but  the total  polish t ime required  to remove damage 
is increased by approximately 1-1.5 hr, and two polish- 
ing pads are required  in  the polish operation. 

To first order, the polishing procedures and resul tant  
wafer qual i ty appear to be independent  of resistivity, 
type and crystallographic orientation.  Thus, p - a nd  n -  
type Ge ranging in resist ivity from 0.01-35 ohm-cm 
and having <100>,  <111>,  <211>,  or <110> or ienta-  
tions behaved in a similar  manner .  In  general,  the 
order presented represents the relat ive rates of pol-  
ishing in  decreasing order. Using a <111> wafer  
as a reference, the <211> wafers polished at about 
the same rate, the <100> surfaces polished approx-  
imately 30% faster, and the <110> substrates approx-  
imately 50% slower. Figures 2 ( a ) - ( c )  show the status 
of <100>,  <111>,  and <110> wafers polished s imul -  
taneously on one plate for 30 rain. Figures 3 (a) and 
(b) show a s imilar  comparison between <111> and 
<211> substrates. Figures 4(a)  and (b) show double 
beam interferometr ic  comparisons be tween high qual-  
i ty mechanical  polished and NaOC1 polished Ge <111> 
surfaces. Figures 5(a) and (b) show interferometr ie  
results of the entire mechanical ly  and chemically pol- 
ished wafers to demonstra te  the extent  of rounding  on 
chemically polished wafers after a total  removal  of 
~3.5 mils in both the white  etch and NaOCl pro-  
cedures. In  general, the degree of rounding  depends on 

Fig. 4. Interferometric comparison between mechanically and 
NaOCI polished germanium ~ 1 1 1 ~  surface orientations. Fringe 
spacing 2730.~. 

Fig. 5. lnterferometric comparison between mechanically and 
NaOCI polished germanium ~ 1 1 1 ~  surface orientations. Fringe 
spacing 2730~. 

the size of the wafers chemically polished, less round-  
ing accompanying increased diameter.  Even with small  
wafers, however, the degree of rounding  is much less 
than one obtains on Si using s tandard solution or 
vapor polishing techniques and after having removed 
similar  t h i c k n e s s e s .  

As with other polishing techniques, samples after 
polishing while exhibi t ing a clean appearance to the 
eye in  direct lighting, evince a haze under  oblique i l -  
lumina t ion  (5). This is shown in Fig. 6(a)  and (b) 
for Ge and Si. Although the na tu re  of this haze on 
Ge is unknown,  it being observed independent ly  of 
whether  the wafer  is lapped with A1~O8 or diamond 
grit, i t  is readi ly removed from the Ge surfaces in  a 
final polishing step. When  the polish qual i ty has 
achieved a m a x i m u m  finish, a 1-1 NaOC1-H20 solu- 
t ion is sprayed onto the polish pad to flood the surface, 
with the wheel  still rotating. After  10 sec, the wheel  
rotat ion is stopped, the wafer  plate assembly is re-  
moved and placed in  d.i. water  heated to 45~ The 
resul tant  surfaces are free of visible haze under  oblique 
i l luminat ion.  

While rotat ional  speeds are not  critical in  the pol- 
ishing procedures as described above, it has been 
found that  wi th  a 12 in. diameter  plate a range  of 
60-70 rpm provides the most satisfactory results. Be- 
low this value, the polishing rate becomes too slow, 

Fig. 2. Relative rates of po[ishing of different germanium sur- 
face orientations. 

Fig. 3. Relative rates of polishing of different germanium Fig. 6. Haze characteristics of chemically polished Ge and Si 
surface orientations, under dark field illumination. 
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while at higher  speeds the etchant  is centr ifuged off 
the wheel, making  it difficult to re ta in  sufficient etch- 
an t -c lo th-wafer  interface thicknesses. This results in 
a decided deteriorat ion of the polish quality. 

Room temperature studies on GaAs. - -Having  ob- 
tained high qual i ty  finishes on Ge, at tempts were made 
to apply the technique to GaAs. Using similar  pro-  
cedures, but  employing a di lut ion range of 15-25/1 
equal ly good results were obtained with the latter. The 
preferable etchant application rates in this dilution 
range are 2.5-ml bursts  applied at l - r a in  intervals.  
Haze removal  is accomplished by flooding the pad with 
d.i. water  for i0 to 15 sec after the polish is complete, 
followed by immersion of the wafer-p la te  assembly 
into d.i. water,  again at 45~ 

As with Ge the etchant solution provides equally 
good finishes on all common orientations inc luding both 
the A and B faces of wafer surfaces oriented perpen-  
dicular  to the <111~.  The range  of resistivities studied 
was from 0.01 ohm-cm to ca. l0 s ohm-cm without  ap-  
parent  differences being observed. The relat ive polish- 
ing rates are somewhat  different than for Ge, the 
<111~  B face showing a sl ightly faster polish rate than  
the other orientations. The la t ter  are to first order in -  
dist inguishable from each other in polish rate. Re-  
moval  rates with GaAs range between 1-1.4 mils /hr .  

The GaAs <111~  A surfaces sometimes show a 
tendency to blacken when the m a x i m u m  NaOC1 con- 
centrat ion is employed (15/1). If this occurs, a 20/1 
solution wil l  general ly remove this film and be useful  
for the remainder  of the polishing operation, al though 
a slight decrease in polish rate will  occur. 

General  Remarks 
I t  has been observed that  the ul t imate  polish qual i ty 

obtained with polishing pads of different nap  may vary  
significantly. Thus, if unnapped  Pel lon cloth is em- 
ployed, the substrates do not  polish un i formly  and tend 
to exhibit  a fine cobblestone structure. If on the other 
hand  the unwoven  cloths are highly napped so as to 
provide a uniform, dense pile of the order of 3-5 mils 
depth, the polish qualities previously discussed are 
readi ly obtained. This apparent  correlation between 
pile density and uni formi ty  prompted a study of the 
feasibili ty of employing ny lon  polishing cloths which 
were available in greater pile thicknesses and which 
would presumably  offer greater  chemical resistance to 
the etchant.  While  removal  rates obtained with ny lon  
cloths at a given di lut ion were much greater  than ob- 
ta inable with the Pel lon material ,  the final finishes 
were never  as good. At much greater dilutions than  
employed wi th  Pellon (10 H20/1 NaOC1) the best Ge 
polishes were obtained with the nylon cloths, but  these 
were stilI inferior to those obtained using the Pel lon 
product. Under  the best conditions for ny lon  it is in -  
teresting that  the removal  rates were approximately 
the same as those obtained in  the preferred procedure. 
In  order to decrease polish t ime it is useful to remove a 
few mils with a ny lon  backed wheel supplied with the 
2/1 etchant and then achieve a final finish on a Pel lon 
backed wheel. 

The relat ionship be tween pile height and pile den-  
sity can best be explained with reference to Fig. 7-10. 
Figure  7 shows a schematic representa t ion of a surface 
to be polished by a high nap  low pile cloth. When a 
high nap, short pile cloth is employed, the protrusions 
on the floating sample are subjected to max imu m tu r -  
bulence and consequently etchant  replenishment ,  while  
depressions effectively constitute dead spaces where 
etchant rep lenishment  occurs via a diffusion process 
(Fig. 8). Thus, protrusions etch faster unt i l  a level of 
smoothness is reached at which time the reaction rate 
of the etchant-semiconductor  system becomes similar  
to the diffusion rate into depressions (Fig. 9). From this 
point on fur ther  improvement  of polish qual i ty  with 
a given reactant  cannot  be achieved. In  the NaOC1 
polishing studies it is observed that  an ini t ial  polish 
is achieved rapidly and that  improvement  of the polish 
qual i ty then slows down markedly.  

DEAD 

DEAD 

Fig. 7-]0. Schematic representation of polishing conditions: 
Fig. 7, with a high nap, low pile cloth; Fig. 8, intermediate 
polishing stage with high nap, low pile cloth; Fig. 9, terminal 
polishing stage with high nap, low pile cloth; Fig. 10, with either 
a high nap, high pile or low nap, high pile cloth. 

When a high nap, high pile or low nap, high pile 
cloth is used, the conditions depicted in Fig. 10 obtain. 
Here both the depressions and protrusions are subjected 
to turbulence,  and consequently both protrusions and 
depressions see s imilar  e tchant  rep lenishment  rates. 
The net  result  is an  effective decrease in  depression 
dead space and less etching selectivity of protrusions. 
While control of the concentrat ion parameter  can be 
used to some extent  to achieve a favorable balance be-  
tween replenishment  to protrusions and depressions 
when  different cloths are employed the empirical re-  
lationships between concentration, pile height, and  pile 
density have not been evaluated because of the un -  
avai labi l i ty of a wide enough range  of cloth charac- 
teristics. 

A c k n o w l e d g m e n t  
The authors wish to thank  Dr. W. Reuter  of the Ana -  

lytical Depar tment  for his assistance in defining the 
standards used in these studies. 

Manuscr ipt  received June  29, 1964. This work was 
in part  supported by AFCRL AF19 (628)-2468. 

A ny  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1965 JOORNAT.. 

REFERENCES 
1. A. F. Bogenschfitz and H. J. Schiitze, Z. angew. Phys., 

14, 475 (1962). 
2. P. I. Holmes, "The Electrochemistry of Semicon- 

ductors," pp. 366-370, Academic Press, New York 
(1962). 

3. G. Hellbardt,  M. Michelitsch, and W. yon Muenche, 
I.B.M., Germany,  Pr ivate  communication.  

4. M. V. Sul l ivan and G. A. Kolb, This Journal, 110, 
585 (1963). 

5. R. Lieberman,  W. R. Bracht, and  D. L. Klein,  Ab-  
stract No. 78, Paper  presented at Toronto Meeting 
of The Electrochemical Society, May 3-7, 1964. 



Damaged Layers in Abraded Silicon Surfaces 
E. N. Pugh I and L. E. Samuels 
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The na tu re  of the damaged layers in  abraded semi- 
conductor surfaces is now well  established. In  germa-  
n ium (1, 2) and silicon (3) it has been shown that  the 
damaged layers contain cracks and associated crack- 
like dislocation arrays of the type first reported by 
Allen (4); in  ind ium ant imonide  (5) the damaged 
layers contain glide dislocations and features thought 
to be deformation twins in addition to the defects ob- 
served in  the elemental  semiconductors. However, there 
is l i t t le rel iable data on the relat ive depths of damage. 
Various methods have been used to measure the depth 
of damage, bu t  agreement  be tween them is often poor 
(6, 7). Consequently,  to make any comparison be tween 
the depth of damage in different materials  it is neces- 
sary to apply the same method to each after abrasion 
unde r  the same conditions. The present  authors have 
previously determined the depth of damage in germa-  
n ium (I)  and ind ium ant imonide  (5) using a meta l lo-  
graphic taper-sect ioning technique (optical micro-  
scopy). This method has now been  applied to silicon. 
The results are presented in this note and compared 
with those for ge rmanium and ind ium antimonide,  and 
with the resul ts  of other workers.  

Metallographic studies of the damaged layers.- 
Studies were carried out on {111} surfaces of silicon 
single crystals which were abraded unidirect ional ly  by 
hand  with various grades of silicon carbide particles, 
used both in papers and as water  slurries on a glass 
plate. Before measur ing  the depth of damage it was first 
necessary to ident ify the damage features under  the 
optical microscope. Previous work by Stickler and 
Booker (3), using t ransmission electron microscopy, 
indicated that  the damaged layer  in  silicon was essen- 
t ial ly the same as that  found earl ier  by Pugh and 
Samuels (1,2) in germanium,  that  is, it contained 
cracks and crack-l ike dislocation arrays. The lat ter  
were identified by the way in which they change con- 
trast  when  the specimens are tilted. However,  Stickler 
and Booker were unab le  to ident ify the dislocation 
arrays by means of optical microscopy and hence were 
not able to s tudy the morphology of the arrays and 
their relat ion to the damage cracks; the complexity and 

1 P resen t  address :  Resea rch  Ins t i tu te  for  A d v a n c e d  Studies  (Mar-  
t in C o m p a n y ) ,  Bal t imore ,  Maryland .  

magnification of the electron microscope images do not 
lend themselves to such studies. 

In  the present  work, it  was found that  the dislocation 
arrays could be identified under  the optical microscope 
by means of the chromic-hydrofluoric acid reagent  de-  
veloped by Sirt l  and Adler  (8) which produces pyra -  
midal  etch pits at dislocations emerging at {111) sur-  
faces. The rate at which these pits are developed de- 
pends on the relat ive amounts  of chromic and hy-  
drofluoric acids; this was adjusted so that  etching times 
of several  minutes  were required for the formation of 
detectable dislocation etch pits. A convenient  method 
of s tudying the damage features consists of polishing 
the abraded surface with fine diamond abrasives used 
on a napless cloth, the operation being cont inued unt i l  
the surface i r regular i t ies  are just  removed. The re -  
sul t ing flat surface is then polished metal lographical ly 
using fine magnes ium oxide abrasives. This operation 
removes the damage introduced by the diamond abra-  
sives so that  the final surface contains only damage 
produced by the abrasion t rea tment  under  invest iga-  
tion. Examina t ion  of such surfaces wi th  h igh-aper ture  
objectives revealed arrays of fine cracks. These were  
made readi ly  visible by short etching t reatments  (10- 
20 sec) with the chromic-hydrofluoric acid reagent  
(Fig. l a ) .  The morphology of the cracks is the same as 
that  of damage in  ge rmanium (1, 2) ; they are general ly 
curved, but  tend to lie along the traces of {111) cleav- 
age planes. Etching for progressively longer t imes 
caused the cracks to be widened into fissures and 
at the same t ime produced addit ional  markings  (cf. 
Fig. l a  and lb ) .  These markings,  which at  higher  mag-  
nifications can be seen to consist of shallow grooves 
(Fig. 2), have the same morphology as the damage 
cracks and in  m a n y  cases occur along the extension of 
cracks. On the other hand, their  e tching characteristics 
are consistent w i t h  their  being arrays of closely 
spaced dislocations; for example, compare the width 
of the etch groove in  Fig. 2 with the size of the etch 
pits at g rown- in  dislocations (marked D).  The grooves 
thus have precisely the same characteristics as those 
which have been shown by etching techniques to cor- 
respond to Al len- type  dislocation arrays in  germanium 
(2, 9). There can be little doubt  that  they correspond to 
the dislocation arrays observed by  Stickler and Booker 
(3), using electron microscopy. 

The grooves produced at the dislocation arrays by 
the chromic-hydrofluoric acid reagent  can be readily 
dist inguished from the fissures formed at cracks. The 
reason that Stickler and Booker (3) were unable  to 

Fig. 1. The surface was originally abraded with 220 grade 
paper (abrasion direction horizontal) and then the surface ir- 
regularities were removed by polishing: (a) etched for 10 sec to 
show cracks; (b) etched 5 min to reveal dislocation arrays. 
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Fig. 2. Region B of Fig. l b showing a typical groove at a dis- 
location array (arrowed). 
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(a) 

Section B 

Section C 
T 

SIDE VIEW FRONT VIEW 

(b) 
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/IDEPTH OF 
X / / ~ / " /  / DAMAGE 

Fig. 3. Schematic representation of the damage in elemental 
semiconductors showing (a) an individual crack and its associated 
dislocation array and (b) a section of the damaged layer illustrat- 
ing the irregular nature of the damage. Cracks and arrays are 
represented by straight lines, but it must be remembered that 
they are in fact curved. 

distinguish be tween these features appears to be that  
they used the convent ional  CP4 etching reagent  which 
was found in the present  studies to be unsat isfactory 
for this purpose. 

The relat ionship be tween the arrays and the parent  
cracks was de termined  by s tudying selected areas dur-  
ing progressive polishing treatments.  These studies 
indicated that  the cracks originated at the surface and 
that, as in ge rmanium (2) and indium ant imonide (5), 
the dislocation arrays occur as extensions to the cracks. 
A damage crack and its associated ar ray  is i l lustrated 
schematical ly in Fig. 3a. Sections paral le l  to the origi-  
nal  surface at various depths may thus reveal  ei ther  the 
trace of the crack, the crack associated with the dis- 
location array, or the dislocation ar ray  alone, corre-  
sponding to levels A, B, or C, respectively.  It can be 
seen in the section shown in Fig. lb  that  damage traces 
exist which correspond to each of stages A, B, and C 
(typical  examples  are label led) .  This is due to ex t reme  
i r regular i ty  of the individual  damage cracks which is 
also a characteris t ic  of the damaged layers in germa-  
n ium (1) and indium ant imonide (5). The i r regular  
nature  of the damaged layer  is i l lustrated in the sketch 
in Fig. 3b. 

Depth of damaged layers.~The depth of the damaged 
layers produced by various abrasion processes was de-  
te rmined by means of a taper-sect ioning technique de-  
scribed previously  (1). In this method, the abraded 
surface is sectioned at a nominal  angle of 5~ ', p ro-  
viding a geometr ical  magnification of 10:1 perpendicu-  
lar  to the section line. The depth of damage is taken 
f rom the outermost  crests of the surface i r regular i t ies  
to the extremit ies  of the deepest damage features (see 
Fig. 3b). Thus the values represent  the m a x i m u m  local 
depths of damage. The reproducibi l i ty  of the method is 
about 5 %. Results are given in Table I, together  wi th  
those for ge rmanium (1) and indium ant imonide (5) 
de termined  by the same method and using ident ical  
abrasion conditions. It  can be seen that  the re la t ive  
depths are I n S b > S i > G e  except  for the coarsest grade 

Table I. Depth of damage produced by abrasion of semiconductor 
surfaces with silicon carbide particles 

D e p t h  o f  d a m a g e ,  
S i l i c o n  

A b r a s i o n  P r e s e n t  F a u s t  S t i c k l e r  & G e  I n S b  
p r o c e s s  s t u d i e s  (10) B o o k e r  (3) (1) (5) 

220 g r a d e  p a p e r s  30 - -  23 22 59 
400 g r a d e  p a p e r s  15 - -  15 10 18 
600 g r a d e  p a p e r s  10 - -  11 6V2 - -  
220  g r a d e  s l u r r y  65 10-14  - -  85 781/2 
400 g r a d e  s l u r r y  32 5 -6  - -  22 351/2 
600 g r a d e  s l u r r y  15 3 -4  - -  11 t~ __  

s lurry  where  the value  for ge rmanium is unexpectedly  
large. This va lue  has been confirmed by a va r ie ty  of 
methods in a previous paper  (7) so that  this anomaly 
appears to be real .  

The present  results  are  cont rary  to the conclusion of 
Buck (6) that  the depth  of damage  in silicon is one- 
four th  to one-hal f  tha t  in germanium.  This v i ew was 
based largely  on data by Faust  (10), de te rmined  by 
the e tch ing-ra te  method. These results  were  obtained 
f rom specimens abraded wi th  silicon carbide part icles 
used as wa te r  slurries on a glass plate so that  they  can 
be compared wi th  the present  values. However ,  i t  can 
be seen in Table I that  the e tch ing- ra te  results, taken 
f rom the paper  by Buck (6), are considerably lower  
than those obtained f rom the taper-sect ioning method.  A 
possible explanat ion for this discrepancy was suggested 
in the present  studies. It was found that  the surface 
layers in silicon were  severe ly  shattered,  considerably 
more so than for germanium.  The severe ly  shat tered 
layer  constitutes about one- four th  or one-fifth of the 
total damaged layer.  It  is conceivable  that  the e tching-  
ra te  method detected only this severe ly  shat tered layer.  

The  depth of damage in silicon has been invest igated 
by several  other  workers .  Buck and McKim (11) using 
the PME method, found that  the depth of damage in 
surfaces abraded wi th  600 grade silicon carbide slurries 
was 8-10~. This va lue  is significantly lower  than that  
obtained in the present  work  (viz., 15#), but  this dis- 
crepancy is consistent wi th  previous studies of ger-  
manium (1, 7). This difference in sensit ivi ty has been 
discussed previous ly  (7, 12). St ickler  and Booker  (3) 
have measured  the depth of damage in surfaces 
abraded with silicon carbide papers by means of a pro-  
gressive-sect ioning technique (optical microscopy) .  It  
can be seen f rom Table I that  excel lent  agreement  
exists be tween  these values and the present  results, 
par t icular ly  for the finer grades of abrasives. However  
this agreement  may  be somewhat  fortui tous for several  
reasons. First, whi le  St ickler  and Booker also measured  
to the deepest  detectable  damage features  2 the datum 
for measurement  was the original  abraded surface as 
de termined  f rom the focussing position of the micro-  
scope. The taper-sect ioning method  would consequently 
be expected to give higher  resul ts  because it measures  
the damage f rom the  peaks of the surface i r regular i t ies  
whereas  using the focussing method some average  
position be tween  their  peaks and roots would be taken, 
This difference would  be expected to be appreciable;  
for example,  in ge rmanium the depth of the surface i r -  
regular i t ies  was about one- four th  that  of the total  
damage (1). Second, the abrasion conditions were  not 
the same. Specimens were  abraded unidirect ional ly  in 
both cases, but  in the present  work  abrasion was car-  
r ied out manual ly  whi le  in that  of St ickler  and Booker 
abrasion was carr ied out on a rota t ing wheel  wi th  a 
l inear  speed of about 350 cm/sec,  at a pressure of 200 
g / c m  2. 

It  is concluded that  the re la t ive  depths of damage in 
abraded {111} semiconductor  surfaces are in general  
I n S b > S i > G e .  Analysis  of this relat ionship clear ly  re-  
quires fu r the r  unders tanding  of both the mechanism of 
f rac ture  in these mater ia ls  and the mechanism of abra-  
sion. 
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The Effect of Oxygen and Nitrogen on 
the Hafnium a-3 Transition 

N. H. Krikorian and T. C. Wallace 

Los Alamos Scientific Laboratory, University of Cali]ornia, Los Alamos, New Mexico 

A number  of divergent  values for the a to ~ t ransi t ion 
(determined by  a var ie ty  of techniques) were reported 
(1-5) prior to 1954. Deardorff and Kato (6) publ ished a 
1750 ~ _+ 20~ value in  1959. They gave a fair ly  com- 
plete history of previous work and explained some of 
the earlier discrepancies. Much of the same history, 
though more complete, was given by Roland in 1960 in 
the book edited by Thomas and Hayes (7). This book 
lists a sl ightly earlier (1760 ~ _ 35~ value of Dear-  
dorff and Kato which was given l imited publicat ion in 
USBM-U-426 (April  1958). The value  was later  re-  
vised to 1750 ~ +_ 20~ (6). Work done on the Th-Hf  
system at essentially the same t ime by Gibson, Loomis, 
and Carlson (8) gave a 1735~ value, so the 1750 ~ and 
1735~ values were in fair  agreement.  However,  a pref-  
erence for a 1950~ value has been expressed by Tay-  
lor, Kagle, and Doyle (12) on the basis of alloy invest i -  
gations. Fu r the r  acceptance of the lower value came 
when Deardorff and Kato disputed (9) an 1875 ~ +_ 20~ 
value of Giessen, Rump, and Grant  (10), and these 
lat ter  authors revised their  value to 1755 ~ _+ 20~ (11). 
This discussion article (9, 11) gave good circumstant ia l  
evidence that  oxygen and ni t rogen contaminat ion 
would cause the t ransformat ion tempera ture  to raise, 
but  gave no quant i ta t ive  analyt ical  evidence as to the 
effect of these impurities.  

Recent exper imental  evidence by Rudy and Stecher 
(13) on the Hf-O system, "Wallace on the Hf-N (14), 
and Avarbe et al. (15) on the Hf-C system confirmed 
the realization of earlier investigators (3, 6, 9) regard-  
ing the possible stabilization of the a -hafn ium by im-  
purit ies such as ni t rogen and oxygen. 

In  the present  work the effects of oxygen and ni t ro-  
gen impuri t ies  in  addit ion to zirconium impur i ty  on the 
hafn ium metal  t ransi t ion tempera ture  were invest i -  
gated using a new, highly sensitive, and very ver-  
satile high tempera ture  thermal  analysis apparatus de- 
scribed in detail  elsewhere by Ruper t  (16, 17). 

The induct ion heat ing technique using an eddy cur-  
rent  concentrator  has also been described by Rupert  
(17). Briefly, the thermal  analysis system is operated 
by focusing the l ight beam from a black body hole in 
the hafn ium cyl inder  on a sensing diode, and cooling 
through the t rans i t ion  temperature.  In  detecting and 
measur ing  the tempera ture  of the a-~ t ransi t ion of haf-  
n ium the oscilloscope traces show both the thermal  
analysis curve and the negat ive of the first derivat ive of 
the thermal  analysis curve. Calibrat ion traces for tem- 
perature  are made by photographing a horizontal 
sweep across the oscilloscope at tempera ture  intervals  
observed through the pyrometer.  

Table I gives the analyt ical  data for the start ing 
materials  l isting possible per t inent  contaminants.  Table 
II gives the same data after completing the a-~ t rans-  
formation measurements ,  as well  as the measured and 
calculated t ransi t ion temperatures.  The low zirconium 
(<200 ppm) content  ha fn ium powder was obtained 
from the U. S. Bureau  of Mines, the ha fn ium powder 
(1% Zr) and the hafn ium crystal bar  (3.1%) from the 
Carborundum Company. The h igh-pur i ty  hafnium 
crystal bar  (0.02% Zr) was available through the 
courtesy of Haruo Kato of the U. S. Bureau of Mines. 

Measurements  of the t ransi t ion temperatures  were 
made on pressed cylinders of hafn ium powder or ma-  

Table I. Analyses of starting material 

H a f n i u m  i d e n t i f i c a t i o n  I-If, % Zr ,  % O, p p m  1~, p p m  C, p p m  
M a j o r  i m p u r i t i e s ,  
s p e c t r o g r a p h i c *  

P o w d e r  ( < 2 0 0  p p m  Zr )  98.9 -+ 0.6 

P o w d e r  (1% Zr )  98.4 • 0.6 
C r y s t a l  b a r  (3% Z r )  96.1 -+ 0.6 
Crystal b a r  (0.02% Zr )  100 -+ 0.3 

<0 .02  1900 240 30 

1 , 3 6 ~ 0 . 0 2  6700 360 170 
3.31-+0.05 200 230 30 
190 p p m - + 3 0  700 < 2 0  30 

Fe ,  0.3%, Cr ,  0 .1%, Mn,  Mg,  
A1, 0.01% 
Fe ,  0 .05%, A1, Mg ,  Si,  0.02% 
F e ,  A1, T i ,  0 .01% 
lye, 0.02% 

* Al l  o t h e r  d e t e c t e d  i m p u r i t i e s  < 1 0 0  p p m .  

Table II. Analyses after determinations 

S a m p l e  
No.  I-If, % Zr ,  % O, ppm N, ppm C, pprn 

Major i m p u r i t i e s ,  
s p e c t r o g r a p h i c *  

O b s e r v e d  C a l c u l a t e d  
t r a n s f o r -  transfor-  

mation,  ~ m a t i o n ,  ~ 

1 98.1 • 0.6 1.40 -~ 0.02 
2 98.0 "4" 0.6 1.25 -+ 0.02 
3 95.6 "4- 0.6 3.45 ~ 0.05 
4 96.0 • 0.6 3.29 -+ 0.05 
5 100.1 "4- 0.3 0.02 

4500 420 35 
3000 420 25 

200 580 20 
200 650 36 
800 70 36 

A1, F e ,  0.01% 
A1, Fe ,  0 .01% 
A1, Fe ,  0 .01% 
A1, 0.01% 
A1, F e ,  0.01% 

1 8 2 0 - + 2 0  1824 
1 8 1 0 - + 2 0  1803 
1 7 3 0 - + 2 0  1726 
1 7 3 0 - + 2 0  1731 
1 7 5 5 - + 2 0  1756 

* Al l  o t h e r  d e t e c t e d  i m p u r i t i e s  < 1 0 0  p p m .  
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chined cyl inders  in the case of the hafn ium crystal  
bars. In each case holes 0.060 in. d iameter  and 0.50 in. 
deep were  dri l led fo r .b lack  body conditions in meas-  
ur ing the tempera ture .  The cylinders were  supported in 
the concentra tor  field by three  ver t ica l  t an ta lum rod 
supports (0.060 in. d iameter ) .  The  interact ion of Ta 
with  Hf was negligible. 

The mel t ing  point measurement  on the sample of 
hafnium powder  (<200 ppm Zr) was made by a step- 
wise increase in t empera tu re  f rom just  below the me l t -  
ing point. On the appearance of l iquid in the sight hole, 
a marked  sh immer ing  and broadening of the oscillo- 
scope trace could be observed. 

The spectral  emissivi ty at 0.65~ was de te rmined  in 
the range 1750~176 on the machined  crystal  bars 
of hafn ium (3.1% Zr) by comparison of the surface 
t empera tu re  and the black body hole t empera tu re  using 
the equat ion l / T - -  1/Ta = In ~x/C~ where  X = 0.65 and 
C2----- 14350. 

Discussion 
The observed t ransi t ion tempera tures  listed in Table  

II for the various hafn ium samples show a marked ly  
higher  va lue  for those wi th  h igher  oxygen and ni t rogen 
content. Samples 1 and 2 were  prepared  f rom powdered  
(1% Zr) hafnium. The init ial  t ransi t ion t empera tu re  
(de termined wi th in  5 min of the start  of the heat ing 
cycle) of both of these samples was approximate ly  
2100~ The init ial  oxygen and ni t rogen contents were  
6.83 and 0.42 a/o,  respectively.  These samples showed a 
dramatic  lower ing  of the t ransi t ion t empera tu re  (by 
290~ f rom 21OO~ to a value  of 1820 ~ and 1810~ 
respectively,  af ter  being annealed at 1900~ for  ap-  
p rox imate ly  40 hr  at 2 x 10 -e  Torr. In l ight  of the 
w o r k  of Rudy and Stecher  (13), we  suspect tha t  the 
init ial  va lue  of 2100~ was that  of the eutectic mel t ing  
isotherm between mel t  (8 a /o  O) --> #-Hf  solid solu-  
tion (5 a / o  O) + a-Hf-so l id  solution (11 a /o  O). In-  
deed oxygen was dr iven  f rom the samples and the 
ni t rogen content  increased s l ight ly as can be seen by 
compar ing the analyt ical  data in Tables I and II. Af t e r  
30 hr  of anneal ing the t ransi t ion t empera tu re  was es- 
sent ial ly constant, suggesting that  the part ial  pressure 
of oxygen and ni t rogen in the Hf solid solution was 
equal  to the part ial  pressure of oxygen and ni t rogen in 
the vacuum environment .  

Thermal  analyses of samples 3 and 4 were  per formed 
on crystal  bar  hafn ium (3% Zr) .  The transi t ion t em-  
pera ture  of sample 3 was de termined  wi th in  10 rain of 
the initial heat ing whereas  sample 4 was annealed for 5 
hr, with no apparent  change in t ransi t ion temperature .  
Indeed the oxygen determinat ions  show no change 
between the start ing mater ia l  and after  the de te rmina-  
tions. However ,  the ni t rogen content  appears to have  
increased slightly. 

The transi t ion t empera tu re  of sample 5, crystal  bar  
hafnium (0.02% Zr) was de termined  wi th in  5 rain of 
the initial heating. Chemical  analysis shows that  the 
oxygen content  remained  the same but that  the n i t ro-  
gen increased. 

These samples afford an oppor tuni ty  to de termine  the 
effect of zirconium, oxygen, and ni t rogen on the t ransi -  
t ion tempera ture .  At  the low concentrat ions of z i r -  
conium (0.04-6.53 a /o ) ,  oxygen (0.21-4.72 a /o ) ,  and n i -  
t rogen (0.09-0.80 a /o)  studied, the avai lable  data could 
be correlated by an equat ion of the form 

Tobs = Tpure + azrXzr + aoxo + aNXN [1] 

where  Tobs is the observed t ransi t ion t empera tu re ;  
Tpure is the t ransi t ion t empera tu re  of pure hafnium;  
azr, ao, and an are the t ransi t ion t empera tu re  var ia t ion  
coefficients of zirconium, oxygen, and nitrogen, respec-  
tively. Xzr, xo, and XN are the atom per  cents of zirco- 
nium, oxygen, and nitrogen, respect ively.  Using the 
data f rom Table  II, Eq. [ i ]  was solved for Tpure, azr, 
ao, and aN by the method of least squares (18) using 
the Los Alamos MANIAC II computer  wi th  the results:  
Tpure  = 1735 ~ --+-- 14~ azr = --11.2 +_ 11.1 ~ per  a /o  
Zr, ao = 16.1 _ 5.1~ per  a /o  O, and aN ----- 83.6 4- 101~ 
per a /o  N. The weighted  variance,  which  is defined as 

x w S I M - -  N, was 119. M is the number  of exper imenta l  
points (five), N is the number  of parameters  to be 
solved (four) ,  8 is the difference be tween  the ob- 
served t ransformat ion t empera tu re  and the calculated 
t ransformat ion  tempera ture ,  and w is the weight ing  
factor  (in this case w ---- 1). 

Unfor tunate ly ,  the effect of carbon is indeterminate  
since it is present  at the same concentrat ion level  in 
all the samples. However ,  the small amount  present  
should not lower  the t ransformat ion t empera tu re  of 
pure  hafn ium by more  than 2~ 

The value  of azr-- - -wl l .2~ per  a /o  Zr may  be com- 
pared with  that  de te rmined  f rom the work  of Deardorff  
and Kato (6) (--7.2~ per  a /o  Zr) .  The difference can 
be a t t r ibuted to that  fact that  the current  work  was 
de termined  f rom cooling curves  and the other  from 
heat ing curves. Since it is general ly  observed that  
there  is a hysteresis  associated wi th  t ransi t ion t empera -  
tures wi th  an increase in the impur i ty  components,  one 
should expect  different coefficients depending on 
whe ther  the t ransi t ion tempera tures  were  de termined  
by heat ing or cooling curve  analysis. 

By correct ing the va lue  of the t ransi t ion t empera tu re  
of Deardorff  and Kato  (6) for the 200 ppm of O2 that  
was present, one obtains 1746~ Kaufman  and Cohen 
(19) note that  the thermodynamic  martensi t ic  t rans-  
format ion t empera tu re  of a mater ia l  is genera l ly  ve ry  
near ly  the mean  of the t ransformat ion  tempera tures  
de termined  f rom heat ing  and cooling curves. Thus us-  
ing our va lue  of 1735~ (cooling) and Deardorff  and 
Kato 's  value  of 1746~ (heating) the a-B the rmody-  
namic transi t ion t empera tu re  of hafn ium is 1740 ~ 
-,,- 20oc. 

The great  sensi t ivi ty of the t ransformat ion  t empera -  
ture  to oxygen and ni t rogen content  emphasizes the 
requ i rement  for thorough analyt ical  chemical  charac-  
ter izat ion of material .  In v i ew of the high react iv i ty  
of oxygen and ni t rogen with  hafn ium and thei r  effect 
on the transi t ion t empera tu re  it  can be assumed that  
the transi t ion tempera tures  repor ted  by previous 
workers  (af ter  correct ion for the Zr content)  were  
high. 

The mel t ing  point of 2230 ~ --4-_ 20~ is in excel lent  
agreement  wi th  the findings of deBoer  and Fast  (2230 ~ 
_+ 50~ (20), Deardorff  and Hayes (2222 ~ _+ 20~ 
(21), and the work  at Iowa State College (2235 ~ 
-4- 50~ (22), but  somewhat  h igher  than the va lue  of 
Taylor,  Kagle,  and Doyle (2190~ (12), and con- 
siderably h igher  than the va lue  repor ted  by Grigoro- 
vi tch (1943~ (23), Adenstadt  (1975~ (24), and 
Lit ton (2130~ (25). 

The spectral  emissivi ty  was found to be ~0.65~ ~0.40 
___ 0.02 and is in good agreement  wi th  the va lue  used by 
Deardorff  and Kato (6). 

Conclusion 
The results of the hafn ium ~-~ invest igat ion indicate 

that  even  small  amounts  of oxygen and ni t rogen sta-  
bilize the s-phase,  and that  the t ransi t ion is also de-  
pendent  on the zirconium content. On the basis of the 
current  in terpre ta t ion  of the best avai lable  data, 1740 ~ 
_+ 20~ is the most acceptable va lue  for the ~-~ t ransi -  
t ion of pure  hafnium. 

Manuscript  rece ived  Feb. 5, 1964; revised manu-  
script  received J u l y  12, 1964. This paper  was  presented 
at the Toronto Meeting, May 3-7, 1964. Work was per -  
formed under  the auspices of the Uni ted States Atomic 
Energy  Commission. 

Any discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the J u n e  1965 JOITRNAL. 
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C mmun ca, on i@ 
A Novel Technique for the Deposition of Silica Films 

T. L. Chu, J. R. Gavaler, G. A. Gruber, and Y. C. Kao 
Research Laboratories, Westinghouse' Electric Corporation, Pittsburgh, Pennsylvania 

Silica films are used f requent ly  in the fabrication of 
semiconductor devices as masks against the diffusion of 
certain impuri t ies  into germanium, silicon, gal l ium 
arsenide, etc., and for surface passivation purposes. 
Doped silica films are useful as diffusion sources and 
could produce more p lanar  and uni form junct ions than 
the convent ional  techniques;  the use of these films is 
par t icular ly  advantageous when the semiconductor is 
uns table  at the high tempera ture  required for diffusion. 
This communicat ion describes a chemical t ranspor t  
technique by which pure or doped silica films can be 
deposited on various substrates at re la t ively low tem-  
peratures,  400~176 The use of low tempera ture  is 
advantageous for most applications. 

The chemical t ranspor t  technique has been widely 
used for mater ia l  prepara t ion  and crystal  growth dur -  
ing the past few years. When a soIid substance reacts 
reversibly with a gaseous reagent  to form volati le 
products and the equiI ibr ium constant  of this reaction 
is tempera ture-dependent ,  this substance can be t rans -  
ported by a tempera ture  gradient. Silica reacts rever-  
sibly with hydrogen fluoride at room tempera ture  and 
above, p resumably  according to the equation 

SiO2(s) -5 4HF(g)  : SiF4(g) -5 2H20(g) 

The equi l ibr ium constants of this react ion in the tem-  
pera ture  range 500~176 calculated from the ther-  
mochemical data of the species involved (1), are as 
follows 

Temp., ~ K Equi l ib r ium const. 

500 1.8 x 107 
600 1.8 x 105 
700 6.5 x 103 
800 5.6 x 102 

Thus, the equi l ibr ium of the above reaction is shif ted 
toward the formation of silica as the tempera ture  is 
increased. In  a closed system where  the equi l ibr ium 
conditions are approached, hydrogen fluoride is able to 
t ransport  silica from a low- tempera tu re  region to re-  
gions at high temperatures.  Dense silica films up to 

tens of microns in thickness have been deposited on 
a-quartz,  silicon, germanium, and gal l ium arsenide 
substrates in this manner .  These depositions were car- 
ried out in sealed, evacuated fused silica reaction tubes 
containing the substrates and hydrofluoric acid (or an-  
hydrous hydrogen fluoride); the reaction tubes served 
as the silica source. These tubes were then heated in a 
furnace containing two different tempera ture  zones. 
The substrates were main ta ined  at 400~176 while 
the lower tempera ture  regions of the tube was kept  at 
100~176 Depending on the substrate temperature,  
tempera ture  gradient  of the reaction tube, composition 
and pressure of the t ransport  agent, diameter  and 
length of the reaction tube, etc., the deposition rate of 
silica films could be var ied between 0.01-1 ~/hr. 

I t  should be pointed out that  under  isothermal con- 
ditions, silicon is not iner t  toward hydrofluoric acid at  
high temperatures.  For  example, when  single crystal 
silicon substrates of {111} orientations were heated at 
550~ in a fused silica reaction tube containing hydro-  
gen fluoride and water  at 6.5 and 7.5 atm, respectively, 
the substrates were found to be oxidized at a rate of 
higher than 15~/hr. This ra te  is many  times higher t han  
the oxidation rate  of silicon in  the absence of hydrogen 
fluoride. Thus, hydrogen fluoride catalyzes the oxida- 
tion of silicon by steam. This catalytic action is pre-  
sumably  similar to the action of high pressure used in  
the steam oxidation of silicon. In  the steam oxidation 
of silicon (2, 3), the ra te -de te rmin ing  step has been 
shown to occur at the silica-silicon interface, and the 
diffusion of inters t i t ia l  water  is responsible for the 
growth of silica films. Since the diffusion constant  of 
water  in  silica is large, the use of h igh-pressure  steam 
increases the concentrat ion of interst i t ial  water  thus 
increasing the rate of oxidation. Hydrogen fluoride is 
a small  molecule and fits in ters t i t ia l ly  into silica. It  
also has approximately 50% ionic character. Thus, the 
interactions between hydrogen fluoride and silica, and 
between hydrogen fluoride and water  could increase the 
concentrat ion of water  in  silica and accelerate the 
oxidation process. In  the presence of a proper ly  chosen 
tempera ture  gradient,  however,  the t ranspor t  of silica 
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to silicon was made to predominate  over  the oxidation 
of silicon. 

Silica films t ransported onto a-quartz ,  germanium, 
silicon, and gal l ium arsenide substrates are t ransparent  
and are adherent  to the substrates. They exhibi ted no 
s t ructura l  features  when  examined  wi th  an optical 
microscope and were  found to be amorphous by x - r a y  
and transmission electron diffraction techniques.  The 
density of the t ransported film was de termined  to be 
2.23 • 0.05 g/cc by the floating equi l ibr ium technique. 
The silica films t ransported onto silicon substrates were  
studied in more  detail. The chlorine etch technique (4) 
indicated that  a 1~ film was essentially free of pin-  
holes. When a t ransported film on a 30 ohm-cm n- type  
silicon substrate was heated at 1200~ for 16 hr, the 
resist ivi ty of the substrate remained the same wi th in  
the errors of the measurement ,  indicat ing that  the 
electr ical ly active impuri t ies  in the film are ei ther  
negligible or diffuse ve ry  slowly. The t ranspor ted  
films were  found to be s imilar  to the the rmal ly  grown 
silica films in their  abilit ies to mask against  the diffu- 
sion of phosphorus into silicon at l l00~ 

The commonly  used dopants for silicon, such as 
boron, gallium, phosphorus, arsenic, ant imony,  etc., 
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were  incorporated into the silica films during the t rans-  
port  process. These doped films were  used successfully 
as diffusion sources. The highest  surface concentrat ions 
of these impuri t ies  in silicon obtained thus far  were  
most ly of the order  of 1019 cm -3. The surface concen- 
t ra t ion and the junct ion depth could be control led over  
a wide range by vary ing  the doping level  of the silica 
film or the t empera tu re  and durat ion of the heat  t rea t -  
ment  required for the diffusion process. 

Manuscript  received Ju ly  27, 1964. This work  was 
supported in par t  by the Uni ted  States Electronics Re-  
search and Development  Laboratory,  For t  Monmouth,  
New Jersey,  under  Contract  No. DA 36-039 SC-90835. 

Any discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1965 JOURNAL. 
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The Value of the Faraday 
Walter J. Hamer and D. Norman Craig 

National Bureau of Standards, Washington, D. C. 

In 1960 Craig, Hoffman, Law, and Hamer  (1) as a r e -  
sult of measurements  of the electrolytic dissolution of 
si lver in aqueous solutions of perchloric  acid repor ted  
values of 96,516.5 and 96,490.0 coulombs (g r am-equ iva -  
l e n t ) - 1  for the faraday on the physical and chemical  
scales, respectively.  These values were  based on 
1.117972 mg coulomb -1 for the electrochemical  equiva-  
lent  of s i lver  and 107.9028 and 107.8731 for the atomic 
weight  of s i lver  on the physical and chemical  scales, 
respectively.  The physical  atomic weight,  107.9028, was 
based on 0 TM = 16 and on the absolute abundance ratio 
of AglO7/Ag 109 as measured  by Shields, Craig, and 
Dibeler  (2). The chemical  atomic weight,  107.8731, 
was calculated by dividing the physical atomic weight  
by 1.000275, the factor recommended  for conver t ing 
values f rom one scale to the other. This chemical  value,  
107.8731, for the atomic weight  of si lver  is significantly 
lower  than  the value,  107.880, which was accepted at 
that  t ime by the In ternat ional  Commission on Atomic 
Weights. 

In 1961 a unified scale of atomic weights  based on 
C 1~ ~ 12 was universa l ly  adopted (3). Before this scale 
was adopted, the Internat ional  Commission had care-  

ful ly  rev iewed  the results of both the physical and 
chemical determinat ions  for each e lement  and recom- 
mended  the value  107.870 for the atomic weight  of 
si lver for the unified scale. This value  together  wi th  the 
above va lue  for the e lectrochemical  equivalent  of si lver 
gives 96,487.2 coulombs ( g r a m - e q u i v a l e n t ) - 1  for the 
faraday. The value  96,487.0 is the value  recom-  
mended by the N.A.S.-N.R.C. Commit tee  on Funda-  
menta l  Constants (4). This Commit tee  expressed the 
value  in coulombs mole - I  wi th  univa lent  charge and 
the g ram-mole  implied. 

This communicat ion is in tended to expla in  the 
change made in the value  of the faraday since the pub-  
lication of the original  art icle (1) .  
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A Technique for the Evaluation of Hydrogen 
Embrittlement Characteristics of 

Electroplating Baths 

M. A. Devanathan, Z. Stachurski, and W. Beck 
(pp. 886-890, Vol. 110, No. 8) 

M. A.  V .  D e v a n a t h a n  ~, Z. S t a c h u r s k i ,  a n d  W. Beck~:  
Details about the exper imenta l  procedure  are given 
in the sections concerned wi th  principles of the pro-  
cedure, electrolytic cell  and electr ical  circuit  and 
operation which are supplemented  by Fig. 1 and 2. 

As can clear ly  be seen f rom Fig. 2, the potent ia l  at 
the anodic side of the membrane  is mainta ined by a 
potentiostat  and the H ionization current  recorded. 

The polarizing current  is in mil l iamps;  that  of the H 
permeat ion in microamps.  

More details about the exper imenta l  procedure  have  
been given in ref. (1) and presented in a paper pub-  
lished in the May issue of the JOURNAL. 3 

Regarding diffusion o f  H, re fe rence  is made  to the 
s tandard work by Bar ter ,  "Diffusion In and Through 
Solids." Fur the r  details were  given in the just  men-  
t ioned paper  published in the May issue of the  JOURNAL. 

Various methods may  be used for the p re t rea tment  
of the specimens which  consists essential ly in an H 
saturat ion of the membranes .  For  the 4340 steel, the 
thermal  t rea tment  had to be excluded because the tem-  
pera tu re  requi red  for it exceeded by far  the t emper -  
ing t empera tu re  of the high s t rength steel. 

The weight  loss suffered by the membrane  in the 
acid solution which was protected cathodical]y was 
considered negligible. 

Due to excessive reduct ion in the size of the d raw-  
ings, the ini t ial  sigmoid shape of curve  1 in Fig. 3 is 
not c lear ly  discernible. 

SCS stands for sa turated calomel scale. 
The authors of this paper  appreciate  the detection 

of a typographcial  er ror  on p. 889. Instead of curve  5 
in Fig. 6, it should be curve  6 in Fig. 5. 

G. Dubpernell4: The fur ther  comments  f rom Dr. Beck 
are most welcome and helpful.  I t  appears that  the 
method consists in mainta in ing a constant potent ial  
corresponding to zero hydrogen  concentration,  on the 
back side of the membrane,  and that  the anodic cur-  
ren t  requ i red  for this purpose is considered to be 
uti l ized for ionizing the hydrogen  which  has diffused 
through the membrane,  and for no other  purpose. This 
anodic current  is assumed to be a measure  of the hy-  
drogen diffused, and is called the "permeat ion,"  or the 
permeat ion  current.  

However ,  small  anodic currents  l ike this, in the mi -  
c roampere  range, are susceptible to side reactions, and 
proof would  be requi red  that  there  were  no such side 
reactions before the anodic current  could be accepted as 
a measure  of the permeat ion  of hydrogen.  In ref. (1), 5 

1 Present address: Central Electrochemical Research Institute. 
Karaikudi-3, Madras, India. 

2Present address: Dept. of the Navy, Office of Naval Res., 
Branch Office, London, Navy 100, Box 39, F.P.O., New York, N. Y. 

a M. A. V. Devanathan and Z. Stachurski, 'This J o u r n a l  111, 619 
(1964). 

M&T Chemicals, Inc., Detroit 20, Mich. 

s Proc. Roy. Soc., A, 270, 90 (1962). 

Devana than  and Stachurski  found that  wi th  large 
t imes wi th  a pa l ladium membrane,  anodic dissolution 
occurred on both sides of the membrane  when  the 
cathodic current  was switched off. Again, when  they 
a t tempted to invest igate  the diffusion of gaseous hy-  
drogen and obtained large  permeat ion currents,  the 
pal ladium showed a tendency to passivate wi th  the 
format ion of visible oxide films. 

In spite of this, pal ladium is considered to be com- 
ple te ly  resistant  to anodic attack, and measur ing the 
permeat ion  r a t e  of corrodible metals  such as iron is 
s tated to requ i re  the use of thin coatings of palladium. 
Under  these circumstances,  the val idi ty  of the method 
seems open to serious question. 

The pre t rea tments  of the membranes  used seem ex-  
cessive, and damaging to the fine s t ructure  of the metal.  
Sure ly  it is not necessary to t reat  steel for 6 hr  at 10 
m a / c m  2 in 0.1N H2804 to saturate it wi th  hydrogen,  
since the solubil i ty at room tempera tu re  is close to zero 
anyway. This cathodic t rea tment  in acid is known to 
cause severe hydrogen embr i t t l ement  and damage to 
the s t ructure  of steel, even though as Dr. Beck has 
pointed out there  is cathodic protect ion and the weight  
loss was considered negligible.  I t  is noted, however ,  
that  the steel membranes  were  polished to a smooth 
finish with  fine emery  paper  after this t rea tment  in 
acid. 

The remarkab le  effectiveness of an electrodeposited 
iron layer  to rapid ly  inhibi t  hydrogen permeation,  
ment ioned on p. 889, should not be considered r emar k -  
able, but  ra ther  normal,  since we have  here  an un-  
damaged layer  of iron in which  hydrogen  has l i t t le  or 
no t rue solubility. The anomalous lack of diffusion of 
hydrogen which is often observed should not be con- 
sidered anomalous at all, but  ra ther  the resul t  to be 
expected. More work  should be done wi th  th inner  
membranes  handled with  ex t reme  care to avoid me-  
chanical damage. 

The assumption of atomic hydrogen diffusion at room 
tempera tu re  seems unjustif ied and its nonexis tence 
would  seem to be proven  by the lack of diffusion 
through thin undamaged  membranes  such as the elec-  
trodeposited iron ment ioned in the preceding para -  
graph. The need to assume such atomic hydrogen 
diffusion is often based on the ex t remely  high pressures 
of hydrogen which sometimes build up wi th in  metal,  
and which sometimes cause blisters. An a l ternat ive  
physical -chemical  explanat ion for these high pressures 
has been proposed 6 which makes the assumption of 
atomic hydrogen unnecessary.  

Pitting and Uniform Corrosion of Aluminum 
by pH 3.5 Citrate Buffer Solution 

E. L. Koehler and S. Evans (pp. 17-21, Vol. 111, No. 1) 
U. R. EvansT: The research provides in teres t ing in- 
format ion par t icu lar ly  the observation, that, among 
identical  specimens ident ical ly  treated,  some suffer 
pit t ing and others general  attack; the facts deserve 
statistical s tudy according to the probabi l i ty  principles 
la rge ly  d e v e l o p e d  by Amer ican  invest igators  working 
in England. 8 

The l imi t ing current  density in Fig. 2 is regarded as 
equiva len t  to the dissolution ra te  of the film substance. 

6 Proc. A m .  E~eetroplaters '  Soc., 51, 110 (1964). 

7 19 M a n o r  Cour t ,  G r a n g e  Road,  C a m b r i d g e ,  ]~ngland.  

s R. B. Mears ,  U .  R. E v a n s ,  a n d  P .  Q u e n n e a u ,  ETtgineering, 136, 
669 (1933); Proc..  Roy .  Soc.,  A, 146, 153 (1934); Trans .  Faraday  
Soc., 31, 527 (1935). 
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If so, it should presumably  become zero if the l iquid is 
presa tura ted  wi th  alumina. Has the effect of presa tu-  
ration, suggested by the work  of Mayne and Lorking,  9 
been studied? 

Again, if the authors '  in te rpre ta t ion  is the correct  
one, the l imit ing cur ren t  should ta l ly  wi th  the dissolu- 
tion rate  of oxide. The published dissolution rates of 
the oxides of i ron 10 and aluminum, 11 carr ied out by 
P ryor  and others, refer  to solutions f ree  f rom complex-  
ing agents, and for various reasons may not be di-  
rect ly comparable.  I t  should, however ,  be possible 
to t ransfer  a lumina films to plastic and study the dis- 
solution rates in the ci t rate  buffer. 

If it is found that  the results do not support  the in-  
te rpre ta t ion  offered, another  is available.  The "ex-  
pected" anodic react ion at low current  densities in a 
l iquid undersa tura ted  wi th  alumina should be the 
passage of A1 + + + ions into the liquid, since this r ep -  
resents the m a x i m u m  energy decrease and should occur 
- - p r o v i d e d  that  t ime is allowed. Only at high cur ren t  
densities, demanding a large  supply of cations wi th  
sufficient energy  to pass through, and out of, the (nega-  
t ive)  oxygen zone of the oriented anions, wil l  s o m e  
of them stay in that  zone as oxide. The mat te r  has been  
discussed elsewhere.  TM The pr inciple  developed, which 
involves no assumption other  than accepted energy 
concepts, explains the known facts; an iron anode in 
dilute sulfuric acid gives ferrous sulfate at low current  
densities, but  oxide at high ones. The l ine of reasoning 
ra ther  suggests that  the l imi t ing cur ren t  density may 
represent  the rate  of product ion of ions wi th  sufficient 
act ivation energy to pass over  the energy barr iers  into 
the liquid. 

Whether  or not this in terpre ta t ion is required,  may  
I press the authors, and everyone  else in the a luminum 
industry,  to answer  the fol lowing question: why  is it 
so often assumed that, in the anodic t rea tment  of 
a luminum in sulfuric acid (to take just  one example) ,  
the p r imary  react ion is the format ion of an oxide film, 
and that  any a luminum sulfate found in solution is due 
to a secondary change, the chemical  dissolution of 
a lumina in the acid? Perhaps  an object ive answer  can 
be given. If not, a subject ive one suggests itself. The 
format ion of oxide is the basis of a useful, and not  un -  
profitable, industr ia l  process. If no oxide were  formed, 
the anodizer would be out of a job. Is it not na tura l  
that  he regards the format ion of oxide as the proper  
behavior  of r igh t -minded  aluminum, and the format ion 
of sulfate as a del inquency? I do not suggest that  he 
has ever  expressed mat ters  quite in that  way, but  if 
he could rea l ly  analyze the l ine of thought  which he 
has fol lowed in answer ing that  question (if indeed he 
has ever  brought  himself  to ask i t) ,  I suspect that  he 
would  find the a rgument  to have been influenced by 
some such considerations. If no object ive answer  can be 
given, I am afraid that  we  must  regard  the assumption 
as having no scientific basis. 

M. J.  Pryor13: The authors '  use of anodic polar izat ion 
curves to distinguish be tween  pi t t ing and general  cor-  
rosion of a luminum is an interest ing and useful  con- 
tribution. However ,  certain aspects of their  explana-  
tion of this phenomenon deserve comment  and possibly 
additional study. Since the wr i t e r  has had the advan-  
tage of being able to study, in advance, the discussion 
of Dr. Evans, these comments  must  be regarded  as be-  
ing essential ly complementary  to his. 

The authors appear to feel  tha t  the dissolution ra te  of  
the surface oxide film on the 3003 a luminum alloy in a 
given electrolyte  is potent ial  independent  wi th in  the 

9 J .  E.  O. M a y n e  a n d  K .  F .  L o r k i n g ,  J. A p p t .  Chem. ,  11, 170 
(1961) .  

1OM. J .  P r y o r  a n d  U.  R. E v a n s ,  J. Chem.  Soc.,  1949, 3330.  
11M. A. H e i n e  a n d  M. J .  P r y o r ,  Th i s  Journal ,  110, 1205 (1963) ; 

M. A. H e i n e ,  D. S. K e i r ,  a n d  1VL J .  P r y o r ,  T h i s  Jour~al ,  I n  press .  

�9 ~U.  R. E v a n s ,  1st In terna t iona l  Cong.  Met.  Corros ion  1961, p. 3 
( r e p o r t  p u b l i s h e d  b y  B u t t e r w o r t h s ,  1962) .  

l a M e t a l  R e s e a r c h  Labs . ,  O l i n  M a t h i e s o n  C h e m i c a l  Corp . ,  N e w  
H a v e n ,  Conn .  

part icular  ranges studied. This conclusion appears to 
be questionable in the absence of real  support ing data. 
There are many  cases that  can be found in published 
work  that  bear closely on the exper iments  repor ted  by 
the authors. 

As an example  only, the wr i t e r  14 studied the form of 
the potent ia l - t ime curves of super pur i ty  a luminum, 
polarized anodically at constant impressed current  den-  
sity in chromate  solutions. Within  the range  of 0 to 
+ 1.5v on the hydrogen scale, the p r imary  anodic re-  
action appeared to be the format ion of 7-A120~; the 
potent ia l - t ime curves were  l inear  but  exhibi ted 
differing gradients, depending on the pH and ap- 
plied current  density. It  was possible to analyze these 
gradients in the near ly  neut ra l  pH range and to show 
that their  var ia t ion  wi th  applied cur ren t  density at any 
one pH value was consistent wi th  the anodic format ion 
of oxide at 100% efficiency and a s imultaneous "para-  
sitic" process that  was pH dependent  and potent ia l  in-  
dependent.  

It  is, of course, tempt ing  to define this process as 
oxide dissolution and that  was done originally.  On the 
basis of such an interpretat ion,  the dissolution ra te  of 
an a luminum oxide film in chromate  solution at pH 
7.6, at potentials be tween  0 and 1.5v was calculated to 
be 1.7 x 10 7 g/cm2/hr .  Subsequent  exper imenta l  de ter -  
minat ion of the actual dissolution rate  by a capacitance 
method 15 in the same solution, but  at a potent ial  of 
around --0.3v on the hydrogen scale yielded a va lue  of 
around 10 -6 g/cm2/hr ,  i.e., in substant ial  d isagreement  
with the previously calculated value.  

These results indicate that  the measured  dissolution 
rates of oxide films are influenced significantly by po-  
tential. Such factors as var ia t ion  of local pH, and in the 
case of ci trate solutions, of interfacial  ci t rate  ion con- 
centrat ion should serve to genera te  a potent ial  de-  
pendence of t rue dissolution rate. Even the "equivalent  
dissolution rate"  of 3.6 ~a/cm 2, i.e., around 2.2 x 10-6g 
of A12OJcm2/hr  repor ted  by authors in the ci t rate  
buffers at pH 3.5 appears  to be inconsistent wi th  a 
measured dissolution ra te  of 10-6g A12OJcm2/hr  in 
chromate  solution at pH 7.6 when  it is realized that  the 
equi l ibr ium a luminum concentrat ion stable in aqueous 
solutions at the two pH values differs by around four  
orders of magnitude.  TM 

Probably  a more  correct  in terpre ta t ion  of the anodic 
polarization phenomena  is offered in the discussion by 
Dr. Evans, where  it is assumed that  both oxide fo rma-  
tion and a luminum dissolution are competing (and po- 
tential  dependent)  anodic processes. Indeed, this posi- 
tion is re inforced by the recent  work  of Murphy  and 
Michelson 17 on anodic films formed on a luminum in sul- 
furic acid. Here  it was shown qui te  definitely that  the 
pore form and distr ibution found in such films could 
not be a t t r ibuted uniquely  to the normal  "hot acid" 
dissolution theory. Accordingly,  the wr i t e r  feels that  
the dissolution of oxide films on a luminum during 
anodic polarization could benefit f rom additional direct  
s tudy by specifically applicable techniques and that  
such study appears necessary before the anodic charac-  
teristics of this meta l  can be ful ly  understood. 

E. L. K o e h l e r  and  S. Evans :  We have  considered run-  
ning tests with solution presa tura ted  with  alumina,  as 
suggested by Dr. Evans, but  have  not done so as yet. 
We have, however ,  done something which is somewhat  
equivalent .  In this case, the corrosive med ium was 
0.05M sodium ci t ra te  solut ion and the corrosion ra te  
was much greater.  We al lowed corrosion to proceed 
unti l  the concentrat ion of a luminum in solution ap- 
proached saturation. At  such time, the corrosion ra te  
was reduced almost to zero, as was the l imi t ing cur-  

14 M.  J .  P r y o r ,  Z. E lec t roehem. ,  62, 782 (1958) .  

1~ M. A .  H e i n e  a n d  M.  J .  P r y o r ,  T h i s  Journal ,  l l O ,  1206 (1963) .  

le C. E d e l e a n u  a n d  U.  R. E v a n s ,  Trans .  F a r a d a y  Soc.,  47, 1121 
(1951) .  

17 j .  F .  M u r p h y  a n d  C. E.  M i c h e l s o n ,  Proeeeding~ o~ t he  N o t t i n g -  
h a m  Con]erence  on  A n o d i z i n g ,  p. 83, A l u m i n u m  D e v e l o p m e n t  A s -  
soc i a t i on ,  1962. 
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rent. Lesser degrees of saturat ion produced in te r -  
mediate  values for both corrosion ra te  and l imit ing 
current.  At points wel l  r emoved  f rom saturation, s t i r-  
r ing the solution produced a marked  effect on l imit ing 
current.  

It  is cer ta in ly  to be agreed that  the passage of a lumi-  
num into solution represents  the m a x i m u m  energy de-  
crease, and f rom a the rmodynamic  standpoint  this is 
the "expected"  net  anodic reaction. If this were  all that  
need be considered, one would wonder  why  there  
should be here  any oxide film on the a luminum at all  
since it is certain that  a lumina does dissolve at some 
appreciable rate. Dr. Evans  qualifies his remarks  to "a 
l iquid under - sa tu ra ted  with  alumina."  However ,  there  
seem to be good indications that  the l iquid at the in te r -  
face is saturated with dissolved a luminum and that  the 
l imit ing current  density represents  a l imit ing diffusion 
current.  It  would  appear  equal ly  correct  to consider the 
dissolution process in terms of a luminum ions passing 
f rom the oxide into the solution where  this v iewpoint  
bet ter  suits the needs of the invest igator.  

Refer r ing  to work  of his own on h igh-pur i ty  a lumi-  
num in pH 7.6 chromate  solution at 25~ Dr. P ryo r  
points out a discrepancy between his "parasit ic proc-  
ess" studied by polarizat ion methods and the ra te  of 
dissolution of a luminum oxide as de termined  by a 
different method. In his results however ,  there  does not 
appear  to be any logical basis for the conclusion that  
the dissolution rates of oxide films are significantly 
affected by potential.  He points out that  the dissolution 
ra te  for the oxide film in his test is about 10 -6 g / h r  e m  2 
while  the equiva len t  ra te  in our work  in pH 3.5 ci t ra te  
buffer solution is about 2.2 x 10 - s  g / h r  cm 2. While it 
is difficult to compare  data on 3003 a luminum in 
ci trate solution at 38~ with  data on h igh-pur i ty  a lumi-  
num in chromate  solution at 25~ it is evident  tha t  
his concern is that  the oxide dissolution ra te  under  our 
conditions should be much higher  than under  his. It  
must  be pointed out that  we de te rmined  the ra te  of 
weight  loss for the a luminum specimens in aerobic pH 
3.5 ci t rate  buffer solution. It  is not possible for the 
oxide film to mainta in  a dissolution ra te  which is 
greater  than the equiva len t  of the ra te  of specimen 
weight  loss. On this basis, it appears  that  it can be 
said with cer ta inty  that  the rate  of dissolution of the 
oxide under  the conditions exist ing in our work  may 
be equal  to or less than the l imit ing current,  but  not 
greater.  

It  is evident  f rom Dr. P ryor ' s  suggestion that  he is in 
agreement  that  dissolution of oxide occurs at a signifi- 
cant ra te  in terms of the quanti t ies  we are here  con- 
sidering. It has been demonst ra ted  that  the r a t e  of 
meta l  corrosion is equiva len t  to the l imit ing current  
and that  the l imit ing current  is independent  of poten-  
tial. If the rate of oxide dissolution is to account for 
only a part,  but  a significant part,  of the meta l  corro-  
sion rate  and the rate  of dissolution of the oxide should 
be potent ial  dependent,  we  would  be left  wi th  finding 
a good explanat ion as to why  the sum of two processes, 
o n e  of which is potent ial  dependent,  should be potential  
independent.  

The Possible Mechanisms of Complex 
Reactions Involving Consecutive Steps 

P. C. Milner (pp. 228-232, Vol. 111, No. 2) 
P.  C.  M i l n e r :  In a pr iva te  communication,  Dr. A. Despi6 TM 

has pointed out by example  that  there  exist systems to 
which certain of the general  conclusions reached by the 
author are inapplicable. On examination,  these sys- 
tems prove to be character ized by a choice of I in ter -  
media te  species and S possible uni t  steps which leads 
to a set of relat ions [1] in which the equations are  not 
l inear ly  independent  of one another.  These I equations 
in S unknowns express the r equ i remen t  that  none of 
the in termediates  shall  appear  in the chemical  equa-  

IS F a c u l t y  of Technology,  U n i v e r s i t y  of  Beograd ,  IKarn ig i j eva ,  
Y u gos l av i a .  
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tion for the over -a l l  reaction;  but  inasmuch as the  
choice of in termediates  and unit  steps is essential ly 
arbi trary,  there  is no reason that  the equations should 
be l inear ly  independent,  a l though it has been the ex-  
per ience of the author  that  this is typical ly  the case in 
systems where  a reasonable choice of in termedia tes  
yields a wide var ie ty  of possible uni t  steps. 

In the more  general  case, where  I~ ~-~ I is the number  
of the relations [1] that  are l inear ly  independent,  the 
a rgument  presented in the paper  requires  modification 
only by the substi tution of Ii for  I. The principal  con- 
clusions then become (a) the number  of nonzero 
stoichiometric  numbers  specifying a direct  path  can be 
no more than Ii + 1 and (b) the m ax im um  number  of 
direct  paths is C(S,  Ii q- 1). The  fo rmer  is, if anything,  
more res t r ic t ive  and hence more useful  than the p re -  
viously der ived result.  

Dynamic Analysis of Activation Overpotential 
L. Karasyk, R. W. Law, and H. B. Linford 

(pp. 237-241, Vol. 111, No. 2) 
J. M.  M a t s e n 1 9 :  The computer  analysis of charging 
curves by Karasyk,  Law, and Linford injects  a note of 
optimism to the present ly  tedious task of de termining 
charging parameters .  Three  aspects of thei r  paper  seem 
subject  to improvements  which do not, however ,  al ter  
their  basic approach:  

1. Accuracy of equations.--The computer  approach 
fits an approximate  analytic solution of the differential  
charging equat ion to exper imenta l  data. It  is l imited by 
the accuracy of the approximation.  Their  Eq. [7], used 
in the computer  program, is a solution to the equat ion 

d~ 1 
. . . .  [~--  io exp (--abel) ] 

dt c 

and not a solution to the correct  differential  charging 
equation, which is 

d~l 1 
- -  [ i -  io exp (--ab~) -b ~o exp (e - -  a) b~l) ] 

dt c 

It  can be seen that  at any t their  ~ wil l  be less negat ive  
than the t rue value. The init ial  slope of thei r  equat ion 
would  be - - i /c  ( 1 -  p) ra ther  than the correct  value  of 
--i/c. Sett ing p ~0 .03  would  begin to give results 
within exper imenta l  er ror  of the t rue  answer,  but  i t  is 
fel t  that  their  restriction, p ~ 0.15, is too lenient  and will  
al low undesirable  errors to be introduced. 

Their  Eq. [6] is not an exact  solution even  for the 
l imited case of ac = e/2, which may be verif ied by re -  
differentiat ing Eq. [6] and comparing it to the correct  
differential  charging equation. Their  Eq. [8] is incor-  
rec t ly  pr inted and should read 

[ Ob~,( l+p) t  ] 
exp -]- p 

1 Ca 
~IA (t) : In 

0b 1 + p  

It should be noted that  their  Eq. [10] now reduces 
to this for the case ac : 0 and is an exact  solution for  
this case. For  the sign convent ion used, the inequali t ies 
which qualify Eq. [7] and [10] should be reversed,  so 
that  ~ (Eq. [7]) ~ ~ (exact) ~---~1 (Eq. [10]). 

Statistical approach.--The least squares calculat ion 
of parameters  stat ist ically reduces any random errors  
due to impreciseness in reading over -poten t ia l  at a 
given t ime f rom a charging curve. I t  cannot, however ,  
reduce errors arising f rom nonl inear i ty  or poor cali-  
brat ion of the measur ing and recording equipment.  In 
addit ion it fits data to an analytic expression which is 
a biased approximat ion to the t rue  charging curve  
model. 

With the above reservat ions in mind, a least squares 
fit gives the best statistical est imate of the charging 

1~ Esso Resea rch  and  E n g i n e e r i n g  Co., L i n d e n ,  N. $. 
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p a r a m e t e r s  in  t h e  f ace  of u n c e r t a i n t y  of e x p e r i m e n t a l  
da ta .  T h e  p roce s s  in  w h i c h  t h e  a u t h o r s  a v e r a g e  a l l  
p a r a m e t e r  v a l u e s  w h i c h  s a t i s f y  t h e i r  Eq.  15 does  n o t  
g ive  as good  a n  e s t i m a t e  as a s i m p l e  l e a s t  s q u a r e s  fit 
a n d  is w i t h o u t  ba s i s  on  s t a t i s t i c a l  or  m e c h a n i s t i c  
g r o u n d s .  T h e i r  c o m p u t e r  p r o g r a m  c a n  b e  eas i ly  m o d i -  
fied ( s impl i f i ed )  to  m a k e  a l e a s t  s q u a r e s  fit. 

V a r i a b l e  c a p a c i t a n c e . - - I f  t h e  d o u b l e  l a y e r  c a p a c i -  
t a n c e  is n o t  c o n s t a n t  d u r i n g  t h e  c h a r g i n g  process ,  v a r i -  
a t i o n  of t h e  c a p a c i t a n c e  w i t h  t i m e  or  o v e r p o t e n t i a l  
m u s t  b e  k n o w n  i n d e p e n d e n t l y  of t h e  c h a r g i n g  c u r v e  
b e i n g  a n a l y z e d .  O t h e r w i s e  t h e  p r o b l e m  is i n d e t e r m i -  
na t e .  F o r  i n s t a n c e ,  g i v e n  a c h a r g i n g  c u r v e  one  cou ld  
a r b i t r a r i l y  p i c k  a v a l u e  of = a n d  c a l c u l a t e  a n  io c o n -  
s i s t e n t  w i t h  t h e  v a l u e  of  n a t  t---- ~ .  T h e n  a t  e ach  t a 
v a l u e  cou ld  b e  f o u n d  f o r  C w h i c h  w o u l d  e x a c t l y  s a t i s fy  
t h e  d i f f e r e n t i a l  c h a r g i n g  e q u a t i o n  a t  t h a t  po in t .  Th i s  
c o u l d  b e  d o n e  fo r  a n y  a, a n d  h e n c e  t h e  p a r a m e t e r s  ob -  
t a i n e d  w o u l d  b e  m e a n i n g l e s s .  

E v e n  if  a v a r i a b l e  C c a n  b e  d e t e r m i n e d  a t  a n u m b e r  
of p o i n t s  on  t h e  c h a r g i n g  c u r v e ,  c a u t i o n  s h o u l d  b e  e x -  
e r c i s ed  in  r e d u c i n g  t h i s  to  a s ing le  " a v e r a g e "  v a l u e .  
T h e  t y p e  of a v e r a g e  s h o u l d  b e  e x p l i c i t l y  s t a t ed ,  a n d  i t  
s h o u l d  n o t  b e  s u b j e c t  to  v a r i a t i o n  d u e  to t h e  w a y  in  
w h i c h  t h e  p o i n t s  a r e  se l ec t ed ,  as a t i m e  or  n u m b e r  
a v e r a g e  w o u l d  be.  T h e  a v e r a g e  s h o u l d  also b e  of g e n -  
e r a l  u t i l i t y  i n  c h a r a c t e r i z i n g  t h e  s y s t e m  a n d  s h o u l d  n o t  
b e  m e r e l y  a n o t h e r  n u m b e r  t h a t  c an  b e  m e a s u r e d .  

T h e  r e a l  t e s t  of t h e  m e t h o d  of K a r a s y k ,  Law,  a n d  
L i n f o r d  is, of course ,  h o w  w e l l  i t  is a b l e  to  e s t i m a t e  t h e  
c h a r g i n g  p a r a m e t e r s  f r o m  a s ing le  c h a r g i n g  cu rve .  A n  
e a r l i e r  p a p e r  20 c a m e  to t h e  c o n c l u s i o n  t h a t  t h i s  w o u l d  
b e  e x t r e m e l y  diff icul t  to  do, b u t  t h e  p r e s e n t  a u t h o r s  
s e e m  to h a v e  d o n e  so to  a r e a s o n a b l e  d e g r e e  of ac -  
cu racy .  I t  w o u l d  b e  i n t e r e s t i n g  to m a k e  a m o r e  c o n -  
trolled test of their program. For instance an exact 
charging curve calculated by the method of ref. (I) 
might be analyzed by their method to see what agree- 
ment could be attained. 

L. Karasyk 21, It. W. Law 22, and If. B. Linferd: We agree 
that the computer fits the data to the approximate equa- 
tion which is the solution to the first differential equa- 
tion Matsen lists. This approximate differential equa- 
tion differs from the exact differential equation (the 
second one listed by Matsen) only in that it omits the 
term for the reaction in the reverse direction. However, 
we wish to call attention to the fact that this omission 
results in negligible error in dn/dt as ~I becomes more 
negative than --30 to --40 inv. For example, the table 
below lists calculated values of both of the expressions 
for d~/dt for typical values of ~, ~, and T of 0.57. 2.0, 
and 298~ respectively. 

Approximate 
expression Exact expression 

v f o r  d~/dt f o r  d~/dt 

1 1 
- - 0 . 0 1 0  - -  - -  [ i  - -  1 . 2 4 9  i o ]  - -  - -  [ i  - -  0 . 6 7 8 i o ]  

C C 
1 1 

- - 0 . 0 3 0  - -  - -  [ i  - -  1 . 9 4 6  i o ]  - -  - -  [~ - -  1 . 7 5 8  i o ]  
C C 
1 1 

- - 0 . 0 4 0  - -  - -  [ i  - -  2 . 4 3 0  i o ]  - -  - -  [ i  - -  2 . 3 2 2  i~ ]  
C C 
1 1 

- - 0 . 0 5 0  - -  - -  [ i  - -  3 . 0 3 4  i o ]  - -  - -  [ i  - -  2 . 9 7 3  i o ]  
C C 
1 1 

- - 0 . 0 7 0  - -  - -  [ i  - -  4 . 7 1 1  io] - -  - -  [ i  - -  4 . 6 9 1  io] 
C C 
1 1 

- - 0 . 1 0 0  - -  - -  [ i  - -  9 . 2 0 7  i o ]  - -  - -  [ i  - -  9 . 2 0 3  io] 
C C 

F o r  p = 0.15, w h i c h  m e a n s  t h a t  io = 0.15 i, a t  
~1 = --0.030v, t h e  a p p r o x i m a t e  e x p r e s s i o n  g ives  d n / d t  = 
--0.708 i / C  c o m p a r e d  w i t h  --0.736 i / C  fo r  t h e  e x a c t  e x -  
p re s s ion .  S i m i l a r l y  a t  n = --O.040v, t h e  a p p r o x i m a t e  
e x p r e s s i o n  g ives  --0.636 i / C  c o m p a r e d  w i t h  --0.652 i / C  
fo r  t h e  e x a c t  e x p r e s s i o n .  O b v i o u s l y  as ~ b e c o m e s  m o r e  

3". M .  M a t s e n ,  This Journal, 1 1 0 ,  2 2 2  ( 1 9 6 3 ) .  

P r e s e n t  a d d r e s s :  S o c o n y  M o b i l  O i l  C o . ,  N e w  Y o r k ,  N .  Y .  

2 ~ P r e s e n t  a d d r e s s :  E s s o  R e s e a r c h  & E n g i n e e r i n g  C o . ,  M a d i s o n ,  
N . J .  

n e g a t i v e  a n d  p b e c o m e s  less  t h a n  0.15 (o r  io ~ 0.15 i ) ,  t h e  
a p p r o x i m a t e  e x p r e s s i o n  w i l l  d i f fe r  f r o m  t h e  e x a c t  e x -  
p r e s s i o n  b y  a m u c h  s m a l l e r  ( i n s i g n i f i c a n t )  degree .  
F u r t h e r m o r e ,  one  w o u l d  h a r d l y  h o p e  to e s t i m a t e  a a n d  
io f r o m  r e a d i n g s  a t  t h e  s t a r t  of  t h e  c h a r g i n g  c u r v e .  As  
t h e  e q u a t i o n s  ind ica t e ,  t h e  s h a p e  of t h e  c h a r g i n g  
c u r v e  is n e a r l y  i n d e p e n d e n t  of  io a n d  a a t  v a l u e s  of 
n e a r  0. T h e  b e s t  e s t i m a t e s  of k i n e t i c  p a r a m e t e r s  a r e  
o b t a i n e d  f r o m  p o r t i o n s  of t h e  c h a r g i n g  c u r v e  w h i c h  oc-  
cu r  a f t e r  ~ vs.  t b e g i n s  to  e x h i b i t  c u r v a t u r e .  I n  a d d i t i o n  
i t  w o u l d  b e  p r u d e n t  to  o b t a i n  c h a r g i n g  c u r v e s  in  w h i c h  
n.~ is of suff ic ient  m a g n i t u d e  to  a p p l y  t h e  Tale1 e q u a -  
t ion .  C o n s e q u e n t l y  t h e  s a m p l e  p o i n t s  r e a d  f r o m  t h e  
c h a r g i n g  c u r v e s  w o u l d  b e  w i s e l y  c h o s e n  a t  o v e r p o t e n -  
t ia l s  less  t h a n - - 0 . 0 4 0 v  ( fo r  t h e  e x a m p l e s  in  t h e  a r t i c l e  
,~ w e n t  as l ow  as a b o u t  - -0 .120v) .  

E q u a t i o n  [6] in  t h e  a r t i c l e  is a n  e x a c t  s o l u t i o n  to  t h e  
c o r r e c t  d i f f e r e n t i a l  e q u a t i o n .  O b v i o u s l y ,  s ince  t h e  d i f -  
f e r e n t i a l  e q u a t i o n  is w r i t t e n  i n  t e r m s  of ~ a n d  n o t  t 
exp l i c i t ly ,  t h e  d i r e c t  d i f f e r e n t i a t i o n  of t h e  e x a c t  s o l u t i o n  
w h i c h  is w r i t t e n  as a f u n c t i o n  of t i m e  w i l l  n o t  b e  in  t h e  
same.  f o r m  as t h e  o r i g i n a l  e q u a t i o n  a l t h o u g h  i t  is 
m a t h e m a t i c a l l y  e q u i v a l e n t  to it. H o w e v e r ,  one  m a y  
o b t a i n  t h e  e x a c t  d i f f e r e n t i a l  e q u a t i o n  f r o m  t h e  s o l u t i o n  
g i v e n  b y  Eq. [6] a f t e r  s e v e r a l  t r a n s f o r m a t i o n s  h a v e  
b e e n  m a d e .  
T h u s  i f  w e  l e t  

Z = K1 exp  [ r l t ]  + K2 exp  [r2t] 
a n d  

u ---- exp[ - -ab~ l ]  

W e  ge t  f r o m  Eq.  [6] 

abB e x p [ - - ~ b ~ ]  = =bB u : d---~ = d t  

o r  

Z = e x p [ a b B  f ud t ]  

H o w e v e r ,  Z is a lso a n  e x a c t  s o l u t i o n  to 

d2Z d Z  
(=bA)  - - -  ( a b B ) 2 Z  = 0 

d t  - ~  

S u b s t i t u t i n g  t h e  v a l u e  of Z a t  a ---- e /2  or  [_: ] [ 0 ]  
Z =  e x p  b B f u d t  a n d  u =  e x p  - - ~ - b n  

in to  t h i s  d i f f e r e n t i a l  e q u a t i o n  g ives  

8 8 
d~l : - - A  + B  ( e x p [ - - - ~ - b ~ l ] - - e x p  [ - ~ b ~ l ] )  
d t  

w h i c h  is t h e  e x a c t  d i f f e r e n t i a l  e q u a t i o n  a t  a = ~/2. 
E q u a t i o n  [8] is i n c o r r e c t l y  p r i n t e d  in  t h e  a r t i c l e  a n d  

s h o u l d  i n c l u d e  e as M a t s e n  shows .  Also  t h e r e  is a n  
i n c o n s i s t e n c y  in  t h e  d i r e c t i o n  of t h e  i n e q u a l i t y  s igns  
of Eq.  [7] a n d  [10].  T h e s e  s igns  s h o u l d  b e  r e v e r s e d  
as M a t s e n  ind ica t e s .  

W e  s y m p a t h i z e  w i t h  M a t s e n  in  h i s  r e a l i z a t i o n  t h a t  
e r r o r s  c a n  a r i s e  f r o m  n o n l i n e a r i t y  or  p o o r  c a l i b r a t i o n  
of  r e c o r d i n g  e q u i p m e n t .  H o w e v e r ,  t h i s  is a p r o b l e m  
w h i c h  ex i s t s  w i t h  a n y  e x p e r i m e n t a l  m e a s u r e m e n t s  a n d  
is a f ac t  of l i fe  w h i c h  a n y  r e s e a r c h e r  m u s t  l i v e  w i th .  
W h i l e  t h e  a p p r o x i m a t e  e q u a t i o n  w e  do fit to  t h e  e x -  
p e r i m e n t a l  d a t a  is b i a sed ,  t h e  r e a l  q u e s t i o n  is h o w  
se r ious  t h e  b ias  is. As  s h o w n  ea r l i e r ,  t h e  b i a s  h a s  a 
n e g l i g i b l e  effect  f o r  ~ less  t h a n  --0.040v.  

B y  a v e r a g i n g  p a r a m e t e r s ,  w e  t e n d  to e l i m i n a t e  r a n -  
d o m  e r r o r s  a r i s i n g  f r o m  r e a d i n g  t h e  c h a r g i n g  c u r v e  
r e a l i z i n g  f u l l  w e l l  t h a t  e r r o r s  d u e  to  e q u i p m e n t  w i l l  
ex i s t  w i t h  a n y  m e a s u r e m e n t s  m a d e  u s i n g  t h e  e q u i p -  
m e n t  no  m a t t e r  w h a t  m e t h o d  is u s e d  in  e s t i m a t i n g  
k i n e t i c  p a r a m e t e r s .  

W e  c a n n o t  see  h o w  M a t s e n  c o u l d  h a v e  o b t a i n e d  
" b e t t e r  e s t i m a t e s  w i t h  ' s imp le '  l e a s t  s q u a r e s "  s ince  o u r  
e x p e r i e n c e  i n d i c a t e s  t h e  ~eve r se  to  b e  t rue .  F u r t h e r -  
m o r e  h is  s t a t e m e n t  t h a t  " t h e  p r o c e d u r e  w h i c h  a v e r a g e s  
a l l  p a r a m e t e r  v a l u e s  w h i c h  s a t i s fy  e q u a t i o n  [15] is 
w i t h o u t  s t a t i s t i c a l  b a s i s "  is e r r o n e o u s .  S i m i l a r  m e t h o d s  
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of est imating var iance  of least  square estimates are 
wel l  known, wel l  justified, and have  been used in the 
past wi th  fitting data to nonl inear  expressions. 

Matsen's  a rgument  that  a value  of C which satisfies 
the charging equat ion for an a and io consistent wi th  the 
Tafel  equat ion could be selected at each value  of t is 
i r re levan t  here. The article c lear ly  mentions that  a set 
of values of io, a, and C is chosen which satisfy the 
equat ion within  the est imated tolerance for all 11 data 
points chosen. Thus whi le  a va lue  of C might  satisfy 
the differential  equation at only one point, it is highly 
unl ike ly  that  one can select any values of C which 
wil l  s imultaneously satisfy all 11 points for a given a 
and io. 

We disagree with Matsen's comments  regarding 
average  pa ramete r  values. I t  seems that  average 
values are f requen t ly  measured  and are of great  
ut i l i ty  in describing the way  systems behave:  heat  
t ransfer  coefficients, current  density, and surface 
roughness factor are a few examples  of meaningfu l  
averages.  Since we  are  est imating an average capaci- 
tance by a discrete number  of exper imenta l  points, 
it is not  surpris ing that  this est imate wil l  depend on the 
way in which the points :are chosen. Obviously any 
average  of a sample (11 data points) chosen f rom an 
infinite populat ion (the ent i re  charging curve)  is only 
an est imate of the average  of the infinite population. To 
reduce the difference be tween  the es t imate  and the t rue 
average,  we could read  off a larger  number  of points 
f rom the charging curve  or we  could recognize that  we 
were  es t imat ing the average  capacitance, and that  this 
est imate of the average  had an er ror  associated with  it 
- - a s  any measurement  does! 

We agree with  Matsen in the desirabi l i ty of addi-  
t ional test ing of the methods  outl ined in our article 
against  other  charging curves  both exper imenta l  and 
theoretical.  However ,  by the same token, we cannot 
dismiss the encouraging results wi th  the exper imenta l  
data examined so far. 
Errata:  In addit ion to misprints  in Eq. [8] and the 
reversa l  in direct ion of inequal i ty  signs in Eq. [7] and 
[10] which Matsen pointed out in his comments,  Eq. 
[5a] and [5b] are misprinted.  The first te rm to the r ight  
of equal i ty  sign in both equations should have a ~- sign 
instead of t h e -  sign shown. 

Fur thermore ,  the constant b in Eq. [7a], [7b], and 
[7c] should be replaced by eb. When these changes are 
made the correct vers ion of Eq. [8] wil l  follow. 

Effect of Vacuum Annealing of Oxide Films 
on Copper-Nickel Alloys 

T. Yamashina and T. Nagamatsuya (pp. 249-252, Vol. 111, No. 2) 
R. L. L e v i n  23 and' ,lb'. IS. Wagner,  Jr.24: The authors sug- 
gest that  the oxidation results of Levin  and Wagner  25 
in which a 62% Cu-38% Ni alloy was oxidized in 
pure oxygen at 800~ in te r rupted  by a 4-hr  anneal  in 
argon, were  not due to a displacement  react ion claimed 
by Levin  and Wagner  

Ni ( in  alloy) + Cu20 = NiO -F 2Cu [1] 

but ra ther  "due to the change in the physical propert ies 
of the NiO s t ructure  wi th  vacuum annealing, such as 
format ion of voids or decrease of the defect density in 
the oxide with  annealing." The authors substantiate 
their  suggestion by replot t ing the data of Levin  and 
Wagner  as [ A m l / A  ~- A m 2 / A ]  2 ---- [ A m 3 / A ]  2 vs .  t ime 
ra ther  than [ ( A m l / A )  2 -~ ( a v n J A )  2] vs .  t ime, where  
Ami and Am2 are weight  gains pr ior  to and af ter  an-  
neal ing in an inert  atmosphere,  respectively,  and A is 
the area of the specimen. 

g ' S  " N a v a l  T e s t  a n d  E v a l u a t i o n  D e t a c h m e n t ,  K e y  W e s t ,  F l a .  

D e p t .  o f  M a t e r i a l s  S c i e n c e ,  N o r t h w e s t e r n  U n i v e r s i t y ,  E v a n s t o n ,  
II1, 

~ R .  L.  L e v i n  a n d  I .  B.  W a g n e r ,  J r . ,  This Journal,  108, 954 
(1961) .  
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Fig. 1. Effect of annealing in an inert gas on the oxidation 
kinetics of an 85% Cu-15% Zn alloy. The data obtained after 
the 2 hr anneal in argon are plotted as (Aml/A)  2 -I- (Am2/A) 2 
and as [ (Aml /A)  -]- (Am2/A)] 2. 

Two points are  at issue. The first is the role  of a dis-  
p lacement  react ion in the oxidation of alloys. The sec- 
ond is the val id i ty  of describing the parabolic kinetics 
by a plot  of [ ( A m l / A )  2 + ( a m 2 / A ) 2 ]  vs .  time. 

Consider point  one. S t ruc tura l  changes brought  about  
by recrystal l izat ion have been studied on pure metals.  
On alloys a second phenomenon may  also occur and for 
the alloys Cu-Zn and Cu-Ni  in the compositions stated, 
Levin  and Wagner  presented metal lographic  evidence 
for the displacement  react ion in the form of pure  
metal l ic  copper present  in cross sections of the oxidized 
samples. Levin  and Wagner  presented evidence for the 
displacement  react ion being a major  factor in the de- 
creased parabolic kinetics exhibi ted by certain alloys 
after  an isothermal  anneal  in an iner t  atmosphere.  
Yamashina and Nagamatsuya  studied films an order of 
magni tude  less thick than Levin  and Wagner.  Perhaps  
the difference in oxide thicknesses could also contr ibute  
to the apparent ly  conflicting results. 

Consider point two. Levin  and Wagner  t rea ted  their  
data by plot t ing [ ( A m l / A )  2 + ( A m 2 / A )  2] vs .  time. 
Comparable  graphs plot ted both this way  and as the 
square  of the sum of the two weight  gains are shown 
in Fig. 1. In both cases the role  of the displacement  
react ion is c lear ly  shown. The plot of the square  of the 
sums of the weight  gains may be preferable  for theo-  
ret ical  reasons. The oxidat ion of the Cu-Ni  alloy was 
not as clear cut as that  of the Cu-Zn alloys, but  the dis- 
p lacement  reaction, Eq. [1], was shown to have  oc- 
curred by means of meta l lographic  examinations.  In 
the oxidation of Cu-Zn alloys, the effect of a displace- 
ment  react ion was a major  one. In the case of the Cu-Ni 
alloy, the effect is admit tedly  not so great. 

T. Y a m a s h i n a  a n d  T. N a g a m a t s u y a :  In the original  
paper, we  did not  re fe r  to the oxidat ion of cop- 
per-zinc alloy, but  only copper-nickel  alloy. 

In the case of copper-zinc alloy, it may  be t rue  that  
a displacement  react ion could occur and result  in 
decreased parabolic kinetics as shown in Fig. 1 by 
Drs. Levin  and Wagner.  

In the oxidation of copper-nickel  alloy, however ,  we 
cannot accept the possibility of occurrence of the dis- 
p lacement  reaction, for the fol lowing reasons: 

(A) No visible change in the x - r a y  diffraction in- 
tensi ty f rom NiO was observed after vacuum anneal ing 
(Fig. 4 in the original  paper) .  If  the displacement  reac-  
tion occurred, the intensi ty of NiO could be increased 
somewhat .  

(B) In the case of pure  nickel  oxidation, the oxida-  
t ion rate  was decreased by annealing, being aboul 
half  the ra te  before annealing, which was almost the 
same as the case of copper-nickel  alloy (Fig. 2 in the 
original  paper ) .  
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For these reasons it can be concluded that  the 
cause of the decrease in the oxidation rate  after  an- 
neal ing can be due to the change in physical  propert ies  
of the NiO structure.  

More detai led results can be seen in our other  
paper. 26 

The possibility of occurrence of t h e  displacement  
react ion could be revea led  by means of more  quant i ta -  
t ive analysis of oxide films, such as an electron probe 
microanalysis  technique.  Such exper iments  are 
planned. 

The Oxidation Kinetics of Zirconium in the 
Temperature Range of 400~176 

R. J. Hussey and W. W. Smeltzer, (pp. 564-568, Vol. 111, No. 5) 
E. A. Gulbransen27: The authors show in Fig. 1 that  
surface prepara t ion has a major  effect on the kinetics of 
oxidation. This effect occurs both in the ini t ial  stage of 
the react ion as wel l  as in the la ter  stages. A chemical  
polished sample of zirconium shows a weight  gain of 80 
~g/cm 2 after  150 hr  of oxidation at 400~ whi le  an 
abraded and annealed specimen shows a weight  gain 
of 220 ~g/cm 2. The authors a t t r ibute  this effect to the 
16-20~ of zirconium removed  dur ing chemical  polish- 
ing and the e l iminat ion of gross deformations arising 
f rom the abrading process. 

We think that  the surface film formed dur ing chemi-  
cal polishing should also be considered to effect the 
kinetics of oxidation. Al though the s t ructure  of this 
surface film is not known several  facts support  the 
existence of a ve ry  impermeable  film on chemical ly  
polished zirconium surfaces. We have  shown in an 
ear l ier  paper  2s that  the hydr id ing react ion can be used 
to de termine  the presence and the propert ies  of this 
film. Chemical  polished and annealed z i r con ium sam- 
ples are much less react ive to hydrogen at 150~ than 
the abraded and annealed samples. A simple correlat ion 
can be made between the kinetics of hydrogen uptake  
and the presence or absence of air formed oxide 
films and films formed during chemical  polishing. Engi-  
neers s tudying the h igh- t empera tu re  pressure welding 
in high vacua have  also noted that  chemical ly polished 
zirconium sections are difficult to weld. This may be 
re la ted to the presence of an insoluble surface film 
which prevents  bonding of the two zirconium sections. 
We have noted that  the chemical  polished surface film 
is not dissolved in the zirconium af ter  2 hr  at 800~ 
in high vacua whi le  air formed surface oxide films are 
easily dissolved. 

The authors prefer  to use the parabolic rate  law 
t rea tment  of the kinetic data al though the cubic rate  
law is stated to fit the exper imenta l  data. Empir ica l ly  
the cubic ra te  law gives an excel lent  fit to the exper i -  
menta l  data for abraded zirconium samples f rom zero 
t ime to react ion times close to b reakaway  oxidation 
conditions. The fit of the exper imenta l  oxidat ion ra te  
data for chemical  polished samples is also good af ter  an 
init ial  induction period. This induct ion period appears 
to be characterist ic of the oxidation process on chemi-  
cal polished zirconium surfaces. 

R. J.  Hussey and W. W. Smel tzer :  As suggested by Dr. 
Gulbransen,  a possible reason for the var ia t ion  in oxi-  
dation rates reported for abraded and chemical ly 
polished specimens is the difference in resistance prop-  
erties be tween the two types of residual  oxide films. 
We did not intend to imply in our paper  that  different 
surface propert ies of the meta l  accounted for the differ- 
ent react ion characterist ics of abraded and chemical ly  
polished specimens. Both types of surface t r ea tment  
removed  gross deformat ion in the metal.  Chemical  

T. Y a m a s h i n a  and  T. Nagama t suya .  J.  E l e c t r o e h e m .  Soc. J a p a n ,  
31, 118 (1963). 

2r Phys ica l  Chemis t ry  Dept., Wes t inghouse  Electr ic  Co., R e s e a r c h  
and  Deve lopmen t  Center,  P i t t sburgh ,  Pa.  

es E. A. Gulbransen  and  K. F. Andrew,  Proc.  o3 T h i r d  A n n .  M e t a l -  
lurgical  Soc.  Conf . - -Reac t ive  Metals,  AIME, May  1958. 

D e c e m b e r  1964 

polishing was chosen for the s tandard method of sur-  
face preparat ion because excel lent  oxidat ion repro-  
ducibil i ty was obtained. 

Nei ther  a cubic nor  a parabolic ra te  relat ionship 
complete ly  defines the oxidation rates found for  the 
chemical ly polished specimens. Since there  is at present  
no adequate  model  to explain the cubic oxidat ion of 
zirconium, we prefer  representa t ion of the exper i -  
menta l  data at long t imes according to a parabolic rate  
equation, accounted for by latt ice diffusion of oxygen 
in the oxide and concurrent  oxygen solution in the 
metal. Pr ior  to the onset of parabolic oxidat ion there  is 
an init ial  period, during which the oxidation ra te  is 
greater  than parabolic. This behavior  is possibly as- 
sociated wi th  shor t -c i rcui t  diffusion of oxygen through 
the oxide film. 

The Electrical Conductivity, and the 
Thermodynamic and Structural Properties 

of Molten AgCI-Ag2S Mixtures, 
I. Thermodynamic and Structural Properties 

M. C. Bell and S. N. Flengas (pp. 569-575, Vol. 110, No. 5) 
C. T. Moynihan29: The authors have  mis in te rpre ted  the 
significance of the e lec t romot ive  force of the cell 

Ag I AgCI (Xl) ,  Ag2S (X2) ] AgC1 ]Ag 

The emf  of this cell  30, 31 is g iven correct ly  by the 
equat ion 

E = 1 d In aAgcl 
F NAg2S 

where  tSAg is the t ransference  number  of the sulfide 
ion taking the s i lver  ion as reference,  NAg2S is the 
equivalent  fraction of si lver sulfide, and the in tegra-  
tion is carr ied out be tween  the composit ion on the 
left  side of the cell and that  on the right. Without  
prior  knowledge of the t ransference  numbers  or re la -  
t ive anion mobil i t ies  in this system, activities cannot be 
calculated f rom the potent ia l  of this cell. 

Junct ion  potential  is exper imenta l ly  defined as the 
difference be tween  the emf  of a concentrat ion cell  wi th  
t ransference  and the emf of the same cell wi thout  
transference.  For  a b inary  fused salt mix tu re  this turns  
out to be simply the emf  of the concentra t ion cell  wi th  
t ransference with  electrodes revers ib le  to the common 
ion. Thus the emf of the above cell  is ascribable ent i re ly  
to wha t  is usual ly thought  of as a junct ion potential .  

Junct ion potentials in mol ten  salt cells may  be 
neglected a priori only when  the mel t  is ve ry  similar  in 
composit ion on both sides of the junction,  for example,  
in emf determinat ions  where  a small  amount  of po ten-  
t i a l -de te rmining  species is dissolved in a large excess of 
inert  mol ten  salt solvent. Otherwise  addit ional  in-  
format ion is required.  Lai ty  32 was able to neglect  junc-  
tion potentials  in his measurements  on the  AgNO3- 
NaNO3 system only because of previous knowledge  tha t  
the re la t ive  cation mobili t ies were  equal  over  the en-  
t ire composition range. Murgulescu and S te rnberg  ~3 
concluded that  junct ion potentials  were  negl igible  in 
the systems they studied by comparing their  results 
with measurements  on identical  concentrat ion cells 
wi thout  transference.  The AgC1-Ag2S cell is an ex-  
ample of a system where  the l iquid  junct ion potent ial  
cannot be neglected. 

The authors '  results are nonetheless impor tant  be-  
cause of the informat ion they impar t  regard ing  re la t ive  
anion mobili t ies in the fused AgCI-Ag2S system. If the 

Fr ick  Chemica l  Lab.,  P r ince ton  Unive r s i ty ,  Princeton, N. J. 
R. W. La i ty  in "Re fe r e nc e  ~Iec t rodes ,"  D. I r e s  and G. Janz ,  

Editors,  Academic  Press,  N e w  York,  N. Y., 1961, pp. 532-543. 

31A. K l e m m  in "Mol ten  Salt  Chemis t ry , "  M. Blander ,  Editor,  In -  
terscience,  New York,  N. Y., 1964, pp. 554-559. 

a~ R. W. Lai ty ,  J. A m .  C h e m .  Soc. ,  79, 1849 (1957). 

a3I. G. Murgulcscu  and  S. S te rnberg ,  D/scuss~on F a r a d a y  Soc., 32, 
107 (1961). 
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sulfide ion is less mobi le  than the chloride ion, the rat io 
tsAg/NAg2S is less than unity, and the coefficient of the 
differential  in the expression for E is positive. Since 
the  measured  va lue  of E is posit ive in the concentrat ion 
span XAgCl ---- 1.0 to XAgCl ---- 0.94, we can conclude that  
the sulfide ion is the less mobile  over  at least the  grea ter  
port ion of this range. Fur ther ,  since E increases wi th  
an increase in the concentrat ion span of the cell, the  
sulfide ion must  remain  less mobile  beyond XAgCl 
0.94. Since chloride and sulfide have  approximate ly  the 
same ionic radius, one would  intui t ively  suspect that  
the doubly charged sulfide ion would  be more  strongly 
at t racted to the si lver ion and hence less mobile  than 
the chloride ion. 

By assuming the mobi l i ty  ratio USAg/Uc1Ag constant 
over  a l imited concentrat ion span, rough estimates of 
this mobi l i ty  ra t io  can be made  f rom the authors '  data. 
In the concentrat ion span XAgC1 ~ 1.0 to XAgc1 ~ 0.9 
USAg/UclAg is 0.6 at 550 ~ 0.4 at 600 ~ 0.2 at 650 ~ --0.2 
at 700 ~ , and --0.6 at 750 ~ . If the data  are of sufficient 
accuracy to make  these figures meaningful ,  the  impl i -  
cation of the negat ive  values of USAg/Uc~Ag is p resum-  
ably that  the sulfide migrates  as par t  of a cationic 
complex at the h igher  temperatures .  This brings to mind 
Klemm's  assertion 34 that  ionic melts  eventua l ly  tend to 
become more  associated wi th  increasing tempera ture .  
In any event  the var ia t ion  in the emf of the cell wi th  
t empera tu re  definitely indicates t ha t  as the t empera -  
ture  increases the sulfide ion becomes increasing less 
mobi le  than the chloride ion. 

M. C. Be l l  and S. N.  Flengas: Dr. NIoynihan is qui te  
correct  tha t  neglect ing the junct ion potent ia l  of the 
cell r e fe r red  to is incorrect.  The equat ion for the cell  
potent ial  contains both a t e rm for the act ivi ty  of s i lver  
chloride in the mix tures  containing sulfide, and anion 
t ransport  terms. Dr. Moynihan chooses to assume that  
the act ivi ty  is ideal and uses the measured  cell poten-  
tial to calculate re la t ive  anion mobilities. Such an as- 
sumption has some basis, as the phase d iagram indi-  
cates that  s i lver  sulfide is complete ly  dissociated and 
forms ideal mix tures  in di lute  solution in si lver 
chloride. The re la t ive ly  h igh- t empera tu re  dependence 
of the cell potential  then requires  the mobi l i ty  of the 
sulfide ion to be almost  as large as the chloride ion at 
450~ (UsAg/UclAg = 0.8) and to decrease rapidly  wi th  
t empera tu re  unt i l  the sulfide ion is t rave l l ing  in the 
opposite direct ion to the chloride ion at high t empera -  
tures. Dr. Moynihan interprets  this large t empera tu re  
dependence of the mobil i ty  of the sulfide ion to be due 
to the format ion of a cationic complex at h igher  t em-  
peratures,  implying that  the melts  become more  mo-  
lecular  at the h igher  temperatures .  If Dr. Moynihan 's  
in terpre ta t ion  were  correct, one would  expect  a small  
change in electr ical  conduct ivi ty  on the addit ion of 
s i lver  sulfide to s i lver  chloride at low temperatures ,  
and would  expect  the t empera tu re  dependence of the 
conduct ivi ty  to be less than that  for  pure  s i lver  chlo-  
ride. The electr ical  conduct ivi ty  measurements ,  how-  
ever, show that  exact ly  the opposite occurs. There  is a 
large  decrease in conduct ivi ty  at low tempera tures  on 
the addit ion of si lver sulfide, and the t empera tu re  de-  
pendence of the conduct ivi ty  is greater  than for pure  
si lver chloride. The  format ion of a complex cationic 
sulfide species postulated by Dr. Moynihan is also not  
compatible  wi th  the assumption of an ideal solution. 
Dr. Moynihan 's  assumption that  the act ivi ty  of si lver 
chloride is ideal may  therefore  not  be a good approxi -  
mation. 

We would  s imply l ike to show that  a change in the 
act ivi ty of si lver chloride may  account for some of the 
t empera tu re  dependence of the cell potential.  The 
equat ion for the cell  potent ia l  in terms of the externa l  
t ransport  numbers  may  be der ived as 

F.E. : tCl R T  in ~XAgcl [1] 
L 2 Ns 

A. K l e m m ,  J. Chim. Phys. ,  60, 237, (1963). 
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where  the  t ransport  numbers  are re fe r red  to an ex-  
te rnal  s ta t ionary reference  frame, and Ns and Ncl are  
the anion fractions of chloride and sulfide ion, respec-  
t ively.  On changing the f r ame  of re ference  to the si lver 
ion as the zero veloci ty ion, the equat ion given by Dr. 
Moynihan results. The externa l  t ransport  number  of 
chloride ion in pure  si lver chloride has been de te r -  
mined by Duke et al. 35 as 0.15 • 0..03 at 650~ to 0.17 
• 0.03 at 850~ 

Most of the current  is seen to be carr ied by the s i lver  
ion. The sulfide ion has approximate ly  twice the charge 
density of the chloride ion, and is therefore  expected 
to have a much lower  mobili ty.  If  the t ransport  number  
of sulfide ion is assumed to be negligible,  the act ivi ty 
coefficient of si lver chloride in the mix tures  may  be 
calculated. Using the lower  l imit  of the repor ted  t rans-  
port  number  of chloride ion in pure  s i lver  chloride. 
the act ivi ty coefficients and part ial  molar  heats of 
mixing of si lver chloride in the melts  were  calculated 
and are shown in Table I. 

Table I. Thermodynamic properties of AgCI in AgCI-Ag2S 
melts determined from emf measurements assuming the sulfide 

ion transference to be negligible 

A c t i v i t y  
E cel l  m v  coef f ic ien t  AH ~,  k c a l  

T ~ C 10% 20% 10% 20% 10% 20% 

450 1.0 1,9 0.94 0.92 1.4 2.1 
550 3.0 4.5 0.75 0.71 4.0 4.6 
650 7.4 13.0 0.51 * 8.9 * 

�9 E l e c t r o n i c  c o n d u c t i o n  in  t h e  su l f ide  m e l t s  is  o c c u r r i n g .  

The l iquidus for the si lver chlor ide-s i lver  sulfide 
system was careful ly  determined,  and it is possible 
to compare the values of the the rmodynamic  propert ies  
calculated f rom the emf measurements  wi th  the phase 
diagram. The van ' t  Hoff equat ion may be wr i t ten  

i n  a A g C l  T F  = a T L  T F  [ 2 ]  

where  the par t ia l  molar  heat  of mix ing  is assumed to 
be constant over  the t empera tu re  range f rom TF to TL. 
Subst i tut ing the values of v and AH M f rom Table I, the 
l iquidus for the system may  be calculated. The meas-  
ured l iquidus is only 1 ~ higher,  and 1~ lower  than that  
calculated at the 10 and 20 mole  % sulfide compositions, 
respectively.  It  is evident  that  wi thin  the er ror  of the re-  
por ted ex te rna l  t ransport  number,  the the rmodynamic  
propert ies  calculated f rom the cell potent ial  predict  the 
correct  l iquidus for  the system. The assumption tha t  
the t ransport  number  of sulfide ion was negl igible  may  
then have  some val id i ty  at low tempera tures  whe re  
a comparison with  the measured  phase d iagram is 
possible. At tempera tures  above 550~ the heats of 
mix ing  are h igher  than expected for such a system, and 
the t ransport  of the sulfide ion in the negat ive  direct ion 
(opposite to the chloride ion) is probably  significant. 
This is essential ly the same conclusion that  Dr. Moyni-  
han makes. 

We would  then conclude that  some of the t empera -  
ture  dependence of the cell potent ial  may  be accounted 
for by the change in act ivi ty  of s i lver  chloride wi th  
temperature ,  and that  the t ransference of sulfide ion is 
probably small  at low temperatures .  The si lver ion is 
carrying most of the cur ren t  in the melts, and we 
would in terpre t  the negat ive  t ransport  number  of the 
sulfide at high tempera tures  to be due to an appreciable 
interact ion mobil i ty  coefficient, lAgs, in an ex te rna l  
flux equat ion (see, for example,  Lai ty  3B) which coupled 
wi th  the high flux of s i lver  ions causes a net  flux of 
sulfide ions in the same direct ion as the s i lver  ions. This 

~ F .  R. D u k e ,  A.  L .  B o w m a n ,  a n d  E. Wolf ,  A n n .  N. Y .  Acad. Sci . ,  
79, 1023 (1960). 

~e R.  W.  L a i t y ,  Discussion Faraday Soc., 32, 172 (1961). 
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in terpre ta t ion  of the cell  potent ial  would  then be com- 
patible wi th  both the phase diagram and electr ical  
conduct ivi ty  measurements .  A direct measurement  of 
the t ransport  properties,  or the thermodynamic  prop-  
erties by calor imetr ic  methods,  would be requi red  to 
make  any definite conclusion as to which approxi-  
mation is more  correct. 

Rates of Formation of Thermal Oxides 
of Silicon 

H. C. Evitts, H. W. Cooper, and S. S. Flaschen 
(pp. 688-690, Vol. 111, No. 6) 

R. P. Donovan~h The parabolic  rate  constant contained 
in the equat ion that  the authors empir ical ly  fitted for 

37 Research  Tr iang le  Ins t i tu te ,  P.O. Box 490, Durham,  N. C. 

the steam oxidat ion of silicon in this paper  disagrees 
with their  data for s team oxidat ion as plotted in Fig. 3. 
If the 109 factor in that  equat ion is changed to 107 , the 
predicted values of oxide thickness will  fit the curves 
of Fig. 3 and at the same t ime the parabolic rate  con- 
stant becomes of the same order  of magni tude  as that  
previously published by Deal 3s. 
H. C. Evitts,  H. W. Cooper, and S. S. Flaschen: We are 
in complete  agreement  wi th  Mr. Donovan as to the in-  
correct  exponent,  over looked dur ing editing. The cor-  
rected equations should read as 

Steam: X 2- -  1:21 x 107 t exp (--0.8 q / k T )  

Dry: X 2 = 3.53 x 107 t exp (--1.33 q / k T )  

with all terms as original ly defined. 

SSB. E. Deal, This Journal,  110, 527 (1963). 

Manuscripts and Abstracts for Spring 1965 Meeting 
Papers  are  being solicited for the Spr ing Meeting of the Society, to be held at the Shera ton  Palace in San 

Francisco, Calif., May 9, 10, 11, 12, and 13, 1965. Technical  sessions probably will  be scheduled on: Electr ic  
Insulation, Electronics ( including Luminescence and Semiconductors  and a Symposium on Optical Masers) ,  
E lec t ro-Organic  ( including a Symposium on Industr ia l  Organic Chemist ry  and a Symposium on Elucidat ion 
of Elec t ro-Organic  Electrode Processes jo int ly  wi th  the  Theoret ical  Elec t rochemis t ry  Divis ion) ,  E lec t ro the rm-  
ics and Meta l lurgy ( including joint  Symposium on Molten Salts jo int ly  wi th  the Theoret ical  Elec t rochemis t ry  
Division, and, also, a Symposium on St rengthening  Mechanisms in Nonmetal l ics) ,  Indust r ia l  Electrolyt ic  (in- 
cluding a Symposium on Electrolyt ic  Diaphragms and Bat tery  Separators  jo int ly  wi th  the Bat tery  Division 
and, also, a Symposium on the Product ion of Chlorine wi thout  Caustics).  

To be considered for this meeting, triplicate copies of  the usual 75-word abstract, as w e l l  as of  an extended 
abstract of  500-1000 words  (see notice on page 274C of  this issue), must  be received at The Electrochemical  
Society, 30 East 42 St., New York, N. Y., 10017, not later than December 15, 1964. Please indicate on 75-wo~d 
abstract for which  Division's symposium the paper is to be scheduled, and underline the name of the author 
who  wi l l  present the paper. No paper  wi l l  be placed on the program unless one of the authors, or a qualified 
person designated by the authors, has agreed to present  it  in person. Clearance for presentat ion of a paper  at 
the meet ing  should be obtained before the abstract  is submitted. An author  who wishes his paper  considered 
for publicat ion in the JOURNAL or ELECTROCHEMICAL TECHNOLOGY should send tr ipl icate copies of the manuscr ipt  
to the Managing Editor  of the appropr ia te  publicat ion 30 East 42 St., New York, N. Y., 10017. Concerning 
papers to be published in JOURNAL, see notice on per  page charges on page 281C of this issue. 

Presenta t ion of a paper  at a technical  meet ing  of the Society does not guarantee  publicat ion in the JOURNAL 
or ELECTROCHEMICAL TECHNOLOGY. However ,  all papers so presented become the proper ty  of The Elec t rochemi-  
cal Society, and may  not be published elsewhere,  e i ther  in whole  or in part, unless permission for release is 
requested of and granted by the Editor. Papers  a l ready published elsewhere,  or submit ted for publicat ion else- 
where,  are  not  acceptable for  oral presentat ion except  on invi tat ion by a Divisional  p rogram Chairman.  


	JES000001.pdf
	JES000022.pdf
	JES000035.pdf
	JES000052.pdf
	JES000065.pdf
	JES000074.pdf
	JES000088.pdf
	JES000110.pdf
	JES000114.pdf
	JES000120.pdf
	JES000123.pdf
	JES000125.pdf
	JES000140.pdf
	JES000156.pdf
	JES000162.pdf
	JES000180.pdf
	JES000196.pdf
	JES000210.pdf
	JES000223.pdf
	JES000237.pdf
	JES000242.pdf
	JES000248.pdf
	JES000253.pdf
	JES000256.pdf
	JES000260.pdf
	JES000263.pdf
	JES000265.pdf
	JES000270.pdf
	JES000299.pdf
	JES000307.pdf
	JES000324.pdf
	JES000335.pdf
	JES000376.pdf
	JES000378.pdf
	JES000381.pdf
	JES000386.pdf
	JES000411.pdf
	JES000413.pdf
	JES000421.pdf
	JES000438.pdf
	JES000447.pdf
	JES000453.pdf
	JES000457.pdf
	JES000473.pdf
	JES000477.pdf
	JES000478.pdf
	JES000483.pdf
	JES000485.pdf
	JES000493.pdf
	JES000496.pdf
	JES000501.pdf
	JES000508.pdf
	JES000512.pdf
	JES000519.pdf
	JES000522.pdf
	JES000528.pdf
	JES000534.pdf
	JES000538.pdf
	JES000542.pdf
	JES000550.pdf
	JES000556.pdf
	JES000561.pdf
	JES000564.pdf
	JES000569.pdf
	JES000575.pdf
	JES000582.pdf
	JES000602.pdf
	JES000610.pdf
	JES000624.pdf
	JES000626.pdf
	JES000628.pdf
	JES000629.pdf
	JES000633.pdf
	JES000636.pdf
	JES000666.pdf
	JES000674.pdf
	JES000701.pdf
	JES000717.pdf
	JES000720.pdf
	JES000751.pdf
	JES000753.pdf
	JES000756.pdf
	JES000758.pdf
	JES000759.pdf
	JES000762.pdf
	JES000763.pdf
	JES000765.pdf
	JES000769.pdf
	JES000781.pdf
	JES000799.pdf
	JES000805.pdf
	JES000821.pdf
	JES000825.pdf
	JES000832.pdf
	JES000838.pdf
	JES000873.pdf
	JES000879.pdf
	JES000885.pdf
	JES000893.pdf
	JES000929.pdf
	JES000943.pdf
	JES000951.pdf
	JES000955.pdf
	JES000966.pdf
	JES000981.pdf
	JES001015.pdf
	JES001020.pdf
	JES001038.pdf
	JES001042.pdf
	JES001058.pdf
	JES001097.pdf
	JES001102.pdf
	JES001107.pdf
	JES001122.pdf
	JES001133.pdf
	JES001142.pdf
	JES001150.pdf
	JES001170.pdf
	JES001184.pdf
	JES001186.pdf
	JES001188.pdf
	JES001190.pdf
	JES001199.pdf
	JES001201.pdf
	JES001205.pdf
	JES001211.pdf
	JES001225.pdf
	JES001239.pdf
	JES001244.pdf
	JES001256.pdf
	JES001260.pdf
	JES001273.pdf
	JES001280.pdf
	JES001294.pdf
	JES001295.pdf
	JES001297.pdf
	JES001300.pdf
	JES001303.pdf
	JES001309.pdf
	JES001331.pdf
	JES001343.pdf
	JES001350.pdf
	JES001358.pdf
	JES001363.pdf
	JES001377.pdf
	JES001381.pdf
	JES001392.pdf
	JES001404.pdf
	JES001408.pdf
	JES001429.pdf
	JES001434.pdf
	JES001435.pdf
	JES001437.pdf
	JES001439.pdf
	JES001441.pdf



