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ABSTRACT 

~ ,..: 
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-c . ~ n  C . C . Z .  ( cyc l i c  cur ren t  s t ep )  measurements improved e l ec t rode  

r ep roduc ib i l i t y  has y ie lded  da ta  s u f f i c i e n t l y  accura te  t o  confirm the  

non- l inea r i ty  of t h e  p l o t  of exchange cu r ren t  dens i ty  versus time of 

oxidat ion.  The i n t e r r u p t i o n  of t he  d.c. charging cu r ren t  i n  order  t o  

imke C . C . S .  measurements causes increased length of t h e  f i r s t  n l a t eau ,  

d i s t o r t i o n  i n  t h e  wave form of the  vol tage response,  and i n s t a b i l i t y  

of those responses dur ing  t h e  f i r s t  few minutes a f t e r  the  in t e r rup t ion .  

These observat ions ind ica t e  t h a t  a phys ica l  change of the e lec t rode  

occurs during the a.c. cycl ing.  A s  e l e c t r o l y t e  contaminants, 0, m d  

Cf!9 have been shown t o  ar'fccl: measurements n f  e lectrnr lc  resirtxncc 
.. .. 

znd of charging p l a t eau  length by a s  much a s  25%. 

The charge acceptance by s i l v e r  f o i l  e l ec t rodes  under poten t io-  

s t a t i c  condi f icns  i n  a l k a l i n e  s o l u t i o n  has been measured by cu r ren t -  

time i n t e g r a l ,  constant  cu r ren t  reduct ion ,  and atomic absorpt ion 

techti: riiics. A l l  measurements show t h e  snae charge acceptance versus 

p o t e n t i a l  r e l a t i o n s h i p ,  thus ind ica t ing  t h a t  the  la rge  maxima and 

minima i n  the  charge acceptance a r e  r e a l .  Resul ts  from p o t e n t i a l  

sweep oxidat ions suggest the  formation of two types of s i l v e r ( 1 )  oxide. 

This f i t s  i n  wi th  the  proposal  of others '  t h a t  the  i n i t i a l  s i l v e r ( 1 )  

oxide is a t h i n  l aye r  of randomly or ien ted  c r y s t a l l i t e s .  

Model pore e lec t rodes  of s e v e r a l  pore s i z e s  were constructed and 

hove demonstrated t h a t  a decrease i n  pore s i ze  i s  accompanied by a 

s h o r t e r  pene t r a t ion  of oxide i n t o  the  pore. Penet ra t ion  i s  a l s o  s h o r t -  

ened by increased v e l o c i t y  of e l e c t r o l y t e  flow. 

d e n s i t y  vas  approximately the  same f o r  oxidati-on!: of enua1 p la teau  

The r eac t ion  cu r ren t  
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length, regardless of pore s i z e .  

shows considerable promise i n  the invest igat ion of reactions i n  the confines 

of a pore, an area which has received much theoret ica l  at tent ion.  

The design of the model pore electrode 
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KINETIC STUDIES OF THE OXIDATION OF SILVER 

I N  ALKALINE ELECTROLYTE 

In t roduct ion  

Cyclic cu r ren t  s t e p  (c.c.s.) measurements on p a r t i a l l y  oxidized 

1 s i l v e r  e l ec t rodes  i n  a l k a l i n e  s o l u t i o n  have been previous ly  reported.  

The rapid drop i n  the  double l a y e r  capacitance a s  oxide forms on the  

e l ec t rode  makes the method f e a s i b l e  f o r  t h i s  system, while  it could 

not be used on the  unoxidized e l ec t rode  i n  a l k a l i n e  s o l u t i o n  because of 

t h e  high 

ob t a ined 

shape t o  

capacitance.  

a t  various po in t s  on t h e  Ag-AgpO p la t eau  i s  very s i m i l a r  i n  

those from systems i n  which t h e  method d i r e c t l y  app l i e s  

The shape of t he  Aqeversus 1/Jf curves 

,.. L ( i . e .  f e r r o u s - f e r r i c  system ). 

values ca l cu la t ed  from C.C.S. measurements were shown t o  decrease i n  

magnitude with increased t i m e  of oxidation. However, complications 

a r i s i n g  from d i f f e rences  in  mechanism of r e a c t i o n  between an e l ec t rode  

t h a t  forms an oxide l aye r  and an i n e r t  e l e c t r o d e  may not  j u s t i f y  

d i r e c t  a p p l i c a t i o n  of t h e  method. 

of t he  use  of t h e  method are reported here. 

Exchange cu r ren t  d e n s i t y ,  "io", 

Fur ther  i nves t iga t ions  and results 

Two common contaminants of KOH e l e c t r o l y t e  a r e  O2 and C03=. The 

e f f e c t  of these i m p u r i t i e s  on the behavior of t he  Ag e l ec t rode  during 

various measurements has not been thoroughly inves t iga ted .  

i s  p a r t i c u l a r l y  suspect because of t he  high s o l u b i l i t y  of C02 i n  a lka-  

l i n e  so lu t ions  and because of t h e  varying amounts of C02 found i n  t h e  

a i r  exposed t o  the e l e c t r o l y t e  a t  d i f f e r e n t  times, The e f f e c t  of 

these two impur i t ies  w i l l  be discussed b r i e f l y  i n  t h i s  r epor t .  

= 
The C03 
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Experimental 

An a d d i t i o n a l  change has been made i n  the apparatus w e  were using 

f o r  C.C.S. measurements previous ly  reported.’ 

appa ra tus  c u r r e n t l y  i n  use is shown i n  Figure 1. The change was t h e  

removal of t h e  r e s i s t a n c e  loop which was connected i n  p a r a l l e l  w i t h  

t he  test c e l l .  T h i s  loop was p a r t  of a bridge c i r c u i t  used t o  balance 

out t he  ohmic vol tage  response of t h e  cel l .  It w a s  found, however, 

t h a t  w i t h  t he  s o l u t i o n  concent ra t ion  w i t h  which w e  a r e  working, t he  

ohmic component of t h e  vo l tage  response is  neg l ig ib ly  small. A t h i r d  

e l ec t rode  is used ins tead  of t he  counter e l ec t rode  as the  re ference  

e l ec t rode .  T h i s  e l imina tes  t h e  inaccurac ies  assoc ia ted  w i t h  the 

s l i g h t  p o l a r i z a t i o n  of t h e  counter e l ec t rode .  

The c i r c u i t  f o r  t h e  

The C.C.S. measurements were made a t  var ious  po in t s  along t h e  

Ag-Ag20 p la t eau  during t h e  oxida t ion  of t h e  s i l v e r  e l ec t rode  in  1.04 

F KOH. The temperature f o r  t h e  measurements was 25 5 0.1 C. 

square wave c u r r e n t  d e n s i t y  was 0.412 ma/cm . 
potent ia l - t ime curve where C.C.S. measurements were made and io 

values determined a r e  shown i n  Figure 2.  The C.C.S. measurements 

were made by i n t e r r u p t i n g  t h e  d i r e c t  cu r ren t  ox ida t ion ,  balancing 

t h e  e.m.f. of t h e  test  c e l l  w i t h  a vol tage  d iv ide r  so t h a t  less than 

1- (lamp of c u r r e n t  was flowing and then, as previously described , 

observing t h e  magnitudes of t h e  peak-to-peak e l ec t rode  vol tage ,  

a t  several frequencies of t h e  square wave cu r ren t .  

0 The 

2 The po in t s  along t h e  

3 

A% 
Values of io were 

ca l cu la t ed  from t h e  i n t e r c e p t  obtained by ex t r apo la t ing  t o  i n f i n i t e  

frequency t h e  l i n e a r  po r t ion  of a p l o t  of Aq versus 1/Jf. P l o t s  of 

t h i s  type have been previously reported.’ For t h e  d a t a  reported he re ,  

only one i n t e r r u p t i o n  was made in  t h e  d.c. ox ida t ion  of each e l ec t rode .  

0 
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Fig. 1 -- Modified C.C.S. circuit diagram. 
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This helped minimize the  problem of increase  i n  t o t a l  charge acceptance 

during the  Ag-Ag20 p la t eau  due t o  repeated i n t e r r u p t i o n  of t he  d.c .  

ox id  a t  ion. 

Because only one io determinat ion was made during each oxida t ion ,  

t h e  problem of r e p r o d u c i b i l i t y  of t he  f i r s t  oxidat ion p la teau  had t o  be 

d e a l t  with.  

e l ec t rodes .  S i l v e r  w i r e  (26 gauge) was c u t  i n t o  proper lengths  f o r  

the  e l ec t rode ,  wiped with absorbent paper,  and dipped i n  a l coho l i c  

KOH. The e l ec t rode  was then r insed  thoroughly i n  d i s t i l l e d  water ,  and 

anodized i n  ammonia s o l u t i o n  f o r  about fou r  minutes a t  a cur ren t  den- 

s i t y  of 0.4 m a / c m  . Then t h e  e l ec t rode  was r insed and s tored  i n  d i s -  

t i l l e d  water u n t i l  i t  W R S  used. Af te r  having been oxidized once i n  

KOH, t he  e l ec t rodes  were merely dipped i n  ammonia so lu t ion ,  r insed  and 

s tored  again i n  the d i s t i l l e d  water.  

The following procedure was used for prepara t ion  of t h e  

2 

The method and apparatus  f o r  measuring oxide f i l m  r e s i s t a n c e  were 

descr ibed i n  previous reports ' ,  ', 
the  t o t a l  charge acceptance and on the  maximum r e s i s t a n c e ,  a carbonate- 

f r e e  KOH s n l u t i o n  was prepared. 

Ba(OH)2.8H20 t o  a 1.09 F KOH so lu t ion  t o  p r e c i p i t a t e  a l l  t h e  carbonate 

as BaCO The s o l u t i o n  was then f i l t e r e d  and the  excess Ba* was 

removed by add i t ion  of K2S04 u n t i l  no f u r t h e r  p r e c i p i t a t e  fcrmed. 

s o l u t i o n  was then passed through an ion exchange column of amberl i te  

I R 120, which had been charged with K C l ,  t o  remove t r a c e s  of Ba . 
Estimated Ba* contamination was 0.02% and SO4 

To test  the  e f f e c t s  of impur i t ies  on 

This was done by adding r u f f i c i e n t  

3 '  
The 

-I+ 

rn 
contaminati-n was 0.01%. 

e To test f o r  t he  e f f e c t  of Cog 

reagent were added t o  the  Cogn f r e e  

contamination, a i r  wa bubbled through the  so lu t ion ,  -7hir.h had previously 

contamination, known amounts of K2CO3 

. To tes t  f o r  the e f f e c t  of 02 
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been purged w i t h  n i t rogen .  The charge acceptance and maximum resist- 

ance i n  these so lu t ions  were compared t o  runs made i n  n i t rogen  purged 

carbonate-free so lu t ions .  

RESULTS AND DISCUSSION 
--I - --- 

Cyclic Current-Step Measurements 

The decrease i n  t h e  io value,  ca l cu la t ed  from C.C.S. measurements, 

wi th  increas ing  depth of oxide during the  Ag-Ag20 oxida t ion  p l a t eau  

has been previous ly  reported. '  

vs t i m e  of oxida t ion  was believed t o  be d i s t o r t e d  because of t h e  e f f e c t  

of repeated in t e r rup t ions  i n  t h e  d.c. oxidation. Figure 2 shows recent  

values i n  which the  e f f e c t  of these in t e r rup t ions  has been minimized 

by making only one i n t e r r u p t i o n  p e r  ox ida t ion .  

ta ined  a t  a lower square wave cu r ren t  dens i ty  than those previously 

reported.  Another change was the use of new, unoxidized e l ec t rodes  

r a t h e r  than e l ec t rodes  which had been oxidized and reduced s e v e r a l  

times . 

However, t h e  shape of t h e  curve of io 

These values were ob- 

The method of p repa ra t ion  of t h e  e l ec t rodes  used gives more re- 

p r o d u c i b i l i t y  i n  f i r s t  p l a t eau  lengths  and the re fo re  t h e  depth of 

t h e  oxide f i l m  can be con t ro l l ed  merely by c o n t r o l l i n g  t i m e  of oxida- 

t ion.  Since t h e  depth of t he  oxide f i l m  appears t o  be the determin- 

i n g  f a c t o r  i n  the  va lue  of t h e  &-, 

ca lcu la t ed  from t h e  i n t e r c e p t  of ~7 versus  1/Jf p l o t s ,  t h e  io values 

are a l s o  more reproducible.  

e l ec t rodes  previously used, t he  e l e c t r o l y t i c  sur face  a rea  var ied  so 

much t h a t  a p a r t i c u l a r  depth of oxide could not be reproduced. 

I shows f i r s t  p l a t eau  length  and p e r  cen t  dev ia t ion  from t h e  mean in  

t h e  f i r s t  p l a t eau  for f i v e  e l ec t rodes ,  The t a b l e  shows da ta  for the  

oxida t ion  a f t e r  t he  i n i t i a l  e l ec t rode  prepara t ion  and also a f t e r  t h e  

measurements, and io values a r e  

8 

e 

I n  t h e  procedure f o r  prepara t ion  of 

Table 
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TABLE I 

Reproducibility of First Oxidation Plateau During F i r s t ,  Second and Third 

Oxidations After Preparing Electrodes as Outlined i n  Procedure. 
2 0 

Oxidizing Current Density 0 .74  ma/cm , Temperature 25 C 

Run No Plateau Length (min) % Deviation from Mean 

F i r s t  Oxidation 

2.65 
2 . 6 9  
2 .64  
2 . 6 2  
2 .67  

Second Oxidation 

2 . 6 8  
2 .76  
2.92 
2 .92  
2 .86  

Third Oxidation 

2 .62  
2 . 7 0  
2 .78  
2.86 
3.10 

0.0 % 
1.50% 

.38% 
1.13% 

.75% 

0.0  % 
3.5  % 
2 . 1  % 
2 .1  % 
0.0 % 

6.8  % 
3 . 9  % 
1 . 1  % 
1 . 8  % 

13.8 % 



8 

,.. .., 
i 
{ 

_. .. 

1 
M 

second and t h i r d  oxidat ions.  For t h e  second and t h i r d  oxidat ions the  

e l ec t rode  v a s  prepared by dipping the  once used, oxide covered e l ec t rode  

i n t o  ammonia so lu t ion  and r i n s i n g  a s  a l ready explained. It i s  noted 

t h a t  t h e  r ep roduc ib i l i t y  g e t s  worse with each successive oxidat ion,  

probably due t o  increas ing  roughness and nonuniformity of the  surface.  

These changes i n  experimental  condi t ions had s i g n i f i c a n t  e f f e c t s  

The p l o t  of io versus t i m e  of oxida- on the  i values  reported here. 

t i o n  shows more curvature  than t h e  similar p l o t  previously reported.  

The d i s s i m i l a r i t y  between the  two curves i s  probably the  r e s u l t  of 

t he  d i f f e r e n t  number of i n t e r rup t ions  in the  d.c. oxidation. Also 

t h e  magnitude of the  io values  ca lcu la ted  from these  da t a  d i f f e r  by 

a f a c t o r  of about 5 (being 1 /5  as l a rge )  from those previously reported,  

Differences in  the  roughness f a c t o r s  of t h e  two sets of e lec t rodes  

may cause some d i f f e rence  i n  the  magnitude of io, s ince  the  io calcu- 

la t ions were based on geometrical  sur face  a reas  r a t h e r  than a c t u a l  

e l e c t r o l y t i c  su r face  areas. The procedure f o r  t he  prepara t ion  of 

t he  e l ec t rodes  previously used, namely the  sanding of the  su r face  

and the  repeated cyc l ing  of t h e  e l ec t rode  before  measurements were 

made would give e l ec t rodes  with l a rge r  roughness f a c t o r s  than would 

the  procedure reported here  which gives  much b e t t e r  reproducib i l i ty .  

0 

The e f f e c t  of t he  square wave current is a l s o  noted i n  the  d i f f e r -  

ence of t h e  io values .  

regard less  of the square wave cur ren t  d e n s i t y  u n t i l  a t  high square 

wave cur ren t  d e n s i t i e s  t he  vol tage  response of the  e l ec t rode  is l a r g e  

enough t h a t  t he  r e l a t i o n s h i p  of Wijnen and S m i t 5  no longer appl ies .  

However, t h i s  was not  found to  be the  case.  A t  low cu r ren t  d e n s i t i e s ,  

~ 0 . 1 9  ma/cm , the  p l o t  of AY versus 1/JE shows no l i n e a r  region. 

I d e a l l y ,  t he  same io value  should be obtained 

2 
0 
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This r e s u l t s  from the  high capaci tance of the  e l ec t rode  which the  small  

... ) 

1 

4 
i .? 

curren t  dens i ty  i s  unable t o  charge through. 

between 0.19 h..a/cltr and 0.42 ma/cm 

as should be the  case  i f  the  method is working co r rec t ly .  Above 

0.42 ma/cm 

A t  cu r ren t  d e n s i t i e s  

2 2 the  io values  hold q u i t e  cons tan t  

2 
seve ra l  complications arise i n  making t h e  experimental  mea- 

surements. 

increasing cu r ren t  dens i ty .  This i s  shown i n  Figure 3 which is  a 

The io values  ca l cu la t ed  from the  i n t e r c e p t  increase wi th  

p l o t  of io versus the  square wave cu r ren t  dens i ty .  A t  lower f r e -  

quencies of t h e  high square wave cu r ren t  d e n s i t i e s  d i s t o r t i o n  appears 

i n  the  wave form displayed on the  osci l loscope.  This wave form is 

compared t o  the  expected waveform i n  Figure 4. 
5 The C.C.S. method as developed by Wijnen and Smit was s p e c i f i -  

c a l l y  der ived for use on a system i n  which both e l e c t r o a c t i v e  species 

vere  present  i n  so lu t ion ,  and the  r eac t ion  was taking place on an inert 

e l ec t rode  ( i .e .  the  f e r r o u s - f e r r i c  system with a p la t inum e l ec t rode  ). 2 

A f u r t h e r  q u a l i f i c a t i o n  was t h a t  the  overvoltage be d i f f u s i o n  depend- 

e n t  and obey Fick 's  second law. 

I n  the  case  of the  Ag-Ag20 e l ec t rode  i n  a l k a l i n e  so lu t ion ,  one 

e l e c t r o a c t i v e  spec ies  involved in  the  electrochemical  r eac t ion  is i n  the  

e lec t rode  i t s e l f .  Also, t he  presence of t h e  oxide f i l m  complicates 

the  mechanism of reac t ion .  It may be t h a t  t he  overvoltage i s  no longer  

s u f f i c i e n t l y  dependent on d i f f u s i o n  of some spec ies  from the  bulk solu- 

t i o n ,  but  r a t h e r  d i f f u s i o n  o r  migrat ion of some spec ies  through the  

oxide l aye r ,  The general  shape of t h e  p l o t  of Aq versus l / J f  is  very 

s i m i l a r  t o  t h a t  obtained from the  f e r r o u s - f e r r i c  system. 

6 

However, 

one complication a r i s e s  here a l so .  

which is 60 t o  80 mv, is  considerably higher  than t h e  approximately 

The vol tage  response of the  e l ec t rode  
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Fig. 3 -- Plot  of io versus  square wave cu r ren t  dens i ty  a t  1 minute i n t o  d .c .  
ox ida t ion .  I - reg ion  where p lo ts  of ~q~ versus 1/Jf give no l i n e a r  
por t ion .  11-region where io i s  constant w i th  increas ing  square wave 
cu r ren t  dens i ty .  111-region where vo l t age  response i s  d i s t o r t e d  
a t  low f requencies ,  and io inc reases  wi th  increas ing  cu r ren t  dens i ty .  

Fig. 4 -- a )  normal e l e c t r o d e  vo l t age  response. b )  d i s t o r t e d  e l e c t r o d e  
vo 1 t age res pon s e. 
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10 mv recommended by Wijnen and Smit.5 

of the Ag-Ag 0 e lec t rode  is necessary s i n c e  t h e  square wave cu r ren t  

must  be s u f f i c i e n t  t o  charge through t h e  high capac i tance  of t h e  

double layer  of t h e  Ag-Ag20 e l ec t rode  in  a l k a l i n e  s o l u t i o n  i n  order 

t o  give a meaningful vo l t age  response. 

T h i s  high vol tage  response 

2 

Another cons idera t ion  is t h e  e f f e c t  of t h e  square wave 'current  

on the s t r u c t u r e  and su r face  p rope r t i e s  of t h e  oxide fi lm. It has 

been reported by Wales6 t h a t  t h e  charging capac i ty  of t h e  a l k a l i n e  

s i l v e r  e l ec t rode  can be increased 40-50% by superimposing an a.c. 

s i g n a l  on the d.c. ox id iz ing  cur ren t .  Although i n  our case  t h e  

square wave cu r ren t  and t h e  d.c. cu r ren t  a r e  not running simultan- 

eously,  t he  i n s t a b i l i t y  of the vo l t age  response a f t e r  app l i ca t ion  

of a square wave cu r ren t  a t  a p a r t i c u l a r  frequency ind ica t e s  s u r -  

face or s t r u c t u r a l  changes i n  t h e  oxide. Figure 5 shows p la t s  of 

vo l tage  response versus  t i m e  s ince  i n t e r r u p t i o n  of t h e  d.c. oxida- 

t i o n  f o r  f i v e  d i f f e r e n t  frequencies and a t  3 d i f f e r e n t  po in ts  i n  

t h e  ox ida t ion  p la teau .  S i g n i f i c a n t  f e a t u r e s  of t h i s  p l o t  a r e :  (1) 

t h e  i n s t a b i l i t y  of t he  vo l t age  response during the f i r s t  few minutes 

a f t e r  the i n t e r r u p t i o n ,  (2)  the  r e l a t i v e l y  p a r a l l e l  l i n e s  of s t a b l e  

vol tage  response a t  l a t e r  t i m e s ,  and (3) the f a c t  t h a t  t h e  p l o t  

made a t  3 minutes i n t o  t h e  d.c. ox ida t ion  took s e v e r a l  minutes more 

t o  s t a b i l i z e  than was needed a t  0.8 minutes o r  1.5 minutes i n t o  t h e  

oxidation. These f e a t u r e s  lend support  t o  the argument t h a t  t h e  

e l ec t rode  is  being phys ica l ly  changed by the pulsed c u r r e n t ,  s ince  

according t o  Wijnen and SmitT, only about 100 cyc les  a t  any frequency 

should be needed t o  give a s t a b l e  vol tage  response. The curve i n  

Figure 2 was obtained from da ta  i n  the s t a b l e  regions of Figure 5. 

5 
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The d i s t o r t i o n  i n  the  wave form of t h e  vo l tage  response which occurs 

a t  high square wave cur ren t  d e n s i t i e s  may a l s o  be explained i n  terms of 

s t r u c t u r a l  change. Because of t h e s e  changes and the  high cur ren t  dens i ty ,  

a second r eac t ion  phase (Ag20-AgO) may be  t h e  cause of d i s t o r t i o n .  I t  

is noted t h a t  the  d i s t o r t i o n  disappears  a s  one increases  the  frequency 

. ,. 

i 

of the a .c .  T h i s  would be expected i f  a second r eac t ion  is  taking 

place,  s ince  only during long cur ren t  p u l s e s  would s u f f i c i e n t  p o t e n t i a l  

be b u i l t  up t o  cause the second reac t ion .  Also, the  d i s t o r t i o n  occurs 

J only on t h e  anodic por t ion  of t h e  cycle .  

4 
Another support ing argument f o r  physical  changes i n  the  e l ec t rode  

is the  f a c t  t h a t  t h e  f i r s t  oxidat ion p la teau  is  longer i f  t h e  e l ec t rode  

i s  in te r rupted  and an a.c.  s i g n a l  i s  imposed on t h e  e lec t rode .  Pa r t  

of t h i s  increase  i n  length may be  explained by d i s so lu t ion  o r  s l u f f i n g  

off of the  oxide during the  in te r rupt ion .  However, reduct ion times 

show t h a t  t h i s  cannot account f o r  a l l  t h e  increased length.  The 

c t ruc tu re  has apparent ly  become less r e s i s t i v e  allowing more Ag20 t o  

form. 

Effec t  of I m p u r i t i e s  
- - 

Since O2 and C03 a r e  common contaminants i n  KOH e l e c t r o l y t e ,  the  

e f f e c t  of these  impur i t ies  on charge acceptance and maximum oxide f i lm 
?I 

. ..., 

r e s i s t ance  has been determined, The presence of dissolved oxygen ( a i r )  

i n  the  e l e c t r o l y t e  decreases  the  second p la teau  charge acceptance and 

4 

maximum r e s i s t a n c e  by about 25%. 

f r e e  KOH increases  the  maximum oxide f i l m  re s i s t ance  by about 17% but 

t h e  charge acceptance remains t h e  same. It appears t h a t  oxygen has an 

The addi t ion  of 2% K2C03 t o  carbonate- 

n 

i nh ib i t i ng  e f f e c t  on t h e  ove ra l l  r eac t ion  while carbonate only a f f e c t s  

t h e  na ture  of the  oxide f i lm  formed. 
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i : E C T I O I T  I1 

CHARGE ACCEPTANCE OF SILVER ELECTRODES UNDER CONDITIONS 

OF CONTROLLED POTENTIAL 

In t roduct ion  -.- 

T h i s  s e c t i o n  of t h e  r epor t  dea l s  w i t h  t h e  p o t e n t i o s t a t i c  ox ida t ion  

of s i l v e r  e l ec t rodes  i n  a l k a l i n e  e l e c t r o l y t e .  The fundamental import- 

ance of t h e  p o t e n t i a l  i n  t he  e l e c t r o c r y s t a l l i z a t i o n  of oxides on metal  

e l ec t rodes7  suggests t h a t  p o t e n t i o s t a t i c  

va!lue i n  s t u d i e s  of t h e  mechanism of the 

i n  a l k a l i n e  so lu t ion .  

oxidations should be of s p e c i a l  

oxidnt ion of s i lver  e l ec t rodes  

Re la t ive ly  l i t t l e  work on p o t e n t i o s t a t i c  oxidations of s i l v e r  i n  

a l k a l i n e  s o l u t i o n  appears i n  the  l i t e r a t u r e 8 ” .  There have been more 

papers t h a t  d e a l  w i t h  cont inuously changing p o t e n t i a l  and cons tan t  o r  

( *  n t r o l l e d  p o t e n t i a l  oxidations.  10,11,12 

The most complete work t o  d a t e  on t h e  p o t e n t i o s t a t i c  oxidations 

9 
of s i l v e r  is by Fleischmann and Thirsk. They s tud ied  the  topography 

and growth of s i l v e r ( 1 )  and s i l v e r ( I 1 )  oxides formed under cons tan t  

cu r ren t  and p o t e n t i o s t a t i c  condi t ions  using x-ray, e l e c t r o n  d i f f r a c t i o n ,  

and e l e c t r o n  microscopy. 

s i l v e r ( 1 )  oxide. F i r s t ,  a t h i n  f i l m  of randomly o r i en ted  c r y s t a l l i t e s  

forms on t h e  sur face .  Second, a more ordered growth occurs from pre -  

f e r r ed  si tes on t h i s  f i lm.  The i n i t i a l  l aye r  r ep resen t s  only about 20 

millicoulnmbs per cm of t h e  t o t a l  charge acceptance. According t o  

Fleischmann and Thi rsk ,  it is  t h e  mig ra t ion /d i f fus ion  of ions through 

t h i s  t h i n  l a y e r  t h a t  c o n t r o l s  t h e  e x t e n t  of t he  r e a c t i o n  on t h e  sur face .  

They d i d  not  present  complete d a t a  on t h e  t o t a l  charge acceptance versus 

applied p o t e n t i a l  f o r  s i l v e r ( 1 )  oxide,  but they d id  f o r  s i l v e r ( I 1 )  oxide. 

They reported two s t ages  of growth f o r  t h e  

2 
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I n  t h e  s i l v e r ( I 1 )  oxide region they found a sharp drop-off i n  t o t a l  

charge acceptance wi th  increas ing  p o t e n t i a l .  This i s  cons i s t en t  w i th  

the  r e s u l t s  of Halachesky and J a s i n s k i  . 8 

Malachesky and J a s i n s k i  presented d a t a  f o r  t h e  t o t a l  charge accept- 

ance versus applied p o t e n t i a l  f o r  both s i l v e r ( 1 )  and s i l v e r ( I 1 )  oxide. 

The p o t e n t i a l  range r an  from t h a t  which would f i r s t  produce s i l v e r ( 1 )  

oxide t o  t h a t  required t o  evolve oxygen. 

paper,  however, does not include i n t e r p r e t a t i o n  of t h e i r  data .  

The extended a b s t r a c t  of t h e i r  

A p l o t  of t o t a l  charge acceptance versus applied p o t e n t i a l  over 

t h e  same p o t e n t i a l  range used by Malachesky and J a s i n s k i  w a s  given 

in  Figure 8 of the  fou r th  qua r t e r ly  report . '  

shape of t h e i r  p l o t  i n  t h e  regions of silver(1) and s i l v e r ( I 1 )  oxide 

formation; however, a t h i r d  r e a c t i o n  a t  p o t e n t i a l s  j u s t  below the  

evolu t ion  of oxygen was found t o  y i e l d  a l a rge  charge acceptance peak 

which was not  reported by Malachesky and J a s i n s k i .  

It had t h e  same genera l  

The work i n  t h i s  qua r t e r  has been centered on the  determinat ion of 

the na tu re  of t h e  i n i t i a l  s i l v e r ( 1 )  oxide f i l m  and t o t a l  charge accept- 

ance r e l a t i o n s h i p s  i n  the  s i l v e r ( 1 )  and (11) oxide regions.  

EXPERIMENTAL 

P o t e n t i o s t a t i c  Oxidations 

The e l e c t r o n i c  c i r c u i t r y  and c e l l  design used f o r  t h e  poten t io-  

s t a t i c  ox ida t ions  were t h e  same as  described i n  Figure 11 of t h e  

second q u a r t e r l y  r e p o r t  of t h i s  series. 

The manner i n  which t h e  oxida t ions  were c a r r i e d  out is t h e  same as 

discussed i n  the second q u a r t e r l y  r epor t .  The e l e c t r o l y t e  used was a 

0.1 F potassium hydroxide s o l u t i o n  which had been s a t u r a t e d  w i t h  s i l v e r ( 1 )  

oxide t o  prevent d i s s o l u t i m  of oxide f r m  t h e  e lec t rode .  The re ference  



16 
P 

i; 

i 

.... 1 

! 

e lec t rode  w a s  the  mercury-mercuric oxide electrode.  A l l  t he  oxidat ions 

were c a r r i e d  out a t  20 If: .0loC. 

abraded f o i l  and w i r e  e lec t rodes .  The range of p o t e n t i a l s  was from t h a t  

required j u s t  t o  produce s i l v e r ( 1 )  oxide on the  su r face  of the  e l ec t rode  

t o  t h a t  required t o  evolve oxygen a t  t h e  sur face  of t h e  e lec t rode .  

cur ren t  and the  i n t e g r a l  of the  cu r ren t  were recorded f o r  a l l  oxidat ions.  

The types of e l ec t rodes  used were 

The 

P o t e n t i a l  Sweep Oxidations 

These oxidat ions were a l s o  c a r r i e d  out  under t h e  same procedure as 

described earlier. However, instead of t h e  p o t e n t i a l  being kept cons tan t ,  

it was continuously changed throughout a given oxidat ion,  

accomplished by rep lac ing  the  cons tan t  p o t e n t i a l  re fe rence  source (D), 

Figure 11 of t he  second qua r t e r ly  r epor t ,  wi th  a continuously changing 

p o t e n t i a l  source. 

t en- turn  p rec i s ion  r e s i s t o r  which was ro t a t ed  with a one-revolution-per- 

minute synchronous motor. 

replaced t h e  re ference  p o t e n t i a l  source in  t h e  p o t e n t i o s t a t  c i r c u i t .  

The p o t e n t i a l  changed a t  a r a t e  of 200 mv/min from 0 t o  1 v o l t .  

This was 

A cons tan t  p o t e n t i a l  w a s  appl ied across  a va r i ab le  

This gave a good p o t e n t i a l  ramp source which 

Constant Current Reductions 

Some of t he  p o t e n t i o s t a t i c a l l y  oxidized e l ec t rodes  were reduced 

using cons tan t  cu r ren t  t o  determine the  t o t a l  charge acceptances and 

whether t he re  was s i l v e r ( 1 )  or s i l v e r ( I 1 )  oxide on t h e  e lec t rodes .  The 

constant  cu r ren t  reduct ions were c a r r i e d  out using the  same procedures 

as the  cons tan t  cu r ren t  oxidat ions discussed i n  e a r l i e r  r epor t s  of t h i s  

series. 

Atomic Abs orp t ion  

Some of the  p o t e n t i o s t a t i c a l l y  oxidized e l ec t rodes  were s t r ipped  

of the  oxide f i l m  i n  0.5 F ammonium hydroxide so lu t ion .  The amount of 
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s i l v e r  which had been oxidized was then determined using standard atomic 

absorption techniques. 

RESULTS AND DISCUSSION 

Charge Acceptance 

The r e s u l t s  of a comparison of t h e  t o t a l  charge acceptance a s  

determined by (A) t h e  current- t ime i n t e g r a l ,  (B) cons tan t  c u r r e n t  

reduct ions ,  and (C) amount of s i l v e r  oxidized, as a func t ion  of appl ied  

p o t e n t i a l ,  are given i n  F igure  6 .  While t h e  r e s u l t s  are inconclusive 

a s  t o  t h e  r e l a t i o n s h i p  of each p l o t  t o  t h e  o the r  p l o t s ,  they do show 

t he  same maximum-minimum re l a t ionsh ips .  

g ive  t h e  same charge acceptance, a t  l e a s t  i n  t h e  p o t e n t i a l  region below 

0,550 v o l t  where only s i l v e r ( 1 )  oxide is being produced. The f a c t  t h a t  

A l l  t h r e e  methods should 

t h e  current-t ime i n t e g r a l  is higher f o r  a l l  t h e  oxidations ind ica t e s  

t h a t  one of t h r e e  th ings  could be happening: (1) t h e  cu r ren t  e f f i c -  

iency may n o t  be 100 pe r  cent, (2) some type of a u t o  reduction of 

t h e  oxide formed may be occurr ing ,  o r  (3) there may s t i l l  be some 

degree of d i s s o l u t i o n  of oxide o f f  t h e  su r face  of t h e  e l ec t rode  even 

though t h e  s o l u t i o n  is s a t u r a t e d  i n  s i l v e r ( 1 )  

t h e  discrepancy between t h e  cons tan t  c u r r e n t  reduct ion  p l o t  (B) and 

t h e  p l o t  made from atomic absorp t ion  d a t a  (C) is not  f u l l y  understood. 

Perhaps it only r e f l e c t s  experimental e r r o r ,  s ince  some of the  po in t s  

are the  same and one of t h e  atomic absorp t ion  po in t s  is higher than  

t h e  cons tan t  c u r r e n t  reduct ion  point .  

oxide. The reason f o r  

The do t t ed  l i n e  which appears i n  Figure 6 above 0.540 v o l t  repre-  

s e n t s  t h e  silver(1) oxide charge acceptance a s  determined by the l eng th '  

of t he  s i l v e r ( 1 )  oxide reduct ion  p la teau .  

t h e  t o t a l  charge acceptance determined from t h e  cons tan t  cu r ren t  reduction. 

The s o l i d  l i n e  r ep resen t s  
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P o t e n t i a l  Sweep Oxidations 

The r e s u l t s  of t he  p o t e n t i a l  sweep oxidat ions a r e  given i n  Figures  7 ,  

8 ,  and 9. Figures  7 and 8 show the  cu r ren t  t i m e  p l o t s  f o r  t he  oxida t ions  

i n  sa tu ra t ed  e l e c t r o l y t e  of varying pH. One of the  f i r s t  things noted was 

the presence of a small  i n i t i a l  ox ida t ive  step i n  add i t ion  t o  t h a t  of the 

formation of s i l v e r ( 1 )  oxide,  s i l v e r ( I 1 )  oxide,  and oxygen. This is  

bes t  shown i n  Figure 8 (b) as  peak ( a ) .  The formation of s i l v e r ( 1 )  oxide 

takes  place a t  peak (b). 

a t  peak ( c ) ,  and the  evolu t ion  of oxygen was f i r s t  noted a t  po in t  (d) .  

Dirksel '  reported a s imilar  curve f o r  a continuously changing 

The formation of s i l v e r ( I 1 )  oxide takes  p lace  

p o t e n t i a l  of t h e  s i l v e r  e l ec t rode  i n  a l k a l i n e  so lu t ion .  He suggested 

t h a t  t he  i n i t i a l  peak (a) was due t o  the  formation of a s i l v e r ( 1 )  hydr- 

oxide f i lm  on the  su r face  of t h e  e lec t rode .  I n  l i g h t  of Thirsk and 

Fleischmann's work using e l e c t r o n  microscopy and e l e c t r o n  d i f f r a c t i o n  

techniques as w e l l  a s  x-ray d i f f r a c t i o n ,  peak (a) is more l i k e l y  the  

formation of t he  highly r e s i s t i v e ,  randomly o r i en ted ,  t h i n  f i lm of s i l v e r ( 1 )  

oxide mentioned i n  t h e  introduct ion.  

One poss ib le  approach t o  the  determinat ion of the  na ture  of t h i s  

i n i t i a l  f i l m  is t o  use the  Flade potential-pH re l a t ionsh ip :  

Ef  = Eof -0.058 pH. 

The Flade p o t e n t i a l  i s  the  p o t e n t i a l  above which an oxide su r face  f i l m  

is  formed . 13 

A p l o t  of the  p o t e n t i a l  a t  which t h e  i n i t i a l  oxide formation began 

versus pH is given i n  Figure 9. This p l o t  was ex t rapola ted  t o  zero  pH 

and a value of 0.90 v o l t  f o r  Ef versus t h e  mercury-mercuric oxide e l ec t rode  

was obtained. 

0 

The t h e o r e t i c a l  value f o r  If based on the  formation of an 
f 
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Fig. 7.--Plot 02 current versus time for. linear 
potent ia l  sweep. Rate of sweep vas 200 mv/min, ( a )  3H = 8.3 
(b) pi3 = 10.2. 
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14 
ordered oxide is 1.28 v o l t s  versus the  mercury-mercuric oxide e lec t rode .  

Since AGO is propor t iona l  t o  Eo, i . e . ,  AGO = -n F Eo, one can see t h a t  

the  f r e e  energy f o r  t he  formation of the  electrochemical  f i lm ,  a t  0.90 

v o l t ,  is g r e a t e r  than f o r  t he  formation of a s t ruc tu red  oxide,  a t  1.28 

v o l t s .  This is reasonable ,  s ince  the  f r e e  energy of formation of a d i s -  

ordered oxide a g l a s s  f o r  example, is  g r e a t e r  than f o r  the  formation 

of t he  s t ruc tu red  oxide. 

Another poss ib le  i n t e r p r e t a t i o n  which is more meaningful i n  terms 

of determining the  na ture  and ex ten t  of t he  s t r u c t u r a l  de fec t s  w a s  p r e -  

sented by Pryor i n  a paper on the s ign i f i cance  of t h e  Flade p o t e n t i a l .  

He proposed a model where the  gross  c rys t a l log raph ic  s t r u c t u r e  of pass ive  

f i lm  is  assumed t o  be uniform; however, t h e  de fec t  concent ra t ion  of 

passive f i lms having thickness  of t he  order  of 100 2 w i l l  be f a r  from 

uniform and w i l l  r e s u l t  i n  a marked depar ture  from stoichiometry.  

I n i t i a l l y  the  na tu re  of t h e  de fec t s  y i e lds  an n-type semiconductor because 

of a considerable  number of oxygen ion vacancies w h e r e  e l ec t rons  a r e  

trapped near  the metal-oxide in t e r f ace .  As the  f i lm  thickens,  a p-type 

semiconductor f i lm  forms on top of t he  n-type. This i s  because of a 

number of metal  ion vacancies c r e a t i n g  pos i t i ve  holes i n  the  l a t t i c e .  

The e n t i r e  i n i t i a l  f i l m  i s  then a s i n g l e  oxide plane represent ing  a 

p-n type semiconductor. 

15 

I f  the  above model i s  accepted,  i t  is  c l e a r l y  meaningless t o  attempt 

t o  c a l c u l a t e  Eof i n  terms of f r e e  energ ies  of formation of bulk oxide. 

Estimations w i l l  have t o  be based on the  f r e e  energy of formation of 

energy-r ich,  highly d e f e c t i v e  oxide f i lms.  

A t  high pH values  the  t r u e  Flade p o t e n t i a l  is sometimes masked by 

the  increased exchange rate between the oxide ions and the  hydroxyl 
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16 ions ,  which gives e r r a t i c  p o t e n t i a l s  spreading over a s  much as 400 mv. 

The p l o t  of p o t e n t i a l  versus pH i n  Figure 9 does seem t o  follow t h e  

predicted equat ion,  which ind ica t e s  t h a t ,  i n  t h i s  case ,  t h e  Flade 

p o t e n t i a l  is  not  masked. 

F u t u r e  !dork 

The i n i t i a l  t h i n  oxide f € l m  of randomly or ien ted  c r y s t a l l i t e s  

suggested by Fleischmann and Thirsk’ w i l l  be inves t iga ted  by begin- 

ning an oxidat ion a t  a p o t e n t i a l  a t  which small charge acceptance 

results.  Af te r  s u f f i c i e n t  t i m e  has elapsed t o  e s t a b l i s h  t h e  basa l  

layer  of oxide, t h e  p o t e n t i a l  w i l l  be changed t o  a value a t  which 

l a rge  charge acceptance is expected. I f  the  i n i t i a l  basa l  l ayer  

determines the  charge acceptance and i f  changing t h e  p o t e n t i a l  does 

not a l ter  t h e  basa l  layer ,  a charge acceptance c h a r a c t e r i s t i c  of t h e  

i n i t i . a l  p o t e n t i a l  should result .  The p o t e n t i a l  s t e p  i n  the  opposi te  

d i r e c t i o n  w i l l  a l s o  be inves t iga ted .  

We w i l l  follow the  i n i t i a l  cur ren t  flow of p o t e n t i o s t a t i c  

oxidat ions with an osci l loscope.  The physical  c h a r a c t e r i s t i c  of 

t h e  recorders  used previously f o r  such s t u d i e s  have l i m i t e d  t h e i r  

usefulness.  
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OXIDATION OF MODEL PORE ELECTRODES 
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I n t  rod uc t ion  

I n  t h e  l a s t  Quar t e r ly  R e p o r t ,  prel iminary work on a model pore 

1 
e lec t rode  was descr ibed.  This work has been continued and includes:  

(1) modif icat ion of t he  e l ec t rode  holder ;  (2)  cons t ruc t ion  of model 

e l ec t rodes  of smaller pore s ize ;  and (3) inves t iga t ion  of t h e  oxida- 

t i o n  as a func t ion  of t i m e ,  w i r e  s i ze ,  and appl ied  cu r ren t .  

Exper imen t a  1 

I n  the  prel iminary work, t h e  e l ec t rode  was constructed using 

20 n i l  wire i n  a 1.5 mm diameter capi l lary.’  Electrodes of smal le r  

pore s i z e s  have s ince  been f ab r i ca t ed ,  using 10 m i l  wire i n  1.5 mm 

cnpi . l lgr ies  and 5 m i - 1  wire i n  0.7 1ix11 ca -i.l 1ari-e:. T n b l c  3. c m i i - n r e x  

s eve ra l  dimensions of these  e l ec t rodes .  

TABLE 2 

DIMENSTIONS OF THREE MODEL PORE ELECTRODES 

\<ire diameter 20 m i l  10 m i l  5 n i t 1  
Capi l la ry  diameter 1.5 mni 1.5 mm . 7  mm 
No. of wires 7 28 23 
Ave. pore s i z e  0.035 mm2 .01 mm2 0.003 mm2 

Surface area p e r  mm i n t o  tube 11 mm 22 mm 9 mm 
Pores per  e l ec t rode  12  39 3 4 

The model pore e l ec t rode  shown i n  Figure 10 is  a modif icat ion 

of the  one shown i n  Figure 15a of t he  previous report .’  

connecting tube (C)  p e r m i t s  the  sepa ra t ion  oE the  c a p i l l a r y  cecti-on 

of t hc  holder from i t s  complement. This results i n  a much s h o r t e r  

The 
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(A)  Serum Cap 
(B) T Joint 
(C)  Conncc t in8  Tube 
(D) Capi.3.l.ary Tube 
(E) Electrolyte  Flow 
(F) Platinum Counter E l  i?r-ti.,ide 

Fig.  10 Model Pore Electrode (Side V i e w )  
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access d i s t ance  t o  the  c a p i l l a r y  tube. 

the  grouping of the  wires and f a c i l i t a t e s  t h e i r  i n s e r t i o n  i n t o  the  tube.  

The grouped wires were fused a t  t he  top and then connected t o  a 25 

m i l  lead w i r e .  For uniform length and p a r a l l e l  end su r faces ,  t he  

wires were placed i n  the  c a p i l l a r y  so t h a t  they extended 1 mm from 

the  end and were then sanded with 600 mesh w e t  and d ry  sandpaper. The 

e l ec t rode  w a s  then removed from the  holder and each w i r e  w a s  washed 

with c leanser  and r in sed ,  

The s h o r t e r  d i s t ance  s i m p l i f i e s  

The unfused ends of some of t h e  20 m i l  and 10 m i l  w i r e  e l ec t rodes  

were masked by press ing  them aga ins t  a t h i n  l aye r  of p a r t i a l l y  cured 

epoxy cement. After  15 minutes t h e  w i r e s  were ind iv idua l ly  s t roked 

so t h a t  no cement extended beyond the  edge of the  t i p .  As before,  t he  

top of t he  c a p i l l a r y  was f l a r e d ,  the  bottom length was c a l i b r a t e d  with 

marks 2 mm a p a r t ,  and 0.1 F KOH s o l u t i o n  was forced by g rav i ty  flow 

t o  pass i n t o  the  arm ( E ) ,  through the  holder ,  and i n t o  the  r e s e r v o i r  

containing the  counter  e l ec t rode  (F). 

R e s u l t s  and Discussion 

Model pore e l ec t rodes  of var ious pore s i z e s  were oxidized a t  

constant  cu r ren t s  ranging from 50 t o  300 The r e s u l t s  are 

shown i n  Table 3. They show, i n  general ,  t h a t  the ex ten t  of pene- 

t r a t i o n  i n t o  the  pores by both s i l v e r ( 1 )  and silver(I1) oxides decreases  

as t h e  pore s i z e  decreases .  

The r e s u l t s  of t he  oxidat ions of t h e  th ree  e l ec t rodes  descr ibed 

i n  Table 2 are given i n  Table 4. 

the appl ied cu r ren t  divided by the  su r face  a rea  which is  covered by 

Ag20--is approximately t h e  same f o r  oxidat ions of equal  p la teau  length 

regard less  of the  pore s i z e .  This supports  t he  constant  cur ren t  method 

The r eac t ion  cu r ren t  dens i ty - - i . e . ,  
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TABL!; '; 

OXIDATIONS OF MODEL PORE ELECTRODES A T  VARYING A P P L I E D  CONSTANT CURRENTS 

E x t e n t  o f  Penetra t im Normal  to  Pore O p e n i n :  
S i lver (I) S ilver(I1) Oxygen 

T i m e  Wire S ize  C u r r e n t  O x i d e  O x i d e  
(min) ( m i l )  (vamp) (mm) ( m d  

1 
4 
8 
12 
16 
20 
1 
4 
8 
1 
4 
1 
4 
8 
12 
16 
20 
2 4 
28 
1 
4 
8 
12 
16 
1 
4 
8 
1 
4 
8 
12 
16 
20 
28 
1 
4 
8 
12 
16 
28 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

160 
16@ 
160 
160 
160 
160 
200 
200 
200 
240 
240 
2 00 
200 
200 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
50 
50 
50 
50 
50 
50 
50 
75 
75 
75 
75 
75 
75 

2.00 . 00 
5.75 
9.00 
9.50 

2.50 
5.00 
6.50 
2.50 
5.50 
0.60 
2.25 
3.80 
4.70 
6.00 
6 . 9 @  
7.50 
8.10 
0.75 
3.50 
4.20 
5.30 
5.70 
1.50 
3.30 
4.50 
0.4C 
1.70 
3.50 
6.00 
7.90 
8.40 
8.90 
0.70 
3.10 
5.00 
6.30 
8.40 
8.70 

- 
- 
0.75 
3.60 
3.90 

- 
0.75 
2.25 

2.00 
- 
- 
- - 
1.00 
1.60 
2.00 
2.30 
2.50 - - 
1.30 
1.80 
2.00 

0.30 
1.30 

. -  

- - 
0.20 
0.40 
0.60 
0.80 
1.30 - - 
0.50 
1.20 
1.60 
2.00 
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of sur face  a r e a  e s t ima t ion  t h a t  assumes t h a t  a t  equal p l a t eau  lengths  

the cu r ren t  d e n s i t i e s  are equal. 1 

TABLE 4 

CALCULATION OF REACTION CURRENT DENSITY FROM OXIDATIONS 
AT CONSTANT CURRENT OF THREE MODEL PORE 

CAPILLARY ELECTRODES 

- I 

Electrode s i z e  20 m i l  10 m i l  5 mil 

Surface a rea  p e r  
mm of pore 11 nrm 22 Ltm 9Omn 

Applied c u r r e n t  75 ,,,amp 200 cLamp 50 ,,,amp 

Pla teau  length  5 min 5 min 5 min 

Extent of pene t r a t ion  of 
oxidation l aye r  i n t o  pore 2.8 mm 3.3 mill. 2.0 mm 

18 nun2 2 73 mm 2 Tota l  su r f ace  a rea  used 
i n  r e a c t i o n  30 mm 

2.5 llamp/mm2 2.7 ,,,amp/mm' 2.7 llamp/m" 2 
Reaction cu r ren t  d e n s i t y  

The e f f e c t  of e l e c t r o l y t e  flow rate was b r i e f l y  s tud ied .  D i f f i -  

c u l t i e s  encountered i n  c o n t r o l l i n g  t h e  flow prevent a q u a n t i t a t i v e  con- 

c lus ion ,  but it appears  t h a t  both oxide fi lms pene t r a t e  the pore t o  a 

lesser e x t e n t  a s  t h e  flow r a t e  i s  increased. 

s e n s i t i v e  t o  t h i s  e f f e c t  than  is t h e  Ago fi lm. 

The Ag20 f i l m  is  more 

L i t t l e  work has been done t o  d a t e  on t h e  e l ec t rodes  w i t h  masked 

t i p s ,  but t hese  seem t o  o f f e r  an e x c e l l e n t  way t o  s tudy  t h e  e f f e c t s  of 

pores,  no t  only on t h e  silver a l k a l i n e  system, but on many o ther  

electrochemical systems. 

w i t h  e i t h e r  s t a t i o n a r y  o r  forced flow e l e c t r o l y t e .  

l i m i t s  end e f f e c t s ,  which is  important s i n c e  most t heo r i e s  neg lec t  

end e f f e c t s  i n  t h e i r  de r iva t ions .  17 ,  18, 19 

They o f f e r  con t ro l l ed  pore s ize  and geometry 

The des ign  a l s o  
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