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A B S T R A C T  

Kine t i c  da ta  of  t h e  o x y g e n  e v o l u t i o n  r eac t i on  at  P t  e l ec t rodes  in  a lka l ine  so lu t ions  h a v e  s h o w n  two  types  of  behav io r ,  
a Tafe l  s lope  of  60 m V / d e c a d e  of  c u r r e n t  d e n s i t y  a t  low a p p l i e d  c u r r e n t  d e n s i t i e s  a n d  a s lope  of  120 m V / d e c a d e  a t  h i g h  
c u r r e n t  dens i t ies .  A t  low c u r r e n t  dens i t ies ,  a n d  ra te  of  t he  r eac t i on  was  f o u n d  to b e  i n d e p e n d e n t  of  t h e  t h i c k n e s s  of  t he  
u n d e r l y i n g  P t  ox ide  film, wh i l e  t he  e l ec t rode  p o t e n t i a l  has  a - 1 2 0  m V  d e p e n d e n c e  on  so lu t ion  pH. At  h i g h  c u r r e n t  dens i -  
t ies,  t h e  ra te  is s t r ong ly  d e p e n d e n t  on  fi lm t h i c k n e s s  a n d  e x h i b i t s  a - 1 8 0  m V  d e p e n d e n c e  o n  pH. A m e c h a n i s m  of  t he  oxy-  
gen  e v o l u t i o n  r eac t i on  w h i c h  is c o n s i s t e n t  w i t h  th i s  da t a  is p r e s e n t e d .  I t  i nvo lves  a r a t e - d e t e r m i n i n g  first  e l ec t ron  t r a n s f e r  
s t ep  a t  h i g h  c u r r e n t  dens i t ies .  A t  low c u r r e n t  dens i t ies ,  t h e  c h e m i c a l  s tep  fo l lowing  t he  n o w  rap id  f irst  e l ec t ron  t r a n s f e r  
s t ep  is ra te  l imi t ing .  T he  - 1 8 0  m V  p H  d e p e n d e n c e  o b s e r v e d  at  h i g h  c u r r e n t  dens i t i e s  impl i e s  a f rac t iona l  r e a c t i o n  o rde r  of  
3/2 w i t h  r e s p e c t  to  t h e  O H -  ion. Th i s  ha s  b e e n  e x p l a i n e d  in  t e r m s  of  a dua l  b a r r i e r  m o d e l  of  t h e  m e t a l  ox ide  f i lm/so lu t ion  
in te r face .  A c c o r d i n g  to th i s  mode l ,  t he  ra tes  across  each  ba r r i e r  are  p H  d e p e n d e n t .  T h e  f rac t iona l  r eac t i on  o rde r  is d u e  to 
t h e  e x i s t e n c e  of  t h e s e  two  d e p e n d e n c e s  a n d  is p r imar i l y  r e l a t ed  to t he  d e p e n d e n c e  of  t he  p o t e n t i a l  d i f f e rence  ac ross  t he  
o u t e r  H e l m h o l t z  layer  on  pH. 

I n  a p r e v i o u s  p a p e r  (1), it was  s h o w n  tha t ,  d e p e n d i n g  on  
t h e  a p p l i e d  c u r r e n t  d e n s i t y ,  two  t y p e s  of  k i n e t i c s  cha rac -  
t e r i ze  t he  o x y g e n  e v o l u t i o n  r eac t ion  at  P t  e l ec t rodes  in  al- 
k a l i n e  so lu t ions .  At  low c u r r e n t  dens i t ies ,  t he  Tafel  s lope  is 
60 m V / d e c a d e ,  wh i l e  at  h i g h  c u r r e n t  dens i t i es ,  i t  is 120 mV/  
d e c a d e .  T h e  c l a s s i f i ca t i ons  of  " l o w "  a n d  " h i g h "  c u r r e n t  
d e n s i t i e s  re f lec t  e l e c t r o d e  b e h a v i o r  w i t h  d i f f e r e n t  Tafe l  
s lopes.  

In  t h e  low c u r r e n t  dens i t y  region,  t h e  ra te  of  o x y g e n  evo- 
l u t i o n  was  f o u n d  to b e  i n d e p e n d e n t  of  t he  p r e t r e a t m e n t  of  
t he  e l ec t rode  and,  the re fore ,  of  t h e  t h i c k n e s s  of  t he  ox ide  
f i lm c o v e r i n g  t h e  P t  e l ec t rode  surface.  Also, t h e  ra te  of  t h e  
r e a c t i o n  was  f o u n d  to d e p e n d  s t rong ly  on  t h e  p H  of  t he  so- 
l u t i on ,  i.e., dE/d pH = -120 mV.  T h e  e m p i r i c a l  r a t e  equa -  
t i on  is, the re fore ,  g iven  b y  

il = k~[OH ]2 exp[FE/(RT)] [1] 

T h e  s u b s c r i p t  1 re fers  to t he  low c u r r e n t  dens i t y  region.  E 
is t h e  p o t e n t i a l  of  t h e  P t  e l ec t rode  w i t h  r e s p e c t  to a p H  in- 
d e p e n d e n t  r e f e r e n c e  e lec t rode ,  a n d  k~ is t he  p r e - e x p o n e n -  
t ial  factor ,  w h i c h  ha s  b e e n  f o u n d  to be  i n d e p e n d e n t  of  t he  
o x i d e  f i lm t h i c k n e s s  b u t  d e p e n d e n t  o n  t h e  c h o i c e  of  t h e  
r e f e r e n c e  e lec t rode .  

I n  c o n t r a s t  to  t h e  k i n e t i c s  a t  l ow c u r r e n t  d e n s i t i e s ,  t h e  
ra te  of  o x y g e n  e v o l u t i o n  at  h i g h  c u r r e n t  dens i t i e s  e x h i b i t s  
a c l ea r  d e p e n d e n c e  on  t h e  e l e c t r o d e  p r e t r e a t m e n t  and ,  
h e n c e ,  on  t he  ox ide  f i lm t h i c k n e s s .  Also,  a t  h i g h  cu r ren t s ,  
t h e  r a t e  of  o x y g e n  e v o l u t i o n  d e p e n d s  e v e n  m o r e  s t r o n g l y  
on  p H  t h a n  in t he  low c u r r e n t  dens i t y  region,  i.e., dE/d pH 
= - 1 8 0  m V / p H  uni t .  Th i s  d e p e n d e n c e  is u n u s u a l  in  elec- 
t r o d e  k ine t i c s  a n d  leads  to  a f rac t iona l  r eac t i on  o rde r  of  3/2 
w i t h  r e s p e c t  to  t h e  O H -  ion concen t r a t i on .  T h e  ra te  equa-  
t ion,  the re fore ,  is g i v e n  b y  (1) 

ih = kh[OH-] 3n exp[FE/(2RT)] [2] 

T h e  s u b s c r i p t  h refers  to h i g h  c u r r e n t  dens i ty .  T he  d e p e n -  
d e n c e  of  t h e  r a t e  of  t h e  02 e v o l u t i o n  r e a c t i o n  on  t h e  f i lm 
t h i c k n e s s  at  h i g h  c u r r e n t s  is s e e n  b y  t he  d e p e n d e n c e  of kh 
o n  t he  f i lm t h i c k n e s s .  

I n  t h i s  p a p e r ,  w e  d i s c u s s  t h e  k i n e t i c  d a t a  in  r e l a t i o n  to 
t h e  r e c e n t l y  p r o p o s e d  s t r u c t u r e  of  t h e  d o u b l e  layer  at  ox- 
ide  c o v e r e d  P t  e l e c t r o d e s  a n d  also p r o p o s e  a m e c h a n i s m  
for  o x y g e n  evo lu t i on  in  a lka l ine  so lu t ions  w h i c h  is cons i s t -  
e n t  w i t h  t h e  o b s e r v e d  d a t a  in  b o t h  t h e  low a n d  t h e  h i g h  
c u r r e n t  r eg ions  a n d  w i t h  t he  n e w  v iews  of  t he  s t r u c t u r e  of  
t h e  d o u b l e  layer.  

Comparison of the kinetics at high cu~:rent density in al- 
kal ine solutions wi th  the kinetics in acid solut ions.--The 
* Electrochemical Society Active Member. 

k ine t i c s  in  t he  h i g h  c u r r e n t  region,  i n c l u d i n g  t he  o b s e r v e d  
f r a c t i o n a l  r e a c t i o n  o r d e r  of  3/2 w i t h  r e s p e c t  to  OH ions ,  
c a n n o t  b e  e x p l a i n e d  o n  t he  bas is  of  a s i m p l e  m o d e l  of  t h e  
s t r u c t u r e  of  t he  d o u b l e  layer  a n d  in  t e r m s  of  t h e  genera l ly  
a c c e p t e d  c o n c e p t s  of  e l e c t r o d e  k ine t i c s .  A c c o r d i n g  to a n  
ear ly  ana lys i s  by  Bockr i s  (2), a r eac t ion  o rde r  of  3/2 w o u l d  
i m p l y  t h a t  1/3 of  a n  OH-  ion e n d s  u p  in  t he  f inal  p r o d u c t  of  a 
reac t ion ,  h a v i n g  b y p a s s e d  t he  r a t e - d e t e r m i n i n g  s tep  (rds), 
wh i l e  t he  o the r  2/3 ha s  c ros sed  t h e  po t en t i a l  e n e r g y  ba r r i e r  
a s soc i a t ed  w i t h  t he  rds.  Also, th i s  f rac t iona l  r eac t i on  o rde r  
c a n n o t  b e  a c c o u n t e d  for in  t e r m s  of  T e m k i n  a d s o r p t i o n  ki- 
ne t i c s  b e c a u s e  a Tafel  s lope  of  120 m V / d e c a d e  is no t  con-  
s i s t en t  w i t h  a n y  rds  u n d e r  T e m k i n  c o n d i t i o n s  a n d  b e c a u s e  
c o v e r a g e  w i t h  a d s o r b e d  o x y g e n  spec i e s  a t  o x i d e  c o v e r e d  
P t  su r faces  is ve ry  smal l  (3). 

I t  is s h o w n  be low t h a t  a r eac t ion  o rde r  of  3/2 w i t h  r e s p e c t  
to  OH-  has  t he  s ame  or ig in  as t h e  f rac t iona l  r eac t i on  o rde r  
of  -1/2 w i t h  r e s p e c t  to  H30 + ions ,  r e p o r t e d  for  t h e  o x y g e n  
e v o l u t i o n  r eac t ion  in acid so lu t ions  (4-7), a n d  t h a t  b o t h  are  
r e l a t ed  to t h e  s t r u c t u r e  of  t he  d o u b l e  layer  a n d  t h e  distr i -  
b u t i o n  of  t h e  p o t e n t i a l  a t  t h e  m e t a l / m e t a l  o x i d e  fi lm/so- 
l u t i on  in ter faces .  As at  h i g h  c u r r e n t s  in  a lka l ine  so lu t ions ,  
t h e  r a t e  of  o x y g e n  e v o l u t i o n  a t  all  c u r r e n t s  in  ac id  solu-  
t ions  also d e p e n d s  cr i t ica l ly  on  t he  t h i c k n e s s  of  t h e  fi lm (5, 
7, 8). I n  o r d e r  to  f ac i l i t a t e  u n d e r s t a n d i n g  of  t h e  f r a c t i o n a l  
r e a c t i o n  o r d e r  in  a l k a l i n e  s o l u t i o n s  a n d  t h e  d e p e n d e n c e s  
of  t h e  r a t e  of  o x y g e n  e v o l u t i o n  o n  f i lm t h i c k n e s s ,  t h e  na-  
t u r e  of  t he  para l le l  r eac t ions  of  fi lm g r o w t h  a n d  o x y g e n  ev- 
o lu t ion  s h o u l d  first  b e  br ief ly  d i scussed .  

T h e  e x a c t  r e l a t i o n s h i p  b e t w e e n  P t  o x i d e  f i lm g r o w t h  
a n d  t h e  o x y g e n  e v o l u t i o n  r e a c t i o n  in  ac id  s o l u t i o n s  was  
s t u d i e d  in  r ing -d i sk  e l ec t rode  e x p e r i m e n t s  (6, 7), in  w h i c h  
a c o n s t a n t  a n o d i c  c u r r e n t  dens i ty ,  i, was  f irst  app l i ed  to a n  
o x i d e  f ree  P t  d i sk  e l ec t rode .  F o l l o w i n g  t h e  in i t i a l  a d s o r p -  
t i on  of  o x y g e n  species ,  a film fo rms  u p o n  t he  P t  subs t r a t e ,  
w h i l e  t he  po t en t i a l  i nc r ea se s  l inear ly  w i t h  t i m e  (Fig. 1). No 
o x y g e n  cou ld  be  de t ec t ed  at  t he  r ing  up  to a d i sk  po t en t i a l  
of  a b o u t  1.5V. H o w e v e r ,  a t  a c e r t a i n  p o t e n t i a l ,  w h i c h  de-  
p e n d s  on  i, o x y g e n  b e g a n  to evo lve  in  a para l le l  p roce s s  to 
f i lm g r o w t h ,  a n d  s o o n  o x y g e n  e v o l u t i o n  b e c a m e  t h e  pre-  
d o m i n a n t  r eac t i on .  T h e n  t h e  p o t e n t i a l  c o n t i n u e d  to in- 
crease ,  b u t  m o r e  s lowly a n d  n o n l i n e a r l y  w i t h  t i m e  a n d  at  a 
r a t e  w h i c h  d e c r e a s e d  w i t h  t ime .  I n  t h i s  n o n l i n e a r  E-t re- 
g ion,  t h e  o x i d e  f i lm c o n t i n u e d  to g r o w  s lowly,  w h i l e  oxy-  
g e n  e v o l u t i o n  was  t h e  p r e d o m i n a n t  e l e c t r o d e  r eac t i on .  
T h i s  was  d e t e r m i n e d  (5, 6) b y  c o m p a r i n g  t h e  o x y g e n  re- 
d u c t i o n  c u r r e n t  a t  t h e  r ing ,  w h i c h  is p r o p o r t i o n a l  to  t h e  
o x y g e n  e v o l u t i o n  c u r r e n t  a t  t h e  d isk ,  w i t h  t h e  c u r r e n t  at  
t he  d i sk  e lec t rode ,  w h i c h  is equa l  to  t h e  s u m  of  t he  c u r r e n t  
d u e  to O2 e v o l u t i o n ,  io2, a n d  t h e  c u r r e n t  d u e  to P t  o x i d e  

1621 
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Fig. 1. Rotating ring-disk experiments. The changes of the ring cur- 

rent and the disk potential with time (0-7.Ss and 7.5-15s are both 
shown) are indicated, idleR = 10 -~ A/cm 2- Solution: 2N H2SO4. 

growth, iog. From the difference of i - io2, iog could then be 
obtained as a funct ion of potential  and time. The numer- 
ical integrat ion of iog over t ime gives the charge densi ty 
equivalent to the Pt  oxide film thickness. 

With this approach, the high field Cabrera-Mott model  of 
film growth, which is known to apply prior to the onset of 
oxygen  evolut ion in both acid and alkaline solutions 
(3,9-14), could be tested for its validity in the case where 02 
evolut ion  is the predominant  reaction. I f  the film contin- 
ued  to grow according to the high field mechanism,  even 
when  O2 evolut ion is the predominant  reaction, then the 
equation 

iog = i .... exp[(E - Eo)/(cq)] [3] 

which has been known to be valid in the linear E-t region 
where only Pt  oxide growth occurs, must  also hold in the 
nonlinear E-t region, in which 02 evolution is the predomi- 
nant reaction. In Eq. [3], iog.o can be considered as the ex- 
change current density for Pt  film growth, q is the charge 
density equivalent to the thickness of the oxide film, c is a 
constant  which can be exper imenta l ly  determined,  and 
E - Eo is the potential difference across the film and the in- 
ner Helmholtz layer (IHL) (3, 6, 7, 11-14). Eo is the potential 
in the inner  Helmhol tz  plane (IHP) against the reference 
electrode [see Ref. (6, 7)]. By utilizing the values of io,.o, c, 
and Eo, which were obtained from the Cabrera-Mott treat- 
ment  of the data obtained in the linear E-t region, and the 
values for iog obtained by the ring-disk exper iment  de- 
scribed above, the expected  electrode potential  in the 
nonl inear  E-t region, E, was calculated from Eq. [3]. This 
calculated potential was then compared to the experimen- 
tally observed potential at the disk at the same charge den- 
sity. A very close match was obtained between the calcu- 
lated and observed potentials.  This is i l lustrated in Fig. 2 
for two current densities and two pH's. 

This close match indicates that the same mechanism of 
Pt  oxide growth applies at potentials prior to the occur- 
rence of 02 evolution as when 02 evolution is the major re- 
action. Because of the applicabili ty of Eq. [3] in both E/t 
regions, the model  of the potential distribution across the 
film and the inner and outer Helmholtz layers, established 
in prior studies of Pt  oxide growth, must also apply when 
O~ evolution is the predominant  reaction (7). According to 
this model,  the potential  difference across the outer  
Helmhol tz  layer (OHL), which is l inearly related to Eo, is 
constant  i rrespect ive of the rate at which the oxide film 
grows and independent  of its thickness. Consequently, Eo 
and, hence, the Galvani potential  difference across the 
OHL, ~ is independent  of the rate at which oxygen 
is evolved.  Here, OHP represents  the outer Helmhol tz  
plane. However ,  Eo has been found to vary with solution 
pH with respect  to a pH independent  reference electrode 
(cf., Fig. 2). 

In Fig. 3, a model  of the potential  distr ibution at the 
metal /oxide film/solution interface is i l lustrated for two 
current densities and two pH's. The ring-disk experiments 
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Fig. 2. Change of the disk potential with the integrated charge den- 
sity. o: observed potentials; x: calculated potentials using Eq. [3]. Two 
top lines, 2N H2SO4. Bottom line, 0.02N H2SO4. 

and the comparison of the calculated and exper imenta l ly  
observed E/q relationships in acid solutions have shown 
that Eo decreases 60 mV as the pH increases by one unit i n  
both E/q regions (cf., Fig. 2 and 3). Hence, the pH depen- 
dence of the oxygen evolut ion reaction in acid solutions, 
where water molecules are the reacting species in the rds, 
has been shown to be a direct consequence of the pH de- 
pendence of the potential difference across the OHL. 

In contrast to Eo, the potential difference across the film 
and the IHL, E - Eo, is independent  of the solution pH, al- 
though it varies with the applied current.  Also, for the 
same i, E - Eo changes as q, or the thickness  of the film 
changes. It is evident from Fig. 2 that at any q during 02 ev- 
olution, E - Eo is given by (1, 7) 

E - Eo = 2RT/F [ln (i/kA) + mq] [4] 

Here m is the slope, dE/dq, in the second V-q region where 
02 evolut ion predominates  and i - io2. The constant,  kA, 
may be interpreted as the exchange current density for 02 
evolution extrapolated to zero film thickness (7). 

The rds for oxygen evolution in acid solutions has been 
determined to be the first electron transfer step across the 
film and the IHL (6, 7). The true reaction order with respect 
to H30 + ions with H20 as the reacting species would then 
be zero. Al though the process across the OHL is fast and 
independent  of i, Eo decreases 60 mV as the pH increases 
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i Oxide Film 

iz>iz Helmh01tz 
Layer 
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Fig. 3. Model of the dual barrier for 02 evolution used in the present 
study. 
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one unit. In this model  of two barriers in series, it is this de- 
pendence of Eo on pH which causes a dE/d pH = -60 mV 
and, hence, the observed fractional reaction order of  - 1/2 
for 02 evolution in acid solutions. This interpretation of the 
fractional reaction order can now be used to facilitate the 
unders tanding  of the kinetics of O2 evolut ion in alkaline 
solutions. 

Dependence of  the rate of  oxygen evolution on pH at high 
current densi ty .--Previous work in alkaline solutions (13, 
14) has shown that  prior to the onset of 02 evolution,  an 
oxide film grows at Pt, also according to the high field 
Cabrera-Mott law, i.e., according to Eq. [3], although some 
kinet ic  parameters  in acid and alkaline solutions differ. 
For  example,  io.o~ is pH dependen t  in alkaline but  not in 
acid solutions (10, 13). In order to analyze the observed pH 
dependence  of O2 evolut ion in alkaline solutions, the as- 
sumpt ion  is now made that  the oxide film continues to 
grow according to the same mechanism during the 02 evo- 
lution reaction as prior to it in alkaline solutions, as it did 
in acid solutions. It is also assumed that the observed hin- 
drance of  oxygen evolut ion in alkaline solutions by the 
presence of the underlying film can be represented b y t h e  
same rate equation as is used for acid solutions. 

Therefore,  in the high current  region in alkaline solu- 
tions, where the rate of O2 evolution depends on film thick- 
ness, Eq. [2] can be re-expressed by assuming that  kh de- 
pends on film thickness, as was observed in acid solutions 
(Eq. [4]). The rate is then also proportional to exp 
[-mFq/(2RT)], i.e., 

ih = bh[OH-] 3/~ exp[-mFq/(2RT)] exp[FE/(2RT)] [5] 

In previous studies of film growth in alkaline solutions, 
at potentials prior to the onset of 02 evolution, it was con- 
c luded that, as in acid solutions, the potential  difference 
across the OHL is independent  of iog and film thickness,  
but  it decreases 60 mV as pH increases one unit. Indeed,  
over the entire pH range, it was found that (3, 11, 14) 

Eo = Eo~H=o - 2.3RT/F pH [6] 

Eo has the same significance as in Eq. [3], i.e., it is the po- 
tential of the IHP with respect to a pH independent  refer- 
ence electrode. Al though Eo and Eo.p,=o are known only 
with respect  to such an electrode,  the change in Eo (with 
pH) is known. Consequently,  Eo is said to provide a mea- 
sure of the potential difference across the OHL. The effect 
of the diffuse double layer can be ignored in these concen- 
trated solutions. 

Although ring-disk electrode experiments to study these 
reactions in alkaline solutions have not been carried out, it 
is expected that when 02 evolution becomes the predomi- 
nant  react ion at higher  potentials,  the Pt  oxide film will 
continue to grow by the same mechanism as when only Pt 
oxide  growth occurs at lower potentials.  The potential  
drop across the OHL is then independent  of the rate of 02 
evolu t ion  and the thickness  of  the oxide  film, al though it 
decreases 60 mV as pH increases one unit. Therefore, only 
the potential difference across the film and the IHL, E - Eo, 
which  is independen t  of the choice of the reference elec- 
trode, determines  the rate of oxygen evolution. For  the 
first electron transfer step involving OH as the reactant, 
and replacing E in Eq. [5] by (E - Eo) as the operative elec- 
trode potential (15), one obtains 

-~h = Bh[OH-] exp[-mFq/(2RT)] exp[F(E - Eo)/(2RT)] [7] 

Equat ion  [7] shows that, at high currents,  the true reac- 
t ion order with respect  to OH- is one. The addit ional  de- 
pendence on pH, as seen by the fractional reaction order of 
3/2 (Eq. [5]) for the overall reaction, arises only from the de- 
pendence of Eo on pH, according to Eq. [6]. 

In interpreting the film and film]solution interface as two 
barriers in series, one being the film and the IHL, and the 
other being the OHL, the rate of O2 evolution at high cur- 
rents and at a given pH is controlled by the electron trans- 
fer process across the film and IHL. For  a constant  film 
thickness,  an increase in the potential  difference across 
the film and IHL by 120 mV causes a 10-fold increase in the 
current  for 02 evolution. The process across the OHL and 
hence E~, is independent  of the rate of 02 evolution. 

Mechanism of  oxygen evolution at high current den- 
s i ty . - - In  view of the observed Tafel slope of 120 mV and 
the " t rue"  react ion order of  one with respect  to OH-, it is 
proposed that the rds of the O2 evolution reaction at high 
currents  is the first electron transfer step across the film 
and IHL. The reaction species is OH- in the IHP, not H~O 
molecules, as in acid solutions, i.e. 

OH mP-~ OHjHF + eM- [8] 

A rapid equilibrium between OH-rap and OH sot exists, i.e. 

OH-rap ~ OH-oHp ~ OH-sol [9] 

Here, sol represents the bulk solution. 

The overall rate equation for reaction [8] would then be 
given by 

Sh : kh[OH-]sol  exp[~F(E - Eo)/(RT)] [10] 

which is identical  to rate Eq. [7] when ~ = 1/2 and kh = Bh 
exp [-mFq/(2RT)]. 

A formal analogy may now be drawn between the dual 
barrier model, proposed for 02 evolution, and the structure 
of the metal/solution interface in the presence of a diffuse 
double  layer. The potential  difference be tween the OHP 
and the bulk of solution in the case of the diffuse double 
layer is analogous in the dual barrier model  to the potential 
difference across the OHL, assuming the absence of a dif- 
fuse layer in the latter. An equi l ibr ium is established be- 
tween the IHP and OHP and also be tween the OHP and 
the solution, in the dual barrier model, just  as in the case of 
a diffuse double layer. As pointed out by Frumkin  and dis- 
cussed by others, e.g., Delahay (16), the diffuse double 
layer affects the kinetics of an electrochemical reaction in 
two ways. First, the concentrat ion of  the reactants in the 
"pre-elect rode plane," i.e., the OHP in the diffuse double 
layer model, is different from the bulk concentration when 
the reactants are charged particles. Second, the %ffective 
electrode potential" at the OHP is not (bM - (bs but (bM - (b2. 
Here, 4)M and 4)2 are the inner potentials  in the metal  elec- 
trode and the OHP, respectively, and (bs is the inner poten- 
tial in the solution. 

Fol lowing the analogy, in the dual barrier model,  only 
the potential difference across the film and the IHL, E - Eo 
= (~M - -  (~IHP,  affects the rate of 02 evolut ion directly, and 
only the concentrat ion of  OH- in the IHP (the pre- 
e lectrode plane in the DBM) should be considered in Eq. 
[10]. The concentra t ion of  a react ing ion, j, in a pre- 
e lect rode plane, e.g., the OHP in the DDL model  or the 
IHP in the dual barrier  model,  is related to the bulk con- 
centration, e.g., for the diffuse double layer model  by (16) 

CJ0HP = CJsol exp[-zF((b2 - q~sol)/(RT)] [11 ]  

Here, z is the charge of the react ing ion and includes its 
sign. Al though Eq. [11] may be valid for low concentra- 
tions of reactants and supporting electrolyte, e.g., for con- 
centrat ions less than 10-3M, this equat ion cannot  be ap- 
plied to high solution concentrations. For  the dual barrier 
model, it predicts an OH- concentration in the IHP which 
is excess ively  high as well as an impossibly high separa- 
tion of charges across the OHL. Even if Eq. [11] were valid 
and the concentration of the reacting OH- in solution.were 
low, e.g., less than 10-4M, any change in the concentration 
of OH- ions in the IHP due to a change of the potential dif- 
ference across the OHL, e.g., due to pH changes, would be 
accompanied  by a change in the ground level energy of 
OH- in the IHP. This would, in turn, result in a change in 
the react ion activation energy, which will counteract  the 
effect of the change of  the OH- concentra t ion in the IHP 
on the rate of 02 evolution. However, it should be pointed 
out that Eq. [11] represents only the change in the electri- 
cal energy when an ion is transferred from the bulk of solu- 
t ion to the OHP. Changes in the chemical  energy, e.g., 
chemical potentials, are not encompassed by Eq. [11] and, 
hence, the validity of the equation is questionable. In view 
of this qualification, it seems justifiable to consider that 

[OH-me] ct [OH-oriel ~ [OH-~ol] [12] 
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so that, in Eq. [10], the OH- concentration in the solution, 
rather than the OH- concentration in the IHP, is used. 

It should also be noted that although Eo decreases 60 mV 
as the pH increases by one unit, this does not necessarily 
imply that the Galvani potential  difference across the 
OHL, (bmP - ~s, changes 60 mV with each uni t  of pH. Con- 
sider a concentration cell consisting of two half-cells, each 
with a Pt electrode in an oxygen saturated solution of dif- 
ferent pH. The cell potential difference is equal to the dif- 
ference in the "absolute electrode potentials." Using the 
definition of the potentials suggested by Trasatti  (17), the 
operative electrode potentials, a(b's , are the same at both 
electrodes, and the observed difference in the cell poten- 
tials arises solely from the difference in the chemical lao- 
tential of the electrodes in the different solutions, i.e. 

hE = A~eS/e [13] 

These chemical potentials can be expected to vary with 
the logarithm of the concentration of the reactants in these 
solutions. Consequently,  the potential  difference across 
the OHL of the working electrode would remain constant, 
independen t  of pH. In  this case, Eq. [12] is unqual i f iably 
correct. Indeed, there is evidence that the operative elec- 
trode potential  of the RHE is independen t  of pH (18). To 
our knowledge, such a possibility has never been exam- 
ined before in relation to electrode kinetics. 

Mechanism at low current dens i ty . - -Any interpretation 
of the kinetics of 02 evolution in alkaline solutions in the 
low current  region mus t  be compatible with the reaction 
path and the model of the structure of the metal/solution 
interface proposed for the kinetics at high currents. It 
must  also logically lead to the observed rate Eq. [1] and 
must  be consistent with the observed independence of the 
02 evolut ion reaction at low currents  on the thickness of 
the film. It must  also account  for the observed 
nonfractional dependence of the reaction rates on pH. 

Formally, the observed Tafel slope of 60 mV and the pH 
dependence of -120 mV per pH unit, observed at low cur- 
rents, would be consistent  with the rds being a second, 
chemical step following a first rapid charge transfer step, 
e.g. 

kl 
OH- ~ -  O H + e -  [14] 

k-1 
rds 

OH + OH- ~ products (e.g., 0 -  + H20) [15] 
ks 

However, this path, (Eq. [14] and [15]), would yield the ob- 
served kinetic parameters only for a simple model of the 
double layer or when the potential  difference across the 
entire interface determines the reaction rate. The reaction 
path with Eq. [15] as the rds is, therefore, not compatible 
with the proposed model and the kinetics in the high cur- 
rent region. 

In  view of the proposed model of the metal/solution in- 
terface and the mechanism of O~ evolution at high cur- 
rents, it is suggested now that at low currents, a chemical 
step following the rapid first electron transfer step is the 
rds. In anticipation of the results of this analysis, the rate 
of a chemical step without OH- as the reactant in this step 
would be proportional to the concentration of OH,up, i.e. 

~l = kz[OHme] [16] 

By considering the first step (Eq. [14]) to now be in dy- 
namic equil ibrium and that the rate of [14], in both direc- 
tions, will still depend on film thickness,  as in Eq. [7], we 
can formulate 

~h -- k_, [OHmp] exp[-mFq/(2RT)] e x p [ - F ( E  - Eo)/(2RT)] 
[17] 

Then by equating ~h ~,d ~h, i.e., [7] and [17], the exp[ -mFq/  
(2RT)] terms cancel out and 

[OHIHe] c( [OH-~ol] exp[F(E - Eo)/(RT)] [18] 

Therefore, from Eq. [16], the rate with a chemical step be- 
ing the rds is given by 

~1 = kl[OH-~ol] exp[F(E - Eo)/(RT)] [19] 

The "true" reaction order with respect to OH- for the 
chemical  step is one, bu t  since Eo in Eq. [19] depends on 
pH, the apparent  reaction order of two is obtained. More- 
over, the rate is now independent  of film thickness. Thus, 
Eq. [19] is now in agreement with the kinetic data of 02 ev- 
olution observed in the low current  density region and is 
compatible with the reaction path proposed for the kinet- 
ics in the high current density region and with the model 
of the metal/solution interface previously suggested. 

Several chemical steps which satisfy the observed ki- 
netic data and are consistent with Eq. [16] can now be sug- 
gested. For instance, the steps 

OHi~ip q- 2H20,up--~ [H202-1Hp + H30+IHP] [20] 
or 

OHIHp + H 2 0  ---> [O-IHp + H30 +] [21] 

both formally satisfy the observed pH dependence. The in- 
termediates in these steps are given only tentatively, as in- 
dicated by the square brackets. Any H,O + in the IHP is 
either immediately neutralized by excess OH-trip, or is rap- 
idly transferred to the OHP, where it is neutralized by 
OH-o~p. 

It should be noted that the chemical rds at low currents 
may actually involve the interact ion of the OH species in 
the IHP with O or OH species already belonging to the 
film. Rozenthal and Veselovskii (19), using a tracer tech- 
nique, have provided unique evidence that an oxygen spe- 
cies in the surface of the film participates directly in 02 
evolution. A reaction path in which oxygen atoms in the 
oxide surface participate in the process has also been pro- 
posed recently by Bockris and Otagawa (20) for lanthanum 
nickelate electrodes and was also suggested earlier for 02 
evolution at Ni oxide electrodes (21). At RuO2 electrodes, 
reaction paths involving the direct participation of oxygen 
species in the oxide surface have also been suggested (22, 
23). In  all of these cases, the oxygen vacancies in the sur- 
face of the oxide are subsequent ly  replenished in a fast 
parallel process, similar to that of film growth. 

The exper imental  evidence from the studies of oxide 
growth at Pt have shown that Pt oxide films are poor elec- 
tronic conductors, and that their properties do not change 
once oxygen begins and continues to evolve. The actual 
process of electron transfer across the film as required in 
the oxygen evolution reaction mus t  then involve a quan- 
tum mechanical tunnel ing process through the film, which 
is expected to exhibit a dependence on the film thickness. 
This aspect of the mechanism should be addressed 
separately. 

Manuscript submitted July 22, 1985; revised manuscript  
received March 19, 1986. 
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LIST OF SYMBOLS 
bh pre-exponential  factor of rate equat ion for 

oxygen evolution in high Tafel slope region 
c constant 
CJoup, CJ~o, concentrat ion of species j in OHP, or in solu- 

tion bulk 
E potential 
Eo potential of inner  Helmholtz plane vs. refer- 

ence electrode 
F Faraday constant 
i current density 
ih(~h, }h) current density in high Tafel slope region (for- 

ward and reverse) 
il(~b ~,) current density in low Tafel slope region (for- 

ward and reverse) 
iog current density due to oxide film growth 
iog.o iog at E = Eo; exchange current density for ox- 

ide film growth 
io~ current density due to oxygen evolution 
IHL inner Helmholtz layer 
IHP inner  Helmholtz plane 
j species 
k, pre-exponential  factor of rate equat ion for 

oxygen evolution in low Tafel slope region 
kh pre-exponential  factor of rate equat ion for 

oxygen evolution in high Tafel slope region 
(including effect of oxide film) 
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kA 

kl, k_,, k s 
m 
OHL 
q 

rds 
R 
T 
Z 

exchange  current  densi ty for oxygen evolu- 
tion when oxide film thickness equals zero 
rate constants 
slope of E/q plot for oxide film growth 
outer Helmholtz layer 
charge densi ty equivalent  to thickness  of  ox- 
ide film 
rate determining step 
gas constant 
temperature, K 
charge of ion 

Greek 
symmetry factor 

~m, 4~2, ~ ,  ~,HP Galvani potential in metal, OHP, solution 
and IHP, respectively 

~ difference in Galvani potentials between OHP 
and IHP 
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Relaxation Spectrum Analysis of Galvanostatic Oxidation of Silver 
Electrodes 

Maria Hepel* and Micha Tomkiewicz* 
Department of Physics, Brooklyn College of CUNY, Brooklyn, New York 11210 

ABSTRACT 

The frequency dispersion of the impedance of the silver electrode was measured during galvanostatic charging and 
discharging over the frequency range of 1-1.3 • 107 Hz. Prior work has indicated that the high frequency peak of the imagi- 
nary part originates from a response of a pure dielectricum with the properties of the Ag~O layer from which the resistance 
and capacitance of the layer can be evaluated. In this paper, these two parameters are monitored as a function of the state 
of charge of the electrode during galvanostatic charging. Two regions on the galvanostatic plateau are detected which cor- 
respond to the formation of AgO during the charging of a smooth silver electrode. Each region corresponds to a different 
mechanism for formation of AgO: one directly from oxidation of Ag~O; the second without Ag20 as a precursor. Some of 
the charge during this stage is used for the formation of new Ag~O. All this takes place with almost no detectable change in 
the measured electrode potential. 

In a previous publication (1), we have demonstrated that, 
by using the technique of relaxation spectrum analysis to 
in terpret  the f requency dispersion of the impedance  of 
charged silver electrodes,  one can separately moni tor  the 
evolut ion of  the two principal  oxides that  are involved in 
the process: AgzO and AgO. We have shown that, as soon 
as the insulating Ag20 layer is covered with the considera- 
bly more conducting AgO, the system can be characterized 
as a parallel plate capacitor in which Ag20 behaves as a 
pure dielectricum with a frequency-independent dielectric 
constant. It has been shown that, under potentiostatic con- 
ditions, even when the electrode potential  is increased to 
values at which AgO is formed, a significant fraction of the 
charge is used to increase the thickness of the Ag20 layer. 

This paper-is, to a degree, a cont inuat ion of that  work, 
but  the invest igat ion here is centered around the 
galvanostat ic  charging and discharging of the silver elec- 
trode, which might  make it more relevant  for the under- 
standing and monitoring of the state of charge of the silver 
electrode. 

A literature survey of the silver electrode, with particular 
emphasis  on characterization by impedance  measure-  
ments and references that describe the technique of relax- 
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ation spec t rum analysis is given in Ref. (1). Additional,  
pertinent, references that came to our attention since then 
are given in (2, 3). 

Experimental 
The electrochemical cell and the experimental  setup for 

impedance  measurements  were similar to the one de- 
scribed elsewhere (1). The counterelectrode for the imped- 
ance measurements  was made from a large graphite 
cylinder. A double-junct ion saturated (KC1) silver/silver 
chloride with 1M KNO3 external  solution was used as a 
reference electrode. The silver working electrodes were 
prepared from silver rods (Johnson-Matthey,  99.99%) 
pressed into a Teflon holder. The exposed area of the elec- 
trodes was 0.385 cm 2. 

All chemicals  were of analytical grade. The deionized 
water  (18 M~) was distil led from a Mili-Q purification 
system. 

Procedure.--The polycrystal l ine silver electrodes were 
polished to a mirror-like finish using 0.03 ~m alumina pow- 
der. The surface was subsequent ly  degreased in acetone 
and propyl alcohol, etched in dilute HNO3 solution, rinsed 
in deionized water, and dried in air. The electrodes were 
condi t ioned at a constant  potential  of U = -0 .5V vs. Ag/ 




