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INTRODUCTION 

I 

The u n d e r s t a n d i n g  o f  t h e  r o l e  of t h e  s o l i d  i n  c h a r g e  t r a n s f e r  p r o c e s s  on t h e  
s u r f a c e  is a n  i m p o r t a n t  O b j e c t i v e  i n  e l e c t r o c h e m i s t r y  and h e t e r o g e n e o u s  c a t a l y s i s .  
With t h i s  O b j e c t i v e ,  we have  measured t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  o f  t h e  
c a t h o d i c  r e d u c t i o n  of aqueous f e r r i c y a n i d e  +on u s i n g  a s i n g l e  c r y s t a l  of t h e  n- type 
semiconduc to r ,  z i n c  o x i d e .  P r i m a r i l y  by measu r ing  t h e  v o l t a g e - c a p a c i t y  c h a r a c t e r i s -  
t ics ,  w e  have  conc luded  t h a t  t h e  r a t e  o f  t h e  c a t h o d i c  p r o c e s s  ( t h e  measu red  c u r r e n t )  
is d e t e r m i n e d  by c h a r g e  t r a n s f e r  f rom t h e  s o l i d  t o  t h e  s o r b e d  species. Ev idence  
w i l l  be  p r e s e n t e d  t h a t  t h e  c h a r g e  t r a n s f e r  p r o c e s s  is a n  i r r e v e r s i b l e  b i m o l e c u l a r  
r e a c t i o n  gove rned  by t h e  c o n c e n t r a t i o n  of t h e  conduc t ion -band  e l e c t r o n s  a t  the sur-  
f a c e  and  t h e  c o n c e n t r a t i o n  o f  s o r b e d  o x i d i z i n g  a g e n t .  Thus, t h e  role of t h e  s o l i d  
is twofo ld :  t o  p r o v i d e  e l e c t r o n s  a t  t h e  s u r f a c e  and t o  form e l e c t r o n i c  s u r f a c e  
s t a t e s  w i t h  t h e  s o r b e d  o x i d i z i n g  a g e n t .  

While Dewald h a s  r e p o r t e d '  i n  d e t a i l  d a t a  for  t h e  v o l  t a g e - c a p a c i t a n c e  b e h a v i o r  
of t h e  Z n O / e l e c t r o l y t e  s y s t e m  i n  t h e  a b s e n c e  of r e d u c i n g  or o x i d i z i n g  a g e n t s ,  h i s  
r e p o r t e d '  d a t a  f o r  t h e  c u r r e n t - v o l t a g e  b e h a v i o r  w i t h  h e x a c y a n o f e r r a t e  i o n s  w a s  v e r y  
i n c o m p l e t e .  T h i s  l a c k  o f  e x p e r i m e n t a l  d a t a  f o r  v o l t a g e ,  c a p a c i t a n c e ,  c u r r e n t ,  and 
c o n c e n t r a t i o n  r e l a t i o n s  prompted u s  to i n v e s t i g a t e  i n  d e t a i l  t h i s  c h e m i c a l l y  s i m p l e  
f e r r o u s - f e r r i c  r edox  c o u p l e  on  a s i n g l e  f a c e  o f  s i n g l e  c r y s t a l  z i n c  o x i d e .  We be- 
l i e v e d  t h i s  t o  b e  i m p o r t a n t  b e c a u s e  ou r  p r e v i o u s  s t u d i e s , 3  c a r r i e d  o u t  i n  c o n n e c t i o n  
w i t h  t h e  ZnO p h o t o c a t a l y z e d  r e a c t i o n  o f  oxygen and f o r m a t e  i o n s  i n d i c a t e d  t h a t  

ABSTRACT 

The c a t h o d i c  r e d u c t i o n  o f  t h e  aqueous f e r r i c y a n i d e  i o n  was i n v e s t i g a t e d  on a 
s i n g l e  c r y s t a l  z i n c  o x i d e  e l e c t r o d e .  The e x p e r i m e n t a l  r e s u l t s  s u b s t a n t i a t e  t h a t  t h i s  
chemica l  r e d u c t i o n  p r o c e s s  obeys t h e  model u sed  i n  semiconduc to r  p h y s i c s  for  elec- 

\ t r o n  c a p t u r e  by s u r f a c e  s t a t e s .  I t  is c o n c l u d e d  t h a t  t h e  r a t e  d e t e r m i n i n g  s t e p  of 
t h e  r e d u c t i o n  p r o c e s s  is t h e  c a p t u r e  of e l e c t r o n s  from t h e  c o n d u c t i o n  band of t h e  
ZnO by t h e  s o r b e d  f e r r i c y a n i d e  i o n s .  T h i s  p r o c e s s  was shown t o  be i r r e v e r s i b l e ,  
i . e . ,  e l e c t r o n s  are n o t  t r a n s f e r r e d  from s o r b e d  f e r r o c y a n i d e  ( r e d u c e d  f e r r i c y a n i d e )  
t o  t h e  semiconduc to r  e l e c t r o d e .  The c a p a c i t a n c e ,  v o l t a g e  and c u r r e n t  were measured 
a s  a f u n c t i o n  of t h e  c o n c e n t r a t i o n .  The r a t e  o f  f e r r i c y a n i d e  r e d u c t i o n  was measured 

* P a r t  of t h i s  work was s u p p o r t e d  by a g r o u p  o f  i n d u s t r i a l  compan ies  s p o n s o r i n g  a 
program i n  h e t e r o g e n e o u s  c a t a l y s i s  and p a r t  of t h i s  work bas pe r fo rmed  f o r  J e t  
P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  of Technology, s p o n s o r e d  by N a t i o n a l  
A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n  u n d e r  C o n t r a c t  NAS7-100. 

h 



c l e c t r c x l c  b.r&.esscs on ZnO c s n  bc I r r e v c r s i b l e .  Our c o n c l u s i o n  conce rn ing  r e v e r s i -  
b l l i t y  was I n  d i s a g r e e m e n t  w i t h  Dewald 's  i n t e r p r e t a t i o n  f o r  Pe;CN8-'), which was i n  
t e rms  of a r e v e r s i b l e  redox r e a c t i o n  c h a r a c t e r i z e d  bv a Helmholtz  p o t e n t i a l .  In a 
r ev iew paper' C c r i s h c r  came . t o  t h e  same c o n c l u s i o n  as Dewald. I n  t h i s  communication, 
w e  w i l l  present  d e t a i l e d  e v i d e n c e  for t h e  i r r e v e r s i b i l i t y  of c a t h o d i c  p rocesses  on 
ZnO ,as i l l u s t r a t e d  bv t h e  r e d u c t i o n  of Fc!CN.,": 

I 

EXPER I MENTAL 

The b o r o s l l l c a t i !  g l a s s  c l e c t r o c h e m i c a l  c e l l  used  c o n t a i n e d  il z i n c  ox ide  s i n g l e  
c r y s t a l  ?s one e l e c t r o d e ,  a p l a t inum wire a s  t h e  working e l e c t r o d e ,  and a s a t u r a t e d  
KCl calomel  r e f e r e n c e  e l e c t r o d e .  The i O 0 O l ' '  f a c e  of t h e  c r y s t a l  was used a f t e r  
l a p p i n g  and then  e t c h i n g  w i t h  85 p e r c e n t  H,#), for a minimum of  t e n  minu tes .  The 
a r e a  o f  z i n c  o x i d e  exposed  t o  t h e  e L e c t r o l y t e  mas t h e  o r d e r  of 6m8.' 

' The  e l e c t r o l y t e  c o n t a i n e d  1Y KC1 and was buf fe r+  wi th  BO,-/HBO, ( 0 . 2 M  in t o t a l  
boron! t o  il pH of 8 . 8  2 0 . 1 .  The ferri-  aad  f e r r o c y a n i d e  rere added a s  t h e  potas- 
sium s a l t s  and t h e  pH of t h e  b u f f e r  was a d j u s t e d  if n e c e s s a r y ,  The chemica l s  e m -  
p loyed were Reagent g r a d e  and were used wi thou t  p r r l f l c a t i o n .  A l l  e l e c t r i c a l  mea- 
su remen t s  were madc w i t h  s o l u t i o n s  deoxygenated i n  , s i t u  by b u b l i n g  w i t h  u n p u r i f i e d  
tank n i t r o g e n .  In  n o  c a s e  c o u l d  more t h a n  5 percen t  of t h e  c u r r e n t  be a t t r i b u t e d  
t o  any s u b s t a n c e  o t h e r  t h a n  Fe(CN),-'. That  is, t h e  c u r r e n t  a t  any g i v e n  v o l t a g e  

. w u s  i n c r e a s e d  by a t  l e a s t  a f a c t o r  o f  20 w i t h  t h e  a d d i t i o n  o f  Fe(CN),,-' t o  t h e  KC1 
b u f f e r e d  s o l u t i o n .  

Three t y p e s  o f  measurements  were made: (1: t h e  c u r r e n t  t h rough  t h e  ZnO, ( 2 )  
t h e  c a p n c l t a n c e  between t h e  ZnO and t h e  p l a t inum e l e c t r o d e s ,  a n d  (3) t h e  v o l t a g e  of 
t h e  ZnO with r e s p e c t  t o  n s a t u r a t e d  KC1 ca lomel  e l e c t r o d e  (m). The v a l u e s  of t h e  
c a p a c i  tancc,  v o l t a g e .  and c u r r e n t  r e p o r t e d  are s t e 8 d y - s t a t e  measurements  and were 
shown t o  b e  i ndependen t  o f  stirring. A l l  measuremonte were made i n  t h e  da rk .  The 
c a p a c i t a n c e  was measured a t  a f r equency  of 1 kc .  

Two t y p e s  of measurements ,  t h e  c u r r e n t  as  f u n c t i o n  o f  t h e  a p p l i e d  v o l t a g e  and 
t h e  c a p a c i t a n c e  a s  a f u n c t i p n  of v o l t a g e ,  w e r e  made a t  v a r i o u s  f e r r i c y a n i d e  concen- 
t r a t i o n s  frau 0.7Y t o  7xlO-'M w i t h  and w i t h o u t  added f e r r o c y a n i d e .  F i g u r e s  1 and 2 
show t y p i c a l  r e s u l t s  f o r  t h e  two t y p e s  o f  measurements .  

F i g u r e  1 s h w s  d a t a  for t h e  c a t h o d i c  c u r r e n t ,  J, v s  t h e  a p p l i e d  v o l t a g e ,  V, 
f o r  two s o l u t i o n s  b o t h  c o n t a i n i n g  7x10-' f e r r i c y a n i d e .  
i n  t h a t  one c o n t a i n s  n o  f e r r o c y a n i d e  and t h e  o t h e r  was 7xlO-'Y i n  f e r r o c y a n i d e .  The 
d a t a  f o r  both s o l u t i o n s  are i d e n t i c a l  w i t h i n  e x p e r i m e n t a l  error. The l i n e a r i t y  Of 
t h e  dependence of l o g  J v s  V s h w n  i n  F i g u r e  1 is t y p i c a l  for a l l  s o l u t i o n s  exam- 
ined.  I n  t h e  r ange  o f  c u r r e n t  i n v e s t i g a t e d ,  f r m  1 to  1000 na, p l o t s  of t h e  log J 
v s  V f o r  a l l  s o l u t i o n s  showed slopes c o r r e s p o n d i n g  to 60 2 9 mv pe r  decade change 
i n  c a t h o d i c  c u r r e n t .  T y p i c a l l y  a l l  s o l u t i o n .  i n c l u d i n g  t h o s e  c o n t a i n i n g  f e r rocya -  
n i d e  gave  a n o d l c  c u r r e n t s  below 5 na u p  t o  a n o d i c  v o l t a g e s  a s  h i g h  as  10 V v s  BCE. 

The s o l u t i o n s  d i f f e r  only 

4 

The 1 
c l u d i  

F i g u r e  2 s h w s  t h e  v o l t a g e  dependence of t h e  c a p a c i t a n c e  p l o t t e d  a s  l iC'  vs v. 
i n e a r i t y  of t h e  e x p e r i m e n t a l  d a t a  is t y p i c a l  o f  a l l  s o l u t i o n s  i n v e s t i g a t e d  i n -  
ng those free of i r o n  s a l t s .  The v a l u e  o f  t h e  ZnO v o l t a g e  v s  SCB a t  1jC'  - 0 

I n  p r a c t i c e ,  t h e  l i n e a r  p o r t i o n  o f  l / C 1  vs v 

,; 

/ is c a l l e d  t h e  f l a t  band v o l t a g e ,  V,. 
is e x t r a p o l a t e d  t o  1 C' = 0, since d e v i a t i o n s  frm s i m p l e  t h e o r y  a r e  known' to 
-Cur nea r  VO. Ihe s u r f a c e  b a r r i e r ,  Vs, is r e l a t e d  t o  the ZnO v o l t a g e  vs Sa, v, 
by 4. 1; i n  o u r  e x p e r i m e n t s  Vs a lways  h a s  a p o s i t i v e  va lue .  

, 
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The s i g n l f i c a n c e  of t h e  p a r a m e t e r s ,  t h e  s u r f a c e  b a r r i e r  and t h e  f l a t  band v o l t a g e  
w i l l  b e  p r e s e n t e d  i n  t h e  "Discuss ion"  i n  terms of semiconduc to r  c o n c e p t s .  Fo r  t h e  
P r e s e n t ,  t h e y  w i l l  be t a k e n  s i m p l y  a s  c o n v e n i e n t  v a r i a b l e s .  

The v a l u e s  of V, f o r  t h e  v a r i o u s  s o l u t i o n s  r e p o r t e d  i n  t h i s  pape r  r anged  from 
-0.370 to  -0.410 V vs SCE. The v a r i a t i o n s  i n  V, were n o t  s y s t e m a t i c  and hence t h e i r  
o r i g i n  is n o t  known. 

F i g u r e  3 is  p l o t  o f  t h e  l o g  of t h e  [Fe(CN)6-31 v s  t h e  s u r f a c e  b a r r i e r ,  Vs, a t  
c o n s t a n t  c u r r e n t  of 10 n a .  The p l o t  is l i n e a r  and t h e  s l o p e  c o r r e s p o n d s  t o  a s u r -  
f a c e  b a r r i e r  change  of 0.06 V p e r  t e n f o l d  change i n  c o n c e n t r a t i o n .  

The above e x p e r i m e n t a l  d a t a  c a n  be summarized e m p i r i c a l l y  by Eq. ( Z ) ,  where  k 
is a p r o p o r t i o n a l i t y  c o n s t a n t  i ndependen t  of v o l t a g e  and c o n c e n t r a t i o n .  

i 1 
J = k [Fe(CN,-3]  e x p  I(", - V ) / O . O 2 5 )  

P r e l i m i n a r y  i n v e s t i g a t i o n s  w i t h  s e v e r a l  o t h e r  o x i d i z i n g  a g e n t s ,  i n c l u d i n g  
Cu( 11), I (  0), Mn( V I I ) ,  O( - I ) ,  i n d i c a t e  s imi la r  b e h a v i o r ,  a t  l e a s t  q u a l i t a t i v e l y .  

THEORETICAL MODEL 

We w i l l  p r e s e n t  a rgumen t s  s u p p o r t e d  by t h e  above r e s u l t s  t o  show: ( 1 )  t h e  
changes  i n  t h e  a p p l i e d  v o l t a g e  a l l  o c c u r  w i t h i n  t h e  semiconduc to r  and t h a t  t h e  ca- 
t h o d i c  c u r r e n t  i s  dominated i n  i ts  v o l t a g e  dependence  by t h e  p r o p e r t i e s  o f  the semi- 
c o n d u c t o r ;  ( 2 )  
1 s  i r r e v e r s i b l e  s i n c e  t h e  r e v e r s e  reaction, t h e  o x i d a t i o n  o f  F e ( I I ) ,  d o e s  n o t  pro- 
c e e d  a t  a n  a p p r e c i a b l e  r a t e .  The l a c k  of t h e  o x i d a t i o n  r e a c t i o n  is a t t r i b u t e d  t o  
t h e  d i f f i c u l t y  of i n j e c t i n g  e l e c t r o n s  f r o m  s o r b e d  o x i d i z i n g  a g e n t  i n t o  t h e  conduc- 
t i o n  band of t h e  ZnO; ( 3 )  t h e  r e a c t i o n  r a t e , i s  f i r s t  o r d e r  i n  t h e  c o n c e n t r a t i o n  of 
r e d u c i b l e  s p e c i e s  on t h e  s u r f a c e .  

t h e  e l e c t r o c h e m i c a l  r e d u c t i o n  r e a c t i o n  i s  a o n e - e l e c t r o n  p r o c e s s  and 

i 
The a rgumen t s  a r e  most e a s i l y  p r e s e n t e d  i n  t e r m s  o f  a n  e l e c t r o n i c  e n e r g y  band 

d i ag ram.  F i g u r e  4 shows a band d i a g r a m  of t h e  n- type semiconduc to r  ZnO w i t h  acceptor 
s u r f a c e  s t a t e s .  The a b s c i s s a  is d i s t a n c e  from t h e  z i n c  o x i d e  s u r f a c e  which is i n  
c o n t a c t  w i t h  t h e  e l e c t r o l y t e  s o l u t i o n ;  t h e  o r d i n a t e  is  t h e  p o t e n t i a l  e n e r g y  o f  an 
e l e c t r o n .  Wi th in  t h e  s o l i d  t h e r e  a r e  t h r e e  e n e r g y  r e g i o n s :  t w o  have  a l l o w e d  e l e c -  
t r o n i c  l e v e l s ,  
r e g i o n ,  t h e  e n e r g y  g a p  which is a b o u t  3 e V .  W i t h i n  t h e  gap, t h e r e  is  a donor  l e v e l  
l o c a t e d  s l i g h t l y  below t h e  bo t tom of t h e  c o n d u c t i o n  band. The d o n o r s  a s s o c i a t e d  
w i t h  t h i s  l e v e l  r e s u l t  from t h e  s t o i c h i o m e t r i c  excess o f  z i n c  i n  z i n c  o x i d e  a n d  a r e  
presumably e i t h e r  i n t e r s t i t i a l  z i n c  atoms or o x i d e  i o n  v a c a n c i e s .  S i n c e  t h e y  a r e  
i o n i z e d  a t  room t e m p e r a t u r e s ,  t h e y  are  shown a s  "t." The c o n d u c t i o n  band e l e c t r o n s  
a r e  i n d i c a t e d  by "-" a t  t h e  bo t tom o f  t h e  c o n d u c t l o n  band.  I t  s h o u l d  b e  n o t e d  t h a t  
t h e  i o n i z e d  d o n o r s  a r e  immobile c h a r g e s  a t  room t e m p e r a t u r e  in c o n t r a s t  t o  conduc- 
t i o n  band e l e c t r o n s .  

\ 

t h e  v a l e n c e  and c o n d u c t i o n  bayds; s e p a r a t i n g  them is a f o r b i d d e n  

I 

\ 

\ 

\ 

I 

I 
An a l l o w e d  e l e c t r o n i c  e n e r g y  l e v e l  on  t h e  s u r f a c e  is i n d i c a t e d  by X; s u c h  a 

s u r f a c e  s t a t e  c a n  be c r e a t e d  by s o r p t i o n  of a chemica l  species from t h e  e l e c t r o l y t e  
s o l u t i o n .  We 
w i l l  r e s t r i c t  t h i s  symbol t o  t h e  s u r f a c e  s ta te  c r e a t e d  by s o r p t i o n  o f  Fe(CN)6-3. 
W e n  t h i s  s t a t e  is e l e c t r o n i c a l l y  o c c u p i e d  ( X  ) ,by t h e  a d d i t i o n  o f  a n  e l e c t r o n  i t  
is e q u i v a l e n t  t o  s o r b e d  Fe( CN) ,-*. 

I t  is shown a t  a n  ene rgy ,  E, below tpe t o p  o f  t h e  c o n d u c t i o n  band. 

1, 
A p o t e n t i a l  g r a d i e n t ,  i n  t h e  r e g i o n  O <  x Q xo, is i n d i c a t e d  by t h e  bending of 

where q is t h e  e l e c t r o n i c  c h a r g e .  

\ 
b a n d s .  The e x t e n t  Of t h e  bend ing  i s  i n d i c a t e d  by t h e  e n e r g y  o f  t h e  s u r f a c e  b a r r i e r ,  
qVs, The s u r f i c e  b a r r i e r  is  a s s o c i a t e d  w i t h  t h e  

I! " 
I 



. 

a!+ 

d o u b l e  l a y e r  formed by t h e  i o n i z e d  donors  i n  t h e  e l e c t r o n  d e l l l e t i o n  l a y e r  ,o<x<x, ,  
and t h e  compensa t ing  n e g a t i v e  c h a r g e  a r i s i n g  from cha rged  s u r f a c e  s t a t e s  and i o n s  ir. 
t h e  e l e c t r o l y t e .  Because of t h e  e l e r t r i c a l  compcnsa t ion  of t h e  i o n i z e d  donors  i n  
t h e  e l e c t r o n  d e p l e t i o n  r e g i o n  by Ions  i n  s o l u t i o n .  t h e  s u r f a c e  b a r r i e r  c a n  be con- 
t r o l l e d  by t h e  e x t e r n a l l y  a p p l i e d  v o l t a g e  i n  t h e  c l e c t r o c h c m i c a l  c e l l .  I t  shou ld  b e  
no ted  t h a t  i n  t h e  i n t e r i o r  o f  t h e  c r y s t a l  , x  xo t h e  c h a r g e  of i o n i z e d  donors  a r e  
c w p e n s a t e d  by t h e  n e g a t i v e l y  cha rged  conduct  ion band c l c c t r o n s .  1 

The surface b a r r i e r  c a n  be measured e x p e r i m e n t a l l y  by t h e  c a p a c i t a n c e .  A r ig-  
orous deve lopaen t  of t h e  i n t e r p r e t a t i o n  of t h e  e x p c r i m c n t a l l y  measured c a p a c i t a n c e  
and v o l t a g e  is g i v e n  I n  t h e  appendix. .  The s u r f a c e  b a r r i e r ,  V,, is r e l a t e d  t o  t h e  
d e p t h  of t h e  d e p l e t i o n  r e g i o n  xo (shown i n  F i g .  4 '  by t h e  S c h o t t k y  r e l a t i o n , 5  
Eq. (3 , v h e r e  q is  t h e  e l e c t r o n i c  cha rge ,  ND t h e  d e n s i t y  o f  t h c  i o n i z e d  donors,  8 

t h e  d i e l e c t r i c  c o n s t a n t  for z i n c  oxide,  and g o  t h e  p e r m i t t i v i t y  o f  vacuum. 
1 

The v a l u e  of V, c a n  be o b t a i n e d  e x p e r i m e n t a l l y  when t h e  S c h o t t k y  r e l a t i o n  is 
v a l i d  th rough  t h e  c a p a c i t a n c e  measurement.  The d i f f e r e n t i a l  c a p a c i t a n c e ,  C, can be 
used to  de te rmine  t h e  t h i c k n e s s  of t h e  d e p l e t i o n  l a y e r  by t h e  parallel p l a t e  capac-  
i t o r  r e l a t i o n s h i p .  Eq. , 4 ! ,  where A is t h e  a r e a .  

xo = Acc. 
C ( 4 )  

S u b s t i t u t i o n  of Eq. , 4 )  i n  Eq. 13)  g i v e s  Eq. (51, a r e l a t i o n s h i p  between t h e  
s u r f a c e  b a r r i e r  and a m e a s u r a b l e  q u a n t i t y ,  t h e  c a p a c i t a n c e .  

Vs = 4 qN#'pE,(l;C2) ( 5) 
\ 

S i n c e  w e  found e x p e r i m e n t a l l y  f j r  each  s o l u t i o n  t h a t  V is l i n e a r l y  dependent  
on l / C a  ! e . g . ,  F i g .  1,  and from the  above semiconduc to r  t h e o r y  Vs h a s  t h e  same de-  
pendencc on 1 'Ca ,  i t  f o l l o w s  t h a t  Vs d i f f e r s  from V by a c o n s t a n t  g i v e n  i n  Eq. ( 1 ) .  
T h i s  c o n s t a n t ,  V,, is t h e  sum o f :  t h e  v o l t a g e  d i f f e r e n c e  between t h e  Fermi l e v e l s  
a t  t h e  s u r f a c e  and i n  t h e  i n t e r i o r  of l ! the c r y s t a l  a t  f l a t  band c o n d i t i o n ,  t h e  
Helmholtz  and  Gouy p o t e n t i a J s  a t  t h e  s o l u t i o n  s i d e  o f  t h e  ZnO electrode and t h e  

I 

I1 

f 
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d u c t o r  t o  a s i n g l e  t y p e  of s u r f a c e  s t a t e  f o r  a n  i r r e v e r s i b l e  r e a c t i o n  s h o u l d  have  
t h e  magn i tude  g i v e n 5  by Eq. ( 6 ) .  

The e l e c t r o n  c u r r e n t  d e n s i t y ,  J, p a s s i n g  f r u n  t h e  c o n d u c t i o n  band of a semicon- 

~ = q S u [ x ] n  

- 
The c u r r e n t  is p r o p o r t i o n a l  t o  t h e  a v e r a g e  t h e r m a l  v e l o c i t y  o f  e l e c t r o n s ,  c; t h e  
c o n c e n t r a t i o n  of t h e  u n f i l l e d  s u r f a c e  states, [ X i ;  t h e  cross s e c t i o h  of t h i s  s t a t e  
for  e l e c t r o n  c a p t u r e ,  a; and t h e  e l e c t r o n  d e n s i t y  a t  t h e  s u r f a c e ,  n .  The e l e c t r o n  
c o n c e n t r a t i o n  i n  t h e  c o n d u c t i o n  band a t  t h e  s u r f a c e ,  n, is g i v e n 6  by t h e  i o n i z e d  
donor  d e n s i t y  of  t!e ZnO m u l t i p l i e d  by t h e  Boltzmann f a c t o r  a s s o c i a t e d  wi th  Vs, 
i .e . ,  ND e x p  (-qV,/kT); t h e r e f o r e ,  Eq. ( 6 )  c a n  b e  e x p r e s s e d  a s  Eq. ( 7 ) .  

J = q c u [ X i  ND e x p  ( -qVs/kT) ( 7 )  

T h e r e f o r e ,  Eq. ( 7 )  c o n t a i n s  t h e  a s s u m p t i o n s  t h a t  t h e  c o n d u c t i o n  band e l e c t r o n s  a t  
t h e  s u r f a c e  a r e  i n  t h e r m a l  e q u i l i b r i u m  w i t h  t h e  i n t e r i o r  and t h a t  t h e i r  c o n c e n t r a -  
t i o n  a t  t h e  s u r f a c e  i s  n o t  a p p r e c i a b l y  d i s t u r b e d  by t h e  c a t h o d i c  c u r r e n t s .  I m p l i c i t  
i n  t h i s  f o r m u l a t i o n  i s  t h e  a b s e n c e  of any t u n n e l i n g  e f f e c t s ;  w e  b e l i e v e  t h e s e  s h o u l d  
b e  n e g l i g i b l e .  

The t h e o r e t i c a l  r e l a t i o n s h i p ,  Eq. ( 7 ) ,  between t h e  c u r r e n t  and t h e  s u r f a c e  
b a r r i e r  c a n  be  compared t o  our e x p e r i m e n t a l  f i n d i n g ,  Eq. ( 2 ) ,  i n  o r d e r  t o  f i n d  t h e  
r e l a t i o n s h i p  between t h e  [ X I ,  t h e  d e n s i t y  o f  u n f i l l e d  s u r f a c e  s t a t e s  and t h e  
[Fe(  CN) 6-3 ] ,  t h e  c o n c e n t r a t i o n  o f  o x i d i z i n g  a g e n t  i n  s o l u t i o n .  S i n c e  (q /kT)  a t  
room t e m p e r a t u r e  h a s  a v a l u e  of  1 /0 .025  a compar i son  o f  Eq. ( 7 )  and Eq. ( 2 )  g i v e s  
Eq. ( 8 ) .  

The s i m p l e s t  e x p l a n a t i o n  f o r  t h e  l i n e a r i t y  of  t h e  c o n c e n t r a t i o n  o f  s o r b e d  f e r -  
r i c y a n i d e  w i t h  t h e  c o n c e n t r a t i o n  i n  s o l u t i o n  is  t o  assume t h e  l i n e a r  i s o t h e r m  ex-  
p r e s s e d  by Eq. ( 9 )  w i t h  t h e  e q u i l i b r i u m  c o n s t a n t  K. 

T h i s  a s s u m p t i o n  i m p l i e s  t h a t  t h e  r a t e  of t h e  e l e c t r o n  c a p t u r e  p r o c e s s  i s  slow com- 
pared  to  t h e  r a t e  of  d e s o r p t i o n  of  Fe(CN)6-3 so t h a t  t h e  [ X I  is n o t  a p p r e c i a b l y  
lowered by t h e  c u r r e n t  o f  t h e  c a t h o d i c  r e a c t i o n .  This s i m p l e  a s s u m p t i o n  was borne 
o u t  e x p e r i m e n t a l l y  i n  t h e  r a n g e s  o f  c u r r e n t  and c o n c e n t r a t i o n s  i n v e s t i g a t e d  s i n c e  
t h e  c u r r e n t ,  J, was l i n e a r l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  i n  s o l u t i o n ,  
[Fe(  CN) 6-31 a t  c o n s t a n t  V,. 
of u n f i l l e d  s u r f a c e  s t a t e s ,  may be w r i t t e n  i n  terms of  t h e  e x p e r i m e n t a l  v a r i a b l e ,  
t h e  c o n c e n t r a t i o n  f e r r i c y a n i d e  i o n  i n  s o l u t i o n ,  by t h e  u s e  of  Eq. (9)  t o  g i v e  Eq.(10). 

E q u a t i o n  ( 7 ) ,  t h e  c u r r e n t  as a f u n c t i o n  of  t h e  d e n s i t y  

J = q c u K [Fe(  CN) 6-31 ND e x p  ( -qVs/kT) (10) 

The s u b s t a n t i a l  agreement  of t h e  t h e o r e t i c a l  model w i t h  t h e  e x p e r i m e n t a l  re- 
s u l t s  ( t h e  0.06V change i n  t h e  s u r f a c e  b a r r i e r  per decade  change i n  i r o n  c o n c e n t r a -  
t i o n  and t h e  l i n e a r  p r o p o r t i o n a l i t y  be tween  t h e  c u r r e n t  and t h e  i r o n  c o n c e n t r a t i o n )  
l e a d s  t o  t h e  f o l l o w i n g  c o n c l u s i o n s :  

1. The r a t e  l i m i t i n g  s t e p  i n  t h i s  r e d u c t i o n  p r o c e s s  is t h e  t r a n s f e r  of  e l e c -  
. t r o n s  from t h e  s o l i d  t o  t h e  s u r f a c e  s ta te .  The rate is f i r s t  o r d e r  i n  t h e  
d e n s i t y  of e l e c t r o n s  a t  t h e  s u r f a c e  of t h e  s o l i d ,  ND e x p  (-qVs/kT), and 
f i r s t  order i n  t h e  d e n s i t y  o f  u n f i l l e d  s u r f a c e  s t a t e s ,  [ X I .  



10.; 

2 .  In  t h e  c u r r e n t  and c o n c e n t r a t i o n  r a n g e s  i n v e s t i g a t e d  t h e  d e n s i t y  of un- 
f i l l e d  s t a t e s  is de te rmined  by t h e  e q u i l i b r i u m  l i n e a r  a d s o r p t i o n  i so the rm 
for FciCN: 6 - ' ;  moreover t h e  d e s o r p t i o n  of f i l l e d  s u r f a c e  s t a t e s  a s  Fe(aQ-' 
is r a p i d  compared t o  t h e  e l e c t r o n i c  p r o c e s s .  

3. The u n i d i r e c t i o n a l  n a t u r e  o f  t h e  e l e c t r o n  t r a n s f e r  assumed i n  o u r  model is 
confirmed by t h e  l a c k  o f  dependence of t h e  c u r r e n t  on t h e  Fel(CN)e-4 concen- 
t r a t  i o n .  

D I SCUS S I ON 

Before  a n a l y z i n g  i n  d e t a i l  t h e  i m p l i c a t i o n s  o f  t h e  semiconduc to r  s u r f a c e - s t a t e  
model and  o u r  r e s u l t s ,  i t  may be h e l p f u l  t o  d e s c r i b e  sane r e a s o n s  a c c o u n t i n g  t o r  
o b s e r v i n g  t h e  s i m p l e  b e h a v i o r  of s u r f a c e  s t a t e s  i n  t h e  z i n c  o x i d e i f e r r i c y a n i d e  s y s -  
t e m .  The f i r s t  r e a s o n  I s  c o n n e c t e d  wi th  t h e  e l e c t r o d e  m a t e r i a l  be ing  a semiconduc- 
to r  and the second is connec ted  w i t h  t h e  chemica l  s i m p l i c i t y  of t h e  behav io r  of t h e  
hexacyanofe r ra  te i o n .  

For a semiconduc to r .  i n  c o n t r a s t  t o  a meta l ,  i t  is p o s s i b l e  t o  v a r y  t h e  e l e c t r o n  
c o n c e n t r a t i o n  a t  t h e  s u r f a c e  by t h e  a p p l i e d  v o l t a g e  and to  measure t h l s  concen t r a -  
t i o n  by the  c a p c i  t a n c e .  However, s t a r t i ng  w i t h  t h e  c l a s s i c a l  s emiconduc to r / e l ec -  
t r o l y t e  i n v e s t i g a t i o n s  of B r a t t a i n  and Garrett '  i t  h a s  become e v i d e n t  t h a t  n o t  a l l  
semlconductor/electrolyte s y s t e m s  a r e  s imple ,  e.g., Ge." 
i t y  of o u r  r e s u l t s  a d d s  to t h e  many advan tages  t h a t  Body' h a s  r e c e n t l y  po in t ed  acIt 
f o r  ZnO 
obeyed s imple  s o l i d - s t a t e  t h e o r y  f o r  a s emiconduc to r .  I n  t h e  course o f  p re l imina ry  
s t u d i e s  we d i d  no t  f i n d  any- c a m o n  l a b o r a t o r y  r e d u c i n g  a g e n t s  which would i n j e c t  
e l e c t r o n s  i n t o  ZnO. 

We f e e l  t h a t  t h e  s impl i c -  

Dewals 'd '  p i o n e e r i n g  work wi th  Z n O / e l e c t r o l y t e  showed t h a t  t h i s  system 

The second r e a s o n  f o r  p r e d i c t i n g  a s i m p l e  b e h a v i o r  o f  t h e  ZnO/Pe(CN),-'system 
is conce rned  w i t h  t h e  chemica l  n a t u r e  o f  t h e  s i x  c o o r d i n a t e  i r o n .  F e r r i c y a n i d e  i o n  
on  s o r p t i o n  would b e  e x p e c t e d  t o  form a s i n g l e  t y p e  o f  s u r f a c e  s t a t e  and t h e  chem- 
i c a l  r e d u c t i o n  of t h i s  s u r f a c e  s t a t e  would b e  e x p e c t e d  to  be s i m p l e  e l e c t r o n  c a p t u r e  
w i t h o u t  any chemlca l  r e a r r a a e m e n t s .  (Xlr e x p e c t a t i o n  w a s  based  on t h e  known aqueous 
c h e m i s t r y  o f  h e x a c y a n o f e r r a t e  i o n s ,  i .e., one -equ iva len t  r e d u c t i o n  of Pe( 111) 
norma l Ip  occurs by s ing le  e l e c t r o n  t r a n s f e r  w i t h o u t  atom t r a n s f e r  ( b o t h  o x i d a t i o n  
s t a t e s  a r e  r e l a t i v e l y  i ne r t  t o  chemica l  s u b s t i t u t i o n ) .  

I t  shou ld  n o t  b e  a n t i c i p a t e d  t h a t  a l l  so lu t ions  c o n t a i n i n g  o x i d i z i n g  agen t s  
w i l l  e x h i b i t  t h e  s i m p l e  b e h a v i o r  d e s c r i b e d  by Eq. ( 1 0 ) .  F i r s t ,  a m u l t i p l i c i t y  of 
t y p e s  o f  u n f i l l e d  s ta tes  may be p r e s e n t ;  t h e s e  c o u l d  arise from f a c t o r s  such  a s  
m u l t i - e q u i v a l a n c e  o f  t h e  o x i d i z i n g  a g e n t ,  inhomogenous s u r f a c e s ,  and t h e  p re sence  
o f  more than one  o x i d i z i n g  a g e n t  i n  t h e  s o l u t i o n .  F o r  s u c h  cases Bq. (6 )  must be 
r e p l a c e d  wi th  Bq. ( 1 1 )  where t h e  summation is carried o u t  o v e r  t h e  c o n c e n t r a t i o n  
of t h e  v a r i o u s  s u r f a c e  s t a t e s ,  X i ,  w i t h  t h e  a p p r o p r i a t e  electron c a p t u r e  cross- 
qectlons, T ~ .  

mile Bq. ( 111, i n v o l v i n g  s u r f a c e  c o n c e n t r a t i o n s ,  is a lways  v a l i d  f o r  i r r e v e r s i b l e  
e l e c t r o n  c a p t u r e  p r o c e s s e s ,  a second  class of c o m p l i c a t i o n  can arise. 
arises when t h e  c u r r e n t  is e x p r e s s e d  a s  a f u n c t i o n  of s o l u t i o n  c o n c e n t r a t i o n s  Of 
t h e  o x i d i z i n g  a g e n t s  and  may i n v o l v e  factors s u c h  a s :  m u l t i - e q u i v a l e n c e  of t h e  
o x i d l z l n g  a g e n t s ,  slow s o r p t i o n  or d e s o r p t i o n ,  or n o n - l i n e a r i t y  of i so the rms .  F o r  
s u c h  k i n e t i c  f e a t u r e s ,  t h e  c u r r e n t  c a n  become n o n - l i n e a r  i n  electron c o n c e n t r a t i o n  
a t  t h e  s u r f a c e  a s  w e l l  a s  s o l u t i o n  c o n c e n t r a t i o n s .  

T h i s  C l a s s  
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I t  h a s  n o r m a l l y  been  t h e  custom t o  t r e a t  t h e o r e t i c a l l y  s e m i c o n d u c t o r  e l e c t r o d e s  

uy a n  approach  e q u i v a l e n t  t o  m e t a l  e l e c t r o d e s  and t o  d i s c u s s  r e d u c t i o n  or o x i d a t i o n  
e l e c t r o c h e m i s t r y  i n  terms of d e v i a t i o n  from t h e  r e v e r s i b l e  p o t e n t i a l .  T h i s  approach 
is t h e o r e t i c a l l y  v a l i d ,  b u t  t h e  model may be  of l i t t l e  v a l u e  i n  i n t e r p r e t i n g  e x p e r i -  
mental  r e s u l t s .  The i n v a r i a n c e  of t h e  Helmholtz  p o t e n t i a l  and t h e  i r r e v e r s i b i l i t y  
Of t h e  c u r r e n t  a r e  two i n d i c a t i o n s  t h a t  t h e  r e v e r s i b l e  p o t e n t i a l  model i s  n o t  a p p l i -  
c a b l e  h e r e .  

F i r s t  w e  w i l l  d i s c u s s  t h e  i n v a r i a n c e  of  t h e  He lmho l t z  v o l t a g e  f o r  t h e  2 n d  
Fe(CN) s y s t e m  a s  a f u n c t i o n  of  c o n c e n t r a t i o n  and measured c u r r e n t .  Such b e h a v i o r  
c o n t r a s t s  w i t h  a meta l  e l e c t r o d e  i n  which t h e  n e t  c u r r e n t  is n o r m a l l y  c o n t r o l l e d  
through d e v i a t i o n s  from t h e  r e v e r s i b l e  r e d o x  p o t e n t i a l .  B a s i c a l l y  t h e  r e a s o n  such  
a s i t u a t i o n  c a n  a r i s e  i s  t h a t  t h e  c u r r e n t  due t o  t h e  r e d u c t i o n  of  Fe(CN),-3 is only  
a Small  f r a c t i o n  of t h e  r e v e r s i b l e  c u r r e n t s  p a s s i n g  t h r o u g h  t h e  He lmho l t z  l a y e r ,  
and t h e s e  r e v e r s i b l e  c u r r e n t s  d e t e r m i n e  t h e  Helmhol tz  v o l t a g e .  By t h e  argument  
P r e s e n t e d  by Dewald, '  changes  i n  Helmhol tz  p o t e n t i a l  a t  t h e  ZnO e l e c t r o d e  s h o u l d  be 
m a n i f e s t e d  by changes  i n  t h e  v a l u e s  o f  t h e  f l a t  band v o l t a g e ,  V,. Converse ly ,  
changes  i n  t h e  f l a t  band v o l t a g e  w i t h  changes  i n  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  
s o l u t i o n ,  i n  p r i n c i p l e ,  c a n  be  a t t r i b u t e d  t o  v a r i a t i o n s  i n  t h e  He lmho l t z  a n d / o r  
s u r f a c e  v o l t a g e  of t h e  ZnO e l e c t r o d e .  

E x p e r i m e n t a l l y ,  w e  found o n l y  s m a l l  random v a r i a t i o n s  i n  t h e  f l a t  band v o l t a g e  
a s  a f u n c t i o n  of  Fe(CN),-3 c o n c e n t r a t i o n  and t h e  r a t i o  of t h e  c o n c e n t r a t i o n s  of  
Fe( CN) 6-3 t o  Fe(  CN) 6 - 4 .  

age  ( d e t e r m i n e d  by t h e  Fermi l e v e l  a t  t h e  s u r f a c e  v s  t h e  i n t e r i o r  when t h e  bands  
a r e  f l a t )  s h o u l d  e x a c t l y  compensa te  changes  i n  t h e  He lmho l t z  v o l t a g e ,  w e  c o n c l u d e  
t h a t  b o t h  t h e  Helmhol tz  and s u r f a c e  v o l t a g e  a t  t h e  f l a t  band c o n d i t i o n  are inde-  
pendent  of  t h e  c o n c e n t r a t i o n s  of h e x a c y a n o f e r r a t e  species. E x p e r i m e n t a l l y  f o r  any 
s i n g l e  s o l u t i o n  c o m p o s i t i o n ,  t h e  v a l u e  of  V, r emains  c o n s t a n t  as  a f u n c t i o n  of  t h e  
a p p l i e d  v o l t a g e  as observed  by t h e  s t r a i g h t  l i n e  b e h a v i o r  t y p i f i e d  by F i g .  2 .  From 
t h i s  o b s e r v a t i o n ,  w e  c o n c l u d e  t h a t  t h e  He lmho l t z  v o l t a g e  is i n d e p e n d e n t  of t h e  
cominant  r e d u c t i o n  p r o c e s s  on t h e  ZnO, t h e  r e d u c t i o n  of f e r r i c y a n i d e .  I n  pre l im-  
i n a r y  e x p e r i m e n t s ,  w e  have  found t h a t  t h e  f l a t  band v o l t a g e  is  s e n s i t i v e  t o  t h e  PH 
of t h e  s o l u t i o n  b u t  i n s e n s i t i v e  t o  t h e  s e v e r a l  r e d u c i n g  and o x i d i z i n g  a g e n t s  i n v e s t -  
i g a t e d .  

S i n c e  i t  seems u n l i k e l y  t h a t  c h a n g e s  i n  t h e  s u r f a c e  v o l t -  

I t  is, t h e r e f o r e ,  o u r  b e l i e f  t h a t  t h e  He lmho l t z  v o l t a g e  of  t h e  e l e c t r o d e  i s  
n o t  a s s o c i a t e d  w i t h  any e l e c t r o n  t r a n s f e r  r e d o x  r e a c t i o n  o c c u r r i n g  on t h e  s u r f a c e ,  
b u t  s h o u l d  be  a s c r i b e d  t o  p r o t o n  t r a n s f e r ,  or t o  some e q u i v a l e n t  c h e m i c a l  p r o c e s s  
which d o e s  n o t  i n v o l v e  e l e c t r o n s  or h o l e s .  

Next w e  s h a l l  c o n s i d e r  t h e  c u r r e n t s  p a s s i n g  between t h e  s u r f a c e  and t h e  
i n t e r i o r  of t h e  s e m i c o n d u c t o r .  I n  our s e m i c o n d u c t o r  s u r f a c e - s t a t e  model, a s  pre-  
v i o u s l y  d i s c u s s e d ,  t h e  f low o f  n e g a t i v e  c u r r e n t  from t h e  i n t e r i o r  t o  t h e  s u r f a c e  
is a s s o c i a t e d  w i t h  a n  a c t i v a t i o n  e n e r g y  o f  qVs which arises from t h e  e n d o t h e r m i c i t y  
of moving a n  e l e c t r o n  i n  t h e  c o n d u c t i o n  band from t h e  i n t e r i o r  t o  t h e  s u r f a c e .  The 
r e v e r s e  p r o c e s s  is  t h e  o x i d a t i o n  and c o u l d  o c c u r  by t r a n s f e r  o f  a n  e l e c t r o n  from 
t h e  reduced  s o r b e d  s p e c i e s  to t h e  bot tom of t h e  c o n d u c t i o n  band i n  t h e  i n t e r i o r  of 
t h e  s e m i c o n d u c t o r .  The l a t t e r  p r o c e s s  would be  e x p e c t e d  t o  have  a n  a c t i v a t i o n  en-  
e r g y  e q u a l  t o  E, t h e  e n e r g y  d i f f e r e n c e  between t h e  s u r f a c e  s t a t e  and t h e  bo t tom of 
t h e  c o n d u c t i o n  band a t  t h e  s u r f a c e  ( F i g .  4 ) .  F o r  t h e  s u r f a c e  s t a t e  on ZnO due  t o  
t h e  h e x a c y a n o f e r r a t e ,  t h e  v a l u e  of  E c o u l d  be  a s  h igh  as 3 e V .  I f  t h e  v a l u e  o f  E 
is h i g h ,  t h e  rate of  t h e  o x i d a t i o n  p r o c e s s  c a n  be  e x t r e m e l y  l o w .  

Thus d e v i a t i o n s  from a " r e v e r s i b l e  p o t e n t i a l "  on t h e  s o l u t i o n  s i d e  (Helmhol tz )  
or w i t h i n  t h e  s e m i c o n d u c t o r  c a n  e be u s e d  t o  d e s c r i b e  t h e  n e t  c u r r e n t  f l o w i n g  
t h r o u g h  t h e  e l e c t r o c h e m i c a l  c e l l .  Fur thermore ,  t h e  e x p e r i m e n t a l  c o n d i t i o n  of z e r o  
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neat c u r r e n t  c~ocs not c.orrcs;onci t o  some "rcvcbrsiblc  potential" an:ilogou..; t o  ;i m t 5 t : i l  
e l e c t r o d e  s i n c e  t h e  r a t c -  of t h e  anod ic  p r o c e s s  i n  t h e  semiconduc to r  moclcl is always 
e s s e n t  ia11y zc-ro. , 

E x p e r i m e n t a l l y .  howcvcr,  wt. do o b s c r v ~ ~  s m a l l  r ~ * s i d u a l  n e t  anoelic. c u r r e n t s .  
r e s i d u a l  a n o d i c  c u r r e n t  d i s c r v c d  P i t h  ZnO c';in sometimes be a t t r i b u t e d  t o  s t r a y  
u l t r a v i o l e t  i l l u m i n a t  i o n  , c n c r g l c * s  greater th:in t h e  band  gap‘^ whic.hl produces holes. 
I n  o t h e r  ' c a s e s .  t he rma l  gcncr: i t ion of h o l e - c l c c t r o n  p a i r s  i n  t h c  bulk w i l l  provldc 
a h i y h e r  a n o d i c  c u r r e n t  t han  clc*c. t ron i n j e c t i o n  hav ing  :in a c . t i v a t i o n  ene rgy  E.  I n  
e i t h e r  case .  t h e  po tcn t i ; ; l  a t  zc'ro c u r r e n t  is  not t h e  r c v c r s i b l c  p o t e n t i a l  of a 
chemical  redox r e a c t i o n  hut  is t h c  r e s u l t  of oppos ing  c u r r c n t s ,  both of whikh a r c  
dc t e rmlncd  by p h y s i c a l  p ~ ~ u ' c s s e s  not o t ' cu r r ing  i n  t h e  s o l u ' t l o n .  

We b e l i e v c  t h c  mdjor sources of t h e  l o w  a n o d i c  c u r r e n t s  i n  t h e  da rk  may be im- 
p e r f e c t l o n s  and i m p u r i t i e s  on t h e  s u r f a c e  of t h e  sample.  The r e s u l t s  w i th  our c r y s -  
t a l s  a r c  c o n s i s t a n t  w i t h  t h i s  n o t i o n ,  i . e . ,  t h e  s a t u r a t i o n  d a r k  a n o d i c  c u r r e n t  
v a r i e d  randomly from 0 . 1  t o  10 na .ma w i t h  r e p e n t e d  e t c h i n g s  i n  phosphoric  a c i d  
unde r  presumably i d e n t i c a l  c o n d i t i o n s .  On t h e  o t h e r  hand, t h e  a d d i t i o n  t o  t h e  solu-  
t i o n  of t h e  r educ ing  a g e n t .  Fc,CN e-' ,  had a n e g l i g i b l e  e f f e c t  on t h e  anod ic  c u r r e n t  

T h i s  bch:tvior is prob.il>ly quite t y p i c a l  of e l e c t r w ~ h e m i c a l  r e a c t  i o n s  on wide 
band g a p  scmIconduc. tors  And t h e o r e t i c a l  a n a l y s i s  based  on  r e v e r s i b l e  r e a c t i o n s  may 
o f t e n  be v e r y  m i s l c a d i n p .  

The l a s t  po in t  o f  our d i s c u s s i o n .  conc'erns t h e  s u r f a c e - s t a t e  c a p a c i t a n c e ,  C,,, 
which is d ~ f 1 n c . d ~  as dQss,dV where Qss is t h e  c h a r g e  i n  t h e  s u r f a c e  s t a t e s .  
w i l l  p r c s e n ' t - a r g u m e n t s  to  show t h a t  t h e r e  is n o  i n c o n s i s t a n c y  between ou r  experi-  
mental  r e s u l t s  which I n d i c a t e  t h e  absence  of a s u r f a c e - s t a t e  c a p a c i t a n c e  and our 
t h c o r e t l c a l  model which depends on t h e  e x i s t a n c e  o f ' s u r f a c c  s t a t e s .  I t  should be 
emphasized t h a t  t h e  e x p e r i m e n t a l  a b s e n c e  o f  a s u r f a c e  s t n t e  c a p a c i t a n c e  i n  a semi- 
c o n d u c t o r  e l e c t r o l y t e *  sys t em shou ld  n o t  be t aken  t o  imply t h e  absence  of s u r f a c e  
s t a t e s .  This p o i n t  is impor t an t  because  t h e  absence  of a s u r f a c e - s t a t e  c a p a c i t a n c e  
has  o f t c n ' j 5  been t a k e n  t o  i n d i c a t e  t h e  a b s e n c e  of s u r f a c e  s t a t e s .  

We 

E x p e r i m e n t d l l y .  t h e  a b s e n c e  of a s u r f a c e - s t a t e  c a p a c i t a n c e  i n  p a r a l l e l  with , 
t h e  swce c h a r g e  is shown bf t h e  l i n e a r i t y  o f  ( C l - 2  w i t h  V: The r e a s o n i n g  is based ' 
on t h e  c x p c c t a t l o n  t h a t .  i n  g e n e r a l ,  ( C  w i l l  no t  be l i n e a r  w i th  V. The d e t a i l s  
o f  t h e  f o r m u l a t i o n  of t h e  v a r i o u s  c a p a c q t a n c e s  and v o l t a g e s  i n  a s emiconduc to r j e l ec -  
t r o l y t c  system a r c  c o n t J i n c d  i n  t h e  append ix .  I t  s h o u l d  b e  r e c a l l e d  t h a t  a l l  t h e  
s o l u t i o n s  s t u d i e d  i n  o u r  i n v e s t i g a t  i on  showed a l i n e a r  r e l a t i o n s h i p  between (e!-'  
and V.  

' 

Thcrc a r c  t w o  p o s s i b l c  r easons  why a c a p a c i t y  C,, i s  n o t  obse rved :  one, t h e  
i m p l i c i t  a s sumpt ions  of t h e  d e r i v a t i o n  a r e  n o t  met; and second,  t h e r e  a r e  no s u r -  
f a c e  s t a t e s  over t h e  r e g i o n  spanned by t h e  s u r f a c e  Fermi l e v e l  a s  V is v a r i e d .  W e  
w i l l  p r e s e n t  a rgumen t s  t h a t  bo th  of t h e s e  c a u s e s  a r e  p r e s e n t  w i t h  most semicon- 
d u c t o r  e l c c  t r o l y t e  s y s  terns. 

' 

I m p l i c l t  i n  t h e  d e r i v a t i o n  of t h e  s u r f a c e - s t a t e  c a p a c i t y  is t h e  assumption 
t h a t  t h e  c h a r g e  dQSs is s t o r e d  from t h e  s e m i c o n d u c t o r . s i d e  and is r e t u r n e d  t o  t h e  
semiconduc to r  when t h c  v o l t a g e  increment  dV is removed. This assumption is n o t  
m c t  for  two t y p c s  of s u r f a c e  s t a t e s :  t h o s e  t h a t  a re  e l e c t r o n i c a l l y  i r r e v e r s i b l e  
. i . e . ,  c h a r g e  c a n n o t  t r a n s f e r  i n  both d i r e c t i o n s )  and t h o s e  t h a t  a r e  r e v e r s i b l y  
adso rbed  from s o l u t i o n .  If  t h e  s t a t e s  a r e  i r r e v e r s i b l y  cha rged  w i t h l n  t h e  per iod 
Of the a . c .  s l ~ n a l ,  t h e n  t h e  c h a r g e  w i l l  no t  be re turned , to  t h e  semiconductor  and , 

t h e  s t a t e s  w i l l  not  3c.t a s  c h a r g e  s t o r a g e  c e n t e r s .  I f  t h e  s t a t e s  a r e  deso rbab le ,  
so t h a t  they m a i n t a l n  c q u i l l b r i u m  w i t h  t h e  s o l u t i o n ,  t hey  w i l l  s imp ly  lower t h e  
r c a l  Furl of t h e  Impcdancc r a t h e r  t h a n  t h e  c a p a c i t a t l v e  ' p a r t .  

r 

y 



199 
The second r e a s o n  for  t h e  i n a b i l i t y  t o  o b s e r v e  a c a p a c i t a n c e  f o r  s u r f a c e  s t a t e s  

is connec ted  wi th  a pinned s u r f a c e  Fermi l e v e l .  A pinned  s u r f a c e  l e v e l ,  i ndependen t  
of known pa rame te r s ,  c a n  a r i s e  from t h e  p r e s e n c e  of  second s u r f a c e  s t a t e  which can  
n o t  s tore  c h a r g e  irom t h e  semiconduc to r .  T h i s  s econd  s u r f a c e  s t a t e  may be of  two 
t y p e s :  ( a )  
or r e v e r s i b l e  s o r p t i o n ,  or ( b )  p r e s e n t  a t  low d e n s i t y  and formed by r e v e r s i b l e  
s o r p t i o n .  The e f f e c t i v e n e s s  of  t y p e  ( a )  i n  p i n n i n g  t h e  Fermi l e v e l ,  is s e l f  e v i d e n t .  
Type ( b )  is  e f f e c t i v e  s i n c e  any  a t t e m p t  a t  chang ing  t h e  s u r f a c e  Fermi l e v e l  by 
chang ing  t h e  a p p l i e d  v o l t a g e  is p reven ted  by s o r p t i o n  o r  d e s o r p t i o n  o f  t y p e  ( b )  
s u r f a c e  s t a t e s  i n  t h e  a p p r o p r i a t e  s t a t e  of  o x i d a t i o n .  Thus, t h e  e x i s t a n c e  of  a low 
d e n s i t y  of  s o r b a b l e - d e s o r b a b l e  s u r f a c e  s t a t e s  c a n  p r e v e n t  obse rvance  of a c a p a c i -  
t a n c e  f o r  a n o t h e r  s u r f a c e  s ta te  t h a t  meets t h e  normal r e q u i r e m e n t s  f o r  o b s e r v a t i o n .  

I n  summary, i n  o r d e r  t o  o b s e r v e  a s u r f a c e - s t a t e  c a p a c i t a n c e  t h e  s u r f a c e  s t a t e s  

p r e s e n t  a t  a h i g h  d e n s i t y  on t h e  s u r f a c e ,  e i t h e r  formed by i r r e v e r s i b l e  

must b e :  (1) e l e c t r o n i c a l l y  r e v e r s i b l e  w i t h i n  t h e  p e r i o d  o f  t h e  a . c .  s i g n a l ;  ( 2 )  
n o n d e s o r b a b l e  from t h e  semiconduc to r ;  and ( 3 )  i n  c o n t a c t  w i t h  a n  e l e c t r o l y t e  f r e e  
of  c h e m i c a l s  t h a t  c a n  r a p i d l y  exchange  c h a r g e  w i t h  t h e  s u r f a c e  s t a t e  o r  w i t h  t h e  
Semiconductor  i n  o r d e r  t o  p r e v e n t  p inn ing  t h e  s u r f a c e  Fermi l e v e l .  

I n  t h e  c a s e  o f  our ZnO s t u d i e s ,  none of  t h e s e  c r i t e r i a  were m e t ,  a c c o r d i n g  t o  
t h e  e v i d e n c e .  The re  have  been  no  r e v e r s i b l e  s u r f a c e  states i d e n t i f i e d  i n  o u r  
s t u d i e s ,  most o f  t h e  chemica l  species examined were a p p r e c i a b l y  s o l u b l e  i n  b o t h  
t h e  o x i d i z e d  and r educed  forms and s p e c i e s  no rma l ly  were a v a i l a b l e  t h a t  c o u l d  be 
a d s o r b e d  and  cou ld  p i n  t h e  Fermi l e v e l .  However, i t  i s  p o s s i b l e  t h a t  common con- 
t a m i n a n t s  p r e s e n t  i n  o u r  s o l u t i o n s  were s u f f i c i e n t  t o  p i n  t h e  Fermi l e v e l .  

SUMMARY 

We have  shown, by a n a l y s i s  o f  t h e  o n e - e q u i v a l e n t  r e d u c t i o n  of  t h e  f e r r i c  i r o n ,  
t h a t  fo r  semiconduc to r s  t h e  e l e c t r o n i c  a c t i v a t i o n  e n e r g y  c a n  domina te  t h e  r a t e  of  
e l e c t r o c h e m i c a l  r e a c t i o n s  and a s i m p l e  s u r f a c e - s t a t e  t r a p p i n g  law d e s c r i b e s  t h e  
p r o c e s s .  We have  a l s o  shown t h a t  t h e  & a c t i o n  is i r r e v e r s i b l e  and a n  unknown o x i -  
d a t i o n  r e a c t i o n  ( n o t  o x i d a t i o n  of  f e r r o u s )  is i m p o r t a n t  i n  d e f i n i n g  t h e  “ z e r o  c u r -  
r e n t “  p o t e n t i a l .  
z i n c  o x i d e  f o l l o w s  a l i n e a r  i s o t h e r m .  

I n  a d d i t i o n ,  w e  found t h a t  a d s o r p t i o n  o f  f e r r i c y a n i d e  i o n  on 
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FIG. 1 CURRENT DEPENDENCE ON VOLTAGE AT pH - 8.8 AND 
7 .  10-3M Fe(CN)i3: 0 ,  NO ADDED Fe(CN)i4; 0, 7 x  10'2M 
Fe(CN)i' ADDED 
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FIG. 2 VOLTAGE DEPENDENCE ' - OF CAPACITANCE FOR 7 r  lO"M Fe(CN)i3 
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FIG. 3 SURFACE BARRIER AS A FUNCTION 
OF CONCENTRATION AT 10 no CURRENT 
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