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ABSTRACT 

A model  for the initial stages of anodic CdS film deposi t ion in pH 14 sulfide solutions is presented.  Cyclic 
vol tammetry carried out over a range of sulfide concentrations consistently reveals three anodic peaks. The first peak has 
been found to represent  the act ivat ion-control led deposi t ion of one-half  of a CdS monolayer.  This is substant iated by a 
computer-simulation of the current/potential curves based on a two-electron transfer mechanism. The Cd and S ions are 
then considered to place-exchange, and a second one-half monolayer of CdS is deposited in the second anodic peak. The 
third anodic peak depicts the completion of the place exchange of the film deposited in the second peak, and the deposi- 
tion of one further complete CdS layer. This model is consistent with the measured charge densities and the dependence 
of anodic and cathodic current densities and potentials on the potential sweep rate. Also, the film structure developed ac- 
cording to this model  of film initiation is consistent with the known crystal structure of bulk CdS. 

There has been a great deal of interest  in the last num- 
ber of  years in the e l ec t rochemica l  charac ter i s t ics  and 
behav io r  of  CdS, p r imar i ly  f rom the point  of v iew of its 
use in heterojunct ion photocells  (1) and in photoelectro-  
chemica l  cells (2-5). Also, the photoresponses  of colloidal 
particles of CdS, part icularly when  coated with deposits  
of Pt or RuO2 (6), have received much attention. 

In many of these cases, single crystals of CdS have 
been utilized (2, 4-6) and, while their photoresponses are 
reasonably good, there is a limitation to their use be- 
cause of the cost and difficulty of preparation of single 
crystals on a large scale (3, 7). Also, vacuum-deposited 
CdS appears to be a relatively costly procedure (7). Pri- 
marily for these reasons, electrochemical methods of 
preparation of polycrystalline CdS films have been in- 
vestigated over the last few years. 

CdS films have been formed anodical]y (3, 8-i0) by 
electrodeposition from alkaline sulfide solutions on vari- 
ous substrates. The major weaknesses of this method of 
CdS film preparation have been the development of a 
high density of recombination centers, either within the 
film or at the surface, and also the difficulty of forming 
anodic CdS films that are thick enough to be useful (8, 9). 
The cathodic deposition of CdS films has also been 
achieved (7, 11), and, by this method, thick and relatively 
adherent polycrystalline CdS films can be formed. How- 
ever, there is a tendency towards the incorporation of mi- 
nority components from solution into the CdS film, 
which can then result in greatly altered solid-state prop- 
erties (11, 12). Also, these CdS films show a tendency to- 
wards cracking (ii, 12), particularly when deposited at 
high current densities. Therefore, the anodic formation 
of CdS may still be the most practical electrochemical 
process and, hence, merits further study. 

Previous mechanistic studies concerning the anodic 
formation of CdS films have been carried out by Peter 
(i0, 13) and, subsequently, by Damjanovic (9). Both of 
these authors have focused their endeavors on the an- 
odic growth of CdS at polycrystalline Cd metal from 
0.1M sulfide solutions in a bicarbonate (pH = 9) medium. 
It was reported in their work (I0) that CdS film growth 
commences with the deposition of one or two monolay- 
ers of film, followed by further CdS film thickening at a 
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rate control led by the high field migrat ion of Cd 2§ ions in 
the CdS solid state (9, 10). This process continues until  a 
film thickness  of about 50A is reached, at which point a 
change  of  m e c h a n i s m  occurs  and much  h igher  rates of  
react ion are observed.  Therefore,  these previous studies 
(9, 10) have validated the high field growth mechan ism of 
anodical ly formed CdS films when the films range from a 
few monlayers  to about  50A in thickness.  However,  very 
l i t t le  has been repor ted  concern ing  the init ial  stages of 
film growth  (up to a few monolayers)  or the growth  of  
CdS films greater  than 50A in th ickness .  Pe te r  (10) re- 
ported some fine structure in the cyclic vo l tammograms 
of the "monolayer  region" and has at t r ibuted this to the 
format ion of CdS film on different crystal planes. These 
suppos i t ions  were  tes ted  by examin ing  the anodic  be- 
havior  of Cd/Hg amalgam electrodes (14), where some of 
the observed effects were ascribed to recrystall ization of 
thin CdS films and to two-dimensional  nucleation. 

CdS films greater  than 50A in th ickness  were  de- 
scr ibed  (10) as growing  at d i f fus ion- l imi ted  rates, al- 
though this does not seem to be entirely consistent  with 
the observed data. 

Therefore ,  the object  of this s tudy has been  to deter- 
mine the mechan ism of CdS film initiation at a polycrys- 
talline Cd substrate, as well as to gain some understand- 
ing of the growth of CdS films thicker  than approxi- 
mate ly  50A. The expe r imen t s  repor ted  here  and in the 
s u b s e q u e n t  papers  of  this series have  been carr ied out 
with a range of sulfide concentrat ions in both pH 13 and 
pH 14 solut ions,  as welt as in the b ica rbona te  m e d i u m  
(pH - 9), which has been studied previously (9, 10). 

This paper  focuses  pr imar i ly  on the init ial  stages of 
CdS film growth in pH = 14 solutions; no previous stud- 
ies of CdS film growth at this pH have been reported. The 
subsequent  papers will describe CdS film initiation in bi- 
carbonate  solutions, and also the growth of thicker  CdS 
films in solutions of both pH 9 and pH 14. 

At pH 9, the  major  sulfide species  is cons ide red  to be 
HS-  [pKj = 7.0 (15, 21)], while, at pH 14, S 2- is l ikely to be 
the principal  species [pK2 = 11.96 (15); = 13.9 (21)]. 

Experimental 
Cell and solutions.--The exper iments  were carried out 

in e i ther  a one- or a tw o-com par tm en t  cell. So lu t ions  
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were made either from the Na~S- 9H20 salt or by passing 
H2S through the appropriate alkaline solution. The con- 
cen t ra t ion  of sulfide in these  solut ions  was de t e rmined  
by the t i tration of excess I2 with a standardized Na2S203 
solution (16). 

All chemicals used in this work were of reagent grade, 
and all water  was t r iply dist i l led.  The expe r imen t s  re- 
por ted  here were  carr ied out at room tempera ture ,  and 
deoxygenat ion  of the solutions was achieved by passing 
ni t rogen through the cell solution. 

E l e c t r o d e s . - - A  0.8 cm diam cadmium rod of 99.999% 
pur i ty  ( Johnson-Mat they  Chemicals)  was used as the 
work ing  electrode.  Before  each exper iment ,  the cad- 
m i u m  e lec t rode  was mechan ica l ly  pol i shed  using 
500-grade emery paper, fol lowed by ul trasonic c leaning 
in ace tone  for 1 min  and a tho rough  r inse wi th  dis t i l led 
water. In order to obtain a smooth and reproducible  sur- 
face, the cadmium rod was then chemical ly polished by 
d ipping  it into a 1:1 mix tu re  of  glacial  acetic acid and 
30% hydrogen  pe rox ide  for 20s (10) and then  ultrason- 
ical ly r ins ing in t r iply dis t i l led water.  In some cases, 
e tch ing  of  the Cd e lec t rode  was carr ied out in di lute  
H N Q  (13), fo l lowed by a water  rinse. The cadmium  rod 
was then coated with epoxy or wrapped in several layers 
of  Teflon tape, leaving only the face of the rod exposed.  

In order to de termine  the area of the Cd electrode accu- 
rately, double layer capacitance measurements  (17) were 
made over a narrow range of potential  in which no fara- 
daic processes  were  expec ted  to occur, Using a double  
layer capac i tance  for Cd of  20 )~F/cm 2, e lec t rode  rough- 
ness factors in the range of 1.2-2 were generally obtained. 
In this work,  all cur ren t  and charge densi t ies  are g iven 
with respect  to the electrode area measured in this way. 

Due to the p rox imi ty  of  the potent ia l  for CdS forma- 
t ion  and reduct ion ,  and that  of the hydrogen  evo lu t ion  
reac t ion  (HER), the cadmium rod was usual ly  placed in 
the cell at an angle ~n order to allow hydrogen bubbles to 
escape freely rather than allow them to obscure varying 
f ract ions  of the e lec t rode  surface dur ing the course  of  
the exper iments .  

The countere lec t rode was a high area pla t inum gauze, 
and the  reference  e lec t rode  was e i ther  a s i lver /s i lver  
sulfide e lec t rode  or the RHE in a Luggin  capillary. All 
potentials  reported here are given vs. the RHE. 

E q u i p m e n t . - - S t a n d a r d  three-e lect rode potent ios ta t ic  
circuitry was employed,  utilizing a PAR 173 potentiostat ,  
a Tacussel  G.S.A.T.P. function generator, and a Hewlett-  
Packa rd  7044A X-Y recorder .  Po t en t iodynamic  runs at 
high sweep rates were recorded with a Nicolet  3091 digi- 
tal or a Tek t ron ix  SC 503 analog osci l loscope.  Rota t ing  
disk electrode exper iments  were carried out with a Pine 
Ins t ruments  ASR Rotator. 

Resu l ts  a n d  D i s c u s s i o n  
Genera l  behav ior  o f  Cd in  a l k a l i n e  so lu t ions  (no 

s u l f i d e ) . - - T h e  e lec t rochemica l  behavior  of c admium  in 
s t rongly  alkal ine solut ions (no sulfide) has been exten-  
sively studied in the past (18-20), primari ly due to the use 
of  the Cd/Cd oxide  e lec t rode  in Ni-Cd batteries.  How- 
ever,  very  l i t t le in format ion  regarding  the potent iody-  
namic  behav ior  of this e lec t rode  sys tem has been  pub- 
l ished.  Therefore ,  in the work  repor ted  here,  cyclic 
v o l t a m m o g r a m s  of Cd in 1M NaOH were rout ine ly  ob- 
ta ined prior to the addit ion of sulfide to the cell solution. 
This  was done  in order  to ensure  that  the Cd oxide  for- 
mat ion and reduct ion peaks would be readily recognized 
in the v o l t a m m o g r a m s  of Cd in sulfide solutions.  Also, 
the most  accurate measurement  of the Cd electrode area 
could  be made  in the a lkal ine solut ion (without  sulfide) 
due  to the  wide  potent ia l  range which  is free of major  
e lec t rochemical  reactions. 

A typical  E/i curve  for c admium in 1M NaOH at a 
sweep rate (s) of 100 mV/s is shown in Fig. 1 (curve a). It 
can be seen that  anodic cur ren t  c o m m e n c e s  at a poten- 
tial of about  0 mV vs. RHE. This is very close to the pre- 
dicted potential  of +5 mV for " inact ive"  Cd(OH)2 forma- 
t ion and +23 mV for "ac t ive"  Cd(OH)2 (21). CdO 
format ion  is p red ic ted  to occur  at a potent ia l  of  about  

~ ~ 0  
B 

Fig. 1, Cyclic voffammograms at s = 100 mV/s for Cd rod in IM 
NaOH and the following sulfide concentrations: (a) OM ( ); (b) 9 
• 10 4M ( . . . .  ); (c) 7 • 10-3M ( - - - - ) ;  and (d) 1.5 • IO-~M 
( . . . .  ). 

+65 mV vs. RHE (21) and al though the anodic current  ob- 
served in Fig. 1 (curve a) could be ascr ibed  to the 
unde rpo ten t i a l  depos i t ion  of CdO, it seems more  l ikely 
that  the e lec t rodepos i t ion  of Cd(OH)2 in alkal ine solu- 
t ions will  occur  first, leading to the subsequen t  forma- 
t ion of CdO with the loss of a water  molecule.  This is con- 
sistent with other results reported recently (22), where it 
was also indica ted  that  Cd(OH)2 depos i t ion  precedes  
CdO film growth.  Also, Burs te in  (23) found that  no 
underpotent ia l ly  deposited oxides form at a Cd anode in 
a lkal ine solutions,  us ing the scra tched e lec t rode  tech- 
nique. 

A measurement  of the anodic and cathodic charge pas- 
sed in Fig. 1 (curve a) (Qa/Qc - 1.8) indicates  that  some 
d isso lu t ion  of Cd is l ikely to be occur r ing  at potent ia ls  
more posit ive than 0 mV vs. RHE. This is consistent  with 
the supposi t ion that  Cd(OH)2 films form by a dissolution- 
precipi tat ion (D-P) mechanism. 

Curve  a in Fig. 1 displays a shoulder  on the r is ing 
por t ion  of the anodic  curve. Also, it is seen that  film re- 
duc t ion  occurs  in two separate  peaks.  These  observa-  
t ions may be related to the format ion  (and removal)  of  
CdO film (Er - +65 mV vs. RHE). Alternatively,  this may 
be explained by the aging of an "act ive"  form of Cd(OH)~ 
to the " inac t ive"  form. These  two possibi l i t ies  cannot  
readily be dis t inguished from our exper iments .  

Figure  2 shows a more complete  cyclic vo l t ammogram 
for Cd in this med ium at s = 200 mV/s. By reversing the 
scan at gradually more posit ive potentials,  several other  
anodic shoulders and peaks appear. The anodic shoulder  
at E - +100 mV vs. RHE is probably due to CdO forma- 
tion while the main peak at - +250V vs. RHE may depict  
a change  in film growth  mechan ism.  The cur ren t  and 
charge densit ies passed in the complete  sweeps in Fig. 2 
are quite  large, and may be resonsible,  in part, for the ob- 
served electrode roughening.  Also, e lectrode roughening  
wi th  success ive  cycles of potent ia l  would  be cons i s ten t  
with a D-P model  of film growth. 

2O 
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Fig. 2. E/i behavior of Cd rod in 1M NaOH; s = 200 mV/s. Current 
increases are due to electrode roughening with cycling to more positive 
potentials. 
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Genera l  E/i  b e h a v i o r  o f  Cd  w i t h  a d d i t i o n  o f  s u l f i d e . - - I n  
o r d e r  to  o b s e r v e  d i r e c t l y  t h e  e f f e c t  o f  a d d e d  s u l f i de  o n  
t h e  E/i  r e s p o n s e ,  a se r i e s  of  e x p e r i m e n t s  w as  c a r r i e d  ou t  
in  w h i c h  e x a c t  a l i q u o t s  of  a s u l f i de  s t o c k  s o l u t i o n  w e r e  
a d d e d  to t h e  1M N a O H  s o l u t i o n  in  t h e  e l e c t r o c h e m i c a l  
cell .  F i g u r e  1 ( c u r v e s  b-d)  s h o w s  a t y p i c a l  s e r i e s  o f  vol-  
t a m m o g r a m s  a t  s = 100 mV/s ,  o b t a i n e d  fo r  t h e  v a r i o u s  
su l f ide  c o n c e n t r a t i o n s .  I t  c a n  b e  s e e n  t h a t  a n e w  a n o d i c  
p e a k  a p p e a r s  a t  p o t e n t i a l s  n e g a t i v e  of  Cd h y d r o x i d e  for- 
m a t i o n .  U p o n  s w e e p  r e v e r s a l ,  a c a t h o d i c  c o u n t e r p a r t  o f  
t h e  a n o d i c  p e a k  is o b s e r v e d .  T h e s e  p e a k s  d e p i c t  t h e  for- 
m a t i o n  a n d  r e m o v a l  of  a C d S  f i lm a c c o r d i n g  to r e a c t i o n  
[1] 

Cd + S 2- ,~ C d S  + 2e-  [1] 

I n  a t t e m p t i n g  to c a l c u l a t e  t h e  r e v e r s i b l e  p o t e n t i a l  for  
r e a c t i o n  [1] for  s o l u t i o n s  of  v a r y i n g  s u l f i d e  c o n c e n t r a -  
t i ons ,  i t  was  f o u n d  t h a t  l a rge  v a r i a t i o n s  e x i s t  in  t h e  l i tera-  
t u r e  in  t h e  r e p o r t e d  v a l u e s  of  E ~ for  r e a c t i o n  [1]. T h e s e  
r a n g e d  f r o m  - 1 1 7 5  (24) to  - 1 2 3 0  m V  (25) vs. t h e  N H E .  
U s i n g  five d i f f e r e n t  sou rces ,  a n  a v e r a g e  E ~ of  - 1 2 1 0  m V  
vs. N H E  was  o b t a i n e d .  

I n  o r d e r  to  e s t a b l i s h  t h e  e x p e r i m e n t a l l y  o b s e r v e d  E ~ 
fo r  r e a c t i o n  [1], t h e  p o t e n t i a l  m i d w a y  b e t w e e n  t h e  f i r s t  
a n o d i c  p e a k  (A~) a n d  i ts  m a t c h i n g  c a t h o d i c  p e a k  (C0 was  
m e a s u r e d  as  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  o f  S 2- in  a 
1M N a O H  s o l u t i o n .  T h e  c o n c e n t r a t i o n  of  S 2- w a s  t h e n  
c o n v e r t e d  to a c t i v i t y  in  t h e  f o l l o w i n g  way.  F i rs t ,  i t  is as- 
s u m e d  t h a t  S 2- is t h e  m a j o r i t y  s p e c i e s  (15, 21) in  1M 
N a O H  s o l u t i o n s ,  t h u s  p r e v e n t i n g  t h e  n e e d  for  c o n s i d e r a -  
t i o n  of  t h e  a c t i v i t y  o f  H S -  in  t h e s e  c a l c u l a t i o n s .  H o w -  
ever ,  n o  d a t a  is a v a i l a b l e  in  t h e  l i t e r a t u r e  for  t h e  m e a n  ac- 
t i v i t y  coe f f i c i en t ,  ~]=. for  e i t h e r  S 2- or  H S - .  T h e r e f o r e ,  in  
o r d e r  to  c o n v e r t  t h e  S 2- c o n c e n t r a t i o n  to ac t iv i ty ,  t h e  lit- 
e r a t u r e  w a s  r e v i e w e d  for  z = - 2  i o n s  (26), a n d  i t  w a s  
f o u n d  t h a t  ~]• for  a n u m b e r  o f  s p e c i e s  s u c h  as CrO42-, 
CO3 ~-, HPO42-, a n d  SO3 ~- was  in  t h e  r a n g e  of  0.2-0.25. As  
t h e  r a d i u s  of  S 2- is e x p e c t e d  to b e  less  t h a n  t h a t  of  t h e s e  
o x y a n i o n s ,  ~+ for  S 2- is l i k e l y  to  b e  a t  t h e  l o w e r  e n d  o f  
t h i s  r ange .  F o r  t h e s e  r e a s o n s ,  a v a l u e  of  7_+ of  0.2 was  se- 
l e c t e d  for  t h e  c a l c u l a t i o n  a n d  t h e  o b s e r v e d  p o t e n t i a l  was  
t h e n  p l o t t e d  vs. t h e  S ~- ac t i v i t y  (Fig. 3). 

I t  s h o u l d  b e  n o t e d  tha t ,  as t h e  s lope  of  Fig. 3 is a p p r o x i -  
m a t e l y  30 m V  p e r  d e c a d e  o f  S 2 a c t i v i t y ,  t h e  p o t e n t i a l  
v a r i e s  b y  on ly  5 m V  i r a  "y• of  0.3 is u s e d  i n s t e a d  o f  0.2. I f  
7 .  w e r e  as l ow  as 0.1, t h e  c a l c u l a t e d  p o t e n t i a l  w o u l d  b e  
a b o u t  10 m V  m o r e  p o s i t i v e  t h a n  i f  ~• w e r e  0.2. 

I n  e x t r a p o l a t i n g  t h e  E/S  2- ac t i v i t y  p lo t  to  u n i t y  S 2- ac- 
t i v i t y ,  t h e  i o n i c  s t r e n g t h  of  t h e  s o l u t i o n  w o u l d  t h e n  b e  
2M. T h e  l i t e r a t u r e  for  ~,  v a l u e s  for  z = - 2  ions  in  e i t h e r  a 
1 or  2M s o l u t i o n  s h o w s  o n l y  s m a l l  d e v i a t i o n s  (e.g., 0.23 
a n d  0.20 for  a 1 a n d  2M Na2SO3 s o l u t i o n ,  r e s p e c t i v e l y ) ,  

1 i I , 
- 2 6 0  

- 3 0 0  

Erev 
(mV) vs. RHE 

- 3 4 0  

- 3 8 0  

1 l I J 
- 3  - 2  -1 0 

log as2 -  (M) 

Fig. 3. Experimentally obtained (see text) reversible potentials for 
CdS film formation and removal vs. log of S ~- activity (1M NoOH solu- 
tion was utilized at all sulfide concentrations). 

t r a n s l a t i n g  to  o n l y  a 1-2 m V  s h i f t  as t h e  su l f i de  a c t i v i t y  
a p p r o a c h e s  1M in  a 1M N a O H  so lu t i on .  

E ~ d e t e r m i n e d  b y  t h i s  m e t h o d  f r o m  Fig. 3, was  f o u n d  
to b e  - 1 2 1 5  m V  vs. N H E  ( - 3 8 5  m V  vs. R H E  at  p H  = 14). 
E v e n  w i t h  a n  u n c e r t a i n t y  of  -+5 mV,  t h i s  v a l u e  is v e r y  
c l o s e  to  t h e  a v e r a g e  l i t e r a t u r e  v a l u e  of  - 1 2 1 0  m V  vs. 
N H E ,  a n d  it  m u s t  t h e n  be  c o n c l u d e d  t h a t  t h e  in i t i a l  dep -  
o s i t i o n  of  C d S  f i lm is o c c u r r i n g  a p p r o x i m a t e l y  a t  t h e  
t h e r m o d y n a m i c a l l y  p r e d i c t e d  p o t e n t i a l .  T h i s  d i f f e r s  
f r o m  t h e  o f t e n  e n c o u n t e r e d  u n d e r p o t e n t i a l  d e p o s i t i o n  
( U P D )  o f  t h e  f i r s t  l a y e r  of  a f i lm m a t e r i a l ,  e.g., Ag2S, 
w h e r e  a n  u n d e r p o t e n t i a l  of  a b o u t  120 m V  is o b s e r v e d  in  
t h e  d e p o s i t i o n  of  t h e  f i r s t  l a y e r  o f  f i lm (27). I t  is a l so  a t  
v a r i a n c e  w i t h  t h e  o v e r p o t e n t i a l  o f t e n  e n c o u n t e r e d  in  t h e  
ca se  of  t h e  i n i t i a l  n u c l e a t i o n  of  f i lms  a t  a n  e l e c t r o d e  sur -  
face  (28). 

T h e r e  a r e  s e v e r a l  o t h e r  g e n e r a l  o b s e r v a t i o n s  t h a t  c a n  
b e  m a d e  c o n c e r n i n g  c u r v e s  b -d  in  Fig. 1. F i rs t ,  a l t h o u g h  
t h e  su l f i de  c o n c e n t r a t i o n  h a s  i n c r e a s e d  b y  a f a c t o r  o f  
a b o u t  150 f r o m  c u r v e  b to c u r v e  d, t h e  m a g n i t u d e  o f  t h e  
c u r r e n t s  h a s  h a r d l y  c h a n g e d .  T h i s  c l e a r l y  i n d i c a t e s  t h a t  
t h e  r e a c t i o n  is n o t  s o l u t i o n  d i f f u s i o n  c o n t r o l l e d ,  in  w h i c h  
c a s e  t h e  c u r r e n t s  w o u l d  h a v e  v a r i e d  l i n e a r l y  w i t h  t h e  
su l f ide  c o n c e n t r a t i o n .  

I t  c a n  a l so  b e  s e e n  in  Fig.  1 t h a t ,  in  t h e  m o r e  d i l u t e  
s u l f i d e  s o l u t i o n s  (e.g., c u r v e  c), s o m e  Cd h y d r o x i d e  f i lm 
g r o w t h  c a n  s t i l l  o c c u r  a t  - 0  m V  vs. RHE,  i n d i c a t i n g  t h a t  
t h e  C d S f i l m  is s t i l l  r a t h e r  t h i n  a n d / o r  p o r o u s  in  n a t u r e  a t  
t h a t  p o t e n t i a l .  I n  c o n t r a s t ,  i n  a 1.0M su l f ide  s o l u t i o n  (Fig. 
4), s u f f i c i e n t  C d S  f i lm is p r e s e n t  to  ' p a s s i v a t e '  t h e  sur -  
face,  h e n c e  p r e v e n t i n g  a n y  Cd o x i d e  f i lm g r o w t h .  

E f f e c t  o f  u p p e r  p o t e n t i a l  l im i t ,  E + . - - F i g u r e  5 s h o w s  a 
t y p i c a l  s e r i e s  o f  v o l t a m m o g r a m s  w h i c h  a r e  o b t a i n e d  as  
E§ is i n c r e a s e d  b y  s m a l l  i n c r e m e n t s  w i t h  e a c h  s u c c e s s i v e  
cyc le  of  p o t e n t i a l  i n to  t h e  p o t e n t i a l  r a n g e  of  C d S  fi lm for- 
m a t i o n .  I t  c a n  b e  s e e n  t h a t  t h r e e  s m a l l  a n o d i c  p e a k s  ap-  
pear ,  l a b e l e d  p e a k s  AI, A=, a n d  A3, h a v i n g  p e a k  p o t e n t i a l s  
of  Ep.AI, Ep,A 2, a n d  Ep,A3- 

I t  c a n  b e  s e e n  in  Fig.  5 t h a t  w h e n  t h e  a n o d i c - g o i n g  
s w e e p  is r e v e r s e d  at  p o t e n t i a l s  t h a t  a r e  s t i l l  n e g a t i v e  o f  
p e a k  A1, C d S  r e d u c t i o n  o c c u r s  in  a s ing le  p e a k  C1, h a v i n g  
a p e a k  p o t e n t i a l ,  Ep,cl, w h i c h  is i n v a r i a n t  w i t h  t h e  
a m o u n t  of  C d S  fi lm f o r m e d  in  t h e  a n o d i c  sweep ,  as l o n g  
as  t h e  p o t e n t i a l  h a d  n o t  b e e n  e x t e n d e d  p o s i t i v e l y  of  A,. 
As  Ep.cl is c o n s t a n t  u n d e r  t h e s e  c o n d i t i o n s ,  t h e  p o t e n t i a l  
m i d w a y  b e t w e e n  Ep.,, a n d  Ep.c~ c o u l d  b e  r e a d i l y  e v a l u -  
a t e d  a n d  w a s  c o n s i d e r e d  to b e  t h e  e m p i r i c a l  r e v e r s i b l e  
p o t e n t i a l  of  r e a c t i o n  [1]. F i g u r e  6 a lso c l ea r ly  s h o w s  t h a t  
Ep,c~ r e m a i n s  c o n s t a n t  as t h e  f i lm d e p o s i t e d  in  p e a k  A, is 
r e d u c e d .  

I t  s h o u l d  b e  n o t e d  t h a t  r e v e r s a l  o f  t h e  p o t e n t i a l  f r o m  
a n o d i c - g o i n g  to c a t h o d i c - g o i n g  (Fig. 5) does  n o t  p r o d u c e  
a c o n t i n u i n g  i n c r e a s e  of  a n o d i c  c u r r e n t ,  w h i c h  is cha r ac -  
t e r i s t i c  of  a n u c l e a t i o n - c o n t r o l l e d  p r o c e s s  (29). I n s t e a d ,  
t h e  c u r r e n t  in  t h e  r e v e r s e  s w e e p  is s m a l l e r  t h a n  in  t h e  
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Fig. 4. In I .OM S 2-, positive extension of the potential shows no evi- 
dence of Cd oxide formation; s = 1 V/s. 
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Fig. 5. Cd rod in 7 x ]O-3M S 2- + ]M NaOH; s = 200 mV/s. Peaks 
A1, A2, A3, C1, and C2 can be clearly seen. 

a n o d i c - g o i n g  s w e e p  and  soon  b e c o m e s  ca thod ic ,  as 
w o u l d  be the  case  for a r a n d o m  depos i t i on  p rocess  at an 
e l ec t rode  sur face  (29). 

When  E+ is e x t e n d e d  pos i t ive ly  of  E~.A, in to  peak  A2, a 
s e c o n d  ca thod ic  peak,  C2, appears ,  in i t ia l ly  as a s h o u l d e r  
on the  ca thod ic  s ide of  C,, bu t  t h e n  b e c o m i n g  a sepa ra te  
p e a k  as m o r e  CdS  fi lm is f o rmed .  I t  can  be  seen  c l ea r ly  
f rom Fig.  6 tha t  Ep,c2 shif ts  s igni f icant ly  in a nega t i ve  di- 
r e c t i o n  w i t h  an i n c r e a s i n g  a m o u n t  of  f i lm p r o d u c e d  in 
t he  anod ic  scan. 

F u r t h e r  e x t e n s i o n  of  the  anodic  po ten t i a l  in to  peak  A3 
in i t i a t e s  a m o r e  s ign i f i can t  h y s t e r e s i s  b e t w e e n  t h e  C d S  
fi lm f o r m a t i o n  and r e d u c t i o n  peaks  (Fig. 5), so tha t  peaks  
C, and  C2 are n o w  b o t h  sh i f ted  nega t ive ly ,  w i th  peak  C2 
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Fig. 6. Potentials of peaks C1 and Ce as a function of quantity of CdS 
film deposited. One monolayer of CdS is assumed to be 250 t~C/cm 2. 

also i nc rea s ing  in m a g n i t u d e  as m o r e  CdS  film is depos-  
i ted  and  t h e n  r e m o v e d .  

I t  s h o u l d  be  n o t e d  t h a t  t h e  g e n e r a l  a p p e a r a n c e  of  
p e a k s  A,-A3, and  C, and  C2, as we l l  as t h e i r  d e p e n d e n c e  
on  t h e  e x p e r i m e n t a l  va r i ab l e s ,  has  b e e n  r e p r o d u c i b l e  
o v e r  a w i d e  r a n g e  of  p o t e n t i a l  s w e e p  ra tes  (s f r o m  - 5  
m V / s  to - 1 0  V/s) and  sul f ide  s o l u t i o n  c o n c e n t r a t i o n s  
(_vl0 3 to 1M). 

Charge densities (peaks A,, A2, and A 3 ) . - - B e c a u s e  
p e a k s  A,-A3 and  C, and  C2 w e r e  o b s e r v e d  for  C d S  f i lm 
g r o w t h  and  r e d u c t i o n  u n d e r  essen t ia l ly  all e x p e r i m e n t a l  
c o n d i t i o n s ,  t h e  c h a r g e  d e n s i t y  p a s s e d  up  to e a c h  of  t h e  
a n o d i c  p e a k s  c o u l d  be  r ead i l y  e v a l u a t e d ,  and  s o m e  rep-  
r e s e n t a t i v e  da ta  are  g i v e n  in T a b l e  I. T h e s e  c h a r g e s  de- 
p ic t  the  a m o u n t  of  anodic  cha rge  w h i c h  has  passed  f rom 
the  po ten t i a l  at w h i c h  CdS  film depos i t i on  in i t ia tes  to the  
p o t e n t i a l  at t he  v a r i o u s  peaks .  No a t t e m p t  was  m a d e  in 
th is  w o r k  to d e c o n v o l u t e  peaks  A,, A~, and A.~. 

I t  can  be  seen  tha t  a re la t ive ly  large  e r ror  is a s soc ia ted  
wi th  these  cha rge  dens i t ies ,  due  p r i m a r i l y  to the  s imul ta-  
neous  o c c u r r e n c e  of  t he  H E R  in t he  same  range  of  po ten-  
t ia l  as t he  C d S  p e a k s  (Fig. 5), and  h e n c e  t h e r e  was  
di f f icul ty  in separa t ing  the  cha rges  due  to these  two  pro-  
cesses .  N e v e r t h e l e s s ,  f r o m  Tab le  I, t h e  a v e r a g e  c h a r g e  
d e n s i t i e s  p a s s e d  up  to t he  p o t e n t i a l  at t h e  t h r e e  a n o d i c  
peaks  are  g iven  as: qA1 = 0.120 _+ 0.01 m C / c m  2, qA2 = 0.230 
+-- 0.03 m C / c m  2, and qA3 = 0.465 +- 0.06 m C / c m  2. I t  shou ld  
be  no t ed  tha t  charges  m e a s u r e d  s imply  by  i n t eg ra t i on  up  
to t he  po ten t i a l  of  peaks  A,, A2, and A3 were  ve ry  s imi la r  
to t he  ca thod ic  cha rge  passed  w h e n  a ve ry  rap id  ca thod ic  
s w e e p  was  u s e d  u p o n  s w e e p  r e v e r s a l  at Ep.A~, Ep.A2, and  
E p , A  3. 

These  cha rge  dens i t i e s  can  n o w  be c o m p a r e d  to the  ex-  
p e c t e d  cha rge  dens i ty ,  q, for a s ingle  layer  of  CdS  h a v i n g  
the  dens i t y  of  t he  bu lk  mate r ia l  

( PL ) 2/3 zF 
q = - M -  L [2] 

Here ,  F is the  Fa raday  constant ,  L is A v o g a d r o ' s  n u m b e r ,  
M is t h e  m o l e c u l a r  w e i g h t  of  C d S  (144.5 g/mol) ,  p is t h e  
d e n s i t y  of  C d S  (4.82 g/cm3), and  z, t h e  n u m b e r  o f  e lec-  
t rons  pe r  mole ,  is a s s u m e d  to be  2. E q u a t i o n  [2] y ie lds  an  
e x p e c t e d  m o n o l a y e r  cha rge  dens i t y  of  250 ~C/cm 2. 

Wi th  t h e  a s s u m p t i o n  t h a t  t h e s e  in i t i a l  s t ages  of  C d S  
fi lm g r o w t h  wil l  p r o d u c e  th in  fi lms of  b u l k  C d S  dens i ty ,  
i t  is s e e n  tha t  t h e  e q u i v a l e n t  c h a r g e  d e n s i t y  of  ha l f  a 
m o n o l a y e r  of  C d S  has  b e e n  p a s s e d  up  to p e a k  A,, one  
m o n o l a y e r  up to peak  A2, and  two  m o n o l a y e r s  up  to p e a k  
A3. 

Effect of potential sweep rate.--An i m p o r t a n t  observa-  
t ion  c o n c e r n i n g  the  E/i b e h a v i o r  as e x e m p l i f i e d  in Fig. 5 
is that ,  w h e n  the  anodic  sweep  is r e v e r s e d  in the  r eg ion  
of  p e a k  A,, anod ic  cu r r en t  pers i s t s  un t i l  the  po ten t i a l  has  
b e c o m e  s ign i f i c an t l y  m o r e  n e g a t i v e  t h a n  t h e  r e v e r s i b l e  
po ten t ia l ,  and  t h e n  CdS  film r e d u c t i o n  c o m m e n c e s . T h i s  
is i nd i ca t i ve  of  a k ine t i c  i r r evers ib i l i ty  in t he  e l ec t rodep -  
os i t ion  and  r e m o v a l  p rocess  in peak  A,. The  m u c h  m o r e  
s ign i f ican t  hys te res i s  o b s e r v e d  b e t w e e n  peaks  A2 and  C2 
(Fig. 5) m a y  ref lect  bo th  a k ine t i c  and a t h e r m o d y n a m i c  
effect ,  in the  sense  tha t  the  na tu re  of  t he  film is l ike ly  to 
be  a l t e red  or  r e a r r anged  af ter  depos i t ion ,  so tha t  a differ-  

Table I. Charge densities (peaks A,, A2, and A3) 

Sulfide 
concentration (~C/cm 2) 

(M) qA, qA2 qA3 

2.4 • 10 _3 0.128 0.233 0.407 
7 • 10 ~ 0.109 0.198 0.395 
1 • 10 -2 0.113 0.226 0.566 

1.5 • 10 -2 0.113 0.216 0.432 
2 • 10 2 0.128 0.235 0.423 

1.5 • 10 ' 0.123 0.226 0.479 
1.0 0.123 0.276 0.563 

Average: 0.120 0.230 0.465 
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ent  film structure  is reduced in C2 than is init ially depos- 
ited in A2. 

The kinetics of an e lect rochemical  surface reaction can 
be s tud ied  by de t e rmin ing  the re la t ionship  be tween  
peak potentials and the logari thm of the potential  sweep 
rate, s. As the cur rents  are l inear ly  propor t iona l  to s, an 
E/log s s tudy is equivalent  to the evaluat ion of an E/log i 
(Tafel) relat ionship (30). In order to evaluate the kinetics 
of  film depos i t ion  and remova l  in peaks A1 and C,, i.e., 
where  the reac t ion  is still re la t ive ly  s imple  and no film 
r ea r r angemen t  is l ikely to have occur red  yet, Fig. 7 
shows a plot of E,.c~ vs. log s, obtained from exper iments  
in solutions of various sulfide concentrat ions.  It was not  
possible to obtain an equivalent  plot for peak A~, primar- 
ily because peak A~ frequent ly  appeared only as a shoul- 
der on the cathodic side of  peak As. 

Figure 7 shows the "Tafel" relat ionship for peak C,. At 
s ~> 250 mV/s, the slope is seen to increase relative to that  
at lower s, so that  250 mV/s may be considered as being 
close to the reversibi l i ty parameter,  s,, (31), above which 
the react ion is dr iven to complete  kinetic irreversibility. 
A t t emp t s  to obtain accurate  EJs data at s < 10 mV/s, 
where  it would be expected  that Ep,cl would become in- 
d e p e n d e n t  o f s  (kinet ical ly  reversible) ,  were  unsuccess-  
ful due to the very pronounced  interference by the HER 
currents,  which are s-independent.  

It should be noted in Fig. 7 that the Ep.c~ vs. log s data 
represented  by "o" symbols were obtained by employing 
a cons tan t  anodic  sweep rate, s~, and vary ing  only the 
cathodic sweep rate, s~:. All other  data in Fig. 7 were ob- 
tained with s, -- sr The slope of  the linear port ion of the 
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Fig. 7. Potential of peak C~ as a function of cathodic sweep rate, so. 
Those points depicted by the "o" symbol indicate constant sa, Other 
symbols depict different sets of experiments with sa = so. 

Ep.c~/log s plot in Fig. 7 is very close to 60 mV/decade ofs. 
This could  be exp la ined  by a re la t ive ly  s imple  react ion 
mechan i sm for film reduct ion in peak C1, such as the re- 
verse  of  reaction [1], for which the predicted steady-state 
Tafel slope would be 2.3(RT/~zF), and with z = 2 and ~ = 
0.5, the an t ic ipa ted  slope would  be 59 mV. This s imple  
m e c h a n i s m  would  be cons i s ten t  with the hypo thes ized  
absence of any film rearrangement  in the peak A,/peak C1 
stage of CdS film deposi t ion and removal.  

A comple te  k inet ic  eva lua t ion  of  peaks Az, A3, and C2 
has not yet been carried out because of the complexi ty  of 
the i r  d e p e n d e n c e  on both the charge  dens i ty  and on s. 
However,  prel iminary results show that the potentials of 
peaks As and C. vary approx ima te ly  35 mV/decade  of s, 
when s is in the range of 20-300 mV/s. A more detailed ex- 
aminat ion of  the kinetics of CdS deposi t ion and removal  
in these three peaks over  a wide range of sc., but  with con- 
stant  s~, is present ly  being carr ied out. This will be the 
subject  of a future publication. 

Effect o f  solution agi tat ion.--Figure 1 shows clearly 
that t ransport  of sulfide ions to the Cd electrode surface 
is not the rate-determining process in the early stages of 
CdS film growth. This has been further substant iated by 
the  resul ts  shown in Fig. 8, in which  the only effect  of 
v igorous  solut ion agi ta t ion is the e n h a n c e m e n t  of  the 
HER. The rate of  CdS format ion  and reduc t ion  remains  
unaltered,  with the CdS reduct ion peaks being superim- 
posed on the now larger cathodic currents due to hydro- 
gen production.  

Model o f  ini t ial  stages of  CdS fiIm format ion . - -Peaks  
AI and C , - - B a s e d  pr imar i ly  on the magn i tude  of the 
charge passed up to peak A ,  0.12 mC/cm -~, as well as on 
the  invar iant  potent ia l  at which  this film mater ia l  re- 
duces, Ee.c,, it is suggested now that the first stage of CdS 
film formation is the deposi t ion of half  of a monolayer  of 
sulfide ions upon the Cd surface. This will  resul t  in the 
formation of half  of a monolayer  of CdS at Ep.AI 

Cd 

h \ S + 2e- [3a] 2Cd + S2-~,j~ ~_~ / 

Cd 

The sulfide ion is considered to be in an adsorbed state 
on the basis of the observed independence of the A~ and 
CI peaks of the bulk sulfide concentration. 

Reaction [3a] does not involve any rearrangement of 
the surface film. Instead, only a simple random two- 
dimensional deposition and removal of sulfide is consid- 
ered to occur. The hysteresis observed between peaks A~ 
and C~ (Fig. 5) is therefore not due to a thermodynamic 
effect, but rather due to kinetic limitations. That is, the 
reaction is not kinetical]y reversible over the range of s 
investigated. 

This will be shown below to be supported by the close 
match obtained between the experimentally observed 
peaks, A~ and C~, and those obtained by a computer- 
simulated calculation of these curves, based on the fol- 
lowing mechanism. 

Initially, it is assumed that the sulfide ion adsorbs ran- 
domly on the Cd surface in a very fast equilibrium step 

Cd + S ~- K1 Cd S 2 (ads) [4] 

(1 - 0 - 0 ' )  O'  

This is fo l lowed by the slow ra te -de te rmin ing  charge 
t ransfer  step (react ion [3b]), which  is ac t iva t ion  con- 
trolled 

CdS + 2e- [3b] CdS~ads~Z- k~-i 
O' O 

A Langmui r  i so therm is used to descr ibe  those  pro- 
cesses,  with O being the fract ion of the surface that  is 
covered  by the react ion product ,  CdS, O' the fract ion 
covered  by the adsorbed in te rmedia te ,  CdS2-(a~s>, and 
(1 - O - O') being the fraction of free Cd surface. 



2102 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY October 1986 

I I I ~ i 

0.25 

JE 

E 

- 0 . 2 5  

- 0 . 5  

E (mY) vs. RHE 
- 6 0 0  -400  

/ 
/ 

J 

... ~-. ~ s  j t 

f f ~ 1  1 

J 

l 
I 
I 

I 
I 
I 

I 

I 
f 
I 

I 
l I 

I 

I I I 

and reduction; 3 • lO-3M S t- ,  s = 100 mV/s. Quiescent ( 
stirred ( - - - - - - )  solutions. 
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) and 

T h e  fa rada ic  c u r r e n t  for  r e a c t i o n  [3b] can  t h e n  be  ex-  
p r e s sed  as in Eq.  [5] 

/ 1 i = 2Fkl O' exp  \ - ~ ]  2FOk_~ exp  R T  [ ] 

w h e r e  k, and  k_, a re  t h e  f o r w a r d  and  r e v e r s e  r a t e  con-  
s tants  for reac t ion  [3b] at t he  r eve r s ib l e  po ten t i a l  for re- 
ac t ion  [1], ~ is the  t rans fe r  coef f ic ien t  and is a s s u m e d  to 
be  1"/2, z is the  n u m b e r  of  e lec t rons ,  a s s u m e d  to be  2, and  
E is the  po ten t i a l  of  t he  Cd e l ec t rode  vs. t he  NHE.  

I t  s h o u l d  be  n o t e d  tha t  no a c c o u n t  has  b e e n  t a k e n  in 
Eq.  [5] o f  t he  p r e s e n c e  of  any  l a t e ra l  a t t r a c t i v e  or  r epu l -  
s ive  fo rces  (32) e x i s t i n g  b e t w e e n  the  e l e c t r o d e p o s i t e d  
su r face  a toms.  

In  o r d e r  to so lve  Eq.  [5] n u m e r i c a l l y  for  t h e  c u r r e n t  
d e n s i t y  as a f u n c t i o n  of  po t en i a l ,  O' m u s t  f irst  be  ex-  
p ressed ,  as in Eq.  [7] 

0 I 

K1 = [6] 
( 1 - O -  O')Cs2 

K1Cs2 ( 1 - O )  
O' = [7] 

1 + K, Cs2- 

w h e r e  Cs2- is the  bu lk  sulf ide concen t ra t ion .  E q u a t i o n  [5] 
can  n o w  be rewr i t t en ,  r ep lac ing  O' by  the  e x p r e s s i o n  in 
Eq.  [7], and  this  is g iven  in Eq.  [8] 

i = 2FklK1Cs2_(1 - O) e x p  l 
1 + K~Cs2 \ 

- 2FOk_~ 

i = A ( 1 -  O) exp  ~ 

w h e r e  A and  B are  cons t an t  

~zFE ) 
R T  

( - ( 1 -  ~)zFE ) 
exp  ~ [8] 

- B O e x p  ( - ( 1 -  ~)zFE 

at any  pa r t i cu la r  sul f ide  con-  

cen t ra t ion ,  and are  ob ta ined  n u m e r i c a l l y  by tr ial  and  er- 
ror in t he  cu rve  s imu la t i on  process .  

In  o rde r  to tes t  th is  m e c h a n i s m ,  a c o m p u t e r  s imu la t i on  
was  ca r r i ed  ou t  (us ing  Eq.  [8]), of  a se r ies  of  v o l t a m m o -  
g r a m s  o b t a i n e d  e x p e r i m e n t a l l y  by  g r a d u a l l y  i n c r e a s i n g  
E+ up  to and ju s t  b e y o n d  peak  A1 at s = 200 mV/s  in a 0.9M 
S 2- + 1.0M N a O H  so lu t ion  (Fig. 9). The  s imu la t i on  was in- 
i t i a ted  wi th  a O va lue  of  0.001 and  an ini t ia l  po ten t i a l  of  
-410  m V  vs. RHE,  the  po ten t i a l  at wh ich  anod ic  cu r r en t  
is f irst  o b s e r v e d .  T h e  c u r r e n t  d e n s i t y  is t h e n  c a l c u l a t e d  
f r o m  Eq.  [8], E is t h e n  i n c r e m e n t e d  by  an a rb i t r a ry ,  b u t  
small ,  amoun t ,  hE, and O is i n c r e m e n t e d  by hO = i �9 s/q �9 
hE, w h e r e  q is the  charge  dens i ty  of  one  CdS  m o n o l a y e r  
(250 ixC/cm~). 

F i g u r e  9 shows  the  ca lcu la ted  E/i cu rves  in c o m p a r i s o n  
w i t h  t h e  e x p e r i m e n t a l  ones ,  and  the  e x c e l l e n t  fit be- 
t w e e n  t h e m  a p p e a r s  to s u p p o r t  t he  s u p p o s i t i o n  tha t  
p e a k s  A1 and  C1 d e p i c t  t he  r a n d o m  d e p o s i t i o n  and  re- 
m o v a l  o f  su l f ide  ions  u p o n  t h e  Cd e l e c t r o d e  ~ sur face .  At  
t h e  a n o d i c  peak ,  on ly  ha l f  of  t he  l aye r  has  b e e n  depos -  
i ted,  cons i s t en t  w i th  the  o b s e r v e d  data. Af te r  peak  A1, a 
p l ace  e x c h a n g e  of  sulf ide and c a d m i u m  ions  t akes  place,  
and ,  t h e r e f o r e ,  t h e  e x p e r i m e n t a l  c u r v e s  s h o w  a r i s ing  
c u r r e n t  here ,  w h i l e  t he  c a l c u l a t e d  c u r v e s  do n o t  t a k e  
t u r n o v e r  in to  account ,  and h e n c e  the  cu r ren t s  go to zero 
b e y o n d  peak  AI. 

T h e  cons tan ts ,  A and B (Eq. [8]), ob t a ined  by  tr ial  and 
error ,  con ta in  the  k ine t i c  cons t an t s  K~,k~ and  k_ ,  k-i  can  
be  ob t a ined  and has  a va lue  of  3 • 10 -30 mol/cm~s. K1 and  
k~ c a n n o t  be  s e p a r a t e d  u n l e s s  t h e  s i m u l a t i o n  w e r e  
ca r r i ed  ou t  o v e r  a r a n g e  of  su l f ide  c o n c e n t r a t i o n s .  Th i s  
wi l l  be  done  in fu tu re  work.  

I t  shou ld  also be  no ted  in Fig. 9 tha t  the  w i d t h  of  bo th  
t h e  e x p e r i m e n t a l  and  c a l c u l a t e d  (z = 2) p e a k s  at ha l f  
he ight ,  AEI/2, is abou t  57 mV, whi l e  t he  p r e d i c t e d  AE~/2 for 
a m o d e l  of  f i lm d e p o s i t i o n  in w h i c h  z = 1 is a b o u t  125 
mV,  for  i r r e v e r s i b l e  cond i t i ons .  Th is  d i s c r e p a n c y  sup-  
po r t s  our  m e c h a n i s m  i n v o l v i n g  a t w o - e l e c t r o n  t r a n s f e r  
p r o c e s s  ( r eac t ion  [3b]) r a t h e r  t h a n  a z = 1 m e c h a n i s m ,  
f o u n d  p r e v i o u s l y  for  Ag2S d e p o s i t i o n  (27) and  NiS  f i lm 
g r o w t h  (33). 

P e a k s  Az a n d  C2.- -When the  p o t e n t i a l  is e x t e n d e d  posi-  
t ive ly  of  Ep.A~ into peak  A2 (Fig. 5), it can  be  seen  tha t  t he  
c a t h o d i c  r e d u c t i o n  of  C d S  n o w  o c c u r s  at  i n c r e a s i n g l y  
n e g a t i v e  po ten t ia l s  (peak C2), in con t ras t  to the  b e h a v i o r  
o f  p e a k s  A~ and  C1. Also ,  t h e  c h a r g e  d e n s i t y  t h a t  is 
pa s sed  up to Ep..~ 2 has b e e n  found  to be  e q u i v a l e n t  to one  
m o n o l a y e r  of  C d S  film. P r i m a r i l y  due  to t h e  n e g a t i v e  

1.0 

0.5 

-0.5 

-1.0 

Fig. 9. Experimental  ( .- 

6" 
I E L~ < 0 
E 

) and calculated ( - - - - - )  i/E behavior 
at s = 200  mV/s at various E+ in 0.9M S 2-. Calculated curve obtained 
from Eq. [8]. 
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shift of Epx2, it is hypothesized that, once the surface cov- 
erage exceeds one-half  of a monolayer  at Ep.A1, a lateral  
repuls ion between adjacent surface ions induces a place 
exchange  process to occur. This tu rnover  occurs by the 
exchange of posit ions of the under ly ing  Cd ions and the 
surface sulfide ions. The consequence  of this is that  the 
electrode surface is now in an energet ical ly  different  
state upon  film reduct ion.  Now, the sulfide ions are lo- 
cated below the surface and an energy- requi r ing  rear- 
r angemen t  is required  to recover the original  Cd metal  
surface. Therefore, the negat ive  shift of Er.c2 with 
increasing anodic charge density (Fig. 6) is at t r ibuted to 
the reduct ion of a more stable and t ransformed CdS film. 
When a second half  of a layer of sulfide ions has depos- 
ited on the surface, and the sulfide ions deposi ted in 
peak A1 have place-exchanged, the charge equivalent  of 
one complete  CdS monolayer  has passed. This stage of 
film growth is marked by peak A2. 

Peak A3.--The charge that  passes in an anodic  scan to 
Ep.A3 is formally equivalent  to two monolayers of CdS. As 
peak A3 is approached, the reduct ion peak, C2, cont inues 
to move more negat ively  with increas ing  anodic  charge 
(Fig. 6). It is suggested now that  peak A3 is associated 
with the place exchange of the addit ional half-monolayer 
of sulfide deposited in peak A2 and the deposit ion of an- 
other complete layer of sulfide ions on the electrode sur- 
face. It is reasonable  that  a full monolayer  of sulfide 
would  now be stable on the surface, because  the 
significantly larger field at these more positive potentials 
would overcome the lateral repulsion effects thought  to 
be present  in peaks A1 and A2. 

Although this is only one of the numerous  possible in- 
terpretat ions of peak A3, the film structure hypothesized 
above would be consistent  with the known crystal struc- 
ture of bu lk  CdS (34), which is expected to develop on 
the electrode surface as more film is deposited. CdS ex- 
ists either in a wurtzite or zinc blende structure, in which 
al ternating sheets of Cd 2+ and S 2- ions exist. Each sheet 
of ions is displaced from its two ne ighbor ing  sheets so 
that each ion is in a tetrahedral  position. 

The observed increasingly negative shift of peak C2 is 
then consistent  with the development  of a very compact 
film by a place exchange  mechanism.  This resul ts  in a 
film structure that is consistent  with the bulk CdS crys- 
tal structure. 

Summary 
This paper has focused on the initial stages of CdS film 

deposit ion and removal at a polycrystall ine Cd electrode 
in 1.0M NaOH sulfide solutions.  It has been found  that, 
ini t ial ly,  the r andom deposi t ion  of sulfide ions is fol- 
lowed by the activation-controlled formation of a partial 
CdS monolayer.  At peak A1, one-half of a complete CdS 
layer has been deposited (-125 ~C/cm2). Due to lateral re- 
pulsion effects, a place exchange of Cd and S ions com- 
mences  at peak At, and a second one-half  monolayer  of 
CdS is deposited on the electrode surface at peak A2 (to- 
tal charge is now -250  ~C/cm2). At these higher  poten- 
tials, this half monolayer  also place-exchanges, and now 
a further complete monolayer  of CdS is deposited on the 
surface at peak A3, so that the equivalent  of two complete 
monolayers  of CdS film has now been  formed (-500 
~C/cm2). 

Computer  s imulat ion methods have confirmed film in- 
i t iation via a random deposit ion process, followed by an 
activation-controlled electron transfer reaction. The sub- 
s equen t  bu i ldup  of a compact  CdS film by a field- 
assisted place exchange mechanism is supported by the 
similarity of its proposed structure with the known crys- 
tal s t ruc ture  of bu lk  CdS. I t  is also cons i s ten t  with the 
field-assisted growth mechan i sm given in the l i terature  
(9, 10) for CdS films having th icknesses  ranging  from 

several  monolayers  to about  50A. Final ly,  it would  also 
be cons is ten t  with the suggested place-exchange 
m e c h a n i s m  for Pt  oxide film in i t ia t ion  and growth (35), 
as Pt  oxide and CdS film growth have previous ly  been  
considered to be quite similar (9). 
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